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The melt-transesterification polycondensation method necessitates elevated reaction temperatures and
protracted reaction times in the copolymerization of modified isosorbide-based polycarbonates. This re-
sults in a decline in molecular weight and color degradation of the copolymerized IS-PC. In this paper,
the process of polyethylene glycol (PEG) modification was introduced in the synthesis of isosorbide-based
copolycarbonate (PExHDCyC) by means of a melt chain extension method. As demonstrated by experi-
mental findings, this method has the capacity to reduce the reaction temperature and shorten the re-
action time. Additionally, it has been observed to enhance the molecular weight and overall properties
of the material. Through the optimization of reaction conditions, a series of PExHDCyC with weight av-
erage molecular weight (My,) ranging from 19,004 g/mol to 73,294 g/mol were synthesized. The results
demonstrated that the glass transition temperature (T;) of PExHDCyC decreased in conjunction with an
increase in the PEGyggo content. It is noteworthy that the PExHDCyC synthesized by this method exhibits
an exceptional elongation at break, reaching up to 135.45% + 24 %. Furthermore, PExHDCyC demonstrates

superior optical properties in comparison to bisphenol A polycarbonate (BPA-PC).
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Isosorbide (IS) is a bio-based compound that has attracted the
attention of researchers at home and abroad due to its green and
non-toxic properties. As research progresses, isosorbide and isosor-
bide derivatives have been demonstrated to possess high stabil-
ity and good compatibility, and have been identified as promis-
ing candidates for replacing bisphenol A in the production of bio-
based polycarbonates [1,2]. Researchers have extensively studied
isosorbide-based polycarbonate as a bio-based material. In condi-
tions characterized by elevated temperatures and humidity levels,
Isosorbide-based polycarbonates (IS-PC) exhibits notable mechan-
ical strength and stiffness, along with a commendable degree of
impact resistance and heat resistance, as shown in Fig. S1 (Sup-
porting information) [3-15].

However, IS-PC exhibits issues with excessive structural stiff-
ness and insufficient toughness in practical production applica-
tions [16,17]. Order to achieve substantial enhancement in the ap-
plication performance of IS-PC and broaden its application scope,
performance modification strategies must be implemented to aug-
ment its toughness. At present, the modification of IS-PC is
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principally focused on copolymerization by means of the melt-
transesterification polycondensation method [18-25]. This method
requires a high reaction temperature and a relatively long dura-
tion. Furthermore, the low activity of IS and the low boiling point
of DMC make them more susceptible to methylation side reactions
under alkaline conditions, which can lead to a series of problems,
including molecular weight decrease and color deterioration, thus
hindering the development and application of high-performance
IS-PC [26-38]. Consequently, there is an urgent need for research
exploring the use of innovative methods to produce IS-PC copoly-
carbonates.

Melt chain expansion is a method of covalently bonding the
chain-end functional groups of a polymer with a highly active
chain extender while the polymer is in the molten state. This pro-
cess has been demonstrated to be effective in increasing the rel-
ative molecular mass of polymers in a relatively brief period and
at low temperatures [39-41]. Oh utilized one-step polymerization
to successfully prepare thermoplastic biocompatible polyurethane
elastomers (PCUs) containing IS and polycarbonate diols. The re-
sulting elastomers exhibited glass transition temperatures (Tg)
ranging from —-38°C to —34°C, tensile strengths ranging from
14MPa to 54MPa, and elongation at breaks ranging from 950%
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to 1800% [42]. However, it should be noted that this modification
method has not yet been applied to the modification of IS-PC.

The rigid structure of 1,4-cyclohexanedimethanol (CHDM) en-
hances the heat resistance and thermal stability of the material.
Concurrently, the structural symmetry of the material enhances
its light transmittance [43]. Furthermore, the carbon-oxygen bond
in the structure of polyethylene glycol (PEG) exhibits intramolec-
ular rotational freedom, a property that has the potential to en-
hance the material’s toughness [44]. Consequently, CHDM and
PEG1ggg were selected as the modified monomers in this study. The
first step in the synthesis of dicarboxymethyl isosorbide (DC) was
the preparation stage, which involved the melt-transesterification
method from IS and DMC. Subsequently, the isosorbide polycar-
bonate diol (HDC) was synthesized through a process of melt-
transesterification polycondensation, involving the reaction of DC
and CHDM. A series of novel isosorbide-based polycarbonates
(PExHDCyC) with high molecular weight have been successfully
prepared by means of the melt chain expansion method. This
method involves the introduction of PEGyggo as a flexible chain
segment and highly active hexamethylene diisocyanate (HDI) as a
chain extender. Furthermore, the impact of varying PEGggg con-
tents on the optical and mechanical properties of PExHDCyC was
examined. The synthesis process is illustrated in Fig. 1, and its par-
ticulars are elucidated in Supporting information [45].

An investigation was conducted into the reaction temperature
and time, as well as the amount of chain extender, for the synthe-
sis of PEHDCC. It was established that PEHDCC, characterized by
a weight average molecular weight of 73,294 g/mol and a PDI of
2.62, could be successfully synthesized under the optimal condi-
tions of a reaction temperature of 140°C, a melt chain extension
reaction time of 15 min, and a molar ratio of chain extender to ter-
minal hydroxyl group of 1.2:1, which can be found in Supporting
information. The FI-TR and 'H NMR characterization analysis of the
structure of PEHDCC is shown in Figs. S6 and S7 (Supporting infor-
mation) [46-49].

A series of PExHDCyC with different PEGqggo contents were
synthesized by adjusting the molar ratio of PEGgg9 to HDC un-
der optimized reaction conditions using melt chain extension, and
they were named PHDC, PE]OHDCQOC, PEZOHDC80C, PE30HDC70C,
and PEC. In order to study the melting and crystallization behavior
of PExHDCyC copolycarbonate, it was subjected to DSC tests under
N, atmosphere. The DSC curves of PEC synthesized by the reac-
tion of PEGyggp and chain extender alone are displayed in Fig. 2a.
The DSC curves of PExHDCyC copolycarbonate with different feed-
stock ratios are displayed in Fig. 2b, and relationship between Tg
of PExHDCyC and mass fraction of PEGggg segment in Fig. 2c.

As demonstrated in Fig. 2a, this PEC polymer displays a pro-
nounced and abrupt change in the melting peak, accompanied by
a sharp and narrow cold crystallization peak in the cooling curve.
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This observation indicates that PEC exhibits a significant degree of
crystallization ability. Conversely, as shown in Fig. 2b, when vary-
ing contents of PEGqgpg were introduced to synthesize PExHDCyC
copolycarbonate, the DSC curves exhibited a more uniform profile,
no abrupt melting peaks were detected, and a single glass tran-
sition temperature was observed. This finding indicates that an
amorphous polymer with optimal compatibility was successfully
synthesized [50,51].

The glass transition temperatures of PExHDCyC exhibited a
gradual decrease in response to increasing PEGqggp addition. The
glass transition temperatures of PHDCC, PE;gHDCqyC, PE;gHDCgoC
and PE3gHDC;9C were determined to be 66.8, 50.7, 34.4 and
17.9°C, respectively. Furthermore, the glass transition temperatures
of PExHDCyC were located in the range between the glass transi-
tion temperatures of PHDCC (Tg =66.8 °C) and PEC (Tg =—49.6°C),
which further indicates the role of PEG;ggg in enhancing the tough-
ness of the polymers.

PExHDCyC is a relatively typical random amorphous copolymer
whose glass transition temperature conforms to the well-known
FOX equation (Eq. 1).
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In this equation, Ty is the glass transition temperature of
PExHDCyC, and Wpypcc and Wpge denote the mass fractions of
HDC and PEG in the chain segments, respectively. It is also note-
worthy that Tg pypcc and Tg pgc denote the glass transition temper-
atures of PHDCC and PEC, respectively. In order to further investi-
gate the effect of the composition ratio of PExHDCyC on the glass
transition temperature, the 1/Ty of PExHDCyC was compared with
the mass fraction of PEGqggg. As demonstrated in Fig. 2¢c, the im-
pact of the composition ratio of PExHDCyC on the glass transition
temperature is in precise alignment with the FOX equation [52].

The optical properties of PExHDCyC copolycarbonate were in-
vestigated by casting the film in a transparent solution, the re-
sults of which are shown in Fig. 3a. It was established that PEC, a
semi-crystalline polymer, manifests opacity. Consequently, the op-
tical properties of PEC were not evaluated in the present study. In
the UV-visible region, the transmittance of the PExHDCyC film was
measured in the wavelength range of 200-800 nm, and the results
are shown in Fig. 3b. And its transmittance and haze under C light
source were measured by transmittance and haze tester, and the
results are shown in Fig. 3c.

As demonstrated in Fig. 3b, the transparency of the PExHDCyC
films is consistently above 85% across the 450-800nm region,
with all films approaching 90% transparency within the 600-
800nm range. However, the transmittance of PExHDCyC copoly-
carbonate films at 400-500 nm decreases with increasing PEGggg
content, which may be attributed to the semi-crystalline nature of
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Fig. 1. The synthesis process of PEHDCC.
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Fig. 2. DSC curves of PEC and PExHDCyC copolycarbonates. (a) Cooling scan and second heating scan of PEC. (b) Second heating scan of PExHDCyC. (c) Relationship between

Ty of PExHDCyC and mass fraction of PEGygpo segment in the molecular chain.

Fig. 3. Optical properties of PExHDCyC. (a) Optical properties of thin films. (b) Transmission spectra at 200—800nm of PExHDCyC. (c) Transmittance and HAZE values of

PExHDCyC.

PEGqggo leading to light scattering at the interface between the
crystalline and amorphous regions of the polymer, thus reducing
the transmittance of PExHDCyC copolycarbonate. As demonstrated
in Fig. 3c, the investigation reveals that the light transmittance
of PExHDCyC is approximately 91.5%, and its optical properties
are comparable to those of BPA-PC. Furthermore, BPA-PC demon-
strates sensitivity to ultraviolet light, which can result in photo-
rearrangement and photo-oxidation. These processes are associated
with yellowing and material degradation. Conversely, PExHDCyC
copolycarbonate is regarded as exhibiting superior weathering
properties in comparison to aromatic copolycarbonates. The ther-
mal stability of PExHDCyC copolycarbonate is shown in Fig. S8
(Supporting information).

In practical applications, the mechanical properties of poly-
mers are critical indicators of their effectiveness. Therefore, the
films were prepared using the solution casting method, and subse-
quently, they were tested in tension using a universal tensile test-
ing machine. The related molecular weight and mechanical prop-
erty data are detailed in Table 1.

As demonstrated in Table 1, the number-average molecular
weight of PExHDCyC exhibited negligible variation, while the
weight-average molecular weight exhibited a tendency to initially
increase and subsequently decrease. The incorporation of PEGqgqq
has been demonstrated to exert a dual effect on the system.
Firstly, it has been shown to reduce the melt viscosity of the sys-
tem. secondly, it has been observed to induce multi-chain com-
petition. The outcome of this process is the formation of mildly

branched PExHDCyC, which results in an increase in the weight-
average molecular weight of the system and an enhancement in
its toughness. Among these, PE;gHDCqoC displays a substantial ten-
sile strength of approximately 36.4 MPa. However, its elongation at
break is minimal, exhibiting a distinct brittle fracture tendency. In
contrast, PE;gHDCgoC exhibited a substantial yield point prior to
rupture, with an elongation at rupture of up to 135.45%, indica-
tive of its notable toughness. This finding suggests that the incor-
poration of PEGjggp leads to alterations in the molecular struc-
ture of PE;gHDCggC, resulting in an increased number of ether
bonds within the molecular chain. This, in turn, enhances the ro-
tational flexibility of the molecular chain, thereby improving its
tensile properties and low-temperature flexibility. It is important
to note that the glass transition temperature of PE3gHDC7(C is too
low, below room temperature. This results in a material that does
not have a significant yield point, but this does not mean that it
lacks yield strength or plastic deformation capacity.

The tensile cross section of PExHDCyC film was further ana-
lyzed using scanning electron microscope (SEM) and the results
are shown in Fig. 4. Where, Fig. 4a shows the tensile cross sec-
tion of PHDCC film, and Figs. 4b-d show the tensile cross sec-
tion of PE;gHDCgoC film. As illustrated in Fig. 4a, it is evident that
the PHDCC film tensile cross-section is relatively flat, with no dis-
cernible indications of plastic deformation. The cross-section ex-
hibits a resemblance to "ladder-like" parallel stripes, which can
be attributed to the expansion of the molecular chain orienta-
tion. This phenomenon, characterised by the formation of micro-
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Table 1
Mechanical properties of PExHDCyC copolycarbonates.

Chinese Chemical Letters 37 (2026) 111674

PExHDCyC Miupc) /Mypeg) GPC Tensile strengths Strain at break (%)
(MPa)

M, (g/mol) M,y (g/mol) PDI
PHDCC 100/0 16,517 27,733 1.67 9.59+2 3.56+2
PE1oHDCyoC 90/10 23,610 67,822 2.87 36.4+5 532+4
PE,oHDCgyC 80/20 28,239 74,374 2.63 14.88 £2 135.45+24
PE3oHDC7¢C 70/30 17,471 39,509 2.26 6.15+2 83.4+14
PEC 0/100 20,101 27,008 1.34 N.D. N.D.

Note: The amount of HDI is calculated based on the hydroxyl value, with a molar ratio of n(HDI):n(-OH)=1.2:1; N.D. represents not detected.

Fig. 4. Tensile cross section of PExHDCyC copolycarbonates: (a) PHDCC, (b-d)
PE»oHDCgoC.

scopic step-like structures, is a hallmark of brittle fracture. And
from Fig. 4b, the PE;gHDCgoC film is observed in the pull-up pro-
cess across various planes of the crack expansion path. The frac-
ture process exhibits characteristics such as merging or bifurcation,
and the formation of a "river-like" morphology. The presence of
high and low undulating ridge structures is also noted. As shown
in Fig. 4c, PE;gHDCgoC film undergoes plastic flow during fracture,
forming a highly oriented molecular chain structure, resulting in
the presence of elongated fibrous structures at the fracture, ori-
ented in the same direction as the fracture direction. Fig. 4d il-
lustrates the fracture surface of PE,gHDCgoC film, displaying char-
acteristic tough nests accompanied by fibrous or scaly structures.
This phenomenon can be attributed to the localized plastic flow of
PE;oHDCgoC under stress, and the nucleation and expansion of its
molecular chain clusters as micropores, resulting in the formation
of circular or elliptical depressions. It is noteworthy that all three
fracture morphologies are the result of significant plastic deforma-
tion of the material before fracture. Consequently, it can be fur-
ther elucidated that the gradual transformation of PExHDCyC from
a brittle fracture to a ductile fracture was induced by the introduc-
tion of PEG]OOO-

In conclusion, for the first time, PEHDCC with high molecu-
lar weight, high toughness and light transmittance was success-
fully prepared by melt chain expansion modification. The elonga-
tion at break of the prepared material was 135.45% 4+ 24%, the
tensile strength was 14.88 -2 MPa, and the light transmittance was
91.5% of PE;gHDCgoC. The material has the potential to be used
in a number of fields, including the manufacture of optical lenses
and food-grade recyclable packaging films. This method has the
features of low reaction temperature, short time, high efficiency,
significant improvement of the material properties, and environ-
mental protection and economy, and it can be a targeted solution

to the problems of yellowing of IS and oxidative decomposition of
PEGqpgg at high temperatures.
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