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ABSTRACT A molecular dynamics (MD) simulation of a simple phenylene polymer, poly(pheny1ene oxide) 
(PPO), was carried out with the TRIPOS 5.2 force field. Two types of molecular motion were examined 
rotation of individual phenylene rings and torsion of a larger segment (i.e., a four-oxygen segment (FOS)) 
involving four ether oxygen atoms and three phenylene rings. Model compounds, diphenyl ether and 1,4- 
bis(4phenoxyphenoxy)benzene, were used to help the analysis of the results. Based on the trajectory analysis, 
"in-phase" cooperative rotations of neighboring phenylene rings and "out-of-phase" cooperative rotations of 
consecutive FOS's superimposed on random segmental wiggles, were observed. Packing effects were found 
to be important for the larger FOS rotations but not for the rotation of individual rings. The diffusion 
coefficient for the torsion of an FOS is about half of that for the rotation of an individual phenylene ring 
but remains within the same order of magnitude. 

Introduction 
The mobility of phenylene rings as well as larger 

segments in phenylene polymers has been the subject of 
many studies. Experimentally, a variety of techniques 
including dynamic mechanical spectroscopy,14 dielectric 
spectroscopy,5$* and solid-state nuclear magnetic resonance 
spectroscopy (NMR)'-13 have been applied to explore 
molecular motions in this particular kind of polymer. In 
the study of Bisphenol A polycarbonate (BPAPC), ex- 
perimental evidence suggests that the rotational motions 
of the phenylene rings should be closely related to the 
molecular origin of its mechanical toughness. As for the 
case of semicrystalline poly(oxy-1,4-phenyleneoxy-1,4- 
phenylenecarbonyl-l,4-phenylene) (PEEK), evidence in- 
dicates a higher segmental mobility of chains in the 
amorphous phase state. 

In addition to experimental effects, theoretical calcu- 
lations may serve to assist in the identification of the 
sources of the possible modes of molecular motions. 
Examples of theoretical calculations include molecular 
mechanics1g17 and quantum mechanical ca1culations.lg2l 
Sung et al. have used CNDO/2 (complete neglect of 
differential overlap) to study the rotations of phenylene 
rings in BPAPC and its derivative tetramethyl-Bisphenol 
A polycarbonate (TMPC).18J9 Consistent with previous 
NMR results,819 various kinds of motions of phenylene 
rings, including small-amplitude oscillations, 180' flips, 
and synchronous rotations, were identified. In the study 
of TMPC, Sung et al. found that segmental motions are 
energetically more resisted-lg This was explained in terms 
of a molecular model proposed earlier by Jones.21 In a 
CNDO/2 study of PEEK, Chen et al. proposed crankshaft 
types of molecular motions involving three consecutive 
phenylene rings.20 One drawback of these computational 
studies is that they are based on small isolated analogue 
compounds lacking precise accounting of packing effects 
and the segments may be too small to represent a polymer 
chain. 

In the present article, we report our MD simulation 
results of poly(pheny1ene oxide) (PPO) in its amorphous 
state. The advantage of MD is that both dynamic and 
statistical properties of a large complicated system can be 
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simulated. The repeating unit of PPO contains one 
phenylene ring and an ether oxygen atom and is the 
simplest real phenylene polymer. The simplicity of PPO 
simplies the analysis of molecular motions. This simu- 
lation is our preliminary attempt to study the dynamics 
of molecular motion in phenylene polymers.l&m Addi- 
tional work on a closely related polymer, PEEK, is in 
progress. 

Method 
The TRIPOS 5.2 force field22 was adopted to carry out 

the MD simulation. The potential can be expressed as 

v, = k , ( l -  lOl2 

v, = k,(0 - eo)2 

Vpl = kpld2 

where vvdw is the van der Waals potential, V, is the bond 
stretch potential, v b  is the angle bending potential, Vt is 
the torsional potential, Vpl is the out-of-plane bending 
potential, k represents the corresponding force constant, 
a is the distance between the two atoms divided by the 
s u m  of their radii, 1 represents the bond length, 8 represent3 
the bending angle (with subscript zero indicating the 
equilibrium value), B is the torsional angle, s is a constant 
specific to each torsional element, and d is the distance 
from the atom to the plane defined by its attached atoms. 
The parameters used in the present simulation are adopted 
from ref 22. The reason for chosing this force field was 
based on its simplicity and accuracy. 

The MD simulation was carried out on a CONVEX 
C3840 computer. Our PPO chain contains 63 repeating 
units and one phenylene ring at  the end. The system was 
prepared by the following procedure. Initially, a single 
PPO chain was put into a big cubic box with the box 
dimensions much larger than the chain size of the polymer. 
The system was allowed to "equilibrate" until the kinetic 
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Figure 1. Definitions for (a) paired dihedral angles, (@A), of 
adjacent phenylene rings and (b) torsional angle @ of four-oxygen 
segment. 

energy of the system was fluctuating within a predeter- 
mined range around 3Nk~T/2.  N is the total number of 
atoms in the system, k g  is the Boltzmann constant, and 
T is the absolute temperature. The size of the box was 
then reduced slightly, and the system was again allowed 
to equilibrate. This process was repeated until the density 
of the system matched ita experimental value, 1.27 
The purpose of this procedure is to avoid overcrowding of 
the system at the starting point of the MD run. 

The temperature of our system is chosen at  300 K, which 
is lower than the glass transition temperature (T,) of PPO 
(85 0C23). The Beeman algorithm24 was used in the MD 
simulation to increase the speed in the inte ration of the 

boundary condition were selected. A relatively small time 
step, 0.2 fs, was used in the simulation because of the fast 
vibration of the CH bond. After the system was equili- 
brated, 40-ps trajectories were recorded and analyzed. 
Although only one PPO chain was initially selected, due 
to the periodic boundary condition and minimum image 
convention, the system is essentially multichain in nature 
and includes the interchain interactions. 

Results and Discussion 
In our PPO chain, phenylene rings are numbered from 

1 to 64 and the ether oxygen atoms are numbered from 1 
to 63 from one end to  the other. The paired dihedral 
angles, (8,4), of adjacent phenylene rings are defined in 
Figure la. Vector o is normal to the C,-O,-Ci+l plane, 
vector p is normal to the plane of the ith phenylene ring, 
andvectorvisnormaltotheplaneofthe (i + 1)thphenylene 
ring. 8 and 4 are the dihedral angles between p and o and 
between v and o, respectively. Figure l b  defines the 
torsional angle, 9, of a four-oxygen segment (FOS). The 
FOS consists of four oxygen atoms and three phenylene 
rings in between. In total, the PPO chain has 63 pairs of 
(6,411 and 60 9’s. 

The cooperation of rotations of adjacent phenylene rings 
can be visualized from the trajectories of paired dihedral 
angles (8,d). Given in Figure 2 are the trajectories of the 
40th (8,+). In the figure, 8 and 4 change simultaneously 

equation of motion. A cutoff distance of 10 R and periodic 
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Figure 2. Trajectories of the 40th paired dihedral angles, 0 (solid 
line) and 6 (dotted line). 

Figure 3. Illustration of “in-phase” and “out-of-phase” coop- 
erative ring rotations. 
within the given time period. This corresponds to rings 
rotating in the same direction; hence, it is an “in-phase“ 
cooperative ring rotation. In the figure, a large-amplitude 
in-phase rotation (in excess of ca. 120O) happened within 
10 ps, and two moderate-amplitude in-phase rotations (ca. 
60”) happened after 10 ps. The analysis of the trajectories 
of (e,$) for paired phenylene rings gives 7 large-amplitude 
and 31 moderate-amplitude in-phase rotations. No sig- 
nificant “out-of-phase” cooperative ring rotations were 
found. The results indicate that in-phase cooperative ring 
rotation exists commonly in the amorphous PPO. Figure 
3 shows the difference between in-phase and out-of-phase 
cooperative ring rotations. In the in-phase rotations, the 
interatomic distances of ortho hydrogens on the paired 
rings are approximately the same, while in the out-of- 
phase rotations, the interatomic distance of two ortho 
hydrogens on different rings decreases along the rotations. 
Therefore, due to the repulsion between ortho hydrogens, 
the out-of-phase rotations should be much more restricted 
than in-phase rotations. The small-amplitude cooperative 
ring rotations (ca. 30”) are not analyzed because it is 
difficult to distinguish them from the stochastic thermal 
oscillations of the rings. 

Figure 4 compares the 9 trajectories of the 30th and the 
31st FOS’s. It illustrates an out-of-phase moderate- 
amplitude cooperative rotation (ca. 60”) of the two 
consecutive FOS’s. The two 9’s change simultaneously 
in opposite directions within the given time interval. The 
analysis of trajectories of all Cp’s gives 23 such rotations in 
the PPO chain. Neither large-amplitude (ca. 120”) nor 
in-phase moderate cooperative rotation was found. The 
results indicate that moderate-amplitude cooperative FOS 
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Figure 4. @ trajectories of the 30th (solid line) and the 31st 
(dotted line) FOS. 
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Figure 5. Spatial requirement in single and cooperative FOS. 

rotations exist in the backbone of PPO. This cooperative 
FOS rotation is less frequent and is smaller in amplitude 
than cooperative ring rotations. This should be related 
to the larger space (free volume) required for the FOS 
rotations. Figure 5 shows the volume involved with various 
FOS rotations. ai and @i+l denote two consecutive 
torsional angles which consist of five oxygen atoms. If 
only ai changes, the tail of Oi+3 will sweep through a wide 
spatial volume VI. For the in-phase motion, Oi+3 and Oi+4 
move in the same direction, and the tail of Oi+4 will sweep 
a large volume V2. For the out-of-phase motion, Oi+3 and 
Oi+4 move in opposite directions, and the tail of Oi+4 does 
not rotate. This motion will only involve the small volume 
V3. Therefore, based on the requirement of free volume, 
the out-of-phase cooperative rotations of consecutive FOS's 
should be easier than in-phase rotations. 

Given in Figure 6a is the conformational potential energy 
surface of the diphenyl ether (DPE) molecule. This model 
compound was selected to compare the rotations of the 
phenylene rings with PPO. In the figure, energies were 
calculated by use of the TRIPOS force field. The 
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Figure 6. (a) Conformational potential energy surface of DPE 
evaluated with the TRIPOS force field. (b) Statistics of (@,$)'a 
of the PPO chain from MD simulation. 
molecular geometry was fixed but the dihedral angles of 
the phenylene rings were allowed to vary. The equilibrium 
structure of the phenylene ring in the TRIPOS field was 
used while the ether angle and the C-O bond lengths were 
adopted from the corresponding MD average values in 
the PPO chain. The aver e ether angle is 1 1 3 O  and the 
C-0 bond length is 1.395y. Given in Figure 6b are the 
statistics of the (&$)'e of the PPO chain from MD 
simulation. I t  shows that the (O,#)'s only populate the 
low-energy region in Figure 6a. This similarity in features 
of rotations of paired phenylene rings in PPO and DPE 
suggests that intermolecular interactions only slightly 
affect the local rotations of phenylene rings in amorphous 
PPO chains. 

Given in Figure 7 is the conformational potential energy 
curve of the compound 1,4-bis(4-phenoxyphenoxy)benzene 
(BPPB). The torsional angle of the oxygen backbone of 
BPPB, cp, is the analogue of @ (torsional angle of the FOS) 
in the PPO chain. The potential energy was calculated 
with fixed cp a t  intervals of loo from Oo to 360°, using the 
TRIPOS force field. During the calculation, bond lengths 
and bond angles in the backbone of BPPB were fixed, and 
other coordinates of atoms on rings were optimized by the 
energy minimization method of steepest descents. Figure 
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Figure 7. Conformational potential energy curve of 1,4-bis(4- 
p henoxyphenoxy) benzene. 
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Figure 8. Population of torsional angle, a, of four-oxygen 
segments. 

7 shows that the minimum-energy configuration of BPPB 
is a t  cp = 0' (360") or 180'. This indicates that the most 
stable conformation of the oxygen backbone of BPPB is 
the cis or trans rearrangement with a conversion barrier 
of -9 kcal/mol. Given in Figure 8 is the MD stimulated 
population of 9 in amorphous PPO. The figure shows 
that the largest distribution of 9 is around 0' (or 360'); 
only a small population is seen in the 180' region. 
However, a significant population is seen in the 270' region, 
which corresponds to the maximum-energy conformation 
of BPPB. This implies that some interactions between 
the FOS in a PPO chain and its surroundings exist. The 
origins of these interactions must come from long-range 
interactions. It therefore appears that packing effeds may 
indeed be important for the rotations of large segments 
in the amorphous PPO. 

Given in Figure 9 is the simulated population of 
rotational angle, a, of a single phenylene ring around its 
average value. This was obtained by averaging all 8 and 
4 values of the phenylene rings. The average amplitude 
is approximately f60'. We did not find any rotation 
corresponding to the 180' flip of a single phenylene ring. 
The rotational energy barrier of the 180' ring flip was 
estimated as 23 kcal/mol based on results of CNDO/2 
calculations.20 The average thermal kinetic energy is only 
-0.3 kcal/mol per degree of freedom in the simulation. 
Therefore, the possibility of 180' rotation of a phenylene 
ring in the present room temperature system can be 
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Figure 9. Population of rotational angle, a, of a single phenylene 
ring around its average value. 
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Figure 10. Population of torsional angle, a, of the four-oxygen 
segment around its average value. 

neglected statistically. Given in Figure 10 is the simulated 
population of 0 around its average value. The average 
amplitude is approximately f45'. This amplitude is 
smaller than that of a single phenylene ring. This implies 
that the rotation of large segments is somewhat more 
restricted than that of rings. 

To compare the mobility of individual phenylene rings 
with that of the FOS, rotational diffusion coefficients (D) 
in a and 9 are evaluated by the relationship 

where x is the corresponding angle and the term in brackets 
denotes the mean square displacement of the angle. Given 
in Figure 11 are the mean square displacements of a and 
9. The diffusion coefficients of a phenylene ring and an 
FOS are estimated as 5.67 and 3.18 deg2/ps, respectively. 
Thia indicates that torsion of an FOS is slower than rotation 
of a single phenylene.ring, but the rates are within the 
same order of magnitude. The torsional motion of an FOS, 
involving the movement of a significantly larger segment 
of the backbone, is more difficult in comparison with the 
rotation of an individual phenylene ring, but the effect is 
not extremely strong in the present case for amorphous 
PPO. 

Conclusions 
By means of MD simulation, we have analyzed rotations 

of phenylene rings and torsion of four-oxygen segments. 
In the amorphous PPO, "in-phase" cooperative ring 
rotations with moderate- and large-amplitude were found 
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Figure 11. Mean square displacements of rotational angles of 
the phenylene ring (thin line) and the four-oxygen segment (heavy 
line). 
to be quite common. “Out-of-phase” cooperative rotations 
of four-oxygen segments also exist but with smaller 
amplitudes and are less frequent. Long-range interactions 
are not important for ring rotations; the packing effect, 
however, is more important for the torsional motion of 
four-oxygen segments. The rotation of an individual 
phenylene ring is less restricted and therefore faster than 
the torsion of a four-oxygen segment, but only by a 
moderate factor of ca. 2. 

One deficiency of the present work is the lack of 
experimental data for comparison purposes, although we 
feel that the present results have provided some insights 
into the molecular motions of phenylene polymers in 
general. Additional work on closely related polymers such 
as PEEK and PC, for which extensive NMR observations 
have been made, is in progress. 
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