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The collective dynamical properties of HCl: The transverse
current correlations
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Results are presented for the transverse current correlation functions and their spectra obtained by
molecular dynamics simulation of liquid hydrogen chloride~HCl! at 201 K. To rationalize the
results we analyze the data in the framework of the Mori–Zwanig theory and calculate the first order
memory functions. This is done both in and exactly from the simulation data and by suitable
approximations with one and two decay rates. It is found that the simple viscoelastic approximation
with a single relaxation time is not sufficient to describe the dynamics of HCl whereas the extended
model with two relaxation-times function accounts quite well for the simulation data in the low
wave-number regime. Hydrogen bonding is found to play only a minor role in the dynamics of the
liquid and the main features compare well with a simple liquidlike argon ©2001 American
Institute of Physics.@DOI: 10.1063/1.1352643#
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I. INTRODUCTION

In recent years considerable efforts have been devote
the study of hydrogen-bonded liquids both b
experimental1–4 and computer simulation methods.5–9 Water
has naturally been the subject of most investigations, du
its relevance in many physical, chemical, and biological
plications. peculiar features have been discovered in the
namics of collective quantities which have been related
the existence of localized motions of molecular clusters.10 As
a mater of fact, these features are also present in the cen
mass~c.m.! velocity autocorrelation function.

In liquid water the spectra of the longitudinal and tran
verse currents, at wavelengths above a limiting value of'1
Å 21, show the clear appearance of two distinct peaks.11 One
of them is easily interpretable within the theoretical a
proaches developed for simple monatomic liquids; nam
the presence of longitudinal and shear waves of the acou
nature. The sound dispersion appears strikingly more ma
than that in simple liquids~the so-called fast sound effect!.12

This peculiarity of water follows from the combination o
two circumstances. First, owing to the strong hydrogen bo
the main peak of the oxygen–oxgyen pair distribution fun
tion corresponds to separations definitely lower than th
implied by the size of oxygen ions, a fact that ultimate
leads to an unusually high Einstein frequencyV0'35 ps21.

a!Author to whom correspondence should be addressed. Electronic
pasquali@alpha.science.unitn.it
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Second, the nearly tetrahedral geometry of the network d
not allow rapid rearrangements of the molecules.

The second peak indicates the existence of extra mo
which can be ascribed to dynamical processes occurrin
clusters of molecules, therefore confined to a limited reg
of space in the liquid. Such interpretation is supported by
observation that the frequency of this second peak does
change by varying the wave vector.

In a recent study, we have shown that similar featu
are also present in an even stronger hydrogen-bonded liq
namely hydrogen fluoride~HF!.13 Here in the longitudinal
current spectra one can distinguish a low frequency p
associated with acousticlike propagation and a high
quency one at'50 ps21, which remains almost constant b
changing the wave vector. In contrast with H2O, the disper-
sion of the acoustic mode in HF does not show any trace
‘‘fast sound,’’ although the first criterion previously men
tioned is equally, or even more easily, met than in wat
Even in HF the Einstein frequency is found to be quite lar
(V0'33 ps21). However, the peculiar arrangement of H
molecules in topological chains causes the presence of ra
nearly free, motions of the molecules limiting the magnitu
of the sound dispersion which can actually be observed.
the other hand, the high frequency peak, present in both
longitudinal and transverse current spectra, can be expla
in terms of local vibrations of the hydrogen-bonded m
ecules along the above-mentioned chains. A thorough inv
tigation of the molecular motions by an instantaneous nor
mode analysis has confirmed such an interpretation.14
il:
7 © 2001 American Institute of Physics
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In this paper we present the results of the analysis of
transverse current in a system representative of hydro
chloride ~HCl!, obtained by computer simulation. Besid
being simpler, the consideration of the transverse curren
stead of the longitudinal one has the advantage of bypas
the problem of the poor knowledge of some thermodyna
parameters such as specific heats and sound velocity.

The aim of this work is to explore the relevance
hydrogen-bonding strength in determining the dynami
properties of molecular liquids. At first, the structural pro
erties of the system are discussed to show that despite
presence of electrostatic forces HCl does not share the p
liar local ordering of other hydrogen-bonded systems~e.g.,
water and HF!. Such a behavior is found to be reflected a
in the dynamical quantities so that at the end of our anal
we can concluded that HCl is more similar to a monatom
liquid ~like argon! rather than to water.

The paper is organized as follows: in Sec. II we pres
the model used to perform the molecular dynamics~MD!
simulations along with the relevant radial distribution fun
tions which illustrate the structural arrangement of the m
ecules; in Sec. III we report the results for the transve
current and the comparison with the analysis performed
terms of viscoelastic approximation. Section IV reports so
concluding remarks.

II. MOLECULAR DYNAMICS SIMULATION AND
STATIC PROPERTIES

The simulation of HCl has been performed by using
C* potential model implemented by Klein and McDonald15

It consists of interaction sites over the hydrogen and chlo
atoms which accounts for repulsive forces and short ra
dispersive contributions. Fractional charges, which give
to long range interactions between the molecules, are dis
uted over the hydrogen, chlorine, and an intermediate sit
account in an effective way for the electronic distribution
the molecule. These long range interactions are treated
the reaction field method. A reasonable agreement with
thermodynamic properties is achieved and the essential
tures of the experimental structure factors are reproduce16

Molecular dynamics simulations were carried out a
liquid densityr51.186 g/cm3 and at an average temper
ture ^T&5201 K. The time step of integration was 2 f
which leads to a good conservation of the total energy. T
system under consideration consists of 512 molecules w
were enclosed in a cubic box with periodic boundary con
tions. The box length,L529.681 Å, fixes the minimum
wave-vector compatible with the system size tokmin52p/L
50.2117 Å21.

The radial distribution functions evaluated during t
run are reported in Fig. 1. It is apparent that hydrogen bo
ing is present in the liquid, since the H–Cl distribution ha
fist maximum at a distance shorter than the position of
first peaks of both H–H and Cl–Cl correlations. Howev
the relatively low strength of the hydrogen bond is deduc
from the fact that the first peak position of the Cl–Cl pa
distribution function, at 3.8 Å, does not differ too much fro
the size of a chlorine ion, 3.62 Å.17 In HCl the Einstein
frequency (V0'13 ps21) is consequently found to be con
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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siderably lower than in water (V0'35 ps21) and HF (V0

'33 ps21). The short range arrangement of molecules d
not present any peculiar feature. For example, the numbe
first neighbors for each molecule turns out to be'12, close
to the value expected for a simple monatomic liquid.

III. DYNAMICAL QUANTITIES

The key quantity, we dwell on is the transverse curre
correlation function, defined by

CT~k,t !5~1/N!^ jT* ~k,0!• jT~k,t !& ~1!

with

jT~k,t !5(
i

N

k̂3vi~ t !exp~ ik"r i~ t !!. ~2!

Here k̂ is the unit vector along the wave vectork, whereas
r i(t) andvi(t) represent the position and the velocity of ce
ter of mass of theith molecule, respectively.

The spectrum ofCT(k,t) can be written as

CT~k,v!5
1

p
Re@C̃T~k,z5 iv!#, ~3!

whereC̃T(k,z) is the Laplace transform

C̃T~k,z!5E
0

`

dt CT~k,t !e2zt. ~4!

Within the Mori–Zwanzig formalism the Laplace transfor
of CT(k,t) can be written as

C̃T~k,z!5
CT~k,t50!

z1K̃T~k,z!
, ~5!

whereK̃T(k,z) is the Laplace transform of the first memo
function of CT(k,t). Using this relation, it turns out that th
spectrum of the transverse current can be written as

FIG. 1. The radial distribution functions of the HCl simulated byC* model
potential: Cl–Cl, solid line; Cl–H, dashed line; H–H, dotted–dashed lin
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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CT~k,v!

CT~k,t50!
5

1

p

KT8~k,v!

@v2KT9~k,v!#21@KT8~k,v!#2
, ~6!

whereKT8(k,v) andKT9(k,iv) are defined as

K̃T~k,z5 iv!5E
0

`

dt cosvtKT~k,t !2 i E
0

`

dt sinvtKT~k,t !

[KT8~k,v!2 iK T9~k,v!. ~7!

A simple approximation ofKT(k,t) is given by the vis-
coelastic model which assumes an exponentially deca
memory function,

KT~k,t !5KT~k,0!e2t/tTk. ~8!

FIG. 2. vT
2(k) by fitting the MD data forCT(k,t)/CT(k,0) on t→0 at small

times.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
g

Here KT(k,t50)5vT
2(k) is the normalized second fre

quency moment of the transverse current spectrumCT(k,v)
which can be expressed as

vT
2~k!52

1

2

@C̈T~k,t50!#

CT~k,t50!
, ~9!

where a dot indicates a time derivative.
We have obtainedvT

2(k) by fitting the MD data for
CT(k,t)/CT(k,0) at short times viaCT(k,t)5CT(k,0)@1
2vT

2(k)t2#.18 The result for this function is shown in Fig. 2
Within the viscoelastic model~8!, Eq. ~6! is transformed into

CT~k,v!

CT~k,t50!
5

1

p

vT
2~k!~1/tTk!

@v22vT
2~k!#21@v~1/tTk!#

2
. ~10!

CalculatingvT
2(k) via Eq. ~9!, this expression contains onl

one unknown quantity,tTk , which is the relaxation time of
the memory function.

The quality of the fitting procedure is shown in Fig.
where the approximated data are compared with the MD
sults for several wave vectors. The agreement is not v
good, especially in the range of small frequencies. The
agreement becomes more pronounced when increasing
wave numberk.

The wave-number dependence oftTk
21 as obtained by

fitting Eq. ~10! to the MD results is reported in Fig. 4.
In the range betweenkmin50.21 Å21 and 0.367 Å21

the spectrum ofCT(k,t) does not present any peak atv
Þ0, thus revealing that below 0.367 Å21 the system canno
support shear waves. Beyond 0.367 Å21 an inelastic peak
appears in the spectra but a single relaxation time mo
cannot reproduce all the features. From the knowledge of
relaxation timetTk we have calculated the wave-vecto
dependent viscosity coefficient.19
FIG. 3. Results forCT(k,v) from ~i! MD simulation
~dashed–crossed line!, ~ii ! the viscoelastic model~solid
line!, and ~iii ! the two-relaxation-times model~dashed
line!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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h~k!5
nm

k2
vT

2~k!tTk, ~11!

wheren and m are the number density and mass of a m
ecule, respectively. The results are reported in Fig. 5.

In order to improve the agreement with the MD data
follow Levesqueet al.20 in their analysis of the transvers
current correlation function in a Lennard-Jones liquid, i.e
second exponential relaxation mechanism is introduced.
presence of two well-separated time scales, rather than b

FIG. 4. Relaxation time 1/tTk : dots are obtained fitting the current spectru
on Eq.~10!.
a

tw
bl

a
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a mere empirical attempt to improve the quality of the fittin
reflects the presence of physically different dec
mechanisms:19 a fast initial decay~‘‘collisional’’ mecha-
nism! and a considerably slower long-time tail, associa
with structural relaxation processes, and accounted for
‘‘mode-coupling’’ frameworks.

In this approximation the transverse memory function
written as

Kt~k,t !5vT
2~k!@~12ak!e

2t/t1k1ake
2t/t2k# ~12!

and consequentlyCT(k,t) becomes

FIG. 5. k-dependent viscosity coefficient.
CT~k,v!

CT~k,t50!
5

1

p

vT
2~k!~A1 /t1k1A2 /t2k!

@vT
2~k!•~A1 /t1k1A2 /t2k!#

21@v•@12vT
2~k!~A11A2!##2

, ~13!
x-
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a
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A15
~12ak!

v21~1/t1k!
2

, ~14!

A25
ak

v21~1/t2k!
2

. ~15!

As in the Lennard-Jones liquids,20 the fitting turns out to
be very good at small and intermediate wave vectors
shown in Fig. 3~dashed line!. Beyondk51 Å21 the agree-
ment progressively worsens and above 1.5 Å21 the second
relaxation channel becomes so weak that the one- and
relaxation-times approximations become indistinguisha
As a matter of factak;0 for k.1.5 Å21 as shown in Fig.
6. These discrepancies at large frequencies are likely to
due to the oversimplified form of the exponential approxim
tion, since it is well known that the exactKT(k,t) must have
a zero slope att→0.18
s

o-
e.

be
-

We notice that the contribution of the longest time rela
ation is relatively small sinceak is always,0.1. The values
of the relaxation times are reported in Fig. 7. Thek depen-
dence oft1k and t2k appears to be quite similar to what
found for liquid argon.20

This observation and the quality of the fitting indicat
that the overall behavior of liquid HCl is similar to that of
simple monatomic liquid. The only noticeable difference a
pears at intermediate wave vectors, where the MD data s
a larger contribution at frequency around 18 ps21. This extra
intensity, which appears as a shoulder in the spectra at ra
large wave vector, parallels the result of other hydrog
bonded liquids (H2O, HF, methanol!11,14 where a clear sec
ond peak appears in the transverse spectra. If this is really
case, the shoulder can be traced back to much more loca
excitations with a nearly flat dispersion relation.

In order to corroborate the above findings we ha
evaluated directly the memory function from the transve
current spectrum. As is well known, the real and imagina
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



n
t

rs

r
e

h
th

e
id
ta

a
ur
th
tly

e

the
rse
tra.
g a
d H
HF
ns-
ave
lar,
aks
ec-
ior

uid
nd

b-

vis-
e.

t of
g a

8471J. Chem. Phys., Vol. 114, No. 19, 15 May 2001 Dynamical properties of HCl
part of the Laplace transform ofKT(k,t) can be expressed i
terms ofCT8(k,v) andCT9(k,iv) @the real and imaginary par
of C̃T(k,iv), respectively# by relations

KT8~k,v!5
CT~k,t50!•CT8~k,v!

CT8~k,v!21CT9~k,v!2
, ~16!

KT9~k,v!5v2
CT~k,t50!•CT9~k,v!

CT8~k,v!21CT9~k,v!2
. ~17!

Thus, the spectrum of the memory function of the transve
current correlation function reads

KT~k,v!5
1

p
KT8~k,v! ~18!

5
1

p

CT~k,t50!•CT8~k,v!

CT8~k,v!21CT9~k,v!2
. ~19!

The correspondingKT(k,t) obtained by the inverse Fourie
transform of Eq.~18! is shown in Fig. 8. We have fitted th
memory functions, so obtained, with Eq.~8! and with Eq.
~12!. In Fig. 8 the results of these fittings are reported. T
fitting parameters are compared with those obtained from
current spectrum in Figs. 7 and 6.

IV. CONCLUSIONS

In the present work we have reported and analyzed s
eral simulation data for the collective dynamics of liqu
HCl, a system in which a scarce amount of experimen
results is available. Neutron diffraction measurements21–23

appear to indicate that in this liquid the hydrogen bond,
though undoubtedly present, is rather weak. Our struct
data are consistent with these findings, thus indicating
the potential model implemented in Ref. 15 is sufficien
realistic. However, from this evidence one cannota priori
infer any conclusion on the actual relevance of H bond
fects in the dynamics.

FIG. 6. Resutls for the coefficientak obtained by~i! fitting the current
spectrum according to Eq.~13!; ~ii ! fitting directly the memory function in
time on Eq.~12!.
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To this goal, we have purposely chosen to investigate
simplest case of collective dynamics, namely the transve
current correlation functions and their associated spec
This choice also has the additional advantage of providin
rather accurate test of the combined role of structural an
bond effects. For instance, although water and liquid
have strong H bonds of comparable magnitude, their tra
verse current spectra show noticeable differences for w
vectors just outside the hydrodynamic regime: in particu
the H2O spectra appear to exhibit transverse inelastic pe
already at relatively small wave vectors, where the HF sp
tra are still characterized by a hydrodynamiclike behav
with a central peak at zero frequency.

As discussed in the text, the features obtained for liq
HCl in this wave-vector range are much less drastic, a
follow a more gradual evolution very similar to the one o
served in monatomic Lennard-Jones liquids.20 As in the lat-
ter systems, the spectra can be analyzed in terms of a
coelastic model characterized by a single relaxation tim
However, as already noted in Ref. 20, a better accoun
most spectral features can only be obtained by adoptin

FIG. 7. The fitting parameter 1/t1k ~a! and 1/t2k ~b!: dots are obtained by
fitting the current spectrum on Eq.~13!; crosses are obtained by fitting
directly the memory function in time on Eq.~12!.
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FIG. 8. KT(k,t): dashed–crossed line is the molecul
dynamics data, line is the fit on Eq.~8!, and the dashed
line is the fit on Eq.~12!.
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memory function characterized by two different relaxati
times.

Having established this, it is worthwhile to point out th
some signature of H-bond effects can persist even in liq
HCl. For example, the shoulder present in the transve
spectra at rather large wave vectors resembles a similar
ture present in much stronger H-bonded systems, suc
H2O and HF. A clearcut analysis of this weak spectral fe
ture present in our data has, however, not been attemp
Further insight in this respect can be gained by pushing
the accuracy of the simulation and by considering additio
probes of collective dynamics, such as the spectra of den
fluctuations and the associated longitudinal currents.
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