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ABSTRACT: Thiol ligands bound to the metallic core of nanoparticles
determine their interactions with the environment and self-assembly.
Recent studies suggest that equilibrium between bound and free thiols
alters the ligand coverage of the core. Here, X-ray scattering and MD
simulations investigate water-supported monolayers of gold-core
nanoparticles as a function of the core-ligand coverage that is varied
in experiments by adjusting the concentration of total thiols (sum of
free and bound thiols). Simulations demonstrate that the presence of
free thiols produces a nearly symmetrical coating of ligands on the core.
X-ray measurements show that above a critical value of core-ligand
coverage the nanoparticle core rises above the water surface, the edge-
to-edge distance between neighboring nanoparticles increases, and the
nanoparticle coverage of the surface decreases. These results
demonstrate the important role of free thiols: they regulate the
organization of bound thiols on the core and the interactions of nanoparticles with their surroundings.
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S elf-assembly of nanoparticles promises to facilitate the equilibrium adsorption constant with a Langmuir adsorption
production of liquid surfaces with tunable nanoscale isotherm to relate the measured concentration of total thiol
properties.' ™ Ligands that coat the surface of the core of a molecules (sum of bound and free thiols) in a solution of
nanoparticle determine its interactions with the liquid surface nanoparticles to the core-ligand coverage. A correlation
and, ultimately, nanoparticle self-assembly and surface order- between the availability of free thiols in the nanoparticle
ing.”~"" Although much effort has gone into designing ligands suspension and the morphology and mechanical properties of
to produce specific interactions and to direct nanoparticle self-assembled nanoparticle monolayers prepared from those
assembly toward a desired final structure, much less is known suspensions has been observed, but the role of free thiols is
about the organization of ligands on the core and how that unknown.
organization influences interactions and self-assembly. To reveal the role of free thiols on nanoparticle ordering and
Molecular dynamics (MD) simulations have explored the interactions, we measured the nanoscale structure of

monolayers of nanoparticles with different values of core-
ligand coverage. Nanoparticles with a particular value of core-
ligand coverage, 8, were prepared by equilibrating a chosen
mass fraction of total thiols and nanoparticles within a solution
that was then spread on the surface of water (see section 2 and
Figure S10 in the Supporting Information). As illustrated in
Figure 1, several different experimental techniques and
complementary MD simulations were used to characterize

local structure of nanoparticle ligands in a variety of
environments, including near interfaces."*™'* For example,
Grest and co-workers demonstrated the asymmetrical ordering
of alkanethiol ligands on gold cores situated in the asymmetric
environment of a liquid—vapor interface.">~"” In this work and
in most subsequent MD studies, there are no free thiols in the
vicinity of the ligated nanoparticles, either in the nanoparticle
suspension or at the interface.” However, recent work has
demonstrated that exchange of thiol ligands bound to the core

with free thiols in the nanoparticle suspension can alter the Received: October 16, 2020
core-ligand coverage 0, as the two ensembles of molecules— Revised:  January 28, 2021
bound and free—equilibrate.'® Here, @ is defined as the Published: February 3, 2021

fraction of the core surface covered by bound ligands as if they
were closely packed. Equilibrium between bound and free
thiols has been quantified by combining the known
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Figure 1. Schematic of experimental geometry for in situ X-ray measurements of a monolayer array of nanoparticles supported on the water surface.
X-rays shine onto a macroscopically large water surface to reveal the nanoscale ordering of nanoparticles and ligands. X-ray reflectivity (XRR)
measures the electron density profile along the interfacial depth of the entire interfacial structure, which includes the effects of both ordered and
disordered regions of nanoparticles and free thiols. Analysis of two-dimensional Bragg rods observed by grazing incidence X-ray diffraction (GIXD)
characterizes the ordered regions of nanoparticles on the surface. Classical molecular dynamics (MD) simulations of single nanoparticles on the
water surface reveal the free and core-ligand conformations, as well as the positioning and influence of the nanoparticle on the water surface. In
addition, nanoparticles are separately imaged with transmission electron microscopy (TEM, scale bar S0 nm) to characterize their polydispersity

(Figures S9 and S11).

the nanoscale ordering of this nanoparticle system for a range
of values of core-ligand coverage. Grazing-incidence X-ray
diffraction characterized the hexagonal unit cell of 2D
nanoparticle packing, as well as the edge-to-edge distance
between neighboring nanoparticles within ordered regions of
nanoparticles.'® Analysis of X-ray reflectivity data with a new
model characterized both ordered and disordered regions of
the surface to reveal the position of the nanoparticles above the
water surface, the thickness of the free thiol film, and the
surface coverage of ordered nanoparticle domains in
coexistence with disordered thiol film. These quantities are
nearly constant over a wide range of core-ligand coverage up to
a critical value, beyond which they vary with core-ligand
coverage. MD simulations illustrate the surprising result that
the core-ligand region becomes symmetric in the presence of
free thiols on the water surface. Furthermore, these free thiols
wet the periphery of the nanoparticles and form an adjacent
surface film with a substantial distribution of thiol headgroups
throughout the film thickness. Metrical evaluation of the
simulations supports the X-ray analysis, which is consistent
with the symmetrization of the ligand coating and the presence
of a thinner core-ligand coating in the contact region between
neighboring nanoparticles.

These investigations demonstrate that the presence of free
thiols has a substantial effect on the ordering of nanoparticles
on the water surface. Although the addition of free thiols in
these experiments and simulations may at first appear artificial,
it is important to remember that in the case of thiolated ligands
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on Au-core nanoparticles free thiols are expected to be
generally present as a result of equilibration of nanoparticles
with their solvent environment. The effort normally applied to
remove all free thiols in a nanoparticle solution, a procedure
known as “washing” the solution, reduces but does not
eliminate free thiols.” In addition, this reduction of free thiols
reduces the core-ligand coverage.'® The effects presented here
are expected to be relevant even when free thiols are not
replenished after washing,

B MOLECULAR DYNAMICS (MD) SIMULATIONS

Results from all-atom classical MD simulations of a gold
nanoparticle coated by dodecanethiol ligands on the water
surface are shown in Figure 2. Simulations were run with
different fixed values of core-ligand coverage 6, whose maximal
value of 1.0 corresponds to 4.6 ligands/nm’. This value was
chosen from the known packing of dodecanethiol ligands on
flat surfaces that correspond to the flat facets expected for the
Au core, although the simulations modeled the core as
spherical.””*' Ligands were randomly positioned on a 5 nm
diameter spherical core surface and then fixed in place
throughout the simulation; refer to the Supporting Information
for simulation methods. Two sets of simulations are illustrated
in Figure 2: a set with an otherwise bare water surface and a set
with a water surface covered by free dodecanethiol
molecules—in addition to the ligands fixed to the core—that
initially covered the entire water surface with an area per
molecule of 25 A%
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Figure 2. Molecular dynamics (MD) simulations. Contour plots of the spatial distribution of specific atoms for (A) simulations of a nanoparticle on
a bare water surface and (B) simulations with additional free thiol molecules on the water surface. Contour plots are spatially averaged over the
azimuthal angle in cylindrical coordinates centered on the nanoparticle position and temporally averaged over the last 0.5 ns of the simulation. The
center of the Au core is relocated to z = 0 A. Core-ligand coverages, 6, were fixed to the following values: 0.6S, 0.78, 0.87, and 1.0 (see Figures S3
and $4 for other values of §). Colored scales represent density in atoms/nm?: gray scale for oxygen atoms; green scale for carbons in the free thiol
layer; rainbow scale for carbons in the thiol ligands bound to the gold core. (C) Differences between the ligand thickness at the bottom (sub) and
top (super) of the nanoparticle calculated in the presence and absence of free thiols. Error bars are calculated from the standard error of thickness
difference from the average over time. (D) Molecular view for 6 = 0.87 that illustrates the distribution of thiol headgroups throughout the
dodecanethiol film (see also Figure SS for other snapshots). Sulfur atoms in free thiols are indicated by purple dots, free thiol chains by green,
bound thiol ligands by dark blue and their sulfur atoms by orange, and water oxygen by light blue.

Simulations of a nanoparticle at the bare water surface in
Figure 2A illustrate features previously observed:*'> (1) the
AuNP is partially submerged (~10 A) within the water slab,
(2) the thickness of the ligand coating in contact with water is
thinner than elsewhere on the core, and (3) this asymmetry in
the ligand coating thickness decreases as the core-ligand
coverage increases to 1.0. However, Figure 2B suggests that,
for a nanoparticle in the presence of free thiols, asymmetry
between the top and bottom of the ligand coating thickness is
less pronounced. The difference between the ligand thickness
at the bottom and top of the nanoparticle is illustrated in
Figure 2C, which shows that in the presence of free thiol the
thickness values are nearly the same and the ligand coating is
nearly symmetric. In the absence of free thiols, a nearly
symmetric coating is achieved only at the highest core-ligand
coverage. Different contour coloring in Figure 2B reveals that
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the symmetrization of the coating occurs because free thiols
mix into the ligand coating in the region of contact between
nanoparticle and water. Free thiols also wet the perimeter of
the nanoparticle by mixing into the ligand coating further up
the nanoparticle, as illustrated in Figure 2B by the rise in free
thiol contour and the thickening of the free thiol layer
immediately adjacent to the nanoparticle. Both the symmet-
rization and the wetting may be aided by the unusual
molecular ordering within the free thiol film shown in Figure
2D, in which a substantial fraction of the sulfur headgroups are
dispersed throughout the film thickness. This is in contrast to
the results of MD simulations and X-ray reflectivity from a free
monolayer of thiols in the absence of nanoparticles, for which
sulfur headgroups are primarily in contact with water (Figures
S6, S13, and S14).
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Figure 3. X-ray reflectivity measurements from water surfaces containing a partial monolayer of dodecanethiol ligated Au nanoparticles in
coexistence with free dodecanethiol molecules. (A) X-ray reflectivity R (normalized to the Fresnel reflectivity Ry from an idealized water surface) as
a function of wave vector transfer, Q,, normal to the surface. Data points are indicated by the open circles, and solid lines are fits described in the
text and the Supporting Information. Each set of data is measured from nanoparticles with a different core-ligand coverage, 6, as indicated in the
figure, which is determined by the total-thiol concentration in the spreading solution (section 2 in the Supporting Information). (B) Cartoons of
nanoparticles that illustrate the position of nanoparticles above the water surface (z < 0, to the left of the green/blue boundary) for the highest and
lowest values of measured 6. These cartoons are drawn from the electron density profiles measured by X-ray reflectivity. (C) Electron density
profiles of the nanoparticle regions of the surface that illustrate the shift away from the water surface for 6 > 0.95. (D) Electron density profiles of
the free thiol film regions of the surface that illustrate the gradual increase in thickness of the film. The coordinate z measures distances
perpendicular to the surface plane. The color coding of lines in parts C and D is the same as that for the fits in part A.

B X-RAY MEASUREMENTS

X-ray measurements were performed at 15-ID-C, NSF’s
ChemMatCARS beamline, at the Advanced Photon Source,
Argonne National Laboratory. X-ray reflectivity probes the
positioning of nanoparticles and free thiols on the water
surface by measuring the electron density profile p(z) along
the z-axis perpendicular to the surface but averaged over the
x—y plane of the surface.”* Figure 3 illustrates nine data sets,
each corresponding to a sample of nanoparticles with a
different value of core-ligand coverage, 8. The oscillations in
the data have a shape characteristic of the parabolic electron
density profile that results from nearly spherical gold-core
nanoparticles on a surface; the detailed shape of the reflectivity
provides information on the arrangement of nanoparticles and
free thiols with subnanometer spatial resolution.

The reflectivity data in Figure 3 cannot be fit by a single
monolayer of nanoparticles that fills the surface. Instead,
coexisting regions of nanoparticles and free thiols must be
considered, which is consistent with our observations from
TEM shown in Figure S11. The model for the free thiol region
is a simple slab, as suggested by simulations, with an electron
density fixed at the value from simulations, 0.275 ¢~ A, but
with thickness d as a fitting parameter. The model for the
nanoparticle region of the surface is illustrated in Figure 4.
Analytic details of the model are provided in the Supporting
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Information (see section 3.3 and Figure S15 in the Supporting
Information).

Figure 4A illustrates a top view of the hexagonal packing of
the nanoparticle region of the monolayer. Grazing-incidence X-
ray diffraction (GIXD) from the water surface, as illustrated in
Figure 1, was measured from the same samples studied by X-
ray reflectivity (see Figure S12 for GIXD analysis). The in-
plane Q,, positions of the four Bragg rods shown in Figure 1
determined the hexagonal unit cell parameters (Table S2). The
variation in X-ray intensity along the Bragg rod (in the out-of-
plane Q. direction) determined the average core diameter in
the hexagonally ordered region of the surface. Combining
these two measured values yields the edge-to-edge distance of
closest approach, D,_., between neighboring Au cores shown
in Figure 4B and listed in Table S2. Values of D,_, were used
in the analysis of X-ray reflectivity data.

The region of closest approach between nanoparticles
should contain ligands from both nanoparticles, yet the edge-
to-edge distance, D,_,, is usually less than twice the value of
ligand thickness, /. (see Figure 4B), observed in MD
simulations. Including this feature of confined ligands
significantly improved fits to the X-ray reflectivity data (Figures
S17 and S18). Additional features of significance for fitting X-
ray reflectivity data included polydispersity of the core sizes
and setting the bottom of the ligand shell of all nanoparticles to
be at the same interfacial depth (as shown in Figure 4B). The

https://dx.doi.org/10.1021/acs.nanolett.0c04147
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Side view

Figure 4. Real space model used to construct the electron density
profile to fit X-ray reflectivity measurements. (A) Top view showing
hexagonally packed nanoparticles. (B) Side cross-sectional view
obtained by cutting along the dashed line in part A. The green slab
represents the free thiol film of thickness d, and blue represents water.
The nanoparticle height h is the distance from the bottom of the Au
core to the water surface, where h < 0 is shown. The distance D,_, is
the edge-to-edge distance of closest approach between neighboring
Au cores, and [ is the ligand thickness away from the region of closest
approach.

latter positioning of the nanoparticles is consistent with
nanoparticle—environment interactions dominated by the
outermost portion of the ligand shell. Relaxing these features
by using, for example, (a) monodisperse nanoparticles with
height fluctuation or (b) use of a constant ligand thickness all
the way around the core yielded significantly worse fits to the
reflectivity data (see section 3.3.3 in the Supporting
Information for detailed error analyses). Note, however, that
the top—bottom symmetry of the ligand coating was
maintained in fitting X-ray reflectivity data, as suggested by
MD simulations. Fitting with a model containing a variable
asymmetry of the ligand coating yielded fits of similar quality
as those that assumed symmetric core-ligands, indicating that
X-ray reflectivity is not sensitive to the asymmetry in this
system.

As illustrated in Figure SA, the bottom of the Au core was
measured by X-ray reflectivity to be at the height of the water
surface for values of core-ligand coverage 8 < 0.95 but rises
nearly a nanometer above the water surface as @ approaches 1.
Similarly, Figure 5B shows that the edge-to-edge distance D,_,
is relatively constant at 17 A until the critical value of 6 = 0.95,
above which it rises to 25 A, which is essentially twice the
ligand thickness I, = 12.5 A observed in the MD simulations.
The denser ligands on the core are either resistant to being
confined in the region of closest approach between Au cores or
resist mixing of core-ligands from neighboring nanoparticles. In
a similar way, denser core-ligands may resist mixing with free
thiols on the water surface, leading to the increase in height
shown in Figure SA.

1617

o o a
: |c : :
o a &
05fF ]
A A ) ) A
sfp ]
2 8
< 2 } { { Tﬂ
0 [ 1 1 L 1 1 y
06 07 08 0.9 1.0
0

Figure S. Results from fitting X-ray reflectivity measurements in
Figure 3 and GIXD measurements in Figure S12 that quantified the
nanoparticle/thiol ordering at the water surface as a function of core-
ligand coverage, 6. Results are shown from two sources of
nanoparticles with diameters that differed by ~1.4 A (batch 1 and
2 nanoparticles have core diameters of 51.6 and 53 A, respectively).
Batch 1 results are shown by blue squares for 6 = 0.58, 0.86, 0.91,
0.93, and 0.94, and batch 2 results are shown by red triangles for 6 =
0.74, 0.96, 0.98, and 0.99. (A) Nanoparticle height h, where h < 0 is
shown by the configuration in the inset. Positive h corresponds to
penetration of the Au core below the water surface. (B) Edge-to-edge
distance of closest approach D,_, between neighboring Au cores. (C)
Fractional coverage of nanoparticles on the water surface. The rest of
the surface is covered by a thin film of free thiols. (D) Thickness d of
the thin film of free thiols.

Also shown in Figure SA, MD simulations do not exhibit the
rise in height h for € > 0.95. This may be due to modeling the
Au core as a sphere instead of a polyhedral Au crystal with flat
facets. Core-ligands on a spherical or curved surface are more
loosely packed,” and free thiols can mix into the region of
bound ligands even at the close-packed value of 4.6 ligands/
nm? for which free thiols would be excluded from mixing with
close-packed ligands bound to a flat surface. In addition, an
offset of roughly 3—S5 A appears to place the gold core deeper
into the water in the MD simulations. This is likely an artifact
of the single nanoparticle simulations. Nevertheless, a two-
nanoparticle simulation (see Figure S8) does not appear to
resolve this issue. Future work may be able to address this issue
with a configuration of three nanoparticles in a triangle, as this
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is the smallest version of the symmetry and packing in the
monolayer.

Figure 5C quantifies the fraction of the water surface
covered by nanoparticles; the remainder of the surface is
covered by free thiol film. The nanoparticle coverage drops
rapidly at higher values of ligand-core coverage, which
corresponds to larger numbers of free thiol molecules on the
water surface. The critical value for this change appears to be
different for the two different batches of nanoparticles studied.
The diameters of these batches differed by ~1.4 A. Although it
is possible that size effects play a role in this observation, the
mechanism is not understood at present.

As shown in Figure 5D, the thickness d of the free thiol film
varies from 12 to 26 A with increasing 0, as previously
illustrated by the electron density profiles in Figure 3D. The
all-trans length of dodecanethiol is roughly 17.7 A, so that this
film thickness corresponds to a disordered film of roughly one
to two layers of molecules. As shown in Figures 2D and S6, the
disorder within the simulated film, which locates thiol
headgroups throughout the film, enables a continuous range
of thickness values.

B SUMMARY

Our MD simulations and X-ray surface scattering results
demonstrate the consequences of equilibrium between thiol
ligands on a nanoparticle gold core and free thiols in the
environment, for the particular case of nanoparticles self-
assembled on the surface of water in the presence of varying
amounts of free thiols on that surface. This equilibration
determines the coverage of the core by bound ligands. MD
simulations demonstrate that intermixing or interdigitation of
free thiols with the thiol ligands bound to the gold core
produces a nearly symmetric ligand coating of the core (Figure
2B) in contrast to the asymmetric coating observed in the
absence of free thiols except at the highest value of core-ligand
coverage (Figure 2A). X-ray measurements suggest that above
a critical value of core-ligand coverage (6 = 0.95) the ligand
coating becomes resistant to the intermixing or interdigitation
of free thiols. Evidence for this includes the measured rise in
nanoparticles above the water surface for € > 0.95, as well as
the increase in edge-to-edge spacing between the Au cores.
The edge-to-edge spacing varies from values well below twice
the thickness of the ligand coating for @ < 0.95 to twice the
thickness for 8 = 0.99, corresponding to having a robust layer
of core-ligands on each nanoparticle that excludes the
interdigitation of ligands from neighboring nanoparticles.

It is difficult to avoid the presence of free thiols in the
preparation of nanoparticles with Au cores coated by thiol
ligands because of the relatively weak thiol—gold bond. As a
result, thiol ligands on the gold core are in equilibrium with
free thiols in the environment. As we have demonstrated for
nanoparticle assemblies supported on the water surface,
equilibration of thiol ligands with free thiols will alter the
core-ligand coverage and, thereby, influence the ordering and
assembly of nanoparticle arrays. The presence of free thiols is
likely also responsible for elastic properties of 2D nanoparticle
assemblies on the water surface previously observed under
conditions in which the concentration of free thiols was varied.
In particular, monolayers of extensively washed AuNPs (6 ~
0.6—0.7) undergo monolayer to wrinkle transitions under
lateral compression, whereas monolayers of AuNPs with 6 >
0.8 will undergo monolayer to buckling transitions under
lateral compression.'”** These nanoscale effects of the free

thiols may be explained by our model of AuNP assembly on
the water surface in the presence of free thiols (Figure S15). At
lower 6, where the interparticle spacing is smaller, the
interactions of bound ligands of neighboring AuNPs may be
enhanced so that the nanoparticles form a 2D elastic sheet
which can wrinkle under compression.”>*® As 6 is increased,
the spacing between AuNPs increases, resulting in decreased
interactions of bound ligands between neighboring AuNPs. In
addition, free thiols may fill the space between AuNPs, thereby
further reducing the monolayer bending rigidity to an extent
that monolayers buckle instead of wrinkle. More generally, we
anticipate that the effects that we have observed will be present
for thiol ligands of different chain length, which should also
equilibrate with free thiols and alter the core-ligand coverage.
Understanding the mechanism of free and bound thiol
equilibration, as well as its role in self-assembly, may have a
substantial impact on the preparation of nanoparticle
assemblies and their performance in a range of applications.
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