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ABSTRACT: NMR chemical shifts have been calculated for methine and aromatic protons of the central >CHCgHj;
group in the all-meso nonad mg and in the nonads rrmg, mrrms, morrmy, and marrm; containing a single racemic
triad, each nonad being situated within an otherwise isotactic (meso) polystyrene chain. The magnetic shieldings by
phenyl groups that are first and second neighbors along the chain were computed according to their distances and
orientations relative to the resonant proton H* in each conformation of the chain using the ring current representa-
tion of the 7 electrons (Johnson and Bovey, and Waugh and Fessenden) or, alternatively, the magnetic anisotropy
of the phenyl group and the McConnell equation. The resulting chemical shifts were averaged over all conformations
on the basis of the rotational isomeric state scheme appropriate to polystyrene. Shielding by solvent (tetrachloroeth-
ane) was treated empirically by taking averages over the occurrence of phenyl groups in direct apposition to H*,
whereby solvent is excluded from H*. The calculations for the methine proton are in excellent agreement with the
experimental 300-MHz spectra obtained by Harwood and Shepherd for selectively deuterated, partially epimerized
(3%) isotactic polystyrene. The calculations match the observed spectra both in the order of occurrence of the reso-
nances for the various nonads and, approximately, in the magnitudes of the spacings between them. Analogous treat-
ment of the chemical shifts for the aromatic protons in ortho and meta positions is indecisive owing to the extraordi-
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nary sensitivity of the shielding to torsional angles in the chain backbone.

The NMR chemical shifts of protons depend on their
magnetic environments which, in turn, depend on the con-
formations of the neighboring bonds and, thus, in vinyl
polymers on the stereochemical constitution of the polymer
chains. The time-averaged occurrences, or probabilities, of
various conformations of the neighboring bonds depend not
only on the stereochemical character of the dyad in which the
protons are situated, but also in marked degree on the ste-
reochemical character of neighboring dyads, including second
and third neighbors and beyond.?-* This “long-range” de-
pendence is a consequence of the severe conformational con-
straints generally prevalent in vinyl chains. Taking this cir-
cumstance into account, Flory and Fujiwara2# calculated the
NMR chemical shift spectra of the methylene protons in
tetrads for atactic polypropylene and methine protons in
pentads for atactic polystyrene.3 They distinguished various
conformations according to the anticipated effect of each on
the magnetic shielding of the relevant protons and then cal-
culated the probability of each such conformation.

In polypropylene?® the magnetic anisotropy of the chain is
much smaller than that of the solvent, o-dichlorobenzene,
used in the NMR measurements. Hence, only those confor-
mations that preclude magnetic shielding by solvent molecules
through juxtaposition of the CHR group of an adjoining dyad
to the proton of the methylene group were singled out for
consideration. The chemical shifts calculated on this basis led
to assignments of each of the ten resonances of methylene
protons observed in the spectra of tetrads of various stereo-
chemical structures.® All of these assignments were eventually
confirmed.?

In polystyrene chains the phenyl groups attached to the
adjacent substituted C* atoms are the major source of mag-
netic shielding. Shielding by a phenyl group depends strongly
on its relative orientation as well as on its distance from the
proton in question. The theoretical spectra of the methine
protons of pentads in atactic polystyrene3 were estimated by
Fujiwara and Flory by considering only those conformations
which place a nearest neighboring phenyl in apposition to H.
The resulting calculations were in qualitative agreement with
the spectra for atactic polystyrene-d- observed by Segre et
al.7

For a more definitive comparison with experiments, these
theoretical calculations for atactic polystyrene require re-
finements as follows:

(i) Owing to the large magnitude of magnetic anisotropy
of the phenyl group, the shielding in the conformations
other than those which place the phenyl in direct ap-
position to H may be substantial and, hence, should
be taken into account. Shielding by phenyl groups
separated by two intervening dyads (second-neighbor
shielding) also should be included.

(ii) The shielding parameters for a given conformation
should be evaluated more accurately on the basis of
the improved analyses now available® of molecular
geometry in the preferred conformations.

(iii) The shielding by solvent molecules, which are mag-
netically anisotropic, needs to be considered.

The work of Ando et al.? on the proton chemical shifts of
poly(vinyl chloride) measured in various solvents demon-
strates the importance of (iii). After taking account of (i) and
(ii) by carrying out the necessary computations they succeeded
in identifying the effects of (iii) and found them to be sub-
stantial.

Recently, Harwood and Shepherd!? determined the 300-
MHz NMR spectra of partially deuterated isotactic polysty-
renes in which protons were retained in one of three selected
positions as follows: on the methine carbon, in the ortho po-
sitions of the phenyl group, or in the meta positions. They also
determined the NMR spectra of each of the three polymers
after they had been partially epimerized. A small fraction, ca.
3%, of the a-carbon centers were inverted at random in this
process. The racemic triads (rr) thus introduced were sur-
rounded by predominantly meso (m) dyads of the otherwise
isotactic chains. The high resolution of the 300-MHz spec-
trometer used by Harwood and Shepherd!? and the almost
uniform isotactic environments of the racemic triads enabled
them to identify five or six well-separated peaks free of ex-
tensive overlapping in the spectra of each of the three partially
epimerized samples. These resonances were attributed to
protons of the central >CHC¢H; member of the five distinct
nonads m4*my, romo*my, mrem*my, mors*my, and msr*rms,
where the location of the resonant proton(s) is denoted by the
asterisk.

Harwood and Shepherd’s!® results are presented in Table
L. They are represented schematically by the stick diagram
above the tabulations of chemical shifts for protons of each
of the three kinds. The location of the resonance that is ex-
hibited both before and after epimerization is denoted by C.
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Table I
Experimental Chemical Shifts for Protons in Predominantly
Isotactic Polystyrene!'®

A B c o E F

Proton chemical shifts?

Line Methine Ortho Meta
A 6.59 7.07
B 2.05 6.53 6.94
C 1.98 6.50 6.89
D 1.90 6.49
E 1.68 6.35 6.84
F 1.65 6.32 6.81

a All values are in units of ppm relative to hexamethyldi-
siloxane (HMDS). The measurements were made in tetra-
chloroethane solution at 28 °C by Harwood and Shepherd.!®

The additional resonances that appear after epimerization are
shown in the order of their occurrence in the spectra. The
relative intensities of these five peaks are indicated by the
length of the sticks, the ratio being 1:2:4 for the shortest (F),
the intermediate (B, D, E), and the longest (A}, respectively.
While the magnitudes of the spacings differ for the methine,
ortho, and meta protons, the resonances of greatest and lowest
intensities occur at the extremes of the patterns for each.

We have carried out theoretical calculations of the chemical
shifts for the methine protons and for the protons of the
phenyl group centered in the nonads identified above in an
effort to gain a quantitative understanding of them in mo-
lecular terms. The well-separated peaks in the spectra of
Harwood and Shepherd on the one hand and the controlled
stereochemical structures of their samples on the other pro-
vide an exceptional opportunity to test theoretical calculations
of magnetic shielding averaged over conformations of the
chain. The treatment has been improved as indicated in order
to overcome deficiencies of previous calculations. The analyses
have been carried out in greater detail than heretofore, as
warranted by the quality and scope of the experimental results
made available to us by Harwood and Shepherd.

Chain Geometry and Rotational States

A detailed description of geometrical parameters and
conformational characteristics of polystyrene chains has been
presented in a recent paper.8 The supplements 6’ and 8” of the
skeletal bond angles defined in Figure 1 were assigned the
values of 66 and 68°, respectively. Lengths [ of the skeletal
C-C bonds were taken to be 1.53 A. Geometrical parameters
describing the phenyl group were assigned their established
values. Repulsions between one of the ortho CH groups of
phenyl and one of the H atoms of the neighboring CH, group
(e.g., between (CH);_1* and H; in Figure 1) and between the
ortho CH and an atom (H) or a group pendant to the adjoining
Ce (e.g., pendant to C;4; in Figure 1) limit the rotation x of the
phenyl to the range x &~ +£20°.811 The angle x is measured
from the orientation in which the phenyl group is perpen-
dicular to the plane of the adjoining backbone bonds. Con-
formations in the g domain, in the vicinity of ¢ = —120°
(measured according to the convention relating the rotational
sense to the chirality of the bond12), are of excessively high
energy owing to severe steric interactions involving the planar
phenyl group and therefore may be ignored. Hence, two ro-
tational states, trans (t) and gauche (g), with mean locations
at ¢y~ 10° and ¢4 =~ 110°, respectively,® suffice for represen-
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Figure 1. Portion of the isotactic polystyrene chain in the all-trans
conformation. A pair of racemic dyads is obtained by exchanging
phenyl and H at one of the Ce.

tation of the accessible conformations in polystyrene
chains.

Chemical Shifts Due to Shielding by Phenyl Groups in
Specified Conformations

In the higher approximation employed in this paper, we
consider the diamagnetic shielding of the resonant proton H*
by the first- and second-neighboring phenyl groups; e.g., with
reference to the methine proton H;_; in Figure 1 we consider
shielding effects of phenyl substituentsat: — 5,i — 3,{ + 1,
and i + 3. On this basis, the averaged chemical shift 7py, is
given by

TPh = TPhO + Z 5<np¢\' + Z; 5mfp(n3 (1)
where 7p,° is a constant for protons of a given class, and §,, is
the shift parameter due to the phenyl group attached to the
adjoining C« atom when the intervening dyad is in the con-
formation specified by a, whose probability of occurrence is
Dq; the shift parameter due to the phenyl separated from H*
by two dyads (second-neighbor shielding) when the two in-
tervening dyads are in the conformations specified by « and
B, respectively, is 8,3 the probability of this conformation is
Pag- The summations include both the preceding and the
following dyads or dyad pairs. The chemical shifts due to the
phenyl groups separated from H* by more than two dyads are
negligible when averaged over all conformations, because of
the greater distances and variety of orientations. Hence, ne-
glect of magnetic shielding by groups that are more remote in
sequence along the chain appears to be well justified.

The contributions §, and 6, to the chemical shift depend:
on the distance of the phenyl group from the resonant proton
and on the orientation of the phenyl group in the various
conformations for intervening skeletal bonds. An expression
for these contributions has been derived by Waugh and Fes-
senden!s and by Johnson and Bovey!4 on the basis of the free
electron model of Pauling.!> According to their scheme the
shift parameter 6 in ppm for a proton located at a point
specified by the cylindrical coordinates p and z measured from
the center of the phenyl group and expressed in units of the
phenyl ring radius a, is given by!4

ne? x 108 [

5= 1 - ,02 — 22
6rme2a{(1 + p)2 + 22]

where e and m are the electronic charge and mass, respec-
tively, ¢ is the velocity of light, n is the number of = electrons
(n = 6),and K and E are the complete elliptic integrals whose
modulus k is given by

4p

2 g
(1+p)2+22

(3)
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Table I1
Calculated Chemical Shift Parameters é, and 6,4 for the
Methine Proton in Polystyrene®

Contribution

Conformation in ppm

O meso;tt -0.04
meso;tg -0.15

meso;gt 0.60

meso;gg -0.15

racemic;tt 0.62

racemic;tg —-0.14

racemic;gt -0.04

racemic;gg —0.16

Sag meso,meso;tt,gt? 0.14
meso,meso;tg,tg -0.09

meso,meso;gt,gt 0.10
meso,racemic;tt,tt 0.27
meso,racemic;tg,tt 0.06
meso,racemic;gt,tt 0.12
racemic,racemic;tt,gt 0.09
racemic,racemic;tt,tt 0.11

@ These calculations are for A¢ = 10°, The resonant proton is
attached to the C= at the left of the dyad or pair of dyads. ® The
first stereochemical designation (meso or racemic) and the first
conformational pair (e.g., tt, tg, etc.) refer to the dyad adjoining
the proton.

NN NN
NN NN

Meso; gt Racemic; tt

Figure 2. The conformations that directly appose the phenyl group
to the methine proton H*.

The 7-electron cloud was divided into two rings, one on either
side of the plane of the benzene ring.!314 In order to reproduce
the proton chemical shifts in benzene, Johnson and Bovey!*
fixed the distance between these two rings representing the
7 cloud at z = 0.92¢ = 1.28 A,

Alternatively, the shift parameter & can be calculated from
the equation of McConnell,16

6 = Ag(1 — 3 cos? Q)/3r3 (4)

where r is the magnitude of the vector connecting the center
of the phenyl ring and the proton, Q is the angle that this
vector makes with the normal to the plane of the phenyl, and
Ag is the magnetic anisotropy of the phenyl group. Recent
results from Zeeman microwave spectra of simple aromatic
compounds indicate that Ag = 59.710"% erg G—1.17

We have employed both methods for evaluating the shift
parameters, Differences between results obtained by the two
methods were found to be insignificant. The numerical results
here reported were calculated according to the former
scheme.

Chemical Shift Parameters for Methine Protons in
Specified Conformations

Chemical shift parameters 6, and 6,5 were calculated ac-
cording to eq 2 for each of the conformations tt, tg, gt, and gg,
or pair of these conformations. The parameters are sensitive
to the torsional angles ¢;, ¢;+; that define the rotational state.
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Table III
Conformational Probabilities for the Dyad to the Right of
the Central Methine Proton within each Nonad Situated
in an Isotactic Chain

Probabilities
Nonad tt tg gt gg
mmmm*mmmm 0.14 0.43 0.43 0.00
rrmm*mmmm 0.11 0.36 0.52 0.00
mmmm*mmrr 0.10 0.59 0.31 0.00
mrrm*mmmm 0.10 0.31 0.59 0.00
mmmm*mrrm 0.07 0.70 0.22 0.00
mmrr*mmmm 0.07 0.22 0.70 0.00
mmmm*rrmm 0.90 0.02 0.01 0.07
mmmr*rmmm 0.90 0.01 0.02 0.07
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Figure 3. Chemical shift spectra for the central methine proton within
each of the indicated nonads due to shielding by first-neighbor phe-
nyls only, plotted against the locations of the rotational states spec-
ified by ¢: = A¢ and ¢, = 120° — A¢. Each nonad is embedded within
a long isotactic (i.e., all-meso) chain. All values are relative to those
for the all-meso nonad. They were computed for a range of phenyl
rotation x of £20°,
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Figure 4. Chemical shift spectra for the central methine proton of
the indicated nonads due to the first- and second-neighbor phenyls,
plotted against A¢; see the legend to Figure 3. The experimental re-
sults of Harwood and Shepherd!? are shown by the stick diagram on
the right-hand ordinate.

In recognition of the correlations of the averaged departures
of these two angles from their symmetrical locations,'8 we take
¢t = A¢ and ¢z = 120° — A¢. The value of A¢p was varied from
0 to 20°. The chemical shifts also depend on the rotation x of
the phenyl group about its bond to C, but to a lesser degree
within its allowable range x = £20°. Calculations were carried
out at 10° intervals over this range, and the average was taken
of the é, thus obtained for each conformation a.
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Results for 6, and 5,5 with A¢ = 10° are presented in Table
I1. Here the resonant proton H* is on the left-hand side of the
dyad, or pair of dyads, and the shielding phenyl group or
groups occur to the right in the specified stereochemical se-
quence and conformation.

The values of é, and 8, in Table II clearly demonstrate that
the meso;gt and the racemic;tt states for the first-neighboring
dyads, which place the phenyl in direct apposition to H, make
the major contributions to the total chemical shift; see Figure
2. In some conformations, however, shielding by the second-
neighbor phenyl group is comparable to the contribution of
the first neighbor and, hence, needs to be taken into ac-
count.

Averaged Chemical Shifts for Methine Protons Due to
Shielding by Phenyls

The conformational probabilities p, and p.g required by
eq 1 were computed for the nonad embedded between two
sequences of 100 meso dyads each. Thus, the stereochemical
structures of the chains considered are expressed by mogs and
Migo+iToMige—; Where 0 < i < 3, the methine proton at the
center of the chain being the one of concern in each instance.
The 2 X 2 statistical weight matrices of ref 8 furnished the
basis for these computations, which were carried out using the
matrix multiplication method.!8 All calculations were for a
temperature of 28 °C, except as noted otherwise.

Table III presents the probabilities p, for the dyad to the
right of the central methine proton in the indicated nonads.
The probabilities of the tg and gt conformations for the ad-
joining meso dyad are strongly affected by placement of an
rr triad in their vicinity. For example, presence of rr as the
third neighbor to the left increases the probability of the gt
conformation from 0.43 for an all-meso sequence to 0.52. It
is increased to 0.59 when rr occurs as the second neighbor and
to 0.70 when it adjoins the central methine. Thus, the “long-
range” influence of neighbors?b4 is clearly demonstrated.
Similar effects are manifested in the probabilities p,s which
are calculated for the pair of dyads that separate the second-
neighbor phenyl from the proton H* but are not presented
here.

From the shift parameters and the conformational proba-
bilities, the chemical shift 7p, due to the phenyls may be
evaluated for each nonad according to eq 1. First we consider
only the shielding due to the adjacent phenyl groups. The
resulting chemical shifts, expressed relative to the chemical
shift for the all-meso nonad, are shown in Figure 3 as a func-
tion of A¢ within the range 0 < A¢ < 20°. Inclusion of the
second-neighbor shielding due to phenyls separated by two
intervening dyads from the central proton yields the results
similarly represented in Figure 4.

A comparison of theoretical spectra in Figure 3 with those
in Figure 4 clearly demonstrates the significance of second-
neighbor shielding. In Figure 3 only two peaks, mmmrrmmm
and mmrrmmmm, have higher values of 7py, than the all-meso
sequence; the order of the peaks does not change with A¢.
When second-neighbor shielding is included (Figure 4), the
chemical shift 7py, for the mrrmmmmm nonad increases with
A¢, and for A¢ > ~8° it is larger than rpy, for the all-meso se-
quence. Thus, for the range ~8 < A¢ < ~15° the relative
locations of the theoretical spectra are in agreement with the
experimental results, also shown in Figure 4 by the stick di-
agram along the right-hand ordinate representing the values
in Table I. This range of A¢ includes the value A¢ ~ 10° es-
timated from conformational energy calculations.8 The rela-
tive intensities of the peaks thus identified are consistent with
the intensities predicted from symmetries of the respective
nonads containing an rr pair. However, the theoretical spectra
are spread over a range about twice that of the observed
spectra.
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Table IV
The Chemical Shifts for the Central Methine Proton of
Nonads Situated within Isotactic Polystyrene®

Nonad 7pn?° >ala Caled 7t Obsd 7t
mmmmmmmm 0.00 0.86 (0.00)
mmmrrmmm 0.82 1.80 (0.33) 0.33
mmrrmmmim 0.68 1.60 0.30 0.30
mrrommmm 0.03 0.81 0.06 0.08
rrmmmmmm -0.06 0.83 -0.04 -0.07

@ All calculations are for A¢ = 10° and a temperature of 28 °C.
Values quoted are averages over x confined to the range £20° (see
text). ® These values are in units of ppm relative to the all-meso
nonad.

Solvent Effects

The magnetic anisotropy of the solvent, tetrachloroethane,
used for the NMR measurements is presumed to be relatively
large and may be comparable to phenyl in this respect. We
proceed on the assumption that the shielding by solvent
molecules is of short range and, hence, that only those con-
formations need to be considered in which close contacts be-
tween H* and solvent molecules are precluded by the presence
of an interfering group of the chain. The adjacent phenyl
group displaces solvent from the environs of H* in the gt
conformation of the meso dyad and, likewise, in the tt con-
formation of the racemic dyad; see Figure 2. The CDs group
is proximate to H* in the meso;tg conformation (and also in
racemic;tg which, however, is strongly disfavored). The CDq
group is less effective than phenyl in this respect owing to its
small size. Hence, we consider only those conformations in
which the phenyl group is apposed to H*.

On this basis, the shielding by solvent molecules, 7, is ex-
pressed by

Ts = TSO - 55 Z q« (5)

where 7,0 is a constant, §; is the shift parameter due to solvent
molecules which are displaced when the phenyl group inter-
venes, and g, is the probability of such a conformation. The
total chemical shift 7 due to shielding by phenyl groups at-
tached to the chain and to the solvent is

7T=71ph+ 75

= TO + Z aup(v + Z; axtﬂpﬂd - 65 un (6)
« f! «
The value of é; cannot be readily evaluated. In the analysis of
NMR spectra of atactic polypropylene, Flory and Fujiwara2b
estimated that &; = 0.37 ppm for the solvent o-dichloroben-
zene excluded by the CHR group in certain conformations (s
corresponds to év, in their notation). Here we assign §; the
value such that the calculated chemical shift for the symmetric
nonad mgsromg relative to that for the all-meso sequence
matches the experimental value, 0.33 ppm. These two peaks
are unambiguously identified by their relative intensities.
The calculated chemical shifts 7p, due to shielding by
phenyl groups in the various nonads relative to their effect in
the all-meso sequence are presented in the second column of
Table IV. In these calculations and those that follow A¢ = 10°.
The combined expectations X, g, of the occurrence of a
phenyl group in apposition to H* are given in the third col-
umn. Coincidence of the calculated chemical shift 7 with the
value observed for mgroms requires é; = 0.52 ppm for poly-
styrene in tetrachloroethane. The chemical shifts = calculated
on this basis for the remaining nonads are presented in the
fourth column of Table IV. These calculated chemical shifts,
corrected for shielding by the solvent according to eq 6, are
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Figure 5. Chemical shift spectra for the central ortho-aromatic pro-
tons of the indicated nonads, situated in an otherwise isotactic chain,
due to the first- and second-neighbor phenyls plotted against A¢; see
the legend to Figure 4.
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Figure 6. Chemical shift spectra for the central meta-aromatic pro-
tons of the indicated nonads, situated in an otherwise isotactic chain,
due to the first- and second-neighbor phenyls plotted against A¢; see
the legend to Figure 4.

in good agreement with the experimental results given in the
last column. Not only do the theoretical chemical shifts occur
in the correct order, they are also of the correct magnitude.
Variations in the range of phenyl ring rotation Ax from 0
to £30° have only a minor effect on the calculated spectra.
The total spread in 7py, of the spectra decreased from 0.97 to
0.79 ppm when Ax was increased from 0 to £30°. Introduction
of racemic dyads at random among the 200 units appended
at the ends of the nonad up to a proportion of 10% did not
appreciably affect the theoretical spectra. An increase of the
temperature from 28 to 140 °C likewise had little effect.

Aromatic Protons

The averaged chemical shifts for the ortho- and meta-aro-
matic protons within each nonad were calculated according
to eq 1, which takes account of shielding by phenyl groups,
following the procedures described above for the methine
proton. The torsional angle x for the rotation of the phenyl
group was confined to the range of £20°. Mean values of the
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chemical shifts were calculated for the two ortho protons and
for the two meta protons. The resulting nonad spectra for the
ortho and meta protons are shown in Figures 5 and 6, re-
spectively, as functions of A¢. They are again expressed rel-
ative to the resonance for the all-meso sequence. The corre-
sponding exprimental results are indicated by the stick di-
agrams on the right-hand ordinates.

The calculated spectra for both the ortho and meta protons
are extremely sensitive to the choice of A¢. In fact, they are
so0 sensitive that the representation of the chain conformations
with a fixed value of A¢ may be an oversimplification. Quali-
tative agreement with experiments would be obtained for A¢
~ 0°, except for the additional peaks observed at 7py, < 0
whose intensities are twice those expected for an asymmetric
nonad. The source of these observed resonances is not known.
Consideration of possible nonrandomness of the epimerization
also did not resolve the difficulty. The large variation of the
calculated spectra with the value of A¢ together with the
probable effects of solvent shielding, which cannot be ac-
counted for by any simple treatment in case of aromatic pro-
tons, render the theoretical analysis of the chemical shift
spectra for the aromatic protons subject to large uncertain-
ties.
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