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Abstract: In this work, two series of poly(1,4-cyclohexylenedimethylene terephthalate-co-1,4-cyclohexylenedimethylene
2,6-naphthalenedicarboxylate) (PC#TN#) copolyesters were synthesized by a simple one-step solution polymerization
method at room temperature without the use of stabilizer and metallic catalyst. Chemical compositions of obtained
PCHTN# copolyesters were confirmed by nuclear magnetic resonance (‘H NMR) spectroscopy. Thermal properties of
synthesized copolyesters were determined by differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). Thermal properties of synthesized PC#TN# were controlled by varying the ratio of naphthalene units in diacid
part and cis/trans-1,4-cyclohexanedimethanol (CHDM) isomers in diol part. An increased content of trans-CHDM can
increase glass transition temperature (7,) and melting temperature (7,,) profoundly. By increasing the content of naph-
thalene units, 7, increases linearly while 7, is first decreased then it starts to increase once the eutectic point (2,6-naph-
thalene dicarboxylic acid 36 mole%) is reached. Thermal degradation behavior of synthesized copolyesters was also
significantly improved by increasing naphthalene and trans-CHDM units.

Keywords: 1,4-cyclohexanedimethanol, terephthalic acid, naphthalene units, solution polymerization, thermal properties.

Introduction technical applications."® Synthesis of high molecular weight

aliphatic polyesters was first reported by Carother and Hill.”

Thermoplastic polyesters have gained the attention of aca- But, inherent poor hydrolytic stability, low glass transition
demia and industrial researchers because of their wide range of temperature (7,), and melting temperature (7;,) of aliphatic

polyesters strictly abandoned their commercial applications.

"To wh P tould be add q Whinfield and Dickson reported the synthesis of poly(ethylene
jhli‘;@ogll(k?g;jpﬁl;p = %0%%_00062_%1;25:;2'1 terephthalate) (PET) exhibiting acceptable thermal properties

©2019 The Polymer Society of Korea. All rights reserved. in 1949.® However, high crystallinity and low 7, of PET (80 °C)
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limits its commercial applications at elevated temperatures.
Performance properties of PET can be improved by con-
trolling the chemical structure of its backbone chain. Kibler ez
al. disclosed the synthesis process and thermal properties of
poly(cyclohexane 1,4-dimethylene terephthalate) (PCT) in 1964.°
When ethylene glycol of PET is replaced by 1,4-cyclohex-
anedimethanol (CHDM), the resulting PCT polyester have
much higher 7, (88 vs 80 °C) and T;, (300 vs 260 °C).” For gen-
eral plastic applications, processability of PCT polymer must
be improved by modifying it with diacid or diol components.
CHDM-modified PET copolyester and glycol-modified PCT
copolyesters are amorphous in nature and they have better heat
distortion temperature, higher impact strength, and superior
chemical resistance than PET. These copolyesters have variety
of commercial applications as injection molded polymers for
medical and electronics applications.*!® In short, copolymer-
ization depending upon different kinds of monomers and their
content ratio directly influence thermal and crystallization
behavior of synthesized copolyesters.'*!" However, both high
crystallinity and high melting temperature of PCT homopoly-
mer act as obstacles for its commercial applications as a film.
Performance properties can also be improved by incorpo-
rating the thermally stable and rigid naphthalene units as diacid
moiety into the PET backbone itself. When terephthalic acid
(TPA) is replaced by the naphthalene dicarboxylic acid (NDA),
the resulting polyester, poly(ethylene naphthalate) (PEN) have
superior 7, (about 120 vs 80 °C) and T;, (270 vs 260 °C) than
conventional PET. Soon after the discovery of PEN in 1969,
this polymer rapidly finds its applications as a performance
materials in versatile areas.” PEN and its copolymers are con-
sidered to be strong candidates for high temperature appli-
cations.*"*'* However, high cost of monomer (NDA) used for
the synthesis of PEN, birefringence, and necking behavior of
PEN film during stretching process limit the wide range appli-
cations of this polymer. Crystallinity and thermal properties of
PCT can also be controlled by introducing second diacid com-
ponent into the molecular structure, these copolyesters are
called acid-modified copolyesters (PCTA). Isophthalic acid
(TPA) and cyclohexanedicarboxylic acid (CHDA) are the most
common diacid modifiers. Introduction of small amount of
second diacid widens the processing window of PCT polyester
by lowering its 7,,. However, these copolyesters are not suit-
able for the applications where good thermal properties are
required and the higher amount of second diacid results in high
cost and processing issues.'®!>!°
Not only diol and diacid moieties but their stereochemistry
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can also tune the thermal and mechanical properties of the
copolyesters. Stereochemistry of CHDM (cis/trans isomers) can
affect the comprehensive performance properties of CHDM
based polymers. It is well established in the literatures that
polymers based on trans-CHDM have superior barrier, ther-
mal, mechanical, and chemical resistance when compared with
their analogous polymers based on cis-CHDM.!”?! For the first
time in 1964, Kibler et al. discovered that PCT based on trans-
CHDM have superior thermal properties than analogous poly-
ester containing cis-CHDM isomers (310 vs 251 °C).’ Berti et
al. studied the effect of cis- and trans- isomers of diacid moi-
eties and disclosed that performance properties, especially the
thermal and barrier properties of copolyesters can be effec-
tively improved by using monomers that contain high trans-
isomers.”> Young and Won tuned the thermal properties and
crystal structure of poly(cyclohexane 1,4-dimethylene 2,6-
naphthalate) (PCN) polymer by controlling the cis- and trans-
configuration of CHDM.? 1t is suggested that molecular
arrangements of copolyesters containing trans-CHDM isomers
are more regular, stable, and symmetric than copolyesters based
on high cis-CHDM isomers, 82!

Currently, almost all high temperature polyesters are syn-
thesized by a complex two-step melt polymerization. First step
involves the formation of pre-polymer by esterification reac-
tion and the polymer of high molecular weight is obtained in
the second step called polycondensation reaction. For the syn-
thesis, prepolymer reacts with diol at relatively high temperature
and pressure. By product removal set up is also attached at
both steps of polymerization.""'** Due to harsh condition
applied during melt polymerization a stoichiometric imbalance
is observed due to degradation and sublimation of monomers
and this phenomenon leads to the increment in side reactions
and the reaction efficacy is reduced.”’*® Some of the problems
associated with melt polymerization are addressed by using
suitable metallic catalysts.”*** However, titanium based cat-
alysts, which are considered to be most effective catalysts
among all metallic catalysts, induce yellow color into the syn-
thesized product while antimony based catalysts are associated
with some toxicity issues.*'** Generally, an additional thermal
stabilizer is also used with metallic catalyst to prevent polymer
degradation during the polycondensation and subsequent pro-
cess which results in increased cost.” It is worthy to note that
neither polymer degradation nor discoloration of the product is
observed during solution polymerization reaction.**** The major
concern about the solution polymerization is the selection of
pure solvent which facilitates the solubility of monomers and
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easy recovery of synthesized polymer product. It is well estab-
lished that pure and well defined polymers are synthesized by
a reproducible one-step solution polycondensation process.

It would be a great effort to introduce a synthesis of novel
thermally stable copolyesters by using the advantageous fea-
tures of trans-isomers of diol (CHDM) and second dicarboxylic
acid (NDA), simultaneously. To the best of our knowledge,
only one industrial patent® is reported in which thermal and
mechanical properties of copolyester film are controlled by uti-
lizing the effect of stereochemistry of CHDM and second
dicarboxylic acid (NDA). However, very limited information
was provided in this patent. For the first time, we are reporting
a detailed academia research showing the effect of both NDA
(second diacid) and stereochemistry of diol (cis-/trans-CHDM)
on the thermal properties of synthesized two series of copo-
lymers, PC70TN# and PC100TN# containing 70 and 100%
trans-CHDM isomers, respectively. They were synthesized by
a short, simple, controlled, and straightforward one-step solu-
tion polymerization method. It is important to note that any
kind of metallic catalyst or additional stabilizer is not used
during the whole synthesis, so eliminating any kind of toxicity
related issues. This study mainly focusses three parts: (1) intro-
duction of a novel solution polymerization approach for the
synthesis of two series of copolymers, at room temperature in
the absence of toxic metallic catalysts and stabilizer; (2) char-
acterization of synthesized copolyesters and (3) study the effect
of stereochemistry of CHDM and naphthalene units on the
thermal properties of synthesized copolyesters. So, in this study,
the crystal structure and thermal properties of PCT homopoly-
mers were controlled by the ratio of cis-/trans-CHDM isomers
and the second dicarboxylic acid.

Experimental

Materials. Reagent grade terephthaloyl dichloride (TPC,
CsH,CL0,), trans-1,4-cyclohexanedimethanol (100 mole% trans-
isomer) (CgH;s0,), and 4-dimethylaminopyridine (DMAP,
C;H (N, 99% purity) were obtained from TCI (Japan). Extra
pure (99.5%) tetrahydrofuran (THF, C4HO), sodium hydrox-

HO

2,6-naphthalene dicarboxylic acid thionyl chloride
Scheme 1. Modification of NDA into NDC by thionyl chloride.

ide (NaOH), benzene (C4Hg), heptane (C,H,,), methyl alcohol
(CH;0H), and thionyl chloride (SOCl,) were purchased from
Samchun Chemical Co. Ltd (Korea). Phenolphthalein was pur-
chased from Sigma Aldrich (China). 1,4-cyclohexanedimeth-
anol (1,4-CHDM, 99.8 mole% purity) with 70 mole% trans-
isomers was supplied by SK Chemicals (Korea). 2,6-naph-
thalenedicarboxylic acid (NDA, C;,HgO,) was supplied by
BASF (Germany). Dimethylformamide (DMF, C;H;NO) was
purchased from Duksan Chemicals (Korea). 2-Chlorophenol
(OCP) was purchased from Junsei Chemical Co. Ltd (Japan).
All chemical reagents were stored in the desiccator before use.
Extra pure deionized water (DI H,O) was used during the
whole synthesis process.

Preparation of 2,6-Naphthalenedicarboxylic Chloride
(NDC). In order to improve the reactivity of NDA during the
solution polymerization of two series of copolymers, it was
converted into NDC (C,H4Cl,0,) by following the procedure
reported in the literature.”’” Schematic diagram for the mod-
ification of NDA into NDC is shown in Scheme 1. Thionyl
chloride (4 mole) and 1.7175 g DMF (0.07618 mole) which
was used as a catalyst were added into the solution of NDA
(1 mole) in 375 mL benzene. The mixture of all reactants was
heated slowly under gentle reflex up to 104 °C and these con-
ditions were maintained for 24 h. Solution became clear upon
the completion of reaction. It was cooled down to room tem-
perature and the product in the form of yellow crystals was
appeared. Obtained crude NDC crystals were washed with a
solution of benzene/heptane (60/40) under sonication for 10
min. Pure NDC crystals were collected from the solution by
vacuum filtration and dried by storing in vacuum oven at 40 °C
for 24 h.

Solution Polymerization of Copolyesters. Homogeneous
mixture of DMAP (0.04 mole) and CHDM (0.012 mole) in
150 mL of THF was poured into a 250 mL three-necked
round-bottom flask, equipped with a magnetic stirrer, a drop-
ping funnel, and a reflux condenser. Transparent solution of
equimolar amounts (0.01 mole) of TPC and NDC mixture with
the designated ratio was dissolved in 50 mL of THF solvent
and added dropwise into the flask through the dropping funnel.

Cl
4 Q + 2 s—0 —— + 25 + 2HCI
0 0

2,6-naphthalene dmrhox_uﬂc :hlutlm
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Homogeneous mixtures of all chemicals were mixed by son-
ication process for 10 min. Diol (CHDM), diacid chloride
(mixture of NDC and TPC), and catalyst (DMAP) were used
with a molar ratio of 1.2:1.0:4.0. DMAP played a dual role as
a catalyst and as an absorbent of by product (HCI). Diacid
chloride solution was added dropwise into the flask. A milky
white polymer was appeared gradually, indicating that polymer
was successfully synthesized. Solution polymerization of poly-
mer took place in 90 min in which the 30 min dropping time
of diacid chloride components was included. All the chemical
reactions were carried out at room temperature. After com-
pletion of reaction, synthesized polymer was precipitated in
600 mL methanol with constant stirring for 30 min. Polymer
was purified by washing with methanol and water and it was
placed in the vacuum oven for overnight at 50 °C. The sche-
matic diagram of polymer synthesis by solution polymerization
reaction is shown in Scheme 2.

Two series of copolyesters based on CHDM and TPC/NDC
mixture, PC70TN# and PC100TN# (C = CHDM, numbers after
C =mole% of trans content of trans/cis isomer in CHDM, T =
TPC, N =NDC, and number after N = mole% of NDC content
in diacid unit (TPC/NDC)) copolyesters, were synthesized by
the procedures described above. Both series of copolyesters
were prepared with different composition of NDC and TPC as
summarized in Tables 1 and 2, respectively.

Characterization. The actual chemical compositions of the
synthesized copolymers were determined by proton nuclear
magnetic resonance ('"H NMR) spectroscopy. 'H NMR exper-
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Scheme 2. Schematic diagram for the solution polymerization of
PCH#TN# series.
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iments were performed by a Unity Inova S00NB High Res-
olution 500 MHz NMR Console at 25 °C. Polymer samples
were dissolved in a mixture of deuterated chloroform (CDCl;)
and trifluoroacetic acid (TFA-d) (1:1) and tetramethylsilane
(TMS) was used as an internal standard.

Intrinsic viscosity (IV) of all synthesized copolyesters was
measured in OCP at 25 °C by an automated ubheload-1C vis-
cometer. Molecular weights (M,) of synthesized copolyesters
were determined using Mark-Houwink equation by following
American polymer standards.*®

Thermal properties like glass transition temperature (7)),

Table 1. Composition of Synthesized PC70TN# Copolymers

Molar ratio

Molar ratio of  Molar ratio of  of acid units

?:Eolr(liqilrjl le trans-/cis- feed acids (TPC/NDC)*
®  CHDM isomer  (TPC/NDC) in obtained
polymer
PC70TNO
(70% trans 70/30 100/0 100/0
CHDM)
PC70TN17 70/30 80/20 82.61/17.39
PC70TN26 70/30 70/30 73.17/26.83
PC70TN36 70/30 60/40 63.81/36.19
PC70TN46 70/30 50/50 53.99/46.01
PC70TNSS 70/30 40/60 44.80/55.20
PC70TN64 70/30 30/70 35.23/64.77
PC70TN83 70/30 10/90 16.13/83.87

“The chemical compositions were determined from the analysis of
'H NMR spectra.

Table 2. Composition of Synthesized PC100TN# Copolymers

Molar ratio
Sample Molar ratio of Molar ratio of acid units
co dirr)1 trans-/cis- of feed acids (TPC/NDC)*
& CHDM isomer  (TPC/NDC)  in obtained
polymer
PC100TNO
(100% trans 100/0 100/0 100/0
CHDM)
PCI100TN17 100/0 80/20 82.48/17.52
PC100TN25 100/0 70/30 74.37/25.63
PCI100TN35 100/0 60/40 64.10/35.90
PC100TN46 100/0 50/50 53.47/46.53
PC100TNS55 100/0 40/60 44.44/55.56
PC100TN64 100/0 30/70 35.19/64.81
PCI100TNS83 100/0 10/90 16.64/83.36

“The chemical compositions were determined from the analysis of
"H NMR spectra.
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melting temperature (7,), and the melting enthalpy (AH,, in J/g)
of synthesized copolymers were determined by a differential
scanning calorimeter (DSC Q20, TA instruments). About 4-6
mg of the sample was loaded in the DSC sample pan and
heated from 40 to 300 °C at a heating rate of 10 °C min™ under
nitrogen with a purge flow of 50 mL min™. Samples were first
heated and cooled down in order to eliminate the thermal his-
tory of polymer then values were determined from the second
heating cycle.

The thermal degradation behaviors of the synthesized NDC
and copolymers were analyzed by a thermo-gravimetric ana-
lyzer (TGA Q50, TA instruments). For this, 8-10 mg of the
sample was used for the measurement and heated from 40 to
600 °C under nitrogen atmosphere at a heating rate of 10 °C
min” with a nitrogen purge flow of 50 mL min”. The tem-
peratures corresponding to 5% and 50% weight loss and the
amount of residue (%) at 600 °C were determined from TGA
analysis.

Results and Discussion

Confirmation of Synthesis of NDC from NDA. In an
effort to improve the reactivity of NDA during solution polym-
erization, modification of NDA into NDC was attempted and
the success of the synthesis was confirmed by DSC and TGA
whose results are shown in Figures 1 and 2, respectively.

Melting behavior of resulting NDC was analyzed and com-
pared with starting NDA. Clear melting point at 191.5 °C was
observed for NDC while no melting was detected up to 300 °C
for NDA. Our results are compatible with the previous reported
other researchers data found in the literatures.””* It was found
that NDA have superior thermal stability than NDC (Figure 2).
From these results, it is concluded that NDA was successfully
modified into NDC with a highly efficient reaction (97.7%).

Determination of Chemical Compositions of Synthesized
Copolymers. Chemical compositions of synthesized PC7T0TN#
and PC100TN# copolyesters were analyzed by 'H NMR and
the results are shown in Figures 3 and 4, respectively. Since
obtained copolyesters contain rigid aromatic structures, they
were not completely soluble in CHCI; so a mixture of TFA-d
and CDCl;-d (1:1) was used to dissolve the polymer samples.
The characteristic chemical shifts (3) (ppm) peaks at 1.21-2.30,
4.28-4.49, and 4.82 ppm are assigned to hydrogen atoms of
1,4-CHDM diol component of copolymers. The characteristic
O peaks at 3.37-3.81 are assigned to hydrogen atoms of
-CH,OH at chain end of polymer chain. The characteristic &
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Figure 2. Thermal degradation behaviors of NDA and NDC.

peaks at 8.10-8.18 ppm are assigned to hydrogen atoms of di-
acid components of copolymers coming from TPC (c) and
NDC (d and e), however, the 6 peak at 8.71 ppm represented
by (f) in the figures is assigned to hydrogen atom of NDA at
chain end, which enables us to calculate actual chemical com-
positions of all copolymers. It is evident from the figures that
intensity of & peak at 8.71 ppm which represents the naph-
thalene content in the synthesized copolyesters is increased lin-
early with increasing the content of NDC in the feeding diacid
mixture. In the case of PC70TNO and PC100TNO, no & peak
was observed at 8.71 ppm, which confirms that these copo-
lyesters were not containing NDC. In addition, in the case of
PC70TN# series, characteristic 6 peaks of cis-CHDM observed

Polymer(Korea), Vol. 43, No. 3, 2019
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Figure 4. 'H NMR spectra of solution polymerized PC100TN#
copolyesters with peak assignments.

at 1.5-1.7, 2.1, and 4.7 ppm were clearly detected while, in the
case of PC100TN# series, no peaks were observed. The results
of chemical composition analysis for PC70TN# and PC100TN#
copolymers series are summarized in Tables 1 and 2, respec-
tively. '"H NMR analysis of synthesized copolymers clearly indi-
cates that higher amount of TPA and lower amount of NDA
were present in the synthesized PC70TN# and PC100TN#
copolymers when compared with feeding amount of mono-
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Table 3. Molecular Weights and Intrinsic Viscosities of
Synthesized PC#TN Copolymers

Intrinsic viscosi dL Molecular weight
Trans/cis-CHDM 1v) v (g/dL) (M,) gh

isomer (mole%)

70/30 100/0 70/30 100/0
PCTNO 0.50 0.51 25381 26065
PCTN17 0.48 0.46 24035 22720
PCTN26 0.49 0.50 24704 25381
PCTN36 0.52 0.51 27107 26618
PCTN46 0.48 0.50 24569 25859
PCTNS55 0.46 0.43 22332 20000
PCTN64 0.47 0.44 23242 20682
PCTN83 0.49 0.50 25313 25722

mers. This result suggests that the reactivity of NDC is slightly
lower than TPC. Our results are compatible with the results of
other researchers reported in the literatures.!'!>40

Molecular Weights (M,) and Intrinsic Viscosity (IV).
Intrinsic viscosity (IV) and molecular weights (,) of obtained
copolyesters recorded using Mark-Houwink equation are sum-
marized in Table 3. It important to note that PCTN copo-
lyesters have high enough molecular weights which make
them suitable to be used in the form of films, nanofibers or any
other desired shape for the practical applications in versatile
areas.

Thermal Properties Examined by DSC. Solid state poly-
condensation (SSP) which is normally performed between the
T, and T,, has numerous potential advantages to mechanical
properties of finally obtained product and it effectively improves
the performance properties of polymer. In industry, molecular
weight of synthesized polymers is improved by SSP which
effectively enhance the mechanical, thermal, and barrier prop-
erties of polymer, suitable for wide range of commercial appli-
cations.*** In our study, all the results of synthesized PC#TN#
copolyesters are analyzed after SSP. Thermal properties of syn-
thesized PC70TN# and PC100TN# copolyesters were ana-
lyzed by DSC and the results for 7,, T;,, AH,, and degree of
crystallinity are summarized in Tables 4 and 5, respectively.

The degree of crystallinity (X.) of samples was calculated as
follows:

X. = AH,(exp) + AH(cal)x100% €))

where AH,(exp) is the melting enthalpy determined by DSC
experiment and AH(cal) is the melting enthalpy of 100%
crystalline PCT which is calculated by adopting a group con-



Single-Step Solution Polymerization and Thermal Properties of Copolyesters 481

Table 4. Summary of Thermal Properties of PC70TN#
Copolymers after SSP

Samples 7, ("0 T.(0 AH,(g) X (%)
PC70TNO 83.8 285.8 48.5 47.6
PC70TN17 84.8 261.7 319 313
PC70TN26 85.1 246.8 314 30.8
PC70TN36 85.4 2359 39.5 38.7
PC70TN46 88.6 238.2 355 348
PC70TN55 92.6 255.2 272 26.6
PC70TN64 1075 278.6 283 27.8
PC70TN83 1143 3102 394 38.6

“All the results are obtained from DSC measurements from 2™ run
cycle (heating — quenching — heating).
*Calculated by using AH,,(exp)/AH,,(cal) and AH,,(cal) = 102 J/g.

Table 5. Summary of Thermal Properties of PC100TN#
Copolymers after SSP

Samples T, O T, (CY AH,(Jg") X (%)
PC100TNO 96.4 317.7 65.2 63.9
PC100TN17 103.2 294.4 38.8 38.5
PC100TN25 113.9 285.7 41.9 412
PC100TN35 115.9 271.4 41.1 40.2
PC100TN46 118.1 279.3 332 325
PC100TNSS 121.5 292.9 29.6 28.9
PC100TN64 122.6 312.5 42.8 41.9
PC100TN83 130.3 3353 40.8 39.6

“All the results are obtained from DSC measurements from 2™ run
cycle (heating — quenching — heating).
*Calculated by using AH,,(exp)/AH,(cal) and AH,,(cal) = 102 J/g.

tribution theory.** Inherent thermal properties of synthesized
copolyesters were determined after eliminating the thermal his-
tory by applying heating-cooling cycle. All the DSC results
were determined during the second heating cycle.

To demonstrate the effect of naphthalene content (mole%)
on the 7, and T,, of PC70TN# and PC100TN# copolymers
more clearly, the data shown in Tables 3, 4 are plotted and the
results are shown in Figures 5 and 6, respectively. It is evident
from the graph that 7, of both series, PC70TN# and PC100TN#,
is increased linearly by increasing the naphthalene units. It is
also clear that 7, of synthesized PC100TN# copolymers pre-
pared with high trans-CHDM are higher than their analogous
PC70TN# copolymers prepared with 70% trans-CHDM. This
behavior can be resulted from the increased symmetry and
rigidity of PC100TN# copolymers that contain 100% trans-
CHDM isomer compared to PC70TN# series.

160+

140

120- \ e

Tq(°C)

100 -

80+

Naphthalene content (mole %)

Figure 5. Effect of naphthalene content (mole%), defined as n/
(m+n) of Scheme 1, on glass transition temperature (7,) of
PC70TN# and PC100TN# copolymers.
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Figure 6. Effect of naphthalene content (mole%), defined as n/
(m + n) of Scheme 1, on melting temperature (7,) of PC70TN# and
PC100TN# copolymers.

Melting temperatures of synthesized two series, PC70TN#
and PC100TN# copolyesters were also determined by DSC
and the results are given in Figure 6 and summarized in Tables
3 and 4, respectively. It is found that 7;, of naphthalene mod-
ified PC70TN# and PC100TN# copolymers decreases until the
content of naphthalene unit reaches 36 mole% (eutectic point)
and then it starts to increase rapidly by increasing naphthalene
content furthermore.

At eutectic point, poly(cyclohexane 1,4-dimethylene naph-
thalate) (PCT) and poly(cyclohexane 1,4-dimethylene tere-
phthalate) (PCN) crystals coexist in the copolymers and after
this point the main crystal structure is dominated by the PCN-
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type crystals that enhance the thermal and physical properties
of copolymers. Similar trends have been reported previously
for naphthalene units containing copolyesters which were syn-
thesized by melt polymerization.">* Copolymers synthesized
from aromatic diacids and cycloaliphatic trans-CHDM diol
have symmetry and rigidity in their molecular structure. It is
considered that copolymers based on trans-CHDM have supe-
rior thermal properties than their analogous copolymers having
benzene based diols components, like 1,4-benzenedimethanol.*®

It is evident from these data that naphthalene units effec-
tively improve the heat stability of synthesized copolyesters.
Not only naphthalene unit but stereochemistry of 1,4-CHDM
(trans/cis content) also improve the comprehensive properties
of copolyesters.'”? Most important finding of this is that
PC100TN# copolyesters have superior thermal properties when
compared with PC70TN# copolyesters. This behavior can be
attributed to trans-CHDM isomers which impart more sym-
metry and rigidity to their molecular structure.

It can be seen from the Figures 5 and 6 that PC70TN# copo-
lyesters have 7, ranging between 83.7-114.3 °C and T, ranging
between 285.7-310.2 °C while PC100TN# copolyesters have
relatively superior 7, and 7, ranging between 96.4-130.3 °C
and 317-335 °C, respectively. Unexpectedly high heat resis-
tance, superior 7,, and T;, of PCI00TN# copolyesters con-
taining 100% trans-CHDM content can be attributed to the
thermally stable and symmetric structure of cycloaliphatic
trans-CHDM isomers which facilitate the formation of stable
crystal structure.'®?'** Similar trends have already been reported
for melt polymerized PCT and PCN homopolymers containing
high trans-CHDM isomers.”* Therefore, it is concluded that
not only the naphthalate content but also the trans-1,4-CHDM
isomer impart rigidity and symmetry to copolyester backbone.

Thermal Stability of Synthesized Copolyesters. Thermal
stability of synthesized copolyesters was analyzed by TGA
and the results are given in Figures 7 and 8. Thermograms of
only three different compositions of synthesized copolyesters
are shown for the clarity of interpretation because the data
overlap each other too much when drawn together. However,
the detailed results are summarized in Tables 6 and 7. It was
found that series of PC70TN# and PC100TN# copolyesters
were stable up to 360 °C. Initial degradation temperature at
which 5 wt% loss (Ti4sy) and temperature at which 50 wt%
loss (Tigsor,) Of initial weight observed are summarized in
Tables 6 and 7 along with the amount of residue at 600 °C. All
the copolyesters showed one-stage decomposition process
(Figures 7 and 8), indicating that all the synthesized polymers
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were random copolyesters. From these figures it is clear that
naphthalene units improve the thermal stability of synthesized
copolyesters and this effect becomes more prominent when
naphthalene content is higher than 46 mole%. Naphthalene
units incorporated in copolyesters are thermally more stable
than their analogous polyesters containing terephthalate units
only. It was found that more residues were observed when
naphthalene contents were increased. This finding is com-
parable to the results reported for the melt polymerized poly-
esters.” Our results show that thermally stable copolyesters
can be synthesized by a straightforward one-step solution
polymerization process at room temperature in relatively short
reaction time.
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Figure 7. TGA thermograms of synthesized PC70TN# copolyesters.
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Figure 8. TGA thermograms of synthesized PC100TN# copolyesters.



Single-Step Solution Polymerization and Thermal Properties of Copolyesters 483

Table 6. Thermal Degradation Properties of PC70TN#
Copolymers after SSP

Residues at

Samples Tiasn (°C) Tigson (°C) 600 °C (%)
PC70TNO
(70% trans 363.10 400.20 0.40
CHDM)
PC70TN26 362.57 400.01 0.07
PC70TN36 363.01 400.58 1.67
PC70TN46 363.53 400.73 1.75
PC70TNS55 364.08 401.06 1.84
PC70TN64 386.52 416.96 2.83
PC70TN83 388.16 418.88 6.52

Table 7. Thermal Degradation Properties of PC100TN#
Copolymers after SSP

Residues at

Samples Tiasw (°C) Tiason (°C) 600 °C (%)
PC100TNO
(100% trans 369.62 400.88 1.18
CHDM)
PC100TN25 368.05 401.25 1.04
PC100TN35 368.46 402.52 0.89
PC100TN46 369.40 403.03 0.45
PC100TN55 373.01 404.26 0.77
PC100TN64 389.33 419.85 3.17
PC100TNS3 391.65 421.62 6.21
Conclusions

Two series of copolyester, PC70TN# and PC100TN# were
successfully synthesized by an efficient one-step solution
polymerization and their structure-property relationship was
studied. CHDM was used as a diol part and various amounts
of NDC and TPC were used as diacid part for the synthesis. In
order to study the effect of stereochemistry of CHDM unit,
CHDM containing 70% trans- and 100% trans-isomers were
employed. The determination of chemical compositions of
synthesized copolyesters confirmed that NDC is less reactive
than TPC. Thermal analysis showed that obtained copolyesters
were semi-crystalline in nature and both the content of trans-
CHDM isomers and the naphthalene units’ amount imparted
thermal stability into obtained copolyesters. DSC results
revealed that 7, of both series of copolyesters was increased by
increasing the thermally stable naphthalene unit in a linear
trend while 7, was first decreased until eutectic point (36

mole% naphthalene unit) then started to increase rapidly by
increasing naphthalene units. It is worthy to note that 7, T,
and thermal degradation behavior of PC100TN# copolyesters,
containing 100% trans-CHDM isomers were better that their
analogues PC70TN# copolyesters that contain 70% trans-
CHDM isomers.

To the best of our knowledge, it is the first time that one-step
solution polymerization of aromatic PCTN copolyesters con-
taining CHDM, terephthalate, and naphthalate units is con-
ducted at room temperature in the absence of metallic catalyst
and stabilizer. Our results also indicate that aromatic homopoly-
esters (PCT and PCN whose synthesis are very difficult by
conventional melt polymerization) can be successfully syn-
thesized by solution polymerization in a relatively short time.
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