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Collective dynamics of liquid HCl: The density–density and longitudinal
current correlations
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In this work the dynamics of density fluctuations in liquid HCl 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 HCl 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. ©2003 American Institute of Physics.@DOI: 10.1063/1.1524620#
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I. INTRODUCTION

In a recent paper1 we have reported the results obtain
by molecular dynamics computer simulation~CS! of the col-
lective transverse current of liquid HCl. The main purpose
that work was to understand the role played by the hydro
bonding on the dynamical properties of this weakly asso
ated liquid. The analysis of the transverse current correla
functions and their associated spectra was performed
terms of the corresponding memory functions. The res
were compared with those obtained for both strong hydro
bonded systems~e.g., water and HF! and, on the opposite
side, simple monatomic liquids~such as the Lennard-Jone
ones!.

From both the experimental2 and CS~Refs. 3 and 4!
side, it was demonstrated that on a length scale of the o
of first neighbors distances, peculiar collective excitatio
can be sustained in both H2O and HF, due to the local orde
induced by the hydrogen bonding~tetrahedral in the case o
water and zig–zag chainlike in the case of HF!. Such exci-
tations appear, at wave vectors larger than a character
value, in the spectra of the longitudinal currents as a non
persive peak, separated from the one due to the presen
propagating density fluctuations~sound peak!, as well as in
the transverse current spectra. In water at normal conditi
this extra peak occurs atv.10 rad/ps when the wave vecto
k exceeds 1 Å21. Its origin is traced back to the ŌO¯O
bending motion of three neighboring molecules.5–7

In the case of HF the extra peak occurs atv
.50 rad/ps, i.e., a frequency higher than that correspond

a!Author to whom correspondence should be addressed. Electronic
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to the sound peak at about the same wave vector. It has
shown that its appearance stems from the hydrogen bon
stretching of a pair of nearest neighbor molecules.7,8 These
results point out the relevance of hydrogen bonding in c
nection to the peculiar local order set up in the system
pending on the geometrical shape of the molecules. In Re
the analysis of the transverse current spectra of HCl thro
a memory function approach revealed that in this system
situation is more similar to the case of simple monatom
liquids. A good fit of the CS spectra could in fact be obtain
by the well known viscoelastic approximation for th
memory function. The only exception is at wave vectorsk
,0.5 Å21, where it is necessary to model the memory fun
tion as a sum of two exponentials in order to achieve a g
agreement at low frequencies.

Finally we noticed that at wave vectors aroundk
.2.5 Å21 an extra intensity appears in the transverse c
rent spectra at frequencies aroundv518 rad/ps, which can-
not be accounted for by any simple model. In order to u
derstand whether this feature can be ascribed to the pres
of some localized motion of hydrogen bonded molecules~as
is the case in water and HF!, we have analyzed the wav
vector dependence of the density fluctuation and longitud
current time correlation functions and the correspond
spectra. In the present paper we report the results of su
CS investigation and draw some conclusions on the effec
hydrogen bonding in determining the dynamical behavior
liquids. The format of this paper is as follows. In Sec. II w
briefly report the details of the molecular dynamics simu
tion and introduce the dynamical quantities we will be co
cerned with. The data are reported and discussed in Sec
Finally, Sec. IV summarizes the main conclusions.
il:
© 2003 American Institute of Physics
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II. COMPUTER SIMULATION DETAILS AND
DYNAMICAL QUANTITIES

For the simulation of HCl we have used the C* potential
model developed by Klein and McDonald,9 which is found
to reproduce reasonably well the thermodynamic proper
of the liquid as well as the essential features of the exp
mental structure factors.10,11 In the model the molecule is
rigid, with the distance between Cl and H atoms fixed ad
51.275 Å. The potential accounts for a Born–Mayer rep
sive interaction between like atoms and a damped disper
series between pairs of Cl atoms. The nondispersive inte
tion between Cl and H atoms has the effect of stabilizing
bent dimer and it is introduced as a crude attempt to incl
hydrogen bonding. More specifically,

UHH~r !59200 exp~2.725r !,

UClH~r !52.05$exp@4.8~r 22.56!#

22 exp@2.4~r 22.56!#%, ~1!

UClCl~r !532.6•105 exp~3.8r !

2 f ~r !S 7420

r 6 1
5.56•104

r 8 1
4.75•105

r 10 D ,

where energies are expressed in kJ/mol and distances in˚ng-
strom and where

f ~r !5expS 2
5.52r

2 D r ,5.5

51 r>5.5. ~2!

Electrostatic interactions are taken into account throug
distributed point charge model. A charge1Q50.592ueu is
placed on the H and Cl atoms and a charge22Q on a site
along the bond at a distance 0.455 Å from the Cl atom.
order to account for the long range contribution to the el
trostatic interactions, the reaction field method was appl
The molecular dynamics simulations were performed a
mass densityr51.186 g/cm3 and at an average temperatu
^T&5201 K, on a system of 512 molecules in a cubic b
with periodic boundary conditions. Then the box length tu
out to beL526.691 Å and consequently the minimum a
cessible wave vector iskmin52p/L50.212 Å21. In order to
achieve a good energy conservation during the CS runs
time step of integration was fixed atdt52 fs. Runs as long
as 500 000 time steps were carried out to obtain a good
tistical accuracy for the evaluated correlation functions. T
dynamical variables we are interested in are the wave vec
dependent number density,

n~k,t !5(
i 51

N

exp~ ik"r i~ t !! ~3!

and the longitudinal current

j L~k,t !5(
i 51

N

@ k̂"vi~ t !#exp~ ik"r i~ t !!, ~4!

wherer i(t) andvi(t) represent the position and the veloci
of the center-of-mass of thei th molecule andk̂ is the unit
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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vector in the directionk. The correlation functions relative to
these two variables are the intermediate scattering funct

F~k,t !5
1

N
^n* ~k,0!n~k,t !& ~5!

and the longitudinal current correlation function

CL~k,t !5
1

N
^ j L* ~k,0! j L~k,t !&, ~6!

respectively.
In order to evaluate the errors on the spectra we h

used an autoregressive~AR! model to represent the simula
tion data.12 In this model a random process is generated
cording to

xn5 (
k51

p

akxn2k1jn , ~7!

whereak are constants arejn are independent Gaussian ra
dom variables with zero mean and variances2. The param-
eters of the model are chosen so that the spectrum of
random process is as close as possible to the spectrum o
quantity of interest.

III. COMPUTER SIMULATION RESULTS

The dynamical structure factors,S(k,v), obtained by a
Fourier transform of the intermediate scattering functio
F(k,t), are reported for a series of wave vectors in Fig. 1

We notice that the maximum error occurs at a frequen
v50, and its relative magnitude is of the order ofDS

56%.
At the first two reported wave vectors, a pronounc

shoulder at finite frequencies is apparent, indicating the p
ence of damped sound waves even at wavelengths com
rable with nearest neighbor distances. The situation is sim
to the one found experimentally13,14 and by CS~Ref. 15! for
liquid alkali metals, even if in this case a well defined pe
appears which persists to comparatively larger wave vect
In the case of HCl, ask increases, the shoulder becom
broader and broader, thus indicating that the sound wav
overdamped, and eventually disappears.

To follow the k-dependence of the inelastic feature
rather thanS(k,v), one usually considers the spectra of t
longitudinal currents, shown in Fig. 2 at the same wave v
tors.

We notice that the maximum error occurs at the f
quency where the spectrum has its maximum, and its rela
magnitude is of the order ofDC54%.

The resulting values of the peak frequencyvP(k) are
shown in Fig. 3. DividingvP(k) by k one obtains an effec
tive sound velocityvP(k), reported in Fig. 4 along with the
corresponding values of the isothermal sound velocity
duced from the expression,

c0~k!5A kBT

mS~k!
~8!

and of the ‘‘infinite frequency’’ longitudinal sound velocity
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. Dynamical structure factor at differentk vectors. Full circles: MD data; solid line: the best fits of viscoelastic model to the MD spectra. The erro
are the results of the AR analysis.
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c`~k!5
vL~k!

k
. ~9!

In Eq. ~8!, S(k) represents the structure factor of the molec
lar centers-of-mass,m is the total mass of the molecule
whereas in Eq.~9!, vL(k) is the normalized second fre
quency moment of the longitudinal current spectra, obtai
from the CS data by fitting the short time behavior of t
corresponding functions. Since the ratio of specific heatg
5cp /cv is not known for pure liquid HCl, it is not possibl
to derive any value for the adiabatic sound velocitycs(k
50)5Agc0(k50). As shown in the following, the analysi
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
-
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in terms of generalized hydrodynamics will allow us to es
mate g and consequently a value for the adiabatic sou
velocity otherwise unknown.

The picture that emerges from these data is very sim
to the one describing the collective dynamical properties
monatomic liquids and in particular of alkali metals. At in
creasing wave vectors, beyond the hydrodynamic limit, d
sity fluctuations can propagate in HCl with a velocity high
than the isothermal one. These density waves become o
damped fork.0.6 Å21. This positive sound dispersion ac
counts for the well known solidlike response of the syst
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. The spectra of the longitudinal current at differentk vectors. The spectra are obtained fromCL(k,t) calculated from MD. The error bars are the resu
of the AR analysis.
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on a length scale of the order of first neighbor distanc
where the ordering of the molecules is more pronounced,
close to that of a crystal. By inspection of the longitudin
current spectra, there is no evidence of extra peaks at
investigated wave vector. Therefore the present results do
confirm the observation of a second feature atk.2.5 Å21 as
made in the analysis of the transverse current spectra. In
respect, hydrogen bonding appears to have little influence
the dynamical properties of HCl.

A deeper insight into the physical processes underly
the collective dynamics can be obtained by the mem
function approach.16 In this framework one starts writing th
dynamical structure factor in terms of the Laplace transfo
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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of the intermediate scattering functionF̂(k,z) as

S~k,v!5
1

p
Re@ F̂~k,z5 iv!#, ~10!

F̂(k,z) can be expressed in terms of its second or
memory functionK̂L(k,z),

F̂~k,z!5
S~k!

z1
^vk

2&

z1K̂L~k,z!

, ~11!
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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where^vk
2&5c0

2k2. After some algebra the dynamical stru
ture factor can eventually be written as

S~k,v!

S~k!
5

1

p

^vk
2&KL8

@v22^vk
2&2vKL9#21@vKL8#2 , ~12!

whereKL8 andKL9 are the real and the negative of the ima
nary part ofK̂L(k,z5 iv), respectively. For brevity theirk
andv dependence has been omitted.

In order to give a description ofS(k,v) on a micro-
scopic scale, we have performed a fitting procedure of
CS results with a viscoelastic approximation for the mem
function KL(k,t), as done for the transverse current.1 How-
ever, in contrast with the transverse case, the coupling to
thermal fluctuations has to be taken into account here.16 Con-
sequently the memory functionKL(k,t) is written as

FIG. 3. Thek dependence of theCL(k,v) peak position.

FIG. 4. Thek dependent phase velocityvP(k)5vP(k)/k ~full circles!, the
velocity c0(k) from Eq. ~8! ~dashed line! and the ‘‘infinite-frequency’’ lon-
gitudinal velocityc`(k) defined in Eq.~9! ~solid line!. The arrow indicates
the value of the adiabatic sound velocitycs5Agc0 , obtained by extrapolat-
ing g(k) andc0(k) at k50.
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KL~k,t !5@vL
2~k!2g~k!^vk

2&#exp@2t/t~k!#

1~g~k!21!^vk
2&exp@2tA~k!k2#. ~13!

Equation~13! guarantees that all the moments ofS(k,v) are
correct up to the fourth. It extends the hydrodynamic resul
finite wave vectors, by introducing thek-dependent coeffi-
cientsg(k) and A(k), which in the limit of k→0 coincide
with the ratio of specific heats and the thermal diffusivi
respectively. The first term in Eq.~13! accounts for the ‘‘vis-
cous’’ relaxation mechanisms of the density fluctuatio
through the single relaxation timet(k), whereas the secon
one accounts for the relaxation of temperature fluctuatio
This term becomes ineffective wheng(k) approaches unity,
as is the case for alkali metals and even water. In our fitt
procedureg(k), t(k), and A(k) are free parameters to b
adjusted to obtain the best reproduction of the CS data
the dynamical structure factor. An extrapolation atk→0 will
provide an estimate ofg.

For the sake of completeness we report also the exp
sions forKL8 andKL9 which result from the model, Eq.~13!,

KL8~k,v!5
@vL

2~k!2g~k!^vk
2&#/t~k!

v21t22~k!

1
~g~k!21!^vk

2&A~k!k2

v21~A~k!k2!2 , ~14!

KL9~k,v!5vFvL
2~k!2g~k!^vk

2&
v21t22~k!

1
~g~k!21!^vk

2&
v21~A~k!k2!2G .

The insertion of Eqs.~14! into Eq. ~12! allows us to
write the dynamical structure factor in terms of the para
eters of the model.

In order to obtain reasonable values for the parame
~e.g., avoiding negative values ofg! a careful fitting proce-
dure has to be performed. Since there are only three
parameters it is possible to scan the whole parameter s
bound to certain maximum and minimum values oft(k),
A(k), andg(k) and choose those parameters for which ax2

estimate gives the best approximation to the curve from
CS results. For example, an initial value fort(k) was chosen
close to the value which gave the best fitting for the tra
verse current spectra within the same single relaxation t
approximation. The results are summarized in Figs. 5, 6,
7 for t(k), A(k), and g(k), respectively. The shapes o
S(k,v) obtained with the best fitting parameters are repor
in Fig. 1 along with the CS data. It appears evident that
agreement is very good in the whole range of reported w
vectors, the only discrepancy being the fact that the mo
tends to overemphasize the presence of propagating de
waves. In fact a tiny little bump is still present in the spec
at a wavevector as large as 2.54 Å21, in contrast to what it is
apparent from the CS data. In Fig. 5 the values of the r
1/t(k) are compared with the corresponding ones found
the fitting procedure of the transverse current spectra b
viscoelastic model.1 The fact that these relaxation rates tu
out to be close to each other parallels similar results obtai
in Lennard-Jones liquids.17 It is interesting to note that the
coefficientg(k) decreases rapidly to unity with increasingk,
thus making the coupling between density and energy fl
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tuations virtually negligible at wave vectors of the order
1.0 Å21. An extrapolation of these data atk→0 leads to a
value ofg52.460.1.

The similarities of these results with what is known f
the collective dynamical behavior of monatomic liquids~al-
kali metals or Lennard-Jones systems! suggest an investiga
tion as to which extent an effective potential between t
molecules resembles the interaction potential acting betw
two particles in an atomic liquid. As already mentioned t
full potential energy is the sum of site–site terms, i.e., th
reported in Eq.~1! plus the Coulomb electrostatic contribu
tions.

If V(R1 ,R2 ,V1 ,V2) is the full interaction potential be
tween molecule 1 at positionR1 with orientationV1 and
molecule 2 at positionR2 with orientation V2 , we have
evaluated the integral,

FIG. 5. The viscoelastic relaxation rate deduced from the best fit of
viscoelastic approximation toS(k,v) ~full circle! and the viscoelastic relax
ation rate deduced from the fit of the transverse current~cross!.

FIG. 6. A(k) from the best fit of the viscoelastic approximation toS(k,v).
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
f

o
en

e

v~ uR12R2u!5
1

~4p!2 E V~R1 ,R2 ,V1 ,V2!dV1dV2 .

~15!

The results of this calculation are reported in Fig.
which also shows a Lennard-Jones potential having the s
well depth and position of the minimum as the calculat
one. This effective potential turns out to be slightly less
pulsive at short separations and to decrease less rapidly
the Lennard-Jones one at larger distances. A separation o
potential into an electrostatic and a nonelectrostatic contr
tion ~reported in the inset of Fig. 8! gives some insight into
the importance of hydrogen bonding. Assuming that this f
ture is present mainly due to the electrostatic terms in
potential, it is seen that the minimum of the potential
shifted to smaller distances due to electrostatics. This
direct evidence that the hydrogen-bond tends to decreas
interparticle distance from;4.1 to ;3.9 Å. As is also
found, the depth of the potential is drastically decreased fr
;1 kJ/mol ~a value close to the one for argon! to
;4 kJ/mol, which stabilizes neighbored particle assoc
tions.

Moreover the potential does not present any oscillat
around zero at long distances, in contrast with the beha
of the pseudopotential adopted for alkali metals. As far as
density effect on the liquid structure this effective potent
leads to a behavior again similar to simple monatomic s
tems; in fact the number of first nearest neighbors turns
to be close to eleven in the thermodynamic state explore
the present work. Since the center-of-mass pair distribu
function of HCl is close to the one of a Lennard-Jones liqu
one is tempted to conclude that even the collective dyna
cal features are similar. The present analysis of the den
and longitudinal current correlations as well as the previo
study of the transverse case indeed supports such an ex
tation.

IV. CONCLUSIONS

The present analysis of the collective dynamics of liqu
HCl, at the level of density fluctuations and longitudinal cu

e FIG. 7. Thek dependence of the ratio of the specific heatg(k).
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 8. The average potentialv(r ) of Eq. ~15! ~solid
line! and a Lennard-Jones potential with the same de
and minimum position ofv(r ) ~dotted line!. The inset
shows the separation into electrostatic~dotted–dashed
line! and nonelectrostatic contribution~dashed line!.
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rents, has clarified some unclear aspects of this weakly
drogen bonded system. First of all, contrary to what could
deduced from the observation of the transverse current s
tra, the longitudinal ones do not show any evidence of ex
peaks appearing at some peculiar wave vector. At this le
one can therefore exclude any strong influence of hydro
bonding in characterizing the collective dynamics. Secon
the analysis of density fluctuations by the memory funct
formalism has shown that the standard approximati
adopted for monatomic liquids lead to a satisfactory rep
duction of the spectral shapes. However, it is essentia
account for the coupling to thermal fluctuations through
wave vector dependent specific heat ratiog(k). By the fit-
ting procedure we were able derive values forg(k) which,
when extrapolated tok50, allowed to estimateg and conse-
quently the adiabatic sound velocity, otherwise unknown

In HCl propagating density waves are found to be w
defined up to k050.6 Å21, i.e., .0.34km , where km

51.76 Å21 represents the position of the main peak
S(k). In this respect HCl behaves in an intermediate w
between molten alkali metals (k0 /km.0.76) and Lennard-
Jones liquids (k0 /km.0.15). As pointed out by Lewis an
Lovesey,18 this behavior can be associated with the more
less symmetrical shape of the potential well near the m
mum. The calculation of an effective two body interacti
potential energy between two molecules has indeed reve
that this function turns out to be less steep at short an
decay to zero less rapidly at long distances; a result in ag
ment with the Lewis and Lovesey conjecture.
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