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Summary: Crystallization. melting and annealing of nano-
particles of tetracontane were simulated via a Monte Carlo
method on the second nearest neighbor diamond {2nnd)
lattice by including short- and long-range interactions. Nano-
particies can be obtained from an equilibrated tetracontane
melt by increasing three periodic lengths to values that are
effectively infinite. Nanoparticles, which contain 155 chains
of CygHga. have been produced. After a deep quench from
473 K to 298 K. the crystallization process was investigated
by the evolution of the density profile, fraction of bonds in the
frans state, and the orientational order parameter. The vicini-
ty of the center is less dense and less well ordered than
portions of the nanoparticle located further from the center,
The crystals form first in the region ¢lose to the surface. Each
nanoparticle usually containg multiple crystalline domains. A
melting phenomenon was observed at a temperature about
363 K when the nanoparticle crystal was heated. Annealing
of the muitiple domain crystal at 360 K can transform the
structure to 4 more regular one without a grain boundary.

Snapshot of the final siructare containing a single dorain
crystal after 20 million MCS.
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Introduction

Structure formation of chain molecules is an interesting
lopic in chemistry, phystcs and biology, and has attracted
the atiention of many researchers. Since chain molecules
have many internal degrees of freedom, structure formation
proceeds in a complex fashion. Intensive experimental
studies have been made on various structure formation pro-
cesses of chain molecules, For example. the crystallization

* Present address: Baker Laboratory of Chemistry and Chemical
Bioiogy. Cornell University. Ithaca, NY 14853-1301, USA.

of polyethylene (PE) has been investigated by various
time-resolved measurements!" 1 Although considerable
experimental investigations have been made. the detailed
mechanism of structure formation on the molecular level is
not completely understood.

It is well known that the surface structures of chain
molecules play important roles in determining physical
propertics, such as adhesion and wetting. Therefore, studies
of chain molecular sysioms with free surfaces are very
Important from the viewpoint both of chemical physics and
of engineering. Recently. an experimental technique was
developed for creating very fine polymer particles of arbi-
trary composition and size.*" 7! These particles in the
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nanometer size range p:‘ﬁ\'idé many unique properties due
to the size reduction to the point where critical length scales
of physical phenomena become comparable to or larger
than the size of the structure. Applications of such particles
take the advantage of a high ratio of surface area to volume
and the confinement effect. which leads to nanostructures
with properties that differ from conventional materials. An
example of the dependence of physical properties on size is
the melting point for gold which, as is well known,
decreases dramatically as the size decreases.' One of the
major reasons for this phenomenon is the high ratio of
surface arca to volume and hence reduction of the non-
bonded interactions for the surface layver. Clearly, such
changes offer extraordinary potential for develeping new
materials inthe form of bulk composites and blends that can
be used for coatings. opto-electronic components, magnetic
media, ceramics and special metals, micro-or nano-
manufacturing, and bioengineering.w"”]

The key to beneficially exploiting these interesting ma-
terials and technology is a detailed understanding of the
connection of nanocparticle technology o atomic and mole-
cular origins of the process. Computer simulation is one of
the strongest tools for investigating the molecular mechan-
ism of the structure formation for this system, While real
free-standing nanoscale polymer melts may present diffi-
culties in experimental studies in the laboratory, their
models are easily created and studied in computer
simulations.'’ '~

A variety ol structural and physical characteristics of
nanometer scale PE particles were studied by a large scale
molecular dynamic {MD) simulation for 2 model generated
with up to 120,000 atoms. B This simulation method
creates homogenous nanoparticles that are in good agree-
ment with 2-D diflraction observations on experimentally
generated polymer nanoparticles. Soructural characteris-
tics, thermal and mechanical propertics of these nanopar-
ticles were reviewed in a recent publicution.” ™! Prior 10
these works, MD simulations of dynamics, conformational
defects. plastic deformation. melting and reorgamzation of
nanometer size crystals without constraints were performed
for chain-like polymers.”? ! It was found that a signi-
ficant disorder existed at temperatures well below the
melting point. As the temperature increases, the crysial of
192-CsyHyg-chains  (pentacontalyene) breaks up into
domains of different orientations with respect 10 the CH,-
chain zigzag planes. These domains are dynamic and
change orientation and boundarics on a picosecond time
scale. This occurs at a temperature that is still about 56 K
below the experimental melting point of pentacontane
(T =365 K).7¢ For the case ol the structure formation
upon cooling from the melt, a small particle of short chain
molecules (100 chains of 20 CH, groups) ™! and the
crystal growth of eicosane {CygHyy) under a surface
potential®!! have been investigated by MD simulations,
In these works, the chains were initially equilibrated at ligh
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temperature and then the structure formation at a tempe-
rature below its melting point was monitored as a function
of the simulation time. There was no grain boundary ob-
served in the crystal obtained from these MD simulations.
We have previously performed Monte Carlo (MC)
simulations of a short chain molecular system with (thin
film™* and nanofiber™) and without free surface
(bu]k'“'). It was found that the orientationally ordered
structure is formed at low temperature by a sudden cooling
from an amorphous configuration equilibrated at high
temperature and the formation of the orientational order
proceeds in a stepwise fashion. For the case of thin film
simulations, the quick quench rapidly produces indepen-
dently nucleated crystals with dilferent orientations on each
surface. The final structure retains a (less ordered) grain
boundary in the middle of the films. In several independent
simulations, one might sometimes get the single domain
crystal without grain boundary if the two independently
nucleated crystals happen to have the same crientation.
Further simulations demonstrate that the impertect struc-
ture. with grain boundary, spontanecusly converts to the
more perfect structure when it is annealed at the tempera-
ture about 10 K below the meiting point."** The amorphous
nanofiber was also studied in a stmilar manner as the thin
film. A deep guench caused the nanofiber 1o produce a
single crystalline domain, in which the chains are oriented
paraliel to the fiber axis. This is in contrast 1o the rapid
crystallization found in the thin film. A less ordered, lower
density region persists near the axis of the nanofiber.
Removal of this defect by annealing is more difficult than
removal of the grain boundary in the case of the thin film.!!
Ir: this work, we extend this invesiigation Lo the structure
formation of a nanoparticle that is confined to free space.
instead of the one or two surfaces that were present in the
nanofiber™ ! and thin Blm,"™*! respectively. This work is
also a continuation of the previous studies of the static and
dynamic propertics of an amorphous PE nanoparticle above
the melting temperature by the same MC technique. ™'

Simulation Methodology
Model

The simulations are performed on a high coordination
(107" + 2 sites in shell #) lattice using coarse-grained
chains.™™ The lattice can be constructed by eliminating
every other site from a diamond lattice. If the C-C bond
length is the step length on the precursor diamond lattice,
the high coordination lattice has a step length of 0.25 nm.
The angle between any two axes along the sides of the unit
cellis 6. Each occupied site contains a C>H, or CoHs unit
of tetracontane, and cach molecule is represented by a string
of 20 such beads. The coarse-grained chains on this high
coordination lattice can be reversc-mapped inte a fully
atemistic description. and the atomistically detailed chain
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conformations in continucus space can he recovered after
energy minimization, !

Energy

The Hamiltenian has two parts, one contribution from the
short-range intramolecular interactions and the other con-
tribution from all other interactions of the beads. The short-
range intramolecular interactions are wreatedd by the
rolational isomeric state (RIS) model of Abe et al?!
which is mapped onto the coarse-grained chains using
energies {or the first- and second-order intevactions of 2.4
and 8.4 kI/mol "™ The remaining interactions are repre-
sented by a discrete form of a continuous Lennard-Jones
(L) potential energy function with &/kp =185 K and 6 =
0.44 nm. Discretization is obtained by a method which
requires that the continuous and discretized LI functions
specity exactly the same value of the second virial coeffi-
cient for a nonideal gas.*” The discrete shell energies used
in the present simulations are the same ones as those
tabulated in the description of the simulation of the thin
fitm =1

Moves

Single bead moves are employed in the simulation with the
restriction that a chain cannot pass through itself, as in a
self-avoiding random walk. A randomly chosen bead can
move to one of the vacant sites inits nearest neighbor shell if
the atternpt does not change the bond length w its bonded
neighbors. Local bead moves on the 2nnd lattice arc
accepted according to the Metropolis algorithm, ™" The
probability to move a bead within a chain is given by

Pmm-c = min[l . PLRPne\\-/Pqu] ( 1 )

Here, P g =exp({—AF r/RT) is the probability from the
change in the long-range interaction energy (A£, ). and
P e Porg B the ratio of the probabilities Tor the new and old
lecal contormations ueeording 1o the short-range interac-
tion. Dynamic MC simulations are performed after mapp-
ing the chains on this coarse-grained lattice, In the
simulations, each Monte Carlo step (MCS) is equal to a
series of single bead moves, in which all the beads in the
system are randomly attempted once on average. The moves
on the lattice correspond (o the displacement of two or three
backbone atoms on the real PE chain.

Nunoparticle Formation

The naneparticle used in this simulation is initially cons-
tructed by the method described in our previous work,™!!
First. bulk AVT simulations are performed at 473 K with
155 parent chains of 20 beads (letracontane) each in a
periodic box with a length of 24 lattice units on each side.
This box imposes a densily typical of 2 semi-crystalline PE.
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Afler equilibration of this system above the melting point.
the periodic length of the simulation box in cach direction.
which will be reterred o as v, v, and . Is increased to 96
lattice units. The image of cach parent chain that is retained
for the subsequent simulation is the one with the most beads
lying within the first 24 steps along each axis. This proce-
dure eliminales the interaction of the chains with their
images: i.e. no periodic boundary conditions are effective in
any direction. The system is equilibrated at 473 K for two
million MCS with the new boundary conditions to obtain
the naneparticle in the melr, Then the temperature is instan-
taneously dropped to 298 K. and the simulation s continued
at 298 K. At least 10 million MCS 1s needed to observe the
structure formation, The tinal replica from the simulation a1
298 K is used for the melting and annezling swdies. The
melting temperature of the nanoparticle of tetracontane is
about 365 K (sec the description in scctton Transition
Temperature), For an annealing study, the temperature is
instantanecusly increased from 298 K o 360 K, which is
about 5 K below the simulated melting temperature. Simu-
lation of annealing is continued at this temperature.

Results and Discussion
Tvpical Crystallizarion of Nanopariicles ar 298 K

Crystallization of the nanoparticle afier instantancously
cooling from 473 K to 298 K. which is about 56 K below the
experimental melting temperatare of bulk tetraconlane. is
monitored using the density profile. fraction of the bonds wn
the rrans state and the intermolecular orientation correia-
tion function.

Structure Formation

Figure ia and b illustrate a comparison between the
configurations of 155 tetracontane chains at 7=473 K and
T=298 K (after a simulation of 30 million MCS). The
snapshots have been reverse-mapped to restore all of the
carbon atoms on the underlying diamond lattice. After
cooling. the chains have alarge amount of extended, planar
zigrag conformations., and form regular domains with diffe-
rent ovientation. Independent initiation of crystalline
domains forces the formation of a less ordered domain,
the so-called grain boundwry, inside this nanoparticle. A
single domain crystal has never been found from other
sgveral independent runs. A longer run up to 40 million
MCS gave no noticeable change in the structure,

The intermolecular packing of chain molecules in the
nanoparticle can be viewed as an intermediate structure
between a uniform sphere and a cubic shape depending on
the characteristics of packing. For example. if all chains
orient perfectly parallel and form the all rrans conforma-
tion. the final structure may be represented by a vnitorm
rectangular box. In this work, the nancparticle at 298 K
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Figure [, Snapshots of (a) the equilibrated nanoparticle struc-
tre al 473 K and (b) conlformation of a typical nanoparticle at
298 K quenched from (a} at the end of 30 million MCS.

contains multiple crystalline domains with different orien-
tations that cause the shape ol the crystal different {from the
rectangular box. The result in Figure b suggests that the
fina! structure may be more spherical in shape, In order to
clarify this issuc, the structure factor, P(g). (rom the final
shapshot at 298 K is calculated and comparcd with that
predicted from the theoretical curve for a sphere. The
structure Factor from the simsulation can be calculated by the
following equation.

ok sin(g - 1y}
Ply) =~ R 2
o Ny ; ; AR !

Here. Ay, isthe number of total beads in the snapshiot; y;is
the distance between two ethylene units; g is scatlering
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vector with alength of (4n//4)sin(0/2), where 0 and 7 are the
scallering angle and the wavelength of incident beam,
respectively.

Figure 2 shows the structure factor, Plg). versus
scallering veclor, ¢. and the fitting of the uniform sphere
model defined as
9(4R) °lsin(gR) — ¢R cos(gR)}

P(q)xphcrc = (3)

Here, R is the radius of sphere. The fitting gives R about
3.15 nm. which is in the range of the approximated radius of
the nanoparticle determined from the density profile in
Figure 3. This result suggests that the structure obtained at
298 K can be approximated by & sphere model, Fitting (o the
scattering facter for a uniform sphere with the equilibrated
nanoparticle at 473 K (not shown) gives a less satisfaciory
result, perhaps because the surface region is broader (larger
¢ in Eguation (4) in the next section) in the amorphous
particle al 473 K than in the ordered particie at 298 K.

Density Profile

The density profile is calculated by counting the number of
2nnd beads (before reverse-mapping but after converting to
the Cartesian coordinaie systemn) that fall into spherical bins
of 0.4 nm thickness beginning from the center of the
nanoparticle. In this figure and similar figures showing
propertics of the nanoparticle as a function of r, the sampl-
ing error Increases as r approaches zero. Data becomes less
reliable as » {alls below 1 nm. This problem alfects abowt
30% of the range of #, but only about 3% (0.3 x 100%) of
the volume. ol the nanoparticle. The evolution of the density
profiles, p(r). is depicled in Figure 3. The values al O MCS
are obtained from an equilibrated structure at 473 K. The
density profiles at 10% znd 107 MCS are averaged over ten
independent runs. At later times, the p(/) are averaged over
100 configurations ncar the stated time. Initially, the plateau

]

100-3

symbel - simulation
line - fitting (R =315+ 0.01 n

101 4

Figure 2. The structure factor, Pg). versas scattering veclor. ¢.
of the crystalline nanoparticle {open circles) and the fitting from a
uniform sphere model (solid curve).

Meacramed, Thears Smmd. 2004, 18, 539-549 WWRL NS julrnal de

22004 WILEY-VCH Verlag GmbH & Co. KGaA. Weinheim



Structure Formution i the Crystadlization amd Annealing of Tetrucontane Nunoparticles

2

Density {(g/cm™)

(o

Figure 3. The evolution of the density profile, p(r). as a function
of MCS afier an instantaneous cooling of the nanoparticle from
47310 298 K.

bulk density. pi. has & value in the range expecied for an
alkane melt, but it rapidly rises to a typical valuc of a
crystalline PE. When r< 1.0 nm, the density fluctuates
about an average value of approximately 1.15 giem®. which
could be regarded as the bulk density of the nanoparticle,
gu. in the stmulation. This bulk density is affected by the
choice of the LJ parameters, 7 and &, and by the number of
shells used to caleulate the long-range interactions. The
present set of parameters gives a density within 13% of
the experimental value for crystalline PE." and is close to
the bulk density obtained in the simulation of the thin film
and nanofiber at the same temperature.*** The densifica-
tien of the interior of the nanoparticle is accompanied by a
sharpening of the density profile in the surface region. The
correlation length (). obtained from the (it of the density
profile in the surface region by the usual hyperbolic tangent
lunction (Equation {4)). decreases by about a factor of two-
third, from 0,65 to 0.46 nm. as the nanoparticle adapts to the
iower temperature,

pirt %1 {l — tanh (%)] (4)

The position for p{r) = pp/2 is around 3.0 nm. The value
of rat which p(ry = pg/2 moves slightly closer to the center
ol mass of the particle during (he simulation, us expected
from the increase in the value of py. The density rises
rapidly doring the first 10" MCS. Prolongation of the
simulation by an order of magnitude, to 10° MCS, produces
ne detectable change in the density very ncar the center of
mass of the nanoparticle. The density for the portion of the
nanoparticle in the region 1.5-2.5 nm increases more than
other parts. This region is in accord with the location where
the nucleation initiates.

Bond Conformation

In order to investigate the structure formation process on the
molecular level, we [irst examine how the conformational

Meoromoievnlar
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change takes place. The RIS model for the unperturbed PE
chain predicts that 38% and 64% of the bonds are in the
rrany state at 473 and 298 K. respectively." = Figure 4a
depicts an evolution of the fraction of the bonds tn rrans
states as a function of MCS after an instantanecus quench
from 473 10 298 K. As the simulation ot the nanoparticle
proceeds. the chains adopt more rrans conformation, After
25 million MCS, the fraction of the bonds in the trans states
approaches a limiting value about 78%, This value is smal-
ler than that of the erystallization in the bulk (ca, 85%) by
the same MC method.™" Therefore. chains adopt more
gauche conformation for the crystallization in the nano-
particle. in Figure b, we plot the time dependence for the
fraction of the bonds in the rrans stale versus the distance
from the center of mass of the nanoparticle. The noise a
very small y values is induced by the poor sample close o
the center of the particle. The results show that chains are
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Figure 4. () Fraction of C-C bonds that are inthe rrans state as i
function of MCS after an instantaneous cooling of nanoparticle
from 47310 298 K (b) Time dependence of the traction of the bonds
in the trans state versus the distance from the center of mass of the
maneparticle alter an instantancous ceoling of the nanoparticle
from 473 10 298 K.
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gradually clongated in the region around 1.5-3.0 nm,
which is in accord with the regicn of the crystalline do-
mains. The density in this region is also larger than other
portions as illustrated by the deasity profile at the late stage
(107 MCS) in Figure 3. The change in the fraction of the
bonds in the rrans states for r-less than 1.0 nim has a weaker
correlation with the simulation ttme. This implies thar the
vicinity of the center is less dense and less well ordered than
portions of the nanoparticle Jocated further from the center.
The ortentation order parameter lor the chord and end-to-
end vector averaged in each bin also confirms this result (not
shown). Here the orientation order parameters are calcu-
lated according 1o Equation {3) using the angles between
two chord vectors or end-to-end vectors instead of ‘P,

Chain Ordering

A PE chain has zigzag nrans conformation (lorsion angle
(80 at the internal C-C bonds) when it crystailizes. In a
perfect crystalline domain, bonds have high correlation
even atlong distance, In order o investigate the growth pro-
cess of an intermolecular orientational order, we caleulate
the global orientation correlation (unction, Sg. which 1s
defined by Equation (5).

SC’:EH 0s* W) — 1 (s

Here. ¥ denotes the angle between the main axes ol two
chains. and the value of Sg is averaged for all pairs of chains
in 4 given snapshet. The main axis of a chain is the longest
principal axis of the radius of gyration tensor. This para-
meler. Sg. has a value of 1.0 when all chains are paralle! and
that of 0.0 when all chains are randomly oriented. Figure 5
depicts the global orientation order parameter, S¢, as 2
function of MCS. S5 increascs steadily at the beginning of
the crystallization followed by an almost constant value in
the laie stage. The chains finally achieve Sg ~ 0,13 which s
substanttally smaller than the crystaliization in the previous
bulk simulation (S~ 0.8).1" This result suggests that
chains in the nanoparticle are Iess ordered compared 1o the
crystallization in the bulk or multiple dosnans form. By
comparing Figure 5 with Figure 4a, it is concluded that the
ordering of molecuies correlates with the chain stretching.
These results are slightly difterent (rom the previous simu-
fation for the bulk system™ "V in which the ordering of
chains starts after the chains are stretched to a certain extent.
The difference might be induced by the crystallization in
different domains with various arientations in the present
case.

We alse investigated the time evelution of the orienta-
tional order parameter of the main axis of chains averaged
from all pairs of molecules in cach bin as a hmetion of the
distance from the center (Figure nol shown). The result
indicates that chains become more paralle! in the region
1.5-2.5 nm. This finding and the resuits from Flgure 3
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Figure 5. The global orientation order parameter. Sg. as a
function of MCS after aninstantancous cooling of the nanopar tele
from 473 to 298 K. The square radii of gyration of the chains (R ")
are 0,64 nm” and 0.79 nm* in the melt and in the crystal at 298 K
(the last point in the figure). respectively.

and 4b confirm that nucleation siarts i the surface region
and then the crystals are formed independently when chains
are clongated and aligned in parailel erientation.

Transivion Temperature

Three parameters were used 0 lnvestigate the transition
temperature ol the nanoparticle crystal oblained [rom the
quick quench ol the mell. They are the probability of rrans
conformation of C-C bonds, P, orientation order parameter
of all coarse-grained bonds, S, and the orienution order
parameter of the jargest principal moment of the radius ol
gyration tensor of the chain, Sg (also called the global
oricntation order parameier). The definition of 5y, is stmilar
to the onc for S 1o Equation (5), with the substitution of the
angle between two coarse-grained bonds () for the angle
between two major principal axes (\¥),

Sp = % Aeos ) - 1] (6)

Simularions were performed at various temperatures,
always starting from the typical structure (with multiple
crystalling domains) obtained at 298 K. Figure 6 shows the
temperature dependence of the limiting values of Py, $, and
So- Al low temperatures, they have lurge values due o a
highly ordered crvstalline strucwure, while at-high tempera-
tures they have much smaller values. The values change
sharply near 363 K. Therefore. 7T,, of the nanoparticle
determined by the parameters used in this shmulation s
around 3635 K. (It should be noted that the large increase of
the parameters at 360 K is induced by the annealing effect,
which improves the reguiarity of the crystal of the nano-
particle.) This value is smaller than the 7, obtained in
the previous simulation of a thin film ¢(ca. 390 K) with
the same set of plll‘illﬂCECl'S.Ds] A reduction of T, is caused
by the larger surface/volume ratio in the case of the
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Figure 6. Temperature dependence of the limiting values of £,
S and 3, obtained at different lemperatures.

nancpatticle, The final total energy, intermolecular and
imramolecular energy at different temperatures also have a
sharp increase around 365 K (not shawn). The 7}, obtained
from the present simulations lies between the experimental
Ty of the bulk tetracontanc (354.5 K0P and that of bulk
crystaline PE(414-419 K35 The surprising result that the
experimental T, of bulk tetracontane s about 10 K lower
than the simulated 77, for the nanoparticle could be Gxed by
reducing slightly the size of ¢ in the LI potential, as described
earlicr in the simulation of the melting ol thin films ! *! Since
the precise value of T, is not of concern of the present study.,
that refinement in the LJ potential has not becn made heve.

The Melting FProcess

Figure 7 depicts the evolution of Py, §, and Sg when the
structure at 298 K is instantaneously raised to 370 K. As
the simulation proceeds at 370 K. all thrce parameters

N
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Figure 7. Fraction of the rrans conformation of C-C bonds. P,
crienlation order parameter of all coarse-grained bonds, S, and
global arientation order parameler. Sg. as a function of MCS in the
melting process of the nanoparticle at 370 K. The mitial
configuration of the nanoparticle was a typical (mulliple crystal-
line domuains) one ohtained at 298 K.
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Figure 8. - (ay The change in density profile of the nanoparticle
whena typical (multiple crystalline domains) configuration at 298 K
is instantaneously heated (0 370 K (o) The change in Iraction of the
bondls in the franys state as a function of the distance from the center
of muss upon a melting process of the nanoparticte. The initial
configuration of the nanoparticle was a typical imultiple crystalline
domains) aue abtained at 298 K and was heated 1o 370 K.
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Figure 9. P, Sp. and 5g as a function of MCS in the annealing
process of the nanoparticle at 360 K. The initial configuration of
the nanoparticle was a typical (multiple ervstalline domains one
abtained a1 298 K.
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Table 1. The limiting values ol Po Sq.o and S, for different

simulation conditions.

Parameter 208 K 360K 473K
{crystallization) {annealing) (melting)

P, 0.78 0.82 0.65

S 116 0,75 .00

Sh 0.43 0.48 0.03

decrease tfrom their values at 298 K and eventualiy reach
new values at 370 K. For §, and S¢. the final values are
closed te zero. indicating the nanoparticle at 370 K has
reached a state in which coarse-grained bond vectors and
radius of gyration tensors are randomly oriented. The
fraction of C—C bonds in the rrany state falls from ca. 0.78 (o
a characteristic value of the melt (ca. 0.65).

V. Vao-Soungnem, G. Xu. W L. Mattice

Figure 8a shows the change in the density profile upon the
melting process of the nanoparticle with multiple crystal-
line domains at 370 K. The bulk density reaches the new
plateau within 10® MCS. The density of the erystalling
region (1.5-2.5 nm) decreases while the interface becomes
broader. In a similar manner, Figure 8b illustrates the time
dependence of the fraction of the bonds in the rrans states as
a function of the distance from the center of mass of the
nanoparticie. This result suggests the melting starts from
the portion of the crystal close to the free surface as indica-
ted by a faster reduction of the fraction of the bonds in
the rraits state and density at 2.5-3.0 nm than those at
1.5-2.0 nm. The evolution of the order parameters and
snapshots showed that the crystal in the surface region melts
first followed by the melting of the inner core of the particle.
This result is similar as other computer simulations on

Figure 10, Snapshats of (a) the nanoparticle structure at 298 K. the structure Lor an anncaling of the

nanopaiticle at 360 K (by afice 2 million MCS. (¢) after 3 million MCS. and (d) the final structure
containing a single domain crystal after 20 million MCS. (Dilferent orientations of crystalline domains
in (e} and {(d) are induced by the ditfecent rotation during the plotling.)
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mechanism of melting.

and an evidence of a Lindermann type
{55]

The Annealing Process

in this section, we heated the nanoparticle crystal (with mul-
tiple crystalline domains obtained at 298 K) to a tempe-
rature slightly below its melting point. Here, the
temperature 360 K (about 5 K below the 7, obtained [rom
the simulation) is chosen to follow the annealing process.

Figure 9 shows the evolution of 2. Sy and $; during this

process. At the beginning, all three paramelers have rela-
uvely large values of £, =0.78, 5, =0.43, and 55 =0.16.
These parameters decrease rapidly in the initial part of the
simulation. The initial decrease of Sy, and S¢ is so rapid that
the starting values are not apparent on the MC35 scale used in
Figure 9. After the decrease with the first 2 million MCS,
these three parameters increase again and reach new values,
which are much Jarger than those at 298 K. Table | lists the
limiting values of these three parameters. The values of 7,
Sy and S at 298 K and 360 K suggest that the nanoparticle
annealed at 360 K forms a more regular structure than the
starting crystal at 298 K,

In order 1o provide more insight into the mechanism of
anncaling, a seties of the nanoparticle snapshots atdifferent
MCS arc illustrated 1n Figure 10. At the beginning, the
starling structure contains multiple crystal domains with
different ovientations (Figure 10a, same as Figure 1b), Then
the structure seems to melt down within the first 2 million
MCS since chains are disordered and the con{ermations be-
come more random (Figure 10b). This finding is consistent
with the values of S¢~ 0 and Sy, ~0 shown in Figure 9.
After 2 million MCS, grain boundaries disappear, and the
nanoparticle has achicved a new configuration in which
most ol the chains siill have different orenjations. How-
ever, no cerystalline domain can be identified at this stage.
For the snapshot at 3 million MCS in Figure 10c, most of
chains reorient to the same direction and chain conforma-
tions become meore stretched. Only one crystalline domain
is observed. Afier a long simulation (20 million MCS in
Figure 10d), there is no significant change in the crystal
structure except the chains having more frans conforma-
tions. Few gauche contormations sull appear and are
located on the surface.

Figure | la shows the chunge in the density profile ol the
nanoparticle crystal with multiple demains at 360 K. The
densily of the erystalline vegion (1.5-2.5 nm) drops fram
ca. 1.2 g/cm3 to ca. 1.0 g/cm"’ during the first one million
MCS. A longer run up to 107 MCS causes all portions of the
nanoparticle to reach & new higher density {ca. 1.3 giem™).
Although the density of a single domain crystal is higher,
the interfacial prolile gives no noticeable diftercnce from
that of the crystal at 298 K. Next, we further proceed (o
study the time dependence of the fraction of the bonds in the
fraits stales as & function of the distance from the center of

the Crystaliizalion and Apneating of Terrucontune Nanoparticles
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Figure 1. (a)Thechange in density protile and (b1 the change in
fracuon of the bonds in the frany state as a function of the distance
from the center of mass of the nanoparticle upon an annealing
precess al 360 K, The initial configuration of the nanoparticle wus
a typical tmuliiple crystaline domains) one obtained al 298 Kund
was healed to 360 K.

mass of the nanoparticle. Figure 11b suggesis the mechan-
ism of annealing in that the fraction of the bonds in the rrany
states in the crystalling domains near the surface decreases
10 ¢ca. 0.65 within the first 10" MCS. P, inthe region r = 2.0-
2.5 nm decreases faster than in the region r= 1.5-2.0 nm.
For the simulation up to 107 MCS. we observe all rrans
conformation in the core region (r=0-1.0 nm}. The mag-
nitude of P, decreases monotonically toward the surfuce
region. This result suggests that the crystal obtained aficr
annealing is mere ordered than the starting structure from a
deep quench at 298 K. A longer run ol this nanoparticle
cannol translorm this imperfect crysial 10 the perfect one
(P =10.855=1.0 85,= L0 in our simulation.

Conclusion

The crystallization of confined 1etracontane (CyHyy)
guenched from the melt has been investigated by a dynamic

Macromed, Theory Simud, 2004, 13, 539-549
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Monte Carlo method on a high coordination lattice. The
periodic boundary conditions force the formation of a free-
standing nanoparticle exposed to a vacuum. After a deep
guench, the nanoparticle adopts u configuration dominated
by extended chains. The vicinity ol the conter is less dense.
and less well ordered. than portions of the nanoparticle
located further from the center. The crystals are nucleated
and formed in the surface region. A (ypical structure con-
tins more than one crystalline domain, Chains in sanopar-
ticle are less ordered and adopt more random conformation
compared to the crystallization in the bulk.

The naroparticle with multiple crystalline domains
shows a well-defined melting temperature, around 365 K.
obtained from a sharp decrease of £, Sg and §, The
simulated result gives the melting point of nanoparticle lies
between experimental 7, of bulk tetracontane and that of
crystalline PE. The higher melting temperature obtained in
the current simulation is induced by the strong attraction
in the long-range interaction. However, this value is lower
than that in the simulation of a thin film with the same set
of parameters due to the high surface/volume ratio in the
nanoparticle. A melting phenomenon was observed for any
simulated temperature above 365 K when this nanoparticle
was heated.,

The annealing process finds that the nanoparticle with
multiple crystalline domains can transform the imperfect
crystal 1o a configuration with only one crystalline domain
(without grain boundary). Anncaling occurs when ali cry-
stalline domains become disordered. followed by the growth
ol a new crystaliine region into the disordered region,
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