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Abstract
A theoretical study on the intermolecular dihydrogen bonding (DHB) of ground state B3N3H6···HM (Li, Na, and K) com-
plexes were investigated by B3LYP and MP2 methods with 6-311++G** basis set. Thermodynamic parameters (entropy, 
enthalpy, heat capacity and Gibbs free energy) of the complexes were calculated at different temperatures in the gas phase. 
The vibrational analysis of N–H···H–M DHB bond formation reveals that the calculated N–H and M–H stretching fre-
quencies undergo red and blue shifts, respectively. The calculated interaction energies correlate well with the geometrical 
parameters wherein the shortest H···H intermolecular distance is obtained for B3N3H6···HK complex. The chemical shift of 
1H, 11B and 15N NMR predict large variation for B3N3H6···HK complex which has large protonic hydrogen than the hydridic 
hydrogen. Furthermore, natural bond orbital and quantum theory of atoms in molecule analyses were carried out to explore 
the non-covalent interaction along with the molecular electrostatic potential to predict the reactive sites of electrophilic and 
nucleophilic attack.
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Introduction

In recent years hydrogen has received great attention in the 
research field due to its natural abundance, light weight, and 
minimum pollution (Gu et al. 2012; Payandeh Gharibdoust 
et al. 2018; Zhao et al. 2007; Zhao and Han 2012). Dihydro-
gen bonding (DHB) has sparked a considerable amount of 
interest over the past few decades, owing to their potential 
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application towards hydrogen storage (Ingram et al. 2018). 
The dihydrogen bonding is a special kind of conventional 
hydrogen bond arising from the closed approach of pro-
tonic and hydridic hydrogen atoms (Custelcean and Jackson 
2001). It is generally denoted by X–H···H–M, wherein X–H 
is the proton donor (such as O–H or N–H) and H–M act as 
a proton acceptor (Lipkowski et al. 2004; Li et al. 2011). 
Generally, the H···H binding distance is less than or equal to 
sum of van der Waals radii of two hydrogen atoms (2.4 Å) 
and the X–H···H angle is found to be a linear arrangement 
(Planas et al. 2005). Numerous research groups have stud-
ied the dihydrogen-bonded complexes using thermodynamic 
parameters, spectroscopy, topological descriptors, and pro-
ton affinity measurements (Shubina et al. 1996; Ayllón et al. 
2002; Belkova et al. 2007).

The first distinct affirmation for the formation of an 
intermolecular dihydrogen bond involving a metal hydride 
was proposed by Lee et al. (1994) and Lough et al. (1994). 
Experimentally, Wei et al. (2013) studied the dihydrogen 
bond formation between 2-pyridone and borane-trimeth-
ylamine (BTMA) complex in the gas phase and found the 
N–H···H–B dihydrogen bond formation to be at a distance 
of 1.78 Å using electronic and vibrational spectroscopy. 
Patwari et al. (2002) demonstrated the dihydrogen bond-
ing in the cluster of borane-amines (BTMA) with phenol 
and aniline. They observed that the O–H···(H–B)2 bond has 
smaller DHB distance than the N–H···H–B bond. The matrix 
isolation infrared spectroscopy and ab-initio calculation of 
various confirmation of B3N3H6 dimer were performed by 
Verma and Viswanathan (2017) and they experimentally 
found the presence of T-shaped and dihydrogen-bonded 
dimer. Ramnial et al. (2003) studied imidazol-2-ylidene 
borane complex using X-ray crystallography and identified 
that N–H···H–B dihydrogen bond distance is shorter than 
that of C–H···H–B. An experimental review by Stennett and 
Harder (2016) report that various facets of S-block amidobo-
ranes involve in the formation of N–H···H–B, B–H···H–B 
and N–H···H–N bonded interaction and they found appli-
cations in various disciplines, especially as hydrogen stor-
age, reagents for the reduction of organic functional groups, 
catalysts and intermediates in dehydrocoupling reactions. 
The dehydrogenation reaction between phenol and borane-
trimethylamine (BTMA) studied experimentally by Yang 
et al. (2015) further confirmed the existence of O–H···H–B 
bond.

Alkorta et al. (2010) theoretically studied the dihydro-
gen bond characteristics of the clusters of three aza-borane 
derivatives and concluded that the intermolecular dihydro-
gen bond distance becomes shorter with the increase in size 
of the cluster. Similarly, Yan et al. (2016) studied the dihy-
drogen-bonded amine–borane complexes in the appearance 
of N–H···H–B interactions and they identified that binding 
energy of the dimer gradually decreases as the number of 

substitution group increases. Zhao and Han (2007) have 
studied the infrared spectra of intermolecular dihydrogen-
bonded phenol and borane trimethylamine complex using 
the time-dependent density functional theory method. They 
observed that the vibrational absorption bands of O–H 
and B–H stretching modes are strong in the ground state, 
whereas they disappeared in the excited state. Dihydrogen 
bond interaction between three (C2H6N+) and four (C3H8N+) 
membered ring cations with BeH2 and MgH2 studied by 
(Oliveira et al. 2010) confirm C2H6N+ complex to provide 
stronger dihydrogen-bonded interactions.

Boron-based several experimental and theoretical studies 
are reported in the literature due to their potential application 
in hydrogen storage (Guo et al. 2010). Amongst them, Bora-
zine (B3N3H6) an inorganic analogue of benzene with three 
B–H and N–H alternative units is of great interest. Bora-
zine and benzene are six-membered rings and both species 
possess similar physical properties. However, borazine is 
significantly less aromatic than benzene and chemical prop-
erties of borazine are slightly contrasted to its counterpart 
(Bagheri and Masoodi 2015; Verma et al. 2017). Borazine 
constitutes the new class of multifunctional, thermally stable 
materials with high electron and moderate hole mobilities 
for electroluminescent devices and hydrogen storage (Bet-
tinger et al. 2009; Boshra et al. 2015). In many experimental 
literatures it is found that the light weight elements are fea-
sible and able to achieve long-term goals for hydrogen stor-
age owing to their high gravimetric and volumetric energy 
densities (Man et al. 2019). Hence, in this paper, we intend 
to study the dihydrogen-bonded interaction between B3N3H6 
with alkali metal hydrides (Li, Na, and K) using density 
functional theory and ab-initio methods. To understand 
the strength of interaction and type of bonding, interaction 
energy, natural bond orbital (NBO), quantum theory of atom 
in molecules (QTAIM) and molecular electrostatic potential 
(MEP) were analysed.

Computational details

The geometries of B3N3H6···HM (M = Li, Na and K) com-
plexes were computed at B3LYP (Lee et al. 1989; Becke 
1996) and MP2 (Häser 1993) level of theory along with 
6-311++G** basis set (Krishnan et al. 1980). The absence 
of imaginary frequency through vibrational analysis ensures 
that all the optimized geometries correspond to a minimum 
on the potential energy surface. From the frequency analysis, 
thermodynamic parameters were evaluated at 100–1000 K 
(in steps of 100  K) in the gas phase using B3LYP/6-
311++G** level of theory (Güveli et al. 2010). The inter-
action energy of the considered complexes was calculated 
as the difference between the total energy (optimized) of 
the complex and sum of the individual energies of the 
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monomers and further corrections were made for basis set 
superposition error (BSSE) using the counterpoise method 
given below (Boys and Bernardi 1970)

where EAB is the energy of the dihydrogen-bonded com-
plexes formed between A and B molecules and EA, EB is 
the energy of individual monomers. Natural bond orbital 
(NBO) analysis was performed to examine the charge delo-
calization interaction and stability of molecule arising from 
hyper conjugative interactions (Reed et al. 1988). Bader’s 
quantum theory of atom in molecule (QTAIM) (Bader 
1991; Zheng et al. 2017) were carried out to understand the 
nature of interaction with the help of topological param-
eters using Multiwfn program (Lu and Chen 2012). In addi-
tion, molecular electrostatic potential (MEP) is used to find 
the reactive sites of the considered complexes (Bijina and 
Suresh 2016). All the quantum chemical calculations were 
performed using Gaussian 09 program (Frisch et al. 2009) 
and the structures were generated using ChemCraft (“Data 
Visualization Tools: ChemCraft” https​://www.chemc​raftp​
rog.com) program package.

(1)ΔE
C
= E

AB
−
(

E
A
+ E

B

)

+ BSSE

Results and discussion

Geometry and energies

The optimized molecular geometries of dihydrogen-bonded, 
B3N3H6···HM (M = Li, Na, K) complexes are depicted in 
Fig. 1.

The bond length of isolated monomers and their corre-
sponding dihydrogen-bonded complexes were calculated 
using B3LYP and MP2 methods with 6-311++G** basis 
set and are listed in Tables 1 and 2. For better understanding 
the bond angles and dihedral angles of the complexes are 
given in Table S1 (supporting information).

Verma and Viswanathan (2017) experimentally dem-
onstrated the dihydrogen-bonded interaction in borazine 
dimer and observed the H···H distance to be in the range 
of 2.13–2.46 Å. Here, for B3N3H6···HM (M = Li, Na and 
K) complexes, the H···H bond distances are found to be 
in the range of 1.728–1.827  Å and 1.607–1.801  Å at 
B3LYP and MP2 level of theory. All the obtained values 
are smaller than the sum of van der Waals radii of two 
hydrogen atoms (2.4 Å) and increases in the following 

Fig. 1   Optimized structure of B3N3H6···HM (M = Li, Na, and K) complexes obtained at B3LYP/6-311++G** level of theory

https://www.chemcraftprog.com
https://www.chemcraftprog.com
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order B3N3H6···HK < B3N3H6···HNa < B3N3H6···HLi for 
both the levels. These results indicate that the interaction 
of B3N3H6 with HK is comparatively better than that with 
HLi and HNa.

The calculated bond lengths of N–H for B3N3H6···HM 
(M = Li, Na and K) complexes are 1.022–1.029 Å and 
1.022–1.055 Å at B3LYP and MP2 levels. These are found 
to be elongated from the corresponding isolated monomer 
of B3N3H6 (1.009 Å and 1.101 Å). For all the complexes, 
proton donors (N–H) are elongated upon complexation 
and the large elongation is observed for B3N3H6···HK 
complex. On the other hand, the proton acceptor H–M 
(M = Li, Na, and K) is slightly shortened when compared 
to that of the isolated monomer. The bond length of all 
the complexes calculated at MP2 level is comparable with 
that of the B3LYP method. Reyes-márquez et al. (2008) 
studied the dihydrogen-bonded interaction for borane-
oxaazacyclophane crystal structures and identified that lin-
ear X–H···H angle is appearing in the range of 150°–180° 
while H···H–Y bent angle is found around 95°–130°. In 

our case, the bond angle of all the complexes is found to 
be linear at both levels.

The optimized and interaction energies of B3N3H6···HM 
(M = Li, Na, and K) complexes calculated at B3LYP and 
MP2 methods are shown in Table 3. The BSSE corrected 
interaction energy (∆EC) of the complexes is in the range 
of − 4.317 to − 5.779 kcal/mol and − 4.832 to − 5.886 kcal/
mol for B3LYP and MP2, respectively. The result shows 
that intermolecular interaction energy follows the order of 
B3N3H6···HK > B3N3H6···HLi > B3N3H6···HNa. These val-
ues are well matched with that of Grabowski et al.  (2007), 
who reported the interaction energies to be in the range of 
− 0.5 to − 6.4 kcal/mol for their DHB systems having H···H 
bond length within 1.746–2.662 Å. B3N3H6···HK complex 
which is identified to have the shortest H···H distance show 
comparatively larger interaction energy making it to be the 
better dihydrogen-bonded complex.

Vibrational frequencies

The vibrational frequencies of B3N3H6 with HM (M = Li, 
Na, and K) and their respective isolates were calculated 
using the B3LYP/6-311++G** level of theory. Verma and 
Viswanathan (2017) experimentally studied the dihydro-
gen bonding in borazine dimer and observed that the N–H 
symmetric and asymmetric stretching vibrations are in the 
region of 3472 cm−1 and 3458 cm−1, respectively. Theoreti-
cally calculated N–H stretching vibration frequency of the 
H···H bonded amine borane complex by Yan et al. (2016) is 
found to be 3533 cm−1. Here, the calculated N–H symmet-
ric stretching vibration for B3N3H6···HM (M = Li, Na and 
K) complexes are found to be 3263–3396 cm−1 which is 
downward shifted by 232–365 cm−1 from the correspond-
ing B3N3H6 (3628 cm−1) monomer, thereby confirming 
shift towards the red region. Large shift was observed for 
B3N3H6···HK complex which is found to have large interac-
tion energy. The N–H asymmetric stretching vibration for all 
the complexes is observed in the region of 3631 cm−1 and 
they are almost similar to its isolates. The observed values 
slightly vary from the reported literature which may be due 
to the unscaled vibration.

Oliveira (2012) study on binary and ternary complexes 
identified the H···H stretching vibration to be in the region 

Table 1   The bond length (Å) of 
isolated monomers calculated 
at B3LYP/6-311++G** and 
MP2/6-311++G** level of 
theories

Structure B3LYP MP2

B3N3H6

 B–N 1.431 1.434
 B–H 1.192 1.193
 N–H 1.009 1.010
 H–Li 1.593 1.599
 H–Na 1.888 1.908
 H–K 2.245 2.245

Table 2   The bond length of B3N3H6···HM (M = Li, Na, K) complexes 
at B3LYP/6-311++G** and MP2/6-311++G** level of theories

Complexes B3LYP MP2

Bond length (Å)
 B3N3H6···HLi B2–N2 1.425 1.428

B2–H2 1.194 1.195
N3–H3 1.022 1.022
H3···H7 1.827 1.801
H7–Li1 1.588 1.595

 B3N3H6···HNa B2–N2 1.425 1.427
B2–H2 1.194 1.195
N3–H3 1.023 1.025
H3···H7 1.821 1.769
H7–Na1 1.882 1.907

 B3N3H6···HK B2–N2 1.423 1.434
B2–H2 1.194 1.193
N3–H3 1.029 1.055
H3···H7 1.768 1.607
H7–K1 2.241 2.299

Table 3   Total energy (Etot) and BSSE corrected interaction energies 
(∆EC) of B3N3H6···HM (M = Li, Na, and K) complexes

Complexes Etot ∆EC (kcal/mol)

B3LYP MP2 B3LYP MP2

B3N3H6···HLi − 250.84 − 250.02 − 4.373 − 4.832
B3N3H6···HNa − 405.61 − 404.41 − 4.317 − 5.334
B3N3H6···HK − 843.25 − 842.10 − 5.779 − 5.886
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of 40–160 cm−1. In the same way, the H···H frequency for 
B3N3H6···HM (M = Li, Na, K) complexes are in the range of 
78–144 cm−1. The B3N3H6···HK complex has the least H···H 
stretching frequency value and these correlate well with the 
studies reported earlier (Li et al. 2011; Oliveira 2012). The 
HLi and HNa stretching vibrations are theoretically predicted 
by Alkorta et al. (2002) and Oliveira (2012) for dihydrogen-
bonded complexes and respective vibrations are in the range 
of 1400–1500 cm−1 and 1000–1300 cm−1. Li et al. (2011) 
theoretically studied the dihydrogen-bonded interaction in 
HB=BH···HK complex and observed that the HK stretching 
vibrations appear in the region of 1000–1100 cm−1. In our 
complexes, the HLi and HNa symmetric stretching vibra-
tions are observed at 1466 cm−1 and 1240 cm−1 and are blue 
shifted from the corresponding monomers (HLi = 1408 cm−1 
and HNa = 1167 cm−1). Similarly, for B3N3H6···HK com-
plex, the HK stretching vibration frequency is observed at 
1076 cm−1 which is increased by 99 cm−1 from that of the 
HK monomer. Out of all the complexes, largest blue shift is 
observed for HK interacting B3N3H6 complex which further 
agrees with the structural parameter of larger H–M bond 
distance.

Thermodynamic parameters

Thermodynamic parameters of B3N3H6···HM (M = Li, 
Na, K) complexes were analysed at different temperatures 
(100–1000 K) using B3LYP/6-311++G** level of theory. 
The standard statistical thermodynamic functions namely 
entropy (S), heat capacity (Cv), enthalpy (H) and Gibbs free 
energy (G) were calculated. To understand the thermody-
namic function, graph is plotted between different tempera-
ture versus entropy, heat capacity, enthalpy and Gibbs free 
energy and are depicted in Fig. 2a–d.

The thermodynamic function increases in positive coef-
ficient basis with the increase in temperature from 100 to 
1000 K. This may be due to the elevation of the molecular 
vibration intensity with respect to temperature. The specific 
heat capacity of the considered system gets decreased at low 
temperatures thereby obeying Debye T3 law. However, the 
specific heat capacity of the complexes gets saturated at high 
temperatures (Durga et al. 2016). Zierkiewicz and Hobza 
(2004) studied the dihydrogen bonding in X3CH···HM com-
plexes and stated that the negative Gibbs free energies are 
stable. Liu and Yan (2018) observed that the Gibbs free 

Fig. 2   Correlation graph of thermodynamic functions (S, Cv and H) and temperature for a B3N3H6···HLi, b B3N3H6···HNa, c B3N3H6···HK and d 
Dependence of Gibbs free energy (G) versus temperature
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energy decreases with an increase in the temperature for 
dihydrogen-bonded amine borane complexes and further 
found the dehydrogenation process to occur at higher tem-
peratures. Figure 2d illustrates that the Gibbs free energy 
decreases as the temperature increases and their values 
are positive up to 600 K which reveals that the formed 
complexes are not spontaneous. At higher temperatures 
(700–1000 K), Gibbs free energy is negative in the range 
of − 21.18 to − 224.9 kcal/mol for all the complexes which 
further confirms the spontaneous reaction. The variation of 
the thermodynamic parameters is linear and sustained up to 
the maximum temperature confirming that the complexes 
are highly stable.

NMR spectra

The chemical shift of 1H, 11B and 15N NMR for isolates 
and their complexes were obtained using gauge independ-
ent atomic orbitals (GIAO) at B3LYP/6-311++G** level of 
theory and the corresponding results are listed in Table 4.

Wei et al. (2016) experimentally studied the 1H NMR 
for six membered borazine derivatives and observed them 
to be in the range of 1.18–6.33 ppm. In our study, the 1H 
NMR of isolated borazine monomer is within the range of 
4.921–5.440 ppm and correlates well with the previous work. 
On adding metal hydrides, 1H NMR chemical shifts are in 
the range of 4.842–10.71 ppm for all the dihydrogen-bonded 

complexes. Most of the protons (H1, H2, H4–H7) are having 
lower chemical shift between 4.842 and 6.630 ppm because 
of the shielding effect, while protonic H3 atom have large 
chemical shift (8.694–10.71 ppm) due to deshielding effect. 
Alkorta et al. (2006) studied the dihydrogen bond interaction 
between (XH)2, X = Li, Na, BeH, and MgH and HCN, HNC, 
and HCCH complexes and observed that protonic hydrogen 
is larger than the hydridic hydrogen atoms. Similarly, com-
pared to the monomer, the chemical shift of protonic H3 
atom is increased largely due to the contribution of electron-
egative atom (N3) and metal hydride. This large variation 
of chemical shift (H3 atom) is observed for B3N3H6···HK 
complex. The chemical shift of H3 atom varies in the order 
of B3N3H6···HLi < B3N3H6···HNa < B3N3H6···HK among 
the complexes. Gervais et al. (2005) experimentally studied 
boron nitride preceramic polymer using NMR analysis and 
observed 11B NMR spectrum of B(III) coordinated atoms to be 
within the range of 0–40 ppm. Here, 11B NMR chemical shift 
of isolated monomer are in the range of 10.282–10.345 ppm 
and these values are well matched with the earlier reported 
results (Gervais et al. 2005). The chemical shift of 11B and 
15N NMR of the complexes are found to be in the range of 
9.490–9.830 ppm and 138.9–163.7 ppm, respectively. A simi-
lar trend as that of H3 atom is observed for N3 wherein more 
shift is observed for B3N3H6···HK complex.

NBO and Mulliken charge analysis

The natural bond orbital (NBO) analysis provides an efficient 
method for studying intra and intermolecular interaction and 
provides the interaction between bonding (donor or lone pair) 
and antibonding orbitals (empty or acceptor). Second-order 
perturbation theory has been employed to estimate the stabi-
lization energies of bonding and anti-bonding orbitals. The 
delocalization interaction or donor acceptor charge transfers 
can be evaluated from the off diagonal fock matrix element. 
The NBO analysis were performed for B3N3H6···HM (M = Li, 
Na, and K) complexes at the B3LYP/6-311++G** level of 
theory. The calculated stabilization energy, energy difference 
between donor and acceptor orbitals [E(j) − E(i)] and the ele-
ment of Fock matrix (F(i,j)) are listed in Table 5.

The stabilization energy E(2) of the considered com-
plexes are calculated to be in the range of 10.01–17.34 kcal/
mol and the charge transfer is between bonding orbital 
of σ (H7–Na1) or LP (H7) and antibonding orbital of 
σ*(N3–H3) bond. Earlier (Yao and Ren 2011) studied the 

Table 4   The 1H, 11B and 15N NMR of isolates and their complexes 
calculated at B3LYP/6-311++G** level of theory

Atoms B3N3H6 B3N3H6···HLi B3N3H6···HNa B3N3H6···HK

N1 139.9 138.9 138.9 138.9
N2 139.9 138.9 138.9 138.9
N3 140.0 156.4 158.1 163.7
B1 10.345 9.679 9.603 9.490
B2 10.282 9.766 9.793 9.830
B3 10.282 9.766 9.795 9.830
H1 5.439 5.200 5.201 5.175
H2 4.921 4.842 4.859 4.9
H3 5.472 8.694 8.934 10.071
H4 4.921 4.842 4.860 4.9
H5 5.440 5.200 5.201 5.715
H6 4.950 4.854 4.859 4.865
H7 – 5.439 5.976 6.630

Table 5   NBO analysis of 
B3N3H6···HM (M = Li, Na, and 
K) complexes performed at 
B3LYP/6-311++G** level of 
theory

Complexes Donor (i) Acceptor (j) E(2) (kcal/mol) E(j) − E(i) (a.u.) F(i,j) (a.u.)

B3N3H6···HLi LP (H7) σ* (N3–H3) 13.25 0.69 0.089
B3N3H6···HNa σ (H7–Na1) σ* (N3–H3) 10.01 0.71 0.076
B3N3H6···HK LP(H7) σ* (N3–H3) 17.34 0.67 0.100
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DHB in HB=BH···HM (M = Li, Na and K) complexes 
and identified that HK involved complexes have more sta-
bilization energy than HLi and HNa. In our study also 
the stabilization energy (E(2)) of B3N3H6···HK is larger 
(17.34 kcal/mol) comparatively and agrees with the earlier 
reports. The order of stabilization energy of the complex is 
B3N3H6···HK > B3N3H6···HLi > B3N3H6···HNa.

The atomic charge of the considered complexes was 
obtained at B3LYP/6-311++G** level of theory and the 
corresponding charge distribution graph is depicted in Fig. 3.

The atomic charge plays a vital role in the utilization of 
quantum mechanical calculations to the molecular system. 
Charge distribution is calculated by determining the elec-
tron population of each atom as defined by the basis func-
tion. From the charge distribution of present complexes, it 
is observed that the boron attached with hydrogen atom is 
positive except for H3 atom in Li and Na containing complex 
which may be due to the weakest interaction between the 

H···H bonds. However, for KH complex, the H3 atom has a 
positive charge exhibiting strong H···H interaction compared 
to Li and Na metal hydrides. From Mulliken charge analy-
sis, the obtained atomic charge unveils that KH atoms have 
the highest positive charge whereas H7 atom accommodates 
more negative charges than other atom. This indicates that 
H7 atom is more negatively charged, and hence can easily 
interact with the donor atom.

QTAIM analysis

The Bader’s quantum theory of atom in molecules (QTAIM) 
is a pioneer tool to understand the nature of interactions 
for various molecular systems. The topological parameters 
such as electron density (ρ), Laplacian of electron density 
(∇2ρ), ellipticity (ε), kinetic (GC), potential (VC), and sum 
of their total electronic energy density (HC), are evaluated at 
B3LYP/6-311++G** level of theory and listed in Table 6.

The QTAIM molecular graph of B3N3H6···HM (M = Li, 
Na and K) complexes is shown in Fig. 4.

The electron density (ρ) and Laplacian of electron density 
(∇2ρ) at bond critical points (bcp) for all the complexes fall 
in the range of 0.0175–0.0211 a.u. and 0.0359–0.0372 a.u., 
respectively, and are similar to the range reported by 
Grabowski et al. (2007). To understand the bonding strength, 
graph is plotted between dihydrogen bond distance (dH···H) 
and electron density (ρ) and depicted in Fig. 5. Sandhya 
et al. (2018) identified that the DHB distance increases as 
the strength of electron density decreases (ρ). A similar cor-
relation is observed between these two parameters as seen 
from Fig. 5.

Generally, sign of ∇2ρ indicates the types of bonding: pos-
itive values determine closed shell system or non-covalent 

Fig. 3   Mulliken charge distribution in B3N3H6···HM (M = Li, Na, and 
K) obtained at B3LYP/6-311++G** level of theory

Table 6   Topological parameters 
(in a.u.) of the complexes 
calculated at B3LYP/6-
311++G** level of theory

Complexes ρ ∇2ρ GC VC − GC/VC HC ε

B3N3H6···HLi 0.0175 0.0359 0.0083 − 0.0076 1.0921 0.0007 0.0189
B3N3H6···HNa 0.0181 0.03498 0.0083 − 0.0078 1.0641 0.0004 0.0176
B3N3H6···HK 0.0211 0.03723 0.00935 − 0.0094 0.9947 − 0.00005 0.0154

Fig. 4   The QTAIM molecular graph of B3N3H6···HM (M = Li, Na, K) complexes obtained at B3LYP/6-311++G** level of theory. Yellow cir-
cles denote bond paths
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interaction and negative values denote the covalent bond 
(Venkataramanan et al. 2018). Here, the (∇2ρ) is positive for 
all the H···H bonded systems thereby confirming the exist-
ence of noncovalent type. Among all the complexes, the 
largest value of ρ and (∇2ρ) is observed for B3N3H6···HK. 
Figure 6 displays the correlation between the electron den-
sity and interaction energy (∆EC) wherein it is observed 
that ρ increases with the decrease in interaction energy. 
Venkataramanan et al. (2018) reported that if the ratio of 
GC/VC > 1 then the nature of interaction is non-covalent 
while GC/VC < 1 then the interaction is considered as cova-
lent. The ratio of GC/VC and ε of the considered system are 
within the range of 0.995–1.092 a.u. and 0.015–0.019 a.u. 
which further confirms that all the complexes have non-
covalent interaction.

Molecular electrostatic potential (MEP)

To understand the dihydrogen-bonded interaction between 
molecules, molecular electrostatic potential (MEP) analysis 
for B3N3H6···HM complexes are carried out at B3LYP/6-
311++G** level of theory and are depicted in Fig. 7.

MEP provides a visual method to understand the charge 
distribution of the molecule. Generally, the red-color sur-
face represents the nucleophilic region, and the blue-color 
part denotes the electrophilic region. For all the complexes, 
blue and red regions are found to be M–H and N–H bonds 
and the green region is nearly equal to zero potential. From 
this result, N–H and M–H bonds clearly indicate strong and 
weak interaction, respectively. The MEP of ∆Vn(D), ∆Vn(A), 
∆∆Vn and interaction energy of H···H (Enb) are listed in 
Table 7.

The electron donating and accepting ability of donor 
and acceptor atoms are defined as ∆Vn(D), ∆Vn(A) and 
difference between donor ∆Vn(D) and acceptor ∆Vn(A) 
atoms are referred to as ∆∆Vn. For all complexes, ∆Vn(D) 
and ∆Vn(A) specifies positive and negative bonds indicat-
ing that donor (D) donates electron density to acceptor 

Fig. 5   Plot of the dihydrogen bond distance versus electron density 
at bcp 

Fig. 6   Correlation graph between electron density and ∆EC

Fig. 7   The molecular electrostatic potential map for B3N3H6···HM (M = Li, Na, and K) complexes calculated at B3LYP/6-311++G** level of 
theory



1617Chemical Papers (2020) 74:1609–1619	

1 3

(A) during the dihydrogen bond formation. The ∆∆Vn and 
interaction energy Enb of the complexes lie in the range of 
2.699–4.643 a.u. and − 241.08 to − 414.67 kcal/mol, respec-
tively. Mohan and Suresh (2014) in their study reported the 
electron donor–acceptor interaction (eDA) between donor 
and acceptor of non-covalent complexes (hydrogen, halogen 
and dihydrogen bond). To know the strength of donor and 
acceptor, graph (Fig. 8) is plotted between ∆∆Vn and inter-
action energy (Enb) and they confirm that the dihydrogen 
bond strength is related to the donor–acceptor strength.

Conclusion

In this work dihydrogen-bonded complexes of B3N3H6 with 
alkali metal hydrides (LiH, NaH, and KH) are investigated 
using B3LYP and MP2 with 6-311++G** basis set. The 
H···H distance of all the complexes suggests the existence 
of dihydrogen bonding and the most stable DHB distance 
was observed in B3N3H6···HK complex. The vibrational fre-
quency analysis predicts the red and blue shifts to occur in 
N–H and M–H bonds, respectively, for all the complexes. 
Large interaction energy was observed for B3N3H6···HK 
complex having the smallest H···H distance thus confirm-
ing them to be the most suitable structure for DHB. 1H, 
15N NMR study on the borazine isolate and its complexes 

predict more chemical shift for B3N3H6···HK. The corre-
lation between Gibbs free energy and temperature shows 
that the complexes are spontaneous only in the temperature 
range of 700–1000 K in the gas phase. Moreover, the NBO 
analysis revealed that B3N3H6···HK complex has more sta-
bilization energy (17.34 kcal/mol) between donor σ* (N–H) 
and acceptor LP (M–H). Topological parameters such as 
electron density (ρ) and positive values of Laplacian of 
electron density (∇2ρ) indicate that all the complexes have 
non-covalent interaction. The results of this study may be 
helpful for understanding the dihydrogen-bonded interac-
tion between borazine and alkali metal hydrides. This in 
the future may aid the researches involved in the design of 
borazine containing multi dihydrogen-bonded system for 
hydrogen storage applications.
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