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ABSTRACT: X-ray fiber diffraction and DSC investigations of the title polymer, P6BT, reveal the existence
of three polymorphs. Both o- and g-forms belong to the monoclinic system, while in the y-form, the
chains are packed in a triclinic unit cell. In all three forms the bithiophenedicarboxylate group is confined
in a w-conjugated plane; however, with different orientations of the carbonyl group relative to the sulfur
atom (in a- and g-froms, S—C—C=0 is in the cis conformation, while in the y-form, S—C—-C=0 is trans).
The methylenic sequence in the - and y-forms is in the all-trans conformation with only slight deviations
from planarity. With a torsion (z3) around the C—O bond between the aromatic plane and aliphatic
segment, the polymer chain changes its overall shape from ribbonlike in the o-form (r3 ~ 180°) to a sine-
curve shape in the g-form (r3 = 173°) and finally to a zigzag in the y-form (r3 = 103°). The a-form is
paracrystalline, with random displacements of the chains along the fiber axis. The four chains in the
unit cell of the g-form are found in two pairs displaced by 5.63 A from each other, in the c-axis direction.
Within the pair, the chains adopt an antiparallel disposition. The aromatic planes are arranged nearly
parallel to the ac plane in a “side-by-side” pattern in the a-direction. Chains in the y-form pack in
successive layers, where the bithiophene dicarboxylic planes aggregate in a “face-to-face” fashion, forming
well-organized z-stacks favorable for the interchain charge transfer of the alternating conjugated and
nonconjugated polymer. The interplanar distance between neighboring bithiophene planes is 3.56 A.
The chain conformation and crystal packing in the y-form resemble those observed in the model compound,
di-n-hexyl 2,2'-bithiophene-5,5'-dicarboxylate (6BT6). A monotropic mesophase with unique chain
arrangements was found to occur during heating. The transformation temperatures are as follows: o-
to p-form, 130—150 °C; - to y-form, 161 °C; y-form to mesophase, 172 °C; and mesophase to isotropic
liquid, around 185 °C. The strong 7—x interaction between aromatic planes is believed to be the main
driving force of the phase transformations. Due to this solid-state ordering process, the bathochromic
shift in the UV—visible region was observed. Some abnormal phenomena such as preferred tilt of crystal
in the y-form are described. The relationship between these structures and those of the biphenyl analogue,
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poly(hexamethylene 4,4'-biphenyldicarboxylate) are discussed.

Introduction

The discovery of conducting polymers such as poly-
acetylene, polypyrrole, polythiophene, and polyaniline
has led to numerous studies in the field of polymer
science. Polythiophene is among the most extensively
studied materials because it is a good conducting
polymer with good environmental stability in both the
neutral and doped forms.! Structure determination is
an important goal for a better understanding of struc-
ture—property relationships of these conducting ma-
terials.2~* However, there is little structural informa-
tion available from these conjugated polymers due to
the difficulty in obtaining well-crystallized and fully
oriented samples suitable for an X-ray structure analy-
sis. Therefore, oligothiophenes have been widely in-
vestigated as structural models of the parent poly-
mers.>® However, they are independent small molecules
and behave differently from the parent polymers in both
crystallization process and structural organization.
Incorporating the oligothiophenes into the polymer
chain would impart them the characteristics of a
macromolecule. The study of polymers with mixed
conjugated and nonconjugated segments in the back-
bone chain will bridge the understanding between
conducting polymers and small molecular crystals.”:8

Moreover, recent investigations on these polymers
with well-defined oligomers indicated that they combine
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good mechanical properties and ease of processing with
tunable electrical, electrochemical, and optical proper-
ties of conjugated polymers.”~® It was observed that
polyesters derived from oligothiophenes exhibit efficient
photophysical properties for preparing light-emitting
diodes and a reversible redox process which may lead
to the development of a novel electrochemical recording
technique.® These studies demonstrated that intermo-
lecular charge transport (hopping) through s-stacking
plays an important role on electrochemical and photo-
physical properties. Structural studies of these alter-
nating conjugated and nonconjugated polymers may
provide valuable information about packing and con-
formational details of the conjugated parts of the
polymer chain and the effects of the insulating seg-
ments. For this purpose, we have synthesized a series
of polyesters composed of oligothiophene with different
conjugated lengths and flexible, nonconjugated aliphatic
segments. The polyesters schematically shown here
were synthesized when x =2to5andy =5 to 10. This
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chemical structure was chosen mainly for the following
two reasons: (1) The crystalline structures of the
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biphenylene analogues such as poly(ethylene 4,4'-bi-
phenyldicarboxylate) and poly(hexamethylene 4,4'-bi-
phenyldicarboxylate) have been established.1%11 The
structural information from these biphenylene ana-
logues could be helpful in the structure determination
of this new series of polyesters. (2) The polymers are
potentially liquid crystalline, a useful property for
obtaining higher electrical conductivity and anisotropic
conductivity by virtue of spontaneous orientation of
mesogens and macroscopic orientation of domain under
an external forces such as shear stress and magnetic
field. 1213

Experimental Section

Synthesis of Polymer P6BT and Model Compound
6BT6. At —78 °C, 5.6 mL of n-BuLi (2.5M) was added
dropwise to a solution of 1.164 g (7 mmol) of 2,2'-bithiophene
in 125 mL of THF. The mixture was allowed to warm to 0 °C
for 30 min. It was then cooled back to —78 °C and treated
with an excess of dry CO,, which was generated by warming
dry ice at 0 °C. The CO, was passed through a drying tube
and concentrated H,SO,4 and was bubbled through the mixture
for 30min at —78 °C and then for 1h at room temperature
before 3% KOH was introduced. The aqueous layer was
washed 3 times with diethyl ether. The diacid 1 (Scheme 1)
was precipitated by neutralizing the aqueous phase with 10%
HCI. It was then collected by filtration, washed with water
and dried. The diacid chloride 2 was obtained by refluxing
the mixture of diacid and an excess of thionyl chloride in the
presence of DMF for 24 h. The crude product was purified by
recrystallization in CHCl,, yielding greenish needlelike crys-
tals. Compound 2 was then esterified with methanol by
refluxing for 24 h. The pure diester crystals, 3, were obtained
after recrystallizing them twice in DMF (yield 83%; mp 219.9
°C, by DSC). Following the same procedure, model compound,
6BT6, was synthesized using 1-hexanol (yield 75%, mp 71.0
°C, by DSC). Polarized microscopy examination and DSC
measurements did not reveal the existence of a liquid crystal-
line phase.

The polymer was synthesized in a tube reactor charged with
diester 3, an excess of hexamethylene glycol, and a small
amount of titanium(1V) isopropoxide. The mixture was stirred
under N; at 225 °C when the reaction began. After 3 h, the
temperature was progressively raised to 280 °C when the
content became viscous. Finally, a vacuum of about 1 mmHg
was applied in order to remove the excess diol. The resulting
polymer was light yellow, flexible, and suitable for drawing
fibers (Tqy = 65 °C). The yield was 88%. The polymer is
essentially insoluble in common organic solvents. NMR (300
MHz, CF;COOD, *H, ppm): ¢ 7.75 (d, 2H), 7.25 (d, 2H), 4.40
(t, 4H), 1.85 (m, 4H), 1.55 (m, 4H). NMR (300 MHz, 13C solid,
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ppm): 6 162.20 (s, 2C), 142.50 (s,2C), 135.10 (s, 4C), 126.15
(s, 2C), 68.00 (s, 2C), 31.35 (s, 2C), 29.70 (s, 2C).

Microscopic Observations. The liquid crystalline texture
of P6BT was observed using a Leitz microscope under crossed
polarizers. The temperatures were carefully calibrated using
standard compounds with known Tn,. The birefringent liquid
crystalline phase with focal-conic texture was recorded when
the polymer was heated above 172 °C. This mesophase was
stable until the temperature was raised to 185 °C when it
became a clear isotropic liquid.

Viscosity and Density Measurements. A5 g/L solution
of the polymer was prepared in a 60/40 (w/w) mixture of phenol
and tetrachloroethane. The inherent viscosity, #inn, deter-
mined at 25 °C with an Ubbelohde capillary viscosimeter was
1.12dL/g, indicating a polymer with a satisfactorily high
molecular weight. The densities of the amorphous sample and
fiber samples of the pure o- and y-forms were measured by
flotation in a ZnCl; aqueous solution. Three measurements
were averaged, giving the values pamer = 1.274 g-cm~3, p, =
1.309 g:cm3, and p, = 1.371 g-cm~3. Since the S-form always
coexists with the y-form, the density data are not available.

Differential Scanning Calorimetry. DSC measurements
were performed using a DuPont DSC 2100 apparatus. The
scanning rate was 10 °C/min for the powder samples and 2.5
°C/min for the crystalline fibers in order to follow the crystal
transformation process.

Infrared Spectroscopy. Photoacoustic FTIR spectroscopy
was used in order to avoid damaging the sample or modifying
the structure during the preparation of KBr pellets for
conventional IR measurements.** Spectra of the P6BT fiber
with different crystalline phase were taken on a Mattson
Research Series FTIR spectrometer using an MTEC Model 300
photoacoustic cell. Fiber samples were simply cut into pieces
(5—7 mm long) and placed into a sample cup. Samples were
evaluated at a mirror speed of 0.98 cm/s (1.6 kHz) and a
resolution of 8 cm~1. The spectra were ratioed against the
reference carbon black spectrum obtained from MTEC pho-
toacoustics.®

Structure Determination of the Model Compound.
Suitable single crystals of model compound, 6BT6, were
obtained by slow evaporation from a methanol/petroleum ether
mixture. X-ray intensity data collection was performed on an
Enraf-Nonius CAD-4 automatic diffractometer, using the w/26
scan technique and the monochromatized CuKa radiation (1
= 1.54056 A). The unit-cell dimensions (see Table 1) and
orientation matrix were computed by a least-squares refine-
ment of the angular settings of 25 well-centered reflections in
the range 40° < 20 < 50°. The stability of the crystal was
monitored using five standard reflections whose intensites
were measured every hour, and the orientation was checked
every 100 reflections. The maximum fluctuation of the
intensities of the reference reflections was 1.6%. After the data
were reduced to a unique set of measurements, the diffracted
intensities were corrected for Lorentz and polarization effects
and an absorption correction based on the geometry of the
crystal was applied.

The crystal structure of 6BT6 was solved by direct methods,
using SHELXS96% and NRCVAX,'" and finally refined by full-
matrix least-squares methods.'® The coordinates of the non-
hydrogen atoms of 6BT6 were refined with anisotropic tem-
perature factors. Hydrogen atoms were constrained to the
parent sites using a riding model and refined isotropically. All
the nonhydrogen atoms in the asymmetric unit were revealed
in a difference Fourier synthesis. The midpoint of the central
bond coincides with the crystallographic center of symmetry
at (0,0,0). The refinements were weighted and based on F2.
The weighted R factor, Ry, and the goodness of fit, S, are based
on F?, while the conventional R factor, R, is based on F.
Atomic scattering factors were taken from the ref 19. A
summary of data collection and structure refinement is
outlined in Table 1.

X-ray Diffraction of the P6BT Polyester. Amorphous
filaments were drawn and quenched from the isotropic melt
at 250 °C. Then they were stretched at room temperature into
thin fibers with an average diameter of 0.1 mm. The fibers
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Table 1. Crystal Data, Data Collection, and Structure Refinement for 6BT6

crystal data

data collection and structure refinement

chem formula C11H1502S A(Cu Ka), A 1.54056
fw 211.29 26max, deg 140
unit cell triclinic T, K 293
space group P1 h, k, | ranges -5=<h=<5
a A 4.768(1) -6<k=<6
b, A 5.510(2) —-28<1<28
c, A 23.298(13) abs cor integration
o, deg 91.29(4) no. of measd reflcns 4308
p, deg 95.04(3) no. of obsd reflens, [I > 20(1)] 1281
v, deg 106.78(3) R = 3 |IFol — IFcll/ZIFol, [F? > 20(F?)] 0.056
vV, A3 583.0(4) Rw = { S[W(Fo? — F2)2)/3 [w(Fo?)?]} 2 0.133
z 2 w = 1/[02(Fo2) + (0.072p)?], P = (Fo? + 2F:2)/3
F(000) 226 S ={3[wW(Fs® — F?)2/(n — p)}? 1.089
do, g'cm =3 1.19 (displacement)/o)max 0.025
dc, grcm3 1.204 (displacement)/o)mean 0.004
u for Cu Ko, mm~1 2.256 extreme values of residual electron density, e A—3 —0.22,0.25
cryst size, mm 0.03 x 0.49 x 0.55
cryst color colorless

were subjected to different annealing conditions before the C

diffraction patterns were recorded with a Philips X-ray gen-

erator using nickel-filtered Cu Ka radiation and a flat film

Warhus camera. The sample-to-film distance was calibrated

using NaF powder. S

Structure Determination of P6BT. The indexing of the
fiber patterns follows the description given in ref 11. The final
values of the agreement index for the unit-cell dimensions g d

refinement, R, expressed as R, = [¥(sin,.0 — sin%,0)%(n —
1)]*2, were 0.038, 0.014, and 0.011 for the a-, 8-, and y-forms,
respectively. The intensities of the reflection spots were
visually estimated on a relative scale of 0—100. The intensity
evaluation was carried out by 10 observers. Their results,
which were in very good agreement, were then averaged.

The initial model of the structure was built using the
geometrical data taken from the model compound and from
other related compounds whose structures were taken from
the Cambridge Structure Database (CSD).2° Before energy
minimization, some torsion angles were modified so that the
chain had a fiber repeat equivalent to the experimental value.
The chain was then translated and rotated within the unit
cell so that the simulated fiber pattern approaches that of the
experimental one. Different symmetry constraints were ap-
plied in case of multiple choice of space group, and the
structure factors were calculated after Lorentz and polariza-
tion corrections were applied. The chain and then the total
packing potential energy of the structure were minimized
using the Cerius?2 release 2.0 package?! running on a Silicon
Graphics IRIS work station with an Indigo processor. The
Dreiding force field?? and Polak-Ribiere conjugate-gradient
technique were employed. During the energy minimization,
the cell parameters were kept constant and the bithiophene
moiety was set as a rigid unit at the beginning and subjected
to minor changes before the final model was reached.

Results and Discussion

Structure of the Model Compound. A perspective
representation of the 6BT6 molecule and the atomic
numbering are shown in Figure 1a. It is of interest to
note that the two units which make up the molecule,
the bithiophene moiety and the aliphatic sequence, are
both ordered. The molecule, which is centrosymmetric,
consists of a planar bithiophene group (rms deviation
= 0.006 A) with the sulfur atoms in trans to one another.
The methylenic sequence of atoms is essentially all-
trans since the largest deviation from 180° is 10°. These
two units are connected by an ester group which is
nearly coplanar with the adjacent thiophene ring (di-
hedral angle 1.6°, Table 2). The carbonyl group is trans
relative to the sulfur atom of the adjacent thiophene.
This disposition is the most frequently observed in
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Figure 1. Atomic numbering and molecular packing of 6BT6.

thienylcarboxylates.?® The shape of the 6BT6 molecule
can be best described as that of the letter “Z”, with the
sharp turn located at the torsion of C5—-0—-C6—C7
(90.1°). Itcan be seen that, in this orientation, as Figure
1b shows, the aromatic groups in different molecules
are closely arranged in a “face-to-face” pattern, forming
m-stacks which favor the lowest energy of the system.
The interplanar distance between the conjugated
thiophene planes is 3.53 A. This value is comparable
to that observed in o, a’-dimethylquaterthiophene (3.50
A),24 o-sexithiophene (3.56 A),25 and a-octithiophene
(3.53 A).28 The length of the central C—C’ bond is 1.433-
(6) A, which is a little shorter than the corresponding
distance in 2,2'-bithiophene (1.448(4) A).2” This short-
ening is possibly due to the electron-accepting effect of
the carbonyl substituent. The fractional atomic coor-
dinates and equivalent isotropic displacement param-
eters, Ueq, are presented in Table 3. The relatively
larger Ueq values observed for the last three methylenic
carbons may be due to their enhanced thermal vibra-
tion.

Identification of the Polymorphs and Determi-
nation of the Lattice Parameters. A unique X-ray
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Table 2. Selected Geometrical Parameters in the
Bithiophene Moiety and the Aliphatic Segment of 6BT6

bond distance (A) bond angle (deg)

S1-C4 1.709(3) S1-C1-C2 109.7(2)
s1-C1 1.723(3) Cc1-C2-C3 113.9(3)
Cc1-C2 1.362(4) C2-C3-C4 113.0(3)
c2-C3 1.394(5) C3-C4-S1 111.03)
C3-C4 1.356(4) ca-si-C1 92.4(2)
ci-c1 1.433(6) S1-C1-Cl' 120.9(3)
01-C5 1.188(4) Cc2-C1-C1' 129.4(4)
02-C5 1.346(4) C5-C4-S1 122.6(2)
02-C6 1.452(4) 02-C5-C4 110.7(3)
c4-C5 1.469(5) 01-C5-02 124.2(3)
C6-C7 1.488(5) C5-02—C6 117.3(3)
c7-C8 1.479(5) 02-C6-C7 110.7(3)
C8-C9 1.499(7) C6-C7-C8 114.3(4)
C9-C10 1.422(8) C7-C8-C9 113.1(5)
c10-C11 1.479(10) C8-C9-C10 114.9(6)

C9-C10-C11 110.3(9)

torsion angle (deg) dihedral angle (deg)

C1-S1-C4-C5 179.9(3) Wthiophene—thiophene 0.00
S1-C4-C5-01 _178-2(3) "pthiophene—ester group(C(=0)—0) 161
C4-C5-02-C6  —176.2(3)
C5-02—-C6—C7 90.1(4)
02—-C6—C7-C8 169.9(4)
C6—-C7—-C8-C9  —176.9(5)
C7-C8-C9-C10  170.2(8)

C8—C9—-C10—-C11 -—177.6(9)

Table 3. Fractional Atomic Coordinates, Their Esd’s, and
Equivalent Isotropic Thermal Parameters (A2) for 6BT6

atom X y z Ueg®
S1 0.6403(2) 0.8961(1) 0.4312(1)  0.0721(3)
o1 0.5030(5) 1.2888(5) 0.2997(1)  0.1015(9)
02 0.2539(5) 0.9123(4) 0.3304(1)  0.0812(7)
C1 0.9540(6) 1.0552(6) 0.4747(1)  0.0610(8)
Cc2 1.0815(7) 1.2836(6) 0.4527(2)  0.0765(9)
C3 0.9312(7) 1.3297(6) 0.4020(1)  0.0780(10)
Cc4 0.6843(7) 1.1380(6) 0.3850(1)  0.0640(8)
C5 0.4781(7) 1.1284(7) 0.3337(2)  0.0731(9)
C6 0.0407(8) 0.8672(7) 0.2800(1)  0.0863(11)
Cc7 0.1304(9) 0.7264(9) 0.2331(2)  0.1064(13)
Cc8 —0.0981(11) 0.6332(11) 0.1841(2)  0.1390(19)
Cc9 —0.0080(15)  0.4801(16)  0.1390(2)  0.206(4)
C10 —0.237(2) 0.353(2) 0.0960(4)  0.278(5)
Cil1 —0.128(3) 0.199(2) 0.0554(4)  0.345(6)

a8 Ueq = (1/3)3i3jUijjai*aj*ai.a;.
diffraction pattern of P6BT was obtained by annealing
the stretched fiber at 120 °C. It is shown in Figure 2a.
The characteristic feature of this pattern is the presence
of two outstandingly strong reflections on the equator
and continuous streaks on all layer lines. The fiber
repeat was found to be 19.61 A, indicating that in the
ao-form the chain is essentially in the fully extended
conformation with the carbonyl group cis relative to the
sulfur atom in the adjacent thiophene (see the following
discussion). Indexing of the fiber pattern yielded a
monoclinic unit cell having dimensions of a = 11.88 A,
b=10.77 A, ¢ =19.61 A, and g = 91.8°. Six polymer
chains must pass through the unit cell to have the
calculated density (1.337 g/cm?3) close to the observed
value (1.309 g/cm3). The calculated and observed d-
spacings are compared in Table 4. Since the reflections
on the layer lines are not well resolved and a few
reflections are superimposed as shown in Table 4,
neither the chain conformation nor the space group
could be established. It is suggested that the a-form is
in a paracrystalline state,?® where the polymer chains
themselves have a longitudinal periodic conformation
and have positional order in the lateral direction, while
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the arrangement of the chains along the fiber direction
is random. Because of the paracrystalline nature, the
melting point of the a-form largely depends on the
annealing temperature, i.e., shifting progressively to
higher temperatures upon increasing of the annealing
temperature (Figure 3). When the annealing temper-
ature is above 150 °C, the reflections of the a-form
disappear gradually, and a new diffraction pattern is
observed (Figure 2c¢). This fiber pattern is composed of
more than one crystalline form, and no reasonable unit
cell, taking into account all the diffraction spots, could
be deduced. By annealing this fiber at about 170 °C
for 2 days, some of the diffraction spots completely
disappear and a clear well-resolved diffraction pattern
emerges (Figure 2b). All the reflections correspond to
a single crystalline phase, which is called the y-form.
The lattice parameters area=5.54 A, b =471 A, c =
17.90 A, o = 113.7°, 8 = 96.7°, and y = 106.6°. Since
the observed density is 1.371 g/cm3, only one chain
passes through the unit cell, leading to a calculated
density of 1.414 g/cm3. The observed and calculated
d-spacings, compared in Table 5, are in a very good
agreement. It is worth indicating that the diffraction
spots in Figure 2b are not perfectly aligned on their
respective layer lines. Thus, the chain axis is tilted, by
a few degree, from the fiber axis. This behavior is quite
comparable to the well-characterized situation described
for poly(alkylene terephthalates)?® and P6BP.11 On the
basis of the geometric relationship, the reciprocal space
coordinates (&, ¢) can be calculated from the film
coordinates.' The good agreement between the calcu-
lated and observed £ values, the distance from reciprocal
lattice point to equatorial plane, provided a powerful
confirmation of the correctness of the indexing. Thus,
the tilt angle, «, can be deduced from the angles of the
reciprocal axis relative to the fiber orientation (¢, =
92.4°, ¢p = 94.1°, ¢ = 31.9°). The tilt angle «, which is
the difference between ¢. and ¢n: (angle between c* and
the fiber axis without tilting) has a value of 5.2°. The
origin of the preferred tilt although not very clear, must
be associated with the crystallization mechanism or, in
this case, the crystalline phase transformation. On one
hand, the crystalline motives have a tendency to self-
organize in their allowed free volume and form a three-
dimensionally ordered structure by overcoming the
activation energy of crystallization; on the other hand,
the motion of the chain segments is hindered by the
macroscopic high viscosity of the system and the mi-
croscopic interchain and intrachain interactions. In the
fiber samples, the stress imposed on the molecular
chains is highly anisotropic, and the stress component
along the fiber axis is relatively larger than the others.
Therefore, it can be envisaged that, during crystalliza-
tion, the motion of the crystalline motif is also aniso-
tropic and behaves in such a way that the minimum
energy gap is overcome in order to meet the crystal-
lographic requirements, and in this particular case, the
preferred tilt is adopted. It is notable that, among the
three crystalline forms of P6BT, the phenomenon is
observed only in the high temperature y-form. As will
be illustrated in the following discussion, the repeat unit
of the y-form is significantly shorter than those in the
o- and g-forms. This means that the chains are
subjected to a shrinking deformation, which is severely
restricted by longitudinal stress. Therefore, the chain
segments, which have presumably the dimension of
crystalline lamellar thickness, prefer to tilt by a few
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i)

Figure 2. X-ray fiber patterns of P6BT: (a) a-form; (b) y-form; (c) f-form (which includes a small proportlon of the y-form).

Table 4. Comparison of the Calculated and Observed
d-Spacings and Estimated Intensities for the a-Form

spot no. hkl dear, A dobs, A intensity2
1 100 11.874 11.99 w
2 020 5.385 5.28 'S
210 5.199
3 120 4.904 4.83 w
4 300 3.958 3.98 w
220 3.989
5 030 3.590 3.60 Vs
310 3.715
6 10-1 10.299 10.33 w
101 10.018
7 20-1 5.732 5.81 S
8 22-1 3.924 4.07 S
30-1 3.904
9 23-1 3.043 291 vw
40-1 2.949
401 2.922
10 021 5.193 4.99 w
21-1 5.060
211 4.992
11 311 3.631 3.66 vw
031 3.531
12 022 4.720 4.78 vw
21-2 4.646
13 003 6.534 6.44 w
14 104 4.481 4.48 w
014 4.460
15 024 3.624 3.66 vw
214 3.616
16 105 3.688 3.60 w
015 3.684
17 205 3.225 3.26 w
21-5 3.172
025 3.169
18 10-6 3.175 3.14 S
016 3.126
106 3.125
19 30-6 2.559 2.57 w
226 2.554
20 017 2.710 2.66 w
107 2.707
11-7 2.660
21 037 2.208 2.21 w
317 2.205

a Estimated intensity: vs, very strong; s, strong; w, weak; vw,
very weak.

degrees around the center of the crystalline segments,
rather than undergo a more difficult translation.
Extensive efforts have been made in order to obtain
the fiber pattern of the pure g-form. However, a
perceivable amount of the y-form always exists. Nev-
ertheless, the majority of the reflections belong to a

L 1 | { | { 1 | 1
25 50 75 100 125 150 175 200 225

Endo —>

fiber of a-form

I | | l I I | L

25 50 75 100 125 150 175 200 225

Temperature  ( °C)
Figure 3. DSC heating scans (rate, 10 °C/min) of P6BT
powder after 30 min annealing at different temperatures and
of the pure a-form (2.5 °C/min). A cooling scan is also included
in upper left.

250

different crystalline form, the -form (Figure 2c). All
44 reflections can be indexed with a monoclinic cell of
dimensionsofa=11.22 A,b=7.87 A, ¢ =38.60 A, and
B =104.8°. The calculated crystal density, 1.357 g/cm3,
indicates that there are four polymer chains in this unit
cell. The observed and calculated d-spacings are com-
pared in Table 6. The large number of reflections
suggests that the g-form is in a well crystallized state,
which has a relatively well-defined melting point (ca.
151 °C, Figure 3).

In summary, when the P6BT raw fibers are annealed
below 130 °C, only the paracrystalline a-form is devel-
oped. As the annealing temperature increases, the
o-form is transformed into the - and the y-forms, whose
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Table 5. Comparison of the Observed and Calculated
d-Spacings, § Values and Structure Factors of the y-form.
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Table 6. Comparison of the Observed and Calculacted
d-Spacings and Structure Factors of the -Form

spot ops, Ceal, Cobss spot
no. hkl dcal, A A A1 A1 [Feall* [Foosl W no. hkl dear, A dobs, A |Feall |Fobs|? w
1 100 5119 5.11 0.0081 0.009 1.748 2.06 1 1 200 5.426 543 2787 3.09 1
2 010 4.014 4.00 0.0177 0.017 4.280 4.43 1 2 400 2.712 271 0603 040 05
3 110 2713 272 0.0258 0.027 1417 130 1 3 210 4.466 441 1340  2.02 1
4 001 15.818 15.72 0.0537 0.054 1.789 2.01 0.7 4 020 3.935 378 3603 3.22 1
5 101 4533 454 0.0456 0.045 2.383 231 1 5 11-1 6.442 6.26  1.208 1.11 05
6 10-1 5295 530 00617 0.062 2.222 265 1 111 6.130
7 1-11 4.057 4.07 00633 0.062 2.123 190 1 6 311 3.209 319  1.337 144 05
8 —-111 3615 3.61 0.0440 0.044 4.765 501 1 7 121 3.650 358 8070  8.09 1
011 3.526 0.0360 12-1 3.713
9 11-1 2899 290 00796 0.080 1.558 1.78 1 8 002 18.662 1837  1.335 144 07
10 20-1 2.638 2.64 0.0697 0.069 1.191 1.19 05 9 20-2 5.606 561 3.664  3.76 1
11 002 7.909 7.87 0.1073 0.110 0.808 0.89 0.7 10 202 4.886 489  0.562 040 05
12 10-2 4.929 4.93 0.1154 0.116 2.397 201 1 11 40-2 2.787 2.79 0.939 111 0.5
13 102 3.859 3.87 0.0992 0.097 1.637 1.69 1 12 012 7.252 7.05 0.926 1.32 0.5
14 01-2 4504 450 0.1250 0.123 0.532 0.42 0.5 13 21-2 4.566 4.62 1.299 1.48 0.5
15 —-112 3221 3.22 0.0976 0.097 4.157 375 1 14 212 4.151 4.11 3.529 3.72 1
16 1-12 3926 3.93 0.1170 0.118 1.286 129 1 15 022 3.850 3.72  1.494 1.46 0.5
17 01-3 4.268 4.27 0.1786 0.178 0.810 0.55 0.5 16 11-3 6.050 593 2102 1.53 0.7
18 1-13 3605 3.60 0.1706 0.171 2.010 1.61 1 17 113 5.354 536 1471 0.86 0.5
19 004 3.954 3.93 0.2146 0.216 0.408 0.46 0.5 18 31-3 3.376 336 0472 070 05
20 10-4 3.625 3.63 0.2227 0.224 0.748 0.73 05 123 3.464
21 1-14 3210 3.21 0.2242 0.224 1.827 1.45 1 19 313 3.010 299  0.184 0.38 0.5
22 11-4 2933 293 0.2404 0244 1394 111 1 20 12-3 3.633 351  0.867 0.80 0.5
23 104 2.794 2.80 02061 0.198 0.718 0.86 0.7 21 20-4 5.315 533 0540 055 05
24 —114 2499 250 0.2050 0.207 0.795 0.92 0.7 22 204 4.243 421 1591 144 05
25 005  3.164 3.17 0.2683 0.269 1.848 1.55 0.7 23 40-4 2.803 280 1064 096 05
26 105 2421 242 02602 0.261 0.820 0.85 0.7 24 014 6.016 588 0262 026 05
27 01-5 3.332 3.34 02859 0.286 0.652 0.82 0.7 25 21-4 4.405 437 1477 128 1
28 006 2636 2.65 03219 0.325 0959 0.98 1 26 214 3.735 371 1305 120 05
10-6 2644 0.3299 05 27 414 2.641 2.64 0751 070 05
29 11-6 2545 255 0.3476 0.350 1.293 120 0.7 28 006 6.221 620 063 071 1
29 008 4.666 463  1.073 1.17 1
2 For overlapped spots, Fear = (3 Feat.ret 2)*2. 30 208 3.161 320 0.645 0.52 0.5
31 40-8 2.658 266 0983 081 05
relative contents depend on the annealing conditions 32 218 2.933 291  0.844 0.54 0.5
(time, temperature, and external stress). The X-ray 33 0010 3.732 372 0266 036 1
diffraction patterns of more than 50 fibers which gg 211011 g%g gi? é-ggg (1)% i
underwent various annealing treatments_ revgal that a 36 0012 3110 310 1.497 165 1
moderate temperature and short annealing time favor 37 2012 2.443 243 1911 191 0.7
the formation of the g-form, while prolonged annealing 38 0112 2.893 2.88 0.944 1.33 05

at higher temperature favors the growth of the y-form.
This result suggests that the a to g transformation is
kinetically controlled, while the a to y transformation
is thermodynamically controlled. Structural differences
may account for this assumption. As will be illustrated
in the following discussion, the difference between the
o- and the y-forms is much more significant than that
between the o- and the f-forms, in both the chain
conformation and packing arrangement. Thus, the
p-form can be attained by small adjustments of the
chain’s orientation and disposition, i.e., overcoming a
low energy barrier. However, this form is also thermo-
dynamically metastable and can, therefore, be trans-
formed into the thermodynamically stable y-form by
further annealing at elevated temperature. The fiber
of the pure y-phase is readily attainable in this manner.
The crystal data of interest of three polymorphs are
collected in Table 10.

From DSC scans, one may get some insights into the
crystalline transformation mechanism. On the DSC
curve of the pure a-form of the P6BT fiber (the lowest
curve in Figure 3), a melting endotherm of a-form
immediately followed by a crystallization exotherm is
observed in the 125—150 °C temperature range. This
is the typical DSC behavior of the crystal melting and
recrystallization process.3® Considering that the chains
have to perform a remarkable modification to ac-
complish the crystal transformation, the chains in the
pB-form have to be thawed first by melting to gain enough

39 11-13 2.778 2.76 0.707 0.79 0.5
40 12-13 2.370 2.34 1.324 1.53 0.5

41 0014 2.666 2.70 0.288 0.47 0.7
42 40-14 2.203 2.20 1.618 1.63 0.5
2014 2.183

43 21-14 2:535 2.52 0.245 0.64 0.5
44 41-14 2121 2.12 1.217 1.25 0.5

a For overlapped spots, Fea = (3 Featret 2)2.

mobility in order to adjust their conformation and
position. In this respect, the same melting and recrys-
tallization mechanism is plausible for the g- to y-crystal
transformation, although no distinctive crystallization
exotherm was observed following the melting of the
pB-crystals, which may due to the partial overlap of the
melting endotherm and the following crystallization
exotherm.s?

Chain Structure and Crystal Packing. a-Form.
Figure 4 depicts the fully extended conformation of
P6BT and P6BP, and their calculated fiber repeats. The
carbonyl group adjacent to the bithiophene may adopt
two orientations (cis or trans) relative to the sulfur
atom, giving rise to significantly different fiber repeat
lengths of 19.66 and 17.88 A. The observed fiber repeat
of the a-form is 19.61 A, a value nearly equal to that
calculated for the fully extended repeat unit, when the
S—C—C=0 torsion angle is 0° (cis conformation). Obvi-
ously, the aliphatic sequence of P6BT is in the all-trans
conformation (planar zigzag) with very little deviation
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Table 7. Comparison of the Torsion and Dihedral
Angles(deg) in 6BT6, f-P6BT and y-P6BT

torsion angles 6BT6 y-P6BT p-P6BT
S1-C4-C5-02 21 2.2 0.3 -177.8
C4—-C5—-02—-C6 72 —176.2 —-177.4 178.7
C5-02-C6—C7 73 90.1 103.2 —172.8
02-C6—C7-C8 7 169.9 175.2 —178.4
C6—C7—-C8—-C8' T5 176.8 —176.5
C7—C8—-C8'—-C7’ T6 180.0 179.4
C8-C8'—C7'—C6’ Ts 171.4
C8'-C7'-C6'-02 7 —175.6
C7'—-C6'-02'-C5%’ T3 171.2
C6'-02'-C5'-C4' T2 178.6
02'-C5—-C4'—-S1' T 180.0
dihedral angles
[plane—plane] 6BT6 y-P6BT  [(-P6BT
[S1-C1-C2-C3-C4]— P 0.0 0.0 0.6
[S1'-C1'-C2'-C3'—-C4]
[S1-C1-C2-C3-C4]- € 0.7 1.7 2.1
[C5(=01)-02]
[S1'-C1'-C2'-C3'-C4']— €' -1.7 0.4

[C5'(=01")—02]

Table 8. Fractional Atomic Coordinates of the f-Form

chain 1 chain 2

atom X y z X y z

S1 0.0568 0.6207 —0.1240 0.1375 0.1386 0.0230
O1 —0.0531 0.6426 —0.2039 0.0299 0.1474 -—0.0567
02 0.1260 0.6747 —0.2201 0.2102 0.1428 -—0.0731
C1 0.1998 0.6310 —0.0929 0.2801 0.1354 0.0542
c2 0.2955 0.6445 -—0.1098 0.3772 0.1299 0.0377
C3 0.2551 0.6531 —0.1467 0.3377 0.1324 0.0007
Cc4 0.1273 0.6443 —0.1588 0.2090 0.1384 -—0.0117
C5 0.0620 0.6532 —0.1949 0.1454 0.1432 -—0.0479
C6 0.0780 0.6910 —0.2580 0.1623 0.1435 -—0.1112
Cc7 0.1870 0.7336 —0.2742 0.2719 0.1712 -0.1280
Cc8 0.1485 0.7528 —0.3155 0.2330 0.1888 —0.1694
St 0.3504 0.8748 —0.5232 0.4333 0.3662 —0.3771
or 0.4587 0.8582 —0.4436 0.5435 0.3478 —0.2970
02’ 0.2791 0.8603 —0.4269 0.3644 0.3182 —0.2806
Cc1 0.2076 0.8804 —0.5542 0.2899 0.3650 —0.4079
c2 0.1108 0.8866 —0.5376 0.1942 0.3547 —0.3909
C3' 0.1506 0.8815 —0.5006 0.2351 0.3437 —0.3540
c4' 0.2784 0.8729 —0.4884 0.3631 0.3476 —0.3420
C5' 0.3432 0.8635 —0.4523 0.4283 0.3384 —0.3059
Cce' 0.3283 0.8522 —0.3890 0.4121 0.3026 —0.2426
(074 0.2187 0.8271 —0.3721 0.3039 0.2591 -—0.2262
cg' 0.2582 0.8055 —0.3309 0.3420 0.2433 —0.1849

Table 9. Fractional Atomic Coordinates of the y-form

atom X y z

S1 —0.0106 —0.1540 0.1009
o1 0.5945 0.1531 0.2884
02 0.1764 —0.1945 0.2583
Ci 0.0934 0.0176 0.0352
C2 0.3583 0.2165 0.0660
C3 0.4770 0.2302 0.1404
C4 0.3032 0.0400 0.1677
C5 0.3678 0.0027 0.2402
C6 0.1955 —0.2592 0.3298
c7 0.0717 —0.0462 0.3915
Cc8 0.0561 —0.1134 0.4688
H2 0.4499 0.3293 0.0396
H3 0.6525 0.3534 0.1686
H6a 0.0887 —0.5235 0.3080
H6b 0.3979 —0.1990 0.3608
H7a —0.1251 —0.0983 0.3574
H7b 0.1879 0.2163 0.4131
H8a —0.0695 —0.3727 0.4470
H8b 0.2512 —0.0756 0.5009

from the 180° planar zigzag situation. As observed in
many thienylcarboxylates, the carboxylic group is nearly
coplanar with the adjacent ring and the torsion (S—C—
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Figure 4. Comparison of fiber repeats for the fully extended
conformation in P6BT and P6BP (in reference to Li et al.lt).

Table 10. Crystal and Physical Data of the Three Forms

of P6BT
parameter a-P6BT p-PEBT y-P6BT
monomer unit S2C16H1604  S2C16H1604  S2C16H1604
transition temp, °C 131-150 161 172

Tdetermine, K 298 298 298

unit cell monoclinic  monoclinic monoclinic
a, 11.88 11.22 5.54
b, A 10.77 7.87 4.71
c, A 19.61 38.60 17.90
o, deg 90 90 113.7
B, deg 91.8 104.8 96.7
y, deg 90 90 106.6
Vv, A3 2507 3295 395
z 6 8 1
do(@amorphous), g:cm=3 1.274 1.274 1.274
dobs, grcm—3 1.309 1.371
dcal, grcm—3 1.337 1.357 1414
space group P21/c P1
O<h=<14 0O<h=<14 —-2<h=x<2
h, k, I ranges 0<k=<3 0<k=z2 -1<k=s1
—-6=<l=<7 -14<1=<14 -6=<1=<6
no. of unique 21 44 29
diffraction spots
R = S|AFI/S|F 0.148 0.116
Rw = [SW(|Fo| — |Fcl)?/ 0.142 0.115
ZWFoz]l/Z
Biso, A2 18.9 15.9
tot. packing energy, —-37.4 —39.7
kcal/mol

C=0) is of either the cis or the trans conformation
(Figure 5). Furthermore, the two carboxylic groups are
in the E-conformation, the most frequently observed
situation.

Theoretical calculations3232 and X-ray crystal struc-
ture studies?*~2734=3% 5o far proved that a,a’-oligo-
thiophenes have most frequently a coplanar structure
with an anti-arrangement between adjacent rings. It
is suggested that by assuming this conformation, the
system sustains the maximum z—s conjugation. The
same reason may account for the coplanarity between
the thiophene and the carbonyl groups.
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Figure 5. Distribution of the S—C—C=0 torsion angle in
thienylcarboxlates. Data are cited from the Cambridge Data
Files with the following REFCODES: BCXDTH, CACTHP,
DACLIC, DENHIN, FEGNAG, IPTHBZ, JERYUA, MTHPHE,
MTHPHEO1, SEBCOR, TPENAC, TPENACO01, TPENACO02,
VANDIX, VEGNIE, VEGNOK, VIBRED, VORKOC, WEKZIV,
WIFRIM, YAGDEP, YAGDIT, YAYBAB, ZEDQII, ZEJFUP,
ZEJHIF, ZEWCEJ, and ZOTSIK.

As mentioned earlier, the a-form is of a paracrystal-
line nature, therefore, it is difficult to describe the
details of the chain packing. However, some structural
information can be deduced from its fiber pattern shown
in Figure 2a. The strongest two reflections, having
d-spacings of 3.60 and 5.28 A (Table 4), are found on
the equator. The former has almost three times the
intensity of the latter. The very strong intensities and
their ratio suggest that the flat ribbon-shaped molecules
are placed in the cell in such a way as to contribute
mainly, in terms of electronic density, to these two
crystallographic planes. Then, by rotating the chains,
we found a most likely herringbone type of packing
projected onto the ab plane (Figure 6a), when the good
agreement between observed and calculated intensities
for the hkO reflections is achieved (Figure 6b).

p-P6BT. In the g-form, the fiber repeat (p = 2 x
19.30 A) is slightly shorter than twice the length of a
monomer unit in a fully extended conformation. How-
ever, as can be seen in Table 7, the chain possesses, in
the first approximation, the same features as the a-
form. The bithiophenedicarboxylate moiety is essen-
tially coplanar, and the two carboxylic groups are in the
E-conformation. The aliphatic segment is also in the
all-trans conformation. The molecular chain has the
shape of a sine wave fluctuating up and down in the
b-axis direction (Figure 7a). The four chains in the unit
cell are grouped into two pairs. In each pair, the two
chains adopt an anti-parallel disposition along the c-axis
direction, and the thiophene planes, arranged in a side-
by-side fashion in the b-axis direction, are roughly
parallel to the bc plane. The two molecular pairs are
displaced from each other by 5.63 A along the c-axis.
No z— interaction could be expected in this type of
packing.

The condition on the indices of the 44 diffraction spots
given in Table 6, i.e., for hOl, | = 2n, indicates the
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Figure 6. (a) Schematic representation of the chain arrange-
ment projected onto the ab plane and (b) calculated intensities
of the equatorial reflections of the a-form.

existence of a c-glide plane perpendicular to the unique
b-axis. No systematic absences were observed for
reflections of the hkl type. Therefore, the possible space
groups are Pc, P2/c, and P2i/c. Various attempts to
position the chains led to the choice of the P2;/c space
group. The structure was refined and the calculated
structure factors were compared with the experimental
values. The lowest R index, 14.8%, was obtained for
the P2;/c space group. The calculated fiber pattern is
shown in Figure 8a. The final atomic coordinates of the
two independent half chains present in the unit cell are
given in Table 8. No short van der Waals contacts were
detected in this model.

y-form. The unit-cell dimensions and the molecular
packing of the y-form are very reminiscent of those
reported for the poly(alkylene terephthalates) (nGT)2°
and the model compound 6BT6. The unit-cell param-
eters of the y-form and of 6BT6 are very close, except
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g ‘ * :

Figure 7. Stereopairs and crystal packing in (a) the g-form and (b) the y-form.
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Figure 8. Calculated fiber patterns for (a) the g-form and (b)
the y-form.

for the c-axis. As a matter of fact, there is a very strong
similarity between the X-ray fiber patterns of the poly-
(alkylene bithiophenedicarboxylates) with different num-
ber of methylenic unit and those of the nGT series. This
one-to-one similarity implies that the bithiophene group
could be coplanar and behaves like a phenylene plane.
Because of this, the chain building and positioning was
very much simplified. Energy minimization and struc-
ture refinement in the space group P1 converged to R
= 11.6% while the total packing energy reached
—39.71kcal/mol. The calculated fiber pattern is shown
in Figure 8b. The final atomic coordinates of the y-form
are presented in Table 9. There is only one monomer

Macromolecules, Vol. 31, No. 7, 1998

unit per unit cell. Consequently, the midpoind of the
C8—C8' bond and that of the central bond of the
bithiophene group are located on crystallographic cen-
ters of symmetry. The crystal packing is characterized
by successive layers of aromatic planes and alkylene
planes as shown in Figure 7b. The two planar groups,
joined by the O2—C6 bond, are twisted around it by
76.8°. The bithiophene moieties are packed in a face-
to-face pattern, the interplanar distance is 3.56 A, a
value very close to that found in the 6BT6 model
compound, and relatively shorter than 3.7 A of poly(3-
alkylthiophene).“0 The tilt of the bithiophene plane with
respect to the ac and bc planes are 36.9° and 78.3°,
respectively. The methylenic sequence is in the all-
trans conformation. The dihedral angle between the
ester O—C=0 group and the adjacent thiophene is 1.7°.
The carboxylic group is in the trans position relative to
the sulfur atom. No inter- or intrachain close contacts
are detected.

To follow and confirm the conformational changes
taking place in the crystal transformation, the IR
spectra for 6BT6 single crystals and polymer fibers in
the different crystalline phases were recorded (Figure
9). In the model compound, a strong C=0 stretching
band was observed at 1725 cm™1, corresponding to the
S—C—C=0 in the trans conformation. In the P6BT
fibers, a doublet was found at 1725 and 1700 cm~! due
to the isomerization. The higher frequency band is
attributed to the trans conformation and the lower one
can be assigned to the cis isomer. Because of the
existence of an amorphous phase, these two bands are
always observed in the polymer samples. However, the
relative intensities are sensitive to the conformational
changes in the crystalline phase.*! In the o- and
p-forms, the lower frequency band is always the stron-
gest, confirming that the cis isomer is present in both
these forms. In the y-form, the relative intensities are
reversed, indicating that the cis isomer was transformed
into the trans isomer.

In addition, based on the combined X-ray structure
and IR spectra analyses of tetramethylene glycol diben-
zoate derivates,*? the strong absorbance at 1395 cm~?
and the absence of absorption at 1383 cm~! are indica-
tive of the methylenc sequence in an all-trans conforma-
tion, with torsion angle values near 180°. Meanwhile,
in the methylene rocking region, the strong absorption
at 950 cm~! and the absence of absorption at 917 cm™?
are also good indicators of an all-trans methylene
confomation.*3

The Mesophase. One of the interesting phenomena
of P6BT is the mesophase behavior. The DSC profiles
of Figure 3, show three endothermic peaks correspond-
ing to the phase changes, from the a- to the - and the
y-form and the melting of the latter. No further peak
was observed after melting of the y-form. On cooling,
only one crystallization peak is observed. The DSC
curves do not show any significant sign of liquid
crystalline behavior. However, when observed under
polarized light, a clear birefringent liquid with focal-
conic texture was observed after the polymer powder
was melted at ca. 172 °C. To avoid the influence of
melting of the preformed phase, the same powder
sample, whose DSC curve is shown at the top of Figure
3 was employed. Indeed, the powder melted at ca. 173
°C and became a birefringent liquid. The focal-conic
texture remains until the temperature exceeds 185 °C.
After shearing, no band texture was observed,
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Figure 9. Infrared spectra for (a) 6BT6 single crystals and (b) P6BT fibers of the pure y-form, (c) the pure a-form, and (d) the

pB-form (which includes a small fraction of the y-form).

indicating that the mesophase is probably not nematic.
On cooling, the melt crystallized at ca. 145 °C to become
a light yellow solid. The focal-conic texture was repro-
ducible in a second heating. A typical texture is shown
in Figure 10. To further confirm the liquid crystallinity,
the birefringent melt was quenched in liquid nitrogen,
and its X-ray powder pattern was recorded. Again,
surprisingly, two large angle reflections were recorded,
but no small angle reflections characteristic of layer
order of a smectic type of mesophase were observed.
Obviously, the possibility of smectic packing can be
excluded. Then, if one compares the d-spacings of these
two reflections, 5.42 and 3.77 A, they are very close to
those of the two strongest reflections, (020)/(210) and
(030)/(310), of the a-form. This suggests that, in the
lateral direction, the molecular chains in the mesophase
are arranged in a mode similar to that adopted in the
o-form. At the same time, the chains themselves are
conformationally disordered and arranged randomly
along the chain-axis direction. The chain arrangement
is depicted in Figure 11, where a plausible orthogonal
packing in the lateral direction, as found in the o-form,
was adopted. To our knowledge, this type of mesophase
has never been reported. We call it “pseudo smectic-E”
simply because of its orthogonal packing and absence
of long-range layer order. The occurrence of this unique
mesophase may be associated with the strong affinity
between aromatic planes in neighboring chains.

Conclusions

In this report, the synthesis, crystal structures, and
polymorphism of an alternating conjugated and non-
conjugated polyester, poly(hexamethylene 2,2'-bithio-
phene-5,5'-dicarboxylate) (P6BT) were investigated.
Three crystalline forms and a monotropic mesophase
were identified. The crystal structures were established

Figure 10. Texture of the P6BT mesophase (x120) recorded
at 180 °C.

using the model compound’s structural information and
chain and packing energy minimization. They are
confirmed by a comparison of observed and calculated
X-ray structure factors and by an IR conformational
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a) b)

Figure 11. Schematic representation of chain arrangement
in “pseudo smetic-E” mesophase: (a) along the chain axis; (b)
perpendicular to chain axis.

analysis. Annealing of the raw fiber at low temperature
(below 130 °C) yielded the pure o-form. This form is of
a paracrystalline nature and may be transformed into
the - and y- forms by melting and recrystallization
mechanisms upon annealing at elevated temperatures.
The intermediate S-phase is metastable and can be
transformed into the y-form by a prolonged annealing
at a higher temperature. A unique liquid crystalline
phase called “pseudo smetic-E” was observed during
heating. It is proposed that the chain arrangement in
the mesophase bears a very close similarity to the
o-form, possessing a two-dimensional orthogonal pack-
ing, while the chains themselves are conformationally
disordered and displaced randomly along the chain-axis
direction.

The crystal structure of a model compound, 6BT6, was
determined by single-crystal X-ray diffraction. It was
found that the molecule possesses a crystallographic
center of symmetry and packs in a triclinic cell. The
bithiophenedicarboxylic moiety is confined in the con-
jugated plane and arranged in a “face-to-face” pattern
in the crystal. The methylenic sequence is in a trans
conformation, and the whole molecule is of the shape
of letter “Z”.

The a-form of the polyester belongs to the monoclinic
system. There is a translational disorder of the chains
along the fiber axis. The chain is in a fully extended
conformation, the carbonyl group is in the cis orientation
relative to the sulfur atom. It is suggested that the
structure’s characteristics are related to the formation
of the mesophase.

The unit cell of the g-form belongs to the monoclinic
system, space group P2;/c. The bithiophenedicarboxlic
group is planar, and nearly parallel to the bc plane. The
aliphatic segment is in the all-trans conformation. The
overall appearance of the chain is that of a sine wave
having the a periodicity of 2 x 19.30 A.

The fiber pattern of the y-form reveals the existence
of preferred tilt. The tilt angle calculated from film
coordinates is 5.2°. The midpoints of the C8—C8' bond
and the C1—C1' bond coincide with the crystallographic
centers of symmetry of the P1 space group. The
bithiophene group is exactly coplanar and the carbonyl
group is well confined in the aromatic plane and thus
is a well conjugated unit. The carbonyl group is in the
trans orientation relative to sulfur atom in adjacent
ring. The methylenic sequence is in the trans confor-
mation. The chain packing is characterized by succes-
sive layers where the aromatic planes are arranged in
a “face-to-face” pattern, giving rise to s-stacking.

The structures were solved satisfactorily (R = 14.8%
for the g-form and 11.6% for the y-form) and the
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conformation was confirmed by IR conformational analy-
sis. In contrast to the common behavior of a shift to
shorter wavelengths upon heating, a bathochromic shift
was observed. This is attributed to the enhancement
of direct interactions between aromatic planes.*® A
detailed study of the related properties such as ther-
mochromism and electrical conductivity observed in this
series of alternating conjugated and nonconjugated
polyesters will be reported in a forthcoming paper.
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