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FOREWORD 

Young university, excellent scientific staff and new ideas – this is a combination 

which necessarily leads to novel discoveries and development of scientific life at 

broad level.  

The Central University of Gujarat is the one which meets all mentioned above criteria 

and is developing fast and brilliantly. The idea to have the event entitled 

“International Conference on Emerging Trends in Chemical Sciences (ICETCS)” 

brought scientists from all over the world to exchange ideas and solicit new 

collaborations. The place was excellent: the Central University of Gujarat is one of 

the newly established central universities by the Governement of India, well funded 

and carefully organized in order to attain excellence in science and education.   The 

principal organizer (Organizing Secretary, in the official terms), Professor Man Singh, 

is a person highly enthusiastic towards science in general, and chemistry in particular. 

The local authorities provided great support: the Vice-Chancellor, Professor Kale in 

immediate and continuous way, and the Chancellor, Professor Alagh, from the top 

level of the University administration. All this made the conference very successful 

and promising event for the future collaboration. 

The papers published in this volume constitute only a part of the conference output. 

Some of the attendees, as typically happens, for one reason or another have not 

submitted their manuscripts on time to the Organizers. However, the content is an 

excellent overview of what is presently considered ‘emerging trends’ in chemical 

sciences. Much emphasis has been put in the program on green chemistry, in all 

aspects of it, on nanotechnological processes and new materials, on new drugs and 

new forms of some old ones. Special expression of computational chemistry is quite 

characteristic for modern chemical sciences, it found appropriate place in the 

conference program.  Novel materials and experimental methodology were well 

represented as well making thus the conference program a well equilibrated and 

complete. No doubt, the ideas and results presented there are of primary importance 

for solving environmental and technological problems of modern civilisation and 

represent, in particular, the scientific strategy in India. It was a great satisfaction to 

participate in the conference. I am sure it was a significant success and will prove 

fruitful in terms of future cooperation, worldwide.  



I congratulate the Organizers, Professors Kale and Man Singh, and do hope the 

conference will have a follow-up in a form of regular meetings on ‘emerging trends in 

chemistry’.   

          

Prof. Janusz Lipkowski 

Department of Supramolecular Complexes, Institute of Physical Chemistry, Polish 

Academy of Sciences, Kasprzaka 44/52, 01 224 Warszawa, Poland 

Email: Janusz.lipkowski@wp.pl 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PREFACE 

The Chemical Science is a rapidly growing discipline of sciences which focuses 

interdisciplinary research in areas of various allied subjects. The Chemical Science is an 

indispensable discipline of the society as it provides basic ingredients to support the daily life 

such as textile fibres, polymers, dyes, drugs, biomaterials, catalyst, solvents, conducting and 

non-conducting materials, pulp and paper, electronic goods, food and beverages and so on. 

Keeping in mind the major breakthrough and their essential role of the Chemical Sciences 

and its emerging trends, the School of Chemical Sciences, CUG organized an International 

conference on the theme  “Emerging Trends in Chemical Sciences” incorporating various 

fields of Chemical Sciences to share and discuss the research findings, experiences and ideas 

in the conference. 

The scientists and researchers were invited from different corners of the world to attend the 

ICETCS. The distinguished speakers not only delivered the noble lectures in the subjects but 

also took part in detailed discussions and deliberations to encourage the young researchers 

and scientists in various areas of chemical sciences. 

During the conference, Prof. Yoginder K. Alagh was invited as the Chief Guest and the 

Hon'ble Vice-Chancellor, Prof. R. K. Kale had presided over the inaugural session. Prof. Man 

Singh, the organizing secretary, introduced the distinguished guests and speakers in the 

conference and delivered the welcome speech in a dynamic way.  

Two parallel sessions were conducted in the supervision of renowned scientists and 

academicians of the Chemical Sciences. After each presentation, an opportunity was given to 

participants for interaction with speaker in the question and answer session. An innovative 

discussion was encouraged not only after each lecture but also during poster-session, tea-

break, lunch and dinner. For information, certain numbers of exhibition stalls were also 

arranged in the conference. 

At the second day, a visit of the participants was organized to High Technology 

Instrumentation Facility for exposure of high-end instruments such as LCMS, HR-TEM, 

ESCA, XRD, NMR in the campus of the Central University of Gujarat followed by a cultural 

event in an international standard to portray the Indian culture and heritage. 

The excellent accommodation, food, logistics in support of success of the conference was 

provided to the speakers and the participants from all over the countries such as USA, 

Poland, Switzerland, Germany, Bangladesh etc. 

The valedictory function was presided over by the Hon'ble Vice-Chancellor, Prof. R. K. Kale 

and proceedings was continued by the Organizing Secretary, Prof. Man Singh who 

summarized the each session and the speakers and participants were given an opportunity to 

share their views of two days experiences of the conference. 

The participants expressed their satisfaction about the title, subjects and theme of the 

conference. 



The conference was ended with excellent remarks made by distinguished Professor Romsted 

Larry about its selection of themes, title of the conference etc. which reflected the flavor of 

current emerging research areas in Chemical Sciences.  

The present Proceedings is a collection of selected papers presented in this conference. We 

are very much thankful to Springer for agreeing to publish this volume. 

We hope that you’ll appreciate the efforts of the whole CUG and Springer’s team. 

 

Looking forward to see your feedback and comments. 

Sincerely your’s 

Man Singh 

Sanjay K. Sharma 

Editors 
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             MESSAGE 

 
 

            School of Chemical Sciences, Central University of Gujarat; was established in 2009 and first batch of 

students was admitted in the academic year 2010-2011. In a short period, the school has made significant 

progress and published several research papers in reputed scientific journals. Importantly, the school has 

transferred three technologies to industry. The school has also procured advanced instruments to support 

quality research work. With this background, I am glad that School of Chemical Sciences is organizing 

International Conference on Emerging Trends in Chemical Sciences (ICETCS-2013) on 14-15th March, 2013.  

The conference is aimed to highlight the recent progress and future challenges ahead in chemical sciences. 

It would cover advance topics in the frontier areas of corrosion and coating chemistry, textile chemistry, 

petrochemicals and pharmaceuticals as well as green chemistry and nanochemistry. This gathering of 

national and international academic scholars and researchers will provide an opportunity for academic 

interactions, particularly for young researchers. The talks given by renowned scientists would not only 

inculcate further interest in chemical sciences but also enrich the young minds.  

 

The debate, discussions and sharing research experiences are known to advance our knowledge and in turn 

benefit the society. The present conference, I consider, as an important platform for such academic 

activities. I am sure the academic deliberations in this international conference would mutually benefit the 

delegates, and some new trends would be emerged in the frontier areas of chemical sciences, which would 

provide direction for future research. 

 

I wish all the best for ICETCS 2013. 

 

 
March 04, 2013                             (R. K. Kale) 

  
 



v 
 

Prof. Man Singh 

Dean, School of Chemical Sciences 

  
 

MESSAGE 
 

For centuries, the Emerging Trends in Chemical Sciences have been continuous 

process for advance understanding and finding solutions of challenging problems in 

chemical sciences through interactions with experts and researchers. Thus, it is my great 

pleasure to inform you that School of Chemical Sciences, Central University of Gujarat, 

Gandhinagar, is organizing two days International Conference on Emerging Trends in 

Chemical Sciences (ICETCS 2013) on 14-15th March, 2013. Presently, in chemical 

sciences, several interfaces are being emerged and there is an urgent need to understand 

and critically analyse for exploring new ideas and hypothesis in interest of inspiring the 

students and faculties for their better involvement in knowledge sharing and creating 

processes. With this objective, the ICETCS 2013 is being considered a memorable global 

academic event for creating new ventage. This conference is aimed to focus on cutting edge 

advances in various branches of Chemical Sciences and highlight the recent progress and 

future challenges. Since chemical science is a vast area of research, therefore, upcoming 

trends in areas of applied thermodynamics and kinetics, computational approaches in 

chemistry, corrosion and coating chemistry, supramolecules, molecular interactions 

engineering, nano and material chemistry, textiles and petrochemicals, polymers and 

dendrimers, pharmaceutical chemistry, organic chemistry, organometallics, green chemistry, 

emulsion and colloids have been the theme of this conference. Therefore, globally renowned 

scientists and researchers, especially, physical chemists, synthetic chemists, biochemists, 

computational chemists, and organic chemists will present and discuss their findings. Large 

numbers of abstracts for oral and poster presentations were received but the preference in 

selection was given as per theme of this conference. I hope this conference will give a great 

opportunity for academicians and researchers, particularly, young researchers to interact 

and learn from the leading scientists. I extend a warm welcome to all distinguished 

dignitaries, speakers and participants.  

I believe that ICETCS 2013 will be unique source of inspiration in creating new hopes 

in fields of Chemical Sciences. 

 
 

(Man Singh) 

Organizing Secretary,  

International Conference on  

Emerging Trends in Chemical Sciences  

Central University of Gujarat 
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Abstract 

The W- type barium hexaferrite was prepared using a simple heat treatment method. The precursor was 

calcinated at 650°C for 3 hours and then slowly cooled to room temperature in order to obtain barium cobalt 

hexaferrite powder. The prepared powder was characterised by different experimental techniques like XRD, 

FTIR and SEM. The X-ray diffractogram of the sample shows W-and M phases. The particle size calculated by 

Debye Scherrer formula.  The FTIR spectra of the sample was taken at room temperature by using KBr pallet 

method which confirms the formation of hexaferrite phase. The morphological study on the hexaferrite  powder 

was carried out by SEM analysis. 

Keywords: Barium hexaferrite, XRD, FTIR  

Introduction  

Hexaerrites are technologically important materials that are used in the fabrication of magnetic recording media, 
electronic and microwave devices due to their high electrical resistivity, high saturation magnetization and high 
magnetic permeability 1, 2. Barium hexaferrites are magnetically hard  materials that possess properties like high 
saturation magnetization, high coercivity, large uniaxial anisotropy and excellent chemical and magnetic 
stability. Due to these properties they are  useful for numerous  technical applications. They have been 
extensively used in permanent magnets, high density recording media and magneto optical recording 
technologies, communication equipments and microwave devices 3-7. 
The crystal structure of W-type hexagonal ferrite is very complex and can be considered as a superposition of R 
and S blocks along the hexagonal C-axis with a structure of RSSR*S*S*, where R is a three-oxygen-layer block 
with composition BaFe6O11, S (spinel block) is a two-oxygen layer block with composition Fe6O8 and ‘*’ means 
that the respective block is turned 180◦ around the hexagonal axis. The conventional ceramic method for 
preparation of Ba hexaferrite is a solid state reaction between BaCO3 and Fe2O3 at high calcining temperature 
(~1200°C), which has inherent disadvantages such as chemical inhomogeneity, coarse grain size and then need 
to milling to get submicron sizes, which in turn leads to entrance of impurities and inducing lattice strains during 
the milling. To avoid this various methods like orgo metallic precursor synthesis8, sol-gel 9, chemical co-
precipitation10,11, hydrothermal synthesis 12,13, micro emulsion and reverse micelle14,15  are proposed. In present 
paper we are reporting structural properties of  BaCo2Fe16O27 hexaferrite powder prepared by a simple heat 
treatment method.  
 
Experimental details 

 

Figure-1 Here 
BaCo2Fe16O27 hexaferrite powder was synthesized using metal nitrate reagent as precursors, polyvinyl 
pyrrolidone (PVP) as an capping agent and deionized water was used as the solvent. The aqueous solution of 
PVP  was prepared by dissolving 3 gm of PVP in 100 ml of deionized water. 1.2 mmol of  iron nitrate, 0.1 



mmol of barium nitrate and 0.2 mmole of cobalt nitrate added one  by one  into PVP solution and constantly 
stirring for 2 hours on a magnetic stirrer until a colourless transparent solution was formed. The solution without 
precipitate was obtained before heat treatment  (pH between 1-2). The mixed solution was heated at 80°C to 
evaporate the water. The resulting orange solid was crushed for 15 min and heated at 650°C for 3 hours for the 
decomposition of the organic compounds and the crystallization of the particles. Flow Chart for the preparation 
of BaCo2Fe16O27 hexaferrite powder is shown in Fig.1. 

Results and discussion 

X-ray diffraction analysis 

Room temperature XRD patterns of  BaCo2Fe16O27 hexaferrite powder sample  was recorded on  a Bruker D Z 
Phaser diffractometer (PW 1830) using Cu Kα radiation (λ=1.5405 Ǻ) with a step scan 0.02ºC/min. Fig. 1 shows 
the XRD pattern of BaCo2Fe16O27 hexaferrite sample heated at 650°C for 3 hours. The XRD pattern shows two 
phases namely of W-phase and M phase. It was reported8 that the unit cell of W-type phase is closely related to 
M-phase; the only difference is that the successive R blocks are interplaced by two S-blocks instead of one, as in 
the M-phase. So it is difficult to separate M phase from W-phase. It was  also  mentioned  by  Lotgering  that 
W-type hexagonal  ferrite  is  chemically  unstable; some  of the W-phase gets decomposed to M and α-Fe2O3 
phases16. No traces of α-Fe2O3  are found in the X ray diffractogram as observed in Ba-Ca hexaferrite prepared 
by the sol-gel technique17,18. 

Figure-2 Here 

 

Lattice constants a and c of hexagonal  barium cobalt were calculated using Eq. (1):  

=                                                                                                     (1)     

Where h, k and l are Miller indices, d is inter planer distance. 

 Cell volume (V) is obtained by using Eq.  (2):  

V=  

 The crystalline size calculated using Debye Scherer formula Eq.(3): 

d = 0.9                                                                                                            (3) 

 

Table-1here 

 
FT-IR Analysis 

Figure- 3 shows FTIR spectra of BaCo2Fe16O27 hexaferrite powder sample heated at 650 °C for 3hrs in wave 
number ranges of 400 - 4000 cm-1. The FTIR spectra of the sample was recorded using an FT-IR spectrometer 
(Bruker tensor 27) using KBr pallet method. FT-IR result was used to establish the crystallinity of the prepared 
barium calcium hexaferrite powder. The absorption bands appeared at 576 and 472.6 cm-1 are due to stretching 
of Co-O and Fe-O vibrations19. The peaks appearing around 748 and 1470 cm-1 are due to C-H and at 1270 cm-1 
is due to stretching of C-O bond20.  

Figure-3 here 

SEM Analysis 



Scanning electron micrograph of prepared Ba-Co hexaferrite sample was recorded using a Make-Leo/Lica 
model Stereo scan 440 scanning electron microscope. Fig. 4 shows the SEM image of BaCo2Fe16O27 powder 
sample heated at 650°C for 3 hours. It is observed from the picture that formed particles are porous in nature 
show the agglomeration. 

Figure-4 here 

 

Conclusions 

 BaCo2Fe16O27 hexaferrite powder sample was successfully synthesized through a simple  heat treatment 
method. The obtained product exhibit mixed phase (W and M-phases), but no traces of  α-Fe2O3 was found. 
FTIR spectra confirms the formation of the ferrite phase. Formed barium cobalt hexaferrite particles are  porous 
in  nature. 
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Fig.-1: Flow Chart for the preparation of BaCo2Fe16O27 hexaferrite powder 
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Fig.-2: XRD pattern of  BaCo2Fe16O27 powder sample heated at 650°C for 3 hours 
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Fig.-3: FTIR spectra of  BaCo2Fe16O27 powder sample heated at 650°C for 3 hours 

 

Fig.-4: SEM image of  BaCo2Fe16O27 powder sample heated at 650°C for 3 hours 

Table-1:  Lattice constants, Cell volume and crystallite size of BaCo2Fe16O27 powder  

calcined at 650° C for 3 hrs. 

 

S. No.  Lattice parameters Cell volume Crystallite size 

a=b (Å) c (Å) V (nm3) d (nm) 

1. 6.63 32.85 1114.7 26.02 
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Abstract  

Matrix effects are common in analytical methodologies. Potential inaccuracies may arise due 

to the influence of matrix in the analysis of arsenic by hydride generation (HG) coupled with 

atomic absorption spectrometric (AAS) detection. In this paper the author report an 

uncommon matrix effect in the determination of arsenic in groundwater samples by HGAAS. 

In the present study 65 groundwater samples were analysed for arsenic by HGAAS method. 

Only ten samples had detectable concentration of arsenic (all below 10 µg L
-1

). These ten 

samples were reanalysed, and all the samples showed higher concentration of arsenic than the 

original concentrations. The differences between these two analyses were in the range of 

0.02-1.27 µg L
-1

. Subsequent analysis of these ten samples after instrument calibration gave 

consistent results. All the 65 samples were reanalysed in the same order, but this time, the 

instrumental response was checked by analyzing the highest standard (25 µg L
-1

) after every 

ten samples. The  results agreed well with the previous higher concentration values. This 

unusual bias introduced is due to the loss of ‘‘conditioning’’ of quartz cell surface due to the 

analysis of many samples that did not contain measurable quantities of the analyte. 

“Conditioning” of quartz cell surface plays important role in the atomization of analyte. 

Further experiments showed high concentrations of sodium tetrahydroborate and 

hydrochloric acid also accelerates the degradation of the ‘‘conditioning’’ of the quartz cell. 

Analysis of the highest calibration standard in between the samples and the use of low 

concentrations of sodium tetrahydroborate and hydrochloric acid could minimize the error 

arising from this type of matrix influence.  

Keywords: Arsenic, Absorption, Conditioning, quartz cell 

 

Introduction 

Arsenic is one of the natural contaminant present in ground water in several countries viz. 

India (West Bengal), Bangladesh, China, Taiwan, Japan and United States. One of the 

sensitive method for the determination arsenic is conversion into arsine with sodium 



borohydride and  detection by  atomic absorption spectrometry(AAS).  The most commonly 

used atomizer is quartz tube that can be heated by flame or electrothermal modes.  

 

 

The method has several advantages, such as better sensitivity, freedom from matrix 

interferences, etc. Although the method is simple and straightforward, it is not entirely free 

from matrix interferences. Several authors have reported that the hydride generation (HG) 

AAS technique suffers from severe interferences from transition metals (Pierce and Brown 

1977;  Welz and Melcher 1984; Wickstrom et al. 1996; Welz and Schubert-Jacobs1986; Ay 

and Henden 2000) and from mutual hydride-forming elements such as Se, Te, Bi and Sb 

(Barth et al. 1992; Walcerz et al. 1993; Petrick and Krivan 1987;  Erdem and Henden 2004; 

de la Calle-Guntinas et al. 1992). The interferences can occur both in the formation of 

hydrides (liquid phase) as well as at the atomization stage (gas phase), and different 

mechanisms have been proposed to explain these interferences (Welz and Melcher 1984; Bax 

et al. 1988; Smith 1975; Dittrich  and Mandry 1986; Dedina 1982). The magnitude of the 

interferences are strongly influenced by the HG manifold design and the concentrations of the 

sodium tetrahydroborate (THB) and acid (HCl) used (Welz and Stauss 1993).  

 Interferences in the gas phase arise mainly in the atomization stage. Though different 

mechanisms have been proposed for the atomization of hydrides (Ramesh Kumar and 

Riyazuddin 2005), the hydrogen free radical mechanism proposed by Dedina and Rubeska 

(1980) and supported by the studies of Welz and Melcher (1980, 1983) and  Dedina and Welz 

(1992), satisfactorily explains the gas phase interferences. According to this mechanism, 

analyte hydrides are converted to analyte atoms due to the collision with hydrogen free 

radicals generated in the quartz cell. The interferents deplete hydrogen free radicals due to 

completive collision and radical recombination processes. This leads to the incomplete 

atomization of the analyte hydrides thereby reduces the sensitivity of the method. Also, the 

quartz cell surface plays a major role in the generation of hydrogen free radicals. Several 

authors have emphasized the need to ‘‘condition’’ quartz cell surface especially new ones 

Welz and Melcher 1981; Welz and Melcher 1983; Dedina and  Welz 1992; Evans et al. 1979; 

Bax et al. 1986). Some authors believed that the surface of the quartz cell should have a 

coating of analyte inorder to achieve consistence response and they refer it as ‘‘fragile” 

(Evans et al. 1979). It was also reported to use separate quartz cells for different elements and 

they must be preconditioned for that element by repeated application of the most 

concentrated working standard solution.  Alternatively, the quartz cell can be conditioned by 



treating it with 40% HF for 15 min (Welz and Melcher 1983). In the present paper, the 

authors report potential sources of underestimation of total arsenic concentration due to loss 

of ‘‘conditioning’’ of the quartz cell surface, which is caused by the analysis of several 

samples that do not contain measurable quantities of the analyte. 

 

Materials and methods 

The AAS used was from GBC Avanta AAS (Australia). The operating conditions of the 

instrument are given in Table 1. A continuous flow hydride generator accessory (HG 3000) 

of GBC make was used. The HG manifold consists of a three-channel peristaltic pump head 

of fixed speed, a mixing chamber, a reaction coil, a gas–liquid separator and a flame-heated 

quartz cell. The operating parameters of the HG 3000 are given in Table-2. 

 

Table-1 here 

Table-2 here 

 

All reagents used were of analytical grade or higher and prepared in deionized water of 

resistivity 18 MΩ. cm obtained from a Milli-Q water purification system. As(III) standard 

was prepared from As2O3 (Sigma) by first dissolving it in 5 mol L
–1

 NaOH (Merck) solution, 

followed by neutralization with 2.4 mol L
–1

 HCl (Aristar, BDH). NaBH4 (Merck) was 

dissolved in 0.1 mol L
–1

 of NaOH and filtered through 0.45- µm membrane filter before use. 

 

Procedure 

The instrument was optimised using 6 g L
–1

 THB and 3 mol L
–1

 HCl using  As(III) standards. 

Groundwater samples from a suburban area of Chennai City were collected, filtered and 

acidified on site to pH<2.  20 mL of the sample was first prereduced with 2 mL of 8% of KI 

in 1 mol L
–1

 HCl medium for 30 min. In a preliminary work, it was found that this 

prereduction procedure ensured complete recovery of added As(V). Samples and standards 

were subjected to the same treatment. 

 

Results and discussion 

 

All the 65 samples were analyzed for total arsenic after prereduction. About ten samples had 

arsenic between 0.5 and 10 µg L
–1

, and the remaining samples did not contain measurable 

quantity of arsenic (Exp. 1). Subsequently, only these 10 samples were reanalyzed. We found 

that the results of the reanalysis (Exp. 2) were all higher than the previous results of Exp. 1. 

Since all the results were higher than the initial, we suspected for some error in our 

procedure. These 10 samples were analyzed again and this time we got results (Exp. 3) that 

were in agreement with the previous results of Exp. 2. Once again all 65 samples were 

reanalyzed in the same order as before. However, this time, the instrumental response was 



checked by analyzing the highest standard (25 µg L
–1

) after every 10 samples, and the results 

obtained (Exp. 4) were consistent with the previous set of values from Exp. 2 and Exp. 3. The 

results of these repeated measurements are shown in Table 3. As can be seen, there is a 

significant difference between the results obtained for Exp. 1 and Exp. 2 for the first seven 

samples. A paired t-test applied to the set of values from Exp. 1 and Exp. 2 shows that the 

differences are significant (tcal = 2.79 > tcrit = 1.94, one-sided, 6 df). The presence of 

systematic errors in Exp. 1 was further confirmed by the use of regression (Miller and Miller 

1988; Anthemidis et al. 2005). According to this approach, the set of values from Exp. 1 and 

Exp. 2 were compared and plotted, and the calculated values of slope and intercept were 

compared with the ideal values of ‘‘1’’ and ‘‘0,’’ respectively. The calculated values of slope 

and intercept, along with their confidence interval (at the 95% confidence level), are: slope = 

(0.8766 ± 0.2458), intercept = (–0.3291 ± 0.8616). These show that the values differ 

significantly from the ideal values.  The agreement of results obtained from Exp. 2, Exp. 3, 

and Exp. 4 suggest that the conditioning of the quartz cell surface was maintained during the 

analysis. This was made possible by the presence of measurable quantities of analyte in the 

sample. However, during Exp. 1, many samples did not contain measurable quantities of 

analyte during the successive determinations. This resulted in a degradation of the 

‘‘conditioning’’ of the quartz cell surface, which led to significant errors in the subsequent 

analysis of samples that contained the analyte. 

 

Table-3 here 

 

The devitrification of the quartz cell might also arise from the transport and deposition of 

transition elements and other matrix constituents (Welz and Melcher 1984). In order to check 

this, we repeated the analysis of the ten samples, but this time we analyzed deionized water in 

between each sample. Ten determinations were made using deionized water in between each 

sample. In all cases, the total arsenic values obtained were less than the previous values. 

However, the magnitude of this decrease was not uniform, but depended on the amount of the 

analyte present in the previously analyzed sample.   Welz and Melcher (1981) and Bax et al. 

(1986) have explained the role of the ‘‘conditioning’’ of the quartz cell. They reported that 

the unconditioned quartz cell has ‘‘active spots,’’ which speeds up the hydrogen radical 

recombination process, thus reducing the number of hydrogen free radicals required for 

atomization. Treating with HF and/or treating the cell with the analyte hydride removes these 

active sites, hence maintaining the free radical population.  

 

The ‘‘conditioning’’ of the quartz cell under different THB and acid  concentrations 

We decided to repeat the experiment under different THB and acid concentrations to find out 

whether the degradation of the ‘‘conditioning’’ is accelerated by reagent concentrations. The 

THB concentrations chosen were 6, 10, and 30 g L
–1

, and the HCl concentrations were 3, 6, 

and 8 mol L
–1

. We calibrated the instrument separately, for each THB and HCl concentration. 

This time we analyzed five samples containing arsenic, but each sample was analyzed after 

ten samples that contained no detectable arsenic. The results of the analyses are shown in 

Table 4. As can be seen, increasing the THB and acid concentrations accelerates the 



degradation of the ‘‘conditioning’’ of the quartz cell. This observation becomes very 

important, because high THB and HCl concentrations are generally used to increase the 

sensitivity. Also, it has been reported that low THB and high acid concentrations help to 

reduce interference from transition elements Welz and Schubert-Jacobs (1986). 

 

Table-4 here 

 

Conclusions 

Total arsenic may be significantly underestimated by HGAAS due to the loss of the 

‘‘conditioning’’ of the quartz cell. This loss of ‘‘conditioning’’ is caused by the successive 

analysis of samples that do not contain measurable quantities of arsenic, and it is accelerated 

by the use of high THB and HCl concentrations. Analyzing the highest calibration standard in 

between the samples and using low NaBH4 and HCl concentrations can minimize the error. If 

successive samples contain the analyte, the conditioning of the quartz cell will be maintained 

and so reconditioning is not required between each analysis, except when checking the 

calibration slope. 
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Table-1: AAS operating parameters 

 

System parameter    Setting 

 

System type     Flame heated quartz cell 

Element     As 

Light source     Photron super lamp 

Lamp stabilization time (min)  20 

Lamp current (mA)    20 

Wavelength (nm)    193.7 

Slit width (nm)    1 

Slit height     Normal 

Instrumental mode    Absorbance BC on 

Measurement mode    Integration 

Sampling mode    Manual sampling 

Flame type     Air–acetylene 

Acetylene flow (l min
–1

)   1.0 

Air flow (l min
–1

)    10 

Read time (s)     20 

Time constant    0 

Replicates     5 

Calibration mode    Linear least square 

 

 

Table-2: HG 3000 continuous flow hydride generator operating parameters 

 

Parameters      Setting 

 

Sample flow (mL min
–1

)    9 

Reductant flow (mL min
–1

)    2 

Acid flow (mL min
–1

)    2 



Reaction coil length (m)    1 

Inert gas flow (mL min
–1

)    30 

Quartz cell dimensions 

Length (cm)      14 

OD (mm) of open end portion   15 

ID (mm) of central atomizer portion   8 

Length (cm) of central atomizer portion  6 

 

Table-3: Arsenic concentrations of selected water samples obtained from different 

experimental sets; absolute and relative difference between Exp. 2 and Exp. 1 

 

Sample ID  Exp. 1   Exp. 2   Exp. 3   Exp. 4   Dabs
a
  Drel

b
 

 

4   1.21 ± 0.12  1.29 ± 0.08  1.28 ± 0.06  1.29 ± 0.10  0.08  6.2 

11  2.29 ± 0.25  2.52 ± 0.12  2.53 ± 0.14  2.58 ± 0.18  0.23  9.1 

20   0.72 ± 0.29  1.99 ± 0.18  1.97 ± 0.14  1.92 ± 0.08  1.27  63 

31   3.85 ± 0.45  5.02 ± 0.07  5.10 ± 0.04  5.08 ± 0.08  1.17  23 

39   1.85 ± 0.26  2.48 ± 0.05  2.46 ± 0.08  2.45 ± 0.12  0.63  25 

49   1.36 ± 0.22  2.02 ± 0.16  2.02 ± 0.14  2.02 ± 0.08  0.66  32.6 

54   5.29 ± 0.18  6.21 ± 0.12  6.28 ± 0.08  6.24 ± 0.10  0.92  14.8 

55   9.98 ± 0.08  10.01 ± 0.08  10.08 ± 0.10  10.05 ± 0.06  0.03  0.3 

56   2.36 ± 0.04  2.38 ± 0.04  2.40 ± 0.06  2.46 ± 0.12  0.02  0.8 

59   0.50 ± 0.06  0.52 ± 0.05  0.50 ± 0.08  0.55 ± 0.06  0.02  3.8 

 

Mean value ±95% confidence interval (number of replicates = 5); values in µg L
–1

 
a
 Values obtained from difference between Exp. 2 and Exp. 1 (values in µg L

–1
) 

b
 Values of Dabs divided by the values from Exp. 2, expressed in percentages 

 

Table-4: Arsenic concentrations of selected water samples obtained for different THB and 

HCl concentrations 

 

Sample ID  Exp. 5
a
  Exp. 6

b
   Exp. 7

c
 

 

4   1.18 ± 0.18  1.16 ± 0.20  1.02 ± 0.22 

11   2.26 ± 0.08  2.22 ± 0.16  1.88 ± 0.14 

20   0.72 ± 0.07  0.65 ± 0.12  0.58 ± 0.20 

31   3.82 ± 0.25  3.75 ± 0.20  3.04 ± 0.28 

39   1.80 ± 0.20  1.52 ± 0.26  1.00 ± 0.19 

 

All measurements were made after analyzing ten samples which do not contain arsenic 

Values in µg L
–1

; mean value ±95% confidence interval (number of replicates = 5) 
a
THB 6 g L

–1
; HCl 3 mol L

–1
; 

b
THB 10 g L

–1
; HCl 6 mol L

–1
;  

c
THB 30 g L

–1
; HCl 8 mol L

–1
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ABSTRACT 

Sodium salt of partially carboxymethylated guar gum [Na-PCMGG] of different degrees of 

substitution (DS) were synthesized by heterogeneous and homogeneous solution methods. The DS 

was measured by Amberlite IRA 96 anion exchange resin. The reaction parameters viz. reaction time, 

reaction temperature, effect of NaOH, effect of mono chloro acetic acid was optimized. Na-PCMGG 

having optimized reaction condition was characterized by Fourier transforms infrared spectroscopy 

(FTIR).  

Key words: Guar gum (GG), carboxymethylation, FTIR. 

 

INTRODUCTION: 

Guar gum (GG) is galactomannan, derived from guar (cyamopsistetragonolobus) seeds which belong 

to family Leguminosae. The guar plant is about 0.6 m high and pods are 5-12.5 cm long and contain 

average 5-6 light brown seeds [1]. 

Figure-1 here 

The general structure of guar gum is as shown in fig.1, which consists of a linear backbone of 

β (1, 4) – linked D-mannose units with various amounts of α (1,6) – linked D- galactose side chains. 

The ratio of mannose to galactose is 2:1. The average molecular weight of guar gum is between 

220,000 - 300,000 [2, 3, 4, 5, 6]. Guar gum is soluble in water but insoluble in hydrocarbon, fats, 

alcohol, esters, and ketones [7].The solution of guar gum in water has the highest viscosity amongst 

all the natural polysaccharide discovered till the date [8].Further it has better biodegradability and bio-

compatibility compare to other natural polysaccharides. Due to these properties guar gum finds 

applications in industries like mining, textiles, explosives, paper, petroleum, etc. [9]. Further the 



biodegradability and bio-compatibility of guar gum encourage the researchers for its use in 

pharmaceutical industries. But due to the uncontrollable viscosity of the guar gum solution, 

uncontrollable rate of hydration, instability of its solutions for longer time and susceptibility to 

microbial contamination restricts its use in pharmaceutical industries [10,11, 12, 13].  

To overcome these draw back guar gum should be chemically modified.Modified guar gum 

by one or more reactions like, depolymerization, oxidation, hydroxyalkylation, cyanoethylation, 

quarternization and sulphation was reported [14, 15, 16, 17, 18]. GG derivatives like O-(2-

hydroxyethyl), O-(2-hydroxypropyl) were reported but this fails to more or less extent in getting used 

in pharmaceutical industries due to introduction of substituents groups to the galactomannan polymer 

which increased branching and entanglements and therefore higher viscosity [7].Modified natural 

polysaccharides like carboxymethyl cellulose, carboxymethyl starch finds application in 

pharmaceutical industries [19,20].  

There so, in the present work guar gum was carboxymethylated by homogenous 

andheterogenous methods. The reaction parameters were optimized and synthesized Na-PCMGG was 

characterized by FTIR. 

EXPERIMENTAL: 

Materials and Methods 

 Guar gum, sodium hydroxide, monochloro acetic acid was purchased from Sigma- Aldrich. 

Solvents likemethanol and iso propyl alcohol were of A.R. grade. All other reagents were of LR 

grade. 

Carboxymethylation of Guar Gum 

 Guar gum was carboxymethylated by two methods viz. homogenous solution method and 

heterogeneoussolution method.  

Heterogeneous Method 

Purified guar gum was dispersed in 150 ml of iso propyl alcohol, in 250 ml of three neck flask 

equipped with a mechanical stirrer and contact thermometer for control of temperature. After the gum 

was well dispersed, the appropriate volume of NaOH solution (30%) was added at a rate of 1 ml 

within 15 min. After that required amount of monochloro acetic acid was added to the reaction 



mixture over a period of 10 min. The reaction mixture was heated and maintained ata specific 

temperature with continuous stirring for constant time to drive the reaction process to completion. 

After completion of reaction carboxymethyl guar gum was precipitated with the help of methanol and 

the precipitated product was purified.  

 

Homogenous Solution Method  

In homogenous solution method iso propanol was replaced by water by keeping other 

parameters as same as heterogeneous method. 

 Crude carboxymethyl guar gum purified with the help of water. Product was dialyzed against 

distilled water for 48 hrs. and then carboxymethyl guar gum was precipitated with the help of 

methanol. Finally product was dried in an oven at temperature 40- 45
0
C. 

Degree of Substitution in Modified Guar Gum 

 The degree of substitution (DS) is the average number of sodium carboxymethyl groups 

bound per anhydroglucose unit. This method is used to determine the number of substituent groups 

added to the guar gum backbone. From the DS one can find how many hydroxyl groups is converted 

into carboxymethyl group. Degree of substitution markedly affects the properties of the compound. 

1 gm. of Na- CMGG was dissolved in known amount of water. Then this solution was passed 

through regenerated Amberlite IRA 96 anion exchange resinno. of times till it become acidic. Then 

solution was divided into two equal parts labeled as solution 1 and solution 2.The exhausted resin was 

regenerated by passing 1 N HCl solution (3-4 times) followed by washing with distilled water to 

remove any excess acid. 

 Solution1was taken into previously weighed beaker. The solution was heated until dryness on 

hot plate and then cooled and weighed Na-CMGG. 

 Solution 2 was titrated against a standard solution of NaOH. Note down the burette reading 

and find out the degree of substitution by following equation (1) & (2). 

    DS =               …….(1) 



Where,  B =                          …….(2) 

 

Characterization of Modified Guar Gum 

 The resulting products were characterized by FTIR spectroscopy using Perkin Elmerspectrum 

GX instrument, by the KBr pallet method. 

RESULTS AND DISCUSSION 

Carboxymethyl Guar Gum (CMGG) 

 Carboxymethylation of guar gum is a consecutive two-step reaction proceeding with a strong- 

base- such as sodium hydroxide- that deprotonates the free hydroxyl groups  (particularly, the 

hydroxyl group of (- CH2OH) in guar gum) to form alkoxides, thereby increasing their 

nucleophilicity. Carboxymethyl groups are then formed in a reaction between guar alkoxides and 

chloro acetic acid. 

 Four parameters are selected to study their influence on the efficiency of the 

carboxymethylation process, and they are volume of NaOH, reaction time, weight of monochloro 

acetic acid and temperature. In this paper the dependent variables includes the degree of substitution 

(DS). 

Effect of Temperature on the Degree of Substitution 

The carboxymethylation reaction is carried out in the range of 40oC-70oC keeping other parameters 

constant. It can be concluded from the table-1 that DS increased with increase in temperature from 

40
o
C-60

o
C but at 70

o
C DS obtained is almost same as obtained at 60

o
C. So we select 60

o
C as an 

optimum reaction temperature against 70
o
C because to maintain higher temperature, more energy 

consumption which leads to increase in production cost. 

Table-1 here 

Effect of NaOH 

The carboxymethylation reaction is carried out by varying the amount of NaOH from 5-15 ml is 

shown in table 2. The DS is increase by increasing the amount of NaOH up to 10 ml, further increase 

in amount of NaOH results in to the decrease in DS. Increase in amount of NaOH leads to the 

degradation of polymer. If the amount of NaOH is decrease, number of free hydroxyl group 

deprotonates to form alkoxide is less which leads to lower value of DS. 

Table-2 here 



Effect of Chloro Acetic Acid 

The carboxymethylation reaction is carried out in the range of 5-20 gm. keeping other 

parameters constant.It can be concluded from the table that DS increased with increase in amount of 

chloroacetic acid from 5-10 gm. Monochloro acetic acid reacts with alkoxides groups formed by 

reaction between guar gum and NaOH and converts them into caroxymethyl group. If the amount of 

monochloroacetic acid used is less than the less amount of carboxymethy groups formed which leads 

to low value of DS. 

Table-3 here 

Effect of Time 

The carboxymethylation reaction is carried out in the range of 4-7 hrs. keeping other parameters 

constant. It can be concluded from the table that DS increased with increase in time from 4-6 hrs. but 

DS decrease with further increase in temperature. It can be concluded that maximum DS is obtained 

by carrying reaction for 6 hrs. further increase in reaction time has no effect on the DS. 

Table-4 here 

FTIR Analysis 

The IR spectrum of  guar gum and carboxymethyl guar gumwas shown in figure: 2 and figure: 3 

respectively. The IR spectrum of carboxymethyl guar gum shown a reduced intensity of the 

absorption band located at 3439 cm
-1

, as compared to guar gum IR spectrum due to -OH is stretching, 

indicating that some -OH group were carboxymethylated. The C-O symmetrical and asymetrical 

vibrations at a frequency of 1090.67 cm-1 and 1156.06 cm-1 confirms the incorporation of the 

carboxymethyl group on to the guar gum molecule, which is absent in the guar gum spectra. 

Figure-2 here 

Figure-3 here 

CONCLUSION 

 The carboxymethylation of guar gum carried out successfully.Carboxymethylationimproves 

the properties of guar gum especially, rate of hydration, viscosity and susceptibility to microbial 

contaminations. The best result for DS obtained by carrying reaction at 60oC for 5 hrs. by adding 10 

ml.(30%) of NaOH and 10 gm. of  chloro acetic acid. Modified guar gum has wide application in 

pharmaceutical industry as a drug carrier by grafting / crosslinking compound of interest.  
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Fig.-1: Structure of guar gum 

 

 

Fig.-2: IR spectra of GG. 

 

 

 

 



 

Fig.-3: IR spectra of Na-PCMGG. 

Table-1: The effects of temperature on DS. 

 

Table-2: The amount of  NaOH and its effect on DS. 

 

 

 

 

 

 

Temperature 

( in oC) 

NaOH 

(in ml) 

Chloroacetic acid 

( in gms) 

Time 

(in hours) 

DS 

40  

 

10 (30%) 

 

 

10 

 

 

5 

0.768 

50 0.834 

60 1.144 

70 1.013 

NaOH 

(in ml) 

 

Temperature 

( in oC) 

Chloroacetic acid 

( in gm) 

Time 

(in hours) 

DS 

5 (30%)  

60
o
C 

 

10 

 

5 

0.212 

10 (30%) 1.144 

15 (30%) 1.012 



 

 

 

 

Table-3: The amount of chloro acetic acid and its effect on DS. 

Table-4: The effect of time on DS. 

 

 

 

 

  

 

 

 

 

 

 

 

 

Time 

(in hours) 

NaOH 

(in ml) 

Temperature 

( in 
o
C) 

Chloroacetic acid 

( in gm) 

DS 

4  

 

10 (30%) 

 

 

60 

 

 

10 

0.401 

5 0.598 

6 1.144 

7 1.006 

Chloroacetic acid 

( in gm) 

NaOH 

(in ml) 

Temperature 

( in oC) 

Time 

(in hours) 

DS 

5  

 

10 (30%) 

 

 

60 

 

 

5 

0.368 

10 1.144 

15 0.836 

20 0.768 
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Abstract  

The interaction of polymer (s) and cationic gemini surfactants (16-s-16, s = 5, 6) /conventional 

surfactant (CTAB) in aqueous solutions has been investigated by conductivity, fluorescence and 

viscosity techniques. Electrostatic and hydrophobic interactions play a dominant role in such systems. 

The conductivity results showed that the geminis interact strongly with polymer as compared to 

CTAB. Fluorescence measurements were used to calculate aggregation number for the three 

combinations which were found about the same as those for the corresponding free micelles. Addition 

of surfactants leads to an increase in relative viscosity after certain concentration of the surfactants. 

Further increase in relative viscosity is significant in case of geminis and this increase is ascribed to 

the physical cross-linking of surfactant micelles. 

Keywords: Surfactant, polymer, electrostatic interaction, hydrophobic interaction 

Introduction 

The interactions between surfactant molecules and synthetic polymers in aqueous solutions 

are of importance to many applications in detergents and personal care products, chemical, 

pharmaceutical, mineral processing and petroleum industries. In general, the mutual presence of 

polymer and surfactant molecules alter the rheological properties of solutions, adsorption 

characteristics at solid-liquid interfaces, stability of colloidal dispersions, the solubilization capacities 

in water for sparingly soluble molecules, and liquid-liquid interfacial tensions [1-5].  

All of these phenomena are relevant to detergency since surface tension lowering affects the foaming 
tendencies, solubilization affects the oily dirt or food protein removal efficiency, adsorption affects 
the extent of soil release from the fabric, and adsorption and stabilization are important for controlling 
soil redeposition onto the fabric. The ability of the surfactant and the polymer molecules to influence 
the solution and interfacial characteristics is controlled by the state of their occurrence in aqueous 
solutions. In the absence of the polymer, the surfactant molecules aggregate in aqueous solutions to 
form spherical, globular or rodlike micelles or spherical bilayer vesicles, at concentrations beyond a 
critical micelle concentration (CMC). The occurrence of such a critical phenomenon is a direct result 
of the cooperative process involving a large number of surfactant molecules which together form an 
aggregate.  The nature of the surfactant head group (ionic and nonionic, zwitterionic, size, etc.) and 
the tail group (hydrocarbon or fluorocarbon, branching, unsaturation, aromaticity, etc.) determine 



which type of aggregate structure would form, what would be the average size and size dispersion of 
the aggregates, and the magnitude of the CMC.  
Surfactants 

Surfactants or surface active agents are the materials that tend to accumulate at the surfaces or 
interfaces of the system in an oriented fashion and, in turn, alter the properties of those 
surfaces/interfaces to a marked extent. Since water is most common solvent for surfactants, therefore, 
they exhibit the property of self–association or aggregation. The characteristic properties of 
surfactants are because of their heterogeneous nature. Surfactants exhibit a fascinating range of 
applications related to chemical, biochemical, pharmaceutical, and industrial fields. They are of 
primary importance in detergency, separation techniques, paints, cosmetics, agriculture, and 
pharmaceutical industry [6-8]. The numerous practical applications of surfactants have their basis in 
intrinsic duality of their molecular characteristics. A surfactant is made up of two parts, a head and a 
tail, which exhibit different properties; the head is hydrophilic, while the tail is hydrophobic (Figure 
1). Hence a surfactant can be said to have a “split personality”, because it is composed of two parts 
with entirely different tendencies. 

Figure-1 here 

Types of Surfactants 

Many types of substances act as surfactants, but all share the property of amphipathy. The 

classifications of surfactants are typically based on physical properties or functionality. The most 

prevalent physical property used in the classification is whether the surfactant is charged (ionic) or 

uncharged (nonionic). Hence, the surfactant is classified as ionic,  non-ionic and zwitterionic 

surfactant. 

Non–ionic surfactants  

The surface active portion of the molecule bears no apparent ionic charge. Nonionic surfactants are 

second to anionics in cleaning applications. An important group of nonionic surfactants includes 

those where the hydrophilic portion comprises a chain of ethoxy group and is known as ethoxylates. 

The water–soluble moiety of this type can contain hydroxyl groups or a polyoxyethylene chain. 

Many nonionic surfactants are structurally analogous to anionic and cationic surfactants, except that 

the head–group is uncharged. Most prevalent among the head–groups of nonionics are oligomers of 

ethylene oxide.  

Alkanol amides such as ethanolamides and diethanolamides, alkylamides, amine ethoxylates, 

amine oxides (at neutral and alkaline pH), and polyamines are the primary nitrogen–based nonionic 

surfactant types. 

Examples:  

Polyoxyethylene monohexadecyl ether OH)CH(OCH)(CHCH 21221523  



Polyoxyethylene octylphenyl ether        9.5422214 O)HO(CHC  

Ionic Surfactants  

A surfactant is characterized as ionic if, on dissolution in water, the surface active portion containing 

the hydrophobic chain has a net charge.  

The ionic surfactants are further classified as cationic and anionic depending on whether the head–

group is positively or negatively charged. 

Anionic surfactants: The surface active portion of the molecule bears a negative charge. Anionic 

surfactants are the most widely used class of surfactants in industrial applications [9, 10]. Due to their 

low cost of manufacture, they are used in practically every type of detergent. 

Examples:  

Sodium laurate +− NaCOO)(CHCH 1023  

Sodium dodecylbenzenesulfonate +− NaSOHC)(CHCH 3461123  

Cationic surfactants: The surface active portion of the molecule bears a positive charge. The prime 

use of cationic surfactants is their tendency to adsorb on negatively charged surfaces, e.g., 

anticorrosive agents for steel, flotation collectors for mineral ores, dispersants for inorganic pigments, 

antistatic agents, fabric softeners, hair conditioners, anticaking agent for fertilizers and as bactericides. 

Examples:  

Hexadecyltrimethylammonium bromide −+ Br)CH(N)CH(CH 331523  

Hexadecylpyridinium chloride −+ ClHCN)(CHCH 551523  

Zwitterionic surfactants  

Zwitterionic (amphoteric) [11] surfactants comprise a long hydrocarbon chain attached to a 

hydrophilic polar head containing both positive and negative charges, which give it the properties of 

zwitterions and thus lead to head group hydrophilicity an intermediate between that of ionic and 

nonionic surfactants. Zwitterionic surfactants have excellent dermatological properties as they are less 

irritating to skin than many ionic surfactants and have thus useful applications when combined with 

ionic and nonionic surfactants in cosmetics and pharmaceutical industries. In zwitterionic surfactants, 

whereas the positive charge is almost invariably ammonium, the source of negative charge may vary, 

although carboxylate is by far the most common. Zwitterionics are often referred to as amphoterics. 



An amphoteric surfactant is one that changes from net cationic via zwitterionics to net anionic on 

going from low to high pH. Neither the acid nor the basic site is permanently charged, i.e., the 

compound is only zwitterionic over a certain pH range. 

The change in charge with pH of the truly amphoteric surfactants naturally affects properties 

such as foaming, wetting, detergency, etc. These will all depend strongly on solution pH. At the 

isoelectric point the physicochemical behavior often resembles that of nonionic surfactants. 

Zwitterionic as a group are characterized by having excellent dermatological properties. They also 

exhibit low eye irritation and are frequently used in shampoos and other cosmetic products.  

Examples:  

3–(Dimethyldodecylammonio)–propane–1–sulfonate 
−+

332231123 SO)(CH)(CHN)(CHCH   

N–Dodecyl–N,N–dimethyl betaine −+ COOCH)(CHN)(CHCH 2231123   

In the recent years, one more class of surfactant called gemini surfactants have generated 

much interest in academic circles and among scientists at surfactant–producing companies because of 

their unusual properties. The term ‘gemini surfactant’, coined by Menger [12], has become accepted 

in the surfactant literature for describing dimeric surfactants, that is, surfactant molecules with two 

tails per surfactant molecule [13, 14] containing two hydrophobic groups (sometimes three) and two 

hydrophilic groups in the molecule, tethered by a linkage (spacer) close to hydrophilic groups (Figure 

2). The interest in this field is due to the report of Rosen [13] which pointed out that these surfactants 

could be more surface active by orders of magnitude than comparable conventional surfactants 

containing a similar single hydrophobic tail and a single hydrophilic group.  

Figure-2 here 

Micellization 

At low concentrations in a system, a surfactant has a property of adsorbing onto surfaces or interfaces 
of systems thereby altering their free energies. The fundamental property of an amphiphile to be 
surface active is the formation of micelles or bilayers. Micelles are aggregates of amphiphiles above a 
certain minimum concentration in a solution known as critical micelle concentration, abbreviated as 
CMC. Bury [15] established the term CMC, defining it as a concentration range below which 
surfactant is in solution as monomer and above which practically all additional surfactant added to the 
solution forms micelles. The determination of CMC can be made by the use of any of the physical 
properties such as electrical conductivity, surface tension, light scattering, or refractive index [16-19]. 
The architecture of micelle is such that the interior contains the hydrophobic alkyl chain part (tail) of 
the surfactant and the charged head groups are located at the surface forming an electrical double 
layer (interface) in contact with the bulk water (Figure 3). Mc Bain [20] and Hartley [21] from their 
preliminary research work, had concluded that micelles are spherical or roughly spherical in shape. A 



subtle balance of hydrophilic, hydrophobic, and ionic interactions governs the aggregation of 
surfactant. 

Figure-3 here 

Micelle Types 

Normal micelle 

The structure of a normal micelle just above the CMC can be considered as roughly spherical 

(Figure 4). When the hydrophobic portion of the amphiphile is a hydrocarbon chain, the micelle will 

consist of a liquid–like hydrocarbon core. The radius of this core is roughly equal to the length of 

fully extended hydrocarbon chain [12–30 Å]. The polar head–groups and bound water are regularly 

arranged at the micellar surface, which is rough. Menger has proposed that water can penetrate inside 

the micelle up to a certain level, the idea gets support from fluorescence and 1H–NMR measurements. 

Partial molar volume determinations indicate that the alkyl chains in the core are more expanded than 

those in the normal liquid state [22]. 

The nonionic micelles arrest water molecules at the palisade layer (which includes the head–groups 
and the first few methylene groups) by hydrogen bonding of water with the polyethylene oxide 
groups. Water may remain trapped in this region. 

Figure-4 here 

Figure-5 here 

           In ionic micelles, the surface potentials are high and a significant fraction of the counterions 

(60–90%) are located in a compact region, known as ‘Stern layer’[23-27], which extends from the 

core to within a few angstroms of the shear surface of the micelle. The core and the Stern layer form 

the ‘kinetic micelle’. Most of the remaining counterions are, however, located outside the shear 

surface in the region called ‘Gouy–Chapman electrical double layer’. According to Hartley model, the 

overall volume of a micelle is approximately twice that of Stern layer [28]. 

Counterions are “bound” primarily by the strong electrical field created by the head–groups 

but also by specific interactions that depend upon head–groups and counterions type. A two–site 

model has been successfully applied to the distribution of counterions, i.e., they are assumed to be 

either “bound” to the micellar pseudophase or “free” in the aqueous phase. The head–group and 

counterion concentrations in the interfacial region of an ionic micelle are on the order of 3–5 M, 

which gives the micellar surface some of the properties of concentrated salt solutions. Although the 

solution as a whole is electrically neutral, both the micellar and aqueous pseudo-phases carry a net 

charge because thermal forces distribute a fraction of the counterions radially into the aqueous phase. 

 Reverse micelle 



Amphiphiles in nonpolar solvents in presence of traces of water associate to form the so–

called reverse or inverted micelles. The structure of micelle is similar to that of normal micelle but 

inverted, i.e., the polar head–groups of the monomers being present in the core and the hydrocarbon 

chains extending outwards into the solvent. Water forms a pool in the interior of the micellar 

aggregate. The size and properties of reverse micelles vary with the amount of water present [29]. 

          Water in reverse micelles is expected to behave very differently from ordinary water because of 

extensive binding and orientation effects induced by polar heads forming the water core. The phase 

diagram for the ternary system deca glycerol dioleate (DGD)/heptane/water indicates that the reverse 

micellar solution phase extends its area until the water content reaches 35–45 wt %, at which a liquid 

crystalline phase begins to appear. The mechanism of the transition of reverse micellar structures to 

liquid crystalline phase through swollen micelles has been discussed for the samples containing a 

definite amount of DGD (0.1 M) and varying relative amounts of heptane and water using specific 

conductivity, viscosity, etc. Eicke and Thomas [30] had investigated in AOT/water/oil ternary 

systems. They also found similar results.  

Mixed micelle 

Mixtures of amphiphiles (specially, surfactants) have received wide attention for several 

decades, both in theoretical studies and in practical applications, because of their distinctive behavior 

in comparison with single amphiphile systems. 

          When two or more type of amphiphiles are in solution, a complex balance of intermolecular 

forces is responsible for the formation of mixed micelles (figure 4C) against the formation of micelles 

constituted by amphiphiles of one type. Further, mixed micelles provide better performance 

characteristics in their applications than those consisting of only one type of amphiphiles [31, 32]. 

Clint [33] developed analytical description, which contained both micelle composition and monomer 

concentration above the mixed CMC for mixtures of nonionic surfactants. Clint’s treatment assumed 

ideal mixing in the micelle. The properties of the mixtures of ionic and nonionic amphiphiles have 

been interpreted with the aid of mixed micelle formation. It was pointed out that the CMC of the 

mixed surfactants was lower than either of the single surfactants or in between the two surfactants. 

Mixed micelles may also form when low molecular weight solutes are solubilized by micelles 

of amphiphiles containing a relatively larger non–polar side chain. The solubilized substances, called 

the penetrating additives, may be located in both the hydrocarbon core and the hydrophilic mantle. 

From the application point of view, mixed micelles are of great importance in biological, 

technological, and pharmaceutical systems. A lot of attention has been devoted for the understanding 



of mixing behavior using various techniques such as conductivity, surface tension, viscosity, NMR, 

calorimetry, potentiometry, fluorimetry, density, SANS, etc [34-36]. 

Polymers 

A polymer is a large molecule, a macromolecule, built up of a repetition of smaller chemical 

units, monomers. Polymers can generally be categorized into five classifications based on 

their specific chemical makeup (monomer content) and the exact manner in which the 

monomers are arranged along the polymer chain. Within each class there are finer 

subdivisions based on the presence or absence of branching along the chain and the 

stereochemical relationship among the monomer units. Since polymer chemistry is a vast area 

of colloid science or materials science, as one prefers, the current discussion will be limited 

to the primary chemical structure of polymers with the more refined aspects left for other 

venues [37].  

Classification of Polymers 

The classification of polymers are as follows:  

 
1.  Homopolymers, in which all the monomer units are identical.  

2.  Heteropolymers or random copolymers, in which at least two different monomer units are 

arranged in a more-or-less random manner along the chain.  

3.  Block and graft or comb copolymers, in which different monomer units are linked in 

homogeneous groups to make up the chain or different monomer units are grafted onto a 

main chain or backbone to form a comb like structure.  

4.  Polyelectrolytes, which can be members of any of the three classes above, but with the   

characteristic that they carry a significant number of electrical charges along the chain 

that impart special characteristics to the class.  

 

In comparison with synthetic polymers the number of commercially available water-soluble 

polymers is small even if one adds water-soluble biopolymers and their synthetic derivatives. 

The solubility of a polymer in water is determined by the balance between the intermolecular 

interactions of the hydrophilic and hydrophobic polymer segments with themselves and with 

the solvent. Water soluble polymers can be classified broadly into two types: synthetic 

polymers and biopolymers. Synthetic water-soluble polymers are either non-ionic or charged. 

While non-ionic polymers can be further classified according to the type of atoms in their 

backbone which could be either oxygen or nitrogen like in polyethylene oxide (PEO) or 



polyethyleneimine (PEI), charged polymers can either be anionic like in polyacrylic acid 

(PAA) or cationic as in polyacrylamide after cationization due to the charge they possess. 

 

Polymer-Surfactant Interactions 

The basic forces controlling polymer-surfactant interactions are the same as those involved in 

other solution or interfacial properties of amphiphilic systems, namely van der Waals and dispersion 

forces, the hydrophobic effect, dipolar and acid-base interactions, and electrostatic interactions. The 

relative importance of each type of interaction will vary with the natures of polymer and surfactant so 

that the exact characters of the complexes formed may be almost as varied as the types of material 

available for study. Two critical concentrations, one known as critical aggregate concentration, also 

designated as (CAC) and the other as critical micelle concentration (CMC), characterize this 

interaction. The CAC corresponds to the onset of the interaction between the surfactant and the 

polymer, while CMC
 
corresponds to the concentration at which saturation of the polymer occurs. 

When a surfactant is added to the polymer solution, it is often observed that processes such as 

micellization appear to begin at surfactant concentrations below the critical micelle concentration 

(CMC) of the material in the absence of polymer.  

An addition of polymer to a surfactant solution induces aggregation of the surfactants. Two 

critical concentrations, one known as the CAC (critical aggregate concentration, also 

designated as C
1 

or T
1
) and the other as critical micelle concentration CMC (also designated 

as C
2 

or T
2
), characterize this interaction. The CAC corresponds to the onset of the interaction 

between the surfactant and the polymer, as the concentration of surfactant is increased, 

‘binding” of surfactant molecules to the polymer continues until the activity of the surfactant 

reaches a point where any further increase in surfactant concentration results in the formation 

of regular surfactant micelles. This point, known as T2 or C2, is often referred to as the 

saturation concentration for the polymer means the point at which any additional surfactant 

goes into the formation of regular micelles.  

Figure-6 here 

To understand the CAC in detail its influence on the surface tension is used in figure-6. The solid line 

represents the surface tension of the solution in the presence of polymers whereas the dotted line 

represents it in the presence of surfactant alone. In the presence of polymers, aggregations form below 

the surfactants’ CMC and reaching a point T2' where polymers are saturated with micelles. With 

increasing concentration of the surfactant, additional free micelles are formed starting at the point T2. 

Other techniques such as binding isotherms, conductivity measurements etc., can be used to 



characterize the association behavior of surfactants to the polymers. Based on the experimental 

observations, in polymer–surfactant systems the CAC is lower than CMC [38]. 

The interactions responsible for association of surfactants with nonionic polymers occurs through a 

balance of forces, dominated by electrostatic and hydrophobic interactions are mainly:  

1) Hydrophobic interactions between polymer and surfactant molecules; this interaction will be 

particularly important for block copolymers with hydrophobic segments or  

2) Hydrophobic interactions between surfactant molecules  

3) Hydrophobic interactions between polymer molecules  

4) Electrostatic interactions between polymer and surfactant molecules; these may be attractive or 

repulsive, depending on the nature of the surfactant and the polymer,  

5) Electrostatic interactions between surfactant molecules; these interactions are repulsive in 

nature and therefore a modification of them due to the presence of the polymer may facilitate 

surfactant self-assembly, and  

6)   Electrostatic interactions between polymer molecules  

Of the different interaction mentioned above, the main driving force for association in polymer-

surfactant systems comes from the hydrophobic interactions. Because of delicate energetical balances, 

even quite small free energy changes can have dramatic influences on polymer-surfactant interactions.  

In addition to the hydrophobicity, the actual structure of the polymer is also observed to play 

a crucial role in the interaction which occurs between surfactants and neutral polymers in 

aqueous solution. Polymers which are amphiphilic in nature, such as hydrophobically 

modified polymers (where alkyl chains are grafted to the polymer backbone) or block 

copolymers, are known to form hydrophobic domains in solution. As a result of this, non-

cooperative binding of surfactant has been observed due to a “solubilization” of the surfactant 

molecule in the existing polymer microdomains. This is usually followed by a cooperative 

mixed micelle formation, different from the binding process which occurs with unmodified 

polymers. These interactions are characterized by a single critical micelle concentration as 

opposed to two critical concentrations observed for the cooperative binding process described 

above. 

From the above discussion it becomes clear that the nature of the association will be strongly 

influenced by the nature of the polymer, i.e., whether or not the polymer self-assembles in 

aqueous solution. For non-amphiphilic polymers, or homopolymers, the assembly process 



can be described as one in which the cooperative micelle formation process of the surfactant 

is facilitated by the polymer-micelle association [39, 40]. The presence of the polymer in 

solution results in a reduction of the surfactant chemical potential giving rise to surfactant 

self-assembly along the polymer chain. Free micelle formation begins when the chemical 

potential of the surfactant becomes equal to that for the case of micelles formation in aqueous 

solution, i.e., C2 which will be dependent upon polymer concentration. 

In addition to forming micelles, the surfactant can isolate its hydrophobic groups from the aqueous 

phase by associating them with the hydrophobic moieties on a polymer. In particular, hydrophobic 

polymers can interact strongly with nonionic surfactants. In general, anionic surfactants demonstrate a 

stronger interaction with nonionic polymers than do nonionic or cationic surfactants. The reason for a 

difference in cationic vs. anionic behavior may be due to the different 

hydrationhydrationcharacteristics of the cationic and anionic headgroups. Anionic surfactants have 

been shown to interact strongly with neutral synthetic polymers PVA (polyvinyl alcoholpolyvinyl 

alcohol,), PEO (polyethylene oxide), and PVP (polyvinylpolyvinyl pyrrolidone), HPMC and PEG; 

hydrophobic attraction is expected to be the primary mode of interaction since no conspicuous 

electrostatic forces operate between them. However, cationic surfactants do not show the same 

affinity for these polymers (nor do nonionics). They interact more strongly with more hydrophobic 

polymers such as PPO (polypropylene oxide) or PVA-Ac (polyvinyl acetate). However, gemini 

surfactant even cationic shows interaction with these neutral synthetic polymers as HPMC and PVP  

as described in case studies. 

Polymers are added to surfactants to:  

1. Control the phase behavior (e.g., to solubilize water insoluble polymers).  

2. Control the interfacial properties (e.g., to stabilize suspensions which depends on a 

complex interplay between different pair interactions. Addition of a polymer can either 

remove a surfactant from a surface or enhance its adsorption to a surface).  

3. To achieve a suitable rheology (thickening and gelation effect).  

4. The polymer induced micellization lead to a lower surfactant free molecules concentration and 

activity (e.g., in skin formulations, free surfactant molecules cause skin irritation). 

Methods to study polymer surfactant interactions 

There are several techniques to study polymer-surfactant interactions such as: 

1.  Calorimetric Measurements 

2.  Nuclear Magnetic Resonance (NMR) 



3.  Flourescence 

4.  Conductivity 

5.  Gel Permeation Chromatography (GPC) 

6.  Viscosity Measurements 

7.  FT Infrared Spectroscopy (FTIR) 

8.  Surface Tension Measurements 

9.  Light Scattering Techniques 

10. Electromotive Force (emf) 

Case Studies 

Case Study 1 

The interactions of two gemini surfactants (16-s-16, s = 5, 6) and their conventional counterpart 
cetyltrimethylammonium bromide (CTAB) with polyvinylpyrrolidones (PVP K15 and PVP K90) 
have been investigated using conductivity, steady state fluorescence and viscosity techniques [41]. 
The results indicate that there is no PVP/CTAB complex formation if molecular weight of PVP < 
15,000. Both PVP K15 and PVP K90 interact with gemini surfactants as shown in Figure-7. 
Fluorescence study shows that the addition of PVP results in a decrease of the aggregation number in 
all the systems investigated due to the adsorption of the PVP chain in the micelle palisade layer and 
the ensuing increase of micelle ionization. The viscosity results suggest that the interactions between 
the surfactants and the polymer affect both inter polymer-polymer association as well as chain 
expansion [41]. 

Figure-7 here 

Case Study 2 

The interaction between a nonionic polymer, hydroxypropyl methyl cellulose (HPMC), and cationic 
gemini surfactants, bis(hexadecyldimethylammonium)hexane dibromide (16-6-16), 
bis(hexadecyldimethylammonium)pentane dibromide (16-5-16) and their corresponding monomeric 
counterpart cetyltrimethylammonium bromide (CTAB) by using electrical conductometry, 
fluorescence and viscometry methods [42]. It was found that the gemini surfactants interact strongly 
with HPMC as compared to conventional surfactant CTAB. The aggregation number (Nagg) obtained 
from steady state fluorescence measurement with CTAB was found to be more than with the geminis. 
A significant viscosity increment was observed in case of geminis surfactant as compared to CTAB. 
The rapid increase of the viscosity with surfactant concentration was, therefore, attributed to the 
considerable cross links among micelles and polymers (transient network) as depicted in figure-8. 

Figure-8 here 

Conclusions 



As a general trend, the presence of neutral polymers increases the CMC concentration for the 

surfactant. The combination of surfactant and polymers improve the desired properties of the product 

(surfactants are usually added to control the dispersions, flocculation and wetting properties of 

suspensions while polymers are mainly added to meet rheological requirements). The surfactant-

polymer interaction can range from very strong interaction to no interaction at all. Interactions 

between the surfactant and the polymer affect both inter polymer-polymer association as well as chain 

expansion. 
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Fig.-1: Schematic representation of a surfactant monomer. 
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Fig.-2: Schematic representation of a gemini surfactant. 

 

 

Fig.-3: Schematic representation of a spherical surfactant micelle. 

 

 

 

(A) (B)                                           (C) 

Fig.-4: Schematic presentation of normal (A), reverse (B) and mixed micelles (C). In (C),                         
and                       indicate different surfactant monomers. 



 

Fig. -5:  Schematic representation of the regions of spherical micelle. 

 
Fig.-6: A schematic plot of the concentration dependence of the surface tension for polymer–

surfactant solutions. T1 is the critical aggregation concentration, T2' – polymer saturation with 

micelles and T2 – surfactant free micelle formation. 
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ABSTRACT 

Four Derivatives of 6-Methoxy Schiff’s bases are synthesized. All Derivatives are 

characterized by modern methods such as elemental analysis, IR spectra. All Derivatives are 

found to be crystalline and coloured. From that two derivatives of Schiff’s Bases are screen 

for antibacterial activity against Bacillus cereus, Escherichia coli and Staphylococcus aureus 

and antifungal activity against Aspergillus Niger, Aspergillus flavus, Fusarium 

oxysporum.The synthesized Schiff’s bases are found to be vast Applications in Agriculture 

Field. These Schiff’s Bases are Degradable in nature. 

Key Words: 6-methoxy derivatives of Aldehyde , Derivatives of Amines, IR , Antimicrobial 

activity. 

 

INTRODUCTION 

Schiff bases are the compounds containing azomethine group (-HC=N-).They are 

Condensation products of ketones or aldehydes with primary amines and were first 

reportedBy Hugo Schiff in 1864. Schiff bases derived from aromatic amines and aromatic 

aldehydes have a wide variety of applications in many fields, for example, biological, 

inorganic, and analytical chemistry [1–4]. In addition, Schiff bases and heterocyclic ring are 

important class of compounds in medicinal and pharmaceutical field [5–8]. Recently, in our 

previous work, Schiff bases show biological properties including antibacterial, antifungal 

antitumor, analgesic, and anti-inflammatory activities [9–18]. In view of these observations 

and in continuation of previous work in Schiff’s base chemistry, we synthesized some new 

imide and Schiff’s base derivatives containing rings for the evaluation of antimicrobial 

activity. 

Schiff bases having oxime derivatives have been reported to possess anti-inflammatory 

activity. It has been suggested that azomethine linkage might be responsible for the biological 

activities of Schiff’s bases. Schiff bases have appeared to be an important intermediate in a 

number of enzymatic reactions involving interaction of enzyme with amino or carbonyl group 

of the substrate. In the lysine class, represented by fructose diphosphate aldolase, an 



intermediate Schiff base is formed between α-amino group of lysine of enzyme and a 

carbonyl group of substrate. Another important role of Schiff base structure is a 

transamination. Transaminases are found in mitochondria and cytosine of eukaryotic cells. 

 

REVIEW OF LITERATURE 

 

Schiff bases have significant importance in chemistry; especially in the developmentof  

Schiff base complexes, because Schiff base ligands are potentially capable of forming 

stable complexes with metal ions. Many Schiff base complexes show excellent catalytic 

activity in various reactions at high temperature (>100 °C) and in the presence of moisture. 

Over the past few years, there have been many reports on their applications in homogeneous 

and heterogeneous catalysis, hence the need for a review article highlighting the catalytic 

activity of Schiff base complexes realized. 

Schiff bases have been used extensively as ligands in the field of coordination chemistry, 

some of the reasons are that the intramolecular hydrogen bonds between the (O) and the (N) 

atoms which play an important role in the formation of metal complexes and that Schiff base 

compounds show photochromism and thermochromism in the solid state by proton transfer 

from the hydroxyl (O) to the imine (N) atoms  

Schiff bases have appeared to be an important intermediate in a number of enzymatic 

reactions involving interaction of enzyme with amino or carbonyl group of the substrate. In 

the lysine class, represented by fructose diphosphate aldolase, an intermediate Schiff base is 

formed between α-amino group of lysine of enzyme and a carbonyl group of substrate  

Another important role of Schiff base structure is a transamination.  

 

EXPERIMENTAL 

General 

A Schiff base is nitrogen analog of an Aldehyde or Ketone in which the C=O group is replace 

by C=N-R group .It is usually formed by the condensation of an aldehyde or ketone with 

primary amine according to the following scheme- 

Scheme-1here 

Schiff’s bases those contain aryl substituent’s substantially more stable and readily 

synthesized than alkyl substituent’s which are relatively unstable. 

The formation of Schiff’s base from an aldehyde or ketone is a reversible reaction and 

generally takes place under acid or base catalyst. 

Scheme-2 here 

The mechanism of Schiff’s base formation is another variation of the theme of nucleophillic 

addition to the carbonyl group. In this case nucleophile is amine.In the first part of the 



mechanism,the amine reacts with the aldehyde or ketone to give an unstable addition 

compound called Carbinolamine. 

 Typically the dehydration of the Carbinolamine is the rate determining step of schiff’s base 

formation and this is why the reaction is catalysed by mild acid.The schiff’s base formation is 

really a sequence of two types of reactions,i.e addition followed by elimination. 

 

Other way to synthesized of Schiff’s base:- 

1. By treatment of active hydrogen compounds with nitroso compound. 

 

2. Primary amines add to triple bond to gives enamines which tautomerizes to the more 

stable imines. 

 

3. By the addition of ammonia to aldehyde or ketone. 

 

4. Addition of amines to aldehydes or ketones. 

 

Among above methods,Third method is convenient, because, 

 

a) Gives high yield. 

 

b) Products are highly pure. 

 

c) Easy to synthesis. 

 

Brief outline of method 

 

New Schiff bases have been synthesized from the condensation reaction of 6-methoxy-2-

naphthaldehyde and 3-Chloro-benzamine in dry ethanol with 3-4 drop of H2SO4. Mixture is 

refluxed for 2 hrs. Then Mixture cooled and poured on ice cold water. The resulting solid was 

filtered dried and recrystallized from ethanol.The formation of 6-methoxy 2-naphthalidine 

aniline derivatives were confirmed by the  

Following tests:- 

 

1. Negative 2, 4-dinitrophenyl hydrazine test. 

2. Negative diazotization test. 

3. Lassiagnes test for nitrogen is positive. 

Scheme-3 here 

Table-1 here 

ANTIMICROBIAL ACTIVITY 

 



The antimicrobial activities of some synthesized compounds were determined by agar diffusion 

method as recommended by Genome Life Sciences, Aurangabad. The compounds were evaluated for 

antimicrobial activity. The compound A and B were assayed for antibacterial activity against Bacillus 

cereus, Escherichia coli and Staphylococcus aureus and antifungal activity against Aspergillus Niger, 

Aspergillus flavus, Fusarium oxysporum by agar well diffusion assaynand fungal broth method assay 

respectively. 

The zone of inhibition was measured in mm and was compared with standard drug. DMSO was used 

as blank and Ampicillin was used as antibacterial standard and Grysofulvin was used as antifungal 

standard. Both the compounds were tested at 50 µg/ml and 100 µg/ml concentration. 

The antimicrobial screening data revealed that compound A was found to be moderate active against 

Bacillus cereus and Staphylococcus aureus at 100 µg concentration, where as compound B was found 

to be moderate active at 50 µg and 100 µg concentration.Data is provided in Table-2. 

Antifungal activity data revealed that compound A showed reduced growth against Aspergillus Niger, 

Aspergillus flavus, Fusarium oxysporum where as compound B was highly active against Aspergillus 

Niger. Data is provided in Table-3. 

Table-2 here 

Table-3 here 

Figure-1 here 

Figure-2 here 

INTERPRETATION OF IR SPECTRA OF THE DERIVED COMPOUND OF  

SCHIFF’S BASE 

 

• IR spectra of compounds A, B and C show stretch between 1600-1625 cm
-1

. 

• Which confirms the presence of C=N bond in the above compounds. 

Figure-3 here 

CONCLUSION  

 

Successfully synthesized  New Schiff’s bases and Study their Antimicrobial activity. The synthesized 

compounds were tested for their antimicrobial activity against three microorganisms and the minimal 

inhibitory concentrations (MICs) of the tested compounds were determined by the dilution method. 

The antimicrobial screening showed that these newly synthesized compounds have good antimicrobial 

activities than known drug. 
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Table-1 MELTING POINTS AND YIELDS OF 6-METHOXY-2-NAPHTHYLIDINE 

ANILINES 

S.No. Name of compound Structure M.

P 
0
C

 

Yield 

% 

A 6-methoxy-2-

naphthylidine-3-chloro-

benzamine 

N

Cl

O

CH3

 

 

138 

 
87 

B 6-methoxy-2-

naphthylidine-3-chloro-

benzamine 

N

O

CH3

CH3  

 
98 

 
85 

C 6-methoxy-2-

naphthylidine-3-chloro-

benzamine 

N

O

CH3  

 
149 

 
88 



D 6-methoxy-2-

naphthylidine-3-chloro-

benzamine 

N

O

CH3

O CH3 

 
110 

 
90 

 

                                                           TABLE-2: ANTIBACTERIAL ACTIVITY 

 

 

TABLE-3: ANTIFUNGAL ACTIVITY OF CHEMICAL COMPOUNDS AGAINST PLANT 

PATHOGENIC FUNGI 

 

 

Sr.No Compounds Aspergillus flavus Aspergillus Niger Fusarium 

oxysporum 

1 A RG RG RG 

2 B -ve RG +ve 

3 -ve control +ve +ve +ve 

4 Grysofulvin 

(+ve control) 

-ve -ve -ve 

Legend:   +ve-Growth 

                 -ve- No Growth  

   RG-  Reduced Growth 

 
 

 
Compound A 

 

 Zone of Inhibition(mm) 

Bacteria used Positive 

control 

Negative 

control 

(DMSO) 

Negative 

control 

(Water) 

 

A 

 

B 

 

    50 

µl 

100 

µl 

50 

µl 

100 

µl 

Bacillus cereus 12       16 00       00 00       00 00 12 09 13 

 

Escherichia coli 18       22 00       00 00       00 00 00 00 10 

 

Staphylococcus 

aureus 

16       16 00       00 00       00 00 10 00 00 



 
Compound B 

 
Compound C 

 

Fig.-1: Images Showing Antibacterial Activity 
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Fig.-2: Images Showing Antifungal Activity 
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Fig.-3: IR Spectra 
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ABSTRACT: 

Excess waste glycerol obtained from biodiesel production is becomes environmental problem and 

economical concern due to its growing surplus. In this present work various                   

microorganism viz. E-coli (Escherichia coli), Citrobacter, Klebsiella, Lactobacillus, Enterobacter and 

Clostridium strain were used to convert waste glycerol in to 1,3-propanediol (1,3-PDO) in aerobic 

condition. Where E-coli give the best result among those various microorganisms is used.               

1,3-propanediol obtained by bioconversion of waste glycerol using E-coli was used in the production 

of saturated as well as unsaturated polyester resin which can be used as moulding as well as in coating 

industry. Resulting 1,3-propanediol and polyester resin were characterized by Infrared spectroscopy 

and Gas chromatography. 

Keywords:  Bioconversion, Escherichia Coli, Crude glycerol, 1,3-propanediol. 

INTRODUCTION: 

Glycerol is polyol compound contain three hydroxyl groups in its structure. It is a colorless 

compound which is generally soluble in all alcohols, ethyl acetate and dioxane. It is insoluble in ether, 

benzene and chloroform. [1] Glycerol finds applications in the paint, automotive, cosmetic, food, 

tobacco, pharmaceutical, pulp, paper, leather and textile industries. [2]  

Nowadays glycerol waste is obtained as a by-product during the manufacturing of biodiesel. 

[3] Biodiesel is a very important product for now and a future aspect, but the production cost of 

biodiesel is very high and disposal of this crude glycerol may add some additional cost. As the 

petroleum resources are decreases day by day, the use of biodiesel may helpful not only in protection 

of environment but also alternative for petroleum products. [4,5] If the crude glycerol from biodiesel 

industry shall be utilized for further application then cost cutting in biodiesel production is possible 

which may lead to make use of it as substitute of petrol and diesel. [6,7] Crude glycerol can be use to 

obtain various products like carbon dioxide, 1,2-propanediol, 1,3-propanediol, succinic acid, ethanol, 

xylitol, propionate, hydrogen. The same can be carried out by chemical as well as biological route. [8] 

Higher pressure and temperature is required in chemical synthesis which leads process costly and 

difficult to proceed. [9,10] On the other hand, fermentation or microbial conversion of crude glycerol 



produces the high value product like 1,2-propanediol, 1,3-propanediol, lactic acid, acetic acid and 

dihydroxyacetone. [11] Also, microbial route carried out at or slightly above room temperature and 

atmospheric pressure. [12] Microbial conversion of glycerol into 1,3-propanediol can be done using 

microorganisms like E. Coli, Bacillus spices, A. Niger, Pseudomonas and yeast in aerobic as well as 

anaerobic conditions, toxic by-product will not generate using E-coli and most of that microorganism 

need vitamin B12  as a cofactor which increases costs of 1,3-PDO production where E-coli do not need 

vitamin B12 which solve problem of high production cost. 1, 3-propanediol can be formulated into 

composites, adhesives, laminates, powder coating, UV-cured coatings, mouldings, solvents and as an 

anti-freeze agent. [13,14] It can be used in manufacturing of polyester, polyurethane and polyol. Most 

importantly the production of 1,3-propanediol is increased because it can be utilized for development 

of a biodegradable polymer poly (trimethylene terephthalate), which having unique physiochemical 

properties in the fiber industry and other applications in cosmetics, foods, lubricants and medicines. 

[15,16] 

There so in the present work bioconversion of crude glycerol into 1,3-PDO was carried out 

and the resulting 1,3-PDO was utilized for the synthesis of saturated and unsaturated polyester resin. 

1,3-PDO was analyzed by gas chromatography (G.C.). 

MATERIAL AND METHODS: 

Materials 

Phthalic anhydride, maleic anhydride, 1,3-PDO, PTSA (para toluene sulfonic acid), propylene 

glycol, Potassium hydroxide (KOH) and medium composition were purchased from Sigma Aldrich 

while solvents viz. Xylene, ethyl acetate and chloroform were purchased from Merck India Private 

Ltd. 

Methods 

Bioconversion of Crude Glycerol to 1, 3-propanediol 

Bioconversion of crude glycerol was carried out using E-coli. The medium consisted of 

K2HPO4 - 2.0gm, KH2PO4 - 2.00gm, MgSO4 - 1.0gm, CaCl2 - 0.4gm, FeCl3 - 1.0gm, NH4NO3 -1.0gm, 

glycerol - 100ml composition per litre of distilled water.  The medium was sterilized in an autoclave 

at 150 rpm for 30 minutes. E-coli was added in 250 ml flasks containing 150 ml medium. The flask 

was incubated at 250C for 6 days. 

Separation 

In the first step, separation of biomass from aqueous solution and 1,3-PDO by filtration is 

carried out. This 1,3-PDO is isolated by distillation and solvent extraction process. In extraction 

process 1, 3-propanediol can be isolated from glycerol-water mixture  using ethyl acetate or 

chloroform as solvents because 1, 3-propanediol is miscible with it, so 1,3-PDO was extracted in a 

solvent which was further evaporated to separating out 1, 3-propanediol. 



Gas Chromatography  

The resulting 1,3-PDO was characterized by Gas chromatograph (GC) using Perkin Elmer 

auto system XL instrument using capillary column. 

Synthesis of Polyester Resin 

Different polyester can be synthesized by esterification of 1,3-propanediol with various 

dicarboxylic acids in the presence of a catalyst. In our present work, we used phthalic anhydride,    

1,3-PDO and PTSA as catalyst for saturated polyester resin and for unsaturated polyester resin maleic 

anhydride was used with the same materials which were used for saturated polyester resin synthesis.  

In three neck flask add 13.28gm phthalic anhydride, 11.73ml 1, 3-propanediol, 0.2gm PTSA 

as catalyst and 10ml xylene as solvent. Using motor stirrer material was mixed properly. Now raise 

the temperature gradually up to 800C than increases up to 160-1800C. Din and stark apparatus 

attached with three neck flask contains 10ml of xylene which helps to remove water from the system. 

Acid value can be calculated at regular interval of process using the following method. 

Acid value Determination 

At regular interval sample from the above process was taken and titrated against a standard 

alcoholic KOH solution. Note down the burette reading and find out the acid value by following 

equation (1).        

Acid value = 
 �.�.  � � � ��.	


���� �� ��� ������ �����
     .............. (1) 

 Where, N = Normality of the alcoholic KOH solution. 

IR Spectroscopy 

The resulting polyester sample was characterised by IR spectroscopy using Perkin Elmer 

spectrum GX instrument by KBr pallet method. 

RESULT AND DISCUSSION 

Effect of Temperature 

      During the esterification process, temperature plays a very important role. If the temperature was 

kept around 1800C to 2000C for 4 hrs reaction time, than product may thermally decompose. More 

specifically at the higher temperature sublimation of phthalic anhydride may occur. Ultimately there 

was shortage of one of the important constituent was taking place. Due to this reason acid values do 



not reach below 10 and reactions stop early. If the temperature was kept 1800C to 2000C than the loss 

of solvent was there and the reaction may not forward in the absence of solvent and may obtain high 

acid value product. If the temperature was maintained around 1500C to1600C properly than reaction 

proceed in smooth way. So, the minimum chance of solvent loss was there and the product would not 

decompose. 

Effect of Reaction Time  

 In 4 to 5 hrs reaction time 10 ml of xylene used as solvent and saturated polyester resin 

obtained with the desired acid value but in the case of unsaturated polyester product got decomposed 

so, reaction time was increased to 7-8 hrs and desired acid value was obtained. In 7 to 8 hrs reaction 

time, desired acid value is obtained for saturated as well as unsaturated resin. 

Table-1 here 

Table-2 here 

Effect of Amount of Solvent  

 10ml of xylene was used as solvent. Other than xylene, toluene and benzene can be used but 

among them xylene having a higher boiling point (1300C). Solvent helps to proceed the reaction in 

forward direction. By using solvent reaction mixture becomes homogeneous and xylene can be 

recovered earlier. 

Effect of Catalyst 

    Catalyst plays a very important role for any reaction. PTSA was used as catalyst for the saturated as 

well as unsaturated esterification process. PTSA was used as catalyst in the saturated esterification 

process, but one can go without catalyst. In the process of unsaturated polyester resin, low acid value 

can be obtained by using a catalyst. PTSA play important role as catalyst in synthesis of unsaturated 

polyester. Esterification is the condensation process which not required any catalyst. If required than 

it is in small amount. 

GC Analysis 

The sample was run into the instrument. In figure 1: Two peaks was observed at 70 mV (2-4 min) and 

50mV (12 min) respectively for chloroform and 1,3-PDO. Chloroform was not removed properly so, 

it also presents as an impurity in the sample.  

Figure-1 here 

IR Analysis 

The IR spectrum of polyester resin is shown in figure-2. The main structure of polyester resin sample 

had ester, aromatic ring, alcohol and anhydride because they may remain unreacted in sample. Due to 



meta substituted benzene deformation vibration observed at 705.16 & 743.98 cm-1. The strong 

absorption band at 1724.89 cm
-1

 confirms formation of aryl ester group. Strong absorption band at 

1070.58 cm-1 confirms the incorporation of 1,3-propanediol to the polyester. The O-H stretching 

vibration at 3451.37 cm
-1

 confirms the presence of alcohol. 

Figure-2 here 

 CONCLUSION: 

Using E-coli glycerol waste obtained during the biodiesel production can be converted to 

the 1,3-propanediol using bioconversion process. This 1,3-PDO can be utilized in the saturated and 

unsaturated polyester resin manufacturing. 

In polyester manufacturing, there are so many parameters that have to keep in mind like 

the molar ratio of monomers, reaction temperature and time, catalyst etc., to be best saturated and 

unsaturated polyester manufacturing. So from result, best parameters for manufacturing saturated 

polyester is 0.75:1 molar ratio of phthalic acid and 1, 3-propanediol in the presence of PTSA for 7 

hours at 150
0
C with 25.8 acid value was obtained. For the unsaturated polyester, the best parameters 

are 0.5:1:0.5 molar ratios of phthalic anhydride, 1,3-propanediol and maleic anhydride in the presence 

of PTSA catalyst for 7 hours at 150
0 

C where the 47.54 acid value obtained. The solvent used in both 

systems is common in which xylene is in excess. 
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Table-1 Saturated Polyester Resin 

No. Raw Materials Mole 

Ratio 

Temperature Reaction 

Time 

(Hours) 

Acid 

Value 

1 Phthalic anhydride, 

Propylene glycol, 

PTSA, Xylene 

1:1 150
0
C 3 298.03 

5 450.34 

7 127.06 

1700C 3 401.56 

5 654.89 

7 546.78 

1900C 3 378.98 

5 563.09 

7 478.87 

2 Phthalic anhydride, 

Propylene glycol, 

Xylene 

0.75:1 1500C 7 

 

149.6 

3 Phthalic anhydride, 

Propylene glycol, 

Xylene 

0.75:1 150
0
C 7 92.21 

4 Phthalic anhydride, 

Propylene glycol, 

Xylene 

0.75:1 150
0
C 7 42.86 

5 Phthalic Acid, 

1,3 - Propanediol, 

PTSA, Excess Xylene 

0.75:1 1500C 7 25.8 

 

Table-2 Unsaturated Polyester Resin 

No. Raw Materials Mole 

Ratio 

Temperature Reaction 

Time 

(Hours) 

Acid 

Value 

1 Phthalic anhydride, 

Propylene Glycol, 

Maleic anhydride, 

Xylene 

0.75:1:0.75 1500C 3 297.21 

5 342.78 

7 107.67 

170
0
C 3 342.52 



5 435.38 

7 349.52 

190
0
C 3 436.71 

5 423.65 

7 604.65 

2 Phthalic anhydride, 

Propylene Glycol, 

Maleic anhydride, 

Xylene 

0.50:1:0.50 150
0
C 7 65.45 

3 Phthalic anhydride, 

Propylene Glycol, 

Maleic anhydride, 

Xylene 

0.50:1:0.50 150
0
C 7 133.57 

4 Phthalic anhydride, 

Propylene Glycol, 

Maleic anhydride, 

Xylene 

0.50:1:0.50 1500C 7 93.5 

5 Phthalic anhydride, 

Propylene Glycol, 

Maleic anhydride, 

Xylene 

0.50:1:0.50 1500C 7 203.1 

6 Phthalic anhydride, 

Propylene Glycol, 

Maleic anhydride, 

Xylene 

0.50:1:0.50 1500C 7 134.2 

7. Phthalic acid, 

Propylene glycol, 

Maleic anhydride, 

PTSA, Xylene 

0.50:1:0.50 150
0
C 7 

 

271.86 

8 Phthalic acid, 

Propylene glycol, 

Maleic anhydride, 

PTSA, Xylene 

0.50:1:0.50 150
0
C 7 346.14 



9 Phthalic acid, 

Propylene glycol, 

Maleic anhydride, 

PTSA, Xylene 

0.50:1:0.50 150
0
C 7 168.3 

10 Phthalic acid, 

1,3-Propanediol, 

Maleic anhydride, 

PTSA, Xylene 

0.50:1:0.50 150
0
C 7 330.69 

11 Phthalic acid, 

1,3-Propanediol, 

Maleic anhydride, 

PTSA, 

xylene(excess) 

0.50:1:0.50 1500C 7 47.54 

 

 

 

 

 

 

 

Fig.-1 GC of 1,3-propanediol 



 

Fig.-2 IR spectra of Polyester resin 
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Abstract 

Lignocelluloses are often major components of different waste streams from various industries, 

forestry, agriculture and municipalities. Hydrolysis of these materials is the first step for either 

digestion to biogas (methane) or fermentation to ethanol. However, enzymatic hydrolysis of 

lignocelluloses with no pretreatment is usually not so effective because of high stability of the 

materials to enzymatic or bacterial attacks.The presence of lignin is a major inhibitor in the 

biochemical conversion of lignocellulosic biomass (LCBM) into biogas, bioethanol and other 

value added products. In this work the effect of chemical and thermal pretreatement methods 

on the quality of biogas produced from Jatropha-Deoiled cake has been studied. JDOC was 

subjected to thermal, acid and alkali based pretreatement followed by anaerobic digestion to 

biogas in continuous stirrer type batch digestor.The result were encouraging with a higher 

percentage of methane being formed for all pretreatement methods. Acid hydrolysis was found 

to be the most satisfactory method giving a biogas with 85% methane. 

Keywords: Acid Hydrolysis,Bioconversion, Lignocelluose, Biogas 

INTRODUCTION   

Production of waste materials is an unavoidable part of human society.  Industries, forestry, agriculture 

and municipalities are mainly responsible for generation of waste material as by product. The accumula-

tion of waste and the “throw-away philosophy” results in several environmental problems, health issues 

and safety hazards and prevent sustainable development in terms of resource recovery and recycling of 

waste materials. Guidelines and directives to reduce waste generation and promote waste recovery are 

laid down according to the “waste management hierarchy”, in which waste prevention, reuse, recycling 

and energy recovery are              designed to minimize the amount of waste left for final and safe disposal 

[1] .These bio-wastes from different sources can be converted by anaerobic digestion to valuable fuel 

product such as biogas which can be used for cooking, electricity purposes. Biogas is an energy source 

that can be used for the production of heat and electricity or as fuel in car [2]. Biogas production from 

activated sludge is a well established process; however   production of biogas from lingocellulose bio-

mass is yet to be well established [3]. Forestry and agriculture             residues are by nature heterogene-

ous in composition. Sugars, starches, lipids and proteins present in them are the materials which can be 
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easily degraded by microorganisms, while some other fractions, such as lignocelluloses and keratin are 

not as easy to degraded [4].  Lignocelluloses are composed of cellulose,              hemicelluloses, lignin, 

extractives and several inorganic materials. Cellulose is a linear syndiotactic (alternating spatial arrange-

ment of the side chains) homopolymer composed of D-anhydroglucopyranose units which are linked to-

gether by β-(l→4)-glycosidic bonds. Taking the dimer cellobiose as the basic unit, cellulose can be consi-

dered as an isotactic polymer of cellobiose. The cellulose chains are packed into microfibrils which are 

stabilized by hydrogen bonds [5].  These fibrils are attached to each other by hemicelluloses and amorph-

ous polymers of different sugars as well as other polymers such as pectin and covered by lignin.  
Hemicellulose has a lower molecular weight than cellulose and is composed of mainly pentoses (like xy-
lose and arabinose) and hexoses (like mannose, glucose and galactose). Hemicellulose also has consider-
able side chain branching consisting of hydrolysable polymers. Lignin is a very complex molecule com-
posed of              phenylpropane units linked in a three dimensional structure which make it particularly 
difficult to biodegrade. Lignin is the most recalcitrant component of the plant cell wall and the higher the 
proportion of lignin, the higher the resistance to chemical and enzymatic degradation. Generally, soft-
woods contain more lignin than hardwoods and most of the agricultural residues. Lignin is one of the in-
hibitors of using lignocellulosic materials in fermentation, as it makes lignocellulose resistant to chemical 
and biological degradation. The structure of these naturally occurring cellulose fibrils is mostly crystalline 
in nature and highly resistant to attack by enzymes             (limited accessibility of cellulose chains). Cel-
lulose is more susceptible to enzymatic degradation in its                  non-crystalline form. The presence of 
lignin also impedes enzymatic hydrolysis, as enzymes bind onto the            surface of lignin and hence do 
not act on the cellulose chains [6]. If enzymatic hydrolysis of biomass is to              proceed in typical 
processes, the crystalline structure of cellulose needs to be disrupted, accessible area to                      be 
increased, and the lignin and hemicelluloses to be separated from the cellulose before treatment with              
enzymes. The main goal of pretreatment is to overcome this recalcitrance. The cellulose and hemicellu-
lose are cemented together by lignin. Lignin is responsible for the integrity, structural rigidity and resis-
tance to swelling of lignocelluloses.  Therefore a delignification processes can improve the rate and extent 
of enzymatic                          hydrolysis from the matrix polymers. The reason for improved rate of hydro-
lysis by removal of lignin might be related to a better surface accessibility for enzymes by increasing the 
population of pores after removal of              lignin.The maximum work on acid hydrolysis was done by 
standard method [7] in which 72% sulphuric  acid is used, but no one have tried to observe the effect of 
variable acid concentration on lignin removal. The present work focuses on the effect of variable acid 
concentration and comparing different treatment effects on delignification of soluble lignin. Three differ-
ent methods of pretreatment were used for jatropha de-oiled cake and then treated JDOC was used for its 
conversion to biogas via anaerobic digestion in continuous stirred tank batch type reactor which further 
followed by its analysis by gas chromatography. 

MATERIAL & METHODS 

  All the chemicals used (conc. sulfuric acid, sodium hydroxide and distilled water) were from Rankem. A 

standard lignin used was from Merck. Standard biogas sample were from Centurion scientific. 

Preparation of Standard Lignin Solution   

Standard lignin samples of 1 and 10 ppm were prepared by dissolving weighed quantity of pure lignin              

(Rankem) in appropriate volume of distilled water. Substrate Jatropha de-oiled cake was prepared by 

grinding jatropha seed in screw press expeller (Azad make). 

EXPERIMENTAL METHOD 

Pretreatment of Jatropha de-oiled Cake (JDOC) 

Jatropha biomass pretreatment was done by acid, alkaline and thermal methods 

Acid Treatment of Jatropha Biomass 

Jatropha biomass was treated with 72% H2SO4 [7] and the kept in an   autoclave for 30 minutes at 

121°C and 15 psi pressure. The solution was filtered and the filtrate was studied under UV-Visible 
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spectrophotometer at 205 nm. The residue was treated similarly for the second crop of the filtrate, 

which further was studied similarly under UV-Visible spectrophotometer. Similar procedure was re-

peated 4 times. Similar  studies were done using different concentrations of sulfuric acid for different 

time periods under different temperatures in autoclave. All the set ups were completed as per the first 

one up to similar level of  successive steps. 

Thermal Hydrolysis of Jatropha De-oiled Cake 

Jatropha de oiled cake was treated in autoclave without acid, alkali for period of 2 hr at 121°C and 

15 psi. The reaction mixture was filtered and absorbance of filtrate was noted at 205nm. Same pro-

cedure was     repeated three times with residue from first, second and third stage. Similar treatments 

were done for               different time periods as reaction time. 

Thermal Followed By Alkaline Hydrolysis of Jatropha De-oiled Cake 

 Residue after third stage of thermal treatement was treated by 2% NaOH in autoclave under same                           

temperature and pressure and the absorbance of filtrate was noted. 

Production of biogas from pre-treated JDOC 

Jatropha biomass after treatment with either of above methods was subjected to bio-reactor separately 

in the form of slurry of 10% concentrated with culture of micro-organism responsible for biogas gen-

eration, such as methanogenic and acetogenic bacteria. The set-up is shown in Figure-1. Gas was col-

lected in   biogas balloon via gas nozzle of digester. The reaction condition maintained in bioreactor 

are given in   table-1 

 

Figure-1 here 

Table-1 here 

Analysis of biogas produced 

Samples of gas collected in biogas balloon were injected into GC (Nucon -5700) sampler injector with 

injection syringe. System Specifications are given below:  

• Injection  volume - 100µl 

• Mobile phase -  Argon  

• Column Make – Stainless Steel  

• Column ID - (HEYSEP.  Q) 

• Run time    - 10 minute 

RESULTS & DISCUSSION 

Delignification of JDOC  

The absorbance of lignin standard is shown in table-2 

Table-2 here 

                                                

 

 
Acid Pretreatment of Jatropha Deoiled-Cake 
The absorbance of filtrate from acid treatment of jatropha de-oiled cake & percentage of lignin in filtrate 

are summarized in table-3.  

 

Table-3 here 
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Above observations indicate that acid hydrolysis after third stage treatment with 72% has now no longer 

effect on delignification. Further, 50% of conc. sulfuric acid has great impact on delignification of jatro-

pha de-oiled cake as compare to using 72% sulfuric acid. 

  

Thermal Hydrolysis of Jatropha Deoiled Cake:  

The observations obtained from thermal treatment of jatropha de-oiled cake & percentages of lignin are            

summarized in table-4. 

Table-4 here 

 

 

The above table indicates that thermal treatement has good impact on delignification of biomass.The 

maximum percentage of lignin removed was limited to second stage of treatement and further stage found 

to be less         effect on delignification. 

 

Thermal Followed By Alkaline Hydrolysis of Jatropha Deoiled Cake 

The observations obtained from alkali treatment of jatropha de-oiled cake are summarized in table-5. 

Table-5 here 

 

      

Results of alkaline treatment show that however after third stage aqueous medium was no longer benefi-

cial for the removal of lignin, but more lignin was reported to be extracted out in the presence of 2% 

NaOH. 

 

Biogas Production from Pretreated JDOC 

The biogas produced after anerobic digestion of acid, alkali and thermal treated biomass was separately               

collected in biogas baloons and analyse by gas chromatography (GC).The result of GC graph are shown 

in subsection. 

Chromatograph obtain with standard biogas sample shown in Figure-2. 

Figure-2 here 

 
Above figure indicates the components of standard biogas sample at different retention times. Concentra-

tion of each component gas in biogas is shown above. This set was run to check the suitability of the sys-

tem. 

 

Chromatograph of gas obtained after anaerobic digestion of acid treated (50%) biomass shown in            Figure-3 

The observation indicates that gas produced after the anaerobic digestion of acid treated (50%) biomass 

yields 85.72% methane and 6.6% of carbon dioxide.  

 

Figure-3 here 
Chromatograph of gas obtained after anaerobic digestion of thermal treated biomass shown in Figure-4 

Figure-4 here 

 

Above data indicates that anaerobic digestion of thermal treated biomass leads to methane content of 

79.36% in total volume of biogas. 
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Chromatograph of gas obtained after anaerobic digestion of alkaline treated biomass shown in Figure-5. 

Figure-5 here 
 

Above chromatograph indicates that biogas generated after alkali treatments of jatropha de-oiled cake has 

81.12% of methane and 8.7% of carbon dioxide in total volume of biogas 

CONCLUSION 

We have tried different pretreatments method for delignification of jatropha de-oiled cake and were 

found that acid hydrolysis with 50% conc. sulfuric acid yields more acid soluble lignin as compared to 

its 72% concentration, resulting in comparatively economical method for pretreatment. Further, alkaline 

hydrolysis can also be claimed as a good method for delignification of jatropha deoiled cake. However, 

the methane content in           biogas obtained was maximum with acid treated biomass as compared al-

kaline treated biomass. 
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Fig.-1: Batch type stirrer tank bioreactor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.-2: Chromatograph of Standard Biogas Sample 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.-3: Chromatograph of Biogas obtained after acid pretreatment of JDOC 
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Fig.-4: Chromatograph of Biogas obtained after Thermal Pretreated JDOC 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.-5: Chromatograph of Biogas obtained after Alkali pretreatment of JDOC 
 
 
 

Table-1: Specifications of Stirrer Tank Bioreactor 
 

Reactor Specifications 
RPM 200 

Working Volume 600ml 
Total Volume 11 
Temperature 37

0
C 

pH 6.5 
HRT 36hrs 

Reactor Type Batch 
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Table-2: Optical Density of Standard Lignin Solution 
 

Concentration Std. Lignin Absorbance (205nm) 
10ppm 3.365 
1ppm 0.849 

 
Table-3: Absorbance of Solution lignin after acid treatment 

 
Name of Experiment Absorbance of 

10ppm solution 
Time of  

Autoclave 
%lignin in filtrate 

72% of Sulphuric acid Stage 1 1.309 30 min 38.9 
72% of Sulphuric acid Stage 2 0.54 30 min 16 
72% of Sulphuric acid Stage 3 0.529 30 min 15 

72% of Sulphuric acid  2.419 1 hour 71 
65% of Sulphuric acid 2.69 1 hour 79 
60% of Sulphuric acid 2.692 1 hour 80 
50% of Sulphuric acid 3.088 1 hour 91 
4% of Sulphuric acid 1.82 1 hour 54 

 
Table-4: Absorbance of soluble lignin after thermal treatment 

 
Name of Experiment Absorbance of 10 

ppm solution 
Time of absorbance  % lignin in filtrate 

Stage 1 2.231 2 hours 66 
Stage 2 1.631 2 hours 48 
Stage 3 0.769 2 hours 22.8 

Sample + 100 ml of 
distilled water, then 
kept in autoclave at 
121

0
C and 15 psi for 

1hr 

2.014 1 hour 60 

 
Table-5: Absorbance of soluble lignin after Alkali treatment with residues from thermal treatment 

 
Name of Experiment Absorbance of 

10ppm solution 
Time of  

Autoclave 
%lignin in filtrate 

Thermal hydrolysis Stage 1 2.231 2 hours 66 
Thermal hydrolysis Stage 2 1.631 2 hours 48 
Thermal hydrolysis Stage 3 0.769 2 hours 22.8 

Alkaline hydrolysis  2.53 2 hour 75 
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Abstract 

Mononuclear copper(II) and cobalt(II) complexes [M(Cl)(dbdmp)]PF6 where M = Cu(II) (1) and Co(II) (2)  and 

dbdmp =  N,N-diethyl-N'
,N

'-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)ethane-1,2-diamine have been synthesized and 

characterized by physico-chemical method. Single crystal X-ray structure of the complex [Cu(Cl)(dbdmp)]PF6 (1)  

shows it has distorted trigonal bipyramidal geometry. DNA binding study of the Cu(II) complex was investigated by 

absorbance titration and fluorescence measurement and showed the complex has strong interaction with CT-DNA. 

Antimicrobial study of the complex was investigated against Gram positive (Bacillus subtilis) and Gram negative 

(Escherichia coli) bacteria and showed the complete inhibition of the bacteria by the complex.  

Keywords. Tetradentate ligand; Cu(II) and Co(II) complexes; structure; DNA binding; antibacterial study. 

 

Introduction 

In recent years, there has been considerable interest among the researchers to study the interaction of transition metal 

complexes and DNA as the complexes have potential application in biology [1-6]. Transition metals bind with DNA 

by cleaving metal-ligand bond or by changing the coordination environment [7-8]. The interaction of DNA and 

copper(II) complexes are very interesting because copper complexes are present in many proteins and enzymes [9-

11]. Recently, copper(II) complexes with N-donor ligand have shown numerous biological activity such as antitumor 

and antibacterial. There are many reports on CT-DNA binding study of copper(II) complexes with nitrogen 

containing ligands and some complexes are considered as promising alternatives to platinum complexes.  

Metal complexes generally bind to DNA via covalent and non-covalent interaction. In covalent binding, the labile 

ligand of the complexes interacts with a nitrogen base of DNA. The non-covalent DNA interactions modes are 

intercalation, electrostatic and groove binding of the metal complexes along outside of DNA helix.  

We have been working on the synthesis, characterization and structure of mono- and binuclear complexes with 3d-

transition elements with pyrazole based ligand. In this paper, we report on the synthesis, characterization, structure of 



the complexes [M(Cl)(dbdmp)]PF6 where M = Cu(II) (1) and Co(II) (2) and dbdmp = N,N-diethyl-N'
,N

'-bis((3,5-

dimethyl- 1H-pyrazol-1-yl) methyl)ethane-1,2-diamine. DNA binding study and antimicrobial activity of the complex 

1 has been investigated in detail. 

 

Experimental  

Materials 

The chemicals and solvents were of analytical grade and purchased from commercial sources. Acetylacetone, 

paraformaldehyde, hydrazine hydrate, (Qualigens, India), N,N-diethylethylene- diamine, NH4PF6 (Aldrich), CT-

DNA, ethidium bromide, Tris-HCl and NaCl (Spectrochem, India) were of reagent grade and used as received. N,N-

diethyl-N'
,N

'-bis((3,5- 

dimethyl-1H-pyrazol-1-yl)methyl)-ethane-1,2-diamine (dbdmp) was synthesized according to the reported method 

[12].  

Synthesis of complexes  

2.2.1. [Cu(Cl)(dbdmp)]PF6 (1) 

To a stirring solution of CuCl2.2H2O (0.085 g, 0.5 mmol) in methanol (10 ml), ligand dbdmp (0.166 g, 0.5 mmol) in 

methanol was added slowly. After 10 min, NH4PF6 (0.0815 g, 0.5 mmol) in water (0.5 ml) was added and the green 

coloured solution was stirred for 4 h. The reaction mixture was filtered and kept for slow evaporation at room 

temperature. After 3 days, needle shape light green coloured crystals were obtained. Yield. 0.160 g (56%). Found C = 

37.45 , H = 5.62, N = 14.69%. Anal calc for C18H32N6PCuF6: C = 37.50, H = 5.60, N = 14.58%. IR (KBr pellet) cm-1; 

ν(C = C) + ν (C = N)/pz ring, 1554 s, 1470 s, ν(PF6
-), 840 s. UV-Vis spectra: λmax/nm (εmax/mol-1cm-1). 1000 (140), 

743 (98), 291 (2500). ΛM (Ω-1cm2 mol -1) = 120.   µeff = 1.76 BM. 

 

2.2.2. [Co(Cl)(dbdmp)]PF6 (2) 

This complex was obtained by the same procedure as described for (1) except CoCl2.6H2O was used instead of 

CuCl2.2H2O. Blue colored crystalline material was obtained. Yield. 0.160 g (56%). Found C = 37.96 , H = 5.68, N = 

14.58%. Anal calc for C18H32N6PClCoF6: C = 37.81, H = 5.64, N = 14.70%. IR (KBr pellet) cm-1; ν(C = C) + ν (C = 

N)/pz ring, 1555 s, 1469 s, ν(PF6
-), 844 s. UV-Vis spectra: λmax/nm (εmax/mol-1cm-1). 821 (33), 601(180), 511(153), 

245 (2967). ΛM (Ω-1cm2 mol -1) = 125.   µeff = 3.88 BM. 

 



Instruments 

UV-Vis spectra (1200 - 190 nm) were recorded on a Shimadzu 3600 in CH3CN solution. The micro analysis (C, H 

and N) were carried out using a Perkin-Elmer IA 2400 series elemental analyzer. The IR spectrums were recorded on 

a Perkin-Elmer FT-IR spectrometer RX1 spectrum using KBr pellets. Solution conductivity were measured in 

CH3CN solution using Equip-Tronics conductivity meter (model no. EQ-660A). Room temperature magnetic 

susceptibilities of powder samples were measured using Guoy balance. Cyclic voltammetry study was carried out 

using PARSTAT 2273 advanced electrochemical equipment. The cell consisted of three electrodes: platinum working 

electrode, Pt-wire as counter electrode and Ag/AgCl as reference electrode. Tetraethylammonium tetrafluoroborate 

(0.1 M) was used as supporting electrolyte. 

 

DNA binding experiments 

The titration experiment involving interaction of the copper(II) complex with CT-DNA was performed in double 

distilled buffer containing 50 mM Tris – HCl, 150 mM NaCl and adjusted to pH 7.2 with 1M hydrochloric acid. A 

solution of CT-DNA in buffer gave a ratio of UV absorption at 260 and 280 nm of ca. 1.9 : 1, indicating that DNA 

was sufficiently free from protein [13]. The DNA concentration per nucleotide was determined by absorption 

spectroscopy with the molar absorption coefficient 6600 M-1 cm-1 at 260 nm [14-15].  

 

Absorption spectroscopic studies 

The binding ability of copper(II) complex with CT-DNA is studied by absorption spectroscopy. Absorption titration 

experiment was performed at constant concentration of the complexes [2.0 x 10-4 M] with varying the CT-DNA 

concentration. A control was added with equal quantity of CT-DNA to nullify the absorbance due to the CT-DNA at 

the measured wavelength. From the absorption titration data, the intrinsic binding constant (Kb) of the copper(II) 

complex with CT-DNA was determine using Wolfe-Shimer equation [16]. 

[DNA]/(�a - �f) = [DNA]/(�b - �f) + 1/ (�b - �f) 

Where Ԑa, Ԑf and Ԑb correspond to Aobsd/[Complex], the extinction coefficient for the free complex, and the 

extinction coefficient for the complex in fully bound form respectively. Plot of [DNA]/(Ԑa - Ԑf) versus [DNA], 

where[DNA] is the concentration of CT-DNA in base pairs, gives the value of Kb as the ratio of slop to the intercept. 

 

Fluorescence spectroscopy 



Fluorescence quenching experiment was performed on a model HITACHI, F-7000 fluorescence spectrophotometer at 

room temperature by adding complex solution at different concentrations to the pretreated DNA-ethidium bromide 

complex in tris buffer. The sample was excited at 510 nm and emission was observed between 550-700 nm. The 

quenching constant was obtained using Stern – Volmer equation [17]. 

Io/I = 1 + Ksv[Q] 

Where Io and I are the emission intensities in the absence and presence of the complex, respectively. Ksv is the linear 

Stern–Volmer quenching constant and [Q] is the total concentration of complex. 

 

X-ray Crystallography  

The details of data collection and some important features of the refinement for the complex 1 is given in Table 1 and 

selected bond lengths and angles are given in Table 2. Green crystals of suitable size of complex 1 were obtained by 

slow evaporation of methanol solution. Data were collected with Mo-Kα radiation (λ= 0.71073Å) at 110 K on a 

Bruker SMART APEX diffractometer equipped with CCD area detector. The data interpretation were processed with 

SAINT software [18] and empirical absorption correction was = 0.71073Å) at 110 K on a Bruker SMART APEX 

diffractometer equipped with CCD area detector. The data interpretation were processed with SAINT software [18] 

and empirical absorption correction was applied with SADABS [19] software programs. The structure was solved by 

direct methods using SHELXTL [20] and refined by the full-matrix least-square based on F
2 technique using 

SHELXL-97 [21] program package. All non-hydrogen atoms were refined anisotropically. The positions of the 

hydrogen atoms were calculated from the difference Fourier map. 

 

Results and discussions 

Synthesis of the complexes  

The mononuclear   complexes   of   the type  

[M(dbdmp)(X)]PF6, (M = Cu(II) and Co(II)) have been readily  synthesized  by  the   reaction  of CuCl2.2H2O or 

CoCl2.6H2O, ligand dbdmp  and PF6
- as counter anion in 1 : 1 : 1 mole ratio in the presence of aqueous methanol at 

room   temperature.  Molar         conductivity measurement  in  CH3CN  solution  (~10-3M) shows both the complexes 

have  1:1 electrolyte (ΛM ~ 120 Ω-1cm2mol-1) indicating the presence of counter anion in the molecule and there was 

no change of molar conductivity   even   after  2h  indicating  no  dissociation  of  the complexes in the solution. 

Single crystal X-ray diffraction study shows complex  



1 has distorted trigonal bipyramidal geometry. We propose the same geometry for complex 2. Both complexes gave 

satisfactory microanalysis results confirming their molecular composition. The complexes are moderately soluble in 

acetonitrile, methanol, dichloromethane, acetone etc. 

 

 Descriptions of crystal structure 

An ORTEP view of the coordination environment around the cationic part of complex 1 and atom-labeling scheme is 

shown in the Fig.1. Selected bond lengths and angles related to metal coordination sphere for the structure are given 

in Table 2. The structure shows that the Cl- ion and tetradentate ligand dbdmp is bonded to copper(II) ion. The ligand 

is tetradentate, utilized all its potential donor sites - a tertiary nitrogen atom attached with two ethyl group (N(6)), 

another tertiary nitrogen atom(N(3)), attached with two pyrazole rings via methylene carbon and two pyrazole 

nitrogen atoms (N(1) and N(5)) for complex formation. Copper atom is five coordinate with trigonal bipyramydal 

geometry being bonded to three nitrogen atoms - one tertiary nitrogen atom N(6), two pyrazole nitrogen atoms N(1) 

and N(5) in the trigonal plane and tertiary nitrogen atom N(3) and Cl(1) atom in the      axial      position.   The     

coordination geometry around the copper is best described as  distorted trigonal bipyramidal  which   is revealed by 

the magnitude of the trigonality index τ is 0.795 for the complex [τ = (α -β)/60, where α and β are the two largest 

coordinate angles).  For the perfect square pyramidal and trigonal bipyramidal geometries, the τ - values are zero and 

unity, respectively [22]. The Cu(1)-N bond distance in trigonal plane are in the range of 2.090(3)-2.143(3) Å and 

bond angles are in the range of 109.34(9)-130.88(10)º. The two Cu(1)-N bond lengths in axial plane are 2.073(2) and 

2.2474(9) Å respectively.  

Table-1 here 

Table-2 here 

Figure-1 here 

Spectral Data 

The IR spectra of the complexes show two intense bands at ~ 1555 and ~ 1470 cm-1 and these two bands are also 

present in the ligand indicating the coordination of ligand dbdmp in the metal complexes. The IR spectra of 

complexes exhibited a broad band ~ 840 cm-1 due to ν(PF6
-) counter anion. 

The UV-Visible spectra of the complexes were recorded in CH3CN (~10-3 M) in the range 1200-400 nm. In the UV-

region, intense absorption bands appeared around 250 nm which are attributed to charge transfer transitions. For 

copper(II) complex 1, a broad absorption band observed at λ > 800 nm (dxy, dx
2

-y
2
→dz

2) and a weak band  (dxy, 



dyz→dz
2) at higher energy region (λ < 750 nm). This type of spectral feature is typical for Cu(II) complex with 

trigonal bipyramidal geometry [23-25]. Generally, square pyramidal or distorted square pyramidal Cu(II) complexes 

show spectral band in the region of 550 - 660 nm (dxz, dyz→ dx
2-y

2). Absence of spectral band in the region also 

indicate the geometry around copper(II) center is trigonal bipyramidal. There is no change of λmax in solution 

indicating no dissociation or change of geometry after dissolution. For cobalt(II) complex, the bands observed at 821, 

601 and 511 nm are due to d-d transition.  

Cyclic Voltammetry and Magnetic susceptibility 

The electrochemcial behavior of the copper (II) complex  has been examined by cyclic voltammetry using platinum 

electrode in CH3CN solution (~ 10-3M) using tetraethyl ammonium tetrafluoroborate as supporting electrolyte in the 

potential range 2.0 to -2.0 V versus Ag/AgCl reference electrode. It shows an irreversible reduction process with  Epc 

values at -0.541 V and Epa at -0.190 V corresponding to a Cu(II)/Cu(I) electron transfer.The room temperature 

magnetic moment of the copper complex 1 shows µeff of ~ 1.78 BM, indicating one electron paramagnetism and this 

is typical for copper(II) complex. The magnetic moment of complex 2 is 3.88 BM which indicates three electron 

paramagnetism. 

 

Electronic absorption titration  

The binding ability of copper(II) complex with CT-DNA is studied by measuring their effects using the electronic 

absorption spectroscopy which is the most useful technique for studying the binding modes of metal complexes with 

DNA. Complex binding with DNA usually results in hypochromism and blue shift arising from strong stacking 

interaction between complex and DNA [26-27]. The extent of hypochromism gives a measure of the intercalative 

binding. In the electronic absorption titration experiments, when the complexes are titrated with CT-DNA, interesting 

spectral changes are observed in the ligand based bands. In the copper(II) complex, the intensity of the spectral band 

at 312 nm shows hypochromism with blue shift on the addition of CT-DNA as shown in the Fig.2. 

Such spectral changes in intraligand transition are due to intercalative mode of binding where the intercalated ligands 

are sandwiched between the base pairs of DNA. The Kb value of copper(II) complex 11.5 x 106 also support the 

strong binding of these complexes to CT-DNA. The exact mode of binding cannot be 

Figure-2 here 



proposed by UV spectroscopic titration studies. In most cases, the existence of hypochromism for all complexes 

could be considered as first evidence that the binding of the complexes involving intercalation between the base pairs 

of CT-DNA cannot be ruled out [28-29].  

 

Fluorescence spectral studies 

As the present copper(II) complex is non-fluorescent on excitation in the visible region, competitive ethidium 

bromide binding experiments was carried out to gain support for the extent of binding with plasmid DNA. Ethidium 

bromide (EB) is a weak chromophore but it was shown to emit intense fluorescence light when it strongly 

intercalated into the base pairs of double-stranded DNA. It is proved that fluorescent light could be quenched by the 

addition of a second molecule [30]. 

When a complex is intercalated to EB-bound DNA, it decreases the emission intensity of EB-DNA complex as it 

releases the EB from DNA and reduced emission intensity is used as a measure of DNA binding ability of the 

complex. This behavior can be analyzed through Stern-Volmer equation [31].  

The emission spectra of EB bound to DNA in the absence and presence of copper(II) complex was recorded in the 

Tris-buffer. The fluorescence quenching curve of EB-bound to DNA by the copper(II)  complex is shown in the Fig.3 

and the reduction in the intensity of the emission band indicates that the complex competes with EB and strongly 

binds with DNA through intercalation. 

Figure-3 here 

 

The Stern–Volmer plots of DNA–EB illustrate that the quenching of EB-DNA fluorescence by the compounds is in 

good agreement (R=0.9) with the linear Stern–Volmer equation [32] which also suggest the strong binding of the 

complexes with DNA. The Stern-Volmer quenching constant value is 3.6 x 103 which is less than the binding 

constant of the classical intercalators and metallointercalators (107 M−1) [33]. So we can conclude that copper(II) 

complex bind to the CT-DNA by weak intercalative mode. 

 

Microbial activity 

Dilution methods are routinely used to determine the minimum inhibitory concentrations (MICs) of antimicrobial 

agents. In dilution tests, microorganisms are tested for their ability to produce visible growth on a series of agar plates 



or in microwell plates of broth containing dilutions of the antimicrobial agent. The lowest concentration of an 

antimicrobial agent that will inhibit the visible growth of a microorganism is known as the MIC. In presence of only 

DMSO (in which the test solutions were prepared), both the Gram positive and Gram negative bacteria were able to 

grow. Complexes 1 and 2 with 100 µM concentration were not inhibiting bacterial growth and the bacterial strains 

were able to grow normally, whereas at 10 mM concentration the same complexes were completely inhibiting 

bacterial growth of both the strains. 

Conclusions 

Mononuclear complexes of the type [M(Cl)(dbdmp)]PF6, where M = Cu(II) and Co(II), dbdmp = N,N-diethyl-N'
,N

'-

bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)ethane-1,2-diamine have been synthesized and characterized. Structural 

studies show that [Cu(Cl)(dbdmp)]PF6 complex has distorted trigonal bipyramidal geometry. CT-DNA binding study 

of the copper(II) complex was investigated by absorption and fluorescence measurement. The results indicate that the 

complex can interact strongly with DNA base pair.  Antibacterial study of the complexes 1 and 2 showed the 

complete inhibition activity against gram positive (Bacillus subtilis) and gram negative (Escherichia coli) bacteria at 

high concentration. 
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Table 1. Crystallographic data for complex 1. 

  

                                       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
[CuLCl]PF6 

Empirical formula C18H32ClCuN6F6P 
Formula weight 576.46 
Temperature (K) 110(2) 
Wavelength (Ǻ) 0.71073 A 
Crystal system Monoclinic 
Space group P21/n 

a (Ǻ) 8.4536(13) 
b (Ǻ) 13.855(2) 
c (Ǻ) 21.235(3) 
α(°) 90.00 

β(°) 96.151(2) 

γ(°) 90.00 
Volume (Ǻ3) 2472.7(6) 
Z 4 
Density (Mg/m3) 1.548 
Absorption coefficient (mm-1) 1.120 
F(000) 1188 
Crystal size (mm) 0.23 x 0.11 x0.03 
Theta range for data 
collection (°) 

1.76 to 28.31 

Index ranges -11≤h≤11,  
-13≤k≤18,   
-20≤l≤28 

Reflections collected  14383 
Independent reflections  5677[R(int) = 

0.0287] 
Absorption correction  Semi-empirical 

from equivalents 
Max. and min. transmission  0.9672 and 0.7828 
Refinement method Full-matrix least-

squares on F2 
Data / restraints / parameters 5677 / 0 / 410 
Goodness-of-fit on F2

 1.212 
Final R indices [I>2sigma(I)] R1 = 0.0520,  

wR2 = 0.1110 
R indices (all data) R1 = 0.0572, 

 wR2 = 0.1133 
Largest diff. peak and hole 
(eA-3) 

0.559 and -0.394 



Table 2. Important Bond lengths (Å) and Bond angles (º) of complex 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Bond lengths (Å) 

Cu(1)-Cl(1) 2.2474(9) 

Cu(1)-N(1) 2.090(3) 

Cu(1)-N(3) 2.073(2) 

Cu(1)-N(5) 2.143(3) 

Cu(1)-N(6) 2.104(2) 

 
Bond angles (º) 

N(3)-Cu(1)-N(1) 79.22(9) 

N(3)-Cu(1)-N(6) 85.20(9) 

N(1)-Cu(1)-N(6) 130.88(10) 

N(3)-Cu(1)-N(5) 78.79(9) 

N(1)-Cu(1)-N(5) 112.70(10) 

N(6)-Cu(1)-N(5) 109.34(9) 

N(3)-Cu(1)-Cl(1) 178.60(7) 

N(1)-Cu(1)-Cl(1) 100.44(7) 

N(6)-Cu(1)-Cl(1) 96.02(7) 

N(5)-Cu(1)-Cl(1) 100.13(7) 



 

 

 

 

Fig.1. ORTEP diagram depicting the cationic part of the metal complex with atrom numbering scheme (40% 

probability factor for the thermal ellipsoids) 

  

 

Fig.2. Absorption titration spectra of [Cu(Cl)(dbdmp)]PF6 

 



 

Fig.3. Emission titration spectra of [Cu(Cl)(dbdmp)]PF6 
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Abstract 

Orthosilicic acid (OA) was synthesized by sol-gel method using tetraethylorthosilicate 

(TEOS) in 1:4:5 molar ratio of TEOS:H2O:C2H5OH at 25
o
C followed by in situ substitution 

reaction by DNA nucleobase cytosine and water soluble polymer polyvinylpyrrolidone (PVP) 

which was first converted into its reactive form PVP-oxime at 80
o
C, pH~8 in 1:2:2 (w/w) 

ratio of OA:cytosine:PVP-oxime resulting in formation of a hybrid material (HM). PVP-

oxime was characterized by FT-IR and 
1
H-NMR spectroscopy with typical absorption peaks 

of OH and C=N groups at 3434.73 cm
-1

 and 1652.93 cm
-1

 respectively and N-OH proton 

signal at δ 8.254 ppm. The structure elucidation and morphology of HM was studied by FT-

IR, 
1
H-NMR spectroscopy and SEM. Some of the absorption peaks characterized were those 

of C=N and C=O at 1664.91 cm
-1

 and Si-O stretch at 1103.93 cm
-1

. Its molecular weight was 

elucidated as viscosity average molecular weight (M� v) at 25
o
C by Borosil Man Singh 

Survismeter. It is supposed to have applications in biosensors and pharmaceutics.  

Keywords: Polyvinylpyrrolidone, silicic acid, cytosine, sol-gel, SEM, IR 

Introduction 



Hybrid materials formed by the interaction of a biocompatible, synthetic and non-toxic 

polymer with an inorganic substrate that is combining molecules of different functionalities 

for producing the one which has the best properties have attracted a lot of attention since their 

inception in 1980’s. One of the popular methods studied and applied so far in this pursuit is 

the sol-gel technique which has advantages like mild reaction conditions, high uniformity of 

hybrid materials, with better mechanical strength, good thermal stability and controlled size 

[1]. Quite a lot of compounds have been synthesized and characterized mainly silica based. 

Silicon based polymeric hybrids are well known for ultrafilteration membranes [2] and 

biosensors [3]. These have potential applications in areas like chromatography [4], thin field-

effect transistors [5], abrasion resistant materials, catalysis [6,4], bioreactors, food industry 

[7], optics [8], construction industry, cosmetics, sorption, molecular switches [4], healthcare, 

drug-delivery [9] etc.We have also attempted to develop hybrid material (HM) which to our 

knowledge has not been tried earlier taking polyvinylpyrrolidone (PVP), cytosine and 

orthosilicic acid by sol-gel method, its characterization and looking into its potential 

applications. The nature of components allows the formation of a biocompatible, non-toxic 

product which is a major advantage. PVP itself has many uses in the medical field, [10]-[12] 

pharmaceutical sector, [13] food industry, [14]-[16] personal care products [17] and several 

composite materials of PVP with metals, non-metals and metal oxides like Ag [18], Li, Ca, 

Co [19], Ti, Cu [20], and silica have been prepared with functions like super-conducting, 

ultra high strength materials and biocompatible polymers along with benefits in biochemistry 

field. PVP-TiO2 coating is done on fabrics for UV protection, [21] its film is used for optical 

application, [22] and PVP-Cu colloidal solution has been prepared for improved thermal 

properties as Cu nanoparticles have the use as a coolant and heat exchanger [20]. The other 

member of the hybrid material cytosine is one of the most essential molecules to all known 

forms of life being an integral part of DNA, RNA, CTP and cofactors important to enzymes. 



Incorporation of silicon gives it semiconductor property. Thus, all these properties convinced 

us to synthesize such a multifunctional material. 

Experimental 

Materials 

PVP (mol wt 40,000, Loba Chemie Pvt. Ltd. Mumbai, India), cytosine (Loba Chemie Pvt. 

Ltd. Mumbai, India), hydroxylamine hydrochloride (Central Drug House (P) Ltd. New 

Delhi), tetraethyl orthosilicate (TEOS) (Merck), ethanol (Jiangsu Huaxi International Trade 

Co.Ltd., China) were used as received.  

First the reactive form of PVP which is polyvinylpyrrolidone oxime (PVP-oxime) was made. 

The reaction was carried out by taking PVP and hydroxylamine hydrochloride in 1:1 ratio, 

w/w, in a 100 mL Borosil RB flask. To this 70% aqueous ethanol was added and the reactants 

were dissolved in it. The resulting solution was made alkaline with 5 mL, ~1 N, aqueous 

NaOH solution. The RB flask was kept on the magnetic stirrer. It was heated at 80 
o
C and 

simultaneously stirred for 30 minute. Initially after 10 min. the solution became turbid which 

denotes precipitation and in the end, white coloured precipitate of PVP-oxime was obtained.  

It was filtered using Whatman filter paper no. 41 with the help of vacuum pump and then 

washed with 30 % aqueous ethanol solution several times. The product was kept in desiccator 

and stored. 

HM was prepared via sol-gel method in which first 2.2 mL (0.01 mol) of TEOS was taken in 

a 100 mL stoppered conical flask to which H2O (0.04 mol) and C2H5OH (0.05 mol) were 

added in 1:4:5 mol ratio respectively that is TEOS: H2O: C2H5OH taken was 2.2 mL : 0.72 

mL : 2.9 mL respectively. To the above mixture 0.5 mL of ~1 N KOH aqueous solution was 

added and stirred little bit. The sol-gel process started and couple of particles were seen and 

at this time ethanolic solutions (70% aqueous ethanol) of PVPO (2.22 g) and cytosine (2.22 

g) were added simultaneously and the solution was stirred on magnetic stirrer for 15-20 min. 



While stirring 3 mL of ~1 N KOH aqueous solution was added and white precipitate formed. 

After complete precipitation the stirring was stopped, the product was allowed to settle for 

one week followed by its filtration using Whatman filter paper no. 41, washed with double 

distilled water and kept to air dry. Later it was stored in desiccator.  

Characterization 

The FT-IR spectra of HM was recorded in the form of thin film within a KBr disc with 

Nicolet, Protégé 460 FT-IR spectrometer depicted in Figure 1 respectively. 
1
H-NMR of HM 

was monitored in deuterated DMSO solvent on DPX-dix 300 MHz Bruker Avance 

spectrometer with TMS as an internal reference and are represented in Figure 2. SEM 

micrograph of HM was recorded on Scanning Electon Microscope (SEM) - Zeiss EVO40 and 

is depicted in Figures 4. Viscosity average molecular weight (M� v) at 25
o
C of HM was 

elucidated using Borosil Man Singh Survismeter and was found out to be 81776 g/mol with 

the help of Jones- Dole and Mark-Houwink-Sakurada equations [12]. 

Results and Discussion 

The FT-IR spectrum of HM depicted the presence of all functional groups from cytosine, 

PVP-oxime and OA with the peaks of C=N,C=O stretching appearing at 1664.91 cm
-1

, Si-O 

stretching at 1103.93 cm
-1

, asymmetric stretching of NH2 at 3370.49 cm
-1

, that of NH group 

at 3183.23 cm
-1

 suggesting the formation of the hybrid material. Also when compared from 

the FT-IR spectra of the reactants intensity changes, shifts in frequencies and addition of new 

peaks was observed as a new molecule has been formed. 

Figure-1 here 

Figure-2 here 

 

 



The signals observed in the 
1
H-NMR spectrum of HM (δ, ppm) were those of cytosine 

protons and vinyl protons of PVP-oxime at lower ppm. The protons attached to the double 

bonded carbon atoms of cytosine at position 5 and 6 were seen as doublets at 5.571-5.595 and 

7.274-7.297 respectively. The other three signals at 6.938-7.075, 8.243 and 10.478 are of 

NH2, NH and =NH respectively. When compared with the 
1
H-NMR of cytosine it was learnt 

that the signal for NH2 had split and the intensity of the signal of NH increased hinting at the 

site of the reaction as N-3-H of cytosine which is present in one of its tautomeric forms also 

explaining the signal at 10.478. 

Figure-3 here 

The SEM micrograph of HM showed that orthosilicic acid and PVP-oxime are spherically 

shaped structures which are attached to cytosine crystals forming porous spherical cluster 

molecules capable of adsorption and absorption. 

Figure-4 here 

Conclusion 

Clustered hybrid material consisting of orthosilicic acid, cytosine and PVP-oxime has been 

formed. The IR frequencies depicting Si-O stretch confirms the formation of link between Si 

and other components cytosine and PVP-oxime. The absence of IR frequency for –OH group 

of both orthosilicic acid and PVP-oxime confirms its substitution. Other positive results of 

formation of HM can be inferred from 
1
H-NMR. Viscosity average molecular weight (M� v) at 

25
o
C of HM was calculated as 81776 g/mol. It is supposed to have potential applications in 

drug loading and drug releasing studies, biosensors, films, coatings and purification of DNA 

binding proteins. 
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Fig. 1 FT-IR spectrum of HM 

 

Fig. 2 
1
H-NMR spectrum of HM 
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Fig. 3 Cytosine 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 SEM micrograph of HM 
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Abstract 
Quinolones are useful as antimalarial, antihypertensive, anti-inflammatory, antiasthamatic, 

antibacterial and tyrosine kinase inhibiting agents. Moreover sulfur containing compound 

represent an important group of compounds that are promising for use in practical 

applications antifungal, antitubercular.  Thiourea and urea as a nitrogenous compound has 

been medically proven in various clinical studies to have extraordinary anti-fungal and anti-

microbial properties that promote fast healing of dry cracked split skin, eczema, psoriasis 

rashes, acne, burns and other types of problem skin.    A series of 1-(substituted-2-

oxoquinolin-1(2H)-yl)thiourea and 1-(substituted-2-oxoquinolin-1(2H)-yl)urea have been 

synthesized by using  coumarin derivatives and thiosemicarbazide and semicarbazide 

respectively in presence of ethanol as a solvent. The structure of all these synthesized 

compounds has been established on the basis of chemical transformation, IR and 
1
H-NMR 

spectral studies. Purity of synthesized compounds was checked by TLC. The newly 

synthesized compounds were tested for their antibacterial activity against some pathogens 

and  some of were found to have remarkable activity. 

Key words:  Quinolones, coumarins, oxoquinolin, thiourea. 

 
Introduction 
Quinolone derivatives represent a major class of nitrogencontaining heterocycles, which play 

an increasingly important role in drug discovery[1].Quinolone derivatives have been shown 

to mediate antitumor activity by targeting mammalian topoisomerases and have shown 

promisingpreclinical antitumor activity [2].The quinolones can be classified in four 

generations. The first generation is represented by nalidixic acid and cinoxacin, the second 

one by norfloxacin, ciprofloxacin, ofloxacin, enoxacin, and lomefloxacin, the third one by 

levofloxacin, sparfloxacin, and gatifloxacin, finally, the fourth generation is represented by 

moxifloxacin and trovafloxacin[3]. . Ciprofloxacin and other quinolones kill bacteria by 

increasing levels of DNA strand breaks generated by enzymes known as type II 

topoisomerases[4] 

  Coumarin derivatives act as a precursor for synthesizing quinolones. The incorporation 

group as a fused component into parent coumarin alters the property of parent coumarin and 

converts it into a more useful product[5].  Thiourea and urea as a nitrogenous compound has 

been medically proven in various clinical studies to have extraordinary anti-fungal and anti-

microbial properties that promote fast healing of dry cracked split skin, eczema, psoriasis 

rashes, acne, burns and other types of problem skin.  some urea and thiourea derivatives are 

known to be associated with a wide range of biological activities such as analgesic, 

antitumoranti-HIV and antimicrobial properties[6]. In view of this forgoing discussion, the 

synthesis of some substitutedurea and thiourea quinolones was aimed towards development 

of new antimicrobial agent 

 

EXPERIMENTAL  



General 
All the chemicals were of A.R. grade and used without further purification. The melting 

points of all synthesized compounds were recorded and purity is checked by TLC.IR spectra 

were recorded on a Perkin-Elmer-RX1 spectrophotometer using KBr pellets. 
1
H NMR 

spectrum of ligand was recorded in a mixed solvent (CDCl3 /DMSO) on a Bruker AC-300 F 

spectrometer using  TMS as an internal standard 

In present work synthesis of following  Quinolone derivatives have been carried out. 

1.   1-(7-hydroxy-4-methyl-2-oxoquinolin-1(2H)-yl)thiourea 

2.  1-(7-hydroxy-4-methyl-2-oxoquinolin-1(2H)-yl)urea 

3.  1-(5,7-dihydroxy-4-methyl-2-oxoquinolin-1(2H)-yl)urea 

             Coumarins have been synthesized by a Pechmann reaction. 

 
Synthesis of oxoquinolinyl  Urea/thiourea: A mixture of coumarin 0.03 mol (1a-1c) and  

Semicarbazide/ thiosemicarbazide 0.03 mol in ethanol (20 ml) was refluxed for 5 hours. The 

reaction mixture was cooled and poured into ice. The progress of reaction was monitored by 

TLC using silica gel. The solid obtained was filtered off and recrystallized by suitable 

solvent, to give desired compound. 

 

Scheme-1 here 

Scheme-2 here 

 

 

RESULT AND DISCUSSION 
A series of 1-(substituted-2-oxoquinolin-1(2H)-yl)thiourea/urea have been synthesized by 

using  coumarin derivatives and thiosemicarbazide/semicarbazide in presence of ethanol as a 

solvent. The structure of all these synthesized compounds has been established on the basis of 

chemical transformation, IR and 1H-NMR spectral studies. Purity of synthesized compounds 

was checked by TLC. Antibacterial activity was evaluated by the paper disk plate method. 

 

Compound (2a); 1-(7-hydroxy-4-methyl-2-oxoquinolin-1(2H)-yl)thiourea 

Yield: (77%); colorless crystals, mp 146-148 
0
C. 

 IR νmax (KBr): 3263, 1340, 3454, 3322, 3098, 2903 cm
-1 

1
H NMR (DMSO): 2.35 (3H, s, CH3 allylic), 2.50 (1H, s, NH), 3.38 (2H, s, NH2 ), 6.11 (1H, 

s, Ar-CH), 6.68 (1H, d, Ar-CH), 6.69 (1H, s, CH vinylic), 7.55 (1H, d, Ar-CH), 10.50 (1H, s, 

OH phenolic). 

 

Compound (2b); 1-(7-hydroxy-4-methyl-2-oxoquinolin-1(2H)-yl)urea 

Yield (70%); colorless crystals, mp 194
0C

 

IR νmax (KBr): 3496, 1709, 3404, 3443, 3061cm
-1

. 

1
H NMR (CDCl3):  2.33 (3H, s, CH3 allylic), 2.50 (1H, s, NH), 3.42 (2H, s, NH2), 6.09 

(1H, s, Ar-CH), 6.68 (1H, d, Ar-CH), 6.79 (1H, s, CH vinylic), 7.56 (1H, d, Ar-CH), 10.52 

(1H, s, OH phenolic). 

 
Compound (2c); 1-(5,7-dihydroxy-4-methyl-2-oxoquinolin-1(2H)-yl)urea 

Yield (78%); colorless crystals, mp 194
0C

 

IR νmax (KBr): 1659, 3404, 3456, 3092, 1635, 2878, 3222 cm
-1 



1
H NMR (DMSO): 5.85 (1H, S, CH vinylic), 2.49 (3H, S, CH3 allylic), 10.50 (1H, S, OH 

phenolic), 6.17 (1H, S, Ar- CH), 10.27 (1H, s, OH phenolic), 6.26 (1H, S, Ar- CH), 3.33 (1H 

: 2H, S:s NH:NH2). 

 

Table-1 here 

Table-2 here 

 

Antibacterial activity of test compounds 2a-2c 
 

Methodology: 

Test microorganisms 

The bacterial strains studied are identified strains and were purchased from the Himedia Pvt 

Ltd. culture collection, Mumbai. The investigated microorganisms were Escherichia coli 

ATCC 25922 , Shigella flexneri ATCC9199, Staphylococcus aureus ATCC 12600, Bacillus 

cereus ATCC 10876. All four bacterial strains used were common food borne pathogens, 

including two Gram –ve bacteria such as Escherichia coli ATCC 25922 &  Shigella flexneri 

ATCC9199, and two Gram +ve bacteria such as  Staphylococcus aureus ATCC 12600 & 

Bacillus cereus ATCC 10876.  

 

Preparation of the test compound 

The compounds were dissolved at a concentration of 1.0 mg/ml in Di-Methyl Formaamide 

(DMF). The synthesized compounds are soluble only in DMF 

Table-3 here 

Discussion 
The inhibition zone formed by the compounds against the particular test bacterial strain 

determined the antibacterial activities of the synthetic compounds. Test compound; 2b-was 

found to show antibacterial acitivity against  Gram +ve. Compound 2c was found to show 

antibacterial activity (zone of inhibition more than 1.0 cm) against Escherichia coli belonging 

to Gm –ve genotypes. However growth of Bacillus cereus (Gram +ve) was also inhibited by 

all 2a-2c but 2a and 2c were found to active against S. aureus. (Table 3). 
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Scheme 1.   synthetic route towards 1a-1 b   

R= 7-OH, (5,7-di-OH).               

                                                                                      

 



 
 
Scheme 2. synthetic route towards 2a-2c 

(R= 7-OH, (5,7-di-OH); X= S or O) 

 

 

 

 

Table.1 The physical characterization data of the compounds synthesized 1a-1b . 

 

S. 

No. 

Compound No. Structure 
      M.F. M.W. %Yield  m.p. 

1 1a 

O OHO  

C10H8O3 176.16 79.50% 176
o
C 

2 1b 

O O

OH

HO
 

C10H8O4 192.16 73.95% 156
o
C 

 

 

            Table.2 The physical characterization data of the compounds synthesized 2a-2c 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Table. 3 showing antibacterial zones values observed for different synthetic test 

compounds (2a-2c) each having 30 µg/ml concentrations. 

  

Compounds  

(30 µg/ml) 

Escherichia coli 

ATCC 25922 

Shigella flexneri 

ATCC9199 

Staphylococcus 

aureus ATCC 12600 

Bacillus cereus 

ATCC9199 

     

2a +   - ++ + 

     

     

2b ++  + - + 

     

2c ++  - + + 

++ zone of inhibition (0. 5 -1.5 cm diameter); + zone of inhibition (>1.0 cm diameter); - no 

zone of inhibition 

Reference standard; Chloramphenicol was used as a standard antibacterial agent 

 

S. No. Compound No. 
      M.F. %Yield  m.p. 

1 2a C11H11N3O2S 77 170
o
C 

2 2b C11H11N3O3 70 194
o
C 

3 2c C11H11N3O4 78 182
o
C 
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Abstract 

The SiO2 thin films were obtained using TEOS as a primary source of SiO2 by dip coating 

method catalyzed by DTAB, SDS, and Tween 20 surfactants with the thickness of 36.92, 47.15, 

and 52.39�nm, respectively. Surface morphology was studied with AFM and surface roughness 

was depicted with 0.9528, 3.6534, and 0.9294�nm. Contact angle measurements have been 

performed with goniometer to evaluate the wetting behavior of the film and Surface tension and 

viscosity of sol was measured by survismeter. The contact angle of 58.01°, 48.40°, and 37.88° 

was observed with SDS, DTAB, and Tween 20 film, respectively. The SiO2 thin films with SDS 

showed more surface roughness and water repelling ability when compared to DTAB and least 

with Tween 20.  

 

Keywords: Thin films, Contact angle, DTAB, SDS, Tween 20, SiO2, Sol-gel 

 

Introduction 

Recently SiO2 thin films is use in large number of devices such as in light emitting diodes, liquid 

crystal devices, electrochromic and electro luminescent devices, anti-reflective films, 

interference filters, solar cells, magnetic films for data storage in computers, optical storage 

devices data as compact discs, computer memory applications, photocatalysis, sensors, self-

cleaning surfaces [1-5].Since these applications require specific properties for thin film forming 

material. Sol-gel dip coating using tetraethylorthosilicate (TEOS), as silicon source, is a well-

known technique to deposit SiO2 thin films [6-8]. The use of surfactants to control the 

morphology and surface properties of film is a relatively new approach [9]. Therefore, the 



preparation of thin film with surfactants is most significant research but no concretized efforts 

have been initiated for smart and efficient uniform SiO2 thin film (UTF) with cationic DTAB, 

anionic SDS and nonionic surfactants Tween 20 (Tw 20). Several thin film coating techniques 

have been uses for thin film preparation are electroplating [10], anodizing [11], physical vapour 

deposition [12], Sol-Gel [13], etc. Schroder, Distich, Ogawa and Lu et al. had reported 

continuous mesoporous SiO2 thin films on a solid substrate by dip-coating method [14-17]. 

Compared to the other thin film deposition techniques, the sol-gel technique has several 

advantages including the simplicity of the deposition method, low cost, high adherence to the 

surface, chemical stability, film uniformity and low sintering temperature, [18]. Efficiency in 

applications depends on nature and composition of the thin film forming materials and the 

surfactants change spreading properties for better efficiency of films. Since the film forming 

liquids such as TEOS ,alcohols and water,  in their pure state or mixture do have definite surface 

tension , viscosity and friccohesity [19,20], for better spreading of a required thickness due to 

their cohesive and spreading forces ( kinetic forces) or the frictional forces do render most 

critical services in making thickness of required size. Literature reveals that the (SiO2, ZnO and 

Indium tin oxide (ITO)) are in high demand in thin film industries, due to their selective 

properties and potential [21-24].These three metal oxides have low refractive indices (1.48, 2.0, 

1.8) and band gap wavelengths (138,375 and 345 nm) is shorter than the visible range of 400-700 

nm, hence minimizing reflectance and could be used for antireflection coating. 

 

 

Experimental  

Materials 

Tetraethoxysilane (99.9% Sigma Aldrich CAS No: 78-10-4), absolute ethanol (99.9% Merck, 

India, CAS No. 103-84-4), Dodecyltrimethyl ammonium bromide, CAS No.157929-06-1 

(cationic), sodium dodecyl sulfate, CAS No 151-21-3 (anionic), Tween20, (Loba Chemie, India 

CAS No: 009005-64-5) were used as received. 

 



Preparation of thin films 

Thin films with cationic, anionic and nonionic surfactants separately have been developed by 

using TEOS, in ethanol and water mixtures in a specific ratio where the surfactants have been 

found as structure directing agent. For each experiments, 0.19 mol ethanol, 0.16 mol deionized 

water, 4.45 mmol TEOS and 8.10 mmol DTAB, 8.66 mmol SDS and 2.04 mmol Tw20 were 

added to reaction container respectively. The resultant solutions were stirred at 60
O
C for 30 min 

for getting clear and homogeneous solutions for coating. Their viscosity and surface tension for 

specific spreading with uniform distribution were measured by Survismeter [25, 26]. A film 

preparation was processed in air at room temperature by a dip coating method with a withdrawal 

speed 2 cm min
−1

 on cleaned 2 mm thick glass slides (100 × 40 mm) as substrate. Ethanol and 

water were evaporated on heated at 100
o
C for 10 min and then smoothly cooled to room 

temperature to avoid abrupt cooling. The film was further dip coated on the previously coated 

SiO2 film and heated at 80
o
C for 10 min and then cooled to room temperature. The isotropies of 

both the layers were uniformly maintained. 

Characterization methods  

For characterization of surface properties of the SiO2 films, The AFM image were obtained with 

Park instrument corp. model XE-76, advanced scanning probe, in non-contact mode. The film 

thicknesses and refractive index was measured with Horiba Jobin Yvon Ellipsometer model MM 

16, using DeltaPsi2 software. UV-absorbance spectra of the film were recorded with Spectro 

2060 plus model UV-visible spectrophotometer, over the spectral range of 200 nm – 400 nm. 

DSC Perkin Elmer, model DSC 6000, was used for analysis of thermal stability of film, were 

film scanned under a nitrogen atmosphere (20cm
3
/min) from 30 to 350

o
C at a constant rate of 

5
o
C/min),for the characterization of wetting properties, the measurements of water contact angle 



were recorded with goniometer Model: Attension (Biolin Scientific) Theta by keeping 10 µL 

water droplets on coated glass film at room temperature.The angle was calculated with software 

interfaced with the parameters used in the Young’s equation [27]. 

Results and Discussion  

 In order to study the catalytic properties of cationic, anionic and nonionic surfactants on surface 

morphologies of SiO2 thin films, AFM was employed to observe the surface and texture features 

of the films. AFM images reflect that surfactants have critically influence the topography and 3D 

picture in terms of surface roughness (Rq).The 0.9528, 3.6534 and 0.9294 nm (Table 1.2) are  Rq 

values (average) and Topography and 3D view SiO2 film with DTAB, SDS and Tw 20  are 

depicted in Figure.(1-6 ) respectively.  

Figure-1 here 

Figure-2 here 

Figure-3 here 

Figure-4 here 

Figure-5 here 

Figure-6 here 

Comparison of characteristic properties of film with Surfactants 

Three surfactants were used to examine their effects on characteristic properties of thin film and 

it was observed that (a) roughness as SDS>DTAB>Tw 20 (b) optical properties (λmax (nm)) as 

SDS>DTAB>Tw 20 (c) Thermal stability as Tw 20 >SDS> DTAB (d) wetting properties as Tw 

20 >SDS> DTAB and (e) activation energy as Tw 20 >SDS> DTAB with SiO2 thin film.  

The SEM images (7-9) respectively, reveals that the SDS has produced a uniform distribution of 

sol of similar size and shape of grain on glass surface in comparison to DTAB and Tw 20. 



Figure.10 depicts UV- spectra of maximum absorbance was≈ 3.3 at 240 nm, 3.5 at 300 nm and 

3.0 at 310 nm, of SiO2- DTAB, SiO2-SDS and SiO2-Tw 20 films respectively. Thermal stability 

of SiO2 film was depicted by DSC curve, Figure.11, depicts endothermic and exothermic peaks 

at 64.32
0
C and 120.83

0
C with 39.7913 J/g and 134.7911 J/g respectively from 20.06 to 20.33 

mW with 73.614 and 249.364 mJ area of influence. One an endothermic peak at 64.32
0
C, 

associated with the removal of solvent ethanol and water and another exothermic peak is 

observed at120.83
0
C which may relate to burning of TEOS. But at higher temperature, the same 

observation was also noticed in SiO2-DTAB and SDS thin film due to SiO2- surfactant 

interaction. From DSC curve, it was notice that DTAB and SDS had sharpened the structural 

changes whereas the Tw 20 broadened the same. The sharpened disruption of DTAB-SiO2 

linkage is depicted in DSC curve Figure.12, having exothermic peaks at 99.69
0
C and 251.80

0
C 

with 97.0846J/g and 321.5217J/g heat absorption capacity and in SiO2 film with SDS surfactant 

give, exothermic peaks at 101.25
0
C and 254.74

0
C with 13.0183 J/g and 59.5776.J/g heat 

absorption capacity Figure.13.Whereas SiO2 film with Tw 20 depicts, exothermic peaks 

at178.91
0
C and 215.25

0
C with 0.1582J/g and 0.9686J/g heat absorption capacity Figure.14. It is 

due to probably developed slightly strong interaction with SiO2, because more OH group in Tw 

20 which is absent in DTAB and SDS. From DSC curve it was observed that heat absorption 

capacity is dependent on the interaction of SiO2 thin film with surfactant and strength of 

interaction dependent on hydrophilic and hydrophobic group of surfactants. The variation in 

interaction is probably dependents on cohesive force and frictional force (friccohesity)[19,20]. 

SiO2-surfactant interactions impact on the thickness of thin film because the complex has 

separate capability to interact with solid glass substrates, as the glass has major composition of 

SiO2.The dispersion or cluster or interaction of surfactant - SiO2 thin film is depicted in 



Figure.16, [28,29 ]. Since DTAB, SDS and Tw20 have different hydrophobic forces and 

hydrophilic forces within the molecule depicted in table 1. The SDS has less hydrophobic force 

as compared to DTAB where its hydrophobic part showed weaker interactions with the SiO2 but 

Tw 20 has large interaction site where SiO2 can accumulate or distribute (Figure.17). Thus 

surfactants assist in surface designing and engineering of uniform SiO2 thin films (UTF). 

Table-1 here 

Figure-7 here 

Figure-8 here 

Figure-9 here 

Figure-10 here 

Figure-11 here 

Figure-12 here 

Figure-13 here 

Figure-14 here 

Figure-15 here 

Figure-16 here 

Figure-17 here 

Figure-18 here 

Surfactants impacts on quality of thin film depicted with activation energy 

Surfactant reduces the surface tension of sol which help in Spreading and distribution of sol on 

glass surface by lowering activation energy (∆Ea).To optimizes the concentration of sol and 

develop uniform film, surface tension (22.78 mNm
-1

) and viscosity (1.1756 mPa.s) of pure 

TEOS was measured. When TEOS is homogenously mixed with ethanol and water, surface 



tension and viscosity increase by 0.42 mN/m and 1.2910 mPa.s respectively whereas on DTAB, 

SDS and Tw 20 homogeneous mix (Table 4) the comparatively changes in surface tension are 

found as 0.81> 0.41> -0.07 mN/m and viscosity as 1.1124> 0.8434 < 2.5426 mPa.s respectively. 

For uniform spreading and distribution of sol on glass substrates, more and more energy is 

required and surfactant reduces the activation energy required getting uniform thin film. The V1 

and V2 were used for activation energy calculation with eq. (3, 4). 

                                                                                               (3) 

                              (4) 

The V1 volume of pure water and V2 partial molal volume of sol, M molar mass, ρ0 density of 

water, m and ρ is molality and density of sol. The activation energy of solvent [30] is calculated 

using Eq. (5). 

                             (5) 

The ∆µ1
*
is activation energy for solvent, R is gas constant, η0is viscosity of solvent, h is Planck 

constant, N is Avogadro number (6.023 x 10
23

). Activation energy (∆µ2
*
 J/mol) is calculated 

with Eq. (6). 

                (6) 

The activation energy ∆Ea of SiO2 film with DTAB, SDS and Tw 20 are found -24.08, -24.36 and 

-42.77 kJ mol
-1

(Figure.18) respectively. Activation energy of Tw 20 is lower as compared to 

DTAB and SDS due to stronger interaction of Tw 20 with SiO2. Since in Tw 20 binding and 

responding site is maximum which enable Tw 20 to effective distribute on the solid substrate 
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while with DTAB and SDS, hydrophobic and hydrophilic, two binding sites counteract, out of 

which only hydrophilic part is responsible to interact with SiO2 for uniform distribution.Thus a 

stronger intermixing, reduce the cohesive forces, lowers activation energy favors the quality of 

the spreading of the sol on the solid surface.  

Table-2 here 

Surfactants impacts on quality of thin film supported by Contact angle 

Wetting and hydrophobicity properties of thin film are studied with the contact angle between a 

liquid and solid surface measured with goniometer. The contact angles (Figure.2.15), of SiO2 

films with SDS, DTAB and Tw 20 are noted as 58.01 > 48.40 > 37.88
o 

respectively with 

1.53:1.28:1.00 ratios of contact surfaces with 1:1.277:1.419 ratios of their thickness (Table 1.5). 

The ratios of the contact angles with thickness are matching with higher wetting action with Tw 

20 and lower with SDS. The stronger wetting action with least contact angles depicted by the Tw 

20 is attributed to more numbers of the –OH groups which has least surface tension and higher 

viscosity (Table 4). The unique combinations of these physicochemical data reflect more wetting 

make uniform distribution of sol on surface and efficiency of optical and heat absorbing capacity 

increases with Tw 20.  DTAB seems to have less wetting with comparatively higher surface 

tension than the SDS and Tw 20. Thus the nature of the substrate vise-a-vise thin film forming 

liquids does induce intrinsic relationships of their mutual responses. The surface in action and 

contact angle of thin film Figure 15, both have some relationship with a roughness of the film 

(Figure.1-6), in this context, the SDS film shows more roughness in comparison to DTAB (Table 

1) and hence the SDS produced higher values of the θ by repelling out more water with a less 

wettability and the Tw 20 shows lower θ as more OH group present on surface of the film with 



lower roughness. Thus the surface engineering  of the film enhance the surface properties such as 

efficiency of anti-wetting, self-cleaning, anti-abrasion, and anti-rusting properties of thin film. 

Table-3 here 

Table-4 here 

Table-5 here 

Conclusions  

The SiO2 thin films with cationic, anionic and nonionic surfactants were deposited on 

microscopic slide by sol gel dip coating method. Surfactants addition promotes a uniform 

morphology, crack free and uniform thickness with similar shape and size of aggregate on the 

surface of the films. The SiO2 thin film with cationic, anionic and nonionic surfactants, the 

formation of well defined, distinct aggregates is observed. The physiochemical data infer that, 

the increase in the viscosity of coating solution, leads to more homogeneous films. The use of 

nonionic surfactants Tw 20 allowed the formation of merged, aggregates, forming larger grains 

with different orientations. Thermal stability of SiO2 film with Tw 20 is probably high in 

comparison to DTAB and SDS infer DSC curve. Results infers that activation energy of Tw 20 is 

lower as compared to DTAB and SDS due to stronger interaction of Tw 20 with SiO2 a 

considerable result being the increase due to more OH group present in Tw 20 film as result 

more efficient and stable thin film is obtained. Thus the surface engineering of the film by 

addition of surfactants lead to have remarkable properties such as crack free, protective film and 

self-cleaning, anti-abrasion, and anti-rusting properties of thin film will be enhance. Future 

prospects of SiO2 thin film shows most promising application in solar energy conversion, 

development of biosensors, self-cleaning properties and optical coating application as 

antireflection properties. This is due to SiO2 is an excellent material, chemical stability, non-



toxic, high energy conversion and highly transparent. There are many advantages of preparation 

of SiO2 thin film by Sol-Gel method in comparison to conventional methods, such as low process 

cost and can engineering the film features extensively through altering the composition of the 

solution. 
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Figures caption 

1. Fig.1 AFM image (Topography) of SiO2 thin film with DTAB, Scan area 5 µm 

2. Fig.2 AFM image (3D View) of SiO2 thin film with DTAB, Scan area 5 µm 

3. Fig. 3 AFM image (Topography) of SiO2thin film with SDS, Scan area 40 µm 

4. Fig.4 AFM image (3D View) of SiO2 thin film with SDS, Scan area 40µm 

5. Fig. 5 AFM image (Topography) of SiO2thin film with Tw 20, Scan area 30 µm 

6. Fig.6 AFM image (3D View) of SiO2 thin film with Tw 20, Scan area 30 µm 

7. Fig. 7 SEM microstructure of SiO2 thin film with DTAB 

8. Fig. 8 SEM microstructure of SiO2 thin film with SDS 

9. Fig. 9 SEM microstructure of SiO2 thin film with Tw 20 

10. Fig 10 UV-absorbance spectra of SiO2 thin film with DTAB, SDS and Tw 20 

11. Fig. 11 DSC curve of SiO2 thin film 

12. Fig. 12 DSC curve of SiO2 thin film with DTAB  

13. Fig. 13 DSC curve of SiO2 thin film with SDS  

14. Fig. 14 DSC curve of SiO2 thin film with Tw20 

15. Fig. 15 Wetting behavior of water droplet on the SiO2 thin film with DTAB, SDS and Tw 20 

16. Fig.16 Schematic representation of interaction of surfactant with SiO2 network deposited on 

microscopic glass slide. 

17. Fig.17 Structure formula of DTAB, SDS and Tw 20 

18. Fig. 18 Activation energy of SiO2 thin film with DTAB, SDS and Tw 20  

 

 

 

 

 



 

Table 1   Description of surfactants used in this study 

 

Surfactant Type            Description  

 

     Example 

Anionic  

 

 

Head group has  negative charge 

 

Sodium dodecyl sulphate 

(SDS) ( NaC12H25SO4) 

Cationic Head group has positive charge 

 

Dodecyltrimethylammonium 

bromide(DTAB)(C15H34BrN) 

 

Nonionic 

 

Head group has polarity but no 

charge 

Tween 20 ( C58H114O26) 

 

 

 

Table 2 AFM topographical data of SiO2 thin film with DTAB, SDS and Tw 20 

Sample numbers SiO2-DTAB, nm SiO2-SDS, nm SiO2-Tween 20,nm 

1 0.943 3.286 0.816 

2 0.956 3.278 0.856 

3 0.978 3.675 0.943 

4 0.939 4.056 1.056 

5 0.948 3.967 0.976 

Average 0.9528 3.6534 0.9294 

 

 



Table 3 Refractive index, thickness and λmax of  SiO2 thin film with DTAB, SDS and Tw 20 

       Thin films  Refractive index    

(n) 

λmax (nm) 

 

Thickness (d) nm 

 

Glass: Substrate 1.5911   

SiO2: Reference 1.4650 208 35.60 

SiO2 + DTAB 1.5910 235 36.92 

SiO2 + SDS 1.5906 300 47.15 

SiO2 + Tween 20 1.4554 305 52.39 

 

Table 4 Viscosity and surface tension of freshly prepare sol at 25°C 

 

Composition 

mol/kg 

Density 

10
3
 kg m

-3
 

Surface 

tensionmNm
-1

 

Viscosity 

mPa.s 

Water pure 0.997443 71.97 0.8904 

TEOS pure 0.928037 22.78 1.1756 

TEOS+Eth* 0.5625 0.799803 20.19 1.4639 

TEOS+Eth+Wat* 0.407 0.881541 23.20 2.4666 

          DTAB in TEOS+Ethanol+Water 

 

0.0857 0.881062 23.59 2.2880 

 

0.2572 0.876897 22.50 2.6890 

 

0.4588 0.897917 22.00 2.9385 

          SDS in TEOS + Ethanol + Water 

 

0.0857 0.865941 23.19 2.0190 

 

0.2572 0.883290 23.30 2.4138 

 

0.4588 0.894302 22.80 2.8779 

          Tw 20 in TEOS + Ethanol + Water 

 

0.0857 0.893809 22.71 3.7182 

 

0.2572 0.961586 25.79 8.1415 

 

0.4588 1.041258 36.23 13.3412 

          

 *Eth-Ethanol, Wat-Water 

 



Table 5 Comparative surface properties of SiO2 thin film with DTAB, SDS and Tw 20 

SiO2 thin 

films with 

Thickness 

(d) 

nm 

Surface tension 

mNm
-1

 

Viscosity 

mPa.s 

SEM micrographs 

appeared 

AFM (RMS) 

roughness 

(Rq)) nm 

λmax nm 

DTAB 36.92 23.59 2.2880 Does not showed 

compactness 

0.9528 235 

SDS 47.15 23.19 2.0190 Showed                      

compactness 

3.6534 300 

Tween 20 52.39 22.71 3.7182 Showed clusters 0.9294 305 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. 1 AFM Topography of SiO

 

     Fig. 2 AFM 3D view of SiO2

                           

 

AFM Topography of SiO2 thin film with DTAB, Scan area 5µm 

2 thin film with DTAB, Scan area 5µm       

 

 



Fig. 3 AFM Topography of SiO

 

Fig. 4 AFM 3D View of SiO2 thin film with SDS, Scan area 40 

 

 

AFM Topography of SiO2 thin film with SDS, Scan area 40µm 

thin film with SDS, Scan area 40 µm    

 

  

 



 

Fig. 5 AFM Topography of SiO

               

 

Fig. 6 AFM 3D View of SiO2 thin film 

                        

AFM Topography of SiO2 thin film with Tw 20, Scan area 30 µm 

thin film with Tw 20, Scan area 30 µm 

 

 



 

 

Fig. 7 SEM microstructure of SiO

 

 

     

SEM microstructure of SiO2 thin film with DTAB 

 



 

 

 Fig. 8 SEM microstructure of SiO

 
             

 

                

 

8 SEM microstructure of SiO2 thin film with SDS 



 

Fig. 9 SEM microstructure of SiO

 

9 SEM microstructure of SiO2 thin film with Tw 20 

 



                            

   Fig. 10 UV/Vis-absorbance spectra of SiO2 thin film with DTAB, SDS and Tw 20 
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           Fig. 11 DSC curve of SiO2

 

                                       

 

2 thin film 

 



Fig. 12 DSC curve of SiO2 thin film with DTAB

 

 

 

thin film with DTAB 

 

 



Fig. 13 DSC curve of SiO2 thin film with SDS

 

 

      

 

thin film with SDS 

 



 

Fig. 14 DSC curve of SiO2 thin film with Tw 20

                           

 

 

thin film with Tw 20 

 



Fig. 15 Wetting behavior of water droplet on the SiO

 

 

 

Wetting behavior of water droplet on the SiO2 thin film with DTAB, SDS and Tw 20thin film with DTAB, SDS and Tw 20 

 



 

Fig.  16   Schematic representation of interaction of surfactant with SiO2 network deposited 

on microscopic glass slide as used in this study. 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 17 Structural formula of DTAB, SDS and Tw 20 
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Induction and steric effects  



Fig.18. Activation energy of SiO2 thin film with DTAB, SDS and Tw 20 
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Abstract 

The development of graphite coated ion selective electrodes based upon different calixarenes viz; 

4–tert-butyl calix[4]arene, 4–tert-butyl calix[6]arene, 4–tert-butyl calix[8]arene, c-Undecyl 

calix[4]resorcinarene monohydrate, c-Methyl calix[4]resorcinarene and 4 - sulfo calix[4]arene as 

ionophores, o-nitro phenyl octyl ether (o-NPOE) as plasticizer and NaTPB as an ion excluder has 

been proposed for the assay of amitriptyline hydrochloride (AMN
+
). Out of these, the sensor 

based on 4–tert-butyl calix[6]arene proved to be the best exhibiting a Nernstian cationic slope of 

56.1 mV/decade. However, on incorporation of MWCNT in the electrode matrix, the detection 

limit lowered down to 6.3 × 10
-7 

M. The sensor exhibited a Nernstian cationic slope of 58.7 ± 

0.19 mV/decade of activity between pH 2.5 – 7.5 for AMN
+
 ions for wide concentration range 

from  7.9 × 10
-7

 – 1.0 × 10
-2

 M AMN
+
 ions and a fast potential response of 8 s. The surface 

morphology of 4–tert-butyl calix[6]arene / MWNT composite electrode (4–tert-butyl 

calix[6]arene-CNT-CGE) was characterised by Scanning Electron Microscopy. Electrochemical 

Impedance Spectroscopy revealed kinetically facile nature of 4–tert-butyl calix[6]arene-CNT-

CGE towards AMN
+
 ions. The Nyquist plots of 1×10

-4
 M AMN

+
 showed a significant difference 

in response for all the four electrodes and the bulk membrane resistance value was observed to 

be very less for the 4–tert-butyl calix[6]arene-CNT-CGE. The proposed method was employed 



for the potentiometric determination of AMN
+
 ions in pharmaceutical formulations, biological 

fluids and obtained results were found to be satisfactory. 

Keywords: Amitriptyline hydrochloride; coated graphite electrode; 4-tert-butylcalix[6]arene; 

multiwalled carbon nanotube;  pharmaceutical formulations; biological fluids  

Introduction 

Amitriptyline hydrochloride (Scheme 1) is a second-generation commonly administered 

tricyclic antidepressant (TCA) used widely in depression [1], childhood noctural enuresis 

(bedwetting), chronic pain and labile effect in some neurological conditions. The widespread use 

of amitriptyline hydrochloride and the need for clinical and pharmacological studies requires fast 

and sensitive analytical technique for its assay in pharmaceutical formulations, biological 

matrices, and also for toxicological and pharmacokinetic studies.  

Literature reports for assay of amitriptyline hydrochloride in pharmaceutical formulation 

and biological fluids are mainly based on chromatography [2-9] and spectrophotometry [10-11], 

though voltammetric [12-17] and electrophoretic [18-20] methods are also explored. Some of 

these techniques are very time consuming; a few are affiliated with the pre-treatment of the 

sample whereas some demand expensive, sophisticated instrumentation and highly skilled 

personnel which restrict their use in routine analysis. 

 Potentiometric methods are of choice since they possess the advantages of simplicity, 

accuracy without the need of separation or pre-treatment procedures and the common availability 

of the instrumentation. Status of ion sensors and their applications in clinical chemistry has been 

summarized by Buck and Linder [21]. Although a considerable attention has been given for 

amitriptyline hydrochloride analysis using ion - selective electrodes (ISEs); only polyvinyl 

chloride (PVC) membrane sensors based on ion-pair associate of amitriptyline hydrochloride 



with picric acid  [22], 0.4% (m/m) clonidine-tetraphenyl borate [23], triphenylstilbenzylborate 

and tetra (2-chlorophenyl) borate [24], tetraphenyl borate [25,26], bilayer polymeric films [27], 

with eosin [28] are found in literature.  

However, potentiometric sensors based on ion-pairs are generally plagued by limiting 

selectivity and their applications are restricted to more challenging matrices; therefore more 

selective molecular recognition component [29-34] is evidently required. In our earlier reports 

we have developed coated wire membrane electrodes for Pb
2+

 [35], Cu
2+

 [36], Fe
3+

 [37] and Cr
3+

 

[38] and a PVC membrane electrode for pyridoxine hydrochloride [30] based on their 

interactions with different macrocyclic compounds. Recently, we have also reported a coated 

graphite electrode (CGE) for Sm
3+

 based on its interaction with 7,16-Dibenzyl-1,4,10,13-

tetraoxa-7,16-diazacyclooctadecane [39]. 

Calixarenes have attracted a lot of interest as a kind of key receptors in supramolecular 

chemistry [40–41]. Their configuration includes a number of selective factors such as cavity size, 

conformation and substituents which lead to the formation of host-guest complexes with 

numerous compounds and allows for a variety of applications in ion selective membranes and 

electrodes [30].  Similarly, the wide choice of multiwalled carbon-nanotubes (MWCNTs) as a 

nanomaterial in electroanalytical studies of pharmaceutical molecules, ions and toxic compounds 

also gained interest due to its high electrical conductivity, chemical stability, and mechanical 

strength [42-43]. These properties indicated that carbon- nanotubes lead to a fast electron transfer 

reaction when used as an electrode modifying material. Thus, a synergistic effect of both carbon- 

nanotubes and 4-tert-butylcalix[6]arene composite modified CGE would enable a sensitive 

determination of amitriptyline hydrochloride.  



To the best of our knowledge, no potentiometric CGE incorporated with multiwalled 

carbon nanotubes and calixarene composite and PVC membrane plasticizer as binding material 

was found in literature. Hence, taking into consideration the electrochemical properties of both 

carbon-nanotubes and calixarenes; the present work adopted this novel strategy for fabrication of 

potentiometric sensors for various analytical applications. The electrochemical characteristics of 

the modified electrodes were determined by scanning electron microscopy (SEM) and 

electrochemical impedance spectroscopy (EIS). Employing the proposed method, determination 

of amitriptyline hydrochloride has been carried out in pharmaceutical formulations and 

biological fluids.  

Experimental 

Chemicals and Materials 

Spectroscopic grade graphite electrodes (D = 3 mm) were used for the preparation of CGEs. 

All chemicals were of A.R. Grade and were used as received without any further purification. 

Amitriptyline hydrochloride (Sigma) was used as received. MWCNTs (dimensions: O.D. 60 – 

100 nm, ID = 5-10 nm, length = 0.5-50 µm, C 95+ %) were obtained from Aldrich (U.S.A.). Low 

relative molecular mass poly (vinyl chloride) was purchased from LOBA chemie.  

Different calixarenes, viz; 4-tert-butylcalix[4]arene, 4-tert-butylcalix[6]arene, 4-tert-

butyl calix[8]arene, c-Methyl calix[4]resorcinarene, c-Undecyl calix[4]resorcinarene, and 4-sulfo 

calix[4]arene sodium salt (Scheme 2) were purchased from Fluka. Other chemicals including 

NaCl, KCl, CaCl2, MgCl2, Urea, Tartaric acid, Glucose, Sucrose, Trisodium citrate, Oxalic acid, 

Dextrose and  Citric acid were of A. R. grade and used without further purification.  

Selectophores including Di-isoctyl phthalate (DIOP), o-Nitrophenyl octyl ether (o-

NPOE) and Dibutyl phthalate (DBP) were purchased from Fluka and used without purification. 



Ion excluder, Sodium tetraphenylborate was also purchased from Fluka and used as such. The 

developed method was employed for analysis of the following pharmaceuticals: Tryptomer (25 

mg), Elavil (25 mg) and Trypsin (25 mg) which were obtained from the local chemist. 

Amitriptyline hydrochloride was also determined in human urine and blood serum samples. The 

solutions were prepared using double distilled water of specific conductivity (0.3-0.8 µS). 

 

Instrumentation 

An equiptronics dual channel potentiometer model EQ-603 with a saturated calomel 

electrode (SCE) as reference electrode was used for potential measurements. pH measurements 

were performed on Mettler Toledo MPC 227 pH meter. Electrochemical impedance studies were 

carried out on Eco Chemie, Electrochemical Work Station, model Autolab 30, Frequency 

Response Analyzer having version 4.9.005. The electrode assemblies being a 663 VA stand with 

GPES computer software. The SEM images were recorded using a scanning electron 

microscope, FEI Quanta-200 model with an operating voltage of 30 kV. Shimadzu-2100 UV-

visible spectrophotometer was used for validating the method.  

The supramolecular interactions between amitriptyline hydrochloride and 4-tert-

butylcalix[6]arene were optimized using Accelery’s Discovery Studio Client 2.5 software with 

“Receptor-Ligand Interactions and Simulations” feature. Under this aspect, the 3D diagrams of 

receptor (amitriptyline hydrochloride) and ligand (4-tert-butylcalix[6]arene) were put in to 

compute a representation of a three dimensional ligand - receptor interaction binding site 

showing pi – pi, cation – pi and sigma-pi interactions. A new protocol, Dock fragments (MCSS), 

to place fragments in a receptor active site was accessed. This protocol used the well-validated 

and published Multiple Copy – Simultaneous Search (MCSS) algorithm that generated a 



collection of positioned and oriented chemical functional groups that interact in the same way 

with the binding site region of a molecule. The software then performed fragment minimization 

using CHARMm and thus calculated the ligand efficacy protocol. The binding sites of the ligand, 

4-tert-butylcalix[6]arene were predicted using find cavities from the amitriptyline hydrochloride 

(receptor) site as a parameter of the tool.  

Fabrication of the amitriptyline hydrochloride selective coated graphite electrode (CGE) 

In the fabrication of calixarene and MWCNT composite modified CGEs, the CNTs were 

pre-treated. During the pre-treatment, 0.05 g of carbon nanotubes were dispersed into 60 ml of 

2.2 M HNO3 for 20 h at room temperature with the aid of ultrasonic agitation, then washed with 

distilled water to neutrality and dried in oven at 37 °C [44]. A cocktail was prepared by weighing 

4-tert-butylcalix[6]arene 5.5%, multiwalled carbon nanotubes 2.0%, NaTPB 2.5%, o-NPOE 

57.0% and PVC 33%. A total weight of the mixture 250 mg was dissolved in 2 ml of 

tetrahydrofuran (THF) and sonicated for 20 minutes in an ultrasonic bath. The coating of carbon 

composite on a cleaned graphite rod was performed by dipping into the homogenous membrane 

solution, withdrawn after a few seconds and the solvent was evaporated. The resulting uniform 

coating was dried overnight. The electrode was finally conditioned for 48 h by soaking in a 1 × 

10
-2

 M solution of amitriptyline hydrochloride (AMN
+
). The electrode configuration for the 

measurement can be represented as: 

SCE // AMN
+
 / membrane / Graphite 

Other electrodes were prepared in the similar manner with varied compositions as discussed in 

results and discussion section. 

Sensor Calibration 



The performance of the electrode was investigated by measuring the e.m.f. of AMN
+ 

solution over the range of 1 × 10
-2

 to 1 × 10
-8

 M. The developed sensor was calibrated by 

transferring 25 ml aliquots of amitriptyline hydrochloride solution (10
-2 

- 10
-8

 M) to 50 ml 

beakers, followed by immersing the CGE in conjunction with SCE as a reference electrode in the 

test solution. The potential readings were recorded after stabilization to 0.2 mV, and the e.m.f. 

was plotted as a function of the logarithmic of the amitriptyline hydrochloride (AMN
+
) 

concentration. The calibration graph was used for subsequent determination of the unknown 

medicinal drug concentrations. The selectivity coefficients (K
pot

AMN
+

, B) were determined by a 

separate solution method [22]. 

 

Sample preparation 

For the AMN
+
 analysis in pharmaceutical preparations, the tablets were weighed and 

ground to a fine powder using a mortar and pestle. Each sample was diluted to 100 ml with pH 

5.0 B.R. buffer solution. Recovery tests were performed for determination of AMN
+
 by spiking 

standard solutions of these molecules into pharmaceutical formulations. The content was 

determined by measuring the e.m.f. of the resulting solution by the proposed potentiometric 

method. 

The urine and blood serum samples were collected from healthy volunteers. For the 

determination of AMN
+
 in urine samples, no pre-treatment step was carried out. Blood serum 

samples were obtained from a local pathology clinic and stored under refrigeration. To avoid 

interferences occurring from the serum matrix, small aliquots of serum sample were added to the 

beaker (electrochemical cell) containing 25ml of buffer solution. The cleaning of all the samples 

was done by filtering through a 0.22 µm PVDF syringe filter (Millex, Millipore Corporation) 

before potentiometric measurements.  



The proposed method was then compared with the reported UV-Vis spectrophotometric 

method [11] for AMN
+
 determination in pharmaceutical preparations and the biological fluids at 

25°C. 

Results and Discussion 

Performance characteristics of amitriptyline hydrochloride sensor  

Calixarenes are cavity-shaped cyclic oligomers made up of phenol units linked via 

alkylidene groups. The selective functionalization of calixarenes at the lower rim (polar) or upper 

rim (non-polar) have lead to the formation of their inclusion complexes with a wide range of 

guest molecules. The tendency of phenols to undergo hydrogen bonding with amines have led to 

its interaction with amines via a two-step process, viz; proton transfer from calixarene to amine 

to form a amine cation, and formation of calixarene anion followed by association of the ions to 

form exo-calix and endo-calix complexes [30]. Amitriptyline hydrochloride contains an N, N – 

dimethyl ammonium hydrochloride group which is postulated to form an inclusion complex with 

the calixarene. Therefore, it was thought to use calixarenes as modifiers in the present study. 

In the present work, influence of the membrane composition, nature and amount of the 

macrocyclic ligand, plasticizer and lipophilic additives on the potential response of the 

membrane were investigated and the results are given in Table 1. It reveals that the 

potentiometric response of the membrane greatly improved in the presence of lipophilic anionic 

additives (from slope of 33.2 to 56.1 mV/decade for the electrode membranes 1 to 4, 

respectively). It was found that for the membranes based on neutral and charged carriers, the 

presence of lipophilic salts are known to promote the interfacial ion-exchange kinetics. They not 

only reduce the membrane resistance by providing mobile ionic sites in the electrode matrix [45, 

46], but also enhance the response behaviour and selectivity and reduce interference from sample 



anion. It could be observed that among the three different variations of ion excluder, 2.5% gave a 

nernstian slope of 56.1 mV/decade explaining it to be an optimum amount in the composition of 

the electrode. 

Sensitivity and selectivity obtained for a given ionophore based ion-selective electrode 

are greatly influenced by the polarity of the electrode matrix, which is defined by the dielectric 

constant of the plasticizer [47, 48]. The nature of the plasticizer affects not only the polarity of 

the electrode phase but also the mobility of ionophore molecules and the state of the formed 

complexes. The effect of plasticizer was also studied for three different plasticizers; o-NPOE, 

DBP and DIOP. It was also observed that the electrode 4 based on o-NPOE (dielectric constant, 

e = 24) had a better Nernstian slope (56.1 mV/decade) in comparison to the others based on DBP 

(dielectric constant, e = 4.7) and DIOP (dielectric constant, e = 3.8) with slopes 43.6 and 40.4 

mV/decade respectively, Table 1. Also the concentration ranges were observed to lower with an 

increase in the response time explaining the efficiency of o-NPOE over DBP (electrode 5) and 

DIOP (electrode 6) towards the sensitivity of amitriptylinium
 
ions. Higher plasticizer contents 

cause undesirable results due to the more penetration of water through the membrane causing 

potential drift and poor adhesion of the electroactive membrane to the conductor substrate [47]. 

Whereas, the excess concentration of macrocyclic ligand also leads to a decrease in the 

electrochemical response of the sensor as observed in electrode 7 and 8 containing 7.0% and 

8.0% of macrocyclic ionophore respectively, the nernstian slope is observed to decrease which 

may be attributed to the oversaturation of the macrocyclic ligand, 4-tert-butylcalix[6]arene in the 

slurry.  

Hence, using the composition of electrode 4, the influence of different calixarenes on the 

performance of the electrode was also investigated. It was observed from the results that the 



response of the electrode coated with composite containing 4-tert-butylcalix[6]arene as 

macrocyclic ligand showed the best response in terms of nernstian response (56.1 mV/decade) 

for a linear range of 1 × 10
-2

 to 1 × 10
-7

 M with a detection limit of 8.5 × 10
-6

 M for a response 

time of 11 s.  As observed, the response of ionophore-based potentiometric sensors is usually 

governed by the molecular recognition ability between the amitriptyline hydrochloride (guest) 

and calixarene as the host molecule. The enhanced lipophilicities of the ionophores due to o-

alkylation facilitated both their incorporation into solvent polymeric membranes of the ion 

selective electrodes and their adhesion to the carbon surface of the graphite coated electrodes 

[22]. 

During the interaction, amitriptyline hydrochloride is expected to approach the calixarene 

with its polar head, N,N-dimethyl ammonium hydrochloride group towards the hydrophilic –OH 

groups in the lower rim of the calixarene cavity while its non-polar tail containing the 

dibenzocyclopyrine group along with the conjugation is expected to face towards the upper end 

with hydrophobic –OH groups. The tertiary butyl group being hydrophobic in nature acting as 

electron donor in conjugation with the phenyl ring is expected to relay the electronic density 

towards the cavity of the calixarene making it electron rich and thus inviting the polar end; 

ammonium end of the guest molecule towards it. Also, due to their hydrophobic nature the 

tertiary butyl groups are compatible with the dibenzocyclopyrine group. Thus, the 

dibenzocyclopyrine group is observed to face the upper rim due to its hydrophobic nature as well 

as the π – π interactions between the dibenzocyclopyrine group of the guest and the phenyl ring 

of the calixarene.  

However, the potentiometric response for electrode coated with composite containing 4-tert-

butylcalix[4]arene as ligand (electrode 9) exhibited a nernstian slope of 50.2 mV/decade with a 



detection limit of 4.0 × 10
-5

 M for a response time of 14 s; whereas the electrode coated with  4-

tert-butylcalix[8]arene as ligand (electrode 10) exhibited a nernstian slope of 51.6 mV/decade 

with a detection limit of 6.5 × 10
-5 

M for a response time of 13 s. 

The specific interaction and the high affinity of 4-tert-butylcalix[6]arene can be explained in 

terms of the degree of fit between its cavity and the guest molecule, amitriptyline hydrochloride, 

and the favourable length of the alkyl chain. On the other hand, the important parameters for the 

guest molecule, amitriptyline hydrochloride are its hydrophobicity, ionic property, steric 

environment around the NH3
+
 group and the number of hydrogen bonds for the effective co-

ordination. This strong binding of 4-tert-butylcalix[6]arene is effective in recognizing 

amitriptyline hydrochloride, and hence expected to be a novel recognition tool for amitriptyline 

hydrochloride. Therefore, the electrochemical response for electrode 10 containing 4-tert-

butylcalix[8]arene is next to 4-tert-butylcalix[6]arene (electrode 4), whereas the current response 

for  4-tert-butylcalix[4]arene (electrode 9) is poor among the parent calixarenes because of the 

small cavity of the parent calixarene. 

The electrochemical response of calix[4]resorcinarene derivatives based sensors, viz; c-

Methyl calix[4]resorcinarene (electrode 11)  and c-Undecyl calix[4]resorcinarene (electrode 12) 

was found to be still lowered which may be due to the probable site of interaction with the slopes 

of 41.4 and 40.1 mV/decade with detection limits as  2.5 × 10
-5 

M and 2.0 × 10
-5

 M, respectively. 

The response time was also observed to increase simultaneously. In comparison to the parent 

calixarenes, the resorcinarene derivatives are postulated have their electron rich end towards the 

upper rim of the calixarene with the presence of the hydroxyl groups at the upper rim. Thus, 

binding of the polar head of the guest molecule will be at the upper rim and the non-polar tail 

would penetrate in the cavity of the calixarene which is again non-polar in nature. This can be 



represented in terms of a model – like funnel with the hydroxyl and the phenyl group at the rim 

of the funnel and the stem of the funnel bearing the methyl group. When the guest, amitriptyline 

hydrochloride approaches resorcinarene, the polar head (N,N-dimethyl ammonium hydrochloride 

part) will interact at the rim of the funnel and the non-polar end which is rich in π-electrons will 

be placed at the stem of the funnel which is aromatic in nature rich with π-electrons. The guest 

molecule in this case is expected to make an approach from the rear side of the calixarenes.  

Thus the host (calix - resorcinarene) is expected to exhibit weak interactions with the polar 

head of the guest, amitriptyline hydrochloride i.e. the ammonium ion end due to the large cavity 

size of the upper rim with the –OH groups at larger distance leading to weaker hydrogen 

bonding. Hence, a decrease in the stability of the complex is expected, further leading to the 

decrease in the electrochemical response in comparison to the parent calixarenes. 

In case of 4 – sulfo calix[4]arene modified electrode (electrode 13), the electrochemical 

response was observed to be better in comparison to the resorcinarene group with a slope of 

43.17 mV/decade and a detection limit of 3.0 × 10
-5 

M. This behaviour can be attributed to the 

presence of sulphonic acid groups present at the upper ring of the calixarene, constituting the 

polar end and the hydroxyl groups at the para-position of the phenyl rings forming the rare non-

polar end of the calixarenes. Further, in the sulfonic acid group, the ‘S’ atom is considered to be 

a soft acid and is expected to prefer to interact with the polar end of the guest containing the soft 

base, the N,N-dimethyl ammonium ion. Along with this the two ‘O’ atoms attached to ‘S’ atom 

being electronically rich are expected to have an affinity for positively charged N,N-dimethyl 

ammonium ion. However, its response is less in comparison to the parent tertiary butyl 

calixarenes which can be owing to its small cavity size. 



Also the electrocatalytic effect of multiwalled carbon nanotubes was observed for the 

electrochemical response of amitriptyline hydrochloride in presence of 4-tert-butylcalix[6]arene 

as macrocyclic ionophore. The concentrations were varied from 1% to 4% (electrode 14 - 16) of 

which 2% (electrode 15) was observed to give the optimum results and hence was selected for 

the further study as shown in Fig. 1. It was observed that the use of MWCNTs in the composite 

not only widened the linear response but also lowered the detection limit of the sensor. In 

addition, the response time was also found to decrease from 11 s to 8 s, thus improving the 

efficiency of the electrode. However, in case of the sensor containing only multiwalled carbon 

nanotubes in absence of 4-tert-butylcalix[6]arene (electrode 17), the electrochemical response of 

the sensor was observed to lower down with increased response time. This explained the 

significance of the 4-tert-butylcalix[6]arene and MWCNT composite towards the sensitivity of 

the molecule. Furthermore as observed in electrode 18, in absence of both macrocycle and 

carbon nanotubes the electrochemical response was still observed to be detoriated. 

The mechanism of this type of electrode is attributed to the ion exchange at membrane to 

solution interface followed by electron exchange at the membrane to substrate interface [48]. A 

comparison of the results obtained by electrodes with different comparisons given in Table 1, it 

is also observed that apart from ionophore, multiwalled carbon nanotubes play an important role. 

The carbon nanotubes have extraordinary capacity to promote electron transfer between 

heterogeneous phases due to the presence of mobile electrons on the surface of the nanotubes. 

Therefore, incorporation of multiwalled carbon nanotubes in PVC matrix not only improves the 

conductivity of the sensor, but also increases the transduction of the chemical signal to electric 

signal, resulting in the improvement of the dynamic working range, slope and response time of 

the sensor as observed in the case of electrode 15. The limit of detection calculated from the 



intersection of the two extrapolated segments of the calibration curve was found to be 6.28 ± 

0.08 × 10
-7

 M. 

Determination of selectivity coefficients (K
pot

AMN
+

,B) 

The selectivity of the sensor was quantified by determining the selectivity coefficients 

(K
pot

AMN
+

,B) by a separate solution method [22] using  1 × 10
-3

 M of AMN
+
. The proposed sensor 

was immersed in a 25 ml portion of 10
-3 

M AMN
+
 solution adjusted to pH 5 and a potential 

reading was then made. The potential of a 10
-3

 M solution of the interferent species adjusted to 

pH 5 was as well measured. The potentiometric selectivity coefficients (K
pot

AMN
+

,B) were 

determined by employing the rearranged Niclosky equation [22,49],  

log K
pot

AMN
+

,B = [ EAMN
+

 – EB/S] + [1 - ZAMN
+
 / ZB] log AMN

+
 

where EAMN
+ 

is the potential observed for AMN
+
 ions, EB is the observed potential of the 

interfering ion, ZAMN
+

 and ZB are the charges of AMN
+
 and the interfering ions, respectively, and 

S is the slope of the electrode calibration curve plot.  The values determined by this method were 

found to be in the range of 10
-5

 to 10
-7

 (Table 2) 

 Effect of pH 

In order to investigate the pH effect on the potential response of the electrode, the 

potentials were measured for a fixed concentration of AMN
+
 solution (10

-4
 M) and (10

-3
 M) 

having different pH values. The results indicate that potential of electrode is constant between 

pH 2.5 to 7.5. The deviation above the pH value of 7.5 might be justified by the formation of the 

soluble and insoluble AMN
+ 

ion hydroxyl complexes in the solution. The deviation below the pH 

value of 2.5 can be attributed to the partial protonation of the employed molecule (Fig. 2).  

 

Dynamic Response Time 



The dynamic response time of the sensor was recorded by changing the AMN
+ 

concentration in solution, over a concentration range 1× 10
-8

 to 1×10
-2

 M (Fig. 3). The response 

time was found to be 8 s. The measurements were performed in the sequence of high-to-low 

AMN
+ 

ion concentration and the results showed that the potentiometric response of the sensor is 

reversible, although the time needed to reach the equilibrium values were somewhat longer than 

that for the low-to-high sample concentration [49].  

The lifetime of AMN
+ 

-selective composite MWNT-PVC membrane electrode is about 

four months. During this time the detection limit of the sensor remains almost constant and the 

linear regression slope is 58.7 ± 0.48 mV per decade. After four months the response 

deteriorated, possibly due to the aging of the PVC matrix, ionophore and plasticizer. 

Molecular modelling 

A theoretical model was attempted to study the AMN
+
 interaction with 4-tert-

butylcalix[6]arene (Scheme 3). From the molecular model, it is observed that during AMN
+
 - 4-

tert-butylcalix[6]arene interaction where AMN
+ 

acts as a receptor and 4-tert-butylcalix[6]arene 

acts as a ligand, the electrostatic forces of attraction and the hydrogen bonding contribute 

towards the inclusion complexation. The conclusion was arrived on the basis of Accelery’s 

Discovery studio Client 2.5 computer software based upon molecular model of receptor-ligand 

interactions involving hydrogen bonding and electrostatic forces as the prime parameters. During 

the interaction of AMN
+
 with 4-tert-butylcalix[6]arene, the AMN

+
 molecule is expected to 

approach the calix with its polar head, N,N-dimethyl ammonium hydrochloride  part towards the 

hydrophilic part –OH groups in the lower rim of the 4-tert-butylcalix[6]arene cavity and its non-

polar tail containing dibenzocyclopyrine group along with the conjugation facing towards the 

upper end of the 4-tert-butylcalix[6]arene as observed in the Scheme 3. The software provided a 



configuration with C-Docker energy to be 21.56 KJ which minimized on interaction to 18.71 KJ 

explaining the stability of the complex.   

Electrochemical Impedance Spectroscopy 

In an attempt to clarify the differences among the electrochemical performance of the 

bare CGE, 4-tert-butylcalix[6]arene-CGE, CNT-CGE and 4-tert-butylcalix[6]arene-CNT-CGE, 

electrochemical impedance spectroscopy (EIS) was employed as a technique for the 

characterization of each electrode. As such, Nyquist plots of 1×10
-4

 M AMN
+
 showed a 

significant difference in response for all the four electrodes as shown in Fig. 4.  

In this figure, the semicircle part corresponds to the charge transfer – limited process in 

which the circuit is seen in (Fig. 4) is made up of the electrolyte solution resistance (RΩ) in series 

with the parallel circuit of Faradaic impedance (Zf) and double layer capacitance (Cdl). Zf is 

composed of charge-transfer resistance (Rct) and Warburg impedance (Zw). A semicircle with 

large diameter was observed for bare CGE in the frequency range 1-10
6
 Hz. However, bulk 

membrane resistance (diameter of the semicircle, Rct) value was observed to be very less for the 

4-tert-butylcalix[6]arene-CNT-CGE.  

Furthermore, the charge-transfer resistance (Rct) values obtained from Fig. 4 for AMN
+ 

(1×10
-4

 M) at the bare CGE, 4-tert-butylcalix[6]arene-CGE, CNT-CGE and 4-tert-

butylcalix[6]arene-CNT-CGE were 1.821, 1.529, 1.395 and1.076 Ω, respectively explaining the 

facility of AMN
+ 

at 4-tert-butylcalix[6]arene-CNT-CGE. 

Scanning Electron Microscopy 

Fig. 5 compares the morphological features of the different electrodes using scanning 

electron microscopy (SEM). The SEM profile of a bare CGE (electrode 18) is characterized by a 

smooth film of PVC (Fig. 5(a)). The SEM image of 4-tert-butylcalix[6]arene-CGE, showed the 



uniform distribution of the 4-tert-butylcalix[6]arene particles offering a highly accessible surface 

area for host-guest interactions (Fig. 5(b)). Furthermore, the SEM image of 4-tert-

butylcalix[6]arene-CNT-CGE composite film offers a uniform coating with spaghetti-like 

fragments of CNTs being embedded into the PVC matrix making the 4-tert-butylcalix[6]arene-

CNT composite film surface rough (Fig. 5(c)) resulting in the improved performance of the 

electrode. 

The proposed sensor was successfully employed for the analysis of AMN
+
 in 

pharmaceutical formulations and biological fluids using standard addition method. The recovery 

results for the analysis of AMN
+
 in pharmaceutical formulations and biological fluids are 

presented in Table 3. The data obtained are in good agreement with those obtained by UV-Vis 

spectrophotometric method (Table 4). The electrode shows Nernstian behaviour and its 

selectivity was found to be good with respect to various commonly co-existing concomitants. 

The performance characteristics of the proposed sensor are presented in Table 5. 

 Validation studies and analytical applications 

For validation of the proposed method, various parameters, such as repeatability, 

reproducibility, precision and accuracy of analysis were obtained by performing five replicate 

measurements for 1×10
−4 

M standard AMN over a single day (intraday assay, n = 5) and for five 

days over a period of one week (interday assay). The mean percentage recoveries (%R) and 

relative standard deviations (%RSD) are presented in Table 6. The recoveries obtained 

confirmed both the high precision of the proposed procedure and the stability of AMN solutions. 

 

Stability and reproducibility of the 4-tert-butylcalix[6]arene-CNT-CGE 



The lifetimes of the fabricated electrodes were tested by performing day-to-day 

calibration. 4-tert-butylcalix[6]arene-CNT-CGE was stable for at least four months during which 

the Nernstian slopes did not change significantly (± 2 mV/decade), while the detection limit was 

shifted by one magnitude at the end of this period.   

After four months the response deteriorated, possibly due to the aging of the PVC 

matrices, ionophore, and plasticizer. In order to study the repeatability of the electrode 

preparation procedure, five CGE electrodes based on the same fabrication procedure were 

prepared and used for the determination of 1.0 × 10
−4 

M AMN solutions.  

The RSD for the between electrode potentials (average of five determinations on each 

electrode) at 1.0 × 10
−4 

M was calculated to be 1.68%. Using potentiometric measurements, the 

RSD for 10 replicate measurements on a single electrode in 1.0 × 10
−4 

M AMN was 1.71%. The 

results indicate that the CGE has high repeatability and reproducibility in both the preparation 

procedure and the potentiometric determinations. 

Comparison of proposed method with literature methods 

Table 7 shows the comparison between the analytical performance of the present method and 

previous literature methods for the determination of AMN
+
. It can be observed that the electrode 

based on ion pair associate of AMN
+
 with picric acid is associated with a narrow linear range 

from 10
-2

 to 10
-6

 M whereas the electrode based on ion pair associate with 0.4% (m/m) 

clonidine-tetraphenylborate [23] though is able to lower the detection limit to 10
-9

M, the 

preparation and handling is tedious being a subtle membrane electrode with its application 

limited to pharmaceutical formulations. The other electrodes including ion pair associate with   

triphenylstilbenzyl borate and tetra(2-chlorophenyl) borate [24] is allied with a low detection 



limit (10
-6 

M), ion pair associate with tetra phenyl borate has comparable detection limits 

however a narrow pH range besides being membrane electrodes whereas the electrodes based on 

bilayer polymeric films and ion pair associate with eosin [28] deal with a contracted working 

range and a narrow pH availability. Thus, the proposed 4-tert-butylcalix[6]arene-CNT-CGE has 

many advantages over other reported methods in terms of linear working range, limit of 

detection and number of analyzed samples.  

Conclusion 

These investigations reveal that the developed 4-tert-butylcalix[6]arene and multiwalled 

carbon nanotube composite modified coated graphite electrode offers a marked increase in the 

electrochemical performance in terms of electrode potential and hence the sensitivity for the 

determination of amitriptyline hydrochloride. The designed electrode emerged as a cheap, easy 

to prepare / modify, sturdy and highly reproducible analytical tool. As the results show the 4-

tert-butylcalix[6]arene-CNT-CGE is feasible for pharmaceutical and biological matrices, 

therefore the electrode might be an attractive analytical system for the assay of amitriptyline 

hydrochloride in clinical samples.  
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Figure Captions 

Scheme 1   Amitriptyline Hydrochloride 

Scheme 2 Different calixarenes used in the study: (a) 4-tert-butylcalix[4]arene; (b) 4-tert-

butylcalix[6]arene; (c) 4-tert-butylcalix[8]arene; (d) 4-sulfocalix[4]arene sodium 

salt; (e) c-Undecyl calix[4]resorcinarene monohydrate and (f) c-Methyl 

calix[4]resorcinarene 

Scheme 3 Hypothetical structure for Amitriptyline hydrochloride - 4-tert-butylcalix[6]arene  

            interaction based on MM
+
 calculation 

Fig. 1 Plot of potential in mV to the – log concentration of Amitriptyline hydrochloride at 4-tert-

butylcalix[6]arene-CNT–CGE, 25°C ± 1. 

Fig. 2 Effect of pH at 4-tert-butylcalix[6]arene-CNT–CGE for (♦♦♦) 1 × 10
-3 

M and (■■■) 1 × 

10
-4 

M. 

Fig. 3 Plot of dynamic response time at 4-tert-butylcalix[6]arene-CNT–CGE, pH  5, 25°C ± 1 

Fig. 4 Electrochemical impedance spectra for 1.0 × 10
-3

 M of Amitriptyline hydrochloride
 
at (a) 

bare CGE (electrode 18), (b) 4-tert-butylcalix[6]arene-CGE (electrode 4), (c) CNT-CGE 

(electrode 17) and, 4-tert-butylcalix[6]arene-CNT-CGE (electrode 15) 

Fig. 5 Scanning electron microscopy images for (a) bare CGE, (b) 4-tert-butylcalix[6]arene-

CGE, and (c) 4-tert-butylcalix[6]arene-CNT-CGE  



 

 

 

 

 

 

Scheme 1 Chemical structure of Amitriptyline hydrochloride 
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Scheme 3 Hypothetical structure for Amitriptyline hydrochloride - 4-tert-butylcalix[6]arene 

interaction based on MM
+
 calculation 



 

 

 

 

Fig. 1 Plot of potential in mV to the – log concentration of Amitriptyline hydrochloride at 4-tert-

butylcalix[6]arene-CNT–CGE, 25°C ± 1. 



 

 

 

Fig. 2 Effect of pH at 4-tert-butylcalix[6]arene-CNT–CGE for (♦♦♦) 1 × 10
-3 

M and (■■■) 1 × 

10
-4 

M. 



 

 

Fig. 3 Plot of dynamic response time for 4-tert-butylcalix[6]arene-CNT–CGE, pH  5, 25°C ± 1 



 

 

 

Fig. 4. Electrochemical impedance spectra for 1.0 × 10
-3

 M of Amitriptyline hydrochloride
 
at (a) 

bare CGE (sensor 18), (b) 4-tert-butylcalix[6]arene-CGE (sensor 4), (c) CNT-CGE 

(sensor 17) and, 4-tert-butylcalix[6]arene-CNT-CGE (sensor 15) 
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Table 2.  Potentiometric selectivity coefficients of the proposed sensor using separate solution 

method (SSM) 

Interferents
a
 4-tert-butylcalix[6]arene-CNT-CGE 

Na
+
 

K
+
 

Ca
2+

 

Mg
2+

 

Urea 

Tartaric acid 

Glucose 

Sucrose 

Tri sodium Citrate 

6.13 × 10
-7 

5.46 × 10
-7

 

5.97 × 10
-6 

2.36 × 10
-6 

5.17 × 10
-6 

1.07 × 10
-5 

2.48 × 10
-7 

1.14 × 10
-7

 

5.90 × 10
-6

 

Oxalic acid 

Dextrose 

Citric acid 

4.92 × 10
-6

 

1.89 × 10
-7 

7.50 × 10
-6 

 



 

 

Table 3. Results on recovery test of pharmaceutical formulations and biological fluids by the 

proposed method 

Name of the 

sample 

Quantity 

Labelled  

(mg) 

Quantity 

found 

(mg)
a
 

Average 

% recovery 
a 

 

 

Tryptomer
 

25    25.02 ±  0.31 100.08 ± 1.26 

Elavil 25    25.04 ±  0.34 100.16 ± 1.34 

Trypsin 25    25.14 ±  0.47 100.56 ± 1.88 

Blood Serum 1.2 µg / mL*   1.193  ±  0.04 99.88  ± 0.89 

Urine 1.4 µg / mL *   1.398  ±  0.10 99.43  ± 1.62 

 

* Amount of AMN
+
 spiked 

  
a
 Mean ± S.D. (n = 5) 



Table 4. Assay of AMN
+
 in pharmaceutical preparations  

  Observed content 

Name of the 

formulation 
Composition 

per tablet 

ISE Technique 

(mg /tablet)
a
 

 

UV-visible Spectrophotometric 

Technique  (mg /tablet)
a
 

 

Tryptomer  25.0 mg  

 
24.62 ± 0.04 

 

24.57 ± 0.01 

 

Elavil  25.0 mg  

 
24.81 ± 0.02 

 

24.61 ± 0.05 

 

Trypsin  25.0 mg  24.81 ± 0.01 

 

24.78 ± 0.03 

 

Blood Serum   1.2 µg / mL* 1.193  ±  0.04                    1.191 ± 0.05 

 

Urine   1.4 µg / mL* 1.398  ±  0.01                    1.394 ± 0.03 

* Amount of AMN
+
  spiked  

  
a
 Mean ± S.D. (n = 5) 

 



Table  5. Response characteristics for Amitriptyline Hydrochloride at 4-tert-butylcalix[6]arene-

CNT-CGE 

PARAMETERS 4-tert-butylcalix[6]arene-CNT-CGE 

Slope (mV/decade) 58.7 ± 0.19 

Intercept (mV) 509.2 

Correlation Coefficient (r) 0.991 

Response time (s) 8 

Working pH range 2.5 – 7.5 

Concentration range (M) 1.0 × 10
-2

 – 7.9 ×10
-8

 

Life time (weeks) 16 

Average Recovery (%) 

Pharmaceutical 

Formulations  

Biological Fluids  

 

99.24 to100.32% 

98.6 to 99.47% 

R. S. D.
a
 1.71 

Detection Limit (M) 6.3 × 10
-7

 M 

 

a
 = Result of five determinations 



Table 6. Precision and Bias of assay for standard Amitriptyline hydrochloride solution by the 

proposed method (n = 5) 

 

Concentration 

(taken) 

(10
-4

  

mol.dm
-3

) 

Concentration 

(found)      

(10
-7 

 mol.dm
-3

) 

Recovery (%)  

(n = 5) 

Bias (%) Precision % 

R.S.D. (n= 5) 

Intra - day     

1 1.01 100.60 -0.6 1.84 

Inter - day     

1 1.00 99.80 0.2 1.99 

 



 

Table 7. Comparison of the proposed ISE with the reported ISEs 

Sr. 

No 

Modifier Linear Range (M) 

& pH Range 

Detection 

Limit (M) 

Applications     Ref. 

1. Ion pair associate of 

AMN
+
  with picric 

acid 

1.0 × 10
-2 

– 1.0 ×10
-6

 --- --- [22] 

2. Ion pair associate of 

AMN
+
  with 0.4% 

(m/m) clonidine-

tetraphenylborate 

1.0 × 10
-3

- 1.0 ×10
-9

 5.0 × 10
-9

 --- [23] 

3. Ion pair associate of 

AMN
+
  with 

triphenylstilbenzyl 

borate and tetra(2-

chlorophenyl) borate 

1.0 × 10
-2

- 7.0 ×10
-6

 5.0 × 10
-6

 Pharmaceutical 

formulations 

[24] 

4. Ion pair associate of 

AMN
+
  with tetra 

phenyl borate 

1.0 × 10
-2

- 2.8 ×10
-8

 8.0 × 10
-7

 --- [25] 

5. Ion pair associate of 

AMN
+
  with tetra 

phenyl borate 

6.0 × 10
-3

- 6.0 ×10
-5 

(pH = 2.5 -7.0) 

1.6 × 10
-6

 --- [26] 

6. Bilayer polymeric 

films 

1.0 × 10
-2

- 5.8 ×10
-6

 1.5 × 10
-6

 --- [27] 

      

7. Ion pair associate of 

AMN
+
  with eosin 

6.0 × 10
-3

- 6.0 ×10
-5 

(pH = 1.0 - 6.0) 

--- Pharmaceutical 

formulations 

[28] 

8. Proposed method 1.0 × 10
-2

-7.9 × 10
-7 

(pH = 2.5 -7.5) 

6. 3 × 10
-7

  Tablets, Spiked  

Serum and  

Urine samples 

Present 

work 
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Abstract 
 

Recently, we have developed an ion momentum imaging spectrometer (IMIS) in our atomic 

physics laboratory at BHU and have used it to study the formation, structure and 

fragmentation dynamics of  few molecules of atmospheric interest, for example, N2O
q+

 and 

CO2
q+

 and H2O
q+ 

(q ≤ 3) ions due to impact of keV-electrons. In this talk, a brief description 

of IMIS will be presented. The dissociation dynamics involving complete- and incomplete 

Coulomb explosion pathways for N2O
2+ 

, N2O
3+

 and
  

CO2
2+

, CO2
3+ 

 ions are identified and 

discussed. The kinetic energy release distributions of these precursor ions are determined. 

Also, the angular correlation studies are performed to infer the geometrical structure of the 

excited states involved. These studies yield the bent structures of the involved states for 

precursor ions. The concerted and/or sequential nature of all the dissociation pathways is 

also assigned. 

Keywords: Kinematics,fragmentation dynamics, keV electrons 

 

 

 

Introduction 

The processes of dissociation of multiply ionized molecules have been studied 

extensively in the past [1, 2 and references therein]. The understanding of such processes is 

important in wide areas of physical sciences ranging from planetary and interstellar space 

[2] to radiation damage of biological tissues [3]. In the complete Coulomb explosion (CE) 

of molecular ions, if all the fragment ions are detected in coincidence, they are able to 

provide kinematically complete information about the molecular breakup process [1, 4]. In 

such processes, kinetic energy release (KER), given by the sum of kinetic energies (KEs) of 

the individual fragments, and angular correlations of different fragment ions are of central 

interest in determining the structural properties of the precursor molecular ion. The studies 

on polyatomic molecules have shown that the interaction with energetic radiations creates 

noticeable changes in the molecular geometry [5]. The energy deposited in the molecular 

system by these ionizing radiations is converted into the KEs of individual fragments plus 
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the vibrational excitation energy of the molecular species which is emitted in the form of 

photons [6]. The study of fragmentation dynamics of multiply charged molecules produced 

in collision of charged particles (electrons, ions)  and photons with neutral molecules has 

been a hot topic in atomic and molecular collision physics in recent years [7]. A technique 

called recoil ion momentum spectroscopy (RIMS) has shown the ability to provide 

information on the kinematics of all fragments generated in the dissociation of a multiply 

charged molecular ion formed in a given collision event. In such a technique, one measures 

simultaneously the time of flight (t) and the position (x, y) of each fragment ion in 

coincidences. Through the knowledge of (x, y, t), one can deduce the value of three 

momentum components ( p
v

x, p
v

y, p
v

z) of each fragment ion from which their dynamic 

parameters, like, the kinetic energy release (KER), charge state distribution, number of 

fragmentation channels and the instantaneous geometry of the precursor molecular ion can 

be deduced. Furthermore, from the angular correlations of the momentum vectors of ions, 

the bond angles just before the fragmentation of the precursor ions can also be estimated. 

IMIS finds wide applications in various fields of science and technology, for example, in 

biology, medical, plasma and fusion technology, atmospheric and astrophysics etc. Noting 

the fact that the weak spectra of emission as well as of absorption for these unstable ions do 

not allow us to obtain reliable information on their structures and reaction dynamics by 

using the traditional photon spectroscopic techniques. However, such information is now 

possible to get by employing the ion momentum mapping spectrometer. 

 

    In the present article, we briefly report on the development, performance and the test 

results obtained by use of a newly established setup of IMIS in our atomic physics 

laboratory at B.H.U. The spectrometer has been built and tested by performing experiments 

to study the relevant break up channels of CO2 and N2O molecules (being the most 

important molecules of atmospheric interest) in collision with keV electrons as typical 

examples. The results obtained are discussed in light of available data in the literature and 

they are published in recent papers [8-10]. Our facility is open to any collaborator from the 

country to use it for his/her research work.  
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Experimental set up  

 The schematic of the experimental setup is shown in Figure 1. The detailed description 

of various components of the setup is given elsewhere [11]. The main components of the 

setup are as follows: 

 

1. A mono energetic electron source (electron gun) 

2. A gaseous beam produced from a hypodermic needle 

3. A linear time of flight (TOF) mass spectrometer 

4. Time- and position sensitive multi hit delay line anode ion detector ( Dual MCP    

           + DLD40) 

5. Faraday cup coupled with a beam integrator device (CI + Counter) 

6. Channel electron multiplier (CEM) for electron detection  

7. High vacuum scattering chamber coupled with rotary and turbo-molecular   

           pumps for creating differential pumping (<10
-6

 Torr) plus pressure gauges. 

8. Signal processing system coupled with a PC based multichannel analyzer 

            (MCA) for data acquisition and off-line analysis using a COBOLPC software 

Figure-1 here 

 The IMIS comprises three major components, namely, a linear TOF mass analyzer 

[12]; multi hit delay line anode coupled with a dual micro-channel plate (MCP) ion detector 

[13] and a channel electron multiplier (CEM) detector. The experimental set up containing 

the arrangement of various components of the IMIS is shown in Figure 1. It has an 

interaction zone formed by intersection of electron beam and the gas beam which effuses 

from a high aspect ratio hypodermic needle. The two beams  cross fire perpendicular to each 

other. The interaction zone is enclosed between the electron extraction electrode M1 and the 

ring electrode R1. The separation between these electrodes is 1.0 cm. A step down resister 

network is used to maintain a uniform electric field in the extraction region (R1 to M2). All 

rings (R1 to R10) are made of copper. The meshes (M1-M2) made of nickel with transmission 

efficiency of 65% are mounted on aluminum frames having the same dimensions as those of 
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rings. The length of extraction (s) and that of drift region (D) are chosen to be 2.1cm and 4.2 

cm respectively in accordance with the Wiley- McLaren space focusing condition (D=2s) 

[12]. A 50% transmission efficiency mesh (M3)
 
just before the micro channel plate (MCP) is 

used to prevent the penetration of the high electric field of the MCP into the drift tube. 

Generally, a high extraction field is good for the identification of the ion species with high 

collection efficiency. But the higher extraction field deteriorates the momentum resolution 

and accuracy of kinetic energy release distributions (KERD). In contrast, a low extraction 

field allows a better momentum resolution at the cost of poor time resolution and low 

collection efficiency. The extraction field of values between 60 V/cm and 200 V/cm were 

found to be moderately good to achieve reasonable momentum and ion collection efficiency 

for these target molecules. 

 

     The multi-hit delay line anode ion detector consists of a pair of rimless MCPs of 

diameter 4.0 cm in chevron configuration and a delay line anode (DLD-40). The MCP 

detects the incoming recoil ions from the collision zone and produces the signals well 

separated from noise, in turn, they are used as timing and position signals. The delay line 

anode provides the position information of the recoil ions. The position of a detected 

particle is encoded by the signal arrival time difference at both ends of each parallel pair 

delay line, for each dimension (x and y) independently. The position resolution depends on 

the time precision for the delay lines whose typical value is 0.35 ns which results in a 

position resolution of 0.07 cm. The signal of the CEM is used for giving the timing 

reference to the flight times of ions hitting the MCP. 

Figure-2 here 

 

No energy analysis of ejected electrons from the collision zone is done in the present 

detection. The photograph of the experimental set up is shown in Fig. 2. 

The performance of the IMIS has been tested by studying the fragmentation dynamics of  

CO2 and N2O molecules under the impact of 12 and 10 keV electrons respectively in a 

single collision condition.  

 

Results and discussion 
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 A typical time of flight spectrum (singles or one dimensional time of flight spectrum) 

of CO2 ions produced in such collision is shown in Figure 3.  

Figure-3 here 

 

The time of flight of different ions are obtained from their mass to charge (m/q) ratios, 

where m is the mass of ion and q is its charge state. The different peaks of the ions arise due 

to direct and/or dissociative ionization of the CO2 molecule. The CO2
+
 and CO2

++
 ions are 

mainly produced by direct ionization process, while the fragment ions CO
+
, O

+
, C

+
, C

2+
 and 

O
2+

 are generated from the dissociative ionization process of a multiply charged CO2 

molecule. A more detailed study of the total- and partial ionization cross sections of six 

ionic fragments of the CO2 molecule under the impact of 10-26 keV electrons can be found 

in our recent paper [8]. The two sharp peaks beside the CO2
+ 

main peak are attributed to 

13
C

16
O2 and 

12
C

18
O

16
O ions (see, Fig. 3). The momentum resolutions ∆ p

v
x, y and ∆ p

v
z for 

the CO2
+
 ion are found to be respectively 6.3±0.1 a.u. and 8.7±0.1 a.u. and the resolution of 

position ∆x is found to be 0.07 cm. This uncertainty is caused mainly due to the finite width 

of the collision volume (~2mm). The ion-ion two dimensional coincidence map of two 

particle events observed in collision of 26 keV electrons with CO2 at extraction field of 

350V/cm is shown in Figure 4. O
+

f   and O
+

b refer to forward and backward motion of 

emitted O
+ 

ions during their birth time respectively.  

Figure-4 here 

 

 It is seen from this figure that the ion-ion coincidence mapping is a powerful tool to 

study all possible dissociation channels involved in a given collision reaction. The ion-ion 

coincidence map is a plot of the time of flight (t1) of the first fragment ion versus the time of 

flight (t2) of the second fragment ion. The shape of islands in the coincidence map gives the 

information about fragmentation dynamics of the complete and the incomplete 

fragmentation processes, the slope of island indicates about the charge and the momenta of 

involved ions and its width gives information about the momentum of the undetected 

particles (mostly neutrals). In the Figure, different islands are marked with their 

corresponding fragmentation channels for both complete and incomplete Coulomb 

explosion reactions. From the knowledge of momenta of different fragment ions, various 
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dynamical parameters, for example, the KERD, number of charge state distributions, bond 

angles, possible number of breakup channels and the involved potential energy surfaces of 

the fragmenting precursor ion can be deduced from such experiments. 

 

The KER distributions for dissociation channels of CO2
2+

 and CO2
3+

 are presented in 

Fig. 5(a) [10]; Fig. 5(b) and 5(c) represent KER distributions for dissociation channels of 

N2O
2+

 and N2O
3+

 [14], respectively. The vertical arrows represent the predictions of KER 

under CE model considering point charges on atoms at equilibrium distances of the neutral 

molecule; this model predicts higher values of KER as compared to our experimental data. 

 

    

        Figure 5: KER distributions for dissociation channels of CO2
q+

 and N2O
q+

 (q=2,3) 

The bond angle and mechanism of dissociation for N2O
3+

 ion into N
+
+N

+
+O

+ channel 

can be obtained by considering the parameters defined in Fig. 6 (a). The average bond angle 

of dissociating N2O
3+

 is observed to be 140º (see, Fig. 6(b)); the distribution of χ around 90º 

shows the concerted nature of fragmentation (Fig. 6(c)) where both the bonds (N-N and N-

O) break simultaneously and the terminal N and O ions fly back-to-back with large 

momentum leaving the central atom with almost negligible momentum [14]. By applying 

similar methodology for CO2
3+

, the bond angle is observed to be 120º and its dissociation 

also follows concerted mechanism [9]. 

 

 

O++CO+ 

C++O++O+ 

(b) (a) (c) 



 

Figure 6: The distribution of N

(right) as   observed in N

electron impact with N

 

To illustrate further the dissociation dynamics, the Newton diagrams are obtained by 

taking the momentum vector of the ion arriving first at MCP as reference along x

the momentum distribution of its concomitant fragment

are plotted with respect to it above and below the x

body dissociation process, for example, 

ions are distributed around 167

plotted along the x-axis [9]. The Newton diagram for C

7(b) which shows that both the O

momentum vector of the C
+

molecular geometry for the triply ionized state of a CO

shows that most of the terminal N

relative to the central N
+
 ion

 

(a) 
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The distribution of N-N-O bond angle θ (left) and the distribution of angle 

observed in N
+
+N

+
+O

+
 fragmentation channel of N2O

3+
 for 10 keV

electron impact with N2O. 

To illustrate further the dissociation dynamics, the Newton diagrams are obtained by 

taking the momentum vector of the ion arriving first at MCP as reference along x

the momentum distribution of its concomitant fragments (second ion and third ion/neutral) 

are plotted with respect to it above and below the x-axis (see, Fig. 7a). In case of the two

, for example,  O
+
+CO

+
, momentum vectors of most of the CO

ons are distributed around 167º±10º with respect to the momentum vectors of O

]. The Newton diagram for C
+
+O

+
+O

+
 channel is shown in Fig. 

(b) which shows that both the O
+
 ions are ejected at about 102º with respect to the 

+
 ion plotted along x-axis. This diagram indicates the alteration of 

molecular geometry for the triply ionized state of a CO2 molecule [9]. Similarly, Fig. 7

shows that most of the terminal N
+
 and O

+
 ions are emitted respectively at 90º and 106º 

ion [14] 

(b) (c) 

 

 (left) and the distribution of angle χ 

for 10 keV 

To illustrate further the dissociation dynamics, the Newton diagrams are obtained by 

taking the momentum vector of the ion arriving first at MCP as reference along x-axis and 

s (second ion and third ion/neutral) 

). In case of the two-

, momentum vectors of most of the CO
+
 

respect to the momentum vectors of O
+ 

ions 

channel is shown in Fig. 

ions are ejected at about 102º with respect to the 

axis. This diagram indicates the alteration of 

]. Similarly, Fig. 7(c) 

ions are emitted respectively at 90º and 106º 
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Figure 7:  Newton diagrams for fragmentation channels (a) O
+
+CO

+
, (b) C

+
+O

+
+O

+
, and(c) 

N
+
+N

+
+O

+
 originated from the dissociation of CO2

2+
, CO2

3+
 and  N2O

3+
, 

respectively in keV electron impact. 

 

CONCLUSIONS 

We have used a linear TOF mass spectrometer equipped with a multi-hit position 

sensitive detector to measure the momentum vectors of up to four concomitant fragment 

ions generated from keV electron collisions with molecules (CO2 and N2O). The KER 

distributions for different dissociation channels observed in these collision events are 

obtained. The Coulomb explosion model is found to overestimate our experimental KER 

values due to its oversimplified point charge assumption. The bent geometrical states are 

observed during fragmentations of triply ionized CO2 and N2O with an average bond angle 

of 120º and 140º, respectively; the dissociation of both of these ions follow a concerted 

pathway. The Newton diagrams plotted for the dissociation channels of CO2
3+

 and N2O
3+

 

also verify the concerted mechanism of dissociation for these ions. 
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Figure 1. Schematic of the experimental setup for obtaining the ion-ion and electron-ion 

coincidences: CI- Current Integrator, MCP- Micro-channel plate, DLD- Delay line 

detector, M1, M2 and M3-Transmission meshes, R1 to R10- Rings. The interaction 

zone is enclosed between M1 (electron extraction electrode) and R1 (ion-extraction 

ring). A uniform electric field in extraction zone is maintained through a step down 

resister network. 
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Fig. 2: Photograph of the existing experimental set up 

 

Figure 3. TOF mass spectrum of ions arising from 12 keV electron impact on CO2 molecule at 

extraction voltage 185 V/cm.; two small peaks besides the main peak of CO2
+
 refer to the 

isotopic CO2
+ 

ion peaks . Spectra of C
2+

 and O
2+

 ion peaks are shown in the inset. 
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Figure 4.  Ion-ion coincidence map of two particle events observed in collisions of 26 keV 

electrons with CO2 at extraction voltage of 350V/cm. Of
+
 and Ob

+
 refer to forward and 

backward emitted O
+
 ions respectively. 
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Abstract: Transport properties help in providing a deep insight on the various interactions taking 

place there of in binary and higher component liquid mixture. Scarcity of data on ternary and 

higher multicomponent liquid mixtures led us to the present investigation which comprises of  

four binary, one ternary and one quaternary system at 298.15K. These systems have significant 

usage and applications in multifarious industries, viz., chemical, pharmaceutical , petrochemical 

etc. The computations are based on seven approaches involving empirical, semi-empirical, 

correlative and predictive models and it is seen that the computed results follow the similar trend 

as shown by the experimental results. The modified McAllister relation, developed for 308 K , 

shows its versatility by proving  its validity even at 298.15K. 

Keywords: Viscosity, Binary mixture,  McAllister relation, Transport properties 

Introduction 

Thermodynamic and Transport properties are the most significant parameters which are 

absolutely essential to characterize the physicochemical behavior of a system. Amongst the 

transport properties, viscosity is the most significant one because of its enormous significance in 

the light of process & product design where momentum transport plays a key role. Keeping in 

view the demands of the industry, viscosity measurements (1-5) of binary and higher order liquid 

mixtures find immense significance in heat exchangers, mixing, agitation etc.  

A thorough literature survey reveals a distinct lack of viscosity data for multicomponent 

liquid mixtures which arises primarily due to the difficulty arising in the measurement of any 

property with the addition of each new component. Hence such a study comprising of the 

computation of aforementioned parameter for ternary & multicomponent liquid mixtures 

assumes primary importance.  

For several decades, viscosity has been an actively pursued topic as it proves to be of 

significance in various design aspects especially for pipeline and fluid flow calculations. 

Knowledge of viscosity is also a key requirement in mass and heat transfer operations. Over the 

years, several empirical, semi-empirical, correlative and predictive equations have been proposed 

by several workers and can be found in literature. These include some known approaches (4, 6) 

like the ones proposed by Kendall-Munroe, Frenkel, Hind- Ubbelhode, Bingham, and Additive 

relations. Flory (4) theory and the Bertrand- Acree-Burchfield (BAB) approach have also been 



employed to compute viscosity of multicomponent liquid mixtures. A number of models(4) for 

predicting viscosity have  been proposed viz., Grunberg Nissan, Katti- Chaudhry, McAllister,  

Heric Brewer,  Eyring absolute rate theory model, corresponding-state theory,significant 

structure theory, group contribution method and model based on kinetic theory. A very 

comprehensive review of the entire empirical, semi empirical and other methods employed for 

the estimation of viscosity of binary liquid mixtures has been carried out by Lee and Lee(7). 

Comparatively lesser work has been done on the experimental and theoretical aspects of 

viscosity of multicomponent liquid systems.  A study of literature reveals that very few studies 

are available on the viscosity of multicomponent liquid mixtures beyond ternary (8-10) due to 

the lack of data. 

For the present investigation, seven viscosity models, comprising of empirical, semi-

empirical, correlative (modified) and predictive have been put to test. The various viscosity 

models employed are Frenkel, Kendall-Munroe, Hind- Ubbelhode, Bingham, Eyring relation. 

Furthermore a modified McAllister relation has also been utilized together with the Nhaesi 

Asfour approach (11) which employs a method for calculating values of the binary interaction 

parameters of the McAllister model by using the pure component properties. In the process, the 

correlative nature of the McAllister equation converts to predictive approach. This approach 

makes use of the Effective Carbon Number (ECN) of non- alkane compounds. 

These seven viscosity models have been put to test to check their validity and 

applicability over binary, ternary and quaternary liquid mixtures .The computed results have 

been compared with the experimental data leading to a comparative study as regards their 

merits/demerits. The experimental viscosity values and the parameters of the pure components 

for the present investigation have been taken from literature (12). 

Theoretical Approaches and Formulations  

Various models using different approaches (13)have been employed  for the  computations of 

viscosity at 298.15 K. These approaches use the  following mentioned relations. 

Two Component Mixtures 

The relation proposed by Bingham (6) who took into consideration the ideal mixing of solutions, 

proposed the following equation for binary mixtures  

η= x
1
η

1
+x

2
η

2          (1)  

Where x1 and x2 represent the mole fractions of two components and η1 and η2 represents their 

viscosities in the pure state. 

Kendall and Munroe (6) proposed the viscosity relation by taking the logarithmic additives. The 

viscosity of the binary system assumes the form  

ln η= x
1

ln η
1
+x

2
ln η

2          (2)  



But these equations have been proposed by taking into account the ideal mixing of solutions, 

which is not always true.  

Frenkel took into consideration the interaction between molecules and developed the following 

logarithmic relation for non-ideal binary mixtures, 

ln η= x
1

2
ln η

1
+x

2
2
ln η

2
+x

1
x

2
ln η

12         (3)  

Where η12  is a constant. 

For binary liquid mixtures, the relation suggested by Hind &Ubbelhode takes the form 

η= x
1

2
η

1
+x

2
2
η

2
+2x

1
x

2
η

12          (4)  

The relation proposed by Eyring for the binary liquid mixtures is given by 

lnV  =    x1 ( ln1 V1)+ x2( ln2 V2)                                                                    

     (5) 

Where all the symbols have their usual meaning. 

Furthermore use has also been made of the McAllister equation (11) for computation of viscosity 

as per the equation: 

  (6) 

McAllister propounded the aforementioned equation for binary systems assuming three body 

interactions. He proposed the correlative model and developed the cubic equation on the basis of 

Eyring’s absolute rate theory for calculating kinematic viscosities of binary liquid mixtures. 

2.2  Multicomponent Mixtures 

The above mentioned relations can be expanded for the higher order multicomponent liquid 

mixtures and can be expressed in the generalized form as given by the following equations 

numbered from (6) to (10). 

Bingham relation which takes into account the ideal mixing of liquids is given as  

                 n 

 ηm  =Σ xi .ηi          (7)
 

               i=1
 



The viscosity of multicomponent systems, according to the Kendall – Munroe equation is given 

by, 

n 

lnηm  = Σ xi . lnηi           (8)
 

i=1 
 

The Frenkel relation for the ternary solution can be written as  

n                 n 

lnηm  = Σ xi
2
 . lnηi+ 2(Σxix j≠ Ilnηij) + 3(x1x2x3.lnη123)     (9)   

 

i=1               i=1     
 

which can be further extended for the quaternary system with n=4  and additional terms to account for 

ηijk   and anηijkl term. 

On similar lines, the Hind Ubbelhode expression can also be extended for ternary and higher order liquid 

mixtures as  

                n       n 

ηm  =Σ xi
2
 . ηi+ 2 (Σxix j≠ iηij) + 3(x1x2x3η123)      (10)   

 

               i=1                              i=1     
 

Viscosity of the multi component systems have also been computed using the Eyring relation  

     n 

lnηV  =   Σ xi . lnηi Vi        (11)
 

   i=1
 

where V is the molar volume. 

Like all others, the McAllister equation was extended by Kalidas et al (14) to ternary liquid 

mixtures. 

One of the biggest shortcomings of the McAllister model stems from the presence of the 

interaction parameters which makes the model correlative in nature thereby making their 

determination only possible through the experimental route and hence significantly reducing the 

practical applicability of the model. 

Modified McAllister  

To circumvent this issue, Nhaesi and Asfour (15)proposed a method for computing the 

numerical value of these interaction parameters from the viscosity values of the pure components 

and molecular parameters. Asfour et al gave a method for predicting the values of the adjustable 

parameters in the McAllister model for n-alkane systems (16) and extended the treatment to 

regular systems by introducing the concept of the Effective carbon Number(ECN). The 

mathematics involved in the determination of the interaction parameters are given 

elsewhere(15,16).  Further, Nheasi et al proposed(11,16) a generalized McAllister three body 

interaction model for multi-component liquid mixtures applicable to both n-alkanes and regular  

liquid  mixtures.  



(12) 

Nhaesi et al developed the ECN approach by using the viscosity data at 308.15 K and 

consequently predicted the ECN of the non-alkane compounds which was further used for the 

computation of the viscosity of binary and higher order liquid mixtures. In the present 

investigation, we have employed the approach to predict the ECN of the constituent components 

of binary, ternary and quaternary liquid mixtures at 298.15 K and test its validity at a temperature 

difference of 10 degrees centigrade, as the expression is developed to work at 308.15 K. Further 

in the present investigation, we have also used the expression developed earlier (15) to compute 

the interaction parameters used in the McAllister equation for the components constituting the 

various binaries, ternary and quaternary systems. All the computations have been carried out at 

298.15 K. 

Systems Selected for  Investigation 

 In the present investigation, viscosity have been computed at 298. 15K over the entire mole 

fraction range by the aforementioned approaches for: 

Four Binary systems: 

Cyclohexane (1) + benzene (2) 

n-hexane (1) + cyclohexane (2) 

n-hexane (1) + benzene (2) 

n-decane (1) + cyclohexane (2) 

One Ternary system: 

n-hexane (1) + cyclohexane (2) + benzene (3) 

One Quaternary system:  

n-decane (1) + n-hexane (2) + cyclohexane (3) + benzene (4) 

Results and Discussion 

Table 1 lists all the parameters of pure components needed for the computation and the values 

have been taken from literature (12). Viscosities of four binary, one ternary and one quaternary 

liquid mixtures comprising of cyclohexane, benzene, n-hexane and n-decane have been predicted 



at 298.15 K by employing seven different approaches encompassing empirical, semi-empirical 

and predictive models over the entire composition range. 

Figures 1-6 exhibit the graphical representation of the comparison of the values computed 

by the seven different approaches against the experimentally reported viscosity values. 

Binary systems 

System 1: cyclohexane (x1) + benzene(x2) 

For the first binary system cyclohexane (1) + benzene (2) (Fig 1), the experimental values of 

viscosity show an upward trend with increasing mole fraction of cyclohexane(x1), the first 

component. The same trend is also exhibited by all the values computed by the various 

approaches. Eyring  approach shows the least deviation from the experimental values whereas 

the maximum deviations are shown by Bingham and Hind – Ubbelhode models. The deviations 

exhibited by the ECN approach are also on the higher side for this particular system. 

System 2:  n-Hexane (x1) + Cyclohexane (x2) 

For the second binary system, viz., n-hexane(1) + cyclohexane(2), the values of viscosity are 

found to decrease with increasing mole fraction of the first component, the trend being replicated 

by all the computed models put to test. For this system also, the maximum deviations are shown 

by Bingham and the Hind- Ubbelhode approaches with Kendall-Munroe, Eyring and the 

McAllister model giving values which are intermediate. The next higher deviation is shown by 

Frenkel approach. The best results are given by the Nhaesi technique by making use of the ECN 

approach.A look at the figure (Fig 2) also shows that the next closest deviation is that given by 

Eyring and the average percentage deviation (APD) values (Table 2) are found to be almost 

double as compared to the ECN approach. 

System 3:  n-Hexane (x1) + Benzene (x2) 

The third binary system comprising of n-hexane (1) + benzene (2) also shows a decreasing trend 

(Fig 3) with increasing mole fraction of the first component, i.e. n-hexane (x1). Similar trend is 

also exhibited by all the approaches used for the viscosity computation. The maximum 

deviations are observed to be those given by Bingham and Hind-Ubbelhode methods and the best 

results are given by the Nhasei model by making use of the McAllister equation.   

System 4:  n-Decane (x1) + Cyclohexane (x2) 

The experimental viscosity values for the fourth binary system comprising of n-decane (1) + 

cyclohexane (2) show a decrease in the values (Fig 4) with increasing concentration of n-decane. 

For this particular system the APD values for the methods used for the computation are found to 

be in very good agreement with the experimental values and are also found to be distributed on 

both sides of the experimental values. The best values are found to be those computed by the 



Eyring model with APD of 1.87. The APD values for Bingham, Kendall-Munroe, Hind-

Ubbdelhode and Frenkel are found to be in very good agreement with one another with APD 

values lying between 2.64 to 2.68 on the higher side. 

Ternary system : n-hexane(x1) + cyclohexane (x2) + benzene (x3) 

The ternary system in the present investigation comprises of n-hexane(1) + cyclohexane (2) + 

benzene (3), a mixture of n-alkane, cycloalkane and an aromatic compound. The experimentally 

determined values of viscosity alongwith the computed values by the seven different approaches 

are plotted against the mole fraction of the first component, n-hexane(x1). Mole fractions of the 

first and second component, vary from 0.1799 -0.4095 and from 0.2256 -0.4805 respectively. A 

look at the graph (Fig 5) clearly shows that the computed values of viscosity by all the seven 

approaches exhibit exactly the same trend as that shown by the experimental plot. The maximum 

deviation was given by the Hind- Ubbelhode relation with an APD value as high as 56.92 on the 

higher side. This is followed by the Bingham approach with APD value of 42.6. The APD values 

of the Kendall-Munroe, Frenkel, Eyring and the McAllister model with C-atoms approach are all 

found to lying within a range of 27.55 to 31 on the higher side. As in the earlier systems, here 

also the best result is shown by the Nhaesi approach with an average percentage deviation value 

of just 15.05, which is way above all the other approaches. 

Quaternary system :  n-decane (x1) + n-hexane (x2) + cyclohexane(x3) + benzene(x4) 

The four component system comprises of n-decane (1) + n-hexane (2) + cyclohexane(3) + 

benzene(4). It consists of a mixture of n-alkanes, cycloalkane and an aromatic compound. For 

this system, the viscosity values are plotted against the mole fraction of the first component, n-

decane. Mole fractions of n-decane varies from 0.0897 to 0.2694, that of n-hexane from 0.1172 

to 0.3438 and that of cyclohexane from 0.1863 to 0.4607.  Perusal of the graph (Fig 6) shows 

that there is no definite trend exhibited by the viscosity values when plotted against the mole 

fraction of n-decane. However some interesting points are noted. Viscosity values are found to 

decrease gradually with increasing x1 and are seen to exhibit a minima  at x1=0.1725, x2=0.38, 

x3= 0.21, x4 = 0.28, after which the values start increasing again. This same trend is also 

replicated by all the viscosity values computed by the seven different approaches. The APD 

values show a somewhat similar trend like that of the ternary system with Hind-Ubbelhode again 

giving the maximum deviation. The best results are again seen to be coming from the Nhaesi 

approach by making use of the Effective Carbon Number method using the McAllister equation.  

Perusal of the graphs (Figs 1-6) and the Table of APD values (Table2) point towards the 

fact that the maximum deviations are obtained by the Hind-Ubbelhode method followed by 

Bingham. These results are along the expected lines since both the relations take into account the 

simple additivity of viscosities of all components. As a consequence of this, high values of 

viscosity are obtained. The results obtained from the Kendall –Munroe approach are close to 

those computed through the Frenkel approach but the deviations are found to be on the higher 



side for the ternary and quaternary system as compared to the Frenkel method. This discrepancy 

may arise due to the fact that the Kendall- Munroe relation was developed by considering the 

ideal mixing of solutions. By and large the best results are seen to be given by those computed 

by the Eyring approach. We can draw a conclusion from the computed APD values that all those 

models following logarithmic additivity fared better over the simple additive relations.  In this 

regard, Eyring model encompasses logarithmic additivity and also takes into consideration the 

volumetric aspect and thus fares better than the others. The well established methods mentioned 

above perform well for the binary systems, especially Eyring in comparison to the others. 

However, larger deviations are observed in the higher component liquid mixtures and this may 

due to lack of the interaction terms being taken into consideration for the computation.  

The two models making use of the McAlliser model put to test performed well especially 

in the higher order liquid mixtures. On the whole, the values predicted by the Nhasei and Asfour 

were found to be closest to those of the experimental values for most of the systems under 

consideration. A look at Table 2 amply demonstrates the superiority of the Nhaesi- Asfour model 

over all the other approaches. The reasonable agreement with the experimental values points 

towards the fact that the approach has been successful in converting the correlative nature of the 

McAllister equation into a predictive one that can be considered as giving good results.The 

highest APD values by the ECN approach are found to be for the binary system cyclohexane + 

benzene. These values can be justified in the light of the fact that it was reported earlier (17) that 

the requisite equation used for the computation of the effective carbon number overestimates the 

ECN values for cyclic compounds which is applicable to both the components for the binary 

system under consideration. This is mainly attributed to the size of the molecule.   

Conclusions 

The predictive capability of the seven approaches chosen for the present investigation were put 

to test against the experimentally determined viscosity data (12) for the four binary, one ternary 

and one quaternary system at 298.15 K. The pure components constituting these binaries and 

higher order mixtures were n-decane and n-hexane (n-alkanes), cyclohexane (cycloalkane) and 

benzene (aromatic). The results are compared in the light of APD values. Well known relations 

like Bingham, Kendall- Munroe, Frenkel, Hind-Ubbelhode, and Eyring were put to the test along 

with the Nhaesi and Asfour approach who extended the McAllister equation to predict the 

viscosities of regular solution mixtures by introducing the effective carbon umber (ECN) 

concept. Another method (16) employed in the present investigation involves predicting the 

numerical values of the interaction parameters of the McAllister model  by making use of the 

number of carbon atoms present in the components constituting the mixtures under 

consideration. The method has been referred in the figures as McAllister (carbon atoms). This 

method was developed for n-alkanes only but we have employed it to compute the interaction 

parameters for all the components involved in the mixtures and compared the findings with the 

Nhaesi- Asfour ECN approach.  



The results would have shown further improvement since the computation of the ECN of 

the constituent components are meant to be carried out at 308.15 K (11). For the present 

investigation, the literature data was available at 298.15 K. Thus all the computations in the 

present investigation have been carried out at 298.15 K, i.e., at a  temperature which is ten 

degrees higher than the one for which the equation developed for computation of ECN was 

developed (11) thereby  further adding  to the difference in the values when compared with the 

experimental data. In spite of all these shortcomings the viscosity values predicted by the 

Nhasei– Asfour approach (11, 15) gives the values closest to those given experimentally. The 

main reason may be due to the fact that the approach takes into consideration most of the 

possible interactions taking place thereof.   We conclude by saying that  all the approaches used 

for the computation of viscosity for the binary , ternary and quaternary   liquid mixtures, exhibit 

the same trend as the one shown by the experimental values thereby proving their capability  and 

versatility. The purely additive nature of the Hind-Ubbelohde approach gives the   maximum 

deviations whereas the best results are exhibited by the modified McAllister approach especially 

in the case of the higher order liquid mixtures wherein the interactions are larger in number and 

more  complicated. 
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Table 1Viscosity, density and other parameters of the pure components at 298.15 K  

Compound Molecular wt  

(g/mol) 

Molar volume 

(m
3
/mol) 

Density      

 (Kg/m
3
) 

Viscosity X10
3
 

(Pas) 

Cyclohexane 84.16 108.82 773.3 0.8949 

Benzene 78.11 89.45 873.1 0.5960 

n-Hexane 86.18 131.53 655.2 0.2938 

n- Decane 142.29 195.94 726.2 0.8300 

 

Table 2AVERAGE PERCENTAGE DEVATIONS FOR VARIOUS VISCOSITY RELATIONS AT 298.15 K  

System Bingham Eyring Kendall 

Munroe 

Hind & 

Ubbelohde 

 Frenkel McAllister 

with carbon 

atoms 

McAllister 

with ECN 

Cyclohexane (x1) + 

Benzene (x2) 

-21.26 -16.80 -18.98 -21.26 -20.11 -16.85 -20.58 

n- Hexane (x1) + 

Cyclohexane (x2) 

-30.91 -15.35 -17.05 -30.91 -23.80 -15.65 7.45 

n-Hexane (x1) + 

Benzene (x2) 

-30.50 -21.99 -24.34 -30.50 -27.38 -22.40 -4.43 

n-Decane(x1) + 

Cyclohexane (x2) 

-2.69 2.07 -2.65 -2.69 -2.67 -4.25 3.95 

Hexane (x1) + 

Cyclohexane (x2) + 

Benzene (x3) 

-42.62 -28.14 -31.00 -56.92 -29.92 -27.55 -15.05 

n-Decane (x1) + n-

Hexane (x2) + 

Cyclohexane (x3) + 

Benzene (x4) 

-27.67 -13.32 -19.05 -48.13 -15.34 -29.98 -4.50 

 

 



Fig. 1  System 1:  Viscosity vs. mole fraction of Cyclohexane(x1) 

 

 

Fig. 2  System 2:  Viscosity vs. mole fraction of n-Hexane(x1) 

 

 



Fig. 3  System 3:  Viscosity vs. mole fraction of n-Hexane(x1) 

 

 

Fig. 4  System 4:  Viscosity vs. mole fraction of n-Decane(x1) 

 

 



Fig. 5 System 5:  Viscosity vs. mole fraction of n-Hexane(x1) 

 

 

Fig. 6 System 6 :  Viscosity vs. mole fraction of n-decane(x1) 
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Introduction 
 

 

 
 

Molecular modeling is an important technique used in Biological 

Research Studies in various contexts. The molecular modeling 

involves computer simulation techniques, and software has now been 

designed for finding solutions to problems in biological research. 

Most often, it is the result of the simulation studies, which is 

considered for progressing further on the considerations of Biological 

Systems. 

Keywords: Molecular modeling, simulation, biological system, orbital 

calculations. 

 

1.1 General Molecular Structural aspects 
 

To be more specific, the quantum chemical molecular orbital 

calculations are inherent in most of the molecular modeling 

simulations in Biology. These calculations invariably use geometry 

optimization procedures with appropriate geometry constraints 

acquired from experiments. These optimizations proceed by repeating 

the energy calculation by making small corrections to the structure 

parameter, at every stage of iteration. These corrections are based on 

the principles of energy minimization. The algorithms based on 

mathematical principles for optimization do the evaluation of the 

extent of corrections at each stage. Even when the potential energy 

profile during a chemical reaction is calculated as the reaction 

proceeds, each intermediate situation would be an optimized situation 

to the extent possible. If the intermediate stage is at the peak of 

activation energy profile, then if a transition stage complex can be 

envisaged based on reaction conditions and reactants, then an input of 

geometry for the envisaged structure can be subjected to a single point 

molecular energy calculation can be carried out without a Geometry 

optimization. The input geometry can be manually varied at the 

structure (not by any automated differences in energy dependent 

iterative step) which can indicate the structural trends. 



 

 

 

1.2 Variation Principle and the Reality 

 
Energy minimization principle is a sound criterion, which in most 

of the situations results in a convergence to a result, which is relatable 

to the result of a chemical reaction. Then, does that mean all the 

intermediate structures that are encountered in the optimization 

procedure during calculations have a real existence as intermediate 

stage in chemical reaction? Then if there are different kinds of 

mathematical algorithms for geometry optimization, then the path of 

the optimization can be different even if results are comparable. Then 

which of the algorithm would be closer to what happens in chemical 

laboratory? An algorithm, which is computationally fast and accurate, 

may not have an authenticity that the path during these efficient 

mathematical procedures consists of chemically realizable 

intermediate structures. “Indeed, it is tempting to take Variation 

Principle quite literally and then imagine that the variations are 

actually taking place.  In that case at each moment or at each point, 

the system, whatever it is, is sampling all sorts of possible behavior, 

with the actual behavior then being selected on the basis that it will 

make the least change in something, that is, it will make some 

quantity stationary”(13).  
 

The above considerations would be dealt with as much as possible 

with the examples of computational results and the chemical 

intuitions. It is intended to highlight how these considerations affect 

the reconciliation of the Biological macro structures, and, the micro 

level bio-molecular structure details. In particular, in view of the fact 

that NMR spectroscopy is an important technique, as much as X-ray 

technique, in macromolecular structure-determination ,it is intended to 

find how the Calculated NMR chemical shifts of structures 

corresponding to the intermediate stages during the Geometrical 

optimization can be useful in influencing the considerations on 

experimentally obtainable NMR spectra (1, 2, 3). 

 

Even if isolated molecules were optimized for a stable structure, when 

it is a question of interactions, reactivity and reaction pathways, it 

would require to start with more than one molecular unit to find out 



the details of the reactivity. This is so because the structures of the 

molecules undergo changes from the isolated molecule (optimized) 

structure in such an environment of other molecules. Gradual changes 

in structure (as demanded by the decrease in energy of the total 

system), and thus the reactivity would indicate the guiding principles 

of interaction and reaction pathways. This entails a requirement for 

illustrating an elementary approach by Cluster Calculations for 

structure, dynamics and reactions (4). “There has been much interest 

in studying the structures and spectroscopy of solvent-solute 

clusters, consisting of ions (either cations or anions) or neutral 

species, which are solvated by neutral molecules (usually water) or 

rare gas atoms. It is hoped that these studies will enable a better 

understanding of the fundamentals of structure, dynamics and 

reactions of ions and molecules in bulk solution” (14) .  
 

As it stands stated in the above excerpt, there have been several efforts 

(references listed in ref 4) to study the systems of cluster by quantum 

chemical calculations of structures and energies. These efforts have 

been mostly to obtain the optimized, end-structure-parameters and 

energies. Starting with the given input structure of the cluster, 

structure sequences are generated during the optimization procedures 

at various steps till the end. Enquiring into the structural details and 

the sequences of structures obtained during the Geometry 

Optimization can be providing indications to the various pathways of 

interactions of cluster components. This approach is a much simpler 

approach for beginners to inquire about the mechanistic aspects of 

reactions than a potential energy surface calculations and trying to 

relate to reaction coordinates. 

 

The results reported here the above approach as a feasible 

methodology. An illustrative set of calculations using computational 

chemistry tools are the basis for such conclusion and in particular, a 

calculation on the isolated molecule alpha amino acid [Glycine] 

substantiates a remark made on the acid base characteristics of such 

amino acids elegantly bringing out the intra-molecular proton transfer 

from one of the equilibrium structure to result in another. The roles of 

water molecules present in the neighborhood can be shown to 

influence this intra molecular transfer to become water mediated inter 

molecular transfer of protons. The importance of hydronium ion 

([H3O]
+
) formation is also evidenced. The equilibrium characteristics 



of zwitterions form and the unionized form of the amino acid also 

could be well discerned and such results seem to be indicating details, 

which were not thought of as possibilities for study by such simple 

calculations. 

 

In addition to energy and structure calculations, theoretical 

calculations on spectroscopic parameters have proved to be capable of 

providing indications to the necessary valid theoretical methods. Even 

though , the molecular spectroscopy particularly in the UV-Visible 

and Microwave regions of the electromagnetic radiations have been 

the choice of study it is only recently that the calculations of NMR 

shielding have been reported in the context of molecular modeling. In 

fact the trends of the variations in chemical shielding during the 

reaction process by a cluster calculation is much less evident. Possible 

theoretical structures and the criteria for the required averaging 

procedures (5) would provide details, which may not be completely 

revealed by energy and structure calculations alone. Thus, calculated 

chemical shifts and simulated NMR spectra should be comparison 

with experimentally obtained spectra. 

 

If a given solution structure obtained by NMR is a superposition of 

several structures, then each contributing structure must be recognized 

as a MEAN structure exhibiting fluctuations from the mean thus each 

of the contributing structure must be subjected to fluctuation 

characteristics while processing. 

 

Thus when a molecule is having several confirmations in equilibrium, 

arriving at the effective structure accounting for the experimental 

NMR features would depend upon the appropriate characteristic 

times, and it may either require summing the experimental spectra or 

averaging the chemical shift values and then constructing a single 

spectrum corresponding to the experimental spectrum. It does not 

simple enough to envisage how the theoretically calculated chemical 

shifts corresponding to contributing structures can be used to average 

the theoretical (optimized / can there be more than one?) structures, 

average the calculated chemical shifts and simulate the spectrum to be 

compared with the experimental spectra. This calculation and 

simulation results would be discussed in the presentation. 

 



Brute-force simulations are not enough. The challenge of obtaining 

relevant results on complex systems with a given computer power 
is the central issue in biological modeling and applies to almost any 

simulation problem. As we do not have an infinite amount of 

computer time, it is essential to keep in mind those seemingly rigorous 

options (which may superficially seem to be the preferable ones) are, 

most often, not the best way to move forward. 

 

Thus, the use of CG multilevel approaches is recommended in almost 

any simulation of biophysical systems, ranging from enzyme design to 

energy and signal transduction (6). 

 

The statement above suggests that complex systems can be suitably 

modeled using much-simplified models for the system than by 

computing with all the targeted complexity taken at the initial input 

level itself. And, molecular clusters are a situation as suggested in the 

second citation are appropriate to study considerably in detail the 

molecular interactions by QM calculations and from the inferences 

drawn out of cluster based studies, it should be possible to construct a 

macromolecule situation for the starting input to the computational 

simulation of the target complexities. Given this much from the two 

sources, the question still remains as to what has been achieved by the 

computational studies related to Biological systems and in what way 

they are adequate as starting points for utilizing for the simulation of 

macro molecules and their functions. When currently high 

performance computations are possible, does one, in reality, optimally 

exploit the potential of the computing powers? To this end it is 

necessary to know precisely, is it the computing power that was all 

wanting until current stages. If the mathematical techniques used for 

evaluations and the theoretical formalisms were inspired by the 

computing powers available earlier, then are they good enough to 

withstand the intricacies that can go unnoticed by the super fast 

computations? 
 

1.3 Molecular Dipole Moment 
 

In discussing the subject of neutral ions, (a positive charge and a 

negative charge within a molecule as in Fig.1) charged ions, neutral 

radicals and radical ions, and neutral radicals, it is  



necessary to distinguish when the molecule can possess a dipole 

moment and the relative magnitude with specification for direction of 

the Dipole Moment Vector (Fig.2 & 3). Concerning the conventions 

related to the specification, an ambiguity results (see: cited references 

7-11) because of the difference in specifying the same quantity in 

different contexts. This must be well ascertained before deriving 

conclusions from small-molecule computation of structure and 

reactivity so that these conclusions can be unquestionably validated 

for transfer to the context of macro molecular studies. Hence, a brief 

digression seems warranted to grasp the foundations of the basic 

physical chemistry.  

. 

The links to internet resources in references 7-11 provide the 

necessary alert and clarifications in this regard:      

     

To illustrate the necessary point of view, consider the glycine 

molecule, which is an amino acid. When an input (guess) structure is 

generated for a geometric optimization, the chosen computational 

method and the basis-sets may result in a convergence to different 

possible output structures, which must be subsequently rationalized 

for including it in a macromolecular context, may be at the guessing 

the input structure for a macromolecule built with such optimized 

small molecule-structures. Then one may find that each one of the 

alternative structures would have its own characteristic different 

magnitude and direction (with respect to the atoms in the molecule), 

and the corresponding electrostatic interaction with another molecule 

of given structure, may vary and the resulting optimization of the 

molecular interaction would depend on the variations in the input 

structure. Then, the choice for the valid interaction (relativities) would 

be rendered inconclusive even after detailed and valid computations. 

For a large change in the dipole moment, the corresponding optimized 

energy may not differ significantly, and this is a reason why the 

optimization can lead to different structures as output-optimized 

structure. The structures and dipole moments with RHF energies are 

given in Fig.4a – Fig.4e.                                                                                   

 

 

 

 



 
 

 

 

 

Fig. 1   Excerpt from Textbook of Organic Chemistry 
Textbook: ORGANIC CHEMISTRY, Robert Thornton Morrison, Robert 

Neilson Boyd, Chapter 36, Page 1210 
 



 
 

 
 

 

 

 

Fig.  2   Electric Field and Electric Dipole moment 



 
 

 

 

 

 

 

 

Fig.3 Calculated Dipole Moment for Water 
Molecule & Hydronium ion  
 



 

 

 

 
 

 

 

 

Fig. 4a Calculated Dipole Moment– Glycine Zwitterion 



 

 
 

 

 

 

 

 

Fig. 4b The Glycine Unionized Form: Structure1  
QM results on energy & Dipole Moment 



 
 

 
Fig. 4c The Glycine Unionized Form: Structure 2                                                                      

QM results on energy & Dipole Moment 

 

 



 

 
 

 

 

 

 

 

Fig. 4d The Glycine Unionized Form: Structure 3                                                                 

QM results on energy & Dipole Moment 



Fig. 4e the Glycine Unionized Form: Structure 4 QM results on 
energy & Dipole Moment 
http://www.ugc-inno-nehu.com/DBIBT/0_0_Lecture_presentation.ppt 

http://www.ugc-inno-nehu.com/DipoleMoment.ppt  

  

 

 



 

 

The Approach for small molecule QM computation 
 
The Quantum Chemical calculations in this Chapter report the details 

which are usually taken as for granted since the subject of Amino acid 

is a well studied subject. In the light of the fact that these details when 

calculated out, using the softwares program packages currently 

available for quantum chemical calculations, can be revealing to the 

beginners to the macromolecule computations the relevant points on 

the QM calculations are being described.  

 

 

2.1 General Considerations 

 
To proceed with the computational chemistry, for the requirements as 

enumerated in the introduction, note the computational results on 

somewhat similar kind of approaches as reported in the three 

references (12, 13 and 14).  

 

In reference 12, the quantum chemical methods, PCILO and SCF 

abinitio methods, have been chosen to study the Phospholipids and 

GABA in the aqueous environment. The procedure might be described 

as c luster calculations on the chosen biological systems surrounded 

by a fixed number of water molecules arranged as per the possible 

dipole moments in the biological molecule and their interaction with 

the water dipole moment. Several series of “clamped nuclei” as 

structure-inputs, energy values were calculated, to spread out the 

cluster with different dihedral angles varied systematically, somewhat 

similar to the φ, ψ variations. A graphical analysis of the energy 

values for the various dihedral angles could make it possible to infer 

the minimum energy configuration and the disposition of water 

molecules. In the present context, the question to be answered was: ”if 

an appropriate input structure, of the bio-molecule with water 

molecules surrounding it, is subjected to Geometry Optimization what 

would be the Optimized Geometry and the intermediate structures 

encountered in the various steps of interaction?” 

 

The reference 13 is not so much of a computational chemistry result, 

but has conclusions relevant for answering in detail on aspects of 



computational chemistry. In fact, the significant conclusion as to the 

way the hydronium ion in aqueous media happens to participate in 

solvation assisted chemical transformations is well substantiated in the 

Quantum Chemical computational results reported in the present 

work. 

 

The reference 14, while reporting the studies on structural aspects of 

hydrogen bonding in biological model systems considers the results in 

terms of the charge delocalization, partial charges on atoms and the 

orbital dispositions in such a way that cluster calculations can be 

applied profitably to get further clarifications. 

 

There are five sections in this article to follow. These contain results 

of Quantum Chemical computations, which demonstrate that such 

results and analysis could provide useful local structural dispositions, 

which can be assembled to make up a more viable molecular 

structural model to initiate a high-power computing on large systems 

to arrive at more realistic and truthfully better-ordered structures of 

macromolecules. In addition, the various energetically closer 

structures can be assigned a priority depending on their probability of 

occurrences based on local site dependent cluster studies to indicate 

the favored interaction pathways. 

 

 

2.2 Amino Acid: Zwitterion Input converges to Non Zwitterion 
 

This section illustrates that the common and popular structural 

notions, in connection with the αααα-amino acids which are the building 

units for proteins, needs to be associated with an alert with the results 

from a computational Chemistry software. The most popular and 

striking structural feature is the existence of zwitterions (Fig.5) form 

for the neutral, free amino acid.  

 



 

 

 

All the biochemical consequences become explainable by the 

zwitterions configurations. When a non-ionized neutral form is the 

initial input structure for Geometrical Optimization, the final 

optimized output structure invariably remains the same as the input 

unionized form. This indicates that the unionized neutral molecule is 

the stable isolated molecular structure. On the other hand, when a 

zwitterions form (Fig.6a & Fig.6b) of the molecule is the initial input 

structure to be optimized, then the output structure turns out to be the 

unionized neutral form and the optimization proceeds speedily and in 

a few steps of iteration, the convergence occurs. From this, the 

inference could be that the presence of water and the neutral pH of the 

medium set the conditions to stabilize the zwitterions form. This fact 

that isolated unionized form is more stable is evidenced by small 

molecule computation. Other than this there are only a few 

spectroscopic evidences reported to ascertain this situation when such 

Fig. 5 Glycine: The structural details of Unionized 

Form & Zwitterion Form 



experiments could be carried out in near isolated molecular situations, 

like the low-pressure gaseous samples. 

 

The glycine molecule could be studied from this perspective, with the 

“Gamess” computational software at the online computational 

Chemistry site at http://www.webmo.net . The structure sequence, as 

obtained (Figure-6a) at the iterative steps until the convergence, is 

examined for the possible inferences from intermediate steps. 

Optimization procedures started with the nonionic neutral form of the 

glycine resulted in the optimized nonionic neutral form. When the 

program was run with zwitterion (ionized neutral molecule) form, the 

optimization converged to the unionized neutral form. The 

consequences of the optimization as monitored in the intermediate 

structures could be further correlated with the calculated NMR 

chemical shift (Fig.7a & Fig.7b) changes for these structures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Fig 6a Structural Sequence for Optimization of 

Input structure: Glycine 



 

 

Fig. 6b Energy for the Structural Sequence  
in Optimization of Input structure: Glycine 
 



 
 

 

 

Fig.7a Calculated Chemical Shifts: PMR:                                                             

Glycine Unionized & Zwitterionic 



 

 
 

         
 

 

 

 

  Fig. 7a Calculated Chemical Shifts, PMR: Corresponds  
               to the structure sequence obtained in a  
               Geometry Optimization. 
 



Would it be possible to distinguish these two forms of the Alpha 

amino acid (the unionized structure and the zwitterionic structure) 

when subjected to a spectroscopic study?  For this query,  calculated 

theoretical spectral features, can be analyzed for a possible answer  

since the two structural forms can be subjected to calculation 

independent of one another, where as for practical situations the two 

forms can possibly obtained only as equilibrating structures (17). 

 

 
Fig.8 Dependence of CMR chemical shifts on pD 
 

 

 

 



The dependence of methylene 
13

C and 
1
H chemical shifts on pD in 

glycine surprisingly move in opposite directions, although normally 

they show parallel effects in changing chemical environments. 

 

The change in pD results in the change from NH3
+
 CH2COOH (acidic 

pD) to NH3
+
CH2 COO

-
 (zwitter ion neutral pD) to NH2CH2 COO

-
 

(alkaline pD)    and the neutral nonionic form is absent throughout.    

This is a protonated form becoming a deprotonated form through a 

neutral zwitterionic form. The inference from above is that change 

from protonated to nonprotonated to deprotonated structure does not 

cause parallel change in electronic structure at the carbon and the 

protons of Methylene group. The protonation and deprotonation do 

not occur at the same group in the molecule. This surprising feature 

probably may not arise if there is possibility to change from 

zwitterionic Form to nonionic form NH2CH2COOH and obtain 

experimental HMR and CMR spectra where this transformation does 

not necessitate a change in the number of protons in the molecule.  

  

                                                                                                                                            

2.3  Following the G.O. Steps (Iterations) by Variation in NMR  

 
Would it be possible to identify these NMR spectra as corresponding 

with the spectra obtainable for glycine in any one of the several,  

variable  conditions in a biological environment. This question has to 

be addressed to  specifying the chemical conditions like pH and 

solvent nature, to find out whether it would be possible to get a set  of 

spectra in the same sequence as it occurs during the geometrical 

optimization for the stable structure for  isolated molecule. Since such 

experimental spectra would have to be acquired under variety of 

conditions (mostly in solutions of low concentration), a conclusion, 

for more general validity, may not be possible immediately. The 

spectral data from the currently available NMR data base are not 

adequate.  

 

The dependence of methylene 
13

C and 
1
H chemical shifts on pD in 

glycine surprisingly (Fig.7b) move in opposite directions, although 

normally they show parallel effects in changing chemical 

environments. 

 



The change in pD results in the change from NH3
+
 CH2COOH (acidic 

pD) to NH3
+
CH2 COO

-
 (zwitterions neutral pD) to NH2CH2 COO

-
 

(alkaline pD) and the neutral nonionic form is absent throughout.   

This is a protonated form becoming a deprotonated form through a 

neutral zwitterionic form. The inference from above is that change 

from protonated to nonprotonated to deprotonated structure does not 

cause parallel change in electronic structure at the carbon and the 

protons of Methylene group. The protonation and deprotonation do 

not occur at the same group in the molecule. This surprising feature 

probably may not arise if there is possibility to change from 

zwitterionic Form to nonionic form NH2CH2COOH and obtain 

experimental HMR and CMR spectra where this transformation does 

not necessitate a change in the number of protons in the molecule. In 

Fig.8 is a reproduction of results of measurement the pD dependence 

of NMR spectra.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Bulk-water mediation  
That the zwitterions form is not the satble form of the isomers of free 

amino acid is borne out by the results of QM computation described in 

the previous chapter. Then, obvious is the situation that a free isolated 

amino acid molecule would display such  a trend, while when 

surrounded by molcules of the solvsnt medium in solution where the 

special characteristics of amino acid and  also biologically important 

properties are important, the well known zwitterion form might be the 

stable form. This aspect is detailed in this chapter with QM results 

highlighting the importance of such small molecule computation is 

valuable as an optimal input information for modelling biological 

molecules. 

 

 

3.1 Water Molecules Stabilize Zwitterion Form 

 
As remarked in the previous section that the water molecule play a 

role in stabilizing zwitterions form. A case has also been reported how 

a single water molecule can stabilize the Cationized Arginine 

Zwitterions (19). Singly hydrated clusters of lithiated arginine, 

sodiated arginine, and lithiated-arginine methyl ester are investigated 

using infrared action spectroscopy and computational chemistry. 

Whereas unsolvated lithiated arginine is nonzwitterionic, these results 

provide compelling evidence that attachment of a single water 

molecule to this ion makes the zwitterionic form of arginine, in which 

the side chain is protonated, more stable. The above is an 

experimental evidence of the significance of water molecule (be it is 

only one molecule in this instance) in stabilizing the Zwitterion form 

in preference to the nonzwitterionic form. In the above, the role of 

single water molecule is also studied by Computational Chemistry. 

Under normal conditions, bulk water surrounds a solute molecule in 

aqueous solutions. Known forms of the alpha amino acids in acidic 

pH, neutral pH and alkaline pH are distinctly different. A study of the 

energy of the two forms (nonionic neutral and the neutral zwitterionic 

forms) of alpha amino acid and the equilibrium between the two forms 

would provide more clarification on the nature of the alpha amino 

acids and their predominantly known zwitterions forms in the 

biological context. The method for generating structures of solutes 

surrounded by solvent water may be referred to as calculations on 



clusters/Cluster Calculations can be illustrated using a speedy semi 

empirical (parameterized) QM method. 

 

The Chemical “Molecule” itself would appear as a cluster of atoms, if 

the bonds connecting the atoms were not drawn. These atoms of a 

molecule can be placed at such distances from each other so that no 

interactions are possible among these atoms. This would appear 

simply as a cluster of atoms and remain so. If a Geometrical 

Optimization is carried out with the tools of Computational 

Chemistry, then the resulting stable structure due to the minimization 

of energy for the system of interacting atoms would be a molecule for 

which bond connectivity can be assigned to call it a molecule which 

has an independent stable existence; and not merely a cluster of atoms. 

Having the possibility to realize Molecular systems from Cluster of 

atoms, it may be natural to enquire further, what would happen if a 

cluster of molecules were subjected to the same kind of Geometrical 

Optimization. Then it is question of Molecular clusters resulting in a 

optimized stable system. The present approach falls under this 

category of investigation with the tools of Computational Chemistry. 

In Fig.9, find that on the left hand side, there are no bonds drawn and 

the entire system seems well described as a cluster of atoms. On the 

right hand side for the same set of atoms (in the same relative 

disposition on the Left), the bonds have been drawn and it would be 

possible to recognize a Glycine molecule at the center and surrounded 

by water molecules. Possible differences are due to the differences in 

the perspectives arising while displaying using the visualization tool 

(structure editor). The set of coordinates of atoms of such a cluster of 

molecules (drawn in the structure editor with or without the 

connecting bonds Fig.9) can be input to a Computational Chemistry 

Software, which would result in the optimized disposition for the 

atoms of the molecules in the cluster. These programs require only the 

atomic coordinates as input, the molecular cluster is a cluster of 

atoms, and the calculations would proceed.  Caution must be exercised 

if any symmetry specifications are required at the input stage.  
 
 
  



 
Fig. 9 Above: The cluster of atoms (on LHS)  corresponding to 
the cluster (on RHS) wherein the molecules are recognizable. 
Below: Optimized structures & Energies: unionized & 
zwitterionic 
 



 

 Table-1 Compiled results in Tabular form:   cluster type 
calculation as per the description in text: 
 

   
 

Corresponding to the data in the Table-1, in Fig.10 & Fig.11 the 

computational output in the form of image is presented. On the left 

side of Fig.11 left two clusters of water molecules one with 6 water 

molecules and another with 7 water molecules have been initially 

optimized separately. Thus optimized clusters are put together to form 

a larger cluster of 13 water molecules. This system of two (optimized 

clusters) when subjected to Geometrical Optimization results in an 

 NO Solvent 6H2O 12H2O 24H2O 

L-

Alanine_neut 

-30649.3999 

kcal/mol 

-78913.5039 

kcal/mol 

-127191.4901 

kcal/mol 

-223743.5204 

kcal/mol 

L_Alanine_ZI 
-30618.4996 

kcal/mol 

-78901.9898 

kcal/mol 

-127195.3701 

kcal/mol 

-223746.0048 

kcal/mol 

Remarks 

On Stability of 

neutral form 

vs ZI form 

NEUT is more 

Stable than ZI 

Neut-ZI= 

-30.9003 

NEUT is more 

Stable than ZI 

Neut-ZI= 

-11.5141 

ZI is more 

stable than 

NEUT 

Neut-ZI= 

+3.88 

ZI  ismore 

stable than 

NEUT= 

Neut-ZI= 

+2.4844 

  

NOTE the reversal in Stability 

trend as compared to the 

previous two columns for No 

Solvent & 6H2O 

Single-point 

In the solvated ZI 

structure the 

Aminoacid is 

deleted and the 

Water system 

was subjected to 

single point 

energy 

calculation 

-48234.4488 

kcal/mol 

-96500.8360 

kcal/mol 

-193048.9025 

kcal/mol 

G.O. 

After Calculating 

the single point 

energy, the same 

was subjected to 

Optimization 

-48262.7168 

kcal/mol 

-96543.5626 

kcal/mol 

-193107.6346 

kcal/mol 

One H2O G.O. 

Single h2o 

optimized 

-8036.9395 

kcal/mol 

6 x -8036.9395= 

-48221.637 

kcal/mol 

12 x -8036.9395= 

-96443.274 

kcal/mol 

24 x -8036.0395= 

192886.548 

kcal/mol 



optimized cluster of 13water molecules. Relevant energy data are 

given above. The details of the actual quantum chemical method 

chosen is not given above since at this moment this may be a detail, 

which can be deferred.  A cluster of 13-water molecules, with the 

constituent molecules arranged with a well-defined symmetrical order 

was subjected to the same Geometrical Optimization as for the system 

on the left. The resulting Optimized molecular cluster of 13 molecules 

is also displayed with the comparable data. This illustration is mainly 

for noting the possible queries, which can arise from such an approach 

(Fig.12). 

 



 
Fig.10 Cluster of Water Molecule and an Amino Acid Solute:  
           Results QM Calculation 
 

 

 



 

 
 
Fig.11 Different ways of Forming the Cluster of same number of   
           Molecules; by Different Input Cluster-Structures &  
           QM Calculation Results 
 

 

 

 



 
Fig.12 Proton Transfer: A Common Criterion for the Role of  
                        Water Medium; intervening Hydronium ion. 
 

 



 

 

3.2 Water Mediates Dynamics:Hydronium Intermediate 

 
Theoretical Investigation of the Neutral / Zwitterionic Equilibrium of 

γ-Amino butyric Acid (GABA) Conformers in Aqueous Solution (20) 

indicates that, since γ-amino butyric acid does not form a stable 

zwitterionic species in the gas phase, as calculated at the HF/6-

311++G** level, the GABA·2H2O system was optimized for several 

neutral and zwitterionic GABA tautomers/conformers. The obtained 

molecular geometries and vibrational frequencies determined for the 

dihydrates reflect structural changes for GABA due to close and 

strongly bound water molecules. MP2/6-311++G**//HF/6-311++G** 

energy values show that the neutral (nonionic) form is strongly 

preferred over the zwitterionic one for the isolated GABA species. 

The neutral tautomer, which is most stable in the gas phase, is only 

marginally changed by hydration; it is without an intramolecular 

hydrogen bond and has nearly gauche−gauche arrangements, 54 and 

−83°, for the NCCC and the CCCC torsion angles, respectively, as 

determined in the dihydrate. In aqueous solution, the zwitterionic 

structure is dominant. This structure differs from the trans−gauche 

zwitterionic conformer found for GABA by X-ray experiments in the 

crystalline phase (21,22). 

 

Further reports on the role of water in relative stabilities are given (23) 

in which the Hydration Isomers of Protonated Phenylalanine and 

Derivatives was studied to infer on the relative stabilities from 

Infrared photo dissociation. The binding sites of water molecules to 

protonated Phe and its derivatives are investigated using infrared 

photo dissociation (IRPD) spectroscopy and kinetics as well as by 

computational chemistry. Calculated relative energies for hydration of 

PheH+ at various sites on the N- and C termini depend on the type of 

theory and basis set used, and no one hydration site was consistently 

calculated to be most favorable. The study of the role of Hydronium 

ion in Proton transfer provides evidence that the bulk water presence 

is a viable medium for proton transfer to occur.  

 

What happens in isolated amino acid molecule (Geometry 

Optimization starting with Zwitterion form) can happen unhindered 

even in presence of water (Fig.13, Fig.14 and Fig.15). Now, the 



question relevant seems to be to find ways for proton transfer from the 

carboxylic acid function (of the nonionic amino acid) to the alpha 

amino group in the molecule. This requires the possible specific 

water-amino acid interaction, much more close, within the coordinate 

sphere of the amino acid, and find how the bulk water medium could 

further facilitate. The main inference from the results considered until 

now is, possibly the ZWITTERION form of the amino acid exhibits 

the proton-releasing tendency of the ammonium group at provocation 

of the presence of an Oxygen containing system in the neighborhood. 

In the absence of any other molecule, the carboxylate ion of the 

isolated amino acid receives the proton readily. The molecular 

electrostatic potential could be a useful quantity, which can further aid 

the understanding of the medium effects. 



 
Fig.13 Changes in the Geometry-optimization Structural  
                 Sequence due to Water Medium 
 



 
Fig.14 An Illustration of origin of Molecular Electrostatic  
            Potential 
 



 
Fig.15 The Molecular Electrostatic Potentials: Contour Diagram 
(two interacting water molecules) 
 

 

 

Is it possible to investigate the role of water mediation to such an 

extent that, the zwitterions form becomes more stable in such a 

surrounding as compared to the nonionic form? 

The methods of Molecular Electrostatic Potential in the 

Computational Chemistry tries to derive the benefit of Chemist’s 

intuition imagining as if a proton can be placed around the molecule, 

and try to find out its energy values due to the electrostatic interaction 

with the molecular charges. Essentially, molecular environment favors 

certain dispositions; which, eventually makes possible certain 

reactivities for the given structure. 



 

In a similar way, by examining the dipole moment of the molecule 

and placing water molecule in the neighborhood, is it possible to find 

a favorable number of water molecules in the coordination sphere? 

What is the relative disposition of these water molecules, which 

influence the proton transfers (Fig.16) to take place in such a way to 

be lodged at the ammonium ion region rather than the carboxylate ion 

region of the amino acid? Such environmental information is 

attempted at with two water molecules in the neighborhood. 

 

 
Fig.16 Two Molecules of Water around Glycine: G.O. Influenced 
by Differences in the Disposition 
http://www.ugc-inno-nehu.com/DBIBT.ppt  



 

 

Chiral-recognition by NMR spectroscopy: a theoretical 

approach 

 

Chiral-recognition by NMR is not mainly a theoretical approach. This 

is a experimental NMR task and there have been several reports of 

distinct NMR pulse sequences set out to make a chiral-recognition and 

to some extent the absolute configuration. Complexing the chiral 

ligands with larger molecules, and finding the difference in the NMR 

of larger guest molecule & ligand chiral molecule when they are 

made into a complex molecule is chemical method and this has not 

found many theoretical studies in reports. Below in this chapter this 

complexing method is studied by a theoretical modeling approach to 

find out how the variations in NMR spectra under complexed situation 

can become more informative. This topic also seems to be well suited 

for illustrating the considerations in molecular modeling studies of 

macromolecules (biological systems). 

 

  

4.1 Distinguishing Features of Chirality 

 

Such small chiral-molecules as are depicted in Figure-17, can be 

complexed with larger host molecules and the NMR spectra of the 

resulting complex is used for recognizing  the chiral form, the R or S. 

Amino acids are designated by L or D optical isomers (equivalent to 

R,S designation) that corresponds to the presence of asymmetric 

carbon / a chiral centre. Most of them are experimental studies and not 

much Computational chemistry is reported on such systems for the 

calculation of chemical shifts of free host and ligand molecules, for a 

comparison with the complexes. Thus, this presentation is a study 

reporting a small molecule docking with a larger molecule and the use 

of calculation of chemical shifts on certain model systems. Just as 

much as experimentalists use NMR spectroscopy as an analytical tool 

for structure determination, it is being pointed out that (24) trends 

using Chemical shift calculations can be so much useful in modeling 

studies even if the calculated shift values do not reproduce the 

experimental shift values. 



 
 

 
Fig.17 Chiral Ligand Molecule; R & S Configurations 

 

4.2 Crown Ether Host for Chiral Ligands 

 

The reason for the use of Crown Ethers (Fig.18) seems mostly due to 

the presence of coordinating Oxygen centers in abundance in this 

molecule and the simplicity in using these experimentally. In addition, 

in spite of its complex appearance, the molecule has a simple two-line 

NMR spectrum for the D3d symmetry. 



 
 
Fig.18 Crown Ether: Details of Molecular Structure 



 

 

The two-line spectrum of the 18-crown-6 ether, due to the fluctuations 

and conformational dynamics in solution gives a averaged single-line 

spectrum as much as the cyclohexane (Chair). The experimental PMR 

spectrum of 18crown6ether displays a single line spectrum at 

3.691ppm; this value is higher than the average value of the two-line 

theoretical spectrum (Fig.19) {~ (2.0+2.5)/2=2.25ppm}.                              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Fig.19 Calculated NMR: Proton Spectra of Crown Ether &  
          Cyclohexane 
 



Such differences can be reconciled by using a better QM method of 

calculation and, a scaling seems inevitable in any case (24-27). If 

presence of oxygen centers as viable coordinating points is important, 

then the Cyclohexane analogue, trioxane could also serve the purpose, 

and for the theoretical modeling such small host molecules and 

comparable size chiral molecules could be convenient to indicate the 

trends of interactions determining the possibility of chiral 

discrimination. What makes these kinds of studies tedious and prone 

to ambiguities is: the experimental search for appropriate Guest and 

Host molecules which would enable some line in the spectrum to be 

tagged on to distinguish chiral–dependence. 

 

Even though handling large molecules (Fig.20a & Fig.20b) and 

complexes of different stoichiometric ratios may not be simple, it is 

possibly worth the while to study using model molecules to find out 

the trends of interactions when the chiral discrimination is possible. 

 



 
 

Fig.20a Crown Ether like Hosts and Chiral Ligands; Complexing  
             and Experimental NMR Trends 
 



 
Fig.20b   Host-guest NMR Titrations 

 
 



4.3 A Small Molecule Analogue of Crown Ether 
 

As has been pointed out earlier, when presence of oxygen centers as 

viable coordinating points is important, the cyclohexane-analogue 

trioxane could also serve the purpose. In addition, for the theoretical 

modeling such small host molecules and comparable size chiral 

molecules (such cases might be beset with experimental difficulties of 

making the complexes) could be convenient to indicate the trends of 

interactions determining the possibility of chiral discrimination. One 

of the instances of docking study reported in the literature (Fig.21).  



 
 
Figure-21 A complex of Crown Ether Based Host and Chiral 
Ligand: Illustration of the disposition of the Two Different Chiral 
Molecules. 

 
 

 



The structural dispositions of the two chiral molecules are illustrated. 

The host is the same. These differences have to be clearly discerned 

from NMR spectra by unambiguously assigning the spectral lines to 

the protons for all concentrations. For this purpose, at least to illustrate 

what the difficulties are, in the present work results of theoretical QM 

calculations are presented (as in Fig. 22 to Fig.25).                         

 

 

 

 

 

 

 

 



 
Fig.22 A Molecular Mechanics Calculation of Complexation 

 

 

 



For example in Fig.23 Fig.24a, Fig.24b & Fig.25 a conclusion could 

be drawn as below by comparing the (calculated) NMR spectra of 

Complexing the same ligand with R & S compound. In the spectrum 

of complex for R and S, the corresponding expansion in the 4.6 to 5.2 

region is given to note the difference. This example illustrates the 

theoretical approach has advantages. Further details can be found in 

(28). 

 



 
Fig.23 Use of Calculated NMR Spectra: Context of                   
Crown Ether host – Chiral Guest Molecule 
 



 
 

 
Fig.24a A Model Host Molecule (Smaller Analogue of Crown 
Ether): NMR Chemical Shifts 



 

 
Fig.24b The calculated (Chemical shifts only) PMR spectrum of 
the guest molecule only after the complexation 



 
 
Fig.25 The expanded region of the spectra (of Fig. 24a & Fig. 

24b) highlighting the details of the differences.  
 

 

 

 



 

Conclusions 
As discussed in Chapter-1 the various molecular structural aspects 

require a revised outlook in view of the fact that the small molecule 

computational chemistry can significantly aid the Macro biomolecular 

modeling significantly at the input stage, and subsequently monitoring 

the optimization criteria during the modeling. In Chapter-II, the 

emphasis was that even with a moderate computation facility, 

beginners to QM computations can get involved in the macro 

molecular modeling concepts by carefully choosing a small molecular 

context relevant for the biological pathways. By this it seems simpler 

to get to know better about the QM formalisms with practically 

computed results. Chapter-III illustrates further the phenomenal role 

of water medium in biological systems starting with the textbook case 

of free amino acids, the glycine for example. The way the water 

medium plays role is evidenced by calculating the energies of 

systems, with increasing number of water molecules around the solute 

molecule to begin with. Then, choosing specified number of water 

molecules with specific orientation around the solute it was possible to 

evidence the significant changes in the course of structural variations 

by a relatively inconspicuous change in the input structure. The 

interaction of the solvent as a medium and the specific solute 

molecule- solvent molecule interactions could be demonstrated all by 

using readily available computational facilities. In the last chapter, 

using a Crown ether host and a smaller size analogue, the actual 

modeling considerations were explained as applicable for a 

computational effort. Significantly, theoretical calculations of the 

spectroscopic parameters for the trends during the course of 

computations can be as much a tool as the experimental spectra from 

the spectrometers. The actualities of how well the theoretically 

calculated Spectroscopic parameter values really reproduce 

experimentally observed values could be some time relegated to a 

subsequent consideration provided the trends provide significant 

inferences. Such computational exercises can be simultaneously is a 

useful beginners approach and an aid for advanced bimolecular 

modeling experts. 
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Abstract 

Materials design has been an intriguing area of scientific advancement in the context of novelty and 

advancement in the branch of Material Sciences. In this reference, nanomaterials offer and incorporate 

some special and extraordinary structural and functional attributes as a virtue of their exceptionally 

different and unique structural toughness, rigidity, aspect ratios and many other mechanically useful 

attributes arising out from their structural configurations and chemical composition. Nanocomposites 

are one such class of advanced nanomaterials which possess unconventional structural, mechanical, 

chemical and electrical properties, rightly because the very essence of composite fabrication is to 

achieve a novel set of property combination. This study reports the synthesis and characterization of 

nanocomposites of epoxy resin reinforced by carbon fibers and mutiwalled carbon nanotubes. The 

nanocomposites were synthesized using hot molding process that utilizes the tendency of resin matrix 

to undergo curing and thereafter these nanocomposites were characterized for the assessment of their 

properties and surface texture via SEM, XRD, TGA and electrical conductivity assessment. Significant 

improvements in properties with optimum percentage content of carbon nanotubes and carbon fibers 

were observed. 



Keywords: Nanocomposites, Nanomaterials, Material Sciences, carbon nanotubes, carbon fibers, 

epoxy resin, unconventional. 

Introduction 

Composites are the hybrid materials made through the combination of two or more different kinds of 

materials which possess significantly different chemical or physical properties. These materials are a 

special class of materials designed with a view to achieve enhanced performance[1-4]. This perhaps 

does not at all signify that these materials are only the engineered or artificial; rather they can be 

naturally occurring too if we consider their existence in terms of relative thermodynamic stability. 

Material development has been the cutting edge thrust area of research since the last few decades. This 

is primarily because stronger and rapidly rough and tough responding materials are the need of hour 

considering the sophisticated science and technology progress in terms of international standards right 

now[5-7].Nanocomposites have further fuelled the charm of composite materials, primarily because of 

the incorporation of nanomaterials that have significantly different structural, chemical, physical, 

optical and mechanical properties[8-16]. A nanomaterial can be defined as any material having one of 

its three characteristic dimensions lying within (1-100) nanometers. Till date the most well documented 

materials of nanoscale are carbon nanotubes. These are cylindrical structures with lengths in the order 

of few micrometers or centimeters but their axial diameter is in the nanoscale regime. Studies aimed at 

the investigation of carbon nanotube structure and property analysis have shown that these have 

extraordinary physical, mechanical, chemical, electrical and optical properties and are therefore very 

string perceptions for the development of ever dynamic and robustly operating composite materials. 

This is perhaps something very usual with almost all the nanomaterials due to the emergence of 

quantum effects at the nanoscale, which renders the classical physics principles governing the matter 

behavior as non-feasible and therefore paves way for matter to behave as radiation. Carbon nanotubes 



have been employed and integrated in numerous applications ranging from those of energy transport, 

advanced material synthesis, electronic materials development and incorporation as integral matrices 

for vastly improved structural performance enhancement in the materials[17-23]. Since carbon is the 

most versatile material in terms of capability to form stabilized bonded networks with a range of 

different materials alongside its position in the periodic table. Moreover, the physical parameters like 

lattice energy and the bonding energy of carbon make it far more suitable for these applications. The 

existence of multidimensional allotropes is already a proven prospect towards the utilization of carbon 

in the development and formulation of composite materials. Nanocomposites are the special type of 

composites in which at least one of the participating constituent has its characteristic dimensions 

limited or restricted to nanoscale. Structurally, a nanocomposite material consists of a matrix and 

reinforcement. The matrix is the bulk material whose main job is to hold on the particles of 

reinforcement (which is usually the nanoscale component).There can be more than two reinforcement 

materials in a typical nanocomposite material, depending on the specific application for which a 

particular material is required to be used.    

Carbon fiber is a material consisting of fibers that are nearly 5 to 10 micrometers in diameter and are 

structurally composed of primarily the carbon atoms. The bonding of compositional carbon atoms in 

these fibers provides such a texture and crystal arrangement to these fibers that the corresponding 

specific crystal alignment gives the fiber high strength to volume ratio which is responsible for the 

structural strength and toughness of the fiber. The carbon fibers have ideal properties such as those of 

high stiffness, high tensile strength, low weight, highly inert structure, temperature resistant behavior 

and low thermal expansion that can lead to the generation of stronger and more durable composite 

materials being developed from these. Due to these material attributes, carbon fibers find very reliable 

usage potential in aerospace, civil engineering, military applications and many other domains. Several 



studies have employed these carbon fibers in different textures for the development of composites[24-

27]. Carbon fibers are found in a significant number of diverse forms, depending on the specific kind of 

nanofibers involved. It may be based on the physical properties of the fiber material involved or the 

physical state of the fiber involved. Significantly, carbon fibers are also classified on the basis of final 

heat treatment process involved to get them stabilized. Carbon fibers are synthesized from the raw 

carbon based substrate through the four transformation steps, namely spinning, stretching, 

carbonization and surface treatment. In the first step of spinning, the fiber is woven from a polymer 

mixture carrying additives based on specifically intended application. The spinning step is important as 

it makes the internal atomic structure of the fiber when the ultimate usable fiber network is being 

formed. Next step is of stretching, through which the individual fibers are stretched and aligned 

properly for further treatment. The third step is of carbonization in which heat treatment is performed 

under high temperatures in vacuum conditions that results in the vaporization of free carbon impurities 

from the processed fibers. The final step is of surface treatment whereby either resins or other materials 

specifically suited to the desired application are attached with the fiber surface. This particular step is 

critically application specific in nature.   

Resin is the name given to a mixture of different synthetic substances, which possess similar 

mechanical properties. In context of fluidic properties of a resin material, the knowledge of curing 

temperature of a resin is very essential. Curing is a tendency of a resin material to itself get solidified 

from a liquid state to the solid state, which is often utilized for the development of composite materials 

from these resins. Epoxy resins are the thermosetting polymers that undergo structural rearrangement 

upon the attainment of curing temperature. These materials prevail either as liquids with lower 

viscosities or as solids. They are converted into solids via curing process, in which they chemically 



interact with hardener molecules (externally added) that may contain hydroxyl, carboxyl, amine and 

amino groups[28-31].  

There have been various attempts to synthesize the carbon nanotube reinforced epoxy resin composites, 

into the nanoscale regime. These composites have also been synthesized using functionalized carbon 

nanotubes in order to engineer them for particular applications. Some of these studies focus on the 

dispersion conditions and surroundings of CNTs for nanocomposiote development while some others 

focus on proper binding and addition of carbon nanotubes with respect to the content and mixing of 

epoxy resin. This paper presents the synthesis of carbon fiber and epoxy resin reinforced carbon 

nanotube (CNT) nanocomposites. The synthesis and characterization of the synthesized 

nanocomposites to an advanced scale that also testing their surface morphology, crystal specific nature 

through XRD analysis and testing of electrical and mechanical properties has also been reported.  

Materials and Methods 

Materials Used 

Multiwalled carbon nanotubes used in the study were synthesized by Chemical vapor Deposition 

(CVD) method at Carbon Technology Unit, National Physical Laboratory (NPL), New Delhi. 

Unidirectional carbon fibers, employed as filler material in the nanocomposite synthesis, were 

purchased from Mitsubishi Laboratories Japan. The different chemical used in the study was acetone, 

ferrocene, toluene, epoxy resin, diphenyl diamine ethylene. All the reagents were of analytical grade 

and purchased from Sigma Aldrich, USA. 

Methods Used 

The synthesized nanocomposites were characterized for their properties using scanning electron 

microscopy (SEM), thermal gravimetric analysis (TGA) and X-ray diffraction (XRD). The 



configurations of the employed models for these characterization techniques are mentioned in brief in 

this section. 

Scanning Electron Microscopy (SEM) 

The purpose of SEM is to know about the surface morphology and the corresponding growth 

potentialof a synthesized material to know about its originality through a comparison of this analysis 

with the library of SEM analytical records. The model configuration of the SEM used in this study is 

LEO S-440 PC based Digital SEM having the provisions of 3.5 nm SEI mode, 5.5 nm BEI mode and 

an accelerating voltage of (30-40) kilovolts at the rising steps of 10 volts at a time. The tungsten 

filament or lanthanum hexa-boride LaB6 is employed as a source of electrons. During analysis, the 

sample was coated with a very thin layer of conducting material (of the order of 10 nm) and analysis 

of surface morphology and structure was done.   

Thermal Gravimetric Analysis (TGA) 

TGA is a thermal analysis technique employed to access the changes in the weight of sample as it is 

constantly heated. This characterization serves as one of the very important tools to determine the 

thermal stability, absorbed moisture content and different impurities present in the tested sample. In 

the present study, it gives us the knowledge about the presence of any sort of impurities present in 

synthesized CNTs, developed polymer matrices and the composites. TGA is a very sensitive technique 

whose overall exactness depends on the precise measurements of weight, temperature and temperature 

change. Another important aspect of this technique is that the resultant weight loss curves differ from 

each other in a very precise manner, so the requisite weight loss curve selection corresponding to the 

specific sample being studied may require transformation. Model configuration of TGA used in 

current study is Mettler Toledo, TGA/SDTA 851
e
, which has a provision of thermal analysis from the 

room temperature to the maximum temperature of 850
0
C. During the heating, a constant dry air supply 



was maintained at the rate of 10ml/min and heating rate was steadily maintained at 10
0
C per minute. 

During the analysis, the sample to be tested is placed in a TGA sample pan which has been attached to 

a sensitive microbalance assembly. The balance assembly measures the initial sample weight at the 

room temperature and thereafter regularly monitors the changes in the sample weight as a function of 

temperature increase. 

X-Ray Diffraction (XRD) 

X-ray diffraction is an analytical technique that is employed or used to investigate the crystallographic 

structure information, chemical composition and the corresponding physical properties arising from 

the characteristic arrangement and orientations of crystal domains. This is very widely employed for 

the analysis of thin films and biphasic material designs. The XRD model used in the current study is a 

Bruker made D-8 Advance Powder X-Ray Diffractometer, installed at NPL, New Delhi. This was used 

to characterize the synthesized multiwalled carbon nanotubes as well as those of multi-walled carbon 

nanotube reinforced nanocomposites. The central working unit of the D-8 diffractometer employed in 

the current study consists of a highly precise, two circle goniometer with independent step up or down 

motors and optical encoders. The central opening of provisioned theta ring provides the maximum 

possible flexibility for the analysis of different samples and corresponding sample stages. 

Resin Casting 

Resin casting is a method of developing a solid structured material from a liquid mixture as a result of 

the process of molding and thermosetting. In the current study, resin casting has been employed for 

developing the solid composite materials from the resin mixed with additives, which are here carbon 

nanotubes and carbon fibers. During this process, the liquid mixture serves as monomer and gets 

polymerized into a polymer via hardening into a solid. 

For the synthesis of nanocomposites, fillers or reinforcements are added to the uncured thermoset 

resin. However, it is required to make the thermoset resin little absorbable in its textural morphology 



which is done via heating that results in the optimization of the viscosity of the resin. After addition of 

reinforcements, the requisite hardener or curing agent is added to the composite mix. This heating 

facilitates the proper adsorption of filler materials into the resin.  Before the exact process of casting 

begins, the developing molds are polished using wax in ordered to prevent the cured specimen from 

sticking on to the mold surface. After adequate drying of the molding assemblies, the prepared resin 

material is poured into it. Depending on the specific curing temperature of the resin material involved, 

the resin is allowed to solidify under the ambient conditions. The finally prepared and cured specimens 

are then cooled off gradually after, which they can be retrieved from the mold assemblies. The time 

required for the curing operation depends critically on the curing temperature of the resin material, 

with high temperature ones requiring lesser time than those having their curing temperatures lying at 

or near the room temperature limits. The most popularly employed synthetic resins include epoxy 

resin, polystyrene resin, polyurethane resin, acrylic resin and silicone resin. 

Methods of Characterization 

The synthesized nanocomposites were characterized for their differential properties of intention like 

those of mechanical, electrical and surface textural based analytical features. The configurations of the 

employed instruments for these characterizations are briefly mentioned ahead. 

Mechanical Properties 

The synthesized nanocomposites were characterized for their mechanical properties, which include 

flexural strength, tensile strength, hardness and bending strength. For textural, flexural and bending 

strengths, the testing was done through the Instron machine, having model configuration 4411 while 

for the hardness measurement, Shore Scleroscope Hardness testing equipment, installed at NPL, New 

Delhi was used.  

 



Electrical Properties Measurement 

Electrical conductivity of the synthesized nanocomposites was measured via the measurement of its 

physical reciprocal that is electrical conductivity or specific conductance. It is basically the quantity 

that measures a material’s ability to conduct the flow of electric current through it. It is commonly 

represented by the Greek letter σ. Its S.I. unit for measurement is Siemens per meter (S.m
-1

). The 

relation between conductivity (σ) and resistivity (ρ) is given as: 

 

σ = 1/ρ 

The electrical conductivity of the composite specimens was measured by 4-point contact method. 

Kiethley 224 programmable current source was used for providing current. The voltage drop was 

measured by Keithley 197 A auto ranging micro volt DMM. The electrical conductivities of the pellets 

can be calculated by considering the sample dimensions as: 

σ =   
�

��
, 

where “L” is the length of the composites “R” is resistance and “A” is cross-sectional area of the 

composite normal to direction of current flow. Conductivity is measured in seimens/cm/(S/cm). To 

measure electrical conductivity of the composite samples, polymer composite samples were cut into 

rectangular strips of size 60 mm in length and 20 mm in width. Current was passed along the length of 

the strip and the voltage drop was measured across different points separated by unit length. Each 

sample reading was averaged over 10 to 15 readings. The room temperature current–voltage (I–V) 

characteristics were measured and resistance values were obtained from the slope of these plots.  

 

 

 



Results and Discussion 

Characterization of synthesized MWCNTs by CVD Process 

The multi-walled carbon nanotubes synthesized by Chemical Vapor Deposition in the laboratory were 

characterized using SEM,TGA and XRD, the results of which are discussed in the text ahead.  

Scanning Electron Microscopy (SEM) 

Fig. 5.1 describes the SEM micrographs of the carbon nanotubes produced inside the reaction chamber 

at lower and higher magnifications respectively. These micrographs show that the synthesized 

nanotubes are having nearly the similar character, being straight and uniform and having their 

diameter lying between (10-60) nm and typical lengths n the order of several micrometers. By 

comparison with the library micrographs for the CNTs, the enclosed SEM images reveal that the 

synthesized nanotubes are of high quality without the presence of any impurities. 

Thermo Gravimetric Analysis (TGA) 

TGA is a standardized method of thermal analysis in which the changes in physical and chemical 

properties of the material are analyzed with respect to the temperature increase and are plotted either 

with respect to temperature or time taken for a particular change. In the current study, TGA analysis of 

CNTs was carried out to verify that the nanotubes being used are native in their structure and do not 

possess any impurity. This was also further verified by matching the currently obtained curve with the 

one gathered in the library. Fig. 5.2 shows the TGA curve of the synthesized and used nanotubes in the 

study.  

From the curve in Fig.5.2, we can clearly see that there is no weight loss up to a temperature of 450oC 

as the synthesized CNTs were heated. After this temperature is reached, a sharp weight loss in the 

weight of multiwalled carbon nanotubes is observed. The weight loss in this region is observed 

specifically because of the oxidation of multiwalled CNTs present in the sample. No weight loss 



between the temperature range of (200-400)
o
C shows that there is no amorphous form of carbon 

present in the sample. Interestingly enough, contrary to the mostly observed phenomenon of weight 

gain below the temperature of 200
o
C, it is conclusive that there are no free catalytic impurities present 

in the sample, which otherwise get oxidized and result in the weight loss in this very temperature 

range. Thus, there are no free precursor iron metal particles present inside the synthesized tubes.  

Almost nil weight loss is observed beyond a temperature of 600
o
C, which shows that the chemical 

composition of the sample has become uniform after this temperature limit. In all, the weight loss the 

synthesized CNTs up to a temperature of 1000
o
C was found to be nearly 88%. This was supposedly 

due to the oxidation or combustion of the synthesized CNTs being used as sample. The remaining 12 

percent weight could therefore belong to the non-combustible impurities or iron based precursor 

materials that are present in the sample as impurity.  

X-Ray Diffraction 

Fig. 5.3 shows the XRD spectra of synthesized carbon nanotubes. This graph shows that the synthesized 

multiwalled carbon nanotubes are fee from any sort of chemical impurities, which is ably supported by 

the characteristic sharp 2 ᶿ peak corresponding to an inclination of 26
o
. This peak corresponds to the 

crystallographic plane (0 0 2) of the multiwalled nanotubes synthesized. Similarly, two blunt peaks were 

observed at around 43 degrees of angular separation, these peaks are characteristically due to the (1 1 0) 

and (1 0 0) planes, in addition to the small amount of catalyst particle encapsulated within the walls of 

synthesized MWNTs. 

Mechanical Properties of MWNTs reinforced Epoxy Composites 

Flexural Properties 

Fig. 5.4 and 5.5 show the variation in the flexural strength and flexural modulus of different 

nanocomposite samples prepared by solvent casting method, characteristically varying in their carbon 



fiber and carbon nanotube content. From these graphs, it is clearly observable that the flexural strength of 

synthesized nanocomposites improved by over 50% with the addition of carbon fibers as well as carbon 

nanotubes in 2% proportion by weight, giving a value near to 120 MPa. However, the strength of neat 

epoxy resin based composites was nearly 70 MPa. This shows that there is some optimum amount of 

CNTs that is required to form the nanocomposites with improved properties and mechanical behavior. 

Less than this amount leads to the improper mixing of the CNTs in the matrix phase of the composites 

being synthesized while more than this amount often leads to aggregation and non-homogeneous 

distribution of the CNTs within the composite matrix.  

Quite similarly is the variation for flexural modulus of the neat epoxy resins, the value of which is1.8 for 

neat epoxy resin sample while it is nearly 3.8 for the composite sample with 2 percent carbon fiber and 

carbon nanotube content. This shows that there is an increase over 100 percent in the properties of 

nanocomposites with the optimized addition of epoxy resin and the carbon fibers.  

Hardness 

Fig. 5.6 shows the variation in the hardness of synthesized nanocomposites with and without the addition 

of nanofibers and nanotubes. From this graph, it can be clearly seen that the hardness value for the neat 

epoxy composites is nearly 80 units. In a trend similar to that observed in case of flexural strength and 

flexural modulus, the hardness of the composite sample with 2 percent carbon fiber and carbon nanotube 

content was found to be improved by the maximum extent, roughly 64%. In the samples with 0.5 CNT 

content, the hardness was found to be nearly the same. In case of the nanocomposite samples, where the 

content of carbon fibers and carbon nanotubes is 1 percent by weight, the increase in the hardness is 24%, 

which is far less when compared to the composite samples carrying 2 percent added carbon fibers and 

carbon nanotubes. Similarly, for 4 percent carbon fiber and carbon nanotube reinforced samples, the 

increase in the hardness was 28 percent. This trend of hardness variation clearly shows that there is some 



optimum load of carbon nanotubes and carbon fibers which the intact matrix of the epoxy resin in the 

composite samples can get adhered and dispersed properly. Too little content of CNTs results in the 

aggregation of CNTs while if the content of CNTs is very low, it results in the improper and insufficient 

mixing of the nanocomposite ingredients. In case of 4 percent carbon fiber and carbon nanotube 

containing sample showing a lesser hardness increase as compared to the samples with 2 percent CNTs, it 

can be argued that the wetting tendency of carbon fiber was not properly exerted. On the other hand, the 

gradual increase in the flexural modulus of the nanocomposite samples from those of neat epoxy ones to 

those carrying 2 percent carbon fibers and ultimately reaching the maximum value in the nanocomposite 

sample with 2 percent carbon fibers and carbon nanotubes, it can be concluded that the wetting of carbon 

fibers during the reinforcement of the epoxy composites has been proper and efficient. Along with this, it 

is also due to the efficient dispersion of CNTs which is responsible for providing the synthesized 

nanocomposites with high rigidity. The effect of carbon nanotube addition was fund to be persistent more 

strongly because of their high aspect ratios.   

Electrical Properties of the Nanocomposites 

The electrical conductivities of the nanocomposites synthesized, was measured by the 4-pointcontact 

method. Fig.5.7 highlights the graphical variation of electrical conductivities of the synthesized 

nanocomposites with respect to the relative content of carbon nanotubes and carbon fibers added.  The 

configuration of the instrument used as a current source for the measurement of conductivities in the 

nanocomposite samples was Kiethley 224 programmable device, for which the voltage drop was 

measured by the Keithley 197 A auto ranging micro volt DMM. To an utmost surprise, it was found that 

conductivity was also the highest in case of the nanocomposite samples carrying 2 percent carbon fibers 

and carbon nanotubes by weight, the value of which was 1.2 x 10
-4

. For the nanocomposite samples 

carrying still higher percentages of the carbon fibers and carbon nanotubes, the electrical conductivity 

was found to be far lesser.   



This clearly shows that a particular amount of carbon fibers and carbon nanotubes is necessary to be 

present within the synthesized nanocomposite which can result in favorable interaction and dispersion so 

as to give rise to the enhanced physical performance. This is however not the case with nanocomposites 

carrying lesser or more percentage content of carbon nanotubes as it led either to aggregation of carbon 

nanotubes or it led to their insufficient addition. For nanocomposites carrying less than 1 per cent 

carbonm fibers and carbon nanotubes, measurements could not be carried out as the available instrument 

possessed its least count less than their conductivity values.  

Morphology Study of as Synthesized Nanocomposites by SEM 

Fig. 5.8 and 5.9 depict the SEM micrographs of nanocomposite samples carrying 1%carbon fiber and 1% 

carbon nanotube content dispersed within their matrix. It can be clearly seen through these micrographs 

that in Fig.5.8, there is non-homogeneous dispersion of carbon fibers and carbon nanotubes in the overall 

nanocomposite assembly, with mixed carbon nanotubes protruding out of the resin matrix. This also 

shows that the absorptional effect or distribution of carbon nanotubes is not same throughout the resin 

matrix and there are some regions of favorable interactions within which there is surprisisingly more 

absorption and interaction. However, in Fig.5.9, the situation is very different and the morphology 

sufggests that there is a homogeneous and uniform dispersion of carbon anotubes and carbon fibers in the 

resin matrix. This indirectly also shows that there is a certain optimum amount of carbon nanotubes and 

nanofibes which can be mixed properly and correspondingly give an optimized amount of increase or 

improvemnet in properties of the overall synthesized nanocomposites.   

There is improper dispersion of carbon fibers and carbon nanotubes within the resin matrix, which is 

evident from the micrograph that shows protruding out of carbon nanotubes from the resn matrix. On the 

other hand, in Fig. 5.11, it can be clearly seen that the dipersion of carbon nanotubes and fibers has been 

fairly uniform and homogeneous throughout the resin matrix. This is also visble through the homogene 



Conclusion 

Carbon nanotubes and carbon nanofibers have been successfully incorporated as composite additives, in 

order to bring about significant improvement in the properties of epoxy resin so as to help in the 

development of epoxy resin reinforced nanocomposites. The additions of these nanomaterials has been 

very helpful for the improvement in the physical and structural properties of the composites. The 

improvement in strength, struvtural toughness and electrical conductivity has been of peculiar interest in 

this study. The improvement in performance capacity was observed through the adition of the 

nanomaterial with highest aspect ratios, namely carbon nanotubes. A lot of factors also development on 

relative chemical interactions of additives with the host material The study can be further made more 

specific and advanced through the addition of carbon nantubes that are functionalized with particular 

moieties. 
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Figures with Captions: 

(a) (b) 

Fig.1. SEM micrographs of synthesized multiwalled carbon nanotubes at (a) lower magnification 

and, at (b) higher magnification

 

 

 

 

 

 

 

 

 

Fig. 2. TGA analysis of synthesized CNTs inside the reactor chamber.

SEM micrographs of synthesized multiwalled carbon nanotubes at (a) lower magnification 

and, at (b) higher magnification. 

analysis of synthesized CNTs inside the reactor chamber. 

 

SEM micrographs of synthesized multiwalled carbon nanotubes at (a) lower magnification 



 

Fig. 3 XRD spectra of as synthesized MWCNTs. 

 

Fig.4. Variation of flexural strength of nanocomposites with varying contents of carbon fibers 

and carbon nanotubes. 



 

Fig. 5 Variation of Flexural Modulus of nanocomposites with varying contents of carbon fibers 

and carbon nanotubes. 

 

Fig. 6 Variation of Sceleroscopic Hardness of the Composite Samples with variable content of 

carbon nanotubes and carbon fibers. 



 

Fig. 7. Variation of Electrical Conductivities of the Nanocomposites. 

 

                 Fig. 8.  

 



                 Fig. 5.9. 

Fig. 8 and 9 show the SEM micrographs of nanocomposite samples carrying 1% carbon   fiber 

and 1% multiwalled CNTs dispersed within the epoxy resin matrix.

Fig. 10 

show the SEM micrographs of nanocomposite samples carrying 1% carbon   fiber 

and 1% multiwalled CNTs dispersed within the epoxy resin matrix. 

 

show the SEM micrographs of nanocomposite samples carrying 1% carbon   fiber 

 



 

Fig. 11 

Fig. 10 and 11 depict the SEM images of nanocomposites carrying 2%carbon fiber  and 2% carbon 

nanotube content, in weight proportion. 
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Abstract: One of the significant excited states often appeared in transition metal 

complexes is metal-to-ligand charge transfer (MLCT) transition accompanying the 

transfer of electron from metal to ligand. Some Cu(I) and Pt(0) compounds are 

luminescent which derive from two thermally populated singlet and triplet MLCT 

excited states.  Out of the two decay components (short-lived and long-lived) in the 

emission, the lifetime (τ) of short-lived component was determined to be ps time-

scale from the short-lived emission decay at ~700 nm by picosecond time-correlated 

single photon counting (TCSPC) technique. The quantum yields (Φ’) of these 

components are found to be 10
–4

~10
–5

. The short-lived components are assigned to 

prompt fluorescence from 
1
MLCT on the basis of radiative rate constants (kr ~ 10

6
 s

–1
; 

kr ==== ΦΦΦΦ’/ττττ). Large Stoke shifts of fluorescence indicate structural distortions at the 

excited states. One of the outstanding results emanates from the DFT study is that 

flattening distortion [with the dihedral angle changes of 6
0
 ~15

0
] occurs in the MLCT 

excited state. The distortion results in an energy splitting of larger than 4500 cm
–1

 

between HOMO and HOMO-1. π* Orbitals (LUMO and LUMO+1) of ligand with 

small d-orbital components (~6%) take part effectively in the slow ISC process with 

the spin-orbit integral of less than 50 cm
–1

 at the distorted geometry. The structural 

distortion decreases the radiative rate constant of phosphorescence. Delayed 

fluorescence is favorably observed due to the increase of fluorescence quantum yield 

and the decrease of phosphorescence quantum yield. 

Keywords: Computational Chemistry, HOMO, LUMO, structural distortion 



 

 

Introduction 

The importance of light for the maintenance and sustenance of life on earth has been a 

subject of wide concern since ancient civilizations. Studies on the absorption of light 

by matter and its chemical and physical consequences are yet to be explored fully 

with brighter perspectives. Research on photoelectrochemical cell stimulates 

worldwide quest for alternative energy sources (Pallenberg et al. 1995).  Any 

photophysical or photochemical system involves absorption of light (i. e. photon) by 

molecules. After the absorption of light and transformation the light energy into 

electronic excitation energy, the molecules get excited forming unstable species. This 

excited species must undergo some types of deactivation processes which are as 

follows:  

(i) radiative process: 

                 a) fluorescence (transitions between states of the same spin) 

                 b) phosphorescence (transitions between excited states of the different spin) 

(ii) nonradiative or radiationless process 

   a) internal conversion (IC) (transitions between states of the same spin) 

        b) intersystem crossing (ISC) (transitions between excited states of the  

            different spin) 

(iii) Photochemical reaction (disappearance of the original molecules)  

(iv) Bimolecular nonradiative process  

In metal complexes, plenty of excited states are to be appeared 

due to the interactions between metal and ligand. Excited states of transition metal 

complexes can be classified in terms of orbital parentage as metal-centered (MC) or 

ligand field (LF), Intraligand (IL) or ligand-centered (LC), and metal-to-ligand charge 

transfer (MLCT) or ligand-to-metal charge transfer (LMCT). Orbital parentage is 

essentially a way to describe the difference in electron distribution between the 

ground and excited states. This change is concentrated on the central metal ion in MC 

(or LF) state and IL or LC state involves electronic changes in one or more of the 

ligands. There is a charge displacement from the metal to ligand in the MLCT state 

and the reverse displacement from the ligand to metal occurs in the LMCT. Recently, 



MLCT state has been paid much attention because it was found to play significant 

role in the electron injection mechanisms of light harvesting device such as dye-

sensitized solar cell. Attempts have been made to explore the phenomena of excited 

states in d
6
 and d

10
 transition metal compounds.  

Experimental and Instrumentation 

 [Pt(binap)2] was synthesized and its solutions in different solvents 

were deoxygenated by repeating pump-freeze-thaw cycles in a lab-made pyrex vessel 

and then transferred into an optical cell (1 mm × 10 mm) before photophysical 

measurements since the compound is not stable in aerated solutions. Spectral grades 

toluene, dichloromethane, acetonitrile and all other reagents were used. 

Absorption spectra were measured on a Hitachi 

spectrophotometer (U 3400). Emission spectra (steady state) were recorded by using a 

grating monochromator (Jasco CT25-C) with a photodiode image sensor (Hamamatsu 

C4351). A sample was excited by using an Ar ion laser (488 nm, 100 mW, Lambda 

Co). A cryostat (Oxford ND-1740) with a temperature controller (Oxford ITC-502) 

was used. The detector sensitivity was corrected by using a bromine lamp (Ushio IPD 

100V 500WCS). Picosecond time-resolved emission spectra were measured using a 

time-correlated single photon counting (TCSPC) system (Tsushima et al. 2000).  

For the determination of the emission lifetime, a sample solution 

in a 1 mm quartz cell was excited with the second harmonics (400 nm, 700 KHz 

P1Pt
P3

P

Ph

Ph

Ph
Ph Ph Ph

PhPh

[Pt(binap)2] (Ph=C6H5)

P2
4

Fig. 1. Structure of [Pt(binap)2] 



repetition rate) of a lab-made cavity-dumped mode-locked Ti-sapphire laser(  

Tsushima et al. 2000). A repetition rate of excitation pulse was 700 KHz. For the 

measurement of emission spectra, the second harmonics (400 nm, 10 ~ 50 mW, 80 

MHz repetition rate) of a mode-locked Ti-saphire laser (Tsunami Spectra Physics) 

was used for excitation. The TCSPC data were recorded at every 10 nm in the range 

from 550 nm to 810 nm. One set of the data was scanned within 15 ~ 30 minutes. 

Emission spectra were constructed by accumulating the 5 sets of data. Instrumental 

response function (IRF) of the TCSPC system was 40 ps at the full width of half 

maximum (FWHM). Depolarized light was used in all cases for the determination of 

emission quantum yield.
 
  

 

Computational method 

                       Density functional calculations have been carried out with Amsterdam 

Density Functional program package (version 1999) ( Velde et al. 1992, Becke 1988, 

Perdew 1986 ). An uncontracted triple -ζ  Slater-type orbital (STO) basis set with one 

polarization function was used for the P, C, N and H atoms. For Pt a triple -ζ , 5s, 5p, 

5d and 6s basis with one 6p STO was used. ZORA was used for relativistic 

correction. The core orbitals (P: 1s-2p; C: 1s; Pt: 1s-4d) have been kept frozen during 

the SCF calculation. The generalized gradient approximated (GGA) potentials by 

Becke (1988)
4
 and Perdew (1986) have been employed for geometry optimization. 

The Van Leeuwen-Baerends potentials (LB 94)(Perdew 1986) have been used for 

calculation of excitation energy using time-dependent density functional theory 

(TDDFT)(Leeuwen 1994). Spin-orbit integrals between singlet and triplet states have 

been calculated using 3d atomic-orbital coefficients obtained from the DFT 

calculation. The spin-orbit coupling constant is inversely proportional to mean cubic 

radial distribution (
3

r̂ ) of electron and thus depends on the shape of 5d atomic 

orbitals(Gross et al. 1996.). MOLEKEL was used for viewing the HOMO and LUMO 

(Flukiger et al. 2000). 

 

Results and Discussions 

A strong MLCT (platinum-to-binap charge transfer) band at about 

18800 cm
–1

 (ε = 14.2×10
3
 M

–1
 cm

–1
, oscillator strength (f) ~0.25) was observed in the 



absorption spectrum of [Pt(binap)2] in toluene (solid line in Figure 2). The peak 

maximum was observed at about 13.1×10
3
 cm

–1
 in the steady-state emission spectrum 

(dotted line in Fig 5.2). A red shift and a decrease in intensity of the emission were 

observed on lowering the temperature from 298 K to 153 K (Figure 3). 
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Fig. 2. Absorption, steady-state emission and the time-gated emission 

spectra for short-living component (time-gated from –20 to 150 ps) of 

[Pt(binap)2] in toluene at 298 K. 
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Fig. 3. Emission spectra of [Pt(binap)2] in toluene at various 

temperature: from top to bottom: 298 K, 273 K, 253 K, 233 

K, 213 K, 193 K, 173 K and 153 K, respectively. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig.5. Time-profile in microsecond time region for 

[Pt(binap)2] at 750 nm in deaerated toluene. 
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The peak maximum of [Pt(binap)2] about 12.0×10
3
  cm

–1
 

observed at 173 K is predicted as an emission from triplet metal-to-ligand charge 

transfer (
3
MLCT) state. At 298 K, the emission peak energy increases to 13100 cm

–1
 

that can be ascertained to originate from an upper-lying emissive state. The time-

profile of the TCSPC data observed at 750 nm when the toluene solutions of the 

platinum(0) compound was excited with 400 nm (Figure 4). An intense short-lived 

emission without any delay was followed by a long-lived emission (Figure 4). The 

lifetime of the short-lived component was shorter than the time-resolution of our 

TCSPC system (15 ps, Figure 5). The time-gated emission spectrum for the short-

lived component was obtained by integrating the photons (i.e. relative emission 

intensity) counted in the time range from –20 ps to 150 ps at each wavelength (from 

550 nm to 810 nm for [Pt(binap)2]. The resulting emission spectrum (dash-dotted line 

in Figure 5.2) is comparable to the steady-state emission spectrum (dotted line in 

Figure 2). The quantum yield of short- lived emission is determined to be 1.56 × 10
–4

 

with the excitation wavelength of 400 nm whereas the total emission quantum yield is 

0.124 at 300 K in toluene. The total emission quantum yield (9.9×10
–3

) is decreased 

and the short- lived emission quantum yield (1.62 ×10
–4

) is little bit increased in 

dichloromethane compared to that in toluene.  

Table 1. Lifetimes and quantum yields of long-lived and short-lived emissions of 

[Pt(binap)2] at 300 K 

 

 
solvent 

max~
emνννν

 
/ 103 cm-1 

  

 Φem’  

long-lived emission short-lived emission 

τ l /µs Φem’/τ l 
/ 104 s–1 

Φ 
em

* 

/ 10 –4 

τ s / ps Φem/τ s  
/ 107 s–1 

 
toluene 

 

 

dichloro- 

methane 
 

acetonitrile 
 

 

 
13.1 

 

 

12.9 

 
 

12.8 
 

 
0.124 

 

 

0.0099 

 
 

0.0090 
 

 

 
1.25 

 

 

0.18 

 
 

0.095 
 

 

 
9.9  

 

 

5.5 

 
 

9.5 
 

   

 
 1.56 

 

  

1.62 

 
 

- 
 

 
3.2** 

 

 

< 17 

 
 

 - 
 

 
4.9** 

 

 

> 0.95 

 
 

- 

    *
 determined with the excitation at 400 nm 

**
 determined from the decay (at 750nm) analysis of sub-picosecond transient-absorption spectra 

 



The lifetime of long-lived emission is strongly dependent of 

solvent: lifetime of 1.25 µs in toluene is reduced to 180 ns (in dichloromethane) and 

95 ns (acetonitrile). The peak energies and the lifetimes of short-lived and long-lived 

emissions are summarized in Table 1.  The lifetime of long-lived component (1.25 µs) 

is going to be increased to ~8 µs at the lower temperature of 153 K. The apparent 

radiative rate (kr, app = Φem’ /τ l) at each temperature was obtained from the 

corresponding quantum yield (Φem’) and the lifetime (τl) of the long-lived component. 

The kr,app of 9.92 × 10 
4
 s

–1
 at 298 K is decreased to 3 × 10 

3
 s

–1
 at 153 K.  

 

Computational chemistry calculations (Density functional calculations) 

                 In order to understand the photophysical properties and the excited state 

dynamics of MLCT states of the platinum (0) compound, DFT calculation on 

[Pt(binap)2] was performed. To ascertain the quality of the calculation, the geometry 

obtained by DFT was compared with the X-ray structure (Cunningham et al. 1999 ).
9
 

The symmetry was set to D2 in all the calculations. The most of the bond lengths and 

angles in the geometry optimized as [Pt(binap)2] are in well agreement with the 

observed ones less than 2% error. Observed bond distance of Pt – P is 233.1 pm 

whereas the calculated one at the ground state geometry is 237.4 pm. The observed 

bond angle of P1 – Pt – P2 is 88.05
o
 and calculated bond angle at the ground state 

geometry is 93.29
o
. The observed dihedral angle (dha) is 89.96

o
 and calculated dha at 

the ground state geometry is 89.58
o
. The structure at ground state seems to be almost 

tetrahedral. 

The geometry of MLCT state was obtained by performing geometry 

optimization as the lowest 
3
MLCT state. A close resemblance was found in between 

the structures of the MLCT and [Pt(I)(binap)2]
+
(d

9
) as has been seen for 

[Cu(dmphen)2]
+
.
4
 As for example, the calculated bond distances of Pt – P are 242.5 

pm for 
3
MLCT and 241.8 pm for Pt(I) geometry. The dihedral angle between the 

binap ligands and P1 – Pt – P2 bond angle are 83.83
o
 and 89.95

o
 for Pt(I) geometry, 

84.06
o
 and 89.42

o
 for 

3
MLCT geometry, respectively. The change in dha at MLCT 

state from the ground state is ca. 6
o
 implying small structural distortion in the excited 

state.    



MO energy levels of [Pt(binap)2] at the ground state and the MLCT 

geometries are shown in Figure 6 with the coefficients of d-orbitals in parentheses. 

The HOMO (58b2) mainly consists of 5d orbitals (~31 %) and 6p orbitals (~8 %) of 

Pt; 3s, 3p and 3d orbitals (~32 %) of P and 2p orbital (~13 %) of C at the phenyl 

group. The HOMO is out of phase combination of 5dxz and an occupied MO of 

mainly 3p of P as shown in Figure 3-9. On the other hand, there are about 80 % 

contributions of 2p orbital of C of naphthyl and 2% of 3d orbital of P of binap in the 

LUMO (59b1) (Figure 7).  

At the ground state geometry, HOMO (58b2) and HOMO–1 (58b1) 

are closely-lying (with energy difference of about 1000 cm
–1

) whereas at the excited 

state (MLCT geometry), these two orbitals are split with the energy difference of 

about 4.6 × 10
3
 cm

–1
 in spite of small distortion in tetrahedral structure. That is 

because energy level of dxz (58b2) increases due to the increase in antibonding 

interactions between dxz orbital electron and an occupied MO of binap ligand. But the 

eV

-2.0

-3.5

-4.0

-4.5

-2.5

(5dyz :-0.63)

59 b3

(5dxy :-0.65)

(5dxz :0.61)
58 b1

58 b2

(5dxy :0.11)

(5dz2 :-0.062

  5dx2-y2:-0.028)

(5dyz :-0.053) (5dxz :0.14)

(5dyz :0.66)

(5dxy :-0.67)

(5dxz :-0.61)

(5dxy :0.11)

(5dyz :-0.053) (5dxz :0.21)

(5dz2 :0.063

  5dx2-y2:0.019)
59 b1

60 b3

60 a 59 b2

Fig.6. MO energy level at the ground state (a) and at the MLCT 

geometry (b). Coefficients of d-orbitals in each MOs are given in 

parentheses. 

a b 



energy level of HOMO–1 (58b1) remains almost unchanged between the two 

geometries. The increment of overlap integral between 5dxz and binap orbitals in 58b2 

from GS to 
3
MLCT geometry is about 15% (from –1.79 × 10

–1
 to –2.05 × 10

–1
); on 

the other hand, the change in overlap integral between 5dxy and binap orbitals for 58b1 

from GS to 
3
MLCT geometry is almost negligible (from –1.58 × 10

–1
 to –1.51 × 10

–1
) 

resulting the HOMO–1 levels unchanged. One of the possible reasons is that less 

repulsive interactions between the dxy and binap orbital seem to occur (bond distance 

between dxy and P of binap may probably be longer than that of between dxz and P of 

binap in the excited state) due to the distant location of the binap ligand from 

platinum in the x-y axis resulting in the energy level of HOMO–1 (58b1) almost 

unchanged at the excited state geometry. The singlet-triplet energy gap of the lowest 

transition is 1500 cm
–1

. The excitation energy (15.4 × 10
3
 cm

–1
) calculated for the 

lowest MLCT transition at the ground state geometry was lower than that (18.9 × 10
3
 

cm
–1

) observed partly because of solvent effect. Our DFT calculation ascertains that 

the lowest excited state has the electronic configuration, 58b2 → 59b1 (1
1
B3 state) and 

has the largest oscillator strength 0.12 among lower-lying MLCT transitions 

(observed 0.25). The direction of the transition dipole is along with x-axis depicted in 

Figure 7. 



LUMO (59b1) 

80.0 % (2p of C) 

1.9 % (3d of P) 

HOMO (58b2) 

30.6 % (5d of Pt) 

8.2 % (6p of Pt) 

32.4 % (3s+3p+3d of P) 

13.4 % (2p of C) 

Figure 7. HOMO (58 b2) and LUMO (59 b1) of [Pt(binap)2] by DFT calculation 

 

 

It is very needful to assign the short-lived emission that is detected by TCSPC 

technique in picosecond time region (Figure 4). It is reported that the radiative rate 

constants (kr) of 
3
MLCT are ~ 10

6
 s

–1
; kr of [Ru(bpy)3]

2+
( Kirchhoff et al. 1983), 

[Re(bpy)(CO)(py)]
+
(py=pyridine)( Dobson et al. 1984), [Os(bpy)3]

2+
( Cunningham et 

al. 2000), [Ir(ppy)
3
](ppy= 2-phenylpyridine) (Siddique et al. 2004) are 4.6 × 10

5
 s

–1
, 



2.5 × 10
5
 s

–1
, 1 × 10

5
 s

–1
, 2 × 10

5
 s

–1
 respectively. The observed value of kr for this 

short-lived emission of this compound is as large as 4.9 × 10
7
 s

–1
 (Table 1). 

Furthermore, the observed kr is in good agreement with that (3 × 10
7
 s

–1
) calculated 

from oscillator strength of the MLCT band (0.25). Therefore, the short-lived emission 

is assigned to prompt fluorescence from 1
1
B3 → GS. 

As the temperature dependence of emission of [Pt(binap)2]
+
 

resembles to that of copper(I) bis(diimine) compounds(Becke et al. 1988 ),
4
 we used 

the multiple-level model proposed by McMillin to explain the thermally populated 

two MLCT excited states in the case of copper(I) bis(diimine) compounds(Velde et al. 

1992 ).
3
 According to the model (Scheme 1), the equilibrium constant at the 

equilibrium limit of two states (1 and 3) is expressed as   

  

   

                    

 

where E∆∆∆∆  is the energy difference between states 1 and 3, g1 and g3 are their 

respective degeneracies.  

Apparent radiative rate constants for this system can be determined 

from the following expression 

  

   

 

where k1r and k3r are radiative rate constants for upper-lying state (1) and lower-lying 

state (3), respectively. 

The lifetimes at various temperatures within the temperature range 

of 300 K to 153 K in toluene was measured. Fast apparent radiative rate process at 

300 K is going to be replaced by the slow radiative rate process at lower temperature 

of 153 K. The plot of logarithm of apparent radiative rates (Φem’ /τ l) against inverse 

of temperatures was analyzed by non-linear least square curve fitting method 

assuming that k1r and k3r are temperature independent, g1 = 1 and g2 = 3 and E∆∆∆∆  is 

peak energy difference of the two components at 298 K and 153 K (corrected 

temperature dependent emission spectra, Figure 5). This analysis provides as  
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k1r = 7.7 × 10 
7
 s

–1
 ;  k3r = 2.7 × 10 

3
 s

–1
 and E∆∆∆∆ = 1400 cm

–1
. 

 

 

 

 

 

 

 

 

 

 

 

These results suggest that the radiative rate constant (k1r) (upper-lying state: 1 in 

Scheme 1) is comparable to that (4.9 × 10 
7
 s

–1
) of the short-lived emission. It reveals 

from the temperature-dependent emission spectra that the intensity is decreased and 

the peak maximum is red-shifted as the temperature decreases (Figure 4). The shapes 

of the time-gated emission spectra and the steady-state emission spectra are almost 

same with the comparable peak maxima at 300K. Therefore, the long-lived emission 

at 300 K is delayed fluorescence(
3
MLCT ⇔ 

1
MLCT→ GS). Both the prompt and 

delayed fluorescences occur as a result of the transition from 
1
MLCT (1

1
B3) to ground 

state. The energy gap between 
3
MLCT and 

1
MLCT is 1400 cm

–1 
which is in excellent 

agreement with the value (1500 cm
–1

) calculated from TDDFT. 

Similar type of short-emission spectrum (dash-dotted line in Figure 

3) is comparable to the steady-state emission spectrum (dotted line in Figure 3). The 

quantum yield of short- lived emission is determined to be 1.56 × 10
–4

 with the 

excitation wavelength of 400 nm whereas the total emission quantum yield is 0.124 at 

300 K in toluene. The total emission quantum yield (9.9×10
–3

) is decreased and the 

short- lived emission quantum yield (1.62 × 10
–4

) is little bit increased in 

dichloromethane compared to that in toluene. The lifetime of long-lived emission is 

strongly dependent of solvent: lifetime of 1.25 µs in toluene is reduced to 180 ns (in 

dichloromethane) and 95 ns (acetonitrile). The peak energies and the lifetimes of 

short-lived and long-lived emissions are summarized in Table 5.1. emission was 

1

3

0

k1r

k3r

k1nr
k3nr

Scheme 5.1. Deactivation model [1: 
1
MLCT, 3: 

3MLCT, 0: ground state, solid arrows are 

radiative paths and dashed-arrows are non-

radiative paths] 

 



assigned to singlet MLCT in the case of copper (I) bis(diimine) compound (both are 

d
10

 metal compounds)( Becke et al. 1988 ).
4
 On the other hand, the emission with the 

maximum (12 × 10 
3
 cm

–1
) at 153 K (lower-lying state: 3 in Scheme 1) is assigned to 

phosphorescence from 
3
MLCT state. 

 

Conclusion 

Dual emission of [Pt(binap)2] in toluene has been observed. Short-

lived emission component was assigned to prompt fluorescence from 
1
MLCT. The 

lifetime of 
1
MLCT was determined as 3.2 ps from the decay of induced emission at 

750 nm by sub-picosecond transient spectroscopy. The long-lived emission at 300 K 

is delayed fluorescence and the emission at the lower temperature of 153 K was 

assigned to phosphorescence from 
3
MLCT state.  

DFT calculation reveals that HOMOs (58b1 and 58b2) with large d-

orbital contributions are split having a splitting energy of 4600 cm 
–1

 due to Jahn-

teller effect which do not take part in the ISC process. LUMOs (59 b1, 59 b2, 60a and 

60 b3) resided mainly on the ligand with very small d-orbital coefficients take part in 

the slow ISC. The lower value of spin-orbit integrals (less than 50 cm 
–1

) between the 

lowest 
1
MLCT and the lower-lying 

3
MLCT states at the distorted excited state 

geometry is responsible for the slow ISC rate. Structural distortion implies slower ISC 

rate which enhances the fluorescence quantum yield and decreases the 

phosphorescence quantum yield, and thereby capable of exhibiting delayed 

fluorescence logically.            

One of the outstanding results emanates from the DFT study is that 

flattening distortion [with the dihedral angle changes of 15
0
 in copper(I) compound] 

occurs in the MLCT excited state(Siddique et al., 2003  ).
 
 This results in an energy 

splitting of larger than 4500 cm
–1

 between HOMO and HOMO-1 at the distorted 

geometry where d orbital contributions (~70%) are maximal. Higher-lying MOs 

(LUMO) located mainly on ligands with small d-orbital components (~6%) take part 

effectively in the slow ISC process. Electron hopping among d orbitals in LUMOs are 

participated in the spin-orbit coupling between the lowest 
1
MLCT and other low-lying 

3
MLCT states (< 50 cm

–1
) at the distorted geometry. 



Jahn-Teller distortion is observed in the MLCT states of d
10

 metal 

compounds where weak SOI is responsible for the slow ISC rate (Siddique et al. 

2003). Out of two types of Jahn-Teller distortions (flattening and elongation), 

flattening distortion (i.e., dihedral angle change) seems to be dominant in these d
10

 

metal compounds making the geometry distorted tetrahedral at the excited state from 

the ground state pseudo-tetrahedral structure.   

Lifetimes of singlet excited states of metal compounds have been 

gaining popularity due to their applications in molecular photonic devices. It is still 

ambiguous whether excited electron is localized to a ligand or delocalized over the 

two ligands in the MLCT excited states of such d
10

 metal compounds. Most 

outstanding outcome of this study is that all experimental photophysical investigations 

of such compounds are well explainable by the sophisticated computational chemistry 

tool without a bit ambiguity.     
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Abstract 

The concept of green chemistry has encouraged organic chemists to use water as solvent in the 

organic synthesis. Enhanced reactivity of reactants can be observed in aldol reactions using 

surfactants aqueous solutions through the supportive and co-operative effects of micelles and 

water. Effectiveness of aqueous micellar systems for promotion of aldol reactions was reviewed 

and the use of aqueous micellar systems was also explored for important cross aldol 

condensation reactions. The cross aldol condensation reaction of benzaldehyde and 

cyclohexanone as model reaction was carried out in aqueous quaternary ammonium surfactants 

(QASs) micellar media studying the role of surfactant micelles and the effect of surfactant nature 

(hydrophobicity) and concentration on the reaction. The reaction was observed to be very fast 

and selective to desired product (100%) with C16QAS micellar solution at high concentration. 

Keywords: Surfactants, quaternary ammonium surfactants, micelles, micellar catalysis, aldol 

condensation, green chemistry. 
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1 Introduction 

Enormous efforts is being made on the use of ecofriendly or green methods for chemical 

synthesis for the industrial viability of the processes [1], which is possible by adopting either 

solvent-free system or by using water as cheap and safe solvent in comparison of organic 

solvents. There are numerous examples of aqueous organic reactions, in which water promotes 

the organic reactions [2]. The water molecules activate the reactant molecules through hydrogen 

bonding. Therefore, it is desirable to perform organic reactions in water. However, the major 

constrain of water mediated synthesis is the limited solubility of most of hydrophobic organic 

compounds in water [3-7]. It is of great need to devise the aqueous reaction systems having 

confined hydrophobic environment in water, which can make hydrophobic compounds 

compatible with aqueous system by solubilization facilitating reaction with water soluble 

reactants or catalysts. 

The micelles are nano structured aggregates of amphiphilic surfactant molecules having 

hydrophobic core and ionic surface, which make the organic substrates compatible with aqueous 

medium for reactions showing significant enhancement in reaction rate [8]. The use of micelle in 

catalysis plays a foremost role in the development of economical, energy efficient and 

environmentally benign processes using water as solvent. It reduces the consumption of 

hazardous reagents, solvents and minimizes the waste generation [9].  Also the efficacy of 

catalyst, selectivity to the desired product and rate of reaction can be improved with the use of 

aqueous micelles, due to presence of well-defined phase-separated core–shell morphology in 

which core functioned as a hydrophobic pocket and shell behaves as hydophillic corona [10,11]. 

It provide a suitable reaction environment for lipophilic (oil loving) and inorganic hydrophilic 

(water loving) components (e.g., catalysts) and over comes the problem of reagents immiscibility 
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due to the confined encapsulation of the substrate, intermediate and products within the 

hydrophobic core [12]. In micelles, the localized concentration of reactants and catalytic species, 

stabilization of ionic intermediates or transition state facilitate the reactions [13]. It also makes 

the reaction selective to desired product by orienting the reactant molecules at interface [14]. 

The catalysis using micelles, also called micellar catalysis, is widespread and has been 

investigated in detail for different reactions in aqueous solutions [4,5,8,15]. The surfactant 

structure and nature (cationic/ anionic/ nonionic/zwitterionic) [16], chain length [17], head group 

size [18], surfactant concentration [19], electrolytes [20], organic additives [21], substrate/ 

reactant concentration, substrate structure (hydrophobicity, substituent etc.) [22], reaction 

temperature [23], etc. are some major factors influencing the micellar catalysis. The co-operative 

effect of micelles and water on micellar catalysis has also been observed [24]. 

The aldol condensation is an important chemical reaction in which an enol or an enolate ion 

reacts with a carbonyl compound to form an β-hydroxy carbonyl (adduct), or an α, β-unsaturated 

carbonyl product after dehydration.  It is one of the most powerful tools for the construction of 

new C–C bond. Some important asymmetric aldol reactions, which are discussed in next section, 

have been reported in micellar media showing enhanced reaction rate and product selectivity 

than non-micellar reactions. 

2 Asymmetric aldol reactions in aqueous micellar systems: Role of surfactant micelles and 

effect of surfactant nature 

There are several reports discussing the effectiveness of micellar systems on the asymmetric 

aldol reactions. Zhang et al [24] reported that in aqueous surfactant solutions the catalytic 

activity and enantioselectivity of the synthesized chitosan-supported L-proline complex was 

improved for direct asymmetric aldol reactions of p-nitrobenzaldehyde and ketone (Scheme 1) as 
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compared to the reactions in various organic solvents (cyclohexanone, DMF, THF, ethanol, 

DMSO, N-methyl-2-pyrrolidone: NMP) and water. Water promotes the reaction by swelling and 

unfolding of the chitosan-L proline molecule exposing the catalytic sites for reaction and 

surfactant micelles further enhanced the catalytic activity by adsorbing the hydrophilic hydroxyl 

and amino groups of chitosan and the grafted catalytic center of prolimade. The micelle could 

also act as hydrophobic pockets, allowing the solubilization of reactants for interaction with 

catalytic centers and help in reaction. 

 

 

 

 

Scheme 1. Aldol reaction of substituted benzaldehyde and cyclohexanone catalyzed by chitosan-

L proline catalyst [24]. 

Kobayashi et al. [25] demonstrated the effectiveness of Lewis acid surfactant combined catalytic 

system in aqueous media for the model reaction of aldehydes with silyl enol ethers (Scheme 2). 

Several water-compatible Lewis acids catalysts (for example, lanthanide triflates) were used for 

aldol and related reactions in aqueous media. A remarkable enhancement in reaction rate, high 

yield of aldol adduct was obtained when the reaction was carried out in the presence of Sc(OTf)3 

in an aqueous micellar solution of sodium dodecyl sulfate (SDS) while reaction proceed slowly 

in the absence of SDS in water. They investigated that the type of surfactant 

(nonionic/cationic/anionic) influenced the yield of product. Nonionic surfactant, Triton X-100 

was efficient in the aldol reaction but it require longer reaction time to occur, while cationic 

surfactant (cetyltrimethylammonium bromide: CTAB) yield only a trace amount of the aldol 

O2N

CHO

+

O
O

O2N

OH

chitosan-supported
L-proline complex

Aq. micellar solution/
cyclohexanone, DMF, 
THF, ethanol, DMSO, 
N-methyl-2-pyrrolidone
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adduct. The interaction between metal and of anionic surfactant micelles negative is the key 

parameter in the reaction enhancement. High local concentration of scandium cation (catalyst) 

and dispersed organic phases (reactants) near micelle interface is major reason of the anionic 

surfactant effectiveness. The conversions of numerous reactions were increased by the addition 

of surfactants such as SDS and triton X-100.   

 

 

 

 

Scheme 2. Lewis acid-surfactant-combined catalyst mediated asymmetric aldol reactions in 

water [25]. 

Use of surfactant type acids and bases has been explored [26] in aldol reactions of aldehydes 

with silyl enolates in aqueous system (Scheme 3). Remarkable enhancement in reactivity was 

achieved by using Lewis acid–surfactant-combined catalysts (LASC)/ Brønsted acids systems. 

Dual nature of these molecules, as a surfactant micelle to increase the local concentration of 

organic reactants near interface and as a catalyst to activate the substrate molecules is the 

advantageous feature to perform reaction in water. The reactivity of scandium tris(dodecyl 

sulfate; Sc(DS)3) in aldol reactions of aldehydes with silyl enolates is remarkably enhanced in 

the presence of Brønsted acids such as HCl. Similarly, Kobayashi et al [27] has also performed 

catalytic asymmetric aldol reactions in water by using a combination of copper bis(dodecyl 

sulfate) as catalyst & surfactant and a chiral bis(oxazoline) ligand in order to achieve the desired 

products in high yields with good enantiomeric excesses. 

RCHO +
Ph

OSiMe3

Ph

OOH

Sc(OTf)3, r.t.

water/ aq.surfactant system
(cationic/anionic/nonionic)



6 

 

 

 

 

Scheme 3. Scandium tris(dodecyl sulfate) catalyzedin aldol reactions of aldehydes with silyl 

enolates in presence of Brønsted acid [26]. 

Deng et al [28] investigated the catalytic properties of acyclic amino acids stereoselective aldol 

reactions in aqueous micelles. The L-alanine (Ala) catalyzed aldol reaction between 

cyclopentanone and 4-nitrobenzaldehyde was taken as a model reaction (Scheme 4). Effect of 

anionic (sodium dodecyl sulfate: SDS; sodium dodecylbenzene sulfonate: SDBS; sodium lauryl 

sulfonate: SLS; sodium laurate: SL), nonionic (polyoxyethylene sorbitan monooleate: Tween-

20), and cationic (cetyl trimethylammonium bromide: CTAB) micelles were studied on the yield 

and stereoselectivity of the products. Anionic (SDS) micelles were found to be suitable for both 

basic and neutral amino acids for stereoselective aldol reaction at room temperature. 78% yield 

of desired aldol adduct was obtained in lesser time, compared to in bulk H2O (25%). The 

surfactants like CTAB (cationic surfactant) and the Tween-20 (neutral surfactant) showed 

negative effect on the reaction. 

 

 

 

 

Scheme 4. Aldol condensation of cyclopentanone and p-nitrobenzaldehyde [28]. 

Similarly, Peng et al [29] studied L-proline-catalyzed aldol reaction between nitrobenzaldehyde 

and various ketones in aqueous micellar medium (Scheme 5). Reactions in micellar solution 

R1CHO + R2

R3
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R3
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proceed faster with high yield of product than in pure water and other organic solvents. Effect of 

micelles nature, including anionic (SDS; sodium dodecyl sulfate, SDBS; sodium dodecylbenzene 

sulfonate, SLS; sodium lauryl sulfonate), nonionic (Triton X-100), and cationic 

(dodecyltrimethyl ammonium chloride: DTAC, hexadecyltrimethyl ammonium bromide: CTAB, 

octadecyltrimethyl ammonium chloride: OTAC, dodecyldimethyl benzal ammonium chloride: 

DDBAC) were studied on the reaction under similar conditions. Anionic (SDS, SDBS and SLS) 

micelles efficiently catalyzed the reaction than cationic and nonionic micelles. The different 

reaction mechanisms were proposed in micelles and organic solvent. An amine base and 

Brønsted acid co-catalyzed mechanism was proposed in organic solvents, where the involvement 

of both carboxylic acid group and pyrrolidine ring in the catalysis of reaction was observed to 

make complex by hydrogen bonding. In micelles only pyrrolidine ring could catalyze the 

reaction, which was confirmed by using L-proline methyl ester and L-hydroxyproline as catalyst 

giving comparable yield of the aldol product. Highly compact arrangement of complexes of 

reactant and L-proline in the hydrophobic region of micelle and activation of reactants by water 

molecules through hydrogen bonding were found to be the driving forces for the reaction.   

 

Scheme 5. Aldol condensation of acetone and p-nitrobenzaldehyde [29]. 
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3 Cross aldol reactions (Claisen Schmidt reactions) in aqueous micellar systems 

The cross aldol condensation reactions (also known as Claisen Schmidt reaction) between two 

different carbonyl compounds to form α, β-unsaturated carbonyl product after dehydration is 

considered to be an important class of organic reactions for the synthesis of α, β-unsaturated 

carbonyls (cross aldol products). The reactions are conventionally catalyzed by using inorganic 

bases like NaOH/ KOH, which are non-reusable and sometimes catalyze side reactions reducing 

the yield of desired product. The inorganic base-QAS cationic micellar system has been used in 

organic synthesis to promote the reactions [30-34], however, its applications to several 

synthetically useful reactions have been much less explored. Recently we reported that the 

NaOH-QAS cationic micellar system is effective to make the cross aldol reaction fast, selective 

and environmentally friendly [35]. The cross aldol condensation of aromatic aldehydes with 

cyclic ketones to bisubstituted cycloketones to α, α΄-bisalkylidene cyclohexanone (Scheme 6) as 

a model reaction was studied by Janhavi et al [32] in micellar media. The α, α΄-dibenzylidene 

cyclohexanone (di condensation product) is important intermediate chemical for bioactive 

pyrimidine derivatives, pharmaceutical and agrochemicals synthesis. Reaction in biphasic system 

(in water) at room temperature taking NaOH as a catalyst resulted only trace amount of the 

desired product. However, small quantity of a quaternary ammonium surfactant (cationic 

surfactant: CTAB) improved the yield of the di condensation product. It was found that the 

surfactant nature (cationic: CTAB & TTAB, anionic: SDS and nonionic: TX-114) affects the 

reaction and the cationic surfactants (CTAB) were suitable for the reaction. The cationic 

surfactant (CTAB) micelle provides common environment for reactants and catalyst (OH
-
) and 

helped in the enhancement of reaction rate. They also demonstrated the catalytic capability of 
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cationic micelles for Kneovenagel condensation of aromatic aldehyde and methylene active 

compounds without using NaOH. 

 

Scheme 6. Cross aldol condensation of 4-methoxy benzaldehyde and cyclohexanone [32]. 

 

In the present study, we report the effect of quaternary ammonium surfactant (QAS) chain length 

(hydrophobicity) and concentration on cross aldol condensation of benzaldehyde and 

cyclohexanone to α, α΄-dibenzylidene cyclohexanone (Scheme 7) in NaOH-QAS micellar 

system. The QAS chain length (hydrophobicity) and concentration were optimized for this 

reaction to achieve fast and selective conversion to di condensation product. 

 

 

Scheme 7. Aldol condensation of benzaldehyde (1) and cyclohexanone (2a) to α, α΄-

dibenzylidene cyclohexanone (3a) using NaOH-QAS solution. 
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4 Effect of surfactant chain length and concentration on cross aldol reaction (Scheme 7) in 

aqueous micellar solution 

In our previous work [35], we studied the effectiveness of CTAB micelles-NaOH catalytic 

system for selective cross condensation of benzaldehyde and n-heptanal to jasminaldehyde (cross 

aldol product) and for the first time, we were able to achieve the highest selectivity (~90%) of 

jasminaldehyde at equimolar aldol reaction of benzaldehyde (1) and n-heptanal (2b) in aqueous 

NaOH-CTAB micellar solution at room temperature (Scheme 8). In comparison of biphasic 

reactions in NaOH aqueous solution (in absence of surfactant), the aldol reactions in NaOH-

micellar solution were faster and selective to cross product without consumption of NaOH. The 

use of cationic micelles with homogeneous base (e.g., NaOH) not only improves the efficiency 

of catalytic system for selective reaction in aqueous medium but it also makes the homogeneous 

catalyst reusable. Effect of various parameters like surfactant chain length, surfactant 

concentration, reaction temperature and amount of catalyst were studied. The reaction rate and 

jasminaldehyde selectivity was influenced by surfactant chain length, concentration and reaction 

temperature. 

 

Scheme 8. Aldol condensation of benzaldehyde (1) and n-heptanal (2b) to jasminaldehyde (3b) 

using NaOH-QAS solution. 
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In extension to our work on aldol reactions using micellar catalytic systems, we observed the 

effect of surfactant nature (QAS chain length/ hydrophobicity) and concentration on conversion 

and selectivity to desired product in quaternary ammonium surfactant (QAS) micelles-NaOH 

mediated cross-aldol condensation of benzaldehyde with cyclohexanone (Scheme 7). Janhavi et 

al [32] have reported this reaction in micellar media showing enhanced reaction in cationic 

micelle (CTAB), however the effect of nature and concentration of cationic surfactant on rate of 

reaction and products selectivity were not discussed. Therefore, it was of our interest to 

investigate the effect of surfactant nature (chain length/ hydrophobicity) and concentration in 

NaOH-cationic micellar catalyzed cross aldol reaction of cyclohexanone with benzaldehyde. 

Different quaternary ammonium surfactants (C10QAS, C12QAS, C14QAS, C16QAS and C18QAS; 

Table 1) were studied to evaluate the potential of NaOH-QASs micellar systems for aldol 

reaction of benzaldehyde (1) and cyclohexanone (2a) in 15 mM QASs solutions (Scheme 7). 

Table 1. Structure of different QASs used in aldol reaction of benzaldehyde and 

cyclohexanone/heptanal in NaOH-QASs micellar. 

S.No. Surfactant 

1 

 

Decyl trimethyl ammonium 

bromide (C10QAS) 

2 

 

Dodecyl trimethyl ammonium 

bromide (C12QAS) 

3 

 

Tetradecyl trimethyl ammonium 

bromide (C14QAS) 

4 

 

Hexadecyl trimethyl ammonium 

bromide (C16QAS) 

5 
17

N Br

 

Octadecyl trimethyl ammonium 

bromide (C18QAS) 
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The aldol condensation of benzaldehyde (1) and cyclohexanone (2a) was carried out in NaOH-

surfactant aqueous solution. For comparison, the biphasic aldol reaction of benzaldehyde (1) and 

cyclohexanone (2a) was carried out in aqueous NaOH solution under similar reaction condition. 

In a 50 mL reaction tube of reaction station (12 Place Heated Carousel Reaction Station, 

RR99030, Radleys Discovery Technologies, UK), 10 mL of surfactant aqueous solution (of 

required concentration) was taken and a mixture of benzaldehyde (10 mmol) and cyclohexanone 

(5 mmol) was added in the solution under stirring. The NaOH (5 mmol) was dissolved in the 

solution and the reaction mixture was stirred at 60°C for the required period of time. After the 

completion of reaction, the reaction mixture was neutralized with concentrated HCl and excess 

of saturated NaCl solution was added to reduce the surfactant concentration below the cmc. The 

organic phase was extracted with ethyl acetate (10 mL) and was analyzed by gas 

chromatography (Agilent 7890). The conversion of cyclohexanone was calculated on the basis of 

its weight percent. 

The reaction in NaOH-QASs aqueous solutions gave remarkably higher conversion of 

cyclohexanone (C10QAS: 61 %; C12QAS: 76%; C14QAS: 78 %; C16QAS: 80%; C18QAS: 61 %) 

and selectivity to di-condensation product (3a; C10QAS: 18 %; C12QAS: 36 %; C14QAS: 50 %; 

C16QAS: 75 %; C18QAS: 17 %) than biphasic reaction (44% conversion; no 3a product). The 

presence of QASs micelles made the reaction faster showing enhanced interaction of 

cyclohexanone molecules with OH
- 

ions by increasing the interfacial area. The positively 

charged micelles will attract the OH
- 
ions increasing the pH of the micellar surface than the bulk 

solution [36]. The micelles will also concentrate the reactants by solubilizing in micelles in 

required orientation. The high pH at micellar surface will enhance OH
-
 ions availability at 

interface to produce more carbanions from cyclohexanone to react with benzaldehyde (Scheme 
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9). Our results also indicate that C16QAS micelles may be comparatively more stable structure 

than that of lower surfactants providing a stable platform to accommodate more number of 

benzaldehyde molecules for cross reaction with cyclohexanone carbanions. It was found that 

with increasing alkyl chain length of QASs from C10 to C16, the conversion as well as di-

condensation product selectivity also increased, however, with C18QAS reduced the conversion 

and selectivity for 3a. This may be attributed to increasing hydrophobicity of micelles 

populating. The similar results has also been reported that with increasing the alkyl chain length 

stability of micelles increases [37]. The extremely high hydrophobicity of C18QAS systems 

seems not to be favorable for the reaction due to either strong reactant-surfactant alkyl chain 

interaction or very tight packing of surfactant molecules. It indicates that C16QAS micellar 

system possesses optimum hydrophobicity facilitating the reaction. Thus it was found that the 

C16QAS micelles (i.e., cetyl trimethyl ammonium bromide: CTAB) gave highest conversion and 

3a cross product selectivity. Janhavi et al [32] have not observed much change in yield by 

varying the surfactant concentration in the range of 10mM to 20 mM (10 mM, 15mM & 20mM). 

However, we noticed that the reaction rate and product selectivity is significantly influenced by 

surfactant concentration giving complete conversion to 100% 3a product with 30 min at higher 

concentration (150-200 mM) of CTAB. The exact reason and mechanism for the effect of 

surfactant concentration on enhancement of reaction rate and 3a product selectivity is under 

investigation.  
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Scheme 9. Proposed mechanism of cross aldol condensation in CTAB aq. micellar system. 
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5 Reusability of micellar systems 

The micellar solutions can be reused and their reusability has been demonstrated in several 

studies. The micellar system reusability for enantioselective aldol condensation reactions has 

been reported by Zhang et al [24]. Micelles of nonionic surfactant (tween) were successfully 

reused for two catalytic cycles with maintained catalyst activity and stereoselectivity. The 

reusability of the CTAB micellar media was studied for cross-aldol and Kneovenegal 

condensation reactions [32]. Loss in product yield was observed when the filtrate of first cycle 

was used for next run. This was due to the loss of surfactant concentration. In aldol condensation 

of benzaldehyde and n-heptanal in NaOH-surfactant micellar solutions, the used up NaOH-

CTAB solution was reused for consecutive five reaction cycles under similar reaction condition 

[35]. After separation of the product from the top of solution, the remaining aqueous solution can 

be reused. Gradual decrease in conversion (from 96% to 87%) was observed which was due to 

either presence of unreacted reactants from previous reaction or loss of some NaOH/ surfactant 

amount, while the selectivity of jasminaldehyde remained unaffected. The final pH of the 

solution was not much changed showing the stability of NaOH-CTAB micellar system. 

6 Conclusions 

The micellar solutions are effective catalytic systems for selective asymmetric aldol/ cross aldol 

(Claisen Schmidt) condensation of carbonyls giving valuable products by greener route. The 

aldol reactions in micellar solution are faster and selective to aldol product. The aldol reaction in 

base-cationic micellar solutions were studied and observed that the reaction is influenced by 

surfactant nature (chain length) and concentration. The significant features of this methodology 

include faster rate of conversion with high selectivity to cross product, ease of product 

separation, ambient reaction conditions. Based on findings use of micellar system could be 
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explored for carrying out fast and selective cross aldol condensation based organic synthesis 

using greener route.  
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Abstract 

Density (ρ±10
-3

kg m
-3

), surface tension (γ ± 10
-2 

mNm
-1

), viscosity (η ± 10
-5

 mPa.s) 

friccohesity(σ ± 10
-5

Pa.smN
-1

) sound velocity (Vs±10
-2

ms
-1

) and refractive index (
i
µ r± 10

-4
), for 

0.776 to 7.086 molkg
-1

pyridine(PY), benzene(BEN) and aniline(ANI) aromatic hydrocarbons 

(AHCs)at 0.7 mol kg
-1

interval with acetonitrile(ACN) are reportedat 293.15 K. Densities were 

used for apparent molal volume (
0
i), γ and η calculations.The γ, η and σ data were fitted in 

polynomial regression with entire composition for γ
0
, η

0
 and σ

0
 limiting constants along with 

their slopes. Theηwas fitted with extended Jones Dole equation for intrinsic viscosity [η]m=0 or 

[η]. Their radii (r) was calculated with (3φ/4πNA)
1/3 

equation using ηr= 2.5φand is about 570 

nm.The [η] a concentration independent parameter illustrated AHCs-ACN interaction along with 

strengths as ANI > PY >BEN. Theγ
0
as BEN> PY > ANIdepicts stronger cohesive force (CF) 

with the BEN.The σ
0
and 

i
µ r

0
as ANI > PY > BEN depicted stronger intermolecular forces (IMF) 

than of the ACN.The trends of physicochemical data (PCD) are found function of π-conjugation 

and resonating structures such as disrupted π-conjugation (DPC), normal π-conjugation (NPC) 

and extended π-conjugation (EPC) of PY, BEN and ANI respectively. The PCP studies of such 

systems are useful for industrial mixturesfor synthesis, extraction, cleaning and formulation 

applications. 
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1. Introduction 

Recently, a molecular mixture (MM) of AHCs with polar solvents such as ACN is in high 

demands in industrial processes for several usessuch asdry cleaning, solubilizing, pest 

formulation and quality control [1].Their safe and effective usesneed certain prerequisite 

information [1] on their risk causing interacting nature with other matters either to be used with 

them or exposed in dealing with them in several operational proceduresalong withprevention of 

discharge to environment. The AHCs have π-conjugated ring thataffectsmolecular interaction[2-

5]activities in varied polarmedium. The above mentioned constitutional concepts induceda 

potential in their uses either to enhance reaction yield or catalyze products formation. If detailed 

and required informatory database on interacting and reacting activities are provided to chemists 

in organic synthesis, chemical engineering, textile dyeing, biophysics,polymers, petrochemicals, 

pharmaceuticals, pesticides, perfumes, biotechnology, sols gels, inks and cationic surfactant 

developing industries then the products qualities and procedural efficiency along with yield 

would manifolds.The AHCsand ACN used in organic synthesis[6] as starting material and 

effective solvents to remove tars, phenols, coloring matter from petroleum products and used to 

re-crystallize steroids [1,7].The AHCs mixtures could be as a different medium by analyzing 

PCD in advance. The ACN with 5.8 Debye polar aprotic used in SN2 reactions[8-10]andnon-

aqueous titrations for inorganic salts[11] as a solvent. Reportedly no adequate attention on 

peculiar interacting features isdrawn that hindered their best use in several chemical 

processes.No adequate literature on physicochemical properties of AHCs with organic or mixed 

solvents is reported that could assist configuration optimization and interacting simulations. 
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However, several instrumental sophistications are available to exponentially cater potential of 

MMfor smart and green chemical processes to deal with modern chemical mixtures. Notably, 

Kekule, in 1865developed hypotheses for benzene structure determination which still requires 

physicochemical input for making fundamental breakthrough as structural assets. The structural 

arrangementsare responsible for solving several complicated structural issues, for example,DNA 

structure by Watson and Crick. Thus, the structural studies are most attractive and inspiring in 

molecular and structural biology, biophysical, biochemical and biotechnologicalsciences [12]. 

The individual molecular structure act as a bio- and chemical sensors inso many processes to 

develop a separate molecular interaction engineering (MIE)based on Van der Waals, Lennard 

Jones potential and London dispersive force along with electro statisticaldipoles. Thus, the 

AHCs-ACNstudy hasmanifolds,significance and as authentic reference to others. The π-

conjugation driven physicochemical structural studies are yet to be reported. Had adequate 

studies been reported a big gap in uses of AHCs in so many undiscoveredareas would have been 

resolved.Therefore, to cater and focus structural potential of the AHCsthe studies were designed 

andanalyzetheir interacting activities with the ACN.TheMMof the AHCs do offers several risks 

due to carcinogenic and volatile nature where thePCDcould guide to device mechanism to 

minimize their adverse effectsby blocking their sites responsible for causing adverse effects. 

Thus, the studies were attempted with PY, ANI and ACN as weaker base andpolar solvents. For 

example, thePY has stronger Vander Waals, Lorenz forces to explain dipole-dipole interaction 

(DDI)where thePCD reflects structural reorientations and role of electron configuration in 

monitoring and developing IMF.The polar solvents of high dielectric constant are required as 

medium for promoting reactions involving ionization.For AHCs interacting sequential models 

could beas molecular reorientation engineering(MRE) → MIE → molecular geometrical 
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orientation which dissolution in ACN for solute-solvent interactions. Due to a quantum chemical 

treatment of molecular interactions the activation energy contribution could be as Emol = 

Eelectonic+ Evibrational + Erotational + Enuclear + Etranslationalbetween solute and solvent with stronger 

covalent bonding forces.These motions develop interacting gradient due to a covalently shared 

electron pair shift as NPC, EPC and DPC. Therefore to resolve certain unresolvedintricacies of 

molecular interactions with aprotic solventfor better understanding and reacting chemical 

processes. The interacting activities of AHCs were driven by pi-conjugation dynamics and 

activations caused due to electrostatic poles by shifting shared electron pair to more 

electronegative atoms. 

2. Experimental 

PY, BEN, ANI and ACN of HPLC grade (>99.8%) were used for ρ, Vs, 
i
µ r, η, γ and σ 

measurements as received fromRankem, India.The mixtures were prepared w/w with electronic 

Mettler Toledo MS-105 model balance with ± 0.01 mg reproducibility. The ρ ± 5x10
-3

 kg m
-3

 

and Vs± 0.5 m s
-1

 accuracy measured with Anton Paar Density and Sound velocity meter (DSA 

5000 M). The ρ and Vs measurements were based on oscillating quartz U tube of 3 mL sample 

capacity and filling within 15 sec. The tube was cleaned with acetone and dried with air pump 

after every measurement to avoid contamination. It was calibrated using mili-Q-water and 

cleaned air. The refractive index (RI, 
i
µ r) measured with Rudolph Research J 257 Automatic 

Refractometerwith ± 4x10
-4

.The measured
i
µ ris based on Snail’s rule as n = sin (i/r), the “i” 

incident and “r” is refractive light. In Refractometer, a sample was sandwiched in a thin layer 

between illuminating and refracting prisms. The η±10
-5 

mPa.s,γ±10
-2

 mNm
-1

and σ ± 10
-5

Pa.sN
-

1
mwere measured together with Survismeter whose procedural details are reported elsewhere[13-

17]. The Survismetersaveabout 98% experimental resources and infrastructural expenditure 
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along with producing accurate and précised data. The measurements were repeated several times 

and statistical data analysis was made that showed 95.5% confidence variance. 

3. Results 

Apparent molalvolume [18,19] was calculated with equation 1. 

( )( )( ) ( ))/(/10001
00

0

ρρρ
ρ

−−= mMV i
(1) 

The M and m is molar mass and molality respectively, and standard error in i
0
data is calculated 

with equation 2. 

i
0
 = ± (1000/m) ∆ρ/ρ(2) 

The ∆ρ = (ρ-ρ0), theρ is solute density and ρ0of solvent. Thedata are given in Table 1. The ηwas 

calculated with equation 3.  

η = [(t/t0) (ρ/ρ0)]η0(3) 

The tand t0 areflow times (vft), η andη0are viscosities of mixtureandACN respectively. The γwas 

calculated with equation 4.  

γ = [(n0/n) (ρ/ρ0)]γ0(4) 

The n and n0arependant drops (pdn),γ andγ0are surface tension of mixture and ACN 

respectively.The friccohesity[13, 14, 20, 21]was calculated with equation 5. 
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The σ0 = (η0/γ0), the B/t is kinetic energy and 0.0012 (1-ρ) buoyancy correction, thet0, t andn0, n 

are as usual. The B/t and 0.0012 (1-ρ) are in 10
-5

to 10
-6

 range[13]and omittedasequation 6. 

σ = [σo/(t0n0)(t.n)] or σ = Mc [(t.n)]   (6) 

The Mc = σ0/t0n0, is mansingh constant[13,15], the σ0isfriccohesity of ACN andcalculated with 

σ0=η0/γ0relation. The [η] was calculated with extended Jones Dole equation[16, 19] as under. 
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(ηr-1)/m = A+Bm + Dm
2
(7) 

The ηr = η/η0, the [(ηr-1)/m]limm = 0is intrinsic viscosity [η], the A and B are coefficientsfor 

solute-solute and solute-solvent interaction respectively.Theirradii (r) was calculated with ηr = 

2.5φ , an Einstein equation. The r derived from theφ values and fitted in equation 8. 

φ =4/3πNAr
3
orr =    

3/1

4

3









ANπ

φ
(8) 

The NA= 6.023x10
23

 is Avogadro number. The mili-Q- water was used for viscosity and surface 

tension calibration whose density was 0.998222 (±10
3
kg m

-3
) measuredwith Anton Paar which is 

well agreed with literature value 0.9982 (±10
3 

kg m
-3

) [22] and given in Table 1. Theviscosity 

constant (kvis) of the Survismeterwas calculated with equation9. 

ηACN = kvisρ.t(9) 

The measurements were repeated several times to ascertain accuracy and precision.  

4. Discussion 

Acetonitrile belongs to a nitrile series is anaprotic polar solvent andstabilized structure by DDI 

[23, 24].The CH3-C
δ+

=N
δ- 

with electron deficient and rich, behave as partially electrophilicand 

nucleophilic respectivelywith the DPC, NPC and EPC due to a shift of covalently shared electron 

pair. Such electronically controlledACN gains additional interactinggradient and activity defined 

as µ = µ
0
 + RT lna.m or ∆µ = (µ-µ

0
) = RT ln a.m. The “a” isactivity, “m” molality andµare 

interacting efficiency or chemical potential. The a.m = γac, the γac is activity coefficient. The∆µ ≠ 

0where the ∆xma ≠ 0 with ∆xma = xmix– xACNand was observed with AHCs-ACN.The“m” and 

“a”in ∆xma stand for mixtures and ACN respectively and the x for molecular interaction depicting 

parameters such as ρ
0
, V

0
s, 

i
µ r, i

0
,γ

0
, [η], σ

0
 andr

0
(Tables2and 3a to 3c). The∆xmadepicts 

difference in data of similar propertiesof the xmixand xACN systems, forexample, a variation in 

densities from ACN to mixture.Thexmix is density of AHCs with ACN while the xACNof theACN 
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whose difference integrate and differentiate a driving force being functional in interactions. It is 

observed that the AHCs tend to low surface energy liquid where the Columbic forcesand 

Lennard Jones potential spread into respective molecules as equation 10. 









= −+

2r

qq
kF (10) 

The q+ and q- are point charges of CH3CNat distance rwhereby Columbic forces and Lennard 

Jones potential interact for thermodynamic statesmost fascinating and challenging with several 

interacting forces. Notably, wider studies are reported on Lennard dispersive, Lorenz and 

Columbic forces but still many queries, questions and doubts persist in applications for several 

mixtures of organic and aqueous in nature. It contributes for better understanding of Columbic 

interactions in aprotic polar and Lennard Jones potential with diffuse and dispersive molecular 

forces, analyzed as equation 11. 

 

(11) 

 

The ε isa depth of the minimum in potential and σ is intermolecular distance, r is separation 

within CH3C
δ+

=N
δ-

 polar atoms while the AHCs have Columbic forces (equation 10) and 

kinetically, optically, electrostatically and energetically active whichcould be useful for reacting 

systems. The AHCswith ACN developed several interactions due to IMF with different N 

positions that caused polar zones within molecules. Such zones on mixing caused the ∆GAHCs = 

∆GACN but before mixing as ∆GAHCs ≠ ∆GACN. It inferred interactions as function of dn1 and dn2 

as mole fractionsdenoted withequation 12. 
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The ∆Gis a function of the dn1 and dn2that vary with molality at constant temperature T and 

pressure P. The equation 12 inferred a substantial decrease in free energies of mixing (∆Gmix) 

with ∆Gmix< 0 due to spontaneous process. A decrease in ∆Gmixelucidates a chemical work in 

interaction depicted with q = ∆E+P∆V as the IMF varies. Thus the 1
st
law of thermodynamics 

defines qas calorie which is evolved or absorbed,∆E change in internal energies, P internal 

pressureand ∆V change in volume. The ∆G (AHCs + ACN) < 0inferredinteraction as the xmix= 

xACNinferred ∆xma = 0due to non-interacting or an ideal with IMF = 0, however the ∆xma ≠ 0and 

is noted as ∆xma> 0 or ∆xma< 0.The ∆xma> 0indicates stronger IMF with higher internal 

pressurecaused by stronger hydrogen bonding (HB) and Columbic or charge-charge interactions 

(Fig 1). As there was no color change, no pH change, no precipitation, no discharge of fumes, no 

temperature rise and no reaction was noted thereby a molecular interacting mechanism prevailed 

without any reactive chemical phenomenon. The equations 10 and 11 prove a role of Columbic 

charges with the PY and BEN whereas the -NH2 of the ANI developed the HB with ACN 

(Fig.1c). 

4.1 Limiting densities(ρ
0
) 

Theρ
0 

asa function of an internal pressure caused by solute-solvent interactionis noted as PY 

>ANI > BEN. It reflects a higher electronegativity of nitrogenthan of carbon atomthat caused 

comparatively stronger IMF due to PY-ACN interaction. A lower electronegativityofBEN 

caused a weakerinteraction with 1.0 kg m
-3

 time lowerρ
0
than of others (Fig. 2a,Table 3a). It 

inferred a weaker interaction due to partially polar π-conjugatedstructure whereas theEPC caused 

stronger interactionthan of the BEN with slightly stronger HBand on result lower density than of 
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the PY.The latter with higher densities developed higher internal pressure by structure breaking 

effect with stronger dipolar-dipolar interaction (DDI)(Table 3a, Figs.1 and 2a).Their composition 

effect is depicted with the slopes Sρas ANI > PY > BENwhose rationalization is 2.60 and1.96 kg
2 

m
-3 

mol
-1

 higher values of the ANI and PY respectively than of the BEN (Table 3a) considered as 

reference. Thus,the activity of the NPC with number of BEN moles does not change much while 

the ANI and PY caused maximum activities. Probably a planner BEN structure is responsible for 

weaker interaction with composition where the physicochemical properties inferred strongerDPC 

and EPC interactions viaDDIand HB respectively but the NPC weakly due to weaker London 

dispersion forces(Tables 3a to 3c and Fig.1). 

4.2Limiting molal volume(
0

i) 

The EPC, NPC and DPC are noted to control molar size as ANI > BEN > PY(Fig.2a) and 

inferred higher and lower IMF with PY and ANI respectively due to comparatively higher and 

lower internal pressuresdepicted as 
0
i = m/ρ. Thus,for a similar mass the ρ

0
 as 

PY>ANI>BENandthe 
0

iwould have been as BEN>ANI > PY but the trend is as ANI > BEN > 

PY, it could be due to molecular size. The 
0

i trend is fitted on a concept of regular sextet 

formation in the BEN confined to a center point in a ring while in others the sextet is disrupted. 

Thus, the BEN contraction is caused 1.18 m
3 

mol
-1

 timeslowerthan that of the ANI. The lower

0
iis due to stronger IMF with higher density (Fig.2a).The larger molecular size of ANI with the 

HB is responsible forhigher
0

ANI whilethe PY, the 
0

i is1.39 and 1.17 m
3 

mol
-1

 times lower than 

of the ANI and PY respectively. It may be,because of a polar nature that caused the stronger 

interactionswith a decrease in molar volume.Similarly, the compositional effects on interactions 

are explained in terms of the IMF with increase in number ofmolecules. Especially,the slopes S

0
i as PY > BEN >ANI, and fitted ina liner equation with negative values (Table 3a and fig.2b) 
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that inferred weaker AHCs-ACN interaction. The PY and BEN showed lower difference in 

slopes than of the ANI.The S
0

iand 
0

i showedreverse trends (Figs.2a and 2b).The PY -0.35and 

the BEN -0.37 kg m
3
mol

-2
time higher slopes than of the ANI.It inferred weaker interaction rate 

of the ANI with structure breaking interaction where the NPC, EPC and DPC have key control 

over interactions.  

4.3 Limiting surface tension (γ
0
) 

Contrary to density or 
0

i asstatic propertiesthe surface tensionis a thermodynamic 

propertyoriginated due to confrontational dimensions among similar molecules with CF at air 

and liquid interface (ALI) with gaseous and liquid phases respectively. Theforce factors which 

are aligned in air phase are easily attracted by those of theneighbor liquid phase molecules. 

These attractions caused a downward pull where a stronger isthe IMF stronger would be a pull at 

ALI, as a common reason for surface tension for study along with densities. Thesurface energy is 

confined at ALIwith γ
0
asBEN > PY> ANIwith higher surface energy of the BEN than others 

with stronger CF of the NPC (Table 3a and Fig. 3a). It may be, due to π-conjugation and polarity 

where both of the BEN and ACN interactedvia Vander Waals forcessupported by comparatively 

lower densities with weaker IMF. TheDPC also developeda stronger CF than of the ANI but due 

to a lone pair of NinPY, it did not participate in π-conjugation and becomes most active with 

stronger IMF(Fig.1).Thus, the CF of the PY isweakerthan of the BEN whereas the EPC with the 

–NH2produced lower surface tensiondue to stronger HBwith decrease in the 

CF(Fig.1).TheAHCsmonitored the ACN molecular forceswith their unbalanced factor at ALI 

which contributed to surface tension. The Sγexplained compositional effects due to stronger 

molecular activities. For example, the Sγare as ANI > PY > BEN (Table 3a and Fig. 3b) that 

caused the γ
0
as BEN > PY > ANI,due to weaker composition effect but its higher γ

0
BEN inferred 
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stronger BEN interaction (Fig.3a) at infinite dilution. Also a similar trend of theirSγ denoteda 

similar compositional effect on interactions whereas theSγshowed a very weaker BEN 

concentration effect and a comparative strength of AHCswhich is as 3.59 and 1.76mN m
-1

kg 

mol
-1

 times of the ANI and PY respectively. Both the values were derived from rationalization of 

the Sγdata (Table 3a and Fig.3b). Such effect could be due to an absence of nitrogenin BEN with 

a lower dispersion and non-polarity ofthe BENthat is responsible for a lowerconcentration effect 

than others. The ANI showed weaker CF but concentration effect is 3.59 mN m
-1

kg mol
-1

 time 

higher than of the BEN. 

4.4 ViscosityB coefficient  

Apart from density and surface tension data that render valuable help to chemists for quality and 

reliability in MRE as suitable indicating device for interaction, reaction vectors and scalars of 

required tools. If themixtures are put on rheological flow where the MIE and MRE take different 

forms to illustrate nature and types of flows with different molecular bindings. Hence, the 

viscositiesvalue fitted in JonesDole equation for B coefficient which elucidates solvodynamicsof 

mixtures as solute-solvent interaction[25, 26]. The ACN flows with velocity v1 and the ACN that 

is entangled by AHCs with v2caused a (v1 - v2) drag that produced higher viscosities (Table 3b). 

Thus the two flow rates work together with two separate dynamics and a phenomenon is noted as 

dual dynamicsand contributed to the B coefficient as ANI > BEN > PY. Thus the viscosity of 

pure ANI is 4.40 mPa.s[27]andishigher with stronger FF than of the others (Table 3b, Fig.4a). 

The ANI with positive B valuesinferred stronger ANI-ACN interaction and a structure maker 

(table 3b and Fig. 4a). The-NH2which is outside a ring played adeciding role in fluid 

dynamics,due to HB and polar attraction(Fig. 1). The negative B with the NPC and DPC showed 

weaker interaction as structure breaker. With the BEN the π-conjugated ring with weaker 
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interaction due to different polarity. Sothe BEN with equivalent charge distributions around NPC 

ring developed weaker interactions as a structure breaker.The larger particle is also responsible 

for stronger solute-solvent interactions like ANI due to larger size than of the others (Fig. 5).The 

i
µ r and radii with same trendsinferred a critical role of the N in AHCs (Figs.4a and 5). 

The Fig. 1 geometrically with energy distribution has elucidateda possible molecular force 

diversificationfor afavorable flow with the BEN that produced lower viscosities. Also there is 

partial polarity without nitrogenatom that might have decreased the FF or weakened the IMF 

with interactions of moderate strength. TheBEN-ACN interactions are weaker among the 

AHCs(Fig.1)however,the ANI with stronger IMF produced larger particle size as compared to 

the PY and theBEN (Fig.5) because hydrogen atom of -NH2 and EPC rings available for 

interaction with ACN.The electrophile of the EPC interacted with the N is a nucleophile of ACN. 

TheANI and PY with the -NH2 and N have dipoles that developed a non-symmetric geometrical 

arrangement of atoms with different electronegativity (Fig.1).  

4.5 Limiting friccohesity 

The friccohesity works on FF and CF which remain operative during molecular ion movements 

may be in case of conductance and Brownian motion when liquid is not under influence. The 

trends of the σ
0
are as ANI > PY > BEN(Table 3b). The σ, specifically, depicted a role and 

distribution of molecular forces in bulk and surfaces. The σ
0
 values increased with increase in 

molalities by very low margin due to a natural interacting tendency where the ANI inferred 

stronger FF and weaker CF (Table 3b) such as Robert Boyle’s law[28]. On a pattern of Robert 

Boyle’s law PV= k, the variation in P and V is interconvertable to facilitate a specific 

physicochemical process. Similar concept is noted with σ
0
 where the FF and CF are 

interconvertable to facilitate their surface and bulk based applications or physicochemical 
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phenomenon either on solid surface or in the liquid phases. Boyle’s law is based on mechanical 

device while the σ is based on structural electronics and IMF. The basic differences are very 

visible as in Boyle’s law, the IMF = 0 while in σ, IMF ≠ 0. Thereby σ model deal with liquid-

liquid systems and an interconvertibility phenomenon which is self-styled and self-assembled but 

both are significant for liquid models.Truly the CF and FF have reverse direction and based on 

Turn Force Theory (TFT) as around circumference the FF turns to CF to develop a pdn. Thus the 

data analysis inferred that the σ is related to the CF and FF as in equation 13. 

σα  t.n, so   σ α  [(FF)(CF)]                              (13) 

The γ is the function of CF and liquid flow is a function of FF. Aninteresting relationship 

between γ and η is explained by σ (Tables 3a and 3b) where the ANI has stronger FF represented 

with the [η] and the weaker CF by the γ
0
data. For example, the FF is as ANI>PY>BEN and the 

CF as BEN > PY >ANI(Tables3a, 3b and Fig.3a). Hence with BEN the stronger CF is 

depictedby the γ and the weaker FF with the [η] where a similar trendof σ
0
 with [η]is attributed 

to the mutual distribution, sharing or diversification of the IMF responsible for structural 

mechanism depicted with the [η] and γ
0
in coexistence. But the σ a single function as a most 

competently has illustrated a true diversification of the IMF (Tables3a and 3b) with a 

complementary strength. With the [η], the FF operate over fluid dynamics but with the σ both the 

FF and CF operated to elucidate and distinguish unification, diversification and accumulation of 

the operational forces during fluid flow. The different magnitude of the [η] and σhas predicteda 

conversion of IMF in CF and FF (Tables 3a and 3b)in a complementary manner. The σ is an 

additional account of CF and FF as directly function of electronic configuration and dipole 

movement and the σ
0
 act as operational force(Fig.4a). The σ

0
 trend depicts that the ANI with 

stronger FF has stronger IMF due to HB whilethe BEN has stronger CF than others. Therefore, it 
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is a useful to consider the physicochemical properties due to contributions both of the FF and CF 

and not separately but based on dual force phenomenon. The Sσslope as BEN > ANI = PY, 

inferred that the DPC showed 2.57 Pa.s kg mol
-1

 mN
-1

time higher than of the PY and the ANI 

but both the ANI and PY showed equal forces (Table 3b).  

4.6 Limiting 
i
µr 

The 
i
µ r

0
is as ANI > PY > BEN, is similar to the particle size (Table 3c and Fig.4b) where the 

i
µ r 

of BEN is lower due to a weaker packing factor with low density and the stronger CF. The 

ANI,
i
µ r is higher than ofthe PY,with higher packing factor and compact medium (Fig.4b) whose 

polarity effectedthe 
i
µ rwithout dominance. The ANI has higher viscosity than others due to 

compact medium with higher packing factor, where an incident light takes longer duration to 

pass through. The Siµr
0
 are as ANI > PY > BEN where the ANI has higher packing factor than of 

the BEN(Tables 3c). Thus the 
i
µ r

0
 elucidated internal pressure and IMF to offer intensified 

continuous medium for travelling light. 

4.7 Limiting sound velocity (Vs) 

The Vsanalyzed intermolecular interaction with interactingactivitieswhere a compact medium 

with higher internal pressure is very important parameter of viscous and less viscous liquid with 

densities which is a root cause of the medium. TheVs
0
is as BEN > PY > ANIdepicteda stronger 

CF ofNPCdue to normal π-conjugation and polaritywhichinferred higher velocity (Table 3c and 

Fig.3a). Boththe BEN and the ACN interacteddue to Vander Waals forces. The SVs as ANI > PY 

> BEN, inferred thatthe ANI with stronger IMF and larger particle size as compared to the PY 

and the BENillustrateda higher velocity. The SVs of the ANI is 11.55and of the PY is 3.91 Pa.s 

kg
2
 mol

-2
 mN

-1
times more than the BEN (Table3c, Fig. 3b). 

4.8 Unique relation between γ
0
 and r

0 
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Fig.5 depicteda particle size (r
0
, nm) and γ

0 
in reverse trends rationalized as r

0
/γ

0
 with 18.63, 

18.86and19.43 nm/m.Nm
-1

numerical values with the BEN,PY and ANI respectively. In our 

studies the general observation such as γ = f(CF) and r = f(IMF) are noted in context of the 

molecular geometriesdepicted in Figs.1a to 1c. For example, the γ
0
with EPC is decreasedwhile 

the r
0
 increased and hence higher is the r

0
, lower is theγ

0
, which is an interesting relationship in 

two different properties where ANI produced lowestthe γ
0
. It may be because of spreading to 

larger area at a cost of surface energy utilization in doing work.Theγ
0
 and r

0
analysismay be 

applicable for aqueous and similarothers where such relationshipcould be useful for designing 

nanomaterial.Thus the r
0
 influenced the surface properties due to CF as a vacant surface force. 

Therefore, their relationship is critical and deciding for developing nanoparticles in different 

environment (Table 3a,3c and Fig.5). Our studies gathered novel information for 

nanotechnologist where the r
0
could be associated with electrostatic, electronegativity, molecular 

constituents andstates of π-conjugation.The same MIP influenced the γ
0
 and is useful for 

industrial and other daily use materials. The AHCs-ACN asstronger interaction could also lead to 

interstitial accommodation of the ACN into the AHCs aggregates so the strongerDDI occurred in 

PY-ACN. Internal pressure[29]uniformly increased with increase in AHCs concentrations. 

Structuralre-orientation of constituents (Figs.1a-1c) with increase in 

molalitiesuniformlyincreased the intermolecular attraction. 

5. Future prospects 

Physicochemical propertiesarenoted as function of interacting and structural activities of the 

ACN and AHCs as they are starting material for N-containing compounds such as amides, 

amines, higher molecular weight mono and dinitriles, halogenated nitriles, isocyanates, 

heterocyclic and imidazoles are helpful in designing reactions and interactions. Such a 
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prerequisite characterization could be helpful for better yields, significant and informatory to 

initiate reactionsat minimum infrastructural requirements for purity.On a pattern of our study, the 

mixtures could act as a comparatively safer medium where no any undesirable and hazardous 

products release and no explosive, volatile, flammable and ignitable situation arises. There are 

several polymeric reacting processes with specified state of π-conjugation and binding 

capabilitieswhich may be an excellent model for academic, research and industries.Lone pair or 

unshared electron pairs of PY are in ring and ACNin open with potential binding siteswhich can 

interact in polar environment.Thus, the studies offer insights of interacting processes and 

structuralreorientations inbiochemical and biophysics sciences. 

6. Conclusion 

NPC, EPC and DPC models of AHCs withACN furnished remarkableinput on activities and 

application due to chemical potential with shared and unshared electrons, geometry and size. The 

AHCs-ACN remains thoroughly non-reacting for entire composition and the physicochemical 

functions have wider applications a step forward to solve problem of toxicity and carcinogenic 

impacts caused by PY, BEN, ANI and ACN. Such study could be a physicochemical indicator to 

dealing with explosive material, developing fire resistance;nano technological and as excellent 

coating materialsused in thin film sciences and emulsion technologies. Thus the data could be an 

asset for many more sciences to innovative excellent interacting dynamics and mechanism where 

some observation establish new phenomenon. Hence the quantity and quality both are enhanced 

and developed method for green chemical authentic indicators as sensors of wastage of 

undesirable effluents. 
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Figure captions: 

Fig. 1Possible interaction of acetonitrile with pyridine, benzene and aniline 

Fig.2a Limiting density and limiting apparent molal volume  

Fig.2b Slope density and slope apparent molal volume 

Fig.3a Limiting surface tensionand limiting sound velocity 

Fig.3b Slope surface tensionand slope sound velocity 

Fig.4aB coefficientand limiting friccohesity 

Fig.4bLimiting friccohesity and limiting refractive index 

Fig.5 Limiting surface tension and limiting radii  
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Table1 Density,viscosity and surface tension data of water, benzene and acetonitrile for 

calibration.  

Liquids ρ ( ±10
3
kg.m

-3
) η (±10

-4
mPa.s) γ (±10

-2
mN/m) 

Mili-Q-water 0.998222 [Exp.] 1.0020 [30]
 

72.75 [30]
 

BEN 0.878962 [Exp.] 0.6516 [27]
 

28.89 [31]
 

ACN 0.783400 [Exp.]    0.3910 [Exp.]
 

   29.41 [Exp.]
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Table2 Molalities (m ±10
-4 

mol.kg
-1

), densities (ρ ±10
-3

 kg m
-3

), molal volume (
0
i±10

-2 
m

3 
mol

-

1
), surface tension (γ ±10

-2 
mN/m), viscosities (η ±10

-5 
mPa.s), intrinsic viscosities ([η] ±10

-5 
kg 

mol
-1

), friccohesity (σ ±10
-5 

Pa.s N
-1 

m),
i
µ r (±10

-4
), Vs (±10

-2
 ms

-1
) and particle size (r ±10

-2
 nm) 

of AHCs at 293.15 K 

 

 

 

m ρ i
0 

γ η [η] σ i
µ r Vs r 

    PY+ACN      

0.7833 0.797315 70.77 29.81 0.40310 0.04287 0.01352 1.3555 1305.55 559.14 

1.5471 0.803717 77.56 29.93 0.41131 0.03531 0.01374 1.3645 1309.52 570.53 

2.2922 0.810283 79.14 30.17 0.41827 0.03162 0.01386 1.3712 1312.34 580.19 

3.0192 0.828013 72.75 30.83 0.43271 0.03627 0.01403 1.3834 1321.96 600.21 

3.7288 0.835313 73.42 31.10 0.44525 0.03799 0.01431 1.3954 1326.49 617.60 

4.4215 0.844373 72.83 31.32 0.45726 0.03901 0.01460 1.3985 1331.43 634.27 

5.0981 0.851116 73.02 31.57 0.47161 0.04105 0.01494 1.4069 1335.42 654.18 

5.7589 0.866245 70.12 32.13 0.49139 0.04514 0.01530 1.4157 1345.92 681.61 

6.4047 0.875296 69.44 32.46 0.50905 0.04766 0.01568 1.4288 1351.51 706.11 

7.0359 0.885222 68.49 32.83 0.52706 0.04995 0.01605 1.4330 1358.57 731.09 
  BEN+ACN      

0.7841 0.787798 90.06 29.45 0.39691 0.02261 0.01348 1.3519 1299.07 550.56 

1.5498 0.792974 88.56 29.29 0.39952 0.01575 0.01364 1.3592 1299.65 554.18 

2.2978 0.79855 87.28 29.26 0.40248 0.01393 0.01375 1.3681 1300.74 558.29 

3.0288 0.802538 87.28 29.18 0.40659 0.01404 0.01394 1.3749 1301.33 563.98 

3.7432 0.807675 86.46 29.13 0.41802 0.01919 0.01435 1.3810 1302.80 579.84 

4.4417 0.812873 85.67 29.09 0.42527 0.02036 0.01462 1.3906 1304.46 589.89 

5.1248 0.819769 84.23 29.22 0.43601 0.02302 0.01492 1.4017 1307.02 604.79 

5.7926 0.823242 84.22 29.12 0.43905 0.02171 0.01508 1.4071 1308.23 609.01 

6.4463 0.828992 83.33 29.21 0.44957 0.02370 0.01539 1.4168 1310.53 623.61 

7.0861 0.833038 83.03 29.24 0.46079 0.02562 0.01576 1.4232 1312.46 639.16 
    ANI+ACN      

0.7761 0.797524 105.40 29.82 0.41693 0.08897 0.01398 1.3603 1314.78 578.32 

1.5137 0.811177 103.15 30.45 0.43207 0.07126 0.01419 1.3753 1330.19 599.32 

2.2213 0.825504 100.56 30.99 0.46764 0.08962 0.01509 1.3919 1346.90 648.66 

2.8956 0.839081 98.35 31.76 0.50714 0.10373 0.01597 1.4107 1363.56 703.45 

3.5434 0.852165 96.33 32.39 0.54644 0.11321 0.01687 1.4138 1380.32 757.97 

4.1641 0.865363 94.28 33.03 0.60001 0.12932 0.01817 1.4288 1398.01 832.28 

4.7575 0.878135 92.36 33.79 0.68122 0.15696 0.02016 1.4393 1415.82 944.92 

5.3288 0.890974 90.44 34.58 0.69962 0.14898 0.02023 1.4517 1434.40 970.45 

5.8762 0.904313 88.41 35.39 0.84092 0.19676 0.02376 1.4670 1454.43 1166.45 

6.4038 0.916008 86.81 36.00 0.88466 0.19806 0.02457 1.4788 1472.73 1227.12 
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Table3a Regression constants,ρ
0 

(kg m
-3

), Sρ (kg
2
 m

-3
 mol

-1
), i

0
 (m

3
 mol

-1
), S i

0
 (kg m

3
 mol

-2
), 

γ
0
 (mN/m), Sγ (mN.m

-1
 kg mol

-1
), S

1
γ (mN.m

-1
 kg

2
 mol

-2
). 

 

Table3b Regression constants, Acoefficient (kg mol
-1

), B coefficient (kg
2
 mol

-2
), Dm

2
 (kg

3
 mol

-3
) 

and σ
0
(Pa.s mN

-1
), Sσ(Pa.s kg mol

-1
 mN

-1
), S

1
σ (Pa.s kg

2
 mol

-2
 mN

-1
). 

 

Table3c Regression constants,
i
µ r

0
, S

i
µ r (kg mol

-1
), S

1i
µ r (kg

2
 mol

-2
), Vs

0
(ms

-1
), SVs(ms

-1
 kg mol

-1
), 

σ
0
 (Pa.s mN

-1
), Sσ(Pa.s kg mol

-1
 mN

-1
), S

1
σ (Pa.s kg

2
 mol

-2
 mN

-1
). 

 

 

 

 

 

 

 

 

Systems Density Molal Volume Surface Tension 

ρ
0
 Sρ i

0
 S i

0
 γ

0
 Sγ S

1
γ 

PY 0.782012 1.438x10
-2

 76.95 -1.050 29.45 0.340 2.0x10
-2

 

BEN 0.781381 7.325x10
-3

 90.39 -1.094 29.57 0.193 2.1x10
-2

 

ANI 0.781888 1.899x10
-2

 107.50 -2.980 29.25 0.694 3.9x10
-2

 

Systems Intrinsic Viscosity Friccohesity 

A coeff. B coeff. Dm
2 

σ
0
 Sσ S

1
σ 

PY 4.297x10
-2

 -0.0051 9.0x10
-4

 1.348x10
-2

 7.1x10
-5

 4.1x10
-5

 

BEN 2.115x10
-2

 -0.0030 5.5x10
-4

 1.328x10
-2

 1.8x10
-4

 2.1x10
-4

 

ANI 7.720x10
-2

 5.3x10
-4

 2.5x10
-3

 1.370x10
-2

 7.0x10
-5

 2.1x10
-4

 

Systems Refractive Index Sound Velocity Particle size or Radii 
i
µ r

0
 S

i
µ r S

1i
µ r Vs

0
 SVs r

0
 Sr S

1
r 

PY 1.3458 1.19x10
-2

 1x10
-4

 1295.52 8.57 551.68 7.73 2.53 

BEN 1.3443 9.30x10
-3

 3x10
-4

 1295.83 2.19 545.01 3.65 1.38 

ANI 1.3472 1.89x10
-2

 -0.0001 1289.69 25.30 568.32 2.90 13.11 
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Fig. 2b 
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Fig. 3b 

 

Fig. 4a 
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Fig. 4b 

 

Fig. 5 
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Abstract  

Viscosities (η ±10
-4

 mPa.s) and apparent molal volumes (V�#±10
-2 

m
3
 mol

-1
) of 0.05 to 0.25 mol 

kg
-1

aqueous NaF, NaCl, NaBr, NaI, KF, KCl, KBr, KI, Rb, RbCl, RbBr, RbI alkali metal halides 

and also of 0.1 to 0.9 mol kg
-1

aqueous H3PO4, K3PO4, K2HPO4, KH2PO4, Na3PO4, Na2HPO4, 

NaH2PO4 alkali metal phosphates binary systemsat 298.15 K are reported. The volumes 

calculated from experimental densities (ρ ± 10
-3

kg m
3
) were regressed with molalities (m, mol 

kg
-1

) for limiting or partial molal volumes (V�#�±10
-2

m
3
 mol

-1
). Viscosities were fitted in Jones-

Dole equation for viscosity B coefficients (kg mol
-1

), and activation energy (∆µ2
#
± kJ mol

-1
), 

entropy (∆S2
#
 ± kJ mol

-1
K

-1
) and enthalpy (∆H2

#
 ± kJ mol

-1
) were derived from viscosities. 

Cationsand halide anions were in 1:1 ratios while the cations with PO4
3-

,HPO4
2-

, H2PO4
-
were in 

3, 2, 1ratios for study of water structure estimated with  V�#�, B, ∆µ2
#
, ∆S2

#
and ∆H2

#
properties. 

The η, V�#�, B, ∆µ2
#
, ∆S2

#
,∆H2

#
and ∆µ2

# 
values with the ionic charges and sizes had analyzed 

thecontributions of ionic potential, surface charge density and d-electrons effects on interactions. 

The viscosity has rationalized a contribution of cationic numbers notedas
���	 
���	
�� > ���� 
���	
�� >

��� �
���	
�� and  
��	 
���	
�� > ��� 
���	
�� > �� �
���	
�� . 

Keywords: Solute-solvent interaction, nuclear charge, surface charge density, ionic size, 

structure maker/breaker. 
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1. Introduction  

Currently, aqueous ionic mixtures of alkali metal halide and phosphate salts have been used for 

safest and useful liquid mixtures preparationsin industrial applications such as coatings, 

cosmetics, sol-gels, agrochemicals, food materials and others. Structurally, the chosen salts 

constitute liquid mixtures of desired physicochemical properties (PCPs): freezing, boiling, 

density, viscosity, surface tension and chemical potential as useful indicators which have been 

noted most authentic PCPs data. Especially, the viscosity and apparent molal volume are most 

fascinating indicators of interactions of aqueous salts, however no adequate study is conducted 

on PCPs data. Since, these salts monitor ionic balance and pH control due to ionic 

concentrations,and hence these systems may have wider applications in academic as well as 

industries. Their PCPs studies do demarcate such differences along with understanding a role 

oftheir ionic mechanism for academic applications and industrial purposes. The two series, 

which have been studied in thispaper, are aimed for developing more applications. Since, the 

viscosity illustrates structural changes,where; the cationic sizes are involved with different 

anions.Thus, the concept of viscosity becomes most relevant science that is why a selection of 

the viscosity and apparent molal volume for ionic interaction of salts is made. Since, the ions do 

disrupt the hydrogen bonding and a flow pattern of the water with different ions becomes 

different, due to,the flow dynamicsat a cost of energy. Hence, the viscosities of sodium and 

potassium phosphatessolution are very helpful in several processes such as biotechnology, 

microbiology and biochemical. The buffers of such salts are used for catalytic activity of 

enzymes, and as a medium for tissue or cell culture processes [1]. The PCPs of their mixtures at 

low concentrations have revealed an interesting and conceptual science proposed as molionic 

dynamicswhich explainsthe ion-molecule interionic attractions. Debye Huckel has elaborated the 
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interionic science in context of their concentrations [2]. The classical and abinitio molecular 

dynamic simulations have also been reported for ion water interaction complexities, which depict 

a unique nature of electrostatic forces with induced-dipole movement at ionic interfaces [3, 4]. 

Of course, the investigations on thermodynamics and kinetics of associate and dissociate ions 

withthe water,have been explained with chemical molecular dynamic simulations[5].Also the 

computer simulation illustrates theionic dissociation of contact ion pair and solvent separated ion 

pair theories for understanding a critical roleof ionic dissociations. Such integrated understanding 

of the ion-solvent mechanism could be noted as interaction intermediate [6-9]. The viscosities of 

dilute electrolytic solutions are very relevant, due to the nature and constitutional parameters 

such as ionic crystal radii, internal energy, electronic configuration of the ions, nuclear charge, 

ionic size, lattice energy, solute-solute interaction forces, ionic potential, ionic affinity, molionic 

reorientations and ionic polarization [10]. The study of such concepts and features define an 

exact contribution of the salts. The anions act as structure breakers/makers with disruption of the 

water structure that varies the viscosity [11]. Also a variation in concentrations cause ion pair 

interactions depicted with Jones-Dole equation as under. 

ηsolution /ηsolvent = ηr= 1+Ac
1/2

 + Bc                (1) 

The c is concentration, ηris relative viscosity, A and B are empirical coefficients. The B reflects 

ion water interaction and structural reorientations [12] where the salt interactions enriches for 

better understanding of electrolytes responsible for variation in the viscosities. The contribution 

of the phosphates and halides having the same metal, are different for viscosity and furnish 

valuable informationabout their mechanism and activities. The halides of the Na, and F
-
, Cl

-
, Br

-
 

of the K have increased the viscosity, while, the I
-
 of the K decreased the same. Such 

viscosityand partial molal volumevariations with anions of different the sizes signify a validity of 
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the viscosity data to predict structural reorientation. The variations are also noted with the RbF 

which increased the viscosity while the RbCl, RbBr and RbI decreased the viscosity. To 

rationalize such variations in the viscosities have been modeled through a conduction of 

viscosity. Hence the increment rate of viscosity variations with metal halides is lower but with 

metal phosphates is higher and the salts could act as catalysts for synthesis or industrial 

processes in aqueous mixtures [13-16].A comprehensive literature survey for finding the PCPs of 

such systems was made and has not found adequate studied. Henceour studies may be useful 

forbetter understanding of the viscosities and partial molal volumes of ionic mixtures. 

2. Experimental methods 

2.1 Chemicals and glassware  

Chemicals (Sigma Aldrich, 99.99 % pure) were used as received with Milli-Q water (Millipore 

SAS 67/20 molsheim) of 10
-7

 S cm
-1

conductance for solutions. The glassware were cleaned with 

standard methods and dried to absolute dryness, checked with the anhydrous CuSO4. Few pinch 

of the CuSO4 was spreadedinside the flasks, beakers and others which did not change color due 

to a level of absolute dryness.   

2.2 Experimental conditions 

Solutions were prepared w/w, using Mettler Toledo electronic Kern balance ABS 220-4 model 

with ± 0.01mg accuracy. Densities were measured with ±10
-3

kg m
-3 

accuracy by Anton 

PaarDensity and Sound velocity meter DSA 5000 M. The DSA works based on oscillation 

periods of quarts U tube with air, solvent and solutions [17] and after each measurement, the tube 

was cleaned with acetone and dried by using air pump. The viscous flow times were measured 

with Borosil Mansingh Survismeter (BMS) [18, 19]. Initially, the viscous flow times were 

measured for Milli-Q water as calibrating liquid, at 298.15 K ± 0.01
0
C temperature control by 
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using LAUDA ALPHA RA 8 thermostat. At least 15 to 20 measurements were made for the 

precision and reproducibility. Statistical analysis of experimental data had shown 95.5% 

confidence variance. The calibration constant for the viscosity (Kη), part of the BMS, was 

determined with Kη = (η� ρ�⁄ t�), the η�, ρ� and t� are viscosity, density and flow time of solvent 

respectively.The Kηhad used for literature comparisons which depicts accuracy of process. 

3. Results and Discussion 

Viscosity is a flow property within set experimental conditions and liquid mixtures flow with 

specific pattern within a fixed capillary of specific height and uniform inner radii. Inner surface 

area of the rigid glass capillary applies an opposing force on viscous flow but still the liquids 

manage to flow, may be, due to gravity. Such concept of flow for highly viscous liquids such as 

glycerol (1490 cP), honey (2000 cP) and others needs special attention. On flow,an opposing 

force induces stress and strain because the laminar flow has different opposing force that causes 

a velocity gradient (dv/dt). The ion and molecules with different sizes cause different interactions 

depicted with dv/dt,which furnish structural properties. The viscosity detects optimizations, 

geometrical reorientationandstructuralalignmentscaused due to electronic configurations, 

exchangeswithin internal energy and activations [20]. Also the nature, size and charge of the ions 

influence theirflow dynamics because theviscosityis a function of mass transfer on flow 

ofhydrated ions within 0.5 mm radii or πr
2
=3.14x0.5x0.5mm

2
 = 0.785mm

2
 area of capillary of 

the BMS. Hence there is compatibility with ionic sizes and pathway. The ionic combinations 

causes ionic interactions which favorably extend to solvolysis of stereochemical molecules 

where a completely solvated ion is shielded from the counter ions. On increasing the solvation, 

the ionic bonding does constitute an interesting observation where the faster and slower moving 
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ions flow directly,and depict a level of hydration or number of solvent molecules, being utilized 

in solvobinding. The solvobinding as Hydration = f (rion) T, P is quantitatively determined by  

ηη� =  η� = 1 +  2.5∅or∅ = 4πr!N#3 c orr&'( = ) 3∅4πN#c	
 

Ratio between rion and rcapillarycould be noted as rion : rcap, and such relationship between the ionic 

sizes and the available area formolecular reorientations, have never been focused. The
�*+,�-�. is an 

excipient coefficient for hydration of ions on fluid dynamics, especially in case of protein 

unfolding due to an enlargement of the molecular sizes. This coefficient determines cohesivity 

along with transport properties due to frictional forces. Here, the rion and rcapmay develop a new 

model of fluid flow on participation of solvent for solvodynamics through a relationship 

betweenas rion and rcapillary noted as under. 

r&'(r/01 = H3 + H4c 

TheH3is hydration number and c is concentration. The interactions are monitored with a ratio of 

shear stress (F/A) to velocity gradient (∆vx/∆z) with dvx/dz as cartesian coordinates, which 

represents the viscosity as 

η = 5 #6∆89 ∆:6 orη = 5 #6;89 ;:6                            (2) 

Auto generated force (F = ma) causes a shear stress and strain, as inversely proportional to 

viscosity. The equation 2 with respect to density and flow time,is fitted as under 

η = < =>=.?=  ρ. t                     (3) 
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The ρ and t are density and viscous flow time, respectively. The η� ρ�.@=⁄ = Kη is the BMS 

viscosity calibration constant (Table 1). Effect of ionic sizes on viscosity is critically analyzed 

with an expression where a small cation with small anion increases viscosity much far than a 

larger cation with a larger sized anion. These observations based on the size and velocities are 

similar to Gel Permeable Chromatography (GPC) where a pathway has a stationary compact 

matrix of the material with continuityin medium as the viscosity capillary is filled with mobile 

phase. A comparison furnishes scientifically fruitful information because our data on viscous 

flow for smaller and larger sized ions are matching with behavior of the GPC concept. 

Forviscosity, the concept of hydration in case of a small sized ion applies a stronger nuclear 

charge on oppositively charged dipolar water. Here, theviscosities of smaller sized ionswere 

higher, for example, theNa
+
 and F

-
have increased the viscosity than of the larger (Table 2, Figs. 

1-4). The smallest ions showeda stronger attraction for a solvent due to contributing nuclear, due 

to, their shortest distance from the nucleus. Theelectrostatic attraction forces between the 

charged shell and polarized water are caused stronger interaction, depicted with Coulomb’s law 

(4) 

 

The r is distance between charged species q
+
 and q

-
. 

3.1 Contribution of shell number  

The ions interact on losing and gaining of electrons respectively where the energy is either 

released or absorbed which influenced the viscosity. On dissolution or dissociation, the ionic 

species interact and get stabilized through hydration. The charge density (σ) on the ions, could 

be noted with equation 5 because the Q/A stands for surface charge/ area [21]. 

σ = B#                       (5) 

2

04

q
 F  

r

q

πε

+−

=
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Charge density is understood by ionic potential,for example, first ionic potentials of the Na, K 

and Rb are 118.4, 100 and 96.3 kcal/ mol respectively. The higher ionic potential increases the 

charge density, and on interactions, the ions utilize their own energy for interactionswhich is 

found as Na
+ 

> K
+ 

>Rb
+
.  According to equation 5, the Na

+
[3s

0
] has highest charge density due to 

smaller size and area, so, the higher charge densityhad caused stronger interaction which is also 

applicable for K
+
[4s

0
] and Rb

+
 [5s

0
]. Thereby, their viscosities are influenced with the shell 

numberssuch as 3s with 2p, 4s with 2p and 5s with 2p of the NaF, KF and RbF respectively 

(Table 2, Fig. 1).  The F
-
 of the Na, K and Rb have increased the viscosity as ηNaF >ηKF >ηRbF 

which showed that the F
- 
of the Na has increased viscosity much higher than both of the K and 

Rb (Table 2). Hence the 3s and 2p orbitals with respect to higher charge density and small sizes 

had caused stronger interactions which are seen with ion solvent interactionscaused with 4s with 

2p and the 5s with 2p orbitals respectively. An increase in viscosities reflects the ionic potential 

and charge density (Fig.s 2, 3), where the Cl
-
 and Br

-
 of the Na and K increased the viscosities 

whereas of the Rb decreased the same. Interactions of the Cl
-
,Na

+ 
and K

+
with water because of 

their charged shell 3p
6
, 3s

0
 and 4s

0
,are very stronger due to smaller in the sizes and high charge 

densities. Similarly, the d electrons of the Rb
+ 

shield the outer shell from nuclear charge 

attraction; as a result, the nuclear attraction or charge density is decreased.The weaker ion 

solvent interactions, due to, a contribution of the 5s of Rb
+
, dominates over a stronger interaction 

caused by the 3p of the Cl
-
. The viscositiesof the RbF, RbCl, RbBr and RbI (Table 2, Fig.s 1-4) 

predict that the Rb
+
,due to the larger in size, the charge density decreased at the surface of the 

ion according to equation 5, and caused weaker interactions.With the Na
+
 and I

-
, the stronger 

interactions are created to 3s
0
of Na

+
orbital, due to, highest ionic potential and charge density on 

the Na
+
, which dominate over the weaker interaction with the 5p

6
 of the I

-
. While the I

-
 and K

+
, 
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as the 5p
6
of I

-
comparatively weakenedinteraction, due to, shielding of nuclear charge by the 3d 

electrons. The low ionic potential and surface charge density of the Rb
+
[5s

0
] and I

-
 [5p

6
]had 

weakened the ion solvent interactions depicted with lower viscosity(Table 2).Decrease in 

viscosities with the RbI, RbBr, RbCl and KI inferred disruption of hydrogen bonding but with a 

higher shielding of their nuclear charges, the weaker hydration spheres could havedeveloped. 

The weakly formed hydration spheres could easily be slides over the adjacent laminar layer with 

weaker friction forces. The water molecules interact with the Rb
+
 and halide ionscould quickly 

get detached or attached as per suitability to orient flow with larger viscosity. Theviscosities of 

alkali metal halides (Table 3) showed that how many times the rubidium halides interactionsare 

weaker in comparison of the Na and K halides due to d electrons in Rb
+
, Br

-
 and I

-
. Such trends 

of the viscositieshave revealed a new and novel model of interactions and are named as 

conduction model of viscosity proposed for developing a relationship between experimentally 

measured and constitutional parameters (Model 1.1, 1.2). 

3.2 Contribution of colligative property  

Viscosities are associated with the number of the ions as per equation 6 [22, 23] 

dNDEDdt = F ∂∂t HρηIdV + F ρηvK/.D./.8.
. ηdA + F ρηv�. ηdA/.D.           H6I 

The η, N, t, V, ρ, υband υrrefer viscosity, extensive property, flow time, volume, fluid density, 

velocityrelative to a control volume (C V) andcontrol surface (C S) respectively. The equation6 

depictsa viscous effect and friction forcewhich is scaled by friction parameter (f) of capillary 

depicts asper equation 7. 

f = QN e D6 T(7) 
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The f depends on the N and e/D, are extensive property and roughness of capillary wall 

respectively. The contributions of cationic numbers to viscosity havepredicted a very interesting 

relationship between cationic numbers and viscosity (Fig.s 5, 6). As per equation 6, the cation 

numbers enhance the viscosity. The phosphates of the Na and K increased the viscosity with 

increase in their cationic numbers,whereby, a cation is surrounded by several water moleculesas 

comparedto two and three cations (Table 4). The cationic numbers increase the frictional 

parameter (Equation 6) because the numbers are variable. Here, one Na
+
 and K

+
 of the Na3PO4 

and K3PO4are1.5 and 3Times (T) less surrounded by the water molecules than of the Na2HPO4, 

NaH2PO4 and K2HPO4, KH2PO4 respectively. Therefore, the NaH2PO4, KH2PO4 and Na2HPO4, 

K2HPO4 generate 1.5T and 3T values weaker cationic interactions as compared to the Na3PO4 

and K3PO4 respectively. Due to, stronger cationic interaction, the repulsion between cation 

hydration spheres is enhanced, because of the same electronic atmospheric environment, and as a 

result a higher friction is developedas ηNa3PO4 >ηNa2HPO4 >ηNaH2PO4 and ηK3PO4 >ηK2HPO4 >ηKH2PO4. 

The ratio of ion/water is supported our experimental observations as Na3 < Na2 < Na and K3 < K2 

< K (Table 4). Thus, a single cationic had generated weaker interaction with more water 

molecules in comparison of the two or three cations, may be, due to dipolar water molecules 

which maintaincohesive arrangement in lower cationic concentration. So, a single cation cannot 

disrupt the hydrogen bonding effectively, but, two and three cations which have disrupted 

hydrogen bonding 2T and 3T moredo cause 2T and 3T more stronger interactions. Also, with 

increasing cationic numbers, a grouping is started between the water and cations to develop 

cation hydration spheres. So, the cohesively arranged water molecules are disrupted frequently. 

Here, the ion solvent interaction is strengthened by the 3T and 2T with the Na3PO4, Na2HPO4 

and K3PO4, K2HPO4 as compared to the NaH2PO4 and KH2PO4. 



11 

 

3.3 Viscosity B coefficients  

Ionsinvolve in structure making or breaking activities on disruption of hydrogen bonding which 

are elucidated by Jones-Dole viscosity B coefficient. The B defines interaction or ionic 

contribution to the viscosity [24]. The B is negative for the lower viscosity than of the water, and 

the positive when the viscosity is higher than of the water, thus, the B are trend as η0 > η and η > 

η0 respectively. The B is interesting parameter for analysis of structural reorientation of the 

solvent molecules with structure making/breaking actions[25]. For example, aqueous potassium, 

rubidium and cesium chloride solutions have produced the negative viscosity due to the weaker 

ionic interactions in a form of less viscous resultant liquid than of the pure water. Similarly, the 

lower viscosities from 0.9019 to 0.8630 mPa.s of the KI and RbI(Table 2), although the lower 

viscosities are restricted to low concentrations. The B data for sodium halides are positive and 

noted as BNaCl > BNaI > BNaF > BNaBr which inferred that the cationsare structure makers (Table 5). 

Here, the NaCl shows highest structure making capability, due to highest cationic potential and 

electron affinity of the Na
+ 

and Cl
-
 respectively. The KI in the potassium halide salts has 

produced the negative B values, due to a structure breaking effect while the othersbehaved as 

structure making with positive values(Table 5). The BKCl >BKBr> BKF > BKI trend inferred a shift 

from a structure making to the breaking capabilities. However, the RbIin the rubidium halides, 

has negative B value, and its other members have shown structure making effect with positive 

values (Table 5). Interestingly, the RbF increased the viscositywhile the Cl
-
, Br

-
 and I

-
 of the Rb 

have decreased the viscosities (Table 2). The Cl
- 
of the Na, K and Rb have produced positive B 

values which scattered within 0.2969 to 0.5599 kg mol
-1 

(Table 5). Thus, the Cl
-
 of the Na, K and 

Rb have stretched to highest structure making actions with their B values as BNaCl > BKCl 

>BRbClwhich depict a role of the cationic sizes. The interactions with 3p
6
 of theCl

-
 are most 



12 

 

suitable for the structure making actions and it is not influenced by cationic sizes. The lowest B 

value = 0.2969 kg mol
-1

for the RbCl show structure making moving towards breaking actions. 

The 0.1245, -0.1906 and -0.1488 kg mol
-1 

B values for the NaI, KI and RbI respectively,showed 

maximum structure breaking capacity of the KI. For the NaI, a small cation Na
+
 and larger anion 

I
-
 caused stronger polarization, which had strengthened a structure making activities. Since, the I

-
 

developed induced dipole-dipoles interactions. The KI with negative B values inferred structure 

breakingaction due to sizes of the K
+
 and I

-
. The B values for phosphates are as BNa3PO4 < 

BNa2HPO4 < BNaH2PO4 and BK3PO4 <BK2HPO4 < BKH2PO4 (Table 5,Fig. 7), which inferred that the 

cation sizes of Na
+
 and K

+ 
still remain effective in hydrogen bonding disruption even when the 

halide anions are replaced by phosphate anions. Both the seriesas Na3PO4> Na2HPO4> NaH2PO4 

and K3PO4> K2HPO4> KH2PO4listed in order of cationic numbers, inferred that the larger Na
+ 

and K
+
numbers caused comparatively stronger interactionsdue to higher B values. A comparison 

of the B values of the K and Na phosphates showed a difference with the Na3PO4 and 

Na2HPO4which is as -0.1463 kg mol
-1

, with the Na2HPO4 and NaH2PO4 is -1.6952 kg mol
-1

. 

Alarger difference between the values of Na2HPO4 and NaH2PO4 than of the Na3PO4 and 

Na2HPO4had inferred structure breaking effects. Similarly a difference in values of the K3PO4 

and K2HPO4 is -1.8973 kg mol
-1 

and of the K2HPO4 and KH2PO4 is -0.2440 kg mol
-1

. This infers 

a higher difference between the K3PO4 and K2HPO4 than of the K2HPO4 and KH2PO4 values 

which inferred that the K
+
 is most effective for structure breaking actions in comparison to the 

Na
+
. The B values of the Na

+
 and K

+
 inferred the same changes in structures have opposite 

impacts when the Na
+
 and K

+
 are exchanged. Their B values indicated that, a structure breaking 

capability which is drastically increased from moving one Na
+
 of the NaH2PO4 to 2 Na

+
 of the 

Na2HPO4. However, effect from the 2 Na
+
 of the Na2HPO4 to 3Na

+
 of the Na3PO4is not stronger, 
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whereas, with the potassium phosphates, this behavior is just opposite with the K
+
. The structure 

breaking capability is not much effective from the 1K
+
 of the KH2PO4 to 2 K

+
 of the K2HPO4 but 

the same changes from 2 K
+
 of the K2HPO4 to 3 K

+
 of the K3PO4remain operative while both the 

Na and K phosphatesproduced the same B trend noted as BN3PO4 < BN2HPO4 < BNaH2PO4 and BK3PO4 

<BK2HPO4 < BKH2PO4 respectively. These observationsaresupported with theratios 

of
���	 
���	
�� , ���� 
���	
�� , ��� �
���	
�� and

��	 
���	
�� , ��� 
���	
�� , �� �
���	
�� (Table 6). Such 

ratios indicate structural disruption as anindicator of leveling water disruptions under constant 

experimental conditions. Their rationalized trends of the B values as
���	 
���	
�� <

���� 
���	
�� < ��� �
���	
�� and
��	 
���	
�� < ��� 
���	
�� < �� �
���	
�� explain a structure 

breaking ability which is the similar to the B values trend of the Na and K phosphates asBN3PO4 < 

BN2HPO4 < BNaH2PO4 and BK3PO4 <BK2HPO4 < BKH2PO4 respectively. It inferred a critical structural 

effect with the 3s
0
 to 4s

0
 and the H

+
 to 2H

+
(Table 5, Fig. 8). Here, a colligative behavior is found 

with an analysis of B values where a higher cationic concentration has decreased the B 

values,due to structure breaking actions of these salts. 

3.4 Contribution of apparent molal volume 

Apparent molal volume (V�#) [26, 27] is calculatedwith equation as under. 

V�# = 4���H>=W>IX.>.>= + Y>                         (8) 

The V�#is concentration dependent. The partial molal volume (V2
#0

) is obtained by regression of 

 V�#  data with m as under. 

V�# = V�#� + S8m                          (9) 
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The V2
#0

is very useful thermodynamic parameter in biochemical sciences for molecular weight, 

unfolding of proteins and nucleic acids also using ultracentrifugation [26].The V�#�similar to the 

B coefficient and is independent of concentration. The V�#�and B data elucidate ion-ion and ion 

solvent interactions [27]. The V2
#0

explains ionic interactions and hydration numbers for analysis 

of a net effect of concentration.Thenegative V2
#0

values with NaF, K2HPO4 and Na3PO4had 

showed high internal pressuresdue to stronger ionic interactions (Table 5). The Na
+
 and F

-
 in 

NaF are very close in sizes and the Na
+
and F

-
have very high nuclear attraction with highest ionic 

potential (118.4 kcal/mol) andhighest electronegativity respectively, which caused stronger 

compressed medium resulting into negative V�#�values. Such interactions are depicted by both 

the viscometric and volumetric data but the 2 K
+ 

of the K2HPO4, with anionic hydrogen bonding 

is effective to generate internal compressibility. Also with the Na3PO4, 3 Na
+
strongly interacted 

due to higher ionic potential and nuclear charge, and strongly developed internal compressibility. 

The other alkali metal halides and phosphates produced positive values of theV2
#0

which varied 

with concentrations.  

3.5Viscometric and volumetric contributions to activation energy 

A concentration dependence of the change in Gibbs free energy (dG) at constant pressure and 

temperature is noted as. 

dG = ]∂G ∂n46 _ n�dn4 + ]∂G ∂n�6 _ n4dn� 

The ]∂G ∂n46 _ n�dn4 and ]∂G ∂n�6 _ n4dn� are changes per mol [26]. The free energy (∆μ�) of 

viscous flow [27] is calculated as  

∆μ� = RTln dηV�#hN#f                         H10I 
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The R = gas constant, T = temperature, η = viscosity, h = plank constant and NA = Avogadro 

number.  The activation energy of viscous flow∆μ�# is calculatedwith equation 11 [28].  

∆μ�# = ∆μ�∗ + RTV�∗# i1000. B − HV�∗# − V�#Il                         H11I 

The ∆μ�∗  is free energy of solvent, V�∗# and V�# are apparent molal volumes of solvent and 

solution respectively. The B values are derived with equation 12.  

B = HV�∗# − V�#I + V�∗#H∆μ�∗∗ − ∆μ�∗ I/RT           (12) 

The ∆μ�∗∗ is free energy of solution.The molal entropy (∆S2
#) and enthalpy (∆H2

#) are calculated 

with equation 13 and 14, respectively. 

∆S�# = −Hnμ�# 
no I(13) 

∆H�# = ∆μ�∗∗ + T∆S�#           (14) 

The∆μ�# , ∆S�# and ∆H�#thermodynamic functionselucidate asolute effect on viscosity and the 

∆μ�# <0 inferreda spontaneous interaction. Afurther decrease in ∆μ�# had showed stronger 

interactions (Table 5). The halides and phosphates salts had produced the negative ∆μ�# values 

except the NaBr, KCl, K3PO4 and Na2HPO4.Hence the halide metals had a stronger spontaneity 

for interactionsbecause the NaF showed highest and KBr thelowest spontaneity in the series. 

According to Feakins et.al., the ∆μ�#  reveals that the solute and the surrounding solvent 

molecules interactions with a movement of solute molecules through a transition state, 

isrepresent as equation 15 [25]. 

μ�# = μ�# H1 → 1∗I + μ�# H2 → 2∗I            H15I 

The μ�# H1 → 1∗Idepicts a solute contribution for ∆μ�#  of solvent, and μ�# H2 → 2∗I is stay for the 

∆μ�#  of solute itself. The Table 5shows variation in∆μ�# with contributing shell numbers and ionic 

sizes. The ∆μ�# with NaF, KF and RbF variedwith -116530, -586.23 and -146.03 kJ mol
-1 

values 
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respectively, inferred average contributions of Na
+
 and F

-
with highest values. Such values may 

be due to that the NaF liberates utmost lattice energy (-893 kJ mol
-1

) withon dissociation, and 

caused stronger interactions. Similarly, the ∆μ�# for NaCl, KCl and RbCl, are as -434.59, 50.961 

and -127.12 kJmol
-1 

respectively,with a highest ionic contribution of the Na
+
 and Cl

-
, may be, 

due to, highest lattice energy (-770 kJmol
-1

) of the NaCl. The ∆μ�# values of the F
- 
and Cl

-
 of the 

Na, K and Rb are as ∆μ�# 
NaF >∆μ�# 

KF >∆μ�# 
RbF and ∆μ�# 

NaCl >∆μ�# 
RbCl >∆μ�# 

KCl respectively with a 

stronger impact of a smaller ionic size for the∆μ�# . However, a contribution of the similar sized 

ions such as the K
+
 and Cl

- 
showed deviation in the ∆μ�# values. Also the ∆μ�# values for NaBr, 

KBr and RbBr are as 52.38, -120.34 and -351.11 and for the NaI, KI and RbI as -324.41, -1068.9 

and -1229.4 kJmol
-1

 respectively, have∆μ�# 
NaBr <∆μ�# 

KBr <∆μ�# 
RbBr and ∆μ�# 

NaI <∆μ�# 
KI < ∆μ�# 

RbI 

trends.These values prove that their ionic interactions are spontaneous of different levels where a 

levelling scale could be developed and be related to the type or nature of the ions/salts. 

The∆μ�# of the F
-
, Cl

-
, Br

-
 and I

- 
could explain the participation of anionic d electrons in the 

interactions. For example, when the anions without d-electrons (F
-
 and Cl

-
) with Na

+
, K

+
 and 

Rb
+
show ∆μ�# values as ∆μ�# 

Na >∆μ�# 
K >∆μ�# 

Rbwhile anions having d-electrons showed the ∆μ�#  as 

∆μ�# 
Na <∆μ�# 

K <∆μ�# 
Rb with association of the Br

-
 and I

-
. Hence, the d electrons shield the valance 

shell from nuclear charge which influences the interactions which had inferred that the∆μ�# is 

influenced with a shielding effect whichcaused due to d electrons. The cationic numbers and 

sizesreveal that the average ionic contribution of the phosphate saltshavingthe Na and K to the 

∆μ�#  are varied with cationic concentration and ionic sizes (Table 5). The∆μ�# and∆S�# showed a 

reverse trend of thermodynamic functions,and quantitative analysis of the ∆μ�# and ∆S�#is noted in 

Fig. 8, where minima and maxima do have specific ratios and could be noted as MRKrule on a pattern of 

lever rule. The MRK rule may be defined as MMR (Maxima – minima ratio) and authentically depicts 
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spontaneity. Since the MMR depends on cohesive and intermolecular forces, therefore, their mutual 

interconversion with a critical friccohesive impact on interacting ionic activities. The spontaneity 

increased the μ�#  value having a least activation energy and higher entropy (∆S�#). The ∆S�# data 

of the F
- 
and Cl

- 
anion when associated with the Na, K and Rb are 390.84, 1.9662, 0.4898 and 

1.4576, -0.1709, 0.4264 kJ mol
-1

K
-1 

respectively (Table 5).  

Here, an effect of ionic sizes is evident, for example, the KCl had a negative ∆S�# because of the 

same sizes with same charges of the K
+
 and Cl

-
which create the same ion hydration spheres with 

opposing oscillation. Hence an equal cohesivity is generated in ion hydration spheres of the K
+ 

and Cl
-
, with a decrease in∆S�#. The cationic numbers, replacement of cations by hydrogen and 

cationic sizes with symmetry of anions such as H2PO4
-
, HPO4

2-
 and PO4

3-
 of the Na and K 

contribute to the∆S�#. A solutecontribution to ∆H�#depends on the cationic numbers and ionic 

sizes,as of the ∆S�# and∆μ�#  (Table 5). The trends of the ∆μ�# , ∆S�# and ∆H�# values (Table 5), are 

fitted in model or Fig.s 9 and 10. The negative ∆μ�#  inferredinteraction which are supported with 

the∆S�#and ∆H�#values due to disruption or formation, 

4. Conclusion 

Ionic numbers directly influence physicochemical properties such as viscosity.The relationship 

between activation viscous flow energy and d electrons is established in our study which could 

be extended to explore new relationship betweenthe ∆μ�# and f orbitals of the ions.  
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Model 1.1 and 1.2 Conduction models of viscosity 

Fig. captions 

Fig. 1.Contribution of fluorides of Na, K and Rb on the viscosity  

Fig. 2. Contribution of chlorides of Na, K and Rb on the viscosity  

Fig.3. Contribution of bromides of Na, K and Rb on the viscosity  

Fig. 4. Contribution of iodides of Na, K and Rb on the viscosity  

Fig. 5. Effect of cationic number of Na
+
 on the viscosity 

Fig. 6. Effect of cationic number of K
+
 on the viscosity 

Fig. 7. Shifting of viscosity B coefficient values for phosphates of Na and K 

Fig. 8. Relation between activation viscous flow energy and entropy 

Fig. 9. Relation between activation viscous flow energy and entropy for alkali metal halides 

Fig. 10. Relation between activation viscous flow energy and entropy for alkali metal   

                 phosphates 
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Table1.1. Reproducibility in viscosity (η, ±10
-4

 mPa.s), density (ρ, ± 10
-3

kg m
3
) of water [29, 

30], viscous flow time (t, sec)and viscosity calibration constant (Kη, 10 m Pa. kg
-1

m
-3

). 

Sr.No.  η ρ t Kη 

1  0.8937 0.997048 268.50 0.003338 

2  0.8937 0.997048 268.52 0.003338 

3  0.8937 0.997048 268.55 0.003338 

4  0.8937 0.997048 268.51 0.003338 

5  0.8937 0.997048 268.55 0.003338 

 

Table 1.2.Accuracy in viscous flow time (t, sec), density (ρ, ± 10
-3

kg m
3
) and viscosity (η, ±10

-4
 

mPa.s). 

Solvent t ρ η lit η Exp 

CH3OH 205.59 0.792 0.544[31] 0.5435 

C2H5OH 409.84 0.785[32] 1.074[34] 1.0739 

CH3COCH3 116.84 0.785 0.306[34] 0.3062 

C6H6 207.15 0.874[33] 0.604[35] 0.6043 
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Table 2. Concentration (m), apparent molal volume (V2
# 

±10
-2 

m
3
mol

-1
), viscosity (η±10

-4
m 

Pas.S), intrinsic viscosity ([η] ±10
-4

 kg
1/2

mol
-1/2

), activation energy for viscous flow (∆µ2
#
±10

-2
kJ 

mol
-1

), activation entropy (∆S2
#
±10

-2
kJ mol

-1
K

-1
), enthalpy (∆H2

#
±10

-2
kJ mol

-1
) data at 298.15 K. 

m V2
#
 η [η] ∆µ2

#
 ∆S2

#
 ∆H2

#
 

NaF 

0.05 -7.66 0.9059 0.0609 -115521.21 387.46 -34501.65 

0.10 -4.19 0.9154 0.0767 -114526.33 384.12 -192.00 

0.15 -3.40 0.9226 0.0835 -114135.14 382.81 -371.32 

0.20 -3.24 0.9330 0.0983 -114065.99 382.58 -406.56 

0.25 -2.95 0.9428 0.1098 -113898.75 382.02 -479.47 

NaCl 

0.05 10.77 0.8988 0.0254 -210.11 0.70 266.39 

0.10 14.45 0.9077 0.0494 39.19 -0.13 18.60 

0.15 14.91 0.9168 0.0666 78.44 -0.26 -20.45 

0.20 15.11 0.9243 0.0765 104.58 -0.35 -46.48 

0.25 15.10 0.9284 0.0776 115.19 -0.39 -57.07 

NaBr 

0.05 20.48 0.9022 0.0425 62.27 -0.21 -2.78 

0.10 20.90 0.9087 0.0530 72.82 -0.24 -13.20 

0.15 21.46 0.9166 0.0661 83.12 -0.28 -23.32 

0.20 20.13 0.9247 0.0774 128.50 -0.43 -68.97 

0.25 20.78 0.9327 0.0873 139.82 -0.47 -80.10 

NaI 

0.05 30.87 0.8995 0.0288 -352.33 1.18 413.84 

0.10 34.27 0.9058 0.0429 -541.95 1.82 604.01 

0.15 31.91 0.9156 0.0632 -368.84 1.24 430.60 

0.20 30.57 0.9247 0.0776 -266.88 0.90 328.48 

0.25 30.52 0.9328 0.0876 -242.36 0.81 303.99 

 

KF 

0.05 8.84 0.8957 0.0100 -443.54 1.49 498.83 

0.10 8.73 0.9028 0.0322 -440.22 1.48 495.49 

0.15 9.03 0.9111 0.0502 -374.61 1.26 430.09 

0.20 9.30 0.9192 0.0638 -316.56 1.06 372.23 

0.25 8.10 0.9312 0.0839 -462.47 1.55 517.52 

KCl 

0.05 22.08 0.8922 -0.0075 1.78 -0.01 58.03 

0.10 24.57 0.8990 0.0188 -55.92 0.19 116.30 

Table 2 continued ……………… 
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Table 2 continued………….. 

0.15 25.15 0.9048 0.0322 -61.31 0.21 121.84 

0.20 25.49 0.9090 0.0382 -63.38 0.21 123.99 

0.25 25.84 0.9135 0.0442 -65.54 0.22 126.24 

KBr 

0.05 27.85 0.8941 0.0020 -208.30 0.70 269.27 

0.10 30.33 0.9002 0.0231 -320.09 1.07 381.52 

0.15 30.61 0.9085 0.0429 -312.70 1.05 374.22 

0.20 31.01 0.9146 0.0524 -319.06 1.07 380.67 

0.25 31.25 0.9224 0.0642 -311.67 1.05 373.37 

KI 

0.05 41.46 0.9019 0.0411 -1066.61 3.58 1129.59 

0.10 41.75 0.8962 0.0090 -1105.03 3.71 1168.02 

0.15 38.75 0.8927 -0.0030 -888.00 2.98 950.60 

0.20 40.33 0.8868 -0.0172 -1022.36 3.43 1085.12 

0.25 36.63 0.8746 -0.0428 -788.04 2.64 850.26 

RbF 

0.05 27.94 0.8912 -0.0126 -220.92 0.74 281.89 

0.10 28.74 0.8953 0.0058 -249.35 0.84 310.48 

0.15 29.86 0.9006 0.0201 -293.19 0.98 354.54 

0.20 30.69 0.9059 0.0305 -324.91 1.09 386.43 

0.25 30.55 0.9133 0.0439 -296.44 0.99 357.97 

RbCl 

0.05 27.58 0.8925 -0.0059 -199.85 0.67 260.76 

0.10 29.17 0.8920 -0.0060 -280.41 0.94 341.60 

0.15 29.46 0.8937 -0.0001 -290.86 0.98 352.10 

0.20 29.02 0.8873 -0.0161 -285.94 0.96 347.07 

0.25 28.92 0.8853 -0.0188 -286.06 0.96 347.17 

 

RbBr 

0.05 32.52 0.8921 -0.0079 -469.88 1.58 531.61 

0.10 34.60 0.8906 -0.0111 -605.66 2.03 667.69 

0.15 34.48 0.8912 -0.0074 -596.46 2.00 658.47 

0.20 33.79 0.8898 -0.0099 -555.55 1.86 617.45 

0.25 33.25 0.8880 -0.0128 -526.36 1.77 588.17 

RbI 

0.05 44.13 0.8880 -0.0284 -1317.08 4.42 1380.30 

0.10 45.09 0.8817 -0.0423 -1412.79 4.74 1476.08 

Table 2 continued………….. 
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Table 2 continued…………….. 

0.15 44.05 0.8761 -0.0510 -1343.92 4.51 1407.06 

0.20 42.71 0.8679 -0.0646 -1260.34 4.23 1323.28 

0.25 41.12 0.8630 -0.0687 -1150.00 3.86 1212.73 

H3PO4 

0.10 47.6636 0.9162 0.0797 -1532.79 5.14 1596.54 

0.30 49.5452 0.9543 0.1238 -1593.85 5.35 1658.00 

0.50 48.7396 1.0001 0.1684 -1407.55 4.72 1471.85 

0.70 48.5966 1.0541 0.2145 -1264.85 4.24 1329.39 

0.90 47.5033 1.0885 0.2297 -1091.63 3.66 1156.22 

K3PO4 

0.10 10.5238 0.9999 0.3757 31.30 -0.10 25.39 

0.30 8.6021 1.0680 0.3562 -41.70 0.14 97.73 

0.50 2.98052 1.1972 0.4803 -1617.16 5.42 1668.49 

0.70 -0.8980 1.3973 0.6736 -112205.73 376.34 3615.87 

0.90 -3.7474 1.6482 0.8899 -115769.24 388.29 -729.47 

K2HPO4 

0.10 -18.903 0.9309 0.1319 -116288.07 390.03 -5406.81 

0.30 24.594 1.0011 0.2194 210.25 -0.71 -149.34 

0.50 21.5558 1.0909 0.3120 513.03 -1.72 -452.34 

0.70 19.2633 1.2030 0.4137 791.33 -2.65 -730.72 

0.90 17.3646 1.3290 0.5134 1041.46 -3.49 -980.87 

KH2PO4 

0.10 35.923 0.9210 0.0968 -610.70 2.05 673.08 

0.30 36.8421 0.9772 0.1706 -527.23 1.77 590.02 

0.50 34.8948 1.0373 0.2272 -246.77 0.83 309.60 

0.70 34.1784 1.1099 0.2892 -31.93 0.11 94.99 

0.90 31.6264 1.1863 0.3452 290.78 -0.98 -227.78 

Na3PO4 

0.10 -17.679 0.9742 0.2849 -116402.53 390.42 -5185.49 

0.30 -20.094 1.1667 0.5577 -116836.27 391.87 -6281.80 

0.50 -22.599 1.4577 0.8926 -117336.76 393.55 -7469.76 

0.70 -23.608 1.8592 1.2913 -117910.34 395.47 -8320.09 

0.90 -28.03 2.3167 1.6784 -118275.51 396.70 -9898.65 

Na2HPO4 

0.10 3.35396 0.9480 0.1922 -1954.57 6.56 2005.34 

0.30 2.61392 1.0505 0.3203 -2216.92 7.44 2266.96 

0.50 1.99169 1.2317 0.5349 -2411.17 8.09 2460.65 

Table 2 continued………….. 
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Table 2 continued………….. 

0.70 -1.0838 1.4411 0.7321 -112723.30 378.08 3047.33 

0.90 -5.1198 1.7272 0.9831 -117615.84 394.49 -1809.42 

NaH2PO4 

0.10 27.7052 0.9216 0.0988 -126.26 0.42 187.35 

0.30 28.2978 0.9881 0.1928 17.73 -0.06 43.81 

0.50 26.6009 1.0774 0.2907 311.87 -1.05 -250.21 

0.70 25.227 1.1695 0.3689 572.35 -1.92 -510.54 

0.90 24.1455 1.2844 0.4608 844.41 -2.83 -782.35 
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Table 3. Rationalized analysis of viscosities of alkali metal halides 

C ηNaF/RbF ηKF/RbF ηNaCl/RbCl ηKCl/RbCl ηNaBr/RbBr ηKBr/RbBr ηNaI/RbI η KI/RbI 

0.05 1.016 1.005 0.877 0.049 1.159 1.146 0.756 0.042 

0.10 1.022 1.008 0.876 0.098 1.168 1.151 0.75 0.084 

0.15 1.024 1.012 0.879 0.146 1.165 1.151 0.755 0.126 

0.20 1.03 1.015 0.88 0.194 1.171 1.154 0.751 0.166 

0.25 1.032 1.02 0.885 0.242 1.167 1.152 0.758 0.208 

 

 

 

Table 4.Contributions of ionic number into the water molecules. 

Electrolytes H3PO4 K3PO4 K2HPO4 KH2PO4 Na3PO4 Na2HPO4 NaH2PO4 

H2O: Ion 297.15 135.93 166.17 213.31 176.79 204.41 242.29 
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Table 5. Partial molal volume (V2
#0

±10
-6

m
3
 mol

-1
), Jones-Dole B coefficient (B ±10-4 kg mol

-1
), 

limiting activation energy (∆µ2
#0

± mol
-1

K
-1

), entropy (∆S2
#0

±J mol
-1

) and enthalpy (∆H2
#0

±J mol
-

1
) at 298.15 K  

 

Electrolytes V2
#0

 B         ∆µ2
#0

         ∆S2
#0

 ∆H2
#0

 

NaF -10.89 0.0260 -116530 390.84 -61850 

NaCl 7.45 0.5599 -434.59 1.4576 489.52 

NaBr 20.09 0.0211 52.38 -0.1757 6.9822 

NaI 30.00 0.1245 -324.41 1.0881 385.73 

KF 7.97 0.1148 -586.23 1.9662 640.99 

KCl 19.84 0.5374 50.961 -0.1709 8.3314 

KBr 25.78 0.3124 -120.34 0.4036 180.92 

KI 41.41 -0.1906 -1068.9 3.5851 1131.9 

RbF 26.32 0.1634 -146.03 0.4898 206.7 

RbCl 26.01 0.2969 -127.12 0.4264 187.75 

RbBr 30.62 0.0394 -351.11 1.1776 412.55 

RbI 43.2 5 -0.1488 -1229.4 4.1235 1292.6 

H3PO4 47.12 0.1685 -1552 5.2053 1615.5 

K3PO4 12.97 -2.0209 4808 -16.127 -2134.3 

K2HPO4 -31.36 -0.1236 -152143 510.29 -6948.1 

KH2PO4 35.77 0.1204 -674.4 2.62 736.61 

Na3PO4 -17.11 -1.0939 -116128 389.49 -4755.3 

Na2HPO4 2.77 -0.8476 1833 -6.1481 318.17 

NaH2PO4 28.03 0.0892 -234.43 0.7796 293.39 

 

Table 6. Rationalized analysis of B values of alkali phosphate salts with water 

BK3PO4/H3PO4 BK2HPO4/H3PO4 BKH2PO4/H3PO4 BN3PO4/H3PO4 BNa2HPO4/H3PO4 BNaH2PO4/H3PO4 

-11.9935 -0.7335 0.7145 -6.4920 -5.0303 0.5294 
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Model 1.1.Dominance of ionic sizes for cationic interaction over anionic and vice versa 

demonstrated their resultants viscosities. For example, with Rb
+
, a higher sized cation is 

associated with lower sized anion then the viscosities are higher than of the water while when the 

Rb
+
, is associated with large sized anion then the viscosities are decreased than of the water.  

              Anionic interactions                      Cationic interactions            Resultant viscosity 
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Model 1.2Role of shell numbers with or without d-electrons for their interacting                 

activities and effect on the viscosity 
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η of ionic salts solution
without d electrons 
except RbF

η of ionic salts
having d electrons which
causes shielding effect, so 
weaker interaction
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4s0  =  2p6

4s0  > 4p6

5s0  <  2p6

4s0  <  5p6

5s0  >  3p6

5s0  =  4p6

5s0  =  5p6



32 

 

Fig. 1 

 

Fig. 2 
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Fig. 3 

 

Fig. 4 
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Fig. 5 

 

Fig. 6 
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Fig. 7 

 

Fig. 8 

 

 

K3PO4

K2HPO4

KH2PO4

Na3PO4

Na2HPO4

NaH2PO4

-2.0300

-1.7800

-1.5300

-1.2800

-1.0300

-0.7800

-0.5300

-0.2800

-0.0300

0.2200

B
  

k
g
 m

o
l-1

-15

35

85

135

185

235

285

335

385

435

485

-152145

-137145

-122145

-107145

-92145

-77145

-62145

-47145

-32145

-17145

-2145

∆
S

2
#

  
 k

 J
 K

-1
 m

o
l-1

∆
µ

2
#

 
k

 J
 m

o
l-1

Activation viscous flow energy

Activation entropy

Activation viscous flow energy



36 

 

Fig. 9 

 

Fig. 10 
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Abstract:Density( ρ ), sound velocity(u), refractive index( Dn ) and viscosity(η )of binary mixtures of 

different molecular weights of poly (vinylpyrrolidone) (PVPK16, K25, K30, K29) with water were 

measured for 0.001, 0.003, 0.005, 0.007 and 0.009mass fractionsat T= (293.15, 298.15, 303.15 and 

308.15) K.The ρ  data are used for apparent molar volume(Vφ ) and η  while, u and ρ for isentropic 

compressibility ( sκ ) and apparent isentropic compressibility ( ,s φκ )calculations. The Dn  data is used 

for light velocity and specific refraction ( D
R )calculations.The ηvalues are fitted in reduced Jones-

Dole equation for viscosity B-coefficient (B). Vφ values are regressed against molal concentration for 

determining limiting apparent molar volume( 0Vφ )values. Similarly, limiting isentropic 

compressibility ( 0

,s φκ )was derived from the ,s φκ  values for PVP-water interactions. Negative ,s φκ  

values at T = (293.15, 298.15 and 303.15) Kdepictedless compressible water molecules around the 

PVP than water itself in the bulk. Positive ,s φκ  values at higher concentration and at 308.15 

Kinferred weakening of hydrogen bonds. The decrease and increase in physicochemical data with 

temperature, composition and molecular weights inferred stronger PVP-water interactions. 

Keywords PVP.Apparent molar volume. Isentropic compressibility. Apparent isentropic 

compressibility 

1. Introduction 
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Thermodynamic and transport properties of synthetic water-soluble polyvinyl polymers are of 

scientific and technological interests since,these high-molecular weight polymers are widely applied 

in various areas such as biochemistry, biology, biophysics, nanoscience and medicine.During the past 

few decades, biodegradable polymers have been central part in biomaterial sciences for variety of 

biomedical applications such as drug delivery, tissue engineering and medical devices as implant or 

stable bio-materials [1, 2].There are many types of biodegradable polymers such as polyesters, 

polyanhydrides, polyurethanes, poly (ester amides) and polyphosphazenes [3] which develops useful 

information’s. Among these,polyvinyl polymers like PVP are the most attractive material for many 

biomedical applications because the polymeric chain of PVP could be used as carrier of biologically 

active substancesby theirinteracting and binding abilities in aqueous and other solvents. Many 

scientistshave drawn their attention in obtaining information on the thermodynamic and transport 

properties of aqueous polyethylene glycol (PEG) of various molecular weights, which is often used 

in biotechnology. Thereby properties like density and viscosity have been widely studied and applied 

[4–6].However,similar studies on thermodynamics of aqueous PVP solutions, as a very important 

mixture in respect to its use in biotechnology and nanoscience, are of considerable interest, despite 

this very limited literature is cited. PVPis a physiologically active material and thus is preferred for 

designing the activity of biologically active substances for decreasing organism intoxication. The 

physiological activities of PVP depend on the molecular weights as well as their distribution. Thus, 

the molecular weight is of primary consideration in the mechanism of drug designing action when 

used as an additive. PVP being a water-soluble polymer has a better miscibility and is used in 

forming complexes with low and high molecular weight molecules due to non-covalent interactions 

[7].PVP is similar to proteins and has been even proposed as a potential substitute for serum albumin 

in synthetic blood formulations [8] due to its anti-coagulating nature, as was used in 2nd world war. 

Apart from such behavior, the PVP plays a key role in formulation of high class detergents, 

cosmetics and pharmaceuticalsand also as branching material in combination of formaldehyde and 
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melamine for resin preparation of high adhesive strength due to increased degree of cross-linking 

[9].Therefore, the unique applications and interacting capabilities of it has fascinated scientist to 

investigate interacting behaviour of it based on several molecular weights.Depending on the grade of 

polymerization, the average molecular weight of PVP varies in the range of (2000 to 2,500,000) g. 

mol-1.The different types of PVP are characterized by their inherent viscosities, the so-called K-

values, given by the Fikentscher equation [10].The mode and mechanism actionof PVP is determined 

by its physicochemical properties (PCP)noted as structural indicators. Therefore, to study the impact 

of molecular weight onthermodynamic and transport properties, theeffortshave been made by 

measuring density and viscosity as a function of composition and temperature[11-14]. No reference 

is citedin literature where a comparative study of the impact of molecular weights, temperature and 

concentration on the thermodynamic, transport and acoustic properties are reported.In general, the 

PCP of polymers directly depends on the degree of polymerization especially in case of biopolymers. 

The relationship between the molecular weights and PCP is of intrinsic nature and also of 

fundamental interest which can be tailored for havingthe efficient activities in biochemical and 

biophysical systems. Therefore, our study could be considered most significant not only as reference 

but also as a ready reckonerinthe relevant areabecauseworkon density, sound velocity, refractive 

index and viscositiesof PVP K16, K25, K30 and K29are reported at T = (293.15, 298.15, 303.15 and 

308.15) K.The detailedoverviews of the PCP of PVPs arecritically evaluated in providing interesting 

information. 

2. Experimental Section 

2.1 Materials and Methods 

The molecular weight, K-value, CAS no. andsourceofPVPsare given in Tables 1 and chemicals were 

used as received.Mass fraction solutions were prepared using Mettler Toledo New Classic MS with ± 

0.0001 g precision and Millipore water of 5·10-7 S·cm-1. Aqueous solutions ofmass fractions 0.001, 

0.003, 0.005, 0.007 and 0.009 of PVPK16 (average molecular weight= 10,000g·mol-1),PVPK25 
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(average molecular weight =29,000 g·mol-1), PVPK30 (average molecular weight = 40,000 g·mol-1) 

and PVPK29 (average molecular weight = 55,000g·mol-1) were prepared. 

2.2 Experimental measurements 

Densities and sound velocities were obtained with Anton Paar DSA 5000 M densimeter whose 

temperaturewas controlled to ±1·10−3 K by built-in Peltier device. The sensitivity of the instrument 

corresponds to 1·10−3 kg·m−3 and 1·10−2 m·s-1 precision in density and sound velocity measurements 

respectively. The combined expanded uncertainties (k = 2) are ± 4·10−3 kg·m−3 and ± 2·10−1 m·s−1for 

density and sound velocity respectively. The densimeter was calibrated with Millipore water and the 

densities were reproducible to ± 0.02 kg·m-3.Viscosity measurements were done with Borosil 

Mansingh Survismeter (cal.no. 06070582/1.01/C-0395,NPL, India) [15-18] by viscous flow time 

method and temperature controlled by Lauda Alpha KA 8 thermostat that kept the sample at working 

temperature within ± 0.05 K. The uncertainty in viscosity measurements was ± 2·10-6 kg·m-1·s-

1.Refractive index was measured by automatic refractometer (Rudolph J-257) with ±1·10-4uncertainty 

and was calibrated with Millipore water. In refractometer, the optical wavelength used was 589.3 nm 

with resolution of 0.0001RI.The density, sound velocity and refractive index values of water along 

with their uncertaintiesare listedin Table 2 and are in close agreement with the literature values [19-

23]. 

3. Results and discussion 

3.1 Density, sound velocity, isentropic compressibility, apparent isentropic compressibility, 

refractive index and specific refraction 

The density ρ, and sound velocityuvalues are listed in Table 3. The lower density at higher 

temperature is attributed toenhancedatomic oscillations resulting out of increased thermal energy 

which weakens the hydrogen bond (HB). The increased ρwith concentration resulted from 

increasedmole number of PVP with stronger interaction on developing additional HB. For example, 
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at 0.005 mass fraction,from T = (293.15 to 298.15) K, (298.15 to 303.5) K and (303.15 to 308.15) K, 

the ρdecreased by0.115%, 0.144% and 0.161% for PVP K30(Table 3) respectively. In general, on 

increasing the mass fraction by 0.002, the corresponding ρ values increases by 0.04 %. The change in 

ρvalues between two consecutive mass fractions is almost same for each molecular weight andinfers 

that, the strength of interactions is of similar magnitudeirrespective of molecular weights. Absence of 

a general trend for density with molecular weight (Table 3)infers that, the interacting activities and 

nature of the PVP with variable molecular weights are influenced by their size. The carbonyl oxygen 

and imide nitrogen are the only sites which can interact with water.It is well known that with 

polymerization of the monomerN-Vinylpyrrolidone, the number of carbonyl oxygen and imide 

nitrogen increases, increasing the hydrophobicity due to increased alkyl chain lengths. The increased 

hydrophobicity weakens the HB while, the carbonyl oxygen and imide nitrogen strengthens the HB 

that act as a counter balancing effect along with different re-orientations of PVP.This explains the 

reason for the absence of a general trend for density with molecular weights. 

Table 3 reflects that,the u values increased with concentration and decreased with temperature 

(Fig.1). It infers that increase in concentration strengthen the HBwhich bringsPVP and water 

molecules to a closer distance. Itfacilitates faster ultrasonic wave propagation through the 

comparatively compact medium resulting in increased sound velocity. With rise in temperature, the 

molecules gain kinetic energy and their respective atoms oscillate creating a kinetically active area 

with higher entropy. This additional area of oscillation further provides afavorable environment for 

the wave propagation with higher, sound velocity. When sound waves pass through a liquid medium, 

the pressure and temperature vary where the entropy of the oscillating atoms changes but the overall 

entropy remains constant. Thus, the concept of isentropic compressibility becomes auseful data since 

the ultrasonic speed may be considered as a thermodynamic property, provided that there is a 

negligible amount of ultrasonic absorption of the acoustic waves of low frequency.The isentropic 

compressibility sκ , were calculated by Newton–Laplace equationgiven below: 
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2

1
 (1)s

u
κ

ρ
=  

Table 4 shows that the sκ values are positive at chosen temperatures. The positive contributions may 

be attributed to the breaking or stretching ofHB in the structured water. When mole number of PVP 

is increased, the hydrophilic and hydrophobic interaction increases, disrupting the structured water 

held around the PVP.This further divides the structured water into smaller aggregates around the 

hydrophobic part of the PVP resulting in increased entropy, depicted in PVP-water interaction 

engineering (PWIE)model (Fig. 2). The sκ values decreased with rise in temperature and 

concentration (Fig.1).Sound is a form of energy and its velocity is affected by molecular 

interactions.Addition of solute to solvent changes the level of energy or energetic microphases due to 

solute-solvent interactions and thus, uchanges. The sκ isa measure of internal pressureand 

intermolecular force (IMF)because the stronger and weakerinternal pressure leads to less 

compressible and more compressible mediums respectively.The decrease in sκ values with increased 

concentration indicates less compressible water around the PVP than the water itself in the bulk[16-

17]. Decrease in sκ may be due to (a) introduction of PVP molecules shrink the empty voids in 

solvent (b) increase in hydrophilic-hydrophilic and hydrophobic-hydrophilic interactions. For 

example, for PVP K30 and at 293.15 K, from (0.001 to 0.003), (0.003 to 0.005), (0.005 to 0.007) and 

(0.007 to 0.009) mass fraction, the sκ  values decreased by 0.176, 0.154, 0.154 and 0.155% 

respectively. Similarly, sκ  valuesfor each molecular weight at a given concentration and temperature 

have inferredsimilar interacting strength, irrespective of the molecular weights. In general, from 

(293.15 to 298.15) K, (298.15 to 303.15) Kand (303.15 to 308.15) K,the sκ valuesdecreased by 1.79, 

1.34 and 1.24 % respectively.The decreased sκ values with rise in temperature inferred weakening of 

hydrogen bonded water structure around the PVP. 

The apparent molarcompressibility ,s φκ , was obtained using equation 2 given below: 
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Where, ρ and ρ0 are density of solution and solvent respectively, m is molal concentration of solute of 

molar mass, M. 
sκ  and 

0

s
κ are isentropic compressibility of solution and waterrespectively.The ,s φκ  

values,reported in Table 4, are negativeand inferred development of stronger IMF,causinga greater 

resistance to compression than the wateritselfin the bulk. This effect is attributed to the stronger 

attractive interaction on development of HB between imide nitrogen of the PVP chain and water with 

stronger IMF between PVP-water than water-water itself, mathematically represented as under: 

PVP water water water
IMF IMF ve

− −
− = +

 

At 308.15 Kandmass fraction 0.007 onwards, the positive ,s φκ values inferred weaker interaction but 

strengthening of hydrophobic-hydrophobic interactions between the PVP molecules due to their 

entropic reorientation caused by thermal agitation. The decreased ,s φκ values on increasing 

concentration are attributed to stronger interactions due to HB formation between imide nitrogen and 

carbonyl oxygen of PVPwith water. A shift towards positive values at higher temperatures is 

attributed to weakened HB interactions, with more compressible water around the PVP than the 

water itself in the bulk. The trend for ,s φκ  values isas , ( 16)s PVP Kφκ < , ( 25)s PVPKφκ < , ( 30)s PVPKφκ < , ( 29)s PVPKφκ

.For example, at 293.15 K and at 0.001, the ,s φκ  value of PVP K29 is more negative than PVP 

K30,PVP K25 and PVP K16by 87.90·10-13, 143.93·10-13 and 216.01·10-13 m5·N-1·mol-1 respectively.It 

depicts highest compactness and least compressibility for PVP K29whereas least compactness and 

highest compressibilityfor PVP K16.The limiting isentropiccompressibility 0

,s φκ ,was obtained with 

equation 3 given below:  

0 1/2

, , (3)s s kS mφ φκ κ= +  



8 

 

Where, 0

,s φκ is intercept of the straight line from linear regression analysis of equation 3and indicates 

solute-solvent interaction. The 0

,s φκ  values, listed in Table 5are negative attributing stronger 

interactions. The 0

,s φκ  values increased with increase in molecular weight along with hydrophobicity. 

The 0

,s φκ values are asPVP K16< PVP K25< PVP K30< PVP K29, depicting intensified HB with PVP 

K29. 

The refractive index Dn ,values (Table 6) increased with concentration but decreased with rise in 

temperature.With increase in concentration, the IMF increased with a more compressed medium and 

compact pathway for light waves to travelwith increased Dn .With increasing temperature, the 

compactness decreased,leavinga less compact pathway for light waves to travel with decreased Dn . 

The change in Dn  values between two consecutive mass fractions is same andinferredHB 

interactionsof equivalent strength irrespective of molecular weight.Thespecificrefraction DR was 

calculated by Lorentz–Lorenz equation [23] given below: 

2

2

1 1
 (4)

2
D

D

D

n
R

n ρ

 −
=  

+ 
The DR values (Table 6) slightly increased with increase inconcentration. The DR values inferred that 

concentration dependent DR is a physical state which is slightly affected by temperature [23] with not 

much variation on increasing temperature and molecular weights. 

3.2 Apparent molar volume 

Apparent molarvolumeVφ ,was obtained with equation 5 given below: 

0

0

1000( )
(5)

M
V

m
φ

ρ ρ

ρ ρ ρ

−
= +

 

In general, Vφ  values(Table 4, Fig. 3) from 0.001 to 0.003, increased by 40.20 % irrespective ofthe 

molecular weights.From 0.003 onwards, theVφ  values decrease drastically from 40.20 % to the range 
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of 7 to 1 %. For example, the Vφ  values for PVP K16at 303.15 K, increased by 41.51, 7.07, 3.49 and 

1.83 % from (0.001 to 0.003), (0.003 to 0.005), (0.005 to 0.007) and (0.007 to 0.009) respectively.At 

very low concentration (0.001), the system shows low entropy because the PVP molecules are 

surrounded by structured water forming a cage like structure, where the water molecules are 

trappedwith lowerVφ values. The transition incage structure starts when more and more PVP 

molecules are added (mass fraction> 0.001). The structured water around the PVP gets disrupted and 

forms new HB with the added PVP molecules. The disruption increases the entropy of the system, 

depicted in PWIEmodel (Fig. 2) with increased Vφ  values. The disruption of structured water 

continues up to0.003 and this concentration is termed “critical structure concentration” (CSC), above 

which, the increase in Vφ  value is very less. When the CSC is reached, the structured water tends to 

be completely disrupted and further addition of PVP just strengthens the HB with disrupted water 

leaving the molar volume unaffected.The limiting apparent molar volume 0Vφ ,was obtained with 

equation 6 given below:  

0 1 / 2 (6 )
v

V V S mφ φ= +  

Where, 0Vφ is theintercept of the straight line of linear regression analysis of equation 6and depicts 

solute-solvent interaction. The 0Vφ  values, listed in Table 5 arepositive, attributing stronger PVP-

water interactions.The 0Vφ  values increased with increase in molecular weight and hydrophobicity. 

The 0Vφ values are asPVP K16< PVP K25< PVP K30< PVP K29with highest structure making 

capacity for PVP K29. 

3.3 comparative study of sound and light velocity 

The light velocity C, wascalculated with equation 7 asunder: 
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83 10
        C   (7)

Dn

×
=

The Cvalues, listed in Table 6, depend upon the resistance imposed by the solution while the sound 

velocity depends on compressibility. An increase in uvalues infers energybeing evolved whereas; 

decrease in C values infers energy being consumed. Table 3 andTable 6compares light and sound 

velocitiestogether where, theC values decreased whileu values increased with an increase in 

concentrationdue to stronger interactions. 

3.4 Viscosity and viscosity B-coefficient 

The viscosity η  values, listed in Table 3, show an increment with concentration. In general, from 

(0.001 to 0.003), (0.003 to 0.005), (0.005 to 0.007) and (0.007 to 0.009), for PVP K16, the η  

valuesincreased by 1.67, 1.17, 1.27 and 1.44%; for PVP K25, by 3.23, 2.98, 2.77 and 2.67 %; for 

PVP K30, by 4.00, 3.93, 3.81 and 3.69 % and for PVP K29, by 4.11, 3.95, 3.89 and 3.81 % 

respectively. Initially, at lower concentration, the system has high cohesive force (CF) with low 

entropy and frictional force (FF) due to formation of structured water around the PVP,producing 

lower η  values. With increasing concentration, the structured water around the PVP disrupts due to 

increased hydrophilic and hydrophobic interactions which consequently weakens the CF, converting 

them into FFwith higher η values, as depicted in PWIE model (Fig.2).From 293.15 to 298.15, 298.15 

to 303.15 and 303.15 to 308.15 K, η  values decreased by 12.46, 12.07 and 10.94% respectively.The 

η  values are asPVP K16< PVP K25< PVP K30< PVP K29 at T = (298.15 to 308.15) K but PVP 

K16< PVP K25< PVP K29< PVP K30 at T = 293.15 K. Probably it seems that PVP K30 and PVP 

K29converts the CF of the solvent intoFF to the maximum due to their high hydrophobicity and at 

293.15 K, PVP K29 may reorient in a low entropic assembly,generating lowerFF than PVP K30. At 

elevated temperatures, this low entropic reorientation diminishes producing highest η  valuesfor PVP 

K29at higher temperature.Theη  values are fitted in Jones-Dolesequation[24] given below: 



11 

 

1/2

0 1 (8)Am Bmη η = + +  

Where,η  and 0η is viscosity of solution and solvent respectively. A-coefficient reflects solute-solute 

interactions and the B-coefficient is a measure of structural re-orientations induced by solute-solvent 

interactions [25]. For nonelectrolytes, A is negligible [26], therefore, for PVP; thereduced Jones-Dole 

equation given under is used: 

0

1 (9)Bm
η

η
= +  

Viscosity B-coefficient, values listed in Table 7, is the slope of the straight line obtained from linear 

regressionof equation 9. The B values decreased with rise in temperature (Fig. 4) depicting 

weakening of IMF between PVP and water. Viscosity B-coefficient is a measure of order or disorder 

introduced by the solute into the solvent where, the positive B values inferred stronger frictional 

forces on laminar flow. The B values are as PVP K16> PVP K25> PVP K30> PVP K29, inferred 

increased interaction with molecular weight. Strongest hydrophilic and hydrophobic interactions are 

reflected through higher B values at 293.15 K.  

4. Conclusion 

PCP data furnished valuable information on PVP–water interactions involving hydrophobic and 

hydrophilic interactions. The values of extensive parameters sκ , ,s φκ , Vφ  with intensive parameters

0

,s φκ , 0Vφ  and Bdepicted the impact of composition, temperature and molecular weight on PVP–water 

interactions. Presence of less compressible water around the PVP is reflected through the negative 

,s φκ  values revealed development of stronger PVP-water interactions. , (10,000)s φκ < , (29,000)s φκ < , (40,000)s φκ

< , (55,000)s φκ inferred strongest interaction for PVP 55,000 with water. PWIE model revealed that less 

entropic zone, depicted through lower Vφ  values, transfers to high entropic zone at CSC above which 
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addition of PVP strengthens the HB with disrupted water. Higher positive B with lower A values 

revealed dominance of PVP-water interactions over PVP-PVP interactions. These PCP data depicted 

that the strength of IMF are equivalent irrespective of their molecular weight whereas the transport 

property resulting out of structural reorientations upon mixing depended on the molecular size. This 

investigation could open a new dimension as a novel medium for efficient drug delivery, protein 

denaturation and many more, rendering vast biological applications.  
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Figure captions: 

Fig.1 Sound velocity,uand isentropic compressibility, sκ  of aqueous PVP K16 against mass fraction,

p
w ,of polymer at temperatures: ■, T = 293.15 K; □, T = 298.15 K; ▲, T = 303.15 K and ∆, T = 

308.15 K 

Fig.2PVP-water interaction engineering (PWIE) model 

Fig. 3  

a. Apparent molar volume, Vφ of PVP as a function of mass fraction, wp of polymer atT= 293.15 K :  

■, PVP K16; □, PVP K25; ▲, PVP K30 and ∆, PVP K29 

b. Apparent molar volume,Vφ , of PVP as a function of mass fraction, wpof polymer at T= 298.15K:  

■, PVP K16; □, PVP K25; ▲, PVP K30 and ∆, PVP K29 

c. Apparent molar volume,Vφ , of PVP as a function of mass fraction,wp, of polymer at T = 303.15 

K:  ■, PVP K16; □, PVP K25; ▲, PVP K30 and ∆, PVP K29 

d. Apparent molar volume,Vφ , of PVP as a function of mass fraction,wp, of polymer at T = 308.15 

K:  ■, PVP K16; □, PVP K25; ▲, PVP K30 and ∆, PVP K29 

Fig. 4Viscosity B-coefficient of aqueous PVP against temperature:■, PVP K16; □, PVP K25; ▲, 

PVP K30 and ∆, PVP K29 
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Table 1Specifications of polyvinylpyrrolidone with their average molecular weight and K values 

studied in this work 

 

Average molecular 

weight (g·mol-1) 

K-Valuesa Lot number Source 

    

PVP 10,000 16 lot BCBG5331V Sigma-Aldrich 

PVP 29,000 25 lot STBB8555V Sigma-Aldrich 

PVP 40,000 30 lot BCBG0150V Sigma-Aldrich 

PVP 55,000 29 lot MKBH7415V Sigma-Aldrich 

aData provided by the manufacturer  

 

Table 2Comparison table for density (ρ), sound velocity (u) and refractive index ( )Dn of water with 

literature data at T = (293.15, 298.15, 303.15 and 308.15) K 

T/K ρ.10-3/kg·m-3 u/m·s-1 nD 

 Lit Exp Lit Exp Lit Exp 

293.15 0.998203 [21] 0.998201 1482.66 [21] 1482.55 1.3330 [20] 1.3329 

298.15 0.997043 [21] 0.997042 1496.70 [19] 1496.67 1.3325 [20] 1.3325 

303.15 0.995645 [21] 0.995647 1509.13 [22] 1508.84 1.3319 [20] 1.3318 

308.15 0.994029 [21] 0.994027 1519.81 [22] 1519.76 1.3312 [23] 1.3313 

 

Standard uncertainty: in temperature u (T) = ± 0.01 K,in density u (ρ) = ± 2·10−3 kg·m−3, in sound 

velocity u(u) = ± 1·10−1 m·s−1 and in refractive index u (nD) = ± 1·10-4
. The combined expanded 

uncertainty (k = 2) for density Uc(ρ) = ± 4·10−3 kg·m−3, for sound velocity Uc(u) = ± 2·10−1 m·s−1and 

for refractive index Uc (nD) = ± 2·10-4 
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Table 3Density (ρ), viscosity (η) and sound velocity (u) as a function of temperature (T) and mass 

fraction (wp) of PVP K16, K25, K30 and K29 

 

wp 

293.15 K 298.15 K 303.15 K 308.15 K 

ρ·10-3 

/kg·m-3 

η.10-3 

/kg·m-1·s-1 

u 

/m·s-1 

ρ·10-3 

/kg·m-3 

η.10-3 

/kg·m-1·s-1 

u 

/m·s-1 

ρ·10-3 

/kg·m-3 

η.10-3 

/kg·m-1·s-1 

u 

/m·s-1 

ρ·10-3 

/kg·m-3 

η.10-3 

/kg·m-1·s-1 

u 

/m·s-1 

PVP   K16 

0.001 0.998820 1.0076 1483.29 0.997587 0.9045 1497.35 0.996255 0.8018 1509.43 0.994633 0.7236 1519.99 

0.003 0.999228 1.0262 1483.90 0.998045 0.9196 1498.05 0.996655 0.8103 1510.10 0.995031 0.7364 1520.64 

0.005 0.999667 1.0454 1484.91 0.998452 0.9342 1499.03 0.997079 0.8237 1510.98 0.995459 0.7469 1521.48 

0.007 1.000074 1.0590 1485.58 0.998994 0.9471 1499.95 0.997474 0.8386 1511.60 0.995862 0.7587 1522.05 

0.009 1.000467 1.0780 1486.57 0.999374 0.9483 1500.69 0.997872 0.8437 1512.50 0.996251 0.7676 1522.91 

PVP   K25 

0.001 0.998789 1.0166 1483.15 0.997645 0.9024 1497.18 0.996241 0.8109 1509.40 0.994615 0.7316 1519.95 

0.003 0.999200 1.0409 1483.96 0.998050 0.9288 1498.08 0.996638 0.8346 1510.10 0.995022 0.7503 1520.68 

0.005 0.999679 1.0750 1484.72 0.998507 0.9588 1498.95 0.997072 0.8610 1510.94 0.995459 0.7730 1521.46 

0.007 1.000040 1.1135 1485.69 0.998956 0.9862 1499.77 0.997466 0.8812 1511.70 0.995831 0.7950 1522.16 

0.009 1.000516 1.1603 1486.62 0.999330 1.0185 1500.61 0.997917 0.9073 1512.56 0.996277 0.8194 1522.86 

PVP   K30 

0.001 0.998812 1.0275 1483.12 0.997660 0.9087 1497.25 0.996254 0.8164 1509.36 0.994657 0.7346 1520.14 

0.003 0.999231 1.0725 1484.04 0.998112 0.9479 1498.06 0.996671 0.8465 1510.14 0.995089 0.7604 1520.86 

0.005 0.999646 1.1179 1484.92 0.998499 0.9840 1498.93 0.997061 0.8828 1510.94 0.995454 0.7917 1521.61 

0.007 1.000060 1.1578 1485.76 0.998902 1.0230 1499.87 0.997465 0.9148 1511.71 0.995864 0.8239 1522.14 

0.009 1.000467 1.2101 1486.62 0.999431 1.0671 1500.75 0.997882 0.9537 1512.46 0.996265 0.8541 1522.91 

PVP   K29 

0.001 0.998811 1.0168 1483.16 0.997645 0.9105 1497.17 0.996259 0.8136 1509.25 0.994643 0.7351 1519.92 

0.003 0.999219 1.0531 1483.97 0.998050 0.9487 1498.12 0.996649 0.8446 1510.04 0.995031 0.7640 1520.67 

0.005 0.999651 1.1034 1484.90 0.998507 0.9924 1498.92 0.997057 0.8858 1510.74 0.995448 0.7939 1521.42 

0.007 1.000040 1.1561 1485.71 0.998956 1.0280 1499.88 0.997458 0.9234 1511.63 0.995831 0.8273 1522.14 

0.009 1.000450 1.2028 1486.58 0.999330 1.0698 1500.52 0.997869 0.9537 1512.41 0.996222 0.8589 1522.88 
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Standard uncertainty: in temperature u(T) = ± 0.01 K, in density u(ρ) = ± 2·10−3 kg·m−3 and in sound 

velocity u(u) = ± 1·10−1 m·s−1. The combined expanded uncertainty (k = 2) for density Uc(ρ) = ± 

4·10−2 kg·m−3, sound velocity Uc(u) = ± 2·10−1 m·s−1 and viscosity Uc(η) = ± 2·10-6 kg.m-1.s-1. 

Table 4Apparent molarVolume (Vφ ), isentropic compressibility ( sκ )and apparent 

isentropiccompressibility( ,s φκ ) of PVP solutions atT = (293.15, 298.15, 303.15 and 308.15) K 

 
 293.15 K 298.15 K 303.15 K 308.15 K 

Vφ
·1010

 

/m3·mol-

1 

 

sκ
·1011 

/m2·N-1 
 

,s φκ ·1013 

/m5·N-

1·mol-1 

Vφ
·1010

 

/m3·mol-1 

 

sκ
·1011 

/m2·N-1 
 

,s φκ ·1013 

/m5·N-1·mol-1 

Vφ
·1010

 

/m3·mol-

1 

 

sκ
·1011 

/m2·N-1 
 

,s φκ ·1013 

/m5·N-1·mol-1 

Vφ
·1010

 

/m3·mol-1 

 

sκ ·1011 

/m2·N-1 
 

,s φκ ·1013 

/m5·N-1·mol-1 

wp 

PVP K16 

0.001 38.23 45.51  -57.58 45.55 44.71 -40.03 38.91 44.06 -47.28 39.45 43.52 -26.42 

0.003 65.95 45.45 -13.56 66.73 44.65 -11.03 66.52 44.00 -11.08 66.83 43.46 -3.68 

0.005 70.87 45.37 -10.18 72.02 44.57 -7.58 71.58 44.93 -6.66 71.73 43.40 -1.78 

0.007 73.44 45.31 -5.31 72.36 44.49 -7.27 74.17 43.88 -2.20 74.19 43.35 1.58 

0.009 75.02 45.23 -4.64 74.55 44.43 -4.14 75.55 43.81 -1.59 75.69 43.28 1.72 

PVP K25 

0.001 122.42 45.52 -129.86 117.86 44.72 -98.16 119.32 44.06 -124.77 122.22 43.52 -62.50 

0.003 194.12 45.45 -40.10 193.23 44.65 -33.81 194.79 44.00 -30.32 194.92 43.46 -11.83 

0.005 205.09 45.38 -22.94 205.90 44.57 -21.62 208.26 43.93 -17.13 208.27 43.40 -4.10 

0.007 214.24 45.30 -17.18 211.25 44.50 -15.56 215.29 43.87 -8.75 216.3 43.34 2.87 

0.009 215.85 45.22 -16.10 216.86 44.44 -9.99 217.55 43.80 -7.19 218.57 43.28 5.02 

PVP K30 

0.001 156.01 45.52 -185.69 152.96 44.71 -162.29 156.05 44.06 -172.33 147.95 43.51 -148.83 

0.003 262.84 45.44 -66.95 257.57 44.64 -53.60 263.52 44.00 -50.02 259.14 43.45 -38.99 

0.005 285.34 45.37 -39.28 284.53 44.57 -28.53 287.95 43.93 -23.14 287.51 43.39 -12.40 

0.007 294.28 45.30 -27.36 294.38 44.50 -22.28 296.91 43.87 -12.54 296.32 43.34 2.77 

0.009 299.96 45.23 -20.14 294.67 44.43 -21.38 301.66 43.81 -5.91 302.03 43.28 6.16 

PVP K29 

0.001 211.68 45.51 -273.59 213.77 44.72 -195.10 207.99 44.07 -208.75 207.77 43.52 -131.86 
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0.003 365.23 45.45 -79.35 361.28 44.64 -72.68 367.89 44.00 -52.04 368.49 43.46 -22.11 

0.005 392.47 45.37 -51.93 395.18 44.58 -34.49 396.98 43.94 -17.60 396.60 43.40 -3.57 

0.007 406.21 45.30 -33.79 391.35 44.49 -43.06 408.67 43.87 -13.20 410.08 43.34 6.10 

0.009 413.41 45.23 -25.42 414.42 44.45 -12.92 415.51 43.81 -5.79 417.89 43.28 11.70 

 

The combined expanded uncertainty (k = 2) for density Uc(ρ) = ± 4·10−3 kg·m−3,apparent 

molarvolume Uc(VØ) = ± 3·10-11m3·mol-1 and Uc(η) = ±2·10-6kg·m-1·s-1,isentropic ccompressibilities 

Uc( sκ ) = ± 3·10-13 m2·N-1 and apparent isentropic compressibilities Uc ( ,s φκ ) = ± 8·10-14m5·N-1·mol-1. 

 

Table 5Limiting apparent molar volume ( 0Vφ ) and apparent isentropic compressibility( 0

,s φκ ) of PVP 

solutions atT = (293.15, 298.15, 303.15 and 308.15) K 

 

PVP 

293.15 K 298.15 K 303.15 K 308.15 K 

0
Vφ

1010/m3·mol-1 

0

,S φκ 1013 

/m5·N-1·mol-1 

0
Vφ

1010/m3·mol-1 

0

,S φκ 1013 

/m5·N-1·mol-1 

0
Vφ

1010/m3·mol-1 

0

,S φκ 1013 

/m5·N-1·mol-1 

0
Vφ

1010/m3·mol-1 

0

,S φκ 1013 

/m5·N-1·mol-1 

K16 27.26 -71.51 36.85 -49.23 27.95 -60.29 28.68 -34.29 

K25 94.63 -161.96 89.11 -125.30 90.50 -157.23 93.13 -83.09 

K30 112.24 -238.30 108.69 -203.35 111.32 -223.59 99.44 -199.70 

K29 152.17 -344.14 155.92 -251.92 147.98 -266.44 146.33 -173.87 
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Table6Refractive index (nD), specific refraction (RD) and light velocity (C) of PVP solutions atT= 

(293.15, 298.15, 303.15 and 308.15) K 

 293.15 K 298.15 K 303.15 K 308.15 K 

wp nD RD .103/ 

m3·kg-1 

C.108/ 

m·s-1 

nD RD103/ 

m3·kg-1 

C.108/ 

m·s-1 

nD RD 103/ 

m3·kg-1 

C.108/ 

m.s-1 

nD RD.103/ 

m3·kg-1 

C.108/ 

m·s-1 

 

PVP K16 

0.001 1.3331 0.2060 2.2505 1.3326 0.2059 2.2512 1.3321 0.2060 2.2520 1.3315 0.2059 2.2530 

0.003 1.3334 0.2061 2.2499 1.3330 0.2061 2.2505 1.3325 0.2061 2.2515 1.3318 0.2060 2.2525 

0.005 1.3339 0.2063 2.2492 1.3333 0.2062 2.2501 1.3328 0.2062 2.2510 1.3322 0.2062 2.2519 

0.007 1.3341 0.2063 2.2488 1.3336 0.2062 2.2495 1.3331 0.2063 2.2503 1.3325 0.2062 2.2514 

0.009 1.3344 0.2064 2.2483 1.3340 0.2064 2.2489 1.3334 0.2063 2.2498 1.3328 0.2064 2.2508 

PVP K25 

0.001 1.3332 0.2061 2.2503 1.3327 0.2060 2.2511 1.3321 0.2060 2.2520 1.3315 0.2060 2.2530 

0.003 1.3335 0.2062 2.2498 1.3330 0.2061 2.2505 1.3325 0.2061 2.2514 1.3319 0.2061 2.2525 

0.005 1.3338 0.2062 2.2493 1.3334 0.2062 2.2498 1.3328 0.2062 2.2508 1.3322 0.2062 2.2520 

0.007 1.3341 0.2063 2.2487 1.3337 0.2063 2.2494 1.3332 0.2063 2.2502 1.3325 0.2063 2.2514 

0.009 1.3345 0.2064 2.2481 1.3340 0.2064 2.2488 1.3335 0.2064 2.2498 1.3329 0.2064 2.2507 

PVP K30 

0.001 1.3332 0.2060 2.2503 1.3327 0.2060 2.2511 1.3321 0.2060 2.2520 1.3315 0.2060 2.2530 

0.003 1.3335 0.2061 2.2498 1.3330 0.2061 2.2505 1.3325 0.2061 2.2514 1.3319 0.2061 2.2525 

0.005 1.3338 0.2062 2.2493 1.3334 0.2062 2.2498 1.3328 0.2062 2.2510 1.3323 0.2062 2.2518 

0.007 1.3342 0.2063 2.2486 1.3337 0.2063 2.2494 1.3332 0.2063 2.2503 1.3325 0.2063 2.2514 

0.009 1.3345 0.2064 2.2481 1.3327 0.2064 2.2488 1.3335 0.2064 2.2498 1.3329 0.2064 2.2508 

PVP K29 

0.001 1.3332 0.2060 2.2503 1.3327 0.2060 2.2511 1.3321 0.2060 2.2520 1.3315 0.2060 2.2530 

0.003 1.3335 0.2061 2.2498 1.3330 0.2061 2.2506 1.3325 0.2061 2.2514 1.3319 0.2061 2.2524 

0.005 1.3338 0.2062 2.2492 1.3334 0.2062 2.2499 1.3328 0.2062 2.2510 1.3322 0.2062 2.2520 

0.007 1.3342 0.2063 2.2486 1.3337 0.2063 2.2494 1.3332 0.2063 2.2503 1.3326 0.2063 2.2513 

0.009 1.3345 0.2064 2.2481 1.3341 0.2064 2.2488 1.3335 0.2064 2.2498 1.3329 0.2064 2.2508 

 

 

 

Table 7Viscosity B-coefficient of PVP solutions atT = (293.15, 298.15, 303.15 and 308.15) K 

 

B/kg·mol-1 

PVP 293.15 K 298.15 K 303.15 K 308.15 K 

K16 8.6627 6.4648 7.0300 7.6693 

K25 17.9640 16.2642 15.0130 15.3180 

K30 22.4800 22.0120 21.5038 21.0332 

K29 23.7026 22.3489 22.5135 21.6173 
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Fig. 3 

(a) 

 

(b) 

 

 

 

 

 

 

 

15.23

69.45

123.67

177.89

232.11

286.33

340.55

394.77

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

V
ф

.1
0

1
0
/m

3
.m

o
l-1

wp

15.23

83.48

151.73

219.98

288.23

356.48

424.73

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

V
ф

.1
0

1
0
/m

3
.m

o
l-1

wp



24 

 

(c) 
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Fig. 4 
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22.Effect of Methyltrioctylammonium Chloride and Cetylpyridinium Chloride on Interacting 

Behavior of Glycine, L-Alanine and L-Phenylalanine in Aqueous mixtures analyzed with 

Physicochemical Drivers: Density, Sound Velocityand ViscosityfromT = 293.15 to 308.15 K 
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AbstractDensities, sound velocities and viscosities of glycine (Gly), L-alanine (L-Ala) and L-

phenylalanine (L-Phe) with water and cationic surfactants which are, 0.002 mol.kg
-1

 aqueous 

methyltrioctylammonium chloride (MTOAC) and cetylpyridinium chloride (CPC) have been measured at 

293.15, 298.15, 303.15 and 308.15 K. Apparent molar volumes, apparent molar volumes at infinite 

dilution, isentropic compressibilities, apparent isentropic compressibilities and viscosity B-coefficients 

have been determined for the amino acids. The 
0

tr
Vφ∆ values of Gly and L-Phe are positive which suggest 

that hydrophilic–hydrophilic interactions between amino acids: Gly and L-Phe and surfactants are 

predominant. The –CH3 group of L-Ala has much more influence on the volumetric properties and the 

0

tr
Vφ∆  have negative values. The B values for Gly and L-Ala are higher with surfactants as compared to 

water, whereas for L-Phe are lower than with water. The variations in the physicochemical properties 

with temperature and composition have been interpreted in terms of solute–solute and solute-solvent 

interactions. 

Keywords: Amino acid · Cationic surfactant · Transfer volume · Isentropic compressibility · 

Viscosity B-coefficient 
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1 Introduction 

Proteins as biomolecule play essential roles in maintaining life, such as enzyme catalysis, immune 

protection, structural support, molecular switching and controlling of growth and differentiation of cells. 

Knowing the thermodynamic properties of protein in solutionsis a key issue in understanding protein 

function [1]. The study of interactions of protein with additives through PCP is atedious task considering 

their complex conformational and configurational 3D structures. The complexity associated with protein 

could be simplified by studying with amino acids, the basic structural unit of protein. Amino acids with 

hydrophilic and hydrophobic domain, differing in size, shape, charge, hydrogen bonding capacity, 

hydrophobicity and chemical reactivity, moderate the structure and function of proteins [2].The variation 

in PCP of amino acids on addition of surfactants can elucidate the properties of complicated processes, 

such as protein unfolding [3-4].Since amino acids and surfactants do have hydrophilic and hydrophobic 

interactions which is the backbone for the functionality of biologically active molecules, based on this, 

surfactants have been chosen as additive. Most of investigations have been directed towards systems of 

amino acids in different mixed solvents, such as polyols [5-7], inorganic salts [8-13], urea [14-16] and 

amides solutions [17-19]. However, Singh et al. [20-21] have reported volumetric properties of Gly and 

L-Ala in aqueous sodium dodecyl sulphate (SDS) at 298.15 K but further studies are required to 

conceptualize structural models out of their solute-solvent interactions. This creates a vacancy and an 

urgent need for an advanced understanding of protein interaction dynamics with several surfactants using 

PCP’s as interacting indicators. Appropriately designed volumetric, acoustic and viscometric studies can 

characterize the properties of molecules as a function of solution conditions, including the role of 

temperature. We have reported a systematic volumetric, acoustic and viscometric investigation on the 

interactions between three amino acids in aqueous MTOAC and CPC solutions in this study. 

2 Experimental 

2.1 Materials and Methods 
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Gly, L-Ala, L-Phe, MTOAC and CPC were purchased from Sigma Aldrich with purity in mass 

fraction as ≥ 0.98, ≥ 0.98, ≥ 0.98, ≥ 0.97 and USP Specification respectively. Before use, these 

chemicals were dried for 72 h under reduced pressure at T = 303.15 K and then stored in P2O5 filled 

vacuum desiccator. Molal solutions were prepared using Mettler Toledo New Classic MS with ± 

0.0001 g precision. Millipore water of 0.05·10
-6

S·cm
-1

 was used for solutions with ± 2·10
−5

mol·kg
−1

 

uncertainty. Solutions of (0.0502 to 0.1515) mol·kg
-1

 Gly, (0.0503 to 0.1519) mol·kg
-1

L-Ala and 

(0.0505 to 0.1532) mol·kg
-1

 L-Phe were prepared with water and with 0.002 mol·kg
-1

aqueous 

MTOAC and CPC.  

2.2 Experimental Measurements 

Densities and speed of sound were obtained with Anton Paar DSA 5000 M densimeter. The 

temperature inside the densimeter was controlled to ±1·10
−3

K by built-in Peltier device. The 

sensitivity of instrument corresponds to a precision in density and speed of sound measurements of 

1·10
−3

kg·m
−3

 and 1·10
−2

m·s
−1 

respectively. The densimeter was calibrated with Millipore water and 

reproducibility of density was found to be better than ± 5·10
−3

kg·m
−3

. The viscosity data were 

obtained with Borosil Mansingh Survismeter [22](cal.no. 06070582/1.01/C-0395, NPL, India) by 

viscous flow time method from T= (293.15 to 308.15) K, controlled by Lauda Alpha KA 8 thermostat 

with ± 0.05 K control. Viscosity data are an average of three consecutive measurements andwith ± 

2·10
-6

 kg·m
-1

·s
-1

reproducibility.  

3Results and Discussion 

3.1 Density and sound velocity 

The density of water and aqueous surfactants are found as water > CPC > MTOAC and of sound 

velocity as water < CPC < MTOAC (Table 1). The densities ρ  of amino acids were found to increase 

with increase in concentration but decrease with rise in temperature (Tables 2-4).The densities of 

amino acid with surfactants are found lower than with waterwhereas sound velocityu higher than 
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with water(Tables 2-4). The order of density of amino acids with surfactants is as L-Phe > L-Gly > L-

Ala and sound velocity as L-Phe > L-Ala > Gly.The polar head and side chain of the zwitterion act as 

interacting domainand initiate interactionstrengtheningthe intermolecular forces (IMF). The 

hydrophobic groups of MTOAC and CPC are responsible for developing weaker IMF leading 

tolower densities and higher sound velocities than water. On adding amino acid, the number of 

interacting domains increases developing stronger IMF and causingsolute and solvent to come closer 

with faster kinetic energy transfer, increasing thesound velocity. On increasing temperature, 

molecules acquire energy with faster vibration, causing faster sound wave propagation with increased 

u  values. The electrostriction at the polar head of Gly zwitterion causes stronger IMF than L-Ala as 

the latter is more hydrophobic, resulting in its higher ρ  values than L-Ala. Perhaps, L-Phe due to its 

big hydrophobic group may aggregate and forms micelle like aggregate having hydrophobic group 

inside and polar group outside, thus enhancing hydrogen bond formation with highest density and 

sound velocity.The density of Gly ishigher with MTOAC than CPC; however for L-Ala and L-Phe, is 

found higher in CPC. Absence of hydrophobic group in Gly increases the chances of stronger 

hydrophilic-hydrophilic interaction with MTOAC, having four electron donating groups; three octyl 

and one methyl, whereaspresence of hydrophobic group in L-Ala and L-Pheincreases the 

hydrophobic-hydrophobic interaction with MTOAC causing alignment of water molecules with 

decrease in density.In general, for Gly, L-Ala and L-Phe; with water, the density increases by 0.079, 

0.071 and 0.109 %, with MTOAC by 0.083, 0.071 and 0.107 % and with CPC by 0.083, 0.070 and 

0.118 % respectively on increasing their concentration by 0.025 mol·kg
-1

. From 293.15 to 298.15, 

298.15 to 303.15 and 303.15 to 308.15 K, the densities in general, decreased by 0.12, 0.14 and 0.16 

% respectively. Soundvelocities u of amino acid increase with increase in concentration and 

temperature (Tables2-4). On addition of amino acid, there is a development of stronger IMF (solute-

solvent interaction) causingfaster kinetic energy transfer with increased sound velocity. Molecules 

gain energy with increase in temperaturecausing faster vibration and sound wave transmission 

through the medium, resulting in increased sound velocity temperature. The ρ
0
 values are found as L-
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Phe > Gly > L-Ala whereas L-Phe > L-Ala > Gly and L-Ala > L-Phe > Gly with MTOAC and CPC 

respectively as shown in Figure 1. The ρ
0 

values for Gly and L-Phe with water are higher than with 

surfactants and for L-Ala are as CPC > water > MTOAC. For Gly, L-Ala and L-Phe at 308.15 K, the 

order for ρ
0 

with water is less than with surfactants. For Gly and L-Ala with surfactant, ρ
0 

values are 

asCPC >MTOAC whereas for L-Phe is MTOAC > CPC. Here, the cetylpyridinium ion causes 

stronger ion-Gly/L-Ala hydrophilic interaction and stronger methyltrioctylammonium ion-L-Phe 

hydrophilic interactions. The forces between cetylpyridinium ion and Gly/L-Ala are larger than the 

IMF operating between cetylpyridinium ion and L-Phe. 

3.2 Apparent Molal Volume at Infinite Dilution and Transfer Volume 

Apparent molal volume Vφ   was calculated by using the equation: 

0

0

1000( )
(1)

M
V

m
φ

ρ ρ

ρ ρ ρ

−
= +  

Whereρ and ρ
0
 are density of solution and solvent respectively and m is molal concentration of the 

solute of molal mass, M. The Vφ  values follows the trend L-Phe > L-Ala > Gly. In general, the trend 

of Vφ  for amino acids in water and aqueous surfactant is as CPC > MTOAC > Water. The apparent 

molal volume at infinite dilution 
0Vφ  was obtained from the regression of the equation[23] given 

under: 

0 ( 2 )
v

V V S mφ φ= +  

v
S depicts information on solute-solute interactions while, 

0
Vφ  gives information on solute-solvent 

interactions. 
0

Vφ and v
S values are given in Table 5 where with rise in temperature, 

0
Vφ  values 

increases due to decrease in electrostriction. The 
0

Vφ  values are positive for amino acids with water 

and surfactants and are attributed to stronger amino acid–surfactant/water interactions. The 
0

Vφ  values 

for Gly and L-Phe with CPC and MTOAC are higher than water but are lower for L-Ala. It indicates 

that at any particular temperature, L-Ala – solvent interactions decrease in presence of surfactant 
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solution. Further, 
0Vφ  increases with increase in the molal mass and hydrophobicity of the side chain 

of the amino acids. The 
0Vφ  increase in the order: 

Gly < L-Ala < L-Phe 

Surfactant seems to cause hydrophilic- hydrophilic, hydrophilic-hydrophobic and hydrophobic-

hydrophobic interactions with amino acids.Hydrophilic-hydrophilic interaction (HHI) between the 

head groups of amino acid (-NH3
+
 and -COO

-
) and =N

+
= group of surfactant weakens electrostriction 

resulting in an increase in 
0

Vφ  values of amino acid with surfactant than with water [24]. Hydrophilic-

hydrophobic interactions (HHbI) between the head groups of amino acid and hydrocarbon chain of 

surfactants or =N
+
= of surfactant and nonpolar moiety of amino acids strengthens electrostriction 

with a decrease in 
0

Vφ  values of amino acid with surfactant than with water.Hydrophobic-

hydrophobic interaction (HbHbI) between the hydrophobic group of amino acid and the nonpolar tail 

of surfactants leads to increase in electrostriction resulting in a decrease in 
0Vφ  values of amino acid 

with surfactant than with water. The
0

Vφ values for Gly with water and surfactantsfollows the order 

CPC > MTOAC > water, for L-Ala as water > MTOAC > CPC and for L-Phe is MTOAC > CPC > 

water. Absence of hydrophobic side chain in Gly and presence of four electron donating octyl and 

methyl groups on the ammonium ionincreases the chances of stronger HHI with MTOAC than CPC 

and hence lower 
0

Vφ values with MTOAC, whereas presence of hydrophobic group in L-Ala and L-

Phe increases the hydrophobic-hydrophobic interaction with more hydrophobic MTOAC resulting in 

stronger alignment of water molecules than CPC with increase in 
0

Vφ values. For L-Ala, due to its 

smaller size and methyl group(+I effect), theelectrostriction at zwitterion alpha position of L-Ala is 

increased due to strong HHbI between the head groups of L-Ala and the hydrocarbon chain of 

surfactants or between the =N
+
= of surfactants and nonpolar moiety of L-Ala and HbHbI between 

hydrophobic group of L-Ala and nonpolar tail of surfactants. This causes contraction in volume with 

a lower 
0Vφ value for L-Ala with surfactants than with water and is illustrated in Figure 2. The 

0Vφ  for 
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amino acid–water–surfactant systems increase withtemperature because the binding of the solvent 

molecules from the 2
nd

 solvation sphere of zwitterions is weakened at higher temperature, releasing 

more solvent into the bulk, with an overall expansion in volume causing an increase in 
0

Vφ .Transfer 

volumes of amino acid from water to surfactant 
0

tr
Vφ∆ (Table 6) were obtained using the equation 

given under:
 

0 0 0

( ) ( )
(3)

tr in surfactant in water
V V Vφ φ φ∆ = −  

The observed 
0

tr
Vφ∆ of amino acids from water to surfactant are found as: 

(i) L-Phe > Gly > L-Ala (with MTOAC) 

                                          (ii)       Gly > L-Phe > L-Ala (with CPC) 

The lower
0

tr
Vφ∆  values for L-Ala as compared to Gly and L-Phe (Table 6) are due to the methylene 

group (–CH2-) additional contribution. Increased HbHbI between the hydrophobic group of L-Ala and 

the hydrophobic group of the surfactants leads to reduction in transfer volume. The observed higher

0

tr
Vφ∆ values for L-Phe than Gly with MTOAC are is due to the release of more number of structured 

water molecules associated with L-Phe due to dominance of HHI. Similarly the observed higher

0

tr
Vφ∆  values of Gly than L-Phe with CPC are due to the release of more number of water molecules 

from Gly due to dominance of HHI. The decrease in 
0

tr
Vφ∆ values with temperature may be attributed 

to the increase in the number of electrostricted water molecules.Interactions of HHItype leads to 

positive 
0

tr
Vφ∆  values because of reduction in electrostriction due to the overlap of hydration 

cosphere of the -NH3
+
 and -COO

-
 with hydrophilic =N

+
= group, whereas interactions of HHbI and 

HbHbItypeslead to negative 
0

tr
Vφ∆ value because of strengthening of electrostriction.For Gly and L-

Phe, positive 
0

tr
Vφ∆  is due to HHI whereas is negative for L-Ala due to HHbI and HbHbI.The various 

group contributions have also been calculated from the differences in 
0

tr
Vφ∆ values for the amino 
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acids and are reported in Table 7. Thecontribution of methylene group to 
0

tr
Vφ∆  value is negative but 

higher in case of MTOAC than with CPC. More negative 
0

tr
Vφ∆  of the methylene group can be 

rationalized in terms of reduction in the hydrogen bonding interactions with water as a result of its 

interaction with aqueous CPC solution. Also the positive contribution of benzyl group (C6H5-CH2-) to 

0

tr
Vφ∆  is greater than methylene groupto

0

tr
Vφ∆ . 

3.3 Apparent isentropic compressibilitiesand Transfer compressibilities 

Isentropic compressibilities
s

κ  werecalculated using Newton-Laplace given as under: 

2
1/ (4)

s
uκ ρ=  

The s
κ values decreased with increase in temperature and concentration (Table 8). When amino acid 

is added, it attracts solvent molecules toward itself by pulling the molecules from bulk due to 

development of stronger IMF. This decreases the availability of solvent molecule for the next 

incoming amino acid with decreased s
κ values. The increase in sound velocity and decrease in 

isentropic compressibility were credited to the formation of hydrogen bonds between solute and 

solvent molecules [24]. From 293.15 to 298.15, 298.15 to 303.15 and 303.15 to 308.15 K, the s
κ

value in general, decrease by 1.8, 1.5 and 1.2% respectively irrespective of the nature of the amino 

acid.The s
κ  values with water and surfactants follows the trend Gly > L-Ala > L-Phe. The trend of s

κ

for Gly is as water > MTOAC > CPC, for L-Ala and L-Phe as water > CPC > MTOAC (Table 

8).Absence of hydrophobic side chain in Gly and presence of four electron donating octyl and methyl 

groups on the ammonium ion increases the chances of stronger HHI with MTOAC than CPC, 

whereas presence of hydrophobic group in L-Ala and L-Phe increases the HbHbI with more 

hydrophobic MTOAC resulting in stronger alignment of water molecules than CPC. 

3.4 Viscosity B-Coefficient 
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The viscositiesη are found asL-Phe > L-Ala > Gly withwater and MTOAC. These values establish 

that L-Ala and Gly mildly weaken the water structure while L-Phe strengthens it.The viscosity values 

are higher with surfactants than with water. This is due to the increase in number of hydrogen 

bonding on addition of surfactant as they carry long alkyl chain having induced dipolar charges thus 

increasing the frictional forces.Viscosity decreases with rise in temperature because higher kinetic 

energy weakens the IMF (HHI and HbHbI interactions) operating on the viscous fluid flow, with a net 

decrease in frictional force. The viscosity of CPC is lower than MTOAC at 293.15, 298.15 and 

303.15 K whereas at 308.15 K, is higher than MTOAC (Table 1), and are attributed to more collision 

at higher as compared to the lower temperatures. MTOAC as compared to CPC contains three octyl 

groups with a larger moving complex than the CPC which produced higher viscosity due to increased 

hydrogen bonds around MTAOC. The viscosities with water (Table2) and with surfactants (Table 3 

and 4) increases with their increasing concentration due to development of stronger IMF 

(hydrophilic-ionic and hydrophilic- hydrophilic interactions) with increase in the number of moles of 

amino acids with comparatively higher frictional resistance to the viscous flow. Increased kinetic 

energy decreases the IMF with decreased viscosities on increasing temperature. The viscosities were 

fitted in reduced Jones-Dole[25-26] given under: 

0 1 (5)
r

Bmη η η= = +  

Where, r
η is relative viscosity, m is molal concentration, η  and 0η are the viscosities of solution and 

solvent respectively. Viscosity B-coefficient is the slope of a straight line obtained after linear 

regression of equation 5(Table 9). For Gly and L-Phe with CPC, the B values are almost between 

those with MTOAC depicting that hydrophilic and hydrophobic effect remains functional during the 

flow. On transfer of amino acids from water to the surfactants, theB values of Gly and L-Ala increase 

and of the L-Phe decreasebecause the surfactants act as structure-maker due to hydrogen bonding but 

this effect is stronger with π-conjugated L-Phe due to shift in charge on sp
2
 hybridization. Thus, 
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Bvalues further support the trends of PCP which have formerly specified stronger solute–solvent 

interactions. 

 

4 Conclusion 

The higher densities of amino acids with water than with surfactants explain the influence of polar 

and hydrophobic groups. Gly showed stronger concentration effect on interactions with MTOAC than 

CPC whereas the L-Ala and L-Phe shown stronger concentration effect on interactions with CPC than 

MTOAC. The larger 
0

Vφ  values for Gly and L-Phe with MTOAC and CPC than with water 

confirmeddevelopment of strongerHHI. With lower 
0

Vφ  values of L-Ala with surfactants than 

withwaterconfirmed the dominance of HHbI and HbHbI over HHI. Decrease 
s

κ values with increased 

concentration concludedfully compressed solvent moleculeswith development of strong IMF between 

solute and solvent. The higher B values with surfactants for Gly and L-Ala are as compared to 

waterand lower with surfactants for L-Phe highlights the contribution of hydrophobic and hydrophilic 

groups for weakening and strengthening of IMF. 
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Figure Captions 

 

Fig. 1 Bar chart representinglimiting density of amino acids with water and surfactants at 298.15 K 

Fig. 2 Bar chart representing apparent molal volume of L-Ala at infinite dilution with water and     

surfactants at T = 293.15, 298.15, 303.15 and 308.15 K 

 

 

 

 

 

 

Table 1Density (ρ/g.cm
-3

), viscosity (η/10
-3 

kg·m
-1

·s
-1

) and sound velocity (u/m·s
-1

) of water and 0.002 

mol·kg
-1

surfactants at T = (293.15, 298.15, 303.15 and 308.15) K 

 293.15 K 298.15 K 303.15 K 308.15 K 

ρ  

Water 0.998203 0.997043 0.995645 0.994029 

MTOAC  0.998156 0.997031 0.995620 0.994117 

CPC 0.998183 0.997063 0.995654 0.994156 

η  

Water 1.0020  0.8937  0.8001  0.7225  

MTOAC  1.0430  0.9291  0.8195  0.7465  

CPC 1.0039  0.9033  0.8137  0.7557  

u 

Water 1482.57 1496.58 1509.01 1519.54 

MTOAC  1483.37 1497.31 1510.67 1520.15 

CPC 1483.10 1497.19 1509.41 1519.79 
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Table 2 Density (ρ/g·cm
-3

), apparent molal volume (Vφ /10
-6 

m
3
·mol

-1
) and viscosity (η/10

-3 
kg·m

-1
·s

-1
) 

of aqueous amino acids at T = (293.15, 298.15, 303.15 and 308.15) K 

Gly at 293.15 K 

m ρ±σ.10
-6 u Vφ  η 

0.0502 0.999865±4 1485.35 43.05±0.07 1.0087±0.0021 

0.0755 1.000692±2 1486.76 42.77±0.02 1.0123±0.0023 

0.1007 1.001466±2 1488.16 43.11±0.02 1.0156±0.0011 

0.1261 1.002247±5 1489.58 43.30±0.01 1.0193±0.0006 

0.1514 1.003050±3 1491.00 43.24±0.01 1.0228±0.0009 

Gly at 298.15 K 

0.0502 0.998684±3 1499.48 43.48±0.05 0.8994±0.0010 

0.0755 0.999518±2 1500.91 42.97±0.03 0.9022±0.0013 

0.1007 1.000257±3 1502.34 43.62±0.03 0.9058±0.0021 

0.1261 1.001059±3 1503.79 43.54±0.03 0.9087±0.0021 

0.1514 1.001847±4 1505.24 43.54±0.02 0.9127±0.0025 

Gly at 303.15 K 

0.0502 0.997263±3 1511.90 43.92±0.06 0.8058±0.0008 

0.0755 0.998065±3 1513.36 43.69±0.04 0.8084±0.00013 

0.1007 0.998814±3 1514.81 44.07±0.03 0.8115±0.0011 

0.1261 0.999609±3 1516.29 43.95±0.02 0.8146±0.0006 

0.1514 1.000398±3 1517.76 43.89±0.02 0.8170±0.0009 

Gly at 308.15 K 

0.0502 0.995652±2 1522.50 44.16±0.05 0.7280±0.0002 

0.0755 0.996453±3 1523.98 43.88±0.04 0.7309±0.0002 

0.1007 0.997198±4 1525.45 44.25±0.04 0.7331±0.0014 

0.1261 0.997963±3 1526.94 44.34±0.03 0.7363±0.0009 

0.1514 0.998758±4 1528.43 44.18±0.02 0.7386±0.0014 

L- Alaat 293.15 K 

0.0503 0.999697±3 1485.95 60.49±0.06 1.0129±0.00013 

0.0755 1.000421±3 1487.65 60.39±0.04 1.0183±0.0007 

0.1009 1.001101±2 1489.36 60.82±0.02 1.0238±0.0008 

0.1263 1.001856±2 1491.09 60.46±0.02 1.0288±0.0005 

0.1518 1.002583±3 1492.82 60.41±0.02 1.0348±0.0009 

L- Alaat 298.15 K 

0.0503 0.998517±3 1500.07 60.93±0.06 0.9089±0.0003 

0.0755 0.999250±2 1501.80 60.58±0.03 0.9164±0.0009 

0.1009 0.999933±3 1503.55 60.94±0.03 0.9272±0.0016 

0.1263 1.000660±3 1505.30 60.78±0.02 0.9282±0.0004 

0.1518 1.001354±6 1507.06 60.90±0.01 0.9311±0.0004 

L- Alaat 303.15 K 

0.0503 0.997107±3 1512.50 61.17±0.06 0.8097±0.0013 

0.0755 0.997823±5 1514.25 60.98±0.04 0.8098±0.0009 

0.1009 0.998518±8 1516.03 61.13±0.02 0.8170±0.0010 

0.1263 0.999237±4 1517.80 61.01±0.03 0.8252±0.0010 

0.1518 0.999934±3 1519.60 61.08±0.02 0.8315±0.0011 

L- Alaat 308.15 K 

0.0503 0.995490±2 1523.10 61.57±0.05 0.7363±0.0008 

0.0755 0.996210±3 1524.87 61.21±0.05 0.7393±0.0017 

0.1009 0.996904±4 1526.67 61.33±0.03 0.7447±0.0022 

0.1263 0.997619±3 1528.46 61.21±0.03 0.7492±0.0001 
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0.1518 0.998305±3 1530.28 61.33±0.02 0.7529±0.0013 

L-Phe at 293.15 K 

0.0505 1.000485±2 1488.67 121.00±0.04 1.0230±0.0005 

0.0759 1.001681±2 1491.77 119.84±0.03 1.0373±0.0003 

0.1015 1.002691±3 1494.87 121.13±0.03 1.0548±0.0004 

0.1273 1.003813±8 1498.02 121.03±0.02 1.0698±0.0007 

0.1532 1.004921±4 1501.19 121.04±0.01 1.0804±0.0002 

L- Phe at 298.15 K 

0.0505 0.999293±3 1502.83 121.72±0.06 0.9205±0.0007 

0.0759 1.000451±3 1505.97 120.86±0.04 0.9375±0.0007 

0.1015 1.001484±2 1509.12 121.69±0.02 0.9473±0.0007 

0.1273 1.002574±2 1512.32 121.75±0.02 0.9619±0.0015 

0.1532 1.003687±3 1515.55 121.62±0.02 0.9763±0.0007 

L- Phe at 303.15 K 

0.0505 0.997864±3 1515.28 122.41±0.07 0.8257±0.0004 

0.0759 0.998979±4 1518.46 121.94±0.04 0.8368±0.0001 

0.1015 1.000016±2 1521.65 122.48±0.02 0.8468±0.0002 

0.1273 1.001101±3 1524.89 122.44±0.02 0.8589±0.0002 

0.1532 1.002194±3 1528.16 122.35±0.02 0.8718±0.0017 

L- Phe at 308.15K 

0.0505 0.996242±2 1525.90 122.98±0.03 0.7406±0.0018 

0.0759 0.997329±3 1529.11 122.72±0.04 0.7542±0.0009 

0.1015 0.998378±3 1532.33 122.99±0.01 0.7606±0.0007 

0.1273 0.999470±3 1535.60 122.82±0.03 0.7664±0.0008 

0.1532 1.000544±4 1538.90 122.81±0.03 0.7845±0.0003 
a
) Molality of amino acids in mol.kg

-1
.  

 

Table 3Density (ρ/kg·m
-3

), apparent molal volume (Vφ /10
-6 

m
3
·mol

-1
) and viscosity (η/10

-3 
kg·m

-1
·s

-1
) 

of amino acids with 0.002 mol·kg
-1

 MTOAC at T = (293.15, 298.15, 303.15 and 308.15) K 

m ρ ± σ.10
-6 u Vφ  η 

Gly at 293.15 K 

0.0502 0.999755±3 1486.21 43.17±0.07 1.0472 ± 0.0025 

0.0755 1.000563±4 1487.62 43.11±0.05 1.0612 ± 0.0210 

0.1007 1.001343±3 1489.04 43.30±0.03 1.0700 ± 0.0021 

0.1261 1.002125±2 1490.44 43.44±0.02 1.0791 ± 0.0013 

0.1514 1.002940±4 1491.86 43.29±0.02 1.0907 ± 0.0010 

Gly at 298.15 K 

0.0502 0.998609±2 1500.19 43.60±0.05 0.9317 ± 0.0008 

0.0755 0.999414±3 1501.62 43.44±0.05 0.9395 ± 0.0023 

0.1007 1.000186±2 1503.06 43.64±0.02 0.9424 ± 0.0011 

0.1261 1.000945±3 1504.50 43.90±0.02 0.9493 ± 0.0006 

0.1514 1.001761±3 1505.95 43.66±0.02 0.9524 ± 0.0009 

Gly at 303.15 K 

0.0502 0.997172±7   1512.63 44.14±0.03 0.8273 ± 0.0006 

0.0755 0.997974±4   1514.10 43.84±0.05 0.8302 ± 0.0008 

0.1007 0.998749±3   1515.56 43.92±0.03 0.8323 ± 0.0005 

0.1261 0.999509±3    1517.02 44.12±0.02 0.8407 ± 0.0013 

0.1514 1.000328±4    1518.51 43.82±0.02 0.8416 ± 0.0010 
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Gly at 308.15 K 

0.0502 0.99565±3         1523.08 44.55±0.06 0.7509 ± 0.0002 

0.0755 0.996457±2         1524.57 44.05±0.02 0.7559 ± 0.0001 

0.1007 0.997225±3         1526.05 44.15±0.03 0.7589 ± 0.0008 

0.1261 0.997960±3         1527.53 44.50±0.02 0.7602 ± 0.0021 

0.1514 0.998777±3         1529.03 44.16±0.02 0.7658 ± 0.0006 

L- Alaat 293.15 K 

0.0503 0.999606±2 1486.80 60.23±0.04 1.0537 ± 0.0002 

0.0756 1.000329±3 1488.51 60.27±0.04 1.0797 ± 0.0002 

0.1009 1.001024±3 1490.23 60.55±0.03 1.0841 ± 0.0014 

0.1263 1.001738±2 1491.95 60.57±0.02 1.0919 ± 0.0009 

0.1519 1.002470±8 1493.68 60.49±0.02 1.1057 ± 0.0004 

L- Alaat 298.15 K 

0.0503 0.998471±4 1500.78 60.47±0.08 0.9456 ± 0.0013 

0.0756 0.999195±3 1502.52 60.43±0.04 0.9496 ± 0.0007 

0.1009 0.999884±2 1504.27 60.74±0.02 0.9576 ± 0.0008 

0.1263 1.000596±2 1506.02 60.74±0.02 0.9595 ± 0.0007 

0.1519 1.001320±3 1507.79 60.69±0.02 0.9701 ± 0.0005 

L- Alaat 303.15 K 

0.0503 0.997051±2 1513.24 60.69±0.05 0.8222 ± 0.0003 

0.0756 0.997766±2 1515.00 60.71±0.03 0.8299 ± 0.0009 

0.1009 0.998459±4 1516.77 60.92±0.04 0.8317 ± 0.0016 

0.1263 0.999172±9 1518.55 60.89±0.01 0.8406 ± 0.0004 

0.1519 0.999898±2 1520.36 60.81±0.01 0.8434 ± 0.0004 

L- Alaat 308.15 K 

0.0503 0.995536±4 1523.69 60.98±0.07 0.7554 ± 0.0013 

0.0756 0.996247±2 1525.47 60.98±0.03 0.7606 ± 0.0009 

0.1009 0.996941±3 1527.27 61.12±0.03 0.7628 ± 0.0010 

0.1263 0.997654±3 1529.07 61.06±0.02 0.7703 ± 0.0010 

0.1519 0.998372±3 1530.89 61.01±0.01 0.7781 ± 0.0011 

L- Phe at 293.15 K 

0.0505 1.000367±2 1489.52 121.28±0.04 1.0654 ± 0.0008 

0.0759 1.001446±2 1492.61 121.59±0.03 1.0852 ± 0.0017 

0.1015 1.002551±2 1495.72 121.50±0.02 1.0986 ± 0.0022 

0.1273 1.003643±3 1498.86 121.56±0.03 1.1078 ± 0.0001 

0.1532 1.004719±6 1502.03 121.70±0.01 1.1224 ± 0.0013 

L- Phe at 298.15 K 

0.0505 0.999225±2 1503.54 121.71±0.04 0.9532 ± 0.0005 

0.0759 1.000278±2 1506.69 122.25±0.03 0.9645 ± 0.0003 

0.1015 1.001373±3 1509.83 122.12±0.03 0.9746 ± 0.0004 

0.1273 1.002449±6 1513.02 122.20±0.02 0.9844 ± 0.0007 

0.1532 1.003516±4 1516.24 122.30±0.02 0.9953 ± 0.0002 

L- Phe at 303.15 K 

0.0505 0.997763±2 1516.01 122.84±0.04 0.8380 ± 0.0007 

0.0759 0.99882±3 1519.18 122.99±0.04 0.8468 ± 0.0007 

0.1015 0.999916±2 1522.38 122.69±0.02 0.8532 ± 0.0007 

0.1273 1.000975±2 1525.61 122.82±0.02 0.8692 ± 0.0015 

0.1532 1.002027±7 1528.88 122.94±0.01 0.8755 ± 0.0007 

L- Phe at 308.15 K 

0.0505 0.996244±3 1526.48 123.28±0.07 0.7595 ± 0.0004 
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0.0759 0.997285±2 1529.68 123.54±0.03 0.7647 ± 0.0001 

0.1015 0.998355±3 1532.91 123.39±0.02 0.7725 ± 0.0002 

0.1273 0.999424±3 1536.17 123.33±0.02 0.7802 ± 0.0002 

0.1532 1.000464±2 1539.46 123.46±0.01 0.7901 ± 0.0017 

 

 

Table 4Density (ρ/kg·m
-3

), apparent molal volume (Vφ /10
-6 

m
3
·mol

-1
) and viscosity (η/10

-3 
kg·m

-1
·s

-1
) 

of amino acids with 0.002 mol·kg
-1

 CPC at T = (293.15, 298.15, 303.15 and 308.15) K 

 

m ρ ± σ.10
-6 u Vφ  η 

Gly at 293.15 K 

0.0502 0.999719±3    1485.85 44.43±0.06 1.0119 ± 0.0009 

0.0755 1.000493±4    1487.26 44.40±0.05 1.0149 ± 0.0017 

0.1007 1.001264±2    1488.67 44.36±0.02 1.0179 ± 0.0014 

0.1261 1.002041±3    1490.07 44.33±0.02 1.0237 ± 0.0014 

0.1515 1.002819±3    1491.49 44.29±0.02 1.0349 ± 0.0020 

Gly at 298.15 K 

0.0502 0.998614±3 1499.99 44.14±0.07 0.9087 ± 0.0010 

0.0755 0.999396±3 1501.42 44.10±0.03 0.9166 ± 0.0005 

0.1007 1.000175±4 1502.86 44.07±0.04 0.9247 ± 0.0014 

0.1261 1.000959±3 1504.30 44.04±0.02 0.9287 ± 0.0003 

0.1515 1.001744±5 1505.76 44.00±0.02 0.9395 ± 0.0014 

Gly at 303.15 K 

0.0502 0.997160±4 1512.25 45.07±0.07 0.8140 ± 0.0016 

0.0755 0.997919±5 1513.71 45.03±0.04 0.8150 ± 0.0011 

0.1007 0.998675±5 1515.17 45.00±0.02 0.8217 ± 0.0002 

0.1261 0.999437±6 1516.63 44.96±0.02 0.8337 ± 0.0016 

0.1515 1.000199±4 1518.11 44.93±0.02 0.8379 ± 0.0008 

Gly at 308.15 K 

0.0502 0.995662±2 1522.69 45.09±0.04 0.7591 ± 0.0008 

0.0755 0.996421±4 1524.17 45.05±0.06 0.7598 ± 0.0009 

0.1007 0.997177±3 1525.65 45.02±0.03 0.7607 ± 0.0016 

0.1261 0.997939±4 1527.13 44.99±0.03 0.7705 ± 0.0019 

0.1515 0.998701±4 1528.60 44.95±0.03 0.7745 ± 0.0012 

L- Alaat 293.15 K 

0.0504 0.999662±2 1486.46 59.71±0.04 1.0197 ± 0.0003 

0.0756 1.000337±2 1488.16 60.53±0.02 1.0313 ± 0.0010 

0.1008 1.001068±2 1489.87 60.35±0.02 1.0348 ± 0.0007 

0.1264 1.001757±8 1491.60 60.66±0.02 1.0621 ± 0.0007 

0.1518 1.002485±9 1493.33 60.55±0.02 1.0684 ± 0.0011 

L- Alaat 298.15 K 

0.0504 0.998537±9 1500.60 59.85±0.06 0.9230 ± 0.0057 

0.0756 0.999205±2 1502.32 60.72±0.04 0.9245 ± 0.0003 

0.1008 0.999915±2 1504.07 60.72±0.03 0.9272 ± 0.0008 

0.1264 1.000610±3 1505.83 60.91±0.03 0.9309 ± 0.0006 

0.1518 1.001333±4 1507.59 60.80±0.02 0.9472 ± 0.0004 

L- Alaat 303.15 K 

0.0504 0.997119±4 1512.88 60.07±0.06 0.8332 ± 0.0008 

0.0756 0.997781±7 1514.62 60.97±0.05 0.8360 ± 0.0007 

0.1008 0.998493±2 1516.39 60.89±0.02 0.8432 ± 0.0012 
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0.1264 0.999198±3 1518.18 60.98±0.03 0.8488 ± 0.0008 

0.1518 0.999911±3 1519.98 60.93±0.02 0.8504 ± 0.0006 

L- Alaat 308.15 K 

0.0504 0.995607±6 1523.32 60.40±0.05 0.7732 ± 0.0049 

0.0756 0.996276±6 1525.08 61.11±0.04 0.7813 ± 0.0005 

0.1008 0.996983±3 1526.88 61.06±0.03 0.7799 ± 0.0030 

0.1264 0.997686±2 1528.70 61.14±0.01 0.7738 ± 0.0060 

0.1518 0.998370±6 1530.50 61.27±0.01 0.7745 ± 0.0008 

L- Phe at 293.15 K 

0.0505 1.000405±3 1489.17 121.06±0.07 1.0139 ± 0.0006 

0.0759 1.001575±2 1492.27 120.23±0.03 1.0214 ± 0.0007 

0.1015 1.002577±7 1495.37 121.51±0.03 1.0453 ± 0.0004 

0.1273 1.003677±4 1498.51 121.51±0.03 1.0450 ± 0.0008 

0.1532 1.004944±4 1501.71 120.38±0.02 1.0468 ± 0.0002 

L- Phe at 298.15 K 

0.0505 0.999247±2 1503.34 121.91±0.06 0.9382 ± 0.0002 

0.0759 1.000402±9 1506.49 121.02±0.04 0.9370 ±0.0003 

0.1015 1.001417±6 1509.64 121.99±0.03 0.9536 ± 0.0003 

0.1273 1.002468±4 1512.82 122.30±0.03 0.9718 ± 0.0009 

0.1532 1.003754±2 1516.08 120.93±0.02 0.9647 ± 0.0005 

L- Phe at 303.15 K 

0.0505 0.997814±3 1515.65 122.50±0.06 0.8347 ± 0.0011 

0.0759 0.998951±5 1518.83 121.69±0.04 0.8509 ± 0.0017 

0.1015 0.999917±4 1522.00 123.02±0.03 0.8585 ± 0.0012 

0.1273 1.000979±8 1525.23 123.06±0.04 0.8674 ± 0.0007 

0.1532 1.002254±4 1528.55 121.65±0.02 0.8756 ± 0.0011 

L- Phe at 308.15 K 

0.0505 0.996291±4 1526.10 123.12±0.08 0.7559 ± 0.0008 

0.0759 0.997407±3 1529.32 122.42±0.04 0.7643 ± 0.0013 

0.1015 0.998379±7 1532.52 123.54±0.04 0.7793 ± 0.0011 

0.1273 0.999424±4 1535.77 123.67±0.03 0.7833 ± 0.0007 

0.1532 1.000700±3 1539.13 122.14±0.02 0.7885 ± 0.0007 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 

 

Table 5Apparent molal volumes at infinite dilution (
0Vφ / 10

-6 
m

3
·mol

-1
) and slope constant Sv(10

-6
kg·m

-

3
·mol

-2
) of amino acids with water and 0.002 mol·kg

-1
 surfactants at T= (293.15, 298.15, 303.15 and 

308.15) K. 

 

 Water MTOAC CPC 

T 0
Vφ  Sv 0

Vφ  Sv 0
Vφ  

Sv 

Lit [27] Exp 

Gly 

293.15 

 

42.80
 

42.73±0.08 3.64±0.52 43.03±0.09 2.26±0.51 

 

44.50±0.08 -1.37±0.43 

298.15 

 

43.18 43.15±0.06 2.73±0.24 43.42±0.07 2.25±0.36 

 

44.21±0.08 -1.35±0.43 

303.15 

 

43.89 43.83±0.07 0.77±0.39 44.11±0.05 -1.45±0.20 45.14±0.08 -1.35±0.47 

308.15 

 

43.90 43.96±0.06 1.96±0.28 44.41±0.06 -1.22±0.32 45.16±0.06 -1.35±0.20 

L- Ala 

293.15 

 

60.55 60.55±0.07 -0.41±0.39 60.10±0.05 3.17±0.23 59.64±0.04 7.10±0.16 

298.15 

60.48 

 60.76±0.07 0.63±0.43 60.31±0.09 2.98±0.55 59.77±0.07 8.23±0.35 

303.15 

 

60.63 61.14±0.07 -0.61±0.35 60.65±0.07 1.60±0.39 60.08±0.08 6.82±0.39 

308.15 

 

61.27 61.52±0.07 -1.90±0.31 60.98±0.08 0.55±0.51 60.29±0.07 6.96±0.43 

L- Phe 

293.15 

 

117.14 120.30±0.06 5.01±0.27 121.21±0.05 3.14±0.47 120.97±0.07 -0.32±0.32 

298.15 

 

121.80 121.26±0.08 2.69±0.39 121.66±0.05 4.44±0.39 121.90±0.08 -2.60±0.35 

303.15 

 

119.52 122.18±0.09 1.47±0.47 122.85±0.06 0.07±0.07 122.52±0.07 -1.34±0.31 

308.15 

 

122.82 122.96±0.04 0.97±0.04 123.35±0.08 0.51±0.50 123.27±0.09 -2.84±0.55 

 

 

 

 

 

 

Table 6 Transfer partial apparent molal volumes (
0

tr
Vφ∆ /10

-6
m

3
·mol

-1
) of amino acids at T = (293.15, 

298.15, 303.15 and 308.15) K 
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Table 7Amino acid side chaingroup contribution to transfer volumes at T = (293.15, 298.15, 303.15 

and 308.15) K 

Group Surfactant Water to 0.002 m surfactant 

  293.15 K 298.15 K 303.15 K 308.15 K 

-CH3 MTOAC -0.76 -0.72 -0.79 -0.79 

CPC -2.7 -2.07 -2.38 -2.44 

C6H5-CH2- MTOAC 1.39 0.89 1.2 0.96 

CPC 1.6 1.65 1.42 1.54 

 

Table 8Isentropic compressibilities ( s
κ /10

11
m

2
·N

-1
) of amino acids with water and0.002 mol·kg

-1
 

surfactants at T = (293.15, 298.15, 303.15 and 308.15) K 

 

293.15 K 298.15 K 303.15 K 308.15 K 

m s
κ

 s
κ

 s
κ

 s
κ

 
  Gly with water   

0.0000 45.56 44.76 44.09 43.55 

0.0502 45.32 44.52 43.85 43.31 

0.0755 45.19 44.40 43.73 43.20 

0.1007 45.07 44.28 43.62 43.08 

0.1261 44.95 44.16 43.50 42.96 

0.1514 44.83 44.04 43.38 42.85 

L-Alawith Water 

0.0000 45.56 44.76 44.09 43.55 

0.0503 45.29 44.49 43.82 43.29 

0.0755 45.15 44.36 43.69 43.16 

0.1009 45.02 44.22 43.56 43.02 

0.1263 44.88 44.09 43.43 42.89 

0.1518 44.74 43.96 43.29 42.76 

L- Phe with Water 

0.0000 45.56 44.76 44.09 43.55 

0.0505 45.09 44.29 43.63 43.10 

0.0759 44.85 44.06 43.40 42.87 

0.1015 44.62 43.83 43.17 42.64 

0.1273 44.38 43.60 42.94 42.42 

0.1532 44.14 43.36 42.71 42.19 

Gly with 0.002 mol.kg
-1

MTOAC 

0.0000 45.51 44.72 44.05 43.52 

0.0502 45.27 44.48 43.81 43.29 

 Gly L- Ala L- Phe 

T 
0

tr
Vφ∆ ,MTOAC 

0

tr
Vφ∆ ,CPC 

0

tr
Vφ∆ ,MTOAC 

0

tr
Vφ∆ ,CPC 

0

tr
Vφ∆ ,MTOAC 

0

tr
Vφ∆ ,CPC 

293.15 0.31 1.78 -0.45 -0.92 0.94 0.68 

298.15 0.27 1.07 -0.45 -1.00 0.44 0.65 

303.15 0.30 1.32 -0.49 -1.06 0.71 0.36 

308.15 0.25 1.21 -0.54 -1.23 0.42 0.31 
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0.0755 45.14 44.36 43.69 43.17 

0.1007 45.02 44.24 43.58 43.05 

0.1261 44.90 44.12 43.46 42.93 

0.1514 44.78 44.00 43.34 42.82 

L-Alawith 0.002 mol.kg
-1

 MTOAC 

0.0000 45.51 44.72 44.05 43.52 

0.0503 45.24 44.45 43.78 43.26 

0.0756 45.10 44.32 43.65 43.12 

0.1009 44.97 44.18 43.52 42.99 

0.1263 44.83 44.05 43.39 42.86 

0.1519 44.69 43.91 43.25 42.73 

L- Phe with 0.002 mol.kg
-1

MTOAC 

0.0000 45.51 44.72 44.05 43.52 

0.0505 45.04 44.25 43.59 43.07 

0.0759 44.80 44.02 43.36 42.84 

0.1015 44.57 43.79 43.14 42.62 

0.1273 44.33 43.56 42.91 42.39 

0.1532 44.10 43.33 42.68 42.17 

Gly with 0.002 mol.kg
-1

CPC 

0.0000 45.53 44.73 44.07 43.54 

0.0502 45.29 44.49 43.84 43.31 

0.0755 45.17 44.37 43.72 43.19 

0.1007 45.05 44.25 43.60 43.07 

0.1261 44.93 44.13 43.48 42.96 

0.1515 44.81 44.01 43.37 42.84 

L-Alawith 0.002 mol.kg
-1

CPC 

0.0000 45.53 44.73 44.07 43.54 

0.0504 45.26 44.46 43.80 43.27 

0.0756 45.12 44.33 43.67 43.15 

0.1008 44.99 44.19 43.54 43.01 

0.1264 44.85 44.06 43.41 42.88 

0.1518 44.71 43.92 43.27 42.75 

L- Phe with 0.002 mol.kg
-1

CPC 

0.0000 45.53 44.73 44.07 43.54 

0.0505 45.06 44.27 43.61 43.09 

0.0759 44.82 44.03 43.38 42.86 

0.1015 44.59 43.80 43.16 42.64 

0.1273 44.35 43.57 42.93 42.41 

0.1532 44.11 43.33 42.69 42.17 
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Table 9ViscosityB-coefficients (B/kg·mol
-1

) of amino acids with water and 0.002 mol·kg
-1

surfactantsat T = 

(293.15, 298.15, 303.15 and 308.15) K 

 

T 

Water MTOAC CPC 

B B B 

Lit [27] Exp 

Gly 

293.15 0.1339 0.1389 0.3975 0.2158 

298.15 0.1430 0.1464 0.2178 0.3225 

303.15 0.1370 0.1413 0.1886 0.3231 

308.15 0.1466 0.1455 0.1805 0.2171 

L-Ala 

293.15 - 0.2135 0.4388 0.5032 

298.15 0.2520 0.2477 0.2498 0.2392 

303.15 0.2460 0.2907 0.2553 0.2285 

308.15 0.2363 0.2351 0.2909 -0.0257 

L- Phe 

293.15 - 0.5723 0.5098 0.3463 

298.15 0.5850 0.5926 0.4363 0.3784 

303.15 - 0.5564 0.4629 0.4702 

308.15 - 0.5391 0.4003 0.4336 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

 

Fig. 1 

 

 

Fig. 2 

 

 

 

0.997011

0.997031

0.997051

0.997071

0.997091

0.997111

0.997131

0.997151

0.997171

0.997191

Water MTOAC CPC

Gly L-Ala L-Phe

58.47

58.88

59.29

59.70

60.11

60.52

60.93

61.34

61.75

293.15 298.15 303.15 308.15

L-Ala with Water L-Ala with MTOAC L-Ala with CPC



23.Micro and Nano Capsule for Drug Delivery 

Md. Rizwan
1, *

, C. K. Mitra
2 

1, 2
Department of Biochemistry, School of Life Sciences, University of Hyderabad, 

Hyderabad500 046 (India) 

*
Corresponding Address: Centre for Nano Sciences, Central University of Gujarat, 

Gandhinagar 382 030 (India) E-mail: rizzuhcu09@gmail.com 

 

AbstractDispersed polymer capsules, such as micron and sub-micron (Nano) sized 

microcapsules can serve as a drug carrier to protect it from external environments, to change its 

phase and to achieve controlled release as well efficient drug targeting to the desired tissue. The 

dispersion stability and physiological response of these types of capsules are mainly determined 

by the type of surfactant and nature of coating material used for encapsulation of core materials 

(i.e., drugs or other reagents). The release of core material largely depends on the degradation 

properties of coat materials (usually biodegradable), which also depends on the composition and 

the structure of the capsule walls (e.g., cross-linking may decrease the degradation rates). 

Targeting is usually performed by incorporation of suitable proteins on the encapsulation 

surface. These capsules are mainly divided on the basis of their diameter, if the diameter of the 

capsule is above 1000 nm, it is known as microcapsules and if it is below 1000 nm it is known as 

sub-microcapsules (nanocapsule). These are several different approaches for the preparation of 

such capsules: Emulsion polymerization, Double phase emulsion method, Suspension cross 

linking, Solvent Evaporation/ Solvent Extraction, Coacervation, Phase separation, Double phase 

emulsion method Interfacial polycondensation, interfacial precipitation, interfacial deposition, 

and self-assembly, to name a few all these procedure have their own individual advantages and 



disadvantages when it comes to design a capsule for drug carrier system. In this work, capsules 

prepared by use of double phase emulsion methods, and its characterization by using an optical 

microscope and SEM will be shown. These types of microcapsules may be used for drug 

delivery, specifically for anticancer drug. 

Keywords: micron and sub-micron capsule;coating materials; double phase emulsion method; 

core materials;drug targeting 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

Micro and sub-micro encapsulation is a technique by which solids, liquids or even gases may be 

enclosed in micron or sub-micron shape capsules, the coating material form thin wall around the 

core substances. This technique has origin in the late 1930 as a cleaner substitute for carbon 

paper and carbon ribbon as sought by the business machine industry. The idea for micro and sub-

micro encapsulation of various materials came into existence in 1950s as a result for the 

development of reproduction paper and ribbon that contained dyes in tiny gelatin capsules 

released on impact by a type writer key or the pressure of a pen or pencil [1, 2]. A well designed 

controlled drug delivery system may minimize the problems associated with conventional 

therapy and may also increase the therapeutic efficacy of the given drug. To achieve the 

maximum therapeutic efficacy, it is very important to deliver the agent to the target tissue in the 

optimal amount in the right period of time, so that it cause little toxicity and minimal side effect. 

There are various approaches in delivering therapeutic substances to the target site in a sustained 

and controlled release fashion. Among them one such approach is using micron or sub-micron 

capsules as a carrier for drugs. These are free flowing powders consisting of synthetic polymers 

or proteins, which are biodegradable in nature and ideally having particle size in the range of 

micrometer (mm) or sub-micrometer (sub-mm). Micro and sub-micro encapsulation is a 

technique by which very tiny droplets or particles of liquid or solid materials are surrounded or 

coated with a continuous film of polymeric materials. These also includes bio-encapsulation, 

which is more restricted to the entrapment or encapsulation of biologically active substances, 

such as DNA to entire cell or group of cells, to improve its performance or to enhance shelf life 

[3, 4]. Micro and sub-micro encapsulation technique provide the means of converting liquids to 

solid, of altering colloidal and surface properties, providing environmental protection and of 



controlling the release mechanism. Several of the above mentioned properties can be obtained by 

macro packaging techniques; however, the unique characteristic of micro or sub-micro 

encapsulation is the smallness of the coated particles and their further use and adaptation to wide 

variety of dosage forms. These techniques can be used for converting (i) liquid drugs in a free 

flowing powders, (ii) the drugs, which are sensitive to light, moisture, or oxygen can be 

stabilized by micro and sub-micro encapsulation, (iii) the drug incompatibility can be prevented 

by micro and sub-micro encapsulation, (iv) micro and sub-micro encapsulation can be used to 

reduce the vaporization of many volatile drugs, for example vaporization of methyl salicylate 

and peppermint oil can be prevented by micro and sub-micro encapsulation, (v) micro and sub-

micro encapsulation can be used to reduce toxicity and GI irritation of the drug including ferrous 

sulphate and KCL (vii) micro and sub-micro encapsulation can also be used to achieve or to alter 

the site of absorption of the drug and (viii) These may also be used to reduce the possibility of 

sensitization of insecticides or other toxic chemicals to factorial person. The general 

consideration in micro and sub-micro encapsulation involve basic understanding of micron and 

sub-micron capsule properties, such as the nature of the core and coating materials, the stability 

and release characteristics of the coated materials and the methods of synthesis [5, 6]. The 

encapsulated materials or drug can be released from micron and sub-micron capsules by various 

mechanisms such as (i) controlled degradation of monolithic system, (ii) controlled diffusion 

from monolithic system, (iii) diffusion controlled reservoir system, and (iv) erosion [7-9]. The 

material which is to be coated is defined as the core material, which may be liquid or solid [10]. 

The physical and chemical properties of the micron and sub-micron capsules depend on the 

selection of appropriate coating materials. While selecting the polymer the following 

requirement should be taken in to consideration i.e. stabilization, reduced volatility, 



releasecharacteristics, environmental conditions, etc. The polymer should be cohesive to the core 

material and it should be capable to form film around the core material. The coating materials 

should be chemically compatible, non-reactive with core materials and provide the desired 

coating properties such as strength, flexibility, optical properties and stability. For the micro and 

sub-micro encapsulation process, generally hydrophilic polymers or hydrophobic polymers or a 

combination of both are used. Various type of coating materials has been used successfully. 

Examples include gelatin, polyvinyl alcohol, ethyl cellulose, cellulose acetate, cellulose acetate 

phthalate and styrene maleic anhydride. Thickness of the film can be varied considerably 

depending on the surface area of the material to be coated and other physical parameter of the 

system [11]. The following criteria should be satisfied by micron and sub-micron capsule (i) they 

should have ability to incorporate reasonably high concentrations of the drug, (ii) they should 

have clinically acceptable shelf life with stability, (iii) controlled particle size and dispensability 

in aqueous vehicles for injection, (iv) controlled release of active reagent over a wide time scale, 

and (v) biocompatibility with a controllable biodegradability and susceptibility to chemical 

modification [12]. There are many  techniques for the synthesis of these type of capsules, such as 

(i) emulsion polymerization, (ii) suspension cross linking, (iii) solvent evaporation/ solvent 

extraction,(iv) coacervation/ phase separation (v) interfacial polycondensation, (vi) interfacial 

precipitation, (vii) interfacial deposition,(viii) self-assembly, and (ix) Double phase 

emulsionmethod to name a few. Double phase is a modified form of coacervation, in which two 

phase are prepared separately for the synthesis of micron and sub-micron capsule.  All these 

methods have its own individual limitations and benefits when it comes to design a capsule for 

drug carrier system. In this work, glassy carbon entrapped capsule has been synthesized by 

double phase emulsion method, and shape has been determined by using optical microscope and 



external morphology and distribution pattern has been determine by using Scanning electron 

microscope. Micron or sub-micron capsules can also charecterised for solubility of capsule in 

different solvent, and capture efficiency of different materials. These types of capsules may be 

used for entrapping various materials including drugs and hence these can be used for drug 

delivery, specifically as a system for anticancer drug. 

2. Materials and Methods 

2.1 Materials 

For the synthesis of glassy carbon entrapped micron and sub-micron capsules, all the chemicals 

and reagents used were analytical grade. Cellulose acetate, Span 85and glassy carbon (2-12 µm) 

were obtained from Sigma-Aldrich, USA. Dimethyl sulphoxide (DMSO), Liquid paraffin, n-

Hexane and Acetone were obtained from Rankem Chemicals, India.All the chemicals were used 

as received without further purification. Freshly prepared milliqube water was used before 

starting each experiment. 

2.2 Methods 

The synthesized glassy carbon entrapped micron and sub-micron capsules as a model for drug 

delivery were characterized for their different properties by using optical microscope and 

scanning electron microscopy (SEM). The purpose of each employed instrumentsused for the 

characterization are being disscussed briefly in this section. Optical microscope was used in the 

beginning to confirm the synthesis of micron and sub-micron capsules. SEM was used to study 

their distribution pattern. 

 



3. Experimental 

Synthesis of Blank Micron and Sub-micron Capsule 0.5 g cellulose acetate has been dissolved 

in 5 ml DMSO for the formation of transparent and bubble free dispersion. The dispersion 

appeared is than added under stirring to 25ml of liquid paraffin containing 300µl span 85, on 

magnetic stirrer to be emulsified in fine droplets. Separately 20 ml of water has been emulsified 

under stirring in 25 ml of oil to form w/o type emulsion on magnetic stirrer. This emulsion is 

added very slowly into the emulsion of  cellulose acetate as prepare above to form micron and 

sub-micron capsules on high speed magnetic stirrer, and the stirring was continue for some time. 

Whole system is left 1hour for precipitation. The precipitate was filter with the help of filter 

cloth of 200 meshes, washed properly with n-hexane and rinsed with water containing 50 percent 

acetone. Micron and sub-micron capsule after washing left for overnight drying on room 

temperature.  

Synthesis of glassy carbon entrapped micron and sub-micron capsules For the synthesis of 

glassycarbon entrapped micron and sub-micron capsules without, 0.5 g cellulose acetate has been 

dissolved in 5ml DMSO for the formation of transparent and bubble free dispersion, 0.5 gm. 

glassy carbon is added and mixed uniformly. The dispersion appeared is than added under 

stirring to 25ml of liquid paraffin containing 300µl span 85, on magnetic stirrer to be emulsified 

in fine droplets. Separately 20 ml of water has been emulsified under stirring in 25 ml of oil to 

form w/o type emulsion on magnetic stirrer. This emulsion is added very slowly into the 

emulsion of cellulose acetate as prepare above to form micron or sub-micron capsules on high 

speed magnetic stirrer and the stirring was continue for some time. Whole system is left for 

precipitation for 1hour. The precipitate was filter with the help of filter cloth of 200 meshes, 



washed properly with n-hexane and rinsed with water containing 50 percent acetone. Micron and 

sub-micron capsule after washing left for overni
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Fig.1. Optical microscope image of blank micron or sub

hexane and rinsed with water containing 50 percent acetone. Micron and 

micron capsule after washing left for overnight drying on room temperature.
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Fig.2. The optical microscope image

at 40X 

Glassy carbon entrapped micron and sub-micron capsules After the synthesis of glassy carbon 
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 powder of the capsules was taken in 1 ml milliqube water and 

mixed properly. Now 1000 fold dilution was done and it was sonicated for 3 minutes to get the 

less density, less aggregation and better view of the capsules. For this purpose 10

diluted and sonicated sample was taken on a glass slide and was examined under 

at 40X as shown in the fig.2. The digital image was captured by a camera

. Appearance of sphere like black structures gives 

glassy carbon entrapped capsules. 
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Characterization of glassy carbon entrapped micron and sub

carbon entrapped micron and sub

under scanning electron microscope for size distribution, morphological structure of the capsul
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in the order of stub size. The sample was analyzed in SEM at different magnification and the 

image was saved in circular disc for their use
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Fig.3. Distribution pattern of the prepare

 

glassy carbon entrapped micron and sub-micron capsule by SEM

and sub-micron capsules were synthesized and it was directly examined 

under scanning electron microscope for size distribution, morphological structure of the capsul

wall and to determine the radius of the micron or sub-micron capsule. The samples for the 

scanning electron microscope was prepared by taking 2 mg of the capsule in 1ml milliqube 

and diluted 1000 fold and sonicated 3 minutes to get less dense, less aggregation and 

10 µl of this sample was taken on the small pieces of glass of size 

in the order of stub size. The sample was analyzed in SEM at different magnification and the 

image was saved in circular disc for their use as evidence in research articles. Fig.3

distribution pattern of the prepared micron and sub-micron capsules on the specific area of the 

istribution pattern of the prepared micron or sub-micron capsules.

micron capsule by SEMGlassy 
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under scanning electron microscope for size distribution, morphological structure of the capsule 

micron capsule. The samples for the 

scanning electron microscope was prepared by taking 2 mg of the capsule in 1ml milliqube 

s aggregation and 

10 µl of this sample was taken on the small pieces of glass of size 

in the order of stub size. The sample was analyzed in SEM at different magnification and the 

dence in research articles. Fig.3. shows the 

on the specific area of the 
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5. Conclusions 

The requisite micro and nano capsules were duly synthesized as reported. The study establishes 

the critical controlling of the several input factors and key experimental conditions that 

correspond to the specifically fit and ideal for drug delivery application. This is so as drug 

delivery demands that the carrier involved should be sufficiently biocompatible, non-toxic, and 

should be biodegradable. The reported materials were charecterised through optical microscope, 

and SEM, which established their correct formation as per the intended applications of 

improvised drug delivery tools. Further study are in progress in order to streamline our research 

findings. 
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Abstract 

 

Density (ρ±10-3 kg·m-3) and surface tension (γ±10-2 mNm-1) for 0.002 to 10.677 mM aq-

Tws(Tween 20-80), 0.01 to 0.12% (w/v) aq-BSA and aq-BSA-Tws at critical micelle 

concentration including pre and post (CMCs) Tws are reported at 298.15 K.The primary data 

were regressed with compositions for limiting density (ρ0) and limiting surface tension (γ0) to 

analyze interaction patterns. The CMCs obtained from surface tension are as Tw60 > Tw80 > 

Tw40 > Tw20. The pre-CMC and post-CMC were obtained by deducting and adding 0.007 mM 

from and to CMC respectively. Interaction of BSA at theCMCs explained protein interaction 

based on density and surface tension analysis. Interacting parameters of BSA with aq-Twsdepict 

hydrophilic and hydrophobic interactions (HHbI), and effect of CMCs on BSA interactions.Tws 

are noted to affect BSA aggregates around micelles. 

Keywords: BSA, density, surface tension, CMCs, hydrophilic hydrophobic interaction 

 

1. Introduction 

Surfactants actas most versatile and amphiphilic materials with a polar head group and anon-

polaralkyl chain [1]and are most preferred chemical substances forunderstanding the interaction 

behavior of biomolecules such as proteins.Reportedly anionic, cationic and non-ionicsurfactants 

(NIS) have been used in phase extraction, oil recovery, detergency, drug designing, inks, colloids 
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and emulsification preparation [2-4].TheTws with a bifunctional behavior undergoself-

association at specific concentrationby reorienting and rearranging themselves into organized 

molecular assembliesnoted as micelles [5, 6].The micellecould activate proteins by inducing 

interesting physicochemical properties but no specific studies at pre-CMC and post-CMC 

compositions are reported yet. Vacancy for developing a new thrust areawithCMCs in catalyzing 

surfactant-protein interactionscaused by electrostaticforces needed for developing 

aconformational state of proteins have been created [6-9].During micellization,hydrophobic tail 

reorients towards center of micelle while hydrophilic head towards periphery and such 

preferential molecular movements initiate interacting activities in proteins and istermed as 

concentration driven process. Thus a minimumconcentration when micelle isformed is critical 

micelle concentration (CMC)and after CMC the surface tension abruptly decreases [10].Tws 

arewider applications in areasof chemistry, biology and pharmacyfor interacting activitiesin 

phase extraction of biomoleculesout ofliquid phases.Thus, BSA interactions [11-13] at pre-CMC, 

CMC and post-CMC are studiedwith density and surface tension, for better understanding of 

HHbI [14-15].The biochemical, biological and biophysical study of BSA in aq-Twsrevolves 

aroundits primary, secondary, and tertiarystructural interactions with surfactants [16, 17]. The 

BSA with polar peptide bonds (-NH-CO-) with partially electrostatic poles develops specific 

physicochemicalproperties that reflectaq-Tw-BSAinteraction as aq-Tws-BSA complex. 

Thecomplex undergoes change in size andshapewith interactions of polar (hydrophilic)amino 

acidsas exterior in water and hydrophobic groupsas interior folded structural components which 

reflectdefinitestructural interacting abilities of BSA in process [18, 19].The BSA effectively 

strengthens thehydrophobic interactionswith Twsin several biological processesfor protein-

surfactant interactions. Thereby,our studycould retrieve useful information about structural 
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properties of BSAin processes such as chemical, biochemical and clinical medicines. Their 

outcome could assist in gaininga multidisciplinary insight into molecular and conformational 

changesin BSA with Tw [20].Therebyprotein-surfactant interactionscould be of high 

significancein food sciences,cosmetics and drug deliverysystems. For example, surfactantand 

protein binding process visa-a-visaa change inpolarity and stability of BSA, egg albumin, 

lysozyme and othersdepict a role of surfactant [21].Reportedly, thebead and necklacemodel for 

protein and surfactants haveexplainedsurfactant aggregationand wrappings around hydrophobic 

tail as an effective mode ofhydrophobic interactions. It facilitatesa wrapping of protein strips 

around micellesdue to enthalpic and entropic changes [22].Thereby, the attempt for better 

understanding of interacting structuralmodel of BSA at CMCsTws is madefor developing an 

effective mechanismwith variable BSA compositions. In our studies, the tentropy model is 

proposed that explains enthalpic and entropic domains of the aq-Tws-BSA complex.  

2. Experimental section 

2.1 Materials and methods 

Reagents and solvents,AR grade, were used as received andstored in P2O5 filled desiccator 

tilluse, their absolutely dryness, checked was anhydrous CuSO4. The details are given in Table 1. 

Mill-Q water of 5 x 10-6 
µScm-1was used as a solvent and ±0.01mg Mettler 

Toledoelectricalbalance was usedfor weighing. Water + Tws and water + BSAbinary and water 

+ BSA at CMCs Tws ternary mixtures were separatelyprepared % w/v. Aq-Tw stock solutions 

were keptfor 2-3 h,smoothly stirred with clean glass rod for homogenization. Stock 

solutionswere diluted withinMillipore water 1:1 ratio for surface tension 

measurementsreproducible to ± 0.121 mNm-1, and data have determinedthe CMCs.  

2.2 Experimental measurements  
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Advanced Density and Sound Velocity meter (DSA 5000 M, Anton Paar) were used for ρ 

measurementsby filling ≈ 3 mL solution inquartz U-tube, calibrated with air and Millipore water. 

Quartz tube oscillates andoscillating periodswhen become constant then density was 

measured.For each measurement, the U-tube was cleaned with acetone and auto dried by passing 

dried air using peltier air pump. Pendant drop numbers (n, pdn) were measured with Borosil 

MansinghSurvismeter (BMS, Cat. no. 3453, India, cal. no. 06070582/1.01/C-0395, NPL, New 

Delhi) forsurface tension at 298.15 K ± 0.050Cmaintained with Lauda Alpha KA8 

thermostatreported elsewhere [23,24].Millipore water was filled in reservoir bulb for calibration 

of surface tension and similarly the surface tension of DMSO aremeasured and found very close 

to the literature values [25]. Similarly,surface tension of samples was measuredbased on a 

development of adhesive force with solid circumference of surface tension measuring unit 

accountable for pdn formation.  

3. Results and Discussion 

Density was used to calculate surface tension (γ) with equation 1 as under.
 

)1(0
0

0 γ
ρ

ρ
γ 
















=

n

n

 

The 0 0 0, ,n ρ γ and , ,n ρ γ  are pdn, density, surface tension of solvent and solution respectively.
 

3.1CMCanalysis 

CMCs of aq Tws were determined by plotting surface tension data against concentration at their 

chosen composition from 0.000 to 0.330 mM for a better understanding of interacting activities 

in aq-Tw mixtures (Fig.1a-d). For aq. Tw20, 40, 60 and 80 CMCs are found 0.009, 0.010, 0.019 

and 0.013 mM respectively while their pre and post CMCs were obtained 0.002, 0.003, 

0.012,0.006 and 0.016, 0.017, 0.026, 0.020 mM for aq-Tw20, 40, 60 and 80 CMCs respectively 
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to elucidate a pre-requisite for ternary mixtures such as aq-Tws-BSA (Figs. 1a′-d′).As compared 

to water,the surface tension ofTw20 has decreasedby 20.85mNm-1and a lowest surface tension 

was observed at CMC (Table 2).The CMCs as Tw60 > Tw80 >Tw40 >Tw20, show thata longer 

AC producedCMC at higher concentration withoutDB because hydrophobicity with 

structurednesscontrols a micelle formation with a similar Tws except one DB in Tw80 as a 

responsible factor for CMC at lower concentration than Tw60. TheDB initiates hydrophilic 

interactions and a shorter AC formed the CMC at lower concentration and thus, the Tws with 

slightly shorter AC approaches intersurfaceby forminga micelle thereon. The Tw20 of shorter 

AC with slightly weaker hydrophobic interaction is unable to affectstructured water by getting 

quickly reoriented with entropic changes. With Tw20, a cage formation around a shorter AC 

results in entropic changes by pushing Tw20 molecules to the surface. Since rotation and 

translation processes seemeffective for micelleformation but with Tw40 and 60, the AC is longer 

and structured water slows down the Tw40 and 60 movements towards surface. Thus, due to 

higher entropic change engages a longer AC in bulk by partly engaging larger numbers of Tw40 

and 60 molecules in bulk. With an increment in AC, the CMC is developed at higher 

concentration. TheCMC of Tw80 should have been at higherconcentration than Tw60 

butaDBpartially inducesweaker hydrophilic interactions that partly detain Tw80 in bulk as 

compared to surface. At CMC, the Tws move to surface being partly pushed away bybulkand 

Tws with hydrophilic head of 3-OH groups initiate interaction therein.Tws with -OHmildly 

move to interface. However withlonger AC, the Tws move to interface with alimiting energy and 

area as compared to a larger area of bulk phase.Tws get accommodated as micelleand the 

moleculesof larger size may occupy a larger surfacearea. AtCMC, thelarger Tws molecules are 

accommodated in smaller areawith a scope to study a role of Tws at interfaceon Tws 
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accumulation.Pre-CMCstill hassurface activity that can occupy some more Tws at the interface 

but atCMC,there isno chance to occupy more Tws, whereas atpost-CMC is over saturated. In 

such situations a role of Tws has become significant as theTws at the CMCs have separate 

activities that catalyzes the BSA interaction with water and also applies for an aggregation, air 

trapping and emulsifying activities. 

3.2Density and surface tension of aq-Tws, aq-BSA and aq-Tws-BSA mixtures 

Density variation asfunction of CF and IMF reflects a mutual transformation of CF into IMF 

depending on BSA and aq-Tws interactions. Generally, stronger CF causes higher density, and in 

present study, densities have increased with the concentration due to a composition effect of Tws 

and BSA (Table 2, 3). 

Densities of aq-Tws, aq-BSA and aq-Tws-BSA mixtures are fitted in a linear regressionto know 

the development of IMF in their individual comparison. Limiting densities (ρ0) and slope values 

(Sρ)for aq-Tws as ρ0
Tw80>ρ

0
Tw60>ρ

0
Tw40>ρ

0 
Tw20and SρTw20> SρTw40> SρTw60> SρTw80(Table4).The 

ρ
0is a static property with no stress and strain on liquid and IMF remains unperturbed without 

undergoing any reorientation, translation and rotational motions that influencea nature of 

solvation sphere around Tws.The ρ0have increased with an increase in Catom of AC, and 

molecular motions remained operational that affected a state of IMF. Tw80 produced a stronger 

IMF with slightly stronger interactions than Tw60where their slopes(Sρ)showan exact a reverse 

trend of ρ0a strongeraq-Tw interactionwith a weaker composition effect.Tw20 and Tw40 with an 

increasing concentrationdevelopeda stronger IMF where the IMF with higher Pinternal 

pressureproduces higher density(Table 4). 

The ρ0 infers that BSA at pre-CMC and post-CMC of Tw20 developed equal interactions due to 

unorganized HHb domains interacting in the same way as of the Tw20. BSA at CMC Tw20 has 
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produced slightly lower ρ0 as a diffused domain of BSA is not effectively fitted in organized HHb 

domains at CMC, may be due to, size of BSA and Brownian motions. The Sρ infers that the pre-

CMC of Tw20 has catalyzed BSA interacting activities with higher rate of increment in density 

than aq-BSA. Tw20 activated unorganized HHb domains of BSA as the BSA itself developed 

weaker interaction with water than BSA at pre-CMC of Tw20. Lower BSA densities at post-

CMC and CMC both than at pre-CMC and aq-BSA with compositions inferred weaker 

interactions with unorganized and organized HHb domains. Similarly, the ρ0 and Sρ of aq-BSA 

and BSA at CMCs inferred stronger BSA interactions at post-CMC of Tw20 with unorganized 

and organized domains than organized domain at CMC, aq-BSA and pre-CMC with stronger 

compositional effect on BSA at pre-CMC than post-CMC. Slightly lower ρ0 for BSA at CMC 

Tw40 infers that the BSA diffused domains are unable to get effectively fitted in organized HHb 

domains of CMC of Tw40. The ρ0 of BSA at post-CMC Tw60 shows activities similar to Tw40 

but a compositional effect on BSA interactions with water is stronger than at pre-CMC Tw40. 

The Sρaq-BSA of Tw60 has inferred a slightly stronger concentration effect on BSA interactions 

whereas the SρBSA atpre-CMC depicted a weaker effect on BSA interactions. Thus unorganized and 

organized BSA domains as prime factors develop stronger BSA interactions with higher density 

than CMCs and water(Table 5). Likewise, ρ0 for BSA at CMCs Tw80 inferred that BSA at post-

CMC has produced stronger interaction than others. Higher ρ0 for aq-BSA than aq-Tw20 by 

3.5x10-2 kg m-3 infers weaker hydrophilic interactions of 3-OH of Tws than aq-BSA. The ρ0 of 

aq-BSA and aq-Tws varied as aq-BSA > Tw80 > Tw60 > Tw40 > Tw20, having stronger IMF 

with BSA than aq-Tws. Their slope values (Sρ) as aq-BSA > Tw20 > Tw40 > Tw60 > Tw80, 

inferred slightly higher increase in aq-BSA densities than aq-Tws (Table 4, 5). 
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Like ρ0, the γ
0 data depictaq-Twsinteraction wherelimiting surface tension(γ0)and slope values 

(Sγ) foundγ
0

Tw20>γ
0

Tw60>γ
0

Tw40>γ
0

Tw80 and Sγ′Tw80> Sγ′Tw60> Sγ′Tw40> Sγ′Tw20(Table 5).Thus, 

Tw20 at infinite dilution showsa weakest surface activity,and Tw80 with lowest γ
0values 

developsstronger surface activities than others (Fig.2). The Tw80 with longer AC and with 

stronger hydrophobic interactiondecreasedγtoa larger extent. An accumulation of Tw80 at ALI 

decreasedsurface energy to a larger extent as compared to other Tws. Tw20 with shorter 

ACdevelops stronger hydrophilic interaction and is unable to get accumulated at ALI as 

compared to otherTws. Anextent of accumulation of surfactant molecules at ALI is very high 

with Tw40 than Tw60.This might be due to utilization of higher surface by Tw40 as compared 

toTw60. Since the Tw60 developed a emulsion by forming a milky aqueous solution andthus the 

Tw60 is dispersed in larger amount in water, and the Tw60 is unable tomove to ALI in larger 

amount as compared Tw40 and Tw80.Negative Sγ′ showsa slight decrease invalues with Tws 

compositions with stronger composition effect of Tw20 and a weaker of Tw80 on hydrophobic 

interactions(Fig.3). Tws with longerACcausesstronger surface activity while the Tw with a 

lowest AC shows a higher surface activity such as Tw80 has longer AC but one DB is unable to 

develop stronger hydrophilic interactions with amildly influenced surface energyunlike Tw60 

(Fig.3).Tw60 acts as a moderate surfactant and Tw40with balanced HHbI has caused a slightly 

stronger effect on HB while theTw80 with DB act as good surfactants.The surface 

tensioncontinuously increase with compositions but an increase is not much higher thanwater. 

Probably, strength ofaq-Tws interactions partlyis the same as that of strength of interactions of 

water itself with CF or viscosity or cohesive force viscosity (CFV). TheBSAwithin the chosen 

compositionscould not develop amolecular self-assembly (MSA) but the Tws develops MSAas 

CMC. The concentrationof Tws affectedaq-BSA interactions andsurface tensions for 0.01, 0.04, 
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0.08, 0.12% g BSA is slightly higher by 0.002, 0.007, 0.015 and 0.022 mNm-1respectively, as 

compared to 71.97 mNm-1 of water (Table 3). Tws mildly disrupt HB of BSA with slightly 

stronger intramolecular forces as per IMMFT.The partially polar peptide bonds assist theBSA 

solvation where its interactions with variable Tws compositions seemeffectivebut the similar 

BSA concentrations at CMCs Tw20 is unable to affect the surface tension at pre-CMC. For BSA 

at pre-CMC and CMC of Tw20, decreased the surface tension by 0.558, 0.559, 0.560 and 0.559 

mNm-1 for 0.01, 0.04, 0.08, 0.12% g BSA respectively against a decrease of 1.107 mNm-1,at 

post-CMCandremained almost constant for other BSA compositions. As compared to surface 

tension of aq-BSA, a slight decrease in surface tension for 0.01, 0.04, 0.08, 0.12% g BSA at pre-

CMC Tw40 are by 0, 0.002 0, 0 mNm-1 but at CMC Tw40, the decreasesare by 0.558, 0.555, 

0.557, 0.557 mNm-1 respectively and at post-CMC Tw40, itdecreased by 1.107, 1.105, 1.107, 

1.108 mNm-1 respectively. Surface tension decrease limit for BSA compositionsat pre-CMC, 

CMC and post-CMC Tw80 areby 0.001, 0, 0, 0 mNm-1, 0.557, 0.557, 0.558, 0.558 mNm-1 and 

1.106, 1.106, 1.107, 1.107 mNm-1 respectively. The decrease in surface tensionwith Tw60 and 

for similar BSA compositions at pre-CMC, CMC and post-CMC are 0.560, 0.559, 0.560, 0.561 

mNm-1,0.548, 0.548, 0.548, 0.546 mNm-1and 1.087, 1.088, 1.088, 1.087 mNm-1 respectively 

(Table 3). These trendsinferred stronger hydrophobic interactions with higher decrease in surface 

tension with much weaker in solvent interactions with stronger solute-solvent interactions. A 

slightly decrease in surface tension for BSA compositionswith Tw20 slightly weakens HB, 

andTw20 with BSA compositions is unable to destabilize aq-BSA-Tw20complex. Thus, a 

decrease in surface tension infers weaker HB of medium. The BSA at pre-CMC and CMC Tw20 

decreased thesurface tension by 0.56 mNm-1 against 0.55 mNm-1, a decrease at post-CMC 

remainedalmost the same at CMCs Tw20, 40 and 80. Thus the BSA as a globular protein has 
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embedded peptide bondscould not disrupt HB of either water or its own on an increase in its 

concentration. TheBSA with Tw20, 40 and80 and at pre-CMC, does not cause a much difference 

in surface tensions because the Tws weakly interacts with BSA. The Tw20, 40,80 with a slightly 

lower surface tension infer weaker BSA interactions as the Tw20, 40, 80 at pre-CMC might have 

saturated air-water interface on partly developing hydrophilic interactions on structural 

reorientations of aq-Tws. Thus, the BSA is unable to disrupt the aq-Tws and HB of water 

itselfwith 71.435 mNm-1,a lower surface tension than at pre-CMC (Table 3). The 71.435 mNm-

1isslightly lower than surface tension of water andTw20, 40 and 80 at CMC behaved as weak 

surfactants. A lower decrease insurface tension of BSA at CMCsinferredweaker HB disrupting 

activitiesbecause theTws could not destabilize BSA at chosen compositions. The Tw20, 40 and 

80 at CMC weakly interact with BSA than at pre-CMC because the HHbinteractions at CMC do 

not interact with embedded polar peptide bonds of BSA but at post-CMC Tw20, 40 and 

80slightly decreased the values. Surface tension of BSA with Tws decreases by 0.5 mNm-

1causing slightly stronger BSA interaction with water. The BSA pushes the Tws to surface by 

causing a lower surface tension or the BSA at post-CMC Tw20, 40 and 80, in turn destabilize the 

water structure. A length of AC of Tws largely influences HB of water-water and aq-BSA. 

TheDB of Tw80 could notaffectaq-BSA interactions with negligible change in surface tension. 

The BSA has affected interactions atCMCsTw60 with a slightly lower surface tensionat CMCsby 

0.55 mNm-1 derived as under.   

≈ 0.56 mNm-1 = γBSA at pre-CMC - γBSA at CMC 

≈ 0.55 mNm-1 = γBSA at CMC - γBSA at post-CMC 

The AC length of Tw60 with BSA has produced much lower surface tension as compared to 

BSA at CMCs Tw20, 40 and 80 as the Tw60 with greater hydrophobicity moves to air-liquid 
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surface by weakening vacant forces of water responsible for reducing surface tension. The 

Catoms of AC Tw60 and 80 are the same except one DBin Tws80 with a shorter bond length by 

0.20 Å. Shortening a bond length reduces area of hydrophobic domain that affects minimum 

surface forces that produce higher surface tension than Tw60 as the latter with longer 

hydrophobic AC counteract more surface forces with a lowered surface tension. Thus the Tw80 

DBaffects aq-BSA interaction strongly than Tw60. The AC without DB catalyzes aq-

BSAinteractions with lower surface tension developing strongeraq-BSA interaction at 

surface.TheBSA with Tw60 develops higher entropic response or Brownian motions that 

favorably destabilize structured water on strengthening aq-BSA interactions.  

The γ0 and Sγ for aq-BSA and BSA at CMCs of Tw20 are as γ0
aq-BSA = γ0 

BSA atpre-CMC> γ0 
BSA atpost-

CMC> γ0 
CMC and SγBSA atpre-CMC >Sγaq-BSA >SγBSA atpost-CMC>SγBSA atCMC. The γ0 for aq-BSA and 

BSA at pre-CMC Tw20 is higher and equal at post-CMC and CMC Tw20. Hence the BSA gets 

equally diffused in bulk phase and partly tends to ALI. The γ0 for BSA at post-CMC and CMC is 

decreased due to HHb interaction with enthalpic and entropic spheres (EES) with water by 

slightly pushing BSA towards ALI with a lower a γ0. The higher Sγ for BSA at pre-CMC Tw20 

proves that the pre-CMC slightly enhances BSA interaction activities at ALI but aq-CMC shows 

a weaker concentration effect on γ0. The CMC with organized HHb domains could not cause 

much effect on BSA interaction and the BSA gets accommodated in HHb spheres of aq-Tws. 

Tws with increasing AC affect BSA because their γ0 and Sγ with aq-BSA and BSA with Tw40 

are as γ0 
aq-BSA> γ0 

BSA atpre-CMC> γ0 
BSA atpost-CMC> γ0 

aq-CMC and SγBSA atpre-CMC >Sγaq-BSA >SγBSA 

atCMC>SγBSA atpost-CMC respectively. Slightly stronger BSA interacting activities than Tw40. The 

Tw40 decreased the γ0, with stronger hydrophobic interaction than hydrophilic. These trends of 

slopes infer weaker BSA concentration effect on aq-BSA interaction. The BSA interactions at 
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pre-CMC Tw40 causes higher concentration effect on aq-Tw40 than aq-BSA and other Tws as 

the post-CMC has been produced lowest slopes because of scattered Tw molecules with weaker 

HB disruption. The aq-BSA has produced higher γ0 than at pre-CMC having weaker interactions 

with water in bulk and probably with aq-BSA no specific HHb spheres are formed. The Tw40 at 

CMCs decreased γ0 of BSA because the post-CMC and CMC both develop distinguished HHb 

spheres with water by slightly pushing the BSA towards ALI. The higher slope values for BSA 

at pre-CMC Tw40 depict that the Tw40 at pre-CMC slightly enhances BSA interface activities 

with water. The post-CMC produced a mild concentration effect on γ0 data with weaker BSA 

interaction organized HHb spheres (Table 5).  

Also the γ0 and Sγ of aq-BSA and BSA with Tw 60 are as γ0 
aq-BSA> γ0 

BSA atCMC> γ0 
BSA atpre-CMC> 

γ
0 

BSA atpost-CMC and Sγaq-BSA >SγBSA atCMC >SγBSA atpost-CMC>SγBSA atpre-CMC respectively. Similar to 

Tw40, the aq-BSA has produced higher γ0 than Tw60 at aq-CMC and a higher Sγ with aq-BSA. 

The Tw60 at pre-CMC produces a mild concentration effect on γ0 data, due to unorganized HHb 

spheres. The Sγ predicts a weaker concentration effect on BSA interaction and an effect of DB of 

Tw80 on the γ0 and Sγ for aq-BSA and BSA with Tw80 is γ0 
aq-BSA = γ0 

BSA atpre-CMC> γ0 
BSA atpost-

CMC> γ0 
BSA ataq-CMC and SγBSA atpre-CMC >Sγaq-BSA >SγBSA atCMC >SγBSA atpost-CMC respectively. As 

compared to Tw20, the Tw80 has produced a same trend of γ0 with their Sγ values almost the 

same as of BSA at pre-CMC and aq-BSA. The post-CMC produced weaker concentration effect 

on γ0, as with unorganized and organized HHb spheres induce a mild effect on BSA interaction 

and DB affects the concentration effect. The Tw80 induced a same pattern of γ0 variation except 

a slight variation in slope values and the Tw60 produced lower γ0 values than aq-BSA. Both the 

Tw60 and 80 induce separate concentration effect on water-BSA interaction.  
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The Tw20, 40 and 60 undergo self-assembling (SA) and Tw80 with one DB forms enthalpy 

driven true solution. The SA as an entropy driven becomes a driving force with two separate 

isotropies of separate energies and entropies of HHb domains respectively (model 1). The 

entropy depicts that the hydrophilic head is anchored at a fixed point by repelling out 

hydrophobic AC. Here repulsion energy naturally assists forming micelles that constitutes 

tentropy out of HHb spheres. The hydrophilic head with equal stress and strain has two separate 

actions and effective areas in tentropy domains (model 2). The AC without HB with structured 

water haphazardly hits every water molecules. Reportedly, AC with stronger CF is unable to 

develop bond with water that results maximum entropy and a less enthalpy. 

4. Future prospective 

The similar studied could be made with other proteins such egg albumin, lysozyme and many 

others. The study of micelles in cationic (CTAB, DTAB) and anionic surfactant could be made 

and their effect or interaction with lysozyme, egg albumincould be studied. Thus similar 

surfactant catalyzed protein interaction could be useful in several systems such as nanoparticles, 

tissue engineering, drug- protein interaction etc. 

5. Conclusions 

Interactions of aq-Tws, aq-BSA and BSA at CMCs have been explained with density and surface 

tension to explain protein and surfactant interaction at CMCs.Density, surface tension data have 

illustrated BSA interactions binding capacity at CMCs and for better interaction understanding 

with Tws. The CMC mixtures could replace conventional buffers as they bind forming stable 

complexes as a hurdle in a most complicated bio-catalyzation like Krebs’s cycle, insulin 

functionalization. Thus the use of CMCs could avoid unwanted structural function being 

performed under a compulsion of altered chemical environments.Specifically, effects of double 
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bond on BSA interactions are a most useful observation. The ρ0 of BSA at post-CMC is stronger 

than others with slightly more unfolding of BSA structure. The post-CMC Tws acts as a potential 

medium for BSA optimization and interacting activities. At post-CMC, micelles are disrupted as 

a favorable environment for BSA stronger interactions. The Tws miceller structure affects BSA 

activities and collision due to Brownian motion in Tw-BSA at post-CMC colloids. These data 

could be used with other surfactants for developing wider applications in cosmetics, detergency 

and drug delivery. Explanation of aq-BSA-Tws mixture assist formulation as a potential medium 

for aggregation of silver, gold, platinum, cadmium and TiO2 nanoparticles. 
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Model 1  Entropy and enthalpy driven CMC Model. 

Model 2 Tentropic model of nonionic surfactants. 

 

Figure Captions 

 
Figs.1(a) Illustration of Tw20 at CMCsfrom surface tension, (b) Illustration of Tw40 at  

CMCs from surface tension, (c) Illustration of Tw60 at CMCs from surface tension,  

(d) Illustration of Tw80 at CMCs from surface tension. 

Fig.2Limiting surface tension of Tw20, 40, 60, 80. 

Fig.3Slope surface tension of Tw20, 40, 60 and 80. 
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Table 1Details of chemicals used in experiments. 
 

Chemicals Source CAS No. Product number 

BSA Sigma Aldrich 9048-46-8 A7906 

Tw20 Sigma Aldrich 9005-64-5 P1379 

Tw40 Sigma Aldrich 9005-66-7 P1504 

Tw60 Sigma Aldrich 9005-67-8 P1629 

Tw80 Sigma Aldrich 9005-65-6 P1754 

 
Table 2Density (ρ,10

−3
Κg⋅m−3

) and surface tension (γ,mΝm−1
) of water + Tws at 298.15 K 

 
 

 Tws (mM) ρ γ Tws (mM) ρ γ 

 Tw20 Tw40 
0.004 0.997441 71.971 0.005 0.997427 71.969 
0.009 0.997443 71.413 0.011 0.997438 71.412 
0.017 0.997445 70.864 0.021 0.997441 70.863 
0.035 0.997445 69.265 0.042 0.997444 69.265 
0.070 0.997451 67.738 0.084 0.997448 63.974 
0.140 0.997461 66.276 0.168 0.997459 60.212 
0.280 0.997488 63.977 0.336 0.997482 57.579 
0.560 0.996914 50.313 0.673 0.997527 52.051 
1.120 0.997592 47.739 1.345 0.997634 49.538 
2.239 0.997765 45.847 2.692 0.997837 47.751 
4.479 0.998087 44.532 5.384 0.998236 46.329 
8.958 0.998232 42.882 10.767 0.998968 45.450 

Tw60 Tw80 
0.005 0.997441 71.971 0.005 0.99744 72.182 
0.010 0.997436 71.97 0.010 0.997445 69.754 
0.020 0.997443 70.863 0.020 0.997451 67.325 
0.041 0.997448 70.323 0.041 0.997447 64.896 
0.082 0.997454 66.276 0.082 0.997451 64.422 
0.163 0.997463 61.416 0.163 0.997464 61.010 
0.327 0.997486 59.822 0.327 0.997483 59.055 
0.655 0.997527 55.836 0.655 0.997531 52.949 
1.310 0.997614 51.474 1.310 0.997623 50.349 
2.620 0.997792 49.281 2.620 0.997799 48.249 
5.240 0.998144 47.765 5.240 0.998138 46.795 

10.481 0.998859 46.593 10.481 0.998836 45.669 
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Table 3Primary data of densities (ρ,10-3 kg⋅m-3) and surface tensions (γ,mNm-1) for aq-BSA and 
aq-Tw-BSA at 298.15 K. 
 

BSA % g ρ γ ρ γ 
aq-BSA 

0.01 0.997490 71.972 - - 
0.04 0.997568 71.977 - - 
0.08 0.997678 71.985 - - 

0.12 0.997771 71.992 - - 

BSA at pre-CMC Tw20 BSA at pre-CMC Tw60 
0.01 0.997500 71.972 0.997503 71.412 
0.04 0.997571 71.978 0.997576 71.418 
0.08 0.997682 71.986 0.997680 71.425 
0.12 0.997782 71.993 0.997764 71.431 

 BSA at CMC Tw20 BSA at CMC Tw60 
0.01 0.997492 71.414 0.997497 70.864 
0.04 0.997562 71.419 0.997579 70.870 
0.08 0.997666 71.426 0.997673 70.877 
0.12 0.997768 71.434 0.997780 70.885 

BSA at post-CMC Tw20 BSA at post-CMC Tw60 
0.01 0.997499 70.865 0.997506 70.325 
0.04 0.997572 70.870 0.997585 70.330 
0.08 0.997679 70.878 0.997677 70.337 
0.12 0.997779 70.885 0.997776 70.344 

BSA at pre-CMC Tw40 BSA at pre-CMC Tw80 
0.01 0.997459 71.972 0.997489 71.971 
0.04 0.997498 71.975 0.997571 71.977 
0.08 0.997643 71.985 0.997684 71.985 
0.12 0.997740 71.992 0.997780 71.992 

BSA at CMC Tw40 BSA at CMC Tw80 
0.01 0.997494 71.414 0.997498 71.414 
0.04 0.997571 71.420 0.997579 71.420 
0.08 0.997680 71.428 0.997682 71.427 
0.12 0.997777 71.435 0.997778 71.434 

BSA at post-CMC Tw40 BSA at post-CMC Tw80 
0.01 0.997496 70.865 0.997504 70.865 
0.04 0.997573 70.870 0.997579 70.871 
0.08 0.997675 70.878 0.997681 70.878 
0.12 0.997767 70.884 0.997778 70.885 
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Table 4Regression data: Limiting density (ρ, 10-3 kg⋅m-3 )0,1st degree slope (Sρ,10-3 kg2 m-3 mol-

1), limiting surface tension (γ0, mNm-1), 1st degree slope (Sγ′, Nm-1 g%-1) and 2nd degreeslope 
(Sγ′, Nm-1 g%-1)of aq-Tw20, 40, 60 and 80 at 298.15 K. 
 

Surfactant ρ
0 Sρ γ

0 Sγ 
    Sγ′Sγ′′ 

Tw20 0.997431 0.000160 67.431 -11.018       0.944 

Tw40 0.997437 0.000144 65.613 -7.800          0.563 
Tw60 0.997440 0.000135 66.910 -7.724          0.563 

Tw80 0.997443 0.000133 64.781 -7.283          0.532 
 
 
Table 5Regression data: Limiting density (ρ0, 10-3 kg⋅ m-3 ),1st degree slope (Sρ,10-3 Kg m-1 g%-

), limiting surface tension (γ0, mNm-1), 1st degree slope (Sγ, Nm-1g%-1) of aq-BSA and aq-Tw-
BSA at 298.15 K. 

 

Mixture (g%) ρ
0  Sρ γ

0 Sγ 

aq-BSA 0.997466 0.002573 71.970 0.1857 
BSA with aq-Tw20 

BSA at pre CMC 0.997472 0.002589 71.970 0.1868 
BSA at CMC 0.997464 0.002522 71.412 0.1806 
BSA at post CMC 0.997472 0.002561 70.863 0.1819 

BSA with aq-Tw40 
BSA at pre CMC 0.997417 0.002691 71.969 0.1942 
BSA at CMC 0.997469 0.002588 71.412 0.1853 
BSA at post CMC 0.997473 0.002470 70.863 0.1755 

BSA with aq-Tw60 
BSA at pre CMC 0.997481 0.002395 71.411 0.1714 
BSA at CMC 0.997473 0.002547 70.863 0.1809 
BSA at post CMC 0.997484 0.002435 70.323 0.1717 

BSA with aq-Tw80 
BSA at pre CMC 0.997465 0.002662 71.970 0.1921 
BSA at CMC 0.997475 0.002545 71.413 0.1822 
BSA at post CMC 0.997479 0.002497 70.864 0.1774 
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Model 1 

 

 

 

 

 

 

Model  2

 

 



 

 

Figs. 1a-d 
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Fig. 2 
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Abstract  

The applications of ionic liquids (ILs) in different areas of science and technology have 

expanded exponentially in recent times as an environmentally friendly solvent in organic 

synthesis and separations. The research involving chiral ionic liquids (CILs) remains almost 

unexplored and limited although its application is very remarkable as “green alternatives” of 

volatile organic solvents in organic synthesis, particularly in pharmaceutical fields with special 

focus offering in chiral discrimination, asymmetric synthesis and resolutions of racemates, thus 

revealing new models required for development in this emerging field. The following perspective 

discusses some of the recent applications of CILs in asymmetric synthesis developed so far. 

Keywords: Green chemistry, Chiral ionic liquids, Functionalized ionic liquids, Task-Specific 

ionic liquid, Green solvents, Green catalysts, Asymmetric synthesis, Chiral induction, Chiral 

recognition 
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1. Introduction 

The last decade has experienced a growing interest in establishing alternative solvents for 

organic synthesis with an objective to provide safer and environmentally friendly techniques in 

chemical laboratories and industries. In this regard, ionic liquids (ILs) find many applications, 

including replacing traditional organic solvents in organic and inorganic synthesis, solvent 

extractions, liquid-liquid extractions, and electrochemical reactions as well as medium to 

enhance the sensitivity of thermal lens measurements.1-13 Further, the use of ILs as solvent can 

produce exceptional selectivities and reactivities. With their spectacular behaviors, ILs display 

an enhanced efficiency with higher selectivity and transformation leading to greater stability, 

convenient isolation and separation of products, recovery and recycling of catalysts etc.  

Although, predominantly the uses of ILs in organic synthesis and separations have been reported, 

extensive research involving chiral ionic liquids (CILs) remained almost unexplored and very 

limited. However, the scientific community across the globe has now started paying an 

upsurging importance by renewing the chemistry of chiral solvents which has brought this 

concept to appear in the forefront. As a result, the following field has prominently emerged as an 

area of research that is poised to rapid development and expansion. Recent advances brought 

about in the field of ILs have given birth to CILs which has gained intense popularity owing to 

their potential chiral discrimination capabilities leading to their applications as chiral solvents 

and catalysts in asymmetric synthesis, enantiomeric separation of chiral compounds, synthesis of 

pharmaceutical compounds which are among the major concerns for both industries and 

academia.14-26 

The development of chiral drug is at the forefront in this modern era as almost half of the drugs 

used clinically are racemic mixtures. Frequently both of the isomers which are having different 
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biological activities exhibit unwanted side and hazardous effects with the inactive enantiomer 

along with the active isomer having good pharmacological effects. Hence, a greater stress is 

being paid on the evaluation and development of single isomers as drug products. 

Pharmacological studies of such drugs require an efficient means of synthesizing and separating 

the enantiomers in biological samples. In this regard, the following review has been compiled by 

accumulating various examples of ILs and their applications with special focus being paid to 

include CILs and asymmetric organic synthesis. ILs are organic salts composed of various 

organic or inorganic cations and anions that exist in liquid state with melting point at or near 

room temperature. These are known by many synonyms, such as room temperature ionic liquids 

(RTILs), liquid organic salts, low temperature molten salts or ambient-temperature molten salts 

and also as neoteric solvents. Although ILs have been known for almost a century,27 extensive 

research in this field initiated only after 1992 when Wilkes and Zaworotko developed 

imidazolium-based salts that had distinctive properties and higher reusability.28 

Ionic liquids (ILs) possess some unique physical and chemical properties such as low 

vapour pressure, good thermal and chemical stability and excellent dissolution properties for 

both organic and inorganic compounds. Also, due to combination of an anion and a cation, ILs 

possesses dual character which helps these salts as suitable medium for biomolecules. The chiral 

ILs which are also salts with either a chiral cation or anion or both find applications as chiral 

solvents for optical resolution, for asymmetric induction in organic synthesis, as chiral stationary 

phase in chromatography, and both as solvent and chiral selector for the determination of 

pharmaceutical compounds. The convenient synthesis and exceptional properties of these novel 

classes of chiral solvents enable them to play significant tasks in enantioselective organic 

chemistry with great opportunities ahead. The asymmetric induction ability of CILs arises due to 

a high degree of organization which in turn is due to the polymeric behavior of ILs comprising of 

highly ordered H-bonded liquids.29 The task specific CILs have great potential for asymmetric 

induction, making them capable to easily surpass the traditional solvents in terms of performance 

and efficiency. Although the field of CILs is at a preliminary stage of development, their 

promising features have opened new windows of applications in various fields that include 

stereoselective polymerization and preparation of liquid crystals. Besides, CILs have also proved 

beneficial for numerous analytical applications including chiral chromatographic separations,30-44 

mass spectrometry,45-56 and spectroscopy.57-60 Also, some researchers have successfully used 
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CILs in the field of spectroscopy as NMR chiral shift reagents or in fluorescence and near 

infrared spectroscopy owing to their ability to show chiral discrimination. Further applications of 

CILs as chiral selectors have been developed in chiral chromatographic separation of 

enantiomers in GC and HPLC. Even though the synthesis of drug molecules based on ILs is still 

at a very infantile stage; however, it has also gradually started picking race. 

There are two basic ways for the synthesis of CILs; firstly through asymmetric synthesis and 

secondly by employing pre-existing chiral substrates derived from the ‘‘chiral pool’’ such as 

amino acids, sugars, menthol, nicotine, etc. This is how the scientific community has been trying 

to exploit the environmentally sustainable and renewable raw materials for developing CILs. 

Thereafter, numerous CILs have been developed using different acyclic or heterocyclic moieties 

with a wide range of applications. This is evidenced by the thousands of publications being made 

during the last one decade investigating the opportunities of CILs in different areas. CILs have 

occupied important role in asymmetric synthesis by acting both as catalysts and reaction media. 

In 1999, Seddon and co-workers reported61 the first example of a chiral ionic liquid, 1-n-butyl-3-

methylimidazolium (L)-lactate ([bmim][lactate]) 3, prepared simply by reacting sodium 

(S)‑2‑hydroxypropionate 2 and [bmim]Cl 1 in acetone, followed by a straightforward workup 

(Scheme 1). 

 

 

Scheme 1. Synthesis of chiral anionic ionic liquid  

 

Asymmetric induction can be acquired either from the use of chiral substrates or reagents, chiral 

catalysts or enzymes. Seebach was the first to report the application of a chiral aminoether 

6assolvent  in asymmetric electrochemical reduction of the ketone4 to alcohol 5 with an average 

enantioselectivity62 (Scheme 2). 
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Scheme 2: Electrochemical reduction of ketone in chiral aminoether solvent 

 

This was followed by several other publications that reported the synthesis of different CILs and 

their use as chiral solvents in asymmetric synthesis which is discussed in this perspective. 

Herein, we have described the prominent synthetic methods and widespread applications of CILs 

in organic asymmetric synthesis that have been reported in the last couple of years. This work 

shall remain confined within highlighting the recent breakthrough of CILs in chirality transfer or 

chiral recognition when used as solvents, co-solvents or catalysts. 

 

2. Types of chiral ionic liquids (CILs) 

Asymmetric synthesis is currently at the forefront owing to their extensive use in chiral drug 

development by the application of chiral technology. Although, asymmetric induction is mainly 

achieved by the use of chiral substrates or reagents, chiral catalysts or enzymes but, in recent 

times chiral solvents are also playing important role in replacing the commonly used volatile 

organic solvents (VOS). These environmentally friendly benign solvents work out successfully 

offering the benefit of chiral induction instead of using asymmetric catalyst with separate 

solvents. This field which is of increasing importance could constitute a renewal for the 

chemistry of chiral solvents. 

 

2.1. Chiral ionic liquids having chiral cations 

A more efficient, economic and simple way to prepare enantiomerically pure ILs is to use 

precursors derived from the chiral pool either for the generation of the chiral anion or cation or 

both required for ILs. Therefore CILs are mainly compounds having a central chirality. 

However, some new CILs having an axial or a planar chirality are also developed.63 

For CILs, the chiral cation is designed first and the desired anion could be introduced by 

metathesis anion exchange. The cations commonly encountered are ammonium, imidazolium, 
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pyridinium, indazolium, and few lesser amounts of other heterocycles such as oxazolium and 

thiazolium etc. A greater number of known CILs derive their chirality from the cationic moiety. 

Owing to the ready availability from nature, chiral amines, alcohols, and amino acids prevalently 

form the chiral cations in CILs. 

In most of the CILs, the quaternary ammonium or nitrogen containing heterocyclic cations are 

prepared from chiral pools which contain natural or easily available chiral synthons. Generally, 

these CILs are prepared either by alkylation (or protonation) of a chiral amine or alkylation of 

achiral amine with chiral substituents which are shown in Figure 1 and Figure 2, respectively. 

Instead of traditional methods, ammonium, imidazolium and pyridinium cations are also 

prepared by substitution of a chiral substrate bearing an appropriate leaving group. For 

heterocyclic cations (oxazolium or thiazolium etc.) the asymmetric centre is part of the 

heterocycles which are usually obtained from chiral difunctional compounds (amino acids, 

carbohydrate etc.). The different chiral cations used for forming CILs are shown in Fig. 1 and 2, 

and are often paired with anions such as BF4
-, CF3COO-, PF6

-, NO3
-, -SCN, NTf2

-, lactate-, Cl-, I-, 

TsO-, OTf- etc. 

 

Fig. 1: Chiral amine-based chiral cations for CILs 
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Fig. 2: Achiral amine-basedchiral cations for CILs 

 

2.2. Chiral cations with axial chirality and planar chirality 

Other interesting types of chiral ionic liquids are compounds having chiral cations with axial 

chirality. For the first time,Plaquevent and research group elaborated the preparation of 

pyridinium based CILs with axial chirality via an enantioselective reaction.64 Few of them are 

shown in Figure 3 where the anions are NTf2-, (SO2C2F5)2N
- etc. 
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Fig. 3: Chiral cations with axial chirality for CILs 

 

2.3. Chiral ionic liquids having chiral anions 

Seddon in 1999, reported the anionic chiral ionic liquid (Figure 1)and subsequently, several 

other anionic CILs were prepared and applied in asymmetric synthesis as solvents or catalysts.  

In many chemical reactions cationic intermediates react with nucleophiles to afford the desired 

products and if there is an interaction of these cations with chiral, unreactive anions there is a 

possibility of asymmetric induction. Chiral anionic moieties have found uses in a wide range of 

applications, from NMR enantiodifferentiation of chiral cations (and measurement of 

enantiomeric purity), to resolution of chiral cations, synthesis of CILs, and asymmetric synthesis. 

There are a wide range of chiral counter-ions available and these ionic liquids are mainly formed 

from lactate, amino acid, tartrate, (S)-10-camphorsulfonate and (R)-1,10-binaphthylphosphate 

based; some of which are presented in Figure 4.65 The following anions could be paired with 

ammonium, phosphonium, imidazolium, pyridinium cations etc. 
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Fig. 4: Chiral anions for CILs 

 

CILs having both a chiral cation and a chiral anion have been reported. Such a CIL is known as 

doubly chiral ionic liquid and is of extreme importance since it will have at least four different 

optical isomers. Detailed and systematic investigations of chemical and physical properties of 

these CILs and their isomers might provide insight into effects of chemical structures and 

stereochemistry of the cation and the anion on the properties of ILs such as mp, bp, solubility, 

polarity, viscosity, and other physicochemical properties Figure 5.66 
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Fig. 5: Doubly chiral ionic liquids 

2.4. Functionalized chiral ionic liquids 

The physicochemical properties of ILs are largely guided by the nature of the constituent cation, 

anion, and the various functionalities present in them. By suitably anchoring the functionalities 

in CILs, desired properties could be conferred to them, and thereby it could find use as 

organocatalysts or solvent media for different asymmetric organic reactions. Thus, many 

researchers have reported the development of functionalized CILs, also known as “task-specific 

ionic liquids” (TSILs) by incorporation of functional groups on the constituent ions, as shown in 

Figure 6. Mostly, the functional groups introduced are hydroxyl, carboxylic, thiol, alkyne, 

alkene, diene, and fluorous groups. Other less commonly used functionalities reported are amine 

and amide groups, phosphine, urea and thiourea groups, and their derivatives obtained by further 

reaction, for e.g. carboxylic acid groups from carboxylic ester groups, and thiol groups from 

sulphides, etc. 67 These functionalized cationic species can be readily combined with anions such 

as I-, Cl-, Br-, BF4
-, PF6

-, BPh4
-, NTf2

-etc. 
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Fig. 6: Functionalized CILs 

 

3. Synthesis and applications of chiral ionic liquids 

 

“The universe is dissymmetrical; for, if the whole of the bodies which compose the solar system 

were placed before a glass moving with their individual movements, the image in the glass could 

not be superimposed on reality. . . . Life is dominated by dissymmetrical actions. I can even 

foresee that all living species are primordially, in their structure, in their external forms, 

functions of cosmic dissymmetry.” –Louis Pasteur 
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These visionary words of Pasteur, written 100 years ago, have profoundly influenced the 

development of stereochemistry dealing with the three-dimensional behaviour of chiral 

molecules, and becoming a significant area of research in modern organic chemistry. In this 

regard, asymmetric synthesis has been one of the important topics of research for chemists in 

both industrial laboratories and the academic world. The subject matter is not only a major 

challenge to the minds of practicing scientists, but also a highly fertile field to 

developtechnologies for the production of high-value pharmaceuticals, agrochemicals etc. In 

1971 Morrison and Mosher gave a general definition: Asymmetric synthesis is a reaction where 

an achiral unit is converted by a reactant into a chiral unit, such that the stereoisomeric products 

are formed in unequal amounts. The generation of stereoisomerically, in particular, 

enantiomerically pure compounds, present significant challenges and several tools and methods 

are utilized to obtain enantiopure compounds.68 In this regard, three major methods are expressed 

for enantioselective synthesis which are as follows: Chiral pools (amino acids, hydroxy acids, 

carbohydrates, terpenes, alkaloids and other naturally occurring enantiopure compounds) are 

utilized as starting materials in the enantioselective synthesis. Enantioselective catalysts 

(chiral organocatalysts, biocatalysts, chiral Lewis acids, chiral reagents, chiral auxiliary) are 

employed in the synthesis of chiral compounds andprochiral compounds are also used in the 

asymmetric synthesis using enzymatic and non-enzymatic transformation and the racemates 

separation.  

Interestingly, now-a-days, chiral solvents play an important role in asymmetric synthesis where 

the solvent being the only source, induces the chirality for enantioselective transformations. In 

recent times, the best known chiral solvent is chiral ionic liquid (CIL). The following CILs are 

also used as chiral co-solvents concurrently with other volatile organic solvents or achiral ionic 

liquids, displaying great potential as reaction media in chiral discrimination, asymmetric 

synthesis, and optical resolution of racemates etc. Although, a large volume of literature is 

available on the synthesis, properties and applications of CILs, but in this perspective, we will 

only discuss the recent applications of chiral ionic liquids in different asymmetric organic 

synthesis. 

 

3.1.  Asymmetric Baylis-Hillman reaction 
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The carbon-carbon bond formation and functional group transformations are the most 

fundamental reactions for the construction of a molecular framework and hence represent a 

forefront of research in organic chemistry. Several carbon-carbon bond-forming reactions have 

been discovered and their applications in organic chemistry have also been well-documented in 

the literature. One of the C-C bond forming reaction is the Baylis-Hillman reaction which was 

developed by A. B. Baylis and M. E. D. Hillman and dates back to 1972.69 This is essentially a 

three-component reaction involving an electrophile, a π-deficient alkene, and a nucleophilic 

catalyst under the catalytic influence of a tertiary amine providing a simple and convenient 

methodology for synthesis of densely functionalized molecules. In the asymmetric Baylis-

Hillman reaction, any component can be used to influence the stereochemistry at the newly 

formed stereogenic carbon.  

An anionic chiral ionic liquid (CIL)11 was designed and synthesized by Leitner and group70 and 

used as chiral solvent for aza-Baylis–Hillman (aza-BH) reaction where the induction of chirality 

is successfully accomplished by the solvent itself. This interesting chiral solvent is a 

condensation product of L-(-)-malic acid 7 (chiral pool) and boric acid8 catalyzed and having 

melting point of -32°C. The authors further explored these CIL for the aza-BH reaction between 

N-(4-bromobenzylidene)-4-toluenesulfonamide 12and methyl vinyl ketone 13 catalyzed by 

triphenylphosphineto give products 14 with moderate chemical yield and good enantiomeric 

excess (Scheme 3).  

 

Scheme 3. Aza-Baylis–Hillman reaction in CIL 
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Three novel type of imidazolium-based chiral IL 18 with chirality on the cation was developed 

by Headley et al.71 to catalyse the Michael addition of α,β-unsaturated ester 16 to aldehydes 15. 

Using these ILs as organocatalysts, it is possible to obtain products 17in high 

diastereoselectivities, good enantioselectivities and moderate yields with a good recyclability of 

the system (Scheme 4). 

 

Scheme 4: Asymmetric Baylis–Hillman reactions by using chiral ionic liquids as solvents 

 

In 2004, Baylis–Hillman reaction of aromatic aldehyde 19with methylacrylate 16was carried out 

using CILs 21and DABCO (1,4-diazabicyclo[2.2.2]octane) as catalyst (Scheme 5) to form 20.72 

The use of CILs afforded high yields and moderate enantiomeric excesses, in contrast to good 

enantioselectivities (up to 84%) obtained in organic solvents using Lewis acid catalysts in 

presence of chiral ligands. The presence of the hydroxyl group on the backbone of the cation was 

claimed to be essential for the transfer of chirality, due to the formation of hydrogen bonds 

between the solvent and the carbonyl groups of substrates. 

 

Scheme 5. Asymmetric Baylis–Hillman reaction in CILs 
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The first asymmetric induction in use of CILs as the sole source of chirality was reported by Vo-

Thanh and coworkers.72 They did the asymmetric Baylis-Hillman reaction where they got higher 

than 25% ee using CILs 25as chiral solvent. The reaction gave moderate enantiomeric excess 

and good yield of product 17. They demonstrated that -OH is necessary for induction through 

hydrogen bonding (Scheme 6). 

 

Scheme 6. The asymmetric Baylis-Hillman reaction using CILs  

 

Leitner and group was the first to present a highly enantioselective asymmetric aza-Baylis–

Hillman reaction in presence of a CIL 28 containing a chiral anion, giving products 27 with up to 

84% ee (Scheme 7). Here the CIL 28 acting as reaction medium, is the sole source of chirality.73

 

Scheme 7. Highly enantioselective asymmetric aza-Baylis–Hillman reaction in anionic CILs 

 

Malhotra and Wang74 realized the role of unique α-pinene based CILs 40, 41in copper catalyzed 

enantioselective addition reaction between diethylzinc and enones 29-31to furnish32-34, 

respectively. Here the CILs 40, 41having the ability of chiral induction act as the chiral reaction 

medium (Scheme 8). 
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Scheme 8. α-Pinene based CILs for the enantioselective addition 

 

3.2. Asymmetric Organometallic reaction 

Metal catalysts, particularly, organometallic catalysts play an important role in asymmetric 

synthesis, and often organometallic catalysts catalyzed reactions are the methods of choice for 

the synthesis of chiral substances with interesting agrochemical, flavour or pharmaceutical 

properties. Although only modest enantioselectivities have been realized at early stage in the 

development of chiral organometallic catalysts, enormous advancements have been achieved in 

metal catalyzed asymmetric catalyses, providing high enantioselectivity and accessing broad 

substrate scopes.  

Very recently, Jha and Jain75demonstrated the synthesis of glucose-linked 1,2,3-triazolium chiral  

ionic liquids 44 that proved useful in asymmetric transition-metal catalyzed amination of simple 

iodo, bromo, and chloro benzene 45 under mild condition to furnish product 46. These new 

classes of chiral solvents were derived from low-cost natural sources by copper(I) catalyzed 

regioselective cycloaddition of a glucose azide 43 with a glucose alkyne 42 followed by 

quaternization with methyl iodide (Scheme 9). 
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Scheme 9. Glucose based chiral ionic liquids for the amination of halogeno benzene 

 

In another research work,76 an achiral heterogeneous ruthenium catalyst was employed for 

asymmetric hydrogenation of a prochiral keto-functionalized cation present in N-(3′-oxobutyl)-

N-methylimidazolium camphorsulfonate51, in the presence of their chiral, enantiomerically pure 

counter-ion to generate the corresponding hydroxy-functionalized chiral ionic liquid52, [N-(3’-

hydroxybutyl)-N-methylimidazolium][(R)-camphorsulfonate]. Here, an ee value of up to 80% 

was observed and was found to depend on the polarity of solvent, the concentration and structure 

of the ILs, etc (Scheme 10). 

 

Scheme 10. Reduction of keto in camphor based anionic ionic liquid  

 

Chiral ligands such as atropoisomeric biphenylphosphine ligands55 play significant role as 

catalysts for asymmetric hydrogenation reactions. In 2007, Francio et al.77 demonstrated an 

asymmetric hydrogenation reaction catalyzed by atropoisomeric ligand based rhodium complex 

and using amino acid-based CIL 56giving products54 in 69% ee(Scheme 11). 
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Scheme 11. Asymmetric hydrogenation using amino acid-based CIL 

 

3.3. Epoxidation/Dihydroxylation 

Most asymmetric catalysts consist of metal complexes with chiral ligands. Generally, these 

catalysts are highly efficient for the asymmetric transfer of hydrogenation to a broad range of 

ketones and imines in the preparations of chiral alcohols and amines. In addition, these chiral 

catalysts are also applicable for asymmetric reductions, epoxidations and dihydroxylations of 

substituted alkenes (or olefins) during the synthesis of chiral hydrocarbons, epoxides, alcohols 

and diols. Moreover, formation of chiral molecules by nucleophilic additions to unsaturated 

bonds could also be achieved in the presence of asymmetric organometallic catalysts. 

In recent times, Afonso and group78 put forward the idea of developing a novel system by mixing 

CILs for chiral-induction and scCO2, as extraction media that work efficiently in asymmetric 

dihydroxylation (AD) of aliphatic and aromatic olefins 57giving high yields and ee’s of products 

59. Here the AD reaction of 1-hexene was successfully accomplished using guanidinium CILs 58 

([(di-h)2dmg]) paired with chiral anions such as (S)-and (R)-mandelate, quinate, L-lactate, (S)-

camphorsulfonate, Boc-hydroxyproline, and acetylhydroxyproline as chirality-inducing media or 

chiral source along with nonchiral imidazolium ILs reaction media to examine the recyclability 

of the catalytic system (osmium catalyst + CIL) (Scheme 12).  
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Scheme12. Asymmetric dihydroxylation of olefins using chiral ionic liquid  

   

In 2006, a simple procedure for the synthesis of a novel family of CILs 61was proposed by 

pairing the tetra-n-hexyl-dimethylguanidinium cation with various chiral anions and 

subsequently employed for asymmetric induction such as catalytic Rh(II) carbenoid C–H 

insertion and Sharpless dihydroxylation79 (Scheme 13). 
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Scheme 13. Sharpless dihydroxylation in anionic CIL 

 

Huang et al.80 worked out the synthesis of innovative sulfur-functionalized CILs in 2009 that was 

utilized for the epoxidation reaction of aromatic aldehydes15 with benzyl bromide68 in aqueous 

medium to produce the expected trans-epoxides 69with excellent diastereoselectivity and high 

enantioselectivity (Scheme 14).Optimization of asymmetric epoxidation of benzaldehyde with 

benzyl bromide was catalyzed by sulfur-functionalized CILs67. 

 

Scheme 14. Synthesis of functionalized chiral ionic liquid and asymmetric epoxidation 

 

3.4. Asymmetric Aldol Reactions 
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Asymmetric aldol reaction is a typical reaction for enantioselective C-C bond formation, 

requiring efficient asymmetric catalysts especially that are environmentally friendly and metal-

free.Alternative solvents such as ionic liquids have also been used for direct aldol 

reactions.81Since the use of CILs as catalysts in aldol reaction by Luo et al.82 in 2007, many CILs 

were developed as catalysts for asymmetric reactions. However, in asymmetric reactions where 

CILs cannot be applied as catalysts, using CILs as the solvent to investigate the chiral inducing 

capabilities has rarely been reported. 

A significant development was made by Liebscher et al.83 in the synthesis of a novel amino acid-

1,2,3-triazolium conjugates 73by attaching a 1,2,3-triazolium unit to amino acid through Cu-

catalyzed alkyne-azide cycloaddition, followed by N-methylation. This IL-tagged 

organocatalysts 73 demonstrated good catalytic activity in asymmetric direct aldol reactions with 

the lysine-derived conjugate exhibiting better efficiency than the corresponding proline 

derivatives (Scheme 15). 

 

Scheme 15. Asymmetric aldol reaction in amino acid and1,2,3-triazolium ionic liquids  

 

In 2007, Cheng et al.82 developed a novel series of chiral-pyrrolidine based functionalized ionic 

liquids (FILs)78-83 and investigated their utility as reusable organocatalysts for direct aldol 

reactions for a range of ketones 74and aldehydes 75to produce aldol products76,77with high 

yields and modest enantioselectivities. The following reactions proceeded through a syn-enamine 

intermediate (Scheme 16) and the ionic-liquid moiety in the FILs provide some space shielding 

for the participating aldehyde acceptors that account for the modest enantioselectivities observed 

in the reactions. 
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Scheme 16. Chiral-pyrrolidine based functionalized ionic liquids (FILs) for direct aldol reactions 

 

In the beginning of this year, Bica et al.84 exploited (S)-proline for preparing basic chiral ionic 

liquids 87that could find the use in enamine-based organocatalysis reaction for asymmetric C_C 

bond formation. The authors studied the application of CILs 87as organocatalysts in asymmetric 

aldol reaction of 4-nitrobenzaldehyde 84and acetone85, giving product 86with good yield and 

selectivity up to 80% ee even in the absence of acid (Scheme 17). 

 

Scheme 17. Proline based chiral ionic liquids for asymmetric C_C bond formation 

 

Another unique work was reported by Zlotin et al.85 in 2008 where a new task-specific ionic 

liquid (TSIL) 88derived from chiral (S)-proline was synthesized and subsequently used as an 

organocatalyst to catalyze direct asymmetric aldol reaction between cycloalkanones 89and 

aromatic aldehydes 90in aqueous medium (Scheme 18). 
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Scheme 18. Proline based CIL to catalyze direct asymmetric aldol reaction 

 

A significant improvement of the chemical yields (up to 88%), stereoselectivity (> 99:1) and 

enantiomeric excesses (up to 98%) of (L)-proline catalyzed direct asymmetric aldol reaction was 

found when proline based chiral ionic liquids (CILs) 94were used as additives (Scheme 19).86 

 

Scheme 19. Cationic chiral ionic liquid for asymmetric aldol reaction 

 

In another crucial work reported in 2009, the research group87 appended an imidazolium tag 

through an acetate linkage to the C-4 of cis-4-hydroxy-L-proline. This conferred the resultant 

ILs94 an excellent catalytic activity towards direct asymmetric aldol reaction allowing turnover 

numbers (TONs) up to 930 and with up to > 99% ee (Scheme 20). 

 

Scheme 20. Proline-imidazolium chiral ionic liquid for the direct asymmetric aldol reaction 

 

3.5. Michael Addition reaction 
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Asymmetric Michael addition, an important carbon-carbon and carbon–hetero atom bond 

forming reaction, is gaining more importance and is studied with the help of chiral auxiliary, 

chiral monometallic, chiral heterobimetallic and chiral crown complexes techniques. 

Considerable number of works concerning reactions mediated by synthetic enzymes 

(chemzymes) like heterobimetallic complex has been reported. Use of chiral heterobimetallic 

complex is common in asymmetric Michael addition, nitroaldol, hydrophosphorylation, epoxide 

ring opening, epoxidation of α,β-unsaturated ketones, Diels-Alder, and nitro-Mannich type 

reactions. The metal centers in these complexes probably “communicate” with one another 

within the catalyst, showing some cooperative effects to position the reactants and enhance the 

reactivities of both the reactants. 

 

In a research work reported by Bao et al.88  mono- and bis-imidazolium hexafluorophosphate and 

tetrafluoroborate salts 96, 100with a tartrate backbone was synthesized and their application was 

tested for enantioselective Michael addition reactions (Scheme 21). 

 

Scheme 21. Enantioselective Michael addition reactions in CIL 

 

Headley et al.89 displayed a novel family of functionalized CILs 104derived from pyrrolidine unit 

that efficiently catalyzed the asymmetric Michael addition reactions of aldehydes102 and 

nitrostyrenes101, in presence of trifluoroacetic acid. These FCILs 104delivered yields up to 99% 

with up to 85% ee and high diastereoselectivities, besides offering the advantage of easy 

recyclability and retention of activity (Scheme 22). 
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Scheme 22. Pyrrolidine functionalized CILs for Michael addition reaction 

 

Wang and group90 proposed a novel catalytic system using an ionic liquid organocatalyst in 

[Bmim][BF4] that could catalyze the asymmetric Michael addition reactions of ketones 92and 

aldehydes with nitroolefins105. This set of chiral quaternary ammonium ionic liquids 107gave 

products 106with high yields, diastereoselectivities and enantioselectivities (Scheme 23). The 

yield was up to 100%; ee up to 97% and syn/anti: up to 99:1 for different substituted 

cyclohexanone and nitrostyrene but the highest yield was obtained for cyclohexanone and 2-

chlorostyrene. 

 

Scheme 23. Asymmetric Michael addition reactions in CILs 

 

Yet in another notable work, (1R, 2S)-ephedrine was utilized for the development of FCILs 

111that served as chiral reaction media for the asymmetric Michael addition reactions, giving 

good yields and moderate enantioselectivities. The authors91 synthesized these ammonium, 

imidazolium, and pyridinium based CILs 111under a solvent-free microwave activation method 

in very short period of time (Scheme 24).  
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Scheme 24. Imidazolium, based functionalized CILs  

 

In 2007, Cheng et al.92 reported functionalized chiral ionic liquids (FCILs) 112-117that ensure 

the stereocontrol ability in desymmetrizations of prochiral ketones via asymmetric Michael 

addition reactions with ee up to 99%. This is an example of asymmetric intermolecular 

desymmetrizations via organocatalytic Michael additions (Scheme 25). FCILs were identified as 

the optimal catalysts with high activities (61-99% yield, good diastereoselectivities (4.0:1->10:1 

dr) and excellent enantioselectivities (93-99% ee). FCILs112-117accommodate a range of 4-

substituted cyclohexanones 119and nitrostyrenes 118and could be recycled and reused for 

approximately four times. 

 

Scheme 25.Functionalized CILs for Michael addition reaction 
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Pyrrolidine-based chiral pyridinium ILs 122were synthesized as recyclable and highly efficient 

organocatalysts for the asymmetric Michael addition reactionswith high yields, excellent 

enantioselectivities and diastereoselectivities93 (Scheme 26).  

 

Scheme 26. Chiral pyridinium ILs for asymmetric Michael addition reactions 

 

Luo et al.94 observed excellent catalytic activity of the same pyrrolidine-based ILs 126in absence 

of polymer or silica support in Michael addition reactions of cyclohexanone 92to nitroolefins 

124(Scheme 27) in the presence of trifluoroacetic acid as co-catalyst, but no co-solvent, with 

high enantioselectivity. The pyrrolidine–imidazolium bromide and tetrafluoroborate 

demonstrated the best performance with almost quantitative yields and enantioselectivities up to 

99%. Introduction of a methyl substituent on the imidazolium ring or of the -OH group on the 

side chain of the cation led to a decrease in both the catalytic activity and enantioselectivity. The 

reaction was also efficiently extended to other Michael donors such as cyclopentanone, acetone 

or aldehydes but with moderate to good asymmetric inductions. 

 

Scheme 27. Michael addition reaction in pyrrolidine based ionic liquid 
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Headley and coworkers95 developed novel pyrrolidine-based CILs 129-130in 2007 that were 

used in asymmetric Michael addition reaction of aldehydes or ketones 92 and nitrostyrenes 

127giving moderate yields, good enantioselectivities and diastereoselectivities (Scheme 28).  

 

Scheme 28. Michael addition reaction in pyrrolidine based ionic liquid 

 

Li and coworkers96 developed pyrrolidine-based CILs 132supported by Merrifield resin polymer 

and silica gel, and used them as organocatalysts for asymmetric Michael additions in 2008. The 

polymer or silica support on the ILs enhanced the reusability and stereoselectivity of the catalyst 

(Scheme 29). Michael additions of ketones92 and aldehydes to nitrostyrenes133, which afforded 

the corresponding adducts in good yields (up to 97%), excellent enantioselectivities (upto  99% 

ee) and high diastereoselectivities (up to  99:1 d.r.) under solvent-free reaction conditions. In 

addition, the catalystcould be reused at least eight times without a significant loss of its catalytic 

activity and stereoselectivity. 

 

 

Scheme 29. Merrifield resin supported pyrrolidine-based CILs for asymmetric Michael additions 

reaction 
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Wang et al. in 2008,97 developed silica gel supported pyrrolidine-based CIL137 that functioned 

as a recyclable organocatalyst for asymmetric Michael addition to nitrostyrenes135(Scheme 30). 

The reactions were generally completed in 36 h with 10 mol % of CIL137 at room temperature 

(25 oC). The reaction time, as expected, was inversely proportional to the temperature. Room 

temperature (25 oC) was found to be optimal. Thus, the optimized reaction conditions for this 

Michael reaction are CIL (10 mol %) at rt for 36 h. The reactions generated the corresponding 

products136 in good yields (up to 94%), excellent enantioselectivities (up to >99% ee), and high 

diastereoselectivities (up to >99:1 dr.). In addition, the catalyst 137can be reused at least five 

times without a significant loss of catalytic activity and stereoselectivity. 

 

 

Scheme 30. Silica gel supported pyrrolidine-based CIL 

 

In recent times, an array of novel CILs 140were developed by Zlotin et al.98 using (S)- or (R)-

threonine amide and α,α-(S)-diphenylvalinol units that catalyzed reactions of ketones 138with 

secondary carbon atom(s) at the α-position with respect to the carbonyl group and aromatic 

aldehydes 139proving the corresponding syn-aldols 141in excellent yields and with good 

diastereo- and enantioselectivity (Scheme 31).  

 

Scheme 31.  CILs using (S)- or (R)-threonine amide and α,α-(S)-diphenylvalinol units  

 

3.6.  Diels-Alder reaction 
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In 1997, Howarth et al. attempted a CIL mediated asymmetric Diels-Alder reaction with only 

partial success (Scheme 32).99 Theyused moisture stable dialkyl imidazolium salts acting as ionic 

liquids 145which act as Lewis acid catatysts and applied in the Diels-Alder reaction of both 

croton aldehyde 142and methacrolein with cyclopentadiene 143at low temperatures. All six 

reactions produced the desired products (endo 144aand exo144b) in yields between 35-40%. The 

endo:exo selectivities for the crotonaldehyde and cyclopentadiene reactions were always greater 

than 90:10 and those for the methacrolein and cyclopentadiene reactions was greater than 15:85. 

With dialkylimidazolium cation it didn’t produce any product even after 48h at -25oC which 

shows the effect of ionic liquid as Lewis acid catalyst. 

 

 

Scheme 32. Dialkyl imidazolium chiral ionic liquid for Diels-Alder reaction 

 

In 2006, Pernak et al. employed protic imidazolium ILs 146as the solvent for Diels-Alder 

reaction of cyclopentadiene 143with dimethyl maleate and methyl acrylate16 dienophiles giving 

products 147 with fair endo/exo selectivities (Scheme 33).100 
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Scheme 33. Diels-Alder reaction in CILs 

 

In 2006, Vo-Thanh et al.101 prepared chiral imidazolium-based ionic liquids149from isosorbide 

148as a biorenewable substrate and exploited these CILs as solvents for aza-Diels-Alder reaction 

between Danishefsky’s diene 151and a chiral imine 150giving 152 in moderate-to-high yields 

and diastereoselectivities >60% (Scheme 34). Also these CILs could be recycled keeping their 
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efficiency preserved. Reactions were performed between diene, dienophile and CIL in a 1.5:1:0.5 

at 30 oC for 5 h. They did the reaction in presence of ZnCl2 but only 32% de was obtained. Using 

only sorboside gave no diastereoselectvity. The key to effective asymmetric induction is the 

existence of strong intermolecular interactions, like electrostatic attraction and hydrogen bonding 

between ionic solvents and intermediates or transition states of the diastereoselective reaction 

step. 

 

 

Scheme 34. Chiral imidazolium-based ionic liquids from isosorbide  

 

Doherty and coworkers102 were the first to present an enantioselective Diels-Alder reaction of N-

acryloyl and N-crotonoyloxazolidinones 153with cyclopentadiene 143and 1,3-cyclohexadiene 

using imidazolium tagged bis(oxazoline) CILs155in presence of copper to furnish endo:exo 

products 154(Scheme 35). 

 

Scheme 35. Enantioselective Diels-Alder reaction in imidazolium tagged bis(oxazoline) CILs 
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Wang et al.103 demonstrated aza-Diels-Alder reaction catalyzed by 2-pyrrolidinecarboxylic acid 

derived CIL160 furnishing good yields, higher enantioselectivities and diastereoselectivities of 

products 159(Scheme 36). 

 

Scheme 36. Effect of chiral ionic liquid on aza-Diels-Alder reaction 

 

New chiral ammonium161 and imidazolium-based ionic liquids 162containing chiral moiety and 

hydroxyl function derived from isosorbide148have been synthesized by Thanh et al.104 that 

served as chiral solvent as well as catalyst in the asymmetric aza Diels–Alder reaction of 

Danishefsky’s reagent 151furnished good yields of 152with moderate diastereoselectivitives 

even in the absence of Lewis acid catalyst or organic solvent (Scheme 41) 

 

Scheme 37.Asymmetric aza Diels–Alder reaction  

 

3.7. Heck Reaction 



32 

 

32 

 

In the following section of this article, advances and developments of CILs in the domain of 

asymmetric Heck reactions have been reviewed. Heck reaction involves the chemical reaction 

between an unsaturated halide (ortriflate) and an alkene to form a substituted alkene with trans 

configuration. Thus it facilitates a carbon-carbon bond-formation through a Pd(0)/Pd(II) catalytic 

cycle and paves a way for substitution on planar sp2-hybridized carbon centers. Recent 

investigations and findings employing CILs in asymmetric Heck reactions have exhibited fair 

regioselectivities and moderate enantioselectivities and have been extended for a range of 

substrates to which the asymmetric Heck can be applied.  

A short time ago in 2011, Borucka and group105 studied the influence of ILs 166on Heck 

arylation of 2,3-dihydrofuran 163with iodobenzene 164to give 2-phenyl-2,3-dihydrofuran 165in 

presence of Pd(OAc)2 catalyst. They observed a 10 fold increase in conversion when pyridinium 

salts with 1-butyl-4-methylpyridinium cation were employed, while morpholinium salts with 

chiral anions demonstrated ee values of up to 10% and conversion to even 100% (Scheme 38).  

 

Scheme 38. Heck reaction in chiral ionic liquid  

 

Lately in 2010, Correia and group106 proposed a novel series of achiral and chiral RTILs 172-

178based on imidazolinium, imidazolium, pyridinium and nicotine units and investigated their 

performance as solvent or additive in Heck arylation of endocyclic acrylates 167employing 

arenediazonium salts168 and aryl iodides, giving good to excellent yield of the Heck adduct169, 

170. However, none of the RTILs exhibited asymmetric induction (Scheme 39). 
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Scheme 39.  Room Temperature CILs as reaction media for Heck arylation of aza-endocyclic 

acrylates 

 

3.8.  Biginelli reaction 

Biginelli reaction is a successful example of multicomponent reactions (MCRs) that produces 

dihydropyrimidinones, extensively used in the pharmaceutical industry as calcium channel 

blockers, antihypertensive agents, and alpha-1-a-antagonists. Biginelli reaction involve 

components that are usually adorned with a wide range of functionalities and offer advantages of 

mild conditions, less time, and almost quantitatively yield. Currently research is focusing the 

utility of different CILs as catalysts or reaction media in Biginelli reaction with a motive to 

achieve a greener technology. Here in this section, the works involving CILs in asymmetric 

Biginelli reactions have been included with a special stress being paid to mention the role of 

CILs in chiral induction. 

Yadav and coworkers107 presented the application of amino acid based CILs 183such as L-

prolinium sulfate, L-alaniniumhexafluorophosphate and L-threoninium nitrate in the catalysis of 

a one-pot three-component Biginelli reaction for the enantio- and dia-stereoselective synthesis of 

polyfunctionalized perhydropyrimidine derivatives 181, 182(Scheme 40). 
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Scheme 40. Biginelli reaction in L-prolinium based CILs 

 

3.9.  Asymmetric Hydrogenations 

Metal catalysis plays an important role in asymmetric synthesis and these can be classified into 

two categories; one is organometallic catalysis and another is Lewis acid catalysis.108 Due to the 

importance of asymmetric catalysis in the laboratory and industry, Knowles, Noyori and 

Sharpless received the Nobel Prize for their inspiring work on asymmetric catalytic 

hydrogenation and oxidation reactions.108 

Chiral ligands such as atropoisomeric binaphthyls and biphenyls 55play significant role as 

catalysts for asymmetric hydrogenation reactions. In 2007, Francio et al.109 demonstrated an 

asymmetric hydrogenation reaction catalyzed by a tropoiosmeric ligand based rhodium complex 

and using amino acid-based CIL 186giving products in 69% ee(Scheme 41). 

 

Scheme 41. Amino acid-based CIL for asymmetric hydrogenation reactions 
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Again in 2008, the same authors110 illustrated the chiral poisoning effect exhibited by CIL189in a 

racemic ligands based transition metal complex catalyzed asymmetric hydrogenation reaction 

(Scheme 46). 

 

Scheme 42. Enantioselective hydrogenation in amino acid-based CILs. 

 

Very recently in 2012, Jin, et al111 synthesized amino acid- and imidazolium-tagged chiral 

pyrrolidinodiphosphine ligands192, 193and analyzed the catalytic activity and reusability of their 

corresponding Rh-catalysts in the asymmetric hydrogenation of methyl (Z)-2-

acetamidocinnamate 190in different reaction media, such as IL [bmim]BF4 and 

[bmim]BF4/cosolvent systems. These modified ligands offered improved immobilization, 

reusability and higher ee values in comparison to pyrrolidinodiphosphine, (2S,4S)-N-(tert-

butoxycarbonyl)-4-(diphenylphosphino)-2-[(diphenylphosphino) methyl] pyrrolidine (BPPM), 

both in mono- and bi-phasic systems (Scheme 43). 
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Scheme 43. Synthesis of amino acid- and imidazolium-tagged chiral pyrrolidinodiphosphine 

ionic liquid  

 

In 2010, Maltsev112 explained the synthesis of α,α-diarylprolinol based CILs 197and showed 

their application as organocatalysts in the domino reaction between α,β-enals 195and N-

protected hydroxylamines194. The following reaction comprised of aza-Michael and 

intramolecular acetalization steps to generate the corresponding 5-hydroxy-3-arylisoxazolidines 

196with either an (S)- or (R)-configuration at C-3 in excellent yields and good 

enantioselectivities (Scheme 44). 

 

Scheme 44. Aza-Michael and intramolecular acetalization in CIL 

 

3.10. Miscellaneous applications 
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Cheng et al. 113 have employed imidazolium ion-tagged L-proline organocatalyst 201 for direct 

asymmetric α-amination of unmodified aldehydes 198with azodicarboxylates in imidazolium 

ionic liquids, giving high chemical yields of products 200and up to 98% ee in a short period of 

reaction time. This catalyst-ILs system also offered the advantage of greater recyclability and 

higher reactivity (Scheme 45). 

 

Scheme 45.Proline-imidazolium ionic liquid for the direct asymmetric α-amination of 

unmodified aldehydes 

 

Armstrong et al.114 presented the synthesis of both enantiomers of a imidazolium based CILs204 

bearing a menthyloxy side chain in 90% yields by alkylation of methylimidazole 65with (+)- or 

(_)-chloromethylmenthylether202, respectively, followed by anion metathesis with LiNTf2 

(Scheme 46). These CILs were used for the enantioselective photoisomerization of 

Dibenzobicyclo[2.2.2]octatrienes with 12% ee owing to their ability for chiral discrimination as 

in asymmetric synthesis and optical resolution of racemates. 

 

Scheme 46. Enantioselective photoisomerization in CILs 
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5. Conclusion  

Preparation of chiral compounds is an ever-growing target in organic synthesis. Various 

strategies have been adopted for asymmetric synthesis like the use of asymmetric catalysts, chiral 

reagents, etc. that take advantages of chiral environment. But the application of chiral solvent to 

exert an influence on the enantioselectivity of a reaction is very exciting because in addition to 

its role as solvent for performing different chemical transformations, it can also induce chirality. 

Chiral ionic liquid was used as solvent for the first time by Seebach in 1975, and has been 

recently explored in asymmetric synthesis for enantioselective reactions such as Michael 

addition, Baylis-Hilman reaction, Diels-Alder reaction etc. The main advantages associated with 

CILs are their ready availability from chiral sources such as naturally occurring amino acids, 

alcohols, sugars, terpenes, hydroxyl acids etc. Other starting materials such as pyridine, 

halogenoalkanes and petroleum feedstocks that are neither green nor sustainable also find use in 

the synthesis of CILs. Further, when CILs are paired with metal catalysts it decreases metal 

loading amounts. These are also renewal solvents in place of volatile organic solvents, offering 

advantages of easier separation/recyclability of products and applications in industrial scalability. 

Still, there are many challenges ahead that need to be kept in mind such as large scale 

manufacture, purification, moisture and air stability, toxicity, and mechanism of delivery. 

Although, the asymmetric organocatalysis has become the main focus of CILs, however, chiral 

solvent systems are still being investigated as phase transfer catalyst (PTC), solvents, 

homogenous co-solvents etc. Thus further exploration of the field of ILs towards the synthesis of 

asymmetric compounds and pharmaceuticals could prove to be full of challenges and thrilling 

opportunities and might bear out to be rewarding as well. 
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Abstract 

Isobutanol (IB) + water together formed a liquid-liquid interface tension (IFT) whose 

interfacial tension (IFT, ∆γ, mNm
-1

) was studied. The IB is taken with 0.2024, 0.4573, 

0.5322, 0.7982, 0.9677 and 1.0061 mol kg
-1 

CH3COONH4 and CH3COONa in 1:1 ratios 

separately. Their IFTs are noted as CH3COONa > CH3COONH4 where a net decrease in 

IFT by 2.80 mNm
-1

 found with CH3COONa and 3.34 mNm
-1 

was found with 

CH3COONH4. The ∆γ = γSAc-water - γAmAc-water was fitted on a pattern of Gibbs Helmhotz 

equation ∆G = ∆H-T∆S with an increase in ∆H and decrease in T∆S with compositions 

have found. The CH3COONa increased and the CH3COONH4 decreased the IFT with an 

opposite trend of γSAc-water and γAmAc-water and it has explained by a proposing dendrimer 

model. The Na
+
 and NH4

+
 both as core are bound with stronger electronegative O atom of 

H2O whose H atoms are at 104.5
0
 with two unshared electron pairs extended towards 

periphery. Each H atom developed hydrogen bonding to propagate a chain into a 

hydration sphere for elongation of dendrimer periphery.  

Key words: Interfacial tension, dendrimer, isobutanol, interactions, Survismeter 
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1. Introduction  

Currently mutual mixing of immiscible solvents of different polarities is of the industrial 

significance and their behaviors at interface are detected with interfacial tension data. The 

CH3COONa and CH3COONH4 salts are of high industrial uses, and study in this paper to 

evaluate mutual mixing of water and IB. Industrial importance of mixed solvents such as 

water and IB with separate solubilizing potentials is at centre stage with peculiar 

thermodynamics of their mutual mixing. In general, very few systems of such kinds have 

been reported which and illustrate and explain interactions with compositions of salts of 

acetate ions in the mixed solvents. However, several salts-water interactions in single 

phase systems have been explained by Nemethy and Scherega model of water structure 

[1] but no work is noted on behavior of water with immiscible solvents. Structural 

modifications with different additives with immiscible solvents are of interests for 

solubilization purpose to obtain critical mixtures at lower temperatures to save energy 

utilization [2-4] and are termed as green critical mixtures prepared out of two immiscible 

solvents. Few water structure models are in use for explanation of H2O in medicinal 

syrups and tablets, therefore the H2O-IB has been studied with CH3COONa and 

CH3COONH4 and their IFT magnitude was in opposite order with their increasing 

concentrations. In this paper, a suitable explanation was proposed by using a dendrimer 

model [5] of Na
+
 and NH4

+
 with water which was initiated by Tomalio way back in 

1980’s [4]. Currently several dendrimer molecular structures have been reported by Singh 

and Gupta [5] along few first and second tiers dendrimer molecules with structural void 

spaces [6] that could find correlation to explain opposite values of IFT with CH3COONa 

and CH3COONH4. The Na
+
, a single atom cation (SAC) and 

+
NH4

 
multi atom cation 
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(MAC) have developed opposite ion-water mechanism. This has depicted and defined a 

role of sigma bond and hydrogen atom of the MAC. For a dendrimer type model, the 

SAC and MAC acted as core and H2O as binder for hydration sphere growth. We have 

proposed this model for the SAC interactions where many dendrimer units are developed 

with the higher surface forces and areas for trapping and drug or some other ions. The 

dendrimer structures of SAC did not allow much mutual mixing with IB and the contact 

forces between SAC-water-IB interphases have developed higher IFT. Similarly the 

CH3COO
- 

developed dendrimer type structure with strongly negatively charge O atom. 

The technique of IFT has remarkable applications in pharmaceuticals, cosmetic 

engineering, soaps and detergents industry, bioengineering, biophysics, emulsion, nano 

emulsions, supercritical solvent and antioxidants. The interfacial tensions have been 

measured with pendant drop method as denoted by Dutta et al [7] and Moradian and 

Mostaghimi [8]. Since the water and IB are distinguished to catalyze the mutual 

solubilization and thus the resources are saved in study of such systems. 

2. Materials and methods 

The CH3COONH4, CH3COONa and IB (AR, E. Merck, India) were used as received for 

w/w, solutions with Millipore water. The solution densities were determined with weight 

method [9] with ± 0.01 mg analytical Dhona balance model 100 DS, Instr. Pvt Ltd 

Calcutta, India. The Survismeter, patent no. 126089 [10] have been used to measure the 

interfacial tensions with a similar procedure applied in our earlier paper [11] where 

pendant drops were recorded. The CH3COONH4 and CH3COONa salts aqueous solutions 

had higher densities than the water and for IFT measurements the aqueous solutions were 

taken in bulbs of IFT capillary.  
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Calculations: 

Pendant drops measured in air as well as in IB media are fitted in Antonoff’s equation 

given below.  

IFTSAc-IB interfaces = [((ρSAc - ρIB)/(ρSAc))na/nIB)]γSAc             

The IFTSAc-IB interfaces are interfacial tension between the salt solution and the IB interfaces, 

the ρSAc and ρIB are densities of sodium acetate solution and IB respectively. The na and 

nIB are drop numbers of sodium acetate solution in air and in IB and γSAc is surface 

tension of sodium acetate solution. Similar relation was used for IFT data with 

ammonium acetate aqueous solutions. 

3. Results and Discussion 

Conceptually, the IFT is generated due to larger differences in surface tensions of water 

and IB with their cohesively packed structures [11]. The water with 71.4 mNm
-1

 and IB 

with 21.5 mNm
-1

 surface tensions are higher and lower energy liquids respectively. 

Inductive and steric effects in case of IB due to alkyl chain, the hydrophobic interaction 

occurs but with the water the higher electronegativity of O atom shifts a shared electron 

pair to O atom and developed stronger electrostatic poles. Thus a drastic electrostatic 

difference in molecular structures of water and IB had developed liquid-liquid interfaces 

with 49.9 mNm
-1

 difference in their respective surface tensions. However, when they 

were taken together then they developed an interface with 2.78 mNm
-1

 IFT with higher 

accessibility in each other. This inferred much mutual mixing of the solvents. The water 

has developed hydrogen bonding with -OH of the IB with a partial intermixing because 

an alkyl chain of IB with hydrophobic interactions did not allow complete mutual mixing. 

This inferred that an alkyl chain has restricted solubility of the IB due to weaker 
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interacting strength. The IB molecule with sp
3
 hybridization is saturated hydrocarbon 

alcohol where it’s -OH group with different electronegativity have developed interactions 

with water with higher mutual mixing. However, ethanol with shorter alkyl chain is 

completely soluble in water [12] because the hydrophobic interactions of a shorter alky 

chain are overcome by the -OH and is unable to form interface. Also with the shorter 

alkyl chains the inductive and steric effects are not so dominant and thus, the IB 

developed 2.78 mNm
-1

, a lower IFT than 10.59 mNm
-1

 of benzene-water interface 

reported in our previous study [11]. The differences in IFTs with IB and benzene systems 

have distinguished a role of pi-conjugation with mild interaction of water diploes [11] 

other than a role of hydrophobic interaction with immiscible solvents for interface 

chemistry. The ethanol and benzene mixtures are quoted here for clarity in explanation 

that how the molecular nature is responsible for generating the IFT. With the water used 

as solvent, it is inferred that the lower is the IFT higher is a mutual mixing with stronger 

hydrophilic interactions.  

When CH3COONa and CH3COONH4 were added with water separately and their IFTs 

were measured with IB then the ion-water interactions have developed different IFT data. 

The higher IFT values are noted with CH3COONa and the lower with CH3COONH4 as 

compared to 2.78 mNm
-1

 of IB-water system. An increase in cohesive forces with the Na
+ 

ions is higher than a decrease with the NH4
+

 rates of changes are given in Table 1 and 

illustrated in figure 2. The CH3COONa strongly disrupted the hydrogen bonded water 

and forming free water monomers with higher activity which aligned around the Na
+ 

to 

form hydration sphere in figure 1 (a) as per dendrimer model [4-6]. An initial increase in 

IFT with the Na
+ 

is attributed to a development of hydrogen bonding because the Na
+ 

is a 
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small sized with a higher nuclear charge that aligned the free water molecule along with 

Na
+ 

ion. Increase in Na
+ 

numbers has enhanced the IFT with intensified Na
+
-water 

interactions. The Na
+
 interactions with H2O and IB intensified both the phases with a 

slight inhibition in mutual mixing dynamics which continued till a saturated Na
+
 are 

formed. Similarly a decrease in the IFT with NH4
+

 concentrations has enhanced mutual 

mixing with lower IFT. A lowering in IFT inferred weaker cohesive forces with both the 

H2O and IB for weakening of their interface tension. With the Na
+
, a primary hydration 

on a pattern of 1
st
 tier dendrimer structure with positive charge of terminal hydrogen 

atoms [4-6] is formed figure 1(a). The CH3COO
- 

hydration sphere attributed to the 

stronger cohesive forces and dendrimer structures accommodated more numbers of water 

molecules for hydration of the CH3COO
- 
and vice versa. The CH3COONa is a stronger 

structure breaker as compared to the CH3COONH4 because the Na
+
 is of smaller size 

cation with higher nuclear charge and established stronger ion-water interactions as 

compared to the NH4
+
 cation.   

Surface tension of CH3COONa  

It had decreased surface tension of the H2O by disrupting electrostatic forces (Table 1) 

and interacting with the residual or van der Waal forces of the water as the CH3COO
- 
and 

Na
+ 

ions enter water structure. An increase in molality of CH3COONa has decreased the 

surface tension with larger disruption of water structure by weakening its dipolar forces 

in figure 1(d). The IFT of water-IB interface is 2.78 mNm
-1

 a very lower value as 

compared to the surface tensions of the water and IB individually. This inferred that the -

OH of IB partly developed hydrophilic interactions by weakening interactions at the 

interfaces and the CH3COONa in contact of the IB decreased the surface tension of the 
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water by weakening the hydrogen bonding of water. At lower CH3COONa concentration 

the water molecules are freely available and interacted with the IB with a lower IFT. But 

the 1.04752 mol kg
-1 

CH3COONa, had utilized almost all the water monomers by 

CH3COO
-
 and Na

+
 ions with utilization of chemical potential to a larger extent. The IB 

with hydrophobic chain was not able to interact to a larger extent with the H2O except 

partial hydrophilic interactions of its -OH group. Then the IFT is slightly higher with the 

stronger CH3COONa-H2O interactions than those of the IB-water. In this situation, the IB 

did not replace the CH3COO
-
 and Na

+
 ions from the water phase and confined to its own 

phase with consolidation of a surface tension. Had some salts selected which could have 

weakened the interactions of the water then the IB would have replaced the water to 

interact with the replaced water. Similarly if an organic solvent like DMSO with higher 

dipole moment [10] is used in place of IB then it could have weakened the CH3COONa-

H2O interactions. Thus, polarity of cations and anions of the salts could also enhance the 

mutual solubilizing the two immiscible solvents. Thus, the mixture of the homogenous 

could also be excellently prepared with (CH3COO)2Ca, (CH3COO)3Al and others.  

Thereby the IFT data are highly useful to design interactions with organic solvents as 

well as ionic salts in medicinal science, pharmaceutical chemistry, drug designing, 

extraction, separation and distilleries.  

Surface tension of CH3COONH4
 
 

The CH3COONH4 is a biodegradable and a de-icing agent and is often used with acetic 

acid to create a buffer solution. It is dissociated as non-ionic products into CH3COO
-
 and 

NH4
+
 with lower surface tension as compared the CH3COONa. Initially, at 0.25 m, it 

decreased the surface tension by 8.8 mNm
-1

 but the same decrease in surface tension was 
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made by 0.55 m CH3COONa in figure 2. The surface tension of CH3COONH4 increased 

with increase in concentration while the CH3COONa decreased the same (Table 1) with 2 

times higher than of an increase with stronger CH3COONH4-water interactions and 

weaker CH3COONa-water interactions respectively. This is caused by the NH4
+
 as the 

CH3COO
-
 is a common with both the salts. The CH3COONH4 strongly bound the water 

molecules with itself with higher surface forces but the CH3COONa with concentrations 

weakened the CH3COONa-H2O interactions like soap, detergent, drug, dendrimers and 

supramolecules type action. Though both the salts have decreased the surface tensions 

but with the similar compositions, a decrease with CH3COONa is higher than of with the 

CH3COONH4. This has inferred a different interaction model for a single atom cation and 

for a group cation like NH4
+
. The CH3COONa increased the IFT than of the 

CH3COONH4 with concentrations. With NH4
+

 a decrease in the IFT is 2 time with 

increase in composition than its previous molality. The increase in IFT with the 

CH3COONa is due to stronger interaction of the H2O and the reverse IFT values showed 

the weaker interactions of NH4
+

 where an unoccupied H2O developed interactions with 

IB. The NH4
+

 has developed the hydrogen bonding with IB but the Na
+ 

without any 

hydrogen atom did not develop hydrogen bonding with IB. The H
+
 of NH4

+
 has 4 

hydrogen atoms that develop slightly stronger hydrogen bonding with H2O and IB, and 

thus our proposed model closely defines a role of hydrogen bonding with IB along with a 

role of single atom cation interactions with IB. Thus our proposed model for this study 

has developed a higher mutual mixing with hydrogen atom of the IB and has 

distinguished role of a single atom cation interaction at dendrimer model in figure 1 (a), 

(b), (c), (d). Few more uses of this model may be applied for a separation of protein from 
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aqueous solution with the (NH4)2SO4 or the CH3COONH4 which strongly reacts with 

water to settle down the protein and an aqueous layer could be decanted from the 

interface.  

Distinguishion in model for single atom and multi atom cation interactions 

The Na
+ 

does not have any sigma bond while the NH4
+

 has 4 sigma bonds with 10Na
+
=1s

2
, 

2s
2 

2p
6
, 3s

0 
and of the 7N

+
=1s

2
, 2s

2 
2p

1
 [2px, 2py, 2pz] electronic configurations. The size 

of the Na
+
 is 3s and of the N

+ 
is 2p

1
 and had influenced the interactions effectively. 

Several salts-water interaction models have been reported by several workers, such as 

Debye Huckel model that have explained electrolytic behavior of the salts for transport of 

solvent [13]. Similarly, van der Waals, Nemethy and Scheraga, reported peculiar nature 

of the water interactions with primary, secondary and tertiary hydrations spheres [1-3]. 

These models did have statistical versions but we have proposed a dendrimer model for 

the ion-water interactions with 2n bifurcation. Such model is an optimized one with use 

of minimizes energy on a pattern of drop formation. The n stands for bifurcation 

numbers, if n = 0 then no water molecule interacted with Na
+
 and the latter acted as core. 

If n =1 then the 3 water molecules associated with the Na
+
 if n = 2 then each associated 

water molecule bifurcated resulting association of 6 water molecules. However several 

water molecules could be associated when the n = 1. This clearly defined an increase in 

the IFT with the IB on an increase of CH3COONa molality because with additional Na
+
, 

the similar ion-water dendrimer structures are established where no more water is left to 

interact with IB. The Na
+
 engaged the water with the Na

+
-water integrated phase 

repelling out the IB phase but with the NH4
+

 water-IB is associated with no formidable 

phases. Till date no model is reported which explains the two phase systems with changes 



 10

in ∆G (Gibbs free energy), ∆H (enthalpy) and ∆S (entropic) with a thermodynamic 

relation ∆G = ∆H-T-∆S by Helmholtz. Their numerical magnitudes depend on lattice and 

its disruption pattern of the salts. Off course, different methods have been in use for 

lattice study, the prominent among them was Braggs Equation using X-ray for 

illustrations for study of binding energy.  

The type of lattice influenced the ∆G = ∆H-T∆S where a separate force is needed to 

induce dipole force or London dispersion force (LDF) which together with several 

peculiar structural behaviour of diketopiperazine and pencillin has been illustrated by 

Hodgkin [14]. The dG ≡ 0 depicted a thermodynamic equilibrium condition and the dG  ≤≤≤≤ 

0 interaction in favorable direction. The IFT is a surface energy and could be equalized 

with the dG and is replaced by ∆γift = 0. Since there is a negligible volume change and the 

dS = 0 when dv = 0. The dG  ≤ 0 is a minimum energy state for equilibrium and similarly 

the ∆γift ≤ 0 or ≥ 0 could be rationalized for thermodynamic changes for interactions. The 

IB-water is with ∆γift = 2.78 mNm
-1

 but had there been the ∆γift = 0 then the system would 

have been in a complete thermodynamic equilibrium with complete mutual mixing like 

acetone and water. The water-IB system without salts produced IFT=2.78 mNm
-1

 and the 

systems is not in equilibrium with comparatively less entropy because at equilibrium the 

dS attains maximum value. So there is no equilibrium with the IB-water because the 

water and IB had different structures with different electron densities and dipole 

moments. Of course, in general, with time the chemical systems tend to a lower energy 

level with the ∆G=0, as an equilibrium condition. The salts added to the water do not 

interact with IB but disrupt the H2O structures and the ∆G or ∆ γift was utilized in this 

process that reduced to 2.78 mNm
-1

 level from 71.40 mNm
-1

 of the water separately. The 
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disrupted water structures dissolve the IB to establish an equilibrium but the [CH3]2-CH-

CH2-OH (IB structure) with (C)2-C-C, has stronger σ sigma bonds with 1.33 A
0 

bond 

length. The -CH3 groups has stronger sigma bonds with 3 hydrogen atoms and the IB 

maintained its identity with certain energy levels. This inferred that the IB-water is 

nonequlibrium systems. But the CH3COONa with an increase in composition has 

increased the IFT with further stronger nonequlibrium state because the ∆γift > 0 but the 

CH3COONH4 lowered the IFT level. Thereby, the systems are similar to Helmholtz 

equation ∆G = ∆H-T∆S, if the ∆G = 0 then the ∆H = T∆S. The CH3COONa with higher 

decrease in ∆γift enhanced the dS and is explained as under. 

∆G or ∆γift(CH3COONa) = ∆H-T∆S (stronger hydration) 

∆G or ∆γift(CH3COONH4) = ∆H-T∆S (weaker hydration) 

The ∆γift = ∆H-T∆, ∆γ = ∆H-T(∆S+II), the II stands for interaction at interphases and the 

alkyl chain of IB with mild induction and stearic effects are responsible for hydrophobic 

interactions at interphases. The water is dipolar with 2 unshared electron pairs on O atom 

with 2 sigma and the IB with 15 sigma bonds have weaker intermixing tendency with a 

larger dipolar difference in IB and H2O. The IB interacted with water but the -CH3 and 

alkyl chain both with hydrophobicity repelled water to a separate phase with 2.78 mNm
-1

 

IFT. Thus in respect to the surface tensions, the water, IB, water-IB three distinct phases 

exist in systems and tend to equilibrium. A quantitative decrease from 71.40 of H2O to 

2.78 mNm
-1

 with the IB interactions and an increase in the IFT with the Na
+ 

due to 

continued interaction with several dendrimer spheres inferred disruption of water. The 

increase of IFT with Na
+
 concentrations is due to stronger ion-water interaction, which is 

explained on dendrimer model of H2O. An increase in Na
+
 numbers developed several 
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ion-dendrimer structures utilizing almost all the H2O molecules with the weaker water-IB 

interactions. It has squeezed out all the H2O out the IB phase with a constant rate of 2.54 

mNm
-1

 (Table 1 and Figure 3) with CH3COONa compositions. The NH4
+
 has developed 

a reverse process of interactions with a decrease in IFT with increasing compositions. 

The rate changes of the IFT with concentrations are calculated with relation given below. 

∆γift = (γiftC2- γiftC1)/Na
+
(C2)-Na

+
(C1) 

∆γift = γift(C2)- γift(C1)/
 
NH4

+
 (C2)-NH4

+
 (C1) 

The ∆γift is change in IFT, γiftC2 and γiftC1 are concentrations Na
+
(C2), Na

+
(C1), NH4

+
(C2), 

NH4
+
(C1) respectively. The hydrophobic alkyl chain of IB developed stronger 

hydrophobic than those of the hydrophilic interactions. The NH4
+
developed stronger 

hydrophilic interactions than the hydrophobic interaction of the CH3 groups of IB as the -

CH3 is electron releasing. Alkyl chain with 3 C atoms exists and a CH3 group is distanced 

by CH-CH2 from OH. An effect of electron releasing process is hindered by alkyl charge 

conduction through C-C-C chain. Thus, the Na
+ 

has squeezed out the H2O from the IB 

phase but the NH
+

4mixed with both the IB and water together. A rate of increase in IFT 

with Na
+ 

and a rate of decrease with NH4
+
quantitatively determine the water molecules 

which are squeezed from IB and attached with the Na
+

 core. The CH3COOH did not 

develop interphases and the CH3COO
- 
effect is nullified as it common with both the Na

+ 

and NH4
+
. The hydration energy reoriented the molecular arrangements. The ∆S is a 

fundamental concept with an attachment of hydrogen and oxygen atoms where a position 

as well as geometry with energy release and utilization matter a lot. Especially the 1
st
 tier 

hydration is most stabilized with least free molecular motions with least ∆S (Figure 1) but 

with increase in size of a 1
st
 tier the molecular motions due to larger number of void 
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spaces occur [4-6]. The entropic motions are higher and in the final or 3
rd

 tier hydration 

sphere the entropic changes are very high with a less stability. The figure 1 (a) depicted 

ion-hydration mechanism based on determiner model, in general, a chemical unit 

occupied a centermost position and bind water molecules in bifurcation method. The Na
+
 

was associated with H2O and excellently explained an increase in the IFT by forming S0, 

S1, S2, S3, S4 and Sn hydration spheres or tiers in figure 1 (a)). The figure 1(b) depicted 

+
NH4

 
at central most position and bound the IB and H2O both and explained a lowering in 

IFT due to mutual mixing. The figure 1 (c) illustrated a common CH3COO
-
 anion which 

allowed a growth of H2O association at one side and not a tier structure. The figure 2 (a) 

explained a trend of the IFT with compositions and the figure 2 (b) illustrated rate of 

change of IFT with compositions. The rate with the Na
+
 is constant but with NH4

+ 
is 

varied which inferred no shear with Na
+
 forming a Newtonian liquid but the NH4

+
 with 

different rates developed non-Newtonian liquid with greater shear.  The densities with 

CH3COONa are higher than those of the CH3COONH4 and inferred stronger 

intermolecular forces with former than the latter in table 1. Thus, the Na
+
 had developed 

stronger ion-hydration with higher internal pressure than that of the NH4
+
 in the solutions.      

4. Conclusions 

The results clearly inferred a successful dendrimer model to explain the increase and 

decrease in the IFT data with sodium and ammonium acetates respectively. The IB has 

developed weaker interactions than CH3COO
-
 and Na

+
 ions. The CH3COONa with 

concentration enhanced the IFT as the IB interacts with H2O monomer released on Na
+
-

water interactions. The CH3COONH4 with a higher mixing has produced a lower IFT. 

The dendrimer model depicted the 4 times weaker hydrogen bonding with sodium cation 



 14

than ammonium acetate. The CH3COONH4 has developed the weaker interactions as 

compared to the CH3COONa with slightly stronger hydrogen bonding with IB.  

Thus, the IFT approach to study the mutual mixing of the immiscible solvents could be 

exactly studied with series of alkali salts; p-block elements derived salts, transitional 

metal salts, lanthanides salts. Similarly, the studied could also be for series of 1
st
 

dendrimers such as trimesoyl 1,3,5-tridimethyl malonate (TTDMM), trimesoyl 1,3,5-

tridiethyl malonate (TTDEM), trimesoyl 1,3,5-tridipropyl malonate (TTDPM), trimesoyl 

1,3,5-tridibutyl malonate (TTDBM), and trimesoyl 1,3,5-tridihexyl malonate (TTDHM) 

first-generation dendrimers nanoparticle, magnetic nano particle with supramolecules. 
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Figure 1. Dendrimer model of ion-water interactions: (a) Na
+
-water (b) NH4

+
-water and 

(c) CH3COO
-
-water associations and disruption of water structure CH3COONa-water (d). 
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Mutual mixing dendrimer (MMD) model for immiscible solvents 

Figure 2. Surface tensions aqueous CH3COONH4 and CH3COONa solutions at 303.15 

K. The slope with CH3COONH4 and CH3COONa are opposite to each other due to nature 

of interactions. 
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Figure 3. IFT of isobutanol + CH3COONH4 and CH3COONa solutions at 303.15 K.         

The slope with CH3COONH4 and CH3COONa are opposite to each other due to nature of 

interactions. 
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Fig. 2 (a)
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Table 1. Surface tension (γ, mNm
-1

), interfacial tensions (IFT) (γift, mNm
-1

) of the 

isobutanol + saturated CH3COONa and CH3COONH4 at 303.15 K temperature. 

 

   SAc   
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m, mol kg
-1

  

Surface 

tension (γ, 

m N m
-1

) 

ρ, kg m
-

3
 

IFT, m N 

m
-1

 

Rate of change 

of IFT with m IFT % decrease 

0 71.40 0.99565 2.78 2.75 96.11 

0.2024 68.33 1.02264 3.34 2.54 95.33 

0.4573 64.75 1.04598 3.98 2.54 94.42 

0.5322 63.70 1.05284 4.18 2.54 94.15 

0.7982 59.96 1.07719 4.85 2.54 93.20 

0.9677 57.57 1.09271 5.28 2.54 92.60 

1.0061 57.03 1.09623 5.38  92.46 

   AmAc   

0 71.40 0.99565 2.78 0.91 96.11 

0.2024 64.38 0.95756 2.96 0.42 95.85 

0.4573 66.52 0.98948 3.07 0.04 95.70 

0.5322 67.05 0.99737 3.07 -0.35 95.70 

0.7982 68.57 1.01988 2.98 -0.85 95.83 

0.9677 69.23 1.02976 2.84 -1.08 96.03 

1.0061 69.35 1.03152 2.80  96.08 

 

*Where SAc and AmAc are the sodium and ammonium acetates systems.  
 

 

 

Graphical representation 
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