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"dimer."lo. II This representation should not be taken too literally in the
structural sense since it is primanl a s 111 bookkeeping system. It IS realistic
because 1coup ings through more than three intervening bonds are very small

in such polymer chains (but see p. 140). Spectrum (b) in Fig. IV-l was calculated
using this model and the following parameters:

TB = 7.86 TC = 7.42TA=8.31

lAB = -14.0 Hz lAc = 6.0 Hz lBc = 7.5 Hz

Line width at half-height: 2.4 Hz

In spectrum (d) the r methylene resonance appears as a poorly resolved
!'D'Jitipletcentered at 8.16T. A residual resonance occurs in nearly this same
},)sition in spectrum (a). This multiplet can be satisfactorily reproduced with
':Je following spin model parameters:

H'Avt
CO,R

TA = 8.16 TB = 7.42

t(lAB + l~B) = 7.0 Hz

Line width at half-height: 2.4 Hz

In an earlier calculation on the same polymer, based on its 60 MHz spectrum}
slightly different parameters were used, and no r units could be detected. (The
x'11puted spectrum was also a significantly less satisfactory match to the
experimental, mainly because the lower observing frequency made the six-
spm model a less satisfactory approximation.) The good match shown in
,rig. IV-I could be achieved only by assuming 5% r units, i.e., that

(m)
(m) + (r) = 0.95

The polymer is probably not strictly Bernoullian in configurational statistics,
and so cannot be designated in terms of Pm (Chapter III, Section 4). The free
radical polymer, which is very probably Bernoullian, had a Pm of approxi-
mately 0.30.

3. Polyacrylamides
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The study of the mechanism of addition in acrylate polymerization using
fj-labelled monomers will be discussed in Chapter VIII. In Section 3B of
Chapter IX, the interpretation of the above and additional NMR data are
discussed in relation to chain conformation in solution.

3. Polyacrylamides

Polyacrylamidel2 and poly-N,N'-dimethylacrylamideI3 have been observed
by NMR not with the purpose of determining their stereochemical configur-
ation (which is no doubt similar to that of free radical polyacrylates) but in
order to study the rotational mobility of the side chains. It is well knownt
that in the amide group the C-N bond has partial double bond character.

The substituents Rand R', whether protons or alkyl groups, occupy different
magnetic environments which are exchanged by rotation about the C-N
bond. Because the activation energy for this process is about 20 kcal, the
exchange is slow enough that the R groups give separate resonances at room
temperature. As the temperature is increased, the peaks broaden and then
coalesce; since most amides exhibit about the same rotational barrier, the
coalescence temperature depends primarily on the separation of the R-group
resonances (in Hz). .

The NH2 spectrum of polyacrylamide in aqueous solution exhibits a
doublet resonance in contrast to the broad singlet shown by some small
molecule amides (see Fig. XIII-9). This is attributed to the relatively slow
reorientation rate of the polymer chain, permitting more effective coupling
of the 14Nnucleus to the motions of the molecular framework and thus nearly
completely abolishing its coupling to the protons (see Chapter I, Section 10
and Chapter XIII, Section 3). Measurement of the collapse of this doublet
as a function of temperature gave a rotational activation energy of 10.5 ±1
kcal at pH 4.5, probably an underestimate due to spurious peak broadening,
but at least no higher than for amide groups not attached to polymer chains.
At this pH, the rotation is more rapid than proton exchange between the amide
group and water. Rotation was found not to be catalyzed by acid or base,
whereas exchange is catalyzed by both and becomes more rapid than rotation
at high and low pH. The two amide protons exchange at equal rates.

t For a review, see Robin et al.'4 and also Chapter XIII, Section 3.
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to distinguish the two different chemical shifts of the meso methylene groups,
and hence the stereochemical configuration of the polymer cannot be un-
equivocally demonstrated by NMR. This is achieved at 220 MHz (see below).
It will be noted that resolution is apparently much poorer in the spectrum of
the atactic polymer [Fig. VI-lea)]. As we shall see in later discussion, this is
because the spectrum, like that of polyvinyl chloride (Chapter V, Section 1),
is actually the superposition of at least ten subspectra.

The fj-methylene proton ambiguity is resolved at 220 MHz.? In Fig. VI-3
spectra (a) and (d) are those of the backbone protons, observed in a-dichloro-
benzene at 130°. The multiplet centered at 7.8T is that of the a-proton and
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FIG. VI-3. 220 MHz backbone proton spectrum ofisotactic polystyrene, 2% in o-dichloro-
benzene at 130°. (a) and (d) are the experimental spectra of the a- and ,B-protons, respectively;
(b) and (e) are spectra calculated with the parameters shown in Table VI-I (for 130°); (c)
and (f) are "stick" spectra corresponding to (b) and (e) (Heatley and Bovey').

that at about 8.5T corresponds to the fj-methylene protons. Spectra (b) and
(e) are computer simulations of the observed spectrum, using the same six-
spin model described in Chapter IV and V. [Spectra (c) :r;;r(i) are the sar:1e~"".. rS"' __
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with zero line width-so-called "stick" spectra.) The computed spectrum
was obtained using the chemical shifts shown in Table VI-I (for 130°). The

TABLE VI-I

CHEMICAL SHIFTS AND CoUPLING CONSTANTS FOR ISOTACTIC POLYSTYRENE

(2% IN O-DICHLOROBENZENE)a

Line
Temp, JAB, lAC! fue, width,

°C TA TB TC Hz Hz Hz Hz

55 8.527 8.433 7.806 -14.5 7.5 6.0 8.0
80 8.518 8.436 7.795 -14.5 7.5 6.0 6.0

100 8.499 8.4~1 7.771 -14.5 7.25 6.25 6.0
130 f-i?4~2 8:4 1 7.7t6"s-y -14.5 7.25 6.25 5.5
160 8.413 8.369 7.682 -14.5 7.25 6.25 4.0

a A, high-field ,B-proton; B, low-field ,B-proton; C, a-proton.

methylene portion of the spectrum cannot be matched by assuming ,h.d
TA = TB, but only by assuming a difference of 0.059 ppm. Note that thIS
difference decreases with increasing observing temperature. The interpretation
of the couplings, which are nearly invariant with temperature, will be discussed
in Chapter IX.

Segre et al.8 observed the spectrum of is'Otactic polystyrene of 97.6/)
steric purity prepared from drstyrene C6DsCH=CD2, using an AIEt)- TiCl
catalyst. The deuterium nuclei were irradiated to remove vicinal and longer
range D-H couplings, including the weak couplings of the phenyl groups
(see Chapter VII, Section 2). The single narrow line of the a-protons was
accompanied only by weak multiplets of the residual j3-protons and a satellite
a-doublet arising from their vicinal coupling. No other peaks were observable,
so the polymer was at least 97.6 % isotactic.

Analysis6 of the spectrum of the aromatic protons of the isotactic polymer
[Fig. VI-I(b)] shows that it can be well represented as AA'BB'C, i.e., as a
spin system symmetrical about a plane bisecting the ring through the Col and
C-4 carbon atoms, with normal ortho, meta, and para spin-spin couplings.
(The simulated spectrum is shown in Bovey et a16) This would not be expected
if the phenyl group is so restricted as to rotate slowly on the NMR time scale,
as is probably true for poly-N-vinylcarbazole (Section 4). It may there-
fore be concluded that the barrier to rotation of the phenyl group is less than
approximately 15 kcaJ.

The interpretation of the proton spectrum of "atactic" polystyrene, usually
prepared by free radical initiators, is not clear in detail. Brownstein et al.4

concluded that in the spectrum of stereoirregular poly-j3,j3'-d2-styrene,


