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Abstract—Properties of lithium- and hydrogen-bonded complexes formed by ammonia molecules, lithium
halides (LiHal, A-complexes), and hydrogen halides (HHal, B-complexes) are aligned using quantum chem-
ical MP2/aug-cc-pVTZ calculations. NBO analysis shows energy £(2) of inter-orbital interaction between
the monomers grows upon the transition to heavier and less electronegative halogen, along with an increase
in the contribution from the p-orbital to the hybrid orbital of lithium atom in A-complexes and the hybrid
orbital of the halogen atom in B-complexes. The calculated value of E(2) correlates to the elongation of cova-
lent Li—Hal and H—Hal bonds as the complex forms. Analytical investigation of the topology of electron den-
sity predicts noteworthily higher values of the electron and potential energy densities at the critical point of
intermolecular contact in B-complexes, relative to A-complexes, and a growing mutual penetration of atoms
that form the intermolecular contact. The higher thermodynamic stability of lithium-bonded complexes
could be due to the stronger positive electrostatic potential on the lithium atoms in molecules of lithium
halides and the weaker exchange repulsion of the monomers that form an A-complex.
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INTRODUCTION

In recent decades, intensive research on the nature
of intermolecular interactions has identified several
types of noncovalent bonding of molecules. In addi-
tion to hydrogen bonds [1], concepts of dihydrogen
bonds [2, 3], halogen bonds [4—6], chalcogen bonding
[7, 8], pnictogen bonding [9—11], and tetrel bonding
[12, 13] have been introduced. Studies of the noncova-
lent interactions with the participation of elements of
the main groups of the Periodic Table should establish
a standardized classification. According to the authors
of [14], in which this problem was discussed, develop-
ing a unified theory of intermolecular interactions will
greatly expand chemists’ visions of chemical bonding.

It is therefore important to study lithium bond
Y--Li—X [15], which remains the one least studied.
The lithium (Li-) bond could play an important role in
the formation of intermediates and the transition state
when conducting reactions of organometallic synthe-
sis. Its study therefore remains pertinent for both the-
oretical and experimental chemistry. Although the
first stage of work on the lithium bond dates back to
the 1980s [16—18], the question of its nature is still
poorly studied [19]. It is still a matter of debate
whether the Li bond can be categorized as a version of
the ¢-hole bond, the concept of which emerged in

theoretical studies of noncovalent interactions with
the participation of atoms of group IV—VII elements
[20—-22].

In the literature, the 6-hole [20] was defined as a
region of low electron density that appears as the result
of it outflowing upon the extension of the covalent ¢
bond during the formation of a bond between a IV—
VII group atom and a more electronegative atom. The
positive electrostatic potential (ESP) is associated
with the region of low electron density. Interaction
between the positive ESP-potential of the electron-
deficient 6-hole region and the donor of the lone
unshared pair results into electrostatic stabilization of
the molecular complex.

As was noted in earlier theoretical studies [17], the
energy of the lithium bond in neutral molecular com-
plexes is much higher than that of the hydrogen (H—)
bond and other known noncovalent 6-hole interac-
tions. However, quantum chemical calculations of
lithium-bonded complexes were made in the past
using relatively small basis sets. Since it is known that
a basis set can strongly influence the calculated char-
acteristics of a complex, it is important to study lith-
ium-bonded complexes (especially their geometry and
energetics) by modern quantum chemical means. In
this work, quantum chemical calculations were made
using the Dunning and Pople extended basis sets.
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Fig. 1. Positions of maxima of positive electrostatic ESP-potential (red spheres) on van der Waals molecular surface (0.001 a.u.

isoline). The numbers show the values of ESP in kcal/mol.

It is known that 6-hole interaction is highly sensi-
tive to the distribution of electron density in a mole-
cule that acts as Lewis acid. It is obvious that we can
analyze the effect the deficit of electron density on a Li
atom (i.e., the size of a 6-hole) has on the properties
of lithium-bonded complexes by varying the electro-
negativity of a substituent on a lithium atom. The most
convenient way of solving this question is to use mole-
cules of lithium halides LiHal as a Lewis acid, which
would allow us to see how the properties of a Li bond
change along with the electronegativity of halogen
bound covalently to a Li atom.

In this work, were compare results from quantum
chemical calculations of molecular complexes formed
by lithium halides and ammonia molecules to data
estimated for similar H-bonded complexes. This kind
of comparative analysis is often done in studies of non-
covalent interactions because the hydrogen bond [23]
is the most studied intermolecular G-hole interaction.
The existence of a region of positive ESP potential on
the hydrogen atom and the electrostatic nature of the
hydrogen bond [24] were suggested as far back as 1977.
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It was therefore of interest to compare the maxima of
the positive ESP potential on the van der Waals sur-
faces of LiHal and HHal molecules (Fig. 1).

We can see in Fig. 1 that the effect the halogen
atom has on the ESP potential in molecules of lithium
halides and hydrogen halides varies. In HHal mole-
cules, the positive potential on the hydrogen atom falls
predictably upon moving from the less electronegative
halogen of the HF > HCI > HBr series. We see a
reverse counter-intuitive trend for lithium halides: the
positive ESP-potential grows in the LiF < LiH <
LiClI < LiBr series. In addition, the ESP potential on
the Li atoms in the LiHal molecules is 3—4 times
stronger than the one on the H atoms in the HHal
molecules. This agrees with the concept that the defi-
cit of electron density in the region of a 6-hole grows
upon moving from light to heavier atoms in the Peri-
odic Table [25]. The higher polarizability and lower
electronegativity of a lithium atom relative to hydro-
gen results into more positive ESP values.
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NATURE OF THE LITHIUM BOND

Earlier works on the development of noncovalent
interactions showed the prominent role of orbital
charge-transfer interactions [26, 27] and dispersive
interactions [28, 29] in intermolecular bonding. The
aim of this work was to analyze the nature of the Li
bond in H;N--LiHal complexes, based on data from
NBO analysis, the topology of electron density, and
the decomposition of intermolecular energy into its
components.

CALCULATIONS

Our quantum chemical calculations of binary
molecular complexes formed by ammonia together
with LiHal and HHal (Hal = halogen atom) molecules
were made with the Gaussian 09 software [30] accord-
ing to the MP2 method [31] of the second-order
Magller—Plesset perturbation theory. The calculations
were made using Dunning’s correlation-consistent
aug-cc-pVTZ basis set augmented by diffuse functions
[32], which has been used extensively in recent years to
study noncovalent interactions. Structures obtained in
calculations with full optimization of their geometry
were checked for the absence of imaginary frequencies
in the force constant matrix. To analyze the effect a
type of basis functions has on the calculated character-
istics of molecular complexes, the geometry and bind-
ing energy of the compexes were also calculated using
Pople’s extended basis set 6-311++G(3df,3pd) |33].

The bond energies in molecular complexes were
defined as the difference between the total energy of a
complex and the sum of total energies of the isolated
monomers, with allowance for zero point energy. The
appropriate procedures of the Gaussian 09 software
package were used to analyze the natural bond orbitals
(NBO) [34, 35] and NMR chemical shields according
to GIAO [36, 37]. Molecular graphs of binary com-
plexes and maps of the electrostatic potential of the
LiHal and HHal molecules were constructed on the
basis of data from quantum chemical calculations
made with the Multiwfn program [38]. We studied the
topology of the electron density in complexes accord-
ing to Bader’s theory [39, 40] using the AIM algorithm
included in the Gaussian 09 and Multiwfn programs.
The intermolecular energy of the monomers forming
the lithium- and hydrogen-bonded complexes was
decomposed into its components using the GAMESS
software package [41, 42].

RESULTS AND DISCUSSION
Geometry and Binding Energy

The calculated geometries of binary lithium-
bonded complexes H;N--LiHal (Hal = F, Cl, Br)
(A-complexes) and H;N--HHal hydrogen-bonded
complexes (B-complexes) are presented in Fig. 2 and
Table 1. Both types of complexes have C3v symmetry.
Valency angle HNH is a bit greater in the B-com-
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Fig. 2. Binary molecular lithium-bonded complexes
(complexes A) and hydrogen-bonded complexes (com-
plexes B).

plexes, testifying to the flatter umbrella of the ammo-
nia molecule. It is clear from the table that the calcu-
lated characteristics of the complexes found using the
aug-cc-pVTZ and 6-311++G(3df,3pd) basis sets are
very close. Compared to results from calculations
made earlier [16, 17] with the 6-31G(d,p) basis set, we
can see that expanding Pople’s basis set greatly
reduces the calculated binding energy.

Our calculations showed that the Li bonds in the
studied complexes were centrosymmetrical (unlike
those of the H-bonded complexes), and the energy of
lithium bonds was more than double that of hydrogen
bonds. The change in the energy of lithium bonds in
complexes H;N--LiHal upon varying the halogen
substituent in the LiHal molecule reflects the trend of
an increase in the positive ESP potential on the Li
atom upon reducing the electronegativity of halogen
atom. The lowest energy of Li bonds we see is in com-
plex H;N--LiF, and the highest is in the H;N--LiBr
complex. The opposite is true for H-bonded com-
plexes. As Fig. 3 shows, there is a linear correlation
between the binding energy and magnitude of the pos-
itive ESP potential on the van der Waals surfaces of the
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Table 1. Intermolecular distance N--Li/N--H (R), covalent Li—Hal/H—Hal bond length (r), elongation of the covalent
Li—Hal/H—Hal bond (Ar) at complex formation, frequency shift (Av) of the band of stretching vibrations Li—Hal/H—Hal
in IR-spectrum, chemical shift (3) on Li/H atom, valency angle HNH (o) in ammonia molecule, positive electrostatic
potential (ESP) on the Li/H atom in Li—Hal/H—Hal molecule and binding energy (£,;,q) in the lithium- and hydrogen-
bonded complexes

A 5 /5 Ey;n4, keal/mol

Molecular VLi-Hal/H-Hal»| Ori/Oy, |a(HNH),| ESP,

complex RA r.A Ar, mA cm ™! ppm deg kcal/mol | Wwithout with

ZPE ZPE
Complex A: lithium bonds

H;N--LiF 2.082 1.620 26.1 —1.3 —0.35 106.1 182.9 19.64 17.68
(2.084) (1.618) (26.5) (—L0D) (—0.16) (106.5) (183.3) (19.85) (17.83)

H;N--LiCl 2.055 2.080 31.3 59.0 —0.92 106.1 201.6 22.09 20.07
(2.058) (2.073) (31.3) (54.4) (—0.53) (106.5) (202.1) (22.33) (20.36)

H;N--LiBr | 2.045 2.228 31.5 91.9 —0.90 106.1 205.6 23.12 21.09
(2.052) (2.234) (33.8) (82.1) (—0.47) (106.6) (204.9) (22.82) (20.85)

H;N---LiH 2.069 1.633 27.7 —71.3 —1.69 106.2 193.4 19.89 17.67
(2.072) (1.633) (30.0) (—68.9) (—1.35) (106.4) (193.8) (19.99) (17.77)

Complex B: hydrogen bonds

H;N--HF 1.682 0.957 34.9 —790.6 —7.30 107.3 74.8 12.93 9.90
(1.683) (0.951) (34.4) (—779.3) (—6.95) (107.8) (75.2) (13.10) (9.90)

H;N--HCl 1.739 1.328 52.7 —742.9 —10.27 107.4 46.8 9.22 6.93
(1.740) (1.324) (51.9) (—735.6) (—9.74) (107.9) (46.1) (9.08) (6.80)

H;N---HBr 1.688 1.475 68.7 —858.5 —12.33 107.7 39.0 9.01 6.85
(1.717) (1.477) (64.0) (—853.2) (—11.47) | (108.4) (37.9) (8.05) (5.94)

Data from MP2/6-311++G(3df,3pd) calculations of complexes are in parentheses.

LiHal and HHal molecules for the complexes of both

types. It is interesting that the binding energies in
complexes H;N-LiF and H;N--LiH are virtually the

same, according to our calculations.

24
22

— [}
oo o
T T

Eying, keal/mol
= o

Ll Ik
S NS}
T T

oo

GIAO calculations of the NMR chemical shifts on

atoms in complexes A and B predicted values of 8y an
order of magnitude higher than those of §;;. We can

see from Table 1, which presents calculated values of

y=0.0773x + 6.1273

R>=0.9794

W
(e

50 70

90 110 130

150 170

ESP, kcal/mol

190 210 230
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molecules and binding energy Ey;,4 in molecular lithium-bonded complexes (red diamond symbol) and hydrogen-bonded com-
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RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 98

No. 6

2024



NATURE OF THE LITHIUM BOND

1215

Table 2. Percentage contribution of p-orbital (%p) to hybrid orbitals, NPA-occupation (1) of orbital, change in the charge
(Ag) on the atoms as the complex forms, charge (Q,,) transferred from ammonia molecule, and energy of second-order per-
turbation (£(2)) in the lithium- and hydrogen-bonded complexes

Molecular ny-orbital 15/ Ofi-Hal Ag, me O E(2),
complex %p n %p n Agx AqLi/Agy | Agya me kcal/mol
Complex A: lithium bonds

H;N-LiF | 76.81sp>3 | 1.9670 | 9.27 sp*!% | 0.0307 —49.5 —53.8 21.0 32.8 17.94
(4.44)

H;N-LiCl | 77.17 sp>3% | 1.9542 | 49.925p"% | 0.0499 —42.7 -97.2 48.1 49.1 33.40
(13.40)

H;N--LiBr | 77.29 sp*># | 1.9522 | 53.24sp"* | 0.0539 | —42.0 —107.3 55.2 52.1 34.95
(15.95)
H;N-LiH | 77.29 sp>* | 1.9541 | 69.85sp>3 | 0.0420 | —34.7 —108.4 58.9 49.5 26.38
(12.15)
Complex B: hydrogen bonds

H;N--HF | 77.20 5p>3° | 1.9394 | 71.42sp>' | 0.0568 —4.1 22.1 —78.8 56.6 40.87
H;N--HCl | 77.17 sp>3 | 1.9236 | 80.01 sp*3> | 0.0716 11.6 61.3 | —132.0 70.7 43.35
H;N--HBr | 77.35sp>% | 1.9027 | 82.33sp*” | 0.0926 23.1 77.1 —167.9 90.8 55.24

Numbers in parentheses in the last column of Table 2 gives the values E(2) for interaction of ny-orbital of lone-electron pair of nitrogen
atom and anti-c-orbital of covalent bond Li—Hal upon the formation of lithium-bonded complexes.

chemical shifts to the low-frequency region, that the
shielding of nuclei of hydrogen and lithium atoms gets
weaker upon moving to heavier and less electronega-
tive halogen.

An atypical picture of the elongation of the cova-
lent bond in the lithium halide molecule is observed
upon the formation of Li-bonded complexes A, which
is accompanied by frequency vy, of Li—Hal shifting
into the short-wave region. The blue shift of the IR-
band in lithium-bonded complexes has also been
noted in experimental and theoretical works (e.g., [18,
43, 44]). It should be noted that the shift of the IR
band of HX to short-wave frequencies during the for-
mation of H-bonded complexes was noted in the liter-
ature only when the corresponding covalent bond was
shortened. The band shifts to the long-wave area
during the formation of H-bonded complexes when it
is elongated.

In the literature, a numerous ideas were expressed
to explain the character of the change of the X—H
covalent bond length (i.e., its elongation and shorten-
ing as a complex forms [45—48]). According to data
from the quantum chemical study in [47], the behavior
of the X—H covalent bond in H-bonded Y---H—X
complexes is determined by the ratio of contributions
from hyperconjugation n(Y), 6*(X—H) and the rehy-
bridization of heteroatom X. The X—H bond grows
longer when hyperconjugation predominates, but the
covalent bond can be shortened when there is a
marked increase in the s-character of the hybrid
orbital of heteroatom X. We studied this problem after
analyzing the natural orbitals (NBOs) of complexes A
and B as described in the next section.
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Analyzing Natural Bond Orbitals (NBOs)
(NBO Analysis)

An analysis of NBOs according to data from
MP2/aug-cc-pVTZ calculations of complexes A and
B shows obvious differences in the inter-orbital inter-
action between monomers upon the formation of lith-
ium and hydrogen bonds (Table 2). The interaction
between the n-orbital of the lone-electron pair of the
nitrogen atom and the anti-c-orbital of the H—Hal
covalent bond (ny — O}j_jy,) Tesponds to the forma-
tion of H bonds, while the overlapping of the n-orbital
of nitrogen and the anti-orbital of the lone pair of lith-

ium atom (ny — n;;) makes the major contribution to
the energy of inter-orbital interaction upon the forma-
tion of Li bonds. Interaction ny — O};_y., like the
N — Of_ga Of monomers in complexes B, is much
less with the lithium bond. It is therefore obvious from
Table 2 that the calculated energy of second-order

perturbation E(2) for interaction ny — #; in complex
H;N--LiCl is 33.4 kcal/mol. The value of E(2) is
13.4 kcal/mol for interaction ny — oF,_¢-

We can see from Table 2 that Bent’s rule applies to
A-complexes [49]. Under the rule, the p-character of
hybrid orbital of atom rises as the electronegativity of
the substituent covalently bound to this atom falls. We
can see the smallest contribution from the p-compo-
nent to the hybrid orbital of the lithium atom in the
LiF molecule, while the largest contribution is in the
LiBr molecule. In the complexes A, energy E(2) of
inter-orbital interaction rose along with the contribu-
tion from the p-orbital to the hybrid orbital of the Li

No.6 2024
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at formation of the lithium-bonded complexes (red diamonds) and hydrogen-bonded complexes (blue diamonds).

atom. A linear dependence of energy £(2) of interor-
bital interaction ny — G};_c and the percentage of the
contribution from the p-component to the hybrid
orbital of lithium was found in [ 19] while studying lith-
ium-bonded complexes N---Li—C formed by ammo-
nia molecules and lithium-substituted hydrocarbons.
Note that Table 2 shows a similar pattern of the sym-

bate change in the value of E,ﬂﬂ_)G*H,Hal for B-com-

plexes when the p-component of the hybrid orbital of
the halogen atom participating in the formation of
covalent bond H—Hal was altered.

The predominant mode of interorbital overlapping
determines the pattern of charge transfer from the
ammonia molecule. In Li-bonded complexes, the
electronic charge is mostly transferred to the lithium
atom, which was acknowledged theoretically in [18,
50, 51], but charge is transferred to the halogen atom
in H-bonded complexes. The calculated values of the
change in the NPA charges on the atoms in complexes
A and B are given in Table 2, which shows that
increased inter-orbital interaction between the mono-
mers in the complexes with heavy halogen strength-
ened the electron charge transferred to the LiHal and
HHal molecules. Figure 4 also shows that charge Q,,
transferred from ammonia correlates well with the
elongation of the covalent Li—Hal and H—Hal bonds
in both types of complexes.

The elongation of covalent bonds testifies to the
predominance of hyperconjugation over the rehybrid-
ization of atoms in the molecules of lithium halides
and hydrogen halides upon the formation of Li- and
H-bonded complexes. An increase in energy F(2) of
inter-orbital interactions ny — Ofi_y, and ny —

Gli_nal» 1-€. a strengthening of hyperconjugation, has
been noted in complexes A and B with a weakening of
the electronegativity of the halogen). The energy of
hyperconjugation is several times higher in B-com-
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plexes than in A-complexes, which apparently deter-
mines the notably greater lengthening of the covalent
H—Hal bonds, relative to the Li—Hal bonds.

Topological Analysis

Figure 5 presents molecular graphs of complexes
H;N---LiCl and H;N---HCI, constructed on the basis
of analyzing the topology of electron density accord-
ing to MP2/aug-cc-pVTZ calculations, which
demonstrate the existence of an intermolecular bond
path connecting the nitrogen atoms to the lithium and
hydrogen atoms. Values of the topological parameters
of the bond critical points BCP (3, —1) of intermolec-
ular contact N--Li and N--H, found according to
Bader’s Theory of Atoms in Molecules (AIM) [39,
40], are given in Table 3. It should be noted that the
topological parameters of the critical point are consid-
ered important indicators of intermolecular interac-
tion. For example, it is clear from the table that the
Laplacian of electron density V2pycp at the bond crit-
ical point (3, —1) is positive in both types of com-
plexes, which is characteristic of the closed shell sys-
tems.

However, analysis of the data in Table 3 shows that
Bader’s theory fails to explain the markedly higher
thermodynamic stability of the Li-bonded complexes,
relative to the H-bonded complexes. High values of
electron density ppcp at the critical point are therefore
always viewed as an indicator of higher intermolecular
bond strength in [52, 53]. However, the values of pgcp
in complexes A are about half those in complexes B.
The values of potential energy density Vycp and the
ELF and LOL localization parameters of electrons
and orbitals at the critical point are also notably higher
in the latter. The magnitudes of total energy density
Hycp in B-complexes are negative, testifying to the
covalent component of the intermolecular hydrogen

No. 6 2024
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bond [54]. We would therefore expect stronger bond-
ing of the monomers. The electrostatic ESP potential
at the critical points of intermolecular contact N---Li
and N--H in studied complexes A and B had similar
positive values.

The mutual penetration of the atoms that form this
bond is considered to be another index of the strength
of intermolecular bonds. In our A-complexes, they
were nitrogen and lithium atoms; in the B-complexes,
they were nitrogen and hydrogen atoms. The penetra-
tion of the atoms can be determined by comparing
nonbonded atomic radii /° to corresponding bonded
atomic radii r. The values of /° are determined as the
distance from the nucleus to the isoline of electron
density (it is usually the isoline of 0.001 a.u.) in the
direction of the intermolecular bond, while the value
of r is the distance from nucleus to the critical point
(3, —1) of the intermolecular contact. By definition,
penetration of atoms is the difference between the non-
bonded and bonded atomic radii, Ar = ¥ — r. Table 4
presents the corresponding values of 7 and r radii for
lithium, hydrogen, and nitrogen atoms in complexes A
and B, along with calculated values of penetration Ar
of atoms during the formation of a complex. It is clear
from the table that the mutual penetration of atoms
grows along with the transition to heavier halogen in
both types of complexes, and the values of Ary of
hydrogen atom notably higher than those of Ar; for
lithium. According to estimated values of Ar of the
atoms of intermolecular bonds and the topological
parameters of a bond’s critical point, we would
expected the bonding of monomers in B-complexes to
be stronger than in A-complexes.

It is interesting to compare patterns of the electron
shift upon the formation of complexes. Maps of the
shift in electron density plotted for complexes

Table 3. Electron density (p), Laplacian of electron density

LITHIUM BOND 1217
H;N--LiCl H;N--HCI
H He oH
He_ H H
N .\y.
N
L312A
1.204 A
Q
Lii H
[ ]
S
Cclg

cle

Fig. 5. Molecular graphs of electron density, plotted for
complexes H3N--LiCl and H;N--HCIl. Magenta and

orange-coloured spheres correspond to critical points
(3,—3) and (3, —1), respectively; the brown lines denote
the bond paths. The numbers indicate the distance (in A)
from the nucleus to the bond critical point (3, —1) of inter-
molecular contact N---Li and N---H.

H;N--LiCl and H;N--HCI are shown in Fig. 6. We
can see from the figure that the shifts in electron den-
sity upon the formation of hydrogen- and lithium-
bonded complexes are in many ways similar, but some
quantitative differences should be noted. The loss of

(Vzp), potential energy density (Vgcp), total energy density

(Hgcp), parameters of the localization of electrons (ELF) and orbitals (LOL), and electrostatic potential (ESP) at the crit-
ical point of intermolecular contact in the lithium- and hydrogen-bonded complexes

Molecular Topological parameters ELF LoL ESp
complex p V?p Vicp Hycp
Complex A: lithium bonds
H;N--LiF 0.0257 0.1626 —0.0285 0.0061 0.0334 0.1567 0.3002
H;N--LiCl 0.0276 0.1767 —0.0313 0.0065 0.0353 0.1606 0.3319
H;N--LiBr 0.0283 0.1822 —0.0325 0.0065 0.0361 0.1623 0.3403
H;N--LiH 0.0264 0.1687 —0.0296 0.0063 0.0340 0.1581 0.3083
Complex B: hydrogen bonds
H;N--HF 0.0531 0.0805 —0.0536 —0.0167 0.2546 0.3689 0.3572
H;N--HCl 0.0506 0.0693 —0.0464 —0.0145 0.2802 0.3843 0.2781
H;N--HBr 0.0586 0.0570 —0.0552 —0.0205 0.3479 0.4222 0.3081

All values are in atomic units. Table 3 does not include ellipticity € of the Laplacian because its calculated values at the critical point are

less than 0.001.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 98

No.6 2024



1218

ISAEV

Table 4. Nonbonded () and bonded (#) radii of nitrogen and lithium (hydrogen) atoms, and their mutual penetration (Ar)
(A) in the formation of lithium- and hydrogen-bonded complexes

“g(‘)’rlz;‘lgir yx, u/r Ari/Ary 2 " Ay |Ar/Arg + Ar
Complex A: lithium bonds

H;N--LiF 1.116 0.756 0.360 1.810 1.326 0.484 0.844

H;N--LiCl 1.188 0.743 0.445 1.809 1.312 0.497 0.942

H;N---LiBr 1.219 0.739 0.480 1.809 1.305 0.504 0.984

H;N--LiH 1.283 0.750 0.533 1.811 1.319 0.492 1.025
Complex B: hydrogen bonds

H;N--HF 1.475 0.487 0.988 1.799 1.194 0.605 1.593

H;N--HCl 1.585 0.535 1.050 1.801 1.204 0.597 1.647

H;N--HBr 1.620 0.515 1.105 1.798 1.173 0.625 1.730

0

Mutual penetration of atoms of intermolecular contact was determined according to relation Ar=r" — r.

electron density near the hydrogen atom that partici-
pates in H-bonding in complex H;N---HCI (indicated
in green) is thus very great and more than the increase

H;N-LiCl

2
2
3

Fig. 6. Maps of the electron density redistribution for com-
plexes H3N--LiCl and H3N--HCI, plotted according to
MP2/aug-cc-pVTZ calculations; the border of the contour
runs along the 0.0005 a.u. isoline. Blue color indicates
increase of electron density, while green color indicates its
loss at formation of the molecular complex from mono-
mers.
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on the nitrogen atom of ammonia (indicated in violet
on the line of hydrogen bond). We see the opposite
picture on the line of the intermolecular bond between
nitrogen and lithium in the complex H;N--LiCl: a
negligible reduction of electron density in the region
adjacent to the lithium atom, and a very strong
increase of it near the nitrogen atom.

Decomposing Binding Energy into Components

Information on the nature of intermolecular bonds
can be obtained on the basis of data on components of
the energy of interaction between the monomers that
forming a complex. Analysis of intermolecular energy
according to the Morokuma—Kitaura scheme [55],
results from which are presented in Table 5 for com-
plexes A and B, can be used to answer the question of
whether the higher stability of complexes with Li
bonds is determined only by electrostatic interaction.
Decomposing the binding energy into components
using Dunning’s basis set aug-cc-pVTZ and Pople’s
basis set 6-311++G(3df,3pd) reveals that the type of
the basis set has a very low impact on the calculated
magnitudes of the components without changing the
full picture of the intermolecular interaction.

A comparison of the electrostatic contributions
(the ES component) to the binding energy in com-
plexes A and B shows that the ES component in the
complexes with Li bonds is a bit larger than in the H-
bonded complexes. The energy of polarization (POL)
proved to be the second largest component in the A-
complexes. The contribution from polarization to the
energy of Li bonds grows rapidly in the order
H;N--LiF < H;N--LiCl < H;N--LiBr and apparently
determines the increased stability of the complex with
heavy halogen. On the other hand, the value of the
POL component falls slightly in complexes with H
bonds upon moving to heavy atoms.
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Table 5. Components of binding energy (kcal/mol) in lithium- and hydrogen-bonded complexes, obtained with the Moro-

kuma—Kitaura scheme

Components of binding energy
Molecular complex
ES EX POL CT DISP
Complex A: lithium bonds
H;N--LiF —25.91 (—26.41) 10.83 (10.59) —9.93 (—9.64) —3.16 (—2.92) 0.36 (0.31)
H;N--LiCl —28.28 (—29.31) 11.79 (11.53) —12.28 (—11.85) —3.81 (—3.47) 0.40 (0.38)
H;N---LiBr —30.81 (—31.22) 13.18 (12.78) —25.80 (—25.19) —2.49 (—2.14) —0.03 (—0.05)
H;N--LiH —26.51 (—27.13) 11.36 (11.15) —29.32 (—29.01) —3.05 (—2.95) 0.58 (0.54)
Complex B: hydrogen bonds
H;N--HF —23.34 (—23.85) 22.56 (22.37) —9.63 (—9.47) —9.55 (—9.06) —2.98 (—3.19)
H;N--HCl —20.98 (—21.23) 27.59 (27.12) —9.16 (—8.96) —12.48 (—11.84) —3.86 (—4.05)
H;N--HBr —23.61 (—23.94) 34.10 (33.52) —9.01 (—8.78) —15.14 (—14.22) —4.73 (—4.85)

ES, EX, POL, and CT are components of electrostatic interaction,

exchange repulsion, polarization, and charge transfer, respectively.

Components with a negative sign are attractive. Table 5 does not include the MIX component of the Morokuma—Kitaura decomposi-
tion. DISP is the energy of dispersion, assumed to equal the calculated energy of electron correlation. Values of components calculated

with basis set 6-311++G(3df,3pd) are in parentheses.

It is clear from the data in the Table 5 that the value
of the ES component varies slightly in the H-bonded
complexes, which prevents bonding at the higher
binding energy in complex H;N---HF with its stronger
electrostatic interaction. According to our analysis,
the drop in binding energy in the H-bonded complex
with the larger and less electronegative halogen atom is
determined by the rapid growth of the exchange repul-
sion (EX) of monomers. In complexes H;N---HCl and
H;N--HBr, the EX component is much greater than
electrostatic contribution to the energy of H bonds. In
the A-complexes, it varies from 41.3t0 42.9% ofthe ES
component, according to calculations with the aug-
cc-pVTZ basis set.

Note too the difference between complexes A and
B in the components with charge transfer (CT) and
dispersion energy (DISP). The charge transfer makes
a relatively small contribution to the Li-bond energy (8
to 13%), but the value of the CT-component in the H-
bonded complexes exceeds the contribution of polar-
ization, which grows along with the atomic number
and reaches 64% of the ES component in complex
H;N--HBr. The values of the energy of dispersion,
calculated as energy E,, of electron correlation are
given in the last column of Table 5, along with the
Morokuma—Kitaura decomposition. The value of
E... is defined as the difference between total energies
of the complexes found on the post-SCF and SCF lev-
els of theory. It ranges from 3 to 5 kcal/mol in the B-
complexes. In the complexes A, E_, is close to zero
and even displays a low positive value. This is consis-
tent with results obtained for Li bonds in [16, 56],
where it was revealed that dispersion contributes neg-
ligibly to the energy of intermolecular lithium bonds.
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CONCLUSIONS

Quantum chemical MP2/aug-cc-pVTZ calcula-
tions for complexes formed by ammonia together
with molecules LiHal (complexes A) and HHal
(complexes B, where Hal = F, Cl, Br) revealed several
important differences between their properties and
nature of the intermolecular interaction. These differ-
ences were apparently due to the different nature of
inter-orbital interaction in complexes A and B.
According to data from NBO analysis, the main inter-
orbital interaction in complexes A is the overlapping of
the n-orbitals of lone pairs of electrons of nitrogen
atoms and the anti-orbitals of lone pairs of lithium
atoms, ny — n;y. In complexes B, the overlapping of
the n-orbital of nitrogen and the anti-c-orbital of
covalent bond H—Hal (ny — o}j_y,;) makes the main
contribution to energy E(2) of inter-orbital interac-
tion.

In complexes A, energy E(2) of inter-orbital inter-
action rises along with the contribution from the p-
orbital to the hybrid orbital of the Li atom. In accor-
dance with Bent’s rule, this is observed upon moving
from the LiHal molecule to the less electronegative
halogen. In both types of complexes, the value of £(2)
correlates with the charge transferred from the ammo-
nia molecule upon the formation of the molecular
complex and the elongation of covalent Li—Hal and
H—Hal bonds.

Topological analysis of electron density revealed
lower values of it and the density of potential energy at
the critical point of intermolecular contact N---Li in
complexes A, relative to contact N---H in complexes B.
Values of the mutual penetration of nitrogen and lith-
ium atoms that form the intermolecular bond are
lower in complexes A, as are the calculated parameters
of the localization of electrons and orbitals at the bond
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critical point of contact N---Li. In both types of com-
plexes, the binding energy correlates linearly with the
maximum value of positive electrostatic potential ESP
on the bridge atoms of lithium and hydrogen.

Decomposing the intermolecular energy into com-
ponents revealed that the lower stability of complexes B
relative to complexes A is associated not only with the
lower values of the ESP potential on hydrogen atoms
and weaker electrostatic interaction, but to a great
extent with the much stronger exchange repulsion of
monomers upon the formation of the hydrogen-
bonded complex. Electrostatic interaction and polar-
ization make the main contribution to stabilizing com-
plexes with lithium bonds, while it comes from elec-
trostatics and charge transfer in complexes B. The rise
in the energy of lithium bonding in complexes with
heavy halogen is defined as the higher value of the
polarization component.

Note that our MP2/6-311++G(3df,3pd) quantum
chemical calculations of complexes A and B using
Pople’s extended basis set predicted a geometry of the
complexes that was similar to the one obtained with
MP2/aug-cc-pVTZ calculations, along with similar
values of the intermolecular binding energy and com-
ponents of its decomposition.
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