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Conformational Statistics of Poly(methyl methacrylate)
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ABSTRACT: Conformational energy calculations have been carried out for monomeric and trimeric oligomers
of PMMA and for four-bond segments (embracing two repeat units) embedded in stereoregular PMMA chains,
including both isotactic (meso) and syndiotactic (racemic) stereoisomeric forms. All incident interactions
were taken into account. In each conformational domain the energy was minimized with respect to all bond
angles and torsion angles including the torsional rotation x of the ester group about the bond joining it to
the chain backbone. Although in most of the conformations the plane of the ester group tends to occur
approximately perpendicular to the plane defined by the adjoining skeletal bonds, substantial departures
occur when one of these bonds is in a gauche g state. In consequence of this departure from x = 0 or =, the
energy of the g conformations is not excessive, as was originally concluded. The intradiad bond angle 7 =
124 + 1° in all conformations after energy minimization. The interdiad bond angle 7 = 106° when both adjoining
skeletal bonds are trans t, 7 =~ 111° when one bond is t and the other g or g, and 7 ~ 116° when both are
g or g. The spatial configurations found to be of lowest energy for stereoregular chains are in excellent agreement
with crystallographic studies on i-PMMA and with results of wide-angle X-ray scattering of s-PMMA. The
backbone torsional angles for the various energy minima can be represented approximately by six discrete
states that form the basis for a rotational isomeric state treatment. Conformations near trans are preferred;
the preference is pronounced for s-PMMA. Characteristic ratios and their temperature coefficients calculated
according to the six-state scheme are in satisfactory agreement with experimental results. Parameters used
in these calculations follow directly from the conformational energy calculations; adjustments are not required.

Introduction

The conformations accessible to poly(methyl meth-
acrylate) (PMMA) chains were investigated by Sundara-
rajan and Flory! on the basis of a simple rotational isomeric
state (RIS) scheme with each skeletal bond assigned to
either the trans t or the gauche g conformation. The al-
ternative gauche g state was dismissed on the grounds that
steric repulsions between atoms of the ester group and
groups attached to the neighboring substituted skeletal
carbon C* (see Figure 1) were found to be acute in this
conformation. Additionally, the skeletal bond angle 74,
defined in Figure 1, was assumed to be 110° irrespective
of the conformations of the adjoining skeletal bonds.

The steric repulsions operative in the g conformation
depend on the orientation of the ester group? specified by
the angle x; that measures the torsion about the C*—C*
bond; see Figure 1. Orientations x = 0 or =, in which the
plane of the ester group is perpendicular to the plane
defined by the adjoining skeletal bonds, were originally
considered! to dominate all other possibilities owing to
influences of steric interactions involving the skeletal
methylene groups. This premise appeared to be supported
by infrared absorption spectra of syndiotactic PMMA? and
of model compounds? in the 1050-1300-cm™! region. On
the other hand, dielectric and mechanical relaxation
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measurements® indicate a greater diversity of orientations
for the side groups. Conformational energy calculations
subsequently carried out by Sundararajan? show that re-
laxation of the restriction of x to values of 0 and = may
facilitate occurrence of the g state in the vicinity of ¢ =
—-100° to —120° (see ref 6 on conventions pertaining to the
signs of torsional angles ¢). Furthermore, recent FTIR
investigations®® on hydrogeneous and deuterated PMMA
samples cannot be reconciled with the two-state scheme
used previously; additional gauche states for the skeletal
bonds are required to account for these results.®?

Recent calculations on polyisobutylene!® demonstrate
that reliable conformational analysis of disubstituted vinyl
polymers requires explicit allowance for the variability of
the bond angles with conformation and for orientation
correlations between substituents separated by several
bonds. We present in this paper the results of a confor-
mational analysis of PMMA in which all the bond angles
and torsion angles have been treated as free variables
subject to optimization. Using the outcome of preliminary
calculations on simple models as starting point, we have
minimized the energies of all eligible regular conformations
for both isotactic and syndiotactic PMMA. The results
are discussed in terms of a six-state RIS scheme.

Energy Calculations

Intramolecular conformational energies were calculated
as sums of contributions from bond angle deformations,
inherent torsional potentials, nonbonded interactions be-
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Figure 1. Structural unit of PMMA.

Table I
Parameters for Energy Calculation
bond length, A intrinsic barrier, kcal mol™
c-C 1.53 2.80
c-Cc* 1.52
C-H 1.10
C*-0 1.36 8.75
C*=0* 1.22
o-C¢ 1.45 1.55
bond angle k, X 10% kcal mol™* deg™ 0, deg
c-C-C 35.1 111
C-C-H 26.7 109.5
H-C-H 22.3 107.9
C-C*=0* 25.0 122
C-C*-0 30.7 114
O-C*=0* 49.5 124
C*-0-C’ 28.5 110
van der effective partial
Waals no. of polariza- charge,
atom  radius, A electrons bility, A3 esu
C 1.8 5 0.93
H 1.3 0.9 0.42
C* 1.8 5 1.23 0.517
O* 1.6 7 0.84 -0.417
0 1.6 7 0.70 -0.202
(04 1.8 5 0.93 0.102

tween pairs of atoms (separated by more than two bonds),
and Coulombic interactions between partial charges ap-
propriately assigned to atoms of the ester groups. Bond
lengths were kept constant.

Energies E, of bond angle deformations were calculated
in the usual quadratic approximation

E, = (k. /2)(1 - 7)) ey

Bond lengths and values of &, and 7, for bond angles oc-
curring in PMMA, taken from the literature!®>2 and used
in the following calculations, are listed in Table I.
Distortion of bond angles vitiates the customary repre-
sentation of the inherent torsional potentials by symmetric
m-fold (e.g., threefold) sine functions. To overcome this
difficulty, we assign a separate potential to each pair of
atoms pendent to the bond considered. Thus, if X and
Y are atoms attached respectively to A and B of the bond
A-B, an m-fold potential that is symmetrical with respect
to its minimum at the trans-periplanar conformation
X-A-B-Y is assigned for this pair. The sum of the po-
tentials for all such pairs, each referenced to the trans-
periplanar conformation for that pair, is taken to represent
the inherent torsional potential for bond A-B. For a C-C
bond bearing six singly bonded substituents the magnitude
of the barrier for éach pair is Ecc®/9, where we take E¢c?
= 2.80 kcal/mol.¥® For O-C’ (see Figure 1) it is 1.55/3
kcal/mol,'* and for the C*—O bond of the ester group it
is taken to be 8.75/2 kcal/mol.’* Although approximate,
this procedure offers the advantage of consistency and
should afford a significant improvement over assignment
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Figure 2. Conformations for enantiomeric d and [ skeletal bonds
of PMMA and their classification in six domains or states.

of a gymmetric potential that fails to take account of the
asymmetry resulting from bond angle deformations.

An inherent torsional potential for the C-C* bond was
not included in the calculations. Microwave spectra of
methyl acetate'®!” indicate a threefold rotational potential
with an energy barrier of only about 0.3 kcal/mol, its
minima being located at the conformations in which
C*=0* eclipses the C-H bonds. This feature is ade-
quately reproduced by nonbonded interactions reckoned
as described below, without resort to an inherent torsional
potential for the C~C* bond.

Nonbonded interactions were evaluated as the sum of
6-12 Lennard-Jones potentials E;; = ;72 ~ b for each
atom pair ij separated by a distance r. The parameters
b;; were calculated from polarizabilities and effective
numbers of electrons as detailed in ref 11. The a;; were
selected in such a way to make E;; a minimum when r is
the sum of the adjusted van der Waals radii for atoms i
and j (see Table I). As discussed in ref 10, interactions
with surrounding molecules can be taken into account
approximately by letting E,;(r) = E;;(r*) for r > r* + h/2,
a cubic spline with the Lennard-Jones function being in-
serted for the range between r* — h/2 and r* + h/2 in order
to avoid discontinuities of the first derivative of E;; with
respect to r. Weselect r* =45Aand h =1 A,

Values given by Qoi et al.!® for partial charges on the
atoms of the ester group (see Table I) were used to evaluate
the Coulombic interactions. In conjunction with the bond
angles «CC*O* = 126°,1° «CC*0O = 111°,*? and /C*0OC’ =
113°,1 these values reproduce the experimentally deter-
mined magnitude and direction of the dipole moment of
the ester group in aliphatic compounds.’® The effective
dielectric constant was taken to be 3.5 for the estimation
of Coulombic energies.

Calculations on Model Compounds

Staggered conformations in disubstituted vinyl polymers
place groups bonded to successive quaternary carbon at-
oms (C%) at distances as small as 2.5 A if the backbone
angle 7, at the methylene group is assigned the tetrahedral
value. When the substituents are carbon atoms or larger
groups, the repulsive interactions are optimally alleviated
by opening this angle and simultaneously displacing the
torsional angles about the skeletal bonds from the values
for perfect staggering. The magnitudes of these dis-
placements depend on a delicate balance of the energies
involved in all interactions and distortions at play.

With complete generality, we divide the 360° range
describing rotations around the skeletal bonds into six
equal intervals as shown in Figure 2. In conformity with
the notation of ref 7, intervals in which C* is placed syn
to CH; and CH, are denoted by g, while those in which
C# is syn both to the ester group and to CH, are denoted
by g. The ~ and + subscripts in Figure 2 indicate the signs
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Figure 3. Model compounds and segments selected for the
analysis of conformational energies.

of departure d¢ from the respective locations (¢ = 0°, 120°,
and -120°) for perfect staggering of bonds that meet at the
tetrahedral angle.

Opposite reference frames are affixed to d and [ back-
bone bonds® identified in Figure 2. Accordingly, torsion
angles about d bonds are reckoned in the right-handed
sense while the left-handed sense is used for  bonds. The
same convention applies to the signs of the é¢’s. Hence,
conformations of d and [ bonds that are related by mirror
reflection carry identical designations;® see Figure 2.

Relative to vinyl polymers having symmetrical substit-
uents, the conformational analysis of PMMA is compli-
cated by the presence of a substituent that is unsymme-
trical with respect to rotation x about the bond (C*~C*)
connecting it to the chain backbone; see Figure 1. The
intramolecular energy therefore depends on this torsional
angle as well as on torsional rotations (¢) about skeletal
bonds. The usual procedure whereby the intramolecular
energy associated with a given unit is represented by a
surface that is a function of a pair of torsional angles is
obviously inadequate here. Dependence on the torsional
angle x must be taken into account as well.

In order to simplify symbols required to specify the
conformation and to rationalize their use, we identify the
location of the kth a-carbon C¢ along the chain by the
serial index k. This index also identifies the kth interdiad
junction. Then x; denotes the torsional rotation of the kth
ester group as shown in Figures 1 and 3. In keeping with
this notation we identify the torsion angles for the two
bonds at the interdiad & by ¢;|¢,’; see model I in Figure
3. The torsion angle around the C—-C* bond and the
CH,-C-CH, bond angle at the same interdiad site are
denoted by x; and 7,, respectively. The intradiad bond
angle following C?, is denoted by 7.’ and the intradiad
torsional angles by |¢; ¢+, as illustrated in Figure 3. The
values of x, are measured in the sense dictated by the
reference frame affixed to the second interdiad bond.
Hence, the same set of values ¢,|(x:)¢:” applies to a given
interdiad conformation and to its mirror image in which
the chiralities of the bonds at the interdiad and their
conformations are inverted.

Model I. We first consider the simple model I shown
in Figure 3. Computations were carried out by assigning
initial values of 124° to the bond angles 7/, as indicated
by previous studies;! all other bond angles with the ex-
ception of those within the ester group were assigned the
tetrahedral value of 109.5°. The bond angles of the ester
group were fixed at the values quoted above. (These values

Conformational Statistics of PMMA 407

E, kcal/mol

0
-180 -120 120 180

Figure 4. Energy minima as a function of the ester group torsion
X2 in model I (Figure 3) for three skeletal conformations of the
interdiad bond pair: tjty (—); t4|g8+, (-—-); tig+ (—).

follow also from the angles 7, given in Table I after al-
lowing for the distortions due to repulsions between atoms
attached to the subtended bonds.) For a given x,, the
backbone torsion angles were assigned starting values
corresponding to one of the 21 possible combinations of
states (see Figure 2) that are nonequivalent by symmetry.
The energy was then minimized with respect to ¢/, ¢o, @2,
and ¢; and to rotations of the methyl groups using qua-
si-Newton methods previously described.!’ Since ¢, and
¢y’ were not allowed to exit their respective domains, this
calculation gives the minimum energy that can be obtained
for each conformation of the backbone as a function of x,,
with bond angles fixed at the values quoted.

It will be evident that model I contains the minimum
set of interactions generated in a PMMA chain as a con-
sequence of the assignment of the interdiad couple (i.e.,
¢s¢<” in this model) to a given conformation. Additional
attractive and repulsive contributions to the energy ob-
viously are operative in an interdiad within a PMMA
chain, inclusive of Coulombic interactions absent in model
L. These additional interactions depend on ¢,” and ¢; as
well as on the stereochemical structure of the pair of diads.
Nevertheless, conformations that are high in energy for
model I are so because of interactions that occur also in
the polymer.

As expected, conformations of I containing a glg or a g|g
interdiad have exceedingly high energies for any value of
x2- The origin of this observation is easily understood by
examination of models; it has been fully discussed.”’® The
energy for a g.|g_ or g_|g. interdiad conformation also is
large, although less than for g|g and g|g. In the course of
minimization of the energy with respect to the skeletal
torsional angles ¢, a g4|g_ or a §_|g. assignment tends to
change to one of the adjoining conformational domains.
It may be noted that the simple “selection rules” estab-
lished previously!® for the interdiads of polyisobutylene
(PIB) hold for PMMA as well.

The most conspicuous result of the analysis of model 1
is the suppression of the intrinsically threefold character
of the torsional rotation x, in compounds of the kind
X4CCOOCH,. Figure 4 shows plots of the minimum en-
ergy obtained within the assigned domain vs. x, for 3 of
the 21 independent backbone conformations. The calcu-
lated curves for most of the eligible conformations are
characterized by two well-defined minima in the vicinity
of 0° and 180° and separated by barriers of 4-5 kcal/mol
or more. The only exceptions are the t_|g; (shown in
Figure 4) and the g_|g. conformations (not shown), for
which three minima were found, the minimum near x =
180° being replaced by two minima on either side of 180°.
The energies and approximate values of x, at the minima
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Table II
Energies E,;, and Ester Group Rotations (xmn,) at the
Minima for Eligible Conformations of Model I

Ein (Xmin), kecal mol™ (deg)

conformation
tofts 0 (0) 1.43 (180)
tte 0.11 (0) 1.63 (180)
tt. 0.26 (0) 1.89 (180)
tilg- 1.98 (0) 3.36 (-150)
telg+ 1.78 (0) 2.98 (-160)
t-lg- 1.51 (0) 2.94 (160)
tlg+ 1.44 (0) 3.02 (-160)
3.02 (140)
t)g. 4.19 (20) 3.08 (-160)
t4]B- 3.15 (30) 0.49 (-130)
t4|8+ 2.63 (30) 0.57 (-140)
t)g, 3.35 (20) 3.45 (-160)
gg- 5.32 (40) 3.56 (-120)
5.46 (120)
g.lg+ 5.30 (20) 4.10 (-120)
g+18+ 6.98 (20) 5.39 (-130)

are summarized in Table II, with the energies referred to
the t.|t, conformation as the state of reference.

Inasmuch as the energy E(x) generally exhibits minima
near x = 0 and =, it is expedient to distinguish these two
states by a subscript, 0 or =, appended to the vertical bar
denoting the interdiad junction, e.g., as in t|,g. It is to be
understood that x may depart appreciably from the in-
dicated values, 0 or 7. Such departures are substantial
when the state for one of the adjoining bonds is g, and
especially when it is g; see Table II. In the latter case, the
value of x, that minimizes the energy is displaced in the
direction such that the plane of the ester group is nearly
perpendicular to the plane defined by the C-C* bond and
the g bond. The displacement is substantially higher in
the g|.& and g|,g conformations, in which the carbonyl
oxygen eclipses the g bond.

Models IIa and ITb. The same bond geometry was
employed in calculations on the trimers IIa and ITb shown
in Figure 3. Coulombic interactions, operative in these
models, were included. The backbone torsion angles ¢,
and ¢, were assigned starting values corresponding to
conformations permitted by the rules established above,
and ¢, and ¢; were placed in staggered states chosen from
t, g, and §. In some cases the opposite procedure was
adopted; that is, ¢," and ¢; were assigned while ¢, and ¢’
were placed in permissible staggered states. For each
conformation of the backbone, the torsion angle x, was set
at an appropriate initial value according to Table II. The
external ester groups were given initial orientations x of
0° or 180°, unless otherwise dictated by the backbone
torsion angles. The intramolecular energy was then min-
imized with respect to all of the torsion angles specified
above and to rotations of the methyl groups. In order to
reduce end effects, the external ester groups were allowed
to shift no more than 30° in either direction with respect
to their initial placements. As before, the backbone torsion
angles initially assigned to a given conformation (¢, and
¢ in some case, ¢," and ¢; in others) were confined to their
respective domains.

Table III records values of the minimum energy and of
relevant torsion angles at these minima for representative
conformations selected from those of lower energy for both
isotactic and syndiotactic trimers, with the external ester
groups in the x ~ 0 orientation in each instance. The
isotactic t,t.|,t.t_state is taken as reference. Given the
preliminary character of these calculations and the large
number of conformations examined, the accuracy of the
minimizing routine was deliberately kept low. Roughly
estimated uncertainties for the data in Table III are £3°
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Table II1
Energies (kcal mol™') and Torsional Angles (deg) at the
Minima for Representative Conformations for Isotactic and
Syndiotactic Trimers, I1a and IIb

skeletal conformation, deg

designation  E, kcal
S103ly,02" 3 mol™ [ o @y’ o3 X2, deg
Isotactic
Tttt 0 5 -24 20 -16 167
tyt ] tag- -0.67 4 -25 8 105 167
tg+lot-g+ 0.04 -18 128 -15 133 6
t48 ) tet- -3.54 8 -130 12 -15 135
tegl teg ~2.20 8 -130 13 108 138
18| t+B- 0.82 7 -132 10 -136 143
t-galot 2o 1.42 -20 130 -12 -106 -8
tog ) teg. 2.29 2 97 7 105 164
2-E+l bty 3.54 108 132 -18 12 178
t.gil it 8y 3.25 -15 131 -16 135 -176
teg ) bty 3.53 12 -131 -8 30 138
AR 7.30 -18 19 19 -18 179
Syndiotactic

tetelotets -7.48 10 8 8 10 0
gitifotsts -2.22 138 6 8 14 0
totelot-g- -2.20 10 8 -19 111 10
totelot-2. 5.54 22 6 -8 -150 4
togalet B 455 6 133 -11 -143 174
goteotg- 3.79 -102 4 -19 112 12
t.2 Jotsts 4.40 -10 -140 14 6 40
g8+l -t 495 132 133 -13 -9 178
g8 lotets 3.14 107 -130 17 5 45

for the torsion angles and 0.2 kcal/mol for the energies.

Whatever the starting orientations of the ester groups,
the backbone torsion angles were always found to conform
to the rule that rotations about successive bonds of a diad
sustain displacements from staggered states of the same
absolute sense. Exceptions were found only for confor-
mations with energies greater than 15 kcal/mol and for
which at least one of the backbone torsion angles reached
the limit of its assigned domain. Inasmuch as the skeletal
bonds of an isotactic diad are of opposite chirality, de-
partures of the same absolute sense from perfect staggering
of bonds is expressed by different subscripts + and —, e.g.,
by [t_t4], |g+&.), etc.; see Figure 2. In syndiotactic diads the
same subscript, + or —, applies to both bonds of the diad
according to the rule enunciated above, inasmuch as both
bonds are of the same chirality, d or .

The two separate minima of the energy found for t_|g,
in model I with x = 140° and x = ~160° respectively turn
out be a single minimum in models IIa and IIb; the same
conformation with x close to 180° is obtained with the two
different starting points. The case g_|g. is more compli-
cated since the orientation of the central ester group in
the conformations with minimum energy is markedly de-
pendent on ¢;” and ¢;. These conformations are, however,
always located at the limits of the assigned domain, usually
with ¢, at the border separating g. from g,. The lowest
energy obtained inside the domain is of the order of 10
keal/mol.

On the basis of the observations cited, we assume below
that, for all conformations of the chain backbone, the ester
groups may be positioned at x = 0° or x = 180° as starting
points for the optimizations.

The results reported in Tables II and III deserve further
attention. It will be noticed that some of the conforma-
tions containing bonds in a g state are quite stable for
model I and the most stable for model IIa. These con-
formations were excluded as too high in energy according
to ref 1 where the torsion x was fixed at either 0° or 180°.
The reason for the discrepancy is made clear when the
curve for the t|g conformation in Figure 4 is considered.
Even in the absence of hydrogen atoms on the external
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isobutyl groups, the energies of the conformations at x =
0° or x = 180° are ca. 4.5 kcal/mol. They decrease rapidly,
however, when the constraint on x is removed, reaching
minima for x = 30° and x = -140°. Correspondingly, x
at the minimum in the energy for the conformation
t.g_|.t+t_ of the trimer Ila is 135°. These findings are in
qualitative agreement with the work of Sundararajan? on
helical chains of i-PMMA with a two-bond repeat. Sun-
dararajan found a minimum in the energy in the g|t region
(-75°|-5°) when yx is fixed at —40°.

Calculations on Long Chains with Regularly
Repeating Units

Oligomers of PMMA of short chain length are inade-
quate models for this disubstituted vinyl polymer inas-
much as the internal stress deriving from the large re-
pulsive interactions can be relieved by adjustments at the
ends of the oligomeric chains. This has been fully dis-
cussed in ref 10 in the case of PIB in which bond angles
and torsion angles have been found to be drastically altered
by end effects, even in hexamers.

In order to avoid these end effects, we write the intra-
molecular energy per segment of a very long chain with
a regular succession of conformationally identical segments
as

M
E=E + Z—O(Enb)m ¥)]

where E, is the contribution to the energy of a segment
from bond angle distortions and inherent torsional po-
tentials, while (E,;),, is the total nonbonded interaction
energy of the atoms in segment i with those in segment
i+m,orini—-m (m = 0). A segment is simply defined
as the portion of the chain containing one or more mo-
nomers as needed to meet the requirement of conforma-
tional identity. The upper limit M on the summation is
chosen such that (E,;),, for m = M approaches the con-
stant value dictated by the energy E(r*) at truncation of
the nonbonded interactions; see above.

The scheme has been applied to regular conformations
of PMMA (see I1lIa and IIIb in Figure 3) with a four-bond
conformational repeat. In each calculation the backbone
torsion angles ¢;, ¢/, ¢, and ¢, were assigned starting
values in acceptable domains, while x; and x, were set
initially at 0° or 180°. The bond angles 7" were given initial
values of 124°. Tetrahedral values were assigned to all
other bond angles with the exception of those at the sp?
carbon of the ester group, for which the geometry specified
above was adopted. The intramolecular energy was then
optimized with respect to all bond angles and all torsion
angles in the conformational repeating segment, each de-
gree of freedom being treated independently. Most of the
calculations were performed with M = 1 or with M = 4,
Differences between the results thus obtained were usually
very small; the energies at the minima differed less than
0.1 kcal/mol. Larger differences found in a few instances
are due to long-range interactions caused by fictitious
conformational periodicity imposed on the chain.

Tables IV and V report values of the energy per segment
(i.e., for two chemical units) and of relevant geometrical
parameters obtained with M = 1 for many of the confor-
mations available to isotactic and syndiotactic PMMA
subject to restriction to a four-bond repeat segment. The
isotactic t_|gt+t-|,t+ conformation is the state of reference
for the energies.

Symmetry dictates that for any value of the torsion
angles the following conformations repeated throughout
the stereoregular chain must have the same energy, op-
posite reference frames being affixed to d and ! backbone

Conformational Statistics of PMMA 409

bonds and x; and x; being measured in the reference frame
of the second bond at each interdiad:

b11(x1) $1"¢2l (x2) b5
b1/1(=x1) 102"l (~X2)bg

$al(x2)¢2'b1)(x 1)1
&5/|(=x2)P291'| (=X 1)1

The performance of the minimizing routine was checked
repeatedly by optimizing symmetry-related conformations.
The geometrical characteristics of the resulting confor-
mations and their energies were always virtually indistin-
guishable.?

Segment partition functions z, relative to the reference
state for each conformation were estimated in the har-
monic approximation from the Hessian matrix of the
second derivatives; see ref 10. To reduce the time needed
for this computation, bond angles were fixed at their values
at the minimum, and the second derivatives were evaluated
with respect to torsion angles only. The values of z, thus
obtained are included in Tables IV and V.

The results of these calculations lead to the following
generalizations concerning geometrical features of ener-
getically favored conformations of both isotactic and
syndiotactic PMMA:

(i) The intradiad bond angle 7’ is nearly always 124 +
1°; it shows no appreciable dependence on the torsional
state of the neighboring skeletal bonds.

(ii) The interdiad bond angles 7 assume the value of 106°
when both of the adjacent backbone bonds are trans, 111°
when one is trans and the other is gauche, and 116° when
both are gauche.

(iii) The orientation of the ester groups deviates from
x = 0° or x = 180° only a few degrees except when a g
conformation occurs at the interdiad; in such cases, the
departure is on the order of 30—40°, with the plane of the
ester group approximately perpendicular to the plane
defined by the C~C* and the g bonds.

(iv) The backbone torsion angles in the principal con-
formations can be classified according to six states located
approximately at ¢ = -20° (t.), 10° (t;), 100° (g_), 125°
(g+), —125° (g.), and -100° (g.).

It is to be noted further that the minimized energy shows
no consistent dependence on the orientation of the ester
group (0 or 7), according to the results in Table IV and
likewise in Table V. Even in the |tit.| conformations for
a diad of the isotactic chain where Coulombic interactions
are maximal, discrimination between the states with x; =
x2 = 0 or 7 and those with opposite assignments for x; and
Xz is indecisive.2?

The data in Tables IV and V indicate that the most
stable conformations with a four-bond repeat belong to the
all-trans class for both isotactic and syndiotactic PMMA
chains; see Figure 5. We have shown previously that the
isotactic conformation of lowest energy, t_|t.t_|t,, closely
corresponds to the 10/1 helix having a pitch of 21.1 A and
identified in the form of a double helix in crystalline i-
PMMA %

Syndiotactic PMMA, on the other hand, has thus far
been crystallized only in the presence of a solvent, and
attempts to remove the latter have led to loss of the
crystallinity. Lovell and Windle?® have compared the
wide-angle X-ray patterns of syndiotactic and atactic
PMMA with those calculated from various models with
a four-bond repeat. They conclude that the predominant
conformation in these polymers is all-trans with torsion
angles close to those reported in Table V for the most
stable conformations. It should be noted, however, that
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Table IV
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torsional angles, deg

bond angles, deg

/

0. Gily, 01’ boly, 2’ E, keal mol?  Inz, &y 7Y &2 @y’ X1 X2 T T2 71 T3
1 tootsetdats 0 0 -23 11 ~22 12 -8 171 106 106 124 124
2 g-lot+tfot+ 0.08 -0.34 94 8 -19 7 4 -8 110 106 123 124
3 g-Jot-tslots 0.16 0.21 103 -29 7 6 12 -2 111 106 124 124
4 tdotetdot+ 0.23 -1.31 -21 14 -21 14 -7 -7 108 106 124 124
5 glot+t ety 0.41 0.19 95 6 -20 8 3 172 110 106 123 124
6 tftet )ty 0.41 0.51 -23 11 ~23 11 173 173 106 106 124 124
7 glttylots 0.54 0.64 104 -29 6 6 -168 -1 111 106 124 124
8 glottel te 0.62 0.17 104 -30 8 6 11 179 111 106 124 124
9 gl tit oty 0.69 0.29 -128 14 -17 12 138 -20 111 106 125 124

10 tlot+t-log+ 0.72 0.34 -12 13 -22 120 ~7 -6 105 111 124 125

11 gl bt ts 0.73 0.23 104 -30 7 6 -169 177 111 106 124 124

12 FARRANN 0.84 -0.19 95 9 -21 8 -179 -7 110 106 123 124

13 A RRARN 0.85 ~0.20 95 7 -21 8 -176 173 110 106 123 124

14 tlogt+loB+ 0.87 -0.11 -20 105 18 -107 -9 28 111 111 125 125

15 totettegs 1.03 0.99 -12 11 -23 120 -7 173 106 111 124 126

16 tjog+t-log+ 1.08 0.88 -17 127 ~17 127 -6 -6 111 111 124 124

17 t g teleBs 1.10 0.21 -21 106 19 -108 -10 -144 111 111 125 124

18 g_lot+8lot+ 1.10 0.10 98 3 98 3 ~2 -2 111 111 124 124

19 Bl teB ot 1.24 1.28 -123 16 -123 16 140 140 111 111 124 124

20 tjog-t+loZ+ 1.27 0.45 -26 106 2 128 37 37 112 111 124 124

21 g lot+tJot+ 1.35 -0.03 -130 16 -18 12 -39 -18 111 106 125 124

22 ]t talots 1.40 1.69 ~-17 -20 9 11 -179 0 106 107 124 124

23 tfetatfogs 1.42 0.60 -14 15 -21 122 170 -4 105 111 125 124

24 ARAARA 1.52 0.41 -128 12 -17 13 139 156 111 106 125 124

25 g lot+glsts 1.60 0.10 97 3 97 3 -2 178 110 110 124 124

26 g lotst ] ts 1.67 0.22 -130 13 -19 12 -35 159 111 106 124 124

27 t)egtelogs 1.70 0.26 -28 106 3 126 165 11 111 112 124 124

28 tjog+ttegs 171 1.10 -17 127 -17 127 -5 171 111 110 124 124

29 gl tatlogs 1.75 0.63 -129 18 -16 129 144 -16 112 111 123 125

30 tjog-tel gs 1.76 0.62 -26 106 2 128 -13 -169 111 112 124 124

31 g lot-tel B 1.80 0.45 106 -19 17 -99 21 -146 110 111 124 125

32 gltag oty 1.82 0.01 97 3 97 3 178 178 110 110 124 124

33 tot-telot+ 1.83 0.82 -16 -19 12 15 1 1 107 107 124 124

34 t bty ats 1.94 0.95 -18 -20 10 11 180 180 108 106 124 124

35 g lot+Btet+ 1.95 1.26 -124 16 -124 15 -33 139 112 111 124 125

36 L I - 1.98 0.80 -21 106 19 -108 166 -144 111 111 125 124

37 g lot-tloB+ 1.99 0.11 108 -22 21 -103 12 31 110 111 124 125

38 tfeg-telege 2.06 0.41 -28 -106 3 126 165 -166 110 112 124 125

39 tsg teloBs 2.10 0.54 -20 105 18 -108 168 29 111 111 125 125

40 g fot+t-log+ 2.23 0.37 -128 20 -16 129 -34 -13 112 111 124 125

41 g et g 2.23 1.44 -17 127 -17 127 172 172 110 110 124 124

42 gl ttiloBs 2.39 0.85 109 -22 19 -103 -168 29 110 111 123 125

43 ot teloBs 2.50 1.17 -11 -19 22 -106 2 24 107 111 124 125

44 g | bt gs 2.55 0.73 -129 14 -14 130 140 143 112 109 124 125

45 g ot+Elots 2.64 0.59 -128 16 -128 16 -31 -31 112 112 125 125

46 Tt teloBs 2.66 0.90 ~12 -20 21 -104 179 22 107 111 124 125

47 glot telogs 2.72 0.10 103 -26 3 129 14 7 111 113 123 126

48 Elot+t-l g+ 2.72 0.10 -129 16 -129 16 -32 159 112 110 124 125

49 tlot+g-joZ+ 2.79 -0.11 -16 8 102 -106 -11 34 105 116 125 125

50 gl tet 8 2.86 0.17 94 ] -15 125 -173 180 111 112 123 126

51 g-let-tal B 2.89 0.92 106 -20 17 -99 -161 -147 110 111 124 125

52 g-Jot-t4fog+ 2.89 -0.29 91 -11 13 125 10 0 110 112 123 125

53 A [ - - 3.02 017 ~15 9 102 -107 ~12 -136 105 116 125 125

54 tfut g .Br 3.07 0.64 -16 10 104 ~109 163 -137 105 116 125 125

55 t | teg |oBs 3.11 0.14 -16 9 103 -108 166 34 106 116 125 125

56 tletty ) 3.43 1.38 -12 -21 22 -106 178 ~155 107 111 124 125

57 g1t tefots 3.56 1.05 -148 -15 6 2 -165 -6 113 106 124 125

58 Bt telots 3.69 0.35 -147 -16 7 2 170 173 114 106 124 125

59 gl bt til.ge 3.83 0.25 104 -26 2 129 -166 -172 111 113 123 126

60 g lot_tslot+ 4.06 0.48 -150 -17 6 1 12 -7 114 106 124 126

61 tfottalots 4.48 0.34 -14 -18 13 19 2 -178 106 106 125 125

62 g lot telats 4.60 0.43 -150 -17 7 1 10 174 114 105 124 126

63 tiot+tdoB+ 4.62 -0.45 -11 21 -12 -98 -13 18 106 110 125 126

64 g-lot-g+lo8+ 5.13 -0.33 106 -29 123 -97 17 48 111 115 126 124

65 2 log-t+)oB+ 5.40 -1.05 -120 100 13 -89 -54 26 117 110 125 125

66 gl tulogs 5.69 -1.20 20 ~126 17 121 45 0 116 113 123 127

67 gl E+8 B 5.70 -0.56 107 -103 107 -103 -138 -138 116 116 126 126

68 ran-an-n 6.18 -0.40 106 ~102 109 -104 37 -136 117 116 126 126

69 g o8 +8 o8+ 6.49 -0.22 108 ~103 108 -103 37 37 117 117 126 126

70 Z_lot_t+log+ 6.62 0.10 -144 -13 5 130 12 4 113 114 123 127

71 g-lot-tloB+ 7.47 0.17 -143 -4 14 -107 36 30 118 111 125 128

72 g lot+t o8+ 8.43 0.31 ~-119 34 -10 -75 -41 28 112 109 125 125

73 t Bt | B 8.47 1.21 -9 ~71 -9 -77 -162 -162 109 109 125 125

74 tog st 8 8.50 0.99 -6 -78 -6 -70 22 -163 109 108 125 125

75 tfog-g+lo8+ 8.74 -0.76 -10 97 128 -100 -40 52 110 117 128 125

76 g Jot-geloB+ 9.61 -0.65 -140 -13 128 -101 2 39 113 117 127 127
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Table V
Characteristics of Regular Conformations of Syndiotactic PMMA with a Four-Bond Repeating Segment

torsional angles, deg

bond angles, deg

no.  ¢1l, 61’ d2ly,92’ E, keal mol?  In 2z, L1 T L @ X1 X2 Ty T2 Ty 1
1 tolot+telets -2.73 1.63 9 9 9 9 3 =177 106 106 124 123
2 telot+tlot+ -2.66 1.68 9 9 9 9 0 0 106 106 124 124
3 el betelits -2.58 1.35 9 9 9 9 180 180 106 106 123 123
4 L - -1.90 0.34 -14 8 20 -123 171 -138 106 111 124 123
5 Belotstelots -1.61 071 -101 20 7 4 40 3 111 106 124 124
6 Beltetelts -1.59 0.82 97 17 8 6 138 -175 112 106 124 124
7 Z-lot+telat- -1.39 -0.05 -127 18 9 -15 -37 -173 112 106 124 123
8  tlgtetalog. -1.37 0.05 14 9 17 -128 -8 3 106 112 124 123
9 lotatelE- -0.36 077 -128 17 16  -128 -3¢  -144 111 111 124 124

10 gilotsBelots -0.22 -0.20 128 0 -102 17 -1t 27 111 110 124 123

11 g lotettelot. -0.13 0.29 101 6 10 -1 -9 15 112 106 125 123

12 tlot+tsl 8- -0.11 0.56 -14 9 7 100 -14 -170 106 111 125 123

13 g-lot+toB- 0.19 0.63 -129 16 16 -129 -34 34 111 111 123 123

14 g-lotstel,t- 0.22 0.32 104 4 10 -13 -9 -164 112 105 125 123

15 g | bty to 0.62 0.33 103 5 10 -13 169 -164 112 106 125 123

16 glotstelog. 0.78 0.27 98 2 17 124 -4 40 11 112 125 123

17 B lot+8+|t- 1.23 0.19 -125 18 128 -8 -26 171 112 110 125 124

18 Elotegslot. 1.37 064  -126 17 129 -8 -2 -4 112 111 125 124

19 tlogetslog 1.41 1.47 -12 129 2 104 -4 2 111 112 125 124

20 EulotsBelots 1.70 -0.59  -100 12 -100 12 -30 -3 111 111 124 124

21 g-lot-t-log- 1.76 1.20 105 -11 -11 105 0 0 111 111 125 125

22 g-fot-t_| 8- 2,18 1.58 105 -11 -12 105 2 178 111 111 123 126

23 tletle 2.38 1.35 -18 108 -18 108 168 168 111 111 124 124

24 tlotEelog 2.67 -0.49 -19 8  -102 107 -13 34 106 116 126 124

25 gelog-tohoge 4.03 -0.62  -105 104 -18 125  -40 -8 116 112 125 125

26 g-loB+t+log- 4.38 -0.08 106 ~105 2 101 35 4 116 112 126 124

27 glogsBelog. 6.31 ~0.53 106 -108  -107 104 35 35 117 116 126 126

28t Bl 8.08 077 -10 97 -125 104 -38  -49 110 117 127 126

2 glgtle 10.5 -1.18 102 -126 9 -133 41 11 114 117 127 125

30t o tloB. 11.7 -0.08 -1 -148 -1 -148 6 6 113 113 127 127

Figure 5. Projections of the conformations of lowest energy for
a four-bond segment in (a) isotactic PMMA and (b) syndiotactic
PMMA.

the values of the bond angles used in their model (128°
and 110° for 7 and 7, respectively) differ substantially from
the angles indicated by our calculations. The curvature
of a syndiotactic sequence in the t,|t+t4[t+ conformation,
evident in the projection shown in Figure 5b, has been
suggested as a possible cause for the reluctance of s-PMMA
to crystallize in the absence of a solvent.?

Rotational Isomeric State Analysis

Formulation of a rotational isomeric state scheme that
comprehends all aspects of the conformational analysis of
PMMA would be a formidable undertaking. Rigorous
treatment of the chain in this manner is complicated by
the overall lack of symmetry and by the variability of the
ester group orientation with respect to surrounding
groups.? In order to render the task manageable we adopt
approximations as follows: (i) interactions of the ester
groups are taken to be independent of their torsional states
denoted by x (see above), (ii) interactions within a given

diad are considered to be independent of the torsions about
bonds beyond those that are first neighbors of the diad
considered, and (iii) interactions of CH, groups are as-
sumed to be identical with those of CHj groups. The first
approximation allows specification of the conformation of
each skeletal bond in terms of the six states defined in
Figure 2. Approximation ii validates use of statistical
weight matrices of order 6 X 6, and (iii) reduces the num-
ber of statistical weights required. The error due to (iii)
is insignificant. Even with these simplifications, the
number of statistical weights is fairly large.

Statistical weights for the various interactions of second
order (i.e., dependent on torsion angles ¢ for two consec-
utive skeletal bonds) are denoted by w for Me--Me, by »
for Me--ester and by p for ester--ester interactions. Both
CH, and CHj are included in Me in these designations.
Interactions involving an ester group in the orientation
dictated by a g conformation of one of the adjoining bonds
are distinguished by the statistical weights " and p’, re-
spectively. The ester--ester interaction in a meso [g_g,|
or |g,&_] diad is denoted by p”.

When only second-order interactions are considered, the
intradiad matrices for meso and racemic diads are ex-
pressed by

0 wp 0 wy 0 vy’
0 wy 0 vy’ 0
T 0 w? 0 wv'
Ul = 0 wy 0 (3)
0 wp''
0
and
v? 0 Wy 0 wp' 0
v? 0 wv 0 wp'
. w? 0 wy' 0
U’ = w? 0 wv' (4)
p'? 0
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Table VI
Parameters for the Six-State Scheme

A. Intradiad Parameters (See Eq 5 and 6)

parameter

energy, kcal mol™! (In z()

h~l ’O*Tb [oe]

—0.46 (0.09)
-0.77 (-0.04)
-3.42 (0.15)
~0.06 (-0.64)
-2.14 (-0.44)

B. Interdiad Parameters Arranged in Matrix Form (See Eq 7)

1.80 (1.00) 0. (0.)
—0.47 (0.64)

4.61 (-0.51)
4.14 (-0.29)
0

respectively, with omission of redundant elements in these
symmetric matrices. All first-order interactions are rele-
gated to U’; see below. Rotational isomeric states are
indexed in the order t_, t,, g_, g4, &, &+

The statistical weights may be normalized to unity for
the meso t_t, diad. Then, with the substitutions a =
v/ (), & = v [(pw)'/%, B = (w/p)/% B = p'/p, and p* =
p” [ o, the number of independent parameters is reduced
and the statistical weight matrices are simplified to

a

0 1 0 af 0 «
0 B 0 acd O
y 0 g 0 TaB
U'm = 0 W 0 ®)
0 p*
Q
and
a? 0 ap 0 r 0
a? 0 b 0 o
- : 0 . 0
U= SR )
ot 0
3

It will be noted that the parameters o and 8 comprise
second-order statistical weights exclusively. They are
unrelated to the quantities o and 8 defined in ref 1.
The symmetry of these expressions for the intradiad
matrices contrasts with the asymmetry inherent in the
PMMA chain. This is a consequence of the substantial
approximations adopted. For example, the same statistical
weight o? is attributed to second-order interactions in t_t_
and in t,t, racemic diads, whereas the t_and t. states are
located at —20° and 10°, respectively. Similar incongruities
occur for some of the two-bond conformations not mutu-
ally related by symmetry. Thus, the various parameters
appearing in the intradiad matrices must be considered
to represent “average” interactions of second order. A
better description is conceivably attainable through the
use of additional statistical weights with which to distin-
guish different conformations. Corresponding elaboration
of the interdiad matrix U’ would be required, however.
This would lead to an excessive proliferation of parameters.
The interdiad statistical weight matrix, in which we
include all first-order interactions, may be written

uge 1 Ugg  Utg, ULE ULE
ut+t+ Ut g Ut g, Utz Ut,2,
U = 0 0 Ug g Ug g, N
0 0 Ug 7,
0 0
0

with elements normalized to u;;, = u;,, = 1. The null

4.54 (0.32) 5.42 (0.38)
4.49 (0.51) 1.85 (0.58)
0 9.91 (-1.22)
0 0

0

4,67 (0.39)
1.51 (0.39)
7.94 (-0.08)
8.24 (-0.36)
0

0

elements reflect the rules adduced from the analysis of
model I. There are 13 independent, nonzero elements in
eq 7.

Following the procedure of ref 10, we have solved (in the
least-squares sense) the two overdetermined systems of 106
equations and 19 unknowns (18 independent statistical
weights plus the reference state) that are obtained when
E and In z, for each of the conformations in Tables IV and
V are written in terms of additive contributions from the
appropriate E, and 75, in the general equation

n = 1o exp(-E, /RT), M=y B Uy o (8)

Each equation in the two systems of equations was
weighted by w = 2, exp(-E/RT) with T = 300 K. Separate
sets of weights were used for isotactic and for syndiotactic
chains, both being normalized to unity for the two re-
spective conformations with lowest energy. Values of E,
and In », for the various statistical weights are reported
in Table VL

The agreement between E, and In 2z, determined on the
hypothesis of additivity according to the results in Table
VI on the one hand and, on the other, according to the
values of these quantities calculated directly from the
computed conformational energies given in Tables IV and
V is generally satisfactory. Values of (w?(E - E,)?)/? are
ca. 0.05 kcal/mol and those of (w?(ln 2y - In 2,)?)*/2 coin-
cidentally approximate 0.05 also. The good agreement
suggests that interactions of order higher than the second
and long-range correlations either are of low incidence in
the most stable conformations of PMMA or tend to com-
pensate one another. We have found that the inclusion
of three more parameters in order to distinguish between
the 0 and = orientations of the ester groups (which leads
to a less tractable 12-state model) reduces the weighted
root-mean-square deviations only from 0.05 to 0.04.

The a priori probabilities for the six-bond conformations
at 300 K, with states indexed in the order above, are

P, =0.298 0.420 0.138 0.059 0.063 0.021|

for the isotactic polymer and
P, = |0.052 0.834 0.005 0.025 0.012 0.072|

for the syndiotactic polymer. In both cases about 8% of
the chain bonds are in g states and the trans conformation
is preferred. The syndiotactic polymer shows a much
stronger preference for the t., state, however. This pref-
erence is even more pronounced when the probability of
occurrence of two consecutive bonds in various states is
examined. Thus, the fraction of diads occurring in each
of the mirror-related conformations [t_t.| and [t+t_| in the
isotactic polymer is 0.228. In the syndiotactic chain, the
fraction of the diads occurring in the |t,t,} conformation
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is 0.739 compared with only 0.037 for |t_t_|. A similar trend
is observed at the interdiads, where the fraction of t.|t.
conformations is 0.680 in the syndiotactic chain, with all
the other tjt interdiads adding up to only 0.092. In con-
trast, the t|t interdiads occurring in the isotactic PMMA
chain are almost evenly distributed among the four pos-
sible combinations. The total average length of a trans
sequence is about seven units for syndiotactic chains,
compared with less than two units in the isotactic chain.

The a priori probability of a trans bond, inclusive of both
t_and t,, is 0.72 for i-PMMA and 0.89 for s-PMMA. In
the case of PIB, the probability of a trans bond is only
0.50.1% Furthermore, the incidence of g_ and g, states is
negligible in PIB. For this reason a four-state scheme is
applicable to PIB.1° The analysis of PMMA reveals sig-
nificant occurrence of these states; hence, a corresponding
simplification of the six-state scheme is impracticable.

Configuration-Dependent Properties

Evaluation of experimentally measurable configura-
tion-dependent properties of PMMA (such as the char-
acteristic ratio) according to well-known generator. matrix
methods?'?" is complicated by the sensitivity of the cal-
culated values to the skeletal bond angles. Since the in-
terdiad angle  for PMMA varies with the torsional state

_of the two adjacent bonds, either an “effective” value must
be selected (not necessarily coincident with the average)
or, preferably, the generator matrices should be altered to
take into account this effect. The fraction of tjt confor-
mations at the interdiad, which determines the average
value of 7, is ca. 0.44 for i-PMMA and ca. 0.77 for s-
PMMA, both at 300 K. Hence, an “effective” value of 7
must be expected to vary both with temperature and with
stereochemical structure.

The generator matrix methods are easily adapted to take
account of the dependence of 7 on conformation.?#?" For
the calculation of the configurational average of a given
property f such as the mean-square end-to-end length, the
radius of gyration, the dipole moment, etc., it suffices to
associate the appropriate generator matrices for the various
rotational states of bond i — 1 with the statistical weight
matrix U; for bond i instead of with U;_;. With this re-
vision the version of eq 51 of ref 27 that applies to evalu-
ation of the mean-square end-to-end length (r?) of the
chain can be recast as

%) = 271C*(U; @ E)(ITIG+I(U; @ ENIIGIIC ©)

where successive bonds of the chain are serially indexed
from 1 to n (i.e., for i even, i/2 equals index & used above),
U, and U,, for the terminal bonds of the chain are identities
of the order equal to the number v of rotational states, the
G, are generator matrices,?¥ serial multiplication of which
leads to r? for a specified conformation, E, is the identity
of the same order s as the G;, C* is the row [1, 0, 0 ... 0]
of order vs, where » is the number of rotational states, and
C is the column C = col [C/, C, ...] of the same order, with
C’' =col [0, 0, ... 1] of order s. The generator matrices G;
are defined in ref 21 and 27. They depend on the trans-
formation T; from the reference frame for bond i + 1 to
that for bond i. The T, in the G;, of the array ||G,_|| for
even values of i depend not only on ¢,_; but also on the
bond angle 7; at C,*, where k = i/2. Through association
on the G, for various rotational states of bond i — 1 with
U; as in eq 9, allowance for the dependence of 7, on the
rotational states of the two successive interdiad skeletal
bonds is straightforward.

The value 7 = 106° was used for the interdiad bond
angle when both adjacent backbone bonds are in a trans
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Figure 6. Comparison of the curve representing characteristic
ratios calculated as a function of stereochemical constitution,
expressed by the fraction X, of meso diads, with experimental
results shown by points from sources as follows: (Q) ref 28; (a)
ref 29; (O) ref 31; (V) ref 32; (O) ref 33; (@) ref 34; (A) ref 35.

state; 111° was employed for all other conformations. The
intradiad angle " was fixed at 124° throughout. Charac-
teristic ratios thus calculated for the isotactic and syndi-
otactic polymers at 300 K are 10.3 and 7.3, respectively.
Calculations in which the interdiad angle was taken to be
tetrahedral also yielded 10.3 for the isotactic polymer but
the much larger value 9.3 for the syndiotactic polymer at
300 K. The drastic effect of the interdiad bond angle =
in the latter case is apparent.

Temperature coefficients calculated from the parameters
in Table VI at 300 K are -2 X 10# K! and 2 X 10% K!
for i-PMMA and s-PMMA, respectively, in qualitative
agreement with experimental evidence from wvarious
sources, suggesting a negative value for i-PMMAZ28 and a
large, positive value, on the order of 1 X 10%-4 X 103 K,
for s-PMMA,28-%0

Characteristic ratios (r?) /ni? evaluated according to the
six-state scheme are shown by the curves in Figure 6 as
a function of stereochemical composition; experimental
data from various sources,?#231-3 gre indicated by the
points. Calculations were performed for chains consisting
of 200 units generated by Monte Carlo methods, the dis-
tribution of meso and racemic diads being Bernoullian.
The calculated curve is seen to fall in the experimental
range when the statistical weights are evaluated from the
parameters in Table VI. However, it is convex with ste-
reochemical composition rather than concave, as the ex-
perimental points suggest. The curvature conforms to
previous calculations.! The curve cannot be rendered
concave by any reasonable adjustment of the parameters
that preserves the approximate agreement with the mag-
nitude of the characteristic ratios observed. The scatter
of the experimental points obtained by various methods
and the lack of precise information on the stereochemical
composition of the polymers in some cases preclude def-
initive conclusions on the reality of this indicated minor
disparity between calculations and experiments. It may
be significant that the recent work of Jenkins and Porter,3!
in which the unperturbed dimensions have been deter-
mined for polymers with well-characterized stereochemical
composition, seems to suggest a linear or only slightly
concave relationship.

Figure 7 shows plots of (r?)/nl? for i-PMMA and s-
PMMA against 2/n, the reciprocal of the number of units
in the chain. The appearance of a broad maximum in the
curve for s-PMMA located in the range n = 20-24 con-
trasts with the usual monotonic increase of this ratio to-
ward its asymptote found for other polymers, i-PMMA
included. It is related to the tendency of the chain tra-
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a/ni2

4
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Figure 7. Characteristic ratios (r?)y/ni? calculated for finite
chains as functions of the reciprocal of the number of units, 2/n.
Isotactic PMMA (—-); syndiotactic PMMA (—).

Figure 8. Projection of a Monte Carlo i-PMMA chain consisting
of 400 bonds.

Figure 9. Projection of a Monte Carlo s-PMMA chain consisting
of 400 bonds.

jectory to circle back on itself, causing the distances be-
tween units separated by m intervening units to decrease
with m over the range indicated.?®

Projections of the trajectories of Monte Carlo chains of
i-PMMA and s-PMMA are shown in Figures 8 and 9, re-
spectively. The tendency for the s-PMMA chain to pro-
ceed along quasi-cyclic paths is evident in Figure 9. This
propensity is a direct consequence of the perpetuation of
t4|t+t4t, sequences, readily discernible in the figure. The
presence of a maximum in the Kratky plot of the X-ray®
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and neutron®® scattering intensities for s-PMMA in the
range 0.05-0.10 Al of the scattering vector has been
shown® to be related to this characteristic of the s-PMMA
chain configuration.
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ABSTRACT: Conformational energies associated with the various states of the meso and racemic diads of
poly(methyl methacrylate) have been estimated. The skeletal bond angle at the methylene carbon atom and
the side-group torsion angles were varied in order to minimize the energy at each of the skeletal conformations
defined by ¢; and ¢;4;. In contrast to the previous calculations with fixed side-group torsion angles, the present
results show that the g conformation is accessible to the chain. Agreement between the experimental and
theoretical values of the characteristic ratio (r?),/nl?, for the isotactic chain, is achieved if the tt state is treated
with (g;, ¢i+1) = (10°, ~15°), leading to helical segments with a large pitch. The energy differences between
the various states estimated from the calculations are compared with the values derived from FTIR experiments.

Introduction

Calculations on the conformational energies of the
various states accessible to the poly(methyl methacrylate)
(PMMA) chain have been reported by Sundararajan and
Flory.'? The g state was ruled out, leading to a two-state
scheme (involving t and g) for the formulation of the
statistical weight matrices and the calculation of the
characteristic ratio and its temperature coefficient. The
energy parameters derived from this work have been used
by various authors to calculate properties of the PMMA
chain such as the small-angle X-ray and neutron scattering
curves,® wide-angle X-ray scattering? from amorphous
PMMA, the average dipole moment,’ persistance vectors,®
etc. The characteristic ratios calculated for the stereoir-
regular chains have been compared with recent experi-
mental results.”®

While calculations such as the characteristic ratios and
scattering curves depend on the energy parameters derived
from conformational analysis, direct derivation of differ-
ences in energies between various states of the chain has
been reported by O’Reilly and co-workers,>'° using FTIR
methods. Measurements were carried out on both hy-
drogenated and deuterated isotactic, syndiotactic, and
atactic PMMA. The energies were assigned on the basis
of the two-state (tt and tg/gt) model. It was also possible
to separate the energies associated with the backbone and
side chains. The agreement with previous calculations was
good in the case of syndiotactic PMMA but not for the
isotactic case.’ Further, the experiments on deuterated
PMMA prompted the suggestion!® that additional gauche
states might be accessible to PMMA.

Considering the active interest in the estimation of en-
ergy differences between various states of PMMA, arising

from short-range interactions, the calculations of confor- -

mational energies were reexamined. Allowance was made
for the variation of the skeletal bond angle C*CC* and the
side-group torsion angles. The present calculations indi-

0024-9297/86/2219-0415$01.50/0

cate the accessibility of additional states when variations
in such geometrical parameters are taken into account.

Description of Calculations

The various geometrical parameters are defined in the
schematic shown in Figure 1. The bond lengths and bond
angles were chosen as before! except that the angle 8 was
varied from 118 to 126°, in steps of 2°, at each of the (¢,
¢;+1) conformations. The enlargement of the angle 6 from
tetrahedral value, in order to accommodate the large size
of the side groups, has been discussed before.! The CH,
and CH; groups were treated as hard spheres except for
the methylene group (CH,);. As the value of #” was varied
from 118° to 126°, for each 6”, the two hydrogen atoms
of the methylene group were located such that the angles
C*%4CH,;, C CH¥, €4 CH,, Coy,CH* and HCH* are
equal and denoted by 6. Modification of eq 2 of Suter and
Flory!! to this end leads to '

11+ 4x)1/2

2x )

cos f

where
x=4/(1 + cos ¢) (2)

The side-group torsion angles x;_; and x;,,; were taken to
be 0° when the carbonyl bond eclipses the C*~CHj bond.
The angles x;_; and x;,; were varied, in steps of 10° in the
ranges of —40° to +40° and 140° to 220°, corresponding
to the “up” and “down” configurations of the carbonyl
bond. Values of x outside these ranges were considered
unlikely. (This restriction gave rise to a problem in certain
conformations such as gg. A well-defined minimum for
(51, Xi+1) Was not reached within the above range in these
cases. Further analysis showed that a minimum is reached
about 10° beyond the above range, although the energy
decreased by only a few cal mol™. In such cases, the least
energy corresponding to the extremities of the above range
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