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ABSTRACT: PET has a wide range of applications in human life.

[ihl Metrics & More ’ Q Supporting Information

OH*Bio-based

To address the issues including low glass transition temperature, o =
inadequate oxygen barrier properties, and slight brittleness that limit ) ¢ High rigid Q«“;v“:ﬂw::g
certain applications of PET, 1,4-cyclohexanedimethanol (CHDM) R o &
and isosorbide (IS) were incorporated into the PET main chains |HOY I sy

using a one-pot two-step method, resulting in the formation of
PETGI copolymers. Dynamic mechanical and melt rheological
properties revealed that the V-shaped fused ring structure of

isosorbide hinders the free movement of the polymer chains, which Heat resistanceJ

significantly enhanced the heat resistance of the PETGI copolymers.

The glass transition temperature of the PETGI copolymers ranges Barrier property J
from 80 to 106 °C. Furthermore, CHDM and IS facilitate the

amorphous structure of PETGI, yielding a transparency of 98% and

superior toughness, with an elongation at break of 234%. The incorporation of isosorbide markedly increases the molecular chain
rigidity of the copolymer while reducing the free volume of the polymer. Time-temperature superposition (TTS) provided insight
into the structural influence of different monomers in the molecular chain on the fractional free volume ( fg) As a result of these
combined factors, the oxygen barrier performance of the PETGI copolymer containing 40% mol of isosorbide was improved by 41%
compared to standard PET. The results of sustainability assessment showed that the equivalent PETGIE4Cl, reduces carbon

Strength \I

dioxide emissions by nearly 15.4% compared to PET.

1. INTRODUCTION

A wide range of applications have been developed for
poly(ethylene terephthalate) (PET), which represents approx-
imately 18% of the global plastic market." The PET molecular
formula shows that the rigid conjugated structure in the chain is
formed by direct connection of the rigid benzene ring and the
ester groups at both ends. This structure effectively prevents the
free rotation of the flexible hydrocarbon group, making PET as a
whole show greater rigidity, which means that PET has good
wear resistance, heat resistance, corrosion resistance, and
dimensional stability. PET has a wide range of applications,
such as food and beverage packaging, electronic devices,
automotive parts, lighting, sports goods, textiles, healthcare
applications, etc.” Polyester, one of the three most commonly
used synthetic fibers, is produced from PET through spinning
and postprocessing. It exhibits excellent performance and is
relatively inexpensive.

Nonetheless, there are several shortcomings to consider. PET,
for example, is not resistant to hot water cleaning and
pasteurization because of its low glass transition temperature
( Tg). Furthermore, although the barrier performance of PET is
adequate for water (H,0) and carbon dioxide (CO,), it exhibits

© 2025 American Chemical Society
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significantly poorer oxygen barrier properties. Most liquors are
oxygen-sensitive, so these limitations make PET unsuitable.”
Several strategies are developed to improve the performance of
PET for various applications, in which the most effective way so
far is to introduce functional monomers into the molecular
structure. For example, to make PET more heat-resistant, the
rigid terephthalic acid unit can be replaced with the more rigid
2,6-naphthalene dicarboxylic acid (2,6-N) to give the molecular
chain extremely strong rigidity to obtain heat resistance, which
provides an idea for the synthesis of polyethylene naphthalate
(PEN). However, the cost, limited availability, and environ-
mental considerations narrow the use of 2,6-N to very high-
value, low-volume applications such as high-end packaging,
films, and fibers. Therefore, the costly PEN is not enough to be a
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Scheme 1. Synthesis Route of PETGI Copolymers
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substitute for the widely used PET in life; therefore, it is
necessary to find other rigid monomers. Moreover, the
brittleness of PET is also one of the important factors limiting
its application. To improve the impact resistance and wear
resistance, 1,4-cyclohexanedimethanol (CHDM) with a stereo-
scopic six-membered ring can be used to partially replace the
ethylene glycol monomer in PET to obtain better performance
as poly(ethylene glycol-co-1,4-cyclohexanedimethanol tereph-
thalate) (PETG).

The biobased material isosorbide (IS) can be derived from
biomass such as wheat, sugar, and corn, making it a promising
monomer.” IS is a diol with a cyclic structure that has been
commercialized.” It has been shown through numerous studies
that isosorbide is an excellent building block for the develop-
ment of biobased products,”™'® which could significantly raise
the T, of the copolymers based on PET,"" PBT," etc.
Nevertheless, a notable limitation of IS is its pronounced
sensitivity to highly active catalysts. For instance, the employ-
ment of such catalysts during the precondensation stage of
copolymer synthesis resulted in significant yellowing. This
phenomenon has been attributed to the cleavage of the ether
bond in isosorbide, leading to the formation of coloring
substances. Highly active catalysts are considered to be strong
electrophilic reagents that easily induce isosorbide hydrolysis
during the reaction."” In this study, various catalysts, including
tetrabutyl titanate (TBT), lithium acetylacetonate, cesium
carbonate, antimony oxide, and antimony acetate, were
employed during the experimental phase. Although titanium-
and lithium-based catalysts exhibit superior catalytic efficiency,
they also exacerbate the extent of side reactions. In contrast,
antimony-based catalysts demonstrate relatively lower activity,
resulting in a reduced yellowing of the copolymer. Con-
sequently, antimony catalysts were selected for use in this
investigation.

In this work, diol monomers CHDM and IS are introduced
into the PET molecular chain to facilitate high oxygen barrier
performance and to improve the heat resistance and mechanical
properties of PETGI copolymers as low-cost and sustainable
candidates for high-performance polymers such as PEN.
Moreover, introducing biobased monomer IS into PET will
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have a positive impact on the environment and reduce carbon
emissions.

2. EXPERIMENTAL SECTION

2.1. Experimental Materials. Terephthalic acid (TPA) (99.5%)
and ethylene glycol (EG) (99.8%) were purchased from Shanghai
Huichao New Material Co., Ltd. 1,4-Cyclohexanedimethanol
(CHDM) (99.5%) was purchased from Hebei Qianyuan Xinjing
Technology Co., Ltd. Isosorbide (IS) (>98%) was purchased from
Beijing Xinhengyan Technology Co., Ltd. Antimony trioxide (Sb,0;)
(99.5%) and antimony acetate (Sb(CH;COO);) (>97%) were
purchased from Shanghai Macklin Biochemical Technology Co., Ltd.

2.2. Syntheses of PETGI Copolymers. The copolymers were
synthesized using a S L stainless steel reactor (Beijing Ximalun
Technology Co., Ltd.) equipped with a vacuum pump (TRP-12, Beijing
Beiyi Youcheng Vacuum Technology Co., Ltd.). In Scheme 1, PETGI
polyesters were synthesized by a two-step polycondensation reaction.
The first step was esterification of EG/CHDM, EG/CHDM/IS, or EG/
IS with TPA using Sb,05 (0.02 mol % to the diacid) as the esterification
catalyst. The molar ratio of overall acid (5 mol) to alcohol (6.25 mol) is
1:1.2S8. PET Glggcyp, for example, indicates that the proportions of EG,
CHDM and IS in the PETGI copolymer are 60%, 20% and 20%
respectively.

Upon stirring, the system was heated to 235 °C in 2 h for the
esterification reaction in a nitrogen environment. When the water yield
reached more than 90% of the theoretical value, it was considered
complete. Following the esterification stage, using Sb (CH;COO);
(0.015 mol % to the diacid) as the polycondensation catalyst, pre-
polycondensation was carried out for 15 min by slowly lowering the
system’s pressure. The system was heated to 265 °C and evacuated to
below 100 Pa. A certain value of propeller torque at a fixed speed signals
the completion of polycondensation, and the products are discharged
into the cooling water, formed into a strip shape, and cut into pellets.

3. CHARACTERIZATION OF PETGI COPOLYMERS

3.1. Structure Characterization. The signals of PETGI
copolymers were collected by the attenuated total reflection
(ATR) mode of FTIR, and 64 scans were accumulated in the
spectral region of 390-4000 cm ™" with a spectral resolution of 4
cm™l.

3.2. Intrinsic Viscosity. In an Ubbelohde viscometer with a
capillary tube diameter of 0.792 mm used in a water bath at 25
°C, the intrinsic viscosity of the synthesized copolymers was
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Table 1. Characteristics of PETGI Copolymers with Various IS Contents

samples [n] (dL/g)” M, (g/mol)b
PET Glggcaro 0.87 2.59 x 10*
PETGlgecan 0.89 2.64 x 10*
PETGlgecon 0.75 2.13 x 10*
PETGlgscir3 0.68 1.89 x 10*
PETGlgecoi 0.57 1.52 x 10*

M, (g/mol)* M, (g/mol)* DI¢
3.44 x 10* 7.49 x 10* 2.18
4.88 x 10* 1.05 X 10° 2.14
495 x 10* 1.07 X 10° 2.16
3.56 x 10* 8.47 x 10* 2.37
2.87 x 10* 7.20 X 10* 2.51

“[n]: intrinsic viscosity. bM,] : viscosity-average molecular weight. “M,: number-average molecular weight, M,,: weight-average molecular weight,

and DI: molecular weight. dispersity.
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Figure 1. (a) The ATR spectra of PETGI copolymers. (b) The [#], M,, and M, of PETGI copolymers.

calculated based on the elution time of the copolymer solution
and solvent. As a solvent, phenol and tetrachloroethane (1/1, w/
w) were mixed, and 0.125 g of the copolymers were used per 25
ml

3.3. Nuclear Magnetic Resonance (NMR). A Bruker
Avance III-400 spectrometer operating at 76.46 MHz and an
external static magnetic field of 11.74 T was used to perform
solid-state *C NMR experiments using cross-polarization magic
angle spinning (CP/MAS).

3.4. Gel Permeation Chromatography (GPC). A Waters
1515 instrument equipped with a Waters 4.6 X 30 mm guard
column and three WAT054466, WAT044226,and WAT044223
columns was used for gel permeation chromatography (GPC),
with a differential refractive index detector using trichloro-
methane (HPLC grade, containing SO mmol/L LiBr) as the
eluent at 35 °C with a flow rate of 1 mL min™". Polystyrene (PS)
standards were used to determine the molecular weights.

3.5. Differential Scanning Calorimetry (DSC). The
thermal transitions were recorded with DSC (Discovery 2500,
TA, USA) under a N, flow of 40 mL min~". To begin, the sample
was heated from 0 to 280°C at 10 °C/min, then held at 280 °C
for 2 min, then cooled to 0°C at 10 °C/min, and held for 2 min.
As a final step, the sample was heated to 280 °C at 10 °C/min to
determine the glass transition temperature (T,).

3.6. Thermogravimetric Analysis (TGA). The thermal
stability of copolymers was assessed using a TGA apparatus (Q-
50, TA, USA) with sample weights around S mg. The
experiments spanned from room temperature to 600 °C at a
heating rate of 20 °C/min under a N, atmosphere (50 mL/min).

3.7. Optical Property. The optical properties of PETGI
copolymers (thickness of 0.3 mm) were characterized ona UV—
Vis spectrophotometer (SHIMADZU SolidSpec-3700) in the
wavelength interval between 300 and 800 nm.

3.8. Barrier Property. The O, barrier properties of PETGI
copolymers were studied at 23 °C using GTR-701M. WVTR-
9003 was used to measure the water barrier properties of films
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with a surface area of 38.48 cm’ prepared by melt-press
(thickness: 350—400pum).

3.9. Dynamic Mechanical Property. An analysis of
viscoelastic behavior on a dynamic mechanical analyzer
(Q800, TA Instruments) was conducted at temperatures
ranging from —60 to 200 °C at a heating rate of 3 °C/min
and a frequency of 1 Hz.

3.10. Mechanical Property. Synthesized samples were cut
into 1.0 mm thick slices and sliced into dumbbell-shaped splines.
For each component, at least four samples were tested with a
universal testing machine (WDT-10, Kai Power, Shenzhen) at a
tensile rate of 10 mm/min.

3.11. Rheological Property. Rheological analysis was
conducted on a TA Instruments ARES-G2 using a disposable
25 mm diameter parallel-plate geometry under nitrogen. Strain
sweep testing from 0.01 to 10% oscillatory strain at 1 Hz
determined the linear viscoelastic region. Using 2% oscillatory
strain and a frequency range of 0.1—100 rad/s, frequency sweeps
at 10 °C intervals from 190 to 220 °C provided storage and loss
moduli and viscosity responses. The TA Instruments TRIOS
software shifted the resulting data to generate master curves.
The determination of melt flow properties involved fitting the
resulting shift factors to the WLF equation in the TRIOS
software.

4. RESULTS AND DISCUSSION

4.1. Structural Characterization. We prepared a series of
PETGI copolymers as summarized in Table 1, in which x, y, and
z of PET Gl,cyy, represented the ratio of EG, CHDM, and ISB in
copolymers. For example, PET Glg4c,y, represented the ratio of
EG, CHDM, and ISB in copolymers of 60, 20 and 20%,
respectively. Meanwhile, PET Glg4c,y, is sometimes referred to
as E¢C,1, to simplify the expression.

The chemical structures of PETGI copolymers were
investigated by FTIR-ATR (Figure 1). The absorption bands
at 2925 and 2854 cm™" were the stretching vibration of alkyl C—
H. The absorption band at 1714 cm™ was assigned to the
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Figure 2. (a) Chain structure of PETGI copolymer. (b) H NMR spectra of PETGI copolymers. (c) Enlargement of chemical shifts b (dashed line

area).

vibration of the C=0 group of the ester group. The absorption
bands at 1408, 1242, and 1095 cm™' were assigned to the
vibration of C—C on benzene ring. The characteristic band at
1018 cm™! was the vibrational absorption peak of C—O of the
ester group in the copolymers. The vibrational absorption peaks
of the benzene ring in the fingerprint region were located at 873
and 727 cm ™. The chemical structure of all PETGI copolymers
can be determined by infrared spectra, and it is also verified that
the target copolymers were successfully obtained by direct
esterification.

To determine the molecular weight distribution of all
polymers, gel permeation chromatography (GPC) and intrinsic
viscosity (IV) were used.

The synthesis route of PETGI copolymers is shown in
Scheme 1, and the intrinsic viscosity of the copolymer is shown
in Figure 1 b. The M, of the PETGI copolymers was calculated
using the following equations:

n =

Tt (1)

=1 — 1 2)
1

) = —2(n,, — lovg,) 3)

[n] = KM,/ )

where ¢, is the elution time of the solvent and ¢ is the elution time
of copolymer solutions. In addition, 7, is the relative viscosity, 7,
is the specific viscosity, and [#] is the intrinsic viscosity. M, is the
viscosity average molecular weight, and K and « are the Mark—
Houwink constants that are 0.021 and 0.82, respectively, which
could be found and obtained according to the solvent system."*
The detailed data of PETGI copolymers are listed in Table 1.
The [#] and M, of PETGI copolymers range from 0.67 to 0.87
dL/gand 1.52 X 10*t0 2.59 X 10* g/mol. The M,, M,,,and M, of
PETGI copolymers gradually decrease with an increase in the
molar ratio of IS, which can be found in Figure 1b and Table 1.
Meanwhile, the high content of IS requires a longer
polycondensation time to obtain high molecular weights. It is
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implied that during the copolymerization process, the EG unit
and CHDM unit are more prone to chain growth than the IS
unit, which is due to the difference in activity between the
reactive monomers. The same phenomenon can also be
observed from other synthetic works of copolymers containing
a biobased monomer (such as isosorbide and 2,5-furandicarbox-
ylic acid).”®~"” As can be seen from the GPC data, the M, of
PETGI copolymers varied from 2.87 X 10* to 4.95 X 10* g/mol.
It is worth noting that the introduction of biobased monomers
into the copolymer does increase the dispersion of the
copolymer, such as IS"” or FDCA."® The DI of the PETGI
copolymer is 2.14—2.51, which is a lower dispersity compared to
related systems, especially when the IS content is less than 20%.

The structure diagram of PETGI copolymer is shown in
Figure 2a. The chemical shift caused by H on the benzene ring
appeared at 8.07 ppm, and the methylene absorption peak on
ethylene glycol appeared at 4.7 ppm. As shown in the Figure 2b,
the chemical shift on 1—2 ppm was H of cyclohexane. The H of
isosorbide can be observed at the chemical shift of 4—5.5 ppm in
Figure 2c. To determine the molecular structure of the PETGI
copolymers, the H NMR results were further analyzed to explore
whether the actual ratio of various monomers in the molecular
structure unit was close to the feed ratio.

By comparing the areas of resonance absorption peaks
produced by the benzene ring, the —CH,— on both sides of
cyclohexane, the —CH,—CH,— of ethylene glycol, and the
—CH,— of isosorbide, the actual proportion of CHDM or IS in
the whole PETGI copolymers can be accurately calculated. After
calculation, the actual content of CHDM is shown in Table 2,
which is close to the initial feed ratio and is in line with the
experimental expectation. However, the actual content of EG
and IS is somewhat different from the initial feeding ratio.
However, the actual content of EG and IS is somewhat different
from the initial feeding ratio. The reason is because of the low
boiling point of ethylene glycol (EG), which is commonly done
by adding excess EG to the polyester formulation to compensate
for its volatility during the esterification process, as observed in
polymers such as PET and PEF. However, as demonstrated in
this study, there are significant differences in reactivity between
EG, CHDM, and IS during the esterification process. EG has

https://doi.org/10.1021/acs.macromol.4c02610
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Table 2. Molar Ratios in the Initial Feed and in the Polyester

Determined by H NMR
molar compositions TPA/EG/CHDM/I1S
samples feed polyester
PETGlggcan 1.00/0.98/0.42/0.00 1.00/0.57/0.37/0.00
PETGlgecan 1.00/0.98/0.28/0.14 1.00/0.65/0.25/0.06
PETGlgscon 1.00/0.98/0.21/0.21 1.00/0.68/0.20/0.11
PETGlggc11s 1.00/0.98/0.14/0.28 1.00/0.68/0.14/0.16
PETGlggcon 1.00/0.98/0.00/0.40 1.00/0.74/0.00/0.28

higher reactivity than CHDM and IS, and preferential
esterification reaction with TPA, resulting in an increase in the
loss rate of CHDM and IS, which is also a disadvantage of the
one-pot, two-step method. The significantly lowest reactivity of
IS leads to its massive loss rate, ranging from 30 to 50%. Finally,
most of the unreacted IS, CHDM, and excess EG are removed
during the final polycondensation stage.

The "*C NMR spectrum of PETGI copolymers is shown in
Figure 3b. The TPA, EG, CHDM, and IS signals have been
analyzed and are also marked in Figure 3a. To further
characterize the sequence structure of PETGI copolymers, the
C NMR spectra (132.5—135.5 ppm) was used to investigate
the different segment structures of PETGI copolymers in Figure
3¢,d.

The “C NMR spectra (132.5-135.5 ppm) was used to
characterize the different segment structures including EG-TPA-
EG (ETE), EG-TPA-CHDM (ETC), CHDM-TPA-EG (ETC),
CHDM-TPA-CHDM (CTC), IS-TPA-IS (ITI), EG-TPA-IS

(ETI), and IS-TPA-EG (ITE) of PETGI copolymers in Figure
3¢,d.

The area calculated by the integral of ETE, ETC, CTE, CTC,
ITI, ETI, and ITE represented the content of each chain
segment in PETGI copolymers.'” The molar content and
average sequence length of ETE, ETC, CTE, CTC, ITI, ETI,
and ITE can be calculated by eqs S1—S9, and the random degree
R can be calculated by eq 12. The results are shown in Table 3.
According to the Bernoullian statistics,”® it is indicated that
PETGI copolymers are all random copolymers and the IS unit is
randomly distributed in the molecular chain.

4.4. Thermal Properties of PETGI Polyesters. The DSC
curves of PETGI copolymers in Figure 4a indicate a
homogeneous amorphous phase in which the glass transition
temperature (T,) value could be estimated. T, increased with
the isosorbide content. The T, values of E;C;l;, E¢C,1,, and
E4Cyl, reached 86, 91, and 95 °C, respectively, which were 7,
13.5, and 17.9% higher than that of E,C,I;. More importantly,
the T, of EcC,l, reached 106 °C, implying that these copolymers
possessed excellent heat resistance. Figure 4clists the T, of some
common polymers for comparison, and it can be concluded that
the heat resistance of PETGI copolymers was only lower than
that of PEN and PETGI copolymers can even exceed PEN by
further increasing the content of isosorbide. This effect was
attributed to the increased chain stiffness from IS with two
adjacent furan rings. It is thus possible to tune the thermal
behavior of PETGI copolymers to meet the desired performance
for a specific application by varying the isosorbide content.

A semiempirical equation, the Gordon—Taylor equation (eq
5), can be fitted to the trend of T, versus PETGI loading, as

(2)
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Figure 3. (a) Chain structure of the PETGI copolymer. (b) 'H NMR spectra of PETGI copolymers. (c) Enlargement of chemical shifts b (dashed line
area). (d) Schematic diagram of the chain segment structure of PETGI copolymers.
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Table 3. Molar Fraction, Average Sequence Length, and Degree of Randomness of the PETGI copolymers

molar fraction (mol %) average sequence lengths degree of randomness
sample Nerg Nere Nt Nercicre Nerrare Nerrare ngT ncr i R
PETGlgcaro 326 21.1 464 2.40 1.90 0.94
PETGligcan 44.6 8.8 0.7 37.6 8.2 2.95 147 1.17 1.88
PETGlgecon 444 62 22 307 16.5 2.88 1.40 127 1.85
PETGligcrs 449 4.5 34 259 213 2.90 1.35 1.32 1.84
PET Glggcom 49.0 6.0 45.0 3.17 127 1.10
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Figure 4. (a) DSC thermograms of PETGI copolymers at a scan rate of 10 °C min™" in the heating process. (b) Comparison of T, measured by the
PETGI copolymer experiment and the predicted values of Gordon—Taylor equation. (c) The T, of common polymers in life.
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Figure S. (a) TG-DTG curves of PETGIE,C,],. (b) Kissinger plots of the synthesized PETGIE(C,I,. (c) Activation energy (E,) by the Kissinger
method for PETGI copolymers.

Table 4. Thermal Parameters for PETGI Copolymers

sample (f* =10 °C/min) T,® (B =10°C/min) Tp (B =15°C/min) Tp (f=20°C/min) Tp (B=25°C/min) T, ES (kJ/mol) R*
PETGIE,C,], 4102 426.6 4302 436.0 440.4 207.7 0.97743
PETGIE,C,], 4114 426.3 431.0 437.1 440.6 2132 0.98905
PETGIEC,], 4142 4267 4329 437.8 439.5 239.8 0.99061
PETGIEC, I, 415.0 429.0 4334 437.7 4392 251.0 0.97083
PETGIEC,l, 415.1 4292 434.4 4382 440.7 2413 0.97908

9. heating rate (°C/min). ®Tp: temperature corresponding to the inflection point (maximum reaction rate) of the thermal degradation curves
g P P P g 9 P g
°C). “E,: activation ener by Kissinger’s method (kJ/mol). R%: correlation coefficient.
t gy g

illustrated in Figure 4b. The higher isosorbide loading copolymer, and kg is the Gordon—Taylor parameter. A highly

copolymer can be estimated using the following equation: correlated fit was obtained with kgt = 2, indicating behavior that

is typical of random copolymers.
ke Ty + (1 — w) Ty 4.5. Thermal Stability of PETGI Polyesters. The TGA

T,, PETGI polyester = o .

kaw, + (1 — wy) () and derivative thermogravimetry (DTG) curves of PETGI
copolymers are shown in Figure 5a and Figure S1. The main
where T and T, are the T, of E;Cyl, and E¢C,l,, respectively. thermal parameters are summarized in Table 4, such as the
w) corresponds to the weight fraction of the E4Cyl, units in the maximum thermal degradation temperature at different heating
5310 https://doi.org/10.1021/acs.macromol.4c02610
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Figure 6. Mechanical properties of PETGI copolymers. (a) Typical stress—train curves. (b) Yield or tensile strength and elongation at break. (c)
Comparison of properties of the PETGI copolymer with common polymers.

rates (Tp) and activation energy (E,). The E, of PETGI
copolymers as shown in Figure Sc can be calculated by Val'lOLlS
methods. The Tp is analyzed based on Kissinger’s method”'
determine the activation energy from plots of the logarithm of
the heating rate versus the inverse of the temperature at the
maximum reaction rate in constant heating rate experiments
(Figure Sb and Figure S2). The activation energy can be
determined by Kissinger’s method using the following
equation: >

ln( p ]
(6)

T2
where f3 is the heating rate, T, is the temperature corresponding
to the inflection point of the thermal degradation curves that
correspond to the maximum reaction rate, and R is the gas
constant.

In PETGI copolymers, char yields ranged from 10 to 20 wt %
remaining, as seen in Figure Sa and Figure SI. It can be seen
from TG or DTG curves that the PETGI copolymer had a
corresponding mass loss between 350 and 500 °C, which can be
attributed to combustion of the organic polymer. The content of
IS in PETGI copolymers affected the T, and E, of the
copolymers. The thermal stability of the PETGI copolymer
increases with the increase of IS content. The results showed
that the special structure of IS improved the rigidity of the
molecular chains and can significantly limit the movement of the
molecular chains, which made the polymer chain require higher
energy during the pyrolysis process. At the same time, the furan
ring of IS forms a large number of intermolecular hydrogen

R-T,
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bonds with H atoms of other molecular chains, which improves
the molecular chain interaction. The abnormal E, of Cyl, may be
caused by the low molecular weight of Cgl,.

4.6. Mechanical Properties. According to the stress—strain
curves, as shown in Figure 6a, the copolymers showed similar
yield, plastic deformation, and necking characteristics during
ductile deformation, except for E4Cyl,. E4Cyl, showed a brittle
performance compared to other copolymers because it did not
have a yield point. E4C,]I, exhibited high elongation at break and
tensile strength (235.93% and 42.52 MPa, respectively) in
Figure 6b, and the detailed mechanical parameters of PETGI
copolymers are shown in Table S1. With the increase of the ratio
of isosorbide in the polymer chain, the tensile strength of the
copolymer increased, but the elongation at break decreased
gradually. E4C,I; exhibited the highest tensile stress, up to 52.72
MPa. When the amorphous polymer was stretched, unentangle-
ment and orientation of the molecular chains occurred before
the polymer was broken. The unentanglement and orientation
of the molecular chain were related to the rigidity of the
molecular chain. The stronger the molecular chain rigidity was,
the worse the unentanglement and orientation ability were,
which would decrease the elongation at break of the material.”?
The increase of the ratio of isosorbide in the polymer chain
obviously increased the rigidity of the copolymer molecular
chain, which can be reflected by a higher glass transition
temperature. Therefore, the elongation at break of E(C,l,
E4C;l;, and E(C,I,, E4C,I; copolymers showed a downward
trend. But the increase in the rigidity of the polymer chains
enabled the materials to withstand higher load without being
damaged,” which made the yield strength of E¢C,ly, E¢Csl;,
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E4C,1,, and E,C,I; copolymers showed an upward trend. On the
other hand, the high isosorbide content of Cyl, copolymers led
to the high rigidity of the molecular chain, which made the
material break before yield, so its tensile strength and elongation
at break were low. Simultaneously, considering that the high
chain stiffness and low molecular weight of CyI, may contribute
to its brittle fracture, a comparative experiment was conducted
to synthesize C,I, with a reduced molecular weight compared to
that of Cyl, by adjusting the final polycondensation duration.
The characteristics of C,I, (supplementary experiment) are
presented in Table S2. The findings indicate that, although C,I,
possessed a low molecular weight, it exhibited a yield
phenomenon (Figure S3), and its elongation at break reached
97.3%. However, due to its low molecular weight, the tensile
strength was approximately 8% lower than that of standard C,1,.
Consequently, this indirectly substantiated that the brittle
fracture of Col, could be attributed to its high chain stiffness.
4.7. Optical Properties. One of the most important factors
in the wide application of polymers is their optical properties. As
shown in Figure 7a, E¢C 1, was really clear and transparent.

UVB
UVA

——PETGl,,
——PETGl o,
——PETGI

——PETGl,,

500 600 700
Wavenumber (cm™)

400 800

Figure 7. (a) Photographs for E¢C,J,. (b) UV—visible spectra for
PETGI copolymers. (c) Visual picture of copolymers after granulation.

Therefore, the transmittance of 300—800 nm was measured
using a UV—visible spectrometer with the curves shown in
Figure 7b. For E¢C I, the transmittance was 96% by cutoff 450
nm and 98% by cutoff 700 nm. The increase of isosorbide did
not have a significant effect on the transmittance of the
copolymers at 700 nm, and it can be clearly observed that the
transmittance of all copolymers at 700 nm was about 98%. With
the increase of isosorbide units, the transmittance of the
copolymers at low wavenumbers decreased obviously, which
made the material gradually have the effect of anti-ultraviolet.
The reason for this phenomenon may be the breaking of the
ether bond in the furan ring of isosorbide in the later stage of the
reaction, which led to the yellowing of the material® (Figure
7¢c).

4.8. Dynamic Mechanical Analysis. Figure 8a—d shows
the thermomechanical properties characterized by DMA,
including the storage modulus (E’), loss modulus (E”), loss
angle tangent (tan &), and complex viscosity plotted as a
function of temperature for PETGI copolymers. The storage
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modulus typically reflects the material’s elastic properties. In
Figure 8a, all copolymers showed the same curved shapes,
indicating that the chain structures of the copolymers were
generally the same. The storage modulus of materials decreased
slowly with the increase of temperature, but after a certain
degree, there will be a sharp reduction. However, the difference
is that the higher the proportion of copolymer IS units, the more
the curve of the material shifts to high temperature. The complex
viscosity (Figure 8d) of PETGI copolymers had the same trend
as the curves of the storage modulus, which was due to the
molecular chain motion of the polymer. As the chain segments’
mobility increased, the modulus decreased sharply with
increasing temperature, indicating the beginning of T,. The
copolymers changed from a glassy state to a highly elastic state,
and the motion capacities of the chain segments increased
greatly, resulting in a sharp decrease in the storage modulus of
the copolymers. The higher IS content in the molecular chain
caused its storage modulus curve to move to a high temperature,
which was because the addition of IS limited the inherent
movement ability of the molecular chain. This results in a more
rigid molecular chain, making PETGI copolymers with high IS
content require higher energy to achieve the same motility
ability as low IS content copolymers. The loss modulus of the
PETGI copolymers is shown in Figure 8b, where the peak
represented the critical point of the two states of the polymer. As
the IS content increases, the T, (measured at the peak of the tan
& curve) of PETGI copolymers continues to increase (Figure
7¢), which agreed with the DSC results.

4.9. Barrier Properties. Effective oxygen barrier properties
are crucial for packaging materials. Figure 9a shows the oxygen
permeability of PET GI copolymers. The oxygen permeability of
C,l, without isosorbide was 16.57 c¢m®/m*24 h-0.1 MPa.
Compared with that, the oxygen permeability of other PETGI
copolymers exhibited a trend of decreasing with the increasing
content of IS. Among them, the oxygen transmission rate
(OTR) of Cyl, reached the lowest value of 9.76 cm?/m?-24 h-0.1
MPa, which decreased by 41% compared with C,I,.

As illustrated in Figure 9d, there are three steps to the
transport of gas molecules through polymer films: adsorption on
the high-pressure side, activated diffusion through the film, and
desorption on the low-pressure side. The high barrier perform-
ances of PETGI copolymers were attributed to the combined
action of both chain stiffness increasing'® and the polar
interaction of the furan ring,”* both of which were caused by
the addition of isosorbide into the molecular chain. The polar
interaction of the IS furan ring inhibited the adsorption of
oxygen on the high-pressure side, thereby providing better
barrier properties for the copolymer during “Step 1”. The gas
permeability of polymers is influenced by their diffusion and
solubility processes. Activated diffusion occurs when oscillations
of polymer chain segments create void spaces, followed by the
translational motion of permeant molecules within the void
space before segments to their “normal state”.”° Polymer chain
segments will be less able to relax and experience deformation
because of the increasing chain stiffness due to the incorporation
of isosorbide. As a result, permeant access became difficult to
form, which improved oxygen barrier properties'® and provided
better barrier properties for the copolymer during “Step 2”.
Since PETGI copolymers are amorphous polymers (confirmed
by DSC), the effect of crystallinity on copolymers can be
excluded when considering the barrier principle of PETGI
copolymers.
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Figure 8. DMA spectra of PETGI copolymers: (a) storage modulus, (b) loss modulus, (c) tan (8), and (d) complex viscosity.
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Figure 9. (a) The oxygen transmission of PETGI copolymers. (b) The water vapor transmission of PETGI copolymers. (c) The oxygen and water
resistance properties of common polymers>” and PETGI copolymers. (d) Schematic illustration of permeation through PETGI copolymers.

The water vapor transmittance (WVTR) of PETGI
copolymers is shown in Figure 9b. The WVTR of PETGI
copolymers exhibited a trend of increasing with the increasing
content of IS. In addition to the difficulty of the formation of the
permeation access, the characteristics of the isosorbide furan
ring should be considered: the oxygen atoms in the furan ring
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easily bind to water, which increased the adsorption of water on
the PETGI copolymers surface. Finally, adsorption on the high-
pressure side dominated, and the water resistance of the
copolymers deteriorated.

The oxygen and water resistance properties of common
polymers are shown in Figure 9c. It can be clearly seen that the
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Figure 10. Rheology spectra of PETGI copolymers: (a) storage modulus, (b) loss modulus, and (c) complex viscosity. (d) Representative WLF fitting
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Table 5. WLF Parameters and Fractional Free Volumes of PETGI Copolymers

sample T, T, C,

C, (K) (¢ G (K) fe
PETGlggcu0 220.0 80.5 373 223.50 9.92 84.00 0.0438
PETGlyca, 220.0 86.1 3.84 21121 10.49 77.31 0.0414
PETGlggco, 220.0 913 3.97 200.50 11.09 71.80 0.0392
PETGlggci13 220.0 94.9 4.06 193.32 11.51 68.22 0.0377
PETGlggcon 220.0 106.4 431 178.57 11.86 64.87 0.0366

barrier properties of PETGI copolymers were obviously better
than other polymers and almost equal to PEN, which make
PETGI a good candidate as a barrier packaging material.

4.10. Melt Rheology. The influence of the molecular chain
rigidity on melt rheological behaviors of PETGI copolymers was
investigated with special attention to C,I; and Cgl,. Figure 10a—
¢ shows the rheological properties including the storage
modulus (G'), loss modulus (G”), and complex viscosity (7*)
plotted as a function of angular frequency (@) for PETGI
copolymers at 190, 200, 210, and 220 °C. It can be seen in Figure
10a—c that the G’, G”, and n* of Cyl, are higher than those of
C,I, at any temperature (the G, G”, and n* of C;1,;, C,1,, and
C,1; are shown in Figure S4). While G', G”, and 17* are indicative
of the elastic, viscous, and melt flow properties of the copolymer,
respectively, they also reflect the degree of molecular chain
rigidity. For instance, at a given temperature, a copolymer with a
more rigid molecular chain will exhibit higher values of G’ or #*.
This is because a higher storage modulus or viscosity signifies
reduced mobility of the copolymer’s chain segments, thereby
indicating a more rigid molecular chain.

All PETGI copolymers obeyed the Williams—Landel—Ferry
(WLF) equation, employing shift factors, ar, as a function of
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temperature, as seen in eq 7. The typical behavior for ar versus
temperature by WLF fit is displayed in Figure 10d.

Typical processing temperatures for PETGI copolymers
dictated the reference temperature (T,), and the C, and C,
constants were determined by least-squares regression and were
dependent on T.. By replacing the constants with T, CY, and C5,
eqs 7—10 enabled us to calculate the fractional free volume at T,
(f,) as shown in Figure 10e.***

lo ((1 ) — _CI(T B T;—)
T (- 1) ?)
c,C
Cg — 1~2
G+ (T,-T) (8)
Ci=C,+ (T, - T) (9)
B
Jo = 2.303C§ (10)

Figure 10e shows that increasing the molar ratio of IS in the
PETGI copolymer reduced the free volume of the copolymer,
which provided a theoretical explanation for the previous
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Figure 11. PETGI copolymer environmental friendliness assessment. (a) Biobased content of the series of PETGI copolymers. (b) GWP values of
commercial PET, PETGlggc410, and PETGlggcopy- (¢) PETGI copolymer molecular formula.

enhancement of the oxygen inhibition capacity of copolymers.
Low fractional free volumes of PET'GI copolymers indicated the
compact packing of chain segments. It could be concluded that
the incorporation of isosorbide increased the chain stiffness,
which made the polymer chain segments less prone to relaxation
and deformation. As a result, permeant access became difficult to

form, which improved the oxygen barrier properties (Table ).
4.11. Sustainability Assessment. LCA serves as a

preassessment to determine the positive environmental impact
of PETGI copolymer preparation. With the IS ratio increase to
40 mol %, the biobased content in the copolymers increased to
28.0 wt %, as shown in Figure 11a. Contributions from different
contents of IS in terms of GWP values were evaluated with the
functional unit of 1.0 kg of PETGI copolymers. The
contributions of the sources of commercial PET, PETGlggc410,
and PET Glg4cop to total GWP values were assessed. The entire
molecular chain of PETGI copolymers can be viewed as a
combination of many ET, CT, and IT units (Figure 11c). For

Below is an example for PET Glg4cyr,:
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—

M, = 0.68 X M,z + 020 X M, cp + 0.11 X M,

MnT

—

wr X 100%, wg

X 100%, w

X 100%, w,

X 100%
(11)
raw GWP = w X GWP + wy X GWE; + we X GWE
+ w; X GWE (12)

where GWPy. = 13.08 kg-CO,-eq,”’ GWPg, = 6.91 kg-CO,-eq,'”
GWP( = 4.50 kg-CO,-eq,”" GWP; = 0.09 kg-CO,-eq.'” M, is
the average molecular weight of the PET Glg4c,1, segment. M, g,
M, cr, and M1 are the average molecular weights of the ET, CT,
and IT unit, respectively. GWPy, GWP;, GWP, and GWP, are
the GWP values of the raw material for preparing terephthalic
acid, ethylene glycol, 1,4-cyclohexanedimethanol, and isosor-
bide units, respectively. The GWP value of the PETGI raw
material part refers to the existing literature. Figure 11b shows
the outstanding advantages of PETGlggcqy in reducing GWP.
Its total GWP value is approximately 10.57 kg-CO,-eq kg™,
while commercial PET is 12.50 kg-CO,-eq kg™". The equivalent
PET Glggcqy4 reduces carbon dioxide emissions by nearly 15.4%
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compared to PET. Due to the use of IS, the potential of PETGI
copolymers in sustainable economic development was shown.

5. CONCLUSIONS

A series of isosorbide-based copolymers (PETGI) with good
thermal, barrier, and mechanical properties were prepared from
renewable raw materials by using a one-pot two-step method.
The V-shaped fused ring structure of the isosorbide hinders the
free movement of the polymer chains, significantly enhancing
the heat resistance of the PETGI copolymers. The glass
transition temperature of the PETGI copolymers can be
adjusted within the range of 80.48 to 106.43 °C. In addition,
the entire series of PETGI copolymers exhibited good
mechanical and optical properties. The yield strength of
PETGI copolymers ranged from 28.9 to 52.7 MPa, with
elongation at break from 235.9 to 4.6%. The visible light
transmittance exceeds 90%. Meanwhile, the oxygen resistance of
PETGI copolymers with 40% mol isosorbide was 41% higher
than that without IS. The total GWP value of PETGI is
approximately 10.57 kg-CO,-eq kg™, while commercial PET is
12.50 kg-CO,-eq kg™". The equivalent PETGIE,C,l, reduces
carbon dioxide emissions by nearly 15.4% compared to PET. In
summary, PETGI copolymers have the prospect of large-scale
production as a green and sustainable material.
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