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Viscous versus Elastic Response of Hydrogen-Bonded Liquids: Collective Dynamics in HF
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The role of hydrogen bonding in the determination of the dynamical properties of liquids is

investigated by a computer simulation of HF, and compared with water. Sound dispersion is found to

be much smaller and interpretable in terms of the viscoelastic approximation. Some dynamical solidlike

features are found even in this liquid and interpreted in terms of localized motions of molecules along

topological chains present in the liquid. The present investigation answers some relevant questions

concerning the dynamical behavior of associated liquids. [S0031-9007(98)07004-5]

PACS numbers: 61.25.Em, 62.60.+v, 63.20.Pw
A full understanding of the dynamical properties spectra atw =~ 10 ps !, reinforces the overall picture
of hydrogen-bonded liquids has certainly not yet beerthat the response of water is similar to that of a solid
achieved, since the appearance of features not presentan length scales of the order df nm. A collective
simple monatomic liquids has still to be given a robustexcitation at the same energy has been measured in ice
physical basis. Water is certainly the liquid which hasclose to the melting point both by neutron [2] and x-ray
been more extensively investigated both experimentally3] scattering experiments. Regarding the nature of these
[1-3] and by computer simulation [4—7], and the presencelynamical properties several important questions remain
of modes at wave vectoks> 1 nm™!, propagating witha to be answered: Are these features peculiar of water?
velocity 2.5 times larger than the ultrasonic sound velocityWhat is the role of hydrogen bonding?
has been the subject of a large debate. It is now currently In the present Letter we try to answer these fundamental
believed that this extraordinary large anomalous disperguestions in order to pave the way to a more general
sion can be explained by the fact that, on a length scalanderstanding of the dynamical properties of hydrogen-
of a few molecular clusters, the behavior of water is morebonded liquids. To this end we have analyzed in detail
similar to that of a solid rather than of a liquid. Therefore by computer simulation the relevant dynamical correlation
the dynamical features at short wavelengths are dominatddnctions of a model system of liquid HF. Here the
by the elastic response, which appears to be much moigydrogen bond energy=~—25 kJmol!') between two
rigid than in simple liquids. This effect has been tracedmolecules is even stronger than in water{20 kJ mol!)
back to the structure set up by the presence of hydrogeso that its role should appear even more evident [12].
bonds [8]. Nearest neighbor oxygen atoms can approach Recently we have implemented both a nonpolarizable
at an average distance smaller than that characteristic §f3] and a polarizable [14] model and analyzed the
the atomic radius determined by the repulsive part of thestructural properties [12,14]. The results were compared
potential (e.g.,o in the Lennard-Jones potential). This with ab initio calculations [15], and we found that, even if
implies that the second moment of the longitudinal currenthe polarizable model gives better results for the partial
[9] is much higher than one would expect in a simpleradial distribution functions, the nonpolarizable model
liquid. CorrespondinglyC. turns out to be very high is sufficiently realistic when compared with neutron
(=4500-5000 m/s), i.e., the same magnitude of the ve-diffraction data [16]. In view of these results we have
locity of propagation of the longitudinal acoustic modes inchosen to adopt the nonpolarizable model in the present
ice. This argument is supported by the observation that atudy of the dynamical quantities, since it appears less
k > 2 nm™! transverse waves can propagate in the liquiddemanding from the point of view of computational time.
as demonstrated by computer simulations [7,10,11]. In our computer simulation of HF we have studied a

The presence of an optical-like mode, which appearsystem of 512 molecules interacting through the three-site

at k = 10 nm~! both in the longitudinal and transverse model developed in Ref. [13]. The trajectory length was
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450 ps where atime step of integrationdfs was applied.
Periodic boundary conditions with a tapered reaction field
method were used to take long range interactions into ac-
count. For the computation of the spectra of the correla-
tion functions we used time intervals ranging betweden
and6 ps (depending on the convergence) leading to mini-
mum frequenciesmi, = 0.167 ps ™' or wmin = 1 ps .

We have evaluated the correlation functions of the
longitudinal [J (k, r)] and transverself-(k, 7)] currents

Julkot) = o 3Rk - v exilikr(0):
’ ()

Tk, 1) = ﬁ Sk X v, exglike ()],

wherek indicates the unit vector alorky, r;(r) andv;(r)

are the position and velocity of the center of mass of

the ith molecule, respectively, an is the number of

molecules in the sample. The range of wave vectors b)
which was explored starts from the minimum accessible
value 2.5 nm~!. Two thermodynamic states have been
investigated: state point A ap = 1.178 g/cn?®, T =

203 K and B atp = 1.015 g/cm®, T = 273 K.

The spectra of the longitudinal and transverse current
correlation functions are presented in Fig. 1 for state point
A. The presence of collective modes is signaled by the ap- <5
pearance of peaks in the spectra. By reporting the fre- - 53
quency of these peaks as a functionkofas shown in =
Fig. 2) one can start to make an assignment of the nature @ 1. Surface plots of the longitudinal (a) and transverse (b)
these collective modes. One notices that the low frequencyurrent spectra of HF at state point A. Units are Mingfor k)
longitudinal mode changes almost linearly at small waveand ps' (for »). The amplitude is in arbitrary units.
vectors, thus indicating itacousticorigin. The corre-
sponding sound velocity is reported in Fig. 3 and comparedt relatively high wave vector. The fact that transverse
with what one would expect for the corresponding isotherimodes cannot be supported (at least at small wave vectors)
mal counterparCy = /kgT/MS (k) [17], whereM is the is again an indication that the collective excitations are
mass of the molecule arfflk) is the center of mass struc- dominated by the viscous response.
ture factor. Since the experimental adiabatic sound veloc- The second peak present in both longitudinal and trans-
ity is found to beC, = 483.3 m/s at state point B, one verse spectra appears to be almost at the same frequency
can conclude that a slight sound dispersion is present, baind not much affected by the temperature change=(
nothing similar to what is found in water. We have evalu-40 ps ' at7 =273 Kandw = 45 ps ! atT = 203 K).
atedC..(k) through the second moment of the longitudinalMoreover, it results to be almost constant at increasing
current correlation function and compared it wiltk) in ~ wave vectors. In order to understand its origin, we com-
Fig. 3. One can surely conclude that the propagation opare these findings with light and neutron scattering results
this collective longitudinal mode is dominated by the vis-for solid HF.
cous rather than elastic response of the system, contrary As is well known HF crystallizes in the orthorhombic
to what happens in water (it is instructive to see a simi-structure with two molecules per primitive cell (in the fer-
lar comparison for water reported in Fig. 5 of Ref. [8]). roelectric configuration) [18]. The molecules form infin-
An analogous situation is found even at state point A, agtely long zigzag chains. Raman and infrared spectra have
shown in Fig. 3. An experimental value at this state pointbeen measured [19,20]; in particular, two bands have been
is not known but since & = 240 K, C, = 623.8 m/swe  observed centered ai = 35 and 67 ps !, both of them
may safely state that again at increasing wave vector (i.einfrared active. They have been attributed to translational
out of the hydrodynamic regime) a slight increase of thismotions of the molecules, where the low frequency mode
velocity is present which remains in any case much smalleinvolves oscillations perpendicular to the chain, whereas
than C(k). the higher frequency mode involves oscillations in the di-

As far as the transverse current spectra are concerneggction of the chain. Both these modes are then charac-
only at low temperature a low frequency peak appearserized by a stretching of the hydrogen bond. Because the
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FIG. 2. Frequency values of the peak positions of the longi- G 3 S . . .
' . 3. Sound dispersion of HF at two state points A (upper
tudinal (dots) and transverse (squares) current spectra. Upp g;ure) and B (Iowgr figure). Dashed Iin€0(k§) isotherr;aFl)p

figure: state point A. Lower figure: state point B. The in- . L
; T ound velocity. Solid lineC..(k) evaluated through the second
sets show the details of the longitudinal and transverse acoustr%c)ment of the longitudinal current correlation function. The

modes. The arrows indicate the high frequency peak positio L : .
of the VACF spectrum. rrow indicates the value of the experimental sound velocity.

two modes are infrared active they can safely be labeled The present study shows that even in the case of liquid
asoptical. HF, when the system makes a transition from the solid
We believe that the high frequency mode apparent ifo the liquid phase, some topological features persist, in
both the longitudinal and transverse spectra can be ascrib@@rticular, the arrangement of molecules in the form of
to the same type of oscillating motion of the molecules. Bylinear chains, which determine the dynamical behavior.
examining the structure of liquid HF we have found [12] The chains are found to move rather free, so that the
thattopologicalchains still persist in the liquid phase. In Viscosity is much lower than in other molecular liquids
fact, an overwhelming percentage§2%) of molecules (€.9., in water). This observation is confirmed by the fact
has two nearest neighbors, and by a combined geometricdiat the isothermal compressibility of HF is very high as
and energetic definition of the hydrogen bond we foundshown by thek — 0 behavior of the structure factsi(k)
that HF molecules are arranged in paths that resemble lorfgported in Fig. 4 for state points A and B.
chains, even if not strictly linear. The oscillatory motion An estimate of the shear viscosity can be made by
of the molecules along these chains is therefore responsibiBe time dependence of the transverse current correlation
for the appearance of the well defined second peak in thiinction at small wave vectors which shows a monotonic

longitudinal and transverse current spectra. decay, typical of the hydrodynamic regime. One can
This conclusion is confirmed by the analysis of theassume that

center of mass velocity autocorrelation (VACF) function ksT 7 (k)k>

and its corresponding spectrum for the two examined state Cr(k,t) = o AT ) (2)

points. A well defined peak is present at a frequency

which is marked as an arrow in Fig. 2. Since the VACF[7(k) being a generalized shear viscosity coefficient and
spectrum is a measure of the density of states, it ishe number density] and derive a value fpiof =0.16 X
useful to compare the present result with that obtained0—> Pas atT’ = 203 K, about 10 times smaller than the
by inelastic neutron diffraction measurements from solidcorresponding value for water close to the melting point
and liquid HF [21]. The spectrum of solid HF presents[22]. This result can explain the different behavior of
a shoulder at abou6.82 meV (i.e.,w = 40.6 ps’') in  HF with respect to water. In fact, by adopting a simple
close agreement with the present finding. In the liquidviscoelastic model for the analysis of the dynamics of the
phase a large plateau is present at the same energy.  transverse current it turns out that the Maxwell relaxation
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1.4 — lar clusters hydrogen-bonded liquids exhibit common fea-
tures which can be understood in terms of the dynamical
behavior of the corresponding solid.
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