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ABSTRACT: A series of polyesters, which are comprised of aromatic main chain backbones and flexible
aliphatic side chains with 4-cyanobiphenyl end groups, has been synthesized based on a polycondensation
of 2,2′-bis(trifluoromethyl)-4,4′-biphenyldiyldicarbonyl chloride with 2,2′-bis{ω-[(4-(4-cyanophenyl)phe-
noxy]-n-alkoxy)carbonyl]}-4,4′-biphenyldiol (PEFBP). For a PEFBP polyester containing eleven methylene
units in the side chains, PEFBP(n ) 11), multiple phase transitions can be found via differential scanning
calorimetry during cooling and heating at varying rates. Different phase structures are identified by
wide-angle X-ray diffraction and electron diffraction experiments, while morphologies of these ordered
states are observed by polarized light and transmission electron microscopy. During cooling, a high
temperature nematic (N) phase is formed at 193 °C independent of the cooling rate due to the combined
orientational order of the cyanobiphenyl groups in the side chains and the aromatic polyester backbones.
At a temperature of 90 °C, a new ordered low-temperature phase with an orthorhombic lattice (KO) starts
to form at a cooling rate equal to or slower than 10 °C/min. However, the formation temperature of this
phase is too close to the glass transition temperature (60 °C) to proceed to completion. Only at very slow
heating rates (e.g., 1 °C/min), can the KO phase further develop. This phase melts at around 120 °C
during heating and returns to the N phase. A new crystalline phase with a triclinic lattice at high
temperatures (KT1) appears at 130 °C. It then transfers to a second triclinic crystalline phase (KT2).
This KT2 phase melts at around 180 °C and, again, returns to the N phase. At 193 °C, isotropization
occurs. This complicated phase behavior can be explained by the monotropic origin of the KO and KT1

phases with respect to the KT2 phase, which are metastable in the whole temperature region.

Introduction

In recent years, a number of publications have focused
on the synthesis and structural characterization of rigid-
rodlike polymer backbones with flexible side chains.1-12

The backbones can be aromatic polyesters, polyanhy-
drides, polyamides, poly(benzobisoxazoles), poly(azo-
methines) and poly(glutamates). For flexible side chains,
most of the studies have concentrated on different
lengths of alkyl side chains (different numbers of
methylene units). The connections with a phenylene
ring are usually ether, ester, or thio groups at mono,
bis, or tetrakis positions on one backbone phenylene
group. Since the rigid-rodlike backbone and flexible side
chain are usually not miscible, these two components
tend to be separated. Molecular packing is often
considered to be two-dimensional single chains stacked
with other chains to form a three-dimensional structure.
The rigid-rodlike backbones aggregate to form a sheet-
like structure along one direction of lateral packing
between two side chain layers. Recently, a hexagonal
packing has also been speculated based on powder wide-
angle X-ray diffraction (WAXD).13

What influence the alkyl side chains have on the
structural formation of the phases in these polymers is
always one of the major questions in the condensed state
characterization of these materials. Structures ranging
from low-ordered liquid crystal to three-dimensional

long-range-ordered crystal phases have been reported.
Two extreme views of the backbone environments in the
materials are that (1) the rigid-rodlike backbones are
immersed in an alkyl liquid medium or (2) the backbone
chains and alkyl side groups participate in the same
crystalline lattice. Since almost every sample shows
layer structures due to the separation of the side chains
from the backbones, it is generally recognized that the
existence of the liquid crystalline phases are due to the
rigid-rodlike backbone chains. Most reports classify
these phases as smectic-like, hexagonal-like or sanidic
liquid crystalline phases. These phases may be formed
by supramolecular packing with larger lattice sizes.
This class of polymers may potentially be important

for technological applications such as alignment layers
in liquid crystal displays (LCDs) to obtain high pretilt
angles. After the polymer is coated onto the glass
substrate, mechanical rubbing can be applied to the
polymer thin layer surfaces. This procedure generates
pretilt angles on the layer surface which are necessary
to orient liquid crystal molecules along a specific direc-
tion in twisted or supertwisted nematic LCDs. Meth-
ylene side chains with cyanobiphenyl groups may help
to achieve high orientational efficiency of the liquid
crystalline molecules in LCDs. Along this research line,
we have synthesized a series of aromatic polyesters with
alkyl side chain groups based on the polycondensation
of 2,2′-bis(trifluoromethyl)-4,4′-biphenyldiyldicarbonyl
chloride with 2,2′-bis{ω-[(4-(4-cyanophenyl)phenyoxy]-
n-alkoxy)carbonyl]}-4,4′-biphenyldiol.14 The generalized
chemical structure of this series of polymers is
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with n ) 6-12, and is abbreviated as PEFBP(n). From
these polymers, the polyester containing eleven meth-
ylene units in the side chains, PEFBP(n ) 11), will be
addressed in this publication.
It is well-known that commercialized E7 liquid crystal

molecules from Merck are a mixture of cyanobiphenyls
with different lengths of methylene end groups. For a
cyanobiphenyl with 11 methylene units, it is a crystal
(K) phase that is found which melts at 71.5 °C to enter
a smectic A (SA) phase and this SA phase reaches the
isotropic melt at 87.5 °C.15 When the cyanobiphenyl
molecules are grafted onto flexible polymer backbones
as side groups, such as polyacrylate(n ) 11), liquid
crystalline behavior is still maintained in this side-chain
liquid crystalline polymer. It has a SA phase and
reaches the isotropic melt at 145 °C with a heat of
transition of 2.6 kJ/mol.16 Note that the SA T I
transition temperature increases more than 55 °C when
the small molecule is incorporated into the polymer.
This phenomenon has also been reported in polyoxetane
backbone chains with methylene side chains having
cyanobiphenyl end groups.17 It is interesting to compare
the transition behavior when the cyanobiphenyl groups
are connected with rigid-rodlike backbones via meth-
ylene units as in the present case. In this publication,
it will be shown that this rigid-rodlike polyester having
methylene units with cyanobiphenyl end groups exhibits
a complicated phase transition behavior, which may
result from the existence of monotropic phases.

Experimental Section
Materials and Samples. A series of polyesters

containing rigid-rodlike backbones with methylene units
and cyanobiphenyl groups was synthesized based on the
procedure in ref 14. For PEFBP(n ) 11), its molecular
weight per repeating unit is 1304 g/mol in which 520
belongs to the main chain and 784 is due to the side
groups. The intrinsic viscosity of this polymer is 0.5
dL/g in chloroform. An estimated degree of polymeri-
zation is around 10-15. Thermal degradation experi-
ments showed that in a dry nitrogen atmosphere, 2%
weight loss of the sample was at 350 °C at a heating
rate of 10 °C/min.
Polyester film samples (thickness of about 50 µm)

were solution cast and vacuum-dried and were used in
differential scanning calorimetry (DSC) and WAXD
powder experiments. For WAXD structural determi-
nation, fiber samples were spun from the nematic state
and were annealed at different temperatures below
those of the specific transitions. Thin films were
prepared from a solution casting method with film
thicknesses of less than 0.3 µm for transmission electron
microscopy (TEM) and electron diffraction (ED) experi-
ments.

Equipment and Experiments. DSC was per-
formed on a Perkin-Elmer DSC-7 with a cooling ap-
paratus. The temperature and heat flow were cali-
brated using standard materials at different cooling
rates between 1 and 40 °C/min. When the cooling and
heating rates are high, the sample weights were reduced
correspondingly in order to avoid thermal gradients
within the samples. To determine the transition tem-
peratures, onset temperatures were used. For cooling
experiments, onset temperatures were obtained on the
high-temperature side, while for heating experiments,
those temperatures were from the low-temperature side.
The heating and cooling cycles were also utilized in
order to examine the reversibility of the thermal transi-
tions and thermal stability of the samples.
Reflection WAXD experiments were conducted with

a Rigaku 12 kW rotating-anode generator (Cu KR)
coupled with a Geigerflex D/max-RB diffractometer
(with a radius of 185 mm). The X-ray beam was line
focused and monochromatized using a graphite crystal.
The beam size was controlled by the slit system (a
divergence slit of 0.5°, a receiving slit of 0.15 mm, and
a scattering slit of 0.5°). The reflection peak positions
and widths were carefully calibrated with silicon crys-
tals of known crystal size in a high angle region (>2θ
) 15°) and silver behenate in a low angle region (<2θ
) 15°). The angular deviation measured in WAXD was
(0.05° with an instrumentation function of 0.03°. For
WAXD powder patterns taken at room temperature, a
scanning rate of 0.5°/min was used in the 2θ angle
region of 1.5-35°. The heating and cooling experiments
at 1 °C/min were also performed on WAXD with a hot
stage. The scanning rate in this case was 7.0°/min in
the selected 2θ angle range. Background scattering was
carefully recorded and subtracted from the WAXD
patterns. In order to accurately determine the d-
spacings of the reflections, isothermal WAXD experi-
ments were conducted at the fiber annealing tempera-
tures after the samples were annealed for a prolonged
time. Fiber WAXD patterns were obtained using a flat-
plate vacuum camera attached to a Rigaku tube X-ray
generator. Exposure times were allowed to range from
1 to 5 days in order to identify both strong and weak
reflections. The same calibration procedure described
previously was followed. The unit cell determination
procedure based on reciprocal lattice approach was
described in detailed in one of our early publications.18
Computer refinement was conducted to achieve the fit
with the least error between experimental results and
calculated data based on a continuous refinement
program established in our laboratory.18

PLM observations were performed on an Olympus
(HB-2) microscope coupled with a Mettler (FP82) hot
stage, while a JEOL (1200 EX II) TEM was utilized to
study morphology and to determine ordered structures
in the sample. An accelerating voltage of 120 kV was
used in the TEM. The thin polyester films were
shadowed by Pt and coated with carbon for TEM
observations. For ED experiments, a tilting stage was
also used to determine all three dimensions of the unit
cells. Calibration of the ED spacing was done using
TlCl in a d-spacings range smaller than 0.384 nm, which
is the largest spacing for TlCl. Spacing values larger
than 0.384 nm were calibrated by doubling the d-
spacing of those reflections based on their first-order
reflections. The thermal histories of the polyester films
were the same as those in WAXD experiments.
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Results and Discussion

Phase Transition Behavior. Figures 1 and 2 show
two sets of DSC cooling and subsequent heating dia-
grams at different rates (between 1 and 40 °C/min) for
PEFBP(n ) 11). Over the whole cooling rate range
studied (Figure 1), one high-temperature exothermic
onset can be found at around 193 °C. This transition

temperature onset and the heat of transition (2.4 kJ/
mol) of this exothermic peak are cooling rate indepen-
dent. When the cooling rate is 10 °C/min or slower, a
low-temperature exothermic peak can also be observed
with an onset temperature around 90 °C. Again, this
transition temperature shows little cooling rate depen-
dence. However, the heat of transition increases with
decreasing cooling rate. Note that this transition is
close to the glass transition temperature of this polymer
(60 °C). It is speculated that at least the high-temper-
ature exothermic process found during cooling may be
associated with a liquid crystalline transition, which
generally does not exhibit cooling rate dependence.
During heating above a rate of 10 °C/min, as shown

in Figure 2, it seems that only the high-temperature
endothermic onset can be found at 193 °C. However,
at heating rates of 10 °C/min or slower, a low-temper-
ature endothermic peak starts to appear at an onset
temperature of 100 °C (a peak temperature of 108 °C).
The heat of transition increases with decreasing heating
rate since slow heating may provide additional op-
portunities to develop this ordered structure. At the
slow heating rate, a small exothermic process can also
be seen just above the glass transition temperature
(around 80 °C) and below the endothermic peak at 100
°C. This may be associated with the further ordering
process for the low-temperature phase. Annealing
experiments for prolonged times at 90 °C lead to further
development of this phase structure, which always melts
at around 100 °C in combination with minor transfor-
mation of the crystalline phases.
Furthermore, there is a broad exothermic process

which occurs at around 145 °C after the low-tempera-
ture endothermic peak. The broad shape of this exo-
thermic process indicates that this peak may include
more than one thermal process (see below). A large
endothermic peak can then be seen at around 170 °C.
The heat of transition of this endothermic peak is 26.1
kJ/mol. If one carefully examines the DSC heating
curve at 2.5 °C/min, this endothermic peak can also be
observed, but with a much smaller heat of transition.
At heating rates in excess of 2.5 °C/min, this endother-
mic peak cannot be seen. Since this temperature is
more than 100 °C above the glass transition tempera-
ture, molecular motion should not be a determining
factor for this phase transformation. Thus, this phase
formation should be considered as an energy barrier
controlled process, which is typically found in a crystal-
lization process. Further heating leads to the high
temperature endothermic onset at 193 °C which appears
at every heating rate between 1 and 40 °C/min. Again,
both the transition temperature and the heat of transi-
tion are heating rate independent. It should be pointed
out that these DSC results are completely reproducible
over multiple heating and cooling cycles.
These phase transitions which occur at a heating rate

of 1 °C/min between 100 and 190 °C apparently do not
take place during cooling at the same rate. This may
be an indication that the high-temperature phase
formed at 193 °C is only a low-ordered liquid crystalline
phase and that this phase may only provide seeds but
not have enough time to induce additional phase forma-
tions during cooling. After this phase is cooled slowly
toward the glass transition temperature, a new low-
temperature phase forms at 90 °C. Although it melts
at an onset temperature around 100 °C during heating,
development of other phases may overlap during or
shortly after this melting process. However, DSC

Figure 1. Set of PEBFP(n ) 11) DSC cooling curves from
the isotropic melt to room temperature at different cooling
rates.

Figure 2. Set of PEBFP(n ) 11) DSC heating curves from
room temperature to the isotropic melt at different heating
rates.
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experiments alone do not provide detailed structural
identification of the phases and their phase relation-
ships.
Phase Structural Changes. Figures 3 and 4 show

two sets of WAXD powder patterns for the PEFBP(n )
11) sample at different temperatures during both cooling
and heating at 1 °C/min. These data can be compared
with the DSC heating and cooling diagrams performed
at the same rate in order to recognize the phase
structural changes which correspond to the thermal
transitions. In Figure 3, WAXD cooling patterns from

210 °C do not provide any sharp Bragg reflections over
the whole 2θ range from 1.5 to 30° when the tempera-
ture passes through the high-temperature exothermic
peak (193 °C) in DSC. A sudden shift of the average
d-spacing of a diffuse scattering halo around 2θ ) 20°
can be observed. Note that the diffuse halo is a
characteristic of the average distance between lateral
chains. This phenomenon has been commonly seen in
the case of the transitions from the isotropic melt (I) to
a nematic (N) or a low-ordered smectic A or C (SA or
SC) liquid crystalline state as in the cases of polymer
synthesized from the coupling of 1-(4-hydroxyphenyl)-
2-(2-methyl-4-hydroxyphenyl)ethane and odd-numbered
R,ω-dibromoalkanes19 and N-[4-(chloroformyl)phenyl]-
4-(chloroformyl)phthalimide and different diols contain-
ing 4-12 methylene units (PEIM).20 Therefore, the
structural change which corresponds to the exothermic
onset occurring at 193 °C in the DSC experiments
(Figure 1) should be characterized as an I f N phase
transition. Continuously decreasing the temperature
does not introduce any sharp Bragg reflections until the
temperature reaches 90 °C. At that temperature, a low-
angle reflection at around 2θ ) 5° can be found, which
corresponds to the low-temperature DSC exothermic
peak (Figure 1). The correlation length of this low-angle
reflection is 4 nm, which is smaller than traditional
correlation lengths of a layer structure in a low-ordered
polymer SA or SC phase. In the high-angle region, the
width of half-height for the scattering halo decreases
at 90 °C, indicating an increase in the correlation length
of the lateral chain packing order. Although this low-
angle reflection clearly indicates the formation of a new
low-temperature phase, it is not certain at this moment
whether this reflection represents a layer structure in
this phase.
In heating, as shown in Figure 4, the low-temperature

phase is retained until 110 °C. This phase then melts
and the WAXD patterns return to the Bragg-featureless
scattering (the N phase; see below). At 130 °C, new
reflections start to appear in both the low- and high-
angle regions with relatively weak intensities, indicat-
ing the formation of a new crystalline phase. At 140
°C, the WAXD Bragg reflection intensities suddenly
increase and several new reflections appear such as at
2θ ) 16.6° and relatively weak reflections at 2θ > 22°.
These observations indicate that this phase formed at
130 °C may only exist in a 10 °C temperature interval.
Above that temperature, another new phase forms,
which has somewhat different reflections and stronger
reflection intensities from those of the previous phase
at 130 °C. This new phase disappears at around 180
°C, and the WAXD patterns again show the Bragg-
featureless scattering. At an even higher temperature
of about 195 °C, a sudden shift of the d-spacing of the
scattering maximum can be seen, indicating the transi-
tion to isotropization from the N phase.
In order to identify these three phases observed

during cooling and heating experiments, isothermal
WAXD experiments were also conducted. As shown in
Figure 5, the three isothermal WAXD powder patterns
after prolonged annealings represent three different
ordered structures, confirming the phase structure
changes based on WAXD cooling and heating experi-
ments. Although the changes in phase structure during
the transitions can be found in these WAXD powder
experiments, they do not provide the structural sym-
metry and unit cell lattices due to the lack of dimen-
sionality of these reflections. WAXD fiber patterns and

Figure 3. Set of PEBFP(n ) 11) WAXD powder patterns
during cooling at different temperatures (cooling rate of 1 °C/
min).

Figure 4. Set of PEBFP(n ) 11) WAXD powder patterns
during heating at different temperatures (heating rate of 1
°C/min).
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ED results are therefore necessary in order to classify
these different states.
Phase Structural Identifications. The phase

formed at 193 °C during cooling has been identified as
an N phase using WAXD powder results. It can be
further confirmed by using PLM morphological observa-
tions as shown in Figure 6. For a monodomain film
sample at 185 °C, liquid crystalline defects are obvious,
while for the sheared sample at that temperature, a
banded texture is evidently perpendicular to the shear
direction. Both morphologies reveal the existence of an

N phase. In particular, the N phase morphology in
Figure 6a is close to the morphology observed in
cyanobiphenyl liquid crystals.21 However, the heat of
transition of the I T N for polyacrylate(n ) 11) contain-
ing cyanobiphenyl liquid crystals is 2.6 kJ/mol, while
that of PEFBP(n ) 11) is 2.4 kJ/mol. Note that in
PEFBP(n ) 11), the side groups only occupy 60% of the
mass of the polymer. If this N phase is attributed solely
to the cyanobiphenyl side group contribution, the heat
of transition is thus calculated to be 1.6 kJ/mol, which
is much lower than that of the polyacrylate(n ) 11)
analog. Furthermore, side-chain liquid crystalline poly-
mers usually do not exhibit banded textures after
mechanical shearing. These experimental facts indicate
that the high-temperature N phase may be attributed
to a combination of the cyanobiphenyl side chains and
the main chain backbones of the polymer. When the
monodomain sample is cooled to room temperature
quickly, the liquid crystalline morphology is retained,
and only a change can be found in the birefringence.
However, if the sample is annealed at 90 °C for a
prolonged time, a granular texture gradually develops
and overrides the monodomain texture. This granular
texture can be melted at 130 °C during heating to
recover the monodomain texture. On the other hand,
if we start with a polydomain sample which exhibits a
granular texture at high temperature, a decrease of the
granular size can be observed when the sample is
annealed at 90 °C. Again, the original granular size
can be recovered after the sample is heated up to 130
°C (melting of the low-temperature phase).
When fibers were annealed at a temperature of 90

°C, WAXD fiber patterns exhibit reflections not only on
the equator and meridian but also in quadrant (Figure
7). Using the reciprocal lattice method, an orthorhombic
unit cell can be deduced with dimensions of a ) 1.61
nm, b ) 1.04 nm, c ) 2.10 nm, and R ) â ) γ ) 90°.
The calculated crystallographic density is 1.236 g/cm3,
assuming it is two-chain orthorhombic. Due to the
difficulty of obtaining ED from single crystals in this
phase, the exact space group of this structure is not
certain. Twenty-one experimentally observed reflec-
tions and their calculated 2θ, d-spacings, and intensities
of reflections are available in Table 1 (in Supporting
Information). Note that a hexagonal packing possesses
a ratio between the a and b dimensions of a/b ) 1.73.
In this case, a/b ) 1.55. We speculate that this phase

Figure 5. Three isothermal WAXD powder patterns of
PEBFP(n ) 11) at (a) 90 °C, (b) 110 °C, and (c) 150 °C, which
are indications of three different ordered forms.

Figure 6. PLM micrograph of PEBFP(n ) 11) for the high
temperature nematic phase at 185 °C showing (a) unsheared
monodomain schlieren texture and (b) sheared banded texture
in film samples.

Figure 7. WAXD fiber pattern of a sample spun from the N
phase and annealed at 90 °C.
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may belong to a highly ordered smectic crystal or
relatively poor crystal phase (the KO phase).22,23 This
crystal phase corresponds to theWAXD powder patterns
at 90 °C in Figure 5a. A careful analysis shows that
these reflections in Figure 7 are more diffuse and
weaker in comparison with typical WAXD fiber patterns
of this polymer (see below). Their calculated correlation
lengths are in a range from 4 to 5 nm. In particular,
there is a pair of diffuse but strong equatorial reflections
at around 1.70 nm (2θ ) 5°) on the equator, which
corresponds to the broad reflection in WAXD powder
patterns in the low-angle region (Figures 3 and 4). In
fact, this pair of reflections possesses the strongest
intensity among all of the reflections. One may specu-
late that this low-angle reflection represents a contribu-
tion from main-chain backbones aligned along the fiber
direction. Between the main-chain backbones, the side
chains reside, which lead to the difference in electron
density and, therefore, form the periodicity of 1.70 nm
perpendicular to the fiber direction. The cause of this
pair of broad reflections on the equator is thus due to
an intermolecular packing of the main chain backbones.
Along the equator, another pair of diffuse scattering
spots can also be observed at around 0.45 nm (2θ ) 20°),
which represents the average d-spacing of the lateral
packing between molecules.
When the annealing temperature is increased to 115

°C, the WAXD fiber pattern of PEFBP(n ) 11) changes
drastically as shown in Figure 8. Sharp reflection spots
can be seen, which correspond well with the powder
pattern shown in Figure 5b. Its crystal lattice is
determined to be triclinic with dimensions of a ) 1.93
nm, b ) 1.73 nm, c ) 2.08 nm, R ) 90°, â ) 80°, and γ
) 93°. The crystallographic density is 1.266 g/cm3, and
four chains are included in one unit cell (the KT1 phase).
Fifty-eight observed reflections and their calculated 2θ,
d-spacings, and intensities are given in Table 2 (in
Supporting Information). The temperature region over
which this structure is stable is narrow (about 10 °C).
Again, a reflection of 1.56 nm on the equatorial is
attributed to the intermolecular packing of the main
chain backbones. A pair of diffuse scattering halos at
2θ ) 20° are weak and illustrate the lateral molecular
packing.
After further annealing at even higher temperatures

of around 150 °C, another crystalline phase is observed

(Figures 2 and 4). Figure 9 shows aWAXD fiber pattern
of this crystalline phase. The reflection spots cor-
respond well to the powder pattern in Figure 5c. A
triclinic unit cell can be obtained with dimensions of a
) 1.90 nm, b ) 1.74 nm, c ) 2.04 nm, R ) 90°, â ) 83°,
and γ ) 94°. The calculated crystallographic density
is 1.294 g/cm3, and there are four chains in this triclinic
lattice (KT2 phase). Seventy-three experimentally ob-
served and calculated reflections as well as their
intensities are listed in Table 3 (in Supporting Informa-
tion). In this structure determination, the pair of low-
angle reflections representing the intermolecular pack-
ing in both the KO and KT1 phases are not observed.
The diffuse scattering pair at 2θ ) 20° are almost
undetectable, indicating a high crystallinity in this
sample. It is interesting that this crystalline phase only
differs from the KT1 phase in a rotation of the b-axis by
3°. The γ angle changes from 93° in the KT2 phase to
94° in the KT2 phase.
These two triclinic unit cell assignments are also

supported by ED experiments in TEM as shown in
Figure 10 for the KT1 phase and Figure 11 for the KT2
phase. Figure 10a shows the lamellar crystalline
morphology of the KT1 phase grown at 110 °C, and its
ED pattern of the [101] zone is shown in Figure 10b.
This indicates that the chain axis is not perpendicular
to the substrate due to the triclinic unit cell but is tilted
by an angle of 7° with respect to the a-axis, since R )
90°. Figure 10c is an ED pattern after the sample in
Figure 10a is tilted by 38° to obtain the [001] zone
diffraction. In Figure 11a, it is clear that single lamellar
crystals can grow from the N phase at 150 °C. Figure
11b shows the ED pattern of the single crystals in
Figure 11a. Since the unit cell is, again, triclinic, the
direction of chain molecules is tilted 40° from the
substrate normal and leads to a [101] zone diffraction.
This figure provides an angle of 94° between the a- and
b-axes. However, a tilt of 40° with respect to the b-axis
in the ED experiments results in a [00l] zone diffraction
as shown in Figure 11c. Detailed reflection assignments
are also included in these figures.
We were puzzled as to whether these two crystal

structures, the KT1 and KT2, are truly representative of
two different phases or if they actually belong to the
same structure with a slight unit cell size change due
to, for example, anisotropic thermal expansion. Two

Figure 8. WAXD fiber pattern of a sample spun from the N
phase and annealed at 115 °C.

Figure 9. WAXD fiber pattern of a sample spun from the N
phase and annealed at 150 °C.
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issues are important here. The first issue is how
accurate our WAXD analyses are to unmistakably
identify these two structures. The answer for the
existence of these two structures is positive with a quite
high degree of confidence based on the current condition
of our WAXD facility. Note that the two WAXD fiber
patterns in Figures 8 and 9 are quite different in terms
of diffraction spot positions and intensities. For ex-
ample, there are six reflections with strong or medium
intensities in the KT1 fiber pattern which do not exist
in the KT2 fiber pattern. On the other hand, there are
15 reflections with strong or medium intensities in the
KT2 fiber pattern which cannot be found in the KT1 fiber

pattern. Furthermore, the ED experiments also indi-
cate the existence of the two structures.
The second issue deals with whether we have other

independent experimental evidence to support the
theory that there are two different phases. We have
carried out a study of the phase transformation kinetics
in a temperature region between 100 and 150 °C. If
these two structures actually belong to one phase, the
phase transformation kinetics should be represented as
one growth rate branch. However, these two structures
experimentally show distinguishable transformation
kinetics with two completely independent growth
branches. The growth rate of the KT1 phase between

Figure 10. (a) PEFBP(n ) 11) TEM and ED results for a (a) single lamellar crystal grown from the nematic phase at 110 °C and
(b) the ED pattern along [101]zone and (c) the tilted ED pattern along [00l] zone.

Figure 11. (a) PEFBP(n ) 11) TEM and ED results for a (a) single lamellar crystal grown from thenematic phase at 150 °C and
(b) the ED pattern along [101]zone, and (c) the tilted ED pattern along [00l] zone.
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100 and 110 °C is about several times to 1 order of
magnitude slower than that of the KT2 phase between
120 and 140 °C. A sharp rate minimum exists at 110
°C. Our preliminary results from solid state carbon-13
nuclear magnetic resonance also indicate that the
electron environments of the carbonyl, methylene, and
phenylene carbon nuclei (chemical shifts) as well as
mobility of the rigid components in cross-polarization
spectra with magic angle spinning in the KT1 phase are
substantially different from those of the KT2 phase. All
of these results will be extensively discussed in future
publications.
Although the majority of the crystalline morphology

of the crystalline phase is composed of spherulites and
axialites, it is also possible to grow sizable single
lamellar crystals which can even be observed under
PLM as shown in Figure 12. Not only is this dependent
upon the crystallization conditions, but it °is also largely
associated with the sample geometry and the substrate
surfaces. A more or less rectangular shape can be
observed. Careful measurement indicates that one of
the angles of this single lamellar crystal is 80° and its
corresponding supplementary angle is 100°. Note that
in Figure 11b, the angle between the (020) and (101h) is
also 80°. This indicates that the single lamellar crystals
observed in PLM as shown in Figure 12 also possess
the [101] zone. The thickness of these single lamellar
crystals is roughly 20-30 nm. This is also supported
by the calculated correlation length of the (001) plane,
which is approximately 25 nm. These values roughly
correspond to the length of an extended backbone chain
(a product of the degree of polymerization and repeating
unit length, and the chain is 40° tilted from the subtract
normal). We speculate that they are extended chain
crystals. However, further experiments are necessary
in order to obtain definitive conclusions.
Should these crystals be classified as sanidic liquid

crystals? The definition of a sanidic or “boardlike” liquid
crystals (Σ phase) shows four possible structures: ΣOb,
ΣOu⊥, ΣOu|, and Σd.1,24 They represent positional orders
which exist along both the chain and perpendicular to
the chain directions, only along the direction perpen-
dicular to the chain, only along the chain direction, and
along neither of the directions, respectively. The mol-
ecules have a boardlike shape and associate into a
layered structure. Dimensions of the a- and b-axes in
a sanidic unit cell is thus very anisotropic. In our case,
the molecular shape is not boardlike since two side
chains are not on the same geometric plane. The two
phenylene groups in the diols are twisted almost 90°
away from each other due to the steric hindrance of the

side chains at the 2- and 2′-positions of the phenylenes.
The a and b dimensions of all three unit cells (the KO,
KT1, and KT2 phases) are not substantially anisotropic.
More importantly, in at least the KT1 and KT2 phases,
(hkl) reflections are clearly shown, revealing that three-
dimensional crystal structures do exist which can be
resolved by classical crystallographic analyses. This
implies that they are truly crystal solids rather than
liquid crystalline states.
Transition Thermodynamics and Structural For-

mation Mechanisms. In order to explain the compli-
cated phase behavior which was observed in PEBFP(n
) 11), it is important to correctly understand phase
transition thermodynamics. Figure 13 systematically
illustrates relationships between the Gibbs free energy
and temperature for each of the phases and phase
transitions between them. Note that the first derivative
of the Gibbs free energy with respect to temperature is
-S (entropy) and the second derivative of this free
energy with temperature is -Cp/T (a ratio between heat
capacity and temperature). These five phases are as
follows: the I (isotropic) melt, the N phase formed by a
combination of cyanobiphenyl side chain and backbones,
the KO phase, the KT1 phase, and finally the KT2 phase.
The samples undergo the I f N transition during
cooling since this is a near-equilibrium transition.
However, the samples can bypass both the crystalline
KT1 and KT2 phases and even the KO phase at fast
cooling rates. Only at a cooling rate of 10 °C/min or
slower can the KO phase form. This is due to the fact
that, for the KT1 and KT2 phases, a nucleation process
is necessary which requires undercooling to overcome
the nucleation barrier for the development of these
phases. The KO phase forms close to the glass transition
temperature of the polymer, and hampered molecular
mobility may become the major factor which impedes
the phase transformation. A similar observation has
also been reported in the case of PEIM(n ) 7) where
the SA phase transition temperature from the isotropic
melt is only 11 °C higher than its glass transition
temperature, and the transition kinetics are hampered
mainly due to molecular motion.25 When the samples
are heated, the KO phase melts first to enter the N
phase, and shortly thereafter they further transfer to
the KT1 phase. Next, the KT1 phase transfers to the KT2
phase. Finally, the KT2 phase melts to enter the N
phase again, and this phase transfers to the isotropic
melt at an even higher temperature.
It is important to notice that the KO phase in this G

vs T diagram (Figure 13) is monotropic with respect to
both the KT1 and KT2 phases and that the KT1 is also

Figure 12. PLM micrograph of a PEFBP(n ) 11) single
lamellar crystal grown from thenematic phase at 150 °C.

Figure 13. Thermodynamic relationships between the Gibbs
free energy and temperature for the phases and phase transi-
tions in PEFBP(n ) 11).

Macromolecules, Vol. 30, No. 21, 1997 Liquid Crystalline Polyesters 6505



monotropic with respect to the KT2 phase. Therefore,
the KO and KT1 phases are thermodynamically meta-
stable in the whole temperature region, and they are
monotropic. Experimentally, the monotropic phase can
be observed only if the stable phase is bypassed due to
the necessity of undercooling required to overcome the
free energy barrier during the transition. The KO
undergoes a melting process to return to the N phase
before the KT1 phase is formed from this N phase, as
observed in WAXD powder patterns (Figures 3 and 4).
However, it is difficult to determine the transition
behavior between the KT1 and KT2 phases due to the
very narrow temperature region in which KT1 is kineti-
cally stable. Further experiments are needed to explore
this issue.
The remaining issue is to determine what role the

side-chain methylene units play in these phase behav-
iors. Since both the glass transition and the crystal
melting temperatures of the C11 are much lower than
room temperature, it has been speculated in the past
that the rigid polyester backbones reside in a medium
of liquid alkyl chains. However, in this case, there is a
cyanobiphenyl group on the end of each of the C11 side
chains. It is known that cyanobiphenyl small molecules
show liquid crystalline behavior with two types of
packing (parallel and antiparallel). At high tempera-
tures, it seems that the cyanobiphenyl side chains
combine with the backbone chains to form the N phase
which melts at 193 °C. Do cyanobiphenyl groups take
part in the crystalline order in the KT1 and KT2 phases?
If they do, what effect does that have on the methylene
units? From our experimental structure analyses, it is
evident that both the KT1 and KT2 phases possess high
crystallinities of around 0.64 and 0.77 for bulk samples
and 0.70 and 0.85 for fiber samples, respectively. Note
that the main chain backbones only occupy 40% of the
overall weight of the polymer. Even if both the cyano-
biphenyl groups and the backbone chains are fully
crystallized, they only count for 76% of the overall
weight of the polymer, which is lower than 0.85 crystal-
linity in the fiber samples. Specifically, few traces of
nematic and amorphous scattering at around 2θ ) 20°
can be found in the WAXD fiber pattern of the KT2
phase. It is speculated, therefore, that the methylene
units may also be included in the crystalline lattice.
However, solid-state carbon-13 nuclear magnetic reso-
nance experiments and detailed atomic structure simu-
lation must be conducted in order to understand the
molecular mobility of different carbon nuclei and the
molecular and supramolecular packing in the different
crystal unit cells. These works are currently under
investigation.

Conclusion

We have reported complicated phase behavior in a
rigid-rodlike polyester which consists of C11 methylene
units with cyanobiphenyl end groups. Five different
phase structures which exist in this polymer have been
identified utilizing combined techniques of WAXD, ED,
and morphological observations under PLM and TEM.
In decreasing temperature sequence, they are as fol-
lows: the I (the isotropic melt), the N (the nematic liquid
crystal phase), the KT2 (the high temperature triclinic
crystalline phase), the KT1 (the low temperature triclinic
crystalline phase), and the KO (the highly ordered
smectic crystal or relatively poor crystal having an
orthorhombic lattice) phases. The phase transitions can
be understood using thermodynamics (the plot of Gibbs

free energy vs temperature) and kinetic effects (under-
cooling dependence due to crystal nucleation and slow
molecular motion due to temperatures close to that of
the glass transition). Among them, the KO and KT1
phases are monotropic with respect to the KT2 phase. It
is speculated that the cyanobiphenyl side chains may
play an important role in the formation and stabilization
of these different phases.
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