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Abstract The nature of the interactions of furan and
thiophene with hydrogen halides and lithium halides has
been investigated using ab initio calculations and QTAIM
analysis. The concept of molecule formation density
difference (MFDD) is introduced to study weak hydrogen
bond (HB) and lithium bond (LB) interactions. The
results have shown the molecular electrostatic potentials
of furan and thiophene, as well as of the hydrogen
halides and lithium halides, determine the geometries of
the complexes. Both the studied HB and LB interactions
can be classified as “closed-shell” weak interactions. The
topological properties and energy properties at the bond
critical points of HB and LB have been shown to be
exponentially dependent on intermolecular distances d(H-
bond) and d(Li-bond), which enables interpretation of the
strength of the HB and LB interactions in terms of these
ρ(r) properties. Electron transfer plays a more important
role in the formation of HB than in that of LB, while
electrostatic interaction in LB is more dominant than that
in HB.
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Introduction

The hydrogen bond (HB) is the most important weak
interaction found in nature. It is responsible for the three-

dimensional shapes of biopolymers (proteins and nucleic
acids) and for the structure of water in both the liquid and
solid phases. Life processes extensively use the making and
breaking of hydrogen bonds as part of concatenated
reactions involving huge numbers of biomolecules. In
addition, hydrogen bonding has profound implications for
the mode of action of drugs and in molecular packing,
recognition, and crystal engineering [1]. The lithium bond
(LB) suggested in 1959 by Shigorin [2] is an interaction
analogous to HB in view of the fact that lithium is a
congener of hydrogen. Theoreticians first considered such
possibilities computationally. The 1970s paper by Kollman
et al. [3] entitled “The lithium bond” was influential in
delineating the analogy with hydrogen bonding. The
existence of LB was confirmed experimentally in 1975 by
Ault and Pimentel [4]. Although the concept of LB has
been accepted and is important in many fields, studies of
LB interactions [5–12] are relatively rare compared to those
of HB interactions.

The intermolecular interactions between π-electron
systems and Lewis acids have attracted increasing attention
in recent years [13–16], because such interactions play a
key role in certain chemical reactions, particularly those
involving aromatic rings [17, 18]. Compared to simple
aromatic compounds, heterocyclic aromatic rings can not
only act as π-electron systems but can also offer a
nonbonding electron pair (n pair) for the formation of
intermolecular interactions. So, O-heterocyclic and S-
heterocyclic aromatic rings and their derivatives can form
different types of weak interactions with other molecules,
including hydrogen halides and dihalogens [19–29].

In the studies of Legon and Millen [19, 20], a set of rules
for predicting the angular geometry of complexes of the
type B−HX has been proposed, in which the Lewis bases B
were chosen as prototypes for different categories of
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electron donor. According to Legon and Millen’s rules, the
angular geometry of a system containing both n and π
pairs, for example, furan or thiophene, is determined by the
n pair.

Lesarri et al. [21] observed the rotational spectrum of the
ground vibrational state of the hydrogen-bonded dimer
furan···HF, from which they deduced a hydrogen-bonded
planar complex of C2v symmetry with the HF subunit lying
along the C2 axis of the complex. Shea and Kukolich [22]
conducted a Fourier-transform microwave spectroscopy
study on furan···HCl, from which they concluded that a
hydrogen bond is formed between the HCl proton and the
lone pair on oxygen. The structure of furan···HCl has been
shown to be planar, giving the complex C2v symmetry, with
the HCl axis coincident with the internal C2 axis of the
furan ring. In furan···HF and furan···HCl, the respective
hydrogen bonds are formed at the site of the furan O atom.
However, Cole et al. [23] studied the rotational spectrum of
the complex formed by furan and HBr, from which they
concluded that furan···HBr does not obey Legon and
Millen’s rules and adopts π-type geometry. Cooke et al.
[24, 25] carried out a pulsed-nozzle, Fourier-transform
microwave spectroscopy study on thiophene···HF and
thiophene···HCl. They concluded that the non-bonding
electron pair on S in thiophene is so weakly nucleophilic
that thiophene forms a hydrogen bond with HF or HCl via
the aromatic π-electron system. The experimental studies of
furan···HBr [23], thiophene···HF [24], and thiophene···HCl
[25] raise questions concerning the validity of the rules
given by Legon and Millen [19, 20]. To the best of our
knowledge, there have not hitherto been any experimental
studies on the complexes of furan and thiophene with LiX
(X=F, Cl, Br). In view of the close parallelism between
lithium bonds and hydrogen bonds, it is reasonable to
assume that lithium bonds between furan and thiophene and
LiX should also exist.

In this work, the HB interactions between furan and
thiophene and HX, as well as the LB interactions between
furan and thiophene and LiX, have been investigated. Two
different types of intermolecular interactions, namely n-type
and π-type interactions, have been studied by means of
reliable ab initio calculations and quantum theory of “atoms in
molecules” (QTAIM) investigations. The aim of this paper is
to compare LB interaction with HB interaction, which should
help us to obtain a detailed understanding of the nature of
these interactions, enrich the knowledge on such weak
interactions, and spur further experimental studies of LB.

Theoretical methods

The equilibrium geometries of the title systems were fully
optimized with the aug-cc-pVDZ basis set at the second-

order Møller−Plesset (MP2) level using the GAUSSIAN-
03 program package [30]. Harmonic frequencies were
calculated to confirm the equilibrium geometries that
correspond to energy minima. The keyword counterpoise
was used for the calculation of corrected interaction
energies (ΔE) excluding the inherent basis set superposi-
tion error (BSSE) [31]. Natural bond orbital (NBO) analysis
[32] was employed to evaluate the atomic charges on the
dimers at the same level. The NBO analysis was carried out
using the NBO package included in the GAUSSIAN 03
suite of programs.

In recent works [33, 34], the prototypical directional
weak interactions, hydrogen bonding and σ-hole bonding
(including the special case of halogen bonding) are
reviewed in a united picture that depends on the anisotropic
nature of the molecular electrostatic potential around the
donor atom. Qualitative descriptions of the effects that lead
to these anisotropic distributions are given and examples of
the importance of σ-hole bonding in crystal engineering
and biological systems are discussed. In this paper,
molecular electrostatic potentials on the molecular surfaces
of molecular electrostatic potentials of furan and thiophene,
as well as of hydrogen halides and lithium halides were
computed, after geometry optimization, at the MP2/aug-cc-
pVDZ level.

Within the QTAIM theory, a bond between two atoms
is characterized by a line of maximum electron density
(the bond path) that connects the respective nuclei and
intersects the zero-flux surface of the electron density
gradient field ∇ρ(r) at a topological (3,−1) point, called
the bond critical point (BCP). The most studied topolog-
ical properties at the BCP are the electron density ρb, its
Laplacian ∇2ρb, and the eigenvalues of the Hessian matrix
(l1, l2, and l3), the latter indicating the three main
curvatures of ρ(r) at the BCP. If ρ(r) at the BCP has a
saddle distribution, two of the eigenvalues have negative
values and correspond to curvatures that are perpendicular
to the bond path, while the third is positive and represents
the curvature of the ρ(r) distribution along the bond path.
By convention, the negative curvatures are l1 and l2
(l1<l2<0), and the positive one is l3. The Laplacian of
the electron density ∇2ρ(r), which is defined as the sum of
the three eigenvalues of the Hessian, l1, l2, and l3,
provides information about either the charge concentration
(∇2ρ(r)<0) or the charge depletion (∇2ρ(r)>0) of the
electron distribution [35–37].

A detailed analysis of the electron density distribution
function was carried out according to QTAIM as
proposed by Bader [35–37], using the programs
AIM2000 [38] and GTA-2000 [39], the latter of which
was developed by the authors and registered at the QCPE
(register number QCPE-661). The properties of the
electron density calculated at the bond critical points
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(BCP) of the hydrogen bonds and lithium bonds under
consideration were characterized. In QTAIM studies, the
wave functions were calculated at the MP2/6-311++G(d,
p) level since the 6-311++G(d, p) basis set has proven to
be more reliable than the aug-cc-pVDZ basis set in AIM
calculations of hydrogen bonds [40]. The electron density at
the BCP, ρb; its Laplacian, ∇2ρb; the total electron energy
density, Hb; and its two components (potential electron
energy density, Vb, and kinetic electron energy density, Gb),
have been analyzed on the basis of QTAIM theory.

Results and discussion

Equilibrium geometries and interaction energy

As examples of furan···HX, thiophene···HX, furan···LiX,
and thiophene···LiX (X=F, Cl, Br), the optimized
equilibrium geometries of the complexes furan···HCl,
thiophene···HCl, furan···LiCl, and thiophene···LiCl are
shown in Fig. 1. For furan···HX and furan···LiX, the
geometries can be classified as two types: σ-type and π-
type. For thiophene···HX and thiophene···LiX, only π-type
complexes can be optimized with no imaginary frequen-
cies. Figure 2a and b present the molecular electrostatic
potential (MEP) maps of furan and thiophene. The MEP
indicates that the negative electrostatic potential (shown in
red) on the n-pair becomes noticeably less negative on
going from furan to thiophene, while in the π-electron
region it apparently becomes more negative on going from
furan to thiophene. This result accounts for the fact that
both σ-type and π-type equilibrium geometries are found
for furan···HX and furan···LiX, while only π-type equilib-
rium geometries are found for thiophene···HX and
thiophene···LiX.

From Tables 1 and 2, for furan···HX(σ), the O(1)-H(7)-X
(8) bond angles are all 180°. For furan···LiX(σ), the O(1)-Li
(7)-X(8) bond angles are 111.19°, 120.42°, and 122.91°,
respectively. Figure 2c and d present the molecular
electrostatic potential (MEP) maps of HCl and LiCl. The
MEP indicates that the positive electrostatic potential
(shown in blue) resides on the tip of the hydrogen atom
of the HCl molecule, but on the “neck” of the lithium atom
of the LiCl molecule. In the formation of furan···HX(σ),
the “tip” of the hydrogen atom is directed toward the
negative electrostatic potential on the n-pair of oxygen, so
furan···HX(σ) complexes conform to C2v symmetry, with
the HX axis coincident with the internal C2 axis of the furan
ring. In the formation of furan···LiX(σ), however, the
“neck” of the lithium atom is directed toward the negative
electrostatic potential on the n-pair of oxygen, and hence
furan···LiX(σ) complexes of planar Cs symmetry are
formed.

The optimized geometries of furan···HX(π) and thiophe-
ne···HX(π) conform to C1 symmetry, with the H(7) atom
directed toward the C(3) atom. The optimized geometries of
furan···LiX(π) and thiophene···LiX(π) conform to Cs

symmetry, with the Li(7) atom directed toward the midpoint
of the C(3)−C(4) bond. The X(1)-H(7)-C(3) bond angles in
furan···HX(π) are larger than the respective X(1)-Li(7)-*
angles in furan···LiX(π) and thiophene···LiX(π). These
geometries mean that LB has a more “perpendicular” angle
than HB.

Tables 1 and 2 lists the interaction energies ΔE obtained
at the MP2/aug-cc-pVDZ level, which have been corrected
with BSSE and zero-point vibrational energies (ZPVE).
The interaction energies of the lithium-bonded complexes
are larger than those of the corresponding hydrogen-bonded
complexes, which represents a basic difference between the
LB and HB interactions under consideration. The most
positive potentials on the hydrogens of HF, HCl and HBr
are 74.7, 46.6 and 39.8 kcal·mol−1, and those on the

Fig. 1 Examples of optimized geometries of the hydrogen-bonded
and lithium-bonded complexes: furan···HCl(σ) (a), furan···LiCl(σ) (b),
furan···HCl(π) (c), and furan···LiCl(π) (d), thiophene···HCl(π) (e), and
thiophene···LiCl(π) (f)
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lithiums of LiF, LiCl and LiBr are 1239.3, 1359.2 and
1376.8 kcal·mol−1, repectively. The lithium-bonded inter-
actions are stronger than the analogous hydrogen-bonded
interactions, following the fact that the most positive
potentials on the lithiums are much stronger than those of
the hydrogens of the hydrogen halides.

For furan···HX(σ), on going from HF to HCl and HBr,
the interaction energies decrease from 14.98 to 11.08 and
9.82 kJ·mol−1, while the interaction energies of the
corresponding furan···LiX(σ) complexes increase from
48.98 to 54.46 and 55.71 kJ·mol−1 on going from LiF to
LiCl and LiBr. For both B···HX(π) and B···LiX(π)
(B=furan or thiophene), the interaction energies increase
in the sequence X=F, Cl, Br.

It is interesting to compare the σ-type complexes with
the corresponding π-type complexes. For furan···HF, the
σ-type complex is more stable than the corresponding
π-type complex. However, for furan···HCl and furan···HBr,
the π-type complexes are more stable than the
corresponding σ-type complexes. In the case of the
lithium-bonded complexes furan···LiX (X=F, Cl, Br), the
interaction energies reveal that all of the σ-type complexes
are more stable than the corresponding π-type complexes.

Interaction distances and infrared spectra

In theσ-type complexes, d(H-bond) and d(Li-bond) denote the
distances of the hydrogen or the lithium atom of HX/LiX
from the oxygen atom of the furan ring. In furan···HX(π) and
thiophene···HX(π), d(H-bond) denotes the distance of the
hydrogen atom of HX from the C(3) atom of the furan or
thiophene ring. In furan···LiX(π) and thiophene···LiX(π), d
(Li-bond) denotes the distance of the lithium atom of LiX
from the midpoint of the C(3) − C(4) bond of furan or
thiophene (see Fig. 1). From Table 1, it can be seen that for all
of the hydrogen-bonded complexes, d(H-bond) increases in
the sequence X=F, Cl, Br, which corresponds to the order of
decreasing electronegativity of the halogens. However, from
Table 2, it can be seen that for all of the lithium-bonded
complexes, d(Li-bond) decreases in the sequence X=F, Cl,
Br. As expected, the H−X and Li−X bonds are lengthened in
all of the complexes. The elongation of the H−X bonds varies

Table 1 Calculated interaction energies, main geometrical parameters, frequencies as well as their changes in the hydrogen-bonded complexes a

ΔE d(H-bond) Δr(O···H) b Δd(H─X) A(XHY)/A(XHC3)c ν(H-bond) Δν(H─X)

furan···HF(σ) -14.98 1.8362 0.6538 0.0102 180.00 143.72 -230.45

furan···HCl(σ) -11.08 2.0120 0.4780 0.0090 180.00 90.42 -121.44

furan···HBr(σ) -9.82 2.0836 0.4064 0.0074 180.00 65.82 -85.32

furan···HF(π) -11.85 2.2609 0.0080 169.75 119.73 -187.04

furan···HCl(π) -12.41 2.4156 0.0091 176.29 89.46 -124.39

furan···HBr(π) -12.57 2.4714 0.0085 176.27 72.14 -100.01

thiophene···HF(π) -12.73 2.3135 0.0078 164.10 115.16 -179.56

thiophene···HCl(π) -14.37 2.4166 0.0091 171.58 87.80 -121.34

thiophene···HBr(π) -14.81 2.4617 0.0086 171.89 70.94 -98.16

a Interaction energies in kJ·mol-1 , bond lengths in angstrom, bond angles in degree, and frequencies in cm-1

bΔr(O···H) denotes the decreases of bond distance d(H-bond) in the complexes compared to the sum of van der Waals radii of O atom and H atom
c Y = O and S

Fig. 2 Molecular electrostatic potential map of furan (a), thiophene
(b), HCl (c) and LiCl (d) onto the 0.001 a.u. (electrons/bohr3) contour
of the molecule’s electronic density
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from 0.0074 to 0.0102 Å, and the elongation of the Li −
X bonds varies from 0.0176 to 0.0373 Å. The elongation
of the Li−X bonds is larger than that of the H − X
bonds. Except for furan···HF(π) and thiophene···HF(π),
the H − X bond elongation decreases in the following
order: B···HF>B···HCl>B···HBr (B=furan and thio-
phene). For the lithium-bonded complexes, however, the
Li−X bond elongation increases in the following order:
B···LiF<B···LiCl<B···LiBr (B=furan and thiophene).
According to the above analyses, it is clear that the H−X
and Li−X bond elongations are consistent with the intermo-
lecular distances. The shorter d(H-bond) and d(Li-bond), the
larger the variations Δd(H−X) and Δd(Li−X).

In Tables 1 and 2, Δr(O···H) and Δr(O···Li) represent the
decrease of bond distance d(H-bond) and d(Li-bond) in the
complexes compared to the sum of van der Waals radii of O
atom and H, Li atom. This indicates that weak interactions
indeed exist in the complexes. Moverover, Δr(O···H) and Δr
(O···Li) show the lithium-bonded complexes have much
lower ratios than the hydrogen-bonded ones, following the
fact that the most positive potentials on the lithiums are much
stronger than those of the hydrogens of the hydrogen halides.

The vibrational frequencies of the hydrogen bonds, ν(H-
bond), decrease in the order B···HF>B···HCl>B···HBr
(B=furan and thiophene). The vibrational frequencies of
the lithium bonds, ν(Li-bond), also decrease in the order
B···LiF>B···LiCl>B···LiBr. The lithium bond frequency
ν(Li-bond) is larger than the corresponding ν(H-bond) for
all of the complexes. In accordance with the H−X bond
elongation in the formation of hydrogen-bonded com-
plexes, the H−X stretching vibrations shift to lower
frequencies. The degree of red-shift of Δν(H−X) is
consistent with the ν(H-bond). The larger ν(H-bond), the
larger the variation Δν(H−X). For the furan···LiF(σ),
furan···LiCl(σ), furan···LiF(π), thiophene···LiF(π), and
thiophene···LiCl(π) complexes, the Li−X stretching vibra-

tion moves to lower frequency upon complex formation,
whereas for the furan···LiBr(σ), furan···LiCl(π), furan···LiBr
(π), and thiophene···LiBr(π) complexes the Li−X stretching
vibration shifts to higher frequency. These are abnormal blue
shifts of the Li−X stretching frequency, which are inconsis-
tent with the Li−X bond elongations. Similar observations
have been made for some other lithium-bonded complexes
[41–45]. Li et al. [40] tested the reliability of the abnormal
blue shift by five different methods, including QCISD/
aug-cc-pVDZ. In all cases, the abnormal blue shift was
corroborated. Feng et al. [41] postulated that a possible reason
for this inconsistency may be coupling between the Li−X
vibration and the vibrations of other bonds. We think that the
origin of such elongated but blue-shifted lithium bonds still
requires further investigation.

QTAIM analyses

In recent years, the QTAIM theory [35–37] has been widely
applied to study the electronic structures of molecules,
chemical bonds, chemical reactions, and systems involving
weak interactions [46–57]. The topological characterization
of conventional lithium bonding has been studied in several
LiF complexes [11]. The results show that the electron
density ρb at lithium bond critical points (BCPs) is about
half of that in the hydrogen-bonded analogues, suggesting a
dominant role of electrostatic interaction rather than charge
transfer in the lithium-bonded complexes.

A. Molecular graphs

The molecular graphs of furan···HCl, thiophene···HCl,
furan···LiCl, and thiophene···LiCl are shown in Fig. 3. For
furan···HCl(σ), there is an interaction line between the H
atom of the HCl molecule and the O atom of the furan
molecule. For furan···LiCl(σ), except for the lithium bond

Table 2 Calculated interaction energies, main geometrical parameters, frequencies as well as their changes in the lithium-bonded complexes a

ΔE d(Li-bond) Δr(O···Li) b Δd(Li─X) A(XLiY)/A(XLi*)c ν(Li-bond) Δν(Li─X)

furan···LiF(σ) -48.98 2.0264 1.1936 0.0315 111.19 320.81 -63.47

furan···LiCl(σ) -54.56 1.9965 1.2235 0.0356 120.42 315.74 -18.50

furan···LiBr(σ) -55.71 1.9913 1.2287 0.0373 122.91 304.99 1.00

furan···LiF(π) -36.01 2.4350 0.0176 166.56 153.32 -21.95

furan···LiCl(π) -45.15 2.3812 0.0239 165.47 142.26 6.78

furan···LiBr(π) -47.31 2.3744 0.0263 166.56 123.50 22.27

thiophene···LiF(π) -40.18 2.4592 0.0208 151.04 158.21 -30.86

thiophene···LiCl(π) -51.08 2.3952 0.0293 150.32 161.28 -2.81

thiophene···LiBr(π) -53.72 2.3842 0.0318 150.29 158.43 15.57

a Interaction energies in kJ·mol-1 , bond lengths in angstrom, bond angles in degree, and frequencies in cm-1

bΔr(O···Li) denote the decreases of bond distance d(Li-bond) in the complexes compared to the sum of van der Waals radii of O atom and Li atom
c Y=O and S, * denotes the midpoint of C3-C4 bond
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between the Li atom of the LiCl molecule and the O atom
of the furan molecule, the five-membered ring structure
indicates the existence of secondary interactions. This is
consistent with the interaction energies of σ-type lithium-
bonded complexes being larger than those of σ-type
hydrogen-bonded complexes. For furan···HCl(π) and
thiophene···HCl(π), there is an interaction line between
the H atom of the HCl molecule and the C(3) atom of
the furan or thiophene molecule. For furan···LiCl(π) and
thiophene···LiCl(π), there is an interaction line between
the Li atom and the BCP of the C(3) − C(4) bond of

molecule B, which indicates that both the C(3) and C(4)
atoms interact with the Li atom.

B. Topological properties at the BCP

According to the topological analysis of electronic density
distribution in the AIM theory, ρb is used to describe the
strength of a bond. In general, the larger the value of ρb, the
stronger the bond [33]. From Table 3, it is clear that for both σ-
type and π-type hydrogen-bonded complexes, ρb decreases in
the order B···HF>B···HCl>B···HBr (B=furan or thiophene).
This means that the B···HF bond is the strongest, the B···HCl
bond is weaker, and the B···HBr bond is the weakest. However,
from Table 4, for both σ-type and π-type lithium-bonded
complexes, ρb increases in the order B···LiF<B···LiCl<B···LiBr
(B=furan or thiophene), indicating that the B···LiF bond is the
weakest, the B···LiCl bond is stronger, and the B···LiBr bond is
the strongest. From Tables 3 and 4, the most positive potentials
on the hydrogens of HF, HCl and HBr decrease as the halogen
increases in size, while those on the lithiums of LiF, LiCl and
LiBr increase as the halogen increases in size. This follows the
trends in their respective bond strength.

Despite the much larger interaction energies of LB
compared to HB, the electron density at the BCP in LB is
nearly the same as that at the BCP in HB, suggesting a
dominant role of electrostatic interaction rather than charge
transfer in the LB complexes. The larger interaction energies of
LB complexes are due to electrostatic interactions, as proposed
by Berski and Latajka on the basis of an ELF analysis [58].

When σ-type and π-type hydrogen-bonded complexes are
considered together, the topological properties at the BCP (the
electron density ρb, its Laplacian ∇2ρb, and the eigenvalue l3
of the Hessian matrix) of HB are seen to be exponentially
related to the intermolecular distance d(H-bond) for B···HX
(B=furan or thiophene; X=F, Cl, Br). Similar relationships
were also found for B···LiX lithium-bonded systems, see
Fig. 4. This exponential relationship between ρb of HB and d
(H-bond) is similar to that delineated in Tang’s study on
hydrogen-bonded complexes [59].

rb HBð Þ ¼ 3:40516� exp �d H� bondð Þ=0:34039½ � þ 0:00979

R2 ¼ 0:9975

rb LBð Þ ¼ 14:05481� exp �d Li� bondð Þ=0:29181½ � þ 0:00703

R2 ¼ 0:9927

r2rb HBð Þ ¼ 18:28893� exp �d H� bondð Þ=0:35745½ � þ 0:01231

R2 ¼ 0:9956

r2rb LBð Þ ¼ 1017:35436� exp �d Li� bondð Þ=0:22359½ � þ 0:03983

R2 ¼ 0:9578

l3 HBð Þ ¼ 60:10066� exp �d H� bondð Þ=0:31284½ � þ 0:02622

R2 ¼ 0:9985

l3 LBð Þ ¼ 10839:9656� exp �d Li� bondð Þ=0:18373½ � þ 0:04693

R2 ¼ 0:9578

Fig. 3 Examples of molecular graphs of the hydrogen-bonded and
lithium-bonded complexes
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Thus, for both the HB and LB interactions under
consideration, the topological properties ρb, ∇2ρb, and the
curvature l3 may be well represented by an exponential
function of the intermolecular distance.

C. Energy properties at the BCP

Topological properties at the BCP of the HB and LB, such
as the Laplacian of the electron density ∇2ρb, the kinetic
electron energy density (Gb), the potential electron energy
density (Vb), the electron energy density Hb (the sum of Gb

and Vb), and − Gb/Vb, are listed in Tables 3 and 4.
The values of ∇2ρb and Hb derived from the Bader

theory indicate the nature of the interaction. A negative
value of the Laplacian of electron density at the BCP
indicates that there is a shared interaction as in a covalent
bond. A positive value of ∇2ρb indicates the interaction of
closed-shell systems, that is, ionic interactions, van der
Waals forces, or hydrogen bonding [35]. It has also been
claimed that if ∇2ρb is positive but Hb is negative, then the
interaction is partly covalent in nature [60, 61]. The
kinetic electron energy density Gb is positive, the potential
electron energy density Vb is negative, and the balance
between these two values determines the nature of the
interaction. Hence, −Gb/Vb may indicate the regions

corresponding to covalent or noncovalent interactions. If
this ratio is greater than 1, then the interaction is
noncovalent. If the ratio is between 0.5 and 1, the
interaction is partly covalent in nature, and when −Gb/Vb

is less than 0.5, the interaction is a shared covalent one.
From Tables 3 and 4, it can be seen that for all of the
hydrogen-bonded and lithium-bonded systems considered
here, the ∇2ρb values are positive, the Hc values are
positive, and the − Gb/Vb values are greater than 1. Hence,
the HB and LB interactions display all of the hallmarks of
“closed-shell” interactions, indicating that the charge
density is concentrated toward the atomic basins rather
than accumulated at the critical point.

Rozas et al. [62] suggested that both the Laplacian ∇2ρb
and the energy density Hb should be used as criteria to
characterize hydrogen bonding. They found that weak
hydrogen bonds are characterized by ∇2ρb>0 and Hb >0,
medium hydrogen bonds by ∇2ρb >0 and Hb <0, and strong
hydrogen bonds by ∇2ρb<0 and Hb <0. From Tables 3 and
4, it can be seen that for all of the studied hydrogen-bonded
complexes ∇2ρb>0 and Hb >0, which indicates that the HB
interactions in B···HX are weak hydrogen bonds. For the
studied lithium-bonded complexes, ∇2ρb>0 and Hb >0,
from which it can be concluded that the LB interactions in
B···LiX are also weak.

VS,max
a ρb

b ∇2ρb
b Hb

b -Gb/Vb

furan···HF(σ) 74.7 (*H–F) 0.0251 0.1202 0.0039 1.1734

furan···HCl(σ) 46.6 (*H–Cl) 0.0193 0.0787 0.0031 1.2307

furan···HBr(σ) 39.8 (*H–Br) 0.0172 0.0661 0.0027 1.2392

furan···HF(π) 74.7 (*H–F) 0.0144 0.0453 0.0023 1.3536

furan···HCl(π) 46.6 (*H–Cl) 0.0129 0.0345 0.0015 1.2693

furan···HBr(π) 39.8 (*H–Br) 0.0122 0.0317 0.0013 1.2492

thiophene···HF(π) 74.7 (*H–F) 0.0136 0.0436 0.0025 1.4219

thiophene···HCl(π) 46.6 (*H–Cl) 0.0124 0.0340 0.0015 1.2690

thiophene···HBr(π) 39.8 (*H–Br) 0.0119 0.0265 0.0013 1.2438

Table 3 Topological and energy
properties of hydrogen bond
critical point in the hydrogen-
bonded complexes

a VS,max values in kcal mol-1 ;
b Topological and energy proper-
ties in a.u

VS,max
a ρb

b ∇2ρb
b Hb

b -Gb/Vb

furan···LiF(σ) 1239.3 (*Li–F) 0.0200 0.1566 0.0079 1.3394

furan···LiCl(σ) 1359.2 (*Li–Cl) 0.0222 0.1751 0.0088 1.3357

furan···LiBr(σ) 1376.8 (*Li–Br) 0.0226 0.1784 0.0089 1.3350

furan···LiF(π) 1239.3 (*Li–F) 0.0102 0.0510 0.0021 1.2502

furan···LiCl(π) 1359.2 (*Li–Cl) 0.0115 0.0588 0.0024 1.2368

furan···LiBr(π) 1376.8 (*Li–Br) 0.0118 0.0600 0.0024 1.2289

thiophene···LiF(π) 1239.3 (*Li–F) 0.0093 0.0495 0.0021 1.2626

thiophene···LiCl(π) 1359.2 (*Li–Cl) 0.0108 0.0920 0.0024 1.2521

thiophene···LiBr(π) 1376.8 (*Li–Br) 0.0111 0.0600 0.0025 1.2468

Table 4 Topological and ener-
gy properties of lithium bond
critical point in the lithium-
bonded complexes

a VS,max values in kcal mol-1 ;
b Topological and energy proper-
ties in a.u.
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The ∇2ρb and Gb values of LB are larger than those of
HB, while the Vb values of LB are smaller than those of
HB, which indicates that the electrostatic interactions in LB
are more dominant than those in HB.

From Table 3, it can be seen that for HB the values of
∇2ρb, Gb, and Hb decrease while Vb increases in the series
X=F, Cl, Br. However, the opposite trends are observed
for LB (Table 4). These findings indicate that in the
series X=F, Cl, Br the electrostatic interactions become
weaker for HB interactions but become stronger for LB
interactions.

Comparing the σ-type and π-type hydrogen-bonded
complexes, the values of Gb and Vb of HB are seen to be
exponentially dependent on the intermolecular distance d
(H-bond); similar features have also been found for the
B···LiX systems (Fig. 5a). The fitted curves can be
represented as follows.

Gb HBð Þ ¼ 13:25153� exp �d H� bondð Þ=0:28746½ � þ 0:00414

R2 ¼ 0:9991

Vb HBð Þ ¼ �27:61598� exp �d H� bondð Þ=0:25211½ � � 0:00360

R2 ¼ 0:9957

Gb LBð Þ ¼ 673:48376� exp �d Li � bondð Þ=0:19694½ � þ 0:00833

R2 ¼ 0:9987

Vb LBð Þ ¼ �248:97475� exp �d Li� bondð Þ=0:21123½ � � 0:00655

R2 ¼ 0:9977

In addition to the exponential dependences of Gb, Vb,
and the intermolecular distances, excellent linear relation-
ships between V and the sum of the perpendicular
curvatures, l1+l2, and between G and the curvature along
the bond path direction, l3, have been found for B···HX.

Similar linear relationships were also found for B···LiX
systems (Fig. 5b).

Gb HBð Þ ¼ �3:48461� 10�5 þ 0:13391� l3

R2 ¼ 0:9992

Vb HBð Þ ¼ 2:66398� 10�4 þ 0:30028� l1 þ l2ð Þ
R2 ¼ 0:9960

Gb LBð Þ ¼ 0:00291þ 0:12651� l3

R2 ¼ 0:9996

Vb LBð Þ ¼ �0:00835 þ 0:21056� l1 þ l2ð Þ
R2 ¼ 0:9406

The topological and energy dependences on intermolecular
distance observed for HB and LB “closed-shell” weak
interactions enabled interpretation of the strength of the HB
and LB interactions in terms of these ρ(r) properties.

Fig. 4 Exponential dependencies between electron density ρb at the
BCP and intermolecular distance d(H-bond) and d(Li-bond)

Fig. 5 Exponential relationships between local energy densities (Gb

and Vb) at the BCP and intermolecular distance d(H-bond) and d(Li-
bond), as well as linear relationships between local energy densities
(Gb and Vb) and electron density curvatures (Gb with l3 and Vb with
l1+l2)
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Upon bond formation, a maximum distribution of ρ(r)
is created along the bond path. The curvatures of the
electron distribution in the perpendicular plane at any
point of the bond path, and in particular at the BCP,
increase with increasing concentration of ρ(r). Along the
bond path, ρ(r) decreases from the nuclei toward the BCP,
where it has a local minimum, and the curvature along this
direction increases with charge depletion. The increase of
the negative magnitude l1 + l2 is accompanied by an
increase of the positive amplitude, l3, indicating that a
sharper electron concentration in the plane where ρ(r)
reaches a maximum is necessarily followed by greater ρ(r)
depletion along the direction of the bond path [37]. Thus,
at the BCP, Vb and Gb are related to the charge
concentration of ρ(r) in the plane perpendicular to the
bond path and to its charge depletion along the path
direction, respectively. The linear relationships observed
for both HB and LB interactions between the local energy
densities and the topological curvatures reflect this
situation.

D. Density difference of molecule formation (MFDD)

For a super-molecule A-B, the MFDD is defined as:

rdðrÞ ¼ rcomplexðrÞ � rmolAðrÞ þ rmolBðrÞð Þ:

Explicit images of the interactions between molecules A
(furan or thiophene) and B (HCl or LiCl) are plotted on the
basis of the distribution of function ρd(r), as shown in
Fig. 6. The MFDD graphs clearly show the formation
processes of HB and LB.

For furan···HCl(σ) and furan···LiCl(σ), the electron
density of the O atom of furan decreases in the
formation of HB and LB. Concomitantly, electron
density increases in the region between the H/Li atom
of HX/LiX and the O atom of furan, and the increased
region between the H and O atoms in furan···HCl(σ) is
larger than that between the Li and O atoms in
furan···LiCl(σ). For furan···HCl(π) and furan···LiCl(π),
the electron density on furan decreases and it increases
in the region between the H/Li atom of HX/LiX and the
furan; the increased region in furan···HCl(π) is larger
than that in furan···LiCl(π). For thiophene···HCl(π) and
thiophene···LiCl(π), the electron density on thiophene
decreases and it increases in the region between the H/Li
atom of HX/LiX and the thiophene; the increased region
in thiophene···HCl(π) is also larger than that in thiophe-
ne···LiCl(π). Figure 6 indicates that electron transfer
occurs from the O atom of furan to the H/Li atom in the
formation of σ-type HB and LB, and from the furan or
thiophene ring to the H/Li atom in the formation of π-type
HB and LB.

From the above discussions, the regions of increased
electron density between furan or thiophene and HCl are
larger than those between furan or thiophene and LiCl.
Moreover, in the hydrogen-bonded complexes, regions of

Fig. 6 Molecular formation density difference map of furan···HCl(σ)
(a), furan···LiCl(σ) (b), furan···HCl(π) (c), furan···LiCl(π) (d),
thiophene···HCl(π) (e), and thiophene···LiCl(π) (f) onto the 0.0008 a.
u. (in brown, gain electron) and -0.0008 a.u. (in purple, loss electron)
contour of the molecule’s electronic density
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increased electron density exist not only between the H
atom and furan or thiophene, but also around the Cl
atom. For the lithium-bonded complexes, however, the
increased region is only between the Li atom and furan
or thiophene. The MFDD indicates that electron transfer
plays a more important role in the formation of the
hydrogen-bonded complexes than in that of the lithium-
bonded complexes. The differences in the regions of
increased electron density of hydrogen-bonded and
lithium-bonded complexes are consistent with the charge
transfers, with the X atom being the main electron
acceptor in charge transfer from B to HX and the Li
atom being the main electron acceptor in charge transfer
from B to LiX (B=furan or thiophene).

NBO analysis

For a better understanding of the HB and LB, NBO analysis
was carried out at the HF/aug-cc-pVDZ level of theory
using the MP2/aug-cc-pVDZ geometry. The occupancy (δ)
of frontier molecular orbitals involving charge transfer (CT)
between subsystems, the second-order perturbation energy
lowering (Δ2E) due to the interaction of donor and acceptor
orbitals, and the quantity of charge transferred from the
donor to the acceptor qCT, as provided by NBO analysis, are
collected in Tables 5 and 6.

For furan···HX(σ), electron transfer occurs from the lone
pair orbital of the O atom to the anti-bonding orbital of HX
(X=F, Cl, Br). For furan···HX(π) and thiophene···HX(π), it
occurs from the C2 − C3 π-bond pair to the anti-bonding
orbital of HX. For furan···LiX(σ), it occurs from the lone
pair orbital of the O atom to the Li anti-bonding lone pair
orbital of the electron acceptor LiX. For furan···LiX(π) and
thiophene···LiX(π), it occurs from the C2 − C3 and C4−C5
π-bond pairs to the Li anti-bonding lone pair orbitals. These
conclusions are consistent with the topological molecular
graphs (Fig. 3), which show that an interaction line exists
between the Li atom and the BCP of the C(3) − C(4) bond
of furan or thiophene for B···LiX(π), and between the H
atom and the C(3) atom of furan or thiophene for B···HX

(π). These findings are in good agreement with the fact that
the interaction energies of lithium-bonded complexes are
much larger than those of hydrogen-bonded complexes.

The qCT and Δ2E values of the σ-complexes are larger
than those of the π-complexes. Moreover, qCT and Δ2E
decrease in the order HF > HCl > HBr, but increase in the
order LiF < LiCl < LiBr. These orders exactly match those
of electron density, ρb, of HB and LB. We found that the
higher the electron density (ρb), the more charge was
transferred from the donor to the acceptor (qCT), and the
greater the second-order perturbation energy lowering
(Δ2E). Good linear relationships were found between the
electron density, ρb, of HB and LB and charge transfer qCT
(Fig. 7a), with linear correlation coefficients of 0.9939 and
0.9851 for B···HX and B···LiX, respectively. Figure 7b
shows the linear relationships between ρb of HB and LB
and the second-order perturbation energy lowering Δ2E.
The linear correlation coefficients are 0.9717 and 0.9416
for the B···HX and B···LiX series, respectively.

Comparing the qCT and Δ2E values for LB with those for
HB, one can see that the qCT values for HB are a little larger
than those for LB, and the Δ2E values for HB are a little
larger than those for LB. These observations indicate that
charge transfer plays a more important role in hydrogen-
bonded complexes than in lithium-bonded complexes, which
is in good agreement with the results concerning MFDD
analysis.

Conclusions

(1) Furan···HF favors σ-type HB interaction, whereas
furan···HCl and furan···HBr favor π-type HB inter-
actions. Furan···LiX (X=F, Cl, Br) favor σ-type LB
interactions. Only π-type geometries for thiophe-
ne···HX and furan···LiX (X = F, Cl, Br) can be
optimized with no imaginary frequencies. The molec-
ular electrostatic potentials of furan and thiophene, as
well as of hydrogen halides and lithium halides,
determine the geometries of the complexes.

Geometry Donor NBOs δ Acceptor NBOs δ qCT Δ2E

furan···HF(σ) O lone pair 1.9686 H-F anti-bond 0.0128 0.104 8.62

furan···HCl(σ) O lone pair 1.9681 H-Cl anti-bond 0.0118 0.081 6.67

furan···HBr(σ) O lone pair 1.9680 H-Br anti-bond 0.0120 0.075 6.12

furan···HF(π) C2-C3 π-bond pair 1.8937 H-F anti-bond 0.0093 0.064 4.53

furan···HCl(π) C2-C3 π-bond pair 1.8881 H-Cl anti-bond 0.0114 0.054 4.52

furan···HBr(π) C2-C3 π-bond pair 1.8863 H-Br anti-bond 0.0128 0.052 4.63

thiophene···HF(π) C2-C3 π-bond pair 1.8895 H-F anti-bond 0.0074 0.059 3.83

thiophene···HCl(π) C2-C3 π-bond pair 1.8833 H-Cl anti-bond 0.0094 0.050 3.77

thiophene···HBr(π) C2-C3 π-bond pair 1.8818 H-Br anti-bond 0.0108 0.048 3.93

Table 5 Natural bond orbital
analysis for the hydrogen-
bonded complexes. (Δ2E in kcal
mol-1, qCT in a.u.)
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(2) Similarity between HB and LB:

(i) The studied HB and LB interactions can be
classified as “closed-shell” weak interactions.

(ii) For the studied HB and LB interactions, we found
that the topological properties at the BCP (the
electron density ρb, its Laplacian ∇2ρb, and the
eigenvalue l3 of the Hessian matrix), as well as the
energy properties (Gb and Vb) of HB and LB, were
exponentially dependent on the intermolecular
distances d(H-bond) and d(Li-bond), which en-
abled interpretation of the strength of the HB and
LB interactions in terms of these ρ(r) properties.

(iii) Excellent linear relationships between V and the
sum of the perpendicular curvatures, l1 + l2, and
between G and the curvature along the bond path
direction, l3, have been found for both HB and LB.

(iv) Charge transfers were observed from B to HX and
LiX in the hydrogen-bonded and lithium-bonded
complexes by analysis of the MFDD and NBO.

(v) Good linear relationships exist between the elec-
tron density, ρb, of HB and LB and charge transfer
qCT, as well as the second-order perturbation
energy lowering (Δ2E). We found that the higher
the electron density (ρb), the more charge is
transferred from the donor to the acceptor (qCT),
and the larger the second-order perturbation
energy lowering (Δ2E).

(3) Differences between HB and LB:

(i) The interaction energies of the studied lithium-
bonded complexes are larger than those of the
corresponding hydrogen-bonded complexes, repre-
senting a basic difference between LB and HB.

Fig. 7 Linear relationships between electron density ρb of HB and LB
and charge transfer qCT, as well as linear relationships between ρb and
second-order perturbation energy lowering Δ2E

Geometry Donor NBOs δ Acceptor NBOs δ qCT Δ2E

furan···LiF(σ) O lone pair 1.9738 Li anti-lone pair 0.0208 0.069 5.01

furan···LiCl(σ) O lone pair 1.9694 Li anti-lone pair 0.0584 0.082 6.90

furan···LiBr(σ) O lone pair 1.9683 Li anti-lone pair 0.0730 0.087 7.83

furan···LiF(π) C2-C3 π-bond pair 1.8895 Li anti-lone pair 0.0261 0.039 2.32

C4-C5 π-bond pair 1.8895 0.039 2.32

furan···LiCl(π) C2-C3 π-bond pair 1.8863 Li anti-lone pair 0.0779 0.048 3.57

C4-C5 π-bond pair 0.048 3.57

furan···LiBr(π) C2-C3 π-bond pair 1.8843 Li anti-lone pair 0.0981 0.049 4.07

C4-C5 π-bond pair 1.8843 0.049 4.07

thiophene···LiF(π) C2-C3 π-bond pair 1.8828 Li anti-lone pair 0.0293 0.035 1.96

C4-C5 π-bond pair 1.8828 0.035 1.96

thiophene···LiCl(π) C2-C3 π-bond pair 1.8786 Li anti-lone pair 0.0846 0.046 3.30

C4-C5 π-bond pair 1.8786 0.046 3.30

thiophene···LiBr(π) C2-C3 π-bond pair 1.8793 Li anti-lone pair 0.1054 0.047 3.75

C4-C5 π-bond pair 1.8793 0.047 3.75

Table 6 Natural bond orbital
analysis for the lithium-bonded
complexes. (Δ2E in kcal mol-1,
qCT in a.u.)
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(ii) The bond strength of HB conforms to the order
B···HF>B···HCl>B···HBr, while the bond strength
of LB conforms to the order B···LiF<B···LiCl<
B···LiBr.

(iii) Electron transfer plays a more important role in
the formation of HB than in the formation of LB;
the electrostatic interaction in LB is more dom-
inant than that in HB.
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