.

HYDROGEN BONDING AND MOLECULAR MOBILITY IN AQUEOUS
SYSTEMS

ALFONS GEIGER" and THOMAS KOWALL"

* Physikalische Chemie, Universitdt Dortmund
D-44221 Dortmund, GERMANY

tinstitul de chimie minérale et analytique
Place du Chiteau 3, CH-1005 Lausanne, SWITZERLAND

1. Introduction

Despite the extensive association of water molecules by a spanning hydrogen-bond network
well above the percolation threshold [1, 2], the single particle mobility in pure water is
comparable to that in simple non-associated liquids. This high translational and rotational
mobility in pure water can be further increased by the application of hydrostatic pressure
(3, 4] or decreased by the presence of nonpolar groups in solution [5-7].

Recent computer simulation studies explain the molecular mobility in pure water by
the existence of defects in the random tetrahedral network of hydrogen-bonds (8, 9]. These
defects provide lower energy pathways for reorientational motions and thus “catalyze” the
restructuring of the infinitely connected network. They can be characterized in various
ways: energetically, geometrically and topologically. In this contribution, we shortly sum-
marize some results and subsequently apply the deduced principles to the hydration shell of
a crown ether molecule, whose properties as an ionophoric molecule are determined by the
simultaneous presence of polar (hydrophilic) and nonpolar (hydrophobic) molecular regions.

2. Molecular Mobility and Network Defects

The basic observations, leading to the network defect picture, have been made from simula-
tions on stretched water [8, 9]. There it was observed that the mobility, i.e. the translational
and rotational diffusion of model water molecules decreases when the density is decreased
from 1.0 g/cm> to 0.8 g/cm® and below; and in parallel the structure of the liquid changes
such that an approach to a more perfect tetrahedral hydrogen-bond network can be scen.
This is in contrast to the expected behaviour of normal liquids: in this case the expansion
of a sample inereases the mobility due to the increase of the free volume and simultaneously
the liquid hecomes less structured, expressed for example by the decreasing peak hight of
pair distribution functions.

The emergence of a more perfect tetrahedral network with decreasing density can be
established by the behaviour of various statistical features [8-10]:

- the average number of nearest neighbours decreases from about five at 1.0 g/cm® to
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four below 0.8 g/cm?3, simultaneously the radial pair distribution functions become
sharper, i.e. more ‘icelike’,

- for any reasonable definition of a hydrogen bond, the fraction of water molecules with
more than four bonds decreases by about a factor of ten in the same density region,

- diminishing deviations from the local geometric arrangements of a perfectly tetrahe-
dral random network (like the so called Polk-model [11, 12]), can be demonstrated
by considering the characteristics of the Voronoi-polyhedra attributed to each water
molecule,

- the occurence probabilities for small clusters of connected water molecules as obtai-
ned from MD simulations deviate slightly from those predicted by lattice percolation
theory. And again these deviations diminish in lower density water.
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Figure 1: Mean square displacement (r?(?)), of molecules with number of neighbours n
equal to four, five and six for T = 235 and 273 K (from Ref. [9])

Simulation studies have demonstrated a direct relation between the local deviations
from tetrahedrality, as discussed above, and the mobility of the individual molecules. For
example, it has been shown that on average the mean square displacement of molecules
with more than four neighbours is increased compared to those with exactly four neighbours
(Fig. 1).

A possible mechanism for the accelerating  effect of an additional neighbour has been
found, when considering the pair interaction energy V;; between neighbouring molecules.
In Fig. 2 the corresponding distributions are given separately for two kinds of neighbou-
ring pairs: for pairs that are connected by a linear (although possibly strongly distorted)
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Figure 2: Distribution functions for the pair interaction energy V;; for linear bonded pairs
(solid line) and for pairs that are connected via a bifurcated bond (dashed line). Insert:
The analogous plot for the quenched configurations (17] (from Ref. [18])

hydrogen bond and for pairs that are connected via a bifurcated hydrogen bond. Here,
_bifurcated H-bonds are identified in the following way: for a given pair of water molecules
with oxygen-oxygen distance less than 3.4 A and negative interaction energy the proton
closest to the oxygen-oxygen connecting line is marked as the proton associated with that
hydrogen bond. If the same proton is marked twice, it is “ bonded™ to two accepting oxygen
atoms and therefore engaged in a bifurcated bond. Clearly, a bifurcated bond is a network
defect in the above given sense.

It is interesting to note that the distributions in Fig. 2 peak at roughly —20 and
—~10 kJ/mol, suggesting that the sum of the two interaction energies of a ‘bifurcated bond
arrangement’ is roughly the energy of one linear bond. Thus the comparatively small energy
kT can be sufficient to transfer one strong linear hydrogen-bond to another strong linear
H-bond via an intermediate bifurcated bond, if the presence of an extra neighbour allows
this. In other words: the presence of a fifth molecule allows the formation of bifurcated
bonds and thus “catalyzes” the local reorganization of the H-bond network.

The existence of bifurcated H-bonds, which are about half as strong as the linear
H-bonds, has already been suggested from spectroscopic observations [13, 14]). Also, a
switching mechanistn comparable to the one discussed above has been postulated to un-
derstand the concentration and temperature dependence of dielectric relaxation times in
aleolol mixtures [15)].

In a detailed simulation study of the local energy fluctuations in water, Ohmine et
al. [16] detected ‘flip-flop-type’ energy exchanges between neighbours, leading to a negative
potential energy correlation

(AVAV;)

((AV;)2> = -0.5,

R<R,,<R,,+sR
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where AV is the potential energy change of water molecule 7 between two successive quen-
ched structures [17) separated by 10 fs (center of mass distance R;; between 2.8 and 3.2

This value can be related to a switching mechanism via bifurcated bonds by a rough
estimate, which uses the position of the maxima in Fig. 2; we start from an arrangement
with a linear bond between two molecules i and j and no bond between i and another
neighbour k (assuming interaction energies Vi; = —20 kJ/mol, Vi = 0) and consider a
switch to a bifurcated bond arrangement between molecules i, j and &k (V;; = Vix = ~10
kJ/mol). Neglecting all other changes in the systems, this leads to the above given negative
potential energy correlation factor of —0.5 (with AV; = 0, AV; = +10 kJ/mol, AV; = -10
kJ /mol).

The observed structure/mobility relations can be generalized to one simple principle:
a moderate decrease of the local concentration of ‘hydrogen bonding possibilities’ decreases
the mobility of the molecules due to a reduction of H-bond switching possibilities. Corre-
spondingly, a concentration increase raises the molecular mobility.

These local concentration changes can not only be produced by global density changes
(applying positive or negative pressures), but also locally, by dissolving other molecules. In
the case of hydrophobic particles, the water molecules in the first hydration shell experience
less water neighbours than in the bulk and are therefore less mobile [19] (the inert particle
prevents the hydration shell water molecules from an approach of a fifth water neighbour).
The opposite effect, where a dissolved molecule offers extra H-bond possibilities and thus
increases the water mobility is discussed in the following part of the contribution.

Also, in accord with this principle, recently Kaatze and Pottel demonstrated a ‘univer-
sal’ proportionality between the dielectric relaxation rates of mixtures of hydrogen bonded
liquids and the spatial density of H-bond forming molecular groups [7].

3. Hydration Shell of a Crown Ether Molecule

The most prominent feature of the crown ether molecule 18-crown—6 (18C6) is its capability
to complex alkalimetal jons in its polar cage of oxygens and to transport them eventually
into lipophilic phases. The crown is also able to bind neutral polar guest molecules by
H-bonds and dipolar forces.

The potential energy of different 18C6-conformers and the potential complexation
energy for various ions and neutral guests have been the target of numerous molecular
mechanics studies (e.g. Refs. [20-24]). Most interesting for MC~ and MD-simulations are
surely aqueous solutions. Water has a particular impact on the solvent-dependent con-
formational equilibrium and on the stability of 18C6-complexes. A MC-study [25] for
different rigid 18C6 conformers revealed considerable differencies concerning the accessibi-
lity for water molecules and concerning the H-bond pattern in the first hydration shell.
By conformational and hydration energy the D3g-geometry as given in Fig. 3 proved to be
most favourable.

In the following, a detailed analysis of the structural and dynamical properties of the
hydration shell of this conformer is presented.

3.1. POTENTIAL ENERGY FUNCTION AND SIMULATION OUTLINE

Our MD-simulations were performed with the program package GROMOQS86 [27). For the
Lennard-Jones part of non-bonded interactions the corresponding GROMOS-parameters
were employed. CHo—groups were handled within the ‘united atom approximation’. Since
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Figure 3: Crown ether molecule 18C6 in Daq conformation (with CHz-groups as pseu-
doatoms) and two SPC water molecules in energy optimized positions

ether oxygens are not incorporated in GROMOSB86, the parameters for ester oxygens were
selected, which e.g. in AMBER [26] are also among the same class as ether oxygens. The
used point charges were transfered from an ab iritio-calculation [28] and amount to -0.4e
for the ether oxygens.

For the torsion potential we use a Fourier series representation without nonbonded
1,4-terms [20]. For water the SPC-model from Berendsen et al. [29] was used, that best
conforms the nonbonded parameters from GROMOS.

Fig. 4 shows the isoenergy-contour-diagram for a single SPC-water molecule in the
field of a fixed, energetically minimized Dag-crown after optimizing the water molecule
orientation at each grid point. Due to the ether’s threefold symmetry there are three
equivalent oxygen positions of minimum energy (Emin = —51.1 kJ/mol) on each side, with
a separating barrier of 8.9 kJ/mol.

A MD simulation run of 260 ps duration was preceeded by an equilibration period of
60 ps. A cutoff is applied to neutral charge groups consisting of COC-units in the case of
the solute. The algorithm of Berendsen et al. {30] is applied to keep the system at ambient
temperature and pressure. Bond lengths of the 18C6 molecule and the geometry of the
water molecules are fixed by the procedure SHAKE [31]. Dagq-symmetry was selected as
starting conformation and preserved with little deviations throughout the run.

3.2. STRUCTURE OF THE HYDRATION SHELL

3.2.1. Molecular Distributions. For molecular solutes like 18C6 the pair distribution function
solute-water is more difficult to interprete than e.g. for spherical solutes. To provide an
illustrative insight into the structure of the hydration shell a graphical representation is
used which in a certain way is more instructive than the more quantitative pair distribution
approach. In Fig. 5 for 400 configurations the positions of the water oxygens and of the
crown atoms have been accumulated for two perpendicular slices through the MD-box. The
mean plane of the first crown has been rotated into the exterior xy-plane and all further
configurations have been shifted and rotated in such a way that the crown molecules get
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Figure 4: Isoenergy-contour—
diagram (kJ/mol) for SPC-water
in the field of the Dagq-crown (ori-
entation of water molecule opti-
mized at each grid point)

Figure 5: Structure of the hydration shell: *dot plot’ of water oxygens and crown (pseudo)

atoms
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superimposed to a maximum degree [32].

By this procedure a first density maximum, the following minimum and a hint for
a second maximum is perceivable in the hydration shell. The most conspicious feature
in Fig. 5 are the two dark patches above and below the crown centre close to the energy
minima of the pair interaction 18C6-SPC-water. Here, in the concave part of the hydration
shell, two outstanding ‘complexed’ water molecules are staying with high probability.

Whereas for guest molecules with threefold symmetry like acetonitril, nitromethane or
organic ammonia jons 2:1-complexes with 18C6 have been characterized by X-ray studies
[24], this has not been accomplished yet for water, except for the H30%~cation [33] or in
presence of activating transition metal jons [34]. Apparently because water offers solely two
H-bonds, water is not an ideal guest molecule. Nevertheless, the two strongly complexed
water molecules are regarded as playing a crucial role in keeping the crown cavity open and
in stabilizing the D3q-geometry.

3.2.2. Orientational Distributions. The analysis relies on a geometrical classification of all
water molecules into four categories in order to allow a separate determination of their
properties:

type ¢ (‘complezed’): comprises the two complexed water molecules that are closest
to the crown’s centre

type i (‘intermediate’): constituted by the rest of the concave part of the first hydra-
tion shell, that is those water molecules that do not exceed a distance of
3.5 A to at least onc crown oxygen

type h (‘hydrophobic’): the outer convex part of the shell; here those water mole-
cules are grouped that are closer than 4.5 A to at least one crown atom
(without type ¢ and i)

type b (*bulk’): the remaining water molecules are denoted as bulk.

In the following we concentrate on categories ¢, h and b. To show the orientating
influence of the crown solute on the solvent, orientational distribution functions are shown
for three molecule fixed vectors, namely the dipole vector jipjp and the HH- and OH-
connecting vectors jiyy and jion. The corresponding distribution functions p(cosP) are
displayed in Fig. 6. The angle ¢ is the angle between one of the vectors fipip, Aun, Hon
and a vector connecting the water oxygen to a reference site in the crown molecule. For
type ¢ this reference site is the crown’s geometric centre, whereas for h and b the crown
atom next to the water oxygen was chosen.

The complexed molecules ¢ prefer an orientation where the dipole vector resides per-
pendicular on the crown’s plane. Accordingly the distribution for the intramolecular HH-
vector yields a maximum for parallel alignment with respect to the crown’s plane. The
OMN-distribution function for type h is especially indicative for the hydrophobic character
in the convex part of the shell. Maxima at ¢ = 60° and ¢ = 180° correspond to the pic-
ture of the solvation of apolar solutes in water [6]: an orientation of the hydration shell
water molecules such that three of its favourable hydrogen bonding directions are stradd-
ling the hydrophobic solute and one is pointing outward results in optimized water—water
interaction (also refer to Sect. 3.3.2).

3.3. INTERACTION ENERGIES

3.3.1. H-bonding between 18C6 and Water. A closer inspection of the 18C6/water-
interaction for the different groups of water molecules supports the previous sub-division.
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Figure 7: 2) Distribution of water-solute interaction encrgies and b) number of H-bonds
between 18C6 and a water molecule of type ¢, i and h

Table 1: Interaction between water molecules and 18C6 (see text)

18C6-water water-water
type | N aypsw | 7 aus s/ Eyp/kJ mol™’
C 2.0 147 3.17 197 0.622 -16.9
h 38.6 0.00 4.80 3.33 0.693 -17.7
b 209.8 0.00 5.16 3.34 0.647 -17.4

In Fig. 7a the distribution of the pair interaction energies between the water molecules of a
given type and the crown ether is depicted. Besides the mean number N of water molecules,
which belong to the different classes, Tab. 1 gives the average number of hydrogen bonds
figp,sw between 18C6 and those water molecules. The geometric definition of a H-bond was
adopted from Ref. [35] and demands a OW- - .O-~distance shorter than 3.3 A and 2 OW—
HW- . .O-angle larger than 145°. In Fig. 7b the mean number of H-bonds is expanded
into the distribution functions. As the histograms show, type h water molecules constitute
a truely ‘hydrophobic’ part of the total hydration shell, avoiding any hydrogen bonds to
the solute, whereas type c molecules interact with 18C6 preferentially with two, sometimes
even with three hydrogen bonds. Inevitably, in the latter case bifurcated H-bonds must be
present.

3.3.2. Water-Water-Interaction. The hydrophobic character of the convex part of the hy-
dration shell can also be seen from the water connectivity and the water-water interaction.
For each water molecule we determine the number of geometric nearest neighbours 7 up to
a distance of r = 3.5 A, the average number of H-bonds #yg, and the average pair energy
of hydrogen-bonded neighbours Eyp (Tab. 1). All this refers only to water neighbours,
excluding interactions with 18C6.
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Table 2: Reorientation times of water in ps

type dipole vector | HH-vector | OH-vector
T1 T2 n T2 71 2
¢ 80 23 23 14 |22 1.3
h 7.8 4.0 44 38 |61 36
b 4.1 2.3 32 23 |3.2 1.5
SPC-water[36] | 3.2 1.3 30 1.6

Due to the presence of the neighbouring hydrophobic regions of 18C6, type h water
molecules experience a reduced local water density compared to the bulk (less neighbours
#, less bonding possibilities). As in the case of the global density decrease in stretched
water, this leads to an increased water structure: on average the H-bonds are stronger
(Eug) and there are more bonds per neighbour (#yp/7i). This is a clear indication of the
so called ‘structure making’ effect of hydrophobic solutes, which will also show up in a
reduced dynamics.

As to the two complexed water molecules, one has to keep in mind that due to the
presence of the three oxygens of 18C6, which are closely neighboured, these molecules have a
total of fie; = 3.174 3 = 6.17 bonding possibilities, resulting in a total number of hydrogen
bonds fiyp ot = fiuB + finpsw = 3.44. Both of these values are higher than in the bulk,
which should —in accord with the previously discussed ideas— lead to an increased mobility
of these water molecules.

3.4. REORIENTATIONAL DYNAMICS OF WATER MOLECULES

Reorientational time correlation functions for three vectors jipip, fioy and jiyy —fixed in
the water molecule— are defined as

Gi(r) = (P (@(0)- @) =12,

where Py are Legendre-polynomials.

C\(r) is shown in Fig. 8. Characteristic reorientational time constants from an expo-
nential fit are summarized in Tab. 2. Somewhat larger reorientational times for the bulk
part compared to pure water [36] are due to the demobilizing influence of the solute that
still extends beyond the first hydration shell. In the hydrophobic shell, water for all three
vectors exhibits lowered mobility compared to bulk water, as anticipated from the local
density reduction.

A comparison between the two complexed water molecules (type ¢) and bulk water
reveals a distinct behaviour. For type ¢ the mobility of its dipole vector is strongly reduced,
since a complexed water molecule simply tends to preserve its perpendicular orientation
with respect to the crown’s plane. In sharp contrast, however, the correlation times for
the OH-vector and particularly the HH-vector are smaller than in bulk water. Thus a
certain translational fixing of a complexed water molecule may not be simply transfered
to the picture of the rotational behaviour. The presence of three closely spaced 18C6-
oxygens, which can act as H-bond acceptors, facilitates the formation of bifurcated bonds
(see Fig. 7b), and by this induce an enhanced rotational mobility. Due to the spatial
anisotropy of the local surrounding of the two complexed water molecules, their rotational
motion becomes also very anisotropic. In another graphical picture, the selectively enhanced
rotatory motion around its dipole axis enables a type c-water molecule with solely two
H-bond donor sites to coordinate all three crown oxygens on each side of the molecule
efficiently and evenly.
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Figure 8: Reorientation-auto-correlation function C)(¢) for water fixed vectors fip;p and
Jtn

In a more gencral sense a relation to the mechanism of enzymetically catalyzed bio-
chemical reactions might be constructed. Basically the reactive species must be strongly
bound together. Beyond that, the reaction demands a definite relative orientation of host
and guest, so that a certain rotational mobility within the complex bears some advantages.

4. Conclusions

We have shown that it is possible to explain different observations, concerning the mobi-
lity of water molecules in aqueous systems by one simple principle: the mobility of water
molecules (primarily the rotational, but because of a strong translation/rotation coupling
in pure water also the translational one) is a function of the local density of H-bonding
possibilities. The underlying mechanism is the formation of bifurcated bonds that ‘catalyze’
the local restructuring of the H-bond network. From this, we understand the reduction of
the mobility in stretched water and in hydrophobic hydration shells, as well as the increased
mobility in compressed water and in certain hydrophilic associations. For the future, the
range of validity of this principle (concerning density, temperature, chemical composition
etc.) has to be examined by new simulations as well as by experimental studies like the
dielectric relaxation measurements of Pottel and Kaatze [7).
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