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The topologies of hydrogen-bond potential energy surfaces of one-dimensional assembled 2,20-biimidazole (H2bim)
and its deprotonated Ni complex ([NiII(Hbim)2]) were investigated by density functional theory calculations at the
B3LYP/CEP-31G(d,p) level. It was revealed that the formation of coordination bonds between Hbim and Ni makes
the N–H���N hydrogen bond between Hbim units linear and strong.

The construction of molecular crystals formed from self-or-
ganization is one of the most important methods for developing
new functional materials.1,2 It is well known that weak interac-
tions, such as hydrogen-bonding interactions or �–� dispersion
interactions, play an important role in constructing self-organ-
ized structures in many biological systems. Thus, to investigate
model compounds with such weak interactions is a useful way
to examine new functional materials.

Recently, Tadokoro et al. synthesized self-organizing metal
complexes by using transition metals and 2,20-biimidazolate
mono-anions (Hbim�).1,2 Hbim� is one of the difunctional
bridging ligands that forms not only a stable transition-metal
(TM)-chelate complex, but also intermolecular hydrogen bonds
with two sets of NH donors and N acceptors, as shown in Fig.
1(a). They used several transition metals (TM = Co, Ni, Cu,
Ru) and succeeded to create 1-dimensional, 2-dimensional,
and 3-dimensional regular crystal structures.2 Their experimen-
tal results imply that the TMs in these complexes strengthen the
intermolecular hydrogen-bonding interaction to form assem-
bled complexes. Because the hydrogen bonds in these com-

plexes have a symmetric structure, the hydrogen-bond potential
energy surface (PES) becomes double-minimum, as shown in
Fig. 2. Unfortunately, however, no information regarding the
strength of the intermolecular hydrogen-bonding interaction
and the PES in these TM complexes was obtained from their
experimental results.

The purpose of the present work is to clarify the effect of
TMs on intermolecular hydrogen-bonding interactions to form
an assembled complex, [TM(Hbim)2]. To investigate the hy-
drogen-bonding PESs of [TM(Hbim)2] is very important for
creating new functional materials, because the PESs contain
key information regarding the nature of functional materials.
As a first step in this direction, we investigated in the present
study the PESs of [{NiII(Hbim)2}n] compared with those of
(H2bim)n (see Fig. 1(b)) with n ¼ 2{4.

Computational Details

The present study deals with the topology of the hydrogen-
bond PESs of the H2bim and Hbim� one-dimensional assem-
bled transition-metal complexes. The electronic structures of
these systems were obtained by density functional theory
(DFT) calculations with the B3LYP hybrid functional. Al-
though DFT calculations are generally suitable for studying
the electronic structures of transition-metal complexes, they
sometimes fail to describe intermolecular interactions. To ex-
amine the intermolecular interaction picture of DFT calcula-
tions, MP2 calculations at the B3LYP optimized point
(MP2//B3LYP) were also performed. The basis sets used in
above-mentioned calculations were CEP-31G augmented with
a set of (d,p) type polarization functions (exponents d:0.80,
p:1.10). All of the core electrons in the heavy atoms were re-
placed by the SBKJC effective core potentials (ECPs).3,4

We recently investigated relativistic correlating basis sets for
the main-group elements, and found that nodeless-type ECPs,
such as SBKJC, have an inclination to overestimate the corre-
lation energies, recommending the use of the ECP methods,
which can produce valence orbitals with nodal structures.5

The model core potential (MCP) method6 is capable of produc-
Fig. 1. Geometries of one-dimensional complexes (a)

[{Ni(Hbim)2}n] and (b) (H2bim)n.
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ing valence orbitals with nodal structures, and is thus suitable to
accurately describe the correlation effects of valence electrons.
Therefore, to verify the correlation energies given by MP2 cal-
culations using the SBKJC ECPs, we also performed MP2 cal-
culations using our MCPs at the same points. In the MCP cal-
culations, we used Dunning’s double zeta basis7 for H and the
same (d,p) type polarization functions.

The geometry of the [NiII(Hbim)2] crystal has been found to
be a one-dimensional linear structure by an X-ray diffraction
experiment.2 In such an assembled complex, it has been be-
lieved that a cooperative effect plays an important role in ob-
taining a large binding energy. To verify the existence of coop-
erative effect in the hydrogen-bond PES, geometry optimiza-
tions of [{Ni(Hbim)2}n] (n ¼ 2{4) were performed. Frequency
analyses were performed to confirm that the optimized geome-
tries were stable. The effects of introducing of TMs to hydro-
gen-bond PES have not yet been well studied. To examine
the effect, we also performed geometry optimizations and fre-
quency analyses for (H2bim)n, and compared the hydrogen-
bonding interaction of (H2bim)n with that of [{Ni(Hbim)2}n].
The hydrogen-bonding interaction energy per hydrogen-bond
pair (binding energy) of (H2bim)n and [{Ni(Hbim)2}n] (two
N–H���N hydrogen bonds; see Fig. 1) were calculated by the fol-
lowing equations:

Ebind½fNi(Hbim)2gn�

¼
nðE½fNi(Hbim)2g1�Þ � E½fNi(Hbim)2gn�

n� 1
; ð1Þ

Ebind½ðH2bimÞn� ¼
nðE½ðH2bimÞ1�Þ � E½ðH2bimÞn�

n� 1
: ð2Þ

Transition-state optimizations were also performed to obtain
the barrier height change between (H2bim)n and [{Ni-
(Hbim)2}n] (n ¼ 2{4). Almost all of the calculations were per-
formed in the C2h point group using the Gaussian03 program
package8 and the MP2 calculations using MCPs were per-
formed by using GAMESS.9

Results and Discussion

The calculated binding energies per hydrogen-bond pair of
(H2bim)n and [{Ni(Hbim)2}n] (n ¼ 2{4) are given in Table 1.
The calculated hydrogen-bonding interaction energies of
(H2bim)n and [{Ni(Hbim)2}n] (n ¼ 2{4) are approximately
16 kcalmol�1 and 26 kcalmol�1, respectively. The calculated
results show that the binding energies of these systems do not
depend on the cluster size (n). Thus, a cooperative effect does
not appear to play an important role in generating intermolec-
ular hydrogen bonds of H2bim or [Ni(Hbim)2].

Fig. 2. Schematic view of the double-minimum hydrogen-bond PESs of [{Ni(Hbim)2}n] or (H2bim)n. The vibrational wave function
is also shown.

Table 1. Hydrogen-Bonding Interaction Energies in (H2bim)n and [{Ni(Hbim)2}n] Calculated at the B3LYP/
CEP-31G(d,p) Level

n

2 3 4

Binding energy/kcalmol�1

(H2bim)n 16.2 (22.5)aÞ 15.9 15.8
[{Ni(Hbim)2}n] 25.8 (33.6)aÞ 23.5 25.8

a) Calculation results at the MP2/CEP-31G(d,p)//B3LYP/CEP-31G(d,p) level.
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The hydrogen-bonding interaction energies of [{Ni-
(Hbim)2}n] (n ¼ 2{4) are approximately 10 kcalmol�1 larger
than that of (H2bim)n (n ¼ 2{4) at the B3LYP level. The
MP2 binding energies of (H2bim)2 and [{Ni(Hbim)2}2] are
22.5 kcalmol�1 and 33.6 kcalmol�1, respectively. The binding
energies of MP2//B3LYP are larger than those of B3LYP by 6
kcalmol�1. At the MP2//B3LYP level, the hydrogen-bonding
interaction energies of [{Ni(Hbim)2}n] (n ¼ 2{4) are also ap-
proximately 10 kcalmol�1 larger than that of (H2bim)n
(n ¼ 2{4). The correlation energies of the MP2 calculations us-
ing both SBKJC and MCP are compared in Table 2. Although
the correlation energies given by SBKJC are much larger than
those by MCP, the correlation energy differences are quite sim-
ilar to each other. Thus, it is safe to say that the present calcu-
lations using the SBKJC ECPs gave results comparable to those
by the MCP calculations.

Moreover, the calculated NH vibrational frequency (�(NH))
is 2852 cm�1 (with no scaling) compared well with the exper-
imental one (2656 cm�1).2 These results indicate that the
B3LYP calculations used in this study are sufficient to discuss
at least the topology of hydrogen-bond PESs.

Why is the hydrogen-bonding interaction of the N–H���N unit
strengthened by introducing Ni? What effect does Ni have? In
Table 3, the calculated structural parameters of (H2bim)n
(n ¼ 2{4) and [{Ni(Hbim)2}n] (n ¼ 2{4) are given. The differ-
ence between (H2bim)n (n ¼ 2{4) and [{Ni(Hbim)2}n]
(n ¼ 2{4) is the existence of Ni–N coordination bonds. The
N(1)–N(6) distance of [{Ni(Hbim)2}n] becomes shorter by
0.24–0.35 �A than that of (H2bim)n and the N(2)–N(7) distance
longer by 0.14–0.26 �A. These structural changes mean that two
imidazole rings of Hbim are slightly distorted from the H2bim

monomer on the occasion of the formation of Ni–N coordina-
tion bonds. Following the distortion of Hbim ligands, the hy-
drogen bond N–H���N angle is also changed. As shown in
Table 3, the N–H���N hydrogen-bond angles of (H2bim)n
(n ¼ 2{4) and [{Ni(Hbim)2}n] (n ¼ 2{4) are approximately
162� and 170�, respectively. By introducing Ni, the hydro-
gen-bond angle becomes 8� more linear. It is well-known that
the more linear is a hydrogen bond, the stronger is the hydrogen
bond. The linearization of the N–H���N hydrogen bond is one
of the reasons why the hydrogen-bonding interaction is
strengthened in [{Ni(Hbim)2}2] over that in (H2bim)2 by 10
kcalmol�1. As a consequence of the existence of the strong hy-
drogen bond, the H(3)���N(4) intermolecular hydrogen-bond
distance of [{Ni(Hbim)2}n] (n ¼ 2{4) and the N(2)–N(4) dis-
tance are 0.13–0.15 �A and 0.10 �A shorter than that of (H2bim)2
(n ¼ 2{4), respectively.

Finally, we discuss the barrier-height change of the N–H���N
hydrogen-bond PES by introducing Ni. At the top (the transi-
tion state) of the hydrogen-bond PESs of (H2bim)2 and
[Ni(Hbim)2]2, two vibrations with imaginary frequencies were
obtained (second-order transition state: SOTS), respectively. In
an N–H���N hydrogen bond, we can generally find an N���H���N
proton shared-type transition state (see Fig. 2). (H2bim)2 and
[{Ni(Hbim)2}2] have a pair of two N–H���N hydrogen bonds;
it is therefore suitable for our purpose to define the hydrogen-
bond PES barrier height as the energy gap between the stable
point and SOTS. The PES barrier heights of (H2bim)2 and
[{Ni(Hbim)2}2] are 17.2 kcalmol�1 and 6.3 kcalmol�1 at the
B3LYP level and 17.7 kcalmol�1 and 5.2 kcalmol�1 at the
MP2//B3LYP level, respectively. Thus, the barrier height of
the N–H���N hydrogen-bond PES is drastically decreased by in-
troducing Ni.

The reason why the barrier height is lowered by introducing
Ni cannot be simply explained. However, the present results are
very important when considering the possibility of creating low
barrier hydrogen bond (LBHB), which may play an important
role in forming self-assembled structure.10 In an N–H���N
LBHB, the proton is shared equally between two nitrogen
atoms and the hydrogen bond is very strong. In other words,
the vibrational wave function of the proton motion is delocal-
ized and thus the proton can easily tunnel between two minima
of double-minimum hydrogen-bond PESs. To achieve an

Table 2. MP2 Correlation Energies (Ecorr), Binding Energy
(De), and Barrier Height (�E) in (H2bim)2 Calculated with
SBKJC and MCP

Energies SBKJC MCP

Ecorr at equilibrium/eV �73:53 �39:55
Ecorr at transition state/eV �74:10 �40:21
Ecorr at dissociation limit/eV �72:99 �39:08
Binding energy/kcalmol�1 22.5 20.1
Barrier height/kcalmol�1 17.7 15.3

Table 3. Important Structural Parameters of Hydrogen-Bond Potentials of (H2bim)n and [{Ni(Hbim)2}n] (n ¼ 2{4)

(H2bim)n [{Ni(Hbim)2}n]

n 2 3 4 2 3 4

Bond length/ �A
N(2)–H(3) 1.04 1.04 1.04 1.06 1.06 1.06
H(3)–N(4) 1.87 1.88 1.88 1.74 1.73 1.74
N(2)–N(4) 2.89 2.89 2.89 2.79 2.79 2.79
N(1)–N(6) 2.83 2.93 2.93 2.59 2.58 2.59
N(2)–N(7) 3.12 3.05 3.05 3.26 3.31 3.26
Ni–N(1) — — — 1.94 1.94 1.94
Ni–N(6) — — — 1.94 1.94 1.94

Bond angle/deg
N(2)–H(3)–N(4) 164.1 161.6 162.1 169.5 172.9 168.6
N(1)–Ni–N(6) — — — 83.8 83.7 83.8

For n ¼ 3 and 4, averaged values are shown. The numbering of atoms is shown in Fig. 1.
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LBHB and proton tunneling state, we must control the shape of
the double-minimum hydrogen-bond PES, including the height
of the PES and the distance between two stable minima.11,12

The requirement for delocalizing the proton between two mini-
ma of a double-minimum hydrogen-bond PES is achieved if we
can make the barrier height low.

As the present study shows, by introducing Ni, the barrier
height is lowered and the N���H hydrogen-bond lengths are
shortened. The barrier height and the hydrogen-bond length
of the formic acid dimer, which exhibit proton tunneling, have
been reported to be over 10 kcalmol�1 and ca. 2.7 �A, respec-
tively.13 The hydrogen-bond length of [Ni(Hbim)2] is similar
to that of the formic acid dimer (see Table 3) and the barrier
height is lower (ca. 6 kcalmol�1). These results imply that pro-
ton tunneling occurs in [Ni(Hbim)2]. Consequently, introduc-
tion of TM into the Hbim complex is a good approach to ach-
ieving LBHB.

Conclusions

The topologies of the hydrogen-bonding PESs of (H2bim)n
and [{Ni(Hbim)2}n] (n ¼ 2{4) were studied by DFT calcula-
tions at the B3LYP/CEP-31G(d,p) level. The present results in-
dicate that a cooperative effect does not play an important role
in the formation of a one-dimensional assembled structure. The
calculated binding energies of [{Ni(Hbim)2}n] are 10
kcalmol�1 larger than that of (H2bim)n. The hydrogen-bonding
interaction is strengthened owing to linearization of the N–
H���N intermolecular hydrogen bonds. The N–H���N hydrogen-
bond angle of [{Ni(Hbim)2}n] (n ¼ 2{4) is 8� more linear than
that of (H2bim)n (n ¼ 2{4) on the occasion of the formation of
coordination bonds between Hbim and Ni. The calculated re-
sults indicate that the barrier height of the hydrogen-bond
PES of H2bim becomes more than 10 kcalmol�1 lower due
to the introduction of Ni. Such an effect of a TM suggests that
it is capable of controlling the strength of hydrogen-bonding in-
teractions and forming LBHB, which may play an important
role to make self-assembled structure. Thus, the combination
of hydrogen bonds and coordination bonds is very important
for creating self-assembled metal complexes.
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