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A method for calculation of the solvent effect on the molecular electronic ground-state structure of ions and
molecules has been presented. In this method, being a modification of the Warshel et al. approach, solvent
molecules are represented by a three-dimensional cubic grid of Langevin polarizable point dipoles. The
modifications introduced into the original model include (a) the representation of a solute molecule by atomic
point charges, dipoles, and quadrupoles, (b) the full (i.e., without dumping) Langevin formula for the
polarization, (c) mutual polarization of the solute and the solvent molecules, and (d) the Monte Carlo sampling
technique for determination of the optimal position and orientation of the solute molecule. The proposed
method has been applied in the calculation of hydration energies for small molecules-exmino acids,

and DNA bases, as well as in calculations of the solvent effect on the electronic spectra of acetone,
4-nitroaniline, and Reichardt’s betaine dye.

Introduction (MC)% or molecular dynamics (MD)potentials. Among many
theoretical quantum chemical treatments of the solvent effect,
we mention here only the most representative. Born’s theory
or its generalizatioH-22 has been used by Klopmah?
Germer?® Constanciel et af28 and Cramer and Truhl&e%30
The Onsager reaction field was a base for the so-called self-
consistent-reaction-field (SCRF) theory of Tapia and Gosdhski
and the direct reaction field (DRF) model of van Duijnen et
al. 32735 whereas the general expression of the reaction field
potential of Kirkwood has been used in the calculation scheme
by Rinaldi and Rivait® and by Christoferssen et &. Recently,
) a novel approach to the electrostatic solvation energy calcula-
tions has been proposed by Klamt eB&f8 in their COSMO

whereHO denotes the energy operator for the free molecule and M0del. Among the classical continuum models, the polarized
V is the energy of electrostatic interactions between solute andcontinuum mgde' (PCM) first proposed by Miertus, Scrocco,
solvent molecules. Various methods have been employed,and Tomasi-#?is presently probably most widely used for the
differing only in the choice of a detailed form of. The description of solutesolvent interactions. The electrostatic
electrostatic part of the solvation energy is defined as the potential obtained from the numerical solution of PB equations

difference between the total energy of the solvated molecule Nas been incorporated into quantum chemical calculations by
and the total energy of molecule in vacuo Tannor et aft® and Chen et & The hybrid approachbased

on the statistical theory of liquids (RISM-SCFhas been
recently published by Hirata and collaborattts’” The

Accurate evaluation of the energies of solvation is important
for understanding physical, chemical, and biochemical phe-
nomena in solution. There are many techniques for the
theoretical treatment of solvent effects in chemical systems.
Excellent reviews have been appeared recérftlwhich sum-
marize the theoretical developments in this area. Quantum
chemical procedures that include a solvent effect are also
known134 Most of them introduce an energy operator of the
solute moleculeH) in the form

H=H"+V

AE = [W|H + V|WI- WO Ho W 2) / pu _ _
Langevin dipole model of solvents was also incorporated into
and the solvation Gibbs free energy as the qqantum chgmical Hamiltoniap and used in calculation qf
solvation energies and electronic spectra of molecules in
AG., = [W{H® + V|W- Y, [W|V|¥O- WO HO W= solution#8~50 Combined approaches named QM/MC and QM/
sol 2 L MD, in which solute molecules are treated quantum mechani-
AE i — 1L,PIVIPO(3) cally (semiempirically or ab initio) and solutesolvent and

solvent-solvent interactions are evaluated using molecular

The second term on the right-hand side of this equation mechanics potentials, have begun to appear (see e.g. refs 51
represents the energy cost of polarizing the solvent, and 62). The incorporation of solvent potentials via eq 1 into

WO HO W s the energy of the solute in the gas phase. guantum chemical packages enables not only calculations of

In quantum chemical calculations via eq 1 usually “quantum” the solvation energy (as was done in the classical calculations)
analogues are used for the classical expression of the interactiorbut also exploration of the solvent effect on many chemical and

energy with environment as compared to the old continuum physical properties of solute molecules: geometry, conforma-

models of solvation of Born,Onsageg, and Kirkwood? the

Poisson-Boltzmann (PB) equatiof'®13 the reference interac-
tion site model (RISM}%1417 the Langevin dipole (LD)
representation of the solvent molecul&s?® and Monte Carlo

® Abstract published if\dvance ACS AbstractSanuary 15, 1997.

tional and tautomeric equilibria, dipole moment, molecular
spectra (UV, IR, NMR), nonlinear optical properties, and others.
Theoretical Outline

Classical LD/MC Technique. In the present work, the
solvent effect was taken into account using a modified Langevin
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dipole (LD) model developed by Warshel and collabor&td#s°
Below, we shall give a description of the modifications
introduced in the original model. Solvent molecules are
represented in the LD model by a three-dimensional cubic grid
of polarizable point dipoles as described in refs-%8. The
solvent dipoles are located on a regular cubic grid (with

Lipinski and Bartkowiak

AO AO

u' = ;ZPU(SJUi — MjulJny (8)

AO AO
1 = ZZPU(ui[ﬂ|u|JD+ y U d0- uS; — Ojuy|JD
el

spacing) which is extended around the center of mass of the _
solute up to a radius of spheR typically 12-18 A, and (W r=xy.2) (9
deleting all grid points whose distance from the closest solute whereZ; stands for the atomic core chargg; is the density
atom is smaller than the sum o_l_‘ t_he corresponding solute atommagrix element, andl|xy'z" JOdenotes the multipole integral
and solvent van der Waals radii (i.e.aw + A/2). The sphere i the atomic orbital basis with Cartesian operators defined
(with R radius) is then surrounded by a bulk solvent which is rg|ative to a atomic origin. In the LD model, the solvation free
treated as a dielectric continuum with the dielectric constant of energy depends on the position and orientation of the solute
the bulk solventd). Each solvent dipole (aith molecule) is  molecule, placed in a cubic grid of polarizable solvent mol-
polarized by the local field resulting from a set of charges, gcyles. In the calculations reported in this paper, the optimum
dipoles, and quadrupoles located on the atoms of the soluteysition and orientation of the solute molecule was determined
molecule, as well as from other solvent dipoles. Thus, the total using the Monte Carlo (MC) sampling methéfthereafter, the

field on theith Langevin dipole can be expressed as

E)"=E+E") )
where I_Ei0 is the field produced by the solute molecule and
E° is the field produced by other solvent molecules. The
latter parameter is calculated self-consistentsf;[° = 0. In
an nth iterative step, the polarization (expressed by the dipole
moment of anith solvent molecule) is approximated by the
Langevin-type function
—LD 1
o) = (5)
where g is the unit vector in the direction OE;, us is the
permanent dipole moment of the solvent molecules, and

@®)"lud[cothz, — z 71"

_ I ©
kT

where k is the Boltzmann constant antl denotes absolute
temperature.

Warshel advocated a simpler version of this model, in which
in eq 4 the fields from other dipoles are neglected, and a
dumping distance-dependent factlr;) is introduced into eq
6 to give eq 6a

ludIE)
A7 Tdr)

These approximations diminish greatly the computation time,

(6a)

but our experience shows that they also introduce several

restrictions. First, final results depend strongly on the form of
d(r), and the extension to other solvent molecules is also

restricted. Second, in this simpler procedure only the magnitude

of the Langevin dipole, but not its direction, is optimized, which
means that the contributions to the field from other point dipoles
are not correctly treated.

In the modification of the method used in this paper, the
electrostatic potential and the electric field around the solute
molecule were calculated using so-called cumulative atomic
multipole moments (CAMM}2 In this approach, eadkh atom

of the solute molecule is represented by a scalar net atomic

charge ), a vector of atomic dipoleu), and a tensor of atomic
quadrupole @), according to

AO AO

q=24- gZPIJSJ

("

modification of the model will be referred to as the LD/MC
technique. The maximum linear displacemeidty @nd maxi-
mum rotation angledg) of the solute molecule (treated at this
step as a rigid body) were chosen to bring the acceptance ratio
near 0.5, in order to achieve a reasonable convergence. In most
simulations, we usedr = 0.05-0.10 A, andd& = 5—10°. In
each MC step, permanent and induced dipole moments of each
solvent molecule, as well as the electric potential and electric
field vector produced by all solvent molecules on each atom of
the solute, were iteratively calculated using eg$4 In addition
to the polarization of the permanent solvent dipoles, the induced
solvent dipoles are also considered. These induced dipoles were
calculated by the usual approximation:
ﬁ:TD = o pE1p (10)
whereayp is the polarizability of the solvent molecules and
EiLp is the electric field on théh solvent molecule. This field
is calculated self-consistently considering the field from solute
atomic charges, atomic dipoles, and atomic quadrupoles (ob-
tained from CAMM's, see above) as well as the permanent and
induced solvent dipoles.

_ 1 N
Ew=E-— 2_3([‘1'”8; t- 3(Tij/7;Tbn l)rij/rijz) (11)

=y

The dipole moments of all solvent molecules induce a dipole
moment on théth atom of the solute molecule according to eq
12,

—ind

Ui so1 = ai,soIEiLD (12)

where o, o1 is the polarizability of theith solute atom and

I_EiLD is the electric field produced by all permanent LD solvent
dipoles on theth solute atom. The total electrostatic solvation
free energy AGs) can then be determined as the sum of the
following contributions:

AG AGLD + AGind,soI+ AGind,LD + AGbqu (13)

sol

where

N
AGp = _llzzﬂiLDEiO (14)
|

sol atoms
__1 —ind
AGind,sol - /2 z
[

/"i,solE:_D (15)
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N _ 0
AGiyg10 = _1/22/1:3?05? (16) Fe = FlM T Voemg
' where index “g” in the potential¥perm,gandVing g denotes that
they are obtained from the ground-state multipole distribution
17) of the solute molecule. However, as noted by Luzkhov and
F\’3(26 +1) Warshel8 the expression foilE,, eq 20, contains the term
[We| Vina,o L] Which gives nonphysical interaction between the
andAGp is the free energy of the permanent Langevin dipoles solute in the excited state and the solvent ground state induced
in the electrostatic field from solute charges, dipoles, and potential. The “true” excited-state energy will be obtained with
quadrupolesAGing sol is the free energy of the solute induced the Hamiltonian in whichVing g is replaced bWinge i.e., H® +
dipoles, andAGjyq o denotes the free energy of the solvent Vyem g+ Vinge This can be approximately done by perturbation
induced dipoles.AGpui is the free energy of solvation of the  theory applied to energiie. Treating operator\() in the form
solute molecule and solvent molecules by the bulk solvent
outside the sphere (withR radius) of explicit LD dipoles V' =Vinge ™ Vindg (22)
evaluated using the sum of the Born’s formula and/or Onsager
equation. Q, M, andR denote the total charge, total dipole as a perturbation, we can estimate the first order perturbation
moments, and radius of sphere, respectively, arsdthe bulk theory—the “true” energy of the excited statBe() as equal to
dielectric constant of the solvent. In eq 13 we neglected
contributions from dispersion, repulsion, and cavitation terms Eer=Ee + WelVingd Wl W |Vipg o WO (22)
because theAG., values are approximately equal to the
AGgisp-rep Magnitudes (in absolute values). Therefore, these (We neglected the higher order energy corrections, assuming
terms are nearly compensated or are slightly positive2(kcal/ that these terms are small; however, we have not tested this
mol) in summation, and the solvation energy is mainly assumption.)
represented by electrostatic terms. Moreover, these terms are The solvation energy of the excited states is evaluated using
strongly dependent on method used in cavitation energy the ground-state solvent configurations, since the absorption of
calculations and parametrization scheme employed in evaluationlight is faster than the reorientation time of the permanent dipoles
of dispersior-repulsion contribution. However, these terms of the solvent and allowing only the induced dipoles to be
must be included in the calculation of solvation free energy in reoriented. Thus, in the calculation of the electronic transition
a nonpolar solvents. Work in this direction is currently in of a solute molecule in a field of polarizable solvent molecules,

F Vina g Vel (20)

050%. 1) 0.5M%*2¢ —2)
AGbqu:_ w(l__)_—

R €

progress. we must include the change of the energy necessary to polarize
In our approach, solvent (water) is modeled by the experi- the solvent in the excited and ground statt&ng, of the solute
mental values of the molecular dipole momemg € 1.85 D), ~ Mmolecule by the solvent induced dipoles:

the molecular polarizabilityoqp = 1.45 A3), the dielectric
constant § = 78), and grid spacingX = 3.0 A). The grid AEj g = Enge — Binag= —1/2[Bllle|vindye|II'eD—

radius R) was chosen so the number of solvent molecules W V., J¥.0 (23)
considered in calculations amounted to ca. 2800. The g'ind.gl "
atomic polarizabilities of the solute atoms (see eq 12) are taken Finally
from empirical method based on the additivity of atomic '
polarizability®56% The values of the solute atomic van der Waals

radii ryqw are adopted from Luzhkov and Warshel sttfdy,qaw AE 9(50|) —E —E 4+ AE._.=AE g(sol Cl)+
[A]: H, 1.2; C, 2.0; N, 1.4; O, 1.3). = ot 9 ind g
Incorporation of the LD/MC Model into Quantum Chemi- 13 W elVing d W=7/ 2LW I Ving gl gl (Wl Ving ol gli—
cal Calculations. The permanent and induced dipole moments (W e|Ving ol Pl (24)
of the solvent molecules obtained in the MC run generate the
averaged (in the meaning of the MC method) electrostatic whereAEg((sol,Cl) is the transition energy calculated directly
potential and electric field vector on each atom of the solute from the CI procedure
molecule. Thus, the total potentidlacting on solute atoms is
a sum of averaged potential due to the permanég) and AEeg(sol,CI)= @pe|H0 + Voermgt Vinad P EPQIHO +

ind d Ving) dipol ts of solvent | les:
induced ¥ing) dipole moments of solvent molecules Voarmg Vin o ¥ (25)

the electronic transition energy in solution is calculated
from eq 24

V= Voern T Ving (18) Thus, the solvent shifhEgp is equal to
These average values of the electrostatic potential and electric AEg = AE, g(sol) — AE, g(gaS,Cl) (26)
field vector are introduced into eq 1, and after the usual SCF
calculation, new atomic charges, atomic dipoles, and atomic yyhereAE,(gas,Cl) denotes the transition energy calculated in
quadrupoles have been obtained, which generate new potential$e 5psence of an intervening solvent potential
(Vperm @and Ving), which are then incorporated into eq 1 to give
new charges, dipoles, and quadrupoles. By repeating these AE — rwO (40O 0 | 140nyO

; ; . ; as,Cl=WwW  JH v 1 W H ¥ O (27
calculations, we obtain new solvent potentials, etc., until self- efd ) ol 1 ol 17550 (27)
consistency is reached. From the standard SCF calculation and
Cl procedure we obtain energies of the electronic ground state
Ey and any excited electronic statésin the forms

This procedure of calculation will be referred to as quantum-
mechanical LD/MC (QM/LD/MC). It corresponds to the
“perm,ind” model of Luzhkov and Warshéisee eq 18 in their

0 paper. Recently, the method presented here has been used in
Ey= W H + Vioerm gt Vina,d ¥l (19) the calculation of solvent effects on nonlinear optical pro-
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TABLE 1: Calculated (LD/MC) and Observed Hydration
Free Energies (in kcal/mol) for Neutral Molecules

TABLE 3: Calculated (LD/MC) and Observed? Hydration
Free Energies (in kcal/mol) for a-Amino Acids

molecule AGp AGind,LD AGind,soI AGpuk AGsol eXp?" amino acid AG.p AGind,LD AGind,soI AGpuk  AGg expf"
H,O -4.9 -0.7 -03 —-0.6 —-6.5 —6.3 asp -109 -26 -15 -0.3 —-15.3 -10.9
NH3 -33 —-08 -0.8 —-0.1 -51 —43 arg —-9.4 -23 -1.7 -04 —-13.8 —-10.9
(CHy).CO —-3.0 -0.7 -09 -0.2 -48 —-38 glu -84 20 -0.9 -0.2 -115 -10.2
CH;OH —-25 —-05 -04 —-0.2 —-3.7 -51 his -8.1 -—1.8 -11 -0.3 -11.3 -10.3
CH:CN -40 -10 -0.3 —-03 -56 —-3.9 asn -79 -18 -0.9 -0.2 -108 —-9.7
CHsNH, —-26 —0.2 —-0.3 —-03 —-34 —45 ser -72 -18 -1.2 -0.3 -—-105 -5.1
CH,COOH -4.1 -0.6 -02 -0.7 —-6.3 —-6.7 thr -6.3 -15 -0.7 -0.3 -8.8 —49
imidazole —4.0 -0.9 -04 —-0.2 -55 —-5.9,-10.2 leu 57 —-14 -0.8 —-0.4 —-8.3 2.3
CeHs -0.1 -0.0 -0.0 -0.1 -0.2 —0.9 hpr -57 -13 -0.6 -0.3 -7.9
PhOH -3.2 -0.9 -04 —-0.3 —-48 -6.6 lys —-54 -13 -0.8 -0.3 -7.8 —95
CH:CONH, —-54 —-1.2 -06 —-03 —-75 —97 gly -52 -1.2 -0.6 -0.2 -7.2
PhNH, -26 —0.6 -08 —04 —-44 -49 ile —-46 —-1.2 -0.4 -0.2 —6.4
PhCN -37 -10 —-0.6 —-04 -57 —48 tyr —-44 -11 -05 -0.2 —-6.2 —6.1
aCited from ref 4 and from Alkorta, I.; Villar, H. O.; Perez, J.1J. Yr?)l _gg _ég _82 _8§ _g; _528
Comput Chem1993 14, 620. Cabani, S, Glanl, P, MO”C&, V, ala —-3.2 -0.8 -0.3 -0.3 —46 1.9
Lepori, L. J. Solution Chem1981, 10, 563. Ben-Naim, A.; Marcus, phe 24 -05 —04 —02 -35 -08

Y. J. Chem. Physl984 81, 2016. Pearson, R. @. Am. Chem. Soc
1986 108 6109.P Estimated in ref 22. aWolfenden, R.; Anderson, L.; Cullis, P. M.; Southgate, C. C. B.
Biochemistry1981, 20, 849. Cited after Wesson, L.; Eisenberg, D.
Protein Sci 1992 1, 227. Note that “experimental” data cited in this
table refer to vapor-to water free energies of transfer for amino acid

side chain analogues.

TABLE 2: Calculated (LD/MC) and Observed Hydration
Free Energies (in kcal/mol) for lons

ion AGp AGidip AGingso AGouk AGso  expg
HsO* —-65.2 -199 -17 -146 -101.5 —-104 TABLE 4: Calculated (LD/MC) Hydration Free Energies
HO- —-61.3 -154 —-0.3 -—-16.0 —93.0 —106 (in kcal/mol) for Nucleic Acid Bases
NHe o 506 _los 03 138 _sL6 _7o  _MolcUe AGo AGwiw AGw AGw AGw
NO,~ —51.3 -—-129 -0.2 -125 -76.9 -—-72 A —-4.3 -1.0 —-0.5 —-0.2 —-6.1
CH;COO —-48.4 —11.2 -1.0 -152 -75.8 77 T —-9.6 —-2.3 -0.2 -0.1 —-12.8
CH3NH3* —46.3 -—10.6 -0.7 -—-158 -73.3 -—70 G —-11.4 —2.6 -1.3 -0.3 —15.6
CN- -479 -—-12.2 -0.1 -126 -—-728 77 C —-10.3 2.4 -1.1 -0.4 —14.2
CH30O~ —45.7 -104 -03 -148 -—-71.2 —-95 AT(HB) —10.1 —-2.5 -1.1 -0.3 —14.0
imidazolium —37.8 —-8.1 -03 -141 -60.3 -62 GC(HB) —-11.7 =27 —1.4 -0.2 —16.0
a Cited from Alkorta, I.; Villar, H. O.; Perez, J. 3. Comput. Chem. ?Xg% :gg :;? :gg :8‘31 :gg
1993 14, 620. GC(ST) -100 —2.4 -1.0 -03 —13.7
CG(ST) -134 -3 -1.3 -05 —184

pertie§’-69 and in calculations of solvatochromic shifts in the

electronic spectra of benzimidazole-based betaihés. mental data for amino acid side chain molecules are presented

in Table 3. The calculated values &6 exhibit a reasonable
correlation with experimental data, but this agreement has to
be taken with care because the correct calculation of solvation
energies for species such @asamino-acids, with several local

Results and Discussion

The SCF and CI procedures and CAMM'’s calculations have
been realized using our semiempirical GRIND®program, ~ conformational equilibria and low-energy barriers between
being a modified version of the NDO-like approach. The conformations, should be conducted by examining the complete
method enables calculation of ground- and excited-state proper-conformational energy surface and calculation of the Boltzmann-

ties with acceptable agreement with relevant experimental yeighted free energy of hydration. It should be noted that there
studies for isolated molecules and molecular CompleXeS within is a substantial induction energy contribution to the total

the unified parametrization scheme (See e.g. refs/&rand hydra’[ion energiesl ranging from 20 to 30%.

references therein). Nucleic Acid Bases.Table 4 presents the calculated free
Hydration Energies. Hydration free energies for all mol-  energies of hydration for the nucleic acid bases of DNA and

ecules were calculated by both methods presented here, but onlyheir hydrogen-bonded (HB) and stacked (ST) complexes. The

results from “classical” calculations (i.e., using the LD/MC geometries of isolated bases as well as their complexes are taken

method) are given. The QM/LD/MC method produces similar
results, except for slightly smaller values of induction terms
due to the underestimation of atomic polarizabilities by the

from experimental studies of B-DNA. However, no experi-
mental results are available to test the theoretical results.
Therefore, in Table 5 we compare our results with those from

GRINDOL method. other works. Our calculations indicate that hydration energies
Small Molecules and lonsThe free energies of hydration decrease in the order & C > T > A. The same results have
for 13 molecules and 10 ions are shown in Tables 1 and 2. been obtained by Miller and Kollmaf§,Elcock et al.’” and
(The AM173 calculated gas phase structure of molecules and Young and Hiller’® however, other sequences of the relative
ions was assumed for all calculations.) The computed hydration hydration energies appear also (see Table 5). Moreover, the
energies are in reasonable agreement with experimental dataabsolute values of hydration free energies obtained by various
the standard deviation between calculated and experimentalauthors are also different. Thus, a more systematic, detailed,
values for neutral and ionic species being only 0.9 and 3.8 kcal/ and sophisticated study of this problem is clearly needed.
mol, respectively. Similarly, as in the case ofi--amino acids, an important
o-Amino Acids. The calculated hydration energies of some induction contribution to the total solvation free energy is noted.
a-amino acids for experimental geometries (taken from the The hydration free energies for the HB complexes (see Table
compilation presented in ref 74) and compared with experi- 4) of base pairs arranged in the Wats@@rick configurations
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TABLE 5: Comparison of Relative Hydration Free Energies
(in kcal/mol) for Nucleic Acid Bases Obtained with Different
Methods (Absolute Hydration Energies in Brackets)

method A T C G
QM/MM2 [-5.1]00 —-34 -—112 —-8.4
FDPB OPLS [-10.8]0.0 0.4 —-6.0 —-8.9
FDPB CHARMM [-10.3]0.0 2.3 -0.9 -5.0
FDPB AMBER’ [-10.7]0.0 —8.4 —7.6 —16.6
AM1-SMZ [-20.9]0.0 7.6 2.2 —-3.4
SCRH [-6.5]0.0 -—2.1 -6.5 -9.6
FEP AMBER® [-12.6]0.0 51 -0.1 —-7.0
AMBER/TI [-12.010.0 -04 -6.4 -104
FEP OPLS [-11.6]00 -—15 -85 —10.1
this work [-6.1]0.0 -—6.7 -8.1 -95

aGao, JBiophys. Chenil994 51, 253.° Mohan, V.; Davis, M. E.;
McCammon, J. A.; Pettitt, B. MJ. Phys. Chem1992 96, 6428.
¢Cramer, C. J.; Truhlar, D. GChem. Phys. Lett1992 198 74.
4Young, P. E.; Hillier, I. H.Chem. Phys. Letf.993 215 405.¢ Bash,
P. A.; Singh, U. C.; Langridge, R.; Kollman, P. Bciencel987, 236,
564." Miller, J. L.; Kollman, P. A.J. Phys. Chem1996 100, 8587.
9 Elcock, A. H.; Richards, W. GJ. Am. Chem. S0d.993 115 7930.

are, at least, qualitatively acceptable as compared to the results
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Figure 1. Structure of Reichardt’s betaine dye.

TABLE 6: Calculated Solvent Effects on the Absorption
Maxima (¥max, in cm™1), Oscillator Strengths (), and Dipole
Moments (u, in D) for Acetone, PNA, and Reichardt's
Betaine Dye

Vmax Vmax

of Cieplak and Kollmarf?® However, the hydration free energies solute  state(gas phase) f u  (water) f u
for the stacked complexes are markedly underestimated S cetone & 0.0 38 0.0 26
compared to the results of Cieplak and Kollman. On the other S, 35478 0.0 0.7 36748 0.0 1.4
hand, the stacking geometries are characterized by a flat potentiabnA S 0.0 7.1 0.0 9.0
surface for rotation of one base with respect to the dthand S 30501  0.3560 14.3 24748 0.3332 194
as a consequence the B-DNA stacked conformation, used inReichardt’ $ 0.0 16.8 0.0 24.3
our calculations, may be inappropriate in simulation studies in ~ °€taine S% %é zgg 8'8%% g'g 20500 0.0254 56
a polar solvent. N _ S 25325 0.3315 16.3 25793 0.3765 23.5

Electronic Spectra. Solvatochromic shifts of electronic S 29737 0.2973 12.9 30777 0.6493 25.0
transitions are widely used for the exploration of sottgelvent S 31775 0.1067 6.9 30938 0.2570 22.0
interactions in solutiof~8°5 The applicability of the QM/LD/ S 34030 00392 12.3 32404 0.2951 28.8
MC method has been tested on the calculation of solvent effects S gg ‘2%2 8'8@% ﬂ'é gggg? 8'3%22 %ii
on the electronic transitions of three molecules which their low- % 37208  0.0330 13.4 40523 00926 23.3
lying singlet electronic transition representing a small blue shift S 38793  0.0482 12.5 41406 0.7526 25.8
(acetone), a large red shift (4-nitroaniline, PNA), and a very S 40994  0.0236 15.6 42041 0.1325 25.6
large blue shift [(2,6-diphenyl-4-(2,4,6-triphenyl-1-pyridinio)- S 41202 0.3674

Siz 41724  0.5207

phenolate, known as Reichardt's betaine dye)]. The ground-
state geometries of all molecules have been optimized using
the AM1 method of Dewar et @ The electronic transitions,

exited state of the isolated moleculegis= 7.1 and 14.3 D,
respectively, very well correlating with the experimental values

oscillator strengths, and dipole moments have been evaluatedof 4 = 6.2 and ca. 16 B? As expected, the dipolar charge

using the GRINDOF? package including the configuration
interaction (CI), with 600 (Reichardt's betaine dye) or all

transfer excited state is more stabilized by the polar solvent,
resulting in a red shift of the transition energy. The calculated

(acetone, PNA) singly excited configurations included. The (Table 6) red shift for this stateAfmax = 5753 cnt?) lies
number of solvent (water) molecules taken into account in the between the experimental values published by Millefiori €fal.
calculations amounted to ca. 250 in the case of acetone andand by Suppaf? Similar results for solvatochromic shifts of
PNA and to 450 in the case of Reichardt’s betaine dye. We PNA have been obtained by Karelson and Zethand by Fox
have neglected the contributions due to the dispersion term,and R®ch?2

which gives a red shift, estimated to be relatively unimportant
for polar solute$*8 The results of these calculations are
presented in Table 6.

Acetone. As the solvent polarity increases, thea*(S; state
in Table 6) transition moves toward higher energy (blue shift).
In water, the computed blue shift of this transition is equal to
Pmax = 1270 cnt?, which agrees favorably with experimental
dataPmax = 1560 cnt? 8 and QM/MM calculations of Ga#,
1694 cntl, or De Bolt and KollmaPf molecular dynamics
calculations, 1680 cri. Fox and RecH? reported calculations
based on the continuum model of PCM. These authors noted
that the calculated shift is strongly dependent on the cavity radius
and/or cavity scaling factor.

4-Nitroaniline (PNA). In studying the electronic transition

Reichardt's Betaine Dye.In the electronic ground state,
Reichardt’s betaine molecule (see Figure 1) exhibits a large
dipole moment (16.8 D, see Table 6). (The experimental
ground-state dipole moment of related betaine dye [(2 f@di-
butyl-4-(2,4,6-triphenyl-1-pyridinio)phenoxide], jg; = 14.8
D.?%) There is dramatic change of dipolarity upon excitation
to the first excited g—x*) state (S state in Table 6). The
calculated dipole moment in this state. & 2.4 D, see Table
6) is smaller than experimental value obtained by LiPtaye
= 6.2 D). Thus, this intramolecular charge transfer (CT)
absorption band is strongly solvent dependent, resulting in very
large hypsochromic shifts of the CT band with increasing solvent
polarity. For instance, the long-wavelength absorption band of
the pyridiniumN-phenolate betaine dye shifts frotpax= 810

process, our approach was tested by the PNA molecule selectesim in diphenyl ether to 453 nm in wat&83 Unfortunately,

as a molecule undergoing a very large dipole moment change
in approaching the first—a* excited state ($state in Table
6). The calculated dipole moment in the ground and the first

there is no experimental gas phase spectrum available for
Reichardt’s betaine dye because of the low volatility of this
zwitterionic compound. The UV/vis absorption spectrum in
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nonpolar solvents shows three peaks below 25 000 dsee gg gorn, M-ZLJPfkls.lf(?:ZhQ 1 485'(1936 58 1486

. . SO nsager, LJ. Am. Chem. So : .

fig. 6.2. in ref 83). These peaks are located at abgik (9) Kirkwood, J. G.J. Chem. Phys1934 2. 351.

11 000-12 000, 21 000, and 25 000 cth The next two strong (10 Lim, C.; Bashford, D.; Karplus, Ml. Phys. Chen.991, 95, 5610.

bands are located &tax= 32 000 cntl(log € = 4.8) and about (11) Sharp, K.; Jean-Charles, A.; Honig, B.Phys. Chem1992 96,
822.

41 000 cntl. On going to polar solvents, the first absorption (12) Sitkoff, S.. Sharp, K. A.: Honig, BJ. Phys. Chent.994 98 1978
band_ is strongly blue-shifted Wlth diminished intensity. Th_e (13) Mohan, V.: Davis, M. E.. McCammon, J. A. Pettitt, B. M.Phys.
polarity of the solvent does practically not change the UV/vis chem.1992 96, 6428.

spectrum in the range abo¥gax = 30 000 cntl. For the gas (14) Lee, P. H.; Maggiora, G. Ml. Phys. Chem1993 97, 10175.
phase, the calculated first absorption maximurivak= 11 344 4855) Yu, H.; Pettit, B. M.; Karplus, MJ. Am. Chem. Sod 991, 113
cm* correlates well with the experimental value obtained in ~ (16) yu, H.; Roux, B.; Karplus, MJ. Chem. Phys199q 92, 5020.
nonpolar solvent®® A shoulder observed at about 21 000¢m (17) Ha, Y. L.; Chakrabarty, A. KJ. Phys. Chem1994 98, 11193.

can be identified as the calculated weak charge-transfer transi- ggg \%‘;ﬁﬁg SA- _Tte\’\‘lli?trshf/‘l‘jv ﬁ"olMglib :3%7169?% 312527389-
. e I AL , M.J. Mol. Biol. .
tions atvmax = 20 406 cnm! (see Table 6). The next observed (20) Warshel, A.- Russell, S. 1. Biophys.1984 17, 283,

strong absorption band &t.x= 25 000 cnt! can be interpreted (21) Jano, I.C. R. Acad. Sci. (Paris}965 261, 103.
as due to a strong, locally excited state, without change of the _ (22) Still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson,JL Am.

: : Chem. Soc199Q 112 6127.
dipole moment ($state in Table 6). The broad (30 G680 000 (23) Klopman, G .Chem. Phys. Lettl967, 1, 200.

cm?), intense absorption band with an maximum_ at abendk (24) Klopman, G.; Andreozzi, PTheor. Chim. Actal98Q 55, 77.
= 32000 cn1! can be regarded as a superposition of many  (25) Germer, H. ATheor. Chim. Actal974 34, 145;1974 35, 273.

closely-lying transitions. (In Table 6 only more intense transi- 8% e oo oo, e a0 o 1504 05 1
tions are presented.) It should be noted that these latter (58) Constanciel. RTheor. Chim. Acta 986 69, 505.

transitions do not markedly change the dipole moment. This  (29) Cramer, C. J.; Truhlar, D. G. Am. Chem. S0d991, 113 8305.

result may be used as an explanation for the small solvent effectTr (ﬁl(;)r L|i30t?3r%' glorﬁb; ':fg]kéﬁggs 1Dé; Jl-%/gc“v G. C.; Cramer, C. J;
K i u ,D. G.J. ut. , .

obsgrved fqr this broad bafél. The lowest energy tr.an.smon. (31) Tapia, O.. Goscinski, Mol. Phys.1975 29, 1653.

of this betaine dye undergoes a very large blue shift in going  (32) Thole, B. T.; van Duijnen, P. THTheor. Chim. Actal98Q 55,

from the gas phase to water as solvent. The energy of the low-307.

lying singlet transition is shifted b max = 9156 cnT! (Table 26((13%5"‘3” Duijnen, P. Th.; Juffer, H.; Dijkman, H. Mol. Struct.1992

6) and can be compared to the experimental shiffof 9730 (34) de Vries, A. H.; van Duijnen, P. Th.; Juffer, A. H.; Rullmann, J.
cm~! on going from diphenyl ether (nonpolar solvent) to water A. C.; Dilkman, J. P.; Merenga, H.; Thole, B. J. Comput. Chen1995

(polar solvent). The weak transition observed in nonpolar 16 37. .
. . (35) Thole, B. T.; van Duijnen, P. TiChem. Phys1982 71, 211.
solvents at ca. 21 000 crhis absent in polar solvents (see Table (36) Klamt, A.; Scfigmann, G.J. Chem. Soc., Perkin Trans.1893

6). The direct calculation of the UV/vis spectrum shows that 2, 799.
in the region of 30 008640 000 cn1! a rather small solvent (37) Klamt, A.J. Phys. Cheml996 100, 3349.

; i - (38) Andzelm, J.; Kolmel, C.; Klamt, Al. Chem. Phys1995 103 9312.
effect is expected. The position of the long-wavelength (39) Rivail, J. L. Rinaldi, D.Chem. Phys1976 18, 233.

intramolecular CT absorption of this dye has been calculated  (40) Hylon, J.; Christoffersen, R. E.; Hall, G. Ghem. Phys. Letf.974
by various method%>-°8 However, the full electronic spectrum 24, 501.

of this betaine dye in various solvents has been published only ~ (41) Miertus, S.; Scrocco, E.; Tomasi, Ghem. Phys1981, 55, 117.
% Thei It litativel istent with (42) Miertus, S.; Tomasi, Lhem. Phys1982 65, 239. )
by Zerner etar elr results are qualitatively consistent wi (43) Tannor, D. J.; Marten, B.; Murphy, R.; Friesner, R. A.; Sitkoff,
our calculations. D.; Nicholls, A.; Ringnalda, B.; Goddard, W. A., Ill; Honig, B. Am.
g g

Chem. Soc1994 116, 11875.

(44) Chen, J. L.; Noodleman, L.; Case, D. A.; Bashford,JDPhys.
Chem.1994 98, 11059.

; ; (45) Sen-no, S.; Hirata, F.; Kato, Shem. Phys. Let1993 214, 391.
This paper presents a method for the calculation of the solvent (46) Sen-no. S.- Hirata, F.: Kato, 8. Chem. Phys1994 100, 7443,

effect on electronic structure of ions and molecules. The LD/ (47) kawata, M.; Sen-no, S.; Kato, S.; Hirata, Enem. Phys1996
MC and QM/LD/MC procedures employed in this paper are 203 53;J. Phys. Chem1996 100, 1111.

capable of being applied to the calculation of hydration free (Z‘g) 'I:UZE'EOVv ¥ Warsﬂe:, ﬁj- ém- Chtenéhsr?g‘ggzl 1131313391-
energy of small molecules, iong;amino acids, and nucleotide Esog Lon b s e Ararehel Corenput. Chemloo3 14

bases of DNA. The QM version of the LD/MC method also 161.
enables to estimate the solvent effect on the electronic spectra (51) Gao, J.; Xia, XSciencel992 258 631.
and dipole moments of acetone, 4-nitroaniline, and Reichardt's (82 20, J.; Luque, F. J.; Orozco, NL Chem. Phys1993 98, 2975.

. (53) Gao, JJ. Phys. Chem1992 96, 537.
betaine dye. Generally, a good agreement between calculated (s54) Gao, J.: Pavelites, J. J. Am. Chem. Sod992 114, 1912.

w

Conclusions

and experimental data has been obtained. (55) Gao, J.; Xia, XJ. Am. Chem. S0d.993 115 9667.
(56) Bash, P. A,; Field, M. J.; Karplus, M. Am. Chem. Sod.987,
109, 8092.
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