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The first pat of this pape reviews the theol of the calculation of the frequency-dependent
dielectric properties (i.e., conductivily and dielectric constank of ionic solutiors from computer
simulations Basel on a 2.2-rs molecula dynamic simulation the secomnl pat presend adetailed
analyss of the various contributiors to the frequency-dependéonductiviy of a saturatd solution
of ZnBr, in water We find evidene for two separa relaxation channet in the
frequency-dependénconductivity, and a very low value for the statc (i.e, zew frequency
conductivity, which is consisteh with the high degre of ion associatia and the prevalene of
electricaly neutrd ion clustes tha we obsere in this system © 1997 American Institute of

Physics [S0021-960807)50131-0

I. INTRODUCTION

The dielectric properties of a piece of matter descrile its
reaction to an externaly applied electric field. In the cas of
alternatiry fields the dielectrc properties depeml on the fre-
queng of the field. This pape deak with the calculation of
the frequency-dependérielectrc properties of ionic solu-
tions, which are the (frequency-dependentonductiviy and
the (frequency-dependentielectric constan of the solution.

In an extensie series of papers Caillol, Levesque and
Weis laid out the theowy for the calculation of the dielectric
properties of ionic solutiors from molecula dynamies (MD)
simulationst~® Their theoretich resuls cove the mog gen-
erd ca® of polarizabe ions in a polarizabé solvent? They
performel severb MD simulatiors of modéd systemswhere
ions were representg as chargel Lennard-Jong particles
and solvent molecules as Lennard-Jong particles with a di-
pole ard a quadrupod moment eithe being polar but non-
polarizabe or being nonpola but polarizable> or being both
polar ard polarizable' In general their simulatel solutions
were of low to mediun concentrationThey statal the need
for simulatiors of at leag 10° time stes to be able to calcu-
late the dielectric properties with sufficiert accuracy’. They
found the cross-correlatio function (M, (0)J,(t)) between
the totd dipole momen of the water molecule and the total
currert of the ions—whid is needd for the calculation of
the dielectrc properties of an ionic solution—b be essen-
tially zem at all times!?

Later, Chandra Wei, and Patg performal MD simula-
tions of a wide range of modé systens of aqueos ionic
solutiors and evaluate them accordiry to the dielectric
theoy of Caillol et al.”*° Their systens consistel of ions
modeleal as chargel Lennard-Jongparticles and wate mol-
ecules modele as Lennard-Jong particles with a constant
dipole momert (i.e., Stockmaye particles. They found char-
acteristc variatiors of the dielectric properties with particle
and charg density®!° Again, the solutiors were of low to

dAuthor to whom all correspondereshoutl be addressed.
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medium concentratioc and the cross-correlatin function
(Mw(0)J,(t)) was statisticaly zer in eath case®

Andersa et al.!* performel MD simulatiors of the con-
centratiom dependene of the static dielectric constant (i.e.,
a zemw frequency of aqueog Nad solutions using the
simple point chargé? (SPQ wate model They repot good
agreemenof the expecte decreas of the statc dielectric
constanwith increasirg ion concentratiao with experimental
data.

In MD simulatiors of highly concentraté Nal solutions,
where they modelel the wate molecules as Stockmaye par-
ticles Payre et al.'® found tha greate ion chargs lead to
the formation of ion clustes and to large deviatiors from the
idealized Nerng—Einsteh behavior They neithe calculated
the conductiviyy nor the dielectrc constamn of the Nal solu-
tions.

In an attemp to fill the apparehvoid of reasonaly re-
alistic simulatiors of highly concentraté aqueos ionic so-
lutions, we performal a long (2.2-rs correspondig to 1.1
X 10P time step$ MD simulation of a saturate solution of
ZnBr, in wate (termal ZnBr,-3H,0). In arecer paper we
evaluate the statc and dynamt structue of this systen and
found goad agreemen with anomalos x-ray diffraction
experimentg? Thus this simulation can be regarde as veri-
fied throuch comparisa with experimenthdata The high
concentratio of the solution enabls usto hawe aclose look
at the importart cross-correlatio function (My(0)J,(t)).8

We will first review the computer-adapte dielectric
theowy of ionic solutiors in a way that pronouncs the influ-
ence of the actua treatmen of the electrostatt interactions
on the dielectrc properties This amendmen extend the
origind derivatio which was dore by Caillol et al.™** Then
we will disset the various contributiors to the dielectric
propertis of ZnBr,-3H,O amd ultimately presen the
frequency-dependeiconductiviy of this system The calcu-
lation of the dielectrc constam of the system is beyord what
can be reapa from this 2.2-rs simulation.

© 1997 American Institute of Physics 3135

Copyright ©2001. All Rights Reserved.



3136

Il. COMPUTER-ADAPTED DIELECTRIC THEORY

Computer-adapte dielectrc theoly makes dielectric
properties consistentl accessil® from compute simulation.
The three ingrediens are linear respons theow (Sec Il A),
the phenomenologidaequatiors of matter (Sec Il B), ard a
unified approab to the electric field inside the simulation
cel whateve treatmen of the electrostat interactiors is
employal in the simulatian (Sec 11 C).

The following recays the derivatin by Caillol et al.>*
and is similar in spirit to the work by Neumam and one of us
(0.S)*® 1 on the dielectrc properties of pure liquids.

A. Linear respons e theory

If applied to the explanatiom of dielectrc phenomena,
linear respons theory"® deak with the respone of a macro-
scopt systen to an applied externé electri field.

1. Macroscopic relations

On the macroscop level, linear respone theoly as-
sumes alinear relationshp betwea the applied externa field
Ey(w) and the ensemble average of an observédigw)):

(O(0))=xop(@)Eq( ). (1)

Herein, xop(w) is the (compleX generalized susceptibility
which describs the coupling of the observalle O(t) to the
polarization P(t) of the system.

2. Microscopic relations

According to linear respons theory, the generalizd sus-
ceptibility for an observal# O(t) is defined as

(O(0)My,(0))

1
Xop(w):m
—in:(O(O)MW(t))e““’tdt

+ fm<0(0)3|(t)>e*iw‘dt , 2)
0

where M (t) is the dipole momen of the wate molecules

Muw(t)= > E A, 3)
ard J,(t) isthe current of the ions
.(t)—lgns qivi(t) = 2 qifi(t) =M(t). (4)

Furthermore(A(0)B(t)) denotes atime correlatian function
of the time-dependenquantities A(t) and B(t).
We usel the fact that

1
v 2 aini( (5)

P(t)=

1
=y [Mw()+M (D], (6)
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whete the {q;} are the chargeswhich are locatal at the po-
sitions {r}.
3. Special results

Equatiors (1) and (2), which are expressé in a general
observal# O(t), can be specializé for the polarization of
the watea molecules Py, (t)

1
Pw(t)— My (1) (7)

ard for the currert densiy of the ions i;(t)

i 1

(=5 A, ®
giving

(Pw(@))=xp,p(0)Ex(w) 9

with

1
Xp,p(@)= VKT [<MW(0)MW(O)>

—in:<MW(O)MW(t)>e‘i“’tdt

+Jm<MW(O)J|(t)>e_i“"dt} (10
0
for the former, and
(@)= xi,p(@)Eg(®) (11)
with
1 (" .
Xip(®)= 375 —'wfo (Mw(0)J,(t))ye"“'dt
+f0x<3|(0)3|(t)>e“‘”‘dt} (12)

for the latter.
In Eq. (12 we made use of the fact that

(M (0)J,(0))=0.

B. Phenomenologica | equation s of matter

The phenomenologidaequatios of matte are empirical
relations—determirgk on macroscop samples of matter—
tha can be regarde as the definition of the frequency-
dependendielectric constante(w)

1~
P = 222 Ew) (13
ard of the frequency-dependegonductivityo(w)
H(0)=0(w)E(v). (14)

Both equatiors involve the frequeny componery of the so-
called Maxwel field E(w) which is the electric field acting
inside the macroscopi piece of matter The Maxwel field is,

in general differert from the externaly applied electri field
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Eo(w). Thus a comparison of Eq§13) and(9), as well as
Egs (14) ard (11), has to be postpond until the formalism

relating E(w) to Ex(w) has been worked out in the next

section.

C. Relatin g the Maxwell field E(w) to the external field
Eg(w)

Quite intuitively, the field E(r,t) at sone point r is the
sun of the externd field Ey(r,t) at tha point, the field
causd by all charge in the system (ions, in our case at that
point and the field causd by all dipolesin the systen (water
moleculesin our casg at tha point:

E(r,t)=E0(t)—fVVrCD(r—r’)m(r’,t)dr’

+f V.V, ®(r—r")Py(r',t)dr’. (15
\%

This formulation assume tha the externé field is spatially
homogeneoyshene Ey(r,t) =Ey(t). The effective potential
®(r) is the bass for the electrostati interaction in the simu-
lation, ard can be ary of the usually employel variants po-
tentiak resultirg from Coulonb interaction with or without
cutoff, reactio field formulation Ewald summation other
lattice summations etc. p,(r,t) denots the (continuoug
charge density and Py,(r,t) the (continuou$ dipole density.
Due to their zem net charge the wate molecules entg into
this formula only throudh the dipolar contribution Similarly,
ions are treatel as point charges and ente into this formula
only throuch the charge distribution.

The doubk gradien of the electrostati potentia) which
is a3X3 matrix by nature is called the T tensor

T(N=V,V,d(r). (16)
To get an expressia for the Maxwel field, we identify the
whole simulatin system with the macroscop piece of mat-
ter for which to calculat the Maxwel field, ard conse-
guently avera@ the spatialy resolval field E(r,t) over the
simulatian system:

1
E(t)=v fVE(r,t)dr (17)
1
=E0(t)—vfvav,tb(r—r’)p,(r’,t)dr’dr
+% fvaf’(r—r')PW(r’,t)dr’dr. (18)

When we now switch from the variabe r to r”=r—r’ it is
essentihto realize tha due to the periodic bounday condi-
tions that are usel routinely in simulatiors of this kind, r”
e V. Converselya simulatin tha is performel without pe-
riodic bounday conditiors cannd be evaluate with the
computer-adaptedielectric theow as describé here
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1
E(t)=Eq(t)— v fVVr,/CD(r”)dr”fvm(r’,t)dr’

1 -
+ = f T(r”)dr”f Pw(r',t)ydr’. (19
Vv v
Now, since the simulatel systen has to be neutra (a require-
mert dictated by comman seng ard the laws of electrostat-
ics),

fvp|(r,t)dr=0. (20

Furthermorethe integrd of the T tensa over the simulation
systen is for isotropic systemsa multiple of the unit-tensor
I, and can therefoe be characterise by a scalaregg, such
that'®

- 47 2(erp—1) 47|o
fT(r)drE[—(L)—— l.
\VJ 3 2€R|:+1 3

(21)
The nameegg stens from the fact that, if the reaction field
formaliam is taken as the bass for electrostatt interactions,
theintegrd of the T tensa has exactl the abowe appearance,
with egg being the dielectric constan of the dielectrc con-
tinuum which cause the reaction field. However for the
othe possibe electrostatt potentials,ege shoud merely be
regarde as aparametetha can be usal to characterie the
integrd of the T tensor.

Additionally, the spatid averag of the dipole densiy in
Eq. (19 can be expressé in terms of the polarizatio of the
wate molecules:

1

This leads to an expressia for the (time-dependentMax-
well field E(t) in the simulatian system:

41

B =Eo(t)+ o | e

ZERF+ 1 -1

Pw(t). (23)

Taking frequeny componerg ard using Eq. (13), we find

41
3

2(egr—1)
2€RF+ 1

e(w)—1 ~
471_ E(w)!

(29)

E(w)=Eyw)+

which can be rearrangd to give the desirel relation between
the externé field Eo(w) and the Maxwell fielcE(w):

E((D) _ 2€RF+1

Ea(w) a 2eprt e(w) (25

Pleag note tha the preci® electrostat interaction we use
for the simulatian of the systen entes into this equatia only
throuch the constantegg, which can be calculatel from Eq.
(21). On the othe hand, e(w) is the frequency-dependent
dielectric constan of the system which is one of the desired
erd resuls of this theory.
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D. Puttin g it all together

Finally, we are in a position to give explicit expressions
for the dielectric properties of interest.

1. The frequency-dependent dielectric constant €(w)
Using Egs (9), (13), ard (25):
ew)—1 Amxp,p(®) -t )
A - - ZERF+1 XPWP(a))v ( 6)

wherep, p is given by Eq (10) and egr by Eq. (21).

2. The frequency-dependent conductivity
Using Eqs (11), (14), (25), ard (26):

o(w)

-1

Amxp,plo)
S| xiplo),

1= 26R|:+1

o(w)= (27
wherexp, p given by Eq (10), xi,p by Eq. (12), and egg by
Eqg (21).

E. The role of egr

The parametefege can be calculate for every possible
effective electrostati potentid usel in MD simulationst®
Since the simulatian presentd in this work was dore with
the Ewald potentia] we will concentrag on this potential
here It was found™ that for the Ewald summation,

_ 2+Q
GRF——Z(l_Q),

where the constanh Q is determiné by the parametes rc
(the cutoff radius for the red pait of the Ewald potentia) and
7 (the so-callel decy paramete of the Ewald summation
tha determins the relative contributiors of red pat and
Fourig spae par) of the actud implementatio of the
Ewald summation:

3
'c[ 7, _ 22
= ——| e """ 4qr?dr.
° fo(ﬁ) i

Since the integrard in this expressia is just a normalized
Gaussian,

(28)

(29

lim Q= limQ=1, (30
rcﬂOG n—*

and consequently
lim ERE— lim ERE— . (31)

re— n—®

Becaus ared implementatio of the Ewald summatian will
neve truly achiee this limit of ege=10, it is representative
for theided Ewald summationHowever an infinite value of
ere has importart implicatiors for the calculation of the di-
electrc constai and the conductiviyy accordiry to Egs (26)
ard (27):
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e(w)—1
aa =xp,p(0), (32
(@)= X p(®). 33)

This can also be understod by insertirg an infinite egg into
Eg. (25), which shows tha the externaly applied electric
field isin this ca identicd to the Maxwel field, from which
follows, tha Eqs (13) ard (9), aswell as Eqs (14) ard (11),
can now be comparé directly.

A comparisa of Eqgs (32) and (26) ard (33) ard (27),
respectively shows tha the susceptibilitiesyp p(w) and
Xilp(w) reach their maximum value #g=. For all other
valuesepe<, the facta [1—4mxp, p(w)/2epe+1]"* be-
comes greate than one and thus if the dielectric constant
ard conductiviy are to reman the same—becausthey are
universa intrinsic properties of matter—tte susceptibilities
hawe to becone smaller.

Only in the ca® of the ided Ewald potentia is the con-

ductivity o(w) independent of the dielectric constant as rep-

resentd by the susceptibility xp, p(w) [cf. Egs.(33) and
27].

In this work we tried to realize an ided implementation
of the Ewald summatia as well as possible with the conse-
quence tha we do not hawe to determire the susceptibility
xp,,p(w) in order to calculate the conductivity(w).

IIl. MOLECULAR DYNAMICS SIMULATION

The following resuls are base on a2.2-rs MD simula-
tion of ZnBr,-3H,O using Lennard-Jong interaction and
Ewald summation The detaik of the simulation are as fol-
lows:

+ Systen size (3.461 nm)>.

» The systen containe 233 units ZnBr, and 663 SPC
(simple point charge wate molecules;? all togethe 2688
atoms.

e Temperature300 K, held constabwith coupling to an
extern hea bath*®

» Time st for the integration of the Newtonian equa-
tions of motiont 2 fs.

» Usage of a constrain algorithm for the maintenane of
the geomety of wate molecules® Thus the dipole moment
of ead wata molecuk is constant but wate molecules do
not ad as point dipoles (as in the cag of a Stockmayer
system but as collectiors of point charges.

* Cutoff for Lennard-Jonginteraction 1.0 nm.

« Ewald summatioR! 2 for the electrostati interactions
using a decy parameterp=2.179 82 nm?, 230 k-vectors,
ard a cutoff for the red patt of the Ewald interaction of 1.2
nm.

* The spatid extensim of atons was describé by the
Lennard-Jong potentid U, ;=A;; /r*?—B;;/r®, wher the
pair-specift parametes A;; and B;; were calculatel from
atom-specifi parametersA;; = A/Aj ard B;;=B/B; . These
atom-specifi parametes were—with the exception of the
Br— parameters—takefrom the gener& purpo® force field
of the GRomas packagé® ard are summarizd in Table I.
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TABLE I. The atom-specifi parametes for the Lennard-Jonginteraction.
See text for details.

Atom type Partner A k3?2 mol=2nm® B’/k3*2 mol~Y2 nn?
it zZr?t, Br, O, H 0.9716x10°4 0
Br- Zr?*, Br, O, H 0.1544x 10 * 0.1 96
0 Zn**, O, H 0.1623x 102 0.051 16
0 Br- 0.8615< 102 0.047 56
H Zr?t, Br, O, H 0 0

GROMOS does nat give parametesfor Br—, so we derived the
Br~ parametes from the known CI~ parameters.

» The partid charge on the atorns of wate were accord-
ing to the SRC model? —0.82 aau on O and +0.41 aa on
eah H (aau mears atomic charg units). The chargs of
Zn?* and Br~ werg of course +2 aal and —1 acu respec-
tively.

Recently** we compare the static structue of ZnBr,-3H,0
as this simulatin suggest it to the resuls of anomalous
x-ray diffraction experimens of ZnBr,-3H,0 and found
goad agreemen within the experimenth uncertainties.
Judgel by Egs (28) and (29), the implementatio we used
for the Ewald summatio comes close to the ided of egg
=, For tha ca® Eq (33 states tha the frequency-
dependen conductivity o(w) is equal to the susceptibility
Xilp(w) given by Eq.(12). Following the latter, we will first
analyz the two correlatiomn functiors (M, (0)J,(t)) and
(3,(0)J,(t)) before combinirg them to o(w) itself.

A. The cross-correlatio n functio n (My,(0)J(1))

The cross-correlatin function (M, (0)J,(t)) appeas in
the expressios for both susceptibilitiesxp p(w) [Eq. (10)]

and x; p() [Eq. (12)], because it describes the coupling of

the dipole momen My, to the current J,. Since the current
can be separate into the currert J,,(t) of the Zn?" ions and
the currert Jg,(t) of the Br™ ions

J.(t>=i(§ns) qivi(t)

ZQanE Vi(t)"‘QBr_z v(t) (34)
i(Zn) j(Br)

the sane can be dore for the cross-correlatio function:

(Mw(0)Ji(1)) =(Mw(0)Jzo(1)) +(Mw(0)Jg(1)). (36)

The cross-correlatio function and its two contributiors are
shown in Fig. 1. (M(0)Jz,(t)) and (M,(0)Jg(t)) decay
slowly toward zero within the accessild time window of this
simulation The different signs of thes two functiors is due
to the differert sign of the chargs of Zn*" ard Br™*. Taking
this into account we see that the sum of the velocities of the
Zn* jons and the sum of the velocities of the Br™ ions are
parallé to eat othe ard antiparallé to the dipole moment
of the wate molecules (M,(0)J,(t)), as the sum of these
two functions stays almog constamthroughot the period of
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FIG. 1. The cross-correlatip function (M,(0)J,(t)) (dot-dashedmiddle
line) ard its two contributiors (My(0)Jz,(t)) (solid, bottan line) and
(Mw(0)Jg(t)) (dashedtop line).

700 ps In a perfe¢ simulation the statc value
(My(0)J,(0)) shoul be zera This is not the ca® in this
simulation becaus M, (t) varies very slowly ard is not
sufficienty sample&l by a 2.2-rs simulation Consequently,
(M(0)J,(t))—as the only correlatia function in this work
that involves My, (t)—can only be taken semiquantitatively.
Unde the® circumstances(M(0)J,(t)) can be regarded
to be essentialf zer for all values of t, which is consistent
with resuls by ChandraWei, and Patey® We would like to
stres tha (M, (0)J,(t)) isthe only correlatian function pre-
sentd in this pape tha would beneft appreciab} from bet-
ter sampling.

The correlation functiors shown in Fig. 1 give an im-
pressim of the correlation of the bulk properties M, ard J,,
or Jg;, respectively The othe extrene in the coupling of a
dipole momert to a current which can help in understanding
the correlation of the motion of wate molecules and ions is
the correlation betwee the propery of a single particle and
the propery of the first coordination shel arourd this par-
ticle. In particular we calculatel the correlation function
<anVZn(0)MW5he"(t)> betwee the currert of a Zn?* ion and
the dipole momen of the wate molecules in the first coor-
dination shel arourd this Zn?* ion. Analogously we calcu-
lated the correlation function (qgvg(0)Mw,, (t)) between
the current of a Br~ ion and the dipole momer of the water
molecules in the first coordinatia shel arourd this Br™ ion.

The correlatian functiors are shown in Fig. 2. The first
coordination shel arourd a particle was calculate with the
Vorond algorithm?~?" as extensivey describe in Ref. 14.
(anVZr,(O)Mwshe"(t» is positive meanimg tha the dipole
momer of the wate molecule arourd aZn?" ion is parallel
to the current (or velocity) of this Zn?* ion. Thisis in con-
trag to the correspondig bulk properties where My is an-
tiparalld to J5,,. Similarly, (qBrvBr(O)Mwshe”(t» is negative,
so tha the dipole momern of the water molecules arourd a
Br~ ion is parallé to the velocity of this Br~ ion. In short,
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FIG. 2. Two correlation functiors describirg the correlation betwea the
currert of a particle and the dipole monert of the first coordinatio shell
around this  particle{qzVvz(0)Mw,, (1)) (solid, top line) and
(qBrvB,(O)Mwshe”(t» (dashedbottam line).

we obsere an antiparallé orientatian of the sum of all water
dipole momens to the sum of all ion velocities (the macro-
scopt situation, but a parallé orientation of the sum of the
wate dipole momens in the first coordinatian shel around
an ion to the velocity of this ion (the microscopt situation).
In both cases—th collective and the atomistic—tle long
relaxation times of the cross-correlatin functiors prove a
strorg coupling of the translationhmotion of the ions to the
rotationd motion of the water molecules.

B. The autocorrelatio n functio n (J,(0)J,(¢))

As (M, (0)Jz4(t)) was found to be negligible the auto-
correlation function of the currert of the ions (J,(0)J;(t))
determins the frequency-dependértonductiviyy according
to Egs (33) ard (12). We will analyz the contributiors to
(3,(0)J,(1)) in the following:

Substitutig Eq. (34) into (J,(0)J,(t)) using the number
of Zn?* ions (Nz,=233), the numbe of Br~ ions (Ng,
=466), ard the charg of the ions (qz,=2 ard qg,=—1,
respectively gives

(31(0)3,(1)) = a2, Nze( Vzn(0)Vzs(1))
+ g3 Ne(Ver(0) Ve (1) + QzeGarA Tnal( 1)
(37)

The first term on the right-hard side involves the velocity
autocorrelatia function(v,,(0)vz,(t)) of the Zn?* ions the
secom term involves the velocity autocorrelatia function
(vg(0)vg(t)) of the Br~ ions ard the third term contains
the correlatian function A% (t) tha measure the distinct
velocity correlations. The above contributions to
(3,(0)J,(t)) are independen of the considerd reference
frameg as Rainei and Friedmar®?® and Trullas and
Padrd®>! pointed out.

AY.g(t) could be further subdividel into distina veloc-
ity correlation functiors accordimg to
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FIG. 3. The currert autocorrelatia function (J,(0)J,(t)) and its subdivision

into the reference frame independent correlation functions
2Nz Vzr(0)Vzn(1)), 03 Nad(Ve(0)Ver(t)), ard gzydeA Jop(t).
d Uzn
Azngt) = — Nzq( vi, (0) > v
Ogr n j(Zn)#i
Osr
+ = Na{ Vi, (0) > (1)
Azn J(Br)y#i
+2<_2 vi(0) > vj<t>>. (39)
i(Zn) j(Br)

However the simulatiors by Trullas and Padrd* show that
the shaps of all the distina velocity correlation functions on
the right-hard side of this equatian are mainly determine by
the choice of the referene frame and hardly by the dynamic
cross correlatiors betwea different particles Consequently,
there is no point in presentig the subdivision of AgnBr(t)
into thes correlation functiors since A% . (t) itself captures
the effeck of distind velocity correlatiors in a reference
frame independenway.

Figure 3 presend the dissectim of (J,(0)J,(t)) accord-
ing to Eq. (37). Sinee the Br™ ions are the heavies particles
in the system their velocity autocorrelatia function has the
longes correlation time and shows only a negligible amount
of backscatterig (as indicated by negatie values of the cor-
relation function). On the othe hand the Zn>* ions—being
lighter than the Br~ ions—giwe rise to a velocity autocorre-
lation function tha decay rathe rapidly and shows a com-
plicated pe& patten and the oscillatoy behavio that is
characteristi for ions tha are trappel inside a rigid coordi-
nation cage®*®

Most noteworthy however is the role of the distinct
velocity correlation function A% o (t). First, its statc value
vanishesas requiral by theoretich predictions®® Second it
has a consideral#d influene on the current autocorrelation
function which proves tha dynamt cross correlatiors are
very pronouncd in ZnBr,-3H,0 and tha this systen is far
from being ided in the thermodynant seng (cf. also Sec.
I1l D). This suppors resuls by Chanda et al.,” who noticed
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FIG. 4. Red (top graph amd imaginay (bottam graph pat of the
frequency-dependéronductiviy of ZnBr,-3H,0.

in their simulatiors tha for den® and/a highly charged
ionic solutions the pe& patten of the currert autocorrela-
tion function is differert from tha of the velocity autocorre-
lation functions—a opposé to dilute solutions whete cur-

rert and velocity autocorrelatia functiors show an identical

pe& pattern.

C. The frequency-dependen t conductivity o(w)

According to Egs (33) ard (12), the cross-correlation
function (My(0)J,(t)) (shown in Fig. 1) and the autocorre-
lation function (J,(0)J,(t)) (shown in Fig. 3) determire the
frequency-dependéronductivity o(w).

Since the terms involving the cross-correlatio function
do nat contribut to the conductivity, the formula for its cal-
culation is simplified to

1 » :
— —lwt

o(0)= 3= fo (3,(0)3,())e“'dt. (39)

The resut for ZnBr,-3H,0 is shown in Fig. 4. The results

were obtainal by representig the currert autocorrelation
function (J,(0)J,(t)) as the (perfecj fit

(3,(0)J,(1))~27.1% cos(51.568) e~ 35543
—8.79D sin(12.742)e 39758
+126.8 sin(—29.974
+1.550)e 81971

and working with this analyticd expression.

The static conductivity—o(w=0)—is very small, which
deserve aclose examinationWhen applying astatc (w=0)
electrc field to a highly diluted ionic solution we expet¢ a
quasi-independeémmovemei of the oppositey chargel ions
into opposie directions leadirg to a high statc conductivity.
In contras to that ZnBr,-3H,0 is characterizé by an ex-
tremely strorg coupling of the collective ard individual

(40)

3141

movemen of the ionic specia as can be judged by the im-

portane of the distina velocity correlation function A% 5 (t)

in Fig. 3. In othe words independenmotion of the ionic

specis in ZnBr,-3H,0O does not exist We hawe shown
elsewher# tha the dominarn coordinatim of Zn?* ions in

ZnBr,-3H,0 consiss of a centra Zn?" ion tha is (octahe-
drally, in the ided case surroundd by four O atons of

wate molecules and two Br™ ions The fact tha this coordi-
nation type is electrically neutrd lends itself to a very natural
explanatio of the low static conductivily of ZnBr,-3H,0: In

the presene of (a moderatg} strong statc electrc field,

thes neutrd associatiosof Zn?* and Br™ ions reman stable
ard hen@ do nat contribut to the statc conductivity The
statc conductiviy that is observe can be attributed eithe to

free Zn?* and Br~ ions or to chargel ionic associationsBut

even free ions are restrainé by the very strorg couplirg to

ead othe ard are not allowed to move independently.

As the frequeng of the electric field is increasedthe
distinguishimy properties (mass charge ard size) of Zn?*
and Br™ ions lead to a disruptin of ionic associatios and
hene the conductiviy increasesThus it seens only logical
tha we obsene more than one dispersim pe& in o(w), since
there exist a plethom of differert possibilities for associa-
tions in ZnBr,-3H,0, tha all shav different mobilities as a
complet entity and different tendencis for disruption under
an electri field that varies with time.

The overal characteristics—#generatendeng of the
curves without the fine structure—6 the frequency-
dependen conductiviy we observe for ZnBr,-3H,0 are
supporté by a calculation of ChandraWei, and Pategy on a
modd systen of highly chargel ions in a nonpolarizable
solvent?

D. Nernst—Einstei n behavio r and degre e of ion
association

The Nerng—Einsteh relation for the calculation of the
statc conductivity o (w=0) from the self-diffusion coeffi-
cients D4, ard Dg, of the ions can be supplementg with a
paramete A, tha describs the degres of ion associatia in
the system:

1

7(0)= 7 (AZwpzaDznt G&peDe) (1-A). (42)

(pzn @and pg, are the numbe densities of the Zn?* ard Br~

ions respectively. A may vary betweea zer (pure Nerng—

Einsten behavior where ions are totally dissociatd and con-

sequent the static conductiviy is completey determine by

the diffusion of thes ions) ard one (complek ion association
which resuls in a statc conductiviy of zerg. The fact that
the statc conductiviyy of ZnBr,-3H,0 is very low hints at a

value of A which is close to one The self-diffusion coeffi-

ciens can be calculatel from the velocity autocorrelation
function of ead ion species accordimg to

Dlon:% f;(viwn(o)vilon(t»dt- (42)
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TABLE II. Self-diffusion coefficients statc conductivity, and resultirg as-
sociation parameter.

D/107* nnP ps* Dg/10 “nm? pst a(0)/1074 A

3.32 3.24 13.97 0.7

Table Il collecs the self-diffusion coefficiens as calculated
accordimg to Eq. (42) using the velocity autocorrelatia func-
tions shown in Fig. 3, the statc conductiviy as accessible
from Fig. 4, ard the resulting paramete A calculate from
Eqg. (41). The value A=0.7 suggests— accordane to the
observatios describél above—tha the remnam charge
transpot in the ca® of a statc externa field is partly due to
a smal fraction of free charges.

The paramete A is of cour® closey linked to the dis-
tinct velocity correlatian function AS,5(t) (shown in Fig. 3),
as can be see by insertingw=0 into Eq.(39) and subdivid-
ing the currert autocorrelatia function (J,(0)J,(t)) accord-
ing to Eq. (37):

1 )
0'(0) = m— ( q%nNano <VZn(O)VZn(t)>dt
+05Ng; f :<vBr<0>vBr(t)>dt

+QanBrfo A%nBr(t)dt)- (43

Comparim this equatio to Eqs (41) and (42) gives the fol-
lowing expressia for A:

_ (1/V)anQBngnBr
q%annDZn+ qur peDer ’

where DY, 5, designats the distina diffusion coefficiert that
is defined in analogy to Eq. (42) via

(44)

D%nBr: %fo AgnBr(t)dt'

(49

Relation (44) exposs yet anothe face of the distind veloc-
ity correlation function A9 (t), which is so prominert in
this system The integral %nggnB,(t)dt is, accordimg to Eq.
(44), highly negative Equati;n (43) shows tha only this
negatie integrd is responsil# for the low statc conductiv-
ity of ZnBr,-3H,0O becaue the integrak over the velocity
antocorrelatia functions are strictly positive.

IV. SUMMARY

We reviewa the theoy of Caillol et al.!* for the calcu-
lation of the frequency-dependewielectric constan and the
frequency-dependérnconductiviy of ionic solutiors from
MD simulations Heren we characterizé the exad treatment
of the electrostatt interactiors in the simulatin with just
one scala parameteregr.

We applied this theoy to the calculation of the
frequency-dependérconductiviy of a saturatd solution of
ZnBr, in wate from a2.2-rs MD simulation employirg the

Loffler, Schreiber, and Steinhauser: The conductivity of aqueous ZnBr, solution

SFC wata model In accordane with othe simulations® we
found the cross-correlatio function (My(0)J,(t)) to be es-
sentially zerg and explainal this by the mutud extinction of
the contributiors of the Zn?* ard Br™ ions.

We dissectd the currert autocorrelatia function
(3,(0)J,(t)) into referene frame independen correlation
functions and found that nat only the velocity autocorrelation
functions of the two ionic specis but also the distind veloc-
ity correlatiors play an importart role in determinirg the
shag of (J,(0)J,(t)). We calculatel the frequency-
dependenconductiviy of the systen and found two disper-
sion peaks which we attributel to the different dynamical
behaviao of differert ion clustesin the system We found the
statc conductiviy to be very low ard explainel this with the
existene of electricallyy neutrd ion clustes consistirg of one
centrd Zn?" ion surroundd by two Br~ ions and four water
molecules as thes ion clustes were observe in an earlier
study* In accordane with the low statc conductivity we
calculatel aformd degre of ion associatia of 70% devia-
tion from the ided Nerng—Einsten behavio ard we related
this deviation parameteto the distina velocity correlations.
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