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Inelastic-neutron-scattering spectroscopy is utilized to probe single-particle excitations as a func-
tion of temperature in light and heavy water over an energy range of 50 to 600 meV, covering the li-
brational, bending, and stretch vibrational regions of molecular motion. A computer molecular-
dynamics simulation of liquid water based on a simple point-charge model is also carried out to
compute the Q-dependent proton density of states G,(Q,E) for direct comparison with the
equivalent quantity deduced from experimental measurements on an absolute scale. The calculated
classical density of states is lower than the measured one by a factor of 2, indicating the importance
of quantum-mechanical corrections at high-energy transfers. The classical simulation fails to pre-
dict a combination band at 525 meV which we attribute to a quantum-mechanical process of simul-
taneous excitation of the stretch vibrational mode and breaking of the adjacent H—O - - - H hydro-
gen bond. The temperature dependence of this band is predicted correctly by a quantum-
mechanical calculation using a one-dimensional hydrogen-bond model.

I. INTRODUCTION

The study of the vibrational spectrum of liquid water
has been traditionally performed by infrared and Raman
scattering spectroscopy.'~* The intensity of the Raman
bands, being related to the fluctuation of the polarizabili-
ty tensor of the vibrating molecules, is usually difficult to
calculate microscopically, although recently some pro-
gress has been made along this direction.’ Due to this
difficulty, an alternative scattering technique for studying
the high-frequency vibrations in water needed to be in-
vestigated. Neutrons appeared to be a competitive and
more direct probe for studying the dynamics of hydrogen
atoms because of the spin incoherence in neutron scatter-
ing from protons.® Furthermore, the dynamic structure
factor obtained from neutron-scattering experiments can
be directly compared with computer molecular-dynamics
(CMD) results. The first attempt to measure the stretch
vibration in water and ice by neutron scattering was by
Harling” in 1968. Due to the low flux of epithermal neu-
trons in the reactor source he used, the measured stretch
vibrational band occurred at a wave-vector transfer Q
which is far too large for this excitation to have any ap-
preciable intensity. The energy resolution of the neutron
chopper used was also insufficient at this high energy. It
was not until a spallation neutron source such as the In-
tense Pulsed Neutron Source (IPNS) at Argonne Nation-
al Laboratory came into existence that neutron scattering
from high-energy excitations in liquid water became
practical.
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Previously we have reported preliminary measure-
ments of incoherent inelastic neutron scattering at high
energies from liquid water at room and supercooled tem-
peratures.® The data, without any multiple-scattering
correction, were compared to the proton density of states
f,(E) computed by CMD simulation done at Q =0.” It
appeared from the experimental data obtained that there
was a significant contribution of multiple scattering in the
measured cross section. The Q dependence of the proton
density of states G,(Q,E) was also quite significant, espe-
cially at lower energies. Hence, the comparison between
the reported experimental results and CMD calculations
could not be made on a quantitative basis.

In this work a thorough analysis of the previous mea-
surements and newly acquired data is presented.
Multiple-scattering corrections were made on the mea-
sured cross sections and the Q-dependent proton density
of states G, (Q,E) for liquid water at various tempera-
tures is reported in absolute units. The Q-dependent
deuteron density of states is also determined for heavy
water (D,0) without accounting for multiple-scattering
effects. CMD runs have also been carried out in addition
to the experimental measurements to calculate the Q-
dependent proton density of states G,(Q,E) by Fourier
transforming the current autocorrelation function J,(Q,?)
and compare it directly with the measured one. The ad-
vantage of directly measuring the Q-dependent proton
density of states of water and the possibility of direct
comparison with CMD calculations are of great value for
understanding the dynamics of water. Although there

2580 ©1988 The American Physical Society



37 NEUTRON-SCATTERING MEASUREMENTS OF WAVE-VECTOR- . . .

are numerous CMD simulations for liquid water using
various potential models,'®~!* to our knowledge this is
the first time that the Q-dependent proton density of
states at a high-energy vibrational range covering the in-
tramolecular motion of hydrogen atoms has been com-
puted. This calculation turns out to be essential for un-
derstanding the qualitative features of the experimental
spectra and indicate the inadequacy of classical CMD
simulation for accounting quantitatively for the high-
frequency dynamics of water.

An important new feature determined by the measure-
ments is a combination band at 525 meV attributable to a
quantum-mechanical process involving a simultaneous
excitation of the stretch vibration and breaking of an H
bond in liquid water.!*!> Our recent classical CMD
simulation shows only minor features at this energy for
any of the Q values calculated, confirming our expecta-
tion that this band corresponds to a quantum-mechanical
excitation.

II. EXPERIMENT

Neutron-scattering measurements were performed at
the high-resolution medium-energy chopper spectrometer
(HRMECS) at the Intense Pulsed Neutron Source (IPNS)
of Argonne National Laboratory. This spectrometer is
particularly well suited for investigations of excitations in
liquids at high-energy transfers due to the higher flux of
epithermal neutrons available from the pulsed source as
compared to conventional reactor sources. The schemat-
ics of HRMECS is shown in Fig. 1(a). Since the details of
the IPNS chopper spectrometers have been given else-
where,!® we shall present only a brief description of the
operations here. A phased Fermi chopper produces
pulses of monochromatic neutrons incident on the sam-
ple. The energy and momentum transfer of the scattered
neutrons are determined by time-of-flight techniques in
an assembly of 120 detectors. Having a high incident en-
ergy E in conjunction with low scattering angles, we are
able to measure high-energy excitations at relatively low
wave-vector transfers Q where the effect of Doppler
broadening is small [Fig. 1(b)]. The energy resolution in
general depends on the chopper in use and varies with en-
ergy transfer but is approximately 2-4 % of the incident
energy [Fig. 1(c)]. In order to calibrate the spectrometer,
a run was made using as sample a thin plate of vanadium.
Since vanadium is an incoherent scatterer with a well-
known scattering cross section,'® the measured intensity
from the detectors was normalized to the vanadium data
and put into absolute units of the scattering cross section.

For light water, the time-of-flight spectrum of the neu-
trons scattered from the sample is essentially the in-
coherent double-differential cross section of hydrogen
atoms, due to the large value of the incoherent cross sec-
tion of hydrogen compared to that of oxygen. The in-
coherent double-differential cross section is related to the
self-dynamic structure factor S (Q,E) for a given wave-
vector transfer Q and energy transfer E by
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where Ny is the number of hydrogen atoms in the sam-
ple, ol is the bound incoherent scattering cross section
for hydrogen, and the wave-vector transfer Q (in A) at a
scattering angle ¢ is given by in terms of the incident en-

ergy E, and energy transfer E (in meV) by
Q =0.6932E,—E —2V Eo(Ey—E)cos¢)'’* . (2)

For heavy water, the spectrum contains both coherent
and incoherent scattering. However, at large values of Q
the interference effects in the coherent scattering should
be small and a formula analogous to Eq. (1) should be ap-

proximately valid with o!l_ replaced by the total scatter-

ing cross section o 2.
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FIG. 1. (a) A schematic diagram of the high-resolution.

medium-energy chopper spectrometer (HRMECS). The
sample-to-detector flight path is 4 m with two groups of neutron
detectors spanning angular ranges of —20°-20° and 85°-140°.
(b) The kinematic relations of the chopper spectrometer at an
incident neutron energy E,=800 meV. Energy transfer E
(meV) is plotted vs wave-vector transfer Q(Avl) for different
detector angles ¢ (0°-100°). (c) Energy resolution of the
chopper spectrometer as a function of energy transfer E (meV).
The energy resolution is less than 4% at the typical energy of
the stretch band of water (420 meV).
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For liquids, a more convenient quantity to report for
direct comparison with CMD calculations is the Q-
dependent density of states G,(Q,E), related to the self-
dynamic structure factor S;(Q, E) by

EZ
(QE)=35,0E) . (3)

The water sample consisted of an ensemble of 150 thin
Pyrex capillary tubes covering an area of 7.2X 6.6 cm in
planar geometry. The capillary tubes had an inside diam-
eter of 0.8 mm and an outside diameter of 1.0 mm and
were filled with triply distilled deionized water and sealed
on both ends. The use of Pyrex capillary tubes made it
possible to substantially supercool the water. The capil-
lary tubes were mounted on an aluminum frame perpen-
dicular to the incident neutron beam. The incident beam
traversed a distance less than 3 mm in the sample for all
detector angle ( —15°-20°). This geometric configuration
reduced the effect of multiple scattering in the sample.
The transmission of the water sample was 84% at an in-
cident neutron energy of 500 meV. To keep the sample
temperature as uniform as possible, the ensemble of capil-
lary tubes was enclosed in a thin-walled aluminum con-
tainer filled with helium gas. A helium cryogenic refri-
gerator was employed for the low-temperature runs and a
vacuum furnace was used for measurements at elevated
temperatures. The temperature was controlled to an ac-
curacy of 0.5 °C.

Measurements were made on ice at 20 K and on super-
cooled water at —15°C with both 800 and 500 meV in-
cident energies. Runs were made at higher temperatures
(40°C and 80°C) at 800 meV only. For heavy water
(D,0), measurements were carried out at —93.4, and
25°C at an incident neutron energy of 500 meV. To
confirm that the H,O sample at —15°C was indeed
liquid, a separate measurement was performed under
identical conditions at the crystal analyzer spectrometer
at IPNS, where the quasielastic peak could be measured
with much higher resolution. In the case of ice, the
width of this peak corresponded to the instrumental reso-
lution (135 peV), whereas at —15°C it was appreciably
broader (230 ueV), indicating the characteristic diffusion
of the liquid state; the value obtained for the width agrees
well with the results of a triple-axis measurement on su-
percooled water.!’

III. DATA REDUCTION
AND MULTIPLE-SCATTERING CORRECTIONS

Multiple-scattering effects were simulated by running
Copley’s MSCAT routine'® for both filled and empty con-
tainers. In the main Monte Carlo loop, the history of
40000 incident neutrons has been traced. Scattering
events were detected at ten different scattering angles in
the range 2°-20°. Since the MSCAT routine allows for
only one row of cylinders, an effective sample geometry
(50 tubes, 0.171-cm external radius, 0.0342-cm thickness,
and 0.377-cm center-to-center distance) was used. The
number of scattering units in the simulated sample
matches that of the water molecules in the real sample.
As an input to the MSCAT routine, a reasonable sym-
metrized scattering function S;(Q,E) is needed for the
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Monte Carlo simulation. Starting from the density of
states fp(E ), evaluated by molecular-dynamics simula-
tion,’ §,(Q, E) was calculated by means of a modified ver-
sion of Copley’s SABMAK routine.!® The calculation of
S,(Q,E) assumes the incoherent, monatomic, cubic, har-
monic approximation for one- and two-phonon terms,
while third- and higher-order phonon terms are calculat-
ed according to a modification of Sjolander’s theory.'
The low-energy region of f,(E) was modified according
to the one-phonon harmonic approximation. The
Debye-Waller factor was evaluated by assuming a root-
mean-square displacement? of 0.484 A.

The MSCAT routine accumulates separately single- and
multiple-scattering contributions. In the present case,
multiple scattering from the container is negligible. In
contrast, multiple scattering from the sample is structure-
less and increases with energy transfer. It accounts for
approximately 50% of the total scattered intensity at en-
ergy transfers greater than 500 meV.

The experimental data were corrected for multiple-
scattering effects and self-shielding and sample-
attenuation factors (SSF and SAF) by means of the MUL-
COR routine,?! which has been recently improved to pre-
dict the SSF for both slab and cylinder geometries. For
the water sample, the SSF and SAF have values of 65%
and 95%, respectively. The corrected time-of-flight data
have been interpolated to generate constant-E or
constant-Q plots. The Q-dependent density of states is
depicted in Figs. 2 for light water at tcmperatures of
—15, 40, and 80°C in absolute units of (meV A?) after
making multiple-scattering corrections. The prominence
of the combination band at 525 meV at lower tempera-
tures is clearly noted. The corresponding data for heavy
water at temperatures of —93, 4, and 25°C is shown in
Fig. 3. Multiple-scattering corrections were not made in
this case, however, due to the lack of CMD data on the
proper deuteron density of states.

1IV. COMPUTER MOLECULAR-DYNAMICS
SIMULATION (CMD)

The intermolecular potential model employed in this
CMD is the simple point- charge model originally pro-
posed by Berendsen et al.?? The potential consists of a
pairwise Lennard-Jones interaction between the oxygen
sites, voo=—(A4/r)5+(B/r)'?* with 4=0.37122
nm(kJmol~")!/¢ and B=0.3428 nm(kJmol~")!"'2, to-
gether with Coulomb interactions between suitable point
charges at the oxygen and hydrogen sites. We assign a
change +0.41|e| to each hydrogen site and
—0.82|e | to the oxygen site. The intramolecular po-
tential is an anharmonic Morse function for the O—H
bond and a harmonic function for the H-H interaction.
Internal coupling between the two O—H bonds, as well
as coupling between the stretching and bending modes,
has also been inserted in the potential,

Vot =Don{[1—exp—(pAr;)]*+[1—exp(—pAr,)]*}
+1bAri+c(Ar;+Ary))Ary+dAr Ar, . 4)

Here, Ar,,Ar, are the stretch in the OH bond lengths
and Arj is the stretch in the H-H distance. The parame-
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ters Doy, p, ¢, and d are taken with a small modlﬁcatlon
from Toukan and Rahman’ with Doy =0.708 mdyn/A
p=2.37 A~!, b=2.283 mdyn/A, ¢ =—1.469 mdyn/A,
and d=0.776 mdyn/A The system we studied consisted
of 100 molecules in a constant-volume simulation cell
with periodic boundary conditions. CMD runs at a den-
sity of 1 gm/cm® and temperature 7=250 K were made
with a time increment Ar =6.5X 10~ ' sec. The system
was aged for several thousand time steps to ensure reach-
ing thermal equilibrium, and the pair correlation func-
tions were checked to see that the correct static structure
was generated in the simulation.

Due to the large incoherent scattering cross section of
hydrogen atoms as compared to oxygen, inelastic neutron
scattering from water primarily measures proton dynam-
ics. We shall focus our attention on the following single-
particle current-density autocorrelation function J (Q,t)
defined as

J(Q,1)= 2 [Qv;(t +7)][Qv,(7

j=1

Xexp{iQ-[r;(¢ +r)—rj(7')]}>

ol )

>
T
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where v; and r; refer to the velocity and the position
of the jth proton in the system. The Q vector in
Eq. (5) is sampled from the relation Q=27w/L
(u,v,6=0,%,£2,...), where L is the length of the cubic
simulation cell. The choice of the Q values as given
above is a consequence of the periodic boundary condi-
tions imposed on the simulation cell. The scalar quantity
J,(Q,t) in Eq. (5) is obtained by averaging over all possi-
ble orientations of the momentum transfer Q for a given
Q value. Three different finite Q values of 4.36, 8.72, and
13.08 A~ were considered. Thirty orientations of the
wave vector Q for a given Q value were considered
for Q=4.36 and 8.72 A~! and 150 orientations for
0=13.08 A"

The Fourier transform of the current autocorrelation
function G,(Q,E) can be shown to be related to the pro-
ton self-dynamic structure factor, S ( Q,E ) by

h
E)=—7;‘f

From a practical point of view G,(Q,E) is a natural
quantity to calculate for the high-frequency modes of
proton motions because the low-frequency part of

(Q,t)coswt dt =

S,(Q,E) . (6)

(5)  S,(Q,E) is attenuated by the factor E2/Q?. This leads to
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FIG. 2. Q-dependent proton density of states G,(Q, E) for liquid water (H,0) at three different temperatures — 15, 40, and 80°C
measured by incident neutrons of energy E, =800 meV at a detector group with an average angle ¢ =8°. Multiple-scattering correc-
tions have been made and the data reduced to an absolute cross section in units of (meV A?).
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a rapid decay of the time correlation function J.(Q,t),
which allows the Fourier transform of this function to be
computed from relatively short histories. Further-
more, since limy_J(Q,t)=(vy(0)-v,(s)) and
limy ,G,(Q,E)=f,(E), the quantities J (Q,7) and
G,(Q,E) are natural finite-Q extensions of the proton ve-
locity autocorrelation and the density-of-states functions.
Several preliminary test runs of CMD showed that the
current autocorrelation function J (Q,?) decays to 1% of
its initial value in less than 600At. A trajectory with a
minimum of 2000 time steps was used to obtain a good
average for the time correlation function at the different
Q values. Time correlations were calculated over 1200
time-step periods. The time origin was shifted by 20
steps and this shifting of the origin was done 40 times
within each step. The time correlations for the different
Q orientations were then averaged to produce the final
autocorrelation function which was then Fourier
transformed to obtain the proton density of states. Fig-
ure 4 shows a plot of this function at four different Q
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values for direct comparison with experimental data.
The density of states is given in units of (meV A?) which
is the same as that obtained by neutron scattering.

V. DISCUSSION

The Q-dependent proton density of states for liquid wa-
ter as measured by neutrons of incident energy E ;=800
meV is shown in Fig. 2 for supercooled water at a tem-
perature of —15°C and water at 40 and 80°C. The spec-
tra show four major bands: a librational band due to in-
termolecular coupling at an energy of 74 meV, two in-
tramolecular bands, one due to bending at an energy of
207 meV and the other due to stretching at an energy of
418 meV, in addition to a fourth combination band at an
energy of 525 meV. The typical nominal wave-vector
transfers Q at these bands are 2.8, 3.75, 6.5, and 8.4 A~'
for the librational, bending, stretch, and combination
bands, respectively, at a scattering angle ¢=8°. The
spectrum shown is a depiction of the averaged Q-
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FIG. 3. Q-dependent deterium density of states G,(Q, E) for heavy water (D,0) at three different temperatures —93, 4, and 25°C
measured by incident neutrons of energy E,=500 meV averaged over six detector groups spanning an angular range of 4° to 20°.
Data have been reduced to an absolute cross section in units of (meV A") but the multiple-scattering corrections have not been made.
In the ordinate we use S(Q,E) as the symbol for the dynamic structure factor because, in principle, the coherent scattering is mea-
sured for the D,0 case. However, in the large-Q region the dynamic structure factor is practically equal to the self-dynamic structure

factor S;(Q,E).
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dependent density of states reduced from the time-of-
flight data collected in the detector group at an average
angle ¢=8°. At each energy-transfer value E of the
abscissa, the corresponding wave-vector transfer Q is
given by Eq. (2). The density of states is given in absolute
units of (meV A?) after making the appropriate multiple-
scattering corrections to the self-dynamic structure factor
S,(Q,E) and then converging it into the Q-dependent
density of states according to Eq. (3). A peak shift of the
stretch vibrational energy band to higher energies as the
temperature is increased is noted. This behavior is attri-
buted to the formation of more intact hydrogen bonds be-
tween neighboring molecules at lower temperatures
which tends to soften the intramolecular attractive bond.’
A peak intensity increase at lower temperatures is also
clearly noted. This is due to quantum-mechanical effects
which are very sensitive to temperature and wave-vector
transfer of the specific peak. The combination band
around 525 meV is also seen to be strongly temperature
dependent, becoming sharper and increasing in center en-
ergy as the temperature is lowered to that of the super-
cooled state. This effect can also be explained quantum
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FIG. 4. Q-dependent proton density of states G (Q, E) calcu-
lated by CMD simulation a temperature of 250 K for Q values
of 0, 4.36, 8.72, and 13.08 A . The absolute cross section cal-
culated by the classical CMD simulation is lower by a factor of
2 as compared to that measured experimentally. The spectrum
also does not show the combination band at 525 meV indicating
the quantum-mechanical origin of the excitations in liquid wa-
ter.
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mechanically. We will separately discuss the temperature
variation of both the stretch and combination bands at
the end of this section.

The corresponding Q-dependent density of states for
heavy water (D,0) is depicted in Fig. 3; as discussed in
Sec. III, multiple-scattering corrections have not been in-
corporated in these data. The main features of the spec-
trum are the same as those of light water with all bands
shifted down in energy by a factor of V2 due to the
heavier mass of deuterons as compared to that of pro-
tons. Although the quality of the data in the D,O case is
not as good as in the H,O, it can be seen from Fig. 3 that
the Q-dependent density of states is considerably more
structured in the intermediate energy range.

A computer molecular-dynamics simulation was also
performed in addition to the experimental measurements
to interpret the experimental results. The simulated spec-
tra at constant Q values predict quite correctly the main
features of the measured experimental spectra for light
water. Doppler broadening of the librational band at the
higher Q values is clearly evident. This feature would not
have been observed without carrying out a simulation at
finite Q such as the present one.” The detailed study of
the Q-dependent effect in the librational band should be a
matter of further interesting experimental investigation.
The simulation also shows a general decrease in intensity
due to the Debye-Waller factor at higher Q values. How-
ever, direct comparison of the intensity obtained by clas-
sical CMD simulation with the corresponding experimen-
tal spectra in the stretch region (Fig. 5) indicates that the
simulated intensity is lower by a factor of 2 as compared
to the experimental spectrum. Furthermore, the CMD
spectrum shows only a weak combination band at 525
meV at any of the Q values considered. This discrepancy
can only be accounted for by considering a quantum-
mechanical excitation in liquid water at these tempera-
tures and confirms earlier calculations which attributed
the combination band to this feature.'* !>

Due to the large number of neutron detectors em-
ployed in this experiment, spanning an angular range of
—20° < ¢ <20°2% it was possible to interpolate the time-
of-flight data collected in the different detector groups to
generate plots for the self-dynamic structure factor
S,(Q,E) at constant Q and then convert it to the Q-
dependent density of states for liquid water. Figure 5(a)
shows a typical plot for the librational and bending bands
at Q=7 A~ It is interesting to observe in this
constant-Q representation a third band at 280 meV which
appears to be a combination band due to coupling be-
tween the librational and bending bands. The corre-
sponding plot for the stretch band at a Q value of 10 A ™!
is shown in Fig. 5(b). This representation is of impor-
tance because of direct accessibility for comparison with
CMD data which are usually obtained at constant Q.

The previous discussion clearly indicates that a
quantum-mechanical correction of some kind has to be
made on the classical simulation results. The prediction
of the fourth combination band at 525 meV has already
been verified by Ricci and Chen!’ by employing a one-
dimensional quantum-mechanical hydrogen-bond model.
These authors have been able to account correctly for the
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measured energy band in both intensity and band center.
The question now is how to correct for the classical
CMD simulation to predict the measured experimental
intensities for the other three bands in the spectrum. We
will focus our attention here specifically on the stretch
band because it could be considered the closest to a har-
monic oscillator, although it was shown previously that
the intramolecular O—H bond is clearly anharmonic in
nature’ as deduced by the energy shift of the stretch band
as water changes phase from gas to liquid. Taking a har-
monic oscillator model as a first approximation to the
real behavior of the stretch vibrational band, one can
adopt the rigorous quantum corrections already derived
for such systems. Yip and Boutin?* have worked out the
following formulas to correct the classical self-dynamic
structure factor to account for the quantum-mechanical
effects:
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and

y(0)=(3kTh /m) fo‘” dEf,(E)[cosh(E /2kT)—1]/E?

(7b)

where m is the neutron mass and f,(E) is the proton den-
sity of states which can be easily generated by CMD
simulation. This correction factor consists of a product
of a detailed balance factor exp(E /2kT) and a Debye-
Waller-type factor exp[ —y(0)Q2/2]). The first factor is
sensitively dependent on temperature T and the latter
factor on the square of the wave-vector transfer Q2.
Although the previously mentioned correction is strict-
ly derived for a harmonic oscillator, we have tested it for
the stretch band in water. Equations (7) gives a rather
reasonable factor for correcting the calculated self-
dynamic structure factor as compared to the experimen-

S, (Q,E)=expl(E /2kT)exp| —%y(O)Qz]Sf‘(Q,E ) (7a) tal one. As an example, for room-temperature water the
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attenuation coefficient y(0) is calculated to be equal to
0.21 A? from the CMD data.?* At a nominal Q value of
8.5 A“‘, stretch band energy center E of 420 meV and
temperature of 298 K, the detailed balance factor is about
4200 and the Debye-Waller-type factor 1/2000. Thus,
the quantum-mechanical correction factor is equal to 2.1.
This value is of the same order of magnitude to account
for the difference between the measured experimental and
the classical CMD-simulated spectra. However, we have
noted that such a correction is very sensitive to tempera-
ture T and wave-vector transfer Q, since relatively high-
energy transfers E are involved.

There does not exist at present a rigorous, systematic
quantum-mechanical correction that can be applied to
the whole calculated CMD spectrum of water to match it
to the experimental data. Separate models have been
worked out in this respect for the stretch and combina-
tion bands and agree quite reasonably with the measured
experimental data. However, a more thorough
quantum-mechanical CMD simulation for liquid water
seems to be the most reasonable approach to account for
all aspects of the experimental spectrum. It should be
remarked here that the successful observation of the
stretch vibrational band at an energy of 420 meV by neu-
tron scattering depends on two fortunate aspects. First,
it turns out from the classical CMD simulation that the Q
dependence of the stretch vibrational band is remarkably
small. Second, the quantum-mechanical correction at
such a high energy turns out to be a factor much greater
than unity, especially at the supercooled temperature.

Referring to Fig. 5(b), a combination band clearly ap-
pears in the high-energy region of the Q-dependent densi-
ty of states of liquid water. A peak at about the same en-
ergy position has already been detected in the Raman
spectrum of room-temperature water’® and assigned to
the overtone of the librational and stretch bands on the
basis of frequency shift analysis. Recently,'*!> we pro-
posed a quantum-mechanical model involving a one-
dimensional hydrogen bond which allows us to calculate
the neutron-scattering cross section for the excitation of
the stretch vibration with the simultaneous breaking of
the H bond in supercooled water. This model accounts
for the presence of such a combination band and predicts
the correct ratio between the peak intensities of the
stretch and combination bands. In the model it turns out
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FIG. 6. The incoherent dynamic structure factor S;(Q,E)
showing the stretch and combination bands for liquid water
(H,O) at three temperatures, — 15,40,80°C, together with the
best fitat T = —15°C (*): 40°C (W); and 80°C (@).

that the combination peak energy and shape are directly
related to the mean strength and distribution of the H
bond.

In Table I we report the least-squares fit parameters for
the self-dynamic structure factor in the region 300-650
meV at Q=11 A~! for three temperatures shown in Fig.
6. The fit procedure takes into account the instrumental
resolution ( ~24 meV in this energy range). The experi-
mental data at all temperatures we considered can be
fitted directly by two Gaussian functions, one for the
stretch band (denoted by subscript 1) and the other for
the combination band (denoted by subscript 2).

From Table I, one notes that at the higher tempera-
tures all the fit parameters are approximately the same

TABLE I. Least-squares-fit parameters for S;(Q,E) in the region 300—-600 meV at Q=:11 A~ for
three different temperatures. A4, and I, are the peak and integrated intensity, respectivelyv. W is the

full width at half maximum.

T (K) 258 313 353
A, 0.61+0.02 0.43+0.13 0.37%0.05
E, (meV) 428.07+0.77 434.76+3.84 436.91+1.65
W, (meV) 51.36x2.14 46.931+10.54 41.04%+5.79
I, 33.51%+1.50 21.56%5.5 16.12£2.5
A, 0.17+£0.02 0.21+0.03 0.23+0.01
E, (meV) 514.56+2.91 494.52+25.50 496.01+8.89
W, (meV) 52.46+8.50 86.13+41.37 91.97+16.37
I, 9.44+1.60 19.36%9.60 22.42+4.1
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within the fitted accuracy. On the contrary, the fitted pa-
rameters for supercooled water are substantially different
from the others. This behavior indicates that, on going
from the supercooled state to room temperature, a strong
modification occurs in the H-bond network.

According to our perturbative analysis,'*!> the energy
shift of the combination band is a linear function of the
mean value of the hydrogen-bond strength D,. In
this calculation, we chose D,=3 kcal/mole=130
meV/molecule, according to a previous spectroscopic es-
timate.?’” On the other hand, D, can be evaluated from
the experimental values of the band energy E, (combina-
tion band) by the following expression:!’

E,=(430.24+79.98D, /130) meV . (8)

Under this hypothesis, D, is evaluated to be equal to
3.2+0.1 kcal/mole for supercooled water and 2.5%
kcal/mole for room-temperature water.

The O—H stretch softening observed in going down to
the supercooled state cannot be accounted for by increas-
ing D, since the dependence of band energy E, (stretch
band) on D, is less than 1% according to our model,'

E,=(430.24—3.09D, /130) meV . 9)

This suggests that the downshift of the stretch band
center energy in the supercooled state is mainly due to in-
teractions with the neighboring molecules in the sur-
rounding liquid.

Moreover, the integrated intensities of the stretch and
combination bands, denoted by I, and I, in Table I, can
be evaluated by the least-squares-fit parameters. The
softening of the hydrogen-bond mean strength observed
above room temperature gives rise to a strong increase of
the combination band peak intensity while decreasing
that of the stretch band.

The intensities 7, and I, can be related to the number
P of intact bonds and to the number 1—P of broken
bonds, respectively. A reasonable evaluation of P is given
by P =1.8—0.004T. 2 The calculations show that,
indeed, the ratio I, /I, agrees with the ratio P /(1—P) to
better than 10%, giving additional support to our inter-
pretation of the physical meaning of these two bands.

Finally, we want to stress that the evidence of a
relevant modification in the hydrogen-bond network at
room temperature can also be observed in the pressure
behavior of the viscosity coefficient,” and has recently
been observed by low-frequency light scattering experi-
ments.’° In our opinion, the behavior of the integrated
intensity of the combination band supports the present
interpretation of it as arising from the excitation of the
stretch vibration with the simultaneous breaking of the H
bond. We think that a more careful study of the D,O
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spectrum and more investigations of the details of the li-
brational region in both H,O and D,O at various temper-
atures should be sufficient to distinguish between our in-
terpretation of the combination band and its assignment
as an overtone of the librational band.

VI. CONCLUSION

We have presented a quantitative experimental deter-
mination of the Q-dependent hydrogen density of states
for liquid water at three different temperatures including
a supercooled state. These results can be considered to be
the state-of-the-art measurements for water using
neutron-scattering techniques at the present time. This
was possible only because of the availability of the pulsed
neutron source which provides an abundance of epi-
thermal neutrons at the HRMECS. A multiple-
scattering correction to the measured self-dynamic struc-
ture factor has been carried out so that it was possible to
compare the Q-dependent density of states directly with
CMD data in the case of H,O. The comparison showed
that, for high-energy excitations in water, the quantum-
mechanical correction to the classical CMD simulation
results is essential. We also identify a new excitation
band which is entirely missing in the simulation results.
Because of the light mass of hydrogen atoms, it seems
that a complete quantum-mechanical CMD simulation of
water is necessary in order to interpret the entire features
of the experimental spectrum.
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