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Polycarbonate ether polyol synthesized by the copolymerization of carbon dioxide (CO,) and epoxides is
a promising technology for chemically fixing CO, and manufacturing degradable polymeric materials.
However, research on the copolymerization of CO, and 1,2-butylene oxide (BO) to produce
polycarbonate ether polyol is relatively scarce. Herein, we employed layered Zn-Co double metal
cyanide (L-DMC) as a catalyst for the copolymerization of CO, and BO to obtain polycarbonate ether
polyol. Under optimized conditions, the L-DMC-mediated copolymerization of CO, and BO displays
excellent activity (catalytic productivity up to 1500 g polymer per g catalyst) and a high CO,

incorporation fraction in polycarbonate ether polyol rate of 35.5%. In situ FTIR spectroscopy experiments
Received 25th September 2024 h d hort inducti iod (10 min) | | izati q titi bet th thesized
Accepted 22nd October 2024 showed a short induction perio min) in polymerization and competition between the synthesize

polycarbonate ether polyol and butylene carbonate (BC). The properties of easy preparation, stability,

DOI-10.1039/d4ra06913g and excellent catalytic performance of L-DMC suggest that it may be a promising candidate for large-
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1. Introduction

The conversion of carbon dioxide (CO,) into polycarbonate
ether polyols is an effective strategy to achieve high value
utilization of CO, and manufacture of degradable materials."”
Polycarbonate ether polyols are ideal soft segments for the
preparation of high-performance polyurethane materials due to
their unique degradability and inoxidizability.**° Currently, the
synthesis of polycarbonate ether polyols is commonly achieved
through the copolymerization of CO, and propylene oxide
(PO)."*-** However, the deficiencies of CO,-PO based polymers
in terms of hydrophobicity and heat resistance prevent them
from being used in hydrophobic coatings, waterproof film
materials and high temperature-resistance adhesives.'**®
Compared with PO-based polymers, BO-based polymers
synthesized from 1,2-epoxide butene (BO) with long alkyl side
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scale production of CO,-BO-based polymers.

chains have excellent hydrophobicity and heat resistance and
have attracted extensive attention. Such polyethers synthesized
by ring-opening polymerization of BO have been successfully
used in oil-soluble and hydrophobic materials.**** To the best of
our knowledge, research on the synthesis of CO,-BO-based
polymers has been relatively limited to date, resulting in the
slow development of such materials.”* Therefore, synthesis of
polycarbonate ether polyol by the development of efficient
copolymerization methods for CO, and BO is highly desirable.>

Due to the properties of simple preparation and stability,
double metal cyanide (DMC) catalysts can be used in the
commercial production of polycarbonate ether polyols.** Since
1966, intense research work have been performed to improve
the catalytic efficiency of DMC catalysts.”® Kim et al.>* synthe-
sized Zn-Co DMC catalysts using different dicarbonyl com-
plexing agents which gave polypropylene carbonate polyols with
low molecular weights (<4000 g mol™ ') and a high CO, incor-
poration fraction in polycarbonate ether rate of 46.7%.
However, the productivity of the catalysts was lower than 160 g
polymer per g DMC. In addition to altering the complexing
agent of DMC, the development of novel DMC structures is an
effective way to improve its performance. Zhang et al.*® reported
a nano-lamellar structure DMC catalyst for the copolymeriza-
tion reaction between CO, with PO to obtain polycarbonates
with number average molecular weights of >10 000 g mol *, but
the conversion of PO was only 27.2% in 6 h. Trees et al.”® had
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successfully synthesized a layered Zn,[Co(CN)s](CH;COO)
double metal cyanide catalyst, which exhibited more excellent
catalytic performance than conventional DMC for the ring-
opening polymerization of epoxides. Experimental character-
ization results show that the two-dimensional layered structure
of L-DMC with high specific surface area can expose more
available active sites on the catalyst surface, which is essential
for its high catalytic activity. Inspired by this work, we propose
that the use of DMC catalysts with a layered structure for the
copolymerization of CO, and BO will not only improve the
polymerization efficiency but also increase the CO, incorpora-
tion fraction in the copolymer.

Herein, we synthesize a highly active L-DMC catalyst to
achieve copolymerization of CO, and BO to prepare poly-
carbonate ether polyol (Fig. 1 and Scheme 1). The L-DMC
mediated copolymerization can provide a catalytic produc-
tivity of 1553 g polymer per g catalyst and a CO, incorporation
fraction in polycarbonate ether polyol rate of 35.5% at 110 °C
and 3 MPa CO,. The high reactivity of L-DMC might be ascribed
to its two-dimensional layered structure and high specific
surface area, which was confirmed by BET, SEM, TEM, XRD and
XPS studies. Moreover, the structure of the polycarbonate ether
polyol was determined by FTIR, "H NMR, *C NMR and DOSY
NMR characterization techniques. In situ FTIR spectroscopy
monitored the copolymerization process of CO, and BO cata-
lyzed, and the relationship between polycarbonate ether polyol
and butylene carbonate (BC) during the formation process was
revealed. The proposed approach successfully synthesized
degradable CO,-BO-based polymer polyols creating better
opportunities for preparing high-performance polyurethane
materials.

2. Experimental part
2.1 Materials

1,2-Butylene oxide (BO), butane-1,4-diol (1,4-BDO), potassium
hexacyanocobaltate(m) (K;[Co(CN)s]), glacial acetic acid dihy-
drate (Zn(CH;COO),-2H,0) and tert-butanol (-BuOH) were
purchased from Aladdin Industrial Corporation. Acetic acid
(CH3COOH) and zinc chloride (ZnCl,) were provided by Sino-
pharm Chemical Reagent Co., Ltd. BO was purified through
refluxing calcium hydride for 48 h and subsequently kept in
a nitrogen environment until needed. 1,4-BDO was dried on
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Fig. 1 Schematic structure of L-DMC catalyst with acetic acid as
ligand.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances
O Catalyst

co, + % \”/
Chain transfer agent

Scheme 1 Copolymerization of CO, and BO to synthesize poly-
carbonate ether polyol by L-DMC catalyst.

a 4 A molecular sieve for 48 h and also stored under nitrogen
conditions for later use.

2.2 Preparation of L-DMC catalyst

The L-DMC catalyst was prepared according to the previous
literature.?® In order to avoid the influence of K on catalyst
activity, the required K;3[Co(CN)¢] in L-DMC synthesis was
replaced with H;[Co(CN)e].>” CH;COOH (4.8 g, 0.08 mol) and
Zn(CH;3COO0),-2H,0 (660.0 mg, 3.0 mmol) were dissolved in
distilled water (15.0 mL) to prepare solution A. H3[Co(CN)s]
(496.0 mg, 1.5 mmol) was dissolved in distilled water (10.0 mL)
to prepare solution B. Solution A was placed in an oil bath and
heated to 90 °C with stirring, then solution B was added slowly
and dropwise. The reaction solution took out from the oil bath
right after the drop was finished. The solids that were sus-
pended were gathered through centrifugation and rinsed three
times with distilled water, and the resulting precipitate was
dried under vacuum at 80 °C for 12 h.

2.3 Preparation of DMC catalyst

Preparation of DMC catalyst using methods reported in the
literature.?® Solution A was prepared by dissolving H;[Co(CN)s]
(1.5 g, 4.8 mmol) in distilled water (20.0 mL). Solution B was
prepared by dissolving ZnCl, (20.0 g, 0.15 mol) in a mixture of
deionized water (50.0 mL) and ¢ert-butanol (30.0 mL). Solution B
was placed in an oil bath and heated to 50 °C with intense
stirring, then solution A was added dropwise and continue
stirring for 2 h. The white sediment was recovered by centrifu-
gation and subsequently washed three times using a combined
solution of deionized water and tert-butanol (the amount of tert-
butanol in the washing solution is progressively increased), and
the collected precipitate was dried under vacuum at 60 °C for
24 h.

2.4 Copolymerization of CO, and BO

The copolymerization of BO and CO, was conducted out in
a pre-dehydrated 50 mL stainless steel autoclave reactor system.
The catalyst was treated at 80 °C in a vacuum for 12 hours and
was subsequently stored in a nitrogen atmosphere for further
use. Taking the data from entry 2 in Table 1 as an example, the
catalyst (8.0 mg), 1,4-BDO (63.0 mg, 0.7 mmol) and BO (8.0 g, 0.1
mol) were added into the 50 mL autoclave equipped with
a magnetic stir. The autoclave was charged with CO, to reach
specified pressure and heated to 110 °C. After cooling down to
room temperature and releasing the pressure to obtain the
crude product. The crude product was dissolved by methylene
chloride, and the catalyst and solvent were removed by filtration
and vacuum distillation, respectively. The pure product was
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Table 1 Effect of reaction parameters on the copolymerization of CO, and BO*

Productivity”
Entry Catalyst (mg) Temperature (°C)  Pressure (MPa)  foo? (%)  Wac? (Wt%) M,°(gmol') B (g polymer per g catalyst)
1? 7.0 110 3 — — — - =
2 8.0 110 3 30.3 8.2 10700 2.8 1239
3 10.0 110 3 35.0 22.1 6800 6.6 510
4 20.0 110 3 24.7 50.3 — — —
5 8.0 100 3 — — — — —
6 8.0 120 3 23.8 12.3 8000 3.0 925
7 8.0 140 3 4.0 1.0 1400 1.8 —
8 8.0 110 1 18.0 4.9 6300 3.1 1008
9 8.0 110 2 29.6 7.9 9700 3.5 1197
10 8.0 110 4 32.3 6.6 11100 3.9 1401
11 8.0 110 5 35.5 10.2 12 600 3.2 1500
12°¢ 8.0 110 3 13.3 1.6 5000 2.5 861

@ All copolymerization reactions were carried out in 10 mL BO. ® The copolymerization of CO, and BO was catalyzed by L-DMC. © The
copolymerization of CO, and BO was catalyzed by DMC. ¢ Determined by 'H NMR and formula (1) and (2). ¢ Determined by GPC./ Determined

according to Wproduct/ Weat-

obtained by precipitation from methanol and dried to constant
weight under vacuum condition at 80 °C.

The CO, incorporation fraction (fo ) in polycarbonate ether
polyol and the weight ratio of cyclic carbonate (Wpc) were
determined by integrating the "H NMR signals at 4.7-4.9 ppm
and 4.0-4.3 ppm (representing carbonate units), 3.2-3.7 ppm
(indicating ether linkage chain) and 4.0 ppm, 4.5 ppm and
4.6 ppm (corresponding to 1,2-butylene carbonate), in accor-
dance with the formulas (1) and (2) reported by Zhang et al.>**’

Jco,% = (As.749 + Asoaz — 2445)[2(As 740 + Asoa3 — 2445s)
+ Az 33] »

Wac% = BA45)M(As 740 + Aas + Asoa3 + A3235) (2)

3. Results and discussion
3.1 Characterization of L-DMC catalysts and DMC catalysts

Fig. S1t illustrated the powder XRD patterns of DMC and L-
DMC catalysts. DMC exhibited broader diffraction peaks from
15° to 21°, whereas L-DMC displayed sharp diffraction peaks
from 15° to 35°. This suggests that L-DMC possesses a more
integrity crystal structure and exhibits higher crystallinity.
Moreover, the layered phases of L-DMC were clearly character-
ized by reflections at 26 = 16.9°, 18.4°, 23.6°, 25.6° and 34.3°,
which were consistent with the results of previous work.>*>
The surface compositions of DMC and L-DMC were analyzed
using XPS. The results indicates that Zn, Co, C, N, and O were
common components of both catalysts (Fig. S21). According to
previous reports,* the main role of Co in Zn-Co DMC catalysts
is to act as a stabilizer for the cyanide-bridged complexes to
ensure that the catalysts remain heterogeneous, while Zn is the
main key catalytic active site. Fig. 2 presented the expanded Zn
2p XPS spectra for the DMC and L-DMC catalysts. The binding
energies of Zn atoms in both DMC and L-DMC catalyst systems
were significantly reduced compared to the binding energy of
Zn atoms in ZnCl, (E, = 1023.7 eV), which suggests a change in

34374 | RSC Adv, 2024, 14, 34372-34380

1022.62 1022.37 Zn 2p,,

Zn2p3py

(a)

Zn2pyy

b) e
)

Zn2p,,

Intensity (a.u.)

1050 1045 1040 1035 1030 1025 1020 1015 1050 1045 1040 1035 1030 1025 1020 1015

Binding Energy (eV) Binding Energy (eV)

Fig. 2 Zn 2p XPS spectra of (a) DMC, (b) L-DMC.

the chemical coordination environment around the active site
of Zn(u), thereby influencing its electronic structure proper-
ties.** The DMC exhibited two singlet peaks of the Zn 2p spin-
orbits with binding energies at 1022.62/1045.60 eV, and simi-
larly the L-DMC also exhibited two singlet peaks of the Zn 2p
spin-orbits with binding energies at 1022.37/1045.36 eV. This
result suggests that the coordination between Zn atoms and
different complexing agents can affect the binding energy of Zn
2p. CH3COOH as a complexing agent tends to promote the
transfer of electrons to the Zn center, which is contributing to
the increase of catalytic performance.**

Transmission electron microscopy (TEM) was used to char-
acterize the structural morphology of DMC and L-DMC. As
illustrated in Fig. 3(a) and (b), the particle shape of DMC
predominantly exhibits a hexagonal configuration with a varia-
tion in particle size. In contrast, the particle size of L-DMC, as
depicted in Fig. 3(c) and (d), is significantly smaller and exhibits
a lamellar structure. These lamellar particles are primarily
arranged in a random overlapping manner, leading to a layered
structure. Fig. S31 presents the characterization results of the
surface morphology as observed through SEM images of the two
catalyst samples. As illustrated Fig. S3(a) and (b),t the DMC
particles exhibited uneven particle sizes, irregular shapes, and
low dispersion, with many particles adhering to one another
and not easily separable. In contrast, the surface particles of L-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images (a and b) DMC, (c and d) L-DMC.

DMC demonstrate greater dispersion, as displayed in Fig. S3(c)
and (d).t Furthermore, it is observed that the L-DMC particles
are aggregated to form a layered structure, as highlighted in the
enlarged image of Fig. S3(d),T which aligns with the findings
from TEM characterization.

The N, adsorption isotherm curves for DMC and L-DMC
were presented in Fig. S4.7 The N, adsorption isotherm of the
DMC catalyst exhibits a typical type V isotherm with a type H3
hysteresis loop,** indicating a mesoporous structure. On the
contrary, the adsorption isotherm of L-DMC catalyst only shows
a small hysteresis loop.** The characteristics of the pore struc-
ture properties for both catalysts are presented in Table S1,T
where the specific surface area (Sggr = 668 m® g~ ') and external
specific surface area (Sexe = 32 m”> g ') of L-DMC are signifi-
cantly higher than those of DMC (Sggr = 26 m?> g ' and Sey = 21
m?> g7"). It has been reported that specific surface area is
a crucial factor influencing the activity of the L-DMC catalyst, as
the larger specific surface area typically increases the number of
active sites exposed on the catalyst surface, thereby improving
catalytic activity.**** Furthermore, based on the SEM analysis of
the samples, it can be inferred that the high specific surface
area of L-DMC may be attributed to its smaller particle size and
highly dispersed particles without aggregation.

3.2 Influence of chain transfer agent type on the
copolymerization of CO, and BO

Utilizing a chain transfer agent is essential for the synthesis of
polycarbonate ether polyol on the copolymerization of CO, and
BO. Research shows that low number average molecular weight
PPGs (200-600 g mol ") alcohols, non-complexing alcohols and
carboxylic as chain transfer agents have different effects on the
polymerization."?**** This study investigated the effects of
polypropylene glycol (PPG-400), butane-1,4-diol (1,4-BDO), and
sebacic acid (SA) chain transfer agents on the copolymerization
of CO, and BO. When SA as a chain transfer agent added to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymerization system (Table S2 (entry 3)t), targeted polymer
was not obtained, which is attributed to the deactivation of the
catalyst resulted from the strong coordination of SA with the Zn
sites of L-DMC.* Furthermore, as shown in Table S2 (entries 1
and 2),T the employment of PPG-400 as the chain transfer agent,
the fco, in the product was only 10.9%, which is significantly
lower than the desired (fco, > 30%). In contrast, the use of 1,4-
BDO as a chain transfer agent in the copolymerization of CO,
and BO demonstrated superior performance, achieving an fco,
of 30.3%, Wpc less than 10%, and a catalytic productivity of
1239 g polymer per g L-DMC. This suggested that the coordi-
nation of 1,4-BDO activates L-DMC, followed by initiation and
propagation with BO. Therefore, 1,4-BDO was selected as the
chain transfer agent for further investigations into the copoly-
merization of CO, and BO catalyzed by L-DMC. In addition.
Table S2 (entry 4)f showed that the copolymerization of CO,
and BO catalyzed by L-DMC can synthesize polycarbonate ether
polyol with higher number average molecular weight (M,, = 18
300 g mol ™~ ") without the addition of chain transfer agent, which
may be the result of adventitious traces of water (such as water
present in the monomer) as the chain transfer agent.

3.3 Effect of reaction parameters on the copolymerization of
CO, and BO

The effects of reaction parameters on the copolymerization of
CO, and BO catalyzed by L-DMC are summarized from entries
1-11 in Table 1. Firstly, the effect of the dosage of L-DMC on
polymerization was investigated. When the dosage of L-DMC
was 7.0 mg (entry 1) under 110 °C and 3 MPa CO, conditions,
no polymer was obtained. It is attributed to the total inactiva-
tion of the effective Zn active site of L-DMC after coordination
with the chain transfer agent. When the dosage of L-DMC was
increased to 8.0 mg (entry 2), copolymerization between CO,
and BO was achieved, yielding 30.3% fco, and a productivity of
1239 g polymer per g L-DMC. As the dosage of L-DMC was
further increased to 10.0 mg (entry 3), fco, rose to 35.0%;
however, the weight ratio of BC increased significantly to 22.1%
and the dispersity (P) value rose to 6.6. This is due to the fact
that the number of available zinc active sites increases with the
amount of L-DMC, which enhances the monomer conversion. It
not only promotes the copolymerization of CO, with BO, but
also facilitates the cycloaddition reaction of BO with CO,.
Furthermore, the increased catalyst dosage could lead to poly-
carbonate ether polyol with high D, because the rise in the
number of active centers contributes to a higher quantity of
initiated chains.** When the dosage of L-DMC was increased to
20.0 mg (entry 4), Wgc further escalated to 50.3%, while fco,
decreased to 24.7%. This result may be due to the fact that
excessive use of the L-DMC accelerated the activation of CO, in
the reaction, leading to the inhibition of copolymerization by
a huge amount of activated CO,. While excessive dosage of
catalyst increased the number of Zn active sites, improved the
conversion of monomer and promoted the formation of BC
through the cycloaddition reaction of BO and CO,.

The effects of temperature on the copolymerization of CO,
and BO catalyzed by L-DMC were summarized in Table 1

RSC Adv, 2024, 14, 34372-34380 | 34375
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(entries 2 and 5-7). The copolymerization does not take place at
100 °C (entry 5). Data presented in Table 1 (entry 2) indicated
that the lowest reaction temperature at which the copolymeri-
zation of BO and CO, taken place catalyzed by L-DMC was 110 ©
C. The result indicates that the ligands site composed of 1,4-
BDO and active sites are more easily replaced by BO to activate
L-DMC at higher temperatures. As the reaction temperature
increased to 120 °C, the fco, in polycarbonate ether polyol
decreased from 30.3% to 23.8% while the content of the Wy¢
rose from 8.2% to 12.3% (entry 6). Because higher temperatures
promoted the cycloaddition reaction of CO, and BO to replace
part of the copolymerization of CO, and BO, which is consistent
with previous research.*»*> When the reaction temperature was
raised to 140 °C (entry 7), fco, quickly decreased to 4.0% with
only 1.0% of the byproduct BC formed, indicating that the
majority of BO underwent homopolymerization into polyether
products in a short time. Therefore, temperatures exceeding
120 °C are not conducive to the copolymerization of CO, and
BO. This finding is consistent with the result of previous
research, which suggests that lower reaction temperatures are
beneficial for the copolymerization catalyzed by L-DMC.*
Furthermore, the influence of CO, pressure factors on the
reaction was investigated. As shown in Table 1 (entries 2 and 8-
11), the copolymerization of CO, and BO catalyzed by L-DMC
under different CO, pressures can synthesize polycarbonate
ether polyol with M, in the range of 6300 g mol™" to 12 600 g
mol ' and P in the range of 3.1-3.9. The Jco, in polycarbonate
ether polyol increases from 18.0% to 35.5% with the CO,
pressure rising from 1 to 5 MPa. According to Fig. S5, the glass
transition temperatures (T,) of the polycarbonate ether polyol
are —26.1 °C (feo,: 18.0%) and —13.5 °C (fco,: 30.3%), suggest-
ing that T, increases with the addition of carbonate units. The
low glass transition temperature of polycarbonate ether polyol
highlights its potential as suitable parts for the synthesis of
polyurethane soft segments. This finding indicates that
increase of CO, pressure is an effective way to increase the CO,
incorporation fraction in polycarbonate ether polyols** In

(a)

PBC (C=0)
1752cm!

N4

PBO (C-0)
1101¢m!

BC (C=0)
_ 1819cm!

Fig. 4
110 °C, 1.5 MPa CO, pressure.
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addition, the content of BC also increased with the increase of
pressure, indicating that the synthesis of BC was facilitated by
the increase in pressure.

Table 1 (entries 2 and 12) presented the catalytic effects of L-
DMC and DMC catalysts on the copolymerization of CO, and BO.
Notably, the fco, in the polycarbonate ether polyol increased from
13.3% (entry 2) for the DMC catalyst to 30.3% (entry 12) for the
synthesized L-DMC catalyst under identical reaction conditions.
Furthermore, the catalytic efficiency comparison revealed that L-
DMC achieved 1239 g polymer per g L-DMC, surpassing the 861 g
polymer per g DMC, thereby indicating the superior catalytic
activity of L-DMC. It has been reported that reactions catalyzed by
DMC typically occur on the catalyst's surface.** Compared with
DMC catalyst, L-DMC catalyst has a unique layered structure and
smaller particle size, while the particles are also better dispersed.
These characteristics are beneficial to the increase of the specific
surface area of the catalyst, resulting in increased exposure to the
available Zn active sites. The characterization results of BET (L-
DMC: Sggr = 668 m* g, Seye = 32 m> g ', DMC: (Sger = 26
m? g7}, Sexe = 21 m? g~ 1) also prove the possibility of the above
analysis. Therefore, L-DMC showed excellent catalytic activity
than DMC on the copolymerization of CO, and BO.*

3.4 In situ FTIR spectroscopy for the copolymerization of
CO, and BO catalyzed by L-DMC

In situ FTIR three-dimensional stack plot of L-DMC-catalyzed
copolymerization of CO, and BO is presented in Fig. 4(a). The
Y(C=0) and v(C-O-C) characteristic absorption peaks at
1752 em™" and 1101 em™ " were attributed to the carbonate
units and the ether linkages of the polycarbonate ether polyol,
respectively. Additionally, the characteristic absorption peak at
1819 cm ™' was assigned to cyclic carbonate. In Fig. 4(b), the
existence of an induction period for polymerization can be
clearly observed, in which no change in the characteristic
absorption peaks was observed within 10 min (stage 1) of the
polymerization, indicating that the polymerization did not start

— 1101cm™ 3
—— 1752em™ 1
—— 1819cm™’ 1

Absorbance(a.u.)

0.0 T

T T T
150 200 250

Time(min)

T
100

(a) Three-dimensional stack plots of in situ FTIR spectroscopy. (b) Reaction profile monitored by in situ FTIR. Reaction was carried out at
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during this period. This phenomenon indicates that the L-DMC
catalyst complys with the coordination polymerization mecha-
nism of conventional DMC catalysts. As the reaction time
increases from 10 min to 130 min (stage 2), the characteristic
absorption peaks (C-O-C stretching vibration and C=O
stretching vibration) of the ether linkages and carbonate units
at 1101 em ' and 1752 ecm ' were gradually intensified.
Meanwhile, the characteristic absorption peak (C=0 stretching
vibration) of cyclic carbonate was also gradually intensified.
This result suggests that BO and CO, were rapidly converted to
polycarbonate ether polyol and BC after ending the induction
period. Notably, the growth rate of the characteristic absorption
peaks of ether linkages and cyclic carbonate at the very begin-
ning of polymerization is significantly faster than that of the
characteristic absorption peak of carbonate units, indicating
that the main formation of ether linkage chain segments and
BC. As the reaction proceeds the reaction rate of BC is gradually
decreased and the rate of synthesis of carbonate units and ether
linkage in the polymer is nearly equal. The production of BC
ceased in the reaction after 130 minutes (stage 3), and the
synthesis rate of carbonate units and ether linkages in the
polymer decreased significantly until BO was nearly fully con-
verted. These findings indicate that the competitive formation
between the target product polycarbonate ether polyol and the
by-product BC during the copolymerization of CO, and BO
using 1,4-BDO as chain transfer agent and L-DMC as catalyst.

3.5 Plausible reaction mechanism

Given that the L-DMC catalyst demonstrates high catalytic
activity in the copolymerization of CO, and BO, it is essential to
propose a reaction mechanism that elucidates the interactions
of its active sites with CO, and BO. The potential reaction
mechanism has been formulated based on the characterization
analysis detailed above, as well as previously reported studies
on the polymerization processes involving analogous DMC
catalysts.”*° As illustrated in Scheme 2, the process begins with
the oxygen atom (O) of the BO monomer and the hydroxyl group
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of the chain transfer agent replacing the complexing agent of L-
DMC, thereby coordinating with the Zn active sites. Subse-
quently, the hydroxyl group on the chain transfer agent
nucleophilically attacks the BO coordinated with the Zn active
sites, leading to the opening of its ring and the generation of
propagating species. The process of propagation is carried out
by the nucleophilic attack of the growing polymer chain on
activated BO, while the absorbed CO, is activated by the Zn
active sites and incorporated into the chain until the monomer
is fully consumed. The byproduct BC may be generated by the
cycloaddition reaction of CO, and BO.?**** In this context, the
acetic acid complexing agent in L-DMC not only interacts with
the Zn atoms to influence the activity of catalyst but may also
facilitates the absorption of CO, and enhances the CO, incor-
poration fraction in polycarbonate ether polyol.*® This proposed
mechanism aligns with the previously mentioned competitive
relationship between BC and polycarbonate ether polyol.

3.6 Characterization of polymers

The composition of the polycarbonate ether polyol can be
analyzed using FTIR and '"H NMR spectroscopy. It can be
observed in the FTIR spectra (Fig. 5(a)), polycarbonate ether
polyol exhibits the characteristic ¥(C=0) of the carbonate units
and the v(C-O) vibrations associated with the ether units at
approximately 1752 em™" and 1255 cm ™', respectively. Mean-
while, the stretching vibration of the C-O-C bond in the poly-
ether segment is detected at 1101 cm™~". "H NMR spectra of
copolymer (Fig. 5(c)) exhibited characteristic signals of the
methyl to illustrates the composition of the polycarbonate ether
polyol. The signals detected in the range of 4.7-4.9 ppm and 4.0-
4.3 ppm corresponding to the CH and CH, groups in the
carbonate units, while those at 3.2-3.8 ppm was assigned to the
CH and CH, groups in the ether linkages. Additionally, charac-
teristic signals at 0.9-1.0 ppm and 1.4-1.7 ppm are assigned to
the ethyl side chains in the polycarbonate ether polyol. Signals at
4.6 ppm, 4.5 ppm, and 4.0 ppm were ascribed to the aromatic
protons of BC. The structure of the polycarbonate ether polyol
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Scheme 2 Proposed mechanism for the copolymerization of CO, and BO using L-DMC catalyst.
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Fig. 5 Preparation of the polycarbonate ether polyol (Table 1, entry 2) by the copolymerization of CO, and BO using L-DMC. (a) FTIR spectrum.

(b) DOSY NMR spectrum. (c) *H-NMR spectrum.

was obtained through FTIR spectra and "H NMR spectra, which
also provided a basis for calculating the foo, and Wpc. The °C
NMR spectra of the polycarbonate ether polyol (Fig. S117) reveals
tail-to-tail (T-T) and head-to-tail (H-T) linkages, as evidenced by
the typical signals observed at 154.84 ppm, 154.63 ppm, and
154.57 ppm. Consequently, it can be concluded that the BO units
in the polycarbonate ether polyol are predominantly connected
in the T-T configuration.*>*

There is only one diffusion coefficient in the DOSY spectra of
the CO,-BO copolymer in Fig. 5(b), and this result indicates that
the product is a copolymer with mixed carbonate and ether
linkages instead of mixture of polycarbonate and polyether. In
addition, the MALDI-TOF results (Fig. S171) showed that the
molar masses of the polycarbonate ether polyol can be deter-
mined using the formula m/z = 72.1 X (m +n) +44 x n+90.1 +
23, where 72.1, 44, 90.1 and 23 represent the respective molar
masses of the BO unit, the CO, unit, 1,4-BDO and sodium ion.
For example, the peak at m/z = 11197.3 corresponds to the
theoretical mass of the desired 1,4-BDO-initiated polycarbonate
ether polyol (calculated for [M + Na]" = 72.1 x (70 + 52) + 44 x
52 +90.1 +23 = 11197.3).

34378 | RSC Adv, 2024, 14, 34372-34380

4. Conclusions

In summary, a series of CO,-BO-based polymers were synthe-
sized by high efficiency copolymerization of CO, and BO. Using
L-DMC catalyst, the copolymerization of CO, and BO can be
conducted under 110 °C and 3 MPa CO, conditions enables the
synthesis of polycarbonate ether polyol with number average
molecular weights of 6300-12600 g mol ' with moderate
distributions (P = 3.1-3.9). The catalytic productivity of L-DMC
up to 1500 g polymer per g catalyst and CO, incorporation
fraction (fco,) up to 35.5%. Compared with the conventional
DMC catalysts, the two-dimensional layered structure and high
specific surface area of L-DMC resulted in a significant increase
in the number of effective Zn active sites facilitating the
enhancement of CO, and BO copolymerization activities.
Mechanistic studies revealed that the CH;COOH complexing
agent in L-DMC is essential for increasing the CO, incorpora-
tion fraction in polycarbonate ether polyols. '*C NMR spectrum
of the polycarbonate ether polyol revealed that BO units are
primarily linked in a T-T configuration. In situ FTIR monitoring
of the copolymerization process revealed the competitive

© 2024 The Author(s). Published by the Royal Society of Chemistry
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formation between the target product polycarbonate ether pol-
yol and the byproduct BC and the induction period of the
reaction was only 10 min with the use of 1,4-BDO chain transfer
agent. Based on the advantages of simple preparation, good
stability, and excellent catalytic performance of L-DMC, our next
step is to promote its application to the large-scale production
of CO,-BO-based polymer materials.
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