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Abstract MP2(full)/6-311++G(3df,3pd) calculations were
carried out on complexes linked through various non-
covalent Lewis acid – Lewis base interactions. These
are: hydrogen bond, dihydrogen bond, hydride bond and
halogen bond. The quantum theory of ´atoms in mole-
cules´ (QTAIM) as well as the natural bond orbitals
(NBO) method were applied to analyze properties of these
interactions. It was found that for the A-H…B hydrogen
bond as well as for the A-X…B halogen bond (X desig-
nates halogen) the complex formation leads to the increase
of s-character in the A-atom hybrid orbital aimed toward
the H or X atom. In opposite, for the A…H-B hydride
bond, where the H-atom possesses negative charge, the
decrease of s-character in the B-atom orbital is observed.
All these changes connected with the redistribution of the
electron charge being the effect of the complex formation
are in line with Bent´s rule. The numerous correlations
between energetic, geometrical, NBO and QTAIM param-
eters were also found.

Keywords Bent´s rule . Dihydrogen bond . Halogen bond .

Hydride bond . Hydrogen bond . Non-covalent interaction .

Natural bond orbitals method . Quantum theory of ´atoms
in molecules´ (QTAIM) . The Lewis acid-Lewis base
interaction

Introduction

The role of non-covalent interactions in various chemical and
biochemical processes is the subject of numerous investiga-
tions [1]. The hydrogen bond is most often analyzed among
such interactions and its key role in different reactions and
phenomena is very well known [2–5]. However in recent
years the significance of other non-covalent interactions is
also analyzed extensively [6]. These are, for example, halogen
bond [7–10], dihydrogen bond [11–14], hydride bond [15–18]
and halogen-hydride bond [6]. There are also other examples
of non-covalent interactions, for example, very recently the
N…P attractive interaction was analyzed [19, 20] and dis-
cussed in terms of ab initio calculations and the natural bond
orbitals (NBO) theory [21–23]. For all of them the electrostat-
ic interaction is very important since the positively charged
Lewis acid center interacts with the negatively charged Lewis
base center [1, 10]. This is in line with the σ-hole concept
which was applied to the halogen bond and to other non-
covalent interactions [1, 10, 24–29].

The common feature of the interactions mentioned above
is the electron charge transfer from the Lewis base to the
Lewis acid being the result of complex formation [6]. In
other words, the Lewis acid moiety is usually negatively
charged in the complex. This is why not only the electro-
static interaction is important for such complexes, but also
the charge transfer and polarization contributions usually
attributed to the covalency of interaction. The covalent
character of hydrogen bond was mainly analyzed and dis-
cussed in previous studies [30]. The term Lewis acid –
Lewis base interaction seems to be more proper than the
term non-covalent interaction for the hydrogen bond, halo-
gen bond and all other interactions where the complex
formation is connected with the significant electron charge
redistribution. Such a term indicates the character of two
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interacting moieties, the Lewis acid and the Lewis base, and
it shows their electron accepting and electron donating
abilities, respectively.

There are common properties of the Lewis acid – Lewis
base interactions; they were mainly analyzed for the hydro-
gen bond [30, 31]. For example, two effects are attributed to
the complex linked through the A-H…B hydrogen bond: the
hyperconjugative effect of the A-H bond weakening and the
rehybridization-promoted A-H bond strengthening [32].
The first effect, the hyperconjugative interaction, is well
known and it was analyzed many times before [21–23]. It
is connected with the electron charge transfer from the lone
pair of B into the antibonding σ* orbital of the A-H bond.
The second effect leads to the increase of the s-character in
the A-atom hybrid orbital of the A-H bond and it is
connected with strengthening this bond [32]. The increase
of s-character correlates with the strength of the hydrogen
bond interaction; for the stronger hydrogen bond the greater
s-character is observed [32–34]. It was also pointed out that
the rehybridization effect is in line with Bent´s rule [32].
According to the Bent rule atom maximizes the s-character
in hybrid orbital aimed toward electropositive substituent.
Atom maximizes its p-character and minimizes its s-
character in such orbital aimed toward electronegative sub-
stituent [35]. Both effects, the hyperconjugation and rehy-
bridization, are attributed to all hydrogen bonds [32].

According to the previous investigations mentioned
above [21–23, 32] the A-H…B hydrogen bond formation
may be described in the following way. This is partly elec-
trostatic interaction. However it is also connected with the
electron charge transfer from the Lewis acid to the Lewis
base, i.e., from the proton acceptor (B) to the proton donat-
ing part (A-H). This charge transfer is greater for stronger
hydrogen bonds and shorter proton – acceptor distances. It
leads to the increase of the polarization of the A-H proton
donating bond. In other words the electron charge is further
transferred from the H-atom into the electronegative A-atom.
This is connected with the increase of s-character in the A-
atom hybrid orbital aimed toward the H-atom. The latter effect
is in line with Bent´s rule since the H-atom may be treated as
the electropositive substituent influencing the A-center. The
repolarization of the A-H bond being the result of the hydro-
gen bond formation is connected with the increase of the
positive charge of H-atom. One may say that the H-atom is
more electropositive after complex formation what leads to
the greater s-character in the A-hybrid orbital according to
Bent´s rule. It seems that the electron charge redistribution is
connected with an unexpected phenomenon [21] since there is
the electron charge transfer from the proton acceptor (B) to the
proton donor (A-H) but it leads to the increase of the positive
charge of the H-atom in the A-H bond.

Other properties of hydrogen bonded complexes may be
mentioned. For example, the decrease of the volume of H-

atom of the A-H…B system [36, 37] or more recently found
property of the increase of the radius of A-atom and the
decrease of the radius of H-atom [38]. The latter radii may
be treated as a result of the partitioning of the A-H bond. If
the H-radius decrease outweighs the increase of the A-atom
radius then the blue shift hydrogen bond connected with the
decrease of the A-H bond length is observed [38] as a result
of compelxation. These consequences of the hydrogen bond
formation are observable for other Lewis acid – Lewis base
interactions [39, 40]. For example, the A-X…B halogen
bond formation (X designates Cl, Br or I atom) is connected
with the increase of the X-atom positive charge and conse-
quently with the increase of the s-character in the A-atom
hybrid orbital aimed toward X and with the decrease of the
X-volume [39, 40].

The aim of this study is to show that one can observe
common properties for all Lewis acid – Lewis base inter-
actions. It is proved here that the same mechanism occurs
for the formation of hydrogen, halogen, hydride and dihy-
drogen bond. This means that for complexes linked through
such interactions common processes follow the electron
charge transfer from the Lewis base moiety to the Lewis
acid one. The processes discussed here for different Lewis
acid – Lewis base interactions were analyzed before only for
hydrogen bonds.

Computational details

The calculations were carried out with the Gaussian09 set of
codes [41]. The complexes linked through various types of
Lewis acid – Lewis base interactions were taken into account
(see Fig. 1). These are the hydrogen bonded (HB) complexes:
H2O… HOH, F3CH…OH2, FH…C2H4, two complexes with
dihydrogen bonds (DHBs): NH4

+…HBeH and NH4
+…

HMgH, the complex with halogen bond (XB) F3CCl…
OCH2 and two complexes where the hydride bond (HyB)
exists: Na+…HBeH and Na+…HMgH. Such a choice allows
to consider and to compare different kinds of interactions.
Even for hydrogen bonded systems there is a variety of
interactions since one can see the typical O-H…O hydrogen
bond for the H2O… HOH, the C-H…O blue shift hydrogen
bond for the F3CH…OH2 complex since the shortening of the
C-H bond as a result of complex formation was observed here
[42], and the FH…π hydrogen bond with π-electrons as the
proton acceptor for the FH…C2H4 complex.

The complexes were optimized at the MP2(full)/6-311++G
(3df,3pd) level, they are in energetic minima since no imaginary
frequencies were observed for them. The binding energies for
the mentioned above complexes were calculated. These are the
differences between the total energy of the complex and the
energies of monomers. These energies were corrected for the
basis set superposition error (BSSE) by the counterpoise
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method [43]. The energies of optimized geometries of isolated
monomers were taken for the calculation of binding energies.
Hence the deformation of monomers as a result of the complex
formation is included. In other words, the binding energies
contain the deformation energy term [44, 45].

The quantum theory of ‘atoms in molecules’ (QTAIM)
[46–49] was applied to find the bond paths and the
corresponding critical points (BCPs). The QTAIM calcula-
tions were carried out with the use of the AIMAll program
[50]. There are the following characteristics of BCP usually
considered: the electron density at BCP (ρBCP), its Laplacian
(∇2ρBCP), the total electron energy density at BCP (HBCP), the
potential electron energy density (VBCP) and the kinetic elec-
tron energy density (GBCP). There are the relationships be-
tween the characteristics mentioned above (in atomic units).

1=4r2ρBCP ¼ 2GBCP þ VBCP and HBCP ¼ GBCP þ VBCP ð1Þ
The natural bond orbitals (NBO) method [21–23] was

also applied. For the A-H…B hydrogen bond, the nB →
σAH* interaction is one of its main characteristics. It is
connected with the maximum nB → σAH* overlapping, nB
designates the lone electron pair of the proton acceptor and
σAH is an antibonding orbital of the proton donating bond.
The nB → σAH* interaction energy is calculated (Eq. 2) as
the second-order perturbation theory energy.

ΔEðnB ! σAH
*Þ¼ �2 nB Fj jσAH

*
� �2

" σAH
*

� �� " nBð Þ� �� ð2Þ

nB Fj jσAH
*

� �
designates the Fock matrix element and (ε

(σAH*) - ε (nB) ) is the orbital energy difference. For the

Fig. 1 The complexes analyzed in this study; the hydrogen bonded
ones: (a) H2O… HOH, (b) F3CH…OH2, (c) FH…C2H4, with dihy-
drogen bonds: (d) NH4

+…HBeH and (e) NH4
+…HMgH, the complex

with halogen bond – (f) F3CCl…OCH2 and two complexes with the
hydride bond (g) Na+…HBeH and (h) Na+…HMgH
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H2O…HOH and F3CH…OH2 complexes there are the nO →
σOH* and nO→ σCH* interactions, respectively. Equation 2 is
slightly modified for other interactions considered here. The
A-H…H-B dihydrogen bond may be treated as a special type
of the A-H…B hydrogen bond [30, 51]. However for two
dihydrogen bonded complexes considered here, NH4

+…
HBeH and NH4

+…HMgH, there are the σBeH → σNH* and
σMgH→ σNH* interactions, respectively. Themaximum nO→
σCCl* overlapping is considered for the C-Cl…O halogen
bond. For hydride bonds it is the σBe-H → nNa* or σMg-H →
nNa* interaction. In the case of the hydrogen bond with π-
electrons as the proton acceptor this is the πCC → σFH*
interaction. The ENBO designation for the nB → σAH* inter-
action energy (Eq. 2) and all the other related and mentioned
above is further applied here.

Results and discussion

Energies and NBO parameters

Table 1 presents energetic and NBO parameters for the com-
plexes considered in this study. These are the binding and NBO
energies, ΔE and ENBO, respectively. The latter energies are
expressed by Eq. 2 or its modifications described in the previous
section. The s-character in the A or B hybrid orbital aimed
toward the H-atom is included, in the case of the halogen bond
it is the Cl-atom instead of the H-atom. Table 1 also presents the
polarization of the A-H (or A-Cl) and of the B-H bond (% at A
or B atom). The latter two terms are named further here shortly
as the s-character and the bond polarization. A and B correspond
to the designations proposed previously for the Lewis acid –
Lewis base interactions [39]. For example, the hydrogen bond is
designated as A-H…B since the positively charged H-atom is
connected with the A-center. The A-H bond belongs to the
Lewis acid sub-unit of the complex while B is the Lewis base
center; the O-H…O, C-H…O and F-H…π hydrogen bonds are
considered here. The hydride bond where the negatively
charged H-atom is situated between two electropositive centers
is designated as A…H-B. Two interactions of this type, Na+…
H-Be and Na+…H-Mg, are analyzed in this study. Two A-H…
H-B dihydrogen bonds, N-H…H-Be and N-H…H-Mg are in-
cluded in the sample analyzed and one complex with the A-X…
B halogen bond, i.e., C-Cl…O. One can see that A and B
designate the centers of the Lewis acid and Lewis base moieties,
respectively. If the H-atom is connected with the A-center then it
is positively charged and it acts as the electron acceptor center.
Such a case is observed for hydrogen bonds and for one of H-
atoms in dihydrogen bonds. The negatively charged H-atom is
connected with B for the A…H-B hydride bond and for the A-
H…H-B dihydrogen bond.

Table 1 shows the strongest interactions for the Na+…
HMgH and NH4

+…HMgH complexes, i.e., for the hydride

and dihydrogen bond, −21.9 and −18.9 kcal mol−1, respec-
tively. The halogen bond presented here is the weakest
interaction among the systems considered here, i.e.,
−1.9 kcal mol−1. This is connected with the choice of CF3Cl
sub-unit. The most positive electrostatic potential for the Cl
atom (on the 0.001 au surface) for the latter moiety amounts
to 16.3 au (B3PW91/6-31G** level calculations – ref. [24])
while for the Br atom of CF3Br and the Cl atom of HCCCl it
is equal to 21.3 and 20.6 au, respectively [24]. It was
pointed out that the strength of halogen bond increase in
the order Cl < Br < I. For example, for CF3Cl…NH3,
CF3Br…NH3 and CF3I…NH3, the binding energies are
equal to −2.3, −4.7 and −6.4 kcal mol−1, respectively [24].
Generally halogen bonds are not the weakest Lewis acid –
Lewis base interactions. Very often their strength is compa-
rable with the strength of hydrogen bonds [7]. However it
was pointed out [18] that hydride bonds are very strong with
energies often outweighing 20 kcal mol−1 (if the modulus of
the binding energy value is considered). The ENBO energy
connected with the electron charge transfer from the Lewis
base to the Lewis acid is very low for the hydride bonds and
for the halogen bond. And it is the greatest one for the
dihydrogen bonds and next for the hydrogen bonds. It is
worth mentioning that the hydride and dihydrogen bonds
considered here are assisted by charge and this is the reason
why such interactions may be stronger than the other ones. It
was found that for the charge assisted hydrogen and dihy-
drogen bonds the delocalization interaction energy term is
the most important attractive term [52]. The delocalization
energy is approximately the sum of polarization and charge
transfer energy terms. This is why the greatest charge

Table 1 The parameters of complexes analyzed in this study; the
binding energy, ΔE (kcal mol−1), the ENBO defined by Eq. 2
(kcal mol−1) or its modifications, the s-character in the hybrid A or B
orbital, the polarization of A-H(Cl) or B-H bond (% at A or B)
corresponding to the A or B atom indicated in column with s-
character. The values given in parentheses correspond to the monomers
not involved in intermolecular interactions

Complex ΔE ENBO s-character – A/B Polarization

Lewis acid properties

NH4
+…HBeH −9.9 15.4 28.6(25.0) – N 75.0(72.9)

NH4
+…HMgH −18.9 37.6 30.2(25.0) – N 76.9(72.9)

F3CH…OH2 −3.2 4.0 31.7(30.4) – C 58.5(56.6)

F3CCl…OCH2 −1.9 1.7 27.0(26.4) – C 47.3(46.7)

FH…C2H4 −4.2 7.3 24.5(21.1) – F 79.0(77.8)

H2O…HOH −4.6 7.8 26.2(23.4) – O 74.9(73.2)

Lewis base properties

NH4
+…HBeH −9.9 15.4 47.8(49.9) – Be 20.5(28.1)

NH4
+…HMgH −18.9 37.6 46.5(49.8) – Mg 11.5(19.9)

MgH2…Na+ −21.9 2.4 43.2(49.8) – Mg 10.7(19.9)

BeH2…Na+ −12.2 1.3 46.7(49.9) – Be 19.9(28.1)
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transfer energy expressed by Eq. 2 is observed for the
charge assisted dihydrogen bonds analyzed here. The great-
er values of binding energies for the hydride bonds are
connected with the meaningful polarization and electrostatic
interaction energy terms.

The s-character for the Lewis acids concerns N, C, F and
O atoms connected with the hydrogen or chlorine (Table 1).
One can see that it increases for complexes in comparison
with corresponding monomers not involved in interactions.
This effect was observed previously for the hydrogen bond-
ed complexes [32–34] and it has been pointed out that the
increase of the s-character is one of the main characteristics
of hydrogen bond formation [32]. Such increase of the s-
character was also observed recently for the A-X…B halo-
gen bonds [39]. This is observed here for the hydrogen
bond, halogen bond and dihydrogen bond. The increase of
the s-character is accompanied by the increase of the polar-
ization of the A-H (or A-Cl) bond (% at A). It seems that this
is the common characteristic of the Lewis acid moiety in the
Lewis acid – Lewis base interactions.

The reverse trends are observed for the Lewis base sub-
unit (Table 1). The complex formation leads to the decrease
of s-character (B hybrid orbital) and of the B-H bond polar-
ization (% at B 0 Be, Mg). Figure 2 shows the dependence
between the change of s-character and the strength of inter-
action. The clear relationship is not observed here; especial-
ly the C2H4…HF complex is out of the hardly accepted
trend. The latter is probably connected with the special
features of the hydrogen bonds where π-electrons play the
role of the proton acceptor [53]. For example, one can
observe the large delocalization energy contribution in com-
parison with the other attractive interaction energy terms for
such interactions [52]. The other reason for the lack of

correlation between the change of s-character and the
strength of interaction is connected with the diversity of
the sample, various complexes and different interactions
are considered. However one can see that the complex
formation for any interaction analyzed is connected with
the increase or decrease of s-character, it depends if the
Lewis acid or Lewis base moiety is considered. The
correlations between the change in s-character and the
parameters related to the strength of interaction were
observed for the samples of complexes linked through
the same kind of interactions [32–34].

The s-character in the A or B hybrid orbital in the
complex presented in Fig. 2 is normalized in relation to
the s-character for the isolated Lewis acid or Lewis base
not involved in any interaction (Eq. 3).

s� normalized ¼ scomplex � smonomer
� �

=smonomer ð3Þ
The latter value is negative for the B hybrid orbital and it is
positive for the A hybrid orbital (Fig. 2).

QTAIM characteristics

Table 2 presents selected QTAIM parameters for the com-
plexes analyzed here. The electron density at the bond
critical point (BCP), ρBCP, the total electron energy density
at BCP, HBCP, the charges of the Lewis acid and Lewis base
sub-units, ΔQ, and the atomic integrated charges, q. The
atomic charges concern atoms directly involved in intermo-
lecular interactions (H and Cl atoms) and the atoms
connected with the latter ones, i.e., the A and B atoms.
The ρBCP and HBCP characteristics concern the BCP of
intermolecular contact; H…B for hydrogen bonds, H…H
for dihydrogen bonds, Cl…B for halogen bond and H…A
for hydride bonds. One can observe that ΔQ is negative for
the Lewis acid moieties and it is positive for the Lewis bases
for all complexes considered. This is connected with the
common characteristic of the Lewis acid – Lewis base
interaction, the electron charge transfer from the Lewis base
to the Lewis acid [6]. The greatest transfer occurs for DHBs
while it is meaningless for the halogen bond. There are
similar observations for ρBCP, the greatest values for DHBs
are observed and the smallest one for halogen bonding. This
is interesting that ρBCP´s are rather low for the hydride
bonds which are characterized by the large binding energies.
For DHBs considered here the negative values of HBCP are
observed which means that these interactions are partly
covalent in nature [54, 55], HBCP´s for stronger hydride
bonds are positive. Hence, according to the QTAIM charac-
teristics, the hydride bonds are not covalent in nature. Figure 3
presents the relationship between the s-normalized parameter
and the charge of the Lewis acid or Lewis base sub-unit,ΔQ.
White circles correspond to DHBs for which the greatestΔQ

Fig. 2 The relationship between the binding energy, ΔE (kcal mol−1),
and the s-normalized parameter (see Eq. 3), open circles correspond to
the dihydrogen bonded systems
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are observed. Additionally the dihydrogen bonds may be
treated as the sub-class of hydrogen bonds and as the sub-
class of hydride bonds since they possess the characteristics of
both latter interactions [15, 18]. For the remaining interactions
(after the exclusion of DHBs) the excellent correlation is
observed. This seems to be an important finding since the
complexes considered are linked through different kinds of
interactions (Fig. 3).

There are other interesting results collected in Table 2.
One can see that for the Lewis acid moiety, the complex
formation leads to the increase of the positive charge of the
atom connected with A, i.e., hydrogen or chlorine atom, q(H)
or q(Cl). The only exception is the H-atom of the F-H…π
hydrogen bond. The latter is probably connected with the
enormous electron charge transfer as a result of complex
formation into HF molecule in spite of a rather weak interac-
tion for FH…C2H4 complex. It is worth mentioning that the
increase of the positive charge of the H-atom in the A-H…B
hydrogen bond is one of the main signatures of the existence
of such an interaction [21, 37]. One can also observe (Table 2)
the negative A-atom charge increase. It is connected with the
increase of the polarization of the A-H (A-Cl) bondmentioned
earlier here. These changes are in line with Bent´s rule [35]
since the increase of the positive charge of the H or Cl atom is
connected with the increase of s-character. In other words, the
complex formation leads to the increase of the electropositive
character of the H or Cl atom.

The changes within the Lewis base sub-unit are not as
clear as for the Lewis acid. However one can see the in-
crease of the positive charge of the B-atom. The latter
observation is connected with the hydride and dihydrogen
bonds where the single B-H bond plays the role of the Lewis
base center. The changes of the H-atom charge of B-H bond
are meaningless (Table 2).

Figure 4 presents the relationship between the s-normalized
value and the integrated charge of A or B atom. The latter is

normalized in the following way:

q A;Bð Þ � normalized ¼ q A;Bð Þcomplex � q A;Bð Þmonomer
h i

q A;Bð Þmonomer
�� ���

ð4Þ

q(A,B)-normalized is negative if the atomic charge
decreases and it is positive if it increases in the complex in
relation to the monomer. It decreases (the negative charge
increases) with the increase of the s-value for the A-H (A-
Cl) Lewis acid bond. For the B-H Lewis base bond the
positive atomic charge of B increases with the decrease of
s-character. The correlation between the q(A,B)-normalized
and the s-normalized values is good, the linear correlation
coefficient amounts to 0.97, if DHBs are excluded from the
sample considered (Fig. 4).

Table 3 presents the geometrical QTAIM parameters; the
volumes of A and B atoms of the Lewis acid and Lewis base
sub-units, respectively. The volumes of H atoms connected
with A and B are also included as well as the volume of the
Cl atom connected with the carbon atom for the halogen
bond considered here. The QTAIM volume is defined [49]
as the space bounded by the intersection of the zero-flux
surface or surfaces bounding the atom from the remaining
part of the molecule and a chosen outer isodensity envelope
(0.001 au was chosen here). Table 3 also contains the atomic
radii of the atoms mentioned above for which the volumes
were calculated. For example, for the A-H (A-Cl) or B-H
bond there is the bond critical point which divides the bond
into two radii being the distances between that BCP and the
attractor corresponding to the atomic position (Chart 1).
Table 3 shows that the complex formation always leads to
the decrease of r(H,Cl) radius and the increase of r(A)
radius. It was found previously that for hydrogen bonds
such a tendency is observed [38]. If the first effect of the
decrease of r(H) outweighs the second one of the increase of

Table 2 The selected QTAIM
parameters (in au) of the com-
plexes analyzed here; the elec-
tron density at the BCP
corresponding to the intermo-
lecular contact, ρBCP, the total
electron energy density at this
BCP, HBCP, the charge of Lewis
acid or Lewis base sub-unit,ΔQ,
the charges of A or B atom q (A,
B) and of H or Cl atom, q(H,Cl).
The values given in parentheses
correspond to the monomers not
involved in intermolecular
interactions

* positive and much smaller than
+0.001 au

Complex ρBCP HBCP ΔQ q(A,B) q(H,Cl)

Lewis acid properties

NH4
+…HBeH 0.030 −0.004 −0.057 −1.063(−1.035) 0.528(0.509)

NH4
+
…HMgH 0.046 −0.014 −0.107 −1.069(−1.035) 0.528(0.509)

F3CH…OH2 0.014 0.002 −0.006 1.915(1.960) 0.134(0.079)

F3CCl…OCH2 0.013 0.001 −0.004 2.102(2.126) −0.105(−0.129)

FH…C2H4 0.020 0.000* −0.045 −0.789(−0.757) 0.744(0.757)

H2O…HOH 0.025 0.000* −0.018 −1.258(−1.207) 0.645(0.604)

Lewis base properties

NH4
+…HBeH 0.030 −0.004 0.057 1.713(1.705) −0.825(−0.852)

NH4
+
…HMgH 0.046 −0.014 0.107 1.595(1.572) −0.759(−0.786)

MgH2…Na+ 0.020 0.002 0.053 1.595(1.572) −0.815(−0.786)

BeH2…Na+ 0.016 0.002 0.034 1.714(1.705) −0.852(−0.852)
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r(A) then the blue-shift hydrogen bond occurs where there is
the proton donating bond shortening as a result of the
hydrogen bond formation. It seems that this is the general
property of the A-H, A-Cl or any other Lewis acid bond
participating in the Lewis acid – Lewis base interaction, i.e.,
the increase of A-radius and the decrease of the radius of an
atom connected with A. The clear tendencies are also ob-
served for the atomic volumes of the A-H (Cl) bond, the
increase of A-volume, V(A), and the decrease of H(Cl)-
volume, V(H,Cl).

Similarly, clear changes are observed for the atomic
volumes and radii of the Lewis base B-H bond (Table 3).
The increase of both B and H radii, r(B) and r(H), the
increase of B-atom volume, V(B), and the decrease of H-
atom volume, V(H), are observed. Approximately, the
above mentioned changes are greater for stronger interac-
tions. Figure 5 presents the relationship between the binding
energy and the normalized r(A,B) radius. The normalization
was performed according to Eq. 5.

r A;Bð Þ � normalized ¼ r A;Bð Þcomplex � r A;Bð Þmonomer
h i

r A;Bð Þmonomer
�

ð5Þ
One can see that there is linear correlation between the two

above mentioned parameters if only A-radius is considered,
i.e., the radii of O, F and C atoms for the corresponding O-H,
F-H and C-H proton donating bonds in hydrogen bonds, the
N-radius for N-H bond of the dihydrogen bond and the C-
radius of C-Cl bond in halogen bond. The B-radius also
increases if the complex is formed (Fig. 5). It concerns Be
and Mg radii for hydride and dihydrogen bonds. However, in
this case, the scattering of points connected with the B-radii
and the small number of complexes considered do not allow to
perform a valuable statistical analysis.

Conclusions

The hyperconjugative effect of the A-H bond weakening
and the rehybridization-promoted bond A-H strengthening
[32] were proposed as two factors which are responsible for
the electron charge redistribution in the A-H…B system.
For example the increase of the negative charge of A-atom
and the increase of the positive charge of H-atom are ob-
served. The other parameters follow the above changes, the
increase of the polarization of the A-H bond and the increase
of s-character in A-hybrid orbital. The latter changes are in
line with Bent´s rule [35]. The A-H bond length, i.e., the
bond shortening or lengthening in the hydrogen bond, is
controlled by a balance of these two effects. According to
the other mechanism proposed [56] the withdrawal of the
electron charge by A is manifested in the increase of the
negative charge of A and the increase of the positive charge
of H when B approaches H. In consequence, there are two
factors influencing the A-H bond length, the electrostatic
attractions between A and H and between H and B. The first
effect is responsible for the shortening of A-H bond, the
second one for its lengthening. The observations concerning
the electron charge distribution in the hydrogen bonded
system for this model [56] are similar to those of the concept
of hyperconjugative and rehybridization effects. However it
seems to be controversial to explain the complexity of the

Fig. 3 The correlation between s-normalized parameter (Eq.3) and the
charge (in au) of the Lewis acid (negative) or of the Lewis base
(positive) sub-unit, ΔQ, open circles correspond to the dihydrogen
bonded systems

Fig. 4 The correlation between s-normalized parameter (Eq. 3) and the
normalized charge, q(A,B)-normalized (see Eq. 4), of the A Lewis acid
atom or the B Lewis base atom, open circles correspond to the dihy-
drogen bonded systems
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hydrogen bond formation in terms of purely electrostatic
model, especially to explain the changes of the charge distri-
bution of the A-H covalent bond. There are other numerous
concepts concerning the blue and red shift hydrogen bonds.
For example H-index was introduced defined as the ratio
between the change of electron density in the σ* antibonding
A-H orbital and the total electron charge transfer from the
Lewis base to the Lewis acid [57]. It was found that H-index is
smaller than 0.3 for blue shift hydrogen bonds, for red shift
interactions it is greater than the latter value and often close to
1. The concept of H-index allows to diversify the blue and red
shift hydrogen bonds but it does not deepen the mechanisms
of the electron charge distribution. The low value of H-index,
below 0.3 or even close to zero, signifies that the greater part
of the electron charge transferred from the Lewis base to the
Lewis acid is further transferred from the A-H bond to other
parts of the proton donating moiety [57, 58].

The findings presented here are in agreement with the σ-
hole concept [1, 10, 24–29] and with the concept of hyper-
conjugative and rehybridization effects [21–23]. The first one

explains why the non-covalent interaction is initiated and the
second concept explains further processes of the electron
charge redistribution for hydrogen bonded complex. The
results presented in this study show that both concepts may
be applied for all Lewis acid – Lewis base interactions. All of
them are partly electrostatic interactions according to theσ-hole
concept [1, 10, 24–29]. Additionally the common feature of
them is the electron charge transfer from the Lewis base sub-
unit to the Lewis acid sub-unit. Such an electron charge transfer
influences the other parameters of complexes. For example, for
the bond of the Lewis acid participating directly in the interac-
tion, the A-H bond for the hydrogen bond or the A-Cl bond for
the halogen bond, there is the increase of the positive charge of
terminating atom (H or Cl). Hence the H-atom or the Cl-atom
may be treated as more electropositive than it was before the
complex formation. In such a way the Lewis acid – Lewis base
interaction follows the Bent rule since the complex formation

Table 3 The geometrical
QTAIM parameters (radii in Å,
volumes in Å3) of the complexes
analyzed here; the radius of A or
B atom, r(A,B), the radius of H
or Cl atom, r(H,Cl), the
corresponding volumes are pre-
sented, V(A,B) and V(H,Cl), re-
spectively. The radii collected in
this table are defined in the text
and Chart 1. The values given in
parentheses correspond to the
monomers not involved in inter-
molecular interactions

Complex r(A,B) r(H,Cl) V(A,B) V(H,Cl)

Lewis acid properties

NH4
+…HBeH 0.803(0.776) 0.211(0.219) 16.3(16.1) 2.9(3.6)

NH4
+
…HMgH 0.827(0.776) 0.217(0.219) 16.4(16.1) 2.8(3.6)

F3CH…OH2 0.724(0.715) 0.339(0.350) 4.0(3.8) 5.4(6.4)

F3CCl…OCH2 0.782(0.778) 0.955(0.961) 2.8(2.7) 30.0(30.9)

FH…C2H4 0.791(0.781) 0.100(0.100) 20.6(20.2) 1.5(2.0)

H2O…HOH 0.793(0.778) 0.142(0.151) 23.3(22.8) 2.0(3.2)

Lewis base properties

NH4
+…HBeH 0.580(0.571) 0.759(0.744) 3.1(3.0) 18.1(20.5)

NH4
+
…HMgH 0.893(0.870) 0.850(0.819) 12.0(12.1) 19.2(22.8)

MgH2…Na+ 0.893(0.870) 0.850(0.819) 12.0(12.1) 21.4(22.8)

BeH2…Na+ 0.580(0.571) 0.762(0.744) 3.1(3.0) 19.2(20.5)

Fig. 5 The relationship between the binding energy, ΔE (kcal mol−1),
and the radius of A or B atom - r(A,B)-normalized parameter (see
Eq. 5), open circles correspond to the dihydrogen bonded systems

Chart 1 QTAIM atomic radii for NH4
+…HMgH (a) and Na+…HBeH

(b) complexes
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leads to the increase of the s-character in the A hybrid orbital
aimed to the H or Cl atom.

For the B-H Lewis base bond the complex formation is
connected with the decrease in the s-character. According to
Bent´s rule it should also be connected with the increase of the
electronegative character of H-atom. However the changes of
H-charges for the B-H bonds are not so clear (see Table 2).

There are the other changes of parameters of complexes
considered. For the A-H(Cl) bond there is the decrease of
H(Cl) radius and the increase of A-radius. For B-H bonds
there is the increase of both B and H radii. The numerous
regularities and tendencies concerning the other parameters
are observed in this study.

Acknowledgments Financial support comes from Eusko Jaurlaritza
(GIC 07/85 IT-330-07) and the Spanish Office for Scientific Research
(CTQ2011-27374). Technical and human support provided by Infor-
matikako Zerbitzu Orokora - Servicio General de Informatica de la
Universidad del Pais Vasco (SGI/IZO-SGIker UPV/EHU), Ministerio
de Ciencia e Innovación (MICINN), Gobierno Vasco Eusko Jaurlanitza
(GV/EJ), European Social Fund (ESF) is gratefully acknowledged.

References

1. Murray JS, Riley KE, Politzer P, Clark T (2010) Aust J Chem
63:1598–1607

2. Jeffrey GA, Saenger W (1991) Hydrogen bonding in biological
structures. Springer, Berlin

3. Jeffrey GA (1997) An introduction to hydrogen bonding. Oxford
University Press, New York

4. Desiraju GR, Steiner T (1999) The weak hydrogen bond in structural
chemistry and biology. Oxford University Press, New York

5. Grabowski SJ (ed) (2006) Hydrogen bonding – new insights. Vol.3
of the series: challenges and advances in computational chemistry
and physics. In: Leszczynski J (ed) Springer, Dordrecht

6. Lipkowski P, Grabowski SJ, Leszczynski J (2006) J Phys Chem A
110:10296–10302

7. Metrangolo P, Resnati G (2001) Chem Eur J 7:2511–2519
8. Formigué M, Batail P (2004) Chem Rev 104:5379–5418
9. Zordan F, Brammer L, Sherwood P (2005) J Am Chem Soc

127:5979–5989
10. Clark T, Hennemann M, Murray J, Politzer P (2007) J Mol Model

13:291–296
11. Peris E, Lee JC Jr, Rambo J, Eisenstein O, Crabtree RH (1995) J

Am Chem Soc 117:3485–3491
12. Wessel J, Lee JC Jr, Peris E, Yap GPA, Fortin JB, Ricci JS, Sini G,

Albinati A, Koetzle TF, Eisenstein O, Rheingold AL, Crabtree RH
(1995) Angew Chem Int Ed Engl 34:2507–2509

13. Crabtree RH, Siegbahn PEM, Eisenstein O, Rheingold AL, Koetzle
TF (1996) Acc Chem Res 29:348–354

14. Bakhmutow VI (2008) Dihydrogen bonds. Wiley, New Jersey
15. Alkorta I, Rozas I, Elguero J (1998) Chem Soc Rev 27:163–170
16. Rozas I, Alkorta I, Elguero J (1997) J Phys Chem A 101:4236–4244
17. Cotton FA, Matonic JH, Murillo CA (1998) J Am Chem Soc

120:6047–6052

18. Grabowski SJ, Sokalski WA, Leszczynski J (2006) Chem Phys
Lett 422:334–339

19. Scheiner S (2011) J Chem Phys 134:094315–094323
20. Scheiner S (2011) J Phys Chem A 115:11202–11209
21. Weinhold F, Landis C (2005) Valency and bonding, a natural bond

orbital donor – acceptor perspective. Cambridge University Press,
Cambridge

22. Reed AE, Curtiss LA, Weinhold F (1988) Chem Rev 88:899–926
23. Weinhold F (1997) J Mol Struct THEOCHEM 398–399:181–197
24. Politzer P, Lane P, Concha MC, Ma Y, Murray JS (2007) J Mol

Model 13:305–311
25. Murray JS, Lane P, Clark T, Politzer P (2007) J Mol Model

13:1033–1038
26. Politzer P, Murray JS, Concha MC (2008) J Mol Model 14:659–665
27. Murray J, Concha MC, Lane P, Hobza P, Politzer P (2008) J Mol

Model 14:699–704
28. Murray J, Lane P, Politzer P (2009) J Mol Model 15:723–729
29. Politzer P, Murray JS, Clark T (2010) Phys Chem Chem Phys

12:7748–7757
30. Grabowski SJ (2011) Chem Rev 11:2597–2625
31. Sobczyk L, Grabowski SJ, Krygowski TM (2005) Chem Rev

105:3513–3560
32. Alabugin IV, Manoharan M, Peabody S, Weinhold F (2003) J Am

Chem Soc 125:5973–5987
33. Grabowski SJ, Ugalde JM (2010) J Phys Chem A 114:7223–7229
34. Alabugin IV, Manoharan M (2006) J Comput Chem 28:373–390
35. Bent HA (1961) Chem Rev 61:275–311
36. Koch U, Popelier PLA (1995) J Phys Chem A 99:9747–9754
37. Popelier P (2000) Atoms in Molecules. An Introduction. Prentice

Hall, Harlow UK
38. Grabowski SJ (2011) J Phys Chem A 115:12789–12799
39. Grabowski SJ (2011) J Phys Chem A 115:12340–12347
40. Grabowski SJ (2012) J Phys Chem A 116:1838–1845
41. Frisch MJ, Trucks GW et al (2009) Gaussian 09, Revision A.1.

Gaussian Inc, Wallingford, CT
42. Gu Y, Kar T, Scheiner S (1999) J Am Chem Soc 121:9411–9422
43. Boys SF, Bernardi F (1979) Mol Phys 19:553–566
44. Grabowski SJ (2006) Annu Rep Prog Chem Sect C 102:131–165
45. Grabowski SJ, Sadlej AJ, Sokalski WA, Leszczynski J (2006)

Chem Phys 327:151–158
46. Bader RFW (1985) Acc Chem Res 18:9–15
47. Bader RFW (1991) Chem Rev 91:893–928
48. Bader RFW (1990) Atoms in molecules, a quantum theory. Oxford

University Press, Oxford
49. Matta C, Boyd RJ (eds) (2007) Quantum theory of atoms in

molecules: recent progress in theory and application. Wiley-
VCH, Weinheim

50. Keith TA (2011) AIMAll (Version 11.08.23), TK Gristmill Software,
Overland Park KS, USA (aim.tkgristmill.com)

51. Cybulski H, Pecul M, Sadlej J, Helgaker T (2003) J Chem Phys
119:5094–5104

52. Grabowski SJ, Sokalski WA, Dyguda E, Leszczynski J (2006) J
Phys Chem B 110:6444–6446

53. Nishio M, Hirota M, Umezawa Y (1998) The CH/π interaction,
evidence, nature, and consequences. Wiley, New York

54. Cremer D, Kraka E (1984) Croat Chem Acta 57:1259–1281
55. Rozas I, Alkorta I, Elguero J (2000) J Am Chem Soc

122:11154–11161
56. Joseph J, Jemmis ED (2007) J Am Chem Soc 129:4620–4632
57. Hobza P (2001) Phys Chem Chem Phys 3:2555–2556
58. Hobza P, Havlas Z (2000) Chem Rev 100:4253–4264

J Mol Model (2013) 19:4713–4721 4721

http://aim.tkgristmill.com

	Non-covalent interactions – QTAIM and NBO analysis
	Abstract
	Introduction
	Computational details
	Results and discussion
	Energies and NBO parameters
	QTAIM characteristics

	Conclusions
	References


