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ABSTRACT: Fixing carbon dioxide (CO,) into polymeric 0
materials is a subject of enduring interest but limited to very few o

efficient polymerizations. In this work, a facile Pd(OAc),/LiO'Bu- o - on s X3 x + ooy PI__ o N
giilo’ \

catalyzed one-pot, three-component polymerization of CO,, (X=Br.1) I n
bis(propargylic alcohol)s, and aryl dihalides under atmospheric 50
pressure is developed. Linear and hyperbranched multifunctional ©
five-membered cyclic carbonate (SCC)-based polymers with well- V Atwospheric pressure V piversity of monomer strategies
defined structures, high weight-average molecular weights (M,, up V simple catalyst V Regloselective ring opening

; : S V chi  Por
to 42500), and versatile properties such as aggregation-induced Chiral polymers Porous polymers

emission as well as chiral and porous properties are successfully

produced in excellent yields (up to 96%). The reaction mechanism was well investigated via the density functional theory
calculation and in situ Fourier transform infrared spectroscopy, both indicating that there is synergistic reaction effect among
CO,, bis(propargylic alcohol)s, and aryl dihalides. The polymers could be postfunctionalized by amines via catalyst-free
regioselective ring-opening reaction with 100% grafting ratio. Thus, this work not only develops a new way to directly fix CO,
into polymeric materials but also provides the SCC-based polymers with versatile properties, showing great potentials in diverse
areas.

B INTRODUCTION an efficient way to synthesize phosgene-free polycarbonates,
which has been industrialized.” However, CO,-based func-
tional polymers were rarely reported compared to general
polymers.”” Thus, exploring new efficient polymerizations of
CO, under mild reaction conditions and atmosphere pressure
to generate CO,-based functional polymers is highly desirable.

The 5CC-based polymers are a new kind of CO,-based
functional ones.’”*" They not only possess various properties
but also can act as a versatile platform toward functional

2— o
intermediates synthesized from CO, have recently emerged as polymers.” _34 For example, Endo et al. repogtge_%an. indirect
a new class of monomers for polymerization.””'* The other is way to .obtam 5CC-bas§d polyme.rs from CO,™ " First, they
directly using CO, as a monomer to generate polymers.' =% synthesmed a monomeric SCC with thg vinyl group from CO,
They are both significant for the synthesis of CO,-based v1a.several steps. Then they used this monomer for further
polymeric materials. radical polymerization (Scheme 1). The obtained polymers can

As a vital monomer for polymerization, CO, has been unde.rgo. color ?hange with acid—ba%e switc'hing for sensing
studied for many years. The polymers like poly(urethane)s, applications. It is a new way to obtain functional SCC-based
polyureas, and polycarbonates can be obtained directly from

Using carbon dioxide (CO,) as a feedstock to §enerate
thousands of compounds has drawn much attention."” Today,
it is also highly desirable to use CO, to prepare polymeric
materials because of their widespread needs. In general, there
are two ways to obtain polymeric materials from CO,. One is
converting CO, into monomers for further polymerization,
such as ethylene,3 furan-2,5-dicarboxylic acid,* and bis(five-
membered cyclic carbonates) (SCC).>° In particular, lactone

CO,."""* Among these polymers, poly(propylene carbonate)s, Received: May 2, 2019
generated from the CO,/propylene oxide copolymerization, Revised:  June 27, 2019
are the most well-known and widely studied one."*~*’ This is Published: July 17, 2019
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Scheme 1. Synthetic Routes of SCC-Based Polymers under
Atmospheric Pressure
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polymers from CO,, but the synthetic routes are tedious. Thus,
we would like to explore a new, simple, and eflicient way to
generate functional SCC-based polymers directly from CO,.

We found that SCC obtained from CO, and propargylic
alcohols still has carbon—carbon double bonds, which might
react further with other compounds. So we put forward the
hypothesis that introducing a third monomer to react with
CO, and bis(propargylic alcohol)s might generate SCC-based
polymers. After searching for plenty of organic reactions, aryl
halides came to our attention.”® "’ For example, Cheng et al.
reported an elegant CO,-based three-component reaction, in
which aryl halides could couple with carbon—carbon double
bonds in the presence of palladium catalyst without damaging
the structure of SCC." Thus, one-step conversion of CO, to
SCC-based polymers might be realized.

Following this idea, in this work, a new one-pot, three-
component polymerization of CO,, bis(propargylic alcohol)s,
and aryl dihalides was successfully developed. This polymer-
ization could be facilely performed in the presence of
Pd(OAc),/LiO'Bu catalytic system in N,N-dimethylformamide
(DMF) under atmospheric pressure. Soluble and thermally
stable SCC-based polymers with high molecular weights were
obtained in high yields after a few hours (Schemes 1 and 2).
Furthermore, an “AB” type monomer could also be easily
synthesized and polymerized to generate functional SCC-based

polymer. The polymerization mechanism was studied via in situ
Fourier transform infrared spectroscopy (FT-IR) and density
functional theory (DFT) calculation, both indicating that there
exists synergistic reaction effect among CO,, bis(propargylic
alcohol)s, and aryl dihalides. What is more, the resultant
polymers could be postfunctionalized by amines via catalyst-
free regioselective ring-opening reaction with unity grafting
ratio. Moreover, tetraphenylethene (TPE) and binaphthyl
units could be facilely incorporated into polymers to endow
the resultant polymers with aggregation-induced emission
(AIE) and chiral properties, respectively. Because of the
flexibility for the design of monomers, hyperbranched SCC-
based polymers could also be generated via versatile monomer
combinations and porous polymers with BET surface area as
high as 172 m?/ g could be constructed.

B RESULTS AND DISCUSSION

Polymerization. All the bis(propargylic alcohol) mono-
mers la—1d were prepared via Sonogashira coupling reaction
(Scheme S1). All the aryl dihalide monomers 2a—2e are
commercially available or could be prepared with ease. All
monomers used in this work are stable under ambient
conditions. To obtain polymers with high weight-average
molecular weight (M,,) values in high yields, 1a and 2a were
used as representative monomers to polymerize with CO,
(balloon) to investigate the reaction conditions, such as the
catalysts and their loading ratio, reaction time, solvent,
monomer concentration, reaction temperature, and the base.
The results showed that the polymerization could be well
performed in DMF with a monomer concentration of 0.1 M at
80 °C for 4 h in the presence of 10 mol % Pd(OAc), catalyst
under normal pressure (Tables S1—S7).

Next, we polymerized various types of monomers with CO,
under the optimal conditions to test the robustness and
universality of this polymerization (Table 1). To our surprise,
some monomers showed much higher reactivity, so the SCC-
based polymers could be generated in a shorter time. For
example, P1b/2b/CO, with a M,, of 42500 could be obtained
in 96% yield in only 30 min. We believe that polymers with
higher molecular weights could be generated upon changing
the reaction conditions. In addition, aryl dibromides also
showed high reactivity, greatly expanding the scope of the

Scheme 2. Polymerization of Carbon Dioxide, 1, and 2
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Table 1. Polymerization Results of Different Monomers”

entry polymer yield (%) Mwb old
1 Pla/2a/CO, 92 16000 1.82
2 P1b/2a/CO, 88 19700 222
3¢ Plc/2a/CO, 85 12900 1.67
4 P1d/2a/CO, 84 10800 1.60
5 P1a/2b/CO, 91 30000 2.20
67 P1b/2b/CO, 96 42500 2.81
7¢ P1b/2¢/CO, 83 13700 1.71
3 P1b/2d/CO, 77 13400 211
o Pla/2e/CO, 90 33200 2.29

“Carried out in DMF at 80 °C for 4 h in the presence of Pd(OAc),
and LiO'Bu under normal pressure. [1a] = [2a] = 0.10 M, [1a]/[2a]/
[Pd(OAc),]/[LiO'Bu] = 1:1:0.1:6. bPolydispersity index (D) and
weight-average molecular weight (M,,) were estimated by advanced
polymer chromatography (APC) using THF as an eluent on the basis
of a polystyrene calibration. “Reaction time (£) = 2.5 h. %t = 0.5 h. %t =
3h/t=2h

monomers. What is more, the polymerization of AB type
monomer with CO, could also produce a soluble cross-
conjugated polymer with a M,, value of 29100 in 84% yield
(Scheme 3). This monomer strategy could greatly simplify
experimental operation.

All the resultant polymers showed good solubility in
commonly used organic solvents. The thermogravimetric
analysis (TGA) and differential scanning calorimeter (DSC)
results indicated that the 5% weight loss temperatures (T;) and
the glass-transition temperatures (T,) of the polymers are in
the ranges 210—268 °C (Figure S1) and 95—135 °C (Figure
S2), respectively, suggesting that they are thermally stable.

Structural Characterization. The structures of polymers
were characterized by FT-IR, 'H NMR, and *C NMR spectra,
and satisfactory analytical data corresponding to their
structures were obtained. Herein, we took Pla/2a/CO, as
an example for structural analysis. To help us to confirm the
structure of polymer, model compound 4 was synthesized from
1a, iodobenzene, and CO, under the same reaction conditions
(Scheme S2). In the FT-IR spectra (Figure 1), the O—H
stretching vibration of 1a was observed at 3330 cm™. In both
the spectra of 4 and Pla/2a/CO,, O—H stretching vibration
peaks disappeared. Meanwhile, a new peak associated with
C=O0 stretching vibration appeared at 1819 cm™', confirming
the occurrence of this polymerization. Similar results were
obtained in the FT-IR spectra of other polymers (Figures S3—
S9).

Their '"H NMR spectra of Pla/2a/CO, and its monomers
and model compound are also compared in Figure 2. The
—OH protons and —CHj; protons of 1a were resonated at ¢
2.10 (d) and 1.58 (a), respectively. In the spectra of 4 and
Pla/2a/CO,, the —OH proton resonance disappeared and the
—CH,; proton resonant peak was shifted to § 1.44 (g). In

—OH

4000 3000 2000 1600 1200 800 400
Wavenumber (cm™)

Figure 1. FT-IR spectra of (A) monomer 1a, (B) model compound 4,
and (C) polymer Pla/2a/CO,.

E aud [
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Chemical shift (ppm)
Figure 2. '"H NMR spectra of (A) monomer la, (B) monomer 2a,
(C) model compound 4, and (D) polymer Pla/2a/CO, in DCM-d,.
The solvent peaks are marked with asterisks.

addition, *C NMR spectroscopy could provide more detailed
structural information. As shown in Figure 3, the ethynyl
carbons of la were resonated at 6 94.16 and 82.11, which
could not be found in the spectra of 4 and P1a/2a/CO,. The
—CH; carbons and quaternary carbons adjacent to ethynyl

Scheme 3. Synthesis of SCC-Based Polymers via the “AB + CO,” Monomer Strategy
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Figure 3. 3C NMR spectra of (A) monomer 1a, (B) monomer 2a,
(C) model compound 4, and (D) polymer Pla/2a/CO, in DCM-d,.
The solvent peaks are marked with asterisks.

groups of la resonate at § 31.71 (c), and 65.80 (d),
respectively, which were shifted to § 27.67 (i) and 86.43 (j)
in the spectra of 4 and Pla/2a/CO, due to the different
chemical environment of carbons in propargylic alcohol and
SCC. Furthermore, a new peak associated with the resonances
of carbonate carbons appeared at 6 151.17 in 4 and Pla/2a/
CO,. All the 'H and "“C NMR spectra confirmed the
structures of Pla/2a/CO,. It is worth noting that the 'H
and "*C NMR spectral data of other polymers are summarized
in the Supporting Information and all solidly confirmed their
respective structures (Figures S10—S25).

Mechanism Investigation. To deeply understand the
reaction mechanism, we performed a theoretical calculation.
We used AH and iodobenzene as model compounds to
simplify the calculation and employed the powerful DFT to
analyze the whole process of the reaction. The proposed routes
are shown in Scheme 4 and Figure 4 with selected 3D
geometries and coordinates in the Supporting Information.

First, the lithium carbonate A is produced by addition of
CO, on lithium alkoxide AL, and Pd(II) inserts into C—I bond
of iodobenzene to form compound B. Second, A is
coordinated with B and acetate ligands to form C 0. After
leaving acetate ligands, the stable intermediate complex C_1 is
obtained. Third, the oxygen atom on carbonate attacks the
ethynyl group catalyzed by Pd(II) of the sp® state in complex
CD_TS to produce the cyclic carbonate structure C 2. The
phenyl and iodine ligand rotate to exchange their position to
form C_3 and released equivalent Lil to generate D. Finally,
Pd(0) forms by the reductive elimination of vinyl and aryl
groups from Pd(II). Thus, product E is obtained (Scheme 4).

In the total reaction, the insertion of Pd(II) with Gibbs free
energy barrier of AGy = 28.66 kcal/mol could be easily
overcome at 80 °C. The coordination of A, B, and acetate

5549

ligands is feasible due to the formation of semipolar bonds
between Pd(II) and C=C as well as Li* and a phenyl group.
The Gibbs free energy barrier between C_1 and C_2 is
confirmed as AGcp = 20.51 kcal/mol, and the Gibbs free
energy of C_2 is quite lower than that of C_1, indicating that
the cyclization reaction is quite efficient. Moroever, the Pd(0)
is released from D with AGpg = 15.41 kcal/mol, and final
product E shows extremely low Gibbs free energy, so it is a
swift transformation from D to E.

According to theoretical mechanism research, the polymer-
ization we developed could propagate efficiently under mild
conditions. Moreover, there might be synergistic reaction effect
among CO,, aryl dihalides, and bis(propargylic alcohol)s. The
aryl dihalides play a vital role in the cyclization to form the
cyclic carbonates during this polymerization.

To verify the results of theoretical calculation, we first used
1c to react with CO, under the optimized reaction conditions
without addition of 2a. However, we cannot get the bis(SCC)
intermediates (Scheme S3), suggesting that the SCC cannot be
formed without aryl dihalides. Then we designed a three-step
reaction of 1c, 2a, and CO,, which was monitored by the in
situ FT-IR spectrometry (Figure SA). In the first step, the
monomer lc was placed under CO, atmosphere (balloon) in
the presence of LiO'Bu in DMF. From Figure S, we could find
that a new peak associated with the carbonate groups at 1820
cm™' emerged and soon became balanced. According to the
DFT results, the reason was that the lithium carbonate
intermediate was produced from 1lc, CO,, and LiO'Bu, and
there is a reaction balance between 1c and the lithium
carbonate intermediate because of a very small Gibbs free
energy barrier between them. In the second step, the catalyst of
Pd(OAc), was added, but almost no change was observed in
the kinetic and 3D FT-IR profiles (Figure SB,C). Because
Pd(OAc), itself could not catalyze the cyclization of the
lithium carbonate intermediate, thus, the reaction balance
remained unchanged. In the third step, when monomer 2a was
added, the peak at 1820 cm™ increased fast and became
balanced again in 1 h. The reason might be that Pd(II) species
could insert into the C—I bond of 2a, further facilitating the
cyclization of the lithium carbonate intermediate and
promoting the balance forward running. Thus, our exper-
imental results agree well with the theoretical calculation and
the proposed mechanism by Cheng et al.*’

Regioselective Ring-Opening Reaction. The SCC
could react with nucleophiles via the ring-opening reaction
as reported previously;”® we thus postfunctionalized Pla/2a/
CO, by using the nucleophile of diethylamine in DMF at 50
°C without addition of any catalyst, and the urethane-based
polymer P6 was readily yielded (Scheme S). Theoretically, two
regioisomers could be formed, but we just got one, indicating
that the ring-opening reaction is regioselective. The structure
of resultant polymer was characterized by 'H and *C NMR
spectra. As shown in the '"H NMR spectrum (Figure S26), the
proton of chiral carbon adjacent to the carbonyl group
emerged at 6 5.40. Meanwhile, the protons of a methylene
group adjacent to the urethane group resonated at 6 3.40—
3.11. The C NMR spectrum can provide more information
about the structures (Figure S27). The carbonyl carbon,
urethane carbon, and chiral carbon adjacent to the carbonyl
group resonate at 6 207.87, 154.82, and 56.96, respectively,
further confirming the structures of regioregular urethane-

based polymers.
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Scheme 4. Proposed Mechanism of Polymerization
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Figure 4. DFT calculated profiles of the whole process shown in Scheme 4. The Gibbs free energy (in kcal/mol) barriers are AGy = 28.66, AGp =
20.51, and AGpyg = 15.41.

We also employed the DFT to follow the whole process of photoluminescence (PL) spectra in THF and THF/water
the ring-opening reaction (Scheme S4 and Figure S28). The mixtures with different water fraction (f,,) (Figure 6, Figure

selectivity of the ring-opening step was confirmed with a AAG $29, and Table S8). They emit faintly in THF, but their
= 9.00 kcal/mol, which indicated that the ring-opening

) ! . emission intensity increased with addition of poor solvent of
reaction of diphenylethyl side was preferred.

AIE and Chiral Properties. Thanks to the functional water. Both PS5 and Pla/2e/CO, showed the highest
group tolerance of our developed polymerization, the AIE- fluorescence intensity at the f,, of 90%, which are 22 and 9
active TPE unit could be facilely introduced into the polymer times higher than that of their THF solutions, respectively.
skeletons of PS and Pla/2e/ COZ.41 We measured their These results further confirmed their AIE feature.
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Figure 5. (A) CO, and alkyne-base three-step reaction, (B) kinetic profiles, and (C) 3D FT-IR profile of the reaction.

Scheme 5. Regioselective Ring-Opening of Pla/2a/CO,
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Figure 6. (A) PL spectra of PS in THF and THF/water mixtures. Concentration: 10 M. 4,: 330 nm. (B) Plot of relative PL intensity versus water
fraction in THF/water mixtures, where I = peak intensity in water mixtures and I, = peak intensity in pure THF. Inset in panel B: photographs of

PS in pure THF and a THF/water mixture with 90% water.

In addition, optically active monomers 7 and 8 could be
used to polymerize with CO, and lc and to synthesize chiral
polymers P7 and P8 (Figure 7A).** Through 'H and '*C NMR
spectral analysis (Figures S30—S33), the structures of P7 and
P8 were confirmed. Then the UV and circular dichroism (CD)
spectra of the polymers were measured, and the data are
summarized in Figure 7B,C. The results showed that they
exhibited similar UV spectral profiles. However, their CD
spectra are quite different, showing symmetrical property with

5551

two same peaks centered at 298 and 338 nm. The CD results
demonstrate that P7 and P8 also retain chiral properties.
Hyperbrached and Porous Polymers. Hyperbranched
polymers are a new class of macromolecules, which exhibit
unique architectures and properties.**~* Developing hyper-
branched polymers based on CO, is quite significant because it
can not only increase CO, incorporation ratio in polymers but
also bring multifunctional properties to them. Thanks to the
flexibility for the design of multifunctionalized monomers,
diverse monomer combinations were used to construct

DOI: 10.1021/acs.macromol.9b00898
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Scheme 6. Syntheses of Hyperbranched Polymers via Diverse Monomer Combinations
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hyperbranched polymers with different architectures. Aryl
trihalide 14 was used to synthesize monomers of AB, (9), A,B
(10), and A; (12) types via one-pot Sonogashira coupling
reaction as shown in Scheme SS. First, monomer 9 was
employed to react with CO, in the presence of Pd(OAc),/
LiO'Bu in DMF and hyperbranched polymers were readily
yielded (Scheme 6). For example, hb-P1 with high M,, (12100)
could be obtained by this efficient polymerization. According
to 'H and *C NMR spectra of hb-P1 (Figures S34 and S35),
almost all resonant peaks associated with propargylic alcohols
could not be observed, indicative of nearly 100% monomer
conversion. Similarly, hb-P2 could be generated from the
polymerization of monomer 10 and CO, (Scheme S). The
difference of hb-P2 from hb-P1 is that obvious resonance peaks
of propargylic alcohols could be found in the 'H and *C NMR
spectra (Figures S34 and S35) because the number of
propargylic alcohol groups is twice as many as bromide
groups; there are still many unreacted propargylic alcohols on
the periphery of hb-P2. It is worth noting that other different
monomer strategies like “B; + A, + CO,”, “A; + B, + CO,’,
and “B, + A, + CO,” could also be used to construct

5552

hyperbranched polymers with high M,, values (up to 26700)
(Scheme 6).

Moreover, the “B, + A, + CO,” monomer strategy was used
to synthesize insoluble porous polymers of hb-P6 (Scheme
S6). In the FT-IR spectrum of hb-P6, C=O stretching
vibrations could be observed at 1819 cm™', suggestive of the
formation of cyclic carbonates in hb-P6 (Figure S36). Thanks
to its porous feature, the Brunauer—Emmett—Teller (BET)
surface area of hb-P6 was measured to be 172 m* g~* (Figure
S37), showing great potential as gas adsorbent materials.

B CONCLUSIONS

In this work, we developed a powerful one-pot, three-
component polymerization of CO,, bis(propargylic alcohol)s,
and aryl dihalides toward the SCC-based polymers. This
polymerization enjoys such unique advantages as mild reaction
conditions under atmospheric pressure, a simple and
commercially available catalytic system, and versatile monomer
combinations. The in situ FT-IR and DFT calculation unveiled
the reaction mechanism, which suggests that this polymer-
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ization is highly efficient under mild reaction conditions and
there exists a synergistic reaction effect among CO,, bis-
(propargylic alcohol)s, and aryl dihalides. Moreover, the SCC-
based polymers could be postfunctionalized by amines via
catalyst-free regioselective ring-opening reaction with unity
grafting ratio. Thanks to its excellent functional group
tolerance, the TPE and binaphthyl units could be facilely
incorporated into the polymers to endow them with unique
AIE and chiral properties, respectively. Hyperbranched
polymers could also be generated from CO, via versatile
monomer combinations in high conversion rates, and the
porous polymers with BET surface area as high as 172 m*/g
could be constructed. Thus, this work not only establishes a
new CO,-based polymerization but also furnishes the SCC-
based polymers with excellent and versatile properties, showing
great potential in diverse areas.
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