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Chemical bond deviation in group VI hydrids
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Ab initio calculations of the chemical bond deviation in molecules were carried out
using Gaussian 09 software. The results correlate with the estimations of the deviation

angle obtained earlier using experimental data.

Brinosnensr pacuersl ab initio yriaa geBHAUM XWMHUUYECKOU CBA3SKM B MOJIEKYJIaX C HC-
noiab3oBanueM naxera Gaussian 09. PesynbTarbl KOPPENUPYIOT ¢ OLNEHKAMM yIVIA JeBUALVH,
MOJIYYeHHBIMY PaHee HA OCHOBAHHU 9KCIEPUMEHTAJIbHBIX TAHHBIX.

1. Introduction

In order to determine the deviation of
chemical bond, it is necessary to study a
force field of a molecule. Investigation of
the normal vibrations of the molecule allows
to estimate values of the force field in
which every atom of the molecule is situ-
ated. One of the wide-spread ways to esti-
mate the force field is to solve the reverse
spectral problem of vibrational spectros-
copy. At this point, the question of how to
chose the model of the force field is stated.
Among the variety of the force field mod-
els, the domineering place belongs to Va-
lence-Force-Field model (VFF). In particu-
lar, an advantage of this model compared to
Central-Force-Field (CFF) model is the most
evident when analyzing vibrational modes
of CO, molecule. In the small vibration ap-
proximation, CFF model predicts zero value
of the deformation vibration in this mole-
cule that disagrees with experiments.

The peculiarities of VFF model can be
illustrated using an example of water mole-
cule. It is usually supposed that the direc-
tion of O-H chemical bond in the molecule
coincides with the segment connecting O
and H nuclei. Such presupposition would be
100 % justified, if VFF model would be
100 % applicable in this case.
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However, a number of considerations
allow us to suggest that the actual force
field of water molecule is somewhat differ-
ent from what VFF model suggests. The
center of mass of the electron shell does not
coincide with the location of oxygen atom
nucleus, it is somewhat displaced towards
H-H segment due to Coulomb interaction be-
tween hydrogen nuclei. This results in Cou-
lomb component of the interaction between
hydrogen atom’s nucleus and the electron
shell of the molecule is not directed strictly
along H-O segment, but somewhat deviates
from it. Non-zero dipole moment of water
molecule hints at such distribution of the
electron density in the electron shell of the
molecule, that allows to stipulate the pres-
ence of the effective positive charge of hy-
drogen atoms. Besides, due to the effective
positive charge of hydrogen atoms, Coulomb
repulsion must exist between them.

Taken together, these facts can be con-
sidered as additives of CFF in VFF.

If we limit ourselves by VFF model, then
under the specified conditions hydrogen
atom would be under an influence of two
forces, one of which directed along O-H
segment, and the second — along H-H seg-
ment. If those two forces were equal, then
their resultant would be directed along the
bisector of angle O—H-H.
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The speculation discussed above leads to
the necessity to define the direction of a
chemical bond without reference to any
model. Thus in this paper, direction of
chemical bond is defined as the direction
corresponding to the maximum gradient of
energy, characterizing the displacement of
atom from its equilibrium position.

The possibility of the deviation of O-H
chemical bond direction from the segment
connecting the nuclei of O and H atom re-
sulted in introducing the term "chemical
bond deviation”. The angle of chemical bond
deviation is the angle between the two di-
rections described above.

The information of the real force field of
a molecule can be obtained on the basis of
consideration of the reverse spectral prob-
lem of vibrational spectroscopy. Using any
force field model in such case is undesir-
able, since the features of this model influ-
ence on the result obtained. In particular,
VFF model according its nature precludes
an existence of deviation phenomenon,
whereas CFF model does not take into ac-
count the elastic constants characterizing
the bending of the chemical bonds.

Taking into account these factors, the
investigations focused on deviation phe-
nomenon were carried out using 3N-matri-
ces method which does not require the pre-
suppositions of the force field in the mole-
cule and can be applied to molecules in
condensed media. An influence of the envi-
ronment on the molecule’s force field is
taken into account by means of using non-

natural (non-eigen) vibrations frequencies
in calculations.

All studies of the molecules of symmetry
C,, showed [2—-12] that the deviation angle
is different from zero. Similar results were
obtained for molecules of symmetry Cg,
[13-16].

Since in all of these papers the deviation
angles have been found by means of process-
ing the experimental data, the existence of
chemical bond deviation can be seen as an
experimental fact.

To our best knowledge there are no pa-
pers that calculate the chemical bond devia-
tion ab initio for now. Thus, current paper
aims at the estimation of the chemical bond
deviation in molecules H,O, H,S, H,Se and
H,Te using Gaussian 09 software package.

2. Results

Hydrides of the elements of periodic
table group VI were subjected to the study.
These molecules were chosen due to their
relative simplicity and their deep examining
in previous investigations. Since the scope
of the paper was to make initial estimates
of the deviation angle, the authors chose
the basic set 3-21G for Hartree-Fock
method.

Initially, the chosen molecule was set
with its parameters (distance between atoms
and angles between segments) similar to the
known values. Then, "Opt: Geometry” opti-
mization procedure was set in order to de-
termine the geometry of the molecule and
the corresponding minimum energy value.
This energy value corresponds to the calcu-

Table 1. Geometry of hydride molecules and deviation angles obtained via Gaussian 09

Molecule Angle between Length of Deviation angle Error
X-H segments X-H segments, A Compression Stretching

H,O 100.035° 0.989 1.893° 2.168° 0.04°

H,S 92.490° 1.329 0.895° -0.020° 0.2°

H,Se 92.531° 1.440 0.080° 0.890° 0.4°

H,Te 92.391° 1.624 0.409° 0.414° 0.5°

Table 2. Experimental values of geometric parameters and deviation angles of hydride molecules

Molecule Angle between X—H Length of X-H segment, Deviation angle
segments A
H,0 104.5° [17] 0.957 [17] 3.8° [5]
H,S 92.1° [17] 1.34 [17] 6.5° [11]
H,Se 90.92° [18] 1.46 [18] 3.5° [11]
H,Te 90.2635° [19, 20] 1.66 [18] 0.56° [11]
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lated equilibrium position of atoms in the
molecule and will be further referred to as
the energy of equilibrium position.

The first and second columns of Table 1
show the results of the geometry calculation
in hydride molecules. It is important to note
that the calculations results are substan-
tially different from those obtained experi-
mentally. The data is given in Table 2 for
comparison.

In particular, the calculated value of the
equilibrium angle between O—-H segments in
water molecule is less than the known ex-
perimental values. The theoretical value dif-
fers from the experimental ones by more
than 4°. Such comparatively substantial dif-
ference between the theoretical and experi-
mental values of the angle between O-H
segments for a well-known molecule testi-
fies to the limited accuracy of the method
used.

The deviation angle was calculated in the
following way. To remove ambiguity, we
will consider a water molecule whose plane
coincides with the plane of the page. Hydro-
gen atoms are located below oxygen atom
symmetrically relatively to bisection of H-—
O-H angle. For one of the atoms (usually
the right one), the direction and magnitude
of displacement is set. The magnitude of the
displacement is chosen as 1 % of the equi-
librium value of the segment length. Loca-
tion of the second hydrogen atom and that
of oxygen atom are set unchanged. Then,
energy of molecule for the given location of
its atoms is estimated using "SP:Single
point energy” procedure. The energy of the
molecule is then calculated for other direc-
tions of hydrogen atom displacement of the
same magnitudes.

The equilibrium position energy is then
subtracted from the obtained values of en-
ergy and the resulting figure is plotted in
polar coordinates, showing the dependence
of molecule’s energy on the direction of the
hydrogen displacement. This plot is further
referred to as the deviation loop.

Fig. 1 shows typical graphs of the loop
deviation for water molecule and the mole-
cule of hydrogen sulfide, plotted using
Gaussian 09 calculations. The direction to-
wards the maximum of the deviation loop
corresponds to the direction of the chemical
bond. For water molecule this direction does
not coincide with the direction of the seg-
ment joining the nuclei of hydrogen and
oxygen atoms. A similar conclusion holds
for the molecules of hydrogen sulfide. The
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Fig. 1. Deviation loop — the graph of mole-
cule’s energy as a function of the direction of
fixed magnitude displacement of one of the
hydrogen’s atoms. The dotted line corre-
sponds to water molecule, the solid line corre-
sponds to the molecule of hydrogen sulfide.
In both cases, the displacement of hydrogen
atom is 1 % of the length of O-H segment.

deviation angles for all the molecules stud-
ied are shown in Table 1.

Let’s consider the following features of
the deviation loop in Fig. 1, which are com-
mon to all curves calculated for the hydride
molecules in this paper. This curve is al-
most symmetric with respect to the straight
line connecting its maxima. The same fea-
ture of deviation loop has been shown earlier.
It was found to be typical for the cases in
which the displacement of hydrogen atom was
small compared to the bond length [2-12].

The upper maximum of the deviation
loop is located in the range of 300° to 330°
(Fig. 1) and corresponds to the compression
of the bond, i.e. to the decrease in the dis-
tance H-O (H-S). The lower maximum lo-
cated between 120° and 150° corresponds to
an extension of the bond, i.e. to the in-
crease in the distance H-O (H-S). The en-
ergy of the upper maximum is slightly
higher than the energy of the lower maxi-
mum. Qualitatively similar loop, obtained in
[5,11], is the result of calculations in which
the anharmonicity of vibrations is taken
into account.

The smoothness of the deviation loop
suggests a relatively small value of errors
in the calculations. This applies to both
graphs in Fig. 1, and to the graphs obtained
by calculations for other molecules. A more
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accurate estimation of the error in deter-
mining the angle of deviation is given in
the last column of Table 1. Collectively, the
described circumstances suggest that the
calculations’ random error does not affect
the results of the calculations performed.

The deviation angles of the hydrides
molecules are given in Table 1. When per-
forming the calculations for each molecule,
the right hydrogen atoms were displaced by
1 % of the respective bond lengths. These
values are overall smaller than the experi-
mentally obtained values of deviation angles
listed in Table 2.

The differences in the experimental and
calculated values of the equilibrium position
parameters for hydrogen atoms can prob-
ably be attributed to the computational al-
gorithms used in Gaussian 09 package.
These features may also affect the calcu-
lated values of the deviation angles.

Despite the quantitative discrepancies be-
tween the calculated and experimental re-
sults, in our opinion, the most important is
the fact that the calculations in Gaussian 09
package confirm the existence of a nonzero
value of the deviation angle for the consid-
ered molecules.

3. Conclusions

One of the widely known effects of the
chemical bond deviation is the bending of
hydrogen bonds in liquid water. The devia-
tion of the hydrogen bond from a straight
line is estimated to be about 10°. This value
correlates with the value of deviation angle obtained
for water molecules in the liquid phase in [5]. Essen-
tially, the bending of hydrogen bonds in liquid water
should be considered as a particular case of the more
general phenomenon, namely, the chemical bond
deviation phenomenon, which can become apparent
not only in condensed, but also in the gas state.

Current calculations serve as the further
evidence of the existence of chemical bond
deviation and simultaneously point to the
fact that this phenomenon constitutes a
rather fine physical effect. Following the
last remark it is appropriate to draw atten-
tion to some of the results of previous stud-
ies. In particular, the replacement of one
hydrogen atom by a halogen atom in a
methane molecule leads to change in the
angle of deviation of the C—H chemical bond
[16]. Moreover, the deformation of the
methane molecule by means of displacement
of one of its hydrogen atoms, changes the
deviation angle in the remaining hydrogen
bonds [21].
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It is relevant to draw the attention to
some of the circumstances discussed in [22,
23]. It was found that the effectiveness of
medicinal preparations could dramatically
change not only due to very slight changes
in chemical composition, but also due to the
change of their physical parameters, while
maintaining the chemical composition of the
drugs. This situation allows us to hope that
the results of this detailed study of the de-
viation phenomenon may be useful in the
analysis of problems in the synthesis of me-
dicinal substances.
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HeBiania xiMigyHOTO 3B’A3KY B MOJIEKYyJaX TiIpHIiB
IIOCTOI TPynu

B.A.Oxpimenxo, O.A.FlQwurxo, K.C.16104K06a

Buronano pospaxyHEKM ab initio kyTa pgesiamii ximiuwmoro sB’asky B momekymax H,0,
H,S, H,Se i H,Te s Bukopucranaam makera Gaussian 09. PesyibraTu KOpemO0Th 3 OIiHKA-
MUK KyTa gesiarii, orpuMaHuMu paHille Ha IIifcTaBl eKCIEPUMEHTAILHUX JaHUX.
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