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Atomistic configuration, generated through low-temperature molecular
dynamics simulations, of a superlattice formed through the assembly
of face-centered-cubic gold nanoclusters with a truncated octahedral
morphology (yellow). each containing 1289 atoms. Each of the
nanoclusters is  passivated by a monolayer of dodecanethiol
molecules, displayed in green; the sulfur atoms anchored to the gold
cluster are depicted in red, and the methyl tail group of each
molecule is shown in blue. Molecules that are anchored to the
surfaces of clusters located at a lower plane, are colored in darker
green, The passivating molecules are organized in bundles, and the
superlattice exhibits a body-centered orthorhombic structure. The
simulations were performed by David Luedtke and Uzi Landman.
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We explore, with the use of extensive molecular dynamics simulations, several principal
issues pertaining to the energetics of formation of superlattices made through the assembly
of passivated nanoclusters, the interactions that underlie the cohesion of such superlattices,
and the unique mechanical, thermal and structural properties that they exhibit. Our
investigations focus on assemblies made of crystalline gold nanoclusters of variable sizes,
passivated by monolayers of alkylthiol molecules. An analytic optimal packing model that
correlates in a unified manner several structural characteristics of three-dimensional
superlattice assemblies is developed. The model successfully organizes and systematizes

a large amount of experimental and simulation data, and it predicts the phase-boundary
between different superlattice structural motifs that evolve as a function of the ratio
between the chain-length of the extended passivating molecules and the radius of the
underlying gold nanocluster. The entropic contribution to the formation free energy

of the superlattice assembly is found to be large and of similar magnitude as the potential
energy component of the free energy. The major contribution to the cohesive potential
energy of the superlattice is shown to originate from van der Waals interactions between
molecules that passivate neighboring nanoclusters. The unique mechanical, thermal,
thermomechanical, and thermostructural properties of passivated nanocluster assemblies,
are discussed.

1. Introduction

Characterization and elucidation of size-evolutionary patterns of the properties of finite materials
aggregates exhibiting discrete quantized energy level spectra and specific structures and
morphologies, investigations of unique properties of finite-size materials clusters, and studies of
the nature of the evolution from the molecular and cluster regimes to the bulk phase, are among
the major challenges of modern materials science, and as such these issues have been the subject
of intensive research endeavors. These investigations include explorations of structural, electronic,
thermodynamic, spectroscopic, and chemical properties of isolated clusters and their assemblies.
Nanophase materials built through the assembly of nanometer-scale units into ordered super-
lattices offer exciting perspectives as novel materials whose optical, electronic, magnetic, transport,
mechanical and thermodynamic properties may be controlled by the selection of the composition
and sizes of the building-block units. Such diversity and tunability suggests potential utilization of
these materials as components in future nanoscale-based electronic, optoelectronic, and sensor
technologies.
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Investigations of such finite aggregates of limiting small sizes and reduced dimensionalities, open
avenues for systematic explorations of the physical factors and unifying principles that underlie the
transition from the atomic and molecular domain to the condensed phase regime. Such behavior,
where the dependence of the behavior of the system on it’s size is non-scalable with the physical size
of the system, but rather where Small is Different in an essential way, is emergent in nature; that is,
the exhibited behavior is characteristic of the assembly of particles rather than being a property of
the individual constituents, showing behavior on a larger scale then that characterizing the (rela-
tively local) interactions between the elementary components of the system. Identification and
understanding of the microscopic origins of such emergent phenomena, are of fundamental
importance for elucidation of the principles of self-assembly'~ and self-selection operative at the
nanoscale.

The general methodology of “nanoparticle assembly ”’, to which the 125th Faraday Discussion
is devoted, is illustrated in Fig. 1, where stages in the passivation and assembly of gold nano-
crystallites into superlattices, are depicted. In particular, the displayed images of an isolated Aujsgo
truncated octahedral (TO) cluster, passivated by a monolayer of dodecane thiol molecules, illus-
trate “bundling” of the coating molecules at the lowest temperature (100 K), their transformation
to partial intermolecular order at 300 K, and eventual melting of the passivating monolayer at 375
K. Moreover, the images on the right illustrate the superlattice structures formed through assembly
of the individual clusters, transforming from a bec orthorhombic arrangement at 100 K, to a bec
superlattice at 375 K.

Preparation of such materials often requires passivation of the “building blocks” (that is, the
individual clusters) to protect against modifications of their properties by their environment, as
well as to inhibit their propensity to sinter. Such passivation can be achieved in various ways. One
of the most elegant passivation routes is through self-assembly, that is spontaneous formation of
passivating monolayers (of organic molecules such as n-alkylthiols), which has been shown to
provide a viable means of controlling the physical and chemical properties of extended solid
surfaces'®"® and nanocrystalline facets.'®2°

Experimental and theoretical investigations on self-assembled monolayers (SAMs), in particular
n-alkylthiols chemisorbed on extended gold surfaces (Au-RS), have been performed now for a
rather long time, and they have yielded a wealth of information'®!32"> On the other hand,
research efforts aimed at understanding the adsorption of such molecules on finite crystallites
(which expose various crystalline facets, edges and corner sites) and the intermolecular organiza-
tion of the molecular chains on such nanocrystallites and their mechanical and thermal properties,
including possible disordering and eventual melting phase transitions,* %2 are more recent.
Exploration of such systems, and studies of the dependencies of their properties on the size of the
underlying gold nanocrystallites and chain-length of the passivating molecules are the focus of this
article.

2. Structural, mechanical, and thermal properties of passivated
nanocluster assemblies

We focus here on the structural, mechanical and thermal properties of superlattices whose basic
units are gold nanocrystals passivated by alkylthiol molecules. The principal theoretical metho-
dology employed by us is molecular dynamics (MD) simulations (see Appendix for pertinent
details), where the equations of motions of the interacting particles are solved numerically with
ultra-high spatial and temporal resolution. The MD simulations are used here in various modes,
including: (a) as a technique for determining optimal structures (that is, locating minima of the
multidimensional potential-energy, or free-energy, hypersurface), and (b) as means for investigating
the dynamic behavior of the studied systems at finite temperature, including thermal disordering
and melting transitions, thermally-driven structural transformations, and finite-temperature fluc-
tuations used for evaluation of the mechanical elastic response characteristics of nanocluster
assemblies. Whenever possible we compare our simulation results with experimental data.

Part of our work involves systematic studies of superlattices that are formed by varying the
passivating chain-length and the nanocrystal core size. Based on this work, a simple model is
proposed that relates the superlattice structure to the extent that the passivating chains fill the
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Fig. 1 Illustration of the methodology of nanoparticle assemblies, using configurations obtained through
molecular dynamics simulations. (i) Top left: atomic configurations of a bare fcc crystalline gold nanocluster
with a truncated octahedral morphology, containing 1289 atoms. (ii) Left column: the gold nanocluster pas-
sivated by a monolayer of dodecane thiol molecules-(top) a structure at 100 K exhibiting directional ““bund-
ling” of the passivating molecules; (middle) a somewhat disordered thiol layer at 300 K; (bottom) A melted
passivation monolayer at 375 K. (iii) Right column: superlattices made through assemblies of the individual
passivated nanoclusters. The structures of the superlattices exhibit a temperature dependence, with the one at
100 K having a bec orthorhombic structure and the one at 375 K transforming to a bee structure. Note that the
passivating molecules can exhibit packing arrangements in the superlattice (right column) that are different from
those found on isolated nanoclusters (left column).
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available space of the superlattice. The predictions of this model compare well with both the results
of our simulations as well as with available experimental results. Other areas on which we focus
relate to studies of phase transitions and structural transformations of a nanocluster superlattice
induced by pressure or thermal effects, and explorations of correlations between the above prop-
erties and the manner in which the passivating hydrocarbon chains pack and arrange themselves in
the superlattice for various temperatures and pressures. In addition, we explore the various con-
tributions to the free energy (potential energy and entropic) when initially isolated passivated
nanoclusters are brought together to form a superlattice.

2.1 Nanocrystal core size, chain length of passivating molecules, chain packing, and
superlattice structures

Investigations of superlattices composed of passivated nanocrystals**® as well as of analogous

superlattices made from larger scale micelles,>*** have shown that the basic symmetry of the system
is strongly related to the ratio, x, of the chain length of the passivating molecules to the cluster core
radius, with systems of small x displaying face-centered-cubic (fcc) superlattice symmetries and
those with x above a critical value displaying body-centered-cubic (bcc) symmetries.*** However
theoretical understanding of these observations is largely lacking; in fact, using a common notion
that nanoclusters protected by monolayers of disordered chain molecules pack as adhesive hard
spheres, one would expect fcc packing to always dominate. By exploring through MD simulations
(see below) the symmetries and properties of a range of superlattices built through the assembly of
nanocrystalline cores (in the following we, will often refer to the solid crystalline nanocluster
portion of a passivated gold nanocluster as a “core’) containing from 140 to 1289 Au atoms and
passivated by alkylthiol molecules ranging from butane thiol [S(CH,);CHjs, sometimes referred to
in the following as SC,] to dodecane thiol [S(CH,);;CH;, denoted in the following as SC,,], we
indeed observe the aforementioned structural dependence on the ratio x between the chain-length
and the core size. Through investigations targeted at identifying the factors that control the above-
mentioned dependence we find that for small x the passivating chains are not long enough to
completely fill the available superlattice space and fcc superlattice symmetries dominate. However,
as the chain-length increases (for a given core size) there is a point at which the passivating chains
anchored to a given core can extend to, and interact directly with, the chains belonging to it’s
second-nearest-neighbors in a bee superlattice. It is at this point that superlattice symmetries and
properties begin to display significant effects related to aspects of space filling by the hydrocarbon
chains, and beyond this critical value of x bee/bet superlattice symmetries dominate (bet denotes
a body-centred tetragonally distorted structure).

In light of these observations we propose a simple analytic model that incorporates insights
gained from our simulations. The model involves an assumed propensity for optimization of the
packing arrangement (high density) of the passivating chains in the contact region between nearest-
neighbor passivated clusters, in conjunction with a simple criterion that determines when packing
of the chains becomes space filling; in this context we note a similar construction used earlier in
studies of the two-dimensional (2D) packing and of the phases of Langmuir monolayers composed
of passivated nanocrystals.>®*” In the model that we develop (referred to in the following as the
“optimal packing model” or OPM) the three-dimensional packing of the passivating chain
molecules is characterized as a function of the aforementioned ratio (x) between the chain-length
and the core radius, and it yields detailed results pertaining to the superlattice size (inter-core
distances), symmetry (e.g. fcc, bee, efc.), core volume-fraction, and overall chain free-volume.
Moreover, the OPM allows prediction of the crossover point between fcc and bec superlattice
symmetries (referred to in the following as the fcc/bee phase-boundary, xg). These model pre-
dictions compare well with the results of our simulation, as well as with recent experimental data.

We introduce first certain pertinent definitions and concepts (see ref. 36 for similar ideas applied
for other purposes and also refs. 21 and 37 for related work). When a single nanocrystal core is
fully covered by passivating alklythiol chains, the chain head group (the sulfur atom) will occupy a
characteristic area, (4, see Fig. 2) at its contact point with the core, which determines the opening
angle of a cone whose length is the core radius (R) plus the length of the fully extended chain (L, see
Fig. 2a). The volume of the conical section bounded by the area A, at radius R and by the area A, at
the radial distance R+ / from the center of the core, is denoted by V; (for / = L, this is the ““excess
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Fig. 2 Schematic illustration of quantities used in the development of the optimal packing model (OPM). (a)
A single nanocluster, modeled as a sphere of core radius R, and an adsorbed chain molecule whose fully
extended length is L. (b) Neighboring nanoclusters whose centers are separated a distance D, apart, with
overlapping passivating molecules that occupy (each) a conical section of volume V;.

volume ¢ available to a passivant). In constructing our model we postulate that in a superlattice

passivating chains between nearest-neighbor nanocrystal cores are densely (or optimally) packed,
such that each chain occupies a volume V; with / equal to half the distance between the nanocrystal
cores (Fig. 2b). As a measure of alkylthiol chain packing we take as a reference volume the one
defined by the base area 4, and the length of the fully extended chain L, i.e. Vo= A4,L (see Fig. 2a).
The above postulate may then be represented by a simple relationship between 7; and Vg (see
below). Similar to the earlier definition of x = L/R (the extended chain-length divided by the core
radius), we define x; = //R, i.e. a distance / from the core surface divided by the core radius R;
obviously x = x; . We note that the fully extended chain-length, L, is a function of the number of
carbons atoms, n, in the chain. In this study we use L = 0.12(n+ 1) nm (see refs. 4 and 33).

With these definitions we find that the volume ¥ of the cone bounded by the areas 4, and A4, is
given by

Vi=Aol(1+x1+x7/3). (1)

Taking now the distance / to be half the distance between two passivated nanocrystal cores when
they are nearest-neighbors in a superlattice (see Fig. 2b), i.e. I = (Dyy — Deore)/2, One can write a
defining equation for our model,

Vi=iVo, (2)

where, as we find below, A is close to unity. Namely, the passivating chains lying directly between
two nearest-neighboring cores, and occupying a volume V; for each core (see Fig. 2b), will pack
with essentially the same density as fully elongated chains confined to a cylinder of cross-sectional
area A, and length L. In the case of alkylthiol chains, this is a good assumption. However, one
should note that the base area (A4,) depends on the nature of the head group (sulfur in our case)
with different head groups associated with different chain packing densities. If the base area is small
enough to result in a corresponding higher density, then a value of 4 > 1 is likely to lead to a
better fit to experimental data. Through comparisons between the OPM with results of our
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MD simulations, we have concluded that this density is comparable to that of a typical hydro-
carbon liquid. As we will show, taking 2 = 1 gives results in very close agreement with experiment.
The scaling factor 4 allows one to examine and quantify how the consequences of eqn. (2) change
when the packing density of the chains is varied. We note that x, the ratio of the fully extended
chain-length to core radius R, will be taken in most of what follows as an independent variable used
to characterize physical properties of superlattices composed of passivated nanocrystalline cores.

We may now derive a number of consequences of eqn. (2), that facilitate direct comparisons
with experimental results.*** In particular, using the definitions of ¥, and ¥V in eqn. (2) leads to the
third-order equation

(X 4+ x7 +x3/3) = Ax, (3)
which has one real root
X =(143x)"° - 1. (4)
Using the relation / = (Dy, — Deore) /2 given earlier, we have from eqn. (4)
Dy — Deore = Deore[(1+32x)'° — 1. (5)

Before comparing our results to experimental data and MD simulation results, we discuss a
further model assumption, relating to the core volume fraction and superlattice symmetry as
functions of x. It has been observed experimentally,*** as well as in the present study, that fcc
superlattices prevail when x is smaller than ~0.7, and that above this value bce structures domi-
nate. We have found that a very simple assumption on the general distribution of chains in a
superlattice, along with the consequences of the other main model assumption expressed in eqn.
(2), provide a basis for understanding both the change in superlattice symmetry that occurs at
x~0.7, as well as a number of other related changes in properties that occur when this value of x is
reached. As aforementioned, fcc structures are found when the ratio of chain-length to core radius
is small. In a sense, for the low x regime, the passivated gold nano-crystallites close-pack somewhat
like adhesive hard cores (i.e. hard ““sticky’” spheres), since in most of these systems the passivating
chains are in a liquid-like state at 300 K. In this regime, one would find for a bcc superlattice
composed of the these low-x clusters that the chains from one core could not reach, even if fully
extended, the chains of a second-(next-) nearest neighbor (nnn).

The above observations lead us to conclude that the bee superlattice first becomes stabilized and
energetically favored over competing fcc structures when the chains from one solid core begin to
have appreciable direct interaction with those of a nnn core in a bee lattice. We implement this idea
as follows: taking passivated cores that comprise an fcc superlattice (i.e. in the small x regime) and
considering a bce superlattice composed of these same passivated cores, the phase boundary
between the fcc and bee superlattice structures is reached when the chain-ends from two nnn bce
cores begin first to touch. Relating D, to D,,, the above implies that

Dnrm = 2Dnn/31/2 = Dcore + 2L. (6)

Using eqns. (5) and (6), one can show that the condition on x = xp at the fcc/bee phase boundary,
eqn. (6), may be written as

(2/3%)(1 4 34xp)"* =1+ xs. (7)

This leads to a cubic equation that has three real and unequal roots, with only one of them being
positive and physically meaningful. Since the exact result is fairly complicated we give below the
values for xp corresponding to some selected values of 4. For 1 = 1, which yields a particularly
good correspondence with experimental results, one finds xp gy, =2 0.664 that is consistent with the
experimental value*** of ~0.7; chain-filling considerations have been used in refs. 4 and 33 for
estimation of the phase boundary. However, when comparing OPM predictions to the results of
our MD simulations, we have found that a value 2 = 1.15 leads to a better correspondence with the
simulation data. Solving eqn. (7) for 2 = 1.15, one finds xp yp 220.790, which is somewhat higher
than the experimental result, but still in satisfactory agreement with the experimentally observed
value. As noted above, the deviation of / from unity (i.e. 2 = 1.15) is most likely related to the
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description of the head group (sulfur) in our MD simulations, with the current choice of potential
parameters resulting in a somewhat denser packing of the passivating molecules than estimated
experimentally. Changing the length parameter corresponding to the sulfur head group will lead to
a value of A closer to unity. In the following, the phase-boundary values, xg, used in discussing the
experimental and MD results are denoted by xp gy, and xpvp, respectively.

We now turn to considerations pertaining to the solid nanocrystalline core-volume fraction in a
passivated cluster superlattice, which is found by dividing the total core volume in a unit cell by the
total volume of the unit cell. For a fcc lattice, x < xp, the core volume-fraction can be written as
Viee = 1/(3v/2)(Deore/ Dan)’. yielding with the use of eqn. (5)

Viee =1/(3v/2)/(1 + 32x). (8a)

The numerator 7/(3,/2)=20.7405 is the volume fraction for a hard-sphere fcc lattice, obtained
when x = 0 and the nearest-neighbor cores directly touch.

For a bec lattice, (i.e., when x > xp), the core volume fraction can be written as V. = m(1/3/8)
(Deore/Dyn)’, which can be written as

Vice = 1(/3/8)/(1 + 3/x). (8b)

The numerator ©,/3/8220.6802 is the volume fraction for a hard sphere bcc lattice.

We are now in a position to present and compare predictions of the OPM with experimental
findings (in direct comparisons of model predictions to experimental results we use 4 = 1.0 in the
model equations), and with results of our MD simulations (for a brief description of the MD
simulation methodology see the Appendix). In Fig. 3 we display as a function of x, OPM

] @ symbols: exp
< 201
~ T
] bec/bet
n 0
c 1.0 4 A A
é: fee
0.0 ————————
- {1 (b) symbols: MD
= ]
2 207
S ]
2 %+
|E | =
a 1.0 A He
0.0 T T " T . . .
0.0 0.5 1.0 1.5 2.0

X =L/Regre

Fig. 3 (Dun— Deore)/ L plotted versus the parameter y = L/R.or. In (a) the symbols represent experimental
data and in (b) they represent results from molecular dynamics simulations. Open and filled symbols represent
fee and bee/bet superlattices, respectively. The various symbols correspond to systems specified in Fig. 5. The
lines in (a) and (b) depict predictions of the optimal packing model (OPM).
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predictions (eqn. (5), solid lines) as well as experimental data? (in Fig. 3a) and MD simulation results
(in Fig. 3b) for the distance between the surfaces of nearest-neighbor cores (in units of the fully
extended chain length L) which provides a measure of the overlap between chains from nearest-
neighbor cores. It is evident from the figure that the predictions of the OPM agree rather well with
both the experimental and MD simulation data. For chain lengths that are very small compared to
the core size (small x values) the inter-core surface distances approach 2L (as x approaches zero),
and there is virtually no chain overlap: in this regime the passivated cores are arranged in open
structures, such as fcc superlattices. For relatively large chain lengths (large x) the overlap between
chains grows to the point that when x ~ 2 the separation between the surfaces of two neighboring
gold cores is only about one chain-length (L). This distance is predicted to decrease even more as
the ratio between the chain-length and the core size further increases. It should be noted that this
decrease in nearest-neighbor surface separation (in units of L) is likely to be related to several
factors, including: an increased interpenetration of disordered inter-core chains, a large amount of
chain packing into (and filling-up of) the available open space away from the region directly
between nearest-neighbor cores, and a propensity for formation of chain “bundles” (that have a
tendency to form when chain-ordering occurs) which may be oriented away from the nearest-
neighbor inter-core space, thereby allowing a smaller core—core separation.

Another point of comparison is the core (here, gold nanocluster) volume fraction, V.. The
experimental data is presented in Fig. 4. Once xp is determined, then the core volume fraction for the
fce structures (eqn. (8a)) is used for x < xp, while eqn. (8b) is used for x > xp where bcc structures
are predicted to prevail. Using eqns. (8a) and (8b), with x5 = xp g, given above, leads to the solid
curve in Fig. 4 where once again a very good agreement with the experimental results is observed.

Before comparing OPM predictions to the MD results, we comment on certain pertinent
characteristics of the systems that were simulated by us. First we note that these systems were
selected such that they will be representative of various characteristic variables, such as: the gold
nanocrystalline core size and crystallography, the superlattice temperature and symmetry, the
chain-length of the passivating molecules, and the phase behavior (solid-like or liquid-like) of the
passivating chains. Additionally, we remark that the phase behavior of the passivating chains
encompasses two states.’>*! One is a disordered liquid-like (or glassy) state where interdigitation of
inter-core chains may occur; most of the systems simulated by us belong to this class. The other
state of the superlattice is a more ordered one (as measured by high intra-chain trans configuration
values) where direct inter-core chain interdigitation on the single chain level is not possible: rather,
a higher degree of inter-chain alignment occurs, i.e., formation of multi-chain “bundles” that may
introduce variations or disruptions in the superlattice symmetry as the system attempts to lower its
energy through the arrangement of such bundles.

. symbols: exp
§ 0.4
©
&
- 0.3
[}
£ fce
=
g 02
=}
< f
2 0.1 A3
> Phase Boundary

0.0

0.0 0.5 1.0 1.5 2.0

X= L/Rgyre
Fig. 4 Gold nanocluster volume fractions in superlattices plotted versus the parameter y. The symbols depict

experimental data, and the systems that they represent are specified in Fig. 5. Open and filled symbols represent
fce and bee/bet superlattices, respectively. The line depicts predictions of the optimal packing model (OPM).
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Core volume-fractions, V,,, are plotted versus x in Fig. 5 for the MD simulations (symbols) as
well as for the OPM (solid line). The large variety of systems studied here are listed in the figures.
We note that systems with passivated cores of different sizes and molecular chains of different
lengths, may share similar values of the chain-length to core-radius ratio x. We also remark that
a number of systems were simulated at elevated temperatures and that some involve passivating
chains with a higher degree of inter-chain order (i.e. the aforementioned bundling). The agreement
between the MD results and the OPM predictions is remarkably satisfactory, particularly in light of
the wide range of systems that have been simulated. As in the case of the experimental results
shown in Fig. 4, systems with x < xp exhibit close-packed fcc/hep structures while for x > xp
more open bee/bet structures dominate. In this context we observe that examination of the percent

€0.4 \><
2
£03]
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5 |
_g S bce/bet
2 1
2017 X
>§ 1 Phase Boundary
%0 "~ 05 10 15 20
x=L/R_,
core Cp, (L, Regre X)f core  Cp(L, Ry X)

X fecc TO1289 C,(0.48,1.74,0.28) @ bcc/bet TO140 C, (0.60,0.83, 0.73)

() fec t-TO459 C,(0.60, 1.23, 0.49) ‘ bct Dh146 C,(0.84, 0.83, 1.01)

TO1289 0.60, 1.74,0.35
( ) B beo/bet TO1289 C,,(1.32, 1.74, 0.76)

O fechcp TO140 C, (0.60, 0.83, 0.73)"
TO1289  (0.60, 1.74, 0.35)7 A\ Orhom TO459 C,,(1.56, 1.23,1.27)°
bet  t-TO459 C,,(1.56, 1.23, 1.27)°
O fccTO1289  C,(0.84,1.74,0.48)  bet  TO1289 C,,(1.56, 1.74, 0.90)°

+ fcc TO1289 C4(1.08, 1.74, 0.62) A bee/bet t-TO459 C,,(1.56, 1.23, 1.27)7

TO1289  (1.56, 1.74, 0.90)T
X Triclinic TO140 C,,(1.56, 0.83,1.88)° ( )
& Orhom TO459 C,,(1.56, 1.23,1.27)°

T = 300K unless noted otherwise; length in nm
TT =350-375K, ©High degree of chain order

Fig. 5 Gold nanocluster volume fractions in superlattices plotted versus the parameter y. The symbols depict
results from molecular dynamics simulations, and the systems that they represent are specified in the bottom
part of the figure. Open and filled symbols represent fcc and bee/bet superlattices, respectively. The line depicts
predictions of the optimal packing model (OPM). The first entry at the bottom gives the structure of the
superlattice (i.e., fcc, triclinic, bec, etc.); bet stands for bece tetragonal, and Orhom stands for orthorhombic. The
entry “core” describes the gold nanocluster: for example TO1289 corresponds to truncated octahedral mor-
phology of a nanocluster containing 1289 atoms. t-TO stands for twinned TO, and Dh stands for decahedral
symmetry. The entry Cy(L,Reqre,y)” gives the following information: C, gives the number of carbon atoms in the
passivating alkylthiol chain; L is the length of the fully extended chain (in nm); R, gives the radius of the gold
nanocrystalline core (in nm). The meaning of the superscript y is given at the bottom.
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free-volume as a function of x reveals a pronounced decrease for x > xg, with the free volume of
the more open structures that develop for x > xp being similar to that of liquid dodecane (simu-
lated by us at 300 K with the same interaction potentials employed in the superlattice studies).
Furthermore, we note that MD simulations at 300 K of self-assembled monolayers of SC,
adsorbed onto an Au(111) surface®® yielded smaller free-volumes then those found in our current
study, indicating that while the passivating alkylthiol chains pack in a superlattice with noticeably
higher density for x > xg, they do not reach the higher density occurring in SAMS adsorbed on
extended gold surfaces.

Before we continue, we wish to comment on certain analogies between the phase-behavior
described above as a function of x (see Figs. 4 and 5) and experimental investigations of micellar
suspensions.*** In these studies it has been found that when the ratio (denoted as x,,) between the
coronal layer thickness and the core radius is below a certain threshold value defining a phase
boundary, x,;, the ordered structures of the spherical micelles will favor fcc lattices, while when x,,
exceeds xp,, the ordered structures favor a bec motif. The above is similar to the behavior found by
us for passivated nanocrystalline assemblies. We note, however, that while for the passivated cores
of the present study the ratio x involves the fully extended chain length (on the order of a nm), in
the micelle case the coronal layer thickness (on the order of 10-20 nm) involves long folded
polymers.

To end our discussion of chain-packing in passivated nanocluster assemblies we comment on the
cohesive energies of the superlattice defined as

Ecohesive = (NcoresEFC - ESL)/NCOI’SS7 (9)

where N, is the number of passivated cores in the computational unit cell of the superlattice, Erc
is the total energy of a free passivated core at the same temperature as the superlattice, and Eg; is
the total energy of the superlattice system. We have found that the cohesive energies vary
approximately linearly with the passivating alkylthiol chain-length (for chains containing more
then four carbons), and they can reach rather high values® (e.g. about 6 eV for a superlattice with
x = 0.28 for SC, passivants, and 26 eV for x = 0.76 for SC,, passivants). Furthermore, we found
that the normalized cohesive energy E;(,hesive defined as E'Cohesive = Econesive/ (— Eintercluster)s Where
Einercluster 18 the interaction energy (divided by N ..s) between alkylthiols that belong to different
cores, is close to unity for all x. This leads us to conclude that the cohesive energy is dominated by
the van der Waals chain—chain interactions between molecules passivating neighboring gold cores,
i.e. Eiercluster - We have found this to be true whenever the passivating chains are in a disordered or
somewhat ordered state near 300 K. However, for much lower temperatures where chain ordering
effects occur, deviations from this behavior may be found.

2.2 Elastic properties of nanocluster superlattices

The special nature of the superlattices formed through assembly of passivated solid nanocrystallites
(gold nanoclusters in this study), where the space between the solid cores is largely occupied by a
relatively soft (and compliant) organic material, lead us to anticipate interesting unique con-
sequences pertaining to the mechanical and thermal properties of these materials. Moreover, we
expect that the mechanical properties will exhibit a dependence on the characteristic parameter
x introduced in the previous section.

We explored the above issues with the use of a strain fluctuation metho that utilizes the
dynamic treatment of the computational cell (where both the lengths of the three vectors defining
the computational cell as well as the angles between them are treated as dynamical variables), and
allows evaluation of the elastic constants through analysis of the MD simulation data. As afore-
mentioned, the majority, but not all, of the systems that we have simulated have at 300 K passi-
vating chains in a disordered state. These systems generally have orthogonal unit cell axes with two
that are close in length (sometimes we will refer to these as axes 1 and 2) and a third one (the “3”
axis) that may be unequal to the other ones.

The compressibility (X) of the systems that we studied is shown in Fig. 6, and components of the
shear modulus are displayed in Fig. 7. Also shown is the compressibility of a pure dodecane liquid
for which we determined from separate simulations that X = 0.98 (GPa)~' at 300 K (the experi-
mental* value is 0.99). Certain trends are readily observed as the chain-length to core-radius ratio
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Fig. 6 The compressibility X of the simulated superlattice assemblies made from the passivated gold
nanoclusters, plotted versus the parameter y. Open and filled symbols represent fcc and bee/bet superlattices,
respectively. The symbols depict results from molecular dynamics simulations, and the systems that they
represent are specified in Fig. 5. The value of X = 0.98 (GPa)™! corresponds to a simulated liquid dodecane at
300 K. The arrow at the bottom points to the value of yp, denoting the OPM predicted boundary between fcc
and bee/bet superlattice structures.
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Fig. 7 (a) The shear modulus Gj, in a plane normal to the axis marked 3, and (b) the average, of the shear
moduli G|; and G>3, plotted versus the parameter y. The results are taken from MD simulations of superlattice
assemblies made from passivated gold nanoclusters. For the meaning of the symbols see caption to Fig. 6, and
Fig. 5.
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x becomes very small, as well as when it approaches and exceeds the phase boundary at xg.
For relatively short chains compared to the core radius (small values of x), the compressibility
heads towards smaller values because the passivated cores are approaching the adhesive hard-
sphere limit. As x increases, the increased relative chain-length allows the passivating molecules to
not only have greater propensity for interpenetration, but also to have a larger capacity to be
pushed (or squeezed) into surrounding vacant space in the superlattice.

As noted in the last section, when x approaches xp, the available free-volume in the superlattice
decreases dramatically leading to less space into which the chains may be pushed by the super-
lattice compression, and the free volumes approach values that are commonly found for hydro-
carbon liquids. This behavior is reflected in the dependence of the compressibility on x, where
upon filling-up of the available free-volume by the disordered chains X takes values typical of
hydrocarbon liquids at room temperature. The systems that have particularly low compressibility
for large x are those in which the chains have achieved a higher degree of order (through the
aforementioned chain-bundling); we have observed that these systems often display anomalous
behavior.

The shear modulus G, in a plane normal to the 3-axis (Fig. 7a), and the average, (G3,G3), of
the shear moduli G|; and Gy; (Fig. 7b) show that both G, and (Gy3,Gy3) approach larger values for
small values of x, with Gy, being slightly smaller than (Gy3,G»3). However when x approaches and
exceeds xp both moduli decrease significantly, attaining values of the order of 50 MPa (similar to
values found for elastomers) at xp (excluding the systems with ordered chains, see in particular
Fig. 7a for x = 1.27).

2.3 Thermal behavior and phase transitions

In this section we focus on the thermodynamic and thermostructural transformations of
nanocluster superlattices, with the temperature serving as the control parameter. In earlier
work®®3! we have found that when the temperature of a passivated cluster (when isolated in
vacuum, or when in a superlattice) is below the freezing point of the passivating chains, they order
and this has a pronounced effect on the way in which the chains are oriented and distributed, and
on the symmetries of a superlattice to which they may belong. To explore these issues further we
have equilibrated a superlattice composed of gold TO1289/SC, units (i.e., solid fcc crystalline
nano-clusters containing 1289 gold atoms with a truncated—octahedral, TO, morphology, and
passivated by dodecane thiol molecules) at a range of temperatures (from a very low, 1 K, to a high
one, 500 K) in order to generate a caloric curve (total energy as a function of temperature) for the
superlattice system. Additionally, at each temperature we computed, using the aforementioned
strain fluctuation formalism, a complete set of elastic constants.

In Fig. 8 (middle curve, filled dots) we show the total energy of the superlattice system
normalized by dividing by the total number of passivating alkylthiol chains. As a point of reference
we also show (open dots) the caloric curve of a free passivated Au TO1289/SC, cluster identical to
the ones used for the superlattice studies. The curves that are shown are obtained by a nonlinear
least-squares fit to the MD results, of the form

E(T)=¢+c(T —Toy) + {de+ 8c(T — Ty) }tanh((T — Ty)/0), (10)

with the set (¢,¢,0¢,0¢,0,T)) as fitting parameters. The tanh term takes values from —1 to +1 as T’
crosses from below the transition temperature T;, with the transition width controlled by o. This
provides a smooth transition between the low and high temperature linear portions. When the low
and high temperature linear asymptotes are extended to 7 = T}, as shown in the shifted curves in
Fig. 8 (for ease of display), the vertical distance between them is taken as a measure of the latent
heat, given by L = 28¢. The parameter 7 is taken as the phase transition temperature.

The free cluster and the superlattice clusters have in common that the phases below and above
the transition temperature 7| are associated with ordered and disordered passivating alkylthiold
chains, respectively. It is interesting to note that the caloric curves of both systems are quite similar.
The transition temperature and latent heat of the superlattice system are found to be T = 312 K
and Lg = 0.19 eV (SC;»)~" (per alkylthiol chain) while those of the free cluster are Tre = 292 K
and Lgc = 0.22 ¢V (SClz)_l; the full set of fitting parameters (&,¢,0¢,6¢,0,T;) that we determined for
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Fig. 8 Caloric curves (total energy versus temperature). Open dots correspond to results obtained from
simulations of an isolated gold nanocluster containing 1289 atoms in a truncated octahedral morphology and
passivated by a dodecane-thiol monolayer (TO1289/SC,). The filled dots correspond to the simulated super-
lattices made through assembly of the above gold nanoclusters. Lrc and Tgc give the latent heat and melting
temperature for the free clusters, and the quantities with the subscript “SL” correspond to the superlattice
assembly. The upper and lower curves are displaced replicas of the corresponding middle curves, shown for

clarity. The solid lines represent line-fits using eqn. (10) (see text). The melting transitions described here
correspond to phase transitions of the passivating dodecane-thiol monolayer.

the superlattice is (¢ = —1.45¢eV, ¢ = 3.75 meV K™, 8¢ = 96.1meV, 8¢ = 0.28 meVK ™, ¢ = 66.4
K, T, = 312 K), and that for the free cluster is (¢ = —1.43 ¢V, ¢ = 3.60 meV K™, 8¢ = 108.0 meV,
¢ =0.11meV K, ¢ =475K, To = 292 K). The superlattice latent heat may be translated to
more conventional units by multiplying Lg; by the number of passivating chains per cluster and
dividing by the mass of the fully passivated core (including the core mass). With the above we find
Lg; = 15.5J g~! which is in line with experimental values for superlattices composed of Ag cores
passivated by octadecanethiol molecules.***’

An important measure of order in the passivating alkylthiols is the percent of trans configura-
tions in the hydrocarbon chains; this measure has been found quite useful in earlier studies.’*>! In
Fig. 9a we display for the superlattice system the percent chains with a trans configuration as a
function of temperature. Additionally, we show the percentage of chains with a trans configuration
for a free passivated cluster (from the same study as that presented in Fig. 8), and also for a
simulated self-assembled monolayer of SC;, adsorbed onto an Au(l111) substrate at a range of
temperatures.’® Not surprisingly, both the superlattice and free-cluster chains do not reach the
degree of order present in those of the SAM. However, the degree of order in the free clusters and
in the superlattice are comparable. The free-cluster chains can achieve somewhat higher order than
those of the superlattice at temperatures below the phase transition temperature, 7;, because of the
additional packing constraints present in the superlattice.

To display more clearly the structural features of the superlattice as a function of temperature,
we show in Fig. 9b the length of the three axes defining the computational unit cell. We find that
the three cell axes remain orthogonal throughout the study. The “3” axis is taken as the inequi-
valent axis, as the other two are more similar in length as compared to it. It is rather evident that in
the midpoint of the phase transition, i.e. for Ty = 312 K, the superlattice is quite tetragonally
distorted. At very low temperature the symmetry of the superlattice is orthorhombic; open
structures of higher symmetry (such as bee,bet, and fcc) emerge at higher temperatures (see Fig. 1),
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Fig. 9 (a) Percentage of trans configurations, and (b) lengths of the axes of the superlattice unit cell plotted
versus temperature. The results were obtained from molecular dynamics simulations of the free cluster and

superlattices described in Fig. 8. Shown in (a) are results for the free cluster and for the superlattice assembly, as
well as for a simulated self-assembled monolayer (SAM) adsorbed onto an extended Au(111) surface.

and their occurrence is facilitated by the thermally disordered and mobile character of the free tails
of the alkylthiol chains.

We used the strain fluctuation formalism to evaluate the elastic properties of the
superlattice composed of TO1289/SC;, gold nanoclusters. The bulk, shear, and Young’s moduli of
the superlattice are shown in Figs. 10(a), 10(b) and 10(c), respectively. As a direct check of these
results, we have performed also constant pressure simulations at a number of temperatures in
which the superlattice was equilibrated at several pressures in increments of 10 MPa. The com-
pressibility is obtained using AV/V = XAP (AP < 0) where AV is the change in volume, and the
bulk modulus is given by B = 1/X. It is evident from Fig. 10a that the results are consistent with
those obtained from the strain fluctuations method. As a point of reference, we also applied this
direct method, using constant temperature simulations, to estimate the bulk modulus of liquid
dodecane at selected temperatures. It is interesting to note that when the temperature exceeds the
phase transition point, 7}, the bulk moduli of the superlattice and liquid dodecane are essentially
equal. For temperatures below 7, the bulk dodecane freezes into a structure exhibiting both
ordered and disordered domains, having a bulk modulus less than that of the superlattice.

A quantity that is commonly used to characterize the elastic behavior of a material is the shear
modulus, relating strain and applied stress for a shear in two dimensions. We show in Fig. 10b the
shear modulus G, and the average of Gj; and G,;. As the temperature decreases below 7y, the
moduli rise almost linearly until 7~ 100 K and then they increase slowly to values typical of
plastics (at 300 K, the shear modulus of polystyrene is ~1.33 GPa*®). When the temperature
reaches and exceeds 7j the manner by which the moduli vary undergoes an abrupt change, and it
exhibits a thermal dependence which is very similar to the Young moduli (see Fig. 10c), with values
typical of elastomers.

39,40,42,43
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Fig. 10 Elastic constants of the simulated superlattices described in Figs. 8 and 9. In (a) we show results for
the bulk modulus, obtained through the use of the strain-fluctuation formalism as well as via direct compres-
sion. Results obtained from MD simulations of bulk dodecane are also included. At the bottom axis we give
both the actual temperature, as well as the temperature normalized to the transition (melting) temperature of
the material.

The Young modulus E; and the average (Ej,E,) of the 1,2 axes are shown in Fig. 10c. One
observes that these moduli increase almost linearly for lower temperatures. At lower temperatures
the moduli are of the order of several GPa and they are comparable to those of plastics (at 300 K
the Young modulus of polystyrene is ~3.6 GPa*®), but much lower than that of glass (at 300 K the
Young modulus of pyrex glass and fused silica are 62 GPa and 73 GPa, respectively*®). When the
temperature exceeds the transition point the Young modulus falls to lower values rather abruptly;
compare to the behavior of the bulk modulus, see Fig. 10a, the percent of trans conformation
shown in Fig. 9a, and the physical dimensions of the computation cell displayed in Fig. 9b. It
eventually reaches values in the range 0.05 to 0.1 GPa, that are typical of certain elastomers; at 300
K the Young modulus of flexible polyurethane is ~0.045 Gpa and that of polyisoprene is in the
range®® of 0.002 to 0.1 GPa.

These comparisons were performed at ~300 K. Another way of comparing the behavior of
different materials consists of plotting the elastic moduli versus the normalized temperature
Tn = T/ T, (see bottom of Fig. 10), where the transition temperature T, for this study was found to
be ~312 K (see Fig. 8). The behavior of the Young moduli parallels that of typical elastomers and
some epoxies (a cross-linked polymer),* where below Ty = 1 the Young modulus increases very
rapidly to values of ~5 GPa as the material enters a glassy regime (at which point the increase slows
down). For Ty slightly above unity the materials are in a rubbery regime with Young’s moduli on
the order of ~0.8 MPa (elastomer) and ~0.3 Gpa (epoxy).

In closing this section we remark that while there has been some experimental research on the
freezing and melting transitions of passivating chain molecules, essentially no published experi-
mental work addresses the elastic properties of superlattices built from passivated nanocrystals.
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2.4 Free energy of formation

Insights into the driving forces for assembly of nanoparticle arrays may be obtained from con-
siderations of their formation free-energy; indeed, certain studies of the free energy of two-
dimensional films of passivated nanocrystals,’®>! as well as of three-dimensional superlattices,*>>
have appeared. In order to study in some detail the relationships between the total energy and the
free energy of formation of a superlattice (including entropic contributions), we construct first a bcee
superlattice (made of Au TO1289/SC, gold nanocrystals at 375 K) with a lattice constant large
enough so that the clusters are initially outside of each other’s interaction range. Then the lattice
constant is decreased in steps, with lengthy equilibrations at each stage, until a broad range of
lattice constants has been explored. At each stage the passivated cores are constrained to reside on
bee unit cell sites but are otherwise unconstrained. Subsequently, the free energy of the superlattice
as a function of the lattice constant (or the core-core nearest-neighbor distance), as well as the
entropic contribution to the free energy, can be evaluated with the use of the calculated changes in
the pressure, volume and internal energy relative to the initial isolated-cluster stage, and in con-
junction with standard thermodynamic relations. As will be shown below, the entropic contribution
is relatively large and it is comparable to that of the potential energy.

At each of the constant volume equilbration stages we calculate the relative Helmholtz free
energy, F = Uy — TS, where U, is the energy of the system relative to that when the passivated
cores are (initially) well separated, and S is the entropy of the system. From the differential relation
OpF|r = P (see ref. 54; note that a positive increment of volume in this reference corresponds to a
negative change in volume as used here) one ascertains that when the pressure of the system passes
through the equilibrium value (P = 0), the free energy (F) reaches an extremum (minimum in this
case). For the isothermal conditions of this study, one has that F = fo PdV; ie. the change in
free-energy occurring in the course of assembly of the superlattice, equals the reversible work done
in going from the reference state (where the passivated clusters are well-separated, denoted as oo in
the integral) to the final superlattice state where the clusters are separated by a distance R. From
the MD simulations we can determine directly both U, and P for a number of bcc lattice con-
stants. Using a spline fit to these points we perform the above integration to compute the free
energy and then, using S = —(F— U,)/T, we deduce the entropic contribution to the free energy
(for an earlier formulation of this method of evaluation of the entropy contribution to the free
energy, see ref. 55). The variables discussed above are plotted in Fig. 11a as a function of the core—
core nearest-neighbor distance R,,. For U, and P, the continuous lines are the result of spline fits
(the discrete equilibration points are indicated by symbols for U,), while for the free energy and
entropy the continuous lines are deduced from U, and P as described above. We observe that, as
expected, the pressure passes through zero at the minimum of the free energy F and that this
minimum occurs at a lattice constant quiet different than that associated with the minimum of the
relative energy U, . Most importantly, the entropic contribution to the free energy is found to be as
large as the relative potential energy of the superlattice.

We turn next to a brief discussion of the various contributions to the relative energy U, . In Fig.
11b we display the two largest contributions, along with the relative and free energies. The
dominant contributions to the energy are from the chain-chain van der Waals (vdW) interactions,
with those associated with interactions between chains passivating different gold cores accounting
for almost the entire relative energy U, . Other contributions amount at most to a mere 0.5% of the
total relative energy. It is important to note that the smallest contribution is from the vdW
interactions between the metal cores. This finding, that agrees with our earlier work,*® contradicts
certain model assumptions used previously by other researchers.’>¢

2.5 Pressure-induced structural transformations

A relatively unexplored area in studies of superlattices made of passivated clusters pertains to the
properties of superlattices that are subjected to an externally applied pressure, namely their
compressibility and pressure-volume equation of state (EOS). Some research and modeling efforts
in this general direction focused on two-dimensional (2D) nanocluster assemblies, for the purposes
of elucidating the phase diagrams of such systems, construction of pressure versus area relation-
ships, understanding of thermal and optical properties, and explorations of electronic transport
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Fig. 11 Results from MD simulations pertaining to the formation of the superlattice made of gold TO1289/
SC), nanoclusters. In (a) we show the pressure (P, dashed line), and the entropic term (—7S), the energy of the
assembled system relative to the isolated clusters (U,), and the total Helmholtz free energy (F). Contributions
to Uy from van der Waals interactions between molecular chains belonging to the same core nanocluster, or
between chains corresponding to different cores are shown in (b).

processes between the metal cores.>**7-” Aiming at developing an EOS for 3D supperlattices, we
have started with a superlattice made of TO1289/SC, gold nanoclusters equilibrated initially at
P = 0, and have gradually increased the external pressure on it; the pressure was applied incre-
mentally, such that after each pressure increase the system was allowed to equilibrate prior to
further pressurization. As we discuss below this process resulted in a pressure- induced structural
phase transformation from a tetragonal fcc (tfcc) superlattice structure to one with a body-center
tetragonal (bct) symmetry.

While the construction of the EOS will be discussed in detail elsewhere, we present in the fol-
lowing the results of our aforementioned pressurization simulation. At zero applied pressure the
symmetry of the superlattice (described above) was tfcc with a ratio (¢/a@)cony ~0.92 (between the
long and shorter axes of the conventional fcc cubic four-atom unit cell); note that the unit cell
displayed in Fig. 12 is not the conventional one (unless noted otherwise the use of (a,c) will refer to
the unit cell shown in Fig. 12). When the pressure was increased from 100 to 200 MPa, a distinct
change in the superlattice symmetry occurred as it transformed from tfcc to bet. The pressure-
induced structural transformation was detected by us through examination of the unit-cell vectors,
as well as through analysis of the powder X-ray scattering intensity™ calculated during the pres-
surization process (see Fig. 12). The transformation involved a decrease of the angle between the
a-axes of the tfcc (non-conventional) unit cell (starting from 84° at P = 100 MPa and transforming
to 79° at P = 200 MPa) and an abrupt change in the length of the c-axis (see Fig. 12), resulting at
P = 200 Mpa in a (non-conventional) two-cluster unit cell which we find to be of the bct type; for
pressures of 200 MPa, 500 MPa, 1 Gpa and 3 Gpa, the bct superlattice had (c/a) ratios of 1.12,
1.09, 1.07 and 1.07, respectively.

Other materials that undergo pressure-induced structural transformations include Cg, (see ref.
59), Rb;Cq (see ref. 60) and BeS (see ref. 61), and some of these are particularly relevant to our
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Fig. 12 Results from MD simulations of pressure-induced transformations. The superlattice that has been
simulated results from the assembly of gold nanoclusters with 1289 atoms, passivated by a monolayer of butane
thiols at 300 K. On the left we show the variation of the c-axis (the longest axis of the unit cell) as a function of
the applied hydrostatic pressure. The initial structure of the superlattice is tetragonal fcc (tfcc), and for P > 100
MPa it structurally transforms, assuming a bct structure at 200 MPa. Further increase of the pressure results (at
sufficiently high pressure) in an approximate bce structure. On the right we show calculated powder X-ray
intensities corresponding to the structures predicted at various applied pressures, showing an evolution from a
tfce to a bet, and ultimately to an approximate bec superlattice structure. The non-primitive unit cells illustrate
the tfce-to-bet transformation. For the initial (at P = 0) tfce unit cell (¢/a) = 1.5 and the angle between the axes
at the base of the unit cell is 83°. For the unit cell of the bet structure at P = 200 MPa (¢ /a') = 1.57 and the
base-angle is 79°. For a perfect bee unit cell (¢/a) = 1.63 and the base-angle is 70.5°.

work. Underlying the particular interest and challenge of developing an EOS for superlattices
formed through the assembly of passivated nanocrystallites, is the fact that they are composed of
relatively hard (essentially incompressible) cores (made of gold nanoclusters in this study), which
are separated from each other by softer, more compressible, material (i.e. the passivating alkythiol
chains). Because of this unique composition, when pressure is applied it is only the distance
between the core surfaces that is reduced while the dimensions of the solid cores remain unaffected.
Consequently, standard EOS formalisms may not accurately describe such a system as there is a
large portion of the volume that is incompressible.**®" Instead, in an attempt to describe the results
of our simulations (see Fig. 12), and for the purpose of developing an EOS for the system, we have
adopted an approach that has yielded satisfactory results in other investigations;” °' in
this approach we use a modification of the Birch EOS®* that was originally derived for the
description of the compressibility of cubic crystals. A comprehensive discussion of this topic is
outside the limits of this article and it will be given elsewhere.

3. Summary

Materials particles of nanometer dimensions, in dispersions or in agglomerated forms (e.g., as
powders, thin films, or superlattice assemblies) are of increasing interest due to the size-dependent
specificity and selectivity of their physical characteristics, conferred to them by their finite size.
Indeed, investigations of size-evolutionary patterns of materials properties (e.g., energetics,
structure, thermodynamics, spectral, and chemical reactivity) are a principal theme in modern
cluster and materials science.
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In this article we have explored, with the use of extensive molecular dynamics (M D) simulations,
several principal issues pertaining to the energetics of formation of superlattices made through the
assembly of passivated nanoclusters, the interactions that underlie the cohesion of such super-
lattices, and the unique mechanical, thermal and structural properties that they exhibit. Our
investigations focused on crystalline gold nanoclusters of variable size (with radii of 0.83 nm to 1.75
nm, corresponding to cluster compositions ranging from about 100 to over 1000 gold atoms)
passivated by monolayers of alkylthiol molecule of variable chain-length (up to dodecane thiol),
and assembled into superlattices of various structural motifs. Our main findings may be
summarized as follows:

(1) Through systematic investigations we have formulated an analytic model (the optimal
packing model, OPM) that correlates in a unified manner several structural characteristics of
superlattice assemblies. We have shown that a number of properties that serve to specify structural
characteristics of superlattice assemblies, as well as the organization of the nanocluster building-
blocks of which such assemblies are comprised, may be achieved through the use of a parameter, x,
that expresses the ratio between the extended molecular chain-length of the passivant and the
radius of the solid nanocluster. This parameter, in conjunction with a postulated approximate
equality (justified a posteriori by the apparent success of the model) between the volume occupied
by a fully extended passivating molecule and the volume occupied by a passivating molecule in the
superlattice assembly, allowed us to organize and systematize a large amount of available
experimental data (see Fig. 4), as well as our simulation results (see Fig. 5). Furthermore, the OPM
allows to predict the phase-boundary between superlattice crystallographic symmetries corres-
ponding to different structural motifs, that is, the model gives a value xg below which fcc/hcp
superlattice structures are found, and above which more open structures, bee/bet-type, emerge.

(i1) Superlattices formed through the assembly of solid nanocrystallites passivated by organic
monolayers, are unique materials where the space between the solid cores is largely occupied
by relatively soft organic matter. Such superlattices were found here, through the use of MD
simulations in conjunction with a strain fluctuation method, to exhibit remarkable mechanical and
thermo-mechanical response characteristics.

Room temperature MD simulations of the mechanical response of superlattice assemblies
revealed characteristic evolution of the elastic moduli of these materials as a function of x. We
predict that above the phase-boundary value xp (that is, when open bec/bet structures of the
superlattice are found) the behavior of the bulk modulus resembles that of short-chain (of the order
of 10 carbons) alkane liquids at room temperature, while the shear and Young’s moduli behave like
those of elastomers. Superlattices comprised of passivated nanocrystals with values below xp are
predicted to exhibit mechanical response like solid alkanes, plastics or elastomers, depending on the
value of x (Figs. 6 and 7).

Our predictions with regard to the elastic moduli and their temperature dependence (see Fig. 10),
may be summarized as follows: at higher temperature, that is above the melting temperature of the
passivating molecular chains, the bulk modulus of the superlattice material would be similar to that
of a simple alkane liquid, and the Young and shear moduli will exhibit values similar to elastomers.
At temperatures below the above-mentioned melting point, when states of the superlattice exhi-
biting ordered chain arrangements (such as chain-bundles) develop, the bulk modulus and it’s
temperature dependence would be similar to those of alkane crystals, while the Young and shear
moduli will exhibit behaviors typical of plastics. These predictions provide insights into existing
experimental results, as well as motivate new basic research into the physical properties of these
novel types of materials, and their potential technological applications.

(iii) Structural transformations of passivated nanocluster superlattices may be induced thermally
(see Fig. 9) or through the application of external pressure (see Fig. 12). With regard to the latter,
we note that the pressure-induced tfcc-to-bet structural transformation discussed by us in section
2.5 and displayed in Fig. 12, can be related to the chain-packing considerations discussed in the
context of the OPM (see point (1) above) as follows: when the superlattice has initially (i.e. at zero
pressure) a fcc-type structure (where the chains do not fill all of the available space), the application
of hydrostatic compression may result (at some critical pressure) in occupation of the empty
available space in the superlattice, thus driving a transformation to a stabilized bece-type structure.
This behavior suggests a certain analogy between the fcc-to-bee evolution caused by chain-filling
of the free volume as the parameter x is varied, and the compression-driven transformation.
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Such externally-induced structural transformations, that are accompanied by significant variations
in mechanical characteristics (as well as other physical properties, such as electronic transport), are
of fundamental and potential technological interest.

(iv) The entropic contribution to the formation free energy of the superlattice (via assembly of
the passivated cluster building-blocks) is large and it equals in magnitude the potential energy part.
The major contribution to the cohesive potential energy of the superlattice derives from van der
Waals interactions between molecules passivating neighboring nanoclusters.

Appendix

To perform large-scale MD simulations in an efficient manner we make use of the fact that the
internal (Au—Au) interactions in the nanocrystalline gold core are of no particular significance for
the material properties that we explore. Consequently, we treat a gold core as a solid body using
quaternion dynamics.®* In this method the alkylthiol molecules interact with core atoms and the
resulting forces are translated into center-of-mass and angular forces that are then integrated to
advance the core’s position and orientation. The interaction between metallic gold cores (through a
dodecane medium) was modeled via an appropriate expressions for the van der Waals forces; 463
the Hamaker constant® for gold—gold attraction through dodecane is ~2 eV.

The equations of motion derive from a Lagrangian formalism in which the interactions discussed
above are incorporated though the corresponding potential functions.*'**® Included in this
approach are terms that allow both the shape and volume of a simulated lattice to vary dynamically
enabling the system to explore crystallographic symmetry changes and phase transitions (i.e.
melting transitions).

The intra- and inter-molecular interactions for the alkylthiol molecules, S(CH,),CH;, were
modeled through united-atom interaction potentials, which include bond-stretching, bond-angle,
dihedral-angle, and non-bonded interactions, and the interactions between the alkyl (CH; and
CH,) segments and the gold core atoms were described via potentials fitted to experimentally
measured desorption energies. The sulfur-gold interaction was modeled through the use of a Morse
potential fitted to experimental binding energies, bond distances and vibrational force constants of
sulfur adsorbed on Au(111) and Au(100) surfaces (see ref. 30 for a more detailed discussion of the
above and related references).

The preparation of a passivated nanocrystal involves controlled adsorption and desorption of
gas phase alkylthiols (see refs. 30 and 31 for details). These passivated cores can then be rotated to
any desired initial orientation and placed at the positions of the desired superlattice unit cell. The
lattice constant is initially large enough that there is no interaction between the molecules on
different cores and constrained constant pressure simulations are performed with a constant-shape
unit cell, with only the alkythiol molecules treated dynamically. Temperature control, typically to
300 K, is achieved via stochastic thermalization; that is using a Maxwell-Boltzmann distribution
corresponding to the desired temperature to select the velocities assigned to a randomly selected set
of particles at stochastically chosen times. The pressure (set initially at ~100 Mpa) is reduced
gradually thus allowing the system to assume a compact superlattice configuration. At this point
the effective velocities describing the rate of change of the unit cell dimensions*' are zeroed and the
system is allowed to equilibrate at a small pressure (~10 Mpa), and subsequently the velocities are
zeroed again and the system equilibrated under zero pressure. Finally, the full dynamics of
the calculation cell (allowing shape and size variations of the unit cell), as well as the solid-body
dynamics (allowing rotation and translation of the passivated cores) are allowed, and further
equilibration at constant temperature (controlled now through velocity scaling) and pressure is
performed. The system is then ready as a starting point for further studies.

The time-step used in integrating the equations of motion was 3 fs. Equilibration times for
passivated cluster superlattices can sometimes be quite large (10-20 ns~ 3-7 x 10° integration
steps) in order to allow adequate time for the possible structural and/or phase transitions.>*!
The size of a simulated system depends on the number of ligands (passivating molecules)
per nanocrystalline core, and on the number of cores in a unit cell. For a two-cluster superlattice
unit cell, composed of Au TO1289 cores (each of which having 258 passivating dodecane-thiol
molecules) there are 6708 molecular segments and 2578 gold atoms).
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