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18-Crown-6 and Its Hydrates: Bridging but Versatile Hydrogen Bonding. A Theoretical
Study of Static and Dynamic Properties
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Quantum chemical (QM), classical molecular dynamics (MD), and—®arrinello (CP-MD) studies are
reported for 18-crown-6 (18C6) and its first 18C6&(J, hydrates, focusing on thBsy and C; forms of the

crown. They reveal the importance of dynamics and the surrounding medium on its conformational and
hydrogen-bonding properties. In the gas phase, the two forms of the free crown are found to be
quasi-isoenergetic at several computational levels, but during CP-MD simulatiolsfloeem is more mobile

than C; and undergoes conformational changes in such a way as “to fill its own cavity”. Among several
forms of the monohydrate, the one withDag-type crown and a bridging water molecule is most stable.
Along its 10-ps CP-MD trajectory, the ® molecule undergoes a “merry-go-round” dynamics, exchanging
between the three “top” oxygens of the deformed crown, and is thus more often instantaneously monodentate
than bidentate. The static and dynamic results of different forms of the mono- and dihydrates confirm the
importance of dynamic bridging coordination to 18C6. These results solve the apparent contradiction between
IR spectroscopic results in humid GQir supercritical-C@ solutions that hint at an equilibrium between
monodentate and bidentate hydrogen bonds, whereas in other humid phases (solid-state structures, liquid
hydrates, simulated aqueous solutions), the hydrated crown is alygyike and the first coordinated 4@
molecules are bridging.

Introduction water would lead to conformational changes fr@rto Dzg.2t

Like (poly)cyclic complex-forming moleculés? 18-crown-6 This hydration scheme was confirmed experimenta_llly by X-ray
(18C6) was early recognized to act as a selective host for Structures of 18C6 hydrafs® or of adducts with other
charged atoms and small molecules and to display fundamentaSPecied*?® by Raman or IR spectroscopic studies of 18C6
features of molecular recognition: preorganization and macro- hydrates®2° as well as by molecular dynamf€s*? or Monte
cyclic effects, flexibility, induced fit upon ligand binding, and Carlo®® simulations in agueous solution. It was found that the
a solvent effect on its recognition propertie$.From a basic ~ Daa structure becomes increasingly preferred o@eras the
point of view, it is important to understand the structure of 18C6 Solvent polarity increasé$:*To our knowledge, no form other
as a function of its environment. In the solid state, 18C6 alone than Dss has been found in solid structures of 18CHH
is of an elongated shape 6 symmetry (no cavity), and the adductg> The re_levance of these results to humld organic phases
Daq form (Figure 1) with a cavity is commonly observed with May be questioned because structures with bridgin® H
cationic guests (e.g., ¥ R—NHs*, HsO*, NH,*) as well as in molecules seem to be inconsistent with the monodentate
interaction with dipolar molecules (e.g., acetonitrile, wafef). coordination |nd|cated_from I_R results. Another puzzling feature
Other symmetries are observed for 18C6 itself (e0gwithin appeared from MD simulations when a piece of a crystal of
the Na complex, anothe€; form in the benzenesulfonamide ~ 18C6 was “dissolved” at a SC-Gvater interfacé> During
adduct) or its derivatives (e.g., dicyclohexyl, dibendhese  the dynamics, 18C6 molecules diffused into the,@Base, most

data and computer simulations in the gas pfddeand in ~ ©Of them undergoing conformational changes fr@nto Dag.
solutiort3-18 show that the structure of 18C6 is highly versatile Some formed bridging hydrogen bonds with draggesOH
and depends on its environment. molecules, and others were surrounded by, @@lecules only.

The present study was motivated by spectroscopic IR results Conformational preferences are generally believed to be similar
on 18C6 hydrates formed in humid organic phases such asin apolar solvents as in the gas phéséut these MD
CCl4° or supercritical C® (SC -CQ),2° according to which experiments suggested that is not the case, and the observation
there is an equilibrium between the monodentate and bidentate0f extracted 18C®sq (H20) supermolecules with bridging water
coordination of water in the 1:1 adduct with 18C6 (Figure 2). again seems to conflict with IR spectroscopic observations of
The corresponding conformation of 18C6 was not established. Monodentate hydrates. _ _
However, early theoretical simulations on 18C6 in aqueous !N this paper, we first address the question of the conformation
solution showed that among ti@, C;, andDsq forms, theC; of 18C6 and its mono- and dihydrates in the gas phase, with a
one interacts poorly with water and forms one-center hydrogen Particular focus on th€; versusDsq forms and on their dynamic
bonds only,C; forms three strong bridging interactions with ~Properties. Before elucidating the water-binding mode to the
water, andDs4 forms cooperative 2- 2 bridging interactions. ~ Crown, itis indeed essential first to assess the conformation of
It was also predicted that the dissolution of crystals of 18C6 in the free crown itself. According to force-field calculatichs,
these are close in energy, and the energy minimum depends on
* Corresponding author. E-mail: wipff@chimie.u-strasbg.fr. the choice of atomic charges and dielectric constamtie D3y
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Figure 1. Typical forms of 18C6.
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Figure 2. Schematic representation of singlat singlein (mono-
dendate), and bridging (bidendate) coordination of water to 18C6.

form is stabilized by the internal-energy components (btnd
angle+ dihedral deformations) but is destabilized by internal
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mixed Ci
18C6 have been systematically corrected for basis-set superposi-
tion error (BSSE) by means of the counterpoise methatien
the 6-31G* basis set was used. Tests onDhgandC; forms
with the large 6-311G"(3df,3dp) basis set showed that this
correction is small €0.5 kcal/mol), thus it has not been reported.

Additional optimizations were performed using the density
functional-based CarParrinello schenfé as implemented in
the CPMD program® The BLYP functional combination was
employed, together with norm-conserving pseudopotentials

electrostatic strain and 1,4 nonbonded interactions betweengenerated according to the Martins and Troullier proce@ure

oxygens in the gauche G€CO arrangements. These empirical
results conflict with those of an ab initio QM study at the
correlated MP2/6-31G level, according to whi€hy is less
stable tharC; by 17 kcal/mol, which according to the authors
“exclude its existence in the gas phase at room temperatre”.
We notice that this study used force-field instead of quantum

and transformed into the Kleinmamylander form (BLYP
MT).4” We also tested the BP86 functional using the same
procedure (BP86 MT) as well as the BLYP functional with a
dual-space Goedecker pseudopotential (BLYP $®griodic
boundary conditions were imposed using cubic supercells with
a box length of 15 A. KohsrSham orbitals were expanded in

mechanical optimized structures. We thus first revisit the energy pjane waves up to a kinetic energy cutoff of 80 Ry. The BLYP/

differenceAE between these forms at different computational

6-31G* geometries were taken as starting points and were

levels based on QM geometry optimizations. The results are reoptimized without symmetry restraints until the maximum

compared with those of AMBER classical molecular mechanics

gradient was less than % 1074 au (denoted CP-opt).

calculations. The second issue concerns the mono- and dihy- Car—Parrinello molecular dynamics (CP-MD) simulations

drates formed by th€; and D3y forms of the crown, with a
particular focus on bridging (bidentate) versus single (mono-
dentate) water coordination. The dynamics features of 18C6
andD3q and their hydrates are studied in the gas phase by Car
Parrinello CP-MD calculations. To investigate the influence of
apolar solvents on conformational properties of 18C6 and its
hydrates, we performed classical MD simulations in an explicitly
represented COsolution. These studies provide new insights

into the static and dynamic features of 18C6 and its hydrates

and allow us to understand how a water molecule bridging over
a Dsg-like crown may appear to form a single hydrogen bond.

Computational Details

All geometries have been fully optimized at the density-
functional theory (DFT) level without symmetry constraints
using the 6-31G* basi§ and the gradient-corrected exchange
and correlation functionals according to Be#and Lee, Yang,
and Parf® (denoted BLYP). This combination of functionals
has been shown to perform well for hydrogen-bonded systéms.
The nature of the stationary points was verified by the
computation of the harmonic vibrational frequencies at the
BLYP/6-31G* level, which were also used unscaled to obtain

were performed starting from the lowest-energy structure using
a fictitious electronic mass of 600 au and a time step of 0.121
fs. Unconstrained simulations (NVE ensemble) were performed
over 2-10 ps at ca. 306£30) K.

The classical MD simulations were performed with the
AMBERS5.0 software!? in which internal-energy deformations
consist of bond and angle harmonic deformations and dihedral
energies. Nonbonded interactions are represented by a sum of
pairwise Coulombic and van der Waals interactions§+12
potentiel). The parameters for 18C6 and its hydrates are the
same parameters as in ref 35, and unless otherwise indicated,
we used ESP-derived atomic charges of Kollman &% ah the
crown (o = —0.404,qc = 0.244, andgy = —0.021e). These
were compared with a more polar handmade get —0.50,
gc = 0.292, andgy = —0.021e). The %-4 electrostatic and
van der Waals interactions were scaled down by 2.0. The
nonbonded interactions were calculated with a 15-A cutoff and
a reaction field correction for long-range electrostatics. Th@ H
and CQ molecules were represented with the TIPBBNnd
Murthy et al®2 three-point models, respectively. After energy
minimization, MD was run in the gas phase or in £8lution
in the (NVT) ensemble. The temperature was controlled using

thermodynamic corrections to estimate entropies and free the Berendsen weak-coupling metti8dhe CQ box was the

energies. Optimization tests with the 6-31G* basis set at the
HF, B3LYP, and MP2 levels were also performed. Single-point
energy evaluations were performed for the BLYP/6-31G*
geometries using the 6-31G* basis set at the HF, B3LYP, or
MP2 level as well as with the large 6-311@3df,3dp) basis
set at the HF, B3LYP, and BLYP levels. These computations
were carried out with the Gaussian 98 program package.

Unless otherwise noted, energies are reported at the BLYP/6-

311G (3df,3dp) level employing the BLYP/6-31G* geom-
etries. The calculated interaction energies betwee@ Eind

same as the one used in ref 35 to study 18C6 at the Sg-CO
water interface.

Results

1. Structure and Dynamics of theC; and Dsy Forms of
18C6. The C; and D3y forms of 18C6 were compared with
different methodologies, and the main results are summarized
in Tables 1 and S1 (Supporting Information). The two forms
are found to be very close in energy, and depending on the
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TABLE 1: 18C6 Molecule Relative EnergiesAE (kcal mol~1) of the C;, D3y, and Mixed Forms Obtained by Different Methods®

method geometry optimization energy calculation AE
D3y QM BLYP/6-31G* BLYP/6-311G*(3df,3pd) —0.1
CP CP-opt BLYP MT —0.4
MM AMBER Jo=-0.4 -0.3
Ci QM BLYP/6-31G* BLYP/6-311G*(3df,3pd) (0.0)
CP CP-opt BLYP MT (0.0)
MM AMBER Jo=-0.4 (0.0)
mixed QM BLYP/6-31G* BLYP/6-311G"(3df,3pd) 0.7
a A full version of the Table is given as Supporting Information (Table S1).
TABLE 2: QM Calculations on Dimethyl Ether 2
E u d(©-C) a(©) a©)
BLYP/6-31G*//BLYP/6-31G* —154.9525 1.20 1.43 —0.404 —0.172
B3LYP/6-31G*//B3LYP/6-31G* —155.0250 1.27 141 —0.443 —0.191
MP2/6-31G*/IMP2/6-31G* —154.5034 1.60 141 —0.598 —0.163
HF/6-31G*/[HF/6-31G* —154.0647 1.48 1.39 —0.590 —0.160
MP2/6-31G*//BLYP/6-31G* —154.5026 1.61 1.43 —0.602 —0.160
MP2/6-31G*//B3LYP/6-31G* —154.5033 1.55 141 —0.595 —0.161
BLYP/6-311G *(3df,3pd)//BLYP/6-31G* —155.0211 1.23 1.43 —0.551 0.204
B3LYP/6-311G *(3df,3pd)//B3LYP/6-31G* —155.0885 1.40 141 —0.608 0.270
MP2/6-311G*(3df,3pd)//MP2/6-31G* —154.7280 1.50 141 —0.754 0.490

aEnergies E in hartree), dipole momeni(in Debye), optimized ©C distance (A), and Mulliken charges (e) obtained by different methods.

computational level, their relative energ§Ec,—p,, ranges from

TABLE 3: 18C6 C; Experimental (Crystal)>* and Optimized
+7.2 (MP2/6-31G*//MP2/6-31G* calculation) te0.1 kcal/mol

(Gas Phase) Distances (A).

(BLYP/6-311G *(3df,3pd)//BLYP/6-31G* calculation). For
BLYP/6-31G*-optimized structures, the calculatédEc —p,,

geometry

C-C distances

€0 distances

energy is somewhat larger with the B3LYP than with the BLYP éf%,%f’gfg* 1155205_1%2 i:ggi:ﬁg
functional (by 0.7 kcal/mol with the 6-31G* basis set and by  g3LYP/6—31 G* 1.518-1.524 1.413-1.425
1.1 kcal/mol with the large 6-311G (3df,3pd) basis set), and MP2/6-31G* 1.508-1.515 1.4181.430
the choice of the B3LYP versus BLYP functional for the CP-MD/BLYP MT# 1.525-1.536 1.4471.455

optimization has little influence (0.1 kcal/mol with the 6-31G*
basis set). In principle, different thermally populated vibrational
modes contribute to relative stabilities, but this correction is
also weak AG,j, = 0.7 kcal/mol at 300 K) compared to the of 18C6 display dynamic properties. It can be seen from the
calculated range of relative stabilities. time evolution of the OSCO dihedrals and cumulated struc-
Given the importance of internal electrostatic interactions, tures (Figure 3) that th€; crown retains its overall shape while
we decided to determine how the different methods account three OC-CO dihedrals of thé®sy crown rapidly (in less than
for the dipole momenju of dimethyl ether CH—O—CHs, 1 ps) undergo conformational changes from gauche to trans to
similar to constitutive fragments of 18C6. The results (Table form a “mixed” structure intermediate betwe€nandDsqy. The
2) show that with the small 6-31G* or the large 6-31'1G higher mobility of theD3y compared to the&C; form has been
(3df,3pd) basis sets the MP2-calculated dipole is clearly noted earlier on the basis of classical MD simulations, and it
exaggeratedy( = 1.5 to 1.6 D compared t@ex = 1.30 D), was suggested that this can be a general feature of macro(poly)-
and the DFT-B3LYP method yields a somewhat largehan cyclic hosts, which tend to deform in such a way as to fill their
does the BLYP method (by 0.07 to 0.17 D). Reasonable own cavity®® According to BLYP/6-311G"(3df, 3pd)//BLYP/
agreement is obtained with the B3LYP/6-31G* and BLYP/6- 6-31G* calculations, this mixed form is only 0.7 kcal/mol higher
311G"*(3df,3pd) methods (1.27 and 1.23 D, respectively), in energy than th&; form.
which also yield less-polar oxygens. It is noteworthy that the ~ The hydrates (vide infra) have thus been studied with the
6-311G *(3df,3pd) basis set yields the smalladc —p,, energy same methodology (i.e., DFT BLYP/6-311&3df, 3pd)/
difference (0.1 kcal/mol), indicating that the two forms are BLYP/6-31G* and CP-opt calculations for the static properties
quasi-isoenergetic in the gas phase. A similar conclusion is and CP-MD BLYP MT calculations for the dynamic properties).
obtained from the CP-opt optimized structures calculated with 2. Structure and Dynamics of Monohydrates of theC; and
the BLYP MT and BP86 methodologieAEc,—p,, = —0.4 and D34 Forms of 18C6.The 18C6(HO) monohydrate was studied
—0.7 kcal/mol, respectively) as well as with the AMBER force- with the C; and D3q forms of the crown for which bridging
field method AEc-p,, = —0.3 kcal/mol) with “standard” bidentate versus single monodentate types of hydrogen-bonding
charges @o = —0.40e). interactions were considered (Figures 2 and 4). The bridging
The C-0O and C-C bonds of theC; form optimized by hydrates were built with “linear” bonds betweendand the
different methods can be compared with those observed by O; and G oxygens of 18C6, but other forms have “bifurcated”
X-ray crystallography in the crystal at 100 K (Table>3)They bonds (i.e., with one of the water protons equidistant from two
are 0.010.02 A longer than in the crystal, possibly because of OC—CO oxygens). For the monodentate single hydrates, two
thermal effects (apparent bond shortening) in the experimental positions of water were considered, with the “free” proton turned
structure®* inside {n) or outside ¢uf) the ring. Upon energy minimization,

a Average distances during the last picosecond of simulation.

When simulated for 2.5 ps by CP-MD, bathandD34 forms
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Figure 3. Free CP-MD dynamics starting from th&sy vs C; geometry. From left to right: Final structures@—C—O dihedrals (deg) as a
function of time (ps), and cumulated structures.

D;q bridging Dsgsingle-out  C; bridging  C; single-out  C; single-in  Mixed bridging
Figure 4. 18C6 monohydrate. QM-optimized structures.

TABLE 4: 18C6 Monohydrate Relative EnergiesAE (kcal mol~1) Obtained with Different Methods?

method geometry optimization energy calculation AE
Dag-bridging QM BLYP/6-31G* BLYP/6-311G(3df,3pd) -23
CP CP-opt BLYP MT —2.2
MM AMBER Jgo=—0.4 -1.8
Dag-single-out QM BLYP/6-31G* BLYP/6-311G *(3df,3pd) 0.6
Ci-bridging QM BLYP/6-31G* BLYP/6-311G+(3df,3pd) (0.0)
CP CP-opt BLYP MT (0.0)
MM AMBER go=—0.4 (0.0)
Ci-single-out QM BLYP/6-31G* BLYP/6-311G *(3df,3pd) 0.7
Ci-singlein QM BLYP/6-31G* BLYP/6-311G *(3df,3pd) 15
mixed bridging QM BLYP/6-31G* BLYP/6-311G"(3df,3pd) 0.3

a A full version of the Table is given as Supporting Information (Table S2).

the Dsg-singlein form and theDs4-bridging bifurcated structures  basis set, yields a preference for they-bridging hydrate (by
became bridging with linear bonds, and five forms of the 2.3 kcal/mol). A similar conclusion is obtained from independent
monohydrate were finally identified as energy minimRzq- CP-opt (BLYP MT) calculationsA = 2.2 kcal/mol) and by
bridging, Dsg-single-out, Ci-bridging, Ci-single-out, and Ci- AMBER optimizations with standard oxygen charges-@.40e
singlein. A bridging hydrate of the mixed conformer (mixed (A = 1.8 kcal/mol). Increasing these charges0.5e favors
bridging) was also optimized (Figure 4). Energies obtained at the Ci-bridging form, thus following the same trend in AMBER
different computational levels are given in Table S2, and as in MP2 calculations.
selected results are summarized in Table 4. The other structures of the 18C6 monohydrate are slightly
Energy Comparison of the Bridgingersus Monodentate less stable than th@-bridging one A = 0.6 kcal/mol forDzy-
Hydrates.As for 18C6 alone, no unique conclusion is possible single-out, 0.7 kcal/mol forCi-single-out, 1.5 kcal/mol forC;-
concerning the relative stabilities of these hydrates that are closesinglein, 0.6 kcal/mol forDsg-single-out, and 0.3 kcal/mol for
in energy. Taking th&i-bridging structure as a reference, one mixed-bridging hydrates (DFT BLYP/6-311G(3df,3pd) ener-
sees that th®34-bridging structure may be either more stable gies). In the gas phase, tBgy-bridging form is thus more stable
by <2.6 kcal/mol (HF/6-311G"(3df,3pd) calculations) or less  than other single and bridging hydrated forms.
stable by up to 3.7 kcal/mol (MP2/6-31G* calculations). Thermal effects on relative stabilities were investigated for
However, excluding as above the MP2 results that exaggeratethe Dz4- and Ci-bridging hydrates, which are the most stable.
the polarity of the crown and hydrogen bond interactions, and The former hydrate is more flexible and richer in low vibrational
keeping the DFT results with the largest 6-311@df,3pd) motions than th€; hydrate and is further stabilized by entropy.
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v =131 cm’

vi2 =134 cm™
Figure 5. Harmonic vibrations of the 18CBsy monohydrate. Water motion in the, v11, andvi, low-frequency modes.

The corresponding vibrational entropies are 163 and 159 cal attractions with water, but 18C6 may not be flexible enough to
mol~1 K1, leading to a further free-energy stabilization of 2.3 provide optimal interactions with bridging water.

kcal/mol at 300 K. Adding this thermodynamic correction to The representation of the low-frequency vibrational modes
the static energy difference of 2.3 kcal/mol yields a free-energy of the Dsg-bridging hydrate (Figure 5) reveals an interesting

preference of 4.6 kcal/mol for thBsy4- over theCi-bridging librational motion ¢g at 101 cntl) of the HO molecule that

hydrate. oscillates between the;@nd G anchoring sites of 18C6. The
Optimized R¢Bridging Hydrate Given the large occurrence  v1; andvi; modes (131 and 134 crh respectively) correspond

of bridging hydration in solid-state structures of 1886t is to a rotational motion of KD onto the top of the crown. These

interesting to describe the BLYP/6-31G*-optimizBg} hydrate, are precursors of the water dynamics observed in the CP-MD
which interestingly has approximate (pseu@g; but not exact simulations (vide infra).

Cssymmetry. The QaerOXygen is indeed not exactly equidistant With regard to hydrogen bonding in thBs4- versusCi-
from the Q and G oxygens of 18C6 (at 3.063 and 3.039 A, bridging hydrates, one sees that the latter is more asym-
respectively), leading to O+Ogcs hydrogen bonds of 2.161  metrical: one OF++O1gcshydrogen bond is 0.07 A shorter than
and 2.116 A, which are somewhat longer than usual hydrogenin the Dzq hydrate, but the other one is similar (2.12 A). The
bonds®® Optimizations of aCs-symmetrical structure and of  higher stability of theDzy hydrate relative to th€; hydrate does
other somewhat asymmetrical ones converged to this pseudonot stem from differences in strain energies upon water
Cs form, which was verified to be a true energy minimum. coordination, howevet but mainly from the stronger @/
Depending on whether the,® molecule is “anchored” to the  18C6 interaction energies (6.1 vs 3.8 kcal/mol, respectively;
O; or O; oxygen, there are thus two energy minima separated Table 5).

by a very low symmetrical barrier. The;©-O; distance (4.89 On the Strength of Bridgingersus Monodentate Hydrogen
A) is 0.06 A shorter than in 18C84, itself because of the Bonds As expected, monodentate hydrates make shorted O
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VS}"ITI =, 3570 Cm-l Vass}fm == 3693 CITI-I

Veym = 3545 cm” Vassym = 3631 cm”’

VOH-"bonded" = 3477 cm'l VOH-free = 3644 Cl'l'l~I
Figure 6. Harmonicvoy vibrations for HO and for the bridging and singl@it monohydrates of 18CB3g.

TABLE 5: 18C6 Monohydrate Interaction Energy (kcal mol~1) between 18C6 and HO and Characteristic Distances (A) and
Angles (deg?}

Dsd- D3d- Ci- Ci- Ci- mixed
bridging single-out bridging single-out singlein bridging
E(QM)° —6.1 -3.1 —-3.8 -2.3 -3.1 —-4.9
E(CP-opt) —6.0 —4.2
E(AMBER) (300 K) -5.3
E(AMBER) (200 K) —10.2 —-5.2
Owat—Hwat 0.983 0.988 0.985 0.986 0.986 0.984
0.983 0.980 0.984 0.979 0.979 0.984
Owar**O1scs 3.063 2.900 3.037 2.896 2.956 2.993
3.039 3.090 3.033
Huwar **O1sce 2.161 1.933 2.069 1.909 1.988 2.044
2.116 2.124 2.070
Owar—Hwat **O1scs 152 165 167 180 167 161
156 166 165

aSee structures in Figure BBLYP/6-311G(3df,3pd)//BLYP/6-31G* calcualtions.

-+O hydrogen bonds than bridging hydrates £ 0.07—0.13 does not follow the order of hydrogen-bonding distances or
A; Table 5). Following known trend®,hydrogen bond weaken- ~ O—H vibrational frequencies: it is largest for tlBeq-bridging

ing corresponds to ©H bond strengthening, and one observes hydrate (6.1 kcal/mol) because of cooperative interactions with
the order of G-H distances: single monodentate hydrogen bond the crown, and smallest for monocoordinated hydrates3(2
(0.986 to 0.988 A for th@®sg-single-out, Ci-single-out, andCi- kcal/mol).

singlein forms) > bridging hydrates (0.983 to 0.985 A b, Dynamic Views of the Bridging Monohydrates in Vackor

Ci, or mixed crown) > free-OH bond (0.979 A in the the CP-MD simulations, we considered the andDsg-bridging
monodentate hydrates and in the isolate®Hnolecule). The forms starting from the energy-minimized structures. Despite
O—H vibrational frequencies (cm) calculated for the bridging-  their similar energies, these hydrates behave differently; for
and singlebsy hydrates mirror the evolution from hydrogen- example, theC; hydrate was found to dissociate in less than 1
bonded to free-©H distances:vH—ponded(3477 inDsg-single- ps at 300 K, but th®34 hydrate remained bound (Figure 7). Its
out) < vsym (3545 in Dag-bridging) < vasym (3631 in Dag- dynamics was pushed up to 10 ps, during which interesting
bridging) < vy-free (3644 inDag-single-out) < vasym (3693 in motions were observed. They are pictured by the time evolution
H.O free). See Figure 6. Clearly, the binding energy of water of all Hyar+-O13c6 distances and by typical snapshots (Figure



11134 J. Phys. Chem. A, Vol. 107, No. 50, 2003

C; + H.O

D4 + H>O (orthogonal view)

Figure 7. CP-MD dynamics of the 18C6 monohydrate: cumulated
views of theC; form (2.5 ps) andsq form (10 ps).

8). First, one notes that 188y is rigidified by water. For 10
ps, it retained its conformation with six gauche ©CO
dihedrals on average and with two distinct triplets of oxygens:
01, Oy, and Qs point “on top” (i.e., on the water side), and the
04, O10, and Qg OXygens point to the opposite side (bottom).
The binding mode of the #D molecule is highly versatile
and dynamic. Schematically, during the first 0.7 ps;OH
oscillates between £and G, making short contacts of up to
1.65 A with one oxygen and longer contacts3(A) with the
other one. Between 2.3 and 3.6 ps, it rotates onto than®hor
and then onto @ to which it becomes singly hydrogen bonded
(1.89 A at 3.6 ps). A further flip at 5.2 ps leads to transient
bridging coordination over ©--O;3, followed by a single
anchoring to @ (1.77 A) at~6 ps. The HO molecule then
anchors to @(1.89 A at~6.5 ps), bridges over £:013 (2.2
and 2.6 A) and over @++0; (2.6 and 2.0 A at 8 ps), and finally
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(at 10 ps) anchors monodentately tp(@.87 A). Thus, the kD
molecule generally forms one loose monodentate hydrogen bond
to one oxygen of the crown (at2.3 + 0.5 A), and its other
proton oscillates toward the two other top oxygens that are often
too remote ¢ 3 A) to form hydrogen bonds with orbital overlap
interactions. The distribution of {fgce<*HOH distances (Figure

9) peaks at-2.2 A, which corresponds to rather weak hydrogen
bonds. In 10 ps, one thus observes the initiation of a “random-
ized” bridging process over the three pairs of top oxygens of
18C6 D3q, reminiscent of the dynamics of ;8" with the
crown® Dynamic exchange between the three triplets is
coupled, but not strictly correlated, with the deformation of 18C6
itself, as seen from the evolution of intracrowlpo distances
(Figure 10). The three top and three bottom distancés A

on average) oscillate between 4.5 and 5.6 A, and only the shorter
top ones allow for bridging hydrogen bonds with® During

this simulated period, only~10% of the structures hawiho
distances shorter than 4.7 A (i.e., the optimal distance in the
(Mez0)2:++H0 bridging adduct). Also noteworthy is the much
weaker occurrence of structures with bidentag®HKamong the
saved 10 000 structures, 15% have twgyH-O1sce distances
simultaneously shorter than 2.5 A) compared to monodentate
(67% have only one distance shorter than 2.5 A). There are
thus several processes leading to the dynamics of the bridging
H,0: the weakening and loss of one bridging hydrogen bond
upon elongation of the @O anchor of 18C6, the librational
motion of water, and water hopping and reorientation, followed
by recapture by 18C6. Clearly, this is specific to by adduct

in which attractive interactions between the 18C6 quadrépole
and the water dipole are retained during the dynamics.Cihe
hydrate cannot provide such interactions or hydrogen bonding
relays; it thus dissociates during the dynamics.

The results of classical AMBER MD simulations of 50 ps at
300 K on theC; andD34 hydrates in C@solution are consistent
with those obtained by CP-MD (Figure S1). T hydrate
dissociates, but the @ molecule remains dynamically bound
to theD3y crown, undergoing excursions to singlat coordina-
tion to the three top oxygens. At 200 K, the two types of
hydrates are stable, and:® exchanges betweeny @0, O
-+O13, and Q---Oy3 bridging positions. When the temperature

/
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Figure 8. CP-MD dynamics of the 18CB3s monohydrate. @ce--HOH distances (A) as a function of time (ps) with selected structures along the

trajectory.
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Figure 9. CP-MD dynamics of the 18CB3s3 monohydrate. Distribution
of Oisce**HOH distances.

is decreased to 100 K, the water molecule sits fixed over O

-0y, without randomizing over the top positions of the crown.
3. Structure and Dynamics of Dihydrates of 18C@D3q in

Vacuo. Three forms (+111) of the 18C6(HO), dihydrate with

J. Phys. Chem. A, Vol. 107, No. 50, 200B1135

a D3g-type crown were optimized and simulated for 2.5 ps by
CP-MD. They have been built from the monohydrate (with one
H,0? bridging over the @and G oxygens of 18C6), to which

a second KHOP molecule has been added either on the same
side (I) or on the opposite side (Il and Ill) of the crown. In
dihydrate I, the two KO molecules are cooperatively bound,
as predicted by theor},and observed in solid-state structures
of higher hydrated223 H,OP bridges over the @oxygen of
18C6 and the kD2 oxygen. In dihydrate 11, the 0P molecule

has one proton anchored to the 6xygen of 18C6, and its
other proton bridges over the;6--O;6 0xygens (Figure 11).

In 11, H,OP relates to HO? via a symmetry-inversion center as
in solid-state structures. The optimized structures were similar
to the starting ones. Finally, | is found to be more stable than
II (by 4.7 kcal/mol) and Il (by 2.3 kcal/mol), presumably
because the $#D° water molecule makes shorter and stronger
hydrogen bonds in | (at 1.95 A with{@sand 1.87 A with the

6 6
5.5} 5.5} . P
4.5 4.5
4 s . 4 . .
0 2 4 6 8 10 0 2 4 6 8 10
O13c6 — top O)5¢c6 — bottom
Figure 10. CP-MD dynamics of the 18CB3ss monohydrate. @cs +*O1scs distances (A) as a function of time (ps).
: AE
Orthogonal views (kcal.mol")
2 01' a)
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Figure 11. QM-optimized 18C6D34 dihydrate (structures | to 1) and relative BLYP/6-311G3df,pd) energies.
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Figure 12. CP-MD dynamics of 18C®3, dihydrates | to Ill. Initial and final structures (after 2 ps).

H.0?2 oxygen) than in the other adducts (2.01 A in | and 2.09 energy structure in which water is bidentate seems to conflict
Ain 1l1). Structure Il is destabilized by poorer hydrogen-bonding with the spectroscopic observation of an equilibrium between
interactions of the bottom #D° molecule that displays long  monodentate and bidentate hydrogen bdAdbus raising the
bifurcated (OH-+O1c6 = 3.22 A) hydrogen bonds with two  question of the nature of the monodentate forms. On the
O1sce OXygens (Figure 11). theoretical side, one should in principle sample all possible
None of these structures remained stable during 2 ps of CP-conformers of the crown interacting with water, which is

MD simulation (Figure 12). The y0° molecule decomplexed  presently not possible with CP-MD. Kollman et al. showed that
from Il and IIl, and in | it moved from bridging to monocoor-  long simulations (several nanoseconds) at high temperature were
dination to HO?. This is likely due to the deformation of 18C6, needed to sample the conformational space of 18C6 in the gas
which can hardly accommodate two bridging water molecules phase and that a larger number of conformers were within a
simultaneously. In I, the remaining @2 molecule is finally few kcal/mol from the absolute minimu#4.0One cannot thus
monodentate instead of bridging, in relation to the large preclude that in the gas phase monodentate hydrates exist in
deviation of the crown fronDzy to a mixed shape (Figure 12).  crown conformers other than thgsy and C; conformers that
The singly hydrogen-bonded water molecules in | are expected we considered. (See, for instance, the mixed conformer in Figure
to dissociate further from the complex, leaving one bridging 12.) As mentioned in the Introduction, there is, however, good
monohydrate as described in above. Thus, in the gas phasespectroscopic and theoretical evidence f@rsgcrown in humid
dihydrates are unlikely to form with thes4 form of 18C6 and media. It is worth noting that solid-state structures of 18C6

a fortiori with the C; form. hydrates contain several {36 ,22 823) water molecules and that
) ) ) humid extraction systems (e.g., GCbr SC-CQ) contain
Discussion and Conclusions monohydrates? which hints at the role of second-shell coor-

We have presented a quantum mechanical study of the staticdination and long-range interactions in the nature of the first
and dynamic features of 8 binding with 18-crown-6. First, hydrates. To our knowledge, in no crystal structure is water
according to the QM, CP-opt, and MM results, tbg form of coordinated monodentately to the crown.
the free crown is quasi-isoenergetic with @&eorm in the gas We believe that our CP-MD and MD results reconcile this
phase. These conclusions differ from those of ref 37, where the apparent paradox. They confirm the stability of Bwg-bridging
D34 form was precluded in the gas phase, but agree with thosehydrate that remains bound tdag-like crown. This contrasts
of early force-field calculation$!! with the rapid dissociation of th€; hydrate in which the water

As concerns the hydrates, the results point to the importancemolecule is well bound, and with the conformational instability
of the D34 crown and of bridging water, as observed in solid- of the D34 form of free 18C6, thus showing the stabilizing role
state structures and by simulations in water solution. Among of the complexed water molecule. According to our CP-MD
the C;i and D3y monohydrates we studied, thHesg-bridging results, theDsg-bridging monohydrate may form upon water
monohydrate is energetically preferred mainly because of dissociation from dihydrates. During the simulated 10-ps period,
stronger 18C6/KD interactions. The corresponding mimimum- the water molecules bridging over tBgy-like crown are very
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However, its dynamics mainly involves monodentately coor- ~ (11) Sun, Y.; Kollman, P. AJ. Comput. Cheml992 12, 33—40.

i i i i (12) Jagannadh, B.; Kunvar, A. C.; Thangavelu, R. P.; Osawd, E.
dinated water whose proportion should increase with the Phys. Cheml996 100 14339 14342

temperature. This is fully consistent with the IR spectral analysis " (13) “Syraatsma, T. P.; McCammon, J.JAChem. Physl989 91,3631
of Moyer et al*® Furthermore, the order of ©H stretching 3637.

frequencies, calculated on optimized monodentate and bidentatelo%‘;) Ha, Y. L.; Chakraborty, A. KJ. Phys. Chem1991, 95, 10781~
hyqlrates, is fu_IIy _conS|stent with their analysis, accordlng to (15) Ha, Y. L.: Chakraborty, A. K. Phys. Chem1991, 95, 10781
which v(OH bridging) > v(OH monodentate), thus following  197g7.

the order opposite to the total energies and to the water-binding (16) Troxler, L.; Wipff, G.J. Am. Chem. S0d.994 116, 1468-1480.
energies. (17) Leuwerink, F. T. H.; Briels, W. 1J. Phys. Chem. B997 101,

. 1024-1034.
The agreement between gas-phase calculated and experimen- (18) Leuwerink, F. T. H.; Briels, W. d. Phys. Cher.995 99, 16549~

tal results obtained in apolar media suggests that the solvent16557.

has little influence. This is also supported by the comparison _ (19) Bryan, S. A.; Willis, R. R.; Moyer, B. AJ. Phys. Chenil99Q 94,
of CP-MD results in vacuo and classical MD results in CO 52:()’26)5%/\3;2{ C. M- Rustenholiz. A. Private communication

solqtion. An apolar solvent may, however, influence confor- (1) Ranghino, G.; Romano, S.; Lehn, J. M.; Wipff, &.Am. Chem.
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18C6 crown displays better interactions with the solvent than 23) Albert, A.: Mootz, D.Z. Naturforsch., BL997 52, 615-619.

the C; form (—16.9 vs—21.5 kcal/mol, respectively, mostly of (24) Nordlander, E. H.; Burns, J. thorg. Chim. Actal986 115,31—
van der Waals origin because of differences in solvent accessible36. ) )
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mol at 250 K and—42.6 vs—43.3 kcal/mol at 100 K§3 We (26) Matsuura, H.; Fukuhara, K.; lkeda, K.; Tachikake, J4.Chem.
notice the increased interaction with the solvent when the Soc., Chem. Commufi989 1814-1816.
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longer residence times of the solvent, but the solvation prefer-  (29) Patil, K. J.: Pawar, R. BSpectrochim. Act2003 59, 1289-1297.
ence for theDzy hydrate is small, thus confirming the convergent (30) Wipff, G.; Troxler, L. InComputational Approaches in Supramo-
views on hydrogen bonding to 18C6 in the gas phase versus'fggfrpghse&g%w'pﬁ' G., Ed.; Kluwer: Dordrecht, The Netherlands,
apolar solution. In agueous environments, as in solid-state "~ (31y Kowall, T.; Geiger, AJ. Phys. Cheml994 98, 6216-6224.
structures of hydrates, the situation differs as the “merry-go-  (32) Sun, Y.; Kollman, P. AJ. Chem. Phys1992 97,5108-5112.
round” dynamics of the bridging water molecule is prevented _ (33) Krongsuk, S.; Kerdcharoen, T.; Hannongbua).$hys. Chem. B
by its additional coordination to other polar molecules or metals, 20?24)105@4%(75[4%:ilékraborty A. KJ. Phys. Chem1994 98, 11193
and water bridges on both sides on the rigid crown. 11203. T ' '

Finally, on the methodological side, it is worth noting that 13é35) Vayssiee, P.; Wipff, G.Phys. Chem. Chem. Phy2003 5, 127~
once the computationally demanding QM and CP-MD calcula- =0 o\ erink . T. H.: Briels, W. 1. Chem. Physl995 103,4637—
tions have been completed it is quite gratifying to observe that 4555
very cheap force-field-based calculations with standard proce- (37) von Szentpaly, L.; Shamovsky, I. . Mol. Struct.: THEOCHEM
dures yield similar conclusions, as far as the relative stabilities 1994 305, 249-260.
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