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We report measurements of the real and imaginary part of the dielectric constant of liquid water in
the far-infrared region from 0.1 to 2.0 THz in a temperature range from 271.1 to 366.7 K. The data
have been obtained with the use of THz time domain reflection spectroscopy, utilizing ultrashort
electromagnetic pulses generated from a photoconductive antenna driven by femtosecond laser
pulses. A Debye model with an additional relaxation time is used to fit the frequency dependence
of the complex dielectric constants. We obtain a fast~fs! and a Debye~ps! relaxation time for the
macroscopic polarization. The corresponding time correlation functions have been calculated with
molecular dynamics simulations and are compared with experimental relaxation times. The
temperature dependence of the Debye relaxation time is analyzed using three models: Transition
state theory, a Debye–Stoke–Einstein relation between the viscosity and the Debye time, and a
model stating that its temperature dependence can be extrapolated from a singularity of liquid water
at 228 K. We find an excellent agreement between experiment and the two latter models. The
simulations, however, present results with too large statistical error for establishing a relation for the
temperature dependence. ©1997 American Institute of Physics.@S0021-9606~97!50838-5#
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I. INTRODUCTION

Water is in many aspects a remarkable liquid. Ap
from its importance in biological processes and the exten
use in chemistry as solvent, the exceptional properties
liquid water in their own justify investigations.1–4 Although
properties of liquid water have been studied for many ye
the microscopic mechanisms leading to its anomalous p
erties are far from fully understood. This work is devoted
the study of dielectric relaxation, which previously has giv
valuable information about the dynamics of both liquids a
solutions.5,6 According to the simple model proposed b
Debye,7,8 a macroscopic polarization is created due to
alignment of the molecular dipole moments if an exter
electric field is applied to a polar liquid. Removal of th
electric field cause a relaxation of the polarization as a c
sequence of the thermal fluctuations in the liquid. In the c
of water, this simple picture is complicated by the ability

a!Permanent address: Optics and Fluid Dynamics Department, Riso” National
Laboratory, DK-4000 Roskilde, Denmark.

b!Electronic-mail: Keiding@kemi.aau.dk
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liquid water to form a highly distorted tetrahedral hydroge
bond network. In addition, compared with other polar li
uids, water is expected to have a fast dynamical behavior
to its small molecular moments of inertia.2

The relaxational response of liquids is found in the m
crowave and far-infrared region of the electromagnetic sp
trum. A frequency range from 0.01 to 2 TH
(3.3– 66.7 cm21) corresponds to relaxation times from 80
to 16 ps~Defined asvct51!. During the last decade ther
has been an increasing effort to study the ultrafast respo
of water in this spectral region due to progress in vario
experimental techniques: Temperature-dependent studie
water with the use of low-frequency depolarized Ram
spectroscopy~DRS! have been reported.9,10 Mizoguchiet al.
have been able to reproduce the observed DRS-spectrum~up
to 250 cm21! using a model including two resonance cont
butions~broad bands around 60 and 190 cm21! and one re-
laxation process.10 Recently, several workers have employ
optical-heterodyne detected Raman-induced Kerr ef
spectroscopy~OHD-RIKES/OKE!11–13 to study the dynam-
ics of liquid water. This is a technique where birefringence
5319319/13/$10.00 © 1997 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



h

.
iq
om
m
-
n

e
e-

e
-
-
s
m
ig
a
z

ll
r

id
on
th
t

re
ur
lit
oo

by
la
h

w
ro

s
e
ro
es
b
le
th
ax
d

.
ns
on

w

is

ac-
g
e
are
i-

f-
-

at
nt

ed
l-
he
e,
e
he
n-

is
of
lay
e
e
a

ta
n-

s a
ion
r
is

di-
c. II

5320 Ro”nne et al.: Dielectric relaxation in liquid water
induced in order to measure the nonlinear polarization. T
kind of study gives two relaxation times: 0.560.03 ps and
1.760.3 ps at 298 K12 as well as 0.40 and 1.16 ps at 295 K13

The time-dependent fluorescence Stokes shift techn
~TDFSS!, which is assumed to give a linear response fr
the solvent, have recently been improved to give a fs ti
resolved water measurements.14,15 In TDFSS a suitable sol
ute molecule is excited by a short laser pulse thereby cha
ing the charge distribution. The subsequent reorientation
the solvent is monitored by measuring the time-depend
fluorescence. Jimenezet al. have measured a very fast r
sponse (<55 fs) of liquid water using TDFSS.15 Another
technique giving a linear response is THz time domain sp
troscopy~THz-TDS!.16,17This is based on ultrashort electro
magnetic pulses~THz pulses! which are generated and de
tected by small photoconductive antennas driven by fs la
pulses.18,19 The bandwidth of the THz pulses extends fro
50 GHz to several THz. The broad bandwidth, the high s
nal to noise ratio, and the frequency range covered m
THz-pulses well suited for far-infrared spectroscopy. TH
TDS have been used in spectroscopic investigations
gases,19 solids,20 and liquids.21 These experiments have a
been performed as transmission experiments, but in orde
study highly absorbing samples, as for example polar liqu
we have recently introduced THz-TDS in the reflecti
mode.16 This experimental technique has been used in
present work to measure the complex dielectric constan
liquid water in the frequency range from 0.1 to 2 THz.

A key factor in obtaining knowledge about the structu
and dynamics of a liquid is to investigate their temperat
dependence. Studies of for instance density, proton mobi
and viscosity of water have turned out to be a valuable t
for testing theories about the liquid structure of water.3,22–25

In this work, we investigate the dynamics of liquid water
measuring the temperature dependence of dielectric re
ation times, thus allowing us to obtain information about t
forces responsible for the dynamics of liquid water.

Experiments provide only ensemble averages, but
would like to explain experimental data such as IR or mic
wave spectra in terms of molecular mechanisms. In a m
lecular dynamics~MD! simulation, macroscopic propertie
of a liquid or a solution are calculated from ensemble av
ages of microscopic properties of the system. The mic
scopic model employed in MD simulations thus provid
microscopic interpretations. For the microscopic model to
valid it is, however, required that the MD simulation is ab
to reproduce the experimental data. It has turned out
simulations of static dielectric constants and dielectric rel
ation are nontrivial from a methodological point of view an
that the convergence of the sampled properties are slow26,27

In this work, we have performed extensive MD simulatio
of dielectric properties at selected temperatures corresp
ing to the experimental data.

II. EXPERIMENT

The THz time domain reflection spectrometer is sho
in Fig. 1. A pulse from a Ti sapphire fs laser~l5800 nm;
J. Chem. Phys., Vol. 107,
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pulse energy;0.5 nJ, pulse width;70 fs, repetition rate 76
MHz! is split by a beam splitter, and one part of the beam
focused onto an emitting dipole antenna21 ~inset in Fig. 1!.
The laser pulses generate free charge carriers, which are
celerated by biasing the antenna with 40 V. The resultin
time-dependent photocurrent with subpicosecond rise tim
acts as source for the subpicosecond THz pulses. These
radiated into the substrate and collimated by a hyperhem
spherical lens made of high resistivity silicon and a 90° of
axis paraboloidal mirror. A silicon beam splitter reflects ap
proximately half of the THz beam onto the sample cell
normal incidence. The sample cell is equipped with a fro
window made of crystalline, high resistivity silicon, which
has a very low dispersion and absorption in the far-infrar
region.20 The window is carefully polished to ensure para
lelism and flatness. When a single THz pulse arrives at t
sample cell, one part is reflected at the air–silicon interfac
while another is reflected at the silicon–liquid interface. Th
THz beam leaving the sample cell is transmitted through t
silicon beam splitter and focused onto a detecting dipole a
tenna~inset in Fig. 1! by a 90° off-axis paraboloidal mirror
and a hyper-hemispherical silicon lens. The THz-detector
biased by the THz radiation and gated by the second part
the laser pulse that has been sent through a variable de
line. The induced photocurrent is thus proportional to th
electric field of the THz pulse. The time dependence of th
photocurrent is measured by scanning the delay line with
computer controlled dc motor. At each scan 2048 da
points, separated by 0.04 ps, are collected with a time co
stant of 100 ms.

A scan with liquid water in the sample cell is shown in
Fig. 2. The first pulse in the pulse sequence is used a
reference, whereas the second pulse contains informat
about the complex dielectric constant of liquid water. Fo
comparison, a scan obtained with an empty sample cell

FIG. 1. THz time domain reflection spectrometer. The insets show the
pole antennas used for emission and detection of THz radiation. See Se
for further details.
No. 14, 8 October 1997
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5321Ro”nne et al.: Dielectric relaxation in liquid water
shown in Fig. 3. Note that the shape of the second pu
shows that water and air have different indices of refracti
The amplitude frequency spectrum of the reference puls
also shown in Fig. 2. This spectrum illustrates the usefu
THz bandwidth of the spectrometer.

In order to measure the properties of the liquid as
function of temperature, the sample cell is placed on a 70
Peltier-element and insulated from the surroundings, mak
it possible to choose any temperature between 270 and

FIG. 2. Above: Pulse sequence obtained from the THz time domain re
tion spectrometer with the sample cell containing three times distilled w
at 315.0 K. The vertical scale is a lock-in reading with an amplificat
factor of 108 V/A. Below: The spectral amplitude of the reference pulse~the
reflection from the air–silicon interface!.

FIG. 3. Pulse sequence obtained from the THz time domain reflection s
trometer with an empty sample cell. The vertical scale is a lock-in read
with an amplification factor of 108 V/A.
J. Chem. Phys., Vol. 107,

Downloaded 19 Aug 2001 to 128.113.8.139. Redistribution subject to A
e
.
is
2

a

g
70

K. The temperature of the liquid is determined in the cen
of the sample cell by a thermocoupler, and it is made s
that the temperature is constant (DT<0.1 K) over the entire
scan. Dry air purge is used to avoid water vapor in the se
since droplets condensing on the cold sample cell and
sorption by water vapor of the THz radiation would serious
affect the results.

In this work, we have also measured the refractive ind
of the silicon window in the frequency range from 50 GHz
3 THz as a function of temperature. This knowledge is us
in the analysis of the liquid measurements. Accordingly,
reflection spectrometer has the advantage over the trans
sion spectrometer17,21 that the complex dielectric constan
can be obtained from a single scan.

III. THEORY

A. Determination of the complex dielectric constant
of liquid water

If a short THz pulse is reflected from the sample c
containing a liquid, the resulting pulse train consists o
pulse reflected from the front of the silicon window~refer-
ence pulse! and a delayed pulse reflected from the silicon
liquid interface ~sample pulse!. Measurement of the
frequency-dependent change in phase and amplitude o
pulse train permits the complex dielectric constant of
liquid to be obtained from a single scan. The ratio of t
Fourier transform of the reference pulseÊR(n) and sample
pulseÊS(n), is

ÊS~n!

ÊR~n!
5

tASir̂ SiWtSiA

r ASi

expS i
4pnSidSin

c
D , ~1!

wheretASi , tSiA , r ASi , and r̂ SiW are the Fresnel coefficient
at normal incidence for the amplitude transmissiont, and
reflection r . The subscripts indicate which dielectrica th
interfaces consist of: air~A!, silicon ~Si!, and water~W!. The
Fresnel coefficients for the air–silicon interfaces are real
cause dry air and silicon have no absorption. The exponen
factor represents the phase shift~delay! due to propagation in
the window material, wherenSi is the index of refraction of
silicon anddSi is the thickness of the silicon window. Fo
normal incidence, the complex Fresnel reflection coeffici
for the silicon–water interface is

r̂ SiW5~nSi2n̂W!/~nSi1n̂W!, ~2!

wheren̂W5nW1 iaWc/4pn is the complex refractive index
of water. If we express the reflection coefficient in the Eu
representation,r̂ SiW5Reiu, and solve Eq.~2! for the un-
known refractive index,nW and the absorption coefficien
aW , of liquid water, we obtain

nW5
nSi~12R2!

11R212R cosu
~3!

and

aW5
4pnnSi

c

22R sin u

11R212R cosu
. ~4!

c-
er

c-
g
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5322 Ro”nne et al.: Dielectric relaxation in liquid water
If both nSi anddSi are known, the amplitude,R, and phase
angle, u, can be determined experimentally by isolati
r̂ SiW5Reiu in Eq. ~1!. The real and imaginary parts of th
dielectric constant,ê5e81 i e9, are calculated from the rela
tion ê5n̂2. It is evident that the optical constants of wat
obtained from Eqs.~3! and~4! depend strongly on a precis
knowledge ofnSi and dSi . In the next section, we describ
how the refractive index of silicon can be determined
measurements on an empty sample cell.

B. Determination of the refractive index of silicon

The ratio of the Fourier transform of the pulse reflect
from the air–silicon interfaceÊR(n) and the pulse reflecte
from the silicon–air interfaceÊE(n) is given by the refrac-
tive indices of air and silicon in line with Eq.~1!

ÊE~n!

ÊR~n!
5

tASir SiAtSiA

r ASi

expS i
4pnSidSin

c
D , ~5!

where the real Fresnel coefficients for amplitude transm
sion and reflectiontASi , tSiA , r ASi , andr SiA only depend on
nSi and nA ~the index of refraction of air! for normal inci-
dence. If we expressÊE /ÊR asREeiuE and make use of the
fact that (r SiA /r ASi)5215eip at normal incidence, the un
known index of refraction of silicon,nSi , can be deduced
from the phase part of Eq.~5!

nSi5
~uE2p!c

4pdSin
, ~6!

while the amplitude part of Eq.~5! gives

nSi5
22RE12A12RE

RE
nA . ~7!

We have obtained two equations, Eqs.~6! and~7!, with two
unknowns,nSi anddSi which gives us the possibility to de
termine bothnSi anddSi from one measurement.

IV. EXPERIMENTAL RESULTS

A Determination of the frequency and temperature
dependence of the refractive index of silicon

The refractive index of silicon,nSi , has been determine
as a function of temperature in the frequency range from
GHz to 3 THz. Since there is no measurable absorption
high resistivity silicon,20 Eqs. ~6! and ~7! can be used. It is
found that if we use Eq.~6! and a constant value for th
thickness of the silicon window,dSi51.8646 mm, we obtain
the best results for the index of refraction. The linear therm
expansion coefficient of silicon is 2.61631026 K21

at 300 K.28 Within a temperature interval of 95 K th
thermal expansion,DdSi , will accordingly be less than
531024 mm and the corresponding phase sh
(2pnSiDdSin/c) at 1 THz is less than 431022 rad. The
thermal expansion is therefore neglected.

Measurements have been carried out in the tempera
range from 275 to 304 K. The index of refraction of silico
at 295.5 K is shown in Fig. 4, which clearly demonstrates
J. Chem. Phys., Vol. 107,
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very low dispersion of silicon in the far-infrared region. Th
noise at the lowest and highest frequencies is caused by
low spectral intensity of the THz pulses at these frequenc
We therefore considernSi as frequency-independent. In Fig
5, we have plotted the value ofnSi at 1.0 THz as a function
of temperature. Using a linear regression we obtain an eq
tion for the temperature dependence ofnSi at 1.0 THz

nSi~T!53.369 921~1.8831024 K21!T, ~8!

which is shown in Fig. 5 as a full line. Because of the lo
dispersion this equation can be used in the analysis of
liquid measurements in the entire frequency range. Furth
more, from Eq.~8! we find the thermo-optic coefficient o
silicon at 1 THz to be]nSi /]T5(1.8860.03)31024 K21,
which is in excellent agreement with a previously fou
value of (1.8660.08)31024 K21, at 200 THz~1.5 mm!.29

FIG. 4. A measurement of the index of refraction of silicon 295.5 K. No
the very low dispersion.

FIG. 5. The index of refraction of silicon at 1.0 THz plotted as a function
temperature. The full line is a linear fit to the points.
No. 14, 8 October 1997

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



te
ng

till
1
w
ce
e
tw
e
in
tu
su
of
6.
l
cy
m
a
re
t
ie
le

ac

te

ra-
fully

r
the
nd
-
0.9

iffi-
tion

%
ed
the
.
ion
-

ee-
bye
the

ils

, a

a
nes

5323Ro”nne et al.: Dielectric relaxation in liquid water
B. Determination of the complex dielectric constant
of liquid water

The optical constants of liquid water have been de
mined as a function of temperature in the frequency ra
from 0.1 THz to 2 THz with the use of Eqs.~3! and~4!. The
measurements have been performed on three times dis
liquid water at eleven different temperatures between 27
and 366.7 K. The sample chamber has been flushed
water three times before the final sample is added to the
At temperatures up to 354.2 K, we have made four indep
dent scans, at the highest temperature, 366.7 K, only
scans. Figure 6 shows the frequency dependence of th
fractive index and power absorption obtained from averag
scans at the same temperature at four of these tempera
including the highest and the lowest. The absorption of
percooled water~271.1 K! has an almost constant value
100 cm21 between 0.5 and 1.5 THz. The absorption at 36
K changes from;300 to 500 cm21 in the same spectra
region. For temperatures in between, the general tenden
increasing absorption with increasing frequency and te
perature. The index of refraction also increases with incre
ing temperature but decreases with frequency. At low f
quencies~0.05 THz! the index of refraction is 20% higher a
366.7 K than that at 271.1 K whereas at high frequenc
only 1% higher. For data analysis we calculate the comp
dielectric constant from the absorption and index of refr
tion. The real part,e8, and imaginary part,e9, of the dielec-
tric constant are shown in Fig. 7.

Absorption coefficients as high as those of liquid wa

FIG. 6. The refractive index and power absorption of liquid water shown
a function of frequency at four different temperatures.
J. Chem. Phys., Vol. 107,
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make transmission experiments difficult. At room tempe
ture, however, transmission measurements have success
been carried out for liquid water.17 When we compare ou
data at 292.2 K to room-temperature measurements in
far-infrared region of the electromagnetic spectrum, we fi
a good agreement.30–32 A controversial question is the exis
tents of a weak resonance in the frequency interval from
THz to 2.1 THz~see for example Ref. 33!. The scatter in our
measurements at frequencies above 1.5 THz makes it d
cult to observe whether there is a shoulder on the absorp
coefficient or not.

Our absorption coefficient at 331.1 K differ up to 20
from absorption coefficients reported in the far-infrar
region.30,34We find, however, a good agreement between
index of refraction measured by us and by Zelsmann30

These are substantially higher than the index of refract
measured by Afsar and Hasted.34 We also find a good agree
ment between our data and Zelsmann’s data at 354.2 K.

In previous dielectric relaxation studies, a good agr
ment is found between experimental data and the De
model, by assuming a single exponential relaxation of
polarization for frequencies up to 100 GHz.35 If, however,
the Debye model is extrapolated to THz frequencies, it fa
to reproduce the experimental findings.36 In an attempt to
account for the response of water at THz frequencies
double Debye ~biexponential! model has been
adopted6,17,35,37,38

sFIG. 7. The complex dielectric constant,ê5e81 i e9, of liquid water
~points! as a function of frequency at four different temperatures. The li
show the fits to the double Debye model.
No. 14, 8 October 1997
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5324 Ro”nne et al.: Dielectric relaxation in liquid water
ê~v!5e`1
es2e1

11 ivtD
1

e12e`

11 ivt2
. ~9!

The measured complex dielectric constant obtained fr
each scan has been fitted to the double Debye model w
nonlinear least-squares method.39 The individual data points
have been weighted according to the amplitude of the sp
trum of the THz-pulse, giving less weight to the low- an
high-frequency limits of the spectrum. We have constrain
the static dielectric constant toes(T)587.91e20.004 58T@°C#

with the use of experimental data.40 This gives us four
temperature-dependent parameters: Two relaxation timestD

and t2 , and two parameters that indicate the size of
coupling between the relaxation mode and the electric fi
e1 and e` . The differenceses2e1 and e12e` are accord-
ingly relative measures of the contribution to the mac
scopic polarization from the two relaxation processes.
find that within the experimental error the double Deb
model given by Eq.~9! accounts for the experimental da
over the entire frequency and temperature range. An alte
tive to adding a second relaxation process is to add a co
bution from a resonance in line with Mizoguchi.10 We find
that combining a relaxation process with a damped harmo
oscillator does not give as good agreement with our dat
the double Debye model.

The average value of each parameter obtained in
double Debye analysis of theN independent measuremen
at each temperature is reported in Table I. The number
parentheses are the standard deviations obtained from
averaging. Furthermore, a 1% change ofes resulted in a
similar change oftD . The correlation betweenes and tD

will accordingly introduce an additional uncertainty totD

corresponding to the uncertainty ofes .
It should be noted that the fast relaxation time (t2

,100 fs) gives an almost constant contribution to the r
part of Eq.~9! in the frequency range studied. Consequen
t2 and e` will be correlated and the value ofe` remain
undetermined at temperatures above 324 K owing to the
ited frequency interval. When needed in further analysis
have fixed the value ofe` to 1 for temperatures above 32
K. The fitted value oft2 is, however, still valid, although the
maximum frequency is below the critical frequency@nc

TABLE I. Parameters from the double Debye model with the standard
viation given in parentheses.N is the number of independent scans.

T @K# N tD @ps# t2 @fs# e1 e`

271.1 4 15.7~0.3! 220~50! 4.99~0.05! 3.8~0.2!
278.8 4 13.1~0.2! 260~50! 5.4~0.1! 3.7~0.3!
288.5 4 9.67~0.08! 180~50! 5.25~0.07! 3.4~0.2!
292.3 4 8.5~0.4! 170~40! 5.2~0.1! 3.3~0.3!
303.2 4 7.0~0.3! 200~60! 5.4~0.3! 3.4~0.3!
315.0 4 5.25~0.07! 77~9! 4.76~0.07! 2.10~0.07!
324.1 4 4.48~0.09! 72~5! 4.76~0.06! 1.6~0.2!
331.1 4 3.83~0.03! 50~10! 4.5~0.2! •••
343.4 4 3.26~0.08! 36~5! 4.5~0.4! •••
354.2 4 2.85~0.06! 51~5! 4.56~0.05! •••
366.7 2 2.33~0.02! 32~5! 4.1~0.1! •••
J. Chem. Phys., Vol. 107,
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51/(2pt2)#. We have tested this hypothesis at 331.1
where the critical frequency,nc , is 3.3 THz, by extending
the frequency range with Zellsman’s data30 from 2 to 4.5
THz. This extension did not result in any change of the d
termination oft2 . Kindt and Schmuttenmaer17 have reported
room-temperature relaxation times of 8.24~40! ps and 0.18
~14! ps determined with THz-TDS in excellent agreeme
with our data at the same temperature.

In the time domain, dielectric relaxation may be cons
ered as the interaction between an external time-depen
field and the total dipole moment of the system,M . Applying
perturbation theory, dielectric relaxation may be describ
with the normalized time correlation function ofM41

C~ t !5
^M ~0!•M ~ t !&

^M2&
. ~10!

In the double Debye model, the correlation function,C(t) is
described by a biexponential decay, with amplitudes prop
tional to the differenceses2e1 ande12e`

C~ t !5
es2e1

es2e`
e2utu/tD1

e12e`

es2e`
e2utu/t2. ~11!

The time-correlation functions are plotted in Fig. 8.

V. MOLECULAR DYNAMICS SIMULATION

MD simulations of dielectric properties are properly ca
ried out with the Ewald lattice summation method or t
reaction field method.42 The static dielectric constant may b
calculated with the Ewald technique as42

4p^M2&
3VT

5es21, ~12!

whereM is the dipole moment,V is the volume, andT the
temperature of the simulation box. Dielectric properties ha
previously been calculated by adopting several differ

FIG. 8. The experimentally determined Debye correlation functions w
two relaxation times@Eq. ~11!# are represented by the lines. The molecu
dynamics correlation functions are represented by the symbols. In the in
the fast relaxation times are compared.

-
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5325Ro”nne et al.: Dielectric relaxation in liquid water
model potentials,26,43–47 but apart from the studies carrie
out by Neumann,26,27the simulation times extend to less tha
a ns.

We have carried out MD simulations at selected te
peratures of the experimental spectra by adopting experim
tal densities and the SPC/E potential,48 which is a reparam-
eterization of the original SPC potential49 to include also the
self-energy polarization term. The reason for choosing
SPC/E potential is that it is both extremely simple~and thus
efficient in these computer-demanding calculations!, and that
it has given reasonable results in previous work. The Ew
lattice summation technique and periodic boundary con
tions have been employed, and we have not been using
spherical cutoff, but instead included all interactions in t
simulation box.46 The simulated system consists of 216 w
ter molecules and the simulation time is 4 ns with a times
of 2 fs.

The dielectric constant as a function of the simulatio
time is presented in Fig. 9. We conclude that simulati
times of more than 2.0 ns are required to obtain a reason
convergence. It is noted that at 303.2 K the static dielec
constant is 88 after 200 ps before reaching the final value
63.6, and that at 292.2 K the static dielectric consta
changes from 54 to 64 during the simulation period 1.4–1
ns. The slow convergence of the dielectric constant, wh
persists after many hundreds of picoseconds, has not b
explained at a molecular level, but it is noted that they ex
up to 1 ns at all temperatures. The standard deviation of
dielectric constant~Table II! is, however, substantially
smaller at the highest temperature, 368.2 K than at low
temperatures. As noted for a flexible SPC potential,43 it is
clear that the slow convergence is due to a collective beh
ior of liquid water since the corresponding average of t
molecular dipole moment,̂ m2&, converges much more
rapidly.

The temperature dependence of the static dielectric c
stant is compared with experimental values50 in Fig. 10.
Within the temperature interval 278–303 K, the correct te

FIG. 9. The static dielectric constant found by MD simulations as a funct
of the simulation time.
J. Chem. Phys., Vol. 107,
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perature dependence is not obtained. This is probably due
the limited simulation times as noted both in Fig. 9 an
Table II. If we had been interested in only the time
independent dielectric constant, sampling with an umbrel
potential would improve the convergence of the dielectri
constant.51

The static dielectric constants from our simulations ar
generally too small compared with the experiment in Fig. 10
This may be understood from the fact that we use a rigid an
nonpolarizable potential function. If an external electric fiel
is applied to a liquid, mainly three things happen: The ele
tronic charge distribution is polarized, the geometry of th
molecule is altered, such as the molecular dipole moment
increased, and the water molecules are aligned. Here,
only include the third term. It has been demonstrated th
many-body polarization has a large effect on the determin
tion of dielectric properties,52,53 but that a water molecule
with an effective dipole moment of that in the liquid state ha
the same structural and dielectric properties as the fully p
larizable system.52 It is therefore expected that a large part o
the deviations to experiment is due to the description of th
collective orientational ordering of the water molecules. Fo
example, it has been argued that the accuracy of the quad

n

FIG. 10. The static dielectric constant found by MD simulations~diamond!
as a function of the temperature. Experimental data~Ref. 50! ~cross! are
shown for comparison.

TABLE II. Parameters obtained by MD simulations with a simulation time
of 4.0 ns. The standard deviation of the static dielectric constant,es , is
calculated by partitioning the simulation time into macrosteps of timetm and
regarding the average of each macrostep as an independent measurem
The Debye relaxation time,tD , is calculated with linear regression in the
ranget r .

T @K# tm @ps# es tD @ps# t r @ps#

271.05 20 79.2~3.0! 18.9~1.7! 0.5–29
278.75 10 63.0~1.8! 10.7~0.5! 0.5–22
288.45 10 63.8~1.8! 11.1~0.6! 0.5–22
292.15 10 61.3~2.0! 8.1~0.3! 0.5–22
303.15 10 63.6~1.8! 8.8~0.4! 0.5–22
368.15 5 48.0~0.9! 2.73~0.11! 0.5–8
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5326 Ro”nne et al.: Dielectric relaxation in liquid water
pole moment of the water molecule has a large influence
the dielectric constant since it effectively breaks the lon
range dipole–dipole correlations.52 Quantum chemical po
tentials that provide an accurate description of the true m
lecular charge distribution, such as the NEMO potential,54,55

may thus give an improved description of dielectric prop
ties of polar liquids. It may also be of importance that s
vent effects on the molecular quadrupole moment is
cluded. The high static dielectric constant is an exceptio
property of liquid water, but it is important to remember th
also other liquids such as formamide, ethylene carbonate
N-methylacetamide, which has a very different structure th
that of water also have as high dielectric constants.56

Calculations of the dielectric relaxation as the tim
correlation function in Eq.~12! should agree better with ex
periment than the dielectric constant. The reason is that
electronic polarization and the intramolecular motions oc
on a different time scale than that considered here. On
other hand, couplings between the different kinds of po
izations may be important. In the Debye approximation
relaxation of the collective orientational motion is describ
with transition state theory, i.e., the relaxation occurs
passing an energy barrier. It is possible that the molec
induced dipole moment and the molecular geometry are
ferent from the average values at the transition state, wh
of course will affect the height of the energy barrier a
thereby also the relaxation time. The mechanism behind
bye relaxation may be regarded similar to that of se
diffusion because the energy barrier is in both cases du
the breaking and forming of hydrogen bonds.57,58 For the
SPC potential, it has been noted that a flexible potential
duces the self-diffusion coefficient significantly.43

In the Debye model, the dielectric relaxation is describ
with a single relaxation time,tD , as

CD~ t !5e2utu/tD, ~13!

for t larger than;0.5 ps. The calculated time-correlatio
functions are compared with our experiments in Fig. 8 a
the times,tD , are given in Table II. The Debye time as
function of the simulation time is shown for some tempe
tures in Fig. 11. It is concluded that simulations of seve
hundreds of picoseconds are required to obtain a qua
tively correct behavior and of several ns to achieve a reas
able agreement with the experiment, even if the error b
are too large for establishing a relation for temperature
pendence. The main point is, however, that in contrast to
dielectric constant, it is possible to obtain quantitatively c
rect Debye times with a rigid and nonpolarizable poten
model.

VI. DISCUSSION

We have compared the temperature dependence of
Debye relaxation time,tD , with Debye relaxation times ob
tained from dielectric data in the microwave region,36 tMW

~Fig. 13!. One woulda priori expect the two times to be
identical. This is the case at high temperatures, wherea
low temperaturestMW is higher than our measuredtD . A
J. Chem. Phys., Vol. 107,
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possible explanation for this is a nonvanishing contributi
from the fast relaxation process to the complex dielect
constant in the GHz region at low temperatures. At 278.8
we find the fast relaxation time to be 0.26 ps, giving a critic
frequency,nc , of 610 GHz. This gives a considerable con
tribution to the Debye spectrum in the entire GHz region.
higher temperatures the critical frequency will increa
which decreases the spectral contribution at GHz frequenc
from the fast relaxation process. At low temperature the m
crowave relaxation time, as observed by Kaatze a
Uhlendorf,36 will accordingly include contributions from the
fast relaxation process, and is therefore different from o
Debye relaxation time.

When we compare THz-TDS dynamics with the dynam
ics observed in TDFSS-experiments, it is important to real
that the TDFSS measurements probe the dynamical chan
following a rapidly induced change in the charge distrib
tion, whereas the experiments in this work probe the dyna
ics associated with a step-function change of the elec
field.59 In a dielectric model this distinction is equivalent to
longitudinal relaxation time (tL) associated with the charge
change and a transverse relaxation time (tT) associated with
the field change.60 Following Kivelson and Friedman,60,61

these two relaxation times are related through the dielec
constant at zero and ‘‘infinite’’ frequency, where infinit
meansv@1/t

tT5tL

es8

e 8̀
. ~14!

The TDFSS measurement of Jimenezet al. show a double
exponential decay with time constants 120 and 880 fs
room temperature.15 Using for the fast relaxation~120 fs!
es85e1 ande 8̀ 5e` we obtain a relaxation time of 195 fs in
agreement with our measuredt25170 fs at 292.3 K. For the
slow component~880 fs! we obtain, usinges85es and e 8̀
5e1 , a relaxation time of 12.8 ps in comparison with th
measuredtD58.5 ps. Considering the simplicity of the
model the observed agreement is good, as it was also

FIG. 11. The Debye relaxation time found by MD simulations as a functi
of the simulation time.
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5327Ro”nne et al.: Dielectric relaxation in liquid water
served by Ohmine.62 It should be noted that the relaxatio
times from the TDFSS experiment change less than a fa
of 2 for different the solute molecules.59 It is therefore rea-
sonable to assume that the relaxation times mainly are d
mined by the same mechanisms as the dielectric relaxa
times and very little affected by interactions~such as hydro-
gen bonds! between the solute and solvent.

In the work of Mizoguchi et al.10 two Curie–Weiss
equations are adopted for describing the temperature de
dence of the DRS relaxation times (tDRS). We have used
these to calculatetDRS at temperatures corresponding to ou
~Fig. 12!. The values oftDRS and tD differ as does their
temperature dependence. The relaxational mode observ
the DRS-experiment depends on the dynamics of the non
ear polarization, whereas the time dependence observe
our data results from the dynamics of the linear polarizati
The two macroscopic properties do not necessarily cou
equally to the different kinds of thermal fluctuation in th
microscopic structure. The ratio oftD and tDRS is theoreti-
cally predicted to be three63 for liquids dominated by single
molecule rotational relaxation. We find that this rat
changes from 2.2 at 271.1 K to 1.3 at 366.7 K. It is n
surprising that the ratio departs from three since collec
effects are known to dominate both the FIR and DRS sp
tra. The reason for the change of the ratio with temperatur
presently unknown, but the change could suggest a dif
ence in the molecular mechanisms determining the two s
tra.

Like the DRS-technique, the OHD-RIKES/OKE expe
ments depend on the nonlinear polarization. Castneret al.13

suggest that due to the nature of their experiment the re
ation times of 0.40 and 1.16 ps atT5295 K can be directly
assigned to rotational diffusion, although some translat
diffusion may be included because of the hydrogen bo
network. It would be interesting to have OHD-RIKES da
over a larger temperature interval in order to perform a m
detailed comparison.

In previous temperature-dependence studies of diele
relaxation, several attempts have been made to accoun
the temperature dependence of the Debye relaxation. A
cedure commonly employed is to make an Arrhenius p
and analyze it with transition state theory64

t~T!5
h

kT
expS 2

DSa

R DexpS 2
DHa

RT D
[

t0

T
expS 2

DHa

RT D , ~15!

whereDHa is the activation enthalpy andDSa is the activa-
tion entropy for the relaxation process. BothDHa and DSa

are assumed to be temperature independent. The Deby
laxation time versus 1000/T is shown in Fig. 13. We find tha
a single constant activation enthalpy cannot fit the data
propriately over the entire temperature range, but this is p
sible if the data divided in two regions, one above 315 K a
one below 293 K. The two lines intersect near 303 K.
high temperatures the activation enthalpy is 2.9 kcal/mol
at low it is 4.0 kcal/mol. It is interesting to note that 303
J. Chem. Phys., Vol. 107,
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has proven to be a special temperature in various studie
water. Mizoguchiet al. have plotted the inverse of the DR
relaxation time versus temperature10 and observed a kinklike
behavior at;303 K. In pressure dependent studies of t
shear viscosity,65 water behaves like an abnormal liquid b
low 303 K and the specific heat capacity of water,Cp , has a
minimum at 303 K.66 Temperature dependence of a prope
measured in one kind of experiment does not give a to
picture of all thermal fluctuations. Still, adding all these o
servations together we obtain indication of a changes in
croscopic structure at;303 K. In our case this is observe
as a change of the energy barrier of the reorientation proc

The assumption that the activation enthalpy for the
laxation process is constant may not be valid. The temp
ture dependence of Arrhenius plots for kinetic propert
may reflect a decreasing interaction energy as the temp

FIG. 13. The circles show the Debye relaxation times,tD , vs 1000/T.
The error bars indicate the 95% confidence limit. The solid and das
lines are a transition state fit to the high- and low-temperature regi
respectively, yieldingtD5$@15(5)#/T%3e@1400(100)#/T and tD5$@3(1)#/T%
3e@2000(200)#/T.

FIG. 12. The Debye relaxation times,tD , represented by circles are com
pared to:~a! Relaxation time from a temperature-dependent study of die
tric relaxation in the microwave region~Ref. 36! represented by squares, an
~b! relaxation times from a temperature-dependent DRS study~Ref. 10!
represented by upper triangles.
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5328 Ro”nne et al.: Dielectric relaxation in liquid water
ture increases~see for example Ref. 67!. If the rate-
determining step in the Debye relaxation process is
breaking and forming of hydrogen bonds, the temperat
dependence may origin from a decrease in the numbe
hydrogen bonds with increasing temperature. Furtherm
since it has recently been demonstrated that the dynamic
forming and breaking hydrogen bonds at room tempera
in liquid water is virtually uncorrelated with the fluctuation
of neighboring bonds~i.e., cooperative effects are unimpo
tant for the forming of a hydrogen bond in liquid water!,68 it
may be possible to use a statistical model, where only
temperature dependence of the number of hydrogen bon
each molecule models the properties of liquid water.5,24,69On
the other hand, simulations using a polarizable poten
model find cooperative effects in the hydrogen bonding
liquid water.70 It is also reasonable that a major portion
the cooperative effect arises from a polarization of cha
distribution when a hydrogen bond is formed. This effect
not included in an effective force field as the SPC/E pot
tial, but on the other hand, effective pair potentials have s
cessfully described many properties of liquid water, inclu
ing diffusion coefficients and dielectric relaxation th
depend on the dynamics of the forming and breaking of
drogen bonds.

The possibility of a true singularity in both static an
dynamic properties of liquid water at aboutTs5228 K ~1
bar! has been suggested by Speedy and Angell.25,71This tem-
perature is just below the limit of the attainable supercool
at about 232 K. It has been shown that the temperature
pendence of experimentally measured properties that ex
an extremum~e.g., isothermal compressibility, density, an
NMR relaxation times!71 may be fitted to a fractional powe
law that diverges to infinity atTs . The same parameters a
used for liquid water in the supercooled and the normal te
perature regime. In the case of the Debye relaxation time
model has been found to resemble the actual behavio
temperatures between 273.2 and 333.2 K71 giving the equa-
tion, tD50.9822@ps#(T/Ts21)21.791. A comparison of our

FIG. 14. The circles show the Debye relaxation times,tD , vs 2 ln(T/228
21). The linear fit, lntD51.68(0.03)310.02(0.03), shows the power de
pendence.
J. Chem. Phys., Vol. 107,
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ln tD versus 2 ln(T/22821) ~Fig. 14! gives an excellent
agreement with the findings of Speedy and Angell.71 We find
the exponent to be21.6860.03 in comparison with
21.79160.02.71 If it is a singularity at 228 K that governs
the temperature dependence also in the normal tempera
regime, it would be crucial for an MD simulation to mod
this behavior in order to describe the temperature dep
dence of liquid water in both the supercooled and norm
temperature regime which for example has been problem
for the density.72,73

The Einstein–Stoke relations demonstrate that the De
relaxation time,tD , the shear viscosity,h, and the self-
diffusion coefficient are related and thereby should origin
from the same molecular mechanisms.57,58 The Debye–
Einstein–Stoke model for the relation betweenh andtD , is
given by74

tD54phR3/kBT, ~16!

whereR is the hydrodynamic radius of a rotating molecu
T the absolute temperature, andkB Boltzmann’s constant.
We have plotted our Debye relaxation time versus the sh
viscosity50,75 divided by temperature~Fig. 15! and we find a
linear dependence.

Agmon has suggested that the Debye relaxation
caused by a tetrahedral displacement.23 That would in terms
of a lattice theory be a translation from one site to a nei
boring site, a motion that also includes a rotation. Suc
mechanism is consistent with the finding that about half
the water molecules in liquid water use only three of the fo
bonding sites76 and the view that water is a random
hydrogen-bonded network with frequently strained and b
ken bonds, continuously subject to spontaneo
restructuring.77 The tetrahedral displacement is also cons
tent with that the number of hydrogen bonds is sufficien
large for the water molecules to form an infinite connec
network ~‘‘gel’’ !.77,78 Note that such a model is inconsiste

FIG. 15. The circles show the Debye relaxation time versus the shear
cosity ~Refs. 50 and 75! divided by the temperature. The linear fit,tD

50.47(0.06)12350(30)h/T, shows the coefficient in the Debye–Stokes
Einstein relation.
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5329Ro”nne et al.: Dielectric relaxation in liquid water
with the assumption that liquid water consists of two fra
tions of molecules with different hydrogen-bon
properties.79–83

The temperature dependence of the fast relaxation ti
t2 , supports the assumption of two relaxational proces
opposed to one relaxation process and one resonance
temperature dependence of the frequency of maximum
sorption for a relaxation process (1/t2) has the form of Eq.
~15!, while for a resonance process the temperature de
dence of the frequency of maximum absorption is small.5 t2

is plotted versus 1000/T in Fig. 16. The fast relaxation time
changes by a factor of roughly 8 over the temperature ran
Although there is a good deal of scatter, this change can
described by a transition state model. The fast relaxa
process is also observed in the simulations~Fig. 8!, but this
is a region of the spectrum where quantum effects star
become important,53 and such contributions have not be
included here.

The amplitudesAD5es2e1 andA25e12e` are propor-
tional to the contributions from the two relaxational modes
the macroscopic polarization. The temperature depende
therefore reflects changes in the microscopic structure
influence the mechanisms behind each relaxation proces
Fig. 17 the amplitudes from the experimental correlat
function are plotted as a function of temperature~the static
dielectric constant has been taken from Ref. 40!. We find
that the two modes do not contribute equally much. T
Debye relaxation contributes of 94%–98.5%. The bandwi
of the THz pulses used in this study is not wide enough
determine either the static dielectric constant at any temp
ture or e` at temperatures above 324.1 K. However, if w
assume that at temperatures lower than 324.1 K the temp
ture dependence of the amplitudes is not an artifact produ
by a limited bandwidth, we observe that the contribution
the Debye relaxation to the macroscopic polarization
creases and contribution of the fast relaxation increa
vaguely with increasing temperature. Following Agmon
model,23 we can explain this temperature dependence ofAD

FIG. 16. The circles show the relaxation times,t2@fs#, vs 1000/T. The error
bars indicate the 95% confidence limit. The solid line is a transition stat
yielding t25$@70(70)#/T%3e@1900(300)#/T.
J. Chem. Phys., Vol. 107,
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andA2 qualitatively. According to this model the fast relax
ation time is caused by a single-molecule rotation and,
discussed, the Debye relaxation is due to a tetrahedral
placement. At higher temperatures the thermal energy
break some of the hydrogen bonds. Single-molecule ro
tions will accordingly increase in proportion, whereas t
number of tetrahedral displacements will decrease. It is no
that both processes may occur with one hydrogen bond
tact. When we explain the temperature dependenceA2 , we
have to consider that we have measuredt2 at room tempera-
ture to be in the order of 0.2 ps, whereas single-molec
reorientation is generally assumed to be around 1 to 2 ps.84,85

VII. CONCLUSION

With the use of THz-TDS we have measured the r
and imaginary part of the dielectric constant of liquid wa
in the far-infrared region from 0.1 to 2.0 THz in a temper
ture range from 271.1 to 366.7 K. The data was fitted to
double Debye model, giving a fast~fs! and a Debye~ps!
relaxation time for the macroscopic polarization. The te
perature dependence of the Debye relaxation time was
lyzed using three models. We have learned from transit
state theory that the activation enthalpy for the reorientat
process is not constant over the entire temperature range
find a linear dependence between the Debye relaxation
and the viscosity divided by temperature in excellent agr
ment with the predictions of the Debye–Stoke–Einstein
lation. Finally, we find that the temperature dependence

t

FIG. 17. The contribution to the macroscopic polarization of the two rel
ation processes as a function of temperature.
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5330 Ro”nne et al.: Dielectric relaxation in liquid water
the Debye relaxation time can be accounted excellently
by a fractional power law that arises from a singularity
liquid water at 228 K.

We have also performed extensive MD simulations
liquid water with the use of a rigid and nonpolarizable p
tential model~SPC/E!. We have calculated the static diele
tric constant and the corresponding time-correlation funct
at selected temperatures and carefully tested the converg
of these simulations. We concluded that simulation times
more than 2 ns were required to obtain a reasonable con
gence and agreement with the experimental Debye time.
main conclusion is that it is possible to obtain quantitativ
correct Debye times with a rigid and nonpolarizable poten
model.

In future projects it would be interesting to extend t
frequency range to higher frequencies in order to ensu
precise determination of the fast relaxation time, the te
perature dependence ofA2 , and to investigate resonance
and also to include quantum effects in the simulations. I
tope studies could give a better understanding of the me
nisms behind the relaxation processes. Both experime
and theoretical work on D2O(l ) is on the way.
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