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Abstract

The paper considers the problems of changing the thermodynamic characteristics of a system when dissolving
polyatomic particles in a condensed medium. It is shown that the complete measurement of the free energy of a
system includes the following main components: 1) Changes associated with the formation of a cavity in the me-
dium in which the impurity particle is located, 2) Free energy associated with the translational and rotational
motion of the particle as a whole, 3) The electrostatic part associated with the interaction of the particle with the

medium.

The paper presents the results of calculations of the thermodynamic characteristics of condensed systems with
polyatomic impurity particles, taking into account the effects of frequency and spatial dispersion of the medium.
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1. Introduction

When polyatomic particles dissolve in a con-
densed medium, a number of characteristics of the sys-
tem change, including thermodynamic ones [1, p. 859;
2, p.1181; 3, p.8095; 4, p.293]. A complete change of
the free energy of a system includes the following com-
ponents: 1) The work connected with the formation of
a cavity in the medium in which the impurity particle is
located, 2) Free energy associated with the translational
and rotational motion of the particle as a whole, 3) The
electrostatic part connected with the interaction of the
particle with the medium.

The first part of the change in the free energy of
the system can be calculated for a specific medium, tak-
ing into account its structure, chemical bonds between
the molecules of the medium (for liquid media); the lat-
tice structure for solid crystalline media, and the molec-
ular structure for solid amorphous media.

The second part of the change in the free energy
of the system can also be calculated for specific sys-
tems, for a specific model of the environment.

The third part of the change in the system’s free
energy, the electrostatic part connected with the inter-
action of a particle with a condensed medium, usually
makes the main contribution to the total change in the
system’s free energy. The presence of electrostatic in-
teraction between an impurity particle (generally hav-
ing a charge and a dipole moment) and the medium
leads to polarization of the medium, a change in the dis-

tribution of charges and dipole moments of the mole-
cules of the medium [5, p.1; 6, p. 362; 7, p. 2; 8, p. 530;
9, p. 425; 10, p. 54]. The latter leads to additional po-
larization of the particle.
2. Hamiltonian of the system
The Hamiltonian of the system — a condensed
medium with an impurity particle, can be represented
as:
H=60y+HP +H™+H3, +HY, (1)
Where, HF is the Hamiltonian of the polarized par-
ticle, H™ is the Hamiltonian of the polarized medium,
and H3,, and HZ, are the Hamiltonians of the interac-
tions of the polarization fluctuations of the medium
with the static field of the impurity and intramolecular
vibrations of impurities, respectively:
H, = — [ diSP (AEo(P); Eo(P) = EQ = Qo) (2)
H2= -Z f d7 8P (F)Vo(P)(Qn + Qno)
Here 6P is the operator of fluctuations in the po-

larization of the medium, E, is the electric field inten-
sity of a charged impurity particle, V,(#) is the deriva-
tive of the electric field intensity of the particle along
the normal coordinate at the point Q,,, of equilibrium

value of the coordinate Q,,
o AE(F
V() = G O = Quo ©

In formula (1) 6.0, is the free energy of solvation,
equal to
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1 S I
80 = ;fEa(r,Q = QO)GPO,PI; (r,r; w =
0) Ep (T'. Qn = Qo) drdr’ (4)
Here E is the electric field intensity of the impurity

at equilibrium values Q, of the intramolecular coordi-
nates Q. GPaPB is the Green's function of the polariza-

tion operators of the medium at zero frequencies w =
0.

Hamiltonian H™ differs from the Hamiltonian of
nonpolarized medium by the magnitude:

§F™ == dF(P(P)E G, Q) (5)
In the last formula, the quantum statistical average
polarizations of the medium are calculated from the
states of the Hamiltonian without impurity particles.
Within the framework of linear response theory,
the average polarization of a medium can be expressed
in terms of the electric field intensity created by a po-
larized particle. As a result, for the magnitude 6 F™ we
obtain:

SF™ =1 [ Eo(#,Q)Gpyp, (7.7 0 =

o) Eg (7, Q) didr (6)
Free energies 62, and §F™ differ by the differ-

ence of the free energies of impurity particle in solvated

state and in vacuum:

—SF™ = N Yn _
60g — 6F™ = kTIn[]}-, 2sh T

kTinTIN_, 2sh % +Jo 7)
Where w,, and w,,, are the frequencies of n-th in-
tramolecular vibration of the particle in the solvated
state and in vacuum, J, is the difference of the minimal
values of the energies of the impurity particle in the
solvated state and in vacuum, N is the number of intra-
molecular degrees of freedom of the particle:

We write the electrostatic part of the change in the
system’s free energy connected with the introduction of
a polyatomic polarizable impurity particle into the con-
densed medium in the form

6N =60y+6F"+ 60,4+ 60, (8)

Where 62, and §2, are changes in the free energy
of the system associated with interaction H3,, and HZ,.

3. System’s free energy change when un-
charged non-dipole particles are introduced into the
condensed medium

For uncharged non-dipole particles, the change in
the free energy of the system can be calculated in a
model in which H3,, is equal to zero, and, accordingly,
50, = 0.

To calculate the change in the free energy of a sys-
tem associated with the presence of interaction 6.2, be-
tween systems and an external source, you can use the
relationships between the free energy of the system and
S, the matrix of interaction with an external source:

60, = —kTIn(S,) 9)

where averaging is carried out over the states of
the Hamiltonian H, = H? + H™, and S, matrix is de-
termined by the relation

1 - -
5, = Texp [[,/¥7 dz [ a7 6P 7, D)7, (MQs(D)] (1)
Let us introduce formally S, (1) matrix, which dif-

fers from the matrix S, by replacing 17; with 17;/1. After
simple transformations we get

80, = —kT [*2

L [T dr [ dF AT (7) Gpyge(F AT = 0) (11)
In the Fourier representation by time, the last rela-

tion takes the form
80, = —KT [} 2 [ dF W;o(7) T2 -0 G0 (7, 2, ) (12)
Expanding the S,-matrix into a series in formula
(10), we obtain quasi-statistical averages from the op-
erators 6P and Q, under the sign of the T - product over
the states of the Hamiltonian HP. In accordance with
Wick’s theorem, such averages are decoupled into
paired averages, since the Hamiltonian HP is quadratic

over Q.. As for the quantum statistical averages of the
operators &P, it is possible, to a certain approximation,
to decouple them into paired averages. In this case, we
will obtain a system of linear algebraic equations for
determining the Green's functions Gqg, which will have
the form

GQsQl(A; wn) = GQOsQl +
ZP G(())SQS (wn)Usp (A, wn)GQle(A; wn) (13)

Where U, is the renormalized interaction of nor-
mal oscillators (of intramolecular vibrations) with each
other through the medium

Usp X wy) = 22 Usp (wy) (14)

In the last formula G, is the temperature Green
function of the harmonic oscillator. At the same time,
for 602, we have:

60, =

1dA oo R
—kT fO 7 Zn:—oo Usp (/1: wn)GPSQp (T’, A' wn) (15)

Having determined the components G, from sys-
tem (13), by the corresponding summation over n and
integration over A in formula (15), we can calculate the
magnitude of the change in the free energy of the sys-
tem 612,.

If an impurity particle has one intramolecular de-
gree of freedom, then to calculate the change in the free
energy of the system we obtain (for simplicity, let's
write it in operator form):

kT oo _
80, =~ Yo Spin|GSoGog| =
S o Spin|1 = GYoU| (16)
In the polar approximation model [11, p. 43] in the
Green function of the medium polarization fluctuation
operators, the renormalized interaction U (w,,) takes the
form:

Uwn) = Bty 5= (17)

Where uijand w,, are experimental constants of me-
dium spectrum, m — is the number of poles of the Green
function of the polarization operators of the medium.

As a result, for the change in the free energy of the
system we obtain:

50, =Lz |1 -
m Uiwg

s O]
=1 (wF +w2) (@i—lwn)) } t+in (1 wg ) (18)
Let's represent the expression in curly brackets in

the last formula as a ratio of two polynomials Pl/PZ:

= () e (52 - ) -

m _Ui®s m wi
=1 (27kT)2 kii(zmcr n) (19)
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_ |2 s ﬁ Wi _
P [n +(2nkT)2] L (anT n)

From the theory of I'-functions it is known [12,
p.16] that if the condition of equality of sums of coeffi-
cients in the form

a1+....+al:b1+....+bl (20)
is satisfied, then the product of ratios of polynomi-
als can be reduced to I'-functions using the following
formula
Hoo (n-aq)..(n-a;) — l r'(1-b;)
=1 (n—p,)..(n—by) 1=1p(1-q;)

Within our model, condition (20) is satisfied.

As a result, the change in the free energy of the
system can be represented as:

50, = lenk—T + kTin (25h &) +%m (1 -
”“’)) + kTln nm+2r( — L) —kTin R, (1 -

(21)

wi
anT) (22)
Where y; are the roots of the equation
[(anT ] H 27'L'kT Tl) -
Ujwsg
=1 (2mkT)? [T (anT - n) =0 (23)

From relation (22) it is clear that if the condition
U(0) - wy is satisfied, then the change in the free en-
ergy of the system tends to infinity, which corresponds
to the dissociation of a particle in a polar medium.

In the literature, approximate models are often
used to describe the absorption spectra of a medium:
Debye GB» and resonant G5p:

D (277 )=S0 Yo
Gpp(r,r ,a)) e (24)
R (2 1. __£w$+y2[ 1 ]
GPP(T,T' ’ w) T8 wr lo—wptly  wotertiy (25)

Here Cy, C, y,, ¥, w, are spectra parameters.
For the Debye absorption spectrum of the medium
for the change in free energy, we obtain:

80, = SkTIn(1 — &) + kTin = (26)
2
Where I'; and 7% - can be reduced to 7-functions

n=r(i-; kT)F(l_Z:IZcT)r(l_ZgliT)

L, :r(1—%)r(1—;“—k;)r(1 +2‘:—;T) 27)

Here the values of u,, u,, us are determined from
the solution of the equation

(w +CUS)((U+]/0) a)syae—(w ﬂl)(w_
t2)(w — p3) (28)

The coefficient of connection strength with the
medium & is equal to:

&= ——f drdr'v, (7) Gpopy (?,7; W= 0) Vg(#) (29)
At a weak connection with the medium, under
which the condition & <« 1 is satisfied, we get

1, & w? [ w
(mz=—-aekT——V;’—5[ﬂ e
21 wZ+y? L2wg 2kT
2w5+y0

kT == ¥ () + Re? ()] )
Here W- functlons (logarithmic derivatives of the

corresponding I'-functions) have certain approximate
representations [12, p. 31].

For the resonant approximation of the Green func-
tions of the polarization operators of the medium in the
form (25) for the change in the free energy of the sys-
tem, we obtain:

1, , wZ(wZ+y?
50, = — kT — ol —2S(@1+7)
2 (w2 +y2-w?)" +4y2w?
2,22 i
wr+y“—w w, 2kT iw
[L(Cth_s__)_k LRel[J( 5)_
4kTwg 2KkT wg kT 2mkT
WSy o} _ ¥ poy (M) n
w2+y2 kT 2mkT
e (=] (31)
2nkT wg 2mkT

When using the obtained theoretical results for
specific systems, it is necessary to consider a number
of approximate results.

First of all, this concerns the use of I'-functions
and W-functions, which can be expressed through ap-
proximately calculated expressions.

Depending on the required accuracy of calcula-
tions, various integral representations of these func-
tions can be used [12, p. 16]. In this case, integral ex-
pressions allow approximate calculations with the re-
quired accuracy. In particular, for the I'-function, its
integral representation has the form:

r@) == e"*t?dt =-I'(1+2) (32)
For the W-function, one can use the integral repre-
sentation in the form [12 p 31]:

Y(z) =-y +f dt Re z>0

Y(z)=-y-— nctg(zr[) + fo ?dt; Re z<1 (33)

4. Change in the free energy of the system
when introducing charged non-dipole particles into
the condensed medium

The above results allow us to calculate the energy
parameters of the system when introducing uncharged
non-dipole particles into the condensed medium.

When introducing charged non-dipole particles
into the condensed medium, we can calculate the
change in the free energy of the system

60, = —kTIn(S;), (34)

Using the above calculation methods, it is easy to
show that

1 o i o S i
80, = ;f d7 dr'E;(¥)Gsp,sp, (r,r Jw = 0) E, (r) (35)

Numerical calculations for specific models of con-
densed medium can be carried out using the above for-
mulas for the Green's function of the medium polariza-
tion operators for these specific models.

5. Conclusion

The paper considers the problems of changing the
thermodynamic characteristics of a system

when dissolving polyatomic particles in a con-
densed medium. It is shown that the complete measure-
ment of the free energy of a system includes the follow-
ing main components: 1) Changes associated with the
formation of a cavity in the medium in which the impu-
rity particle is located, 2) Free energy associated with
the translational and rotational motion of the particle as
a whole, 3) The electrostatic part associated with the
interaction of the particle with the medium.

It is proposed to calculate the first part of the
change in the free energy of the system for specific me-
dia: for liquid media, taking into account the structure
of the medium and the chemical bonds between the
molecules of the medium; for solid crystalline media,
taking into account the lattice structure; and for solid
amorphous media, taking into account the molecular
structure of the medium. It is proposed to calculate the
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second part of the change in the free energy of the sys-
tem for a specific model of the medium. In the third part
of the change in the free energy of the system, which,
as a rule, makes the main contribution to the total
change in the free system, calculations are carried out
for specific models of polarization of the medium,
changes in the distribution of charges and dipole mo-
ments of the molecules of the medium.
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