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A theoretical and experimental examination of
systematic ligand-induced disorder in Au dendrimer-
encapsulated nanoparticlest

David F. Yancey,®® Samuel T. Chill,® Liang Zhang,®® Anatoly I. Frenkel,*¢
Graeme Henkelman*®© and Richard M. Crooks*®®

In this paper we present a new methodology for the analysis of 1-2 nm nanoparticles using extended X-ray
absorption fine structure (EXAFS) spectroscopy. Different numbers of thiols were introduced onto the
surfaces of dendrimer-encapsulated Au nanoparticles, consisting of an average of 147 atoms, to
systematically tune the nanoparticle disorder. An analogous system was investigated using density
functional theory molecular dynamics (DFT-MD) simulations to produce theoretical EXAFS signals that
could be directly compared to the experimental results. Validation of the theoretical results by
comparing to experiment allows us to infer previously unknown details of structure and dynamics of
the nanoparticles. Additionally, the structural information that is learned from theoretical studies can be
compared with traditional EXAFS fitting results to identify and rationalize any errors in the experimental
fit. This study demonstrates that DFT-MD simulations accurately depict complex experimental systems in
which we have control over nanoparticle disorder, and shows the advantages of using a combined
experimental/theoretical approach over standard EXAFS fitting methodologies for determining the
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Introduction

Accurate characterization of nanoparticle catalysts and elec-
trocatalysts is crucial for understanding the fundamental rela-
tionship between their structure and catalytic function, and the
key requirement for achieving this goal is the development of
more sophisticated structural tools and methods.’® One
analytical method that is particularly amenable to combined
theoretical and experimental studies is extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy, and particularly its
application to the analysis of small metallic nanoparticles. In
this case, the interplay of theory and experiment provides a
means to extract more accurate structural information from
experimental EXAFS signals and to reduce the effects of fitting
artifacts that arise in disordered systems.“* For example, one
important limitation of EXAFS analysis is that it provides
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structural parameters of metallic nanoparticles.

averaged information about the structure and dynamics of the
nearest environment of all absorbing atoms in the nanoparticle
ensemble, and this can lead to erroneous structural determi-
nations if an “average” configuration is assumed to be the
actual configuration. Specifically, if the distribution of sizes,
shapes, crystal structures, and states of order is broad,** then
the notion of a “representative” nanoparticle is unhelpful at
best, or, as recently shown, can lead to misinterpretation.®

Another challenge in the 3D refinement of EXAFS data of
nanoparticle systems is the appropriateness of the assumption
of small to moderate disorder, which refers to the time- and
configuration-averaged profile of the metal-metal pair distri-
bution function (PDF)."* For quasi-Gaussian distributions,
EXAFS is able to correctly account for disorder and produces
accurate structural and dynamic characteristics (bond lengths
and bond length disorders, also known as the Debye-Waller
factors in EXAFS).” Unlike the symmetric bond length distri-
butions that are typically observed in bulk materials, the
distribution for nanoparticles is expected to be asymmetric
since the bond lengths at the surface deviate from those in the
core of the particle.

Approaches that correctly address this problem have recently
appeared in the literature.">® These approaches are based on
calculating EXAFS spectral contribution from each atom in the
cluster, and then performing temporal averaging of the results.
As this and other approaches continue to evolve, the need for a
good experimental model against which to judge theoretical
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treatments has become critical. This is exactly the objective of
the present report. We are describing a stable, well-defined,
monodisperse, and relatively simple (compared to supported
nanoparticles) model system with tunable structural disorder.

The experimental model is Au dendrimer-encapsulated
nanoparticles (DENSs) containing an average of 147 atoms per
particle (Auy4,).° DENSs are synthesized in two steps. First, metal
salts are introduced to the interior of the dendrimer structure.
Second, the resulting composite is chemically reduced to yield a
nanoparticle encapsulated within the dendrimer template.
Because the synthesis is kinetically controlled, DENs exhibit
remarkable size and structural monodispersity. For the
purposes of the present report, there are two properties of
DENSs that are important. First, DENs are unsupported nano-
particles, and therefore any influence exerted on particle
structure by a surface is obviated. This is important, because it
is difficult to separate the effects of strong metal-support
interactions and metal-ligand interactions on nanoparticle
structure.'®** Second, DENs are sterically trapped within the
dendrimers, and the Au surface does not interact strongly with
the dendrimer host.” One consequence of this is that the Au
surface is accessible to small molecules. For example, we have
previously shown that thiols easily penetrate the dendrimer and
adsorb strongly to the surface of the encapsulated nano-
particle.*** Here, we take advantage of this observation by
using different surface concentrations of thiols to modulate the
structural disorder of the DENs.

In this report, we compare experimental EXAFS results with
theoretically generated EXAFS data from analogous nano-
particles using density functional theory molecular dynamics
(DFT-MD) simulations. Achieving good agreement between the
experimental and theoretical EXAFS signals provides two
advantages over conventional EXAFS analysis. First, it validates
the theoretical method used as accurately describing the
experimental system. From this, we can obtain otherwise
unknown structural and dynamical properties of the nano-
particle systems directly from theory. Second, structural prop-
erties learned from theoretical simulations can be directly
compared with those obtained by conventional EXAFS analysis
in which structure and dynamics are obtained in terms of the
coordination numbers, bond lengths, and disorder parameters.
If the structural properties obtained from theory differ from
parameters extracted from traditional EXAFS fitting of experi-
mental data, we can begin to rationalize where standard EXAFS
fitting breaks down and how to develop corrective measures.

One of the most common synthetic methods for preparing
monodisperse Au nanoparticles involves quenching their
growth and stabilizing their size with functionalized thiols.'**?
A recent and important advance in our understanding of the
structural properties of thiol-capped Au nanoparticles resulted
from crystallization and X-ray crystallographic analysis of small
(25-38 atoms) Au nanoclusters.*® These studies showed that
in the presence of thiol ligands some surface Au atoms exist in
staple motifs, in which these atoms are displaced from the Au
surface. These thiol-capped nanoparticles are also influenced
by inter-ligand interactions. Importantly, however, the thiol-
capping synthetic method results in nanoparticles having
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surfaces that are fully saturated with ligands, and therefore it is
not possible to use this approach for examining the structure
of the Au core as a function of the surface ligand density. In
contrast, the approach described here provides a convenient
method for controlling the surface ligand density. Moreover,
the specific ligand we have chosen, 2-mercaptoethanol, is
sufficiently short that inter-ligand interactions are minimized.*”
Consequently, the present study provides insight into how the
structure of Au nanoparticles is affected by different surface
concentrations of thiol ligands.

The key aspect of this work is that we have validated DFT-MD
simulations of Au,,; DENs having varying amounts of thiols
bound to the surface by comparing theoretical and experi-
mental EXAFS spectra on exactly analogous particles. To
accomplish this goal, we developed an experimental approach
for modulating the disorder of Au,,; DENs by controlling the
surface ligand density. EXAFS fitting reveals that a slight bond
length expansion and an increase in Au-Au bond disorder
correlate with increasing thiol surface concentration. The
theory-based EXAFS modeling strategy was used to generate
theoretical EXAFS spectra, which were then fit with the same
approach used for the experimental results. Interestingly, the
average bond length and disorder values calculated directly
from the MD trajectories are in poor agreement with results
extracted from EXAFS analysis of the same data. However,
standard EXAFS fitting gives similar results for both experi-
mental and theoretical EXAFS signals in terms of coordination
numbers, average bond lengths, and Debye-Waller factors.

Experimental section
Chemicals

Amine-terminated, sixth-generation poly(amidoamine) (PAMAM)
dendrimers (G6-NH,) in methanol were purchased from
Dendritech, Inc. (Midland, MI). The methanol was evaporated
under vacuum and the dendrimer was reconstituted in H,O at
a concentration of 100 pM. The following chemicals were
purchased from Sigma-Aldrich and used as received: HAuCly,
NaBH,, NaOH, and 2-mercaptoethanol (2ME).

Synthesis of Au DENs and thiol-capped Au DENs

We have previously reported the synthesis of G6-NH,(Au,47)
DENSs.?® Briefly, a 250 mL solution of aqueous 2.0 pM Auyy;
DENSs was synthesized by adding 147 equivalents of HAuCl, to a
stirred solution of 2.0 uM G6-NH,. Au®" was allowed to associate
with the interior of the dendrimer for 10 min, and then a 10-fold
excess of 1.0 M NaBH, in 0.30 M NaOH was added to reduce this
precursor to Auy4; DENs. The solution was stirred in air for at
least 12 h to deactivate excess NaBH,, and then it was divided
into five 50.0 mL portions. Sufficient 2ME was added to each of
these solutions to make the 2ME : Au,,, ratio = 0, 12, 24, 50,
and 72, and then the solutions were stirred for at least 5 min to
ensure that the ME had sufficient time to bind to the DEN
surfaces. The 2ME : Au,,, ratios noted above were selected
because previous reports have shown that Au particles in this
size range are fully saturated at an alkylthiol : Au nanoparticle
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ratio of 72.>** DENs functionalized with 2ME are referred to as
Auy4,@S,, where n is the number of surface 2ME ligands per
particle, which is assumed to be equal to the amount added to
solution. This assumption was tested and confirmed using
Ellman’s test for free thiols (ESIt).*

Characterization

UV-vis spectra were obtained using a Hewlett-Packard
HP8453 spectrometer with a 2.00 mm path-length cuvette and
a 2.0 uM G6-NH, solution as the blank. Scanning trans-
mission electron microscopy (STEM) micrographs of Au,4,@S,
and Auy,,@S,, were obtained after EXAFS analysis (to ensure
that the DENs retained their structural integrity throughout
the EXAFS analysis) using a JEOL ARM 200F aberration-cor-
rected STEM.

EXAFS analysis

The Au,4,@S, solutions were frozen in liquid N, and freeze-
dried in a Labconco FreeZone12 lyophilizer. For EXAFS analysis,
75-80 mg of the dried Au,4,@S, DENs were mixed with 100 mg
of BN and pressed for 30 s under 1 metric ton of pressure to
form a pellet. EXAFS experiments were carried out at the
National Synchrotron Light Source (Brookhaven National
Laboratory) at beam line X18B. Au L3-edge data were collected
at 25 £ 2 °C in transmission mode using gas ionization detector
chambers. Au foil data were collected simultaneously with the
sample data in reference mode.

Data were processed using the IFEFFIT software package.?*3*
The first shell fitting was done for all five datasets (Au;4,@85,,
n = 0, 12, 24, 50, and 72) simultaneously using face-centered
cubic (FCC) Au structure as the model for Au-Au bonding
contributions.® The Au-S contributions were constructed using
the coordinates of the Au,S crystal structure. The energy
correction terms and Au-S Debye-Waller factors (oa,_s’) were
not found to vary significantly with thiol concentration and
were therefore constrained to be constant for all five samples.
The Au-Au coordination numbers (CNpy_ay), Au-Au bond
lengths and disorder terms (oay-ay’), the Au-S bond lengths,
and the Au-S coordination numbers (CN,,s) were varied
independently for each of the five samples. The passive electron
amplitude reduction factor was found by fitting Au foil EXAFS
data prior to sample analysis and was found to be 0.84. k>
weighting was used for all fits. The same strategy was used to fit
the EXAFS signals from the MD simulations for testing of the
EXAFS fitting models. For both the experimental and theoretical
data, the fitting procedure used 61 independent data points to
fit 25 variables.

We have considered two data analysis schemes: one that
includes the third cumulant of the Au-Au bond length distri-
bution, and the one that does not include it. We favored the
second scheme, because the Au-Au and Au-S contributions
overlap in the spectra, precluding accurate determination of an
anharmonic correction to the Au-Au pair potential. Thus, we
chose the more conservative approach, following previous
reports where the effect of including the third cumulant in
similar analyses was found to be very small.*”»*
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DFT-MD simulations

DFT was used to simulate the equilibrium structures of the
Auy,;®@S, DENs. For each nanoparticle structure a 10 ps
molecular dynamics (MD) simulation was performed at 300 K to
obtain representative geometries for structural and EXAFS
analysis. We used the Vienna ab initio simulation package
(VASP) code®”® with electron correlation treated within the
generalized gradient approximation using the PBEsol func-
tional,* which is a modified form of Perdew-Burke-Ernzerhof
(PBE) with reduced gradient dependence that improves lattice
parameters and surface energies in solids. Core electrons were
described with the projector augmented-wave method.*>*
Kohn-Sham wave functions for the valence electrons were
expanded in a plane wave basis set with an energy cutoff of
200 eV. The Auy,4, nanoparticle was modeled as an icosahedron
structure with 20 (111) facets, and the 2ME molecule was
modeled as a (-S-H) ligand to avoid the high computational
cost of modeling the entire molecule. To validate the choice of
SH as a model ligand, a comparison of the Au-Au PDF of
Auy4,@(S-CH3),4 was made with Auy,;@(S-H),4. The results
revealed a small increase in Au-Au bond length (0.007 A) as well
as a small decrease in the disorder (—1 x 10> A?) for the
Auy4,@(S-CHj3),, structure. These differences are small enough
to be ignored in the analysis as they would not influence any of
the conclusions of this study. For all calculations, the nano-
particles were isolated in a cubic box with side lengths of 28 A.
The vacuum gap in all directions was large enough to avoid
artificial interactions between periodic images.

Simulation of EXAFS from MD trajectories

Theoretical EXAFS signals were simulated using an approach
similar to that reported previously."*** The Au L3-edge EXAFS
spectra were calculated from the MD trajectories by averaging
the signal arising from each Au atom in the particle. Each MD
simulation was allowed to thermalize for at least 4 ps and the
per-configuration EXAFS spectra were calculated from snap-
shots of the trajectory at intervals of 20 fs for at least 4 ps giving
at least 200 independent configurations in the canonical
average. The 4 ps trajectory duration was found to yield
converged average spectra. To ensure that 4 ps was an accept-
able thermalization time, we monitored the nanoparticle
structural parameters (average Au-Au bond length and bond
disorder) throughout the MD trajectory. These are plotted in
Fig. S11 and indicate that the particle has sufficiently thermal-
ized. The multiple-scattering calculations were performed using
FEFF6-lite.*® All atoms up to 6.0 angstroms away from each
photo-absorbing atom were included in the scattering calcula-
tions. Once the theoretical EXAFS signal was produced, the
correction to the energy origin that was found for the experi-
mental EXAFS fit was applied to the theoretical data to align the
experimental and theoretical data in k-space. The Au-Au and
Au-S PDFs were also produced from similarly sampled snap-
shots of the DFT-MD trajectories. Theoretical values for Au-Au
coordination number, bond length, and bond disorder were
calculated by considering all Au-Au bonding pairs between 2.5
and 3.2 A. The selection of this window for the calculation of
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theoretical coordination number, bond length, and bond
disorder parameters is discussed in the next section.

Results and discussion
Nanoparticle characterization

The Au,4,@S, DENs were characterized by UV-vis spectroscopy
and electron microscopy (Fig. 1). Spectra of the thiol-capped Au
DENs are similar to those in our previous report, which
compared Au DENs and Au monolayer thiol-protected clusters
that had been extracted from within their host dendrimers.*
Notably, the very weak plasmon band at ~520 nm appears to be
unchanged as thiols are added to the surface of the Au particles,
suggesting the absence of particle agglomeration. Representa-
tive STEM micrographs for Au,4;,@S, and Auy4,@8S;, are shown
in Fig. 1, and size-distribution histograms are provided in
Fig. S2.1 The average particle sizes for Au,4;,@S, and Au,4,@S7,
were 1.7 £ 0.3 nm and 1.6 £ 0.3 nm, respectively, indicating
that the addition of thiol ligands does not change the DEN size.

EXAFS single-shell fitting

R-Space EXAFS spectra of Au,4,®@S, (n = 0, 12, 24, 50, and 72)
are compared in Fig. 2. The results show that the first nearest
neighboring Au-Au peak amplitude diminishes as n increases.
As n increases, there is a clear trend showing a higher spectral
amplitude in the low-Z bonding region (<2 A) of the EXAFS
spectra due to the increased Au-S bonding. Spectral contribu-
tions arising from second nearest neighbor and higher order
scattering are minimal. Fig. 3 shows the EXAFS fits overlaid
onto the individual spectra for Au,,,@S5,.

Additionally, the individual contributions to the fits from
Au-S and Au-Au paths are shown in Fig. S3.7 The close agree-
ment between the experimental data and the fit in the first
nearest neighbor scattering region (R = 1.6-3.4 A) indicates that
the fit is acceptable. The region where R > 3.4 A corresponds to
additional coordination shells as well as multi-shell scattering
which were not considered in the fit.
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Fig. 1 (a) UV-vis spectra of Auj47@S, DENs (n = 0, 12, 24, 50, and 72). Repre-
sentative STEM images of (b) Au;47@So and (c) Auq47;@S7, DENs extracted from
the pellet used for the EXAFS experiments following analysis. White boxes
represent the 10 nm scale bar.
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Fig. 2 A comparison of the EXAFS data in R-space for Auq4;@S,, DENs.

Table 1 summarizes how n affects the values of CNy,_g,
which were extracted from the fits. It is seen that the calculated
values of CN,,_s increase with the average number of thiols. The
number of Au-S bonds (Na,s) per cluster was calculated
according to eqn (1), where CN,,_g is the number of Au-S bonds
per Au atom; these results are also shown in Table 1.

Naus = 147 x CNays »

The calculated N,,_s values were then divided by the average
number of thiols per particle to yield the number of Au-S bonds
per surface-bound thiol ligand (N,,_s/thiol, last column of Table
1). The value of Ny, s/thiol provides insight into the type of
binding sites occupied by the surface-confined thiols. This
calculation suggests that thiols bind in 3- and 4-fold hollow
sites on the Au surface at low thiol concentrations. In other
words, the thiols maximize their interaction with the underlying
Au surface. However, as the number of thiols per particle rises,
the average number of Au-S bonds per thiol decreases until it
reaches a minimum of 1.9. This observation is intuitively
reasonable because it suggests that steric crowding on the
surface forces the bound thiols into lower coordination sites.

The CNy,_ay values for the different thiol surface coverages
are plotted as a function of n in Fig. 4a (black points). The value
of CNpy-au for Au,4,@S, is 8.8 = 0.9, which is comparable to
that of a perfect 147-atom icosahedron having a CNy,_a, of 8.98.
The experimentally determined CNy,_s, remains close to 8.98
when n = 12 and 24 but begins to decrease at higher values of n
(8.0 £ 1.0 and 6.6 £+ 0.9 for n = 50 and 72, respectively). This
diminished coordination number is likely due to surface
disorder induced by the higher surface density of thiol ligands.*
It is also consistent with our previous findings, which showed a
diminished metal-metal coordination number for Pt DENs that
had electrochemically oxidized surfaces** as well as other
reports of disordered nanoparticle systems.?

The average Au-Au bond lengths for each set of thiolated Au
nanoparticles are plotted in Fig. 4b (black points). The value
measured for Au,,,@S, DENs was 2.811 A + 0.005 A, which is
consistent with a previous EXAFS report for Au nanoparticles in
this size range.’® As n increases, however, there is a slight
lengthening of the average Au-Au bond length to 2.826 + 0.005
A at n = 50. This lengthening is likely due to the fact that thiols
satisfy the under-coordinated surface Au atoms, resulting in a
relaxation of the surface atoms toward an Au-Au bond length
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Fig. 3 R-Space data (black lines) and fits (red lines) for Auq47;@S,, DENs: (a) n = 0; (b) n = 12; (c) n = 24; (d) n = 50; (e) n = 72.

Table 1 Analysis of EXAFS fit results for Au-S bonding for Auq4;@$,, DENs
Thiols/DEN (n) CNau-s Naus Nju_s/thiol
0 — — —

12 0.31 46 3.8

24 0.46 68 2.8

50 0.66 97 1.9

72 0.95 140 1.9

that is closer to that in of the bulk lattice. Additionally, there are
reports in the literature of thiols pulling surface atoms from
smaller Au clusters to form staple motifs*”*®* which could also
contribute to a longer measured average Au-Au distance.

Values of o, a,> that were calculated from the fits are
plotted in Fig. 4c (black points). The naked Au,,; DENs have a
Oauan> 0f 11.9 £ 1.0 x 1072 A2, As n increases, the Au-Au bond
disorder also increases: 12.7 + 1.4 (n = 12), 13.1 £ 1.0 (n = 24),
12.7 + 1.1 (n = 50), and 14.0 £+ 1.3 (n = 72). These results are
consistent with increased disruption of the DEN surface driven
by the thiol ligands.

Comparison of experimental and theoretical results

First-shell PDF plots for Au-Au bonding (calculated from at
least 200 snapshots from the DFT-MD simulations) are shown
in Fig. 5. Additionally, full Au-Au PDFs and Au-S PDFs are
provided in Fig. S4 (ESI}). The first shell Au-Au PDFs were
used to calculate the average Au-Au bond length, o5,_a.%, and
CNpy-au for Au,,,@S,, (Fig. 4, blue points). To calculate these
values, a window from 2.5 to 3.2 A was used to define the first
nearest neighbor Au-Au bonds. However, because of the
disorder induced by the thiol ligands, it is not possible to draw a
clear distinction between the first and second nearest neigh-
bors, and this in turn makes it difficult to precisely define
average theoretical values of coordination number, bond
length, and disorder. Accordingly, first shell termination values
between 3.0 and 3.5 A were considered. However, we selected a
value of 3.2 A because it is appropriate for the simulated
structure of Au,4;@S,. This cutoff results in truncation of some
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Fig. 4 Plots of structural parameters vs. the average number of thiols per Au
DEN. (a) Au-Au coordination number; (b) Au-Au bond length; and (c) Au-Au
Debye-Waller Factor.
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R(A)

Fig.5 First-shell Au—Au PDFs calculated using 200 independent snapshots from
the DFT-MD simulations. For the calculation of the theoretical values of coordi-
nation number, bond length, and bond disorder, a window extending from R =
2.5 10 3.2 A was used.
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of the longer first nearest neighbor bonds for particles having
high thiol surface densities. A longer cutoff of 3.5 A, which is
more consistent with the minimum between the first and
second neighbor shells in the PDF spectra, yielded poorer
agreement between the theoretical parameters and the values
calculated from the EXAFS fitting.

Representative images of single snapshots that were taken
from the DFT-MD of Au,,,@S,, are shown in Fig. 6. Here, the
thiols are displayed as thin rods to make the underlying Au
structure more visible. The naked Au,4,@S$, particle appears to
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Fig. 6 Left side. Comparison of experimentally and theoretically derived
EXAFS datain R-space: (a) Au147@So, (b) AUq47@S12, (€) AU147@S24, (d) Auy47@Sso,
(e) Auq147@S75. Right side: Representative snapshots of the DFT-MD trajectories
taken from the portion of the simulations used to calculate the theoretical
EXAFS signals and PDFs.

This journal is © The Royal Society of Chemistry 2013

be icosahedral with very little distortion. However, as thiols are
added to the surface of the Auy,, core, surface disorder begins
to emerge. For example, when 24 or more thiols are placed on
the surface, Au-S staples are observed in the DFT-MD structure.
These staples occur in the MD trajectory when the thiol surface
density is sufficiently high that two thiols are bound to neigh-
boring sites (thus sharing an Au atom). These structural motifs
are discussed in more detail later. From a qualitative perspec-
tive, this is consistent with the EXAFS fitting of the experimental
data, which showed increased Au-Au bond length and O Au_Au’
as thiols were added.

Comparisons of the experimentally and theoretically derived
EXAFS data in R-space are plotted in Fig. 6. There is good
agreement in every case. Additionally, comparisons of the real
and imaginary parts of the experimental and theoretical Fourier
transforms are shown for Au;4;@S, in Fig. S6.f Importantly,
this validation of the DFT-MD simulations via the consistency
between the experimental and theoretical EXAFS signals allows
us to draw two conclusions. First, the DFT-MD simulations
accurately model the Au structure. Second, the theoretical
EXAFS spectra are generated correctly from the configuration
and time averaging of the FEFF scattering calculations.

The theoretical EXAFS signals were fit using the same
parameters as for the previously discussed experimental data,
and the results for CNy_au, Au-Au bond length, and oa,_a,” are
plotted in Fig. 4 (red points). The trend in CN,_a, as a function
of the surface thiol density is similar to that observed for the
experimental data (Fig. 4a). The average CN,,_4, decreases from
8.5 to 6.3 as the simulated particles go from uncapped to
saturated with thiols. The values for CNy,_4, plotted in Fig. 4a
are within the errors of the experimental data, but, in general,
are slightly lower than the values extracted from the DFT-MD-
derived PDFs.

Fig. 4b summarizes the bond lengths calculated from the
experimental and theoretical EXAFS fits, as well as the values
taken directly from the DFT-MD simulations. According to the
DFT-MD simulations, the Au-Au bonds lengthen slightly as thiols
are added to the surface, and this trend is also observed for the
experimental data. However, the magnitudes of the bond lengths
derived from the experimental data are significantly shorter than
those calculated from the simulation PDFs. Likewise, the EXAFS
fits of the theoretical data do not agree with the DFT-MD simu-
lations. Specifically, fit values of the theoretical EXAFS signals for
bond length are slightly shorter than the experimental fit results,
but this discrepancy is within the systematic uncertainty for DFT
calculations of bond length (~1%).*

Fig. 4c summarizes the values of o4,_4,” for the experimental
and theoretical data fits and for the DFT-MD simulations. This
plot indicates that the fitting underestimates oy x> as
compared to the DFT-MD values, but excellent agreement is
observed between the fits of the experimental and theoretical
EXAFS spectra. The underestimation of disorder and bond
length in the fits, as compared to the calculated values from the
DFT-MD simulations, indicates that the EXAFS fitting is not
accounting for the longest Au-Au bonds observed in the DFT-
MD derived structures. This is likely due to the Gaussian bond
length distribution approximation that is assumed when fitting
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EXAFS. This self-consistency check of comparing structural
parameters calculated directly from the DFT-MD simulations to
the fit of calculated EXAFS spectra for such particles is further
proof that the standard fitting model is not able to describe
highly disordered nanoparticles.

To further understand the observed differences between the
theoretical and experimental values of the CNy,_a4, bond length,
and oay_au’, Gaussian curves describing the first shell Au-Au
bonding were plotted for each of the experimental samples. The
parameters for the Gaussians (average bond lengths, standard
deviations, and areas under the curves) were taken directly from
the values calculated from the EXAFS fits of the experimental
data (Fig. 7, red lines). These were plotted on the same scale as
the first shell Au-Au PDFs generated from the equilibrated
structures of the DFT-MD simulations (Fig. 7, black lines).

This comparison demonstrates the segment of the first shell
Au-Au bonds that are described in the EXAFS fits by the Gaussian
approximation. The shortest Au-Au bond lengths (R < ~3.0 A)
derived from the PDFs are well described by the Gaussians.
Likewise, the peak positions of the Gaussians and PDFs are also
in good agreement, but the heights of the Gaussians are gener-
ally slightly higher than the first nearest neighbor PDFs deter-
mined from the DFT-MD simulations. Importantly, the
assumption that the bond lengths are distributed as a Gaussian
fails at R > 3.0 A. This observation helps to rationalize the
differences that are observed between the experimental and DFT-
MD results. Because the Gaussians taken from the EXAFS fits
underestimate the number of long Au-Au bonds (>3.0 A), the
values of the average Au-Au bond length and o,_s.> that are
calculated from the fits are also underestimated. This is observed
in the black and red points in Fig. 4b and ¢ which are low in
relation to the blue (theoretical) points. Conversely, the experi-
mental results for CNu,_a, are very close to the theoretical values.
This is because while the longer Au-Au bonds in the first shells
are missed, the EXAFS fit Gaussians are higher in amplitude
(describing additional shorter bonds).

As mentioned earlier, no higher order terms in the cumulant
expansion were used to fit the datasets due to the overlapping
Au-S and Au-Au bonding contributions. From the comparisons
of the Gaussians generated from the experimental EXAFS data
and the Au-Au PDFs calculated from theory, one could imagine
that fitting the Au-Au scattering paths with third cumulants
would lead to closer correspondence by accounting for the
asymmetry of the Gaussians.> However, to reduce fitting arti-
facts arising from the overlapping Au-S and Au-Au bonding
contributions, the use of a cumulant expansion was not

investigated in this work. The EXAFS analysis outlined here is
well suited for probing this issue and is a topic of ongoing
work in our labs.

Au-S interfacial structure

Previous reports of Au nanoparticles having thiolated shells
have established the presence of structural motifs called
staples,®*>*3% and these features must also be considered
here. Here, staples are defined as a Au atom displaced from the
surface of the DEN structure by bound thiols. The DFT-MD
simulations show that when two thiols share a single surface Au
atom, that atom is lifted out of the Au lattice. This is clearly
observed in the nanoparticle image snapshots of Au;4;@8S.4,
Auy4,@Ss0, and Auy,,@S;, (Fig. 6c-e, respectively). These
surface staples are slightly different from the stellated Au staple
structures reported for Au,s nanoclusters,**>** but similar to
the monomeric Au staples observed in larger (Ausg) nano-
clusters.”® They are also consistent with the increased disorder
observed at high thiol concentrations (Fig. 4c) and the decrease
in CNpy-ay (Fig. 4a).

We carried out an analysis of the experimental Au-S bond
length data in an effort to detect Au atoms pulled out of the
nanoparticle surface by the thiols. As discussed earlier and
demonstrated by the DFT-MD results, we anticipate a higher
probability of observing staple structures at high thiol cover-
ages. This is because staples are strongly correlated to motifs
wherein two thiols share a single Au surface atom, and the
probability of this happening increases with thiol surface
concentration. Staples are characterized by a decrease in Au-Au
interactions and an increase in Au-S interactions, and therefore
stapled Au atoms have shorter Au-S bond lengths compared to a
thiol bound to a gold atom in an extended lattice. For example,
Heaven et al.*® and Qian et al.*® determined the crystal structure
of Au,;@S;s and Auzz@S,, nhanoclusters, respectively, and
observed surface staple motifs. Both reports showed that S
atoms bound to Au atoms within the central Au nanocluster
have a bond length of approximately 2.38 A, while the stellated
S-Au-S structures have a Au-S bond length of 2.30 to 2.32 A.

The average Au-S bond lengths calculated from the EXAFS
fits of the experimental data for the Au,,4,@S5,, DENs are 2.349 +
0.031 A (n = 12), 2.326 4 0.014 A (n = 24), 2.318 £ 0.011 A (n =
50), and 2.295 + 0.006 A (n = 72). This decreasing trend in the
length of the Au-S bonds is fully consistent with both literature
reports***® and DFT-MD data (Fig. S4bt) and suggests the
presence of surface staples.

30 a AU, @S, 30 b Au,,;@S;,| 30 c AU @S, 30 d AU, @S5 30 e Au,,,@S;;
220 20 ¢ 20 @220 Z20
5 5 5 5 ]
a 10 a 10 a 10 o 10 a 10
0 0 0 0 0
26 28 3.0 32 34 26 28 3.0 32 34 26 28 30 32 34 26 28 3.0 32 34 26 28 3.0 32 34

R (A) R (A)

Fig.7
(red lines) for Auq47@S,. (a) n =0, (b) 12, (c) 24, (d) 50, and (e) 72.
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R A) R (A) R ()

First nearest neighbor Au-Au PDFs taken from the DFT-MD structures (black lines) with the EXAFS Gaussian approximations from experimental data fits overlaid
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Summary and conclusions

Here we showed that a combined experimental/theoretical
approach for interpreting EXAFS data leads to more detailed
information about the structure of nanoparticles than standard
EXAFS fitting techniques. This comparison was enabled by the
experimental DEN model, which provides a simple system for
progressively introducing structural disorder via interactions
with different surface concentrations of ligands.

There are a number of important outcomes of this study.
First, the DFT-MD simulations reported here accurately depict
complex experimental systems in which control is exerted over
the disorder of Au,,; DENs. This point was verified by the
validation of the DFT-MD nanoparticle structures by comparing
theoretically derived EXAFS signals with experimental signals
on analogous particle systems. Second, the shortcomings of the
Gaussian bond length disorder approximation was probed,
showing that standard EXAFS fitting models do not accurately
describe strongly and asymmetrically disordered systems. We
were able to demonstrate this by directly comparing theoretical
DFT-MD derived from PDFs with Gaussian functions describing
the first-shell Au-Au interactions taken from experimental
EXAFS fits. Third, a more detailed understanding of the Au-S
interface for thiol-capped Au nanoparticles was achieved by
combining both experimental and theoretical results.
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