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6 This work introduces a model, solvation model 6 with temperature dependence (SM6T), to predict the
7 temperature dependence of aqueous free energies of solvation for compounds containing H, C, and O in the
8 range 273-373 K. In particular, we extend solvation model 6 (SM6), which was previously developed (Kelly,

9 C. P.; Cramer, C. J.; Truhlar, D. @. Chem. Theory Compu2005 1, 1133) for predicting aqueous free

10 energies of solvation at 298 K, to predict the variation of the free energy of solvation relative to 298 K. Also,

11 we describe the database of experimental aqueous free energies of solvation for compounds containing H, C,
12 and O that was used to parametrize and test the new model. SM6T partitions the temperature dependence of
13 the free energy of solvation into two components: the temperature dependence of the bulk electrostatic
14 contribution to the free energy of solvation, which is computed using the generalized Born equation, and the
15 temperature dependence of first-solvation-shell effects which is modeled using a parametrized solvent-exposed
16 surface-area-dependent term. We found that SM6T predicts the temperature dependence of aqueous free energie
17 of solvation with a mean unsigned error of 0.08 kcal/mol over our entire database, whereas using the
18 experimental value at 298 K produces a mean unsigned error of 0.53 kcal/mol.

19 1. Introduction temperature dependence afHZ and AS yields a linear 4s

20 Implicit solvation models™ are widely used to predict a 9€Pendence oAGg in T; we call this theo van't Hoff model. 49

21 varie?y of solvent effects including free )tlanergies o?solvation, Th_e temperature dependence of bathis and A.Sg can be 50

22 solubilities, and vapor pressures. Often, as in industrial, ertoten n .term.s ofg:e standard-state heat capacity of solvatien,

23 environmental, and pharmacological applications, these quanti-ACF’~S which yield 52

24 ties are needed over a range of temperatures; however, almosh o1y — o _ _

25 all implicit solvation modelsghave beepn designed or tested only AGYM = AGHTy) ~ A(TYIT —~ TJ +

26 for predicting these quantities at room temperature. An exception ACs {MI(T = T) — TIn(T/Ty)] (2)

27 is the work of Elcock and McCammaémwho introduced an .

28 implicit solvation model for temperature-dependent hydration WhereTo is a reference temperature taken throughout as 238

29 free energies of amino acids. There remains a need for modeld<: Equation 2 withAC s taken as a constant will obe the basist

30 designed to treat a broad variety of solutes such as atmospheri@f ©Ur analysis. Experiment has shown thaCps is not 55

31 pollutantss—® drug lead$:?® high-energy molecule$, and re- nece_ssarlly a constant; for example, Bakk and Hoyeund 56

. agents for organic synthesis. _that it decrease_s t_)y 12B5% for methane, ethane, and proparne

33 In the present paper, we present a temperature-dependent” waterlwhenT is increased from 273 to 323 K. One. could afs

34 extension of our recent implicit solvation model, solvation model €OUrse include the temperature dependenca\Gfs in the 59

35 6 (SM6)12We refer to this extension as solvation model 6 with Model. However, such higher-order effects are probably beyand

36 temperature dependence (SM6T). SM6T is designed to predictthe resolution of ou,r model. In the m.ethod. presented here, ave

37 changes in aqueous free energies of solvation as functions of9° beyond the van't Hoff model by including a nonzero heat

38 temperature relative to the free energy of solvation at 298 K. CaPacity, but we do notinclude the temperature dependencesof
the heat capacity. 64

39 In the present study, it was parametrized for compounds ) .
40 composed of H, C, and O in the temperature range-Z73 K In section 2, we discuss the devglopment of a dat_abas&aof
a (the range over which water is a liquid at 1 atm). SM6T is temperature-dependent free energies of splvatmn in waser.
42 parametrized on the basis of the solute geometry and the atomicocction 3 presents the new model for predicting the temperatare
43 numbers of the atoms in the solute. depgndence of the free energies of solvatlo_n. Se_ctlon 4 sem-
44 The standard-state temperature dependence of the free energ'a/#€s our softwgre .pllans. The final section discusses ¢he
45 of solvation is given b{?14 ccuracy and applicability of the model. 70
AGE= AHY(T) — TAS(T) (1) 2. Developing a Database 71
S S
For a robust parametrization, it was necessary to obtain2a
% whereT is temperature andHg andAS: are, respectively, the database consisting of free energies of solvation as functiens
47 standard-state enthalpy and entropy of solvation. Ignoring the Of témperature for a variety of compounds. First, we searctved

the literature for experimental measurements that could be used
*To whom correspondence should be addressed. E-mail: cramer@ t0 Obtain free energies of solvation. Next, we analyzed the deta
chem.umn.edu (C.J.C.); truhlar@umn.edu (D.G.T.). and discarded those that failed to meet certain criteria. Finafly,
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78 we recorded the data as free energies of solvation relative to P
79 the experimental value at 298 K. AGE =RTIn | (8)
80 2.A. Compilation of Free Energies of Solvation.We RTM,
81 obtained free energies of solvation from a variety of experi-
82 mental sources including Henry's law constattts® saturated ~ whereM |, is the molarity of the solute in its pure liquid statei2s
83 vapor pressuré$ 22 of the solute over the pure liquid phase The second step of the process is transferring solute A fromiits
84 combined with aqueous solubilitié,?” and activity coefficients  pure liquid phase to aqueous solution 127
85 at infinite dilutior?®3! for the solutes in water. As with all of
86 our prior models?-34the free energies of solvation are tabulated A(l) — A(aq) 9
87 for the standard-state choiceEIoM ideal gas ad 1 M ideal
88 solution, where the latter behaves as an infinitely dilute solution. The standard-state free energy associated with this step isi2s
89 As discussed by Ben-Naif,such a choice of standard state,
90 involving the same concentration in the two phases, removes M 3
91 the translational entropy of dilution. AGy = —RTIn—- (10)
92 To obtain the free energy of solvation, we considered the M A
93 equilibrium between a solute (A) in the gas phase (g) and in
94 agueous solution (aq) whereM 3%is the aqueous molar concentration of solute A 29
equilibrium with pure liquid; that is, it is the molarity of ai3o
A(g) — A(aq) (3) saturated solution, which is easily calculated from the solubility1
o ) ) . When egs 8 and 10 are combined, the standard-state free enstgy
95 In the case of an infinitely dilute solution, the partition o solvation is given by 133
96 coefficient for this process is the Henry's law constdfi,
97 which is related to the standard-state free energy of solvation .
98 by*4.26 AGE = RTIn—2 (11)
RTM
AGEg = RTIn(K) (4)
) where eq 11 assumes that the solute is an ideal gas in the vapor
99 whereRis the gas constat#®’(1.985 cal K'* mol™). Henry's phase and that the solution of solute A behaves as though iis
100 law constants are reported in a variety of units, and conS|derabIe\,ery dilute so that a solute molecule only interacts with thes
101 care must be exercised in converting the experimental data intogg|yent. 137
102 the appropriate units; Staudinger and Rolgsovide a useful In practice, several free energies of solvation were compuies
103 review on this subject. The Henry’s law constant corresponding from eq 11 for highly soluble compounds, for example, benz
104 to our choice of standard states has units of (M of solute in gas gjcohol, which has a solubility of 0.41 mol/L at 293 3. 140
105 phase/M of solute in solution). Equation 11 is not necessarily appropriate for such compounds;
106 Another widely measured quantity is the activity coefficient however, we have shown in a previous papénat the error 142
107 at infinite dilution. The activity coefficient is the constant of jntroduced by assuming ideal behavior for concentrated solutioss
108 proportionality between the Henry's law constant and the js smaller than the inherent error of our solvation models. 144
109 Raoult’s law*3" constant and is written &%:31.% A separate issue is that experimental solute vapor pressutes

and solubilities are rarely available at precisely the same

X . . .
w0 _ Kh ®) temperature; thus, to calculate free energies of solvation, it wes
AT =y necessary to interpolate experimental vapor pressures to estimate
A values at the temperatures for which experimental solubilities
. , . . were available. Fortunately, empirical fits of vapor pressures
110 ]YVhetfe Kﬁ. |§[hthe Henrglg l?&N Eonstant n ;Jhmts ?f n:oolle with accuracies compara)tgle toIO the experimegtal perrors 16f
111 ractions In the gas and fiquid phases a?p's. € salurate solubilities®42 are readily available in the literatufé* 152
112 vapor pressure of solute A over pure liquid solute A. The 2.B. Analysis and Removal of DataOnce we obtained an1s3
113 tsr:andat_rd_-tstate 2.8.8 epgrgy of solvation can be calculated fromextensive body of experimental free energies of solvation, we
114 € activity coethicient by proceeded to analyze the data for each compound. We discarded
wpr experimental data on the basis of five criteria: 156
AGS=RTIn VAP A (6) (1) We discarded any source that provided experimental deta
S RTM;, at only a single temperature for a given compound, except fog
the case of the free energies of solvation at 298 K obtained
115 whereM, is the molarity of pure water, which serves as the from the database used to parametrize Sfdle used this 160
116 unit conversion between mole fractions and molarity for the Particular criterion because combining such data with dataiat
117 solute concentration in dilute aqueous solution. Equation 6 is Other temperatures from other sources may lead to spuriesss
118 derived in the appendix, which corrects an error in ref 36.  témperature dependence. We retained the data from the datatsase
119 Alternatively, the solvation process can be considered to occur US€d to parametrize the SM6 model because we found theses4o
190 in two steps. The first is condensing the solute be reliable values of free energies of solvation at 298 K. 165
(2) We eliminated all experimental data from sources whoss
A(g) — A(l) (7) data points systematically deviated by 0.4 kcal/mol or more framsT
values obtained from two or more other sources. 168
121 where | denotes the pure liquid solute. The standard-state free (3) We discarded any compound for which less than foisy
122 energy associated with moving a solutenfra 1 M concentra- experimental points were available. To estimate the curvature
123 tion of solute A in the gas phase to a liquid solute A with ideal of the temperature dependence of the free energy, at least three

124 behavior in both phases3f®4 data points are necessary. In most cases, the number of data
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points is larger, but for a few compounds, such as sparingly TABLE 1: Number of Free Energies of Solvation in
soluble alkynes, we did actually use only four data points. Database

(4) We required that no data point deviate by more than two class of compound no. of points  no. of compounds
standard deylatlons fro_m a fit, as descrlb_ed in section 2.C, t0 ™ (oranched alkanes 123 3
all of the retalned experimental dat_a for a given compouno_l. Once pranched alkanes 49 6
a data point was removed, the fit was recalculated using the cyclic alkanes 96 11
remaining data. This process was iterated until none of the alkenes and alkynes 44 5
remaining points deviated by more than two standard deviations aromatics 459 22

- - - . P alcohols, phenols, and water 702 47
from the fit. This criterion was applied to eliminate nonsys- aldehydes 142 13
tematic errors in the experiment@l data. ketones 236 18

(5) In the process of assessing the data, we came to the ethers 115 12
conclusion that some sources were unreliable either because esters 332 32
those sources often disagreed with other workers or because f;;tl’oxy"c acids 235568 1817

they did not provide complete enough experimental details; data
from those sources were not used.

2.C. Evaluation of Experimental Temperature Depen-
dence.With experimental free energies of solvation for a given
compound in hand, we calculated the temperature dependenc
using the following equation

AAGE = AGY(T) — AGYTy) (12)

tionalities that were more soluble. To ensure that the fit dams
not suffer from this uneven availability of data, the databas®
yas divided into 11 classes, based on functional groups, arsia
weighted error function was used in the parametrization. Thig
will be described further in section 3.C. 233

3. Model Development 234
where AGY is the experimental free energy of solvation at a

given temperatureT. To tabulateAAGS, one requires a value We must first describe certain key aspects of SM6 so thatsa

o . . : R description of SM6T will be clear. Then, we will introduce thess
of AGy(To) that is consistent with thaGg(T) d_ata. In some functional form used to predict the temperature dependencef
cases, however, 298 K was not among t_he ava|_lable temperature%e free energy of solvation. We will also discuss tentatiges
In the data set produced by the steps in sections 2.A and 2'B'parametrizations of the model. Finally, we will present the finzdo

Furthermore, even vyhen avallabI@GS at any one tempera- choice of functional form and the parameters used to devebap
ture such ady is subject to experimental noise. To make the the model a1

data as consistent as possible, we always obtak@{To) by 3.A. SM6. SM6 is the latest in a sequence of closely relatee

Eglr?]%oﬁlr:dci)ft;he retained experimental data for a given solvation models, with the original called SR and the 243
v penultimate called SM5.43R;*8 collectively, the models are244

AGYT;i) =a + b(T — Tp) + ¢[(T — To) — TIn(T/Ty)] referred to as SM SM6 is an implicit solvation modéF"‘?vSO 245
(13) used to calculate the free energy of solvation by approximating

the solvent medium as a dielectric continuum, approximatiag

wherea;, by, andg; are fitting parameters. The form of eq 13 is  the solute charge density as a collection of atom-centered paztial

motivated by eq 2, which yields atomic charges and approximating the solute cavity as a set4of
. overlapping atom-centered spheres. In SM6, the free energysof
a = AGY(T) (14) solvation is partitioned into two contributions 251

During the development of SM6T, we considered using a AGS= AGgyp + Geps (15)

number of different functions instead of eq 13 including
polynomial fits, the van't Hoff model, and a commonly used
variant of the thermodynamic equation for the free energy of
solvation proposed by Clarke and Gléawwe found that both
the equation proposed by Clarke and Gleand a second-order
polynomial produced fits of equal accuracy to eq 13, but as

whereAGgnp is the contribution due to electrostatic interactiorese
between the solute and the bulk solution aGdps is a 253
parametrized term designed to account for first-solvation-shesi
effects and for approximations used in the calculatioAGEnp. 255
neither wasmore accurate, we retained the form of eq 13. As discqssed elsewheté) *the deco.mposi.tiorj ofeq 15 is noese

The overall product of this analysis is a database of evaluatedVe! def!ned. Howeve;r, a key working prmuple of the $M257
data. A listing of the individual compounds, the number of models is that we def'nAGENP_aS the Co_ulomblc _contrlk_)ut|_on2_58
experimental points used for each compound, the temperaturecalculated by bulk electrostatics for a given choice of intrinsteg

range covered, and the sources for the data used in the databa%or,niC radii called the Coulomb radii, which are assumed 2
is available in the Supporting Information. e independent of atomic charge, hybridization state, amd

The database is composed of 2364 aqueous free energies ofolvent. The usefulness of this principle has been validatedzey

solvation with temperatures ranging from 273 to 373 K for 182 the success of the SMmodels. To anticipate section 3.8, wees
compounds composed of H, C, and O. The database includes Jote that a key element of SM6T is that these Coulomb ragst
variety of types of compounds including alkanes, alkenes, '€ independent of temperature. 265
alkynes, cyclic alkanes, aromatics, alcohols, alkenols, cyclic "€ bulk electrostatic component of the free energy #fs
alcohols, phenols, ethers, cyclic ethers, esters, and carboxylicsowat'on is calculated as the sum of two contributions 267
acids. Table 1 shows that the database has a disproportionately

large number of alcohols in comparison to the number of AGgnp= AEgy + Gp (16)
alkynes. Due to the experimental difficulties associated with

measuring the equilibria of some of these solutes, particularly where AEgy is the change in the solute’s internal free energys
branched alkanes and unsaturated alkanes in aqueous solutioypon insertion into solution from the gas phase &ds the 269
we often had to find compounds with combinations of func- free energy of polarization. In practice, we usually retain ordyo
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the electronic contribution thEgy, assuming that the vibratioral The Geps term has the following form 327

librationat-rotational contributions are small enough to be

neglected. Geps = ZokAk (19)
The free energy of polarization is the free energy change

associated with a bulk electrostatic treatment of the favorable
solute-solvent electrostatic interactions that form upon insertion

of the solute into the solvent and the accompanying distortion
of the solvent molecules and the solvent structure from the pure
solvent state. The electrostatic interactions between the partial o -
atomic charges of the solute and the surrounding dielectric 0= 0z, + ZkzOZkZmIFZkZmI({rkm} ) (20)
medium are calculated using the generalized Born eqdatibft T

where the sum is over all atorksn the solute/y is the solvent 328
accessible surface area of atdgnand ok is a parametrized 329
functional which is written as 330

where the sum is over all the atomsin the molecule except3s1

1‘) g QY e (17) K, the; sum overr is over one or two t_ypeS dFzz.0, Oz IS @ 332
€ coefficient that depends on the atomic numly,of atomk, 333
' 0zz,. 1S @ coefficient that depends on the atomic numb2gs, 334
where the right-hand side of the equation is a double sum overandZy,, of atomsk andm and the typez, of geometric factor 335
all the atomsk andk’ in the solutegy is the partial atomic charge  Fzz- The function Fzz, is designed to account for thesse

1
GPZ_El_

of atomk computed using charge model 4 (CM4) is the dependence of atomic properties on the nature of the functicssal
temperature-dependent dielectric constant of the solvent, andgroup in which the atom appeaf,z, depends on the gt} 338
ye is the Coulomb integral between atorksand k'. The of all of the internuclear distances in the molecule. Feg9
Coulomb integral is calculated %s compounds containing H, C, and O, SM6 has thiee 340
coefficients,g1, s, anddg corresponding respectively to H, Cg41

_ 1 (18) and O, and siXizz, coefficients, G161, G181, 0661, 062 Ogsr, and 342

ki \/ 2 2 Ogg1. 343

Rie” F 040 EXPige T t) An important point to note is that calculated solute propertieg

h is the di b tsand K. due | depend on the choice of electronic structure theory and basis
wherer IS the distance between atorksand K, du IS @ ot |t has been foudtithat the coefficients used to computess
parametet? anday is an effective Born radius for atokthat Geos vary somewhat depending on the choice of basis set, but
depends on the solute geometry and the Coulomb radius of eacr?n SM6 and SM6T, we take them to be independent of ot,haae
atom in thelzsolute. The Coulomb radii were determined in a aspects of the electronic structure theory chosen (for exampie,
prior paper= -~ . . they are independent of which density functional is used). 350

The change in internal energy upon insertion of the solute 3.B. SM6T. Using the definition in eq 12 and motivated bys1

into I't?u'd s.okéion hf_“;]”? t?le gas phaseA_EEg, hgt_s tWOh eq 15, we partition the temperature dependence of the fsee
contributions: AEg which is the energy required to distort the energy of solvation as 353

solute electronic structure from its gas-phase optimum/egl
which is the equivalent cost associated with distortion of the AAGE = AAG(T) + AGpg(T) (21)
solute geometry from its gas-phase optimum. The ta@Enp

is minimized in a self-consistent reaction field (SCRP)  whereAAGenp is the temperature dependence associated veith
calculation. The energy change associated with distortion of the AGg\p and AGcps is an empirically derived term designed tess
solute geometryAEy, can be calculated by optimizing the solute  account for the temperature dependence of first-solvation-shail
geometry for the relaxed solute electronic structure. This latter phenomena and other approximations associated with usesof
process can be relatively time-consuming, since the solutethe generalized Born equation and the way we use it. 358

electronic structure is iteratively computed for each step inthe  The first term on the right-hand side of eq 21 is directhpo
optimization of the solute geometry in solution. One option that calculated as 360

has been explored in previous wéftks to use the solute gas-

phase geometry and to allow only the electronic structure to AAG(T) = AGg(T) — AGgHTp) (22)
relax in solution. We have found that this approximation yields

reliable results for most cases; in particular, the effect of As described in section 3.A, the bulk electrostatic contributiesu
optimization of the solute structure in solution on the overall to the free energy of solvation depends on the partial atorsée
free energy of solvation is relatively small for molecules used charges of the solute, the Coulomb radii of the solute atorss

in our parametrization databas¥s. the solute geometry, and the dielectric constant of the solvent,
As mentioned aboveGcps is an empirically derived term  all of which might, in principle, depend on temperature. Thusss
designed to minimize the deviation between experiment and a strategic decision is required for how to modebgnp. 366

AGgpp. It is intended to account for solvation phenomena that ~ There has been some discusSigif% 70 concerning the useses7
are not included in the bulk electrostatic term. It includes the of temperature-dependent radii to describe the electrostaticseef
free energy cost associated with forming a solute-shaped cavitythe solute cavity. An argumefitcan be made in favor of suchses
in the solvent, changes in solvent structure beyond thosean approach based on the observation from statistical mechaiwal
included inAEgy, nonelectrostatic phenomena such as dispersion studies that the radial distribution of water around a soluwa
and Pauli exchangerepulsion, and any approximations used changes as a function of temperatfft@here have also beem72
in the calculation ofAGgnp. Previous studi€d49.5760 have studie€?"1that used the isothermal compressibility of the solvesis
shown that these phenomena are proportional to the solventto model the temperature dependence of the solute radiBim
accessible surface aféaf* (SASA) of the solute cavity. Note  solution. However, the idea that the radii used to define thes
that the atomic radii used to define the SASA for Gghsterm solute cavity describe a physical boundary is oversimpl#fiéd® 376
arenotin general the same as the Coulomb radii. In particular, Therefore, on the basis of the principle discussed below eq 475,
we use the radii of Bonéft for this purpose. we treat the Coulomb radii as constant (i.e., independem}.of 378



BATCH: jp3el69 USER: mly69 DIV: @xyv04/datal/CLS_pj/GRP_jp/JOB_i12/DIV_jp057264y DATE: February 16, 2006

379
380
381
382
383
384
385
386
387
388
389
390

391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411

412
413
414
415
416
417
418
419
420

Predicting Aqueous Free Energies of Solvation J. Phys. Chem. &
2 Since the temperature dependence of the bulk electrostatic
: contribution to the free energy of solvation in water is negligible2
= 157 1 the AG term incorporates almost all of the temperatuses
E - dependence of the aqueous free energy of solvation in the SM&T
® Ir .f* ] model. This term may be written as 425
= 2
i —
% 05r . # ] AGcps = Gepy(T) — Gepd(To) (23)
T
E-’- 0 Y Comparing eq 23 to eq 2 suggests that we model this as 426
[a] o
e o5) . ] AGcps= B(T — Tp) + C[(T — Tp) — TIn(T/Ty)] (24)
=1 o
b v
g ,,/ ] whereB and C are parameters of the model. As in the SM&7
s / model for Geps, we modelAGcps as being proportional to42s
T ] solvent-exposed surface arég3:4%-51.78\We applied the same429
e neem .. functions and solvent accessible surface areas used in eqs3d9
Lol and 20 to calculat® andC 431

a1 " " " " ] "
2 280 300 320 340 360
Temperature (K)

— B

Figure 1. Experimental #) free energy of solvation for benzene in B= ZOKA“ (25)
water as a function of temperature compared to the corresponding
computed values cAG W) and G A).

p ene(T) (H) cos(T) (4) C= ZOEAk (26)
Furthermore, in keeping with the discussion abovaBf,, we
neglect, at least in the parametrization step, the temperaturéyhere P andoC are parametrized as 439
dependence of the geometry of the solute because it is small.
(It can be included as desired but will have an effect smaller UE = 5‘Z3k + Zkz(}?kz Frz (D) (27)
than the reliability of the aqgueous SM6T model.) The temper- =5 " "

ature dependence of the dielectric constant reflects the ability
of the bulk solvent to reorient and polarize in response to the oy = &(Z:k + Zkz&(z:kzmTszzmr({rk"}) (28)
solute charge density. As such, it represents a clear physical m=K'7

phenomenon which can be accurately simulated by incorporating B ~C ~B ~C -
a temperature-dependent dielectric constant into the model. ForVN€r€dz,, 6z, 0z ., andaz, . are coefficients that depend onss
he atomic numbers of atomsand m. Since Fgg; primarily 434

water, the temperature dependence of the dielectric constantis,. = .. ; "

well approximated by a cubic polynomi. distinguishes peroxides from other oxygen-containing soluss
The dielectric constant of water changes from 87.90 at 273 and since the database used here for SMET has no peroxias,

. ~ ~C .

K to 55.58 at 373 K: howeveiGe and consequentihGenp Oggy and Ggg; Were not used. Thus, there are potentially as7

d d (1) ’ hich ch hi thanF many as 16 parameters in SM6T, 8 ®and 8 forC. However, 438
epend on (1= (1/e)), which ¢ anges much fess thanror we will reduce the number of independent parameters durig

example AGenp for ethyl benzene in water changes freri.68 the fit. which is discussed in section 3.D. 440

kcal/mol at 273 K to—1.66 kcal/mol at 373 K, while its '

: : . 3.C. Error Function. Several key classes of compounds ase1
experimental free energy of solvation varies by 2.24 kcal/mol under-represented in the database used to develop parameters

(see Figure 1) over this range. The temperature dependence ofq e coefficients and C. The disproportionate number ofi43
the bulk electrostatic contribution to the aqueous free energy 5icohols versus unsaturated alkanes arose due to the scarcityof
of solvation remains small even for solutes with larger dipole gyperimental solubility data for the latter. To account for thisss

moments such as furfural (dipole moment of 3.97"Bjor a weighted error function was used. The error function is defined
which the bulk electrostatic contribution to the aqueous free g4 447

energy of solvation changes frorb.79 at 277 K to—5.74 at

373 K. (The temperature dependence of the electrostatic
interaction between the solute and bulk solvent becomes
considerably larger for less polar solvents such as octanol. For 11 s
example, octanol has a dielectric constant that varies from 11.92 D = Z Z
to 5.32 over the temperature range 2833 K;/2 and the == nms[2112

computed value oAGgnp for ethyl benzene in octanol varies (29)
by 0.19 kcal/mol. Thus, whileAAG does not contribute
significantly to the temperature dependence of the free energy
of solvation in aqueous solutions, it does in nonpolar solvents.)

Throughout the course of this project, the bulk electrostatic
contribution to the free energy of solvatiohGenp, both at the
reference temperatur@y, and at the temperature of interest,
was computed using SM6 as it is implemented in MN-G$M
(a locally developed code that we cannot distribute due to AG¢p(exptl) = AAGYT) — AAGg(T) (30)
Gaussian license restrictions), in SMXGAUS& code that is
freely available to the general scientific community and that where the first term on the right-hand side is obtained from egs
was developed within our group to integrate our solvation 12 and 13 and the second term is calculated by the generalisad
models with Gaussian 08, and in HONDOPLUSY Born approximation with temperature-independent radii. 456

Nm

> (AGepe(exptli) — AG,pdcalcdi))?

where the first sum is over all 11 classgspf compounds in 448
the database, the second sum is ovegalbmpoundsm, in a 449
given clasg, and the third sum is over ail, experimental data, 450
i, for a given compoundn. AGcpg(calcdi) is calculated using 451
eqs 25-28, and AGcpg(exptli) is the experimental valuess2
obtained by 453
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4517 The error function in eq 29 ensures that each class is weightedTABLE 2: Mean Signed Error (MSE), Mean Unsigned
458 equally and that each compound within the class is weighted Error (MUE), and Root Mean Squared Error (RMSE) for
459 equally with other compounds in the same class; this counteractsggfgm%%iiszgzi g]c;rrgp;o;'\r}l%ﬁ_(kcall mol) for Various
460 the disproportionate number of alcohols and esters in the
461 database. The danger of this approach is that classes with fewer MSE MUE RMSE MSE MUE RMSE
462 compounds are more subject to the effects of random errors in Molecular Coefficients Null Hypothesis
463 the experimental measurements for a given compound; thisunbranched alkanes ~ 0.00 0.05 0.06-0.39 0.61 0.80
464 concern has been addressed through the use of strict criteria irPranched alkanes 000 002 002-026 062 079
. . . . . cyclic alkanes 0.00 0.01 0.01-0.04 0.38 047
465 selecting experimental data, as described in section 2.B. alkenes and alkynes  0.00 0.01 001019 028 0.37
466 The error functionp, was minimized using the generalized aromatics 0.00 0.02 0.03-0.03 031 0.39
467 reduced gradient code (GRG2) of Lasdon éPals implemented a'C;’,TS'Sg?Qf""O'S’ 0.00 0.03 003 —-0.58 083 1.00
468 in Microsoft Excel. The results produced by this code were w
469 compared to those produced by the NAG linear optimizer, and Egi%ges 8"88 8"83% 8"843 :8:%2 8:22 8:‘712
470 good agreement was found between the two. ethers 000 0.02 003 -023 058 0.70
4n 3.D. Parametrizations.In this paper, all electronic structure  esters 0.00 002 0.03-039 069 081
472 calculations were performed using the 6+33(d,p$°8! basis carboxylic acids 0.00 002 0.03-022 050 0.59
473 set. Having chosen a basis set, a functional form for the average 0.00 0'(_)2 0.03-026 053 065
474 predictive model, and an appropriate error funcéion, We pro- o skanes0 Of”rgsgftedo 08 oogan(’)t 'i'(;)ﬁ 013
475 ceeded to determine which parametet,, apd 077, Were branched alkanes —004 013 015 001 016 0.21
476 necessary to accurately reproduce the experimental temperatur@yclic alkanes —0.01 0.03 0.04 0.02 0.06 0.08
477 dependence of the aqueous free energies of solvation. alkenes and alkynes  0.03 0.06 0.08 0.01 0.06 0.09
478 As a first step, we considered the case where a unique pair&romatics 001 006 007 004 007 010
479 of values forB and C is determined for each individual alcg:é)lvsvgt);henols, 0.03 009 011 0.04 011 014
480 compound (we refer to this case as “molecular coefficients”) aidehydes —001 0.07 008 000 0.10 0.12
481 and the case where all of the parameters were set equal to zerdetones —-0.01 0.06 0.07 0.02 0.09 0.11
482 (we refer to this case as the “null hypothesis”). ethers —0.04 0.08 0.09 0.00 0.09 0.11
483 The use of molecular coefficients corresponds to the best casegzﬁzfxy”c acids _0%33 0%%9 0%%31 096%7 0%171 0%%95
484 scenario for any model that uses eq 24 to calcul®eps, and average 000 007 0.09 002 009 012
485 it can also be considered to give a rough estimate of the Final
486 nonsystematic experimental error in the temperature dependencenpranched alkanes—0.01 0.08  0.09
487 of the free energies of solvation in our database. Table 2 showspranched alkanes —0.04 0.13 0.15
488 that such nonsystematic errors produce a mean unsigned erroeyclic alkanes —0.02 0.04 0.05
489 of only 0.02 kcal/mol, on average. alkenes and alkynes ~ 0.02  0.07  0.09
L . aromatics 0.00 0.07 0.09
490 The null hypothesis, in contrast, corresponds to assuming thata|conols, phenols, 0.02 0.10 0.11
491 Gcps does not change as a function of temperature. Table 2 and water
492 shows that this produces a mean unsigned error of 0.53 kcal/aldehydes —-0.01 0.08 0.09
493 mol, which is considerably larger than 0.02 kcal/mol. Clearly ketones —0.01 0.06 0.07
494 then, Geps doesexhibit temperature dependence. Since SM6 e”;ers _06032 06088 06130
495 can reliably reproduce free energie_s qf solvation to within an g;rf):)sxy”c acidls —001 006 007
496 average error of0.5 kcal/mol'2 a variation of the free energy average —0.01 0.08 0.09
497 of solvation by 0.53 kcal/mol is quite significant. o o
498 The error in the temperature dependence of free energies ofg\/L\zBr';Eﬁ:l Eggfﬁments Used for Each Parametrization (cal
499 solvation and the error in free energies of solvation, which we
500 estimaté” to be around 0.2 kcal/mol, are two distinct properties. 6 8 161 181 661 662 861
501 The estimated experimental error in the temperature dependence Parameters Used in Calculation®oefficient
502 of the free energies of solvation using the molecular coefficients Unf?tsgiclffed 238432 17159362225é?15 5137-26&%-33 —1%1-5215 _22'22
503 (0.02 kcal/mol) is considerably smaller than the typical estimated },iﬁgl S“;’GT 518 018 sear 1o o1 o8 91g
504 error in the experimental determination of absolute free energies
505 of solvation. Parameters Used in Calculation@fCoefficient
. . . unrestricted 247.79-200.07 43.70 294.55-155.43 —370.03 246.44
506 Next, we performed a parametrization against the entire final SM6T —84.45 —84.45 78.59 166.23 78.59266.91 166.23
507 database using the full set of 16 coefficients labétBde, &5,
508 Oex 6?81’ Tg61 Ooe2 6261' o1, O, 551 Oter 6(1:81’ 6(6561’ 6g62’ and
509 Oge1 Analysis of the covariance between the various param- number of parameters without appreciably increasing the emar
510 eters indicated considerable redundancy in the parameters. Thef the model. 521
511 covariance between the parameters in the 16-parameter fit For the purpose of testing whether the coeffici€hivas 522
512 showed that&ﬁ and 5ﬁ were highly correlated with the  necessary, we parametrized the model using just the coefficizat
513 remaining parameters and thus could be discarded. This reduce®. Calculations employing only the coefficiBtinvolved seven 524
514 the number of parameters to 14; the resulting fit with 14 parameters, five corresponding to the C, G;®, H—C, and 525
515 parameters is called the “unrestricted” fit, and Table 2 shows O—C bonds and two corresponding to—C bonds (these 526
516 that the unrestricted fit produces a mean unsigned error of 0.07parameters are also given in Table 3). Table 2 shows that tais
517 kcal/mol. Table 3 shows the value for each coefficient obtained “van’t Hoff” fit is reasonably accurate, with a mean unsignexis
518 by parametrizing the unrestricted fit against the entire database.error of 0.09 kcal/mol. However, if one inspects the predictegh

519 Our next step was to determine how to further reduce the temperature dependence of the aqueous free energies of sebea-
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Figure 3. Experimental ®) value of AGcps for ethoxyethane compared

to various possible parametrizations of SM6T: unrestricteld-; van't
Hoff (—); final (- x -).

280 300 320 340 360
Temperature (K)
Figure 2. Experimental #) value of AGcps for benzene compared to

various possible parametrizations of SM6T: unrestrictetl {}; van't
Hoff (—); final (- x -)

that were not included in the data set. The choice of foiee
tion and compares those values to the experimental data for ; -C d&C. for th dicti f thee
some representative compounds such as benzene (see Flgur%ar"’lme ersa662, O, 002’ an 063’ or the prediction o 567

2), one immediately sees that the van't Hoff fit fails to capture coefficient is based on the empirical observation that the erress

the obvious curvature in the experimental data. n thet .Togel c:jol not change significantly relative to thiso
We also considered combining parameters into a single un_:%s fe ed'nttlo el f the final trization d N 570
general parameter. We found after a careful analysis of the . 1€ predictions ot the final parametrization do not vasri
covariance matrices, observing the values of the different significantly from those of the unrestricted parametrizatiosv2
parameters and through trial and error tﬁ%,toB 58 5B Figures 24 show each parametrization compared to thes
45 d b | | ’ I”661, 662 experimental temperature dependence of the free energy7ef
an ‘78.61 could be set equal to a single “general” parameter, o, asion for benzene, ethoxyethane, and furfural, and one saes
Obhr W'”I‘_trel?tt';]’e'y “:jtlel i'ffeCt on the facc%r?k(]:ytor agpafte_”t relatively good agreement between the results of the varicos
pf YStlﬁalyBO e mo e’th 'owever, we O|unf .t";‘] COT t;]na 'O parametrizations. Even at high temperatures around 373 K, both
Or eltheroyg, Or 0,6, WIt 0,y OF removal or either of these the final parametrization and the unrestricted parametrization
coefficients significantly reduced the accuracy of the model. predict very similar values foAAGg. The final parametriza- 579
We also observed thaf, was quite small and that removal of  tion reproduces the temperature dependence of the free enesgy

this parameter introduced relatively little additional error into
the model.

of solvation with more accuracy than the fit using just Be 581
coefficient with an equal number of parameters (seven parase

We also considered combining parameters for @heoef- eters). 583

ficient. The approach which sacrificed the least accuracy  The final parametrization uses unique values for &g, 584
mvolved settlnga6 and &5 equal to a single parametmcl’ and thes®;, parameters. This is physically reasonable because
0161 aNd g, equal to a single parametéi,, anddgg, anddgg, it suggests that the hydrophobic effect, which is proportiorsak
equal to a single paramete;?nrg3 (see “final” parametrization in  to the number of CH groups exposed to the surrounding watar,
Table 2). With these restrictions, the mean unsigned error of and the formation of hydrogen bonds with OH groups contribuses
the model changed by less than 0.02 kcal/mol relative to the in different ways to the entropy of solvation. The single genesab
unrestricted parametrization. parametergy, is retained; while the main contributions to theso
Our final model uses a total of seven parameters to predict entropy of solvation in water may arise from the OH and Cid1
the temperature dependence of the free energy of solvation; threeyroups, this may not necessarily be the case in nonaquemas
parametersgys, Oig, and &gy, are used to predlct th& solvents in which case the general parameter may contribaste
coefficient, and four parametersSy, 55, 65, and 55, are significantly to the accuracy of SM6T. 594
used to predict theC coefficient. This model is the most 3.E. Predicting Thermodynamic Properties.In section 3.D, 595
attractive because it introduces parameters with relatively smallwe showed that a parametrized model based on solvasst
values as opposed to those for the unrestricted parametrizatioraccessible surface areas can reproduce the temperature depen-
(as is shown in Table 3). Parametrizations with smaller values dence of aqueous free energies of solvation quite well. Ths
of the parameters are less likely to predict unphysical values model predicts two coefficient® andC, which for the case of 599
when applied to problems outside its applicable range, for aqueous solutions correspond respectively to the entropy emd
example, if the model were to be applied to functional groups heat capacity of solvation (compare eq 24 to eq 2). Tablend
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O B B B B the second-order effect that it would also change the calculadesl
partial atomic charges of the solute, which would affect the lorsge
range electrostatic interactions. This effect is not as obviously
related to the solvent accessible surface area, but the sucesss
of our model argues that either the effect is small araihbe 643
modeled well using surface tensions. We have observed this
effect numerous times with our prior modéf$1193That is, 645
the choice of Coulomb radii has little effect on the accuracy &fe
the SMk models for neutral compounds provided that the surfase
tensions are reoptimized as well, indicating that surface tensiess
can account for the differences iNGgnp due to different 649
Coulomb radii. In our model, sincAAGgnp is small, it was 650
not necessary to partition it into enthalpic and entropic contrites1
tions (it is essentially all enthalpic, with negligible entropy a2
heat capacity). An alternative approach, first implemented ésp
Bonnaccorsi et aflis to compute the change WGgnp due to 654
the temperature dependence of the electrostatic cavity usingsshe
coefficient of thermal expansioif.’* 656

SM6T does not account for the temperature dependencesof
. the heat capacity of solvation, which can be signific&if? 658
To test the effect of the variation of the heat capacity on tbm
Lo Lor e Lo Loy b free energy of solvation we compared the free energy esb
280 300 320 340 360 solvation for benzene in water at 373 K computed usings&

Temperature (K) temperature-independent heat capacity obtained from the fibaf

Figure 4. Experimental #) value of AGcps for furfural compared to our experimental data using eq 13 to a temperature-dependent

various possible parametrizations of SM6T: unrestrictetl {}; van't heat (1;apacity predicted using a model reportgd by Bakk aed
Hoff (—); final (- x -). Hoyel> We used the same SM6 free energies and SM6&

entropies of solvation at 298 K for both types of heat capacitiess

compares the predicted valuesBiusing the various param- First, we compared the temperature-independent heat capaesit
etrizations discussed above to experiméftét and theoretical , We compa peratire-ncep pasity
of solvation ACp s~ 70.3 cal mof* K™) to the heat capacity 668

estimates of the entropy of solvation, such as those based on ”
explicit solvent models by Gallichio et &¢,Cui et al.8788 at 298 K obtained from the model of Bakk and Hé&eses

. . ; AC} {298 K) ~ 68.8 cal mot! K™%). We found that a 670
Schravendijk et af? and Rick?® Table 5 compares the predicted (ACs, o -
values ofC to estimates of the heat capacity of solvation difference of 1.5 cal moft K—1 between the two heat capacities71

obtained from experimental woflé* 101 and from the theoreti- produces a diﬁgrence of 0.01 kcal/mol in t.he aqueous fm
cal work of Graziand® Previous estimates of these thermo- EN€r9Y of solvation for benzene at 373 K, which 1S well W'th'@m
dynamic properties vary quite considerably between authors.the error of SM6T' Then, we compgred free energies of sol\{atmm
For instance, note the large difference between the values forcomputed using the temperature-lndepgndent heat capacityeasd
the entropy of solvation reported by Abraham ef‘hnd the temperature-d?pepldent heat capacity at S7TAGR(373 676
Wilhelm et al5in Table 4. Furthermore, the values we obtained ) ~ 54.4 cal mol™ K™%, and we found a difference of 0.1477

from a direct fit of the experimental data for each compound in kcal/mol ll)etwein the_ two c?lculatiorfls. Sl#:h an error o8
our database (in the column labeled “molecular coefficients” comparable to the deviation of SMET from the experimenizb

in Tables 4 and 5) can vary quite considerably from other temperature dependepc_e of the free energy of solvationegaf
experimental sources. Franks e#4tointed out that the entropy ~ Penzene at 373 K, butit is much smaller than the absolute essr
and heat capacity of solvation are difficult to obtain experi- ©f SM6. In the interest of minimizing the number of parametess
mentally and require a considerable number of measurements 1" 0Ur model and to avoid including poorly determined sma#s
they estimated at least 4@ver a relatively broad temperature ~ €rms, we do not include the temperature dependence of dfe
range to accurately obtain such information. In some cases, our€at capacity of solvation, but it is evident that the assumptiess
final choice of parameters for SM6T produces estimates of the Of @ temperature-independent heat capacity of solvation desss
entropy and heat capacity of solvation that agree better with introduce some error. 687
the literature than our molecular coefficients. This may indicate ~ From the standpoint of our model, which was simultaneoushs
that the final fit is more reliable than fitting each individual ~parametrized to predict both linear and logarithmic terms in té®
molecule because the considerable noise due to the sparsity ofemperature dependence of the free energy of solvation, dbe
data for some compounds is averaged out to some extent whercomputation of the entropy and heat capacity of solvationeis

o
[4)] —

perature Dependence (kcal/mol)

Tem
o
o

fitting the whole data set. further complicated because contributions from the linear asyd

We emphasized in sections 3.A and 3.B that the partitioning logarithmic terms may partially cancel one another to produsss
of solvent effects between the two terms of eq A&enp and reliable and accurate free energies of solvation without neces-
Gcps, or the two terms of eq 21AAGene and AGcps, is sarily producing a model suitable for predicting the entropy ash

somewhat arbitrary. We use a fixed cavity size (i.e., our radii heat capacity of solvation. In particular, one should note ttsaé
are independent of temperature). The extent that the electrostatiédn Table 3 some of the coefficients for the heat capacity ef7
terms would change in either of these equations if the temper- solvation are negative while experimental heat capacitiesead
ature dependence of the “true” Coulomb radii were included solvation are positive. This in itself need not be meaningfasgo
is, to first order, associated with the region at the setstvent because one adds environmentally dependent contributions from
boundary, and hence, it is equally well treated by the first- all of the atoms in a molecule to obtain the i@@toefficient 701
solvation-shell terms. However, changing the Coulomb radii has for the molecule. Application of SM6T to the database yields2
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TABLE 4: Theoretical and Experimental Entropies of Solvation (cal moi~* K1) from the Literature Compared to Predictions
Based on Various Parametrizations

SM6T parametrizations

molecular coefficients unrestricted van't Hoff final experimental literature theoretical literature

methane —18 —16 —-12 —-11 —322-16° —15¢ —13

ethane —22 —18 —15 —16 —362—-20° -19¢ -25

propane —24 —22 -18 -21 —392-23 —40¢

butane —28 —26 —22 -25 —4 —26°

hexane —35 —34 —28 —34 —11¢ —32

cyclohexane —28 —-27 —-23 -30 —-11° -3

benzene =21 —18 —-15 -19 =21 —199 —15h —-8.7

a Abraham et af* ® Wilhelm et al®> ¢ Gallichio et al®® 9 Cui et al®”# ¢ Ben-Naim et af? f Makhatadze and Privald¥. 9 Schravendijk et &f?
" Rick.%

TABLE 5: Experimental Heat Capacities of Solvation (cal 273—-373 K. This involved creating an extensive database b
m0|’ld K~1) from the Literature Compared to Predictions experimental free energies of solvation, selecting an appropriate
Based on Various Parameterizations functional form for the model, and parametrizing the model2
SM6T parameterizations against experiment. We found that an accurate model requiiss
molecular a heat-capacity-like term to capture the curvature of the

coefficients unrestricted final literature temperature dependence of the free energy of solvation, thatsa

ethane 68 54 34 7067P95¢ 65 parametrized model based on solvent accessible surface ar@as
propane 73 60 47 &178b 760 produces quite accurate results, and that the temperatare
butane 84 68 59 10295 dependence of the dielectric constant produces relatively littis
pentane 70 76 70 168 effect in aqueous solutions, although it is much more significamb
hexane 104 84 82 119 in organic solutions. The model reduces the mean unsigned ertor
cyclohexane 42 50 79 190 in the temperature dependence of the solvation free energyr
benzene 70 49 55 B%7£72/849 700 p lep ; gyray
methanol 21 30 11 32 a factor of 6.5 relative to the null hypothesis. The next step
ethanol 117 33 30 48 will be to extend the model to broader classes of compourrds
n-propanol 2 40 42 64 and to organic solvents. In future work, it would also bed
g“ga?"' | gg gg gg gg interesting to extend the SM6T model to predict free energies
-butano - of solvation in near-critical and supercritical water which is thes

pentanol 89 52 63 89 . : - P
subject of considerable theoretical resedf€ht?! 747
2Qlofsson et af® P Dec et aP>97% ¢Naghibi et aP*1% dBakk

and Hoye®® ©Gill et al* TAmold et al:®* ¢Franks et a?? " Gra- Acknowledgment. The authors thank Casey Kelly for higas

ziano:%* ' Amett et al® help throughout this project. This work was supported by the

. - U.S. Army Research Office under Multidisciplinary Researaho
two instances (namely, ethyne and propyne) within the d"’u""b"’lseprogram of the University Research Initiative (MURI) undes1

where theC coefficient for a n_"lg_lecullle is nega;[]ive. ALSO’ there fGrant No. DAAD19-02-1-0176 and by the Office of Navals2
are numerous instances within the set where the sum of o .- .1 inder Grant No. NO0OO12-05-01-0538. 753

contributions to theC coefficient from all carbon atoms is

negative but is cpunterbalanced by a positive contribution from Appendix 1. Derivation of eq 6 754
the H atoms. This reflects the fact that the coefficients used to

computeC were chosen to best reproduce experimental free We start with the standard thermodynamic equation relatirs
energies of solvation with a minimum of parameters and that the concentration of the solute in the gas phase to the
independent physical meaning cannot be assigned to the valugoncentration of the solute in solution at equilibrit##f3" 757
of each coefficient. This is confirmed by a study of the

covariance matrices of these parameters, which shows that they 78 YaP = Va2 %P} (31)

are not entirely independent. Noting this, and that we neglected

the temperature dependence of the heat capacity of solvationwherey, is the mole fraction of compourain the gas phase, 758
that we assumed temperature-independent radii, and that arP is the total vapor pressured™ is the activity coefficient of 759
average of only 12 experimental points per compound was usedin the gas phase is the mole fraction of in solution,P} is 760
to develop the model, we conclude that, despite the encouragingthe vapor pressure of the pure liquid solute, aifd is the 761
agreement with data from other groups, the division of the free infinite dilution activity coefficient. Assuming that the solutes2
energy of solvation predicted by SM6T into entropy and heat behaves as an ideal gas, eq 31 can be rewritten as 763
capacity should be interpreted with caution.

VaPa_Ya

4, Software
P Xa

New versions of HONDOPLUZ,1“GAMESSPLUS!05.106
SMXGAUSS]> NWChem;?"-1%and Jaguaf® containing SM6T  The free energy of solvation for a standard stdté 8 in the 764

(32)

are planned for the near future. gas phase ahl M in solution equates to 765
5. Concluding Remarks | | Ca
AG=RTIn(K,) =RTIn| = 33
We have developed a model for calculating the temperature S (Ky) (33)

dependence of the aqueous free energy of solvation of com-
pounds composed of H, C, and O over the temperature rangewhere Ky is the Henry’'s law constantc, is the molar 766
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concentration of the solute in the gas phase,&rig the molar
concentration of the solute in solution. Assuming ideality of
the solute in the gas phase, we find

Chamberlin et al.

(26) Gaal, M.; Wisniewska-Goclowska, B.; Maczynski, A. Phys. 827
Chem. Ref. Dat@2004 33, 1159. 828
(27) IUPAC—NIST Solubility DatabaséNational Institute of Standards829
and Technology: Boulder, CO, 2005 (http://srdata.nist.gov/solubility/).830

(28) Gautreaux, M. F.; Coates, AIChE J.1955 1, 496. 831

RT (29) Slocum, E. W.; Dodge, B. FAIChE J.1964 10, 364. 832

Ya= CaF (34) (30) Gmehling, J.; Menke, J.; Schiller, Mctivity Coefficients at Infinite 833

Dilution: Cj10—Css with O,S and HO; Dechema: Frankfurt, Germany,834

1994; Vol. 9, Part 4. 835

Assuming that the solute is infinitely dilute in the solution yields (31) Hovorka, S.; Dohnal, V.; Roux, A. H.; Roux-DesgrangeskRid 836
Phase Equilib2002 201, 135. 837

Sa (32) Cramer, C. J.; Truhlar, D. G. Am. Chem. S0d.991], 113 8305. 838

X, =—— (35) (33) Winget, P.; Hawkins, G. D.; Cramer, C. J.; Truhlar, D.JGPhys. 839

|\/|W Chem. B200Q 104, 4726. 840

(34) Thompson, J. D.; Cramer, C. J.; Truhlar, D. &.Chem. Phys. 841

. . o . . 2003 119 1661. 842
whereM,, is the molarity of the solvent, which in this case is (35) Ben-Naim, A.Sobation ThermodynamicsPlenum: New York, 843
water. Combining egs 34 and 35 with eq 32 and rearranging 1987. ) - 844
yields (36) Cramer, C. J.; Truhlar, D. G. Ifree Energy Calculations in 845
Rational Drug DesignReddy, M. R., Erion, M. D., Eds.; Kluwer: New 846

York, 2001; p 63. 847

)/:’XP; C, (37) Atkins, P.Physical Chemistry6th ed.; Freeman: New York, 1998.848

== (36) (38) Staudinger, J.; Roberts, P. €hemospher@001, 44, 561. 849

RT™M, S (39) Stephenson, R.; Stuart,J.Chem. Eng. Datd986 31, 56. 850

(40) Liabastre, A. A. Ph.D. Thesis, Georgia Institute of Technolog§s1

. . . . 1974. 852
which, when combined with eq 33, results in eq 6. (41) Price, L. CAm. Assoc. Pet. Geo. Bull976 60, 213. 853
(42) Stephenson, R.; Stuart, J.; Tabak, MChem. Eng. Datd984 854
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for each compound, and the references for the experimental data. (44) Poling, B. E.; Prausnitz, J. M.; O'Connell, J. Fhe Properties of 858
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