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ABSTRACT: Three types of ethylene oxide-based and carbonate-containing
copolymers were prepared through copolymerization of ethylene oxide (EO)
with CO2 under metal-free conditions in the presence of triethylborane (TEB),
using onium salts (OS) as initiator. Hydrophobic poly[(ethylene carbonate)x-co-
(ethylene oxide)y] (PECEO) samples with carbonate contents above 90% (x ≫
y) were first prepared under a CO2 pressure of 10−30 bar with a ratio of [TEB]
to [OS] of 1−1.2 equiv in tetrahydrofuran (THF) or in hexane. The above
PECEO (carbonate > 91%) then served as a macroinitiator to grow two external
poly(ethylene oxide) (PEO) blocks and generate in one-pot amphiphilic PEO-b-
PECEO-b-PEO triblocks. Lastly, the copolymerization of EO under a low
pressure of CO2 (1−2 bar) with a ratio of [TEB] to [OS] of 1.2−2.0 equiv
afforded hydrophilic poly[(ethylene oxide)y-co-(ethylene carbonate)x] (PEOEC)
random copolymers with carbonate contents below 10% (y ≫ x); allyl glycidyl
ether (AGE) was also terpolymerized with EO and CO2 under the same
conditions to introduce functional groups along the backbone of PEO chains. Critical micelle concentrations (CMC) and size of
micelles were measured for amphiphilic PEO-b-PECEO-b-PEO samples and compared with the values of other nonionic surfactants.
The properties of “PEO-like” hydrophilic PEOECs were characterized by thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), and wettability test; their degradation behavior was further investigated under different conditions.

KEYWORDS: carbon dioxide, ethylene oxide, triethylborane, surfactant, degradable polymer

■ INTRODUCTION

Incorporation of an abundant greenhouse gas such as CO2 as a
sustainable C1-carbon source into polymers can not only
alleviate human dependence on oil resource but also address
global warming issues.1,2 In addition, it can also endow
polymers with degradability and thus can be viewed as a
potential solution for white pollution by polymers/plastics.3

The copolymerization of epoxides and CO2 has thus gained in
importance ever since the seminal work by Inoue in the
1960s.4−7 While most of the epoxides have been successfully
copolymerized with CO2, ethylene oxide (EO), which is
annually produced on a scale of about 30 million tons through
oxidation of ethylene and is now even bioresourced from
ethanol,8−10 has not been given the same attention as other
epoxides. Indeed its copolymerization with CO2 has been
relatively less investigated. As the simplest epoxide, EO is
distinctive and brings unique features to the polycarbonate
formed. The first is the incorporation of as much as 50% by
weight of CO2. If the copolymerization of EO with CO2 is
alternating, the produced poly(ethylene carbonate) (PEC) is
totally hydrophobic, biocompatible, and biodegradable, which
could find applications as ion-conductive electrolytes,11,12

elastomers,13 and biomaterials.14−17 The synthesis of PECEO

was initially achieved using a ZnEt2/H2O catalytic system,18,19

which can produce PECEO with a high carbonate content
ranging from 81 to 94%. However, the polymerization was not
well controlled and the obtained PECEO exhibited a broad
molar mass distribution. With cobalt-based organometallic
catalysts, the synthesis of poly(ethylene carbonate)s with a
perfect alternating structure could be achieved;20−22 but such
synthesis also entailed some drawbacks such as the coloration
of the final product due to the presence of metal residues, the
toxicity of the latter, and a multi-step synthesis of the catalyst.
The second distinctive feature of EO is that its copolymer

with CO2 (PEOEC) can exhibit the typical hydrophilic
character of PEO provided the carbonate content in PEOEC
is small. This is totally different from polycarbonates obtained
by ring-opening copolymerization (ROCP) of other epoxides
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with CO2. PEO, which is hydrophilic and known as the golden
standard polymer for drug delivery due to its unique properties
(chemical stability, hydrophilicity, biocompatibility, and
especially “stealth effect”),23−27 is not readily degradable, and
can thus accumulate in the body when its molar mass is higher
than 40 kg/mol.27,28 To avoid such an accumulation, labile
linkages such as ketal, ester, disulfide, etc. were incorporated
into the PEO backbone to endow degradability.29,30 Carbonate
linkages were also included into polyether backbone to
facilitate their degradation. For instance, poly[(ethylene
oxide)-co-(ethylene carbonate)]s were derived by ROP of
ethylene carbonate in the presence of base under rather harsh
conditions (160−200 °C); the polymerization was not well
controlled in the latter case, and the hydrophilicity of the
resulting polymers was somehow lost.12,31,32 The only example
of rather well-defined “PEO-like” poly(ether carbonate)s
(molar masses up to 10000 g/mol, PDI < 1.6) with low
carbonate content (<10 mol %) was described by Naumann et
al.33

Since the discovery of metal-free CO2/epoxide copolymer-
ization in 2016,34 triethylborane (TEB)-mediated (co)-
polymerization has been gaining increasing popularity for the
synthesis of polycarbonates,35−40 polyethers,41,42 polyest-
ers,43−46 and most recently polyurethane.47 In particular, the
molar masses (thousand to million g/mol) and carbonate
contents (50−95%)40,48 of the synthesized polycarbonates
could be easily tuned upon the feeding ratio of monomer to
the initiator and the polymerization pressure of CO2. Taking
advantage of the versatility and tunability of TEB-mediated
polymerization systems, we report here not only the (co)-
polymerization of EO with CO2 using the latter system but
also the subsequent homopolymerization of EO, which gave
access to an array of EO-based (co)polymers ranging from
hydrophobic (PECEO) to amphiphilic (PEO-b-PECEO-b-
PEO) and to hydrophilic (PEOEC) copolymers for different

applications (Scheme 1). First, through copolymerization of
EO with CO2 initiated by onium salts, PECEO samples with
high carbonate content (>90%) and hydrophobic character
were obtained (Scheme 1A). Using a difunctional initiator and
after generating a central hydrophobic PECEO block with a
high carbonate content, two external hydrophilic PEO blocks
were grown by homopolymerization of EO in one pot. Such
sequential (co)polymerization afforded amphiphilic PEO-b-
PECEO-b-PEO triblock copolymers (Scheme 1B), emulating
well-known, commercial nonionic surfactants. In comparison
to its commercial homologs Poloxamers or Pluronics (PEO-b-
PPO-b-PEO),49,50 the use of inexpensive and abundant CO2 to
generate potential surfactants that are degradable is expected
to reap environmental benefits from the standpoint of the final
metabolites generated upon its biodegradation.51−56 Lastly,
upon adjusting the polymerization pressure of CO2, degradable
PEO-like PEOEC with very low carbonate content (∼5 mol
%) could be generated (Scheme 1C); in addition, a functional
epoxide such as allyl glycidyl ether (AGE) was terpolymerized
with EO and CO2 to introduce functional groups along the
copolymer backbone for subsequent conjugation as a drug
delivery vehicle. It should be noted that, in all cases, the EO-
based polymers produced do not contain any metal residues,
clearing any concern for applications as biomaterials and
surfactants for home and personal care.

■ RESULTS AND DISCUSSION

Synthesis of PECEO through EO/CO2 Copolymeriza-
tion. Following our work on TEB-mediated copolymerization
of CO2 with propylene oxide (PO) and cyclohexene oxide
(CHO),34 we investigated the copolymerization of CO2 with
other epoxides with the view of generalizing this still new
metal-free initiating system. The results obtained demonstrated
that the rate of copolymerization of epoxides with CO2 and the
carbonate content of the copolymers formed depend very

Scheme 1. Synthetic Routes to Degradable Hydrophobic, Amphiphilic, and Hydrophilic Copolymers as Well as Functionalized
PEO Analogues via TEB-Mediated Copolymerization of Ethylene Oxide and CO2
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much on the side groups carried by the epoxide ring; the
hindrance and nature of these side substituents can indeed
decrease the reactivity of epoxides, forcing the use of more
TEB to avoid backbiting reactions and the formation of cyclic
carbonate.39 In contrast to all other epoxide monomers, EO is
the simplest one, free of any substituent, and is thus the most
reactive epoxide during ROP. Indeed, the copolymerization of
EO and CO2 compared to that of PO (2 equiv [TEB] to
[TBACl]) under similar conditions affords PECEO with high
linear vs cyclic selectivity, but low carbonate content (entry 1,
Table 1). As can be seen from the 1H NMR spectrum of the
crude products (Figure S2), the signals attributed to the
protons from linear poly(ethylene carbonate) (PEC) and from
cyclic ethylene carbonate (CEC) appeared at 4.35−4.28 and
4.52 ppm, respectively, yielding a linear vs cyclic selectivity of
the polymerization of 96%; as for the carbonate content
whose proton signals appear between 4.35 and 4.28 ppmit
did not exceed 15 mol %, as shown in the 1H NMR spectrum
of the purified copolymer (Figure S3). Ether linkages (3.71−
3.64 ppm), which represent 85 mol %, thus reflect the higher
reactivity of EO in comparison to that of PO; in addition, the
activation of EO by TEB favored its homopolymerization
rather than its copolymerization with CO2.
Less TEB (1 equiv [TEB] to the [initiator]) was thus used

in an attempt to curb the activation of EO by TEB and its
homopolymerization. The copolymerization was carried out
under 10 bar of CO2, at room temperature, and in
tetrahydrofuran (THF) (entry 2). Under these conditions,
the carbonate content in the obtained PECEO remarkably
increased up to 81% but the linear vs cyclic selectivity slightly
decreased to 82%. Using an apolar solvent such as hexane
instead of THF increased the carbonate content to 91% in the
obtained PECEO at the expense of a lower yield of 47%; the
selectivity (81%) remained nearly constant (entry 3). Due to
the non-dissociating nature of hexane, the tighter alkoxide/
TEB ate-complexes almost entirely quelled the homopolyme-
rization of EO and exhibited a lower activity, resulting in a

lower polymer yield. Using initiators such as PPNCl (entry 4)
and TOACl (entry 5) resulted in an increase of the selectivity
(87 and 98%) and of the polymerization yield (58 and 70%);
however, the carbonate content was prone to a slight decrease
(85 and 81%) in comparison to values observed with TBACl as
initiator, which can be correlated with the higher activity of
ate-complexes including bulkier oniums. Raising slightly the
ratio of [TEB] to [TBACl] to 1.2 equiv (entry 6) led to a
higher selectivity of 95% but to a lower carbonate content
(64%). In order to incorporate more CO2 (>90%) in the
copolymer formed without affecting the linear vs cyclic
selectivity, the pressure of CO2 was increased from 10 to 20
bar, but the other copolymerization conditions (1.2 equiv
[TEB] to [TBACl] and hexane as solvent) were kept similar;
in that instance, the carbonate content of the obtained PECEO
increased from 64 to 92% with a linear vs cyclic selectivity of
85% and a yield of 46% (entry 7). Upon increasing further the
concentration of the reaction medium (EO/hexane volume
ratio = 1:1, entry 8), the linear vs cyclic selectivity (95%) could
be improved in the generated PECEO and the carbonate
content could be maintained almost constant (90%) with a
yield of 69%. Similar good copolymerization results could be
achieved in THF as well under 30 bar of CO2 (92% carbonate
content, entry 9). When performing the CO2/EO copoly-
merization with 1 equiv of [TEB] with respect to a difunctional
initiator [TBAS] under 30 bar of CO2 (entry 10), PECEO
diols could be obtained with 95% of carbonate linkages and a
yield of 87% and negligible CEC; such PECEO diols could
well be utilized as precursors for polyurethane production;
unlike PPC polyols, which are terminated with secondary
alcohols,40 the end-standing primary alcohols of PECEO
would make the latter more reactive and ideal precursors for
the synthesis of polyurethanes.
The optimized conditions for the synthesis of PECEO with

high EC content and high selectivity were further explored for
a targeted DP of 500. Interestingly, using a ratio of 1 equiv of
[TEB] to [TBACl] in THF under a CO2 pressure of 10 bar

Table 1. Copolymerization Data for the Synthesis of PECEO Using TEBa

entry initiator (I) EO/I TEB/I solvent (S) PCO2
(bar) EO/S (v/v) selectivity (%)b carbonate (%)c Mn

d (kg/mol) Đd yielde (%)

1 TBACl 100 2.0 THF 10 1.0 96 15 5.0 1.23 96
2 TBACl 100 1.0 THF 10 0.5 82 81 5.1 1.11 66
3 TBACl 100 1.0 hexane 10 0.5 81 91 4.4 1.10 47
4 PPNCl 100 1.0 hexane 10 0.5 87 85 4.9 1.19 58
5 TOACl 100 1.0 hexane 10 0.5 98 81 6.0 1.16 70
6 TBACl 100 1.2 hexane 10 0.5 95 64 4.5 1.32 41
7 TBACl 100 1.2 hexane 20 0.5 85 92 4.3 1.12 46
8 TBACl 100 1.2 hexane 20 1.0 95 90 5.7 1.10 69
9 TBACl 100 1.2 THF 30 1.0 90 92 4.5 1.11 47
10 TBAS 100 2.0 THF 30 1.0 >99 95 6.9 1.09 87
11 TBACl 500 1.0 THF 10 1.0 89 92 7.5 1.13 24
12 TBAS 500 2.0 THF 10 1.0 >99 93 14 1.12 41
13 PPNCl 500 1.0 THF 10 1.0 95 90 9.0 1.31 43
14 TOACl 500 1.0 THF 10 1.0 95 93 9.0 1.16 31
15 TOACl 500 1.1 THF 10 1.0 98 92 9.5 1.15 31
16f TOACl 500 1.0 THF 10 1.0 96 92 21 1.33 57

aThe copolymerizations were performed at room temperature over a period of 15 h. bDetermined from the 1H NMR spectrum of the crude
product. cCaculated from the 1H NMR spectrum of the pure product. dDetermined by size-exclusion chromatography (SEC) using
dimethylformamide (DMF) as the eluent and linear poly(ethylene oxide) standard. eYield was calculated using the equation: yield = weight of
polymer obtained/(weight of EO added + carbonate content × weight of EO added). fThe reaction time was 45 h. Abbreviations: TBACl =
tetrabutylammonium chloride; PPNCl = bis(triphenylphosphine)iminium chloride; TOACl = tetraoctylammonium chloride; TBAS =
tetrabutylammonium succinate.
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yielded a PECEO sample with a high carbonate content
(>92%) and a linear vs cyclic selectivity of 89% (entry 11);
with TBAS used as a difunctional initiator, the linear vs cyclic
selectivity was even better (99%) and only a negligible amount
of CEC was found (entry 12). In contrast, using bulkier cations
such as those of PPNCl and TOACl afforded PECEO with
>90% of carbonate content, higher linear vs cyclic selectivities
(>93%), and higher yields as well (entry 13−15 in Table 1).
There is obviously no need to increase the overall pressure of
CO2 to 20 bar or to select apolar solvents like hexane when
targeting a higher DP (>500) to obtain higher selectivity and
higher carbonate content. Upon extending the reaction time
from 15 to 45 h using TOACl as the initiator, a yield of 57%
could be reached with Mn(SEC) up to 21 kg/mol without
sacrificing both the selectivity and CO2 incorporation (entry
16).
The 1H NMR spectra for representative PECEO samples

(entry 2, 6 and 10) are given in Figure 1A. For the sample of
entry 6 with 64% of carbonate content, one can clearly see a
peak at 3.65 ppm, which corresponds to PEO segments. Apart
from the peak attributed to PEC segments that is located at
4.37 ppm, two peaks at 4.29 and 3.72 represent the protons
residing in-between a carbonate linkage and a ether linkage.
For samples with higher carbonate content, the intensity of the
peak for PEO segments decreases. In the case of the sample of

entry 10 with 95% of carbonate content, negligible PEO
segments were observed. The presence of the initiator (TBAS)
residue can be confirmed due to the peak e at 3.84 ppm for the
sample of entry 10. Consistent with the 1H NMR results, the
Fourier-transform infrared (FTIR) spectra show that the peak
intensity for PEO C−O stretching decreases with the increase
of carbonate content (Figure 1B). The matrix-assisted laser
desorption ionization-time of flight mass (MALDI-TOF)
spectrum for the sample of entry 9 exhibits only one
population with the m/z spacer being 44, which is the molar
mass of EO or CO2. The peaks satisfy the following formula:
m/z = 35.5 + 44 × n + 1 + 1, indicating the species initiated by
a chloride anion, terminated with a proton, and ionized by a
proton (Figure 1C). Since the PECEOs obtained with high
carbonate contents have poor solubility in THF but good
solubility in DMF, the molar masses and distributions were
analyzed by SEC using DMF as eluent and calibrated with
poly(ethylene oxide) standards. In all cases, the characterized
samples exhibited unimodal and narrow distributions (Figure
1D).

Synthesis of Amphiphilic PEO-b-PECEO-b-PEO Tri-
block Copolymers. After the successful synthesis of PECEO
samples with high carbonate content, we attempted that of
amphiphilic triblock copolymers through sequential ROP of
EO using the previously prepared PECEO as macroinitiator.

Figure 1. (A) 1H NMR spectra of the EO/CO2 copolymers with various carbonate contents; (B) FTIR spectra of the EO/CO2 copolymers with
various carbonate contents; (C) MALDI-TOF spectrum of a PECEO copolymer (entry 9 of Table 1); and (D) SEC (DMF) traces of
representative PECEO copolymers.
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Taking advantage of a TEB-mediated initiating system that
works for EO/CO2 copolymerization and ROP of EO as well,
triblock copolymers with structures similar to the PEO-b-PPO-
b-PEO surfactant could be derived in one pot as shown in
Scheme 1B: after copolymerizing EO with CO2 using TBAS as
the difunctional initiator under the conditions described above
(entry 10 in Table 1), the ROP of EO could be subsequently
undertaken after releasing CO2 and charging an additional EO
monomer. CO2-based amphiphilic copolymers were prepared
in the past through immortal CO2/epoxide copolymerization
in the presence of macrotransfer agents such as ω-hydroxyl
terminated PEO or α,ω-dihydroxyl terminated PEO:52−56 in

this type of PEO-b-PPC diblock or PPC-b-PEO-b-PPC triblock
structures, the amphiphilic copolymers obtained do not
include a central hydrophobic block like in regular surfactants
(PEO-b-PPO-b-PEO). To the best of our knowledge, nonionic
surfactants made of two external PEO hydrophilic blocks and a
central hydrophobic CO2-based polycarbonate have not been
reported before. Three amphiphilic copolymers with different
molar masses and compositions have thus been prepared with
approximately the same carbonate contents (91 mol %) in the
central PECEO block. Their 1H NMR spectra showed the
peaks at 4.37 ppm assigned to PECEO and the peaks at 3.63
ppm with higher intensity attributed to PEO after ROP of EO

Figure 2. (A) DOSY-NMR (CDCl3) spectrum of the P(EO-ECEO-EO)1 triblock copolymer; (B) photograph of the P(EO-ECEO-EO) triblock
copolymers (left) and their micellar solutions (5 wt %) in water (right); (C) determination of the cmc value from the fitted plots of I1/I3 (obtained
from fluorescence spectroscopy) against the logarithm of the concentrations, with the insets being size distribution diagrams as obtained by
dynamic light scattering spectroscopy; and (D) cryo-TEM image of the micelles formed by 5 wt % P(EO-ECEO-EO)1 in water.

Table 2. Characterization Data of the Amphiphilic Triblock Copolymers Derived from EO and CO2

cmce

polymer Mn
a (kg/mol) Đa Mn(NMR)

b (kg/mol) PEOc (wt %) HLBd w/v (mg/L) mM/10−3 Rh (Å)/Đ
f

P(EO-ECEO-EO)1 4.3 1.31 5.0 45 9 37 7.4 70/0.04
P(EO-ECEO-EO)2 7.0 1.43 7.2 65 13 81 11.3 83/0.03
P(EO-ECEO-EO)3 11.0 1.29 11.8 65 13 55 4.7 153/0.10

aDetermined by SEC using the DMF eluent and PEO standard at 45 °C. bCalculated from 1H NMR spectra using the equation Mn NMR = (I4.37 ×
88 + I3.63 × 44)/I2.66.

cCaculated from 1H NMR spectra using the equation PEO (wt %) = 100 × I3.63 × 44/(I4.37 × 88 + I3.63 × 44). dHLB
(hydrophilic−lipophilic balance) was calculated using Griffin’s method (HLB = 20 × weight fraction of the hydrophilic block). eObtained through
fluorescence spectroscopy using pyrene as a probe at 25 °C. fDetermined by dynamic light scattering at 25 °C.
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(Figure S4). The peak attributed to the methylene protons of
the succinate initiating moiety residing at 2.66 ppm was used
to calculate the molar masses of the triblock copolymers. The
diffusion-ordered NMR spectroscopy (DOSY-NMR) revealed
that the PEC moieties have the same diffusion coefficient as
that of PEO (Figures 2A, S5, and S6), indicating that they
belong to one block copolymer. The SEC traces of the triblock
copolymers displayed a clear shift from their precursors after
ROP of EO in the second step, also confirming the successful
formation of triblock copolymers (Figure S7 and S8). The
characterization data of these three copolymer samples are
listed in Table 2. P(EO-ECEO-EO)1 and P(EO-ECEO-EO)2
have the same PEC middle block but different PEO weight
fractions, which are 45% for P(EO-ECEO-EO)1 and 65% for
P(EO-ECEO-EO)2. P(EO-ECEO-EO)3 has the same PEO
weight fraction (65%) but higher molar mass than that of
P(EO-ECEO-EO)2. The total molar masses of the triblock
copolymers and their hydrophilic−lipophilic balance (HLB)
values were targeted to be in the same range as those of
commercially available PEO-b-PPO-b-PEO surfactant poly-
mers. One advantage of TEB-mediated copolymerization of
epoxide and CO2 is that it gives achromatous products without
metallic residues. As can be seen from the photographs in
Figure 2B, the triblock copolymers obtained in pure (left) and
micellar (right) solutions are all colorless, with P(EO-ECEO-
EO)1 being a viscous liquid and P(EO-ECEO-EO)2 and
P(EO-ECEO-EO)3 being solids.
The cmc values of these copolymers were measured by

fluorescence spectroscopy using pyrene as a probe. The plot of
the ratios of their intensities at 373 nm and 384 nm (I1/I3) as a
function of the polymer concentration is provided in Figure
2C. The cmc value is defined as the concentration at the
intersection point of the two best-fit lines. P(EO-ECEO-EO)1
has a cmc value of 0.037 g/L or 0.0074 mM at 25 °C. This
value is significantly lower than that of the PEO-b-PPO-b-PEO
surfactant polymer with a similar HLB value. For example, the
pluronic copolymer P104 (HLB = 8) has a cmc value of 0.508
mM at 25 °C.57 It can thus be concluded that PECEO is more
hydrophobic than PPO, and the incorporated amount of EO
(9 mol %) does not affect much its hydrophobic nature. In
addition, triblock copolymers such as PPC-b-PEO-b-PPC with
similar HLB values (9.9) are not water soluble,53 which
emphasizes the influence of the overall surfactant structure on

its micellar behavior. Increasing the weight fraction of
hydrophilic PEO from 45 to 65% in P(EO-ECEO-EO)2
resulted in an increase of the cmc value to 0.081 g/L. P(EO-
ECEO-EO)3 has a lower cmc value of 0.055 g/L compared to
that of P(EO-ECEO-EO)2. The sizes of the micelles formed by
the amphiphilic triblock copolymers were also measured using
dynamic light scattering (Figure 2C insets). The hydrodynamic
radii (Rh) for P(EO-ECEO-EO)1, P(EO-ECEO-EO)2, and
P(EO-ECEO-EO)3 were 70, 83, and 153 Å, respectively.
Narrow size distributions in the range of 0.03−0.1 were
observed for the micelles formed by these triblock copolymers.
The lower cmc value and a much bigger Rh of P(EO-ECEO-
EO)3 for the same HLB in comparison to P(EO-ECEO-EO)2
imply that the micelle is easier to form; it also indicates that
more molecules are needed to shield a longer hydrophobic
block, a trend consistent with a previous report.57 For
comparison, the Rh of micelles from a PEO-b-PPO-b-PEO
triblock copolymer (Pluronics P-85) with a measured molar
mass of 4.5 kg/mol and 49 wt % of PEO segments was 80 Å at
25 °C.58 The micelles formed by P(EO-ECEO-EC) triblock
copolymers can also be visualized using cryogenic transmission
electron microscopy (cryo-TEM). Spherical micelles were
observed for the three samples with their dimensions in the
same range as those obtained using dynamic light scattering
spectroscopy (Figures 2D, S9, and S10).

Synthesis of “PEO-like” PEOEC and Functional
PEOEC. To endow degradability to PEO and yet maintain
its characteristic properties, the extent of incorporation of CO2
should not be higher than 10 mol % with an optimal content of
around 5 mol %.33 Based on our previous reports, two options
were contemplated: varying the ratio of [TEB] to the
[initiator] or tuning the pressure of CO2 to lower carbonate
contents during CO2/epoxide copolymerizations.40 As shown
in Table 3, either charging more [TEB] with respect to the
[initiator] or decreasing the pressure of CO2, or both options
were tried to obtain poly(ethylene oxide-co-ethylene carbo-
nate) (PEOEC) with low carbonate contents. For instance,
using 2 equiv of [TEB] to [TBACl] and copolymerizing EO
and CO2 under 4 bar of CO2 afforded PEOEC with
remarkably low carbonate content (11%, entry 1); further
lowering the CO2 pressure to 2 and then 1 bar resulted in a
decrease of the carbonate contents to 4.6 and 1.7% (entry 2,
3). Keeping the CO2 copolymerization pressure under 1 bar

Table 3. Copolymerization Data for the Synthesis of “PEO-like” PEOEC Using TEBa

entry initiator (I) EO/I TEB/I solvent (S) PCO2
(bar) EO/S (v/v) selectivity (%)b carbonate (%)c Mn

d (kg/mol) Đd yielde (%)

1 TBACl 200 2.0 THF 4 1.0 >99 11 7.0 1.04 99
2 TBACl 200 2.0 THF 2 1.0 >99 4.6 6.6 1.05 99
3 TBACl 200 2.0 THF 1 1.0 >99 1.7 6.8 1.03 99
4 TBACl 200 1.4 THF 1 1.0 >99 2.9 6.1 1.04 99
5 TBACl 200 1.2 THF 1 1.0 >99 6.9 6.9 1.03 99
6 TBACl 500 2.0 THF 1 1.0 >99 2.3 15 1.06 99
7 TBACl 500 1.2 THF 1 1.0 >99 11 15 1.09 81
8 TBAS 4000 3.2 THF 1 2.0 >99 4.4 208 1.16 92
9f TBAS 2000 3.2 THF 1 2.0 >99 5.8 98 1.07 99g

10h TBAS 2000 3.2 THF 1 2.0 >99 8.9 88 1.15 93g

aThe copolymerizations were performed at room temperature over a period of 12 h. bDetermined from the 1H NMR spectrum of the crude
product. cCaculated from the 1H NMR spectrum of the pure product. dDetermined by SEC using THF as the eluent and linear polyethylene oxide
standard. eYield was calculated using the equation yield = weight of polymer obtained/(weight of EO added + carbonate content × weight of EO
added). fAGE was used as a comonomer with an AGE/EO feeding ratio of 20:1. gThe yield was calculated using the equation yield = weight of
polymer obtained/(weight of EO added + carbonate content × weight of EO added + 114 × incorporated AGE mol % × moles of EO added).
hAGE was used as a comonomer with an AGE/EO feeding ratio of 10:1.
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and [TEB] to 1.4 and 1.2 equiv with respect to the [initiator]
allowed to increase the carbonate contents of the synthesized
PEOEC from 1.7 to 2.9 and 6.9%, respectively (entry 4, 5). A
comparison of the results obtained between entries 3 and 6,
and entries 5 and 7 showed that the carbonate contents of the
obtained PEOECs tend to increase when higher DP values
from 200 to 500 were targeted under the same experimental
conditions. The relatively lower ratio of [TEB] to [EO] in the
cases of entry 6 and 7 obviously favored a better incorporation
of CO2 at the expenses of EO. When targeting a DP of 4000
and using 1.6 equiv of TEB to TBAS, a high-molar-mass (208
kg/mol) PEOEC sample with 4.4% of carbonate content can
be synthesized without any difficulty (entry 8). It should be
emphasized that no cyclic ethylene carbonate was detected
during such copolymerizations. Like PEO, all of the obtained
PEOEC samples were water soluble.
The 1H NMR spectra of PEOEC samples (Figure 3A) show

marked contrast with those of PECEOs as the peak at 3.63
ppm attributed to the PEO segments is the strongest. The peak
corresponding to alternating PEC moieties is negligible
compared to the peak at 4.27 ppm, which is attributed to
the protons appearing between the connections of carbonyl
groups and PEO moieties, indicating that the CO2 was very

likely randomly incorporated along the polymer chain. To
better understand the sequence of the copolymers, in situ
FTIR spectroscopy was employed to monitor the copoly-
merization process (experimental setup shown in Figure S1).
The reaction was conducted at 2 bar of CO2 pressure using
TBACl as the initiator along with 2 equiv of TEB. As can be
seen in Figure 3B, the curves showing the evolution of the
adsorption peaks at 1749 cm−1 (carbonate) and 1107 cm−1

(ether) after normalization as a function of time almost
coincide, indicating that the relative ratios of carbonate vs PEO
in the polymer were nearly constant during the copolymeriza-
tion course, leading to randomly distributed carbonate-
containing copolymers. A PEOEC with randomly distributed
carbonates indeed has better water solubility and can degrade
into lowest-molar-mass products as compared to the one with
a gradient or blocky structure. PEOEC samples display
monomodal molar masses with a narrow distribution upon
characterization by SEC using THF as the eluent and PEO as
standard (Figure 3C).
To overcome the lack of functional groups in the

synthesized hydrophilic degradable PEOEC samples, func-
tional epoxides such as AGE59 and glycidyl azide38 are
examples of monomers that can be introduced through

Figure 3. (A) 1H NMR (CDCl3) spectra of the EO/CO2 copolymers with low carbonate content; (B) in situ FTIR study showing the trends of
PEC and PEO formation; (C) SEC (THF) traces of PEOECs; and (D) photographs showing the contact angles of water droplets on the surface of
the EO/CO2 copolymers.
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terpolymerization with EO and CO2 in order to meet the
requirements of various bioapplications. As a proof of concept,
AGE was chosen for terpolymerization (Figures S11−S14).
Under a constant CO2 pressure of 1 bar, and using 1.6 equiv of
[TEB] to [TBAS], P(EO-EC-AGE) was obtained with 5.8% of
carbonate content and 3.0% of AGE under an [EO]/[AGE]
feeding ratio of 20:1 (entry 9, Table 3). At an [EO]/[AGE]
feeding ratio of 10:1, the carbonate and AGE contents were 8.9
and 3.2%, respectively (entry 10, Table 3). In the 1H NMR
spectrum of the latter copolymer (Figure S11), the character-
istic allylic group peaks at 5.88 and around 5.23 ppm in the 1H
NMR spectrum confirm the incorporation of AGE. When
analyzing carefully this spectrum, it appears that AGE is
preferentially incorporated in carbonate linkages next to CO2
(5.03 and 4.96 ppm) rather than in ether linkages. The
presence of the signal at 4.96 ppm, which corresponds to the
methine proton of PAGEC adjacent to PEO linkages, and also
the fact that AGE is much less reactive than EO, attributed to
both steric hindrance and interaction of its double bond with
TEB,39 suggest the formation of tapered diblock copolymers
with a first block rich in EO-based carbonate linkages and a
second block rich in AGE-based carbonate linkages. The
double bonds in these copolymers can be further derivatized
through thiol-ene click reaction,60 endowing the copolymers
formed under these conditions with degradability and
functionalization.
The physical properties of these degradable PEOECs were

characterized along with PECEOs taken as references. The
thermal stability decreased with the increase of carbonate
contents. As seen from Figure S15 and evidenced by
thermogravimetric analysis (TGA), PECEO samples with
high carbonate contents show a clear two-stage degradation
behavior with the first one starting at about 160 °C
corresponding to the degradation of carbonate linkages and
the second at about 350 °C due to the degradation of ether
linkages. On the contrary, PEOECs with their low carbonate
content display a better stability than their counterparts of high
carbonate contents. The T10% values for PEOEC with 11%
(entry 1), 4.6% (entry 2), and 1.7% (entry 3) carbonate
contents are 335, 361, and 358 °C, respectively. The “PEO-
like” properties of PEOECs were also probed by differential
scanning calorimetry (DSC). For the three PEOEC samples
with low carbonate contents, sharp melting peaks were
detected in all samples (Figure S16) at 33 °C for the sample
with a carbonate content of 11% (entry 1), 50 °C for that with
4.6% of carbonate content (entry 2), and 56 °C for that with
1.7% of carbonate content (entry 3), the latter melting
temperature being very close to the value for pure PEO (58.9
°C).29 The limited incorporation of CO2 into PEOECs did not
change the crystallization behavior of PEOs. As for PECEO
samples with high carbonate content, only one glass transition
temperature (Tg) was found at 3, 7, and 11 °C for carbonate
contents increasing from 81 to 92 and to 95%.
The wettability or hydrophilicity of the PEOECs was then

evaluated by measuring the contact angle (CA) of the water
droplets on the surface of the solvent-casted copolymers. The
images showing the CA evolving over time are displayed in
Figure 3D. The CA of the PECEO sample (entry 10 of Table
1) with 95% of carbonate content is 91° and remains nearly
constant over time, indicating its hydrophobic nature. The
water droplet on the surface of PEOEC (entry 1 of Table 3)
with 11% of carbonate content showed an initial CA of 64°
and quickly spread onto the surface to afford a CA of 14°. The

CA for the PEOEC (entry 3 of Table 3) with 1.7% of
carbonate content changed from 31 to 15° over the
observation time. The low CA values of the two last PEOEC
samples confirm their hydrophilic nature.
After demonstrating that the PEOEC samples prepared

possess “PEO-like” properties, we investigated their degrada-
tion behavior. In order to easily follow the degradation process,
a PEOEC sample (Mn(SEC) = 208 kg/mol, Figure S17, 4.4% of
carbonate content, entry 8 in Table 3) of high molar mass was
selected for such an experiment. Firstly, degradation was
carried out in harsh conditions to ensure its completeness,
which was done in aqueous NaOH solution (pH = 13) at 25
°C in 2 days. The concentrated product was characterized by
1H NMR and SEC. In comparison to the 1H NMR spectrum of
the pristine polymer (Figure S20), the peak at 4.34 ppm
corresponding to carbonate linkage vanished (Figure S18),
indicating a complete degradation of the sample. Meanwhile,
the molar mass measured by SEC dropped to 1.1 kg/mol and
SEC traces exhibited broad polydispersity after degradation
(Figure S19). In another approach the degradation was
performed under milder conditions: (1) pH = 8.5 at 25 °C
(commonly used in surface modification,61 cell culture,62

enzyme assay63 and electrophoretic applications64); 2) pH
value = 7.4 at 37 °C (mimic conditions in body fluid65); 3) pH
= 6.5 at 37 oC (mimic the slightly acidic microenvironment of
tumor66). As shown in Figure S20, the carbonate content
decreased from 4.4 to 1.2% in buffer solution of pH = 8.5 at 25
°C, and the molar mass dropped to 1.6 kg/mol (Figure S21).
Under physiological conditions (pH = 7.4 at 37 °C), the
degradation was slower, the carbonate content decreased to
3.0%, while the molar mass dropped to 2.9 kg/mol after one
month (Figures S22 and S23). Under slightly acidic
conditions, the degradation was the slowest, the carbonate
content dropped to 4.1%, however, molar mass still dropped to
6.2 kg/mol (Figures S24 and S25). In all cases, the molar
masses of initial PEOECs after degradation remarkably
decreased below 40 kg/mol which is the renal threshold for
a complete excretion of the polymer out of the body after
administration.28

■ CONCLUSIONS
Taking advantage of the versatility of TEB-mediated initiating
systems, an entire array of EO-based and carbonate-containing
copolymers have been successfully synthesized. The variety of
copolymer samples prepared extends from hydrophobic
PECEOs to amphiphilic triblock copolymers made of a central
PECEO block flanked by two external PEO blocks, to
hydrophilic “PEO-like” samples containing a few carbonate
linkages. Upon varying the pressure of CO2 and manipulating
the amount of TEB used, samples with carbonate content
above 90% or below 2% have been obtained. Using a
difunctional initiator, PECEO samples were first generated,
which subsequently served to grow two hydrophilic PEO
blocks, affording amphiphilic PEO-b-PECEO-b-PEO copoly-
mers in one pot; such a CO2-based degradable ABA surfactant
with a central hydrophobic block and a HLB comparable to
that of Pluronics could not be synthesized before by other
approaches. PEOEC samples with carbonate content below
10% and even below 2% could also be derived under low CO2
pressure; the obtained copolymers feature the same character-
istics as those of PEO, but possess in addition degradability
due to randomly distributed carbonate linkages. In pursuit of
CO2 valorization, the utilization of popular EO along with CO2
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as a sustainable C1 resource and as a degradable moiety is
expected to raise high interest both in academia and in
industry.
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