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Polymer Nuclear Magnetic Resonance Spectroscopy. XVI. 
Poly( vinyl chloride) at 220 MHz 
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ABSTRACT: The proton spectrum of poly(viny1 chloride) prepared by free-radical polymerization has been 
studied at 220 MHz and interpreted in terms of pentads for the a protons and tetrads for the /3 protons. The 
chemical shifts are in  good agreement with those reported elsewhere using selectively deuterated polymers. The 
magnitudes of the vicinal coupling constants indicate that in the thermodynamically good solvents employed. 
the isotactic dyads are in approximate equilibrium between the conformations which. if repeated, result in a 31 
helix. whereas syndiotactic dyads are probably in the conformation with the backbone in a planar zigzag struc- 
ture. The tetrad and pentad relative intensities are consistent with Bernoullian chain propagation statistics. with 
a value E, (the probability of isotactic placement) of 0.43. 

he proton nmr spectrum of poly(viny1 chloride) T (PVC) in solution has been the subject of many 
investigations of the stereochemical structure of this 
polymer. I - i i  Experiments using decoupling and selec- 
tive deuteration techniques have been particularly 
useful. Thus, using proton-proton spin decoupling 
at  60 MHz, Bovey, Anderson, Douglass, and Manson> 
clearly observed dyads and triads, and Yoshino and 
Komiyamab reported tetrad fine structure in the deu- 
terium-decouplzd spectrum of poly(viny1 chloride- 
cqcis-p-d,). Recently Cavalli, er ui.," and Johnsen 
and KolbeIfi have reporred well-resolved pentad reso- 
nances in the deuterium-decoupled 100-MHz spectrum of 
poly(viny1 chloride-@,P-dJ. Several studiesfi.7, 1 * b 1 4 j  Ii 

of the variation of PVC configuration with polymeriza- 
tion temperature have shown that in a free-radical 
process the chain propagation proceeds according to 
Bernoullian statistics with syndiotactic placements 
favored by amounts ranging from 300 to 600 ca1:mol. 

The object of the present work was to utilize pre- 
viously obtained experimental data on tetrad and 
pentad chemical shifts from deuterated polymers in 
calculations of the spectrum of undeuterated polymers 
in order to obtain useful information on the vicinal 
coupling constants, which are related in a well-known 
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fashion to the local chain conformation. For this 
purpose, we took advantage of the increase in chemical 
shifts of spectra a t  220 MHz compared to those at 100 
MHz, which better defines the spin-coupling fine struc- 
ture by spreading the spectrum over a wider range. 

Experimental Section 

Poly(viny1 chloride) prepared by a free-radical process 
was obtained commercially from Monomer-Polymer Labora- 
tories. Poly(viny1 chloride-adl) was prepared in this 
laboratory by benzoyl peroxide initiation in 10% v/v cyclo- 
hexanone solution at 50". This sample had been used in an 
earlier study'j of chain configuration. 

Nmr spectra were obtained at 140' using a Varian HR- 
220 spectrometer. For the undeuterated polymer 5 
( w h )  solutions in chlorobenzene. o-dichlorobenzene, and 
pentachloroethane were employed with hexamethyldisiloxane 
as internal reference. The poly(viny1 chloride-ad,) was 
run i n  a 15% solution in chlorobenzene with TMS as refer- 
ence. 

Spectrum calculations were performed on a GE 645 
computer using a program written by L. C. Snyder and R .  L. 
Kornegay of Bell Telephone Laboratories. Spectra were 
plotted on a Stromberg-Carlson 4020 microfilm printer as 
the sum of Lorentzian line shapes of suitable width. 

Results and Discussion 

Figure 1 shows the proton spectrum of poly(viny1 
chloride-a-dJ a t  220 MHz. Although the deuterium 
nuclei are not decoupled with a second radiofrequency 
irradiating field, the resolution is adequate to dis- 
tinguish all tetrads. As indicated in the figure, the 
spectrum may be interpreted in terms of two singlets 
from the homosteric mrm and rrr tetrads'X and four AB 
spectra with a geminal coupling of 15 Hz from the 
heterosteric mmm, n7mr, rnzr and mrr tetrads. The as- 
signment is very similar to that given by Yoshino and 
Komiyama.8 Comparing the chemical shifts in the 
series mmm, mmr? rmr, it is seen that the configuration 
of the second nearest asymmetric center has as large an 
effect on the differentiation of sj'n-aniiig @-proton 

(18) The notation describing the polymer configuration is that 
proposed by H. L.  Frisch, C. L.  Mallows, and F. A.  Bovey, 
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(19) The terms J J ' ~  and ariti distinguish the methylene protons 
in m dyads on the basis of their orientation with respect to  the 
CY substituent in the planar zigzag conformation. 
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Figure 3. (a) 220-MHz P-proton spectrum of PVC, 5z 
in pentachloroethane at 140". (b) Spectrum calculated 
with parameters in Table 1. 
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in chlorobenzene at 140". 
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L l  

7 6  7 7  7 8  79 8 0  81 8 2  
-r 

Figure 2. (a) 220-MHz P-proton spectrum of PVC, 5 %  in 
chlorobenzene at 140". (b) Spectrum calculated with 
parameters in Table I. 

chemical shifts as the configuration of the adjacent a 
carbon. The fact that the least heterosteric character 
is found in the mmn? tetrad indicates that the contribu- 
tions to the syn-anri proton chemical shift difference 
from the nearest and next nearest a carbons of the 
same configuration are similar in magnitude but oppo- 
site in sign. In contrast, the tetrad chemical shifts in 
poly(methy1 methacrylate)20 and polypropylenez1 show 
a much more rapid attenuation of the influence of the 
a-carbon configuration, and in other polymers such as 
poly(viny1 methyl ether)** and poly(viny1 acetatejZ3 
only dyads have been resolved at  100 MHz. A second 
consistent trend in PVC is the upfield movement of the 
mean tetrad chemical shift with the replacement of m 
dyads by r .  Such a trend is also observed in poly- 
(methyl methacrylate). 2o 
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Figure 4. 
trum in Figure 2. 

Tetrad spectra comprising the calculated spec- 

Figures 2 and 3 show the 220-MHz experimental and 
calculated niethylene proton spectra of PVC at 140" 
in chlorobenzene and pentachloroethane, respectively. 
Figure 4 shows the individual tetrad spectra whose sum 
is the calculated spectrum for the chlorobenzene case. 
All spectra were calculated using a six-spin cyclic 
dimer (AA'BB'CC') model. Trial calculations of the 
mrr tetrad spectrum using a nine-spin cyclic model, 
which should better represent the actual polymer chain 
but which requires much more computer time, showed, 
however, that the small changes noticeable in a "stick" 
plot were completely obscured when the spectrum was 
plotted using a Lorentzian line shape of suitable 
width. The methylene spectra of the mmm, mmr, 
and rmr tetrads each form approximately the AB part 
of an ABX2 system. In PVC it is not known whether 
the syn or anti p proton is the less shielded. The 
mrm and rrr methylene protons each give approxi- 
mately AA'XX' spectra whilz the tnrr tetrad is an 
ABXX' system. For the chlorobenzene solution, 
good estimates of the chemical shifts and geminal 
coupling constants were obtained from the spectrum 
of PVC-a-d, shown in Figure 1 and only minor changes 
in the chemical shifts, due presumably to different 
concentrations, were necessary to obtain good agree- 
ment with the experimental spectrum. For the other 
two solutions a little more effort was required but the 
process was aided by assuming that the shielding order 
remained substantially unchanged from the chloro- 
benzene solution. The determination of the vicinal 
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TABLE I 
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--- Solvent-----------, 
Chlorobenzene o-Dichlorobenzene Pentachloroethane Relative intensity 

m centered tetrads 
mmm YA 

mrm PA 

rmr P A  

JAB 

JA x 
JB x 
Line width 

YB 

PB 

YB 

r centered tetrads 
mrm 
mrm, r 
mrr V A  

rrr 
JAAJ  

JAX 

J A X ~  

Line width 

YB 

Pentads 
mrrm 
mrrr 
rrrr 
mmrm 
mmrr 
m rn7 r 
rmrr 
mnimm 
rmnir 
Line width 

-44.5 
-46.0 
-46.0 
-28.5 
-55.0 
-10.5 
-15 

7.5 
6.5 
5.0 

0 
7.96 

-4 .0  
17.5 
12.5 

11.0 
2 .0  
7 .0  

- 15 

- 543 
- 541 
- 537 
-517 
-517 
-513 
-513 
-485 
- 477 

5.0 

coupling constants was simplified by assuming that 
the tetrads with an m central dyad were all described 
by the same set of coupling constants, and similarly 
for the tetrads centered on an r dyad. This is reason- 
able since the vicinal coupling constants are deter- 
mined by the conformation of the central dyad, which 
is not expected to depend significantly on the con- 
figuration of the neighboring a carbons. In the 
(approximately) ABX, spectra of the m centered tetrads, 
the coupling constants were readily determined directly 
from the observed line positions and only minor 
adjustments were needed in the spectrum calculstions 
to account for line overlapping. However, the 
AA’XX’ and ABXX’ spectra of the r-centered tetrads 
are more difficult to  analyze directly. It is well known 
that under certain conditions, 2 4  which unfortunately 
occur in this system, the form of an AA‘XX’ spectrum 
is insensitive to  (J.4r; - J . A x ~ )  provided ( J . ~ x  + J.As,) 
remains constant. Although the triplet structure of the 
mrm and rrr  spectra may be distinguished in the experi- 
mental spectra, the information derived is limited to 
(JAX + .TAX#). The ABXX’ spectrum of the mrr 
tetrad is much more sensitive to (JAX - J.4~0 but the 
transition frequencies of this system cannot be evalu- 
ated explicitly. Hence the coupling constants for the r 
dyads were obtained by performing several trial calcu- 
lations to determine the set of parameters giving the 

(24) R. J. Abraham and H. J. Bernstein, Can. J .  Chem., 39, 
216 (1961). 

-40.5 
-32.5 
-42.5 
-28.5 
- 49 
-10.5 
- 15 

7.5 
6.5 
5 .0  

0 
7.90 

-3.5 
17.0 
12.5 

11.0 
2.0 
6 .0  

-15 

-48.5 0.080 
-42.5 
-48.5 0.208 
- 3 2 . 5  
-59.5 0.141 
-16.5 
- 15 

7 .5  
6 .5  
5.0 

0 
7.87 

-4 .5  
9 . 5  
1 . o  

10.0 
3 . 0  
5 .0  

- 15 

- 527 
- 525 
- 526 
-513.5 
-513.5 
-507.5 
-505.5 
- 492 
- 479 

5.0 

0.105 

0.281 

0.185 

0.060 
0.160 
0,105 
0.091 
0.119 
0.119 
0.160 
0.035 
0,060 

closest correspondence to the experimental spectrum. 
As expected, the shape of the spectrum was dictated 
principally by the mrr contribution, the mwn and rrr 
spectra remaining practically invariable over a wide 
range of values of ( J . A . ~  - J.4~8). 

Table I lists the chemical shifts, coupling constants, 
line widths, and relative intensities used to generate the 
calculated spectra shown in the figures. Resuks are 
also included for o-dichlorobenzene solution, in which 
the spectrum is very similar to that in chlorobenzene. 
For greater clarity in the presentation, the chemical 
shifts are listed in hertz at 220 MHz with the nirni 
tetrad set arbitarily to zero. The r value of the latter 
tetrad only is given. Negative chemical shifts are to  
low field. The accuracy of the parameters varies 
depending on the contribution of the tetrad to a promi- 
nent feature of the spectrum. Thus errors in the 
chemical shift of the mtnm tetrad are large, about 1 5  
Hz, since this tetrad makes only a small contribution 
to the strong lines in the in region. Uncertainties in 
most of the other chemical shifts and in the coupling 
constants are *I  Hz. Although the line widths are 
large, there can be no doubt that the set of parameters 
reported is correct, since the chemical shifts were 
obtained unequivocally from the spectra of deuterated 
polymers and no other set of reasonable coupling 
constants was statisfactory. All spectra were calculated 
assuming Bernoullian statisiics l8 with Pml, the probability 
of isotactic placement, equal to 0.43. 
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Figure 5. (a) 220-MHz a-proton spectrum of PVC. 5 %  in 
chlorobenzene at 140 '. (b) Spectrum calculated with 
parameters in Table I ,  with the component pentad spectra. 

Figure 5 shows the a-proton spectrum of PVC in 
chlorobenzene. The pentad chemical shifts were taken 
from the work of Johnsen and KolbeI6 at  100 MHz 
with minor changes to accommodate solvent and 
concentration effects. It was also necessary to  differen- 
tiate the chemical shifts of some pentads which were not 
resolved at the lower frequency. Coupling constants 
were taken unchanged from the simulation of the /3- 
proton spectra described above. Figure 5 includes the 
ten individual pentad spectra comprising the complete 
calculated spectrum. 

The vicinal coupling constants, which are weighted 
averages over the molecular internal rotation, allow 
access to the local chain conformation. The values 
determined for the isotactic dyads are very similar to  
those reported previously for the isotactic portions of 
polystyrene, 2 3  poly(isopropy1 acrylate), and poly- 
propylene." As we have discussed earlier,*j we may 
conclude that F I I  dyads interconvert rapidly between the 
two equivalent rg and gt structures shown in Figure 6a. 
When repeated, each conformation generates the 31 
helix often found in crystalline isotactic polymers. 

The conformations of syndiotactic polymer sequences 
have not been studied as extensively as those of isotactic 
sequences. However, 2,4-dichloropentane and 2,4,6- 
trichloroheptane model compounds have been in- 
vestigated",'* by both ir and nmr spectroscopy. 
These resulrs. as well as semiempirical potential energy 
calculations, 2 9  indicate that only two conformations 
are important, the tr and gg structures shown in Figure 
6b. The values 
of J.41 and JAX'  averaged over these two conformations 
are given by 

The rt form is by far the more stable. 
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Figure 6. 
and (b) an r dyad. 

Lovv-energy conformations of (a) an m dyad 

where Xl l (gg)  is the mole fraction of the ti or gg con- 
formation. It has been assumed that all coupling 
constants between trans protons take a value J ,  and all 
coupling constants between gauche protons take a 
value J g .  Such an approximation is sufficient for the 
purposes of this discussion. Since it is known30 that 
J l  - 11-13 Hz and Jq - 1-3 Hz, a large value of 
~J,As - JAS' indicates a large excess of one form. (Since 
interchanging the values of JAX and J . ~ x '  does not 
change the spectrum, nmr spectra cannot say which of 
rt or gg predominates. This must be decided by ir 
spectroscopy or potential energy calculations as men- 
tioned above.) Doskocilova, et a/.,2s estimated that in 
the syndiotactic-like isomer of 2,4,6-trichloroheptane, 
for values of JAX and J.~S'  of 11 and 2.5 Hz, respec- 
tively, the relative populations of the rr  and gg con- 
formations of each CH3CHC1CHnCHC1CH,- dyad 
unit were 0.92 and 0.08 at  20". Not unexpectedly, a 
comparable situation exists in r dyads in the polymer, 
but the rr  form probably is even more highly favored in 
the polymer since our values of 11 and 2 Hz for J.i..; 
and J.Ax' were measured at 140". As the temperature 
increases ( J . ~ s  - J A X ' )  should decrease, as Doskocilova, 
et al., found. At 130°, they reported J.4s = 10.2 
andJAXI = 3.1 Hz. 

The solvents used in this work are good solvents 
for PVC and a probable explanation for the increase in 
preference for the tt conformation lies in the tendency 
for these solvents to extend the polymer chain more 
than if intramolecular steric interactions as judged 
from model compounds were the sole determining factor. 
It would be interesting to see if in poorer solvents a 
decrease in the end-to-end distance of the chain was 
reflected in the vicinal coupling constants. 

The structure of PVC in solution is now well charac- 
terized. Both the configurational and conformational 
probabilities are known, and it should be possible to 
compute other properties such as the mean-square end- 

(30) A.  A. Bothner-By, "Advances in Magnetic Resonance," 
Vol. I, J .  S.  Waugh, Ed., Academic Press, New York, N .  Y., 
1965. 
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to-end distance. It has been suggested3’ that in iso- (tg)(gt)  being sterically forbidden. Since we have 
tactic chains in solution the 31 helix extends undis- shown that in PVC, the r sequences are almost as con- 
turbed for a considerable number of units. The only formationally regular as m sequences, then the majority 
allowed helix reversal if of the type (gr)(rg), the junction of “kinks” in a PVC chain would occur at m-r junc- 

(31) P. J. Flory, J. E. Mark, and A.  Abe, J .  Amer .  Chem. Soc., tions Of the (rg)(rr) and (gr)(rr)  Or their mirror 
88, 639 (19661. images. 
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ABSTRACT: This effect has hith- 
erto been only qualitatively explained. In this study. the contributions of intramolecular steric and electrostatic 
interactions to this phenomenon are computed. The calculations suggest that the total end effects are + 1 1.5 kcali 
mol for form I but only +3.3 kcal/mol for form 11. Similar calculations for a polyproline molecule wi th  ajunction 
between form I and form 11. and between form I1  and form I .  yield intramolecular junction free energies of -0.8 and 
t 2 . 3  kcal/mol for these two structures. The minimum intramolecular junction free energy J for simultaneous 
formation o f a  1-11 and a 11-1 junction, $1.5 kcal/mol, arises from a +2.1-kcal/mol electrostatic term and a -0.6- 
kcal/mol van der Waals term. Since the observed value of J is +4 to + 7  kcal/mol, these calculations suggest 
that, in contrast to the a-helix-random coil transition, the poly-L-proline 1-11 transition derives much of its coopera- 
tivity from polymer-solvent interactions. 

The poly-L-proline 1-11 transition is known to exhibit positive cooperativity. 

oly-L-proline is known to undergo a reversible con- P formational transition from a right-handed helix 
with cis peptide groups, termed form I,  to  a left-handed 
helix of trans peptide units, termed form IL1s2 This 
conformational transition occurs over a narrow range of 
solvent composition,3 suggesting that it is characterized 
by positive cooperativity. That is, under solvent condi- 
tions in which form I and form I1 are, on the average, 
equally probable, individual polymer chains possess long 
sequences of peptide groups in identical conformation 
rather than containing a truly random distribution of cis 
and rrans units. This observation can be introduced 
into a thermodynamic description of the phaselike 1-11 
transformation by assigning a “junction energy” to  each 
intramolecular junction between form I units and ad- 
jacent form I1 units. A positive junction energy then 
yields positive cooperativity. Indeed, this junction 
energy has been measured by two different techniques 
and found to lie between +4 and f 7  kcal/mol. 4-6 The 
molecular origin of this junction energy is the primary 
subject of the present paper. 

The positive cooperativity of polyproline has been 
ascribed to  three distinguishable phenomena. The 
first, suggested by Schimmel and F l ~ r y , ~  is best viewed 
as a van der Waals end effect in form I. These authors 
point out that form I, which occurs in poor solvents, 
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3651 (1968). 

58, 52  (1967). 

must possess more favorable intramolecular van der 
Waals interactions than form 11. Since residues at  the 
ends of form I sections are deprived of their full share 
of these intramolecular interactions, these end residues 
will be energetically unfavorable in comparison to  
residues within a long form I chain. Thus, under 
solvent conditions in which forms I and I1 both have 
significant average probability, cis units will usually be 
found only in long, all-cis sequences. Long all-trans 
sequences must then also occur, lending positive co- 
operativity to  the 1-11 transition. 

The second proposal, suggested by Rifkind and 
Applequist,j can best be described as intramolecular 
steric hindrance at  the junction between form 11 and 
form I. According to them, molecular model studies 
of junctions give evidence for extensive ovzrlap of atoms 
near the junction. Thus the first and second proposals 
are essentially of a steric nature, but neither has been 
placed on a quantitative basis. 

Recently, a third source for the cooperativity, the 
electrostatic interactions of peptide dipoles with one 
another, was suggested.b Calculations of the intra- 
molecular peptide interaction, in dipole-dipole approxi- 
mation, show that a positive junction energy of 1-2 
kcal/mol arises from this source. However, since the 
observed junction energy is 4-7 kcal/mol, electrostatic 
interactions are unable to  account fully for the observed 
effects. 

In order to  establish quantitatively whether intra- 
molecular steric interactions make a significant con- 
tribution to  the cooperativity, we have calculated the 
van der Waals energy and have examined for steric 
hindrance junctions between the two forms. In addition, 
the electrostatic energy is calculated in monopole ap- 

(8) G. Holzwarth and I<. Backman, Biochemistry, 8, 883 
( 1969). 


