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Abstract Quantum chemical calculations have been per-
formed for the complexes Li;OCCX-Y (X=Cl, Br, H; Y=
NHj3;, H,0, H,S) and Li;OCN-X'Y' (X"Y'=CIF, BrCl, BrF,
HF) to study the role of superalkalis in hydrogen and halo-
gen bonds. The results show that the presence of an Li;O
cluster in a Lewis acid weakens its acidity, while its pres-
ence in a Lewis base enhances its basicity. Furthermore, the
latter effect is more prominent than the former one, and the
presence of an Na3;O cluster causes an even greater effect
than Li;O. The strengths of hydrogen and halogen bonds
were analyzed using molecular electrostatic potentials. The
contributions of superalkalis to the strength of hydrogen and
halogen bonds were elucidated by analyzing differences in
electron density.

Keywords Superalkalis - Hydrogen bond - Halogen bond -
Electrostatic potentials - Electron density difference
Introduction

Understanding and utilizing noncovalent interactions are

becoming increasing important tasks in modern chemistry,
since they play an important role in chemical and biological
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processes, including molecular recognition and sensors
[1-3], crystal engineering [4—6], and enzymatic mechanisms
[7-9]. Hydrogen and halogen bonds are two important non-
covalent interactions. The former is still a hot research topic
in these fields, even though there have been many studies of
hydrogen bonds, while the latter has attracted considerable
attention in recent years [10—14]. Both types of interactions
have similarities in terms of structures and properties, in
which the interaction direction and strength are the two main
factors to consider when these types of interactions are
applied in the fields mentioned above. Halogen bonding is
more linear than hydrogen bonding [15], although both of
them are electrostatically driven noncovalent interactions. It
has been demonstrated that the interaction energy of halogen
bonding is correlated with the positive electrostatic potential
(o-hole) on the covalently bonded halogen [16-18]. The
existence of o-holes on the surfaces of covalently bonded
group V and VI atoms has also been confirmed [19]. Very
recently, Politzer et al. presented a perspective on halogen
bonding and other o-hole interactions [20].

It is known that the strengths of hydrogen and halogen
bonds are mainly related to the atoms and groups that
directly participate in the interactions. Stronger interactions
correspond a more acidic proton or halogen atom and a
stronger Lewis base. In addition, their strengths can be
regulated through substitution [21-28]. We compared the
strengths of single-electron halogen bonds in CH3;—BrH,
CH;CH,-BrH, (CH;3),CH-BrH, and (CH;);C—BrH com-
plexes, and found that the methyl group in the Lewis base
enhances the halogen bond [26]. An unexpected enhance-
ment of halogen bond strength by the methyl groups in
dimethyl sulfide has also been reported [27]. Bauza et al.
[28] performed a comprehensive ab initio study of substit-
uent effects in halogen-bonded complexes comprising aro-
matic donors and acceptors. Interestingly, the effect of the
substituent on the interaction energy is similar for both
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hydrogen bonds and halogen bonds. However, an unexpected
trend was found for the substituents in halogen-bonded com-
plexes of CXiI (X=F, Cl, Br, I) with two typical Lewis bases
(chloride and trimethylamine) [29]. The halogen bond
strength of a compound C-I does not necessarily increase as
the electronegativity of the (carbon-based) group X increases.

Superalkalis are molecules with ionization potentials that
are lower than those of alkali atoms (5.4-3.9 eV) [30]. Many
stable superalkalis have been identified using experimental
and theoretical methods [31]. For example, alkali oxides of
composition X30 (X=Li, Na, K) are regarded as superalkalis
[32]. It has been demonstrated that superalkalis can mimic the
chemical behavior of atoms in the periodic table [33].

In the work described in this paper, we focused on
the effect of superalkali substituents on the strengths of
hydrogen and halogen bonds. Considering that supera-
toms are potential building blocks for the assembly of
novel and nanostructured materials [34], the application
of superalkali substitutents in supermolecular chemistry
is of great interest to us.

In this paper, the complexes Li;OCCX-Y (X=Cl, Br, H;
Y=NH;, H,0, H,S) and Li;OCN-X'Y' (X'Y'=CIF, BrCl,
BrF, HF) were studied by performing quantum chemical
calculations of them. For comparison, the counterparts
HCCX-Y and HCN-X"Y" were also been studied. In addi-
tion, the complexes Na;OCCBr-NH; and Na3;OCN-BrF
were also considered. The main aim of this work was to
determine the role played by superalkalis in hydrogen and
halogen bonds. The strengths of hydrogen and halogen
bonds were evaluated using molecular electrostatic poten-
tials, and the contributions of superalkalis in both types of
complexes were analyzed via differences in electron density.

Fig. 1 Optimized structures of
Li;OCCX-Y (X=Cl, Br, H; Y
= NHj;, H,0, H,S) complexes
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Theoretical methods

All calculations were performed with the program Gaussian
09 [35]. The structures of the complexes and their mono-
mers were first optimized at the MP2/aug-cc-pVTZ level
and then frequency calculations were performed at the same
level to confirm the nature of the stationary points. The
interaction energy was calculated as the difference between
the energy of the complex and the sum of the energies of the
respective monomers. The basis set superposition error
(BSSE) was removed from the interaction energy using the
counterpoise method of Boys and Bernardi [36]. Electro-
static potentials on 0.001 electrons Bohr > isodensity surfa-
ces were calculated at the MP2/aug-cc-pVTZ level using the
program Wave Function Analysis—Surface Analysis Suite
(WFA-SAS) [37]. The wavefunctions obtained at the MP2/
aug-cc-pVTZ level were employed to determine electron
density differences using the program Multiwfn [38], which
were then visualized and plotted with the program Gauss-
View 5.0.

Results and discussion
Geometries and frequency shifts

The optimized structures of the complexes Li;OCCX-Y (X=
Cl, Br, H; Y=NHj3;, H,0, H,S) and Li;OCN-X"Y" (X"Y'=CIF,
BrCl, BrF, HF) are shown in Figs. 1 and 2, respectively. The
NHj; complexes and the Li;OCN-X"Y' complexes show C;
symmetry, while the H,O and H,S complexes display Cg
symmetry. The geometrical parameters for the Li;OCCX-Y
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Fig. 2 Optimized structures of Li;OCN-X'Y" (X'Y'=CIF, BrCl, BrF,
HF) complexes

and Li;OCN-X"Y' complexes are presented in Tables 1 and 2,
respectively. It has been demonstrated that sp-hybridized
carbon-bound halogen atoms form stronger halogen bonds
than sp*- and sp>-hybridized carbon-bound halogen atoms
[39]. A similar conclusion was also drawn for hydrogen bonds
[40]. Therefore, we selected=C—X and=C-H as halogen and
proton donors, respectively. The C—X-'Y bond angle in the
halogen bond is larger than that in the hydrogen bond, which
means that the halogen bond has higher directionality than the
hydrogen bond. This can be attributed to the effect of the
nonbonding valence electrons of the halogen [15]. Evidence

for this conclusion is provided by many studies [41-44]. The
X-Y—H bond angle in the H,S complexes is smaller than that
in their HO counterparts. A similar phenomenon was also
observed for other halogen-bonded complexes incorporating
O and S atoms [27, 45]. This can be explained by invoking the
electrostatic potential maps for HO and H,S, as shown in
Fig. 3. The most negative electrostatic potential on the surface
of the S atom has larger deviation from the molecular plane
than that on the surface of the O atom.

The smallest binding distances were obtained for the
Li3OCCH complexes, due to the smaller atomic radius of
H. Although the Br atom is larger than Cl, the Li;OCCBr
complexes show smaller binding distances than their
Li;OCCCI counterparts due to stronger interactions. The
binding distances in the Li;OCCX complexes are larger than
those in their respective HCCX complexes. However, the
binding distance in the Li;OCN complex is smaller than that
in its HCN counterpart. The Na;OCCBr---NH; complex
presents a larger binding distance than Li;OCCBr--NHj3
does, while the NazOCN--BrF complex shows a smaller
binding distance than the Li;OCN--BrF complex.

Upon Li;OCCX-Y complexation, the C—O, C=C, and C—
X bonds are elongated. The C=C bond shows the least elon-
gation, due to the triple bond. The C—X bond shows more
elongation than the C—O bond due to the presence of a direct
interaction. Similarly, the formation of the Li;OCN-X'"Y'
complex leads to the elongation of the X'—Y' bond. However,
the C=N bond contracts a little. It was also found that the
NazO cluster causes a smaller change in the geometry of the
M;0CCX-Y complex but a larger change in the geometry of
the M;OCN—X"Y' complex than the Li;O cluster does.

It is clear from Tables 2 and 3 that a redshift occurs for
the stretch vibrations of the C—O, C=C, and C—X bonds in
the Li;OCCX complex and for the vibration of the X'-Y’
bond in the Li;OCN complex, while a blueshift is observed
for the stretch vibration of the C=N bond in the Li;OCN
complex upon complexation. These shifts are consistent
with the changes in the lengths of these bonds with com-
plexation. The redshifts of the C—Cl and C—Br stretch vibra-
tions vary irregularly with increasing interaction strength,
since coupling occurs between the C—X stretch vibration
and other bonds. As expected, the redshifts of the C—H
and X'-Y" stretch vibrations reflect the interaction strength.

Interaction energy

Interaction energy is often used to estimate the strengths of
noncovalent interactions. Table 3 presents the interaction
energies of these systems, corrected for BSSE. The ratio of
BSSE to raw interaction energy is 6~30 % and increases as
the interaction in the Li;OCCX-Y system weakens. The
BSSE has a greater effect on the halogen bond in the
Li;OCN-X'Y" system. Table 4 shows that the interaction

@ Springer



1314

J Mol Model (2013) 19:1311-1318

Table 1 Binding distances (R,

in A) as well as changes in bond ~ Complexes R Aroc Arc=c Arc.x Oc x-v Ox-v-m
lengths (Ar, in A) and bond
angles (6, in degrees) in Li;OCCCl+NH; 3.101(3.055) 0.004 0.001 0.003 179.4 111.2
Li;0CCX-Y (X=Cl, Br, H; Y= Li;OCCCl+-OH, 3.033(2.962) 0.003 0.000 0.002 179.8 116.5
NH;, H,0, H,S) and ‘
Li;OCCCl+SH, 3.552(3.510) 0.001 0.000 0.002 170.3 72.8
Na;OCCBr-NHj; complexes up- )
on complexation, calculated at Li;OCCBr+NH; 2.990(2.966) 0.004 0.001 0.010 179.9 111.7
the MP2/aug-cc-pVTZ level Li;OCCBr+OH, 2.980(2.933) 0.003 0.000 0.005 179.6 116.2
Li;OCCBr+SH, 3.468(3.444) 0.001 0.001 0.005 175.0 83.3
Li;OCCH-"NH; 2.308(2.259) 0.005 0.001 0.009 179.1 1113
Li;OCCH-OH, 2.241(2.186) 0.004 0.001 0.005 178.8 120.1
Li;OCCH-SH, 2.833(2.795) 0.002 0.001 0.003 174.1 89.9
The data in parentheses are from  Na,0CCBrNH; 3.057(2.966) 0.004 0.001 0.008 179.9 1115

the respective HCCX-Y system

energies in the Li;OCCBr complexes are more negative than
the corresponding energies in the Li;OCCCI complexes. For
example, the interaction energy is —12.50 kJmol ' for the
Li;OCCBr-NH; complex, while it is —=7.38 kJ mol ™! for the
Li;OCCCI-NH; complex. A similar result was obtained
when NH; was replaced by H,S or H,O. The calculated
electrostatic potentials (ESPs; Table 5) agree well with the
results discussed above. The most positive electrostatic po-
tential on Br in Li3OCCBr (0.0417 e¢V) was more positive
than that on Cl in Li;OCCCI (0.0308 eV). This means that
electrostatic interactions play an important role in the
halogen-bonded complexes [10]. The interaction energies
in the Li3OCCH complexes are larger than those in the
Li;OCCCIl complexes but smaller than those in the
Li;OCCBr complexes. However, the most positive electro-
static potential on the H atom in Li;OCCH is larger than
those on Cl and Br in Li3OCCCI and Li;OCCBEr, respec-
tively. This can be explained by the fact that halogens are
more polarizable than hydrogen. The interaction energies in
Li;OCN-X'Y" complexes become more negative in the
order X'Y'=BrCI<CIF<HF<BrF. For the halogen-bonded
complexes, the most positive electrostatic potential on the
halogen atom is consistent with the interaction energy. The
sequence of halogen bond strengths given above is in agree-
ment with the results of previous studies [43, 44]. These
results indicate that there is competition between halogen
bonding and hydrogen bonding [46—48].

The Lewis bases also affect the strengths of both types of
interaction. The interaction strength decreases in the order NH;
>H,0>H,S. These results support the conclusion that NHj3 is a
stronger Lewis base than H,O and H,S [49]. The difference
between the interaction energies of the H,O and H,S com-
plexes is larger for the hydrogen bonds than for the halogen
bonds. The most negative ESP values on the three Lewis bases
are also in accord with the results mentioned above.

The interaction energies of the HCCX-Y and HCN-X'Y'
complexes are also listed in Table 4. It is clear that the
interaction energy in the Li;OCCX complex becomes less
negative relative to the HCCX complex, while it becomes
more negative in the Li;OCN complex in comparison with
the HCN complex. For example, the interaction energy
changes from —11.42 kJ mol ! in the HCCBr-H,0 complex
to —8.68 kJmol ' in the Li;OCCBr-H,O complex, while it
changes from —21.69 kImol ' in the HCN—CIF complex to
—31.41 kimol " in the Li;OCN—CIF complex. This suggests
that the presence of the Liz;O cluster in a Lewis acid dis-
favors the formation of hydrogen and halogen bonds, while
its presence in a Lewis base enhances the stability of the
hydrogen- and halogen-bonded complexes. Analysis of
electrostatic potentials indicates that the presence of the
Li30 cluster reduces the maximum positivity of the electro-
static potential on the Lewis acid atom but increases the
maximum negativity of the electrostatic potential on the
Lewis base atom. The influence of the Li;O cluster on the

Table 2 Binding distances (R, in A) as well as changes in bond lengths (Ar, in A) and frequency shifts (Av, in em ') in LiOCN-X'Y' (X'Y'=CIF,
BrCl, BrF, HF) and Na;OCN-BrF complexes upon complexation, calculated at the MP2/aug-cc-pVTZ level

Complexes R Ary_y Arc=n Avxr v Ave—n
Li;OCN---CIF 2.418(2.542) 0.031 —0.002 =73 31
Li;OCN---BrCl 2.582(2.723) 0.031 —0.001 -33 22
Li;OCN---BrF 2.354(2.467) 0.044 —0.004 =74 50
Li;OCN---HF 1.747(1.835) 0.021 —0.004 —452 45
Na;OCN--BrF 2.274(2.467) 0.062 —-0.005 —-101 71

The data in parentheses are from the respective HCN-X'Y' system
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Fig. 3 The electrostatic potentials on the molecular surfaces of the
monomers calculated at the MP2/aug-cc-pVTZ level. Blue, less than 0
eV; green, between 0 and 0.05 eV; yellow, between 0.05 and 0.1 eV;
red, greater than 0.1 eV

Table 3 Frequency shifts (Av, in cmfl) in LisOCCX-Y (X=Cl, Br,
H; Y=NH;, H,O, H,S) and NazOCCBr—NH; complexes upon com-
plexation, at the MP2/aug-cc-pVTZ level

Complexes Avo ¢ Ave=c Ave x
Li;OCCCI-NHj; -10 -6 -4
Li;OCCCI--OH, -7 —4 -1
Li;OCCCI--SH, -4 -3 -38
Li;OCCBr+"NH; =12 -10 -3
Li;OCCBr-OH, -8 -6 0
Li;OCCBr+-SH, -5 -6 -3
Li;OCCH:-NH;3 =12 -18 -118
LizOCCH:-OH, -8 -10 -59
Li;OCCH--SH, -5 -8 —44
Na3;OCCBr+-NH;3 -13 -10 -9

interaction strength depends on the nature of the Lewis acid
or base. The decrease in the interaction energy caused by
the LizO cluster in the Li;OCCX-Y complexes follows the
order Li;OCCBr<Li;OCCH<Li;OCCCI except in the H,S
system and H,S<NH;3;<H,O (varying from 14 % to 51 %),
whereas the increase in the interaction energy in Li;OCN-X"Y
" complexes caused by the LizO cluster follows the order HF <
CIF<BrF<BrCl (varying from 42-95 %). Furthermore, the
Li;O cluster has a greater effect on a Lewis base than on a
Lewis acid. If the LizO cluster is replaced by a Na;O cluster,

Table 4 Interaction energy corrected for BSSE (AEcp, in kImol ') in
Li;0CCX-Y (X=Cl, Br, H; Y=NH;, H,O, H,S), Na;OCCBr-NH3,
Li;OCN-X"Y" (X'Y'=CIF, BrCl, BrF, HF), and Na;OCN-BrF com-
plexes as well as the percentage (%) change in this parameter relative
to the corrected interaction energies of the corresponding unsubstituted
systems, calculated at the MP2/aug-cc-pVTZ level

Complexes AE BSSE  AEcp %

Li;OCCCI-'NH; —8.34 0.96  —7.38(—10.46) -0.29
Li;OCCCI--OH, —6.54 1.03  —551(-8.21) —0.33
Li;OCCCI--SH, —6.49 1.21 —5.28(—6.28) —0.16
Li;OCCBr"NH; —15.57 3.07 —12.50(-15.76)  -0.21
Li;OCCBr--OH, -11.27 259 —8.68(—11.42) —0.24
Li;OCCBr--SH, —10.55 279 —7.76(-9.01) —0.14
Li;OCCH-NH; —12.63 1.78  —10.85(-14.59) —0.26
Li;OCCH--OH, —-10.17 1.87  —8.30(—11.40) —-0.27
Li;OCCH--SH, =7.17 1.83  —5.34(-6.70) —0.20
Na;OCCBr+NH;  —10.56 277 =7.79(-15.76) -0.51
Li;OCN--CIF —35.00 3.59 —31.41(-21.69) 0.45
Li;OCN-BrCl —35.53 7.45  —28.08(—18.78) 0.50
Li;OCN--BrF —=55.15 9.33  —45.82(-31.09) 0.47
Li;OCN--HF —46.97 3.18  —43.79(=30.74) 0.42
Na;OCN-BrF —70.86 1032 —60.54(—31.09) 0.95

The data in parentheses are from the respective HCCX-Y and HCN-X'
Y’ systems
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Table 5 The most positive electrostatic potentials (Viax, in €V) and
the most negative electrostatic potentials (¥, in €V) on the surfaces
of the atoms shown in bold, calculated at the MP2/aug-cc-pVTZ level

Monomer Vinax Monomer Vinin
Li;OCCCl 0.0308(0.0382) NH; —0.0630
Li;OCCBr 0.0417(0.0486) H,0 —0.0568
Li;OCCH 0.0479(0.0572) H,S —0.0285
Naz;OCCBr 0.0243(0.0486) HCN —0.0535
CIF 0.0765 Li;OCN —0.0666
BrCl 0.0597 Na;OCN —0.0866
BrF 0.0926

HF 0.1193

The data in parentheses are from the HCCX monomers

this effect is more prominent. In particular, in the
NazOCN-BrF complex, the interaction energy is —60.54 kJ
mol !, which corresponds to strong halogen bonds.

Electron density difference

To gain insight into the contribution of the LizO cluster to
Lewis acids and bases, we analyzed the changes in electron
density that occurred during the formation of the complexes. It
has been demonstrated that total electron density maps are
useful for accurately determining electron density shifts [50].

The shifts that occur in the Li;OCCX-NHj3 and Li;OCN-X"Y
"complexes are illustrated in Figs. 4 and 5, respectively. These
maps were generated by comparing the electron density in the
complex to the sum of the electron densities of the isolated
subsystems frozen in the optimized structure of the complex.
Red regions indicate increased electron density, while blue
regions represent decreased electron density.

As expected, the hydrogen-bonded complexes exhibit a
region (blue) of density loss around the bridging proton, while
areas (red) of density accumulation are observed for the lone
pair of the proton-accepting N as well as along the covalent C—
H and F-H bonds. The side of the N atom in NHj3 that points
away from the center of the molecule suffers a substantial loss
of charge, as indicated by the large blue region. The density
shifts seen for the halogen bonds are quite similar to those
seen for the hydrogen bonds. The red region around the
carbon—halogen bond is bigger than that of the carbon—hydro-
gen bond in the Li;OCCX—NH; complex. The density shifts
seen in the dihalogen molecule are more complicated than
those seen for HF in the Li;OCN-X"Y’ complex.

o

Li,OCCBr-NH,

Li,OCCH-NH,

Fig. 4 Electron density shifts in the indicated Li;OCCX-NH; (X=Cl,
Br, H) complexes upon the formation of each complex. Red regions
indicate increased density, blue regions indicate decreased density.
Contours are shown at the 0.0001 au level
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Li,OCN-HF

Fig. 5 Electron density shifts in the indicated Li;OCN-X'Y" (X'Y'=
CIF, BrCl, BrF, HF) complexes upon fthe ormation of each complex.
Red regions indicate increased density, blue regions indicate decreased
density. Contours are shown at the 0.0004 au level
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Finally, considering the aim of this work, we are most
interested in the density shifts seen for the Li;O clusters in
the complexes. It is clear that there is a loss of density around
the LizO cluster in the Li3OCN complex and the Lis in the
Li;OCCX complex, but enhanced density around the O atom in
the Li3OCCX complex. This indicates that the LizO cluster is
an electron-donating substituent in Lewis acids and bases. The
electron donation from the Li;O cluster in a Lewis acid dis-
favors the formation of a complex, while this donation is aids
complex formation for a Lewis base. The 7t electrons in the
Li30 cluster [51] can be observed in the maps of electrostatic
potential shown in Fig. 3. The behavior of the electrons that
contribute to the LizO cluster is consistent with the presence of
these 7t electrons. Also, the blue region of the Li;O cluster in
the Li;OCN complex is larger than that in the Li;OCCX
complex, which provides support for the conclusion that the
Li5O cluster exerts a greater effect on the former than the latter.

Conclusions

The complexes Li;OCCX-Y (X=Cl, Br, H; Y=NHj;, H,O0,
H,S) and Li;OCN-X"Y' (X'Y'=CIF, BrCl, BrF, HF) were
investigated at the MP2/aug-cc-pVTZ level of theory. It was
found that the presence of the LizO cluster in a Lewis acid
weakens its hydrogen and halogen bonds, while its presence
in a Lewis base strengthens both types of interactions. These
effects of the Li;O cluster are related to the nature of Lewis
acids and bases. The presence of the LizO cluster in a Lewis
acid decreases the most positive electrostatic potential of X,
whereas it increases the most negative electrostatic potential
of N in a Lewis base. Analysis of electron density differences
indicates that the Li;O cluster is an electron-donating group in
Lewis acids and bases, and this electron donation has a neg-
ative effect on the stability of the Li;OCCX-Y complex and a
positive effect on the stability of the Li;OCN-X'Y' complex.
Furthermore, the presence of a Na;O cluster exerts an even
greater influence on the strengths of hydrogen and halogen
bonds than the presence of a Li;O cluster does.
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