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Abstract
Novel structural transitions of solvent-free oligomer-graphed nanoparticles are investigated using
molecular dynamics simulations of a coarse-grained bead-spring model. Variations in core size and
grafting density lead to self-assembly of the nanoparticles into a variety of distinct structures.
At the boundaries between different structures, the nanoparticle systems undergo thermoreversible
transitions. This structural behavior, which has not been previously reported, deviates significantly
from that of simple liquids. The reversible nature of these transitions in solvent-free conditions

offers new ways to control self-assembly of nanoparticles at experimentally accessible conditions.
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In the past decade, considerable effort has been placed into efficiently creating microstruc-
tures by tuning the geometrical or chemical characteristics of self-organizing molecular
blocks, because of potential applications in photonics and electronics [1], energy storage
2], chemical and biological storage [3]|, and drug delivery [4]. There have been several ex-
perimental demonstrations of controlled self-assembly using oligomer-grafted nanoparticles
[5-7]. In addition, numerous simulation studies offered insights into the parameters con-
trolling the behavior of grafted nanoparticles [8-14]. These studies have mainly focused
on self-assembly in solution. Grafted nanoparticles have similarities with supramolecular
polymers [15], which are held together by highly directional non-covalent interactions. The
reversible nature of supramolecular polymers make them attractive as molecular building
blocks for the design of “smart” polymeric materials. However, these polymers work well in
solution, but not in melt-like conditions. Nanoparticle organic hybrid materials (NOHMs)
[16-18] are novel core-shell particle systems, in which each particle consists of a hard (inor-
ganic) core and a soft (organic) oligomer corona. NOHMs in solvent-free conditions can still
be liquids, and so the coronas effectively become the solvent. This creates a unique physical
environment.

Despite the existence of a considerable body of literature on chain-grafted nanoparticles
in solution or within a polymeric matrix, little is known about the structural behavior of
such systems in the absence of solvent. Star polymer melts is a limited case of solvent-
free grafted nanoparticles and can display liquid-like behavior by tuning the number and
length of the grafted chains [19]. The core size in star polymers is significantly smaller
than the contour length of the chains and is frequently neglected, which is not the case
for grafted nanoparticles. The primary focus of this Letter is to gain an understanding
of the structural behavior of solvent-free oligomer-grafted nanoparticles when the core size
becomes significant. In particular, we use molecular dynamics simulations to investigate the
structures formed by varying the nanoparticle core size and number of tethered chains,
while keeping the chain length fixed. We illustrate that a rich variety of structures is
obtained. At the boundaries between different type of structures, the nanoparticles undergo
thermoreversible transitions between the two types of neighboring structures. These are,
of course, not true phase transitions, as they are not associated with discontinuities in any
thermodynamics properties.

Our model system consists of N=400 nanoparticles, where each nanoparticle is repre-



sented as a spherical core with f attached oligomer chains. The chains are composed of N,
spherical beads of size o connected to form a chain. By varying the geometric characteristics
of the model, its molecular architecture can resemble a star polymer or a polymer-coated
colloid. In particular, we investigate on the effects of nanoparticle core size, D., and number
of grafted chains, f, while keeping the number of beads of each grafted chain at N, = 10.
Bonds are described by a harmonic potential, Vi(r) = k(r —l)?, where where r is the bead-
bead separation, [ is the natural length of the spring equal to the diameter of polymer bead,
lo = 1o, and k is a spring constant, k& = 5000¢ /0. The polymer beads attached to a core
particle have fixed coordinates with respect to the nanoparticle. The size of the nanoparti-
cle, D, varies from 0.50 to 8¢. The mass of a particle scales linearly with volume, so that
my, = m and m, = mD?/o® for the mass of the polymer bead and core respectively. The
polymer-bead interactions are described by a Lennard-Jones potential with cut-off distance
reut = 2.D50. For the core-core and core-polymer interactions, we use the purely repulsive
Weeks-Chandler-Andersen (WCA) potential [20], modified to take into account the differ-
ence in particle size [21]. Simulations were performed in cubic boxes; periodic boundary
conditions and the minimum-image convention were applied in all three spatial directions.
The simulations were performed using the Large-Scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [22], which takes advantage of neighbor-lists and a special-purpose
communication algorithm to maintain good performance when the size ratio of interaction
centers becomes large [23].

The nanoparticle volume fraction can be altered by changing the grafting density, chain
length, and density or temperature. A wide range of polymer bead densities in free space,
pr = NfNy/(L? — NxD2/6), were explored (from p, = 0.55 to 0.85), at which the system
was equilibrated in the NV'T ensemble at a temperature that corresponds to zero pressure,
thus matching the common experimentally used atmospheric conditions. After equilibration,
production runs of 2 x 107 steps each were performed in the NV E ensemble. A typical run
required 10 wall-clock days on 8 cores of Intel 2.83 GHz “Nehalem” processors.

The key structural changes observed are illustrated in Fig. 1. The core-core radial distri-
bution function, g..(r), for two systems with the same core size, D. = 20, but different num-
ber of grafted chains, f =4 and f = 32, is shown in Fig. 1(a). For low density (pp, = 0.55)
both systems display liquid-like behavior, though in the case of f = 4 the system is much

less structured than for f = 32. Nevertheless, nanoparticle aggregation is prevented due to
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FIG. 1: (color online) Radial distribution functions at different densities and temperatures: (a)

D, =20, f=4 and 32; (b) D. =30, f =2; (¢) D. =50, f = 64.

the steric “protection” that the grafted chains offer. For higher densities, nanoparticles with
f = 32 continue to have liquid-like behavior similar to that at lower densities. However, the
f = 32 does not follow typical simple-liquid behavior; as temperature increases, the peaks in
gee(r) nOt only shift to larger distances, but also become higher (more structured). Density
decreases with increasing 7™, so more “free space” is available to the nanoparticles at the
higher temperatures. This additional empty space can be considered as an added “phantom
solvent” that reduces the net monomer—monomer attraction. Even though we did not at-
tempt this here, our model could also be generalized to systems with an explicit solvent. In
the present work, increasing 7™ is equivalent to creating a better solvent condition for the
oligomers and makes the monomer—-monomer excluded volume more important. Therefore,
the shift in the peaks of g.. is more observable in simulations as the corona expands and gives
rise to more substantial steric effect among the particles at higher 7. This is consistent with

observations in star polymer solutions [24, 25] and sterically stabilized colloidal suspensions



[26]. On the other hand, the radial distribution function of f = 4, a sharp peak is manifested
at r/D. = 1, suggesting aggregation. The peak emerges despite the fact that the core-core
interactions are purely repulsive. Moreover, when two nanoparticles come together, they
push the surrounding grafted chains to the side, which in turn prevent other nanoparticles
joining the side of the aggregate. This leads to a formation of string or sheet-like structures.
These structures have the tendency to form a percolating network, which is a characteristic
of a gel [27]. The transition from one structure to another is reversible, because there is no
chemical bonding and so the structural changes can be triggered by changing temperature.
The formation of anisotropic structures from isotropic particles (oligomer-grafted nanopar-
ticles in polymer matrix) has been reported for oligomer-grafted nanoparticles in polymer
matrix [5]. The issue of optimum grafting density for dispersing grafted nanoparticles in a
polymer matrix is also discussed in Ref. [28]. The case of f = 32, for which the nanoparticles
have liquid-like behavior and display more structure within the density (temperature) range
explored, will be described as a star liquid. For f = 4 the structural behavior indicates
the system behaves as a thermoreversible anisotropic aggregation (G-1), since by varying
the density (temperature) the nanoparticles form string-like structures at high density (low
temperature) while for low density (high temperature) the nanoparticles are well dispersed.

For systems with lower grafting density, such as f =2 and D, = 30 as seen in Fig. 1(b),
a percolating network forms at lower densities. This is reflected on the radial distribution
function with the location of the second peak being at r/D. = 2. However, at higher
densities, p, = 0.75, the string-like structures collapse with the formation of larger isotropic
colloidal clusters leading to the emergence of structural characteristics between the first
and second peak of g.. at lower densities. The above structural transition is identified
as thermoreversible isotropic aggregation (G-2). The defining difference between G-2 and
G-1 structures is that the grafting density is low enough to prevent nanoparticles from
aggregating even at low densities (high temperatures).

Increasing the number of grafted chains on a nanoparticle not only protects the nanopar-
ticles from aggregation, but also increases the effective size of a particle. In star polymers,
the number of grafted chains tunes the softness and acts as a bridge between polymers and
colloids [29]. We observe the same trend for the nanoparticles, but this has another inter-
esting effect. For f = 64, although at high density (p, = 0.85) the system has liquid-like

characteristics, at lower density solid-like characteristics manifest themselves, see Fig. 1 (c).
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FIG. 2: (color online) Mean-square displacement of solvent-free oligomer-grafted nanoparticles

with D. = 50.

This is in contrast to simple liquid behavior where rigid-like characteristics emerge with
increasing density (lowering temperature). The key difference is the subtle way the corona
affects the effective size of the particles. An increase in temperature would increase the
interparticle distance, which is observed at the shift of the radial distribution function’s
peaks, see Fig. 1(c). But an increase on the interparticle spacing would cause the oligomers
to stretch outwards in attempt to fill the surrounding space, while the coronas of neighbor-
ing nanoparticles continue to overlap with each other. However, even though interparticle
spacing has increased the particles’ effective size becomes larger, because neighboring over-
lapping coronas experience entropic penalties due to the increase of temperature and the
chain stretching. Similar effect has been observed in concentrated star polymer solutions
[24, 25]. This interpretation is also reflected in the core mean-square displacement (MSD),
Fig. 2. For lower density the nanoparticles do not reach a diffusive regime within the acces-
sible simulation times, but for higher density the cores reach it. Moreover, at t ~ 2.8 x 10*r
the MSD for py, = 0.85 has reached the MSD of p, = 0.55, signifying the importance of the
corona’s thermal expansion. The MSD for lower grafting density, f = 16, shows a diffu-
sive behavior for lower density but not for higher density, because nanoparticles aggregate
and thus the nanoparticles display a sub-diffusive behavior within the accessible simulation
times, Fig. 2. A system is identified as glass if it is non-ergodic, however, for f = 64, it

was not computationally feasible to determine that. Nevertheless, we would consider that
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FIG. 3: (color online) Top: structural behavior of nanoparticles with f = 4. Bottom: structural
behavior of nanoparticles with D, = 5o. The dashed lines outline the different morphologies and

the dotted lines correspond to systems with the same polymer bead density, pp.

f = 64 has a glassy behavior at higher 7%, because the second peak of g..(r) becomes wider
with a tendency to split, Fig. 1 (¢), and has a non-diffusive behavior, Fig. 2. Hence, f = 64
deviates from star liquids because the thermal expansion of the corona triggers a vitrifica-
tion at higher temperatures; such structural behavior will be identified as glass-forming star
liquid.

To organize the structural behavior of the model systems, we construct structural maps
for a fixed number of grafted chains or core size. Fig. 3 (top) shows the structures ob-
served as function of temperature and core size for f = 4. The particles have a liquid-like
structure when the core size is small, but as the core size increases the corona cannot pre-
vent aggregation (see Fig. 1 (a) for the ge.(r) with f = 4 and D. = 20). Fig. 3 (bottom)
shows the effects of f and temperature for D. = 50. Another important insight is obtained
when considering packing effects at the same temperature. From Fig. 3 we can deduce that
the particles can pack more efficiently (higher values of py,) by decreasing the core size or
increasing the grafting density. Increasing 7™ not only reduces the density (at constant
pressure), but also enhances excluded volume effects. As discussed above, for a star liquid
increasing 7 enhances structure and for highly packed systems (as observed for f = 64),
the coronal thermal expansion triggers a vitrification. Although it is difficult in practice

to synthesize monodisperse particles, the structural maps may act as a reference point for
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FIG. 4: (color online) Structural behavior map of solvent-free oligomer-grafted nanoparticles with
fixed chain length, N, = 10. The dashed lines are approximate boundaries between different

behaviors.

future experimental studies.

Fig. 4 provides a structural map as a function of core size and number of grafted chains,
implicitly incorporating the temperature effects shown in Fig. 3. For small nanoparticle
sizes, star liquid behavior is expected. But for larger nanoparticles, the number of grafted
oligomers determine the structural behavior. For example, for D, = 50 and for small number
of grafted oligomers, e.g. f = 16, the system enters into thermoreversible aggregation. For
higher f, the corona is stiff enough to protect the core from aggregation and thus a star liquid
is observed. For f > 48 the corona becomes significant stiffer resulting to more structural
characteristics and at f = 64 the system becomes glass-forming star liquid.

In summary, chain-grafted nanoparticles offer flexibility in design of new smart materials
due to their hybrid character and their ability to exist as liquids in the absence of solvent.
These systems undergo structural transitions due to the subtle interplay of core size and
grafting density. For sufficiently large core and high grafting density, they resemble star-
polymers, where the thermal expansion of the corona traps the nanoparticles and a glassy
behavior is observed. On the other hand, for low enough grafting density the corona cannot
prevent neighboring nanoparticles from aggregating. Akcora et al. [5] have reported the

formation of anisotropic (string-like) structures, with isotropic polymer-grafted nanoparticles



in a polymer matrix. The current study expands the findings of Ref. [5] to systems without
an external solvent medium. The structural maps obtained in this study provide insights
on how the geometric characteristics of the particles can be tuned to achieve experimentally
desired structural behavior. These systems can be considered to be experimentally realizable
versions of a class of models with short-range attractions and longer-range repulsions (e.g.
[30]). Experimental synthesis and characterization of appropriate NOHMs systems can be
used in the future to validate the predictions of the present work.
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