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Reversible fixation-release of CO2 has attracted much atten-
tion during the last decades due to the economic and environ-
mental benefits arising from the utilization of renewable
resources and the growing concern on the greenhouse effect.1-3

Numerous systems based on liquid primary or secondary amines
have been developed for this process, in which CO2 is chemically
converted into ammonium carbamates or zwitterionic adducts at
ambient temperature4-6 and the fixed CO2 is released upon
heating.7,8 Likewise, amino-functionalized synthetic polymers
or mesoporous materials were also proved to be efficient in
CO2 capture.

9-11Notably, ethylenimine functionalizedmesopor-
ous molecular sieve MCM-41 has higher absorption capacity
than either pure polyethylenimine or MCM-41 alone and could
be used as highly CO2-selective adsorbent for gas mixtures
without the preremoval of moisture.10 Endo and co-workers
reported a new type of reversible CO2 fixation by amidine
derivatives and by polymers bearing an amidine moiety both in
solution and solid state.12 The cyclic amidine-functionalized
copolymers exhibited better ability to retain CO2 than corres-
ponding low-molecular weight amidine at ambient temperature
and could be applied to reversible fixation-release of CO2. The
CO2 fixation by polymers in the solid statemay beoneof themost
simple, economic and effective methods for CO2 recovery,
though the fixing efficiency is relatively low.

During the past decade, N-heterocyclic carbenes were studied
extensively as versatile ligands13 and effective organocatalysts.14

Because of their high basicity,15N-heterocyclic carbenes can react
rapidly with CO2 to afford zwitterionic adducts (designated as
NHC-CO2), even at very low CO2 concentrations.

16 In recent
studies, we found that both the formation ofNHC-CO2 adducts
at 20-50 �C in nearly 100% yield and their complete decom-
position into free N-heterocyclic carbenes and CO2 at elevated
temperatures were very fast (Figure 1).17 These observation
stimulated us to explore the feasibility ofN-heterocyclic carbenes
as highly CO2-selective adsorbent at low CO2 concentration.
Herein, we report a N-heterocyclic carbene-functionalized syn-
thetic polymer for reversible fixation-release of CO2.

The synthetic route of zwitterionic NHC-CO2 adduct-func-
tionalized copolymer (designated as P-NHC-CO2) is shown in
Scheme 1. Formation of quaternary ammonium by reaction of
1-(2,6-diisopropylphenyl) imidazole with styrene-4-vinylbenzyl
chloride copolymer afforded imidazolium-modified copolymer
P-NHC-HCl. Similar to the synthesis of 1-(2,6-diisopropylphe-
nyl)-3-benzyl imidazolium-2-carboxylate (see Supporting In-
formation),P-NHC-CO2was readily prepared by deprotonation
of P-NHC-HCl using KN(SiMe3)2, and followed by reaction
with CO2. The IR spectrum of the resulted polymer showed a
broad absorption peak around 1649 cm-1, which is assigned to

the asymmetric v(CO2) vibrations of NHC-CO2 adduct moiety.
The content of immobilizedN-heterocyclic carbene sites could be
calculated from the nitrogen content determined by elemental
analysis.

Although 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU), a hetero-
cyclic nitrogenLewis base, has beenutilized for its intrinsic ability
to absorb one molecule of CO2, and thereby serving as a
quantitative method for the CO2 addition,18 the thermogravi-
metric analysis of the amidine-CO2 carbamic complex suggested
that the zwitterion was probably associated with one molecule of
water by a hydrogen-bond interaction.19 Heldebrant and co-
workers have reported that they were unable to spectroscopically
observe adduct formation between DBU and CO2 under mod-
erate CO2 pressure and at ambient temperature,20 while single
crystals of the bicarbonate salt of DBU were isolated in the
presence of adventitious water.19,21 Recently, Endo et al. opti-
mized the geometries of the hypothetical amidine-CO2 com-
plexes by DFT B3LYP/6-31G* calculations, and found a very
weak interactigon by the almost straight O-C-O bonds
(Figure 2, C and D).12b In sharp contrast to the very weak
interaction in amidine-CO2 complexes, the angle of the O-C-O
bond in NHC-CO2 adducts (Figure 2, A and B) is close to 130�,
which indicates a strong affinity of CO2 to NHC.

The stability of the fixed CO2 in P-NHC-CO2 was studied by
thermogravimetric analysis (TGA). The polymer P-NHC-CO2

began losing weight at 120 �C, and a total weight of 6.22% was
lost between 120 and 160 �C (Figure S3). The CO2 adduct
immobilized in P-NHC-CO2 is seem to exhibit higher thermal
stability than the corresponding free NHC-CO2 adduct. The
CO2 released from P-NHC-CO2 at elevated temperatures was
also confirmedbyFTIR analysis.WhenP-NHC-CO2was heated
at 140 �C for 30 min, the absorption intensity at 1649 cm-1

significantly decreased and the absorption at 2400 cm-1 ascribed
to free CO2 appeared in IR spectrum. When the system was
cooled below 100 �C, the absorption intensity at 1649 cm-1

obviously increased. On the basis of these facts, it is possible that
P-NHC obtained from decarboxylation of P-NHC-CO2 at
elevated temperature could be used as an efficient absorbent
for reversible fixation-release of CO2.

TGA is an effective method for evaluating reversible CO2

fixation-release capability of P-NHC in the solid state. When
P-NHC powderwas exposed toCO2 atmospherewith aCO2 flow
(10 mL/min) at 40 �C for 60 min, 57% CO2 fixing efficiency

Figure 1. Plots of transmittance at 1692 cm-1 versus time for (A) the
decomposition of the NHC-CO2 adduct at 100 �C, and (B) the
formation of the NHC-CO2 adduct at 20 �C.*Corresponding author. E-mail: lxb-1999@163.com.
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(mol of CO2/mol ofN-heterocyclic carbene) was observed on the
basis of the weight increase. After trappedCO2was removed by a
N2 flow (40 mL/min) at 140 �C for 30 min, 42% CO2 fixing
efficiency was obtained for the second CO2 capture (Figure 3).
No obvious decrease in CO2 fixing efficiency was observed in the
third and fourth reversible CO2 fixation-release experiments.
We tentatively assume that the decrease of CO2 fixing efficiency
in the second CO2 capture cycle in comparison to the first cycle
was attributed to trace quantities of water in P-NHC. It is
generally known that free N-heterocyclic carbenes are sensitive
to moisture at elevated temperatures. When P-NHC-CO2 re-
leased CO2 upon heating after first cycle, part of formed
N-heterocyclic carbenes were decomposed by the trace quantities
of water. This resulted in a significant decrease of CO2 fixing
efficiency in the second CO2 capture cycle. In comparison to the

freeN-heterocyclic carbenes dissolved in organic solvent,P-NHC
in the solid state exhibited relatively lowCO2 fixing efficiency and
capture rate, due to the difficult diffusion of CO2 into the
N-heterocyclic carbene units buried in the polymer matrix. Prior
to this research, Endo and co-workers have reported a polymer
bearing DBN moieties was more efficient in CO2 capture than
other amidine-functionalized copolymers, and its CO2 fixing
efficiency could reach 27% at 25 �C for 500 min under CO2 flow
of 200 mL/min.12 Therefore, as compared with the previously
reported amine-functionalized polymers,P-NHC exhibited high-
er CO2 fixing efficiency in the much shorter time.

In the conventional industrial process for recovering CO2

from flue gas stream, the energy was predominantly consumed
in the procedure that the flue gas was cooled to ambient
temperature prior to the removal of CO2. Therefore, an ideal
CO2 absorbent candidate should be promising to be operated at
elevated temperatures, typically the temperature of flue gas
stream. Due to the strong affinity of CO2 to N-heterocyclic
carbenes, P-NHC also exhibits good capability to capture CO2

at higher temperatures (Figure 4). When P-NHC was exposed to
CO2 atmosphere with a CO2 flow (10 mL/min) for 30 min, the
CO2 fixing efficiency at 100 and 120 �C are 22.5% and 6.4%,
respectively.

Scheme 1. Synthesis of Copolymer Bearing N-Heterocyclic Carbene

Figure 2. (A) DFT B3LYP/6-31G optimized geometry of 1,3- diiso-
propyl-4,5-dimethylimidazolium-2-carboxylate by calculation; (B)
crystal structure of IPr-CO2;

16a (C) DFT B3LYP/6-31G optimized
geometry of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)-CO2;

12b (D)
DFTB3LYP/6-31Goptimized geometry of 1,5-diazabicyclo[4.3.0]non-
5-ene (DBN)-CO2.

12b Hydrogen atoms on the carbon atoms are
omitted for clarity. Figure 3. Reversible CO2 trap-release of P-NHC.
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In summary, we have developed a highly efficient CO2-
selective adsorbent based on N-heterocyclic carbene-functiona-
lized polymer. The immobilized N-heterocyclic carbenes could
react rapidly with CO2 to afford zwitterionic adducts under
temperatures of 20-100 �C and the trapped CO2 was quantita-
tively released by a N2 flow at 140 �C. This result demonstrates
the potential application of N-heterocyclic carbene-functiona-
lized polymers as a highly efficient adsorbent for reversible
fixation-release of CO2 with higher fixing efficiency and faster
capture rate. Further study on increasing fixing capacity and
exploration on the transformation of the trapped CO2 to organic
compounds is in progress in our laboratory.
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Figure 4. CO2 capture capability of P-NHC at different temperatures.


