
Ab initio study on anomalous structures of anionic [(N-heterocycle)-CO2]-

complexes
Rena Oh, Eunhak Lim, Xinxing Zhang, Jiyoung Heo, Kit H. Bowen, and Seong Keun Kim

Citation: The Journal of Chemical Physics 146, 134304 (2017); doi: 10.1063/1.4979576
View online: http://dx.doi.org/10.1063/1.4979576
View Table of Contents: http://aip.scitation.org/toc/jcp/146/13
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/20939943/x01/AIP-PT/JCP_ArticleDL_0117/PTBG_orange_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Oh%2C+Rena
http://aip.scitation.org/author/Lim%2C+Eunhak
http://aip.scitation.org/author/Zhang%2C+Xinxing
http://aip.scitation.org/author/Heo%2C+Jiyoung
http://aip.scitation.org/author/Bowen%2C+Kit+H
http://aip.scitation.org/author/Kim%2C+Seong+Keun
/loi/jcp
http://dx.doi.org/10.1063/1.4979576
http://aip.scitation.org/toc/jcp/146/13
http://aip.scitation.org/publisher/


THE JOURNAL OF CHEMICAL PHYSICS 146, 134304 (2017)

Ab initio study on anomalous structures of anionic
[(N-heterocycle)-CO2]− complexes

Rena Oh,1 Eunhak Lim,1 Xinxing Zhang,2 Jiyoung Heo,3 Kit H. Bowen,2
and Seong Keun Kim1,a)
1Department of Chemistry, Seoul National University, Seoul 08826, South Korea
2Department of Chemistry, Johns Hopkins University, Baltimore, Maryland 21218, USA
3Department of Biomedical Technology, Sangmyung University, Seoul 31066, South Korea

(Received 31 January 2017; accepted 21 March 2017; published online 4 April 2017)

Several unusual anionic complexes between carbon dioxide (CO2) and N-heterocycles (NHCs) pos-
sessing a significantly positive adiabatic electron affinity over 0.7 eV were studied by density functional
theory calculations (UB3LYP/6-311++g(d,p)). Unlike all previously reported [NHC–CO2]� anions
with a coplanar structure that ensures full delocalization of the negative charge through extended π-
conjugation, this new class of anionic [NHC–CO2]� complexes has a strongly non-coplanar geometry
and no π-bond character between CO2 and NHC. Despite the fundamental differences in chemical
bonding between all prior cases and the new class of [NHC–CO2]� complexes, we found that the CO2

moiety in the latter still has a large negative charge (∼0.4 e) and a strongly bent geometry (O–C–O angle
of ∼140◦) just like in the former. This seemingly anomalous case was explained by a simple model
based on the torsional steric effect and the electron affinities of the constituent moieties. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4979576]

I. INTRODUCTION

CO2 is one of the most quintessential triatomic molecules
with exceptional stability. Adding an electron to it is not an
energetically favored process, signified by a negative adiabatic
electron affinity (AEA) of �0.60(±0.20) eV.1–3 Therefore, a
stable form of CO2

� does not exist in the gas phase, and only
a metastable form with a predicted geometry of bent structure
has been detected with a lifetime of ∼100 µs.1 The interac-
tion between CO2 and neutral molecules is weak and they can
form only a weakly bound van der Waals (vdW) complex at
low temperatures. Electron attachment to such CO2-containing
clusters can often result in a stabilized CO2

� anion or a new
anion core such as (C2O4)� produced from [(CO2)n(ROH)]
(R = H, CH3) neutral clusters.4–7

If, on the other hand, the electron attachment is done on
a neutral cluster between CO2 and a certain N-heterocycle
(NHC) molecule such as pyridine (Py), the newly introduced
negative charge brings the two moieties together to form a
chemical bond that results in a totally new anionic core [Py–
CO2]�,8 with a theoretically predicted covalent C–N bond
length and a considerable negative charge (≥0.5 e) on the
CO2 moiety. The presence of the covalent C–N bond in [Py–
CO2]� was later verified by Kamrath et al. using vibrational
predissociation spectroscopy.9

In this covalently bound anion core, the two moieties
were expected to be nearly coplanar (with the dihedral angle
between the two molecular planes nearly 0◦) to maximize the
π-conjugation for the most stable structure. In the case of [Py–
CO2]�, the calculated torsional barrier around the central C–N

a)Author to whom correspondence should be addressed. Electronic mail:
seongkim@snu.ac.kr

bond (680 meV) comes from the energy difference between
the orthogonal and coplanar structures and is an order of mag-
nitude larger than that of the neutral [Py· · ·CO2] complex
(53 meV).8

Because both CO2 and Py have a negative AEA,1–3,10 the
fact that their complex accepts an electron was initially very
striking. The only chemically sound model would be to accept
that the extended π-conjugated system that forms over the
entirety of the complex allows the accommodation of the extra
electron. One may be reminded that the π system of benzene
has a large negative AEA (�1.12 eV), but becomes less nega-
tive (�0.19 eV) in naphthalene, and ultimately becomes even
slightly positive (+0.53 eV) in anthracene, as theπ-conjugation
becomes more extended in space.

Since our first discovery of [Py–CO2]� in 2000, all sub-
sequent studies on [NHC–CO2]� with NHCs of pyrazine,
pyridazine, pyrimidine and even NHCs with a positive elec-
tron affinity such as triazine (AEA = 0.03 eV)11 or quinoline
(Qn, AEA = 0.16 eV)12 have found unequivocally coplanar
structures as their relaxed geometry.13,14

In the condensed phase, even a neutral complex between
a neutral molecule and CO2 could possess an intermolecular
bond with a significant covalent bond character. Schossler and
Regitz synthesized neutral complexes between N-heterocyclic
carbenes (NHCars) and CO2 ([NHCar–CO2]), with a covalent
bond between the two moieties.15 It was found by X-ray crys-
tallography and ab initio studies that the CO2 moiety has a
considerable negative charge and the O–C–O bond is strongly
bent in the [NHCar–CO2] complex.16–19 Even though carbene
is neutral, its high-lying highest occupied molecular orbital
(HOMO) allows NHCars to donate an electron to the lowest
unoccupied molecular orbital (LUMO) of CO2. The unique
properties of the strongly bound [NHCar–CO2] complex have
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been applied to CO2 capture and CO2 reduction.20–24 Mean-
while, Van Ausdall et al. found by X-ray crystallography that
both orthogonal and coplanar geometries are possible in the
[NHCar–CO2] complex, depending upon the steric bulkiness
of the substituent imidazolylidene derivatives.18

In this paper, we report a novel case of anionic [NHC–
CO2]� complexes that display non-coplanar geometries, in
contrast to all known previous examples. A simple model was
proposed to account for the seemingly anomalous structures
that were based on the torsional steric effect and the electron
affinities of the constituent moieties.

II. COMPUTATIONAL METHODS

All optimized structures presented in this study were
obtained using analytical gradients with full geometry opti-
mization at the level of unrestricted B3LYP/6-311++g(d,p)
without any constraint. In this optimization, we checked for
the absence of imaginary vibrational frequencies to verify
that the structures obtained were stable ones. The B3LYP
functional was selected because it has been widely used in
various systems including organic molecules,2,25,26 while the
6-311++g(d,p) basis set was chosen because its diffuse func-
tions were deemed appropriate for the calculation of anionic
molecules.9 At this level of theory, the values of AEA and
vertical detachment energy (VDE) were calculated by the fol-
lowing equations without zero point vibrational energy (ZPE)
correction:

AEA(X) = E(X) − E(X−),

VDE(X−) = Ea(X) − E(X−),

where E(X) and Ea(X) stand for the calculated absolute energy
of species X in its relaxed neutral geometry and in its optimized
anion geometry, respectively.27 We obtained reliable theoreti-
cal estimates for several NHCs and [NHC–CO2]� complexes,
which were verified to be in good agreement with previ-
ously reported photoelectron spectroscopy results as shown
in Table I. All of the partial negative charges obtained in this
study were determined using the natural bond orbital (NBO)
analysis.28,29

We also carried out density functional theory (DFT) cal-
culations at the level of unrestricted ωB97XD/aug-cc-pVTZ
as a double check to determine the structure for the anionic
complexes of a bicyclic system, following the earlier study by

TABLE I. Calculated (UB3LYP/6-311++g(d,p)) and experimental values of
adiabatic electron affinity (AEA) and vertical detachment energy (VDE) of
pyridine (Py), quinoline (Qn), and their anionic [NHC–CO2]� complexes.

AEAcal (eV) AEAexp (eV) VDEcal (eV) VDEexp (eV)

Py �0.52 �0.48a

[Py–CO2]� 1.50 1.2b

Qn 0.19 0.16c

[Qn–CO2]� 1.80d 1.8d

aReference 10.
bReference 8.
cReference 12.
dReference 14.

the Bowen group for Qn and [Qn–CO2]�.12,14 All of the cal-
culations in this study were performed using the Gaussian 09
software package.30

III. RESULTS AND DISCUSSION
A. Orthogonal structures of [NHC–CO2]− and the origin
of the anomaly

The NHC molecules of interest we chose in this study
were 6H-pyrrolo[2,3-c]pyridazine (NHC1), pyrido[2,3-c]
pyridazine (NHC2), and 3H-pyrazolo[3,4-b]pyridine (NHC3),
which all share a common structural motif (–N1–N2–C–N3–)
spanning over both rings of the purine-like bicyclic 6- and
5-membered rings or Qn-like bicyclic 6-membered rings.
For comparison with these species, we also employed 3,4-
dihydropyrrolo[2,3-c]pyrazole (NHC4) that shares the same
(–N1–N2–C–N3–) motif but on a bicyclic 5-membered ring
structure.

Figure 1 shows the structures of [NHCx–CO2]� that forms
a covalent bond between CO2 and Ny of NHC. Each species is
distinct in their NHC identity (by x) and the site of the cova-
lent bond (by y) and denoted as [NHCx–CO2]�N

y (x = 1-4,
y = 1-3). We learn from the figure that all [NHCx–CO2]�

species show a coplanar structure when the C–N covalent
bond involves N1 or N3 of NHC or when NHC is the bicyclic
5-membered ring (x = 4). On the other hand, when the CO2

moiety binds to N2 of NHCx (x = 1, 2, 3), a highly non-coplanar

FIG. 1. Relaxed molecular structures obtained by DFT calculations
(UB3LYP/6-311++g(d,p)). The C–N bond length is shown for anionic com-
plexes (a) [NHC1–CO2]�N

y (y = 1-3), (b) [NHC2–CO2]�N
y (y = 1, 2),

(c) [NHC3–CO2]�N
y (y = 1-3), and (d) [NHC4–CO2]�N

y (y = 1-3). The
dashed box is used to emphasize the uniquely different dihedral angle of
[NHCx–CO2]�N

2 (x = 1-3) from the rest of the species.
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structure is obtained, with the dihedral angle between the CO2

and NHC planes nearly orthogonal. Calculations at different
levels of theory (UB3LYP/6-311++g(d,p) vs. UωB97XD/aug-
cc-pVTZ) yielded nearly the same dihedral angle (Table II).
It is also to be noted that NHCx (x = 1-3) have much
larger electron affinities than previously studied NHCs such
as azabenzenes or Qn.

Although the three [NHCx–CO2]�N
2 (x = 1-3) complexes

exhibit the anomalous non-coplanar structures, their strongly
bent CO2 moiety (with the O–C–O angle of 139◦-141◦) is a
sign that they are still significantly negatively charged, just
as in the more conventional coplanar complexes. In fact, our
charge analysis shows that the CO2 moiety in these complexes
have a considerable anionic charge (0.42-0.45 e) (Table III).
In contrast to the coplanar anionic complexes that endow the
anionic charge to CO2 via extended π-conjugation, it appears
that a certain degree of charge transfer occurs from NHCx�

(x = 1-3) to CO2, which further stabilizes the [NHCx–CO2]�N
2

(x = 1-3) complexes. The bond dissociation energy (BDE)
of [NHC–CO2]� complexes that dissociate into NHC� and
CO2 can be obtained by the following equation without ZPE
correction:

BDE([NHC − CO2]−) = E(NHC−) + E(CO2)

−E([NHC − CO2]−),

where E(X) stands for the calculated absolute energy of species
X in its relaxed geometry. The results are summarized in
Table III, showing indeed a significant value of the BDE
(0.25 eV).

The orthogonal structures have already been discovered
in the neutral [NHCar–CO2] complex as mentioned earlier,
but the formation of similarly structured anionic [NHC–CO2]�

complexes is considered still interesting. Unlike Py or Qn, sin-
glet carbene of imidazolylidene derivatives commonly used in
[NHCar–CO2] is known to intrinsically possess a negligibly

TABLE II. Calculated values of dihedral angle and electron binding energies
of [NHCx–CO2]�N

y and NHCx (x = 1-4, y = 1-3).

Dihedral Dihedral AEA of VDE of VDE of
angle 1a angle 2a,b NHC NHC� [NHC–CO2]�

(deg) (deg) (eV) (eV) (eV)

[NHC1–CO2]�N
1 0.2 . . . 1.7 1.9 3.2

[NHC1–CO2]�N
2 89.1 89.2 . . . . . . 3.1

[NHC1–CO2]�N
3 0.4 . . . . . . . . . 3.4

[NHC2–CO2]�N
1 0.0 . . . 1.1 1.3 2.6

[NHC2–CO2]�N
2 89.5 89.3 . . . . . . 2.4

[NHC3–CO2]�N
1 28.1 . . . 0.8 1.1 3.0

[NHC3–CO2]�N
2 93.3 112.4 . . . . . . 2.5

[NHC3–CO2]�N
3 21.3 . . . . . . . . . 2.2

[NHC4–CO2]�N
1 0.0 . . . 0.5 0.8 2.8

[NHC4–CO2]�N
2 23.6 9.9 . . . . . . 2.4

[NHC4–CO2]�N
3 0.0 . . . . . . . . . 2.1

aDihedral angle is the angle between the molecular planes of CO2 and NHCx in the
anionic complex of optimized geometry.
bExcept for dihedral angle 2 obtained at the level of UωB97XD/aug-cc-pVTZ, every
quantity was calculated by UB3LYP/6-311++g(d,p).

TABLE III. Results of DFT calculations on [NHCx–CO2]�N
y (x = 1-3,

y = 1-3) (UB3LYP/6-311++g(d,p)).

O�C�O angle (deg) NBO charge of CO2 BDE (eV)

[NHC1–CO2]�N
1 138.7 0.48 e 0.48

[NHC1–CO2]�N
2 140.2 0.43 e 0.25

[NHC1–CO2]�N
3 135.1 0.55 e 0.41

[NHC2–CO2]�N
1 138.0 0.50 e 0.49

[NHC2–CO2]�N
2 140.7 0.42 e 0.25

[NHC3–CO2]�N
1 134.9 0.58 e 0.80

[NHC3–CO2]�N
2 138.8 0.45 e 0.25

[NHC3–CO2]�N
3 140.3 0.43 e 0.15

weak overlap between its LUMO including the p-orbital at the
carbene center and other systems like the filled d-orbitals of a
metal.31–35 Although strong destabilization against its copla-
nar geometry by sterically bulky substituents of carbene was
proposed as a major driving force for the orthogonal geom-
etry in the [NHCar–CO2] complexes,18 it cannot be ignored
that the negligible π-bond character in its intermolecular bond
allows CO2 to internally rotate around the molecular plane of
carbene and form an orthogonal geometry. On the other hand,
the orthogonal structures in the anionic [NHC–CO2]� com-
plexes appear highly anomalous because all of the energy min-
imum structures of [NHC–CO2]� previously reported show an
unequivocally coplanar geometry. It is totally unexpected that
an orthogonal geometry without a π–bond character in the C–
N bond was found in the [NHC–CO2]� complex, since the
delocalization of an extra negative charge through the entire
molecular frame by an extendedπ-conjugated system has been
regarded to be essential for stabilizing the anionic core of
[NHC–CO2]�.

To understand what drives the stabilization of the orthog-
onal [NHC–CO2]� complexes, we investigated what makes
[NHCx–CO2]�N

2 (x = 1-3) in the coplanar geometry unstable.
First, the simple steric factor may play a role. In [NHCx–
CO2]�N

2 (x = 1-3) with a coplanar geometry, the C–N2 bond
would have to be considerably extended to avoid a significant
overlap not only between the lone pair (LP) electrons of O
(denoted by OLP) of the CO2 moiety and (N1)LP of the NHC
moiety but also between OLP of CO2 and (N3)LP of NHC. Suf-
ficient destabilization of the coplanar structure would result
in an orthogonal geometry as the minimum-energy structure.
Indeed, the C–N2 bond is longer in the intended coplanar struc-
ture of [NHC3–CO2]�N

2 (1.68 Å) than that in the orthogonal
structure (1.65 Å), where the coplanar structure was obtained
using optimization by fixing the dihedral angle at 0◦. It is also
to be noted that although NHC4 shares the same local struc-
tural motif (–N1–N2–C–N3–) with NHCx (x = 1-3), it has no
isomeric form of the orthogonal structure in its relaxed geom-
etry, unlike [NHCx–CO2]�N

2 (x = 1-3). Since a 5-membered
ring has smaller bond angles than a 6-membered ring, it would
lead to a slight decrease in steric hindrance between CO2 and
NHC in the coplanar geometry of [NHC4–CO2]�N

2. This is
supported by the dihedral angle-dependent torsional barrier in
[NHCx–CO2]�N

2 (x = 3, 4) (67 meV for x = 3, 59 meV for x =
4) as shown in Fig. 2. On the contrary, in the [NHCx–CO2]�N

1
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FIG. 2. Rotational barrier as a function of the dihedral
angle. Internal rotation barrier was shown for (a) anionic
[NHC3–CO2]�N

2 complex with orthogonal geometry
(90◦) as its energy minimum structure and (b) anionic
[NHC4–CO2]�N

2 complex with coplanar geometry (0◦)
as its energy minimum structure.

(x = 1-3) anionic complex, a smaller degree of steric destabi-
lization toward the coplanar structure is expected than that in
[NHCx–CO2]�N

2 (x = 1-3) to reduce the electron cloud over-
lap between only one OLP of the CO2 moiety and (N2)LP of
NHC, leading to a coplanar geometry as its relaxed structure
and a rather large torsional barrier (Fig. 3).

B. Additional structure-determining factor for anionic
[NHC–CO2]− arising from electronic stabilization

NHCx (x = 1-3) that form an orthogonal geometry with
CO2 in the anion are also unique in their electronic prop-
erties. Their large positive AEA (over 0.7 eV) may result
from the strong local electrostatic charge polarization by the
three adjacent N atoms that create a sufficiently electron-
deficient region to accommodate an additional electron.11 The
relatively large ring size of these bicyclic compounds may
also facilitate the delocalization of the extra negative charge.
Based on these electronic properties, we suggest that there
may be another factor that favors the anomalous orthogonal
geometry.

First, in order to understand the dependence of the min-
imum energy structures of [NHC–CO2]�, whether coplanar
or not, upon its electronic features, DFT calculations were
carried out at the level of UB3LYP/6-311++g(d,p) for the
selected anionic complexes in which steric effects could be
ignored. More specifically, the relationship between the elec-
tron affinity of NHCs and the torsional barrier of the CO2

moiety around the C–N bond in [NHC–CO2]� was investi-
gated for such simple and well-known molecules as Py and Py
derivatives including pyrimidine (Pmd), pyrazine (Pz), 1,3,5-
triazine (s-Tz), 1,2,4-triazine (Tz), and 1,2,3,5-tetrazine (Tez).
As shown in Fig. 4, they appear to possess similarly insignif-
icant steric effects in their optimized geometry of [NHC–
CO2]�. Since there is no experimental information about the
internal rotation of [NHC–CO2]� in the literature, to confirm
the calculation method we first performed a calculation on
the rotational barrier by internally rotating the methyl moiety
around the plane of benzene in a benzylic radical, which is an
analogous system to [NHC–CO2]� in that the internal rotation
leads to the dissociation of the π–bond in the rotational axis
for both [NHC–CO2]� and benzylic radical. The rotational
barrier of the benzylic radical was calculated to be 0.61 eV
(14.0 kcal/mol), which is in good agreement with the experi-
mental value of 13.4(±1) kcal/mol obtained by electron spin
resonance.36

For the above six pyridine derivatives, we found certain
generic trends for the partial charge on NHC, the O–C–O bond
angle, the C–N bond length, and the rotational barrier as a
function of AEA (Fig. 5). The trends look reasonable and self-
consistent, as NHC with a larger electron affinity would prefer
the extra negative charge more localized to the NHC moiety
than delocalized over the entire molecular frame (Fig. 5(a)),
leading to a less strongly bent CO2 because of a smaller charge
on it (Fig. 5(b)) and a weaker and longer C–N bond (Fig.
5(c)), which facilitates the internal rotation of the CO2 moiety

FIG. 3. Rotational barrier as a function of the dihedral angle. The barrier for internal rotation of (a) [NHC1–CO2]�N
1 and [NHC2–CO2]�N

1, (b) [NHC3–
CO2]�N

1 and [NHC4–CO2]�N
1, (c) [NHC1–CO2]�N

1 and [NHC5–CO2]�N
1, and (d) [NHC2–CO2]�N

1 and [NHC6–CO2]�N
1, where each pair with a similar

local structure around CO2 but different overall electronic characteristics, was chosen for comparison.
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FIG. 4. Molecular structures obtained by DFT calculations (UB3LYP/6-
311++g(d,p)) for Py and its derivatives (pyrimidine (Pmd), pyrazine (Pz),
triazine (Tz), tetrazine (Tez)) that were used to consider the relation between
the electron affinity of NHC and the rotational barrier in its anionic complex
with CO2.

around the NHC molecular plane with a lower torsional barrier
(Fig. 5(d)).

In order to examine whether such an electronic effect
could be applied to NHCs in bicyclic species as well, we
investigated the rotational barrier of the [NHCx–CO2]�N

1

(x = 1-4) complexes in which similar steric repulsions are
expected. As presented in Figs. 3(a) and 3(b), the compari-
son between [NHC1–CO2]�N

1 and [NHC2–CO2]�N
1 with a

6-membered ring bonded to CO2 and that between [NHC3–
CO2]�N

1 and [NHC4–CO2]�N
1 where a 5-membered ring has

an intermolecular bond with CO2 show that, just like in the
above monocyclic Py derivative systems, the increase in the
AEA of NHC leads to the reduced stability of the coplanar
geometry and the resultant decrease of the rotational barrier
in the anionic complexes (see also Table II). In addition, we
further examined the rotational barrier as a function of the
dihedral angle for 6H-cyclopenta[c]pyridazine (NHC5), which
is analogous to NHC1 but has a smaller AEA (1.3 eV) than
NHC1 (AEA = 1.7 eV), and cinnoline (NHC6), which is anal-
ogous to NHC2 but has a smaller AEA (0.7 eV) than NHC2
(AEA = 1.1 eV). The relaxed geometry of [NHC5–CO2]�N

1

and [NHC6–CO2]�N
1 is shown on the left side of Figs. 3(c)

and 3(d). The similar correlations as seen in Figs. 3(a) and
3(b) are obtained in the comparison of the rotational barriers
between [NHC1–CO2]�N

1 and [NHC5–CO2]�N
1 as well as

between [NHC2–CO2]�N
1 and [NHC6–CO2]�N

1 (Figs. 3(c)
and 3(d)).

Since the rotational barrier in the anionic complexes is
changed not as much as the AEA of NHC (Figs. 3 and 5
showing the change in the rotational barrier over the range
of ∼0.1 eV while the change in the AEA being over the range
of ∼1 eV), the steric effect should be the major factor that
determines the minimum energy structure of [NHCx–CO2]�N

2

(x = 1-3) to be the orthogonal geometry. However, we should
keep in mind that the decrease in electronic stabilization toward
its coplanar geometry caused by a large positive AEA of NHCx
(x = 1-3) allows the CO2 moiety to rotate internally around the
C–N bond more readily. Furthermore, a dramatic conversion
of optimized geometry may be possible in an anionic com-
plex with a small rotational barrier. For example, the small
barrier over the orthogonal geometry of the [NHC4–CO2]�N

2

complex (59 meV) would decrease even more in an anionic
complex containing NHC with a larger electron affinity such as
NHC3. Because the gap between the AEA of NHC3 (0.8 eV)
and NHC4 (0.5 eV) is not very much, the difference in their
relaxed geometries is mainly caused by the steric effect. But a
significant increase in the AEA by introducing more N atoms
or substituents to the molecular frame of NHC4 may even lead
to the change in the minimum energy structure to an orthogo-
nal geometry, although such an [NHC–CO2]�N

2 complex has
similar steric repulsions to those of [NHC4–CO2]�N

2.
Meanwhile, several NHCs with imidazole in their molec-

ular frame have been applied to CO2 capture and reduction in
zeolitic imidazolate frameworks (ZIFs) or ionic liquids.37–40

Generally, in ZIFs the active sites for CO2 capture or reduc-
tion are only metal ions, but organic frames could also be used
for the active site by introducing bicyclic systems including
imidazole or proper functionals.37–39 In these cases, most of
the organic frames previously studied do not include adja-
cent nitrogen atoms.37,38 Additionally, NHCs with more than
three nitrogen atoms were rarely reported in ionic liquids for
CO2 uptake.41,42 Based on our work, however, the interac-
tion between CO2 and NHC containing the local structural

FIG. 5. Relation between the AEA of NHC and (a) the
partial negative charge of the NHC moiety obtained by the
NBO analysis, (b) the O–C–O angle of the CO2 moiety,
(c) the intermolecular C–N bond length, and (d) the rota-
tional barrier in the anionic complex [NHC–CO2]� (NHC
= Py, Pmd, Pz, s-Tz, Tz, and Tez). General tendency of
their relation is shown by an arrow in each graph.
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FIG. 6. Molecular structures obtained by DFT calculations (UB3LYP/6-
311++g(d,p)) for (a) [NHC7–CO2]�N

1 with a covalent bond character in the
C–N bond and [NHC7 · · ·CO2]�N

2 with an ion-molecule interaction and (b)
[NHC7–(CO2)2]�N

1
N

2. The intermolecular C–N bond length and the O–C–O
angle are shown for each complex.

motif of –N1–N2–C–N3– is expected to be applicable toward
increasing the number of possible active sites for CO2 capture.
Figure 6 presents the relaxed geometry of complexes between
CO2 and NHC1 analogs with 4 nitrogen atoms (8H-
imidazo[4,5-c]pyridazine, NHC7). NHC7 containing the imi-
dazole ring is suggested as an active material for CO2 capture
in ZIFs. Two of the nitrogens in NHC7 are shown to interact
with CO2 through a covalent bond or longer intermolecular
bond (2.67 Å), while the other two nitrogen atoms in the imi-
dazole ring coordinate to the metal ions in ZIFs. Although too
many nitrogen atoms in NHC would decrease the nucleophilic-
ity of NHC�, increasing the number of active sites to interact
with CO2, whether through chemical or physical adsorption,
may provide an opportunity for raising the efficiency of CO2

uptake.42

IV. SUMMARY

We studied several anionic complexes between CO2 and
NHCs with a positive AEA of over 0.7 eV by DFT calcula-
tions (UB3LYP/6-311++g(d,p)). These anionic [NHC–CO2]�

complexes have an anomalous isomeric structure with a dihe-
dral angle of ∼90◦, in contrast to any previously reported
[NHC–CO2]� anions that are coplanar as a result of sta-
bilization by the delocalization of an extra negative charge
through an extended π-conjugated framework. Our NBO anal-
ysis and geometry optimization showed that these novel types
of anionic complexes have a CO2 moiety with a consider-
able negative charge and a strongly bent O–C–O angle, just
as in the coplanar structures. Instead of charge acquisition
through delocalization, a certain degree of charge transfer is
expected to occur in these orthogonal complexes. The seem-
ing anomaly was explained by the simple steric effect as its
major governing factor, and to a lesser degree, by the unique

electronic properties of the constituent NHC species that lead
to the decrease in the electronic stabilization effect toward
the structure with a dihedral angle of ∼0◦. Such an elec-
tronic effect was supported by demonstrating the correlation
between the internal rotation barrier and the electron affinity
for several [NHC–CO2]� complexes that have negligible steric
effects. The results of our work are expected to be applicable
to designing NHCs to increase the CO2 uptake by allow-
ing adjacent nitrogen atoms of NHC to be utilized for CO2

capture.
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