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ABSTRACT: Atom-based molecular modeling is conducted for the study of the bulk properties of a recently 
developed semicrystalline polyimide of 3,3’,4,4’-benzophenonetetracarboxylic dianhydride (BTDA) and 
2,2-dimethyl-l,3-(4-aminophenoxy)propane (DMDA) in the amorphous phase a t  the experimental density 
of room temperature. This polyimide is abbreviated as PI-2. A short-time high-temperature molecular 
dynamics procedure is performed in order to relax the PI-2 structures. The energy of each structure is 
subsequently minimized using molecular mechanics to form the final structures for our study. Ten 
different amorphous structures were constructed in order to determine the precision of our study by 
inspecting the standard deviations. Electrostatic interactions are explicitly considered by assignment of 
proper partial charges to individual atoms, and the Ewald summation method is employed for evaluation 
of the nonbonded interactions. The radial distribution functions of the atoms appear to  show no long- 
range order, assuring the amorphous nature of the built structures. The correlation between the phenyl 
rings in the systems suggests that  there is local order in the range of 3-4.5 A between the rigid ring 
units due to the van der Waals interactions. The conformational statistics of the polymer backbone in 
the amorphous structure are compared with those of a PI-2 single chain in vacuum at 300 K, obtained 
from an  earlier study. The differences indicate the effect of packing a t  bulk density. The calculation of 
the dimensionless characteristic ratio of the end-to-end distance suggests that  the PI-2 chain in the bulk 
amorphous phase is less extended than a PI-2 single chain in vacuum a t  300 K. For a single chain in 
vacuum, C, = 6.4, while for the bulk structures, C, = 5.0. This reduction in C, arises almost entirely 
from the appearance of two new rotational isomeric states a t  a pair of equivalent bonds in the repeat 
unit. The Hildebrand solubility parameter of amorphous PI-2 calculated from the cohesive energy density 
yields a value of -11.3 ( c a l / ~ m ~ ) ~ / * .  

Introduction 
A necessary and natural advantage of atom-based 

molecular modeling is that it can reveal the mechanisms 
of physical processes on microscopic scales, which 
sometimes proves to be difficult from experimental 
studies. The macroscopic properties, many of which can 
be measured by experiments, can also be obtained from 
molecular modeling by equilibrium or time-dependent 
statistics. Currently, fully atomistic modeling is re- 
stricted in the time scale and the size of the systems 
that one can model because of the limitations of the 
computer power. However, even with these limitations, 
there have been successes in the studies of a wide 
variety of polymer properties through atomistic model- 
ing. For example, researchers have studied the chain 
dynamics near the glass transition temperature,l the 
cohesive energy density and Hildebrand solubility pa- 
rameter in bulk amorphous polymers,2-6 the bond 
orientation correlation functions and atomic radial 
distribution  function^,^-^ the free volume distributions 
in the bulk amorphous phase,1°-13 and the diffusion of 
small molecules in a polymer matrix.14-18 Most of the 
attempts have been made on structurally simple poly- 
mer systems such as p ~ l y e t h y l e n e , ~ , ~ J ~ J ~ J ~ J ~ - ~ ~  polypro- 
pylene,2J6 poly(viny1 ~ h l o r i d e ) , ~ , ~ , ~ ~  and polybutadi- 
ene,5,6J3 with a few recent studies focusing on structurally 
more complex polymers, such as polycarb~nate~J~J~,~~-~~ 
and polysulfone.8 

In this paper, we report the study of the amorphous 
state of a new thermoplastic semicrystalline polyimide, 
synthesized from 3,3’,4,4’-benzophenonetetracarboxylic 
dianhydride (BTDA) and 2,2-dimethyl-l,3-(baminophe- 
noxylpropane (DMDA),26 using atomistic modeling. The 
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molecular weight and atomic composition of the repeat 
unit are 572 and C34H2407N2, respectively. This poly- 
imide, with the compact name of PI-2, has a glass 
transition temperature Tg of 230 “C and a melting point 
T, of 325 0C.27 This narrow “crystallization window” 
gives PI-2 a relatively high usage temperature for its 
processing temperature and makes it a good candidate 
as a matrix material in the high-temperature, high- 
performance polymer composites. Other good properties 
of PI-2 include thermooxidative stability, solvent resis- 
tance, and excellent mechanical proper tie^.^^,^^ The 
highest degree of crystallinity of PI-2 achieved to date 
is 50%.27 The understanding of the amorphous phase 
of PI-2 is therefore of importance to the role that PI-2 
plays in a polymer composite. In this work we use 
atomistic modeling to study the bulk properties of 
amorphous PI-2, including the atomic radial distribution 
functions, the conformational statistics through the 
dihedral angle distributions, the correlations between 
the phenyl rings in the systems, the characteristic ratio 
of PI-2 in the amorphous bulk, and the cohesive energy 
density and Hildebrand solubility parameter. Compari- 
sons are made between the dihedral angle distributions 
of a PI-2 chain in the bulk and a PI-2 single chain in 
vacuum at 300 K.28 Similar comparisons are made for 
the characteristic ratios as well. The effect of packing 
the chains in a bulk structure is seen through these 
comparisons. 

Method 
PI-2 is to date structurally the most complex polymer 

among the ones that have been studied with atomistic 
modeling in the amorphous state at bulk density. The 
repeat unit of PI-2, as shown in Figure 1, consists of 67 
atoms. Four virtual bonds (1, 4, 5, and 10 in Figure 1) 
and six covalent bonds (2, 3, 6, 7, 8, and 9 in Figure 1) 
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Figure 1. Repeat unit and the virtual bonds of PI-2. Hydrogen atoms on the rings are now shown, but they are included 
calculation. 4, is the torsion about bond, or virtual bond, i. 

in the 

are used .to trace the chain through the large repeat 
unit. To study the bulk properties of amorphous PI-2, 
we first need to build the amorphous structures. Two 
methods are established for building an amorphous 
structure of a polymer.1,2 One method, proposed by 
Theodorou and Suter, starts by creating an initial guess 
structure by packing a “parent” chain into a unit cell 
at the specified bulk density and then minimizes the 
energy of the structure.2 The other method, proposed 
by Rigby and Roe, creates representative initial con- 
figurations by placing all constituent atoms in an atomic 
liquid configuration and then slowly turns on all bonded 
interactions of the polymer during a subsequent molec- 
ular dynamics run for a relaxation of the structure.l 
Periodic boundary conditions are applied in both meth- 
ods for simulation of interchain interactions in the bulk. 
As the constituency of the system becomes) more com- 
plex, the second method becomes less efficient. In this 
study, we choose a molecular modeling software pack- 
age, POLYGRAF, which uses the approach of the first 
method. 

The DREIDING I1 force field29 was used for the 
energy calculations. The potential energy takes con- 
tributions from the following terms: 

E = E, + E ,  + E ,  + Einv + EvdW + Ecoul (1) 

where El, Eo, and E, are the bond stretching, bond angle 
bending, and torsion terms, Einv is the improper out-of- 
plane interaction of a cyclic group, and Evdw and Ecoui 
are the nonbonded van der Waals and Coulomb interac- 
tions. A dielectric constant of 3.4, appropriate for 
polyimides, was chosen for the calculation of the Cou- 
lomb  interaction^.^^ The Ewald summation method is 
used for evaluating the nonbonded interactions. 

The building of the PI-2 structures is as follows: (1) 
A monomer of PI-2 is created. (2) All atoms in the 
monomer are assigned with partial charges computed 
with the charge-equilibrium method of Rapp6 and 
G ~ d d a r d . ~ ~  (3) A parent chain of PI-2 is created from 
the monomer, with a degree of polymerization x (x  = 
13 or 14). (4) An amorphous unit cell of PI-2 is created 
by packing the PI-2 chain into a cubic box with an edge 
length of 21.1 A (for x = 13) or 21.7 A (for x = 14), so 
that the density of the amorphous cell will correspond 
to the experimental density, 1.307 g/cm3, of PI-2. The 
sides of the periodic box are nearly twice as large as 
the calculated persistence length (12.7 A) for the isolated 
chain.28 We create a total of five unit cells with x = 13 
and five unit cells with x = 14. 

The internal stress of the initial structures usually 
cannot be reduced sufficiently by a simple energy 

minimization. Steric hindrances caused by the building 
process tend to force the initial structures into local 
energy minima which usually have rather high energy 
values. For the structures to be well relaxed, we 
perform molecular dynamics at a temperature of 1000 
K for 4 ps after the initial energy minimization. The 
use of a very high temperature is intended for creating 
enough conformational motions so that the structures 
can move out of the local energy minima in a relatively 
short period of time. The molecular dynamics is per- 
formed under constant volume constraint in order to 
keep the density of the systems unchanged during the 
high-temperature relaxation process. The time step 
used for this process is 1 fs. A snapshot is taken at 
every time step during the trajectory. Among these 
snapshots, we choose the conformer with the lowest 
energy and then perform an energy minimization of this 
conformer. By this time we have obtained a final 
structure. 

Results and Discussion 
1. Radial Distribution Functions. The intermo- 

lecular radial distribution functions between a specific 
pair of atom types in a structure reveal the correlations 
between the specific atom types in the structure. The 
average radial distribution functions over all atom types 
can be used to judge if the system is truly amorphous. 
The radial distribution function, gm(r), between a pair 
of atoms of type A and type B separated by a distance 
r,  is defined by 

where em is the density of atom pairs of type AB and 
dNm(r) is the number of AB pairs separated by a 
distance in the range r - r + dr. The radial distribution 
functions between specific atom pairs do not reveal 
apparent order a t  short range or long range. Here we 
show the radial distribution function averaged over all 
atom pairs in the systems in Figure 2. The interchain 
radial distribution function, shown in the inset of Figure 
2, indeed reveals no apparent order. Such a finding 
provides assurance that the structures we obtained from 
the earlier processes are indeed amorphous. 

2. Correlation between Orientations of the 
Phenyl Rings. It is of interest to study any correla- 
tions that might exist between substructures even 
though the overall structure shows no long-range order. 
As an example, we study the correlation between the 
orientations of the phenyl rings in the amorphous PI-2 
structures. 
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Figure 2. Atomic radial distribution function averaged over 
all atom pairs. Inset: interchain atomic radial distribution 
function. 
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Figure 3. Correlation between the normals of two phenyl 
rings as a function of their separation. 

The orientation of a phenyl ring can be defined by its 
normal. Because of the symmetry associated with a 
180" flip of the phenyl ring, it is best to describe this 
correlation by the average second-order Legendre poly- 
nomial 

where 6 is the angle between the normals of any two 
phenyl rings under consideration. For a random dis- 
tribution of phenyl rings, cos 6 is random, which leads 
to S = 0. For a perfectly correlated case, in which all 
phenyl rings are parallel, cos 8 1 and S = 1. 
Geometrically nearby planar ring structures might favor 
some alignment so that the interchain repulsive energy 
might be reduced. It is desirable to study over how long 
a distance this kind of alignment persists. In Figure 3 
we plot S as a function of the separation between two 
phenyl rings while considering all phenyl ring pairs. The 
separation is defined by the distance between the 
centers of the phenyl rings. We plot the result for the 
range 3.5-15 A since all phenyl rings in the systems 
are separated by at least 3.5 A and the number of 
statistical samples becomes small beyond 15 A. From 
this figure it can be clearly seen that, beyond 5 A, there 
is no correlation between, or alignment of, the phenyl 
rings. Between 3.5 and 5 A, the normals of the phenyl 
rings tend to be parallel to each other. A similar 
phenomenon has been found in a study of amorphous 
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Figure 4. Intermolecular potential energy between two 
benzene molecules as a function of separation with the 
configuration described in the text. 
poly~tyrene.~~ In order to  understand this behavior, we 
made a study of a model system with two benzene 
molecules only. The lowest energy and the nearest 
distance between the two benzene molecules can be 
achieved by having the molecular planes parallel to each 
other and perpendicular to the axis connecting the ring 
centers, while having the hydrogen atoms on both 
molecules remain in a staggered configuration. The 
intermolecular potential energy between the two ben- 
zene molecules is plotted in Figure 4 as a function of 
the separation. It can be seen that the minimum energy 
is reached at 3.5 A. Other configurations between the 
orientations of the benzene rings all lead to higher 
energies, which explains why there is positive correla- 
tion at short distances between the orientations of the 
phenyl rings in PI-2. At larger distances the effect of 
van der Waals interactions becomes very small, and any 
correlation between the phenyl rings is diminished. 

Therefore, we reach the conclusion that, at short 
distances, neighboring rings tends to remain parallel 
to each other due to van der Waals interactions. 
However, such order completely disappears as the 
distance is increased to as little as 5 A. The ring 
orientation follows a random distribution for distances 
beyond 5 A, which proves again that no long-range order 
exists in the system. 

3. Dihedral Angle Distributions. The conforma- 
tional behavior of a polymer chain can be described by 
the dihedral angle distributions. Comparison of the 
dihedral angle distributions of a polymer chain in the 
bulk and a single chain in vacuum can give indications 
to the effect of chain packing. For the purpose of 
comparison, we use the results from a molecular dy- 
namics study of a PI-2 single chain in vacuum at 300 
K.28 In that study, a great number of conformational 
transitions were observed at certain virtual bonds along 
the backbone during the 2.2 ns molecular dynamics 
trajectory. The distribution of such dihedral angles in 
time therefore is a reliable statistic because of the large 
sampling size. In a bulk structure, conformational 
transitions occur only at a much slower rate. It is 
therefore not an efficient way t o  study the dihedral 
angle distributions by molecular dynamics because of 
the tremendous amount of CPU time required. The 
difficulty can be circumvented by building a number of 
amorphous cells and studying the static dihedral angle 
distributions of this ensemble. We have in the 10 
amorphous cells a total of 270 bonds of each type, which 
provide a reasonable sampling size. 
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The biggest differences between the dihedral angle 
distributions in the amorphous cells and in the single 
chain seem to lie in the equivalent bonds 2 and 3 and 
the equivalent bonds 6 and 9 (bonds are defined in 
Figure 1). In the single-chain dynamics trajectory,28 
many cooperative conformational changes have been 
observed at bonds 2 and 3. In Figure 5 we plot the 
distribution of (42,43) for the single-chain trajectory. 
Considerations of the symmetry of the torsion potential 
energy function at  bonds 2 and 3, and also the joint 
conformational energy surface for these two bonds, show 
that there are two nearly continuous bands of low 
energy that correspond approximately to  the equations 
43 = -90" - 42 and 43 = 90" - 42. The barrier height 
for transitions between these two bands is high enough 
so that no such transition was observed during the 
trajectory for the isolated chain. Therefore, the obser- 
vations in the trajectory (diamonds; Figure 5 )  only 
provide information about the low-energy band that 
approximates 43 = -90" - 42. In order to represent the 
energetically equivalent band with 4 3  = 90" - 42,  we 
include crosses in Figure 5,  which are the mirror images 
of the conformations denoted by diamonds. Considering 
the diamonds and crosses together, it is evident that 
certain regions of (42,43) are preferred over others in 
the isolated chain. 

In the ensemble of the 10 amorphous cells, it seems 
that (42,43) are distributed almost randomly, as shown 
in Figure 6, even though such a distribution would cause 
higher intrachain potentials. The rigidity of the seg- 
ments spanned by virtual bonds 3, 4, and 5 (and 
equivalently by virtual bonds 2, 1, and 10) makes it 
difficult to lower simultaneously the intrachain energy 
and the interchain energy in the amorphous structures. 
The reduction of the interchain energy by an effective 
packing of the chain segments in this case apparently 
compensates the expense of an increase in the intra- 
chain energy. 

A grid search of the energy of rotation about bond 6 
produces the curve in Figure 7. The potential energy 
outside the plotted range is more than 4 kcdmol higher 
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than the energy at  4 6  = 180". In the single-chain 
molecular dynamics trajectory, the distribution of 4 6  and 
& has three peaks (Figure 81, corresponding to the three 
energy minima in Figure 7. In the ensemble of the 10 
amorphous cells this distribution exhibits two additional 
peaks near 75" and 285" (Figure 8). These additional 
peaks are close to the locations of gauche and gauche' 
for the neighboring bonds 7 and 8 (Figure 9). These new 
peaks again might be an indication of the difficulty in 
packing a chain with some rigid segments in the 
structure. As was noted previously, bonds 0 (equivalent 
of bond 10) through 5 are rather rigid. In order to 
achieve an effective packing, bonds 6 and 9 have to be 
rotated in order to  produce a local structure that will 
lower the energy. Such a rotation is facilitated by 
adopting conformations close to the gauche and gauche' 
states so that some of the conformations near the 
segment from bonds 5 through 10 could resemble the 
flexibilities of simple olefins, which will lower the 
interchain energy. In other words, through a concerted 
rotation of bonds 6 through 9, it is relatively easy to 
achieve a low intrachain energy without significantly 
increasing the interchain energy. The distribution of 
the dihedral angles a t  bonds 7 and 8 in the amorphous 



7458 Zhang and Mattice 

i 

Macromolecules, Vol. 28, No. 22, 1995 

the transformation matrix method should undoubtedly 
be more reliable than the simple treatment mentioned 
above. Since the interdependency between the virtual 
bonds does not significantly affect the value of the 
characteristic ratio for this chain when it is isolated,28 
we will use the independent bond model for our calcula- 
tion. 

The transformation matrix has the form35 

1 -cos ei sin Oi 0 
-sin Oi cos 4i -cos Bi cos $J~ -sin 4i (5) 

where t9i is the angle between bonds i + 1 and i, and q5i 
is the dihedral angle at bond i, with 4 = 180" defined 
as trans. The transformation matrices lead to the 
formation of the generator matrices, Gi, which are used 
to  evaluate the mean-square end-to-end distance of the 
chains,  vi^.^^ 

-sin Oi sin 4i -cos Oi sin q5i cos 4i 
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Figure 8. Probability distributions O f  4 6  and $9 in the single- 
chain molecular dynamics at 300 K (solid line) and in the 
amorphous cells (dashed line). 
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Figure 9. Probability distribution of 41 and 48 in the 
amorphous cells. 

cells (Figure 91, on the other hand, almost reproduces 
the result of the single chain.28 

4. Characteristic Ratio. The effect of interchain 
interaction on chain conformations in the bulk can also 
be reflected by a change in the limiting characteristic 
ratio, which is defined as the limit of Cn as n - =33 

(4) 

Here (r2)  is the mean-square end-to-end distance of the 
chain, n is the number of bonds and virtual bonds along 
the backbone, and li are the lengths of these bonds and 
virtual bonds. A simple way to calculate the charac- 
teristic ratio, given a large number of chains, is by a 
direct measurement of the squared end-to-end distances 
and division of the average by C:=1Z2, which is also 
obtained by measurement. When the sample of chains 
is small, as in our case, such a simple treatment could 
lead to  a sizable statistical error. A better way to 
calculate the characteristic ratio is through the trans- 
formation matrix m e t h ~ d , ~ ~ , ~ ~  which uses statistical 
averages of the bond lengths, bond angles, and dihedral 
angles as input of the transformation matrices and 
arrives at a statistical result. Although there are only 
10 parent chains in our systems, the total number of 
bonds of each type is -270. Therefore, the result from 

(r2> = (GIG 2...G,-,G,) (6) 

where 

G, = (1 2ZlT T, 1,') (7) 

In the above equations, li  are the bond or virtual bond 
vectors, defined as 

li = (1) (10) 

and liT is the transpose of li. 
For a polymer chain with independent virtual bonds, 

the average product of the generator matrices in eq 6 
is equal to the product of the average generator matri- 
ces, i.e. 

(r2> = (Gl>(Gz>...(Gn-l>(G,> (11) 

and (Q) can be calculated with knowledge of (Ti). Since 
the bond lengths fluctuate in a small range at very high 
frequencies, we can treat them as constants with their 
average values. The only task then is to calculate the 
average angular properties of the individual bonds. 

Some of the average angular functions can be conve- 
niently assigned with zero values according to the 
symmetry of the polymer chain. For example, the 
symmetry of the torsion potential energy function 
requires (sin &) = 0 for all bonds which, along with the 
assumption of the independence of 9i and &, simplifies 
the average transformation matrices to 

-(cos 9i) (sin 9,) 0 
(Ti) = -(sin 9,)(cos 4,) -(cos 9,)(cos &) 0 i o  0 (COS 4i) 

] (12) 

The symmetry in the potential energy contour map of 
4 2  and 4 3  makes (cos 42) = (cos 43) = 0.28 For bonds 5 
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Table 1. Average Lengths of the Virtual Bonds Cdi) 
i 1, 4 2, 3 5, 10 6, 9 7, 8 

(1i)bulk 4.62 1.41 5.53 1.44 1.57 
(li)singlechain 4.62 1.41 5.56 1.44 1.57 

Table 2. Average Sines and Cosines of the Angles 
between Virtual Bonds i and i + 1 

(cos 6r)bulk -0.922 -0.561 -0.949 -0.630 -0.397 -0.346 
(COS 6z)s,ngle cham -0.930 -0.561 -0.981 -0.673 -0.376 -0.334 
(sin @)bulk 0.382 0.826 0.280 0.767 0.917 0.938 
(sin 6L)slngle chain 0.364 0.827 0.184 0.737 0.925 0.941 

Table 3. Average Cosines of the Dihedral Angles at 
Virtual Bond i 

i 1, 4 2, 3 5, 10 6, 9 7,8 

(cos &)bulk 0.629 0.000 0.000 -0.427 0.000 
(COS &)single chain 0.837 0.000 0.000 -0.867 0.000 

and 10, the symmetry of the phenyl rings makes (cos 
45) = (cos 410) = 0. For bonds 7 and 8, the rotational 
potentials are nearly 3-fold symmetric because of the 
presence of the dimethyl groups. Therefore, (cos 47) = 
(cos 48) = 0. The transformation matrices for these 
bonds are thus simplified further to 

0 0 
0 

(13) 

The rest of the averages in eq 12 and the average bond 
lengths need to  be evaluated from the molecular dy- 
namics trajectory in the case of a single chain or from 
the ensemble of amorphous cells, which is the current 
case. The average bond lengths are listed in Table 1, 
the average sine and cosine of the bond angles are listed 
in Table 2, and the average cosine of the dihedral angles 
are listed in Table 3. 

The characteristic ratio can be calculated according 
to eqs 4-13. For convenience, we introduce the concept 
of an effective generator matrix, which is the product 
of 10 consecutive generator matrices in a repeat unit. 
For example, if we start from the first bond in Figure 
1, the effective 5 x 5 generator matrix will be 

G = (Gl)(G2)...(GlO) (14) 

using the 5 x 5 representation, eq 8, for (GI). This way 
the characteristic ratio can be calculated as a function 
of the number of repeat units, N ,  instead of the number 
of individual bonds, n, i.e. 

where (W)1,5 is the element a t  the first row and fifth 
column of the 5 x 5 matrix W, and 

(16) 
i=l 

The calculation with the numbers provided in Tables 
1-3 leads to a limiting characteristic ratio of 5.0 as N - 00. This number is smaller than the estimate of C ,  
= 6.4 for a PI-2 single chain in vacuum at 300 K,28 
suggesting that the mean-square dimensions of PI-2 are 
reduced by about 20% due to  packing in a bulk amor- 
phous structure. 

The most substantial change from an isolated chain 
to the bulk in Tables 1-3 lies in ($6 and 49, for which 
the average cosines are changed from -0.867 in the 
isolated chain to  -0.427 in the bulk. If we keep all 
parameters the same as for the single chain except for 
substituting the bulk value of the average cosines of 4 6  
and 49 (-0.427) for their single-chain value (-0.867) in 
the calculation of the characteristic ratio, we obtain a 
value of C, = 5.17. From this observation it is evident 
that the reduction in C, arises almost entirely from the 
appearance of the new rotational isomeric states near 
gauche andgauche’ a t  bonds 6 and 9 in the repeat unit. 

5. Cohesive Energy and Hildebrand Solubility 
Parameter. The cohesive energy, &oh, of a polymer 
in the bulk is the decrease in energy as different 
polymer chains are brought together from infinity. The 
cohesive energy in our case can be calculated by the 
difference in the potential energies between the parent 
chain in the bulk and the parent chain as a single chain, 
i.e. 

(17) 

The Hildebrand solubility parameter, 6, is defined in 
terms of the cohesive energy density, where V 
is the volume of the amorphous cell, 

6 = (Ecohfv)1/2 (18) 

For the cells with x = 13 and the cells with x = 14, we 
obtained the cohesive energies and Hildebrand solubility 
parameters as the followikg: 

Ecoh,13 = 728 f 13 kcal/mol (per 13 repeat 

Ecoh,14 = 794 f 29 kcallmol (per 14 repeat 

613 = 11.3 f 0.1 ( k ~ a l l c m ~ ) ~ ”  

614 = 11.4 f 0.1 ( k ~ a l / c r n ~ ) ~ ’ ~  

units) 
(19) 

(20) 

(21) 

(22) 

units) 

where the last figure in each equation is the standard 
deviation. The small magnitude of the standard devia- 
tions indicates that the simulation has a good degree 
of confidence. The calculated Hildebrand solubility 
parameter, -11.3 (k~al lcm~)~”,  is somewhat larger than 
that calculated for the amorphous polysulfone without 
partial charges, 8.29 ( k ~ a l / c m ~ ) ~ ’ ~ , ~  and what was cal- 
culated for the amorphous polycarbonate with partial 
charges, 9.6 (k~al /cm~)’/~.~ 

Conclusions 
We have studied some bulk properties of amorphous 

PI-2 with atomistic modeling. We have analyzed the 
atomic radial distribution functions and the correlations 
between the phenyl rings in the structures to show that 
no long-range order exists in the structures. Some order 
of the phenyl rings does exist due to the van der Waals 
interactions, but only in the very short range of 3.5- 
4.5 A. The packing of a PI-2 chain in an amorphous 
structure changes the conformational statistics of the 
chain and reduces the chain dimension relative to a PI-2 
single chain at 300 K. The reduction in the chain 
dimension is evidenced by a decrease of the character- 
istic ratio relative to  the single chain. It is further 
shown that the appearance of the two new rotational 
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isomeric states at bonds 6 and 9 in the repeat unit is 
almost entirely responsible for such a reduction. The 
Hildebrand solubility parameter of amorphous PI-2 is 
calculated from the cohesive energy density of the 
structures. The consistency in the numbers obtained 
from the set of amorphous cells with 13 PI-2 repeat 
units and the set with 14 repeat units and the small 
magnitude of the standard deviations both indicate that 
the sizes of the amorphous cells in the simulation are 
adequate and estimates obtained from this method 
should be reliable. 
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