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Abstract

Ab initio HF/6-3114++G™ and MP2/6-311++G"™ calculations on complexes of hydrogen fluoride with acetylene and its
derivatives have been performed to study the unconventional F—H:--m hydrogen bonding. The results show that topological
parameters of the Bader theory correlate better with H-bond strength than geometrical parameters. The changes of proton
donating molecule (HF) due to dimerization also reflect well the H-bond strength. © 2002 Elsevier Science B.V. All rights

reserved.
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1. Introduction

An important assumption in many studies of crystal
engineering is the dominance of strong H-bonds like
O-H:--O and N-H-:--O interactions in determining
stable crystal packing [1]. However more recently,
weaker interactions such as unconventional H-
bonds: C-H---O, C-H---r, O-H---w and others
have been investigated in terms of their influence on
the arrangement of molecules in crystals [2—5]. It was
also pointed out that the unconventional H-bonds may
belong to the strong ones. For example, ab initio MP2/
6-311++G(3d,3p) calculations on H;N"—-CH;
complex with acetylene have indicated the C-H:--C
hydrogen bond energy of —8.2 kcal/mol [6]. The
MP2/6-311++G™ calculations made on the other
unconventional H-bonds — dihydrogen bonded
systems, show that for some cases the H-bond energy
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may be of about —10 kcal/mol or even less, for
example for NaH.---HF complex it amounts to
—13.8 kcal/mol [7]. HF/6-31G™, MP2/6-311++G™
and B3LYP/6-311++G™ calculations have been
performed on the complexes formed between
hydrogen fluoride and a series of m-systems (acety-
lene, ethylene, cyclopropene, cyclobutadiene, and
benzene) and three-membered-ring derivatives
(cyclopropane and tetrahedrane)[8]. The results of
this study show that the interaction energies for such
systems are around —3 kcal/mol; for the complexes of
hydrogen fluoride with ethylene and cyclobutadiene,
this energy goes up to —4.1 and —4.4 kcal/mol,
respectively at B3LYP level and —3.4 and
—3.6 kcal/mol, respectively at MP2 level [8].

It was found that H-bond energy often correlates
with different geometrical parameters. For O-H---O
systems it is the correlation with H---O distance or O—
H bond length [9]. Recently the nature of hydrogen
bonding has been often studied using the atoms-in-
molecules (AIM) theory of Bader [10], which is
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based on a topological analysis of the electronic
charge density (p). For a case of O—H---O intermole-
cular hydrogen bonds in water and methanol clusters,
a linear correlation between the charge density at
H---O bond critical point and the strength of H-bond
was reported [11]. The correlations between H-bond
energy and geometrical or topological parameters
were also found for the other O—H---O systems [12]
and even for unconventional dihydrogen bonds
[13,14]. It seems that a reasonably good correlation
may be found for stronger H-bonds but not for weak
interactions.

The aim of the present work is to study unconven-
tional H-bonded systems with m-electrons as proton
acceptors. Acetylene molecule and its simple deriva-
tives were chosen as Lewis bases and HF molecule as
a proton donating system. This study is related to the
earlier studies on H-- -7 interactions [8]. However, the
main aim of the present paper is to investigate the
correlations between the geometrical and topological
parameters and to show the differences for such corre-
lations between the unconventionally H-bonded
systems as those studied here and the conventional
H-bridges. Additionally the emphasis is made here
on the parameters of HF proton donating molecule
within the H-bonded complexes.

2. Computational details

All the computations were performed using GAUS-
SIAN 98 series of programs [15]. Geometry optimiza-
tions of the monomers and complexes reported in this
study were carried out at HF/6-311++G™ and MP2/
6-311++G™ levels of theory. The binding energies
were calculated as the difference between the dimer
energy and the energy of the isolated monomers. The
dimerization energies are affected by the basis set
superposition error (BSSE). The full counterpoise
method of Boys and Bernardi [16] is used here to

correct for BSSE. The topological parameters of the
electronic charge density were characterized using the
atoms-in-molecules methodology (AIM) within the
AIMPAC program package [17].

3. Results and discussion

The binding energies (Eygs) were calculated here
for complexes of HF molecule with acetylene and its
simple derivatives. The T-shaped configuration of the
dimer was taken into account (Scheme 1).

HF molecule is a proton donor and m-electrons of
acetylene or its derivative act as the Lewis base. All
monomers and complexes were fully optimized
during the calculations. For complexes with X=Y,
highly symmetric configurations were obtained (HF
perpendicular to XCCX molecule); the angle between
HF and proton accepting molecule is 81.1° and for
HCCF + HF and HCCCI + HF complexes for HF/6-
3114+ +G™ level of theory, the corresponding angles
for MP2 method amount to 84.9 and 86.0°, respec-
tively. Table 1 presents the topological, geometrical
and energetic parameters of the complexes investi-
gated here. The following results are presented: HF
bond lengths, H- - - distances, the electronic densities
at H-F and H---m bond critical points — pyr and
Pu...« respectively, and Laplacians of these densities
V’purand Vpy.. m respectively. The results obtained
within HF/6-311++G™ and MP2/6-311++G™
levels of theory are given. One can see that for the
complex with FCCF proton accepting molecule the H-
bond energy amounts to —0.06 and —0.49 kcal/mol
for HF and MP2 methods, respectively. It means that
such a complex may not be energetically stable. The
greatest binding energies are for LiCCLi---HF and
NaCCNa-.--HF dimers; for example, the binding
energy is equal to —15.4 kcal/mol for LiCCLi---HF
complex for MP2/6-311++G™ level of theory. We
see that H-bonds with 1 electrons as proton acceptors
may belong to strong interactions. These results are
partly in line with previous investigations [8] where
F-H-:--m complexes were taken into account, among
them FH---C,H, dimer for which the optimized
geometrical and topological parameters are also
included in Table 1. However in the previous studies
[8] it was shown that H-bond energies are around
—3 kcal/mol and only for two cases (and only within



Table 1
Geometrical parameters — H-F bond lengths, H-- - distances (in A); H-bond energies — Eyp (in kcal/mol) and topological parameters (in a.u.) for the complexes of hydrogen
fluoride with acetylene and its derivatives. MP2/6-311++G™ and HF/6-311++G™ (in parentheses) results are given.

Complex Eyg TH—F . PHF PH.-x Vpur V0.

HCCH + HF —=3.11 (—2.69) 0.918 (0.902) 2.186 (2.470) 0.360 (0.388) 0.016 (0.010) —2.755 (—3.402) 0.053 (0.034)
HCCF + HF —=2.11 (—1.53) 0.922 (0.900) 1.881 (1.843) 0.362 (0.391) 0.015 (0.008) —2.763 (—3.413) 0.049 (0.028)
HCCCI + HF =248 (—1.77) 0.923 (0.900) 2.248 (2.238) 0.361 (0.390) 0.016 (0.008) —2.752 (—3.410) 0.053 (0.029)
FCCF + HF —0.49 (—0.06) 0.920 (0.898) 2.349 (2.809) 0.366 (0.395) 0.011 (0.004) —2.795 (—3.424) 0.038 (0.012)
CICCCl1 + HF —1.48 (—0.66) 0.922 (0.899) 2.203 (2.624) 0.362 (0.393) 0.015 (0.006) —2.760 (—3.419) 0.053 (0.021)
NaCCNa + HF  *(—17.53) *(0.935) " (1.952) *(0332) *(0.029) " (~2.856) % (0.066)

LiCCLi + HF —15.36 (—14.42) 0.970 (0.924) 1.951 (2.029) 0.300 (0.349) 0.044 (0.024) —2.070 (—3.064) 0.075 (0.063)

* This complex was not optimizable at MP2/6-311++G"™ level of theory.
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Table 2

Electron density at the bond critical point of C=C bond — pcc (in
a.u.) of the monomers within the complexes with HF and that of the
isolated monomers calculated at the MP2/6-311++4G™ level using
AIM methodology.

pce (within complex)  pcc (isolated monomer)

HCCH+ HF  0.389 0.389
HCCF + HF 0.371 0.372
HCCCl + HF  0.377 0.378
FCCF + HF 0.367 0.367
CICCCl + HF  0.367 0.369
LiCCLi + HF  0.381 0.380

B3LYP/6-311++G" level) they are around —4 kcal/
mol. For the sample of complexes investigated here,
stronger H-bonds were found (Table 1).

Table 2 presents the values of electron densities
at C=C bond critical points (pccs) for isolated
XCCY molecules and the same values for these
molecules within complexes with hydrogen fluoride.
The results show that the differences between pccs
for isolated molecules and for complexes are
negligible, in line with the previous investigations
on related F—H:--m systems [8]. Table 2 shows that
even for stronger binding energy, for LiCCLi + HF
complex, the change in pcc is not meaningful but we
observe, contrary to the other systems, a small

Table 3

The correlation coefficients for relationships between energetic,
geometrical and topological parameters; HF/6-311++G™ and
MP2/6-311++G™ results are given.

'y—F ...; PHF PH. - VZPHF VzPH---n

HF level

Eup 0.995 0591 0997 0997 0.986 0.971
TH—F - 0.574 0999 0993 0.998 0.950
TH.m - - 0.572 0.628  0.550 0.688
PHF - - - 0.995  0.995 0.958
PH...w - - - - 0.983 0.981
Vouwr - - - - - 0.928
MP2 level

Eyp 0.982 0.547 099 0.997 0.993 0.931
TH—F - 0.523 0993 0989  0.996 0.889
T - - 0.527 0.545 0.518 0.580
PHF - - - 0.998  0.999 0.914
PH...m - - - - 0.996 0.939
Vouwr - - - - - 0.904

_.rr. T T
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Fig. 1. The relationship between H-bond energy — Eyg (in kcal/
mol) and the electron density at H-- - bond critical point — py....
(in a.u.), squares correspond to MP2/6-311++G™ results and
circles to HF/6-311++G"™ ones.

concentration of electron density for C=C bond
critical point.

Table 3 shows the linear correlation coefficients for
relationships between the parameters presented in
Table 1. The correlations for HF and MP2 results
are given. One can see that there is no correlation
between H:.--m distance and the binding energy —
correlation coefficients are of 0.591 and 0.547 for
HF and MP?2 results, respectively. It is in contrast to
the typical, conventional H-bonds because the corre-
lations between corresponding parameters were
observed for such systems. For example, the correla-
tion between H---O distance and H-bond energy for
O-H-:--O systems was often found for homogenous
samples [18]. Additionally for O—H---O conventional
bonds the relation between O—H bond length and
H---O distance is well known [19]. For the sample
investigated here the correlation coefficients for the
relation between HF bond length and H---m distance
amount to 0.574 and 0.523 for HF/6-311++G™ and
MP2/6-311++G™ levels of theory, respectively.
These are the main differences between F-H-:--m
unconventional H-bonds investigated here and the
typical O—H---O bonds.

Table 3 shows that H-bond energy well correlates
with topological parameters. For the relation Eyg vs
pu...— (the electronic density at H---m bond critical
point) the correlation coefficient amounts to 0.997
for HF and MP2 methods. Fig. 1 shows these
relations. For the Eyg vs Vsz...1T relation the
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Fig. 2. The relationship between H-bond energy — Eyg (in kcal/
mol) and the Laplacian of the electronic density at H---m bond
critical point —Vszm17 (in a.u.), squares correspond to MP2/6-
3114+ +G™ results and circles to HF/6-311++G™ ones.

linear correlation coefficients amount to 0.971 and
0.931 for HF and MP2, respectively. The better
correlations for that relation are observed for second
order polynomial regression (Fig. 2), correlation
coefficients are of 0.999 and 0.995 (HF and MP2,
respectively).

The correlations between H-bond energy and
topological parameters were observed previously for
conventional O—H---O systems [11] and unconven-
tional H-bonds, for example, dihydrogen bonds [7].
For simple modeled dihydrogen bonded systems,
correlations between binding energy and topological
parameters of HF proton donating bond were
observed [14]. Such relations were also found

0,25

PHF

Fig. 3. The dependence between H-bond energy — Eyg (in kcal/
mol) and the electron density at H-F bond critical point — pyg (in
a.u.); squares correspond to MP2/6-311+ +G™ results and circles to
HF/6-3114++G™ ones.

here. Table 3 shows the strong correlations between
Eyg and pyr or VszF topological parameters and
between Eyg and HF bond length. Fig. 3 shows
the dependence between Eyg and pgg. Strictly
speaking, we observe better correlations between
the parameters of HF donating bond and the H-bond
energy than between the parameters of H---mw
contact and this energy. It is in line with recent find-
ings that the modified parameters of the proton
donating bond may properly describe the H-bond
strength even for heterogeneous samples of
complexes [20].

The relation between proton donating bond
length and proton-acceptor distance is a simple
consequence of the valence sum rule [21]. Such a
relation was found for O-H---O bonds [22] and
even for F—H.--H within dihydrogen bonded systems
[7]. Table 3 does not show any such geometrical
dependence but we may observe the relation between
the corresponding topological parameters: pyg VS
pu... and Vpyr vs VZpy... which may be also
treated as a consequence of the valence sum rule
[23,24].

4. Summary

The main conclusions of this study concern the
characteristics of F—H---m unconventional H-bonds.
We do not observe the typical correlation between
binding energy and proton-acceptor distance, which
is known for conventional systems. Strictly speaking,
the topological parameters describe better the H-bond
strength than the corresponding geometrical para-
meters. Additionally, the parameters of proton
donating bond (HF in the case of the sample consid-
ered here) correlate better with binding energy than
the parameters of H---m contact. It is in line with
previous findings [14,20,22] that the parameters of
Lewis acid within complexes may be good descriptors
of H-bond strength. The strength of H-bond for some
of F—H.--m systems indicates that such interactions
may be dominant in determining crystal packing.
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