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The copolymerizations of epoxides, including cyclohexene oxide and vinyl-cyclohexene oxide with carbon dioxide are

presented. These processes are catalyzed using a homogeneous di-zinc complex which shows good activities and very high
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selectivities for polycarbonate polyol formation.

The polymerizations are investigated in the presence of different

amounts of exogenous reagents, including water, diols and diamines, as models for common contaminants in any carbon

dioxide capture and utilization scenario.

Introduction

Using carbon dioxide to make useful products, including
chemicals and fuels, is an attractive means to add-value to a
common waste gas and could be a useful method to reduce
pollution.M From a practical, implementation focussed
perspective, there are two primary considerations for any
carbon capture and usage process: 1) The overall carbon
dioxide emission must be reduced, which sounds obvious but
requires careful consideration of the overall energies of both
the process and embedded in the preparation of co-reagents;
and 2) The product must be needed and viable, both in terms
of the potential market volume and value.

Amongst the myriad of possible carbon dioxide
transformations, the production of polymers offers significant
potential.s'10 Such polymers are prepared by the ring-opening
copolymerization (ROCOP) of carbon dioxide and epoxides
(Scheme 1), a process which requires a catalyst. The reaction
has attracted considerable attention, with a number of
different catalysts and processes being reported by both
academic and industrial researchers worldwide.>®

oy

Scheme 1: lllustrates the Ring Opening Copolymerizations using cyclohexene
oxide (CHO) and vinyl-cyclohexene oxide (v-CHO).
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The products of the reaction are aliphatic polycarbonates; at
low molecular weights these polymers are suitable
replacements for petrochemical polyols used in polyurethane
manufacturing.lg’ % |n the context of carbon dioxide reduction,
the replacement of polyether polyols by poly(ether carbonate)
polyols leads to significant reductions in ghg emissions
("‘20%).21 By selection of the correct catalyst it is possible to
substitute >40% of the epoxide by carbon dioxide. Such a
substitution is  attractive both  economically and
environmentally as it may further reduce ghg emissions. Thus,
the first criterion can be met by the production of polymers
from carbon dioxide.

The second criterion, that the products are valuable and
needed/used on a large-scale, is also met by polymer
production. Considering only polyols, there are currently >8Mt
of polyurethanes produced globally requiring 3-4 Mt of polyols
in their manufacture.*®?°

Thus, the production of polymers from CO, has the
potential to offer a viable industrial route to add-value to
waste emissions. The process is critically dependent on the
selection of the catalyst, with a range of very promising
heterogeneous and homogeneous catalysts having been
reported.s'18 However, so far there remain far fewer studies of
the tolerance of such catalysts to a range of impurities which
are likely to be present in any carbon capture and usage
scenario.”” 2 We recently reported that our dinuclear metal
catalysts are tolerant of a wide range of impurities found in
captured carbon dioxide, including nitrogen, oxygen, oxides of
carbon, NOx and sox.”? Furthermore, using di-magnesium
catalysts a wide-ranging study of common contaminants was
undertaken which revealed remarkable catalyst stability, even
in the presence of large amounts of contaminants.”® In that
study, carbon dioxide captured from a UK power station was
applied and showed near-equivalent performance compared
to pure carbon dioxide.”®
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Table 1: Shows Epoxide/CO, copolymerization using 1°

Entry Monomer Catalyst Temp TON®  TOF % % M,E Mo/M,
(°C) (h?) carbonate? cyclic carbonate” (gmol™) (D)
iy CHO 1 80 608 25 99 3 1500 1.08
2 CHO 1 80 502 25 99 1 6600 1.18
3¢ v-CHO 1 80 429 20 >99 <1 5900 1.30
4 v-CHO 1 80 389 24 >99 <1 6700 1.18

“Polymerization conditions: 0.1 mol% catalyst, in neat epoxide, for 6-24 h, 1 bar research grade CO; unless stated otherwise bTON = number of epoxide consumed per
moles of catalyst “TOF = TON per hour “Determined by comparing the integrals of resonances at 4.65 ppm (PCHC) or 4.75-4.90 ppm (PVCHC), at 4.0 ppm (cyclic
carbonate by-product) and at 3.45 ppm (ether linkages). *Determined by SEC, in THF using narrow MW polystyrene standards fUnpuriﬁed CHO Unpurified v-CHO.

Our group have reported a series homogeneous catalysts for
CO,/epoxide copolymerization, based on dinuclear complexes
of zn(ll), Mg(ll), Co(ll/1ll) and Fe(l11).**>> This discussion paper
will focus on a di-zinc bis(trifluoroacetate) complex28 and the
influence of the addition of known quantities of water,
alcohols and amines to the polymerizations. The additives and
monomers are investigated both to test tolerance of the
catalyst and also to target particular polymer chain
functionalities (end-groups, side-chain substituents) so as to
widen the scope, and ultimately the scale, of future
applications.

Results and Discussion

The preparation and structure of catalyst 1 is shown in Scheme
28
2.
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Scheme 2: Shows the synthesis of the dizinc complex (LZn,(0,CCF3),, 1).
Reagents and conditions: (i) 2 equiv. Zn(O,CCF3),'xH,0, MeOH, 25 °C, 16 h.

The catalyst was synthesized from the ancillary ligand, H,L,
which can itself be prepared in high vyield (82%) from
commercial materials in 3 steps. Its purity was assessed by 'H
NMR spectroscopy (Fig. S1) and by elemental analysis, which
showed results in line with the literature.”®

Catalyst 1 was applied in the copolymerizations of
cyclohexene oxide (CHO) or vinyl cyclohexene oxide (vCHO)
and carbon dioxide (Table 1 and Scheme 2). It showed a good
performance using both monomers, with the TOF for CHO
being 25 h™* and for v-CHO being 24 h'l, at 1 bar CO, pressure,
0.1 mol% catalyst loading and 80 °C. The activity for CHO is in-
line with the value reported in the literature.”® The activity

2| J. Name., 2012, 00, 1-3

using v-CHO has not previously been reported and is more
difficult to quantify precisely due to significant overlap of
resonances associated with monomer and polymer in the
crude *H NMR spectrum (Fig. S2 and Fig. S3). For both
monomers, the polycarbonates produced show a very high
selectivity for carbonate linkages (299%) and there is <1%
formation of cyclic carbonate by-product.

Initiation
o
M-0 X co i
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Propagation
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Co,
B S :
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Formation of cyclic carbonate (back-biting)

Chain transfer reaction

M-O, X

X = Halide, carboxylate
OR = OCH,CH,X

ROH = water, alcohol

Figure 1: The proposed catalytic cycle for the copolymerization of CO, and
epoxides.8
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The alternating polymers show moderate molecular
weights, with values typically being lower than 10,000 g/mol
and narrow dispersities (P<1.20). Copolymerizations using 1
show a weight vs. CHO
conversion and narrow disperisites: both are features of well-

linear evolution of molecular

controlled/living polymerizations. Such behaviour is indeed
typical of this class of dinuclear catalyst and indicates good
polymerization control.*

Controlled polymerizations are defined as exhibiting rapid
and quantitative initiation leading to all chains propagating at
the same rate and limited/no termination or chain transfer
reaction. In such a polymerization, the molecular weight of
the polymer should be predictable from the monomer
conversion and catalyst/initiator concentration. However, the
polymerizations using catalyst 1 result in the production of
polymers which have molecular weights, determined by size
exclusion chromatography, which are substantially lower than
predicted; indeed the values obtained suggest that chain
transfer reactions occur, and that approximately 8 chains grow
per equivalent of catalyst. Thus, the polymerizations appear to
be occurring under immortal conditions, whereby chains are
rapidly being exchanged or transferred between the catalyst
and a chain transfer agent (often an alcohol). Fig. 1 illustrates
the key processes occurring during polymerization. It is
proposed that 1,2-diols are present in the polymerizations and
function as the chain transfer agents. Such chain transfer
processes are commonly observed in this field using a range of
different catalysts.”' 27,30,3638

M, = 6600
PDI=1.18
T T T |
3.0 35 4.0 45
log(M,)

—— Low M, fraction
—— High M, fraction

M,= 3900

PDI=1.14 M= 9000

PDI=1.05

3.0 35 4.0 45
log(M,)

Figure 2. lllustrates Top: molecular weight distribution of the isolated
(crude) PCHC polymer (Table 1 Entry 2) and Bottom: The separation of the
PCHC into two fractions of low and high MW, respectively.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Shows the MALDI-ToF spectrum of the low M, fraction of PC (Table
1 Entry 2), a single series is observed corresponding to:
[HO(C7H1003)aCeH1102]K" = [(142.15),+116.16+39.1

A further consideration is that bimodal molecular weight
distributions are commonly observed, but seldom explained,
for a wide range of catalysts in the literature 2’ 2% 30 37. 39
Indeed, catalyst 1 also shows a distinctly bimodal MW
distributions for both PCHC and PvCHC (Fig. 2, blue trace, Fig.
S4 and Fig. S5). In order to study the observed bimodality, two
fractions of PCHC containing the higher and lower M,
distributions were isolated by SEC, according to a preparative
separation by elution time (see experimental section). These
fractions were analysed by '"H NMR spectroscopy, MALDI-ToF
and SEC. For both fractions, the 'H NMR spectra are identical,
indicating PCHC end-capped with hydroxyl groups (Fig. S6).
Furthermore *°F NMR spectroscopy does not show any signals
consistent with a lack of trifluoroacetate end-groups on the
polymer chains. The MALDI-ToF spectra show that both
fractions contain a single series attributed to polycarbonates
having di-hydroxyl end groups. SEC analyses showed a clear
separation into two molecular weight distributions: the lower
fraction has M, of 3900 (D: 1.14), whilst the higher fraction has
M,, of 9000 (D: 1.05). Based on these observations, it appears
that catalyst 1 leads to the production of PCHC having narrow
but bimodal weight distributions where all
detectable chains are di-hydroxyl terminated.

We have previously observed bimodal MW distributions,
due to chains end-capped by the initiating group (lower M,
series) and by the di-hydroxyl groups (high M, series, Fig. 53).30
Based on this previous data, it would be expected that catalyst

molecular

1 would show chains end-capped by both trifluoroacetate
(from the catalyst) and di-hydroxyl groups (from 1,2-diols). As
the polymerizations are well-controlled, it is expected that the
chains propagate at the same rate, therefore the molecular
weight of the polymer from the telechelic diol would be
expected to be double that of polymers initiated from the
trifluoroacetate group. Thus, the bimodality can be generally
attributed to the two types of initiating group. In order to
rationalize the lack of a triflouroacetate end-group (by
spectroscopy and MALDI-ToF), it is proposed that those chains
are susceptible to end-group (trifluoroacetate) hydrolysis
during work-up due to the strongly electron-withdrawing
substituents on the carboxylate group. The hydrolysis would
lead to a bimodal MW distribution where both series of chains

J. Name., 2013, 00, 1-3 | 3
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are end-capped by hydroxyl groups, in line with the
experimental observations. Darensbourg and
observed that salen-chromium(trifluoroacetate) catalysts also
lead to di-hydroxyl terminated polyt:arbonates.40 They
confirmed that the trifluoroacetate end-group was present
during polymerization, using anhydrous electrospray mass
spectrometry, but was hydrolysed during termination/work-up
to selectively produce the polyol.40

The important outcome is that catalyst 1 leads to the
highly selective formation of dihydroxyl end-capped polymers
or polyols. This is potentially beneficial for further application
in polyurethane manufacture or in the production of higher
polymers. We have previously demonstrated that such polyols
are viable initiators for lactide ring-opening polymerizations,
upon addition of a ROP catalyst, so as to produce ABA type
triblock copoly(ester-carbonate-esters).28 Given that selective
production of polyols is feasible using catalyst 1, it is of interest
to investigate its tolerance to the presence of various other
chain transfer agents and also the potential to prepare mono-
modal MW distributions.

co-workers

Polymerizations with Added Water

Chain transfer reactions are known to occur during these
polymerizations if protic compounds are present. These
reactions serve to ‘swap’ the growing polymer chain on/off the
metal centre and result in more than one polymer chain
growing per equivalent of catalyst (Fig. 1). Given that there is
good control of the MW and the dispersities are narrow, it is
proposed that the chain transfer reactions occur more rapidly
than propagation. Thus, it should be possible to control the
molecular weights via the addition of chain transfer agents,
the simplest and most cost-effective of these is probably
water. Furthermore, water is of interest as it is a common
contaminant of carbon dioxide and would be expected to be
present in any gases captured from industrial processes. In
order to investigate the tolerance of catalyst 1 to water, a
series of copolymerizations were run with increasing quantities
of water being added (Table 2).

Table 2: Shows the data obtained for polymers produced by the
ring opening copolymerization (ROCOP) of CHO and CO, with the
addition of water as a chain transfer agent (CTA).’

Entry Amount of water added ppm HzOb Mi< Mw/Mn"

(mol equiv.) (by weight)  (gmol™) (D)
1 0.5 91 5700 1.17
2 1 182 5200 1.15
3 2 364 4600 1.12
4 4 728 3300 1.11
5 8 888 2500 1.10
6 16 2904 1800 1.10
7 32 5792 800 1.09

“Polymerization conditions: 0.1 mol% of 1, 18 h reaction time, 1 bar research
grade CO,, 80 °C. “The quantity of water ( as ppm weight fraction) added, based
on the overall quantities of catalyst 1, epoxide and additive. “Determined by SEC,
in THF, using narrow molecular weight polystyrene standards to calibrate the
instrument

In all cases where water was added, the polymerizations
were nearly as active and selective as polymerizations in the

4| J. Name., 2012, 00, 1-3

absence of any additive (Table 2). It is feasible to add large
quantities of water to the polymerizations, including from ~90
— 5700 ppm by weight, still
polymerization. This is particularly notable as typical pipeline
specifications for captured CO, water content are
approximately 100-1000 ppm.23

For the polymerizations using water as the chain transfer

and maintain effective

agent, the polymer MWs reduce as increasing quantities of
water are added. Furthermore, monomodal MW distributions
are observed when excess water was added (Fig. 4). A
representative MALDI-ToF spectrum (Fig. 4) confirms that only
a single series of polycarbonate polyol chains is formed in all
cases.

R

s000 12000 16000 2moo

M, gmol)

°
® “o00
© 929 4058 ssn0@
@155 513,

3000 3500 4000 4500 5000 5500 6000 6500 7000

Figure 4: lllustrates Top: the SEC traces for the PCHC formed in Table 2.
Colour code: Entry 1: pink, 2: Black, 3: Green, 4: Yellow, 5: Dark Blue, 6: Pale
Blue, 7: Red. Bottom: The MALDI-ToF spectrum obtained from Table 2, entry
2.

Polymerizations with Added Alcohols

It has been proposed that water reacts with epoxides to
produce cyclohexane-1,2-diol (CHD), such a process likely
occurs and may be metal catalyzed.27'30
Cyclohexane-1,2-diol would be expected to function as a chain

immediately

transfer agent (CTA), leading to propagation from both of its
secondary hydroxyl groups.41 Thus, it is of interest to
investigate polymerizations in the presence of various
equivalents of exogeneous CHD (Table 3, Entry 1-4). Using
either CHO or vCHO resulted in successful polymerizations and
all the polymers contained high carbonate linkage contents
(>99%) and low quantities of cyclic carbonates (~5% for PCHC
and <1% for PvCHC). Using a 5-fold excess of CHD, vs. catalyst,
with CHO or v-CHO led to polymerizations occurring at near
equivalent activity to those run in the absence of additives
(Table 1, Entries 2 and 4). Increasing the amount CHD to a 10-
fold excess also enabled successful polymerization with the
selectivity remaining very high.

This journal is © The Royal Society of Chemistry 20xx
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Table 3: Shows the data for polymerizations conducted with addition of various additives(mono-, bi- and tri-functional).’
Entry Monomer Additive” Amount of additive added” ppm additives’  Conversion® % M,? M /M,
(mol equiv.) (by weight) (%) Selectivity” (gmol™) (D)
1 CHO CHD 5 5831 53 >99 4400 1.16
2 CHO CHD 10 11598 53 >99 2100 1.15
3 v-CHO CHD 5 4623 40 >99 7500 1.21
4 v-CHO CHD 10 9231 59 >99 5700 1.17
5 CHO TEA 20 2905 49 >99 1500 1.23
6 CHO H,NBn 20 2116 22 >99 950 1.10
7 CHO HNBn, 20 3834 33 >99 3700 1.18
8 CHO MEA 10 6068 65 >99 2200 1.21
9 CHO EN 10 6008 61 >99 2900 1.21

“Polymerization conditions: 0.1 mol % of 1, in neat epoxide, for 16-72 h, 1 bar research grade CO,, 80 °C. bWeighed directly into reaction vessel. ‘Based on 1. “The
quantity of additives (as ppm weight fraction) added, based on the overall quantities of catalyst 1, epoxide and additive. *Determined by *H NMR spectroscopy, based
on comparing integration values for the polymers (4.55-4.70 ppm, PCHC or 2.45 ppm, PvCHC) vs. epoxides (3.10 ppm, CHO or 5.62-5.80 ppm, vCHO). fSeIectivity for
polycarbonate vs polyether, determined by comparing the integrals of resonances in *H NMR spectra at 4.65 ppm (PCHC) or 4.75-4.90 ppm (PVCHC) (corresponding to
polymer carbonate linkages), and at 3.45 ppm (corresponding to polymer ether linkages). ‘Determined by SEC, in THF using narrow Mw polystyrene as standard to

calibrate the instrument.

As would be expected, the_increased quantities of CHD
led to a decrease in polycarbonate M,, due to multiple polymer
chains resulting per a metal centre. As stated earlier, bimodal
molecular weight distributions were observed for both PCHC
and PVCHC. In contrast, the addition of an excess of CHD
suppressed this bimodality and produced polycarbonates with
monomodal molecular weight distributions (Fig. 5 and Fig. S8).

M, = 5700
PDI =1.17

1189.6093 »
13576959 »
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g || gl & & g
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Figure 5: Top: The monomodal molecular weight distribution of PvCHC
(Table 3 Entry 4), as determined by SEC, using 10 equiv. of CHD in the
polymerization. Bottom: MALDI-ToF spectrum of the PvCHC produced in
Table 3 Entry 4, using 10 eq. of CHD

This journal is © The Royal Society of Chemistry 20xx

Based on the successful results using CHD (a bifunctional
alcohol) as a chain transfer agent, it was of interest to
investigate to addition of a tri-functional alcohol to produce
branched polycarbonates (Table 3). The efficient
copolymerization of CO, and CHO was undertaken in the
presence of 20 mol equiv. vs. catalyst 1, of triethanolamine
(N(CH,CH,0H);, TEA) (Table 3, Entry 5). The polycarbonate was
analysed by 'H and 31P{lH} NMR spectroscopy, MALDI-ToF and
SEC; all of which confirmed the formation of a perfectly
alternating copolymer. The synthesis of tri-functional, or
branched, PCHC was confirmed from the 'H NMR spectrum
(Fig. S9), where the ethylene protons of the NCH, and OCH,
groups of the TEA segment were observed at 2.86 and 4.17
ppm, respectively. Furthermore, only secondary alcohol
groups (145.5 ppm) were identified using a 31P{lH} NMR
spectroscopic analysis method (Fig. S10). The method involves
reacting sample of the polymer with 2-chloro-4,4,5,5-
tetramethyl dioxaphospholane, using bis(phenol)A as an
internal standard (Scheme 3).42'44 It indicates that, within the
detection limits of the technique, all polymerizations were
successfully initiated from all the hydroxyl functionalities of
TEA as all the primary alcohol groups were consumed and only
secondary hydroxyl groups, due to cyclohexan-ol end groups
were observed. The MALDI-ToF spectrum (Fig. S11) showed a
major series corresponding to the dihydroxyl end-capped
PCHC. The absence of the expected series, corresponding to
PCHC initiated from TEA, is proposed to be due to difficulties in
branched chains. In this case, the rate of polymerization was
relatively slower (TOF = 7 h'l), yielding a polymer with M, of

1500 gmol™ (P=1.23).
/O o
Cr(acac)s, py Ro*P\o
HCl o+

R-OH oA
+ CI—F -
R-NHR' No—Nen Bisphenol A

R = polymeryl; R' = alkyl
Scheme 3: The reaction between alcohol or amine and 2-chloro-4, 4, 5,
5-tetramethyl dioxaphospholane.

J. Name., 2013, 00,1-3 | 5
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Polymerizations with Added Amines

Amine based post combustion capture of CO, has recently
received much attention as a promising method for the
reduction of atmospheric CO, emissions.* Approximately, 0.2
ppm of (MEA) and
methylamine, in conjunction with 20 ppm ammonia are found
as common contaminants. required to
remove the amine-based contaminants in the production of
reclaimed C02.46’ &

It has already been established that the successful ROCOP
of CHO and reclaimed CO, occurs using analogous a di-
magnesium catalyst (Table 1, entry 6).23 It was, therefore, of
interest to establish whether LZn,(O,CCF;), (1) can successfully
catalyze ROCOP in the presence of amine additives.

The polymerizations of CHO and CO, with primary (H,NBn)
and secondary (HNBn,) amine additives occurred successfully
(Table 3, Entries 6 and 7, respectively). Slightly lower
polymerization rates (TOF < 20 h'l) were obtained in both
cases compared to the polymerizations in the absence of any
additives (TOF = 25 h'l, Table 1, Entry 2), whereas in all cases
the polymerization selectivities were high. The 'H NMR spectra
of the isolated PCHC clearly indicate the incorporation of the
amine reagents into the polymer chains. A representative 'H
NMR spectrum of the PCHC from Table 3, Entry 7 is shown in
Fig. 6, illustrating the key resonances assigned to the benzyl
protons at 7.32-7.22 and 4.37 ppm, respectively. In addition,
SEC analysis using a UV detector also served to confirm the
incorporation of the benzyl units as end-groups to the
polymers (Fig. S12).

amine, namely methanolamine

Denitrification is

g
A

80 75 70 65 6.0 55 5. .0 25 20 15 10 05 00

0 45 40 35 3
Chemical shift (ppm)

Figure. 6: 'H NMR spectrum (400.0 MHz, CDCls-d;, 298 K) of the isolated
PCHC produced in the polymerization with H,NBn additive (Table 3, Entry 7).
The asterisk denotes the residual protio-solvent.

The MALDI-ToF mass spectra showed three series
attributed to polycarbonates end-capped by: 1) dihydroxy
groups, 2) amine/hydroxyl groups and 3) carbamate/hydroxyl
groups (Fig. 7).

6 | J. Name., 2012, 00, 1-3
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Figure 7: MALDI-ToF spectrum of the PCHC obtained in Table 3 Entry 7,
using 20 equiv. of H,NBn.

The presence of both amine and amide end groups must
be due to the formation of both the carbamate alcohol (a,
Scheme 4) and the amino alcohol (b, Scheme 4) from the
reaction between amine, CHO and CO,, in the presence of
catalyst 1. Other researchers have reported the reactions of
amines, carbon dioxide and epoxides can lead to the formation
of both products, although it is notable that in these cases
more forcing conditions were generally required.48'50

0
o RR'N)kO

catalyst

B

OH RR'N OH

OO

(a)

RR'NH + CO, +

Scheme 4. The synthesis of carbamate alcohol and amino alcohol.

A control experiment was carried out to examine the
behaviour of the amine reagents under the polymerization
conditions which showed that polymerization only occurred in
the presence of the catalyst, i.e. the amines themselves are
not able to ‘catalyze’ polymerization. This observation
reinforces the proposed metal-mediated ROCOP pathway,
whereby monomers are activated through the coordination to
the metal centres prior to reactions with the amines. The
carbamate alcohol intermediates are
expected to reagents in the
polymerizations. These polymerizations occurred with slightly

and amino alcohol
act as chain transfer
slower rates than in the absence of additives, this may be due
to inhibition of monomer binding by the amines and/or slower
initiation processes. The polymers were analyzed using
MALDI-ToF MS and by 31P{lH} NMR spectroscopy, after
reaction wtih 2-chloro-4,4,5,5-tetramethyl dioxaphospholane.
The resonances were characteristic of polycarbonates with
secondary hydroxyl end-groups, with peaks at 145.5 ppm in
31P{lH} NMR spectra (C and D, Fig. S10). Whereas the reaction
between dibenzylamine and the dioxaphospholane resulted in
a peak at 142.5 ppm in 31P{lH} NMR spectrum (B, Fig. S10).

This journal is © The Royal Society of Chemistry 20xx
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Thus, supporting the involvement of the NH groups in
polymerizations, as illustrated in Scheme 4.

The scope of polymerizations in the presence of amines
was expanded to include bi-functional reagents, such as,
monoethanolamine (MEA) and ethylenediamine (EN). The
formation of a white suspension was observed during the
initial stages of polymerizations using these additives (Table 3,
Entries 10 and 11, respectively). Such observations are
consistent with the formation of ammonium salts, as part of
equilibria between amines, carbon dioxide and carbamic
acid.***° The white suspension dissolved as the polymerization
proceeded, and the reactions resulted in the formation of low
molecular weight PCHC, with slightly broader dispersity (M,
2,200 g mol'l, D = 1.21 for MEA and M, = 2,900 g mol'l, D=
1.21 for EN) compared to that obtained from the control
experiment (M, = 6,600 g mol'l, D = 1.18). Furthermore, once
again the polymerization activities were significantly lower
(TOF =9 h'l) than that of the control experiment. The polymer
chain end group analysis, using the reaction with 2-chloro-
4,4,5,5-tetramethyl dioxaphospholane, showed the formation
of polycarbonates with secondary alcohol end-groups (E and F,
Fig. S10), however, the MALDI-ToF spectra were highly
complex and as yet cannot be fully assigned. These findings
indicate that although successful polymerizations did occur in
the presence of primary amines, the precise polymer
structures may be complicated by carbamate formation at the
chain ends.

Experimental Section

Materials and Methods

All manipulations were carried out using standard Schlenk line
or dry-box techniques under an inert atmosphere of nitrogen.
All glassware were dried at 160 °C for 20 h and cooled under
vacuum prior to use. Solvents were dried by passing through a
column of appropriate drying agent, degassed and stored
under nitrogen atmosphere. Chloroform-d; was dried over
CaH,, distilled under reduced pressure and stored over 4 A
molecular sieves, under nitrogen atmosphere.

Ligand H,L and catalyst 1 were synthesised according to
the previously published literature. Cyclohexene oxide and
vinyl cyclohexene oxide were purchased from Acros and Sigma
Aldrich, respectively, and fractionally distilled from CaH,.
Cyclohexene diol was recrystallised from ethyl acetate and
stored under nitrogen atmosphere. Benzylamine (99%),
dibenzylamine (97%), monoethanolamine (99.5%),
ethylenediamine (99.5%) and triethanolamine (98%) were
purchased from Sigma Aldrich, degassed and stored under
nitrogen atmosphere. High-purity CO, was obtained by passing
research grade CO, (99.99995%) purchased from BOC (Linde
Gas) through a high performance purifier (Drierite column).

1H, BC{IH}, 31P{lH} NMR spectra were recorded using
Bruker AV400 MHz spectrometer at ambient temperature
(unless stated otherwise). 1H, 13C{lH} NMR spectra were
referenced internally to residue proteo-solvent (*H) or solvent
(BC) resonances, and are reported relative to
tetramethylsilane. SEC data were determined by a Shimadzu

This journal is © The Royal Society of Chemistry 20xx

LC-20AD instrument using MALLS detector (Wyatt Dawn 8+),
with THF as the eluent, at a flow rate of 1.0 mL/min at 30 °C.
Two Mixed Bed PSS SDV linear S columns were used in series.
The MALLS detector was calibrated by polystyrene standard.
MALDI-ToF MS experiments were carried out on
Waters/Micromass MALDI micro MX spectrometer, using a
dithranol matrix in THF at loading of 1:1 with potassium
trifluoroacetate (KO,CCF3) as the cationizing agent. Elemental
Analyses were carried out by the Elemental Analysis Service at
London Metropolitan University.

Synthetic Procedures
General Polymerization Protocol

Copolymerization of cyclohexene vinyl
cyclohexene oxide and carbon dioxide. Cyclohexene oxide
(1.67 mL, 17 mmol) or vinyl cyclohexene oxide (2.15 mL, 17
mmol) and LZn,(0,CCF;) (1, 15.0 mg, 0.017 mmol) were added
into a Schlenk tube. The epoxide was degassed, before being
left stirring under 1 atm CO, at 80 °C for a pre-determined
time period. The crude reaction mixture was dried in vacuo to
remove unreacted epoxide. The polymer was purified by
repeat precipitations from methylene chloride using methanol.

Separation of poly (cyclohexene carbonate) (PCHC) with a
bimodal molecular weight distribution. 100 mg of PCHC in
THF (1.5 mL) was analysed using the previously stated SEC
equipment. The delay time of the instrument was calculated
based on the flow rate and the column length. Different
fractions were collected manually according to the pre-
determined time (elution and delay time).

Polymerizaitons in the presence of Chain Transfer Agents.
The general procedure stated above was followed, whereby
multi-equivalents of chain transfer agents were added to the
reaction mixture prior to the degassing process.

oxide or

Conclusions

In conclusion, a di-zinc trifluoroacetate catalyst was
investigated for the copolymerization of cyclohexene oxide or
vinyl-cyclohexene oxide and carbon dioxide. The catalyst
shows moderate/good activity and productivity and very high
selectivity for carbonate linkage formation. It also selectively
produces polycarbonate polyols, with bimodal molecular
weight distributions. The catalyst functions well in the
presence of additives, including with water, diols and amines.
These added reagents lead to good catalytic performances and
enable control over the molecular weight of the polymers and
the production of polyols with monomodal molecular weight
distributions. The catalyst shows a high tolerance to such
contaminants, including the ability to selectively prepare

polyols in the presence of >5000 ppm of water.
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