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The solvent effects on the relative free energies of Ev®~ to Yb*™ ion mutation in solution have been investigated
using a Monte Carlo simulation of statistical perturbation theory (SPT). Our results agree well with available
data that were obtained by others. Particularly. the results of water (SPC/E) solvent are almost identical with
experimental data. For the present Eu™ and Yb*™ ions. the relative free energies of solvation vs. Bom's function
of bulk solvents decrease with increasing Bom's function of bulk solvents. There is also good agreement
between the calculated struchural properties in this study and the published works obtained by computer

simulation and experimental work.
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Introduction

The triple positive lanthanides constitute the longest series
of chemically sunilar metal ions in the penodic table and
these ions can be considered as charged sphere differing
only by the progressive decrease of their 1omc radii along the
series. The electrostatic and steric effects mainly govern the
coordination properties of those ions. The hvdration of the
lanthanide metal 1ons has been the subject of numerous
studies."® Computer simulations represent particularly ade-
quate theoretical tools for understanding and predicting the
physicochemical properties of metal ions solutions at the
microscopic level, which have the large number of particles
forming svstems and the vanety of different interactions
established.® While solvation of singly charged metal ions
has been studied extensively, significantly less mformation
of lanthanide metal ions, 7.e., Eu*" and Yb®* is known. These
are important to understand complexes at molecular level in
order to improve such complexes for potential application in
fluoroimmuno assavs.” optical signal amplification'™" and
extraction from nuclear waste streams,’- Especially the Eu®*
luminescence 1n the visible region of electromagnetic spec-
trum has been thoroughly investigated for application as
diagnostic such as fluoroimmuno assavs’ and the lumine-
scence property of Yb*" ion emitting in the near infrared
may find application mn polvmer-based wave-guide optical
amplifiers.”™ Complexing agents like crown ethers and
cryptands are also known to effect a dramatic change in the
interaction of cations with their counterions.”” The associ-
ation properties of crown ethers have also been affected by
lanthanide cations. To address those challenges and the
phenomena themselves, we need information on the Eu’*and
Yb** cations stability in solution. These could be obtained
from the relative free energies of Eu’* to Yb™ ion mutation
n solution,
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Several statistical mechanical procedures have evolved for
computing the free energy differences. Two particularly pro-
mising approaches are umbrella sampling'*" and a pertur-
bation procedure.’™-! The ability to calculate solvation free
energies of molecules accurately using perturbation proce-
dure is one of the mmportant and recent developments in
computational chemistry.”’ The distribution of an ion bind-
g organic solute between polar or less polar and non-polar
media 1s an mportant parameter for structure-activity ana-
lyses in pharmacological research. -~

It 1s known that solvent effects often play an important
role i determining equilibrium constants. transition states
and rates of reactions. The solvent effects can also affect on
n-facial selectivity.” conformations. and other quantities of
chemical and biochemical interest. But. few studies of the
solvent effects on both the relative free energies of solvation
and the difference in partition coefficients for lanthanide
metal ions are available. This stimulated us to perform a
svstematic theoretical investigation.

In this study. the solvent effects on the relative free ener-
gies of solvation of Eu'” to Yb™ ion mutation have been
studied using the Monte Carlo simulation of statistical
perturbation theory (SPT). The H-O (TIP3P. TIP4P, SPC/E
models). CHCla, CH:CN. THF. CH:OH. CCl,.. CHxCl-.
MeOMe. and C:Hs are selected because they have the
variety of the solvent properties as well as for the availability
of potential function parameters. =" The experimental and
simulation studies of the Eu** and Yb* ions in water have
been reported ** But the fundamental and theoretical studies
of computing differences in the partition coefficients. and in
the free energies of Eu™ to Yb™ ion mutation in several
solvents are not available. This paper is. for the first time.
studied based on fluid simulations at the atomic level for
solvent effects on Eu’ to Yb™ ion mutation.

Computational Method

The procedure used is similar to that was employved in
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studies of the 1on mutations and the organic solute muta-
tion.***" The modeled svstems consisted of an ion plus 250
solvent molecules in a cubic cell with periodic boundary
conditions in the 1sothermal-1sobaric ensemble at 25 °C and
1 atm. First. the Monte Carlo sumulations are described.
including a summary of the method for computing the
relative free energy changes. and then a brief discussion of
the potential functions 1s given.

Monte Carlo Simulations. The free energy changes were
obtained vi¢r a series of 5 simulations with SPT in forward
and backward directions.”*" In Monte Carlo simulations of
SPT. we used doublewide sampling.*!

The perturbation approach™* is based on

G—G, = kT In{exp(—(H,— H)/kT)),. (1

If one considers the following thermodynamic cvele for
two 1ons. A and B, in two solvents, log P for the 1ons is
defined mn Egs. (2) and (3) in terms of the free energies of
transfer.

From the cvcle, Eq. (4) is obtained which vields Eq. (3)

solvent  |: A—m>
AG(AB)
AGHA) . 1 AGYB)

sofvent 2: A——> B
AGAAB)

AG{A) =-23RT log P, 2)
AG(B)=-23RT log Pz 3
AG(B) — AG{A) = AG-(AB) — AG1(AB). )]

Alog P =log Pz — log Py = (AG(AB) — AG:(4B))/2.3RT
(3)

The last expression in Eq. (3) associates the difference in log
Ps with the difference n free energies for mutating A to B in
the two solvents. That absolute log £s could also computed
by directly calculating the free energy of transfer. This
would require taking the difference in absolute free energies
of solvation for the ion. which could be obtained from
simulations in which the ion is made to vanish in the two
solvents.®!*

In this study. simulations were mn for a coupling para-
meter. A;. which was used to smoothly transform Eu’* ion
(A=0) to Yb’ ion (A=1). In this context. it is conveni-
ent to define a coupling parameter A that allows the smooth
conversion of system O to 1. Then for many possible features
{ of the systems including geometrical and potential
function parameters. Eq. (6) can be used to represent the
mutation of system 0 to 1 as A goes from 0 to 1:~

LAY= G+ AL -G ®)

Each simulation entailed an equilibration period for 4 x
10 configurations. followed by averaging for 1 x 107 confi-
gurations. Little drift in the averages was found during the
last 4 x 10¢ configurations. ="' Metropolis and preferential
sampling were emploved. and the ranges for attempted
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translations and rotations of the ions and solvent molecules
were adjusted to give an approximately 43% acceptance rate
for new configurations. ™!

Intermolecular Potential Functions. The solvent-solvent
and 1on-solvent interactions are assumed to be pair additive
and are described n the standard Lennard-Jones plus Cou-
lomb format.

AE=22 (qqelry+ A dry=Cury) 7

The ions and molecules are represented by interaction
sites located on nuclei in the molecules that have associated
partial atomic charge. ¢ and Lennard-Jones radius ¢, and
Lennard-Jones well depth &, Furthermore. the 4 and C
parameters may be expressed as A, = 466;- and C,, = 46,
and standard combining rules are used such that A, =
(AuAy)'= and C,, = (C,C,)"~ where i and j indices span all of
the solvents and water sites. The united-atom model was
used for CH,s in the solvents: CHys were treated as single
atoms. The SPC/E. TIP4P and TIP3P models have been
used for water.“**"¥ The charges and Lennard-Jones para-
meters have been selected to vield correct thermodynamic
and structural results for pure solvent.* The OPLS potential
parameter are listed in Table 1. In all the calculations. the
bond lengths and bond angles have been kept fixed. The

Table 1. OPLS parameters of several solvents” and potental
parameters of ions’

Solvent/Solute Site g(e) o(A)  e(kcalmol)
H.O (TIP4P) Q (.0000 31336 (1.1330
H (.3200 0.0000 (3.0000
M -1.0400 0.0000 (3.0000
H-O (TIP3P) O -(1.8340 31306 0.1321
H (0.4170 0.0000 (3.0000
CH:CN C 0.2800 3.6300 0.1300
N -0.4300 3.2000 0.1700
CH;, 0.1500 37750 0.2070
CH:OH @] -0.7000 3.0700 0.1700
H 0.4350 0.0000 0.0000
CH;, 0.2650 37750 0.2070
CH.Cl: CH- 0.5000 3.8000 0.1180
Cl -0.2500 3.4000 0.3000
THF @) -0.5000 3.0000 0.1700
CH: 0.2500 3.8000 0.1180
CH; (3.0000 3.9030 0.1180
MeOMe Q -(.3000 3.0000 (3.1700
CH; (.2300 3.8000 (3.1700
CHCls CH (3.4200 3.8000 (1.0800
Cl -(.1400 34700 (3.3000
CCL C (.2480 3.8000 (2.0300
Cl -(1.0620 34700 .2660
CsHs CH; (3.0000 3.9030 0.1180
CHa 0.0000 3.9030 0.1730
Eu Eu* 3.0000 3.3000 0.0050
Yb Yb* 3.0000  2.9300 0.0040

“Ref. 27. *Ref. 28. ‘M is a point on the bisector of HOH angle. 0.15 A
from the oxvgen toward the hvdrogen.
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intermolecular interactions were spherically truncated at 8.5.
10. 12.0 A depending on the box-sizes of the solvents and
the reaction field techmque activated by DIELRF parameter
was used for the correction of long range interactions.>” The
cutoff correction to the solvent-solvent energy for non-
aqueous solvents is applied to only Lennard-Jones potential
functions. =’

Results and Discussion

Relative free energies: To examine the solvent effect on
the differences in partition coefficients. we have computed
the relative free energy of Eu’™ to Yb** ion mutation in the
three water models for companison with the experimental
and computer sunulations. We have also computed those in
the other solvents.

The relative free energies of Eu’* to Yb* ion mutation
along with the published and the experimental works are
listed in Table 2. The reported statistical uncertainties for the
computed values are fluctuations (= 16) and were obtained
from separate averages over 4 x 10° to 1 x 107 configurations.
The computed ordering of the free energies of solvation in
several solvents 1s C;Hg> CCly> CHCl;> CH:Cl-> THF >
MEOME > CHiCN > CH;OH > H-O (TIP4P) > H-O
(TIP3P) H-O (SPC/E). That is. the mutation of Eu’ to Yb**
1on can occur more easily in water [H-O (SPC/E)] than in
the less polar or non-polar solvents. In this study, we have
noted that the results computed by the reaction field method
used for the correction of long-range interactions agree more
with the available data than the results obtained without the
reaction field method. The relative free energies of Eu’* to
Yb** ion mutation computed by the reaction field method
used for the correction of long-range interactions are only
listed in Table 2 for clanty.

As noted in Table 2. the relative free energies of solvation
vs. Born's function of the bulk solvents decrease with in-
creasing Born's function. This changed trend of the relative
free energies of solvation could be explained by the differ-

Table 2. Relative Gibbs Free Energies (kcal/mol) of solvation in
several solvents and Bom’s function ( I-1/g) of the bulk solvents

Solvent AG (Eu*™ = Yb 1-1/e
H.O(SPC/E) 4946 £0.29 0.987
H.O(TIP3P) 4683027 0.987
H.O(TIP4P) 4216 +0.34 0.987
H:O(TIP3P) 1645 £0.16" 0.987
Exp. -30.0¢ 0.987
CH:CN 29.96 £0.43 0.973
CH:OH 37742023 0.963
CHCl: -11.57 £ 021 0.888
THF 2655012 0.868
MEOME 2982 £0.59 0.801
CHCl; 444 £0.04 0.792
CClL 0.99+0.04 0.552
CsHs 011001 0.138°

“Ref, 28. *Ref. 3. 273 K data from Handbook of Chent, & Plys., 717 Ed.
C.R.C. Press. 1990,
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ences in solvation. Especially. m CH:OH. THF and MEOME,
the relative free energies of solvation of the Eu™ to Yb* ions
could be explained by the fact that strong 1on-solvent mter-
actions exist in CH;OH, THF and MEOME solutions even
though Bom's functions of CH:OH, THF and MEOME are
small. The strong 1on-solvent interactions im CH:OH, THF
and MEOME are due to the electron pair donor properties of
the solvents to 1on, 7.¢.. donor number (DN) of CH2OH, THF
and MEOME established by Gutmann. ™

In the absence of strong hydrogen bonding. the molecule
with the larger dipole moment could be expected to be more
favorably solvated.¥ The Eu™ and Yb* in CaHy provides a
striking exception that points out the importance of local
electrostatic interactions.” The computed difference in the
free energies of solvation for 1ons in CaHy 1s comparatively
small. Clearly, the replacement of the stronger ion-solvent
mnteractions with the weaker 1on-solvent interactions is
responsible for the decreasing effect.

Comparing the relative free energies of Eu™ to Yb* ion
mutation, in H-O (SPC/E) in this study with those.”™? those
of H-O (SPC/E) and H-O (TIP3P) are —49.45 £ 0.29 keal/
mol and —46.83 + 0.27 keal/mol in this study and that = of
H-O (TIP3P) is —46.45 keal/mol and that of experiment ° is
-50.0 keal/mol. respectively. We couldn’t compare with the
relative free energies of Eu’™ to Yb*™ ion mutation between
this study and the published i the other solvents because
there were no studies of the relative free energies of Eu® to
Yb*™ ion mutation in the other solvents.

There 1s good agreement among three studies if consider-
mg both simulation and experumental methods used to obtain
the hydration free energies and the standard deviations. In
this context, we can say that the relative free energies n the
other solvents are expected to be reliable as noted in Refs.
[30, 43]. The trends of binding energies of [18] crown-6
linked with lanthanide cations obtaimed by MC are coinci-
dent with our results for the relative free energies of
hydration.”® The results without polarization effects used in
this study could be reasonable as noted i Ref. [28. 29]. The
relative free energy of Eu** to Yb¥ ion mutation, in H-O
(SPC/E) 1s smaller than those of H-O (TIP3P) and H-O
(TIP4P). This difference of the relative free energies of
solvation could be explained by the difference in polanty
among the H-O (SPC/E), H-O (TIP3P) and H-O (TIP4P)
three-water models.

Partition coefficients: The calculated logarithms of the
solventiwater [H-O (SPC/E)] partition coefficients are listed
in Table 3. AG; and AG- in Eq. 3 are just the difference n
free energies of solvation for A and B. If solvent 1 is water
[H-O (SPC/E)] and solvent 2 is the less polar or non-polar
solvent, larger values of log P imply that the change from
Eu**to Yb*" is more easer in H-O (SPC/E) than the less polar
or non-polar solvents. It 1s necessary to note that the sign and
magnitude of the calculated Alog Ps closely parallel the
relative free energies of solvation.

Radial distribution function (rdf) and structural pro-
perties: The solvent-ion structure can be characterized
through radial distribution functions (RDFs). g.; (r), which
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Table 3. Differences in the logarithms of solvents/H-O (SPC/E)
partition coefticients

Solvent log Pz—log P,
H.O(TIP3P) 1.93
H.O(TIP4P) 336
CH:CN 14.32
CH,OH 8.61
CH.Cl: 27.82
THF 16.82
MEOME 14.47
CHCI; 33.06
CCly 3572
CsHz 36.24

give the probability of finding an atom of tvpe / a distance »
from an atom of type a. The positions of the first maxunum
of the ion-(O. N. Cl and CH-) in the solvents obtained from
RDF's are listed in Table 4(a). They decrease when the Eu’*
ion transforms to the Yb”~ ion in all solvents. The positions
of the first maximum of the ion-(O. N. Cl and CH-) in the

Table 4. Structural results of the first shell
(a) Structural properties of Eu™ and Yb* ions in solutions

Solvent Eution Yb™ion Fu™ion  Yb™ion
R, (A) Coordination Number
H-O(SPC/E) 2.6 23 10.0 9.0
H-O(TIP3P) 23 23 9.0 8.7
H-O(TIP4P) 23 24 9.0 8.7
CH-OH 23 23 9.0 8.0
THF 23 24 70 7.0
MEOME 23 23 70 6.0
Rix (A) Coordination Number
CH-:CN 2.6 24 26 83
Ria (A) Coordination Number
CH-CL 29 27 2.6 33
CHCI; 31 29 23 33
CCly 33 31 2.0 1.9
Rumz (A) Coordination Number
C:Hg 47 4.3 4.6 36

{b) Structural properties of Eu™* and Yb"~ ions in water

Eu*” Yb*

Ton — Oxvgen Distance (A) Ion - Oxvgen Distance (A)
This work 2.5 2.30
Veggel” - 235
Exp.? 232

1" coord. Shell Distance (A)1* coord. Shell Distance (A)
X-rav® 245 =

Coordination Number Coordination Number

This work 90 8.7
Veggel” 9.0 9.0
X-rav? 8.3 -

“Ref. 28. *Ref. 3.
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Figure 1. Plot of structural property »s. Born's function of bulk
solvents at 298 K and 1 atm.

solvents and the number of solvent molecules n the first
coordination shell vs. Bom’s function of bulk solvents are
plotted m Figure 1. The coordination numbers (CN) of
solvent molecules in the first coordination shell of Eu*"and
Yb’ ions evaluated by integrating ion-(Q. N, Cl and CH-)
solvent rdfs to their first mimmum are also listed in Table
4(a). The number of solvent molecules in the first coordi-
nation shell around the ion for all solvents except THE.
CHCla and CH-Cl- decreases when the Eu™ ion transforms
to the Yb* ion. In CHCl; and CH-Cl-. the number of solvent
molecules in the first coordination shell of Eu* and Yb*
ions increases when the Eu™ ion transforms to the Yb™ ion.
Those trends could be also explained by the strengthened
and the weakened solvent-ion interactions when the Eu* ion
smoothly transforms to the Yb™ ion.

Experimental data on the solute-solvent structure in Eu®™
and Yb™ ion aqueous solutions are essentially limited to the
first shell. In Table 4(b). the positions of the first maximum
n 1on-oxygen RDF's obtained from this study are compared
with the available computer simulations and experimental
results.>=* There is good agreement between our results and
the computer simulations and experimental results. Rao and
Beme have been noted that local solvation structures m
aqueous lonic solutions are similar to those in relatively
small cluster.™

The calculated coordination numbers for 1ons m aqueous
solutions are also compared with the available the computer
simulations and experimental results in Table 4(b). Both the
calculated and the experimental results are sensitive to the
defimtion of coordination number. A wide range of experi-
mental hydration numbers is available from mobility measure-
ments. ™ Those values correspond to the number of solvent
molecules that have undergone some constant critical change
due to the 10n, a change that 1s susceptible to measurement
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by a particular expenimental techmque. Such hydration
numbers are often quite different from coordination numbers
based on a structural defimtion, like those from diffraction
experiments. Mezei and Beveridge obtained their values
by integrating the 1on-center of mass of water rdf’s up to the
minimum of the first peaks.”” These values will not be
significantly different if they are based on 10on-oxvgen rdf’'s.
This 15 a straightforward definition and this has been adopted
for all the calculated value for those ions. For the present
results. the coordination number 1s reported on the basis of
integration to the minunum after the first peak mn the ion-
Oxyvgen.

As shown n Table 4(b), the calculated coordination num-
bers from the ion-oxygen RDF’s compare favorably with the
computer sunulations and experiniental results taking into
account the problems in the defimtion. Based on this
comparisorn. the computed structural properties in the other
solvents are also expected to be reliable.

The RDFs of Eu*™ and Yb* ion in selected solvents for
clarity are plotted in Figure 2 to Figure 3.

As shown in Figure 2, the ordering of smaller r-value. the
positions of the first maxinum of the Ev*~ ion-(O. N, C1) in
the solvents i1s THF < CH;CN < CH3s0H < H-O (SPC/E) <
CCla. But the ordering of smaller r-value. the positions of the
first maximum of the Yb*™ ion-(O. N. Cl) in the solvents is
CH3O0H < THF < CH,CN < H-O (SPC/E) < CCl, shown in
Figure 3 and the g(r) intensity of the first peak is not changed

9(n)

Figure 2. Radial distribution function of Eu’* ion in selected
solvents. Distances are m angstroms throughout.

Figure 3. Radial distribution function of Yb" ion in selected
solvents.
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as the Eu®™ ion smoothly transforms to the Yb* ion. The
trends of RDF pattern obtained by MC in ref. [28] are
coincident with those of our hydration results. In Figure 2
and Figure 3, the second peaks are located between 4 and 6
A. Especially, the second peaks of CH:CN and CH:OH have
the bigger peak mtensities than the others, which mdicate
that Eu** and Yb*~ ion in CH5CN and CH.OH have the clear
second solvation shell. From those trends, we have noted
that the degree of the 10ns - solvent interactions is dependent
on the Borm's function of the solvents, the electron pair
donor properties of the solvent and the differences in
solvation.

Conclusions

We compared the relative free energies of Eu™ to Yb™ ion
mutation, in H-O (SPC/E) i this study with those of the
computer simulation and experimental works. There 1s good
agreement among the three studies and 1t 1s proved that the
relative free energies in the other solvents are expected to be
reliable. For the Eu™ to Yb® ion mutation, the relative free
energies of solvation vs. Bom's function of bulk solvents
decrease with mcreasing Bom's function. There 1s also good
agreement between the calculated structural properties in
this study and the computer sinulation and experimental
works. From this study, we have concluded that a Monte
Carlo simulations of SPT 1s a good approach for estimating
changes m log P that accompany ion mutation and the
results of this study appear useful in providing both
estimates of the effects of solvents changes on partitioning
behavior of 1on pair between polar solvent and the less polar
or non-polar. For the present ions. Borm's function of the
solvents, the electron pair donor properties of the solvent
and the differences i solvation dominate the differences in
the relative free energies of solvation and partition coeffi-
cients. The results of tlus study appear promising for
providing the association properties of c¢rown ethers with
lanthanide metals.

Acknowledgment. This work was supported n part by
2001 Ulsan College grant.

References

. (a) Burgess, I Metal lons in Solution; Ellis Horwood:
New York, 1978, (b) Ohtaki, H.; Radnai, T. Chem. Rev.
1993, 93, 1137.

(a)Kim, I.; Lee, S;; Cho, S. 1. Mhin, B. I Kim. K. 8. J.

Chem. Phys. 1995102 839 (b) Lee, H. M_; Kim,_ I; Lee,

S.. Mhin, B. J.. Kim, K. S. J. Chem. Phys. 1999, 111,

3995, (¢) Lee, S. H.: Rasaiah, J. C. J Phs. Chem. 1996,

100, 1420. (d) Koneshan, S.; Rasaiah, I. C.. Lynden-Bell,

R.M.:Lee, S. H.J Phys. Chem. B 1998, 102, 4193,

3. (a) Marcus, Y. Jon Properties. Marcel Dekker, New York,
1997, (b) Marcus, Y. fon Sofvation. Wiley-Interscience:
New York, 1985.

4. Bathel, I. M.; Knenke, H.; Kunz, W. Pisical Chemistry
of Electrolvte Solutions, Stemkopil: Darmstadt, 1998.

5. Warshel, A, Computer Aodeling of Chemical Reactions in

P



882

10.

12,

13.

15,
16.

17.

18,

i

L

23.

24,

[
W

Bull. Korean Cliem. Soc. 2001, Vol. 22, No. 8

Enzymes and Solutions; Johm Wiley: New York, 1991
Clement, E. Aodern Techniques in Computationdd Cheni-
stn, Escom: Leiden, 1990; Chapter 1.

. Allen, M. P.; Tidelsley, D. J. Computer Simulation of

Liguids; Oxford Umversity Press: Oxford, 1987.

Simkin, B. Y., Sheikhet, . 1. Quannm Chemical and
Statistical Theory of Solution: 4 Comprehensive Appro-
ach: Ellis Horwood: London, 1995.

Steemers. F. J.. Verboom, W.. Reinhoudt. D. N.: van der
Tol, E. B.: Vethoeven, I. W. .J. dm. Chem. Soc. 1993, 117,
9408.

Wolbers, M. P oude: Veggel, F. C. I. M. van: Heeringa, R.
H. M.: Hofstraat, I. W.. Geurts, F. A. J.. Hummel, G. J.
van; Harkema, S.; Reinhoudt, D. N. Awun. Chem. 1997,
23%7.

. (a) Slooft, L. H.; Polman, A.; Wolbers, M. P. oude;

Veggel, F. C. J. M. van; Remhoudt, D. N.; Hofstraat, J. W.
J. Appl. Phvs. 1998, 83, 497, (b) Wolbers, M. P. oude;
Veggel, F. C. J. M. van; Hofstraat, J. W.. Geurts, F. A, J.:
Remhoudt, D. N. J. Chem. Soc., Perkin Trans. 1997, 2,
2275

Veggel, F. C. J. M. van: Wolbers. M. P. oude: Reinhoudt,
D. N.J Phvs. Chem. 1998, 102, 3060,

(a) Cui, C.. Kim, K. 8. J Phvs. Chem. 4 1999, /03, 2751,
(b) Choi, H. S.; Suh, S. B.; Che, 5. I; Kim, K. S. Proc.
Natl. Acad. Sci. 'S4 1998, 95, 12094, (¢) Michaux, G ;
Reisse, J. J. Am. Chem. Soc. 1982, 104, 6895.

. Valleau, I. P; Torme, G. M. In Statistical Aechanics, Part

A Bemne, B. 1., Ed.; Plenum: New York, 1977; p 169.
Jorgensen, W. L. J. Phys. Chem. 1983, 87, 5304.
Rebertus, D. W.; Beme, B. J.. Chandler, . J. Chem. Phvs.
1979, 70, 3395.

Mezei, M.: Mehrotra, P. K. Beveridge, D. L. J dm.
Chem. Soc. 1983, 107, 2239.

Chandrasekhar, I: Jorgensen, W. L. J Am. Chem. Soc.
1988, 107, 2974.

Postma, I. P. M., Berendsen, H. I. C.; Haak, I R. Faraday
Symp.Chem. Soc. 1982, 17, 55.

Tembe, B. L.; McCammon, I. A. Comput Chem. 1984, 8,
281.

. Kollman, P. A. Chem. Rev. 1993, 93, 2393,

Leo, A.: Hansch, C.: Elkins, D. Chem. Rev. 1971, 71, 325.
Hansch. C.; Leo, A. Substituent Constants for Correlation
Analvsis in Chemistry and Biologyv, Wiley: New York,
1979.

Dunn, W. J.. Block, J. 8.2 Pearlman, R. 8. Partition Coeffi-
cient; Determination and Estimation. Pergamon: New
York, 1986.

(@ Kim, K. S Lee, J Y;Lee, S J:Ha, H-K;Kim,D. H.

JoAm. Chem. Soc. 1994, 1i6, 7399. (b) Kim, K. S.;
Tarakeshwar, P Lee, I. Y. Chem. Rev. 2000, 100, 4143.
Berendsen, H. 1. C.; Gngera, J. R;; Straatsma, T. P. J
Phvs. Chem. 1987, 91, 6269.

L L2 L2 VX
FAg A

ot
N

40.

41.

3.
44,
45,

46.

47.

Hag-Stng Kim

. Jorgensen, W. L. BOSS Tersion 4.1, Yale University: New

Haven. CT, 1999

Veggel, F. C. 1. M. van; Remhoudt, D. N. Chem. Ewr: J.
1999, 5, 90.

Jorgensen, W. L. Free Energy Changes in Solution. In

Encvelopedia of Compuiational Chemistv. Schielver, P

v. R, Ed.. Wilev: New York, 1998 Vol. 2, p 1061.

(a) Kim, H. S. Chem. Phvs. Lerr. 2000, 317, 553, 2000,
21, 262 2000, 330, 570. (b) Kim, H. 8. Plns. Chem.

Chem. Phvs. 2000, 2, 1919. (¢) Kim, H. S. Chem. Phvs.

2000, 233, 305. 2000, 257, 183, (d) Kim, H. S. Bull

Korean Chem. Soc. 2000, 21, 503. (e) Kim, H. &.
THEOCHEA 2001, 540, 79. 2001, 541, 39,

l. Jorgensen, W. L.. Ravimohan, C. J. Chem. Phys. 1985, 83,

3030.

Zwanzig, R. W. J. Chem. Phys. 1954, 221420,
Jorgensen, W. L. dcc. Chem. Res. 1989, 22, 184,

Essex. I. W.; Reynolds, C. A; Richards, W. G. J. Chem.
Soc. Chem. Comm. 1989, 11, 62.

Cieplak, P; Kollman, B. A, J dm. Chem. Soc. 1988, 110,
3714,

Jorgensen, W. L. Blake, I. F.. Buckner, J. K. Chem. Phvs.
1989, /29,193

37. Jorgensen, W. L..J. Plns. Chem. 1986, 90, 6379,

Jorgensen, W. L.; Madura, J. D. Aol Phys. 1985, 56,
1381.

(&) Jorgensen, W. L.. Tirado-Rives, I. J. 4m. Chem. Soc.
1988, 170, 1657. (b) Jorgensen, W. L. J. Phys. Chem.
1986, 90. 1276. (¢) Jorgensen, W. L.. Madura, J. D.;
Swenson, C. I J 4Am. Chem. Soc. 1984, 106, 6638, (¢)
Jorgensen, W. L.; Swenson, C. 1. J. dm. Chem. Soc. 1985,
107, 569. (d) Cradock, S.. Liescheski, P. B.: Rankin, D. W.
H.: Robertson. H. E. ./ dm. Chem. Soc. 1988, 110, 2758.
(e) Jorgensen. W. L.. Briggs. I. M. J. dm. Chem. Soc.
1989, /17, 4120.

Christian, R. Sohents and Solvent Effects in Qrganic
Chemistry, 2nd Ed., VCH: 1988; p 20.

Abraham, R. J.. Bretschneider. E. Internal Rotation in
Molecules, Orville-Thomas, W. J., Ed.; Wilev: London,
1974; Chapter 13.

. Jorgensen, W. L.; Briggs. I. M.; Leonor, C. M. J. Phys.

Chem. 1990, 94, 1683.

Babu, C. S.;Lim, C. J. Phvs. Chem. B 1999, 103, 79358,
Rao, M.; Beme. B. I.J. Phvs. Chem. 1981, 83, 1498,

(a) Bockris, 1. OM.: Reddy, A. K. N. Yodern Electro-
chemisiny. Plenum Press: New York, 1970 Vol. 1, Chapter
2, p 45 (b) Chung, J. 1. Kim, H.-S. Bufl. Korean Chem.
Soc. 1993, 14, 220.

Enderby, J. E.; Neilson, G. W. Rep. Progr: Phys. 1981, 44,
38,

Mezel, M.; Bevendge, D. L. J. Chem. Phvs. 1981, 74,
6902.




