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Abstract: Some problems of vibrational spectroscopy of particles in condensed systems are considered in
this work. One of the aspects of theoretical research is the study of the vibrational properties of individual
particles in view of the nano-dimension of the molecules of the condensed system surrounding the particle.
Using the apparatus of temperature, Green functions of the operators of polarization of condensed systems,
two main mechanisms of influence on impurity particles from the medium, solvation and fluctuation, are
distinguished. Theoretical results are obtained within the framework of these two mechanisms for
calculating changes in the vibrational spectrum of individual particles. The theoretical results are used to
analyze the experimental data on the vibrational spectra of the N,O molecule in polar solvents: methanol,
ethyl alcohol, acetone, and 1,2-dichloroethane.
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Introduction

The modern development of studies in the
complex condensed systems is increasingly
approaching the level of the nanoscale. One of
the aspects of research is the study of the
vibrational properties of individual particles,
taking into account the nano-dimension of the
molecules of the condensed system surrounding
the particle [1-3]. The condensed medium,
depending on the polarity, significantly affects
the vibrational spectrum of individual particles,
causes a shift and broadening of the absorption
peaks, and can even lead to the dissociation of
particles into individual fragments. In this case,
the influence of the condensed medium on the
vibrational spectrum of impurity particles
mainly occurs through two mechanisms of
interaction - solvation and fluctuation
mechanisms. The first of these two mechanisms
assumes the solvation of the impurity molecule
by the molecules of the medium; the second
assumes the interaction of intramolecular

vibrations of the impurity with fluctuations of
the medium polarization.

Naturally, there is no exact theoretical
solution to this kind of problem [4-13]. Real
approximate methods assume the use of such
models when describing the properties of a
condensed medium, which allow one to describe
the influence of the medium on the
characteristics of an individual impurity particle
with the help of measured quantities. The main
effect of the influence of a non-regular polar
condensed medium in calculating the vibrational
spectrum of an impurity can be described using
the temperature Green functions of the system's
polarization operators. This makes it possible to
take into account the effects of frequency and
spatial dispersion of a condensed medium
within the framework of various models when
calculating the spectral characteristics of
impurity particles.

www.chemprob.org

CHEMICAL PROBLEMS 2023 no. 3 (21)


http://www.chemprob.org/
mailto:tamaz.marsagishvili@gmail.com

212 T. MARSAGISHVILI et al.

1. Hamiltonian model of impurity particle in Hamiltonian - an impurity particle in a
a condensed medium, solvation condensed medium can be represented as:
mechanism of interaction of an impurity
particle with a polar medium.

H=H’+ ZastO + ZhsthoQtO 1)

Here (and below) summation over repeated are working in a system in which the normal
indices is assumed, H is the Hamiltonian of the value of the coordinate Q’ is zero), the
impurity particle in vacuum, Qg is the normal elements as and hg are determined by the
coordinate of the s-th intramolecular vibration relations:

of the impurity particle (it is assumed that we

'] aE(r)

as%f drdr'[E(ngglrrie = DJ%_'— ag? glnri o = 0)E(r)], 2)
dE; (r) ; agy [rf
ha:%f drdr’ﬁgjk[nr = D]%?]. 3)

Here, E is the strength of the electric field medium polarization operators P(r,t) at a finite
created by the polarized impurity particle, temperature T [3]:
gklrr’,w=0])is the Green function of the

En(n Tt —t) = — < TR(ROR(r, ) > (4)

In general form, the calculation of the operators at a finite temperature is convenient.
characteristic parameters of an impurity particle To obtain evaluative values for as and hg,
in a polar medium is rather cumbersome. It is one can perform calculations for a simple model
more  convenient to introduce some of a homogeneous isotropic medium, not
characteristic model functions, which can be considering the effects of spatial dispersion. For
used to study various aspects of the influence of the electric field strength of an impurity particle
the polar medium on the characteristic impurity in the dipole approximation for a symmetric
parameters. For such problems, modeling of the particle of radius r,, we obtain:

Green functions of the medium polarization

Eh':c.;..ll'wa.;. (E_}d) H _ -Ih':c.;..ll'wa.;.wr.;. (E E)
) a =

ard Bay arg fag far

Ay = —

)

Where 4 is the dipole moment of the particle, intramolecular vibration of the impurity, with an

e iS the frequency of intramolecular eqU|I|br|u_m valge equal to 2810,
- . . For a particle with one optically active degree of
oscillations of the particle in the gas phase (in

: freedom, we obtain
vacuum), q.the normal coordinate of the s-th

= —

ol (23 e (ﬂ_ﬁ )E (6)

3l dq ary fq

As can be seen from these formulas, taking into  (parameter @) and to a decrease in the

account the solvation mechanism of the frequency of the corresponding intramolecular
interaction of an impurity particle with a polar  vibration (parameter h).

medium led to an increase in the equilibrium 2  Hamiltonian model of a condensed
length of the corresponding chemical bond  medjum with impurity particles, fluctuation
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mechanism of interaction of an impurity
particle with a polar medium.

Taking into accountthe interaction of
medium  polarization  fluctuations  with
intramolecular vibrations of impurity particles
can be essential for the processes of
intramolecular  relaxation of  polyatomic
impurity particles. Information on the effect of
medium polarization fluctuations on the
frequencies of intramolecular vibrations of
impurity particles can be obtained from an
analysis of the frequency spectrum of the Green

function of the operators of normal coordinates
of intramolecular vibrations of particles. When
it comes to uncharged impurity particles, the
interaction of fluctuations of the medium
polarization with the static field of the impurity
can be neglected. In this case, for the Green
functions of the operators of normal coordinates
of intramolecular vibrations Q of an impurity, a
system of linear inhomogeneous algebraic
equations of the following form can be
obtained:

Guelwg) = Glylog)+ Glulog) Uy log JGleg), (7)
w,=2mnkT, n =0, £1, £2, £3,

Where G2 (e, is the temperature of the Green

function of operators of a solvated polarized
oscillator, U, Jis the renormalized

interaction of intramolecular vibrations of a

) E'Eu_ (r)

g (r e 00) =

Tyl ) = | drdr

Obviously, the real frequency spectrum of an
impurity particle will be determined by the
vacuum frequency spectrum of the particle, so
by the frequency spectrum of fluctuations of the
medium and the interaction of intramolecular

g lrr o,

qu(mn) = f(m )Auv
_ ) BB (r)
= [drdr 2q2 Sik gl h

The parameter £ ., depends on the shape of the

particle, on the derivatives of the dipole moment
of the particle with respect to the normal
coordinates of the intramolecular vibrations of
the impurity, and on the effects of the spatial

‘é*uvz"é"z_

Where r, is the radius of the particle.
The simplest model for taking into account the
effects of spatial dispersion of a condensed

flo,) =

2
STy 33
— = \

=1 Olp—oly

particle, taking into account the interaction of
vibrations through a polar medium.

In formula (7) the renormalized interaction
U, eoo ) has the form:

'lfJ

w,, =2mnkT, n =0, +1, £2, £3,.... (8)

vibrations of the particle with fluctuations of the
medium polarization.

In the factorization approximation, the
Green function of the operators of medium
polarization can be represented as:

= f{w, g lnr), 9)
(10)
8By [
:I BQV (11)

dispersion of the condensed medium.

For spherically symmetric particles placed
in a local homogeneous medium, the parameter
& L isequal to

;. 12)

medium is the pole approximation for the
function i es,, J:

, (13)
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Where wy, are the natural vibration frequencies

of the medium, which can be complex, m is a
number of poles, =z, are the intensities of the

absorption peaks.
3. Green's function of operators of normal
coordinates of intramolecular vibrations of
an impurity particle with one optically active
degree of freedom.

Above, a model was accepted within the

2 2
Zqg= (el + w

where s is the frequency of the intramolecular
vibration of the impurity particle.

For the Laplacian image of the time retarded
function of the operators of normal coordinates
of intramolecular vibrations of an impurity,

+ U, )7t

framework of which the analytical form of the
renormalized interaction is known. To analyze
the vibration frequency spectrum of an impurity
particle, it is necessary to carry out an analytic
continuation from the discrete points cw,=

2nnKT to the complex frequency plane.

As a result, for a particle with one optically
active frequency, we obtain for the Green
function

(14)

when using the pole approximation for
renormalized interaction U in the form (13), the
vibration spectrum is determined from the
equation

(@i + p?) Mizy(e; —p) + 2Ei a4 ch:Lsz':mk —p)= 0. (15)
A special case of the pole approximation of the function f(w) is the Debye function:
alrrfw) = 2 (16)
And for the gqq(p) function at that, we have
2ee(P) = — (% 4o ](;f‘zj— Yook {17
Where « is the bond strength coefficient
K=-222 (18)

Co IS a dimensionless constant equal to the
difference between the reciprocal values of the
dielectric constant of the medium to the right
and left of the corresponding absorption peak.

F(p)=(p? + w,J(p+ vy) — vowix= 0.

This equation always has one real root, and the
other two are either real or complex conjugates,
depending on the parameters in the equation
(19).

The real root of this equation p=p, means the
dissociation of the molecule if the polar medium
is a liquid, or the transition of the molecule to
another conformational state if the medium is a
solid.

As the analysis of equation (19) shows, if the

Wa( ,:,-Fp,:,)
200D = ~ G et
w(¥g + P2l
(p; — pe)(p; — py)

expl(p,t)]

exp(pat) +

The frequency absorption spectrum of the
system is determined from the solution of the
equation

(19)

bond strength coefficient k <1, then for the two
roots of equation (19) p; and p, the relation
Rep, « C, Rep; « Ois valid.

In this case, the time retarded Green
function of the operators of normal coordinates
of intramolecular vibrations of the impurity for
the Debye approximation of the Green function
of the operators of fluctuations of the medium
polarization has the form

gLy t+p,d

(p,—pllp, ) (20)

exp(p,t)
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The first term on the right side of the relation
characterizes the process of pure damping of
oscillations in time, the next two terms are
either oscillations (at « = 0), or damping with
oscillations, or pure damping. Decays with

clwr+ v

oscillations have a physical meaning at « « 1.

For the resonance approximation of the
Green function of the operators of fluctuations
of the polarization of the medium, we have

i 1

glrr, w )=

Where o, is the characteristic frequency of
medium oscillations, y is the attenuation of
medium oscillations.

Ul )=

The Laplasian image of the Green function of

Smw I:L.:-—L.:-r-l-:i1|-r

L.:11‘°:+1.-’E
[oag+ ¥124 w;'

J (21)

The renormalized interaction has the form as
follows:

wt iy

(22)

intramolecular vibrations of an impurity has the

the operators of normal coordinates of form
— wal lytpl+ wf )
900 = T ol vt rel - o] (B R D) (23)
Where the Green function of poles g4 are determined from the equation
@lp)=p*+2yp + (i + ¥ + @lIp + 2yveip+ ol(el + ¥l - ) =0 (24)

It can be seen from the general analysis that this
function can have either two real roots and two -
complex conjugates or all roots complex (pair
wise) conjugates. The study of the equation
shows that if x <1, then the real roots of the
equation (24) are always negative, and the real
parts of the complex conjugate roots vary from -
y to 0. Thus, the bond strength coefficient

should not exceed the critical value k =1.
Equation (24) has real roots at the values of the
bond strength coefficient x* <« <1, where x* is

the value at which the values of the real roots
coincide, i.e. py = p; = a. For highly resonant

media where the condition y « e, is satisfied,
the value of a is equal to

a= —yolwg + gl (25)
For the complex conjugate values of the roots of equation (24) we have
2 z 2
Paa= — = +ifol + 0l (1— ¢y —I15) . (26)
wy +irg (WI"'Wa:I
In this case, the value of x* is equal to
=1 Lo @)
a I a
When a strong connection with the medium is 1 approximate value of only one real root
—k « 1 for arbitrary values of y, one can find an
w4+ 1,'2
py= —{1- %) IZ—Y (28)
If the medium is described by undamped occurs in the system, at which
oscillations with y = 0, then the “beating” effect
bre = + (0} + 0l — ((wf = o)+ dewdel) )08,
Pie = * (0} + ol +((of - 0D+ dralwd)®)". (29)

It is easy to see that in the limit « = 0 we obtain
the frequencies of non-interacting oscillators

F‘iz = tiw,,
Similarly to the calculations performed, one can
also analyze systems in which an impurity

o
Pas =

with the characteristic frequencies of the

impurity particle and the medium:
*i .

(30)
particle has two optically active degrees of

freedom.
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4. Vibration spectra of a molecule N,O in
polar solvents: methyl alcohol, ethyl alcohol,
acetone, 1.2-dichloroethane.

During the transition from the vacuum
state to the condensed phase, the vibration
spectra of the molecule N,O undergo significant
changes - there is a shift in the maximum of the
absorption peak, broadening of the absorption
peak, redistribution of intensities between
different absorption peaks [14, 15]. Several
solvents were chosen for quantitative processing
of the experimental data. Methyl and ethyl
alcohols, for the reason that they are the same
type of solvents, however, the shifts in the
absorption peak of the frequencies of the
valence vibrations of the molecule N,O occur in
different directions. Such effects are observed in

Where s, is the frequency of the vibration

level, x is a phenomenological parameter, the
value of which can be estimated from
Tw) = x& L}

Where 6 is a dimensionless variable parameter,
the values of the parameters u;, y; and o; can be
determined from the absorption spectra of the

Table 1. Spectral parameters
of the IR absorption spectrum o
methyl alcohol

acetone - the frequency shifts towards an
increase, and in 1.2 dichloroethane - the
frequency decreases.

The frequency of the valence vibration of a
EJond vs of N2O molecule in vacuum is 2223 cm’
Obviously, in this case, the frequency of the
main level will be 11115 cm™, and the
frequency of the first excited level will be
3334.5cm™

It is essential to take into account the effects
of frequency and spatial dispersions of solvents
phenomenologically.

The change in the square of the frequency of
the valence vibration of the impurity, caused by
the solvation of the impurity by the molecules
of the medium, will take the form:

2

=)= —x= (31)

2

experimental data.
The frequency dependence of the renormalized
interaction can be presented in the form

- (32)

i=1 [oa— wi:|2+1(f >

solvents [16]. Measurements were carried out
on a Specord 75 IR infrared spectrophotometer
(Table 1-4).

Table 2. Spectral parameters of
the IR absorption spectrum of

£ e U;
1030 60 0.85
1120 60 0.25
2850 60 0.75
3335 400 0.90

ethyl alcohol
£ ¥i Uy
1050 60 0.95
1085 60 0.80
2750 200 0.75
3325 380 0.90

Table 3. Spectral parameters of the
IR absorption spectrum of

Table 4. Spectral parameters of the
IR absorption spectrum of
1,2- dichloroethane

Acetone
;g ¥i U
1100 30 0.23
1220 25 0.85
1365 35 0.83
3000 100 0.32

fug Ve U;
1015 25 0.45
1230 25 0.73
1315 25 0.70
2950 95 0.35

The energies of the vibration levels of an
impurity can be easily calculated under the

assumption that the valence vibration does not
interact through the medium. In this case, to

CHEMICAL PROBLEMS 2023 no. 3 (21)
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calculate the energy of vibration levels of the particle, we obtain the following equation:
(0 — ol + 1)
Tl — @)%+ ¥2) + @l Tiy u v [Ty (0 — @)+ ) =
y (33)

Based on this level, the values of the
main level (frequency ty) and the first excited

level (frequency es,) of the bond N - O are

calculated at various values of the parameters of
the bond strength with the medium « and the
dielectric properties of the solvent & (see
Tableb).

According to this Table, the solvation and
fluctuation mechanisms of the interaction of a
molecule N,O with solvents leads to a shift of
the ground and excited vibration levels towards
higher energies. The energy of the vibration
transition from the ground level to the energy
level, in which all vibrations of the molecule,
except vz, are in the ground state, the valence
vibration of the N-O bond in the first excited

state was determined as the difference iy —
wy.

When choosing the parameters k and 9, it
must be taken into account that the parameter k
is dimensionless, see formula (31). For this
reason, it is natural that when calculating for the
frequencyca,, the parameter « will be 3 times

larger than for w,.When it comes to the
parameter 6 in acetone and 1,2-dichloroethane it
can be chosen to be approximately the same for
the frequencies i, and <4, since the absorption

spectra of these solvents are separate peaks
against a uniform background (input of the
parameter & is associated with the presence of
this background).

Table 5. Vibration bond levels of the molecule of the ground and first excited state in methyl, ethyl
alcohols, acetone and 1.2-dichloroethane.

[Q)) 01
Solvent K 3o K &1
0.1 0.3 0.5 1.0 0.1 0.3 0.5 1.0

Methyl 0.02 1105 1104 1103 1099 | 0.01 3324 3321 3318 3309
alcohol 0.03 1102 1100 1098 1093 | 0.015 | 3319 3314 3309 3296
0.02 3314 3308 3301 3284
Ethyl 0.02 1104 1101 1098 1089 | 0.01 3325 3321 3318 3310
alcohol 0.03 1101 1096 1091 1076 | 0.015 | 3320 3315 3310 3297
0.02 3314 3308 3301 3285
Acetone 0.02 1106 1105 1104 1103 | 0.01 3322 3322 3322 3321
0.03 1103 1102 1102 1098 | 0.015 | 3318 3317 3317 3317
0.02 3326 3326 3326 3326
1,2- 0.02 1106 1106 1106 1105 | 0.01 3326 3326 3326 3325
dichloroethane | 0.03 1103 1103 1103 1102 | 0.015 | 3322 3322 3322 3322
0.02 3318 3318 3318 3318

For methyl and ethyl alcohols, the IR
spectra have a more complex structure with an
uneven background, and when calculating Q =
wy — g, the parameters &, , &, for wy and iy
can have different values for the ground and
first excited energy levels.

The best agreement between the calculated
frequency shift AQg,c and the experimental data
AQeyp for all solvents was obtained at x; =

0.003 for i, and w; = 0.001 for the level .

For parameters 6 - choice from a wider range
(Table 6).
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Table 6. Theoretical and experimental values of the shift of absorption peaks of the N,O molecule
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in methyl, ethyl alcohols, acetone and 1.2-dichloroethane.

Solvent Ky K &y 1 Qem™t | AQa, AQexp,
ot o1
Methyl 0.03 0.01 0.3 0.1 2224 -1 -0.9
alcohol 0.5 0.3 2223 0
0.03 0.01 0.1 0.3 2220 3 0.8

0.3 0.5 2222 1
Ethyl 0.03 0.01 0.1 0.1 2223 0 -2.6
alcohol 0.3 0.3 2224 -1

0.5 0.5 2224 -1

1.0 1.0 2228 -5
1,2- 0.03 0.01 0.1 0.1 2223 0 0.9
dichloroethane 0.3 0.3 2223 0

0.5 0.5 2223 0

1.0 1.0 2223 0

Conclusion

The mechanisms of the influence of a
condensed medium on the vibration spectrum of
individual impurity particles are considered. It
shows that the condensed medium causes a shift
and broadening of the absorption peaks of
impurity particles and can lead to the
dissociation of particles into separate fragments.

It should be noted that the effect of a
condensed medium on the vibration spectrum of
impurity  particles occurs  through  two
interaction mechanisms - solvation and
fluctuation. Each mechanism was studied in

detail, and analytical results were obtained that
allow one to take into account the effects of the
solvation of an impurity molecule by the
molecules of the medium, as well as the
interaction of intramolecular vibrations of the
impurity with fluctuations of the medium
polarization.

Theoretical results are applied to analyze
the vibration spectra of the N,O molecule in
polar solvents: methanol, ethyl alcohol, acetone,
1.2-dichloroethane.
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TEOPETUYECKHE ACNEKTHBI KOJIEBATEJbHOM CIIEKTPOCKOITNN
KOHAEHCHUPOBAHHBIX CUCTEM C IPUMECHBIMHA YACTHLHAMU

T. Mapcarnmsuim, M. MayaBapuanu

Tounucckuii 2ocyoapcmeennuiii ynugsepcumem um. M. Heanuweunu,
Uncmumym nHeopeanuueckotl xumuu u snexkmpoxumuu um. P. Aenadse

Y. Munoenu, 11, 0186, Tourucu, I py3us
e-mail: tamaz.marsagishvili@gmail.com

AnHoTanmusi: B pabGote paccMOTpeHBI HEKOTOphIE MPOOJIEMBI KOJIEOATEIHHOW CIIEKTPOCKOITHH
YacTUI] B KOHJCHCHUPOBAaHHBIX cHucTeMax. OIMH M3 acHeKTOB TEOPETHUECKUX HCCIeTOBaHUN
MPEJCTaBIseT CO00M W3ydeHHWe KOoJeOaTeNbHBIX CBOWCTB OTIENBHBIX YacTHI[ C YY4ETOM HaHO-
Pa3sMEpHOCTH OKPYKAIOIINX YaCTHILy MOJEKYJ KOHIEHCHpoBaaHoi cucTteMbl. C HCIOIBb30BaHHEM
amnmapata TeMIepaTypHbIX (YHKIMA ['prHA onepaTopoB MOISIpU3alid KOHIEHCHUPOBAHHBIX CHCTEM
BBIJICJICHBI JIBA OCHOBHBIX MEXaHW3Ma BIMSHHS HAa TPUMECHBIE YAaCTHIIBI CO CTOPOHBI CPEIbl —
CONBBATAIIMOHHBIN U (DIyKTyarmoHHbIH. [lomyueHsl TeopeTHyeckue pe3ylbTaThl B pamMKax ITHX
JIBYX MEXaHHU3MOB U1 pacyeTa H3MEHEHHs KOJeOaTeNbHOI0 CHEKTpa OTIENbHBIX YaCTHII.
Teopernueckue pe3yabTaThl HCHOJB30BAHBI Ui aHAIM3a SKCIHEPUMEHTAIbHBIX JaHHBIX II0
Kosie0aTenbHbIM criekTpaM MoJieKysdbl NoO B MONAPHBIX PacTBOPHUTENSX: METHUIOBOM CITHPTE,
STWJIOBOM CIIUPTE, alleTOHE, 1.2-TuXJIopITaHe.
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KuroueBble cioBa: kojebaTenbHasi CIEKTPOCKONUS, KOHACHCUPOBAHHBIE CUCTEMBI, COJIbBATaLUs,
MIPUMECHBIE YaCTHUIIbI, IPOCTPAaHCTBEHHAs aucnepcus, Gpyakuuu ['puna.

QARISIQLARIN HiSSOCIKLORI iLO KONDENSASIYA OLUNMUS SISTEMLORIN
VIBRASION SPEKTROSKOPIYASININ NOZORI ASPEKTLORI

T. Marsagqisvili, M. Macavariani

[ Ivanigvili adina Thilisi Doviat Universiteti
R. Aqladze adina Qeyri-iizvi va Elektrokimya Institutu
Mindeli kiigasi 11, 0186, Thilisi, Giirciistan
e-mail: tamaz.marsagishvili@gmail.com

Xiilasa: Bu isdo kondensasiya olunmus sistemlards hissaciklorin vibrasiya spektroskopiyasinin bazi
problemlori nazardon kegirilir. Nozori todqiqatin aspektlorindon biri do hissaciyi shato edan
kondensasiya olunmus sistemin molekullarinin nanodlg¢iisii nazors alinmagqla ayri-ayri1 hissaciklarin
vibrasiya xassalorinin dyronilmasidir. Miihitin hissaciklora tasirinin ki osas mexanizmi
farglondirilib - solvatasiya vo fluktuasiya. Ayri-ayr1 hissaciklorin vibrasiya spektrinin doyismosini
hesablamagq ti¢iin bu iki mexanizm ¢ar¢ivasinds nazari naticalar aldo edilib. Noazari naticalor polyar
holledicilordoa: metanol, etil spirti, aseton va 1,2-dixloretanda N,O molekulunun vibrasiya spektrlori
tizro eksperimental molumatlarin tohlili ti¢tin istifads olunur.

Acar sozlar: vibrasiya spektroskopiyasi, kondensasiya olunmus sistemlor, halletmos, qarisigh
hissaciklor, faza dispersiyasi, Qrin funksiyalari.
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