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The polycarbonate polyols(PCD) obtained by ring-opening polymerization of a general cyclic monomer is mostly a linear
flexible structure, which is used as a raw material to synthesize polyurethanes, and it is difficult to simultaneously ensure
good thermal-mechanical properties and weather resistance due to insufficient rigidity of the main chain. However, PCD
based on ring-opening polymerization of cyclohexene carbonate (CHC), endowing with polyurethanes good mechanical
properties, weather ability and biological stability because of the rigid structure of six-membered aliphatic rings in the
main chain. Therefore, in this paper, the method and principle of preparing new polycarbonate polyols based on ring-
opening polymerization of cyclohexene carbonate (CHC) are introduced. And the problems and countermeasures in its
development and its application in polyurethane materials are discussed.
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1. INTRODUCTION

Polycarbonate polyol refers to a hydroxyl-terminated
polymer containing a repeating unit of a carbonate group in
the main chain of the molecule [1, 2], which is one of
important raw materials for synthesizing polyurethane,
which accounts for 60—-80 % of polyester polyurethane,
which is already in use as intermediates in the manufacture
of polyurethanes for high-performance coating applications
[3—8]. Polycarbonate polyols have been extensively used to
manufacture biocompatible biomaterials, showing high
mechanical properties [9], which represent a very fast
developing market in the field of specialty elastomers used
in medical applications due to their very good mechanical
properties, biocompatibility and low toxicity [10].
Compared with polyesters and polyethers, polyurethanes
synthesized with polycarbonate polyols have better
hydrolysis resistance, good elastomeric properties, higher
mechanical properties, improved resistance at low
temperature, improved ageing and oil resistance [12—18].
Futhermore, the new type of polycarbonate diols, which are
liquid at room temperature, are easy for handling, and
improved in flexibility and chemical resistance when
prepared polyurethane, compared with conventional (solid
at laboratory conditions) polycarbonate diols [19, 20].
Therefore, the research and development of polycarbonate
polyols and related polyurethane materials have received
extensive attention.

As the main polyurethane material, polycarbonate
polyols, as compared traditional polyester polyurethane,
impart better hydrolysis resistance, improved mechanical
properties, and increase heat resistance and oxidation
resistance of the polyurethanes [21—23]. However, there
have been few studies dealing with the synthesis and
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characterisation of polyurethanes based on polycarbonate
diols [3, 13, 17, 24-33].

In the past few decades, there have many studies related
to polycarbonate polyols derived from the copolymerization
of carbon dioxide (CO,) and epoxides [34—45], while only
a few publications have been devoted to polycarbonate
polyols synthesized by ring-opening polymerization of
cyclic monomers [46 —53]. To our knowledge, only several
publications have dealt with polycarbonate diol based on
cyclohexene carbonate (CHC) [54 —57]. CHC is a aliphatic
polymers with six-membered alicyclic rigid chain structure
in the main chain, which have a wide range of potential
applications and can be designed to biodegrade when placed
in the appropriate environment, eventually to carbon
dioxide and neutral glycol [58—61]. In this sense, synthetic
biodegradable aliphatic polycarbonate polyols based on
ring-opening polymerization of cyclohexene carbonate have
a great advantage, since recent advances in polymer science
and technology have made it possible to design and
synthesize at a great variety of polymers with desirable
properties, which are a good substitute for petroleum
polyols in industry, meeting the requirements of green
chemistry and sustainable development.

2. PREPARATION AND REACTION
PRINCIPLE OF POLYCARBONATE
POLYOLS

Aliphatic polycarbonate polyols are mainly prepared by
poly-condensation between diols and carbonate or between
diols and chloroformate [62], copolymerization of epoxides
and CO in the presence of organic metal catalysts [63], and
ring-opening polymerization of cyclic carbonates [54 —55].
Among them, ring-opening polymerization of cyclic



carbonates is considered to be one of the more effective
synthetic techniques on account of the high levels of control
that is possible over the molecular parameters of the
resulting polymers [64]. The ring-opening polymerization
of cyclic polycarbonate can be divided into cationic
polymerization, anionic polymerization, coordinated
polymerization, enzymatic ring-opening polymerization
and nucleophilic polymerization according to the different
catalyst/primer systems used in the ring-opening
polymerization of monomers.

2.1. Cationic ring-opening polymerization of cyclic
carbonate

Main characteristics of ring-opening polymerization of
cation catalyzed cyclocarbonate is that the polymerization
intermediate is an exocyclic carbonyl oxygen which is
electrophilically attacked to form a carbonyl carbocation
intermediate. Monomers generally break open through
alkoxic bond, and the side reaction of CO, removal is often
accompanied by carbon cation rearrangement, forming
polyether chain node units in the polymer [65]. Catalytic
systems for cationic ring-opening polymerization are
mainly divided into three categories: protonic acids, stable
carbon cations or covalent compounds that can produce
carbon cations, and Lewis acids. Such as FSO3CH3, FSOsH,
CF3SO3M8, CF3SO3H, FSO3CH2CH3, p-NOzC6H4503CH3,
BF;-OEty, etc. [55, 66].

Kricheldorf et al. first study the mechanism of cationic
ring-opening polymerization of six-membered cyclic
carbonates [67]. CH30SO,CFs; is used as catalyst to alkylate
the extracyclic oxygen atoms of the monomers to form two
active centers, which are in equilibrium in the reaction
system. Then, another monomer molecule nucleophilically
attacks the active centers, resulting in the breakage of
alkoxy bonds, while the monomer molecule as a nucleophile
is alkylated (Fig.1). Removal of CO; is the main side
reaction in ring-opening polymerization of cyclic carbonate
catalyzed by CF3SO3R(R=H, CHs), which results in the
presence of ether bonds in the polymer. The transfer of
intramolecular alkyl groups is the main reason for the
formation of ether linkages. According to different of cyclic
carbonate, cationic catalyst and reaction temperature, the
polymer generally contains 5 % —10 % ether bond.
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Fig. 1. Schematic diagram of cationic polymerization mechanism
[67]

Kazuhisa Terao et al. synthesize PTMC with two
terminal hydroxyl groups by ring-opening polymerization
of trimethylene cyclocarbonate (TMC), using DBU (1, 8-
diazodicyclic undecano-7-ene) as the catalyst and

324

polyethylene glycol as the initiator [68]. Abdou Khadri
Diallo et al. synthesize the random copolymer P (CHC-co-
TMC) of cyclohexene carbonate CHC and TMC by using
organic catalyst TBD [55]. The 1H NMR of the product
shows no signal of the ether bond, indicating that the
decarboxylation reaction does not occur during the
polymerization.

2.2. Anionic ring-opening polymerization of cyclic
carbonate

Compared with cationic ring-opening polymerization,
anionic ring-opening polymerization can obtain higher
molecular weight polymers [69]. The anion-catalyzed cyclic
carbonate polymerization is mainly due to the fact that the
alkane carbon directly connected to oxygen is attacked by
anions, which is also open-loop due to the cleavage of
alkoxy bonds [70]. However, there is no rearrangement of
anions and removal reaction of COy, so there is no polyether
segment in the polymer. However, the anionic active center
has strong reactivity, which can attack carbonyl groups on
the polymer chain, leading to interesterification and
formation of low-molecular weight cyclic oligomers, which
are soluble in the precipitation agents such as methanol, thus
resulting in low polymerization conversion [71].

The initiator of anionic open-loop polymerization is mainly
the alkyl compound or alkoxyl compound of alkali metals
or alkali earth metals, such as s-BuL.i [58], Bu2Mg [72] and
t-BuOK [73]. The mechanism of Anionic ring-opening
polymerization of cyclic carbonate [74] is that anions attack
the six-membered cyclic carbonate monomer during the
chain initiation process, and protonation of the monomer
results in the formation of anion in active center, which
attacks the cyclic monomer and promotes the chain growth

(Fig. 2).
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Fig. 2. Schematic diagram of anionic polymerization mechanism

[74]

Zhang X et al. [75] reported an effective catalytic
system combining alkoxides with thioureas that the
thioimidate anion simultaneously activates the alcohol
initiator/chain-end and the lactone monomer to effect the
selective ring-opening of lactones and carbonates. As shown
in Fig. 3, thioimidates were generated in situ by
deprotonation of neutral thiourea TU-1 with sodium,
potassium or imidazolium alkoxides.
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Fig. 3. Ring-opening polymerization of L-lactide catalysed by
anionic thioimidates [75]

2.3. Coordinated ring-opening polymerization of
cyclic carbonate

The initiators of coordination polymerization are
mainly metal compounds with empty p, d, f orbitals and
greater electronegativity, including S n, Ti, Zn, Zr, M n, Sbh
and rare earth elements [76]. The advantage of this catalyst
is that it can be used to prepare polymers with high
conversion and high molecular weight, and the reaction
conditions are easily controlled. Fig. 4 [77] illustrates a
typical coordination—insertion mechanism [78] for the case
of ROP of lactide that includes three steps: a. coordination
of the monomer carbonyl onto the metal ion giving
electrophilic activation of the carbonyl carbon; b.
nucleophilic addition of the alkoxide to the carbonyl group
to give a bicyclic complex; and c. ring opening by acyl-

oxygen bond cleavage.
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Fig. 4. Coordination-insertion mechanisms in ROP of lactide [77]
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The ring-opening polymerization (ROP) of racemic
trans-cyclohexene carbonate (rac-CHC) and enantiopure
trans-(R, R)-CHC is successfully obtained by William et al.
[54]. Poly(cyclohexene carbonate) (PCHC) (Fig.5) is
obtained by ROP of rac-CHC catalyzed by zinc
diaminophenolate, zinc B-diketiminate, yttrium
bis(phenolate), or 1,5,7-triazabicyclo[4.4.0]dec-5-ene

(TBD) in combination with an alcohol as a coinitiator.
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Fig. 5. ROP of CHC by Metallic or Organic Catalysts [54]
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And the reaction proceeds without decarboxylation,
affording PCHC with the molecular weight up to
17000 g/mol and PM = ca. 1.2, realizing the first synthesis
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of a purely isotactic PCHC, which is a semicrystalline
polycarbonate featuring a high T4 of 130 °C.

Abdou Khadri Diallo et al. [79] synthesized Block and
random copolymers of racemic- or enantiopure trans-(R,R)-
cyclohexene carbonate, upon sequential and random
copolymerization of racemic-trans-cyclohexene carbonate
(rac-CHC) or enantiopure trans-(R,R)-cyclohexene
carbonate ((R,R)-CHC) with L-lactide (LLA) or
trimethylene carbonate (TMC), using active [(NNO)ZnEt]
or Y[N(SiMes);]s complexes or TBD organocatalyst,
combined to an alcohol (BnOH or iPrOH) as a
initiator/chain-transfer agent. As shown in Fig. 6, three
different polymers were finally obtained, respectively.
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Fig. 6. Synthesis of copolymers by ring-opening copolymerization
of CHC with LLA or TMC [79]

2.4. Enzymatic ring-opening polymerization of
cyclic carbonate

The enzyme not only catalyzes the degradation of cyclic
carbonates [80], but also catalyzes its ring-opening
polymerization  [81-83].  Enzymatic  ring-opening
polymerization has many advantages. Enzymes are
chemoselective, regioselective, stereoselective  and
enantioselective [84—86]. The first enzymatic preparation
of block poly (ester-co-carbonate) was completed by Dai S
and co-workers [87], and enzymatic ring-opening
polymerization of TMC with PHB-diol obtained di-block
poly (HB-co-TMC)s (Fig.7) with controlled weight
percentage of the blocks and controlled molecular weight,
using telechelic hydroxylated poly[(R)-3-hydroxybutyrate]
[PHB-dioI; Mn = 3000 g/mol (GPC)] as initiator.
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Fig. 7. Novozym 435-catalyzed ROP of trimethylene carbonate
(TMC) [87]

Marcin Sobczak [88] studied the enzyme-catalyzed
ring-opening Polymerization of cyclicesters in the presence
of poly (ethylene glycol). In this study, low-molecular-
weight polyesters, terminated at both sides by hydroxyl
groups, were obtained by the ring-opening



copolymerization of cyclic esters (Fig. 8) in the presence of
PEG/lipase systems.
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Fig. 8. N-435-catalyzed (co)polymerization of LA with GL
initiated by PEG [88]
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Enzyme-catalyzed reactions like this generally follow
such a mechanism [89—91]: cyclic carbonate is opened by
a lipase to obtain an acyl-enzyme intermediate, which is
then reacted with the OH group of an initiator to produce a
carbonate containing a terminal hydroxyl group; further
reaction of this molecule with the acyl-enzyme intermediate
leads to elongation of the chain.

2.5. Nucleophilic ring-opening polymerization of
cyclic carbonate

In many literatures [77,92,93], the nucleophilic
polymerization mechanism is also called the monomer
activation mechanism, and the typical catalyst is HCI*Et,O
solution. HOON HYUN et al. use polyethylene glycol PEG-
1000 as initiator and HCI*Et,O solution as catalyst to
synthesize a diblock copolymer of polyethylene glycol and
polytrimethylene carbonate by monomer activation
mechanism [94]. It is found that the hydroxyl-terminated
polyethylene glycol initiator could not initiate the ring-
opening polymerization of TMC alone, but in the presence
of HCI*Et,0, the polymerization of TMC can be catalyzed
by the monomer activation mechanism to obtain the PEG-
PTMC block copolymer, which shows that the interaction
between H+ as a nucleophilic reagent and carbonyl oxygen
activates the monomer(Fig. 9), which greatly improves the
nucleophilic attack of alcohol oxygen on carbonyl carbon,
thus realizing the ring-opening of cyclic carbonate.

The block copolymers of PPG and PCL have good
mechanical properties that their respective homopolymers
do not have. Therefore, block copolymers of PPG and CL
are synthesized by ring-opening copolymerization of CL
using PPG as initiator and HCI*Et,O as monomer activator
[95]. It has been found that the conversion of the monomer
and the molar mass of the polymer increase linearly with the
increase of polymerization time. After 24 h, the conversion
rate of CL was almost unchanged. The theoretical value of
Mn obtained by NMR analysis is close to that calculated by
the conversion rate of monomer CL, while the dispersion
index PDI of PCL-PPG-PCL triblock copolymer increases
slightly with the increase of reaction time, and the PDI
reaches 1.18 after 24 hours, which indicates that even if the
monomer is completely transformed, the reaction system
still has certain activity and the reaction does not terminate.

Matsuo et al. use the alcohol-acid system
NBUOHPCF;COOH (TFA) and PhCH,OHPTFA to catalyze
the polymerization of TMC in toluene at 50 °C for 4 h to
obtain a polymer with Mn = 2500-6800, which do not
contain ether bonds, indicating that no side effects of CO,
are removed [96].
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Fig. 9. Schematic diagram of monomer activation mechanism

However, under the same reaction conditions, TMC is
initiated only by alcohols, but no polymerization occurs,
which indicates that proton H+ is activating agent for ring-
opening polymerization of monomers, attacking carbonyl
carbon of TMC, thus breaking open the acyl oxygen bonds
of TMC and forming adducts containing hydroxypropyl
terminal group; then, the oxygen on the hydroxypropyl
terminal group nucleophilically attacks Carbonyl carbon of
TMC to carry out chain growth.

3. APPLICATION OF POLYCARBONATE
POLYOLS IN POLYURETHANE
MATERIALS

Polyols and isocyanates are the raw materials of
polyurethane, and proper selection of polyols can produce
polyurethane with various properties. The polyurethane
produced with polycarbonate polyol is better in heat
resistance [21, 22] and hydrolysis resistance [23] than that
produced with caprolactone diol. Polycarbonate
polyurethane has excellent oxidation resistance in vivo,
which is widely used in the field of aqueous environment
and long-term implanted medical devices [10]. At the same
time, polycarbonate polyols also have microbial
degradability, which makes them become a kind of
environmentally friendly materials [59, 61].

As early as the early 1970s, Muller et al. prepared
polyurethane elastomers by using a mass fraction of
10-50 % polycarbonate, 1, 6-hexanediol (PHMCD) and a
polyester mixture of 50—-90 % as soft segments, adding
appropriate chain extenders containing reactive hydrogen to



react with isocyanate [97]. PHMCD is synthesized from 1,
6-diethylene glycol and diphenyl carbonate. Compared with
polyether or polyester polyurethane elastomers, these
polyurethane elastomers have more excellent physical and
mechanical properties and hot water resistance.

Schappacher et al. [98] study the copolymerization of e-
caprolactone (CL) monomer with TMC monomer, and the
degradability of the copolymer product is increase to some
extent. Shohei et al. [99] find that polycarbonate
polyurethane binder can significantly improve the battery
capacity and battery durability when used in the preparation
of electrodes. In addition, due to the good biocompatibility
and low toxicity and permeability of the polymer products,
a polymer product which is both soft and strong in strength
can be obtained, so as to be used in the preparation of nerve
catheters [100].

Polycarbonate polyurethanes are also widely used in
other industries. In the construction industry, polycarbonate
sheet has obvious technical advantages over inorganic glass
used traditionally in the construction industry because of its
good light transmittance, shock resistance, ultraviolet
radiation resistance and dimensional stability of its products
and good contour machining performance[3, 6, 8]; In the
packaging industry, PC bottles have completely replaced
glass bottles in some fields because of the advantages of
light weight, good shock resistance and good transparency
of polycarbonate  products, non-deformation and
transparency when treated with hot water and corrosive
solutions[12, 33]; In the electronic industry, polycarbonate
is an excellent insulating material because of its good and
constant electrical insulation in a wide range of temperature
and humidity [30]. At the same time, its good flammability
and dimensional stability make it a broad application field
in the electronic and electrical industry [14, 15].

4. PROBLEMS AND DEVELOPMENT
COUNTERMEASURES IN THE SYNTHESIS
OF POLYCARBONATE POLYOLS

Conventional aliphatic polycarbonate polyols are
mostly synthesized using homopolymers of monomers such
as ethylene carbonate (EC), propylene carbonate (PC),
trimethylene carbonate (TMC), or copolymers of the two.
The main chain is mostly a linear flexible structure, which
is used as a raw material to synthesize polyurethane, and it
is difficult to simultaneously ensure good thermal-
mechanical properties and weather resistance due to
insufficient rigidity of the main chain [9]. Whereas, the
cyclohexene carbonate (CHC) is a five-membered cyclic
carbonate containing a six-membered alicyclic rigid
structure [54]. If a suitable catalyst/initiator system is used
for ring-opening polymerization or copolymerization with
other cyclic monomers, the degradation rate of CHC is
significantly higher than that of PTMC and PEC [79]. In
addition, due to the good biocompatibility of the
polymerization products and low toxicity and permeability,
a polymer product which is both soft and strong in strength
can be obtained by reasonably adjusting the ratio of the two
components in the copolymer, thus ensuring machinability
and weatherability of polycarbonate polyurethane [10].

In addition, five-membered cyclic carbonate is the
smallest volume, but also relatively stable cyclic carbonate,
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which is difficult to carry out ring-opening polymerization
[101]. Therefore, it is of great significance for the
development of novel biodegradable polycarbonate polyols
to explore the catalytic/initiator systems and polymerization
conditions for ring-opening polymerization of pentacyclic
carbonate with high performance. Among the many
catalysts for ring-opening polymerization, polycarbonate
catalyzed by coordination metal catalysts such as Al, Sn and
rare earth elements has the characteristics of high molecular
weight, narrow molecular weight distribution and less side
reactions, so it is the focus of future research.

5. CONCLUSIONS

Open-ring polymerization of cyclic carbonates is an
effective technology for the synthesis of polycarbonate
polyols. In this paper, five typical mechanisms of ring-
opening polymerization of cyclic polycarbonate are
introduced based on different catalyst/initiator systems used
in monomer ring-opening polymerization. An important
application of polycarbonate polyols is the synthesis of
aliphatic polycarbonate-based polyurethane materials. The
aliphatic polycarbonate polyurethane degrades to produce
non-toxic CO; and neutral glycol, which is a biodegradable
material with good machinability and biocompatibility,
which are copolymerized with other cyclic monomers such
as ethylene carbonate, propylene carbonate, and
caprolactone by changing the chemical structure of the main
chain and introducing side chain functional groups. Or after
being blended with other biodegradable materials, the
polymer can have better physical, chemical and biological
properties, which will have broader application prospects in
the fields of biomedical fields, food packaging, adhesives
and other fields.
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