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Abstract

Controlled aggregation of nanoparticles into superlattices is a grand challenge in
material science, where ligand based self-assembly is the dominant route. Here, we
report on the self-assembly of gold nanoparticles (AuNPs) that are crosslinked by
water soluble oligo-(ethylene glycol)-dithiol (PEG-dithiol) and determine their three-
dimensional (3D) structure by small angle x-ray scattering. Surprisingly, we find a
narrow region in the parameter space of dithiol linker-length and nanoparticle size for
which the crosslinked networks form short-ranged FCC crystals. Using geometrical
considerations and numerical simulations, we evaluate the stability of the formed lat-

tices as a function of dithiol length and the number of connected nearest-neighbors,



and provide a phase diagram of superlattice formation. Identifying the narrow param-
eter space that allows crystallization facilitates focused exploration of linker chemical
composition and medium conditions such as thermal annealing, pH and added solutes

that may lead to superior and more robust crystals.

Introduction

Assembling nanoparticles (NPs) into superlattices with specific symmetries is crucial for

45 sensors® ® and energy storage®. Although

applications such as catalysis, ! optical devices,
there has been considerable progress in assembling two- and three-dimensional (2D and
3D) superlattices of metallic and semiconductor NPs1® ! the challenge of up-scaling and
stabilizing these crystals still remains.? In this regard, self-assembly of NPs driven by inter-
particle and thermodynamic forces has proven to be a promising approach for the formation
of macroscale ordered assemblies.?! 24

In solution based methods of NP assembly a surface ligand, covalently bound to a NP,
interacts with neighboring ligands via non-covalent interactions such as hydrogen bond-
ing.1$20:25-27 While there is a plethora of studies reporting structural properties of NPs by
DNA-mediated assembly, 214 there is a relative dearth of studies on the structure of NPs
networks obtained by covalent crosslinkers, such as dithiol molecules, which are an obvious
choice for linking of gold nanoparticles (AuNPs). An advantage of short dithiol ligands (with
a length of a few nanometers) over the longer linkers (such as those used in DNA-mediated
assembly) is the very short inter-particle distance they accommodate which leads to a higher
plasmon coupling and hence has potential applications in plasmonic effective medium meta-
materials?®2?Y and FRET devices. 33! In one of the earliest studies on assembling AuNPs with
dithiols, Brust et al.?? employed the Brust-Schiffrin method of synthesizing AuNPs and used
alkyl dithiols instead of monothiols. They obtained super-clusters of NPs by drop-casting on
TEM grids. Deffner et al.?? studied the kinetics of aggregation of AuNPs functionalized with

hydrophobic dithiols in water and organic solvents, but did not report on the fine structure of



the aggregates. Others have shown the formation of spherical AuNP assemblies with dithiol

crosslinkers 34:3°

and there has been some effort towards tuning the functional properties of
NP assemblies by tuning the length of the dithiol linkers.3® Dithiols have also been used
to crosslink gold nanorods end-to—end and a preferential adsorption of thiols to the end
faces of nanorods has been reported.3¢37 Rossner et al.?” reported the effect of chain length
of crosslinking polymer on the formation of NP networks by small angle X-ray scattering
(SAXS) studies of the networked NPs with a bifunctional RAFT agent and observed a broad

single peak in one experimental condition. They attribute the lack of crystallinity to NP

size polydispersity, crosslinking polymer polydispersity and conformational freedom of the

crosslinker.
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Figure 1: Schematic of the procedure to obtain AuNP-dithiol aggregates. AuNPs are cross-linked by short, water soluble dithiols
and form superlattices with short-ranged order (SRO).

To address the gap in the existing literature regarding the structure of NP assemblies
obtained by covalent crosslinking, we have embarked on a systematic investigation of AuNPs
aggregation in the presence of dithiol ligands, using various experimental techniques, com-
putational modeling and theoretical predictions (see schematic illustration in Figure 1). In
particular, we employ synchrotron radiation SAXS to examine the effect that dithiol linker
length and the NP size have on the structure of the aggregates. Geometrical considerations
of the assembly lead us to provide theoretical predictions on the stability /formation of NP

lattices. Furthermore, we evaluate the dependence of lattice quality and stability on the



linker length and the connectedness of the nanoparticles by MD simulations.

Results and Discussion
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Figure 2: Time evolution of UV-vis absorbance spectra of Aul0:DT6 (1:850) mixture indicated by arrow. Initially, the LSPR
peak of AuNPs shifts to longer wavelengths consistent with the formation of large aggregates, and vanishes as precipitates of
crosslinked AuNPs are formed and move away from the UV-illuminated volume.

Upon addition of dithiols to the suspension, gold nanoparticles aggregate, as visually
observed and also as recorded by UV-vis absorbance spectra. Figure 2(a) shows that the
localized surface plasmon resonance (LSPR) peak of AuNPs UV-vis shifts to longer wave-
lengths indicating aggregation after adding DT6. Initially, the LSPR peak intensity increases,
and after sufficiently long time, aggregates precipitate out of the illuminated volume of the
suspension leading to a flat line in the absorbance spectrum. Figure 3 shows TEM images
of AuNPs aggregates, obtained 4 hours after adding DT6 to bare AuNP suspensions, and
spread on carbon coated TEM grid. Compared to dispersed bare AuNPs (Figure 3a), the
aggregates with D'T6 are more tightly packed and display features that suggest the formation

of multilayers in some regions. We emphasize that the individual identity of each AuNP upon



addition of DT6 is preserved indicating that linked AuNPs do not coalesce into a larger Au
particle. Such a separation among nearest-neighbors (NN) is achieved by virtue of the steric
hindrance that the PEG linker provides. SAXS measurements, discussed below, corroborate
the correlated aggregation seen in the TEM and provide more detailed averaged insight of

the aggregation.

Figure 3: TEM images of dried 10 nm AuNPs mixed with hexa-ethylene-glycol (Aul0-DT6) on carbon-coated copper grids at
a molar ratio of Aul0:DT6 (a) 1:0 (bare AuNPs), (b), 1:850 (c), 1:8500, and (d) 1:85000. Images are taken for samples that are
mixed for 4 hours. While (a) shows dispersed particles, (b), (c) and, (d) show closely packed particles, and as the Aul0:DT6
increases, darker regions appear indicating multilayer formation.

Figure 4(a) and (b) show structure factor patterns as a function of momentum transfer
(S(q)) for precipitates of nominal 5 and 10 nm AuNPs that are mixed with DT6 at various
ratios of AuNP:DT6, r. The S(q) is obtained from averaged SAXS data (I(g)) after nor-
malization by the measured form-factor of AuNP (F(q)); such that S(q) o< I(q)/|F(q)]?* (see
details on data reduction in the Supporting Information). The F(q) is determined by fitting
SAXS intensity of as-purchased AuNPs suspensions to a theoretical scattering profile of non-
interacting spherical particles with a Gaussian size-distribution that yields Dy = 6.3 + 0.9
and 8.94+0.8 nm for the nominal 5 and 10 nm diameter AuNP, respectively. Both Figure 4(a)

and (b) exhibit clear interference patterns that indicates a relatively high degree of ordering

in the aggregated clusters in the presence of DT6. Inspection of the interference pattern
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Figure 4: (a) Structure factor obtained from SAXS data for (a) Au5:DT6 with » =1 : 100, 1:850, 1:8500, and 1:85000, and (b)
Aul0:DT6 with » = 1 : 100, 1:850, 1:8500, and 1:85000. The shift in and narrowing of the primary peak as the ratio of AuNP
to DT6 is changed from 100 to 850 k indicate improved crystallinity with increased DT6. Vertical lines in both (a) and (b)
are calculated positions (and relative intensities) of structure factor peaks for a perfect FCC crystal assuming lattice constants
a = 11.5 and 14 nm, respectively.

shows that the lowest order interference peak is superimposed with an adjacent peak that
shows up as a shoulder or making the lineshape asymmetric. The proximity of the two peaks
is qualitatively consistent with the preferential formation of FCC short-range-order (SRO)
over the competing HCP with a second distant peak that could be resolved in our set-up.
Whereas varying the ratio Au5:DT6 (r) gradually affects the intensity it does not signifi-
cantly affect the peak position, namely, the lattice constant is robust. For the Aul0:DT6,
on the other hand, for » = 100 the peak shifts to larger ¢ and is broadened, indicating a
shorter NN characteristic length scale and inferior crystal quality.

To model the observed structure factors, we base our analysis on a theoretical framework
proposed recently. 4434 Observed structure factor, S(q) is fit to Si.a(q) from Equation
S1(a) using the linear least squares method assuming the peaks lineshape are Lorentzian-
like. We find that the FCC lattice is the best match for the observed structure factor as
shown in Figure S3(b). The fitted curves reasonably match the observed structure factor,
especially the primary peak which in the model appears as a superposition of (111) and (200)
FCC peaks. Results of the fit model are presented in Table S1 and Figure S3(b). Values



obtained for o4 (related to the Lindemann ratio, see definition below and in the SI) from
the fitting match well with those reported in the literature for similar systems.*® The aver-
age lattice constants for Aub:DT6 and Aul0:DT6 are a ~ 11.5 and ~ 14 nm, respectively,
with corresponding NN distances for FCC structure D,, = a/v/2 ~ 8 and ~ 10 nm. Since
D,, < Leontur + Do, where Legpr /= 2.3 nm is the contour length of DT6, we propose that
the linking of two neighboring particles is achieved primarily by dithiols that are residing
away from the line that connects the center of NN AuNPs and with insignificant indirect
bridges of two diothiols that form disulfide bonds (see Figure S2). Similar arguments hold
for the other systems namely Au5:DT4, Au5:DT6, and Aul0:DT4. This argument is based
on the assumption that the short dithiols DT6 and DT4 are relatively rigid. Based on the
extracted linewidths we estimate that the average FCC aggregate consists of nearly 500 NPs
per crystallite. We also employ a second model where the peak positions of the lattice are
maintained but the intensities of the FCC are allowed to vary slightly from their calculated

structure factor to account for poor crystallinity.
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Figure 5: Structure factor curves obtained for (a) Au5:DT4, Au5:DT6, Au5:DT12, and Au5:DT21, and (b) Aul0:DT4,
Aul0:DT6, Aul0:DT12, and Aul0:DT21, both at »r = 8500. The data is binned on a logarithmic scale for better presen-
tation preserving results integrity. The first peak in S(g) shifts to lower g values by increasing dithiol linker length indicating
increase in inter-particle distance in the assemblies.



To examine the role of dithiol linker length on crystal quality, we examine a few unique
dithiols varying in PEG lengths as they are mixed with AuNPs. While samples with DT4 and
DT6 lead to quantitative precipitation of nanoparticles, those with DT12 and DT21 showed
only a change in color, from dark red to pale pink, indicating nanoparticle aggregation.
Even two weeks after sample preparation, we do not observe precipitates in these samples.
Figure 5 shows the structure factor (S(q)) obtained for the precipitates of Aul0:DT4,
Aul0:DT6, Aul0:DT12, Aul0:DT21, (b) Au5:DT4, Au5:DT6, Au5:DT12 and Au5:DT21 at
a fixed r = 8500. Whereas DT4 and DT6 show clear and prominent diffraction signals,
DT12 and DT24 exhibit much weaker and broader signals. In fact, for both 5 and 10 nm
linked particles DT6 seems to yield the better crystalline structure. Figure 6 shows the
nearest-neighbor (NN) distance (D,,) calculated from the position of the first peak in the
structure factor (assuming an FCC lattice) as a function of the contour length of dithiol
(i.e., stretched length) indicating a linear relationship at small values of contour lengths
that deviates significantly at longer lengths. As we show below, there are some geometrical
constraints imposed on the system when considering NP size and linker length that limit

how crystallinity can be achieved through self-assembly.

Geometrical and stability considerations

Below we examine crosslinking assembly conditions that reinforce ordered rather than amor-
phous states. We specifically focus on two main sources for increased disorder that work
against superlattice formation: 1. A broad or random distribution of binding dithiol sites
between neighboring NPs and 2. The effect of defects (i.e., missing or misplaced particles on
a lattice) due to weak or insufficient number of dithiol bonds on the stability of an ordered
state. The first source has to do with random linking NPs such that NN distances are broadly
distributed, resulting in an amorphous state, as is typical of glasses. In the limit of long
linkers, dithiols no longer work as tethers and the system would exhibit fluid properties. We

note that the dithiol bridges are flexible (especially with longer PEGs) implying that there
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Figure 6: (a) Geometric considerations in AuNP assembly with dithiols. Dg, Dy, and L are AuNP diameter, NN distance,
and dithiol linker length, respectively. All binding sites must be contained within the conical volume defined by Orpcc] to
obtain a stable FCC lattice. (b) Variation of dimensionless nearest neighbor distance (7) versus the dimensionless contour
length of dithiol (\) for 5 and 10 nm AuNPs as indicated in the Figure. Data points outlined by empty circles represent the
experimental conditions for which precipitation of AuNPs is not observed. Solid lines, corresponding to § = 0 and 6 = Opcc,
impose restrictions on the allowed values for 7 for a given A\ as determined by the geometric considerations discussed in the
text. Dotted and dashed (magenta and orange) curves are predictions from OPM for £ = 0 and £ = 1, respectively. Shaded
region (blue) is the overlap of the predictions from OPM and the geometrical constraints is the identified phase space to obtain
FCC NPs crystals.

is some leverage on the location of the binding sites. The second source for disorder pertains
to the overall stability of an ordered crystal as more and more symmetry sites become unoc-
cupied. In an FCC lattice, for example, although each NP has twelve NNs, we expect that
the assembly can be stable even when all the NNs are not connected. We address these two
issues in turn.

To correlate AuNP NN distance with the dithiol length, we consider simple geometrical
requirements for the assembly as depicted in Figure 6(a). We assume that NPs are bridged
by a bundle of dithiols coaxial to the line joining the NP centers and consider one of these
bridges represented by a general straight line (colored green). The dithiol ligand can bridge
two NPs along a straight line that connects the center of two NPs or it can be at a position
corresponding to 6, the subtended angle. To satisfy the first condition for the formation of
superlattice, that of the narrow distribution of binding sites, # should be within the range

from 0 to 0,42 Omae for different crystal lattices can be determined by using the solid angle



based nearest neighbor method (SANN) | which follows from the equation®

At = i 27[1 — cos(6; ;)] (1)

J=1

For a perfect FCC crystal, this equation yields an angle of ,,,,, = 0rcc = 33.55°where as for
a perfect BCC crystal it is 0,0, = Opcc = 41.41°. Opcc (see Figure 6(a)), is the semi—apex
angle that defines the cone associated with each NN in the FCC lattice. Assuming that the
dithiol molecule is completely stretched so that the length of the dithiol bridge is equal to
the contour length of dithiol, we obtain bounds for the nearest neighbor distance in an FCC
lattice as follows

D, L

T:)\+COS(9),0<9<QFCC; T:ﬁo, )\:FO

(2)
Experimentally obtained 7 and A for different lengths of dithiols is plotted in Fig.6(b) for 5
and 10 nm nanoparticles along with the bounds using Equation 2. As seen from this figure,
Dyy for DT12 and DT21 (A > 0.5 in this study) appears outside the bounds, consistent
with our observation that these two systems behave substantially different from the other
two (with DT4 and DT6) displaying weak inter-particle correlations (fig. S4). In addition to
these geometrical constraints, more detailed models such as, OPM*°, OCM®® and OTM*7>!

can provide upper and lower bounds to the NN distances. Here we consider the OPM and

OCM as follows,

TOPM — (1+3)\§)%, (3)
14+ A L+ A\2 6EN+2
_ 4
Toea 2 +\/< 2 >+ T+A 4)
where the parameter £ = % is a relative measure of grafting density, Ay is the smallest

possible molecular area, and A is the actual molecular area. Using the aforementioned
models, we can predict where we would expect to find ordered structures experimentally.

First, we note that geometrical considerations restrict the phase diagram into a narrow strip.

10



We can then add the bounds given by the OPM and OCM models and the phase diagram
is now restricted to a small region that satisfies both the geometry and the nanoparticle
interaction models. In Figure 6, we shade the entire expected region predicted in this way,
considering the full range of ¢ as the grafting density of this system is yet unknown. We
clearly predict the experimental results, where ordered structures fall in or near the prediction
and experimental cases that did not result in order are far from our prediction.

Having shown that the distribution of dithiol binding sites is sufficiently narrow, we now
proceed to analyze the stability of the lattice as a function of number connected NNs and
chain length. Here, we present MD simulations (see simulation methods for details) where we
start with a perfect FCC lattice of NPs, each tethered to its NN by a flexible, coarse grained
polymer chain. We analyze the effect of dithiol-lengths and the number of connected NNs

on the mean squared displacement (MSD; (Ar?)) of a particle center of mass from its ideal

(Ar?)
D’IL

2

position in the lattice.5? and determine the Lindemann ratio f; = . We note that
for f;, > 0.13 the lattice becomes disordered in a liquid-like state.®® We define the average
number of connected NNs per nanoparticle to be 2k. In a fully connected FCC lattice
k = 6 as there are 12 NNs per lattice point. From the plots for f; versus k from the MD
simulations (Figure 7) it can be observed that kg.iticq at which f; = 0.13 is ~2.5 meaning
that on an average nanoparticles should be connected to at least 5 NNs to induce lattice
stability. Further, as shown in the inlaid plot in Figure.7, f; increases with the tether length
(number of monomers) indicating decreasing crystal quality with longer tethers. Snapshots
from these MD simulations are presented in Figure S5, S6a and S6b in the SI.

In our analysis we assume the NPs to be perfect spheres which is a reasonable approxima-
tion considering SAXS and TEM results of the bare NPs and also geometrical packing of Au
atoms into large clusters (D > 4 nm) appear more spherical.> For non-spherical particles
(such as, smaller gold clusters) there necessarily exists a regime where NP geometry affects

the equilibrium structure, particularly at low values of the parameter \. Specifically, we

expect that as the NP becomes less spherical, the number of geometrically allowed bridges

11



in the network can vary. This is certainly an issue that requires further investigation, but we
expect that the effect of NP geometry in our system is small for the values of A\ studied.®!
Furthermore, because our results indicate robust lattice stability with decreasing connection

number, these effects are insignificant for sufficiently spherical NPs.
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Figure 7: Variation of the Lindemann ratio (fr), obtained from the results of MD simulations, with k (defined in text). For
k <~ 2.5, for which fr, > 0.13, the system is in a liquid-like state. The inset plot shows the variation of f;, with the number
of monomers in the tether which is proportional to the stretched length of the tether.

Conclusions

Using a slew of experimental techniques, geometrical considerations and MD simulations,
we explore routes to improve crystal quality of crossed-linked AuNPs with dithiol oligo-
ethyleneglycol linkers. SAXS experiments of the crosslinked AuNPs precipitates in aqueous
suspensions show formation of close-packed structures. Our analysis of the SAXS data
shows the aggregates are better modeled in FCC symmetry, albeit short-ranged-order. The

characteristic length scale between nearest neighbors in the aggregates is found to increase

12



with the length of the dithiol linker and hence offer tunable control in inter-particle distances.
Based on experimental results, geometrical considerations and numerical simulations, we
identify a narrow region in the parameter space of dithiol linker-length and particle diameter
that favors superstructure formation. Narrowing the phase space that allows crystallization
enables future research to be focused on exploring other parameters that can improve crystal
quality and process robustness. These can include varying linker chemical composition,
medium and medium conditions such as, thermal annealing, pH and added solutes that can
potentially lead to superior and more robust crystals. For instance, with the use of aromatic
conducting crosslinkers, such superlattices can exhibit unique plasmonic properties suitable

for photonics and metamaterials.

Methods

Reagents and Materials: Aqueous suspension of citrate stabilized gold nanoparticle
(AuNP) with a nominal sizes of 5 nm and 10 nm were purchased from Ted Pella Inc.
Hexaethylene glycol dithiol (DT6), tetraethylene glycol dithiol (DT4) were purchased from
Sigma-Aldrich. Poly(ethylene glycol) dithiol with M, ~ 600 (DT12) and ~ 1000 (DT21)
were purchased from CreativePEGWorks.Inc. From the molecular weights, we estimate there
are about 12 and 21 ethylene glycol units in DT12 and DT21, respectively.

Synthesis of AuNP aggregates: Schematic of the procedure to obtain aggregates of
AuNPs with dithiols by ligand exchange method is presented in Figure 1. Aqueous solutions
of dithiol (DT) at appropriate concentrations are prepared by dissolving the appropriate
amount of dithiols in millipore water at room temperature. To 0.99 ml of AuNP suspen-
sion as received, 0.01 ml of the dithiol solution is added under sonication. Final AuNPs
concentration in the mixture is estimated at ~ 8.5 nM using the nominal concentrations
provided by the manufacturer. The samples are prepared in glass vials with plastic caps and

are kept under radial shaking for more than 48 hours. Samples are labeled AuX:DTY (1:r),

13



where X is the nominal size of the AuNPs, Y is the number of ethylene glycol units in the
dithiol molecule and r is the molar ratio of dithiol to AuNPs in solution, and characterized
by UV /vis absorption spectra.

Characterization methods: UV-vis absorbance spectra are collected with a Malvern In-
struments with an optical length of 1 cm in polystyrene cuvettes. Small angle X-ray scatter-
ing (SAXS) measurements of the precipitates are conducted at beamline 12-ID of Advanced
Photon Source, Argonne National Laboratory. For the SAXS measurements, samples are
transferred to quartz capillaries using glass pipettes and the measurements are performed in
transmission mode with photon energy, E = 13.3 keV ( A = 0.9322 A) using 2D Pilatus2m
detector at room temperature. SAXS apparatus is calibrated using the diffraction pattern
of silver behenate powder standard. The 2D scattering data is circularly averaged and the
background scattering from the capillary with blank solution is subtracted.

Aggregates are also studied by transmittance electron microscopy (FEI Tecnai G2-F20) in

the transmission mode with an acceleration voltage of 200kV.

Simulation methods: Molecular Dynamics (MD) simulations are executed on graph-
ical processing units using the HOOMD-blue software.**? Nanoparticles are treated as
rigid bodies during the simulation, non-bonded interactions with a force-shifted form of the
Lennard—Jones potential and bonded interactions through FENE (Finite Extensible Nonlin-
ear Elastic) bond potentials. Simulations are run at the theta-temperature, where polymer
coils behave like ideal chains. All simulations are performed in a periodic cell, from an ini-
tial configuration of a perfect FCC lattice using HOODLT®® software. Systems are initially
equilibrated for 10° timesteps, and final statistics are taken from production runs of 10°

timesteps in length.
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Associated Content

Supporting Information

The SI includes information on the following topics:
1. Complementary experiments (DLS and XPS)
2. SAXS data reduction and fitting (models for structure factor)
3. Contour length of dithiols

4. MD simulations for lattice stability
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1. Complementary experiments

Dynamic light scattering (DLS) experiments (uisng with Zetasizer Nano at a wavelength
of 633 nm and forward scattering angle of 90°) were conducted 4 hours after mixing gold
nanoparticles with various dithiols. Aggregates with DT6 showed quantitative precipitation
after 2 days whereas DT12 did not induce quantitative precipitation of the nanoparticles.
With DT6 and DT12 there are larger aggregates formed with hydrodynamic size centered
at ~ 400 nm, as shown in Fig. S1. We note that the aggregate-size for DT6 is larger than
the estimated crystal size from SAXS measurements. Aggregates with DT21 formed only
small aggregates with hydrodynamic size ~ 25 nm and in fact this value did not change
significantly even after 2 days indicating oligo-merization. This is consistent with inter-
particle correlation length (20 nm)for DT21 extracted from SAXS.

X-ray photoelectron spectroscopy (XPS) surface analysis was performed with a PHI 5500
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spectrometer using Al-Kal radiation with a 45° electron collection angle, corresponding to
the maximal penetration depth of about 10 nm. Audf7/2 peak (84 eV) was used to calibrate
the data and CasaXPS was used for fitting the models. The precipitates were collected and
analyzed with XPS to study the nature of chemical bonds (Fig. S1(b)). S2p region showed
two components: a S-Au component centered at 162.5 eV and S-C component centered at
164 eV. Since -C-S-S-C- and -C-S-H have similar bond energies it is difficult to ascertain the
presence or absence of disulfide bridges in the precipitates.

In addition to direct crosslinking AuNPs by dithiol, there exists another linking route
where a bound dithiol to a AuNP forms a disulfide bridge with a similar dithiol that is bound
to a neighboring AuNP (see schematic Figure S2(a) and S2(b)). However, as we argue below
such indirect bridging is less plausible, in particular for the short chains dithiols. Indeed,
the obtained NN distances for DT4 and DT6 are too short to be rationalized with indirect
disulfide bridging, as discussed in the manuscript. Furthermore, the disulfide bridges are
energetically weaker compared to the Au-thiol bond. Also, the cross section for a bound
dithiol impinging on to another dithiol is much smaller than compared to a bare surface of
a AulNP even after the binding of a few dithiols on it. We note that XPS results of these

samples could not distinguish between these mechanisms as explained in the SI (Figure

Sl(a)).

2. SAXS data reduction and fitting

The precipitates and aggregates are analyzed in their native environment by standard re-
duction of SAXS data as plotted in Figure S3(a). We recall that the scattering intensity
(I(q)) is given by I(q) = A|F(q)|*S(q), where I(q) is the observed intensity after standard
data reduction (from 2D area image to 1D curve and background subtraction), A is a scaling
constant that depends on the number of particles, |F'(q)| is the form factor of the NPs and
S(q) is the experimentally observed structure factor. A representative figure showing the

SAXS intensity profile after background subtraction is shown in Fig. S3(a), along with the
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Figure S1: (a) Dynamic light scattering from gold nanoparticle aggregates upon addition of DT6, after 4 hours. (b) XPS results

obtained with AuNP-DT6 aggregates spread on a a silicon waffer substrate. There are two components in the S2p region of the

spectrum corresponding to Au-S and -C-S bonds. We note that the peaks from C-S-S-C and C-S-H bonds cannot be resolved
with our apparatus.

(a) (b) (c)
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Figure S2: (a) NPs crosslinked directly by a dithiol molecule, (b) NPs crosslinked by two dithiols via a disulfide bridge. In this
study, primarily for DT4 and DT6, direct crosslinking is expected to be prevalent as explained in the manuscript and the SI
text, as depicted in (c). For a given D,, and Dy, 6 is limited by the geometrical constraints as explained in the main text.

form factor.
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Figure S3: (a) SAXS intensity from AuNP-dithiol assemblies at 7 = 8500 for Aul0:DT4, and the average form factor (solid line
in red) based on AuNPs size distribution. (b) S(g) obtained from (a) including two fit-models as described in the text.
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Figure S4: Structure factor curves for (a) Aul0:DT12, Aul0:DT21, (b) Au5:DT12 and Au5:DT21 at r = 8500. The data has
been binned on a logarithmic scale in q for better presentation. Due to the relatively large error bars at high ¢, only primary
peak has been considered to draw inferences on the structure of the assemblies. Unlike the structure factors for DT4 and DT6
systems, these do not show much semblance to FCC lattice structure factors.

2.1 Structure factor model 1

Suioa(q) = Ao S(q : qum) (Sla)
S(q : qui) = 1+ Glann) [8(0) Zo(qner) L(q : qhir, o) — 1] (S1b)
B(q) = 1(Assumption) S4 (Slc)
Zo(qni) = mthz (Sid)

Ahii



K\
[Bcost

(52)
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In this model, Ay is a constant, free parameter; 5(q) corrects for particle size polydisper-
sity and orientational disorders®®; G(qni;) is the Debye Waller factor that allows for trans-
lational disorders in the lattice;*3** o is related to the Lindemann ratio as f; = \/23)017
Zo(qnr) is the structure factor for an ideal crystal; L(q : gnr is the shape function (we use
Lorentzian shape function) arising due to the finite size of the crystals; and D, is the nearest
neighbor distance. For model simplicity we have assumed the polydispersity of nanoparticle
size to have no effect on the structure factor (8(q) = 1). Crystallite sizes (Croc) were cal-
culated using the Scherrer equation (Eq.S2). Results from this model are tabulated in Table

S1 and a representative fit is shown in Figure S3(b). Nearest neighbor distances for FCC

used in Figure 6 are obtained from fits to this model as D,, = ?1/161?‘ Since SAXS results from

DT12 and DT21 systems could not be fit to scattering from any standard lattice, the first

peak in S(q) was used as qj11.

2.2 Structure factor model 2

Stotar(q) = Ao > S(q : qrrt) (S3a)
hkl

5(6] : Qhkl) = Dk *N(q * Qhkls Uhkl) (S3b)

onk = o111 (1 + a(qr111 — qurr)) (S3c)

This model relaxes the constraints on relative peak intensities which are fixed by the
peak multiplicities, the Lorentz factor and the Debye-Waller factor in model 1. Due to
this relaxation of constraints, this model shows a better fit to the experimentally observed
scattering. hpy is the relative peak height for the peak corresponding to {hkl} reflections.

Peak width (op) is allowed to increase linearly with g as a first order approximation.
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Table S1: Lattice constant, nearest neighbor distance D, rcc, crystallite size Crcc, and Debye-Waller factor o4 obtained

from structure factor fit to assuming FCC superlattice (model 1).

AuX:DTY (1:r) Lattice constant (A) Dy, rcc (A) Crcc (A) o4
Au5:DT4 (1:100) 105.0 743 519 0.03
Au5:DT4 (1:400) 106.2 75.1 545 0.032
Au5:DT4 (1:850) 107.2 75.8 553 0.032
Aub5:DT4 (1:8500) 110.7 78.3 546 0.031
Au5:DT6 (1:100) 114.3 80.8 5% 0.019
Au5:DT6 (1:400) 115.8 81.9 806 0.038
Au5:DT6 (1:850) 116.4 82.3 806 0.037
Aub:DT6 (1:8500) 118.8 84.0 814 0.036
Aul0:DT4 (1:400) 128.8 91.1 616 0.019
Aul0:DT4 (1:850) 130.7 92.4 640 0.021
Aul0:DT4 (1:8500) 130.7 92.4 616 0.021
Aul0:DT6 (1:100) 131.6 93.1 541 0.026
Aul0:DT6 (1:850) 141.1 99.8 767 0.027
Aul0:DT6 (1:8500) 140.1 99.0 732 0.027

Aul0:DT6 (1:85000) 140.4 99.3 728 0.027

3. Contour length of dithiols

In order to relate the geometrical quantities to the properties of the dithiol chains, we need

to compute their maximum extended (all trans) length, sometimes called the contour length

Leontour- We use the results from our previous papers &1

Equation S4 and its accompanying table (Table S2)

Lcontour - LPEG + Lends
0
= (2100 + ZCC)COS(i)n 4+ Lends
= .364n + Lopnds
B Occ Oco
= .364n + 2[lsc + lccCOS(T) + 100603(7)]

= .364n + 0.855.

Table S2: Relevant values that describe the backbone length of the dithiol chain.

[(nm) 0
C-01]0.143 68°
C-C1| 0.153 68°
S - C | 0.182 | unrestricted
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In this work, n = 2,4, 10, 19 corresponding to DT4, DT6, DT12 and DT21, respectively.

4. MD simulations for lattice stability

Snapshots from MD simulations illustrate the results of Fig. 7 from the main text. Overall
lattice quality relies heavily on the connectedness of the lattice, as is evident in Fig. S5. Due
to the random distribution of bridges in the lattice, we see regions of high relative order and
connectivity (Fig. S6a), as well as local regions where relative connectivity is low and local

order is not present (Fig. S6b).

(a) 6N Connected Lattice (b) IN Connected Lattice

Figure S5: Snapshot from MD simulations illustrating lattice quality is noticeably worsened as the number of connected NNs
decreases. (a) FCC structure is retained for 6N connections, but (b) is dissolved at 1N connections. Our results show in Fig. 7
that at 5 connected nearest neighbors (k & 2.5) are necessary to stabilize the FCC lattice.
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(a) 7T-Connected NP (b) 2-Connected NP

Figure S6: Snapshot of MD simulations for 2N connected lattice where the examined particle is shown in blue and is connected
particles in yellow and other non-connected particles in transparent gray. (a) Local order emerges due to clusters of higher
order bridging, created by the random selection of bridges. (b) This order dissolves as connection number decreases to allow
particle diffusion about the lattice.
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