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Introduction

The aromatic heterocyclic rodlike polymers poly(p-
phenylenebenzobisoxazole) (PBO) and poly(p-phenyl-
enebenzobisthiazole) (PBT) are designated “high-
performance” since films and fibers processed from them
exhibit exceptional specific strength and modulus, ther-
mooxidative stability, and environmental resistance.!™
Intense research activity has been directed toward the
synthesis, characterization, and fabrication of these and
related rodlike polymers for numerous applications.'™®

The optimization of many of the physical properties
of these polymers is dependent on the degree of align-
ment of the rods composing the individual chains.!™*1!
With respect to this alignment, the conformational prop-
erties of these polymers are important parameters at the
molecular level.}®11

Previous theoretical studies,'?'® using molecular
mechanics (MM) and CNDO/2 molecular orbital'® (MO)
methods, have already investigated the structures and
conformations of this family of polymers including PBO
and PBT. The results have been compared with the crys-
tal structures determined for PBT*® and PBO'" model
compounds. However, this previous work entailed nota-
ble shortcomings. For example, the MM studies'* excluded
geometry optimization, assigned a torsional energy bar-
rier height to the bridge bond which was admittedly an
estimate, and economized by drastically limiting the size
of the model compound. The CNDOQ/2 calculations'®
lacked geometry-optimization capabilities for the sulfur-
containing PBT, which doubtless led to overestimation
of rotational energy barriers.

In the present study, AM1!® molecular orbital calcu-
lations with full geometry optimization were carried out
on model compounds of the cis and trans forms of both
PBO and PBT. The objective was to compute more con-
clusively and rigorously the conformational characteris-
tics of the polymers without the shortcomings embodied
in the previous theoretical studies cited above.!?1?

Methodology

AM1'8 and MNDO? molecular orbital calculations were
carried out using the ampac program.?®?! MNDO is

* To whom correspondence should be addressed.
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Figure 1. Illustration of the ¢is-PBO model compound con-
sidered in the present study, with numeration of atoms.
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Figure 2. AM1-calculated conformational energy AE versus ¢
for the cis- and trans-PBO model compounds. The cis and trans
forms gave nearly identical energy profiles; hence, a single curve
is given.

reported®192223 to gverestimate the effect of nuclear core—
core repulsions. Consequently, it incorrectly and nearly
invariably predicts a perpendicular conformation between
ring systems connected by an essential single bond. AM1
was designed in part to remedy this shortcoming in
MNDO.'® Hence, the present study provides a good test
case for side-by-side comparison of MNDO and AMI.

The calculations implemented the default Davidon-
Fletcher-Powell method?* for energy minimization and
the PRECISE option, as recommended,? for augment-
ing the convergence criteria. At present AMI is param-
etrized only for H, O, C, and N atoms (i.e., not for S
atoms) but is programmed to use available MNDO param-
eters for other atoms such as occurs for sulfur in PBT.?
This amalgamation of AM1 and MNDO parameters
appears to produce reasonable results.?

The AM1 or MNDO molecular energies E were calcu-
lated versus rotation angle ¢ (where ¢ = 0° and 180°
correspond to the coplanar conformations) varied in incre-
ments of 10° over all unique conformations. Conforma-
tional energies, AE, were taken as differences in molec-
ular energies normalized to the lowest calculated value
of E.

An example of the model compounds considered in the
present study is illustrated in Figure 1. A torsion angle
¢ was achieved by rotating the central heterocyclic ring
while holding the end phenylenes in the same plane. Con-
sequently, the calculated conformational energy AE is
that associated with rotation about two equivalent bonds.
The desired conformational energy AE per rotatable
bond was thus taken as half the AF value calculated.
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Table I
Conformational Comparisons® of AM1,> CNDO/2,° and MM¥ Calculations on Molecules under Study

relative energies®

predicted ¢, deg ¢ = 45° ¢ = 90°
model compd AM1 CNDO/2 MM* AM1 CNDO/2 MM AM1 CNDO/2 MMe
cis-PBO 0 0 0 1.0 0.25 1.6 2.5 0.80 3.5
trans-PBO 0 0 0 1.0 0.36 1.1 2.5 1.1 3.2
cis-PBT 27 f 57 0.13 f 0.20 0.85 f 0.38
trans-PBT 27 20 55 0.13 1.6¢ 0.14 0.85 3.9¢ 0.36

¢ All energy values are normalized as per bond energies in units of kilocalories per mole. ® Present study. © Reference 15. ¢ Reference 14.

¢ Geometry optimization not employed. / Data not available.

Preliminary AM1 calculations and previous CNDO/2
studies!® in which each of the two rotatable bonds was
rotated separately indicated that the two rotations are
virtually uncorrelated and thus additive energetically, a
consequence of the fact that the two rotatable bonds are
remote from each other.

The initial structural geometry for each model com-
pound was taken from published X-ray crystallographic
data,'®'” and all C-H bond lengths were adjusted to rea-
sonable initial values (~1.08 A) using the molecular mod-
eling program cHEM-x.26

It is perhaps necessary to stress that the authors regard
the values of the AM1 molecular energies calculated in
the present study with a healthy skepticism. First, the
AM1 calculations were performed by and large in vacuo,
i.e., without inclusion of any environmental effects such
as solvent, neighboring chains, structural imperfections,
and long-range interactions. Second, the AM1 method
cannot be considered quantitative in the present appli-
cation, and the results for the PBT model compounds
may be influenced by the adoption of MNDO “sulfur”
parameters required to remedy the absence of suitable
AM1 values. Clearly, the fact that conformational ener-
gies are evaluated as differences in AM1 molecular ener-
gies mitigates the above concerns in that deficiencies in
the molecular model or in the methodology employed will
tend to cancel out. Still, the conformational energies them-
selves represent small differences between two large quan-
tities (i.e., the molecular energies) so conformational energy
differences on the order of 1 kcal mol™ should be regarded
as within the limits of accuracy of the methods employed.
This caveat likely applies to many if not most of the the-
oretical studies of this type and does not suggest any short-
coming unique to AM1 or to the particular application
at hand.

Results and Discussion

Conformational Energies. The AM1-calculated con-
formational energies AE versus ¢ for the cis- and trans-
PBO model compounds are plotted in Figure 2. The
energy profiles for both molecules are essentially identi-
cal; hence, only one curve appears on the graph. The
energy is a minimum at ¢ = 0° (i.e., a coplanar confor-
mation) and rises monotonically to a maximum at ¢ =
90° (the perpendicular conformation) some 5 kcal mol™
(or 2.5 kcal mol™ per rotatable bond) higher in energy.
Hence, for both cis- and trans-PBO the predicted con-
formation is coplanar. The planarity predicted agrees
with the planar conformations observed for these model
compounds in the crystalline state.!” The AM1 results
also agree, at least qualitatively, with earlier MM** and
CNDO/ 2 calculations. Specifically, AM1, CNDO/2, and
MM calculations all find the conformational energy min-
imum for cis- and trans-PBO at the coplanar (¢ = 0°)
conformation, the energy maximum at ¢ = 80°, and nearly
identical energy profiles for both the cis and trans forms.
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Figure 3. AMI1-calculated conformational energy AE versus ¢
for the cis- and trans-PBT model compounds. Again, the cis
and trans forms produced nearly identical energy profiles and
so are represented by a single curve. Also included is the MNDO-
calculated curve obtained for the cis-PBT model compound.

However, the three methods differ in the absolute mag-
nitude of their AE values vs ¢. For comparison, Table I
lists the relative energies at ¢ = 45° and at ¢ = 90° as
obtained by the AM1, CNDO/2, and MM calculations.
While the AM1 and MM energies compare favorably, on
average CNDO/2 gives values only 35% as large as those
obtained by AM1. Taken together, the ratio of barrier
heights for CNDO/2:AM1:MM is about 0.35:1.0:1.3 at ¢
= 45° and ¢ = 90°.

The consistently lower energy barriers found by CNDO/
2 relative to AM1 may be traced to the tendency of CNDO/
2 and other semiempirical methods to overestimate core-
core repulsions and thus to underestimate barriers to all
nonplanar conformations.'®?2% The relatively good agree-
ment between AM1 and MM is somewhat surprising given
that the MM calculations'* excluded geometry optimi-
zation. However, only a slight reduction in the MM ener-
gies found would be expected had geometry optimiza-
tion been included since steric congestion (giving rise to
structural deformations) abates considerably as ¢ devi-
ates from 0°.

The corresponding AM1 energy profiles for the cis- and
trans-PBT model compounds (Figure 3) are again virtu-
ally identical and so are represented by a single curve.
Also included in Figure 3 is the energy profile for cis-
PBT as calculated by MNDO. It is apparent from the
MNDO curve that it erroneously predicts an energy max-
imum at ¢ = 0° and minimum at ¢ = 90°. The MNDO
method is thus shown again to be unacceptable for describ-
ing rotations about essential single bonds connecting aro-
matic rings.1®

The AM1 energy profile for the PBT model com-
pounds (Figure 3) predicts a minimum energy conforma-
tion at ¢ ~ 27°, in close agreement with the value ¢ =
23° observed in the crystalline state.!® Nevertheless, the
energy barrier to coplanarity (¢ = 0°) is small at 0.25
kcal mol™ (or 0.13 kcal mol™ per rotatable bond). Beyond
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¢ = 27° the energy rises monotonically to a maximum of
only 1.7 kcal mol™ (0.85 kcal mol™ per rotatable bond)
at ¢ = 90°.

In Table I, results of AM1, CNDO/2,!® and MM cal-
culations are again compared for the PBT model com-
pounds. All three methods predict nonplanar conforma-
tions ranging from 20-27° (AM1 and CNDO/2) to 55-
57° (MM). While the range of ¢ values appears wide,
the AM1 energy well is both shallow and wide in that
the range 0° < ¢ < 60° would be energetically accessible
within 0.5 kcal mol™. Hence the rotatable bond in PBT
would appear to exhibit a high degree of flexibility. More-
over, the MM values'* were obtained without geometry
optimization which, if included, would likely have reduced
the value of ¢ from the 55-57° value obtained.

The AM1, CNDO/2, and MM energy profiles are again
qualitatively similar for the PBT model compounds. How-
ever, quantitative differences are apparent from Table 1.
First, CNDO/2 barriers to ¢ = 90° are extremely high,
no doubt primarily due to the absence of geometry opti-
mization for PBT.!®* The AM1 and MM energy barriers
are again reasonably consistent, although relative to AM1
the MM energy barrier at ¢ = 90° is about half as high.

AM]1 vielded a virtually flat molecular structure for
the ¢is-PBT model compound, in contrast to the bowing
observed in the crystal structure.’® AM1 also revealed
an absence of any bowing in the cis- and ¢trans-PBO and
trans-PBT model compounds, in agreement with the crys-
tal structure of each.'®!” The absence of bowing in the
AM1-calculated cis-PBT structure could suggest that the
observed bowing® is intermolecular in origin. This pos-
sibility is currently under investigation.

Concluding Remarks

In light of the present analysis, the major conclusion
is that rotational barriers are substantially lower for PBT
compared with PBO. PBOQ is sterically less congested
than PBT (because the oxygen atoms in PBO are smaller
than the alternative sulfur atoms in PBT); hence, the
conformation of PBO is dominated by conjugative effects
favoring coplanarity (i.e.,, ¢ = 0°). In PBT steric con-
flicts dominate conjugative effects at the coplanar con-
formation; hence, the preferred ¢ found, which is inter-
mediate between 0° and 90°, represents a balance between
conjugative effects (favoring coplanarity) and steric con-
flicts (favoring a more perpendicular conformation). This
balance is more evident in PBT than in PBO and gives
rise to a more moderate conformational energy
profile 1213
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