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involving ester group k& depends therefore on the torsional
angles of skeletal bonds within both of the adjoining diads and
on x;; and xx+; as well as on x;. A complete accounting of the
influences of these parameters incident to a given ester group
would be beyond reach of any manageable treatment.
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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-
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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

© 1986 American Chemical Society



416 Sundararajan

Ci (CH2) 42

(cHg)i—z X 9, /
\0’ ¢5 ¢i+1 a

o
Ci-1 ’

d 7 .
/// \Xi—1 // XXW\
(CHa)i-1 (CHS)H‘ Cm=0

Figure 1. Schematic of a diad of PMMA, with the various
geometrical parameters used for the calculations.

Table I
Average Parameters Derived from Energy Calculations
state 2 (E) {6”) (@i Pir1)
meso
tt 21.98 0.44 123.6 -2.8, -2.8
tg 4.15 1.32 124.8 1.8,112.8
tg 4.45 1.21 123.9 -4.1, -115.8
gg 0.31 3.00 125.7 119.3, 119.3
g8 0.89 208 1247 113, ~109.4
g8 035 285 1250  -118.3,-1183
racemic
tt 29.62 0.11 123.4 1.7, 1.7
tg 3.35 1.52 124.8 -4.2,119.2
tg 7.91 0.85 124.0 3.5-109.9
gg 0.43 2.68 125.5 111.9, 111.9
gF 0.54 2.62 124.9 124.0, -111.1
gg 0.67 2.11 124.2 -111.9, -111.9

was taken, since significant reduction in energy has been
achieved by a rotation of 40° from perfect eclipsed posi-
tion.) Thus, both the skeletal bond angle #” and (x;_1, x;+1)
were varied for each of the (y;, ¢;+;) conformations to
minimize the energy. The torsion angles ¢; and ¢, were
varied at intervals of 5° each.

The energy parameters were chosen as before.! The
nonbonded and Coulombic interactions, torsional contri-
butions, and energy due to bond angle deformation were
included in calculating the energy.

Results of Energy Calculations

The energy contours for the various states of the meso
and racemic diads are shown in Figures 2 and 3, respec-
tively. The partition functions z for the various states, by
taking the sums of the Boltzmann factors of the energy
at intervals of 5° over the various domains,! the averages
of the energy (E), the bond angle ("), and the torsion
angles (¢;, ¢;4+;) are given in Table L.

Table I shows that the value of () varies from 123.4°
to 125.7°. The g state is not of high energy and the en-
ergies of the tg and tg states are comparable for the meso
diad. The energy of the tg state, in the case of the racemic
diad, is lower than that of tg. The reduction in the energy
of the tg state, compared with the previous work,! is a
consequence of enlargement of the angle 8" to 124° and
allowing for variations in x.

The minima in Figures 2 and 3 are shifted from perfect
staggering, by about 10-15° in ¢; and ¢;4;. Shifts greater
than ~15° are not favorable due to the increase in
“diagonal interactions”, as discussed before.!? Diagonal
interactions are those that occur between atoms or groups
appended to C%_; and those attached to C%,, and situated
on opposite sides of the plane of the skeletal bonds. For
example, in the tt state of the meso diad, the interaction
between (CHj),.; and (COOCH,),,, is a diagonal interac-

Macromolecules, Vol. 19, No. 2, 1986

40 160
20 4 140
o] <4 120
~20 - 100
-40 80
160 -80 -
tg 1 991
140 | +-100 | 2734 e
T4
T 120 + g -120L E
< 10203 4 i
X
y 100 | :29 - -moL -
80 1 1 " A i _160 A, . -t
-40 -20 0 20 40 80 100 120 140 160
-80 —r T T LI -80 L R
3 a
2 tg
-100 } ) <-100 |
& '
-120 | <4 -120
-140 } 4 -140 F
1 1
-160 i " _ —

- 160 ek
-40 -20 0 20 40 -160 -140 -120 -100 -80
—_—

Figure 2. Energy contours (kcal mol™) for the various states of
the meso diad of PMMA. Contours are shown relative to the
minimum corresponding to the tt state taken as zero.
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Figure 3. Energy contours (keal mol™) for the various states of

the racemic diad of PMMA. Contours are shown relative to the
minimum corresponding to the meso, tt state taken as zero.

tion. In the case of meso tt, gg, g8, and racemic tg, minima
are situated symmetrically on either side of the perfectly
staggered position. This is due to the equivalence of the
interactions for the respective shifts. In the case of the
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Figure 4. Energy contours (kcal mol™) in terms of x;_; and x4
are shown, corresponding to the skeletal conformation of the meso
diad with (¢, ¢;4p) = (10°,-15°). For convenience, the range from
-180 to —140° has been shown as from 180° to 220°.

meso diad, the shifts Ag; and Ag;y;, in all the states, are
of opposite sign. Shifts of the same sign give rise to higher
energy. This is a significant difference between disub-
stituted chains such as PMMA and poly(a-methyl-
styrene)!? and monosubstituted chains, e.g., polystyrene!®
and poly(N-vinylcarbazole)!4. In the case of the latter class,
shifts of the same sign are preferred.

The perpetuation of conformations with (+,-) or (-, +)
shifts, in the region of the tt state, generates helices with
a large pitch. For example, with (¢;, ¢;41) = (10°, —15°)
or (-15°, 10°) and §” = 124°, a helix with 14 monomers
per turn, with a pitch of 30.4 A, will result. If the shifts
Ag; and Ay, are of the same sign, cyclic structures would
be generated. For all the conformations defined by ¢; =
¢;+1, the pitch would be zero, with the chain closing upon
itself with varying number of residues. The number of
residues sufficient for chain closure would depend on the
difference between the angles 6’ and §” and the values of
¢; and ¢;.. In the case of the racemic diad (Figure 3), the
shifts of the minima from perfect staggering are of the
same sign in Ag; and Agpy ;.

For illustration, the energy map in terms of (x;_1, X;+1)
corresponding to the minimum in ¢; and ¢;,, for the meso
tt state is shown in Figure 4. The minima occur at (x; i,
xi+1) = (10°, 0°), (20°, -160°), (-150°, -150°) and (-160°,
10°), the first being the most favorable. It is seen that the
range of accessible conformations of x, within, say, 1 kcal
mol}, is restricted to about 20° in the carbonyl “up” and
“down” configurations. This range was found to be larger
(about 40°) in the case of the meso tg state.

Statistical Weights

Following the previous discussion,!® the statistical weight
matrix U’ for the bond pair { - 1 and i is given by

1 1 1
U= [1 0 \p:l (3)
1y 0

In this rendition, all the first-order statistical weights have
been transferred to the matrix U” for the bond pair i, ¢
+ 1. As discussed before,!® the conformations g|g and g|g
of bonds i — 1 and i give rise to interactions between groups
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separated by six bonds. These interactions depend on the
states of the bonds i — 2 and i + 1 as well as those of { —
1 and i and hence are fourth-order interactions. Inasmuch
as the groups involved in the interactions are large and are
not distinguished here, a statistical weight y is assigned
to such interactions. Direct determination of ¥ is not
feasible with the energy calculations performed here on
the conformations of bonds i and i + 1. Since the inter-
actions defined by ¢ are expected to be significant, a value
of 2.5 kcal mol™ is assigned for E,.

For the second-order interactions, we assign a statistical
weight w” for the interaction R--R, «’ for R-+CH, or CHj,
and w for CH, or CHy«CH, or CH;. The statistical weight
matrix for the bond pair i, i + 1 of the meso and racemic
diads, including the first- and second-order interactions
is then given by?®

2

nNww nww' nrw'
) — '
U'nh=lnww w? Tww' (4)
nrw'? TWww' ww”
and
n?w'? nww' mww'’
[ ’
U, ={nww w? Tww' (5)
nrww' Tww' 72w'?

The five statistical weights can be reduced to three by
defining

a=w /9’

B = w/Z/ww//

p=7/n (6)
Then, eq 4 and 5 reduce to
1 o Be
Uy = a?/g ap )
Bo  ap p?
B o 0
Uy=f{a o8 ap (8)
o ap 8o?

The energies corresponding to the three statistical weights
can be determined by combining the elements of each state
of the statistical weight matrices U” and U”, and the
average energies (E) given in Table I for the respective
states. A suitable method to this end has been described
by Suter and Flory.!! If any one of the statistical weight
parameters is given by £ and (E), is the energy of the state
s, the energy E; corresponding to the parameter ¢ is given
by the solution of the overdetermined set of 11 linear
equations

TE, - (E), =0 ®)

The 11 equations are comprised of the nonequivalent
states of the meso and racemic diads, with the exclusion
of the meso tt state, which has a weight of one.

The differences in the shape and size of the energy do-
mains between the various states are taken into account!?
by introducing a preexponential factor &, such that

& = & exp(-E,/RT) (10)

The values of &, corresponding to the three statistical
weight parameters can be deduced from the set of 11 linear
equations

ZIn EO -1n 2s — (ZEE/Rﬂ =0 (11)
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Table II
Energies (kcal mol™) Corresponding to the Backbone and
Side-Chain Interactions in the Meso Diad of PMMA
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Table IV
Energies (kcal mol!) Corresponding to the Backbone and
Side-Chain Interactions in the Racemic Diad of PMMA

state {E) ot Emin Eminy, Emingg

state (E) ot Emny, Eminy, Emingg

tt 0.44 20.19 21.69 -1.50

tg 1.32 20.83 20.41 0.42

tg 1.21 20.92 19.85 1.06

gg 3.00 22.70 21.25 1.45

gg 2,08 21.59 19.94 1.65

gg 2.85 22.60 21.65 0.95
Table I1I

Relative Energies (kcal mol™) of the Four Generic
Conformations of the Side Groups in the Various Skeletal
States of the Meso Diad of PMMA

tt 0.11 19.7 19.44 0.26

tg 1.52 21.21 19.96 1.25

tg 0.84 20.23 21.67 -1.44

gg 2.68 92,26 21.25 1.01

g8 2.62 22.14 19.94 2.20

gz 2.11 21.63 19.84 1.79
Table V

Relative Energies (kcal mol™!) of the Four Generic
Conformations of the Side Groups in the Various Skeletal
States of the Racemic Diad of PMMA

state uu ud dd du state uu ud dd du
tt 0 0.3 1.0 0.1 tt 0 0.9 1.9 0.9
tg 0.1 0 0.9 1.0 tg 0.2 0 0.8 1.0
tg 0.2 0 0.8 1.3 tg 0 0.3 0.5 1.0
gg 0 0 0.5 0.4 gg 0 0 0.1 0
gz 0.7 0.2 0 0.5 gz 0.6 0.1 0 0.5
5z 6.2 1.0 0 2.2 2z 1.1 0.3 0 0.3

The above procedure leads to the following values for the
statistical weights:

a = (.85 exp(-991/RT)
B8 = 0.77 exp(358/RT)
p = 0.87 exp(-1016 /RT) (12)

Comparison with FTIR Experimental Results

O’Reilly and Mosher derived the difference in the con-
formational energy between tt and tg states of i-, s-, and
a-PMMA, using the FTIR technique.’ On the basis of
previous calculations,! they assumed a two-state scheme
(tt and tg or gt) for the conformational states. The large
energy difference, AH deduced from the 1276/1264-cm™!
band pair was assigned to the backbone conformational
change. The four sets of bands from 1276 to 1136 cm™,
recorded below T, were used to estimate the energy dif-
ference in side-group conformations. O’Reilly and Mosher
proposed two models for the assignment of the energies
since associating the latter with the backbone, side-chain,
and combined total contributions, could not be done un-
ambiguously.

Table II shows the values of (E) at 300 K, and the
energy E at the minimum in the (¢;, ¢;+;) map corre-
sponding to each state of the meso diad. The values of
E have been further divided into the energy Ey,;, due to
backbone (including the a-methyl) interactions and Egc
due to the side chain, corresponding to the energy of in-
teraction of the R, ; and R,,; groups between themselves
and with the rest of the diad. The value of Eg¢ refers to
the energy at the minimum in the (x;_;, x;+1) map calcu-
lated for the (¢, ¢;+1) at the minimum for each of the states
of the bonds i and i + 1. For example, Egc = —-1.5 keal
mol™ given for the tt state in Table II corresponds to (x;_;,
Xi+1) = (10°, 0°) (see Figure 4) with (¢, ¢;4;) = (10°, -15°)
(see Figure 2). From Table II, the values of A(E) and AE
between tt and tg states are 880 and 640 cal mol™l, re-
spectively. The energy difference between tt and tg is 760
cal. mol™ on the basis of A(E) and 730 cal mol™ according
to AE. All these values are in good agreement with the
value of 720 cal mol™! derived from FTIR measurements.
If the values of E are considered, the energy difference
between tt and tg; tt and tg, and tg and tg are 1280, 1840,
and 560 cal mol, respectively. It is seen from Table II
that on the basis of the backbone energies alone, the tt
conformation is higher in energy than tg or tg. However,

the side-group interaction in the tt state is more favorable
than in the tg or tg state, leading to a lower total energy
of the tt state. Thus, it is likely that the energy difference
measured from FTIR for i-PMMA, above T, corresponds
to the total energy.

Table III shows the relative energies of the various
side-group conformations, corresponding to each state of
the meso diad. The side-group conformations (of R; ; and
R;;1) are generically denoted by u (carbonyl “up”) and d
(carbonyl “down”) in this table. The energies are listed
for each side-group conformation relative to the minimum
(Egc in Table II) in the x;_;, x;+1 map in each state taken
as zero. It is seen that except in the gg state, the energy
difference between the four generic conformations is within
1 kcal mol.™! This is applicable to the case in which the
backbone conformation does not change. If it does, and
if the energy attributable to the side group in such con-
formational change can be estimated experimentally, it can
be compared with the differences in the values of Eg given
in Table II. Results are not available from FTIR mea-
surements, for the side-group energies, since the experi-
ments were not carried out below T, for i-PMMA.

Tables IV and V are similar to Tables II and III, re-
spectively, but for the case of the racemic diad. The energy
difference between tt and tg states is 1410 cal mol™ on the
basis of A(E) and 1510 cal mol™, with AE. The values of
A(E) and AE between tt and tg states are 730 cal mol™
and 530 cal mol™, respectively. If the tg and tg states are
compared, A(E) and AE are 680 and 980 cal mol™, re-
spectively. On the basis of the backbone energy E,;, the
differences between tt and tg, tt and tg, and tg and tg are
520, 2230, and 1710 cal mol™!, respectively. The energies
derived from FTIR measurements are as follows: An en-
ergy of AE = 2000 cal mol, is attributable to AEy, as per
Model I or to AEy;, + AEgc according to Model II, based
on the two-state (tt and tg) scheme; an energy of 1164 cal
mol™! was assigned to AE,; - AEg: in Model I and to AE,,
in Model II. The calculated energies of 2230, 1410, 1510,
and 1710 cal mol™ described above are close to the values
of 2000 £ 222 and 1164 + 80 cal mol™ derived from FTIR.
The conformational energy differences calculated from
Table IV, viz., A(E) = 730 cal mol™? and AE = 530 cal
mol™ between tt and tg, AE;;, = 520 cal mol™! between tt
and tg, and A(E) = 680 and AE = 980 cal mol™! between
tt and tg have to be accounted for from FTIR experiments.

Table V lists the relative energies of the four generic
side-group conformations in each of the states of the
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Figure 5. The characteristic ratio C,, for isotactic PMMA is
shown as a function of E,, for select values of E; and E,. The
solid curves correspond to ¢;, ¢+ = —5°, =5° for the meso, tt state
and the dashed curves to ¢;, ¢+ = 10°, ~15°.

skeletal bonds of the racemic diad. It is seen that with the
exception of the “down—down” configuration in the tt state,
all the energy differences are within 1000 cal mol™. This
agrees well with the energy of 835 £ 100 cal mol™ assigned
to AEgc from FTIR measurements.

Characteristic Ratios

Characteristic ratios for stereoregular and stereoirregular
chains were calculated according to methods described
previously.!31516 The values of {¢;, ¢;+1) given in Table
I were used for the various states, after rounding off to the
nearest 5°. Since the values of (#”) are close to 124° in
the various conformations, the same value was used
throughout. Although the value of E, is not determined
directly from the above calculations, in view of the in-
tensity of the interactions that it represents, a value of 2500
cal mol™! was assigned to this parameter.

Characteristic ratios calculated for the i-PMMA chain,
as a function of E, are shown in Figure 5. Such plots of
C.. in terms of various values of E, enable understanding
of the effect of the population of the various conformers
on C.. Curves are shown in Figure 5, corresponding to
select values of E;and E . It is seen that C., increases with
E, up to E, =~ 1 keal mol™ and decreases thereafter. The
tg (or gt) conformation depends on E,. When E,, is large,
the predominance of the tt conformation, with {¢;, ¢;41)
= (~5°, -5°) promotes looping of the chain, since 8’ = §".
As E, decreases, more tg states are available and C., in-
creases owing to the decreased incidence of looping,
reaching a maximum at E, ~ 1 kcal mol-l. The decrease
in C, with a further decrease in E, is attributed to the
disorder caused by interspersion of numerous bond pairs
in the tg state. The tg conformation depends on both E,
and E,. A comparison of curves b and c in Figure 5 shows
that an increase in E4 reduces the value of C... Apart from
influencing the incidence of tg, an increase in E; also in-
creases the occurrence of the gg state. Curves a and b, with
Eg = 0.5 kcal mol™, show that decreasing the value of E,
decreases C,, for E, > 0.2 kcal mol™. One might expect
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that a decrease in E, and the resultant increase in the
incidence of the t§ conformation would increase C., due
to the prevention of looping. The opposite behavior seen
in the results can be interpreted as due to the contributions
from such states as gg and gg. The extent of reduction in
the value of C.. due to a change in E, depends on the value
of E;. This is evident by comparing curves a and b with
¢ and d in Figure 5.

The experimental values™® of C. for predominantly
isotactic PMMA are in the range of 9.2-10.7. The recent
work of Jenkins and Porter® shows that C., varies from 9.3
to 10.2 as the isotacticity increases from 83 to 100%. The
solid curves in Figure 5 show that the value of C.. does not
exceed 9.3. Reasonable adjustment of the statistical weight
parameters failed to increase C.. to match the experimental
values. Compared with the previous work,! the reduction
in the calculated values of C., is due to the inclusion of the
g state. Thus, the experimental values of 9.2 < C, < 10.7
are not accounted for by the solid curves in Figure 5.
However, good agreement with the experimental results
can be obtained by considering certain features of the
conformations of the chain, as discussed below.

On the basis of the results shown in Table I, (¢;, ¢;+;)
= (-5°, —5°) was used above for the meso, tt state to
calculate C.. The values of ¢;, ¢;4; = —5°, —5°, when
perpetuated, would result in “chain closure” after about
24 units. Figure 2 shows that the minima in the energy
surface for the meso, tt state occur at (g;, ¢;41) = (10°, -15°)
and (-15°, 10°). Perpetuation of such conformations would
lead to right- and left-handed helices with 14 monomers
per turn, with a repeat distance of 30.4 A. It is known!™18
that in the crystalline state, i-PMMA occurs in a helical
form with n = 10 and pitch = 21.12 A. This conformation
has been shown?® to be of lower energy than the five-fold
helix proposed previously. It is likely that such helical
segments occur in solution. Precedence to this proposal
can be found in the interpretation of the solution prop-
erties of chains such as isotactic polystyrene and poly-
propylene in terms of segments of the threefold helical
conformation.

Calculated values of C.,, with ¢, ¢;4; = 10°, -15° for the
meso, tt state are also shown in Figure 5 (dashed curves).
Comparing the curves, e.g., for E; = —0.5 keal mol™, cal-
culations with 10°, —15° result in higher values of C..
Agreement with experimental values is achieved with E,,
~ 1000, E; ~ -1000, and E, = 1000 cal mol™. Thus, while
the loop-forming tendency of the conformation with (-5°,
~5°) reduces C., the extended helical segments promoted
by conformations with (10°, —15°) increase its value.

A similar situation exists in the meso, gg state. Minima
occur at (135°, 105°) and (105°, 135°), while {(¢;, ¢;+1) =
(119.3, 119.3). The latter has been used in the calculations
above. The conformation with (120°, 120°) would cause
“chain closure” in three units. However, the perpetuation
of (¢;; ¢i+1) = (135°, 105°) and (105°, 135°), would lead to
right- and left-handed helices, respectively, with n = 3.23
and pitch = 2.23 A, Calculations were not performed with
(&3, vi+1) = (105°, 135°) since the change in C., is expected
to be small due to the low incidence of the gg state.

Calculations may perhaps be extended, with statistical
weight matrices comprising more than three states (t, g,
g) so as to include the “split” minima in states such as tt
and gg. However, this is not attempted here. Since (¢;,
¢i+1) = (10°, -15°) and (-15°, 10°) would lead to right- and
left-handed helices with the same pitch and the same
number of monomers per turn, the final value of C., would
not be affected by treating the meso, tt conformation as
a single state with (¢;, ¢;+1) = (10, -15°).
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Figure 6. The characteristic ratio for syndiotactic PMMA is
shown as a function of E, for select values of E; and E,.
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Figure 7. The temperature coefficient of the characteristic ratio
for isotactic PMMA, at 300 K, is shown as a function of E,, for
select values of E; marked on the curves, with E, = 1000 cal mol™.

The solid curves were calculated with ¢, ¢;41 = (-5°, —5°) for the
meso, tt state, and the dashed curve, with ¢;, ¢;4; = 10°, -15°.

Plots of C.. as a function of E,, for select values of Ej,
are shown in Figure 6 for the syndiotactic chain. The value
of C,, varies drastically with E, up to E, = 0, when E; =
0.5 or 0 kcal mol™l. The racemic, tt state depends on 8.
With (¢, 1) = (1.7°, 1.7°) in the tt state, the chain will
have the tendency to form loops as discussed above. When
Ez; = 0and E, <0, the enhanced population of the gauche
states suppresses the tendency for loop formation, leading
to large C... However, with Ep < 0, the increased popu-
lation of the tt state reduces the value of C.. Experimental
values of the characteristic ratio for predominantly syn-
diotactic chains are in the range of 6.5-8.4. This range is
reproduced by E, =~ 0.8, Eg = -0.5 t0 -1.0, and E, = 1 kcal
mol?. Although, from Figure 6, it is seen that values of
E, in the range of ~1.0 to 0 kcal mol ™ result in C.. = 7-8,
the negative values of E, do not reproduce the experi-
mental C. measured for isotactic PMMA chains.

The temperature coefficients, d(In C..)/dT, calculated
for the isotactic and syndiotactic PMMA are shown in
Figures 7 and 8, respectively, for various values of the
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Figure 8. The temperature coefficient of the characteristic ratio
for syndiotactic PMMA, at 300 K, is plotted as a function of E,
for select values of Ez and with E, = 1.0 keal mol™.

statistical weight parameters. In Figure 7, the sign of the
temperature coefficient of C, for the i-PMMA chain,
calculated with (¢;, ¢;41) = (-5°, —5°) for the tt state,
depends on the values of E, and E; With E, = 0.6-0.8
and E; = 0 to -0.5 kcal mol™, d(In C..)/dT is 0.9 X 1073
K1 With (¢, ¢i41) = (10°, —15°) for the tt state, the
temperature coefficient is —1.5 X 1073 K! with E,, = 0.8,
E;=-0.5and E, = 1 kcal mol™. The experimental value®
of the temperature coefficient for i-PMMA is -2.8 X 1073
K. In view of the uncertainty in the experimental de-
termination of this parameter, the approximations involved
in the theoretical calculations, and the fact that the cal-
culations were performed for a 100% isotactic chain, the
agreement between the calculated and experimental values
can be considered reasonable. It should be noted that the
use of (¢;, ¢;+1) = (10°, —15°), the perpetuation of which
leads to helical segments, results in large negative values
for the temperature coefficient.

The dependence of d(ln C.)/dT with E, is shown for
s-PMMA in Figure 8. It is seen that the temperature
coefficient depends significantly on E, and E;. The ex-
perimental results from the work of five groups?®% on the
temperature coefficient varies from 0 to 4.0 X 103 K, It
is seen from Figure 8 that such diverse values of this pa-
rameter are accounted for by E, = 0.6-1.0 and E; = -0.5
to ~1.0 kcal mol™.

Stereoirregular Chains

Characteristic ratios, as a function of isotacticity wy, of
the chain, were calculated with Monte Carlo chains of 200
units, and the average was taken over 25 such chains. The
standard deviations in the characteristic ratios were less
than 0.5. The results are shown in Figure 9 for select
values of the statistical weight parameters. Two sets of
curves are shown, with (¢;, ¢i4,) = (-5°, ~5°) and (¢;, ¢;+1)
= (10°, —15°), respectively for the meso, tt state. Generally,
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Figure 9. The characteristic ratios for PMMA, as a function of
isotacticity, w,, are shown for select values of the statistical weight
parameters. The solid curves were calculated with ¢, ¢4, = (-5°,
-5°) for meso, tt state and the dashed curves, with ¢;, ¢y = 10°,
-15°. The experimental values taken from Jenkins and Porter”?
are marked: (®) Sakurada et al; (o) Katime et al.; (v) Katime
and Roig; (W) Fox; (A) Chinai; (0) Vasudevan and Santappa; (¢)
Krause; (&) Schulz; (X) Jenkins and Porter.

a significant increase in C,, is noted as w,, increases from
0to 0.4. Values of C, in the range 9.5-11 are obtained for
isotactic chains, when (¢;, ¢;31) = (10, -15°) is used for the
meso, tt state. The experimental results of various authors
are shown in this figure. These were taken from the review
of Jenkins and Porter” and their recent work.? It is seen
that most experimental values of C.. for predominantly
syndiotactic chains are reproduced by curves a and b, with
E,=1,E;=-10,E, = 1-1.5 kcal mol™, and (¢;, ¢;+1) =
(—5° —-5°) for the meso tt state. Some of the experimental
values for isotactic chains are also consistent with curves
a and b. The higher values of C., for the isotactic chains
are reproduced by curves ¢ and d with (¢;, ¢;+1) = (10°,
—-15°). It is reasonable to expect that the perpetuation of
helical segments promoted by (¢;, ¢;+1) = (10°, =15°) occurs
when wy, is fairly large.
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