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Tunable Dipole Induced Hydrogen Bonds 

Between a Hydrogen Molecule and Alkali Halides  

Haiyan Zhu,a, b Bolong Huang,a Jianfu Li,a Zhenyi Jiang,b Bo Wang,c Zhigang 
Wang,c Rui-Qin Zhang,*a  

Hydrogen bonding (HB) systems are known to be X-H···Y type complexes which are called 
conventional HB systems if the X and Y are strongly electronegative atoms such as O, N and halides or 
unconventional ones if the X is replaced by C. In this work, we devise a new dipole-induced HB that is 
formed between a hydrogen molecule and an alkali halide using ab initio calculations. The HB is 
depicted as H-H ···Y-M, with MY being alkali halides. Analysis of the possible structures and properties 
of the proposed compounds, including their geometries, frequencies, bond strength, natural charge 
distribution, and a topological analysis of electronic density, shows that the large dipole moment of the 
Y-M molecule is responsible for the generation of the proposed HB. We also find that the strength of HB 
can be tuned by adopting MY with various polarities. We hope our findings could provide a new insight 
into HB.  

 
1. Introduction 

Hydrogen bonds (HB) are formed between two molecules with 
strongly contrasting electronegativity, one of which is terminated by 
a hydrogen atom. This form of bonding has been studied for more 
than a century, and remains an active topic in contemporary 
scientific research.1,2 The reason for this widespread and long-lasting 
attention is due to the important role of HB in numerous physical, 
chemical, and biochemical processes.3-7 One of the first definitions 
of HB was formulated by Pauling in 1939, in his classic The Nature 

of the Chemical Bond.8 According to him, HB may be depicted as X-
H···Y, where X-H is the typical polarized covalent bond and proton 
donating moiety and Y is a proton-accepting center. In conventional 
HB, X and Y are electronegative atoms such as O, N, F, and Cl. 
Consider the most common case, H2O in the water phase and ice in 
various phases. The Coulomb attraction between the proton (H) and 
the acceptor (O) is mainly responsible for the formation energy of 
the HB. As a result, HB usually occurs with group VII, VI, and V 
elements, due to their large electron affinity and a certain iconicity in 
the directional assembling which keeps the surrounding molecules 
locally ordered (for example, ice in the Ih phase). However, it is still 
a weak interaction within the extent of the van de Waals interacting 
distance, since it is induced by electrostatic dipole-dipole 
interactions. Over time, the concept of HB has continued to evolve,9-

11 with a new International Union of Pure and Applied Chemistry 
(IUPAC) definition having recently been put forward.12,13 The 
previous model has now been extended to include some so-called 
unconventional HB, which may be generalized in four ways; 1) HB 
with C-H bonds as unconventional proton donors;14,15 2) HB with 
unconventional acceptors (π electrons within aromatic systems, the 
other π-electronic moieties, the simple C-atom, the C≡C bond, or 
even the transition metal atoms);16-19 3) HB with unconventional 
donors and acceptors such as C-H···C (or C-H···π) systems;20-24 and 
4) dihydrogen bonds (X-H···H-M or X-H···Si-H or C-H···H-C, 
where M represents a metal atom).25-30 

HB involving the C-H group is usually weaker, with a bond 
strength of 3 kcal/mol or less, because the CH group is less 
electronegative.31 Brammer’s work on ligand domain HB shows that 
the polarity Mδ+–Yδ- (where M denotes a metal atom and Y halogen 
atoms such as F, Cl, Br, and I) could be a good HB acceptor, 
forming substantially shorter (and hence stronger) HB than the 
corresponding Y-C acceptor groups.32 This illustrates that the 
presence of a metal atom can enhance the HB capability of halogens. 
Moreover, many spectroscopic and theoretical studies have shown 
that the H2 molecule tends to establish a linear hydrogen bond with 
halide anions,33-35 while the integrity of the H2 subunit is largely 
maintained in the complex..  

According to these spectroscopic and theoretical prototypes, 
poorly electronegative atoms can form HB through the strong 
polarity molecular induction. To test this proposition, we devise and 
elaborate a new type of HB geometry; H-H···Y-M. Here, M=Li, Na, 
K; Y = F, Cl, Br. In the present paper, the structural possibilities, 
energy, and characteristics of the H-H···Y-M type HB will be 
explored using ab initio calculations. The possible structures and 
some properties as frequencies, bond strength, natural charge 
distribution, and a topological analysis of electronic density will be 
discussed also. 

2. Computational details 

London dispersion forces are important or even dominant in 
noncovalent HB interactions, which are caused by favorable 
instantaneous or induced multipolar charges.36 The second-order 
Møller-Plesset perturbation theory (MP2) is the most commonly 
used method for describing the properties of HB because it includes 
the electron correlation for capturing the dispersion interaction 
which approximately accounts for the uncoupled and two-body 
electron correlations.16,22 However, some ab initio studies indicate 
that the MP2 method tends to overestimate binding in noncovalent 
interactions. The CCSD(T) method including the perturbative 
estimate of three-body correlations is very reliable and has been 
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referred to as the “gold standard” of quantum chemistry 
calculations.36,37 The Pople type basis sets, such as 6-31G, 6-311G, 
etc., and the Dunning correlation consistent basis sets, such as aug-
cc-pVDZ, aug-cc-pVTZ, etc., are widely used. However, the 
potassium (K) in the present study systems is not included in 
Dunning type basis set. Wiberg’s study38 have proved the 6-
311++G** basis set generally gives more satisfactory geometries 
than aug-cc-pVDZ. Moreover, the 6-311++G** basis set is smaller, 
and therefore has significantly higher computational efficiency than 
aug-cc-pVDZ. As a consequence, the geometric optimization and 
vibrational frequencies were performed by MP2 method with the 
largest basis set 6-311++G(3df, 3pd), and the 6-311++G** basis set 
was used for comparison. The frequencies of all optimized structures 
were calculated at the same level and without soft modes, indicating 
that the systems genuinely corresponded to local minima. The charge 
distributions were analyzed using the natural bond orbital (NBO)39 
partitioning scheme at the MP2/6-311++G(3df,3pd) level. Based on 
the MP2/6-311++G(3df,3pd) optimized geometries, the binding 
energies calculations were carried out at the CCSD(T) level, and the 
counterpoise procedure was also considered for removing the basis-
set superposition error (BSSE). All the calculations were performed 
using the GAUSSIAN 09 package.40  
  In this work, a series of H-H ···Y-M (Y=F, Cl, Br; M=Li, Na, K) 
HB complexes was considered and tested. The H-H molecule was 
chosen as a proton donor while the strongly polarized metal halides 
such as LiF, KF, NaBr, and so on were chosen as proton acceptors. 
Moreover, to offer more intuitionistic information of this newly 
proposed HB, the HB in a water dimer was also calculated following 
the same calculation procedure. 

3. Results and discussion 

3.1 Geometric structures 

As shown in Figure 1, all the atoms of the H-H ···Y-M geometries 
are in line, so we can define this type of HB complex by three scalar 
quantities; the H(I)-H(II) covalent bond length, the H(II)···Y HB 
length, and the Y-M distance. It is well known that the formation of 
HB is usually associated with the change of the proton-donating and 
-accepting bonds, so we not only list the above-mentioned three 
scalar quantities, but also the bond lengths of the independent Y-M 
and H(I)-H(II) in Table 1, calculated by the MP2 method with 6-
311++G(3df, 3pd) and 6-311++G** basis set, respectively. The 
bond length results of the two basis set are basically unanimous. The 
bond lengths of H(I)-H(II) and M-Y are all elongated with the 
formation of HB. The H(II)···Y distance is much longer than the 
conventional type HB (usually less than 2 Å), while close to the 
H···C distance (2.66 Å) of the O-H···C and the H···π distance (2.86 
Å) of C-H···π,41 which indicates that the H-H···Y-M HB should be 
weak.  

                                                          

                      a                                                            b 
Fig. 1 Schematic drawing of H-H···Y-M (a) complexes (Y=F, Cl, Br; M=Li, 
Na, K) and water dimer complex (b). 

 
Table 1 demonstrates some trends in the geometrical parameters. 

To clarify these, the relationship between the H(I)-H(II) bond length 
(in Å) versus (vs.) the H···Y distance (Å) and M-Y bond length (Å) 
vs. the H···Y distance (Å) for a series of alkali halide as HB 
acceptors is shown in Figure 2. It can be seen from Figure 2 and 
Table 1 that for the same halide Y, the same set of alkali metals M, 

or the same alkali with difference halides, the shorter the H((I)-H(II) 
bond length, the longer the H···Y distance (as denoted by the red 
line in Figure 2). Furthermore, for the same halide Y and the 
different alkali metals M, the shorter the M-Y bond length, the 
longer the H···Y distance, and for the same alkali M and different Y, 
the shorter the M-Y bond length, the shorter the H···Y distances 
(denoted by the purple line in Figure 2). The HB distances of 
H(II)···Y in  H-H ···Y-M are all longer than that of the water dimer 
(rH(II)···O(II) =1.9425 Å).  

Table 1. Bond length parameters (Å) (r0 represents the independent bond 
length of M-Y and H-H; r the bond length of the complex M-Y ··· H-H) and 
frequencies ν/cm-1 calculated using MP2 with 6-311++G** and 6-
311++G(3df, 3pd) basis set, respectively. 

Proton 
acceptor 

 MP2   rH(I)-H(II) rH(II)···Y rY-M r0
Y-M 

LiF 
6-311++G** 0.7425 2.3710 1.6010 1.5997 

6-311++G(3df,3pd) 0.7414 2.3174 1.5937 1.5917 

NaF 
6-311++G** 0.7449 2.2705 1.9929 1.9914 

6-311++G(3df,3pd) 0.7440 2.2110 1.9876 1.9843 

KF 
6-311++G** 0.7460 2.2216 2.2309 2.2255 

6-311++G(3df,3pd) 0.7447 2.1965 2.2030 2.1985 

LiCl 
6-311++G** 0.7396 3.2038 2.0221 2.0210 

6-311++G(3df,3pd) 0.7387 2.9520 2.0438 2.0421 

NaCl 
6-311++G** 0.7402 3.1385 2.3810 2.3789 

6-311++G(3df,3pd) 0.7394 2.8949 2.4033 2.4014 

KCl 
6-311++G** 0.7408 3.0176 2.7028 2.6986 

6-311++G(3df,3pd) 0.7399 2.8824 2.7030 2.7002 

LiBr 
6-311++G** 0.7394 3.3752 2.1882 2.1827 

6-311++G(3df,3pd) 0.7382 3.1806 2.2012 2.1993 

NaBr 
6-311++G** 0.7397 3.3258 2.5384 2.5346 

6-311++G(3df,3pd) 0.7388 3.1293 2.5506 2.5490 

KBr 
6-311++G** 0.7407 3.3297 2.8634 2.8517 

6-311++G(3df,3pd) 0.7392 3.1139 2.8596 2.8574 

r0
H(I)-H(II) = 0.7366 [6-311++G(3df,3pd)],  0.7431(6-311++G**)   

 

 
 

Fig. 2 Relationship between the H(I)-H(II) bond length rH(I)-H(II) (Å) vs. 
H(II)···Y distance rH(II)···Y (Å) and M-Y bond length rM-Y(Å) vs H(II)···Y 
distance rH(II)···Y (Å) for a series of alkali halides as HB acceptors at MP2/6-
311++G(3df, 3pd) level of calculations. 
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3.2. Vibrational frequency analysis 

With the formation of HB, the H-H bond in all configurations is 
elongated, and the H-H bond stretching vibration frequency 
decreases (that is, red shifts) associated with the increase of intensity 
in the infra-red (IR) spectrum. This is a so-called proper red-shift 
type HB.42 The frequency of H(II)···Y and the corresponding 
intensity on the IR spectrum are also listed in Table 2. It can be seen 
that the frequency of the H(II)···Y vibration tends to be higher as the  

bond length of H-H, rH-H, increases. In terms of the intensity of the 
H-H bond vibration, the trend is varied and does not show a 
monotonous transition, in order to equilibrate the charge 
redistribution and stabilize the total energy of the H-H···Y-M 
complex system. For the water dimer, the frequency of H(II)···O(II) 
vibration is  at 3768.21 cm-1, and the corresponding intensity is 
296.5252 kM/mol). 
 

Table 2. Correlation of H-H bond length, H-H stretching vibrational frequency, and IR intensity of H-H with a series of alkali halides (results calculated using 
MP2/ 6-311++G(3df, 3pd)). 

 LiF NaF KF LiCl NaCl KCl LiBr NaBr KBr 
rH-H(Å) 0.7414 0.7440 0.7447 0.7387 0.7394 0.7399 0.7382 0.7388 0.7392 

Frequency ωH-H (cm-1) 4434.83 4386.84 4371.87 4482.94 4468.95 4460.13 4490.62 4479.74 4471.55 
Intensity (kM/mol) for H-H  69.6611 124.4388 160.8448 26.9180 44.8093 58.9932 19.6279 32.4518 44.2875 

Frequency ωH(II)··Y (cm-1) 204.44 223.75 226.64 147.80 159.98 163.12 121.07 132.67 137.18 
Intensity (kM/mol) for H(II)··Y 3.6198 4.44078 3.6358 0.5860 0.4558 0.135 0.3481 0.3565 0.2250 

The IR vibration mode of an isolate H2 molecule is at ω0 =4517.64 cm-1 (MP2) with zero intensity. 
3.3   Charge analysis  

The NBO, AIM and ESP charge calculations were performed at 
the MP2/6-311++G(3df, 3pd) level for the H-H ··· Y-M complex 
structures. The results of calculations are summarized in Table 3. It 
is seen that the AIM results compare better than the ESP results with 
the NBO results. 

Previous work on X-H···Y type HB shows that X-H is a polarity, 
while in our X-H ··· Y-M type HB, the X-H part is just the neutral 
H2 molecule. The isolate H2 molecule is neutral, and the charges of 
both atoms are zero. However, with the HB forming, the charge of 
the H2 molecule changes induced by the strong polarity of the alkali 
halide. The H(II) which are near Y are all positive, while H(I) are all 
negative. Based on NBO and AIM calculations, the total charge of 
the H(I)-H(II) units in all structures are slightly negative, so that 
when the H2 molecule interacts with the MY, H(I)-H(II) unit as a 
proton donor transfers a small amount to the proton acceptor MY. 
The negative charges of Y are all less than

0Yq , and the positive 

charges of M are all more than 
0Mq (equal in magnitude to 

0Yq , 

while opposite in sign), indicating that both M and Y accept some 
protons during HB formation and so M has promoted the proton 
transfer. 

 
Table 3. NBO, AIM and ESP charges q (e) for the H-H ··· Y-M complexes 
and the charge of

 
of the isolate molecule MY. 

H(I)-H(II)···  qH(I) qH(II) qY qM 
0Yq  

LiF 
NBO -0.066 0.062 -0.945 0.949 -0.947 
AIM -0.081 0.080 -0.944 0.945 -0.945 
ESP -0.069 0.081 -0.903 0.891 -0.862 

NaF 
NBO -0.086 0.080 -0.979 0.985 -0.983 
AIM -0.107 0.104 -0.948 0.949 -0.949 
ESP -0.085 0.087 -0.921 0.919 -0.901 

KF 
NBO -0.090 0.084 -0.969 0.975 -0.973 
AIM -0.112 0.109 -0.937 0.940 -0.938 
ESP -0.059 0.024 -0.081 0.847 -0.853 

LiCl 
NBO -0.033 0.029 -0.886 0.889 -0.886 
AIM -0.041 0.036 -0.930 0.934 -0.934 
ESP -0.100 0.164 -0.881 0.817 -0.886 

NaCl 
NBO -0.042 0.037 -0.943 0.947 -0.944 
AIM -0.052 0.046 -0.917 0.923 -0.923 
ESP -0.096 0.145 -0.911 0.862 -0.820 

KCl 
NBO -0.048 0.043 -0.948 0.952 -0.950 
AIM -0.060 0.051 -0.914 0.922 -0.920 
ESP -0.089 0.107 -0.854 0.836 -0.819 

LiBr 
NBO -0.026 0.023 -0.860 0.863 -0.860 
AIM -0.033 0.027 -0.927 0.932 -0.932 
ESP -0.065 0.131 -0.882 0.816 -0.753 

NaBr 
NBO -0.034 0.029 -0.924 0.928 -0.925 
AIM -0.042 0.035 -0.907 0.914 -0.914 
ESP -0.070 0.132 -0.918 0.856 -0.801 

KBr 
NBO -0.040 0.035 -0.935 0.939 -0.938 
AIM -0.046 0.039 -0.891 0.897 -0.916 
ESP -0.060 0.054 -0.946 0.952 -0.95 

 

 
3.4. Bond strength analysis 

3.4.1 Bond strength and BSSE estimation 
Table 4 presents the total and HB energies between a series of 

alkali halides and one H2 molecule (MP2 and CCSD(T) results). The 
estimation of BSSE for all of the structures presented here was 
performed using the full counterpoise method at both the MP2 and 
CCSD(T) levels. The HB energies can be derived from the following 
formula:  

BSSEcomplexHMYHB EEEEE −−+=
2                 (1)

 

The calculated HB energies range from 0.48-2.04 kcal/mol, 
putting them in the range of weak HB interactions.31 The energies in 
this scale can be compared with C-H/π and NH/π interactions.16 The 
HB energy of the water dimer is 5.13 kcal/mol by CCSD(T)/6-
311++G(3df,3pd) calculation. 

Because the proton donors are the same as the H2 molecule, the 
bond strength will reside in the acceptor MY. We can see from Table 
4 that the same Y with different M does not correspond to the same 
HB strength, so M should be also the factor restricting the bond 
strength. When Y is the same, the influence of M on the bond 
strength should run in the order K > Na > Li. The more 
electropositive M is, the stronger the polarization of MY (when Y is 
the same atom), leading to the stronger HB. 

 
Table 4. Total energies, BSSE, and corrected H-bond energies for H-H ··· Y-
M type HB complexes 

Proton 
acceptor 

 Ecomplex(a.u.) EMY(a.u.) 
EHB 

(kcal/mol) 

LiF 
CCSD(T) -108.44025 -107.26505 1.40 

MP2 -108.42737 -107.25990 1.31 

NaF 
CCSD(T) -262.81880 -261.64278 1.86 

MP2 -262.80644 -261.63823 1.74 

KF 
CCSD(T) -700.37556 -699.19914 2.04 

MP2 -700.33659 -699.16800 1.90 

LiCl 
CCSD(T) -468.44326 -467.26920 0.58 

MP2 -468.41066 -467.24420 0.60 

NaCl 
CCSD(T) -622.83579 -621.66135 0.73 

MP2 -622.80340 -621.63655 0.74 

KCl 
CCSD(T) -1060.3907 -1059.2161 0.83 

MP2 -1060.3325 -1059.1655 0.83 

LiBr 
CCSD(T) -2581.2797 -2580.1061 0.48 

MP2 -2581.2503 -2580.0842 0.50 

NaBr 
CCSD(T) -2735.6752 -2734.5013 0.59 

MP2 -2735.6460 -2734.4797 0.61 

KBr 
CCSD(T) -3173.2305 -3172.0565 0.68 

MP2 -3173.1755 -3172.0090 0.69 
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Fig. 3 Relationship between the HB energy, IR intensity of H(I)-H(II), and 

NBO charge of H(II). 

3.4.2 Bond strength with IR intensity and NBO charge 
Moreover, we find some interesting relationships between the 

intensity of the IR spectrum, NBO charge distributions, and 
corresponding HB strength. As seen in Figure 3, as the HB length 
increases, so also does the NBO charge of H2 and the intensity of the 

and IR intensity might be practical and useful criteria for measuring 
the relative values strength of HB. 
3.4.3 Bond strength and dipole moment 

As is well known, the strength of conventional HB is partly 
related to the dipole-dipole interaction. When the H atom bonds with 
a strongly electronegative X, the charges are unevenly distributed 
between the two atoms (H and X) leading H to almost become a 
positive proton. When this encounters a strongly electronegative Y 
atom, there will be an electrostatic attraction. Our H-H ··· Y-M type 
HB represents the other style of bonding. The dipole moment of the 
neutral H2 molecule is zero, as is the charge on both H atoms. 
However, when the H2 molecule approaches the strongly polarized 
alkali halide complexes, an induced dipole will occur. Then, the 
H(II) and MY will mainly be bound through the well-known induced 
energy. The induced energy and dipole moment can be calculated 
from the following equation43:  

6
0

2
12

)4( r

a
E

πε

µ
−=

                        (2) 
where E is the induced energy, 

2a  is the polarizability of the induced 

molecule H(II), 
1µ  is the dipole moment of MY, and r  is the 

distance H(II)···Y. 

 

Table 5. MP2/6-311++G(3df, 3pd) calculated isolate dipole moment µ0 (Debye) of MY and the HB energy between one H2 molecule. 

 FLi FNa FK ClLi ClNa ClK BrLi BrNa BrK 

µ0 6.5916 8.6134 8.9789 7.3729 9.4201 10.7435 7.5787 9.6211 11.1694 

EHB (kcal/mol) 1.31 1.74 1.90 0.60 0.74 0.83 0.50 0.61 0.69 

 
To further understand the relationship between HB strength and 

the dipole moment, we list the calculated dipole moment values in 
Table 5, and also illustrate their relationship in Figure 4. 
 
 

 
 
Fig. 4  The HB energy via dipole moment of isolate MY (blue lines) and the 

induced energy via 
62

1 / rµ (red line). 
 
 

From Table 5 and Figure 4 (blue line), we can see that complexes 
with different M and the same Y correspond to the difference in 
dipole moment as well as the binding energy. In MY where Y is the 
same and M is different, the binding energy increases with the dipole 
moment, so M as well as Y influences the strength of HB. The order 
of the influence of M on HB strength runs K > Na > Li. 
Consequently, we propose that one can use the metal decorating 

method to increase the energy of HB and can even use different 
metals to produce “tuneable” HB strength in compounds. However, 
the HB strength decreases with the increase of the dipole moment 
when M aligns with the same element, since the change in bonding 
distance is significant between different Y atoms.  

 Moreover, to search for the relationship of the induced energy 
with 62

1 / rµ as represented in the equation 2, the energy 

decompostion scheme has been used to obtain the induced force. The 
total interaction energy i.e. HB strength, can be decomposed 
according to the following equation 44:  

                                                                                            (3) 

where ∆Eelectrostatic corresponds to the electrostatic interaction energy, 
∆Eexchange-repulsion is the exchange repulsion interaction energy, and 
the ∆Eorbital arises from the mix of occupied molecular orbitals and 
virtual molecular orbitals, also known as induced strength or 
polariton strength 45,46.  As seen from the Figure 4 about the induced 
energy with 62

1 / rµ  (red line), the induced strength increases with 
62

1 / rµ , and the relationship between induced strength and 62
1 / rµ  is 

close to a straight line through the origin point. This is consistent 
with the linear relationship of the equation 2. 
 

3.5. Topological analyses  
Bader et al. proposed the “atoms in molecules” (AIM) 

methodology in 197047 to evaluate the charge density by means of 
topological parameters such as the proper electronic density ρ(r) and 
the Laplacian field ▽2ρ(r). However, it has become more popular in 
recent years due to its extensive application to understanding the 
properties of molecules and the relationships between geometrical 
and energetic parameters. In addition, the AIM methodology has 
been successfully applied in the study of the properties of a variety 
of conventional and unconventional HB.48-50 Such topological 

dispersionorbitalrepulsionexchangeticelectrostaHB EEEEE ∆+∆+∆+∆=∆ −
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analyses enable us to know more about HB through the recognition 
of the critical points (CP) of chemical bonds and HB. 

 
 

Table 6 AIM topological parameters ρ(r) and ▽2ρ(r). 

 H(I)-H(II)···Y-M complex               Isolated  
             M-Y bond  H-H bond H(II)···Y bond   M-Y bond 

 ρ(r)      ▽2ρ(r) ρ(r)       ▽2ρ(r) ρ(r)     ▽2ρ(r)        ρ(r)        ▽2ρ(r) 

LiF 0.270 -1.23 0.010 0.039 0.070 0.677 0.070 0.680    

NaF 0.268 -1.218 0.013 0.050 0.045 0.365 0.045 0.370 

KF 0.268 -1.214 0.013 0.052 0.051 0.301 0.052 0.305 

LiCl 0.272 -1.245 0.005 0.018 0.044 0.257 0.044 0.259 

NaCl 0.272 -1.241 0.006 0.020 0.032 0.181 0.032 0.182 

KCl 0.271 -1.238 0.006 0.020 0.031 0.134 0.031 0.135 

LiBr 0.272 -1.247 0.004 0.013 0.038 0.192 0.038 0.193 

NaBr 0.272 -1.244 0.005 0.014 0.028 0.142 0.028 0.142 

KBr 0.272 -1.242 0.005 0.015   0.027 0.106 0.027 0.104 

* For the isolate H-H bond: ρ(r)=0.273,  ▽2ρ(r) =-1.255  
* ρ(r) and ▽2ρ(r) are given in e/a0

3 and e/a0
5 respectively.  

 

 

Table 6 presents the values of ρ(r) and ▽2ρ(r) for the complexes 
and isolated monomers analyzed here. It lists the values for the 
covalent H-H bond, ionic accepting bond (M-Y), and the 
nonbonding HB (H···Y). Usually, ρ(r) is used to estimate the 
strength of a bond, with a larger value denoting a stronger bond, 
while ▽2ρ(r) is used to describe the properties of the bond. From 
Table 6, we can see that there is a positive correlation between the 
ρ(r) of H···Y bond and the HB energy, which is consistent with AIM 
theory. The positive values of ▽2ρ(r) in the H···Y bond indicate the 
possibility of this type of HB. The electron density ρ(r) and its 
Laplacian ▽2ρ(r) for the H(II)···Y contact within the conventional 
X-H···Y bond are all positive and should lie within the following 
ranges; 0.002-0.04 for ρ(r) and 0.02-0.15 for ▽2ρ(r).51 As can be 
seen from Table 6, the calculated values of ρ(r) are strictly within the 
range, while some of the ▽ 2ρ(r) values are less than its lower 
bounding limit, so the HB strength of H-H···Y-M is weaker than for 
conventional HB. 

4. Conclusions 

H-H is found to be a proton donor forming a new type of HB 
depicted as H-H···Y-M. The four-atom complex of this type of 
HB is all in a line, with the bond length of M-Y and H-H 
slightly elongated when forming HB and the H···Y distance 
longer than in conventional HB. This is a proper red-shift type 
of HB because the bond length of H-H is elongated and the 
vibration frequency of the H-H stretch has decreased. The bond 
strength from 0.48 kcal/mol to 2.04 kcal/mol, which belongs to 
the range of weak HB interaction, and also the long distance of 
H··Y and the low values for the electronic density ρ(r) and the 
Laplacian field ▽2ρ(r), confirm the conclusion that the bond is 
weak. The NBO charge of H2 and the IR spectrum intensity of 
H-H stretching are positively correlated with the strength of HB 
so might act as the criteria for relative HB strength. The strong 
polarization of the alkali halide promotes the formation of HB 
with the neutral H2 molecule. 

Acknowledgements 

The work described in this paper was supported by grants from the 
Research Grants Council of the Hong Kong Special Administrative 
Region (HKSAR) [project No. CityU 103913], the Ministry of 

Science and Technology of China through the 973-Project under 
grant number 2012CB619401, the Natural Science Foundation of 
China (Grant No. 11204239), and the Natural Science Foundation of 
Shanxi (Grant No. 2011JM6005).  
  

Notes and references 
a Department of Physics and Materials Science and Centre for 
Functional Photonics (CFP), City University of Hong Kong, 
Hong Kong SAR, China. 
b Institute of Modern Physics, Northwest University, Xi’an 

710069, China. 
c Institute of Atomic and Molecular Physics, Jilin University, 

Changchun, 130012, China.  

* E-mail: aprqz@cityu.edu.hk 

References 

1 M. J. Calhorda, Chem. Communications 2000, 10, 801. 
2 T. Steiner, Angewandte Chemie International Edition 2002, 41, 48. 
3 Grabowski, S. J. Chemical Reviews 2011, 111, 2597. 
4 C. Flener-Lovitt, D. E. Woon, T. H. Dunning, G. S. Girolami, Journal of 

Physical Chemistry A 2010, 114, 1843. 
5 S. Tsuzuki, K. Honda, T. Uchimaru, M. Mikami, K. Tanabe, Journal of 

the American Chemical Society 2002, 124, 104. 
6 F. Weinhold, R. A. Klein, Molecular Physics 2012, 110, 565. 
7 Y. Z. Liu, C. H. Hu, A. Comotti, M. D. Ward, Science 2011, 333, 436. 
8 L. Pauling, The Nature of the Chemical Bond. 1939. 
9 T. Steiner, In Implications of Molecular and Materials Structure for New 

Technologies; Howard, J. K., Allen, F., Shields, G., Eds.; Springer 
Netherlands: 1999; Vol. 360, p 185. 

10 G. Gilli, P. Gilli, The nature of the hydrogen bond: outline of a 

comprehensive hydrogen bond theory; Oxford University Press, 2009. 
11 S. J. Grabowski, Hydrogen bonding: new insights; Springer, 2006; Vol. 3. 
12 E. Arunan, G. R. Desiraju, R. A. Klein, J. Sadlej, S. Scheiner, I. Alkorta, 

D. C. Clary, R. H. Crabtree, J. J. Dannenberg, P. Hobza, H. G. Kjaergaard, 
A. C. Legon, B. Mennucci, D. J. Nesbitt, Pure and Applied Chemistry 
2011, 83, 1637. 

13 E. Arunan, G. R. Desiraju, R. A. Klein, J. Sadlej, S. Scheiner, I. Alkorta, 
D. C. Clary, R. H. Crabtree, J. J. Dannenberg, P. Hobza, H. G. Kjaergaard, 
A. C. Legon, B. Mennucci, D. J. Nesbitt, Pure And Applied Chemistry 
2011, 83, 1619. 

14 G. P. Holland, Q. S. Mou, J. L. Yarger, Chemical Communications 2013, 
49, 6680. 

15 S. Sarkhel, G. R. Desiraju, Proteins: Structure, Function, and 
Bioinformatics 2004, 54, 247. 

Page 5 of 6 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

6 | PCCP, 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015 

16 S. Tsuzuki, K. Honda, T. Uchimaru, M. Mikami, K.Tanabe, Journal of 

the American Chemical Society 2000, 122, 11450. 
17 S. Suzuki, P. G. Green, R. E. Bumgarner, S. Dasgupta, W. A. Goddard, G. 

A. Blake, Science 1992, 257, 942. 
18 L. M. Epstein, E. S. Shubina, Coordination Chemistry Reviews 2002, 231, 

165. 
19 I. Mata, I. Alkorta, E. Molins, E. Espinosa, Chemistry-A European 

Journal 2010, 16, 2442. 
20 M. Nishio, Crystengcomm 2004, 6, 130. 
21 J. Dupont, P. A. Z. Suarez, R. F. De Souza, R. A. Burrow, J. P. 

Kintzinger, Chemistry-A European Journal 2000, 6, 2377. 
22 S. Tsuzuki, K. Honda, T. Uchimaru, M.  Mikami, K. Tanabe, Journal of 

the American Chemical Society 2000, 122, 3746. 
23 M. Brandl, M. S. Weiss, A. Jabs, J. Suhnel, R. Hilgenfeld, Journal of 

Molecular Biology 2001, 307, 357. 
24 A. J. Arduengo, S. F. Gamper, M. Tamm, J. C. Calabrese, F. Davidson, H. 

A. Craig, Journal of the American Chemical Society 1995, 117, 572. 
25 R. H. Crabtree, Science 1998, 282, 2000. 
26 R. Custelcean, J. E. Jackson, Chemical Reviews 2001, 101, 1963. 
27 D. Danovich, S. Shaik, F. Neese, J. Echeverria, G. Aullon, S. Alvarez, 

Journal of Chemical Theory and Computation 2013, 9, 1977. 
28 M. X. He, R. Q. Zhang, T. A. Niehaus, Th. Frauenheim, S. T. Lee, 

Journal of Theoretical & Computational Chemistry 2009, 8, 299. 
29 D. J. Wolstenholme, J. Flogeras, F. N. Che, A. Decken, G. S. McGrady, 

Journal of the American Chemical Society 2013, 135, 2439. 
30 D. J. Wolstenholme, J. T. Titah, F. N. Che, K. T. Traboulsee, J. Flogeras, 

G. S. McGrady, J. Am. Chem. Soc. 2011, 133, 16598. 
31 S. J. Grabowski, J. Phys. Organ. Chem. 2004, 17, 18. 
32 L. Brammer, Dalton Transactions 2003, 3145. 
33  D. A. Wild, E. J. Bieske, J. Chem. Phys. 2004, 121, 12276-81. 
34  D. A. Wild, R. L. Wilson, P. S. Weiser, E. J. Bieske, J. Chem. Phys. 2000 
113, 10154. 

35  D. A. Wild, P. S. Weiser, E. J. Bieske, A. Zehnacker, J. Chem. Phys. 
2001, 115, 824. 

36 M. O. Sinnokrot, C. D. Sherrill, J. Phys. Chem. A 2006, 110, 10656. 
37 C. Coletti, N. Re, J. Phys. Chem. A 2009, 113, 1578. 
38  K. B. Wiberg, J. Comp. Chem. 2004, 25, 1342-6. 
39  A. E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88, 899. 
40  M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, 

J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, 
H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. 
Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. 
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. 
Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. 
Bearpark, J. J. Heyd, E. Brothers, K. Kudin, N., V. N. Staroverov, R. 
Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. 
Iyengar, J. Tomasi, M. Cossi, N. Rega, N. J. Millam, M. Klene, J. E. 
Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. 
E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. 
Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. 
Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. 
Foresman, J. V. Ortiz, J. Cioslowski and D. J. Fox, Gaussian, Inc., 
Wallingford CT, Gaussian 09, Revision, A. 02, 2009. 

41 S. J. Grabowski, J. Phys. Chem. 2000, 104, 5551. 
42 J. Joseph, E. D. Jemmis, J. Am. Chem. Soc.  2007, 129, 4620. 
43  G.C. Maitland, M. Rigby, E.B. Smith, W.A. Wakeham, “Intermolecular 

Forces”, Clarendon Press, Oxford, 1981. 
44 T. Lu, F. Chen,  J. Comput. Chem 2012, 33, 580. 
45 C. Fonseca Guerra, C. M.Bickelhaupt, Angew. Chem. 2002, 41, 2092. 
46 J. M. Azpiroz,  J. M. Matxain, I. Infante, X. Lopez, J. M. Ugalde. Phys. 

Chem. Chem. Phys. 2013, 15, 10996. 
47 R. F. W. Bader, P. M. Beddall, P. E. Cade, J. Am. Chem. Soc. 1971, 93, 

3095. 
48 B. G. De Oliveira, R. d. C. M. U. de Araújo, E. S. Leite, M. N. Ramos, 

International J. Quant. Chem. 2011, 111, 111. 
49 S. J. Grabowski, J. Phys. Chem. A 2001, 105, 10739. 
50 B. Oliveira, F. Pereira, R. de Araújo, M. Ramos, Chem. Phys. Lett. 2006, 
427, 181. 

51 P. Lipkowski, S. J. Grabowski, T. L. Robinson, J. Leszczynski, J. Phys. 

Chem. A 2004, 108, 10865. 

Page 6 of 6Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t


