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RADIATION EFFECT ON THE CHEMICAL
POTENTIAL OF MODEL LIQUIDS

Irradiation, in particular with electromagnetic radiation, is one of the factors affecting the
molecular mechanisms of physiological processes in the human body. In most cases, this in-
fluence manifests itself via a change in the chemical composition (radiolysis) or local heating,
which invokes nonequilibrium processes. Modern approaches to studying these effects are based
on modeling changes in the configurational entropy and chemical potentials of liquids under
irradiation. Within this framework, a liquid is considered a two-component solution of excited
and unezcited molecules that interact through forces of different types. The goal of this work is
to develop some model interaction potentials between the excited and unexcited molecules. It is
shown that the interaction between the excited particles is short-range and repulsive. The in-
teraction between the excited and unexcited particles is long-range and can be either attractive
or repulsive. Using the thermodynamic perturbation theory, a change in the chemical potential
of excited particles with respect to that of unexcited ones is estimated.

Keywords: intermolecular interaction, physics of liquids, radiation effect, thermodynamic

properties.

1. Introduction

The properties of liquids are controlled by applying
external factors to them, such as electric and mag-
netic fields, pressure, optical and particle irradia-
tion [1-4]. If the properties of liquids or liquid sys-
tems change noticeably, when the external control
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parameters change, then they are called smart lig-
uids [5]. From the viewpoint of their applications, the
study of those liquids, in turn, is the subject of such a
promising science as microfluidics, that is, the physics
of liquids in small volumes [3, 4].

Very often, the manipulation of the properties of
liquid media is carried out by applying external fac-
tors not directly, but by changing some “intermediate”
property. For example, to move the liquid through
microscopic channels, the thermocapillary effect [6] is
used, at which the surface tension coefficient changes
under irradiation. In this case, it is believed that a
change in the surface tension is caused by a local
temperature growth. That is, the external field effect
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is reduced to the local dissipation of the energy of
this field.

On the other hand, it is known that irradiation
induces the appearance of a certain number of ex-
cited molecules. In this case, the nature of the po-
tential of their interaction with unexcited molecules
changes not only quantitatively, but also qualita-
tively: from attractive short-range (inversely propor-
tional to the sixth power of the distance) to long-
range (inversely proportional to the third power of
the distance) one, which can be both attractive and
repulsive [2, 7, 8]. The extent to which this fact can
affect the properties of liquids and liquid systems, in-
cluding thermophysical ones, remains unclear. If the
effect of the interaction potential change turns out no-
ticeable, then its application opens up prospects for a
more subtle and intelligent way of manipulating the
properties of molecular liquids, which, in turn, will
become a basis for the development of new technolo-
gies in microrobotics and biotechnology.

In most works, the radiation effect on the proper-
ties of liquids and liquid systems, including molecular
ones, is considered from two aspects:

1) the effect consisting in changing the chemical
composition of the irradiated liquid (the issue mostly
concerns the formation of free radicals and the disso-
ciation of molecules into ions, i.e., what is called the
phenomenon of radiolysis [9]);

2) the effect consisting in a local increase in the
liquid temperature due to the radiation absorption,
which leads to the appearance of a temperature gradi-
ent and the corresponding non-equilibrium processes
[10-12].

However, some radiation effects on liquid systems
are known today that cannot be explained by a
change in the system composition or a local temper-
ature growth. This concerns in particular an appre-
ciable increase in the rate of evaporation of liquids,
both pure, such as water [13, 14] or alcohols [14, 15],
and solutions [16].

A more profound approach to the study of those
phenomena, which is based on determining the
change in the configurational entropy and the chemi-
cal potentials of the system components under irradi-
ation, was developed in works [17, 18]. In particular,
it was concluded that the radiation action leads to
the excitation of molecules in various phases, which,
in turn, leads to a decrease of the chemical poten-
tial value. As a result, the phase equilibrium in the
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irradiated liquid systems changes, as well as the for-
mation kinetics of a new phase. The key assumption
in the framework of the proposed approach is the con-
sideration of liquid systems as two-component solu-
tions comnsisting of excited and unexcited molecules,
which are regarded as different particles. The next
logical step is the application of that or another solu-
tion model. The first approximation is the model of
ideal solution, which is used to estimate the changes
in the parameters of the coexistence curves between
the liquid phase and various other phases, when such
systems are irradiated.

Later, the model of regular solution was also ana-
lyzed [19]. However, the fact that the interaction po-
tential between the excited and unexcited molecules
has a qualitatively different nature than the inter-
action potential between the molecules in the ground
electronic state contradicts the initial assumptions on
the interaction origin that forms the basis for the sta-
tistical foundation of regular solution models, espe-
cially the ideal-solution model [20]. Therefore, there
arises a necessity to study the models of solutions of
excited and unexcited molecules with regard for the
realistic potentials of their interaction and analyze
the thermophysical properties of those systems.

2. Intermolecular Interaction Potential Model

Thus, we are faced with the task of developing and
justifying the models of interaction between excited
and unexcited particles. In other words, we have to
propose interaction potentials between them, in order
to subsequently use those potentials to calculate vari-
ous thermophysical properties by applying the Monte
Carlo or molecular dynamics method.

Let us firstly consider the interaction between un-
excited particles. One of the most common models de-
scribing such an interaction is the model in which the
interaction potential is given by the Lennard-Jones
formula [2]:

o=@ - () »

where o is the effective diameter of the atom, ¢ is an
energy parameter, and r is the distance between the
centers of interacting atoms. The functional form of
the attractive part of this potential is theoretically
justified on the basis of quantum mechanical pertur-
bation theory. Let us compare it with the London
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formula [7, 8] for the potential energy of dispersion
interaction,

1 3h
¢ (r) = e 2

wiwy 1

(2)

alagmﬁ.
Here, a; and as are the polarizability coefficients of
the molecules, and w; and ws are the transition fre-
quencies. Note that the London formula is exact in
the two-level case, i.e., if there are only the ground
state and one excited state of the molecule. The po-
larizability coefficient a—or, more exactly, the com-
bination a/ (47ep)-has the dimension of m? and is
equal to the “effective volume” of the molecule by the
order of magnitude. Thus, we can put the parameter
o from the Lennard-Jones potential (1) to be equal to

Y 3
o pr (3)
or to

. 1009
012 =
(47’(’6(])2

if we are talking about the interaction between the
molecules of different types. The energy parameter
in the Lennard-Jones potential will be expressed as
follows:

o 3 hwlwg

€12 = = .
8 w1 + wo

If the set of energy levels is the same (which occurs
in the case where the interaction between the excited
and unexcited molecules is considered), then

€= §E (4)
8 2

In order to find an expression for the interaction po-

tential between excited and unexcited molecules, we

used the results of the work by Bostrom and Ninham

[21], where the following expression for the energy of

dispersion interaction between excited and unexcited

particles was obtained:

1 hw o 9
= —— 0—1). )
dmeg 2 erd (3 cos ) (5)

¢ (r)

Here, 6 is the angle between the direction of the
transition dipole moment of the molecule (1|d|0) and
the line that connects the excited and unexcited
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molecules, and (1| and |0) are the excited and ground
states of the molecule, respectively.

Using the relationship of the Lennard-Jones es po-
tential parameters ¢ and ¢ with the transition fre-
quency to the excited level w and the polarizability
coefficient o [Egs. (3) and (4), respectively], we can
write the following expression for the dispersion en-

ergy (5):
_ 03§ (300829 — 1) .
3e 73

¢ (r)

Finally, we obtain the following expression for the in-
teraction potential between the excited and unexcited
molecules:

o(r) = 4e (%)12 + 4eC (%)3 (3 cos? 6 — 1), (6)

where C' = 2/ (3¢). In our opinion, it is pertinent to
consider the constant C' as a fitting parameter of the
model.

In order to find an expression for the interaction
potential between the excited molecules a and b, we
considered the expression for the dispersion energy as
a second-order correction to the energy in the frame-
work of the quantum mechanical perturbation theory,

N
(4dmeg)™ T
] 2 ] 2
Cy ldmPladm
o (Ba = B + (B} — EY)

If all levels are neglected except for the ground and
the first excited one, i.e., the two-level model is con-
sidered, then the corresponding corrections for the
energies of those two states will be identical in mag-
nitude but different in sign. Really,

11 0da DRl
(4reo)” 1 (Bf — E§) + (B} — BY)
[(0]da[1)[21{0]d, 1)

= == _AEll.
(E§ — BY) + (E§ — EY)

Ego = —

Therefore, we can conclude that the dispersion inter-
action between the excited molecules has a repulsive
character. This fact makes it possible to write the in-
teraction potential between the excited molecules in
the form

o120+ (] g
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3. Thermodynamic Perturbation Theory

Let us write down the Hamiltonian of the system of
excited and unexcited particles,

Js, py> pk? .
. m Z +U (x{,...x5%.), (8)
g

where N, and N, are the numbers of unexcited and
excited particles, respectively, PY and P§ are the mo-
menta of the i-th unexcited and k-th excited par-
ticles, respectively, and x; = (r;, ;) is the set of
generalized coordinates of the i-th particle, which in-
cludes the coordinates r; of the center of mass of this
particle and the angles €2; that define the particle
orientation. The orientation of an excited particle is
given by the orientation of the instantaneous tran-
sient dipole moment. The masses of unexcited, mg,
and excited, m., molecules are assumed to be iden-
tical, my = m. = m. The potential energy U of the
system in the pair-interaction approximation can be
written as follows:

i<J k<l i=1 k=1

where the pairwise interaction potentials between the
unexcited, ¢99, excited, ¢°¢, and excited and unex-
cited, ¢9¢, molecules are given by expressions (1), (7),
and (6), respectively.

Since the interaction potentials between the excited
particles and between the excited and unexcited par-
ticles do not differ at small distances from the interac-
tion potential between the unexcited particles (they
all have the same repulsive component, which tends
to infinity as =12 at r — 0; see Eqgs. (6) and (7)), the
corresponding potentials can be represented as some
perturbations with respect to the interaction poten-
tial between the unexcited particles, i.e.,

9 (xi, x5 A) = ¢99(riz) + Av(xi, x5),

(x4, X5 ) = ¢ (riz) + paw(xi, X5),

where r;; = |r;—r;|, and X and ;1 are parameters that
“regulate the switching” of the corresponding pertur-
bation. If A =0 and g = 0, we have an unperturbed
system consisting only of unexcited particles; at A = 1
and p = 1, expression (10) coincides with the interac-
tion potential (6) between the excited and unexcited

772

particles, and expression (11) with the interaction po-
tential (7) between the excited particles. Thus, the
expressions for v and w can be written in the follow-
ing forms:

v(xi,x;) = 4e (%)6 + 4eC (%)3 (3cos® 6 — 1),
w(x;, x;j) = 8 (%)6,

where r = r;;. Now the potential energy of the system
can be represented as the sum of the potential energy
Uy of the unperturbed system consisting of only un-
excited particles and the perturbation that arises due
to the modification of the pair-interaction potentials
between the excited particles, i.e.,

(12)

(13)

U=Uy+ \V + uW, (14)
where
N Ng N,
Up=> off, V=2 ) vif, dW = Z% (15)
1<J i=1 k=1 k<l

and N = N, + N, denotes the total number of par-
ticles.

The free energy F' of the perturbed system looks
like
F = Fid — kBTan

A=1, p=1), (16)

where

QM ) = /dx?...dxﬁv exp <W>
¢ kgT

is the configurational statistical sum with the gradual

“switching on” of the perturbation, kg is the Boltz-

mann constant, 7" is the temperature, and Fj;q is the

part of the free energy that arises as a result of in-

tegration over the particle momenta in the statistical

sum [22],

Fiq Zg€ Ze€
o NyIn (25 ) — NoIn (=),
kT g <Ng)\3> " (NeA?’)

€

(17)

Here, z, and z. are the statistical sums over the inter-
nal degrees of freedom of the unexcited and excited
molecules, respectively, and A, and A, are the corre-
sponding de Broglie wavelengths. In what follows, we
assume that z; = z. = z and Ay = Ac = A.

The free energy F' of the perturbed system can be
expressed in terms of the parameters of unperturbed
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system by expanding F(A, u) in a series of A and p,
and putting A = p = 1. Up to linear terms, we ob-
tain [22]

F=Fy+(V)o+ (W), (18)
where
Fy = Fiq — kgT'InQo, (19)

(...)o denotes averaging over the unperturbed config-
uration distribution function, and Qo = Q(\ = 0,
i = 0). The average values of the perturbation en-
ergy are expressed using the two-particle distribution
functions nJ° and n§° [22],

1 e e (4
W= [ dxixgula xpnsoctog), (@0
(V)o = / i x§u(acd, e (xd, x5), (21)
where
nse(x§,x5) = No(N, — 1)/ dxy XY 7620 , (22
_ Uo_
kT
nyc(x9,x7) = NyN, / dxy .. xN GQE (23)

The primed integrals in formulas (22) and (23) mean
that integration is not performed over the variables
x¢ and x§ in the former, and over the variables x7
and x§ in the latter. Formulas (20) and (21) can be
simplified further by using the fact that the function
w depends only on r{§, and the function v depends
on ri], QY. and Q5. So, we have

W)o = //drierw T15)p5° (], r5) =

vpe ee ee ee Vpg
= 5 /dr12 (r5)g5°(r15) = 9 (w),

(24)

where V is the system volume, p. = N./V is the
concentration of excited particles, and (w) is the cor-
responding integral. Here we have used the fact that
the relationship between the two-particle, no, and the
coordinate two-particle, py, distribution functions in
a homogeneous and isotropic system is as follows:

(4m)~2 (4m)"*p?ga(r12),

na(X1,X2) = ra(ry,r2) =

where go is the radial distribution function [22].

ISSN 2071-0186. Ukr. J. Phys. 2025. Vol. 70, No. 11

Next,

ppe e €
(V)o = Lale / dxddxo(rds, 2, Q5)gl (115, (25)

(4m)?

In order to distinguish the orientational part, it is
convenient to represent the perturbation potential as
the sum of two terms,

v =v;(r{]) + va(r{]) Pa(cos ).

Here, Py(cosf) is the second-degree Legendre poly-
nomial, and v; and v, are given by the expressions

vi(r) =4e (%)6 , va(r) =8C (%)3.

Using the formula for the summation of spherical
functions [22], the orientational part of the excitation
potential can be represented in the following form:

(26)

4

Ps(cosf) = 2211

Z Yo ()5, (92°),

where  are the orientation angles of the vector con-
necting the centers of two particles. Changing to new
variables r{] = r{ —r{ and R = (r{ 4+ r{)/2 and
integrating over R and €2, we obtain

(Vo = Vpepg | driigy" (riy)vi(r{1) = Voepy(v). (27)
Using expressions (17)-(19), (24), and (27), we can
find the chemical potentials for excited, p., and un-
excited, g4, particles:

oF
Hs = BN, = pg + ksT'Inpg + pg® + pe(v), (28)
aF o] exr
fre = = pe+ kT In petpg” +pg(v)+pe(w), (29)
IN,
where
= kaTln )\3, po = —kBTlnﬁ

are the chemical potentials of excited and unexcited
particles, respectively, in the “standard state” (p = 1),
and

Ngl o 0 QO o QO(Ng+17Ne)

ksT ~ ON, g, = VQo(Ng, Ne) (80)

ugm 0 QO QO(NgaNe+1)

ksT 0N, — VNNe — U TVQo(N,, N) (31
773
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are the excess parts of the chemical potential, i.e.,
those parts of the work required to “create” particles
in the system that arises as a result of interaction be-
tween the particles. The partial derivatives in formu-
las (28)—(31) are calculated provided that the system
volume V), temperature 7', and the number of parti-
cles of the “opposite” type, N, or Vg, are constant. If
the rotational, vibrational, and electronic statistical
sums of the molecule in the ground and excited states
are assumed to remain constant, then the chemical
potentials py and y¢ in the “standard states” can also
be considered identical. The excess parts of the chem-
ical potentials pg" and pg” are also identical because
the interaction between the particles of both types
in the unperturbed state is identical. Thus, the dif-
ference between the chemical potentials of an excited
and an unexcited particle, Ay = pe — pg, is equal to

Pe
Ap = kgTIn = + (pe — pg)(v) + pe(w).
g

(32)

If the number of excited particles is much smaller
than the number of unexcited ones, N, < Ny, =~ N,
then expression (32) can be simplified,

Ap

_ p(v)
—kBT =In

Te — m, (33)

where z. = N./N, ~ N./N is the mole fraction of ex-
cited particles. The first term on the right-hand side
of Eq. (33) is the “ideal solution” term, which arises
due to the formation of particles of a new type, and
the second term characterizes the change of the chem-
ical potential due to the change in the interaction po-
tential between the molecules.

4. Conclusions

In this work, the model potentials are proposed for
the interaction between excited and unexcited par-
ticles and between excited particles. The interaction
between excited particles is short-range and has a
repulsive character. The interaction between excited
and unexcited particles is long-range and can have
both attractive and repulsive characters. Considering
the irradiated liquid as a set of unexcited and ex-
cited molecules and using the thermodynamic theory
of perturbation in the linear approximation, an ex-
pression for the change of the chemical potential of
a molecule at its excitation is derived. At low irradi-
ation doses (corresponding to low concentrations of
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excited particles), the difference between the chemi-
cal potentials of the excited and unexcited particles
includes two terms: the ideal-solvent term and the
term arising from the change of the intermolecular
interaction potential.
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A.M. I'pueop’es, O.K. Muponenxo, /.A. [asprowenro

BIIJIMB BUITPOMIHIOBAHH$1
HA XIMIYHUN TTOTEHIIAJI MOJIEJIBHUX PIJINH

OmnpowmiHneHHs1, 30KpeMa paJiialliiiHe, € OJHUM 3 YHHHUKIB BILJIU-
By Ha MOJIEKYJISIDHI MexaHizMu (i3iosoriyHux mpornecis B JIro/1-
CbKOMY oOprasizmi. 31ebiapmIoro Ieil BIUIMB NPOSIBISETHCS B
3mini ximiumoro ckiamy abo JIOKaJbLHOMY HarpiBamHHI, 1[0 BH-
BOJUTH CHUCTeMYy 3 piBHOBazkHOro crany. CydacHi mizxomu 10
BHUBUEHHsI X €(PeKTIB 0a3yIOThCA HA MOJE/IIOBAHHI 3MiH KOH-
dirypariitnol eaTpomnil it XiMiYHUX TOTEHIiaJIiB PiguH y rporeci
OIpOMiHEHHs. ¥ MeXKaxX TaKOro IiIXO0y PinHAa PO3IJIsSIa€ThCA
SK JIBOKOMIIOHEHTHUI DPO3YUH 30y/I2KEHUX 1 HE30y/I2KEHUX MO-
JIEKYJI, SIKi MaloTh pi3Hi Tunm B3aemoxil. Meroro poboru Gyia
PpO3pOOKa MOJEIBHUX MMOTEHIAIB B3a€MO/Il MiXK 30y /12KEHUMU
it He30yKeHuMH MoJiekyJsiaMu. IlokazaHo, 1o B3aeMo/is MixK
30y/I2KEHUMU JaCTUHKAMHU € KOPOTKOJIIIOYOI i Mae XapakTep
BifroBxyBanHs. B3aemosiss Mixk 30y/12KE€HOIO 1 HE30Y/12KEHOIO
YaCTHHKAMU € JAJIEKO/II0Y00 i MOXKe MaTH XapaKTep sK IpU-
TSTaHHS, TaK 1 BIAIITOBXYBaHHS. 32 JOIMOMOIOK TEPMO/IMHAMI-
9HOI Teopil 36ypeHb OyJI0 OLIHEHO 3MiHY XIMIYHOTO IMOTEHIIAJLY
30y/12KEHOI YaCTUHKHU BiJJTHOCHO HE30Y/?KEHOI.

Katw4wo6i ca06a: MIXKMOJIEKYJISIDHA B3ae€MO/Iist, izuka pi-
JVH, BIIJIUB OIPOMiHEHHsI HA T€PMOJMHAMIYHI BJIACTHBOCTI.
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