HTML AESTRACT * LINKEES

THE JOURNAL OF CHEMICAL PHYSICSL122 214916(2005

Two-particle friction in a mesoscopic solvent
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The effects of hydrodynamic interactions on the friction tensors for two particles in solution are
studied. The particles have linear dimensions on nanometer scales and are either simple spherical
particles interacting with the solvent through repulsive Lennard-Jones forces or are composite
cluster particles whose atomic components interact with the solvent through repulsive
Lennard-Jones forces. The solvent dynamics is modeled at a mesoscopic level through multiparticle
collisions that conserve mass, momentum, and energy. The dependence of the two-particle relative
friction tensors on the interparticle separation indicates the importance of hydrodynamic interactions
for these nanoparticles. @005 American Institute of PhysidDOI: 10.1063/1.1924505

I. INTRODUCTION multiparticle collision dynamics that is used to model the
_ o o - _ ~solvent motions. The friction coefficients that are of interest
Particle dynamics in solution is modified by interaction jn this study are defined in Sec. lil. In this section we also

with the hydrodynamic modes of the solvent. Disturbances ifpresent the results of simulations of the friction for two

the fluid created by the solute molecules are transmitted t8mooth spherical Brownian particles interacting with the sol-
other parts of the fluid through solvent collective modes,ent molecules through repulsive Lennard-Jones forces. In
such as the solvent velocity field, and this gives rise to asec. |V we consider the more complex situation where the
long-range hydrodynamic coupling among the solute molyyo Brownian particles are clusters of Lennard-Jones par-
ecules. As a result, the motions of particles are coupled byicles and describe the new features that arise because of the

hydrodynamic interactions even though they may be sepaomposite nature of the particles. The conclusions of the
rated by distances greater than the range of direct intermgsaper are given in Sec. V.

lecular forces. Hydrodynamic interactions play an important

role in many processes. The frictional properties of polymer

molecules in solution and the dynamics of structural change,

such as polymer collapse are strongly influenced by hydroﬁ' DYNAMICS OF TWO BROWNIAN PARTICLES

dynamic interactions among the monomers comprising the e study a system with two Brownian particles with

polymer chairf. Hydrodynamic interactions govern the fric- particle massesng in a solvent or bath oN, particles with

tional properties of colloidal suspensions and the full treatparticle massesn (mg>m). The solvent particles are la-

ment of such interactions for concentrated colloidal suspenpglied 1, ... N, and have position and velocity coordinates

sions is a challenging task. (r,v)={r;,v|i=1,... Ng. Similarly, for the two Brownian
The simplest context in which such hydrodynamic inter-paticles we defingR,V)={R,,V,|a=1,2}. The general

actions can be investigated is for two particles fixed in &qrm of the Hamiltonian for such a system is

solution at a distancB,, and this is the case we study in this
paper. In particular, we examine how the friction depends on H(R,V,r,v) = %Vz"'VBB(R)
the separation between the two particles. Studies of hydro- Y 2

dynamic effects on the two-particle friction are difficult to 2

: m
carry out by full molecular dynamics because of the need to +—02+ V1) + 2 VadR,.I)
simulate large systems for long times in order to be able to 2 a=1

capture the coupling through hydrodynamic fields. To cir-
cu:?nvent this diffli?:ult%/, we rr?odel)/the s)(/)Ivent at a mesoscale =Ha(RV) + Ho(rViR). (@)
level that satisfies the microscopic conservation laws and ifn this equation we have defined the Hamiltonkdg for the
therefore able to yield the correct hydrodynamic couplingpair of Brownian particles in the absence of solvent and the
among the solute moleculés. HamiltonianH, for the solvent in the potential field of the
The outline of the paper is as follows. In Sec. Il we fixed positions of thé particles. The solvent particle-solvent
specify the system being investigated and also sketch thgarticle potential energy ¥, the interaction energy be-
tween a Brownian particle and the solvent particled/is,

aElectronic mail: shlee@star.ks.ac.kr and_\/BB is the interaction energy between the two Brownian
PElectronic mail: rkapral@chem.utoronto.ca particles.
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Our calculations of the two-particle friction are carried The simulations were carried out in a cubic box of vol-
out in a mesoscopic solvent rather than in a full moleculaumeV=L3 with periodic boundary conditions. If the volume
solvent. We adopt the multiparticle collisidnandom rota- of the Brownian particle isz:§7m3, V, is defined as the
tion) model for the solvent dynamié‘sﬁf7 In this model the volume of the system occupied by solvent moleculg,
intermolecular forces among the solvent molecules are set toV—2Vg. The multiparticle collision cell volume is given by
zero(Vss=0) and replaced by multiparticle collisions at dis- V;=V/n®=(L/n)3=¢3. We have takem=32. Fore=1.0 nm,
crete time intervals which are carried out in the following the simulation box was changed to a rectangular shape where
way: the simulation box is partitioned intd cells (multipar-  the length alongz was doubled and the number of solvent
ticle collision volumeglabeled byé and at each time interval molecules was doubled. The values.odndN, were chosen
7 rotation operatorso,, chosen at random from a set of ro- to fix the number density of solvent particles @t Ns/V,
tation operators, are assigned to each cell. In the simulations2035.42 nrii® or an average of 10 particles per collision
described in this paper we use rotations by/2 about a cell so that there are either 327 680 or 655 360 solvent mol-
randomly chosen axis. We have employed random shifting ogcules in the simulation box.
the grid used to define the multiparticle collision volunfles. Newton’s equations of motion were integrated using the

At any time instant, a cell will contain a certain number velocity Verlet algorithm® with a time step of At
of solvent molecules with velocitieg . Let V, be the center- =0.003 388 ps. Multiparticle solvent collisions were carried
of-mass velocity of the particles in cefl The postcollision out in cells with linear dimensiod=L/n=0.17 nm every
velocities of the particles in the cell are determined by rotat-100 molecular-dynamics time steps so that10QAt
ing the particle velocities, relative to the center-of-mass ve=0.3388 ps. The temperature, determined from the average
locity V,, by the rotation operatab,, and then addiny,to  kinetic energy, was taken to BB=40.33 K so that the re-

the result: duced temperatur&gT/e=1/3. Theresults were obtained
o from ensembles of ten microcanonical MD trajectories of
Vi=Vet+ ofvi =V (2) length approximately 68 ns. The statistical errors in the fric-

tion coefficients were determined from block averages over

Such multiparticle collisions are carried out indepen-
the ensemble members.

dently in each cell. Between multiparticle collisions the sys-
tem evolves by Newton’s equations of motion that follow
from the Hamiltonian in Eq(1) with Vs set to zero. This lll. TWO-PARTICLE FRICTION
mesoscopic dy_namlcs satisfies the mass, _mo_menf[um, and €N Our focus is on the calculation of the fixed-particle fric-
ergy conservation laws. Thus, the dynamics is microcanoni. : . o
. tion tensor for two Brownian partlcléé.The friction tensor

cal, preserves phase-space volumes, and will generate thg . L

. . . _~can be obtained from the time integral of the force autocor-
correct hydrodynamic coupling between the two Brownian

) . . _ relation function as
particles on long distance and time scdles.
{P(Ryp) =B f di(f,(0)f s(1))o, 3
0
Simulation details wheref (t) is the random force,
_ We have carned_ out mqleculgr-dynam(MD) simula- f(t) = €Lo(F, — (F,)) = &-0f_(0), 4)
tions for two Brownian particles in a solvent df; mesos-
copic particles. Our primary interest is in the situation whereandF,, is the force on Brownian particle. The Liouvillian
the two Brownian particles are fixed at a given distance oiLq- ={Hq, -}, where{-,} is the Poisson bracket, describes the
are massive so that their motion occurs on a long time scal@volution governed by the bath Hamiltoni&ty, again with
We suppose thatzz=0 so that the only interactions between Vg Set to zero and its effect modeled by multiparticle colli-
the particles are through the solvent. This allows us to isolatsions. Here the angular brackets signify an average over a
solvent coupling effects without having to account for con-canonical equilibrium distribution of the bath particles with
tributions to the friction arising from direct intermolecular the two Brownian particles fixed at positioi®;, and R,

forces between the Brownian particles. (-+)0=Z5* [drNdpNePHo, ... whereZ, is the partition func-
The Brownian particle-solvent particle interactiohgs,  tion. Isotropy yields the relationsi},=257, {o=4py=05%

are repulsive Lennard-JongkJ) interactions with param- =¢27, (32=027, and (5=, = (5= 0.

eters:¢=0.3, 0.7 and 1.0 nm, ane=1.006 04 kJ/mol. The Figure 1 shows the MD simulation results for the two-

repulsive LJ potential is the same as that used in our study gdarticle friction coefficients for two LJ particles witlr
the friction of a single Brownian particPeSince the solvent =0.7 nm as a function of the interparticle separati®y, (A
particles are treated as point partictegs proportional to the set of calculations was carried out for=0.3 and 1.0 nm
radius of the Brownian particle. The masses of the solvenshowing similar trend$.The friction coefficients were ob-
particles arem=3.9948 g/mol. The distances between twotained from the extrapolation of the time-dependent friction
Brownian particles are chosen to lie betwe®3=0.7 and  tot=0 as discussed in our earlier investigation of the friction
2.5 nm forc=0.3 nm,R;,=1.5 and 2.7 nm fow=0.7 nm, coefficient for a single Brownian partic?e.

andR;,=2.3 and 4.0 nm forr=1.0 nm. The particle pair is A number of different friction tensors can be defined for
oriented along the axis with Brownian particle centers at this two-Brownian particle problem since the friction tensor
-Ry5/2 andRy,/2. in Eq. (3) is labeled by particle indices and spatial compo-
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6 ‘ ‘ ‘ molecules are through repulsive LJ intermolecular forces
rather than through boundary conditions as is usual in hydro-
dynamic treatments of the friction. It is also important to

realize that the mesoscopic solvent is a compressible fluid,
while most hydrodynamic treatments of the friction assume
an incompressible fluid. For these reasons it is very difficult

E._® o
S to construct simple models for our two-particle friction data
0 X * N % and the present simulations probably represent the most ac-
e S curate description of the dependence of the friction on the
i interparticle separation for this system. For these reasons we
_ ‘ ‘ ‘ have chosen to contrast our simulation results with the pre-
1.3 1.7 2.1 25 2.9 dictions of a a very simple hydrodynamic model simply to

Riz gauge the rough magnitudes of hydrodynamic effects.
FIG. 1. Friction coefficientst(kg/mol ps for ¢=0.7 nm as function of If W_e assume_ that hydrOdyn_amIC |r_1teract|ons betwe_en
Riz (nm). @: 25, m: £, &2 2L x: 2L s 212 and +: 22 respectively. the particles are given by Oseen interactions, the two-particle
The solid line indicates twice the single particle friction, {2-  friction tensor takes the forrjr?,
=3.242 kg/mol ps, and the other lines from top are the analytic results for 4
{0,090 4L AL A2 and {2, respectively. The uppermost dotted line is the LRy = L[l + LoT(R]™, (7)

more accurate analytical resifiee text . . Lo . .
Y where{, is the one-patrticle friction coefficient afd R ) is

the Oseen tensor,
nents. In view of the symmetry properties noted above, we 1
plot the £5%(Ry,) and {;f(Ry,) components of the friction Tos(R1) = (1 -8, =—(1+RRyy). ®)
tensor. In this figure we also plot the relative friction defined 87 7Ry,

b A . : . :
y Here Ry, is a unit vector along the interparticig) axis.

Taking the inverse of the matrix in E¢7) we find*

= B _ b
= 2[§11(R12) _ §12(R12)]v (5) “ 1- [Zh(R12)]2, 1- [h(RlZ)]z,

wheref,(t) is defined by 12~ 26h(Ryp) 12__~ $oh(Ryp)
o 1-[2h(RpTF" T 1-[h(Ryp)]*

The components of the friction normal to the intermo—Whereh(RlZ)zgo./BW”.Rlz'. .
L 2 . For comparison, in Fig. 1 we also plot these expressions
lecular axis ; and{,;, are seen to be almost independent of

12 for the friction tensor components. There are deviations at

. f el

Ri2 while the components parallgl to this axig, anq b2 small separations as might be expected since the simple hy-

increase as the particle separation decreases. This trend (JS : oo ) .
rodynamic approximations will be poorest at these dis-

iii?l ei\;edne rg%rgeﬁlteggy g‘n(tjhg f;?tgeit;n;gopnV\gﬁ%évljlue tances. Our simulations show thaif varies much more
Y P 12 q ymp weakly with internuclear separation than the predictions of

of twice the single-particle friction coefficient. The parallel . .
tg(‘) increases strongly &;, decreases the simple hydrodyngmlc model.. .
componen 2 ' Much more detailed theoretical treatments of the dis-

7z’
If the Brownian particles were macroscopic in size, thetance dependence of the friction tensors have been carried
Sut. In particular, Jones and Schnifthave presented a se-

{(Ryp) = ,Bf di(f12(0)f15())o
° (9)

11 _
gxx -

(10
f1o=F1—F,. (6)

solvent could be treated as a viscous continuum, and th

particles would .qouple_ o Fhe continuum solvent through SIIpries of solutions for the mobilityfrom which the friction can
boundary conditions in view of the central forces that act

. ) . be computefas a power series in the ratio of the particle
betvyeen Th‘? Brownian and solvgnt particles. The smgleéize to the distance between the particles that provide a better
particle friction WOUld then be given by Stokes Ia\&_? description of the friction at small separations. The upper
=4m7o, where 7 is the solvent viscosity. The two-particle .0y jine in Fig. 1 shows that while the theory predicts that
friction could be calculated by solving the Navier—Stokes

. . . ) . ._the friction should increase more strongly at small separa-
equations in the presence of the two fixed parucles. T.h's 'S Bons than the simple point particle approximation, the result
weII-knowq problem that has been extensively s.tudled andii lies below the simulation results.
exact soltigci?s have been constructed for steady incompress-
ible flows: Mo_re tractable expressions obtained using th.elv. TWO-CLUSTER FRICTION
method of reflections have also been constructed for the dis-
tance dependence of the friction and mobility tensdrs. The two-particle friction calculations discussed in the

The Brownian particles in our study are not macroscopi-previous section pertain to a somewhat ideal situation since
cally large so that even the single-particle friction has importhe two particles interact with the solvent through central
tant microscopic contributions and cannot be simply de+epulsive LJ forces. In most instances of solute molecule
scribed in terms of the Stokes law forhin our simulations, ~ Brownian motion in solution one is concerned with the mo-
the interactions of the Brownian particles with the solventtions of large molecules or other aggregates of atomic
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FIG. 2. Radial distribution functiongcy_c(r) (solid line) andgcy_s(r) (dot- FIG. 3. The friction coefficientgkg/mol p3 ¢, (@) and (S=6myr, (¢) as
ted ling vs r(nm) for M=155. function of radius of cluster,.

groups. In such situations the solvent molecules will interactrom the radial distribution functions and was found to be
primarily with the atomic surface sites and macroscoplcallyr ~1.0 nm. For clusters wittM=25, 50, and 100 we find
one will have stick boundary conditions. To investigate ther ~0.54, 0.66, and 0.85 nm, respectively.

issues that come into play when two composite particles in- The friction coefficient for cluster is defined in terms of

teract through the solvent by hydrodynamic forces, we studyhe autocorrelation function of the force on the center of
the two-particle friction for clusters of particles. mass of the cluster,

Specifically, theM particles comprising of a cluster in-
teract through LJ forces withe,.=1.006 kJ/mol ando
=0.34 nm. The masses of the cluster particles axe rmee
=39.948 g/mol. The individual particles in the cluster inter- &= Bf dt(fi(0)f1()o, (12)
act with the solvent molecules through repulsive LJ forces 0
with €;s=1.006 kJ/mol andr,s=0.221 nm. The position of
the center of mass of a cluster is denotedRyy wherea  wheref;=F§-(F%) with F{ the total force on the cluster cen-
labels the cluster. The LJ forces that bind the cluster particleger of massF;=M 12’\"1F whereF; is the force on cluster
together are sufficiently strong that no evaporation of theparticlei. Notice that this expression for the friction includes
clusters is observed on the long time scale of our simulaeontributions from cluster particle-cluster particle interac-
tions. The number of solvent molecules per cellNgV,  tions as well as cluster particle-solvent particle interactions.
=10, the same as that for two LJ particles in the previous In our calculations of the friction, the center of mass of
section. the cluster was fixed by a holonomic constrdthEigure 3
We first compute the friction of a single cluster in order plots the friction coefficients, obtained from the extrapola-
to be able to assess the importance of hydrodynamic interagion of the time-dependent friction to=0, versus the cluster
tions when two clusters interact through the solvent. Theadiusr.. We see that the friction increases linearly with
structure and some aspects of the diffusional motion ofndicative of a significant hydrodynamic component to the
single LJ clusters in the mesoscopic solvent were studieétiction for these nanometer scale composite particles. If the
earlier'® The numbers of LJ atoms in a cluster were chosertlusters were macroscopic objects in an incompressible fluid
to be M=25, 50, 100, and 155. The structure of the clusterone would expect Stokes law to hold with stick boundary
can be determined from an examination of the radial districonditions. In the figure we plafS=6myr. for comparison.
bution functions for cluster and solvent molecules relative taThe slope of the cluster simulation data is larger than that
the center of mas&.m) of the cluster which are defined as predicted by Stokes law, presumably due to the fact that
macroscopic theory is not fully applicable to these mesoscale
2" S(ri =Ryl -1) (11) particles a_nd t_here are_internal contributions to the friction.
! ! ' The diffusion coefficient of the cluster was also com-
puted from both the mean-square displacement and center-
wherev=c or slabels a cluster or solvent molecuR, isthe  of-mass velocity autocorrelation function for the moving
center of mass of the cluster, apglis the number density of clusters. The results are shown in Fig. 4 as a function of the
cluster or solvent molecules. Figure 2 shows these radialumberM of cluster particles. As expected, the diffusion
distribution functions for a cluster wittM =155 particles. coefficient falls rapidly as the number of particles in the clus-
The highly structured cluster particle radial distribution func-ter increases. We also plot estimates of the cluster diffusion
tion with sharp peaks indicates that the cluster is solidlikecoefficient using the Stokes—Einstein relation with the fric-
The solvent molecule distribution function shows that sol-tion coefficient approximated by its simulation value when
vent molecules do not penetrate deeply into the cluster sthe center of mass of the cluster is fixed and the Stokes value
that most cluster-solvent interactions are with the surfac®f the friction for stick boundary conditions. While these
cluster particles. The radius of the clustgrcan be estimated estimates show a similar dependenceMnespecially that

Gem—ll) = 2
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FIG. 4. Diffusion coefficient$10~* nm?/ps) of moving clusters as function

of number of cluster particled/, obtained from mean-square displacement FIG. 6;) Friction coeffj)cientsékg/mgl p9 for M=25 as fgnctign 9R12 (nm).
(®), velocity autocorrelation functions# ), andD=ksT/ with ¢, (M) and ~ ®: {.,, and M: () respectively. The solid line indicates 2

with 5 (A). =4.516 kg/mol ps, and the other lines from top are the hydrodynamic re-
sults forgifz)z and g’(c') respectively.

XX

obtained using the simulation value &f there are quantita- o _ )

tive differences likely due to the use of the fixed-particleMuch stronger variation witR,,, especially for the normal

friction component of the relative friction. Most of this difference
. : . .

Having characterized the frictional properties of a singlec@n be ascribed to d|ffere_nces_§ily)_(x(R42). We have also
cluster, we turn to the study of the two-cluster friction coef- examined the solvent particle distribution in the vicinity of
ficient. Specifically, we consider two clusters, each with the clusters, in particular, for small inter-cluster separations.
=25 particles, separated by distances ranging B Even at the smallest internuclear separation in our study, the
=0.15 to 0.27 nm between their centers of mass. The clust&olvent particles lie between the clusters, although the sol-
separation was held fixed by a holonomic constraint. Again/ent density is reduced. Consequently, a decrease in the fric-
the particles within each cluster interact through LJ forcedion due to a strong particle depletion effect does not seem to
and with the solvent through repulsive LJ forces. There aré!@y an important role. This is evident in the simulation data
no direct interactions between the particles in different clusWhich show a rising relative friction coefficient even at the
ters. An example of a two-cluster configuration in the mesoShortest distances.
scopic solvent is shown in Fig. 5. We see that the clusters are
not spherical and various cluster configurations contribute ty- CONCLUSION

the value of the two-cluster friction. The computation of the friction coefficient is a demand-

The cluster relative friction coefficients; '(R;»), were  ing task for molecular-dynamics simulation. Large system
computed using the analog of E(p) and the results are sjzes and long simulation times are needed to accurately es-
shown in Fig. 6 as function of the intercluster separationtimate the friction. The determination of the two-particle
Rio. As for the two LJ particle case, the component of thefriction tensors is even more challenging. The use of the
relative friction along the cluster internuclear aki§)] ex-  mesoscopic multiparticle collision model for the solvent dy-
hibits a strong variation with decreasing internuclear separanamics has allowed us to carry out extensive simulations of
tion. The normal component of the frictid.,,] is almost  the effects of hydrodynamic interactions on the friction ten-
independent oR;, and is closely approximated by twice the sors for nanoscale LJ and composite cluster particles. Since
single cluster friction coefficient. For comparison, we alsothe particles have nanometer dimensions they lie in the in-
plot on this graph the hydrodynamic approximation to thetermediate size range where a pure hydrodynamic treatment
relative friction determined from Eq$9) and(10) with {., s not fully applicable and yet solvent collective effects are
given by the simulation result for the single cluster friction. sufficiently large that hydrodynamic contributions are likely
In this approximation the hydrodynamic interactions areto play an important role. Our simulations bear out these
treated assuming that the clusters are structureless object®nsiderations. We find clear signatures for the importance of
This simple Oseen hydrodynamic approximation predicts aydrodynamic effects. Hydrodynamic effects manifest them-
selves in the magnitudes of the single-molecule friction co-
efficients. The dependence of the two-particle friction on the
interparticle separation is clear evidence for the influence of
hydrodynamic interactions on this transport property. Simple
hydrodynamic models cannot quantitatively describe the
simulation results.

The mesoscopic multiparticle collision dynamics con-
serves mass momentum and energy and as a result can cap-
ture correctly the hydrodynamic interactions among solute
FIG. 5. Instantaneous configuration of two clusters Witk 25 particles and ~ SPecies. In this connection, the model has proved useful in
separated byR;,=1.5 nm in the mesoscopic solvent. studies of ponm@P‘Band colloid*%® dynamics where such
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