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The reaction between carbon dioxide and epoxides is an attractive pathway for CO,-utilisation as it can lead
to the formation of two different, yet valuable, products: cyclic and polymeric carbonates. In this review,
the advancements made within this field are critically discussed with special attention to the potential of
these two classes of compounds as green chemical products. First, an overview is provided of the various
types of homogeneous and heterogeneous catalytic systems developed for achieving the reaction of
carbon dioxide with epoxides with high activity and selectivity towards either the cyclic or the polymeric
carbonate products. Then, the chemical and physical properties of the cyclic and polycarbonate products
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are discussed, focussing on the correlation between such properties and the potential applications of
each class of compounds. Finally, the most relevant applications of these materials, both potential and
industrially implemented, are critically reviewed covering the fields of polymer products, energy storage
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1. Introduction

In current chemical product development, the focus of
research lies increasingly on environmental friendliness and
overall sustainability. Various ways exist to improve the green

Chemical Engineering group, Engineering and Technology institute Groningen
(ENTEG), Faculty of Science and Engineering, University of Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands. E-mail: p.p.pescarmona@rug.nl

Aeilke J. (Arjen) Kamphuis was
born in  Marum, in the
Netherlands, and studied
Chemical Engineering at the
University of Groningen where he
obtained his BSc degree in 2012
and his MSc degree in 2014. In
the same year he started his PhD
research at the University of
Groningen under the supervision
of Prof. Dr. Paolo P. Pescarmona
i and  Prof. Dr.  Francesco
eilke J. Kamphuis Picchioni. His research interests
lie in the development of novel
and sustainable chemical products obtained from renewable
resources. His PhD project focuses on the catalytic conversion of
CO, into cyclic and polymeric carbonates.

406 | Green Chem., 2019, 21, 406-448

devices, and biomedical and pharmaceutical applications.

character of a chemical product, ranging from the substitution
of hazardous components of an existing product with safer
and more sustainable alternatives, to the design and develop-
ment of completely novel green chemical products. Incentives
for the development of these chemical products can stem from
various origins, such as the ambition to design a safer manu-
facturing process, to decrease the dependence on depleting
fossil resources or to reduce waste generation during the pro-
duction and disposal stages. Criteria and guidelines for these
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ambitions are summarised by the ‘Twelve Principles of Green
Chemistry’." The utilisation of carbon dioxide as a building
block for chemical products has the potential to fulfil many of
these principles and, accordingly, is receiving growing atten-
tion from the academic community, from industry and, more
in general, from the whole society. CO, is a renewable and
abundant C;-feedstock and is inexpensive as it is being gener-
ated as a waste gas in enormous quantities globally*™ (the
total worldwide CO, emissions were estimated to be 36.2
billion tonnes in 2015).”> Being the most oxidised form of
carbon, it is extremely stable and hence non-toxic and non-
flammable.>*® Although chemically rather inert, CO, can act
as a greenhouse gas by absorbing a fraction of the radiation
emitted by the Earth and then re-emitting it towards the
planet.” Therefore, the increasing emissions of carbon dioxide
in the atmosphere have been identified as one of the main
causes of global warming.®'® Various strategies have been con-
sidered in order to counter the accumulation of anthropogenic
CO, in the atmosphere, including improving energy efficiency
and minimising heat losses, increasing the usage of fuels with
low or no carbon content (e.g. hydrogen) and of renewable
energy sources, applying climate engineering approaches (e.g.
reforestation and afforestation), carbon capture and storage/
sequestration (CCS) and carbon capture and utilisation
(CCU)." The latter refers to processes aimed at capturing CO,
at the location where it is emitted and at reusing it, so that it
will not enter the atmosphere. The capture is typically limited
to localised industrial emissions with high CO, concentration,
whereas recovering carbon dioxide from, e.g., residential and
transportation sources would be technologically, logistically
and economically more demanding.'®'" The largest industrial
source of CO, emissions is represented by power plants based
on fossil fuel combustion (Table 1). Other major sources for
CCU include the cement industry (where CO, is generated
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Table 1 Global industrial CO, emissions in 2014 from: fuel combustion
(including all industrial energy-related CO, emissions), fugitive emissions
(mostly consisting of flaring of non-marketable gas during oil and gas
production) and industrial process emissions (including non-energy
generation of CO, in i.a. the cement industry and ammonia production)®

Amount of emitted CO,

Source of CO, emission (Mtonnes per year)

Fuel combustion 32381
Power and heat production 13625
Fuel used in the extraction and refining of 1683
fossil feedstock
Manufacturing industries and construction 6230
Transport and other sources” 10843
Fugitive emissions 483
Industrial processes” 2468
“Such as commercial/institutional activities, agriculture/forestry,

fishing and residential. ” Data from 2010.

from the conversion of CaCOj; into CaO), the iron and steel
industry, the oil and gas industry (where non-marketable gas
is flared, and hence is converted into CO,) and ammonia pro-
® Conceptually, CCU represents a very attractive
option in the context of carbon neutrality and of a circular

duction.”>

economy."” However, a number of hurdles need to be over-
come before this approach can be implemented. Although
technologies are available to capture high amounts of CO,
with an efficiency of over 80% from large CO, emitters such as
power plants and cement factories, full-chain technologies
including capture, separation, transport and utilisation are
still quite costly.'® Additionally, the final utilisation step rep-
resents a relevant challenge because the conversion of CO, is
limited by its high thermodynamic and kinetic stability."*™*>
The thermodynamic stability can be overcome by reacting CO,
with high-energy substrates such as hydrogen, amines or
epOXideS,S'M‘l&w
of heat,?® electric current®! or radiation;>* whereas the kinetic

or by providing an energy input in the form

barrier can be overcome by employing a suitable catalyst for
the chosen conversion reaction. The conversion of carbon
dioxide into fuels is a very attractive option, in view of the
large-scale applicability and because it would allow reconvert-
ing CO, into the same kind of compounds from which it was
generated, leading to a circular carbon economy and thus
helping to prevent the accumulation of anthropogenic CO, in
the atmosphere. The possible products of CO, reduction
include, in increasing order of reduction degree, CO, formic
acid, formaldehyde, methanol and higher alcohols, methane
and higher hydrocarbons.”>>* All these products are indust-
rially relevant, but only those with higher degree of reduction
can be employed as fuels. The reduction of CO, can be carried
out either through direct reaction with H, or through an
electrochemical or photochemical route:

 The reaction with H, has been widely studied and suitable
catalysts for this reaction have been developed.”>” However,
this route is not yet sustainable because the H, needed for this
reaction is currently produced from a fossil resource as CH,
through the steam reforming and water-gas shift reactions,”®
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whereas efficient and cost-competitive photochemical and/or
electrochemical technologies for the production of H, through
H,O splitting are not yet mature.?™>!

» The direct routes based on the electrochemical or photo-
chemical reduction of CO, with concomitant oxidation of H,O
are very attractive from the point of view of sustainability as
they can rely on a renewable form of energy (e.g. electric power
from wind turbines or solar radiation), but they are still facing
important challenges in terms of activity in the conversion of
CO, and product selectivity,®**® particularly if the target
product requires the exchange of several electrons (e.g. 6 e~ for
the reduction of CO, to CH3;0H; 8 e~ for the reduction to CH,).

Alternatively to its conversion into fuels, CO, can be used
as feedstock for the production of polymers and fine chemi-
cals.** Examples include the reaction of CO, with epoxides
leading to either cyclic or polymeric carbonates;"*****?> the
formation of dimethyl carbonate via transesterification of CO,-
derived ethylene carbonate or propylene carbonate with
methanol, or via the direct reaction of carbon dioxide with
methanol;***® the reaction of CO, with glycerol to produce gly-
cerol carbonate;**>?° carboxylation of ethylene, phenol salts
and aryl and alkyl halides to produce, respectively, acrylic acid,
salicylic acid and a variety of aryl and alkyl carboxylic
acids;'***?*3> and the reaction of CO, with ammonia to gene-
rate urea.>**” The market for these CO,-based chemicals is
considerable (see Table 2 for the estimated market of selected
products). Therefore, the utilisation of carbon dioxide as sub-
stitute for conventional petroleum-based building blocks can
result in a significant decrease in dependence on non-renew-
able fossil feedstock needed for product manufacturing. While
this is a target of large societal and industrial relevance, it is
important to realise that CO, fixation into chemical products,
such as those reported in Table 2, will most likely not have a
major impact on mitigating the concentration of CO, present

Table 2 Polymers and fine chemicals potentially” made from CO,, with estimates of their market size
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in the atmosphere, as the amount of carbon dioxide that
would be converted yearly is only a small fraction of the
anthropogenic CO, that is annually emitted into the
atmosphere.>>?

Among the above-mentioned routes for CO, fixation into
valuable chemical products, the 100% atom efficient reaction
of CO, with epoxides is an attractive CO,-valorisation pathway
that has gained increasing attention during the past few
decades.? This review focuses on this route, by providing an
overview of the progress made in the catalytic synthesis of
cyclic and polymeric carbonates and in their applications. The
major classes of catalysts that have been developed to enable
the reaction of carbon dioxide with epoxides are reviewed in
section 2. The physicochemical properties of the cyclic and
polymeric carbonates directly derived from CO, and their cor-
relation with the potential applications of these compounds
are discussed in the first part of section 3. The rest of this
section provides a critical review of the existing and potential
applications of these carbonate products, with special focus
on polymeric products (e.g. coatings, adhesives and foams),
electrolytes in energy storage devices and biomedical
applications.

2. Catalysts for the fixation of CO,
into cyclic and polymeric carbonates

The catalysed reaction of CO, with an epoxide producing a
polymer containing carbonate linkages was reported for the
first time in 1969.%” Since then, growing research efforts have
been dedicated to the development of catalytic systems for this
reaction, as well as towards the employment of a variety of
different epoxide substrates. These include petroleum-based
epoxides such as ethylene oxide, propylene oxide and cyclohex-

35,38

Estimated
Chemical Examples of applications market size
Cyclic carbonates o Battery electrolyte, reactive intermediate, solvent 100 kty™*
L (in 2013)
(o] (0]
R, R,
Bisphenol-A-based 0 Car manufacturing, CDs and DVDs, optical lenses, construction 5-6 Mty
polycarbonates (in 2016)
DAVas
n
Dimethyl carbonate o Reagent, solvent, battery electrolyte, gasoline additive >200 kty™*
in 201
HiC, CH, (in 2013)
o O
Acrylic acid o Monomer for polymers used as e.g. superabsorbents, detergents, 2.5 Mty '
\)k adhesives and coatings (in 2014)
OH
Urea Q Liquid fertiliser 240 Mty "
c in 2016
N~ O N, ( )

“Note that the synthesis method employing CO, is not necessarily the (only) current route to produce these chemicals.
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Fig. 1 General scheme of the reaction of an epoxide with CO,.

ene oxide as well as (potentially) bio-based epoxides such as
limonene oxide and vinylcyclohexene oxide. The reaction of an
epoxide with CO, can in principle yield two possible products:
a five-membered cyclic carbonate and/or a polymeric carbon-
ate (Fig. 1). The catalytic systems that are used to promote the
conversion of carbon dioxide and epoxides into these organic
carbonates generally consist of a Lewis base acting as a nucleo-
phile, often assisted by a Lewis acid species in the form of one
or more metal centres. The most commonly proposed reaction
mechanism is depicted in Fig. 2."*'7' The first step of the
catalytic cycle is the activation of the epoxide ring by the Lewis
acid (1 in Fig. 2), which promotes the nucleophilic attack by
the Lewis base leading to the opening of the epoxide ring. The
formed alkoxide intermediate (2) can in turn act as a nucleo-
phile and attack CO, to form a carbonate intermediate (3). The
following step is either a ring closure (4a) to produce a cyclic
carbonate (5a), or the alternating insertion of more epoxide
and CO, molecules (4b and 5b) to yield a polycarbonate
(6b)."*'”"'° The consecutive insertion of two epoxide molecules
in the polymer chain may also occur, leading to the presence
of ether linkages in the polycarbonate. Besides this, other
reaction mechanisms have been proposed, in some cases
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specific to a type of catalyst (e.g. p-diiminate zinc complexes -
see Fig. 3).>%%°

A wide variety of homogeneous and heterogeneous catalytic
systems has been developed for the reaction of CO, with epox-
ides, with the purpose of increasing the activity but also of
maximising the selectivity towards either the cyclic carbonate
or the polycarbonate product. Numerous excellent reviews exist
on the catalysis of CO,/epoxide reactions,>'*****4142 includ-
ing few focussing only on the synthesis of cyclic
carbonates'®**™° or only on polycarbonates.>*%*>17:31755 The
reader interested in a detailed overview of the numerous exist-
ing catalytic systems and/or in the various proposed reaction
mechanisms is kindly referred to the above-mentioned refer-
ences. Here, we provide a systematic and concise overview of
the main classes of catalysts that have been studied for the
CO,/epoxide reaction, by rationalising them on the basis of
their nature and of the type of active sites. For this purpose,
the catalysts were categorised into homogeneous and hetero-
geneous systems, which were further divided with respect to
their catalytic species: systems containing Lewis base function-
alities, or systems presenting a combination of Lewis acid and
base species. For the latter group, a distinction is made
between metal-based and metal-free catalysts. For each of
these categories, we summarised the main assets and draw-
backs (Table 3).

2.1. Homogeneous catalytic systems

Lewis base homogeneous catalysts that only consist of an ionic
nucleophile (Hom1 in Table 3) are typically organic halides

X
|
M
X)
R, Ry
X O‘J\/R
R1*Z’ O:< X 2

? Co, 7

> > m

Lewis acid (1) Nucleophile (2) (3)

R
o ! R R R R,
PR oy %
R, R, O X co, )S S
O\H/O [ am— - R
-
R, O R R;

n =0 Q
(6b) o M
M (4b)

(5b)

Fig. 2 Proposed reaction mechanism for the reaction of CO, with epoxides yielding either cyclic or polymeric carbonates, in the presence of a
Lewis acid (typically a metal centre, M) that activates the epoxide, and a Lewis base (X™) acting as nucleophile.

This journal is © The Royal Society of Chemistry 2019
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TBAX Imidazolium halide PPNX
X=1,Br, Cl X =1,Br,Cl X=1,Br, Cl
Ry R,
5 Sk
|
—N, N= Zn.
\M/ N N
AR R, O Rs
Rs O x O R,
Ry
R, Ry

(2) Metal-salen/salphen
(2a) M = Cr(lll), X = Cl, R, = R, = Ar (2a") or
R; = R, = cyclohexyl (2a"),R; =R, =1Bu
(2b) M=Al(lll), X=Cl,R, =R, =Ry =R, =H
(2¢) M = Co(lll), X = OAc (2¢') or CI (2¢"),
R, =R, = cyclohexyl, Rj; =Br (2¢')
or tBu (2¢"), R, = tBu
(2d) M = zn(ll), R, = R, = Ar, R; =H, R, = tBu

(3) Zinc B-diiminate
X=0OMe (3a, 3c), OAc (3b),
OiPr or N(SiMe;),,

Ry =H (3a, 3b) or CN (3¢c)
R, = Et (3a, 3c) or iPr (3b),
R, = Et (3a) or iPr (3b, 3c)

Fig. 3 Selected homogeneous catalysts for the CO,/epoxide reaction.

Table 3 Overview of catalyst categories for the CO,/epoxide reaction
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X R
.
N
AR
= R R
NS
R
DMAP

(1) Metalloporphyrin
(1a) M = Al(lll), X =OR' (1a') or Cl (1a"), R = Ar
(1b) M = Cr(lll), X = Cl, R = Ar-p-Me (1b")
or C4Fs (1b")
(1c) M = Co(lll), X =CI, R= Ar
(1d) M = Zn(ll), R = Ar-m-O(CH,)sN*Bu,Br
(1e) M = Mg(ll), R = Ar-m-O(CH,)sN*Bu,Br

tBu
X R
\
H H e
b P 4 4 b
NoooL N o—w__
I e R
NP~
X=M_  M=X N R
2NN i
/N o N R
H H
R
tBu
(4) Bi llic ycli (5) Amino triphenolate

(4a) M = Zn(ll), X = OAc
(4b) M = Fe(lll), X = CI
(4c) M = Mg(ll), X = OAc (4¢'),
Br (4c") or O,CCF, (4c™)

(5a) M = Al(lll), X =THF or dimeric
species, R = H, Me, tBu or Cl (5a')
(5b) M = Fe(lll), X= THF or dimeric
species, R =H, Me (5b"), tBu or Ar

Catalytic system Code  Activity Selectivity Stability Reusability Cost
Homogeneous Lewis base Hom1l =+ Cyclic + (issue: thermal stability - ++
under operating conditions)
Lewis acid +  Metal- Hom2 ++ Tuneable cyclic/ + (Al Fe, Cr) - -
Lewis base based polymeric — (Co porphyrin/salen, Zn
p-diiminate)
Metal- Hom3 + Cyclic + - ++
free
Heterogeneous Lewis base Hetl - Cyclic + (issue: thermal stability + +
under operating conditions)
Lewis acid +  Metal- Het2  + Polymeric (Zn + (Zn glutarate) ++ +(Zn
Lewis base based glutarate)/cyclic + (MOFs) glutarate)
(others) + (MOFs) — (MOFs)
Metal- Het3  + Cyclic + ++ +
free

such as quaternary ammonium salts, phosphonium salts and
ionic liquids.'®****1%°% Neutral Lewis bases such as strong
organic bases are also used as homogeneous catalysts.*>** A
selection of commonly employed homogeneous Lewis base
compounds is shown in Fig. 3: tetrabutylammonium halides
(TBAX),>”~%° imidazolium halides,*®®" bis(triphenylphosphine)
iminium halides (PPNX)** and 4-dimethylaminopyridine
(DMAP).**** When these Lewis bases are employed as catalysts

410 | Green Chem:., 2019, 21, 406-448

in the absence of a Lewis acid (that would coordinate the
growing polycarbonate chain, see Fig. 2), the ring closure
becomes the most favourable step after the formation of the
carbonate intermediate, leading to the selective formation of
the cyclic carbonate product. The major limitation in the use
of Lewis base homogeneous catalysts is that the separation of
the produced cyclic carbonates by distillation is quite energy-
intensive, due to the fact that cyclic carbonates have high

This journal is © The Royal Society of Chemistry 2019
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boiling points (see Table 7).** Moreover, tetraalkylammonium
halides tend to undergo thermal degradation trough a dequa-
ternisation reaction, which would hamper their reuse if the
removal of the carbonate is carried out by distillation at high
temperature.®® Lewis base catalysts typically require relatively
high reaction temperatures (>80 °C) to achieve good carbonate
yields."*'® In order to increase the activity and reach high con-
versions also under milder conditions, the Lewis base catalysts
are often combined with Lewis acids. The most widely
employed type of Lewis acid sites is provided by metal cations
complexed by suitable organic ligands. A wide range of metal
complexes have been studied, with zinc, chromium, cobalt,
aluminium and iron being the most common metal
atoms,*162441,43,45,54.66 The metal-based Lewis acid complexes
are usually combined with one of the aforementioned Lewis
bases. Such homogeneous binary catalytic systems (Hom2 in
Table 3) constitute the class of catalysts for the CO,/epoxide
reaction that has been most actively studied so far. The best
representatives of this type of catalytic systems are character-
ised by very high activity even under mild conditions (T <
60 °C, p(CO,) < 10 bar) and can display high selectivity
towards either the cyclic or the polymeric carbonate. Often,
the selectivity can be tuned by varying the type of nucleophilic
species and the nucleophile-to-metal ratio. A nucleophile that
is a better leaving group (as I") will tend to favour the ring-
closure step (4a in Fig. 2), thus leading to higher selectivity
towards the cyclic carbonate product, whereas a worse leaving
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group (as C17) will tend to remain bound to the intermediate,
thus promoting the growth of the polymer chain (4b and
5b).""7 It was also observed that at a nucleophile-to-metal
ratio >1, the nucleophile can tend to displace the carbonate
intermediate from the metal centre, thus favouring the ring-
closure step (Fig. 2, 4a)."”'® The selectivity between cyclic and
polymeric carbonate can also be adjusted by changing the
reaction temperature. Cyclic carbonates are the thermo-
dynamically favoured products of the reaction, while the for-
mation of the polycarbonates generally has lower activation
energy. Therefore, higher reaction temperatures will promote
the formation of the cyclic product, whereas lower reaction
temperatures can lead to a kinetic control of the reaction, thus
favouring the polymeric product."” Additionally, higher CO,
pressure (up to carbon dioxide in the liquid or supercritical
state) can increase the reaction rate by improving the contact
between the reaction components, while also favouring the for-
mation of the polycarbonate product by enhancing the rate of
the CO,-insertion step (Fig. 2, 5b)."” The tuning of the above-
mentioned parameters often allows to achieve the selective for-
mation of either the cyclic or polymeric carbonate (Table 4,
entries 1-7), and even to switch effectively the selectivity
between the two products while using the same metal complex
(Table 4, entries 23 and 24).">°”

Among the classes of metal complexes employed as homo-
geneous catalysts for the synthesis of cyclic and polymeric car-
bonates from CO, and epoxides, metal-porphyrins received

Table 4 Performance of selected homogeneous metal-based catalytic systems in the reaction of CO, with epoxides

Cat. loading” Conv/ Selpc.cc”

Temp. CO, pressure Time M,

n
# Cat. (mol %) Epox. yield (%) (%) TONpea1 © TON ¢ (°C) (bar) (h) (g mol™) PDI Ref.
1 1a” 1/1 EtPH;PBr CHO 100(C) 100:0 100 50 RT 49 14d 6200 1.06 69
2 1b’ 0.014/0.088 DMAP EB 100 (C)  0:100 7073 984 50 54 100 — — 70
3 1b” 0.036/0.31 DMAP  CHO 63 (Y) 100:0 1743 291 110 228 8 3450 1.19 71
4 1c  0.039/0.0772 DMAP PO 42 (Y) 0:100 1102 367 120 17 1.33 — — 72
5 1c  0.2/0.15 DMAP PO 95 (Y) 95:5 475 271 40 51 48 149 000 1.18 73
6 1d  0.005/0 EH  80(Y) 0:100 16 000 4000 120 10 3 — — 74
7 le  0.005/0 EH  88(Y) 0:100 17 600 4400 120 10 3 — — 74
8 2a’ 0.075/0.075 DMAP PO 69 (Y) n.a. 916 458 100 6.9 1 — — 76
9 2a” 0.040/0 CHO 10 (C) n.a. 250 250 80 58.5 24 8900 1.2 77
10 2b  0.02/0.02 TBABr EO  44(Y) n.a. 2220 1110 110 150-160 1 — — 78
11 2b  0.1/0.1 TBABr EO 96 (C) 0:100 960 480 30 25 72 — — 78
12 2¢  0.2/0 PO 49 (Y) >99:<1 243 243 25 55.2 3 15300 1.22 79
13 2¢” 0.067/0.133 DMAP PO 27 (Y) n.a. 400 133 100 20.7 0.33 — — 80
14 2d  2.5/2.5 TBAI EH  80(C) 0:100 32 32 45 10 18 — — 81
15 3a  0.1/0 CHO 45 (C) 100:0 449 — 50 6.9 2 19100 1.07 83
16 3b  0.1/0 CHO 48(C) 100:0 494 — 50 6.9 2 31000 1.11 83
17 3¢ 0.1/0 CHO 38(C) 100:0 382 — 50 6.9 0.17 22900 1.09 85
18 4a  0.2/0 CHO 53 (C) 94:6 264 264 100 1 21 7360 1.21 88
19 4b  0.02/0 CHO 25 (C) 99:1 1285 643 80 10 24 17 200 1.03 90
20 4b  0.2/0.4 PPNCI CHO 41 (C) 0:100 205 51 80 1 48 — — 90
21 4c¢’ 0.02/0 CHO 33(C) >99:<1 1650 1650 100 1 20 14 600/3500 1.02/1.08 91
22 5a’  0.0005/0.05 TBAL EH 36 (C) <1:>99 72000 720 90 10 2 — — 92
23 5b’  0.5/5 PPNCI CHO 85 (C) 0:96 170 17 85 80 3 — — 19
24 5b°  0.5/0.5 PPNCI CHO 98(C) >99:<1 196 196 85 80 3 n.a. n.a. 19

“ Cata%;ytic loading in molar percentage of epoxide substrate, based on moles of metal sites/based on moles of nucleophilic species added separ-
ately. ” Selectivity towards polycarbonate : cyclic carbonate. “ Turnover number expressed as mol of converted epoxide (when the conversion was
reported) or mol of produced carbonate (when the yield was reported) per mol of metal sites. ¢ Turnover number expressed as mol of converted
epoxide or mol of produced carbonate per mol of nucleophilic species. n.a. = not available. CHO: cyclohexene oxide; EB: 1,2-epoxybutane; EH:
1,2-epoxyhexane; EO: ethylene oxide; PO: propylene oxide. PDI: polydispersity index, M,,/M,,.
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considerable attention (1 in Fig. 3 and Table 4, entries 1-7).
Their planar geometry makes them especially suitable for the
coordination of terminal epoxides to the Lewis acidic metal
centre.*> Though metal(m)-porphyrins can contain a nucleo-
philic species as axial ligand (1a, 1b and 1c in Fig. 3), the
activity of these complexes is significantly enhanced by using
them in combination with a Lewis base acting as nucleophile
for the ring-opening of the epoxide.> Used metal centres
include aluminium,®®®® chromium’®”* and cobalt.”>”® More
recently, a series of highly active bifunctional metallopor-
phyrin catalysts containing both Lewis acid sites (magnesium
or zinc) and Lewis base functionalities has been reported (1d
and 1e in Fig. 3).”*7% Another important class of homogeneous
catalysts that has been investigated extensively for the syn-
thesis of both cyclic carbonates as well as polycarbonates con-
sists of metal complexes with salen/salphen-based ligands
(Fig. 3, 2). Various metal centres have been examined, includ-
ing chromium,”®”” aluminium”® and cobalt”®*° incorporated
in salen complexes (Fig. 3, 2a-c¢ and Table 4, entries 8-13)
and zinc in salphen complexes®' (Fig. 3, 2d and Table 4,
entry 14). An advantage of salen ligands is that their synthesis
is easier and that they are less expensive than e.g. porphyrin
ligands. Moreover, the synthesis method has the potential to
be scaled-up, which is an important asset for a possible
industrial use of these catalysts.*® Similarly to the case with
porphyrins, salen/salphen-based catalysts with metal(m)
centres contain an axial ligand that can act as a nucleophile,
and can thus function as bifunctional catalysts in the CO,/
epoxide reaction. However, they often require a Lewis base co-
catalyst in order to reach sufficient product yields. In the case
of zinc(i)-salphen, no axial ligand is present and including a
separate Lewis base becomes strictly necessary to perform the
opening of the epoxide ring. Although salen and salphen cat-
alysts show high activity for the conversion of terminal epox-
ides, they are generally significantly less active towards
internal epoxides.*® Furthermore, while Cr-based salen com-
plexes were reported to be air-stable,”” many highly active Co-
salen complexes are air and moisture sensitive."” Moreover,
Co-based salen and porphyrin catalysts were observed to de-
activate during CO,/propylene oxide copolymerisation
through reduction of the cobalt centre.>®? Zinc f-diiminates
represent another well-studied class of homogeneous cata-
lysts that has found widespread application in polymeris-
ations of CO, with a broad range of epoxides (Fig. 3, 3).3%%38
The catalytic behaviour of this type of complexes proved to be
highly tuneable by modifying the substituents present on the
N-aryl ring and the diamine backbone (Table 4, entries
15-17)."*% The zinc f-diiminate complexes can exist both in
dimeric (bimetallic) or monomeric (monometallic) form,
with the former being most likely the main responsible for
the catalytic activity. These metal-complexes do not need
addition of a Lewis base to be able to catalyse effectively the
reaction.® Zinc p-diiminate catalysts are very selective
towards the polycarbonate product and are very active with
various epoxides, including challenging substrates as functio-
nalised cyclohexene oxides®® and limonene oxide.®” A limit-
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ation of the zinc p-diiminates is their sensitivity to air and
moisture, which imposes to prepare and use them under
inert conditions.>®®*®* Another type of Zn-based catalyst is
the bimetallic macrocyclic phenolate zinc complex 4a (Fig. 3),
which gained attention by showing high activity towards
epoxide/CO, polymerisation even at very low CO, pressure
(1 atm) (Table 4, entry 18).*®%° Moreover, this zinc complex
was observed to be air-stable.®® In addition to zinc, other
metals that have been investigated in this type of complex
include iron®® and magnesium (Fig. 3, 4b and ¢).”* The iron
bimetallic macrocyclic phenolate complex was able to catalyse
the reaction of CO, with cyclohexene oxide, propylene oxide
and styrene oxide, although the addition of a Lewis base
(PPNCI) required with the latter two epoxides.
Additionally, a shift in selectivity from complete selectivity
towards poly(cyclohexene carbonate) formation to full selecti-
vity towards cyclic cyclohexene carbonate formation was
realised by increasing the catalyst loading (by a factor 10),
lowering the CO, pressure (from 1.0 to 0.1 MPa) and by
addition of PPNCI (Table 4, entries 19 and 20).°° One of the
most promising types of homogeneous catalysts for epoxide/
CO, conversion consists of an aluminium(m) centre com-
bined with an amino triphenolate ligand (Fig. 3, 5a).'%%%9
The complex needs to be combined with a Lewis base, such
as TBAX or PPNX: this binary catalytic system showed to be
highly active for the reaction of CO, with a wide range of
epoxide substrates.”> Considerable variations in catalytic
activity were observed between Al(ir) amino triphenolate com-
plexes with different substituents on position 2 and 4 of the
phenolate rings.'® Recently, it was shown that the methyl-sub-
stituted aluminium amino triphenolate complex used in com-
bination with PPNCI or PPNBr is able to efficiently catalyse
the copolymerisation of CO, with the highly challenging limo-
nene oxide.”® In addition to aluminium-based complexes, iron-
based amino triphenolate (Fig. 3, 5b; Table 4, entries 23 and 24)
and amino bis(phenolate) complexes have also been used in
CO, conversion reactions, allowing to switch effectively the
selectivity between cyclic and polymeric carbonates by tuning
the type and relative amount of organic halide used as nucleo-
phile source."”®” When considering the potential for applica-
bility of these catalysts, besides their activity, selectivity and
stability, it is important to take into account the cost of the syn-
thesis and the availability of the employed elements. In this
context, only six metals are classified as abundant worldwide:
aluminium, iron, calcium, sodium, potassium and titanium (in
order of decreasing abundance).*” Of these metals, which have
the additional advantage of displaying relatively low-toxicity,”®
aluminium and iron were employed in highly active and selective
catalysts for the synthesis of CO,-based carbonates and seem
thus an optimum choice from a sustainability point of view.*®
The metal-based complexes discussed above can reach
excellent catalytic performance but their applicability can be
hampered by their often costly and complex synthesis pro-
cedure. Against this backdrop, the development and investi-
gation of metal-free catalysts for the CO,/epoxide reaction has
gained increasing attention in recent years. Organocatalysts

was
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Fig. 4 Selected heterogeneous catalysts for the CO,/epoxide reaction: (1) multilayered covalently supported ionic liquid phase (mlc-SILP); (2)
immobilised metal complex; (3) metal—organic framework (MOF); (4) porphyrin-based metal-functionalised porous organic polymers (metal-POP).

are considered as a non-toxic, low-cost and more sustainable
catalysts.*>*®*°  Additionally,
organocatalysts generally possess good stability and inertness
towards air and moisture and in some cases can be derived
from renewable recources.’” Moreover, the use of organocataly-
sis instead of metal complexes has the potential to increase
the safety of consumer products by minimising the amount of
metal residues that may cause health hazards.*” On the other
hand, the catalytic activity of organocatalysts is still signifi-
cantly lower compared to the best metal-based homogeneous
catalysts and cyclic carbonates are typically the only products,
thus excluding polycarbonates from the scope of these cata-
lysts.”” In addition to the previously discussed homogeneous
catalysts that only possess a Lewis base functionality (e.g.
TBAX, PPNX and DMAP in Fig. 3), the newest generation of
metal-free homogeneous organocatalysts includes both Lewis
acid and Lewis base functionalities (Hom3 in Table 3). These
can be present in a bifunctional single-component catalyst or
in a binary system consisting of two separate components. The
first category typically consists of onium salts or ionic liquids

alternative to metal-based

This journal is © The Royal Society of Chemistry 2019

containing hydroxyl, carboxylic acid or amino moieties, such
as protic tetraalkylammonium halides (e.g. Table 5, entry
1),°°°° protic phosphonium halides (e.g. Table 5, entry
protic imidazolium compounds (e.g. Table 5, entry
3)'%>71%% and functionalised DMAP.'® In these systems, the
protic functional groups can activate the epoxide substrate by
interacting with its O atom through hydrogen
bonding.*>*#%%1% In the second category, several protic com-
pounds containing hydroxyl or carboxylic acid moieties have
been employed as catalysts in combination with Lewis bases,
including bio-based compounds such as pyrogallol (Table 5,
entry 4),°>'%7 gallic acid,'”” tannic acid (Table 5, entry 5)'°®
and water'® but also other phenolic compounds,"*®'"* silane-
diol complexes,''> fluorinated alcohols,'*”'** 114
acids,"™ carboxylic acid-containing amines,'*® simple alco-
hols'"”” and cavitand-based polyphenols."*®* The relative
weakness of the hydrogen bonding between the protic
groups of these catalysts and the epoxides compared to the
typical strong coordination of an epoxide with a metal,
explains why cyclic carbonates are the only products when

100,101
2),'"

boronic
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Table 5 Performance of selected homogeneous metal-free catalytic systems in the reaction of CO, with epoxides

Cat. loading” Conv./ Selpo.cc” CO, pressure Time M,

# Cat. (mol %) Epox. yield (%) (%) TONp, ¢ TON; ¢ Temp. (°C) (bar) (h) (gmol™) PDI Ref.
1 2-Hydroxyethyl-TBAI 0.1/0 EB  39(Y) n.a. 392 392 150 20 1 — — 9%

2 2-Hydroxyethyl-TBPI 2/0 EB 92 (Y) n.a. 46 46 90 10 2 — — 100
3 HEMIMBr 1.6/0 PO 99.2 (C) 0:>99 62 62 125 20 1 — — 102
4 Pyrogallol/TBABr 3%/3 PO 79(Y) n.a. 26° 26 60 20 1.67 — — 107
5 Tannic acid/TBAI 0.05°/2.0 EH 24 (Y) <1:>99 472° 12 80 10 2 — — 108
6 Et;B/PPNCI 0.050/0.025 CHO 90 (Y) 95:5 1800 3600 80 10 6 28300 1.9 119

¢ Catalytic loadlng in molar percentage of epoxide substrate, based on moles of Lewis acid sites/based on moles of nucleophilic species added
separately. ? Selectivity towards polycarbonate : cyclic carbonate “Turnover number expressed as mol of converted epoxide (when the conversion
was reported) or mol of produced carbonate (when the yield was reported) per mol of Lewis acid sites. ¢ Turnover number expressed as mol of
converted epoxide or mol of produced carbonate per mol of nucleophilic species. ¢ Note that these compounds contain several potential Lewis
acid sites, but that in this case the catalyst molar loading and TON_, are calculated based on the whole molecule. n.a. = not available. CHO: cyclo-

hexene oxide; EB: 1,2-epoxybutane; EH: 1,2-epoxyhexane; PO: propylene oxide. PDI: polydispersity index, M,,/M,,.

these organocatalysts are employed. On the other hand, there
exist a report of the synthesis of polycarbonates from CO, and
epoxides using metal-free catalysts (Table 5, entry 6)."*°
However, a strongly pyrophoric and water- and air-sensitive
compound as triethylborane was employed as a Lewis acid,
which limits the applicability of the catalytic system and
diminishes the ‘green’ character typically associated with

organocatalysts.

2.2. Heterogeneous catalytic systems

The most extensively studied type of catalysts for the fixation
of CO, through the reaction of CO, with epoxides are homo-
geneous systems, but the importance of an efficient and
straightforward separation and reutilisation of the catalyst
stimulated the investigation of several heterogeneous systems.
Various Lewis base heterogeneous catalysts have been devel-
oped (Hetl in Table 3, for a selected example see catalyst 1 in
Fig. 4),"*° with the active sites being provided by immobilised

120-128 129-131

onium salts
121,128,129,131

ionic liquids,
baSeS 132-134

and non-ionic organic

Polymers and silica-based

materials’120,122—126,130,132—134

including ordered mesoporous
silica with high specific surface area such as MCM-41"%'3*
and SBA-15,"*>'*® have been studied as supports to immobilise
these actives species. The immobilisation is realised through
robust, covalent bonding to prevent the leaching of active
species into the reaction mixture. These heterogeneous cata-
lysts solve the separation problems associated with homo-
geneous catalytic systems, but they typically need high temp-
eratures (>100 °C) in order to reach high conversion rates of
the epoxides.”*”"*® The performance of a selection of hetero-
geneous Lewis base catalysts for the CO,/epoxide reaction is
displayed in Table 6, entries 1-3. Similarly to the case of
homogeneous catalysts, the presence of a Lewis acid that acti-
vates the epoxide towards the nucleophilic attack by the Lewis
base enhances the activity of the heterogeneous systems (Het2

in Table 3, for a selected example see catalyst 2 in Fig. 4)."*’

Table 6 Performance of selected heterogeneous catalytic systems in the reaction of CO, with epoxides

Cat. loading® Conv/ Selpc.cc” Temp CO, pressure Time M,
# Cat. (mol %) Epox. yield (%) (%) TONp,© TONyz? (°C)  (bar) (h) (gmol™) PDI Ref.
1 SiO,-p-xylene-I (mlc-SILP) 0/0.42 SO  99(C) <1:>99 — 237 150 80 3 — — 120
2 n-Bu,NBI/SiO, 0/1 PO 97(Y) n.a.:98 — 97 150 80 10 — — 130
3 TBD@silica 0/0.27 PO  100(C) 0:100 — 367 150 50 24— — 132
4 [Al(salen)],-Br/amorphous silica 5/10 SO 78 (©) na. 16 8 RT 1 20 — — 137
5 gea-MOF-1/TBABr 0.15/0.15 EB  94(Y) na. 627 627 120 20 6 — — 147
6 PCN-224(Co)/TBACI 0.090/0.20 PO  42(C) na. 461 194 100 20 4 — — 148
7 ZIF-90 0.59/n.a. PO 88(C) n.a.:92 151 n.a. 120 12 8 — — 152
8 F-ZIF-90 0.088/n.a. AGE 75(Y) 0:100 855 n.a. 120 117 6 — — 155
9 Mg-por/pho@POP 0.005/n.a. PO  78(Y) n.a.:>98 15600 n.a. 140 30 1 — — 161
10 FDU-HEIMBr n.a./0.5 PO 99(Y) <1:>99 n.a. 198 110 10 3 — — 177
11 mQC-1.I 0.8/0.4 PO 98(C) <1:>99 121 242 120 12 3 — — 185
12 Zn glutarate 0.33/0 PO na. 96:n.a. 7146° n.a. 80 40 20 103000 2.8 190
13 Znz[Co(CN)e]»/tBuOH 0.028/0 CHO 95(C) 43.5:0 3340 (Zn) n.a. 100 38 2 47250 3.4 191

Catalytlc loading in molar percentage of epoxlde substrate, based on moles of Lewis acid sites/based on moles of nucleophlhc species.
b Selectivity towards polycarbonate : cyclic carbonate. ¢ Turnover number expressed as mol of converted epoxide (when the conversion was reported)
or mol of produced carbonate (when the yield was reported) per mol of Lewis acid sites (note: in the case of metal-containing catalysts, the TON

is expressed as mol of converted epoxide per mol of metal sites, though

not all metal sites are necessarily acting as Lewis a01d active sites).
duced carbonate per mol of nucleophilic species.

this might lead to an underestimation of the actual TON values because
Turnover number expressed as mol of converted epoxide or mol of pro-
¢In grams of polymer per moles of zinc. n.a. = not available. AGE: allyl glycidyl ether; CHO:

cyclohexene oxide; EB: 1,2-epoxybutane; PO: propylene oxide; SO: styrene oxide. PDI: polydispersity index, M,,/M,,.
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Examples of these systems include supported metal catalysts
functionalised with Lewis base moieties, such as Zn/SBA-15
functionalised with ammonium groups,'*® and the immobilis-
ation of metal complexes that had previously proven to be
promising homogeneous catalysts, such as bifunctional Al-
salen complexes supported on polystyrene’*® or silica (Table 6,
entry 4)."*” A different class of materials that can present Lewis
acid sites and that has been increasingly studied as hetero-
geneous catalysts for the CO,/epoxide reaction are metal-
organic frameworks (MOFs).'*® These highly porous crystalline
materials consist of metal nodes interconnected through
organic linkers so that a crystalline structure is generated.
MOFs can be prepared with different (micro)pore sizes and
display very high surface area (typically Sgpr > 1000 m* g™%).
The metal nodes can contain coordinatively unsaturated sites
displaying Lewis acid behaviour.'*! Many MOF structures
show high affinity towards CO, adsorption. This feature and
the possible presence of Lewis acid sites render them poten-
tially suitable candidates as heterogeneous catalysts for CO,
fixation.*>'** This type of MOF (e.g. MOF-5,"*> MOF-505,"*° Cr-
MIL-100,"** Cr-MIL-101,"*>'"®* UMCM-1-NH,,"** In,(OH)(btc)
(Hbtc)g.4(L)o.e-3H,0,'*> USTC-253-TFA'*® and gea-MOF-1'*"
(Table 6, entry 5, and catalyst 3 in Fig. 4)) can act as hetero-
geneous catalysts for the CO,/epoxide reaction in combination
with an organic halide. In this case the catalytic system is par-
tially homogeneous, which is a drawback in terms of catalyst
separation and reutilisation. An alternative approach to intro-
duce metallic Lewis acid sites into MOFs is based on the use
of organic linkers that, besides connecting the metal nodes,
are able to form complexes with single metal sites. This strat-
egy has been employed to develop zirconium-based porphyrin
MOFs'*® (Table 6, entry 6) and copper-based MOFs incorporat-
ing azamacrocyclic ligands."® In addition to MOFs solely con-
taining Lewis acid sites, the organic linkers of specific MOFs
possess Lewis basic moieties (e.g. ZIF-8,"*° ZIF-67,"*° ZIF-68,""
ZIF-90'* (Table 6, entry 7) and Co-MOF-74"%) or can be func-
tionalised with a nucleophile source (e.g. amine moieties,"*’
pyridinium iodide,’®* quaternised hydrazine’®® (Table B,
entry 8) and quaternised ammonium"****” and phosphonium
groups'®’) so that both Lewis acid and Lewis base active sites
are present in the solid catalyst. Functionalisation of the
organic linkers with bulky nucleophilic species can however
cause a decrease in pore volume and surface area, with
possible limitations for the diffusion of reactants and
products.”>**®  Although promising results have been
achieved with MOFs as catalysts for the CO,/epoxide reaction,
many of these materials still suffer from low stability under
the employed reaction conditions, which leads to deactivation
of the catalyst, thereby limiting reusability.’** Further limit-
ations that can be encountered with MOF catalysts reported in
the literature include the need to use very high loading
of homogeneous organic halides,”**"**'*® high reaction
temperature,'*”****52 and diffusion limitations of reactants,
products and organic halides.'*?

Another class of materials containing metal centres in a
porous structure that has gained increasing attention in recent

This journal is © The Royal Society of Chemistry 2019
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years as heterogeneous catalysts for the CO,/epoxide reaction
is represented by metal-functionalised porous organic poly-
mers (metal-POPs)."** "% One of the key features of these
porous organic polymers is that they can be synthesised in
numerous types of amorphous porous structures incorporating
various organic functional groups,'®"'® thereby introducing a
large degree of freedom in tuning properties such as type and
amount of active sites, surface area, pore volume and pore
size.'®>'%! The ability to tune the pore volume and pore size of
POP materials could prevent diffusion limitations of reactants
and products,'® which on the other hand is a common draw-
back with functionalised MOFs. The Lewis acid metal centres
can be incorporated in the material via different strategies, e.g.
crosslinking of pre-synthesised metal-organic complexes by
organic linkers,'¢H10*1641667168 o gynthesis of a microporous
organic network, in which metal ions are introduced after-
wards.'®*1%>1%% Examples of metal-POP catalytic systems that
have been evaluated for the CO,/epoxide reaction include
binary systems where the metal-POP was combined with an
organic halide'® ™% as well as fully heterogeneous bifunc-
tional systems where the metal-POP contained both Lewis acid
and Lewis base sites.'®’®* A bifunctional porphyrin-based
metal-POP system containing magnesium metal sites and qua-
ternary phosphonium bromide species displayed one the
highest turnover numbers for heterogeneous catalysts for the
conversion of CO, and epoxides into cyclic carbonates
(Table 6, entry 9, Fig. 4).

The activation of the epoxide can also be achieved without
metal sites if protic groups are present at the surface of the
heterogeneous catalyst (Het3 in Table 3). One of the first
examples of this type of catalysts are the silica-supported phos-
phonium salts, for which it was proposed that the surface sila-
nols can activate the epoxide and thus enhance the activity of
the immobilised salt in their proximity.'®® Typically, metal-free
heterogeneous catalysts with Lewis acid and Lewis base func-
tionalities are prepared by tailored synthesis of the immobi-
lised active groups as in polymer-supported ionic liquids with
hydroxyl or carboxylic acid moieties,’”®*”* hydroxyl- or car-
boxylic-acid-containing ionic liquids grafted on silica,'*>"7>*7¢
hydroxyl- and carboxylic-acid-functionalised ionic liquids
immobilised on a mesoporous polymeric substrate'’” (Table 6,
entry 10) and hydroxyl-functionalised quaternary ammonium
moieties grafted on polystyrene or silica."”®'*® Metal-free
covalent organic frameworks (COFs) have also been reported
as heterogeneous catalysts for the reaction of CO, with epox-
ides."®"'® Being constructed from molecular organic building
blocks, the type of functional groups (e.g. Lewis bases'®* or
Lewis acids'®") as well as the size and shape of the pores of
these catalyst can be tailored. Other examples of materials that
possess metal-free Lewis acid moieties include bio-based com-
pounds such as cellulose and chitosan. Cellulose has been
investigated as a bio-based heterogeneous catalyst for the CO,/
epoxide reaction both in the presence of a homogeneous Lewis
base’®>'® and as bifunctional single-component system
with immobilised quaternary ammonium moieties (Table 6,
entry 11)."®> Chitosan, which is a polysaccharide derived from
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naturally occurring chitin extracted from the shells of e.g.
shrimps and crabs,'®® was functionalised to introduce quatern-
ary ammonium moieties'®”**® or imidazolium moieties'®® and
was subsequently evaluated as a bio-based and metal-free
heterogeneous catalyst for the CO,/epoxide reaction, displaying
similar but slightly lower activity compared to the best cell-
ulose-based catalysts.

All the heterogeneous catalysts described above yield cyclic
carbonate as the main product, because the nucleophile-to-
Lewis acid ratio is >1, or because the activation of the epoxide
occurs through mild hydrogen-bonding, or finally because the
reaction temperature is relatively high (>100 °C). There exist
also metal-based heterogeneous catalytic systems that allow
the selective copolymerisation of CO, with epoxides, generally
with propylene oxide as substrate.'*>™°> The two main types of
such heterogeneous catalysts are zinc carboxylates, with zinc
glutarate (Table 6, entry 12) being the most active representa-
tive, and double metal cyanides.”® Zinc glutarate and other
zinc carboxylates are industrially relevant, as they are easy to
handle, non-toxic, air-stable and economically viable.>®
Double metal cyanide catalysts [Znz(M(CN)g),, where the most
commonly employed metals are M = Co(m) or Fe(u)]>*>* show
high activity for polymerisation reactions with a variety of
epoxides, including propylene oxide'°®™'°® and cyclohexene
oxide (Table 6, entry 13),"°"'°%'%® but they exhibit low CO,
uptake and commonly yield poly(ether carbonates) rather than
pure polycarbonates.”® In contrast to homogeneous catalytic
systems, heterogeneous catalysts such as zinc carboxylates and
double metal cyanides generally need more extreme reaction
conditions for epoxide/CO, polymerisations, namely a high
CO, pressure.

2.3. Effect of CO, source on catalyst performance

Although having received relatively little attention so far,"?*>%*

the source of CO, used for the reaction with epoxides is of
importance, especially in the perspective of large scale pro-
duction. When carbon dioxide is employed that has been cap-
tured from industrial sources such as the ones discussed in
section 1 (Table 1), it often contains impurities, including H,S,
CO, SOy, NO, and water.>®® The effect of these impurities on
the catalytic system is of crucial concern, as these compounds
could potentially influence the activity of the catalytic system

Table 7 Physicochemical properties of ethylene and propylene carbonate (hazard data obtained from REACH
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by poisoning the active sites or could even cause catalyst
degradation. Few studies investigated the effect of using
carbon dioxide with lower degree of purity and containing the
contaminants commonly found in flue gases.’”'?°?% In
general, these studies showed that several catalytic systems
active in the CO,/epoxide reaction (e.g. bimetallic aluminium
salen/tetrabutylammonium bromide,'®® immobilised bifunc-
tional bimetallic aluminium salen,?°>?%"  YCl,/tetrabutyl-
ammonium bromide,>*> magnesium bimetallic macrocyclic
phenolate®® and zirconium on silica/tetrabutylammonium
bromide®*!) are quite insensitive towards common flue gas
impurities. This supports the feasibility of this reaction as
pathway for the utilisation of waste CO,.>" In the perspective of
the industrial application of a novel catalyst in the reaction of
CO, with epoxide to produce either cyclic or polymeric carbon-
ates, future research should increasingly include investigations
of the influence of the CO, purity on the catalyst performance.

3. Applications of CO,-based cyclic
and polymeric carbonates

The two products of the reaction between CO, and epoxides,
i.e. cyclic carbonates and polycarbonates, differ both in struc-
ture and in properties, thereby generally finding rather
different kinds of applications.

3.1. Properties of cyclic carbonates

The two cyclic carbonates that are most widely employed are
ethylene carbonate (EC) and propylene carbonate (PC). Both
are polar aprotic compounds - see Table 7 for their dielectric
constant, dipole moment and other selected physicochemical
properties.>®® Due to their biodegradability, low toxicity, low
vapour pressure and high flash point, these two cyclic carbon-
ates are greener alternatives to traditional, more harmful polar
aprotic solvents such as dimethylformamide (DMF), hexa-
methylphosphoramide =~ (HMPA),  N-methyl-2-pyrrolidone
(NMP), dimethylacetamide and acetonitrile, with propylene
carbonate being a more viable solvent as it is a liquid at room
temperature whereas ethylene carbonate has a melting point
of 36 °C."7?%%2'1 A drawback of propylene and ethylene car-
bonate is their relatively high boiling point, which implies a

)223,224

Flash Vapour Dipole

Cyclic Boiling Melting point pressure Dielectric moment Density
carbonate  point (°C) point (°C) (°C) (kPa) constant (D) (gmL™")  Hazards

o 246 36 143 0.003 89.78 4.9 1.32 Harmful if swallowed, causes serious

(25 °C) (40 °QC) (39 °C) eye irritation, may cause damage to
o\_/o organs (kidney) through prolonged or
repeated exposure if swallowed
0 242 —49 135 0.004 66.14 4.9 1.20 Causes serious eye irritation
L (25 °C) (20 °C) (20 °C)

o} 0]

\_K
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more difficult and costly separation and recycling.
applications as solvents include cleaning,'* paint stripping
and degreasing,”'* and the use as electrolyte components in
batteries (see section 3.5). Another relevant application of
cyclic carbonates is as reactants for chemical syntheses, pro-
viding a greener alternative to toxic and/or volatile compounds
as phosgene (see section 3.4.1), epoxides and cyanates. In the
presence of a catalyst, typically an alkali compound, five-mem-
bered cyclic carbonates can be used to alkylate protic aro-
matics such as phenols, thiophenols, aniline and aromatic car-
boxylic acids (Fig. 5).>°” Although the reaction can be carried
out through a more direct path via reaction of the aromatic
compounds with epoxides (e.g. ethylene oxide or propylene
oxide), employing carbonates rather than epoxides has a few
advantages: (i) cyclic carbonates are less toxic than the corres-
ponding epoxides and, therefore, safer to handle; (ii) no need
for high-pressure equipment, which would be required when
working with volatile epoxides, as the alkylation reaction is
typically carried out at relatively high temperatures
(100-200 °C); (iii) no additional solvents are needed, as the
cyclic carbonate can act as both solvent and reactant.>”’
Aromatic compounds that are typically used in this reaction
include: hydroquinone, which is reacted with two molecules of
EC to produce a compound employed as spacer in the syn-
thesis of high-strength polyurethanes;**® cardanol (a com-
pound derived from cashew nut oil), which is reacted with EC
and PC to produce plasticisers;*'® resorcinol, which upon reac-
tion with EC and PC also produces compounds used as
spacers in polyurethane synthesis;*’” and cyanuric acid, which
is reacted with EC to form a crosslinking agent for polyester
resins used to coat underwater electric cables.**”*'® In
addition to the alkylation of aromatic compounds containing

)CJ)\ (0}
| l
Orede O A
l-COz,+H+ l -COy, +H*

e O,

Fig. 5 Alkylation of protic aromatic compounds with five-membered
cyclic carbonates in the presence of an alkali catalyst. X = O, NH, S or
COQ; B is an alkali.?%”

+ B —————
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hydroxyl, thiol or amino groups, aromatics bearing carboxyl
groups can be reacted with five-membered cyclic carbonates to
introduce alkyl ester moieties.”®” Moreover, the hydroxyl group
of the product of this reaction (Fig. 5, X = COO) can react
further with the carboxyl group of a second aromatic, thus
forming a diester compound. Following this route, multifunc-
tional carboxylic acids such as terephtalic acid have been
reacted with PC or EC to synthesise polyester oligomers, which
were subsequently used as prepolymers to produce polyester
resins.”””*' In addition to the synthesis of building blocks for
polymer production, the reaction of aromatic carboxylic acids
with cyclic carbonates has also been employed in polymer
modification, e.g. to lower the amount of free-acid end groups
in poly(ethylene terephthalate) [PET] with the purpose of
increasing the chemical resistance of the polymer**° or of
increasing the rate of reaction with isocyanates to produce
polyurethane foams;**' and to enhance the performance of
superabsorbing polymers used in diapers and feminine
hygiene products, by crosslinking the acid groups present in
the employed polymer (sodium polyacrylate).>°”**> Compared
to the previously mentioned protic aromatic compounds con-
taining hydroxyl or amino groups, the reaction of aliphatic
alcohols and amines with five-membered cyclic carbonates
proceeds differently (Fig. 6a). In the case of primary or second-
ary amines (and of ammonia), a urethane (carbamate) product
is formed.?” Although similar compounds can be formed via
the reaction of diols with urea, such route requires high tem-
peratures (120-170 °C), while five-membered cyclic carbonates
can react with primary amines at room temperature.*” In
most cases a catalyst is not required, but strong bases can be
used to increase the reaction rate.>*” The use of cyclic carbonates
and amines to produce urethane linkages provides a
greener alternative to the common synthesis of polyurethanes,
which is based on the reaction of toxic di- or polyisocyanates
with polyols (see section 3.4.3 for further information on

O Ry

R JL OH
- > \ O)\(

R, R, N
R, R,

b) R—OH  +

R: R,
R—OH
Rs
(0]
+ HO,
Rig )k Ri OH
o O R

2

Fig. 6 Reaction of five-membered cyclic carbonates with aliphatic
amines (a) and alcohols (b). Ry, Ry, Rz and R4 = hydrogen, alkyl.207
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this).?*”**® This type of reaction pathway also finds application
in epoxy resins (see section 3.4.2).

Aliphatic alcohols react with five-membered cyclic carbon-
ates similarly to aliphatic amines, but a successive reaction
with a second alcohol compound can also occur, thereby
forming a linear carbonate and a diol (Fig. 6b).**” This
additional step typically does not occur with aliphatic amines,
except at high temperatures (>150 °C).>**” A well-known
example of this reaction is the transcarbonation of cyclic car-
bonates (e.g. ethylene or propylene carbonate) with methanol
to produce dimethyl carbonate (DMC), a non-toxic and bio-
degradable compound that can be used in methylation and
carbonylation reactions as greener substitute for the highly
toxic reactants conventionally used (dimethyl sulphate and
phosgene, respectively).>*® An important industrialised
example of the application of a cyclic carbonate as alternative
to the extremely toxic phosgene through transcarbonation
reactions is the Asahi Kasei industrial process,”*” which rep-
resents a greener route for the synthesis of aromatic bisphe-
nol-A-based polycarbonates (see 3.4.1 for more detailed infor-
mation). When, instead of simple alcohols, diols are employed
in the reaction with five-membered cyclic carbonates, other
five-membered cyclic carbonates, six-membered cyclic carbon-
ates and polycarbonates can be formed.?*” In this context, the
reaction of ethylene carbonate and propylene carbonate with
glycerol to form glycerol carbonate is a promising synthesis
route as it allows converting a large-scale bio-based by-product
from biodiesel manufacturing as glycerol into a valuable
organic compound that can find application as low-volatility
solvent in varnishes, glues, cosmetics and pharmaceuticals
and as organic building block for preparing epichlorohydrin
and polymers such as hyperbranched polyethers, polyesters,
polycarbonates, polyurethanes and polyamides.>*?>-2¢:2287232
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This route to synthesise glycerol carbonate is more viable com-
pared to the direct reaction of glycerol with CO,, which is
thermodynamically unfavourable and thus results in low yields
unless the formed water is removed from the reaction
mixture.””®*** Among the products of the reaction of diols
with five-membered cyclic carbonates, six-membered cyclic
carbonates have been studied as starting materials for poly-
merisation reactions, as these compounds display lower
thermodynamic stability and are thus more readily polymer-
ised compared to their five-membered counterparts.***°”

3.2. Properties of polycarbonates prepared from CO, and
epoxides

Polycarbonates can be prepared by the polymerisation of
carbon dioxide with a wide range of epoxides (Table 8), with
propylene oxide and cyclohexene oxide being the most widely
studied monomers. These polycarbonates are related to the
bisphenol-A-based aromatic polycarbonates mentioned above,
as they are all characterised by the carbonate group in their
backbone, but differ markedly in terms of physicochemical
properties and thus in potential applications due to the
absence of aromaticity in the polycarbonate backbone.
Bisphenol-A-based polycarbonates (BPA-PC) display excellent
physicochemical properties such as relatively high Tg, high heat
and impact resistance, transparency and dimensional stability,
which make them suitable as engineering plastics for a wide
variety of applications including automotive industry, con-
struction, optics and electronics.'”?*” On the other hand, the
first generation of CO,/epoxide polycarbonates, often based on
propylene oxide or cyclohexene oxide, have different thermal
and mechanical properties as well as lower thermal stability
compared to BPA-PC. As a result, these polycarbonates cannot
be employed as engineering plastics.”'*'” More specifically,

Table 8 Selected thermal and mechanical properties of CO,-based polycarbonates

Tensile Tensile Impact
M, (kg mol™) Ty Td,initial Tdasoss Mmodulus —strength Elongation strength Transmission
Polycarbonate [PDI] (°C) (°C)  (°C) (MPa) (MPa)  atbreak (%) (Jem™") (%) Ref.
Poly(ethylene carbonate) — 10 217 — 3-8 — >600 — — 242
Poly(propylene carbonate) 7.5(3.8] 28 235 — 212 9 8 — — 242
— 38 — — 1353 14.7 203.1 7.27 — 243
69.5 [1.09] 42 — 252 — — — — — 244
— 25-45 +240 — 700-1400 7-30 — — — 245
Poly(butene carbonate) 180 [1.15] 9 — 241 — — — — — 246
Poly(pentene carbonate) 7.5[5.1] -4 246 — — — — — — 242
Poly(hexene carbonate) 9.5 [4.8] -10 250 — — — — — — 242
— -15 — 253 — — — — 246
Poly(cyclohexene carbonate) 8[4.2] 105 282 — 2460 11.8 0.5 — — 242
63 [1.06] 18 — 310 — — — — — 244
— 125 — — 2707 29.4 1.3 1.31 — 243
Poly(vinyl-cyclohexene carbonate) — 107 — . 2110 36.7 1.3 1.02 . 243
Poly(limonene carbonate) 53.4[1.10] 130 250° 265" 950 55 15 — 94 238
3.69 [1.34] 72 226°  — — — — — — 247
10.6[1.43] 112 — - — — — — — 94
Poly(limonene oxide carbonate)  11.4 [1.29] 135 — . — — . — . 239
Poly(indene carbonate) 9.7 [1.12] 138 239 257 — — — — — 237
Bisphenol-A polycarbonate — 149 — 458  2000-2800 43-51  15-75 9 89 4,234 and 235

“ Tasvor ” Tamax- © Tar00- PDI: polydispersity index, Mi,/M,.
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poly(propylene carbonate)s (PPC) have significantly lower glass
transition temperature (7T,) compared to bisphenol-A-based
polycarbonate and thus display elastic behaviour (high elonga-
tion at break and impact strength) and lower tensile modulus
and tensile strength (Table 8)."” Poly(cyclohexene carbonate)s
(PCHC) have higher T, and approach the mechanical pro-
perties of bisphenol-A-based polycarbonate in terms of tensile
modulus and strength, but they display inferior impact pro-
perties and elongation at break and, thus, are brittle at room
temperature (Table 8)."”

Although the typical characteristics of BPA-PC (i.e. relatively
high T, no crystallinity and outstanding impact behav-
iour),****?*> remain unreachable benchmarks for poly(propy-
lene carbonate) and poly(cyclohexene carbonate), attempts
have been reported to match the high T, values (~150 °C) by
reacting CO, with other epoxides. Examples include polycarbo-
nates prepared from CO, and indene oxide (with a T, up to
138 °C vs. ~150 °C for BPA-PC),****” limonene oxide (T, of
130 °C, improved pencil hardness (B vs. 8B) and higher trans-
parency (94% vs. 89%) compared to BPA-PC)*****® and limo-
nene dioxide (7, up to 135 °C for unmodified CO,/limonene
dioxide polycarbonates).>*® Although the T, of these CO,-
based polycarbonates match that of BPA-PC, their impact
behaviour was not studied, thereby not (yet) demonstrating
their suitability as replacements for BPA-PC in rigid engineer-
ing plastic.

An overview of selected thermal and mechanical properties
of several polycarbonates is given in Table 8. It can be seen
that the glass-transition temperature is strongly dependent on
the molecular weight of the polymer (the T, increases with the
molecular weight up to a certain value of M, above which it
remains approximately constant)."” The obtained molecular
weights for CO,/epoxide copolymers are typically lower than
the maximum theoretical values that would be calculated
assuming a living anionic polymerisation mechanism. This
occurs because the polymerisation is sensitive towards traces
of protic compounds (i.e. water, alcohols or acids), that can
cause chain transfer reactions (see Fig. 7) resulting in termin-
ation of the polymer chain and thus leading to relatively low
molecular weight polymers.*>® While the presence of adventi-
tious water typically limits the molecular weight of polycarbo-
nate chains (i.e. M, < 20 kg mol™"), its role as chain transfer
agent can also be exploited to generate low molecular weight
polycarbonates with terminal hydroxyl groups,**® which can

R1
0. (0] Ri
Y R, Ts OYO\&R
R (0] 2
ZI % + Rm—OH — @ + R, O X
Ri 0 M I
E R{ OH
M

Fig. 7 Chain transfer reaction with a protic compound (i.e. water, alco-
hols or acids) during the polymerisation of CO, and epoxides catalysed
by a Lewis acid (M) and a nucleophile (X).

This journal is © The Royal Society of Chemistry 2019
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serve as polyols for polyurethane synthesis (see section 3.4.3).
In addition to the influence of the polymer molecular weight
on the glass transition temperature, the rigidity of the struc-
ture of the polycarbonate backbone affects the T,, which
decreases in the order of aromatic > alicyclic > linear aliphatic
units in the backbone (i.e. T,: BPA-PC > PCHC > PPC).
Furthermore, a substantial decrease in T is observed upon an
increase in the length of the alkyl side chains (7,: poly(propyl-
ene carbonate) > poly(butane carbonate) > poly(pentene car-
bonate) > poly(hexane carbonate)). This can be ascribed to an
increasing free volume of the polymeric chains, which results
in less interaction between these chains, producing an increase
in mobility.

Although CO,-based polycarbonates are typically amor-
phous polymers, semi-crystalline stereoregular poly(propylene
carbonate)s and poly(cyclohexene oxide)s were also syn-
thesised, by employing a chiral catalyst, an enantiopure
epoxide monomer, or both.'”>*®>*' These poly(cyclohexene
oxide)s possess high melting temperature (7,, = 215-230 °C),
which increases their potential to be used in products that are
regularly subjected to high temperatures.”*® The thermal pro-
perties of poly(propylene carbonate) also improved upon intro-
duction of stereoregularity. More specifically, the initial degra-
dation temperature of stereoblock poly(propylene carbonate)
(Tas9 = 253 °C) with isotactic (S)- and (R)-blocks is higher than
that of atactic poly(propylene poly(propylene carbonate)
(Tase = 229 °C).>*" Notably, the T, of isotactic poly(propylene
carbonate) was lower than that of atactic poly(propylene carbo-
nate) with similar molecular weight (T, = 24 °C vs. T, = 34 °C,
respectively).>"’ In general, CO,-epoxide copolymers are
biodegradable.”****° For example, it has been shown that
poly(propylene carbonate) is biodegradable in air, water
and soil, and that the process does not generate toxic
substances."”

The properties of the polycarbonates prepared by the alter-
nating CO,-epoxide polymerisation summarised above are
promising for a variety of applications, which are discussed in
detail in sections 3.4-3.7. The identification of these (poten-
tial) applications typically occurs by benchmarking the pro-
perties of these polycarbonates against those of other poly-
mers. Additionally, other strategies can be considered for
tuning the physicochemical properties of CO,/epoxide polycar-
bonates, including (i) terpolymerisation (i.e. reaction of CO,
with an epoxide and a third monomer that can be another
epoxide, an anhydride or caprolactone);>*'™>>* (ii) block-copoly-
merisation (i.e. sequential growth of a polymer consisting of
different blocks of which at least one is based on CO,/epoxide
copolymerisation)®*>?**?** " (iii) post-polymerisation modifi-
cation of the functional groups that might be present along
the backbone;*** (iv) end-group modification by using func-
tional compounds as chain transfer agents (if the functional
compound contains two or more groups that can give chain
transfer, polymer extension or branching can be achieved'”***)
(v) blending of polycarbonates with other polymers or with in-
organic solids."”*****” Pparticularly, the post-polymerisation
modification is a highly versatile approach: when epoxide

’
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Table 9 Selected epoxides with their sources and hazards
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Boiling

Epoxide Structure point (°C)  Hazards Toxicity Source (stage)

Ethylene oxide (EO) /& 10.7 Extremely flammable, toxic if ~ LCso: 800 ppm Bio-based (commercial),**?
inhaled, may cause genetic (rat, 4 h, petroleum-based (commercial)
defects or cancer inhalation)

Propylene oxide (PO) O 34 Extremely flammable, toxic if ~ LDs,: 380 mg Bio-based (proposed),>®*~>%°

% inhaled, may cause genetic kg™ (rat, oral) petroleum-based (commercial)
defects or cancer

Epichlorohydrin 0 115-117 Flammable, toxic, corrosive, LDso: 90 mg kg™'  Bio-based (commercial),**?

(ECH) %CI may cause cancer (rat, oral) petroleum-based (commercial)

2-Vinyloxirane (VO) O 66 Highly flammable, suspected  n.a. Bio-based (partially commercial),?*®

W of causing genetic defects petroleum-based (commercial)

Styrene oxide (SO) 0\7\© 194 Harmful, irritant, toxic if LDs5p: 1500 mg Petroleum-based (commercial)
inhaled, may cause genetic kg™ (mouse,
defects or cancer oral)

Cyclohexene oxide 0 129-130 Flammable, toxic, corrosive LDs,: 1058 mg Bio-based (proposed),®” petroleum-

(CHO) D kg™ (rat, oral) based (commercial)

Cyclohexadiene o] n.a n.a n.a. Bio-based (proof of concept)*****

oxide (CHDO) D

Vinyl-cyclohexene 0 169 Flammable, harmful, LD5o: 1904 mg Bio-based (precursors are

oxide (VCHO) y suspected of causing cancer kg™ (rat, oral) commercially available),**®

petroleum-based (commercial)

Limonene oxide (LO) 0 n.a. Flammable, may cause eye, n.a. Bio-based (commercial)

irritation

g

skin and respiratory system

LCs, = lethal concentration of toxic agent sufficient to cause death of 50% of the subject population. LDs, = lethal dose of toxic agent sufficient

to cause death of 50% of the subject population. n.a. = not available.

substrates such as limonene oxide (LO), cyclohexadiene oxide
(CHDO), vinyl-cyclohexene oxide (VCHO) or 2-vinyloxirane (VO)
(Table 9) are used in the CO,/epoxide copolymerisation reac-
tion, polycarbonates are produced that contain unsaturated
moieties. These groups provide a synthetic toolbox to intro-
duce a variety of functionalities, thereby making it possible to
tune the chemical and mechanical properties of the
polymer.234,247,258—265

The interest towards the industrial application of CO,-
based polycarbonates is testified by the several patents describ-
ing these products and the processes for their manufactur-
ing,”°>?%” filed by small, dedicated enterprises or large chemi-
cal companies including BASF,”®*?% Covestro (former Bayer
Material Science),””°>”® Novomer>’**”> (currently part of
Saudi Aramco), Empower Materials,”’® Cardia Bioplastics®”’
and SK Group.””®?”° Additionally, some patents are owned by
universities.>**%!

276

3.3. Towards fully renewable CO,-based cyclic and polymeric
carbonates

The two epoxides that are most commonly employed for the
large-scale synthesis of CO,-based cyclic and polymeric car-
bonates, ie. ethylene oxide and propylene oxide, are syn-
thesised industrially from ethylene and propylene. Although
commonly derived from petrochemical feedstock, interest has
increased for developing bio-based routes for producing these

420 | Green Chem., 2019, 21, 406-448

two compounds. Ethylene can be produced via a bio-based
route through the dehydration of ethanol®®* or via the cracking
of bio-naphtha.”® Several plants where bio-ethanol is con-
verted into ethylene have been or are being established in
Brazil, India and China.”®>?%® Additionally, various synthetic
routes for the production of propylene from renewable
resources have been suggested: (i) from methanol via metha-
nol-to-olefins technology (MTO);***?% (ii) by hydrodeoxygena-
tion of glycerol, which is the main side product of biodiesel
manufacturing;®®*  (iii) by dehydrogenation of propane
obtained as a by-product of biodiesel manufacturing;***2%° (iv)
by conversion of vegetable oil into propylene via catalytic
cracking;***?% (v) by dehydration of ethanol to ethylene, fol-
lowed by dimerisation to form butene, and a final metathesis
reaction step with ethylene;*®>*% (vi) by dehydration of
butanol (derived from the fermentation of carbohydrates or via
a bio-based syngas-route) to yield butene, followed by a meta-
thesis step with ethylene.*®*>*®* In addition to the technologi-
cal challenges in producing ethylene oxide and propylene
oxide from bio-based sources, these routes should ideally also
be cost-efficient in order to be able to compete with the low
cost of their petroleum-based counterparts.

Albeit the production of ethylene and propylene carbonate
through the conversion of carbon dioxide with respectively
ethylene oxide and propylene oxide is a well-established indus-
trial process,"**?%® the use of ethylene oxide and propylene

This journal is © The Royal Society of Chemistry 2019
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oxide results in serious safety concerns due to the combination
of high toxicity and volatility of both epoxides (especially ethyl-
ene oxide, which is a gas at room temperature). Cyclohexene
oxide has a higher boiling point and is thus safer to use, but it
is more expensive and is still usually derived from pet-
roleum.?*® Small amounts of cyclohexene have been observed
during the hydrodeoxygenation of lignin-derivable phenols,
although these quantities typically do not exceed more than a
few percent.”®>°' More recently, increasing attention has
been given to the use of bio-based epoxides for the synthesis
of cyclic and polymeric carbonates by reaction with CO,.
Among  these, limonene oxide and limonene
dioxide®”?3%238,239,247,260.292 ¢an be produced through the well-
studied epoxidation of (R)-(+)-limonene, a naturally occurring
terpene that is extracted from e.g. citrus peels (generated as
abundant waste of the juice extraction from orange and other
citrus fruits).”>> Unsaturated fatty acids and esters derived
from triglycerides (e.g. those in vegetable oils) contain one or
more double bonds that can be converted into epoxide groups
and, subsequently, into cyclic or polymeric carbonates.>**2
Other bio-based epoxides can be prepared through multiple
synthetic steps, and include 4-vinylcyclohexene oxide,>>%26329¢
which can be synthesised via Diels-Alder dimerisation of bio-
butadiene®®” followed by epoxidation of the double bond; 1,4-
cyclohexadiene oxide,?®*?%” which can be synthesised via selec-
tive epoxidation of one of the two double bonds in 1,4-cyclo-
hexadiene, a by-product of the self-metathesis of some polyun-
saturated fatty acids derived from plant oils.>***®”
Epichlorohydrin®?®2°® can be derived from bio-based glycerol
in a two-step process, but the use of HCI as chloride source
decreases the greenness of this option.>® Epichlorohydrin is
also the starting compound used to prepare glycidyl ether-
based epoxides, which have been employed as substrates in
the CO,/epoxide polymerisation reaction.’**% For all these
bio-based resources, a challenge might be represented by their
availability (and cost), which should match the desired market
size of the targeted application of the cyclic or polymeric car-
bonate product.>°°

Although the utilisation of bio-based epoxides increases the
renewable character of CO,-based cyclic and polymeric carbon-
ates, the hazards originating from the high toxicity of epoxides
are still a concern (Table 9). A solution would be to directly
synthesise the CO,-based carbonates from the alkene from
which the epoxides are generally prepared. This one-pot pro-
cedure would be advantageous both from the point of view of
sustainability and of industrial applicability, as avoiding the
purification and handling of epoxides would result in higher
safety and lower process costs.' This process requires a multi-
functional catalytic system (either a one-component system or
two separate non-interfering catalysts) that is able to promote
both the oxidation of alkenes to epoxides and the subsequent
reaction with CO, to form carbonates. So far, only few studies
have been conducted concerning this one-pot route, typically
employing a combination of known oxidation catalysts with
CO,/epoxide catalysts."**%”1> The main issue encountered is
the formation of side products during the epoxidation step,

This journal is © The Royal Society of Chemistry 2019
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leading to low selectivity of the carbonate end-product. A
further challenge is to develop a catalytic process operating at
mild conditions, using a green oxidant such as H,O, or O,
rather than organic peroxides.’™?

3.4. Application of cyclic and polymeric carbonates in the
preparation of polymer products

Several strategies have been developed for the application of
both cyclic and polymeric carbonates produced from CO, in
the preparation of polymer products. These strategies range
from the use of cyclic carbonates as reactive intermediates in
the formation of urethane linkages or as precursors for trans-
carbonation reactions to synthesise aromatic polycarbonates,
to the application of CO,-based polycarbonates in functional
coatings, as polyols for polyurethane production and in poly-
meric blends and composites. These strategies find a variety of
applications, in some cases reaching industrial production, as
reviewed in more detail in the following sub-sections (3.4.1-5).

3.4.1. Bisphenol-A-based polycarbonates prepared using
cyclic carbonates as alternative to phosgene. Bisphenol-A-
based polycarbonates (BPA-PC) are one of the major classes of
polymer products with a yearly worldwide demand of
4.1 million tonnes (in 2017)*!* and with a broad range of appli-
cations as engineering plastics in optics, electronics, for auto-
motive parts and as construction materials. The major indus-
trial process for the production of these polycarbonates
involves the use of the highly toxic phosgene as reactant and of
methylene chloride (which is a suspected highly carcinogenic
compound) as polymerisation solvent, resulting in Cl-impuri-
ties in the polycarbonate product that negatively impact its
quality, in corrosion of processing equipment caused by the
formed NaCl/HCI side-products and in large amounts of con-
taminated wastewater that require proper treatment and disposal.
An alternative, much greener route for the synthesis of aro-
matic bisphenol-A-based polycarbonates was developed by
Asahi Kasei by using ethylene carbonate instead of the extre-
mely toxic phosgene to introduce carbonate moieties in the
polymer through transcarbonation reactions (Fig. 8).>*” This
route was industrialised in 2002 and has several assets from
the point of view of green chemistry: (i) it converts CO,, ethyl-
ene oxide and bisphenol A into two useful products, i.e. poly-
carbonate and ethylene glycol, with high yield and selectivity
(>99%); (ii) it does not involve phosgene or chlorinated com-
pounds; (iii) the process is solvent-free; (iv) the carbon dioxide
used in the process is a by-product from the production of
ethylene oxide; (v) all intermediate products are completely
used or recycled; (vi) no waste products nor wastewater are gen-
erated, thereby eliminating expensive and difficult purification
and separation steps; (vii) it is less material- and energy-inten-
sive compared to the conventional process.'®**” The first step
in the process is the cycloaddition of CO, to ethylene oxide to
form ethylene carbonate and ethylene glycol, followed by con-
version of ethylene carbonate into dimethyl carbonate by reac-
tion with methanol (see Fig. 8). Next, a second transcarbona-
tion is carried out by reacting dimethyl carbonate with phenol
to obtain diphenyl carbonate, which in turn is reacted with
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Fig. 8 General overview of the Asahi Kasei non-phosgene polycarbonate production process.

bisphenol A to generate the final polycarbonate product.
Ethylene carbonate is first converted into dimethyl carbonate,
as direct reaction of ethylene carbonate with phenol would
result in ring-opening of the cyclic carbonate, followed by loss
of CO, and, hence, of the carbonate moiety (see Fig. 5).>°” The
obtained dimethyl carbonate is then converted into diphenyl
carbonate because dimethyl carbonate is unsuitable as poly-
merisation reactant for obtaining high molecular weight poly-
carbonate since the reaction of the terminal hydroxyl groups of
the polycarbonate oligomers with the methyl carbonate group
is far less favourable due to the high basicity of the methoxide
anion compared to the phenoxide anion.*'> The methanol and
phenol are fully recovered via (reactive) distillation and reused
in the process. Finding an alternative to the toxic ethylene
oxide reactant would further increase the sustainability of this
route. Additionally, it would be desirable to find an alternative
to bisphenol A, which is under scrutiny as it is suspected to
have adverse effects on human health (i.e. endocrine disrup-
tion) and has thus been banned from use in infant-food con-
tainers in various countries including several members of the
European Union, China, Japan, Australia, Canada and USA.>"®
3.4.2. Cyclic carbonates in epoxy resin applications.
Natural and synthetic resins are important precursors for
countless everyday commodities (the definition of resin in this
review is that provided by IUPAC: “soft solid or highly viscous
substance, usually containing prepolymers with reactive
groups”®'’). Amongst the various existing resin types, epoxy
resins are a class of thermosetting resins characterised by the
presence of reactive epoxide moieties, finding widespread
application in i.a. coatings, adhesives, foams, laminates, com-
posites and electronic materials.>'®*'® Their extensive utilis-
ation is a result of their excellent properties upon curing (i.e.
upon crosslinking of the resin into a higher molar mass poly-
meric network),**® including high tensile strength and
Young’s modulus, high thermal stability, broad solvent resis-
tance, high adhesion strength, heat resistance and high electri-
cal resistance. These properties can be tuned by varying the
type of epoxy resin, curing agent and curing process.’****' The
main drawback of traditional epoxy resins is that upon curing
they tend to produce brittle materials with low elasticity and
impact resistance, as a consequence of their typically high
crosslink density.**>*>* These properties can be improved via
various routes, the main strategy being based on the addition
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of a ductile second phase (e.g. rubbers, polyurethanes or acry-
lates) that precipitates during curing, resulting in a product
with a multiphase morphology and increased impact resis-
tance.’*® Another strategy to increase the toughness of the
cured product is to chemically modify the resin by introducing
specific functional groups that generate flexible linkages upon
curing. In this context, the influence of urethane bonds on the
final properties of cured epoxy resins used in lacquers and
adhesives was investigated.**>*>**?> Several paths to introduce
urethane linkages were examined via CO,/epoxide chemistry
(Fig. 9). A first approach consists in converting part of the
terminal epoxide groups of the resin into cyclic carbonates,
thereby producing epoxy resins with various amounts (up to
54%) of cyclic carbonate moieties (Fig. 9A).>>* These cyclic car-
bonate groups can be converted into urethane bonds via
curing with amines (Fig. 6a). When this approach was applied
to commercial epoxy resins based on bisphenol-A diglycidyl
higher reaction with triethyl-
enetetramine were observed for the resins containing cyclic

ethers, curing rates by
carbonate moieties. This was attributed to a lower activation
energy for the reaction between a cyclic carbonate and an
amine compared to the reaction between an epoxide and an
amine. A further difference between epoxide and carbonate
groups in the reaction with primary amines is that the second-
ary amine formed upon reaction with the epoxide can react
further with another epoxide, whereas the urethane linkage
formed upon reaction with the carbonate is not prone to
further crosslinking. As a consequence, lower crosslink density
is generally obtained with resins containing cyclic carbonate
groups. While it is often observed that incorporation of addi-
tives in epoxy resins can result in a significant decrease in
mechanical properties such as tensile strength and tensile
modulus,**® CO,-modification was measured to only cause a
slight decline in tensile properties of the cured resins (selected
properties are shown in Table 10, entries 1 and 2). On the
other hand, the compressive properties improved considerably,
with exceptional rises in compressive strength and strain, and
the adhesive properties were also enhanced, as shown by the
higher values of lap shear strength and tensile-peel strength
in the CO,-modified material (Table 10, entries 1 and 2). These
improvements were ascribed to increased van der Waals inter-
actions within the crosslinked networks due to the presence of
polar urethane bonds and residual cyclic carbonate moieties.

This journal is © The Royal Society of Chemistry 2019
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The CO,-modification also caused a considerable increase in
the viscosity of the resin, thereby limiting its applicability as
adhesive or coating.*** In order to decrease the viscosity of the
modified epoxy resins, aliphatic CO,-based cyclic carbonates
(e.g. the cyclic carbonate analogue of triethylene glycol diglyci-
dyl ether) were added to the resins as thinners and reactive
ingredients (Fig. 9B).>>> The presence of aliphatic cyclic car-
bonate additives led to a decrease in dynamic viscosity and to
crosslinking density upon curing with triethyl-
enetetramine, but also enhanced the impact resistance, the
tensile strength and elongation at break (Table 10, entries 3
and 4), indicating improved flexibility of the cured modified
resin in comparison to the original epoxy resin. While this
enhanced ductility could partially be ascribed to the decrease
in crosslink density, the authors related the enhanced tensile
properties to increased van der Waals interactions due to the
presence of polar groups, ie. the urethane bonds formed
during curing and residual cyclic carbonate groups. Adhesion
studies were also conducted, showing that the enhanced flexi-

lower

This journal is © The Royal Society of Chemistry 2019

bility resulted in an increased resin adhesion to aluminium
surfaces and in a higher shear strength (Table 10, entries 3
and 4). On the other hand, the cured resins incorporating
cyclic carbonates displayed inferior chemical resistance com-
pared to the cured unmodified epoxy resin, which was
ascribed to the lower crosslink density. Alternatively to the
modification of the epoxy resin via introduction of cyclic car-
bonate groups, the final properties of the cured resin can also
be tuned by modifying the amine crosslinking agent via reac-
tion with cyclic carbonates.>*® Triethylenetetramine, used as
amine curing agent in epoxy resins, was reacted with various
cyclic carbonate compounds, e.g. propylene carbonate, styrene
carbonate and the carbonate from allyl glycidyl ether, to
produce modified curing agents (Fig. 9C). This modification of
the amine crosslinking agent resulted in a lower crosslink
density in the final cured product, a similar trend as observed
in the case of the CO,-modified epoxy resin.*** This was
ascribed to the fact that part of the amine groups are con-
sumed due to reaction with cyclic carbonates, which prevents
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Table 10 Thermal, mechanical and adhesive properties of polymer products prepared employing cyclic or polymeric carbonates

Compressive
properties
Tensile Tensile Yield Lap shear Tensile-peel
Ty Td,initial strength modulus stress Elongation at Strength Strain strength strength (kN
#  Composition (°Q) (°C) (MPa) (MPa) (MPa) break (%) (MPa) (%) (MPa) m™) Ref.
1 Epoxy/triethylenetetramine — 208-210 29 — 11 4.0 118 13.5 6.3 0.60 324
2 CO,-modified epoxy/ — 208-210 23-29 — 8.5-12 3.2-3.8 196-235 42-50 7.5-8.7 1.47-2.10 324
triethylenetetramine
3 Epoxy/triethylenetetramine — — 37 — 12 4.0 260 50 4.1 107 322
4  Epoxy/TGDEC/triethylenetetramine =~ — — 47-69 — 13-15 5.4-8.0 235-275 45-55 5.1-5.7 108-127 322
5  Epoxy/triethylenetetramine — — 26 2010 7 1 223 63 6.4 0.059 325
6  Epoxy/carbonate-modified — — 17-72 1710-2110 5-12 1-8 88-261 36-58 7.6-14.4 0.11-0.22 325
triethylenetetramine
7  Tetrafunctional epoxide/ 186 325 — — — — — — — — 318
diethylenetriamine
8  CO,-Modified tetrafunctional 149 309 — — — — — — — — 318
epoxide (48%)/diethylenetriamine
9  Poly(propylene carbonate-ether) 18.7 — 52 579 (100% — 410 — — — — 326
polyurethane elongation)
10 Poly(butylene adipate glycol) — — 68 57.8 (100% — 781 — — — — 326
polyurethane elongation)
11 Poly(propylene oxide glycol) — — 20 7.96 (100% — 930 — — — — 326
polyurethane elongation)
12 Polyadipate polyurethane — — — — — — — — — 21 327
13 Poly(propylene carbonate)/ — — — — — — — — — 14-22 327
polyadipate polyurethane
14 Polyhydroxyurethanes based on 15-18 227-239 — 2.0 — 126-129 — — — — 328
carbonated soybean oil/short (5 wt%)
amines
15 Polyhydroxyurethanes based on —5-1  340-353 — 169-224 — 286-406 — — — — 328
carbonated soybean oil/oligoamide (5 wt%)
16 Limonene dicarbonate/ 55-70 — — 2400-4100 7-21 1-2 — — — — 329

polyhydroxyurethane networks
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them from participating in crosslinking reactions with epoxide
groups. Although the tensile and compressive properties did
not substantially improve (Table 10, entries 5 and 6), the
adhesive properties were significantly enhanced, which was
again ascribed to enhanced interactions between the polar
urethane moieties of the cured resin and the test surface, and
to increased flexibility as a result of the lower crosslink
density. The epoxy resins discussed above consist of linear
bifunctional epoxides. For traditional thermosets based on
epoxy resins, the use of a multifunctional curing agent (typi-
cally amines) is normally exploited in order to achieve higher
crosslinking densities and a variety of corresponding mechani-
cal and thermal properties. However, it is also possible to use
a multifunctional epoxide. This higher number of epoxide
groups per molecule leads to cured resins with higher cross-
link density, better chemical resistance, higher thermal stabi-
lity and better cohesiveness compared to cured resins originat-
ing from linear bifunctional epoxides.*'® Although this could
yield products with similar crosslinking densities as compared
to traditional ones obtained through multifunctional amines,
the resulting thermal and mechanical behaviour could be
different (different chemical structure at and between the
crosslinking points). In this respect, these synthetic routes
offer a relevant strategic flexibility. Multifunctional epoxides
have also been investigated with respect to CO,-modification.
For example, a tetrafunctional epoxy resin (4,4-methylenebis
(N,N-diglycidyl aniline), Fig. 9D) was modified by converting a
fraction of the epoxide moieties into cyclic carbonate groups
(18 and 48%).’'® Similarly to the above-mentioned bifunc-
tional epoxy resins,**>***??* higher curing rates with diethyl-
enetriamine were observed for the tetrafunctional CO,-modi-
fied epoxy resins. The thermal properties were also affected by
the CO,-modification (Table 10, entries 7 and 8): the observed
lower T, of the final crosslinked network and the slight
decrease in initial decomposition temperature were ascribed
to the decrease in crosslink density.

3.4.3. Polyurethanes prepared using cyclic and polymeric
carbonates. Polyurethanes constitute an important class of
polymer products, which are typified by the presence of
urethane (carbamate) linkages. Having an estimated market
size of approximately 20 million tonnes per year,**’ the main
application of polyurethanes is in the production of rigid and
flexible foams, coatings and adhesives. The synthesis of poly-
urethanes typically involves an addition reaction between a di-
or polyisocyanate and a compound with at least two hydroxyl
groups. In foams these two components are: a diisocyanate
(typically, 4,4"-methylene diphenyl diisocyanate (MDI) for rigid
foams and toluene-2,4-diisocyanate (TDI) for flexible foams);
and a polyol (i.e. a polymer containing at least two hydroxyl
groups), with the number of hydroxyl functional groups (f)
being higher for rigid foams (3 < f < 6) than for flexible foams
(2 < f < 3). The diisocyanate and the polyol react to produce
crosslinked polymer networks that can be employed as
thermal insulating and structural foams in diverse fields such
as, for rigid foams, construction and automotive industry and,
for flexible foams, furniture, automotive seating, sound insula-

This journal is © The Royal Society of Chemistry 2019
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tion and footwear.**'** Rigid polyurethane foams are charac-
terised by a high strength-to-weight ratio, low density, low
thermal conductivity and low moisture permeability, while
flexible foams possess excellent elasticity and low sound
conductivity.>**** In addition to thermosetting foams, ther-
moplastic polyurethane-based elastomers also exist (typically
synthesised from diisocyanates and diols, i.e. compounds with
f=2) that are employed in applications where properties such
as high tear and tensile strength or good wear and abrasion
resistances are required, e.g. medical implants, paints, coat-
ings and binders.****%° In paints and coatings, aliphatic iso-
cyanates (e.g. 1,6-hexamethylene diisocyanate (HDI)) are typi-
cally used instead of aromatic isocyanates, as the latter are
more prone to UV-degradation.?*®

A general drawback of polyurethane formulations for
foams is that products prepared with polyesters as polyols
exhibit excellent mechanical properties but poor hydrolysis re-
sistance, while polyurethanes prepared using polyethers as
polyols possess proper hydrolysis resistance but insufficient
oxidation resistance and display poor mechanical pro-
perties.>**?*” Since CO,-epoxide-based polycarbonates share
similarities with both polyesters and polyethers with regard to
the chemical structure but have lower tendency to hydrolyse
compared to polyesters, polycarbonate polyols have been inves-
tigated as an alternative to conventional polyester and poly-
ether polyols. Additionally, employing CO,-based poly(carbon-
ate-ether) polyols is a greener option, as it allows increasing
the renewable content of the polymer (up to 43 wt% CO, in the
case of poly(propylene carbonate)). This approach, commonly
referred to as the “Dream Production”, has been pioneered by
Bayer Material Science (currently Covestro),*”?*® using a
double metal cyanide (DMC) catalyst to produce poly(carbon-
ate-ether) polyols from CO,, propylene oxide and an alcohol
starter. For this application, poly(carbonate-ether) polyols are
employed rather than polyols with only carbonate linkages, as
the presence of ether bonds leads to polyols with lower T,
value [—60 °C for poly(propylene carbonate-ether) with a CO,-
content of 7.1 wt%], which allows processing with the stan-
dard industrial equipment used in polyurethane foam pro-
duction.**” 1t was estimated via life-cycle analysis that the pro-
duction of these CO,-based poly(carbonate-ether) polyols
requires 13-16% less fossil resources than the production of
conventional petroleum-based polyols,**® indicating that sub-
stitution of petroleum-based polyols with CO,-based polyols is
very promising, both from a sustainability point of view and
with respect to cost reduction. Since 2016, Covestro has been
commercially producing polyols with up to 20% CO,-content
for use in flexible polyurethane foams, with an annual pro-
duction capacity of 5000 tonnes.>*® Another example of a com-
mercial polyurethane product made from CO,-polycarbonate
polyols is the foam prepared using poly(propylene carbonate)
polyols by Saudi Aramco (Converge polyols, formerly part of
Novomer).>*" The advantages of CO,-based poly(carbonate-
ether)s as polyols for polyurethane synthesis over their poly-
ester and polyether counterparts was further demonstrated by
synthesising a series of polyurethanes from poly(propylene
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carbonate-ether) polyols and comparing them with poly-
urethanes incorporating polyester (poly(butylene adipate
glycol)) or polyether (poly(propylene oxide glycol)) seg-
ments.**® It was observed that the polycarbonate-based poly-
urethane (with 66% carbonate linkages and 34% ether lin-
kages) exhibited better mechanical properties, although with a
lower elongation at break compared to the other two poly-
urethanes, indicating a more rigid plastic behaviour (Table 10,
entries 9-11). In addition, the poly(carbonate-ether)-based
polyurethane exhibited better resistance against hydrolysis and
oxidation compared to the polyester and polyether poly-
urethanes, which was ascribed to the presence of ether link-
ages with good hydrolysis resistance and to the relatively
hydrophobic and rigid propylene carbonate repeating units,
which might limit the permeation of water and, thus, increase
the hydrolysis and oxidation resistance.

Numerous other accounts exist in the scientific literature
on the usage of CO,-derived polycarbonates in polyurethane
synthesis. An example thereof are the poly(urethane-urea)s
where both the soft diol segments and the hard polyurea seg-
ments are derived from CO,, via the reaction of poly(propylene
carbonate-ether) diols with isocyanates and oligoureas made
from a diamine reacted with CO,.**> Another example are the
poly(ethylene carbonate-ether)/MDI polyurethane elastomers
displaying shape memory behaviour, which was attributed
to the low T, of the soft segments in the polyurethane
(=4.5 °C).>** Other thermoplastic polyurethanes were prepared
from various ratios of poly(propylene carbonate) polyols and
polyether polyols reacted with an aliphatic diisocyanate and a
diol as chain extender.*** Increasing polycarbonate content
typically yielded, in addition to improved rigidity, enhanced
corrosion resistance of coated metal surfaces compared to
thermoplastic polyurethanes with higher polyether content.
This was ascribed to the hydrophobic nature of the incorpor-
ated polycarbonate polyols, thereby shielding the metal
surface from water and oxygen, as supported by the higher
water contact angles displayed by the polyurethanes with
higher polycarbonate content.

In addition to linear poly(carbonate-ether) polyols, star-
shaped CO,-based polyols have also been prepared, via a two-
step process starting with the synthesis of a hyper-branched
poly(propylene oxide) copolymer with glycerol branching
points, which was subsequently used as macro-initiator for the
reaction with propylene oxide and CO,, generating a polyether
core with poly(propylene carbonate) arms.**® These star-
shaped structures possess low T, values between —8 and 10 °C,
due to the flexible polyether core. Other star-shaped CO,-based
polyols were prepared via the reaction of CO, and propylene
oxide in the presence of trimesic acid as an initiation-transfer
agent, resulting in oligo(carbonate-ether)s with three arms.**®
These three-armed polyols were subsequently studied for their
potential in shape-memory polyurethanes in biomedical appli-
cations (see section 3.6).>"” A variety of compounds containing
two or more ~OH groups can be used as chain transfer agents
(see section 3.2) from which polycarbonate branches can be
grown. By employing organo-phosphorous compounds as
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chain transfer agents in CO,/epoxide polymerisation, flame-
retarding poly(propylene carbonate) polyols can be pre-
pared.”**?*® Both the polycarbonate polyols, as well as the
resulting thermoplastic polyurethane products were proved to
be non-flammable. The flame-retarding properties of these
thermoplastic polyurethanes might be exploited for appli-
cations in interior materials such as artificial leather, decorat-
ing sheets and hot-melt adhesives.>**3*8

The favourable properties of CO,-based carbonates as
polyols in polyurethane formulations also promoted research
focussed on specific applications, e.g. on polyurethane foams
for automotive seating formulations.**® Polyurethane formu-
lations were prepared using different ratios of CO,-based
aliphatic polycarbonates, either linear or branched, mixed
together with a fully petroleum-based polyether polyol, a blend
of isocyanates and a mixture of additives. Wet compression set
tests indicated that the fully petroleum-based foams retained
their original shape better after deformation, while the higher
compression modulus showed that the CO,-based foams are
stiffer and deform less under load. This was explained by the
smaller average pore size in polyurethane foams with increas-
ing polycarbonate polyol content, caused by the higher vis-
cosity of the CO,-based polyols compared to the polyether
polyol, resulting in less pore expansion by gravity during the
initial foaming stage. Another field of application where poly-
urethanes are widely employed is the footwear industry.
Substitution of traditional polyester and polyether polyols was
investigated by employing mixtures of poly(propylene carbon-
ate) and poly(1,4-butylene adipate) polyols to produce poly-
urethane adhesive networks upon reaction with a diisocyanate
(MDI).**” The thermal (i.e. melting viscosity and softening
temperature) and adhesive properties (i.e. tensile-peel strength,
Table 10 entries 12 and 13), of these polyurethanes were in
suitable ranges for footwear applications. In practical appli-
cations where the degradation of the polyurethane network is
not a drawback but rather a requirement, the biodegradable
nature of CO,-based polycarbonates such as poly(propylene
carbonate) can represent an asset. This is the case in marine
anti-biofouling coatings, which aim at preventing the growth
of marine organisms on ships by slow degradation
accompanied by controlled release of anti-biofouling agents.
In this context, polyurethane coatings with different molecular
weights and incorporating an anti-biofouling agent were pre-
pared from poly(propylene carbonate), hexamethylene diiso-
cyanate and 1,4-butanediol.*®® The polyurethane coating with
the lowest molecular weight showed the best anti-biofouling
performance, probably due to the highest degradation rate
and, hence, the highest release rate of anti-biofouling agent.
Based on the degradation data, the lifetime of the coating was
estimated to be at least 6 months. These features are promis-
ing for marine anti-biofouling applications, although the
mechanical properties of these coatings still have to be
thoroughly investigated.

Although several CO,/epoxide polycarbonates have been
shown to be suitable as precursors for polyurethanes, most
epoxide building blocks are petroleum-based. In an effort to

This journal is © The Royal Society of Chemistry 2019
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decrease the dependence from depleting fossil feedstocks,
polycarbonates synthesised from bio-based epoxides such as
limonene oxide have been investigated as greener polyols for
polyurethane synthesis.>>' For this purpose, poly(limonene
carbonate) was synthesised and subjected to reaction with
different compounds containing one or more hydroxyl groups
(i.e. 1,3-propanediol (1,3-PD), 1,10-decanediol (1,10-DCD), iso-
sorbide, trimethanolethane (TMP) and pentaerythritol (PE)) to
produce hydroxyl end-capped, lower molecular weight polycar-
bonates suitable for polyurethane curing (Fig. 10A), with glass
transition temperatures between 71 and 99 °C.**' Curing of
the modified poly(limonene carbonate) polyols using a
solvent-casting method with a curing agent with three isocya-
nate groups yielded crosslinked polyurethane coatings that dis-
played poor solvent resistance. This was ascribed to incom-
plete curing of the coating, which was related to the low reac-
tivity of the secondary or tertiary hydroxyl moieties in the end-
groups of the unfunctionalised poly(limonene carbonate)s (i.e.
those with R; = OH in Fig. 10). To overcome this limitation,
poly(limonene carbonate) was functionalised with primary
hydroxyl groups by reacting the pendant vinyl groups present
in the polycarbonate backbone with a mercaptoalcohol (2-mer-
captoethanol or 6-mercaptohexanol) through a thiol-ene reac-
tion (Fig. 10B).>* Curing of the modified poly(limonene car-
bonate)s with polyisocyanate produced polyurethane coatings
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that were evaluated with respect to their chemical resistance,
thermomechanical properties and mechanical performance
(Table 11, entry 1). Acetone rubbing tests showed sufficient to
good solvent resistance, whereas the measured Konig hardness
of 167-182 s indicated that these polyurethane coatings can be
classified as hard. On the other hand, the cured coatings
lacked a good reverse impact resistance, which was ascribed to
a low elongation at break caused by the brittle nature of the
material. These results show that through multiple modifi-
cation steps it is possible to functionalise fully renewable poly
(limonene carbonate) in such a way that it can be used as a
polyol in polyurethane coatings. However, the brittle character
of poly(limonene carbonate) limits the applicability in poly-
urethane coatings that require high impact resistance.
Although this system shows the potential of polyurethanes pre-
pared from bio-based polyols derived from limonene oxide
and CO,, it requires the use of di- or polyisocyanates, which is
not preferred due to the health issues associated with these
compounds.®*®* Furthermore, isocyanates are commercially
produced using the toxic phosgene as a precursor, which is
another reason to search for greener alternatives. In order to
produce cyanate-free polyurethanes, different synthesis routes
can be followed based on the reaction between carbonate moi-
eties and amino groups (see section 3.1, Fig. 6a). A first route
involves the reaction of two molecules of a cyclic carbonate

B c
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Fig. 10 Limonene-based carbonates for polyurethane applications: (A) Poly(limonene carbonate) polyols (R; = OH or functional group obtained by
reaction with 1,3-PD, 1,10-DCD, isosorbide, TMP or PE). (B) Thiol-modified poly(limonene carbonate) polyols, incorporating primary hydroxyl groups
as side groups (R = —(CHy),— or —(CHy)e—). (C) Limonene dicarbonate as polyhydroxyurethane precursor.

Table 11 Properties of CO,-based polymeric coatings

Acetone Pencil Konig Reverse impact
# Coating Ty (°C)  resistance” hardness hardness” (s) resistance Ref.
1 Mercaptoalcohol-modified poly(limonene — Sufficient to 2H 167-182 Unsatisfactory” 259
carbonate) polyurethane good
2 Poly(cyclohexene carbonate-co-4-vinylcyclohexene . Good = — Good? 251
carbonate)/trithiol (solvent coated)
3 Poly(cyclohexene carbonate-co-4-vinylcyclohexene 85-104 Good 6-8H — Unsatisfactory? 251
carbonate)/trithiol (powder coated)
4 Poly(limonene carbonate)/trithiol . Sufficient to H-2H 103-114 Unsatisfactory” 358
good
5 Poly(cyclohexadiene carbonate)/trithiol — Sufficient to H-2H 123-159 Unsatisfactory” 358
good
6 Poly(limonene-8,9-oxide carbonate)/trithiol 150 Good 2H — — 239

275 double rubs with a tissue soaked in acetone. ? Standardised Konig dpendulum hardness test, with the damping time reported in seconds.
“Measured in accordance to ASTM D2794, 1 kg ball from 0.1 m height. “Measured in accordance to ASTM D2794, 1 kg ball from 0.5 m height.
¢ Testing method not described.

This journal is © The Royal Society of Chemistry 2019 Green Chem., 2019, 21, 406-448 | 427


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8gc03086c

Open Access Article. Published on 02 January 2019. Downloaded on 2/10/2026 6:47:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical Review

View Article Online

Green Chemistry

0 (0]
A 2 OJJ\O + H N/RLNH HO\/\O)J\ Ry, )‘J\ /\/OH
\ / 2 2
o " Catalyst OH
HO\/\O)J\N/R JJ\ /\/OH —_— O + /
NN , HO
o Catalyst o o
B2 o M g NN, T Reo Mr MR, + 2 Re—oOH
0" Yo 2 o NT o
H H
o o) o o
Catalyst
R.
R R R, + ~R3 —_— R R
Q\O)J\ - 1'N)I\O/ 2 HO OH O)J\N/ 1‘N)J\o/ 3
H H [ .
O, o) o o
Catalyst
Cc g o O%O + HZN/R1‘NH2 AN o R, O)J\N/R1*N
\)\ /k/ H H
R OH OH .

Fig. 11 Non-isocyanate polyurethanes based on the reaction of an organ

ic carbonate with a diamine: (A) Reaction between two cyclic carbonates

and a diamine producing a bis-hydroxyalkylcarbamate (R; = alkyl). (B) Reaction between two alkyl carbonates and a diamine producing a bis-alkyl-

carbamate (Ry, Ry, Rs =
or polymeric unit).

with a diamine to produce a bis-hydroxyalkylcarbamate that
can be subsequently polymerised through self-condensation to
generate linear polyurethanes (Fig. 11A).>** A second pathway
uses dialkyl carbonates (typically dimethyl carbonate) instead
of cyclic carbonates, which can be reacted with a diamine to
generate a bis-alkylcarbamate that can be polymerised to
produce a polyurethane via reaction with a diol (Fig. 11B).>*?
The disadvantage of this route is that, in addition to the
required second component (diol) for the polymerisation, an
extra reaction step is necessary to synthesise the dialkyl car-
bonate from a CO,-based cyclic carbonate (typically ethylene
carbonate or propylene carbonate) and two alcohols (see
section 3.1, Fig. 6b). In a third approach, a bicyclic
carbonate is reacted with a diamine, yielding polyhydroxyur-
ethanes that slightly differ from typical cyclic carbonate/
amine-based polyurethanes due to the presence of pendant
hydroxyl groups in the polyurethane backbone (Fig. 11C).>**
Polyhydroxyurethanes typically possess high degradation temp-
eratures (up to 388 °C), improved chemical resistance and are
hydrophilic due to the high density of hydroxyl groups and the
resulting strong hydrogen bonds between these groups and
the urethane moieties, rendering these polymers especially
suitable for coating applications.*** The bicyclic carbonate can
be a monomer (e.g. prepared from glycerol carbonate and a
diacid/diacyl chloride such as terephthalic acid)*** or a
polymer (e.g. poly(dimethylsiloxane)) bearing terminal cyclic
carbonate groups.®®® In order to increase the renewable nature
of these isocyanate-free urethanes, a bio-based building block
was developed by epoxidising the unsaturated bonds in
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alkyl). (C) Reaction between bicyclic carbonates and diamines producing polyhydroxyurethanes (R; =

alkyl, R, = monomeric

soybean oil, followed by reaction with CO, to introduce cyclic
carbonate moieties.>>® Subsequent reaction with di- and tri-
amines resulted in crosslinked polyhydroxyurethane networks.
A trend of increasing T, and decreasing elongation at break
was observed by decreasing the length of the diamines or by
using triamines as curing agents. In another study on the syn-
thesis of polyhydroxyurethanes from carbonated soybean oil,
large diamines prepared via amidification of fatty acid dimers
were used.>*® Whereas the polyhydroxyuretanes produced from
carbonated soybean oil reacted with short diamines (i.e. 1,4-
butanediamine and 1,5-pentanediamine) were brittle, those
prepared using the large diamines showed thermoplastic
behaviour (Table 10, entries 14 and 15 respectively). This was
ascribed to a higher intake of carbonated soybean oil in the
former case, resulting in a higher crosslink density of the final
polyhydroxyurethane network. In another study of bio-based
carbonated precursors for polyurethanes, carbonated fatty acid
diesters derived from sunflower oil were used as building
blocks.”®” Both fatty acid diesters with two internal epoxide
moieties and with two terminal epoxide moieties were success-
fully converted into their cyclic carbonate analogues.
Subsequent reaction of these bicyclic carbonates with di-
amines yielded linear polyurethanes with molecular weights
up to 13 500 ¢ mol ™" and glass transition temperatures around
—15 °C. Another type of bio-based bicyclic carbonate (Fig. 10C)
can be obtained by the epoxidation of both double bonds of
limonene (see section 3.3) followed by CO,-cycloadditon.?*®
This building block was used to synthesise both linear poly-
hydroxyurethanes and crosslinked thermoset polyhydroxyur-

This journal is © The Royal Society of Chemistry 2019
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ethane networks by reaction with diamines or triamines,
respectively. The mechanical properties of the obtained poly-
hydroxyurethane thermosets are shown in Table 10, entry 16.
The relatively high Young’s modulus and low elongation at
break are an indication of strong and rigid structures, which
might originate from the presence of hydroxyl groups and the
resulting hydrogen bonding with the urethane moieties,*** but
might also be related to the intrinsic rigidity of the limonene
units.

It should be noted that, although non-isocyanate poly-
urethanes prepared via the reaction between cyclic carbonates
and amines are promising from an environmental and safety
point of view, this reaction is quite slow compared to the
reaction between isocyanates and alcohols,*® rendering
these non-isocyanate polyurethanes unsuitable for applica-
tion as rigid foams, which requires very rapid formation
of the urethane network upon mixing of the precursor
components.

3.4.4. CO,-based polycarbonates as components of poly-
meric coatings. In addition their use as components in poly-
urethane coatings (see 3.4.3), CO,-derived polycarbonates have
also been investigated for other types of polymeric coatings.
Most of the current commercial powder coating formulations
consist of petroleum-based semi-aromatic polyesters combined
with curing agents, pigments, flow improvers and other addi-
tives, which are typically coated onto metal substrates by
electrostatic coating followed by curing between 160 and
200 °C.**" The glass transition temperature of the initial poly-
ester is optimally between 45 and 100 °C, which is high
enough to prevent stickiness of small powder particles but low
enough to exhibit appropriate flow properties at common
curing temperatures.”®® Aiming at a greener alternative to
these conventional coatings, various CO,-based polycarbonates
were synthesised and used to prepare coatings via a solvent-
casting method.>®" For example, terpolymers produced from
cyclohexene oxide, 4-vinylcyclohexene oxide and CO,, blended
with a trithiol crosslinking agent and either a UV or thermal
initiator were cast from solution to create a polymer film,
which was subsequently cured by respectively UV or thermally-
induced radical curing. The obtained transparent coatings
showed good impact and chemical resistance (Table 11, entry
2). In addition to solvent-based coating, powder coating was
also employed to prepare coatings from the cyclohexene/
4-vinylcyclohexene polycarbonate. The powder-coated polycar-
bonate showed unsatisfactory impact resistance when sub-
jected to the reverse falling dart impact test (Table 11, entry 3).
This was ascribed to the rather high T, of the cured resin
(85-104 °C) and to a higher film thickness compared to the
polycarbonate coating prepared via solvent-casting. The
powder-coated polymer displayed similar proper acetone resis-
tance as the solvent-casted coating, with no visual damage
observed after 75 acetone double rubs. The pencil hardness of
the polycarbonate powder was rather high (Table 11, entry 3),
indicating a high scratch resistance. Based on these features,
the cyclohexene/4-vinylcyclohexene polycarbonate shows
potential in powder coating applications, although incorpor-
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ation of e.g. propylene carbonate moieties in the polycarbonate
backbone might be needed to decrease the glass transition
temperature and improve the impact resistance.

The fully bio-based polycarbonates synthesised from CO,
and limonene oxide already discussed in section 3.4.3 as com-
ponents of polyurethane coatings can also be functionalised in
a different way to enable the preparation of alternative poly-
meric coatings. Reaction of the pending vinyl groups of poly
(limonene carbonate) (Fig. 10A) with a trithiol compound in
the presence of a radical initiator and under UV irradiation
produced transparent coatings (Table 11, entry 4).>*® Using the
same curing method, transparent coatings prepared from a
different bio-based polycarbonate derived from cyclohexadiene
oxide and CO, were also tested with regard to their mechanical
and adhesive properties (Table 11, entry 5).>°® The coatings
exhibited a hard and brittle character, typically observed for
other CO,-polycarbonate based coatings (Table 11). The coat-
ings prepared from poly(cyclohexadiene carbonate) typically
possessed a higher Konig hardness than the poly(limonene
carbonate)-based coatings, which was related to the higher
intrinsic stiffness of the former polycarbonate due the absence
of bulky isopropenyl groups present in poly(limonene carbon-
ate), that possibly lead to enhanced free volume between the
poly(limonene carbonate) chains. In addition to employing the
vinyl groups of poly(limonene carbonate) for crosslinking pur-
poses, these groups can also be converted into other func-
tional groups via e.g. thiol-ene chemistry to produce func-
tional coatings. For example, incorporation of quaternised
ammonium moieties produced a coating with anti-bacterial
properties.>** Another strategy consists in epoxidising both
double bonds of limonene to prepare limonene dioxide and to
polymerise this compound with CO,. The obtained polycarbo-
nate displayed pendant epoxide groups, which were sub-
sequently reacted with a trithiol compound to produce a ther-
moset coating with a very high T,, and promising properties
such as good acetone resistance and scratch resistance
(Table 11, entry 6).>*°

3.4.5. COy-based polycarbonates as components of
polymer blends and composites. The use of CO,-based poly-
carbonates as drop-in chemicals in conventional polymer
blends is of potential commercial interest and has been inves-
tigated by various companies. This is exemplified by Siemens
and BASF, which produced a polymer blend consisting of CO,-
derived poly(propylene carbonate) and poly(hydroxybutyrate)
as a substitution for conventional petroleum-based acryloni-
trile-butadiene-styrene (ABS) plastic.'”*>° Typically, poly(pro-
pylene carbonate) is suitable as an additive in polymer blends
to increase the elasticity of other polymers, owing to its high
elongation at break and impact strength (Table 8).**° By com-
bining poly(propylene carbonate) with other biodegradable
materials (e.g. starch), biodegradable composites can be pro-
duced (see section 3.6 for their biomedical applications).>****
For the production of composites consisting of CO,-based
polycarbonates and inorganic materials (e.g. glass or fibres) a
proper interaction between the polycarbonate and the in-
organic surface is typically required. Incorporation of function-
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alities, such as silicon-, boron- or phosphorous-containing
moieties or sulfonic or carboxylic acid groups, along the
polymer chains or as terminal groups, can be used to improve
the ability of polycarbonates to adhere to, or wet, a selected in-
organic surface.'”?®®> In addition to the application of CO,-
based polycarbonates in blends and composites for consumer
polymer products, combination of these polycarbonates with
other polymers has also been investigated for utilisation in
energy storage devices (section 3.5) and biomedical or pharma-
ceutical applications (section 3.6).

3.5. Application of cyclic and polymeric carbonates in Li-ion
batteries

Since half a century ago, batteries have become a crucial com-
modity in everyday life. Although the first electrochemical cell
dates back to the end of the eighteenth century,>®***
during the late 1960s that innovation in the field of energy
storage devices received an enormous boost due to widespread
applications as those in consumer electronics, but also for
more specific ones as medical implant devices.>*** An impor-
tant breakthrough that allowed an increase in energy density,
and thus a decrease in the weight of batteries, was the develop-
ment of rechargeable lithium-based batteries, which operate
through transportation of Li" cations between the two electro-
des during charge and discharge (Fig. 12). Lithium has the
highest electrochemical equivalent and is the lightest of all
metals, which results in an exceptionally high energy density
in Li-ion batteries.’®**°® Nowadays, lithium-ion batteries are
employed in a wide variety of applications, ranging from high-
end (consumer) electronics and power tools to hybrid electric
vehicles.?®73%8

3.5.1. Cyclic carbonates in liquid electrolyte formulations.
Batteries consist of two electrodes that are connected via an
ion-conductive electrolyte, which can be liquid or solid. In the
case of lithium-ion batteries, non-aqueous electrolytes have to
be used due to the incompatibility of lithium with water. The
most common liquid electrolytes employed in Li-ion batteries
consist of a lithium salt (e.g. LiPF¢) dissolved in a suitable
organic solvent.**® The solvent should have sufficiently high
polarity to grant the efficient dissolution of the lithium salt
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and should be inert under the operating conditions.**® Since
oxidation and reduction reactions occur at the two electrodes,
the use of protic solvents is impractical, as they tend to
undergo redox reactions under battery operating conditions.>®’
Taking these requirements into account, cyclic carbonates
such as ethylene carbonate and propylene carbonate were
identified as appropriate polar aprotic solvents for electrolyte
formulations.>***%®37% The optimal liquid electrolyte formu-
lation for lithium-ion batteries is characterised by: (1) high
Li'-conductivity: typical ionic conductivities for state-of-the-art
organic liquid electrolyte solvents are in the range of
107°-107> S em™';**>*"" (2) a lithium transference number (i.e.
the fraction of the total current carried by the lithium-ions)
approaching unity in order to limit concentration polarisation
within the cell;>”**”? (3) a high dielectric constant component
(e.g. ethylene carbonate, propylene carbonate), needed to dis-
solve the lithium salts in a sufficiently high concentration;
(4) thermal and chemical stability of the electrolyte combined
with inertness towards the other battery components
(especially the electrodes), to maximise the cycle life of the
battery; (5) a low melting point and a high boiling point,
which enable keeping the mixture in the liquid state in a wide
temperature range; (6) a low viscosity component (e.g. 1,2-di-
methoxyethane), in order to promote ion transport; (7) overall
safety (e.g. a high flash point, no or low toxicity); (8) cost com-
petitiveness.?***”® For the first generation of commercial
lithium-ion batteries, Sony used an electrolyte consisting of
propylene carbonate, 1,2-dimethoxyethane and LiClO, as the
lithium salt.>”* Nowadays, the majority of lithium-ion batteries
use an electrolyte formulation consisting of LiPFg, ethylene
carbonate, and one or more linear alkyl carbonates (e.g
dimethyl carbonate, diethyl carbonate and methyl ethyl car-
bonate, Fig. 12).°***7> Efforts are continuously being devoted
to improve the properties of lithium-ion batteries with respect
to capacity, safety and stability/lifetime. Propylene carbonate
was eventually replaced by ethylene carbonate due to reaction
of the former with the anode of the battery, which causes
degradation of the anode and eventually leads to a decrease in
battery lifetime and may result in health hazards due to the
possibility of internal short circuits.**® The use of ethylene car-
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Fig. 12 General scheme of a lithium-ion battery (left, reprinted from J. Power Sources, 2010, 195, 2419-2430, with permission from Elsevier) and

the most common organic carbonates used in liquid electrolytes (right).
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bonate as electrolyte solvent enhanced the stability of the
battery, because ethylene carbonate has the ability to form a
passive layer between the electrolyte and the anode, the so-
called solid electrolyte interface (SEI), which suppresses elec-
trolyte intercalation on the graphite anode surface.’”®*””
Ethylene carbonate is typically mixed with one or more sol-
vents (e.g. dimethyl carbonate, methyl ethyl carbonate and
diethyl carbonate) to compensate for its high melting point
(~36 °C), thus allowing the batteries to be used in a wider
temperature range.>®**%® However, even the common electro-
lyte composition consisting of LiPFg, ethylene carbonate and
one or more linear carbonates still has a temperature limit of
—20 °C, thereby hindering the use of these batteries at very low
temperatures.*®® In addition to ethylene carbonate, propylene
carbonate and the above-mentioned alkyl carbonates, various
other potential electrolyte solvents have been investigated in
order to further improve lithium-based batteries. In this
context, halogenated cyclic carbonates such as chloroethylene
carbonate, fluoroethylene carbonate and trifluoropropylene
carbonate (Fig. 12) were investigated as electrolyte solvents
with the purpose of improving the cycle life of batteries, as
these carbonates were expected to possess an enhanced ability
to form a SEI layer on the surface of the anode.?®%37837°
Additionally, lowering the melting point of the electrolyte by
adding halogenated carbonates would improve low-tempera-
ture performance.*®>*”° particularly, several studies have been
conducted towards the use of chloroethylene carbonate in elec-
trolyte applications®”®*897%%2 [t was observed that the combi-
nation of chloroethylene carbonate and propylene carbonate
as electrolyte solvent significantly reduced the electrolyte
degradation typically associated with propylene carbonate-
based electrolytes. This effect was ascribed to the proposed for-
mation of a protective SEI film by decomposition of chloro-
ethylene carbonate.*®® Several properties (i.e. capacity loss and
irreversible and reversible capacity) of an electrochemical cell
employing the chloroethylene carbonate/propylene carbonate
electrolyte solvent were found to be comparable to a cell with
the benchmark ethylene carbonate/dimethyl carbonate
solvent.*®' However, the charge capacity was observed to be
significantly lower in the case of chloroethylene carbonate/pro-
pylene carbonate (~90% versus >99% for an electrochemical
cell with an ethylene carbonate/dimethyl carbonate electrolyte
solvent), which was hypothesised to be caused by an unwanted
side reaction between chloroethylene carbonate and the graph-
ite anode.*®" Fluoroethylene carbonate was investigated in an
effort to overcome the complications encountered with chloro-
ethylene carbonate.®®® Although a charge efficiency of over
99% was achieved and similar low electrolyte degradation was
observed, a dramatic decrease in cycle life was seen compared
to chloroethylene carbonate (37% decrease in discharge
capacity over 200 cycles versus a 20% decrease over 800
cycles).?®"% In the context of green chemistry, it should be
noted that chloroethylene carbonate can be produced from
bio-based resources via the conversion of glycerol-derived epi-
chlorohydrin®®* and CO,. However, compounds containing
halogens are in general not desirable as components in consu-
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mer products due to their possible toxic effects and poor
biodegradability.

Although liquid electrolytes have been employed in lithium-
ion batteries for several decades and extensive research has
been carried out to optimise these electrolytes with respect to
performance and safety, obstacles still exist that are inherent
to the use of conventional liquid electrolytes. One of the safety
issues that arises from the use of conventional liquid electro-
Iytes is the high flammability of the commonly used alkyl
carbonates.’®®**’° Since various fluorinated organic com-
pounds serve as flame-retardants, trifluoropropylene carbonate
(flash point of 134 °C) was studied as a safer alternative to con-
ventional alkyl carbonates, but its high viscosity limited the
ionic conductivity of the electrolyte.***8338%¢ Another safety
issue is related to the typically employed LiPF, salt, which
becomes reactive towards the electrolyte components at temp-
eratures above 55 °C, possibly leading to permanent damage
and explosion hazards.**>*”° As the seriousness of fire and
explosion hazards becomes more pronounced with larger
scale, these safety issues are particularly crucial for large-
format batteries, and thereby limit the applicability of liquid
electrolyte lithium-ion batteries in e.g. electrical vehicles and
industrial operations.?®®*7°

3.5.2. Polycarbonates in polymer-based electrolytes.
Polymeric electrolytes have gained considerable attention as
possible replacements for conventional liquid electrolytes, due
to a number of potential advantages. First of all, safety issues
connected to flammability of volatile organic solvents and elec-
trolyte instability could be minimised or even completely
avoided by using non-flammable polymers.>®**%*37° secondly,
the higher dimensional stability and mechanical strength of
polymeric electrolytes as compared to liquid electrolytes would
allow the production of lithium-ion batteries with a wide range
of possible shapes.?*>?*%° Also, the dimensional stability that
polymers typically offer could eliminate the need of battery
components such as a separator, further simplifying the man-
ufacturing process and production costs.>*>*”* Vvarious types
of electrolytes incorporating CO,-based polycarbonates have
been explored, both as SPE (solid polymer electrolyte) and GPE
(gel polymer electrolyte). SPEs consist of a blend of one or
more polymers wherein a lithium salt is dispersed (Fig. 13A),
while GPEs consist of a polymeric matrix swollen by a solvent
containing a lithium salt (Fig. 13C). A noteworthy sub-class of
SPEs is that of Single Lithium-Ion Conducting Solid Polymer

Fig. 13 Schematic drawing of different types of polymer electrolytes:
(A) Solid polymer electrolyte. (B) Single lithium-ion conducting solid
polymer electrolyte. (C) Gel polymer electrolyte.
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Electrolytes (SLIC-SPEs), where the anions, instead of being
mobile, are anchored to the polymer chains (Fig. 13B).>”°
3.5.2.1. Polycarbonate-based solid polymer electrolytes. Poly
(ethylene oxide) was the first polymer to be investigated for
potential application in solid polymer electrolytes for lithium-
based batteries.*®>*®” The first attempts to incorporate SPEs in
lithium batteries were limited to large, stationary batteries, as
these systems required relatively high operating temperatures
(between 60 and 80 °C) and poly(ethylene oxide) tends to crys-
tallise below 60 °C, which is accompanied by a significant
drop in ionic conductivity of the electrolyte (between 10~ and
107> S em™" at room temperature).>***>%¥ This low ionic con-
ductivity compared to the state-of-the-art organic liquid elec-
trolyte solvents severely limits the application in lithium-ion
batteries used at room temperature.>*>2%%371389 1o date, one
of the few commercialised SPE-containing lithium-ion bat-
teries is used as a power source for an electric car developed
by Bolloré, wherein poly(ethylene oxide) is employed as SPE
component.’”® In recent years, the application of aliphatic
polycarbonates, and specifically poly(ethylene carbonate), as
solid polymeric electrolytes has gained increasing attention.
Aliphatic polycarbonates generally display low glass transition
temperature (see section 3.2, Table 8), accompanied by high
chain mobility and ion transport required for proper battery
operation.>*® These features render aliphatic polycarbonates
particularly ~ attractive for electrolyte  applications.?**
Additionally, the polar nature of the carbonate group offers a
high solvation power towards numerous salts.*® One of the
first reports on CO,-derived polycarbonates as electrolytes was
based on the use of various polycarbonates synthesised via the
coupling of CO, with a range of glycidyl ethers (Fig. 14A) using
a zinc glutarate catalyst.****?? Electrochemical analysis showed
that these polycarbonate-based electrolytes (with ionic conduc-
tivities reaching 107® S em™" at 30 °C) did not represent an
improvement compared to the benchmark poly(ethylene
oxide) electrolytes. Increasing the amount of lithium salt in
the electrolyte formulation and raising the operating tempera-
ture, drastically improved the ionic conductivity. Poly(n-butyl-
glycidyl ether carbonate) with 65 wt% LiTFSI (lithium bis(tri-
fluoromethane sulphonyl) imide) showed enhanced ionic con-
ductivities in the order of 107> S em™" at 25 °C and 107° S
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Fig. 14 Glycidyl ether-based polycarbonates for application in poly-

electrolytes: (A) Solid polymer electrolyte. (B) Single lithium-ion con-
ducting solid polymer electrolyte.
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em™ ' at 120 °C,** the latter being close to the typical ionic
conductivities for liquid electrolyte lithium-ion batteries at
room temperature (>10~> S cm ™). For comparison, an electro-
Iyte consisting of poly(ethylene oxide) with 65 wt% LiTFSI dis-
played ionic conductivity in the order of 107> S ecm™" at 20 °C
and in the order of 107> S cm™" at 80 °C.*>?* The presence of
pendant ether groups is not a strict requirement, as proven by
a poly(ethylene carbonate) electrolyte with 80 wt% loading of
LiTFSI salt that displayed an ionic conductivity in the order of
107> S em™" at 30 °C. In general, the increase in the amount of
lithium salt in poly(ethylene carbonate)-based electrolytes
leads to an increase in ionic conductivity.>** However, the
lithium salt concentration was also observed to impact the
thermomechanical properties of the polymeric electrolyte, as
the glass transition temperature and storage modulus initially
increased for LiTFSI concentrations up to a molar ratio of 0.2
(approximately 39 wt% LiTFSI), while for higher lithium salt
concentrations a decrease in these quantities was observed.>**
The inclusion of several types of additives in the formulation
of polymeric electrolytes based on polycarbonates has been
studied. Ionic liquids have very low vapour pressures, are non-
flammable and possess high ionic conductivities (in the order
of 107 S em™" at room temperature),’*® making them poten-
tially valuable additives in (polymeric) electrolyte formu-
lations.*®” This was investigated by preparing a polycarbonate-
based electrolyte consisting of poly(ethylene carbonate), a
LiTFSI salt and a pyrrolidinium-based ionic liquid (Pyr,,TFSI)
as a plasticiser and an ionic conductivity enhancer.’*®
However, ionic conductivities ranging from 1077 S em™' at
50 °C to 107> S em ™! at 90 °C were obtained, which are too low
for battery applications and are inferior compared to the
benchmark poly(ethylene carbonate)/LiTFSI electrolytes.*®’
This drawback is partially counterbalanced by a rather high
lithium transference number (0.66 at 80 °C).>*® Inorganic
fillers have been reported to increase the ionic conductivity of
poly(ethylene oxide)-based electrolytes at ambient tempera-
tures by preventing crystallisation at 7' < 60 °C, and to enhance
their mechanical properties.®®® In analogy to this approach, in-
organic fillers have been included in polycarbonate-based elec-
trolytes. For example, a submicron-sized silica fibre was added
to the aforementioned poly(ethylene carbonate)/LiTFSI/
Pyr,TFSI electrolyte formulation,®®” leading to a slight
enhancement of the mechanical properties (the Young’s
modulus increased from 0.35 to 0.39 MPa) and an increase in
ionic conductivity (10~ S em™" at 30 °C and 10> S cm™" at
80 °C), which is nevertheless still far from the requirements
for battery applications. The addition of TiO, as inorganic
filler to a poly(ethylene carbonate) electrolyte with LiFSI salt
(with 0.53:1 polymer-to-salt molar ratio) proved more
effective,>” leading to an increase of the lithium transference
number from 0.54 to 0.81 at 60 °C upon addition of 1 wt%
TiO,, while also resulting in an increase in ionic conduc-
tivity, reaching values in the order of 107> S ecm™" at 30 °C
and 107 S em™" at 80 °C. Another approach to improve the
ionic conductivity of SPEs is to alter the chemical structure of
the polymer chains, in order to decrease the glass transition
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temperature and, thus, to increase the chain mobility at lower
temperatures. In the context of polycarbonate-based electro-
lytes, this pathway was explored by tuning the CO,/epoxide
polymerisation reaction so that both carbonate and ether lin-
kages are present in the polymer backbone.>*® This allowed
combining the high lithium transference number commonly
associated with aliphatic polycarbonates with lower glass tran-
sition temperature bestowed by ether linkages, resulting in a
poly(ethylene carbonate/ethylene oxide)/LiFSI electrolyte with
an ionic conductivity in the order of 107* S em™" at 60 °C and
a lithium transference number of 0.66 (under optimised salt
concentrations).**® On the other hand, a low T, can be a draw-
back because the practical application of polyelectrolytes also
requires mechanical and dimensional stability. In the case of
electrolytes based on poly(ethylene carbonate), glass transition
temperatures as low as —47 °C have been reported,*” which
limits the practical applicability of these polyelectrolytes as a
self-standing membrane in battery applications.>*® To over-
come this obstacle, efforts have been made to combine a poly
(ethylene carbonate)/LiFSI electrolyte with a three-dimension-
ally ordered macroporous polyimide matrix.>*° Tonic conduc-
tivity in the order of 107> S cm™" was reached at 30 °C, which
was only slightly lower than the conductivity without the poly-
imide matrix. DSC measurements did not show any significant
change in the glass transition temperature after combination
of the electrolyte with the polyimide matrix, indicating that the
matrix does not influence the ionic conductivity by altering
the T,. Although the authors did not perform any mechanical
analysis, they were able to fabricate an all-solid-state lithium
battery incorporating the poly(ethylene carbonate)/LiFSI/poly-
imide electrolyte, which showed a higher battery capacity than
the same battery with a conventional ethylene oxide/propylene
oxide copolymer electrolyte and did not suffer short circuit
failures nor mechanical instability during 30 charge/discharge
cycles.**?

Next to the extensive research towards poly(ethylene
carbonate)-based electrolytes, poly(propylene carbonate) has
also been investigated as potential solid polymer electrolyte in
energy storage devices.**® Various blends with different ratios
of poly(propylene carbonate), poly(ethylene oxide) and a
LiClO, salt produced polymeric electrolytes that showed
enhanced ionic conductivity compared to conventional pure
poly(ethylene oxide).*”" The highest measured ionic conduc-
tivity was in the order of 107> S em™" at room temperature for
an electrolyte incorporating a 1:1 mass ratio of poly(propylene
carbonate) : poly(ethylene oxide) mixed with 10 wt% LiClO,.
Polyelectrolytes consisting solely of poly(propylene carbonate)
and LiClO, possess an ionic conductivity in the order of
107> S em ™! at room temperature and 107 S em ™" at 80 °C for
an electrolyte with a poly(propylene carbonate)-to-LiClO,
molar ratio of 10:1.%°* It is worth noting that the ionic con-
ductivity of poly(propylene carbonate)-based electrolytes is
typically higher than that of poly(ethylene carbonate)-based
electrolytes. This has been attributed to the presence of the
pendant methyl groups on the poly(propylene carbonate)
chains, imparting a lower degree of crystallinity, which was
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observed to positively influence the ionic conductivity.’> The
addition of the 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIM'BF,”) ionic liquid to a poly(propylene carbonate)
electrolyte containing LiClO, led to an increase in ionic con-
ductivity from 107® S em™ to 107® S em™" at 20 °C.** This
increase in conductivity is the opposite of what was observed
for the addition of an ionic liquid to the above-mentioned
poly(ethylene carbonate)-based electrolyte,**® where incorpor-
ation of a ionic liquid resulted in a decrease in conductivity
(though it should be noted that the type of ionic liquid, the
lithium salt and the relative amounts of these components
differed in the two cases). The increase in conductivity of the
poly(propylene carbonate)-based electrolyte observed in this
work was explained by FTIR measurements, which showed
that the presence of the ionic liquid cations caused a weaken-
ing of the complexation between poly(propylene carbonate)
and Li-ions, resulting in a higher lithium-ion mobility.
Thermal analysis indicated that addition of 3 mass eq. of
BMIM'BF,” compared to poly(propylene carbonate) also
caused a significant decrease in the T, from 3 to —70 °C, while
the thermal stability improved (Tgse, increased from 166 to
231 °C). A drawback of this system is that at ionic liquid-to-poly-
carbonate weight ratios >1, the polyelectrolyte is not anymore a
self-standing solid film, but rather a soft, sticky and non-fluidic
gel. On the other hand, ionic conductivities at weight ratios <1
are in the range of 107" S em™" or less (20 °C), which is less
attractive with respect to application in lithium batteries.

One of the disadvantages of using SPEs composed of a
polymer matrix and a lithium salt is the generally low lithium
transference number, caused by the fact that only a small amount
of the ionic current is related to the motion of lithium-ions, while
the rest of the ionic current is related to the motion of the
mobile anions (e.g. TFSI”, FSI~, ClO,).>’>*"" This leads to
polarisation within the cell, giving rise to undesired effects
such as voltage drop, limited power supply and, finally,
leading to cell failure.’”**°* A possible approach to overcome
this limitation is the substitution of conventional polymer
electrolyte systems with single lithium-ion conducting solid
polymer electrolytes (SLIC-SPEs, Fig. 13B), which can be pre-
pared by immobilising the anions in the polymeric backbone
in the form of functional pendant groups.’’**°! For this
purpose, a single-ion polycarbonate was synthesised by react-
ing allyl glycidyl ether and propylene oxide with CO,, employ-
ing a zinc glutarate catalyst.>** The pendant vinyl groups on
the polycarbonate backbone were functionalised with 3-mer-
captopropionic acid and subsequently lithiated with lithium
hydroxide to produce a single-ion-conducting polymer
(Fig. 14B). This single-ion polycarbonate electrolyte displayed
an ionic conductivity in the range of 107 S cm™" at 80 °C and
a lithium transference number of 0.86, which is considerably
higher than most lithium transference numbers determined
for analogous polycarbonate-based SPEs containing lithium
salts.

3.5.2.2. Polycarbonate-based  gel  polymer electrolytes.
Although solid polymer electrolytes generally impart better
mechanical properties, flexible battery manufacturing and
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safer operation than liquid ones, they still suffer from moder-
ate conductivities at operating conditions (vide supra). Gel
polymer electrolyte (GPE)s contain both a polymeric matrix
and a liquid in which a lithium salt is dissolved (Fig. 13C)
and, in this sense, they can be considered hybrid systems
between SPE and liquid electrolytes. Therefore, GPE systems
may optimally combine the best of both worlds, although the
risk is to combine the worst of both worlds as well. For
example, GPEs typically display higher ionic conductivities
than SPEs but the safety issues associated with liquid electro-
lytes (i.e. flammable components and electrochemical instabil-
ity) are not completely avoided.**®*”® GPEs are currently used
in lithium-ion polymer batteries (LiPBs) employed in electrical
vehicles and consumer goods such as mobile phones and
notebooks, typically incorporating polymers such as poly(ethyl-
ene oxide), poly(acrylonitrile), poly(methyl methacrylate) and
poly(vinylidene fluoride).**®*%>*”® CO,-based polycarbonates
have also been studied as components of GPEs.
Terpolymerisation of CO,, propylene oxide and maleic anhy-
dride, followed by radical crosslinking with dicumyl peroxide
as radical initiator, produced a polymer matrix that was used
as a GPE in combination with a liquid LiClO,/ethylene carbon-
ate/dimethyl carbonate electrolyte.’** This system showed
rather high ionic conductivities (in the range of 107> S em™ at
room temperature and 107> S em™" at 50 °C) and a lithium
transference number of 0.42. A lithium cell incorporating this
gel polyelectrolyte exhibited an initial battery capacity only
slightly lower than that of commercial fully liquid electrolyte
batteries.’***> Blending of aliphatic polycarbonates with
other polymers can also produce matrices with potential utilis-
ation in GPE applications. A blended polybutadiene/poly( pro-
pylene carbonate) crosslinked matrix (70:30 mass ratio) in
which a liquid LiPF¢/ethylene carbonate/dimethyl carbonate
electrolyte was absorbed, displayed ionic conductivities in the
range of 107> S cm ™" between room temperature and 80 °C.**®
Thermal and mechanical analysis indicated that the polymeric
electrolyte had proper thermal and mechanical stability due to
a slightly higher initial degradation temperature than pure
poly(propylene carbonate) (272 °C vs. 260 °C) and an achiev-
able preparation of a robust, self-standing and flexible film
with the absence of liquid flow. A lithium-ion battery cell con-
taining this electrolyte maintained 84% of the original capacity
value after 70 charge/discharge cycles. Similarly high ionic
conductivities were measured for a different GPE system con-
sisting of an electrospun poly(vinylidene fluoride)/poly( propyl-
ene carbonate) matrix swollen by a LiPF¢/ethylene carbonate/
dimethyl carbonate liquid electrolyte.*®” Moreover, excellent
cycling stability was observed with no apparent capacity
decrease even after 100 charge/discharge cycles, whereas a
commercial polymeric matrix based on polyethylene preserved
90% of the original capacity under the same conditions.

3.6. Polycarbonates in biomedical and pharmaceutical
applications

Both natural as well as man-made polymers find a wide variety
of uses in the field of medicine, where they are being
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employed in wound dressings, drug delivery applications, sur-
gical implants and medical devices.*® For the specific utilis-
ation of polymers inside the human body, the most important
features are  biodegradability and  biocompatibility.
Biodegradability should be carefully tuned because an
unwanted degradation profile, e.g. slow degradation of short-
term implants or fast degradation of long-term tissue
scaffolds, and harmful degradation products can severely limit
the range of applicability.’®® Biocompatibility is also crucial
because biomedical polymers that have to perform a task
inside the human body (e.g. drug delivery systems and
implants such as tissue scaffolds) should accomplish the
desired function without causing any unwanted local or sys-
temic effects in the patient.*'® For the specific application of
biomaterials as implants in the human body, the mechanical
and chemical stability are also important, as the pH in
different tissues ranges from 1 to 9 and daily activities exert
stresses of approximately 4 MPa on bones and stresses in the
range of 40-80 MPa on tendons and ligaments.*'" Polyesters
such as poly(lactic acid), poly(glycolic acid), poly(lactic-glycolic
acid), polycaprolactone and polyhydroxyalkanoates are the
most intensely studied polymers in the field of biomedical
applications due to their biodegradability, low toxicity and the
related good biocompatibility.’°®*°**'> However, one of the
disadvantages of employing polyesters is that in vivo bio-
degradation of the majority of the used polyesters generates
acidic products, thereby decreasing the local pH and triggering
necrosis of host cells and inflammatory responses.’?%*!3414
Consequently, for implantation sites that exhibit low metabolic
activity and, therefore, cannot sufficiently process degradation
products, polyester-based materials are not an optimal
choice.’” CO,-based aliphatic polycarbonates have been
studied as a possible alternative to polyesters as materials for
biomedical and pharmaceutical applications,***>*° owing to
their biodegradability (see section 3.2) and good biocompat-
ibility. Although typically not derived from CO,, a related ali-
phatic polycarbonate, poly(trimethylene carbonate), has
already been approved for application in biological fields by
the United States Food and Drug Administration (FDA).**>*'¢
Poly(propylene carbonate) is the most widely studied CO,-
based polymer for biomedical applications. Studies on both
base-catalysed hydrolysis as well as thermal decomposition
showed that propylene carbonate and 1,2-propanediol are the
major initial degradation products of poly(propylene carbon-
ate) decomposition.*’”*'® Apart from causing serious eye and
slight skin irritation at high concentrations, propylene carbon-
ate was reported not to display any significant toxicity during
in vivo tests via oral insertion and inhalation (although the
effects on the human body have not yet been thoroughly inves-
tigated),?*>*'® while 1,2-propanediol is commonly used in a
variety of food applications and in the medical and pharma-
ceutical industry, it displays no toxicity and can be metab-
olised by the human body.”*° Additionally, it has been
suggested that poly(propylene carbonate) will eventually
degrade into CO, and water,*"**'**1%?> which would trigger
less inflammatory responses compared to the degradation pro-
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ducts of polyesters, although no scientific study has been pre-
sented in which this degradation pathway is observed. Poly
(propylene carbonate) typically displays an elastic behaviour
and possesses an amorphous structure accompanied by a
glass transition temperature in the range of body temperature
(35-40 °C), which, in combination with its biodegradability,
renders it potentially interesting for biomedical applications
in soft tissue scaffolds or drug delivery. On the other hand, the
low glass transition temperature and moderate mechanical
strength (Table 12, entries 1a-d) make it unsuitable for appli-
cation in rigid tissue scaffolds such as bone substituents.*'****
With the target of tuning the properties of poly(propylene car-
bonate) towards biomedical applications, this CO,-based
polymer has been combined with other polymers (e.g. poly-
esters), either through terpolymerisation reactions or as
blends. The thermal and mechanical properties of several
researched poly(propylene carbonate)-based formulations for
biomedical applications are summarised in Table 12. On a
critical note, it can be seen that the characterisation of these
properties is often incomplete. A more thorough analysis of
the thermal and mechanical properties of these formulations
would be advisable to be able to fully appraise the potential of
these materials in biomedical applications such as tissue
engineering. Polymer films of poly(carbonate-co-ester)s that
were prepared by terpolymerisation of CO,, propylene oxide
and caprolactone were compared with pure poly(propylene car-
bonate) and polycaprolactone with respect to the degradation
behaviour employing various enzymes at either 37 or
60 °C.*'**** The degradation rates of poly(propylene carbon-
ate-e-caprolactone) were comparable to those of conventional
polycaprolactone homopolymers. The study did not include
an investigation of the structure and effects of the degrada-
tion products. This would have been desirable, since the
products of polycaprolactone degradation have been reported
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to cause necrosis of host cells and inflammation.**%*34
Another approach consisted in blending poly-3-hydroxy-
butyrate, which is characterised by a relatively stiff, rigid
and brittle structure,**® with poly(propylene carbonate),
which exhibits a more elastic behaviour with relatively low
tensile strength.*"* In vivo radiolabelling studies showed that
pure poly(propylene carbonate) degraded much faster than the
poly(propylene carbonate)/poly-3-hydroxybutyrate blend. Both
the pure polycarbonate and the blend exhibit good biocompat-
ibility, as they did not show any toxicity in vivo and displayed
proper biocompatibility with in vitro red blood cells. Although
the mechanical properties of the poly(propylene carbonate)/
poly-3-hydroxybutyrate blend still have to be investigated, the
material shows potential to be used in biomedical applications
that require longer degradation times than pure poly(propyl-
ene carbonate). Polymers incorporating glycerol building
blocks (e.g. polyglycerol ethers, polyglycerol carbonates, poly-
ether esters or polycarbonate esters containing glycerol units)
have also received extensive attention in the field of biomedi-
cine due to: (i) their biodegradability yielding non-toxic pro-
ducts such as glycerol and CO,; (ii) the presence of pendant
hydroxyl groups that can be functionalised with chemothera-
peutic agents, antibacterial compounds, anti-inflammatory
agents, fluorescent tags or material-property modifiers; (iii)
their suitability to be used in manufacturing techniques such
as electrospinning.**® Within this group, CO,-based glycerol
polycarbonates have been synthesised via polymerisation of
benzyl glycidyl ether and carbon dioxide, followed by de-
protection of the polymer to produce atactic and isotactic poly
(1,2-glycerol carbonate)s.**® The degradation behaviour of
these CO,-based poly(1,2-glycerol carbonate)s (Fig. 15A) was
monitored (at 37 °C) and compared to the degradation of poly
(1,3-glycerol carbonate) (Fig. 15B), a polymer that is syn-
thesised via ring-opening polymerisation of six-membered

Table 12 Thermal and mechanical properties of poly(propylene carbonate)-based formulations for biomedical applications

Tensile Tensile Compressive Compressive Storage

Polymer Tq Tm modulus strength Elongation modulus yield strength modulus
formulation # (°Q) (°C) Tq(°C) (MPa) (MPa) at break (%) (MPa) (MPa) (MPa) Ref.
Poly(propylene  la — — — — — — 0.38 — — 431
carbonate) 1b 25-45 — 240 700-1400 7-30 — — — — 245
[PPC] (initial)

1c 29 — — — — — — 0.13 30 423

1d — — 245 — — — 0.2 — — 414

(DsC)

Electrospun 2a 38 103 210 (5 10190 22.11 10.71 — — — 432
PPC fibres wt%)

2b — — — 429.63 7.37 154.93 — — — 433
Electrospun 3 — — — 295.72 7.72 95.26 — — — 433
PPC/15 wt%
gelatine/acetic
acid
PPC/1 wt% 4 39.5 — — — — — — 1 1600 423
graphite oxide
PPC/50 wt% 5 — — 270 — — — 33.9 — — 414
starch (DSC)
PPC/starch/ 6 — — — — — — 80.0 — — 421
plasticiser/
bioglass
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Fig. 15 Examples of aliphatic polycarbonates that have been evaluated for their potential in biomedical applications: (A) Poly(1,2-glycerol carbon-
ate). (B) Poly(1,3-glycerol carbonate). (C) Poly(glyceric acid carbonate). (D) Terpolymer synthesised from CO,, propylene oxide and MEzMO.

cyclic carbonates and that has been investigated for use in bio-
medical applications such as drug-loaded buttressing films for
the prevention of tumour recurrence after surgical resection,*>”
and particles for drug delivery.**® It was seen that the CO,-
based poly(1,2-glycerol carbonate)s exhibited rather high
degradation rates with a half-life time of 2-3 days, while poly
(1,3-glycerol carbonate) did not show any degradation over a
course of 4 days under the same conditions. This difference in
degradation behaviour was attributed to a higher tendency of
the primary hydroxyl group in the poly(1,2-glycerol carbonate)
repeating unit to initiate an intramolecular attack compared to
the secondary hydroxyl present in the poly(1,3-glycerol carbon-
ate) repeating unit. This behaviour can prove advantageous for
biomedical applications that require fast degradation rates. In
a related study, poly(glyceric acid carbonate) (Fig. 15C) was
synthesised as a CO,-based and biodegradable analogue of
poly(acrylic acid) for application in eg drug delivery.**®
Crosslinked hydrogels derived from poly(glyceric acid carbon-
ate) readily degraded in basic water (pH = 8.4), while ana-
logues crosslinked hydrogels based on poly(acrylic acid) did
not. This was ascribed to the presence of biodegradable car-
bonate linkages in the poly(glyceric acid carbonate) chains.
For the application of polymers in tissue scaffolds, the biocom-
patibility is also related to the attachment of living cells to the
biomaterial and the subsequent spreading over the implant. In
this context, the hydrophobicity of aliphatic polycarbonates
such as poly(propylene carbonate) and poly(cyclohexene car-
bonate) is a limitation as it leads to poor cell adhesion and
slow biodegradation.**>**° One way to overcome this issue is
by incorporating hydrophilic moieties in the polycarbonate
chains, e.g. via terpolymerisation of CO,, propylene oxide and
a hydrophilic monomer such as ME;MO (2-((2-(2-(2-methoxy-
ethoxy)ethoxy)ethoxy)methyl) (Fig.  15D).*°
Polycarbonates containing at least 26 mol% of ME;MO showed
reversible thermo-responsive solubility in water with lower
critical solution temperatures between 7.0 and 35.2 °C.
Another study investigating the hydrophilicity of CO,-based
polycarbonates focussed on a series of poly(carbonate-ether)s
made from CO, and ethylene oxide, in which the carbonate
content ranged from 1 to 43 mol%."** It was observed that by
varying the molecular weight of the polymer and the amount
of carbonate units, water-soluble polycarbonates can be pre-
pared with lower critical solution temperature between 21.5

oxirane
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and 84.1 °C. Specifically, poly(ethylene carbonate-ether) with
26 mol% carbonate content displayed a lower critical solution
temperature of 36.1 °C (i.e. close to human body temperature).
The possibility to tune poly(ethylene carbonate-ether) and the
aforementioned polycarbonate derived from CO,/propylene
oxide/Me;MO to possess lower critical solution temperature is
promising with respect to application in biomedical materials,
as thermo-responsive water solubility has potential in con-
trolled drug delivery systems,**” construction of tissue engin-
eering scaffolds,**® 437

In addition to terpolymerisation, surface modification of

molecular gates and gene carriers.

polycarbonates has also been explored to enhance the biocom-
patibility of aliphatic polycarbonates. A potential advantage of
surface modifications is that only the polymeric surface is
altered, while the bulk mechanical strength is maintained.
Surface modification by aminolysis with polyethylenimine was
used to introduce amino groups on the surface of a poly( pro-
pylene carbonate) membrane.*** These amino functionalities
served as an initial layer for consecutive layer-by-layer assem-
bly, in which multiple molecular layers of polyethylenimine/
gelatine were deposited on the amino-functionalised poly(pro-
pylene carbonate) surface, based on the ionic interaction of
the positively charged polyethyleneimine and negatively
charged gelatine at pH = 7.4. A decrease in water contact angle
after surface modification indicated the increased hydrophili-
city of the modified poly(propylene carbonate). With respect to
biocompatibility, the composite consisting of poly(propylene
carbonate) with three bilayers of polyethylenimine/gelatine
possessed enhanced compatibility with cells compared to both
unmodified poly(propylene carbonate) as well as to a poly-
caprolactone benchmark, probably due to the presence of the
outer gelatine layer that can suppress the cytotoxicity generally
displayed by polyethyleneimine.*** The improved biocompat-
ibility of poly(propylene carbonate)/polyethylenimine/gelatine
with living cells indicates that the material could be a potential
alternative to conventional polycaprolactone for tissue engin-
eering applications. To investigate this further, foaming of
poly(propylene carbonate) with supercritical CO, and sub-
sequent modification by aminolysis and layer-by-layer assem-
bly techniques were employed to produce three-dimensional
poly(propylene carbonate)/polyethyleneimine/gelatine foam

431

structures.””” A maximum compressive modulus of 0.38 MPa

was obtained for unmodified poly(propylene carbonate)
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(Table 12, entry 1a), while an average decrease in modulus of
13% was seen after modification with polyethyleneimine and
gelatine. Despite this decrease, the values are still in the range
required for meniscal tissue (0.22 MPa) and articular cartilage
(0.51-15.3 MPa) repairs.”*’ However, for utilisation of the
polymer in temporary tissue scaffolds that are meant to
degrade in the human body, studies investigating the bio-
degradability of the polymer and the biocompatibility of the
degradation products should still be conducted, especially
since polyethyleneimine is known to exhibit cytotoxicity.

In the context of applied tissue engineering, the three-
dimensional structure of biomedical scaffolds, though often
not thoroughly investigated,**® can significantly influence the
biodegradability and mechanical properties of the material.
Ideally, the scaffold should display: (i) porosity that enables
cell migration and the transport of nutrients and waste, (ii) a
surface that promotes cell adhesion, growth, migration and
differentiation, and (iii) a degradation profile that closely
matches the regeneration profile of the desired natural
tissue.*** Three-dimensional poly(propylene carbonate) archi-
tectures were prepared via electrospinning, which readily
allows the production of interconnected flexible nanofibrous
structures.”*> These electrospun poly(propylene carbonate)
structures displayed slightly lower thermal stability and
slightly enhanced mechanical properties compared to conven-
tional poly(propylene carbonate) (Table 12, compare entry 2a
to 1b). Additionally, cell adhesion experiments indicated
proper biocompatibility of the three-dimensional poly(propy-
lene carbonate) structures, as the cells were seen to grow,
migrate and differentiate. Electrospinning was also applied to
blends of CO,-based polycarbonates with a hydrophilic
polymer such as gelatine.”*® Although cell culture experiments
showed that these blends possessed enhanced biocompatibil-
ity compared to pure poly(propylene carbonate), high content
of gelatine also resulted in a decline in mechanical strength
compared to pure poly(propylene carbonate) fibres (Table 12,
entry 2b), as a consequence of the poor mechanical properties
of gelatine. This negative effect was partially countered by
addition of a small amount of acetic acid (Table 12, entry 3),
probably due to the increased miscibility of poly(propylene
carbonate) and gelatine, which was related to the pH-depen-
dent behaviour of gelatine. Whereas addition of gelatine led to
a decrease in mechanical strength, the mechanical properties
of poly(propylene carbonate) can be enhanced by means of
other additives, which can be as diverse as graphite oxide*** or
starch.*™* Addition of as little as 1 wt% graphite oxide to poly
(propylene carbonate) significantly increased the glass tran-
sition temperature, storage modulus and compressive yield
strength of the obtained composite compared to the pure
polymer (Table 12, compare entry 4 to 1c), without affecting
negatively the biocompatibility.*** Also blending of poly(propy-
lene carbonate) with starch remarkably affected the mechani-
cal and thermal properties, as shown by the significant
increase in the compressive modulus and decomposition
temperature upon blending with 50 wt% starch (Table 12,
compare entry 5 to 1d).*"* In vitro and in vivo biocompatibility
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studies combined with degradation measurements showed
that the poly(propylene carbonate)/starch blends possessed
excellent cytocompatibility, as shown by the formation of only
a scar tissue as a mild inflammatory response after in vivo
implantation of the composite. The long-term (2 months)
in vivo degradation of the poly(propylene carbonate)/starch
composite was compared with that of poly(lactic acid) and
showed that, in contrast to poly(lactic acid), the polycarbonate/
starch blend was properly tolerated, without the occurrence of
inflammation and immune cell responses. In vitro bio-
degradation studies indicated that the degradation rate of the
poly(propylene carbonate)/starch blend after 8 weeks (13 wt%)
is comparable to that of poly(lactic acid) (8 wt%). Although the
biocompatibility and biodegradation of the polycarbonate/
starch blend seem promising, the relatively hydrophobic
surface of the composite might limit its practical application
as it can restrict or delay cell growth and ultimately hamper
tissue regeneration.**! To enhance the interaction of the poly-
carbonate/starch composite with living cells, water and glycerol
were added as plasticisers together with 10 wt% bioglass.**"
The addition of plasticisers improved the compressive
modulus considerably (Table 12, entries 5 and 6), while the
addition of bioglass enhanced the cell growth on the poly-
carbonate/starch composite. The material was used to produce
biomedical screws that were well tolerated in in vivo tests and
exhibited higher degradation rates than the poly(lactic acid)
analogues, accompanied by an enhanced bone regeneration
profile. These features show that poly(propylene carbonate)/
starch composites incorporating plasticisers and bioglass
possess great potential for applications in musculoskeletal
tissue repair.

In addition to rigid and strong mechanical structures
useful as tissue scaffolds, flexible polymers also find use in
biomedical applications, especially in cases in which it is
difficult to insert biomedical implants in the human body
due to obstruction by organs, bones and veins or in sensitive
areas such as the eyes or arteries. In these cases, flexible
shape-memory materials can offer advantages over rigid
structures, as they can be folded, deformed and subsequently
introduced, e.g. through small catheters, where they can
recover their original shape once placed in the desired
location and orientation.**® Within this group of materials,
polyurethanes exhibiting shape-memory have been investi-
gated for utilisation in endovascular intervention pro-
cedures.**® Shape-memory polyurethanes based on polycar-
bonate polyols (see also section 3.4.3) have also been
reported.>®” Star-type oligo(carbonate-ether)s with three arms
were synthesised via the reaction of CO, and propylene oxide
in the presence of trimesic acid as an initiation-transfer
agent.>*® Consecutive reaction of these triol compounds with
polyethylene glycol and 1,6-hexamethylene diisocyanate
afforded crosslinked CO,-based polyurethane networks.**”
Shape-memory tests showed that by tuning the molecular
composition it was possible to obtain polyurethane networks
that after deformation almost immediately recovered their
original structure upon immersion in water at 70 °C.
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Furthermore, initial cytotoxicity tests indicated that the
shape-memory polymer possesses good biocompatibility.

In addition to the utilisation of CO,-based polycarbonates
in tissue engineering, research has also been devoted to the
exploration of these polymers in pharmaceutical applications
such as drug delivery®*>*** and tumour imaging.*"> A poly(car-
bonate-ester) synthesised via terpolymerisation of CO,, 1,2-
butylene oxide and e-caprolactone was examined as carrier for
the antibiotic drug pazufloxacin mesilate.**° The drug release
rate could be tuned by varying the carbonate/ester ratio: both
faster hydrolytic degradation as well as higher drug release
rates were observed for poly(carbonate-ester)s with higher
e-caprolactone content. Similar trends in drug release behaviour
were observed for poly(carbonate-ester)s synthesised from CO,,
propylene oxide and e-caprolactone carrying the insecticide
imidacloprid.**! This can be ascribed to the higher hydrolytic
degradation rate of the ester blocks compared to the carbonate
blocks. In recent work, an amphiphilic polycarbonate based
on the triblock copolymer poly(allyl glycidyl ether carbonate)-
poly(propylene carbonate)-poly(allyl glycidyl ether carbonate)
was functionalised and labelled with gadolinium as MRI con-
trast agent.*"® The resulting polymer micelles were evaluated
for utilisation in tumour imaging. While in vitro investigations
indicated that the polycarbonate/gadolinium micelles
degraded into non-toxic products, in vivo experiments showed
that the polymer micelles were cleared from the body within
72 h without any evidence of toxicity. Furthermore, the poly-
carbonate-based contrast agent showed superior MRI imaging
capability compared to a commercial gadolinium contrast
agent.

For the sake of completeness, it should be noted that not
all polycarbonates that can be potentially employed in bio-
medical applications are synthesised via polymerisation of
CO, and epoxides, as aliphatic polymeric carbonates can also
be produced via ring-opening polymerisation of six-membered
cyclic carbonates.””*™** Via this method several functional
groups that are useful in biomedical applications can be incor-
porated in the polycarbonates,****4¢ with potential appli-
cations including drug and gene delivery®*’~**° and antibacter-
ial/antifouling coatings for medical devices.**® These six-mem-
bered cyclic carbonates can still be derived from CO, via two
pathways: (1) synthesis of a five-membered cyclic carbonate
through the reaction between CO, and an epoxide, followed by
transcarbonation with a 1,3-diol (see section 3.1). However,
this route requires multiple reaction steps and will be ham-
pered by the possible presence of other protic functionalities
in the diol compound (ie. hydroxyl or amino groups); (2)
direct reaction of CO, with an oxetane to form a six-membered
cyclic carbonate, which is typically more difficult due to the
lower accessibility and reactivity of oxetanes compared to
epoxides.*?

3.7. Other applications of CO,-based polycarbonates

In addition to the application of CO,-based polymeric carbon-
ates in the major fields discussed in sections 3.4-3.6 (i.e.
polymer products, battery applications and biomedical appli-
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cations), these polycarbonates also find use in other appli-
cations. While some of these are yet of mere academic interest,
others have already reached commercial status. Examples of
the latter include the use of poly(propylene carbonate) and
poly(cyclohexene carbonate) as sacrificial binder material in
the production of ceramics and adhesives,"”?*****! owing to
the clean and controllable thermal decomposition of these
polycarbonates at temperatures below 300 °C. In recent years,
Novomer investigated the end-chain modification of poly(pro-
pylene carbonate) and poly(ethylene carbonate) to incorporate
functional groups and the use of these polycarbonates in
block-copolymers with hydrophilic polymers.>’*3>%32 The
obtained polymers were studied as drop-in alternatives to con-
ventional polymers such as polypropylene and polystyrene."”
Another application for which poly(propylene carbonate) is
considered of commercial interest is as packaging material,
especially when the poly(propylene carbonate) chains have low
ether linkage content and high head-to-tail ratio, which results
in improved processability.*>® Packaging material for food and
medical devices is of particular interest, as it was observed
that the mechanical properties (i.e. tensile modulus, ultimate
strength and tear resistance) of poly(propylene carbonate) are
comparable yet slightly better than those of low-density poly-
ethylene, whereas the permeability to oxygen and water is
remarkably lower.”*”*** The excellent barrier properties for
oxygen and water also creates potential for poly(propylene car-
bonate)s to be used as barrier adhesive in oxygen- and water-
resistant materials.>*>**® In contrast, poly(limonene carbon-
ate) possesses very high gas permeability, which, combined
with its relatively good mechanical properties, transparency
and thermal insulation properties, renders it potentially suit-
able for application as “breathing glass” in energy-efficient
buildings or in greenhouses, providing passive ventilation
through these windows and thereby eliminating the need for
additional ventilation systems.*>¢

4. Concluding remarks and
perspectives

The synthesis of cyclic and polymeric carbonates via the reac-
tion of CO, with epoxides is a thriving pathway for the fixation
of CO, into valuable products, both from an academic as well
as an industrial point of view. In the last decades, numerous
homogeneous and heterogeneous catalytic systems (or combi-
nations of the two) have been developed for this reaction, thus
enabling the reaction of carbon dioxide with a wide array of
epoxides, with high yields and selectivities towards either the
cyclic carbonate or the polycarbonate products. Future
advancements within CO,/epoxide catalysis will probably bring
forth novel systems in the relatively new field of metal-free
organocatalysis, as well as catalytic systems that are able to
convert typically challenging substrates such as bio-based
epoxides and functional epoxides. Both these advancements
would further increase the green character of this reaction. In
the perspective of commercial application, another challenge
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will be to develop robust and reusable catalysts that are able to
perform under the often less-than-ideal conditions of indus-
trial process (e.g. impurities in the CO, feed), while still
maintaining high activity and selectivity. Another challenge
related to catalyst design will lie in developing multifunctional
catalytic systems that are able to promote both the reaction
between CO, and epoxides and the prior epoxidation of the
corresponding alkene with high activity and selectivity, in
order to allow the one-pot synthesis of cyclic and polymeric
carbonates from alkenes. This combined pathway would be
advantageous from a green chemistry point of view since it
would allow to avoid handling of toxic epoxides and would
result in improved process efficiency.

The products of the reaction between CO, and epoxides, ie.
cyclic carbonates and polycarbonates, have been extensively
studied with regard to their potential applications. One of the
earliest and possibly largest applications of cyclic carbonates
(mainly ethylene carbonate and propylene carbonate) is as
electrolyte components in lithium-ion batteries, which was
already commercialised almost three decades ago. On the
other hand, the use of CO,-based polycarbonates in solid
polymer electrolytes is still limited by unsatisfactory ionic con-
ductivities and insufficient lithium transference numbers at
ambient temperatures. The incorporation of additives such as
inorganic fillers or ionic liquids may enhance these properties,
though the influence of such additives still needs to be ration-
alised and controlled. Gel polymer electrolytes incorporating
polycarbonates already possess electrochemical and mechani-
cal properties that are suitable for practical application in
lithium-ion batteries, but safety concerns related to the pres-
ence of flammable solvents still need to be tackled.

Another example of industrial application of cyclic carbon-
ates is the Asahi Kasei process to produce bisphenol-A-based
polycarbonates from ethylene carbonate as starting
material,>?” which received numerous rewards due to its
several assets from the point of view of green chemistry. The
industrial application of this process has been expanding in
recent years, being estimated to soon reach an annual world-
wide production capacity of 1 million tonnes of non-phosgene
bisphenol-A-based polycarbonate. Also CO,-based polycarbo-
nates have found industrial application in the field of polymer
products, namely with their use as polyols in polyurethane pro-
duction, which has been commercialised by Covestro with an
annual capacity of 5000 tonnes of CO,-based polycarbonate
polyols.*®® The tuneable thermal, chemical, mechanical and
biodegradable properties of CO,-based polycarbonates offer
many opportunities for developing sustainable functional
materials with potential in biomedical and pharmaceutical
applications. However, on the road to commercialisation there
is a need for more comprehensive, systematic studies in which
both the functional properties of the employed polycarbonate
systems (e.g. mechanical strength) and their biocompatibility
and biodegradability are fully assessed.

When considering the current commercialised applications
of CO,-based cyclic and polymeric carbonates, it can be seen
that the epoxide starting materials employed in most cases
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(i.e. ethylene oxide and propylene oxide) are currently pro-
duced from fossil feedstock. A crucial future challenge will lie
in replacing these petroleum-based epoxides with bio-based
substitutes, while still maintaining the characteristics of the
carbonate products that makes them suitable for their specific
applications, e.g., high ionic conductivity in the case of cyclic
or polymeric carbonates as components of battery electrolytes,
appropriate thermal and mechanical properties in the case of
polycarbonates in polymer products such as polyurethane
foams, and proper biocompatibility in the case of polycarbo-
nates as tissue scaffolds in biomedical applications. In order
to attain these properties, various strategies discussed in this
review can be followed, including reaction during or after for-
mation of the carbonate products with other compounds (e.g.
transcarbonation reactions of cyclic carbonates or block-co-
polymerisation of polycarbonates with other polymers), blend-
ing of the carbonate products with other materials and modifi-
cation to introduce functional groups. The extent to which pet-
roleum-based epoxides can be substituted by bio-based
alternatives will also depend on the availability of the latter
and, hence, the costs associated with the production of these
compounds. In addition, although CO,-based polycarbonates
are typically biodegradable, recycling of these materials is pre-
ferred from a circular economy point of view. In general, a life-
cycle analysis using a cradle-to-grave approach (or even better a
cradle-to-cradle approach) that takes into account the nature
of the raw materials, how these are produced, how they are
converted and whether the final products can be recycled will
be essential to evaluate the potential commercialisation of
new products based on CO,-based cyclic and polymeric car-
bonates. Although the path towards the substitution of fossil-
based chemical products with renewable alternatives is still
difficult and uncertain, this review highlighted the potential of
CO,-based cyclic and polymeric carbonates to contribute to
this crucial target for our planet.
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