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Abstract The nature of beryllium bonds formed between
BeX2 (X is H, F and Cl) and some Lewis bases have been
investigated. The distribution of the Laplacian of electron
density shows that there is a region of charge depletion
around the Be atom, which, according to Laplacian comple-
mentary principal, can interact with a region of charge
concentration of an atom in the base and form a beryllium
bond. The molecular graphs of the investigated complexes
indicate that beryllium in BeH2 and BeF2 can form “beryllium
bonds” with O, N and P atoms but not with halogens. In
addition, eight criteria based on QTAIM properties, including
the values of electron density and its Laplacian at the BCP,
penetration of beryllium and acceptor atom, charge, energy,
volume and first atomic moment of beryllium atom, have been
considered and compared with the corresponding ones in
conventional hydrogen bonds. These bonds share many com-
mon features with very strong hydrogen bonds, however,
some differences have also been observed.

Keywords Beryllium bond . Electron density . Laplacian of
electron density . QTAIM .Weak interactions

Introduction

Weak interactions play important roles in many different
areas of chemistry [1–5]. Although there are a lot of types
of noncovalent interactions, the hydrogen bond is, without
doubt, the most important one [6–9]. In fact in a hydrogen
bond, the principal role of interaction is played by the

hydrogen atom. On the other hand, the beryllium atom has
some similarities to hydrogen atom; it is electropositive and,
when it is covalently bonded to a more electronegative
atom, has low lying empty orbitals that allow it to behave
as an electron acceptor [10–14]. It seems that, Be is an
element which may be regarded as a hydrogen that has a
core of electrons! So, it is not surprising if Be participates in
special type of interactions which share common character-
istics with conventional hydrogen bonds.

Recently, Yáñez and co-workers [15] investigated the
interactions between some Be containing molecules and
different Lewis bases. They showed that the resulting com-
plexes are stabilized through an interaction between the Be
atom and the basic center of the base. They analyzed the
bonds in these systems with three different approaches:
quantum theory of atoms in molecules (QTAIM) [16], elec-
tron localization function (ELF) [17, 18] and natural bond
orbital (NBO) [19]. They indicated that although these
interactions are in general stronger than hydrogen bonds,
they share many common features. They used the term
“beryllium bond” for these interactions in order to emphasis
the similarity with hydrogen bonds. In the present work,
Laplacian of electron density, ∇2ρ, is used for some beryl-
lium complexes, to gain a deeper understanding of the
nature of these bonds. In addition, the eight QTAIM-based
criteria which are proposed by Koch and Popelier [20] to
detect and characterize hydrogen bonds, are tested for these
beryllium bonds and compared with those in different types
of hydrogen bonds.

Computational details

Molecular geometries and their electronic wave functions
were optimized at MP2/6-311+G(3df,2p) level using
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Gaussian 03 program [21]. Bader’s quantum theory of
atoms in molecules (QTAIM) [16] was used to study atomic
and bond properties. Integrations over atomic basins were
carried out using standard mode of AIMAll program [22].
This package was also used to draw contour and envelope
maps of the negative of the Laplacian of electron density.
Molecular graphs were drawn with AIM2000 [23].

The accuracy of atomic integration has been checked by
the values of N-ΣN(Ω) and L function, L(Ω) 0 −∇2ρ [24,
25]. The summations of electron atomic populations, N(Ω),
for the molecules match the total number of electrons, N,
within 0.0002 au. No atom was integrated with, L(Ω), dif-
fering from zero (the value of ideal atom delimitation [16])
by more than ±5×10−4 a.u.

Results

In the current work, the complexes formed between BeX2

(X is H, F and Cl) and some Lewis bases (NH3, H2O, H2S,
PH3, HF, HCl and HBr) have been investigated. The calcu-
lated interaction energies for these complexes have been
listed in Table 1. These values show that the strengths of
the complexes span over a broad range, from 1.2 to
27.8 kcal mol-1. This energy span is comparable to the

strength of hydrogen bonds. The table also shows that in
complexes with same BeX2 but different base, the interaction
energy is in the order NH3>H2O>PH3>H2S>HF> HCl> HBr.
Concerning different beryllium derivatives, the order is
BeCl2>BeF2>BeH2. However, when the base is HF, HCl or
HBr the order changes as BeF2> BeCl2>BeH2.

It is well known that the QTAIM provides a powerful tool
for detecting and characterizing the chemical bonds. In fact,
this theory takes advantages of electron density and its
derivatives as an information source to categorize and de-
scribe chemical bonds. In the following sections, electron
density and its Laplacian will be used to illustrate different
aspects of beryllium-base interactions.

Beryllium bond; a lump-hole interaction

In fact the Laplacian of the electron density provides a
physical basis (via local statement of virial theorem) for
the Lewis acid–base interactions [16, 26–28]. In essence,
∇2ρ measures where the electronic charge concentrated
(when ∇2ρ is negative) and depleted (when ∇2ρ is positive).
For easy reference, one may define L-function as the nega-
tive of Laplacian of electron density (i.e., L 0 −∇2ρ) and
relates the regions of charge concentration and depletions
with positive and negative values of L-function, respectively.
In the QTAIM point of view, the basic regions in molecules
are in fact the zones where the charge is locally concentrated
and conversely acidic regions are the zones where the charge
is locally depleted. A Lewis acid–base interaction can be
regarded as combination of a local charge concentration or a
‘lump’ in the valence shell charge concentration (VSCC) of
the base with a local charge depletion or a ‘hole’ in the VSCC
of the acid. Popelier called this statement “the Laplacian
complementary principle” [29].

To find the regions of charge concentrations and deple-
tions around the BeX2 molecules, their L-functions have
been calculated. Figure 1 shows the contour map of the L-
function for BeH2. As can be seen, there is a region of
charge depletion (hole) around the Be atom. In other words,
there is an acidic region around the beryllium, which
according to Laplacian complementary principal, can inter-
act with a region of charge concentration (lump) of an atom
in another molecule (base) and consequently, form a beryl-
lium bond. As an example, the interaction between BeH2 in
NH3 has been indicated in Fig. 1. The nitrogen atom in NH3

has a lump in its VSCC that interacts with the hole around
the Be atom. This lump in the VSCC of nitrogen has been
pointed by an arrow in contour and envelope maps of the
Laplacian of electron density of NH3 in Fig. 2. Topologi-
cally, each lump in the L-function, corresponds to a (3,-3)
critical point in the Laplacian of electron density (the critical
points in the L-function occur where ∇(∇2ρ) 0 0) [16]. The

Table 1 Interaction energies (kcal mol-1) and QTAIM parameters
(atomic units) at the beryllium bond BCP of the studied complexes

ΔE+BSSE ρb Lb Gb Vb Hb

BeH2—NH3 -21.39 0.059 -0.342 0.093 -0.100 -0.007

BeH2—OH2 -15.66 0.056 -0.458 0.110 -0.105 0.005

BeH2—PH3 -6.09 0.036 -0.139 0.041 -0.048 -0.007

BeH2—SH2 -5.69 0.032 -0.158 0.043 -0.046 -0.003

BeH2—FH a -4.19 – – – – –

BeH2—ClH -1.27 0.022 -0.032 0.013 -0.018 -0.005

BeH2—BrH a -1.68 – – – – –

BeF2—NH3 -24.14 0.061 -0.331 0.093 -0.102 -0.010

BeF2—OH2 -17.40 0.056 -0.423 0.103 -0.101 0.002

BeF2—PH3 -6.84 0.035 -0.120 0.037 -0.044 -0.007

BeF2—SH2 -6.68 0.032 -0.135 0.038 -0.042 -0.004

BeF2—FH -5.96 0.033 -0.287 0.064 -0.058 0.007

BeF2—ClH -2.15 0.020 -0.056 0.017 -0.020 -0.003

BeF2—BrH a -2.42 – – – – –

BeCl2—NH3 -27.49 0.069 -0.356 0.104 -0.118 -0.015

BeCl2—OH2 -19.13 0.065 -0.480 0.121 -0.121 -0.001

BeCl2—PH3 -9.13 0.044 -0.131 0.045 -0.058 -0.012

BeCl2—SH2 -8.10 0.040 -0.150 0.046 -0.054 -0.008

BeCl2—FH -5.10 0.040 -0.333 0.077 -0.070 0.007

BeCl2—ClH -1.56 0.028 -0.144 0.037 -0.038 -0.001

BeCl2—BrH -1.80 0.024 -0.104 0.028 -0.030 -0.002

a No BCP has been found between Be and halogen atom
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(3,-3) critical point of nitrogen atom in NH3 has been shown
in Fig. 3. Bonding between BeH2 and PH3 can be explained
in the same way; there is a lump in the VSCC of phosphorus
atom (Figs. 2 and 3) which interacts with the hole of beryl-
lium. On the other hand, the oxygen and sulfur in H2O and
H2S have two lumps in their VSCC (see Figs. 2 and 3) and
the beryllium bond can form between one of these lumps
and the hole in the VSCC of Be. The contour maps of the L-
function of BeF2 and BeCl2 are similar to BeH2; there is a
hole around the Be atom in these molecules. Again, the
beryllium bonds formed between BeF2 or BeCl2 and bases
can be regarded as lump-hole interactions. However, in
these cases the region of charge concentration in the VSCC
of basic atom is more polarized toward the beryllium, indi-
cating more tendency of electron sharing between N and Be.

Beryllium bond; is it similar to hydrogen bond?

As stated in the introduction, Yáñez et al. [15] showed that
beryllium bonds are, in general, similar to hydrogen bonds.
On the other hand, Popelier and Koch [20, 29–31] used
electron density as an information source to characterize
hydrogen bonds. They proposed eight criteria based on the
QTAIM to detect and classify hydrogen bonds. According
to their results, an interaction between hydrogen and another
atom can be called a hydrogen bond, if it satisfies all of
these criteria. The first criterion for existence of a hydrogen
bond is the presence of a bond critical point (BCP) between
the hydrogen atom and the acceptor atom. The second and
third criteria say that the values of electron density, ρb, and
Laplacian of electron density, ∇2ρb, at the BCP lie,

Fig. 1 Contour maps of the negative Laplacian of electron density for
BeH2 (up) and BeH2…NH3 (down). White and red lines correspond to
positive and negative values respectively

Fig. 2 The positions of non-bonded (3, -3) critical points (lumps) in
the VSCC of the basic atoms

Fig. 3 Envelope and contour maps of the Laplacian of the electron
density. Arrows indicate the position of lumps in the VSCC of basic
atoms
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respectively, within the ranges [0.002, 0.04] a.u. and [−0.15,
0.02] a.u. The forth criterion states that the hydrogen and the
acceptor atom should penetrate each other. The fifth criteri-
on asserts that the hydrogen atom losses charge upon for-
mation of hydrogen bond. The sixth condition relates to
energetic destabilization of hydrogen atom when a hydrogen
bond is formed. And finally, the seventh and eighth criteria
state that the dipolar polarization and the volume of the
hydrogen atom decrease upon complex formation.

Bearing in mind that beryllium bonds have analogies
with hydrogen bonds, it is reasonable to ask whether
they represent similar QTAIM properties or not. So, in
the next paragraphs the mentioned eight criteria is
checked for beryllium bonds and compared with those
of hydrogen bonds.

Existence of BCP

The molecular graph (MG) of H2Be…NH3 has been indi-
cated in Fig. 4. As indicated there is a bond critical point and

a bond path (BP) between Be and N atoms. Similar MGs
have been observed for other X2Be…NH3, X2Be…OH2,
X2Be…PH3, X2Be…SH2, Cl2Be…FH, Cl2Be…ClH and
Cl2Be…BrH complexes (some of these MGs presented in
Fig. 4, see also supporting information of ref. [15]). In all of
these cases the BCP lie somewhat closer to the beryllium
atom. On the other hand, the situation is different for
X2Be…FH, X2Be…ClH and X2Be…BrH complexes (when
X0H or F). In H2Be…FH and F2Be…BrH there is no BCP
and BP between Be and F, Cl or Br atoms and instead, one
or two BCPs are formed between halogen in hydrogen
halide and the X atom (H or F) in the BeX2 (Fig. 4). This
means that beryllium bond does not form in these com-
plexes. In the F2Be…FH and F2Be…ClH, complexes there
is a halogen bond interaction in addition to beryllium-
halogen interaction. It should be mentioned these results
were confirmed by CCSD calculations, that is similar MGs
have been observed for complexes between X2Be and
hydrogen halides when we evaluated the wavefunctions
generated from CCSD/6-311+G(3df,2p) calculations.

Fig. 4 The molecular
graphs of the complexes.
(Red dots are BCPs)
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The charge density at the BCP

The calculated values of electron density at the BCP, ρb, of
beryllium bonds have been listed in Table 1. It can be seen
that the values of ρb are greater than expected values for
normal hydrogen bonds and are similar to those of strong
and very strong hydrogen bonds [32].

The Laplacian of the electron density and energy density
at the BCP

The values of ∇2ρb are also collected in Table 1. All of the
values are negative which indicate depletion of electronic
charge along the bond paths and implies an electrostatic nature
for these beryllium bonds. However, the absolute values of
∇2ρb are greater than those of conventional hydrogen bonds,
and are similar to strong and very strong hydrogen bonds. It
has been previously shown that very strong hydrogen bonds
are partially electrostatic and partially covalent [32]. This is
the case for these beryllium bonds; as mentioned in Yáñez's
paper [15], the negative values of electronic energy density at
the BCPs,Hb (defined asHb 0 Gb+Vb, in which Gb and Vb are
electronic kinetics and potential energy densities [16]), pro-
posed a partially electrostatic and partially covalent nature for
beryllium bonds. The only exceptions are the bonds between
beryllium and oxygen atoms in X2Be…OH2 (when X0H or F)
and X2Be…FH (when X0F or Cl) complexes in which the
energy densities are positive and near zero.

Mutual penetration of beryllium and acceptor atoms

To estimate the penetration of beryllium and the acceptor
atoms (denoted by Y which refers to N, O, S, P, F, Cl or Br
in NH3, H2O, H2S, PH3, HF or HBr, respectively) the non-
bonding radii (r0Be and r0Y ) have been compared to the
corresponding bonding radii (rBe and rY). The non-bonding
radius of an atom is defined as the distance from its nucleus
to a 0.001 a.u. contour in the isolated molecule. For beryl-
lium, this radius evaluated in the direction perpendicular to
the BeX2 molecular axis, i.e., in the direction which Be
bond is formed. The bonding radii are taken as the distance
from a nucleus to the BCP in question. Now, the penetra-
tions of Be and Y (denoted by ΔrBe and ΔrY) are defined as
ΔrBe ¼ r0Be � rBe and ΔrY ¼ r0Y � rY , respectively. The
values of ΔrBe for the studied complexes, has been listed
in Table 2. The positive sign of these values (and those of
ΔrY) reveal that the beryllium and Y atoms penetrate each
other when a beryllium bond is formed. In addition, the ΔrBe
values are considerably higher than the reported values of
ΔrH for hydrogen bonded complexes [29].

Charge of beryllium atom

As stated earlier, when a hydrogen bond is formed, the
hydrogen atom loses electrons, or in better words, its elec-
tronic population, N(H), decreases. The changes in the elec-
tronic population of beryllium, ΔN(Be), are given in Table 2.

Table 2 Integrated atomic
properties of beryllium in the
complexes and their difference
with BeX2 monomers. The last
column indicates the values of
beryllium penetration. All of the
values are in atomic units

N(Be) E(Be) V(Be) ΔN ΔE ΔV |ΔM0| ΔrBe

BeH2—NH3 2.297 -14.203 15.042 0.011 0.035 -4.608 0.689 2.11

BeH2—OH2 2.287 -14.198 14.978 0.002 0.040 -4.673 0.585 2.13

BeH2—PH3 2.309 -14.214 16.615 0.024 0.024 -3.035 0.574 1.98

BeH2—SH2 2.300 -14.211 16.306 0.014 0.027 -3.344 0.530 1.98

BeH2—FH 2.275 -14.197 16.015 -0.011 0.041 -3.636 0.451 –

BeH2—ClH 2.285 -14.214 16.505 0.000 0.024 -3.145 0.535 –

BeH2—BrH 2.286 -14.217 16.933 0.001 0.020 -2.717 0.345 –

BeF2—NH3 2.206 -14.143 10.202 0.016 0.006 -2.443 0.674 1.66

BeF2—OH2 2.197 -14.133 10.007 0.007 0.016 -2.638 0.583 1.67

BeF2—PH3 2.209 -14.140 11.079 0.019 0.010 -1.566 0.593 1.52

BeF2—SH2 2.204 -14.135 11.016 0.014 0.014 -1.628 0.555 1.52

BeF2—FH 2.188 -14.126 10.347 -0.002 0.023 -2.298 0.203 1.54

BeF2—ClH 2.195 -14.136 11.192 0.005 0.013 -1.452 0.479 –

BeF2—BrH 2.195 -14.134 11.311 0.005 0.016 -1.333 0.349 –

BeCl2—NH3 2.244 -14.130 11.937 0.002 0.019 -3.203 0.778 2.23

BeCl2—OH2 2.235 -14.118 11.793 -0.007 0.031 -3.348 0.681 2.24

BeCl2—PH3 2.257 -14.131 12.991 0.015 0.018 -2.150 0.703 2.12

BeCl2—SH2 2.250 -14.124 12.814 0.007 0.025 -2.327 0.662 2.11

BeCl2—FH 2.228 -14.106 12.351 -0.014 0.043 -2.790 0.532 2.17

BeCl2—ClH 2.240 -14.118 13.002 -0.003 0.031 -2.138 0.549 2.06

BeCl2—BrH 2.242 -14.120 13.361 0.000 0.029 -1.779 0.543 2.02
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Unlike the hydrogen atom in the hydrogen bonds, the elec-
tronic population of beryllium, in most cases, increase (that
is ΔN(Be) become positive) upon formation of beryllium
bonds. The only exception is the complex between Cl2Be
and H2O in which ΔN(Be) is negative. It should be men-
tioned that other negative and zero values of ΔN(Be) in
Table 2 correspond to the complexes of X2Be with hydrogen
halides, in which there is no BCP between beryllium atom
and the base (and according to the first criterion cannot be
regarded as beryllium bonds) or the beryllium bond affected
by a secondary interaction (halogen bond in F2Be…FH and
F2Be…ClH and hydrogen bond in Cl2Be…ClH).

Energy of beryllium atom

The negative values of ΔE(Be) (difference between atomic
energy of beryllium in the complex and isolated BeX2) in
Table 2 show that the beryllium atom, similar to hydrogen in
hydrogen bonds, is destabilized upon complex formation.

Dipolar polarization of beryllium atom

The atomic dipole moment in BeX2 monomers is zero and
as indicated in Table 2, the value of dipolar polarization
(magnitude of atomic dipole moment) of beryllium
increases upon formation of a complex.

The volume of beryllium atom

The final criterion of hydrogen bonds states that the volume
of hydrogen atom decreases upon formation of hydrogen
bonds. For the beryllium bonded complexes, the changes in
the volume of beryllium atom, ΔV(Be), has been collected in
Table 2. As can be seen, like for hydrogen, the volume of
beryllium decreases when a beryllium bond is formed.

Conclusions

In the current work, the nature of beryllium bonds formed
between BeX2 (X is H, F and Cl) and some Lewis bases
(NH3, H2O, H2S, PH3, HF, HCl and HBr) have been inves-
tigated. The distribution of the Laplacian of electron density
of BeX2 monomers shows that there is a region of charge
depletion (hole) around the Be atom, which, according to
Laplacian complementary principal, can interact with a re-
gion of charge concentration (lump) of an atom (N, O, S, P
and sometimes halogens) in another molecule (NH3, H2O,
H2S, PH3 or hydrogen halides) and consequently, form a
beryllium bond. The molecular graphs of the investigated
complexes indicate that beryllium in BeH2 and BeF2 can
form a “beryllium bonds” with O, N and P atoms but not
with halogens. In addition, eight criteria based on QTAIM

properties, including the values of electron density and its
Laplacian at the BCP, penetration of beryllium and acceptor
atom, charge, energy, volume and first atomic moment of
beryllium atom, have been considered and compared with
the corresponding ones in conventional hydrogen bonds.
These bonds share many common features with very strong
hydrogen bonds, however some differences are also ob-
served. It has also been shown that the beryllium bonds
are partially electrostatic and partially covalent.
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