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ABSTRACT: Finite temperature simulations of the crystalline phase of the aromatic polyamides poly@- 
phenyleneteraphthalamide) (PPTA) and poly@-benzamide) (PBA) are carried out self-consistently using a 
molecular mechanics force field for the interatomic potential and quasi-harmonic lattice dynamics for the 
vibrational free energy. The calculated thermal expansion coefficients agree well with the experimental 
values. The negative axial thermal expansion in these aramides is attributed to elastic coupling to the 
transverse thermal stresses and to a lesser extent to an increase in entropy associated with contraction. The 
decrease in the axial Young's moduli with temperature is due mainly to effects of the transverse thermal 
expansion, which decrease the axial Young's moduli by increasing the unstrained volume and moving the 
system to a region of the potential energy surface with lower curvature. The negative axial thermal expansion 
and the decrease in axial Young's modulus with temperature are found to be greater in magnitude for PBA 
than for PPTA, in agreement with experiment. 

I. Introduction 
High-performance materials composed of highly crys- 

talline polymers are extensively used because of their high 
stiffness and strength combined with light weight. Aro- 
matic polyamide fibers, such as Kevlar fiber, which consists 
of poly@-phenyleneteraphthalamide), are the most com- 
monly used polymers for this purpose. Although there 
has been much success in explaining general aspects of 
the structural and elastic properties of polymer crystals 
in terms of the molecular architecture,l a similar clarifica- 
tion of the temperature dependence of these properties 
has been lacking. As these materials find wider applica- 
tions and more demand is placed on their ultimate 
properties, an understanding of the temperature depen- 
dence of these properties will be necessary to avoid material 
failure. 

The thermal expansion and the temperature dependence 
of the elastic moduli are intimately related and must be 
considered together. The isothermal stiffness moduli, C T i j  
(using Voigt notation), can be defined byz 

Pij = -[ 1 -1 a2A 
' T  a f i a f j  T,ek+ij 

'[e] (lb) 
vT a f i a f j  T,t,,ij 

where A is the Helmholtz free energy, UYt is the potential 
energy, Uvib is the vibrational energy, S is the entropy, T 
is the temperature, VT is the unstrained volume at 
temperature T, and y is the j component of the strain. 
Aside from the explicit temperature dependence of the 
C F j j  due to the entropic term, temperature dependences 
of the Pij also arise from the temperature dependence of 
the quantum mechanical vibrational energy and entropy 
and from thermal expansion, which changes both the 
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unstrained volume VTand the local shape of the potential 
energy surface (by changing the reference state a t  which 
the second derivatives are taken). Thermal expansion 
significantly affects the magnitudes of the elastic moduli 
and therefore must be considered in addition to entropic 
effects.3 

Conversely, the thermal expansion coefficients, ai, 
depend on the elastic moduli according to the relation:2 

cv 
V ,=1 

ai = - z y j s T i j  

where Cv is the heat capacity a t  constant volume and Pij 
is the isothermal compliance modulus (related to the 
stiffness modulus by S = C-l). The Gruneisen parameter, 
yi, is related to the change in entropy with strain,2 

(3) 

Since ai is a strain per degree of temperature, the quantity 
(Cv/ V)rj represents a thermally induced stress per degree 
of temperature. The thermal expansion along an axis can 
then be considered as the elastic response to the thermal 
stress along that axis, plus the elastic response to the 
thermal stresses along the other axes. Thus thermal 
expansion along one axis cannot be fully explained without 
considering the thermal effects along the other axes. 

Most previous examinations of the temperature de- 
pendence of the elastic moduli of polymer crystals 
neglected either thermal expansion or entropic effects. 
For example, the lattice dynamics calculations of Tashirol 
and Tashiro et al.' and the continuum theory of Ii et alq5 
did not account for thermal expansion, and the static- 
lattice calculation by Karasawa et aL6 did not include 
entropic effects. Also, previous studies of axial thermal 
expansion in polymer crystals did not account for the 
effects of the thermal stresses in the directions transverse 
to the chain axi~.~*~v* We have recently reported the results 
of our consistent lattice dynamics simulations of the 
temperature dependence of the properties of polyethyleneg 
and isotactic polypropylene,"J which included both the 
thermal expansion and entropic effects on the crystal 
properties. Temperature-dependent properties were de- 
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t e rmined  f rom first  principles by  minimizing the q u a n t u m  
mechanical free energy of the crystal  calculated i n  the 
quasi- harmonic approximation. These results were i n  good 
agreement  wi th  t h e  results of exper iments  on highly 
< rystailine samples  and led to new conclusions regarding 
the t empera ture  dependence  of the elastic modul i  of 
polyethylene and the axial  thermal expansion of isotactic 
polypropylene. In t h e  present  pape r  we app ly  the s a m e  
techniques to t h e  a romat ic  polyamides poly(p-phenyl- 
ene teraphtha lamide)  IPPTA) and poly(p-benzamide) 
i P R >  1 .  
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11. Computational Method 

in tne present simulations, the forces between atoms are 
represented by a molecular mechanics force field, and thermal 
effects are included within the quasi-harmonic approximation. 
The unit cell volumes are obtained by minimizing the free energy 
r',t thr  ;pecified temperature. 

a. Vibrational Free Energy. The vibrational free energy 
and temperature dependence of properties can be efficiently 
evaluated within the quasi-harmonic approximation (QHA).lI 
In the QHA, terms higher than second-order in the Taylor 
expansion of the potential energy are neglected, and the resulting 
harmonic potential energy surface and vibrational frequencies 
vary with the lattice parameters. Therefore anharmonic effects 
due to volume changes are incorporated in the QHA, but the 
anharmonic coupling of the vibrational modes is neglected. 
Quantum mechanical effects, which are important for vibrational 
motion with frequencies Y > kT/h ( ~ 2 0 0  cm-l a t  room tempera- 
ture), are included in the present calculations. 

The quasi-harmonic vibrational free energy, Avlb, at  a tem- 
perature T is given quantum mechanically by 

4 . 2= . vib 

(4) 

where k is a wavevector, w,(k) is the vibrational frequency of 
mode i for wavevector k, Nu is the number of atoms in the unit 
cell, and the integrals over BZ are integrals over the Brillouin 
zone. The quasi-harmonic heat capacity a t  constant volume, C,, 
is given by 

where the w in eq 5b takes on the values wi(k). The entropy, S ,  
can be calculated by 

wliew E,  is the vibrational energy, 

J d k  T 1 / 2 h w i ( k )  + hwi(k) 
BZ 

E,,, = - ,. 
J dk 
BZ 

The elastic moduli and Gruneisen parameters were obtained from 
eq 1 and 3 by calculating the derivatives with respect to strain 
numerically. 

The equation of state was determined by minimizing the quasi- 
harmonic free energy with respect to  unit cell lattice parameters. 
This method has previously been applied to ionic crystals,12 
minerals,13 zeolites,14 metal alloys,15 and polymer c r y s t a l ~ . ~ J ~  We 
examined the accuracy of this method elsewhere by comparing 
the results to  exact results obtained by Monte Carlo simulation 
and found that properties are accurately calculated up to half to 
two-thirds of the melting temperature for the Lennard-Jones 
solid.'6 

The equilibrium structures a t  a given temperature were 
obtained as follows: For a given set of lattice parameters, the 
potential energy is minimized with respect to  the variables 
describing the atomic positions in the unit cell, using an analytical 
first derivative technique.17 After minimization of these internal 
coordinates, the numerical integration of the vibrational free 
energy over the Brillouin zone is carried out: for each integration 
point, analytical second derivatives of the energy, and from these 
the vibrational frequencies and the vibrational free energy, are 
calculated. Gauss-Legendre quadrature with 24 integration 
points is used to  carry out the Brillouin zone integrations. The 
total Gibbs free energy is obtained as the sum of the potential 
energy and the vibrational free energy for this set of lattice 
parameters. The lattice parameters which yield the minimum 
Gibbs free energy are the equilibrium lattice parameters. 
b. Force  Field. The PCFF force field18 was used for the 

present simulations. The partial atomic charges were computed 
using the bond increment method as implemented in the PCFF 
force field, with the modification of setting the bond increment 
parameters to  zero for the Ccarbonyl-CammPtio Cwt,,,ny~-N, and 
Cmmtic-N bonds (which is consistent with the CFF91 force field's). 
The modified partial atomic charges are closer to previous 
estimates of the atomic charges in PPTA derived from semiem- 
pirical quantum mechanical  calculation^^^ and lead to an 
equilibrium structure in better agreement with experiment. 
Where indicated, calculations were also carried out with the 
Dreiding force field,20 with the purpose of demonstrating that 
our conclusions are independent, a t  least qualitatively, of the 
choice of force field. 

In our computer program, the long range Coulombic and 
dispersion interactions are evaluated with Ewald sum tech- 
niques,1132' and the repulsive nonbonded interaction is evaluated 
in a direct space sum. Analytical first and second derivatives of 
the potential energy with respect to the atomic coordinates are 
calculated for use in geometry optimizations and the calculation 
of vibrational frequencies. 

c. Crys ta l  S t ruc tures .  The repeat units of PPTA and PBA 
are shown in Figure 1. The crystal structures investigated here 
are shown in Figure 2. Structures based on the experimental 
crystal structures were used as starting points;22.23 no attempt 
was made to map out multiple minima in the energy surface as 
was done previously.19 Both polymers consist of phenyl rings 
connected by amide groups but differ in the orientation of every 
second amide linkage along the chain. The experimentally 
determined conformations of the amide groups are approximately 
planar, and the phenyl rings rotate out of the plane of the amide 
groups by approximately 35O. This angle represents a compro- 
mise between the repulsive nonbonded interactions of the amide 
hydrogen or oxygen with a phenyl hydrogen, which are minimized 
when the phenyl rings are perpendicular to the plane of the amide 
groups, and the stabilizing x electron delocalization, which is 
maximized when the phenyl rings are in the plane of the amide 
groups. In PPTA the two phenyl rings in the repeat unit are 
rotated in opposite directions with respect to  the amide groups, 
whereas in PBA the rings are rotated in the same direction. 
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PBA, as compared to the experimental results of 0.12 
GPaIK for PPTA and 0.21 GPalK for PBA.27 Although 
the calculated changes in E3 with temperature are 
significantly smaller than those observed experimentally, 
we note that the changes in the experimental E3 with 
temperature may also be influenced by factors such as 
changes in crystallinity and crystallite orientation with 
temperature. 

The complete set of elastic moduli are given in Table 
2. The precision ofthesevaluesisapproximately A 1  GPa, 
due to the error arising from numerical evaluation of the 
second derivative in eq 1; this imprecision limits the 
analysis of the elastic moduli with small temperature 
dependences. The calculated elastic stiffness matrix is in 
substantial agreement with previous static lattice cal- 
culations: the average rms deviation between the elements 
of the present stiffness matrix (at T = 0) and that of Yang 
and HsuZ6 is 11 GPa, and the rms deviation from the 
stiffness matrix of Rutledge and Suter (structure 3 of that 
paper)25 is 14 GPa. The (712 stiffness moduli decrease 
with temperature for both PBA and PPTA, while the Cpl3 
and ( 7 2 3  moduli increase with temperature for PBA and 
remain approximately constant with temperature for 
PPTA. 

The Gruneisen parameters for PPTA and PBA are 
shown in Figure 5. The Gruneisen parameters along the 
a and b axes positive and are nearly equal for PPTA and 
PBA. The Gruneisen parameter along the c axis, 73. is 
negativeover the entire temperature range, indicating that 
the entropy increases with contraction; 7 3  is significantly 
larger in magnitude for PBA than for PPTA. 

IV. Discussion 
a. Thermal Expansion. 1. Axial Thermal Expan- 

sion. Negative axial thermal expansion has been observed 
experimentally in PPTA and PBA.Z4.27 The explanation 
previously given for this thermal contraction is that the 
contraction allows increased vibrational motion transverse 
to the chain axis while maintaining (approximately) 
constant bond lengths, or equivalently that the entropy 
increases with axial contraction because of a decrease in 
the frequelicies of the transverse vibrational motion.5 In 
terms of eq 2, this mechanism implies that y3 < 0 and the 
j = 3 term leads to the observed 013.~ This mechanism is 
the commonly proposed explanation for negative axial 
thermal contraction in other polymer cry~tals.~,8,3~35 Our 
previous simulation results for negative axial thermal 
expansion in polyethylene are also in agreement with this 
mechanism.9 

However, negative axial thermal expansion can also be 
due to an elastic response to  the thermal stresses in the 
directions transverse to the chain axis, i.e., the terms ylSr13 
and 7 2 9 2 3  in eq Z.36 We have previously shown that it 
is this effect which leads to the axial thermal contraction 
in isotactic polypropylene; the entropy increases with axial 
expansion for isotactic polypropylene, which alone would 
lead topositiue axial thermal expansion.1° Therefore, the 
mechanism in which the negative axial thermal expansion 
in polymer crystals is due to an increase in entropy 
associated with contraction does not appear to he "uni- 
~ e r s a l " . ~ ~  The elastic response to transverse thermal 
stresses must be considered in an objective analysis of the 
axial thermal expansion of polymer crystals. 

We therefore subdivide our results for the axial thermal 
expansion of PPTA and PBA into contributions from 
thermal effects both along and transverse to the chain 
axis. These results are presented in Table 3. As noted 
above, both PPTA and PBA have negative axial (i.e., 
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PPTA PBA 
Figure 1. Repeat units of PPTA and PBA. Key: carbon (dark 
gray), hydrogen (white), oxygen (black), nitrogen (light gray). 

Hydrogen bonding occurs between amide groups on adjacent 
chains along the b axis. The PBA crystal lattice is orthorhombic, 
and the PPTA lattice is monoclinic, hut with the nonortbogonal 
angle between the a and b axes differing only slightly from 90°. 

111. Results 
The equilibrium lattice parameters as a function of 

temperature for PPTA and PBA are shown in Figure 3. 
The calculated volumes are somewhat larger than the 
experimental values because the nonbonded force field 
parameters were obtained by fitting static-lattice struc- 
tures to experimental data taken at room temperature 
(some effects of both zero-point and thermal vibrational 
motion are implicitly included in the nonbonded potential 
parameters). The results for the average thermal expan- 
sion between 300 and 500 K are given in Table 1 and 
compared with the experimental results of Ii et a1.24 In 
agreement with experimental results, thermal expansion 
is smaller along the b axis than along the a axis, and the 
thermal expansion is negative along the c axis (i.e., a, > 
a* > 0 > aJ. 

The calculated Young's moduli E; (defined as the 
inverses of the diagonal compliance moduli, E; = llSri;, 
i = 1,2,3) are shown as functions of temperature in Figure 
4. The Young's modulus is largest along the chain direction 
due to the strong intramolecular bonds and is larger along 
the b axis than along the a axis because of the hydrogen 
bonds parallel to the b axis; similar results were reported 
in previous static-lattice  calculation^.^^^^^ The calculated 
E3 at room temperature of 273 GPa for PPTA is higher 
than the experimentally reported values of 15iF240.27-31 
Allof theYoung'smoduliarefound to begreater forPPTA 
than for PBA, over the whole range of temperatures. The 
larger E3 for PPTA as compared to PBA disagrees with 
the available experimental results,2' although i t  agrees 
with previous  calculation^.^^^^^ As noted by other inves- 
tigatom,"anall-trans conformation for PBA would exhibit 
alargeE3,inaccord withtheexperimental record; however, 
thisconformation appears to be inconsistentwith theX-ray 
data. 

For both PPTA and PBA, E2 and E3 are found to 
decrease significantly with temperature, while the tem- 
perature dependence of E, is relatively small. The 
calculated E3 decreases between 300 and 500 K by 
approximately0.07 GPaIKfor PPTA and 0.13 GPa/K for 
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Figure 2. (a, left) Crystal structure of PPTA (modification 1); (h, right) crystal structure of PBA. Key: carbon (dark pay), hydrogen 
(white), oxygen (black), nitrogen (light gray). Based on structures from ref 23. 
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Figure 3. Lattice parameters as a function of temperature. Filled symbols are PPTA, open symbols are PBA. For PBA, the angle 
y is always 90°. The experimental room temperature results for PPTA are a = 7.80 A, b = 5.19 A, c = 12.9 A, y = 90" and for PBA 
are a = 1.71 A, b = 5.14 A, c = 12.8 A.21 

Table I. Average Thermal Expansion between 
300 and 500 K 

PPTA PBA 
calculated experimental' calculated experiment& 

al (1W IC') 1.9 8.3 7.1 7.0 
~ 1 2  (W K-1) 2.9 4.1 4.6 4.1 
013 (1V K-') -0.57 4.29 4.84 4.17 

Ii et al., ref 24. 

parallel to the chain axis) Gruneisen parameters, which 
contribute to axial thermal contraction as had previously 
been suggested.5 However, the dominant contribution to 
axial thermal contraction is the elastic response to the 
transverse thermal stresses, which leads to 80% of the 
total axial thermal contraction in both PPTA and PBA. 
Previous analyses which assumed that the terms yiSTi8 ( i  
# 3) are insignificant5 should be reconsidered. 

The importance of the elastic coupling on the axial 
thermal contraction is further demonstrated hy calcula- 
tions which show that in response to  changes in the a and 
b lattice parameters, elastic coupling due to potential 
energy effects alone causes the c lattice parameter to 

change significantly. Two seta of static-lattice calculations 
on PPTA were carried out in which the lattice parameters 
a and b were fixed at their calculated equilibrium values 
for 300 and 500 K, while the lattice parameter c (as well 
as all atomic positions) was varied to minimize the 
potential energy. The lattice parameter c which gives the 
minimum potential energy was found to  decrease in going 
from the equilibrium a and b parameters a t  300 K to the 
equilibrium a and b parameters at 500 K, by an amount 
corresponding to  a thermal expansion of -0.34 X le K-'. 
This calculation was also carried out with the Dreiding 
force field, which led to an effective thermal expansion of 
4.55 x lW5 K-l. We therefore believe that the importance 
of the elastic coupling in the axial thermal contraction of 
PPTA is not an artifact of the PCFF force field. 

The magnitude of the axial thermal contraction, olg, is 
larger in PBA than in PPTA because of both a larger axial 
contraction due to  the associated entropy increase and 
greater elastic coupling to  the transverse thermal stress. 
The axial contraction due to the associated entropy 
increase is larger for PBA than for PPTA primarily because 
the entropy increase is larger for PBA (at 400 K, y3(PBA) 
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Figure 4. Young's moduli as a function of temperature. Filled 
symbols are PPTA, open symbols are PBA; triangles are El, 
squares are El, and circles are Es. 

Table 2. Isothermal Elastic Stiffness Constantsa 
OK 100K 200K 300K 400K 500K 

PPTA 
13.3 13.5 12.4 11.9 11.8 12.1 
41.6 40.7 36.1 32.2 27.6 23.4 

300.1 297.4 290.6 283.7 276.5 271.8 
14.7 15.1 14.4 14.3 14.1 14.5 
0.1 1.0 0.1 0.5 0.1 1.0 
6.1 6.7 6.1 6.1 5.7 8.1 

13.1 12.8 12.0 11.1 10.6 9.9 
10.9 10.9 10.6 10.5 10.7 10.8 
14.5 14.5 14.3 14.2 14.5 14.8 

12.4 12.6 11.4 10.1 9.1 8.7 
33.0 31.6 28.5 24.6 21.4 17.1 

287.3 284.0 276.4 267.9 258.2 246.4 
22.9 22.6 21.7 19.0 16.4 14.3 
0.2 0.9 1.7 0.7 0.2 0.2 
6.9 7.6 7.5 6.2 5.7 5.1 

12.8 12.3 11.4 10.5 9.7 8.7 
10.3 10.2 10.4 10.5 11.0 11.0 
14.7 15.0 15.3 15.6 15.9 16.5 

PBA 

a The off-diagonal elements Cr,, cTb, and cTb were all found to 
be less than 1 GPa for PPTA and are equal to zero by symmetry for 
PBA. The precision of these results is approximately A 1  GPa. 

= 4 . 4  and y3(PPTA) = 4-16) ,  but also because ST33 is 
larger for PBA (see Figure 4, which shows E3 = 1/sT33). 
The axial contraction due to the elastic coupling to the 
transverse thermal stresses is larger for PBA than for 
PPTA because the off-diagonal compliance moduli are 
larger for PBA, while the transverse thermal stresses are 
similar in magnitude for the two polymers. 

2. Transverse Thermal Expansion. The thermal 
expansion is smaller along the b axis than along the a axis 
because the hydrogen bonding between amide groups on 
adjacent chains along the b axis leads to STZZ being 
significantly less than sT11. 

Simulation and experiment agree in the result that 
thermal expansion along the a axis, a1, is slightly greater 

2 k. 

- 2 '  " " " " 

T (K) 
100 200 300 400 500 

Figure 5. Gruneisen parameters as a function of temperature. 
Filled symbols are PPTA, open symbols are PBA; triangles are 
El, squares are Ez, and circles are Es. 

Table 3. Component Contributions to Axial Thermal 
Expansion of PPTA and PBA, at T = 400 K 

a3 = (Cv/V)[YlSrl3 + 
(C./v) E?-IY;S*Q; Y 2 f l d  (Cdv) Y@33 

PPTA (10-5K-l) -0.54 -0.43 -0.11 
PBA (10-5 K-l) -0.94 -0.63 -0.31 

in PPTA than in PBA. The simulations find the b axis 
thermal expansion, (YZ, to be greater for PBA than for 
PPTA; this result is due to S T 2 2  being larger for PBA than 
for PPTA (see Figure 4, which shows EZ = 1/ST22) .  The 
experimental investigation, in contrast, reports that a2 is 
larger for PPTAaZ4 This discrepancy may be due to 
approximations in either the experimental analysis or the 
present calculations. In the experimental investigation, 
Ii et al. used X-ray measurements to obtain the lattice 
parameter b based on the assumption of a pseudo- 
orthohombic lattice, which is exact when the crystal- 
lographic angle y = 90'. The angle y is close to 90°122*23 
and the errors in b due to the pseudo-orthorhombic 
assumption are small relative to b. However, since the 
changes in b with temperature are small, the errors 
resulting from the neglect of changes in y with temperature 
may be significant for (YZ. Our calculations suggest that 
y will change by approximately 0.2' in going from 300 to 
500 K; even such a small change in y with temperature 
can lead to errors in pseudo-orthorhombic estimations of 
a2 which are comparable in magnitude to the reported 
experimental differences in a2 between PPTA and PBA 
(refer to Table 2). We note also that at  higher temperatures 
(500-700 K), Ii et al. find a2 to be larger for PBA than for 
PPTA.24 Another possible source of the discrepancy may 
be the approximate nature of the force field itself. In 
particular, the room temperature b lattice parameter is 
underestimated for PPTA and overestimated for PBA. 
While the errors in the equilibrium b lattice parameters 
are small (<1.5% 1, because STz2 increases with b the sign 
of these errors would account for underestimation of a2 
in PPTA and overestimation of a2 in PBA (from eq 2). 

b. Temperature Dependence of Elastic Moduli. 1. 
Axial Stiffness Modulus. As discussed in the Intro- 
duction, temperature dependences of Pij arise not only 
from the entropic contribution to the free energy, but also 
as a consequence of thermal expansion, which affects CTi j  
through changes in the unstrained volume V and the values 
of the second derivative of the potential energy, vibrational 
energy, and entropy. The contribution to CT33 due to 
potential energy alone (i.e., the first term in eq lb ,  which 
includes both intra- and intermolecular interactions), 
abbreviated here as P33(PotE) is compared to the total 
CT33 (including both potential energy and vibrational free 
energy effects) for PPTA in Figure 6; the effects of the 
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axial deformations and found that the difference arises 
from a coupling between the phenyl ring rotation angles 
and the amide bond angles (Le., Cpheny1-Cmide-N and 
Cpheny1-N-Camide). As discussed above, although the 
stabilization associated with delocalized a bonding is 
maximized when the phenyl rings are in the plane of the 
amide groups, the phenyl rings are rotated out of this plane 
in order to decrease the repulsive nonbonded interactions 
between a phenyl hydrogen and an amide oxygen or 
hydrogen (see Figure 1); the resulting phenyl ring rotation 
angle of approximately 35" represents a compromise 
between these two opposing effects. However, if an amide 
bond angle is increased, the phenyl hydrogen and the amide 
oxygen or hydrogen are moved further apart and the 
nonbonded repulsion is reduced; the phenyl ring rotation 
angle will therefore decrease to enhance the delocalized 
T bonding. Conversely, if an amide bond angle is 
decreased, the phenyl ring rotation angle will increase due 
to the increased nonbonded repulsions. Since the PPTA 
and PBA chains deform axially primarily through changes 
in the amide bond angles,37 the relaxation of the phenyl 
ring rotation angles in response to these bond angle changes 
will moderate the increase in energy associated with the 
deformation, thereby decreasing the axial elastic modulus 
(specifically, the second derivative of the potential energy) 
relative to that in which the phenyl ring rotation angle is 
fixed. The PPTA and PBA crystals have higher axial 
elastic moduli than the corresponding single chains because 
the phenyl rings are "locked" in place by the surrounding 
chains within the crystal and cannot rotate in response to 
changes in the amide bond angles. This effect was observed 
with both the PCFF and Dreiding force fields. 

With thermal expansion the polymer chains move 
further apart a t  higher temperatures and the crystal 
becomes more like a collection of single chains. Therefore, 
thermal expansion in PPTA and PBA leads to the phenyl 
rings being able to rotate more freely, with an associated 
decrease in the second derivative of the potential energy. 
We note that such a change in the value of the second 
derivative of the potential energy when the polymer 
chains move farther apart does not occur for all poly- 
mers: previous calculations for polyethylene found the 
crystal and single chain axial elastic moduli to be very 
similar.6 

The larger decrease in CT33 with temperature for PBA 
as compared to PPTA can be attributed to the entropic 
contributions to CT33. The decrease in CT33 due to thermal 
expansion effects (predominantly in term 1 of eq lb)  is 
essentially the same as in PPTA and PBA, while the 
decrease due to the entropic contributions to CT33 (term 
3 in eq lb) is twice as large in PBA. 

2. Transverse Stiffness Moduli. The transverse 
stiffness moduli, CTll and c T 2 2  were found to decrease 
with temperature, the decrease for c T 2 2  being larger than 
for CT1l. A decrease in these elastic moduli would be 
expected based on potential energy effects alone because 
the interchain interactions decrease as the polymer chains 
move further apart. The contribution to cT22 due to 
potential energy alone, CTzz(PotE), is compared to the 
total CT22 for PPTA in Figure 6. In this case 70% of the 
decrease in elastic modulus from 300 to 400 K is due to 
the effects of thermal expansion on the potential energy 
contribution, of which 90% results from a decrease in the 
value of the second derivative of the potential energy and 
only 10 96 from the increase in volume. The smaller effect 
of the volume increase on C T 2 2  as compared to P 3 3  is due 
to the smaller magnitude of cT22-an increase in volume 
leads to a decrease in elastic modulus which is proportional 

240' ' ' ' ' ' 
0 100 200 300 C O O  500 
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Figure 6. Comparison of P,,(PotE) to  P,,. (a, top) CT33(PotE) 
vs PSS; PPTA (fiied symbols), PBA (open symbols). (b, bottom) 
CT22(PotE) vs CT22; symbols same as in a. The effects that 
contribute to CT,,, other than the potential energy, are the zero- 
point vibrational energy and the entropic term in the free energy. 
These effects can, in general, lead to P,, being either greater or 
less than P,,(PotE). 

vibrational motion on the magnitude of CT33 in these 
materials are found to be much less than previously 
e ~ t i m a t e d . ~ ~  Approximately 80% of the decrease in cT33  
from 300 to 400 K is due to the effects of thermal expansion 
on the potential energy contribution, of which half is from 
the increase in volume and half is from a decrease in the 
value of the second derivative of the potential energy. In 
general, the vibrational contribution to CT33 (i.e., 
CT33(PotE)) contains two contributions arising from the 
vibrational energy Uvib and entropy S (eq lb). The first 
contribution, dWvib/d~3~, can lead to either an increase (as 
in PPTA) or a decrease (as in PBA) in cT33 with respect 
to CT33(PotE) at low temperature, but this effect neces- 
sarily falls to zero at  higher temperatures, since the 
vibrational energy is frequency-independent in the classical 
limit. The second contribution, -Td2S/d~32, leads to a 
decrease in CT33 with respect to CT33(PotE) which is zero 
at T = 0 K and increases in magnitude with increasing 
temperature. These effects are seen in Figure 6a. 

The decrease in the value of the second derivative of 
the potential energy as the volume expands (i.e., as the 
polymer chains move farther apart) is related to the 
observations from previous static-lattice calculations that 
the axial elastic modulus of the PPTA or PBA crystal is 
significantly larger than that of the corresponding single 
chain. (The single chain axial elastic modulus is defined 
using the same volume as for the crystal modulus, and any 
difference from the crystal axial elastic modulus is due 
only to the second derivative of the potential energ~.~5,~6) 
Previous calculations are in agreement that an axial 
deformation in a single chain involves a larger change in 
torsional energy and a smaller change in van der Waals 
energy than an equivalent deformation in the crystal. We 
have carried out further calculations to rationalize this 
difference in the energetics of the single chain and crystal 
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Figure 7. Difference between E3 and P 3 3 .  Filled symbols are 
PPTA; open symbols are PBA. 

to the magnitude of the elastic modulus. The temperature 
dependence of c T 2 2  for PBA is similar to that for PPTA. 

3. Off-Diagonal Stiffness Moduli. As with the 
transverse elastic moduli, the off-diagonal moduli would 
decrease with temperature based on potential energy 
effects alone because the interchain interactions decrease 
as the polymer chains move further apart. For this reason, 
the CT1z of both PPTA and PBA decrease with tempera- 
ture. However, the c T 1 3  and CT23 of PBA are found to 
increase with temperature, as was found previously for 
p~lyethylene.~ The reason for the increase in these elastic 
moduli with temperature is related to the axial thermal 
contraction mechanism in which chain contraction is due 
to an entropy increase caused by the transverse vibrational 
motion: The increase in entropy with contraction (Le., 
the quantity dSJdt3 < 0) increases in magnitude as the 
polymer chains move further apart because the transverse 
vibrational motion becomes less hindered by the sur- 
rounding polymer chains. Therefore, the quantity d2S/ 
(dt3dy) < 0 for j = 1 ,2 ,  and acts to increase the cTj3.  For 
this reason, the Pi3 and ( 7 2 3  of PBA increase with 
temperature. For PPTA, the cT13 and P 2 3  remain 
approximately constant with temperature because this 
effect, which is smaller in PPTA than in PBA (see Table 
31, just compensates for the decrease in CT13 and CT23 due 
to potential energy effects. 

4. Shear  Moduli. The temperature dependences of 
the shear moduli (CTii i = 4,5,6) are too small to be 
distinguished from the numerical noise in the calculation 
(with the exception of CT44 of PBA, which decreases 
significantly with temperature). As with the transverse 
and off-diagonal stiffness moduli, a decrease in the shear 
elastic moduli would be expected based on potential energy 
effects alone because the interchain interactions decrease 
as the polymer chains move further apart. 

5. Young's Moduli. The Young's moduli Ei, which 
are exactly equal to the CTii (i = 1,2,3) when all of the 
off-diagonal stiffness moduli CTij equal zero, have tem- 
perature dependences which are similar to those of the 
CTii; slight differences arise due to the temperature 
dependences of the nonzero off-diagonal Pij, The quan- 
tity& - CT33 is shown in Figure 7. The larger temperature 
dependence of E3 - CT33 for PBA as compared to  PPTA 
is due to the larger temperature dependence of and 
CT23 for PBA, as discussed above. The greater temperature 
dependence of the E3 for PBA as compared to PPTA can 
thus be attributed to larger entropic effects in the diagonal 
CT33 and the off-diagonal and CT23 elastic moduli; 
although the effects of thermal expansion on the potential 
energy contribution are the dominant causes of the 
temperature dependence of E3, the magnitudes of these 
effects are similar for PPTA and PBA. 

V. Conclusions 
Calculations of the thermal expansion and temperature 

dependence of the elastic moduli of PPTA and PBA were 
carried out from fiist principles, using molecular mechanics 
force fields for the interatomic interactions and the quasi- 
harmonic approximation for the vibrational free energy. 
The temperature dependent properties reported here 
follow entirely from self-consistent lattice dynamic cal- 
culations under these constraints, without any further 
assumptions. The results of our calculations for the 
thermal expansion coefficients are in good agreement with 
experiment. In both PPTA and PBA, thermal expansion 
is larger along the a axis (between hydrogen bondedsheets) 
than along the b axis (within the hydrogen bonded sheets) 
and is negative along the c axis (along the polymer chain). 
The calculated decrease with temperature of the axial 
Young's modulus (shown in Figure 4) is somewhat smaller 
than that found from X-ray e~per i rnents ;~~ however, the 
uncertainties in experimentally determined crystallite 
elastic moduli for polymer crystals are well-known. For 
example, for polyethylene the axial elastic modulus 
determined by different experimental methods varies by 
50 ?6 ;38 also, Northolt has shown that even slight misalign- 
ment of crystallites along the fiber axis significantly 
reduces the observed elastic modulus.29~30 

The negative axial thermal expansion for PPTA and 
PBA is attributed primarily to elastic coupling to the 
thermal stresses transverse to the chain axis. The increase 
in entropy associated with chain contraction makes a minor 
contribution (approximately 25 74 ) to the total negative 
axial thermal expansion. 

The decreases in the axial elastic moduli of PPTA and 
PBA with temperature are due primarily to effects arising 
from the thermal expansion transverse to the chain 
axis-this thermal expansion leads to both an increase in 
equilibrium volume, which decreases the elastic modulus 
(the stiffness moduli are the second derivatives of the free 
energy with strain per unit volume), and a decrease in the 
local curvature of the potential energy surface as the chains 
move apart; this decrease in the second derivative of the 
potential energy is attributed toa more complete relaxation 
of the phenyl ring rotation angle in response to the changes 
in the amide bond angles accompanying axial strain. The 
effects of the direct entropic contribution (Le., second 
derivative of the entropy with respect to strain) on the 
temperature dependence of the elastic modulus are smaller 
in magnitude. 

The calculations find that the negative axial thermal 
expansion and the decrease in the axial Young's modulus 
with temperature are larger in magnitude for PBA than 
for PPTA, in agreement with e ~ p e r i m e n t . ~ ~ ~ ~ ~  The larger 
axial thermal contraction for PBA as compared to PPTA 
is due to both a larger increase in entropy with chain 
contraction and increased elastic coupling to the transverse 
thermal stresses. The larger temperature dependence of 
the axial elastic modulus in PBA is due to the direct 
entropic contribution to the modulus, since the effects of 
thermal expansion on the elastic modulus are similar for 
the two materials. 

Arguments may be proposed for the design of composite 
materials based on the results of the current work. Fiber- 
reinforced composite materials are often composed of a 
polymer fiber such as PPTA embedded in an amorphous 
polymer matrix. With changes in temperature, stresses 
develop at the ends of the fiber because the fiber undergoes 
axial thermal contraction while the matrix undergoes 
thermal expansion;39 these stresses are believed to be a 
major cause of material failurea40 The present results 
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predict that the development of these stresses could be 
mitigated by matching the fiber and matrix materials such 
that am, the matrix thermal expansion coefficient, is less 
than the transuerse thermal expansion coefficients of the 
fiber. Under such conditions external stresses from the 
surrounding matrix would counteract the transverse 
thermal stresses of the fiber, leading to a reduction in the 
negative axial thermal expansion of the fiber and therefore 
a reduction in the stress generated at  the fiber ends. Also, 
the present results lead to the prediction that a smaller 
am would reduce the transverse thermal expansion of the 
fiber and improve the axial stiffness at high temperatures. 
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