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A computational method was developed which relates the empirical linear solvation energy relationship (LSER)
solute polarity paramete§ (formerly denotedr?), to two more fundamental quantities: a polarizability term

and a computed solvent-accessible-surface electrostatic term. Electrostatics computations were conducted
explicitly or with dielectric field polarizable continuum models (PCM, SCIPCM, IPCM), employing a density
functional theory (B3LYP/6-311G(2df,2p)) or efficient Hartreleock (HF/MIDI') method for 90 polar and
nonpolar organic solutes. Electrostatic parameters calculated at electron isodensity solute surfaces were found
to produce significantly better correlations with empiriGValues than the same electrostatic parameters
deduced from a fixed Bondi atomic radii based surface. The best-fit expression was found employing SCIPCM/
IPCM at the 0.0004 gboh# solvent-accessible-surfac&;; = 0.46E — 0.09I=VZ, with squared correlation
coefficient= 0.96 and standard deviatien 0.10, whereE is a measured solute excess polarizability scale
andXV¢ is a quantum-calculated solute electrostatic descriptor in kcal A/mol. The resulting model is more
accurate than previously developed estimation approaches and relies on only two fitted coefficients; it has
the potential advantage of applicability to any solute composed of C, H, N, O, S, F, Cl, and Br. Finally, this
investigation offers quantitative insight into the relative contributions of solute polarity and solute polarizability

to the empirical LSER polarity parametes,

Introduction logP=vV + eE+ sS+aA+bB+c (1)

The development of linear solvation energy relationships . .
(LSERs) has contributed significant insight into the physical WNereP is a partitioning property of a solute between two bulk
chemical processes governing sotuselvent interactions. phases of interest, ande, s, a, b, andc are fitted coefficients,
LSERs have been shown to accurately predict solvation free characteristic of a given two-phase system. The reader should
energies for a wide range of dilute solutes across different Note that the solute paramete/sk, S A, andB are usually
solvent environment&:4 Consequently, LSERs have potential referred to as/, Ry, 5, oy, and>35 respectively, in older
applicability in diverse fields including separation sciences, notation. V is a group-contributable solute volume which
environmental and chemical engineering, toxicology, and accounts for both the solvent cavitation energy and part of the
pharmacology, among others. Despite these successes and effortolute-solvent London dispersion interaction (which increases
to explain some LSER terms using proposed quantum- with solute sizef. E is the “excess molar refraction” of a
calculatedl or thermodynamic properti€she determination of  solute: the measured liquid or gas molar refraction af@0
most LSER parameter values remains essentially empirical. Inminus that of a hypothetical alkane of identical volutf&or
particular, the solute polarity scales require a considerable compounds which are solids at 20, group additivity or other
amount of experimental data to fif.and they continue to elude  gstimation methods may be used to deternfifé TheeEterm
satisfactory correlations with more fundamental quantities. To js intended to capture solutsolvent interactions which involve
date, the most extensively developed empirical solute polarity 5, induced dipole (polarization) on the solute beyond what is
parameters, is that of Abraham and co-workers. The main aim 5 .counted for by theV term. E andV are therefore indepen-
of _th|s work was 1o glevelop a ’T‘eth"d f(.)r estlmatf_agalues dently derived and clearly physically interpretable, unlike the
using molecular orbital calculations, which would in turn lead remaining solute parameters in egAlandB refer to the total
to accurate solvation energy estimates for unstudied solutes in . . .
many liquid-liquid and liquid—gas systems. Additionally, such hydrogen bond donat_mg and hydrog_en bond_accg_ptlng capacities
an investigation could shed light on the physical origins of this of t.he SO.IUte’ respectively. Th.e poIany/poIanzaty_ﬂﬂy pargmeter,
S, is believed to reflect the interactions associated with both

free energy parameter. ) . ) .
A physical understanding & must be placed in context of induced and stable polarity on the solute. Finally, the fitted

the development of LSERs. The LSER equation formulated by regression constant terrm, depends on the standard states and
Abraham and co-workers3s units of the partitioning propertyP. Goss has additionally

proposed that, in the case whedPeis a gas-liquid partition
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“accessible free solvent volume” entropy tefnPhysical regression from a large set of retention data in gas or liquid

explanation ofA, B, and S relies on the assumed linear chromatography systems which had established system coef-

separability of the underlying processes that they are intendedficients (i.e.,v, €, s, a, b, andc values)'® A history of this LSER

to represent. To the extent that this assumption is invalid, the approach and comparison to other LSER methods is discussed

LSER parameters must reflect some blending of processes buin a recent comprehensive revié.

may nevertheless give mathematically convenient results. Hence, previous Correlations of the Polarity Parameters with

to understand what is known about Becale, we first examine  other Descriptors. Despite its somewhat complicated history,

its evolution among the concurrently developed LSER param- gne may suspect thas is strongly related to both solute

eters. polarizability and solute charge density on the solvent-acces-
The Original Development of S. The parameter, B, and  sjple-surface (hereafter referred to as “SAS”). Further, recogniz-

S represent “updated” parameters from a previous set of jng that Abraham and co-workers specifically attempted to

solvatochromic trial descriptorsy,,* ;. and 7*.” These  separate the hydrogen-bonding and polarity contributions to the

parameters have previously been related to solvation propertiesgg|yte partial free energy of solvatiohGso,, Smay still reflect

by fitting the coefficients of the equation: some mixing or interference with the hydrogen-bonding terms.
Several workers have attempted to correlate the polarity scales
logP =1log L+ eE+ sr* + aa; + bﬁ;| +c (2 a* and Swith theoretically conceived or calculated quantites.
Brink et al. observed that “local charge separation” on the SAS
where L6 is the air-hexadecane partition coefficidhtThe of a solute may more accurately describe the solute’s ability to

development of these original parameters must be briefly create electrostatic interactions than do its dipole or multipole
reviewed in order to understand the basisSofThe hydrogen momentst’18 For example, some symmetric molecules (e.g.,
bonding parametera;' andﬂ;', were linear free energy scales carbon dioxide, para-dinitrobenzene) have net zero dipole
of 1:1 hydrogen-bond complexation equilibrium constants in moments, but they exhibit significant charge separation at the
tetrachloromethane solvent. Conversely, the original polarity/ SAS which can interact with surrounding solvent molecules.
polarizability parameter of Kamlet and co-workeng, was a Brink et al. found a limited correlation between the& scale
scale of solvent-induced spectral (frequency) shifts of the and a calculated parametéf, defined as the area-normalized
electronic transitions (p~ 7* and & — x*) of characteristic summation of local charge separation on an operationally
solutes which were not believed to engage in significant designated SAS of the solute. Zissimos et®ahowed thas
hydrogen-bonding with the selected solvehtd?Although* could be partly explained by a multiple linear fit of the five
was used as a solute descriptor, it actually reflectsdleent computed descriptors of the ab initio solvation model of Klamt
property: a measure of a solvent’s ability to alter the spectral and co-workers, COSMORS2° finding a squared correlation
transitions of a characteristic set of solutes. With these assump-coefficientr2 = 0.78 and standard deviation= 0.22 for a set
tions, s values could be calibrated as two-phase system of 470 neutral organic compounds. Other workers have inves-
coefficients, takingt* to be a solute parameter. Subsequently, tigated correlations between* or S and area-normalized
Abraham et al. drew on these developments by proposing asummations of solute SAS charge or its sqifaragasured and
LSER of gas chromatography retention times for several calculated dipole moment3,and various related quantities
hundred solutes on 75 non-hydrogen-bond donating stationaryincluding summed atomic charges, calculated HOM@MO
phases (so thdt = 0) using: energy gaps, and topological indi¢&24Still other investigators
have proposed mixing computed and empirically derived solute
logV°=1log L'**+ eE+ s* + aa) + ¢ ) descriptors to generate revised LSEREMost successfully,
group contribution approaches have also been applied to the
where\P s a retention capacityThis resulted in a set of fitted ~ problem of estimating Platts et al. developed a comprehensive
coefficients [, e, s, a, and c) obtained via multiple linear  group contribution method consisting of 81 functional fragments
regression suited to characterizing diverse stationary phasesfor predicting S, finding r> = 0.92 ando = 0.16 for the
These workers then kept the stationary phase coefficients fixedregression sé€ Abraham additionally showed that for several
and used the same set of datarmerse fit the polarity/ families of aromatic compoundS,can be accurately estimated
polarizability and hydrogen-bond donating scales of the solutes, from a regression including both solute dipole moment and
thereby producing an updated set of solute parame3ensg A empirically fitted group-contribution parametéfsSuch group-
(the | log L6 and eE terms were first subtracted from the additivity estimation methods are practical and useful, as long
dependent variable). Having determingdndA, values forB as the group values are available. However a more fundamen-
were similarly obtained, as follows. After usirﬂi‘ as a trial tally based approach might allow estimatesSah cases where
descriptor to parametrize 16 water-organic solvent system LSERfunctional group values exhibit poor additivity or have not yet
coefficients, these coefficients were fixed in order to isoBite  been defined. It should finally be noted that Weckwerth et al.
in a reverse fit, with the contributions of other terms first initiated the development of a separate LSER system based on
subtracted from the dependent variabile. reference solutes, which they contended may provide “purer”
Abraham and co-workers rationalized these reverse fit updatessolute descriptord’ From the accomplishments of these groups,
of the hydrogen bonding and polarity/polarizability descriptors we concluded that the Debye-type and Keesom-type contribu-
as a way of “correcting” 1:1 complex solute parameters to reflect tions toSmay be related to electrostatic properties at the solute
a more realistic set of interactions of the solute with multiple SAS. SinceS exhibits reasonable functional additivity, we
solvent molecules. It is difficult to assess what physical meaning hypothesized that a correlation which relies on SAS area-
may have been inserted into the parameters as a result of theaggregated, rather than area-normalized, charge descriptors was
updating procedure. For example, thendB scales typically appropriate. Additionally, becausss partly rooted in dispersion
differed little, if at all, from the trial descriptors,g andﬁ?, for interactions;*®we considered it useful to separate out a partial
most solutes. This paved the way for characterizing new solutes,dependence @& on solute polarizability (measured directly using
sinceS A, andB values could subsequently be fitted via reverse the index of refraction).
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On the basis of these considerations, the goals of this work response may nevertheless provide useful estimates of electro-
were as follows: (1) to relateSs with a computed solute  static effects for both semipolar and polar solutes, since larger
electrostatic component and the solute excess polarizability relative errors imMAUgq are tolerable in cases where electrostatic
scaleE; (2) to attempt to rationalize the contributions of these effects make a smaller contribution to the total solvation partial
more fundamental quantities to te8solvation free energy term  free energy. The linear response approximation additionally
of a LSER. We therefore present a methodology for calculating implies that the electrostatic component of the partial free energy
an appropriate solute electrostatic descriptor. We then discussof solvation is given by the solutesolvent interaction energi.
the extent to which the computed electrostatic term Brudn Combining egs 5 and 6,
explainSfor a diverse set of solutes. Finally, we compare these

results to some other approaches which have been previously AU = 1 _ 1 ND. (r) dA [kcal/moll (7
suggested for calculating eithror 7*. a 2e, 6°fSA5¢1( )P1a(r) AL 1@

Method AUq can be expressed directly in terms of the solute properties,
¢1(r) and D1p(r). This computed electrostatic scale therefore
suits the separability assumption of the corresponding LSER
term,S The computational realization &fUq could be carried
@ut in different ways, depending on what further assumptions
are used (as described in the subsequent section).

The S parameter is believed to include both electrostatic
effects and some solute polarization information; therefore we
proposed that a linear combination of the measured solute excess
polarizability and the computed electrostatic energy may explain
S, to first order:

Development of a Computed Electrostatic DescriptorAny
computational estimate &should incorporate the simplifying
assumptions inherent in the LSER formulation. Most notably,
LSERs presuppose that the physical processes governing th
solute are mathematically separable from those governing the
solvent. For example, @value is considered a constant property
of the solute, regardless of the solvent. All information about
the solvent relating t& is reflected by the LSER multiplying
coefficient, s. This approximation implies that a computed
analogue ofS should be linear with respect to any solvent

properties that may enter the calculation; in fact, it would be S, = AE +1,AU (8)
difficult to justify otherwise. Fortunately, classical electrostatic e =
theory offers such an approach. where 1. and 14 are characteristic coefficients, optimized via

In classical electrostatics, the interaction energy)g,
between a solute, 1, and the surrounding solvent medium, 2
can be described as follov{:

multiple linear regression using literature (measufed)nd S
'values and our computetiU, values to produc&; values for
90 organic solutes.
1 Molecular Orbital Computations of AUg. All solute
AU, = >Jai spacébl(r)pz(r) dr (4) geometry optimizations and electrostatic energy computations
were performed using Gaussian®8yith “tight” SCF (self-
Herepx(r) corresponds to the charge density of the solvent and consistent field) convergence criteria for the wave function
#1(r) is the solute electrostatic potential at any pointin computation. 90 solutes_ were_opt|m|zed to energet_lcally mini-
infinitesimal volume, d. To facilitate the evaluation ofU, it mized nuclear geometries using both (1) the hybrid HF-DFT
is frequently assumed that a meaningful sokgelvent bound- ~ Method B3LYP® with the 6-31G(d,p) basis set and (2) the HF
ary may be reliably defined (although this is a disputed method using the smallerMIDI!ba&s $éfThe popular B3LYP .
conceptd). In this case, eq 4 is recast as an integral over so- method was chosen because it has been found to predict

called “virtual” surface charges at the SAS of the soluigx) geometries, energetics, and electrostatic interactions more
which reflect the solvent's electrostatic interaction with the accurately than some other DFT and ab initio mettid8and
solute®® the MIDI! basis set was employed because it has been optimized

specifically for charge-property calculations. Since the role of
1 Sis most prominent in the presence of strongly polar solvents,
AU, = 2 sada(r)oz(r) dA ®) all geometry optimizations utilized a dielectric continuum field
corresponding to aqueous solutios, (= 78.3) using the
Solvent charge density at the solutlvent boundary (the SAS)  polarizable continuum model (PCR#Y). Several single point
may be approximated by treating the solvent as a continuouselectrostatic energy calculations were performed, using different
linear dielectric medium? In other wordsg(r) “mirrors” the combinations of the (1) B3LYP/6-31G(d,p) or HF/MIDI!
electrostatic field of the solute with a proportional field damped optimized solute geometries and (2) SAS virtual solvent charges,
by the solvent dielectric constaep, Consequently, the solvent  o5(r), from either the polarizable continuum model or the self-
charge at the solute surface may be related to the normalconsistent isodensity polarizable continuum model (again as-

component of the solute electrostatic fidli,,(r), at the solute- suming e, = 78.3). In single point computations, eq 7 was
solvent boundary as follow?: integrated over either a fixed-atomic Bondi radii surface
(AUB) or a solute electron isodensity surface (denomq:),
o(r) 1 1\D, (1) ©6) described as follows (Table 1).
€ N € Ln AUE [kcal/mol] values were computed in the presence of

PCM-computed solvent charges, using both the B3LYP/6-311G-
wheree; is a constant scalar if the dielectric medium is assumed (2df,2p) and HF/MIDI! methods. The polarizable continuum
homogeneous and isotropic, angs the dielectric constant of  model (PCM}°4! is a widely used solvation model which
a vacuum. The validity of linear solvent response for nonionic approximatess,(r) as a set of discrete charges at the §AS
organic solvents has been evaluated in various Monte Carlo andwhere SAS is defined as the outer surface carved by Bondi
molecular dynamics simulatiod%:3* These studies suggest that atomic radif? multiplied by 1.2. The SAS charges act to
the linear solvent response approximation is most accurate wherstabilize and distend the solute wave function. The PCM also
solute polarity exceeds that of the solvent. Linear solvent incorporates the polarization response of §&Barges to each
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TABLE 1: Methods Used to Compute the Solute
Electrostatic Descriptor (AUq in kcal/mol with V¢ in kcal
Aimol)

electrostatic  solvent single point SAS used
descriptor charge3 method foreq7
AU? PCM B3LYP/6-311G(2df,2p) 1.2 Bondi radii
AUE PCM HF/MIDI! 1.2 Bondi radii
AUqI SCIPCM  HF/MIDI! 0.0004 e/bohs
AUq' PCM B3LYP/6-311G(2df,2p) 0.0004 ohr
AUq' PCM HF/MIDI! 0.0004 e/bohP
AUq' PCM HF/MIDI! 0.0001 e/bohP
VAL SCIPCM  HF/MIDI! 0.0004 e/bohf
V& PCM B3LYP/6-311G(2df,2p) 0.0004 #ohr
VA PCM HF/MIDI! 0.0004 e/bohe
VA PCM HF/MIDI! 0.0001 e/bohe

aUsinge, = 78.3.

other (i.e., “self-polarization” of the surface charges) and
includes D4(r) corrections for SAS curvature. Using these
approximations, the PCM self-consistently calculates $SAS
charges, polarizes the solute electronic wave function in
response, and (optionally) relaxes the solute georfietmthe
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surface (SA§ was numerically interpolated from the calculated
grid of the electron density. The resulting surface had uniform
0.04 A resolution, corresponding to about 1700 surface
elements for a single molecule of water. Subsequently, solute
Di(r) andgs(r) values were found at the SA8lement centers.
The D4(r) and ¢4(r) values reflected only the solute wave
function. In other words, the computed field and potential values
at the SAS elements did not include the field and potential
contribution of the SCIPCM or IPCM charges, although the
solute wave function had been optimized in the SCIPCM or
IPCM dielectric environment. The outward normal vector at
each SAgelement was approximated using the locations of
several adjacent SA8lement centers. Computed SA®rmal
vectors were then combined witb(r) values to arrive at
Dan(r) estimates.AU(; could subsequently be numerically
integrated over the SA®f each solute. Since the SCIPCM and
IPCM were computationally expensive, it was desirable to also
apply the PCM prior to integration Q&Uq', in a new set of
calculations using both the B3LYP/6-311G(2df,2p) and HF/
MIDI! methods (Table 1). In other words, since application of
the dielectric continuum was a separate step from integration
of AUq', it was possible to use the PCM to optimize the solute
wave function in an aqueous dielectrie, (= 78.3) and
subsequently integrate eq 7 at the $ASnally, in an additional

dielectric bath. Notably, the PCM and most related models do set of calculationsAU(; was integrated over a fine-grid 0.0001

not include corrections for solutesolvent hydrogen-bonding

e /bohe SAS in order to test the sensitivity of results to the

effects. Since continuum solvation models were designed for isodensity surface location. HF/MIDI! was used for most of the
prediction of solvation energies in a variety of systems, neglect sets of AUq' calculations because it was computationally
of hydrogen-bonding has usually been considered a shortcomingexpensive to use the SCIPCM or IPCM together with the

of the approach® However, predictions of thg parameter may
be well suited by the continuum model approximations, since

Swas intentionally designed to be independent of hydrogen-

bonding effects.

B3LYP/6-311G(2df,2p) method for the largest solutes. Since
SAS curvature corrections were not made Br,(r) estimates,
the numerical integration oAUq' was additionally evaluated
using several levels of SASesolution with water as a test

It was desirable to evaluate the electrostatic energy at ansolute.

electron isodensity SAS to allow comparisons with electrostatics

computed using the fixed atomic radii surface ($ASAUq'
was calculated in the presence of SCIPCM or IPCM solvent
charges of Foresman et &t.using the HF/MIDI! method as

follows. The solute wave function was first relaxed in a dielectric

As outlined above, computation Bf (r) required numerical
evaluation of the normal electrostatic field component at the
solute SAgfor a large number of points. This procedure added
complexity to the method and may be susceptible to errors;
hence it was desirable to generate a more tractable form of the

bath using the self-consistent isodensity polarizable continuum intégral in eq 7. As a proposed simplification, integration over

model (SCIPCM?%. For cases in which the SCIPCM did not

the normal solute field was thus assumed proportional to

converge (10 out of 90 solutes), the isodensity polarizable intégration over the solute potential at the solute SAS

continuum model (IPCM} was applied. The SCIPCM and
IPCM formulations of solute-dielectric field interactions are
similar to that of the PCM as described previously; however

the SCIPCM and IPCM place virtual solvent charges at a solute

electron isodensity surface of 0.0004the (SAS:). The SAS
may be more favorable than the conventional §AScause

depy(r)
an(r)
0= $, #A0dA ©)

-¢\SA$¢1(r)Dl,n(r)dA = ~¢;As¢l(r)[ dA

an isodensity surface reflects the extent of solvent access to theVNereé Dia(r) is given by —dea(r)/dn(r) (the gradient of the

solute expected from electron cloud repulsions between mol-

ecules. Since the location of the SAB itself a function of
calculated SAS charges (unlike the fixed SAH the SAS

solute electrostatic potential along the SAS normal veo(o)),
andde;(r)/dn(r) is assumed proportional o (r). Equation 9
was evaluated by comparison of calculage(t)D1(r) and¢?s-

charges are incorporated into the solute Hamiltonian potential (') values over the entire set of SASints on the 90 studied

expression and the wave function is iteratively calculated until
the charge updates converge. The IPCM computes SA& ges

between SCF convergence cycles, whereas the SCIPCM embed

SAS charge computations directly into the SCF procedure.
Although the SCIPCM or IPCM may provide a more realistic

SAS than the PCM, there are practical disadvantages to their

use. The SCIPCM and IPCM are more computationally
expensive than the PC¥land they are less numerically stable
than the PCM? The resulting solute wave function was used
to generate a fine grid discretized electron density (output with
the Gaussian98 “cube” keyword). An isodensity 0.0004ehrP

solutes. The validity of eq 9 is further discussed in the Results
section. Equation 9 led to a new electrostatic scale proportional
to AUq' which could now be defined (from eq 7) as

s = _%(6_12 - 1)60f5A$¢21(r) dA [kcal A/mOI] (10)

In a new set of calculations, the validity of eq 9 was additionally
judged by the observed correlation BY/s? with AUq' for 90
solutes. Finally, regressions of eq 8 were also evaluated using
2V¢? as a substitute foAUq (Table 1).
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It is important to note that computetiU, values did not 45 v ' ' ' ; ' —
include the computed change in solute energy caused by *
polarization of the solute wave function in the dielectric field. g ar 2 =0.96 v . P A
It was considered advantageous to exclude PCM or SCIPCM/§ , .| rms.e., =025 i

IPCM-induced solute polarization energies and independently%
fit the solute polarizability contribution (using) in eq 8 for at g 3t .
least two reasons. First, the PCM and SCIPCM/IPCM-calculated & _~

solute polarization energies did not correlate well with the
measured polarizability scale (data not shown). Second, the
precise origin and magnitude of the solute polarizability
contribution toSis unclear, since the LSER formulation already
incorporates aft component in empirical fits of solvation data
(as discussed in the Introduction). Investigators wishing to 2
reproduce the computational method described herein should= %
note that, by default, the PCM-computédss,, includes an 051 « : i 1
estimated solvent cavitation energy term, an estimated solute . ; : . ‘ : : ;
solvent dispersionrepulsion interaction energy term, a dielectric 0 05 1 15 2 25 3 35 4 45
field-induced solute polarization energy term, and finmlyﬁ’. measured gas phase dipole moment, Debyes

These first three terms were not included in the analysis we
conducted. Similarly, the default SCIPCM and IPCM-computed

e e 2210 Using both methoc,vih=0.96 and s (cokmean-
ges. q y: squared errory¥ 0.25 for HF/MIDI! computations (Figure 1)

to use the calculated electronic population to define an electron_ ">~ "5 975 " 1mse= 0.19 for B3LYP/6-311G(2df,2p)
isodt_ansity surface fpr explicit int(_agration_of eq 7 (?S described computatioﬁs (né)t shown) f(.)r 45 compounds among th’e set of
previously), to provide a more direct estimate/df;. 90 considered in this work. It was reasonable to assume that
Gas-Phase Dipole Moment Computationsis a validation s of eq 8 would reflect this limitation in accuracy; that is, we
Qf the computational accuracy of the molecylar orbital compyta- did not expect to generate & model of significantly better
tion methods for charge distribution properties, gas-phase d'p°|epredictive quality than that found for gas-phase dipole moment
moments were computed and compared to experimental values.gculations.
available in the literature. The B3LYP/6'31G(d;p) and HF/ S Regressions.Regressions using 90 solutes (Table 2)
MIDI! approaches were used to optimize the geometries of 45 g,0\ved accurate estimates $sing linear combinations of
solutes from the set of 90 considered forl this study, in vacuo. he computed electrostatics terms and measured solute polar-
The B3LYP/6-311G(2df,2p) and HF/MIDI! methods were then i apiities (Table 3). HF/MIDI! electrostatic energies computed
used to compute the dipole moments of these solutes (also Nyt the 0.0004 gbohi SAS in the presence of a SCIPCM/IPCM

vacuo), and these calculated results were compared Wwithgigjectric produced the best correlation wivalues (Table
measured gas-phase dipole moméhts.

Selection of S Data. We selected solutes which exhibit a

DI! gas phase dipole
*

1

Figure 1. HF/MIDI! computed in vacuo dipole moments for 45
compounds.

wide range ofSvalues?!47We includedn-alkanes as reference _ _ I
compounds, since Abraham Rfkane = 0.8 A range of small Sie = 0.4& — 0.105AU, 11)
to moderately sized aliphatic compounds-(1l non-hydrogen r2=094 o=0.13

atoms), often containing multiple moieties, composed the first

sublsettoft:]he I'fsft' 'ta‘ f]?W homlologgu_s se/rAles Wei_re included ctjo whereAUq' is in kcal/mol. Using the HF/MIDI! methodS;;
eévaluate the efiect of nonpolar chains. Aromatic compounas .o relatively insensitive to changes in the dielectric field

composed the secoqd subset (ranging from4to 1§ non-hydroger},ne,[hoo| (PCM vs SCIPCM/IPCM) or location of the SAS
atoms), some of which contained N, S, or O as ring members. (0.0004 vs 0.0001 @bohf). This indicated thatAU, is
: . . q

Multiple moieties and some flexible chain substituents charac- robably a robust and phvsically meaninaful parameterSor
terized many of the aromatic compounds. In both aliphatic and P ya phy y giul paran .
By comparisons;; values calculated from electrostatic energies

aromatic sets, a range of semipolar (e.g., olefin, amino, halide) . . B .

to highly polar (e.g., sulfone, sulfoxide, amide, nitro) groups aLIthe 128% Bondi rad;' S%Utg f’%sggq) Sdr;ol"%dzg‘?r]rs'gler'

were tested. Additionally, in some cases one or more electron- 2Py Weaker agreement wi (r -ovan <V, labie
3). This suggested that an SAS based on electron isodensity,

withdrawing groups (such as halogens) were proximate to a L ; . .
polar group, causing important intramolecular interactions (e.g., ;itnggéh%};he 120% Bondi radii SAS, is an appropriate physical

3-bromophenol and 2,2,2-trifluoroethanol). This range of com- .
pounds allowed us to evaluate the robustness of the model’s In _aII regressions of eq 8 (Table 3.)’ the measur_ed excess
applicability to small and moderately sized organic compounds fc’lar'ng'“ty and cpmp_uted electrc_)stancs term explained about
containing C, H, N, O, S, F, Cl, and Br (only one compound /3 and“/s of S V.a”ab'“ty‘ respectively, sho_wmg .that both of
containing P was included in the set). the.se terms are important gomponentsoThls indicated that
while stable charge density at the solute surface generally
dominates theS term, solute polarizability also contributes
significantly. These results support the contention that Abraham
Computation of Gas-Phase Dipole Momentdt was desir- and co-workers have indeed isolated a LSER term which
able to evaluate the reliability of the HF/MIDI! and B3LYP/  quantitatively reflects mainly polarity and polarizability character
6-311G(2df,2p) methods against an independently measurableof the solute.
molecular charge distribution property. Reported gas-phase A data-withholding test of each variant of eq 8 was conducted
dipole moment® compared favorably to those calculated in in order to evaluate its robustness for novel compounds not

Results and Discussion
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TABLE 2: Regression Results for Eq 11 and Comparison of Calculated and LiteratureS Values (AU[: in kcal/mol)

solute E —AU, calcdSy  measdS solute E —AU, calcdSy  measdS
propane 0.000 0.18 0.02 0.00 nitroethane 0.270 7.62 0.93 0.95
pentane 0.000 0.24 0.03 0.00 nitropropane 0.242 7.35 0.89 0.95
cyclohexane 0.305 0.22 0.17 0.10 ethyl acetate 0.106 4.77 0.55 0.62
1-hexene 0.078 0.83 0.12 0.08 acetic acid 0.265 7.29 0.89 0.65
propyne 0.183 2.27 0.33 0.25 2,2,2-trifluoroethanol 0.015 7.64 0.81 0.60
1-butyne 0.178 2.20 0.32 0.23 enflurane —0.230 5.21 0.43 0.40
fluoromethane 0.066 3.29 0.38 0.35 isoflurane —0.240 6.17 0.53 0.50
1-fluorobutane 0.017 2.95 0.32 0.35 trimethyl phosphate 0.113 11.28 1.24 1.10
1-fluoropentane 0.002 3.00 0.31 0.35 propionamide 0.440 9.21 1.18 1.30
tetrafluoromethane  —0.280 0.78 —0.05 —0.20 N-methylformamide 0.405 10.06 1.25 1.30
hexafluorosulfide —0.600 0.32 —0.26 -0.20 dimethyl sulfone 0.590 14.45 1.80 1.70
chloroethane 0.227 2.82 0.41 0.40 N,N-dimethylacetamide 0.363 7.26 0.94 1.33
1-chlorobutane 0.210 2.81 0.40 0.40 N,N-dimethylformamide 0.367 8.05 1.02 1.31
1-chlorooctane 0.191 2.70 0.37 0.40 dimethyl sulfoxide 0.522 10.90 1.40 1.74
carbon tetrachloride 0.458 0.48 0.27 0.38 benzene 0.610 1.79 0.48 0.52
1,1,2-trichloroethane 0.499 4.08 0.67 0.68 toluene 0.601 1.72 0.47 0.52
hexachloroethane 0.680 0.65 0.40 0.22 ethylbenzene 0.613 1.71 0.48 0.51
bromoethane 0.366 2.75 0.46 0.40 naphthalene 1.340 2.64 0.92 0.92
1-bromobutane 0.360 2.72 0.46 0.40 phenanthrene 2.055 3.51 1.36 1.29
1-bromooctane 0.339 2.94 0.47 0.40 pyrene 2.808 3.83 1.76 1.71
dibromomethane 0.714 3.17 0.68 0.67 chlorobenzene 0.718 2.71 0.63 0.65
tribromomethane 0.974 2.49 0.73 0.68 1,2,4-trichlorobenzene 0.980 3.24 0.81 0.81
diethyl ether 0.041 1.72 0.20 0.25 1,2-dibromobenzene 1.190 331 0.92 0.96
dipropyl ether 0.008 1.84 0.20 0.25 aniline 0.955 4.71 0.96 0.96
tetrahydrofuran 0.289 2.70 0.42 0.52 N-methylaniline 0.948 3.74 0.85 0.90
carbon monoxide 0.000 0.69 0.07 0.00 N,N-dimethylaniline 0.957 2.84 0.76 0.84
carbon dioxide 0.150 3.12 0.40 0.42 phenol 0.805 5.91 1.01 0.89
carbon disulfide 0.877 0.26 0.45 0.21 mecresol 0.820 5.66 0.99 0.87
dioxygen 0.000 0.07 0.01 0.00 benzyl alcohol 0.803 4.93 0.90 0.87
nitrous oxide 0.068 2.11 0.25 0.35 benzaldehyde 0.820 5.59 0.98 1.00
ethylamine 0.236 2.97 0.42 0.35 benzonitrile 0.742 6.91 1.08 1.11
propylamine 0.225 3.34 0.46 0.35 thiophene 0.687 2.27 0.57 0.56
butylamine 0.224 3.36 0.46 0.35 benzothiophene 1.323 3.00 0.95 0.88
water 0.000 6.96 0.73 0.45 thiazole 0.800 4.45 0.85 0.80
methanol 0.278 4.68 0.62 0.44 pyrazole 0.620 7.29 1.06 1.00
ethanol 0.246 4.22 0.56 0.42 benzophenone 1.447 5.56 1.28 1.50
1-propanol 0.236 4.23 0.56 0.42 4-cyanophenol 0.940 11.78 1.69 1.55
2-propanol 0.212 4.16 0.54 0.36 diethylphthalate 0.729 8.04 1.19 1.40
1-decanol 0.191 4.49 0.56 0.42 benzotrifluoride 0.225 3.26 0.45 0.48
acetone 0.179 5.46 0.66 0.70 3-bromophenol 1.060 6.77 1.22 1.15
butanone 0.166 4.78 0.58 0.70 benzamide 0.990 9.45 1.47 1.50
propanal 0.196 4.58 0.57 0.65 benzenesulfonamide 1.130 13.27 1.94 1.55
acetonitrile 0.237 7.13 0.86 0.90 methylphenyl sulfone 1.080 12.29 1.81 1.85
propionitrile 0.162 6.72 0.78 0.90 diphenyl sulfone 1.570 11.01 1.91 2.15
nitromethane 0.313 8.23 1.01 0.95 methylphenyl sulfoxide 1.080 9.81 1.55 1.85
TABLE 3: Regression Statistics for Eq 8 Using 90 SolutesAUyq in kcal/mol; XV in (kcal Ayimol)
eq 8 regression regression  data-withholding
electrostatic  dielectric SAS used best fit coeffs statistics test statistics
descriptor modef method  for electrostatics e & 0; (weight) Aq £ 05 (weight) r2 o r? rmse
AUS‘ PCM B3LYP 1.2 Bondi radii 0.46- 0.22 (34%) —0.095+ 0.038 (66%) 0.72 0.28 0.70 0.28
AUS’ PCM MIDI! 1.2 Bondi radii 0.45+ 0.22 (31%) —0.111+0.041(69%) 0.78 0.23 0.77 0.24
AUq' SCIPCM  MIDI! 0.0004 au 0.48 0.20 (33%) —0.105+0.035(67%) 0.94 0.13 0.93 0.13
AUGI. PCM B3LYP 0.0004 au 0.4% 0.21 (31%) —0.124+0.042 (69%) 0.92 0.14 0.91 0.15
AU& PCM MIDI! 0.0004 au 0.48 0.20 (33%) —0.106+0.036 (67%) 0.92 0.14 0.91 0.15
AU(; PCM MIDI! 0.0001 au 0.49: 0.20 (33%) —0.153+0.051(67%) 0.94 0.13 0.93 0.13
SVZ SCIPCM  MIDI! 0.0004 au 0.46- 0.20 (32%) —0.091+ 0.030(68%) 0.96 0.10 0.95 0.11
SVE PCM B3LYP 0.0004 au 0.44 0.21 (31%) —0.097+0.033(69%) 0.93 0.14 0.92 0.15
PAVAS PCM MIDI! 0.0004 au 0.45t 0.20 (31%) —0.094+0.031(69%) 0.95 0.11 0.94 0.12
VAL PCM MIDI! 0.0001 au 0.47 0.20 (32%) —0.115+0.038(68%) 0.95 0.11 0.95 0.11

aUsinge, = 78.3." Indicates either a B3LYP/6-311G(2df,2p) or HF/MIDI! single point wave function computatibrau= 1 e/bohe for an

isodensity SAS.

included in the regression set. This was done by determining solute. This procedure was then repeated to genera®Q0
the best-fit coefficients to eq 8 using 89 of the 90 solutes, and values that were independent of the regressions. All regressions

then using this regression to calculeégeq for the withheld

and parameter statistics were calculated using singular value



7570 J. Phys. Chem. B, Vol. 109, No. 15, 2005 Arey et al.

decompositiort? Data-withholding tests suggested that the 25 ' v ' '
expected uncertainty d§eq vValues for solutes outside of the
regression sets were similar to regression statistics (Table 3). sl i
Hence, within the parameter space represented by our training r*=0.96
set, eq 11 gave good predictions for new compounds. 6=0.10
Regression outliers for eq 8 using either of the computed 2 g ' * "
AUB or AU terms showed some systematic biases. The mostm
egreglousS overestimates were consistently strong hydrogen- ¢ '/ N 1
bond donors (e.g., water, acetic acid, 2,2,2-trifluoroethanol, and §
benzenesulfonamide). Conversely, underestim&ealitliers 0.5+ . ,
were usually strong hydrogen-bond acceptors (eMyN- L ot
dimethylformamideN,N-dimethylacetamide, dimethyl sulfox-
ide). This pattern of model prediction error could result from
hydrogen-bonding interference during the developmens of
parameter values from data. As discussed in the Introduction, -0.5% 0 o5 y s 2 25
Abraham et al.’s development &finvolved reverse fits which measured S value
simultaneously updated bothandSvalues from trial descrip- ~ Figure 2. Plot of Sregression results for eq 12.
tors. It is difficult to ascertain that these earlier investigations 18 . . . .
successfully removed all of the Debye and Keesom contributions p
to A. Or, particularly for highly polar solutes, blending of some 16 20972 L ]
of the B character intdS values may have occurred, assuming o= 0.71 [kcal Almol] M *
that these contributions to the solvation free energy are in fact *
linearly separable. It was additionally useful to examine model 12 i
performance for certain subsets of the data, since our chosen
set of solutes is somewhat biased toward monofunctional
compounds. If only the subset of 38 solutes containing two or
more heteroatoms was considered, model deviation statistics
using eq 11 were slightly worse?(= 0.92 ando = 0.16) than 6F oz U E
the statistics found for the entire regression set. Hence we e
suspect that model predictions for multifunctional, polar mol-
ecules such as carbohydrates may be worse than is suggested ,| ¥ ff* * _
by the statistics shown here. Among the 31 solutes containing
aromatic functional groups, model error statistics for eq 11 were 9 2 j, p 8 10 12 14 15
comparable to those for the complete set = 0.92 and ~aU; [kealimol]
o = 0.13. Finally, we suspected that failure of the computational Figure 3. Correlation betweerU; and=Ve for 90 solutes using the
methods to evaluate properly surface potential on some highly HF/MIDI! method with SCIPCM/IPCM at the 0.0004 #sohP SAS.
polar moieties might explain some bias and erro6iregres-
sions. However, a comparison of HF/MIDI! calculated dipole SCIPCM/IPCM at the 0.0004¢bohP SAS, it was found that
moment residuals witlg;; residuals from eq 11 showed no (Figure 3):
correlation at all (2 = 0.03). Additionally, the accuracy of gas-

reg
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2
s
]
T
*
*
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phase dipole moment computations did not correlate with solute SV..2=(1.17 AAU! [kcal A/mol 13
polarity (Figure 1). Consequently, we concluded that the s = ( AU, [ ] (13)
computational methods were not responsible for the observed r2=0.97, 6=0.71 [kcal A/mol]

Sit error bias toward compounds containing strong hydrogen-

bonding moieties. Solutes which had the most overestima®d? values in this

The bestSregression overall was found with the HF/MIDI!  correlation were consistently strong hydrogen-bonding donors
computed=Vs? electrostatic descriptor (as opposed to a com- (e.g., water, acetic acid), whereas strong hydrogen-bond accep-

puted electrostatic energyUy): tors (e.g., diphenyl sulfone) were typically underestimated. The
outlier bias of eq 13 therefore mirrors the outlier bias found for
S, = 0.46 — O.OQJZVSZ (12) eq_ll using the HF/MIDI! method, creating offsetting errors.
This explains howXV¢? was apparently the most successful
r>=0.96, 6=0.10 electrostatic variable for predictirfgvalues for the set of solutes
considered here.
employing the SCIPCM/IPCM at the 0.0004/kohP SAS On Correlating Solute Electric Field with Electric Poten-

(Figure 2), wherexV is in [kcal A/mol]. In fact, substitution tial at the SAS. It would be reasonable to conclude that since
of the computed,(r) by the¢a(r) in SAS integrals (eq 9) eq 13 produces a good correlatioA £ 0.97), it is additionally
produced consistently improved correlations between the elec-the case thap:(r)D1n(r) correlates well withp?4(r) locally at
trostatic descriptor and (using HF/MIDI!, Table 3). This the SAS. However, using the HF/MIDI! SCIPCM/IPCM-
surprising result could be explained as a canceling of errors computed 0.0004#bohe SAS surfaces on the 90 solute set,
between eqgs 9 and 11. Using the HF/MIDI! method with the it was found that
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¢*1(r) = —(1.03 A)y(1)D, (1) [V7] (14)  Brink et al. developedl, an area-normalized summation of
' ’ absolute elecrostatic surface potentfal:
r’=0.90
M= 5f,,40:(0) — $uldA (16)
An apparent incongruity arises here: eq 13 suggests)faad A’ sASTL !
is a robust substitute fapi(r)D1pa(r) in the SAS electrostatic
energy integral, but in eq 14¢%(r) is a less accurate
(r2=0.90) explanatory variable faf;(r)D1n(r) at local points

and an area-normalized summation of squared electrostatic
surface potential, which they termeg,?2.18 Brink et al. found

. X a limited correlation between* and IT plus a polarizability
on the SAS Additional analysis (data not shown) revealed that parameter plus an intercept (statistics were not given). Zou et

thls. contradlct|on_goulq be explained as f_OHOWS' S|_nce eq 14 al. recently improved this* correlation by includingoi,? as
residuals are additive in the SA8lectrostatic energy integral, 5, agditional termrg = 0.93 for 50 solutes3t Using HF/MIDI!
they counterbalance in the integral to a significant extent. 50y jations with the SCIPCM/IPCM dielectric field and a
Additionally, it was found that molecules having a preponder- o 0004 e/bohR solute isosurface, we found the following
ance of positivep?; 5 (r) residuals in eq 14 correlated with total  ¢grrelation forS using the solute set presented here:
molecular surface chargex(Jc:). In other words, molecules

having highAU(; values tended to havg?y(r) values under- Si = 0.55 + 1.021 17
predicted by eq 14. These trends contributed information content
to the regression betweeAUc; and XV¢, resulting in the

robust correlation given by eq 13. whereII is given in volts. Adding asi term to the eq 17
Comparison to Alternative Models. To date, the group  regression undermined the statistical interpretability of the

contribution approach developed by Platts et®at the most  parameters and improved the fit little2(= 0.84). Floating a

comprehensively tested technique ®estimation. For the set  constant failed to improve the correlation. The disparity in

of 90 solutes that we considered, 85 could be treated using thegoodness of fit found between eq 17 and eq 11 is consistent

current incarnation of the method of Platts et®8lsince the with the notion thaBreflects area-aggregated, rather than area-

software was unable to handle inorganic compounds or carbonnormalized, charge density on the solute surface.

monoxide. The error statistics for this solute set wére 0.75

and rmse= 0.25, suggesting that many compounds we have Conclusions

chosen pose a severe challenge to the group contribution A method has been developed to estimate the polarity/
approach. The worst outlier was carbon disulfide, having polarizability parameterS, for new solutes. This empirical
Splatts = 1.59 andSpeas= 0.26. parameter has been purported to capture solute electrostatic
We compared the results of eqs 11 and 12 to previous contributions to the solvation free energy, with minimal interfer-
correlations that have been developed;#ftor S, using the set ence from solute solvent hydrogen-bonding interactions. Nev-
of compounds considered here. Lewis suggested a correlatiorerthelessshas conventionally eluded reliable correlations with
of % with calculated dipole moments plus an intercept, finding more fundamental quantities. Moreover, its ambiguous physical
a reasonable fit for 14 solutes?(= 0.91)22 Lamarche et al.  0rigin has been presumed to reflect a conserved solute property
suggesteds fits with linear combinations of solute dipole ©Over a wide range of solvent environments. Despite its
moment, polarizability, and other quantities such as calculated €0mplicated inceptior appears to be accurately explained by

atomic charges and HOMELUMO gap, finding correlations two solute pro_perties: a poIarizabiIiFy term an_d a computed
ranging fromr2 = 0.76 tor2 = 0.85 for a set of 58 solutes. In solvent-accessible-surface electrostatic term. This result supports

this vein. we used the efficient HE/MIDI! method with a PCM the contention that solutesolvent interaction free energies are
dielectric; field €, = 78.3) to compute solute dipole moments, mostly separable into solutesolvent hydrogen bonding, solvent

. . . . cavitation, solute polarization, and solttgolvent electrostatic
finding a correlation withS for the 90 solutes considered here . - L .
interactions. Additionally, correlations found betwe8rand

electrostatic descriptors consistently indicate that a solute
Sit = 0-5F + 0.1y, (15) electron isodensity psurface is a bet¥er basis for electrostatic
2=085 o=0.19 computations than a Bondi fixed atomic radii surface. Results
' ' here show thaBis not very sensitive to the choice of isodensity
surface in the 0.00010.0004 e/bohe range, additionally
corroborating the robustness of this particular type of surface.
This directed the development of a model §rhowever, it

r’=0.80 and o= 0.23

where the dipole moment is expressed in debye. A similar
regression oS with ucq® (Which corresponds to the pairwise

free energy of interaction between freely rotating diptles oy 2qditionally inform the ongoing debate over what type of
yielded a comparable fit. Although convenient to compute, these gqyent-accessible-surface is most appropriate for continuum
regressions are biased against symmetric molecules, since sucyation free energy computations more generally.

solutes may exhibit substantial solvent-accessible charge separa- For practical applications @ estimation, we recommend eq
tion not reflected in their dipole moments (e.g., carbon dioxide, 12 which has an estimate®}eq standard error of about 0.11;
benzene). It is worth noting that although the solute dipole j e using the efficient HF/MIDI! method for computation of
moment is commonly relied upon as an indicator of solute 3V at a 0.0004 e/bohP SAS in the presence of a SCIPCM
polarity in solvent environments, higher multipoles contribute or IPCM dielectric field withe; = 78.3. However in (not
significantly to the solutesolvent interaction energy. In fact, unusual) cases where SCIPCM or IPCM may be computation-
the marginal contributions of higher multipoles may be slowly ally expensive or poorly convergent, similar results may be
convergent, and they may still be significant well beyond the obtained by using PCM to generate the dielectric field, followed
20" term in the multipole expansici. Recognizing this by computation of=VZ or AUq' at the 0.0004 or 0.0001
deficiency of the dipole moment as an electrostatic descriptor, e /bohe SAS. Unlike previous group contribution approaches,
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the model could be practically applied to any moderately small
(=20 non-hydrogen atoms) molecule containing C, H, N, O, S,
F, Cl, and Br.

The uncertainty in predicted G, values propagated from
error inSyeq Calculations depends on the magnitude of the LSER
coefficient, s, in eq 1. Thes term indicates the change in
electrostatic interaction that the solute will experience in going
between the two solvation environments, as defined By,.

The largest documentexivalue is probably that for airwater
partitioning, wheres = 2.5547 In this limiting case one may
therefore expect a typical log error of ~ sos = 2.55x 0.11

= 0.28, or a factor of 1.9 in the partition coefficient, as a result
of the uncertainty in th& model proposed here.

HF/MIDI! and B3LYP/6-311G(2df,2p) molecular orbital

Arey et al.
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computations of gas phase dipole moments compared favorably (18) Murray, J. S.; Politzer, F.. Mol. Struct.199§ 425, 107—114.

to measurement data with correlation coefficients of 0.96 and
0.975, respectively. Given this performance for charge distribu-
tion estimates of small and medium sized molecules, we do
not expect significantly better results for prediction of the
electrostatic variable igyeqd In addition to molecular orbital
model limitations, the largest source of errorSgeq values is
probably contamination by solutesolvent hydrogen-bonding
interactions inherent in the original development of sol8te
values. This small amount of blending $fvith other physical
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assumption of linearly separable physical processes is simply

inappropriate.

In future work, extension and validation of the model using
a wider range of elements (such as Si, P, and |, to which the
MIDI! basis set has been extend®&dand more multifunctional,

(26) Platts, J. A.; Butina, D.; Abraham, M. H.; Hersey,JAChem. Inf.
Comput. Sci1999 39, 835-845.
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biological molecules (such as pesticides and pharmaceuticals) (29) Cramer, C. J.; Truhlar, D. GChem. Re. 1999 99, 2161-2200.

would contribute added insight and utility to this investigation.
Additionally, development of general LSER approaches which

(30) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117—
129.
(31) Agqvist, J.; Hansson, . Phys. Chem1996 100, 9512-9521.

rely on more physically transparent parameters such as computed (32) Milischuk, A.; Matyushov, D. V.J. Phys. Chem. 2002 106,
electrostatics descriptors may offer insights. Such studies could2146-2157.

more deeply evaluate the assumptions and limitations of the ;4
LSER approximation, thereby leading to a better understanding

of these highly successful but preponderantly empirical models.

Acknowledgment. This research was supported by the EPA/
ONR/NCERQA Science to Achieve Results Award R-82902301-
0, the Alliance for Global Sustainability, the Martin Family
Society of Fellows for Sustainability, and the Ralph M. Parsons
Fellowship Foundation. The authors also acknowledge Drs.
Bernhardt L. Trout, Bruce Tidor, Daniel Blankschtein, Elfatih
A. B. Eltahir, and Kenneth Beers for their insightful comments,
modeling guidance, and support with molecular computations.
Additional thanks goes to Dr. Michael H. Abraham for helpful
conversations about this project, to Pharma Algorithms for
granting an evaluative license of the AbSolv 2.0 software, and
to Dr. Donnan Steele for useful comments on the manuscript.

References and Notes

(1) Kamlet, M. J.; Abboud, J.-L. M.; Abraham, M. H.; Taft, R. \4.
Org. Chem.1983 48, 2877-2887.

(2) Kamlet, M. J.; Doherty, R. M.; Abraham, M. H.; Marcus, Y.; Taft,
R. W.J. Phys. Chem1988 92, 5244-5255.

(3) Abraham, M. H.; Poole, C. F.; Poole, S. K.Chomatogr. AL999
842 79-114.

(4) Goss, K.-U.; Schwarzenbach, R. Bawiron. Sci. Technol2001,
35, 1-9.

(5) Cramer, C. J.; Famini, G. R.; Lowrey, A. Acc. Chem. Re4993
26, 599-605.

(6) Goss., K.-UJ. Phys. Chem. BR003 107, 14025-14029.

(7) Kamlet, M. J.; Abboud, J. L.; Taft, R. W.. Am. Chem. Sod977,
99, 6027+6038.

(33) Milischuk, A.; Matyushov, D. VJ. Chem. Phy2003 118 1859-
62

(34) Matyushov, D. V.J. Chem. Phys2004 120, 1375-1382.

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98, revision a.6.
Gaussian, Inc.: Pittsburgh, PA, 1998.

(36) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(37) Easton, R. E.; Giesen, D. J.; Welch, A.; Cramer, C. J.; Truhlar, D.
G. Theor. Chim. Actal996 93, 281—301.

(38) Green, D. F.; Tidor, BJ. Phys. Chem. B003 107, 10261-10273.

(39) Cramer, C. Essentials of Computational Chemistry. Theories and
Models John Wiley & Sons, Ltd.: New York, 2002.

(40) Cossi, M.; Barone, V.; Cammi, R.; Tomasi,GChem. Phys. Lett.
1996 255, 327—335.

(41) Barone, V.; Cossi, M.; Tomasi,J.Comput. Chenl998 19, 404—
417.

(42) Bondi, A.J. Phys. Chem1964 68, 441-451.

(43) Marten, B.; Kim, K.; Cortis, C.; Freisner, R. A.; Murphy, R. B;
Ringnalda, M. N.; Sitkoff, D.; Honig, BJ. Phys. Chen996 100, 11775~
11788.

(44) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
M. J.J. Phys. Chem1996 100, 16098-16104.

(45) Lide, D. R.; Frederikse, H. P. RRC Handbook of Chemistry and
Physics 76th ed.; CRC Press: Boca Raton, FL, 1995.

(46) Abraham, M. H.; Chadha, H. S.; Whiting, G. S.; Mitchell, R.JC.
Pharm. Sci.1994 83, 1085-1100.

(47) Abraham, M. H.; Andonian-Haftvan, J.; Whiting, G. S.; LeoJA.
Chem. Soc., Perkin Trans.1894 8, 17771790.



Abraham’s Solute Polarity Parameter J. Phys. Chem. B, Vol. 109, No. 15, 2008673

(48) Weast, R. C.; Astle, M. LRC Handbook of Chemistry and Physics (50) Pharma AlgorithmsAbSob, v. 2.0. 2004.

CRC Press: Boca Raton, FL, 1981. (51) Israelachvili, J. NIntermolecular and Surface Forceg&nd ed.;
(49) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, B. P.  Academic Press: New York, 1991.
Numerical Recipes in C: The Art of Scientific Computi@ambridge (52) Li, J.; Cramer, C. J.; Truhlar, D. Gheor. Chem. Accl998 99,

University Press: Cambridge, U.K., 1993. 192-196.



