
Multiple melting behavior of a thermotropic copolyester containing
spirobicromane moiety

Lieh-Li Lin a, Jin-Long Hongb,*
aDepartment of Chemical Engineering, Chengshiu Institute of Technology, Kaohsiung 83342, Taiwan, ROC

bInstitute of Materials Science and Engineering, National Sun Yat-Sen University, Kaohsiung 80424, Taiwan, ROC

Received 9 November 1999; received in revised form 4 January 2000; accepted 1 February 2000

Abstract

A thermotropic copolyester I-19 prepared from a rigid, bent spirobicromane (SPI), 1,7-heptanediol (HD), and an aromatic ester triad,
TOBC (terephthaloyl bis(4-oxybenzoyl chloride), was prepared and its thermal behavior investigated by differential scanning calorimetry.
Copolyester I-19 exhibited completely different DSC thermograms between samples cooled from the isotropic liquid and the mesomorphic
states, a result attributable to the registry effect of the neighboring chains in the mesophase. Non-isothermal crystallization at different
cooling/heating rates, and isothermal crystallization and annealing at various temperatures had been conducted to verify the origins of the
complicated four melting endotherms (asTm1, Tm2, Tm3 and Tm4 from high- to low-temperature regions) in the sample cooled from the
mesomorphic state. The highest-temperatureTm1 transition is attributed to the melting of the primary crystal formed via the liquid crystalline
nuclei.Tm2 andTm3 transitions are due to melting of the less perfect, secondary crystals close and less close to the pure crystals responsible for
theTm1 transition. By choosing suitable isothermal crystallization and annealing processes,Tm2 andTm3 transitions can be moved to merge
with Tm1 to become one high-temperature single melting endotherm. The lowest-temperatureTm4 transition, which basically remained intact
after different thermal treatments, is caused by the melting of the chain segments near the SPI moieties.q 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Many papers had been published in the last decade deal-
ing with the crystallization behavior of a number of thermo-
tropic polyesters. In cases of nematic copolyesters with fully
aromatic rigid backbones, phenomena such as the absence
of massive structural rearrangements [1] and negligible
volume change during nematic to solid states [2] had been
observed. To describe the crystallization kinetics of the fully
aromatic copolyesters prepared from 1,4-dihydroxybenzoic
acid (HBA) and 2,6-dihydroxynaphthoic acid (HNA), [3–6]
a two transition processes referred to the fast solidification
and a slow crystal transition steps had been suggested. Study
on this system revealed that the fast process during quench-
ing from nematic melts forms crystals with hexagonal pack-
ing while the slow process, [4] which develops in the
remaining parts of the samples, constructs crystals with
orthorhombic packing. The two transition processes can

justify the results reported on HTR polymer (copolymer
prepared from terephthalic acid, phenylhydroquinone, and
phenylether hydroquinone), [6] even in this case some
differences arising have been attributed to a solid-state
post-polymerization, simultaneously present with crystal
perfection.

The chain structure regularity and molecular motion
should have profound influence on the crystallization beha-
vior of thermotropic polyesters. In contrast to the fully
aromatic copolyesters, complicated results had been
reported for the crystallization behavior of the semi-rigid
thermotropic polyesters [7–12]. Chemical structures of the
respective polyesters and the origins of the multiple melting
behaviors were summarized in Table 1. The multiple melt-
ing transitions on DSC analysis of polyesters, PO, [7]
prepared from different aliphatic diols and an aromatic
mesogenic triad were attributed to the possible polymorph-
ism existing in the samples. A main chain thermotropic
polyester, PSHQ10, [8] was subjected to DSC investigations
at different heating rates. Conclusion based on the resulting
DSC thermograms suggested that the high-temperature
melting crystals originated from the recrystallization and
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perfection of the crystals during isothermal annealing. In
comparison to the two mechanisms mentioned above,
chain registry [10–12] in the nematic state had also been
presented to account for the melting and crystallization
behavior of different semi-rigid polyesters (as PM1, PM2
and HMS-n listed in Table 1). This hypothesis described
that certain registry of neighboring chains in the nematic
state can serve as potential nuclei for primary crystal and
the crystals formed in the remaining portions upon second-
ary crystallization. This theory was indirectly proved by
different thermal treatments in the isotropic and nematic
states.

All the semi-rigid thermotropic polyesters described
above possess nematic mesophase and a double melting
endotherms during DSC scans. In our laboratory, we had
prepared a semi-rigid, thermotropic copolyester system
(Fig. 1) from polycondensation reactions between TOBC
(terephthaloyl bis(4-oxybenzoyl chloride) and HD (1,7-
heptanediol), and SPI (spirobicromane) diols [13]. Among
those copolyesters we synthesized, copolyester I-19 (the
inherent SPI moiety is 10 mol%) exhibited interesting
multiple melting behavior (cf. Fig. 2d–f ) under DSC
scan. Here, use of spiro SPI monomer is due to its rigid,
bent geometry imposed by the central quartery carbon and
its steric bulkiness (cf. the simulated structure in the up-right
corner of Fig. 1). Aligned chain packing around the SPI-rich
segments would be conceivably difficult in considering the
bent structure of SPI units. Therefore, SPI content in the
corresponding copolyester has decisive effect on the liquid

crystalline properties; that is, no more mesomorphism was
resulted for copolyester with a SPI content higher than
20 mol%.

Previously, spiro SPI moieties had been incorporated in
polyamides, polyimides, and polyesters [14–18]. Among
them, aromatic polyesters and copolyesters [18] prepared
from a combined monomers of 3-(4-hydroxyphenyl)-
1,1,3-trimethyl-5-indanol, bisphenol A, isophthaloyl and
terephthaloyl chloride were amorphous and readily soluble
in common organic solvents. This example may illustrate
the detrimental effect of the spiro compounds on polymer
crystallinity. Similarly, we expected that the bent and bulky
SPI unit should disrupt the chain alignment in the meso-
morphic state once it was built into thermotropic polymers.
Here, HD and TOBC monomers were chosen to polymerize
with SPI since polyester prepared from HD and TOBC
possesses low thermal transitions�Tm � 1768C; Ti �
2538C� and wide mesomorphic range�DT � 778C�; [19]
therefore, copolyester I-19 thus synthesized has its melting
transitions at temperatures below 2008C and thermal treat-
ments can be performed safely at low temperatures without
the potential interference from solid-state polymerization
[6] occurred at high temperatures. This unexpected reaction
may obscure the interpretations for the already complicated
multiple melting behavior for I-19. In addition, copolyester
I-19 distinguishes it from other semi-rigid polyester systems
by a more ordered smectic, instead of nematic, mesophase
as revealed by our WAXD study. The more ordered smectic
mesophase for copolyester I-19 may have stronger chain
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Table 1
Chemical structures of different semi-rigid polyesters and the origins for their multiple melting behaviors

Chemical structure Symbol Origin for multiple melting

PO Polymorphism

PSHQ10 Recrystallization and perfection

PM1 Registry of neighboring chains
in the nematic state

PM2 Registry of neighboring chains
in the nematic state

HMS-n Registry of neighboring chains
in the nematic state



registry effect as compared with other nematic polyesters as
listed in Table 1.

In this study, non-isothermal crystallizations at different
heating/cooling rates and isothermal crystallization at
various temperatures were conducted to clarify the origins
of the four melting endotherms observed for copolyester I-

19. Wide-angle X-ray diffraction (WAXD) study on
samples subjected to different thermal treatments was also
carried out to evaluate the effect of thermal history on crys-
tal structures. In addition, homopolyester HT (cf. Fig. 1 for
the chemical structure) was also prepared from polyconden-
sation reaction of TOBC and HD, and used as a model
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Fig. 1. Syntheses of copoyester I-19 and homopolyester HT (simulated structure of spirobicromane (SPI) was also included).



polymer to compare with copolyester I-19 in terms of ther-
mal properties and WAXD result. Finally, we provide a
scheme to rationalize the possible mechanisms for the
formation of the multiple melting behavior.

2. Experimental section

2.1. Materials

Terephthaloyl chloride andp-hydroxybenzoic acid were
recrystallized from hexane and distilled water, respectively.
Pyridine was distilled after dehydration with KOH. 1,7-
Heptanediol was vacuum dried at 508C for 12 h and stored
over molecular sieve 4 A˚ (Linde). 1,1,2,2-Tetrachlor-
oethane (TCE) was pre-dried over molecular sieve 4 A˚

(Linde) for at least one week before use. Spirobicromane
(SPI, Tokyo Chem. Inc.,.99%) and thionyl chloride
(Ferak, 99%) were used directly without purification. Polye-
ster HT and copolyester I-19 were synthesized according to
the procedures described previously [13].

2.2. Instrumental analysis

Inherent viscosity of copolyester I-19�hinh � 0:31 dl=g�

was measured at a concentration of 0.5 g/dl in TCE, using a
Ubbelohde viscometer at 308C. Inherent viscosity of polye-
ster HT can not be measured due to its insolubility in
common organic solvent. The liquid crystalline texture
was observed with a Nikon Optiphot-POL microscope
equipped with a Linkam TMS controller and THMS 600
hot stage.

Thermal transition temperatures were detected with a
Perkin–Elmer DSC-7 model. The carrier gas was nitrogen
at a flow rate of ca. 10 ml/min, and sample pans were always
filled with approximately the same quantity of 6 mg of
sample. Calibration of the calorimeter was conducted for
each heating rate using with indium and lead standards.
The as-synthesized sample was heated to either the smectic
or the isotropic liquid states before further thermal treat-
ments. Pre-treatment in the smectic state was performed
by heating the sample at 2108C for 3 min; it has been
observed that reproducible results were obtained by chan-
ging the time at 2108C from 3 to 30 min. This temperature is
higher than the extrapolated metastable equilibrium melting
temperature (� 1858C) derived, as described by Cheng, [3]
on the basis of the relationship between melting temperature
and crystallization time at different temperatures. Pre-treat-
ment in the isotropic liquid state was performed by heating
sample to 3108C before cooling (cooling rate� 208C/min)
immediately to the desired temperature for further thermal
process. Different thermal processes for samples cooled
from the mesomorphic state were described as following:

The non-isothermal crystallization samples were cooled
(cooling rate� 208C/min) from 2108C at different rates (5,
10, and 208C/min) before re-heating to obtain the DSC
thermograms.

The isothermal crystallization samples were quenched
(cooling rate� 2008C/min) from 2108C to the crystalliza-
tion temperatures (Tcs, ranging from 105 to 1608C) and kept
there for different time periods (tc). The samples were then
cooled (cooling rate� 208C/min) to room temperature and
re-heated to obtain the DSC traces. In two runs (atTcs�
135 and 1558C), re-heating experiments were performed
right after the isothermal crystallization process, and the
immediate re-scan of the DSC traces recorded. Peak
temperatures for the heating cycle were used.Tm1, Tm2,
Tm3, andTm4 correspond to the positions of the first, second,
third, and fourth endothermic peaks from the high to low
temperature portions.

In the annealing experiments, samples were heated at
2108C for 3 min, cooled with a rate of 208C/min to room
temperature, and then heated to the chosen annealing
temperature (Ta, ranging from 80 to 1658C), and kept
there for different times (ta). The samples were again cooled
at a rate of 208C/min to room temperature before re-heating
to yield the DSC thermograms.

WAXD experiments were carried out at room tempera-
ture with a Siemens Diffraktometer D 5000 model (CuKa
Ni-filtered radiation). Specimens subjected to different
annealing processes were used.
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Fig. 2. DSC thermograms of: (a) the as-synthesized HT; (b) the as-synthe-
sized HT after heating at 2108C for 3 min; (c) the as-synthesized HT after
heating to 3108C; and (d) the as-synthesized copolyester I-19; (e) the as-
synthesized copolyester I-19 after heating at 2108C for 3 min; (f) the as-
synthesized copolyester I-19 after heating to 3108C; (g) copolyester I-19
after heated to 3108C, and re-dissolved in TCE before vacuum drying; and
(h) re-heating run after scan (g). (the cooling rate after the respective
thermal treatments and the heating rate for all thermograms are 208C/min).



3. Results and discussion

3.1. Priamry characterizations on polyester HT and
copolyester I-19

Synthesis of copolyester I-19 were performed according
to Fig. 1. Similarly, homopolyester HT was prepared from
direct polycondensation between TOBC and HD. For copo-
lyester I-19, mixture of monomeric HD and SPI diols in a
molar ratio of 9 to 1 were added slowly to a solution of
TOBC in TCE solvent. Due to the reactivity difference
between HD and SPI toward TOBC monomer, the resulting
copolyester I-19 may have a comonomer sequence distribu-
tion of more “blocky” nature, a comment had been
addressed in our previous contribution [13]. Previous
study also evaluated that both HT and I-19 polymers possess
a smectic C2 type of mesophase, [20–22] in which the meso-
genic units in each layer are tilted to the layer normal but
with their tilt direction apposite to each other between
neighboring layers.

Homopolyester HT was firstly investigated by DSC. The
as-synthesized HT exhibited a shoulder-like transition
before the major double-melting endotherms in the tempera-
ture ranges of 150–1908C and theTi transition at 2888C
(Fig. 2a). If the first scan of the as-synthesized HT sample
was stopped at the mesomorphic state (2108C) for 3 min, the
subsequent re-heating run resulted in a thermogram (Fig.
2b) consisting of a major melting endotherm at,1808C
and aTi transition with its shape and position similar with
the one in the as-synthesized sample (Fig. 2a). Suggestively,
different crystalline structures induced by the TCE solvent
used in the synthesis step can be varied by thermal treat-
ment. Alternatively, if the as-synthesized HT was heated to
the isotropic liquid state (3108C), the subsequent DSC ther-
mogram after cooling would exhibit a completely different
feature (Fig. 2c) with theTm transition appeared with less
intensity and at lower temperature ranges as compared with
the as-synthesized one (cf. Fig. 2a).

Similar thermal treatments were also performed on
copolyester I-19. The as-synthesized copolyester I-19
exhibited complicated multiple melting transitions (Tms) in
the temperature ranges of 100–2008C before the final isotro-
pization transition (Ti) centered at 2888C (Fig. 2d). The as-
synthesized copolyester I-19 after heated at 2108C for 3 min
exhibited a DSC thermograms (Fig. 2e) of multiple melting
endotherms, which are significantly different from the as-
synthesized one (cf. Fig. 2d). The second and the third
rescans all resulted in the same DSC thermogram as Fig.
2e as long as the heating was secured at temperatures below
Ti. In contrast, thermal treatment of copolyester I-19 at
temperature (� 3108C) higher thanTi resulted in a thermo-
gram (Fig. 2f) with only one broad low-temperatureTm, and
one broadTi transition at lower temperatures than the as-
synthesized sample. The sample after heated to the isotropic
liquid state has similar DSC thermogram despite further
thermal treatment at 2108C for any time period up to 3 h.

Here, we may argue that the possible transesterification
reaction (or decomposition) during heating at 3108C may be
the cause for the difference between Fig. 2e and f. The
possibility of major transesterification (or decomposition)
during isotropization process can be excluded by further
experiment; that is, copolyester I-19 after pre-heated at
3108C was re-dissolved in TCE to erase the thermal history
of the treated polymer. The resulting sample after precipita-
tion and drying was further scanned in DSC to result in a
thermogram of multiple melting endotherms (Fig. 2g),
whose global features are different from those in the as-
synthesized sample (cf. Fig. 2d). Second rescan of this
solvent-treated sample after cooled from 2108C yielded a
thermogram (Fig. 2h), which is slightly different from those
in Fig. 2e. Preservation of the multiple melting behavior for
the solvent-treated sample suggests that no major transes-
terification (or decomposition) reaction occurred during
short-time stay at 3108C. Slight difference between the
solvent-treated (Fig. 2h) and the second rescan after cooled
from 2108C (Fig. 2e) may be an indication of minor decom-
position. However, this minor decomposition should not be
responsible for the major discrepancy between Fig. 2e and f.

As suggested above, both copolyester I-19 and polyester
HT exhibited different DSC traces between the samples
cooled from the isotropic liquid and the mesomorphic states.
Presumably, the previous thermal history determines the
thermal behavior of the corresponding samples. Sample
cooled from the ordered mesomorphic state preserves the
ordered mesomorphic chain arrangement, which will serve
as the primary nuclei for the subsequent crystallization
according to the hypothesis of chain registry [10–12] in
the mesomorphic state. In contrast, sample after heated to
the isotropic liquid state (referred to as the isotropically
randomized sample) would lose the ordered mesomorphic
chain arrangement, which is difficult to resume by addi-
tional thermal treatments. Suggestively, the capability of
the isotropically randomized sample to resume its original
mesomorphic order is strongly influence by its chain geome-
try effect in the mesophase. This is especially true for copo-
lyester I-19 since its inherent rigid, bent SPI moieties would
efficiently prevent the polymeric chains to pack into an
ordered arrangement from the isotropically randomized
state. Separate results in our laboratory had suggested that
the capability from the isotropically randomized to the
original mesomorphic states is governed by the chain flex-
ibility (or chemical structure) of the corresponding poly-
mers, a subject will be discussed in our next publication
and will not be detailed here.

The multiple melting behavior for the sample cooled
from 2108C (cf. Fig. 2e) is determined by the chain
arrangement in the previous smectic C2 state. The
three low-melting transitions, labeled asTm2, Tm3 (as a
broad left-shoulder toTm4), and Tm4, are broad in shape,
and the high-meltingTm1 appears at a position close to the
melting transition of HT homopolyester (cf. Fig. 2a or b);
therefore, melting of pure –(H–T)– domain may be
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responsible for this high-temperatureTm1 transition. With
the reproducible thermagrams, we thereafter conducted
different experiments to evaluate the inter-relationship
between these four melting endotherms in the copolyester
I-19 after cooled from 2108C.

3.2. Multiple melting behavior of copolyester I-19

Samples that have been non-isothermally crystallized
were re-heated at constant rate of 20, 10 and 58C/min and
selected DSC thermogram with a heating rate of 208C are
shown in Fig. 3. Under different non-isothermal crystalliza-
tion conditions, the higher meltingTm1 andTm2 transitions
remain at the same positions. In contrast, the shoulder-like
transition,Tm3, exhibited a strong dependence on cooling
rate, that is, it is absent in sample cooled with a slow rate
of 58C/min but becomes significant in sample cooled with a
rate of 208C/min. The observation reflects the instability of
the crystal representingTm3 transition. In all cases, the
lowest Tm4 transition is broad in shape and in-separate
with the smallTm3 transition. Small exothermic heats were
observed in all thermograms with a pre-cooling rate of 58C/
min, and became more significant if a lower re-heating rate
was applied.

Peak temperature and enthalpy adapted from all DSC
runs were summarized in Table 2. The influence of the
heating/cooling rate on the peak position is limited for the
low-temperatureTm3 and Tm4 transitions; as for the high-
temperatureTm1 and Tm2 transitions, they remained intact
with their peak temperatures kept at 177.2 and 157.28C,
respectively. General trend on the resolved enthalpy can
be commented if we overlooked the small exothermic heat
betweenTm1 and Tm2 in certain cases. With a constant
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Fig. 3. Non-isothermal crystallization DSC scans of copolyester I-19 at a re-
heating rates of 208C/min after cooling from 2108C at different rates.



heating rate, enthalpies of the high-temperatureTm1 andTm2

increased at the expense of enthalpies involved in the low-
temperature region (Tm3 andTm4). Total enthalpies (DHtotal)
depend strongly on the heating rate, and are increased with a
slow heating rate. Suggestively, crystal structures are
enhanced with a lower heating rate, and this is especially
true for the high-temperatureTm1 and Tm2 transitions. It
seems that the pre-cooling rate effect little onDHtotal, a
phenomenon possibly associated to the strong memory
effect of the corresponding mesomorphic state and will be
discussed later.

The multiple-melting behavior has previously attributed
to reasons including the presence of different crystal struc-
ture, [23–25] or to crystal reorganization, [26–29] or to
different components of the morphology formed in two
stage of crystallization [30,31]. The presence of different
crystal structure can lead to multiple-melting peak in the
DSC thermogram, but will be excluded from the X-ray
diffraction pattern described latter.

When crystal reorganization during heating occurs, the
lower melting point and the size of the higher one are
strongly dependent on heating rates. As the heating rate
increases, the reorganized portion decreases, and this results
in a reduction of the higher endotherm and an increase of the
lower one, which shifts towards higher temperatures. Since
the lower melting point is correlated to the original crystals
present, it strongly depends on the crystallization conditions
and therefore, in non-isothermal crystallization process, on
the cooling rate. The lower the cooling rate, the larger is the
time available for crystals to form a more perfect structure
and so they exhibit a higher melting point. Therefore, multi-
ple melting peaks originating from reorganization process
should have their peak temperatures dependent on the cool-
ing and heating rates. The relatively constant peak tempera-
tures under different non-isothermal conditions suggest that,
at least, reorganization mechanism can not account for the
interrelationship between these four melting transitions. The
decreasing enthalpies of the high-temperatureTm1 andTm2

transitions with increasing heating rate also can be used to
account for the above comment. To continually evaluate the
complicated relationship between these four melting transi-
tions, careful isothermal crystallization experiments at
selected temperature (Tc) were further conducted.

Samples isothermally crystallized between 105 and
1608C showed different heating traces dependent on the
crystallization time (tc). In all processes, ultimatetc of
120 min was used since prolonged crystallization caused
no change on the resulting thermograms. Selected DSC
scans after isothermally crystallized at 105 and 1208C
were shown in Fig. 4a and b, respectively. Both figures
have similar feature that the high-temperatureTm1 andTm2

transitions remained intact while the low-temperatureTm3

andTm4 varied their peak temperatures and intensities with
tc. ForTm3 transition, the peak gained its intensity during the
process; in contrast, theTm4 transition gradually lost its inten-
sity and shifted to lower temperatures with time. Variation on

the high-temperature regions is more significant for case of
Tc at 1208C (Fig. 4b); here, we observed the obvious enlar-
gements of theTm1 andTm2 transition fromtc � 5 to 15 min.
Concurrently,Tm3 transition was shifted upward to meet the
high-temperatureTm2, and continually increased its intensity
during the process.

DSC thermograms of samples after treated atTc . 1358C
for 120 min were summarized in Fig. 5. AtTc � 1358C; Tm3

transition finally combined withTm2 to become one single
broad peak. Samples crystallized at 135, 140, and 1458C
basically have similar thermograms; however,Tm2 transition
gradually shifted to higher temperature to overlap withTm1
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Fig. 4. DSC thermograms of copolyester I-19 after isothermal crystalliza-
tion at: (a) 105; and (b) 1208C for various time.



transition asTc is increased. In case ofTc � 1508C; Tm2

transition finally merged withTm1 to become one single,
unsymmetrical peak. Samples after isothermally crystal-
lized at 155 and 1608C possessed a DSC thermograms
with only one single high-temperatureTm1 transition.
Comparatively, DSC thermograms of samples crystallized
at a higherTc of 1608C exhibited aTm1 transition of less
intensities than those fromTc� 1558C and a small
endotherm (as indicated by arrow) originated from
recrystallization of certain molten chains during cooling
stage was also visualized. Certain imperfect crystals formed
during isothermal crystallization at a higherTc will be situ-
ated in the molten state if a higherTc was applied; this
corresponds to the lower intensity ofTm1 transition in case
of Tc � 1608C as compared withTc � 1558C: All DSC ther-
mograms in Fig. 5 showed the progressive increase of the
low-temperatureTm4 transition with increasingTc. Small
tiny transitions (as indicated by dashed arrows) located
approximately in the temperature ranges ofTm3 transition
were observed in cases ofTcs� 150; 155, and 1608C.
Formations of less perfect crystals representing the low-
temperatureTm3 and Tm4 transitions are more significant
for samples cooled from a higherTcs.

Samples isothermally crystallized can be rescanned
immediately to clarify the relationship between the high-
melting Tm1 and Tm2 transitions. The immediate rescan
after crystallization at 1358C (Fig. 6a) showed thatTm1 tran-
sition formed early attc � 1 min before the first appearance
of Tm2 transition at tc � 5 min: Peak intensity ofTm1

increased fromtc � 1 to 60 min and remained relatively
constant thereafter; on the contrary,Tm2 transition con-
tinually changed its shape and intensity through the whole
crystallization process. The above observations suggests

that Tm1 is not generated from the reorganization of the
Tm2 transition. Here, the shoulder-like endotherm developed
in the low-temperature region (as indicated by the arrows)
may be theTm3 transition coming from the low-temperature
region, a process observed in the isothermal crystallization
experiment, too (cf. Fig. 5a). The immediate rescan after
crystallized at 1558C (Fig. 6b) showed only one melting
endotherm centered at a slightly higher temperature of
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Fig. 5. DSC thermograms of copolyester I-19 after isothermal crystalliza-
tion at different temperatures for 120 min (heating rate� 208C/min).

Fig. 6. Immediate rescans of copolyester I-19 after crystallization at: (a)
135; and (b) 1558C for various time (heating rate� 208C/min).



1808C as compared to that crystallized at 1358C (in this
case,Tm1 peak was centered at 1778C). The high endo-
thermic enthalpy (11.83 J/g attc � 120 min� suggests the
crystals corresponding to theTm1 transition easily formed
at a higherTc of 1558C.

Samples annealed at different temperatures (Tas), ranging
between 80 and 1658C, were subjected to DSC scans to
reveal the origins of the multiple melting behavior for copo-
lyester I-19. Samples annealed at each temperature had their
DSC traces dependent on the annealing time (for eachTa,
five tas of 0, 5, 30, 60 and 120 min were applied). For the
sake of simplicity, only the results fromta � 120 min were
illustrated in Fig. 7, in which all the DSC traces showed one
particularly intense melting endotherm centered at,208C
higher than theTas used in the annealing procedures. For
samples annealed at 808C, a large endotherm besides the
Tm1, Tm2, Tm3 andTm4 transitions was observed. This result
may suggest the prevalence of the solid-state crystallization
for copolyester I-19. Samples annealed at temperatures
.1208C all resulted in a thermograms with their low-
temperatureTm4s appearing at the same temperature ranges,
indicating the unique nature of this imperfect crystals repre-
senting theTm4 transition. Samples annealed at 150 and
1658C exhibited only one single high-temperature melting
peak with the respective melting enthalpy higher than that

obtained from the isothermal crystallization experiments.
Here, we clearly observed only two transitions representing
the Tm1 andTm4 transitions, a result indicating that the four
melting transitions are not due to the heterogeneous mole-
cular weight distribution in the as-synthesized I-19. The
resulting two transition peaks may suggest the existence
of two segment units distributed along the polymer chain.

In order to clarify the origin of the multiple endotherm,
X-ray study had been carried out on samples suitably treated
such that their DSC traces exhibited different multiple melt-
ing peaks varied with annealing temperatures for 2h (the
corresponding DSC thermograms were shown in Fig. 7).
X-ray diffraction patterns of copolyester I-19 after anneal-
ing at 100–1658C were shown in Fig. 8. The smooth varia-
tions on the wide-angle diffraction patterns with
crystallization time may reflect certain crystal perfection
process, but besides that, no new diffraction peak formed
during the annealing process. Similar X-ray study
performed on samples after different isothermal crystalliza-
tion experiments also caused no formation of new diffrac-
tion peak and will not present here. Therefore, the different
thermal behaviors cannot be ascribed to the presence of
different crystal structures.

As described in Section 1, multiple melting behavior
had been previously [7–12] discovered in several semi-
rigid thermotropic polyesters and attributed to different
mechanisms. Study on poly[(phenylsulfonyl)-p-pheny-
lene1,10-decamethylenenbis(4-oxybenzoate)] (PSHQ10)
[8] suggests that its high-temperature melting crystals
were originated from the recrystallization and perfection
process. The involvement of major reorganization
process betweenTm1, Tm2 and Tm2, Tm3 transition pairs
can be excluded from isothermal immediate rescan and
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Fig. 7. DSC thermograms of copolyester I-19 after annealing at different
temperatures (Tas) for 120 min (heating rate� 208C/min).

Fig. 8. X-ray diffractographs of copolyester I-19 after annealing at different
temperatures for 2 h.



non-isothermal crystallization experiments. The reverse
trend of Tm4 and Tm3 transition temperatures towardTcs
also violates the principle of reorganization process. Other
studies [10–12] on semi-rigid thermotropic polyesters
revealed that their multiple melting behavior depends
strongly on the preliminary thermal history on the meso-
morphic state. It is said that, due to the slow evolution of
the mesomorpic melt towards its thermodynamic equili-
brium, a certain registry of neighboring chains persists in
the melt. This persistent registry can be regarded as poten-
tial nuclei of the rigid chains arising from nematic melt is
related to the low melting endotherm.

The role of SPI in copolyester I-19 can be viewed in two
aspects, i.e. its possible sequence distribution and its influence
on the neighboring chains. Copolyester was prepared by poly-
condensation of TOBC with mixed diols of SPI and HD (cf.
Fig. 1). Previously, Ignatious et al. [32] had suggested that
phenolic hydroxyl groups have higher reactivity than alco-
holic hydroxyls towards terephthaloyl chloride. Therefore,
during synthesis of copolyester I-19, the aromatic SPI would
react preferentially and be incorporated into the oligomeric
chains formed early in the reaction in higher proportion than
its initial mole fraction in the comonomer mixture. The less
reactive HD monomer may participate in the copolymeriza-
tion to an increasing extent as the concentration of the more
reactive SPI monomer was depleted by the preferential reac-
tion. Therefore, despite its limited amounts (10 wt%) of SPI
monomer used in the synthesis step, the resulting copolye-
ster I-19 may contain sequence of the same –(S–P)– repeat
units, i.e. they have certain SPI-rich domains.

Understanding the possible block nature of copolyester I-
19, the potential effect of SPI moieties on neighboring
chains can be then emphasized. Despite its limited amount
of concentrations of SPI moieties in the chain, its effect on
chain arrangements in the mesomorphic states may be dras-
tic. The bent geometry of SPI moieties would impose a non-
linear chain arrangement on the neighboring mesogenic
triads, and prevent formation of an ordered, parallel chain
arrangement required for smectic layer structure. The effect
may be long range since a bent structure, once formed, it
would take several neighboring –(H–T)– chain segments to
readjust before reaching an ordered smectic layers of
considerable dimensions. The detrimental effect of SPI on
chain packing is more significant if we studied copolyester
(as copolyester I-28) sample with 20 mol% of SPI moiety.
With more content of SPI units, copolyester exhibited an
unidentified mesomorphic texture (X-ray diffraction peaks
appear at the same positions as copolyester I-19 does) with
its average domain size comparatively smaller than this
copolyester I-19. In addition, DSC thermogram of copolye-
ster cooled from 2108C showed only a broadTm (,1008C)
andTi (,2778C) appeared at relatively lower position than
copolyester I-19. No mesomorphism can be detected for
copolyester sample with 40 mol% of SPI moieties. This
experimental result suggests the detrimental effect of SPI
units on mesomorphic order.

It is then suggested that different –(H–T)– domains
may have their size and perfection varied dependent on
their distances from the destructive SPI moieties. Varia-
tion on the domain size in addition to the potential
chain registry in the smectic C mesophase all contrib-
uted to the complicated multiple melting behavior for
copolyester I-19. To explain the crystallization behavior,
a certain registry of neighboring chains persisting in the
smectic C2 state is taken into account. The registry of
neighboring chain is supposed to become poorer and
poorer and finally disappear when equilibrium state is
attained. Here, we are not dealing with conventional
nuclei of crystallization; in fact, the temperature (2108C)
chosen to treat the samples in the smectic state is high
enough to prevent this possibility. According to the proce-
dures reported by Cheng, [3] we can extrapolate the meta-
stable equilibrium melting temperature (� 1858C), which
appears to be lower than 2108C. We can therefore consider
the persistent registry of neighboring chains as potential
nuclei of crystallization, responsible for certain melting
peaks of copolyester I-19.

In considering the detrimental effect of the SPI moieties in
copolyester I-19, crystallization of the –(H–T)– segments
should depend strongly on their relative distance from the
SPI-moieties. Cooling from the ordered smectic C state, the
persistent registry of neighboring chains resulted in the forma-
tion of primary crystals, responsible for the high-temperature
Tm1, and the low-temperatureTm4 transitions. The primary
crystals responsible for theTm1 transition may be thicker,
more perfect, higher melting, and reside in the pure –(H–
T)– domains; in contrast, the low-temperatureTm4 transition
may be due to the imperfect crystals, which are –(H–T)–
segments near the SPI moieties. Within the remaining
portions, secondary crystallization takes place to form crystals
of thinner, less perfect and lower melting than crystals repre-
sentingTm1. Under subsequent heating cycle, these crystals
were melt to give two endotherms,Tm2 andTm3. The high-
temperatureTm2 peak may be attributed to the melting of
secondary crystals close to the pure –(H–T)– domain. In
contrast, in region less close to the pure –(H–T)– domains,
secondary crystals formed, and melt to giveTm3 peak during
heating. By isothermal crystallization between 130 and 1408C,
chain segments can be moved to match neighboring chains by
a slight translation motion, resulting in the thickening and
perfection process and the merge ofTm2 andTm3 transitions
as observed in DSC thermograms of Fig. 5a and b. Similarly,
subsequent chain matching further proceeded and resulted in
the formation of a large, high-melting pure –(H–T)– domain.
It is proposed here that the merge of transitionsTm2, Tm3, and
thenTm1 transitions all corresponds to movements of chain
segments remote from the SPI moieties. In contrast, the
primary crystal of the –(H–T)– chain segments near the SPI
moieties are relatively inert to all thermal treatment due to the
neighboring rigid, aromatic –(S–T)– segments. This resulted
in the basically similar feature ofTm4 transition under anneal-
ing at temperatures higher than 1208C (Fig. 7)
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4. Conclusion

Both polyester HT and copolyester I-19 showed distin-
guished DSC thermograms dependent on its previous thermal
history. Upon heated to the corresponding isotropic liquid
states, both polymers possess a low-temperature melting
endotherm; in contrast, samples cooled from the ordered
smectic C phase exhibited multiple melting endotherms in
both the low- and high-temperature regions. The registry of
the neighboring chains in themesomorphic state issupposed to
play a determining role on the melting behavior under subse-
quent heating scans. Upon heated to the isotropic liquid state,
chain arrangements of both polyesters were randomized and
can not be completely resumed by further thermal treatments.

Upon cooled from the mesomorphic state, copolyester I-
19 exhibited a complicated four melting transitions ofTm1,
Tm2, Tm3 and Tm4 as counting from the high-temperature
region. Tm1 transition corresponds to melting of primary
crystal of pure –(H–T)– domain whileTm4, is due to the
melting of –(H–T)– segments near the SPI moieties. The
transitions in the middle temperature ranges,Tm2 and Tm3,
come from the secondary crystals formed during cooling
from the mesomorphic state. Secondary crystals close to
the pure –(H–T)– domain are responsible for theTm2 tran-
sition while those less close to the pure –(H–T)– domain
melt to formTm3 transition. BothTm2 andTm3 transitions can
be thermally treated to merge with the high-temperatureTm1

transition.
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