
Comparison of Electronic Structure Theories for Solvated Molecules:
RISM-SCF versus PCM

Hirofumi Sato* and Shigeyoshi Sakaki
Department of Molecular Engineering, Kyoto UniVersity, Yoshida, Kyoto 606-8501, Japan

ReceiVed: NoVember 13, 2003; In Final Form: December 25, 2003

Two modern theories that can handle electronic structures of solvated molecules, RISM-SCF and PCM, are
compared in a typical SN2 reaction: Cl- + CH3Cl f ClCH3 + Cl-. The potentials of mean forces for the
reaction in aqueous solution calculated with the two methods are very similar despite the different theoretical
standpoint in dealing with solvation effects. However, a new energy-partitioning analysis sheds light on their
differences. Both of the electronic structures computed by RISM-SCF and PCM are polarized compared to
that from the standard gas-phase computation, but they are slightly different from each other in detail. The
polarization of the C-H bond is emphasized in RISM-SCF, but that of the Cl-C bond is dominant in PCM.
It is also shown that the change in the electronic structure of the carbon atom is a major cause of the reaction
barrier.

1. Introduction

In the last two decades, the theory of the electronic structure
of solvated molecules has attracted many researchers’ attentions,
and various types of combination methods have been devel-
oped.1 These can be roughly classified into three categories,
namely, the dielectric continuum model, quantum mechanical/
molecular mechanics (QM/MM), and method based on the
integral equation theory for liquids. The PCM (polarizable
continuum model)2 is obviously one of the most sophisticated
achievements in the framework of the dielectric continuum
model and is now widely used through many program packages
in the field of quantum chemistry. Although the dielectric
continuum model including PCM treats solvent molecules in
an implicit way, methods in the other two categories are
regarded as explicit solvation models. RISM-SCF,1,3,4which is
a representative of the methods based on the integral equation
theory, compiles two ab initio methods in theoretical chemis-
try: one is the RISM (reference interaction site model),5,6 and
the other is ab initio molecular orbital theory. The method
determines the electronic structure as well as the geometry of
a solute molecule and the statistical solvent distribution around
the solute in a consistent manner. It is a remarkable advantage
that the RISM-SCF method can provide information about the
microscopic solvation structure based on the statistical mechan-
ics.

All these methods of the electronic structure of solvated
molecules have been developed and assessed in terms of linking
to experimental knowledge. Hence, agreement with experimental
data, especially in solvation energy, is usually the primary
concern, and recent theories satisfy these requirements to high
accuracy. Even though the agreement in energy is improved,
how about the wave function obtained by the method? More-
over, a comparison of the wave functions or energy profiles
computed by different solvation models has been rarely
examined. Wave functions of solvated molecules computed by
different methods should be different from each other.

Considering these circumstances, we report a comparison of
the two modern quantum chemical methods for a solvated
molecule. A typical SN2 reaction,

is chosen as the benchmark system, and wave functions
computed by PCM and RISM-SCF methods are compared.
Numerous studies on the symmetric SN2 reaction in aqueous
solution have been reported; these are based on the dielectric
continuum model,7,8 QM/MM,9 RISM,10 and classical molecular
simulations.11,12 It is reported in all of them that the reactant
and product are strongly stabilized by solvation. Although the
energy profile of the reaction shown in the present study is very
similar to that in previous studies, details of the event governed
by the solute’s wave function clearly depend on the methodolo-
gies employed to the treat solvation effect. A new energy-
partitioning scheme introduced very recently is used to analyze
the wave functions.

2. Computational Methods

The electronic wave functions were computed on the basis
of the RHF method with the 6-311G* basis set.13 It is known
that electron correlation effects do not play any significant role
in the present system and that the RHF method is enough to
understand the reaction profile. Moreover, the difference in the
electron correlation effects between RISM-SCF and PCM due
to solvation is a higher-order contribution and beyond the scope
of the present study. As the “reaction coordinate”R, the
difference between the two Cl-CH 3 bond lengths was chosen.

The potential energy curve was computed alongRby optimizing
all of the other degrees of freedom by using the standard ab
initio MO method. Computations in the aqueous solution phase
were then carried out with the RISM-SCF and PCM methods
with these gas-phase geometries because we wish to exclude
the contribution of the geometrical difference to the electronic* Corresponding author. E-mail: hirofumi@moleng.kyoto-u.ac.jp.

Cl- + CH3Cl f ClCH3 + Cl-

R ) r(Cl-CH3) - r(CH3-Cl )
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structure. Note that optimized geometries in the solution phase
obtained by the RISM-SCF and PCM methods are generally
different, which means that there are several definitions of
optimized geometry. By fixing the geometry at the gas-phase
optimized structure, we can extract the difference in the
electronic structures of the solvated molecule caused only by
the difference in the employed methods. We should also address
the fact that the geometrical coordinate is not usually suitable
as a reaction coordinate to describe chemical reactions in
solution, similar in its spirit in the Kramers theory of reaction
rates.9 In other words, the transition state in the solution phase
should not be defined as a particular geometry of a solute
molecule but as an ensemble of its geometrical structures.
However, because we are focusing on the difference between
the two methods based on electronic structure theories, the
potential of mean force (PMF) and its components are discussed
as functions of the traditional coordinateR in the present study.
The density of the solvent water was assumed to be 0.033337
molecule/Å3 at 298.15 K. In RISM-SCF theory, a model with
all-atom-type interactions including six sites, whose Lennard-
Jones parameters were taken from the literature9,10 and sum-
marized in Table 1, was employed. The SPC-like water14 was
used to describe the solvent. All of the van der Waals
interactions between the solute and solvent were determined
by means of the standard combination rule. PCM computations
were carried out with standard parameters installed in the
GAMESS program package.15 (See ref 16 for the details of the
parameters.) The nonelectrostatic contribution was semiempili-
cally estimated by means of the Claverie-Pierotti method for
cavitation energy17 and by the Floris-Tomasi method for
repulsion and dispersion free energy.18 The Lennard-Jones
formalism was used for the repulsion-dispersion contribution
in which all of the parameters were taken to be the same as
those in the RISM-SCF computations: the parameters of energy
(ε) and typical diameter (σ) were set for interaction between
carbon-water oxygen, chlorine-water oxygen, and hydrogen-
water oxygen.

The total energy of the solvation system is defined as the
sum of the electronic energy of the solute (Esolute) and the
solvation free energy (∆µ).

∆µ contains all of the contributions from the solvent. The Fock
operator (Fsolv) contains a solvent-specific term,

V expresses the solvent reaction field, which is the main
difference between the two methods.

In eq 3,F is the number of density,bλ is a population operator,3

gλ,R(r) is a pair correlation function betweenλ (solute) andR
(solvent), andqR is the partial charge on the solvent siteR. σi

in eq 4 is the finite point charge placed in the middle of the
surface tesserae. Note that even though both of them incorporate
only the electrostatic interaction into the Fock operator the
theoretical standpoints from which we deal with the solvation
phenomena are very different between the two. Because the
electronic structure of the solute and the solvation structure
around it are determined in a self-consistent manner, the wave
function of the solute molecule is distorted from that in the
isolated state. The energy difference between the solute in the
isolated state (Eisolated) and that in the solvent (Esolute) is a quantity
used to measure the contribution of “solvation effects” to the
electronic structure.

where|Ψ〉 and |Ψ0〉 are wave functions in solution and in the
gas phase, respectively.H is the electronic Hamiltonian of the
molecule in the gas phase.A can be thus rewritten as the
following:

The RISM-SCF method compiles the ab initio electronic
structure theory and statistical mechanical theory of molecular
liquids. The solvation free energy in the present framework of
the theory (excess chemical potential,∆µHNC) is given by19

h andc are the total and direct correlation functions, respectively.
â ) 1/kBT, wherekB and T are the Boltzmann constant and
temperature, respectively. In PCM, the solvation free energy is
evaluated with the sum of four separate contributions.

where Ees, Ecav, Edis, and Erep represent the electrostatic,
cavitation, dispersion, and repulsion energy, respectively. This
is the standard expression in the framework of PCM.20

3. Results and Discussion

Reaction energy profiles in the gas phase as well as PMF in
aqueous solution are plotted in Figure 1. As is well known, the
reaction barrier, which is 5.9 kcal/mol in the gas phase, is much
higher in aqueous solution, and the ion-dipole complex, which
is found in the gas phase atR ) 1.5 Å, virtually disappears in
aqueous solution. The energy changes obtained by the RISM-
SCF and PCM methods are in excellent agreement: the barrier
heights are 23.5 and 22.7 kcal/mol, respectively, and the profiles
of PMF look very similar. A small difference between them is
found aroundR ) 1.5 Å, corresponding to the ion-dipole
complex existing in the gas phase. Both of the curves are very
close to those in the previous studies based on the RISM10 and
the molecular simulation calculations.12 It is of great interest
that the RISM-SCF, in which microscopic solvation is explicitly
taken into account, and the PCM, in which an implicit treatment
of the solvation is applied, provide very similar reaction profiles,
at least from an energetic point of view.

TABLE 1: Lennard-Jones Parameters

σ/Å ε/kcal mol-1

C 3.83 0.18
H 2.00 0.07
Cl 4.85 0.02

Ereorg) Esolute- Eisolated

) 〈Ψ|H|Ψ〉 - 〈Ψ0|H|Ψ0〉 (5)

A ) Eisolated+ Ereorg+ ∆µ (6)

∆µHNC ) -
F

â
∑
Rs

∫ dr [cRs(r) -
1

2
hRs

2 (r) +
1

2
hRs(r) cRs(r)]

(7)

∆µPCM ) Ees+ Ecav + Edis + Erep (8)

A ) Esolute+ ∆µ (1)

Fsolv ) Fgas+ V (2)

VRISM-SCF) F∑
λ,R

bλqR∫4πr2
gλ,R(r)

r
dr (RISM-SCF) (3)

VPCM ) ∑
i

tesserae σi

|r - r i|
(PCM) (4)
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3.1. Energy Components.Figure 2 and Table 2 show the
energy components,∆µ and Ereorg, as functions ofR. The
profiles of ∆µ computed by the two methods are very similar,
although their absolute values are different by about 5.0 kcal/
mol: Strong solvation is found both in the reactant and product,
and stabilization due to solvation becomes weakest atR ) 0
Å. As widely known, strong solvation due to hydrogen bonding

between Cl- and the water solvent plays a significant role in
the stabilization of the reactant and product states. The profile
of ∆µ in RISM-SCF is slightly narrower than that in PCM,
suggesting that the solvation effect computed with RISM-SCF
is suddenly changed aroundR) -3 to 3 Å. The aforementioned
disagreement in the absolute values of the solvation energies
can be attributed to several sources. For example, we adopt the
Claverie-Pierotti method forEcav in the present study, which
gives about 13 kcal/mol (13.0 kcal/mol atR ) 0 Å and 13.8
kcal/mol atR ) (10.0 Å). The value becomes ca. 8 kcal/mol
if we use the Pierotti method based on a single sphere. However,
it should be noted that the difference in absolute values is
systematically removed when we see the reaction as the relative
energy with respect to the reactant (or product).∆∆µ ) ∆µ(R
) 0Å) - ∆µ(reactant,R ) - ∞) is 16.70 kcal/mol by RISM-
SCF and 16.63 kcal/mol by PCM, strongly indicating that the
disagreement in the absolute value of∆µ is not essential to our
understanding of the reaction.

Ereorg is alway positive because of the nature of the wave
function determined by the variational principle, and it is much
smaller than∆µ in the present system.Ereorg is less than 3 kcal/
mol in RISM-SCF and less than 1 kcal/mol in PCM. It is
interesting thatEreorg computed with RISM-SCF shows a dip
aroundR≈ 0 Å and thatEreorgwith PCM is very flat and broad
over a wide range ofR. The difference inEreorg between the
two methods, namely, the difference in the wave functions, can
be attributed to the difference in the strength of solvation around
R ) 1.5 Å. GreaterEreorg in RISM-SCF could be attributed to
strong solvation compared to that in PCM around this region.
Note that this shares the view of the aforementioned difference
in the profile of∆µ. As we shall return to this point below, the
difference is also consistent with the change in the pair
correlation function alongR. Although the overall features of
PMF in the two methods, which are determined with the sum
of ∆µ andEreorg, are very similar as we have shown in Figure
1, the physicochemical background of the reaction profiles seems
to be slightly different.

3.2. Change in Electronic Structure at the Atomic Level.
One of the traditional ways to understand the change in
electronic structure along the chemical reaction is to analyze
the Mulliken charge population. Figure 3 plots the Mulliken
charge of composing atoms as functions ofR, which are
computed with standard MO (gas-phase), RISM-SCF, and PCM
methods. Only the leaving Cl atom of the two is shown here
because the approaching Cl atom is shown upon going from

Figure 1. Comparison of PMF computed with RISM-SCF (s) and
with PCM (- ‚ -). The dashed line (- - -) is the gas-phase energy. All
values are relative to the reactant given in Table 2.

Figure 2. Two energy components,Ereorg and ∆µ, computed with
RISM-SCF (s) and with PCM (- ‚ -).

TABLE 2: Energy Components

gas PCM RISM-SCF

CH3Cl
Eisolated

a -499.13163
Ereorg

b 0.48 0.32
∆µb 2.30 15.21
Aa -499.12719 -499.10688

Cl-

Eisolated
a -459.56417

Ereorg
b 0.04 0.00

∆µb -65.16 -70.63
Aa -459.66794 -459.67672

ClCH 3Cl- (R ) 0 Å)
Eisolated

a -958.68642
Ereorg

b 0.72 1.26
∆µb -46.23 -38.72
Aa -958.75895 -958.74611

a Given in atomic units.a Given in kcal mol-1.

Figure 3. Mulliken charge population on each atom computed with
RISM-SCF (s) and with PCM (- ‚ -). The dotted line (‚ ‚ ‚) is the
gas-phase computation.
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right to left. The charge distributions obtained both by RISM-
SCF and PCM computations are more polarized than those
obtained by gas-phase computations. The PCM results are
intermediate between RISM-SCF and gas-phase results. Re-
markable differences in the charge distribution of the H atom
is found aroundR ) 0 Å, but the deviation from the gas-phase
charge distribution in the C atom is found over a wide range of
the reaction coordinate except forR ) 0 Å. The atomic
population of Cl in CH3Cl is different between gas and solution
phases because of the polarization (R < 0), but the value in
solution quickly becomes identical to that in the gas phase (qCl

) - 1) upon leaving the CH3 group (R > 3Å). In aqueous
solution, the H atom becomes more positively charged, and the
Cl and C atoms become more negatively charged aroundR ≈
0 than those in gas phase, suggesting that the solvation induces
polarization in the CH3 group as well as enhancing the charge
transfer from the CH3 group to the leaving Cl. The effect is
slightly greater in RISM-SCF than in PCM, and a little charge
overshooting is observed in RISM-SCF. This is caused by a
specific enhancement of hydrogen bonding, as we will discuss
below.

We wish to present a more detailed discussion from an
energetic point of view by introducing an energy-partitioning
scheme. The electronic energy and its distortion (Ereorg) from
the wave function in the gas phase can be “formally” partitioned
into the contribution from the composite atoms by using the
recently proposed procedure.21,22The energy partitioned on atom
R is given by eq 9. (See ref 22 for details.)

The energy-partitioning scheme shown here is analogous to the
Mulliken population analysis and is a way to define the local
energy assigned to each composing atom.

We compute the total energy of molecules in the gas and
solution phases, in which the partitioned energies are defined
as follows:

The difference between these energies corresponds to the
partitioned reorganization energy.

This quantity represents how much the local (atomic level)
electronic structure of the solute is affected by solvation.

Figure 4 represents the partitioned energy of each atom in
the gas phase. All of the energies are relative values with respect

to those in the reactant. Note that the sum of all of these
components equals the gas-phase potential energy shown in
Figure 1. These relative energies show long-range behavior, and
all of them gradually decrease to zero around|R| ) 20 Å. The
partitioned energy is considered to represent the electronic
structure in individual atoms. Roughly speaking, a decrease
(increase) in energy indicates a loss (gain) of electrons at the
specific atom. A similar discussion has been included in a
conceptual study of density functional theory. The partitioned
energies of H atoms in CH3Cl and that of the approaching Cl
(dashed line in the figure) show a minimum aroundR ) - 1.5
Å, indicating that the contribution from these atoms stabilizes
the ion-dipole complex. The electronic structure of Cl bound
to the CH3 group (solid line) is not affected very much at the
beginning of the reaction (R ≈ - 1.5Å) but suddenly changes
after passing through the complex (R ≈ 0). Because the
contribution from two Cl atoms is negative, the origin of the
barrier of the SN2 reaction is attributed to the destabilization of
C and H atoms, which is caused by losing electrons. This may
also concern the change in bonding structure from sp3 (ion-
dipole complex) to sp2 (R ) 0 Å), namely, the enhancement of
a resonance structure of Cl-[CH3]+Cl- at R ) 0 Å. This is
consistent with the previous computations based on MOVB and
VBSCF.9 As Cl- leaves (solid line inR > 0), the polarization
of C-H bonds in CH3Cl gradually decreases. However,
Eisolated

Cl (dashed line inR > 0) is almost constant, which means
that the electronic structure of the Cl atom in CH3Cl is not
affected by the electric field generated by the leaving Cl-.

Because the behaviors of the partitioned energies in aqueous
solution are similar to those in the gas phase, only the deviation
from the gas-phase value (Ereorg

R ) is plotted in Figure 5. Note
that the scale of the vertical axis in the figure is much smaller
than that in Figure 4. The upper panel of the figure shows the
energy contribution from the leaving Cl atom corresponding to
the solid line in Figure 4. In the region ofR < 0 (Cl is bound
to the CH3 group), Ereorg

Cl is negative, indicating that the Cl
atom attracts an electron from the CH3 group to a greater extent
than that in the gas phase. This polarization in the PCM wave
function is slightly greater than that in the RISM-SCF wave
function, and both of them are monotonically weakened when
approaching the pointR) 0. RISM-SCF calculations show that
Ereorg

Cl at R ) 1.5 Å deviates greatly from that in the gas phase.
Because the ion-dipole complex is found around this region

ER ) ∑
ν∈R

∑
µ

Pνµ〈µ|- 1

2
∇2|ν〉

+
1

2
∑
ν∈R

∑
µ

Pνµ〈µ|∑
A

ZA

rA
|ν〉

+
1

2
∑

ν
∑

µ

Pνµ〈µ|ZR

rR
|ν〉

+
1

2
∑
ν∈R

∑
µ

PνµGµν +
1

2
∑
B*R

ZRZB

RRB

(9)

Esolute) ∑
R

Esolute
R

Eisolated) ∑
R

Eisolated
R (10)

Ereorg) ∑
R

Ereorg
R ) ∑

R
(Esolute

R - Eisolated
R ) (11)

Figure 4. Partitioned energy on each atom (ER) obtained by the gas-
phase computation. Changes in C, H, and Cl atoms are plotted. The
leaving Cl atom (right-hand side of the illustrated molecule) is
represented by a solid line, and the other Cl atom is represented by a
dotted line. The profile of the H atom appears below.
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of R, the deviation is attributed to the enhancement of stabiliza-
tion in the ion-dipole complex due to polarization. When Cl-

leaves (R > 0), the polarization in RISM-SCF is greater than
that in PCM and shows rapid convergence to the electronic
structure of the gas phase. In C and H atoms, the RISM-SCF
method always gives greater polarization than does the PCM
method (lower panel). These results suggest that the bond
polarization of Cl-CH3 is enhanced in the wave function
obtained by PCM whereas that of C-H is also important in the
wave function obtained by RISM-SCF. One may notice that
the dip found inEreorg in Figure 2 could relate to the change in
the electronic structure of the Cl atoms.

3.3. Solvation Structure.Although the prediction capability
for the total energy seems very similar in the RISM-SCF and
PCM methods, a considerable difference between them concerns
the information of microscopic solvation. The solvation structure
is described in terms of a set of pair correlation functions (PCFs)
in the RISM-SCF theory. Shown in Figure 6 is the PCFs of
solvent water molecules around Cl, corresponding to the leaving

atom plotted as a solid line in Figure 4. In the reactant, the Cl
atom is bound to the CH3 group, and there is no hydrogen
bonding. As the reaction goes throughR ) 0 to the product, a
sharp peak located around 2 Å grows up. This peak corresponds
to hydrogen bonding. It is noted that the peak height inR )
1.5 Å is slightly higher than that inR ) 10.0 Å. This behavior
is consistent with the charge overshooting that occurs in the
ion-dipole complex. The PCM does not provide any informa-
tion on the solvation structure: it can be regarded as a model
in which the distribution function is approximated with a step
function, θ(R - R0):

This means that a solvent molecule never exists inside the cavity
boundary (Re R0) and that the continuum distribution (without
any solute-solvent correlation) is defined outside the boundary
(R > R0). The treatment of the solvent distribution in PCM is
essentially based on a description of long-range (“macroscopic”)
interaction. This is consistent with the fact that all ofg(r) in
RISM-SCF converges to unity as increasingR. In the theory,
three different representative lengths corresponding to the
individual contribution in eq 8 are used to define the size of
the cavity (radius,R0) (i.e., electrostatic, cavitation, and disper-
sion-repulsion, as shown in the figure). See ref 16 for details
of these radii. It is interesting that the boundary of the cavity is
generally close to the rise of the peak ing(r). The radius
representing the electrostatic interaction coincides with the rise
of g(r) between H and Cl, which is actually the hydrogen
bonding. At the same time, this interaction determines the spatial
arrangement between the solute and solvent and relates to the
cavitation. The interaction between electron-rich atoms, O-Cl,
may be concerned with the dispersion-repulsion interaction.
The essential difference in the distribution functions between
the two methods is their probability: the above-mentioned subtle
difference found in PMF between the two methods relies on
the strength of solvation (i.e., the height of the distribution
function), which describes the probability. From a coarse-grained
(long-range) viewpoint, the progress of the SN2 reaction is
regarded as charge shifting along the molecular axis of Cl-
C-Cl. This may be the reason that the polarization of the Cl-C
bond is enhanced in the electronic structure obtained by PCM.
Similar polarization is found in RISM-SCF; however, the
polarization of the C-H bond is also emphasized. The polariza-
tion in RISM-SCF is caused by a local (or microscopic)
interaction between the methyl hydrogen and the solvent water
oxygen (gH-O(r) is not shown here), which consequently
weakens the polarization of C-Cl. Thus, the small difference
found in PMF could be attributed to the difference in the
microscopic description of the solvation structure. Because the
height of peak and the electronic structure in the solute are
strongly coupled to each other, further careful investigation is
necessary to describe chemical processes in solution properly.

4. Conclusions

Electronic structures of solvated molecule are computed
within the framework of modern two methodssRISM-SCF and
PCMsand critically compared. Two different methods provide
very similar energy profiles of SN2 reaction, though the energy
components are slightly different between the two methods: The
electronic distortion due to solvation (Ereorg) obtained by PCM
is slightly smaller than that obtained by RISM-SCF. A detailed
analysis based on the energy partitioning in atomic level reveals

Figure 5. Partitioned reorganization energy on each atom (Ereorg
R )

computed with RISM-SCF (s) and with PCM (- ‚ -). The upper panel
shows the energy change in Cl atoms. (The leaving Cl atom corre-
sponding to the solid line in Figure 4.) The lower panel shows H (upper
two lines) and C (lower two lines) atoms.

Figure 6. Solvation structure obtained from RISM-SCF along the
reaction. The step functions (‚ ‚ ‚) indicate the size of the cavity in
PCM.

g(R) ≈ θ(R - R0) ) {0 R e R0

1 R > R0
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that the bond polarization of Cl-CH3 is enhanced in the wave
function obtained by PCM whereas that of C-H is also
important in the wave function obtained by RISM-SCF.

We emphasize that even in a situation in which the compu-
tational energy is almost identical there could still be a difference
in the description of chemical phenomena such as the solvation
structure. Further careful analysis and continuous efforts to
develop more sophisticated methods are highly desired to clarify
the true process in the real solution system.
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