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Abstract

ŽThe free energies of solvation of six nucleic acid bases adenine, cytosine, hypoxanthine, guanine, thymine, and
.uracil in water and chloroform are calculated using CM2 class IV charges and SM5.42R atomic surface tensions.

Ž .Using any of three approximations to the electronic wave function AM1, Hartree]Fock, or DFT , we obtain good
agreement with experiment for five cases where the experimental results are known for the partition coefficients
between the two solvents. Decomposition of the solvation effects into bulk electrostatic contributions and first-solva-
tion-shell effects shows that the partitioning is dominated by the former, and this illustrates the importance of using
accurate partial atomic charges for modeling these molecules in aqueous solution. Q 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Implicit solvent models have developed rapidly
in recent years, and a large number of self-con-

Ž .sistent reaction field SCRF models have been
proposed for calculating the electrostatic compo-

w xnent of free energies of solvation 1]7 . Some
attention has also been paid to including explicit

U Corresponding authors.

w xdispersion andror cavitation energies 1]3 in the
first solvation shell without introducing explicit
solvent molecules. Our own approach has in-
volved combining an SCRF treatment of elec-
trostatic effects with a semiempirical approach
for including all first-solvation-shell terms, in an
average way, without introducing explicit solvent

w xmolecules 5]7 . The implied average is both an
equilibrium average of solvent configurations and
a chemical average over specific molecular in-
stances of a given functional group. We have used
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this approach for a series of solvation models
Ž . w xcalled Solvation Model 1 SM1 8 , Solvation

Ž . w xModel 2 SM2 9 , etc., or, in general, SM x.
In the SM x models, the standard-state free

energy of solvation for the case where the stan-
Ž .dard-state concentration is the same e.g. 1 molrl

in the gas phase and in the liquid-phase solution
is given by

0 Ž .DG sDG qG 1S ENP CDS

where DG is called the electrostatic term andENP
G is called the cavity-dispersion-solvent-struc-CDS
ture term. The latter term accounts for first-
solvation-shell contributions, which are modeled
by an expression of the form

Ž .G s s A 2ÝCDS k k
k

where s is the atomic surface tension of atomk
k, and A is the exposed surface area of atom k.k
In SM x models, the exposed surface area is
equated to the solvent-accessible surface area
Ž . w x Ž w x w x.SASA 10,11 xs1]4 8,9,12,13 or 5.4 14]17

Žor to the exposed van der Waals area xs5.0
w x w x w x.18,19 , 5.2 20 , 5.42 21]23 ; the latter is a
special case of SASA in which the effective sol-
vent radius is modeled as vanishingly small in
order to increase the sensitivity of A to molecu-k

Ž .lar structure. The physical motivation for Eq. 1
is that the SASA is proportional to the area of a
surface passing through the first solvation shell
and thus, for a continuum model of the solvent, it
is proportional to the average number of solvent

Žmolecules in the first solvation shell for small
.solvents or to the average number of solvent

Žmonomer units in the first solvation shell for
example, the average number of ]CH ] units2
interacting with or perturbed by the solute in the

.case of n-hexadecane solvent . Then the atomic
surface tension s is a constant of proportional-k
ity between this average number of interacting or

Žperturbed solvent molecules or solvent monomer
.units and a resulting free energy change at-

tributable to that atom of the solute. This is
intrinsically approximate because entropies and
free energies cannot be decomposed into atomic
contributions in any rigorous fashion, but it ac-

cords well with intuitive chemical concepts. In our
Ž w x.most recent models xG5 14]23 , the atomic

surface tensions are written as a linear combina-
Ž .tion with a small number ;1]4 of geometry-de-

pendent coefficients:

Ž . Ž . Ž .s s s Z T R 3˜Ýk h k kh
h

Ž .where T R is a function of solute geometrykh

Ž . Ž .R , and s Z depends on the atomic numberh̃ k
of Z of atom k. For example, if atom k is ak

Ž .hydrogen atom Z s1 , one of the T functionsk kh

may change from zero for H far from any nitro-
gen atom to approximately unity for H at a typical
N]H bond distance from a nitrogen atom. Thus
the geometry-dependent functions serve to auto-
matically assign molecular mechanics ‘types’ to

Žthe individual atoms but, unlike molecular me-
chanics types, they are continuous and differen-
tiable functions of molecular geometry and are
well defined for all structures including, for in-

.stance, transition states . Furthermore, in our
w xuniversal solvation models 15,17,19]23 , we write

Ž . Ž . Ž .s Z s s Z n 4˜ ˜Ýh k hn k
n

Ž .where s Z is a surface tension coefficient,h̃n k
Žand n is a solvent descriptor for example, n may

be the index of refraction n, the hydrogen-bond
acidity a , the hydrogen-bond basicity b , or the

.macroscopic surface tension g .
The surface tension coefficients are determined

Ž . Ž .semiempirically by regressing Eqs. 2 ] 4 against
the difference between experimental free ener-
gies of solvation and a bulk electrostatic estimate
obtained by SCRF theory. Thus, inherently, the
G term models all deviations of the true freeCDS
energy of solvation from the bulk electrostatics.
To emphasize this we use the acronym CDS to
remind us of three leading contributions: cavita-

Ž . Ž . Žtion C , dispersion D interactions both
solute]solvent dispersion interactions and the
change in solvent]solvent dispersion interactions

.upon insertion of the solute , and non-electro-
Ž .static aspects of solvent structural S changes

Žsuch as those induced by solute]solvent hydro-
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gen bonding and the changes in solvent]solvent
hydrogen bonding upon insertion of the solute }
the latter being an important contributor to the

.hydrophobic effect . To the extent that hydrogen
bonding is partially modeled by bulk-solvent elec-
trostatics, it is included in the SCRF term, so

ŽG has only the non-electrostatic or, moreCDS
.accurately, non-bulk-electrostatic component.

The C, D and S effects are not mutually exclusive,
and in fact other contributions to G are alsoCDS
inseparable from the C, D and S effects. These
other contributions include any deviation from
bulk electrostatics, both those due to approxima-

Žtions in the SCRF calculation such as an inaccu-
rate solute charge distribution due to an incom-

.plete basis set and those due to inherent limita-
Žtions of the SCRF model such as the necessity to

define a solute]solvent boundary in terms of so-
lute atomic radii or the fact that the solvent
interacts with the average rather than the instan-

.taneous solute charge distribution . Clearly the
ability of the G term to correct for any inade-CDS
quacies in our bulk electrostatic term and for the

Žuncertainties in the atomic radii or, more gener-
ally, in the treatment of the solute]solvent

.boundary is most believable if the electrostatic
treatment is not too far from the correct elec-
trostatics, and this is one of the reasons we devel-
oped the class IV charge models.

The fact that the semiempirical atomic surface
tensions attempt to model all deviations from the
consistent electrostatic term is the greatest
strength of SM x models. Most implicit-solvent
models have very significant uncertainties in their
quantitative predictions due to uncertainties in
the treatment of the atomic boundary for the
electrostatic part of the calculation, whereas the
predictions of SM x models are relatively insensi-
tive to fairly large variations in the atomic radii,
at least for neutral solutes, provided the atomic
surface tensions are reoptimized for a given choice
of radii.

Although the G terms can compensate forCDS
some of the error in the SCRF electrostatic com-
putation, such compensation can never be per-
fect. Because the compensation is reasonably suc-
cessful, one finds that relatively inexpensive SCRF
models are often adequate, and we have devel-

oped inexpensive models like SM5.4rAM1
w x w x14]17 and SM5.2RrMNDOrd 20 , which are

w x w xbased on the AM1 24 and MNDOrd 25
parameterizations of semiempirical molecular or-
bital theory, and which are very affordable even
for systems as large and complicated as metal-
loproteins. On the other hand, we have recently
developed practical SM x models based on ab

Ž . w xinitio Hartree]Fock HF theory 22,23 , density
Ž . w xfunctional theory DFT 21,23 , and hybrid HF-

w xDFT 23 in order to provide presumably more
reliable predictions when such calculations are
affordable.

A critical element in the electrostatic part of
the calculation is the accuracy of the partial
atomic charges. We have used two complemen-
tary routes to make the calculation of accurate
partial atomic charges more affordable for large
solute molecules. First we developed the MIDI!

w xbasis set 26 which is specifically designed to yield
accurate geometries and partial atomic charges at
the Hartree]Fock level without polarization basis

Žfunctions on C or H atoms. This may be com-
U w xpared, for example, to the 6-31G basis set 27

which has polarization functions on all atoms
.except H atoms. Second is the CM2 class IV

w xcharge model 28 which provides very accurate
partial atomic charges from semiempirical, ab ini-
tio HF, DFT, or HF-DFT wave functions by a
semiempirical mapping from the density matrix.
These partial charges are employed in the

w xSM5.42R solvation model 21]23 , which was
parameterized using gas-phase HFrMIDI!
geometries. In order to compensate as well as
possible for any systematic errors in the partial
atomic charges, a separate set of surface tension
coefficients was optimized for each combination
of semiempirical or ab initio Fock operator,
Kohn]Sham operator, or hybrid Fock]Kohn]
Sham operator with a particular one-electron ba-

w xsis set 21]23 . In the present article we will focus
w xon three such combinations 23 , namely

SM 5.42rAM1, SM5.42rHFr6-31GU , and
SM5.42RrBPW91rMIDI!, where the latter is
based on DFT with the BPW91 density functional
w x29,30 and the MIDI! basis set. We will also
compare the performance of these calculations to

w xSM5.42RrPM3 23 calculations, which are based
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w xon the PM3 parameterization 31 of semiempiri-
cal molecular orbital theory.

For comparison we will also give results ob-
w xtained with the SM5.4rAM1 method 14]17 ,

which is based on the earlier CM1 class IV charge
w xmodel 32 .

All methods are tested by experiment for the
chloroformrwater partition coefficients of the five
most common nucleic acid bases, namely, ade-
nine, cytosine, guanine, thymine and uracil.

2. Calculations

The standard-state free energy of solvation is
Ž .given by Eq. 1 where we use the same standard

Žstate in the gas phase and the liquid solution 1
.molrl , and where the electrostatic component

has two terms:

Ž .DG sD E qG 5ENP EN P

Here D E is the distortion cost, which is theEN
wchange in the solute’s internal energy electronic

Ž . Ž .xE plus nuclear N upon insertion in the sol-
vent, and G is the electric polarization freeP
energy, which includes solute]solvent elec-

Žtrostatic interactions whose net effect is favor-
.able, i.e. negative minus the cost of achieving

this by raising the internal free energy of the
solvent. The latter is evaluated by linear response

w xtheory 7 .
The SM5.42R model is designed to predict

accurate free energies of solvation from calcula-
tions with rigid gas-phase geometries. For the six
molecules studied here, we used gas-phase
geometries optimized by Johnson et al. at the

Ž . w xMP2r6-31G d,p 33 level. Such a level should
provide reasonably accurate geometries, although
we note that tests for a wide variety of solutes
have shown that the results are not overly sensi-

w xtive to reasonable variations in geometry 21,23 .
An SCF calculation is carried out in the gas
phase, and a separate SCRF calculation is carried
out for each solvent. Since the nuclei are not
explicitly relaxed in solution, the nuclear compo-
nent of the solute distortion cost is zero, and
DG is written as DG for these methods.ENP EP

The SM5.4 calculations involve geometry op-

timization in both the gas phase, by AM1, and in
solution, with separate optimization for each sol-
vent. An SCF calculation is carried out at the
gas-phase geometry, and then SCRF calculations
are carried out for each solvent. We previously
presented SM5.4rAM1 and SM5.42RrBPW91r
MIDI! results for bases methylated at the 1 and 9
positions for pyrimidines and purines, respec-

w xtively, and for thymine 21,34,35 . In the present
paper, in order to make the comparison with
SM5.42R models more clear, we also report SM5.4
calculations on the unmethylated bases using the

Ž .MP2r6-31G d,p gas-phase geometries.

2.1. Software

The SM5.42RrHF and SM5.42rBPW91 calcu-
w xlations were carried out with MN-GSM 36 , which

w xaugments GAUSSIAN 37 . The SM5.42RrAM1 cal-
w xculations were carried out with GAMESOL 38 ,

w xwhich augments GAMESS 39 . The SM5.4rAM1
w xcalculations were carried out with AMSOL 40 .

3. Results

Table 1 gives the free energies of solvation in
Ž . Ž .water w and chloroform c . From these we can

calculate the partition coefficient P for trans-crw
fer of the solute from water to chloroform by

0 0Ž . Ž . Ž .P sexp yDG c qDG w rRT 6� 4c r w S S

The common logarithm of P is tabulated incrw
Table 2, where it is compared to experiment
w x41,42 .

Table 3 shows the gas-phase and solution dipole
moments for two of the models. For the same two
models, Table 4 shows a breakdown of the solva-
tion energies for the aqueous case into the two

Ž .components of Eq. 1 .

4. Discussion

There are no experimental results available for
the absolute solvation energies in Table 1, so
comparison to the experimental partition coeffi-
cients is critical for the evaluation of the model.
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Table 1
Solvation free energy in aqueous solution and chloroform

0 Ž .Molecule DG kcalrmolS

aSM5.42Rr SM5.42RrBPW91r SM5.42RrAM1 SM5.4rAM1
UHFr6-31G MIDI!

b Ž .Adenine y16.2 y15.7 y15.8 y19.4 y19.4
c Ž .y14.8 y14.6 y14.8 y14.5 y14.3

Ž .Cytosine y21.0 y19.0 y20.2 y3.5 y22.5
Ž .y15.4 y13.7 y14.9 y17.4 y15.7
Ž .Guanine y24.3 y22.5 y22.2 y26.5 y24.3
Ž .y20.3 y18.9 y18.8 y17.7 y16.4
Ž .Hypoxanthine y21.3 y18.8 y20.7 y24.3 y22.1
Ž .y18.0 y16.2 y17.8 y15.8 y14.7
Ž .Thymine y15.0 y13.8 y14.4 y12.6 y10.6
Ž .y11.4 y9.9 y11.2 y9.7 y8.4
Ž .Uracil y16.1 y14.6 y15.4 y13.6 y11.5
Ž .y11.5 y9.8 y11.3 y9.6 y8.1

a Ž .Values in parentheses: single-point calculations at MP2r6-31G d,p gas-phase geometries.
b Upper entry: water.
c Lower entry: chloroform.

w xWolfenden and Shih 43 have noted that
waterrchloroform partition coefficients are very
difficult to measure for cytosine and guanine be-
cause the water affinity of these two bases are so
high that the amount in the chloroform phase is
hard to detect under conditions where the

w xmolecules remain monomeric. Leo 44 has simi-
larly noted that chloroformrwater partition co-
efficients in the range log P-y3 are not al-10
ways dependable because often they are not mea-
sured with the proper solvent ratio, e.g. cloro-

Ž .formrwater 1000:1 . With these caveats in mind,

we tabulate the best available experimental val-
ues of the base-10 logarithm of P in Table 2.crw

Table 2 shows that the present model reduces
the mean unsigned error in log P from 1.610 crw
log units in SM5.4 to 0.6]0.7 log units in SM5.42R,
depending on the level of the SCRF calculation.
Since the error is reduced by more than a factor
of two even when the semiempirical AM1 method
is used for both SM5.4 and SM5.42R, and since
the error is not reduced very much when we use
MP2 geometries with SM5.4rAM1, we attribute
the improvement primarily to the improved qual-

Table 2
Log P10 crw

Molecule SM5.42Rr SM5.42Rr SM5.42Rr SM5.4r Expt.
U aHFr6-31G BPW91rMIDI! AM1 AM1

Ž . w xAdenine y1.0 y0.8 y0.7 y3.6 y3.6 y2.4 40
Ž . w xCytosine y2.9 y3.9 y3.9 y6.0 y5.0 y3.5 40
Ž . w xGuanine y4.1 y3.6 y2.5 y7.1 y5.8 y3.2 40

bŽ .Hypoxanthine y2.4 y1.9 y2.1 y6.2 y5.6 ]
Ž . w xThymine y2.6 y2.8 y2.3 y2.1 y1.6 y2.3 41
Ž . w xUracil y3.4 y3.5 y3.0 y3.0 y2.5 y3.0 41

c Ž .MUD 0.7 0.7 0.6 1.6 1.3 ]

a Ž .Numbers in parentheses are single-point calculations at MP2r6-31G d,p gas-phase geometries.
b Unavailable.
c Mean unsigned deviation over five cases for which experimental result is available.
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Table 3
Ž .SM5.42RrCM2 dipole moments debye in the gas phase and in aqueous solutions

UMolecule HFr6-31G BPW91rMIDI!

Gas phase Water Chloroform Gas phase Water Chloroform

Adenine 2.35 3.11 2.90 2.20 2.87 2.70
Cytosine 6.53 8.45 7.97 5.89 7.44 7.30
Hypoxanthine 5.31 7.13 6.67 4.52 5.74 5.43
Guanine 6.42 8.21 7.77 5.82 7.28 6.92
Thymine 4.44 5.98 5.57 3.99 5.15 4.84
Uracil 4.49 6.04 5.64 4.01 5.20 4.89

Table 4
Ž .Components of the solvation free energy kcalrmol in

SM5.42R aqueous calculations

UMolecule HFr6-31G BPW91rMIDI!

DG G DG GEP CDS EP CDS

Adenine y7.9 y8.3 y8.7 y7.0
Cytosine y14.4 y6.6 y11.5 y7.5
Guanine y15.6 y8.7 y12.8 y9.7
Hypoxanthine y15.0 y6.3 y11.8 y7.0
Thymine y10.9 y4.1 y9.0 y4.9
Uracil y11.7 y4.5 y9.4 y5.2

ity of the partial atomic charges provided by the
CM2 model.

The high-quality of class IV charges for biologi-

cal molecules was emphasized in a previous paper
w x35 . This is reconfirmed here by comparison of
the gas-phase dipole moments to the large-basis-
set B3LYPrcc-pVTZ calculations of Kwiatkowski

w xand Leszczynski 45 . For example, Kwiatkowski
and Leszczynski calculated 6.41 D for cytosine
and 6.57 D for guanine whereas the present
CM2rHFr6-31GU gas-phase calculations yield
6.53 and 6.42 D, respectively. However, allowing
the electronic charge cloud to relax in aqueous
solution by the SM5.42RrHFr6-31GU model
raises these dipole moments to 8.44 and 8.21 D,
respectively. Figs. 1 and 2 show that these dipole
moment changes result from changes in the par-
tial atomic charges that can be as large as 0.08 in

Ž . U Ž .Fig. 1. CM2 charges of guanine in aqueous solution gas phase obtained from SM5.42RrHFr6-31G rrMP2r6-31G d,p
U Ž .calculations in water and from CM2rHFr6-31G rrMP2r6-31G d,p calculations in the gas phase.
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Ž . U Ž .Fig. 2. CM2 charges of cytosine in aqueous solution gas phase obtained from SM5.42RrHFr6-31G rrMP2r6-31G d,p
U Ž .calculations in water and from CM2rHFr6-31G rrMP2r6-31G d,p calculations in the gas phase.

both cytosine and guanine. The largest change
occurs at the oxo position in both cases, with the
oxygen atom becoming more negative in solution.

Table 3 shows that the HFr6-31GU dipole mo-
ments increase by a median amount of 1.25 D in
chloroform and 1.67 D in water. The dipole mo-
ments and their solvent-induced increases in the
dipole moments are both smaller at the
BPW91rMIDI! level than at the HFr6-31GU

level. Although the CDS terms make up, to some
extent, for systematic deficiencies in electrostat-
ics, Table 1 shows that the predicted free energies
of solvation are smaller at the BPW91rMIDI!
level, as might be expected from the smaller
polarities. Since the gas-phase CM2rHFr6-31GU

dipole moments show better agreement with ex-
w xperiment 46,47 than do the CM2rBPW91r

MIDI! dipole moments, we tentatively accept the
SM5.42RrHFr6-31GU results as providing the
better representation of the nucleic acid bases.

Table 4 shows that only about two-thirds of the
aqueous free energy of solvation comes from the
electrostatic contributions. Similarly both con-
tributions are large for chloroform as a solvent.
For example, for BPW91rMIDI! calculations on

cytosine, DG and G are, respectively, y9.1EP CDS
kcalrmol and y4.6 kcalrmol in chloroform.

One aspect of Table 4 is particularly remark-
able. In all six cases, whichever method
Ž U .HFr6-31G or BPW91rMIDI! has the smaller
value of DG has the larger value of G . ThisEP CDS
provides a striking illustration of the fact that
G not only models true first-solvation-shellCDS
effects, but also, as we have often stressed, it
makes up to some extent for systematic deficien-
cies, if any, in the calculated electrostatic term.

Table 5 shows the values that would be pre-
dicted for log P if G were neglected.10 crw CDS
Agreement with experiment is about the same as
for the full model for SM5.42R, on the average,
and actually slightly better for SM5.4rAM1. It is
not clear what to make of this situation. On the
one hand the similarity of the mean errors in
Table 5 to those in Table 2 might be indicating
that there is room for improvement if one would
regress the atomic surface tensions against exper-
imental data for a representative set of biological
molecules like the present bases or any set of
molecules in which the aromatic nitrogen hetero-
cycle functionality is better represented than it
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Table 5
Log P when G is neglected10 crw CDS

Molecule SM5.42Rr SM5.42Rr SM5.42Rr SM5.4r Expt.
U aHFr6-31G BPW91rMIDI AM1 AM1

Ž . w xAdenine y1.2 y1.6 y3.1 y2.4 2.3 y2.4 40
Ž . w xCytosine y2.5 y1.8 y3.2 y5.0 y4.2 y2.7 40
Ž . w xGuanine y2.7 y2.9 y3.4 y4.7 y3.9 y3.2 40

bŽ .Hypoxanthine y2.6 y2.0 y3.5 y4.9 y4.0 ]
Ž . w xThymine y1.9 y1.5 y2.5 y2.0 y1.8 y2.3 41
Ž . w xUracil y3.2 y1.5 y2.6 y2.2 y1.8 y3.0 41

c Ž .MUD 0.7 1.0 0.4 0.8 0.6 ]

a Ž .Numbers in parentheses are single-point calculations at MP2r6-31G d,p gas-phase geometries.
b Unavailable.
c Mean unsigned deviation over five cases for which experimental result is available.

was in our training set. On the other hand, the
similarity might result from the fact that since the
electrostatics predict the differential solvation en-
ergies so well for this set of five molecules, there
is not much room, in these cases, for improve-
ment by CDS terms. In either event we can
conclude from Table 5 that differential solvation
of the nucleic acid bases is dominated by bulk
electrostatic effects, and the use of realistic par-
tial atomic charges is critical for their accurate
modeling. Another conclusion from Table 5, when
considered in conjunction with Tables 2 and 4, is
that good agreement with log P data does not
necessarily imply that the absolute free energies
of solvation are reliable. Clearly the DG valuesEP
are much smaller than the DG0 values, but theys
lead to predictions of similarity quality for log P.
On the basis of comparisons to over 2000 abso-

w xlute free energies of solvation 21]23 , we know
that the calculated DG0 are much more accurates
than DG in general. Thus the value of testingEP
solvation models against absolute free energies

Žfor a large data set rather than just relative free
.energies for a small number of cases is illus-

trated very dramatically by the fact that these
comparisons allow us to draw this conclusion.

Although we have not presented a full set of
w xresults for the SM5.42RrPM3 23 parameteriza-

tion, we note that it performs quite similarly to
SM5.42RrAM1. In particular the mean unsigned

Ždeviation from experiment is 0.6 kcalrmol which
may be compared to 0.6 kcalrmol for

.SM5.42RrAM1 in Table 2 , and this decreases to

Ž0.3 kcalrmol when G is neglected as com-CDS
pared to 0.4 kcalrmol for SM5.42RrAM1 in

.Table 5 . The relatively uniform behavior of the
SM5.42R model across four different parameteri-
zations is encouraging.

5. Concluding remarks

The nucleic acid bases provide a very sensitive
test set for continuum solvation models because
of their complex functionality. This functionality
contributes to large local multipole moments and
corresponding solvent polarization, and it would
also be expected to lead to specific interactions
with the first solvation shell that are large in
magnitude. Our models, which are optimized to
handle consistently both of these components of
the solvation free energy, are able to reproduce
experimental partition coefficients well. Such per-
formance lends confidence that any subsequent
analysis of the partitioning and or solvation free

Ženergies e.g. to determine contributions from
w xspecific functional groups 34 , to estimate changes

from functional group modifications not yet ex-
.perimentally surveyed, etc. will be on a solid

footing.
Comparison of different models does indicate,

however, that observables other than the free
energy of solvation may be required in order to
further evaluate which models provide the most
accurate description of solute electronic struc-
tures in solution. For instance, reliable solution
dipole moments would be useful in such an evalu-



( )J. Li et al. r Biophysical Chemistry 78 1999 147]155 155

wation which amounts in some sense to shedding
light on the most accurate way to partition DGEP

xand G , as would work correlating changes inC DS
Želectronic spectra as a function of solvent solva-

.tochromism . Further development of continuum
solvent models will benefit from such compar-
isons.
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