ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/12239981
Power law mass dependence of diffusion: A mode coupling theory analysis

Article in Physical review A, Atomic, molecular, and optical physics - May 2000

DOI: 10.1103/PhysRevE.61.3850 - Source: PubMed

CITATIONS READS
44 133
2 authors:
Sarika Bhattacharyya Biman Bagchi
CSIR - National Chemical Laboratory, Pune Indian Institute of Science
63 PUBLICATIONS 1,345 CITATIONS 571 PUBLICATIONS 18,811 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

ot Vibrational phase relaxation in molecular liquids View project

et Vitamin-D and autoimmunity, system biology View project

All content following this page was uploaded by Sarika Bhattacharyya on 02 June 2014.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/12239981_Power_law_mass_dependence_of_diffusion_A_mode_coupling_theory_analysis?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/12239981_Power_law_mass_dependence_of_diffusion_A_mode_coupling_theory_analysis?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Vibrational-phase-relaxation-in-molecular-liquids?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Vitamin-D-and-autoimmunity-system-biology?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sarika-Bhattacharyya?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sarika-Bhattacharyya?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/CSIR-National-Chemical-Laboratory-Pune?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sarika-Bhattacharyya?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Biman-Bagchi?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Biman-Bagchi?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indian_Institute_of_Science?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Biman-Bagchi?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sarika-Bhattacharyya?enrichId=rgreq-74818890378ed590a164d4caee22354d-XXX&enrichSource=Y292ZXJQYWdlOzEyMjM5OTgxO0FTOjEwMzU3NTAzNjM2Njg2MEAxNDAxNzA1NjIxOTIz&el=1_x_10&_esc=publicationCoverPdf

PHYSICAL REVIEW E VOLUME 61, NUMBER 4 APRIL 2000

Power law mass dependence of diffusion: A mode coupling theory analysis

Sarika Bhattacharyyaand Biman Bagcfi?*
ISolid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560 012, India
2Department of Chemistry, University of Wisconsin, Madison, Wisconsin 53706
(Received 26 May 1999

The self-diffusion coefficient of a tagged molecule is known to exhibit a weak mass dependence, especially
for solutes with size comparable to or larger than the size of the solvent molecules. Sometimes this mass
dependence can be fitted to a power law, with a small exponent, less than 0.1. This weak mass dependence has
often been considered as supportive of the hydrodynamic picthes is, the Stokes-Einstein relatjoof
diffusion rather than the kinetic theory approach, which predicts a stronger mass dependence, for example, via
the Enskog theory. Neither can explain the weak power-law mass dependence. In order to understand this, we
have carried out a mode coupling thediMCT) analysis of diffusion. It is found that a straightforward
application of the existing mode coupling theory expressions lead to an inaccuest® dependenesit
predicts an increase of diffusion coefficient with an increase of the mass. We find that this is because of the
inadequate description of the initial decay of the collective contributions to the friction. We have proposed a
new prescription to accurately describe the short time dynamics of the density and the current term. In addition,
we have modified the existing MCT by imposing the full self-consistency between the frequency-dependent
friction and the mean square displacement over the whole time and frequency plane. Previously the self-
consistency was performed only at the zero frequency level between the zero frequency friction and the
diffusion coefficient. With these two generalizations, the mode coupling theory is found to provide a fairly
accurate description of the mass dependence. In particular, the theory can correctly reproduce the power-law
dependence of solvent-solute diffusion ratio on solute-solvent mass ratio, observed in computer simulations of
Bearman and JollyMol. Phys.44, 665 (1981)]. Another important result is that the current mode is found to
play no significant role in determining the diffusion. Thus the hydrodynamic argument of weak mass depen-
dence has little validity for same size solute-solvent systems.

PACS numbeps): 47.10+g, 66.10.Ch, 5.20.Dd

I. INTRODUCTION D=kgT/Cm R, (1)

The self-diffusion of a tagged solute molecule in a densavhereD is the diffusion coefficient of the solut® the ra-
liquid is a subject of intense current discussion, which, giverflius, andz the viscosity of the solvent. The constadtis
the long and illustrious history of the problem, is rather sur-determined by the hydrodynamic boundary condition, being
prising. This current upsurge of interest, however, seems t@ for the slip and 6 for the stick boundary condition, respec-
be fuelled by the following factors. First, extensive computertively. As usual,kgT is the Boltzmann constant times the
simulations can now be carried out that allow one to ask anéemperature. In the above relation, the influence of the dy-
seek answers of detailed dynamic type. This was not possibfé@mics of the solvent enters through the viscosity term while
before. Second, many recent experiments have been pdfe effects of solute-solvent interactions are usually incorpo-
formed that seem to probe increasingly detailed aspects ¢fted within the constar€ and the radiuk — the latter is
dynamics of liquids. In order to understand the question®ften varied to fit the experimental d&tal.
posed by the recent experimentsy a much better understand- An important aSpect of the Stokes-Einstein relation is that
ing of diffusion is required. The study of diffusion can be the predicted diffusion does not at all depend on the mass of
used not only to understand the dynamics of the solvent bufe solute. This is completely opposite to the kinetic theory
also to quantify the nature of the solute-solvent interactionsPrediction. For example, the Enskog theory predicts a square
[1]. Third, the interactions involved in real systems are ofterf00t mass dependence, as given by the following expression:
much more complex than the simple Lennard-Jones type,
which are usually assumed in theoretical and simulation D= 3 kgT @)
studies. Thus, some of the studies have been directed to un- E 8palg(c) ¥ 2mu'
derstand effects of specific solute-solvent interacti@}s

The diffusion of a solute is conventionally described bywhereu is the reduced mass of the solute-solvent pairs
the well-known Stokes-EinsteifSE) relation, the diameter of the solvent, arg{o) is the value of the

radial distribution function at contact. Equatiq®) predicts
too strong a mass dependence that is not observed in com-
*Also at the Jawaharlal Nehru Center for Advanced Scientificputer simulation and experimental studjds.
Research, Jakkur, Bangalore, India. FAX: 91-80-3341683 and 91- On the other hand, according to the SE relation the prod-
80-3311310. Electronic addresses: bbagchi@sscu.iisc.ernet.in atdt Dz should remain constant for systems having particles
bbagchi@hamsadvani.iisc.ernet.in of the same size and studied at the same temperature,
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whereas recent studi¢s,6] have found that the SE relation In addition, we have introduced an alternative method to
does not hold when the mass of the particles are changedalculate the frequency-dependent friction self-consistently
Walser et al. have performed molecular dynami¢dD)  with the mean square displacement. The self-consistency is
simulations of water molecules with different mass and dif-now imposedover the whole time and frequency plarie
ferent molecular mass distributi¢f]. They have shown that the existing works[7,2] the self-consistency was imposed
although the viscosity increases and the diffusion decreasé¥ly on the zero frequency friction.
with mass, the product of the two does not remain constant. The modified theory is found to provide an accurate de-
The productD 7 as they find is not correlated with the mo- scription of the deper_ldence of the diffusion coefficient of the
lecular mass, but it is correlated for those systems with th&Clute on mass. We find a power-law mass dependence of the
same mass distribution. diffusion that is in good agreement with the simulation re-
Thus neither the kinetic theory nor the hydrodynamicSUIts of Bearman and Jol[y\L]. The value of the exponent we

theory can predict the correct mass dependence of diffusiorﬁ'gde'i di?llj:?al t_cs) Ot.r?zftg.tr;; hemr:sssogefoér:ggn\év:aléneggerlﬁvél
Clearly, the hydrodynamic and the Kinetic theories describ‘?hrgu h the bilnar term whose contriFt))ution is small in denge g
two opposite limits of diffusion. While the first one assumesIi idg n dditiyn th ntribution of the density term
the validity of the Navier-Stokes hydrodynamics at molecu- quias.. tha 0 1't 3_ cot_ u ho ?h € densily te d
lar length scales, the second one tends to describe diffusidﬁOves In the opposite direction when the mass IS increased,
only in terms of binary collisional dynamics. While hydro- t u'?hf:rct)?g;r\:}lzeaili(oer?I(;]fgtljtlzeree;fte(():]}sthoef :)g%gr”;srt)r/]éefronﬂbwing
dynamics assumes that the diffusion occurs via the couplin : . . . '
o?‘/the solute velocity with only the collective transverse (I?ur_%ectmn Il A deals with the theoretical formulation where we

rent mode of the solvent, the Enskog kinetic theory neglect?,rOpose a mogjification in. the existing theory; Sec. Il B'pr.o—
vides a graphical analysis of how and where the existing

coupling of the solute motion to all the hydrodynamic h : 1 d bing the short time d
modes. In both these pictures the diffusion due to the strud'€0ry was going wrong in describing the short time dynam-

tural relaxation of the surrounding solvent is totally ne- Ics o_f.the.collectivg parts and glsojustifies th_e hew proposed
glected. The more recent mode coupling theory seems t odification. Sect|oq Il contains the rjumerlcal results and
interpolate between the two limits and takes into account th ec. IV concludes with a brief discussion.
contributions of the structural relaxation.

Mode coupling theory has already been used to under- Il. THEORY OF DIFFUSION
stand the effects of varying the solute-solvent size ratio A. Extensions of the mode coupling formalism
and also the effects of the specific solute-solvent interaction -~ ]
on the diffusion of a tagged solute molecule. It was found We present here the modified expressions of the mode
that a crossover from a structural relaxation dominated dif€0oupling theory used in the present work.
fusion to the current mode dominated diffusion occurs as the The System studied in this paper consists of one solute
solute size is increasdd]. This crossover was found to oc- Molecule of mas and theN solvent molecules, each of
cur when the solute size was about twice as big as the solvef#@sSm. The pair potential of the solvent-solvent pair and the
molecules. In a separate calculation, it was found that, irfolute-solvent pair is assumed to be given by the simple
contrast to the hydrodynamic prediction, the nature of thé-€nnard-Jones 12-6 potential
solute-solvent interaction can alter the diffusion coefficient 12 6
of the solute considerab[2]. This was explained in terms of v(r)=4e 7] _ (f)
the modification of the structure of the solvent surrounding r r
the solute. The study showed that the diffusion coefficient . o
decreases when the specific interaction is attractive but inv_vhere €15 th? energy scale of the pairwise solvent-solvent
creases when this interaction is repulsive. mteractlon,_cr is the_ diameter of both the solute and the sol-

In this paper we extend the mode coupling theory calcuvent. andr is the .d|stance betwgen two molecules. The sys-
lation to study the mass dependence of tagged molecule difé™ IS characterized b%/ two dimensionless parameters, re-
uced density p* =po® and reduced temperaturd*

fusion. Here, however, the situation turned out to be quitéj

different. When the solute mass becomes significantly larger keT/e. ) i i L

than the solvent molecules, the expression for the densit%/ The microscopic expression of the friction is given by the
contribution to friction(as used by Sjogren and Sjolangiet ~ following equation[8]:
and also by Balucani and Zop[®]) leads to an inaccurate

result —it predicts an increase of diffusion with maskhe L(2)=
reason is that the short time descriptions of both the density kgTmV.
and the current mode contributions to the friction were at ra apn .

fault. This needed to be rectified within the mode coupling —12)]G(12,1°2 ,z)[q~Vriu(r1—r2)], )
formalism. We show here that the proper way to implement ) _ )

the separation of time scales between the binary dynamicdhere the four-point functios*(12;1'2",t") describes the
and the C0||ective dynamics iS to proper'y remove the Shorporrel.ated m0t|0.n of the Solute a.nd theﬁolvent partIC|eS. It
time dynamics from the collective part. This is achieved bydescribes the time dependent probability that the solute
considering that the short time dynamics of the collectivemoves from the positionrg,p;) att’ to position ¢,p,) at
part is represented by the free inertial motion of the soluté and a solvent particle that is located &f (p5) att’ and the
and the short time collective dynamics of the solvent and nosame or some other solvent particle is found it ,).

the full solvent dynamics. GS5(12;1'2’,t") also contains information on the static cor-

, ()

1

fdl, - 82'[Q-V, o(ry
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relation between the tagged particle and the solvent particlesf the solute but also that of the solvent. With this assump-

through its initial valueGS(12;1'2'). z is the Laplace fre- tion, the expression foR,(t) for different solute-solvent
guency. mass ratio can be written as
The mode coupling expression for the frequency-

dependent friction is given bjy7,8] pkgT ,
R,(0=2o [ [dqs2m)?)
1

1
(2 (2+R,,(2) X(q-9')%q"?[c(q") A F(a’,HF(Q’,1)

where {p(t) is the binary part of the frictionR ,(t) is the —F5(q',t)Fo(q',t)], (10
friction due to the coupling of the solute motion to the col-
lective density mode of the solvent, aR+(t) is the con-  whereF$(q,t) andFy(q,t) denote the inertial limits of the
tribution to the diffusion(inverse of friction from the cur-  self-intermediate scattering function of the tagged molecule
rent modes of the solvent. In writing EG5), we have  and the intermediate scattering function of the solvent, re-
neglected the longitudinal current term, which makes a smalgpectively.
contribution at the densities considered in this pdes]. Similarly the expression foRy(t) is given by

The expression of the binary frictiofp(t), for different
solute-solvent mass ratio, is given by

+Rr(2), 5)

1 A
RTT<t>=;J [dg'/(2m AL (§-)2]

{p(t)= wglzexp(—tzlrg), (6)
’ -4 ' ’
where w,;, is now the Einstein frequency of the solute in X[ v d') oL FA(q' ) Cy(q’,t)
presence of the solvent and is given by —Fy(q' ) Cuo(q D). (11)
P
w§12=3—Mf drg(r)VZu(r). (7)  Note that in the expression &,,(t) andRy(t), the short
time part is now the product of the inertial motion of the

Hereg(r) is the radial distribution function. solute and the short time collective dynamics of the solvent,

In Eq. (6), the relaxation timer, is determined from the instead of the full dynamics of the solvent. _
second derivative of5(t) att=0 and is given by Equations(10) and(11) are presented here as alternative

solutions. Several other prescriptions for subtracting the
s o . ao B short time dynamics have been used in the f&stl1].
wolleg:(P/GMM)f dr[VeVPu(r)]g(n[V*VFu(r)] While we have not analyzed all of them in detail, the pre-
scriptions used by Sjogren and Sjolandigt, by Balucani
3 o and Zoppi[9] and also by us earli¢i7], lead to an inaccurate
+(1/6p)f [da/(2m)®]v§ (@) [S(a) —1]v§*(a), mass dependence of the self-diffusion coefficient, as dis-
) cussed in the Introduction.

In Egs.(10) and(11), c(q) is the two-particle direct cor-
where summation over repeated indices is implieds the  relation in the wave numben) space that is obtained from
reduced mass of the solute-solvent pair. H&tg) is the  the HMSA schem¢12], which has also been used to obtain
static structure factor. The expression fgf®(q) is written the radial distribution functions required to calculate the bi-
as a combination of the distinct parts of the second momentd2"y time constant and the vertex functiogq,t) is the

of the longitudinal and transverse current correlation funcintérmediate scattering factor a;(q,1) is the current au-
tions YId(Q) and YE(CI)- respectively, tocorrelation function of the solvent. The expression and the

calculation details of the above mentioned dynamical vari-

ables are given elsewhef&]. Since both are pure solvent
yif(a)= —(P/M)f drexp(—ig-r)g(r)VevPu(r) properties the mass that enters in the calculation is the sol-
vent mass.
=0°0Py4(a) + (8a5—9°0") yi(a), 9) The other solvent dynamical variables required to calcu-
late the density and current mode contributions are the iner-
where y4(a) = y34(q) and y}(q) = v5X(q). tial part of the intermediate scattering functibp(q,t) given

Note that in Eq(7) if the solute and the solvent mass are by
both assumed to ben, we recover the expression of the
binary time scale derived by Sjogren and Sjolander for neat 242
liquids [8]. Thus the modification does not change the ex- Fo(q,t)=S(q)exp< - —) (12

; . o e 2m3q)
pression of the binary part of the friction or its time scale.

We modify the existing expression for the density mode
coupling term in the following way. We assume that the
binary part of the friction includes that part, whiohly con-
tributes to the rapid renormalization of the medium due to a 2, N2
binary collision. This means that we need to remove from the Crof t)=iex _ wi(gt
density and the current terms not only the short time motion o9, m 2 )

and the inertial part of the the current autocorrelation func-
tion Cy0(q,t) given by

(13
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Wherewf(q) is the second moment of the transverse current 5 1
correlation functior{7,8]. it
The solute dynamical variables required to calculate the ~
density and current contribution are the inertial part of the a2 08F
self-intermediate structure fact&i(q,t) given by Y
=
© 06|
kgT g°t? P
FS =exp — — —— 14
o %4 r
and the self-intermediate structure facks(q,t). Assuming r ,/ s
Gaussian approximation the expression F(q,t) can be 'g N
written as £ %21 :
5 I
= Iy TN
s q?(Ar?(t)) L ool vy Ty
Fa.t)=exp ———%—|, (195 0 0.5 1 1.5 2 2.5

Ty
where(Ar2(t)) is the mean square displaceméSD) that
can be obtained from the time dependent velocity autocorre- FIG. 1. The normalized intermediate scattering function of the

lation function (VACF), C,(t), through the following ex- solvent and the self-intermediate scattering functigaking out the
pression: v inertial parj of the solute for two different solute-solvent mass

ratios are plotted against reduced time. The solid line represents the
. intermediate scattering function of the solvent, the long dashed line
<Ar2(t)> — Zf drC,(7)(t— 7). (16) represents the self-intermediate scattering function of the solute for
0 M/m=1.0 and the short dashed line represents the sami for
=3.0. The plots are ap* =0.844 andT*=0.728. The time is
The time dependent VACF is obtained by numericallyscaled byrs=mo?/ksT.
Laplace inverting the frequency-dependent velocity autocor-
relation function, which is related to the frequency-
dependent friction through the following generalized Ein-

B. Proper description of the short time dynamics in the
collective mode contributions

stein relation: As discussed in Sec. Il A the standard prescription of the
short time dynamics of the collective modes is erroneous.

kgT Although for the same mass, the absolute value of the fric-

C,(2)= m (170 tion is not affected, this error becomes transparent when the

mass of the solute is significantly larger than that of the

. . - solvent molecules.
-kl)-ggrS] égIEEIIZtZShseerﬂ?cgzgisftreerc]]tlljer\}\ﬁ{r;o'ltﬁgel\r;ldseglt friction has In order to have a pictorial understanding of the time scale
y y argument presented we do the following analysis. Let us re-

in Tirtfr:t(ia\l/zcsogr?éieencgirlsst 'Th‘gey:g::e?stggg%r;éhf?of;“%w'call that in the mode coupling theory formalism, one needs to
9 ' ’ 9-subtract the binary contribution from the collective terms.

(17) by replacing the total frequency-dependent frictiga) This i .
) . . s is because at very short tim@shen terms of the order
by its binary par{p(z). The VACF thus obtained is used to t? are only important only the binary term is relevant. Ac-

calculate the MSD through E¢16). Now this MSD is used cording to the existing prescriptions, this can be achieved by

to calculateR, ,(t) andRy+(t) and thusi(z). This total fric- ubtracting the free inertial motion from the self-dynamic
tion is used to calculate the next VACF, which again is usecitructure term, that is, instead &F(k,t), we should have

to determine MSD and thug(z). This iterative process is Fs(k,t)— F3(k,t) multiplying the rest of the integrand, both

continued until the VACF obtained from two consecutive. ) . >
steps overlap. in the density and in the current mode contributions. The

Once the VACF is obtained self-consistently, the diffu—tIme scale in the binary part given by E@) is determined

sion coefficientD is calculated using the following relation by bqth the mass of the solute gnd. the solvent and since
effective mass enters the calculation it is mostly the mass of

I%ecti\;veen the diffusion coefficient and the time dependent Vethe lighter particle that determineg. On the other hand, the
y autocorrelation function, : S . .
time scale of the decay &f,(k,t) is determined only by the
. mass of the solute. When the mass of the solute becomes
D= %f drC,(7). (18  very large then the time scale &f3(k,t) becomes much
0 larger compared to that of the binary time scale.
That the existing MCT decomposition indeed leads to a
Note that in the above expressions, the mass of the solutgerious problem is shown in Fig. 1, where we compare
enters in a complex fashion. First, it enters in the binaryF3(k,t)—F3(k,t) with the dynamic structure factd¥(k,t),
friction—even here the contribution is more complex thanas a function of time for different mass ratios. It can be seen
what was envisaged in the Enskog theory. The mass alsibom this figure that for massive solutes, diffusion is coupled
enters in the collective contributions. to solvent dynamic®nly at longer times, which is clearly
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FIG. 2. The normalized contribution from the binary collision
and the density term to the friction and the current term to the FIG. 3. The total friction(represented by solid lingthe binary
diffusion are plotted against reduced time. The solid line representgontribution to the friction(represented by long dashed linend
the time dependent binary terfigp(t)], the long dashed line the the density contribution to the frictiorepresented by the short
time dependent density terfi,,,(t)], and the short dashed line the dashed lingare plotted against the solute-solvent mass ratio*at
time dependent current terpR;-(t)]. The plots are ap*=0.844  =0.844 andT* =0.728. The friction is scaled by, .
andT* =0.728. The time is scaled by.= Vmo?/kgT. The friction

: -1
is scaled byrg:. Note that Fig. 2 has been plotted with normalized func-

unrealistic. According to our definition, the short time dy- tions in order to emphasize the time scales. The absolute

namics of the collective part is now given by the product ofv&lue of the zero time friction is quite large. For_gxample, for
the inertial part of the solute dynamics to the inertial part ofh€at _Ilquld, It Is equal*to 358.8n the unit of ) at the
the solvent dynamics and not to the full solvent dynamicsdensityp™=0.85 andT* =0.73. The maximum value of the

Thus the time scale of decay of the short time dynamics irflensity term is about 10% of this valieear 40 while that
the collective parts that is F3(q,t)Fo(q,t) and Of the transverse current term is only about 3% of the zero

FS(q.t)C t) will be determined by both the mass of the time friction value. The contribution of the longitudinal cur-
o(a.) Cuio(a.1) y fent term is much less and is not shown in the figure. The

solute and the solvent and mostly by the mass of the lighte
particle as in the case of the binary term. gbove numbers of course c_han_ge when the mass of the solute
is changed, but the contribution of the transverse current

term increases slightly with mass.

The main result of this work is that the self-diffusion co-

With the above mentioned modifications properly defin-eéfficient of the solute is found to have a weak mass depen-
ing the short time dynamics of the collective terms and alsglence. The diffusion is found to decrease as the mass of the
incorporating the self-consistency between the frequencysolute is increased. In Fig. 3, we have plotted both the binary
dependent friction and the mean square displacement ovand density term contribution to the total zero frequency fric-
the whole frequency and time plane, we have calculated th#on against the mass ratio. We find that the current term
mass dependence of the solute diffusiorp&t0.844 and contribution remains small and almost unaltered over the
T*=0.728. whole range of solute-solvent mass ratio studied in this ar-

According to mode coupling theory formalism, the binary ticle.
term is expected to make a contribution in the short time. The same plot also shows that the binary part of the fric-
The density term that renormalizes the binary friction is ex-tion increases slowly and monotonically with the solute
pected to contribute in the intermediate time regime and th&ass. On the other hand, the density term is first found to
current term in the long time regime. Thus the three differentlecrease for solutes almost twice as massive as the solvent
terms in the expression of the friction/diffusion have differ- and then it increases with the mass of the solute. The reason
ent time scales. This is demonstrated in Fig. 2 by plotting thé€hind this initial decrease of the density term with the mass
normalized(the maximum of the respective ternime de-  Of the solute is the following. The maximum contribution
pendent contribution from the binary and the density term tdrom the density term to the total friction occurs around
the friction and the contribution from the current term to the=27. Now the time scale of the short time collective motion
diffusion, for solute-solvent mass ratio 1. The oscillationof the solventF,(q,t) is larger than the time scale of the
present in the current mode contribution is due to the oscilinertial motion of the solute of the same mass at this wave
lation in the current autocorrelation function. The long timenumber. As we increase the mass of the solute, the time scale
tail in the current mode contribution becomes more promi-of its inertial motion increases and th&g(q,t)Fg(q,t) in-
nent at lower density and higher temperature. The binargreases till the time scale of the inertial motion of the solute
collision time is found to be 126 fs. becomes larger than the time scale of the short time collec-

Ill. RESULTS
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. sive solutes this leads to coupling of the solute dynamics to
the density and current of the solvemtly at longer time,
which is clearly unrealistic. We have proposed a modifica-
tion of the existing MCT where now the short time dynamics
of collective term is given by the free inertial motion of the
02 solute and the short time collective motion of the solvent.
5 Thus the time scale of the short time dynamics of the collec-
5 tive part is now determined by either the time scale of the
- free inertial motion of the solute or the time scale of the
- . collective short time dynamics of the solvent, whichever be-
0.1 | ing smaller. This is in accord with the binary time scale. We
- have also introduced a self-consistent way of calculating the
. frequency-dependent friction with the mean square displace-
ment. The self-consistency introduced in the previous works
were only between the zero frequency friction and the diffu-

03 I

In (D,/D,)

I T T T [T TN TN TR SN N T T T T |
° 0 1 > 3 sion coefficient. This alternative method takes care of intro-
ducing the self-consistency over the whole time and fre-
In (M/m) quency plane.

FIG. 4. In,D,/D, vs In,M/m is plotted atp* —0.844 andT* After modifying the existing M(_:T we have calculate_d th_e
=0.728, whereD, is the self-diffusion of the solvent, ari, that ~ "2SS dependence of the solute d|ffu3|on..The solute diffusion
of the soluteM andm are the masses of the solute and the solvent,ShOWS a weak mass dep?”d‘%”ce- We find a pqwgr-law de-
respectively. The slope of the straight line is 0.099. The plot showendence of the solute diffusion on mass that is in accord
a power-law mass dependence of the solute diffusion. The slope oFith the existing computer simulation resufts.
the plot suggests that this mass dependence is weak. What is the origin of the weak power-law dependence of

diffusion on the mass? This dependence comes mostly from
tive dynamics of the solvent. We find that till the solute- the binary, that is, short time dynamics. Since the contribu-
solvent mass ratio is below 2, the inertial time scale of thetion of the binary term to the total friction is about 30—40 %
solute remains smaller anf,(q,t)F5(q,t) increases with in the liquid, the dependence on mass is naturally weaker
the mass of the solute. Now the increase in the producthan the prediction of the kinetic theory. Another important
Fo(a,t)Fi(q,t) decreases the contribution from the densityfactor is that the density term first decreases with the increase
term. Thus we find that the contribution from the densityof mass, although it increases later. Thus, for small changes
term initially decreases with the solute-solvent mass ratimf mass(a factor of 2 or sij the increase of friction from the
and then increases with it. Though the density term decreaségnary term will partly be cancelled by the decrease from the
initially we find that the total friction always increases with density term. However, the negligibly small contribution
the mass of the solute. The initial increase being a littlefrom the current implies that the hydrodynamic logic of
slower due to the opposite effect of the solute mass on th@eak mass dependence is not valid.
density and the binary term. _ _ _ The predictions from the mode coupling theory could be

The most interesting result obtained from this study is theegted against molecular dynamics simulations. The modifi-
power-law dependence of the solute diffusion on mass as hagtions of the mode coupling theory proposed here should be
also been observed in computer simulation stufidsThe — ysefyl in the study of other problems. Another important
power-law dependence is clearly manifested in Fig. 4 whergoplem in this area is the much stronger mass dependence
we have plotted 1D, /D, against IM/m, whereD, is the  of the viscosity, observed in simulatiof. The same effect
diffusion of the solvent an®, is the diffusion of the solute. s ghserved between ordinary and heavy water whose under-
The slope of the line is 0.099. This implies a weak massstanding is still awaited. As the difference between water and
dependence of the solute diffusion, in agreement with thgeayy water can at least partly be modelled by using a dif-

MD simulation results. ferent interaction energy parameterone can attribute this
anomaly partly to the dynamics and partly to the statics. We
IV. CONCLUSION hope to address these problems in future.

Let us first summarize the main results of this paper. We
show that the existing MCT prescription leads to inaccurate
results, showing an increase in the diffusion value as the
mass of the solute is increased. We traced back this problem We thank Professors S. Egorov and A. Yethiraj for many
to the erroneous description of the short time dynamics in thénteresting and useful discussions. This work was supported
density and current mode contribution to the total friction.in part by the Theoretical Chemistry Institute and Depart-
We show that according to the existing theory although thenent of Chemistry, University of Wisconsin, Madison, and
time scale of decay of the binary term is determined by bottby the Department of Science and Technology, India. Finan-
mass of the solute and the solvent, the time scale of the shoctal assistance from DST, India and CSIR, India are grate-
time dynamics of the collective terms were given by the freefully acknowledged. S.B. also thanks CSIR, New Delhi, In-
solute motion and the full dynamics of the solvent. For mas-dia, for financial support.
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