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mation about the direction of the segment. Some mod-
els of imaginary small crystals comprising tens of chain
segments that are set to make the three-dimensional lat-
tice of orthorhombic PE were considered in the calcula-
tion. The (100) contact plane of PE whose chain axis
orients in the [010] direction of (CHy)4g is the most prob-
able. In the case of a normal paraffin (C;6H,,), the most
stable orientation is obtained when a set of chain seg-
ments with the (110) contact plane orient in the (110)
directions of CyeH,, and the second most stable is the
[010] orientation with a (110) contact plane. These sta-
ble contact planes are also predicted by lattice mismatch-
ing. The contact planes thus predicted are in good agree-
ment with those observed in surface decoration of mon-
oclinic cycloparaffins ((CHy)gq and (CH,)gg) and
orthorhombic normal paraffins (C36 74 and Cg,Hg0).5%°
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ABSTRACT: The structures of poly(p-hydroxybenzoic acid) (PHBA) at the two high-temperature phase
transitions (ca. 340 and 430 °C) have been investigated by X-ray powder diffraction methods (X-ray tube
focusing and synchrotron parallel beam), chain conformation/packing models, and dielectric measure-
ments. The structure of PHBA between ca. 340 and 430 °C, derived from the X-ray patterns and available
electron diffraction results, is satisfactorily accounted for by the following model: orthorhombic cell, a =
9.24 A, b =5.28 A, and ¢ = 12.50 A, with two successive phenylene planes along the c-axis rotated 60° from
each other in the unit cell; the phenyl groups in the a~b plane are oriented in an ordered herringbone-type
packing in each phenyl layer with their planes 60° and 120° with respect to the a-axis; and each chain seg-
ment (of two monomer repeats) in the unit cell is positioned randomly in the a—b projection among the two
different sites involving a twofold axis of reorientation through an angle =. The dielectric constants at high
frequencies (100 kHz) indicate rapid chain mobility accompanying this high-temperature phase. This struc-
ture of PHBA therefore follows quite well the model of the smectic-E phase of small rodlike molecules.
The second transition around 430 °C involves no change in the packing order along the chain axis or chain
conformations but only the loss of long-range phenyl orientation order in the a—b plane, very much like the
smectic-E to smectic-B transition of small rodlike molecules. The coherence length along the chain axis of
PHBA crystals at room temperature is estimated to be ca. 2700 A, according to the Sherrer formula, and
this packing order along the chain axis is maintained throughout the two high-temperature transitions.
Relevance of the smectic-type high-temperature structures of PHBA to the molecular order in aromatic
copolyesters comprising majority HBA monomers is then discussed.

Introduction

The structures of the homopolymer poly(p-hydroxy-
benzoic acid) (PHBA), -(CsH,~C(=0)0-),, at high tem-
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peratures have been the subJect of a considerable num-
ber of investigations,> ! owing to their close connection
to the nature of molecular order in thermotropic copoly-
esters of commercial interest.®127'® These copolyesters
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comprise mostly HBA groups (ca. 70%) plus one or two
comonomer moieties to bring down the processing (flow)
temperature to practical ranges, since the PHBA
homopolymer is virtually unprocessible by normal meth-
ods.>” These aromatic copolyesters with a majority of
HBA moieties quite often exhibit X-ray patterns very
much like those of PHBA homopolymer at high temper-
atures. Hence, studies of high-temperature structures of
PHBA are very critical to understanding the structure-
property relationships of a number of important aro-
matic copolyesters.

Recently, Economy et al.” showed that PHBA exhib-
its two phase transitions at ca. 340 and ca. 445 °C, respec-
tively, on the basis of differential scanning calorimetry
(DSC) and thermomechanical analyzer (TMA) measure-
ments. They concluded that the first transition at 340
°C is either a crystal to a plastic crystal or to a high-or-
der smectic phase transition and that the second transi-
tion at 445 °C results in a nematic phase.

The high-temperature structures of PHBA above 340
°C were studied separately by Blackwell et al.,® Lieser,”
and Li et al.'° by electron diffraction and by Hanna and
Windle'! by X-ray powder diffraction. The unit cell
parameters showing an orthorhombic cell located in a
hexagonal net (a = 3'/2b) and two monomer repeats with
2, screw symmetry along the c-axis are thus well estab-
lished. So far, all the diffraction results have been dis-
cussed only qualitatively in terms of three-dimensional
crystals, possibly involving conformational disorder.®!!
Hanna and Windle specifically pointed out the presence
of three-dimensional order up to 450 °C,!! thus disput-
ing the conclusion of Economy et al.” that PHBA exhib-
its a nematic phase above ca. 445 °C. Hanna and Win-
dle also reported continuous decrease in the crystalline
peak intensities with increasing temperature above 350
°C and hence did not discuss the second transition.!!
Therefore, no satisfactory quantitative explanation of the
experimental diffraction data has been presented from
the molecular conformation/packing model for either of
the two high-temperature phases of PHBA.

In this paper, we present first the detailed X-ray pow-
der diffraction results of PHBA at room temperature and
the structural changes occurring at the two high-
temperature transitions. Our experimental results, which
are much improved over the previously published da-
ta®!! as a consequence of minimizing the thermal degra-
dation effects and improving the methods, demonstrate
clearly the occurrence of the two transitions observed by
Economy et al.” Comparison with model calculations leads
to the detailed picture of the chain conformations and
packing, which can be described by smectic-E and smectic-
B types, respectively, both well-known for the small rod-
like molecules.'® Dielectric relaxation results at high fre-
quencies are then presented which clarify the dynamic
nature of the disorder consistent with the proposed smectic-
type order. Finally, relevance of our findings to the struc-
tures of thermotropic copolyesters is discussed.

Experimental Section

PHBA Samples. The PHBA sample was obtained as pow-
ders from Polysciences, Inc. (cat. 4306). Its DSC diagram (Fig-
ure 1), obtained with Du Pont 910_DSC, indicates that the aver-
age degree of polymerization (DP) is quite high, >100, upon
comparison with the results of Economy et al. on the DP de-
pendence of the first transition temperature.” For the X-ray
measurements, the coarse particles were first removed by mechan-
ical separation, and the remaining fine particles were then spread
on a thin (0.4-mm) silicon single-crystal wafer surface, cut par-
allel to the 510 plane to minimize substrate scattering, by use
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Figure 1. DSC trace of PHBA polymer as received at a heat-
ing rate of 20 °C/min. The dashed line denotes the approxi-
mate base line.

of 5% collodion in amyl acetate as a binder. For the dielectric
experiments, the PHBA powders were compression sintered at
ca. 300 °C to form thin disks of ca. 1-mm thickness and 25 mm
in diameter, and patterned aluminum electrodes were depos-
ited subsequently by vacuum evaporation before carrying out
the measurements with the HP 4275A LCR meter.

X-ray Measurements. The X-ray patterns were recorded
by using a vertical-scanning-type powder diffractometer oper-
ating in a standard -2 geometry.!” The experimental param-
eters were as follows: copper target line focus X-ray tube oper-
ated at 50 kV/25 mA, 0.5° entrance slit to define the primary
beam, antiscatter slits, a 0.12° (26) receiving slit, 4° Soller slit
in the incident beam (only) to limit axial divergence, and a curved
graphite monochromator placed after the receiving slit to reflect
the Cu Ka radiation only. This geometry gives reflection pro-
files of 0.16° (26) full width at half-maximum (fwhm) when a
silicon powder standard is used. The diffraction patterns were
normally step-scanned from 10° to 50° (26) at the tempera-
tures below 365 °C and from 10° to 36° (26) at higher temper-
atures. Separate overnight runs were performed at room tem-
perature and 345 °C, ranging from 10 to 70° 26, with A2 =
0.02°, ¢t = 15 s, to obtain good counting statistical accuracy. A
Na(TI scintillation counter with pulse amplitude discrimina-
tion was used. Automated step-scan data recording and graph-
ics display were done with an IBM PC/AT personal computer,
allowing selection of the scan range, step increment, and count
time. Recorded data were transferred to a host computer (IBM
3090) for analysis.

For the high-temperature X-ray measurements, the speci-
men was heated from below by clamping the thin silicon 510
plate to a flat silicon nitride plate containing an electric heat-
ing element.’® A cylindrical heat shield with long beryllium
window fit over the heater, and an outer vacuum-tight cham-
ber with Mylar window covered the assembly. The tempera-
ture of the specimen was measured by a chromel-alumel ther-
mocouple in contact with the silicon plate and maintained by a
digital temperature controller (Omega CN5001K2). During the
initial calibration, two external thermocouples were used to check
the uniformity of the temperature distribution on the speci-
men area, which was found to be about 1% of the temperature
setting. However, the X-ray phase changes were occurring at
about 15-20 °C below the DSC value. This difference may have
been caused by a small displacement of the thermocouple tip
from the silicon wafer and/or the much faster heating rate of
20 °C/min used in DSC scans. It was decided to correct the
X-ray temperature values reported in this paper by a linear
correction factor based on the DSC data. The diffraction exper-
iments were performed under low vacuum (0.5 Torr), in order
to avoid air scatter and absorption losses and to prevent possi-
ble oxidation of the specimen.

Some higher resolution diffraction patterns were measured
at room temperature with synchrotron radiation by using 1.5372-
A X-rays, close to the Cu Ko wavelength for the conventional
X-ray tube studies. Each reflection is a single profile rather
than the Ko doublet. The parallel beam method using a long
parallel slit collimator gives narrow symmetrical profiles with
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Figure 2. Room temperature X-ray diffraction powder data
for PHBA (as received): (a) tube-focusing X-ray data; (b) par-
allel beam synchrotron data.
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Figure 3. Enlarged plot of Figure 2b, high-resolution synchro-
tron pattern.

fwhm of 0.05° (26) and low background when using well-crys-
tallized specimens. Although synchrotron radiation patterns
generally have higher intensity than those observed with a con-
ventional X-ray tube, the patterns in Figures 2 and 3 are lower
because a smaller specimen was used, and the current of the
storage ring was very low at the time this pattern was recorded.
The specimen was continuously rotated at 65 rpm around the
scattering vector to obtain better averaging of the particle dis-
tribution. One full pattern of PHBA was recorded with step-
scanning of A26 = 0.02° and count time 2 s, over the 26 range
10-60°.

Data Analysis. Data reduction included calculation of lin-
ear background, peak identification, and 20 determination by
the cubic first derivative method.?® The computer program was
also used to calculate the full width at half-maximum (fwhm)
for the separated peaks. Other programs were used to deter-
mine the unit cell parameters in a trial and error indexing pro-
cedure independent of any literature values,?! to refine the unit
cell parameters after proper indexing had been performed,??
and to calculate the positions and indices of diffraction max-
ima corresponding to the given set of unit cell parameters.?

Results and Discussion

Room Temperature X-ray Results. The high-reso-
lution data recorded at room temperature with synchro-
tron radiation compare well with the diffraction pattern
obtained with standard focusing X-ray methods. They
are shown in Figure 2, together with the expanded scale
diagram of the synchrotron data in Figure 3. The pat-
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Table I
Synchrotron X-ray Diffractometry Data for PHBA
Crystals at Room Temperature

hkl 20(obs), deg  26(calc), deg’  dicalc), A  I{(obs)®
100 11.89 11.81 7.47 1
002 14.08 14.07 6.28 3
110 19.57 19.59 4.52 100
111 20.81 20.84 4.25 11
200 23.93 23.74 3.74 42
004 28.40 28.35 3.14 7
113 28.98 29.01 3.07 12
211 29.43 29.41 3.03 11
203 31.99 32.02 2.79 2
120 33.52 33.72 2.65 2
006 43.09 43.11 2.09 5
304 46.43 46.40 1.95 1
400 48.61 48.59 1.87 1

¢ The observed intensities are the normalized peak heights after
the background correction.

terns show that our PHBA sample was very highly ordered:
the amorphous halo is nearly absent, and significant peaks
are measurable up to 60° 26, with about 30 peaks clearly
detected. The indexing of the major peaks according to
the unit cell parameters of Geiss et al.? and phase I of
Lieser,? determined from their electron diffraction mea-
surements, approximately fits most of the observed data.
The rhombohedral unit cell reported by Economy et al.’
was discarded because no reasonable match was found
with our peak positions.

The unit cell parameters were then refined by using
the 13 clearly indexable peaks belonging in phase I in
the synchrotron experimental pattern (see Table I). The
values were a = 7.47 A, b = 5.67 A, and ¢ = 12.55 A,
orthorhombic system; the refined parameters obtained
from the standard laboratory data were the same within
0.5 standard deviation. The unit cell volume, V = 532
A3, is consistent with four units of HBA per unit cell;
the derived density is then p_,, = 1.498 g cm™, which is
only slightly higher than the value reported by Geiss et
al.® Although the b and ¢ parameters agree with the elec-
tron diffraction data of Geiss et al.® and Lieser,’ the
observed a parameter is somewhat smaller than theirs
(7.47 v8 7.62 (ref 6) and 7.52 A (ref 9), respectively). Table
I contains the indices, the observed and calculated peak
positions, and the relative experimental peak intensities
of the synchrotron data, after correction for primary beam
intensity decay and background subtraction.

The unit cell parameters presented here are mainly
for the purpose of comparing with those of high-temper-
ature structures. A detailed analysis of the room tem-
perature X-ray pattern by molecular modeling, includ-
ing the presence of a small amount of phase II crystals,®
will be discussed separately.®®

The 00! reflections have the sharpest peaks in the pat-
tern, indicating a quite large coherence length along the
c-axis; this sharpness allows the resolution of 004 and
006 peaks from the overlapping clusters in the synchro-
tron pattern (Figure 3). For quantitative estimates, the
width of the 002 peak in the tube-focusing X-ray pat-
tern was corrected for the instrumental broadening and,
assuming 100% Lorentzian shape, used subsequently to
calculate the domain size L by use of the Scherrer for-
mula fwhm = kA/L cos .25 Assuming k = 0.9,2¢ L(002)
is estimated to be ca. 2700 A, corresponding roughly to
220 unit cell repeats along the c-axis. For comparison,
L(200) is estimated to be ca. 240 A, applying the same
procedure.
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Figure 4. X-ray diffraction powder data for PHBA across the

first phase transition: (a) 270, (b) 300, (c) 325, and (d) 345 °C.

Table 11
Temperature Dependence of the Lattice Parameters and
Unit Cell Volume (V) of PHBA

T, °C a, A b, A ¢, A Vv, A2

25 7.47 5.67 12.55 531
270 7.79 5.68 12.52 554
300 7.78 5.67 12.53 554
325 9.23 5.26 12,51 607
335 9.23 5.27 12.50 608
345 9.24 5.28 12.50 610
355 9.26 5.29 12.50 612
365 9.27 5.30 12.49 614
390 9.27 5.35 12.49 619
410 9.31 5.36 12.47 622
430 9.35 5.40 12.46 629

High-Temperature X-ray Results. When the spec-
imen is heated in the range 270-435 °C, the positions
and relative intensities of most peaks change. Two phase
transformations have been detected in the X-ray exper-
iments that correspond to the DSC transitions. Figure
4 shows the patterns recorded across the first phase tran-
sition. At temperatures between 325 and 390 °C, all but
one of the peaks (at approximately 26.6° 20) can be indexed
on the basis of a hexagonal unit cell with dimensions of
about 5.3 X 5.3 x 12.5 A; the additional reflection can
be indexed if we assume an orthorhombic unit cell with
a=9244,b=5284, and ¢ = 12.50 A at 345 °C. Spe-
cifically, @ =~ 3'/2b. Similar lattice parameters are reported
by Blackwell et al.® on the basis of electron diffraction
resuits. The small number of observed peaks is due to
the relationship a = 3!/2b that leads to superposition of
reflections h,k,l, and hyk,l, if b2 + 3k,2 = h,? + 3k,%
Examples of such pairs are 110 and 200, 020 and 310,
and 116 and 206.

As at room temperature, the ¢ repeat distance corre-
sponds to the length of a dimeric unit, and the absence
of 00! reflections with [ odd suggests the continued pres-
ence of a 2, screw axis parallel to ¢. The change of the
lattice parameters with increasing temperature, listed in
Table II, shows a slight contraction in this chain repeat
distance at higher temperatures, in agreement with the
previous result.'’ The unit cell volume (which always
contains four HBA units) is plotted against temperature
in Figure 5, showing an abrupt increase of 9.5% accom-
panying the first transition.

After the sample was heated to a maximum tempera-
ture of 365 °C, the specimen was slowly cooled to 260 °C
in about 4 h (the heating from room temperature to 365
°C took about the same time), and the reversibility of
the observed phase transition was ascertained by per-
forming measurements at several intermediate tempera-
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Figure 5. Temperature dependence of the unit cell volume;
each unit cell contains four monomeric units.

tures. Table III summarizes a few data for the 110, 002,
and 004 reflections and their measured full widths at half-
maximum (fwhm), as tracked during the heating run.

Further heating of the sample to 435 °C showed the
details of the second phase transition consistent with the
small change in the measured enthalpy (see Figure 1):
the only significant change in the X-ray pattern is the
gradual disappearance of the peak at about 26.6° 26. Fig-
ure 6 shows the data recorded at 365, 390, 410, and 435
°C. At 435 °C, PHBA possesses the true hexagonal sym-
metry in the a—b plane, with the following refined param-
eters: a = 5.40 A and ¢ = 12.45 A; only three peaks, 002,
100, and 004, were observed in the range 10-36° 26.

PHBA Structure above the First Transition near
340 °C. The data recorded during a separate overnight
run at 345 °C with standard focusing geometry are shown
in Figure 7a. The patterns are characterized by the very
strong peak, labeled 110/200, the tiny but sharp peaks
corresponding to the 00l sequence (I = 2 at 14.17° 26, [
= 4 at 28.52°, | = 6 at 43.40°), and many more low-in-
tensity peaks. The unit cell, as discussed above, is
orthorhombic with ¢ = 9.24 A, b = 5.28 A, and ¢ = 12.50
A. The relation a = 3!/2b implies that the molecules are
indeed positioned on a hexagonal net when viewed in pro-
jection along c. Hence, one would obtain a true hexago-
nal symmetry in the a-b plane if the PHBA chains were
considered to be cylindrical rods. However, as discussed
previously, the strong peak at 26.64° 26 can only be indexed
within an orthorhombic symmetry. It follows then that
the relative orientation of chain segments in the a-b plane
cannot be described by a plastic crystal or a rotator-
phase crystal that involves free (or random) rotations
around the chain axis.

This situation is very similar to that of the smectic-E
phase of small rodlike molecules, n-pentyl 4-((4’-phenyl-
benzylidene)amino)cinnamate (PPBAC), for example. The
packing of aromatic phenylene groups in the smectic-E
phase of PPBAC has been described as herringbone pack-
ing, as shown schematically in Figure 8.1 In this typi-
cal herringbone packing, however, the 210 reflection
appears as a strong intensity peak, since the adjacent
210 planes have an interlayer plane with a different phe-
nyl orientation, as shown by the solid and dashed lines
in Figure 8. The absence of a 210 reflection in Figure 7a
therefore indicates that the two different planes in Fig-
ure 8 (solid and dashed) should be identical. This means
that the successive phenyl planes along the chain axis
are not coplanar but staggered. Furthermore, the pres-
ence of the strong 211 peak indicates that the phenyl
staggering results in a stacking (along ¢) of identically
oriented phenyl groups with a relative shift of 1/{2(a +
b + ¢)]. This relationship of phenyl packing symmetry
is shown schematically in the left side of Figure 9, where
the upper phenylene of the unit cell is denoted by the
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Table I
Temperature Dependence of the Intensity® and Full Width at Half-Maximum (fwhm)? of Selected Peaks of PHBA
002 110 004

T, °C I(peak) fwhm I(peak) fwhm I(peak) fwhm
25 1950 0.21 69 500 0.31
270 1800 0.24 84 400 0.27
300 2050 0.25 81 300 0.27

325 2550 0.23 87 100 0.44 2700 0.23

345 3050 0.23 87 900 0.44 3300 0.23

365 2600 0.23 87 100 0.44 2300 0.23

390 2700 0.23 83 900 0.40 2150 0.23

410 2900 0.23 88 500 0.34 1850 0.23

430 3450 0.23 78 200 0.37 2400 0.23

¢ I(peak) refers to the peak intensity after the background correction. ® fwhm in degrees.
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Figure 7. Comparison of experimental data at 345 °C (a) and
the calculated pattern (b) computed from the structural model
described in the text.

solid line and the lower one by the dashed line in the
projection on the a-b plane.

However, in the detailed atomistic picture, the phe-
nylene positions do not occur with their centers at the
node of the lattice, as shown schematically in the right
side of Figure 9. One example of this phenyl projection
is shown in i and ii of Figure 10, where the torsional angles
¢ and ¢ are 30° and -30°, respectively. The required
phenyl packing symmetry then makes it necessary to intro-
duce the disorder, as in the case of the smectic-E phase
of small rodlike molecules,'®% involving a twofold axis
of reorientation through an angle = for each (two-mono-
mer) repeat unit around the c-axis. This is exemplified
by the structure labeled i’ in Figure 10. The angle between
the a-axis and the phenyl planes, © and Q' in Figure 9,

Smectic—8

Smectic—E

Figure 8. (a) Herringbone packing of phenylene rings in the
a-b plane, corresponding to a smectic-E phase; the solid and
dashed lines belong to two different sets of 210 planes with dif-
ferent orientation of the phenylene units. (b) Smectic-B pack-
ing showing the possibility of local hexagonal symmetry and
three different orientations of orthorhombic subcells.

0=9.244, b=5.28A, ¢=12.50R at 345C
0=0'=60

Figure 9. Orthorhombic unit cell for the smectic-E phase of
PHBA, projected along and perpendicular to the c-axis, show-
ing the chain conformation and the relative staggered orienta-
tion of the phenylene rings. In the left side, the solid lines denote
the upper rings and the dashed lines denote the lower rings,
respectively.

could then be determined by comparing the calculated
X-ray patterns with the experiments.

Model Calculations. The calculated X-ray powder
patterns were obtained by using the method of Smith
and Holomany* and employing the molecular geome-
tries of PHBA tabulated by Hummel and Flory?® from
the crystal structures of model compounds. The disor-
der was accounted for by including all the resulting atomic
positions in the computations. The appropriate space
group is then described Pba2. A good fit was achieved
by taking @ = & = 60°, as shown in Figure 7b. Here,
each peak is represented by a Lorenzian curve with the
peak area corresponding to the calculated intensity, and
the width (fwhm) was approximated to be 0.3° for the
00! and 0.6° for all the other peaks, respectively. The
calculated relative intensities are also listed in Table IV.
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Figure 10. Actual location in the unit cell of the phenylene
rings (solid and dashed lines) and the carbonyl units; solid lines
denote the upper rings and the dashed ones the lower rings: (i)
static situation along the 0,0,z axis; (ii) static situation along
the a/2,b/2,2 axis; (') effect of = reorientation of the PHBA
chain segment i around the c-axis.

Table IV
Calculated X-ray Peak Intensities for PHBA at 345 °C
hkl 26, deg relative intensities
002 14.2 1.5
200 19.3 100.0
110 19.3 36.4
202 24.0 2.8
211 26.6 8.6
004 28.5 2.7
213 33.5 1.2
310 33.7 4.6
204 34.7 2.5
400 39.1 4.8
402 41.8 3.2
411 434 2.7
006 43.4 2.8
206 47.9 3.1
116 47.9 1.0

The calculated intensities are in good agreement with
experimental intensities except those of the 400 and 402
peaks. While the 400 peak is not noticeable in Figure
7a, this peak is clearly seen in the electron diffraction
patterns of Blackwell et al.® and Li et al.!® This differ-
ence between X-ray and electron diffraction results may
reflect the fact that electron diffraction, due to its capa-
bility to isolate the PHBA particles with highest order,
is not influenced by the presence of other less ordered
particles. The absence of 400 and 402 peaks in the X-
ray measurements, averaging over all the particles, then
suggests that the most prevalent disorder is the small-
scale lattice disorder along the a-axis. Furthermore, all
the other peaks listed in Table IV are in good agreement
with the electron diffraction experiments.®? Of partic-
ular interest is the model prediction that the intensity
of the 200 peak is substantially higher than that of the
110 peak. While this cannot be checked by X-ray pat-
terns, the electron diffraction results® are in excellent agree-
ment with this model prediction.

PHBA Structure above the Second Transition near
430 °C. The second transition near 430 °C, as shown by
the DSC results of Economy et al.” and Figure 1, is marked
by the disappearance of the 211 reflection in Figure 6.
This is demonstrated also in Figure 11, which shows the
intensity changes of various peaks as a function of tem-
perature. We find that all the sharp peaks except 211
maintain their intensities up to 435 °C. Therefore, the
rapid decrease of the 211 intensity at high temperatures
is not due to the thermal degradation at all and hence
should reflect the real phase transition. This transition
is analogous to the smectic-E to smectic-B transition of
small rodlike molecules,'®?” involving the loss of long-
range coherence of orthorombic lattice in the a—b plane
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Figure 11. Peak intensity (after background subtraction) of
the 002, 110, 211, and 004 reflections vs temperature.
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Figure 12. Dielectric permittivity ¢ of PHBA vs temperature
at 10 and 100 kHz, respectively. Measurements taken at every
2 °C interval are connected by lines. The experimental errors,
not shown here, are due to the uncertainties in the sample dimen-
sions and the void content that represent a constant multipli-
cation factor for all temperatures and frequencies and hence
do not affect the relative values.

while the herringbone packing on the hexagonal lattice
is preserved locally, as shown schematically in Figure 8b.
In the smectic-B phase, the local chain conformations
and their twofold reorientational disorder are nearly iden-
tical with those of the smectic-E phase. Whether the
same situation also holds for PHBA cannot be ascer-
tained by the X-ray results since the freely rotating “rota-
tor phase” or “plastic crystal” structure situated in the
hexagonal lattice results in an identical X-ray diffrac-
tion pattern.

High-Temperature Dielectric Behavior of PHBA.
The X-ray results alone cannot distinguish whether the
twofold reorientational disorder in the smectic-E phase
is static or dynamic in nature.!®?® Moreover, X-ray results
cannot discriminate between the smectic-B-type pack-
ing (Figure 8b) and the freely rotating plastic crystal pack-
ing. These questions have been addressed by dielectric,
NMR, and incoherent neutron-scattering experiments in
the case of small molecules. Here we report the results
of dielectric results to clarify these questions for PHBA.

Figure 12 shows the dielectric permittivity ¢ versus
temperature at two frequencies of 10 and 100 kHz, respec-
tively. Due to uncertainties in the sample dimension and
possible void content, the absolute values of ¢ are sub-
ject to some errors. But the relative values, most rele-
vant for our purpose, are free of these uncertainties. At
frequencies 10 kHz or lower, the dielectric permitivity
shows a continuing increase with temperature due to con-
ductivity effects. At 100 kHz, ¢ shows a small step jump
around 350 °C and then remains nearly constant up to
ca. 440 °C. At this high frequency, therefore, the con-



Macromolecules, Vol. 23, No. 6, 1990

ductivity effects become negligible. The step increment
of A¢ around 350 °C, corresponding to the appearance
of the smectic-E phase, shows that the nature of the two-
fold reorientational disorder is dynamic, with rates exceed-
ing 100 kHz.

The results in Figure 12 also indicate that the dielec-
tric permitivity at 10 kHz, which reflects charge conduc-
tivity effects, shows an increase in slope around 350 and
410 °C, consistent with the increased softness of PHBA
sample observed by the TMA experiments’ around these
temperatures. However, the value of ¢ at 100 kHz shows
no noticeable change between 370 and 440 °C. This indi-
cates no appreciable change in chain conformations and
the local disorder, consistent with the small amount of
enthalpy change (Figure 1). This may be taken as a sign
that the transition around 430 °C is very much like the
smectic-E to smectic-B phase as drawn schematically in
Figure 8, and hence it does not result in the freely rotat-
ing plastic crystal phase. This conclusion from the dielec-
tric rggults is consistent with the recent *C NMR re-
sults.

Summary

PHBA Results. We have investigated the structures
of PHBA from room temperature up to ca. 435 °C by X-
ray diffractometry, molecular model calculations, and
dielectric relaxation measurements. At room tempera-
ture, the synchrotron measurements allow a more pre-
cise determination of peak positions and bring out the
striking sharpness of all the 00/ peaks. The estimated
coherence length L(002) is quite large, ca. 2700 A accord-
ing to the Sherrer formula. At high temperatures, the
X-ray results demonstrate the occurrence of two phase
transitions, in agreement with the previous finding of Econ-
omy et al.” from their DSC and TMA results. The nature
of these transitions has been determined by fitting the
experimental X-ray patterns with the calculated pat-
terns based on conformation/packing models, in conjunc-
tion with the analysis of the high-frequency dielectric
behavior. The order after the first transition around 340
°C is very much like the smectic-E phase of small rod-
like molecules in that the phenyl groups are packed (in
each phenyl layer) in the herringbone-type manner and
exhibit a twofold dynamic reorientational disorder through
an angle = around the chain (c¢) axis. The polymeric chain
nature, however, places the successive phenyl planes along
the chain staggered by ca. 60° instead of the coplanar
arrangement. The second transition is analogous to the
smectic-E to smectic-B transition, which involves no change
in packing along the chain axis and chain conformation
but only the loss of long-range orthorombic coherence in
the phenyl packing. The packing order along the chain
undergoes little change up to 435 °C, which is the max-
imum temperature that can be reached without signifi-
cant thermal degradation, and no nematic or freely rotat-
ing plastic crystal phase is found up to this temperature.

Relevance to Aromatic Copolymers. The molecu-
lar order in aromatic copolyesters rich in HBA monomer
content often causes these copolyesters to exhibit X-ray
patterns very close to those of the high-temperature struc-
tures of PHBA.®'271% but with broader peak widths. They
have often been described as crystalline, and the X-ray
peak intensities have been related to the degree of crys-
tallinity. Quite often the degree of crystallinity thus deter-
mined is much larger than one would normally derive
for the random copolymers,'?715 thus creating consider-
able confusion. In view of our finding on PHBA, this
confusion could be avoided if one regards this order in
random copolyesters to be not crystalline but a mesophase,
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i.e., high-order smectic type, which is able to accommo-
date considerable disorder in the chemical repeat. The
fact that these copolyesters exhibit considerable reorien-
tational mobilities even in the highly ordered state!*?®
is entirely consistent with the smectic-type order as dis-
cussed above.
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