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Abstract: A guasi-chemical theory implemented on the basis of molecular simulation is derived and tested
for the hydrophobic hydration of CF4(aq). The theory formulated here subsumes a van der Waals treatment
of solvation and identifies contributions to the hydration free energy of CF4(aq) that naturally arise from
chemical contributions defined by quasi-chemical theory and fluctuation contributions analogous to Debye—
Huckel or random phase approximations. The resulting Gaussian statistical thermodynamic model avoids
consideration of hypothetical drying-then-rewetting problems and is physically reliable in these applications
as judged by the size of the fluctuation contribution. The specific results here confirm that unfavorable tails
of binding energy distributions reflect few-body close solute—solvent encounters. The solvent near-neighbors
are pushed by the medium into unfavorable interactions with the solute, in contrast to the alternative view
that a preformed interface is pulled by the solute—solvent attractive interactions into contact with the solute.
The polyatomic model of CF4(aq) studied gives a satisfactory description of the experimental solubilities
including the temperature dependence. The proximal distributions evaluated here for polyatomic solutes
accurately reconstruct the observed distributions of water near these molecules which are nonspherical.
These results suggest that drying is not an essential consideration for the hydrophobic solubilities of CF4,
or of C(CHs), which is more soluble.

. Introduction Specifically, we formulate a theory that permits direct
It was famously noted many years ago that “no one has yet evaluation of the hydration free energy of £&q) on the basis
proposed a quantitative theory of aqueous solutions of nonelec-Of Primitive simulation data and without the reliance on the
trolytes, and such solutions will probably be the last to be SPecialized perspective of van der Waals (vdW) theories in
understood fully.t Much has been done since that comment which physical interactions are separated into reference and
was offered first and molecular simulation. as distinct from Perturbation interactions. Furthermore, these developments solve
theory, is now routinely applied to aqueous solutions of the difficulties of high-energy (unfavorable) fluctuations
nonelectrolytes. But quantitative molecular theory is still €XPressed in tails of binding energy distributienvhich are
incomplete for these systems. Despite the fact that aqueoustentral to the statistical thermodynamic problem. Finally, these
solutions are central to biochemistry, biophysics, and to nano- 4evelopments avoid consideration of unphysical intermediate
technology invented by analogy to sophisticated biomolecular States that might occur, for example, in coupling-parameter

systems, molecular theory for these systems is still an outstand-ntegrations.

ing challenge. A feature of coupling-parameter integrations for hydration
Motivated in the first place toward validation of simulation free energies for Cfaq) that has been of specific interest
models? this paper defines and solves several problems which recently-? is drying-then-rewettingf the solute through inter-
are essential for quantitative theories of aqueous solutions. Themediate levels of attractive couplings between solute and
results of the present topical application to,Gf) shed new  solvent. In this drying-then-rewetting scenario, it is argued that
light on hydrophobic hydration in an interesting setting of solute Water pulls away from hydrophobic contédhen the effect of

size and interactions. attracFive interaction_s is to pull a preformed interface §tructure
; . — back into contact with the hydrophobic solute. As discussed
x%ﬂﬁ‘a”rfe“&‘]’itg‘rssig/”'vers'ty- below, the insights obtained by considering the distribution of
s Los Alamos National Laboratory. solute-solvent pin_ding er_lergies help to avoid _drying of a
'The Ohio State University. surface when it is destined only to rewet with physical
(1) Rowlinson, J. SLiquids and Liquid MixturesPlenum: New York, 1969;
p 167.
(2) Li, X.; Li, J. Y.; Eleftheriou, M.; Zhou, R. HJ. Am. Chem. So2006§ (3) Weeks, J. DAnnu. Re. Phys. Chem2002 53, 533-562.
128 12439-12447. (4) Ashbaugh, H. S.; Pratt, L. RRev. Mod. Phys2006 78, 159-78.
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interactions fully expressetf Because drying phenomena can o -

be associated with a characteristic temperature dependence of

the hydration free energy, an important quantitative outcome Q- In Pyp(e)

here is verification of a temperature dependence of the aqueous

solubility of CF, that is characteristic of simple hydrophobic ¥+ -

solutes; that is, the computed hydration free energy of CF ®

increases with increasing temperature through moderate tem- © °°o°0

peratures:® The work reported here thus gives new results and oo
analyses of the significance of drying to the hydration free o | oo d

energy of molecular solutes such as,CF '

The vdW theory is the well-established starting point for the -10
theory of liquids generally®11 A signature of a vdW theory is &(keal /mol)
_the separatlon of the p_hy3|cal mtgractlons Into refer_ence Figure 1. Distributions of binding energies of neopentane (NE(CHs)s)
interactions and a remainder that is treated perturbatively. to water observed during simulation of the solutioriTat 298 K,p = 1
Suitably identified hard-core model interactions are one pos- bar, and infinite dilution. The open circles are the unconditional distribution

ibility f h f . io2.Th luti f th Pnp (€) = [d(e — AU)I The filled squares are the conditional distribution

sibility for the re erence_'nteraCt'o > e solution of the Pnp (¢/n = 0) obtained from the sample in which no water O-atoms occupy
reference model problem is then the first tAgkvdW approach the volume defined by the distande< 0.335 nm of any C-atom. The
anticipates minimal changes in the local structural characteristicscurve is a Gaussian model for the conditional distribution.

upon inclusion of perturbative interactions. Then final evaluation
of thermodynar_nic properties can use first-order perturbation electrolyte solution theory are obvious exampfeo the
theory and is simplé2** extent that the preliminary modeling is important, ambitious
Several general complications can arise with this approach. theories often do not satisfy the desiderata noted above, and
One complication is that a good identification of reference that is a limitation.
interactions is not available for physical intermolecular interac-  Here we discuss and test a theory that does satisfy those
tions, in general. If a conventional reference interaction model, desiderata. This theory transparently subsumes vdW approaches
for example a hard-core model, is merely assumed, anotherand identifies additional natural contributions, in particular both
complication can arise if local structural characteristics observed chemicalcontributions as defined by quasi-chemical thedfies
for the reference case are not closely similar to those with the and fluctuation contributions that would naturally arise with
full, physical interactions. The latter complication is realized Debye-Huckel (or random-phase) approximaticfisie test
for hard-core models of hydrophobic solutes in water when the this new theory for a problem, GFolubility in liquid water,
solute is substantially larger in size than a water molecule; for Where vdW approaches should be just fine. A reason for this
hard-core solutes a gradual dewetting with increasing solute size@Pplication is that the physical arguments justifying a vdw
is expected. This has been clearly recognized for a long-time approach are sometimes so specialized that it is helpful to see

-14

-12

-6 4

and accurately characterized receritly.
Thus, the Ckaq) case and many other liquid solutions

eventually require an understanding beyond the concepts of vdW

how the present approach naturally encompasses the physical
issues of vdW problems.

A basic theoretical issue is exemplified by the results of
Figure 1. Shown there by the open circles is the probability

theories. A desideratum for such extensions is that they shouldOlistlribution of the binding enerd§!® (€) of a neopentane

be naturally embedded in the molecular simulations that are
the way calculations on liquids are routinely done now. Another

molecule C(CH)4 in model liquid water. (Simulation details
are given later.) Notice that this distribution displays a long,

desideratum is that theoretical extensions should permit treat-neaﬂy exponential tail extending to highHere we follow the
ment of accurate molecular-scale potential-energy models,jgea that this tail reflects the influence of repulsive forces

including chemical interactions where they are important.
Insightful extensions of vdW theories have been propdsed.

between the solute and solvent molecules. We rearrange the
estimation of the excess chemical potential to acknowledge

Because these are difficult problems the historical theories information on problems of packing a hard-core-model-C{gH

typically start with modeling simplifications that are viewed as
external to the theory. Therimitivze modelghat are standard

(5) Ashbaugh, H. S.; Paulaitis, M. H. Am. Chem. So2001, 123 10721
10728

(6) Ashbaugh, H. S.; Pratt, L. R.; Paulaitis, M. E.; Clohecy, J.; Beck, T. L.
Am. Chem. So005 127, 2808-2809.
(7) Graziano, GJ. Phys. Chem. B004 108 9371-9372.
(8) Huang, X.; Margulis, C. J.; Berne, B.J.Phys. Chem. B004 108 9373~
9374,
(9) Huang, X.; Margulis, C. J.; Berne, B. J. Phys. Chem. R003 107,
11742-11748.
(10) Widom, B.Sciencel967, 157, 375-382.
(11) widom, B. Statistical Mechanics. A concise introduction for chemists
Cambridge University Press: Cambridge, U.K., 2002.
(12) Chandler, D.; Weeks, J. D.; Andersen, H.Seiencel983 220, 787.
(13) stillinger, F. H.J. Soln. Chem1973 2, 141.
(14) Hummer, G.; Garde, $hys. Re. Letts 1998 80, 4193-4196.
(15) stell, G. InStatistical Mechanics. Part A: Equilibrium Techniqu&erne,
B. J.,, Ed.; Plenum: New York, 1977; pp 484.
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into this solvent. A consequence of that rearrangement is an
explicit identification of achemicalcontribution to the desired
free energy, and the theory is then recognized as an instance of
quasi-chemical theory!®19 The modified distribution of
binding energies that we then seek from the dataown by

the black squares of Figure—ls Gaussian to sufficient
accuracy. The result is then an accessible, approximation of the

(16) Friedman, H. L.; Dale, W. D. T. IrStatistical Mechanics. Part A:
Equilibrium TechniquesBerne, B. J., Ed.; Plenum: New York, 1977, pp
85—135.

(17) Pratt, L. R.; Asthagiri, D. InFree Energy Calculations. Theory and
Applications in Chemistry and Biolog¥hipot, C., Pohorille, A., Eds.;
Springer: Berlin, 2006; Chapter 9.

(18) Beck, T. L.; Paulaitis, M. E.; Pratt, L. Rhe Potential Distribution Theorem
and Models of Molecular Solution€ambridge University Press: New
York, 2006.

(19) Paulaitis, M. E.; Pratt, L. RAdv. Prot. Chem2002 62, 283-310.
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desired interaction-contribution to the chemical potential of remaining configurations are a fractionOpcg, (N =0) < 1
C(CHg)4(aq). The width of the Gaussian distribution provides of the original number. Then

a correction to a mean-field picture of this free energy and thus

a check whether a mean-field treatment is sufficient.

Il. Theory

The probability densityPcg,(e) = (e — AU)Oof initial
interest determines the excess chemical potential of &CfF
through

expBu) = [ Per(€) exp(Be) de (2.1)

the potential distribution theorem in threverseform.18:19§(x)
is the Dirac-delta function. The binding energy) = Unt+1 —

Un — U; is the difference at a sampled configuration of the
potential energy of the whole system from the sum of the

decoupled energies of the solution and the soldtes 1/kT

(ex

with T being the temperature, a Fj is the interaction
contribution to the chemical potential of &q). Specifically,

ideal
U (Cel):(: =Hcr, — ﬂgFja) (2.2)

(ideal)

The right-most term of eq 2.2 ™, would be the chemical

potential if intermolecular interactions were not present, so

(ex)

UcE, is the part of the chemical potentiatr, in excesof the
ideal gas result at the same density and temperature.

We discuss below results dPcr,(e). But motivated by the

(ex) —

ek, =

u$Q+KTIn peg, (n=0) +KTln f Pce, (€In = 0) exp(e) de (2.4)

re-expresses the free-energy that is sought in eq 2.3. This
introduces the notation th&cr, (¢/n = 0) is the probability
distribution ofe = AUcg,, conditional on the event that there
are no overlapspcrs (n = 0) is the associated marginal
probability.

The intention is thaPcg, (e|n = 0) should be more suitable
in providing an accurate evaluation of the integral of eq 2.4
than isPcg, (€) for the corresponding integral of eq 2.1. Both
those integrals involve the exponential factor gkpthat makes
their values crucially sensitive to highbehavior of those
distributions. That sensitivity to low-probability features is the
characteristic difficulty for evaluation of free energies, and is
unavoidable as a general matter. The intention here then is that
the conditioning is a device to exclude near-neighbor, kigh-
contributions in the integral that must be evaluated; those near-
neighbor, highe contributions are properly assessed by the
packing and chemical contributions, the first two terms on the
right-side of eq 2.4.

The remaining interactions in the conditioned sample are ones
that are a sum of numerous contributions and less energetic than
instances that are excluded. A Gaussian model then seems
natural for the conditional distributiofPcg,(eln = 0). If a

introductory discussion, we also pursue an interest in hard'coreGaussian approximation is assumed, eq 2.4 adopts the simple
(HC) model solutes. A HC model solute rigidly excludes the ¢ ’ '

solvent water molecules from a molecular volume positioned

on the solute molecule. That excess chemical potenfjlis

assumed to be known; there has been extensive study of that “F

packing problem in modern tim&¥-31 so that is a realistic

assumption. To calculatg®? on the basis of the same
simulation data, we would naturally use the difference fordtula

exp-B(uE — u&)) = @xXpB(AULc — AU )T (2.3)

P

In this elaborated notatiodMUcg, now stands for the binding
energy for the CkFmolecule, andAUyc is the corresponding

binding energy for the HC casAUc is either zero (no solute

E~KTIn pee, (1= 0) +
1+ AU In= omg [OAUe)?n = 00(2.5)
Of coursé?
&9 —KTIn pee, (n=0) —u§P=
UcE, Per, ( ) — e
KTIn f Pcr, (€In = 0) expe) de = AU In = 001(2.6)

In providing alower bound this mean-field approximation is

solvent overlaps) or infinite (overlapping). The simulation data different from traditional vdW treatments which typically
being generated in the same way as before, the use of eq 2.Provide upper bounds.

merely requires eliminating configurations in which a solvent

A further difference from vdW approximations is the

molecule penetrates the assigned solute exclusion volume. Thecontribution from the marginal probabilityce, (n = 0). The

(20) Pohorille, A.; Pratt, L. RJ. Am. Chem. S0d.99Q 112, 5066-5074.

(21) Pratt, L. R.; Pohorille, AProc. Nat. Acad. SciU.S.A.1992 89, 2995
2999.

(22) Pratt, L. R.; Pohorille, AConf. Proc—ltal. Phys. Soc1993 43, 261—
268.

(23) Hummer, G.; Garde, S.; GéaclA. E.; Pohorille, A.; Pratt, L. RProc.
Nat. Acad. SciU.S.A.1996 93, 8951-8955.

(24) Gomez, M. A,; Pratt, L. R.; Hummer, G.; Garde JSPhys. Chem. B999
103 3520-3523.

(25) Pratt, L. R.; Garde, S.; Hummer, GATO Sci. Ser., Ser. €999 529,
407-420.

(26) Hummer, G.; Garde, S.; Gaa¢A. E.; Pratt, L. RChem. Phys200Q 258
349-370.

(27) Pratt, L. R.; LaViolette, R. A.; Gomez, M. A.; Gentile, M. E. Phys.
Chem. B2001, 105 11662-11668.

(28) Pratt, L. R.; Ashbaugh, H. hys. Re. E 2003 68, 021505/1-021505/6.

(29) Pratt, L. RAnNnu. Re. Phys. Chem2002 53, 409-436.

(30) Floris, F. M.J. Phys. Chem. B005 109, 24061-24070.

(31) Ben-Amotz, D.J. Chem. Phys2005 123 184504.

favorable contributiorkT In pcg, (n = 0) corresponds to a free
energy assessment for the solvent density that would have been
excluded by the chosen HC model, but which is permitted in
the problem of physical interest. This is the same as the
contributionkT In Xp in previous discussions of quasi-chemical
theory. The present suggestion is thus a simple realization of
quasi-chemical theor$2 The challenging application of quasi-
chemical methods to liquid water in ref 33 emphasized the
important compensation betweﬁrﬁfé’ andkT In pcg, (n = 0),
packingand chemistrycontributions, respectively. In fact, the

(32) Hansen, J.-P.; McDonald, I. Rtheory of Simple LiquidsAcademic
Press: New York, 1976.

(33) Paliwal, A.; Asthagiri, D.; Pratt, L. R.; Ashbaugh, H. S.; Paulaitis, M. E.
J. Chem. Phys2006 124, 224502.
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Figure 2. (Upper panel) Radial distribution function for oxygen (O) atoms
relative to the carbon (C) atom of GKLower panel) Corresponding results 0.2 04 0.6 0.8 1.0

for C(CHs)s except that the SPC model for water was used to permit

comparison with results of previous wotk. r(nm)
Figure 3. (Upper) Proximal FO radial distribution function extracted from

present approach provides surprisingly realistic results for the theT = 298 K data for Ci{aq). (Lower) Observed and reconstructed radial

free energy of liquid watet X0 distribution functionsX = F or C). Thecrosses are the radial distribution
This th . ived the basis of simulation data f functions reconstructed from the proximal distribution, elevated by 0.5 for

IS gory IS conceived on the basis of simulauon ; a'a or clarity. The observed and reconstructed distribution functions are accurately

the physical system, not for a reference model. This is an the same.

advantage because of the wide availability of simulation tools

with realistic intermolecular interactions embedded. It is typi- sought heré® The polyatomic neopentane molecule was rigidly

cally less easy to implement calculations for a reference model, constrained in an optimum geometry. The united-atom potential energy

perhaps even a HC model solute. Nevertheless, evaluation offodel of Clz was that of ref 36; the GFparameters for that all-atom

the HC contribution of eq 2.4 is still required, and that might model were those_ Of_ref 37. _ _
require a special purpose calculation. We will focus principally on Ckaq) instead of C(Cks(aq) in what

Reliance on data for the physical system might be additionally follows because of recent interédiut also because comparison of
esults with available thermodynamic data offers the possibility of

gg&n?r?,ie:gu?sf(;;sgéggufzrsglg“msdgt slgmgge‘l?sgrf :reecauséelpful validation®® We note that C(Ck)4 is more soluble in water

. . NN . than is CE.3® Neopentane is larger, but the contributions of attractive
innocuous cases where the solute with realistic interactions does, aractions are large as well.

not exhibit notlceable_ drying, though drying is expected for the The classical molecular dynamics simulations were performed with
naturally. corresponding HC mod%?.Whgre that dlﬁerepce IS _ the NAMD 2.5 code. For the NPT simulations, the pressure was held
substantial, the present approach offers improved physical clarity constant at 1 bar using the Langevin piston method, and the temperature
by merely attempting to use statistical information parsimoni- was controlled by Langevin dynamics applied to the oxygen atoms.
ously, without attributing physical significance to intermediate The structure of each water molecule was constrained by the SKAKE

results. procedure.
Il Methods For pressure control, the Langevin piston period was set at 200 fs
' and the decay constant was 100 fs. The temperature of the Langevin

Reference 9 used the SPC model for water in studying hydration of
neopentane, and we carried out that calculation for comparison. We (35) paschek, DJ. Chem. Phys2004 120, 6674-6690.

used the same force field as ref 9 used for the realistic model of (36) Bonifecio, R. P.; Pdua, A. A. H.; Gomes, M. F. CJ. Phys. Chem. B
2001, 105, 8403-8409.

)
)
neopentane, and both SPC and SPC/E models for water. It might be(37) Watkins, E. K.; Jorgensen, W. LI. Phys. Chem. 2001 105, 4118
)
)

anticipated that the SPC/E model predicts slightly more structured radial 4125.
Scharlin, P.; Battino, R.; Silla, E.; Tan, I.; Pascual-Ahuir, J. LPure

distribution functions and slightly better thermodynamic properties Appl Chem 1998 70, 18951904,
(39) Kale, L.; Skeel, R.; Bhandarkar, M.; Brunner, R.; Gursoy, A.; Krawetz,

(34) Shah, J. K.; Asthagiri, D.; Pratt, L. R.; Paulaitis, M. Balancing Local N.; Phillips, J.; Shinozaki, A.; Varadarajan, K.; SchultenJKComp. Phys.
Order and Long-Ranged Interactions in the Molecular Theory of Liquid 1999 151, 283-312.
Water, LA-UR-07—3494 Technical Report, Los Alamos National Labora-  (40) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJGComp. Physl1977, 23,
tory: Los Alamos, NM, 2007. 327-341.
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! ! ! ! ! Figure 5. (Upper panel) Binding energy distributions for the united-atom
model Ck in water atT = 298 K andp =1 bar. The open circles are
0.2 0.4 0.6 0.8 1.0
: : : : : Pcr, (¢) and the filled squares aRr, (¢|n = 0) with A = 0.3789 nm, the
r(nm) smallestr at whichgco (r) = 1. (Lower panel) Corresponding results for
) . . o . the polyatomic model of CfHeren = 0 indicates that in the conditional
Figure 4. (Upper) Proximal C(methy)O radial distribution function  gample all water O-atoms are located a distance greater than 0.278 nm from

extracted from the C(Chlu(aq) (neopentane) data at= 298 K. (Lower)
Observed and reconstructed radial XO distribution functions (X = C(methyl
or C). The crosses are the radial distribution functions reconstructed from
the proximal distribution, elevated by 0.5 for clarity. In this case, the
observed CO distribution function has a slightly but perceptibly sharper
principal peak than the CO distribution function reconstructed from the
proximal distribution function.

piston was set equal to the temperature of the Langevin thermostat.

The damping coefficient of the thermostat was set at Z.ps

The Lennard-Jones interaction was terminated at 11 A by smoothly
switching to zero starting at 10 A. Electrostatic interactions were treated
with the particle mesh Ewald method with a grid spacing of ap-
proximately 0.75 A. The SPC/E water motielas used for both the
united-atom and the polyatomic ¢models. Our choice of SPC/E for
the united-atom model is consistent with the choice made by ref 36. It

is known that these water models are among the more successful ones

in describing the low-pressure equation of state for liquid water and
also for studies of hydrophobic hydratiéh.

We constructed the system by placing as@#olecule at the center
of a box containing 512 water molecules. For convenience in analysis,
we fixed the carbon atom of the ¢nolecule to the center of the
simulation cell. The starting system was equilibrated for 2 ns. During

any F-atom.

< T

<+ -

o [ (AU, [n=0)  (keal/mol)

I T

0

2

<} N

@ :

o T=298K e xe

o | % T=324K

] e T=350K

~

g

T | T T
036 0.37 0.38 0.39

A (nm)

Figure 6. For the united-atom model of Gaq), dependence of conditional
mean binding energy with radius of the conditioning sphere. More
aggressive conditioning, eliminating more near-neighbors, lowers the
conditional mean binding energies, i.e., makes binding energies more
favorable. This expected behavior is not consistent with attractive solute
solvent interactions drawing a preformed interface into closer contact.

this time, fluctuations of instantaneous temperature, pressure, and . e polyatomic model, electrostatic and nonelectrostatic contribu-

density were monitored. After equilibratipa 2 nsproduction run was
used for the united-atom Giodel. Configurations were stored every
200 fs, and the same period was used to accumulate statistics on th

tions to the binding energy need to be assessed. For electrostatic
interactions, we implemented the generalized reaction field method

QGRF)#2-44 and also used our earlf§Ewald simulation approach. As

temperature, the pressure, and the volume. The density of water was

calculated from the mean volume of the simulation cell. For the rigid
polyatomic model of Ck a 4 nsproduction run was carried out, with

all other data collection and analysis procedures identical to that for
the united-atom model.

(41) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, J. Phys. Cheml987,
91, 6269-6271.

(42) Hummer, G.; Soumpasis, D. M.; Neumann,Mbl. Phys.1992 77, 769—
785.

(43) Hummer, G.; Soumpasis, D. M.; Neumann, MPhys. Condens. Matter
1994 A141-A144.

(44) Hummer, G.; Pratt, L. R.; GdmlA. E.J. Phys. Chem. A998 102 7885—
7895

(45) Asthégiri, D.; Pratt, L. R.; Ashbaugh, H. $. Chem. Phys2003 119,
2702-2708.
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Table 1. Results (eq 2.5) for the United-Atom Model of CF,42
T(K) A (nm) [AUgr,In =00 + BRI AUer)2in =00 +uid +KTIn per, (n=0) =u
298 0.36 —4.7 +0.4 +8.2 -0.1 =3.9
0.3789 5.1 +0.1 +9.6 -0.5 =41
0.39 —54 +0.1 +10.4 -1.0 =41
324 0.36 —45 +0.4 +8.5 -0.1 =43
0.3789 —=5.0 +0.2 +9.8 -0.5 =45
0.39 —5.2 +0.1 +10.7 -1.1 =45
350 0.36 —4.4 +0.4 +8.8 -0.1 =47
0.3789 —4.38 +0.1 +10.2 —0.6 =4.9
0.39 —=5.1 +0.1 +11.1 —-1.2 =5.0

a ] is the conditioning radius. After the marginal probabilfiyr, (n = 0) is estimated, all configurations with an O-atom wittirof the C-atom are
excluded from subsequent analysis. Free energy contributions are in kcal/mol.

S composed of one type of interaction sitine present model neopentane
*4_*.3;&@-’97@»@.\*,** is an example-are detailed in the references. In the case of a solute
) T ©\® ke with more than one type of interaction site, such as,@fe size of
* @/ \ the constituent sites must be taken into accd@iibhe carbon of Ck
5 2 Q/ Q\ however, is buried within fluorine atoms, so that no water molecules
= Y ® are closer to the carbon than to any other interaction sitesc@ibe
= O/ \ effectively treated as a solute with just one type of proximal radial
. 1‘ difault gl?dcl_ © distribution function.
S B ?WZ?f;Smeﬁ‘f;ﬁ;ENT Traditional radial distribution functions can be reconstructed ap-
proximately as follows: the three-dimensional density of water sites
! ! ! ! ! ! ! ! of type a, denoted byaW, near ann-site solute in positiono”" is
0 2 4 6 8 10 12 14 assumed to be
n
=] paW(r|%n) ~ pawgaprox(mini (|r - ri|)) (37)
ak-*-*-*-3&7323-‘@-\3*-**-*
0 o o Here min(|r — ri|) is the distance from to the nearest or proximal
/ \ site of the soluter; € & Traditional radial distribution functions can
s = /o @\ then be determined by contraction, taking the appropriate spherical
= . o/o 0\ average about the site of interest.
— *
‘ * default model © IV. Results and Discussion
S f :)bserved fractions
‘ wo-moment MAXENT Typical results forgeo(r)—the radial distribution of oxygen
1 T 1 T T T 1 atoms from the central carbon aterare shown in Figure 2.
0 2 4 6 8 10 12 14 For the case of Cf-the differences in this characteristic between

Figure 7. Observed distribution of occupanciesf the stencil shaped for
the polyatomic hard-core model of GFT = 300 K. Here—ujjc/kT =

united-atom and polyatomic models are slight. Thesgré€sults
are qualitatively similar to the C(GH results, from both the
present and the previous wotklThese distribution functions

Inpo ~ —14.2. A similar direct approach would not be practical for are not qualitatively different from the measured+Q@ distribu-

neopentane; more sophisticated efforts will be required for larger solutes, +; - 9 i
and that deserves subsequent work. The diamonds give the results for th(-::[Ion functions for Kr(aq)“. Judged by the location of the

two-moment maximum entropy model which uses the probabilities indicated
by the stars as the default model{upper panel) Poisson default model;
(lower panel) uniform probability default model.

expected the results were imperceptibly different for the handful of
configurations that were tested. Thus we consider here only results with
the more economical GRF approach.

The required hydration free energies for hard-sphere solutes were
taken from ref 4. HC polyatomic GRnodels were evaluated by trial
insertion into liquid watef; details of those results are noted as they
arise in the discussion that follows.

As an alternative to the radial distribution function, the water
structure near our polyatomic solutes was determined ysiogimal
radial distribution function&54647In this characterization of structure,
water density distortions are measured relative to the solute interaction
site to which the individual water molecules are closest. The methods
for evaluating the proximal radial distribution functions for a solute

(46) Ashbaugh, H. S.; Paulaitis, M. B. Phys. Chem1996 100, 1900-1913.
(47) Garde, S.; Hummer, G.; Gas¢lA. E.; Pratt, L. R.; Paulaitis, M. E2hys.
Rev. E 1996 53, R4310-R4313.
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maximum of the measured radial distribution functf8iKr is
about the same size as are the;@todel solutes studied here,
and the solubility of Kr(aq) displays classic hydrophobic
temperature dependent&he maximum values of the distribu-
tion functions obtained here are slightly smaller than that
measured for Kr O, but the differences might not be significant.
Since those data for the Kr(ag) system are not sensitive to
pressuré® it is reasonable to conclude that drying is not playing
a significant role in the hydration structure of Kr(aq). This view
is consistent with accurate theoretical results for hard-sphere
solutes in water which indicate that maximum values of radial
distribution in the neighborhood of 2 are distinct from the cases
of larger-sized hard-sphere solutes where drying is well
developed.

(48) Ashbaugh, H. S.; Paulaitis, M. lhd. Eng. Chem. Re&006 45, 5531—
5537

(49) Filipponi, A.; Bowron, D. T.; Lobban, C.; Finney, J. Phys. Re. Lett
1997, 79, 1293-1296.

(50) Bowron, D. T.; Weigel, R.; Filipponi, A.; Roberts, M. A.; Finney, J. L.
Mol. Phys.2001, 99, 761—-765.
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Table 2. Results for the Polyatomic Model of CF4, as in Table 12

T(K) [AUer,In =00 + BI2IDAUer)2in =00 +uil +KTIn per, (n=0) =ul)
298 54 +0.3 +8.4 -03 =30
325 —5.2 +0.3 +8.6 —-0.4 =3.3
350 -5.1 +0.3 +8.7 —-0.4 =35

aThe experimental result &t =298K is 3.1 kcal/moP8é For this model, the conditioning requires that all oxygen atoms be outside the volume defined
by the distancél = 0.278 nm from each F atom.

Figures 3 and 4 show the ateratom radial distributions 2 .
associated with the solutevater structures. The reconstructions
of the traditional radial distribution functions on the basis of " | united-atom (this work) .
the proximal distribution functions are remarkably successful. '%é‘ N o
The proximal distribution functions have a maximum value of = o | o e
about 2.0 and give no indication of drying. Indeed, the only é N united-atom (Ref. 36) .-~
noticeable differences between the observed and reconstructed I o
radial distribution functions shown is associated with the central =« | & IR *
carbon of the neopentane solute. In that case, the observed . |crperiment 0’(_)-—1”"/* polyatomic (this work)
principal maximum of the radial distribution function is slightly @ K
sharperthan the principal maximum reconstructed on the basis 1 | | T |
of the proximal distribution function. 280 300 120 340 360

The conditioned and unconditioned binding-energy distribu- T(K)
tlons.f.or t.he Chk mo.de.ls considered are shown in Figure 5 The Figure 8. Hydration free energies for G@q) as a function of temperature.
conditioning that eliminates close neighbors also predominantly the experimental resufsare the open circles; The united-atom results
eliminates unfavorable (high) binding energies, as was antici- used the solute model of ref 36, and circle-and-cross symbols plot the results
pated with Figure 1. This is consistent with the view that the ggm_l_;ab'e 5 Oftthat Iftef?mf;ﬁe- T'?te(‘;i”fid Squage Iis tge ﬁ;%'%l;'ggon of ref
solvent near-neighbors are pushed into repulsive interactions,; St dstaoe ot S\Ihi(ge@:(%i D et of Hhage g':g;;hs
with the solute, that is, the solvent squeezes the solute. That isprovides a heat capacity of hydration, but here three points are insufficient
a standard view of hydrophobic effe¥tand contrasts with the  to support further consideration of that.
idea that a preformed interface is pulled into contact with the
solute by solute-solvent attractive interactions. This point is ~ Figure 8 plots the results for the hydration free energies and
reinforced by examination (Figure 6) of the dependence of the compares with the available experimental results. The previous
conditional means for the united-atom case with increase of thecomputational results for the united-atom mdéere below
conditioning radiusl: more aggressive conditioning, eliminating the lower bound (eq 2.6) obtained here. The difference is not
more near-neighbors, lowers the conditional mean binding large. But in our experience working on this problem, this
energies, that is, makes binding energies more favorable. Again,situation should not be considered unusual. Ambitiduié
this expected behavior contrasts with the idea that attractive calculations of such free energies can have statistical errors and
solute-solvent interactions drawing a preformed interface into Systematic biases comparable to approximation errors of simple
closer contact. models. In fact, an alternative evaluation of this free energy on

The observed linear trend in the conditional mean binding the basis of overlap d?cr, (¢) with the uncoupled (test) particle
energies is in contrast to the net free energies, which vary distribution F’(CO%4 (€) = (e — AU)Lg*® was not successful.
marginally in the opposite direction, and become insensitive to
the conditioning radius for the larger values (Table 1). This is
the behavior that is sought for a satisfactory numerical result.  Specialized consideration of nearest neighbors o{&f or

Evaluation ofu;y. for the polyatomic HC models of GRs C(CHg)4(aqg) changes the awkward binding energy distributions
not yet trivial. Here we used trial insertions of the tetrahedral of Figures 1 and 5, with high4ails, into ones that are Gaussian
five-hard-sphere structure into simulation configurations of to a useful approximation. This confirms that those unfavorable-
liquid water, according to standard concepts and procedures. binding-energy tails reflect few-body close soldtolvent
Figure 7 shows some results of that effort. encounters. Thus, the solvent nearest-neighbors are pushed by

The various results are accumulated in Table 2. The hard-the medium into unfavorable interactions with the solute, in
core contribution is the largest of the several terms, and the contrast to the alternative view that a preformed interface is
Gaussian fluctuation contribution is small. We are justified pulled by the solute solvent attractive interactions into contact
therefore in concluding that this Gaussian model is physically with the solute.
accurate. These results thus support a mean-field picture of the The specialized consideration noted here, being based upon
hydration characteristics. The comparison with experiment introduction of marginal and conditional distributions, is simple
(Figure 8) is satisfactory. The experimental results display and general. The Gaussian statistical thermodynamic model, eq
conventional hydrophobic behavior in which the solubility 2.5, avoids consideration of hypothetical drying-then-rewetting
decreases with increasing temperature for these moderategproblems, and is physically reliable in these applications as
temperatures. judged by the size of the fluctuation contribution. The poly-

. . atomic model of Ci{aq) gives a satisfactory description of the

Eg%g Richards, T 'é”astggoé”%j}ggﬁezme_“éﬁg: Dat4995 40, 167-169. hydrophobic solubility of that species. The proximal distributions
(53) Pohorille, A.; Wilson, M. AJ. Chem. Phys1996 104, 3760-73. evaluated here for polyatomic solutes accurately reconstruct the

V. Conclusions
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