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Pade truncation of the thermodynamic perturbation theory is used to calculate the solvation
chemical potential of a dipolar solute in a model fluid of dipolar hard spheres. Monte Carlo
simulations of the solvation thermodynamics are carried out over a wide range of solute and solvent
dipoles in order to address the following major issu@stesting the performance of the Pade
perturbation theory against simulatioris) understanding the mechanism of nonlinear solvation,
and (iii) elucidating the fundamental limitations of the dielectric continuum picture of dipole
solvation. The Padtrm of the solvation chemical potential constructed in the paper agrees with the
whole body of simulation results within an accuracy of 3%. Internal energy and entropy of solvation
are also accurately described by the perturbation treatment. Simulations show a complex nonlinear
solvation mechanism in dipolar liquids: At low solvent polarities the solvation nonlinearity is due to
orientational saturation that switches to the electrostriction mechanism at higher dipolar strengths of
the solvent. We find that the optimum cavity radius of the Onsager reaction-field theory of solvation
depends substantially on solvent polarity. A general method of testing the performance of linear
solvation theories is proposed. It shows that the fundamental failure of continuum theories consists
in their inaccurate description of the internal energy and entropy of solvationl99® American
Institute of Physicg.S0021-960609)04301-9

I. INTRODUCTION bation expansions is especially poor. Among the merits of

the Padesolution for thermodynamic properties of polar lig-

‘Understanding of the static and dynamic properties ofijs is jts analytical simplicity and ease of including the
optical transitions of a chromophore immersed in a I'qu'dmolecular(generalIy anisotropicpolarizability*

solvent demands accurate description of dipole solvdtion. Recently, we have exploited the advantages of thé Pade
With the aim ofdfuture appllgatlor(; tg o;;ueal SPECroSCORY, yrncation approach for calculating the solvation chemical
our present study was motivated by three main tasks: potential 1, of a dipole in dipolar(nonpolarizable and po-

Sarizable liquids® The method was also used to include non-

solvation against computer simulation@, understanding linear solvatior?®® This was achieved by Padeincating the

the nonlinear solvation mechanism, afid) revealing fun- perturbation expansion in the dipolar part of the solute-

damental limitations of dielectric continuum models of Sol- g, et interaction potential resulting in the dependence on
vation for the simple model system of a dipolar solute in 3the solute dipole momenty, in the form

dipolar solvent.

Perturbation theories have been used since the earliest amﬁ
days of statistical mechanié€, but in liquid state applica- Bup=— 1+bm2
tions they eventually have given way to more accurate inte- Mo
gral equation theorié® and computer simulatior® The  This equation predicts saturation of the dipolar response at
main disadvantage of using perturbation expansions in liquithigh magnitudes of the solute dipole moment and the func-
state calculations is the absence of a small parameter rend&ion u.,(my) has simple poles in the complex planenof at
ing expansions slowly converging. Stell and co-workers sugm,=+i/\b. The range between the two singularities
gested a way of overcoming this difficulty in a phenomeno-—i/\Jb<m,=<i/\b determines the width of a band of per-
logical way by truncating the perturbation series in the long-missible fluctuations of the solute energy that can be pro-
ranged part of the potential in a form of a Pafgroximant  duced by a dipolar fluid® The existence of a confined fluc-
usually including two-particle and three-particle intermo-tuation band perhaps cannot be proved directly, but it
lecular correlations and neglecting all higher-ordermanifests itself, indirectly, in optical spectrosca{fy Appli-
terms?®"® This approximation proved to be outstandingly cation of Eq.(1) to the calculation of optical bandshapes
successful for different types of intermolecular potentt&s.  results in nonlinear compression of optical bands and several
Its main success was in treating thermodynamics of longother effects that can be extracted from experimental spec-
range multipolar forces for which the convergence of perturtroscopic data. In view of the potential importance of these
predictions, we pursue here two goals: testing the numerical
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form (1). To achieve these goals we need to test separatelghemical potential can be determined in termgbfandm*
the linear,a, and nonlinearh, response coefficients in Eq. and, additionally, the solvent diametet the solute radius
(1). We do that in Sec. Ill B by measuring moments of theRy, and the solute dipole moment,. In the dielectric con-
solute-solvent interaction potential and a mixed second matinuum ansatz, one needs only one bulk solvent parameter,
ment of the solute-solvent and solvent-solvent potentials othe static dielectric constaget and, for the solute, the cavity
the system configurations created by Monte Cail4C) radiusR.,, that is not specified, but is assumed to be inde-
simulations® We find that theb coefficient obtained from pendent of the solvent. Hence, we have two parameter sets
perturbation expansion conforms well with simulations,{m*,p*,o,mg,Ro} and{e,R.,,, Mg} for molecular and con-
whereas the linear response coefficiarmteeds correction at tinuum treatments, respectively. The advantage of continuum
high solvent polarities. With the correction afproposed in  models is clearly a smaller number of parameters and sim-
Sec. IlIB we achieve an agreement within 3% with thepler expressions for the solvation free energy. The disadvan-
simulation results. tage is the unknown cavity radius and several attempts at its

Simple molecular models have a tremendous potentiatonstruction have been made in the literaffté© % The
for providing valuable insights into fundamentals of solva-basic question that remains open is whether a cavity radius
tion in liquids. This is because, by choosing a suitable modelgetermined in the framework of some procedure is indepen-
one can study a particular feature of the complex process dient of the solvent. A noticeable and complicated depen-
equilibrium solvation in molecular liquids. This strategy was dence on solvent polarity and density would depreciate all
recently followed by Papazyan and Warshelho analyzed the advantages of the dielectric continuum approach.
the cavity concept of dielectric continuum theories of solva- ~ We analyze the optimum cavity size in Sec. lll B below.
tion for a model system of ionic and dipolar solutes in aTo do that we need bulk dielectric constants of dipolar fluids
dipolar lattice. In that way, they examined the effect of theof various polarities. We obtain these from MC simulations
purely orientational response. The fitted cavity radii turnedof pure solvent in Sec. Il. We turn to solvation thermody-
out to be different for a Charge and a dipoie and showed é]amiCS in Secs. Illl and IV. As in the case of dipolal’ |attices,
Significant variation as a function of solvent poiarity_ we find in Sec. Il that the fitted CaVity radius varies substan-

The main components of polar solvatian real liquids  tially with solvent polarity. In Sec. IV, we propose a general
are: (1) orientational response ar@) density response. The approach to testing linear solvation theories that is indepen-
latter is a complex phemonon including) fluctuations of ~dent of the method used to define the sol(tavity) size
the local solvent densityii) changes in the average solvent- Provided the latter does not change with the solvent dipole
solvent separations, an@i) variations of the equilibrium moment. We find that the dependence of the cavity radius on
distances between solute and solvent molecular groups witfPlvent polarity leads to a wrong splitting of the solvation
changing attractive potenti&® The first component;), en- free energy into the internal energy and entropy components
hances, on average, the solvation stabilization energy in th® continuum treatments assumify,,~ const. Finally, Sec.
linear response. The combination 6 and (iii) is called V concludes. with the discussion of qualitative features of
electrostriction in the literatur¥. This is a nonlinear solva- dipole solvation.
tion effect. One may argue that it is electrostrict{gin) and
(iii )] that compensate for the failure of continuum models to
describe the orientational respoffs€ur present paper
makes a next step, compared to the dipolar lattice model The problem of calculating static dielectric constants of
explored by Papazyan and Warshegward realistic liquid  dipolar fluids is important in its own right and numerous
solvation. We explore here solvation of a hard sph@8)  simulations of HS dipolat? Stockmayer;? and soft dipolal*
dipolar solute in a dipolar fluid. In this case, both orienta-fluids have been reported in the literature. Early simulations
tional rearrangemerjorientational responsél)] and local  of dipolar fluids suffered from inadequate sampling, incor-
density changes in the solvent are allowed. On the othefect implementation of the boundary conditions theory, and
hand, because of the hard repulsive potential, the equilibriurtacked error estimategor a review, see Refs. 15 and)16
solute-solvent distance and hence the position of the firsivith the recent shift of interest to more realistic liquid
peak of the solute-solvent pair distribution function is fixedmodels!’ calculation of the dielectric parameters of simple
by the choice of the solute and solvent sizes and does nehodel liquids was mostly abandoned. As a result, for dipolar
change with the solute and solvent dipole moments. There i${S fluids, only a few dielectric constants are known with
therefore, no complication of compressing the solute and solacceptable accuracy.
vent molecular cores in the solvation process that, in our Early comparison of simulation results for model dipolar
model, includes the componerit), (i), andii). fluids to the linearized hypernetted-chaibHNC)® theory

The basic concept of linear response theories is to exproved to be unfavorable for highly polar liquisNo con-
press solvation through a response function that depends atusion could thus be drawn concerning the accuracy of ap-
homogeneous solvent properties. HS dipolar fluids are fullyproximate theories and the adequacy of simulation tech-
characterized by two parameters: the reduced solvent densibyques. The more recent nonlinear reference hypernetted-
p* =pc® and the reduced dipole moment*?=8m?¢°.  chain (RHNC) theory developed by Fries and Pdfey
Here p and o are, respectively, the number density and theshowed, however, a reasonable agreement between simulated
HS solvent diametem is the solvent permanent dipole, and and calculated dielectric constants fom¥)?<2 and
B=1/kgT. In a molecular description of solvation, the solute p* =0.8. Also the perturbation theof{T) of Tani et al2%®

Il. DIELECTRIC CONSTANT
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gives dielectric constants very similar to both simulationsthe cubic simulation bgxthat we use throughout below,in
and RHNC?®® Based on these findings one may be moreEq. (7) is equal to 6#. Early simulations of dipolar fluids
confident about general applicability of the schemes develalso employed the definition of the Kirkwood factor through
oped to extract infinite-size dielectric parameters from finitethe angular h'*qr) projection of the pair correlation
volume simulations of dipolar liquic®"*>16 Below we re-  function'®
port the results of our MC simulations of HS dipolar fluids in
the polarity range 18m*2?<3.75 which we compare to R
RHNC and PT treatments. Gk(Re,8")=1+(4mpl3) fo r?hHYrydr. (10)

A common way to obtain the static dielectric constant is

through the Kirkwood factor In his molecular dynamicéMD) simulations of a fluid

(M?) of soft dipolar spheres, Kusalik reported a substantial varia-
k=N (2)  tion of the dielectric constant with both the number of mol-
ecules in the simulation box and the RF dielectric constant
where ¢’ used in defining the boundary conditiofiswe therefore
N set up calculations with the aim of examining the system size
M= m, (3) ande’ dependence of the dielectric parameters. The MC
=1 simulations of dipolar HS fluids were carried out using
is the total dipole moment of a dipolar liquid composed of aMetropolis sampling W'trl) RF boundary conditions for the
macroscopic number dfl molecules.gy is related tos by canoplcaINVT ensembl&? in a cubic simulation box with
the standard equation the side IengtkL, the cut-off distanc&k.=L/2, and the ac-
ceptance ratio for MC moves equal to 0.5. Table | summa-
(e—1)(2e+1) rizes the infinite-size dielectric constants and Kirkwood fac-
9¢ ALY 4) tors obtained from Eq94) to (9) for dipolar fluids atp*
=0.8 and (n*)?=3.0 with varying numbers of particle
wherey = (4/9)Bm’p is the density of the liquid dipoles. _,gq SO(S] a)nd 864, and tV\)IIO 8alues of the [I)?F dieIBéctric
In the present paper, we will calculate dielectric constants. ) ctant. The system total dipole momeNtsEq. (3)] and

from the constant volume MC simulations carried out on the, , [Eq. (9)] and their first and second moments were calcu-
cubic simulation cell with the spherical reaction figleF) Iatiad after the equilibration period of 50 000 cycles.

bloundar.y conditior?é”fme applied to treat long-ranged The RF method, by construction, implies tlsdtmust be
dlpole-dlpqle forces. Itis now well docum_ented _that bound'close to the dielectric constaatof the bulk liquid. However,
ary conditions emplqyed ina comput_er S|mulat_|o_n of polarthe optimum value of’ may differ frome and the choice is
I!.J'ES hac\jvfe a large impact on the simulated fm'te'vommedictated by a compromise between the errors of evaluating
Irkwood factor Gk increasing with decreasing and the necessity to maxi-
GK(s’)=(Nmz)‘1[<M2)V—(M)\2,], (5) mize §amp_|ing g(f the phase §pei‘éd?or soft Qipolar fluids,
o o  Kusalik claimed®® thats’~¢ is the best choice when used
where( .. . .)y indicates the average over the finite simulation;, Mp simulations with periodic boundary conditions. In

vc_)lume_v. Gy dep,ends on the va'_Ue of the reaction field ey of this, we also performed simulations with adjusted
dielectric constant’ used to determine the RF cutoff of the qyring simulation runs using the iterative self-consistent

interaction potential. Two fluctuation formulas connectingyethod recently proposed by Gil-Villegas al?? in applica-
Gk(e') with the bulk dielectric constant have been pro- o to phase stability of dipolar spherocylinders. In this pro-

. Lo 21 .

posed. The first relation is by Neumarf'?! that states cedure the Kirkwood factoBy (¢ ') [Eq. (5)] was calculated
(e—1)(2¢'+1) for the first 10 cycles withe’ =100 and then was used to
WZSyGK(s’). (6)  determine the dielectric constastfrom Eg. (6). This latter

value was then used as the RF dielectric constant and was
A somewhat different fluctuation formula was proposed byupdated every Tfcycles. The results of this procedure are

de Leeuwet al,® also listed in Table | foN=256 and 500.
(e—1)(2&'+1) We can draw several conclusions from examining Table
T =3yyGu(R.,e), 7) I. First, there is no regular dependences0bn the system
(2e'+e) size fore’ =1000. As is illustrated in Fig. 1, the convergence
where of simulations slows down with increasirig. For N= 256,
Gk factors reach stationary values aftéy=230 000 cycles
Gk(Re,e")=(Nm) " [(M(R;)-M)y and we obtain a relatively long plateau on whigh listed in
—(M(R))y- (M1, ®) Table | is measured. F¥=500 and 864 partic_les thg sta-
tionary values are reached only at the end of simulation runs
NN and no good statistics were achieved. Secondg fer10 the
M(R;)=(N)~* ;1 121 MEO(Re—T i), (9 convergence is much faster, but the errors are higher. The

iterative self-consistent procedure of determinilgin the
0(x) is a step function an®; is the RF cutoff distance. For course of simulation runs proves to converge very slowly
the spherical RF cutoff witlR.=L/2 (L is the side length of and we could not achieve long enough plateaus. There-
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TABLE I. Dielectric constants and Kirkwood factors at different numbers of solvent molecules and RF dielec-
tric constantse’ for dipolar HS fluids atp*=0.8 and (m*)?=3.0. NI denotes the number of simulation
cycles.

€ Ok

g’ NZ®/1000 Eg. (6) Eq. (6)? Eq. (7) Eq. (7)° Eq. (6) Eq. (7) Eq. (10

256 particles
10 400 94t 5 97+ 6 977 1007 6.2+0.4 6.4-0.4 <0
78 400 77 83 77 84 5.06 5.09 6.04
1000 350 92.30.6 96.4:0.7 91.9-0.5 96.0:0.7 6.09£0.04 6.06-0.06 8.38

500 particles
10 350 732 74+2 74+2 75+1 48+0.18 4.9:0.1 <0
89 400 89 94 89 94 5.84 5.86 6.08
1000 450 86.+0.3 88.70.2 85.9-0.3 88.3:0.2 5.68:0.02 5.66-0.02 8.34

864 particles
1000 300 94.80.8 96.740.5 94.6:0.8 96.7-0.5 6.25:0.05 6.24-0.05 9.11

awith (M?2),, instead of{ SM?),, in Eq. (5).

Bwith (M- M)y instead oM -Mc)y—(M)(M.)y in Eq. (8).

“With the self-consistent dielectric constant of the RF as described in the text. Because of poor convergence the
values listed are averages at the end of simulation runs.

fore, only dielectric parameters at the end of simulation rundinite-volume simulation$® The difference between the two
are listed in Table I. ways of determinings factors can be seen only for highest
The rate of simulation convergence can be judged fronpolarities (n*)?=3.0 and already forri*)?=2.5 we even-
the comparison of dielectric parameters obtained from theually do not see any difference betwediM?), and
second moment$(dM)?),, and (M- M), to the same ((8M)?)y for N.>100 000.
quantities obtained from the expectation val¢&t?),, and For a comparison to finite-volume Kirkwood factors
(M¢-M)y in Egs.(5) and(8). The two ways must be iden- Gy(e') andGg(R¢,&’) we also showed in Fig. 1 the contact
tical for a macroscopic isotropic liquid and the small ratiovalue hlqo") of the h1Yr) angular projection of the lig-
(M)2/(M?), serves as an indication of the adequate samuid pair distribution functior(the subscript s’ stands for
pling of the phase space This ratio decreases with increas- solvent-solvent As is seen, it converges much faster than
ing N, but remains nonzero atn*)?=3.0, resulting in the Kirkwood factorsGy(s’) andGy(R.,&'). However, as
slightly different dielectric constant&able ). Note in this  shown in Table I, the use of EqL0) does not give qualita-
respect that the use of second moments is more accurate fgvely correct values for higie’ and results in unphysical
negativegy at ¢’ =10. There is also a considerable depen-
dence on the system size. The reason is a high sensitivity of

N = 256 Gy to the cutoff distance, since a considerable portion of the
0, Mmoo integral in Eq.(10) comes from the long-range part of
8 -N’ \,\ j/':.//:’,_,\/‘w i hé;.O(r).lﬁ
Y A ——— . - Table | also shows that the two methods of determining
M Ay MM | the infinite-volume dielectric constant from Ed§) and (7)
» U | are equivalent not only for the average but also for its

standard deviation. Therefore, the calculations are not in fact
0 o0 0 sensitive to the molecules at the corners of the simulation
12— : : : cell that are excluded in the method of de Leeatval!® The
ok N =500 same conclusion was reached by Kusatikal*4® in appli-
<M e cation to soft dipolar spheres.

8 W gpescet bt The main result of the analysis performed here is that, as
6 ‘T/J-—A?"J-—M-M ———————————— T long as we have at least 256 particles in the simulation box,
4 H / Rl s it is not the system size that is most important in simulating
2 ]\’ﬁ\//— N dipolar HS fluids where’>¢. The main concern in obtain-
0 | , , , ing a reliable value of the dielectric constant is adequate

100 200 300 400 sampling of the phase space achieved by sufficiently long
N./1000 simulation runs. We therefore tabulated dielectric constants
at different solvent polarities by simulating the systenNof
g)@ (dzsﬁfg iﬂi;gﬁzC,]Eftqg)ﬁg;ﬁiﬁﬁe@rlzv,\v,,%?daf:; z?\;sMca;'ﬁrf'dai‘i‘:Jr;rg Ed.— 256 molecules with:” = 1000. The number of simulation
Kirkwood factors with t?]'e expectation ;/aluéW)V and(?\/l~|\/|c>\, used cycles was chosen to assure a stationary value of the finite-
instead of the corresponding second moments in &y@nd(8). The dash- ~ Siz€ Kirkwood factorGy for at least 100 000 cycles. The

dotted lines show contact value$id(a™"). values ofGy used to calculate andgy and their standard
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TABLE Il. Dielectric parameters and internal energies per mole¢Ulg), /N of dipolar fluids of different
polarity atp* =0.8. Simulations are carried out at=1000 andN=256. N'®* denotes the number of simu-

lation cycles.
7B<U55>V/N € g

K
(m*)2 Ng‘ax/looo MC Ref. 1¢ RHNC MC Ref. 19 PT RHNC MC
1.00 250 1.0010.001 1.00 0.97 7.960.03 9.0:0.5 9.15 8.78 1.480.06
1.50° 250 1.833-0.002 1.76 16.80.1 18.0 174 2.150.01
2.00 250 2.7530.002 2.66 2.63 30060.2 31.6-4 31.1 31.2 2.940.02
2.50° 250 3.715:0.002 3.56 51.70.2 49.3 57.6 4.070.02
2.75 250 4.2350.002 4.21 4.05 67:50.7 65+3 60.5 825 4.8%0.05
3.00 350 4.744 0.006 92.30.5 73.2 5.22:0.12
3.25 350 5.2720.007 128.531.5 87.6 7.830.09
3.50 400 5.815%0.007 1492 103.8 8.420.15
3.75 400 6.3570.007 2183 121.8 11.580.17

gResults of previous simulations of dipolar liquid listed in Ref. 19.
Pwith N=500.

deviations were obtained by averaging over these last The PT approximation is limited to relatively small

100 000 cycles. The simulation results are listed in Table llvalues by its construction. We found that better agreement
MC simulations are compared to the RHNC and PT inwith simulations is achieved by raising the three-particle

Fig. 2 and Table Il. The PT approximation gives the dielec-term in Eq.(11) into the exponent

tric constant according to the relatiSn

2
e—1=3y+3y2+3y3p, (11) e—1=3y+3y%+ F[exq3p3y3/2)—1], (12
where as is illustrated in Fig. 2.
_ Olgaa
P= 16n2

and| 4q4s is the three-particle perturbation integral tabulated“" SOLVATION CHEMICAL POTENTIAL

in Ref. 20a). It is apparent that both the RHNC and the PT |, \yhat follows we consider a single HS dipolar solute
approxmailogs are in good agreement with the MC results, 5 solvent of HS dipolar molecules. Since we are interested
only for (m*)“<2. For higher polarities, the RHNC deviates j, excess thermodynamic properties, we can confine our-
upward and the PT downward from simulations. In thegelyes to the classical configurational partition functions for
RHNC calculations of pure dipolar fluids in this section and\ynich we need to define only the potential energy of the
in calculating the solute-solvent interaction energy in Secsystem. The total potential energy, can be split into the
IIlB we used the basis of angular projections of the pairgg|yte-solvent, Ugs, and solvent-solvent, U, parts

correlation functionh™(r) with m,n<2. All our conclu-(throughout below “0” stands for the solute and™ for the
sions about the accuracy of the RHNC for pure liquids and;qjyeny

solvation therefore refer only to this basis. Although the ac-

curacy of the RHNC integral equations improves with in- ~ U=Uogs* Uss. 13
creasing the basis s&tthe feature of the RHNC to overem- gor our dipolar solvation model, botbs andU . are given
phasize dipolar correlations at high solvent polarities hagy sums of the HS repulsions and orientationally dependent
been noticed by West al** also for a larger basis of angular dipole-dipole interactions

projectionsm,n<4.

UOs:UgsS—’—Ugs' Ugs:_z mO'TOJ'mj (14
250 . . . . .
and
200
1
w 150 USS:U?SS+USpS’ Ugs:_iz mj‘Tjk'mk- (15)
J#k

100
Heremg, andm; are the dipole moments of the solute and the

jth solvent molecule, respectively, ant, is the usual
dipole-dipole tensor‘l’f‘kﬁf VaVglri—rd ™ U§S and UL
stand for the HS repulsions.

y We can determine the moments of the solute-solvent
FIG. 2. e vsy at p*=0.8. Points are the simulation results. Lines refer to dlp_ole-dlpole_: mteractlo_n potential SOleI.y m. terms. of the sol-
the RHNC theory, perturbation theory of Tagti al. (PT, Ref. 20, and the ~ Vation chemlcal pote_ntlal. The connection is feasible through
interpolation equatiori12). the generating functional

50
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G(x,2)= (QN)_lf exf] — BxUf,— BzUE— pUTdI'Y
(16)

depending on the solute-solvent coupling paramgtemd
the solvent-solvent coupling The dependence anis used

D. V. Matyushov and B. M. Ladanyi 999

A. Padé approximant

Padeapproximation(PA) provides a way of truncating
perturbation expansions for excess thermodynamic proper-
ties. It replaces a real perturbation expansion by a geometric
series constructed from two leading perturbation terms. PA is

in Sec. IV below to define mixed solute-solvent-solvent cor-not a self-consistent theory and several routes to obtain the

relators. In Eq(16), dI'; is the differential of the center-of-
mass positions and orientations of th# molecule,dI'}
=dI';...dI'y, and the partition functio®y is for the N
solvent molecules

Qu- | exit—pu.gary.

For the dipolar interaction potenti@l3)—(15), the generat-

ing functional is expressed in terms of the chemical potential

of solvationu, of an effective dipoleém, in a dipolar liquid
with the dipolar parametéy,

G(x,z)=exf — Bup(Mo,¥)1, 17
where
1+x
My= mo\/ﬁ (18
and
y=y(1+2). 19

solute chemical potential are possible. Stell and co-workers
proposed to truncate the perturbation series for the free en-
ergy of homogeneous liquidslf this method is applied to
solvation(u route), we can get a Paderm of the chemical
potential including terms nonlinear m3 [Eq. (1)]. Alterna-
tively, we can truncate the perturbation expansion for the
solute-solvent interaction energgys=(U}.) yielding (u
route

2am
1+4bmg’

The perturbation coefficienta=a(y,p*,o,rps) and b
=b(y,p*,ros) are functions of the solvent polarity, den-
sity, p*, solvent HS diametegr, and the reduced distance of
closest approach of the solute and solvent HS cargs,

Begs=— (24

=Ry/0+0.5. The linear response coefficieafy,p* ,r o)
reads
am b Y (25

Rgﬁ 1+ k(p*.ros)y

HereRq represents the effective radius of a spherical dipolar

The moments of the solute-solvent potential follow from thegg) 12>

definition (16) and are given by derivatives of [If(x,z)]
with respect to the coupling parameter For the first two
moments we have

(UB = M 20
X,z=0
and
wﬁ[?nofy]
((8Uf)?) =~ T - (21)
where

(...)=(QN)‘1f ...exg—puldry.

In the linear response approximatignRA), the solute
chemical potential is quadratic mg, Bu,= —am(z,, and we
get two fundamental relations

€os= <U85> = zlup
and

B(UGs)=—BX(8Ug)?).

(22

(23

The first and second moments of the solute-solvent potential
are available from computer simulations and the extent of
deviation from prediction23) will be used below as a mea-

* dx
Rert = (3l0%) fo 7908 (X) (26)
determined through the solute-solvent HS pair distribution
function (PDP g{%(r). For a low solvent densitp* —0,
Ref tends toRy+ /2 that becomes equal to the solute radius
Rq in the continuum limito— 0. At nonzero densities, due to
effective packing of the solvent molecules in the first solva-
tion shell,R<Ry+a/2.

The parametek in Eq. (25) represents saturation of the
dipolar solvent response due to angular correlations of the
solvent permanent dipoles. In the RAis given by the ratio
of the three-particld,l>), and two-particle| (), perturbation
integrals

Kk(p* Toe) =152 (p* T os) 12 (p* T os). 27)

12) and 1Y) are tabulated in our previous publicatiotf?®

The parameteb(y p*,ros) in Eq. (1) quantifies nonlin-
ear saturation of orientations of the solvent permanent di-
poles in the solute dipolar field. We determined it by the

relatior?®
b(y, P* 1 Os)

3p yloe/Toe
~ 40070° (1+y 1IN ) (1+yI@ND)

(28)

sure of nonlinear solvation. An analytical expression for thewhere n=(m/6)p* and the perturbation mtegral%‘? and

solute chemical potential including nonlinear solvation terms|

can be obtained by a Patleincation of its perturbation ex-
pansion in powers of)f that we consider next.

) are given in Ref. B).
The average solute-solvent interaction energy can be ob-
tained from the chemical potentiél) according to Eq(20),
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. 2am
€os= (1+bm@)?’

where the superscript " refers to the u route. Similarly,
the chemical potential derives from theroute expression
(24) in terms of the thermodynamic coupling parameter in-
tegration

(29

2

3
fos IOs

pom | 2 Ugn. (30)
o A s
resulting in D
u a 2 nl
Bip=— Eln[l+4bmo]. (31 “§

In Eq. (30), (U§), refers to the solute with the dipole mo-
ment\. Note also that throughout below brackéts) with-

out a subscript denote the infinite-size average over the sol-
vent configurations in the field of the solute with the dipole
mo.

@

Because of thermodynamic inconsistency of the PA, &
Egs.(1) and(31) differ and, more importantly, have different o
types of dependence on the solute dipole moment. The
route predicts a stronger effect of nonlinear solvation on
thermodynamic and spectroscopic properties. We show be- ! . L . !
low that the ratio of the first and second moments of the 1.0 1.5 2.0 2.5
solute-solvent potential provides a test of the impact of non- Mos
linear solvation that favors the route. However, before test- s 3 ) .
ing the legitimacy of the Pad&uncation as a method of F'G(;l)& Plots 0ffgsX 1o (upper pang rooxlgs’ (Middle panel, andr g,

. . . . X1s¢ (lower panel vs ros. Points and lines indicate, respectively, simula-
evaluating the effect of nonlmea't §olvat|on, we first need totion results and calculations gh*=0.9 (circles, dash-dotted lings
test the accuracy of the coefficientyy,p*,0,rqs) and  ,*=0.8triangles, dashed lingsandp* =0.7 (squares, solid lingsCalcu-
b(y,p*,rps) to make sure that possible discrepancies betations are carried out with the HS PDFs according to Verlet and VReé
tween simulations and analytical results are rooted in thé?:

Pademethod and not in errors in the evaluation of the per-
turbation integrals ira(y,p*,o,rgs) andb(y,p* ,rog).

The perturbation integrald =) were calculate®® >

los

lated and calculated three-particle integrals. The reason for
. ) . ana that is the long-range character of the dipole-dipole interac-
using HS PD.FS obtamed fron; thLe Verle;—CNes gll?é)rjh' tion potentialz.o(a) As a result, the bulk of the integrals comes
In its extenspn to mixtures Dy Lee and LEeVesque. ThiS o gistances where the three molecules are well separated
procedure relies on the off-diagonal contact value of the PaiL - 4 the SA should be relatively accuratie. fact, our calcu-
dC|str|bhut|onSfun|_ct|onL t?keg from _the EOU%'k_FQAaTSOOH_ lations of three-particle integrals with more short-ranged po-
-ananan-— tz“ng_d elanc GQL(JjatIOH 0 PSDIEe Ie a';terl tentials showed inapplicability of the SA in such ca®¥s.
gives sgmew at underestimated contact PDF values for ar9§ow, with the proven accuracy of the perturbation integrals
solute€® and this could cause an error in estimating the Pers volved in the chemical potentigll), we can proceed to

turbation jr]tegrals. Ar!othgr Suspipious point. is our use of th‘:‘[esting the very method of Patieincation for calculating the
superposition approximatiofSA) in calculating the three- . ihaar chemical potential of dipole solvation.
particle integrals. Although the SA was found to be accurate

for the evaluation of homogeneous three-particle
integrals?®? its performance may be worse for the asymmet-
ric solute-solvent-solvent three-particle configuration. In or-  We carried out standard MC simulations in the canonical
der to test our previous tabulation of the perturbationNVT ensemble oN=500 solvent molecules. To create the
integralS®® we calculated them for configurations of the initial configuration, the solute of the size @:5wvas first

HS solvent around a HS solute obtained from MC simula-inserted in the center of the fcc lattice of the solvent mol-
tions. The simulation details are given in the Appendix.ecules. The solute size was then gradually increaseggto
Simulations are compared to calculations employing HS=1.4 in the course of MC runs avoiding the solute-solvent
PDFs, combined with the SA for three-particle integrals, inoverlap. The RF boundary conditions for the long-range
Fig. 3. Taking into account inevitable errors of extrapolationdipole-dipole interactions witls’ =1000 andR.=L/2 were
used to obtain infinite-volume integrals from finite-volume employed. The average solute-solvent potential energy
simulated values(see the Appendix the calculated and (UJ)y, the second momexr{sUp)?)y, and the correlator
simulated perturbation integrals are in excellent agreemen{sU§.6Uy) (see Sec. IV beloyvwere measured after the
Somewhat surprising is the good agreement between simttaging” period of 50 000 cycles. Simulations were per-

B. Simulations of solvation thermodynamics
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TABLE IIl. —B(Uge)y (1) and BZ(8U2Z)y (I1) atros=1.4 andp* =0.8.
(m*)2=1.0 (Mm*)2=2.0 (m*)?=3.0
my/m I 2 1° I 12 e I e

2.0 2.35-0.08 232 228006 5.880.04 5.70 5.80.2 9.83:0.02

4.0 9.410.22 9.17 9.320.08 24.06:0.02 22.69 22.90.2 39.34-0.07 37.3:0.3
6.0 21.23-0.07 20.06 19.330.07 52.96:0.07 50.01 47.320.25 86.4:0.2

7.0 29.52:0.10 26.53 26.150.07 71.7&0.08 65.86 66.340.12 118.6:0.2 109+2

8.0 35.8%-0.05 32.86:0.14 92.4@:0.15 80.8:0.4  151.7#0.1 132.2:14
9.0 45.66:0.04 39.8:0.2 114.2:0.1 97.4:0.6 188.8-0.1  153.8-1.2
10.0 55.5%0.07 45.96:0.09 139.90.1 106.4c0.4  231.3-0.2

8RHNC calculation. We could not achieve convergance of the iterative algorithm of solving the RHNC integral
equations formy/m>7.0 and m*)?>2.8.

bStandard deviation when the second moment achieves a stationary value. The error due to the finite system size
may however be as large as 5%.

formed at different values of solvent polarity and for the give the finite-size moments within approximately 5% of
range of solute dipole moments<an,/m<10. The firstand their infinite-size values. The differences between Pautd
second moments listed in Tables IlI-V, as well as their stansimulated( sU§,6U%9\, moments in Table V for largeny/m
dard deviations, were measured by averaging over at leasitios and solvent dipoles can be attributed to insufficiently
50 000 cycles after all three moments had reached their stdong simulation runs. The solvent reorganization energy plot-
tionary values. Usually, it took 250 000—350 000 cycles toted against the number of simulation cycles shows relatively
get sufficiently long stationary plateaus. In some cases, esp&ng plateaus which can be confused with final stationary
cially at the highest polarity ofrt* )2= 3.0 studied, we could values.
not reach stationary limits for the second moments. These Figure 4 compares simulate@ircles and calculated
cases correspond to blank entries in Tables Ill and V. Sincéines) solute-solvent energies,s depending on the solute
ferroelectric phase transitions in stftand nonspherical dipole and solvent polarity. The solvation chemical potential
hard! dipolar fluids were reported in the literature, we have(squareswas obtained by a polynomial extrapolation of the
also monitored the heat capacity and ferroelectric ordesimulatedeys energies used in the integration over the solute
parameteét®-31 during the simulation runs. No indication of a dipole moment in Eq(30). The solute-solvent interaction
phase transition was found in the parameter range studied.energyeys from the u route[Eq. (29), dashed linesconsid-
We also checked the dependence of the calculated valuesably exceeds simulations. Accordingly, the Patlemical
on the system size by running simulations with differentpotential (1) deviates upward from the simulation results:
numbers of solvent moleculeN:=255, 500, and 868Table  For the highest solute dipolen,/m=10 and polarity
VI). The first momen{U5,), does not show any variation (m*)2=3.0 studied the deviation amounts to 30%. The use
with the number of particles beyond simulation errors.of the u route [Eq. (24), dash-dotted lindssomewhat im-
((8UB9?)\ varies up to 5% in going fronN=255 to N proveseys, but it is still too high. Also, from Table 11, we
=500, but there is no variation with changing froh  see that the RHNCbasis ofh™ with m,n=<2] somewhat
=500 toN=2863. The system size dependence is more pro=8%) underestimatesy.3? Neither the PA, nor the
nounced for the momentsU§.6UR), . However, also in  RHNC thus give us accurate enough solutions for the solute-
this case, there is little change in the moment magnitude isolvent interaction energy. Two questions arise in trying to
passing fromN =500 toN=863. We can therefore be con- improve the PA{(i) Which of the two routes of Padeunca-
fident that simulations witiN=500 solvent molecules can tion is preferable3ii) Where is the main flaw of the PA

TABLE IV. Internal energy— 8(Up) from simulationsMC) and the Pade ~ TABLE V. — 8% 8Uy6Uo at roe=1.4, p*=0.8 from MC simulations

approximation PA, Egs.(29) and(36)]; p*=0.8. (MC) and Padeapproximation(PA).
(m*)> 05 10 15 20 25 30 35 40 (m*)?
mc? 3.21 9.41 16.30 24.06 31.37 39.34 46.77 55.91 1.0 2.0 3.0
PA 3.19 9.21 16.21 2366 31.36 39.21 46.83 55.17
McP 204 367 551 743 949 116 mo/m MC PA MC PA MC PA
PA 1.99 3.62 5.40 7.27 9.20 11.2 20 1.25-0.09 1.27 5202 4.2 5002 78
Fo 1.2 1.4 1.6 1.8 4.0 5.23:0.06 5.0 16.30.2 164 31.9-0.7 30.1
6.0 10.3£0.2 10.9 3551.2 35.3 743 64.2
MC 41.76 23.85 14.72 9.64 7.0 15.10.2 14.5 44.50.3 46.6 84.4
PA  40.65 23.66 14.90 9.77 8.0 20.0:0.4 184 58.4-0.9 58.8 103:2 106.0
9.0 21.3-0.1 22.7 68.40.9 716 1142 128.2
8 0s=1.4, mg/m=4.0. 10.0 25.4:0.2 27.2 77.31.7 84.7 150.5

br0s=1.0, mg/m=1.0.
¢(m*)2=2.0, mg/m=4.0. ANith N=2863 solvent molecules in the simulation box.
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TABLE VI. System size dependence of the simulated moments; 1.4, ]
p*=0.8.
(mo/m) (M*)2 N =B(UB)y  BXdUGy  —BX(UesdUsqy .
4.0 20 255 23.780.03 22.16:0.15 12.6-0.3 3'
500 24.06:0.02 22.9@-0.20 16.2-0.2 |
863 23.75:0.02 23.620.13 16.3-0.3
8.0 1.0 255 36.060.05 28.480.15 14.5-0.4
500 35.8%-0.05 32.86:0.14 19.3+-0.3
863 36.26-0.07 31.69-0.40 20.6-0.4
8.0 20 255 92.720.02 79.520.46 42.9-0.7 , : : : : . :
500 92.34-0.06 81.6@0.50 56.1-0.4 1.04 g
863 92.40-0.15 80.8@-0.40 58.4-1.0 o)
o
1o ——
3, e
resulting in too high thermodynamic quantities? As we show 0.96 W_
below, the answers to these questions follow from examining
the solute dipole and solvent polarity dependence of the two 0.92 L L L L L L L
parameters 10 15 20 25 30 35 40 45
((8UB9)?) ’
ANLT W (32 FIG. 5. The parameter of nonlinear solvatigg, calculated from theu
s route (solid lineg and theu route (dashed lingsat (m*)? equal to 1.0 and
and 2.0 (upper pangl The points are simulation results an{)2=1.0 (circles
and (m*)2=2.0 (squares In the lower panelyy, vsy is shown for the
fixed ratiomy/m=4.0.
T T T T T
60 (m*)°=1.0 -
//U <5U855U23> 33
40 §_//" T * (U9 >
/// - The nonlinear Padéorm (1) is defined by the linear
20 A =T ] response coefficierd and the nonlinear solvation parameter
b. We want to understand which of the two results is in
o 2'0 4'0 elo slo 150 major disagreement with the simulations. Let us first con-
. : . . — sider the ratio of the second and first moments of the solute-
150} (e < 20 7 solver_lt dipole-dipole potentia(32). The LRA pred|pts
== ///'U/ o) equality between the abso_Iute values of the reduced first and
100 //é” i second moments according tp qus).. Thgrefore, XNL
P - serves as a measure of solvation nonlinearity. In the LRA,
. /// ///// ] we haveyy, = 1. The Padepproximation predicts thagy,
— T is less than unity and is fully determined by the nonlinear
./ | . | . solvation coefficienb and the magnitude of the solute dipole
° 20 40 60 80 100 moment. We have from thg route
300 . T - I Xk =(1—3bm3)/(1+bmd) (34
(my° =30 //_//o and
g’ .
200 e . , ,
= o Xne=(1—12bmg)/(1+4bmg) (35
Z -
100 s g 1 from theu route. o
o In the upper par_1e| in Fig. 5, we plotteg. vs_molm
0 , | \ | \ from the u route (solid lineg andu route (dashed linesas
0 20 40 60 80 100 well as from simulationgpointy. As is seen, thal route
(mg/m)? predicts too strong a nonlinear effect compared to simula-

tions. The simulation points, although scattered, are closer to

FIG. 4. The solute-solvent interaction enereg (u) and solvation chemi-  the prediction of theu route for (m*)2= 1.0, 2.0. As is seen
cal potential(x) vs (my/m)? at different solvent polarities. Lines indicate jn the lower panel in Fig. 5, this agreement extends up to

calculations with the Paderm in the u route(dashed lines u route (dash-
dotted line$, and theu route with corrected dipolar saturation factofEqg.

=3.5 formy/m=4.0. For highery values,y\,_ deviates up-

(36), solid lineg. The points are simulation results fegs (circles and u,, ward from the decaying tren_d predicted by the PA a_nd b?'
(squares comes even larger than unity. In Sec. V, we explain this
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phenomenon in terms of switching the nonlinear solvation
mechanism from orientational saturation described by the PA
to electrostriction. Electrostriction is not accounted for by the
Padeform (1) that is the reason for the observed disagree-
ment.

Next, we want to improve the numerical accuracy of the
PA. The dependence of the parameter[Eq. (33)] ony
considered in Sec. I\Fig. 7) shows explicitly that it is the N
linear response coefficieatthat primarily needs correction. 0 1 2 3 4
In Eq. (25), the termBy/ Rgﬁ corresponds to the low-polarity y
per.turbation .eXpanSion qip tha?t i-s exact fpr smaly.'The FIG. 6. The cavity radius obtained by fitting the Onsager solute-solvent
main approximation of the PA is involved in the estimate 0finteraction energy(Egs. (37) and (38)] to simulations(point9 and the

the saturation parameter(27) as the ratio of two perturba- RHNC theory vs the dipolar polarity parameterThe dielectric constant at
tion integrals. We will therefore seek an improvement of the(m*)2=4.0 is obtained from Eg(12). Also shown is the MSA effective

Reav/c

PA in changingk. The correction radius of ion solvatiorfi-MSA, Eq. (39)]. The dashed reference lines indi-
cate the solute radiuR,, the effective radiuR.« [Eq. (26)], and the closest
k=[1+(1-1/2r 03)2] [ 833)“ E)ZS) (36) approach distancB,+ a/2.

substantially improves the agreement between simulations

and the PA(the solid lines in Fig. # As is shown in Table HereA, is the length of longitudinal correlations of the per-
IV, both the dependence onand the solute size of simu- manent dipoles in the pure solvent,/o=3&/(1+4¢&),%* ¢
lated eys conform with the PA(1) within 3% when Eq(36)  is the MSA solvent polarity paramet&t.

is used in the linear response coefficienfEq. (25)]. Al- Both the RHNC theory and MC simulations lead to a
though the correction factor in E¢36) is a totally empirical  significant dependence of the cavity radius yanThere is,
one, we have chosen it to obey the limit of a macroscopitherefore, no unique cavity radius for a given solute. Already
solute in a highly polar solvent witii— . In this case, the this makes continuum theories inapplicable for analyzing

macroscopic Onsager thedtywith solvation data over a wide polarity range. The solvent depen-
dence of the cavity radius gets smoother at hygand the

af(y)= é M (37) problem may seem insignificant rendering the cavity size an

Riav28(y)+1 adjustable parameter in every solvent. The dipolar response

contains, however, a very strong cubic dependenc&gp

L . X resulting in further inconsistencies of the continuum picture.

reactlon-flfld g)]eg)w The PA. W.'th « from Eq. (36) gives For HS dipolar fluids, the temperature comes explicitly only

a— (BI2Re)(I6s/165)- I.n the limit RO/U%1 we havel_?eﬁ into the polarity parameter: a dependence oy means also

—Ro=Reay gnd the ratio of.the perturbation |r_1tegrals ISVery 4 dependence on temperature. Therefore, a cavity radius fit-

close FO unity thus recovering the macroscopic Onsager l',m'tted to the solvation chemical potential at some temperature
with accqrate simulation data for_ both'the solva}non cannot be used at other temperatures. This also implies that

thermodynamics and homogeneousl dielectric propgrtles _%fontinuum models cannot be employed for splitting the

the §0Ivent we can how test the cay|ty concgpt of d'elec_tr'cchemical potential into the internal energy and entropy, as

continuum theories of dipole solvation. Continuum theonegNe explicitly show in Sec. IV. As mentioned in Sec. I, in our

ar? baS(_ad on the LRA and,_ according to E2p), the solute- dipolar fluid model, the peak of the solute-solvent distribu-

solvent interaction energy Is tion function is always fixed aRy+ o/2. This distance is
Begs= —ZaO(y)mcz,. (38) solvgnt mdep_endeqt and, as seen in F|g. 6, greatly exceeds

the fitted cavity radius. Hence, the location of the first peak

The assumption explicitly or implicity made in all con- of the spherically symmetric solute-solvent PDF cannot be

tinuum treatments is that, as long as the cavity radius isised as a cavity radius, as sometimes propds&d.

defined, Eqs(37) and (38) give a correct solvent polarity

variation of the solvation thermodynamic potentials. Figure 6

shows cavity radii obtained at differentby fitting Eqs.(37) IV. SOLVATION INTERNAL ENERGY

and(38), with the dielectric constants calculated in Sec. Il, to The internal energy of d|po|e so|vaticﬁ"§ is a tempera-

the RHNC (the solid ling and simulated(pointy solute-  tyre derivative of the chemical potenti@0) resulting in the

solvent interaction energiesy;. The horizontal reference fyundamental relatiol

lines indicate the solute radil,, the distance of the closest

solute-solvent approacRy+ o/2, and the effective radius

Reir Of the parturbation theory. Since it is used in numeroust includes the average solute-solvent interaction enexgy

applications}* for comparison, we also showed the effectiveand the change in the solvent-solvent interaction energy

radius of ion solvation in the framework of the mean spheri-(with respect to the bulk solveninduced by the solufé®

cal approximatiofMSA)

mo dX
= — - p p
Rg"ﬁSA/a: ros—Aplo. (39 €ss BJ’O N (6UQpsUEY, . (41

predictsa®— ,B/ZRg (the superscript “O” labels the Onsager

€p=€pst Ess. (40)
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Here 5U852U83_<U85>>\1 5UES=UES—<USS>)\ and, as
above, the subscript refers to a solute with the dipole mo-
ment equal to\. From Egs.(17) to (19), we get

L Pl 9)

p py_—
(sUBaUy=— gt

(42

X,z=0

General relations for theys and eg solvation energies
are available in the LRA when the solvation chemical poten-
tial is quadratic inmg: Bu,=—a(y) mg. In this case,

Beos=—2a(y)m;
and

ess= — (BI2)( sV 855U 25)
Also, from Eq.(42), we have

d Ina(y)
ay
Equation(43) is an important result based solely on the

thermodynamic derivation and hence valid for any linear re-

sponse theory. It gives us a convenient tool of calculating the

solvent-solvent component of the solvation energy. It ap-
pears that the knowledge of the solute-solvent response co-

. (43

€ss™ — eOs( l-y

BH3U,.8U_)

D. V. Matyushov and B. M. Ladanyi

efficienta(y) suffices to geegs. For instance, we can obtain & ol |
ess for a continuum solvation model that, in fact, does not o

specify the nature of the solvent-solvent interactions in the ’r ]
liquid replacing it by a dielectric continuum. Further, all the 10 - .
terms independent of solvent polarity disappear from the 5 ! ! ! !

logarithmic derivative in Eq(43). This implies, for example,

2.0 25 3.0 35 4.0 4.5

that the solvent independent cavity term of continuum theo- - Sy/Ke

ries does not affect the magnitude of the factor in brackets i

Eq. (43). The parametey, defined by Eq(33) reads in the
LRA

2eqs d In a(y)
=l-y——.

44
€os 07y ( )

Xs= —

M. 7. Upper panelB?(sUB.6URY vs (my/m)? at different solvent po-
larities: (m*)?=1.0(square} (m*)?=2.0(circles, (m*)?=3.0 (triangles.
Points are simulation results and solid lines are according to (£4.
Middle panel: the parametef; [Eq. (33)] vsy from the continuum Onsager
theory (*O”), linear Padetheory [LP, Eq. (46)], and the MSA at
my/m=4.0, ros=1.4, andp* =0.8. For the LP, the dash-dotted line indi-
cates the Padsolution without correctior{36) and the solid line with the

Xs may serve as an indicator of the ability of a linear re-correction included. Lower panek, vs s, at differenty values and
sponse theory to predict the solvent dependence of the réb/m=4.0. Points are simulation results.
sponse function irrespective of the procedure used to deter-

mine the solute(cavity) size as long as the latter is
independent of the solvent dipole moment.

For the Onsager response functi8v) we can gety,
from the Kirkwood connectiori4) of the solvent dielectric
constant to the solvent polarity parameyerThis yields

|8 2Inygey)
Xs™ 2T g2 ay

(45)

For the linear response Pattem [b=0, Eq.(25)] we get
_ Ky
Cltky’
The moment(SU§.8UPY) for the nonlinear Padéorm (1)
follows from Eq.(42) yielding

ky 1—bmj
1+ky 1+ bm(z) '

Xs (46)

B(8UGs0UZ9 =(Ugs) (47)

In deriving Eq.(47) we used the approximatidm(y)«y ne-
glecting they dependence df(y) originating from the Pade

truncation of the solvent dependence of theng nonlinear
solvation term. Differentiation of the Padierm with respect
to the solvent polarity parametgr may lead to erroneous
results as indeed happens concerning the derivative
db(y)/dy. The Padechemical potential is an approximation
and all the thermodynamic properties derived from it must be
tested against simulations. As is shown in the upper panel in
Fig. 7, the momentsUB,8ULY) given by Eq.(47) is indeed
in a fairly good agreement with simulations fant)?=1.0
and 2.0 when the internal energy with the corrected lin-
ear response coefficieat[Egs.(25) and(36)] is substituted
into Eq. (47). The values for n*)2=3.0 in the upper panel
in Fig. 7 are more scattered reflecting the general trend of
declining the simulation’s accuracy with increasing

In the middle panel in Fig. 7, we shoy vsy calculated
from the Onsager continuum respofk&eg. (45), “O” in Fig.
7], the linear Paddorm [Eq. (46), “LP” in Fig. 7], and
simulations(pointg. The points in Fig. 7 were obtained from
simulated averagddJ§,)y after correcting for solvation non-
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linearity according to Eq(34). There is generally a good The interaction energy of a solvent dipejha)EO in equi-
agreement between the Paded simulation results in the |ibrium with the solute fieldEy(r) at pointr reads

whole polarity range lending additional support to the linear B

response coefficient given by Eq@5) and (36). Figure 7 Ugy(1) == (M), Eo(r).

also shows the parametgg calculated in the framework of The chemical potential of solvation can then be obtained

the mean spherical .appro>5<im3%tic(MSA) for dipolar HS  trom thermodynamic integration over the solute field as fol-
mixtures(“MSA” in Fig. 7 ).5@ lows:

One interesting feature of the solvent-solvent contribu-
tion to the solvation thermodynamics is the exact compensa- _ Eo
. . . mp=p | dr [ dE-(m)g.
tion of the internal energy,s, and entropyT s, contribu- 0

tions in the solvation chemical potential. The chemical h vent di . in th field
potential does not depend on the solute-induced change |T1 e average solvent dipolen)e is given, in the mean-fie

the solvent structure near the solute because of the thermgPProximation, by a Langevin f“UC“O” and if only the first
dynamic equalit’®3? nonvanishing term in the expansion {@h)g over the solute

field E (the superscript “1,” LRA is taken, we gét®@

(49

€ss= I Sgs- 2

. . . . . D)= e pm 2
This equation was claimed to be responsible for the existence  Ug, ()=~ 57 3~ Eo(r) (50
of isokinetic relationships that are defined as a linear relation
between the entropy and internal enéfgshanges for some and
procesgreaction, solvation, etcwhen some parametées.g., 9ye
the solventis varied®© In fact, for linear solvation, we can pp=— e +18n f Eo(r)? dr. (51
indeed write down a relation between the eneggyand en- € T
tropy s, of solvation. We have Here, the cavity field factor &(2¢+ 1) accounts for the

difference between the effective solvent dipole moment in a

€p=€ost ss=€os(1~xs/2) dielectric continuum and in the vacuuf¥®-33

and Equationg50) and(51) correspond to a one-particle sol-
1 vent response, i.e., a change in the orientation of any particu-
Tsp=2€0s+ TSss= (€05/2) (1~ xs)- lar solvent molecule is assumed to be independent of the
Therefore, we get surrounding solvent dipoles. In fact, this is a very poor ap-
proximation for dense polar fluids. Because of the long range
ep=Tsp2_XS. (48) of dipolar forces, the orientations of solvent dipoles are
1=Xxs strongly correlated and the orientational response has a

many-body character. To account for screening by the sur-
rounding dipoles, we need to multiply the one-particle re-

pendence of. on'y is relatively weak(the middle panel in sponse by a screening response function. Actually, the situ-
Fig. 7) and in a narrow range of solvent polarities a linegration is not as simple and, to account for the nonlocal feature

isokinetic trend may indeed be observed. We still need t»f dipolar correlations, we need to write down an integral of

stress that such a trend does not reflect any fundamental cofft® Product of interaction potentials taken at pomtandr,

nection between the internal energy and the entropy and Igonvoluted V\_’ith a response _functio_n dependingrem r.
merely a reflection of the fact that the ratio ef, and ey The convolution is simplified in Fouride space. If the solute
varies smoothly with solvent polarit§Fig. 7, lower pangl is large compared to the solvent molecules, the Fourier trans-

Equation (48) also gives us the relative weights of the form of the response function can be approximated by its

internal energy and entropy in the solvation chemical potenk=0 value and Eq(51) reads

tial. From the middle panel in Fig. 7 we see that, in dielectric 9ye S(0)
. . . . . 1) y 2
continuum theoriesys is close to unity and the internal en- Mo =~ 5.71 8. | Eolndr, (52
ergy is the main component @f,. xs is much smaller in _ .
molecular treatmentéboth in the MSA and Pddeesulting ~ Where S(0) refers to the Fourier transform of the dipolar
in a larger entropic component in the solvation free energyresponse function g=0. When the longitudinal response
function

S(0)=(3y) *(1-1/e), (53

and the dipolar solute fieldwith the cutoff at the cavity

The preceding development concerned chiefly the qua@diUSRca) are used in Eq(52), we come to the Onsager

titative aspects of dipole solvation thermodynamics. In thig€Sult for the solvation chemical potential
section, we give some qualitative insights that can be gained m2 e—1

. g (1) b €
from our calculations. In order to provide better understand- — up ' =— R oet1
ing of major components of the solvent response, we build cav
our discussion on a simplified, but physically transparentfFor solutes not much larger than solvent molecules, the

derivation of the solvation chemical potential. k=0 approximation for the dipolar response function is not

Because the factogy; depends on solvent polarity, there is no
universal relationship betwees ands,. However, the de-

V. DISCUSSION

(54)
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accurate necessitating a dependence of the cavity radius ¢ion comes to the linear response term. The change in the
solvent polarity discussed in Sec. Il B. This complication equilibrium local density compared to its bulk value caused
that may seem to be only a quantitative problem results in &y the solute field is, however, a purely nonlinear effect
fundamental failure of continuum models to predict energiesermed electrostriction in dielectric theorits.
and entropies of dipole solvation, as we explicitly showed in  In our simplified derivation, we can account for electros-
Sec. Ill. The same flaw was found for ion solvatf§#.This triction by including the distance-dependent density variation
enables us to suggest that continuum theories must be gefp(E) into the solvation chemical potential
erally restricted to the chemical potential in treating multi-
pole solvation. o Eo

In deriving the solvation chemical potential according to ,up=S(O)f drjo dE-(m)eAp(E). (57)
Eq. (49 we explicitly assumed that all the positions of a
pro_be_ solvent molecule arognd _the solute are equwalen}n the continuum representation of the solvent, the following
This is a reasonable approximation only for large squtesrekmOn holds forA p(E):10@
For solutes and solvents of comparable sizes we need to take
into account packing effects resulting in preference of one e
position of a solvent molecule over another. This feature is AP(E):,BTPZ(—)
represented by the spherically symmetric projec@é‘ﬁ(r) P/t
of the solute-solvent PDF. Equati@gd9) thus transforms to

E(r)?
8w '

(58)

where B+ is the isothermal compressibility of the homoge-

Eo neous solvent. From Eq&3), (57), and(58) we get
up=pf gg?(r)drfo dE-(m)e.

If we continued the derivation as is done above, we *p~ 20, (59)

would come to Eq(54) with the effective radiudRys [EQ.

(26)] instead ofRc,,. The problem that arises in pursuing gecirostriction hence produces a negative contribution to the
this approach is that the local solute-solvent structure aﬁeCt§olvation chemical potential enhancing its absolute value.

also the screening function of the solvent dipoles. In contrasg o ersely, orientational saturation diminishes solvation sta-
to the long-ranged dipolar forces, packing produces a Shorbilization. The second-order terfthe superscript “2') of
ranged structure and tike=0 value can be taken only for the o Langevin function representing the average solute dipole

orientatione?t{ part of the response. As a crude approximatiozlm>E gives for the corresponding interaction energy &
we thus g

e BTP(ﬁ_S) 8_1m_é
dp);2e+1 R}’

mS e—1

(1) — _ (1)
Mo =T RS 241 M ©9 ' ' ' '

02| e §
where " / \

4
abm,

2 o0
n_ 9yemyg J' dr

0.01 - / \ .

= — — (0)
Sup'== 551 | 7afr—RohR(D), (56) | A —
o = o

Ri=Ry+a/2, hQ(r)=g{?(r)—1, and(x) is a step func- h : L " L
tion. v
The solute-solvent correlation functidnﬁg)(r) in Eq.
(56) can be expressed through the corresponding solvent- 144 ' , ,
solvgnt correlgtion functiormg?(r) by using the Ornstein— %f sl .
Zernike equation kS °o
g 42 o i
g o
(0) (0)/ v 1\ (0)f 1t , = Ml o 7
O(r—Rphp (r)=0(r—Ryp)p | cpg(r)hg(r' —r)dr’, 2wl ) |
2 139 - ° -
wherecg?(r) is the solute-solvent direct correlation function § o . . .
and, for hard spheresg(r—R;)c{?(r)=0. The function 138 ) s .

ph(sg)(r) reflects correlations between density fluctuations in
the homogeneous solvent. Therefore, the tém}” in Eq.

(55) can be interpreted as an enhancement of the solvatiofiG. 8. The nonlinear<mjg expansion coefficient obtained ag+uf?
free energy due to fluctuations of the solvent density aroundflashed lineand from the expansion of the Paftem, abm,, with b from
its equilibrium value (The corresponding solvation term in Eq. (28) (the solid ling and from simulationgpointy according to Eq(34).
I aq X i . p 9 _ In the lower panel, numbers of solvent molecules in the shek<t/4
the reorganization energy of electron transfer reactions wasz 4 from the simulations are shown at differeyt my/m=4.0,

termed the density reorganization ene?‘byThis contribu-  roe=1.4, p*=0.8.
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TABLE VII. Solvation moments and parameteyg, and s from MC simulations aimy/m=4.0, ro;=1.4,

andp*=0.8.
(m*)?
Parameter 1.0 15 2.0 2.25 25 3.0 35 3.75 4.0
— B(UBYy 9.4 16.3 24.1 27.6 31.7 393 472 51.2 55.9

BA(8UB)?)y 9.1 15.6 22.9 26.3 304 37.3 47.0 51.4 57.3
—B%(sUBURY, 5.2 10.0 16.8 19.2 24.8 319 38.4 42.0 475

XNL 0.967 0957 0950 0952 0959 0.948 0.996 1.004 1.025
Xs 0545 0600 0679 0680 0770 0790 0.812 0.822 0.861
. gem* [ 3g |3 . y. As is seen in the lower panel in Fig. 5 and Table Wi,
Ug"(r)= 45 \2e+1 Eo(r) is less than unity following the Pagwediction in the range
0<y<3.5. It becomes however larger than unity at higpher
. . ) implying that electrostriction makes the solvent fluctuate
and, for the solvation chemical potential, even stronger than the LRA would predict. We should stress,
however, that the nonmonotonic behavior of the nonlinear
~ 682m? s2(s—1) mg parameter as a function of solvent polarity was obtained for a

(2)

T (2€T)3R_? (60) constant ratio of the solute and solvent dipole moments.

Thus, an increase in the solvent dipolar strength was accom-
panied by strengthening the solute solvation power. Such a

Calculations using the RHNC compressibility in E§9) situation is hardly realizable in experiment where changing
show that the two nonlinear termﬂ,g and ME)Z), are very Of the solvent for a particular solute is the common strategy
close in absolute value, but have opposite signs. Their sum Rf studying solvation. In such cases, most probably, only the
about an order of magnitude smaller than each componesientational saturation regime well described by the Pade
resulting in compensation of nonlinear saturation by electrosaPproximation will be observed. Note also that in real liquids
triction. This effect, well-known for ion solvatio#? 89 js  the dipolar correlations are effectively destroyed by molecu-
the reason for a small nonlinear solvation effect in liquidslar quadrupole§“**and the electrostriction regime of nonlin-
compared to solids where rigid structure suppresse§ar solvation may not be attainable. This problem needs fur-
dashed lingto the expansion terabn{ with a taken from  multipoles.

the improved Padéorm [Egs.(25) and(36)] andb from Eq. As we have shown in Sec. IV, the paramejgr may
(28) (the solid line and from simulationgpoints according  Serve as a test of how adequately a particular linear response

to Eq. (34). Because of the continuum dielectric assumptiontheory gives the dependence of the solvent response on sol-
and a crude estimate of dipolar screening effects, the com¥ent polarity. Figure 7 shows that the Onsager theory does a
pensation inug+ () is not exact leading to a substantial VErY poor job in predictings. The inaccurate estimate gf
deviation from perturbation and simulation results. Our aim€sults in a wrong splitting of the solvation free energy into
in this section was not to give a rigorous treatment, but tghe internal energy and entropy of solvatigfy. (48)]. The

gain clear physical insights into mechanisms of nonlineaduilibrium solvation energyg,, and the entropys,, are
solvation. The simplified derivation performed above meetdormed as sums of negative solute-solvent stabilization parts
this goal showing that the sign switch of the nonlinecang and positive solvent-solvent contributions. Fgrthe solute-
term is due to a competition between orientational saturatiofCIVent part accounts for about 60%-70% of the total solva-
and electrostriction: Orientational saturation prevails at lowfion energy. By contrast, the two components in the entropy

y and electrostriction becomes the dominant factor at highe@'® Very close in magnitude and the solvation entropy is
polarities. always substantially smaller than the solvation enefigy

In order to test a possibility of switch in the nonlinear @Psolute value, see Fig).7This situation is very different
solvation mechanism, we performed simulations for the confrom the thermodynamics of solvent effects on optical tran-
stant ratiomy/m=4.0 at differenty. The simulation results smon_s. In the latter case, the solvent-solvent_p_art of solvation
are listed in Table VIl and are shown by points in Figs. 5 and€mains constant for a Franc_:k-C_o_ndon tran_smon and cancels
8. Although scattered, the simulated values of theoeffi- out (apart from a small polarizability effe¥y in the spectral

cient obtained using Eq34) seem to support the change of shift.

the nonlinear solvation mechanism from saturation to elec-

trostriction. This change is concomitant with the increase in

the solvent density ?n the solute _vicinity, as is iI_Iustrated inACKNOWLEDGMENT

the lower panel in Fig. 8. The switch of the nonlinear solva-

tion mechanism is reflected by a very nontrivial behavior of  This work was supported by the National Science Foun-
the nonlinear solvation paramet&?2) with dipolar strength dation Grant No. CHE-9520619.
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TABLE VIII. Perturbation integrals calculated on HS configurations from MC simulations.

3 2 3 3 9 4 9 5
rOSXIE)s) rOSXISS) rOSXI(()S) rDSXIE)S)

fos p*=07 08 09 p*=07 08 09 p*=07 08 09 p*=07 08 09

1.0 1596 1.676 1.796 0.953 1.036 1.118 2281 2529 2.881 3.890 4.650 5.645
1.2 1571 1634 1.796 1.061 1.152 1.240 2.245 2522 2.881 3.913 4.674 5.639
1.4 1511 1584 1.670 1.128 1.216 1.298 2.234 2489 2.789 3510 4.126 4.849
1.6 1.470 1540 1.670 1.153 1.239 1.298 2.211 2.436 2.789 2.912 3.358 3.936
1.8 1445 1513 1544 1189 1.236 1.304 2153 2405 2.609 2.343 2.633 2.830
2.0 1404 1.463 1527 1.187 1254 1287 2088 2315 2544 1.647 1876 2.115
225 1354 1409 1.462 1.166 1.236 1.293 2.014 2213 2425 0.733 0.869 0.944
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