Investigation of the temperature dependence of dielectric relaxation
in liquid water by THz reflection spectroscopy and molecular
dynamics simulation
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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 féstand a Debydps) 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. 97 American Institute of Physid$S0021-960607)50838-3

I. INTRODUCTION liquid water to form a highly distorted tetrahedral hydrogen-
bond network. In addition, compared with other polar lig-

Water is in many aspects a remarkable liquid. Apartyids, water is expected to have a fast dynamical behavior due
from its importance in biological processes and the extendeg its small molecular moments of inerfia.
use in chemistry as solvent, the exceptional properties of  The relaxational response of liquids is found in the mi-
liquid water in their own justify |nvest|gat!or'i's. Although  crowave and far-infrared region of the electromagnetic spec-
properties of liquid water have been studied for many yearsy,n  a frequency range from 0.01 to 2 THz
the microscopic mechanisms leading to its anomalous propt~3_3_66_7 cm?) corresponds to relaxation times from 80 fs
erties are far from fully understood. This work is devoted to, 4 ps(Defined asw,r=1). During the last decade there
the study of dielectric relaxation, which previously has giVenhas: been an increasi;g effort to study the ultrafast response

valuable information about the dynamics of both liquids andmc water in this spectral region due to proaress in various
solutions>® According to the simple model proposed by P 9 brog

Debye’® a macroscopic polarization is created due to anexperlmental techniques: Temperature-dependent studies of

alignment of the molecular dipole moments if an externalVater with the use of low-frequency depolarized Raman

0 . .
electric field is applied to a polar liquid. Removal of the spectroscopyDRS) have been reportétf.” Mizoguchiet al.

electric field cause a relaxation of the polarization as a conaVe beenlable' to reproduce the observed DRS-spe¢tpim
m *) using a model including two resonance contri-

sequence of the thermal fluctuations in the liquid. In the cast ?50 ¢ ’
of water, this simple picture is complicated by the ability of butions(broad bands around 60 and 190 cthand one re-
laxation proces$® Recently, several workers have employed

optical-heterodyne detected Raman-induced Kerr effect

dpermanent address: Optics and Fluid Dynamics DepartmeritNgional 11-13

Laboratory, DK-4000 Roskilde, Denmark. spectroscopfOHD-RIKES/OKB™ " to study the dynam-
YElectronic-mail: Keiding@kemi.aau.dk ics of liquid water. This is a technique where birefringence is
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5320 Rénne et al.: Dielectric relaxation in liquid water

induced in order to measure the nonlinear polarization. Thit Sample
kind of study gives two relaxation times: @:9.03 ps and

1.7+0.3 ps at 298 K? as well as 0.40 and 1.16 ps at 295K.

The time-dependent fluorescence Stokes shift techniqu
(TDFSS, which is assumed to give a linear response from
the solvent, have recently been improved to give a fs time
resolved water measurements?® In TDFSS a suitable sol-

ute molecule is excited by a short laser pulse thereby chan¢ N
ing the charge distribution. The subsequent reorientation c
the solvent is monitored by measuring the time-depender

Si-window A

THz-emitter

THz-detector

fluorescence. Jimenezt al. have measured a very fast re- ™ N
sponse €55 fs) of liquid water using TDFS¥. Another \4P
technique giving a linear response is THz time domain spec  THzemier THzdetector =

16,17 FP Delay line
troscopy(THz-TDS).™ " This is based on ultrashort electro-

magnetic pulse$THz pulse$ which are generated and de- ; '
tected by small photoconductive antennas driven by fs lase |
pulsest®!® The bandwidth of the THz pulses extends from
50 GHz to several THz. The broad bandwidth, the high sig-

nal to noise ratio, and the frequency range covered makgig 1. THz time domain reflection spectrometer. The insets show the di-
THz-pulses well suited for far-infrared spectroscopy. THz-pole antennas used for emission and detection of THz radiation. See Sec. Il
TDS have been used in spectroscopic investigations dpr further details.

gases? solids?® and liquids?* These experiments have all

been performed as transmission experiments, but in order to

study highly absorbing samples, as for example polar liquidspulse energy-0.5 nJ, pulse width-70 fs, repetition rate 76
we have recently introduced THz-TDS in the reflection MHz) is split by a beam splitter, and one part of the beam is
model® This experimental technique has been used in thgocused onto an emitting dipole anteRhéinset in Fig. 2.
present work to measure the complex dielectric constant ofhe laser pulses generate free charge carriers, which are ac-
liquid water in the frequency range from 0.1 to 2 THz. celerated by biasing the antenna with 40 V. The resulting
A key factor in obtaining knowledge about the structuretime-dependent photocurrent with subpicosecond rise time
and dynamics of a liquid is to investigate their temperaturescts as source for the subpicosecond THz pulses. These are
dependence. Studies of for instance density, proton mobilitysadiated into the substrate and collimated by a hyperhemi-
and viscosity of water have turned out to be a valuable tookpherical lens made of high resistivity silicon and a 90° off-
for testing theories about the liquid structure of waté->>  axis paraboloidal mirror. A silicon beam splitter reflects ap-
In this work, we investigate the dynamics of liquid water by proximately half of the THz beam onto the sample cell at
measuring the temperature dependence of dielectric relaxormal incidence. The sample cell is equipped with a front
ation times, thus allowing us to obtain information about thewindow made of crystalline, high resistivity silicon, which
forces responsible for the dynamics of liquid water. has a very low dispersion and absorption in the far-infrared
Experiments provide only ensemble averages, but Weegion?® The window is carefully polished to ensure paral-
would like to explain experimental data such as IR or micro-lelism and flatness. When a single THz pulse arrives at the
wave spectra in terms of molecular mechanisms. In a mosample cell, one part is reflected at the air—silicon interface,
lecular dynamicMD) simulation, macroscopic properties while another is reflected at the silicon—liquid interface. The
of a liquid or a solution are calculated from ensemble averTHz beam leaving the sample cell is transmitted through the
ages of microscopic properties of the system. The microsijlicon beam splitter and focused onto a detecting dipole an-
scopic model employed in MD simulations thus providestenna(inset in Fig. 2 by a 90° off-axis paraboloidal mirror
microscopic interpretations. For the microscopic model to bexnd a hyper-hemispherical silicon lens. The THz-detector is
valid it is, however, required that the MD simulation is able biased by the THz radiation and gated by the second part of
to reproduce the experimental data. It has turned out thahe laser pulse that has been sent through a variable delay
simulations of static dielectric constants and dielectric re'aXﬁne_ The induced photocurrent is thus proportiona| to the
ation are nontrivial from a methodological point of view and electric field of the THz pulse. The time dependence of the
that the convergence of the sampled properties are ¥6v. photocurrent is measured by scanning the delay line with a
In this work, we have performed extensive MD Simu|ati0nSComputer controlled dc motor. At each scan 2048 data
of dielectric properties at selected temperatures correspong@points, separated by 0.04 ps, are collected with a time con-

ing to the experimental data. stant of 100 ms.
A scan with liquid water in the sample cell is shown in
Il EXPERIMENT Fig. 2. The first pulse in the pulse sequence is used as a

reference, whereas the second pulse contains information
The THz time domain reflection spectrometer is shownabout the complex dielectric constant of liquid water. For
in Fig. 1. A pulse from a Ti sapphire fs lasét=800 nm;  comparison, a scan obtained with an empty sample cell is
J. Chem. Phys., Vol. 107, No. 14, 8 October 1997
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T T T T K. The temperature of the liquid is determined in the center

= 0.6 Reflection from Reflection from ] of the sample cell by a thermocoupler, and it is made sure
% 041 1 Lirsilicon interface silicon-water interface that the temperature is constatd{<0.1 K) over the entire
5 02F o ~ 4 scan. Dry air purge is used to avoid water vapor in the setup
’g 0.0 __JWN ] since droplets condensing on the cold sample cell and ab-
5 . \JT . . . .
= ; sorption by water vapor of the THz radiation would seriously
8 02 ] affect the results.
2-04} - In this work, we have also measured the refractive index
A= el v ey of the silicon window in the frequency range from 50 GHz to
0 10 20 30 40 50 60 70 80 3 THz as a function of temperature. This knowledge is used
Time Delay [ps] in the analysis of the liquid measurements. Accordingly, the
14F T y T y T —] reflection spectrometer has the advantage over the transmis-
nE s Reference spectrum] sion spectrometéf2! that the complex dielectric constant
= o M ] can be obtained from a single scan.
d 10 B . .‘-. -
g 8 - ™, ]
g 6 » " . IIl. THEORY
g* 4 . .., ] A. Determination of the complex dielectric constant
< 2r" s of liquid water
" 1 L 1 L 1 2
%,0 0.5 1.0 1.5 2.0 If a short THz pulse is reflected from the sample cell
Frequency [THz] containing a liquid, the resulting pulse train consists of a

pulse reflected from the front of the silicon windawefer-
FIG. 2. Above: Pulse sequence obtained from the THz time domain reflecence pulseand a delayed pulse reflected from the silicon—
tion spectrometer with the sample cell containing three times distilled watetiquid interface (sample pulse Measurement of the
at 315.0 K. The vertical scale is a lock-in reading with an amplificationf ; ;
requency-dependent change in phase and amplitude of the
factor of 18 V/A. Below: The spectral amplitude of the reference putbe |q y P . h 9 | pd' | . P f th
reflection from the air—silicon interfage pulse train permits the complex dielectric constant of the
liquid to be obtained from a single scan. The ratio of the
Fourier transform of the reference pulg(v) and sample

shown in Fig. 3. Note that the shape of the second puls@ulseEg(v), is

shows that water and air have different indices of refraction. -~ A

The amplitude frequency spectrum of the reference pulse is FS( V) _ lasifsintsia exp(i 47TnSidSiV) ’ )
also shown in Fig. 2. This spectrum illustrates the useful 2  Egr(?) N c

THz bandwidth of the spectrometer.

i . wheret,g;, tsia, Masi,» andr gy are the Fresnel coefficients
In order to measure the properties of the liquid as & o ma incidence for the amplitude transmisstorand

funcpon of temperatgre, the sample cell is placeq ona 70_VYeerction r. The subscripts indicate which dielectrica the
Peltier-element and insulated from the surroundings, mak'ngnterfaces consist of: aiiA), silicon (Si), and wate(W). The

it possible to choose any temperature between 270 and 34,50/ coefficients for the air—silicon interfaces are real be-

cause dry air and silicon have no absorption. The exponential
factor represents the phase skifelay due to propagation in

0.6 F T T 1 1 T T ] the window material, wherag; is the index of refraction of
! Reflection from Reflection from ] silicon andds; is the thickness of the silicon window. For
04t |~ »~ silicon-air interface 5 normal incidence, the complex Fresnel reflection coefficient
- for the silicon—water interface is
0.2 . “ ~ ~
I siw= (Ngi—Nw)/ (Ngi+Nyy), (2

r——"’\’—*"‘*——"‘/\ L_\,,____.\,__ whereny=ny+iayc/4mv is the complex refractive index
1 of water. If we express the reflection coefficient in the Euler
representationf sy=R€’, and solve Eq.(2) for the un-

known refractive indexn,, and the absorption coefficient,
ayy , oOf liquid water, we obtain

Induced current [nA]
S o
o o

S
~
M T
1

-0.6 PR T T SRR TP SRR SE S _ nSi(l_ Rz) 3
0 10 20 30 40 50 60 70 80 W= 1T R?T 2R cos @
Time Delay [ps]
and
FIG. 3. Pulse sequence obtained from the THz time domain reflection spec- A vne —2Rsin 6
trometer with an empty sample cell. The vertical scale is a lock-in reading — Si
; I aw 2 . (4)
with an amplification factor of TOV/A. ¢ 1+R°+2Rcos¥@
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If both ng; anddg; are known, the amplituddR, and phase 3.45
angle, 6, can be determined experimentally by isolating

fsw=Ré&’ in Eq. (1). The real and imaginary parts of the

dielectric constante=¢€’ +i¢€”, are calculated from the rela- 344
tion e=n2. It is evident that the optical constants of water 1
obtained from Eqs(3) and(4) depend strongly on a precise 343} 4
knowledge ofng; andds;. In the next section, we describe
how the refractive index of silicon can be determined by <’

measurements on an empty sample cell. 342¢ J
B. Determination of the refractive index of silicon 34lr .
The ratio of the Fourier transform of the pulse reflected 3.40 o L
from the air—silicon interfac&g(v) and the pulse reflected 0.0 0.5 10 15 2.0 25 3.0

from the silicon—air interfac&g(v) is given by the refrac- Frequency [THz]

tive indices of air and silicon in line with Eq1)
FIG. 4. A measurement of the index of refraction of silicon 295.5 K. Note

EE( V) tasfsiatsia _Aangdgy the very low dispersion.
- = exp i , 5
Er(v) F asi

where the real Fresnel coefficients for amplitude transmis-
sion and reflectiotag;, tsia, Fasi» andrgia only depend on
Nsi and n, (the index of refraction of ajrfor normal inci-
dence. If we expresEg/Eg asRge'’E and make use of the
fact that ¢ gia/r as) = —1=¢€'" at normal incidence, the un-
known index of refraction of siliconng;, can be deduced
from the phase part of E@5)

C

very low dispersion of silicon in the far-infrared region. The
noise at the lowest and highest frequencies is caused by the
low spectral intensity of the THz pulses at these frequencies.
We therefore considatg; as frequency-independent. In Fig.

5, we have plotted the value of; at 1.0 THz as a function

of temperature. Using a linear regression we obtain an equa-

(Og—m)C ©) tion for the temperature dependencengfat 1.0 THz
Ng=——>—,
' 4mdsy ns(T)=3.369 92+ (1.88<10 4 K YT, 8
while the amplitude part of Eq5) gives which is shown in Fig. 5 as a full line. Because of the low
2—Re+2V1—Rg dispersion this equation can be used in the analysis of the
Ngi= = Ny . (7) liquid measurements in the entire frequency range. Further-
E

more, from Eq.(8) we find the thermo-optic coefficient of
We have obtained two equations, E¢®). and(7), with two  silicon at 1 THz to being/dT=(1.88+0.03)x10 4 K%,
unknowns,ng; and dg; which gives us the possibility to de- which is in excellent agreement with a previously found
termine bothng; anddg; from one measurement. value of (1.86-0.08)x10 * K™%, at 200 THz(1.5 um).?®

IV. EXPERIMENTAL RESULTS

A Determination of the frequency and temperature
dependence of the refractive index of silicon 3.428

The refractive index of silicomg;, has been determined
as a function of temperature in the frequency range from 5l
GHz to 3 THz. Since there is no measurable absorption it 3426 |
high resistivity silicor’® Egs. (6) and (7) can be used. It is !
found that if we use Eq(6) and a constant value for the = 3.425

thickness of the silicon windowdg;=1.8646 mm, we obtain & 3424 I

3.427

the best results for the index of refraction. The linear therma =, i

expansion coefficient of silicon is 2.6%60 % K™! = 3403l

at 300 K?® within a temperature interval of 95 K the '

thermal expansionAdg;, will accordingly be less than 3.422 .
510 “mm and the corresponding phase shift

(2mngAdgp/c) at 1 THz is less than 210 2 rad. The 3.421 T 280 2;35 : 2§0 ' 2§5 : 3(')0 305
thermal expansion is therefore neglected. Temperature [K]

Measurements have been carried out in the temperatui.
range from_ 275 to 394 K The mdex of refraction of silicon gig. 5. The index of refraction of silicon at 1.0 THz plotted as a function of
at 295.5 K is shown in Fig. 4, which clearly demonstrates theemperature. The full line is a linear fit to the points.
J. Chem. Phys., Vol. 107, No. 14, 8 October 1997
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FIG. 6. The refractive index and power absorption of liquid water shown ag™!G. 7. The complex dielectric constank=¢'+ie”, of liquid water
a function of frequency at four different temperatures. (points as a function of frequency at four different temperatures. The lines
show the fits to the double Debye model.

B. Determination of the complex dielectric constant
of liquid water

The optical constants of liquid water have been deter-make transmission experiments difficult. At room tempera-

mined as a function of temperature in the frequency rangéure' howc_aver, transm?ssi_on measurements have successfully
from 0.1 THz to 2 THz with the use of EqE3) and (4). The been carried out for liquid watéf. When we compare our
measurements have been performed on three times distilléft@ at 292.2 K to room-temperature measurements in the
liquid water at eleven different temperatures between 271.§ar-infrared region o?fzthe electromagnetic spectrum, we find
and 366.7 K. The sample chamber has been flushed with 900d agreemerit~**A controversial question is the exis-
water three times before the final sample is added to the ceff€nts of a weak resonance in the frequency interval from 0.9
At temperatures up to 354.2 K, we have made four indepenI HZ to 2.1 THz(see for example Ref. 33The scatter in our
dent scans, at the highest temperature, 366.7 K, only tw8€asurements at frequencies above 1.5 THz makes it diffi-
scans. Figure 6 shows the frequency dependence of the rgult to observe whether there is a shoulder on the absorption
fractive index and power absorption obtained from averagingoefficient or not.
scans at the same temperature at four of these temperatures, Our absorption coefficient at 331.1 K differ up to 20%
including the highest and the lowest. The absorption of sufrom absorption coefficients reported in the far-infrared
percooled watef271.1 K) has an almost constant value of region®***We find, however, a good agreement between the
100 et between 0.5 and 1.5 THz. The absorption at 366.7ndex of refraction measured by us and by Zelsmhn.
K changes from~300 to 500 cm® in the same spectral These are substantially higher than the index of refraction
region. For temperatures in between, the general tendency igeasured by Afsar and Hast&We also find a good agree-
increasing absorption with increasing frequency and temment between our data and Zelsmann’s data at 354.2 K.
perature. The index of refraction also increases with increas- In previous dielectric relaxation studies, a good agree-
ing temperature but decreases with frequency. At low frement is found between experimental data and the Debye
guencieq0.05 TH2 the index of refraction is 20% higher at model, by assuming a single exponential relaxation of the
366.7 K than that at 271.1 K whereas at high frequenciegpolarization for frequencies up to 100 GEfzIf, however,
only 1% higher. For data analysis we calculate the complexhe Debye model is extrapolated to THz frequencies, it fails
dielectric constant from the absorption and index of refracto reproduce the experimental findinjsin an attempt to
tion. The real parte’, and imaginary parte”, of the dielec- account for the response of water at THz frequencies, a
tric constant are shown in Fig. 7. double Debye (biexponentigl model has been
Absorption coefficients as high as those of liquid wateradopte§'7:3537:38

J. Chem. Phys., Vol. 107, No. 14, 8 October 1997
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TABLE |. Parameters from the double Debye model with the standard de-
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viation given in parenthesebl is the number of independent scans. ! T=278.8 K
T [K] N 7p [ps] 7, [fs] €1 €
T=271.1K
2711 4 15703 220500  4.990.09  3.80.2 0.1 T2
278.8 4 13.10.2) 260(50) 5.40.1) 3.700.3 1\«.
288.5 4 9.610.09 180500 5.250.07 3.40.2 o s,
2923 4 8.50.4) 170400  5.20.) 3.30.3 o] TR,
303.2 4 7.00.3 200(60) 5.40.3 3.40.3
315.0 4 5.280.07 77(9) 4.760.07) 2.1000.07 0.1
324.1 4 4.480.09 72(5) 4.760.06  1.60.2 1k
331.1 4 3.880.03 50(10) 4.50.2
343.4 4 3.260.08 36(5) 4.50.4) o,
354.2 4 2.860.06 51(5  4.560.09 T
366.7 2 2.3%0.02 32(5) 4.1(0.1) 0.1 -
0 5 10 15 5 10 15 20
Time [ps] Time [ps]
FIG. 8. The experimentally determined Debye correlation functions with
€s— € €1~ € two relaxation timegEq. (11)] are represented by the lines. The molecular

(9) dynamics correlation functions are represented by the symbols. In the insert,
the fast relaxation times are compared.

lw)=ext 1+ioTp * l+ior,’
The measured complex dielectric constant obtained from
each scan has been fitted to the double Debye model with a
nonlinear least-squares methtidThe individual data points =1/(277,)]. We have tested this hypothesis at 331.1 K,
have been weighted according to the amplitude of the speavhere the critical frequencyy., is 3.3 THz, by extending
trum of the THz-pulse, giving less weight to the low- and the frequency range with Zellsman's d&tdrom 2 to 4.5
high-frequency limits of the spectrum. We have constrained’Hz. This extension did not result in any change of the de-
the static dielectric constant tey(T)=87.9% %%4%81°Cl  termination ofr,. Kindt and Schmuttenma€rhave reported
with the use of experimental datd.This gives us four room-temperature relaxation times of 8.@0) ps and 0.18
temperature-dependent parameters: Two relaxation timges, (14) ps determined with THz-TDS in excellent agreement
and 7,, and two parameters that indicate the size of thewith our data at the same temperature.
coupling between the relaxation mode and the electric field, In the time domain, dielectric relaxation may be consid-
€; and e,,. The differencesss—e; ande;— €, are accord- ered as the interaction between an external time-dependent
ingly relative measures of the contribution to the macro-field and the total dipole moment of the systdvh, Applying
scopic polarization from the two relaxation processes. Weperturbation theory, dielectric relaxation may be described
find that within the experimental error the double Debyewith the normalized time correlation function bf**
model given by Eq(9) accounts for the experimental data
over the entire frequency and temperature range. An alterna- (M(0)-M(1))

. R
tive to adding a second relaxation process is to add a contri- (M%)

bution from a resonance in line with Mizoguctliwe find | the double Debye model, the correlation functi@xf) is

that combining a relaxation process with a damped harmonigescribed by a biexponential decay, with amplitudes propor-
oscillator does not give as good agreement with our data agonal to the differencess—e; and e;— €.,

the double Debye model.
The average value of each parameter obtained in the Cit)= €~ € e Ithm 4
double Debye analysis of th¥ independent measurements €5 €x
at each temperature is reported in Table I. The numbers in
parentheses are the standard deviations obtained from the
averaging. Furthermore, a 1% change efresulted in a
similar change ofrp. The correlation betweeil, and
will accordingly introduce an additional uncertainty tg
corresponding to the uncertainty ef. MD simulations of dielectric properties are properly car-
It should be noted that the fast relaxation time, ( ried out with the Ewald lattice summation method or the
<100 fs) gives an almost constant contribution to the reareaction field metho® The static dielectric constant may be
part of Eq.(9) in the frequency range studied. Consequently,calculated with the Ewald technique®as
7, and €, will be correlated and the value af, remain 4m(M?)
undetermined at temperatures above 324 K owing to the lim- 3yT & 1,
ited frequency interval. When needed in further analysis we
have fixed the value o€, to 1 for temperatures above 324 whereM is the dipole momenty is the volume, and the
K. The fitted value ofr, is, however, still valid, although the temperature of the simulation box. Dielectric properties have
maximum frequency is below the critical frequenfy.  previously been calculated by adopting several different

C(t)= (10

€1 €
17 €= o timy

1D

€s— €x

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

V. MOLECULAR DYNAMICS SIMULATION

(12

J. Chem. Phys., Vol. 107, No. 14, 8 October 1997
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TABLE Il. Parameters obtained by MD simulations with a simulation time

of 4.0 ns. The standard deviation of the static dielectric constant,is
calculated by partitioning the simulation time into macrosteps of tigend
regarding the average of each macrostep as an independent measurement.
The Debye relaxation timesy , is calculated with linear regression in the

ranger, .

g

Z TIK] tm [PS] & 7o [ps] 7 [ps]

g 271.05 20 79.8.0 18.91.7) 0.5-29

3 278.75 10 63.01.8 10.70.5 0.5-22

8 288.45 10 63.6.9 11.1(0.6) 0.5-22
292.15 10 61.2.0) 8.10.3 0.5-22
303.15 10 63.6..9 8.8(0.4) 0.5-22
368.15 5 48.00.9 2.730.11) 0.5-8

40

Simulation time [ns]

perature dependence is not obtained. This is probably due to
FIG. 9. The static dielectric constant found by MD simulations as afunctionthe limited simulation times _as noted 'E’Oth in Fig. 9. and
of the simulation time. Table Il. If we had been interested in only the time-
independent dielectric constant, sampling with an umbrella
potential would improve the convergence of the dielectric
1
model potential$®*3~#"but apart from the studies carried constanf. o _ _ _
out by Neumanii®2’the simulation times extend to less than The static dielectric constants from our simulations are
ans. generally too small compared with the experiment in Fig. 10.
We have carried out MD simulations at selected tem-This may be understood from the fact that we use a rigid and

peratures of the experimental spectra by adopting experimerﬁ‘-onp‘)'f"‘rizable potgntial f_unction. If an external electric field
tal densities and the SPC/E potenffwhich is a reparam- S @pplied to a liquid, mainly three things happen: The elec-
eterization of the original SPC potenfito include also the tronic charge distribution is polarized, the geometry of the
self-energy polarization term. The reason for choosing thdnolecule is altered, such as the molecular dipole moment is
SPC/E potential is that it is both extremely simpéad thus mcreased, and the_ water molecules are aligned. Here, we
efficient in these computer-demanding calculatjpasd that only include the third term. It has been demonstrated that

it has given reasonable results in previous work. The Ewaldnany-body polarization has a large effect on the determina-

lattice summation technique and periodic boundary condition of dielectric propertie$?>° but that a water molecule

tions have been employed, and we have not been using ar\{rgl;th an effective dipole moment of that in the liquid state has
spherical cutoff, but instead included all interactions in thet'® Same structural and dielectric properties as the fully po-

simulation box® The simulated system consists of 216 wa- larizable system? It is therefore expected that a large part of

ter molecules and the simulation time is 4 ns with a timestep'€ deviations to experiment is due to the description of the
of 2 fs. collective orientational ordering of the water molecules. For

The dielectric constant as a function of the simulation®@mPple, it has been argued that the accuracy of the quadru-

time is presented in Fig. 9. We conclude that simulation
times of more than 2.0 ns are required to obtain a reasonable
convergence. It is noted that at 303.2 K the static dielectric ' ' ' " This work, Simulation ro—r
constant is 88 after 200 ps before reaching the final value ¢ 100 b Experimental +
63.6, and that at 292.2 K the static dielectric constan -
changes from 54 to 64 during the simulation period 1.4-1.7 .
ns. The slow convergence of the dielectric constant, whict w0 b I .
persists after many hundreds of picoseconds, has not be: v
explained at a molecular level, but it is noted that they exis
up to 1 ns at all temperatures. The standard deviation of th
dielectric constant(Table 1) is, however, substantially
smaller at the highest temperature, 368.2 K than at lowe
temperatures. As noted for a flexible SPC potefitiat, is
clear that the slow convergence is due to a collective behar 40+
ior of liquid water since the corresponding average of the
molecular dipole moment{u?), converges much more %0 20 a0 30 a0 a0 a0
rapidly. T

The temperature dependence of the static dielectric CorlflG. 10. The static dielectric constant found by MD simulati¢dismond

Ste_mt_ is compared With experimental valtfemn Fig. 10. a5 a function of the temperature. Experimental d&af. 50 (cros$ are
Within the temperature interval 278—303 K, the correct tem-shown for comparison.

60

Dielectric constant
+

J. Chem. Phys., Vol. 107, No. 14, 8 October 1997

Downloaded 19 Aug 2001 to 128.113.8.139. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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pole moment of the water molecule has a large influence o 30
the dielectric constant since it effectively breaks the long-
range dipole—dipole correlation$.Quantum chemical po-
tentials that provide an accurate description of the true mo
lecular charge distribution, such as the NEMO potentfia?,
may thus give an improved description of dielectric proper-
ties of polar liquids. It may also be of importance that sol-
vent effects on the molecular quadrupole moment is in-
cluded. The high static dielectric constant is an exceptions
property of liquid water, but it is important to remember that
also other liquids such as formamide, ethylene carbonate ar
N-methylacetamide, which has a very different structure thai
that of water also have as high dielectric constahts.
Calculations of the dielectric relaxation as the time- . . . . . . . .
correlation function in Eq(12) should agree better with ex- 0 05 1 1 fmulati o time [ 3 35 4
periment than the dielectric constant. The reason is that thc
electronic polarization and the intramolecular motions 0CCUEG, 11. The Debye relaxation time found by MD simulations as a function
on a different time scale than that considered here. On thef the simulation time.
other hand, couplings between the different kinds of polar-
izations may be important. In the Debye approximation the
relaxation of the collective orientational motion is describedpossible explanation for this is a nonvanishing contribution
with transition state theory, i.e., the relaxation occurs byffom the fast relaxation process to the complex dielectric
passing an energy barrier. It is possible that the moleculagonstant in the GHz region at low temperatures. At 278.8 K
induced dipole moment and the molecular geometry are difwwe find the fast relaxation time to be 0.26 ps, giving a critical
ferent from the average values at the transition state, whicfiequency,v., of 610 GHz. This gives a considerable con-
of course will affect the height of the energy barrier andtribution to the Debye spectrum in the entire GHz region. At
thereby also the relaxation time. The mechanism behind Dehigher temperatures the critical frequency will increase
bye relaxation may be regarded similar to that of self-which decreases the spectral contribution at GHz frequencies
diffusion because the energy barrier is in both cases due f6om the fast relaxation process. At low temperature the mi-
the breaking and forming of hydrogen bortds® For the crowave relaxation time, as observed by Kaatze and
SPC potential, it has been noted that a flexible potential reUhlendorf® will accordingly include contributions from the

20

15 F

Debye relaxation time [ps]

N i
1wk /o

duces the self-diffusion coefficient significanfﬁ/. fast relaxation process, and is therefore different from our
In the Debye model, the dielectric relaxation is described?€bye relaxation time.
with a single relaxation timegy, as When we compare THz-TDS dynamics with the dynam-

— ot ics observed in TDFSS-experiments, it is important to realize
Co(t)=e ' (13 that the TDFSS measurements probe the dynamical changes
for t larger than~0.5 ps. The calculated time-correlation following a rapidly induced change in the charge distribu-
functions are compared with our experiments in Fig. 8 andion, whereas the experiments in this work probe the dynam-
the times,rp, are given in Table Il. The Debye time as a ics associated with a step-function change of the electric
function of the simulation time is shown for some tempera-field.>® In a dielectric model this distinction is equivalent to a
tures in Fig. 11. It is concluded that simulations of severalongitudinal relaxation time 4 ) associated with the charge
hundreds of picoseconds are required to obtain a qualitashange and a transverse relaxation timg) (associated with
tively correct behavior and of several ns to achieve a reasorthe field chang&® Following Kivelson and Friedmaf;®*

able agreement with the experiment, even if the error barthese two relaxation times are related through the dielectric
are too large for establishing a relation for temperature deconstant at zero and “infinite” frequency, where infinite
pendence. The main point is, however, that in contrast to thereansw> 1/7

dielectric constant, it is possible to obtain quantitatively cor- ¢
rect Debye times with a rigid and nonpolarizable potential 7 =7 —. (14)
model. o

The TDFSS measurement of Jimeretzal. show a double
exponential decay with time constants 120 and 880 fs at
room temperatur® Using for the fast relaxatiof120 f9

We have compared the temperature dependence of out= e, and .= €., we obtain a relaxation time of 195 fs in
Debye relaxation timerp, with Debye relaxation times ob- agreement with our measureg= 170 fs at 292.3 K. For the
tained from dielectric data in the microwave regifnz,,  Slow component880 f§ we obtain, usinge,= € and e,
(Fig. 13. One woulda priori expect the two times to be =e¢;, a relaxation time of 12.8 ps in comparison with the
identical. This is the case at high temperatures, whereas ateasuredr;=8.5 ps. Considering the simplicity of the
low temperaturesn,,y is higher than our measureg,. A model the observed agreement is good, as it was also ob-

VI. DISCUSSION
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served by Ohmin&? It should be noted that the relaxation —
times from the TDFSS experiment change less than a factor gL
of 2 for different the solute moleculé$.it is therefore rea-
sonable to assume that the relaxation times mainly are deter- I iw
mined by the same mechanisms as the dielectric relaxation
times and very little affected by interactiofsuch as hydro-
gen bondsbetween the solute and solvent.

In the work of Mizoguchiet all® two Curie—Weiss
equations are adopted for describing the temperature depen-

_
wn
T
N
-
[ J
w)
1

T
- . DRS

Relaxation Time [ps]
>

dence of the DRS relaxation timesgzg). We have used L. Y. .

these to calculateprg at temperatures corresponding to ours 5t R o T
(Fig. 12. The values ofrprg and 7p differ as does their I Y S T ¥
temperature dependence. The relaxational mode observed in P T ! L -
the DRS-experiment depends on the dynamics of the nonlin- 280 300 T:;[%(% 340 360

ear polarization, whereas the time dependence observed in

our data results from_ the dyna,mlcs of the linear po',anzatlonFlG. 12. The Debye relaxation timesg , represented by circles are com-
The two macroscopic properties do not necessarily couplgared to(a) Relaxation time from a temperature-dependent study of dielec-
equally to the different kinds of thermal fluctuation in the tric relaxation in the microwave regidiRef. 36 represented by squares, and
microscopic structure. The ratio of, and mprs is theoreti- (b) relaxation times from a temperature-dependent DRS stiif. 10
cally predicted to be thréfor liquids dominated by single "ePresented by upper triangles

molecule rotational relaxation. We find that this ratio

changes from 2.2 at 271.1 K to 1.3 at 366.7 K. It is nothas proven to be a special temperature in various studies of
surprising that the ratio departs from three since collectivevater. Mizoguchiet al. have plotted the inverse of the DRS
effects are known to dominate both the FIR and DRS specrelaxation time versus temperattftand observed a kinklike
tra. The reason for the change of the ratio with temperature iBehavior at~303 K. In pressure dependent studies of the
presently unknown, but the change could suggest a differshear viscosity> water behaves like an abnormal liquid be-
ence in the molecular mechanisms determining the two spegow 303 K and the specific heat capacity of watey,, has a
tra. minimum at 303 K& Temperature dependence of a property
Like the DRS-technique, the OHD-RIKES/OKE experi- measured in one kind of experiment does not give a total
ments depend on the nonlinear polarization. Castte@l®  picture of all thermal fluctuations. Still, adding all these ob-
suggest that due to the nature of their experiment the relaxservations together we obtain indication of a changes in mi-
ation times of 0.40 and 1.16 ps &=295 K can be directly  croscopic structure at 303 K. In our case this is observed
assigned to rotational diffusion, although some translatioras a change of the energy barrier of the reorientation process.
diffusion may be included because of the hydrogen bond The assumption that the activation enthalpy for the re-
network. It would be interesting to have OHD-RIKES data|axation process is constant may not be valid. The tempera-
over a larger temperature interval in order to perform a moreure dependence of Arrhenius plots for kinetic properties

detailed comparison. may reflect a decreasing interaction energy as the tempera-
In previous temperature-dependence studies of dielectric

relaxation, several attempts have been made to account for

the temperature dependence of the Debye relaxation. A pro- : T

cedure commonly employed is to make an Arrhenius plot ! =
- 2 Fit to 315K <T <367 K

and analyze it with transition state the8ty

10+ = AH=2.9+0.2 kcal/mole
h AS, AH, [
(M= 7 &R ~ R /%A~ Ry

70 AH,4

=7 ex;{ RT)‘ (15
whereAH, is the activation enthalpy antiS, is the activa-
tion entropy for the relaxation process. BaiH, andAS, sl .
are assumed to be temperature independent. The Debye re ARl . o s
laxation time versus 1000/is shown in Fig. 13. We find that 2.8 3.0 32 34 3.6
a single constant activation enthalpy cannot fit the data ap- 1000/T [K ']
propriately over the entire temperature range, but this is pos-
sible if the data divided in two regions, one above 315 K and!G- 13. The circles show the Debye relaxation times, vs 10007.

. . The error bars indicate the 95% confidence limit. The solid and dashed

One below 293 K. The tWO |.IneS |nterseqt near 303 K. AtIines are a transition state fit to the high- and low-temperature regions,
high temperatures the activation enthalpy is 2.9 kcal/mol angsspectively, yieldingr,={[ 15(5)]/T} x €l14000VT ang 7 = 13(1))/T}
at low it is 4.0 kcal/mol. It is interesting to note that 303 K x gl2000(2000'T,

7, [ps]

N e Fit 0271 K« T<293K
= AH =3.9(0.3) kcal/mole
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20.1 :_ T T T T T T 14l
[ . 12 | 71,=0.47(0.06)+2350(30)xn/T
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FIG. 14. The circles show the Debye relaxation times, vs —In(T/228  FIG. 15. The circles show the Debye relaxation time versus the shear vis-

—1). The linear fit, Inmp=1.68(0.03)< +0.02(0.03), shows the power de- cosity (Refs. 50 and 7bdivided by the temperature. The linear fit;

pendence. =0.47(0.06)+ 2350(30) 77/ T, shows the coefficient in the Debye—Stokes—
Einstein relation.

ture increases(see for example Ref. 67 If the rate-

determining step in the Debye relaxation process is the _ .

breaking and forming of hydrogen bonds, the temperaturd? o Versus —In(1/228-1) (Fig. 14 gives an excellent
dependence may origin from a decrease in the number 9reementwith the findings of Speedy and AngeWe find
hydrogen bonds with increasing temperature. Furthermoré® exponent 1o be—1.68-0.03 in comparison with
since it has recently been demonstrated that the dynamics of +-791=0.02:7 If it is a singularity at 228 K that governs
forming and breaking hydrogen bonds at room temperaturd!® témperature dependence also in the normal temperature
in liquid water is virtually uncorrelated with the fluctuations "€9ime it would be crucial for an MD simulation to model
of neighboring bonds.e., cooperative effects are unimpor- this behav_lor_ln order_to describe the temperature depen-
tant for the forming of a hydrogen bond in liquid waté? it dence of liquid yvater in both the supercooled and norma_l
may be possible to use a statistical model, where only thiemperature regime which for example has been problematic

72,73

temperature dependence of the number of hydrogen bonds {8 the density. _

each molecule models the properties of liquid wa%on The Einstein—Stoke relations demonstrate that the Debye

the other hand, simulations using a polarizable potentiaf€l@xation time,7p, the shear viscositys, and the self-

model find cooperative effects in the hydrogen bonding 01dlffu3|on coefficient are related and thereby should originate
; 8

liquid water™ It is also reasonable that a major portion of oM the same molecular mechanistS” The Debye—

the cooperative effect arises from a polarization of chargéz_'nSte'”]StOke model for the relation betwegandp, is

distribution when a hydrogen bond is formed. This effect is9'VEN by

not included in an effective force_ field_as the SPC/E poten- o= 47 R%/KgT, (16)

tial, but on the other hand, effective pair potentials have suc-

cessfully described many properties of liquid water, includ-whereR is the hydrodynamic radius of a rotating molecule,

ing diffusion coefficients and dielectric relaxation that T the absolute temperature, akg Boltzmann's constant.

depend on the dynamics of the forming and breaking of hyWe have plotted our Debye relaxation time versus the shear

drogen bonds. viscosity®"® divided by temperaturéFig. 15 and we find a
The possibility of a true singularity in both static and linear dependence.
dynamic properties of liquid water at abolit=228 K (1 Agmon has suggested that the Debye relaxation is

ban has been suggested by Speedy and ArfgéliThis tem-  caused by a tetrahedral displacentérithat would in terms
perature is just below the limit of the attainable supercoolingof a lattice theory be a translation from one site to a neigh-
at about 232 K. It has been shown that the temperature déoring site, a motion that also includes a rotation. Such a
pendence of experimentally measured properties that exhibihechanism is consistent with the finding that about half of
an extremum(e.g., isothermal compressibility, density, and the water molecules in liquid water use only three of the four
NMR relaxation time¥* may be fitted to a fractional power bonding site® and the view that water is a random
law that diverges to infinity al. The same parameters are hydrogen-bonded network with frequently strained and bro-
used for liquid water in the supercooled and the normal temken bonds, continuously subject to spontaneous
perature regime. In the case of the Debye relaxation time theestructuring.” The tetrahedral displacement is also consis-
model has been found to resemble the actual behavior &nt with that the number of hydrogen bonds is sufficiently
temperatures between 273.2 and 333’2 ¢iving the equa- large for the water molecules to form an infinite connected
tion, 75=0.9822ps|(T/Ts—1) *7°% A comparison of our network(“gel” ).””"® Note that such a model is inconsistent
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[ o T ] C(t)e< (A exp(-t/T )+A exp(-t/1,))
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FIG. 16. The circles show the relaxation timeg|fs], vs 10001. The error 3r 7]
bars indicate the 95% confidence limit. The solid line is a transition state fit A
yielding 7,={[ 70(70)]/ T} x g[1900(300)'T I
2 [~ AA A N
A
with the assumption that liquid water consists of two frac- A A As=gre
tions of molecules with different hydrogen-bond A -

properties’®~83

The temperature dependence of the fast relaxation time,
T, supports the assumption of two relaxational processes
opposed to one relaxation process and one resoqance. TEI% 17. The contribution to the macroscopic polarization of the two relax-
temperature dependence of the frequency of maximum alytion processes as a function of temperature.
sorption for a relaxation process ¢3) has the form of Eq.
(15), while for a resonance process the temperature depen-
dence of the frequency of maximum absorption is sthal.  andA, qualitatively. According to this model the fast relax-
is plotted versus 1000/in Fig. 16. The fast relaxation time ation time is caused by a single-molecule rotation and, as
changes by a factor of roughly 8 over the temperature rangeliscussed, the Debye relaxation is due to a tetrahedral dis-
Although there is a good deal of scatter, this change can bplacement. At higher temperatures the thermal energy will
described by a transition state model. The fast relaxatiomreak some of the hydrogen bonds. Single-molecule rota-
process is also observed in the simulatidfig. 8), but this  tions will accordingly increase in proportion, whereas the
is a region of the spectrum where quantum effects start taumber of tetrahedral displacements will decrease. It is noted
become importantt and such contributions have not been that both processes may occur with one hydrogen bond in-
included here. tact. When we explain the temperature dependexcewe

The amplitudes\p = es— €; andA, =€, — €, are propor-  have to consider that we have measurgat room tempera-
tional to the contributions from the two relaxational modes toture to be in the order of 0.2 ps, whereas single-molecule
the macroscopic polarization. The temperature dependenceorientation is generally assumed to be around 1 to%s.
therefore reflects changes in the microscopic structure that
m_fluence the mechanlsms behind each rglaxauon process. {ﬂl. CONCLUSION
Fig. 17 the amplitudes from the experimental correlation
function are plotted as a function of temperatitee static With the use of THz-TDS we have measured the real
dielectric constant has been taken from Ref).4@e find and imaginary part of the dielectric constant of liquid water
that the two modes do not contribute equally much. Then the far-infrared region from 0.1 to 2.0 THz in a tempera-
Debye relaxation contributes of 94%—98.5%. The bandwidttiure range from 271.1 to 366.7 K. The data was fitted to a
of the THz pulses used in this study is not wide enough tadouble Debye model, giving a fa¢ts) and a Debye(ps)
determine either the static dielectric constant at any temperaelaxation time for the macroscopic polarization. The tem-
ture or e, at temperatures above 324.1 K. However, if weperature dependence of the Debye relaxation time was ana-
assume that at temperatures lower than 324.1 K the temperbzed using three models. We have learned from transition
ture dependence of the amplitudes is not an artifact producestate theory that the activation enthalpy for the reorientation
by a limited bandwidth, we observe that the contribution ofprocess is not constant over the entire temperature range. We
the Debye relaxation to the macroscopic polarization defind a linear dependence between the Debye relaxation time
creases and contribution of the fast relaxation increaseand the viscosity divided by temperature in excellent agree-
vaguely with increasing temperature. Following Agmon’sment with the predictions of the Debye—Stoke—Einstein re-
model? we can explain this temperature dependencéf lation. Finally, we find that the temperature dependence of

280 300 320 340 360
TK]
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the Debye relaxation time can be accounted excellently fof?m. Vedamuthu, S. Singh, and G. W. Robinson, J. Phys. CH&®.3825

by a fractional power law that arises from a singularity of
liquid water at 228 K.

(1996.
2N, Agmon, J. Phys. Cheni00, 1072(1996.
24H. E. Stanley and J. Teixeira, J. Chem. PHy®.3404(1980.

We have also performed extensive MD simulations ofzsc a Angell, in Water: A Comprehensive Treatjsedited by F. Franks

liquid water with the use of a rigid and nonpolarizable po-
tential model(SPC/B. We have calculated the static dielec-

. . . . .2
tric constant and the corresponding time-correlation function,

(Plenum, New York, 1981 Vol. 7.
26M. Neumann, J. Chem. Phy82, 5663(1985.
“M. Neumann, J. Chem. Phy85, 1567(1988.
Properties of Silicon(INSPEC, The Institution of Electrical Engineers,

at selected temperatures and carefully tested the convergencg,,qon 1083

of these simulations. We concluded that simulation times 0#9G. Cocorullo and I. Rendina, Electron. Le28, 83 (1992.
more than 2 ns were required to obtain a reasonable convef™H. R. Zelsmann, J. Mol. Strucg50, 95 (1995.

gence and agreement with the experimental Debye time. ThgM- N- Afsar and J. B. Hasted, J. Opt. Soc. AB¥, 902(1977.

main conclusion is that it is possible to obtain quantitativelyss

Z. Czumaj, Mol. Phys69, 787 (1990.
O. F. Nielsen, Annu. Rep. Prog. Chem. Sect. C, Phys. Ch€ambridge,

correct Debye times with a rigid and nonpolarizable potential 1993.
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In future projects it would be interesting to extend the
frequency range to higher frequencies in order to ensure

34M. N. Afsar and J. B. Hasted, Infrared Phy8, 835(1978.

35H. J. Liebe, G. A. Hufford, and T. Manabe, Int. J. Infrared Milimetre
Waves12, 659 (1991).

&), Kaatze and V. Uhlendorf, Z. Phys. Chem. 26, 151 (198D

precise determination of the fast relaxation time, the tems7c_j wmontrose, J. A. Bucaro, J. Marshall-Coakley, and T. A. Litoritz, J.

perature dependence &f,, and to investigate resonances

and also to include quantum effects in the simulations. Iso
tope studies could give a better understanding of the mecha-
nisms behind the relaxation processes. Both experimental

and theoretical work on (1) is on the way.
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