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An inelastic neutron scattering experiment has been performed on supercritical water at high
momentum transfer, up to 90&, in order to study single proton dynamics. The value of the proton
mean kinetic energy has been extracted in the framework of the impulse approximation. The
anisotropy of the proton momentum distribution inside a single water molecule is discussed. The
extracted experimental mean kinetic energy is found in good agreement with the predictions of a
harmonic model, under the assumptions of decoupling between translational, rotational and
vibrational degrees of freedom. Differences emerge between our results and those obtained in a
recent inelastic neutron scattering experiment on water in sub- and supercritical conditions. These
differences are pointed out and examined in detail. 2@1 American Institute of Physics.
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I. INTRODUCTION hypothesi€. Surprisingly the theoretical predictions reported
] N therein severely underestimate the experimental data in su-

The properties of supercritical water and aqueous solupercritical conditions, while better agreement, between
tions have implications in many different fields of researchtheory and experiment, is found at lower temperatures. As a
and industry and are very different from those found undefatter of fact in the latter thermodynamical condition one
normal temperature and pressure conditions. It has been gfrgyid expect the decoupling of degrees of freedom not to
gued through neutron diffraction studiethat the strong pgiq anymoré€. These anomalous findings represent an addi-

modifications undergone by the hydrogen bond networkjona| reason for further investigations of water proton dy-
when the sub- and supercritical conditions are approachegamics in supercritical conditions.

may be responsible for such large differences. These studies | sec. |1 we report the details of experiment and data
have stimulated an increased interest as regards the dynaminalysis; in Sec. Il the model calculation is introduced and
cal properties of water in these thermodynamicihe comparison between the isotropic and anisotropic proton

o241 thi ot o R :
conditions”~*In this paper we present a determination of themomentum distributions is presented. The results are finally
proton mean kinetic energy(E)y), in supercritical water giscussed in Sec. IV.

by using the Deep Inelastic Neutron Scatter{fByNS) tech-
nique. Aims of this study are twofold. The first one is to test
the validity of the harmonic approximation and of the hy- Il EXPERIMENT AND DATA ANALYSIS

pothesis of decoupling among translational, rotational and ¢ experimental measurements have been performed at
vibrational degrees of freedom in supercritical water. Due the inverse-geometry electron-volt spectrometer eV'S, operat-
the substantial disruption of the H-bond network in the SUing at the ISIS pulsed neutron sour@utherford Appleton
percritical regimé, indeed we expect that the different de- Laboratory, Chilton, Didcot, UK using an incident pulsed
grees of freedom of a water molecule can be treated as d&tron beam in the energy ran@e-70 eVe The scattered

coupled. The second aim is to assess the anisotropy of the, iron energies have been determined by a resonance filter
proton momentum distribution due to the nonspherical Moy;itterence techniqu&.In this technique, four’Au filters

lecular symmetry in water as already evidenced iSH mounted on aluminum frames, are placed between the
In a recent paper a DINS experiment has been reported,mple and detectors and cycled in and out of the scattered

on water in sub- and supercritical conditions and the proton,qtron beam every 300 s, in order to average out the pos-
mean kinetic energy,(Ex)y), extracted. The experimental  gjpio drits in detector efficiency during a single run. The

((Ex)w) values have been compared with theoretical predicyifterence between filter-in and filter-out measurements pro-

tions within the harmonic approximation and decouplingyiges the number of neutrons absorbed by the foil and the

energy of the scattered neutrons through the standard time-
dElectronic mail: degiorgi@fis.uniroma3.it of-flight technique’. The energyF,, of the resonance of the
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10 um thick °7Au foil and the corresponding Full Width at [ ' '

Half Maximum (FWHM), AE,, were calibrated by measur-
ing the scattering from a Pb sample at room temperature, ‘
yielding Eq=4908(1) meV andAEy=140(1) meV. These w
values agree with those reported in the literafre.
Measurements on supercritical water were performed on
a high purity sample contained in a flat Ti—Zr alloy can with
five internal cylindrical holes, 1.5 mm diameter each, 50 mm
long. A single thermodynamic point has been investigated,
corresponding toT=673.1(1) K, p=360(5) bar andp
=0.483(5) g/cm. The sample temperature was controlled
with an accuracy of- 0.1 K, using the standard ISIS sample
environment equipment with heaters and two thermocouple
sensors at the top and bottom of the sample container.
Neutron scattering spectra were recorded in the scatter-
ing angular range 28226<61°, using 2£Li glass scintil-
lator detectors placed at a distance of approximately 0.7 m
from the sample, providing a corresponding momentum

transfer at the maximum of the proton recoil pegkin the
range(26—90 A 1.

The resolution function of a resonance inverse geometry T T T
instrument, such as eVS, has been described in detail in pre- 200 300 400 500
vious paper@:“*lzThis function is generally obtained from a Time of flight (us)
convolution of geometrical and energy components, and de-
termined through calibration measurements from a referencelG. 1. Difference time-of-flight DINS neutron spectra from supercritical
lead Samp|é_'|'he geometrica| Component, dominated by theHZO at T=673 K, for eight detectors in the angular range 2&@%
angular uncertainty, is well described by a Gaussiari-43" (bottom to top.
function!! while the energy component, generated by the

uncertainty associated with the value of the neutron absorp[:Srocedure is used. In this view we stress that the individual

;:j)r?ctiec})r;elggéo'lpm ggr?tr:k?ﬂiio%asnarzearr]egzrliilrgsgnggnta Vo'gtspectra analysis appears to be a necessary prerequisite in
The.diﬁerence between filter-in and filter-out s.pectra order to extract re“ablé(EK)H} valges from hydrog'enous
'samples when they are contained in cells made with strong

after normalization to the monitor counts and detector eff"scattering materials.

ciency, yielded the experimental Deep Inelastic Neutron A multiple scattering contribution from hydrogen in the

Scattering(DINS) ti.me—of-flight prpfiles?'13 An e_xample of spectra has also been estimated to be negligible by a Monte
these spectra for eight detectors is shown in Fig. 1. From th'ﬁarlo simulation routiné?

figure one can appreciate the change of the hydrogen recol Data were subsequently analyzed, for each detector in-
peak position as a function of the scattering angle with re;iividually in the DINS frameworRS*iE’ This has been

spect to the very intense peak resulting from the combine chieved in the usual way by coupling the energy transfer,

scgttering of all the remaining mass@8, Zr and Q. It is hw, and the momentum transfef,q, dynamic variables
evident that, at smaller angles, the two peaks become Vert¥1rough the introduction of the scaling variaiyid®'?

close to each other and they even begin to overlap. There-
fore, in order to avoid possible distortions of the H peak . MH( ﬁqz)

Intensity (a.u)

@

lineshapgand the consequent introduction of systematic er- y= ﬁ @ 2M
rors in the peak width evaluatipran accurate subtraction of . . .

the nonhydrogenougontribution has been performed. The and of the scaling response functidt(y,q), defined as
empty container has been subtracted for each detector indi-

vidually checking for the spectra showing residual spurious ~ F(¥,d)= M—HS(q,w), @)
satellite peaks. For these spectra a further subtraction was ) ) )
performed to get rid of such spurious peaks which could lead/NereS(d, ) is the dynamic structure factor amdi, is the
to an anomalously higher and angle dependent proton pedk0ton Mass. 1\9/6 point out that within the Impulse Approxi-
width. As pointed out above these systematic errors are to fgation (IA)™ the q dependence of the response scaling
ascribed to a residual sample container signal which grad/unction can be dropped to yield
ally superimpose to the wings of the proton recoil peak as the ) 5&
scattering angle decreases. As a matter of fact these errors F(y)zf dan(p)é(y— T)
are not properly corrected when the eVS standard subtraction

routines are used. On the contrary a set of fitted widths showwhere ny(p) is the momentum distribution of a single hy-
ing no appreciable dependence on the scattering angle is odrogen nucleus in the molecular fluid. Thus, for an isotropic
tained(see Sec. I)lwhen the aforementioned more accuratesystem,F(y) is the distribution function of the proton mo-

()
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FIG. 2. Experimentalerror bar and fitted(full line) response functions,
F&(y), for supercritical water from DINS measurements for the scattering
angle 20=27.88°. A resolution contributiofdashed lingis also plotted.

FIG. 3. Proton mean kinetic energy as a function of temperature. Values

obtained from optical data are represented as a dot—dashed line for an iso-
lated water molecule and as solid circles for the dense fluid along the coex-

istence curve and the supercritical stétee solid line is an eye guideThe

open diamonds and the full squares are taken from Ref. 6 for supercritical

mentum projected along tkfedirection. The standard devia- Water at constant density €0.85 g/cnd) as a function of temperature, and

. . L . - at constant densityp(=0.52 g/cni) andT=673 K, respectively. The result
tion of t.hIS .d'St”bUt'on’o'H' is linked to the hydrogen atom of the present experiment is reported as a full diamond. The dashed lines
mean kinetic energy,(Ex)n), through the well-known rela-  represent the proton mean kinetic energy values in dilutedgzze) and

tion: dense supercritical watélower) according to Ref. 6.
2My

2
3 Values of oy for the different angles showed no
In the present experiment the recoil energies of the “free”g-dependencésee Sec. )| thus confirming the validity of
hydrogen atoms occur in the ran¢e.5-17 eV. Since the the IA assumption for the present set of data and the reliabil-
energy transfer is much higher than the largest vibrationaity of the can subtraction procedure. The weighted mean of
energy quantum of the }® isolated molecule, i.e., 466 these quantities provides a value (@f,)=(5.3+0.2) A~!
meV? the relation between the response function and theorresponding to a proton mean kinetic enefd¥Ex)y)
momentum distribution expressed by E8) can be reason- =(178+11) meV((see the full diamond in Fig.)3
ably assumed to hold in the whole scattering range. The ex- An independent determination of the quant{¢Ex) )
perimental response function within the 1A can then be ex<an be obtained, following a procedure which has been de-

((Ex)p)- (4)

o2

pressed by scribed in detail in a previous paper op%f making use of
. e 3,4
exXpyy — spectroscopic data on supercriticaj}®>" We remark that
Fa(y)=F(y)@Ri(y), ® this procedure relies upon the harmonic approximation for

whereR,(y) is the experimental resolution for theth de-  all (internal and externalmolecular normal modes. In this

tector, iny-space. In Fig. 2 the experimental response funcprocedure the mean kinetic energy of a hydrogen nucleus

tion, F¥(y), for H,O is shown for the scattering angle#2 belonging to a water molecule, neglecting the roto-

= 27.88°. In this figure the resolution profile for the Au foil vibrational interactions and any interplay between transla-

is also plotted. tional and internal motions, is written as the sum of three
different contributions:

IIl. RESULTS (B =((ERm +((ER) ) +((EX")p), 6)

In order to extract the single proton mean kinetic energy
we assumed, as a first and temporary hypothesisn ) where ((EY yand ((ER®) y)are referred to as the external
to be an isotropic Gaussiart? Each detector spectrum has contributions to the kinetic energy am(jE}Qb)HMs the inter-
been fitted by a profile given by the convolution of a Gauss-al vibrational contribution. By comparing the typical exci-
ian, representing the functioR(y) [see Eq.(3)], with a tation frequencies derived from Raman spectroscdpiyap-
Voigt function describing the instrument resolutisee Eq. pears that the mean kinetic energy is mainly determined by
(5)].16 A normalization factor was included as a free param-the internal molecular vibrations. In the following, the exter-
eter. The fitting procedure, accomplished byF@rTRAN  nal contributions will be derived semi-classically, while for
code, making use of thennuIT minimization routin€®  the internal mode contributions a full quantum description
yielded a set ofoy values, corresponding to different mo- within the harmonic approximation will be retained.
mentum transfers, i.e., to different scattering angles. The re- (a) Translational contributionlt has been shownthat
sponse function resulting from the fit atd227.88° is starting from the classical expression for an isolated mol-
shown in Fig. 2 as an example. ecule:
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(Edw= g(m_:) kgT=0.083%gT, @)

an approximate evaluation of this quantity for a dense system

can be obtained by introducing a&ffective lattice tempera-
ture Ty,. This can be calculated averaging all tg optical
phonon frequenciesy, , observed in Raman specfta:

hw
) 8

A
TE = ﬁz —c n-<2kBT :

(b) Rotational contribution.The rotational (or libra-

tional) contribution to the mean kinetic energy for an isolated

molecule can be classically expressed by

M
_0>+
My

=0.7%kgT,

1

2+1
p ZkBT

PZ+MT/MO

(EQYwy=|1+

©)

wherep=(Ms/Mg)tan («/2) and« is the H-O—Hangle,
equal to 104.5°. As for the translational contribution efn
fective rotationaHlibrational temperature T}, can be
introduced for a dense sample, averaging all thi ob-
served optical librational frequenciés:

ﬁ(,())\

2kgT)" (10

keT% = hz 2N|C t)‘(

(c) Vibrational contribution.The vibrational contribu-
tion, ((E%?),,) can be analytically worked out making few

assumptions: the displacemenﬁ%, of the protons from
their equilibrium positionsgy,, are small in comparison with

Andreani et al.

TABLE |. Vibrational frequencies of maximum intensiffRaman for the
dense fluid along the coexistence curve and at a supercritical state from Ref.
4. Translational and librational frequencies of maximum intendsman

at the constant pressure of 256 bar

Raman frequencies in watémeV)

Stretching Bending  Translational Librational
T (K) modes ¢, v3) mode (vy) modes modes
303 419.5 201.4 8.2 195 527 825 994
423 430.0 201.4 8.3 157 309 584 86.5
513 437.4 201.4 8.6 149 30.5 60.1 86.5
603 442.4 201.4 8.3 139 316 31.7 874
663 444.9 201.4 7.9 13.1 30.3 605 87.2
3 hw hw
— t Any2 0N A
(EQmy=((EZYm)+My > (CY) 7 COU{ oK T)
=1 B
=(0. 0839(BTtra+ 0. 7]J(BTrot
3 hw hw
= A A
+M Ch)2——coth =—|. 13
Hgl (Ch 3 2kgT (13

In Fig. 3 we report the DINS determination of the proton
mean kinetic energy in supercritical watéull diamond to-
gether with the calculated valugaccording to Eq(13)] for
an isolated water moleculéot—dashed lineand for a dense
fluid up to supercritical stategsolid circles with the solid
line as a guide for the eypsin order to derive the proton
mean kinetic energy in the whole temperature range of inter-
est, the internal vibrational frequencies for the isolated mol-

their average distances from the center of mass; the vibrggcule are taken from Ref. 21 and those for the dense fluid
tional modes can be dealt within the harmonic approximatiorlong the coexistence curve and at the supercritical state
and are rather localized and undispersed, so that the optickpm Ref. 4(see Table)l In the latter case, bearing in mind

frequenciedat q=0) are comparable with the neutron scat- the experimental evidence that the external modes have little

tering ones.

dependence on the density, values of the roto-translational

Under these assumptions the proton displacementequencies have been taken from Ref. 3. The value of the
within an isolated water molecule can be decomposed in 8ean kinetic energy calculated from EJ.3) at the super-

normal modesg, (symmetric stretchingy,; bending, v,;
antisymmetric stretching;s), and theJH expressed in terms
of the amplitude vectoréﬁ to yield

(11)

3
3, Sl

critical state is 180.3 meV.

In Ref. 19 it has been shown that thﬂ(ﬁ) momentum
distribution for a free rotating quasi-symmetrical top mol-
ecule, such as for instance,8l is better described by an
anisotropic Gaussian lineshape and that an analytical deter-
mination of aﬁ,ca,(F) can be deducedsee also Ref. 22
Since the mass distribution in a,8 molecule is less sym-

Then the proton vibrational mean kinetic energy can be writmetric than in a BHS molecule, an anisotropic momentum

ten as

(12

N hwy
TCOt m ,
wheref w, is now the frequency of theth vibrational nor-
mal mode.

3
<<E&“’>H>=MH§l (CN)?

distribution is also expected in the present case. As far as the
free rotating molecule approximation is concerned, this rep-
resents a fairly good description for supercritical water
states, given that the hydrogen bond network is mainly dis-
rupted and only a few dimers are likely to surviv@n the
contrary we note that in ambient water this approximation
could not be invoked. Following the procedure described in

In summary, the final expression of the temperature deRef. 19, we have calculated, for an isolated water molecule,
pendent mean kinetic energy of a hydrogen atom in liquidthe semi-classical expression oﬁ’caﬁ) in the molecular

H,O can be written as

reference frame as
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2 ((Ex)n) changes, on the average, within a 20 meV window

h20f cal 1) = M—HkBT+ MZKeTTTRyr in the whole thermodynamic range considered. A sensible

! difference betweef(Ex)y) values of a proton in an isolated
molecule and in the dense fluid was not observed. This can

' (14 be explained considering that, as the density increases, the
intra-molecular stretching modes become softer, while the

where the tensoRy is related to the Sachs—Teller mass ten-external modegmainly hindered rotations and libratiortse-

sor, Sy, by come harder. These two changes seem to compensate each

RH:S#JF M?lla (15) other almost in an exact way.

Present results are in disagreement with both calculated
with 1 being the unity matrix. The tens@&; appears in the and experimental results reported in Ref. 6. Indeed in that
classical treatment of molecular rotatiaﬁand depends Only paper a |arge difference of proton mean kinetic energy val-
on the masses and the intramolecular distances. ues, between diluted gas and dense supercritical water, is

We stress that Eq14), written for an isolated molecule, predicted(see dot—dashed lines in Fig). Fhis is due to a
can be used in the whole temperature range, up to supercrifyrong expression used in Ref. 6 and 24 for the intramolecu-
cal dense states. This can be done, as already discussed, |8¥ contribution to{ (Ex) ) of both an isolated molecule and
replacingT in the first two terms of Eq(14) with the effec-  dense fluid. Uffindelkt al. indeed calculate the proton inter-
tive temperaturedy, [see Eq.(8)] and Tf, [see Eq.(10),  nal kinetic energy for liquid water at room temperature by
and taking into account the temperature dependence of th@eans of the following expressiéh,where ((EY®y,) is
internal vibrational frequenCiélsSUbsequently, as for the Wrong|y assumed equa| to the total energy of a harmonic
H,S case,aﬁ,]cm(f) can be projected along two symmetry oscillator:
directions of the HO molecule: one normal to the molecular
plane,i,. and the other para_llel to the molecule plaheThis | 3 b, 200+2+403
calculation forT=673 K yields oy .(t)=3.88 A~! and ((E‘Qb)H>= > 5 = 375 meV. (16)
0h.ca(2)=5.99 A~1, where the angular average of Hd4) M
provides with the value in the isotropic approximation,
namely(ay ca)=5.4 A~1. We note the good agreement of In Eq. (16), 200 meV is the frequency of the bending mode,
this spherical averaged value with the previously reportedt03 meV is the equal weight average of the three stretching
experimental evaluation(accomplished with the single frequencied and the factor 2 accounts for symmetric and
Gaussian fit antisymmetric stretching modes. The factor 3 assumes equi-

Given the anisotropic mass distribution in the@Hmol-  partition of the kinetic energy among oxygen and hydrogens
ecule, the validity of the above approach can be checked bipstead of accounting for the different intensities of the nor-
numerically generating two distinct response functions, obmal modes as done in E€L2). An identical incorrect expres-
tained from both isotropic and anisotropic momentum distri-sion is used for the gas stéte.
butions, i.e., a Gaussian function with standard deviation On the experimental side the difference between present
(onca) and a multivariate two-dimensional Gaussian func-result and those reported in Ref. 6 is, in our opinion, to be
tion with standard deviations,, can(f) andoy cal(i)r respec- ascribed to the more accurate cell subtraction procedure em-
tively. A fit of the experimental data has been performed byP!oyed here(see Sec. )l Indeed we have checked that the
using these two calculated response functions, where stagnalysis of the present set of data with the eVS standard
dard deviations, in thé and? directions, have been fixed to 'oUtine provides a value fog(Ey)y)=(219£10) meV,

. . , which is in agreement with the value, at the same density,
the above values, while the intensity factor and the peak

. L B reported in Ref. 6. It is reasonable to expect that a bad cell
centroid have been left free. The fit givg§yss=0.54, to be g piaction. which is independent of the thermodynamic

compared withyj,=0.55 for the isotropic approach. This state, has affected all data reported in Ref. 6.
result evidences a full compatibility of the anisotropic mo- We stress that when both cell contribution is reliably
mentum distribution model with the experimental data, al-sptracted and dependence on the thermodynamic state of
though the statistical quality of data prevents a clear disinternal and external mode frequencies is properly taken into
crimination between the two models, contrary to thgSH account, the experimental data in the supercritical state are in
case’ satisfactory agreement with theoretical predictions. The evo-
lution with the thermodynamic conditions of the hydrogen
bond network in water is indeed reflected in the theoretical
calculations, through the changes of the vibrational frequen-
From Fig. 3 we note that the calculated value of thecies, and decoupling hypothesis applies as temperature in-
mean kinetic energy for supercritical water appears to be icreases.
good agreement with the experimental result. As far as the A last comment regards the use of an anisotropic mo-
predicted density and temperature dependence is concernadentum distribution which, instead of a simple Gaussian dis-
differences in the(Ex)y) values for the isolated molecule tribution was suggested in a previous papéo, provide a
and the dense fluid are visible only at temperatures lowebetter description of the experimental response function in
than 400 K. Moreover we note that the calculated value ofnisotropic molecular systems. In the present paper, one can

3 ho ho
2> (CN-1 2770 N
+MH>\=1 (Cy 1) 5 COt"(ZkBT

IV. DISCUSSION AND CONCLUSION
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