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Microscopic dynamics and relaxation processes in liquid hydrogen fluoride
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Inelastic x-ray scattering and Brillouin light scattering measurements of the dynamic structure factor of
liquid hydrogen fluoride have been performed in the temperature rar@d4—283 K. The data, analyzed
using a viscoelastic model with a two time-scale memory function, show a positive dispersion of the sound
velocity c(Q) between the low frequency valug(Q) and the high frequency value,.,(Q). This finding
confirms the existence of a structurat) relaxation directly related to the dynamical organization of the
hydrogen bonds network of the system. The activation enkiggf the process has been extracted by the
analysis of the temperature behavior of the relaxation tyt&) that follows an Arrhenius law. The obtained
value forE,, when compared with that observed in another hydrogen bond liquid as water, suggests that the
main parameter governing therelaxation process is the number of hydrogen bonds per molecule.

DOI: 10.1103/PhysRevB.70.224302 PACS nuni®er63.50+x, 61.20—p, 61.10.Eq, 78.70.Ck

I. INTRODUCTION ered in the description of the physical properties of these

To understand how the presence of a relaxation procediluids, as, for example, the hydrogen bond strength, the spa-
affects the dynamics of the density fluctuations in liquids istial network arrangement of the hydrogen bonds, and the
one of the open problems in the physics of the condensedumber of hydrogen bonds per molecule. From an experi-
matter. Despite the fact that a large effort has been devoted twental point of view, a study of the collective dynamics as a
shed light on this subject, the matter is still under debate. Ifunction of these parameters is extremely important to clarify
this respect, among all the relaxations active in a liquid, parthe role played by each of them on the physical properties of
ticular attention has been paid to relaxation processes of viddB systems. Among the HB liquids, hydrogen fluoridF)
cous nature which strongly affect the longitudinal densityrepresents one of the most intriguing systems as demon-
modes. They include at least two distinct contributions: astrated by the large amount of theoretical study on its
structural(or @) and a microscopi¢or w) process. Ther  stati®*and dynamit>-'7properties. It represents, in fact, a
process is associated to the structural rearrangement of tiperfect HB model system: it has a simple diatomic molecule
particles in the liquid and its characteristic tinfe,) is and a very strong hydrogen bond that determines a linear
strongly temperature dependent. can vary several orders chain arrangement of the HB network. Nevertheless, despite
of magnitude going from the ps, in the high temperatureits apparent simplicity, only few experimental data are avail-
liguid phase, to~100 s in glass-forming materials at the able because of the very high reactivity of the material that
glass transition temperature. Theprocess takes its origin consequently makes its handling extremely difficult. In a pre-
from the oscillatory motion of a particle in the cage of its vious work® we studied the high frequency dynamics of
nearest neighbors before escaping. Its characteristic(tipe  liquid HF by inelastic x-ray scatteringXS) at fixed tem-
is shorter thanr, and its “strength” is often larger than the perature demonstrating the presence of both structural and
strength of thex process. Other relaxation processes, beyondnicroscopic relaxation processes. In the present paper we
the o and the instantaneous processes, associated with tigesent an extended study of HF as a function of the tem-
internal molecular degrees of freedom may be observed iperature in the liquid phase betwegg=292 K, the boiling
molecular liquidst? The existence of the and u processes, point, andTy, =193 K, the melting point. Comparing the re-
already introduced several years ago in a molecular dynamigults obtained with two different techniques, IXS and Bril-
simulation study on a Lennard-Jones flidas recently been louin light scattering BLS), we find the presence of a struc-
proved by experiments on liquid metdt$. In this respect tural relaxation process in the entire explored temperature
another very important class of liquids to consider is therange. The relaxation time,(T), in the subpicosecond time
hydrogen bondedHB) liquid systems. In these compounds scale, follows an Arrhenius temperature dependence with an
indeed, the highly directional hydrogen bond plays a cruciabctivation energy strictly related to the number of hydrogen
role in the determination of their microscopic properties. De-bonds. The paper is organized as follows: Section Il is de-
spite the large number of theoretical studie’s,the way in  voted to the description of the experimental aspects related to
which the peculiarities of the hydrogen bond networks affecthe IXS and BLS measurements of the dynamic structure
the static organization and the dynamical behavior of theséactor of HF. Section Ill is dedicated to the data analysis, in
compounds is still a subject of discussion. Many are the paSec. IV the main results are discussed, and finally in Sec. V
rameters related to the hydrogen bond that must be considhe outcomes of this study are summarized.
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Il. SAMPLE ENVIRONMENT 1.8 y T d T T T
AND EXPERIMENTAL SETUP > 234K|
4 243K
High purity (99.9% hydrogen fluoride has been pur- 161 * 253K
chased by Air Products and distilled in the scattering cell O 265K]
without further purification. The sample cell was made out of 14l & 269K]
a stainless steel block, this material is well suited to resist the 0 273K
chemical reactivity of HF. To allow the passage of the inci- ° 218K
dent and scattered beam, two sapphire windows of 250 121 4 WK
thickness and 6 mm diameter have been glued on two holder £)
plates which have then been screwed to the body of the cell. g 10} .
An O-ring of parofluor has been applied between the window ]
holders and the cell to guarantee a good tightness. The whole g
cell has been thermoregulated by means of a liquid flux cry- %’ 08
ostat DC50-K75 Haake. Further details of the sample cell 8
will be described elsewheré. S 0.6
A. Brillouin light scattering experiment 04
The dynamic structure factor of HF in the GHz range has
been measured by Brillouin light scattering using a 02 3
Sandercock-type multipass tandem Fabry-Perot interferom- %Q
eter characterized by high contrast5x 10'), resolution A
[full width at half maximum(FWHM) ~0.1 GHZ, and a 15 20 25 3.0 35

finesse of about 100. The wavelength of the incident radia- Brillouin shift v (GHz)

tion wash=514.5 nm and the light scattered by the sample . 1. Stokes part of the Brillouin light scattering spectra of
was collected in the backscattering geométry 180°). The  HF at the indicated temperatures. The(§olid line) are superim-
free spectral rangé-SR) was set to 10 GHz, the integration posed to the datéopen symbols The curves are shifted on thye
time was approximately 2.5 s/channel. The polarization ofxis one respect to the other.

the incident light was vertical while the light scattered by the

sample was collected in the unpolarized configuration. Thesewheré! Each scan took about 180 min and each spec-

aim of the present measurement is to determine the fregm at fixedQ was obtained by summing up to 3 or 6 scans.
quency position and width of the Brillouin doublets associ-

ated to the propagation of the sound modes. As the relaxation

time for HF, in the investigated temperature range, is in the IIl. DATA REDUCTION

subpicosecond region, we do not expect any evidence of the A. Brillouin light scattering

mentioned relaxation processes in the GHz range. Thus from ) I _

the measured Brillouin peak position and width, it is possible 1 N€ unpolarized Brillouin spectra were collected in a tem-

to extract information about the adiabatic sound velocify Perature range between 234 and 283 K. The quantities of
and the kinematic longitudinal viscosity . interest are the position and the width of the Brillouin peaks

directly related to the sound velocity and to the kinematic
longitudinal viscosityy, of HF. In order to extract these two
B. Inelastic x-rays scattering experiment parameters the experimental data have been fitted in a lim-

ited region around the inelastic peaks with the function ob-

The. inelastic x-rays ex_periment has bgen carried out at thg,ineq by the convolution of the instrumental resoluti)
very high energy resoluu_on_ IXS be_am—lme I.D16 at the Eu'with a damped harmonic oscillatobHO) function:
ropean Synchrotron Radiation Facility. The instrument con-

sists of a backscattering monochromator and five indepen- 2r(Q)Q(Q)?

dent analyzers operating at t(fel 11 13 Si Bragg reflection. (Q w)=R(w) ® A[Q(Q)z — P+ [20T(Q) (1)
They are held one next to the other with a constant angular

offset on a 6.5m long analyzer arm. The usedwhere{)=2my, is the bare oscillation frequency andl(@)
configuratioR® gives an instrumental energy resolution of is approximately the full width at half maximutFWHM) of

1.6 meV full width at half maximunfFWHM) and aQ off-  the sound excitations. The results of the fitting procedure are
set of 3 nm? between two neighbor analyzers. The momen-reported in Fig. 1 superimposed to the experimental data for
tum transferQ, is selected by rotating the analyzer arm. Thethe Stokes part of the spectra. By exploiting the relations
spectra at constan® and as a function of energy were Q(Q)=c,Q and » (Q)=2I'(Q)/2, the adiabatic sound ve-
measured with & resolution of 0.4 nmt FWHM. The en-  locity ¢, and the kinematic longitudinal viscosity are ob-
ergy scans were performed varying the backscattering mondained. The exchanged moment@nvalues are determined
chromator temperature with respect to that of the analyzevia the relationQ=4n/\ sin(6/2), wheren is the refractive
crystals. Further details on the beam-line are reporteéhdex andé is 180° in the used scattering geometry. The
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TABLE |. Values of the frequency position, and of the width
2I'(Q) of the Brillouin doublet as obtained by the fitting procedure
described in the text. Th@ values are also reported together with
the sound velocitiesy and the kinematic longitudinal viscositieg.
@
T Vo 2I(Q)/ 2w Q Co v E
(K)  (GH2 (GH2) (nm™)  (mls)  (cmPls) o°
234 2.74 0.24 0.029 600 0.0058
243 2,51 0.20 0.029 550 0.0049
253 2.39 0.14 0.029 530 0.0034
265 2.27 0.10 0.029 500 0.0026
269 2.21 0.09 0.028 490 0.0023
273 2.15 0.07 0.028 480 0.0017 -
278 2.05 0.05 0.028 450 0.0011 X
283 1.97 0.06 0.028 440 0.0014 g
~ |
>"] -6.5
temperature dependent refractive indek]), has been ob- = 70 % ]
tained by using the Clausius-Mossotti relatién: I
n (T)2 1 4 0.0034 00036 00038 00040 00042 0.0044
————=—mp,(Tea, 2 UT (K)

) ) ) ) ) FIG. 2. () Sound velocitycy and (b) kinematic longitudinal
wherep,, is the number density and the optical polarizabil-  yiscosity 1, from Table | as calculated from the position and the
ity of the HF molecule. The latter quantity, has been ob- width of the Brillouin light scattering excitations in backscattering
tained using the values of(T~293 K) (Ref. 23 andp(T  geometry(6=180°) (full circles). The straight lines represent the
~293 K) (Ref. 24 and assuming no temperature depen-linear fit to the data.
dence for this parameter which turns out to he
2(960610003 AB' The data forn(T) have then been ob- B. Inelastic x-rays scattering
tained at each temperature by usiagand p(T) whose ex-

R The IXS measurements, performed to probe the dynamics
pression is given B

of HF in the mesoscopic regime, are compared to the BLS
p(M=po+A-T, (3)  Tesults of the previous section in order to characterize the
transition from the hydrodynamic regime to the mesoscopic.
with  po=(1.61620.003g/cn® and A=-(2.25+0.00  |n this case th&Q, w) has been studied at four temperatures
X 1073 g/cm? K. The derived values of the sound veloolty  in the range 214—283 K at=214, 239, 254, and 283 K as a
and the kinematic longitudinal viscosity are reported in  function of the wave vecto®. It has been varied between 1
Table | and shown in Flg 2. It is worth noting that the error and 15 nm! for all the studied temperatures except or
bars in Fig. 2a) have been determined from the propagation=239 K, where it has been selected between 2 and 3%.nm
of errors applied to the relationy=2my/Q; while vy is  Each energy scan took 180 min and each spectrum at@xed
affected by statistical error coming from the fit, f@ we  was obtained by summing up to 6 or 3 scans. We report in
adopted an uncertainty arising from the maxim@spread  Fig. 3 an example of the measured spectra at the investigated
equivalent to £3,, this gives rise to the apparently large error temperatures and at the indicated momentum trargsfen-
bars reported. The quantity(T) follows a linear behavior pols); they are compared with the instrumental resolution
characterized by a temperature dependence well representgigned and scaled to the central pg&kl line). The contri-
by the equation bution of the empty cell reported in Fig. 4 was found to be
_ negligible compared to the total scattered intensities, how-
Co(M=Co+B-T, ) ever, it has been subtracted before performing the fitting pro-
with ¢,=(1290+40 m/s and B=(-3.0+0.) m/sK. The cedure. The analysis of the spectra has been done within the
same procedure has been applied to derive the kinematféamework of the memory function approahin this ap-
longitudinal viscosityy, for which the linear fit provides a Proach the classicsymmetrig S(Q, w) is expressed as

temperature behavior described by the relé&fion 0o(Q)2M(Q, )
3Q1 (l)) = I(Q) 2 2 . " '2 ’ 27
| _ D [0) - wO(Q) - oM (va)] + [(DM (Q! (,0)]
n VL(T) - C + ? (5) (6)

with C=(-13.5+0.7 cn?/s and D=(1960+170 cn? K/s.  where wy(Q)?=[KgT/m3Q)]Q? is the normalized second
All the values ofQ, of the fit parameters and of the calcu- frequency moment o8(Q, w), Ky is the Boltzmann constant,
lated », andcg,, are reported in Table I. m is the mass of the molecule, aMi (Q, w), M"(Q, w) are,
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FIG. 3. IXS spectra of HF at fixed temperature in the IQwegion. The raw datésymbolg are plotted together with the corresponding
experimental resolutiondull lines).

respectively, the real and the imaginary part of the Laplace 0.20
transform of the memory functiokl(Q,t). The scattered in- [
tensity is proportional to the convolution between the experi-
mental resolution and the truéguantum-mechanica)’dy-
namic structure factog,(Q, w):

$(Q w) = Bhwl(1-e#)SQ,w), )

which is the product between the detailed balance factor and A°~
the symmetric(classical dynamic structure facto§Q, w). 2o
The relation between the class&Q, ) and the quantum é 0'
one,§(Q, w), reported in Eq(7) is one among the different 8 .
possible choices. It has been shéihat this specific choice Y
correctly reproduces th@uantum Kubo relation. 2o
DX

1. Markovian approach § o.

In the Markovian approximation, the decay of the E 0.

memory function is faster than any system time scale and is
modeled with as function in the time domaf® in such a
way that Eq.(6) reduces to a DHO.

Although the correct approach to describe our data is the
viscoelastic one, as we will see in the next section, a first raw
analysis of the spectra has been done in terms of the Mar-
kovian approximation. In this approach one assumes that the
relevant processes associated with the propagation of density Energy (meV )
fluctuations take place on a time scale much longer than the
time scaler(Q) associated with any relaxation process, i.e., FIG. 4. A sample of the empty cell measurements at the indi-
0Q(Q)Q)<1. This means that DHO is not the more suitablecatedQ values for the sample cell used in the experiment.
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FIG. 5. An example of the measured spectruniaf14 K and 1
Q=2.5 nnT compared with the DHO model fit. The two resolution
deconvoluted distinct quasielastic and inelastic contributions are
shown scaled by a factor.

4 5
Q(nm™)

FIG. 6. Ratio between the area of the quasielastic and inelastic
contributions plotted as a function @ at the four investigated

. . temperatures.
model to adopt in the presence of one or more relaxation

processe$(Q)m(Q) ~ 1]. Nevertheless we used DHO only
to make a first raw analysis of the spectra with the only ai
of getting a preliminary determination of the apparent sou:;{h . :

) ~ > : e necessary information to extend what recently was ob-
velocity ¢(Q)=0(Q)/Q; this model in fact works well only served in liquid HF aff=239 K (Ref. 18 to a wider tem-

|nvtr:eﬂl1|m|t ofitrielr?x?t;ﬁn ifrzele r?isponslf ofxttf;e fyzttehrp' Mﬁrteh- erature range. The increase @f)) with increasingQ, in
Over, the position ol € INElastic peaxs extracte oug act, is interpreted as due to the presence of a relaxation

DHO model fits well the position of the maxima of the cur- . .
5 . : ~ process, the structural relaxation, already observed in HF at
rent spectrd(Q, ») =w"S(Q, ) obtained from the viscoelas T=239 K, and still present in the whole explored tempera-

tic fit of the next section. The Markovian approach gives ris :

) . X S ure region.
to a line shape in which the central line is not present, an
this contribution isa posterioriadded to the spectra through
a Lorentzian line shape. Its physical origin is better under- . .
stood considering the fact that, although the relaxation of 6 T=214K
thermal nature is almost absent beipgc,/c, very close to -
one, the presence of the Mountain peak has to be taken into M Cop= 1220 m/s
account in the investigate@ region. It appears in the dy- I
namic structure factor as a central peak of widthr 1Q)
with 7,(Q) the structural relaxation time as better seen in the
viscoelastic section. In this region in fact the condition
c(Q)Q7,(Q)=1 is verified and the Mountain peak becomes
very narrow, much narrower than the resolution function thus
represented by a Lorentzian line. For this reason to fit our
data we used a DHO plus a Lorentzian. In Fig. 5 we report in

requency valuey to the higher value. This result provides

Energy (meV)

log-linear scale an example of the measured spectra at 6lT=254 K 4
=214 K andQ=2.5 nn* compared to the DHO model fit; -
the two distinct resolution deconvoluted quasielastic and in- 4 ¢ =1010m/s .

elastic contributions are individually shown. The ratio be-
tween the quasielastic and inelastic area of the measured
spectra is reported as a function @fand T in Fig. 6. The
main parameter we are interested in(1$Q) which corre-
sponds to the frequency of the sound modes. Its dispersion
curve(i.e., itsQ dependences shown in Fig. 7 at lowQ for

the four analyzed temperatures. The data show a common
behavior in the entire investigatédrange, namely a linear
dependence in th€ range 4—7 nm, with a slope corre-
sponding to sound velocities higher than the adiabatic values FiG. 7. Dispersion curves at the indicated temperatures. The
co measured by BLS and reported in the previous section. Iypper full lines are the linear fits to the high-data. The lower
addition, for lowerQ, the apparent sound velocityQ) de-  dashed lines indicate the adiabatic sound velocity as measured by
termined by IXS seems to show a transition from the lowBrillouin light scattering as shown in Sec. Il A.
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2. Viscoelastic approach 20F T ' ) '

T=214K]
The existence of a relaxation process with a characteristic st § ]
time 7 in the range of the probed sound wayes., such that 10F i % $3¢ £ ]
Q(Q)r(Q)=1], as evident from the dispersion 8{Q), calls osF— ¢ & Boso o]

for a more refined choice of the memory function with re- o . _ . _ . _
spect to the Markovian approximation. To describe the effect 2F T=239K]
of this relaxation inS(Q,w), we use the memory function 16| ]
based on the viscoelastic model. In this approach a two re- 12} % i § i & i .
laxation process scenario is described by a memory function  osf 2 .
M(Q,t) given by the sum of two exponential decay contri- E oaf § ¢ 2 o o o]
butions: R4 ool L L . \ -
~ I T=254K]]
M(Q,t) = A%(Qe =¥ + AZ(Q)e ™ ®) S i I b )
10 | S -
where A%(Q)=[c...(Q)?-co(Q)AQ? and A%(Q)=[c.(Q)? 05 b— i i 3 oo E o ]
-C..,(Q)?]Q? are the strengths of the two processes. As, N ]
similarly to water, one expects that tjeprocess is very fast 20 T=283K]
with respect to the investigated time sc#l¢he second term 15| a ]
is approximated by & function: 1wk 3 2 ; [) . ]
M(Q.) = A%(Qe ™ +T,(Q)4(t) 9 vr—t % R

0 2 4 6
with FM(Q):AiTM(Q). As in pure HF affT=239 K (Ref. 18 Q (nm'l)

in fact, one expects a structural process described by an ex-

ponential decay and a microscopic process, very fast with F|G. 8. Q dependence of the sound velocitiggQ) (open dia-
respect to the investigate time scdldescribed by a func- mondg andc..,(Q) (open circles from a viscoelastic analysis, to-
tion. This approach has been successfully applied in the pagether withc(Q) (closed symbolsfrom Fig. 7. The value of the
to describe the dynamics of simple ligutsand liquid  adiabatic sound velocityy, is indicated by the arrow.

metals® The two contributions of Eq9) affect two different

regions of the spectrum: the exponential decay which repréegelocity ¢(Q)=0(Q)/Q (closed symbolsas derived from
sents the slower relaxation process, with a relaxation timg,q dispersion curve of Fig. 7, shows the transitiorc®)
such that()(Q)7,(Q)=1, accounts almost entirely for the from c4(Q) to c..,(Q). The consistency between the two in-

quasielastic region of the spectryihe width of the central de - T
L ; 9 i pendent analyses strongly suggests that this transition is
line is of the order 1,), its strengthA;(Q) deterrr_un%s the  yoverned by ther-relaxation process in the entire tempera-
apparent sound velocity through the relatiofh?(Q) ture range.

=[Cxa(Q)2‘Co(Q)2]Q2i the & function which represents the  The Q dependence of the relaxation time(Q) is re-
faster relaxation process, such tHatQ)7,(Q)<1, is re-  ported in Fig. 9 at the four investigated temperatures and in
sponsible for the width of the inelastic part. The thermaltheQ range 1—15 nit. It shows a constant behavior, within
pontribution in the memory _function ha§ been neglected bethe error bars, in the lowQ region and a very weak decrease
ing the value of the specific heats ratjoclose to 1. The gt increasingQ as already observed in watérand many
experimental data have been fitted to the convolution of thgther system&® The fit of the data in the 1—7 nthrange
experimental resolution function with the dynamic structureyie|ds valuesr,(Q— 0) reported in Table II. In Fig. 10 th®
factor model given by the combination of Ed$), (7), and  gependence of the strength of the microscopic relaxation,
(9). It is worth noting that, different from the Markovian I',(Q), is reported at the four analyzed temperatures. The

approach, the viscoelastic description gives rise t0 a singlgata show a quadratic behavior and have been fitted with a
line shape which does not allow one to separate the quaskarabolic function

elastic and inelastic contribution. This does not make it pos-

sible to plot the analog of Figs. 5 andw?e\i/n the case of vis- r, Q= DQ2.

coelastic analysis. The comparison of alues obtained .

from the two different fitting procedures, DHO and vis- ;I;Jk:ﬁ:t\ilsrlwusftﬁfettz ?npi'gt?ﬁ;a are reported in Table Il as a
coelastic, indicates the real need for the use of the latter fit P '
function. TheQ dependence of the fit parametars,(Q),
co(Q), 7,(Q), andI',,(Q) is described in the following.

In Fig. 8 theQ behavior of the sound velocities is shown
in the lowQ region and for all the investigated temperatures. This section is dedicated to the discussion of the tempera-
Both the infinitec.,(Q) and zerocy(Q) frequency limiting  ture dependence of the lIo@ behavior of the different pa-
values, as obtained from the viscoelastic fit, are reportedameters analyzed in the previous paragraphs. These param-
(open symbols The comparison with the apparent soundeters fully characterize the collective dynamics of our system

IV. DISCUSSIONS
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FIG. 9. Q dependence of the relaxation timegQ) from the
viscoelastic analysis at the indicated temperatures. A constant fit in
the low Q region(dashed lingis also reported. 0 1 2

0 [ i " 1 " 1 " 1
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3
| . Q (m")
in the mesoscopic regime. The valuescgfc..,, andc,.,/Cg
at the four investigated temperatures are reported in Fig. 11. FIG. 10. Q dependence of the paramefgy(Q) (closed circles
As shown in Fig. 1{b) the ratioc..,/cy is temperature inde- in liquid HF at the analyzed temperatures from a viscoelastic analy-
pendent in all the explored range and it is close to two as sis. The full lines are the parabolic fits to the |@veata.
in the case of watef The temperature dependence of the

structural relaxation time in th€—0 limit has been de- independent proceg8.Using the low Q values 7,(0) of
duced from Fig. 9. Here the lo®@ part of 7,(Q) has been Table Il together with the low extrapolations of the other

fitted u.sing.a constant function. The obtaineq values are reﬁarameter£see Table I), it is possible to calculate the kine-
ported in Fig. 12 on a linear scale as a function of the temy a+ic longitudinal viscosity, from the relatior?®

perature. In the explored temperature range i€) behav-
ior is well described by the Arrhenius lagfull line):

7o(T) = oo™ 10 W=7, (01,0 - O]+ ()

with an activation energye,=(1.9+0.2 kcal/mol and =,

=(6+2)10"°s. The temperature dependence in the limit | ,————T———————T— 7T .
Q—0 of the last fit parameteD is reported in Table II. It 1:2 ) fo) . ]
yields values which appear to be temperature indepen 4L * 0 fo} o
dent beingD=(0.170+0.025 meV/nnT?=(2.6£0.4 X103 & o3[ h
cn?/s. This result is consistent with previous findings ac- E o6l O c o ]
cording to which the microscopic relaxation is a temperature% 04l 0 o O ]
© 02} :
TABLE II. Low Q values of the parameters used to calculate the 00t ]
kinematic longitudinal viscosity, (0) of Eq. (11): co(0) from Eqg. 3 _‘b) ]
(4); ,.,(0) from the linear fit of Fig. 7; and(0) andI" derived from Qo pJ PN ® @ ®
the viscoelastic analysis as described in the text. 3 b 1
) L
T co(0) C.o(0) 7,(0) D v (0) P
(K) (r(;] /9 (mis) ) (cm?/s) (crl:rlz /s) 210 220 230 240 250 260 270 280 290
T (K)
214 650 1220 0.47 0.0030 0.007
239 580 1080 0.32 0.0022 0.004 FIG. 11. (a) Behavior of the sound velocities in HF as a function
254 530 1010 0.21 0.0026 0.003 of the temperaturec, (open squargs andc.,, (open circleg (b)
283 480 980 0.17 0.0026 0.003 Sound velocities ratia..,/ cy (Symbolg; the straight line represents

a constant fit to the data.
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FIG. 14. Arrhenius plot for the relaxation time as obtained from

FIG. 12. T dependence of the lo@ extrapolation of the relax- viscoelastic analysis of the dynamical structure factor for water

ation timesr,(Q) of Fig. 9 together with the Arrhenius fitull line) ~ (diamonds (Ref. 28 and hydrogen fluoridgcircles. The dashed
of Eq. (10). lines indicate the best linear fit to the data and their slope give an

activation energy of 3.8 kcal/mol for water and 1.9 kcal/mol for
HF.

wherec, is the adiabatic sound velocity measured by Bril-

louin light scattering as discussed in a previous section. ThBydrogen fluoride isE,=(1.9+0.2 kcal/mol as previously
derived values fow, are reported in Fig. 13: they are found discussed. It is worthwhile to relate the values of the activa-
to be consistent with the hydrodynamic data reported irtion energies to the different networks present in the two
Table I. This equivalence gives further support to the validityliquids. While hydrogen fluoride forms linear chains with
of the employed viscoelastic model. In the same figure wene hydrogen bond on average for each molecule, the pre-
also report two viscosity data determined by molecular dyferred arrangement of water is the three-dimensional tet-
namics(MD) simulations. A recent MD study of the trans- raedric structure with two hydrogen bonds for each mol-
port coefficients(longitudinal and shear viscosity, thermal ecule. If we indicate WithB_HZO andnyg_ye the number of
diffusivity and conductivity of hydrogen fluorid® provides  hydrogen bonds for kD and HF, respectively, and,-p,o,

two values for the longitudinal viscosityy, one atT  E, - the activation energies for the two liquids, we see that
=205 K, 5, (T=205 K)=0.91x 102 g/cm s and the other at they satisfy the ratio

T=279 K, 5 (T=279 K)=0.38x 102 g/cm . They are re-

ported in Fig. 13 after rescaling for the density of E§)

according to the relation (T)=#.(T)/p(T), they are quite Ea-r,0 _ Bavr 12)
consistent with the experimental data. In Fig. 14 we report, NHB-H,0 NHB-HE

on an Arrhenius plot, the comparison between the relaxation

times for hydrogen fluoride and for watrThe activation

energy found in water, constant in the examined temperatur Prévious studies on watérthe activation energy has been
range, was E,=(3.8+0.6 kcal/mol while the one for associated with that of the H-borie:5 kcal/mo).3? The re-

sult of Eq.(12) strengthens the idea that the structural relax-
ation process involves the H-bond networks of the system

0.015 e — : : and it seems also to suggest that in this case the activation
I ] energy of the process is related to the number of H-bonds to
0.012| O BLS data i make and break and not only to the strength of each H-bond.
| B IXS data
% 0.009 | < MD simulations
°g K | V. CONCLUSIONS
8’_,0.006 - + o . Wi . . S . .
= o e have p_resented inelastic Brlllpum light and meIaspc
o005 L + o7 | X-rays scattering measurements of liquid hydrogen fluoride,
: ﬁ Ooo g a prototype of the class of hydrogen bonded liquid systems,
09 ] in a temperature range comprised between 214 and 283 K.
000000 220 240 260 280 We demonstrated that the collective dynamics of liquid HF

is characterized by a structural relaxation process in the
subpicosecond time scale. In the explored temperature

FIG. 13. Temperature dependence of the kinematic longitudinaf€gion this relaxation process affects the collective dynamics

viscosity: from IXS as calculated through EG41) (closed squargs 1IN @ Q range bet\_Neen 1 z_;md 7 ﬁi"n_An accurate analysi_s
from the Brillouin light scattering values of Table(dpen circles ~ in terms of the viscoelastic model in the memory function

and from molecular dynamic simulations @=205 and 279 K approach allowed one to extract and determine the tempera-
(closed diamonds(Ref. 17. ture dependence of the parameters describing the dynamics

T (K)
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