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Ab initio quantum chemical methods as well as simulation/dynamics programs have been conventionally
used for probing the hydration of molecules, an important problem in chemistry and biology. However, very
few attempts have as yet been reporteduioderstanding the stepwise patteinshydration processes at the
molecular level. The present work investigates the problem of hydration of the 18-crown-6 (18C6) molecule
based on rigorous topography mapping of molecular electrostatic potential (MESP) followed by an application
of a simple electrostatic model (electrostatic potential for intermolecular complexation) for obtaining trends
in energetics. Structures and energies of the hydrated species;sntBO6(n = 1, 2, 3, 4, 6) have been
studied by the EPIC model followed by ab initio HF/6-31@vestigations. The remarkable agreement
between the model and ab initio results highlights the utility of MESP topography for exploring the lock-
and-key features in a hydration process via cooperative electrostatic effects.

Introduction The hydration problem has also been approached via molec-

) ) ular modeling methods in the literature. In earlier studies,
The importance of the weak intermolecular bond, now called gjivers has studied binding of the water molecule to the

the hydrogen bond has been highlighted since the work of ~ component units of nucleic acids and B-DNA, with the help of
Latimer and Rodebush in 1920 on the structure and propertiesan electrostatic model. In this method, energy calculations are
of water. In particular, the hydratiérof molecules and ions  implemented with overlap multiple procedure and the total
constitutes a very important problem in a variety of chemical jnteraction energy calculated between the two sets of multipoles,
and biological systems. Several hydréttsave been subjected  ysing the classical electrostatic expressions for the charge
to X-ray diffraction studies for unearthing the hydrogen bond charge, chargedipole, chargequadrupole, dipoledipole,
networks in their three-dimensional structures. Leszczynski et dipole—quadrupole, and quadrupetguadrupole interactions.
al5~8 have carried out many interesting ab initio level investiga- Recently, Orozco et &P have proposed a methodology for
tions for flndlng out the first hydration shell of Chemically and Computing a quantity christened by them as molecular interac-
biologically interesting molecules, as well as the stacked tion potential (MIP) for representing electrostatic interactions

protonated base pairs. as well as steric effects in a combined way. The results obtained
by them on nonbonded interactions demonstrated the superiority
* Dedicated to Professor Robert G. Parr on his 77th birthday. of MIP over the standard treatment using molecular electrostatic
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potential (MESP). Alhambra et & have developed a new Crown ether hydrates also have been studied theoretically
method for the representation of interaction between solutes andoy molecular mechanic®, molecular dynamics® and Monte
their hydration water based on generalization of the MIP with Carlo calculationd®2* These studies bring out the centrosym-
a parametrization of the van der Waals interactions betweenmetric D3y conformer to be the most stable one in aqueous
the solute and the water molecule. In this model, they have solution. In a Monte Carlo simulation study, Ranghino €fal.
modified MIP to molecular solvation potential (MSP), which have explored the hydration of 18C6 with a cluster made up of
provides a better representation of noncovalent interactions 100 water molecules surrounding the 18C6 in @eD3q, and
between the molecule and dipole or higher order multipole. In C; conformations. It has been found that the intrinsically most
MSP, Alhambra et al! have optimized van der Waals param- stableC; form is not so well-hydrated due to linear H bonds to
eters (which represent dispersierepulsion interactions) with ~ the 18C6 and unfavorable watewater interactions. However,
fitting MSP and ab initio 6-31Gdata. Applications of MSP  the D3q form, with a suitably preformed cavity, is more stable
to hydration of several species, including DNA bases, were than the C; form in water due to cooperativity of water
reported by them to be quite successful. Further, Alhambra et molecules H bonded one to another. In this respect, Ranghino
al 11 have remarked that the specific polarization effect of water et all®have posed a questiovould it be possible to understand
directly bound to the solute is not very large (i.e. nearly 7% to (or predict) at least trends in hydration process from simple
that of the total interaction energy) in MSP calculations. Luque consideration? That the dipole moment of the solute cannot
et al!2 have, however, found out later that the polarization show the trends of solutevater interaction energy has been

energy in polarz-rich systems can be up t62.0 kcal mot?, noted by Ranghino et . From the study of the molecular
and such a contribution to the total free energy of solvation surface, they have observed that only for Byg conformer of
cannot be neglected. 18C6, there is a cavity in the center of the ring, accessible to

(the solvent. With the analysis of the solvent-accessible surface
and the potential energy surface, it is concluded tBat
conformation is less hydrated than t@¢ or D3y ones because
its hydrophilic binding sites are less exposed to the solvent. In
similar vein, Fukuhara et &2 noted that a clear picture of
ydration structure of the crown ether has not as yet emerged.
However, concerning the interaction of the crown ether with
water, a neutral species, one may expect that electrostatic
interactions will be dominant. MESP has been extensively
used® 3! for studying the weak molecular interactions, although
the topographical aspect has not been much stressed.
In the current work, hydration patterns of 18C6 are investi-

9 Y. i i 14,15,17 i i .
spectrqscgpﬂ/,dxl ray d|ﬁract|on, equa3|e|astl|54 giutron gated using MESP and a recently developed model by Gadre
scattering’ and ultrasonic spectroscopy.Mootz et ak-***have et al.3%viz., electrostatic potential for intermolecular complex-

cqnfirmed the existence qf binary hydrates of 18-crown-6 (18C6) ation (EPIC), based on MESP topography. This is followed
with the help of melting diagrams by the temperature-dependent,, o, nitio calculations to test out the validity of the present

X-ray powder diffraction method. They have_ investigated the approach. The procedure employed for this study is discussed
crystal structures of crown ether hydrates, viz. of 18€60 below.

with n = 4, 6, 8, and 12, in which it has been found that the

conformation of the 18C6 in the hydrate bears a symmetry close pmethodology

to aD3q one. They have reported that these hydrates are formed .

with the hydrogen bond formed by oxygens of 18C6 and water 1 ne geometries of 18C6 and.@& monomers have been
with the hydrogen of water molecules. Matsuura et7al. optimized at HartreeFock (HF) self-consistent field (SCF) level

confirmed the formation of a crystalline complex between 18C6 ©f ab initio tf;(zaory using the 6-31Gbasis set with the package
and water with the help of the composition at the congruent GAUSSIANZ The corresponding d(;snsny matrix elements are
melting point. The number of water molecules incorporated Utilized for the enumeration of MESP. .

into an 18C6 moiety has been estimated by them to be The MESP V(r), at a pointr in molecular framework Wl_th
approximately 46. They have also remarked that the deter- nuclear charg.e$ZA} !ocated a{Ra} and the corresponding
mination of the exact stoichiometry of the complex is not €l€ctron densityp(r), is given by

Crown ether molecules has been employed as prototypes fo
such weak interaction studied in supramolecular chemistry.
These macrocyclic polyethers have acquired importance in
solution chemistry due to their action as effective carriers across
membranes, as catalysts and as extracting agents in nonpol
medial® Further, from a fundamental point of view, the
hydration of crown ethers has served as a classic example in
supramolecular chemist§18 with reference to hostguest
interactions.

Hydration of crown ethers has been probed by a number of
experimental techniques, viz. Raman spectroséopyfrared

possible. In a recent study on the 18€®ater system N Z, (1)
employing Raman spectroscopy in solid state, Fukuharalét al. V(r) = Z — f dr 1)
have shown the formation of at least four distinct hydrates at Ry — 1] [r" —r|

liquid nitrogen temperature. They have noted the ratio of 18C6 ) o
to water for the two hydrates to be 1:6 and 1:4.5 with Eng whereN is the total number of nuclei in the molecule. The
conformation of the crown ring in these hydrates, which has WO terms in the above equation represent the bare nuclear and
also been confirmed by X-ray diffractiéff studies of aqueous ~ €léctronic contributions, respectively. The sign\df) at a
solution. Bryan et a2 have investigated the interaction of water 9iven point represents whether the nuclear or electronic effects
in carbon tetrachloride with the help of the Fourier transform are dominant. Topographi¢dlanalysis ol(r) is based on the
infrared (FTIR) technique. In their study, they have probed Iocat_|on and chara_ctenza_tlon of the crltlcal_ points (CPs), W_here
H,O bound to 18C6 in two different forms according to the the first-order partial derivatives &f(r) vanishes. The CP is
number, position, and width of OH streching band of the given a rank based on the number of nonzero eigenvalues of
comple;( 18C6 wi{h HO in the ratio of 1:1. Out of these two the Hessian matrid, the elements of which are defined by

one water molecule is found to be attached to an ether oxygen 82V(r)

atom by a single hydrogen bond and the other one involves a A= (2)
H,O bridge with two ether oxygen atoms.
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wherer. is a critical point. If all three eigenvalues of the
Hessian matrix ofV(r) are nonzero, the CP may be further
categorized into ai3,+3), (+3,—3), (+3,+1) or (+3,—1) type,
the second number in the parentheses denoting the sum of the
signs of the Hessian matrix eigenvali#&sThese topographical
features of MESP are qualitatively exploited in the present work
for predicting the potential 50 binding sites of 18C6 and the
orientation of HO molecules based onlack-and-keymech-
anism. The MESP evaluation and topographical analysis are
done using the package INDPR&Reveloped in our labora-
tory. As mentioned above, the EPRC model based on
molecular electrostatic potential has been used for determination
of structure and the energy of the complex. In this model, the

Figure 1. MESP isosurface of value-288.8 kJ mot! for 18C6
molecule with the enclosed dots denoting miniméa18.9 kJ mot?).

interaction energy of the complex formed by molecuteand Atom labels according to ref 5. Also shown in EPIC optimized position
B is given by of water molecule wsuperposed on this MESP isosurface. See text
for details.
Ein = { IZVA’iqBJ + IZVBJqAJ}/Z 3) TABLE 1: Geometry of Hydrogen Bonds Formed by the

First Water Molecule with 18C6, in 18C6nH,0 (n = 1, 2, 3,

. . d 4) Compl All Dist . A; Bond Angles, deg) (S
where V, i is the MESP value due to A at thi¢h atom of ﬁ?gure) 1%?:5’%5&& De[[séi?sr;ces ond Angles, deg) (See

molecule B andgg; is the potential derived atomic chaf§e

(PD-AC) on theith atom of B. The quantityy in eq 3 is EPIC? ab initio SCP
minimized by a complete translation and rotation of molecule __18C8nH:0 params model n=1 n=2 n=3 n=4
B with respect to A, to search for the minimum energy structure. Ox**+Ha(w1) 1893 2214 2132 2119 2124
The Pauling van der Waals ratfiifor atoms are employed ~ Or*Hs(wa) 2310 2226 2141 2125 2128
generally for preventing the collapse of the two species. An 81"'8(""1) 2813 3.101 3.040 3.048 3.052
h . 7+++O(W1) 3.206 3.107 3.082 3.053 3.056
appropriately scaled radius has, however, been chosen for theol---Ha(wl)—O(wl) 164.7 155.7 1602 166.8 166.3
hydroged® atom. The structure of 18Gd,0 formed on the O7++*Hp(W1)—O(wy) 1585 154.7 159.8 166.3 166.1
hydration of 18C6 by a single water molecule is optimized with ~ O1++-O(ws)++-O7 111.3 1051 106.9 105.1 104.2

the EPIC model and further utilized to find where the second HaW1)—O(wi)—Hs(ws) 106.0 104.2 104.8 1051 105.3
H>0 molecule binds. Full ab initio SCF Optimization of 18C6 aThe parameters in structure optained with the EPIC mddehe
H,O has been done to check the reliability of model. For parameters in full ab initio optimized structure at SCF/6-316vel.
optimization of 18C&2H,0 with the EPIC model, 18CH,0
is treated as a monomer for docking with anothe®Hinolecule. " " .
The full SCE-optimized densit gt o d?D . t TABLE 2: Ab Initio HF/6-31G ™ Energies of 18Ce&hH0O

e Tull SLF-oplimized density matrix IS used for carrying out  compjlexes (All Energies in Atomic Units)
topographical analysis of MESP and determining MESP-derived "
charges for 18C81,0. In the present procedure, minimum _ COmPlex Esed Es{GMAX) Eopr®
parametrization is used for calculating model interaction energy 18C6H,O ~ —993.53527 —993.550 95 (0.0105) —993.554 09
as compared to the other models (e.g. those in refs12). A 18C62H,0 —1069.558 89 —1069.594 85 (0.0126)—1069.597 57
similar procedure is employed for obtaining the binding energies gggi:zg :Egi'ggé ii :ﬂgi'g% g‘ll (0.0084)-1145.637 77

. X . . (0.0123)-1221.680 14

and g(.eomet.rles Ofﬁﬂ) to 18C6nHZO,.Wheren =2and 3. The 18C66H,0¢ —1373.653 38 —1373.754 15
graphical visualization of MESP isosurfaces and complex 18C66H,0¢ —1373.653 38 —1373.760 65

geometries has been carried out with the program UNAJIS. 2 E(18C6)= —917.511 66 au anBi(H,0) = —76.023 62 au. These

separated energieEdgp represent sumd(18C6)+ nE(H,0). ° Esp
Results and Discussion single point ab initio SCF/6-31G energy at EPIC model optimized
geometry; GMAX, maximum gradient norm of the energy at this

MESP topographical investigation of the 18C6 molecule geometryS Ecpr, full ab initio SCF/6-31G optimized energy Struc-
bearingDsg symmetry brings out six negative-valueti3,+3) ture in Figure 5° Structure in Figure 6.
MESP minima that are present in the vicinity of each of the . ) )
oxygens of 18C6. Figure 1 depicts six patches of negative- Parameters of the first water molecule jwith 18C6 in the
valued isosurfaces of value288.8 kJ mot! each surrounding EPIC-model-optimized structure and also in full ab-initio-
an MESP minimum of value-320.3 kJ mot®. Out of these, optimized (HF/6-31G) complex structures of 18G8H;0 (n
three minima are shifted slightly toward one of the faces of = 1, 2, 3, and 4). In the EPIC model structure of the 18C6
18C6, and the other three, to the other one. The MESP minimaH20 complex, the distances of the hydrogen bonds formed by
of 18C6 are comparatively deeper in value than those of the Nydrogens of water and oxygen of 18C6 are 1.893 and 2.310
H,O molecule, viz.,—261.2 kJ motl. This negative MESP A The reported parameters in Table 1 show that EPIC-model-
region may induce the first water (nmolecule to bind to 18C6 ~ OPtimized geometry indeed serves as a good initial guess for a
by forming hydrogen bonds to alternate MESP minima of two subsequent full ab initio SCF optimization and the geometrical
oxygens (for example, Qand G in Figure 1) in 18C6. EPIC parameters of hydrogen bonds of first water molecule are not
model calculations indeed lead te®molecule binding to these ~ Substantially affected on further hydration of 18660.
two minima of 18C6, forming two hydrogen bonds as shown  Table 2 reports the total energies of the 18E&0O com-
in Figure 1. By using this model structure as an initial guess, plexes at the HF/6-31Glevel. Ab initio HF energies of the
full ab initio SCF structure is obtained, in which the hydrogen complexes of 18C@&H.0 at single point EPIC model optimized
bond distances turn out to be 2.214 and 2.226 A, respectively geometriesEsp) differ approximately by 0.01 au from the fully
(cf. Table 1 withn = 1). Table 1 gives the hydrogen bond ab initio optimized Eopt) Ones. Table 2 also displays the sum
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TABLE 3: Interaction Energies of nH,O (n =1, 2, 3, and 4)
with 18C6 (All Energies in kilojoules per mole)

18C6nH.0  AESER  AESEP  AELQAC AELAM
1. 18C6H,0 40.97 49.40 40.97 49.40
2.18C62H,0  43.01 52.16 83.98 101.56
3.18C63H,0  40.07 43.54 124.05 145.10
4.18C64H,0  43.71 49.25 167.76 194.35

AAEZE Stepwise interaction of ¥D with 18C6nH,O (nh = 0,
1,2, 3,).L AESTER Full optimizedab initio SCF/6-31G** interaction
energy, defined adESL." = Eopr(18C6NnH20) — [(Eopr(18C6E(N —
1)H,0) + Eopi(H20)], whereEopr is the same as above defined in
Table 2.¢ AELS": Total binding energy of 18C6 withH,O with
the EPIC modeld AEL2T"": Total interaction energy of 18C6 with
nH>O with full ab initio SCF/6-31G** level calculation, defined as
AECTAL = Eo(18C6nH,0) — [Eopr(18C6) + nE(H,0)], where

SCF
Eopr is the same as above defined in Table 2.

of separated energiek€dep defined asEsgp = E(18C6) +
nE(H,0) whereE(18C6) ande(H,0) are ab initio SCF energies
of fully optimized 18C6 and kD molecules, respectively. A
comparison of these separated energies, ¥Hggpn with the
energiesEsp and Eqp, brings out the substantial binding of a
single additional HO molecule with 18C6H,0 (n =0, 1, 2,
3), with the interaction energies in the range of-42 kJ moi*

(see also Table 3). It may also be noticed that the single point

HF/6-31G** energies in the second column of Table 2 ap-
proximate quite well the corresponding fully optimized ones.

Pingale et al.

Figure 2. Two MESP isosurfaces{354.4 (dark) and-262.6 (light)
kJ moiY] for 18C6&H,0 upon which is superposed the EPIC optimized
position of w. See text for details.

Figure 3. Two MESP isosurfaces{341.3 (dark) and-241.6 (light)
kJ mol1] for 18C6-2H,0. Also superposed is EPIC optimized position
of ws. More details are given in text.

Further, the maximum gradient norms reported in Table 2 are
all in the range of 0.01 au, indicating that the starting geometries
are indeed reasonably good. Table 3 lists the stepwise model

interaction energies AEzp ) of H,O with fully ab initio
optimized 18CenH,0 (n = 0, 1, 2, 3) moieties. These model
interaction energies show trends similar to stepwise fully ab
initio optimized interaction energiedAESLL" of H,O with

18C6nH,0, defined as

AESTEP = E_,{(18C6nH,0) —
[Eopr(18C6(n — 1)H,0) + Egpr(H0)]

The total (cumulative) interaction energies of 18@$,0
obtained with EPIC modelAELS/ ") as well as with full ab
initio SCF (AEL2I"") computations are also shown in Table 3.
TheseAE[o " interaction energies are in the range of-83
86% of the correspondingELor"" ones, which shows that the
EPIC model yields not only reasonably good geometrical
parameters but also faithfully brings out trends in interaction
energies.

Having examined the energetics of crown ether hydration,
we now focus on the driving force for this, viz., the cooperative
electrostatics effects. The topographical analysis of 18¢6
brings out that the values of MESP minima of (+386.0 and

Figure 4. Two MESP isosurfaces{325.6 (dark) and-196.9 (light)
kJ mol] for 18C6&3H,0. EPIC optimized position of wis superposed.
More details are given in text.

2 also depicts the EPIC-model-optimized position of the second
water molecule, forming the above-mentioned two hydrogen
bonds with the 18C#1,0 complex. The total interaction energy
within EPIC model, vizAELS", of 18C62H,0 turns out to
be 83.98 kJ matt, whereas the total ab initio interaction energy
AEZ™ of the same after full optimization is 101.56 kJ
mol~1.

Figure 3 shows the mapped MESP isosurfaces of values
—341.3 (dark) and-241.6 (light) kJ mot?® of 18C62H,0 at
full ab initio SCF-optimized structure. The values of MESP
minima of second water molecule are379.0 and—377.8 kJ
mol~1. Due to this, one may expect the third water molecule
(ws) to bind to the oxygen of w However, with this

—370.2 kJ motl) become much deeper than the values (each arrangement, it will form only a single hydrogen bond because

of —261.2 kJ mot?) of the MESP minima of an individual water

crown ether oxygens are blocked by and w. On the other

molecule. This creates a lock-and-key arrangement with the hand, three MESP minima of three oxygens'(@y', and Q')

second (w) incoming water molecule acting as the key. From
the negative-valued MESP isosurfaces364.4 (dark) and
—262.6 (light) kJ mot?) of 18C6H,O complex in Figure 2,
one can predict that the second water moleculg (il form

of 18C6 are still available on the other face of 18C6. Out of
these three, two are quite deep (cf. Figure 3), where the third
water molecule () may bind rather similarly to the first water
molecule (w). Figure 3 also includes the EPIC-model-

two hydrogen bonds. One is expected to be formed with the optimization position of the third water with the fully optimized

oxygen MESP minimum of the first water molecule and another
with the MESP minimum of @(cf. Figure 1) of 18C6. The
O, atom on the face of 18C6, where the first water molecule is

18C62H,0. The rank order of interaction energies reported
in Table 3 can thus be rationalized.

Figure 4 depicts two MESP isosurfaces of value325.6

bound, is endowed with the deepest MESP minimum among (dark) and—196.9 (light) kJ mot?, respectively, evaluated at

the oxygen minima of 18C6 in the 18&60 complex. Figure

the full ab initio HF optimized structure of 18€3H,0. From
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Figure 5. Ball-and-stick model of ab initio optimized geometry of
18C66H,0 complex, denoted as (d) in Table 2. See text for further

details.
J Ws

Y%

w [
Figure 6. Ball-and-stick model of another ab initio optimized geometry
of 18C66H,0 complex, denoted as (e) in Table 2. See text for further
details.
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structures of 18C6, e.g. 18&31,0, 18C612H,0, etc. This
work is in progress in our laboratory.

Concluding Remarks

The problem of hydration of molecules and ions has been
actively pursued along two active lines of research in the
literature, as pointed out in the Introduction. One of the methods
is ab initio quantum chemical treatment with the other one being
computer simulations/dynamics/modeling studies. Both of these
methods do not provide a direct molecular level picture of the
stepwise hydration process, including thew and why of it
Other models popular in the chemical literature also do not
provide such a picture. The topographical feature of MESP
coupled with the energetic aspects described by the MESP model
thus seem to offer an invaluable tool for exploring hydration
processes. A useful pictorial representation of the strength of
interaction involved is offered by the MESP topography, and
isosurface as brought out in Figures4. A qualitative and
semiquantitative understanding of why the second water mol-
ecule binds more strongly than the first is apparent from the
MESP features of 18C6 and 18EBO in Figures 1 and 2. Thus
the answer to the question posed by Ranghino &t alioted
in the Introduction now seems to be in the affirmative. It is
thus indeed possible to obtain valuable insights into the
hydration processes of molecules (including ions) with the
present approach in a rather simple way. In fact, the present
approach is readily applicable to other solvent molecules (e.g.

these MESP isosurfaces, one may predict the fourth incoming Methanol, chloroform, etc.) as well. From the correlation

water molecule (w) to bind by forming two hydrogen bonds
with the oxygen minima of wand the crown ether, showing a
beautiful complementary arrangement. Total and stepwise
EPIC-model interaction energies and fully ab initio optimized
energies reported in Table 3 for the 18€A,0 complex are
also qualitatively similar. Thus, the utility of the EPIC model
for the preliminary purpose of predicting patterns in hydration

between the model interaction energies and SCF HF/6-31G

ones, it seems that polarization effects are not very large in
hydration processes of neutral molecules, but their inclusion
may further improve the quantitative value of the present
approach, as pointed out in ref 12. The hydration process for
a few interesting molecular species, including cations and anions,
with a variety of solvents is currently being investigated in our

energies and geometries of the crown ether hydration problemresearch group wherein the polarization effect is also incorpo-

is brought out by the study of 18@81,0 (n = 1-4).

Yet another attractive feature of the EPIC model is that one
may use the block diagonal density matrix for 18@,0
obtained by patching the corresponding individual density
matrices of 18Cgn — 1)H,O and BHO. This enables one to
avoid a full ab initio HF calculation of the density matrix for
18C6nH,0 in order to study further hydration. With this
method, the total interaction energy obtained by the EPIC model
of 18C6 with four water molecules in 18@81,0 turns out to
be 168.49 kJ mott. The total interaction energy of the same
complex with the EPIC model in which full ab initio optimized
density matrices of 18Cg — 1)H,O and HO are progressively
used yields a quite similar value, viz., 167.76 kJ niol

Figures 5 and 6 show two complex structures of 18EBO
obtained with the EPIC model, in which patched density
matrices are progressively used (as discussed in the abov
paragraph). The total interaction energy obtained with the EPIC
model is 232.26 kJ mot of the structure in Figure 5. After
full optimization at the ab initio HF level, the total interaction
energy yields 264.57 kJ n1dl of 18C6 with six HO molecules.
Figure 6 depicts yet another structure of the 18EBO
complex, which is also obtained in a similar way, with the ab
initio HF total interaction energy of 281.63 kJ mél Thus,

this structure is more stable than the one shown in Figure 5 by

17.06 kJ mot!. The total ab initio HF/6-31G energies are

reported in Table 2. Detailed optimized geometries of 1-8C6
nH,O are available from the authors upon request. Carrying
on this exercise further, one may predict further hydrated

G4,

rated.
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