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Abstract
The development of recyclable polymers has attracted considerable attention for realizing the development of a sustainable
society. Polycarbonates (PCs) are engineering plastics with high thermal stability and transparency. We focused on
poly(isosorbide carbonate) (PIC), a bio-based PC synthesized from isosorbide (ISB) derived from glucose. PIC is expected
to function as an alternative to conventional PCs because of its outstanding transparency and thermal and physical properties.
This study prepared PIC copolymers with several types of diol comonomers to clarify the effect of copolymerization on the
decomposition reaction with ammonia, i.e., ammonolysis for converting PIC copolymers into monomers and urea. The
thermal and physical properties of the resulting copolymers were also investigated. The thermal stability of the PIC
copolymers remained stable after copolymerization, and the glass transition temperature was affected mainly by the
flexibility of the structure of the introduced comonomer. A drastic change in mechanical properties was observed for the
copolymer synthesized with 1,4-butanediol, which provides guidelines for toughening PIC with a small comonomer ratio.
Finally, we investigated the decomposition behavior of the copolymers by treatment with aqueous ammonia. The PIC
copolymers were decomposed into ISB, comonomers, and urea, and the ammonolysis rate was affected by the introduced
structure. This study promotes the effective use of ISB as a biomass resource through ammonolysis, which is an effective
chemical recycling process for polycarbonate.

Introduction

With the increasing awareness of environmental perils,
substantial efforts have been devoted to building a sus-
tainable society. A focal point in this endeavor is the

innovative use of biomass in creating polymeric materials.
This has attracted considerable attention in addressing the
challenge of resource depletion linked to traditional poly-
mers. For bio-based polymeric materials, polylactic acid
[1, 2], bio-poly(ethylene terephthalate) (bioPET) [3, 4], and
bio-polyethylene (bioPE) [5, 6] are the primary choices
for use in consumer products. The limited use of other
bio-based materials can be attributed to their high costs
or subpar properties compared with those of traditional
petroleum-based polymers.

Poly(isosorbide carbonate) (PIC) has attracted significant
interest as a bio-based polycarbonate (PC); it is synthesized
from a glucose-derived monomer, isosorbide (ISB) [7–12].
Although PIC is a bio-based polymer, it exhibits out-
standing thermal and physical properties, as well as trans-
parency; therefore, it is expected to function as an
alternative to conventional PCs. Recently, we established a
concept in which PICs and PIC copolymerized with man-
nitol (PIC-M) were used as sources of fertilizer after treat-
ment with ammonia. PICs and PIC-M can be degraded by
ammonolysis to afford a mixture of mainly ISB and urea,
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which can be directly used as a fertilizer [13, 14]. Therefore,
PIC-based polymers are used as promising engineering
plastics and fertilizers, leading to innovative chemical
recycling systems that provide solutions to the global
food-production problem due to the ever-increasing
human population. The advantage of the decomposition
reaction is that ISB can be practically recovered quanti-
tatively. ISB is a bio-based monomer, and its unit cost is
considerably high [15–18]; thus, it would be attractive if it
could be reused through chemical recycling. Many poly-
mers made of ISB have been reported, and some are
commercially available as alternatives to petroleum-
derived PCs that are easily photodegraded [19–24]. It is
difficult to obtain PIC with the desired physical properties;
therefore, PIC is generally prepared by copolymerization
[25–27]. Although the changes in physical properties due
to copolymerization have been widely investigated, con-
siderably less work has been conducted on chemical
degradation due to copolymerization. Clarifying the effect
of copolymerization on the decomposition reaction with
ammonia, i.e., ammonolysis, which could be employed to
convert PIC copolymers into monomers and urea, will
provide useful information to promote the effective use of
ISB as a biomass resource. This study focused on the
effect of the structure introduced by copolymerization on
the ammonolysis behavior of PIC copolymers. The
ammonolysis of the PIC homopolymer heterogeneously
occurs during the initial reaction step of decomposition in
aqueous ammonia due to the hydrophobicity of PIC;
however, the reaction mixture ultimately becomes homo-
geneous because ISB and urea are water-soluble com-
pounds. Therefore, the hydrophobicity of the introduced
comonomer could affect the reactivity during ammono-
lysis. In this study, the thermal and mechanical properties
of the PIC copolymers were also investigated. The point
of this study is that copolymers functionalized with small
amounts of comonomers with ISB highlight the effect of
the chemical structure of the comonomers on the ammo-
nolysis behavior, which are randomly incorporated into
the polymer main chain during polycondensation.
Although differences in the bulkiness and reactivity of
hydroxy groups on comonomers can affect monomer
sequences, i.e., whether the sequences are random or
block-like, when the feed ratio of a comonomer is high, a
randomly incorporated comonomer in the polymer main
chain can be easily obtained when the feed ratio of
the comonomer in the melt polycondensation process is
small. Here, 1,4-butanediol, 1,6-hexanediol, 1,4-cyclo-
hexanediol, and 1,4-cyclohexanedimethanol were selected
as comonomers because they have been used as como-
nomers in scientific reports and patents [28–30]. The alkyl
length, structure, and ratio of these comonomers were
expected to affect the rigidity of the PIC chain and/or the

interaction between the polymer chains, which is crucial
for various properties, including the ammonolysis beha-
vior. We investigated the decomposition process of the
copolymers to obtain a mixture of ISB and comonomers
with aqueous ammonia by nuclear magnetic resonance
(NMR) spectroscopy and gel permeation chromatography
(GPC). The decomposed monomers, especially ISB, are
expected to be reused for repolymerization and other
chemical processes.

Materials

All reagents and solvents were purchased from Tokyo
Chemical Industry (Tokyo, Japan), Kanto Chemical
(Tokyo, Japan), FUJIFILM Wako Pure Chemical Cor-
poration (Tokyo, Japan), and Sigma‒Aldrich (MO, USA)
and were used as received.

Measurement

1H NMR magnetic resonance (NMR) spectra were recorded
on a Bruker AVANCE III HD 400M and AVANCE NEO
500 spectrometer in dimethyl sulfoxide-d6 (DMSO-d6) or
chloroform-d (CDCl3) at 25 °C. For diffusion-ordered
NMR spectroscopy (DOSY), the LED method was used
(pulse program: ledbpgp2s; diffusion time: 100 ms; diffu-
sion gradient length: 2000 µs; maximum gradient strength:
51 G/cm in DMSO-d6 at 25 °C) [31]. Gel permeation
chromatography (GPC) was performed at 40 °C on a
JASCO HSS-1500 system with a guard column (TOSOH
TSKgel® guardcolumn SuperH-L), three columns (TOSOH
TSKgel® SuperH 6000, 4000, and 2500), and a refractive
index (RI) detector. N,N-Dimethylformamide (DMF) with
lithium bromide (5 mM) was used as the eluent for GPC at a
flow rate of 0.6 ml min−1. Polystyrene standards (number
average molecular weight (Mn) 1920−2630,000 g mol−1;
polydispersity index (PDI)= 1.03−1.08) were used to
calibrate the GPC system. The thermal decomposition
temperature (Td-5%) values of the synthesized polymers were
estimated by thermogravimetric analysis (TGA) on a SHI-
MADZU DTG-60A system, and all samples were heated to
550 °C at a rate of 10 °C min−1 under an ambient atmo-
sphere. The glass transition temperature (Tg) values of the
synthesized PIC copolymers were estimated using differ-
ential scanning calorimetry (DSC) on a SHIMADZU DSC-
60A Plus instrument at a heating rate of 10 °C min−1 under
a flow of N2.

Synthesis of PIC copolymers

PIC copolymers were synthesized via a one-pot poly-
condensation method in which the transesterification and
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polycondensation reactions were conducted in the same
reactor continuously. For all comonomers, the syntheses
were performed by the same procedure described
below. ISB, diphenyl carbonate (DPC), comonomer and
lithium acetylacetonate (LiAcac) were placed in a two-
necked round-bottomed flask (200 mL) equipped with a
mechanical stirrer. In the transesterification stage, the
reactants were heated to 180 °C under a N2 atmosphere
and stirred for 2 h. After that, the temperature was
increased to 200 °C and maintained for 30 min. During
the polycondensation stage, the reaction system was
continuously stirred under vacuum (ca. 10 mmHg) at
200 °C for 30 min and then under high vacuum
(<1 mmHg) at 200 °C for 1.5 h to remove phenol.
After the reaction was finished, the reaction system was
cooled to room temperature while remaining in a N2

atmosphere. The product was dissolved in chloroform,
followed by precipitation from methanol. After filtration
and drying under vacuum, the PIC copolymer was
obtained as a white solid. The ratio of comonomers in the
feed was set to 10% and 20% to vary their mole fraction in
the copolymers.

Mechanical analysis

Sample films were obtained by heat pressing. Sample
powders were dried in a vacuum oven at 80 °C for 12 h
before being subjected to molding by a heat press. Heat
pressing was performed using an MP-SC heating press
machine (Toyo Seiki Seisaku-Sho, Ltd.). The press tem-
perature was 240 °C for PIC and 220 °C for the other
samples. Each sample was 150 μm thick, 20 mm wide, and
40 mm long. These films were punched into dumbbell
specimens with a stripe portion 2 mm in width and 12 mm
in length (JIS-6251-7) and tested via uniaxial tensile testing.
Uniaxial tensile testing was carried out at 25 °C using an
EMX-1000N-FA tensile tester (IMADA CO.,LTD). The
crosshead speed was 5 mmmin−1. The stress and strain

were calculated by using the initial cross-sectional area and
the initial length.

Ammonolysis of PIC copolymers

PIC and PIC copolymers containing 10% comonomer (ca.
300 mg) were placed into a 50 mL reactor. Ammonia
solution was added to the reactor at 20 times the amount of
carbonate bonds in the polymer. The reaction mixture was
heated and stirred at 30, 60, or 90 °C in an oil bath for 48 h.
After 12, 24, and 48 h, a portion of the reaction mixture was
placed in a vial, followed by freeze-drying to remove the
ammonia and water. The products were dissolved in DMF
and/or DMSO-d6 for use in GPC and 1H NMR spectroscopy
analyses to evaluate the ammonolysis behavior of the PIC
copolymers.

Results and discussion

Synthesis of PIC copolymers

As shown in Scheme 1, ISB and each comonomer were
combined with diphenyl carbonate (DPC) as the carbonyl
source and LiAcac as the catalyst. The copolymerization
was conducted as a one-pot melt polycondensation reaction
in which transesterification and polycondensation occurred
consecutively in the same reactor. The ratio of ISB to
comonomers in the PIC copolymers was controlled by
varying the feed ratio in the reaction system. Poly(-
isosorbide carbonate-co-butyl carbonate) (P(IC-co-BC)),
poly(isosorbide carbonate-co-hexyl carbonate) (P(IC-co-
HC)), poly(isosorbide carbonate-co-cyclohexyl carbonate)
(P(IC-co-CHC)), and poly(isosorbide carbonate-co-dime-
thylcyclohexyl carbonate) (P(IC-co-CMC)) were obtained
by copolymerization with 1,4-butanediol, 1,6-hexanediol,
1,4-cylcohexanediol, and 1,4-cyclohexanedimethanol,
respectively. The copolymers were obtained as white solids,

Scheme 1 Synthesis and ammonolysis of PIC copolymers
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and the number-average molecular weight determined by
GPC with N,N-dimethylformamide (DMF) as the eluent
(Fig. 1) was approximately 10,000. All the chromatograms
showed unimodal distributions, and the polydispersity
index (PDI) range was 1.8–2.2. The mole fractions of ISB
and the comonomers in the PIC copolymers were calculated
based on the integration ratios of signals in the 1HNMR
spectra (Figs. S1–4). The results correlated with the feed
ratio, indicating that the comonomers had been successfully
introduced (Table 1).

Thermal properties

The thermal properties of the synthesized PIC copolymers
were investigated by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) (Table 1).
These results were compared with those of a PIC homo-
polymer with a similar molecular weight, which was syn-
thesized using the procedure in a previous report [13]. The
Td-5% values of all the PIC copolymers, except P(IC-co-
CMC), slightly decreased. However, they were still high

Fig. 1 GPC profiles of PIC
copolymers: a P(IC-co-BC)s,
b P(IC-co-HC)s, c P(IC-co-
CHC)s, and d P(IC-co-CMC)s

Table 1 Molecular weight, mole
fraction of comonomer, glass
transition temperature (Tg),
and 5%-weight loss temperature
(Td-5%) of the PIC copolymers

Sample ID Yield (%) ISB:Diola Mn
b Mw/Mn

b Td-5%
c (°C) Tg

d (°C)

PIC 97 – 13900 2.20 312 163

P(IC-co-BC)-1 97 0.91:0.09 10100 1.88 306 142

P(IC-co-BC)-2 82 0.81:0.19 10400 2.02 303 126

P(IC-co-HC)-1 92 0.91:0.09 11400 1.95 307 138

P(IC-co-HC)-2 96 0.81:0.19 15700 2.02 303 106

P(IC-co-CHC)-1 95 0.89:0.11 11300 1.84 293 155

P(IC-co-CHC)-2 93 0.81:0.19 9820 1.87 284 148

P(IC-co-CMC)-1 98 0.91:0.09 10400 2.17 311 139

P(IC-co-CMC)-2 97 0.81:0.19 15700 2.13 318 134

aDetermined by 1H NMR (400MHz, 25 °C, CDCl3)
bDetermined by GPC (eluent: DMF; detector: refractive

index (RI); calibration: polystyrene (PS) standards) cDetermined by TGA (heating rate of 10 °C min−1)
dDetermined by DSC; DSC data refer to the second heating at a heating rate of 10 °C min−1
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(>280 °C), and the thermal decomposition of the PIC and
PIC copolymers proceeded within similar temperature ran-
ges (Fig. 2). Thus, comonomers were introduced into PIC
without a loss in their thermal stability. The thermal
decomposition of P(IC-co-CHC) was observed to be a two-

step process. The first decrease in the TGA curves increased
with increasing comonomer ratio; therefore, the first step
might be due to the degradation induced by the introduced
1,4-cyclohexanediol groups. It is supposed that the Td-5%
value of P(IC-co-CHC)-2 decreased with an increasing

Fig. 2 TGA curves of PIC
copolymers: a P(IC-co-BC)s,
b P(IC-co-HC)s, c P(IC-co-
CHC)s, and d P(IC-co-CMC)s

Fig. 3 DSC profiles of PIC
copolymers: a P(IC-co-BC)s,
b P(IC-co-HC)s, c P(IC-co-
CHC)s, and d P(IC-co-CMC)s
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ratio of introduced comonomer, which promoted the first
weight loss of the TGA curve. The Td-5% values of P(IC-co-
CMC) were comparable to that of the PIC homopolymer.
This indicated that the introduction and ratio of 1,4-cyclo-
hexanedimethanol did not significantly affect the Td-5%
value of P(IC-co-CMC), which was consistent with the
findings of previous reports.

The Tg values of the PIC copolymers were lower than
those of the PIC homopolymer (Fig. 3). This was caused by
the mobility of the polymer chain. PIC is rigid because it is
constructed using ISB, which includes two condensed het-
erocyclic structures. The structures introduced by the
copolymerization were alkyl groups (P(IC-co-BC) and
P(IC-co-HC)) and cycloalkyl groups (P(IC-co-CHC) and
P(IC-co-CMC)), which are flexible compared with the ISB-
derived structure. Interestingly, among the PIC copolymers
with similar mole fractions of the comonomer, the Tg values
may reflect the flexibility of the introduced structures. For
example, the Tg value of P(IC-co-BC)-1 exceeded that of
P(IC-co-HC). This was consistent with the conformational
degree of freedom of alkyl groups. The Tg value of

P(IC-co-CHC)-1 exceeded that of P(IC-co-CMC)-1
because the methylene group adjacent to the six-membered
ring contributed to the flexibility of the main chain. The Tg
values of the PIC copolymers decreased with increasing
comonomer ratio. In particular, the Tg value (106 °C) of
P(IC-co-HC)-2 was lower than that of PIC by more than 50
°C, although the mole fraction of the hexanediol-derived
part was only 20%. The introduced hexyl group supposedly
had a higher conformational degree of freedom than the
other groups in the main chain. The Tg values of P(IC-co-
HC)-2 were still higher than that of polystyrene (PS), which
is known as a commodity plastic [32, 33]. This result
indicated that the structural factor of the comonomer was as
significant as its mole fraction in the PIC copolymer. The
DSC analysis results suggested that all the commoners were
randomly incorporated into the polymer main chain. The
resulting copolymers were expected to highlight the effect
of the chemical structure of the comonomer on the ammo-
nolysis process.

Mechanical properties

Figure 4 shows the stress–strain (S–S) curves of PIC and the
PIC copolymers. PIC yielded and necked as the strain
increased. The necking did not propagate and broke as soon
as it occurred. P(IC-co-BC)-1 broke before yielding. P(IC-
co-BC)-1 could be molded but was too brittle and could not
uniaxially elongate well. Conversely, P(IC-co-BC)-2 necked
after yielding, after which the necking propagated and sub-
sequently fractured. The yield stress, stress at break, and
tensile modulus decreased compared with those of PIC;
however, the strain at break drastically increased. As a result,
the fracture energy was more than double that of PIC. This
was achieved by adding 20% butyl groups, which resulted in
ductile fracture. This drastic change in mechanical properties
should be highlighted because only 20% butyl groups were
introduced into PIC, which provides a guideline for tough-
ening PIC (Table 2). For P(IC-co-HC), the yield stress, stress
at break, and elastic modulus decreased as the comonomer
ratio increased. In contrast, the strain at break was practically
unchanged for P(IC-co-HC)-2 compared with that for
PIC but increased for P(IC-co-HC)-1. A comparison of
P(IC-co-BC)-2 and P(IC-co-HC)-1, which resulted in
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Fig. 4 S–S curves of PIC, P(IC-co-BC)-1, P(IC-co-BC)-2, P(IC-co-
HC)-1, and P(IC-co-HC)-2

Table 2 Mechanical properties of the PIC copolymers

Sample ID Yield stress (MPa) Strain at break Stress at break (MPa) Tensile modulus (GPa) Fracture energy (MJ m−3)

PIC 71.3 0.0806 60.2 2.66 4.32

P(IC-co-BC)-1 - 0.0223 26.9 1.58 0.312

P(IC-co-BC)-2 60.2 0.231 44.0 2.25 10.1

P(IC-co-HC)-1 66.9 0.151 54.3 2.33 7.76

P(IC-co-HC)-2 64.7 0.0787 49.0 2.19 3.63
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ductile fracture, revealed that P(IC-co-HC)-1 exhibited a
slightly lower strain at break. However, other tensile prop-
erties, such as yield stress, stress at break, and tensile mod-
ulus, were higher. Interestingly, for the PIC copolymers
containing hexyl groups, the fracture energy was
comparable to that of PIC; however, the effect of the
comonomer ratio was the opposite between butyl and hexyl
groups. The other samples (P(IC-co-CHC)-1, P(IC-co-
CHC)-2, P(IC-co-CMC)-1, P(IC-co-CMC)-2) were too
brittle to be molded.

Park et al. systematically investigated the mechanical
properties of a copolymer copolymerized with 1,4-cyclo-
hexanedimethanol, referred to as P(IC-co-CMC) in the
present study, in response to the commoner ratio [24].
Although the mechanical properties of PIC-based copoly-
mers with a high comonomer ratio have been extensively
studied, particularly in industry, only a limited number of
studies focusing on PIC-based copolymers with a low
comonomer ratio, which were targeted in the present study,
have been conducted. This is because the mechanical
properties of PIC-based polymers are affected by molecular
weight and PDI. Accordingly, catalyst research on PIC-
based polymers is ongoing [7, 8, 10–12]. The mechanical
properties of the polymers synthesized in the present study
are described herein; however, since the influence of
molecular weight is noticeable, further investigation is
required to determine whether this influence is due to the
chemical structure generated from copolymerization.

Ammonolysis

To compare the ammonolysis behaviors of PIC and copo-
lymers, PIC with a molecular weight (Mn) of 13,900 and
PDI of 2.2 was synthesized and used as a reference. The
ammonolysis reaction was conducted under mild conditions
that would allow insufficient decomposition to highlight the
change in the degradation behavior of the copolymers
during the initial ammonolysis reaction, i.e., 30 °C with 20
equivalents of ammonia relative to the carbonate linkage
content in the polymers.

Ammonolysis heterogeneously occurred during the
initial reaction stage owing to the poor solubility of the PIC-
based copolymer in water. The reaction mixture of the PIC
homopolymer gradually became homogeneous and com-
pletely transparent after 48 h. The reaction mixture of P(IC-
co-BC) practically became transparent but remained slightly
powdery and cloudy after 48 h. P(IC-co-HC), P(IC-co-
CHC), and P(IC-co-CMC) were turbid during the reaction
(Figure S5).

After removing water and ammonia by freeze-drying a
portion of the reaction mixture, the obtained products were
characterized. The ammonolysis behavior was characterized

using the residual polymer ratio ([Mp]t/[Mp]0), i.e., the ratio
of the peak-top molecular weight at a given reaction time
([Mp]t) relative to the initial value ([Mp]0). [Mp]t/[Mp]0= 0
indicated the complete absence of polymers in the degra-
dation products; the [Mp] values were estimated using the
GPC profiles during the reaction (Fig. 5a and S6–S9). The
[Mp]t/[Mp]0 values showed that after 48 h, P(IC-co-BC) and
P(IC-co-CHC) were completely decomposed into small
molecules; however, P(IC-co-HC) and P(IC-co-CMC)
were not. In particular, the [Mp]t/[Mp]0 value of P(IC-co-
HC) was the highest among the copolymers, and the 1H
NMR spectrum of the reaction solution of P(IC-co-HC)
exhibited peaks derived from polymerized ISB and 1,6-
hexanediol, indicating an extremely low ammonolysis rate
(Figure S10). The GPC profile of P(IC-co-CMC) also
exhibited a polymer peak (Figure S9); however, its [Mp]t/
[Mp]0 value was lower than that of P(IC-co-HC) after 48 h,
and its 1H NMR spectrum did not exhibit peaks corre-
sponding to polymerized ISB (Figure S12). Other small
peaks that were not assigned were signals of the reaction
intermediates of ammonolysis, e.g., derivatives with car-
bamate esters on hydroxy groups of ISB and/or comonomer
[13]. Figure 6 shows that the yellow highlighted peaks (b
and e) assigned to a proton in the polymerized ISB dis-
appeared, and the peaks derived from ISB increased as the
reaction proceeded, indicating that the polymerized ISB was
decomposed into monomers. The [Mp]t/[Mp]0 plots showed
that the decomposition of P(IC-co-BC) and P(IC-co-CHC)
was rapid compared with that of P(IC-co-HC) and P(IC-
co-CMC), indicating that the ammonolysis rate was affec-
ted by the introduced structure.

Subsequently, the ammonolysis reaction was performed
under relatively severe conditions for all the samples to reveal
the effect of the chemical structure of the comonomer on
decomposition, i.e., at 60 °C with 20 equivalents of ammonia
relative to the carbonate bond content in the polymers. The
reaction mixture of the PIC homopolymer gradually became
homogeneous and completely transparent after 12 h, and
that of P(IC-co-BC) became transparent after 48 h. Con-
versely, P(IC-co-HC), P(IC-co-CHC), and P(IC-co-CMC)
remained turbid (Figure S13). The [Mp]t/[Mp]0 values in
Fig. 5a and b indicated that the polymeric compound was
almost fully degraded during ammonolysis at 60 °C, indi-
cating that decomposition at 60 °C proceeded faster than that
at 30 °C. In addition, the ammonolysis reaction rate varied
depending on the introduced comonomer. In particular, the
ammonolysis of P(IC-co-CMC) was the slowest among
those of the copolymers under these conditions.

Thereafter, ammonolysis was performed under harsh
conditions that would allow sufficient decomposition to
proceed at 90 °C with 20 equivalents of ammonia relative to
the carbonate bond content in the polymers. The reaction
mixture of the PIC homopolymer became homogeneous and
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transparent after 6 h. The reaction solution of the PIC
copolymers was also transparent. However, upon careful
observation, the samples appeared to aggregate and adhere
to the stirrer chip as viscous solids (Fig. 5c and S23).

Although the GPC profile indicated that the polymeric
compound disappeared, there were small amounts of solid in
the reaction mixture after 48 h (Fig. 7 and S23−25). These
solids were assumed to be a reaction intermediate, i.e., a

Fig. 5 Residual polymer ratio ([Mp]t/[Mp]0) values estimated using GPC profiles during ammonolysis at a 30 °C, b 60 °C, and c 90 °C

c d

f

ab

e B

A

a
b

c d

f, f’ g
e

h

B’

A’

(b)

12 h

24 h

48 h

Isosorbide

Urea

1,4-butanediol

P(IC-co-BC)

h g d b, e a, f f’c

b
c d

f

a, f’

A

e

B

A‘ B’

b

B’’

c d

f

ab

e B

A

a
b

c d

f, f’ g
e

h

B’

A’

(a)

12 h

24 h

48 h

Isosorbide

Urea

1,4-butanediol

P(IC-co-BC)

h g d b, e a, f f’c

b
c d

f

a, f’

A

e

B

A‘ B’

h

B’’

Fig. 6 1H NMR spectra of P(IC-
co-BC) before (black) and after
the reaction at 12 h (red), 24 h
(blue), and 48 h (green) at a 30
°C and b 90 °C. The yellow
highlighted peak was derived
from the polymerized ISB part;
it disappeared in proportion to
the reaction time, indicating
decomposition. The green
highlighted peak was derived
from the reaction intermediate

450 K. Rikiyama et al.



carbamate ester of 1,4-butanediol. As shown in Fig. 6, two
peaks at approximately 1.45 (B’) and 1.55 (B”) ppm
appeared and grew in proportion to the reaction time. The
ratio of the integrated signal from ISB to these peaks (1.2–1.8
ppm) correlated with the copolymer ratio; therefore, these
new peaks were assigned to reaction intermediates mainly
comprising comonomers. The peak at approximately 1.45
ppm was assigned to the methylene groups of 1,4-butanediol
(Fig. 6). The results of diffusion-ordered spectroscopy
(DOSY) revealed that the new peaks at approximately 1.55
ppm represented a diffusion coefficient smaller than those of
the comonomer peaks (Figure S29). Furthermore, to confirm
the existence of the reaction intermediate, we synthesized
1,4-butanediol dicarbamate (BuD-DC), which could be
produced by the partial decomposition of the carbonate bonds
combined with 1,4-butanediol with ammonia (see Fig-
ures S30-S31). Figure S31 shows that the 1H NMR spectral
peak at approximately 1.55 ppm could be assigned to the
methylene groups of BuD-DC. Interestingly, although the
PIC copolymers were decomposed under the harsh condi-
tions (90 °C), a slight amount of BuD-DC remained in the

reaction mixture, indicating that the decomposition rate of the
reaction intermediates was very slow. Similar results were
obtained in the case of other PIC copolymers, indicating that
the carbamates of the introduced comonomer were not fully
degraded during the reaction. These results indicated that the
polymerized ISB parts were preferentially decomposed
before the comonomer part during ammonolysis of the PIC
copolymers (Figures S26–28). Previously, we introduced the
mannitol unit as a hydrophilic comonomer, and ammonolysis
preferentially occurred around the mannitol unit. Interest-
ingly, in the present study, the introduction of a hydrophobic
unit resulted in the opposite behavior [14].

Finally, the normalized yield of ISB was estimated from
the 1H NMR spectra as a percentage of the integrated signal
of ISB (c) relative to that of the entire spectrum (Fig. 8). The
decomposition of the ISB parts in the PIC copolymers was
observed to be slower than that in the PIC homopolymer. In
particular, the degradation of the ISB parts in P(IC-co-HC)
was the slowest among the polymers. These results showed
that the introduced hydrophobic comonomer dominated the
ammonolytic reactivity by changing the solubility of the
PIC copolymers and decomposition intermediate, as well as
by causing aggregation in an aqueous medium.

We confirmed that the decomposition rate was dependent
on the type of comonomer in the polymer main chain. The
structure introduced by copolymerization affected the
ammonolysis reaction rate and the behavior in aqueous
media; therefore, proper conditions are required for the
decomposition of PIC copolymers. Although the type of
comonomer is important for thermal and mechanical prop-
erties, as well as the decomposition rate in aqueous media,
even at a small copolymerization ratio, it is more important
that PIC-based copolymers can be decomposed and afford
ISB and urea without side reactions if enough ammonia and
a high enough temperature are employed for decomposition.

Conclusions

Here, PIC, which is expected to function as an alternative
to conventional oil-based PCs, was functionalized by

Fig. 7 GPC profiles of the
reaction solution of P(IC-co-
BC) during ammonolysis at 90
°C with 20 equivalents of
ammonia relative to carbonate
bonds. The left side is an
enlarged view, and the right side
is an overall view
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copolymerization at a small ratio. Its thermal and physical
properties were characterized, and its degradability during
ammonolysis was determined. All the PIC copolymers were
successfully synthesized with a known ratio of ISB to
comonomer, which was simply accomplished by adding the
comonomer to the reaction system. Thermal analysis of the
PIC copolymers revealed that the ratio of the comonomer and
the structural factor of the comonomer significantly affected
the thermal and mechanical properties of the copolymers. The
flexibility of the PIC copolymers due to the conformational
degree of freedom of the introduced structure was reflected in
the decrease in Tg. These results suggested that the proper
choice of comonomer, even at a small copolymerization ratio,
could enable the design of PIC-based copolymers with
extremely extensive properties, such as P(IC-co-BC)-2.
During ammonolysis, the degradation speed was affected by
the type of comonomer and its ratio in the polymer main
chain. Importantly, the PIC-based copolymers were com-
pletely decomposed and afforded monomers and urea without
side reactions. We expect that the study findings will promote
the effective use of ISB as a biomass resource through the use
of ammonolysis as an effective chemical recycling process.
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