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Collective dynamics of liquid HCI: The density—density and longitudinal
current correlations
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In this work the dynamics of density fluctuations in liquid HCI is investigated by computer
simulation experiments, with the main goal of ascertaining the influence of hydrogen bonding in the
features of the collective excitations of this molecular fluid. The data analysis shows that in HCI the
hydrogen bonding has quite a small relevance on the dynamics, in strong contrast with the findings
reported for both HF and water. Within the framework of generalized hydrodynamics we have been
able to derive values for otherwise unknown quantities like the ratio of specific heats and the
adiabatic sound velocity. An evaluation of the average effective interaction potential between the
molecular centers of mass, clarifies the interpretation of the collective dynamical behavior explored
in the present investigation. @003 American Institute of Physic§DOI: 10.1063/1.1524620

I. INTRODUCTION to the sound peak at about the same wave vector. It has been
shown that its appearance stems from the hydrogen bonding
In a recent papemwe have reported the results obtained stretching of a pair of nearest neighbor molecdl&ghese
by molecular dynamics computer simulatit®S) of the col-  results point out the relevance of hydrogen bonding in con-
lective transverse current of liquid HCI. The main purpose ofection to the peculiar local order set up in the system de-
that work was to understand the role played by the hydrogeRending on the geometrical shape of the molecules. In Ref. 1,
bonding on the dynamical properties of this weakly assoCiyhe analysis of the transverse current spectra of HCI through
ated .quuid. The anglysis of _the transverse current correlatio.g memory function approach revealed that in this system the
functions and their associated spectra was performed iy ation is more similar to the case of simple monatomic
terms of the corrgspondlng memory functions. The reSUItﬁquids. A good fit of the CS spectra could in fact be obtained
were compared with those obtained for both strong hydr-ogeBy the well known viscoelastic approximation for the
bpndeq systemée.g., vyatgr gnd HFand, on the opposite memory function. The only exception is at wave vectkrs
side, simple monatomic liquidsuch as the Lennard-Jones <0.5 AL, where it is necessary to model the memory func-

ones. ) T .
From both the experimenfabind CS(Refs. 3 and % tion as a stun: Iof tV\flO expon_entlals in order to achieve a good
gareement at low frequencies.

side, it was demonstrated that on a length scale of the ord . :
of first neighbors distances, peculiar collective excitations Fmaﬁllly we notg:ed that at wave vectors arourkd
can be sustained in both,B® and HF, due to the local order =25A"" an extra mtepsﬂy appears in the transyerse cur-
induced by the hydrogen bondiritetrahedral in the case of €Nt SPectra at frequencies aroune 18 rad/ps, which can-
water and zig—zag chainlike in the case of)HSuch exci- Ot be accounted fqr by any simple modgzl. In order to un-
tations appear, at wave vectors larger than a characteristfierstand whether this feature can be ascribed to the presence
value, in the spectra of the longitudinal currents as a nondisef some localized motion of hydrogen bonded moleciiéess
persive peak, separated from the one due to the presenceigfthe case in water and hFwe have analyzed the wave
propagating density fluctuatiorisound peak as well as in  vector dependence of the density fluctuation and longitudinal
the transverse current spectra. In water at normal conditiongurrent time correlation functions and the corresponding
this extra peak occurs at=10 rad/ps when the wave vector Spectra. In the present paper we report the results of such a
k exceeds 1 A, Its origin is traced back to the-©0---O  CS investigation and draw some conclusions on the effect of
bending motion of three neighboring molecutes. hydrogen bonding in determining the dynamical behavior of
In the case of HF the extra peak occurs at liquids. The format of this paper is as follows. In Sec. Il we
=50rad/ps, i.e., a frequency higher than that correspondingriefly report the details of the molecular dynamics simula-
tion and introduce the dynamical quantities we will be con-
dAuthor to whom correspondence should be addressed. Electronic maif.:emeci with. The data are reported and discussed in Sec. lll.
vallauri@science.unitn. it Finally, Sec. IV summarizes the main conclusions.
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Il. COMPUTER SIMULATION DETAILS AND vector in the directiork. The correlation functions relative to
DYNAMICAL QUANTITIES these two variables are the intermediate scattering function,

For the simulation of HCI we have used thé& @otential 1
model developed by Klein and McDonaldyhich is found F(kt)= N<n (k,0n(k, 1)) ®)
to reproduce reasonably well the thermodynamic properties o i ,
of the liquid as well as the essential features of the experi@nd the longitudinal current correlation function
mental structure factor$:'! In the model the molecule is 1
rigid, with the distance between Cl and H atoms fixediat CLk) =G (k0jL(k,D), (6)
=1.275 A. The potential accounts for a Born—Mayer repul-
sive interaction between like atoms and a damped dispersidigspectively.
series between pairs of Cl atoms. The nondispersive interac- In order to evaluate the errors on the spectra we have
tion between Cl and H atoms has the effect of stabilizing the!sed an autoregressivAR) model to represent the simula-
bent dimer and it is introduced as a crude attempt to includéon data'? In this model a random process is generated ac-
hydrogen bonding. More specifically, cording to

Upn(r)=9200 ex§2.725), p
HH Xn= z Xn—kt én, 7)
Uci(r)=2.05exd 4.8r—2.56) ] k=1
— - wherea, are constants arg, are independent Gaussian ran-
2 X2 Ar= 2501} @ dom variables with zero mean and variance The param-
Ucici(r)=32.6 10° exp(3.87) eters of the model are chosen so that the spectrum of the

random process is as close as possible to the spectrum of the
quantity of interest.

7420 5.5610° 4.751C°
—f(r) s 8 b

where energies are expressed in kJ/mol and distancewjin a

strom and where I1l. COMPUTER SIMULATION RESULTS
f(r)=exd — 5.5-r (o55 The dynamical structure factorS(k,w), obtained by a
2 ' Fourier transform of the intermediate scattering functions

F(k,t), are reported for a series of wave vectors in Fig. 1.
We notice that the maximum error occurs at a frequency
Electrostatic interactions are taken into account through @=0, and its relative magnitude is of the order Ak
distributed point charge model. A chargeQ=0.593¢| is =6%.
placed on the H and Cl atoms and a charg2Q on a site At the first two reported wave vectors, a pronounced
along the bond at a distance 0.455 A from the Cl atom. Irshoulder at finite frequencies is apparent, indicating the pres-
order to account for the long range contribution to the elecence of damped sound waves even at wavelengths compa-
trostatic interactions, the reaction field method was appliedrable with nearest neighbor distances. The situation is similar
The molecular dynamics simulations were performed at 4o the one found experimentalf* and by CS(Ref. 15 for
mass density=1.186 g/cm and at an average temperature liquid alkali metals, even if in this case a well defined peak
(T)=201 K, on a system of 512 molecules in a cubic boxappears which persists to comparatively larger wave vectors.
with periodic boundary conditions. Then the box length turnsin the case of HCI, ak increases, the shoulder becomes
out to beL=26.691 A and consequently the minimum ac- broader and broader, thus indicating that the sound wave is
cessible wave vector i&y,=2m/L=0.212 A%, In order to  overdamped, and eventually disappears.
achieve a good energy conservation during the CS runs the To follow the k-dependence of the inelastic features,
time step of integration was fixed dt=2 fs. Runs as long rather tharS(k,), one usually considers the spectra of the
as 500 000 time steps were carried out to obtain a good stdengitudinal currents, shown in Fig. 2 at the same wave vec-
tistical accuracy for the evaluated correlation functions. Theors.
dynamical variables we are interested in are the wave vector- We notice that the maximum error occurs at the fre-

=1 r=5.5. 2)

dependent number density, quency where the spectrum has its maximum, and its relative
N magnitude is of the order af-=4%.
_ - The resulting values of the peak frequeney(k) are
n(k,b) ;1 explikeri(t)) © shown in Fig. 3. Dividingwp(k) by k one obtains an effec-

tive sound velocity p(k), reported in Fig. 4 along with the
corresponding values of the isothermal sound velocity de-
duced from the expression,

N
jL<k.t>:i§l [k-vi(t) Jexp(ikeri(1)), (4) T
(K= Vg ®

wherer;(t) andv,(t) represent the position and the velocity
of the center-of-mass of thigh molecule andk is the unit  and of the “infinite frequency” longitudinal sound velocity,

and the longitudinal current
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FIG. 1. Dynamical structure factor at differdnvectors. Full circles: MD data; solid line: the best fits of viscoelastic model to the MD spectra. The error bars
are the results of the AR analysis.

w (K) in terms of generalized hydrodynamics will allow us to esti-
C(k)= K 9 mate y and consequently a value for the adiabatic sound
velocity otherwise unknown.
In Eq. (8), S(k) represents the structure factor of the molecu- e picture that emerges from these data is very similar
lar centers-of-massm is the total mass of the molecule, to the one describing the collective dynamical properties of

whereas in Eq(9), o (k) is the normalized second fre- S . . . )
I ._monatomic liquids and in particular of alkali metals. At in-
guency moment of the longitudinal current spectra, obtained

from the CS data by fitting the short time behavior of thec-reasing wa_we vectors, beyond.the hydr_odynamic ,“mit} den-
corresponding functions. Since the ratio of specific heats Sity fluctuations can propagate in HCI with a velocity higher
=c,/c, is not known for pure liquid HCI, it is not possible than the isothermal one. These Q¢n3|ty wave_s becgme over-
to derive any value for the adiabatic sound velogityk ~ damped fork>0.6 A~*. This positive sound dispersion ac-
=0)= ﬁco(kzo)_ As shown in the following, the analysis counts for the well known solidlike response of the system
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FIG. 2. The spectra of the longitudinal current at differemectors. The spectra are obtained fréq(k,t) calculated from MD. The error bars are the result

of the AR analysis.

on a length scale of the order of first neighbor distancesef the intermediate scattering functiéi(k,z) as

where the ordering of the molecules is more pronounced, i.e
(10)

close to that of a crystal. By inspection of the longitudinal
current spectra, there is no evidence of extra peaks at any
investigated wave vector. Therefore the present results do not
confirm the observation of a second featur&aR.5 A~* a

made in the analysis of the transverse current spectra In thI:s
respect, hydrogen bonding appears to have little influence of€mory functionk  (k,2),

S(k,w):%Re[f:(k,z:iw)],

(k,z) can be expressed in terms of its second order

the dynamical properties of HCI.
A deeper insight into the physical processes underlying . S(k)
the collective dynamics can be obtained by the memory F(k,2)= (wd) ' 1D
z+K(k,2)

function approach® In this framework one starts writing the
dynamical structure factor in terms of the Laplace transform
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FIG. 3. Thek dependence of th€, (k,w) peak position.

where({wf)=c3k?. After some algebra the dynamical struc-

ture factor can eventually be written as

1 (wK(
7 [0®—(wp) — oK [*+[wK/]?’

S(k,w) B 1
S(k)

12

whereK| andK{ are the real and the negative of the imagi-

nary part ofRL(k,z=iw), respectively. For brevity theik
and » dependence has been omitted.
In order to give a description 08(k,w) on a micro-

Balucani et al.

KL(k,t) =[wZ(k) — y(k){wf)]exd —t/7(k)]
+(y(k) — 1)(wfyexd —tAk)k?]. (13)

Equation(13) guarantees that all the momentsSfk,w) are
correct up to the fourth. It extends the hydrodynamic result at
finite wave vectors, by introducing thedependent coeffi-
cients y(k) and A(k), which in the limit of k—0 coincide
with the ratio of specific heats and the thermal diffusivity,
respectively. The first term in E413) accounts for the “vis-
cous” relaxation mechanisms of the density fluctuations
through the single relaxation tim&k), whereas the second
one accounts for the relaxation of temperature fluctuations.
This term becomes ineffective wher{k) approaches unity,
as is the case for alkali metals and even water. In our fitting
procedurey(k), 7(k), andA(k) are free parameters to be
adjusted to obtain the best reproduction of the CS data for
the dynamical structure factor. An extrapolatiorkat 0 will
provide an estimate of.

For the sake of completeness we report also the expres-
sions forK| andK| which result from the model, Eq13),

 Lof(k) = (k) (Rl (k)

Kilk w)= w?+ 7 %(k)
(y(K) = 1){ ) A(K)K?
w2+(A(k)k2)2 ' (14)
e o] L= Y000 (70— 1)(w)
L(kw)=w oZr 7 2(K) w2+ (A(KDZ|"

The insertion of Eqs(14) into Eq. (12) allows us to

scopic scale, we have performed a fitting procedure of thevrite the dynamical structure factor in terms of the param-
CS results with a viscoelastic approximation for the memoryeters of the model.

function K (k,t), as done for the transverse currémiow-

In order to obtain reasonable values for the parameters

ever, in contrast with the transverse case, the coupling to th.g., avoiding negative values ¢j a careful fitting proce-

thermal fluctuations has to be taken into account h&@&on-
sequently the memory functiaq (k,t) is written as

20— T——————T—T—— T
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FIG. 4. Thek dependent phase velocity(k) = wp(k)/k (full circles), the
velocity cy(k) from Eq.(8) (dashed lingand the “infinite-frequency” lon-
gitudinal velocityc..(k) defined in Eq(9) (solid line). The arrow indicates

the value of the adiabatic sound velocity= \/yc,, obtained by extrapolat-

ing y(k) andcy(k) atk=0.

dure has to be performed. Since there are only three free
parameters it is possible to scan the whole parameter space
bound to certain maximum and minimum values 1gk),
A(k), andy(k) and choose those parameters for whicpfa
estimate gives the best approximation to the curve from the
CS results. For example, an initial value fe(k) was chosen
close to the value which gave the best fitting for the trans-
verse current spectra within the same single relaxation time
approximation. The results are summarized in Figs. 5, 6, and
7 for 7(k), A(k), and y(k), respectively. The shapes of
S(k,w) obtained with the best fitting parameters are reported
in Fig. 1 along with the CS data. It appears evident that the
agreement is very good in the whole range of reported wave
vectors, the only discrepancy being the fact that the model
tends to overemphasize the presence of propagating density
waves. In fact a tiny little bump is still present in the spectra
at a wavevector as large as 2.54 A in contrast to what it is
apparent from the CS data. In Fig. 5 the values of the rate
1/7(k) are compared with the corresponding ones found in
the fitting procedure of the transverse current spectra by a
viscoelastic model.The fact that these relaxation rates turn
out to be close to each other parallels similar results obtained
in Lennard-Jones liquids. It is interesting to note that the
coefficienty(k) decreases rapidly to unity with increasikg
thus making the coupling between density and energy fluc-
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FIG. 5. The viscoelastic relaxation rate deduced from the best fit of the FIG. 7. Thek dependence of the ratio of the specific heéik).
viscoelastic approximation t8(k, ) (full circle) and the viscoelastic relax-
ation rate deduced from the fit of the transverse curfemss.

v(|R1—Ry|)= fV(erRZan!QZ)dQldQZ-

(15

The results of this calculation are reported in Fig. 8,
which also shows a Lennard-Jones potential having the same
well depth and position of the minimum as the calculated
the collective dynamical behavior of monatomic liquids- one. This effective pote_ntlal turns out to be slightly Ie_ss re-

pulsive at short separations and to decrease less rapidly than

k_al| metals or.Lennard—Jones sys_témsggest_ an investiga- the Lennard-Jones one at larger distances. A separation of the
tion as to which extent an effective potential between two

) ) . . epotential into an electrostatic and a nonelectrostatic contribu-
molecules resembles the interaction potential acting between

. . S : tion (reported in the inset of Fig.)&jives some insight into
two particles in an atomic liquid. As already mentioned the . . . .
. . . : : the importance of hydrogen bonding. Assuming that this fea-
full potential energy is the sum of site—site terms, i.e., thos

reported in Eq(1) plus the Coulomb electrostatic contribu- ?ure 'S prgsgnt mainly due to the_electrostatlc terms n t_he
tions potential, it is seen that the minimum of the potential is

If V(R,,R,,0,,0,) is the full interaction potential be- shifted to smaller distances due to electrostatics. This is a
tween molecule 1 at positioR; with orientation{); and _dlrect e\/_ldencg that the hydrogen-bond tends to Qecrease the
o . . . interparticle distance from~4.1 to ~3.9 A. As is also
molecule 2 at positiorR, with orientation,, we have T :
evaluated the integral found, the depth of the potential is drastically decreased from
' ~1kJ/mol (a value close to the one for argorto
~4 kJ/mol, which stabilizes neighbored particle associa-
tions.

Moreover the potential does not present any oscillation
around zero at long distances, in contrast with the behavior
of the pseudopotential adopted for alkali metals. As far as the
density effect on the liquid structure this effective potential
3o * — leads to a behavior again similar to simple monatomic sys-
tems; in fact the number of first nearest neighbors turns out
M. ] to be close to eleven in the thermodynamic state explored in
the present work. Since the center-of-mass pair distribution
function of HCl is close to the one of a Lennard-Jones liquid,

. one is tempted to conclude that even the collective dynami-
cal features are similar. The present analysis of the density
10k 4 and longitudinal current correlations as well as the previous
study of the transverse case indeed supports such an expec-
- . tation.

0 .. TN P R
0 1 2 3 4 5 IV. CONCLUSIONS

k(A7)

1
(4)°
tuations virtually negligible at wave vectors of the order of
1.0 A~1. An extrapolation of these data kt-0 leads to a

value of y=2.4+0.1.
The similarities of these results with what is known for

40 . . . . , .

e

The present analysis of the collective dynamics of liquid
FIG. 6. A(k) from the best fit of the viscoelastic approximationSk, w). HCI, at the level of density fluctuations and longitudinal cur-
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FIG. 8. The average potentiar) of Eq. (15) (solid
line) and a Lennard-Jones potential with the same depth
and minimum position of (r) (dotted ling. The inset
shows the separation into electrostatitotted—dashed
line) and nonelectrostatic contributiqgdashed ling

v(r) (kJ/mol)

rents, has clarified some unclear aspects of this weakly hyACKNOWLEDGMENTS
drogen bonded system. First of all, contrary to what could be ) )
deduced from the observation of the transverse current spec- 1his work has been partially supported by the German
tra, the longitudinal ones do not show any evidence of extrat@lian Vigoni program of DAAD and CRUI.
peaks appearing at some peculiar wave vector. At this level
one can therefore exclude any strong influence of hydrogen
bonding in characterizing the collective dynamics. Secondly, _ o _
the analysis of density fluctuations by the memory function LlJl' 482%?2681') Pasqualini, G. Sutmann, and R. Vallauri, J. Chem. Phys.
formalism has ShOWI_’] t.hat_ the standard approXIMationSk, sette, G. Ruocco, M. Krisch, U. Bergmann, C. Masciovecchio, V. Maz-
adopted for monatomic liquids lead to a satisfactory repro- zacurati, G. Signorelli, and R. Verbeni, Phys. Rev. L§, 850 (1995.
duction of the Spectra| Shapes_ However, it is essential to?’tJl.g%z;ucani, G. Ruocco, A. Torcini, and R. Vallauri, Phys. Red&1677
account for the coupling to thgrmal fluctyatlons through anap5 Bertolini, G. Sutmann, A. Tani, and R. Vallauri, Phys. Rev. L8t
wave vector dependent specific heat rafik). By the fit- 2080(1998.
ting procedure we were able derive values f¢k) which, °F. Sciortino and S. Sastry, J. Chem. Ph}80, 3881(1994).
n 6 5 .
when extrapolated tk=0, allowed to estimate and conse- 78 gutrgann ?ndGR.SVatllaun, J. ngs.. Vcﬂnde_ni. l\éﬁtcergzl‘aaml(;gg%g
quently the adiabatic sound velocity, otherwise unknown. & Sareroglio. G. Sutmann, and R. Vallauri, J. Chem. PRz,
In HCI propagating density waves are found to be well 8G. Garberoglio and R. Vallauri, Phys. Rev. Le84, 4878 (2000,

defined up tok,=0.6 A™1, ie., =0.34k,, where ki ,cond-mat/0001265.
=1.76 A~! represents the position of the main peak of L\ M Kleinand I. R. McDonald, Mol. Physi2, 243 (1981).
S(K). In thi t HCl beh . int diat A. K. Soper and P. Egelstaff, Mol. Phy42, 399 (1981).

(k). In this respec . enhaves In an intermediaté Wayuc angreani, M. Ricci, M. Nardone, F. Ricci, and A. K. Soper, J. Chem.
between molten alkali metalk{/k,=0.76) and Lennard-  phys.107, 214(1997.
Jones |iquid5 Ko/km:0_15)_ As pointed out by Lewis and ?G. Box and G. JenkinsTime Series Analysis: Forecasting and Control

8 i ; ; ; (Holden-Day, San Francisco, 1976

Loveseyt thls_ behavior can be assom_ated with the more ong "o Copley and J. M. Rowe, Phys. Rev. L8, 49 (1974,
less symmetrical shape of the pOt_ent'al well near the MINI4p  pasqualini, R. Vallauri, Chr. Morkel, F. Demmel, and U. Balucani, J.
mum. The calculation of an effective two body interaction Non-Cryst. Solid250-252, 76 (1999.
potential energy between two molecules has indeed revealél?ﬁ Rahman, Phys. Rev. Let), 1667(1974.

that this function turns out to be less steep at short and tOGU' Balucani and M. ZoppiDynamics of the Liquid Sta{®xford Science,
Oxford, 1994.

decay t(? zero less .rapidly at long diStahceS; aresultin agree#p_ evesque, L. Verlet, and J. Kijarvi, Phys. Rev. A7, 1690(1973.
ment with the Lewis and Lovesey conjecture. 18], W. E. Lewis and S. W. Lovesey, J. Phys1@ 3221(1977.

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



