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ABSTRACT: A series of liquid crystalline copolyethers have been synthesized from 1-(4-hydroxy-4'-
biphenyl)-2-(4-hydroxyphenyl)propane with 1,7-dibromoheptane and 1,11-dibromoundecane (coTPPs-7/
11). This represents the copolyethers containing only odd numbers of methylene units in both comonomers.
The molar ratio between these two comonomers in this series ranges from 1/9 to 9/1. The coTPPs-7/11
exhibit multiple phase transitions during cooling and heating in differential scanning calorimetry
experiments. In each of these thermal transitions, only a small undercooling and superheating dependence
is observed upon cooling and heating at different rates. All of the coTPPs-7/11 possess similar phase
behavior based on the structural analyses using wide-angle X-ray diffraction (WAXD) on both powder
and fiber samples and electron diffraction experiments on thin-film samples in transmission electron
microscopy. The low-temperature phase is identified as a tilted hexagonal columnar (®14) phase with
multiple tilt angles between molecular axes and the hexagonal lattice normal. However, the hexagonal
lateral dimensions in a &4 phase with various tilt angles are identical. This &4 phase transforms to
another columnar (®') phase during heating at approximately 140 °C, as evidenced by the temperature-
resolved WAXD fiber patterns. In this transition, the laterally ordered reflections from the (110) and
(200) planes in the quadrants move toward the equator, corresponding to the decreased tilt angles. The
discontinuous change in both the lateral d spacings and tilt angles represents a first-order transition.
The columnar—columnar phase transition may be associated with the conformational disorder of the
methylene units according to the infrared spectroscopic observations. Further heating of the samples
leads to transitions from the @' to a nematic (N) phase and from the N phase to the isotropic melt.
Combining the copolymer phase behaviors observed with the corresponding homopolymers TPPs(n = 7
and 11), a phase diagram describing transition temperatures with respect to the composition can be
constructed. Their transition properties are also discussed.
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Introduction

In the previous publications, we have reported the
phase identifications of a series of main-chain liquid
crystalline (LC) polyethers synthesized from 1-(4-hy-
droxy-4'-biphenyl)-2-(4-hydroxyphenyl)propane (i.e., TPP
mesogen) and a,w-dibromoalkanes [TPP(n)], where
highly ordered smectic F (Sg), smectic crystal G (SCg),
and H (SCy) phases have been assigned.’=3 The phase
structure and transition behavior are strongly depend-
ent on the number of methylene units. We summarize
the most important experimental results from the
TPPs(n = 7 and 11) since the current study in-
volves copolyethers synthesized from the TPP mesogen
with 1,7-dibromoheptane and 1,11-dibromoundecane
(coTPPs-7/11). The TPP(n = 7) exhibits the following
phase transition sequence:?
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glassy state <> SCy <> Sp <> N < |

and a SCy phase is added for the TPP(n = 11) at low
temperatures:?

glassy state <= SC, <> SC; < S < N < |

The chain orientation in the Sg and SCg phases of
TPP(n =7) is tilted approximately 14° and 16° from the
fiber direction, respectively.?2 The tilt angle becomes 7°
for TPP(n = 11) in the Sg phase, but the molecular axis
is parallel to the fiber direction in the SCg and SCy
phases.2 The transition thermodynamic properties (tem-
peratures and heats of transitions),2=6 molecular dy-
namics in different phases,” surface-induced phase
structures,® and structural and morphological evolutions
in TPPs® have also been investigated.

The first columnar (®) LC phases were identified in
small molecular disklike compounds in 1977.1° Liquid
crystals and LC polymers containing discotic mesogens
have since become a topic of considerable interest.11-18
However, recent studies have revealed that many
conventional flexible polymers also exhibit ® phases,
which do not require the presence of discotic meso-
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gens.1920 The ® phases are characterized by the exist-
ence of lateral long-range order in two dimensions and
an absence of such order in the third direction. From a
symmetry point of view, the calamitic ® phases with
rodlike mesogens are identical to those known to form
by small molecular discotic liquid crystals. TPP copoly-
mers with various methylene unit lengths is one ex-
ample of main-chain LC polymers containing rodlike
mesogens to exhibit hexagonal columnar phases (®).2422
These copolymers generate aperiodicity and disturb the
long-range order along the chain direction compared to
their homopolymer counterparts. The @y phases result
from the cylindrical columns formed by individual chain
stems, in contrast to discotic ® phases where the
columns are formed by the stacking of disklike mol-
ecules.

In our recent work on the coTPPs-n/12(5/5) (copoly-
ethers containing a varying odd number (n =5, 7, 9,
and 11) and a fixed even number (m = 12) of methylene
units with fixed compositions at an equal molar ratio
of 5/5),21 highly ordered smectic phases are found when
the comonomer lengths are close, such as in the coTPP-
11/12(5/5). However, a ®y phase is observed for the
increased dissimilarity of comonomer lengths, because
the mismatch of the mesogenic groups destroys the
longitudinal order along the chain direction, as in the
coTPP-5/12(5/5) and coTPP-7/12(5/5). We have also
reported a series of coTPPs-7/12 with different comono-
mer compositions,? where highly order smectic, ®, and
tilted hexagonal columnar (®1H) phases were found to
be composition-dependent. The chain orientation is
tilted with respect to the hexagonal normal in a tilted
phase.

In this study, the coTPPs-7/11 with only odd numbers
of methylene units are investigated. By changing the
composition of two comonomers, we monitor the phase
structural evolution and transition behavior. Further-
more, the difference between the odd—odd and odd—
even (e.g., coTPPs-7/12) systems can be recognized
through this study. The goal is to increase our under-
standing in identifications and classification of new
phases and phase transformations related to columnar
phases.

Experimental Section

Materials. The series of coTPP-7/11 were synthesized by
random copolymerization from 1-(4-hydroxy-4'-biphenyl)-2-(4-
hydroxyphenyl)propane with 1,7-dibromoheptane and 1,11-
dibromoundecane. The detailed synthetic procedure of TPP
mesogens and homoTPPs has been published elsewhere.?® The
chemical structure of the coTPPs-7/11 is

O-oe-
H3sC ]

L X

@ O(CH32), 1_1
H3C ]

L y

The compositions (x/y) of coTPPs-7/11 varied from 1/9 to 9/1
in the molar ratio. Samples studied were characterized via gel
permeation chromatography in chloroform based on polysty-
rene standards. Their number-average molecular weights (M)
ranged between 20 000 and 30 000 g/mol.
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Instrument and Experiments. Thermal behaviors were
examined by using a differential scanning calorimetry (DSC).
Experiments were performed on a Perkin-Elmer DSC-7 in-
strument. The temperature and heat flow were calibrated
using standard materials at different scan rates. Initial sample
weights of approximately 3 mg were used. The cooling and
heating experiments were conducted at various rates between
2.5 and 40 °C/min in a nitrogen atmosphere. The transition
temperatures were determined by measuring the onset cooling
temperatures and extrapolating them to 0 °C/min.

Wide-angle X-ray diffraction (WAXD) experiments were
carried out using a 12 kW rotating-anode generator (Cu Ka)
in combination with a Geigerflex D/max-RB diffractomter. The
reflection peak positions and widths were calibrated with
silicon powder (26 > 15°) and silver behenate (26 < 10°).
WAXD powder samples were prepared by heating and then
pressing the samples at nematic (N) temperatures. Powder
patterns were taken at a scan rate of 10°/min within the 20
angle region of 2°—30°. Heating and cooling experiments were
conducted at a rate of 2.5 °C/min utilizing a hot stage in
conjunction with the diffractometer. Background scattering
was recorded and subtracted from the sample patterns.

Fiber WAXD patterns were obtained using an imaging plate
(Rigaku automated imaging system with 3000 x 3000 pixel
resolution) equipped with a built-in hot stage. Calibration
again was conducted using silicon powder and silver behenate.
Fibers were prepared by drawing the samples from the LC
phase where applicable. Samples were then heated to elevated
temperatures and illuminated with a point-focusing X-ray
beam. A typical exposure time for fiber samples was 30 min.

An Olympus BH-2 polarized light microscopy (PLM) with a
Mettler hot stage (FP-90) was used to observe and analyze
morphological changes during thermal transitions. The films
were prepared using melt-pressed coTPPs between two glass
slides. Several mechanically sheared samples were also ex-
amined to identify the N phase. Sheared samples were
prepared by heating samples at temperatures characteristic
of the N phases then shearing them with a razor.

Transmission electron microscopy (TEM) was performed
with a JEOL (1200 EX I1) instrument at an accelerating
voltage of 120 kV. CoTPP thin films were solution cast on
amorphous carbon-coated surfaces at a concentration of 0.1%
(w/w) in tetrahydrofuran. The thin films were shadowed with
Pt and coated with carbon for TEM observations. Spacing was
calibrated using TICI for electron diffraction (ED) experiments.

A Mattoson Galaxy 5000 instrument coupled with a hot
stage was employed for Fourier transform infrared (FTIR)
spectroscopy measurements. The films of coTPPs were solution
cast on sodium chloride (NaCl) pellets followed by drying under
vacuum. The samples were heated to the isotropic melt and
then cooled to room temperature before heating to preset
temperatures for IR study. Spectra were recorded with a
resolution of 2 cm™ and 40 scans at each sampled tempera-
ture.

Results and Discussion

Thermal Transitions in coTPPs(7/11). As one
example, Figure 1 shows a set of DSC cooling and
subsequent heating thermal diagrams of the coTPP-7/
11(1/9) at different rates. Each of these thermal dia-
grams apparently exhibits two major exothermic (in
cooling) or endothermic (in heating) events. However,
the high-temperature transition at approximately 170
°C actually consists of two overlapped transitions, which
can be identified on slow cooling such as at 2.5 °C/min.
The onset temperatures of transitions in the coTPPs-
7/11 show small undercooling (superheating) depend-
ence at various cooling (heating) rates. For instance, the
highest-temperature transition of coTPP-7/11(1/9) oc-
curs at 168 °C (extrapolated to 0 °C/min), and it shows
only a 2 °C undercooling dependence between 2.5 and
40 °C/min. In general, undercoolings of the onset tem-
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Figure 1. Set of DSC curves of the coTPP-7/11(1/9) at
different cooling and heating rates.
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Figure 2. Set of DSC cooling curves for all of the coTPPs-7/
11 and homoTPPs(n = 7 and 11) at 10 °C/min.

peratures for the coTPPs-7/11 are only a few degrees
for the scans between 2.5 and 40 °C/min. These transi-
tions are thus close to thermodynamic equilibrium and
may be associated with the LC structural changes as
in other main-chain LC polymers.24—28

To provide an overview of thermal behavior of
coTPPs-7/11, Figure 2 shows DSC cooling diagrams of
all the copolymers studied at 10 °C/min. Both diagrams
of the homoTPPs(n = 7 and 11) are also included for
comparison. It is evident that the lowest-temperature
transition at approximately 100 °C for TPP(n = 11) does
not exist in the coTPPs-7/11, implying the possible
suppression of highly ordered LC phases in the copoly-
mers. The high-temperature transition in every copoly-
mer is attributed to the two overlapped transitions
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Figure 3. WAXD powder patterns of the coTPPs-7/11 taken
at room temperature after the samples were cooled from the
isotropic melt at 2.5 °C/ min.

having very close transition temperatures, as in the case
of coTPP-7/11(1/9) (Figure 1). Therefore, with the low-
temperature transition at approximately 140 °C, three
transition processes can be determined in the coTPPs-
7/11 on the basis of the DSC observations.

Low-Temperature Structure ldentifications. Fig-
ure 3 describes a set of WAXD powder patterns obtained
at room temperature after coTPP-7/11 samples were
cooled from the isotropic melt. All of the WAXD patterns
are similar, possessing two intense reflection peaks at
260 angles of 19°—21°. These reflections have relatively
broad full widths at half-height compared to those
observed in the coTPPs-n/12.21 The first reflection
gradually changes its peak position from 19.7° in coTPP-
7/11(1/9) to 19.4° in coTPP-7/11(9/1), whereas the second
reflection shows much less change at approximately
20.4° as a function of composition. Since reflections in
the high-angle region are usually associated with the
neighboring lateral molecular packing, a decrease in the
20 value of the first reflection should be associated with
an increased lateral d-spacing, corresponding to a looser
packing due to the increased incorporation of seven-
numbered methylene units (shorter comonomer). WAXD
fiber patterns are required to exactly identify the phase
structure and type of order in these samples, since
powder patterns do not provide the structural dimen-
sionality of these ordered phases.

All of the coTPPs-7/11 exhibit similar WAXD fiber
patterns at room temperature, as represented by the
coTPPs-7/11(5/5 and 9/1) in parts a and b of Figure 4.
Compared with those homoTPPs that exhibit highly
ordered smectic and smectic crystalline phases, the two
most striking features in the copolymer fiber patterns
are the disappearance of the sharp low-angle layer
reflections and the appearance of multiple wide-angle
reflections in the quadrants. This illustrates the com-
pletely different phase structures of these coTPPs-7/11
from those of the homoTPPs(n = 7 and 11).2 As shown
in Figure 4, the multiple wide-angle reflections of the
coTPPs-7/11 are almost aligned on a pair of “lines”



5162 Zheng et al.

Macromolecules, Vol. 33, No. 14, 2000

A Fiber Direction

o

(a)

- IR—

(b)

Equator

. —— i i

Figure 4. Room-temperature WAXD fiber patterns of (a) coTPP-7/11(5/5) and (b) coTPP-7/11(9/1).

nearly parallel to the meridian direction. In fact, these
reflections in the quadrants construct the two relatively
broad reflection peaks observed in the powder patterns
in Figure 3 (see circles in Figure 4). The overlaps occur
due to the very close 26 values of the reflections and
the limited resolution of WAXD powder patterns. This
phenomenon has not been found in the coTPPs-n/12,
each of which only presents a single narrow reflection
on the equator.?!

On the basis of the structural analysis and LC
classification,?®=32 we propose that the coTPP-7/11 fiber
patterns at room temperature be attributed to a two-
dimensionally ordered @ty phase possessing various tilt
angles. The multiple reflections in any coTPP-7/11
sample can be separated into five or more sets, and each
includes the (200) and (110) reflections. The off-equator
and split of the (110) and (200) reflections are caused
by the tilted molecular axes with respect to the meridian
(also normal of the hexagonal lattice) as observed in
several homoTPPs and coTPPs.17321.22 To elaborate,
parts a and b of Figure 5 show the (110) and (200)

planes in real space, and Figure 5c shows the corre-
sponding reflections in reciprocal lattice. If o and o
represent the angles for the (110) normal and chain
direction with respect to the meridian, respectively, then
(90°—0) and 6 become the angles of the (110) and (200)
reflections tilted away from the equator. The ratio of
the (110) to (200) d spacings, the tilt angle of molecular
axis (i.e., f' = 90° + 9, where j' is the angle between
the chain orientation and a axis), and the values of o
and o possess a fixed geometric relationship. Therefore,
the lateral lattice dimensions can be calculated. For
instance, relationships of tgo-tgd = 2 and dxo/d110 =
0.5(3 sin2 ' + 1)¥2 hold for a hexagonal lateral packing.
Our analyses suggest that at room temperature the
coTPPs-7/11 possess a two-dimensional hexagonal pack-
ing along the cross section perpendicular to the merid-
ian. However, each set of the (200) and (110) reflections
corresponds to the certain molecular axis tilted at a
specific angle from the hexagonal lattice normal. Since
the molecular axis is identical to the preferred orienta-
tion of mesogenic groups, the arrangement in which the
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Figure 5. Structure and diffraction of a &1y phase: (a) and
(b) the (100) and (200) planes in real space and (c) the
corresponding reflections in reciprocal space.

chains orient, tilt, and pack leads to the identification
of a &ty phase.

Table 1 lists the dimensional parameters of the
cOTPP-7/11(9/1) as an example, in which ' also repre-
sents the angle between the a-axis and the column
direction. The d spacing ratios between the (110) and
(200) reflections calculated assuming a hexagonal lattice
are included in this table, which are consistent with the
WAXD measurements. Surprisingly, the hexagonal lat-
tice dimensions for the multiple sets of reflections in
each sample are identical. In the coTPP-7/11(9/1), the
dimensions of a = 0.93 nm and b = 0.54 nm are found.

ED experiments in TEM also support the assignment
of the hexagonal lateral packing in these coTPPs-7/11.
Figure 6 describes the TEM observations and ED
patterns of coTPP-7/11(5/5). The single domain (Figure
6a) and polydomain textures (Figure 6b) are the two
common morphologies of the sample, with the latter
often containing the lamellae with different orienta-
tions. Two kinds of ED patterns are correspondingly
observed. One is the hexagonal lattice (Figure 6c¢), with
a measured d spacing in agreement with WAXD experi-
ments. This indicates that the ED pattern obtained from
Figure 6a possesses a [001] zone, and the molecular axes
are more or less perpendicular to the substrate surface
(homeotropic orientation). The other type of ED pattern
obtained from Figure 6b exhibits multiple diffraction
spots (Figure 6d) and is similar to the WAXD fiber
patterns although no external force field is applied. In
this case, the molecular axes of the copolymer are
oriented parallel to the substrate surface (homogeneous
orientation).
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The copolymerization from two comonomers with
different numbers of methylene units interrupts the
ordered packing of mesogenic groups and results in the
absence of the ordered layer structures in this series of
coTPPs-7/11. We propose that the chains are at least
locally extended along their contour length and are close
to cylindrical in shape since the copolymerization in-
troduces aperiodicity along the chain direction. These
cylindrical-shaped molecules pack parallel to one an-
other to form the @y phase, where the column direction
is parallel to the molecular axis. Molecules possess the
identical orientation within each individual domain but
may bend or even partially fold due to the conforma-
tional defects and thus change the molecular orienta-
tion. This may lead to domains with various orientations
corresponding to the multiple tilt angles. Further
investigation is necessary to better understand the
molecular packing. Nevertheless, the randomness is
obvious in these copolymers since no highly ordered
smectic crystalline phases can be observed as in the
cases of the homoTPPs(n = 7 and 11).

Structural Evolution during Phase Transitions.
The WAXD nonisothermal experiments were carried out
to study the structural changes during each phase
transition. The WAXD patterns recorded during heating
and cooling are virtually identical, indicating that these
transitions are thermodynamically reversible. Only the
heating powder patterns are discussed here, together
with the fiber patterns upon heating. Because of the
similar phase behavior in this series, the coTPP-
7/11(7/3) is chosen to be a representative. Figure 7
shows a set of WAXD powder patterns during heating.
According to the room-temperature structural analysis,
the two relatively broad reflection peaks in the wide-
angle region represent the multiple reflections in the
guadrants of the fiber pattern. The first peak includes
the (110) and (200) reflection set with the smallest tilt
angle (' = 94°) and several (110) reflections with other
tilt angles, whereas the second peak includes the rest
of the (200) reflections. Upon heating, the peak positions
of these two powder reflections shift slightly to the lower
260 angles, corresponding to an increase in d spacings.
However, the shift rates of the two peaks are different,
and they gradually approach each other with increasing
temperature. The ordered structure melts and only
amorphous halo remains prior to a complete merge of
these two reflection peaks.

The enlarged WAXD fiber patterns of coTPP-7/11(7/
3) shown in Figure 8 describe the low-temperature
phase transition, which can be observed at approxi-
mately 130 °C in the DSC diagram at a cooling rate of
10 °C/min (see Figure 2). However, both the exothermic
peaks upon cooling and the endothermic peaks upon
heating of the coTPPs-7/11 possess a broadening “tail”
on the lower temperature side in the DSC experiments
(see Figure 1 as an example), which results in the earlier
occurrence of the transition upon heating. Apparently,
from 100 to 130 °C, the set of the (110) and (200)
reflections nearest to the equator with ' = 94° (see
arrows in Figure 8a) moves toward the equator (i.e.,
decreases the tilt angle) and finally merges into the
equator (see the arrow in Figure 8d). Meanwhile, other
reflections are also found to correspondingly decrease
with their tilt angles in this temperature region. For
example, a (200) reflection changes the tilt angle from
106.5° to 104° as represented by the arrows in Figure
8. The shift of tilt angles is accompanied by a discon-
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Table 1. Tilted, Hexagonal Columnar Phase in the coTPP-7/11(9/1)

(hkO) wrt d spacing unit cell parameters d(200)/d(110) d(200)/d(110)

(hko) equator (deg) (nm) a = 2deofsin ', b = V3a (calculated) (measured)

(1) (200) 25 0.423 a=0.93nm 0.931 0.928
(110) ~12 0.456 b =0.54 nm, ' = 115°

) (200) 22 0.431 a=0.93nm 0.946 0.944
(110) ~11.5 0.456 b=0.54 nm, g’ = 112°

3) (200) 19.5 0.438 a=0.93nm 0.955 0.954
(110) ~10 0.460 b =0.54 nm, ' = 109.5°

4) (200) 17 0.445 a=0.93nm 0.967 0.968
(110) ~9 0.460 b =0.54 nm, g’ = 107°

(5) (200) 4 0.464 a=0.93nm 0.998 0.997
(110) 2 0.465 b =0.54 nm, g’ = 94°

(a)

(o)

(b)

(@)

Figure 6. TEM morphological observation and ED results from the coTPP-7/11(5/5): (a) a single domain morphology; (b) a
polydomain morphology; (c) an ED pattern obtained from (a): homeotropic chain orientation; (d) an ED pattern obtained from

(b): homogeneous chain orientation.

tinuous change in the reflection d spacings. Figure 9
shows the d spacing change of several sets of reflections
as a function of temperature. A linear relationship
between d spacing and temperature exists below 100
°C and above 130 °C for each reflection. Two d spacings
and two tilt angles coexist between 110 and 120 °C as

shown in this figure for the (200) reflection with the /'
changed from 106.5° to 104°, which is the most evident
among all the reflections. Between 100 and 130 °C, a
jump in d-spacing can be found for each set of the
reflections, corresponding to a thermodynamic first-
order transition. The f' tilt angles of 106.5°, 109°, and
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Figure 7. WAXD powder patterns for the coTPP-7/11(7/3) at
various temperatures.

Intensity (A.U.)

111.5° observed below 100 °C shift to 104°, 106°, and
109° after the transition. The low-temperature phase
of all the coTPPs-7/11 has been assigned as a @14 phase,
in which the molecular chains are packed in the same
a and b dimensions in a two-dimensional hexagonal
lattice having multiple tilt angles. After this low-
temperature transition, the columnar phase (®') can be
identified due to the highly ordered lateral packing but
is no longer hexagonal since the lattice has been
distorted by the different thermal expansions of the
(200) and (110) planes. Because of the decrease in
intensity of the reflections and the more severe overlap
caused by the smaller tilt angles above 130 °C, the
symmetry of the lateral packing of the &' phase is
difficult to determine. However, to the best of our
knowledge, this is the first time that a columnar—
columnar phase transition has been observed in a main-
chain LC polymer.
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We speculate that the conformational change of the
methylene units accounts for this columnar—columnar
phase transition and should be detectable by FTIR
experiments. Generally, in the amorphous phase of
polymer systems, the existence of various kinds of
conformations has to be considered.33 Figure 10 is a plot
of the temperature dependence of the IR spectrum of
the coTPP-7/11(7/3) in the CH, bending region. The
shoulder near 1468 cm™! increases in intensity with
respect to the intensity of 1475 cm~! band when the
temperature increases. The 1475 cm™! band can be
assigned as —gtmg'— type with a trans-dominated (m,
large) conformation, whereas the 1468 cm~! band is
associated with a gauch-dominated (m, small) confor-
mation.3* The IR observation in the coTPP-7/11(7/3)
reveals that the trans-conformation content of the (CH,)
segments is gradually reduced upon heating. Let N; and
N2 be the population of two conformers with trans- and
gauch-conformation, respectively, this may give rise to
two IR bands with intensities 11 = osN; and I, = 02N>
where o and o are the absorption coefficients of the
corresponding modes. The spectral deconvolution was
used to evaluate the two conformers, and the relative
population of N1/N> is given by the Boltzman relation.
The temperature-dependent relative population of the
two conformers, In(l1/12), is plotted as a function of 1/T
in Figure 11. The slope changes at approximately 110
°C and is consistent with the WAXD fiber experiments.
This should correspond to the low-temperature transi-
tion, which results from the cumulative change in the
population of the trans- and gauch-conformation, and
thus is associated with conformational disorder.3® Simi-
lar observations can also be found for all coTPPs-7/11
with other comonomer compositions.

After the columnar—columnar phase transition, the
WAXD reflection intensities decrease further upon
heating (see Figure 7). At approximately 160 °C, the
Bragg reflections disappear, and only a scattering halo
remain. The earlier discussion on DSC results suggests
that two transitions remain, which are nearly super-
imposed within the narrow temperature region. For
instance, coTPP-7/11(7/3) is the sample that most clearly
presents the two high-temperature transitions among
the coTPPs-7/11. The two transitions only have a 1.3

(200),
=i < 2 =
- —>
1 \ \
' ' 5 : >
2 : : ' (200), /' -, Equator
oo oo

! !

(a) (b)

(©) (d)

Figure 8. Structure change of the coTPP-7/11(7/3) as shown in the enlarged WAXD fiber patterns during heating: (a) 100, (b)
110, (c) 120, and (d) 130 °C. The horizontal line represents the equatorial direction. The arrows denote the change in patterns.
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Figure 9. Change in several d spacings with respect to
temperature for the coTPP-7/11(7/3). Dashed line represents
the coexistence of two d spacings at 110 and 120 °C.
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Figure 10. Temperature dependence of the infrared spectra
of the coTPP-7/11(7/3) in the CH; bending region.

°C difference in peak temperature at a cooling rate of
10 °C/min as shown in Figure 2. A precise structural
separation of these two phase transitions in the WAXD
patterns is difficult under the temperature resolution
of the experiment.

However, PLM observation shows a typical low or-
dered LC morphology for the sheared samples of all the
copolymers. As shown in Figure 12 for the coTPP-
7/11(7/3), the banded textures can be clearly seen to be
perpendicular to the shear direction following a slight
relaxation of the molecules after shearing. Note that the
banded textures under an external force field can only
be obtained when a sample is in a smectic A, C, or N
phase. Since the WAXD patterns do not exhibit any
layer reflections for the copolymers in the corresponding
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Figure 11. Plot of the relative population of the coTPP-
7/11(7/3) as a function of 1/T of the infrared bands at 1468
and 1475 cm™2.

Figure 12. PLM morphological observation of the coTPP-
7/11(7/3) after mechanical shearing. The arrow represents the
shear direction.

region, a N phase can be determined. In summary, the
transition sequence of the coTPP-7/11(7/3) is

glassy state <> @, < ®' < N < |

As indicated earlier, all the coTPPs-7/11 with the
various compositions exhibit the same transition be-
havior and therefore possess the same transition se-
quence.

Phase Diagram and Thermal Properties. The
phase diagram of the coTPP-7/11 series can be con-
structed by plotting the equilibrium transition temper-
atures as a function of composition and is shown in
Figure 13. In contrast to the homoTPPs(n = 7 and 11),
the tilted columnar phases are dominant below the N
transition temperatures for all of the copolymers. No
smectic and smectic crystalline phases are observed,
revealing the effect of the mismatch of comonomer
lengths on phase structure. Despite its smaller dis-
similarity of the two comonomer lengths, the suppres-
sion of the layered structure in the coTPPs-7/11 is more
severe as compared to the coTPPs-7/12, since both the
Sk and SCg phases can be found in coTPPs-7/12(1/9 and
2/8).22 On the other hand, the composition change in the
coTPPs-7/11 does not play a critical role in the structural
order and transition behavior as in the case of the
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Figure 13. Phase diagram of the coTPPs-7/11 series.

coTPPs-7/12, where the highly ordered smectic and
columnar phases are found to be composition-dependent.
These comparisons indicate the different molecular
packing schemes between the odd—odd and odd—even
systems of coTPPs.

The enthalpy of these phase transitions is composi-
tion-dependent. For the columnar—columnar phase
transition, the enthalpy decreases almost linearly with
increasing composition of TPP(n = 7) from 7.5 kJ/mol
for coTPP-7/11(1/9) to 5.7 kJ/mol for coTPP-7/11(9/1).
This accounts for an approximate 0.2 kJ/mol decrease
for the incorporation of every 10% of TPP(n = 7). The
transition entropy can be calculated based on the
equation of AS = AH/T, yielding 17.8 J/(K mol) for
coTPP-7/11(1/9) and 13.9 J/(K mol) for coTPP-7/11(9/1).
This is also close to a linear relationship with respect
to the composition. Since the high-temperature transi-
tions, which correspond to the ® — N and N — | phase
transitions, are overlapped within a narrow tempera-
ture region, their enthalpies are more difficult to obtain.
However, the combined enthalpy change for the @' — |
transitions decreases linearly from 9.1 kJ/mol in coTPP-
7111(1/9) to 6.7 kd/mol in coTPP-7/11(9/1), approximately
0.5 kJ/mol larger than the value for the N — | transition
assuming the linear addition from homoTPPs(n = 7 and
11). The peak separation results from several samples
such as coTPPs-7/11(1/9 and 5/5) indicate that the
enthalpy ratio of the two transitions is approximately
1:1. Although these transitions possess 100% phase
changes from one phase to another, this ratio indicates
that in coTPPs-7/11, the N — | transition enthalpy is
much smaller than that predicted by the linear relation-
ship between TPPs(n = 7 and 11). This may result from
a less perfect order in the N phase, disturbed by the
inclusion of comonomers in the chain packing. Further-
more, these small transition enthalpies also indicate
that these mesophases possess high molecular mobility,
which has also been identified by our preliminary
results on solid-state 13C nuclear magnetic resonance
experiments.” The research along this line is currently
undertaken.

The glass transition temperatures (Tg) of all of the
coTPP-7/11 are approximately between 26 and 37 °C.
A tendency can be recognized that with increasing the
composition of TPP(n = 7) comonomer the Ty is slightly
increased. Figure 14 shows DSC heating curves of
coTPP-7/11 in the T4 region. Note that the Tgy's of
homoTPP(n =7 and 11) are 26 and 37 °C, respectively.
However, both the homopolymers at room temperature
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Figure 14. Set of DSC heating curves for the coTPPs-7/11 in
their T, regions.

are in highly ordered smectic phases, while coTPPs-7/
11 are in the @1y phase. It is interesting to find that
the heat capacity increases at T for all these coTPPs-
7/11 are only in a range of 60—80 J/(K mol), which is
only approximately one-third of the estimated heat
capacity increase for amorphous coTPPs-7/11 based on
the group addition scheme.3¢ This indicates that the
two-dimensional ordered &1y phase does limit molec-
ular motion above the Tj.

Conclusion

For the series of coTPPs-7/11 with comonomer com-
positions from 1/9 to 9/1, the phase structure and
transition behavior are identical. The low-temperature
phase for these copolymers is a @ty phase possessing
multiple tilt angles between the molecular axes and the
hexagonal normal. However, the same two-dimensional
lateral lattice (a and b dimensions) are observed disre-
garding the difference in tilt angles. No long-range order
can be found along the column direction. Upon heating,
the &1y phase transforms to a @' phase based on the
changes in fiber patterns of the temperature-resolved
WAXD experiments. All of the reflections representing
the lateral orders shift toward the equator during the
transition accompanied by the decreased tilt angles.
This columnar—columnar phase transition is thermo-
dynamically first-order, which is attributed to the
conformational change in the methylene units as evi-
denced using FTIR analyses. Further increase in tem-
perature leads to the two overlapped transitions to the
N phase and the isotropic melt. These transitions
exhibit small transition enthalpies, indicating that these
columnar phases possess relatively poor structural
order. The Ty's of coTPPs-7/11 are found to be slightly
comonomer composition dependent, and molecular mo-
tion above the Ty is limited by the columnar phase.
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