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The method of 3N matrices has been used to solve the inverse
spectral problem of vibrational spectroscopy for molecules of
chloromethane, CICH3, and iodomethane, ICHgz, belonging to the
liquid or gaseous phases. The deviation angles of C—H bonds
have been calculated irrespective of the models of the molecular
force field and the environment. A comparison of the calculated
values of the shape parameter of molecular vibration modes, the
parameter of anharmonicity, and the deviation angle of chemical
bonds, which are characteristic of molecules belonging to different
states of aggregation, has been carried out. The frequencies of
characteristic vibrations of molecules and the approximation of
identical parameters of anharmonicity for all vibration modes have
been chosen for calculations. The formalism of a “non-full” basis
of the vibration shapes has been used.

1. Introduction

The method of 3N matrices [1] has
developed as one of the methods for solving
the inverse spectral problem of vibrational
spectroscopy of molecules. Its main advantages
are the applicability of the method to both
isolated and condensed phase molecules, and the
opportunity to evaluate a set of molecular force
constants (force matrix) without introducing any
assumptions concerning the molecular force field or
molecular environment. The basic approximation
implied in this method is the approximation of
harmonicity.

Application of this method to various molecules has
allowed the phenomenon of the deviation of a chemical
bond [2-5] to be revealed. This phenomenon consists
in that a direction of a chemical bond between two
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atoms deviates from the straight line that connects
their nuclei. The method has also made it possible
to study variations of the deviation angle when the
molecules underwent the gas—liquid phase transition [6]
and to estimate the effective electric charges of atoms
as well as the dipole [5] or quadrupole [7] moments of
molecules.

In this work, we have studied the variations of
molecular parameters of chloromethane, CICHsz, and
iodomethane, ICHj3, in going from liquid to gas. The
choice of the specified substances was connected with
a significant interest in Freons, which those substances
belong to. It was also of interest to find the direction
of a deviation in the molecules concerned, because a
deviation of the C—H bond was probable, in principle,
both towards the halogen atom and inwards CHjs
group, similarly to what occurred in an ammonia
molecule [5].

2. Method of Calculation

In order to calculate the set of force constants
for a molecule in the form of a force matrix V,
we used the method of solving the inverse spectral
problem of vibrational spectroscopy of molecules,
namely, the method of 3N matrices. In the framework
of this method, the force matrix V is determined
as

V = MIGLI, (1)

where M is the diagonal matrix of kinematic coefficients
composed of the masses of atoms, which the molecule is
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made up of,

M = diag{m;} = diag{mx, mx, mx, mc, m¢, mc, mu, mu, My, M, MH, MH, MH, MH, MH}, (2)

mu, mc, and mx are the atomic masses of hydrogen (H), carbon (C), and chlorine (X = Cl) or iodine (X = I),

respectively, and

2,2 ,2 2 2 2 2 2

SN 1 2 _ q; 2 2 2 2 2 2
w = dlag{wi} - dlag{wlvw27w3>w47w4)w57w57w6>w67wtz7wty)wtz>w w w (3)

is the diagonal matrix composed of the squared harmonic
frequencies of molecular vibrations.

The twice degenerate frequencies wy 5 ¢, which belong
to the E presentation of the C'3, molecular symmetry
group, are included twice into the matrix. The last
six frequencies correspond to the vibrations that are
non-eigen, namely, translational and librational ones.
It should be noted that a classification of molecular
vibrations as eigen (free) and non-eigen is relative
to a certain extent: the concept of eigen vibrations
was introduced for a free molecule, for which the
translational and librational frequencies were equal
to zero. Formally, all vibrations of a molecule in a
condensed phase are eigen. In this work, following
works [1-7], translational and librational vibrations are
referred to as “non-eigen” and all others as “eigen” ones
in order to preserve the analogy with free molecules and
to simplify the usage of unificated terms.

Intermolecular bonds that arise when the substance
becomes liquid manifest themselves through a variation
of the characteristic vibration frequency and the
appearance of non-eigen vibrations with nonzero
frequencies. Inasmuch, when considering molecules in
the liquid state, the frequencies of their non-eigen
vibrations are small in comparison with those of eigen
ones, the former may be neglected when studying the
modification of the latter. The eligibility of such an
approximation is enhanced by the fact that it is used
the squared frequencies in calculations.

To calculate the harmonic frequencies w; from
experimental values of v;, we used the formula [3-9]

w; = v; (14 uy;), (4)

where w is the parameter of anharmonicity. In the
general case, each vibration of the molecule should be
characterized by its own parameter of anharmonicity wu;.
However, in the model force fields [9-13], the obtained
values of the parameters of anharmonicity did not
differ strongly (by no more than a factor of two)
for various vibrations. If an individual parameter of
anharmonicity had been used for each vibration, the
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number of parameters using in the framework of this
method would have exceeded the number of initial data
(vibration frequencies), which would have resulted in
the ambiguity of solutions of the problem. In order
that the set of the parameters of anharmonicity to be
smaller (1 < u; < 9), all vibrations should be split into
several groups, which does not seem substantiated for
the selected molecules. Therefore, the approximation of
identical parameters of anharmonicity for all vibration
modes has been used: u; = us = ... = u.

The a priori determination of the parameter u,
without any assumption concerning the form of a
molecular force field, seems to be impossible. To preserve
the robustness of the method with respect to the form
of the force field, the parameter of anharmonicity u
was introduced as a mathematical parameter of the
method and was to be determined together with other
parameters. In so doing, the matrix & was introduced as
a one-parameter set w(u).

The matrix of vibration shapes L in Eq. (1)
defines a displacement of each atom of the molecule

at every vibration, and L is the transposed matrix.
The unambiguous determination of the mode shapes
of molecular vibrations is possible only in the case
where no more than one vibration of the molecule
corresponds to every irreducible representation of the
molecular symmetry group [1]. The shapes of different
vibration modes that belong to the same irreducible
representation of the symmetry group cannot be
deduced from the symmetry considerations, because
any linear combination of shapes that belong to the
same irreducible representation also belongs to this
representation.

Concerning the researched molecules, the condition
of unequivocal determination of mode shapes is not
fulfilled: three full-symmetric vibrations belong to the
representation A; of the molecular symmetry group,
while other six eigen vibrations to the representation E.
Only the shape of the librational vibration w,, satisfies
the indicated condition. Therefore, the matrix of the
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Z, Cy

An XCHjs molecule, a coordinate system, the sequence of
atoms, and schematic plots of the potential energy variation at
displacements of X and H; atoms

basic shapes Ly was constructed a priori, taking into
account the symmetry and convenience considerations.
The matrix of real mode shapes was introduced as
a multiparameter set ﬁ({pij}), where each parameter
p;; (shape parameter) was responsible for a linear
combination of the i-th and j-th shapes in agreement

with the formalism [1-6, 8]:

Li _ COS Pij L?

(o) =T S ) (%) o

j sin p;; i
where L; is the vector of atom displacement at the i-th
vibration (actually, it is the 4-th column of the matrix
L) and LY is the vector of the basic shape.

The introduction of the basic mode shapes required
to establish the coordinate system of the molecule and
the sequence of the account of atoms in matrices. For
the calculations, a Cartesian coordinate system was used
(see the figure): the axis Z coincided with the axis of
symmetry Cs of the molecule and the axis Y traversed
one of the hydrogen atoms (H;). The sequence of the
atom account was X—C—H;—Hs—Hj3. The matrix of
the basic shapes in the selected coordinate system and

with the indicated sequence of atoms was presented in
work [8].

sin Dij
COS Pij
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While constructing the shapes of non-full symmetric
vibrations that correspond to the representation F,
we used [8] the fact that the representation E of the
group C3y is expanded as the sum E = A 4+ B of
irreducible representations of the subgroup Cs(E, oY %).
It corresponds to the fact that one of the two
mode shapes of each degenerate vibration has the
plane ¢¥% as an element of symmetry, keeping the
symmetry subgroup Cs (namely, corresponding to the
representation A of this subgroup); the other mode shape
is antisymmetric with respect to the indicated plane.

Three shape parameters are needed to form all the
possible linear combinations of full-symmetric vibrations
(the representation A; of the group Csy), and six
more parameters to form other six combinations (the
representation E). Therefore, if the degeneration of
vibrations is not taken into account, nine shape
parameters are necessary for the shape “mixing” to be
described completely. So, if the degeneration is taken
into account, the shape matrix is defined as a set of
six shape parameters: p1 = pi2, p2 = P23, P3 = P13,
P4 = Pa6 = P57, P5 = Pes = P69, and pg = pag = psg. The
double subscripts of the parameters correspond to the
column numbers of the matrix, when being substituted
into Eq. (5).

To calculate the mode shapes of degenerate
vibrations, we used the following procedure. Two
orthogonal shapes were constructed for each shape
obtained after “mixing” of the pair of vibrations
possessing the same symmetry; degeneration was
fulfilled making use of the shape parameter. The
construction of the orthogonal shapes was carried
out according to the following scheme. At the
first stage, for the shape with the vector I_:, two
shapes L, and L, that correspond to a molecule
rotated around the axis of (5 symmetry by the
angle ¢ = 4120 or —120°, respectively, were
determined. This means that the molecule was
transformed using the operations of symmetry C3 and

C;l:
Ly =C,L, Ly=C3;'L, (6)

where CA'w is the matrix of rotation of the molecule
around the axis Z by the angle ¢ = 120°, which
takes into account the rearrangement of atoms and the
variation of the directions of coordinate axes. The matrix
03_1 corresponds to a rotation of the molecule by the
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angle ¢ = —120°. The matrix CA"QP can be presented in
the block form

¢, 0 0 0 O
. 0 ¢ 0 0 O
C, = 0 0 0 ¢ O , (7)
0 0 0 0 ¢
0 0 ¢ 0 O
where
cos ¢ sing 0
¢, =| —sing cosp 0 (8)
0 0 1

At the second stage, a new shape L' was constructed
using the shapes L; and Lo (see Eq. (6)) as their

0 O 0 0 - 0 -
0 O 0 0 — SA -
a ja O 0 - 0 -
0 0 0 0 - 0 -
0 O 0 0 - —sp —
a —jp O 0 - 0 -
0 O 0 0 - 0 -

ﬁ6 -1 0 0 ¢ ¢ — sc -
-b 0 0 0 - 0 -
0 0 eV3/2  —eV3/2 — 0 —
0 0 —c/2 —c/2 - sc¢ -
-b 0 0 0 - 0 -
0 0 —eV3/2 eV3/2 - 0 —
0 0 —c/2 —c/2 - sc¢ -
-b 0 0 0 - 0 -

Here

_ 3myg _mx +mg
“= M (mx +mg)’ - 3mg
1 1 . mc/mx
¢ 3my VM “\ me +mx’

M = mx + mc + 3my,

B = arcsin (2 sin %/\/3) is the angle between the axis
Z and the direction C—H;, « is the angle Hy—C—H,,
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normalized difference:

Ly — L,

El

— 9)
2(1— LMC,L)

The mode shape L'is orthogonal to the initial mode
shape L.

Formulae (6)—(9) allowed the shapes of degenerate
vibrations to be obtained without knowing their
analytical forms. Formally, this means that the 4-th and
6-th columns in the basic shape matrix can be simply
obliterated, taking into account that those columns
were determined completely by the 3-rd and 5-th ones,
respectively. In this case, the preservation of shape
symmetry (the preservation of the subgroup Cgs) and
the equality of frequencies of degenerate vibrations were
taken into account automatically. Such an approach
made it possible to avoid complexities that arose while
constructing the complete basis of mode shape vectors
and to use the “non-full” one Lj:

0 — g 0 0 O A 0
ta - 0 g 0 —ra 0 0
0 — 0 0 g O 0 0
0 — g 0 0 O rB 0
tp - 0 g 0 —rp 0 0
0 - 0 0 g O 0 0
0 — g 0 0 O —rc —c
to — 0 g 0 r¢ 0 0 (10)
2w — 0 0 g 2rex O 0
0 - g 0 0O —-rc  ¢/2
tc - 0 g 0 rc 0 cV3/2
—w — 0 0 g —-rex —-rcy O
0 - g 0 0O —-rc  ¢/2
tc - 0 g 0 rc 0 —cV/3/2
—w — 0 0 g —-rex recy 0
o = (mxtmo)lencos ftmxixe g the »-coordinate of the

M
center of mass of the molecule, lc_g and lx_¢ are the
distances C—H; and X—C, respectively,

e=lIlxc+lcncosB -2, d=2, f=e—Ixc,
h:lCHSin%: lleTHSiHBZE, (11)
§ = \/mxe? + mo f? + 3my (d* + 212),

547



B.A. OKHRIMENKO, D.M. SAMOILENKO

55 =

_ 3mHmcmX .
—\ 3mamc(f +d)? + 3mamx(d + e)? + mxmclgq

1) 1) 1)
SA:(f+d)—S, SB:(d+€)—S, SC:lxc—S,
mx me 3my

_¢ _f _d _! _h

TA_é-a TB_é-: rc_(sa TCX_é-a TCY—6

0 = {GmxmcmH/[mxmc(d(sA +sp) +e(sp +sc)+

+f(sa— sc))2 + 2l2(mxmc(sA + 53)2 + 3mxmy(sa—

) s 12
—sc)® +3memu(sp + sc) )]} ,

J ]
th=—I(sp+s0), tp=—l(sa—sc),
mx mc
]
tco = — ¢ l(SA-I-SB),
MH
Ot
w=g (d(sa+sp)+e(sp+sc)+ f(sa—sc)).
My

The aforesaid yields that the force matrix of the
molecule V({p},u) depends on seven parameters: six
shape parameters and the parameter of anharmonicity.
To obtain the numerical values of those parameters,
we used the data on the vibrational spectra of
two isotope modifications of each molecule. In the
framework of the approximation which considers the
force constants of chemical bonds formed by isotope
modifications of identical atoms to be equal [1-7],
we used the force matrix calculated with regard
for the spectrum of a molecule XCHs to find the
vibrational spectrum of a molecule XCDj3, D being a
deuteron,

{w},} = eigenvalues (]\;ISIV ({p},u)) . (12)
Here, Mp is the diagonal mass matrix of a
molecule XCDj3. Formally, Eq. (12) means that
we seek a solution of the direct spectral problem
for a molecule XCDg3, basing upon the results of
solving the inverse spectral problem for a molecule

XCHjs. It should be noted that the spectra of
F=(0 0 0 0 0 0 0 rcosp rsing
548

000 00 0).

arbitrary isotope modifications of the molecule can
be used for calculations. The choice of the specified
modifications was connected, first, with the preservation
of the isotope modification symmetry, i.e. with
the simplified frequency relation; secondly, with a
more extended body of the available information
concerning vibrations of just those modifications [9-12];
and, thirdly, with a simplified procedure of inverse
calculations (the force matrix was calculated using
the XCDj3 spectrum, and the force matrix was used
afterwards to calculate the XCD3 spectrum), which are
necessary for monitoring the stability of the solutions
obtained.

We  introduced the error-parameter [1-6,
8]
: (b0
wp,i ({p},u
(b = Y (1- 2tk (13)
WD, i,exp

i=1

between experimentally measured vibration frequencies
wp,exp Of the molecule XCDs3, corrected with regard
for the anharmonicity (4), and the frequencies
wp({p},u) calculated by Eq. (12). The values
of the parameters ({p},u), at which ¢ became
minimal, were considered as sought ones. The force
matrix obtained after the substitution of those
parameter values was the final result of the posed
problem.

In the framework of the inverse spectral problem
of vibrational spectroscopy of molecules, the potential
energy of a molecule is introduced as a quadratic form
of atomic displacements [1,10-12,14-18]

. Z-v- z

2
where Z is a column matrix that defines displacements
of atoms with respect to their positions of balance.
Knowing the force matrix, one can calculate the
variation of the potential energy of a molecule at trial
displacements of its atoms.

Aiming at finding the deviation of chemical bonds,
let us study the variation of the molecule energy caused
by displacements of atom H; within the plane ZY.
Let the atom move a distance r from the position of
balance and at an angle ¢ with respect to the axis
Y. The column matrix of such a displacement looks
like

(14)

(15)
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Provided that the atoms are shifted in the manner
described above, it is convenient [2-8] to analyze the
polar plot U(y) of the molecular energy variation. The
plot U(yp) is symmetric and possesses two identical
maxima, the positions of which differ by 180° from each
other. It is evident that, at the angles that correspond to
a maximum of the energy variation, the maximal force
should be applied to move atom H;. These angles define
the direction of the chemical bond [2-6] between C and
H; atoms.

In the framework of the valent force approximation,
the direction of a chemical bond has to coincide with the
straight line that connects the nuclei of atoms, between
which this chemical bond emerges. If there exists a
“contribution” of the central force field, for example, a
Coulomb field, the direction of a chemical bond may
deviate from the indicated line. The angle between the
direction of the chemical bond and the straight line that
connects the nuclei is known as the angle of a chemical
bond deviation [2-6, 8]. The chemical bond itself must
lie in a plane, which is defined by the axis of molecule
symmetry and the straight line C—H, i.e. the C—H; bond
must lie in the plane ZY.

3. Results and Discussion

In our calculations, we used the data summarized in
Tables 1 and 2.

The problem of minimization of a function depending
on many parameters has, as a rule, multiple solutions.
The presence of a number of minima of the function §
considered as a set of seven parameters evidences for the
existence of several solutions of the problem under study.
Obviously, not all of them can be realized. Some

T a b 1 e 1. Vibration frequencies v (in ecm™!),
internuclear distances r (in A), and H—C—H angles «
of molecules XCH3 and XCDg3 belonging to the gaseous
and liquid states of the substance

Quantity ClChgs CICD3 ICH3 ICD3
gas |[liquid| gas [liquid| gas [liquid| gas [liquid
121 2966.2 2955 2161 2115 2969 2941 2155 2130
V2 1354.9 1370 1029 1018 1251.4 1241 950 938

v3 732.1 709 695 683 533 523 501 493

va  3041.8 3036 2286 2283 3062.2 3049 2300 2285
vs  1454.6 1446 1058 1051 1437.8 1425 1048 1046
e 1015 1016 775 769 8825 891 660 644
TX—C 1.782 2.139
ro-H 1.103 1.100

o 110° 20/ 110° 58’

T able 2. Atomic masses used in calculations

Atom H D | 12¢ 3501
m, a.m.u. 1.0078 2.0141 12 34.969

1271
126.9
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solutions correspond to local minima of the function
0, some do not satisfy the physical conditions or
approximations made. To select the required solutions
from the obtained set, the following criteria were applied:

1. Both “direct” and “inverse” calculations were
carried out, i.e. the force matrix, which has been
calculated for the molecule XCDj3, was used for
evaluating the frequencies of the XCHj; molecule. It
is obvious that the obtained force matrices had to be
identical, while the shape parameters, the parameter
of anharmonicity, and the value of the deviation angle
should not differ strongly for inverse calculations.

2. The solution had to be stable. For checking the
solution stability, we studied variations of the deviation
angle under small variations of the shape parameters.
Unstable solutions were rejected.

3. The value of the deviation angle cannot be too
large. The values of about 50° were obviously invalid.
From the mathematical point of view, such a situation
can be explained by a formal replacement of vibrational
shapes.

After the analysis of a fluoromethane molecule
following items 1—3 [8], two probable solutions of the
inverse problem of spectroscopy were kept for the further
consideration. Those solutions differed substantially
from each other only by values of the deviation angle.
Nevertheless, they did not allow us to determine the
direction of deviation: inwards the CHz group or towards
the fluorine atom. Therefore, in this work, we used the
additional speculations.

4. The shape parameters, the parameter of
anharmonicity, and the value of a deviation angle were
expected to have close values in a series of substances
similar by a chemical structure (CICHs, ICH3) and at a
transition into another state of aggregation.

The described criteria used in the analysis of
solutions allowed us to obtain a single solution
that satisfied all the requirements indicated above.
The parameters that correspond to this solution are
summarized in Table 3, together with values of the
deviation angle and the parameter §. The negative sign
of the deviation angle corresponds to a deviation of the
C—H bond direction towards the halogen atom (chlorine
or iodine). Analogously, the solution for a fluoromethane
molecule with the negative sign of the deviation angle is
to be preferred [8]. If a deviation of the chemical bond
direction is connected with the presence of the effective
electric charges of atoms, we may assert that such a
deviation evidences for that the halogen atom possesses
an effective charge of the opposite sign with respect to
that of the hydrogen atom.
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T a b le 3. Shape parameters p;;, the parameter of anharmonicity u, and the deviation angles 9 of C—H bonds
calculated for the molecules XCH3 and XCD3 belonging to the gaseous and liquid states of the substance

Molecule Parameters of the vibration mode shapes u x 105, P, § x 10*
completely symmetric incompletely symmetric cm deg.
p12, | P23, | P13, pa6, |  Pes, | Das,
rad

CICH3(gas) 1.298 0.204 1.470 1.711 2.135 0.910 2.240 -3.0 0.15
CICD3(gas) 1.071 0.291 1.471 1.865 2.137 0.960 2.232
CICH3z(liquid) 1.365 0.117 1.472 1.802 2.027 0.969 1.124 1.8
CICD3(liquid) 1.167 0.157 1.468 1.907 2.046 0.966 1.133

ICH3(gas) 1.237 0.180 1.493 2.163 1.913 1.350 1.983 -3.7 0.02

ICD3(gas) 1.056 0.157 1.431 2.254 1.955 1.340 1.984

ICH3(liquid) 1.254 0.104 1.422 2.423 2.076 1.301 0.234 1.4
ICD3(liquid) 1.083 0.146 1.358 2.475 2.051 1.275 0.243

It follows from Table 3 that only the parameter of
anharmonicity underwent a substantial variation at the
gas—liquid transition. Comparatively small changes of
the shape parameters at the transition into the liquid
state evidence for the stability of vibration mode shapes,
i.e. for a relative weakness of intermolecular bonds in
liquids concerned in comparison with intramolecular
ones. The formation of intermolecular bonds resulted in
a substantial variation of the anharmonicity parameter
of vibrations, which can indicate a symmetry change
of the environment field relative to the intramolecular
one. The parameter of discrepancy was greater for
molecules in the liquid phase. It can be connected to a
smaller accuracy of the definition of molecule vibration
frequencies in the liquid phase and to the influence of
translations and librations, whose frequencies were not
taken into account in this work.

The figure shows the polar plots of the energy U(yp)
that is acquired by the molecule owing to displacements
of atoms X and H;. The dashed line corresponds to a
direction of the maximal effort for atom H; to be moved,
and ¢ is the deviation angle of the C—H bond enlarged
for the sake of visualization.

4. Conclusions

The shape parameters, the parameter of anharmonicity,
and the values of the deviation angle of C—H bonds
of chloromethane and iodomethane molecules have
been calculated making no assumption concerning the
forms of the intramolecular and environment force
fields. Comparatively small changes of the shape
parameters, which accompany substantial variations of
the parameter of anharmonicity, evidence for a relative
weakness of intermolecular bonds in the researched
liquids in comparison with intramolecular ones. The
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direction of the chemical bond deviation, namely,
towards the halogen atom, testifies to that the halogen
and the hydrogen atom interact stronger with each other
than two hydrogen atoms do. In other words, the center
of the negative charge is shifted towards the halogen
atom.
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JEBIAIIA C—H-3B’4A3KY B PIIKOMY
TA TA3OIIOAIBHOMY XJIOPMETAHI TA MOJMETAHI

B.A. Oxpimenxo, .M. Camotinenro
Peszmowme

Meron 3N-MaTpuIb 3aCTOCOBAHO /Ui DO3B’si3aHHS O0EPHEHOT
CIIEKTPAJBbHOI 33724l KOJIMBAJIBLHOI MOJIEKYJISPHOI CHEKTPOCKOMIT
myist mostekyst xjopmerany CICHg Ta #ommerany ICHgz B pigko-
My Ta ra3omnofibHoMy ctaHax. He 3amekHO Bij Mopeseil CHIOBOTO
[IOJIs1 MOJIEKYJI Ta OTOYEHHsI OTPUMAHO 3HAUeHHs KyTiB mesiamii C—
H-3B’a3kiB. [IpoBegeHo MOpiBHAHHSA OTPHUMAHUX IapaMeTpiB op-
MU KOJIUBAHb MOJIEKYJI, TADAMETPIiB aHIAPMOHI3MY Ta KyTa aeBiaril
ximiuHEX 3B’SA3KIB y MoOJIeKysiax pi3HOro arperarHoro cramy. s
PO3paxyHKiB BUOpaHi 9aCTOTH BIACHUX KOJIHBAHb MOJIEKYJI Ta Ha-
OJIMPKEHHST OZHAKOBOIO IapaMeTpPa AHTaPMOHI3MY BCiX KOJIHBAHD,
BHKODPHCTaHUH popMasizMm “HermoBHOro” 6a3ucy ¢hopM KOJTUBAHD.
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