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Resonance dipole—dipole interactions are shown to strongly manifest themselves in fundamental and overtone

band shapes of low-temperature systems, consisting of polar and nonpolar molecules as well with a relatively

large first derivatives (P’> 0.3 D) of the dipole moment. The rough model on the basis of the interaction be-

tween two non-degenerate, doubly degenerate, and triply degenerate oscillators was developed to study pairs of

interacting molecules and clusters in low-temperature condensed systems. The concentration dependences of

second- and third-order spectral band moments permitted the number of molecules in clusters to be estimated.

PACS: 78.30.—j Infrared and Raman spectra;
33.20.—t Molecular spectra;

36.40.Mr Spectroscopy and geometrical structure of clusters.
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1. Introduction

Structure and dynamics of complex systems in low-
temperature condensed phase attract considerable attention
of researchers. Band shapes of molecular aggregates were
investigated by using different experimental methods [1-6]
and theoretical approaches [7-11]. The purpose of present
paper is to propose a way to detect the pairs of interacting
molecules («dimers») and clusters in low-temperature sys-
tems based on studying the resonance dipole—dipole (RDD)
interactions, sometimes also called the TD-TD interactions,
i.e., the interactions of transition dipole moments. The mole-
cules with large values of the first derivatives of the dipole
moment P with respect to the normal coordinates are taken
as the subjects of investigation.

The RDD interaction in low-temperature molecular sys-
tems play a major role in forming the spectral band shapes
when the derivative of the dipole moment P with respect to
a dimensionless normal coordinate becomes large enough
(P'> 0.3 D). The intense fundamental band and overtone
bands for a mode with a large value of P’ in the IR absorp-
tion are asymmetrically broadened by RDD interaction in
the Raman [12-14] and IR absorption spectra of low-
temperature molecular liquids consisting of polar or non-
polar molecules [15-17]. By using the RDD interaction

formalism, band shape simulations were performed for the
absorption spectra of several liquids (CF4, SFg¢, SiFa,
CF3Cl and CF3Br) at temperatures close to the melting
point [18], and the results obtained are in quantitative
agreement with the experimental data.

Other mechanisms, such as the rotational diffusion and
translational relaxation, have a little impact on the band
shapes at low temperature [1,19,20]. The previous studies
demonstrated the dominant effect of the RDD interaction
on the formation of the vibrational [21-30] and rotational-
vibrational [31-32] spectra of dimers. Note that the ab-
sorption spectrum of pairs of molecules can be discrete and
continuous [33]. The discrete spectrum is observed in ma-
trices, where orientation of molecules in a pair is fixed. For
low-temperature liquids the discrete spectrum emerges
only when dimer forming molecules have a large dipole
moment derivative with respect to the normal coordinates
of triply degenerate modes. In the case of less degenerate
vibrations, the continuous spectrum is observed.

2. Experimental

2.1. Low-temperature liquids

Infrared spectra were recorded with a LOMO IKS-24,
Bruker IFS-28 and Bruker IFS 66v spectrometers at a reso-
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lution of 0.3-2 crn_l, which is satisfactorPl for the studied
bands with the half-width Avi > 1 cm . The spectra of
solutions in liquid Ar, O,, N,, and Kr were studied at rela-
tively low concentration C = (0.01—3)-1072 mole fraction
(mf) in the temperature interval 7= 80—180 K, using opti-
cal liquid cryostats whose path lengths 1 vary from 0.4 mm
to 10 cm. The employed cryostats have been described in
Ref. 34. To record the absorption spectra of solutions with
high concentrations (C > 102 mf) and of pure liquids, the
cryostats with 0.09 and 0.15 mm path lengths were used.

2.2. Matrix isolation studies

IR spectra of SF¢, SiF4 and CF4 in low-temperature Ar,
N3 and Ne matrices were recorded at 11 K (Ar, N, matrices)
and 4.7 K (Ne matrix) with a resolution of 0.25 and 0.12
em”! by means of a Bruker 113v FTIR and Bruker IFS/66S
spectrometers. The concentration of SF¢ (SiF4, CF4)/Ar(N>,
Ne) varied in a range between 1/100-1/16000. The proce-
dure has been previously described in detail in [26].

3. Experimental results and discussion

3.1. Comparison of liquid-phase spectra with the
cryosolution spectra

The striking manifestation of RDD interaction in the
spectral band shapes can be illustrated by comparing lig-
uid-phase spectra with those of cryogenic highly diluted
solutions at close temperatures. Figure 1 displays the vi +
+v3 band shapes of pure liquids and dilute solutions of
nonpolar molecules, SF¢ (@) and SiF4 (b), where vy is the
frequency of the totally symmetric mode and v; is that of
the strong IR-active vibration. For the molecules of interest
to us, the dilute solution spectra, at concentration C < 10°*
mf, have the Lorentzian profiles within three or more half-
widths and their characteristics are governed by rotational
and vibrational relaxation [20]. At the same time, the ab-
sorption bands in the spectra of pure liquids exhibit com-
plex asymmetric profiles extending over ~ 60 cm™'. It
seems likely that the main mechanism of the band shape
formation is the RDD interaction because the dipole mo-
ment derivative 7 has a high value of 0.55 D for SFg and
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Fig. 1. Infrared spectra of nonpolar molecules in pure liquid phase (/) and dissolved in liquid noble gases (2, 3, 4) at similar tempera-
tures. The vi + v3 bands of SFg, liquid at 222 K with path length / = 0.09 mm (7); the solution in liquid Kr at 174 K, /=2 cm, C= 107!
mf (2); the solution in liquid Np at 83 K, /=2 cm, C = 1074 mf (3) (a). The v| + v3 bands of SiFy; liquid at 186 K, / =0.09 mm (7); the
solution in liquid Arat 90 K, /=10 cm, C= 1.510 * mf (4) (b). The v; + v4 bands of SF¢; liquid at 222 K, /= 0.09 mm (7); the solution
in liquid Krat 174 K, /=2 cm, C = 1074 mf (2); the solution in liquid Ny at 83 K, /=1 cm, C = 1074 mf (3) (¢). The v, + v4 bands of

CFg4; the spectrum of liquid at 93 K, / = 0.20 mm (7); the solution in liquid Ar at 93 K, /=10 cm, C=1.5-10

550

4

mf (4) (d).
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0.43 D for SiF4. In addition, it can be seen from Figs. 1,a
and b that the center of gravity of the band in liquids (shown
by the arrow) shifts only slightly on going to a dilute solu-
tion. The bands corresponding to the transitions not includ-
ing the strong IR-active mode have the Lorentzian profiles
in liquid spectra like the bands in dilute solutions, which is
evident from Figs. 1,c and d. Note that the band half-widths
are temperature dependent. As an illustration, the vy + v4
band shapes of pure liquid and dilute solution of CF, at the
same temperature are displayed in Fig. 1,d. One can see that
the spectral band widths are in close agreement.

Analogous complex profiles are observed in the spectra
of low-temperature liquids of polar molecules. Effect of a
permanent dipole moment on the band shape is demon-
strated by Fig. 2. One can see that the spectral band shapes
of polar liquids, OCS (R =0.72D, A =0.53D [34]) and
CF;Br (R =0.64D, Py =0.41D), virtually coincide with
the band shapes of nonpolar liquids, CO, (B =0.47D),

BF; (B =0.4D [35]).

An additional consequence of Figs. 1 and 2 is the effect
of the degeneracy g of the strong IR active vibration on the
manifestation of the resonance dipole—dipole interaction.
The considered molecules are characterized by the triply-
degenerate (SF¢, SiF4), doubly-degenerate (CF3Br, BF3)
and non-degenerate (OCS, CO;) modes. The asymmetry of
bands in liquids is seen to be more pronounced on the in-
crease of the mode degeneracy, which is accompanied by

the increase of the spectral band widths.

In the following, the main specific features of the band
shape formation in the low-temperature liquid spectra

caused by the RDD interaction are discussed.

3.2 Resonance dipole—dipole interaction

Let us consider a system of two identical molecules
whose centers of mass, as well as the point dipoles, are
separated by the distance R. The intramolecular coordinate
systems are arbitrarily oriented relatively to the laboratory
frame X, Y, Z. The dipole—dipole interaction energy (in
cm ') can be represented as

P p@

e [(eVe?)-3De)ePey). (1)
cR

w
Here e” (n = 1, 2) are the unit dipole moment vectors for
the two molecules in the laboratory frame; e is the unit
vector connecting the point dipoles; P” (n = 1, 2) denote
the norms of the dipole moment vectors of the molecules,
dependent on the vibrational coordinates:

P(") :P()(n) +Pk'(n)q,(£) (2)

where P/ is the maximal first derivative of the dipole
moment with respect to the normal dimensionless coordi-
nates qy; o = x, y, z. Other derivatives of the dipole moment
are irrelevant to our problem and can be dropped.

The spectrum of a pair of molecules coupled by the
RDD interaction can be calculated by using the stationary
perturbation theory. The zero-order wave function
Y = ‘I’S)‘I’g) is the product of the anharmonic wave
functions of two individual molecules, which corresponds
to the total energy Eg = EI(/P +EI(/§) obtained with the an-
harmonicity taken into account in the second perturbation
order. V}, (n = 1, 2) denotes the sets of molecular vibration-
al quantum numbers. The matrix element ¥, dependent on
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Fig. 2. Infrared spectra of low-temperature polar and nonpolar liquids: the 3v3 band of CO; (a); the 3v3 band of OCS (b); the v3 + v4

band BF3 (¢); the v, + v4 band of CF3Br (d).
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the mutual orientation of two molecules, can be written as
Wiv = (th3 )_1 < Ui(l)ul(g]);
2). (2 ' H (2 N (1
oo +11 (B ¢ g 0P 41 )
oo > 002 = 4o

where vy is the vibrational quantum number of the strong
IR-active v, vibration; v; is the vibrational quantum
number of totally symmetric v; mode. ©1?) is the orien-
tation-dependent factor whose values lie within the inter-
val [-2...2]; the parameter « is the orientation-independent
factor (in cm_l)

a=P?/2hcR®. (4)

The parameter a has the same value in the region of fun-
damental and combination modes (v; + v;), while in the
overtone region VgV, a is larger by a factor of M [15].

The interaction of two molecules is described by a secu-
lar equation whose form depends on the v, mode degene-
racy [33]

=0. )
Wiy EY -\

The magnitude of the resonance detuning d = E](\)l —Eg is
equal to zero in the fundamental region, and it is governed
by the intramolecular anharmonicity in the overtone re-
gion. The solution of the secular equation yields the posi-
tions of the components of the resonance multiplet and the
corresponding corrected eigenfunctions. The intensity of
components is proportional to the square of the dipole
moment matrix element evaluated with the corrected ei-
genfunctions. Since the matrix element Wy, depends on
©1?) | the calculated positions of the components also
depend on the relative orientation of the interacting mole-
cules. In Ref. 33, analytical expressions for the probability,
with which specific values of W, occur, have been de-
rived, and the effective Monte Carlo code was developed
to simulate the dimer band shapes.

In the case of the interaction of non-degenerate and
doubly degenerate oscillators, the continuous spectrum
emerges; the dimer band consists of one asymmetric
branch in the fundamental region, and of two asymmetric
branches, which are separated by a region with zero ab-
sorption, in the overtone region.

For the interaction between two triply degenerate oscil-
lators, the mutual orientations of molecules are not essen-
tial because the wave functions of isotropic spherical oscil-
lators always can be oriented along the laboratory coordi-
nate axes. The solution of the secular equation leads to the
discrete spectrum; the fundamental dimer band has the
doublet structure and the overtone dimer band has the qua-
druplet structure [23,33].
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Since the zero-order approximation is the pair of inde-
pendent molecules with including intramolecular anhar-
monicity, a nonzero diagonal matrix element W;; occurs
for the polar molecules

Wy =heR®) ™ <1 01 RV 11 05012, (6)

The corrections which account for W;; have no effect on
the sharpness of the resonance, because Wy = Wiy, and
only a shift of the spectrum as a whole is possible for each
arbitrary orientation and the band shape can be only
slightly broadened additionally. As an illustration, Fig. 2
shows the band shapes which are equally broadened by the
RDD interaction of polar and nonpolar molecular liquids.

To compare these results with experimental data, the
calculated profiles must be convolved with a Lorentzian
whose half-width is equal to that obtained for an isolated
molecule in a liquid solvent.

3.3. Dimers as the early stage of cluster formation

Let us consider an application of the above model for
the examples of (SF¢)2 and (OCS); dimers. Figure 3 de-
monstrates the experimental and calculated absorption di-
mer bands of OCS in LKr at 130 K (a) and SFg in LAr at
93 K () in the region of the v; +v3 transition. The shapes
were calculated assuming that the RDD interaction encom-
passes the first coordination sphere. The experimental ab-
sorption bands of the dimers have been obtained in the
previous studies [23,33] using the follows approaches.

Assuming the concentration of the solute molecules to
be low enough, the total concentration C can be written as

0.2¢

a

I, rel. units

I, rel. units

(=)

Fig. 3. The spectra of (OCS), (a) and (SF¢); (b) dimers in the
v + v3 region in liquid Ar at 93 K. Vertical bars represent the
standard deviation at each frequency. The dashed lines represent
the calculated spectra. The arrow shows the position of the non-
perturbed molecule frequency.
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C=C +2C, =C +2kCE (7)

where C and C are concentrations (in mf) of monomers
and dimers, respectively, and k£ is the monomer—dimer
equilibrium constant defined as

C, =kCE. (8)

If (G <<landC, <(C;, then the optical density
D=1g(ly, /1) at frequency v, reduced to unit optical path
length, can be described by

D(V) =& (V)C] +82(V)C2 = 81C+k(82 —28] )C2 (9)

where € and &, are, respectively, the absorption coeffi-
cient of monomer and dimers at a frequency v. For a given
concentration C;, expression (9) can be rewritten in the form

D;(v)=D/C; =¢g(v)+Ae(v)C; (10)

where Ae(v) = k(g, —2¢g;). Solution of the abundant sys-
tem of equations by the least squares method for the whole
set of spectra at different concentrations gives the absorption
coefficients €; and Ae. To determine the absorption coefti-
cient &,(v)of a dimer, the constant & must be known In
Ref. 36, the constant k was estimated to be k= 6 mf ! based
on entirely statistical treatment of the distribution of mole-
cules in liquid.

Returning to Fig. 3, one can see that the continuous spec-
trum of the OCS dimer consists of two asymmetric broad
branches while the SF¢ dimer spectrum has a more narrow
structure. The band shape of OCS dimer was calculated with
the value of the anharmonisity detuning 8 = xj3=-3.4 cm
[34] and dlfferent values of the fitting parameter a varying
from 6 to 7 cm (dashed and dash dotted lines). The op-
timal agreement between the 51mulated and experimental
profiles is achieved witha =7 cm ! that gives R =4.75 A.

For SF¢ dimer the optimal band shape (dashed line)
is obtained with a = 5.1(1) cmﬁl, R=522A andd=x13=
=-3 cm . An additional fifth component located at the
frequency of the anharmonic detuning & (indicated by ar-
row) belongs to the absorption of the dimer with the
doubled distance Rgs. The absorption in the spectral reglon
of 1690 cm ' pertains to the band of the monomer 34 SFe.
W1th1n the limit of experimental uncertainties [23], the
( SF6)2 dimer spectrum can be described by the same
value of the parameter a.

In the fundamental region, for which the resonance de-
tuning is equal to zero, the dimer bands strongly overlap
with the monomer ones, which appreciably hinders the
determination of the dimer absorption coefficiente, (V).
For this reason, the fundamental dimer bands are best ob-
served in spectra with relative narrow bands of a monomer.
Thus, in cryosolution, the absorption of dimer can be ob-
tained only for SFg molecule owing to the small contribu-
tions of other broadening mechamsms The half-width of
the monomer band is about 1 cm [23]

Fizika Nizkikh Temperatur, 2010, v. 36, No. 5

Figure 4 exhibits the absorption spectra of SF¢ solution
in liquid N> at 83 K in the region of the v3 transition. The
fraction of the absorption proportional to the square of the
solute concentration, i.e., the absorption of the dimer (b)
was isolated as the difference between the experimental
spectra shown in Fig. 4,a. One can see that the dimer band
is a doublet splitted by Av = 16.2 cm . The value of the
parameter a is found to be a = 5.4 cm -1 from which R =
=5.2 A follows, in a good agreement with the result ob-
tained from the combination band data.

One of the most informative methods to study the fun-
damental dimer bands is the method of the infrared matrix
isolation spectroscopy. When dimers are trapped in low-
temperature matrices, the interacting molecules have well-
defined orientations and the bands are much narrower than
in liquids. Thanks to this fact it is possible to determine the
symmetry of a dimer and the distance between centers of
mass of two interacting molecules. To illustrate the general
situation, the absorption of (SF¢)> and (SiF4), dimers in Ar
matrices are displayed on Figs. 5 and 6, respectively.

Figure 5 presents the v; region in spectra of SFg/Ar ma-
trices with natural abundance of sulfur isotopes at concen-
trations differing by an order of magnitude (@) and the ab-

e
“

Absorbance

1, rel. units

1
940 L 920
v, cm

Fig. 4. The v3 region in the spectrum of SFg solution in liquid N, at
83 K: experimental spectra at 1-10 > mol/l (/) and 2.5-10 > mol/l
(2) with [ = 0,04 cm (a); the dimer (SFg), spectrum, dashed line
represents the calculated spectrum (b). The bands labeled by
32 33 34
SF¢, ~~SFg,
dimer bands are marked by D.

SF¢ are the monomers bands of isotopomers. The
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Fig. 5. The v; region in the spectra of SFg¢/Ar matrices at 11 K:
experimental spectra of concentrations 1/16000 (I) and 1/2000
(II) (@); the spectrum of (SF¢), dimer (solid line), and the calcu-
lated dimer bands for one of sites (dashed line) (). The site com-
ponents are marked by /, 2, and 3. The bands labeled by 32SF6,
33SF6, 34SF<, are the monomers bands of isotopomers. The dimer
bands are marked by D.

sorption dimer band (b) obtained as the difference between
these spectra. The band of the isotopically substituted

SF¢ molecule was used to control the procedure for sepa-
rating out the absorption quadratic in concentration. It can
be seen from Fig. 5 that the dimer band has the characteris-
tic site structure indicated by 1, 2, 3. The resonance split-
ting Av for all three sites has the same value within expe-
rimental error and is equal to 18.45(5) cmfl, which gives
a=6.15 cm . The dashed line shows the dimer spectrum
calculated for the most intense site 2 by taking into account
the RDD and dipole-induced dipole (DID) interactions.
The individual component was fitted by a Lorentzian with
a width of about 0.6 cm ™. The calculation is seen to be in
semiquantitative agreement with the experimental data.
Additional allowance for the DID interaction leads to a
refinement of the value of the parameter a = 5.9(1) cmfl,
from which one can find the value of R = 5.1 A. The ob-
tained symmetry of the dimer in Ar matrix is Dy that re-
sponds well to the result of Ref. 32.

The (SiF4)> dimer in the Ar matrix is characterized by
two bands without site structure, as is evident in Fig. 6,b.
The splitting value Av = 24.2 em” ! and the derived value
of the distance R = 4 A. The spectral data on the SiF4/Ar
matrices from Ref. 28 show the SiF4 dimer to have the Dyy
symmetry that is different from the result of Ref. 31. The
ab initio calculations show that the dimer symmetry varies
from Cs to Cyj, [28].
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Fig. 6. The v3 region in the spectra of SiF4/Ar matrices at 11 K:

experimental spectra of concentrations 1/10000 (/) and 1/1000

(2) (a); the spectrum of (SiF4), dimer (b). The bands labeled by

28SiF4, 29SiF4, 30SiF4 are the monomers bands of isotopomers.

The dimer bands are marked by D.

Table 1 summarizes the data on the minimal distance
R, between two interacting molecules obtained for differ-
ent low-temperature molecular systems. For each system
reasonable values of R, are found, which are close to the
values derived from the density of liquid p via
R=(2/ppa)™"”.

Table 1. Values of the minimal distance R, between nearest
interacting molecules obtained by different studies of low-
temperature molecular systems

Mole- | B, | Tipelt» R, A
cule D K 1 5 3 4 5
SF¢ | 0.55 | 222 | 5.71 |547)| 5.1(Ar) | 5.2(Ar) |4.75
5.9(N»2)
SiF4 | 043 | 186 | 532 | 5.3 | 4.0(Ar) | 4.8(Ar) |4.19
CF4 |0.465| 89 4.78 | 4.63 | 4.18(Ar) |4.85(Ar)
4.40 | 4.03(Ne)
NF3 | 0.42 66 446 | 44 4.5(Ar)
OCS | 053 | 134 | 475 | 4.7 4.7(07)

Notes: 1 — Data found from the liquid density, 2 — spectra of
liquid at temperature close to the melting point, 3 — dimers
spectra in Ar, N, (11 K), and Ne (4.7 K) matrices, 4 — solu-
tions in liquid Ar, O, (93 K) and Kr (130 K), 5 — molecular
beam experiments (1-3 K) [31,32].

Let us consider the changes in the spectrum when one
molecule comes into the first coordination sphere of the
other. As an example, scrutinize the interaction between
OCS molecules for which the interaction matrix element
Wi has the minimal value. Figure 7 displays the shapes
of v3, 2v2 + v3, and 2v3 bands of (OCS), dimer in liquid

Fizika Nizkikh Temperatur, 2010, v. 36, No. 5
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Absorbance

2070 -1

Absorbacnse

Absorbance

4050

4100 cm !

Fig. 7. The calculated (/) and experimental (2) spectra of v3 (a),
2vyt+vs (b), and 2v3 (c) bands of (OCS), dimer in liquid Kr at
130 K. The arrow shows the position of the frequency of the non-
perturbation molecule.

Kr at 130 K together with experimental spectra at the con-
centration C = 0.01 mf. The profiles were calculated in a
crude approximation with the values of R,,, = 4.75 A found
from the liquid density, the dipole moment first derivative
P =0.53D obtained in Ref. 34, and the dimerization con-
stant k = 6 mf ' estimated in Ref. 36. Note that for C =
=0.0l mfand k=6 mf_l, it follows from Eq. (8) that the
concentration of dimerized molecules is about 10%. As is
evident from Fig. 7,a, the entire fundamental dimer band
falls within the region of unreliability. In the region of the
2vy + v3 and 2v3 transition, new components appear in the
spectra in the high-frequency wing, shifted from the main
maximum by the value of the corresponding anharmonicity
detuning d (indicated by the arrow), as can be seen in Figs.
7,b and ¢. The value of & = 2xp3 =24 cm ™ in the 2v3 + v3
region, and & = 2x33 = —14 cm71 in the 2v3 region. These
additional components can be assigned with confidence to
OCS dimers. The formation of dimers is more pronounced

Fizika Nizkikh Temperatur, 2010, v. 36, No. 5

in the spectra for a larger value of the anharmonicity con-
stant that governs the resonance detuning.

6. Clusters

Let us consider the low-temperature molecular liquids
(CF4, NF3, and OCS) with large concentrations (C > 0.1 mf)
when the coordination sphere contains one or more dis-
solved molecules. Figure 8 displays the absorption spectra
of NF3 dissolved in LO; at 90 K in the v; + v3 region at
the concentration varying from 0.3 mf to pure liquid. The
behavior of band shapes is conveniently described with the
use of the spectral moments [37]

M(m) = M(O)*ljl(v)[v —Mm]"dv n
where m=2,3..., M(0)= I[ (v)dv is the integrated intensi-

ty,and M(1)=M (0)_1_[\/1 (v)dv is the center of gravity of
the band. As can be seen from Fig. 8, M(0) and M(1) remain
unchanged within the experimental error on going from the
spectrum of solution to the pure liquid spectrum, while the
second spectral moment M(2), which defines the band
width, and the third spectral moment M(3) describing the
band asymmetry considerably increase with concentration.
In Ref. 15 the general expression for the mth spectral
band moment has been derived to be M (m) = (W), (see
Appendix 1 in Ref. 15), which allows one to explain some
experimental data without solving the secular equation.
Consider the RDD interaction of a particular molecule (de-
noted by index 0) with n molecules of the first coordina-
tion sphere with the radius R. After averaging over possi-
ble molecular orientations (see Appendix 2 in Ref. 15), the

1.5

Absorbance

1900

1950 -1
v, cm

Fig. 8. Concentration dependence of the v,+v3 band of NFj3 dis-
solved in liquid oxygen at 90 K. The NF3 concentration varies
from 0.3 (curve /) to 1 (curve 2) mf.
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analytical expressions for the second and third spectral
moments, M(2) and M(3), can be given as

n
M©2)=Y (Wop)? =2a’gn, /3,
k=1

(12)

n
M@B)= Y. W W) =11a’gny 136+38M (2) (13)
k,i=1

where «a is given by Eq. (4), g denotes the degeneracy of
oscillators, & is the anharmonic detuning, n; is the number
of pairs of interacting molecules separated by the distance
R, which includes the central molecule, and 73 is the num-
ber of groups of three interacting molecules, each group
contains the central one and two molecules from the first

coordination sphere.
The behavior of M(2) and M(3) spectral moments as
functions of concentration for vy + v3 bands of CF4 solu-
tion in LAr [37] and NF3 solution in LO3, and for 2v; + v3
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Fig. 9. Concentration dependence of the M(2)RDD

(a, b, ¢) and M(3)*PP

band of OCS solution in LKr [34] are displayed in Fig. 9.
Values of M(2) and M(3) are determined only by the RDD
interaction, and are obtained by subtracting the corres-
ponding values for a highly diluted solution (C < 107! mf)
from the experimental data. As evident from Fig. 9, M(2)
linearly increases with increasing concentration (plots on
the left-hand side), while M(3) increases with concentra-
tion in a nonlinear manner (plots on the right-hand side).
Thus, in complete accordance with Egs. (12) and (13), the
second and third spectral moments are determined by the
number of pair and triple interactions with molecules with-
in the first coordination sphere, respectively.

The parameter n; can be correlated with the parameter
ny via

ny=2/[11n, (ny—1)] (14)

by assuming that the first coordination sphere represents a
well ordered closely packed structure with the coordination
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(d, e, f) in the v| + v3 region of CF4 solution in liquid Ar (a, d),

the vi + v3 region of NFj3 solution in liquid O (b, €), and the 2v;, + v3 region of OCS solution in liquid Kr (c, f).
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number n equals to 12. The size of the solvent molecule is
taken to be close to that of the solute molecule, and the
interaction energy between solvent molecules and between
solvent and solute molecules equals that of solute mole-
cules with themselves. The spatial distribution of solute
molecules in the solvent quasi-lattice is taken to be ran-
dom. The dependence of the parameter n3 on n; calculated
in this approximation is shown in Fig. 10 by the solid line.

Note that there exists some ambiguity in the parameter a
for the studied liquid. For example, a = 5.5 cm | for liquid
CF4 at temperature close to the melting point [18] and a = 7.0
cm ! found from the density of liquid at the same tempera-
ture. Figure 10,a displays the calculated correlation of n3 and
np parameters by using the experimental data on the M(2) and
M(3) spectral moments for solution of CF4 in LAr with a va-
rying from 5.5 to 7.1 cm. One can see that the weak depen-
dence on the value of the parameter a is observed.

The dependences of n3 on ny calculated from Eqgs. (12)
and (13) with the experimental values of the spectral band
moments for CF4 solution in LAr, NF3 solution in LO»,

20~

10

T

40 |-

20 —

Fig. 10. Calculated correlation between the parameters n3 and n;.
The solution of CF, in liquid Ar at 93 K, with a = 5.5 (m), 6.5 (D),
and 7.1 (A) cm ' (a); the solutions: of CF, (@ = 6.5 cm ') in lig-
uid Ar (m), of NF; (a = 4.8 cm™") in liquid O, (o), of OCS (a =
=5.0 cm ") in liquid Kr () (b). Solid line represents the depen-
dence calculated by Eq. (15).
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and OCS solution in LKr are depicted in Fig. 10,b. Few
conclusions can be drawn from this figure. First, the calcu-
lated correlation of n3 and ny parameters by using the ex-
perimental data for CF4 solution is in accordance with the
suggested model. Second, for the NF3 molecule, the dis-
crepancy between the predicted and experimental behavior
of n3 vs my is observed in the concentration range C =
(0.2-0.5) mf. It can be assumed that compact aggregates
arise primarily in this case, the solute molecules approach
closely one another. Unlike the carbon tetrafluoride, NF3 is
not spherical molecule possessing the small permanent di-
pole moment Py = 0.2 D. Third, for the OCS molecule, a
large deviation between the predicted and experimental be-
havior of n3 vs ny is also observed, which probably is due to
the fact that even at small concentrations the solute mole-
cules tend to aggregate [9]. OCS is a linear polar molecule
(Py = 0.8 D), the coordination number 7, in pure liquid va-
ries from 14 to 17 [38].

7. Conclusions

The main specific features of manifestations of the
RDD interaction in the spectra of low-temperature systems
consisting of the molecules with the large first derivatives
(more than 0.3 D) of the dipole moment are studied. The
calculations using the RDD interaction model are in good
agreement with the experimental data on the spectra of
low-temperature matrices (CF4/Ar (Ne), SF¢/Ar (Xe, N2),
and SiF4/Ar (Xe, Np) at 4,7 (11) K), of low-temperature
liquids (CF4 at 90-130 K, SFg at 222 K, NF3 at 90 K, OCS
at 135 K, CO,, CF3Br, CF3CL, and BF3), and of their solu-
tions in cryosolvents (Ar at 90-130 K, O3 at 90-130 K, Nj
at 77-130 K, Kr at 143 K, and Xe at 175 K). The RDD
interaction is shown to manifest itself not only in the fun-
damental bands which are intense in the IR absorption, but
also in the overtone and combination bands which include
the strongly IR-active fundamental. The presence of the
permanent dipole moment has no effect on the sharpness of
the resonance.

The use of the manifestations of the RDD interaction
found in the spectrum of a pair of molecules allows us to
detect the entry of the light-absorbing molecule into the
first coordination sphere. The sensitivity of this method is
increased for the spectra in the overtone region.

Based on the stationary perturbation theory and taking
into account for the intermolecular resonance, the rough
model was developed to detect pairs of interacting mole-
cules and clusters in the low-temperature molecular sys-
tems. The study of experimental values of second- and
third-order spectral moments allows one to estimate the
number of molecules in a cluster.

Generally, our results demonstrate the high potential of
the IR spectroscopy as a tool to study the dimer and cluster
formation in the low-temperature molecular systems.
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