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Chemical bonds deviation
in NH3;, PH;, AsH;, and SbH; molecules
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Force matrices for PH;, AsH; and SbHj; molecules have been computed. Approximation
for two anharmonic parameters separately for stretching and bending vibrations is used.
Form parameters for the investigated molecules are obtained. X—H bond deviation angles
are calculated to be 3.9°, 5.3°, and 5.4°, respectively. Negative values for anharmonic
parameters are obtained in some cases. This may be caused by deflection of potential
energy curve from parabola toward the dependence of higher degree.

PaccumTanbl cuiIoBEIe MaTpuIbl Moaekya PH;, AsH;, SbHj. McnonszoBana anmpoxcuma-
Iud ¢ ABYMA IapaMeTpaMM aHTapMOHM3Ma, OTAEJLHO AJs BAJEHTHBIX U Ae(popMalloOHHBIX
Kosiebauuii. I[JiA wMcCIeIOBAaHHBIX MOJIEKYJ IIOJYYEHBI mapamMerpsl GopM KojaeOaHUi. YTIJIbl
nesuanuu X—H cBsseil paBubI cooTBeTcTBEeHHO 3,9°, 5,3°, 5,4°. B HEKOTOPHIX CaydYasX IOJY-
UeHBbl OTPUIATEJbLHLIE 3SHAUCHUS A AHTAPMOHMYECKHX IIapaMeTpPOB, YTO MOXKET ObITH 00Yy-
CJIOBJIEHO OTKJIOHEHMEM 3aBHCHUMOCTH IIOTEHI[MAJIbHOM SHEPTrUM OT MapaboJIMdYecKOM B CTOPO-
HY 0oJiee BBICOKOI CTEIEeHHOII 3aBUCHMOCTH.
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In previous works [1, 2], a method was
designed for solving the inverse spectral
problem of vibrational spectroscopy for NHj
molecule. In those papers, the form parame -
ters, effective atomic charges and dipole
moment for NH; molecule have been ob-
tained. This method referred to as the
method of 3N matrix one [3] has an advan-
tage as compared to other computing meth -
ods, that is, the independence of the force
field models. As to NHj3 molecule, the
method, first of all, was used for harmonic
frequencies [1]. In this way, a force field
model that was used to obtain this frequen -
cies, was implicitly included into final re-
sults. The next step was to develop a
method for experimental frequencies. This
was done by introducing the anharmonic pa -
rameters as additional ones (to the form
parameters) of the method [2]. The influ-
ence of frequency doubling was also ana-
lyzed. Just for NH3 molecule, the inversion
doubling is the highest. It was stated that
for more massive molecule, better calcu-
lated results can be obtained. For this rea-
son, the inversion doubling is not actual for
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the chosen molecules because of their heavy
masses.

The main task in the inverse spectral
problem is to construct the form matrix
containing information on vibration forms
(on atomic displacements at each vibration).
In this work, a new way of constructing the
basic form matrix is presented: the forms of
degenerated vibrations are not stated but
calculated. In such a way, a reduced number
of parameters and degeneration is taken
into account automatically. The method is
used to obtain force matrixes and, then,
chemical bonds deviation angles [1,2] in the
series of molecules NH3, PH3, AsHj, SbHs.
This makes it possible to study compara-
tively the molecular parameters. The pre-
sented method is designed for XHj mole-
cules (X means N, P, As, Sb) but it can be
used for any molecule or complex of the
XY3 chemical structure and Cjz, symmetry.

In the harmonic approximation, the in-
verse spectral problem of vibrational spec-
troscopy gives as a final result the force
matrix of the investigated system [3]:

V = ML&2LTM. 1)
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In (1), all multipliers are the 3Nx3N ma-
trices where N is the number of elements in
the system (atoms in the molecule). This
feature is reflected in the method name —
the method of 3N matrices [1-3]. In this
work, only molecules are investigated, so all
explanations will be referred to molecules
as systems and atoms as their elements. For
short, let X mean one of N, P, As, Sb.

M is a diagonal matrix of atomic masses:

M = (2)

= diagimy, My, oy, iy My g T T g T U T T T T

where my is the X atom mass, my is the
H atom mass. w? is a diagonal matrix of
squared frequencies of molecule vibrations:

w2= (3)

22

= diag*éwz,wg,o%

In general, an XH3; molecule has 12 vi-
brations which squared frequencies form
the w? matrix: w9 is a full-symmetric
eigenvibrations, wg 4 is a twice-degenerated
eigenvibration (due to degenerations, these
frequencies are included in w? twice), Wy, ty, tz
are the frequencies of translations along X,
Y and Z axis, respectively, w,, ., ., are the
frequencies of rotations (librations) about
X, Y and Z axis respectively. The last six
vibrations (translations and librations) are
non-eigen ones that are caused by environ -
ment. Including into calculations the fre-
quencies of non-eigen vibrations makes it
possible to analyze influence of environ-
ment, for example, lattice field or effective
field in liquids. Frequencies of non-eigen
vibrations are equal to zero for molecules in
gaseous phase, where they are considered to
be free.

The form matrix L defines the displace-
ments of atoms for all vibrations. Non-
eigen vibration forms should be included in
this matrix even for free molecules. The L
matrix is defined uniquely only if each irre-
ducible representation of symmetry group
corresponds to the only one eigenvibration.
Such a situation is possible for molecules
containing small number of atoms. The
above-mentioned molecules exhibit charac-
ter of vibrations X,;, = 24 + 2E, where A
and E — irreducible representations of Cg,
symmetry group. So, vibration forms can-
not be defined exactly. Forms that corre-
spond to one representation can be "mixed”,
i.e., any linear combination of forms corre-
sponds to the same irreducible repre-
sentation, too. Due to this fact, the matrix

y’ Xy’ rz,
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of basic forms L, is constructed. Vibration
forms in this matrix are built taking into
account consideration of symmetry. The
form parameters [1-3] y;; are introduced to
the "mixed” i and j V1brat10n forms to de-
fine the real forms of vibrations:

ELLE DCOSlIJl] s1nlle]|ELol 4)
LD 0 s1n COS;; DDLOJD

In (4), L; and L,; are the vectors of real
and basic forms that correspond to one rep -
resentation of symmetry group; mathemati-
cally, they are the i-th columns of L and L,
matrixes. In previous works [1, 2], degen-
eration of vibrations was taken into account
by additional form parameter which made
the degenerated forms "mixed”. Actually,
this parameter was introduced to equalize
the frequencies of degenerated vibrations.
Due to condition of form orthogonality and
vibration degeneration, the "mixed"” pair of
degenerated forms defines other pair
uniquely. This makes it possible to reduce
the number of form parameters. If we have
one form of degenerated vibration L, we
construct two forms L; 5 that correspond to
the molecule rotated on angles ¢ = 120° (by
multiplying with the C¢ matrix):

Cq) = (5)

Ocosp sing 0 O 0 o0 O 00 O 0 oO
H-sing cos¢ O 0 0 o O 0 o O 0 o4

0 o o1 O 0 o0 O 0 o0 O 0 og
U o o0 O 0 0 cosp sinp0 O 0 oUd
0o 0 0 O 0 o -sing cosp 0 O 0 op
_do o000 00 99 o1 0 0 oQ
40 o 0 O 0 0 o 0 O cosp sinp OF
0 o 0 0 O 0 0 o 0 0 —sing cosp 00
Jo o000 009 o060 o o 10
=0 0 O cosp sinp 0 ¢ o 0 o 0o OF
g o 0 0 -sind cosp 0 0 o 0 o 0 00

g 0 o0 0 o o1l o o0 0 o 0 0=

and ¢ = —120° (by multiplying with the C¢’1
matrix):

L; =CyL, Ly =CylL. (6)

Then we define the second form L' as
normalized substitution for two obtained
forms:

L, - L, (7)

1/2°
2(1 - LMC¢L)D

L =

In (6) and (7), C¢ is the matrix of mole-

cule rotation (5) which includes removal of
atoms and change of coordinate axis direc-
tion.

The matrix Ly has the form:
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40 0 0 -, -2000 < o H(8)
0o o0 0 —O—OgO—% 0 o0
g 0 0 -0-00g0 0 o O
J0 0 o 000 < 0
0 g8 5 ¢
0 d 0
00 ¢ ¢ -0-0g0% 0 00
95 0 0 —O—OOg% 0 0[O
Ly=§ P
0" 4  v3 V3 d ¢ P
zO L7—C7*t3*g000 *g E :
0 c ¢ 4 _ d V3
00 5 0-0g0% 0 5 p
0 1 V3 d
06 0 0 -—w-00g—-1"> 0
] v £ 75 ]
N V3 V3 d ¢ U
i0*(.'7 07—tB—g000 —g E i
A c c d V35
20 —2 *E *O*Og()g 0 *C7:
0 1 V3 0
Hb 0 0 --w-00g-—=12 0 A
0 ’ 3578 O
where
a_73_n€H b= Vmy o= 1 g= 1
me’ 3mHM’ 73_n’;H’ M’
BZsingE
2

M =my +3my, B = arcsin%wg , 0 is an
angle between two X—H bonds

= : 9)

tA_ -
v/ (1 + Y"1 + cos B)

3my Sin2B
Lo mxeteB

. a
_mycosB _ 59 sinB
d—T,e—COSB—d,l—73 —T,

8 = VmyeZ + 3my(d? + 212).

In the Ly matrix (8), each column is re-
sponsible for one possible vibration form.
These forms could not be realized for real
vibrations but they create the orthogonal
basis in which any vibration could be repre -
sented as a combination of basic forms.
Such decomposition in basic forms and the
form mixing (4) are not the same: any mo-
lecular motion can be represented as combi -
nation of every basic forms. A vibration
with definite frequency w only can be repre-
sented as a combination of forms that corre -
sponds to one irreducible representation of
symmetry group.
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Azc:

N, P, As, Sb

H;

Fig. 1. Coordinate system of molecule and
atoms sequence.

In the first and second columns of the
matrix (8), the basic forms of two full-sym -
metric vibrations (w; and wy) are located.
To "mix"” them, one should introduce the
form parameter from (4) Y5 (i=1, j=2).
The 3-th and 5-th columns correspond to
the vibrations with frequencies w; and wy.
To "mix"” those, Y35 is used. The 4-th and
6-th columns are defined by the 3-th and
5-th columns after their mixing in accord -
ance with (6, 7).

To construct the form matrices (L and
L) and vectors of atomic displacement, it is
necessary to define, first, the coordinate
system of molecule and, second, sequence of
the atoms (the order of their appearance in
matrices or vectors).

The coordinate system of the molecule
[1, 2] is as follows: Z coincides with C3 and
passes through the central atom (N, P, As,
or Sb), Y passes through one of H atoms
(Fig. 1).

The sequence of atoms is: 1) the central
atom (N, P, As or Sb); 2) Hy (at x = 0); 3)
Hy (x > 0); 4) Hz (x < 0).

Being designed in harmonic approxima -
tion, the method of 3N matrices requires to
include harmonic frequencies into (3). To
obtain harmonic frequencies from experi-
mental ones, anharmonic parameters are
used. In general, the harmonic frequency w,
is defined from experimental frequency w as

(.00:(.0|](1+u|:b)). (10)

The anharmonic parameter u is a charac-
teristic of vibration. Thus, each vibration
should have the proper anharmonic parame -
ter. But vibrations that occur in the same
conditions should have the same parameter
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u. In approximation that all stretching vi-
brations have the same potential energy and
their frequencies are close to each other, all
the stretching vibrations are believed to
have the same anharmonic parameter u;.
The bending vibrations have u, parameter,
by the same reasons.

W1 = Wy (1 + 1y (), (11)
W3 = w3 A1 + uy [hog),
Wz = Wg L1 + uy [hwy),
Woy = Wy (1 + uy [y).

The parameters u; and uqy are entered as
mathematical parameters of method to
avoid the dependence from force field
model. Thereby, the force matrix (1) is a
four-parametric set

V= V(quz,l.lJ35,u1,lL2). (12)

Determination of these parameters re-
quires additional information. In this work,
such information on vibrational frequencies
of isotopic modifications of the investigated
molecules is used. The frequencies of the
XD3 molecule vibrations are calculated mak -
ing use of the obtained force matrix V (1, 12)
for the XHjz molecule. The frequencies are
compared with their experimental wvalues.
Harmonic frequencies of the XDj molecule
are calculated using

isot” /*

h
Em%@t = eigenvalues(M;1 (13)

Here M;,,, is a diagonal matrix of
masses of the XD3 molecule. The harmonic
frequencies wy®*P¢" are calculated from (11)
using the experimental frequencies of the
XD3 molecule. As a characteristic of differ-

ence between w!"€" and  WXPeT the parame-

ter O is used:

wtheor|]2 (14)

It is obvious that 9, like V, is a four-
parametrical set &= &(;5,P35,u1,Us). The
values of these parameters can be obtained
from the condition of minimum o.

From the obtained parameters and force
matrix, the X-H chemical bond deviation
angle is computed. When one H atom is
shifted out of the equilibrium position, the
molecule obtains an excess energy. To find
out the deviation for X—H bond, we can con-
sider the shift of the H; for the distance r
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Fig. 2. Polar diagram of molecular extra
energy U(9).

at the angle ¢ to Y axis in (ZY) plane. The
vector of such displacement is:

x(0)=(0 000 rcosd rsinp 0 00 0 0 0).(15)

The excess energy of molecule with
shifted atom is described as

_ x(9) OV (K(9) (16)
u(p) = X ==,

U(¢) for SbH; is plotted in polar scale in
Fig. 2 as 8-like curve. Straight line corre-
sponds to the dependence ¢ = a. It shows
the direction of the line that connects Sb
and H nuclei in (ZY) plane. The angle ¢,
that maximizes U(¢) defines the chemical
bond angle. It is seen from Fig. 2 that
maximum of U(¢) does not lie in the ¢ = a
line. This phenomenon is called "the chemi -
cal bond deviation™ [1, 2]. The difference A
between 0,0 and o (A= ¢,— 0) is called
"the chemical bond deviation angle”.

In calculations, the parameters of XHj
and XD; molecules (X means P, As, Sb)
from Table 1 were used [4—8]. The calcu-
lated results are summarized in Tables 2
and 3. Molecule NH3; and N-H bond devia-
tion were examined before [2], and main re-
sults are presented in Table 2. The method
for the NHj; molecule was provided with 3
form parameters for other basis L, that is
why in Table 2 only the )15 value is shown
which is the same in both methods for NH;.

Chemical bond deviation results from ex -
istence of central force field. In wvalence
force approximation, the deviation is princi-
pally impossible: the extra energy U(16)
reaches maximum when H atom is shifted
along the straight line connecting X and H
nuclei. So the deviation angle can be a
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Table 1. Vibration frequencies ( w,, cm™!) and H-X-H angles (o) of molecules

Molecule w, Wy Wy 0y a, ° Ref.
PH, 2448 1045 2390 1153 93.5 5
PD, 1760 759 1720 822
AsHj 2209 973 2225 1012 91.6 5
AsD, 1571 696 1582 719
SbH4 1988.9 795.9 1974.5 844.7 91.5 4
SbD4 1409.4 568.5 1403.5 599.5

Table 2. Parameters of molecules: form parameters {, anharmonic parameters u10%, X—H bond
deviation angle A

Molecule Wys Wgs uy Ug A, ° a, °
NH31 1.06 - 8.0 8.7 3 106.7
PH4 0.96 2.24 2.6 -4.7 3.9 93.5
AsH, 1.02 2.42 0.66 -5.8 5.3 91.6
SbH, 1.16 2.19 0.67 3.0 5.4 91.5

Table 3. Harmonic vibration frequencies (,, cm™1) of molecules
Molecule Wy w03 w04

PH4 2463.78 1039.91 2405.04 1146.81
PD, 1768.16 756.32 1727.79 818.85
AsH, 2213.82 966.84 2229.89 1005.34
AsD, 1573.44 692.85 1584.47 715.64
SbH4 1991.56 797.81 1977.12 846.85
SbD, 1410.73 569.48 1404.82 600.59

measure of H-H interaction. It is obvious
that H-H interaction is stronger as H-X-H
angle is smaller.

Thus, the smaller H-X-H angle a is, the
larger is the X—H bond deviation angle A.
Negative values of anharmonic parameters
are obtained in some cases. In current cal-
culations, anharmonic parameters are re-
sponsible for changing atomic masses in
(13). Usually, they are responsible for de-
creasing overtone frequencies. This means
that classical meaning of anharmonic parame -
ter is connected with the form of potential
energy curve at high vibrational levels. The
parameters u; o in present calculations are
responsible for its form at ground vibrational
level. Simple modeling shows that for rectan-
gular potential well, the anharmonic parame -
ter entered from (10) is negative, while for
parabolic well, (U(x) ~ x2) u =0. In general,
for the dependence U(x) ~ xB, one can obtain
that when 3 < 2, u > 0; for B> 2, u < 0; for
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B=2, u=0. For PH; and AsH; molecules,
the potential energy curve at the ground
level of the bending vibration has a form
steeper than parabola.
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HeBiania xiMiuHOTO 3B’A3KY
B moaexyxax NH;, PH;, AsH;, SbH;

B.A.Oxpimenko, I''I.T'aiidideit, /].M.Camoiinenrko

PospaxoBano cunoBi marpuni mouexya PH;, AsHj;, SbH;. Bukopucrano ampoxkcumaniio 3
IBOMAa MapaMeTpaMH aHTapMOHiIZMy, OKpPeMO AJsA BaJeHTHHX i JedopMaIifiHMX KOJWBAHb.
Iia mocraimpKeHnX MOJIEKYJ OTPHUMAHO mapaMerpu (opm xKoausanb. KyTtu mesiamii X—H 3B’sskis
IopiBHIOIOTH Bigmosiguo 3,9°, 5,3°, 5,4°. V mesdKnx BUNAAKaX OTPMMAHO Bif’€MHi 3HaUeHHS OJIs
aHTapMOHIYHUX TIapaMeTpiB, 1110 MOKe OyTHM OOGYMOBJIEHO BiAXMJIEHHSIM 3aJIeKHOCTI MOTEHITialb-
HOI eHeprii BiJg mapaboJiuHol y 6iK OiJMBII BHCOKOI CTEIeHeBOI 3aJIeXKHOCTI.
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