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ABSTRACT: As part of our program on simulation of the Brownian motion of chain molecules, we have studied the conforma-
tional static and dynamic properties of a model of polyethylene. In the present paper we systematically derive the same proper-
ties by using the rotational isomer theory. As expected, there is a good agreement for the static properties like conformational
averages and chain dimensions. In addition the local mobility of the chain has been favorably compared by the aid of the two

approaches.

In order to study the dynamics of macromolecular chains,
we have developed a model in which the chains, confined on
a tetrahedral lattice, are submitted to random local motions
involving three or four bonds.!2 By this means both static? and
dynamic* properties of tetrahedral chains (i.e., chains without
conformational interactions) have been studied, with allow-
ances for the excluded volume effect.

Recently we have modified this model so as to describe more
realistically polymers like polyethers and polyethylene.>6 The
tetrahedral lattice description of the chains and of their
movements is preserved, as it is not far from the actual geom-
etry of linear polyethers. The major change is the introduction
of conformational statistical weights. The energy of the con-
formations is taken into account during the generation of
chains and also in the local-motion process, in order to keep the
chain in its conformational equilibrium state. The statistical
weights were chosen to account for the solution properties of
polyethers.” For comparison, polyethylene (PE) has been
studied with the same energy parameters, and the results are
described here.

Briefly, a cycle in the Brownian motion simulation procedure
is the following. A chain bond vector is selected at random, and
the conformation of the adjacent bonds is examined to see
whether a local jump is geometrically possible. If the movement
is blocked, the cycle ends, otherwise, the energy difference AF
between the final and initial states is assessed and the frequency
of occurrence of the motion is weighted by the probability
factor

p(motion) = exp(—AE/KT)/[1 + exp(—AE/KT)] (1)

Special rules pertain to bonds at chain ends, but these need not
be described here. Details of the simulation procedure are given
elsewhere.>6 Because of the so-called pentane effect, the
four-bond motion, which is important in our model for poly-
ethers, is forbidden in PE chains. With the above described
model, numerous static properties have been calculated both
at the generation of chains and during the simulation of the
motions. The local mobility and the dynamic properties of the
whole chain have also been investigated.>-6

In this paper we compare our approach with the classic ro-
tational isomerism theory. Based on the Ising model this theory
was developed by Volkenstein,® Birshtein and Ptitsyn,® Lif-
son,'% Nagai,'! and Hoeve!2 and a great number of applica-
tions are given by Flory.!3 It has been proved very useful for
studying the conformation-dependent properties of linear
polymers. Here we can use either the formalism of Lifson,!0
as Gorin’ did, or that of Flory.!3 The difference lies in the way
of writing the statistical weight matrix: for Lifson

1 PgPig PgPug
UL =|pg PePgs 0 (2)
Pst 0 PePgs
and for Flory
I pepe PgPig
Ur=|1 PePee/Pig O (3)
1 0 PePes/Pe

The two expressions are equivalent because U and U are
related by a similarity transformation. Let us recall that p,
refers to the interaction between the extremities of a three-bond
gauche sequence and p,, and pyg to the extremities of four-
bond sequences gg and tg, respectively.

In the tetrahedral lattice description, pg+s- = 0, because of
the pentane effect. The parameters we have used in the simu-
lation deduced from the van der Waals interaction at 20 °C
are the following: p, = p,, = 1 (by convention), p, = 0.40, py,
= 1.24, and pg = 2.50. These parameters give

1 0.5 0.5

Up=|124 1 0
124 0 1
1 05 0.5

Ur=|1 0.81 0 (4)
1 0 0.81

This is to be compared to the values given by Flory at 140
°C:
1 0.54 0.54
Uy =|1 0.54 0.05 (5)
1 0.05 0.54

The differences between (4) and (5) are effectively not as
large as they might appear at first sight. The first rows of the
Ur and Uy’ matrices are almost the same when adjusted to the
same temperature. In the second and third rows, Flory’s model
permits a small number of g*¥g™ conformations which are
completely forbidden in our model, and it is known that even
a weak proportion of such conformations strongly influences
both chain dimensions” and dynamic properties.*-¢ However,
in our model there is an increased frequency of g*g* confor-
mations, and this largely compensates for the exclusion of g*g*
sequences because it generates chain folds of a different kind.
Physically, it may be argued that an enhanced g*g# probability
is favored by the van der Waals attraction between methylene
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Table I
A priori Conformational Probabilities (%)
P, P, Py Py Pep Pg+g- Py Py,
Flory’s model 59.7 40.3 320 549 11.9 1.0 53.8 46.2
Present model 54.8 45.2 28.8 52.1 19.1 0 52.5 47.5
Simulation results 55.1 449 29.2 51.7 19.1 0 52.6 47.4
Table 11
Conformational Probabilities of Five- and Six-Bond Sequences
5-bond conf ttt ttg* tg*t tgtg* grg* gttg™® gtg*g*
g:kn gigﬂ:t
P[C] 0.151 0.274 0.150 0.221 0.062 0.062 0.081
6-bond conf tttt titg* ttg*t ttgxg® tg*tg* tg*tg™®
gEttt tg*tt gEgEtt gEtg*t gEtg™t
P[C] 0.080 0.144 0.158 0.116 0.071 0.071
6-bond conf gEttg* gEttg™ tgrg*t tgrgtg* gttgtg® g*tgTg*
gEg*g*t grgttg* grg*ig”
P(C] 0.033 0.033 0.064 0.093 0.052 0.052
6-bond conf grgrgp*
P[C] 0.034
Table ITI calculate the probability of any conformational sequence inside
Conformational Probabilities (Comparison with the Simulation) an infinite chain. Let {C], be a (n + 2)-bond conformation,
o which thus contains # individual conformations of three bonds:
tg=g oYU
Conformation t tgt gtgtt gtggt Cy, Cy, Cy- - - Cpoy, C,. Its probability is given by:
—1 n—1
Peated 0.548 0.150 0.220 0.081 P(C.) = " Pec ‘
Peim 0.541  0.145 0222 0.087 (€n) ,Ql GG ,-Ijz Pe; (6)
The results for 5-bond and 6-bond conformations are reported
Table IV 0 Tab 1l that all th f . L. o
Mean Energy and Standard Deviation in Table II (recall that all the conformations containing g*g
i sequences have a zero probability).
Flory’s  Present , A comparison with certain data of the simulation is possible
model model Generation (Table III). It concerns only those sequences able to move by
Ey at 20 °C, keal 12.8 5.9 6.6 a three-bond motion and the t conformations. The agreement
o, keal 2.7 1.87 1.84 is satisfactory. One may add two remarks. First, the “trans”

groups separated by four bonds when in this conformation,
since the separation between them is then about 3.6 A, corre-
sponding roughly to the minimum of the potential energy
function between two methyl groups.’

It should also be remarked that the statistical weights given
in eq 3 are based on the energetics developed by us for poly-
ethers and that another set of conformational energies could
be chosen if our purpose were to produce the best model only
for polyethylene.

(I) Average Conformations of Infinite Chains

The a priori probabilities of the conformations of an infinite
chain are easily calculated by using the rotational isomeric
state model.!3 Let us call these probabilities Py, Pg, Py, Pig,
Py, Pgto- and let Py, and Py, be the a priori probabilities for
an end conformation to be t or g, respectively. Table I shows
the calculations as performed either with our set of statistical
weights or with Flory’s for comparison with the generation
results. The very good agreement between these calculated
values and those found by the simulation process indicates that
the particular generation we have performed® does not intro-
duce any appreciable bias into the conformation distribution.
We observe also that the difference between the present model
and Flory’s is rather small; as mentioned before, there is some
compensation between g¥g* and g*g~ conformations.

(IT) Probabilities of Three- and Four-Conformation
Sequences

By the aid of the a priori probabilities (Table I), one can

proportion is lower in the simulation results, probably because
of the noninfinite length of the chain. Also, the ggg and tgg
sequences are favored to the detriment of tgt; this will be dis-
cussed below with the mobility effects.

(II) Conformational Energy of Chain

The statistical weights are related to the conformational
energies in the standard way by the equation £, = kT log p,,
for conformational state . Thus the average total energy of
a chain can be calculated from the a priori probabilities. We
may write

E=(N=2)PgE; + (N = 3)(PigEeg
+ PggEgg + Pytg-Eg+g-) (7)

if it is assumed that AV is so large that the end effects are neg-
ligible. The results for 80-bond chains are shown in Table IV.
The small discrepancy between calculation and generation
results arises from the end effects. The larger energy obtained
with Flory’s model is due to the somewhat higher energy he
assigns to gauche conformations and to the allowed g*g~ se-
quences which, although they are not very numerous, have
rather high energies.

The standard deviation ¢ of the energy distribution has also
been determined. Let Py’ and Py, be the proportions of tg and
gg conformations in a certain chain. For this chain the ap-
proximate energy is:

E/(N—=3)~ P/ (Egt+ hEg) + Pgg/(Egg + Eg)  (8)

With the particular set of statistical weights we have used, Py’
=1 — Py’ — Py, and since Ey; is zero by convention we can
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Table V
Characteristic Ratio
Calcd
20°C  Sim20°C  Flory140°C  Exptl 140 °C
Ry?/ 6.0 6.3 6.8 6.6t06.8
NI2
Table VI
Sequences with Central tgt
Energy diff
Type of Conf between initial

conformation probability, % and final states

tt tgt tt 11.4 2E,

tt tgt tg 10.3 E\+E;

tt tgt gt 11.3 E

tttgt gt 1.3 0

tttgtgTg™ 8.3 E -E,

gttgttg 2.3 2E,

gt tgt gt 5.1 E;

gttgtg™t 5.1 E,—-E,

gttgtg™g™ 3.8 0

tg tgt gt 2.8 0

tgtgt gt 5.6 -E;

tgtgtgTg~ 4.1 —-E,

tg~tgt gt 2.8 —-2E,

tg=tgtgTg” 4.1 -E,—-E,

g gTtgtgTg” 1.5 -2E,

rewrite eq 8 as
E = constant(N — 3)P = (constant)ng 9

where 7 is the number of tg conformations of the chain. The
standard deviation of E is thus proportional to that of n,.

It is standard operation to obtain the variance of ny by twice
differentiating the conformational partition function, just as
a single differentiation leads to (n5). (See ref 13 p 78.) We
thus obtain

op = 0.213(NV — 3)1/2kcal/mol (10)

For an 80-bond chain, o is found to be 1.87 keal, very close
to the 1.84 kcal of the generated chains. A similar estimate for
Flory’s model gives 2.7 kcal. This relatively high value is of
course due to the large conformational energies of g¥g* and
even g*g* sequences.

(IV) Dimensions of Chains

The calculation of chain dimensions in the rotational
isomerism model has been extensively described”?-!3 and need
not be recalled here. Our results, in terms of the characteristic
ratio, are presented in Table V.

Experimentally, the variation of the characteristic ratio in
the temperature interval 110-190 °C is!3 given by d log
(Rg?)/dT = —1.1 X 1073, The extrapolation of the results
reported by Flory gives (Ry2)/NI? = 7.6 at 20 °C for infinite
chains. This is a relatively high value, but it could be lowed by
several considerations: (1) the chains are not infinite!3 and (2)
the experimental determinations of characteristic ratios and
of their temperature dependence are made with a relatively
high uncertainty, perhaps about 10%. For these reasons the
disagreement is not very significant.

(V) Probabilities of Motions

In the present model, the only motions to be considered ex-
cepted at chain ends are three-bond motions. We have listed
in Tables VI-VIII all the sequences of seven rotational states
in which the central conformation may give rise to a motion,
with their computed probabilities and the energy difference

Table VII
Sequences with Central tgg
Energy diff
Type of Conf between initial
conf probability, % and final states
tt tgg tt 18.4 E\+E;
tt tgg tg™ 8.3 2E,
tt tgg gt 14.9 E,—-E,
tttgg gg 10.9 2(E; - Ey)
gttggtt 8.3 2E,
tgtggtg” 3.8 3E, - Ey
gt tgg gt 6.7 0
gt tgg 8g 4.9 E\-E
tg tgg tt 9.1 E,
tg tggtg™ 4,1 2E; — E
tg tgg gt 7.4 -E,
tg tgg gg 5.4 E\—2F;
tg~ tgg tt 9.1 E,—F,
tg~ tgg tg” 4.1 2(E,— EY)
tg~ tgg gt 7.4 -E\—-E;
tg~ t2g g8 5.4 —2E;
gTgtgg tt 6.7 0
gTgtgg g 3.0 Ex— E;
g7g " tgg gt 5.4 —2E,
g7 tgg ge 4.0 E|—3E;
Table VIII
Sequences with Central ggg
Energy diff
Conf between initial
Type of conf probability, % and final states
tt ggg tt 7.4 2E>
tt ggg tg~ 6.7 3E,—E
tt ggg gt 12.0 0
tt ggg gg 8.8 E|1—E;
g tgggtg” 1.5 4E, - 2F,
gTtggggt 5.4 E,—-E,
g7tggg eg 4.0 0
tg ggg gt 4.8 -2E,
tg g8 88 7.1 E, = 3E;
88 888 88 2.6 2E; — 4E,

between the conformation and the final one, i.e., the new
conformation if the motion is performed. For the sake of sim-

plification we note that

Ey=Eg+2E,
Ey=Eg+Eg (11)

The conformations are grouped by two or four because it is not
necessary to distinguish the sign of the central gauche con-
formation and the sense of the chain. For example, tg~tgtg=g~
holds for: tgtgttg—g~, tg*tg—tgtg*, g g tgttgt, and
gtgttgtgtt.

A total of 29.8% of the conformations are able to move. In
the present model, at 20 °C, E, equals zero, so that the energy
difference can take only five values: £ E;, £2F), and 0. The
probability of occurrence of a motion from an inital state with
null energy to a final state with energy E has been defined in
our simulation5® by eq 1 as

P(motion) = e~ E/kT/(] + ¢~ E/kT)

Table IX sums up, classified by energy change, the probabil-
ities of the conformations and of the motions, and the per-
centage of motion per simulation cycle (i.e., the choice at
random of a certain bond of the chain). The efficiency of the
simulation, as measured by the mean probability of motions,
47.2%, appears higher than the value obtained by simulation,
32.3%. The reason is that we have a priori discarded the con-
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Table IX
Possibilities of Motions According to the Energy Change

Macromolecules

Table X
Influence of Blocked Conformations

% motion/ B = probability of
Energy Conf Probability simulation Type of A = conf the conf
diff probability, % of motion, %* cycle conf probability, % able to move B/A
—2E, 0.85 72.6 0.61 tgt 15.01 9.01 0.60
-E, 5.44 61.9 3.37 tgg 22.05 14.75 0.67
0 11.66 50 5.83 geg 8.10 6.04 0.75
E, 9.35 38.1 3.56
2E, 549 375 0.68 Total 45.16 29.80 0.66
Total 29.79 47.19 14.06 . .
aSeeeq 1. lowed us to show the consistency of the model with respect to

formations which would have given the sterically forbidden
conformation g*g™. But these cases were accounted for in the
simulation as rejected by energy condition. In Table X, we
reintroduce the probabilities of such conformations and obtain
a correction factor of 0.66.

Incidentally, we observe that the conformations whose
three-bond motions are favored are ggg, tgg, and tgt in de-
creasing order. We have already found that the simulation
seems to favor slightly the conformations themselves in the
same order. So it is possible that the simulation process tends
to enrich the chains in the conformations which are most able
to move. However, this effect is very small. Finally the effi-
ciency of the simulation, defined as the ratio of performed
motions/tentative motions, amounts to 31.1% by the above
calculation, as compared with 32.3% by the simulation.

The ratio (number of motions/cycle of the simulation) is
14.19% (calculated) or 14.6% (simulation). This value is close
to the 14.8% one obtains for a tetrahedral lattice chain without
energy weighting.

Conclusion

We have tested the model developed in the simulation of
chain Brownian motion by using the rotational isomer theory.
A straightforward application to the polyethylene chain al-

conformational properties and even to local dynamic behavior,
A similar analysis could have been done for any of the poly-
ethers we have studied, but the complexity of the chain back-
bone would have made the calculations far more tedious, and
the final conclusions would have been expected to be the same.
The agreement between these two quite different approaches
to conformational properties gives strong support to the sim-
ulation model.
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Verification of the Long-Range and Localized Dynamics of
Molecules in an Amorphous Polymer Matrix
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ABSTRACT: The neutron incoherent quasi-elastic scatter from polypropylene oxide certainly shows two quasi-elas-
tic components, one in the rubber and the second in the glass below 200 K. Overall the dependence of broadening on
momentum transfer is consistent with the origin of the high-temperature component as local main chain wriggling
and the low-temperature component from hindered internal rotation of the methyl group. Although the effects ob-
served demonstrate the qualitative aspects of the rotational isomeric model, better experimental results are required
at low temperatures to enable the scattering law and the activation energy for methyl group rotation to be evaluated
with precision comparable to that achieved in the measurement of torsional frequencies.

Molecular theories of polymerized materials are based
on the rotational isomeric model.! An individual chain is built
up of a series of small repeat units, the geometry of each unit
being essentially that of the corresponding small molecule.
The backbone of the polymer chain is a sequence of ¢ bonds,
sometimes interspersed by bonds of higher order, and the
backbone subtends atoms or side groups to make up the
complete macromolecule. In the crystalline state, the model

chain can assume a planar zig-zag form (achieved for example
by a sequence of trans rotational conformers about the ¢ bonds
in a carbon-carbon or carbon-oxygen chain) or a regular he-
lical form (which requires, for example, a specific sequence
of gauche rotational conformation about main o chain bonds).
In amorphous states more random conformations are re-
quired. The model satisfies this requirement by internal
rotations about the main chain bonds, which are correlated



