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it obeys, to an approximation, the WLF rate-temperature
equation. This dependence has often been observed for
ionic conduction.

Registry No. (Dimethyl terephthalate)-(1,4-butanediol)-
(poly(tetramethylene oxide)) (copolymer), 9078-71-1.
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Diffraction by Aperiodic Polymer Chains: The Structure of
Liquid Crystalline Copolyesters
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ABSTRACT: The X-ray diffraction data for stiff-chain liquid crystalline aromatic copolyesters have been
interpreted by calculation of the scattering characteristics of random copolymer chains. The meridional region
of fiber diagrams of copolymers of p-hydroxybenzoic acid (HBA), 2,6-dihydroxynaphthalene (DHN), and
terephthalic acid (TPA) and copolymers of HBA and 2-hydroxy-6-naphthoic acid (HNA) contains maxima
that are aperiodic and shift in their positions depending on the monomer ratio. We have shown that excellent
agreement is obtained between the positions of these observed maxima and those predicted for an aperiodic
array of points where each point represents a monomer in a random chain, separated from adjacent points
by the appropriate monomer lengths. Extension of these calculations to atomic models for the copolymer
chains shows that only small changes occur in the positions of the predicted maxima, but there is now reasonably
good agreement between the observed and calculated intensities.

Introduction

Copolyesters of p-hydroxybenzoic acid (HBA) and sim-
ilar components form liquid crystalline melts, and this
property can be utilized, e.g., to form high-strength fibers
and novel molded plastics. A large number of thermotropic
copolyesters have been reported in the patent literature,
and their structures and properties have been reviewed by
Jin et al.! We are using X-ray diffraction to study the
structure of two groups of wholly aromatic copolyesters:
copolymers of HBA and 2-hydroxy-6-naphthoic acid
(HNA) and copolymers of HBA, 2,6-dihydroxynaphthalene
(DHN), and terephthalic acid (TPA).

Schematic of the X-ray diffraction patterns of melt-spun
fibers of three monomer ratios for each copolymer system
are shown in Figures 1 and 2. These patterns indicate a
high degree of axial orientation. The presence of sharp

equatorial reflections suggests some order to the lateral
packing, but the diffuse equatorial scattering, especially
for the HBA/DHN/TPA system, points to extensive lat-
eral disorder. The most striking features of the X-ray data
are that the meridional maxima are aperiodic and also vary
in position with changes in the monomer ratio. Analytical
methods yield little information about the monomer se-
quence distribution in the copolymers, but the X-ray data
argue against extensive blockiness. Rather it appears that
we are dealing with largely or completely random se-
quences. These wholly aromatic copolymers will adopt stiff
extended-chain conformations, and this stiffness will
probably be independent of the monomer sequence.
We have derived the diffraction characteristics of rigid
aperiodic polymer chains and have shown that the data
are compatible with completely random sequences. In this

0024-9297/84/2217-1219%$01.50/0 © 1984 American Chemical Society
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Figure 1. Schematics of X-ray fiber diffraction patterns of three
HBA/DHN/TPA monomer ratios: (a) 60/20/20; (b) 50/25/25;
(c) 40/30/30. The original patterns recorded on film are shown
in ref 2.

Figure 2. Schematics of X-ray fiber diffraction patterns of three
HBA/HNA monomer ratios: (a) 30/70; (b) 58/42; (c) 75/25. The
original patterns recorded on film are shown in ref 3.

paper we describe the methods used in these calculations
and give examples of the results. We have taken the
following approaches:

(i) A model for the polymer chain is set up by using a
random number generator to determine the sequence and
representing each monomer by a point.

(ii) The random number generator is replaced by cal-
culation of the correlation function that describes the
neighbor probabilities.

(iii) An atomic model is used instead of the point model
for the chain in calculations i and ii.

Details of approach i for the two copolymer systems
studied here have already been published.??

Experimental Section

Specimens of the copolyesters were supplied by Celanese Re-
search Co., Summit, NJ, and had been synthesized as described
by Calundann.** The HBA/DHN/TPA copolymer was supplied
in three monomer ratios: 60/20/20, 50/25/25, and 40/30/30, each
in the form of melt-spun fibers. Five monomer ratios for the
HBA/HNA copolymer were supplied: 25/75, 30/70, 50/50, 58/42,
and 75/25. Fibers were drawn from the molten chips with
tweezers. X-ray data were recorded as described in ref 2 and 3.

Atomic models for the monomer residues were derived by using
standard bond lengths and angles and were compatible with the
structures determined by single-crystal methods for low molecular
weight aromatic esters.®” Planar aromatic and carboxyl groups
were assumed, and the aromatic-carboxyl torsion angles were set
at 30°, as suggested by model compounds and potential energy
calculations.®® Atomic models for the residues are shown in Figure
3; the lengths of the residues (ester oxygen to ester oxygen) were
6.35 A for HBA, 7.15.A for TPA, 7.85 A for DHN, and 8.37 A for
HNA. The atomic coordinates for HBA and HNA used to cal-
culate the transforms of the atomic model of copoly(HBA/HNA)
are given in Table I. (Only the z coordinates are used in the
present calculations.)

Experimental Results

Schematics of the X-ray fiber diagrams of the three
HBA/DHN/TPA monomer ratios and the 30/70, 58/42,
and 75/25 HBA/HNA copolymers are shown in Figures
1 and 2. The d spacings of the meridional maxima are
given in Table II for HBA/HNA /TPA and in Table III
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HBA

DHN TPA

Figure 3. Projections of the monomer residue structures based
on standard bond lengths and angles. The numbering of the atoms
for HBA and HNA is the same as in Table 1.

Table I
Atomic Coordinates
HBA % y z
ODbl ester oxygen 0.00 0.00 0.00
CbO carbonyl carbon 0.00 -1.14 0.77
Ob2 carbonyl oxygen -0.02 -2.24 0.31
Cb1 phenyl carbon 1 0.03 -0.80 2.22
Cb2 phenyl carbon 2 0.63 0.36 2.72
Cb3 phenyl carbon 3 -0.59 -1.70 3.09
Cb4 phenyl carbon 4 0.62 0.62 4.09
Cbb phenyl carbon 5 -0.61 -1.44 4.47
Cb6 phenyl carbon 6 0.00 -0.28 4.97
ODb3 ester oxygen 0.00 0.00 6.35
HNA x y z
Onl ester oxygen 0.00 0.00 0.00
CnO carbonyl carbon 000 -1.25 0.56
On2 carbonyl oxygen 0.06 -2.25 -0.09
Cn1 naphthyl carbon 1 -0.09 -1.17 2.04
Cn2 naphthyl carbon 2 -0.72 -2.23 2.69
Cn3 naphthyl carbon 3 0.43 -0.10 2.77
Cn4 naphthyl carbon 4 —0.84 -2.23 4.09
Cnb5 naphthyl carbon 5 0.32 -0.09 4.17
Cn6 naphthyl carbon 6 -0.32 -1.15 4.83
Cn7 naphthyl carbon 7 0.83 0.98 491
Cn8 naphthy! carbon 8 -0.44 -1.15 6.22
Cn9 naphthyl carbon 9 0.72 0.99 6.30
Cnl10 naphthyl carbon 10 0.08 -0.07 6.96
On3 ester oxygen 0.00 0.00 8.37

for all five compositions of HBA/HNA.

Diffraction by Rigid Aperiodic Polymer Chains

Diffraction by rigid aperiodic polymer chains has not,
to our knowledge, been considered previously. (There has,
however, been a brief discussion of this problem for certain
low molecular weight liquid crystalline structures.'®) The
meridional intensity distribution is derived from the pro-
jection of the entire structure onto the fiber axis, z. Figure
4a shows a typical short random sequence for the HBA/
DHN/TPA copolymer. The meridional intensity, 1(Z), is
given by I(Z) « |F(Z)|% where F(Z) is the Z-axis Fourier
transform of the structure. Z is the coordinate on the axis
in reciprocal space corresponding to the chain axis; the
constant of proportionality includes the Lorentz and po-
larization factors. F.(Z) for a particular chain is given by

F(Z) = %ﬂfj exp(2wiZz;) (1)
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Figure 4. (a) A short sequence of random monomer sequence for copoly(HBA/DHN/TPA) in a planar conformation. (b) Point model

for the same copolymer sequence.

Table 11
d spacings, A
HBA/ calcd
DHN/ point  point
TPA obsd® random conv
60/20/20  ~6.8 (weak, diffuse) 6.76 6.76
6.05 £ 0.05 (weak)
3.31 £ 0.03 (strong) 3.36 3.37
2.98 = 0.03 (strong) 3.09 3.08
~2.3 (broad, diffuse)
2.01 =+ 0.03 (very strong) 2.11 2.11
50/25/25 6.98 * 0.07 (weak) 6.85 6.85
~5.9 (weak, diffuse)
3.38 % 0.03 (strong) 3.44 3.44
2.97 + 0.03 (strong) 3.05 3.05
~2.3 (broad, diffuse)
2.02 £ 0.03 (very strong) 2.11 2.11
40/30/30 6.96 + 0.05 (weak) 6.95 7.00
3.48 £ 0.03 (strong) 3.50 3.51
2.96 £ 0.03 (strong) 3.03 3.02
~2.8 (broad, diffuse) 2.39 2.37
2.00 = 0.03 (strong) 2.11 2.11

¢The relative intensities of the observed maxima are shown in
parentheses.

where /; is the atomic scattering factor of the jth atom with
z coordinate 2; and the summation is over all atoms in the
chain. This needs to be averaged over all, or at least a large
number, of the possible chain sequences and then com-
pared with the meridional intensity distribution.

a. Point Model. These polymer chains are inevitably
stiff and- extended because of the 1,4-phenyl and 2,6-
naphthyl linkages. Variation in the conformation can
occur only by rotation about the aromatic-CO and O-
aromatic bonds, which are approximately parallel to the
chain axis (see Figure 4a). Hence the z-axis projections
of the chains are approximately independent of their
conformations. As a starting point for the calculations we
have represented a chain by an aperiodic array of points,
positioned for convenience at the ester oxygens, as shown
in Figure 4b. The lengths of the different residues are
taken as constant: the ester oxygen—ester oxygen vectors
are assumed to be parallel to the chain axis. In the actual
structure a distribution of residue lengths is to be expected,
due to a range of torsional angles and axial inclination of
the residues. The latter effect can be seen in Figure 4a
and depends on the local monomer sequence. However,
these are only minor effects because of the 1,4- and 2,6-
linkage geometry.

This point approximation is trivial for a homopolymer,
which can be regarded as the convolution of the monomer
with a repeating (periodic) point lattice. The Fourier
transform is given by

F(Z) = F.(2)F\(2) 2

where F,(Z) and F|(Z) are the Fourief transforms of the
monomer and the lattice, respectively. F(Z) is simply the
Laue function, which samples the transform of the mo-

Table III
caled d

spacings,’ A
exptl d spacings,® A atomic _point

HBA/HNA film diffractometer conv conv
25/75 8.09 £ 0.07 8.11 £ 0.07 8.09 7.98
4,08 £ 0.04 4,15 + 0.02 4,20 4,17

2.77 + 0.03 2.85 = 0.01 2.85 2.84

2.05 £ 0.03 2.09 £ 0.01 2.10 2.10

30/70 7.95 7.89 8.01 7.88
4.11 4.09 4.21 417

2.83 2.87 2.86 2.85

2.06 2.09 2.10 2.10

50/50 7.43 7.49 7.61 7.41
431 4,11

2.84 2.95 2.95 2.93

2.02 2.09 2.10 2.10

58/42 7.35 7.19 7.45 7.19
4.40 4,01

2.98 2.96 2.99 2.98

2.05 2.08 2.11 2.10

75/25 6.78 6.70 7.04 6.75
3.03 3.09 3.09 3.09

2.03 2.09 2.11 2.11

¢ Experimental errors are given for the 25/75 preparation and
are similar for the other compositions. ®The positions of peak
maxima have been interpolated from the discrete calculated
points.

nomer at values of Z that correspond to 00! reflections for
a crystalline homopolymer. Thus the positions of the
maxima are determined by F|(Z), and their intensities
depend on F,(Z). For the aperiodic chain the situation
is more complicated because the successive monomers are
not identical. However, for the present series of co-
polymers, the monomers are very similar to one another,
and thus it is reasonable to expect that the Fourier
transform for the aperiodic point lattice will contain peaks
in approximately the same positions as those calculated
for an atomic model of the chains, as is demonstrated by
the results presented below.

The Fourier transform of linear array of N points with
coordinates z; is given by

N
F(Z) = 2 exp(2wiZz)
i

(3)

Our first procedure was to use a random number generator
to set up the copolymer sequences. The computer pro-
grams take into account the monomer ratios, the allowed
chemical combinations, and depletion of a limited number
of reactant molecules. Reactivity ratios can also be varied
in order to simulate blockiness (see below). In the initial
calculations a completely random sequence was assumed.
Figure 5 shows typical results for the HBA/DHN/TPA

- copolymers with the three available monomer composi-

tions. The squared Fourier transforms are averaged over
200 chains of 10 monomers and are sampled at 0.001-A!
increments between 0 and 0.55 A'. The computed
transforms have been smoothed arithmetically to eliminate
noise, which can also be reduced by averaging over more
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Figure 5. Squared averaged Fourier transforms of random point
models for HBA/DHN/TPA copolymers at three monomer ratios:
(a) 60/20/20; (b) 50/25/25; (c) 40/30/30. These data are averaged
over 200 chains of 10 monomers and have been smoothed.

chains. Use of a longer chain results in a noisier transform,
but the positions of the peaks are unaffected. The chain
length (10 residues) corresponds more to a persistence
length than to the degree of polymerization, which is ap-
proximately 150.

The positions of the observed and calculated maxima
are compared in Figure 5 and Table II. It can be seen that
the random point model has reproduced the basic features
of the observed meridional intensity distribution, which
contains three strong maxima: two in the 3.5-3.0-A range
and one at ~2 A. We also observe one or two weak
maxima in the 7-6-A range and diffuse intensity centered
at ~2.3 A. The most striking change with monomer
composition is that the two maxima in the 3-A region move
further apart as the HBA ratio decreases: the separation
increases from 0.3 to 0.4 to 0.5 A as the HBA content
decreases from 60 to 50 to 40%. The calculated transforms
contain peaks in the approximate positions of the observed
reflections and reproduce the behavior of the doublet with
considerable accuracy. It should be noted that the point
approximation can only be expected to predict the posi-
tions of the maxima. The intensities will depend heavily
on the intraresidue interferences and can only be compared
in calculations for an atomic model for the chain.

The positions of the maxima in the transforms calcu-
lated based on models produced with the random number
generator are subject to statistical variations to the extent
that a limited sample is representative of a much larger

Macromolecules, Vol. 17, No. 6, 1984
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Figure 6. Neighbor probability distribution (autocorrelation)
for a random chain of HBA/HNA 58/42 plotted out to the 14th
neighbors of an infinite chain.

assembly. The calculated d spacings given in Table II are
averages from six separate calculations, and the standard
deviations are less than the experimental errors in the
observed data. Small differences between these results and
those published previously? also reflect the use of slightly
different monomer lengths, based on improvements in the
stereochemistry of the molecular models.

The above statistical variations are avoided by calcu-
lating the transforms from the correlation functions. In-
stead of deriving I(Z) as |[F(Z)|? with eq 3, one can compute
the neighbor probability function Q(z), which is the au-
tocorrelation function of the chain. The intensity is then
the Fourier transform of Q(z):

1(Z) = ;Q(zj) cos (2rZz)) (4)

This procedure has the added advantage of requiring much
less computer time. In the point model, @(z;) is the
probability of the existence of points separated {)y z; an-
ywhere along an infinite chain and is a centrosymmetric
function. The computed §(2) for the HBA/HNA point
model for the 58/42 monomer ratio is shown in Figure 6.
Note that because of the way that the monomers are de-
fined, with their origins at the ester oxygen, the first
nearest neighbors, HBA-HNA and HNA-HNA, occur at
the same 2, as do HBA-HBA and HNA-HBA. The
probabilities in Figure 6 are calculated out to the 14th
neighbors in an infinite chain. In the transform calcula-
tions presented below we consider a limited chain length
by multiplying @(z) by a triangular function.

Figure 7 shows the point autocorrelation transforms
calculated for HBA/HNA copolymers at monomer ratios
running from 100/0 [poly(HBA)] to 0/100 {poly(HNA)]
in 10% increments. These transforms are for chains of 15
monomers. For poly(HBA) three maxima are predicted
in the range out to d = 2 A, which are orders of 6.35 A,
as is observed in electron diffraction patterns of the
polymer.!! Similarly, for poly(HNA) four maxima are seen
within d = 2 A that are orders of 8.37 A. Across the
composition range for the copolymers there is a steady
transition from one extreme to the other. The maximum
at d ~ 2.1 A remains at approximately the same position
throughout because the monomer lengths are fortuitously
in the approximate ratio 3:4. The first two maxima for
poly(HBA) move progressively to higher and lower d
spacings with increasing HNA content, until, at 50/50, a
fourth maximum develops at d = 4.17 A,

This behavior is matched closely by the experimental
results in Figure 2 and Table III. For the five monomer
ratios the meridional d spacings move progressively with
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Figure 7. Fourier transforms of point autocorrelation functions
for random HBA /HNA sequences for different monomer ratios
between 0/100 and 100/0. The monomer ratios are indicated on
the curves.

composition: four maxima are seen for both 25/75 and
30/70 and three for each of 50/50, 58/42, and 75/25. The
agreement between the observed and calculated d spacings
is very good, especially for the diffractometer data, where
the smearing of the 2-A layer line streak is minimized in
the 6/26 scan. These data have previously been shown to
be in agreement with the results from the random number
approach.?

The excellent agreement shows that we can explain the
diffraction characteristics of these copolymers by a model
for a stiff chain of completely random monomer sequence.
The random chain was generated by using a procedure that
set the reactivity ratios at unity for all possible polymer-
ization reactions. However, we have the ability to change
the reactivity ratios and find that the calculated transforms
are extremely sensitive to block copolymer character, such
that all but minor deviations from a random sequence can
be ruled out for the HBA/DHN/TPA copolymers. Details
of the latter calculations will be published shortly.!2

b. Atomic Model. The above calculations need to be
extended to the atomic model for the chain, first to be sure
that the same meridional maxima are predicted and second
to attempt to reproduce the intensity distribution. Con-
version of the random point model to the equivalent at-
omic model is achieved by adding the atoms for the ap-
propriate residue to its origin ester oxygen. Equation 1,
the summation over all atoms in the chain, is simplified

Diffraction by Aperiodic Polymer Chains 1223

by calculation of the Fourier transforms of the individual
residues, F,(Z)

Nl
F.2) = 2f; exp(2niZz) (5)
p=

where the summation is over all N atoms of the residue.
The Fourier transform of the chain, F.(Z), is then given
by

N
F(Z) = L F,;(Z) exp(27iZz,) (6)
k=1

where F, ,(Z) is the Fourier transform of the kth residue
(at coordinate z;) and the summation is for a chain of N
monomers. |F.(Z)|? is then averaged over a number of
chains before comparison with the observed data.

Alternatively, and preferably for the reasons given above,
we can calculate the intensity from the autocorrelation
function. The full expression for the Fourier transform
of the autocorrelation function of the chain is

I(Z) = ;%:ijfjfk exp(2niZzj,) (7

where g, is the probability of atoms j and k at an axial
separation of z;, = z; - z;. This is simplified by using the
autocorrelation function for the point model, @(z), which
can be written

Q(2) = 22 Qas(2) 8
AB

where @,g(2) is the probability of a residue of type B at
a distance z from a residue of type A and the summations
cover all possible pair relationships. @,g(2) is nonzero at
specific values of z = 2;,. Conversion to the atomic model
is achieved by multiplying the transform of Q,g(z) by
Fp(Z), the transform of the convolution of residue B with
residue A:

I(Z) = %%;QAB(ZI)FAB(Z) exp(27riZzl) (9)

where
Fyp(2) = ;%fAJfB,k exp[27iZ(zgy — zap)]  (10)

The subscripts A,j and B,k designate the jth atom in
residue A and the kth atom in residue B, respectively,
when both residues have the same origin. Note that F,g(Z)
is real for self-convolutions (A = B). Otherwise, Fpp(Z)
is complex, but the imaginary parts of eq 9 cancel out since
Fyg(Z) = Fpp*(Z) (complex conjugate) and Q,p(z) =
Q@pa(-2).

Figure 8 shows the computed transforms obtained by
both methods for the atomic model of the 58/42 copolymer
of HBA /HNA using the atomic coordinates listed in Table
I. Both transforms are for chains of 10 residues; the
transform for the random number model is averaged over
300 chains and has not been smoothed. The differences
between the two transforms are very small and are due to
the statistical deviations from randomness in the random
number approach. The calculated intensities are corrected
for the Lorentz and polarization effects to facilitate com-
parisons with the observed intensities. Figure 8 also shows
an axial X-ray diffractometer 8/20 scan of the copolymer
of the same composition. We have not yet made quanti-
tative comparisons between these observed and calculated
data, but qualitatively the intensity agreement can be seen
to be very good. The positions of the observed and cal-
culated peak maxima are compared in Table III, and in
most cases are within 0.1 A of each other. The subsidiary
maxima occurring around the calculated curves are Fourier
termination effects. These arise because the calculations
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Figure 8. Comparison of experimental data and atomic model
calculations for a random chain of 10 residues of HBA/HNA
58/42: (a) experimental diffractometer trace; (b) squared averaged
Fourier transform of 300 chains produced by the random number
generator (unsmoothed data); (c) the Fourier transform of the
correlation function. The Lorentz/polarization correction has
been applied to the calculated data, assuming the geometry of
a /26 diffractometer scan.

are for monodisperse chains, and they can be greatly re-
duced by considering a distribution of chain lengths. This
and other details of the work on both sets of copolymers
will be described in future publications.

Conclusions

We have shown that the positions of the meridional
maxima for the two stiff-chain copolyester systems vary
with monomer ratio and that these can be predicted by
calculations based on models for stiff chains of random
monomer sequences. Simple models in which the mono-
mers are approximated to points give excellent agreement
between the observed and calculated d spacings. Statistical
variations in the predicted peak positions that result from
the use of a random number generator to set up the models
of the chains are avoided by calculation of the intensity
distribution via the autocorrelation function that describes
the probability of monomer neighbors. Extension of the
calculations to atomic models for the chains results in only
minor changes in the peak positions but greatly improves
the match between the observed and calculated intensities.

Although the differences between the observed and
calculated d spacings are small, the agreement could be
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improved further by refinement of the monomer lengths.
As noted above, the monomers are probably not exactly
parallel to the chain axis but will have a distribution of
inclinations, depending on the local sequence. There is
also likely to be a distribution of carboxyl-aromatic torsion
angles, which will contribute further to a distribution in
monomer lengths. All of these effects need to be consid-
ered in refining the model to match the observed d spac-
ings. The same distribution in monomer orientation will
also tend to smooth the monomer transforms and thus will
have some effect on the calculated intensities. In pre-
dicting intensities, our model is based on a single averaged
chain and assumes there is no preferred axial chain stagger.
However, the presence of sharp off-equatorial reflections
indicates that there is some ordered lateral packing, and
this could mean that there is a preferred axial stagger for
some of the chains or monomer sequences. This will be
considered as our calculations are expanded to consider
the entire X-ray pattern, rather than simply the meridian,
in order to develop three-dimensional models for the
structures.
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