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ABSTRACT: A series of liquid crystalline polyethers has been synthesized from 1-(4-hydroxy-4′-
biphenylyl)-2-(4-hydroxyphenyl)propane and R,ω-dibromoalkanes [TPP(n)]. From the differential scanning
calorimetry experiments, the TPP(n)odd)s show multiple phase transitions during cooling and heating.
For each TPP(n)odd) the supercooling dependence of these transitions is found to be small. A phase
diagram of the transition temperatures and the enthalpy and entropy changes of the transitions with
respect to the number of methylene units (n) for TPP(n)odd)s have been obtained. Analyses have been
conducted regarding the contributions of both the mesogenic groups and the methylene units to the
differently ordered structures. Identification of the ordered structures in each phase has been carried
out by combining wide angle X-ray powder and fiber diffraction experiments at different temperatures
with polarized light and transmission electron microscopy experiments on the liquid crystal morphology
and defects. It is found that for TPP(ne13)s the highest temperature transition is from the isotropic
melt to a nematic phase. However, for TPP(ng15)s, the isotropic melt directly converts to a smectic F
phase having a monoclinic unit cell (a pseudohexagonal packing tilted toward a side). The WAXD fiber
patterns for this phase show that the chain orientation is parallel to the fiber direction. For TPP(ne13)s
formation of a smectic F phase with a monoclinic unit cell from the nematic phase can also be determined
and the WAXD fiber pattern shows that the chain orientation is at an angle ranging between 0 and 20°
with respect to the fiber direction. With an increase in the number of methylene units, this angle gradually
decreases until n ) 15, where this angle becomes zero. Further cooling leads to a smectic crystal G
phase for all TPP(n)odd)s, and the different chain orientations with respect to the fiber direction in the
WAXD fiber patterns still exist. TPP(ne9)s remain in the smectic crystal G phase down to their glass
transition temperatures, while TPP(ng11)s form a smectic crystal H phase (a tilted herringbone,
orthorhombic packing tilted toward the b-axis side, and a > b) in a low temperature range.

Introduction

During the last two decades, mesophase identification
and the transition behaviors in main-chain liquid
crystalline polymers have been extensively studied.1 In
most of the cases, liquid crystalline polymers are enan-
tiotropic, and a nematic phase is found above the crystal
melting temperature. Recently, some publications have
reported the existence of a smectic A or C phase (SA or
SC).2-7 This is mainly based on the layer structure
appearing at the low-angle region of the wide angle
X-ray diffraction (WAXD) experiments (powder and fiber
patterns). Within the layers, the lateral structure
shows a short range order (liquid-like lateral packing
having a typical correlation length of less than 2 nm).
Most of these smectic phases are directly formed from
the isotropic melt, and it is expected that the formation
of layer structure may be closely associated with the
microscopic separation of the methylene units from the
mesogenic groups.
There are many fundamental aspects in the research

area of main-chain liquid crystalline polymers. At least
two of them are interesting to us. First, what is the
molecular aspect and kinetics of the formation of the

smectic liquid crystalline phase? This kind of phase
formation is usually close to thermodynamic equilibri-
um. The transition kinetics is very fast and difficult to
study experimentally. In order to slow down the transi-
tion kinetics, one cannot expect to have a high transition
energy barrier as in the case of polymer crystallization
but, instead, one has to design liquid crystalline poly-
mers which possess a glass transition close to their
liquid crystalline transition temperatures. As a result,
a decrease of the molecular motion leads to a suppres-
sion of the liquid crystalline transition kinetics.6 How-
ever, at this moment a systematic conclusion regarding
this kind of transition kinetics is certainly still a
distance away from our full understanding.
The second aspect is that, can we identify smectic

phases having an order higher than SA or SC in main-
chain liquid crystalline polymers? A few years ago,
smectic E- and B-like phases were proposed by Yoon et
al. to describe liquid crystalline aromatic polyester and
copolyesters.8 On the other hand, smectic crystal
phases have also been identified in the main-chain
liquid crystalline polyesters.9,10 The highly ordered
smectic crystal phases exhibit a certain degree of lateral
order (quasi-long range having a typical correlation
length of 3-9 nm or, long range order having a typical
correlation length of larger than 10 nm in polymers) in
addition to the layer structure. These mesophases may
be further ordered to form smectic crystals when
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positional order is introduced within, or even among,
the layers. The difference between small molecule and
main-chain liquid crystalline polymers in these smectic
phases is the molecular connectivity between the layers
in the polymers. This connectivity does not exist in
small molecule liquid crystals.
Recently, in order to search for the possibility of the

liquid crystalline polymers involving highly ordered
smectic phases, a series of liquid crystalline polyethers
has been synthesized from 1-(4-hydroxy-4′-biphenylyl)-
2-(4-hydroxyphenyl)propane and R,ω-dibromoalkanes.
They are abbreviated as TPPs.11 The chemical structure
of these polyethers is

In this publication, we focus on the phase behavior
of the odd-numbered TPPs [TPP(n)odd)s]. We em-
ployed differential scanning calorimetry (DSC) to in-
vestigate the transition thermodynamics, WAXD to
follow structural developments and identify new phases
during the transitions, and polarized light and trans-
mission electron microscopy (PLM and TEM) to study
phase morphological changes and liquid crystalline
defects. Interestingly, it is found that in these poly-
ethers the smectic phases observed possess ordered
structures higher than SA or SC, namely, their lateral
packing is higher than the short range liquid-like order.
Furthermore, multiple mesophase transitions are ob-
served during cooling from the isotropic melt and the
degree of order in these phases progressively increases.

Experimental Section

Materials. TPP(n)odd)s were synthesized from 1-(4-
hydroxy-4′-biphenylyl)-2-(4-hydroxyphenyl)propane (TPP) and
R,ω-dibromoalkanes. The detailed synthetic procedure has
been reported in an earlier publication.11 In brief, the starting
material for the mesogenic group (TPP) was 4-phenylphenol
(1) and (4-methoxyphenyl)acetic acid (2). 4-Acetoxybiphenyl
(3) was prepared by the esterification of 1, and (4-acetoxy-
phenyl)acetic chloride (4) was from the demethylation and
esterification of 2. 1-(4-Acetoxy-4′-biphenylyl)-2-(4-acetoxy-
phenyl)ethanone (5) was prepared by the Friedel-Craft acyl-
ation of 2 and 4. TPP was then synthesized by the methyla-
tion, reduction, and demethylation of 5. Finally, the phase-
transfer-catalyzed polyetherification was used to synthesize
the polyethers of TPP with R,ω-dibromoalkanes. This was
completed under a nitrogen atmosphere at 80 °C in a o-
dichlorobenzene-10 mol/L NaOH two-phase system using
TBAH as a phase-transfer catalyst. The molar ratio of
nucleophilic to electrophilic monomers was always 1.0:1.0.
Molecular weights of TPP(n)odd)s were determined via gel
permeation chromatography (GPC) based on polystyrene
standards, and they ranged between 20 000 and 30 000.
Instrument and Experiments. DSC experiments were

carried out in a Perkin-Elmer DSC-7. The temperature and
heat flow scales at different cooling and heating rates (2.5-
40 °C/min) were carefully calibrated using standard materials.
Typically, the DSC sample size was 2-3 mg. When fast
cooling and heating rates were applied, the sample weight was
reduced to less than 0.5 mg to avoid a thermal gradient within
the samples. The samples were heated to above their melting
temperatures for 2 min and then cooled to below the glass
transition temperature at different rates. The consecutive
heating was also performed at a rate which is equal to, or
faster than, the prior cooling rate. When the DSC cooling
curves were used to analyze the transition behavior, the onset
temperature of the transition in the high-temperature side was
determined. When the heating curves were used, the onset

temperature was found from the low-temperature side. In
both cases the analysis also required recognition of the peak
temperatures. When the peaks were overlapped, those were
resolved using the PeakFit program published by Jandel
Scientific. An asymmetric double sigmoidal function was used
for the peak resolution.
Wide angle X-ray diffraction (WAXD) experiments were

performed on a Rigaku 12 kW rotating anode generator (Cu
KR radiation) equipped with a diffractometer. A hot stage was
set up on the diffractometer to study the structural changes
during the phase transition at constant cooling and heating
rates. The temperature can be controlled to better than (1
deg. Thin films having a thickness of 0.1 mm were prepared
for the WAXD powder experiments. Fibers were also spun
from the isotropic melt in order to identify the phase structure.
A typical fiber diameter was 30 µm, and the fibers were
quenched to room temperature after spinning and annealing
at different temperatures, which were usually 5-10 deg below
the transition temperature measured from DSC. The TPP thin
film samples were scanned in a 2θ angle region between 2 and
35°. The scanning rate was 20°/min. The thermal histories
of the samples were kept the same as those in the DSC
experiments. The WAXD fiber patterns were also taken at
different temperatures, particularly at those temperatures
where the phase transitions occur, via a Siemens two-
dimensional area detector with built in hot stage. About 0.5
h was required to obtain a high-quality WAXD fiber pattern.
The fiber length was fixed during the experiments. According
to the Scherrer equation, the width at half-peak height of each
reflection peak is reciprocally proportional to the correlation
length of the ordered structure perpendicular to the reflection
plane.
Liquid crystalline morphology was examined via a PLM

(Olympus BH-2) with a Mettler hot stage (FP-82). Both
isothermal and nonisothermal experiments were performed.
When the cooling and heating rates were used, they were
always kept the same as those applied in DSC and WAXD
experiments. The samples were vacuum-dried solution-cast
films prepared from a 2% solution of polymer in chloroform.
In order to study the liquid crystalline morphological changes
under an external force field, TPP samples were placed
between two glass slides and were mechanically sheared.
Liquid crystalline morphology and defect observations were

also carried out through a JEOL JEM-120U TEM at an
accelerating voltage of 120 kV. The samples were prepared
in the same way as in the PLM experiments and then were
physically over-sheared to separate the glass slides and
immediately quenched. The samples were reheated to a
temperature 10-20 deg below the mesophase transition tem-
perature for further annealing. The annealing temperature
was carefully selected since one needs to retain the chain
orientation induced during shearing and, therefore, lamellar
morphology could grow to indicate the chain orientation. This
method has been known as the “lamellar decoration method”,
and it was first proposed by Thomas et al.12,13 to identify liquid
crystal polymer defects. The samples were then coated by
heavy metals (Au/Pt 0.4/0.6, 30° tilted to the sample surface)
and carbon (90° to the sample surface). Finally, the TPP
samples were dissolved in a trifluoroacetic acid and chloroform
mixture, and the replicas were picked up on TEM grids in
distilled water. In order to determine the chain molecular
direction, the sheared and coated samples were also directly
examined by electron diffraction experiments under the TEM.

Results and Discussion

Thermodynamic Behavior of the Phase Transi-
tions. Figure 1a shows a series of DSC cooling and
heating curves for TPP(n)7) at different rates as
examples. Multiple phase transitions are exhibited in
all cases. The results illustrate little supercooling
dependence in these phase transitions which may imply
that these transitions are close to thermodynamic
equilibrium. Two transition peaks are clearly observed
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and followed by a very weak peak around 129 °C (see
the magnified DSC curve in Figure 1b). In order to
ensure the existence of this transition, over 10 inde-
pendent DSC runs have been carried out and the
transition peak is very reproducible. For the highest
transition temperature around 178 °C, the change of
cooling rate from 2.5 to 40 °C/min only leads to a 1.4
supercooling. The second transition peak at around 137
°C shows a 7 deg supercooling difference while the
lowest phase transition also possesses the same super-
cooling dependence. Similar observations can also be
found in other TPP(n)odd)s. For example, in the case
of TPP(n)11), three clear exothermic transitions can
be found at 165, 146, and 105 °C. Their supercoolings
in the cooling rate range between 2.5 and 40 °C/min are
2, 5, and 2 deg, respectively. There is another minor
transition at 135 °C with a 7 deg supercooling depend-
ence, which also represents the structure change (see
below). For TPP(n)15), three transitions at 150, 129,
and 118 °C possess supercoolings in the same cooling
rate range which are 4, 8, and 6 deg, respectively.
Extrapolating to zero cooling or heating rate for every
TPP(n)odd) provides equilibrium transition tempera-
tures which are used to construct the phase diagram
as shown in Figure 2 (the detailed phase structure
assignments will be given later). In order to have an
overview of the transition behaviors in TPP(n)odd)s,
Figure 3 shows a set of DSC cooling curves for
TPP(n)odd)s at 5 °C/min. As shown in this figure, the
thermal transition behaviors of the TPP(ne9)s are
similar, as are those of TPP(ng15)s. TPP(n)11 and
13)s seem to be intermediate cases.
Structure Developments during the Phase Tran-

sitions. To observe the structure and order change at
each phase transition temperature, WAXD experiments
were carried out at cooling and heating rates of 5 °C/
min. Parts a-c of Figure 4 show three sets of WAXD
powder patterns for TPP(n)7, 11, and 15)s at different
temperatures during cooling. Since these transitions
have little supercooling dependence, the WAXD heating
patterns are almost identical to those recorded during
cooling. At the highest transition temperature of 178
°C for TPP(n)7), the change of the diffraction patterns
from the isotropic melt (I) is only the shift of the
d-spacing of the halo at 2θ ) 18.5(0)° toward a smaller
spacing (the 2θ angle shifts to a higher angle). No other
reflection peaks appear during this transition. The
d-spacing of the halo represents an average distance
among chain backbones. The shift observed in the
WAXD powder patterns is an indication of a nematic
liquid crystalline (N) transition from the isotropic melt,

Figure 1. Sets of DSC cooling and heating curves for (a) TPP-
(n)7), (b) an enlarged DSC cooling trace of TPP(n)7), and (c)
TPP(n)15).

Figure 2. Phase diagram of TPP(n)odd)s.
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which has been experimentally documented in several
liquid crystalline polymers.14,15 This d-spacing shift can
also be observed in other TPP(ne13)s, indicating that
these polyethers possess an I f N transition, which
corresponds to the highest temperature transition in
DSC results (Figure 1a,b and 3). The results of d-
spacing changes with temperature for TPP(ne13)s are
shown in Figure 5. This conclusion is supported by the
PLM observations (see below). The d-spacing shift is
also observed at the highest transition temperatures
observed from DSC for TPP(ng15). However, it is
accompanied by the appearance of other strong reflec-
tion peaks at the low and high 2θ angles. For example,
in TPP(n)15) an additional reflection at the low-angle
region as well as three reflection peaks in the wide angle
region appear (Figure 4c). In most of the cases, this
kind of low-angle reflection represents a layer spacing
in the mesophase structure, and the reflections appear-
ing in the high-angle region should be attributed to the
structural order within, and even among, the layer
structures. As a result, a smectic phase having a highly
ordered structure may possibly form during this transi-
tion (see below).
On further cooling TPP(n)7) passes through the

second exothermic peak at 137 °C (observed via DSC)
and goes into a new phase having a narrow temperature
range of about 10 deg. This leads to an appearance of
a reflection peak at around 2θ ) 19-20°. In fact, this
peak seems to be a merge of two sharp reflection peaks
having very close 2θ values (see below). This kind of
transition behavior can be found in TPP(n)odd)s, up
to n ) 13, just below the nematic transition during
cooling (see Figure 2). At this transition low-angle
reflections in WAXD powder patterns are recognizable
but are not well developed for TPP(ne9)s. On the other
hand, the low-angle reflections are well developed for
TPP(n)11 and 13). This phase for TPP(ne13)s actually
joins the phases of TPP(ng15)s formed after the highest
transition temperatures. Although their WAXD powder

patterns are apparently different, it will be shown that
this difference is caused by the orientation of the chain
direction rather than the structural order (see below).
The lowest transition observed in TPP(ne9)s only

possesses a weak enthalpy change observed from DSC.
The ordered structure after this transition is repre-
sented by two overlapped sharp reflection peaks in the
WAXD powder patterns appearing at close reflection
angles between 2θ ) 19 and 20°. Other weak reflections
are also seen (see Figure 4a). Surprisingly enough,
TPP(n)11 and 13) also show similar thermal behaviors
and structural development during their third transi-
tions to join those of TPP(ne9)s. The only apparent
difference is that the major reflection peak in the 2θ
range of 19-20° becomes narrower with the increasing
number of methylene units (Figure 4b). On the other
hand, after the second transition temperature is passed
during cooling for TPP(ng15)s (Figure 2), the WAXD
powder patterns in a temperature range of about 10-
20 deg also show a further ordering process which is
represented by increasing the reflection intensities and
the appearance of additional reflections. Furthermore,
the 2θ angles of their reflections are also changed.
Apparently, the WAXD powder patterns in this tem-
perature region are slightly different from those of
TPP(ne13)s since only one major, sharp reflection peak
(Figure 4c) can be observed within the 2θ range of 19-
20° instead of two overlapping two reflection peaks.
However, detailed X-ray analysis will show that they
also belong to the same phase as those found in
TPP(ne13)s (see below). The low-angle reflection in this
case is always sharp and strong.
For TPP(ng11)s major enthalpy changes at the lowest

transition temperatures are observed via DSC, the
multiple reflections on the WAXD powder patterns in
the high-angle region possess similar patterns. There-
fore, the ordered structures developed during this
transition for TPP(ng11)s should be close to each other.
Furthermore, the low-angle reflection is also kept.
Figure 6 shows the WAXD powder patterns for all
TPP(n)odd)s after the samples were cooled to room
temperature at a cooling rate of 5 °C/min. Nevertheless,
it is difficult to exactly identify the phase structure and
type of order for these TPP(n)odd)s since a WAXD
powder pattern does not provide locations of these
reflections and therefore lacks the dimensionality of the
ordered structure.
Phase Structure Identifications. Figures 7a-d,

8a-d, and 9a-d show three sets of WAXD fiber patterns
for TPP(n)7, 11, and 15)s at temperatures slightly
below those transition temperatures observed via DSC
as well as at room temperature. Although these fiber
patterns were taken during heating, we analyze them
from high temperature to low temperature in order to
follow the same sequence in the discussion of the
previous results. For TPP(n)7) fibers below 178 °C, the
WAXD fiber pattern (Figure 7a) shows that only one
reflection peak existed on the equatorial at around 2θ
) 18.6(0)° (d-spacing of 0.48 nm) and has a correlation
length of about 1.6 nm, representing a short range
order. The low-angle reflection is not found. This
clearly represents a nematic liquid crystal phase. After
the temperature is below 137 °C, the WAXD pattern
shows two reflections, both of which are in the quadrant.
One of them is at 2θ ) 18.7(9)° (d-spacing of 0.472 nm)
and is tilted 4° away from the equatorial. Another
reflection is found in the quadrant with 2θ ) 19.4(0)°
(d-spacing of 0.458 nm) and is tilted 14° away from the

Figure 3. Set of DSC cooling curves for TPP(n)odd)s at a
cooling rate of 5 °C/min.
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equatorial. These are the two overlapped reflections
observed in theWAXD powder pattern in Figure 4a. The
correlation lengths of both reflections are 9.5 and 8.4
nm, respectively, and should be an indication of a quasi-
long range order. However, this structure is close to
being the long range order. The low-angle reflection of
weak intensity at 2θ ) 5.4(0)° (d-spacing of 1.637 nm)
appears. It is tilted at an angle of 44° away from the
equatorial, indicating that the normal direction of the
layer is tilted 46° from the meridian. Its correlation
length is 4.9 nm, revealing that the layer structure
exhibits a quasi-long range order. A reasonable expla-

nation of this observation is that the first two reflections
are attributed to two sets of the reflection planes, (110)
and (200), when the chains possess a pseudohexagonal
packing which can be recognized by viewing the direc-
tion parallel to the chain axis. Furthermore, the chain
direction in the packing possesses a 32° angle with
respect to the layer surfaces and the pseudohexagonal
packing is tilted toward a side (the b-direction of the
monoclinic packing, see below), and this brings 110 and
200 reflections out of the equatorial. The low-angle
reflection is the (001) plane and is shown in Figure 10.
It can therefore be assigned as a monoclinic unit cell

Figure 4. Sets of WAXD powder patterns during cooling from the isotropic melt at 5 °C/min for (a) TPP(n)7), (b) TPP(n)11),
and (c) TPP(n)15).
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with a ) 1.08 nm, b ) 0.551 nm, c ) 1.93 nm, and â )
122°. The chain direction is tilted 14° away from the
fiber direction. The c-axis is slightly shorter than the
length of one repeating unit with all the methylene units
in the trans conformation. On the basis of this unit cell
structure, a calculated WAXD fiber pattern can be
obtained and this calculated pattern fits very well with
the experimental one (Figure 7b). The detailed struc-
ture and molecular packing model for this calculation
will be reported in the future publication. The normal
directions of the (110) and (200) planes are clearly not
perpendicular to the fiber direction but rather give rise
to the reflections in the quadrant at 4 and 14° away from
the equatorial. This phase can thus be assigned as a
smectic F (SF) phase based on the definition of small
molecule liquid crystals.16,17 In this case, a clear
distinction can be made for this SF phase from a smectic
I (SI) phase in which the chain molecules are tilted
toward an apex. This is due to the fact that under such

chain orientation the (020) reflection in the SI phase
must be located at the equatorial.18
Below the weak transition temperature of 129 °C, the

TPP(n)7) WAXD fiber pattern (Figure 7c,d) only shows
two major reflections in the wide angle region and one
reflection in the small angle region. At 118 °C (Figure
7c) it is clear that the two wide angle reflections are
2θ(110) ) 19.1(5)° (d-spacing of 0.463 nm) and 2θ(200) )
19.5(0)° (d-spacing of 0.455 nm). They are both tilted
away from the equatorial, having angles of 8 and 16°,
respectively, and possess respective correlation lengths
of 12.8 and 10.2 nm (long range order, compared with
those of 9.5 and 8.7 nm in the SF case). The low-angle

Figure 5. d-spacing shifts for TPP(n)odd)s during the
highest temperature transitions observed in DSC (the nematic
phase formation when n e 13).

Figure 6. WAXD powder patterns of TPP(n)odd)s at 30 °C
(a 5 °C/min cooling rate).

Figure 7. WAXD fiber patterns of TPP(n)7) at (a) 175 °C,
(b) 135 °C, (c) 118 °C, and (d) 30 °C.

Figure 8. WAXD fiber patterns for TPP(n)11) at (a) 140 °C,
(b) 135 °C, (c) 100 °C, and (d) 30 °C.
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reflection at 2θ(001) ) 5.4(0)° still remains and has a
correlation length of 11.1 nm (long range order). Com-
bining the powder WAXD patterns in Figures 4a and
7, reveals other minor reflections at 2θ ) 21.8(0) and
23.9(0)° in addition to these two major reflection peaks.
This indicates that this SF phase can be further ordered,
most likely within the layers, to form smectic G (SG)
crytals. For TPP(n)7) a monoclinic unit cell with a )
1.05 nm, b ) 0.538 nm, c ) 1.89 nm, and â ) 120° can
thus be identified and all the reflections fit into this
lattice. The chain direction is tilted 16° away from the
fiber direction. This can also be supported by the first-
order transition with weak enthalpy and entropy changes
at the transition, as shown in DSC experiments (Figures
1a). This agrees well with a general observation that
the enthalpy change at the transition of SF f SG is weak
(around 1 kJ/mol in small molecule liquid crystals16).
Further experimental evidence to support the existence
of the SF and SG phase transition can be found in the
discontinuous change of the unit cell volume at the
transition temperature for TPP(ne9)s.18 This indicates
that, indeed, at this temperature a thermodynamic first-
order transition exists. Therefore, one may conclude
that for TPP(n)7) the transition sequence during cool-
ing is

Further decreasing the temperature leads to slight but
continuous changes of the reflection peak positions due
to thermal expansion.18 This results in a slight, con-
tinuous shift of smectic packing parameters. However,
the order of the SG phase is essentially not changed.
This transition sequence is also held for TPP(ne9)s.
On the other hand, for TPP(n)11), the WAXD fiber

pattern at the temperature below the highest transition
temperature of 165 °C shows one broad reflection on the
equatorial at 2θ ) 18.5(4)°. The correlation length of
this reflection is 1.7 nm, revealing a short range order.
On the basis of the shift of the d-spacing of this
reflection at the transition temperature (Figure 5), it is

evident that the 165 °C transition represents the I f
N phase transition. Temperatures below 146 °C lead
to WAXD fiber patterns as shown in Figure 8a). This
pattern is very similar to that of SF in TPP(ne9)s in
that it has two major reflections on the quadrant at
2θ(110) ) 19.1(0)° (d-spacing of 0.465 nm) and 2θ(200) )
19.3(0)° (d-spacing of 0.460 nm), which are tilted 3 and
7° away from the equatorial, respectively. The correla-
tion lengths are 11.3 and 10.6 nm, revealing the
existence of long range order but are close to the quasi-
long range order side. The low-angle reflection at 2θ(001)
) 4.20(0)° (d-spacing of 2.10 nm) appears in the
quadrant at an angle of 48° away from the equatorial,
and its correlation length is 5.9 nm (quasi-long range
order). A monoclinic unit cell having a ) 1.123 nm, b
) 0.539 nm, c ) 2.57 nm, and â ) 125° can be
determined. This is, again, a SF phase with the chains
tilting toward one side. The chain direction is 7° away
from the fiber direction.
At temperatures below 135 °C, one more reflection

appears in the quadrant (Figure 8b). Detailed analysis
indicates that there are two reflections on the equatorial
at 2θ(110) ) 19.2(0)° and 2θ(200) ) 19.4(0)° (d-spacings of
0.462 and 0.458 nm, respectively), having correlation
lengths of 13.8 and 11.9 nm (long range order). The
reflection in the quadrant is at 2θ(2h01) ) 17.2(5)° (d-
spacing of 0.510 nm), having a correlation length of 12.3
nm. This indicates that three-dimensional order exists
within the layers. The low-angle reflection of (001)
planes exhibiting a strong intensity with a d-spacing of
2.10 nm is located in the quadrant and is tilted at an
angle of 55° from the equatorial. Therefore, the normal
direction of the layer is tilted 35° from the meridian
direction. The correlation length of this reflection is
27.3 nm. X-ray analysis shows that all these reflections
can be fit into a monoclinic unit cell with a ) 1.13 nm,
b ) 0.536 nm, c ) 2.60 nm, and â ) 126°. The chain
direction is tilted 5° from the fiber direction. As a result,
it should be a SG phase based on the nomenclature for
small molecular liquid crystals.16,17
When the temperature is below 105 °C for TPP(n)11),

as shown in Figure 8c,d, the layer structure having the
correlation length of 12.6 nm still exists, as evidenced
by the sharp reflection at 2θ(001) ) 4.1(0)° (d-spacing of
2.16 nm) with a tilt angle of 50° from the fiber direction.
The second-order reflection of the layer spacing at 2θ(002)
) 8.1(0)° can also be seen. Three reflections are found
on the equatorial at 2θ ) 19.6(0), 20.10(0), and 26.3(1)°
for (200), (110), and (210) planes, respectively, in which
the second one possesses the major intensity. Four
reflections appear in the quadrant besides the (001)
reflection. Three of them are on the first layer and one

Figure 9. WAXD fiber patterns for TPP(n)15) at (a) 147 °C,
(b) 130 °C, (c) 115 °C, and (d) 30 °C.

I98
178 °C

N98
137 °C

SF98
129 °C

SG

Figure 10. Chain packing model of TPP(n)7) in the SF
phase: (a) layer structure; (b) WAXD fiber pattern; and (c)
unit cell. (FD is the fiber direction, and EQ is the equator.)
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is on the second layer. They are at 2θ ) 17.7(1), 21.3(3),
23.0(0), and 16.5(7)° for (2h01), (111), (201), and (102)
planes, respectively. The correlation lengths of all these
reflections indicate long range order (>10 nm). On the
basis of the reciprocal lattice, a monoclinic unit cell of
a ) 1.153 nm, b ) 0.528 nn, c ) 2.81 nm, and â ) 130°
can be obtained. The chain direction is now parallel to
the fiber direction. In this phase a herringbone ortho-
rhombic packing is found when the viewing direction is
parallel to the chain direction and the lattice is tilted
toward the short b-axis side. This structure can be
assigned as a smectic H (SH) crystal.16,17 The 103 °C
transition is thus the SG f SH transition. For
TPP(n)11) the phase transition sequence during cooling
can thus be

It is also found that TPP(n)13) possesses the same
transition sequence.
For TPP(n)15), a similar structural analysis can be

carried out. Below the highest transition temperature
of 150 °C (Figure 9a), one reflection can be observed on
the equatorial at 2θ(100),(200) ) 19.4(0)° (d-spacing of 0.458
nm). A low-angle reflection at 2θ(001) ) 3.5(0)° (d-
spacing of 2.52 nm) is located at the first layer and it is
sharp and clear. Two additional reflections are in the
same layer of the quadrant. This WAXD fiber pattern
indicates a SF phase having a monoclinic unit cell with
a ) 1.13 nm, b ) 0.528 nm, c ) 3.12 nm, and â ) 126
°C. Note that, in this case, the chain orientation is
parallel to the fiber direction and therefore the (200)
and (110) planes are superimposed with each other. The
correlation length of these planes is 14.9 nm. The low-
angle reflection possesses a correlation length of 14.7
nm, revealing long range order. At the temperature of
129 °C, another transition has been passed, as shown
in the DSC results. Figure 9b is the WAXD fiber
pattern. All the reflections in the SF remain, and
additional minor reflections can be found. A SG phase
is assigned for this further ordering process, and it
defines a monoclinic unit cell having a ) 1.16 nm, b )
0.526 nm, c ) 3.20 nm, and â ) 128°. The correlation
lengths are all in the long range order region (>10 nm).
After the temperature is lower than 118 °C, the WAXD
fiber patterns show 12 reflections in Figure 9c,d. Care-
ful calculation based on the reciprocal lattice leads to
identification of a SH crystal phase having a monoclinic
unit cell with a ) 1.11 nm, b ) 0.526 nm, c ) 3.25 nm,
and â ) 128°.18 When the viewing direction is parallel
to the chain direction, a herringbone orthorhombic
packing is again found. The phase transition sequence
during cooling is thus

This transition sequence is also held for TPP(ng15)s.
Morphological Evidence of the Phase Transi-

tions. Parts a-c of Figure 11 show morphological
observations of TPP(n)7) without mechanical shearing
and TPP(n)7 and 15) with mechanical shearing. In the
normal observations, the sample becomes immediately
birefringent after a few seconds at temperatures 1 or 2
deg below the highest transition temperature. A fine,
grainy texture type of pattern is typical for all TPP-
(n)odd)s (Figures 11a). However, after the mechanical
shearing and slight relaxation banded textures can be
found in TPP(ne13)s. This banded texture which has

a spacing of about 1 µm is perpendicular to the shear
direction (Figure 11b). The fact that banded texture
appears under an external force field has been viewed
as a typical orientationally ordered liquid crystalline
polymer pattern in the N, SA, or SC phase.6,19-21

Microscopic analysis has shown that, in the banded
texture, the director continuously oscillates spatially
about the direction imposed by the previous flow. On
the other hand, Figure 11c shows no clear banded
texture under PLM. Instead, a schlieren-mosaic type
of texture is seen, indicating that the highly ordered SF
phase possesses a structure closer to the solid state and
the regular banded texture is more difficult to form.
Under a strong mechanical, periodic shear force field,
micrometer-size monodomains may also form in these
TPP (ne13)s in the nematic liquid crystalline temper-
ature range. Observable size defects in the schlieren
texture can be found as shown in Figure 12. This defect
is a point singularity with four brushes, s ) +1 defect,
based on the definition proposed by Oseen22 and Frank.23
Further decreasing the temperature does not show a
significant PLM morphological change, but a birefrin-
gence change is observed. The precursor texture still

I98
165 °C

N98
146 °C

SF98
135 °C

SG98
105 °C

SH

I98
150 °C

SF98
129 °C

SG98
118 °C

SH

Figure 11. PLMmorphological observations of (a) TPP(n)7)
without mechanical shearing and (b and c) TPP(n)7 and 15)
with mechanical shearing.

Figure 12. PLM observation of liquid crystalline defects in
monodomains of TPP(n)7) under a strong mechanical shear
force field.
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remains even at room temperature. This indicates that
the ordered structure change occurs at even smaller
dimensional scale (within micrometer size).
Using the “lamellar decoration method” originally

developed by Thomas et al.,12,13 the morphology of the
liquid crystals possessing highly ordered structure may
be observed under TEM. However, it should be pointed
out that the observed morphology is critically dependent
upon the precursor phase. Therefore, if one wants to
find the morphology of a SF phase without inteference
of the morphologies from other liquid crystalline phases,
this phase has to be developed directly from the isotropic
melt. As a result, only TPP(ng15)s provide this kind
of observation. In Figure 13, TPP(n)7) was mechani-
cally sheared in the nematic phase (the shear direction
is indicated in the figure) and annealed at a tempera-
ture slightly lower than the lowest transition temper-
ature. It is clear that the lamellar normal direction is
(46((2)° with respect to the shear direction. This is
responsible for the four point reflections in the low-angle
region observed from the WAXD fiber pattern (Figure
7b-d). The lamellar spacing is around 50 nm, and this
size is greater than the correlation length obtained from
the WAXD experiments, which are in the vicinity of 10-
15 nm for TPP(n)7 and 11) in the SG and SH phases at
room temperature. The layer spacing of about 0.5-1
µm in the TEM observations clearly corresponds to the
banded texture found in PLM (Figure 11b). The shear
direction is interestingly perpendicular to the layer
texture, as indicated by the ED pattern, revealing a
zigzag-like morphological arrangement. Furthermore,
the d-spacing and location of the reflection spots in the
ED pattern is essentially the same as those found in
the WAXD fiber pattern in Figure 7d. This indicates
that the local orientation and order are the same as the
overall ones detected viaWAXD experiments. A similar
texture can be found for sheared TPP(n)11), as shown
in Figure 14.
Generally speaking, a layer compression in a highly

ordered smectic liquid crystalline phase requires con-

siderable energy, while the deformations that tend to
preserve the interlayer spacing may still be possible.
The expected distortion is thus the layer bending since
this involves only a splaying effect and does not affect
the layer thickness.24 As a result, for defects formed in
this phase the splay elastic constant (k11) should domi-
nate, while the twist deformation (k22) and the bend
elastic constant (k33) must be very small. This leads to
a remarkable anisotropic response to different types of
deformation in the samples. In Figures 13 and 14 the
mechanically sheared TPP thin sample prepared from
these smectic phases is more or less planar. This
indicates that the chain molecules are homogeneous.
Since the layer structures are tilted, the molecules have
two different layer orientations with respect to the shear
direction. It is particularly interesting that the lamellar
orientations are more or less alternated along the shear
direction to form a zigzag-like texture. This may be the
cause of the π inversion or other tilted wells. In some
cases, nonplanar texture can also be found such as focal
conic and chevron textures.16,25 Detailed defect analysis
and morphological discussion will be reported else-
where.26
Finally, the SF morphology and defects after the

mechanical shearing are shown in Figure 15 for
TPP(n)15). This phase is directly formed from the
isotropic melt after the sample was cooled for 170 to 140
°C (see Figure 2) and, therefore, no morphology and
defects of the precursor phase interfere with this
observation. There is clear evidence of a lamellar
texture with a spacing of about 50 nm, and the lamellar
orientation is tilted with the shear direction. However,
no obvious regular zigzag-like banded texture can be
found. This corresponds well with the PLM observation
where no banded texture is observed (Figure 11c).
Phase Diagram of TPP(n-odd)s. On the basis of

these experimental observations in TPP(n)odd)s, we
can clearly assign the phase structure in the phase
diagram (Figure 2) by following the sequence from high
to low temperatures. The first (and the highest) transi-
tion is the I f N phase transition for TPP(ne13)s, while

Figure 13. TEM observation of mechanically sheared
TPP(n)7) after lamellar decoration. An electron diffraction
pattern is also included.

Figure 14. TEM observation of mechanically sheared
TPP(n)11) after lamellar decoration.
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a transition from the I f SF phase can be observed
during the highest temperature transition for TPP-
(ng15)s. With decreasing temperature, a SF phase is
found in TPP(ne13)s in a rather narrow temperature
range. This SF phase for all TPP(n)odd)s transforms
to the SG phase and, finally, for TPP(ng11), a SH phase
ultimately forms as the most thermodynamically stable
phase before reaching the glass transition temperatures.
Furthermore, one may also investigate the enthalpy

changes of transitions for the TPP(n)odd)s to support
this assignment. The enthalpy changes of the I f N
transition for TPP(ne13)s are plotted with the number
of methylene units as shown in Figure 16. Since their
transition temperatures are close to equilibrium, the
transition entropy change can thus be calculated and
plotted in the same figure. It is interesting that with
the increasing number of methylene units, this enthalpy
change at the transition linearly increases [having a
slope of 0.63 kJ/(mol of methylene units)] in this range
of the number of the methylene units. This clearly
reveals that the methylene units also join the ordering
process during this transition and the slope roughly
represents the contribution to the nematic order for each

methylene unit. The entropy change of each methylene
unit at the transition is 1.54 J/(K mol). An extrapolation
to zero methylene unit yields the enthalpy change of
this transition for the pure mesogenic group at the
transition which is 1.64 kJ/mol. The entropy change of
the mesogenic group alone at the transition obtained
from the extrapolation is 2.80 J/(K mol). Generally
speaking, the enthalpy and entropy changes of a liquid
crystalline transition dependent upon the structural
rigidity, symmetry, planarity, and length of the me-
sogenic groups, all of which are essential to stabilize
the liquid crystalline phase. If the mesogenic groups
are not able to provide enough stability to the liquid
crystalline phase, the methylene units may have to
provide more contributions to it. Sometimes the liquid
crystalline transition may even change from the enan-
tiotropic to a monotropic type before the liquid crystal-
line phase is completely destabilized. This case has
been found in polyethers (MBPE) synthesized from 1-(4-
hydroxyphenyl)-2-(2-methyl-4-hydroxyphenyl)ethane and
R,ω-dibromoalkanes14 and poly(ester imide)s (PEIM)
synthesized from N-[4-(chloroformyl)phenyl]-4-(chloro-
formyl)phthalimide and different diols,6 both of which
only exhibit monotropic liquid crystalline behaviors.
However, the absolute values of the enthalpy and
entropy changes of this nematic liquid crystalline
transition in TPP(n)odd)s are even higher than those
commonly found in enantiotropic liquid crystalline
polymers such as in the case of (4,4′-dihydroxy-2,2′-
dimethylazoxybenzene)alkanedioic acid (ME9-Sn). The
enthalpy changes of transition for the odd-numbered
ME9-Sns are 0.19 kJ/mol for each methylene unit and
0.94 kJ/mol for the mesogenic group, while their entropy
changes during the transition are 0.57 and 1.41 J/(K
mol), respectively.27,28 This may indicate that in
TPP(n)odd)s the thermodynamic stability of this liquid
crystalline phase is high. On the other hand, the
enthalpy and entropy changes of the N f SF transition
for TPP(ne13)s (Figure 17) indicate that the methylene
units still take part in the ordering process involving a
contribution of the enthalpy change of transition of 0.43
kJ/mol and an entropy change of 0.96 J/(K mol) for each
methylene unit. The extrapolated values for the en-
thalpy and entropy changes during this transition for
pure mesogenic groups are 0.50 kJ/mol and 1.78 J/(K
mol), respectively.
For TPP(ng15)s, the SF phase appears after passing

through the highest transition temperature (Figure 2)
and therefore the enthalpy and entropy changes of
transition cannot be included in Figure 16. The rela-

Figure 15. TEM observation of mechanically sheared TPP-
(n)15) after lamellar decoration.

Figure 16. Relationships between the enthalpy and the
entropy changes during the I f N transitions observed in DSC
and the number of methylene units for TPP(ne13)s.

Figure 17. Relationships between the enthalpy and the
entropy changes during the N f SF transitions observed in
DSC and the number of methylene units for TPP(ne13)s.
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tionship between the enthalpy changes of the I f SF
transition and the number of the methylene units is
shown in Figure 18. Furthermore, one expects that the
summation of the thermodynamic parameters in
TPP(ne13)s where two consecutive transitions are
taking place (I f N and N f SF) should fit the same
relationships as those of the single-step I f SF transi-
tions for TPP(ng15)s. The data are shown in Figure
18, and indeed, both sets of enthalpy and entropy
changes for all TPP(n)odd)s fit very well in the same
linear line. This indicates that the additivity assump-
tion proposed is held. The enthalpy and entropy
changes per methylene unit obtained from Figure 18
are 1.06 kJ/mol and 2.50 J/(K mol), respectively. Those
of the mesogenic group are 2.14 kJ/mol and 4.58 J/(K
mol). This indicates that the SF structure having the
tilted chain direction with respect to the fiber direction
in TPP(ne13) possesses the same structural order
compared to those of TPP(ng15) based on the thermo-
dynamic considerations.
When one discusses the transitions of SF f SG for all

TPP(n)odd)s, Figure 19 shows the relationships of the
enthalpy and entropy changes with the number of
methylene units; both changes per methylene unit are
0.42 kJ/mol and 1.04 J/(K mol), respectively, and the
changes for the mesogenic groups are close to zero. This
implies that, during this transition, the ordering process
is solely occurring in the methylene units. Furthermore,
it also indicates that in the SG phase the tilted chain
direction with the fiber direction does not affect the
structural order.
Finally, the enthalpy and entropy changes during the

SG f SH transition for TPP(ng11)s at different meth-
ylene units are plotted in Figure 20. It is evident that
the intersections of both extrapolations to zero meth-
ylene units are also very close to zero, while the slopes
of these two linear relationships are 0.92 kJ/mol for the
enthalpy change and 2.36 J/(K mol) for the entropy
change per methylene unit, respectively. This is an
indication that the transition of SG f SH is also solely
dependent upon the further ordering of the methylene
units. All the enthalpy and entropy changes at those
transitions are listed in Table 1 for the purpose of
comparison and discussion.

Conclusion

We have reported a phase diagram of TPP(n)odd)
liquid crystalline polyethers. These polymers possess

complicated phase behavior. The thermodynamic prop-
erties are observed via DSC experiments, which provide
fundamental judgments of the phase stability and
sometimes an additional proof of the phase assignments.
However, the essential structural information has to be
obtained through WAXD powder and fiber patterns at
different temperatures, combined with PLM and TEM
morphological observations. The interesting results are
the identification of highly ordered smectic crystals (the
SF, SG, and SH phases) which also exist in main chain
liquid crystalline polymers. It is thus necessary to
carefully examine the polymer liquid crystalline struc-
tures and identify these highly ordered smectic liquid
crystalline phases based on structural symmetry, order,
morphology, and defects, which should be similar to
those in small molecule liquid crystals. In this TPP-
(n)odd) case, it is further understood that in the SF and
SG phases an orientational difference between the chain
and fiber directions in the WAXD fiber patterns can be
found but the structural order is not affected. Finally,
it should also be pointed out that growing liquid

Figure 18. Relationships between the enthalpy and the
entropy changes during the I f SF transitions observed in DSC
and the number of methylene units for TPP(ne15)s. Those
of summations of I f N and N f SF transitions for TPP(ne13)s
are also included.

Figure 19. Relationships between the enthalpy and the
entropy changes during the SF f SG transitions observed in
DSC and the number of methylene units for TPP(n)odd)s.

Figure 20. Relationships between the enthalpy and the
entropy changes during the SG f SH transitions observed in
DSC and the number of methylene units for TPP(ng11)s.

Table 1. Mesogenic Group and Methylene Unit
Contributions to the Liquid Crystalline Transitions

∆H (kJ/mol) ∆S [J/(K mol)]

transitions
meso-
gene

methyl-
ene

meso-
gene

methyl-
ene

I f N for TPP(ne13)s 1.64 0.63 2.80 1.54
N f SF for TPP(ne13)s 0.50 0.43 1.78 0.96
I f SF for TPP(ng15)s 2.14 1.06 4.58 2.50
SF f SG ≈0.00 0.42 ≈0.00 1.04
SG f SH for TPP(ng11)s ≈0.00 0.92 ≈0.00 2.35
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crystalline monodomains in these polymers is the ideal
situation to identify the highly ordered smectic phases.
Unfortunately, it is very difficult to obtain them experi-
mentally due to the long chain nature.
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