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The thermodynamics of solvation of a dipole in hard sphere solvents with dipoles and quadrupoles
is studied by using the Pa@@proximation for the perturbation expansion of the solvation chemical
potential and compared to Monte Carlo simulations. Solvation chemical potentials, energies, and
entropies of solvation are obtained at different dipolar and quadrupolar solvent strengths. The effect
of nonlinear solvation is analyzed and found not to exceed 10% in the parameter range studied. An
agreement between the simulations and the analytical theory is obtained by an empirical rescaling
of the triple perturbation integrals of the perturbation expansion. This rescaling does not, however,
provide a quantitatively correct partitioning of the solvation free energy into the energy and entropy
of solvation. © 1999 American Institute of Physid$S0021-96069)51531-4

I. INTRODUCTION Several attempts have been recently made to incorporate
. . olvent quadrupoles into the continuum dielectric description
Many solvents used in chemistry belong to the class ofS q 4 P . . ric descrip
of solvation? The continuum solvation energy is diminished

nondipolar liquids implying that the liquid molecules have | = : .
. o . y inclusion of the solvent quadrupoles owing to two factors.
zero permanent dipoles. The static dielectric constant of suchy’

solvents is close to the squared refractive index. A low di- irst, the dielectric constant of a polar solvent gets smaller

electric constant does not necessarily mean a low solvatioRecause quadrupoles destroy dipole—dipole angular correla-

S - 1(b)
ability. Many chemical species can be solvated in nondipolapons’ resulting in a decrease of the Kirkwogdactor.
solvents because of the stabilization energy due to dispersio

econd, the quadrupolar susceptibility makes a negative con-
forces and nonzero higher solvent multipoles, of which thd'Pution to the continuum solvent response funcfibhA
guadrupole moment is of primary importance.

decrease of the solvation energy with the increase of the
The dielectric continuum modeling of solvation that is solvent quadrupole is at odds with molecular simulations of

widely used for highly polar solvents has a very limited ap_dipolar—qu_adrupolar fluidsand leads to confusing res_ults
plication to solvents with zero dipole moments and nonzerdvhen applied to optical spectroscopp molecular descrip-
quadrupolegquadrupolar solvents The fundamental origin tion of solvation in nondipolar solvents is thus necessary.

of its failure is the short range of quadrupolar interactions ~ Along these lines, reference interaction-site models
that do not directly contribute to the dielectric constant. Al-(RISM)” provide an important basis for calculating solvation
though the effect of quadrupoles on the solvent dielectri€nergies, since they include all molecular multipoles by their
constant is significarit,it is reflected only in the Kirkwood construction. For such calculations, one needs the distribu-
g-factor that decreases due to breaking the angular dipoletion of partial charges in both the solvent and the solute, as
dipole correlations with increasing quadrupolar strerfgth. well as information about molecular geometries. This ap-
Quadrupoles do not produce a macroscopic polarization agfroach is difficult to implement for a variety of solvents
the solvent in an external field. The solvation free energy ofgiven the scarcity of the input data and the necessity to solve
a multipole solute in a nondipolar liquid is thus produceda set of integral Ornstein—Zernik@®Z) equations for the
only by the induced solvent dipoles when calculated in thesite—site pair distribution functions.

framework of continuum models. That this prediction is Especially for treating spectroscopic data, for which
wrong has been clearly demonstrated in the recent measurehanging the solvent is the common practice to probe the
ments of the solvent reorganization energy for optical transolvent effect, an approach for calculating solvation energet-
sitions of chromophores dissolved in nondipolar solvénts.ics from a few multipole moments of the solvent and the
The solvent reorganization energy of electronic transitionsolute is highly desirable. An analytical procedure would
reflecting solvation by only the nuclear degrees of freedom igjlso greatly simplify the data analysis. The present study is a
zero when a nondipolar solvent is modeled by the dielectrigievelopment in that direction. The motivation of this paper is
continuum. Experiments on optical Stokes shifts in quadruto develop a molecular treatment of solvation of a dipole in

polar solvents show, on the contrary, quite substat®0—  dipolar—quadrupolar solvents. Among different approaches
500 cm 1)® reorganization energies, thus pointing to signifi-1g this problem suggested by equilibrium liquid state
cant solvation by the solvent molecular quadrupoles. theorie we have chosen here a Padencation approach to
the perturbation treatment of solvatidf® This method
3Electronic mail: voth@chemistry.chem.utah.edu meets best our goal of creating an analytical framework for
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analyzing the sol\{ent gffect on optic_al Fransitions and elec- uOS(Ol) —(mom/fi)[3(§0'fl)(fl'él)—(éo'él)], (3)
tron transfer reactions in molecular liquids.

An alternative approach would be to use rr;olecular inte-  Uga(01)=(3moQ/2r)[ (- 71)(5(F1-3)?—1)
gral equations with the hypernetted-chaitNC)“ or refer- X an/e a
ence hypernetted-chailRHNC)*! closures for solvents with ~2(% S (F1- 8], @
point dipoles and quadrupoles. In this approach, the OZvhere§, and$, are the unit vectors determining orientations
equation is expanded in spherical functions and closure relsf the solute and solvenj £ 1) molecules, and;=r,/r;.
tions are solved for each angular component. This approach The solvent—solvent interaction potential,
is quite reliable in respect to the calculation of dielectric and
thermodynamic properties of liquids without H-borftfs. Uge=UMS+ Ul = E [ulS(jk) + ubgjk)1, (5)
The method is, however, relatively complicated and the de-
velopment of alternative approaches is useful for applicaalso includes the HS repulsiont, and the multipole inter-
tions and helps to better understand the multipolar solvatioraction,u?. The latter is given by the sum of three terms,
In addition, we are interested here in obtaining the energy of i ) 2.
reorganizing the solvent structure by the solute. This param-  Uss(}K) = Uss(jK) +ugs(jk) +ugy(jk). (6)

eter is used as a means to calculate the internal energshe dipole—dipole potentialyll, between the solvent mol-
and entropy of solvation and to test the general performancgcules derives from Eq3) by replacing the solute by a

of the linear response theories. The latter information |%O|Vent molecule. The quadrupo|e quadrupo|e interaction
hard to extract from integral equations involving angularreads a%

projectionst? but is straightforward in the perturbation ap-

proach. UZ4(12)=(3Q%/4r3,)[1—5(8,- F10)°—5(% F15)?

This paper is organized as follows. In the next section, 205 -8)24 358 - F1) 25, F1s)2
the model system of a dipolar solute in a solvent of hard (5-%) A& F12(% 2
sphere(HS) solvent molecules with point dipoles and qua- =205 712 (5712 (5 %) (7)

drupoles is defined. In Sec. lll, the perturbation expansuon oﬁ-h
the solvation chemical potential is developed and a” Pad ) is a sum of interactions between the two multipoles:
approximant is constructed. The analytical expressions aI’SDQ(lz) u (12) +u24(12). The potential

then tested against Monte CaflC) simulations in Sec. IV ss

where nonlinear solvation effects and the partitioning of the ulR(12)=(3mQI2r}) (5 F10) — (51-F12)

solvation free energy into the entropy and energy of solva- PPN A

tion are also analyzed. Finally, Sec. V contains conclusions. X[5(5- P12 (% T12) +1-2(5-5)] ®)
is therefore symmetric in respect to interchange of the sol-
vent molecules. This symmetry does not exist for the solute—
solvent dipole—quadrupole interaction, since the solute quad-

The explicit model we employ here is that of a HS solutefupole is assumed to be equal to zero.
with a centered dipole moment, in a solvent of HS mol- The interaction potentials in Eqsl)—(8) give a com-
ecules with dipoles and quadrupoles. The dipole moment iplete definition of the present model system. In the next sec-
assumed to be the highest nonvanishing multipole of the sotion, we derive the perturbation expansion for the solvation
ute (solute quadrupole is zerand the consideration is lim- chemical potential in terms of the multipolar interaction po-
ited to axially symmetric solvent molecules. We thereforetentials between the solute and the solvefg, and between
have only two multipole parameters for the solvent: the di-the solvent molecules. The reference system is the lig-
pole momentm and the quadrupole momefg. (Q is the uid of solvent hard spheres with the immersed solute hard
z,z-projection of the quadrupole tensor in the body-fixedSphere core. In order to generate an infinite perturbation se-
axes framé) The interaction potentidll,s between the sol-  ries in solvent dipolar and quadrupolar strengths, we form a
ute and the solvent reads as Padeapproximant composed of the two first nonvanishing

perturbation terms.

e dipole—quadrupole solvent—solvent poteru in Eq.

Il. MODEL

Uos 2 [ups(0}) +udy(0j)], D)
. THERMODYNAMIC PERTURBATION EXPANSION
where throughout below “0” and §” stand for the solute
and solvent, respectively. In Edql), U is the solute— The excess chemical potential, relative to the free
solvent HS repulsion and}), stands for “the solute—solvent energy of inserting the solute HS core into the solvent can be
multipole interaction; the sum runs over thesolvent mol-  derived from the thermodynamic coupling parameter
ecules. The multipole expansion of the solute—solvent interintegration’

action potential is given, in our model, by the sum of two
terms, ,up=pf0 d)\f uBs(01)gos(N;01)dT 1 (dQo/4r). 9)
uBs(0j) =Ugg(0j) +ugs(0j) , 2)

Here\ is the solute—solvent coupling parameter and the in-
where the superscripts “1” and “2” refer to the first and the tegration is carried out over the coordinates and orientations
second multipole moments, respectively. Explicitly, we haveof the solvent moleculed{) and the orientations of the sol-
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ute dipole €1g). The function ggs(X\;01) is the solute— The Padeapproximant can be built using Eq4.0) and
solvent pair distribution functionfPDF at the coupling (14) as follows:
strength\, while p is the solvent number density. A pertur-

9 P N po= 1= u P i, (15)

bation expansion fog, is obtained by expandinggs(\;01)
in the solute—solvent and solvent—solvent multipole interacA comparison to the simulations of solvation in purely dipo-
tion potentials relative to the reference system composed dér solvent$®® and the simulation data presented here both
the solute and solvent hard sphet28® The expansion will show that the Padepproximation(PA) somewhat overesti-
be truncated after the first two nonvanishing terms used tonates the solvation energy. This seems to be a general prob-
build a Padeapproximant. lem of the Paddruncation of perturbation series, since the
The first nonvanishing expansion term follows from the same trend is seen for the free energy of homogeneous mul-
first order expansion gos(A;01)=g{Q(r;)—\Bub(01) tipolar fluids*®® Since the main error is in the denominator

a{9(r,) which, after substitution into Eq9), yields term 1§/ (P in Eq. (15),% an agreement with simulations
may be achieved by introducing the empirical factats,
2)_ _ 2, 3 (2) (2)
Bup == (Bmg/o™)lyal 4~ +Yqle 1, (10 Kq, andkpq correcting for errors in estimating the effect of
with many-body multipolar correlations on solvation. Note that

the PA accounts only for the three-particle correlations at-
tempting to include all higher order terms by constructing a
geometric series. With the correction factors included, we
will define the solvation chemical potential as follows:

= dx
I1¥'=(n-1) J 908 (%), (11)
0

andggg)(x) is the HS solute—solvent PDF. In EQ.0), o is

the HS diameter of the solvent molecules and we have intro- P 1(2) f (16)
duced the density of solvent quadrupoles, Fom T 63 141352
Yq=(27/5)p* (Q*)?, (120 where
by anaE!ogy with the well-known density of the solvent  f@=ygl @ +y,l, (17)
dipoles;
3 =yiral 5o YdYqkad BBoT Yakal 530- (18
ya= (4m/9)p* (m*)?, (13)

The correction factoky was obtained in the previous paper
wherep* = po?, (m*)2=Bm?/ o3, and Q*)2=BQ%c°. In  dealing with purely dipolar HS solvent&® Therefore, we
contrast to the dipoles density that depends only on the need to determinec; and «qq. As the first step, we will
solvent number density and the dipole momerithe com-  generate solvation internal energigsfrom MC simulations
mon ¢° factor cancels ol the quadrupoles density, in-  in quadrupolar solvents with zero dipole moments. This pro-
cludes also the HS diametet This is because the quadru- vides information abouk,. Then, withx, and x4 in hand,
pole interacts with the gradient of the electric field and notwe will extract«y, from simulations of solvation in solvents
with the field itself as in the dipole case. with nonzero dipole and quadrupole moments.

The second order expansion contains two-particle terms
of the type(ub,(01)%),, and three particle terms of the form V. RESULTS
(ub(01)ub(12)up,(20)),,, where(. . .), denotes the angu-
lar average over the solvent and solute orientations. Thé. Monte Carlo simulations
<“_8s(01)3>w term disappears for symmetry reasons. Note that  The MC simulations were carried out for a dipolar solute
this does not happen for the perturbation expansion in purg; 5 fluid of HS solvent molecules with point dipoles and

liquids since the dipole—quadrupole potenti@lis symmet-  |inear quadrupoles. The solute was initially inserted into a
ric with respect to the particle interchange and the term

(uPQ(01)?uP(01)),, is nonzera The second order expan-
sion term contains therefore only the three-particle contribuTABLE 1. Solvation energy(U,), the second momexi{ 5U5)2), and the
tions and can be written as follows: nonlinear solvation parametan, [Eq. (21)] from MC simulations afr o

— * 2/ 3__
O (gl oB v G o @ 42 y 1.0, p*=0.8, Bm/a>=10.
By =(BMyla*)[Ygl ppop T YdYal boot Yol ool (14)

‘93) @) (m*)2=0.0 (m*)2=1.0

The three-particle perturbation integrdlspp, |pdo, and

. )’ Q X *)2  _— B(UP 2((SUP.)2)a — B(UP 2((8UP)2)a
I(D%Q are responsible for the three-particle correlations:{ @) AUS) AA(OUSIDT X —A(UR)  AA(SUGD" X
dipole—dipole—dipole (DDD), dipole—dipole—quadrupole 0.25 8.24:0.01 8.67-0.01 1.05 21.9%0.05 21.410.04 0.98
(DDQ), and dipolequadrupole-quadrupof®QQ. The 50 1oo (00 100 0 oon 2035004 2825010 096
pertu.rbatl*cm integrals are func_tlons of the solvent reducedl00 2302002 2024010 088 3288015 3271050 100
denSIty,p , and the reduced distance of the SOlUte—SOIVentLZS 26.18-0.09 24.66-0.21 0.94 34.860.12 3591057 1.03
closest approach,gs=Ry/0+0.5, whereR, is the solute 150 29.030.25 25.980.55 0.90 35.120.18 37.32>1.56 1.06
radius. The analytical expressions for the three-particle per-1.75 30.770.08 26.48-0.22 0.86 36.120.06 35.32-0.62 0.98
turbation integrals, as well as polynomial fits of both the 200 31.76:0.25 37.920.78

T(\NO-p&lfth|_6 and three-partlcle 'ntegralS' are epr|C|tIy gNenaEmpty entries imply that we could not reach a stationary value after 9
in Appendix A. X 10° trial moves.
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TABLE I1. Solvation energy Uf,) and the second moment&sU5,)?) and(5UB,8UL) fron MC simulations
at ros=1.4, p*=0.8, Bm3/0°=10, Q% 0°=0.5. Also given are the nonlinear solvation parametgr ,
internal energy of solvatiorg,, solvation entropys,, and the chemical potential of solvation,, .*

(m*)? -AUL)  BA(8UR)?)  (dUB8US)  xwm  —Bey  —Splks — By
0.00 2.470.01 2.89-0.01 1.170 1.24
0.25 5.45-0.01 5.01%0.01 2.93:0.04 0.919 3.99 1.26 2.73
0.50 6.14-0.01 5.96:0.01 4.36:0.04 0.942 3.80 0.74 3.06
0.75 7.06:0.001 7.54-0.02 4.17-0.08 1.077 4.92 1.42 3.50
1.00 7.65-0.01 7.21-0.01 4.25-0.20 0.938 5.47 1.65 3.77
1.25 8.23:0.01 7.96:0.01 5.770.10 0.960 5.35 1.23 4.12
1.50 8.61-0.03 8.110.03 7.36:0.14 0.942 4.93 0.63 4.30
1.75 8.88-0.01 8.50:0.02 6.99-0.04 0.957 5.39 0.95 4.45
2.00 9.13:0.02 8.33:0.06 7.65-0.30 0.912 5.31 0.74 4.57
2.25 9.34:0.01 9.06-0.03 7.45-0.17 0.970 5.62 0.95 4.67
2.50 9.52:0.01 9.410.35 8.010.12 0.988 5.52 0.76 4.76
3.00 9.84-0.02 9.75-0.03 7.50-0.20 0.991 6.09 1.17 4.92

°Standard deviations are measured on the ladtri&l moves of the simulation runs.

cubic simulation cell with the solvent molecules placed onchemical potentiak is simply related to the average inter-
the fcc lattice with random orientations. In order to avoid action energy of the solute—solvent multipolar interaction,
overlap with the solvent molecules, the solute size was oy —e e0e=(UB) (19
gradually increased to the desired magnitude in the course of Kp=Fos:  Fos 0s/

standard MC runs, as described in previousThe average interaction energy can, in turn, be found from
publications®®** Periodic boundary conditions with the the second moment of the solute-solvent potential,
minimum image conventidfi were employed for a cubic — BU(5UP)2 20
simulation box of side-length. The long-ranged multipolar €os=B((0Ugs)")- (20)
interactions were truncated beyond the cutoff distaRge The two equivalent ways of calculatirg provide a means
=L/2. The reaction-fieldRF) long-range corrections with of testing the LRA. The parameter

the continuum dielectric constantige=1000 have been (5UB)?)

adopted for the dipole—dipole interaction potential. The YNL= $, (21)
simulation results are usually reasonably insensitive to the (Ugs)

choice ofegg, and values ok higher than the dielectric  ggryes as a measure of deviation of the solvent response from
cpnstant of the pure solven_t ensure better convergence ofe LRA predictionyy, = 1. The nonlinear solvation param-
dielectric and thermodynamic pargmetbsrsxlo corrections  eters for dipolar—quadrupolar solvents of various polarity are
have been made for the truncation of more short-rangeflsieq in Tables | and Il from which one can infer that the
dipole—quadrupole and quadrupole—quadrupole interactiong g A approximation holds within 10% in the range of param-
which is the usu%ll?pproxmatmn for treating dense liquidsgiers studied. The comparison of two columns in Table |
with quadrupoles™ shows that purely quadrupolar solvents tend to produce a

The simulations were performed wilN=500 solvent e nonlinear response than solvents with nonzero dipolar
molecules on the SGI Challenge L-IRIX 6.5 194 MHz pro- components.

cessor. About 40 hours of CPU time was needed for eath 10
trial moves(translations and rotatiopper particle. The first
and the second moments of the solute—solvent interactio
potential, B(UE,) and B%((8UJy)?), as well as the mixed
momentB%( SUB.8UPLY), were measured on the last®lidial The mixed solute—solvent/solvent—solvent moment
moves. The momerﬁ;2< SUBSULY is the slowest converg- (8Uf8UL) enables one to extract the internal energy,

ing quantity and, depending on its rate of convergence, (5nd entropys,, of solvation. HeregUgs and 8U% are fluc-
—9)X 10 trial moves were carried out. The simulation re- tuations of the solute—solvent and solvent—solvent multipo-

sults at different solute and solvent parameters are listed ilar potentials, respectively. A route to the thermodynamic
Tables I-1I. solvation potentials is provided by the fundamental reldfion

B. Solvation thermodynamics

. . . €p=EpsT Ess, (22
B. Linear response approximation i ) .
representing the internal solvation energy as the sum of the

~ The excess chemical pot(_antiaﬁ in Eq. (16) is propor-  ayerage solute—solvent interaction energys, and the
tional to the squared solute dipole moment. The perturbatioghange of the solvent—solvent interaction enerey, in-
expansion of Sec. Il is, therefore, restricted to the lineafyyced by the solutéthe energy of solvent reorganization

response approximatioi.RA).™ Before used, the LRA hy- \yith respect to the bulk solvent. The latter quantity is given
pothesis should be tested on MC simulations. This can bg, the LRA 2%

achieved by applying some thermodynamic relations follow- 5 < ip
ing from the linear solvent respon&¥ First, the solvation ess= —(B12)(6Ugs6Us9. (23
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FIG. 2. —(o3/m2)(UB) (open circles and (Bo*/m3){((8UB)?) (filled
circles versusyy atros=1.4 andp* =0.8. Open and filled squares refer to

. the dipole—dipole component of—(o%/m3)(US) and (Bo3/m3)
x((8UBJ)?), respectively. Open and filled diamonds indicate the dipole—
quadrupole components of the same moments. Lines represent the Pade
approximation for the solvation energys (upper curve¢and its partitioning

into the dipole—dipole[e}l, medium curve, Eq.(36)] and dipole—
quadrupole[eéﬁ, lower curve, Eq(37)] components. Points are the simu-
lation results.

ratio of the solute and solvent diameteds; 2R, /o. In the

0 L L L previous study of solvation by purely dipolar liquit® the
0.2 0.7 1.2 1.7 . . .
y correction factork, was found to be independent of the di-
g polar densityy4 and can be given by the relatipig. (36) in
FIG. 1. Reduced average solute—solvent interaction ener@y->/m3) Ref. 100)]
X(Ugs) versus the quadrupolar densiy, at ros=1.0, p*=0.8. In the
upper panel, the Padapproximation is shown withoudashed linesand Kd= 1+[d/(d+ 1)]2- (28

with (solid lineg the correction factork,, x4, and«g4q [Egs.(27)-(29)] . . . . .
for (m*)2=0.0 (1) and (m*)2=1.0 (2). Points represent the simulaon With kq and x4 known the internal solvation energies in

results. In the lower panel, the solute—solvent interaction eneigles is solvents with nonzero dipoles and quadrupdiEsbles 1-I1)

split into the component due to solvent dipolesjuares and quadrupoles  can be fitted tacyq in the form
(diamonds$. Solid lines represent Padesults given by Eqs(16), (36), 4

and (3. Kaq=2—d%(d°+2). (29
The quality of the fit is illustrated in Figs. 1-2.
If we introduce the dimensionless parameter It is always instructive to know the partitioning of the
(5UBLOUPY so_lu_te—solvent_ solvatipn energyos into .the components
Xo= 0s”>'s (24) arising from different interaction potentials. In the present
° (Ubsy model, these are dipole—dipole and dipole—quadrupole inter-

actions. This partitioning is straightforward from computer

then the internal ener , and entro , of solvation ) ; NS
9¥%p PY=p simulations, but needs a separate derivation in the perturba-

read as : ) )
tion approach. The solvation energies,
ep:eOs(l_Xs/Z)- (25
Ts,=(€0s/2) (1~ xs). (26) eé§=<; U$§(j)> and eé§=<; Ué§(1)>, (30)

With the above general thermodynamic relations in . .
hand, we can now analyze our MC data. We start with thé*an be calculated from the generating functional
average solute—solvent interaction energy in order to dete@xq_ﬂﬂp(xyy)]
mine the correction coefficients; and x44. According to
the LRA, one needs to compaegs from simulations with
ZME. Results for purely quadrupolar solveriisble |) give
us k4. Fortunately, the correction coefficient is independent

:f dr(dQo/am)exd — BU(x,y)— BU]. (32)

of y, and a simple approximation is possible. The correctior 167U =Uost Uss,
factor, U(X,y)=Ups(X,y) +UsdX,y), (32
— 5
Kq=2+1/(d>+2), 27) dri¥=dr,...dry, andU(x,y) is obtained by scaling of

was found to fit the Pad®rm to the simulation resulté=ig.  the solvent multipolesn—xm, Q—yQ in the potential en-
1) over the whole range d@* values studied. Herd is the  ergy U. From Eq.(31), it is easy to see that
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TABLE lIl. Coefficients of the third order density polynomia$p*), b(p*), c(p*), andd(p*) in the fitting functions for the perturbation integrals in Egs.

(A8)—(A10).
1@ 180 18,
n a b c d a b c d a b c d
0 1 0 0 0 4/5 -1/2 0 1/32 5/24 0 —5/64 1/128
1 0.586 1.062 —0.970 0.241 0.365 0.652 —1.510 0.044 0.936 —1.629 1035 -6.712
2 —1.390 4608 —4.134 1.194 —0.656 4779 —7.378 3.770 0.330 0.509 —20.530  13.990
3 0.776  —2.964 3.798 —1.393 0179 —2.297 5.087 -2.928 —0.216 1.005 10.30 -7.512
i *\2 *\2
1 Imp(XY) 12 Ipp(XY) a3 solvents, like tetrahydro_furane[(m )*=0.56, Q%) .
0sT T gx 05_—(7y (33 =0.20], quadrupoles and dipoles should equally contribute
X,y=0 Xx,y=0

In order to obtain the generating functiongl(x,y), we
need to construct the Pa@d@proximant for the potential

to the solvation energetics.
The partitioning of the solvation energy into the quadru-
polar and dipolar components depends, however, on the sol-

+U(x,y). This procedure is straightforward along the linesute size. The upper panel in Fig. 2 shows the fit&tf),

of Sec. Ill from whichup(x,y) is given by Eq(16) with the
coefficients(Appendix B

F206Y) = (143024l {7+ (1+y) %yl (34)
and
FE(,y)= (1) 21+ x3)yiral 5o
+ (1Y) (1+X)(1+XY)YaYqkdql 580
+(1+Y)2(1+y?)YaKql So- (35)
From Egs.(33)—(35) we have
11 Mg 2yl ¥+ 25k gl (D3I%D+ydyquq| I(DSI%Q
057 3 (L+fR7F@)2 39
and
o M2 25l Bho v

05 o (1+£3/£(2)2 '

open circleg and the second (sU5,)?), filled circles mo-
ments of the solute—solvent potential versus the solvent di-
polar strength. The splitting of botbUB,) and ((sUB)?)

into the contributions from the dipole—dipol{squares and
dipole—quadrupolédiamond$ potentials is also shown. We
see that for the solute of the sizg;=1.4 the solvation en-
ergies arising from the interaction of the solute with the sol-
vent dipoles and solvent quadrupoles are approximately
equal for the close magnitudes of the dipolgg<0.5) and
quadrupolar ¥,=0.5) polarity parameters. The quadrupoles
are thus less effective in creating the solvation stabilization
compared to the casgs=1.0 shown in Fig. 1. This is be-
cause quadrupolar forces die off faster than dipolar forces.
As a result, the relative impact of quadrupolar solvation di-
minishes with increasing solute size. The ratio of the quadru-
polar to dipolar solvation energies varies approximately as

(@) s

2.0Wr05 (38)

Figure 2 indicates that the quadrupolar solvation enédig-

In the lower panel in Fig. 1, we have shown the parti-monds decays with increasingy. This reflects increasing

tioning of the solute—solvent interaction energy into thebreaking of the quadrupolar orientational order by the sol-
components due to the solvent dipoles and quadrupoles. Theent dipoles resulting in less effective quadrupolar solvation.
simulation results(pointy are compared to the analytical Figure 2 also illustrates the issue of nonlinear solvation ef-
predictions given by Eq936) and (37) (solid lineg. As is  fects. The first and the second moments are close to each
seen from the figure, the two solvation component coincidether and the deviation of the nonlinear solvation parameter
at (m*)?=1.0 and Q*)2=0.5. This implies that quadru- xy. [EQ.(21)] from unity (Tables Il and I1) does not exceed
poles are approximately twice as effective in solvating a di-10%. It is also seen from Fig. 2 that the quadrupolar compo-
pole compared to solvent dipoles, rat,=1. This does not, nent of the average solute—solvent engidjgpmond$ shows
however, mean that solvation in polar liquids is dominateda more pronounced nonlinear solvation effect compared to
by quadrupoles. The value of the reduced dipole moment athe dipolar component.

much as (n*)?=5.0 can be achieved in such polar solvents  Equations(22)—(26) provide a route to calculate the in-
as acetonitrile n=3.9D, o=4.14A). On the other hand, ternal energy and entropy of solvation. The key parameter
very few commonly used solvents have the reduced quadruiere is the energy of the solvent reorganization that, in the
pole moment as high asQ¥)?=0.5 [e.g., for benzene LRA, is connected to the moment 8(SU§.5UL) by Eq.

(Q*)?=0.42; for carbon dioxide @*)?=0.68; for ethanol
(Q*)?=0.46; for dimethylsulfoxide Q*)?=0.67]. There-
fore, for polar solvents like acetonitrile[(m*)?
=52, (Q*)?=0.12, acetone [(m*)?=1.8, (Q*)?
=0.22], nitromethand (m*)?=3.76, (Q*)?=0.44] the di-

(23). This parameter and the two first moments of the
solute—solvent potential are listed ag;=1.4, p*=0.8,
(Q*)?=0.5, and varying i©*)? in Table II. Unfortunately,
the convergence of B(5UB.0UL) is very slow, especially
for solvents with small dipolar strengths. In addition, the

polar solvation mechanism will be prevailing. For less polarmoment— g(8U5,0ULy) plotted against the number of trial
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Y4

FIG. 3. — Bu, (triangles, — Bu, (squarel and—s, /kg (circles versus the
solvent dipolar strengtly,. Solid lines indicate the PA for the chemical
potential(u), energy €), and entropy §) of solvation. Points indicate the
simulation resultsros=1.4, (Q*)?=0.5, p*=0.8.
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FIG. 4. Parametey calculated from the PA, and the continuum Onsager
model(O). For the latter, the solid line indicates the calculation accounting
for the dependence of the Kirkwood factor gp, the dash—dotted line is
the Onsager approximatiay =1, and the dashed line includes corrections
for solvent quadrupoles according to Refby The dependence of the di-
electric constant ory, is taken from Ref. 1&). Points are simulation re-
sults; p*=0.8, rps=1.4, (Q*)%2=0.5.

moves shows relatively long plateaus that can easily be con-
fused with stationary values. Therefore, only a qualitative

analysis is feasible from the simulation data.
The internal energy of solvation becomes higher with

is given in terms of the solvent dielectric consta(y,y)-
The dependence of the dielectric constant on dipolar and

increasingyy, Whereas the entropy of solvation changesquadrupolar densities follows from the Kirkwood equation,

slower (Fig. 3). This means that the solvation free energy in
highly polar solvents is dominated by the solvation energy
whereas the entropic component is more important for sol

[€(Ya.Yq) —11[2€(yq4,Yq) 1]
9¢e(Ya,Yq)

=YqOk(Ya.Yg), (43

vation in quadrupolar solvents. This observation has an im-

portant bearing on the validity of continuum models of sol-
vation in molecular liquids. The parametgy [Eq. (24)]
serves as a sensitive indicator of performance of linear r
sponse theorie¥'® This is because for the LRA the chemi-
cal potential of solvation is quadratic in the solute dipole
moment andys is given by the equation

Ina(yq.Yq), (39)

1% d
Xs=1— yd&—deryq&—yq

where the response functiay,y,) connects the solvation

e-

where the Kirkwood factogk(yq,Y,) depends on botly,
and yq,l although the dependence gf ony, is generally
unknown. In Fig. 4, the simulategs is compared with the
PA (labeled as “PA") and the continuunflabeled as “O")
treatments. For the latter, two models &y, both disregard-
ing the dependence on,, were employed. The solid line in
Fig. 4 represents the calculation wilh(y,) taken from our
previous simulations of pure dipolar liquid§ and the
dash—dotted line indicates the Onsager approximagign
=1. Also included is the parametgt, with the continuum

chemical potential and the squared solute dipole in the LRAIe€sponse function taking into account the quadrupolar sus-

tp=—a(yq.Yq) M3. (40)

All terms in the response function that are independent of th
polarity parametergy andy,, disappear from the logarithmic
derivative in Eq(39). The parametey; is thus affected only
by the dependence of the response function on the dipol
and quadrupolar strengths. By calculatipgone can there-
fore extract the information about the solvent polarity depen
dence of the response function without complications due t
geometric and other factors enterirfyq,yy). The PA
yields

£3)

Xs= @1 (@ (41

In the continuum Onsager treatment of dipole solvation
the solvent dependent part of the response function,

E(yd !yq) -1

2e(Ya Yo <1’ “42

a

ceptibility (dashed lingrecently proposed in Ref.().

The simulatedy, falls in between the PA and continuum
results (Fig. 4). Both the involvement of the quadrupolar

usceptibility and the Onsager approximatgn=1 worsen

the agreement with simulations. Note that the Kirkwood fac-
tor gx decays withyql and an inclusion of its dependence on
yrq would shift they, curve upward?® The PA does not give
quantitatively correct energies and entropies of solvation re-

sulting in underestimated values of the paramgter Note

fn this connection that the distinction between the continuum

prediction and simulations for dipolar—quadrupolar liquids is
not as dramatic as it was for purely dipolar solvefit§. This

is a reflection of a general trend of quadrupolar forces to
break dipolar correlations in the solvéfi;2® resulting in a
better agreement with continuum theories. The gap between
the simulated ys and its continuum estimate seems to
broaden for smaller dipolar strengths. This is because the
main shortcoming of continuum treatments of solvation is
their failure to predict entropies of solvation. The increasing
entropic character of solvation for quadrupolar fluids is
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therefore the source of the increasing disagreement betwe@®PPENDIX A: PERTURBATION INTEGRALS
the continuum solvation theory and simulations for smaller ) o )
values ofyy. The triple perturbation integrals in E¢L4) read as
9 (edr (=dt [r+tds
Bo=7 | 17 | | our toMbon(r.t)
or“Jot

V. CONCLUSIONS | S°
(A1)

We have used the Padermulation of the perturbation
expansion to treat solvation in dipolar—quadrupolar solventsl.(s) 3 (= dr (=dt (r+tds ©(r t )W ;
The standard version of the PHEq. (15)] gives overesti- 'DPQ™ 16 |, 12 |, t3 ‘,_tl?g()ss(r' S)Wopg(F1,9),
mated solvation free energies, especially for the quadrupolar (A2)
component of solvation. The difficulty was overcome by in-
troducing empirical coefficients rescaling the three-particlel(s) :i mﬂjwﬂjr“d_sg(m(r t,5)Wpoo(t,5)
perturbation integrals appearing in the perturbation expan-"%Q 64 Jo 3 Jo t3 Jj,_ys? F0ss 1D
sion. Simulations with purely dipol#® and purely quadru- (A3)
polar (Ta_bl_e )} solven_ts show that the corresponding e_mplrl-Csn Eqgs. (A1)—(A3), gg%)s(r,t,s) is the triple solute—solvent—
cal coefficients are independent of the solvent polarity an T .
. . . ._solvent distribution function of the reference HS system. The
can be approximated by simple functions of the solute size,
. : angular  factors Wppp(r,t,s),  Wppg(r,t,s), and
For solvents with nonzero dipoles and quadrupoles the cor; .
. o : : Wpaa(r,t,s) are expressed in terms of the angtes, a5,
rection parameter extracted from fitting the simulation data : . ) . .
X N . and a5 in the vertices of the triangle with the sidest, and
depends noticeably opy andy,. It implies that the Pade .
24 ) s formed by the solute and two solvent particles. They are
form does not properly take into account the effect of inter-_. . AV
: ) iven, according to Bell, by the relatioff
actions between solvent dipoles and solvent quadrupoles o%
solvation thermodynamics. Wppp(r,t,s) =1+ 3 cosa, COSw, COSar3, (A4)
The proposed parametey,, is solvent independent and

enables us to fit the simulation data for the solute—solvent Wopq(r:t,S)=9 cosaz—25c0s 3r3

interaction energy. The deviation between the analytical +6Ccoga;—ay)(3+5cosvy), (AB)
equation and the simulated values fy; is less than the '
deviations betweeays and3((8UB,)?). This means that our Wpoqo(r,t,8) =3(cosa; +5 cos 3v;)

linear response equation falls inside the uncertainties due to
the nonlinear solvation effect§ig. 2). +20cogay—a3)(1-3 cos )
The interactions between the solvent dipoles and quadru- +70c0s 2a,— a3)COSa; . (AB)

poles is the main factor determining the solvent reorganiza- ] o ]
tion energy. The reorganization enery is made by a com- The triple perturbation integrals were calculated from simu-

) o ; i ),13 :
pensation between a very large and positive correlatof2ted configurations of a HS solveft** and by numerical
_(B/2)<5U83UESQ> and negative and smaller in absolute integration in Eqs(A1)—(A3). For the latter, the triple HS
value correlators —(B/2)( 5UB ybp and —(B/2) distribution function was taken in the superposition approxi-

S~ Ss .

x(SURUSD). As a result, any errors in calculating the ef- Mation,
fect of fjlpolt_a—quadrupole interactions in the solvent signifi- gg%)s(r,t,s)=gg(;)(r)g(s?(t)gg%(s), (A7)
cantly impairs the accuracy of the energy and entropy of o . o .
solvation. It is at this point where the main problem of theWwith the pair distribution fU”Ct'Or}SBs)(r) and g{2(r) ac-
PA lies. As a result of this deficiency, the theory gives onlycording to Lee and Levesqd#.Since the two procedures
approximate results for the energy and entropy of solvatioriesult in reasonably close values of the perturbation integrals
(Figs. 3 and % (Fig. 5, we used numerical integration to fit the integrals to

We should note, however, that these deficiencies conPolynomials in the reduced densify" and inverse solute
cern only the total equilibrium energy and entropy of solva-Sizé 1fos. The numerical data are fitted to the following
tion. In spectroscopic applications, the reorganization energgelations:
of the solventggg, cancels out in the vertical energy gap and (2):a(p*) b(p*) c(p*) d(p*)

only the correct description of the solute—solvent solvation | = 5 - e (A8)
energyeg is necessary. For this purpose, the present theory Fos Fos Fos Fos
is quite applicable. It gives the correct dependenceygbn alo®) blo*) c(o*) d(p*
the dipolar and quadrupolar densitigg,andy, . Since tem- I(D3D)Q= (p5 ) (’; ) (’; ) (’2 ), (A9)
perature explicitly comes only into these parameters, we can Fos Fos Fos Fos
expect that thermochromic spectral coefficients may also be alo®) blo*) c(o*) d(o*
properly evaluated by using the Paftem.?° 1530= (z ) (f; ) (F; ) (pg ). (A10)

Ios F'os I'os I'os

H * * * *
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