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A molecular dynamics (MD) trajectory of 1.0 ns duration has been computed for a methyl-terminated atactic poly-
(ethyl acrylate) using force field parameters which we determined by ab initio molecular-orbital calculations for small
molecules (RHF/6-31G level). Local side chain motions were clarified by analyses of the MD trajectory. The torsional
angle autocorrelation functions (TACF) were calculated for each dihedral angle in the side chain. All of the TACF were
strongly non-exponential. The entire side chain rotation was an asymmetric 180° jump motion with a rapid torsional
oscillation within stable and metastable conformations, while ethyl group motion around the O(non-carbonyl)-CH, bond
in the side chain was characterized by rapid torsional motion in the angle range from 60 to 300° involving an obscure three-
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site jump motion.

Atomistic computer simulations of amorphous poly-
mers have been gathering momentum in recent years.' =
The purpose of these studies is to elucidate the bulk
properties, including structure,>~” elasticity," glass
transition,**~'» gas transport,'* % interface structure,?"
stress-strain behavior,”> ¥ chain dynamics,>2® and dielec-
tric relaxation.”® Molecular dynamics (MD) simulations are
especially suitable for directly observing the features of local
molecular motion. Molecular dynamics simulations were
employed to study the side chain dynamics of poly(ethyl
acrylate) (PEA). PEA was chosen because it is industrially
important as an oil-resistant material.

The purpose here is to discuss the molecular motion re-
sponsible for the mechanical properties. To this end, the side
chain motion for PEA was analyzed using the MD trajec-
tory. Generally, the side chain dynamics in the bulk state has
been studied by the following techniques: NMR relaxation,”
broad-line NMR,>? dielectric relaxation,?” and both inelastic
and quasi-elastic neutron scattering.*” However, extracting
only the side chain motion is difficult, since the main chain
motion often superimposes on the side chain motion. More-
over, polymers probed by spectroscopic measurements have
been rather limited, especially the cases when the polymer
structure is not simple. Our purpose in employing the MD
simulation techniques is to get some information that is not
available from spectroscopic experiments. If the time scale
of the side chain motion is compatible with the MD time
scale, the motional mode in the side chain can be easily

# On leave from Engineering Research Department, NOK Corpo-
ration, 25 Wadai, Tsukuba, Ibaraki, 300-4247, Japan.

analyzed by a statistical method, because the output from
MD runs was obtained as atomic coordinate data. Such de-
tailed information can not be obtained from experiments.

Our attention will be focused on the side chain dynamics
in this paper. The quality of the sample is also examined
by comparing the calculated density and thermal expansion
coefficient with the experimental data. We discuss the mo-
tional mode and rate in the side chain by extraction of the
elemental motion.

Models and Simulations

Computational Details: MD computations were per-
formed with a program named GEMS/MD,*? which is basi-
cally a collection of known MD techniques. The equations of
motion numerically integrated are those of rigid-bodies rather
than particles. The constant-temperature MD method is that
of Nose.* The constant-pressure MD method is an interme-
diate of Andersen’s method®® and Parrinello and Rahman’s
one;* i.e., the shape of a periodic cell is restricted to be
orthorhombic, but the three edge lengths are allowed to vary
independently.*” Molecule-based virials are used to calculate
the pressure.®® The scaling of coordinates associated with the
change of the cell size is applied only to molecular center-
of-mass coordinates.*® Note that there is only one molecular
center-of-mass in the present case.

A time increment of 1 fs was used in a numerical integra-
tion of the equations of motion. The van der Waals interac-
tions were truncated at 7.5 A, with truncation corrections by
means of a simplified version of Williams’s treatment.*” The
electrostatic forces were computed using a method called
spherical Ewald truncation by Linse and Andersen,*? with
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a truncation radius of 7.5 A and the Ewald parameter 7 (or
G) = 0.3 A~!. The atoms of the PEA chain were divided
into rigid-body entities in order to reduce the vibrational fre-
quencies that limit the time increment of the integration. The
rigid-body grouping is shown in Fig. 1.

Force-field parameters used in the MD simulation are
shown in Table 1. The bonding parameters, i.e., parame-
ters of the bond stretch, bending, inversion, and torsion were
fitted to ab initio molecular-orbital potential surfaces of small
molecules (RHF/6-31G level). For the van der Waals param-
eters, the method of Jorgensen et al. in the development of
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Fig. 1. Grouping of PEA atoms into rigid-body moieties.
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the OPLS force fields*" was used; i.e., the parameters were
determined so that the experimental density and cohesive
energy (or heat of vaporization*") of small-molecule liquids,
ethane through acetone in the present case (Table 2) was
reproduced. Note that the MD results of methyl and ethyl
acetates do not involve parameter fitting. The partial charges
were determined mainly by fitting to the experimental dipole
moments of isolated molecules. It is worth stressing that the
properties of polymers were not used at all in the parametriza-
tion.

Sample Preparation:  The simulated polymer is atac-
tic PEA with polymerization degree of 300 and molecular
weight of 30065, which included methyl groups attached to
chainends. The computational sample is identical to the sam-
ple in Ref. 1. We used the united-atom model, i.e., exclusion
of H atoms from explicit handling, and the PEA chain had
2102 nonhydrogen atoms. Figure 2 illustrates the essence of
the sample preparation: (a) is the PEA structure in the gas-
phase and (b) is a typical snapshot of condensed structures
that are obtained by compression of the structure (a). The
boxes drawn in the figures indicate periodic cells associated

Table 1. Force-Field Parameters of PEA®

Bond stretch” ro/A ke/kcal mol~' A2 Bending® q0/° kq/kcal mol ™ rad 2
Cc1-c2’ 1.531 328 c-C2-C 113.3 89.5
c1-c2” 1.511 357 Cc-C3-C 111.0 80.0
C1-C3 1.535 354 C1-C2-02 106.7 101.1
C2-C3 1.540 312 C3-CD-02 112.1 745
C3-CD 1.506 342 C3-CD-OD 125.7 63.3
C2-02 1.455 320 02-CD-0OD 1222 126.5
CD-02 1.348 471 C2-02-CD 119.8 84.8
CD-0OD 1.213 968
Inversion? K /kcal mol ™! rad ™! Ko/kcal mol ™! rad =2 Ks/kcal mol~! rad—?
C3 0.0 345 42 x10*
CD —60.0 30.0 0.0
Torsion®/kcal mol Vi V, Vs Vs
C-C2-C3-C 1.27 0.58 1.06 0.0
C-C3-CD-02 0.31 0.21 0.51 0.0
C-C3-CD-0D -0.19 —0.08 0.25 0.0
C3-CD-02 -2 476 —1.21 0.16 0.0
OD -CD -02 —C2 0.0 —2.69 -021 0.0
C1-C2-02-CD , —1.12 —0.76 0.04 —0.18
van der Waals? Afkcal mol~'A~12 Clkcalmol 'A~6 Partial charge/ |e|
C1-C1 7.1 x 10° 2400 (0))) —0.37
C2-C2 7.1 x 10° 1650 02 —0.31
C3-C3 7.1 x 10° 750 CD 0.31
CD-CD 2.9 x 10° 700 Cc3 0.11
02-02 2.05 x 10° 480 c2’ 0.26
OD-OD 2.05 x 10° 540 C1,c2 0.0

a) The united-atom model is used. Atom types are denoted as follows. C1: CH3 carbon. C2: CH; carbon in general.
C2': CH, carbon in the main chain. C2"’: CH, carbon in the side chain. C3: CH carbon. CD: carbonyl carbon. O2: non-
carbonyl oxygen. OD: carbonyl oxygen. C: carbon atom in general. b) U = kr(r—rg):. o) U= kg(6— 6y)%. d) This
is a special term. The variable of the potential, @, is the sum of the 3 bond angles that are formed around the C3 and CD
type atoms. The potential energy U is given by U = K;(6 — 6)+K2(O — @)2 + Kz (@ — @)%, where 6y is the sum of
the corresponding 3 equilibrium angles. e) U = Vjcos ¢ +V,c0s2¢ +V3cos3¢p + Vacosdgp. ) U= Ar—12 _cr—S,

The combining rules are A;; = ((A:i/ 13 +A}j/ B

atoms separated by less than 4 bonds are excluded.

)/2)13 and Cij = (C,-,-ij)l/ 2. Note that nonbonding interactions between
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Table 2. Densities and Cohesive Energy Densities®

3

Compound Temp/K Density/gcm™ Cohesive energy density/cal cm™>

Calced Expt Expt Calcd
PEA 293.15 1.09 1.119% 55 88
Reference liquids

Ethane 184.52 0.539 0.546% 55.4 57.39
Propane 231.08 0.582 0.581% 52.9 53.19
Isobutane 261.45 0.606 0.595° 474 47.29
Dimethy] ether 248.35 0.735 0.736" 74.8 74.29
Acetone 298.15 0.792 0.784Y 93.8 91.9Y
Methyl acetate 298.15 0.934 0.928" 97.9 89.39
Ethyl acetate 208.15 0.903 0.895" 87.1 80.5¥

a) The cohesive energy density is defined as the energy of vaporization (AEy) per volume. The calculated value of the
polymer is obtained by the usual method (see Ref. 5). The experimental AEy for the reference liquids are estimated from
the heat of vaporization (AHy) by AEy = AHy —RT. b) From Ref. 42. c) From Ref. 43 (swelling measurement).
d) From Ref. 44. e) From Ref. 45. f) From Ref. 46. g) From Ref. 47. h) From Ref. 48. i) From Ref. 49.

j) From Ref. 50. k) From Ref.51. 1) 1 cal =4.1841].

(a)

with the periodic boundary conditions. The gas-phase nature
of the structure (a) is demonstrated by the large (cubic) cell
with sides of 184.4 A. In structure (b) the periodic cell has
shrunk to a rectangular box of size 33.1x37.7x36.9 A3. The
polymer structure (b) is in a condensed phase as its periodic
copies, which are not drawn in the figure, fill vacant spaces.
The structure (b) has a density of 1.084 gcm™3.

In general, stereochemical configurations of polymer chain
have various rotational isomeric states (RIS) because of
the steric hindrance. Therefore, we generated the polymer
chain in Fig. 2(a) in a vacuum by using a RIS-type treat-
ment. The elaborate Monte-Carlo chain-growth procedure
of Theodorou and Suter® was not performed. The RIS-type

(b)

Fig. 2. PEA structures before and after the MD run: (a) the initial gas-like structure in which the cell-edge length is 184.4 A and (b)
the structure after 1.98 ns MD run, with the cell-edge lengths being 35.9 A in average.

treatment we did was to generate a main-chain dihedral-angle
sequence (more precisely, a RIS sequence) which contains
only the dominant dyad conformations of vinyl polymers.’?
The conformational composition of the dihedral-angle (RIS)
sequence is given in Table 3. That is to say, we gave pref-
erential dihedral angles to syndiotactic monomer pairs (d/
and I/d) and isotactic monomer pairs (dd and [/I) along the
polymer chain with the probabilities given in Table 3. The
3-dimensional structure constructed from the dihedral-angle
sequence had a very high potential energy due to the oc-
currence of too short atom—atom distances. The high energy
was released by applying an energy-minimization procedure,
which produced the polymer chain in Fig. 2(a). The confor-
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Table 3. Conformational Composition of PEA Structures®

Dyad tacticity®
meso meso racemic racemic:
Conformation dd ) dl ld

tt 0.000 0.000 0.976 0.976
0.046 0.007 0.908 0.872
tg~ 0.000 0.563 0.000 0.000
0.002 0.581 0.018 0.000
tg" 0.516 0.000 0.000 0.000
0.463 0.000 0.000 0.041
gt 0.484 0.000 0.000 0.000
0.448 0.000 0.025 0.012
g g 0.000 0.000 0.024 0.000
0.022 0.000 0.037 0.000
g g ‘ 0.000 0.000 0.000 0.000
0.018 0.000 0.000 0.002
gt 0.000 0.437 0.000 0.000
0.000 0.40 0.002 0.035
gg” 0.000 0.000 0.000 0.000
0.000 0.012 0.010 0.000
gg” 0.000 0.000 0.000 0.024
0.000 0.000 0.000 0.038

a) Results are shown for two structures. The upper entry is for the
structure before the MD run. The lower entry is for the structures
of the last 1 ns MD run (average). Each entry gives the ratio of
a dyad conformation within a dyad tacticity. b) The symbols d
and [ refer to the asymmetric centers. The ratio of each dyad in the
whole chain is: 0.207 for the dd meso dyad, 0.237 for the /I meso
dyad, 0.278 for the dI racemic dyad, and 0.278 for the Id racemic
dyad.

mational distribution of Table 3 did not change during the
energy-minimization process.

The compression of structure (a) in Fig. 2 was done by
applying a pressure of 100 atm during a MD run, at a tem-
perature of 293 K. In order to prevent the periodic cell from
shrinking too fast, the speed of the cell shrinkage was re-
placed by a limit value whenever the speed exceeded the
limit. The limit value was a 0.01% change per step relative
to the cell-edge length. The compression was continued for
80 ps (80000 steps) and the density was 1.04 gcm ™ at the
end. It is worth noting that the collapse of isolated polymer
chains recently reported for polyethylene®® was not observed
during the compression stage, as can be seen from a compar-
ison of Figs. 2(a) and 2(b), where the global shape is mostly
preserved.

After the compression process, the dynamics was run at 1
atm and 293 K for 1.9 ns of this last 1 ns was used to investi-
gate molecular motions. The analysis is described in Ref. 1.
The quantities not presented in Ref..1 are discussed here.
Table 3 compares the average conformational distribution
with that of the initial structure. The small difference indi-
cates that the change in the conformational structure is rather
small during a total of 1.98 ns MD run. This observation is
consistent with the notion of an extreme sluggishness of con-
formational relaxations in polymers.'”'®* An expectation of
a conformational relaxation beyond the reach of a practical
MD run was the reason for the use of a RIS-type treatment

Side Chain Dynamics of PEA

‘in the chain-generation stage of the sample preparation.

Results and Discussion

Sample Quality: First of all, we focus our attention on
the character of a sample prepared in a computer. MD results
of the density and cohesive energy are compared with the
experimental values*—>" in Table 2. The calculated density
of PEA is in satisfactory agreement with the experiment
value, though agreement is poor for the cohesive energy.

The quality of the computational PEA sample is fairly
good, because its molecular motions are qualitatively
or even semiquantitatively in agreement with the NMR
experiments.” The good agreement between the calculated
and experimental densities also provides an added confirma-
tion, especially because the force-fields were parametrized
on small molecules. As for the cohesive energy, which re-
quires further investigation, it must be noted that the cohe-
sive energy is not a directly measurable quantity.*® In any
case, further comparisons of MD results with experiments
are desirable.””

In order to obtain a good initial sample, condensation of the
sample in the rubbery region is probably important, because
iteasily relaxes the system. The preparation procedure which
we employed can not be used to make a glassy sample di-
rectly, while the method developed by Theodorou and Suter”
can be used. The procedure here, however, does not need any
density data of the polymer. This point is significant because
no polymer properties are needed to carry out a molecular
dynamics simulation. To the best of our knowledge, there is
no report that compares the method of Theodorou and Suter
with the other sample preparation method in terms of sample
quality.

One problem underlying some MD studies is whether the
sample size is adequate to estimate polymer motion or not.
Since the polymer sample which we employed consisted
of one chain and its copies, the chain molecule is entan-
gled with its copies. Our sample is therefore inadequate for
quantitative analyses of the main chain dynamics accompa-
nying large chain deformation i.e. reptation. However, the
simulated sample has sufficient size to analyze side chain
rotations, because the distance between a side chain and its
copies is longer than 33 A. It was noted that a similar degree
of polymerization has also been employed in some recent
research.“’B’IS’ZG)

Glass Transition: Before discussing the molecular mo-+
tions for polymers-based on MD trajectories, it is necessary
to determine whether the computational sample is glassy or
rubbery at a given temperature. As described above, a com-
putational PEA sample was prepared at 293 K. Using the
structure after 1.9 ns MD run at 293 K as an initial structure,
the specific volumes at a given temperature were generated
by a cooling or heating procedure from the adjoining tem-
perature. The MD runs at a given temperature were done for
1.3 ns each.:

Figure 3 shows the temperature dependence of specific
volumes averaged over the last 100-ps MD run. A break
point regarded as a glass transition point was observed. The
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Fig. 3. Temperature dependence of specific volumes aver-

aged over the last 100-ps MD run.

T, value was 256 K, which is in agreement with the experi-
mental T, of 253 K. Han et al."” and Yamanaka'® found that
there is a tendency for the MD T values to be higher than
the experimental ones. Yamanaka postulated that an upward
temperature shift is due to the much higher rate of cooling
when simulated as compared to the experimental conditions.
The T, value estimated from the MD trajectory is affected
by the force-field parameters, simulation time and quality
of the computational sample. To predict 7, by MD simula-
tions, a more detailed study is required. Some investigators
have already reported on the observation of the glass transi-
tion behavior using MD simulations.®~'® These results are
surprising in view of the fact that the experimental glass tran-
sition behavior is related to the relatively slower molecular
motion. The reason why a glass transition can be observed
in the MD simulation has not yet been clarified. In order
to understand such a behavior, detailed investigations of the
main chain dynamics are necessary.

* The slopes for the data in Fig. 3 correspond to the thermal
expansion coefficients. The estimated thermal expansion
coefficients are 4.0x 10™# K~ and 2.9x 10~* K~! above and
below T, respectively. The thermal expansion coefficient in
the rubbery state obtained from the simulation was slightly
smaller than the experimental value of 5.6x10~% K~!.59
Unfortunately, the thermal expansion data of PEA was not
found in the glassy region. Most of the thermal expansion
coefficients for amorphous vinyl polymers in the glassy state
are about 2.0—4.0x 10~* K~1.5—% The thermal expansion
coefficient in the glassy and rubbery state from the simulation
was of the same order of magnitude as the experimental
values for PEA or usual vinyl polymers. The agreement
between the simulation and experiment is satisfactory.

Torsional Angle Autocorrelation Function: The
molecular motions of polyacrylates were studied by combin-
ing solid state NMR relaxation experiments with molecular
dynamics simulations.” It is difficult to analyze the inherent
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motion in the side chain using only NMR relaxation data,
since the backbone motion superimposes on the side chain
motions. MD simulations are suitable for analyzing such
complicated motionsg. The inherent side chain motions are
first extracted.

Autocorrelation functions are convenient for evaluating
the local molecular motions. The torsional angle autocorre-
lation functions (TACF)* is defined as

TACF(t)=<cos{@p(t+1)— (D)} >
=< cos{Ap} >, €)

where ¢ (7) is the value of the torsional angle at time ¢, 7
is an interval and the brackets denote ensemble averages.
The decay rate of TACF is related to the only local mobility,
which is not affected by surrounding motions.

Torsional Rotation around CH-C(carbonyl) Bond:
The most interesting phenomenon is the torsional rotation
of the side chain. Figure 4 shows the TACF for dihedral an-
gles around the bond between methine carbons in the main
chain and carbonyl carbons. A change in this angle involves
the rotation of the entire side chain, since the end of the
side chain is free. Obviously, the TACF strongly depends
on the temperature. The TACF behavior reflects the distri-
bution of the dihedral angle as well as the correlation time
for rotational motions. In other words, the dumping rate of
TACEF corresponds to the frequency for rotational motions,
while the asymptotic value at the infinite time depends on
the distribution of the dihedral angle. Strictly speaking, the
asymptotic value is a function of the distribution of A¢.
Before discussing the molecular motions, it is necessary to
be aware of the distribution of the dihedral angles at each
temperature.

Figure 5 shows the distribution of the dihedral angles
around the bond between the methine carbons in the main
chain and the carbonyl carbons in the side chain at 203 and

0.0 s 1 " 1 PR I | N
0 200 400 600 800 1000
' Time / ps

Fig. 4. TACEF for dihedral angles of CH,—CH—C(carbon-
y1)-O(non-carbonyl).
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Fig. 5. Distribution of dihedral angles for CH,—~CH-C(car-

bonyl)-O(non-carbonyl) on the d-monomer unit at 203 and
393 K, where a dihedral angle of a trans conformation is
defined as 180°.

393 K with respect to the d-monomer unit, where a dihedral
angle of a trans conformation is defined as 180°. Although
these distributions were classified by each triad sequence
along the main chain, the distribution almost depends on the
chirality of the center monomer unit. Now, we do not need
to consider the distribution with respect to l-monomer unit
because there is no physical difference between two enan-
tiomers. Interestingly, two preferential conformations have
different probability. This phenomenon can be understood
as an effect of the asymmetric property of an ester group on
the rotational angle distribution.

As shown in Fig. 4, all of TACF for the rotation of the
entire side chain have initial rapid decay processes. The
rapid decay is followed by a much slower loss of correlation.
In order to determine the motional mode responsible for
each decay process, typical trajectories of the torsional angle
around the CH-C(carbonyl) for 1 ns duration at 393 K are
plotted in Fig. 6. The rapid torsional oscillation corresponds
to arapid initial decay in TACF. In addition, occasional 180°
conformational jumps are observed. The jump motion is ob-
viously responsible for the dominant slower loss in TACF.
This type of motion considerably decreases the TACF value,
since cos A¢ = —1 in this case, where A¢ = 180°. On the
other hand, TACF drops to 0.95 at 203 K for several picosec-
onds, while the TACF slightly drops after an initial decay.
Therefore, the dominant motion is rapid torsional oscillation
rather than 180° jump motion in the low temperature region.
It is concluded that the remarkable dumping of TACF at 393
K can be understood as the result of both the 180° jump mo-
tion and the increase in torsional oscillation with increasing
temperature.

None of the TACF shown in Fig. 4 showed the character-
istics of a simple exponential function. The superposition
of two kinds motion and the anisotropic rotation of the side

Side Chain Dynamics of PEA

360
270
180

90

LI ‘ L I LI LI

270
180
9 F

270 -+

180 | |
90 -- s

Dihedral Angle / degree

270

Ll

180 =B - -
90 -tt- -

270
180

90
I | 1
0_||||||1|1||I|l|

0 200 400 600 800 1000
Time / ps

Fig. 6. Typical trajectories of five successive the dihedral
angle for CH,—CH-C(carbonyl)-O(non-carbonyl) for 1 ns
duration at 393 K.

1
L
i
1
i
i1
1
|

chain causes a deviation from a single exponential function.
Extraction of the jump motion from MD trajectory is easy,
and it is helpful for a quantitative analysis. The number
of conformational jumps at each temperature was counted.
‘We counted it for individual chirality because the preferential
conformation depended on the chirality of the monomer unit.
The conformational jump rate for torsional rotation around
the CH—C(carbonyl) bond is plotted as a function of the in-
verse temperature in Fig. 7, where the jump rate is defined as
the number of conformational jumps per bond per 1 ns. Ten
conformational jumps were observed at room temperature.
Assuming an Arrhenius relationship, we can estimate the
activation energy of the conformational jump motion. The
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calculated activation energy was 1.23 kcalmol =",

It is interesting to compare the present results with the
NMR relaxation data, because the observable correlation
time from 77 method partly agrees with that from MD simula-
tions. Kawai investigated the dynamics of polyacrylates and
polymethacrylates based on the spin-lattice relaxation time
(TH) measured over a wide temperature range.’” According
to Kawai, two relaxation processes are observed in PEA as T
minima, which correspond to the segmental motion and side
chain motion. Kawai estimated the activation energy of the
side chain relaxation process as AE = 1.9 kcalmol~'. The
present result from MD simulations, AE = 1.23 kcalmol !,
did not agree with Kawai’s result. The discrepancy is, how-
ever, reasonable, since T data of the side chain actually
includes both ethyl-group rotation and the entire side chain
rotation. In addition, a single correlation time was assumed
for the analysis of 7 data despite the fact that the polymer
dynamics is usually anisotropic. The activation energy cal-
culated throughout the simulation was related only to the
rotation around the CH-C(carbonyl) bond.

Ethyl Group Rotation:  Figure 8 shows TACF around
the bond between the non-carbonyl oxygen and methylene
carbon in the side chain at each temperature. The feature of
TACF around the O(non-carbonyl)-CH; bonds is consider-
ably different from that of TACF around the CH-C(carbonyl)
bonds. The initial drop in the TACF increased with increas-
ing temperature. However, TACF decreased only slightly
after the initial decay for the rest of the temperature range.
In other words, only the asymptotic value of TACF varies.
In order to find the motional mode, the distributions of the
dihedral angle around the O(non-carbonyl)-CH, bond are
shown in Fig. 9. There are three peaks at 90, 180, and
270°, which correspond to the preferential conformation of
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Fig. 9. Dihedral angle distribution for C(carbonyl)-O(non-

carbonyl)-CH,—CH3 at 203 K (solid line) and 393 K (dashed
line).

gauche™, trans, and gauche’, respectively. It should be
noted that the central angles of the gauche conformation are
180490° instead of 1804120°. Therefore, it was found that
three-site jump motion occurred around the O(non-carbon-
y1)-CH; bond. In addition, it is interesting to note that the
dihedral angles for the transition states between the trans
and gauche conformation exist with considerable probabil-
ity. The existence of a conformation at the transition state
suggests that the energy gap between each conformation is
approximately equal to the thermal energy in the temperature
range under consideration. As the temperature increased, the
boundary dividing trans and gauche conformations was ob-
scured and the distribution broadened. Instead of a three-site
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jump motion, the motional feature becomes a torsional os-
cillation with an angular distortion of ca. 240° in the higher
temperature range. Another important fact is that there are no
conformations near 0° of the dihedral angle. This indicates
that the ethyl group motion is not a full 360° rotation, even
at higher temperatures. This anisotropic rapid oscillation
of the ethyl group caused an extremely high 7§ minimum
for the OCH; carbon in solid NMR relaxation experiments,
which was reported in a previous paper.” The fact that TACF
does not decrease after 10 ps can be interpreted to be due to
anisotropic oscillation of several picoseconds.

In order to comprehend the temperature dependence of the
ethyl group motion, the conformational jump rate were esti-
mated by counting the number of jump motions. Figure 10
shows the conformational jump rate around the O(non-car-
bonyl)-CH, bond as a function of the inverse temperature,
where the jump rate is defined as the number of jump mo-
tions per bond for 1 ns. The best fit to the logarithmic plot
is demonstrated as the dashed line in Fig. 10. The slope
gave an activation energy of 0.64 kcal mol~!. The three-site
jump rate around the O(non-carbonyl)-CH; bond at room
temperature was ca. 500 bond™! ns~' which corresponds to
the occurrence of a single jump motion for 2 ps. This jump
rate at room temperature is consistent with the result that the
TACEF fairly decays for 10 ps.

The effect of the inherent motion of the side chain on T} is
worth noting. The Arrhenius plots shown in Figs. 7 and 10
have no break point. This is because the activation energies
neither for the 180° jump motion of entire side chain nor for
the 3-site jump motion of ethyl-group change at T,. Itis worth
emphasizing that the glass transition behavior is not directly
affected by the inherent rotation on the side chain. Such a
behavior is often observed by the '*C spin-lattice relaxation
time (T$). Consequently, local side chain rotations can be
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Fig. 10. Conformational jump rate around the O(non-carbon-
y)—-CH: bond as a function of inverse temperature, where
the jump rate is defined as the number of jump motion per
bond for 1 ns.

Side Chain Dynamics of PEA

regarded as being independent of the backbone motion.

Conclusion

Atomistic molecular dynamics (MD) simulations have
been carried out for a methyl-terminated atactic PEA using
force-field parameters which we determined. The simulated
density and T, of PEA is in satisfactory agreement with the
experiment. In order to analyze the local motion of PEA,
TACF was calculated. Summarizing the side chain motion
of PEA, it can be concluded that side chain motion involves
180° jump motion of the entire side chain with rapid torsional
oscillation within stable conformations and three-site jump
motion around the O(non-carbonyl)-CH, bond wrapped over
a tapid torsional oscillation. The latter jump motion is two
orders of magnitude faster than the former jump motion.
Moreover, the activation energies for these jump motions
above T, were identical to those below T,. This suggests
that the inherent side chain motions are hardly affected by
the main-chain motion responsible for the glass transition.

In general, it is difficult to observe the side chain motion
selectively in a laboratory system, because backbone motions
superimpose on side chain motion. The advantage that some
kinds of internal motion can be selectively observed by the
MD simulation is quite attractive.

S. K. is grateful to Dr. H. Noma and Mr. T. Ohsaka for
stimulating discussions.
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