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The structural and dynamic properties of smmadllkane clusters embedded in a mesoscopic solvent are
investigated. The solvent interactions are taken into account through a multi-particle collision operator that
conserves mass, momentum and energy and the solvent dynamics is updated at discrete time intervals. The
cluster molecules interact among themselves and with the solvent molecules through intermolecular forces.
The properties ofi-heptane and-decane clusters interacting with the mesoscopic solvent molecules through
repulsive Lennard-Jones interactions are studied as a function of the number of the mesoscopic solvent
molecules. Modifications of both the cluster and solvent structure as a result of cluster-solvent interactions are
considered. The cluster-solvent interactions also affect the dynamics of the-aikalte clusters.
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Introduction fields on long distance and time scales. One may consider
the dynamics of solute molecules in this mesoscopic solvent
It is often useful to focus on the dynamics of a subsystenand because the solvent is described at an effective particle level
of interest and treat the rest of the system at a less detailditk solute and solvent molecules interact through intermolecular
level of description. The classical theories of Brownianforces rather than through boundary conditions. This leads to
motion recognized this distinction and reduced the influence hybrid description of the dynamics where solute molecules
of the solvent on the Brownian particles to friction forcesevolve by Newton’s equations of motion but the solvent
and random forces with simple statistical propettiesnany  evolves through the multi-particle mesoscale dynamics.
applications such a simplified description is not sufficient In the present paper, we carry out molecular dynamic
since one would like to account for specific features of thgMD) simulations ofn-alkane clusters with numbers of 100
solute-solvent force. In other words, one is interested in thenolecules in order to investigate the structure and dynamics
detailed microscopic dynamics of some degrees of freedoraf complex molecular entities in the mesoscopic solvent.
of the system interacting with a solvent whose dynamics i€onditions are chosen so that the clusters persist in vacuum
essential for the phenomena but whose detailed propertiés liquid-like states for long time periods without evaporation.
are not interest. The systems are sufficiently complex that ¥e then study the modifications in the cluster structure and
full molecular dynamics (MD) simulation of the system plus dynamics when they are embedded in the mesoscopic solvent.
solvent is impossible. The number of the mesoscopic solvent molecules is varied to
In such circumstances one is led to consider mesoscopinvestigate how the cluster properties change.
models for the solvent dynamics that incorporate the essential This paper is organized as follows: In Section I, we
dynamical properties, yet are simple enough to be simulatepgresent the molecular models and MD simulation methods.
for long times and on long distance scéles.variety of  We discuss our simulation results in Section Ill and present
mesoscopic models have been constructed for this purposencluding remarks in Section IV.
ranging from Langevin models that have been employed as
simple “heat baths” in MD studies of biomolecule dynarhics, Molecular Models and MD Simulation Methods
to schemes such as Direct Simulation Monte Carlo (DSMC)
methods' lattice Boltzmann methodsand extensions of The system we investigate comprises a cluster, whose
hydrodynamic lattice gas automaton models. molecules interact through attractive intermolecular forces,
Recently Kapral and co-workers have reported results of ambedded in a solvent whose dynamics is treated at a
mesoscopic model for solvent dynamicsplute molecular mesoscopic level. The solvent molecules labeled 1N ---,
dynamics in a mesoscale solvemind cluster structure and have phase space coordinaté8, ™) = (ry, ra, === fn, i, Va,
dynamics in a mesoscopic solvénin this model, fluid  ---,w), while the cluster molecules, labeld 1, ---N+M
particles interact through multi-particle collision events whichhave phase space coordinate® (V™) = (ry+1, rn+2, -,
take place at discrete time intervals. Between such collisiony+m, VN +1, VN+2, *** VN +M).
events the particles undergo free streaming motion. The The total potential energy of the system is made up of
dynamics conserves mass, momentum, and energy and yieldsister molecule-cluster molecule and cluster molecule-solvent
the exact hydrodynamic equations of motion for the conservetholecule interactions,
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There are no solvent molecule-solvent molecule interactionpotential. All the sites in a chain have the same LJ size
since these are taken into account by multi-particle collisionparameters; = gi = 3.93 A, and the well depth parameters
in the mesoscopic treatment of the solvent dynamics. Tavere g = g = 0.9498 kJ/mol for interactions between the
carry out multi-particle solvent molecule collisions, the systenend sites ang = 0.3891 kJ/mol for interactions between the
is partitioned into cells and time is divided into discrete timeinternal sites. The Lorentz-Berthelot combining rulgs=s[
intervalsT. At any time instant, a cell will contain a certain (&5)Y? g; = (0 + ¢;)/2] were used for interactions between
number of solvent molecules. At the discrete time instantsan end site and an internal site. A cut-off distance ob2.5
the solvent molecules undergo multi-particle collisions whichwas used for all the LJ interactions.
are carried out in the following way: each cell is assigned at The bond-stretching interaction was ignored by a constraint
random a rotation operatarfrom a set of rotation operators, force which keeps intramolecular nearest neighbors at a
Q. The velocity of each solvent molecule in the cell is rotatedixed distance. The bond-angle bending interaction was
relative to the center of mass velocity of the molecules in thelescribed by a harmonic potential with an equilibrium angle
cell V by the rotation operatap , of 114 and a force constant of 0.07920 kJ/mol/degiEee

~ torsional interaction was described by the potential
Vi~ VH o=V, 2) developed by Jorgensehal®®:
;u:;crg]gglu.partlcle collisions are carried out independently Usgraion(@) = 8 + 8,080 + 8,C0 52¢ + a3cos3 o (7

For times between the discrete time intervals at whichwheregis the dihedral angle, arad = 8.3973 kJ/molg; =
solvent multi-particle collisions take place, all particles in 16.7862 kJ/moky = 1.1339 kJ/mol, angs = —26.3174 kJ/mol.
the system, cluster molecules and solvent molecules, evolve The mesoscopic solvent molecule was modeled for a
according to Newton’s equations of motion, methane molecule with mass wf = 16.043 g/mol and the

LJ parameters ofis=3.93 A andes=0.9967 and 0.6380

i = Vi kJ/mol for interactions with the end sites and the internal
mvy. = A = 3) sites ofn-alkane molecules in Eq. (6).
N | For n-alkanes, we have chosen 2 systemsheptane

(C/H16) and n-decane(@H,y). First, each MD simulation
was carried out in vacuum and examined which temperature

Is that given in EqQ. .(1)' If the solvent molecules are WIthInthe n-alkane cluster exists in the liquid state and persists with
the range of interaction of the solvent-cluster potential energy, . evaporation during 2-5 ns of our simulations for the given

then their dynamics is influenced by these interactions; )
. . ) . LJ parameters. Then, at the determined temperature for each
otherwise they simply undergo free streaming motion. . ) . -
i o vacuum cluster, the usual MD simulation with the periodic
Given the above description of the model, the system e S
T boundary condition in the x-, y-, and z-directions and the
Hamiltonian is S . . . ! .
minimum image convention for pair potential was carried out
in the NpT ensemble to determine the density of the system
of p=1 atm, and was continued in the NVT ensemble. The
P, s number ofn-alkane was M = 100, the density and hence the
wherei =c if i is a cluster molecule and s if it is a solvent o . . . :
: . -length of cubic simulation box were fixed and listed in Table 1
molecule. The cluster molecules interact with each other via . h ai ) . ¢ .
Lennard-Jones (LJ) potentials with given temperatures. N.evvtons equations of motion were
’ integrated using the velocity Verlet algoritiwith a time
V. = de (Fee]” _ [Pec (5)  Step ofAt=0.002 ps. RATTLE algorith was used for the
cc CC[D r O Or D] constraint of the fixed C-C bond length. Gaussian isokinetics
. . . was used to keep the temperature of the system cofigfant.
while the cluster molecule-solvent molecule interactions are ; . ) . ;
repulsive and are given by truncated LJ potentials The cluster S|mu_Iat|on_s were carried out Ina cubic b_ox of
' length L = 54.4 A with periodic boundary conditions containing

wherem is the mass of particieand the potential enerdy

H =iZ%miVi2+.ZVij(|ri—rj|): (4)

1<

0 E&Smlz E&ﬂe 1 U6 N = 2,000, 4,000, 8,000, 16,000, or 32,000 solvent molecules.
V. = B 4€CS|:DI’ 0 ~Or O + ZJ’ r<2” "o ©) To perform multi-particle solvent collisions, the simulation
g e ' box was divided into (8) (8)%, (10), or (14¥ cells according
0o, r>2" "0 to the number of solvent molecules, N. The typical number

density of solvent molecules in a cell is “f0but it was
We used a united atom (UA) model fealkanes, that is,

methyl and methylene groups are considered as Spheric?altble 1 MD simulation parameters for molecular modelsnof
interaction sites centered at each carbon atom. This model wWakanes
used in the previous simulation studi&’ Here, we briefly
describe the salient features of the model. The interactiom-alkanes
between the sites on differamblkane molecules and between
the sites separated by more than three bonds in the sam@ CHis
n-alkane molecule was described by a Lennard-Jones (LJ)”'C“’"|22

number of mass of site T(K) density length of
n-alkanes (g/mole) (g/cc)  box (A)

100 14315 170.0 0.8379 27.08
100 14.2286  190.0 0.8246 30.60
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verified by our MD simulations that a minor variation of the the cluster-solvent repulsion LJ interaction energy which
number density does not affect the structural and dynamimcreases proportionally to N. In the cases of e#tkane
properties of then-alkane clusters and the mesoscopicclusters, the chain backbone tends to straighten up and then
solvent. Multi-particle solvent collisions were carried out bend down upon the squeeze of the mesoscopic solvent,
every 50 molecular dynamics time steps so ta0.1 ps.  which one might misunderstood as it bends down continually.
At these discrete time intervals, the velocities of all solvent The calculated square radii of gyrati@)(and the square
molecules in a frame moving with the velocity of the centerend-to-end distanceB4) of bothn-alkane clusters show the
of mass of the particles in each cell were rotated®wlong  same trend, increase with increasing N but decrease when N
a randomly chosen direction independently in each cell. Afters too large. As N increases, there is a reduction in the degree
a total of 2,000,000 time steps (4.0 ns) for equilibration, theof symmetry forn-heptane, followed by an augmentation
equilibrium properties were then averaged over 5 blocks ofvhen N = 16,000 and 32,000, as shown by an increase of the
500,000 time steps (1.0 ns). largest eigenvaluesf] of the mass tensor listed in Tablé;2.
corresponds to the smallest eigenvalue of the inertia tensor
and the associated eigenvector defines the direction of the
longest principal axis of the molecule’s ellipsoid of inettia.
Thermodynamic and Structural Properties Some  These eigenvalued?) satisfy the relatior? + 13 +15=R§
equilibrium properties fon-alkane clusters of M =100 in with 1£>13>13. The second largest eigenvalu&s ¢f the
vacuum and in the mesoscopic solvents obtained from ounass tensor decreases with increasing N and increases when
MD simulations are listed in Tables 2 and 3. The total LennardN = 16,000 and 32,000, compensating for the changé of
Jones (LJ) energy between C-C sitesralkane increases The turnover seems to occur at N = 16,000 fomtheptane
roughly with the number of the mesoscopic solvent molecules;luster and at N = 8,000 for tinedecane cluster, respectively.
N, since the mesoscopic solvent puts the squeeze on thelt is convenient to characterize the cluster structure in
cluster, but it decreases when N is too large. However, theerms of the site radial distribution functions for cluster and
intra LJ energy within the samealkane chain decreases solvent molecules relative to the cluster center of mass.
with increasing N and increases when N is too large. This iFhese distribution functions are defined by
coincided with the increase of C-C-Cifans % and the
decrease of torsional energy with increasing N. The squeeze
of the mesoscopic solvent on the cluster is easily seen from

Results and Discussion

Na
dem_olr) = 12 |:25(|ri_RCM| —r)} (7)
4mrp,l i

Table 2. Thermodynamic and static propertiesnefieptane clusters in vacuum and in the mesoscopic solvents at 170 K. Uncertainties in
the last reported digit(s) are given in parenthesis

Properties Vacuum N = 2,000 N = 4,000 N = 8,000 N = 16,000 N = 32,000
total LJ energy -28.32(3) -29.83(5) -31.35(26) -34.11(24) -33.91(7) -32.41(20)
intra LJ energy -1.575(20) -1.557(9) -1.520(18) -1.405(6) -1.430(7) -1.566(13)
cluster-solvent E. - 35.82(4) 71.31(5) 141.0(4) 279.9(5) 555.4(2)
torsional energy 1.235(36) 1.184(15) 1.099(32) 0.856(22) 0.905(12) 1.155(47)
trans% 86.40(18) 87.44(15) 89.48(17) 95.38(13) 93.95(14) 87.63(23)
RZ(A?) 6.37(3) 6.40(1) 6.47(3) 6.66(2) 6.61(11) 6.38(3)
RZe(A?2) 53.53(45) 53.97(22) 54.87(34) 57.59(27) 56.92(22) 53.97(21)
12/R2 (%) 94.61(22) 94.85(10) 95.24(20) 96.49(11) 96.20(9) 94.88(15)
13/R% (%) 4.66(17) 4.47(7) 4.17(17) 3.17(9) 3.40(8) 4.43(12)

an kJ/mol.

Table 3. Thermodynamic and static propertiesafecane clusters in vacuum and in the mesoscopic solvents at 190 K. Uncertainties in the
last reported digit(s) are given in parenthesis

Properties Vacuum N = 2,000 N = 4,000 N = 8,000 N = 16,000 N = 32,000
total LJ energy -45.45(13) -47.75(9) -48.14(41) -48.59(13) -47.31(71) -44.26(28)
intra LJ energy —2.587(18) —2.500(6) —2.485(17) —2.493(11) —2.677(26) -3.081(10)
cluster-solvent E. - 47.23(2) 94.71(35) 188.2(2) 372.4(8) 729.3(3)
torsional energy 0.959(17) 0.849(7) 0.830(19) 0.819(12) 0.984(33) 1.398(22)
trans % 94.87(13) 97.09(13) 97.43(15) 97.47(11) 93.50(34) 84.05(19)
R3(A?) 13.34(4) 13.56(1) 13.60(4) 13.58(3) 13.17(3) 12.18(2)
RZe(A?) 126.7(7) 130.1(0) 130.7(6) 130.4(4) 124.2(5) 109.5(4)
12/R (%) 97.39(13) 98.01(0) 98.13(9) 98.02(8) 96.98(20) 94.28(9)

13/R3 (%) 2.25(11) 1.73(1) 1.62(8) 1.73(7) 2.61(17) 4.89(13)

an kJ/mol.
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Figure 2. Comparison of site radial distribution functigem - «(r)

for n-heptane clusters of M =100 in vacuum with site radial
distribution function gem-p(r) for Lennard-Jonesarticles &

M =700 in vacuum.

Figure 1. Site radial distribution functiongem-<(r) andgcm-s(r)
versus' (= r/o) for n-heptane clusters of M = 100 in vacuum and in
the mesoscopic solvents.

wherea=c or s designates a site of cluster molecule otthat occur when the clusters are embedded in the mesoscopic
solvent moleculeRen is the center of mass of the cluster andsolvent. Since the solvent interacts with the cluster particles
pais the number density of sites of cluster or solvent moleculeshrough the repulsive LJ interaction, we can study the
In this expressiong = M/(41R%/3), whereR is the radius of modifications in the cluster structure and dynamics as a
cluster (15.7 A and 18.1 A fon-heptane anddecane, function of the number of the mesoscopic solvent molecules,
respectively), angbs=nN/(54.4 A} with n the number of N. In the cases of N = 2,000 and 4,000 the structures of the
sites inn-alkane. radial distribution functions are similar to the corresponding
Figure 1 shows the site radial distribution functionfor ~ vacuum structure. As N increases, prominent cluster particle
heptane clusters of M = 100 in vacuum and in the mesoscoplayers become appeared and four prominent cluster particle
solvents at T=170K. The graph gém-(r) in vacuum layers are clearly seen when N = 16,000. This might mislead
shows liquid-like distributions of cluster particles and nothe cluster structure of N = 16,000 as a solid-like configuration
structural ordering within the cluster. No prominent clusterbut the liquid-like character of the cluster is verified by
particle layer is seen in threheptane clusters in vacuum at computing the mean-square displacement of the cluster
T =170 K. The previous study for Lennard-Jones (LJ) clustersnolecules.
of M=25 and 123 in a mesoscopic solVergported two Also, in Figure 1 we show the radial distribution functions
and three prominent cluster particle layers, respectively, withigem-<(r) for the solvent molecules relative to the cluster
liquid-like distributions of cluster particles. The structural center of mass. As N increases, this radial distribution function
feature of the site radial distribution function feheptane becomes a solid well. The origin of the structural differences
clusters in vacuum is originated in two facts - the vivid of then-heptane clusters in N = 2,000 and in N = 1,6000 can
movement of cluster molecules and the connection of sites ine found in the structure of the solvent molecule-cluster
the n-heptane chain backbone. First we have verified thearticle distributions. Since the solvent molecules are not
liquid-like character of cluster by computing the mean-squareble to penetrate into the cluster due to the cluster-solvent
displacement of the cluster molecules. repulsion LJ interaction, the solvent of N = 16,000 provides
Second we have carried out an MD simulation of 700 LJa larger external force on the cluster which compresses it and
particles in vacuum at 170 K with four times strongo induces a prominent cluster particle layer configuration. The
prevent from evaporation and the sam&igure 2 compares values ofgev-«r) for bothn-alkane clusters at largé are
the resulting radial distribution functiogcm-p(r) for LJ greater than unity because the cluster molecules exclude the
particles in vacuum witlgem - (r) for n-heptane clusters in  solvent molecules around the center of system.
vacuum. The graph @kwm-p(r) shows liquid-like distribution The results presented in Figure 3de-«(r) andgem-s(r)
of LJ particles with six prominent cluster particle layers,for n-decane clusters of M =100 in vacuum and in the
while that ofgem - (r) is much compact due to the connection mesoscopic solvents at T =190 K exhibit structural changes
of sites in then-heptane chain backbone and the interactionssimilar to those for therheptane clusters of M= 100.
between th@é-heptane chains. Again, the graph oficm-(r) in vacuum shows liquid-like
Next, we consider the modifications in the cluster structurelistributions of cluster particles and no prominent cluster
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25 ‘ - ‘ The value ofDcm of the center of mass fdhe n-alkane
cluster in the mesoscopic solvent decreases with increasing
—— Vacuum N, which is fully understood by the structure of the solvent
2 o mfiggg molecule-cluster particle distributions. As N increases, the
——— N=8000 cluster-solvent repulsion LJ interaction energy increases
—-—- N=16000 proportionally to N and the mesoscopic solvent puts the
151 ) squeeze on the cluster increasingly. This restricts the

diffusion ofn-alkane clusters more.

The large compact clusters will appear as rough nearly
spherical objects to the mesoscopic solvent and on large
enough scales the interactions with the solvent should be
mimicked by stick boundary conditions at the cluster surfaces
to the surrounding fluid with viscosity. Consequently, in
this large particle limit, one might expect the diffusion
coefficient to be given approximately by the Stokes-Einstein
relation:Dse= kT/67MR., whereR; is the radius of the cluster.
From the site radial distribution function data (Figures 1 and
3) one may obtain crude estimates of the cluster size and we
Figure 3. Site radial distribution functiongem-«(r) andgem-«r)  find Re=15.7 and 18.1 A fan-heptane and-decane clusters,
versusr’(=r/o) for n-decane clusters of M = 100 in vacuum and in respectively. The viscosities of the mesoscopic solvents for
the mesoscopic solvents. n-heptane cluster at 170K calculated from the Stokes-

Einstein relation using the diffusion data in Table 4 are 1.40,
particle layer is seen in thedecane clusters in vacuum at 1.65, 2.12, 3.39, and 4.5610* N-s/nf for N=2000-32000.
T =190 K. However, no clear difference gfu-(r) for the  Those forn-decane cluster at 190 K are 1.86, 2.09, 2.44,
n-decane clusters in the mesocopic solvents with different M.07, and 5.24 x TON - s/nt for N = 2,000-32,000.
can be found except the case of N =16,000 in which four The viscosity of the mesoscopic solvent for ho#ikane
prominent cluster particle layers are seen. clusters increases with increasing N, and thanhfdecane

Cluster Diffusion. The vacuum clusters were prepared cluster for a given N is larger than that feheptane cluster
with no net translation of the center of mass of the clusteffor the same N since the excluded volume by the cluster
However, in the presence of the solvent, the cluster as molecules is larger. One can see that the valugavofs(r)
whole may diffuse and this diffusion provides information for then-decane cluster at largein Figure 3 is greater than

gCM-c(r), gCM-s(r)

0.5

on the interactions of the cluster with its environment. those for ther+heptane cluster in Figure 1.
There are two routes to determine self-diffusion constants
from MD simulation; the Einstein relation from the mean Conclusion
square displacement (MSE),
1. d0r(t)—r(0 IDQ In this paper we h_ave presented the results of structural
Deeii = ét"mw—j_)—J—L—d : , (8) and dynamic properties of smalblkane clusters embedded

in a mesoscopic solvent using a hybrid molecular dynamics
and the Green-Kubo relation from the velocity autocorrelatiorsimulation in which solute molecules evolve by Newton's

(VAC) function?* equations of motion but the solvent evolves through the multi-
1 particle mesoscale dynamics. Some equilibrium properties
Deeii = §J§ OV, (t) Oy (0)Ldt. 9 for n-alkane clusters of M =100 show a turnover point as a

function of the number of the mesoscopic solvent molecules,
Self-diffusion constants of the center of massrfakane  N. For example, the C-C-C+ians% increases with increasing
clusters of M = 100 in the mesoscopic solvedtsy, obtained N and then decreases when N is too large. The turnover
from both the Einstein relation, Eq. (8), and the Green-Kubseems to occur at N = 16,000 for tiRbeptane cluster and at
relation, Eq. (9), were collected in Table 4. First of all, theN = 8,000 for therdecane cluster, respectively.
self-diffusion coefficients extracted from these two relations The site radial distribution function forheptane clusters
are in good agreement. of M=100 in vacuum at T=170K shows liquid-like

Table 4. Self-diffusion constants (19cr/sec) of the center of massmwheptane clusters at 170 K andlecane clusters at 190 K in the
mesoscopic solvents calculated from MSD’s and VAC's. Uncertainties in the last reported digit are given in parenthesis

n-alkane N =2,000 N =4,000 N = 8,000 N = 16,000 N = 32,000
clusters ~ysp VAC MSD VAC MSD VAC MSD VAC MSD VAC

n-CHis  5.65(14) 5.69(12)  4.80(10) 4.85(11)  3.74(13) 3.78(12)  2.34(10) 2.35(9) 1.74(4)  1.75(4)
n-CiHz  4.14(9) 4.17(10)  3.68(5, 3.72(7)  3.16(12) 3.17(14)  1.89(9) 1.90(10)  1.47(7)  1.49(8)




776 Bull. Korean Chem. So2003 Vol. 24, No. 6

distributions of cluster particles and no structural ordering 5.

within the cluster. The modifications in the cluster structure
occur when the clusters are embedded in the mesoscopi
solvent. In the cases of N = 2,000 and 4,000 the structures of

the radial distribution functions are similar to the corresponding 7.
vacuum structure. As N increases, prominent cluster particles.

layers become appeared and four prominent cluster partlclé’-
0. Mondello, M.; Grest, G. S. Chem. Phy4995 103 7156.

1. Mondello, M.; Grest, G. S. Chem. Phys997 106, 9327.
12.

layers are clearly seen when N = 16,000.

The diffusion coefficient of the center of massrialkane
cluster in the mesoscopic solvent decreases with increasing
N. The viscosity of the mesoscopic solvent for betikane
clusters obtained from the Stokes-Einstein relation using the
diffusion data is fully understood by the structure of the
solvent molecule-cluster particle distributions.
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