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Molecular dynamics simulations were performed with a model of a single-component molecular composite 
in the form of a block copolymer composed of poly(p-phenylene benzobisthiazole) rigid-rod and flexible 
meta-poly(aryl ether ketone) subunits. The molecular composite concept, applied to improve the 
compressive strength of rigid-rod polymers and to improve their solubility, relies on a uniform distribution 
of rods in a coil-like matrix. Pair distribution functions, orientation correlation functions and correlation 
volumes calculated from equilibrium dynamics trajectories of bulk copolymer, coil homopolymer and rigid- 
rod homopolymer systems imply that, while inter-rod spacing is only slightly increased in the copolymer, 
correlation of rod orientation is greatly reduced but to a somewhat lesser extent than previously found for a 
graft copolymer composed of identical subunits. Conformations of the flexible blocks extend to 
accommodate the partial rod alignment. The block copolymer topology appears to be a viable alternative 
to the hairy-rod graft copolymer as a single-component molecular composite. Published by Elsevier 
Science Ltd. 
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I N T R O D U C T I O N  

Poly(p-phenylene benzobisthiazole) (PBZT; see Figure 1) 
belongs to a class of  rigid-rod aromatic heterocyclic 
polymers that, when processed into fibres or films, 
exhibit such beneficial properties as thermo-oxidative 
resistance, environmental stability and excellent mechan- 
ical characteristics. These properties are due to both the 
inherent molecular modulus and the degree of molecular 
orientation 1 3. However, PBZT fibres have been found to 
have low compressive strength compared to poly(acrylo- 

4~7 nitrile)-based carbon fibres . Also, processing into bulk 
forms, required for structural applications, is hampered 
by solubility limited to strong acids such as methane- 
sulfonic acid and polyphosphoric acid, because PBZT 
degrades before it melts. 

The concept of molecular composites 8-13 has been 
explored to circumvent the problems associated with 
processing as well as to improve compressive strength. 
Originally, the concept consisted of  blending a rigid-rod 
aromatic heterocyclic polymer with a coil-like aromatic 
heterocyclic polymer with the intention of reinforcing the 
amorphous matrix of  coils with rigid rods. The 
composite, formed on a molecular level, relies on a 
uniform distribution of  individual rod-like polymers 
throughout  the coil-like polymer matrix. The composite 
would therefore not suffer from the interfacial adhesion 
problems or thermally induced macroscopic stresses 
(caused by differences in thermal expansion coefficients) 
inherent in a macroscopic composite, such as a chopped 
glass-fibre reinforced epoxy. 

However, the incompatability over nearly a full range 
of  concentration between rods and coils due to an 
unfavourable entropy of  mixing was shown by Flory 14 
for ternary systems of  solvent, rods and coils. Painter et 
al. 15, though, have reported a thermodynamically stable 
dispersion of  rigid-rod poly(L-glutamates) in a poly(4- 
vinylphenol) random-coil matrix; the favourable free 
energy resulting from hydrogen bonding apparently 
balances the unfavourable entropy of  mixing. 

Extending the theory of Flory, Ballauff 16 showed that 
miscibility over a wider range of composition results 
from appending flexible side chains to the rods. Such a 
single-component molecular composite should show 
improvements in fracture and impact toughness as well 
as in dimensional stability because translation of  stress 
or strain from the reinforcing rigid-rod will be more 
efficient as a consequence of it being chemically bonded 
to the matrix. 

Several workers have explored the single-component 
molecular composite suggested by Ballauff, in which 
flexible side chains are grafted onto a rigid-rod polymer, 
referred to as combs or hairy rods. Heitz et al. 17 found 
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that liquid-crystalline polyesters with polystyrene side 
chains showed improved miscibility with polystyrene. 
The graft copolymer formed a three-dimensional net- 
work that penetrated the polystyrene matrix. Wegner 
and coworkers j8'19 reported that rod-like copoly(methyl/ 
hexadecyl-L-glutamate) decorated with hydrocarbon side 
chains self-organizes into monolayers of nematic texture. 

Previously, molecular dynamics simulations of bulk 
systems of hairy-rod molecular composites and of 
unsubstituted rods were performed 2°. Hairy rods were 
modelled as PBZT trimers each with a pendent meta- 
poly(aryl ether ketone) (mPEK, a tough, thermally stable 
thermoplastic; see Figure 2) trimer. Unsubstituted rods 
were modelled as PBZT trimers. Analysis and com- 
parison of the dynamics trajectories imply that the 
presence of pendent mPEK does not appear to alter the 
spacing of the rods although correlation of rod 
orientation is greatly reduced. Both observations are 
congruous with the molecular composite concept a 
uniform distribution of rods throughout the amorphous 
matrix. 

Synthesis 21, processing 22 and morphology 23 of hairy- 
rod systems have been presented previously. Improve- 
ment in solubility was observed for the graft copolymer, 
which is soluble in trifluoroacetic acid, whereas PBZT 
homopolymer is soluble only in methanesulfonic acid 
and polyphosphoric acid. Thermal stability is only 
slightly lower for hairy rods, with substantial breakdown 
in air occurring in the range of 430-450°C 2j. Softening 
temperatures were found to be in the range of 180 
265°C 21. Softening and improved processibility was 
determined to be due to secondary relaxation of the 
mPEK chains 22. X-ray analysis showed rod aggregation, 
but it is believed that this occurs between portions of the 
rod with very low frequency of graft sites 23. The graft 
copolymers exhibited stability against thermally induced 
aggregation, implying that this topology is an effective 
approach in preventing rod aggregation during thermal 

• v 3  
processing- ~4 

Tsai et al. found that block copolymers composed of 
PBZT rod and benzimidazole coil blocks display 
enhanced tensile properties. Here, a PBZT/mPEK 
block copolymer, a topological alternative to the hairy- 
rod molecular composite, is considered. Analysis of the 
spatial properties of the bulk copolymer and comparison 
to those of the rod and coil homopolymers will suggest 
whether or not this distribution is realized experimentally. 

MODELS AND SIMULATION METHOD 

Molecular dynamics simulations employed cubic peri- 
odic boundary conditions with the minimum-image 
convention. The united-atom approximation was used, 
i.e. hydrogens were not explicitly considered. The 
CH A R M m force field, as implemented by the 
QUANTA molecular modelling software package 
(Molecular Simulations Inc., Burlington, MA), was 
employed. Integration of Newton's equations of 
motion was performed with the Verlet method 25. 
Non-bond neighbour lists were updated every 15 
integrations. The dielectric constant was made propor- 
tional to the atomic pair separation; this option in 
C H A R M m  approximates solvent screening and was 
deemed appropriate for simulations of polymer struc- 
tures in the absence of explicit solvent molecules. The 
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Figure 2 Repeat unit for meta-poly(aryl ether ketone) (mPEK) 
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Figure 3 Repeat unit for the copolymer simulated in this work; X = 2, 
Y = 7 ,  Z = 2 1  

periodic structures were minimized prior to dynamics 
simulation to alleviate any unfavourable contacts. 
Molecular dynamics simulations of bulk systems were 
performed for 150ps or longer after equilibrium was 
established. All simulations were performed at 300 K. 

The block copolymer simulated here consists of a 
PBZT dimer attached to an mPEK heptamer. The degree 
of polymerization for the repeat unit is 20, i.e. X, Yand Z 
in Figure 3 have the values 2, 7 and 20, respectively 
(except that, for convenience in building the polymer, a 
single mPEK repeat unit is attached to the initial PBZT 
block and the last mPEK block consists of only four 
repeat units), for a total of 2805 atoms. 

The dimension of the periodic box was chosen to be 
1.5 times the extended length of the rod portion of the 
molecule, 39.8A, corresponding to a density of 
1.0gcm 3 Using a periodic box of the same dimension, 
mPEK homopolymer was modelled as a chain with 
degree of polymerization equal to 162, also correspond- 

3 ing to a density of 1.0gcm- , for a total of 2431 atoms. 
The control simulation for PBZT homopolymer is the 
same as that used in the previous study of hairy rods 2°, 
where unsubstituted PBZT trimers were simulated at a 
lower density, 0.5gcm 3. It is assumed that rod 
orientation and ~packing of this system approximates 
that of a 1 gcm system of dimers; while packing to a 
lesser degree can be expected from a less dense system, 
higher orientation should result from the larger aspect 
ratio• 

RESULTS 

The initial configuration of the block copolymer was a 
roughly spherical random coil, which did not substan- 
tially change during minimization. Dynamics equilibra- 
tion, however, resulted in an elongated spatial 
arrangement, as seen in Figure 4. In contrast, the 
mPEK configuration started out and remained a roughly 
spherical, random coil. Equilibration of the system of 
unsubstituted PBZT rods, initially randomly oriented, 

20 resulted in a large degree of rod alignment . These 
observations are quantified below. 

Local orientation is often represented as the orienta- 
tion-correlation function, S(r): 

S(r )  = 0 . 5 ( 3 ( c o s  2 ¢~/) - 1) (1) 
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Figure 4 A typical single frame of the parent chain taken from the equilibrium dynamics trajectory of the PBZT/mPEK block copolymer. Periodicity 
is not displayed 

where q50 is the angle between two vectors i and j whose 
midpoints are separated by a distance r. The function 
S(r) was calculated for the end-to-end vectors of  PBZT 
blocks and m P E K  blocks in the copolymer,  for end-to- 
end vectors of  m P E K  heptamer blocks in the m P E K  
homopolymer ,  and for end-to-end vectors of  PBZT rods 
in the PBZT trimers. The midpoints of  these vectors were 
used to calculate the pair distribution function, g(r), and 
the correlation volume, V~: 

V~ = 47r r2S(r)g(r) dr (2) 
0 

a measure of  the volume in which local orientations are 
correlated. 

A plot of  S(r) weighted by g(r) is shown as a function 
of r for end-to-end vectors representing PBZT blocks in 
the copolymer in Figure 5a, where it is seen that a 
max imum in orientation correlation occurs at a spacing 
of about  5,~. Figurf 5b shows that the maximum in 
S(r)g(r) occurs at 4 A for the bulk PBZT system. In the 
case of  the m P E K  blocks in the copolymer,  maximum 
orientation correlation occurs at a separation of about  
2 -3  ,~ (see Figure 6a) as compared to 1-2 A for heptamer 
blocks in the m P E K  homopolymer  (see Figure 6b). 

V( calculated for rod blocks in the copolymer,  
3 l 1 9 0 0 A ,  is almost identical to those for the coil 

blocks, 12000,~ 3, as must be the case because each set 
of  vectors connects to the endpoints of  the other. In the 
copolymer ,  the rod correlat ion volume,  equivalent  to 
the volume of a sphere with a radius of  14 A, is only one- 
thirtieth of  that for a bulk system of PBZT rods, 
3 5 7 0 0 0 *  3, equivalent to the volume of a sphere of  
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Figure 5 The orientation correlation function weighted by the pair 
distribution function plotted as a function of separation for end-to-end 
vectors representing (a) PBZT rod blocks in the bulk copolymer system, 
and (b) rods in the bulk system of PBZT trimers 
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Figure 6 The orientation correlation function weighted by the pair 
distribution function plotted as a function of separation for end-to-end 
vectors representing (a) mPEK blocks in the bulk copolymer system, 
and (b) heptamers in the bulk rnPEK homopolymer system 
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Figure 7 End-to-end length distribution for (a) mPEK blocks in the 
bulk copolymer system, and (b) heptamers in the bulk mPEK 
homopolymer system 

radius 44A. V~ for the rods in the copolymer is about 
twice that found previously for the hairy-rod molecular 
composite simulated at half the density. 

Just as the orientation correlation for PBZT rods 
decreases as a result of incorporation into the copolymer, 
a concomitant increase is seen for the mPEK coils. V~ for 
the end-to-end vectors of heptamer blocks in the mPEK 
homopolymer is 844,~3 (equivalent to a sphere of about 
6 A radius), over an order of  magnitude lower than that 
for vectors representing mPEK blocks in the copolymer. 
Comparison of the end-to-end distributions for copoly- 
mer coil blocks and mPEK homopolymer heptamers, 
displayed in Figures 7a and 7b, respectively, shows that 
mPEK adopts a much more extended configuration as a 
consequence of incorporation into the copolymer. The 
orientation of  this extension is significantly correlated, 
as noted above. The average end-to-end distance for 
mPEK blocks o in the copolymer,  32,~ (standard 
deviation = 11 A), is abgut twice that of  heptamersoin 
the homopolymer,  17A (standard deviation = 7A). 
The flexibility of  the mPEK blocks accommodates the 
partial alignment of  the PBZT blocks. 

CONCLUSIONS 

Placing PBZT rods in a matrix of  mPEK via a block- 
copolymer topology greatly reduces correlation of rod 
orientation while only slightly increasing the average 
spacing. Still, a significant degree of  order persists. Rods 
in the block copolymer display a correlation volume 
about twice that in the graft copolymer. This comparison 
is somewhat tenuous due to the discrepancy in the 
densities of the two systems. A better indication of the 
order is the observation that correlation volume for end- 
to-end vectors of mPEK heptamers is an order of 
magnitude larger in the copolymer than for heptamer 
blocks in the mPEK homopolymer. 

PBZT rods effectively extend the mPEK block 
configurations in the copolymer by a factor of about 2. 
The orientation of this extension is moderately corre- 
lated and is consistent with the elongated shape of the 
copolymer chain. 

The block-copolymer topology appears to be a viable 
alternative to the hairy-rod graft copolymer as a single- 
component molecular composite. Future work, includ- 
ing variation of the block lengths, will make this 
conclusion more definite. Prediction of the bulk modulus 
of  these systems will investigate the effect of  these spatial 
arrangements of  rods in a coil matrix and the potential of 
molecular composites as bulk materials. 
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