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This work reports the phase behavior of the polyesters made from the condensation of
isophthalic acid (IA) and terephthalic acid (TA) with the mesogenic diol4,4’-bis (6-hydroxy
hexoxy) biphenyl (BHHBP).The latter monomer forms a smectic mesophase in the interval
98-179OC. Fischer et al., who investigated the room temperature x-ray patterns of the
oriented polyesters of BHHBP and IA, as well as BHHBP and TA, claimed that both
polymers also showed smectic mesophases. However, they showed no other evidence to
support their interpretation. In the present work, examination of these polyesters under
the optical microscope revealed focal conic textures for the IA polyester, but spherulitic
textures for the T A polyester. DSC studies revealed thermograms with two peaks in the
cooling scan for the IA polyester, at different cooling rates, which supported the view that
there were two phase transitions. The heating scans of the TA polyester showed multiple
peaks that depended on heating rate whereas on cooling, only a single exothermic peak
was observed at all cooling rates. Thus, the current results definitely support the case for
a smectic A mesophase in the IA polyester but, contrary to Fischer et al.’s opinion, do not
suggest any mesophase formation in the T A polyester. 0 1995 John Wiley & Sons, Inc.
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INTRODUCTION
A few articles have appeared on the liquid crystalline
properties of polyesters’ polycarbonates,2 and
polyurethanes3 containing the monomer 4,4’-bis (6hydroxy hexoxy)biphenyl (BHHBP). This monomer
itself is a mesogenic compound, forming a highly
ordered smectic liquid-crystal phase: The molecular
structure of BHHBP is shown below.

BHHBP SMECTIC MONOMER

This work examines the phase transitions of the
polyesters made from the condensation of BHHBP
with isophthalic acid (IA) and terephthalic acid
(TA). Recently Fischer, Karasz, and MacKnight
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have reported the phase behavior of polyesters and
polyurethanes containing BHHBP.’ They claimed
that the polyesters of BHHBP and IA, as well as
BHHBP and TA, formed liquid crystalline mesophases of the smectic type.’ However, Fischer et al.’s
article contains limited experimental evidence, as
they only demonstrated the room temperature xray patterns of oriented fibers. They did not report
any results from optical microscopy, which is an important tool in liquid-crystal phase identification,
and though it was claimed that differential scanning
calorimeter (DSC) results corroborated their x-ray
work, these were not shown, or discussed either.
Furthermore, they did not report the phase transition temperatures for any of the polymers.
Here, the polyesters of BHHBP and IA, as well
as BHHBP and TA, were investigated by microscopy
and DSC. Although the present results support
Fischer et aL’s view about the IA polyester, the findings from the T A polyester do not accord with their
conclusions. Likewise, the interpretation of the DSC
behavior of these polymers was not straightforward,
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showing peculiar annealing effects that were dependent on the heating/cooling rates and the thermal
history of the sample. Hence, further characterization of the phase behavior of polyesters made with
BHHBP will be presented.

instead of IA; the former was used in place of the
latter owing to its higher reactivity.

EXPERIMENTAL
Synthesis and Characterization of Monomer and
Polymers

The synthesis of the monomer BHHBP has been
described in the l i t e r a t ~ r e .The
~ principle behind
the synthesis involves the nucleophilic displacement
of chlorine from 6-chloro-1-hexanol by sodium 4,4biphenoxide.
The polymerizations of BHHBP with IA or TA
were carried out using a melt condensation reaction.
This was an equilibrium-controlled process in which
the polymer was formed by the removal of the byproduct, in this case HC1. The driving force was
provided by a combination of reduced pressure and
applied heat. All the polymers formed a viscous melt
from which oriented fibres could be pulled.
4,4'-bis(6-Hydroxy hexoxy)Biphenyl (BHHBP)

The reaction scheme for the synthesis of the monomer BHHBP is shown below.

BHHBP (4 g, 0.01 mol) and isophthaloyl chloride
(2.1 g, 0.01 mol) were placed in a polymerization
flask equipped with a magnetic stirrer, a gas inlet/
outlet, and a vacuum inlet. The polymerization flask
was evacuated and then filled with nitrogen. This
cycle was repeated four times. A slow stream of nitrogen was then maintained in the flask to carry off
the hydrogen chloride produced during the polymerization. The flask was heated in an oil bath to
200°C. When the melt became viscous, the temperature was raised slowly to 24OoC. When it became
too viscous to be stirred, vacuum (750 mbar) was
applied and the temperature was maintained for 5
h. The flask was cooled to room temperature under
vacuum, and the product was mechanically crushed,
extracted with acetone, and dried at 50°C.A yield
of 92% was obtained. The polymer was purified further by dissolving in dichloromethane, filtering, and
reprecipitating with acetone.
Polyester of BHHBP and TA

BHHBP SMECTIC MONOMER

A mixture of sodium hydroxide (12.9 g, 4.0 mol),
ethanol (250 mL), and 4,4'-biphenol (15 g, 1 mol)
was stirred, whilst being refluxed under nitrogen. 6Chlorohexanol(50 g, 4.56 mol) was added dropwise,
over a period of 30 min. The mixture was left to stir
for approximately 24 h, after which time a clear yellow solution was obtained. Excess ethanol was removed under reduced pressure. The solution was
poured into a beaker of water. The resulting white
precipitate was filtered, and recrystallized from
dioxane, to yield BHHBP as a white crystalline solid
(78.5% yield).

The reaction scheme for the synthesis of the polyester of BHHBP and T A is shown below. Again, the
scheme shows the use of terephthaloyl chloride instead of TA.

A similar procedure to the previous polymerization was used. BHHBP (4 g, 0.01 mol) and terephthaloyl chloride (2.1 g, 0.01 mol) were used. A
polymer yield of 86% (4.6 g) was obtained. The
polymer was purified in a similar manner as the IA
polyester.

Polyester of BHHBP and IA

Differential Scanning Calorimetry (DSC)

The reaction scheme for the synthesis of the polyester of BHHBP and IA is shown below. Note that
the scheme shows the use of isophthaloyl chloride

Calorimetric measurements were carried out using
a Mettler DSC 30 and TC 11controller. Data storage
and analysis were performed using an IBM micro-
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computer running the software Graphware TA-72
under QNX. The DSC cell was calibrated for temperature and enthalpy response according to the
melting points and heats of fusion of pure indium.
DSC scans were performed at various heating and
cooling rates (1,5,10,20, and40°C/min.). The samples were encapsulated in hermetically sealed pans
and the scans were conducted under a static air atmosphere. A fresh sample was used for each heating/
cooling rate. For each rate, the material was subjected to a heat-cool-heat-cool cycle to check reproducibility. The lower temperature limit of the
scan was set a t 2OoC and the upper limit was chosen
for each polymer according to the information acquired through the optical microscope (170°C for
the IA polyester, 180°C for the TA polyester).
Optical Microscopy

Optical observations were made with a Zeiss Axioplan polarizing microscope equipped with long
working distance objectives. The samples were
heated and cooled with a Linkam hot stage and associated temperature controller. Very small powdered fragments of the polymer were placed on the
glass slide and heated to about 2OoC above the isotropization temperature. The melt was quite viscous and did not form a thin layer spontaneously.
Hence, it was sheared between the glass plates in
the isotropic state.
The isotropic melt was then cooled at about 5”C/
min until the textures started to appear. The temperature was then held constant to record the texture
photographically. After cooling to room temperature,
the sample was reheated to isotropization temperature and then recooled. Degradation was not a
problem if the samples were not heated beyond
190°C and all textural features were reproducible
on several heat-cool cycles with the same specimen.

the polymers. A few comments on the behavior of
this monomer will be presented even though many
of its properties have been published by Smyth et
al.,4 as it forms a suitable contrast to the thermal
behavior of the polymers containing BHHBP.
The Monomer BHHBP

Smyth et a1.4 concluded that BHHBP shows a highly
ordered smectic SGor SH mesophase between 97°C
and 179°C. This class of highly ordered liquid crystal
phase has also been referred to as a “disordered
crystal.”
Here, we shall merely confirm that our monomer
was pure and showed the phase transitions reported
by Smyth et al.4 Figure 1 shows the heating and
cooling DSC thermograms for BHHBP. Most often
with molecular liquid crystals, there is a straightforward correlation between the number of peaks
and the number of phase transitions. The phase
transition temperatures for BHHBP observed here
are collected together with the data of Smyth et al.4
in Table I. One feature of the smectics is that the Z
--* S transition has a higher enthalpy than the S +
K transition (I= isotropic, S = smectic, K = crystal). This is because the difference between the longrange order of the S and K phases is small.
Optical microscopy also confirmed (not shown
here) the formation of the mosaic texture reported
by Smyth et al.4 Moreover, on cooling from the mosaic texture associated with the smectic phase, the
second phase change (from smectic to crystal) could
always be observed optically, though the resulting
paramorphotic texture was not very clear.
I

3 ,
2

1
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X-Ray

X-ray diffraction patterns of the unoriented polyesters were acquired at room temperature. The patterns were collected using a GEC Avionics GX21
rotating anode x-ray generator with a Siemens
GADDS X-1000 area detector. The samples were in
the form of films and were prepared by compression
molding.

RESULTS AND DISCUSSION
BHHBP is a molecular liquid crystal and hence its
phase transitions are less ambiguous than that of
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Figure 1. DSC heating and cooling curves for BHHBP.
The two peaks are due to two phase transitions. On heating, the first transition is the K + S and the second is
the S + Z phase change. On cooling, the Z + S transition
is followed by the S + K transition at lower temperature.
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Table I.

Phase Transition Temperatures TI and T2,
and Heats of Fusion of BHHBP

TJ"C
89.4
79.5
97.9
85.3

(K-S)
(S-K)

(K-S)
(S-K)

Td°C
165.3 (S-Z)
160.8 (I-S)
178.8 ( S - I )
168.7 ( I - S )

AH,/J g-'
60.1
-63.5
55.8
-48.2

(K-S)
(S-K)
(K-S)
(S-K)

Polyester of BHHBP and IA

Fischer et a1.l concluded that the polyester formed
by the condensation of IA with BHHBP has a smectic A mesophase. However, the only evidence shown
by them was the x-ray pattern of an oriented fiber
at room temperature. Here, we shall examine all the
available evidence from optical microscopy and DSC
and see if it is mutually consistent, and agrees with
Fischer's conclusions.
The microscopy results produced the most unambiguous evidence for mesophase formation. The
best textures were obtained from the periphery of
the preparation where the sample was thinnest. On
cooling from the isotropic melt, bhtonnets were initially formed at 110°C. This is shown in Figure 2.
These then grew and coalesced into the focal conic
texture shown in Figure 3. The focal conic domains
did not cover the entire field of view, and some regions had a grainy appearance. The textures of Figures 2 and 3 are typical of smectic A or C mesophases. On cooling further, at 5"C/min to room
temperature, the entire texture became grainy, indicating a second transition; this is probably due to
the mesophase to crystal change.
For testing further the existence of a mobile mesophase, simple turbidity observations coupled with

Figure 2. Polarizing optical micrographs showing the
growth of batonnets at 105OC from the isotropic melt for
the polyester of BHHBP and IA.

AH2/J 8-l

Comments

106.6 (S-I)
-96.9 (I-S)
114.7 (S-I)
-112.1 ( I - S )

Fig. 1, heating
Fig. 1, cooling
ref. 4, heating, 20"C/min
ref. 4, cooling, -2O"C/min

shearing experiments were conducted. The sample
was melted between glass plates on a hot bench
whose temperature was controlled accurately. On
heating, a transparent, viscous fluid was obtained
at about 130°C; from the microscopy, this corresponds to the isotropic state. On continuous cooling,
a turbid fluid was obtained at 100°C. This corresponds to the mesophase state observed in the microscope. The material was certainly fluid at 100°C,
because the glass plates could be sheared. On cooling
further to 70°C, the material became completely
opaque, and after this transition, the glass plates
became stuck to each other and so could not be
sheared. This corresponds to the second phase transition, namely crystallization.
Figure 4 shows the stacked DSC curves for the
cooling of the polyester of IA from the isotropic melt
at various cooling rates. It can be seen that at all
cooling rates tried, two exothermic transitions were
observed and this is evidence in favor of a mesophase
being present. We attribute the peak at 100°C to
the I + SA transition, whereas the peak at about
70°C is due to the SA + K transition ( SA = smectic
A, K = crystal). Note that on cooling at l"C/min,
the peaks move closer together. The peak temperatures and enthalpies from the cooling scans are
shown in Table IIIa, as these were very reproducible.

Figure 3. Polarizing optical micrograph showing the focal conic texture of the smectic A phase of the IA polyester,
formed after coalesence of the batonnets in Figure 2.
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The cooling curves in Figure 4 can be correlated
with the microscopy results. As the temperature at
which the bitonnets were first observed (110°C)
correlates with the onset of the higher temperature
exothermic peak in the cooling curves in Figure 4,
it supports the interpretation that the DSC peak ( a t
100°C) is the I + SAphase transition. Likewise, it
was observed that the entire optical texture became
grainy on continuous cooling at about 7OoC; this is
probably due to crystallization, as its occurrence
corresponds with the DSC exotherm a t the lower
temperature in Figure 4. Because it was not possible
to determine from the optical texture alone whether
the material had become truly crystalline, the x-ray
pattern was recorded at room temperature. The pattern in Figure 5 shows that the material was indeed
crystalline at ambient temperature.
DSC curves for the heating of the polymer at different heating rates are shown in Figure 6 and the
latent heats and peak temperatures are collected together in Table Ilb. Figure 6 shows the first heating
cycle of the reactor polymer. It can be seen that the
number of endothermic peaks is dependent on heating rate, and the curves are not as straightforward
as implied by Fischer et al.' in that there is no correlation between the number of peaks and phase
transitions (cf. with the heating cycle for the smectic
monomer in Fig. 1).
In Figure 6, at a heating rate of 10"C/min, two
partially overlapping endothermic peaks were found.
However, the enthalpy of the higher temperature
peak was smaller, which is contrary to what one
would expect if this was the S + I transition. In
the case of the scan at 20"C/min, the two peaks
appear to merge, so that if there are two phase transitions, it is not apparent. In addition, a t heating
rates of l"/min and 5"C/min, there was even an
exothermic peak between the two endothermic
peaks. If we attribute the two endothermic peaks at
110°C and 129°C to K + S A and SA+ I transitions,
respectively, then the exothermic peak in between
the two transitions needs to be explained. An exothermic peak preceding a crystal-melting transition
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Figure 4. Cooling curves of the IA polyester at different
cooling rates. At all cooling rates, two exothermic peaks
were found, suggesting that there were two consecutive
phase transitions.

It is generally found that the isotropic to liquid crystal transition does not show much supercooling
whereas the liquid crystal to crystal transition shows
significant supercooling; the behavior in Figure 4 is
in accord with this and supports the assignment of
the two peaks to consecutive phase transitions. The
enthalpy of the peak at higher temperature was always greater as would be expected of the I + S transition whereas the S + K transition had a lower
enthalpy (typically -17.3 J/g vs. -2.4 J / g , Table
IIa) .This is similar to the behavior of the monomer
BHHBP in the cooling curve of Figure 1. Note that
none of the cooling curves in Figure 4 were dependent
on previous sample history, and in a heat-cool-heatcool cycle, the two cooling thermograms were virtually identical whereas the first and second heating
thermograms were different (this is shown in Fig. 8
and will be discussed further).

Table IIa. The Peak Temperatures TIand T2,and Associated Enthalpies for the IA Polyester From the Cooling
Curves of Figure 4

TI( I - t S ) in "C

T2 (S+K) in "C

A H , (Z-tS) in J/g

105
100
100
100

90
67
68
68

AH2 ( S - K ) in J/g

Cooling Rate

*

*

-17
-18
-17

-2.4
-1.9
-1.9

-1°C/min
-5OC/min
-10"C/min
-PO"C/min

* Enthalpies cannot be measured individually because peaks overlap.
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Table IIb. The Peak Temperatures T I ,T2,
and T3,and Associated Enthalpies for the IA Polyester From the
Heating Curves of Figure 6
Tl in "C

T2in "C

T3in "C

A H , in J/g

A H , in J/g

AH3 in J/g

Heating Rate

112

115
120
-

129
127
127
-

26
41
48
59

-JO

44
24

1"C/min
5"C/min

10

10°C/min
20°C/min

113
114
113

-6
-

-

TIand T3are the endothermic peaks, T2is the exothermic peak.

is quite common in crystallizable polymers such as
polyethylene terephthalate and is ascribed to cold
crystallization. However, an exothermic peak after
the endothermic transition in Figure 6 for the 1"C/
min and the 5"C/min scans is more difficult to explain.
Fischer et al. (from their x-ray work) suggested
that chain-folded and extended chain arrangements
are possible in polyesters and polyurethanes containing BHHBP.' It is thus possible that the first
endothermic transition in Figure 6 at l"/min and
5" /min represents the melting of chain-folded crystals that then recrystallize in extended chain form;
the latter would have a higher melting point. On
further heating, the extended form remelts. At
higher heating rates (10"C/min and 20°C/min), the
exothermic peak is absent (Fig. 6 ) because the conversion from the chain-folded to the extended form
has not had time to occur. As mentioned, an exothermic peak between two endotherms is not
straightforward or easy to explain, but a parallel we
could find was in the melting behavior of polyethylene single crystals reported by Mandelkern and
Allou? The interpretation given was in terms of
chain-folded crystals melting and recrystallizing to
an extended chain form, followed by remelting.5
The above is a tentative explanation for the behavior shown in Figure 6. We performed preliminary
annealing experiments to explore the nature of the
exothermic peaks in the scans at 1°C/min and 5"C/
min. From the above arguments, annealing should
raise the crystal melting point. Thus, when the sam-

ple was heated to 115OC (the peak temperature of
the exotherm in the 1°C/min scan in Fig. 6) and
held for 1 h, then quenched and reheated a t l"C/
min, the thermogram shown in Figure 7 was obtained. By comparing with the l"C/min scan in Figure 6, it can be seen that there is now essentially
one minor and one major melting peak, at 117OC
and 128°C respectively; the former arises because
annealing has been incomplete. Indeed, by annealing
at 115°C and varying the annealing times, it was
possible to obtain curves with one to several (more
than two) endothermic peaks. The results of Figure
6 (scans at 5"C/min and 1°C/min) and the annealing
experiment in Figure 7 would indicate that the crystal transforms directly to the isotropic melt and that
the K + S transition is absent. These results are
quite intriguing because it suggests that the IA polymer may have a monotropic mesophase. That is, the
mesophase is observed only on cooling (I+ S, +
K ) and on heating, the crystal melts directly to the
isotropic (K + I). We are conducting further experiments to identify if the S, mesophase observed
for the IA polyester is indeed monotropic.
Figure 8 shows that the number of peaks in the
heating scans depends on the thermal history of the
sample (besides the heating rate) though the number
of peaks observed in the cooling scans is invariant.
The first heating scan in Figure 8 (at 10"C/min)
was on the polymer taken from the reactor vessel,
whereas the second scan was a reheating, after cooling in the DSC, of the sample obtained after the
first heating. The thermal history of the reactor

Table IIIa. The Peak Temperatures TI and T,, and Associated Enthalpies for the T A Polyester From the Heating
Curves of Figure 1Oa
T, in "C

83
86
89

T2in "C
152
146

A H , in J/g

A H , in J/g

Heating Rate

-

34
33
36
32

1"C/min
5"C/min

144

1.6
2.5

145

1.7

10"C/min

20°C/min
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Table IIIb. Peak Temperatures and Enthalpies for
the
TA Polyester From the Cooling Curves of Figure 10b

T ( I - K ) in "C

AH ( I - K ) in J/g

Cooling Rate

118
103
94

-32
-30
-27

-1"/min
-lOO/min
-20"/min

polymer consisted of a large mass of the molten
polymer that had been cooled slowly under vacuum.
From Figure 8 it can be seen that there are differences between the two heating scans; thus, it would
appear that heating scans cannot be used as decisive
evidence in favor of mesophase formation, as complex crystal annealing effects may be superimposed
on any phase transitions. Figure 4, however, showed
that the cooling scans are more reliable and reproducable. The cooling scans in Figure 8 also show
that these are not dependent on the thermal history,
as the two scans are identical. Similar curves as in
Figure 8 were obtained when the heat-cool-heatcool experiment was conducted a t a higher rate of
+20°C/min (not shown).
Thus, our microscopy and DSC results indicate
that there are two phase transitions on cooling in
the IA polyester and that a smectic mesophase is
formed. Fischer et al.'s published evidence for a
smectic A mesophase in this polymer is an x-ray
pattern recorded at room temperature of an oriented
fiber pulled from the melt and rapidly quenched to
yield a smectic glass; this contains a diffuse equa-
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Figure 6. Heating curves of the IA polyester at different
heating rates, showing that the number of peaks is heating
rate dependent. These were obtained from the first heating
scan on the reactor polymer.

torial arc and two meridional peaks at 3.15 and 1.53
nm resulting from the smectic layer spacing. Though
one should demonstrate the formation of a smectic
type x-ray pattern in the mesophase state (i.e., a t
elevated temperatures) to be fully convincing, our
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Heating scan at 1°/min of IA polyester that
was annealed at 115°C for 1h, and then quenched to 0°C.
Figure 7.

Figure 5. X-ray pattern of the IA polyester at 20°C.
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Figure 8. Effect of thermal history: heating and cooling
curves of the IA polyester at +lOO/min. The number of
peaks in the heating scan (bottom) depends on thermal
history of sample. The first heating scan is that of the
reactor polymer; the second scan is reheating after the
first heating and cooling. The cooling scans (top) after
the first and second melting are identical.

present findings do not contradict them and tend to
support their conclusions for the IA polyester. Our
DSC results suggest in addition the possibility of a
monotropic transition with a very narrow mesophase
window and reveal some unsuspected complexities
that were not discussed in their paper.’
Polyester of BHHBP and TA

Fischer et al.’s description of this polymer is somewhat confusing and contradictory. On one hand,
they suggested that the TA polymer should have a
greater propensity to crystallize whereas the IA
polymer was more likely to form a mesophase. Yet,
they stated that their diffraction pattern of the oriented fiber of the TA polymer indicated a smectic
A mesophase (see caption of Fig. 4 in ref. l),rather
than a crystalline polymer. With this background,
we shall examine the combined microscopy and DSC
evidence for the TA polymer.
As before, polarizing microscope studies were
conducted first. The polyester was heated to 190°C
very rapidly, by which temperature an isotropic melt
had formed. On cooling slowly at 10°/min, spherulites were seen growing from the isotropic melt a t
about 125°C (Fig. 9). This is the most common texture observed in crystallizable polymers (such as
polyethylene) and hence it was surprising and unexpected. On reheating a sample that had crystallized with the spherulitic texture, a transition to the
isotropic melt occurred without any intervening birefringent liquid phase.

According to Fischer et al.’s’ x-ray work, this
polyester has a smectic A phase, yet under no circumstances (heating or cooling) were we able to observe any of the typical textures of this mesophase,
such as the focal conic or polygonal textures.6 A
spherulitic texture, however, does not necessarily
indicate three-dimensional crystalline order as it has
been observed in vinyl polymers with two-dimensional order such as polyacrylonitrile.’ Nevertheless,
it is also true that a spherulitic texture is rarely found
in smectics. Focal conic textures with spherulitic
domains have been shown for the SF phase of terephthalyidene-bis- (4-n-butyloxy-methylenoxy-aniline)6 and for a relatively new phase called S,
(smectic C antiphase) in the molecular compound
4’-n-nonyloxy-4-biphenylyl
4-cyanoben~oate.~
The
latter compound shows the following phase transition sequence on cooling: I + N + SAz+ Sc +
Sc. The S , phase appears from the preceding SAz
phase in homeotropic areas in a spherulite-like texture.6 The SC phase appears to be very uncommon
and moreover does not seem to occur directly from
the isotropic state but forms from a preceding smectic phase. The simple focal conic texture (of the type
shown in Fig. 3 for the IA polymer) is the most common for SAmesophases. Fischer et al.’ did not mention the kind of optical textures obtained with their
TA polymer but we think that Figure 9 is unlikely
to be due to any unusual smectic phase, and is merely
a crystallization texture. Further evidence presented
below from DSC also supports the idea that there
is only one phase change and this is crystallization,
rather than mesophase formation.
Figure 10a shows the heating curves for the TA
polyester (reactor polymer) at various heating rates.
Table IIIa lists the peak temperatures and associated

Figure 9. Polarizing optical micrograph of the TA
polyester of BHHBP, showing the growth of spherulites
directly from the isotropic melt.

PHASE TRANSITIONS IN TWO SMECTIC DIOL-CONTAINING POLYESTERS

cooling<

1

1VCImin

>heating

20

I

I

I

40

60

80

I

I

I

I

100 120 140 180 180

Temperature ("C)

Figure 10a. Heating curves of the TA polyester showing that the number of peaks depends on heating rate.
Figure lob. Cooling curves of the T A polyester. At all
cooling rates, there was only one exothermic peak, suggesting there was only one phase transition (i.e., crystallization).

enthalpies. The principal endothermic peak was at
145°C. In addition, a weak endotherm a t 85°C was
also detectable in the scans a t B"C/min, 10"C/min,
and 20°C/min and the size sequence of the peaks
was such that it could conceivably be due to a K +
S transition followed by a S --* Z transition. However, just as in the case of the IA polyester discussed
earlier, the second heating scan (i.e., reheating after
initial melting and controlled cooling in the DSC)
was different from the first heating scan on the reactor polymer. Thus, in the heating scan, the number
and position of the peaks depended on the thermal
history and heating rate. Again, this strongly suggests
annealing effects rather than mesophase formation
as being responsible for the multiple peaks in Figure 10a.
In polymeric materials particularly, multiple
peaks in the heating curves can occur due to a variety
of reasons that do not involve mesophase formation.
Apart from the possibility of crystal-crystal polymorphic transitions, multiple melting peaks commonly arise in semicrystalline flexible chain polymers due to annealing effects. The latter phenomenon is particularly sensitive to heating rate. Thus,
common semicrystalline polymers such as polyethylene and polybutylene terephthalate, which do not
show mesophase behavior (at least at atmospheric
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pressures), display multiple melting peaks at intermediate heating rates?.' This is due to the fact that
polymer crystallites are small and they melt below
their equilibrium melting point. During the DSC
experiment, annealing can occur leading to crystal
thickening; the thicker crystals have a raised melting
point. If a bimodal distribution of crystal sizes is
formed during the DSC experiment by annealing, a
melting curve with two distinct peaks can be attained. This would be particularly noticeable at intermediate heating rates.g
Thus, some of the heating curves such as those
in Figure 10a are apparently suggestive of mesophase
behavior, but it would be wrong to use it as decisive
evidence in favor of a mesophase. We emphasize
this because Fischer et al.' asserted that their (undisclosed) DSC data supported the existence of liquid crystal phase transitions for the TA polymer.
The polyesters of BHHBP have alkyl fragments as
well as aromatic units and hence the chain folding
and lamellar thickening phenomena found with
conventional polymers such as polyethylene may
occur.
Figure 10b shows the cooling curves recorded at
various cooling rates for the TA polyester and Table
IIIb lists the peak temperatures and associated enthalpies. At all cooling rates including the slowest,
only a single exothermic peak was resolved, suggesting that there was only one phase transition involved. This is in contrast to the cooling behavior
of the smectic monomer in Figure 1 and that of the
IA polymer in Figure 4 where two exothrmic transitions were always observed on the cooling cycle. If
Fischer et al. were right, then one might have expected two phase transitions (Z --* SAand SA+ K ) ,
as in Figures 1or 4, and hence two exotherms. Nevertheless, the presence of only one exotherm in the
cooling cycle does not entirely rule out the formation
of a mesophase as it is possible that a sequence consisting of an I + SAtransition followed by a SA +
S, glass transition could have occurred. In such a case,
only a single exotherm corresponding to the first
transition would be expected.
The transitions observed optically need to be compared with the DSC changes. Firstly, the temperature
at which the spherulites started to grow coincides with
the onset of the exotherm in Figure lob. This further
suggests that the transition associated with the DSC
exotherm at about 118°C in Figure 10b (seealso Table
IIIb) may be due to polymer crystallization rather than
mesophase formation. Figure 11shows the x-ray pattern of the TA polyester, and it confirms that the material is crystalline at ambient temperatures; this rules
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an oriented version of our crystalline pattern in Figure 11. The three most intense rings of our Figure
11 appear on the equator in their pattern, but the
contrast is low due to a poor gray scale (see Fig. 4
of ref. 1).

CONCLUSIONS

Figure 11. X-ray pattern of the TA polyester at 20°C.

out the sequence I + SAtransition followed by a SA
+ SAglass transition.
Finally, simple turbidity and shearing experiments also suggested that the transition from the
isotropic state was crystallization. On melting the
sample between glass plates on the hot bench, a viscous but transparent fluid was obtained at about
160°C. When this melt was cooled continuously, it
started to become completely opaque at about 130120°C. This temperature corresponds to the start of
the spherulite growth observed in the microscope
and the DSC exotherm (see Figure lob). The transparent melt at 160°C was viscous but mobile because
the plates could be sheared, but as soon as the material became opaque at 120"C, the glass plates became bonded to each other and could not be sheared.
This strongly supports the view that the transition
associated with the formation of spherulites is a
crystallization process. It contrasts with the behavior of the IA polyester, where it was found that a
turbid but fluid state (i.e., the mesophase) was obtained, before the material became opaque and rigid.
Thus, we think that the combined evidence in
this work does not support the presence of a mesophase and that Fischer et al.'s' phase characterization is unsubstantiated for the TA polymer. Their
only disclosed evidence is the x-ray pattern of an
oriented fiber at room temperature and hence it
cannot be considered to be a complete characterization. Further, the resolution of their x-ray pattern
for the TA polyester, in contrast to that of their IA
polyester, was extremely poor. In fact, careful examination of their pattern suggests that it is merely

In this work, we have synthesized and characterized
polyesters formed by the condensation of the smectic
monomer BHHBP with IA as well as with TA. Both
the above polyesters have been reported by Fischer
et al. to form smectic A mesophases.' However, in
this work, we have found evidence for the formation
of a smectic A mesophase in the I A polyester, but
we think that the phase behavior of the TA polyester
has been mischaracterized.'
With the IA polymer, optical microscopy showed
focal conic textures of the smectic phase and DSC
curves manifested two transitions in the cooling cycles a t all rates. However, the DSC studies on the
IA polyester revealed several complexities. The
number of peaks in the heating scan depended on
heating rate and thermal history of the sample.
Complex annealing effects could change the peak
positions and sizes in the heating scans. It is suspected that this polymer has a monotropic liquid
crystal mesophase that is only observed on cooling
but not on heating. These features of the IA polyester have not been reported before and are being
probed further.' In addition, we have documented
the phase transition temperatures and enthalpies
for the reference of future investigators of this
polymer.
On the other hand, the polyester of BHHBP and
TA formed spherulites directly from the isotropic
melt. This is more characteristic of polymer crystallization. Under no circumstances were the textures usually associated with smectic A mesophases
observed. The temperatures where spherulites appeared coincided with the single exothermic transition observed in the cooling scan in the DSC.
Finally, we are undertaking hot-stage x-ray work
to probe further the phase transitions of these polyesters. Preliminary findings support the view
reached here from the optical microscopy and DSC
results that there is no mesophase in the T A polymer, whereas for the IA polymer mesophase formation does occur.
The authors wish to thank Ann Terry of the University
of Bristol, U.K. for supplying the x-ray patterns of the
polyesters.

PHASE TRANSITIONS IN TWO SMECTIC DIOL-CONTAINING POLYESTERS
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