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ABSTRACT: We have designed and synthesized poly-
(monothiocarbonate)s containing a single well-defined metal
complex in the polymers’ backbone via the immortal
copolymerization of carbonyl sulfide and propylene oxide in
the presence of chain transfer agents (CTAs). Our initial
studies in this area have involved the utilization of metal
carbonyl diols, which serve as CTAs. Included in this
investigation are the metal complexes ( )Cr(CO)3
and ( )Re(CO)3Br. Because of the electron-
withdrawing abilities of the metal carbonyl fragments, the CTA afforded catalyst-alkoxide bonds are not sufficiently nucleophilic
to react with CO2; hence, the more reactive carbonyl sulfide analog was employed. As anticipated, the molecular weights of the
resulting copolymers decreased with increasing quantities of added metal complexes. The incorporation of the metal complexes
directly into the polymers’ backbone was noted by νco infrared and 1H NMR spectroscopies. Estimates of metal loading were
obtained using calibration curves of the pure metal complexes based on νco infrared or electronic spectra. Thermal
decomposition of the copolymers occurred above 180 °C.

■ INTRODUCTION

The utilization of carbon dioxide as a feedstock for producing
value-added chemicals and materials remains a challenging
endeavor.1−3 Nevertheless, much research activity is being
directed at addressing this issue. The importance of these
efforts is that they advance attempts to transform the readily
available, nontoxic, greenhouse gas, as well as providing a
potentially greener and more sustainable approach to chemical
synthesis. Among the most promising transformations
currently achieving these desirable attributes are the coupling
reactions of CO2 and epoxides to provide polycarbonates.4−17

Progress in this area has been greatly aided by the development
and availability of well-defined and highly selective metal
catalysts.
Although the copolymerization of epoxides and carbon

dioxide catalyzed by metal complexes have many of the
features of a living polymerization process, because of rapid
and reversible chain transfer reactions, the molecular weight of
the resulting polymer is difficult to control. That is, in the
presence of protic compounds, e.g., adventitious water, a single
catalyst site can lead to several polymer chains.18−20 This, in
turn, leads to poor control of the copolymer’s molecular
weight. Scheme 1 summarizes the reaction pathways, which
take place during the copolymerization of propylene oxide and
CO2 in the presence of a monofunctional chain transfer agent.
The products of the chain transfer process in the instance

where R = H and X represents an easily hydrolyzable initiator,
e.g., trifluoroacetate, are nearly 100% macropolyols.21−23

Because of the use of these polyols in the synthesis of
thermoplastic polyurethanes, the incorporation of CO2 has the
potential to reduce the petrochemical-based content of these
high-volume commercial materials. Indeed, Covestro is
currently marketing polyurethanes based on CO2-derived
polyols for the synthesis of flexible foam materials.24 Other
companies are similarly exploring applications based upon this
technology, including Aramco, SK Energy, and Econic.25−27
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Scheme 1. Immortal Polymerization of the
Copolymerization of Epoxides and CO2
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The above applications generally utilize difunctional chain
transfer agents (CTAs), such as poly(ethylene glycol),
polypropylene glycol, or dicarboxylic acids. These CTAs
allow for the synthesis of triblock copolymers, which display
emerging areas for the use of CO2-derived copolymers. For
example, a green flame-retarding polyurethane has been
prepared from the reaction of a poly(propylene carbonate)-
diol and diisocyanate, where the poly(propylene carbonate)-
diol was synthesized by the copolymerization of propylene
oxide and CO2 in the presence of the CTA, phenylphosphonic
acid.28 In a one-pot synthesis, a triblock polycarbonate was
prepared from the polyol derived from propylene oxide and
CO2 in the presence of water followed by the polymerization
of allylglycidyl ether and CO2. Subsequent thiol−ene click
chemistry was carried out on these triblock polymers to afford
amphiphilic polymers, which self-assembled in water to
provide nanoparticles.29 This approach was employed to
prepare micelles of polycarbonates conjugated with gadolinium
for imaging cancer cells.30 Additionally, the ionic liquid CTA,
1,3-bis(3-carboxypropyl)imidazolium tetrafluoroborate, was
utilized in the immortal copolymerization of propylene oxide
and CO2 to provide ion-containing polycarbonates and
eventually ion-containing polyurethanes.31

Although we have shown that it is possible to bind metal
conjugate to the side chains of CO2-based polycarbonates,
there are no reports of polycarbonates containing metal
complexes rigidly held in the polymer’s backbone structure.32

At this time, we wish to describe our initial studies
representing a novel approach for inserting a single metal
complex into the polymer backbone via a chain transfer
process. Scheme 2 illustrates our strategy for incorporating a
metal complex into the copolymer’s backbone in a one-step
process. Note, the metal complex is part of the linear
polycarbonate chain, where the metal fragment is bound to
the CTA by way of strong coordinate covalent bonds. That is,
the metal center is not part of the polymer’s backbone.

A major benefit of this technique is that, as stated above, it
ultimately allows for the easy production of amphiphilic

polymers, which spontaneously self-assemble into nanostruc-
tures in water. These nanomaterials can be used in various
important applications, including drug delivery. For example,
many metal complex delivery agents may be unstable in an
aqueous environment, such as NO or CO slow-release
complexes.33−37 Alternatively, these amphiphiles can provide
micelle-forming metal catalytic species for performing a wide
variety of organic transformations in aqueous media.38,39

■ RESULTS AND DISCUSSION
In our “proof-of-concept” studies, an (arene)Cr(CO)3 diol,
complex 1, has been utilized as a bifunctional CTA during the
copolymerization of propylene oxide and CO2 or carbonyl
sulfide (COS) (Figure 1).40 This chain transfer agent was
chosen because it contains a strongly η6 bound Cr(CO)3
fragment with intense νco probes. Unfortunately, reactions
involving CO2, propylene oxide, and complex 1 in the presence
of the binary catalyst system (salen)CrCl/PPNCl afforded as
the major product, cyclic carbonate, with only a small quantity
of low-molecular-weight polycarbonates. Nevertheless, the
copolymer produced upon purification clearly indicated the

Scheme 2. Installing Metal Complexes into the Backbone of Polycarbonates

Figure 1. X-ray structure of complex 1 determined at 100 K.
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incorporation of complex 1, as evidenced via infrared
spectroscopy in the νco region, which exhibited a decrease in
molecular weight with an increase in the concentration of 1.
This behavior is attributed to the electron-withdrawing ability
of the Cr(CO)3 unit, which reduces the nucleophilicity of the
oxygen atom and thereby the rate of insertion of the poorly
electrophilic CO2 molecule. A similar response has been noted
previously for the insertion of CO2 into the W−O bond of
W(CO)5O−(arene)Cr(CO)3−1.41 Attempts to overcome the
electron-withdrawing ability of the Cr(CO)3 unit by adding
four methyl groups to the arene ligand of complex 1 were
ineffective. It should be recognized that utilizing the analogous
diol without the Cr(CO)3 fragment readily serves as a CTA for
the polymerization of propylene oxide and CO2 under identical
conditions.
In further studies reported upon herein, the use of the more

electrophilic and reactive carbonyl sulfide congener will be
investigated. The copolymerization of propylene oxide and
COS in the presence of complex 1 was carried out at ambient
temperature in dichloromethane/toluene solvent (eq 1). As
reported previously, the copolymerization was found to be
completely alternating and regioselective (Figure 2).42−44 That

is, COS inserts into the M−OR bond to afford exclusively the
M−S derivative, and the afforded monothiocarbonate ligand
ring opens the propylene oxide regioselectivity at the less-
hindered methylene carbon center. Figure 3 displays the
purified copolymers afforded in the presence and absence of
Cr(CO)3-bound diol. The νco infrared spectra in dichloro-
methane of the metal-conjugated and metal-free copolymers
are illustrated in Figure 4. As indicated, assuming true C3v
symmetry, the A1 and E νco vibrations of complex 1 increase by
9 and 4 cm−1 upon copolymer incorporation, respectively.
Copolymerization reactions of propylene oxide and COS in
the presence of varying quantities of a chain transfer agent,
complex 1, are summarized in Table 1. Figure 5 clearly
illustrates the relationship between the complex 1 loading and
Mn, with a decrease in Mn with an increase in 1 being linear. It
is also noteworthy that, in general, there is good agreement
between the Mn values determined by gel permeation
chromatography (GPC) and 1H NMR measurements. Efforts
to prepare the metal-conjugated polymer by the postpolyme-
rization of the copolymer prepared from propylene oxide and

carbonyl sulfide in the presence of bis-hydroxymethyl-
substituted benzene with a 25-fold excess of Cr(CO)3(NH3)3
were only modestly successful, with only a low level of
−Cr(CO)3 incorporation after refluxing in dioxolane for 5 h.
The average metal loadings as predicted based on the
copolymers’ molecular weights were estimated by comparing
the νco absorbances to those obtained from a calibration curve
of the pure complex 1 νco absorbances in the infrared (Figure
S20).
Similar results were obtained using the rhenium tricarbonyl

complex 2 as a CTA in the copolymerization of propylene
oxide and COS. Equation 2 proceeded smoothly to copolymer
at ambient temperature. The bright yellow metal-conjugated
purified copolymer is illustrated in Figure 6, alongside its
unmetallated analog. It is noteworthy that in this instance the
copolymer in eq 2 can be produced in a postpolymerization
manner from BrRe(CO)5 and the unmetallated polymer.
Spectroscopic infrared data are provided in Figure 7 for the
free complex and conjugated polymers, respectively. Table 2
summarizes the copolymerization data for the reaction of
propylene oxide and COS in the presence of complex 2. As
noted for CTA complex 1, the molecular weight of the
copolymer decreases with an increase in [CTA] (Figure 8).
Also illustrated in Table 2, there is reasonable consistency
between the observed Mn and the calculated Mn based on the
monomer-to-initiator ratio. The % metal loading was
determined to be in reasonable agreement with that expected
from the copolymer molecular weight based on a calibration
curve in the visible electronic spectra of the pure complex 2. It
is noteworthy that the polymer-incorporated complex 2
displays a significant red shift in the low-energy charge transfer
bond in the visible region from the free metal complex. For

Figure 2. Diad of the PO/COS copolymer.

Figure 3. Purified copolymers from reaction in eq 1, with and without −Cr(CO)3 unit.

Figure 4. Infrared spectra in νco region: complex 1 in blue (νco 1970,
1889 cm−1), complex 1 conjugated in polymer yellow (νco 1979, 1903
cm−1), and metal-free polymer in gray.

Macromolecules Article

DOI: 10.1021/acs.macromol.9b00906
Macromolecules XXXX, XXX, XXX−XXX

C



example, the copolymer prepared in entry 5 (Table 2) was
found to contain 0.021 mmol of complex 2, whereas 0.030
mmol was the expected value. This would be anticipated to be
low since the initially generated polymer contains no CTA, and
the blocking efficiently is, in general, less than 100%.45

The thermogravimetric analysis (TGA) curves of the
propylene oxide/COS copolymers derived in the presence of
the CTA with and without the metal fragment were shown to
differ slightly with Td5 (°C) of 180 and 210 and Td50 (°C) of

250 and 255, respectively (Figure 9). These results are higher
than that provided for the pure poly(monothiocarbonate)
reported in the literature, where decomposition began at 137
°C.42

■ SUMMARY AND PROSPECTUS
It is reported upon herein that although copolymers of
propylene oxide and CO2 are not easily synthesized in the
presence of metal carbonyl complexes 1 and 2 as chain transfer
agents, the corresponding copolymers prepared from the more
reactive carbonyl sulfide are easily afforded in a regioselective
and completely alternating manner under mild reaction
conditions. Hence, this approach provides a facile method
for incorporating a single metal complex into the copolymer’s
backbone chain. This procedure affords an accessible route for
installing appropriate metal derivatives into polymers for
catalysis or drug delivery. This is especially the case in light of
the ability of these polymeric materials to be made amphiphilic
via functionalization using thiol−ene click chemistry and
thereby of use in applications in micellar catalysis. It is worthy
of comment here that when alcoholic metallo-CTAs are
replaced with their carboxylic acid metallo-CTA analogs, the
immortal copolymerization of propylene oxide and CO2

Table 1. Copolymerization of Propylene Oxide and COS in the Presence of Complex 1a

entry [monomer]/[initiator]b Mn (GPC)
c g/mol Đ Mn (H NMR) g/mol calcdd g/mol

1 200 (no metal) 18 000 1.20 21 054 23 874
2 200 15 700 1.32 18 182 23 874
3 143 18 900 1.27 13 778 17 131
4 90.9 8900 1.46 9204 11 001
5 52.6 6400 2.10 7525 6484

aAll crude 1H NMR spectra of copolymers showed that the CTA loading was 100%, i.e., there was no free CTA following polymerization.
bReaction conditions: cat./PPNCl/PO/CTA = 1:1:1000: CTA, where CTA was 4, 4, 6, 10, and 18. Ambient temperature in dichloromethane
(DCM)/toluene at 1.0 MPa for 22 h. cAll GPC traces were bimodal or higher. Tetrahydrofuran (THF) was used as an eluent, and polystyrene
standards were used to calibrate the system. dCalculation based on the number of initiators = no. of CTAs + 1. The initial chain initiated by Cl−

does not contain the CTA; hence, the Mn calculated are approximate only. Mn = [monomer]/[initiator] × 118 + 274.

Figure 5. Copolymer’s measured molecular weight (Mn) by H NMR
versus [monomer]/[initiator] for 1.

Figure 6. Poly(monothiopropylene carbonate) with and without
−ReBr(CO)3 fragment.

Figure 7. Free complex 2 and conjugated to a polymer.
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readily occurs. This is the result of the hydroxyl groups
providing metal alkoxides upon chain transfer, which are not
nucleophilic enough for the insertion of CO2 due to the
electron-withdrawing metal carbonyl fragments, whereas the
carboxylic acid-initiating groups are capable of ring-opening a
metal-bound epoxide, leading to polymer chain growth. We
will provide a detailed report of the dicarboxylic acid metallo-
CTAs in the future, along with other properties of these metal-
conjugated copolymers.
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