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ABSTRACT: Immortal copolymerization of epoxides/CO2 using macro-chain-transfer agent (macro-CTA) is a useful method
to prepare CO2-based block copolymers for manufacturing high value-added materials. Despite a variety of CO2-based block
copolymers that have been reported using distinct macro-CTAs, issues including catalytic activity and blocking efficiency for the
immortal polymerization remain superficially understood. Here, we systematically studied the reaction activity and blocking
efficiency by using various macro-CTAs (including PPG, PEG, and PS) in the presence of two classical catalyst systems
((BDI)ZnOAc and SalenCoTFA/PPN-TFA). By analysis of the gel permeation chromatograms via mathematical deconvolution,
it comes to a conclusion that the size, nature, and ratio of [macro-CTA]/[Cat.] strongly influence the catalytic activity of the
reaction and blocking efficiency for the resultant block copolymers. Thin film self-assembly of PS/PPC block copolymers was
investigated, and the results were analyzed by SEM to ascertain the impact of blocking efficiency on nanoassembly.

■ INTRODUCTION

The synthesis of polycarbonates via copolymerization of CO2

and epoxides offers an opportunity to replace partially
petroleum resources, as CO2 is an abundant and renewable
C1 source.1−4 Compared with the current polycarbonate
production technology, this transformation circumvents the
challenges involved with hypertoxic phosgene or phosgene
derivatives.5 Concurrently with the development of catalyst
systems,6−14 CO2-based polycarbonates with high thermore-
sistance, fascinating topologies, functional groups, and crystal-
line property have been well developed to improve material
performance as well as product type.15−24

Among various strategies to modify the thermal and
mechanical properties of the CO2-based materials, the
preparation of block copolymers (BCPs) by incorporating
different macromolecular blocks is emerging as a useful

method.25−29 Up to now, two main strategies have been
explored for synthesis of block copolymers incorporating CO2/
epoxides and other monomers (Scheme 1). One approach
involves the addition of a monomer that copolymerizes with
epoxides at a much faster rate than CO2.

30,31 In 2008, Coates
and co-workers reported the first example of polyester-block-
polycarbonate polymers via terpolymerization of diglycolic
anhydride (DGA), cyclohexene oxide (CHO), and CO2.

30 The
relating mechanism studies indicated that the high reactivity of
DGA completely suppressed the incorporation of CO2 into the
polymer chain; thus, CO2/CHO alternating insertion could not
occur until all the anhydride had reacted, giving the well-

Received: October 19, 2017
Revised: January 16, 2018
Published: February 1, 2018

Article

Cite This: Macromolecules 2018, 51, 791−800

© 2018 American Chemical Society 791 DOI: 10.1021/acs.macromol.7b02231
Macromolecules 2018, 51, 791−800



defined polyester/polycarbonate block copolymers. Subse-
quently, many polyester/polycarbonate block and/or gradient
copolymers were well developed by terpolymerizations of
different epoxides and various anhydrides with CO2.

32−36 By
replacing cyclic anhydride with β-butyrolactone (BBL), Rieger
and co-workers prepared poly(hydroxybutyrate)/poly-
(cyclohexene carbonate) block copolymers in a one-pot
copolymerization of CO2, BBL, and CHO by switch on/off
CO2 during the polymerization.37

An alternative approach for the preparation of CO2-based
block copolymers involves a polymer with a terminal initiating
site that can be used as a macro-chain-transfer agent (macro-
CTA) to incorporate epoxides/CO2.

38,39 Under these circum-
stances, as indicated in Scheme 1b, chain propagation is first
initiated by the ring-opening of the coordinated epoxide by the
nucleophilic anion (X−) to afford a metal−alkoxide inter-
mediate. This active propagating chain is protonated by the
macro-CTA, releasing a dormant PC-OH chain with end-
capped X group and a M−CTA intermediate. The released M−
CTA intermediate then serves as an active center to initiate the
alternating incorporation of epoxide and CO2, giving the
predesigned block copolymers. In contrast with a classical living
polymerization where each initiating group of catalyst affords
one polymer chain, chain transfer activity to the CTA allows
the growth of several polymer chains on one catalyst molecule.
This method is also referred to as immortal polymerization.40,41

On the basis of this method, Lee reported the preparation of di-
and triblock copolymers by introducing polymers during the
copolymerization of CO2/epoxides.

42 Our group and Williams
and co-workers have reported the preparation of polycar-
bonate/polylactide di- and triblock copolymers in a two-step
process, respectively.43−46 The first step involves the synthesis
of a polycarbonate with end-capped hydroxyl groups, which can
be used as macro-CTA subsequently to initiate the ring-
opening polymerization of lactide. In recent studies, poly-
(dimethylsiloxane), poly(ethylene oxide), and polyolefin
macro-CTAs have been performed to synthesize new CO2-
based block copolymers.47−49 Based on this methodology, the
thermoresistance, brittleness/softness, and hydrophilicity per-
formances of CO2-based polymers are well modified by
incorporating distinct blocks.
In addition to the improvement in physical and mechanical

properties, another driving force for synthesis of CO2-based

block copolymers is to manufacture high value-added materials,
particularly, motivated by their attractive phase separation
behavior in the formation of nanomaterials. For example, we
have reported the preparation of CO2-based amphiphilic block
copolymers,44,50 which can self-assemble into micelles adopting
diverse morphologies and dimensions in water, thereby
exhibiting attractive properties for biomedical applications.
Wiesner and Coates research groups coreported the synthesis
and self-assembly studies of polyisoprene-block-polystyrene-
block-poly(propylene carbonate) (PI-b-PS-b-PPC),51 where PI
and PPC blocks could be degraded and backfilled independ-
ently, leaving periodically ordered complex nanoreactors. More
recently, we have found that polystyrene-block-poly(propylene
carbonate) (PS-b-PPC) is well qualified to fill key positions on
the directed self-assembly strategy for the next-generation
lithography because of its sub-10 nm domains, nearly equal
surface energies between blocks, and the ability for pattern
transfer.52

A variety of CO2-based block copolymers have been reported
using distinct macro-CTAs;42−49 however, issues for the
immortal polymerization involved from the macro-CTAs
remain superficially understood.53,54 These issues include (1)
whether all the added macro-CTAs can participate in the
polymerization, especially, once the added macro-CTA is
incompatible with the polycarbonate block; (2) how the
molecular weight and/or the amount of the macro-CTA
influence the catalytic activity and the chain extension
efficiency; and (3) the amount of the CO2−PC impurities
(PC−X) generated in the immortal polymerization needs
evaluation (Scheme 1b), since the properties of the assembled
nanostructure are predominantly dependent on the purity of
the BCPs product. For example, Stoykovich et al. found that
the accurate loading of homopolymer into block copolymers
could facilitate the periodic assemble arrays for nanoscale
manufacturing.55 On the basis of these questions, we herein
communicate our initial studies for preparation of well-defined
CO2-based block copolymers by using different macro-CTAs
with an aim to evaluate their influence on activity and blocking
efficiency. By analysis of the gel permeation chromatograms
(GPC) via mathematical deconvolution, the reaction activity
and blocking efficiency for the resulting immortal polymer-
izations are evaluated. From these studies, it is believed that the
nature of the chain transfer agents and the ratios of macro-CTA
to catalyst as well as the molecular weight of the macro-CTA
significantly affect the activity and the blocking efficiency during
the reaction. Furthermore, we intend to describe the influence
of the blocking efficiency on their thin film self-assembly
behavior of the thereby obtained block copolymers.

■ EXPERIMENTAL SECTION
General Information. All manipulations involving air- and/or

water-sensitive compounds were carried out in a glovebox under a
nitrogen atmosphere. Propylene epoxide and cyclohexene oxide
(Sigma-Aldrich) were stirred over CaH2 distilled and stored in an
N2-filled glovebox. The CO2 (research grade 99.999%) was further
purified by passing through two steel columns packed with 4 Å
molecular sieves that had been dried under vacuum at ≥200 °C. The
50 mL high-pressure stainless steel reactor (Anhui Kemi Machinery
Technology Co., Ltd.) was previous dried at 150 °C for 24 h prior to
use in the copolymerization. Catalysts 1 and 2 were prepared following
the procedures in refs 56 and 57. Macro-CTA including α,ω-dihydroxy
end-capped poly(ethylene glycol) (PEG), poly(propylene glycol)
(PPG), polystyrene (PS-OH), and poly(N-isopropylacrylamide)

Scheme 1. Methods for Synthesis CO2-Based Block
Copolymers: (a) Terpolymerization of Anhydrides, CO2,
and Epoxides; (b) Using Macro-Chain-Transfer Agent in the
Copolymerization of Epoxides and CO2
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(PNIPAM) polymers, with different molecular weights, were
purchased from Polymer Source Inc.
Analysis. 1H NMR (400 MHz) and 13C NMR (100 MHz) were

carried out in chloroform-d on a Bruker DPX 400 MHz spectrometer.
DSC measurements were performed on a NETZSCH DSC 214
Polyma instrument (NETZSCH, Germany) equipped with an IC70
intracooler and the temperatures range from −65 to 160 °C at
heating/cooling rates of 10 K/min under nitrogen. Temperature and
heat flow were calibrated by an indium standard. The glass transition
temperature (Tg) was taken as the midpoint of the inflection tangent,
upon the third heating scan. GPC was conducted on a system
equipped with a Waters Chromatography, Inc., model 1515 isocratic
pump, a model 2414 differential refractometer, and a three-column set
of Polymer Laboratories, Inc. Styragel columns (PLgel 5 μmMixed C,
500 and 104 Å, 300 × 7.5 mm columns). The system was equilibrated
at 35 °C in THF which served as the polymer solvent with 1.00 mL/
min flow rate. Polymer solutions were prepared at a known
concentration (ca. 5 mg/mL), and an injection volume of 50 μL
was used. The dn/dc values of the analyzed polymers were determined
using refractive index detector data. A Hitachi CG5000 scanning
electronic microscope (SEM) was used to image the assembled block
copolymer films after reactive ion etching.
Representative Procedure for Synthesis of CO2-Based BCP

in the Presence of Macro-CTA. In a drybox, catalyst and macro-
CTA were dissolved in epoxide under N2. The solution was charged
into a predried 50 mL autoclave equipped with an in situ infrared Re
\actIR ic15 reaction analysis system (purchased from Mettler Toledo).
The system was pressurized to the appropriate pressure with CO2, and
the infrared spectrometer was set to collect one spectrum every 15 s
over the corresponding reaction time. Profiles of the absorbance at
1750 cm−1 for polycarbonate with time were recorded after baseline
correction. After the allotted reaction time, the CO2 pressure was
slowly released, and a small amount of the resultant polymerization
mixture was removed from the autoclave for 1H NMR analysis to
determine the conversion of epoxide and GPC analysis to determine
the blocking efficiency. The crude polymer was dissolved in a small
amount of CH2Cl2, and a large amount of cold methanol or pentane
(depending on the macro-CTA used) was added for polymer
precipitation. To get purified BCP, the dissolving/precipitation
process and/or chromatography purification were repeated multiple
times until the residual PC and CTA homopolymers were completely
removed, and then the white CO2-based BCP was obtained by
vacuum-drying. The representative 1H NMR, 13C NMR shifts, and
DSC measurements of each block polymer are shown as follows.
Poly(cyclohexene carbonate)-block-poly(ethylene glycol)-block-

poly(cyclohexene carbonate) (PCHC-b-PEG-b-PCHC). Tg = 77.6
°C. 1H NMR (chloroform-d, 400 MHz, ppm): δ 4.65 (br, −OCOO−
CH−CH2−CH2−), 3.65 (s, −O−CH2CH2−), 2.11 (br, −OCOO−
CH−CH2−CH2−), 1.70 (br, −OCOO−CH−CH2−CH2−), 1.57−
1.34 (br, m, −OCOO−CH−CH2−CH2−). 13C NMR (chloroform-d,
100 MHz, ppm): δ 153.8, 76.5, 70.5, 29.4, 22.8.
Poly(cyclohexene carbonate)-block-poly(propylene glycol)-block-

poly(cyclohexene carbonate) (PCHC-b-PPG-b-PCHC). Tg = 95.6
°C. 1H NMR (chloroform-d, 400 MHz, ppm): δ 4.65 (br, −OCOO−
CH−CH2−CH2−), 3.56 (br, m, −O−CH2−CH(CH3)−), 3.41 (br, m,
−O−CH2−CH(CH3)−), 2.11 (br, −OCOO−CH−CH2−CH2−),
1.70 (br, −OCOO−CH−CH2−CH2−), 1.57−1.34 (br, m,
−OCOO−CH−CH2−CH2−), 1.13 (br, m, −O−CH2−CH(CH3)−).
13C NMR (chloroform-d, 100 MHz, ppm): δ 153.8, 76.5, 75.3, 73.3,
29.4, 22.8, 17.3.
Poly(cyclohexene carbonate)-block-polystyrene-block-poly-

(cyclohexene carbonate) (PCHC-b-PS-b-PCHC). Tg = 105.0 °C. 1H
NMR (chloroform-d, 400 MHz, ppm): δ 7.09−6.52 (br, m, C6H5−
CH−CH2−), 4.65 (br, −OCOO−CH−CH2−CH2−), 2.11 (br,
−OCOO−CH−CH2−CH2−), 1.84 (br, C6H5−CH−CH2−), 1.70
(br, −OCOO−CH−CH2−CH2−), 1.57−1.34 (br, m, −OCOO−
CH−CH2−CH2-), 1.43 (br, C6H5−CH−CH2−). 13C NMR (chloro-
form-d, 100 MHz, ppm): δ 153.8, 145.4, 128.0, 125.7, 76.5, 43.8, 40.3,
29.5, 22.9.

Poly(propylene carbonate)-block-poly(ethylene glycol)-block-poly-
(propylene carbonate) (PPC-b-PEG-b-PPC). Tg = 15.2 °C. 1H NMR
(chloroform-d, 400 MHz, ppm): δ 5.01 (br, −OCOO−CH2−
CH(CH3)−), 4.20 (br, m, −OCOO−CH2−CH(CH3)−), 3.65 (s,
−O−CH2−), 1.33 (d, J = 6.4 Hz, −OCOO−CH2−CH(CH3)−). 13C
NMR (chloroform-d, 100 MHz, ppm): δ 154.2, 72.3, 70.4, 68.9, 16.1.

Poly(propylene carbonate)-block-poly(propylene glycol)-block-poly-
(propylene carbonate) (PPC-b-PPG-b-PPC). Tg = 25.0 °C. 1H NMR
(chloroform-d, 400 MHz, ppm): δ 5.01 (br, −OCOO−CH2−
CH(CH3)−), 4.20 (br, m, −OCOO−CH2−CH(CH3)−), 3.56 (br,
m, −O−CH2−CH(CH3)−), 3.41 (br, m, −O−CH2−CH(CH3)−),
1.33 (d, J = 6.4 Hz, −OCOO−CH2−CH(CH3)−), 1.13 (br, m, −O−
CH2−CH(CH3)−). 13C NMR (chloroform-d, 100 MHz, ppm): δ
154.2, 75.3, 73.3, 72.3, 68.9, 17.3, 16.1.

Poly(propylene carbonate)-block-polystyrene-block-poly(propylene
carbonate) (PPC-b-PS-b-PPC). Tg = 38.9, 92.3 °C. 1H NMR
(chloroform-d, 400 MHz, ppm): δ 7.09−6.52 (br, m, C6H5−CH−
CH2−), 5.01 (br, −OCOO−CH2−CH(CH3)−), 4.20 (br, m,
−OCOO−CH2−CH(CH3)−), 1.84 (br, C6H5−CH−CH2−), 1.43
(br, C6H5−CH−CH2−), 1.33 (d, J = 6.4 Hz, −OCOO−CH2−
CH(CH3)−). 13C NMR (chloroform-d, 100 MHz, ppm): δ 154.2,
145.6, 128.2, 125.6, 75.3, 68.9, 43.8, 40.4, 16.1.

Self-Assembly Studies of the PPC-b-PS-b-PPC Block Copoly-
mer Thin Films. Hydroxyl-terminated random copolymers of styrene
and methyl methacrylate (PS-r-PMMA-OH), with styrene mole
fractions ( fst) of 0.12, were synthesized as before.52 The PS-r-
PMMA-OH was spin-coated from a 0.5 wt % toluene solution onto
the silicon wafer. The substrate was then annealed at 190 °C for 4 h to
graft, via a condensation reaction, resulting in a 5 nm thick layer of PS-
r-PMMA. Excess unreacted PS-r-PMMA-OH was washed away with
toluene by sonication after the reaction. A PPC-b-PS-b-PPC film with
∼20 nm thickness was spin-coated on the PS-r-PMMA-OH modified
silicon wafer from a 0.5 wt % solution in toluene and annealed for 1 h
at 150 °C in a nitrogen environment. Subsequently, the sample was
imaged by SEM after reactive ion etching.

■ RESULTS AND DISCUSSION

Quantification of Blocking Efficiency. The quantity of
block copolymers relative to homopolymer impurities is often
referred to as blocking efficiency (E).58,59 The GPC coupled
with the mathematical deconvolution of the GPC traces was
used to estimate the blocking efficiency for each polymer-
ization, as the GPC curve of each polymer is ideal to the
symmertrical Gaussian curves.60 This method is based on the
fact that the intensity of GPC signal (RI) is proportional to the
dn/dc value of the polymer solute. Values of dn/dc for
poly(propylene carbonate) (PPC), poly(cyclohexene carbo-
nate) (PCHC), and poly(propylene glycol) (PPG) were
determined as 0.0565, 0.0891, and 0.0550 mL/g, respectively,
using response vs concentration plots from the differential
refractometer. The dn/dc values for polystyrene (0.1860 mL/g)
and poly(ethylene glycol) (PEG) (0.0740 mL/g) were taken
from the literature.58 As discussed in the preceding section,
preparation of BCPs by using macro-CTA in Scheme 1, three
kinds of polymers, i.e., block copolymer, homo-polycarbonate
initiated by X, and unreacted macro-CTA, may appear on their
GPC traces. Thus, the blocking efficiency (Ecal) was calculated
with respect to their dn/dc by eq 1:
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where the areas of the three GPC peaks (ABCP, APC, and ACTA)
are obtained via the Origin Peak Analyzer. The dn/dc values of
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pure block copolymers could be calculated based on the weight
fraction of two blocks (WCTA, WPC) shown in eq 2:

= +⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

n
c

W
n
c

W
n
c

d
d

d
d

d
dBCP

CTA
CTA

PC
PC (2)

To compare the chain transfer ability of CTAs under certain
conditions, theoretical chain transfer efficiency (Etheo) is defined
by eq 3:

=
+

E
N

N Ntheo
OH

OH X (3)

where NOH corresponds to the mole number of hydroxyl
groups of macro-CTA, and NX corresponds to the mole
number of nucleophilic anion (X−) on the catalyst. It should be
noted here that this equation is based on the assumption that
all the active species exhibit the same chain transfer capacity.
Catalyst Systems and Macro-Chain-Transfer Agents.

Two state-of-the-art catalyst systems, (BDI)ZnOAc (BDI = β-
diiminate) 1 and SalenCoTFA/PPN-TFA (TFA = trifluor-
oacetate, 1/1 molar ratio) 2, were selected for this study, since
their detailed mechanism studies and the controlled polymer-
ization behavior for epoxide/CO2 coupling reaction are well
established (Figure 1).56,61−68 Several α,ω-dihydroxy end-
capped polymers, i.e., PEG, PPG, PS-OH, and PNIPAM,
were used with varied molecular weight and additional amount

to gain access to their influence on the reaction activity and
blocking efficiency, and each macro-CTA displays unimodality
with quite narrow polydispersity (PDI < 1.05).

Influence of Macro-CTAs on Catalytic Activity during
CHO/CO2 Copolymerization Using (BDI)ZnOAc Com-
plex. Initially, we examined the copolymerization of CHO and
CO2 employing the (BDI)ZnOAc system (1). Before
evaluation of the immortal polymerization with different
macro-CTAs, a control experiment that copolymerization of
CHO and CO2 in the absence of macro-CTAs was conducted
(Table 1). The optimal loading for the CHO/CO2

copolymerization with 1 was at [CHO]:[Zn] ratio of 1000:1
with 3.0 MPa CO2 pressure. Under these conditions, PCHC is
generated in 64.1% yield after 4 h, corresponding to catalytic
activity of 160 turnovers per hour (TOF, entry 1, Table1) with
only trace polyether linkages on PCHC backbone. A
predictable molecular weight with narrow polydispersity (Mn

= 67K, PDI = 1.03) demonstrates the controlled polymer-
ization behavior (entry 1 in Table 1).69

To systematically study the influence of the macro-CTAs on
CHO/CO2 catalytic activity under 1, four kinds of macro-
CTAs (including PEG, PPG, PS-OH, and PNIPAM) with
different molecular weights and varied ratios of [macro-CTA]/
[Zn] were investigated (Table 1). All polymerizations were
monitored by in situ IR, and the reaction conditions were fixed
at [CHO]:[1] = 1000:1, 3.0 MPa of CO2, and 4 h. The bimodal

Figure 1. Utilized catalyst systems and macro-CTAs.

Table 1. Effects on Macro-CTAs during CO2/CHO Copolymerization Catalyzed by 1a

entry CTA
Mn,CTA

b

(kg/mol)
PDICTA

b

(Mw/Mn)
CTA/Cat. (mole

ratio)
t

(h)
convc

(%)
TOFc

(h−1)
Mn,BCP

c

(kg/mol)
PDIBCP

d

(Mw/Mn)
Etheo

e

(%)
Ecal

f

(%)

1 none 4 64.1 160 −g −g −g −g

2 PPG 2.0 1.01 1/1 4 55.7 149 41.3 1.03 67 50
3 PPG 2.0 1.01 5/1 4 33.8 85 9.8 1.05 91 81
4 PPG 4.0 1.03 1/1 4 51.8 130 37.6 1.04 67 46
5 PPG 4.0 1.03 5/1 4 27.0 67 9.8 1.04 91 76
6 PEG 2.0 1.02 1/1 4 46.5 116 29.6 1.02 67 42
7 PEG 2.0 1.02 5/1 4 32.2 81 8.7 1.06 91 74
8 PEG 4.0 1.03 1/1 4 35.0 88 21.8 1.07 67 40
9 PEG 4.0 1.03 5/1 4 18.0 45 7.4 1.02 91 67
10 PS-OH 6.0 1.02 1/1 4 47.4 119 39.4 1.03 67 50
11 PS-OH 12.5 1.04 1/1 4 21.3 53 25.1 1.04 67 42
12 PNIPAM 6.0 1.06 1/1 12 0 0 −g −g 67 −g

aExperimental procedure: complex 1 (0.05 mmol) and CTA with different amounts were dissolved in CHO (50 mmol) in glovebox, and then the
mixture was carefully injected into a homemade 50 mL predried autoclave, which was equipped with an in situ infrared ReactIR ic15 reaction analysis
system with a SiComp ATR crystal. The autoclave was heated up to 50 °C and then was pressurized to 3.0 MPa CO2. After 4 h, the CO2 pressure
was slowly released and a small amount of the resultant polymerization mixture was removed from the autoclave for 1H NMR analysis to determine
the conversion of CHO and GPC analysis. bPurchased from Polymer Source Inc. and confirmed by GPC. cDetermined by 1H NMR spectroscopy.
dDetermined by GPC against polystyrene standard using THF as eluent. eObtained using eq 3. fObtained following eqs 1 and 2. gNot applicable.
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weight distribution and the disappearance of macro-CTAs
signal on the GPC traces of all resultant polymers indicate
successful chain extension from the ends of macro-CTAs
(Figure 2B). The elution time of the high molecular weight
shoulder present in the chromatogram was assigned to the
block copolymers due to the increasing hydrodynamic volume,
while the elution time of the low molecular weight shoulder
was assigned to PCHC homopolymers that initiated from X
(acetate) on catalyst (Scheme 1b).
All reactions display much lower or even no reactivity (Table

1) compared to the copolymerization of CHO/CO2 without
the addition of macro-CTA. For instance, with 1 equiv of
PPG2K (Mn = 2.0 kg/mol), the TOF of 1 decreased to 149 h−1,
while the catalytic activity for CHO further decreased to 85 h−1

after 5 equiv of PPG2K was intentionally added (entries 2 and 3,
Table 1). Upon the molecular weight of PPG increasing to 4.0
kg/mol, further compromised catalytic activities for CHO
turnovers per hour 130 and 67 h−1, were clearly observed upon
addition of 1 and 5 equiv of PEG4K into the reaction,
respectively. A similar trend was also observed when PEG and
hydroxyl end-capped PS were used as the macro-CTAs during
the CHO/CO2 immortal copolymerization (entries 6−11,
Table 1), where negative effects on the reaction were clearly
observed after increasing the molecular weight of macro-CTA
and ratios of the [macro-CTA]/[1]. At [PEG2K]/[1] = 1/1 and
5/1, immortal copolymerization of CHO/CO2 reached 46.5%
and 32.2% conversion in 4 h, while the copolymerization with
PPG4K achieved only 35.0% and 18.0%, respectively, under the
same conditions (entries 6−9, Table 1). The TOF of 1 sharply
decreased from 119 h−1 with PS-OH6K to 53 h−1 when the
molecular weight of PS-OH doubled (entries 10 and 11, Table
1). These results clearly indicate that the reactivity decreased
with an increase of molecular weight and the added amount of
macro-CTAs in CHO/CO2 immortal copolymerizations.
The dramatic influence on the activity caused by different

macro-CTAs was observed in the immortal copolymerization of
CHO/CO2 under 1. For instance, PPG and PEG share similar
chemical structure with only one carbon difference; however,
great differences were detected when they worked as macro-
CTAs. After addition of 1 equiv of PPG2k, the catalytic activity
toward CHO was 149 h−1, while the TOF of 1 decreased to
116 h−1 when PEG with the same molecular weight and ratio to
1 was applied. This trend was much clear when PPG4K and
PEG4K were utilized as macro-CTAs during the immortal
copolymerization (entries 4,5, 8, and 9, Table 1). On the basis
of these results, it is clear that the nature, the molecular weight,

and the amounts of macro-CTAs used in the reaction have a
tremendous impact on the reactivity during the immortal
CHO/CO2 copolymerization. A possible interpretation for this
reaction phenomenon is discussed in the ensuing paragraph.

Influence of Macro-CTAs on Blocking Efficiency
during CHO/CO2 Copolymerization Using (BDI)ZnOAc
Complex. Following the method used by Matyjaszewski et
al.,59 the mathematical deconvolution of the GPC traces were
used to estimate the blocking efficiency for each polymer-
ization. As shown in Figure 2B, the final bimodal GPC curves
were dealt with the mathematical deconvolution to give two
unimodal components (dashed line); thus, the areas of the two
peaks, ABCP and APCHC, were obtained via the Origin Peak
Analyzer. To evaluate the blocking efficiency, the resultant
polymers obtained in each reaction were purified by repeated
dissolving/precipitating process and chromatography until the
residual PCHC homopolymers were completely removed. After
1H NMR characterization, the polymer degree of the PCHC
blocks of BCPs could be estimated by calculating the integral
intensity of the methine (4.65 ppm) of the repeating PCHC
unit to the characteristic peak of PEG (CH2 at 3.65 ppm), PPG
(CH3 at 1.13 ppm), and PS (C6H5, 7.09−6.52 ppm),
separately. Based on the 1H NMR calculation and GPC
measurements, the composition, molecular weight, and
dispersity for each block copolymers are provided in Table 1.
Consequently, the values of dn/dc for the relating block
copolymers could be calculated according to eq 2, and the
blocking efficiency for each polymerization was obtained by
using eq 1, and the results are provided in Table 1.
As shown in Table 1, the blocking efficiency was generally

affected by the nature, molecular weight of macro-CTA, and the
ratio of [macro-CTA]/[1]. For example, using 1 equiv of
PPG2k as macro-CTA yields PPG/PCHC block copolymers
with 50% blocking efficiency. Increasing the molecular weight
to 4.0 kg/mol, the blocking efficiency decreased to 46%, which
is much lower than the theoretical value (67%). When the
amounts of PPG2k and PPG4k were increased to 5 equiv, 81%
and 76% blocking efficiency were observed, respectively
(entries 2−5, Table 1). Substitution of PEG for PPG decreased
the blocking efficiency of the resultant block copolymers. For
example, when 1 and 5 equiv of amount of PEG2K were applied,
the blocking efficiency decreased to 42% and 74%, respectively
(entries 6−9, Table 1). An increase of the molecular weight of
PS resulted in a notable decrease in blocking efficiency of the
resultant PS/PCHC block copolymers, under the same
conditions (entries 10 and 11, Table 1). These experiments

Figure 2. (A) Reaction profile of the IR spectra at 1750 cm−1 collected during the immortal CHO/CO2 copolymerization in the presence of 1 with
PPGs, and (B) the relating GPC traces of the polymerization mixture after 4 h. (a) Without CTA; (b) [PPG2K]/[1] = 1/1; (c) [PPG2K]/[1] = 5/1;
(d) [PPG4K]/[1] = 1/1; (e) [PPG4K]/[1] = 5/1 (mole ratio). The 1750 cm−1 is the absorbance of the carbonyl group in PCHC.
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clearly indicate that the size, nature, and the ratio of [macro-
CTA]/[Cat.] strongly influence the catalytic activity of the
reaction and blocking efficiency for the resultant block
copolymers.
Possible Reaction Mechanism. The possible explanation

for influence on reactivity and blocking efficiency caused by
changing the molecular weight and the amount of macro-CTAs
is briefly described as follows. In the immortal copolymerization
of epoxides/CO2, the end-capped hydroxyl groups on the
macro-CTA could be deprotonated to alkoxide ions as new
initiating triggers (Scheme 1b). However, the number of active
center could only be equal to the number of Zn complexes
since the coupling reaction could only occur at the metal center
in the reaction system. Consequently, two competitive
reactions of the alkoxide ion would occur on the zinc center.
That is, the active alkoxide ion would either incorporate in new
CHO-alter-CO2 for chain growth or shuttle with dormant
species via protonation to produce new dormant species in the
system (Scheme 1b). Thus, when macro-CTAs were added into
the reaction system, the rate related to the incorporation of
CHO/CO2 unit would be seriously suppressed by the
surrounding dormant species via protonation reaction, resulting
in low reactivity. For the inertness of the increasing molecular

weight of the macro-CTA, one possible factor is that due to the
large hydrodynamic radius, the resulting macroinitiator has
limited kinetic ability in the solution, which may slow down or
prematurely stop chain growth, leading to retarded blocking
efficiency.
Another possible reason for the influence on reactivity and

blocking efficiency may be the compatibility between the
macro-CTAs and PCHC. Taking PEG and PPG as examples,
PPG and PEG have the similar chemical structure with only
one carbon difference. However, when they worked as macro-
CTAs, huge differences were detected during the coupling
reaction of CHO/CO2. Compared with PPG, we suspect that
when the chain extension is initiated from hydrophilic PEG
during the immortal polymerization (Scheme 1), the chain
extension of the hydrophobic PCHC block may be disturbed by
the complicated configurations and/or conformations of the
active growth chain. Reversely, PPG has relative good
compatibility with PCHC, and thereby the activity and blocking
efficiency are better upon PPG utilization as macro-CTA in the
CHO/CO2 copolymerization. When PS-OH works as macro-
CTA, the incompatibility between PS and PCHC arising from
the distinct chemical structure may also lead to compromised
activity and blocking efficiency. This explanation is reasonable

Table 2. Effects on Macro-CTAs during CO2/PO Copolymerization Catalyzed by 2a

entry CTA
Mn,CTA

b

(kg/mol)
PDICTA

b

(Mw/Mn)
CTA/Cat. (mole

ratio)
t

(h)
TOFc

(h−1)
Mn,BCP

c

(kg/mol)
PDIBCP

d

(Mw/Mn)
Etheo

e

(%)
Ecal

f

(%)

1 PEG 4.0 1.03 1/1 3 386 48.2 1.06 50 38
2 PEG 4.0 1.03 5/1 3 362 17.8 1.05 83 60
3 PEG 4.0 1.03 10/1 3 312 10.5 1.10 91 78
4 PEG 8.0 1.04 1/1 3 290 37.2 1.07 50 33
5 PEG 8.0 1.04 5/1 3 206 14.5 1.06 83 50
6 PPG 4.0 1.03 1/1 3 452 66.2 1.05 50 45
7 PPG 4.0 1.03 10/1 3 402 14.5 1.08 91 86
8 PPG 7.8 1.04 10/1 3 385 17.4 1.07 91 82
9 PS-OH 6.0 1.02 1/1 3 367 47.5 1.06 50 37
10 PS-OH 6.0 1.02 5/1 3 324 19.5 1.03 83 68
11 PS-OH 12.5 1.04 5/1 4 283 27.5 1.05 83 65
12 PS-OH 12.5 1.04 10/1 8 252 28.1 1.08 91 76

aExperimental procedure: complex 2 (0.05 mmol) and CTA with different amounts were dissolved in PO (150 mmol) in glovebox, and then the
mixture was carefully injected into a homemade 50 mL predried autoclave, which was equipped with an in situ infrared ReactIR ic15 reaction analysis
system with a SiComp ATR crystal. The autoclave was pressurized to 2.0 MPa of CO2. After appropriate time, the CO2 pressure was slowly released,
and a small amount of the resultant polymerization mixture was removed from the autoclave for 1H NMR analysis to determine the conversion of
PO and GPC analysis. bObtained from Polymer Source Inc. and confirmed by GPC. cMeasured by 1H NMR. dDetermined by GPC against
polystyrene standard. eObtained using eq 3. fObtained using eqs 1 and 2.

Figure 3. (A) Reaction profile of the IR spectra at 1750 cm−1 collected every 15 s in the presence of 2 in PO with PEGs and (B) the relating GPC
traces of the polymerization mixture after 3 h. (a) [PEG4K]/[2] = 1/1; (b) [PEG4K]/[2] = 5/1; (c) [PEG4K]/[2] = 10/1; (d) [PEG8K]/[2] = 1/1;
(e) [PEG8K]/[2] = 5/1 (mole ratio). The 1750 cm−1 is the absorbance of the carbonyl group in PPC. Reaction conditions: [PO]/[SalenCoTFA]/
[PPN-TFA] = 3000/1/1, mole ratio.
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because similar experimental phenomenon and understanding
have been reported in other chain transfer polymerizations.58

Upon PNIPAM working as the chain transfer reagent, no
polymerization was detected even after 12 h (entry 12, Table
1). The possible factor is that the resulting polyamide has
strong interactions to the metal center and/or to the initiating
acetate ion which may prematurely stop chain growth.
Nonetheless, we could not provide direct experimental
evidence to support this assumption, and how the config-
urations and/or conformations of the active growth chain
influence the reaction remains an open question.
Influence of Macro-CTAs on Reactivity and Blocking

Efficiency during PO/CO2 Copolymerization Using Sale-
nCoX Complex. The immortal polymerizations in PO/CO2
coupling reaction with different macro-CTAs under complex 2
(SalenCoTFA/PPN-TFA, TFA = trifluoroacetate, 1/1 mole
ratio) were also performed (Table 2). The reaction condition
was fixed at [PO]:[1] = 3000:1 and 2.0 MPa of CO2. All the
immortal polymerizations were monitored by in situ IR, and the
detailed reaction conditions and results are illustrated in Table
2.
Initially, PEG macro-CTA was selected as the model sample,

and the effects on the activity and blocking efficiency were
investigated by changing its molecular weight and varying the
relative amounts of PEG to the catalyst. Each immortal
polymerization was monitored by in situ IR detector, and the
time-dependent signals at 1750 cm−1 for the absorbance of
PPC carbonyl group are provided in Figure 3A. Clearly, like the
immortal copolymerization of CHO/CO2 with 1, the reaction
activity also decreases with the increase in the molecular weight
and the amount of the macro-CTAs. For instance, when 1
equiv of PEG4K was added, the TOF was 386 h−1, while it
decreased to 362 and 312 h−1 upon addition of 5 and 10 equiv
of PEG4K (entries 1−3, Table 2). Once the molecular weight of
PEG increased to 8.0 kg/mol, the catalytic activity toward PO
sharply decreased from 290 h−1 (1 equiv to 2) to 206 h−1 after
adding 5 times the amount of PEG8K (entries 4 and 5, Table 2).
Figure 3B displays the resultant GPC traces. Using PEG4K, all
polymers obtained from the reaction show bimodal GPC curves
(a−d, Figure 3B). This situation is very similar to the immortal
polymerization that during CHO/CO2 coupling reaction under
(BDI)ZnOAc complex. The shoulder with low retention
volume (high molecular weight) could be assigned to PEG-b-
PPC, and the shoulder with high retention volume (low
molecular weight) was attributed to PPC homopolymers. When
5 equiv of PEG8K was added in the reaction, unreacted PEG8K
was detected, and a GPC trace with triple shoulders clearly
appeared (e, Figure 3B). Through chromatographic separation
and followed by the NMR measurement, the composition of
BCPs and the polymer degree of PPC blocks could be
estimated by calculating the integral intensity of methylene
(3.65 ppm) of PEG to the methine group (5.01 ppm) of PPC
unit.
After mathematical deconvolution of the GPC chromato-

grams, the area of the related block copolymers, PPC
homopolymers, and unreacted macro-CTA could be well
calculated. Following eqs 1 and 2, the blocking efficiency for
each polymerization was obtained, and the results are provided
in Table 2. When 5 and 10 equiv of amount of PEG4K were
applied, the blocking efficiency increased to 60% and 78%,
respectively, indicating that excess −OH groups from PEG
ends could suppress the activity of the nucleophile anion X−

(trifluoroacetate) and hamper the formation of homo-PPC.

The blocking efficiency of using PEG4K was 38% ([PEG4K]/[2]
= 1/1, entry 1 in Table 2), while the measured value for PEG8K
decreased to 33% under the same conditions ([PEG8K]/[2] =
1/1, entry 4 in Table 2). When 5 equiv of PEG8K was carried
out for the chain transfer reaction, the blocking efficiency was
decreased to 50%, which was much lower than the theoretical
value 83% (entry 5, Table 2).
The decrease of catalytic activity with the increase of the

molecular weight of macro-CTA and the ratio of [macro-
CTA]/[Cat.] was also observed for PPG and PS−OH (entries
6−12, Table 2). In contrast to PEG, however, the blocking
efficiency of PPG is very close to the theoretical value. The
infrared and nuclear magnetic resonance studies indicate that
the variation of the molecular weight and the relative amounts
of PPG macro-CTA have very mild impacts on the reactivity
and the blocking efficiency in the immortal polymerizations
(entries 6−8, Table 2). For PPGs, the value of the blocking
efficiency is predictable, and the effect of variation of relative
amounts is moderate (entries 6−8, Table 2). We postulate that
PPG has good compatibility with the PPC block since they
have the same unit, and both are hydrophobic blocks.
Consequently, the macro-CTA with a dormant hydroxy
group can rapidly shuttle with the active alkoxide species on
the metal catalyst center, producing the predictable block
copolymers.

Influence of Blocking Efficiency on Microphase
Separation of the PS/PPC Block Copolymers. The self-
assembling nature of block copolymer films has garnered a
great deal of scientific interests due to its potential application
in a variety of fields.70 In the meanwhile, our interest in PPC/
PS block copolymers stems from the fact that we have
demonstrated these are well-qualified polymers for the directed
self-assembly strategy for the next-generation lithography.52

The advantage of PPC/PS block copolymer is derived from the
fact that PPC and PS have equal surface energies; thus, simple
thermal annealing could be performed to induce the
nanostructures. Here, we aim to qualify how the blocking
efficiency influences the assembly of the block copolymers.
Two PPC-b-PS-b-PPC triblock copolymers with similar
composition were collected by chain transfer polymerization
of CO2/PO using α,ω-dihydroxy end-capped polystyrene as
CTA (entries 11 and 12, Table 2). The PPC-b-PS-b-PPC
triblock copolymer with Mn = 27.5 kg/mol was prepared using
5 equiv of PS-OH12.5K with blocking efficiency of 65%
(abbreviated as BCPE65), and the second one with similar
molecular weight (28.1 kg/mol) was prepared by using 10
equiv of PS-OH12.5K with blocking efficiency of 76%
(abbreviated as BCPE76). The PPC volume ratios ( f PPC) of
the two samples are around 50%, indicating the samples both
have lamellae morphology. To study how PPC homopolymers
influence the assembly, thin films of the two raw materials
(before PPC homopolymers removed) were initially inves-
tigated. The thin films of samples (∼20 nm thickness) were
spun-coated on to PS-r-PMMA modified silicon wafers, and the
wafers were annealed at 150 °C for 1 h. As shown in the SEM
image in Figure 4A, the PPC-b-PS-b-PPC triblock copolymer
with blocking efficiency of 65% show serious dewetting
phenomenon, where perpendicular lamellae structure could
not be observed because the PPC homopolymers were blended
in the block copolymers. In contrast, defective lamellae
structures with a large amount of cracks were located on the
SEM image for the PPC-b-PS-b-PPC triblock copolymer with
blocking efficiency of 76% as illustrated in Figure 4C.
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Nevertheless, after removing the PPC contaminants, perfect
lamellae structures with equal domain spacing (13.6 nm) were
clearly detected on SEM images (Figure 4B,D) for the two
samples, indicating the blocking efficiency has a serious impact
on the nanoassembly.

■ CONCLUSION
In summary, several types of CO2-based block copolymers were
prepared by using various macro-CTAs including PPG, PEG,
and PS empolying two classical catalyst systems. By analysis of
the gel permeation chromatograms utilizing mathematical
deconvolutions, the reaction activity and blocking efficiency
for the resulting immortal polymerizations are systematically
studied. On the basis of our study, it is clear that the size,
nature, and the ratio of [macro-CTA]/[Cat.] strongly influence
the catalytic activity and blocking efficiency of the reaction. Self-
assembly of PS/PPC block copolymers clearly demonstrates
that the blocking efficiency displays a serious impact on the
nanoassembly. Although immortal copolymerization of epox-
ides/CO2 with macro-CTA is a useful method for preparing
CO2-based block copolymer, the low blocking efficiency should
be further considered in future studies, and a more effective
process that gives higher quality CO2-based block copolymers
is still desirable, thereby remaining a great challenge in polymer
science.
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