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CONSPECTUS

W ater deviates from tetrahedral symmetry on different scales, creating
“defects” that are important for its dynamics. In this Account,
I trace the manifestations of these distortions from the isolated molecule
through gas-phase clusters to the liquid phase.

Unlike the common depiction, an isolated water molecule has a nonsym-
metric charge distribution: although its positive charge is localized at the
hydrogens, the negative charge is smeared between the lone-pair sites.
This creates a “negativity track” along which a positive charge may slide.
Consequently, the most facile motion within the water dimer is a
reorientation of the hydrogen-bond (HB) accepting molecule (known as
an “acceptor switch”), such that the donor hydrogen switches from one
lone pair to the other.

Liquid water exhibits asymmetry between donor and acceptor HBs. Molecular dynamics simulations show that the water
oxygens accepting HBs from the central molecule are spatially localized, whereas water hydrogens donating HBs to it are
distributed along the negativity track. This asymmetry is manifested in a wider acceptor- versus donor-HB distribution. There is a
higher probability for a water molecule to accept one (trigonal symmetry) or three HBs than to donate one or three HBs. A simple
model can explain semiquantitatively how these distributions evolve by distorting perfectly tetrahedral water. Just two reactions
are required: the dissociation of a HB between a double-donor donating to a double-acceptor, D- - -A,, followed by a switching
reaction in which a HB donor rotates its hydrogen between two double-acceptor molecules.

The preponderance of D, - -A, dissociation events is in line with HB “anticooperativity”, whereas positive cooperativity is
exhibited by conditional HB distributions: a molecule with more acceptor bonds tends to have more donor bonds and vice versa.
Quantum mechanically, such an effect arises from intermolecular charge transfer, but it is observed even for fixed-charge water
models. Possibly, in the liquid state this is partly a collective effect, for example, a more ordered hydration shell that enhances the
probability for both acceptor and donor HBs.

The activation energy for liquid water self-diffusion is considerably larger than its HB strength, pointing to the involvement of
collective dynamics. The remarkable agreement between the temperature dependence of the water self-diffusion coefficient and its
Debye relaxation time suggests that both share the same mechanism, likely consisting of coupled rotation and translation with
collective rearrangement of the environment.

The auto-correlation function of a hydrogen-bonded water molecule pair is depicted quantitatively by the solution of the
diffusion equation for reversible geminate recombination, up to long times where the ubiquitous £>? power law prevails. From
the model, one obtains the HB dissociation and formation rate coefficients and their temperature dependence. Both have a similar
activation enthalpy, suggesting rapid formation of HBs with alternate partners, perhaps by the HB switching reaction involving the
trigonal site.

A detailed picture of how small fluctuations evolve into large-scale molecular motions in water remains elusive. Nonetheless,
our results demonstrate how the plasticity of water can be traced to its asymmetric charge distribution, with duality between
tetrahedral and trigonal ligation states.
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1. Introduction

Ice exhibits a nearly perfect tetrahedral symmetry around
each water molecule."? Liquid water deviates from tetrahe-
dral symmetry on many distance and time scales. This brings
water to life, allowing for facile dynamics so that its molec-
ular mobility is similar in magnitude to that of nonassociated
liquids.>~” Water dynamics, in turn, brings life to Earth.® Thus
the question of how local defects in the tetrahedral structure
of water are amplified with time and distance until molecular
motion becomes feasible is an interesting, yet complex
problem. The present exposition is an effort to connect the
deviations from symmetry observed on local distance scales
and short times with hydrogen-bond (HB) distributions and
molecular diffusion, which spans larger distances and occurs
on slower time scales.

The literature on water structure and dynamics is vast as
an ocean, with frequent whirlpools of contradictions and
disputes. Here, results from Jerusalem®~'* will be discussed
in the broader perspective of existing experimental and
simulation work. The reader will nevertheless realize that
despite the huge effort devoted to water dynamics, a de-
tailed molecular picture of how small fluctuations evolve
into large scale molecular motions still remains elusive.

2. Deviations from Tetrahedrality
To an extent, the widespread perception of water as tetra-
hedral may be attributed to the valence shell electron pair
repulsion (VSEPR) model.">'® Of the six valence electrons of
the oxygen atom, two are involved in the two ¢ orbitals of
the covalent OH bonds. The remaining four reside in two
“lone pair’ (LP) orbitals. According to VSEPR, these four
orbitals arrange in the most spherically symmetric way,
occupying alternate corners of a cube (Figure 1). Subse-
quently, the LPs “push” the hydrogens together, so that the
HOH angle, 104.5°, is slightly below the tetrahedral angle
of 109.5°. The widespread dogma perceiving “the excess
negative charge ... around the oxygen atom as organized
primarily in two lobes, or LP orbitals’,'” is depicted graphi-
cally by LPs sticking out like “rabbit's ears” (Figure 2). Un-
fortunately, this view is not in accord with either theory or
experiment.'® The distribution of positive and negative
charge around a water molecule is nonsymmetric, and this
gives rise to HB “defects” that facilitate water dynamics.
2.1. On the Negativity Track. Quantum calculations
show that while the positive charge in a water molecule is
localized near the hydrogen atoms, the negative charge is
smeared out on the oxygen side between the LPs.'® This
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FIGURE 1. The vertices of a tetrahedron depicted as four alternating
corners of a cube. With the oxygen atom in the center (not shown), the
two hydrogen atoms (crystal balls) and two LPs (red balls) of a tetra-
hedral water molecule occupy the indicated sites. In reality, the negative
electron density extends between the LPs to the orange trigonal site.

FIGURE 2. A popular visualization of the LPs of a water molecule (red
circles) as rabbit's ears sticking out into space (the head then depicts the
oxygen atom and the two front feet depict the hydrogen atoms).

“negativity track” is conceivably a superposition of electron
density in the LP sites and the “trigonal site”, located along
the bisector of the HOH angle (orange ball in Figure 1).
Analogous behavior is exhibited by the “electron localiza-
tion function” (ELF),?° see Figure 3.



FIGURE 3. ELF depiction of the “negativity track” for a single water
molecule, see also Figures 8 and 9 in ref 20 and Figure 9a in ref 16. The
oxygen core connects by sticks to the hydrogen localization basins with
the LP density on top. Courtesy of Ronald J. Gillespie.

The negativity track facilitates the motion of a positively
charged ligand between the two LP sites. This is demon-
strated by high-resolution spectroscopic studies of water
clusters.?" In the water dimer, the donor hydrogen forms a
hydrogen bond (HB) with one LP on the acceptor oxygen
(Figure 4A). Vibrational—rotational tunneling spectra indi-
cate that the most facile molecular motion (with a barrier of
only 157 cm™') is “acceptor switching” between its two LP
sites.?! In the cyclic trimer, an apparently barrierless motion
flips the unbound hydrogen from one side of the trioxygen
plane to the other (Figure 4B). Why are acceptor flips so
facile? If the LP orbitals were localized at two corners of a
tetrahedron, an acceptor flip would have encountered a
similar barrier to that of a donor flip, which is actually the
motion with the highest barrier for the dimer (394 cam ', see
Figure 4 in ref 21). Acceptor switching must therefore take
advantage of the “negativity track”: the donor hydrogen can
follow this track from one LP site to the other without ever
dissociating its HB.

In some situations the secondary “trigonal site” may
actually become dominant. A nice example is cation
solvation. A recent experimental study demonstrated
the insensitivity of dielectric relaxation (DR) spectroscopy
toward anionic hydration and of fs-IR spectroscopy to-
ward cationic hydration.*? This was interpreted as evi-
dence that a first-shell water molecule points its O—H
toward the anion, whereas its dipole moment is directed
away from the cation (Figure 5). The interaction with the
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FIGURE 4. The low barrier acceptor flip motions in the water dimer (A)
and trimer (B) are conjectured here to proceed with the donor hydrogen
sliding along the “negativity track”, see also Figures 4 and 5 of ref 21.
Courtesy of Frank N. Keutsch and Richard J. Saykally.

FIGURE 5. Different hydration water orientations are deduced to occur
in the first solvation shell on anions and cations: (A) an anion orients the
OH bond toward it, whereas (B) a cation orients the water dipole
moment vector away from it. See Figure 3 of ref 22.

cation is thus directed to the trigonal rather than the
tetrahedral site.

The most extreme example is provided by the hydrated
proton, which forms a truly covalent bond through the
trigonal site. The ensuing hydronium, HsO", has three
equivalent OH bonds. Being isoelectronic with ammonia,
NHj, it too adopts a trigonal pyramid geometry (Figure 6).
Thus the geometry has changed here all the way from
tetrahedral to trigonal.

2.2. Solvation Shells. Liquid water exhibits local tetrahe-
dral symmetry from which deviations occur already in the
first solvation shell. The local tetrahedral order is evident from
the oxygen—oxygen radial distribution function (RDF), g(r),
which describes the density of oxygen atoms as a function of
distance, r, from a reference water molecule. The X-ray scatter-
ing results® in Figure 7 show a series of peaks for consecutive
solvation layers.

One can deduce the location of the maxima and minima
from a simple tetrahedral model.” In tetrahedral symmetry,
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FIGURE 6. The hydronium ion, H3O", as visualized from a molecular
simulation."" Hydrogens are white and oxygens red, except for the
hydronium oxygen (in yellow) and its first shell ligands (in cyan). HBs
shown by dashed lines.

rA]

FIGURE 7. Predicted distances of maximal and minimal densities from
a tetrahedral model for the oxygen—oxygen RDF of liquid water, taken
from X-ray diffraction data at 27 °C (black line).?> Redrawn after Figure 2
of ref 9. With the first peak at r = 2.74 A, the model predicts subsequent
minima/maxima at 2r/3"2, (8/3)"/?r, 2r, and 4r/3"/? (vertical lines with
colors corresponding to distances within the cube in the inset). Note that
the first minimum occurs at a somewhat larger distance than predicted,
likely due to a small interstitial peak at that location. Experimental data
courtesy of Teresa Head-Gordon.

with the reference water molecule at the center of a cube
and its first-shell neighbors at four alternating corners
(cf. Figure 1), the distance to the first solvation layer is half
the main diagonal, to the second is the face diagonal, and
to the third is twice the side of the cube. With the cube
dimensions determined from the first peak at 2.74 A, the
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FIGURE 8. Spatial density function of oxygen (red) and hydrogen
(white) in the first solvation shell of a (ball-and-stick rendered) water
molecule at room temperature, calculated using quantum simulations
with the ab initio based polarizable TTM2.1-F water model (see Figure 8
of ref 26 for details). Courtesy of Francesco Paesani and Gregory A. Voth.

other two distances are predicted in agreement with the
subsequent two maxima in Figure 7. Tetrahedral symme-
try predicts also minimal densities at distances equal to
the side of the cube and its main diagonal. However, a
peak assigned to the third nearest neighbor in the hex-
agonal boat structure of ice I, is already absent in liquid
water.>* Thus while the local water structure is tetrahe-
dral, two adjacent water tetrahedra do not maintain the
ideal orientation as in ice.

Deviations from tetrahedrality in the first solvation shell
are evident from the spatial distribution function (SDF), depict-
ing the angular distribution around a central water molecule,
as obtained from molecular dynamics (MD) simulations.2>2¢
As Figure 8 shows, the oxygens accepting HBs from the two
hydrogen atoms of the central water molecule occupy two
narrow caps above these hydrogens, whereas the hydrogens
donating HBs to the central oxygen are distributed along the
“negativity track”. The loss of tetrahedral order with increas-
ing temperature is attributed, accordingly, to water hydrogens
that “are no longer located preferentially toward the lone
pairs of the central molecule”.*”

2.3. Counting Hydrogen Bonds. The asymmetry be-
tween the donor and acceptor properties of water molecules
is manifested in the HB distributions for liquid water, as
obtained from classical MD simulations (even though



0.5 4

[ AMOEBA
[ TIP3P

FIGURE9. Probability, p,, fora water molecule to have n HBs, calculated
from classical trajectories at 300 K. The comparison of AMOEBA with
flexible TIP3P water models shows that the distribution does not
depend strongly on the model. Data from Table 1 of ref 12.

customary water models do not include the negativity track
explicitly). Calculating them requires, of course, a working
definition of a HB. Whether geometric, energetic, or topological
in nature, it will always possess some degree of arbitrariness.
A comparison of various definitions utilized in the literature
can be found in ref 28, with more recent “topological” defini-
tions in refs 29 and 30. For a qualitative understanding, the
differences between most reasonable definitions is not large.
We have utilized the geometric “‘R—f3” definition,®' where R
and f are the maximally allowed values of the O—O distance
and HOO angle (i.e,, the angle between the O—H and 0—0
vectors for an O—H- - - O HB), respectively. R is approximately
the first minimum in g(n, ca. 3.5 A at ambient conditions,
whereas 8 < 30°. Calculations reported herein'%'2 are mostly
from classical trajectories using the polarizable AMOEBA
water model,?” in a box containing 500 water molecules at
a density of 0.996 g/cm?.

Commonly calculated is p,,, the probability for a water
molecule to engage in n HBs,?”373° such as shown in
Figure 9. Liquid water deviates from tetrahedrality, for which
pa=1and p,_.4=0. The nontetrahedral configurations with
n = 3 and 5 are considered as “defects” that catalyze
reorientation and diffusion of water molecules.>~” A funda-
mental question is what is the nature of these defects? It was
previously assumed®~® that n = 5 corresponds predomi-
nantly to a bifurcated hydrogen bond (BHB):*#3° “A conse-
quence of a fifth bonded molecule in the first coordination
shell is that a proton is shared by two different oxygen
atoms’”.3 This BHB, depicted schematically in Figure 10A, “is
actually a local minimum on the energy hypersurface”.? “The
emergence of more perfect tetrahedral network with
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FIGURE 10. Two types of BHBs:*® (A) bifurcated hydrogen (the “stan-
dard” BHB) and (B) bifurcated oxygen. The latter “refers specifically to the
case where both donated protons are from the same donor atom”° and
not to a case where “one of the two LPs accepts protons from two
different molecules”.*

FIGURE 11. Joint probability, p;; for a water molecule to have i donor
HBs andj acceptor HBs, calculated from classical AMOEBA trajectories at
300 K. Data from Table 1 of ref 12.

decreasing density” is because “the fraction of water mole-
cules with more than four HBs, i.e. with at least one BHB,
decreases drastically”.6

These statements are incorrect, as can be shown by
counting separately donor and acceptor HBs. Most de-
tailed is the joint acceptor—donor distribution, p;;,
namely, the probability that a water molecule donates i
HBs and accepts j HBs. It has been calculated in some
recent work,?2°4% though rarely including the i=3 and j
=3 states.? Our AMOEBA results'? are shown in Figure 11:
The highest peak, p,, corresponds to tetrahedral sym-
metry, whereas the second highest, p, 1, depicts trigonal
symmetry (with a single acceptor bond). The third highest
value is p; ». These three peaks comprise about 80% of
all HBed configurations.

One can now identify the five-neighbor defect: the row
with i= 3 corresponds to a BHB, whereas the column with
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FIGURE 12. Acceptor-bond SDF for a water molecule with (A) one and
(B) three acceptor bonds. The gray caps denote the three-dimensional
densities of donating hydrogens in the first hydration shell of the central
water molecule. From a TIP4P/2005 simulation at 298 K,3° courtesy of
Richard H. Henchman.
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FIGURE 13. The probability for a water molecule (in AMOEBA simula-
tions at 300 K) to engage in a given number of donor (D) or acceptor (A)
bonds. Data tabulated in the Supporting Information. Lines are to guide
the eye.

j = 3 corresponds to an over-coordinated oxygen (OCO),
which accepts three HBs. Clearly, OCOs dominate over BHBs.
The partial SDF (as opposed to the full SDF in Figure 8) for
acceptor HBs of water molecules accepting either one or
three HBs (Figure 12) demonstrates that the third OCO
ligand binds through the trigonal site, rather than to a LP
that “accepts protons from two different molecules”.*
The asymmetry between HB donor and acceptor is
seen even more cleatly in Figure 13, which depicts the
(unconditional) donor and acceptor distributions, pP =
>.pijand pf‘ = >"ipi, for states D; (i donor bonds) and A (j
acceptor bonds), respectively. These two distributions,
from AMOEBA trajectories at four temperatures,'? are
tabulated in the Supporting Information. The probability for
an OCO (p5) is nearly a factor 14 larger than that for a
BHB (p5), in agreement with the assessment that BHBs
are transition states rather than stable intermediates
(cf. Figure 13 inref 30). Indeed, stable BHBs were reported
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for crystals, intramolecular HBs, and stronger proton
donors than water.*' Apparently, in liquid water the
HBs are too weak and the disorder too large for sustain-
ing stable BHBs.

2.4. Modeling Donor and Acceptor Distributions. Fig-
ure 13 shows that the acceptor distribution is wider than
the donor distribution. This observation is the basis for
a model for generating the observed distributions from
“ideal” tetrahedral symmetry. First, we note that with good
approximation

Py =pY+ (5 —ph)/2 (1a)
p5 = p3+ (5 —p5)/2 (1b)

Indeed, this formula gives p; = 0.313 vs the simulation
value of 0.308, and p3 = 0.067 vs 0.068.

Suppose that “initially” the two distributions were identi-
cal, p? = p/* and then p;* widened (without changing pp).
Denoting its variation by Apf* = p/* — pp, eq 1 implies that
Ap5 = —Ap5/2 = Ap#. This corresponds to conversion of two
double-acceptor (DA) molecules into one single- and one
triple-acceptor (OCO):

Az +A; — A +A;3 (2)

a HB analog of the water disproportionation reaction,
2H,0 — H30" + OH". It likely occurs by a third water
molecule switching its donor hydrogen from one A,
to the other,3° conceivably via the “jump mechanism”
of water reorientation.***>

This switching reaction is at equilibrium with an equilib-
rium coefficient

Ksw = Pip5 /(p3)° (3)

Rewriting eq 1 as pi + p5 + p5=p? + p5 + pS and pi — p5 =
p? — p8 = o and inserting into eq 3, one obtains a quadratic
equation for p,’-“ in terms of the pP. For example, its solution for
piis

21— AKsulph = o — p£ o +5 (pR+2p50"* (@)

where 8 = 4Kq,(pS + 2p7).

It remains to consider how the pP might be generated
from the perfectly tetrahedral state, p5 =p5 = 1. The simplest
scenario is one in which DAs and DDs (double donors)
dissociate in pairs

Ay +Dy; — A+ Dy (5)

Although written as a bimolecular reaction, the reactants
involve a DD donating a HB to a DA, D-: - -A, (the dotted
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FIGURE 14. A van't Hoff plot for the simulated equilibrium constants
(circles) of the HB dissociation and switching reactions, eq 2 and eq 5.
Data from AMOEBA donor and acceptor distributions in the Supporting
Information, calculated from the p;; of ref 12.

line denotes here a directional HB). Starting from (ij) = (2,2),
this generates the states (2,1), (1,2), and (1,1), but not states with
i=0,j=0ori=3 (BHB), ca. 4% of the population. In liquid
water, this dissociation reaction is at equilibrium with
Kais = pipY /(p5p5) (6)

Figure 14 shows a van't Hoff plot for the temperature
dependence of K, and Kgs. The corresponding reaction
enthalpies are AHg;s = —0.5R d(In Kg;s)/d(1/T) = 8.8 kJ/mol
and, similarly, AHs,, = 5.8 kJ/mol (the reactions are written
for 2 mols; hence the division by 2). AHg;s depicts the HB
strength for this water model, whereas AHqis — AHgy = 3 KJ/
mol is the strength of a HB to the trigonal acceptor site of an
0CO, that is, for dissociating D-- - -Az pairs. Because AHgs >
AH,y, the main effect of raising the temperature is the dissocia-
tion of additional D,- - -A, pairs, while the OCO probability
hardly changes.

2.5. Short-Range Cooperativity, Long-Range Correla-
tions. Quantum chemistry suggests that cooperativity occurs
on the level of a water dimer, due to n — ¢* charge transfer
(CT) from a LP to the OH antibonding o orbital.** The hydro-
gens of the HB accepting water become more positive, while
the oxygen of the HB donating water becomes more negative
(Figure 15). The dimer is thus a better HB donor and a better
acceptor (and has a larger dipole moment) than the monomer.
Addition of a third water molecule in the same orienta-
tion, OH,:--OH,:--OH,, strengthens this HB (three-body
cooperativity), whereas for the opposing orientation, H>O- - -
HOH- - -OH,, this HB weakens (anticooperativity).*>*° As a
result, small water clusters tend to form linear or cydlic chains.
Indeed, a quantum chemistry study of larger clusters (up to 22
water molecules) found that “all two-coordinated molecules
are single donors”.#” Ab initio simulations found the air—water
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FIGURE 15. Electron density migration in the water dimer.**

interface enriched in doubly coordinated water molecules.*®
These observations may be attributed to CT cooperativity.

Cooperativity is manifested in the HB lengths of small
water clusters.?’ The O—O distance in the water dimer is
2.95 A, dropping to 2.85 A in the cyclic trimer. This occurs
despite the ring strain in the three-membered ring, which is
therefore overcome by a sizeable three-body term. In the
cydlic tetramer, the O—O distance shrinks further to 2.79 A,
whereas in the cydlic pentamer, it drops to 2.72 A. This may
be due to “the effect of many-body forces” (Figure 8 inref 21).
However, given that four-body terms are already quite
small,*> it may alternately result from ring-strain relief:
making HBs more linear should increase the magnitude of
both two- and three-body terms.

Interestingly, the HB distributions from liquid water simu-
lations also show cooperative-like behavior. To see that,
we define conditional HB distributions.'? For example, the
conditional donor distribution is obtained by dividing p;; by p/*:

DGy — _Pui

polil) = S P (7)
For independent donor and acceptor bonds p®(ilj) has no j
dependence. Figure 16 shows that the two bonds are
not independent: large j tends to shift the distribution
to larger i. This appears as positive cooperativity, where
acceptor bonds enhance the probability of having donor
bonds.

For reference, the figure shows similar results from a
flexible TIP3P simulation.'? The effect is larger for the
polarizable AMOEBA model, which may be due to CT
cooperativity. However, the fact that it exists at all for the
fixed-charge TIP3P potential indicates that there are addi-
tional mechanisms for deviation from independence, such
as collective motions and solvent effects. A more ordered
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FIGURE 16. Conditional donor distributions show the probability

for a water molecule to donate i HBs, for a fixed number j of acceptor
HBs. Lines are drawn to guide the eye. Data at 300 K from Table 1 of
ref 12.

local environment enhances the local tetrahedral structure,
increasing both i and j. This agrees with earlier assessments
that “spatially correlated HBs” lead to deviation from inde-
pendence in the HB network.>® Indeed, MD simulations of
liquid water revealed “large rearrangements (which) involve
collective motions of many water molecules’,*® its Debye
relaxation was suggested to originate from collective mo-
tion of (at least) nine water molecules'® and proton mobility
requires a favorable rearrangement of two hydration shells.'!

Anticooperative behavior is also manifested in the HB
distributions of liquid water, if these indeed originate from
the dissociation reaction in eq 5. The preferential dissocia-
tion of D - -A; HBs may reflect “double anticooperativity”:
mutual weakening of the two donor HBs in D, and
the two acceptor HBs in A,. Both of these correspond to un-
favorable orientations: H,O:--HOH:--OH, and HOH- -
O(H.)- - -HOH, respectively.*>*® Again, one is facing the
dilemma that this behavior is manifested, to an extent, also
in the simplest water models in which no three-body inter-
actions were included. Hopefully, a solution may emerge
from further study of explicit three-body simulation models.*®

3. From Molecular Motions to Diffusion

Water self-diffusion is promoted by deviations from tetra-
hedral order, in particular through three- and five-coordi-
nated “defects’.> 7 But how exactly do local molecular
motions lead to extended translational diffusion? The mi-
croscopic picture is far from complete, perhaps because it
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is difficult to frame together local and collective motions.
We first show that translational diffusion indeed has both
characteristics and then present a quantitative application of
diffusion theory to water MD, which helps elucidate some of
the mechanistic details.

3.1. Local and Collective Motions. Diffusion is a random
motion leading to particle excursions from its initial location
to a distance r. If the random walk is unbiased, the particle
on average goes nowhere, (r) = 0. Its mean square deviation
(MSD), (%), increases indefinitely with time ¢, with a slope
proportional to the diffusion coefficient, D. For spherically
symmetric diffusion in three dimensions, D = (r*)/(6t).
A water molecule diffusing in water is executing “self-diffusion”,
and its diffusion coefficient is denoted D,,. The AMOEBA
simulations give D,, = 0.23 A%/ps at 300 K,'? in excellent
agreement with experiment.”

The AMOEBA activation enthalpy for D,, near room
temperature is Ex = 19 kJ/mol,'® which is also in good
agreement with experiment (e.g., Figure 1 in ref 9 or Figure
2 inref 50). This is over twice the HB strength, 8.8 kJ/mol for
this model (Figure 14). Hence translational diffusion involves
more extensive molecular rearrangements than cleavage of
a single HB, possibly including some collective motions.

An indication for collectivity comes from comparing® the
temperature dependence of D,, and the Debye relaxation
time, 7p, usually ascribed to collective motions.'® If during tp
a water molecule hops a distance |, its diffusion coefficient by
the Einstein relation is

D, = I /(61p) (8)

Figure 17 shows very good agreement between experi-
mental values for D, and D, over a wide temperature range
(extending even to amorphous solid water, see Figure 10 in
ref 51). This is unexpected by the simple Debye model, in
which DR is due to molecular reorientation, suggesting
instead a significant translational component. Thus rotation
and translation of water are coupled by its HB dynamics. MD
simulations indeed suggest that a water molecule “under-
goes significant displacement and reorientation when it
changes its coordination number”.”

Yet, the hopping distance thus obtained, | = 3.29 A, has
molecular dimensions. It coincides with the first minimum
in g() (Figure 7) and was therefore called “tetrahedral
displacement”.? Thus diffusion involves both molecular
motions and larger scale correlations. What are these funda-
mental molecular motions? There may be different ways of
looking at this question. For example, one may ask whether
water self-diffusion can be decomposed into fundamental
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FIGURE 17. Temperature dependence of experimental data for self-
diffusion and Debye relaxation time of water. Redrawn after Figure 3 of
ref 9, where the sources of the data are listed.

reactions, such as “defect creating reactions”, eqs 2 and 5,
and “defect propagating reactions”:

A +Ax; — Ay +Aq 9)
Az +A; — A+ A3

These identity reactions were observed to occur quite
frequently in liquid water.® Leaving these questions for
further study, we shall now consider the inverse problem
of how HB dissociation can be treated by the theory of
diffusion influenced reactions.'?

3.2. Geminate Model for the Correlation Function. A
frequently calculated attribute is the HB correlation function,
), namely, the probability that two initially HBed water
molecules are HBed a time t later, irrespective of their inter-
mediate history.'331-5253 This function decays nonexponen-
tially. Previous studies suggested that the observed behavior
“does not coincide with a power law decay”' or else is
“described by a stretched exponential”,52 a manifestation of
“complicated correlations between hydrogen bonds”.>® In
contrast to such statements, sufficiently long trajectories for
an unbound system (i.e., after “opening” the periodic simula-
tion box) show that the long time behavior follows precisely
the power-law expected from translational diffusion.

Because two specific water molecules are tracked, their
Kinetics can be classified as reversible geminate recombina-
tion, a problem studied intensively for excited-state proton
transfer to solvent.>*>> The simplifying assumption, which
makes the equations depend on a single radial coordinate, r,
is that of spherical symmetry. The relative diffusional motion
of two independent particles may be replaced by a static
binding site and a point particle, which diffuses with a

Liquid Water Agmon

diffusion constant D = 2D,,. The spherical binding site has
aradius R=3.5 A, taken here as the cutoff distance in the HB
definition. The bound particle may dissociate to r =R (in a
random direction) with a rate coefficient ky and diffuse for
r =z R. Whenever it reaches r = R, the bound state reforms
with a rate coefficient k,. Denoting the probability density of
the dissociated pair by p(r.t), and the probability of the bound
pair by c(f), one solves the coupled equations:

op(r,t) 50 59 o(r —R)
i Dr zgrzgp(r, t) + [kac(t) — kaplr, O] P
(10a)
dc(t)/dt = kap(R, ) — kqc(t) (10Db)

Initially, p(r,0) = 0 and c(0) = 1, and the boundary condi-
tion at r= R is reflective.

Luzar and Chandler®' suggested to decouple kinetics from
diffusion by simulating also n(t), the probability of the pair to
be unbound atr < R=3.5 A. Substituting it for p(R,f) in eq 10b,
they have adjusted k, and kg to obtain the best agreement
between the numerically evaluated dc(f)/dt and k n(f) — kqc(?).
The additional uncertainties involved in n(t) are unwarranted,
because the coupled eq 10 can be solved analytically>® or
numerically with a Windows application for solving the
spherically symmetric diffusion problem (SSDP, ver. 2.66).>”

Using the same HB definition as above, we have calcu-
lated c(t) from AMOEBA water simulations over an extended
time regime, adjusting kg and k, in eq 10 to obtain a best
fit.'> The model and simulations are depicted by the dashed
line and red circles in Figure 18, respectively. The agreement
is very good, including in the asymptotic regime where>*

ka 1
)~—=——as
k4 (a7Dt)>?

(11)
as evident from the linear behavior in the log—log scale.
Thus water molecule pairs perform simple diffusive mo-
tion and HB correlations do not persist to long times.

The two rate coefficients correspond to a HB dissociation
time of ks ' = 2.6 ps, and a bimolecular recombination
rate coefficient of 1.3 x 10'°M~" s~'. This provides a useful
procedure for eliminating “flickering events” (involving im-
mediate HB reformation) on the HB dissociation time and a
reliable method for evaluating the bimolecular recombina-
tion rate coefficient.

We have performed the calculations at different tempera-
tures in the range 300 + 20 K to obtain the corresponding
activation energies."® Unlike a gas-phase reaction, where the
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FIGURE 18. Comparison of the simulated HB correlation function, c'(f)
(red circles, after subtracting an initial femtosecond decay process), and
of n(t) (green circles) with the reversible geminate model: dashed lines,
the solution of eq 10 with kq=0.39 ps~" and k, = 21.4 A3/ps; full lines,
extended model, including a secondary binding site. For details, see ref 13.

activation energies for dissociation and recombination differ
by the bond energy, here we find almost identical values Ex ~
16.7 kJ/mol. Hence, by the time recombination occurs the
original partners have acquired new HB partners, perhaps by a
series of switching reactions, so that the reactions in both
directions follow a similar mechanism. Additionally, E, is close
to the value obtained above from D(T) and much larger than
the HB strength from the HB distribution.

We have also considered the nonbonded population, n(f), as
introduced in ref 31 (green cirdles in Figure 18).'* Assuming that
n() equals to p(RY) times a volume factor, we find that the
diffusion model predicts a maximum that occurs earlier than
observed from the simulations. This could indicate that a
dissociating water molecule is delayed at an interstitial site prior
to diffusing away. Population in interstitial sites is observed in
SDFs (e.g, Figure 6 in ref 25), and moving there may correspond
to the “tetrahedral displacement” of Figure 17. The solution to
eq 10 with an added secondary binding site can still be obtained
analytically," giving good simultaneous fits to both attributes
(full lines).

4. Outlook

The plasticity of water can be traced to its asymmetric charge
distribution, with a duality between tetrahedral and trigonal
ligation states. This is manifested in the asymmetry of
acceptor vs donor HBs, with a preponderance of OCOs over
BHBs. Interestingly, just two reactions are required to con-
vert a perfect tetrahedral arrangement into the observed HB
distributions: DD/DA pair dissociation and donor switching
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between DAs. These distributions display cooperative and
anticooperative effects even when such quantal effects were
not explicitly introduced into the water model. They may
stem partly from longer range correlations between HBs,
which also govern the self-diffusion process. HB dissociation
can be depicted by a diffusion model, suggesting some
molecular events along the separation path. Despite these
advances, the connection between HB defects and water
dynamics is still incompletely understood.
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