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Abstract Complexes F2XO∙∙∙HCN (X = C and Si) have been
studied by quantum chemical calculations at the MP2/aug-cc-
pVTZ level to investigate the competition between π-hole
interaction and hydrogen bond. F2XO has a dual role of a
Lewis acid and base with the π-hole on the X atom and the O
atom to participate in the π-hole interaction and hydrogen
bond with HCN, respectively. Both types of interactions be-
come stronger for X = Si, and the π-hole interaction is much
stronger than the hydrogen bond, particularly, the π-hole
interaction in F2SiO∙∙∙NCH complex shows a binding energy
of −119.8 kJ mol−1. The C-H∙∙∙O hydrogen bond is dominated
by the electrostatic interaction, and this conclusion holds for
the π-hole interaction in F2CO∙∙∙NCH complex, but the elec-
trostatic and polarization contributions are similar in
F2SiO∙∙∙NCH complex.
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Introduction

Hydrogen bond is of great importance in chemistry and the
related disciplines since it plays an important role in catalytic
reactions [1], molecular materials [2], molecular recognition
[3], and biological systems [4]. The strength of hydrogen bond
varies in a large range from several kJ mol−1 to over
100 kJ mol−1, and this character, together with its directional-
ity, makes hydrogen bond have diverse applications. If the
proton donor and acceptor molecules in hydrogen bonds are
multifunctional, namely, more than one acid and base site,

there is competition between hydrogen bond and other types
of interactions [5–10]. This competition occurs not only be-
tween different types of hydrogen bonds but also between
hydrogen bond and halogen bond, which is another important
intermolecular interaction with a base site in Lewis bases
pointing to the σ-hole (a region of positive electrostatic po-
tential) observed on the outer surface of a covalently bonded
halogen atom [11]. Hypohalous acid has often been used as a
model to study the competition between hydrogen bond and
halogen bond with H2CO [12], H2CS [13], benzene [14],
formamidine [15], and some nitrogenated bases (NH3, N2,
and HCN) [16] as the Lewis bases.

Hydrogen cyanide (HCN) is one of the most common
interstellar molecules [17], produced in space from the reac-
tions of ammonia and methane [18], and it plays a role in
atmospheric chemistry as a result of its release by biomass
burning [19], thus HCN has received considerable attention.
HCN has a dual role of the proton donor and the acceptor in
hydrogen bonds, and as the proton donor it can form different
types of hydrogen bonds such as dihydrogen bonds in
LiH∙∙∙HCN and NaH∙∙∙HCN complexes [20], single-electron
hydrogen bonds in H3C∙∙∙HCN [21] and H2B∙∙∙HCN [22]
complexes. Both molecules in these complexes can also form
another interaction, besides the hydrogen bond, for examples,
a lithium bond in HCN∙∙∙LiH complex [23] and a partially
covalent interaction in HCN∙∙∙CH3 [21] and HCN∙∙∙ BH2 [22]
complexes. Both types of interactions in these complexes can
compete, although the hydrogen bond is weaker.

According to the distribution of electrostatic potentials on
the group IVatoms, Murray, Lane and Politzer suggested that
the group IV atoms can interact favorably with Lewis bases
through the σ-hole found on covalently-bonded group IV
atoms [24]. This σ-hole interaction [25] was recently named
as tetrel bonding [26]. Mani and Arunan [27] performed a
detailed theoretical analysis for the tetrel bonding in the com-
plexes of methanol as the tetrel bond donor with the Lewis
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bases Y = H2O, H2S, HF, HCl, HBr, ClF, LiF, LiCl, LiBr,
NH3, and PH3, and the results indicated that the methyl groups
adjoined with electron-withdrawing substituents can partici-
pate in the formation of tetrel bonding. The existence of tetrel
bonding was further validated with experimental charge den-
sity analysis and a large number of known crystal structures
exhibit structural motifs [28]. The other atoms of group IVare
more favorable to form a σ-hole interaction (tetrel bonding),
which is often a preliminary stage of the SN2 reaction [29].
Such contacts were also observed in the solid-state structure of
Si(ONMe2)4 and related compounds [30, 31] as well as in
perhalocyclohexasilane compounds [32], thus they might
serve as a new possible molecular linker [26]. This new type
of σ-hole interaction has attracted our attention recently [33].

In the present paper, the complexes formed between F2XO
(X = C and Si) and HCN have been used to study the
competition between π-hole interaction and hydrogen bond.
Carbonyl fluoride (F2CO) has been suggested as a chamber-
cleaning agent to replace the traditional perfluorocarbons used
in the plasma semiconductor industry [34], and it plays an
important role in the photochemistry of the Earth’s upper
atmosphere [35], thus its structures and properties have been
studied [36–38]. Equilibrium structure and fundamental vi-
brational wavenumbers of difluorosilanone (F2SiO) have been
obtained with high-level ab initio calculations [39]. Despite
the potential importance of F2CO and HCN in atmospheric
chemistry, to the best of our knowledge, neither theoretical nor
experimental investigations have been performed for their
complexes. The present work focuses on their stabilities,
electronic structures, and vibrational frequencies. The nature
and formation mechanism of π-hole interaction have been
compared with those of hydrogen bond.

Theoretical methods

All geometry optimization and frequency calculations were
carried out via the Gaussian 09 program [40] at the MP2/aug-
cc-pVTZ level of theory. All structures were confirmed to be
local minima on the potential energy surface with no imagi-
nary frequency. The interaction energies in the dyads were
calculated with the formulas ofΔEAB = EAB - EA - EB, where
EAB is the energy of the complex, while EA and EB are the
energies of the monomers A and B with the optimized geom-
etries. The interaction energies were corrected for basis set
superposition error (BSSE) using the counterpoise procedure
of Boys and Bernardi [41] and deformation energy (DE),
defined as the difference in energy between the complex
monomer and the optimized one.

Molecular electrostatic potentials (MEPs) at the 0.001 elec-
trons Bohr−3 isodensity surfaces of F2XO were calculated
with Wave Function Analysis-Surface Analysis Suite (WFA-
SAS) program [42] at the MP2/aug-cc-pVTZ level. The

wavefunction obtained at the MP2/aug-cc-pVTZ level was
used to calculate the electron density at the critical point and
plot the molecular graph using AIM2000 software [43]. To
gain an insight into the nature of the investigated intermolec-
ular interactions, the energy decomposition analysis (EDA)
was performed within the GAMESS program [44] with the
LMOEDA method [45] at the MP2/aug-cc-pVTZ level.

Results and discussion

Molecular electrostatic potential (MEP) has been demonstrat-
ed to be effective in predicting and analyzing noncovalent
interactions. To find out the possible interaction modes in-
volved with F2XO, the MEP maps of F2CO and F2SiO mono-
mers are plotted in Fig. 1. Themost local positive and negative
MEPs in F2CO and F2SiO are clearly observed from Fig. 1.
F2XO (X = C and Si) exhibits two regions of positive MEPs
(π-holes) [46], which are perpendicular to portions of the
molecular framework. The value of MEP is 1.835 eV and
3.447 eV for the π-hole in F2CO and F2SiO, respectively.
Thus F2XO can participate in a π-hole interaction with the π-
hole as a Lewis acid, and the π-hole of F2SiO is a stronger
Lewis acid than that of F2CO in the formation of π-hole
interaction. Besides, the negative MEPs are found at the
outermost region of the O, and the F atoms in F2SiO have
much smaller negative MEPs than the O atom and even the
MEPs of the F atoms in F2CO are positive with a little value.
This indicates that F2XO can act as two types of Lewis bases
with the O and F atoms simultaneously and F2SiO is a stron-
ger Lewis base than F2CO.

According to the MEPs of F2XO, it can be concluded that
this moleculemay interact with HCN through three interaction
modes: a H∙∙∙O hydrogen bond between the H atom of HCN
and the O atom of F2XO, a bifurcate H∙∙∙F hydrogen bond
between the H atom of HCN and the two F atoms of F2XO,
and a π-hole interaction between the N atom of HCN and the
π-hole of F2XO. The three interaction modes are labeled as
HB1, HB2, and PHB, respectively. Figure 2 shows the equi-
librium structures of six dyads of F2XO and HCN. Accord-
ingly, the six dyads are denoted as C-HB1, Si-HB1, C-HB2,
Si-HB2, C-PHB, and Si-PHB, respectively. The existence of
these interactions can be evidenced by the presence of a bond
critical point (BCP) between bothmolecules (a small red point
in Fig. 3). The bifurcate H∙∙∙F hydrogen bond is also charac-
terized by the presence of a ring critical point (RCP, a small
yellow point in Fig. 3).

Table 1 presents the binding distance and interaction ener-
gy in the dyads. The binding distance in the C-H∙∙∙O hydrogen
bond is smaller than the sum of the van der Waals radii of the
corresponding atoms (2.72 Å for H and O atoms) [47], and Si-
HB1 displays a shorter binding distance than C-HB1. A
similar result is also found for the C-H∙∙∙F hydrogen bond in
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C-HB2, however, in Si-BH2, it is larger than the sum of the
van der Waals radii of the corresponding atoms (2.67 Å for H
and F atoms), indicating that the C-H∙∙∙F interaction is very
weak and belongs to a van derWaals interaction. Si-PHB has a
shorter binding distance relative to the sum of the van der

Waals radii of the corresponding atoms (3.65 Å for Si and N
atoms) than C-PHB, where the sum of the van der Waals radii
of the C and N atoms is 3.25 Å.

We first consider the effect of BSSE on the interaction
energy. The proportion of BSSE to the interaction energy is
about 71–164 % for the van der Waals interaction, 11–20 %
for the hydrogen bond, and 7–17 % for the π-hole interaction.
Clearly, BSSE has a great effect on the interaction energy of
weak van derWaals interaction, but its effect on the interaction
energies of hydrogen bond and π-hole interaction is within
acceptable range. It is necessary to point out that this van der
Waals complex is not our focus in this paper. In addition, the

Fig. 1 Molecular electrostatic potentials of F2XO (X = C and Si) and
HCN. Color ranges are: red, greater than 0.82; yellow, between 0.82 and
0; green, between 0 and −0.27; blue, less than −0.27. All are in eV

Fig. 2 Structures of π-hole interaction- and hydrogen-bonded dyads
formed of F2XO (X = C and Si) and HCN

Fig. 3 Molecular graphs of dyads. Yellow and red dots indicate the
locations of ring and bond critical points, respectively. Electron densities
at the RCPs and BCPs are in au
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effect of BSSE on the hydrogen bond and π-hole interaction is
more prominent in the F2CO complex than that in the F2SiO
counterpart. Then we consider the effect of deformation of the
monomer on the interaction energy. One can see from Table 1
that the deformation energy is very small in most complexes
except F2SiO∙∙∙NCH, where the geometry of F2SiO has a
prominent deviation from the planar structure in the monomer.
In the following discussion, the interaction energy corrected
for BSSE is used in all cases unless otherwise stated.

The C-H∙∙∙O hydrogen bond in Si-HB1 is stronger than that
in C-HB1, which is consistent with the negativeMEP on the O
atom in F2CO and F2SiO, giving a hint that the electrostatic
interaction is important in the formation of C-H∙∙∙O hydrogen
bond. The stronger C-H∙∙∙O hydrogen bond in Si-HB1 is
characterized with the larger elongation of C-H bond
(0.009 Å) and the bigger red shift of C-H stretch vibration
frequency (−120 cm−1) (Table 2). This conclusion is further
confirmed by the electron density at the H∙∙∙O BCP in Fig. 3,
which is 0.0123 au and 0.0218 au in C-HB1 and Si-HB1,
respectively. The C-H∙∙∙O hydrogen bond results in a small
and similar change in the X=O, F-X, and C≡N bond lengths as
well as the shift of C≡N stretch vibration frequency in C-HB1
and Si-HB1, although they have a great difference in stability.
Interestingly, the C-H∙∙∙O hydrogen bond in Si-HB1 is stron-
ger than the O-H∙∙∙O hydrogen bond in water dimer with the
interaction energy of −5.01 kcal mol−1 at the CCSD(T)/CBS
level [48].

The interaction in C-HB2 and Si-HB2 is very weak with
the interaction energy less than −1 kJ mol−1, and even the
interaction energy in Si-HB2 is positive, which is inconsistent
with the MEPs on the F atoms in F2CO and F2SiO, indicating
that the electrostatic contribution is feeble in the C-H∙∙∙F
interaction. This weak C-H∙∙∙F interaction leads to a tiny
change in the C-H and C≡N bond lengths but an observed
blue shift (12–14 cm−1) of the C-H stretch vibration. Clearly,
the C-H stretch vibration undergoes a change from a blue shift
to a red shift with the increase of interaction strength. Such
shift change has also been observed for the H-Ar stretch
vibration in FArH∙∙∙CO when it combines a lithium bond with
CH3Li [49]. The X-F bond is elongated in the C-H∙∙∙F inter-
action, which is reverse to the contraction of this bond in the
C-H∙∙∙O hydrogen bond. This weak C-H∙∙∙F interaction is also
characterized with the small electron density at the H∙∙∙F BCP
and RCP, and its change in strength can also be estimated with
the electron density.

As expected, the π-hole interaction in Si-PHB is much
stronger than that in C-PHB, adhering to the variation of
MEP on the π-hole in F2CO and F2SiO. However, the
rangeability of the PHB interaction energy is more prominent
than that of the MEP on the π-hole in F2XO. Thus we
conclude that there is another important contribution to the
stability of C-PHB and Si-PHB, although the electrostatic
contribution is important for it. The interaction energy
corrected for BSSE and DE is about −120 kJ mol−1 in Si-
PHB, thus the π-hole interaction in this complex is very
strong. This strong π-hole interaction in Si-PHB is character-
ized by a big electron density at the Si N BCP, which is much
larger than that at the C∙∙∙N BCP in C-PHB, although both
BCPs are different in nature. The weak π-hole interaction in
C-PHB causes a small change in the geometry and a small
shift of bond stretch vibrations, whereas the strong one in Si-
PHB makes the related bonds changed greatly and the C≡N
stretch vibration exhibits a large blue shift of 113 cm−1, which
is large enough for the triple bond.

The interaction energy in the π-hole interaction is more
negative than that in the C-H∙∙∙O hydrogen bond, that is, the π-
hole interaction is stronger than the C-H∙∙∙O hydrogen bond.
Their difference in strength is small for the F2CO complex,
showing both types of interactions can compete between
F2CO and HCN. However, this difference is very large in
the F2SiO complex, indicating the π-hole interaction is dom-
inant when F2SiO interacts with HCN, although the C-H∙∙∙O
hydrogen bond can also not be neglected. The above conclu-
sions can be rationalized with the difference in electrostatic
potential between the Lewis acid and base. For the com-
plexes of F2CO and HCN, this difference is close for both
the π-hole interaction and C-H∙∙∙O hydrogen bond. How-
ever, for the complexes of F2SiO and HCN, it is obvious-
ly larger in the π-hole interaction than that in the C-H∙∙∙O
hydrogen bond.

Table 1 Binding distance (R, Å) and interaction energy (ΔE, kJ mol−1)
corrected for BSSE and DE in the dyads at the MP2/aug-cc-pVTZ level

R ΔE BSSE ΔECP DE ΔECP+DE

C-HB1 2.174 −13.46 2.66 −10.8 0.2 −11.0
C-HB2 2.549 −3.15 2.25 −0.9 0.13 −1.03
C-PHB 2.767 −17.22 2.92 −14.3 0.3 −14.6
Si-HB1 1.971 −28.06 3.96 −24.1 0.3 −24.4
Si-HB2 2.647 −1.39 2.29 0.9 0.4 0.5

Si-PHB 1.957 −102.97 7.47 −95.5 24.3 −119.8

ΔECP = ΔE + BSSE, ΔECP+DE = ΔE + BSSE - DE

Table 2 Changes of bond lengths (Δr, Å) and frequency shifts of stretch
vibrations (Δv, cm−1) in the dyads at the MP2/aug-cc-pVTZ level

Δr1 Δr2 Δr3 Δr4 Δv1 Δv2

C-HB1 0.002 0.001 0.002 −0.006 −19 3

C-HB2 0.000 0.000 −0.003 0.004 12 1

C-PHB 0.001 −0.001 0.001 −0.001 −9 10

Si-HB1 0.009 0.000 −0.001 −0.005 −120 −1
Si-HB2 −0.001 0.000 −0.001 0.004 14 0

Si-PHB 0.003 −0.012 0.007 0.018 −20 113
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To probe into the feature of electron density shifts during
the formation of the complex, the maps of electron density
difference in the dyads are presented in Fig. 4. These maps
were obtained by subtracting the electron density of each
isolated molecule fixed with the geometry in the dyad from
the total electron density of the dyad. Red areas indicate an
increased electron density, whereas blue regions represent a
decreased electron density. For the three different types of
interactions, there are some common features in the electron
density shifts: the concentrated density occurs for the electron
donor atoms, while the loosened density is observed for the
electron acceptor atoms. Both types of areas become larger in
the same order of HB2<HB1<PHB and F2CO<F2SiO as the
change of the interaction energy in these dyads. The electron
density shifts can be effective to compare the strength of C-
H∙∙∙F interaction in C-HB2 and Si-HB2 although this interac-
tion is very weak. The red region on the O atom in HB1 is
closer to the blue one on the H atom with the enhancement of
C-H∙∙∙O hydrogen bond. For Si-PHB with a strong π-hole
interaction, the red region on the N atom has been enwrapped
by the blue region from the π-hole. Additionally, the electron
densities on the F atoms in HB1 have reverse shifts to those in
PHB.

To unveil the nature of the above three types of interac-
tions, the interaction energies in the dyads formed of F2XO
and HCN were decomposed into five components: electro-
static energy (Eele), exchange energy (Eex), repulsion energy
(Erep), polarization energy (Epol), and dispersion energy
(Edisp), and the results are collected in Table 3. For the
C-H∙∙∙O hydrogen bond in C-HB1 and Si-HB1, the attractive
terms become larger in order of Eele > Eex > Epol > Edisp,
although the Edisp term is positive in Si-HB1, indicative of the
electrostatic nature of hydrogen bonds with moderate strength
like O-H∙∙∙O hydrogen bond in water dimer [45]. For the weak
C-H∙∙∙F interaction in C-HB2 and Si-HB2, the Eele term is

even positive and the Edisp term is more negative than the Epol

one, which is consistent with the nature of weak interactions
[50]. For the π-hole interaction in C-PHB and Si-PHB, the
very large Eex and Erep indicate that there is a significant
orbital overlap between F2XO and HCN. The electrostatic
energy is also dominant in the π-hole interaction of C-PHB
like that in the C-H∙∙∙O hydrogen bond, although the Epol and
Edisp terms have a different change for both types of interac-
tions. The π-hole interaction in Si-PHB shows a relatively
large value of Epol = −202.5 kJ mol−1, although it is a little
smaller than the Eele value, suggesting that the orbitals under-
go significant change in their shapes, which is a typical feature
in the formation of a covalent bond and can be reflected in the
deformation of F2SiO in the complex. Thus the Epol term has a
comparable contribution to the stability of Si-PHB with the
Eele term.

Conclusions

Binary systems composed of F2XO (X = C and Si) and HCN
molecules have been investigated. Both molecules can be
combined with a C-H∙∙∙O hydrogen bond, a C-H∙∙∙F van der
Waals interaction, and a π-hole interaction, respectively. The
C-H∙∙∙O hydrogen bond can compete with the π-hole interac-
tion in the complexes of F2CO and HCN, while F2SiO is more
inclined to form the π-hole interaction than the C-H∙∙∙O hy-
drogen bond with HCN. Both C-H∙∙∙O hydrogen bond and π-
hole interaction are stronger in the F2SiO complexes than
those in the F2CO counterpart. The C-H∙∙∙F van der Waals
interaction is dominated by dispersion energy, while the C-
H∙∙∙O hydrogen bond is governed by electrostatic interaction.
The π-hole interaction in F2CO∙∙∙NCH complex exhibits an
electrostatic nature, while that in F2SiO∙∙∙NCH complex is
controlled jointly by electrostatic and polarization energies.
For F2SiO∙∙∙NCH complex, the large polarization energy in
the π-hole interaction indicates that this bond has a nature of
partially covalent interaction.
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