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ABSTRACT: CO2 utilization has been a hot research topic in academic and industrial fields. Besides converting CO2 into chemicals
and fuels, incorporating it into the polymers to construct functional materials is another promising strategy. However, the CO2-
involved polymerization techniques should be further developed. In this work, a facile and efficient CO2-involved multicomponent
polymerization is successfully developed. The reaction of monomers of CO2, isocyanides, and 2-iodoanilines readily produces
soluble and thermally stable poly(benzoyleneurea)s with well-defined structures under mild conditions. Thanks to the formed amide
groups in the heterocyclic units of the main chains, the resultant polymers could self-assemble into spheres with sizes between 200
and 1000 nm. The polymers containing tetraphenylethylene (TPE) units show the unique aggregation-enhanced emission (AEE)
features, which could be used to visualize the self-assembly process and morphologies under UV irradiation, and serve as fluorescent
probes to selectively and sensitively detect Au3+ ions. Notably, the polymers containing cis- and trans-TPE units exhibit different
behaviors in self-assembly and limits of detection for Au3+ ions due to the different intermolecular interactions. Thus, this work not
only provides a new strategy for CO2 utilization but also furnishes a series of functional heterocyclic polymers for diverse
applications.

■ INTRODUCTION

In the past few decades, the conversion and utilization of
abundant, non-toxic, and renewable carbon dioxide (CO2)
have become a hot topic in both academic and industrial
fields.1−6 Although CO2 possesses thermodynamic stability
and kinetic inertness, a large number of works on converting
CO2 into chemicals and fuels via the constructions of C−O,
C−N, C−C, and C−H bonds have been reported.7−10

Meanwhile, the transformation of CO2 into functional
polymers is receiving considerable attention in polymer
chemistry. However, most of the reports are mainly focused
on the preparation of chain polymers.11−20 It is very
challenging to synthesize heterocyclic polymers by CO2-
involved polymerization.
Generally, the preparation of heterocyclic polymers from

CO2-involved polymerizations can be achieved via the

following two strategies: (1) first transforming CO2 into
other monomers, such as 3-ethylidene-6-vinyltetrahydro-2H-
pyran-2-one (EVL)21−23 and five-membered cyclic carbonates
(5CC)s;24,25 (2) directly using CO2 as a monomer. The latter
is preferred, and elegant works have been done. For example,
Tsuda and co-workers reported a nickel complex-catalyzed
alternating copolymerization of CO2 and diynes toward
poly(2-pyrones).26,27 However, the copolymerization was
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carried out under high pressure (20−50 bar). In 2012, Li and
co-workers developed a multicomponent polycoupling of
benzaldehyde, 1,4-diethynylbenzene, 1,6-hexadiamine, and
CO2.

28 However, the resultant polyoxazolidinones showed
poor solubility, which hinders their further property study and
application exploration. In 2018, Dong and co-workers
reported a catalyst-free multicomponent spiropolymerization
of diisocyanides, alkynes, and CO2 and soluble spiropolymers
were successfully obtained.29 Our group has also developed a
three-component polymerization of CO2, bis(propargylic
alcohol)s, and aryl dihalides under atmospheric pressure
recently.30 Nevertheless, these polymerizations could only
obtain oxygen-containing heterocyclic polymers. Therefore, we
anticipate that distinctive monomers such as isocyanides can
be incorporated in CO2-involved polymerizations under mild
reaction conditions toward novel heterocyclic polymers.
Isocyanides have been widely used to construct hetero-

cycles.31,32 Thanks to the widespread applications of
isocyanides in multicomponent reactions (MCRs)33−35 and
according to the reported works,36−38 we hypothesize that a
novel multicomponent polymerization (MCP) based on the
monomers of CO2 and isocyanides could be established under
mild reaction conditions, from which heterocyclic polymers
could be readily generated and unique properties could be
found. Indeed, after a systematical investigation, an MCP of
CO2, diisocyanides, and bis(2-iodoaniline)s was developed and
a series of poly(benzoyleneurea)s with well-defined structures
were constructed. Thanks to the containing amide groups, the
resultant polymers could self-assemble into solid spheres and
the polymers bearing tetraphenylethylene (TPE) moieties
showed the unique aggregation-enhanced emission (AEE)
characteristic, which could be used as a fluorescent probe to
sensitively detect Au3+ ions.

■ RESULTS AND DISCUSSION
Monomer Synthesis. Diisocyanides 1a and 1b (Schemes

S1 and S2) were prepared according to the synthetic
procedures in the literature.39−41 Inspired by the preparation
method of 2-iodoaniline,42,43 bis(2-iodoaniline)s 2a−2d
(Schemes S3 and S4) were prepared for the first time as far
as we know.
Model Reaction. Before exploration of the CO2-involved

and isocyanide-based polymerization, the model reaction was
carried out using CO2, 2-iodoanilines, and tert-butyl isocyanide
as the reactants following the reported procedures (Scheme
S5).37 The three-component reaction proceeded smoothly in
the presence of the catalytic system of palladium chloride
(PdCl 2) , t r ipheny lphosph ine (PPh3) , and 1 ,8 -
diazabicyclo[5.4.0]undec-7-ene (DBU) in N,N-dimethylaceta-
mide (DMAc) under atmospheric pressure CO2, which
generated model compound 3 in 90% yield. The structure of
3 was characterized by Fourier transform infrared (FT-IR)
(Figure 1C) and 1H and 13C NMR (Figures 2C and 3C)
spectroscopies, and satisfactory results were obtained.
Polymerization. Encouraged by the positive results of the

above highly efficient model reaction, we set out to develop
relevant MCP (Scheme 1). Herein, 1a and 2a were chosen as
representative monomers to systematically investigate the
polymerization conditions.
First, we investigated the effect of solvents on the

polymerizations. Among the used solvents of tetrahydrofuran
(THF), toluene, acetonitrile, 1,2-dichloroethane (DCE),
dimethyl sulfoxide (DMSO), N,N-dimethylformamide

(DMF), and DMAc, a superior polymerization result was
obtained in DMAc, furnishing a soluble polymer with a weight-
average molecular weight (Mw) of 6500 in 82% yield (Table
S1). The results suggest that high polarity solvents could favor
this polymerization because they can well dissolve the resultant
products.
Second, we studied the effect of catalysts and the DBU

loading on the polymerization. Among the testing catalysts,
PdCl2/PPh3 was the most efficient one (Table S2), and the

Figure 1. FT-IR spectra of (A) isocyanide 1a, (B) 2-iodoaniline 2b,
(C) model compound 3, and (D) P1a/2b/CO2.

Figure 2. 1H NMR spectra of (A) monomer 1a, (B) monomer 2b,
(C) model compound 3, and (D) P1a/2b/CO2 in DMSO-d6. The
solvent peaks are marked with asterisks.
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highest catalytic activity for this polymerization was obtained
in the presence of 15 mol % PdCl2 and 30 mol % PPh3 (Table
S3). Notably, the DBU loading plays a significant role in the
polymerization. A poor result was obtained when the amount
of DBU decreased from 3 to 2 equiv. of monomers (Table S4,
entry 1). Hence, 15 mol % PdCl2, 30 mol % PPh3, and 3 equiv.
of DBU were chosen for the following polymerizations.

Third, the effect of temperature on the polymerization was
explored. As depicted in Table S5, the results showed that the
polymer with a higher Mw was obtained in 83% yield at 80 °C
(Table S5, entry 2). By increasing the polymerization
temperature to 90 °C, no obvious increment in the Mw and
yield was observed. We thus used 80 °C as the optimal
polymerization temperature.
Fourth, we tested the effect of monomer concentration on

the polymerization, and the results are shown in Table S6. It
was found that the Mw values and yields of resultant polymers
enhanced first and then decreased when the concentration of
1a increased from 0.05 to 0.4 M. Taking the yield and Mw into
consideration, we chose 0.1 M as the monomer concentration.
Fifth, we screened the time course on the polymerization

(Table S7). The yields andMw values of the resultant polymers
gradually increased with the extension of polymerization time
and reached the maximum of 86% and 8700 at 18 h,
respectively. Further prolonging the reaction time to 24 h led
to a slight decrease in the yield of the product. Therefore, we
used 18 h as the reaction time.
Finally, we investigated the effect of CO2 pressure on the

polymerization. As shown in Table S8, increasing the pressure
from 1 to 4 and 10 atm, the Mw values of the resultant
polymers slightly increased, but the yields decreased sharply.
Thus, we chose 1 atm (balloon) as the experimental pressure,
which greatly facilitates further application of this polymer-
ization.
With these optimal polymerization conditions in hand, we

polymerized different diisocyanides 1 and bis(2-iodoaniline)s 2
monomers under atmospheric pressure CO2 to verify their
robustness and universality. The results showed that all the
polymerizations proceeded smoothly, furnishing corresponding
polymers with acceptable Mw values (up to 8700) in
satisfactory yields (up to 86%) (Table 1 and Figure S1). The
relatively low molecular weights of the polymers might be due
to the low reactivity of the used isocyanide monomers

Figure 3. 13C NMR spectra of (A) monomer 1a, (B) monomer 2b,
(C) model compound 3, and (D) P1a/2b/CO2 in DMSO-d6. The
solvent peaks are marked with asterisks.

Scheme 1. Multicomponent Polymerization of CO2,
Diisocyanides, and Bis(2-iodoaniline)s in the Presence of
PdCl2, PPh3, and DBU under Atmospheric Pressure

Table 1. Polymerization Results of Diisocyanides 1, Bis(2-
iodoaniline)s 2, and CO2

a

entry monomer polymer
yield
(%) Mw

b Mn
b n Đb

1 1a + 2a +
CO2

P1a/2a/
CO2

86 8700 4800 10 1.81

2 1a + 2b +
CO2

P1a/2b/
CO2

80 7500 4400 9 1.70

3 1a + 2c +
CO2

P1a/2c/
CO2

73 6700 4300 7 1.56

4 1a + 2d +
CO2

P1a/2d/
CO2

84 7100 4200 7 1.69

5 1b + 2a +
CO2

P1b/2a/
CO2

64 7700 4700 11 1.64

6 1b + 2b +
CO2

P1b/2b/
CO2

69 5600 4000 9 1.40

7 1b + 2c +
CO2

P1b/2c/
CO2

54 6000 4200 7 1.43

8 1b + 2d +
CO2

P1b/2d/
CO2

60 6300 4300 7 1.47

aCarried out in DMAc at 80 °C under atmosphere CO2 (balloon) for
18 h in the presence of PdCl2, PPh3, and DBU. [1] = 0.10 M. [1]/
[2]/[PbCl2]/[PPh3]/[DBU] = 1:1:0.15:0.3:3. bEstimated by GPC
with DMF containing 0.05 M LiBr as an eluent on the basis of linear
polymethyl methacrylate (PMMA) calibration; Đ, polydispersity
index (Mw/Mn, Mw, weight-average molecular weight; Mn, number-
average molecular weight; n, the number of repeating units).
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connected with the bulky groups. Notably, besides the
precipitation, the catalyst residues could be further removed
following the method given in the literature.44

Due to the strong hydrogen bonding interactions among the
formed amide groups, the resultant polymers showed poor
solubility in less polar solvents, such as THF and DCE, but
could be fully dissolved in highly polar organic solvents of
DMAc, DMF, DMSO, 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP), etc. They also exhibited good thermal stability. The
thermogravimetric analysis (TGA) measurement revealed that
the temperatures for 5% weight loss (Td) of the polymers are
in the range of 205−246 °C (Figure S2).
Structural Characterization. To obtain the structural

information of resultant polymers, FT-IR and NMR spectros-
copy measurements were carried out. Since P1a/2b/CO2
could provide more characteristic structural information, we
thus selected it as a representative example for the discussion
of the structural characterization.
In the FT-IR spectra (Figure 1), the strong stretching

vibration of −N+C− in 1a appeared at 2143 cm−1 and that of
−NH2 in 2b was observed at 3436 and 3326 cm−1. However,
in the spectra of model compound 3 and P1a/2b/CO2, these
peaks were hardly observed, indicating that the monomers
were consumed. Meanwhile, new peaks of −NH in the spectra
of 3 and P1a/2b/CO2 emerged at 3204 and 3275 cm−1,
respectively, and new peaks assigned to the two CO peaks in
the structure of benzoyleneurea appeared at 1715 and 1671
cm−1. These results suggest that the MCP of CO2, isocyanides,
and 2-iodoanilines proceeded well.
More detailed information of the polymer structures can be

acquired from the NMR spectra. As shown in Figure 2, in the
1H NMR spectra, the resonances of methyl proton in 1a and
the methylene one in 2b remained in the model compound 3
and P1a/2b/CO2. However, primary amine protons of 2b at δ
5.01 were almost absent in the spectra of 3 and P1a/2b/CO2,
indicating that 2b was almost completely consumed. Mean-
while, new peaks at δ 11.01 and 10.8 in the spectra of 3 and
P1a/2b/CO2 could be ascribed to the resonance of the amidic
protons of benzoyleneurea units.
The 13C NMR analysis further confirmed the polymer

structures. As shown in Figure 3, the characteristic carbons of
isocyanide groups in 1a and those adjacent to the iodine
groups in 2b resonated at δ 156.25 and 84.02, respectively.
However, they disappeared in the spectra of 3 and P1a/2b/
CO2, demonstrating that the monomers were consumed. At
the same time, two new peaks at δ 163.6 and 151.1 appeared,
which are readily assignable to the resonances of the two newly
formed carbonyl carbons of poly(benzoyleneurea)s. Notably,
other peaks in the monomers could be found at almost the
same positions in the polymers. The spectral profiles of other
polymers are similar, which are provided in Figures S3−S23.
These spectral characterizations confirm that the MCP of CO2,
isocyanides, and 2-iodoanilines was successfully established
and poly(benzoyleneurea)s with defined structures were
generated.
Self-Assembly Property. Structurally, our resultant poly-

(benzoyleneurea)s contain two amide groups in one repeating
unit, in which the NH···OC hydrogen bonding
interactions will facilitate the construction of molecular
assemblies.45,46 In this regard, the self-assembly properties of
poly(benzoyleneurea)s were studied. The results showed that
all the polymers could form spherical structures with the
volatilization of the solvent of DMF (Figure 4 and Figure S24).

Furthermore, their size distribution ranges between 200 and
1000 nm. To furnish the self-assembled micro/nanostructure
spheres with functionalities, we incorporated a TPE moiety, a
typical unit featuring the aggregation-induced emission (AIE)
characteristics, into the polymers to enable them with
fluorescence.47,48 Thanks to their high polarity, 2c and 2d
containing cis- and trans-TPE could be isolated, from which
P1a/2c/CO2 and P1a/2d/CO2 were prepared (Scheme 1),
and the self-assembly during solvent volatilization could be
clearly visualized by confocal laser scanning microscopy
(CLSM) (Figure S25). Owing to the containing TPE units,
the P1a/2c/CO2 and P1a/2d/CO2 showed the unique AEE
features (Figure 5 and Figure S26). For example, P1a/2c/CO2
emitted weakly at 496 nm in DMF solution. With the addition
of a poor solvent of water, the emission enhanced gradually
due to the restriction of intramolecular motion of the TPE
units and the maximum photoluminescence (PL) intensity was
recorded in a DMF/water mixture with an 80% water fraction,
which was 3.7-fold higher than that in DMF.
Interestingly, the size of the spheres of the P1a/2c/CO2 was

bigger than that of the P1a/2d/CO2 (Figure 4). To have a
deep insight into the different self-assembly behaviors, the
model compounds 4 and 5 were prepared in yields of 75 and
83%, respectively (Scheme S6). The single crystals of 4
(CCDC 2013880) and 5 (CCDC 2014002) showed that they
manifested a highly twisted conformation (Figure 6A,B), and
numerous intermolecular hydrogen binding interactions were
observed. As seen in Figure 6C, the NH···OC interaction
(1.917 Å) in the cis-isomer 4 was stronger than that (1.970 Å)
in trans-isomer 5 and the packing of the former was tighter
than that of the latter (Figure S27). Thus, the supramolecular
interactions of P1a/2c/CO2 are stronger than those of P1a/
2d/CO2, which could be the reason for the smaller self-
assembly sizes of P1a/2d/CO2.
Next, we investigated the solvent effect on the self-assembly

by taking P1a/2d/CO2 as a model polymer. The assemblies of
the polymer could form large connected void net structures in
HFIP, probably because its polarity is too strong to destroy the

Figure 4. Scanning electron microscopy (SEM) and CLSM images of
(A, B) P1a/2c/CO2 and (C, D) P1a/2d/CO2.The spheres were
fabricated by the evaporation of their DMF solutions (concentration:
0.5 mg/mL). Excitation wavelength for the CLSM images: 405 nm.
Inset in panels (A, C): TEM images.
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intermolecular hydrogen bonding interactions of polymer
chains (Figure 7A). Meanwhile, regular and uniform spherical
structures were obtained in DMSO, DMF, and DMAc (Figure
7B−E). Interestingly, spheres with a smaller size could be
gained via rapid solution precipitation (Figure 7F). These
results suggest that the self-assembly could be fine-tuned
through solvent and assembly methods.

Gold Ion Detection. Thanks to their AEE features and
possible coordination effects, P1a/2c/CO2 and P1a/2d/CO2
could be applied in the detection of Au3+ ions. Despite the
interesting chemical and medicinal properties of Au3+ ions,
their soluble salts could cause cell toxicity in living organisms
arising from the strong binding with biomolecules such as
DNA and enzymes.49,50 Based on the wide usage in catalysis

Figure 5. (A) PL spectra of P1a/2c/CO2 in DMF/water mixtures with different water fractions. Concentration: 10 μM. λex: 340 nm. (B) Plot of
the relative PL intensity (I/I0) of P1a/2c/CO2 and P1a/2d/CO2 versus the water fraction in DMF/water mixtures, where I is the emission peak
intensity in the mixtures and I0 is the peak intensity in DMF.

Figure 6. Crystal structures of 4 (A) and 5 (B) and the intermolecular hydrogen bonding interactions in their crystals (C).
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and the toxicity associated with Au3+, it is necessary to develop
fluorescent probes with high sensitivity and selectivity for
Au3+.51

First, we investigated the selectivity of P1a/2c/CO2 towards
13 different kinds of metal ions including Au3+, Pt4+, Rh3+,
Ru3+, Zn2+, Ni2+, Pb2+, Cd2+, Cu2+, Mn2+, Co2+, Cr3+, and Ag+.
As shown in Figure 8, the PL intensity of P1a/2c/CO2 in

DMF/water mixtures with a fw of 80% showed no obvious
changes after the addition of other metal ions except for a
remarkable reduction upon Au3+ ions, demonstrating that P1a/
2c/CO2 could selectively detect Au3+ ions.
Then, we studied a possible sensing mechanism. No new

peak occurred in the absorption spectra of the polymer upon
gradually adding Au3+ ions (Figure S28A). Moreover, the
lifetime of the polymer in the presence of the Au3+ ions
became shorter (Figure S28B). These results suggest that a
dynamic quenching might occur. In addition, the PL spectrum
of the polymer barely overlapped with the absorption spectrum
of Au3+ ions (Figure S29). Thus, the PL quenching could be
attributed to the coordination interactions of P1a/2c/CO2
with the Au3+ ions by the formation of supramolecular
species.52

Another important parameter for a chemosensor is its
sensitivity. We then tested the sensitivity of our polymer

toward Au3+ ions. The PL intensity gradually weakened with
the addition of Au3+ ions (Figure 8A). When the concentration
of Au3+ ions was lower than 0.30 mM, the Stern−Volmer plot
of P1a/2c/CO2 showed a linear relationship, from which a
quenching constant of 53,170 M−1 was deduced (Figure 8B).
The limit of detection (LOD) was calculated to be 1.39 × 10−7

M (ca. 0.027 μg·mL−1), which is far below the Au3+ toxicity
values (6−75 μg·L−1) for various aquatic organisms,53

indicating its potential application in Au3+ detection in an
aquatic ecosystem. Notably, P1a/2d/CO2 could also be used
to detect Au3+ ions but with a higher LOD of 9.49 × 10−7 M
(Figures S30 and S31), presumably due to the weaker
hydrogen-bonding interaction than P1a/2c/CO2.

■ CONCLUSIONS
In this work, we have successfully developed an efficient three-
component polymerization of CO2, isocyanides, and 2-
iodoanilines, and soluble and thermally stable poly-
(benzoyleneurea)s with well-defined structures were con-
structed under mild reaction conditions for the first time.
Thanks to the hydrogen bonding interactions of the formed
amide groups, the polymers could self-assemble into spheres
with sizes of 200−1000 nm. Moreover, the TPE-containing
polymers show the unique AEE features, enabling them to be
used to visualize the self-assembly processes and act as
fluorescent probes to selectively and sensitively detected Au3+

ions. Thus, this work not only offers a new strategy for CO2
utilization but also provides perspective for the design and
synthesis of heterocyclic polymers from CO2 and isocyanides.
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