
Light and neutron scattering studies of the OH stretching band in liquid
and supercritical water

M. A. Ricci, M. Nardone, and A. Fontanaa)

Dipartimento di Fisica ‘‘E. Amaldi,’’ Universita’ degli Studi di Roma Tre, Istituto Nazionale per la Fisica
della Materia, Unita’ di Roma Tre. Via della Vasca Navale 84, 00146 Roma, Italy.

C. Andreani
Dipartimento di Fisica, Universita’ degli Studi di Tor Vergata, Istituto Nazionale per la Fisica della
Materia, Unita’ di Roma Tor Vergata. Via della Ricerca Scientifica 1, 00133 Roma, Italy

W. Hahn
ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 0QX, United Kingdom

~Received 29 July 1997; accepted 29 September 1997!

The hydrogen projected OH stretching density of states has been determined by an inelastic neutron
scattering experiment in liquid and supercritical water. The results, compared with new
measurements of the isotropic Raman spectra at the same state conditions, support the interpretation
of the Raman spectra in terms of superposition of the allowedn1 band with the overtone of then2

band. © 1998 American Institute of Physics.@S0021-9606~98!50202-4#
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I. INTRODUCTION

Although the spectroscopic properties of water have
terested many scientists over the last decades,1 and in spite of
the large technological interest in the supercritical wa
properties,2 only few studies performed in the vicinity of th
critical point of water have so far appeared in t
literature.3–7 In particular the available literature on the R
man spectrum of liquid water in the region of the intram
lecular O–H stretching vibration is very extensive and s
eral review articles have been so far published.3,8,9 Most
papers however report studies performed either on pure2O
or on H2O–D2O mixtures from the boiling point down to th
supercooled states, while to our knowledge only a f
studies3,4,10 at temperatures higher than 100 °C have be
published. On the other hand inelastic neutron scatte
studies in the same energy region have become feasible
the 80s, with the advent of spallation neutron sources,11 and
only the spectra of the normal and supercooled phase
H2O and D2O have been studied.12,13 In the present paper w
report a study of the O–H stretching spectra of water
tained by inelastic scattering of both light and neutrons, o
a wide thermodynamic range, including supercritical sta
as the comparison between these two techniques can
some light over the interpretation of the complex Ram
spectral shapes.

As a matter of fact the interpretation of the peculiar lin
shape of the O–H and O–D stretching bands of the Ram
spectrum of water and heavy water is still a matter of c
tention. In both cases these bands extend over a large
quency range and display a significant component cent
around their lower frequency sides, which is also qu
strongly polarized.14–16 This lower frequency component i
absent from the corresponding Raman spectra of dilute s
tions of HDO in either H2O or D2O.4,15,17Moreover the en-

a!Present address: Dipartimento di Fisica, Universita’ di L’Aquila, via V
toio, 67010 Coppito~L’Aquila !, Italy.
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tire spectral lineshape shows a strong dependence on
thermodynamic state.4,18,19 The origin of the low frequency
feature of the Raman spectrum has been at various ti
ascribed to strong intramolecular coupling,14 to the Fermi
resonance with the bending overtone,4,20 or to strong inter-
molecular coupling.4,16,21In particular the last point of view
is based on the idea that the presence of an extended net
of hydrogen bonds makes the dynamics~and hence the Ra
man spectrum! of water much similar to that of its amor
phous solid phase. Indeed the O–H stretching spectra
amorphous solid water, as well as those of different crys
line phases, are characterized by a low frequency polar
band, which has been assigned to the symmetric vibratio
neighboring molecules in phase with one another;22,23 an in-
terpretation which is also strongly supported by the comp
son of the Raman spectrum with calculated23 and
experimental24 vibrational density of states. In particular i
the case of iceI h the density of states calculated for th
so-called reduced vibrational model23 covers the same en
ergy region as the observed Raman stretching band, wh
underestimates the high energy side of the density of st
measured in an incoherent inelastic neutron scatte
experiment.24

II. EXPERIMENT

A. Raman scattering experiment

The sample container was an optical cell produced
the Nova Swiss, for high temperature~T<700 K!, medium
pressures~p<0.1 GPa! experiments: To avoid corrosio
from high temperature water the cell body is made of sta
less steel with three sapphire optical windows. Tempera
control was realized, with a stability of61 K, by means of a
heating jacket, dissipating up to 500 W at 220 V; the sam
temperature was monitored by a J-type thermocouple in t
mal contact with the sample. Pressure was measured
strain gauge and controlled, within61 MPa, by a pressure
8/108(2)/450/5/$15.00 © 1998 American Institute of Physics
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451Ricci et al.: OH stretching band in water
generator~Nova Swiss, type 550.0400-2!. The same cell has
been successfully used in a previous experiment on the R
leigh spectrum of water.25

In both Raman and neutron scattering experime
samples of doubly distilled de-ionized water were degas
before filling the sample container and the sample den
evaluated from the measurements of temperature and p
sure, according to Ref. 26.

The Raman laser apparatus used in the experiment
sists of a Spectra Physics 171 Ar-ion laser, operating at 1
at l5514.5 nm and of a Jobin–Yvon–Ramanor U10
double monochromator, equipped with 1800 grooves/m
holographic gratings and a single photon counting photom
tiplier. Spectra~with a resolution of 5 cm21) have been re-
corded in a 90° scattering configuration with VV and H
polarization.27 The vertical V or horizontal H polarization o
the sample was obtained by conveniently rotating the po
ization of the incident radiation and compensating the opt
anisotropy of the sapphire input window by means of al/4
wave plate. Similarly the V polarization of the scattered lig
was obtained by using a secondl/4 wave plate to compen
sate the optical anisotropy of the output window, before
tering through a polaroid plate. Calibration of thel/4 wave
plates was performed before pressurizing the sample. R
spectra have been normalized to the incident intensity
corrected for dark counts and transmission of the entire
paratus, to evaluate the isotropic Raman spectra:

I iso~ ñ !5I VV~ ñ !2 4
3 I HV~ ñ !, ~1!

whereñ represents the Raman shift measured in cm21. In the
following we will discuss and compare with the neutron da
only the isotropic Raman spectra. The main rational beh
this choice is that the lineshapes of both polarized and de
larized Raman spectra of a dense system are likely to
distorted by the presence of interaction induced contributi
and for this reason may be strongly influenced by interm
lecular translational contributions, which have no counterp
in scattering by neutrons. It is known however that, amo
these contributions, the depolarized ones, which are by d
nition absent in the isotropic spectra, are the most intens28

The thermodynamic states studied are reported in Ta
I.

Figure 1 shows the isotropic spectra obtained at a su

TABLE I. Thermodynamic states for the light scattering experiment.

Spectrum number T ~K! p ~bar! r ~g/cm3)

1 303 1 0.996
2 303 100 1.000
3 303 500 1.017
4 303 700 1.025
5 363 3 1.019
6 423 10 0.917
7 513 40 0.814
8 513 500 0.854
9 513 700 0.868
10 603 140 0.645
11 663 300 0.466
J. Chem. Phys., Vol. 108,
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critical state and in the liquid phase along the coexiste
curve~i.e. spectra # 1, 5, 6, 7, 10, 11 of Table I!: In the same
figure three vertical lines indicate the position of the fi
overtone of the bending mode (2n 2̃) and of the symmetric
and asymmetric stretching modes respectively (n 1̃and n 3̃),
for the isolated water molecule.29 We recall that the asym
metric stretching mode is not expected to contribute to
isotropic Raman intensity, due to symmetry selection ru
Our spectra are very broad and intense, and exhibit the s
strong dependence on the thermodynamic state reporte
the literature.4,10 Very good agreement with the spectra
Ratcliffe and Irish,4 in the overlapping thermodynamic re
gion, is found. We notice indeed that the low frequency fe
ture of the spectrum, centered atñ53250 cm21, becomes
less intense as the temperature increases, while the hi
frequency peak moves towards the frequency of the symm
ric stretching vibration of an isolated water molecu
(n 1̃53656.65 cm21) and sharpens. On the contrary increa
ing the density, at least in the range allowed by our exp
mental set-up, does not seem to affect the experimental l
shape, as demonstrated by the spectra collected along
isotherm curves atT5303 K andT5513 K ~see for instance
Fig. 2!.

B. Neutron scattering experiment

The neutron scattering experiment has been perform
using the HET chopper spectrometer installed at the I
pulsed neutron source~Rutherford Appleton Laboratory
UK!.30 In this spectrometer incident monochromatic ne
trons are scattered by a sample located at about 12 m f
the moderator and detected by3He detectors, placed at sca
tering angles between 3° and 140°; these are grouped
seven banks. The incident neutron energy used in the exp
ment was Ei5806.38 meV, thus allowing a resolution in en
ergy transfer,\v, better than 8 meV in the OH-stretchin

FIG. 1. The isotropic Raman spectra obtained along the coexistence cur
the thermodynamic points given in Table I, for increasing temperature
lowering density~#1: Open squares; #5: Solid line; #6: Dotted line; #
Diamonds; #10: Dashed line; #11: Crosses!. The three vertical lines indicate
the position of the vibrational frequencies 2n2, n1 andn3, in the case of an
isolated water molecule.
No. 2, 8 January 1998
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452 Ricci et al.: OH stretching band in water
region ~namely \v.450 meV!, and a momentum transfe
Q, ranging between 20 and 400 nm21. The Q vs \v paths
corresponding to the seven detector banks in the chose
strument configuration are shown in Fig. 3.

Sample container was a 6.5 mm thick and 40.5 mm w
Ti–Zr slab, where an array of 6 capillaries~1.6 mm diam-
eter! was drilled: this apparatus can withstand pressures u
3 Kbar at a temperature of 673 K. The Ti–Zr alloy has be
chosen because it does not suffer from chemical attack
high temperature water and because its contribution to
total intensity of neutrons scattered at energies higher t
300 meV is flat and negligible with respect to the scatter
from water. The sample filling and pressure control was p
formed using a pressure rig equipped with the same pres
generator used for the Raman scattering experiment.
sample temperature was computer controlled, within60.1
K, by two sensors~K-type thermocouples! and two heaters in
thermal contact with the top and bottom of the sample c
tainer.

FIG. 2. The isotropic Raman spectra obtained along the isothermT
5513 K, namely spectra #7~solid line!, #8 ~dashed line! and #9~dotted line!
of Table I. The lineshape is almost independent on the density; the s
result has been found along the isotherm atT 5 303 K.

FIG. 3. TheQ, \v loci corresponding to the scans performed on HET at
seven detector banks, for an incident energyEi 5 806.38 meV.
J. Chem. Phys., Vol. 108,
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The thermodynamic states investigated have been c
sen to cover roughly the same area of theT,p plane covered
in the Raman scattering experiment~see Table I!, and are
reported in Table II.

The raw data have been corrected for contributions co
ing from the sample container and from multiple scatter
events.31 From the corrected data we have calculated
so-called Q-dependent density of states at each detec
bank:

G~Q,\v!5
~\v!2

Q2
S~Q,\v!, ~2!

and then performed the extrapolation toQ→0, to evaluate
the hydrogen projected density of states of water in the O
stretching region,gH(\v). This function for a liquid corre-
sponds to the Fourier transform of the velocity autocorre
tion function of the hydrogen atoms.32

The experimental results are reported in Fig. 4 for t
runs # 1, 2, 3, 4, 7: Also in this figure 2n 2̃, n 1̃ andn 3̃, in the
case of an isolated water molecule, are indicated by th
vertical lines. We notice that the room temperature data
in excellent agreement with a previous experiment12,13 per-
formed using the HERMECS chopper spectrometer insta
at the IPNS facility ~Argonne National Laboratories

e

TABLE II. Thermodynamic states for the neutron scattering experimen

Run number T ~K! p ~bar! r ~g/cm3)

1 300 1 0.996
2 423 100 0.922
3 473 100 0.872
4 573 100 0.716
5 573 1000 0.823
6 573 2000 0.885
7 673 800 0.660

FIG. 4. The hydrogen projected density of states,gH(\v), derived for water
from neutron scattering data at ambient conditions~solid line! and for the
run numbers of Table II, namely: #2~crosses!; #3 ~dotted line!; #4 ~dashed
line! and #7 ~stars!. The three vertical lines indicate the position of th
vibrational frequencies 2n2, n1 and n3, in the case of an isolated wate
molecule.
No. 2, 8 January 1998
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453Ricci et al.: OH stretching band in water
U.S.A.!. At all state points thegH(\v) function shows a
broad main peak, followed by a second peak roughly
meV apart, which becomes a broad shoulder at high t
perature. No clear feature corresponding to the low f
quency peak of the Raman spectrum is visible. The m
peak moves towards higher energies as the temperatur
creases; no clear dependence of the peak position on
sample density is on the contrary detected~see Fig. 5, where
the data obtained along the isotherm atT5573 K are re-
ported!. The instrumental resolution in the investigated e
ergy range is too poor to separate the two stretching ba
which lie only 12 meV apart in the isolated water molecu
Thus it seems reasonable to assign the main peak to
stretching vibrations, independently on their symmetry: A
matter of fact the peak position at the supercritical state g
to a limiting value which is the average ofn 1̃ and n 3̃ ~see
Fig. 6!. The higher energy peak may be interpreted in ter

FIG. 5. The hydrogen projected density of states,gH(\v), derived for water
from neutron scattering data along the isotherm atT 5 573 K: Namely runs
#4 ~solid line!; #5 ~crosses! and #6 ~dashed line! of Table II. The three
vertical lines indicate the position of the vibrational frequencies 2n2, n1 and
n3, in the case of an isolated water molecule.

FIG. 6. Peak position of the two Gaussians fitting the isotropic Ram
spectra~crosses and diamonds! and of those fitting thegH(\v) functions
derived from the neutron scattering experiment~full squares and circles!.
The vertical bars correspond to one standard deviation around the
position of the lower frequency Gaussian fitting the neutron data.
J. Chem. Phys., Vol. 108,
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of the simultaneous stretching and librational motion:29 It is
present also in the Raman spectra, although not visible in
scale of Fig. 1.

III. DISCUSSION AND CONCLUSIONS

Both the isotropic Raman spectra and thegH(\v) func-
tion can be fitted quite satisfactorily by two Gaussians. T
position of the main peaks are reported in Fig. 6 versusT. As
far as the Raman spectra are concerned, we notice that fo
of them the lower frequency Gaussian is centered atñ53250
cm215402.73 meV, i. e. at a frequency only slightly high
than that of the first overtone of the free molecule bend
vibration ~3240 cm21). The peak of the higher frequenc
Gaussian on the contrary moves towards the frequency o
symmetric stretching vibrationn 1̃ as the temperature in
creases and is independent on the value of the density. A
same time the intensity of the lower frequency Gaussian
creases, on going towards the critical point. These findi
suggest that at the lower temperatures the stretching
quency of the water molecules is strongly influenced by
motion of the neighboring molecules in the liquid: The d
tribution of these frequencies is then shifted to lower valu
~i.e. towards the first overtone of the bending vibration!, due
to inter- and intra- molecular couplings, and the Raman
tensity of the overtone vibration is enhanced by the Fe
resonance.

The neutron scattering data, as already stated, do
exhibit any structure on the low frequency side of the m
peak: The position of this peak moves with the temperat
towards higher frequencies, following the behavior of t
higher frequency Gaussian of the Raman spectra, altho
neutron data lie on a curve systematically higher than t
followed by the Raman data and reach a frequency whic
intermediate betweenn 1̃ andn 3̃ at the supercritical states. A
already stated this is consistent with the fact that we are
resolving the two stretching modes in the present instrum
tal configuration. In Fig. 6 we have represented by verti
bars the interval around the peak position, correspondin
one standard deviation of the Gaussian, to demonstrate th
a spectral feature at 2n 2̃ were present in the neutron dat
this should be resolved from the main peak. The higher
quency Gaussian used to fit the neutron scattering data
not show any clear behavior with the thermodynamic state
is well resolved at the lower temperature states and t
merges into a broad high energy tail of the main peak.
recall that a spectral feature centered at roughly the s
frequency, although with much lower intensity, is visib
also in the Raman spectra and is usually interpreted in te
of combined stretching and librational motions. On the oth
hand also Ref. 24 shows similar differences between Ram
and neutron scattering data in the solid phase of water an
has to be mentioned that this high energy tail of the neut
data may be biased by a poor correction of the multiple s
tering contribution.

Inspection of Fig. 6 supports the interpretation of t
Raman isotropic spectra given at the beginning of this s
tion: The higher frequency feature of the spectrum does

n

ak
No. 2, 8 January 1998
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454 Ricci et al.: OH stretching band in water
deed move with the temperature as the main feature of
corresponding density of states does. Moreover, contraril
what found in the case of various solid forms of water, we
not have, at any temperature, a complete coverage betw
Raman and neutron spectra at the lower frequencies,
invalidating a possible interpretation of the low frequen
feature of the isotropic spectrum in terms of the density
states corresponding to in phase vibrational motions of c
ter of molecules. We notice also that such interpretat
could not however be expected to hold at temperatures c
to the critical one, where the microscopic structure of wa
has suffered strong distortions with respect to that of amb
and supercooled water.33 On the other hand it does not see
necessary to invoke two different mechanisms of modula
of the polarizability derivative at low and high temperature
since the spectral shape modifications are continuous.
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