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Abstract A new solvation model, named shells theory of

solvation, is proposed. In this approach, the solvent is

divided in two regions, the S1 shell, close to the solute and

describing specific solute–solvent interactions, and the S2

shell, representing the remain solvent and accounting for

the long-range interaction contribution. A simple theoreti-

cal equation can be derived which allows the computation

of the solvation free energy using two-point thermody-

namic integration and configurations generated from

molecular dynamics simulation. The discrete/continuum

version of this theory provides rigorous theoretical foun-

dations for the popular long-range Born correction and

presents a new reliable expression for including this con-

tribution. Further, it converges to the full discrete repre-

sentation of the solvent when the number of solvent

molecules goes to infinity. The method can be easily

applied when the solute–solvent interaction (S1 shell) is

treated by full quantum mechanics, while the S2 shell is

described by a dielectric continuum solvation method. A

simple test of the theory was done for solvation of fluoride

ion in benzene solution. The S1 shell was composed of the

fluoride ion plus 32 benzene molecules, and the interaction

with the S2 shell was calculated at Hartree–Fock level with

the MINI basis set and using the polarizable continuum

model.

Keywords Solvation free energy � QM/MM � Hybrid

discrete/continuum � Molecular dynamics �
Thermodynamic integration � ab initio � Linear response

1 Introduction

Interaction of a solute molecule with the surround medium

may have a profound effect on chemical stability and

reactivity [1–5]. From a theoretical viewpoint, introducing

the solvent effect, either through explicit molecules or

using an approximate method like dielectric continuum

model, is essential for describing many processes in con-

densed phase. These considerations have induced a lot of

research in theory and modeling of solvation phenomenon.

The first line and most popular approach for describing

solvation is the use of continuum solvation models [6–8].

The polarizable continuum model (PCM) has been devel-

oped for almost third years [9–20] and its reliable quantum

mechanical description of the solute electron density

combined with shaped solute cavity provides a good

description of solute–solvent interaction in many different

problems. Other popular continuum model is the SMx

family of Cramer and Truhlar [21–23], which make use of

molecular shaped cavity and reliable solute atomic charges.

The most recent version, named SMD, true quantum

mechanical electron density of the solute has been used

[24, 25]. Despite its successful, continuum solvation

models can fail in many situations. One interesting exam-

ple is the stability of hydroxylamine isomers in water

solution [26].

The approach based on explicit solvent molecules using

Molecular Dynamics or Monte Carlo methods coupled with

free energy perturbation or thermodynamic integration

has become more interesting as the computer power is

increasing each year [27–40]. The most popular approach

is the use of classical force-fields based on effective pair

potentials [41, 42]. In recent years, it has become more

evident that polarization effects can be very important in

some problems [43–46]. Therefore, combined quantum
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mechanical/molecular mechanics methods and even full

quantum mechanical description of interaction potential is

the most reliable approach, mainly in the description of

chemical processes in solution [47–52].

A midway approach for describing solvation is the

combination of discrete and continuum solvation models.

In the past 10 years, there has been an increased interest in

hybrid discrete/continuum solvation models [53–71]. An

advantage of using such approach is the possibility of

introducing the solvent features present in the first solva-

tion shell as well as full quantum mechanical treatment of

solute–solvent interaction. However, once someone deci-

des to treat solvation through this approach, arises the

question on how to combine both the explicit solute with

implicit part represented by the dielectric continuum. One

approach is the cluster–continuum model [54], where the

solute and some strongly bound solvent molecules are

considered a chemical species. This approach has been

successfully applied for pKa prediction [53, 72] and for

some important ionic reactions in aqueous solution [73,

74]. A similar approach is the quasi-chemical theory of

solvation of Pratt and co-workers [62, 65, 68]. In this case,

the solvation can be seen as an equilibrium involving

clusters of the solute and a variable number of solvent

molecules. Both the quasi-chemical theory and the cluster–

continuum model are closely related [55]. Several authors

have also used mixed discrete/continuum approaches,

although in some situations a more rigorous theoretical

foundations of the method for calculating the solvation free

energy is lacking.

Despite the fact these hybrid approach are very useful,

an evident problem of the quasi-chemical-related theories

is that the interaction of the solute with the first solva-

tion shell may not be enough strong and the solvent

molecules should experience a high mobility which is

not adequately described by these theories. Similarly,

the solvent molecules in the second and more external

solvation shells are not bound to the central solute.

Therefore, the solvation free energy may not conver-

gence to the true value when the number of solvent

molecules goes to infinity. A more reliable approach is

need, which should work for different solutes, irrespec-

tive on how strong the solute–solvent interaction is.

Other possibilities for combining discrete and contin-

uum solvation are the dynamical hybrid methods [58–60,

71, 75]. The aim of this paper is to present a new

dynamical hybrid discrete/continuum solvation method,

able to converge toward a full discrete representation of

the solvent. The main contribution from this report is the

development of the theory. A simple application for

solvation of the fluoride ion in benzene solution is also

reported. In this example, it was calculated the long-

range solvation contribution and compared it with the

simple Born correction.

2 Shells theory of solvation

Lets consider a solute ‘‘A’’ interacting with the solvent and

to divide the solvent in two shells: S1, in close contact with

the solute, and S2, a more distant shell. We can define the

following interaction terms:

UAS1
! interaction energy of the solute A with the S1

shell

UAS2
! interaction energy of the solute A with the S2

shell

UAS1S2
! many body effects in the interaction of the

solute A with the S1 and S2 shells

US1
! interaction energy among the S1 shell molecules

US2
! interaction energy among the S2 shell molecules

US1S2
! interaction energy between the S1 and S2 shells

Considering the solute and the solvent molecules as

rigid structures, the free energy of solvation is given by the

equation:

DGsolvðAÞ

¼ �RT ln

R
e�bðUAS1

þUAS2
þUAS1S2

Þe�bðUS1
þUS2

þUS1S2
Þdr1dr2R

e�bðUS1
þUS2

þUS1S2
Þdr1dr2

ð1Þ

The solute and the S1 shell can be considered a

‘‘supersolute’’ and Eq. 1 can be rearranged for:

DGsolvðAÞ

¼ �RT ln

R
e�bðUAS1

þUAS2
þUAS1S2

þUS1
þUS1S2

Þe�bðUS2
Þdr1dr2R

e�bðUS1
þUS2

þUS1S2
Þdr1dr2

ð2Þ

and written as:

DGsolvðAÞ

¼ �RT ln

R
e�bðUAS1

þUAS2
þUAS1S2

þUS1
þUS1S2

Þe�bðUS2
Þdr1dr2R

e�bðUS2
Þdr2

"

�
R

e�bðUS1
þUS2

þUS1S2
Þdr1dr2R

e�bðUS2
Þdr2

 !�1
3

5 ð3Þ

The first ratio in Eq. 3 is related to the solvation of the

solute A and the S1 shell by S2, whereas the last ratio is

related to the solvation of only the S1 shell. Thus, we can

write:
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e�bDGsolvðAS1Þ ¼
R

e�bðUAS2
þUAS1S2

þUS1S2
Þe�bðUS2

Þdr2R
e�bðUS2

Þdr2

ð4Þ

e�bDGsolvðS1Þ ¼
R

e�bðUS1S2
Þe�bðUS2

Þdr2R
e�bðUS2

Þdr2

ð5Þ

The terms DGsolv(AS1) and DGsolv(S1) are the free

energy of solvation of AS1 and S1 due to S2 shell. Thus, two

new relations can be obtained:
Z

e�bðUS1
þDGsolvðS1ÞÞdr1 ¼

R
e�bðUS1

þUS2
þUS1S2

Þdr1dr2R
e�bðUS2

Þdr2

ð6Þ

Z
e�bðUAS1

þUS1
þDGsolvðAS1Þdr1

¼
R

e�bðUAS1
þUAS2

þUAS1S2
þUS1

þUS1S2
Þe�bðUS2

Þdr1dr2R
e�bðUS2

Þdr2

ð7Þ

and Eq. 3 becomes:

DGsolvðAÞ ¼ �RT ln

R
e�bðUAS1

þUS1
þDGsolvðAS1ÞÞdr1R

e�bðUS1
þDGsolvðS1ÞÞdr1

ð8Þ

With a new rearrangement, we can write:
DGsolvðAÞ

¼�RT ln

R
e�bðUAS1

þDGsolvðAS1Þ�DGsolvðS1ÞÞe�bðUS1
þDGsolvðS1ÞÞdr1R

e�bðUS1
þDGsolvðS1ÞÞdr1

ð9Þ

This is a key equation and it says we can compute the

free energy of solvation of solute A considering its

interaction with the S1 shell through direct insertion of

the solute inside this solvation shell. The S2 shell affects

indirectly the configurations of the S1 shell (the

e�bðUS1
þDGsolvðS1ÞÞ term) and the (DGsolvðAS1Þ�DGsolvðS1Þ)

term includes the interaction of the solute with the S2 shell.

The goal of separating the solvent between S1 and S2

shells is describing these shells in different levels. The S1

shell is in close contact with the solvent and should be

described in high level, whereas the S2 shell has a minor

importance and could be described using a lower level.

Modeling the solvation by a dielectric continuum is very

attractive because of its lower computational cost and

direct introduction of long-range contribution. Therefore, a

natural implementation of the developed solvation theory

is using explicit solvent molecules for the S1 shell,

whereas the S2 shell could be described by the dielectric

continuum.

2.1 Separation between attractive and repulsive terms

Direct use of Eq. 9 requires computing the free energy for

cavity formation for the supersolute (A ? S1) inside the S2

shell. This task is very hard for large S1 shell, and it would

be useful to single out the cavity contribution of the solute

A. For attaining this goal, we can define an auxiliary

repulsive potential between each atom of the solute A and

each atom of the solvent molecules, which is close to the

real potential in the repulsive region. In this way, we can

define a free energy of solvation only considering this

repulsive potential:

DGsolv;RpðAÞ

¼ �RT ln

R
e�bðUAS1 ;RpþDGsolv;RpðAS1Þ�DGsolvðS1ÞÞe�bðUS1

þDGsolvðS1ÞÞdr1R
e�bðUS1

þDGsolvðS1ÞÞdr1

ð10Þ

Thus, Eq. 10 is the solvation free energy of the solute

A considering only the auxiliary repulsive potentials

UAS1,Rp and UAS2,Rp. It represents the cavity formation

contribution for the free energy. In the next step, we can

combine Eqs. 9 and 10 to obtain:

DGsolvðAÞ�DGsolv;RpðAÞ

¼�RT ln

R
e�bðUAS1

þDGsolvðAS1Þ�DGsolvðS1ÞÞe�bðUS1
þDGsolvðS1ÞÞdr1R

e�bðUAS1 ;RpþDGsolv;RpðAS1Þ�DGsolvðS1ÞþUS1
þDGsolvðS1ÞÞdr1

ð11Þ

The full interaction potential can be divided in repulsive,

using the auxiliary repulsive potential (Rp), and the

remaining electrostatic-dispersion-repulsion term (EDR)

for solute–solvent and solvent–solvent interactions:

UAS1
¼ UAS1;Rp þ UAS1;EDR ð12Þ

UAS2
¼ UAS2;Rp þ UAS2;EDR ð13Þ

US1S2
¼ US1S2;Rp þ US1S2;EDR ð14Þ

Using these decompositions, Eq. 11 can be rewritten as:

DGsolvðAÞ � DGsolv;RpðAÞ

¼ �RT ln

R
e�bðUAS1 ;EDRþDGsolv;EDR;EDRðAS1Þ�DGsolv;EDR;EDRðS1ÞÞe�bðUAS1 ;RpþDGsolv;Rp;RpðAS1Þ�DGsolv;Rp;RpðS1ÞþUS1

þDGsolvðS1ÞÞdr1R
e�bðUAS1 ;RpþDGsolv;Rp;RpðAS1Þ�DGsolv;Rp;RpðS1ÞþUS1

þDGsolvðS1ÞÞdr1

� RT ln

R
e�bðUAS1 ;RpþDGsolv;Rp;RpðAS1Þ�DGsolv;Rp;RpðS1ÞþUS1

þDGsolvðS1ÞÞdr1R
e�bðUAS1 ;RpþDGsolv;RpðAS1Þ�DGsolvðS1ÞþUS1

þDGsolvðS1ÞÞdr1

ð15Þ
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where:

DGsolvðAS1Þ ¼ DGsolv;Rp;RpðAS1Þ þ DGsolv;EDR;EDRðAS1Þ
ð16Þ

DGsolvðS1Þ ¼ DGsolv;Rp;RpðS1Þ þ DGsolv;EDR;EDRðS1Þ ð17Þ

The subscript ‘‘Rp, Rp’’ (‘‘EDR, EDR’’) refers to

solvation involving repulsive (electrostatic-dispersion-

repulsion) interactions of A ? S1 with S2, while the

subscript ‘‘Rp’’ (‘‘EDR’’) refers to corresponding

solvation interactions between A and S1 ? S2. Using

Eq. 17, the integral in the denominator of the third line

of Eq. 15 can be written as:
Z

e�bðUAS1 ;RpþDGsolv;RpðAS1Þ�DGsolvðS1ÞþUS1
þDGsolvðS1ÞÞdr1

¼
Z

e�bðDGsolv;RpðAS1Þ�DGsolv;Rp;RpðAS1Þ�DGsolv;EDR;EDRðS1ÞÞ

� e�bðUAS1 ;RpþDGsolv;Rp;RpðAS1Þ�DGsolv;Rp;RpðS1ÞþUS1
þDGsolvðS1ÞÞdr1

ð18Þ

Substituting (18) into (15) leads to:

In the next step, we can introduce the approximation:

DGsolv;Rp;RpðAS1Þ � DGsolv;Rp;RpðS1Þ ffi constant ð20Þ

and defining:

DGsolv;RpðAS1Þ � DGsolv;Rp;RpðAS1Þ � DGsolv;EDR;EDRðS1Þ
¼ �DGsolv;EDR;EDRðS1ðS2;AÞÞ ð21Þ

Equation 19 can be simplified for:

The DGsolv;EDR;EDRðS1ðS2;AÞÞ term has a simple inter-

pretation. It is the solvation of S1 molecules by S2

molecules placed in the position of solute A. This term is

small, and we can introduce one more approximation:

DGsolv;EDR;EDRðS1ðS2;AÞÞ ffi constant ð23Þ

Substituting (23) into (22) leads to:

DGsolvðAÞ ¼ DGsolv;RpðAÞ � RT ln

�
R

e�bðUAS1 ;EDRþDGsolv;EDR;EDRðAS1Þ�DGsolv;EDR;EDRððAÞS1ÞÞe�bðUAS1 ;RpþUS1
þDGsolvðS1ÞÞdr1R

e�bðUAS1 ;RpþUS1
þDGsolvðS1ÞÞdr1

ð24Þ

where:

DGsolv;EDR;EDRððAÞS1Þ ¼ DGsolv;EDR;EDRðS1Þ
� DGsolv;EDR;EDRðS1ðS2;AÞÞ ð25Þ

The DGsolv;EDR;EDRððAÞS1Þ term is the solvation of S1

shell excluding any S2 solvent molecule from the position

of solute A. Equation (24) is the fundamental equation of

the shells theory of solvation and it is very similar to

Eq. 9. The difference is that Eq. 9 is equivalent to the

particle insertion method [76–78], while the second term

of the right side of Eq. 24 can be seen as a single

perturbation step from the solute with its auxiliary

repulsive potential to the full potential. Someone should

notice the solvation terms with EDR, EDR means the

solvation free energy excludes the cavity formation

contribution. Thus, it is not need to create a large

cavity into the S2 shell to insert A ? S1. Only the cavity

contribution for the solute A needs to be calculated,

maybe by an approximated method or even classical

simulation coupled with free energy perturbation or

thermodynamic integration.

2.2 Two points thermodynamic integration

Equation 24 provides the pathway for calculating the free

energy of solvation. However, a simplification of the final

DGsolv�DGsolv;Rp¼�RT ln

R
e�bðUAS1 ;EDRþDGsolv;EDR;EDRðAS1Þ�DGsolv;EDR;EDRðS1ÞÞe�bðUAS1 ;RpþDGsolv;Rp;RpðAS1Þ�DGsolv;Rp;RpðS1ÞþUS1

þDGsolvðS1ÞÞdr1R
e�bðUAS1 ;RpþDGsolv;Rp;RpðAS1Þ�DGsolv;Rp;RpðS1ÞþUS1

þDGsolvðS1ÞÞdr1

�RT ln

R
e�bðUAS1 ;RpþDGsolv;Rp;RpðAS1Þ�DGsolv;Rp;RpðS1ÞþUS1

þDGsolvðS1ÞÞdr1R
e�bðDGsolv;RpðAS1Þ�DGsolv;Rp;RpðAS1Þ�DGsolv;EDR;EDRðS1ÞÞe�bðUAS1 ;RpþDGsolv;Rp;RpðAS1Þ�DGsolv;Rp;RpðS1ÞþUS1

þDGsolvðS1ÞÞdr1

ð19Þ

DGsolv � DGsolv;Rp ¼ �RT ln

R
e�bðUAS1 ;EDRþDGsolv;EDR;EDRðAS1Þ�DGsolv;EDR;EDRðS1ÞÞe�bðUAS1 ;RpþUS1

þDGsolvðS1ÞÞdr1R
e�bð�DGsolv;EDR;EDRðS1ðS2;AÞÞÞe�bðUAS1 ;RpþUS1

þDGsolvðS1ÞÞdr1

ð22Þ
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expression is required in order to set a practical method. This

is specially important if the goal is calculating quantum–

mechanical solute–solvent interactions. The use of two-point

thermodynamic integration method is very attractive

because it is a good approximation and requires less evalu-

ations of the interaction energy. Thus, we can define the EDR

contribution to the free energy of solvation of solute A as:

Introducing the coupling parameter k and using the

thermodynamic integration formula leads to:

where the angular brackets are given by:

Choosing a simple relation with k, we can write:

UAS1;EDRðkÞ þ DGsolv;EDR;EDRðAS1; kÞ
� DGsolv;EDR;EDRððAÞS1; kÞ
¼ k½UAS1;EDR þ DGsolv;EDR;EDRðAS1Þ
� DGsolv;EDR;EDRððAÞS1Þ� ð29Þ

Substituting Eq. 29 into 27 and performing the integral

while assuming the k dependence of the ensemble average

is linear in k, we arrive to:

DGsolv;EDRðAÞ ¼
1

2
UAS1 ;EDR

� �
S1 ;k¼1

þ UAS1 ;EDR

� �
S1 ;k¼0

� �

þ 1

2
DGsolv;EDR;EDRðAS1Þ � DGsolv;EDR;EDRððAÞS1Þ
� �

S1;k¼1

þ 1

2
DGsolv;EDR;EDRðAS1Þ � DGsolv;EDR;EDRððAÞS1Þ
� �

S1;k¼0

ð30Þ

Equation 30 is a very simple expression. The first term

is the contribution of the S1 shell, obtained through direct

interaction of the solute with the S1 solvent molecules

with the EDR potential. The calculations are performed in

the geometries generated by the repulsive potential

(k = 0) and including the full potential (k = 1). The

second term is the contribution of the S2 shell for k = 1,

whereas the third term is the contribution of the S2

shell for k = 0. As a final comment, the two-point

DGsolv;EDRðAÞ ¼ �RT ln

R
e�bðUAS1 ;EDRþDGsolv;EDR;EDRðAS1Þ�DGsolv;EDR;EDRððAÞS1ÞÞe�bðUAS1 ;RpþUS1

þDGsolvðS1ÞÞdr1R
e�bðUAS1 ;RpþUS1

þDGsolvðS1ÞÞdr1

ð26Þ

DGsolv;EDRðAÞ ¼
Z1

0

oðUAS1;EDRðkÞ þ DGsolv;EDR;EDRðAS1; kÞ � DGsolv;EDR;EDRððAÞS1; kÞÞ
ok

� �

S1;k

dk ð27Þ

f ðr1; kÞh iS1;k
¼
R

f ðr1; kÞ e�bðUAS1 ;EDRðkÞþDGsolv;EDR;EDRðAS1;kÞ�DGsolv;EDR;EDRððAÞS1;kÞþUAS1 ;RpþUS1
þDGsolvðS1ÞÞdr1R

e�bðUAS1 ;EDRðkÞþDGsolv;EDR;EDRðAS1;kÞ�DGsolv;EDR;EDRððAÞS1;kÞþUAS1 ;RpþUS1
þDGsolvðS1ÞÞdr1

ð28Þ
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thermodynamic integration is equivalent to full Linear

Response approximation [31].

3 Dynamically coupled discrete/continuum shells

theory of solvation

A problem with Eq. 30 is that configurations generated for

the S1 shell depend on the influence of the S2 shell, and it

should be calculated for each new simulation step. There-

fore, we could make a decoupling between the shells and

introduce on the fly coupling between them, i.e., dynamical

coupling. The idea is to perform a simulation using low

level of theory and a simulation box for generating the

configurations. In the next step, some molecules in closest

contact with the solute are selected to compose the S1 shell

and to calculate the interaction energy. The effect of S2

shell is also calculated for selected configurations. So, this

is an approximated theory and the proposed final expres-

sion for the discrete/continuum shells theory of solvation

is:

DGsolvðAÞ ¼DGcavðAÞ þ
1

2
ð UAS1
h ik¼1þ UAS1

h ik¼0Þ

þ 1

2
DGsolvðAS1Þ � DGsolvððAÞS1Þh ik¼1

þ 1

2
DGsolvðAS1Þ � DGsolvððAÞS1Þh ik¼0 ð31Þ

The first term is the free energy for cavity formation.

This term could be calculated using a simple analytical

theory or empirical expression and it will not be explored in

this work. The second term is a simple two-point thermo-

dynamics integration using configurations generated from

the simulation box and low level of theory, for example,

classical force-field calculations. Then, the complete

classical potential is used for k = 1, whereas the

electrostatic terms are excluded for k = 0. In the next

step, for each selected configuration, n solvent molecules in

closest contact with the solute are selected, and the

interactions between them are obtained from full quantum

mechanical calculations for both k values. The third and

fourth terms are the S2 contribution. They can include

electrostatic, dispersion, and repulsion contributions for

solute–solvent and solvent–solvent interactions. However,

because these terms involve a difference, the dispersion-

repulsion contribution for solvent–solvent interaction

cancels out and only the solute-S2 shell interaction

remains. In the case of electrostatic contribution, the

polarization of solvent molecules is different when the

solute is present or absent and as a consequence, a full

calculation must be done. In addition, if the S1 shell is large,

the solute-S2 shell dispersion term does not need to be

calculated because it is short range and its inclusion will

have a minor effect on the solvation free energy. Thus, the

contribution of the S2 shell is calculated using a reliable

continuum solvation model like PCM (polarizable

continuum model). Because in this paper the S2 shell

involves more distant molecules, only electrostatic

contributions are included.

The DG((A)S1) term means the cavity of the solute A is

present in the continuum calculations, although the solute

is absent. In this point, we can notice this S2 contribution is

similar to the long-range Born correction. However, the

simple Born formula only sees a central ion with an

extended radius due to the S1 shell. The shells theory of

solvation includes details of the solvent structure around

the solute as well as the charging state (k value) of the

solute. In addition, the effect of solute’s higher multipoles

is included. The present theory allows the use of any

number of solvent molecules in the S1 shell and converges

for full discrete representation of the solvent for n going to

infinity. Therefore, it provides a much more general and

theoretically sound formula for including the long range

contribution.

In this point, it can be noted that other dynamical dis-

crete/continuum solvation methods have been proposed.

Roux and co-workers have proposed the surface boundary

potential [71, 75], whereas Brancato et al. have proposed a

mean field approach [58–60]. However, the method pre-

sented in this paper is different from these previous

developments, and the expression for the long-range con-

tribution proposed in this paper has been presented for the

first time.

4 Application of discrete/continuum shells theory

of solvation for long-range correction

In this section, the Long-Range contribution from Eq. 31

will be applied for solvation of fluoride ion in a simulation

box with 32 benzene molecules. The 32 benzene molecules

will constitute a large S1 shell, and a continuum solvation

method will represent the S2 shell. Details of the calcula-

tions are presented below.

4.1 Molecular dynamics and long-range contribution

calculations

Molecular dynamics calculations were done for one fluo-

ride ion in a cubic box with 32 benzene molecules under

periodic boundary conditions. The box was build putting

each benzene molecule in a symmetric lattice and the

fluoride ion in the center of the box. It was done a long

molecular dynamics run using the NPT ensemble and the

Berendesen thermostat in order to equilibrate the system

using the AMOEBA force-field. A cutoff radii of 8.5

280 Theor Chem Acc (2011) 128:275–283

123



angstron was considered for this force-field interaction and

the Modified Beeman Algorithm was used for integration

of the motion equations. The production run was done on a

time of 200 ps, selecting one structure for energy compu-

tation each 10 ps. Two set of molecular dynamics runs

were done. In the first one, it was considered the full

interaction potential among the fluoride ion and the ben-

zene molecules. In the second run, the charge of the fluo-

ride ion was withdrawn and it was considered only the

Lennard-Jones 12–6 contribution for the interaction of

fluoride ion with benzene molecules. All the molecular

dynamics calculations were done with the TINKER pro-

gram [79].

The final step of the calculation was to include the

dielectric continuum for accounting long-range interac-

tion. It was used the PCM method [16, 18–20, 80],

which has a molecular shaped cavity able to introduce

the molecular form. It was used the following atomic

radii: H (1.20), C (1.70), and F (1.40). All atomic radii

were scaled by 1.40, in line with the observations that

aprotic solvents require a larger cavity [81]. For these

PCM calculations, it was done 20 single point calcula-

tions with the 32 benzene molecules using selected

structures taken each 10 ps of simulation run. Because

these are test calculations, it was used the Hartree–Fock

method with the MINI basis set, i.e., it was done PCM/

HF/MINI calculations.

A problem that someone needs pay attention is the

formation of holes inside the explicit solvent, which could

be occupied by the dielectric continuum. These holes

introduce error in the solvation calculations, because the

apparent surface charge method considers that no dielectric

is present inside the solute [82]. In addition, the equations

derived in this paper consider that the hole is not occupied

by the S2 shell. To avoid this problem, it was included a

neon atom in the fluoride ion position in the calculation of

the solvation of 32 benzene molecules without the fluoride

ion. This procedure has a minimum effect on the solvation

free energy. All PCM/HF/MINI calculations were done

with the GAMESS program [83].

5 Results and discussion

Table 1 presents the solvation free energy contribution of

the S2 shell, determined by the PCM method for 20 selected

Table 1 Interaction energies and dielectric continuum solvation for k = 1 and k = 0

Structure k = 1 k = 0

DGsolv (F-(C6H6)32) DGsolv (Ne(C6H6)32) DDGsolv
a DGsolv (F-(C6H6)32) DGsolv (Ne(C6H6)32) DDGsolv

a

1 -10.69 -1.32 -9.37 -12.24 -1.60 -10.64

2 -10.37 -1.33 -9.04 -15.11 -1.73 -13.39

3 -11.32 -1.81 -9.51 -12.61 -1.63 -10.98

4 -10.42 -1.44 -8.98 -13.25 -1.76 -11.49

5 -10.81 -1.62 -9.19 -13.31 -1.85 -11.46

6 -10.37 -1.33 -9.04 -16.58 -1.81 -14.77

7 -10.83 -1.50 -9.34 -10.87 -1.64 -9.23

8 -11.06 -1.49 -9.57 -12.00 -1.47 -10.52

9 -10.96 -1.51 -9.44 -15.86 -1.72 -14.14

10 -10.89 -1.45 -9.44 -15.52 -1.67 -13.84

11 -10.46 -1.58 -8.87 -14.66 -1.75 -12.91

12 -10.83 -1.49 -9.34 -13.55 -1.44 -12.11

13 -11.46 -1.56 -9.90 -15.78 -1.77 -14.01

14 -10.97 -1.50 -9.46 -13.92 -1.59 -12.34

15 -10.50 -1.36 -9.15 -11.92 -1.58 -10.34

16 -11.15 -1.57 -9.58 -16.74 -1.73 -15.01

17 -10.37 -1.39 -8.98 -12.93 -1.94 -10.99

18 -10.82 -1.51 -9.31 -16.62 -1.74 -14.89

19 -10.66 -1.57 -9.09 -15.24 -1.69 -13.55

20 -11.04 -1.63 -9.41 -11.70 -1.82 -9.88

Average -9.30 -12.32

d 0.25 1.76

Units of kcal/mol

Dielectric continuum contribution: DDGsolv = DGsolv(F-(C6H6)32) - DGsolv(Ne(C6H6)32)
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configurations. The calculations include either the fluoride

ion or the neon atom (filling the hole), and the difference

between them is the S2 shell contribution to the solvation

free energy (DDGsolv). As someone can notice, the fluctu-

ation is small and as few as 20 structures lead to small

error, suggesting that even a small sampling could produce

reliable values of S2 contribution to the solvation free

energy. The k value has an important effect on the S2 shell

contribution to the solvation free energy. In fact, for k = 0,

the DDGsolv contribution is -12.3 kcal/mol, whereas in the

case of k = 1 this contribution becomes -9.3 kcal/mol, a

difference of 3.0 kcal/mol. For an accurate work, this is a

large variation and the difference can be explained by the

different orientations of the benzene molecules in k = 0

and k = 1 states. Based on Eq. 31 and the results of

Table 1, we can calculate the S2 contribution to the sol-

vation free energy is -10.8 kcal mol-1.

Theoretical studies of ion solvation require the inclusion

of long-range electrostatic interactions that take place

between the ion and the solvent molecules. Many studies

make use of cutoff radius for ion–solvent interaction and a

simple Born correction is introduced for account the long-

range interaction [84]. Essentially, the idea is to include the

effect of remaining molecules beyond a cutoff point, con-

sidering the solute plus the S1 shell are a large ion. Thus, it

uses the simple Born model (Eq. 32), although no rigor-

ous theoretical justification has been provided for this

correction.

DGsolv ¼ �
1

2

1

4peo

q2

R
1� 1

e

� 	

ð32Þ

Other approach like extrapolation for infinite solvent

box was also proposed [85] and a very usual procedure is

the Ewald summation method and correction for self-

interaction [86]. In the present paper, it was provided a

more rigorous derivation on how to introduce the

contribution of the S2 shell, through the relation DDGsolv =

DGsolv(F
-(C6H6)32) - DGsolv((F

-)(C6H6)32). In the discrete/

continuum shells theory, this contribution is calculated by

DDGsolv evaluated at k = 1 and k = 0 and taking the

average. It is interesting making a comparison with the

prediction made by the Born model. Considering that

the box with the fluoride ion and the 32 benzene molecules

have an average volume of 4.9 9 103 Å3, this translates to

a spherical radii of 10.5 Å. On this way, using the Born

formula results in DDGsolv of -8.8 kcal/mol, in good

agreement with the more reliable value of -10.8

kcal/mol calculated from Table 1. The deviation of only

2 kcal/mol suggests the Born model is a reasonable

correction for the long-range solute–solvent interaction

contribution, at least for apolar solvents. Nevertheless, it is

reasonable that for accurate work, the Born model should

be replaced by the present expression for the long-range.

A detailed study in water solution will be published

elsewhere.

6 Conclusion

A new theoretical approach for solvation free energy cal-

culation, using dynamical hybrid discrete/continuum

method, was proposed. Any number of solvent molecules

can be used in the S1 shell, with configurations generated by

molecular dynamics calculations based on classical force-

fields or even quantum mechanical, whereas the interaction

energy can be calculated by full quantum mechanical

methods. The remained solvent, represented by the S2 shell,

is treated by a dielectric continuum method like PCM. The

theory provides a justification for the Born correction and

presents more theoretically sound expression for including

the long-range contribution. In the present application, the

S1 shell was described by 32 benzene molecules and the

PCM method used for the S2 shell. It was found an error of

2 kcal mol-1 for the Born correction.

Acknowledgments The author thanks the Brazilian Research

Council (CNPq) and the Fundação de Amparo a Pesquisa do Estado

de Minas Gerais (FAPEMIG) for the support.

References

1. Reichardt C (1988) Solvent and solvents effects in organic

chemistry. VHC, Weinheim, Germany

2. Pliego JR Jr (2009) J Phys Chem B 113:505

3. Parker AJ (1969) Chem Rev 69:1

4. Kim DW, Jeong HJ, Lim ST, Sohn MH, Katzenellenbogen JA,

Chi DY (2008) J Org Chem 73:957

5. Purse BW, Rebek J Jr (2005) PNAS 102:10777

6. Tomasi J, Mennucci B, Cammi R (2005) Chem Rev 105:2999

7. Luque FJ, Curutchet C, Munoz-Muriedas J, Bidon-Chanal A,

Soteras I, Morreale A, Gelpi JL, Orozco M (2003) Phys Chem

Chem Phys 5:3827

8. Cramer CJ, Truhlar DG (1999) Chem Rev 99:2161

9. Curutchet C, Orozco M, Luque FJ, Mennucci B, Tomasi J (2006)

J Comp Chem 27:1769

10. Li H, Jensen JH (2004) J Comp Chem 25:1449

11. Curutchet C, Cramer CJ, Truhlar DG, Ruiz-Lopez MF, Rinaldi D,

Orozco M, Luque FJ (2003) J Comp Chem 24:284

12. Cossi M, Scalmani G, Rega N, Barone V (2002) J Chem Phys

117:43

13. Tomasi J, Cammi R, Mennucci B, Cappeli C, Corni S (2002)

Phys Chem Chem Phys 4:5697

14. Tomasi J, Cammi R, Mennucci B (1999) Int J Quantum Chem

75:783

15. Barone V, Cossi M (1998) J Phys Chem 102:1195

16. Cances E, Mennucci B, Tomasi J (1997) J Chem Phys 107:3032

17. Floris FM, Selmi M, Tani A, Tomasi J (1997) J Chem Phys

107:6353

18. Cossi M, Barone V, Cammi R, Tomasi J (1996) Chem Phys Lett

255:327

282 Theor Chem Acc (2011) 128:275–283

123



19. Miertus S, Tomasi J (1982) Chem Phys 65:239

20. Miertus S, Scrocco E, Tomasi J (1981) Chem Phys 55:117

21. Chamberlin AC, Cramer CJ, Truhlar DG (2008) J Phys Chem B

112:8651

22. Kelly CP, Cramer CJ, Truhlar DG (2005) J Chem Theory Comput

1:1133

23. Li J, Zhu T, Hawkins GD, Winget P, Liotard DA, Cramer CJ,

Truhlar DG (1999) Theor Chem Acc 103:9

24. Marenich AV, Cramer CJ, Truhlar DG (2009) J Phys Chem B

113:6378

25. Marenich AV, Cramer CJ, Truhlar DG (2009) J Phys Chem B

113:4538

26. Kirby AJ, Davies JE, Brandão TAS, Silva PF, Rocha WR, Nome

F (2006) J Am Chem Soc 128:12374

27. Schettino V, Chelli R, Marsili S, Barducci A, Faralli C, Pagliai

M, Procacci P, Cardini G (2007) Theor Chem Acc 117:1105

28. Darden T, Pearlman D, Pedersen LG (1998) J Chem Phys

109:10921

29. Hummer G, Pratt LR, Garcia AE (1998) J Phys Chem A

102:7885

30. Levy RM, Gallicchio E (1998) Ann Rev Phys Chem 49:531

31. Aqvist J, Hansson T (1996) J Phys Chem 100:9512

32. Hummer G, Pratt LR, Garcia AE (1996) J Phys Chem 100:1206

33. Hummer G, Szabo A (1996) J Chem Phys 105:2004

34. Kollman PA (1993) Chem Rev 93:2395

35. Jorgensen WL (1989) Acc Chem Res 22:184

36. Straatsma TP, Berendsen HJC (1988) J Chem Phys 89:5876

37. Fleischman SH, Brooks CL III (1987) J Chem Phys 87:3029

38. Mezei M (1987) J Chem Phys 86:7084

39. Singh UC, Brown FK, Bash PA, Kollman PA (1987) J Am Chem

Soc 109:1607

40. Straatsma TP, Berendsen HJC, Postma JPM (1986) J Chem Phys

85:6720

41. Mobley DL, Bayly CI, Cooper MD, Dill KA (2009) J Phys Chem

B 113:4533

42. Jorgensen WL, Tirado-Rives J (2005) PNAS 102:6665

43. Geerke DP, van Gunsteren WF (2007) J Phys Chem B 111:6425

44. Grossfield A, Ren PY, Ponder JW (2003) J Am Chem Soc

125:15671

45. Ren PY, Ponder JW (2003) J Phys Chem B 107:5933

46. Lamoureux G, Roux B (2006) J Phys Chem B 110:3308

47. Rocha WR, Martins VM, Coutinho K, Canuto S (2002) Theor

Chem Acc 108:31

48. Tse JS (2002) Ann Rev Phys Chem 53:249

49. Wood RH, Yezdimer EM, Sakane S, Barriocanal JA, Doren DJ

(1999) J Chem Phys 110:1329

50. Gao J (1996) Acc Chem Res 29:298

51. Car R, Parrinello M (1985) Phys Rev Lett 55:2471

52. Iftimie R, Minary P, Tuckerman ME (2005) PNAS 102:6654

53. Ho J, Coote ML (2010) Theor Chem Acc 125:3

54. Pliego JR Jr, Riveros JM (2001) J Phys Chem A 105:7241

55. Westphal E, Pliego JR Jr (2005) J Chem Phys 123:074508

56. da Silva EF, Svendsen HF, Merz KM (2009) J Phys Chem A

113:6404

57. Bryantsev VS, Diallo MS, Goddard WA (2008) J Phys Chem B

112:9709

58. Brancato G, Barone V, Rega N (2007) Theor Chem Acc

117:1001

59. Brancato G, Rega N, Barone V (2006) J Chem Phys 124

60. Brancato G, Di Nola A, Barone V, Amadei A (2005) J Chem

Phys 122

61. Asthagiri D, Pratt LR, Paulaitis ME, Rempe SB (2004) J Am

Chem Soc 126:1285

62. Rempe SB, Asthagiri D, Pratt LR (2004) Phys Chem Chem Phys

6:1966

63. Zhan CG, Dixon DA (2004) J Phys Chem A 108:2020

64. Asthagiri D, Pratt LR (2003) Chem Phys Lett 371:613

65. Asthagiri D, Pratt LR, Ashbaugh HS (2003) J Chem Phys

119:2702

66. Asthagiri D, Pratt LR, Kress JD, Gomez MA (2003) Chem Phys

Lett 380:530

67. Bandyopadhyay P, Gordon MS, Mennucci B, Tomasi J (2002)

J Chem Phys 116:5023

68. Grabowski P, Riccardi D, Gomez MA, Asthagiri D, Pratt LR

(2002) J Phys Chem A 106:9145

69. Zhan CG, Dixon DA (2002) J Phys Chem A 106:9737

70. Bandyopadhyay P, Gordon MS (2000) J Chem Phys 113:1104

71. Im W, Berneche S, Roux B (2001) J Chem Phys 114:2924

72. Pliego JR Jr, Riveros JM (2002) J Phys Chem A 106:7434

73. Pliego JR Jr (2004) Chem Phys 306:273

74. Pliego JR Jr, Riveros JM (2002) Chem Eur J 8:1945

75. Beglov D, Roux B (1994) J Chem Phys 100:9050

76. Tomas-Oliveira I, Wodak SJ (1999) J Chem Phys 111:8576

77. Widom B (1982) J Phys Chem 86:869

78. Widom B (1963) J Chem Phys 39:2808

79. Ponder JWT (2004) [4.2]

80. Tomasi J, Persico M (1994) Chem Rev 94:2027

81. Pliego JR Jr, Riveros JM (2002) Chem Phys Lett 355:543

82. Pliego JR Jr (2006) Quim Nova 29:535

83. Schmidt MW, Baldridge KK, Boatz JA, Elbert ST, Gordon MS,

Jensen JH, Koseki S, Matsunaga N, Nguyen KA, Su S, Windus

TL, Dupuis M, Montgomery JA Jr (1993) J Comput Chem

14:1347

84. Almlof M, Carlsson J, Aqvist J (2007) J Chem Theory Comput

3:2162

85. Pliego JR Jr, Riveros JM (2000) J Phys Chem B 104:5155

86. Frenkel D, Smit B (2002) Understanding molecular simulation:

from algorithms to applications, second edn. Academic Press,

San Diego

Theor Chem Acc (2011) 128:275–283 283

123


	Shells theory of solvation and the long-range Born correction
	Abstract
	Introduction
	Shells theory of solvation
	Separation between attractive and repulsive terms
	Two points thermodynamic integration

	Dynamically coupled discrete/continuum shells theory of solvation
	Application of discrete/continuum shells theory of solvation for long-range correction
	Molecular dynamics and long-range contribution calculations

	Results and discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


