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Molecular dynamics simulation of ion transport in moderately dense gases
in an electrostatic field
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Panepistimiopolis, 15771 Athens, Greece

~Received 28 May 2003; accepted 4 September 2003!

The motion of ions in moderately dense gases under the action of an electrostatic field is simulated
through a nonequlibrium molecular dynamics method. The method is developed through
consideration of multiple ion-neutral collisions in a previously established procedure for
low-density gases. The first two moments of the ion velocity distribution function for the
representative system of K1 in Ar are calculated at various gas densities and field strengths and
through them the mobility and two effective temperatures, parallel and perpendicular to the field.
Additional tests for the accuracy of analytic expressions for the effective temperatures in terms of
drift velocity and differential mobility derived from a three-temperature treatment of the Boltzmann
kinetic equation were successful supporting the extension of use of generalized Einstein relations in
this area. The procedure is easily extendable to the case of molecular ions with internal degrees of
freedom. © 2003 American Institute of Physics.@DOI: 10.1063/1.1622377#
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I. INTRODUCTION

We extend the use of a molecular dynamics~MD!
method1 for the simulation of the motion of nonreacting ion
in an electrostatic field to systems involving moderat
dense gases. Originally, the method was designed for
study of the ion motion in low-density gases, as taking pla
in conventional drift-tube experiments2 where the transpor
of the ions is controlled solely by binary ion-neutral col
sions. By allowing monitoring of triple and higher orde
multiple interactions in the MD method we are able to sim
late the motion of ions in moderately dense gases where
kinetic theory treatment of ion-transport is expected to
tend in the future. In addition, the method will reproduce t
motion of ions at atmospheric conditions, where plas
chromatography or ion mobility spectrometry2,3 operates and
other mobility experiments are conducted.4

So far, experimental interest has mainly been conc
trated either to low-density systems at arbitrary field stren
or to liquid and gas systems at various densities and w
fields, for different purposes. In the former, the predom
nance of binary collisions simplifies the ion-neutral col
sions and makes possible the interpretation of the experim
tal data through a kinetic theory description based on a t
body ion–atom interaction potential.2 The field strength
behaves as an operational parameter similar to tempera
enabling the determination of ion-neutral potentials
atomic species over a wide range of internuclear separat
through inversion of atomic ion-transport data.5 Other micro-
scopic properties such as ratios of thermally averaged c
sections for elastic and inelastic scattering of molecu
ions,6 cross sections for atomic species and reaction c
sections have also been probed.7 In this limit, details of the
ion dynamics are reproduced through simulation meth
based on Monte Carlo8 and nonequilibrium molecular dy
namics methods.1
11370021-9606/2003/119(21)/11374/6/$20.00
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In the case of dense gaseous systems where many-
collisions take place experiments are conducted at low fie
for the determination of mobility and its dependence on m
roscopic state properties of the buffer fluid.4,9,10 The kinetic
theory treatment of the ion motion connects the transp
properties to microscopic properties such as the ion–a
interaction potentials11 or to mesoscopic properties such
the frictional forces and the ionic radii.12,13 In addition, the
simulation of the ion motion through MD methods has be
used for the reproduction of the transport data as well as
the study of their dependence on structure and dynamics13,14

The transition from low-density gas to high-density g
or liquid has also been studied experimentally15 and the re-
gion where the kinetic theory treatment of the ion motion h
to be replaced by the hydrodynamic description has b
determined.

The present MD method is expected to extend the ab
studies at nonvanishing fields where the repulsive part of
potential contributes in the interactions and the ion mot
acquires a cylindrical symmetry with the transport differe
tiated in directions along and transverse to the field. In g
eral, the study of the density dependence of mobility a
ion-diffusion coefficients parallel and perpendicular to t
field will provide information about multiple ion-neutral in
teractions. It will thus become possible to probe the me
microscopic density around the ion and dynamic propert
such as velocity-, force-, and other correlation functio
among others. Further, since kinetic theory can be exten
in this area, as in the case of moderately dense gases,16 the
results of the current method are expected to assist in
development of an analytic theory treatment of the ion m
tion at nonvanishing fields.

To make apparent the resulting density dependence
the ion transport properties we consider below density
pansions valid at moderate gas density for both mobility a
4 © 2003 American Institute of Physics
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diffusion coefficient for completeness though only t
former will interest us here. Thus, at low buffer gas dens
where binary collisions prevail, the mobility,K, and the com-
ponents of the ion-diffusion coefficient in longitudinal an
transverse directions to the field,DL,T , when multiplied by
the gas number density,N, depend on the field strength,E,
and the gas density only through the ratioE/N. In addition,
the irrelevance of the direction of the field in the transp
properties indicates that the ion transport coefficients can
expanded in even powers ofE/N,2

K0~E/N!5K~0!@11a2~E/N!21a4~E/N!41¯#, ~1!

NDL,T~E/N!5ND~0!@11d2
L,T~E/N!2

1d4
L,T~E/N!41¯#, ~2!

where K0 is standard mobility,K05NK/N0 , with N0

52.686 76331019cm23, the ideal gas density at standa
state ofT5273 K andP51 atm. Also,K0(0) andD(0) are
transport properties at zero field strength. The coefficiena
andd are independent ofE andN though they still depend on
gas temperature,T. These expressions, however, conve
well only up to fields of moderate strength.

At moderate- and high-density buffer fluids these exp
sions have to be extended so that the field and density
pendencies appear separately. Here, we prefer to keep a
dependent variablesE/N andN in order for the expansion
to approach the ones of low density. Thus, we denote
mobility and diffusion coefficient at high density bym andd,
respectively, and consider

m0~E,N!5K0~E/N!1K2~E/N!N21K3~E/N!N3...,
~3!

NdL,T~E,N!5NDL,T~E/N!1D2
L,T~E/N!N3

1D3
L,T~E/N!N4..., ~4!

with m05mN/N0 . The first terms in the expansions are t
low-density limits of the transport coefficients present
above, Eqs.~1! and ~2!. Further, since in this limitm0 and
NdL,T are independent ofN, the limiting values of the trans
port coefficients will constitute a local extremum with r
spect to the density dependence and therefore the c
sponding linear terms have been excluded. The remain
expansion coefficients should depend onT and even powers
of E/N. The series however is expected to converge wel
low gas density.

In the following, we first present the MD method deve
oped for the simulation of the motion of ions in dense gas
In Sec. III, the method is applied in the case of a repres
tative ion–atom system, K1 – Ar. It thus becomes possible t
study the effect of density on the mobility and the me
kinetic energies parallel and perpendicular to the field. Si
there are no other independent results for comparison in
area, the accuracy is established through statistical anal
Further, using the simulation data we test the performanc
analytic expressions for the effective temperatures obta
from kinetic theory treatment of the ion transport at low g
density. Finally, in the conclusion we summarize our resu
and present areas of potential application of the current
method.
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II. NONEQUILIBRIUM MOLECULAR DYNAMICS
SIMULATION METHOD

The system consists of independent ions moving in
moderately dense gas under the action of an electros
field. The ions acquire a steady motion due to frequent m
tiple collisions with gas atoms which are assumed to be
excess so that the dissipated energy they acquire from
ions is extracted from the system efficiently without the
macroscopic state being disturbed from equilibrium.

The reproduction of the ion motion through an M
simulation method is based on the successive integratio
Newton’s law for all particle positions over a small tim
interval.17 However, since it is impractical to simulate with
computer the irreversible action of the buffer gas by cons
ering many molecules~degrees of freedom!, effective meth-
ods are invoked for that purpose.

Here, we employ a method that has been developed
low-density systems in the past1 and allows the simulation o
the scattering of the ions by the neutrals without interru
tions from the temperature preserving procedure. This is n
essary at low densities since transport properties depen
the details of the ion–atom interaction.

According to the low-density approach, as depicted
Fig. 1, the neutrals interact only with one another and
considered without the effect of forces exerted from the io
~first equilibrium MD simulation!, though each of the ions
interacts only with images of the neutrals~second simula-
tion!, and in addition feels the force exerted from the ele
trostatic field. The images are created, specifically for e
ion, in the memory of the computer at the beginning of
ion-neutral encounter and last as long as this interac
takes place. We mention that the space coordinates and
volume match in the two procedures and that each ion
interact with any of the atoms of the first procedure. T
range of the interaction region is defined through a cut
radius,Rc53.2s, wheres is a distance scaling factor for th

FIG. 1. Two-dimensional analog of the nonequilibrium MD procedure
the simulation of the ion motion in gases under the action of an electros
field. Rc is a cutoff interaction radius and Re is a radius for the generatio
images of atoms in dense gas systems specifically for each ion~in low
densities Rc[Re!.
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gas interaction potential. This radius covers a few times
internuclear distance at the minimum of the ion–atom int
action potential. With these requirements the approach is
act whenever binary uncorrelated ion-neutral collisions t
place.

To extend the method to higher densities we have
consider the possibility of triple and higher multiplicity in
teractions taking place. At the gas density and field stren
ranges considered here,N up to 1.0 nm23 and E/N up to
300 Td (1 Td510221Vm2), the collisions remain mostly bi
nary except at the highest limit of the density where the io
encounter correlated pairs of atoms. Such species are tre
as dimers in the kinetic theory treatment of moderately de
gases18,19 and their population has been studied in the pa
Using the reduced equilibrium constants for the dimer f
mation for Ar and the interaction parameters of Kim a
Ross,19 for example, we find the dimers to be less than ab
a few percent of the gas atoms at 300 K and 10 atm an
reach 10% at the highest densities considered here.

Expecting, thus, ions to encounter mostly such pairs
atoms and higher multiplicity interacting atoms with low
probability, we have introduced two modifications in th
low-density method in order to simulate the motion of t
ions in moderately dens gases. First, as presented in Fi
the reproduction of the motion of an ion as it approaches
image of an atom, A, which interacts with other atoms, su
as B, requires the monitoring of all secondary interact
atoms, B. For this reason the cutoff radius, which contr
the generation of the images of neutrals, has been incre
to 6s. This value has been decided after studying results
simulations until calculated properties varied below a reas
able statistical error. However, the increase of the cutoff
dius is not unlimited, since the volume of the simulation c
has to be increased appropriately and similarly the numbe
simulated species so that the density remains at a presc
value.

Further, the generated images of atoms are allowe
interact with one another with the standard cutoff radius
3.2s. We also mention that many-body interactions of an
with independent atoms are treated accurately as in the
of the low-density method.

Technically, in this approach, two independent M
simulation procedures are considered in parallel. In the
simulation procedure, the moderately dense gas is re
duced at equilibrium alone providing initial conditions fo
the atoms that interact with the ions of the second proced
In the second procedure, however, the drifting of a num
of independent ions is simulated together with the motion
images of gas particles generated specifically for each
Thus, around each ion an ion-specific microenvironmen
images of neutral atoms is created. In general, new image
neutrals are created at the front of the ion as it moves in
direction of the field and old images are left behind, a
eventually disappear, especially with the additional drag
erted on them by the rest of the~images of! gas atoms.

The above approach allows effectively the extraction
the thermal energy from the system with the use of equi
rium MD methods and periodic boundary conditions, ev
though the nonequilibrium motion of the ions acquire cyl
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drical symmetry, due to the action of the electrostatic fie
For the integration of the equations of motion we empl
here the Verlet algorithm17 which is fast and stable fo
atomic systems.

The whole procedure enables the calculation of mome
of the velocity distribution as follows. The first moment d
termines the mean ion velocity,vd5^vZ& with the field in the
z direction, and through this the mobility,m5vd /E. In ad-
dition, the mean kinetic energies parallel and perpendicu
to the field or relevant effective temperatures are determi
through the second moments,

TL5
m

k
^~vZ2vd!2&

and

TT5
m

k
^vX

2&5
m

k
^vY

2&.

Higher order moments of the velocity distribution functio
such as the skewness parameter,d5^(vZ2^vZ&)3&1/3/^(vZ

2^vZ&)2&1/2, can also be calculated easily, though they w
not concern us here. The brackets in the above express
indicate statistical averaging generated by the MD simulat
method.

Other transport properties such as ion diffusion coe
cients, third order transport properties, etc., can also be
termined through the calculation of velocity autocorrelati
functions. The latter contain dynamic information about t
ion motion and require large amounts of computer time.

We turn now to the calculation of the first few momen
of the velocity distribution function of an actual ion-neutr
system.

III. APPLICATION

As a representative system we consider K1 moving in
Ar gas, using an ion–atom universal interaction mod
potential20 which has been tested in the past through co
parisons of MD simulations results and kinetic theory calc
lations against experimental mobility and diffusion coef
cients. For the Ar–Ar interaction we employ a Lennar
Jones potential21 with e5119.7 K ands53.405 Å. This
effective potential is used here because it reproduces b
state properties of Ar over a range of high densities. Spe
cally, we find experimental pressure data22 to be reproduced
at 300 K and up to 40 atm within the experimental accura
which is about 2%. Other more complex accurate two-bo
potentials exist in the literature but reproduce well only lo
density properties. In addition, the LJ potential is one or
of magnitude faster in computation than the more elabo
latter model potentials.

In order to obtain accurate results, we are simulating 5
independent ions in runs of 106 time steps with time interva
of 3310215s. The gas is relaxed at an equilibrium state
300 K and at densities ranging from around 0.03 nm23 to 1.0
nm23 with the corresponding gas pressure varying from
atm to about 40 atm. The cutoff radius for the interaction
the gas atoms has been set equal to 3.2s, wheres is the
distance at which the gas interaction potential vanishes.
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cutoff radius for the generation of neutral images, howev
has been set equal to 6s, forcing us to consider a simulatio
box of large volume in order for the cutoff radius to rema
within the box. We therefore choose to use 500 gas ato
though even 108 gas particles would have served all o
purposes. The obtained simulation data are available u
request.

The present results at about 1 bar and 300 K coinc
with the ones obtained in the past at drift tube experime
conditions.1 In this case it has been found that the expe
mental mobility and diffusion coefficients were reproduc
within the experimental accuracy and, in addition, compa
sons against kinetic theory results obtained from a mom
solution of the Boltzmann kinetic equation using the sa
ion–atom interaction potential were also successful wit
the uncertainties of both approaches.

At moderate gas densities,vd and the mobility have con
verged below 1% and the effective temperatures around
at all field strengths presented here. AsN andE/N increase
together, the field becomes very strong causing high ac
erations to the ions during their free flights between co
sions. Although the time step still remains appropriate for
accurate integration of the equations of motion, the insta
neous velocity of certain ions occasionally becomes v
large. Since beyond a velocity limiting value an ion m
accelerate continuously~runaway phenomenon! or acquire
long accelerating periods, we have set a velocity cutoff~30
km/s!, beyond which the velocity of an ion is replaced by
local ensemble average value. This procedure protects
spoiling of the statistical averages of calculated phys
properties, provided the total number of the observed ‘‘ru
away’’ events remains small.

The results of the simulation form0 are presented in Fig
2 as a function ofE/N at various densities together with tw
sets of drift tube experimental data at the same field range
comparison.23,24 At pressure below 1 atm the standard m
bility reduces toK0 , Eq. ~3!, and becomes solely a functio
of the combined variableE/N. At higher pressures, howeve
it depends additionally on the gas density as seen in Fig

FIG. 2. Standard mobility,m0 , for K1 in Ar at 300 K as function ofE/N at
various values of the gas density,N. The two sets of experimental dat
marked~1! and ~2! are from Refs. 23 and 24 with 0.5% and 2.0% unc
tainty, respectively.
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To make apparent this density dependence of the calcul
mobility, we presentm0 as a function of the gas density a
various field strengths in Fig. 3. We observe that the mobi
decreases with the gas density and this effect diminishe
strong fields, though at 300 Td a small increase ofm0 is
observed around 1.00 nm23. In general, however, it appear
that fast moving ions are less sensitive to the increase of
gas density at the density range considered here.

Similar density dependence is observed in the case of
effective temperatures,TL and TT , in Figs. 4 and 5. Such
parameters generally remain unobservable but provide in
mation for the form of the velocity distribution function an
are useful intermediate quantities for the calculation of d
fusion coefficients from mobility data through the use
generalized Einstein relations25 ~GER!. In a low order ap-
proximation of the results of the kinetic theory for the io
transport26 the effective temperatures are obtained throug27

kTL5kT1zLmvd
2$11bLK8%, ~5!

kTT5kT1zTmvd
2$11bTK8%, ~6!

FIG. 3. Standard mobility for K1 in Ar at 300 K as function of the gas
density at various values ofE/N.

FIG. 4. Effective temperatures parallel to the field as a function of the
density at various field strengths for the system in Fig. 1. Plane lines re
sent simulation results and lines with 5% bars are predictions from Eq.~5!.
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with zL12zT51, zT5(m1M )Ã/(4m13MÃ), bT50,

bL5
12e

11 1
2eK8

11~12e!K8

11~11 1
2e!K8

,

with e5M /(m1M ), wherem andM are the masses of io
and gas atoms, respectively. The parameterÃ is a dimension-
less ratio of two collision integrals with approximate value
0.85 for ion-noble gas systems. Though these express
have been obtained for low-density buffer gases, they do
depend explicitly on the density and therefore they may
extendable to higher densities. To assess their predictive
ity at moderately dense gases we calculate the effective
peratures from the above expressions using as input dat
drift velocity and logarithmic differential mobility,K8
5d ln K/d ln(E/N), obtained from the present results. Com
parisons against simulation results are presented in Fig
and 5. We observe that the simulation data forTi andT' are
reproduced within 5% and 3%, respectively, in the wh
range of field strengths and densities employed here. T
result is promising for the development of GER at moder
gas densities and high fields, though general production
such relations is required and relevant tests have to be
ducted for their establishment.

Since there is no kinetic theory treatment of the mot
of ions in dense gases at nonvanishing fields, in orde
interpret the present results we have to resort to the low fi
kinetic theory results of Daviset al.11 for model interactions
as well as to mobility expressions obtained from a tw
temperature moment solution of the Boltzmann kinetic eq
tion for ions in low density gases and arbitrary fie
strength.2,28 The former treatment separates the ion–atom
teraction in two parts; one due to an effective hard core
radiuss and a second part representing the attraction,V(R).
These contributions emerge in the resulting expression
the mobility,

m5
e

~8/3!Ns2g~s!@2pmkT#1/21z
, ~7!

FIG. 5. Effective temperatures perpendicular to the field as a function o
gas density at various field strengths for the system in Fig. 1. Plane
represent simulation results and lines with 3% bars are predictions
Eq. ~6!.
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where g(s) is the ion-neutral pair-correlation function a
contact andm is the relative mass. The first part of the d
nominator includes the effect of the hard core of the poten
and the second one the friction exerted on the ion by
attraction of the medium. The latter can be approxima
by29

z25 1
3rE ¹2V~R!g~R!dR ~R>s!, ~8!

wherer is the mass density of the fluid. The expression fom
is in conformity to the kinetic theory analytic results at lo
gas density and arbitrary field strength, provided the mac
scopic variables determining the gas state and the ion d
as well as the ion–atom interactions, are set alike in the
approaches. Specifically, in the former approach the lo
density limit has to be taken withj set to zero andg(s)
'1. Similarly, in the latter approach the low field limit has
be considered with hard-sphere ion–atom interaction.

Since, however, the Boltzmann kinetic theory results
ply also at high fields we expect Eq.~7! to be extendable to
nonvanishing fields by arguing as follows. Within the fir
order approximation of the two-temperature solution of t
kinetic equation, extension to weak fields is obtained throu
replacement ofT by an effective field-dependent ion tem
perature,

Teff5~mTi1MT!/~m1M !, ~9!

with

3
2kTi5

1
2m^v2&,

wherev is ion velocity. The same replacement ofT by Teff in
Eq. ~7! should extend its application at least to weak field
In addition, application to actual interaction can be ut
ized through replacement ofs2 by the collision integral
V (1,1)(Teff)/p of the two temperature theory. TheV integral
should be calculated through the use of the repulsive par
the interaction potential only.

With the above considerations we can then deduce
the observed density dependence of the mobility,m0 , at low
approximation has to come from the dependence of the
lision integral onTeff and the dependence ofg(R) on the
density. In the first case,V is a decreasing function ofTeff

and the latter has been found here to vary appropriately w
density at certainE/N ratio by approximatingTeff5(TL

12TT)/3 ~Figs. 4 and 5!. Further, the density dependence
ion–atomg(R) is more difficult to analyze since it has no
been probed at nonequilibrium steady state conditions. H
ever, as the density increases at normal temperature one
pects the development of a weak structure around the i
which in turn causes their slowing down. Similar but mo
pronounced effects have been observed in the case of d
gases where associative collisions and clustering have b
suggested for the explanation of the density dependenc
the mobility.15

Thus, except from the modification of the thermally a
eraged ion–atom cross sections, we find the resulting tra
port properties to be sensitive to the state of the buffer m
dium. The ion–dimer atom interactions have been found
to deteriorate the accuracy of the present results as sim

e
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tion tests with double duration indicate. However, for calc
lations beyond the present density limit, in order for trip
and higher multiplicity gas interactions to be accurately
produced the cutoff radius for the generation of images
neutrals has to be increased. Finally, we note that the pre
high field results are out of experimental reach since field
to thousands of kV/cm would be needed to attainE/N values
at 300 Td.

IV. CONCLUSIONS

We have presented a molecular dynamics method for
simulation of the ion transport in moderately dense gases
arbitrary field strength. As an example, for a representa
system we have calculated the density dependence of m
ity and mean kinetic energies or effective temperatures
allel and perpendicular to the field at intermediate and str
electric fields. Similar calculations can be implemented
diffusion coefficients longitudinal and transverse to the fie

Extension to ions in high-density buffer gases and l
uids at nonvanishing fields requires a change in the op
tional parameters or modification of the present proced
for the generation of new gas images of atoms around an
Specifically, triple and higher multiplicity interactions hav
to be adequately followed in the procedure well before
encounter with an ion takes place. We are working in t
direction at present.

Since the method depends only on the ion and neu
interaction potentials, it can assist the development of kin
theory treatment of ion motion in this area by providin
valuable information about the importance of any analy
theory approximation. In a similar way, the method can as
in the design of future experiments by predicting in advan
accessible properties. Such results enable the estimatio
the accuracy of an experimental procedure and its sensit
to relevant operational parameters.

Finally, extension to polyatomic ions can provide info
mation about microscopic information such as the structu
information,30 interaction potentials,31 and cross sections32

already probed experimentally by ion mobility spectromet
In addition, the method can be implemented for the simu
tion of the drift motion of the ions along the coexisten
curve,15 as well as, close to critical states where the so-ca
parametric resonance is observed.33

ACKNOWLEDGMENTS

The authors would like to thank the Institute of Com
puter Science of the National and Kapodistrian University
Athens. This work was supported by grants from the R
search Fund of the National and Kapodistrian University
Athens, No. 70/4/6482.
-

-
f
nt

p

e
nd
e
il-
r-
g
r
.
-
a-
re
n.

n
s

al
ic

c
st
e
of

ty

al

.
-

d

f
-
f

1A. D. Koutselos, J. Chem. Phys.104, 8442~1996!; 106, 7117~1997!.
2E. A. Mason and E. W. McDaniel,Transport Properties of Ions in Gase
~Wiley, New York, 1988!.

3G. E. Spangler and M. J. Cohen, inPlasma Chromatography, edited by
T. W. Carr~Plenum, New York, 1984!; G. A. Eiceman and Z. Karpas,Ion
Mobility Spectrometry~CRC, Boca Raton, FL, 1994!.

4N. Gee and G. R. Freeman, Can. J. Chem.59, 2988~1981!.
5L. A. Viehland, Chem. Phys.78, 279 ~1983!; 85, 291 ~1984!; C. C. Kirk-
patrick and L. A. Viehland,ibid. 98, 221 ~1985!.

6L. A. Viehland and D. W. Fahey, J. Chem. Phys.78, 435 ~1983!; K.
Iinuma, M. Iizuka, K. Ohsaka, Y. Satoh, K. Furukawa, T. Koike, and M
Takebe,ibid. 105, 3031~1996!.

7L. A. Viehland and C. C. Kirkpatrick, Int. J. Mass Spectrom. Ion Proces
149Õ150, 555 ~1996!.

8H. R. Skullerud, J. Phys. B6, 728~1973!; S. L. Lin and J. N. Bardsley, J.
Chem. Phys.66, 435 ~1997!.

9O. Hill, W. F. Schmidt, and A. G. Khrapak, IEEE Trans. Dielectr. Elec
Insul. 1, 648 ~1994!.

10A. F. Borghesani, D. Neri, and M. Santini, Phys. Rev. E48, 1379
~1993!.

11H. T. Davis, S. A. Rise, and L. Meyer, J. Chem. Phys.37, 947 ~1962!.
12P. G. Wolynes, J. Chem. Phys.68, 473 ~1978!; R. Biswas and B. Bagchi,

J. Am. Chem. Soc.119, 5946~1997!.
13S. H. Lee and J. C. Rasaiah, J. Chem. Phys.101, 6964~1994!.
14S. Koneshan, R. M. Lynden-Bell, and J. C. Rasaiah, J. Am. Chem. S

120, 12041~1998!.
15N. Gee, S.-S. Huang, T. Wada, and G. R. Freeman, J. Chem. Phys77,

1411 ~1982!.
16D. G. Friend and J. C. Rainwater, Chem. Phys. Lett.107, 590 ~1984!.
17M. P. Allen and D. J. Tildesley,Computer Simulation of Liquids~Claren-

don, Oxford, 1987!; D. C. Rapaport,The Art of Molecular Dynamics
Simulation~Cambridge University Press, Cambridge, 1995!.

18J. O. Hirschfelder, C. F. Curtis, and R. B. Bird,Molecular Theory of Gases
and Liquids~Wiley, New York, 1964!.

19S. K. Kim and J. Ross, J. Chem. Phys.42, 263 ~1965!.
20A. D. Koutselos, E. A. Mason, and L. A. Viehland, J. Chem. Phys.93,

7125 ~1990!.
21A. Michels, Hub. Wijker, and Hk. Wijker, Physica~Utrecht! 15, 627

~1949!.
22N. B. Vargaftik, Tables on the Thermophysical Properties of Liquids a

Gases~Wiley, New York, 1975!.
23H. W. Ellis, R. Y. Pai, E. W. McDaniel, E. A. Mason, and L. A. Viehland

At. Data Nucl. Data Tables17, 177 ~1976!.
24L. A. Viehland and E. A. Mason, At. Data Nucl. Data Tables60, 37

~1995!.
25M. Waldman and E. A. Mason, Chem. Phys.58, 121 ~1981!.
26S. L. Lin, L. A. Viehland, and E. A. Mason, Chem. Phys.37, 411 ~1979!.
27A. D. Koutselos and E. A. Mason, Chem. Phys.153, 351 ~1991!.
28L. A. Viehland and E. A. Mason, Ann. Phys.~N.Y.! 91, 499 ~1975!; 110,

287 ~1978!.
29L. Palleschi, S. Sacchetta, and F. P. Ricci, Mol. Phys.42, 961 ~1981!.
30D. E. Clemmer and M. F. Jarrold, J. Mass Spectrom.32, 577 ~1997!.
31R. Guevremont, D. A. Barnett, R. W. Purves, and L. A. Viehland, J. Che

Phys.114, 10270~2001!.
32C. S. Hoaglund-Hyzer, A. E. Counterman, and D. E. Clemmer, Ch

Rev.99, 3037~1999!.
33A. F. Borghesani, D. Neri, and A. Barbarotto, Chem. Phys. Lett.267, 116

~1997!.


