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Density and temperature effects on the orientational and dielectric properties of supercritical water
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The influence of temperature and density changes on the reorientational motions and dielectric properties of
supercritical water is investigated by molecular dynamics simulations. A rigid simple point charged potential
has been used to model water-water interactions. This model has revealed to be very satisfactory to reproduce
thermodynamic, diffusive, and static dielectric properties of supercritical water. Reorientation times of water
molecules have been computed along specific molecular directions and compared with available experimental
data. The imaginary part of the frequency dependent dielectric constant, spectral densities of states, and
residence times of water molecules in their first hydration shells are also evaluated.
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I. INTRODUCTION

The study of the behavior of fluids beyond the critic
point has revealed to be of increasing interest in the
decades@1#. Supercritical fluids are able to dissolve nonvo
tile solids as many liquids do@2#, and also to help the pro
duction of new materials at mild and moderated thermo
namic conditions. Supercritical water~SCW! has been a
subject of study during past several decades, from the exp
mental@3–10#, theoretical@11#, and computational@12–21#
points of view. The properties of liquid water are very d
ferent from those of most liquids@22#, mainly due to the
existence of the hydrogen bond~HB! network. Such tetrahe
dral network is partially broken in supercritical states@19#
and consequently the macroscopic properties of SCW
radically different from those of the liquid state. For in
stance, oil does not mix with liquid water but mixes wi
SCW. In ambient conditions ions dissolve well in water b
they are unable to dissolve in SCW. In addition, SCW sho
a compressibility larger than dilute gases which produ
transport properties in between of those of liquids and ga
The combination of all these unique properties makes S
as a good medium for reaction and separation processe
general, and especially for the oxidation of organic waste

The aim of this work is the study of orientational an
dielectric properties of SCW in terms of temperature a
density variations. In a previous work a detailed density
pendence analysis was performed@23#. The computed den
sity behavior of reorientational and Debye dielectric char
teristic times are in overall agreement with NMR@10# and
microwave data@24#. However discrepancies between e
perimental and computer simulation results@23# arise when
the low-density range of the dielectric relaxation time is co
sidered. Similar discrepancies were also observed by o
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authors@25–27#. Here we are interested in the temperatu
dependence of orientational and spectroscopic properties
a wide range of densities. We will explain the technical d
tails of our simulations in Sec. II and check the validity
the potential model employed in Sec. III. The main resu
concerning orientational properties, dielectric and spec
scopic properties and residence times of water molecules
reported in Secs. IV–VI. We conclude in Sec. VII.

II. COMPUTATIONAL METHODS

A series of molecular dynamics~MD! simulations along
isotherms ofT5650, 720, and 870 K, and densities betwe
r50.7 and 0.01 g cm23 have been performed. The extend
simple point charge~SPC/E! water model has been assum
in all simulations@28#. In this rigid model, the molecula
dipole moment of water ism52.35 D and the critical point
of the model @29# is Tc5640 K, rc50.29 g cm23, Pc
5160 bars. This is very close to the experimental critic
point of water, i.e.,Tc5647.13 K, rc50.322 g cm23, Pc
5220.55 bars. Such a model reproduces very accura
many structural and dynamic properties of liquid wa
@30,31#.

Our simulated systems were composed of 256 water m
ecules placed in a cubic box, with appropriate box leng
for each density. Periodic boundary conditions along
three spatial directions have been taken. Short ranged fo
were truncated at half the box length, whereas the Ew
summation rule with conducting boundary conditions w
applied to account for Coulomb interactions. A Berends
thermostat@32# was coupled to each system to control te
peratures. The time step was of 2 fs in all simulation ru
which consisted of initial equilibration periods of 50 ps, fo
lowed by simulation runs of 2.5 ns to collect statistica
meaningful properties.

III. RELIABILITY OF THE MODEL

In computer simulations of SCW a central issue to co
sider is the election of a good potential model, able to fai
©2004 The American Physical Society02-1
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reproduce experimental thermodynamic properties, struc
and dynamics of the system. We have checked the reliab
of the SPC/E model through the calculation of the press
as a function of density at the three temperatures consid
in this work, together with self-diffusion coefficients as
function of density at the two extremal temperatures~650
and 870 K!. The results are shown in Fig. 1. We observe
overall good agreement between experimental data~from
Ref. @33# for pressures and Ref.@4# for diffusion coefficients!
and computer simulation results. Only some quantitative
crepancies can be seen concerning self-diffusion coeffici
at densities below 0.3 g cm23, where MD simulations
clearly overemphasize diffusion coefficients at 650 K a
however, render values smaller than the experimental one

FIG. 1. Pressure and self-diffusion coefficients as a function
density at different temperatures. Experimental data are taken
Refs.@4# and @33#.
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870 K. This effect is seen at all densities, but it is less i
portant as density increases. We conclude that, despite s
minor defects, the SPC/E model can reproduce reason
well general trends of SCW such as pressure and diffus
behavior. In Sec. V we will include a comparison of expe
mental and MD static dielectric constants in terms of dens
and temperature dependence to further demonstrate the
ability of the model.

IV. REORIENTATIONAL MOTIONS

The study of reorientational motions has been perform
by means of a series of time correlation functionsCl ,a(t)
defined as follows:

Cl ,a~ t ![^Pl„uW a~ t !•uW a~0!…& ~ l 51,2!, ~1!

where Pl is the l th Legendre polynomial anduW a is a unit
vector along a given molecular direction. We employed fo
unit vectors:uW m defined along the molecular dipole mome
direction, uW OH and uW HH along the O-H and H-H directions
and uW'[uW m3uW HH . Latter is perpendicular to the instanta
neous molecular plane~Fig. 2!. Cl ,a(t) indicate how a given
molecular direction~that of the dipole moment, of the O-H
and H-H directions or the instantaneous direction perp
dicular to the molecular plane! changes its orientation in
time. On the other hand,C1,m(t) is directly related with di-
electric relaxation measurements@34#, whereasC2,HH(t) and
C2,OH(t) are related with1H-1H and 17O-1H dipolar relax-
ation NMR experiments, respectively@35#.

We showCl ,m(t)( l 51,2) at three densities and three tem
peratures in Fig. 3. The density behavior at 650 K was p
viously studied@23#. Here we can observe that SCW mimic
such behavior at higher temperatures. In all cases the in
fast decay ofCl ,m(t) shows a tendency to be even faster
density is lowered, approaching the gaslike behavior. T
second remarkable effect observed is the gradual forma
of a ‘‘backscatteringlike’’ minimum, more pronounced in th
C1,m(t) case and deeper as temperature increases, ag
signature of the gas phase characteristics. Such oscillatio
C1,a(t) is known as the free rotor frequency@36#. As a gen-
eral fact, we observe that the influence of temperature
stronger at high densities. In Fig. 4 we showCl ,OH(t). In
this case, the main trends are the same observed forCl ,m(t)
although we can see the appearance of long time tails
C1,OH(t) associated with the lowest densities.Cl ,HH(t) are
qualitatively equivalent to those ofCl ,OH(t) and they are not

f
m

FIG. 2. Definition of unit vectors along relevant molecular d
rections.
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FIG. 3. Dipole moment correlation
functions Cl ,a(t) as a function of tem-
perature at different densities.
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reported. Finally,Cl ,'(t) ~Fig. 5! reveals significative differ-
ences with the former at low densities: first, the backscat
inglike minimum is hardly seen, except for the lowest de
sity and second the presence of long time tails
0.01 g cm23 is even clearer than in theC1,OH(t) case, sug-
gesting the existence of low-frequency librational motio
basically independent of temperature.

In order to shed some further light on the above results
is convenient to calculate the time integrals ofCl ,m(t)( l
51,2), i.e., the so-called reorientational correlation times

t l ,a5E
0

`

Cl ,a~ t !dt ~ l 51,2!, ~2!

which basically indicate the mean time employed by a wa
molecule to rotate around a given molecular direction.
Fig. 6 we showt l ,a for all four molecular directions define
above. Two basic features can be distinguished: on the
hand, at intermediate and high densities, all four reorien
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tional times behave in a similar fashion, rising for increasi
densities. This happens at all three temperatures. Hence
can see how the rotational motions are fastest at 870 K,
timest1,a andt2,a are smaller than at 650 and 720 K. A wa
to explain this results is by means of the hydrogen bo
populations at each state. It is known that large parts of
tetrahedral HB network existing in room temperature liqu
water are broken in SCW@6#. This fact can be accounte
through the calculation of HB percentages, which give ab
1.6 bonds per water molecule at 673 K and 0.49 g cm23 or
0.8 HB per water molecules at 773 K and 0.26 g cm23, com-
pared to 3.7 bonds for liquid water at ambient conditio
@19#. Then, as temperature rises or density decreases, mo
the HB disappear and, consequently, rotational motions
water molecules are likely to happen faster than in c
and/or dense systems. On the other hand, in the regim
low densities, both times are markedly higher than in
middle- and high-density regimes. Nevertheless,t1,m does
not follow such tendency at low densities and instead
2-3
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FIG. 4. Same as Fig. 3 for theuW OH

direction.
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creases to zero, giving an indication of the considera
strength of dipole-dipole interactions, even at low densiti

In particular, we find thatt1,m.t1,OH.t1,HH.t1,' for
densities larger than 0.1 g cm23 and t1,m,t1,OH,t1,HH
,t1,' below 0.1 g cm23. Such effect is seen at all temper
tures. In the case oft2,a , we observe that the largest reor
entational time corresponds tot2,OH , followed by t2,HH ,
t2,m , andt2,' . Furthermore, we observe that the compu
time t2,HH reproduces qualitatively well the experiment
NMR data reported by Matubayashiet al. @10# for heavy
water. This reinforces the idea that the reorientational ti
measured in NMR experiments has to be attributed to
time calculated by means of the correlation function of
second Legendre polynomial. This fact has usually been
ployed in the interpretation of experiments together with
assumption of the isotropy of O-H and H-H water reorien
tions @35#. As it was pointed out before@23#, this hypothesis
fails in SCW at low densities. We clearly observe from Fig
that O-H orientations are slower than H-H ones at all te
peratures.
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A significative difference between timest1,a and t2,a is
their behavior at densities below 0.1 g cm23, while t1,HH
differs of t1,' in about 20%,t2,HH andt2,' are roughly the
same at all temperatures with a value very close to the
perimental NMR data available~at 650 K!. Then a nonisot-
ropy of some selected molecular directions is again obser
in the orientational order of SCW at low density. This fa
should be attributed to the linearity of hydrogen-bonding
SCW at low densities@19#, when the fluid suffers a gaslike
behavior, also in its molecular rotational motions.

V. DIELECTRIC AND VIBRATIONAL SPECTRA

The static dielectric constant«0 of SCW has been com
puted at the three temperatures considered in this study
function of density. For a system with long-range intera
tions treated by the Ewald method with conducting bound
conditions,«0 is given by@37#

«05«`13yGk , ~3!
2-4
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FIG. 5. Same as Fig. 3 for theuW'

direction.
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where«` is the dielectric constant at optical frequenciesy
54prm2/9 kBT is the dimensionless dipolar strength, a
Gk is the finite system Kirkwoodg factor:

Gk5
^M2&

Nm2
, ~4!

which measures the equilibrium fluctuations of the total
pole moment of the sampleMW (t)5( i 51

N mW i(t). Because we
are assuming rigid nonpolarizable molecules, in our c
«`51. The values of«0 found in this way are compare
with experimental data in Fig. 7. A good overall agreemen
found at all temperatures. As expected,«0 is lower for higher
temperatures due to the reduction of the molecular order

In order to have more detailed information of the diele
tric properties of SCW, we have also computed the auto
relation function for the total dipole moment of the syste
defined as
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F~ t ![
^MW ~ t !•MW ~0!&

^M2~0!&
, ~5!

which is the collective analogue of the single dipole mom
autocorrelation functionC1,m(t) @see Eq.~1!#. The compari-
son betweenF(t) andC1,m(t) is depicted in Fig. 8 for three
selected densities~0.7, 0.1, and 0.01 g cm23) at 650, 720,
and 870 K. This comparison gives an indication of the ro
played by cross correlations of dipole moments correspo
ing to distinct water molecules@34# as a function of tempera
ture and density. As a general fact, we observe that the
laxation ofF(t) is always slower than that ofC1,m(t). In the
regime of high density (0.7 g cm23), F(t) relaxes signifi-
cantly slower thanC1,m(t), as it corresponds to a condens
phase. In the range of intermediate density (0.1 g cm23), we
still can observe how crossed correlations forceF(t) to de-
cay slower thanC1,m(t). A hint of a relative minimum is
already seen, especially at high temperatures. At low den
2-5
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FIG. 6. Reorientational correlation
times as a function of density at differen

temperatures. Diamonds—uW m direction,

squares—uW HH direction, circles—uW OH di-

rection, triangles—uW' , stars—NMR data
@10#.
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(0.01 g cm23), the relaxation rate ofF(t) is very close to
that of C1,m(t), i.e., both functions show the backscatterin
like minimum already seen in Fig. 3.

Further insight on dielectric properties come from re
and imaginary parts of the frequency-dependent dielec
constant, defined as

«~v!5«8~v!2 i«9~v!. ~6!

If the Ewald summation technique is used to handle
long-range interactions, and conducting walls boundary c
ditions are assumed, the relation between«(v) and the total
dipole moment correlation function is given by@39,40#

«8~v!5«02~«02«`!vE
0

`

F~ t !sinvtdt,

«9~v!5~«02«`!vE
0

`

F~ t !cosvtdt. ~7!

Density and temperature influence on the imaginary p
«9(v) are analyzed from Figs. 9 and 10. Concerning den
01150
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dependence, we observe in Fig. 9 the existence of two br
bands centered at high~between 4900 and 5650 GHz! and
low ~between 550 and 950 GHz! frequencies. The low-
frequency band appears basically at high densities and
due to reorientational motions of the total dipole moment.
density is reduced such band shifts towards higher frequ
cies to virtually disappear in the very dilute system
0.01 g cm23. Instead, a high-frequency band associated w
inertial rotations is observed in such low-density regim
@23#. When temperature changes are considered~Fig. 10!, the
two main bands suffer spectral displacements in the follo
ing way. At the densities of 0.7 and 0.01 g cm23, the domi-
nant frequency band is shifted to higher values for increas
temperature, whereas the coexistence of the two freque
bands at 0.1 g cm23 and 650 K progressively disappears
temperature increases and the free rotor band becomes d
nant at 870 K.

After «(v) is known, the Debye relaxation timetD ,
which in the framework of the Debye theory of dielectr
relaxation is defined as

«~v!2«`

«02«`
5

1

11 ivtD
~8!
2-6
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can be obtained from the low-frequency behavior

tD5 limv→0

«02«~v!

iv@«~v!2«`#
. ~9!

It can be shown thattD is the collective analog tot1,m
@39,40#. As it can be seen from Fig. 11, the Debye relaxat
times tD obtained from our MD simulations systematical
decrease as density diminishes. The influence ofr is signifi-
cantly more important fortD than for the single dipole mo
ment reorientational timet1,m . On the other hand, the tem
perature increasing produces a reduction of both timestD
andt1,m , being especially relevant fortD . Further, the ratio
tD /t1,m which weighs the influence of the cross correlatio
on reorientations of the dipole moment is nearly constant
;2 at densities larger than 0.2 g cm23 and at all tempera-
tures, approaching the unity for dilute low-density system
as it happens for ideal gases.

A comparison of our findings with microwave experime
tal data @24# and other MD calculations@26# has been in-
cluded in Fig. 11. We can observe thattD is reduced as
density decreases for all MD simulations considered. On
contrary, experimental data indicate a clear increasing oftD
at low densities. In the light of the present results, seve
conclusions can be obtained. First, there is an overall
agreement between the microwave spectroscopy dat
Okadaet al. @24# and MD results, with some good acco
dance only for densities larger than 0.3 g cm23. Second,
such accordance is poorer as temperature increases. T
several MD simulations using different types of potent
models~see also Refs.@25–27#! produce results qualitatively

FIG. 7. Static dielectric constant as a function of density
different temperatures. Experimental data are obtained f
Ref. @38#.
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similar for tD . Since computer simulations using differe
potential models basically agree, the explanation of the
crepancies at low density could be charged, following ot
authors@26,27#, to the physical interpretation of experimen
tal data. In fact, we observed that the character of dielec
relaxation is quite far from the one given by the Deb
theory approach~8! at low densities and/or high tempera
tures, i.e., for dilute systems in general, as those consid
in this work ~see Figs. 8–10!. Alternatively, MD results
should be compared with Raman@41# or far-infrared spec-
troscopy data@42# instead of microwave data. One way to d
it could be through the measure of spectral shifts produce
measured spectra of SCW at different regimes.

We report a series of spectral densities@43# of SCW in the
librational region in Fig. 12. The influence of density is a
ready seen in the diffusion of water molecules in SCW, giv
by SH(0), which is much larger in the low-density state
The main band detected, around 180 cm21 at the lowest den-
sity, shifts forward to 220 cm21 at 0.3 g cm23 and to about
300 cm21 at 0.7 g cm23. This band is located abou
500 cm21 in water at ambient conditions and it was attri
uted to librational motions of water molecules@45#. The im-
portance of temperature changes is minor, observing s
frequency displacements in all density ranges studied.
markably, we observe a redshift of the maximum ofSH(v)
as temperature increases that was also experimentally
served by Tassainget al. @42# by means of far-infrared spec
troscopy measurements in the range 25–240 °C.

VI. RESIDENCE TIMES

The last result analyzed in this study concerns the r
dence timet res of water molecules in the shell of its firs
neighbors in SCW, again as a function of density and te
perature. A residence time correlation functionCres(t) can
be defined for a given molecule as the number of water m
ecules located in its first coordination shell which remain
the shell during a timet. Assuming an exponential behavio
of Cres(t) at long times, the residence time can be obtain
as @46#

Cres~ t !'expH 2t

t res
J . ~10!

The results fort res are presented in Fig. 13. Again a two
regime behavior for densities below and above 0.1 g cm23 is
observed. In all cases, the time of residence of water m
ecules is higher for lower temperatures. This should be
lated with diffusion of water in SCW states, which is larg
at high temperatures@19#. In the low-density states, namely
0.01 g cm23, t res grows significantly up to 4.5 times th
value found at 0.1 g cm23 at 650 K. Our findings are in good
agreement with the tendency found in quasielastic incohe
neutron scattering experiments by Tassaing and Belliss
Funel @47#, who observed that residence times of water
SCW increase slightly for decreasing densities in the ra
0.2–0.9 g cm23.

As temperature rises, the increase oft res is slightly
smaller. This is an indication of the gaslike behavior of lo
density SCW, i.e., water structure is that of a clustered liq

t
m
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FIG. 8. Total ~solid line! and single
~dashed line! dipole moment autocorrela
tion functions at different temperature
and densities.
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that has a diluted second coordination shell and this produ
long residence times of water molecules in the first hydrat
shell. At higher temperatures, the combined increase of
orientational and translational diffusion~see Figs. 6 and 12!
allows water molecules to promote easiely to second sh
This diffusive mechanism is well known at ambient con
tions @48,49#, when a water molecule migrates from the fir
to the second coordination shell, it spends some time on
first shell forming and breaking HB with neighboring com
panions, then undertakes a rotational diffusive motion
cluding an HB breaking and, finally, moves to the seco
shell by translational diffusion. We see that this mechan
can work also in low-density SCW, provided that the H
01150
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d

network is weaker and diffusion is larger than in room te
perature water, i.e., producing longer diffusion periods
larger t res . In addition, the relationship to the degree
hydrogen bonding supports this interpretation: both Ram
spectrum measurements@50# and MD simulations~see Ref.
@19# and references therein! have shown that in dense SCW
states, the number of hydrogen bonds is still about 30%
that of water at ambient conditions. Further, the HB lifetim
is markedly smaller in a SCW ambient@21# ~about five times
shorter than in water at room temperature!. The reduced hy-
drogen bonding structure and the fast HB dynamics fav
the reduction of residence times and the increase of w
diffusion.
2-8
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VII. CONCLUDING REMARKS

A detailed study of orientational and dielectric propert
of SCW has been performed by means of MD simulatio
The SPC/E interacting potential assumed has revealed t

FIG. 9. Density dependence of the imaginary part of the f
quency dependent dielectric constant.

FIG. 10. Temperature dependence of the imaginary part of
frequency dependent dielectric constant.
01150
.
be

appropriate to model water in supercritical states in a w
range of temperatures and densities. We have observed
reorientational times of water molecules are in overall go
agreement with NMR data and they are reduced by incre
ing the temperature, showing a two-regime behavior at v
low densities~below 0.1 g cm23), the characteristic reorien
tational times rise quickly with decreasing density but at d
sities above 0.1 g cm23, the increase of such reorientation

-

e

FIG. 11. Dielectric relaxation times as a function of density
different temperatures. Full circles—this work, open circles—M
results from Ref.@26#, stars—microwave data@24#, diamonds—
single dipole moment reorientational times.
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times is roughly linear for rising densities. Anisotropy in th
molecular rotational motions has been also found at low d
sities.

Concerning dielectric relaxation, we have found discre
ancies between microwave experiments and MD simulatio
for Debye relaxation times at low density. This could be d
to the fact that the experimental time measured is not exa
the same property computed in our simulations. Furtherm
residence times of water molecules in the first hydration s
show a behavior qualitatively similar to reorientation
times. This fact, together with structural and dynamic d

FIG. 12. Spectral densities of hydrogen atoms as a function
temperature at different densities.
re
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previously reported, reinforces an interpretation of the dif
sive mechanism employed by water molecules during tra
tions from internal to external coordination shells: it wou
consist of a first stage based on rotational motions of
water molecule which can produce an HB breaking an
second stage associated with pure translational diffusion
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