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The arguments for and against a single-molecule rotation mechanism for dielectric relaxation of water are
surveyed. It is concluded that two distinct molecular mechanisms are operative in water. Single-molecule
rotation is faster than the Debye relaxation time,τD, and possesses a smaller activation energy. It governs
the abnormally fast proton mobility in water. The temperature dependence ofτD agrees with that of water
self-diffusion assuming a water hopping distance of 3.3 Å, the separation between an occupied and unoccupied
corners of a cube binding the pentawater tetrahedron. This slower translational mechanism controls the ordinary
transport phenomena in water. “Tetrahedral displacement” correlates with two tetrahedral normal modes:
the antisymmetric stretch in extended tetrahedral structures at low temperatures and a torsion mode in loosely
bound tetrahedra at high temperatures. The temperature dependence of the 180 cm-1 Raman band is in
quantitative agreement with the activation energy for water reorientation and, in the framework of a two-
dimensional model, also explains the activation energy forτD.

Important information on solvent response times comes from
dielectric relaxation measurements.1 Many dynamical processes,
such as proton mobility, charge recombination, and transient
solvation, are interpreted in terms of the Debye relaxation time,
τD. Recent years have seen improvements in dielectric tech-
niques, pushing the maximal frequency to the vicinity of 100
GHz.2-11 Taken together with far-infrared spectra,12,13it became
possible to resolve picosecond processes. In view of these
developments, reevaluation of the physical significance ofτD
is timely.
One of the most important solvents in nature is, evidently,

water. Since the monograph by Debye,14 τD of polar molecules
is thought to reflect a single-molecule reorientation process.1,15

It was, of course, recognized that a sphere rotating in a
continuous viscous medium is a rather oversimplified description
for hydrogen-bonded solvents. The more modern theories
emphasize hydrogen-bond dynamics with various aspects of
percolation theory16-20 as well as molecular dynamics simula-
tions.21,22 Percolation models regard water molecules with many
(say, 2-4) hydrogen bonds as “immobile” while those involved
in a few (say 0, 1) bonds are “mobile”. These theories, however,
do not specify the molecular nature of this mobility: Is it
predominantly simple molecular rotation, as Debye has postu-
lated? Molecular dynamics reveal both single molecule and
cooperative reorganization processes,22 but the molecular in-
terpretation of the Debye relaxation still remains vague.
In the present paper these questions are confronted with

modern experimental data. While the simple Debye relation
betweenτD and solvent viscosity,η, agrees surprisingly well
with the data (section I), this does not necessarily establish a
rotational mechanism (section II). In section III, the Einstein
relation betweenτD and the water self-diffusion coefficient,DS,
is reconsidered. This relation, first invoked by Wang,23 has been
compared with more recent data of dielectric relaxation in
supercooled water,18 but its physical relevance has not been fully
appreciated. It indicates that the elementary mechanism behind
the Debye relaxation time in water is a “tetrahedral displace-
ment”, namely, a translation of a water molecule from an

occupied to an unoccupied corner of the cube bounding the
(H2O)5 tetrahedron. In section IV the intermolecular Raman
and IR bands of water are reinterpreted by the tetrahedral model.
Correlation with tetrahedral normal modes allows one to
compare the temperature dependence of the Raman and
dielectric relaxation data (section V). It is concluded (section
VI) that molecularly well-defined functionally important motions
are embedded within the myriad of cooperative modes of a
multidimensional system.

I. Single-Molecule Reorientation

Let us begin by a historic digression and consider the three
arguments brought forward in Chapter 1 of Robinson and
Stokes15 as evidence that dielectric relaxation reflects single-
molecule reorientation:14

(i) The frequency dependence of the complex permittivity,
ε(ν), fits the Debye equation

ε(ν) ) ε(∞) +
ε(0)- ε(∞)
1+ iωτD

(1)

extremely well (forν < 50 GHz), with the single relaxation
timeτD. Hereν is the frequency of the external electromagnetic
field, ω ) 2πν, and ε(0) and ε(∞) are the static and high-
frequency dielectric coefficients.
(ii) τD may be calculated from Stokes law for the rotational

diffusion coefficient,DR, under the “stick” hydrodynamic limit:

DR ) kBT/(8πηR3) (2)

together with an Einstein relation for the reorientation time:

τD ) 1/2DR (3)

The relaxation time is then given by14

τD ) 4πηR3/kBT (4)

whereη(T) is the solvent’s (shear) viscosity which varies with
(absolute) temperature,T. R is the radius of the rotating sphere,
andkB is Boltzmann’s constant.
Figure 1a shows the measured dielectric relaxation times in

three temperature regimes: supercooled water18 (down to-21X Abstract published inAdVance ACS Abstracts,December 15, 1995.
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°C), “normal” water2,3 (0-60 °C) and at high temperatures and
pressures20 (along the liquid-vapor coexistence curve). The
line with the×’s is based on water viscosity data,24,25converted
to reorientation time according to eq 4 with the recommended
value15 of R ) 1.44 Å at 0 °C. The comparison shows a
generally good agreement over an extended temperature range
with a slight overestimation (8%) ofτD by eq 4 in the
supercooled state.18

The water radius,R ) 1.44 Å, was considered to be in fair
agreement with the water-water distance in (hexagonal) ice,
2.76 Å.15 It turns out that this radius is in even better agreement
with the nearest-neighbor water-water distance in 4°C water.
As Figure 2 shows, the first peak in the radial distribution
function (RDF),g(r), obtained from X-ray diffraction,26 occurs
around 2.85 Å. Thus a water radius of 1.43 Å might be
deduced.
(iii) The isotope effect onτD is predicted from eq 4 to obey

the simple relationship

τD(D2O)/τD(H2O)) η(D2O)/η(H2O) (5)

which is in good agreement with experiment (e.g., Table 3.3 in
ref 1).
Thus far, one might conclude27 that simple hydrodynamic

considerations are in excellent agreement with the interpretation
of τD as a single-molecule reorientation time. No wonder, then,
that the Debye viewpoint is so prevalent in the literature.

II. Is It Reorientation?

Let us reconsider the above arguments and show that they
do not necessarily prove the reorientation hypothesis.
(i) The Debye relaxation at room-temperature water is 8-9

ps.6 It has a rather strong temperature dependence (Figure 1).

Relaxation phenomena revealed in various scattering measure-
ments28-34 suggest that single-water reorientation occurs around
1-2 ps at room temperature (e.g., Table 8 in ref 16)andhas a
weaker temperature dependence thanτD (e.g., Figure 7 in ref
33). For example, depolarized Rayleigh scattering28-30 shows
a peak whose width corresponds to a time scaleτA ≈ 2.5 ps at
room temperature and assigned to single-molecule reorientation.
This is similar to a molecular rotation time,τ1, observed in
quasielastic neutron-scattering experiments.32,33 A Raman-
induced Kerr effect reveals a 1.2 ps decay time assigned to
molecular rotation.35 Agreement between these measurements
is close as compared withτD, which is 5 times slower.
Proton mobility in water is characterized by a hopping time

of about 1.5 ps at room temperature, as deduced from NMR
line-narrowing investigations.36-38 This time scale reproduces
the “abnormal” proton mobility with a hopping length of 2.5-
2.6 Å, the O-O distance in H9O4

+. Since the work of Bernal
and Fowler39 the rate-determining step of prototropic mobility
is believed to be connected to single-water rotation,40,41which
would be hard to understand if the latter occurred on the time
scale ofτD.
Several theories suggest that the “microscopic” relaxation time

is some fraction ofτD. For example, the Powels-Glarum
model1 implies that for water the microscopic reorientation time
is 2τD/3. While such corrections bring the two time scales into
better agreement, they do not quite eliminate the discrepancy.
As an example, Figure 1 shows proton-hopping times,τp,
calculated from proton mobility data,15 λH+, according to

Herez is the protic charge,F is Faraday’s constant, andlp )
2.55 Å. The “abnormal” part of the proton’s diffusion coef-
ficient is obtained by subtracting from it the water self-diffusion
coefficient,DS.42 The factor3/2 corresponds to the Glarum
correction.
While τp agrees with the NMR hopping times, the discrepancy

between it andτD remains large, particularly in comparison with
the close agreement betweenη andτD. Moreover, the temper-
ature dependence of the two processes is observably different.
As Figure 1b shows, the activation energy ofτp is smaller by
more than 1 kcal/mol as compared withτD. This suggests quite
strongly that the mechanisms underlying proton mobility and
dielectric relaxation are not the same.

Figure 1. Two molecular mechanisms are revealed in liquid water:
single-molecule reorientation governs proton mobility whereas tetra-
hedral displacement determines the slower dielectric relaxation time.
(a) The temperature dependence of the corresponding relaxation times.
Open symbols areτD data from (0) [ref 18]; (O) [ref 3]; (4) [ref 20].
Curve with×’s is calculated from viscosity data24,25using eq 4 andR
) 1.44 Å. Curve with+’s is τp from eq 6 using mobility data from ref
15. (b) The activation energies obtained by differentiating an eighth-
order polynomial fitted to the data of panel (a).

Figure 2. Radial distribution function of water at 4°C, calculated
from the structure function given in Table II of Narten and Levy26 and
eq 10 there (withπ2 replaced byπ). The vertical dashed and dotted
lines are the expected locations of the extrema assuming tetrahedral
symmetry (Table 1) and a water-water nearest-neighbor distancer )
2.85 Å.

τp ) 3
2

lp
2

6(kBTλH+/z
2F2 - DS)

(6)
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Recent dielectric measurements of Barthel and co-workers,6

which together with far-IR data12,13reach a maximal frequency
of 409 GHz, reveal that eq 1 is inadequate at high frequencies.
To fit the data, a second dielectric relaxation time,τD2 ≈ 1ps,
is required. It falls in the range of the various other relaxation
times, andit might actually correspond to single-molecule
rotation.
(ii) Considering the success of simple hydrodynamic argu-

ments, eqs 2-4 and Figure 1a, note that a similar correlation
of τD with η/T will follow from a translational mechanism.
Identifying the water self-diffusion coefficient,DS, with its
translational motion, one may again combine Einstein

and Stokes expressions

to obtain

Here l is characteristic translational hopping distance of a
spherical molecule of radiusR. It is evident that the last relation
is identical with eq 4 ifl ) 2R. If the radiusR in eq 8 is chosen
independently from that in eq 2,l may differ from 2R.
(iii) The relation for isotope effects, eq 5, follows equally

from either eq 4 or 9. Since rotational and translational partition
functions are proportional to the square root of the appropriate
reduced mass, one expects an isotope effect ofx2 ) 1.4 for
rotational motion as compared with an isotope effect of 1.05
for translation. These numbers arise from the D/H as opposed
to the D2O/H2O mass ratios, respectively. The isotope effects
in Table 3.3 of ref 1 are between the two numbers and
temperature dependent.
The conclusion from the viscosity and isotopic dependence

of τD is that it may reflecteither rotation or translation or a
combination of both motions. The additional scattering and
proton mobility measurements seem to rule out a simple
rotational mechanism.τD must then reflect molecular translation
or a coupled translational-rotational motion. The confusion
arose because, with the data available at his time, Debye could
not have realized that there are actually twodistinctmolecular
mechanisms in liquid water. These are the fast, single-molecule
reorientation which controls the “abnormal” proton mobility and
a slower translational mechanism which governs the “ordinary”
transport properties, such as dielectric relaxation and diffusion.
The molecular origin of the latter is considered below.

III. Tetrahedral Displacement Mechanism

Two fundamental relations enter into the derivation of eq 9:
the Stokes and Einstein eqs 8 and 7, respectively. The Stokes
equation comes from continuous hydrodynamics, where solvent
molecules are assumed to be much smaller than the solute. In
the limit discussed here, solute and solvent are identical and,
moreover, the solvent is tightly hydrogen bonded. Under these
conditions, there is no reason to expect the Stokes relation to
yield accurate results.43

In contrast, eq 7 is merely a statement that particles execute
a three-dimensional random motion. Simulations of lattice
random walks show that after several elementary hops the
behavior approaches the solution of a diffusion equation. Since
eq 7 is expected to remain valid in the discrete case while eq 8
is not, one seeks an argument invoking the Einstein relation
alone, namely, a comparison betweenτD andDS.18,23

The temperature dependence of the water self-diffusion
coefficient from NMR measurements in “normal”42,44 and
supercooled water,45 is compared in Figure 3 with the prediction
of eq 7 usingτD data from Figure 1. A hopping lengthl )
3.29 Å has been used. It is smaller than the value of 3.7 Å
originally suggested by Wang.23 Although the scatter between
various self-diffusion compilations is larger than that inτD, the
error in l is estimated at no more than(0.1 Å. The close
agreement seen in Figure 3 suggests quite strongly that diffusion
and dielectric relaxation in liquid water share the same mech-
anism.

Parethetically, this has been a long-standing question also in
the study of ice.46 While Onsager and Runnels46 concluded,
on the basis of the different time scales and activation energies,
that the two processes have different molecular origins, recent
investigations47 suggest similar activation energies (about 15.5
kcal/mol near the freezing point), and thus a similar mechanism
for diffusion and dielectric relaxation also in ice.

The physical significance of the hopping length may be
understood from the local tetrahedral symmetry of water.26,48,49

Consider a tetrahedron of five water molecules placed within a
cube, one water molecule at its center and four molecules at
alternate corners (Figure 4). The nearest-neighbor water-water
distancer ≡ r1 is the distance from the center to one of the

τD ) l2/6DS (7)

DS ) kBT/(6πηR) (8)

τD ) πηRl2/kBT (9)

Figure 3. Comparison of water self-diffusion and dielectric relaxation
data. Full symbols are self-diffusion coefficients: (b) [ref 42]; (2)
[ref 44]; (9) [ref 45]. Open circles are calculated fromτD data (see
Figure 1) using eq 7 andl ) 3.29 Å.

Figure 4. Tetrahedral symmetry of the pentawater complex, showing
the four characteristic distances of Table 1. The lengthl of the cube’s
side is the “tetrahedral displacement” distance.
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corners. It corresponds to the first maximum ing(r) of Figure
2. The cube’s side is of lengthl. This is the nearest distance
between occupied and unoccupied sites. Thusl ≡ l1 corresponds
to the first minimum ing(r). The second nearest-neighbor
distance isr2, the face diagonal of the cube. The second nearest
vacancy occurs at the distancel2, the major cubic diagonal. If
one of the four distances is given, the other three are determined
using the simple geometric relations of Table 1. These
distances, calculated from the first peak in the RDF,r ) 2.85
Å, are depicted as dashed and dotted lines in Figure 2. The
agreement with the location of the measured extrema ing(r)
provides a simple, convincing proof for the prevalence of
tetrahedral symmetry in water.

In ice Ih (hexagonal ice) the unit cell has a length 2l. It may
be envisioned as composed of four cubes: two as in Figure 4
and two without a water molecule in their center. The smaller
cubes alternate with respect to having occupied vs unoccupied
centers. The distance between these two kinds of centers is
precisely l. Thus the empty cubic centers are potential
“tetrahedral displacement sites”. For this ice structure, many
water molecules are a distance 2l apart, giving rise to the third
nearest-neighbor peak in the RDF of water around 6.7 Å (Figure
2). These are actually fourth nearest neighbors when counted
along the hydrogen-bond network.

Clear evidence for occupancy of tetrahedral displacement sites
at a water-water distancel ≈ 3.3 Å comes from pressurized
water and dense phases of ice. Even at ordinary temperatures
and pressuresg(r) shows signs for a small superimposed peak
at this distance (see Figure 2). Recent X-ray scattering from
water at high temperatures and/or pressures50,51 reveals a peak
that actually grows near 3.3 Å. Thus rupture of hydrogen bonds
displaces many more water molecules into this site. It would
be interesting to investigate whether the increasing amplitude
of this peak correlates quantitatively with enhancement in water-
transport attributes with increasing temperatures and pressures.

In denser forms of ice, such as ice V, water molecules reside
also in these otherwise “unoccupied” sites, leading to a
nonbonded near neighbor at a distance of 3.28 Å.52 These
molecules are fifth nearest neighbors along the (distorted)
hydrogen-bond network of ice V. Thus the appearance of a
water molecule at the tetrahedral displacement distance,l, in
high-density ices parallels the behavior just noted for pressurized
water.50

An additional indication for a similar mechanism for diffusion
and dielectric relaxation might come from the study of salt
effects. τD in water shows specific cation and anion effects: it
may either decrease or increase with increasing salt concentra-
tion.8,9,53 A similar behavior is observed forDS (see Table II
in ref 31). Due to the smaller signal, salt effects onτD2 are
more difficult to determine.8,10 If τD2 is a monitor of single-
molecule reorientation and if water rotation is the rate-limiting
step for proton mobility, then since proton mobilitiesdecrease
with increasing salt concentration,15,54 one may expectτD2 to
increase monotonically with increasing salt concentration. It
would be interesting to check this point experimentally.

IV. Spectroscopic Implications of the Tetrahedral Model

It is amusing to consider the spectroscopic implications of
the tetrahedral displacement mechanism, particularly the pos-
sibility of interpreting the intermolecular vibrational spectrum
of water within the framework of a tetrahedral model. Such a
possibility suggests itself from the relationship that must exist
between spectroscopy and the transport properties.
Let us consider both phenomena in terms of a multidimen-

sional potential energy surface. Transport properties and
dielectric relaxation would correspond to reactive events involv-
ing transitions between two different minima on the potential.
The situation is depicted schematically in Figure 5. Let us
designate such motions as “reactive modes” (RM). Vibrational
spectroscopy monitors “normal-modes” (NM), which are small
oscillations around stable structures, near the minima of the
potential. Clearly in one dimension, but also in higher dimen-
sionalities, a RM begins as one of the NMs in the reactants’
well. Since symmetry elements are conserved along a reaction
path,55 tetrahedral symmetry operations56must characterize both
the tetrahedral displacement RM and a NM that couples to it.
One could hope to identify such modes in the low-frequency
IR and Raman spectra of water. The first step in this direction
would be reassignment of the intermolecular, translational bands
in tetrahedral symmetry.57

A. Assignment of Water Translational Modes in Td
Symmetry. The low-energy (30-300 cm-1) translational
spectrum of water has been studied by IR,12 Raman,48,49,58,59-69

inelastic neutron scattering (INS),33 and molecular dynamics
simulations (Figure 9 in ref 22). The relative intensities of the
different peaks observed by the three experimental methods are
summarized in Table 2. Some of the intensities depend strongly
on temperature, as indicated in the table.
In IR and INS only two peaks are reported, around 50 and

190 cm-1. The first is strong in INS and weak in IR, while the
opposite holds for the 190 cm-1 band. In the Raman spectra,
these peaks become very broad and center around 60 and 180
cm-1. The two peaks were attributed to hydrogen-bond
(O‚‚‚O‚‚‚O unit) bending and hydrogen-bond (O‚‚‚O ) stretch-

TABLE 1: The Four Cubic Distances Characterizing
Tetrahedral Symmetry

dist r units l units in 4°C water (Å)

r r x3l/2 2.85
l 2r/x3 l 3.29
r2 x8/3r x2l 4.65
l2 2r x3l 5.7

Figure 5. Normal and reactive modes in a double-well potential.

TABLE 2: Relative Intensities of the Translational Modes
of Water

banda

(cm-1) IRb Ramanc INSd assignmente type

50 weak weak (dep) strongν4 (T2) bend
70 strong at high

T (dep)
ν2 (E) torsion

150 (?) strong at high
T ?

ν1 (A1) symmetric
stretch

180 strong strong at low
T (dep)

weak ν3 (T2) antisymmetric
stretch

a Frequencies accurate to no more than 5 cm-1. Spectra can be found
in: b Figure 3 in ref 12;c Figure 8 in ref 61; Figure 2 in ref 67; and
Figure 2 in ref 69;d Figure 8 of ref 33.e Td symmetry group.56
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ing, respectively.49 The two bands are strongly temperature
dependent: the 180 cm-1 band red-shifts, widens, and decreases
in intensity with increasing temperature. Recently, two peaks
were identified within the 60 cm-1 line shape with opposing
temperature dependencies,61 at 50 and 70 cm-1. At room
temperature the Raman spectrum is completely depolarized over
the whole frequency range.63

The first attempt to understand the intermolecular spectrum
in terms of the tetrahedral structure of water was made by
Walrafen,48 who considered a tetrahedron of oxygens including
the intervening hydrogens. The hydrogens areC2V distorted by
not being located at the center of the O‚‚‚O bonds. Molecules
with C2V symmetry are expected to have three normal modes:
symmetric and antisymmetric stretch and a bend. All three
should have strong intensities in the IR.57 Unfortunately, only
two are seen in the intermolecular spectrum of water (Table 2).
Moreover, only the symmetric stretch should appear in the
Raman, and then it should be strongly polarized. The fact that
the Raman spectrum shows (at least) two depolarized bands
makes theC2V assignment problematic.
A resolution of these problems may be achieved by admitting

the possibility of higher thanC2V symmetry. To a first
approximation, the motion of the heavy oxygens is decoupled
from that of the light hydrogens. Oxygen vibrations, which
appear in the low-frequency region (30-300 cm-1) of the
spectrum, are usually described as intermolecular “restricted
translation” motions. Hydrogen-atom modes appear in the high
frequency, intramolecular, “OH stretch” region of the vibrational
spectrum (above 3000 cm-1). The translational modes of water
might be attributed to normal modes of an oxygen tetrahedron
which, hydrogen atoms ignored, should be assigned within the
Td symmetry group.56 Table 2 summarizes the normal-mode
assignments as discussed below.
There are four NMs in tetrahedral symmetry: the nondegen-

erate, totally symmetric stretch, or breathing mode,ν1(A1); a
doubly degenerate torsion mode,ν2(E); and two triply degener-
ate modes: the antisymmetric stretch,ν3(T2), and a bend,ν4(T2).
Since the Cartesian coordinates belong to the T2 irreducible
representation, the only IR-allowed excitations are of the triply
degenerate T2modes, giving rise to just two active fundamentals,
ν3 andν4.57 The largest dipole-moment changes occur along
the ν3 coordinate, which is expected to have the strongest IR
intensity. In contrast, in INS bending modes should be the most
intense, as they result in the largest proton displacements.32 This
suggests identifying the features at 50 and 180 cm-1 with the
ν4(T2) andν3(T2) modes, respectively.
In the Raman spectrum, all four fundamentals should be

active, the symmetric stretch being most intense and polarized
and the remaining three bands depolarized.57 Thus the two
depolarized bands apparently observed in the low-frequency end
of the spectrum,61 at 50 and 70 cm-1, could be assigned toν4(T2)
andν2(E), respectively.
The antisymmetric stretch,ν3, is the depolarized band near

180 cm-1. An independent proof for this assignment comes
from the observation of inter-intra-molecular coupling in the
Raman spectrum of water. It is found that a 175 cm-1 phonon
couples two of the four Gaussian components of the OH
symmetric-stretch in the intramolecular Raman spectrum of
liquid water.65,66 These two components, centered at 3215 and
3390 cm-1 (3390- 3215) 175), are assigned to correlated
and uncorrelated hydrogen motion within completely hydrogen-
bonded water clusters. They are thought to represent symmetric
OH stretches which are in- and out-of-phase between neighbor-
ing oxygens.65,66 The (intermolecular) antisymmetric stretch,
ν3, shortens two hydrogen bonds simultaneously with the

lengthening of the two others and is hence the proper molecular
motion to induce such a coupling.
B. In Search of the Symmetric Stretch. So far, assignment

of the Raman and IR spectra are in agreement. The only
remaining question is where is the polarized symmetric stretch
mode? The reasons for not observingν1(A1) should be
considered carefully, which is otherwise the main inconsistency
in the present interpretation.
The band near 180 cm-1 is actually very broad, extending

from 130 to 200 cm-1. The symmetric stretch might be buried
in this lineshape. For molecules with tetrahedral symmetry,
ν1 < ν3. Thus one should search for a polarized peak in the
region 130-170 cm-1 :
(i) The red-shift of the broad 180 cm-1 band with increasing

Tmight be due, in part, to a relative change in intensity of the
ν1/ν3 modes. It is not inconceivable that for a tetrahedron
embedded in the rigidified environment of cold water, the
intensity ofν3 increases at the expense ofν1, whereas at higher
temperatures, when isolated tetrahedra dominate,ν1 gains in
intensity. Another possibility is that the shift reflects the relative
population in a heterogeneous mixture of tetrahedral structures
as manifested in inhomogeneous line broadening of asingle
NM. A clearer picture might emerge from the polarization ratio
of the intermolecular Raman spectrum at high temperatures,
which has not yet been measured. An increase of polarization
with T could support the first interpretation.
(ii) Another indication forν1 comes from the study of salt

effects on the Raman bands of water.62,63,68 A red-shift of the
180 cm-1 band is observed also for an increasing concentration
of alkali halide salts.68 This was interpreted asweakeningof
hydrogen-bonds by the added salt. Such an interpretation is
seemingly inconsistent with salt effects on proton mobility in
water.15,54 Proton mobility always decreases with added salt.
On the other hand, there is compelling evidence that the rate-
limiting step for proton migration in water is the cleavage of a
single hydrogen-bond.41 It follows that the added salt must
enhancethe hydrogen-bond strength, perhaps by decreasing the
orientational disorder of the water molecules. Why, then, does
the band red-shift instead of blue-shift? Within the tetrahedral
model, the added salt might be enhancing the intensity of the
symmetric stretch.
(iii) Support for the above interpretation comes from the

measured polarization ratios of aqueous salt solutions.62,63,68

Oxygens are not very polarizable atoms. When polarizable
anions (Cl-, I- ) are introduced into water, strong polarization
is observed. In fact, the isotropic spectrum shows a pronounced
peak around 160 cm-1, exactly whereν1 might be expected.
(iv) Additional support for locating the symmetric stretch

might be found in the IR spectrum of ice.70 Lattice modes below
300 cm-1 are characterized as “acoustic modes”.65 The
“longitudinal acoustic” (LA) mode is totally symmetric and
hence expected to correlate withν1 (rather than withν3, the
175 cm-1 band).65 In the IR spectrum of ice Ih the LA mode
is observed near 160 cm-1.70 Since frequencies in ice are likely
blue-shifted as compared with water, one concludes that
ν1 < 160 cm-1. We tentatively locateν1 near 150 cm-1 (see
Table 2).
C. Tetrahedral Displacement Modes.Having assigned the

translational modes inTd symmetry, which of the four NMs
correlates with the tetrahedral displacement RM? The answer
may depend on the water structure(s) prevalent at the given
temperature.
At low temperatures one expects extended tetrahedral net-

works with remnants of ice-like structures. Recall that the unit
cell of ice Ih is composed of four cubes of lengthl, two with
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and two without a water molecule in their center. Clearly, a
tetrahedral displacement motion from the center of a tetrahedron
into the empty center of an adjacent cube begins by shortening
two hydrogen bonds and lengthening the other two, namely, as
a tetrahedral antisymmetric stretch. The strong IR intensity of
the ν3(T2) band indicates a large dipole moment change, a
prerequisite for having a large amplitude in dielectric permit-
tivity experiments. In such experiments, the electric field
propels the water molecule across the barrier, separating it from
a cavity site (see Figure 5). When the field inverts polarity,
the water molecule returns to its original location. In diffusion,
the displaced molecule may continue toanothertetrahedral site,
but the rate-limiting step is the same in both cases.
At high temperatures, loosely bound tetrahedra are expected.

In this limit the tetrahedral torsion mode,ν2(E), would carry a
water molecule from an occupied to an unoccupied corner of
the cube (Figure 4). InTd symmetry,ν2 is not IR-active, so
that one wonders why should it have any intensity in dielectric
relaxation measurements. Since the dipole moment of water
originates from the O-H bonds, one needs to add the hydrogens
(or the dipole-moment vectors). This reduces the symmetry,
e.g., toC2 (Figure 4 in ref 48), makingν2 IR active. Indeed,
torsion is equivalent to a coupled rotation-translation motion
of four water molecules.

V. Water Dynamics in Tetrahedral Symmetry

It was shown that over a wide range of temperatures,-30 to
50°C, both self-diffusion and dielectric relaxation in liquid water
are governed by the same mechanism of “tetrahedral displace-
ment”, namely, the translation of a water molecule from an
occupied to an unoccupied corner of the cube. While the local
structure around a water molecule is tetrahedral, the more
extended structure may vary drastically from low to high
temperatures. For example, one may have predominantly ice-
like structures in supercooled water, polyhedra,71 or ring
structures72 at intermediate temperatures and isolated tetrahedra
at the high temperatures. Thus “tetrahedral displacement”
corresponds to a common theme in a family of molecular
mechanisms. A more detailed description may be suggested
by its temperature dependence, namely, the activation energy.
The activation energy for dielectric relaxation,EA ≡

kB d ln τD/d(1/T), is shown in Figure 1b. It is common to several
transport mechanisms in water.73 These include not only self-
diffusion but also viscosity and spin-lattice relaxation times
(T1 ). The high-temperature limit (500°C, not shown) seems
to be 2.5-2.7 kcal/mol. At intermediate temperaturesEA(T)
increases roughly linearly with 1/T. At low temperatures, say
below -10 °C, there is a sharp increase inEA. While the
measurements ofτD do not go below-21 °C, the self-diffusion
data45 approach 11 kcal/mol at-30 °C. It is desirable to relate
these trends to the basic hydrogen-bond dynamics of liquid
water.
A. Hydrogen-Bond Enthalpy. A basic quantity of a

hydrogen-bonded solvent is the hydrogen-bond strength. Analy-
sis of the temperature dependence of intra- and intermolecular
Raman bands of water59,60,61,64,65suggests a hydrogen-bond
enthalpy,EHB ≈ 2.6 kcal/mol. Let us consider first what this
number might represent.
The total enthalpy for removing a water molecule (into

vacuum) is about 5.3 kcal/mol per hydrogen bond as judged,
for example, from the vaporization enthalpy,≈10.6 kcal/mol.
Indeed, vaporization corresponds to cleavage ofall hydrogen
bonds in the given water sample, an average of two such bonds
per molecule. A value of≈5 kcal/mol agrees withD0, the well
depth including zero-point energy, used in water-water poten-
tials.74

It follows that the total bond energy is due to two distinct
contributions. The RamanEHB value reflects thedirectional
component of the hydrogen-bond interaction with a nearest-
neighbor water molecule. An additional enthalpy of about 2.7
kcal/mol should then be ascribed to isotropic electrostatic
interactions with the remaining “bulk” water molecules. Loosely
speaking, these are “rotational” and “translational” components
of the hydrogen bond.
Clear indication thatEHB corresponds to an orientational

component comes from the study of its isotope effect. While
for H2OEHB)2.6 kcal/mol, it was recently found thatEHB(D2O)
) 2.8 kcal/mol.66 While conservative error bars on these
numbers are(0.2 kcal/mol, the difference,∆EHB ) 0.2 kcal/
mol seems real. It could be estimated from the ratio of the
appropriate partition functions,ZD andZH, for D2O and H2O,
respectively:

For both rotational and translational modes, the partition function
(or number of microscopic states) scales withxm,mbeing the
effective mass for the appropriate mode. For purely rotational
and translational motions one thus expects

respectively. Thus an isotope effect ofkBT ln (1.4)) 0.2 kcal/
mol at room temperature is indicative of a rotational mechanism.
The cleavage of a hydrogen bond occurs through a water
molecule reorientation, though the angle need not be as large
as previously assumed.39,40

B. Qualitative Two-Dimensional Picture. A qualitative
interpretation of the temperature dependence of the activation
energy in terms of the hydrogen-bond energy,EHB ) 2.6 kcal/
mol, may proceed as follows: dielectric relaxation corresponds
to the rupture of a single hydrogen bond at high temperatures,
whereas in deeply supercooled water four hydrogen bonds are
broken. The activation energy is then expected to increase
roughly from 2.5 to 4EHB ≈ 10.5 kcal/mol with loweringT.
Such an interpretation raises two questions. First, below-30

°C the activation energy may increase above 11 kcal/mol. There
are no measurements in supercooled water at such low tem-
peratures. However, the activation energy for self-diffusion in
ice is about 15.5 kcal/mol at the melting point.46 Thus diffusion
in ice requires additional energy to that of freeing a water from
its hydrogen bonds. For example, the lattice may have to be
distorted to allow for diffusion. Perhaps such effects are also
relevant for water below-30 °C, or elseEHB is temperature
dependent.
Assuming thatEA is determined by cleavage of hydrogen

bonds, a second question would be whether its temperature
dependence is due a mixture of one, two, three, and four
hydrogen-bonded waters, as assumed in the percolation theories
of water,17 or whether fewer than four water structures contribute
to it. The analysis of the intermolecular spectrum of water
suggests that there might be justtwo fundamentally different
structures involved in tetrahedral displacement. These were
classified as tightly bound tetrahedra, which couple at low
temperatures to the antisymmetric stretch,ν3(T2), and loosely
bound or isolated tetrahedra which couple the torsion mode,
ν2(E), at high temperatures. This is corroborated by the
observation of a single isosbestic point (at 128 cm-1) in the
intermolecular Raman spectrum of liquid water.61

∆EHB ) kBT ln(ZD/ZH) (10)

ZD/ZH ) xmD/mH ) 1.4

ZD/ZH ) xmD2O
/mH2O

) 1.05 (11)
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The two viewpoints may be reconciled in terms of two
independentdegrees of freedom: fast reorientation and a slower
translation. Single-water reorientation is driven by the hydrogen-
bond fluctuations which equilibrate conformations with zero to
four hydrogen bonds. The timescale for this coordinate is that
of proton mobility (Figure 1). Tetrahedral displacement occurs
along a slower, perpendicular coordinate. Its rate is confor-
mational dependent, with an appreciable magnitude only for
the two tetrahedral classes which possess appreciableν2 andν3
amplitudes. Schematically

Furthermore, the Raman line shapes may be a faithful monitor
of the conformational coordinate. Thus ifν3 (the 180 cm-1

band) is the most intense feature in the spectrum of tightly bound
tetrahedra, whereasν2 (the 70 cm-1 band) is dominant for
loosely bound tetrahedra, their intensities will depict the
probability for the corresponding conformational state. In
addition, there must be numerous water conformations that do
not show up in the Raman spectrum at all. These serve as an
infinite “bath” out of which the active conformations are
replenished.
The above description is somewhat analogous to a two-

dimensional description of ligand binding to heme proteins.75

There the conformational coordinate is a “protein coordinate”
whereas the reactive coordinate is the ligand-iron distance.
Furthermore, the near-IR band turns out to be a faithful monitor
of protein conformation distribution.76,77 Two limiting cases
were discussed for ligand-binding kinetics:75 when conforma-
tional interconversion is much slower than reaction, the rate
constants are averaged leading to distributed kinetics. In the
opposite limit, one obtains exponential kinetics with an averaged
activation energy. Whereas protein kinetics typically corre-
sponds to the first limit, it seems that water dynamics is in the
opposite limit. Fluctuations leading to conformational change
are very fast (water molecule reorientation takes 1-2 ps at room
temperature), whereas reactive events such as tetrahedral
displacements are a 5-6 times slower. These properties are
utilized in the quantitative model below.
C. Raman Intensity and Water Dynamics. From the two-

dimensional picture of water dynamics, a quantitative connection
between the temperature dependence of the integrated intensity

of the 180 cm-1 Raman band,67 I180(T), and the activation
energies in Figure 1b follows. The two fundamental processes,
reorientation and tetrahedral displacement, which give rise to
the two types of transport processes shown in the figure, are
both controlled by hydrogen-bond cleavage. It is therefore not
totally surprising that both can be related to the temperature
dependence ofI180(T).
(i) Conformational Dynamics.Fast water reorientation, as

reflected in the proton-hopping times,τp(T), can be related to
the population,I180(T), of tightly bound tetrahedra. Assuming
these structures to be composed of only 4-coordinated waters,
their population is depleted by reorientational hydrogen-bond
cleavage at a rateI180(T)/τp(T). It is replenished by activationless
hydrogen-bond formation, from the infinite “bath” of Raman-
invisible conformations. Its rate can thus be assumed to be a
temperature-independent constant. Since the two rates are
balanced at equilibrium

and the prototropic and Raman activation energies should
coincide.
Figure 6 reproduces the activation energies from Figure 1b,

the lower curve being that ofτp (open squares). The data (R1,
Table I of ref 67) has been fitted to a second-order polynomial
and differentiated analytically to yieldkB d ln I180/d(1/T), full
squares. The agreement between the two sets of data is obtained
without any adjustable parameter. Given the relatively large
error inherent in the Raman spectra, this indeed represents a
good quantitative agreement that has been previously over-
looked. It indicates that the enhancement of anomalous mobility
and the decrease in the integrated intensity of the Raman band
with increasing temperature arise from the same mechanism of
water-molecule reorientation following hydrogen-bond cleavage.
In comparison with the related analysis59-61,64,65that produced

the hydrogen-bond energy,EHB (and involved one adjustable
parameter), here a value of 2.6 kcal/mol is obtained only at
room temperature. The fact that the activation energy ofτp (or
of I180) is temperature dependent may be interpreted in two
ways: eitherEHB itself depends onT or else it is indeed constant,
but water reorientation in supercooled water requires cleaving
more than a single hydrogen-bond.
(ii) ReactiVe Dynamics.The Raman data can also explain

the temperature dependence ofEA, the activation energy for
tetrahedral displacement. As a first approximation, the inte-
grated intensity of the 180 and 70 cm-1 bands,I180(T) and
I70(T), is proportional to the relative population of tightly vs
loosely bound tetrahedra (eq 12). Subsequently, 1- I180 )
I70. Because of the large overlap of the 50 and 70 cm-1 bands,
only the intensity of the 180 cm-1 band67 is utilized below.
Assume that in order to engage in tetrahedral displacement,N180

or N70 hydrogen bonds have to break for each corresponding
structure. The cleavage of a single hydrogen-bond costs an
energyEHB ) 2.6 kcal/mol, which is assumed to be temperature
independent. Hence the corresponding activation energies for
the two structures areN180 EHB andN70 EHB.
Under the assumption of fast equilibration, the overall

activation energy for tetrahedral displacement is just an average
over the two classes of conformations;75 thus

The hydrogen-bond numbers,Nν, may now be determined from
a comparison of the Raman and dielectric relaxation data.

Figure 6. Activation energies for the transport processes in water (open
symbols, taken from Figure 1b) are compared with the analysis based
on the integrated intensity of the 180 cm-1 Raman band,R1 from Table
I of ref 67 (gray symbols). (9) and (b) correspond to eqs 13 and 14,
respectively, the latter with parameters listed in text.

‚‚‚ h loose tetrahedra
ν2 V fastτD

h ‚‚‚ h tight tetrahedra
ν3 V slow τD

(12)

τp(T) ∝ I180(T) (13)

EA ) EHB[N180I180+ N70(1- I180)] (14)
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The comparison shown in Figure 6 is obtained withN180 )
3 andN70) 1 (full circles). In contrast with the thermodynamic
analysis of water viscosity by Walrafen and Chu,64 the present
fit covers the entire temperature range, including supercooled
water. Remember that the characteristic hydrogen-bond num-
bers obtained from the fit, 1 and 3, are those that need be cleaved
to allow for tetrahedral displacement. Since tightly bound
tetrahedra involve an average of four hydrogen bonds per water
molecule, thetotal bond numbers must be 2 and 4 for the loosely
and tightly bound tetrahedra, respectively. This would imply
that tetrahedral displacement occurs with one intact hydrogen
bond.

VI. Conclusions

Water is a vital yet complex system. Experimental data
provide only indirect evidence as to water structure and
dynamics. It is therefore important to combine data from
different experimental sources rather than focus on interpreting
results from a single measurement. Molecular dynamics can
in principle provide more direct answers to microscopic
questions, but only after uncertainties in computational proce-
dures have been alleviated and subject to a prudent choice of
observables. The present work analyzed several experimental
results in an effort to decipher the molecular mechanism
underlying the Debye relaxation in water.
Two classes of transport phenomena are recognized in liquid

water: “ordinary” mass diffusion and the “abnormal” proton
mobility. It can now be appreciated how these two processes
originate from two types of molecular mechanisms. Proton
mobility occurs on the time scale of water reorientation as
measured by neutron and Rayleigh scattering. Dielectric
relaxation and self-diffusion are slower and show a stronger
temperature dependence. They correspond to water molecules
hopping across the tetrahedral site-vacancy distance,l ) 3.3
Å. In dielectric permittivity experiments the oscillating electric
field induces a reactive process in which a tetrahedrally bound
water molecule hops periodically between occupied and vacancy
sites, whereas in self-diffusion the molecule retraps and resumes
hopping into the next available tetrahedral site.
When the extended water structure is considered, it becomes

clear that “tetrahedral displacement” might correspond to
different molecular motions at different temperatures. At the
lowest temperatures, an extended hydrogen-bond network may
exist, so that “tetrahedral displacement” may be visualized as a
hop from an occupied to an unoccupied cubic center. At
somewhat higher temperatures, five- and six-membered ring
structures may prevail. Squeezing of a water molecule through
a water-pentagon has been recently suggested as a model for
self-diffusion in supercooled water.64 A 6-membered ring could
be in either a chair or boat conformation. Hydrogen-bond
cleavage may allow it to undergo a chair-boat isomerization
over a distance similar tol. In the high-temperature limit
isolated tetrahedra may exist. These could undergo tetrahedral
torsion, each of the four waters oscillating between two corners
of the cube. The detachment of a single hydrogen bond again
induces a tetrahedral displacement motion. Despite the large
array of possible water structures, the Raman data suggest that
only two broad classes of “loosely” and “tightly” bound
tetrahedra are active precursors in tetrahedral displacement
through coupling to two different normal modes of the oxygen
pentamer.
Water is a many-body problem involving a multidimensional

potential with an enormous number of minima, maxima, and
saddle-points.22 Water dynamics show numerous cooperative,
random-like, and chaotic type behaviors which are difficult to

rationalize. It may first seem surprising that, embedded in these
complex dynamics, one could identify quasi-simple molecular
motions which are functionally important. Water reorientation
and tetrahedral displacement seem to be such motions, as they
give rise to the transport properties of water.
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