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ABSTRACT: Asatestofthesupposition that flexible side-group motion is responsible for subglass relaxation
in some polymers, a molecular model for the strength of the dielectric 8 subglass relaxation in poly(methyl
acrylate) (PMA) and poly(vinyl acetate) (PVAc) homopolymers and their copolymers with ethylene (MA/E,
VA/E) has been developed. The model is based on a rotational isomeric state (RIS) treatment for the overall
relaxation, a glass—rubber relaxation + 8 process. The RIS model gives good agreement with the experimental
total relaxation strengths for the homo- and copolymers in both systems. Then the RIS model is specialized
for consideration of the 8-process strengths only. A good account of the experimental behavior was obtained
throughout the subglass temperature range for the 8 processes in both PMA and PVAc homopolymers,
including the marked difference in strengths in the two systems and their strong temperature dependence.
The strength of the 8 processes in the dilute copolymers is complicated by the possibility of additional
contribution by main-chain subglass motions (“y process”) in the polyethylene segments. In MA/E copolymers
the modeled process, which includes side-group motions only, accounts for about half of the measured strength.
In VA/E experimentally the process is weak and has not been accurately quantified. The modeling results

are consistent with the experimental behavior,

Introduction

The most prominent relaxation process in polymers is
nodoubt the glass-rubber (o) relaxation. Itisduetolong-
range generalized segmental motion involving rotations
about skeletal bonds. However, nearly all polymers show
at least one additional relaxation process at temperatures
that are well below the glass temperature where general
segmental motion is frozen out.! The exact nature of the
molecular motions associated with subglass relaxations
remains obscure.?2 Thisis not due to the lack of suggestions
for various types of motion but rather the lack of convincing
models connecting the motions to the experimental
measurements. One of the suggestions for molecular
motions underlying subglass relaxations concerns polymers
that have flexible side groups. It has been widelysupposed
that such groups may reorient largely independently of
the main chain.! Dielectric relaxation is a good way to
characterize such motions and our laboratory has been
investigating experimentally some polymer systems where
the side-group motions are presumed to be responsible
for subglass (8) relaxation and should also be amenable
tomolecular modeling. In particular, dielectric data have
been generated for polymers containing pendent ester
groups as models for flexible side groups.34

There are two aspects to a molecular description of
relaxation processes. First, there is the quasi-equilibri-
um behavior associated with complete relaxation that
determines the strength of the process. Second, there are
the dynamics that determine relaxation times and hence
the time—-temperature location. Strengths for subglass
relaxations in general vary greatly from process to process
in various polymers. They are very discriminating from
the point of view of a model being able to successfully
describe a process. Thus devising a successful model for
strengths is a valuable step even though modeling of
dynamics is also required for complete understanding. As
commented on more fully below, it is reasonable to think
that the strengths are dominated by intramolecular factors
and an isolated chain model for the strength will be
adequate.

The present work describes a detailed isolated chain
molecular model for the relaxation strength in some
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pendent ester group polymers. These are poly(methyl
acrylate) (PMA), poly(vinyl acetate) (PVAc), and their
copolymers with ethylene (MA/E, VA/E), Figure 1. The
copolymers provide an environment where the flexible
ester side groups are chemically dilute and independent
of each other, whereas in the homopolymers they interact
significantly. The model proceeds by setting up a rota-
tional isomeric state (RIS) description of the equilibrium
mean-square moment for the PMA and PVAc homopoly-
mers and the MA/E and VA/E copolymers. The mean-
square moment leads to an overall relaxation strength, for
the combined « + 8 relaxation. This requires generating
Monte Carlo populations of chains of varying tacticity
and, in the copolymers, of comonomer sequencing. Then
astrength is derived for the subglass process by calculating
the mean-square moment for chains where only the side
groups may reorient and also taking into account the
important effect of the molecular backbone being orien-
tationally fixed in space in the glass. The latter calculation
requires generating chain populations not only of repre-
sentative comonomer and tacticity content but also of
populations representative of individual chain conforma-
tions assumed to be frozen in at the glass temperature.

Comparison with experiment is accomplished via re-
ducing experimental relaxation strengths to dipolar cor-
relation factors using the Kirkwood-Onsager equation.15
The latter is effectively the same as the quantity deduced
from the model, i.e., the dipole moment ratio, the mean-
square moment per dipolar group normalized by an
effective group dipole moment. The argument for the
isolated chain treatment of the molecular model being
adequate is based on the expectation that intermolecular
correlation effects on the measured correlation factors are
minor compared to the intramolecular correlation. Di-
polar correlation is effected primarily intramolecularly
through the influence of the conformational states of
connecting bonds, including those of the polymer skeleton.
The correlation usually dies away fairly quickly as the
number of intervening skeletal bonds increases. The
present series of polymers provides a test of these effects,
since the dipolar correlation from this source is quite
appreciable in the homopolymers and should be negligible
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Figure 1. Ester group attachment in vinyl acetate (VA) and
methyl acrylate (MA) environments.
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Figure2. Statistical weight matrix environments in copolymers.
Subscripts “d” and “I” refer to stereochemical sense in vinyl units;
“e" refers to ethylene units.

in the chemically dilute copolymers.

The rotational isomeric state model is based on the
interaction energy parameters developed in the previous
paper.5 These are used to set up appropriate statistical
weight matrices. The side-group states are explicitly
included along with main-chain states in the matrices.
The RIS models differ from previous ones for PVA¢” and
PMAB89 homopolymers in this explicit, and in the present
context essential, inclusion.

The Molecular Model

Statistical Weight Matrices. For vinyl-ethylene
copolymers, considering only torsional interactions up to
nearest neighbor, there are 11 possible bond environments
or pairs of interdependent torsional states that need to be
considered in the development of statistical weight ma-
trices, as determined by the chemical and stereochemical
structure of the monomer containing the bond of interest
and the previous monomer. Following the notation of
Mark,1% these environments and their associated matrices
areshown in Figure 2. Stereochemical d,/ subscripts follow
the convention of the preceding paper.®

Conformational energetics analysis® revealed that a five
main-chain torsional state description was necessary. The
relative energies of the three side-group minima are a
function of the main-chain conformation. It was therefore
determined that a 15-state model would be necessary to
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Figure 3. Structure of the statistical weight matrices. There
are three side-group states for each of the five main-chain states.
Numbers assigned to matrices refer to the environments of Figure
2.

model the copolymers, with five main-chain states for each
of the three side-group states.

Figure 3 shows the general form of the 11 statistical
weight matrices needed to describe the interdependent
RIS model for the copolymer systems. Symmetry con-
siderations indicate that there are only six unique sta-
tistical weight matrices, the others being determined by
symmetry operations. The 15 X 15 matrices can be divided
into nine 5 X 5 submatrices determined by the state of the
side group associated with the previous and current bond.
Aside groupis associated with the main-chain bond leading
both up to it and away from it. Many of the submatrices
are zero because many bonds are not associated with a
side group (see Figure 2). The conformational energy
parameters from Table II of ref 6 associated with each
element of each matrix are determined by examination of
the geometry of the local conformational environment as
indicated by the matrix label and row and column indices.
The completely enumerated matrices can be found else-
where.!!

Generation of Chemical and Stereochemical
Structure. In modeling copolymer systems containing
very long chains, a method must be devised to represent
the chemical and stereochemical structure in terms of a
finite set of chains of reasonable length such that computer
calculations can be performed on a reasonable time scale.
The method used in generating such chains is that
described by Mark!? for free radical polymerizing systems.
The polymerization is assumed to be a first-order Markov
process. The transition probability function P for the
binary systems being considered is given by

P11 Pia
= 1
E [le Pzz] )

The row index indicates the current radical type in a
growing chain and the column index indicates the radical
type after addition of a monomer unit. For example, pi2
is the probability that a radical ending in monomer type
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Table I
Composition of Generated Chains

fraction diad fractions,® actual (predicted)
chain polar actual MiM1 M1M2 M2M2 meso
MAx0.09 0.0867 0.0035 (0.0040) 0.1621 (0.1720) 0.8345 (0.8240) b
PMA 1.0000 1.0000 (1.0000) 0.0000 (0.0000) 0.0000 (0.0000) 0.507
VAx0.05 0.0500 0.0031 (0.0025) 0.0900 (0.0925) 0.9069 (0.9025) b
VAx0.20 0.1980 0.0450 (0.0400) 0.3200 (0.3200) 0.6350 (0.6400) 0.544
PVAC 1.0000 1.0000 (1.0000) 0.0000 (0.0000) 0.0000 (0.0000) 0.495

@ M1 represents the vinyl monomer. Predicted long-chain values from Bovey et al.16 ® Number too small for statistical significance.

1willadd monomer type 2. The matrix elements aregiven
by

rfi f2 f

=—V1 =t
Pu nhtf Pu nfiitfy Pu rfsthi

- rofs
p22_"9f2+f1 @

where r; and r; are reactivity ratios defined as
ry =Ry /Ry 1= key/ky 3

where k;; is the rate constant for the addition of monomer
type j to a growing chain end of type i. The fractions of
each monomer in the unreacted feed are given by f; and
f2. Assuming constant feed composition, the composition
of the feed can be calculated from the composition of the
long-chain polymer from the relationship

(Fyr,+ry-2)-r + Df2+ QF,(1-r) - Df, + Fyr, =0
(4)

where F; is the desired fraction of monomer 1 in the
polymer.

Extensive tacticity and monomer distribution studies
using proton and carbon-13 nuclear magnetic resonance
techniques have been performed on PVAc and VA/E
copolymers. Thesestudies allow calculation of replication
probabilities and reactivity ratios. For high-pressure
VA/E free radical copolymerization, reported reactivity
ratios!2" 1 indicate that this system is ideally random, i.e.,
ri=rg=1. VA/E copolymers were thus considered to be
ideal for the purposes of chain generation. Tacticity
studies!® on the copolymer indicate random (atactic) Ber-
noullian behavior or a stereochemical replication proba-
bility p; = 0.5. Studies on PVAc homopolymer!6-18 show
Bernoullian behavior with p, values ranging from 0.45 to
0.55, again almost completely atactic. A value of p; = 0.50
was used in generating all VA/E copolymer and PVAc
homopolymer chains.

PMA and MA/E copolymers have not been studied as
extensively as their PVAc analogues. Matsuzaki et al.1®
performed carbon-13 NMR studies on a free radical
polymerized PMA. Theresults indicated Bernoullian ster-
eochemical behavior with a replication probability of 0.49.
The MA/E copolymers studied experimentally in con-
junction with this work were actually formed by esteri-
fication of poly(acrylic acid)/ethylene copolymers.3 No
monomer distribution studies were found for this system.
Reactivity ratios can be estimated by using the empirical
Q-e approach.?% The reactivity ratios are given by the
expressions

@

r1=Q2

exp[-e,;(e, — e,)]

ry= % exp[-ey(e, — ;)] (5)

where the @ and e values are determined by fitting of the
empirical equations above to a set of experimentally
determined reactivity ratios for a large number of monomer
pairs. The Q-e values for acrylic acid given by Ham? are
1.15and 0.77, respectively, and for ethylene the values are
0.015 and -0.20. The reactivity ratios are therefore r; =
36 and r; =0.010, where M; represents the vinyl monomer.
Raetzsch and Lange?! give the reactivity ratios for MA/E
free radical copolymerization as r; = 19.4 and ry = 0.023.
Since the comparisons with experiment have been made
on quite chemically dilute copolymers, it makes almost no
difference which set of values are used and the latter ones
were employed in generating MA /E copolymer chains. A
stereochemical replication probability of 0.5 was used for
the PMA homopolymer and MA/E copolymers.

Once the transition probability matrix is known, the
Monte Carlo techniques as described by Mark!® can be
applied. Entire sets of chains are rejected as not being
representative if the occurrences of the monomers or di-
adsin the generated chains lie outside allowable tolerances
with respect tolong-chain or predicted values, as discussed
by Mark.1® Monte Carlo??%3 techniques, using the above
replication probabilities, were also used to generate the
stereochemical structure of the chains. Each chemical/
stereochemical set consisted of 10 chains of 30 monomer
units each. Table I shows the chemical and stereochem-
ical composition of the generated chains for the compo-
sitions investigated.

It was found that end effects were not important in the
calculation of the mean-square dipole moments or related
properties for chains of 30 monomers or longer. The set
label (e.g., MAx0.09) indicates the nominal mole fraction,
x, of polar monomer. These compositions were chosen to
approximately match experimental values studied. How-
ever, the notation has been altered from Buerger and
Boyd.23 There, MA20 designated the approximate weight
percent MA and analysis found 9.2 mol %. Thus the
statistical ensemble of chains represented by MAx0.09
corresponds to the experimental MA20. The VAx0.20
ensemble corresponds to the VA40 experimental sample.

Calculation of Mean-Square Moments. The mean-
square value of any vector quantity associated with each
bond of a chain molecule, averaged over the conforma-
tional space of the molecule, from the formalism of Flory?2?
is given by

n-1
(m* =22"'h*G,[[ [GG,h ®)
i=2
where the generator matrix G has the form

U (Uemy)|IT|| %

i=lo (UeE)|IT|| Uem, ™
0 0 U

G

i
The symbol @ indicates the matrix direct product. The
vectors m; and m;T are the vector associated with the bond
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i and its transpose. U is the statistical weight matrix and
|IT|| the bond vector transformation supermatrix. Inthe
terms U®m;T and U®m; the moments are directly
associated with each bond and matrix U to allow the dipole
moment corresponding to each side-group state to be
grouped with the corresponding states of the statistical
weight matrix. The chain partition function, Z, is given
by

n-1

z =] Ju 8)

in2
The average moment of a chemical/stereochemical set of
chains, (m?)¢/s, is given as the result of calculating (m?),
for each chain, &, in the set and averaging over the number
of chains, Ng, in the set, or

(mz)c/s = (1/Nc)2(mk2> 9
k

Generation of Chain Conformations. The funda-
mental assumption of the present model for subglass
relaxation strength is that the main-chain conformations
are frozen-in at the glass temperature but the side groups
continue to reorient. Therefore the main-chain confor-
mations at subglass temperatures are representative of
conformational space at the glass transition temperature,
while the conformations of the interacting side groups are
functions of the ambient (subglass) temperature. A
representative sample of main-chain conformations should
therefore be generated at the glass transition tempera-
ture. Statistical mechanical averages are then performed
on these fixed main-chain conformations, the side groups
remaining flexible.

A Monte Carlo generation of conformations of a chain
a step at a time employing a Markov process uses the
conditional probability? ¢;(r,s) that the bond, i, being
added is in state s, given the knowledge that the preceding
bond is in state . In terms of the a priori probability,
Di-1(r), that bond i — 1 is in state r and the a priori
probability, p;(r,s), that bond i is in state s, while the
preceding one is in state r

p;(r,s) = p,,(rgq;(rs) (10)

This relation serves to define g;(r,s) in terms of a priori
probabilities.2¢ The latter types of a priori probabilities
may be found? as

Jjmi=1 n-1
ps) =z [Jupwot[Juyi  an
j=2 J=itl

where U’;(s) is the statistical weight matrix for bond i,
with all elements except those for column s replaced by
zeros, and p;(r,s) may be found by the same equation but
with U’;(s) replaced by U’(r,s), where the latter is the
statistical weight matrix for bond i, with all elements except
r,s set to zero. In practice in the present case to account
for three side-group states, the states s, s + 5, and s + 10
and r,r + 5, and r + 10 under the numbering system used
are exempted.

A Monte Carlo technique was used in conjunction with
the conditional probabilities g;(r,s) = p;(r,s)/pi-1(r) to
generate a set of main-chain conformations for each chain
of each generated chemical/stereochemical set of chains
discussed above. The generated conformations need to
be a good representation of conformational space of the
generated chains. Conformationally dependent properties
such as the mean-square dipole moment averaged over

. the generated conformations should be similar to those
values calculated by standard RIS matrix methods at the
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Table IT
Comparison for Mean-Square Dipole Moment Ratios*

mean-square dipole moment
ratio (overall correlatn functn)

from from generated
chain chain av conformatns
MAx0.09 0.99 1.01
PMA 0.65 0.64
VAx0.05 0.97 0.97
VAx0.20 0.89 091
PVAc 0.71 0.73

¢ Mean-sqaure dipole moment of a chain divided by the number
of polar repeat units times the dipole moment of the polar repeat
unit squared.

glass transition temperature. The mean-square moment
for a generated fixed conformation at subglass temper-
atures is calculated from eqs 6-8 but with the statistical
weight matrices U; replaced by U;(¢;) where now the latter
is the statistical weight matrix appropriate for the bond
i with all columns set to zero except the those associated
with the main-chain conformational state ¢;. For each of
the 10 chains of each chemical /stereochemical composition
set of Table I, 100 conformations where generated. Table
1T shows a comparison of the mean-square dipole moment
ratio averaged over the generated conformations with the
value determined by matrix averaging over all confor-
mational space for each chemical/stereochemical set of
chains at the glass transition temperature. It may be seen
that the generated conformations do a good job of
representing the mean-square moments.

Overall Dielectric Relaxation Strength. The overall
dielectricrelaxation strength for a chain molecule describes
the situation in which the polymers are able to visit all
allowed conformations. For this case the relaxation
strength can be formulated in terms of the Kirkwood-
Onsager!® equation (in SI form)

o eu+2)2( 3¢, \ 1, 9
é e“_( 3 2er+eul3kTeo\Npgp#0) (12)

where, ¢ and ¢, are the relaxed and unrelaxed dielectric
constants, ug is the vacuum value of a polar repeat unit
dipole moment, k is Boltzmann’s constant, T is the tem-
perature, ¢ is permittivity of free space, and N, is the
number of polar repeat units (dipoles) per unit volume.
The quantity gp is the correlation function of a polar repeat
unit. If only the intramolecular correlation is considered,
as discussed in the introduction, then g, is given by

g,=1+ i—ti(cos vy (13)

i=1 j#i

where n is the number of dipoles per chain, v;; is the angle
between the dipole moment vectors of the ith and jth
dipoles of the chain, and the sums occur over all dipoles
of the chain. Equivalently, g, is given by

g, = (m?)/nug (14)

where (m?2) is the mean-square dipole moment of the chain,
the averaging occurring over all of conformational space
of the chain as in eq 6. The experimental data and the
statistical calculations are reduced to a convenient common
basis through gp. For the data, consisting of measurements
of ¢ and ¢,, this is effected through eq 12 and for the
calculations, resulting in mean-square moments, through
eq 14.

If a system consists of a set of nonidentical chains of
equal volume, an average correlation function value can
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be calculated by averaging over all chains, k, or
1 Nc (mh2>

(8,) = —
P ch-l “02

(15)

where N¢ is the number of chains considered. For the
case of a set of chains of varying chemical/stereochemical
composition, comparison with eq 9 shows

(8,) = (mP)c s/ nug’ (16)

where n is the average number of dipoles per chain. With
eq 16 the average correlation function or the relaxation
strength for the overall process for any of the sets of
generated chains in Table I can be calculated.

Subglass Dielectric Relaxation Strength. In the
treatment of total relaxation strength above it is inherent
ineq 13 or 14 that the averaging over conformational space
also includes reorientation of the entire molecule over all
spatial directions, not just internal reorientations. In the
case of the subglass relaxation model the side groups relax
relative to a fixed main chain and are not able to relax
individually over all space. This has astrong effect on the
relaxation strength and causes it to approach zero with
decreasing temperature as individual dipoles become
confined to their lowest energy state. The situation can
be treated as follows. More generally, following Froeh-
lich, Npgpuo? in eq 12 associated with dipolar reorienta-
tion of N identical molecules per unit volume, where each
individual, k, is capable of instantaneous configuration x
and possessing moment my(x), is given by26

N g ug’ = N(m(x)-M*) (17)

where M is the moment of a spherical region large enough
to be treated macroscopically that contains my(x) and M*
isthestatistical mechanical average of M, with m,(x) fixed.
(mg(x)-M*) is the statistical mechanical average of
my(x)-M* over all configurations of my(x). The total
moment M of the region is

M= ;mk (18)

For the purposes of the present situation it is convenient
to decompose the above into inter- and intramolecular
terms as

M = mk + Z,mk/ (19)
k/

where k is a selected molecule with m,(x) and the sum
now runs over all other molecules, k. Then

(my(x)-M*) = (m,(x)%) + D_"(m,(x)}m*,) (20)
-

where m*, is the statistical mechanical average of my
with m,(x) fixed. Under the assumed condition where
intermolecular correlations vanish and only intramolec-
ular correlations exist, m*y will be independent of mx(x)
and therefore

(my(x)M*) = (my(@)%) + D_/(m,(x))-(my(x))
k/
= (my(@)?) + (my(x))-)_/(m,(x)) (21)
kl

Above the glass temperature, each (mg(x)) will spatially
average to zero, leaving the conventional expression, eq
13 or 14, for the strength in terms of the mean-square
moment of molecules with internal correlation but inter-
molecular uncorrelation. However, in the glass where
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overall molecular tumbling does not occur, (my(x)) need
not average to zero. However, it is to be supposed that the
macroscopic region associated with M is not permanently
polarized and the average total moment of all molecules
will be zero

(M) =D _(m,) = (m(x)) + )_"{my(x)) =0 (22)
k L3
or

D (my(x)) = ~(m,(x)) (23)
kl

Therefore, from eqs 21 and 17, the per polar unit correlation
function, gp, of eq 12 is

Nogoue® = N(my(x)M*) = N[(m,(x)?) -
(m(x))+(m,(x))] (24)

Eq 24 with eq 12 forms the basis for computing the sub-
glass relaxation strength. The mean-square moment,
{m(x)?), above is for a fixed main-chain conformation
and is to be evaluated as described earlier under Generation
of Chain Conformations. The average moment of a chain,
{(mp(x)), is computed as follows. Let the molecular
moment be written in terms of its constituent group dipole
moments, u;, as mg = Y_u; and therefore

(my) = D (k) (25)

Let pi(s) be the a priori probability?® that dipole : is in
state s, i.e., averaged over the states of the other dipoles.
Then

() = D_py(s)uls) (26)

The a priori probabilities, p;(s), are evaluated by matrix
methods using eq 11, but with the U; replaced by Ui(¢:),
where again, as under Generation of Chain Conformations,
the latter is the statistical weight matrix appropriate for
the bond i with all columns set to zero except those
associated with the main-chain conformational state ¢;.
In practice, for comparison with experiment, g, in eq 24
is to be taken as an average over the entire population of
generated chains with frozen main-chain conformations
and varying chemical and stereochemical sequencing.

A connection of the above treatment, as expressed in eq
24, with site models?™2? for relaxation can be established
by using mp = Y ;u; and writing eq 24 as

Nogoig® = NID_ul =D (wi)? + DD () -

i g
DD mdwp] @D
i ji
and using
()? = 3PV + D pIpOmmls)  (28)
8 8§ r#s

For the three states, s = 1, 2, and 3, considered in the
present model and using p;(1) = 1 - p;(2) - p;(3) etc.
()? = w1 - 2p,(1)p,(2)(1 - cos a) - 2p(2)p,(3)(1 -

cos 8) - 2p,(1)p;(3)(1 - cos ¥)] (29)

where o, 8, and v are the angles between the dipole vectors
in states (1,2), (2,3), and (1,3), respectively. Thus, the per
polar unit correlation function, gy, is evaluated, identifying
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Table II1
Comparison of Calculated and Experimental Characteristic and Dipole Moment Ratios
Co D,
homopolymer temp, K caled exptl caled exptl
PMA 300 9.1 8.4%0.5° 0.67° 0.67,20.67°
PVAc 303 9.3 0.72¢ 0.70,¢ 0.89-0.94,f 0.75-0.808
PVAc 339 8.6

¢ Uncertainty estimated by Yoon et al.8 ® Melt value from Figure 4, combined a + 8 processes. ¢ Solution value quoted in ref 34. 9 Reference
32. ¢ Melt value from Figure 6, combined a + 8 processes. f Solution value, ref 35. # Solution value, ref 36.

ui with ug, as
Nogoe? = N _{ug"(2p,(1)p,(2)(1 - cos @) +

2p,(2)p,(3)(1 - cos B) + 2p;(1)p;(3)(1 - cos v)] +
D (uemp) = 3 (w)e(mp) (30)

j#i J=i
If, for example, there is but one dipole per chain, the dilute
dipole limit, then eq 30 reduces to

N guq’ = Nug'[2p(1)p(2)(1 ~ cos o) + 2p(2)p(3)(1 -
cos 8) + 2p(1)p(3)(1 - cos v)] (31)

This result is the same as a site model treatment of a
three-state dipole.?”® Since the main-chain conformation
is fixed, the p’s are simple local Boltzmann factors
expressing the site energies, U,, and p(s) = exp(-U,/kT)/
Y sexp(-U,/RT).

Before invoking eq 24 or its equivalent, eq 30, in the
circumstance of the present application, i.e., to ester side-
group relaxation, it is necessary to note the following. The
state labeled 1 is taken to be a “60°”-type side-group site
and states labeled 2 and 3 to be the “90°” and “150°" sites
of Figures 3 and 4 of ref 8. It is to be noted that although
2and 3 appear to form distinct minima the barrier between
the two sites is very small. This implies that dynamically,
transitions between states 2 and 3 will be much more rapid
than transitions between (1,2) and (1,3) and thus they will
contribute in a relaxation region distinct from and at much
lower temperature than the experimental 8 relaxations.
That is, (2,3) transitions are assumed to be incorporated
experimentally into ¢, for the 8 process. Thusin evaluation
of eq 30 the probabilities p;(1), p:(2), and p;(3) were all
made on the basis of the three-state model but the
correlation factor that gives rise to the strength is computed
by leaving out the (2,3) terms. The angular excursion
between states (2,3), i.e., the angle v, is relatively small
and at higher temperatures the effect of this omission is
alsorelatively small. However, the site energy differences
for (1,2) and (1,3) are considerably larger than for (2,3).
Therefore at low temperature due to Boltzmann weighting
there is a significant lowering of relaxation strength
compared to including all of the transitions.

Results and Discussion

Characteristic Ratios. The characteristic ratio C. is
the limit as n — « of

C, = (r*)o/nl? (32)

where (r?) is the unperturbed mean-square end-to-end
distance of the polymer chain, n the number of bonds, and
[theirlength. Experimental values of C.. can be compared
with values calculated via the RIS model as a valuable test
of the conformational (RIS) model. Experimental values
for the characteristic ratios of PMA3:3! and PVAc32 ho-
mopolymers are available. No experimental characteristic
ratio data could be found for the MA/E and VA/E

copolymers. For computational purposes, series of sets of
atactic (p, = 0.5) chains were generated. The series of
chains ranged from 30 repeat units to 200 repeat units in
length, each set of the series containing 40 chains except
the set of 200 repeat unit chains, which consisted of 20
chains. Extrapolation of the C, versus reciprocal molec-
ular weight to infinite molecular weight yields C. values.
Table III compares the calculated C. values with long
chain experimental values. Agreement between calculated
and experimental characteristic ratio values is seen to be
good for both PMA and PVAc. This agreement supports
the adequacy of the RIS models.

Experimental Dielectric Behavior. Before discuss-
ing the dielectric strength results from the modeling it is
appropriate to review briefly the features of the experi-
mental behavior34 that a molecular model should account
for. The aglass-rubber processesin bothPMA and PVAc
homopolymers show the effects of intramolecular corre-
lation. The experimentally measured correlation factors
aresignificantly less than unity. Both homopolymers show
subglass § relaxation processes well separated from the o
but there is a striking difference in the associated strengths
in the two polymers. The subglass relaxation is consid-
erably more prominent in PMA; its strength is a significant
fraction of the overall relaxation strength, « + 8. It is
much weaker and a relatively minor process compared to
the process in PVAc. In MA/E copolymers, the
prominence of the subglass 8 process, relative to the q, is
maintained or enhanced compared to that in the homopoly-
mer. The subglass process is shifted to lower tempera-
ture compared to that of the homopolymer, into a region
comparable to the vy subglass process in PE. In VA/E
copolymers, the behavior is more complex; the subglass
process in isochronal temperature plots is split into two
poorly resolved ones that have been labeled 8 and v.4 The
subglass process strengths in all instances are relatively
strongly temperature dependent, increasing with increas-
ing temperature.

The role of subglass main-chain motions in the PE
segments in the copolymers has been speculated upon.4 It
has been suggested that such motions occurring near vinyl
units could cause rigid excursions of the ester groups that
would contribute to the copolymer subglass strength in
addition to that arising from the rotations of the ester
groups about the attaching bonds, In MA/E copolymers
where the subglass process occurs in the same tempera-
ture region as the PE v process the two types of motion
would be experimentally indistinguishable. In VA/E
copolymers, it was suggested that the 8 region arises from
ester group rotations and the v region from rigid side-
group excursion driven by PE main-chain motions.

There is a feature of the experimental results for VA/E
copolymers that needs comment. It was found that the
correlation factors for the overall a + 8 processes in the
more chemically dilute copolymers, where dipole—dipole
correlation should be small, were not unity at all tem-
peratures but approached unity at higher temperature.4
This result was attributed to the fact that the measure-
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ments are actually made on specimens that are semicrys-
talline. It has beennoticed that constraints on amorphous
chain segments imposed by connections to the crystals
can cause spatial restriction on complete dipole relaxation
even in the glass—rubber relaxation region.® This results
in an apparent correlation function for a + 8 processes
that is less than unity at lower temperatures.
Comparison of Experimental and Calculated Re-
laxation Strengths. a. Overall Strength. The cor-
relation functions for the combined o + 8 processes for
PMA homopolymer and a chemically dilute MA/E co-
polymer (9 mol %) are shown in Figures 4 and 5,
respectively. It is seen that the agreement between
experiment and the calculations is excellent. For PVAc
and a 20 mol % copolymer the results are shown in Figure
6. The agreement is good for the homopolymer. For the
copolymer the calculated results are near but slightly less
than unity as expected. Experimentally, the results only
approach a value near unity with increasing temperature.
This effect was mentioned above under the discussion of
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kcal mol, Sg(VA) = 2.22 kcal/mol).

the experimental behavior and ascribed to the experiments
being made on a somewhat constrained amorphous phase
in a semicrystalline environment.

The correlation factor g, of eq 14 isseen to be the “dipole
moment ratio” that is often determined from solution
measurements. The experimental values in Figures 4 and
6 for the homopolymers were derived from melt mea-
surements.34 Comparison of the dipole moment ratios D
= g, for the homopolymers with both solution3-3¢ and
melt measurements is made in Table IIL

Results for overall relaxation strength displayed in
Figures 4-6 are from calculations made with no adjust-
ments to the energy parameters derived from the con-
formational energy calculations.®

b. Subglass Strength. In calculation of the subglass
relaxation strengths it was apparent that they are especially
sensitive to the statistical weight parameters Sgo(MA) and
Seo(VA) for the two systems. The site energy differences
for side-group reorientation (see, for example, Figures 5
and 6 of the preceding paper) depend rather directly on
this parameter. In turn, in the strength as expressed by
eq 30, the Boltzmann weighted products, p(1)p(2) and
p(1)p(3), are largely determined by this parameter. At
the temperatures of the subglass regions, ~200 K, a few
hundred calories has a strong influence on the strength.
It is beyond the power of conformational energy calcu-
lations to predict energy differences at the level of 100
cal/mol. Figure 7 shows the effect on the correlation
functions for the subglass processes of adjusting Sgo(MA)
from the value 0.97 kcal/mol in Table II ref 6 to 0.87 kcal/
mol and Sg(VA) from 1.96 to 2.22 kcal/mol. This has a
negligible effect on the calculated overall a + 8 strengths.
Results for subglass 8 processes in PMA and MA/E
calculated from these adjusted values are displayed along
with the overall o + 8 correlation functions in Figures 4
and 5. The subglass strengths for the VA system are very
small compared to the overall strengths in Figure 6 and
are plotted separately on an expanded scale in Figure 8.
With this minor parameter adjustment the calculated
strengths of the subglass processes in the homopolymers
are in good agreement with experiment. This includes
the slopes with temperature as well as the absolute level
of values. For the MA/E 9 mol % copolymer, it is to be
seen in Figure 5 that the calculated values fall significantly
below the experimental ones. We attribute this circum-
stance to the side-group reorientations accounting for only
part of the strength, the rest coming from rigid side-group
excursions driven by subglass main-chain motions in the
PEsegments. Thelatter are in a coincident temperature—
frequency region with the side-group motions.
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The calculated correlation function for the 20 mol %
VA/E copolymer has no precise comparison with exper-
iment. The 3 process is so poorly resolved experimentally
from the « glass transition region and the v lower tem-
perature region that it could only be concluded that the
process is somewhat weaker than the ¥ process.* The
correlation function for the latter is shown as a dashed
line in Figure 8 and it may be seen that the calculations
are in accord with this semiquantitative conclusion.

Comparison of Subglass Processes in MA and VA
Polymers. The major difference in strength for the sub-
glass processes between MA and VA systems has been
emphasized. As already indicated, the strength is largely
responsive to the site energy differences for the side-group
rotation; see Figure 9. The energy difference is signifi-
cantly larger for VA side-group rotation and this results
in suppression of the strength through the p(1)p(2) and
p(1)p(3) terms in eq 30. The difference between the
systems, which arises from the different structural direc-
tion of attachment of the ester group, is well accounted
for by the conformational energy calculations. It is
interesting to make some qualitative observations. The
VA situation, because the ester carbonyl group is farther
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from the main chain, is inherently less sterically hindered
in its lower energy positions (-90° and -150° sites, Figure
9) and has a lower conformational energy than the MA
system. On rotation to the 60° site, a fairly serious steric
hindrance between the carbonyl and the main chain is
generated. In MA, all the side-group positions are more
hindered than in VA and thus are less sensitive to rotation.
Site Population versus Dipole-Dipole Correlation
in Subglass Strength. For an overall o + 3 process,
dipole-dipole correlation only, as expressed, for example,
by eq 13, determines the correlation function. However,
as seenin eq 30, for subglass processes both site population,
p(r)p(s) terms, and dipole—dipole correlation, (u;u;) —
(i)+(ms), terms contribute. Atlowtemperature,asdipoles
settle into the lowest energy site, the population terms
approach zero and (u;p;) — (i)-(n;). Thus the strength
goes to zero. It was found computationally for the chain
ensembles studied that the population terms dominated
over the dipole—dipole correlation terms. MA homopoly-
mer showed the largest dipole—dipole correlation effect in
the subglass region. Results for this case are shown in
Figure 10 where the effect of the dipole-dipole correlations
are seen to be noticeable but relatively minor.
Conclusion. It appears that the concept of side-group
recrientation on a dynamically quiescent main chain
accounts well for the subglass strength behavior of the
two homopolymers, and with some reasonable speculation
about the effect of main-chain subglass motion in PE
segments the concept of side group reorientation appears
to be compatible with the copolymer strengths as well.
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