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ABSTRACT: Two series of amorphous copolyesters,
PETGN and PETGS, were synthesized by the copolymer-
ization of 2,6-naphthalene dicarboxylic acid (NDA) (0-
40%), succinic acid (SA) (0-40%), 1,3/1,4-cyclohexanedi-
methanol (1,3/1,4-CHDM) (10-50%), ethylene glycol
(EG), and terephthalic acid (TPA). The compositions and
molecular weights of the copolyesters were determined
by "H NMR spectroscopy and viscometry, respectively.
The thermal behaviors were studied over the entire range
of copolymer compositions, using DSC and TGA. The op-
tical characteristics, heat-shrinkable effects and tensile
properties of these polymers were also determined. Ex-
perimental results indicated that the thermal, optical, ten-

sile, and shrinkage properties of PETGN and PETGS
were functions of NDA or SA content. DSC and X-ray
analysis demonstrated that both PETGN and PETGS se-
ries were amorphous. Incorporating NDA and SA influ-
enced the T, values of those polymers, from about 37°C
for PETG30S49 to 89°C for PETG3¢Ny. Furthermore, the
shrinkage of these amorphous copolyesters was more
than 40% when the heating temperature was higher than
the corresponding T,. © 2008 Wiley Periodicals, Inc. ] Appl
Polym Sci 109: 2598-2604, 2008
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INTRODUCTION

The favorable basic properties of poly(ethylene ter-
ephthalate) (PET) make this polymer attractive for
an increasing variety of domestic and technical
applications. However, the tendency of PET to crys-
tallize severely limits the increase in the range of
uses of this polymer to some fields,"? in which both
transparent and heat-shrinkable properties are
required.

Glycol-modified PET copolyester (PETG), gener-
ally poly(ethylene terephthalate-co-1,4-cyclohexylene-
dimethylene terephthalate), is an amorphous thermo-
plastic of the commercial PET family. The presence
of the bulky 1,4-CHDM group in the main chain
unit makes PETG highly amorphous and without a
melting temperature (T,,).>” Owing to its highly
amorphous nature, PETG exhibits very high trans-
parency and excellent clarity. One of the major
PETG applications is used as the transparently
shrinkable film which shows the shrinkage behavior
upon heating. Shrinkable polyester films are particu-
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larly advantageous for use on polyester containers,
as they facilitate the recycling process by allowing
polyester containers to be reclaimed along with their
polyester labels without introducing incompatible
resins into the recycling stream.®

We recently synthesized a PET copolymer by
copolymerizing 1,3/1,4-CHDM, EG, 5-tert-butyli-
sophthalic acid, and TPA.” This polyester is amor-
phous and has the optical transmission about 88%.
To obtain 1,3/1,4-CHDM-based amorphous copo-
lyesters with various values of T, for different
shrinkable film applications, this work reports the
preparation and properties of several series of new
polyesters PETGN and PETGS, which are the deriva-
tives of 1,3/1,4-CHDM-based PETG. PETGN is pre-
pared from EG, TPA, 1,3/14-CHDM, and NDA;
PETGS is prepared from EG, TPA, 1,3/1,4-CHDM
and SA. The thermal, optical, mechanical, and heat-
shrinkable properties polymers are studied.

EXPERIMENTAL
Materials

TPA (98%), EG (99+%), NDA (99%), SA (99%), tri-
fluoroacetic acid (TFA), phenol, tetrachloroethane,
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Figure 1 Outline of synthetic route followed for the preparation of PETG, PETGN and PETGS copolyesters. NMR assign-
ments are indicated on the chemical formula of the copolymer.

cobalt acetate catalyst (Co(Ac),), and tetrabutyl tita-
nate catalyst (Ti(O(CH,)3CHj)s) (99.99%) were pur-
chased from Aldrich (USA). The 1,3/1,4-CHDM,
which was an equilibrium mixture of 1,4-trans/1,4-
cis/1,3-trans/1,3-cis 29.1/13.3/30.9/26.7, was pur-
chased from Dow Chemical Company, USA. All the
chemicals were used as received without further pu-
rification.

Synthesis

All of the copolymers were prepared by two-stage
melt polycondensation (esterification and polycon-
densation) in an autoclave reactor. The details of the
synthesis can be found elsewhere.”'! In each prepa-
ration, the reaction mixture comprised excess EG,
various amounts of diol and diacid (molar ratio
of diol/diacid = 1.4), 350 ppm Ti(O(CH,)3CHj)s and
90 ppm Co(OAc), by weight. The reaction mixture
was heated to the final temperature (220-250°C) in
an atmosphere of nitrogen, and was stirred at a con-
stant speed (500 rpm). This first step was considered
to be completed after 4 h, when the theoretical
amount of water was collected.

In the second step, a vacuum (5 Torr) was applied
slowly over a period (of about 30 min) to avoid ex-

cessive foaming and to minimize oligomer sublima-
tion, which was a potential problem during melt pol-
ycondensation. The temperature was increased with
the strength of the vacuum. The polycondensation
was continued for about 2.5 h until the agitator
speed decreased to 350 rpm, because the viscosity of
the melt increased. After the polycondensation reac-
tion was completed, the product was obtained from
the autoclave reactor. All polyester samples were
ground in a mill, sieved, washed with methanol, and
dried at 60°C for 24 h at reduced pressure.

The copolyesters described in this work are indi-
cated in Figure 1 and Table I. Figures 2 and 3 pres-
ent the 'H NMR spectra of the PETG3yNjp and
PETG30S;0 copolymers, respectively.

Characterization

The intrinsic viscosities of the polymers were meas-
ured using an Ubbelohde viscometer at 25°C in a
mixture of phenol and tetrachloroethane (60 : 40, w :
w). 'H NMR spectra were obtained on a Bruker
DRX-400 spectrometer at 25°C and 400 MHz. Duter-
ated trifluoroacetic acid (TFA) was used as solvent.
Thermal characterization was performed in an
atmosphere of dry nitrogen using a differential scan-
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TABLE I
Compositions, Viscosities, and Thermal Properties of Polyesters

Composition® TPA/NDA

Composition® TPA/NDA

Thermal properties (°C)

(or SA)/EG/CHDM (or SA)/EG/CHDM Viscosity*
Polyester (mol %) (mol %) IV (dL/g) T T,° T.* T
PETG; 100/0/90/10 100/0/90.4/9.6 0.67 76 221 - 404
PETG» 100/0/80/20 100/0/80.6/19.4 0.65 76 196 - 399
PETGs3 100/0/70/30 100/0/71.0/29.0 0.73 77 - - 398
PETGy 100/0/60/40 100/0/61.4/38.6 0.73 77 - - 398
PETGs 100/0/50/50 100/0/51.6/48.4 0.73 78 - - 396
PETG3N1 90/10/70/30 90.3/9.7/70.9/29.1 0.71 80 - - 406
PETG30N>o 80/20/70/30 80.5/19.5/70.9/29.1 0.73 83 - - 410
PETG3N30 70/30/70/30 70.9/29.1/70.8/29.2 0.73 85 - - 413
PETG30N.0 60/40/70/30 61.1/38.9/70.8/29.2 0.65 89 - - 416
PETG30S10 90/10/70/30 90.3/9.7/71.0/29.0 0.65 65 - - 396
PETG30S20 80/20/70/30 80.6/19.4/70.8/29.2 0.67 52 - - 393
PETG30S30 70/30/70/30 70.8/29.2/70.8/29.2 0.65 44 - - 390
PETG30S40 60/40/70/30 61.3/38.7/70.9/29.1 0.73 37 - - 388

? Theoretical composition.
® Determined from 'H NMR spectra.

¢ Intrmsm viscosity (dL/g) measured at 25°C in a phenol/tetrachloroethane mixture 60/40 w/w.
T was obtained as the inflection point of the heating DSC traces of the melt-quenched samples recorded at 20°C/min.
N The T,y and T, temperatures of the pristine samples were measured by DSC at heating/cooling rates of 20°C/min.
Temperature at which a 10% weight loss was observed in the TGA traces recorded at 20°C/min.

ning calorimeter (DSC) (Seiko SSC-5200). Both tem-
perature and heat flow were calibrated using indium
and tin standards. In the DSC measurement, a poly-
mer sample (3.0-5.0 mg) was preheated at 300°C for
10 min to remove its thermal history, and then
cooled to 0°C at a rate of 20°C/min. Then, the cooled
sample was heated to 300°C at a rate of 20°C/min.
T,, and T. (crystallization temperature) were the
temperatures of the peak maximum transition meas-
ured in the heating run and the cooling run, respec-
tively. T, was the temperature of the middle point of
the glass transition in the heating run. Thermogravi-
metric analysis (TGA) was performed using a Seiko
Exstar 6000 thermobalance at a heating rate of 20°C/
min in an atmosphere of nitrogen.

The samples for X-ray analyses and the UV ray
transmittance test were prepared from the glassy,
unoriented, and amorphous film, which was
obtained by melt compression followed by immer-
sion in ice-cold water. X-ray analyses were per-
formed using a Siemens D-500 diffractometer with
Ka Cu radiation at a wavelength of 1.5418 A. The
UV ray transmittance of the polyesters was meas-
ured on a UV1000F ultraviolet spectrophotometer to
characterize the UV radiation transmittance of the
polyesters. All polymers were injection-molded into
unheated molds in an injection-molding machine to
yield specimens for tensile tests. The tensile mechan-
ical properties were measured according to the
ASTM D 638 standard on injection-molded speci-
mens. The drawing speed used in the tests was 20
mm/min. The presented mechanical properties are
averages of five tests.
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The monoaxial shrinkage effect of copolyesters
was performed on rectangular specimens (50 X 10
mm) cut from amorphous, isotropic films with a
thickness of about 1-mm. The tests were conducted
on a Zwick BZ2.5/TN1S universal tensile testing ap-
paratus equipped with a temperature-controlled
thermal cabinet. The specimen was stretched to an
extension ratio of about 200% for 5 min at a temper-
ature which was 20°C higher than the corresponding
T,. Then, it was fixed under this strain and cooled to
25°C for 10 min to measure the original length (L,).
Finally, the specimen was placed into the thermal
cabinet again at a specific temperature for 5 min
without any stress and the final length (L) was
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Figure 2 400 MHz 'H NMR spectra of PETG3oNjg
recorded in deuterated trifluoroacetic acid (TFA). Peaks
that arise from diethylene glycol units, present in small
amounts in the polyesters, are labeled (*).
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Figure 3 400 MHz 'H NMR spectra of PETGgz,Sy
recorded in deuterated trifluoroacetic acid (TFA). Peaks
that arise from diethylene glycol units, present in small
amounts in the polyesters, are labeled (¥).

recorded. The shrinkage at this specific temperature
was calculated by the following equation®'*"?

Shrinkage = (L, — Ly)/L, X 100%

RESULTS AND DISCUSSION
Synthesis

The copolyesters described in this work were pre-
pared by a two-step melt-polycondensation, as indi-
cated in Figure 1. TPA and NDA (or SA) with EG
and 1,3/1,4-CHDM were esterified to form low-mo-
lecular-weight hydroxy-capped esters in the first
stage. This process occurred at 220-250°C with the
generation of water, which was continuously
removed from the system to drive the reaction in the
desired direction. The copolycondensation of these
compounds, to yield PETG, PETGN, or PETGS copo-
lyesters, occurred in the second step at 280°C under
vacuum conditions to eliminate the excess EG, which
was added at the beginning of synthesis. Table I
presents the compositions, viscosities, and thermal
properties in each case. The TPA/NDA (or SA)/EG/
CHDM molar ratios covered a wide range of compo-
sitions. The determination of the intrinsic viscosity
indicated that all polymers had relatively high mo-
lecular weights, given that their intrinsic viscosities
were between 0.65 and 0.73 dL/g. The chemical
structures of the polyesters were ascertained by 'H
NMR spectroscopy,'*'® as shown in Figures 2 and 3.
The NMR analysis clearly revealed that the composi-
tion of the resulting copolymer was essentially the
same as that of the theoretical feed from which it
was generated.

Thermal properties

The thermal behavior of all copolyesters was studied
using TGA and DSC as shown in Table 1. The DSC
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results indicated that PETG copolyesters with <20
mol % 1,3/1,4-CHDM, such as PETG;, and PETG,,
were crystallizable, while those with > 20 mol% 1,3/
1,4-CHDM, such as PETGj;p, PETG,y and PETGsy,
were amorphous. These results indicated that intro-
ducing 1,3/1,4-CHDM into the PET homopolymer
markedly affected both the melting temperature and
the crystallinity of the copolyesters. Although studies
have demonstrated that the incorporation of 1,4-
CHDM into PET can increase the T, of the resulting
polymer,>>!” incorporating different amounts of the
1,3/1,4-CHDM herein have different effects. All
PETG samples in this work had similar T, of about
76-78°C. Perhaps this observation was contributed
by the 1,3-cis and 1,3-trans isomers of 1,3/1,4-
CHDM monomer, which were similar to the effects
of the isophthalic acid monomer in poly(ethylene
terephthalate- co- ethylene isophthalate).'®'” Various
NDA or SA contents were introduced into the
PETG3 copolyester to form PETGN and PETGS se-
ries, respectively, which were characterized by DSC.
T,, were not observed in neither PETGN nor PETGS
series, like amorphous PETG;, indicating that the
incorporation of various amounts of NDA and SA
into PETG3p did not affect the crystallization behav-
ior of PETGj3¢ macroscopically.

Table I also reveals that the T, values of the
PETGN series increase with the NDA content from
80°C for PETG30N10 to 89°C for PETG30N40. This
trend was reversed in the PETGS series, in which
the Tg values declined as the SA content increased,
from 65°C for PETG30810 to 37°C for PETG30540.
These results were consistent with the literature,
which showed that naphthalene-substituted units
increased the stiffness of the polymer chains and ali-
phatic substituted units increased the softness of the
resulting copolyester.”>?! Figure 4 plots DSC traces
for polyesters PETGyy, PETG;y, PETGsy, PETG30N3
and PETG3(S;30, during both heating and cooling at a
rate of 20°C/min.

The theoretical glass transition temperatures of the
copolyesters were calculated by using the Flory-Fox
equation and plotted along with the experimental
data,®” as shown in Figure 5.

1/Ty = W1 /Ty, + W2/Tg, (Flory — Fox equation)
where W; and W, are the mole fractions of relative
NDA(SA) amounts in the copolyesters and T,, Ty,
and T, are the glass transition temperatures of
Copolyesters, PETGgo, and PETG30N40(PETG30540),
respectively.

TGA measurements were made in an atmosphere
of nitrogen, in the 30-800°C temperature range, to
evaluate the thermal stability of the polyesters. Table
I compares the decomposition temperatures, meas-
ured at 10% weight loss, of all of the polyesters. The

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Comparison of DSC traces of PETGy, PETGgz,
PETGsy, PETG30N30, and PETG3S30 copolyesters: top - sec-
ond heating; bottom - first cooling. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

results in Table I reveal that the incorporation of
NDA units slightly increases the thermal stability of
PETGg. This effect must be associated with the pres-
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Figure 5 Plot of T, versus NDA (SA) amounts of the

copolyesters. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 6 TGA traces of PETG;;, PETG3)Njzy and
PETG3(S30. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

ence of naphthalene structures in the polyester
chain, because a similar increase in the decomposi-
tion temperature of poly(ethylene terephthalate-co-2,
6-naphthalate) is observed.”*'* This trend was
reversed, however, when the terephthalic units were
replaced by succinic units, perhaps because aliphatic
structures were less stable than aromatic structures.
Nevertheless, all polymers remained unchanged as
the temperature was increased to 380°C. The degra-
dation rate was maximal between 430 and 450°C.
Figure 6 plots the TGA traces of PETGgzy, PETG3,N3
and PETG30530.

X-ray diffraction

Figure 7 compares the normalized intensity profiles
of the X-rays scattered in reflection mode of PETGg,
PETG30N3p, PETG3¢S;9, and PET. All samples were
prepared as amorphous materials by melt compres-
sion followed by immersion into ice-cold water.
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Figure 7 Wide-angle X-ray diffraction pattern of polyest-
ers PETG3p, PETG30N3p and PETG3¢S3. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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TABLE II
Optical Transmittance and Tensile Properties of Polyesters
Tensile mechanical properties
Young’s Yield Tensile
Transmittance modulus stress strength Elongation
Polyester A (400 nm) (%) (Mpa) (Mpa) at break (Mpa) at break (%) Type®
PETGyg 87.2 1821 57 42 162 HT
PETGyg 88.4 2027 52 38 152 HT
PETGsg 88.7 2139 52 27 146 HT
PETGyg 88.8 2151 53 28 144 HT
PETGs 88.7 2163 52 28 145 HT
PETG3¢N19 86.9 2159 53 28 148 HT
PETG3¢Nyg 86.9 2208 53 29 145 HT
PETG3¢N3 85.5 2233 54 30 143 HT
PETG3¢Ny 83.5 2290 56 33 144 HT
PETG30S10 79.3 2103 53 25 137 HT
PETG30520 77.5 2087 50 24 146 HT
PETG30S30 74.2 2054 43 19 154 HT
PETGs30S40 71.7 NTP NT® NT® NT® NT?

? HT: hard and tough.

" NT: not tested because the sample was too soft at room temperature to be tested.

Three high-intensity reflections that were characteris-
tic of the triclinic structure of PET were observed, at
20 values of about 17.0°, 22.8° and 26.2°.* The poly-
esters PETGgo, PETG30N30, and PETG30830 y1elded
broad amorphous X-ray diffraction patterns. These
results indicated that the polymers were amorphous
and were consistent with DSC measurements.

Optical, tensile and shrinkage properties

The optical property of polyesters is generally eval-
uated by measuring the transmittance of UV-visible
rays through the polyesters. A higher UV-ray trans-
mittance corresponds to a better optical property of
that sample. Table II presents the specular light
transmission values for A = 400 nm. Since PET is a
semicrystalline polymer, its transmittance for A =

100 +
'
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P_
0
n T T T
400 500 800 700

Wavelength (nm}

Figure 8 Optical transmittance of polyesters PETGgo,
PETG3oN3p and PETG3(S30. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

400 nm is about 80%.” When 1,3/14-CHDM was
incorporated into PET to form amorphous PETGg;,
PETG4 and PETGsy, the optical transmittance of
these amorphous copolyester increased up to 89%.
In the PETGN series, the transmission decreased as
the NDA content increased, from 87% for PETG3oNqq
to 84% for PETG39Ny, which still exceeded 70% (the
transmittance of PEN for A = 400 nm).?* The PETGS
series yielded similar results. Figure 8 presents spec-
trograms of PETG30, PETG30N30, and PETG30830.
Table II presents the tensile properties of the
PETG, PETGN, and PETGS series. In the PETG se-
ries, the elongation and tensile stress at break were
affected by the content of 1,3/1,4-CHDM comono-
mers. The crystallizable polymer (PETG;, and
PETG,p) was semicrystalline and tended to crystal-
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Figure 9 Typical stress-strain diagrams of polyester
copolymers of the specified indicated compositions. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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viewed in the online issue, which is available at www.
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lize during deformation, contributing to higher ten-
sile stress and elongation at break than amorphous
polymer (PETGgzy, PETG,y, and PETGs,). However,
the Young’s modulus of along the series of PETG
copolymers increased steadily with the content of
CHDM units, perhaps because of the substitution of
linear EG for the bulky and cyclic 1,3/1,4-CHDM.
The diacid contents also affected the Young’s modu-
lus, the yield stress and the tensile strength at the
break of copolymers in the PETGN and PETGS se-
ries. The Young’s modulus, the yield stress and the
tensile strength at break increased steadily with the
NDA content in the PETGN series. PETGS series
exhibited the opposite trends. These results may fol-
low from the effect on stiffness of incorporating
diacid monomers into polymer chains. Figure 9 plots
the stress-strain traces of polyesters PETGg,
PETG30N30 and PETG3()S30.

Figure 10 presents the shrinkage property of copo-
lyesters as a function of the heating temperature. The
theoretical maximum shrinkage was 50%, because the
specimen was stretched to an extension ratio of about
200% in this study. All samples showed that the
shrinkage increased with temperature and dramati-
cally arose at the temperature above the correspond-
ing T,, which was consistent with the previous
reports.>'*'> The shrinkage was more than 40% when
the heating temperature was higher than T,. This
result indicated that the both PETGN and PETGS se-
ries could be potentially used as heat-shrinkable mate-
rials with a wide range of operation temperatures,
from ~ 35°C (PETG30830) to 90°C (PETG30N30).

CONCLUSIONS

NDA and SA were separately introduced into the
PETGj;, copolyester formed PETGN and PETGS,

Journal of Applied Polymer Science DOI 10.1002/app
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respectively, which were characterized. The thermal,
optical, and tensile properties of those polymers
were obtained as functions of NDA or SA content.
DSC and X-ray analysis indicated that both PETGN
and PETGS series were amorphous, although the op-
tical transmittance decreased as the NDA or SA con-
tents increased. The incorporation of NDA and SA
widened the T, range of those polymers from
approximately 37°C for PETG30Ss to 89°C for
PETG30Nyo. It also affected the tensile properties.
Furthermore, the shrinkage of these copolymers was
more than 40% when the heating temperature was
higher than the corresponding T,. These results
reveal that the tuning of the crystallizability and the
T, of copolyester by adjusting the composition can
be exploited in designing new amorphous PET mate-
rials with a better balance among thermal, mechani-
cal, optical, and shrinkage properties.
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