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We present an investigation of alkylthiolated nanocrystals adsorbing to a solid substrate. We calculate ad-
sorption free energies and report a number of effects induced by the substrate. Nearest neighbor distances
and bonding free energies are significantly different than for a free floating case, there is a weakening of
bonding free energies among nanocrystals, and adsorption is manifestly anisotropic, i.e., stronger along cer-
tain directions of the NC core. We contend that this last result accounts for the Bain transition (FCC →
BCC) observed in experimental results. We report the presence of vortices induced by the substrate, which
explain the increased nearest neighbor distance among nanocrystals, in excellent quantitative agreement with
experimental results and with the predictions of the Orbifold Topological Model (OTM). Implications for the
assembly of nanostructures and future experiments are also discussed.

I. INTRODUCTION

Nanocrystal (NC) materials hold the promise of solv-
ing many of the technological challenges of our times.
At a fundamental level, it enables the possibility of pro-
gramming matter to a degree that is not attainable with
traditional atoms or molecules; there is virtually an infi-
nite number of NCs, as the core maybe tuned according
to composition, shape or size and the capping ligand by
many other physical or chemical parameters1,2.

The most common strategy for the assembly of bulk
structures is solvent evaporation on a solid substrate3–6.
A relevant question is, then, to what extent the sub-
strate determines the nucleation and stability of the re-
sulting three dimensional structure. This raises broader
questions related to the adsorption of NCs on solid sur-
faces, as different experimental techniques such as sol-
vent evaporation7–11, Langmuir transfer from an assem-
bly at air water interface12,13 or capillarity forces14 have
been used to make NC materials on silicon, teflon, car-
bon, polyethylene oxide or silica substrates, among many
others15.

In previous papers, we have theoretically determined,
by the Orbifold Topological Model (OTM)17,18 and nu-
merical simulations19–23, the structure of both alkylth-
iolated and polystyrene24 based NC assemblies. In all
cases, both for bulk and two dimensional assemblies, we
have not considered the effect of the solid substrate. This
is particularly relevant in two dimensional systems, as it
is not generally possible to experimentally assemble such
systems without an interface. In this paper, we will be
concerned with interfaces consisting of a solid substrate.
Other interfaces, such as liquid-vapor or liquid-liquid in-
terfaces, have been extensively discussed elsewhere and
will not be studied here.
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FIG. 1: NC separation, τ , as a function of ligand
length, λ, as reported in the experiments of Boles and
Talapin16. NC separation increases with coordination.
Parameters τ and λ are defined in Eq. 2 and Eq. 1.

There are a number of interesting effects associated
with two dimensional assemblies. In Ref.16, Boles and
Talapin thoroughly analyzed NC nearest neighbor dis-
tances as a function of coordination number, showing
that they increases with coordination number, see Fig. 1.
This is the expected behaviour within the OTM, where
the separation of low coordinated NCs is determined by
“vortices”, i.e., splayed ligand conformations. There is
excellent agreement of OTM predictions with experimen-
tal results16,25 and with numerical simulations19,21,22.
All these results, however, have been obtained for free
floating systems. A substrate should be expected to play
a relevant role, as it maybe regarded as a ligand free
“giant” NC, and therefore it should be expected to al-
ter ligand conformations by inducing vortices on the ad-
sorbed NC, as we show further below, see Fig. 14 and
specially Fig. 10. Furthermore, because there are only
ligands between the core and the substrate, their inter-
actions are expected to be more sensitive to the facets of
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(Å)

NC R[001] R[111] R

Au201 7.92 6.86 10.15

Au1289 15.84 13.72 18.23

(c)

FIG. 2: (a) Schematic showing variable naming convention of H (NC center to substrate), R[ijk] (NC core radius
along direction), and h[ijk], ligand thickness at the substrate; (b) Image of Au core indicating [001] and [111] face;
(c) Table with values R[001], R[111], and R for gold cores consisting of 201 and 1289 gold atoms.

the NC core, see Fig. 2. This may play a significant role
in the reported metastable FCC phases nucleating near
a solid substrate26,27 before transforming into the BCC
presumed equilibrium structure (Bain transition). Quan-
titative predictions for these effects is one of the goals for
this paper.

The relevance of NC adsorption to solid substrates ex-
tends to many other relevant applications such as catal-
ysis, heat conduction at the nanoscale, tribology, etc.15.
There have been several numerical simulations address-
ing these applications28–31 by methods closely related
to the ones in this paper, and also by ab-initio stud-
ies, see Ref.32. Furthermore, although our investiga-
tion will be restricted to alkylthiolated NCs, the OTM
has been successfully applied to other systems, such
as dithiol linkers33, interpolymer complexation34, PEG
based assembly35 and Polystyrene NCs24, thus making a
clear case on the general interest of this study.

The organization of the paper is as follows: we first
provide a description of the system to be investigated
and the specifics of the substrates, followed by calcu-
lations of free energies, minimum NC separations and
ligand conformations. A discussion of the implications
follows together with the general conclusions and future
prospects for these studies.

II. RESULTS

A. Model

FIG. 3: Starting and end configuration for the
calculation of the potential of mean force between the
NC and the solid substrate, results in Fig. 8, for the
Au201(SC12)80 system. The cyan link represents a
harmonic bond.

NCs were modeled using the same force field as in pre-
vious studies, see Ref.20 or the supplementary material
for force field parameters. The NCs are truncated octa-
hedron (TO) gold cores, see Fig. 2, grafted with saturated
hydrocarbon chains. The NC core radius, R, is defined as
the radius of a sphere with equal surface area to the core
plus the bond length between the gold and sulfur atoms,
as it has been discussed previously19,22. Gold cores con-
sist of either 201 or 1289 atoms, as first considered in
Ref.36, and the ligands are hydrocarbon chains consist-
ing of 9, 12, or 18 carbons. Following previous notations,
NC cores will be referred as Aun(SCmH2m+1)j , where n
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FIG. 4: (a) Example snapshot of pair configuration. (b) Example snapshot of (6-3)S configuration. The cyan links
represent harmonic bonds.

FIG. 5: Snapshots of initial NC cluster configurations labeled with bonds between NCs of different coordinations of
interest.

is the number of gold atoms in the core, m is the number
of carbons within each hydrocarbon chain, and j is the
number of ligand chains grafted to the core.

The substrate was modeled as a rigid, single layer of
gold atoms organized into a square grid with a lattice
constant of 2.885 Å, which corresponds to the [001] gold
surface. Other substrates maybe considered, but do not
change any of the qualitative conclusions. Because there
is strong attraction between ligands and substrates, we
do not expect significant quantitative changes for other
solid substrates. The overall dimensions of the substrate
were large enough such that the NCs are insensitive to
the Lennard-Jones potential cutoff and periodic bound-
ary conditions. In all simulations, the substrate was kept
fixed. The simulations were run using the HOOMD-blue
package37 with rigid body dynamics38 and HOODLT for
sample preparation and force field39.

All simulations were run at T = Tm = 387, following
our previous studies. A typical run consisted of (1−5)×
106 time steps to equilibrate the systems and (5− 10)×

106 time steps for production runs. The general strategy
for running simulations was to use harmonic bonds, or
springs, to hold configurations in place to sample data
and iteratively adjusting the bonds to sample different
configurations. More details on the methodology and
constraints of each simulation are described in sections
below.

B. Single NC Adsorption to a Substrate

The Potential of Mean Force (PMF) for the NC and
the solid substrate is calculated using the Weighted His-
togram Analysis Method (WHAM)40 in conjunction with
umbrella sampling as previously done in our previous
papers20. The NC was bonded to the substrate using
harmonic bonds as represented in Fig. 3 by a cyan line.
By preventing rotations of the core, the NC was trans-
ported towards the substrate keeping fixed orientations,
see Fig. 2. We considered two different NC core sizes,
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three different ligand lengths, and two orientations cor-
responding to the [100] and [111] directions, resulting in
the 12 PMFs shown in Fig. 8 and summarized in Table I.
Snapshots of NCs of all three core sizes and ligand lengths
adsorbed onto the substrate are shown in the supplemen-
tal information.

[001] [111]

NC-Substrate Fmin (kBT ) H (Å) Fmin (kBT ) H (Å)

Au201(SC9)80 50 17.6 61 16.3

Au201(SC12)80 73 17.7 83 17.1

Au201(SC18)80 124 17.9 125 17.5

Au1289(SC9)258 71 26.7 79 26.4

Au1289(SC12)258 116 26.8 123 26.4

Au1289(SC18)258 194 27.9 214 26.8

Symmetric NC Pair Fmin/2 (kBT ) ρ/2 (Å)

Au201(SC9)80 36 13.85

Au201(SC12)80 57 13.55

Au201(SC19)80 103 13.8

Au1289(SC9)258 44 24.5

Au1289(SC12)258 73 24.75

Au1289(SC19)258 144 25.2

TABLE I: Free energy minimum and separation
distance, H, of NC-Substrate and symmetric NC-NC
interactions. The “Symmetric NC pair” corresponds to
the nearest neighbor distance, ρ, of an identical, free
floating NC pair, i.e., no solid substrate. See Fig. 2 for
notation.

The adsorption free energy is given by the minimum of
the PMF in Fig. 8 and is listed in Table I with the equi-
librium separation. The equilibrium separation is sensi-
tive to the orientation [ijk], as defined by Fig. 2, and is
denoted by H in Table I.

C. Adsorption of many NCs to a Substrate

We consider many NCs adsorbed onto the solid sub-
strate. Here, differently from the previous calculations,
translation and rotation of the NCs were not constrained.
The NC configurations were simply allowed to be ad-
sorbed onto the substrate and relaxed for a sufficient
amount of time prior to data collection. The calcula-
tions considers NCs with coordinations ranging from 1
to 6, as shown in Fig. 4. We analyze them in turn.

1. Pair Configuration (Coordination n = 1)

Two NCs were placed on the substrate sufficiently far
away from each other, as shown in Fig. 4, and equili-
brated. No bias potentials were necessary to hold the
NCs onto the substrate as they are naturally held in place
by the strong adsorption energies calculated above, see

Table I. Umbrella sampling was performed by placing a
harmonic bond between the two NCs and slowly reduc-
ing the spring equilibrium distance. The PMF is shown
in Fig. 9. Compared with the same calculation in the ab-
sence of substrate, the PMF is virtually identical, except
at sufficiently short distances, where the minimum is less
deep and occurs at a larger separation.

FIG. 9: Comparison of the Au201(SC12)80 pair
configurations without a substrate (Free Floating) and
with a substrate (Supported). Center-center separation
of the PMF minimum in the presence of a substrate is
increased by 2.19 Å relative to the free floating case.
Separation between NC centers, ρ, is given in Å and
free energy is given in kBT with T = TM = 387 K.

2. Coordinations n = 3, 4, 5, 6

Using the convention (M,N)S or (M,N)FF denoting the
bond between a NC with M nearest neighbors and N
nearest neighbors either supported by a substrate (S) or
Free Floating (FF). We considered (6,6)S, (6,5)S, (6,4)S,
and (6,3)S configurations. The cases (6,3)FF, (6,6)FF,
Icos, and FCC configurations were obtained from previ-
ous studies19–22.

Simulations of (6,3)FF and (6,3)S systems were run
for Au201(SC12)80 and Au1289(SC12)258 NCs similar to
the pair configuration. Simulations were conducted and
run according to the methods described in Ref.21. NCs
were held in place with harmonic bonds centered around
a specific ρ for data collection and iteratively shortened
to sample along various values of ρ. Results are shown
in Fig. 6 and snapshots of average NC clusters and single
NCs in the clusters are provided by the supplemental
information.

In order to compare the nearest neighbor separations
between NCs of higher coordinations, large NC clusters
were simulated as shown in Fig. 5. NCs were initialized
such that they are close enough to experience attraction,
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FIG. 6: Comparison of PMF for Au201(SC12)80 and Au1289(SC12)258 (6,3) systems. For Au201(SC12)80 (6,3), there
is a 2.77 Å difference between the free floating and supported cases, while for Au1289(SC12)258 (6,3), there is only a
0.16 Å difference. (6,3)S and sum of (1,1)S pair potentials are also compared for both NC sizes. Separation between
the center NC and the cage NCs, ρ, is given in Å and free energy is given in kBT with T = TM = 387 K.

FIG. 7: Histograms of interparticle spacings of various (6,N) bonds in large, supported NC clusters.

but far from the expected equilibrium separation. Using
an iterative equilibrating process, the outer most layer
of NCs were allowed to move while the remaining NCs
were held in place. After sufficient relaxation, the next

layer of NCs was unfrozen and allowed to equilibrate such
that two layers were unconstrained simultaneously. This
process was repeated until all layers were unconstrained
and given a sufficient amount of time to reach an equilib-
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FIG. 8: Potential of mean force between NC and substrate for combinations of two core sizes, three hydrocarbon
ligand lengths, and two orientations. Separation between NC center and substrate, H, is given in Å, and the free
energy is given in kBT , with T = TM = 387 K. Dashed vertical lines indicate minimum of free energy.

rium separation. At this point, data collection began by
simulating a completely unconstrained cluster and sam-
pling the nearest neighbor separations between NCs of
different coordinations, see Fig. 7.

III. DISCUSSION

We now discuss more extensively the numerical results
by focusing on the NC nearest neighbor separation, the
magnitude of the bonding energy and the different ligand
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(a)

(b)

FIG. 10: Average configuration of Au201(SC12)80 pairs in the free floating case (a) and on a solid substrate (b). The
two vortices (on each NC) have different orientations. Ligands that are part of vortices are colored cyan.

FIG. 11: Average configuration of Au1289(SC12)258 pair supported by a substrate with ligands part of vortices
colored cyan (left). PMF comparison of Au1289(SC12)258 supported and free floating pairs (right). Center-center
separation of the PMF minimum in the presence of a substrate is increased by 0.28 Å relative to free floating case.
Separation between NC centers, ρ, is given in Å and free energy is given in kBT with T = TM = 387K

conformations. The relevant parameters characterizing
the NCs and their nearest neighbor interactions are λ, τ ,
ξ, which are defined as

λ =
L

R
, τ =

D

2R
, ξ =

σ

σMax
(1)

where L is the maximum ligand extension, D the nearest
neighbor NC distance, σ the grafting density and σMax

the maximum possible grafting density. If the NCs are
described as hard spheres23, the nearest neighbor sepa-
ration is the same as the hard sphere diameters, which is
given by the OPM formula36.

τ = (1 + 3λξ)1/3 . (2)

The hard sphere description may break down by “vor-
tices”, structures consisting of ligands splayed radially
outward from the surface they are grafted on17,18, see
Fig. 14 and Fig. 10, whenever the NC coordination is
low (≤ 6).

A. Adsorption Energies

The adsorption free energies of an isolated NC to a
substrate are quite large, between 50 − 200 kBTm, or
around 1− 4 eV. Although the mechanism of NC bond-
ing, attractive Van der Waals forces competing against
the reduction in chain entropy, is the same mechanism
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in NC adsorption to a substrate, adsorption to the sub-
strate is much stronger, between 10-90 % lower, than for
bonding between two NCs because the solid substrate
presents a much larger surface cross section for the lig-
ands to adsorb. This is shown by comparison of half the
bonding of a symmetric, free floating pair to the single
NC adsorption to a substrate, see Table I.

Adsorption is quite sensitive to the NC orientation and
is favored along the [111] direction, see Fig. 2, ranging
from 11− 20 kBTm, or about 0.15− 0.3 eV, see Table I.
These differences are significant and establish that iso-
lated and equilibrated NCs orient within the substrate.

As shown in Fig. 12, adsorption energies increase lin-
early with ligand length and are also dependent on NC
core size. This is consistent with adsorption energies be-
ing proportional to the vortex, as ligand length and num-
ber of grafted ligands dictate the size of the vortex. It is
important to note that there are very slight differences
in grafting densities among different facets of the NC
core, as indicated by slightly varying adsorption energies
depending on the NC orientation. Additional analysis
of the adsorption energies is given in the supplemental
information where the adsorption energy is fitted to the
number of adsorbed ligand monomers and other variables
specific to the NC.

FIG. 12: Plot of adsorption energies as a function of the
ligand chain length. Ligand length is given as number
of carbons in the ligand chain and adsorption energy is
given in kBT with T = TM = 387 K.

B. NC Nearest Neighbor Separations and Bonding

The histogram of equilibrium nearest neighbor dis-
tances is given in Fig. 7. It is apparent that distances
are monotonic with coordination. In Fig. 13, we plot
the equilibrium distances in a τ − λ plot, see Eq. 1 for

notation, together with the OPM result Eq. 2.

FIG. 13: Plot of τ as a function of λ, see Eq. 1 for
notation, for all systems supported by a solid substrate
(S). We also include the “Free Floating” (FF) systems
considered in previous simulations19,21,22. The OPM
model is described by Eq. 2, while the OCM is the
theoretical lowest possible distance41

.

It is apparent from Fig. 13 that the effect of the sub-
strate in the nearest neighbor distance is qualitatively
small. This is made more explicit in both Fig. 9 and
Fig. 6 where the nearest neighbor separation is higher
by about 10% from the free floating case. This is a con-
sequence of the NC-substrate vortex that coalesces with
the NC-NC vortex, see Fig. 10 and the discussion in the
text.

The bonding of NCs is weaker when supported by a
substrate as compared to free floating cases, see Fig. 9.
However, assembly at the substrate is still favorable, as
it also includes the contribution from the free energy of
adsorption.

C. Ligand Vortices

In Fig. 14, we provide an average configuration of a sin-
gle NC adsorbed at the solid substrate. While the ligands
are pointing, on average, radially from the core center if
not interacting with the substrate, they are splayed when
on the surface, i.e., they form a vortex. This nicely il-
lustrates the point made before that the solid substrate
behaves as a “giant” NC without functionalized ligands.

FIG. 14: Example of NC-Substrate vortex formed at
PMF minimum for Au1289(SC12)258 [111]. Ligand
chains colored cyan form a vortex.
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The ligand conformations in the free floating case and
the solid substrate supported case are shown in Fig. 10.
The obvious difference is that in the former case, there
are two vortices per NC, while only one for the latter.
The mismatch between the two vortices within the NC
in the solid substrate supported case amounts to a repul-
sive vortex interaction that leads to an increased near-
est neighbor as compared to the free floating case, see
Au201(SC12)80 in Fig. 6. However, if the NC core size is
large relative to the ligand length, the repulsive vortex in-
teraction is minimized as shown by the Au1289(SC12)258
NC in Fig. 6. Increasing the size of the NC core relative
to the ligand length effectively separates the vortices on
the NC preventing them from interacting due to their
greater separation on the core, see Fig. 11.

IV. CONCLUSIONS

We have presented a detailed study on the adsorption
and bonding of alkylthiolated NCs in the presence of a
solid substrate and have shown that, in comparison to
the free floating case, the nearest neighbor distances are
larger, which results in weaker NC bonding. Yet, because
of the favorable adsorption free energies, assembly on the
substrate is overall favored over the free floating case.

The simulations support the Orbifold Topological
Model17,18, with the presence of vortices that determine
nearest neighbor distances, see Fig. 14 and Fig. 10. The
predictions are in excellent agreement with the experi-
mental results by Boles and Talapin16, see Fig. 13 and
Fig. 1.

Our simulations have explicitly modeled gold NCs
cores as truncated octahedra, see Fig. 2, and investi-
gated how the adsorption free energy depends on the core
orientation. As shown in Table I, adsorption along the
[111] planes is favored by more than a few kBT . This
clearly suggests that, initially, nucleation of a superlat-
tice will proceed by a layer of oriented NCs that should
become metastable as it grows towards its bulk structure,
where NCs are isotropic, i.e., not oriented. A substrate
induced FCC transforming towards a BCC superlattice
(Bain Transition), has been observed experimentally26,27.
A quantitative comparison with our results is not entirely
possible, as these experiments were done with PbS or
PbSe NCs, which have a different structure and are less
stable42 compared to the alkylthiolated Au cores studied
here. Explicit simulations with these NCs will surely pro-
vide detailed quantitative comparisons but are unlikely
to modify the qualitative picture presented. Thus, we
conclude that Bain transitions are a direct manifestation
of the ability of the substrate to orient NCs.

We should also mention the experiments in Ref.43,
where NCs were assembled at the air-diethylene glycol
and then transferred onto a Carbon substrate. The main
difference, however, is that the adsorption at the liquid-
vapor interface is likely not very sensitive to the core
anisotropy, and therefore, the observed binary phases are

the result of NC-NC interactions rather than from the
NC-substrate interaction. Further work will be needed
to establish this point.

Another important issue is related to the dynamics.
In previous works44,45, we have established that the re-
laxation times increase with the number of NCs break-
ing the Maxwell theory of evaporation46. The relaxation
time scales grow like N2/3, where N is the number of
NCs assembled, and therefore, are beyond the possibility
of a realistic simulation. This is the subject for future
work.

SUPPLEMENTARY MATERIAL

Supporting information contains one file with:

• Force Field Parameters.

• Additional figures on NC adsorption.

• Further details about Adsorption energies.
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