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We have investigated the solvent effectsMig Ks (the difference of stability constant of binding) and the
relative free energies of binding of 40 Nd®* ions to 18-crown-6 by a Monte Carlo simulation of statistical
perturbation theory (SPT) in diverse solvents. We compared relative binding Gibbs free energies and the
differences in stability constamlpg Ks) of binding of L&" and Nd* ions to 18-crown-6 in C#DH in this

study with the experimental. There is a good agreement between our study and the experimental. We noted that
Borns function of the solvents, the electron pair donor properties of the solvent, the radii of host and guest and
the differences in solvation dominate the differences in the stability com8lagKg) as well as the relative

free energies of binding of Bsto Nd* ions to 18-crown-6. The results of this study appear promising for
providing the association properties of crown ethers with alkaline earth metals among polar solvents and the
less polar or non-polar solvents.
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Introduction substitution for binding. It is known that solvation plays a
major role in ion selectivity processes by influencing the
Complexing agents like crown ethers display a wide rangstability and nature of hostguest complexes. Crown ether
of binding specificities and the association properties ofdisplays the ability to selectively bind specific metal cations
crown ethers with alkaline cations have been mainlyin the presence of complex aqueous mixtures of chemically
described in terms of similarities between cation size and thsimilar ions. For example, 15-crown-5 binds™Nand 18-
size of the inner hole of the crown ethefhe study of crown-6 binds K selectively, although the configuration of
molecular recognition for host-guest interactiohdias  crown depends on the solvents in experiménitghile
received an increasing interest, after the discovery of crowsolvation of singly charged metal complexes ions has been
ethers by PerdersérDue to the large number of particles studied, little information of trivalent lanthanide metal
forming these systems and to the variety of differentcomplexes is known. Lanthanide metals are important to
interactions established, computer simulations represent @btain a good understanding of complexes at molecular level
particularly adequate theoretical tools for understanding anth order to improve such complexes for potential application
predicting the physicochemical properties of those solutiongn fluoroimmuno assays, optical signal amplificatiold™**
at the microscopical levéf and extraction from nuclear waste stredmshe number
Interaction between cations and crown ethers in solutiomf studies on complexes of trivalent lanthanide is still
are widespread and the ability of the crown ether to seledimited.
one cation over the other in solution is important in Several statistical mechanical procedures have evolved for
environmental research. Crown ethers have been proposed@smputing free energy differences. Two particularly promising
separation agents for removing metal from mixed nucleaapproaches are umbrella samplffffand a perturbation
and chemical wasté8 The selectivity of 18-crown-6 (1,4,7, proceduré&-??in which one ion is mutated into the other.
10,13,16-hexaoxacyclooctadecane) depends on the way Especially the ability to calculate solvation free energies of
which 6 oxygen atoms are arranged to interact with guegholecules accurately using the perturbation procedure is one
molecule. In the hostguest interaction, factors in theof the important and recent developments in computational
extraction selectively of any host species include the relativehemistry?® It is known that solvent effects often play an
free energy of desolvation of the guest molecules and thenportant role in determining equilibrium constants, transition
free energy of organizing the host into a suitable conforstates and rates of reactiomsfacial selectivity’* confor-
mation with remote substitution for binding. In addition to mations, and the other quantities of chemical, chemical
the hostguest interaction, factors in the extraction selectivelphysics and biochemical interest.
of any host species include the relative free energy of To address those challenges and the phenomena them-
desolvation of the guest molecules and the free energy afelves, we need the information of selectivity of 18-crown-6
organizing the host into a suitable conformation with remotdo lanthanide metal cations in solution. These could be
obtained from the relative free energies of binding df ta
“Tel: +82-52-279-3176; Fax: +82-52-277-1538; E-mail: hskim N&" lanthanide ion to 18-crown-6 in diverse solution.
@mail.ulsan-c.ac.kr However, few studies of solvent effects on bblibg Ks and
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the relative free energies of binding oftand Nd* ions to

18-crown-6 are available. Those have promoted us to study solvent 1: g+H AG%g: H
solvent effect on both the relative free energies of binding (or AGs l AGs
selectivity) andlog Ks of La®* and Nd* ions to 18-crown-6. AGo l

In this study, we have investigated the solvent effect on the solvent 1. GtH——=G:H
relative stability constant of binding of taand Nd* ions to
18-crown-6 and the relative free energies of binding éf La AGg =-2.3RTlogKsa @
and Nd* ions to 18-crown-6, using Monte Carlo simulations _
of statistical perturbation theory (SPT).(H(TIP3P, TIP4P AGe =-2.RTlogK= )
models), CHG, CHCN, THF, CHOH, CCk, MeCh, Here,AGsis free energies of binding of guest to host and
MEOME, and GHs are selected as solveft€xperimental  any thermodynamic state function and IKgis stability
and MC simulation studies of the relative free energies ofonstant of guest to host. From the cycle, Eq. 3 is obtained
binding of L&" and Nd" ions to 18-crown-6 in methanol which yields Eq. 4.
have been reporté?’ The study of experimental and to  The last expression associates the difference iKisg
calculating forAlog Ks, as well as the relative free energies with the difference in the relative free energies of binding of
of binding of L&" and Nd* ions to 18-crown-6 in diverse La*" and Nd*ions to 18-crown- the solvents.
solvents, is not available. We present the first calculation to _
computing solvent effects on the relative free energies of AGe ~AGa = AG, ~ AGs. )
binding of L&* and Nd* ions to 18-crown-6 as well the AlogKs = logKs — l0gKs1 = (AGs — AG«)/2.3RT. 4
differences in logKs (stability constant) by Monte Carlo In this study, the substitutions are= 18-crown-6,g=

S|mulat|or_1 of statlstlcgl pertur_b_atlon _theory (SPT) in this 2* and G = N&". AGq andAGe are available from Monte
study. This study provides additional interests of the solven . o : R .
arlo simulation in which guest is binding to host in the

effect on rates of the organic reactrtransition states,
Lo " . __solvents.
equilibrium constants, and the other quantities of chemical, . . . .
Simulations were run for a coupling paramederwhich

biochemical 'WtereSt and chem|cal-ph_y3|cs. . was used to smoothly transform 3tawith 18-crown-6
The paper is organized as followings. In section 2, we

describe the computational detaile, Monte Carlo simu- (A=0) to Nd"with 18-crown-6 4 = 1). In this context, it is

. . . . onvenient to define a coupling parametehat allows the
lations and potential functions that were used. Section ; .
. - . Smooth conversion of system 0 to 1. Then for many possible
presents the results and discussioa, the relative free

. o . features{ of the systems including geometrical and potential
energies of binding of Baand Nd* ions to 18-crown-6 and .
the relative binding Gibbs free energiée. (selectivity) of function parameters, Eq. (5) can be used to represent the

; 9-32
La** and Nd"ions to 18-crown-6, the relative stability mutation of system O to 1 dsgoes from O to £
constants of L3 and Nd* ions to 18-crown-6 and the 2A) = &+ A& - Q). (5)
structural properties and radial distribution function of
La®>* and Nd*ions in 18-crown-6 complex to solvents
obtained by simulations. The conclusion is summarized irﬁ
section 4.

In this study, each simulation entailed an equilibration
eriod for 4 x 10 configurations starting from equilibrated
oxes of solvent, followed by averaging for 2 %10
configurations. Little drift in the averages was found during
the last 1 x 10 configuratior?®3? Other details are that
Metropolis and preferential sampling were employed, and
the ranges for attempted translations and rotations of the

Monte Carlo Simulations. The procedure used here is ; .
- ) solute and solvent molecules were adjusted to giae46%
similar to that employed to study in Refs. 29-32. Monte ) .20
acceptance rate for new configuratiéh&

Carlo simulations were carried out in the |sqthermal-|s_ot_)ar|c Potential Functions The pair potential energy function of
ensemble at 2%C and 1 atm for systems typically consisting . X SR .
. . ¥ the OPLS (optimized potential for liquid simulation) force

of the ion and 18-crown-6 plus 255 solvent molecules in Feld | : 5

. . o . . ield is of the following fornt
cubic cell with periodic boundary conditions. First, the , )
Monte Carlo simulations are described, including a summang, ., = » K, (r—rq) + z‘ Ko(6—6p)

; ; bonds angles

of the method for computing the relative free energy changes

Computational Details

and a brief discussion of the potential functions is given. The A. Ci qq
free energy changes were obtained via a series of 5 separate > [1+cos(np—y)] + 3 L—I'Jz- - '6 + —'—J} fi
simulations with SPT in forward and backward directfSis. torsions non-bondefir; = ETij

In order to study the equilibrium thermodynamics of (6)

binding, we have used Monte Carlo simulations with the
thermodynamic cycle-perturbation the®rand doublewide
sampling?®32In the notation of this method, the relative free
energy of binding between gué&stand g to the host H can  WhereK,, Kq, Vi, and@ are empirical parameters relating
be expressed #A\G = AGy — AGg = AGs — AG3 to bond length, bond angle and diheral angle. The ion and

fij=0.5 ifi, j are 1,4 i(e. inter- and intramolecular 1,4-
interaction); otherwisdy = 1.0
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Table 1. OPLS parameters of Eand Nd*ions
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Table 2 Relative solvation Gibbs free energies (kcal/mol) and the
relative binding Gibbs free energies (kcal/mol) in diverse solvents

CHARGE SIGMA EPSILON and Born’s function (1-%J of bulk solvents
La 3.000 3.750 0.060 AG
Nd 3.000 3.473 0.054 Solvent (La3+AGN & (18-Crown-6/L3" — ﬁﬁg’igf 1-1/e
- 18-Crown-6/Nd") 9
molecules are represented by interaction sites located oH.O(TIP3P) —-32.24+0.12 -26.13+0.32 -6.11 0.987
nuclei that have associated chargeand Lennard-Jones HXO(TIP4P) -28.24+0.30  -23.97+0.44 -4.27 0.987
parameteio; andg. One of the standard rules is used sucthOET|P3P)‘ -32.5 - - 0987
that Aj = (AiAj)Y? and C; = (CiCj)¥2 Furthermore, thed ~ EXp. —32.2 - - 0987
and C parameters may be expressedAas 4€0*? and d%:ﬁﬁ ';g-ggf 8'(132 'Zzi-ggfg-gg 2-623(5) 8-3;2
i = 460° where and are the Lennard-Jones radius and: *° et TonesE . s :

Ci o . R CHOH?®  -26.55+0.13 -24.54+0.47 -2.01 0.963
energy terms andandj indices span all of the 18-crown-6, Exp® - - 116 0963
solvents and water sites. Dielectric cc_)nsta)\ts( 1. In Ref.  MeCh —6.65+0.23 -2095+058 14.30 0.888
36, Jorgensen noted that the equation has been dominaffe 1718+ 0.14 -21.03+091 3.85 0.868
with two-body potential functions that are parameterized toyeOME =~ -15.86+0.19 -2072+058 4.86 0.801
take the higher-order interaction and polarization effect intocHcl, -2.61+0.06 -19.46+0.30 16.85 0.792
account. In Ref. 2, Kollmaet al. also concluded that the CCl -0.52+0.03  -18.03+0.32 17.51 0.552
additive force field model is adequate to describe energetic€sHs -0.10+0.01  -18.34+0.30 18.24 0.138
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of cation comlexation with 18-crown-6. The OPLS potentialaref, [26]."Ref. [42].°Ref. [27].
parameters are used for solvents and those are based on a
united-atom modét?° but the TIP4P and TIP3P models on box-sizes of solvents are only listed in Table 1 for clarity.
have been used for watérThe 18-crown-6 is represented Comparing relative free energies of binding of‘Land
with the OPLS-all-atom (AA) force fielé. The charges and Nd** ions to 18-crown-6 in C#DH in this study with that in
Lennard-Jones parameters have been selected to yield correet 26, which of CHOH in this study is -24.23 + 0.30 and
thermodynamic and structural results of pure ligéidhe  that of CHOH in ref. 26 is -24.54 +0.47 kcal/mole,
OPLS parameters of ions are listed in Table 1. In all theespectively. In contrast to them, the relative free energies of
calculations, the bond lengths, bond angles and dihedrdlinding of L&* and Nd* ions to 18-crown-6 in the other
angles have been varied in minimization step and irsolvents is also expected to be reliable. The relative free
simulations so that the statistical uncertainties for the comenergy of binding of L and Nd* ions to 18-crown-6, in
puted values are in (20} fluctuations. The intermolecular H,O (TIP3P) is smaller than that of.® (TIP4P). This
interactions were spherically truncated at 8.5, 10, 12.0 Adifference of solvation could be explained by the difference
depending on box-sizes of solvefitd? The cutoff correc-  of polarity between water models.
tion to the solvent-solvent energy for non-aqueous solvents Relative binding Gibbs free energiesThe relative binding
is applied to only Lennard-Jones potential functfdns. Gibbs free energies can be calculated ualeg andAGy in
Eqg. 3 are also listed in Table 2. The ordering of the relative
binding Gibbs free energies in several solventsslds€
CCl> CHCk > MeCb> CH:CN > MEOME > THF > CHOH
Relative free energies of bindingTo study the solvent > H,O (TIP4P) > HO (TIP3P). This comes about by the change
effect on the relative free energies of binding of'Land in relative binding Gibbs free energies being more favorable
Nd®* to 18-crown-6 as well as differences in stability in HO (TIP3P) than in the polar and less polar or non-polar
constantfilog Ks), we have computed those in the two watersolvents. Note that the signs of the relative binding Gibbs
models and in the other solvents. The calculated relative freleee energies are reversed in going fronOHTIP3P),
energies of binding of Baand Nd* ions to 18-crown-6 are CHz;OH, and HO (TIP4P) solutions to CGIN, MeCh,
listed in Table 2. The reported statistical uncertainties for th& HF, MEOME, CHC} CsHgand CClsolutions. That is, 18-
computed values are (v} fluctuations and were obtained crown-6 binds L& more tightlythan Nd*in H,O (TIP3P),
from separate averages over 4 & 02 x 10 configurations. CHsOH, and HO (TIP4P) solutionsi.e. the selectivity of
The computed ordering relative free energies of binding ofl8-crown-6 to L& is more favorabl¢han to Nd*in H.O
La** and Nd* ions to 18-crown-6 in diverse solvents is €Cl (TIP3P), CHOH, and HO (TIP4P) solutions, whereas 18-
> CgHg> CHCEk > MeCk > MEOME > THF > CHCN > H0O crown-6 favors N in CHCN, MeCh, THF, MEOME,
(TIP4P) > CHOH > H:0 (TIP3P). This comes about by the CHCl;, CsHgand CCJ solutions. Because 18-crown-6 has a
change in relative free energies of binding of'land Nd* cavity radius ranging between 1.3 and 1.6 A, selectively
ions to 18-crown-6 being more favorable iaCH(TIP3P)  binds L& over N&* in H,O (TIP3P), CHOH, and HO
than in the polar and less polar or non-polar solvents. In thiéTIP4P) solutions where the cationic radii are 1.04 and
study, we have noted that the intermolecular interactiond.12 A, respectivel§f whereas 18-crown-6 selectively binds
were depending on box-sizes of solvents and the potentitNd®* in CH:CN, MeCk, THF, MEOME, CHC4, CsHs and
cut-off, but the results truncated at 8.5, 10, 12.0 A, dependinGCls solutions. It has been knoffrthat although the lighter

Results and Discussion
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lanthanides are similar in the size to™Mad the stability
constant of L (log K = 3.29, radius = 1.04 A) approaches
that of N& (log K=4.36, radius=1.02A) in CiOH, oHa. j
entirely different thermodynamic factor are responsible for - ’
stabilities of complexes of those two cations. While alkali
. . 14 g (
and alkaline earth metal ion complexes of 18-crown-6 art \ : |
enthalpy stabilized and entropy destabilized, the opposite i 2 1
true of lanthanide complexes and the stability decrease 10
along the series of lanthanides is enthalpic in origin for . a\ Meomg: f
cations up to N&fin CHsOH. This fact reflects the delicate : N r z
balance among ligand (18-crown-6) cation binding, solvatior < 4‘\ T ch.on i
and ligand conformation that exits in complex systems. The 2| e i
complexes with the higher atomic number are generally o] ’TIW A“:Z
more stable than those of the lower atomic number. In thi 2{ o o
study, the cations have three positive charges and the bindi ) 1 o @é’
cores of the hosts consist of six oxygen atoms with largt ‘4 15 T 04 &
partial negative charges, electrostatic interactions are als 0 e
expected to play an important role in the determining the A4 0 "
cation-binding ability of 18-crown-6 system. Similar trend S a
has been observed in the study of alkali cation complexes (E_igg_re 1 fP||_C§+Of tgeNoCI}itfc_erentcel%f Stab“it)é COf(ljSta?ﬂtc_(g KS)' ?jf
18-crown-6 and its derivatives in,@8 (TIP3P) and CGl  Pnding o an lon fo ;to-crown-b and refative binding
solution§_ anc_:l in the study of alkali cation complexes of 18- g:;?ﬁi Iﬁect?on: g?r?éés%)lv%fnlt_i %ngKNgnéoln ;?ml_s'crown'als'
crown-6 in diverse solution$.
Comparing relative binding Gibbs free energies of'La (TIP4P) and CHOH solutions to CkCN, MeCh, MEOME,
and Nd" ions to 18-crown-6 in C#DH in this study with THF, CHCk, CsHg and CCl solutions. A signs reversed of
those in refs. 26, 27, that of @BH in this study is -2.65 Alog Ks also implies that 18-crown-6 binds*anore tightly
kcal/mole and those of GBH in refs. 26, 27 are -2.01 and than Nd*in H,O (TIP3P), HO (TIP4P) and CkDH solutions,
-1.16 kcal/mole, respectively. In contrast to them, the relativavhereas 18-crown-6 favors {dn CH;CN, MeCh, THF,
binding Gibbs free energies of {aand Nd* ions to 18- MEOME, CHCE, CsHg and CCj solutions. The relative
crown-6 in the other solvents are also expected to be reliableinding Gibbs free energies of aand Nd* ions to 18-
Relative stability constants According to Eq. 4, the crown-6 and the differences in stability constamg Ks) of
differences in stability constamlpg K of binding of L&" binding of L&" and Nd* ions to 18-crown-6 vs. Borns
and Nd* ions to 18-crown-6 can be calculated on the basigunction of the solvents are plotted in Figure 1. As shown in
of relative binding Gibbs free energies. The differences irFigure 1, relative binding Gibbs free energies ot*land
stability constant&log Ks) of binding of L&" and Nd*ions ~ Nd* ions to 18-crown-6 and the differences in stability
to 18-crown-6 are listed in Table 3. The ordering of theconstant £log Ks) of binding of L&" and Nd* ions to 18-
differences in stability constant in diverse solventsstds€ crown-6vs Borns functionife. (1-1/), wheres is dielectric
CCl; > CHCE> MeChk> CH:CN > MEOME > THF > CHOH constant of bulk solvent] of the diverse solvents decreased
> H,O (TIP4P) > HO (TIP3P). The signs of in stability with increasing Borns function of solvents exceptz:OH,
constant flog Ks) of binding of L&" and Nd* ions to 18- THF and MEOME. This trend of relative binding Gibbs free
crown-6 are also reversed in going frofCHTIP3P), HO energies of LA and Nd* ions to 18-crown-6 and the
differences in stability constarhlpg Ks) of binding of L&"
Table 3 Differences in the stability constant of binding of 1and and Nd* ions to 18-crown-6 could be explained by the
Nd* ions to 18-crown-6 differences in solvation. Especially, the relative binding
Gibbs free energies of Baand Nd* ions to 18-crown-6 in

167 CH, . MeCl,
\ .

K

log
[9)]

(g9
-10

Solvent logKs — log Ks1 ;

H20 (TIP3P) 449 CHsOH, THF_ and MEOME could be expla_lned by_ the fa(_:t
HZO (TIP4P) _3' 14 that the relatively strong complex-solvent interactions exist
Cf—bCN 382 in CH:OH, THF and MEOME solutions even though Borns
CH:OH ~1.95 functions of CHOH, THF and MEOME are small in value.
Exp? —0.85 The relatively strong complex-solvent interactions irsGH,
MeCl 10.50 THF and MEOME solutions are due to the electron pair
THF 2.83 donor properties of the solvents to ide,, Donor number
MEOME 357 (DN) of CHOH, THF and MEOME established by Gutmahn.
CHCl 12.37 Comparing the difference in stability constalibg Ks) of
CCl 12.86 binding of L&* and Nd* ions to 18-crown-6 in C¥DH in
CsHs 13.39 this study with that in ref. 27, that of GBH in this study is

aRef. [27]. -1.95 and that of C¥DH in ref. 27 is -0.85, respectively. In
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contrast to them, the difference in stability constédg  from coordination numbers based on a structural definition,
Ko of binding of L&" and Nd* ions to 18-crown-6 in the like those from diffraction experimerffsMezei and Beveridge
other solvents is also expected to be reliable. It is necessaoptained their values by integrating the ion-center of mass of
to note that the sign and magnitude of the calculaliegKs water RDFs up to the minimum of the first pe&k¥hese
closely parallel the relative binding Gibbs free energies.  values will not be significantly different if they are based on
Structural properties and radial distribution function ion-oxygen RDFs. This is a straightforward definition and
(rdf) . The solvention structure can be characterized througthis has been adopted for all the calculated value for 18-
radial distribution functions (RDFsy(r). The positions of  crown-6/L&" ion and 18-crown-6/Ntion complexes. We
the first maximum in RDFs of the ion in the 18-crown-6-ion couldnt compare the data from this study with the published
complexes (O, Cl atoms) in the solvents are listed in Table 4vork because there were no studies for structural properties
Those decrease in 8 (TIP4P), HO (TIP3P), CHOH, when 18-crown-6/L¥ ion complex transforms to the 18-
CHzCN, MeCh, THF, MEOME, CHC}, and when the 18- crown-6/Nd*ion complex in the diverse solvents.
crown-6/L&" ion complex transforms to the 18-crown-6/ The RDFs of 18-crown-6/4ion and 18-crown-6/Nd
Nd** ion complex but those are equal in ¢@hd GHs. The  ion complexes in selected solvents for clarity are plotted in
coordination numbers (CN) of solvent molecules in the firstFigure 2 and Figure 3. As shown in Figure 2, the ordering of
coordination shell of 18-crown-6/E%ion and 18-crown-6/ smaller r-value, the positions of the first maximum of the 18-
Nd** ion complexes evaluated by integrating ion-(O, Clcrown-6/Nd*ion complex (O, Cl atoms) in the solvents, is
atoms) in solvent RDFs to their first minimum are also listedCH;OH < HO (TIP3P) < MEOME < CHGI< CCL. But the
in Table 3. The number of solvent molecules in the firstordering of smaller r-value, the positions of the first maximum
coordination shell around then decreases in# (TIP3P),  of the 18-crown-6/Ntion complex (O, Cl atoms) in the
H>O (TIP4P), CHCN, CHOH, THF, MEOME, and MeGIl  solvents, is CEDH < HO (TIP3P) = MEOME < CHGK CCl
when 18-crown-6/L¥ ion complex transforms to the 18- shown in Figureg. The g(r) intensity of the first peak is
crown-6/Nc*ion complex. Those trends could be explainedchanged when 18-crown-6/*don complex transforms to
by the weakened solvent complex interactions when 18the 18-crown-6/Nif ion complex. That is due to interaction
crown-6/L&"ion complex transforms to the 18-crown-6/Nd changes between the 18-crown-6/Lian or 18-crown-6/
ion complex. However, the number of solvent molecules inNd® ion complex molecule and solvent molecuke the
the first coordination shell around tibe increases in CHgl  coordination number (CN) changes of solvent molecules in
and CCl. Those could be explained by the strengthenedhe first coordination shell of 18-crown-6fitaon and 18-
solvent complex interactions when 18-crown-6Lian crown-6/Nd* complexes.
complex transforms to the 18-crown-6/Xlibn complex. In Figure 2 and Figure 3, the second peaks are located
Both the calculated and the experimental results arbetween 4 and 8 in MEOME, GBH and HO (TIP3P)
sensitive to the definition of coordination number. A wide solutions. In Figure 2, the second peaks of MEOME and
range of experimental hydration numbers is available fronCH;OH have the bigger peak intensities than the other,
mobility measurement§:*° Those values correspond to the which indicate that 18-crown-6/Eacomplexes in MEOME
number of solvent molecules that have undergone somand CHOH have the clear second solvation shell. Those
constant critical change due to the complex, a change that @ould be explained by the fact that the relatively stronger
susceptible to measurement by a particular experimentalomplex molecule-solvent molecule interactions exist in
technique. Such hydration numbers are often quite differefMEOME and CHOH solutions than in the others. The
strong complex molecule-solvent molecule interaction in
Table 4. Structural properties of 18-Crown-6Atand 18-Crown- MEOME and CHOH solutions is also due to the electron

6/Ncf*ion complex in diverse solvents pair donor properties of the solvent molecule to ion in
18-Crown-6/L&" ion 18-Crown-6/Nd" ion
Solvent 16
Rio (A) CN Rio (A) CN )
H.O (TIP3P) 2.7 5.0 25 40 o e
H,O (TIP4P) 2.7 5.1 2.6 41 12 a __Tipap
CH;OH 2.6 4.1 25 3.9 101 ! \ — - MEOME
THF 2.7 3.8 2.6 3.0 _ 1 — - CHCL3
MeOMe 2.8 4.0 2.6 3.0 6’ 8 [ \
Ri-c(A) CN Ri-c(A) CN b
CH:CN 4.0 6.0 38 4.0 61 If\i \
(Rcr) (A) CN (R-cr) (A) CN 41y
CHCls 5.0 36 4.9 3.9 I P
Rc)® CN  (Ra)A  CON S VS A
cCly 3.6 0.6 4.1 0.7 ol d el DS ‘
Ri-crz(A) CN Ri-chz(A) CN 2 4 r 6 8
CH.Cl, 4.9 4.6 4.8 3.9 , S _ _
CsHs 4.8 - 48 15 Figure 2. Radial distribution function, g(r), of 18-crown-6 f‘aon

complex in selected solvents. Distances are in angstroms throughout.
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—— CCL4 1
q- CH30H 2
1 ——- TIP4P 3
2 — - MEOME 4
— - CHCL3
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Figure 3. Radial distribution function of 18-crown-6/Ridior
complex in selected solvents.

complex,i.e., Donor number (DNJ! In Figure 3, the second
peak of MEOME has also the bigger peak intensities than
the others, which indicate that 18-crown-67Ndn complex
in MEOME has the clear second solvation shell. Those
could also be explained by the fact that the relatively1
stronger complex molecule-solvent molecule interactions

exist in MEOME solutions than in the others. From those;s.

trends of structural properties, we have noted that the degree

of the complex ion- solvents interactions is dependent on this-

Borns function of the solvents, the electron pair donor
properties of the solvent, the radii of host and guest and thg,
differences in solvation.

19.

Conclusion

20.

To study the solvent effect on differences in stability
constant fllog Ks) as well as the relative free energies of
binding of L&" and Nd" ions to 18-crown-6, we have 53
calculated the differences in stability const@klbg Ks) as
well as the relative free energies of binding of'land Nd*
ions to 18-crown-6 in diverse solvents in this study. We have
compared differences in stability constaibg Ks) as well
as the relative free energies of binding of'land Nd* ions

to 18-crown-6 in this study with those of the published2s.

works. There is good agreement among the studies if we

consider both methods used to obtain the stability constarf®- Ki
30. Kim, H. S.Chem. Phys. Let2002 364, 489.

31. Kim, H. S.Bull. Korean Chem. So02001, 22, 887.
. Kim, H. S.J. Phys. Chem. B002 106, 11579.
WEB. Zwanzig, R. WJ. Chem. Phys954 22, 1420.
have noted that Borns function of the solvents, the electro4.

(Alog Ks) of binding of L&" and Nd* ions to 18-crown-6
and standard deviations. We have concluded that our results
are expected to be reliable. From the results of this study,

pair donor properties of the solvent, the radii of host and
guest and the differences in solvation dominate th
differences in the stability constamtigg Ks) as well as the
relative free energies of binding. selectivity of 18-crown-6
to La®* and Nd"* ions. The results of this study obtained by

the Monte Carlo simulation of SPT appear promising for37:

providing the association properties of crown ethers wit
alkaline earth metals among polar solvents and the less polar
or non-polar solvents.

10.
11. Steemers, F. J.; Verboom, W.; Reinhoudt, D. N.; van der Tol, E. B.;
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22. Tembe, B. L.; McCammon, J. Bomput Cheml984 8, 281.
. Kollman, P. AChem. Re\v1993 93, 2395.

24,
25.

36.

39.

Hag-Sung Kim

References

. Michaux, G.; Reisse, J. Am. Chem. Sot982 104, 6895.

. Wang, J.; Kollman, P. A. Am. Chem. So£99§ 120 11106.

. Boehme, C.; Wipff, GChem. Eur. J2001, 7, 1398.

. Choi, H. S.; Suh, S. B.; Cho, S. J.; Kim, KPfoc. Natl. Acad.

Sci. USA199§ 95, 12094.

. Mazor, M. H.; McCammon, J. A.; Lybrand, T.J>.Am. Chem.

Soc 199Q 112, 4411.

. Perdersen, C. J.Am. Chem. Sot967, 89, 7017.
. Florian, J.; Warshel, Al. Phys. ChenB 1999 103 10282.
. Allen, M. P.; Tidelsley, D. JComputer Simulation of Liquigs

Oxford University Press: Oxford, 1987.

. Simkin, B. Y.; Sheikhet I. IQuantum Chemical and Statistical

Theory of Solution: A Comprehensive Apprqodelis Horwood:
London, 1995.
Schulz, W. W.; Bray, L. ASep. Sci. Techndl987 22, 191.

Verhoeven, J. WJ. Am. Chem. Sot995 117, 9408.

12. oude Wolbers, M. P.; van Veggel, F. C. J. M.; Heeringa, R. H. M;

Hofstraat, J. W.; Geurts, F. A. J.; van Hummel, G. J.; Harkema, S.;
Reinhoudt, D. NLiebigs Ann. Chenl 997, 2587.

Slooff, L. H.; Polman, A.; oude Wolbers, M. P.; van Veggel, F. C.
J. M.; Reinhoudt, D. N.; Hofstraat, J. WAppl. Phys1998 83 497.

4. oude Wolbers, M. P.; van Veggel, F. C. J. M.; Hofstraat, J. W,;

Geurts, F. A. J.; Reinhoudt, D. N. Chem. Soc., Perkin Trans
1997 2, 2275.

van Veggel, F. C. J. M.; oude Wolbers, M. P.; Reinhoudt, . N.
Phys. ChenB 1998 102 3060.

Valleau, J. P.; Torrie, G. Matatistical Mechanics, Part;/dited
by Berne, B. J., Ed.; Plenum: New York, 1977; p 169.

17. Jorgensen, W. L. Phys. Cheni 983 87, 5304.
. Rebertus, D. W.; Berne, B. J.; ChandlerJDChem. Physl979

70, 3395.

Mezei, M.; Mehrotra, P. K.; Beveridge, D.1L.Am. Chem. Soc
1985 107, 2239.

Chandrasekhar, J.; Jorgensen, W. lAm. Chem. So0985 107,
2974,

Kollman, P. AJ. Am. Chem. Sot994 116 697.

Kim, K. S.; Tarakeshwar, P.; Lee, JCviem. Rev200Q 100, 4145.
Jorgensen, W. IBOSS Version 4,Yale University: New Haven,
CT, 1999.

26. van Veggel, F. C. J. M.; Reinhoudt, D.Ghem. Eur. J1999 5, 90.
27. lzatt, R. M.; Bradshow, J. S.; Nielsen, S. A.; Lamb, J. D,

Christensen, J. Chem. Revl985 85, 271.

Lee, |.; Kim, C. K.; Lee, I. Y; Kim, C. Kl. Phys. Chem. 2000
104, 6332.

Kim, H. S.Chem. Phys. Let2001, 346 135.

Jorgensen, W. L.; Blake, J. F.; Buckner, JCKem. Phys1989
129 193.

e35. Gorkel, G. WCrown Ethers and Cryptand¥he Royal Society of

Chemistry: London, 1990.

Jorgensen, W. L. Free Energy Changes in Solution
Encyclopedia of Computational Chemist§chielyer, P. v. R.,
Ed.; Wiley: New York, 1998; \Vol. 2, p 1061.

Christian, RSolvents and Solvent Effects in Organic Chemistry
2nd Ed.; VCH: 1988; p 20.

in

%8. Bockris, J. O'M.; Reddy, A. K. N\Modern Electrochemistry

Plenum Press: New York, 1970; Vol. 1, Chapter 2, p 45.
Chung, J. J.; Kim, H. 8ull. Korean Chem. So¢993 14, 220.

40. Enderby, J. E.; Neilson, G. Wep. Progr. Physl981 44, 38.

Acknowledgement This work was supported by Korea 41
42.

Research Foundation Grant (KRF-2002-015-CP0156).

Mezei, M.; Beveridge, D. LJ. Chem. Phyd 981, 74, 6902.
Babu, C. S.; Lim, Cl. Phys. Chem. B999 103 7958.



