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ABSTRACT: The introduction of dipoles on gold nanoparticle
surfaces provides the formation of chain-like nanoparticle
assemblies in solution under ambient conditions. Here, we present
studies on influencing and controlling the strength of the induced , i B
dipole by thiols. Aromatic thiols lead to enhanced surface dipoles, pro— @ g
where electron-donating functions can further increase the 1.
interaction. Thereby, particle—particle distances and chemical
environment at the particle interface were manipulated, which
resulted in different tunneling resistances R, in these 1D structures.
Here, R, seemed to be mostly dominated by the interparticle
distance rather than the type of ligand. Temperature-dependent T T o s

current—voltage measurements of thiol-bearing nanoparticle chains Voltage [V]

revealed two different transport mechanisms. For temperatures

<170 K, a thermally activated electron tunneling takes place, which depends on the charging energy E. Whereas for higher
temperatures, a transition to an electron hopping process occurs determined by the involved thiol and nanoparticle shape. For
structures with strong interparticle electronic coupling, the conduction mechanism is almost temperature-independent, which makes
them promising candidates for highly sensitive chemiresistor sensors.
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B INTRODUCTION nanoparticles can be influenced by thiol-containing aromatic
ligands via an electron transfer at the hybrid interface.'” The
electron transfer is sensitive to the localized dipole moment of
possible substituents in the aromatic system. Therefore,
electron-withdrawing substituents such as halogens were
found to decrease the Gibbs free energy of thiol adsorption.”’
Thereby, the dipole-driven assembly mechanism could be
manipulated by using electron-withdrawing or -donating thiols,
which may affect the dipole induction on the particle surfaces.
To implement these 1D nanoparticle (NP) chains in future
electronic devices, such as chemiresistor sensors,” ™" it is
necessary to understand their underlying conduction mecha-
nism. Usually, extended 2D**~** or 3D**~** NP structures are
electrically investigated. The used organic ligand drastically
influences the electronic behavior due to different NP—NP
distances, dielectric constants of the NP environment, and
electronic coupling between the NPs.””**** However, there is

Self-assembly of inorganic nanoparticles is a promising
approach for new and tailored nanomaterials. The bottom-up
synthesis offers functional materials for different applications
like electronic devices,' sensing,2 catalysis,3 or data storage.4
There is a wide variety of available superstructures like
strings,s_7 helices,® sheets,” or vesicles.'’ Thereby, several
researchers used a molecular polymerization model to predict
and describe nanoparticle self-assemblies.'"”'> Speaking of gold
nanoparticle assemblies, ligands with thiol functions are very
prominent.'”'* The well-known affinity of thiol groups to gold
surfaces offers a perfect tool to control the nanoparticle
interface. For oriented assembly of gold nanoparticles, a ligand-
induced dipole mechanism was proposed.'”'® The inhomoge-
neous distribution of ligands, adsorbates, or surfactants at the
interface induces a dipole.'” The formed dipoles will lead to a
linear arrangement of the nanoparticles in order to minimize
dipole—dipole repulsion. Here, the authors described the
assembly globally as a first-order reaction. Surprisingly, the
addition of surfactants to the destabilizing phase increases the
speed of assembly drastically."® The dipole induction is favored
by increased surfactant adsorption—desorption dynamics and
leads to a step-growth mechanism of a second order.
Goldmann et al. showed that plasmonic properties of gold
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Figure 1. (a) Schematic illustration of a thiol-supported oriented assembly of gold nanocubes. By destabilizing the gold NPs, dipoles are induced at
the surfaces. The thiols (here aromatic thiols) preferentially adsorb on {100} facets due to more frequent bridge sites and influence the surface
dipoles at these facets. Thus, thiols can be used to manipulate the assembly process. (b) Comparison of UV—vis absorption spectra from cube
chains assembled with different thiols (after 10 min of assembly). Aromatic thiols (red) result in a red-shifted LSPR band, and nonaromatic thiols
(blue) lead to a blue-shifted LSPR band compared to gold NP chains assembled without additives (black). Insert upper right: illustration of a para-

substituted aromatic thiol as 4-methoxythiophenol.

a lack of electronic studies of 1D NP structures, which are
essential to reveal fundamental electron transport character-
istics in these NP systems. In literature, only a few reports on
conductivity measurements of these nanomaterials exist, which
are usuallgr performed on spherical NPs at room temper-
ature.”*~*® Here, we present a study of anisotropic gold (Au)
NPs surrounded by an organic ligand. The combination of a
dipole-assisted self-assembly process in solution and the
transfer on prefabricated nanoelectrodes enables the temper-
ature-dependent electrical characterization of single 1D NP
chains, which gives new insights into the electron transport of
these assemblies.

B RESULTS AND DISCUSSION

As previously reported, dipole induction at nanoparticle (NP)
surfaces caused by an inhomogeneous distribution of
surfactants (due to a solvent exchange from water to ethanol)
leads to the formation of 1D NP structures within minutes."®
Thereby, parameters such as size, shape, and temperature have
great influence on the assembly. In the following, various thiols
were investigated regarding their influence on the dipole-
directed assembly of two different shaped gold NP types
(cubes and truncated cuboctahedra (TOHs)) with a
comparable diameter. Figure 1a illustrates the assembly process
used to generate 1D nanoparticle structures in solution
(oriented assembly) for gold nanocubes (NCs). The
absorbance spectrum shown in Figure 1b demonstrates the
strong influence of the different thiols. Due to the formation of
chain-like nanoparticle structures, the transversal surface
plasmon resonance (TSPR) band at around 530 nm resembles
the width of the chains.”” The red-shifted band in the spectra
refers to the longitudinal surface plasmon resonance (LSPR) of
the elongated structures and thereby correlates with the length
of the NP chains. Here, the LSPR is also affected by the
interparticle coupling, i.e., the NP—NP distance and ligand
properties.”® However, for the used NP size of ~40 nm, it is
assumed that these interparticle influences can be neglected.
Consequently, the LSPR band shifts to bigger wavelengths for
increasing chain lengths.'**” The wavelengths of the formed
LSPR bands after 10 min of assembly are extracted from the
respective UV—vis spectra (Figure S1) and are listed in Table
1. The findings indicate that nonaromatic thiols, like 1-
octanethiol or 11-mercaptoundecanoic acid (MUA), which are
commonly used for the assembly of gold nanoparticles,14

Table 1. Table of All Used Thiols for the Assembly of Gold
Cubes Cubel and the Maximum of the Respective LSPR
Band after 10 min of Assembly”

mesomeric/inductive wavelength of formed

used thiol effect of R” LSPR band
80S nm*
1-octanethiol 727 nm
MUA 745 nm
4-chlorothiophenol (+M)/-1 830 nm
4-nitrothiophenol -M/-1 838 nm
4-methylthiophenol +1 870 nm
4-methoxythiophenol +M 885 nm
2-naphthalenethiol 889 nm

“The aromatic thiols lead to an increased redshift of the formed LSPR
band, whereas nonaromatic thiols like 1-octanethiol and MUA result
in a decreased redshift (compared to NC chains assembled without
thiols). “Mesomeric or inductive effect refers to the functional group
R in Figure 1b. “Reference: NC chains were assembled without thiols.

decrease the redshift of the LSPR band, whereas aromatic
thiols (here 4-methoxythiophenol) significantly increase the
redshift compared to the NC chains assembled without thiols.
It should be noted that in contrast to the aromatic thiols and 1-
octanethiol, MUA provides a nanoparticle cross-linking by
hydrogen interactions.'*** Obviously, the electron density next
to the thiol group has a great effect on the assembly process.
Here, the positive inductive or mesomeric effects of the
substitutes (4-methylthiophenol and 4-methoxythiophenol)
result in the biggest redshifts of the LSPR band and thereby
indicate the formation of longer NP chains. It should be noted
that in the case of 4-chlorothiophenol, the +M effect is
dominated by the negative inductive effect, which is typical for
halogenated aromatic systems."'

However, the aromatic thiols cause significantly longer
structures, which indicate the strong effect of the delocalized
electrons next to the thiol function. Interestingly, the use of 2-
naphthalenethiol also leads to a strongly increased redshift of
the LSPR band. Again, the presence of delocalized electrons
supports the assembly process, but in contrast to the other
aromatic thiols, the polycyclic aromatic hydrocarbon provides
an increased number of delocalized electrons. The chain
formation supporting effect of the 2-naphthalenethiol is
comparable to the 4-methoxythiophenol (+M effect) regarding
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Figure 2. (a) Schematic principle of sample preparation. The formed NP chains are transferred to the substrate by centrifugal forces during the
assembly process. (b) SEM image of assembled TOH chains (without aromatic thiol) on a silicon substrate overlaid with the corresponding image
processing evaluation of the chains (yellow). (c) Molar and (d) weight fraction distributions for TOH chains assembled with aromatic thiols (4-
methoxythiophenol; red curves) and without the addition of thiols (black curves) after S min. Here, the used models follow a Schulz—Flory

distribution.

the redshift of the LSPR band. We conclude that the
delocalized electrons in the aromatic system next to the gold
surface-bound thiol function increase the induced surface
dipole at the gold particles. In addition, electron-donating
substituents result in stronger binding of the thiophenols to the
gold surface. Thereby, enhancing the electron density in the
aromatic system by electron-donating substituents is most
effective to support the surface dipole-driven assembly. This
agrees with findings of Emmons et al, who proposed that
electron-withdrawing substituents, like halogens, decrease the
binding of thiophenols to gold surfaces strongly.”’

A comparison between assembled cubes and TOHs (Figure
S2) indicates that they are strongly influenced by thiols.
Nevertheless, the general effect of thiols on the TOH NP
assembly is similar to the assembly of gold cubes. Nonaromatic
thiols decrease the wavelength, whereas aromatic thiols
increase the wavelength of the formed LSPR band of the
TOH chains compared to the LSPR band of TOH chains
assembled without aromatic thiols. Whereas NCs preferentially
align via {100} facets, TOHs show alignment along the {100}
and {111} facets. It was assumed that without thiols, the higher
amount of possibilities for alignment in case of TOH particles
(TOH particles have 14 possible contact faces, whereas NCs
offer only 6) leads to the formation of longer chain-like
structures,'® which is resembled by a more red-shifted LSPR
band (LSPRyoy band at around 850 nm (Figure S2a) versus
LSPR(,. band at around 800 nm (Figure 1b)) and a higher
LSPR/TSPR ratio for TOH chains (Figure S2b). However,
when aromatic thiols are used within the assembly, the LSPR/
TSPR ratio of the TOH chains is decreased significantly by
15.5%, whereas the LSPR/TSPR ratio of assembled NCs is
only decreased by 3.5%. In addition, the use of 2-
naphthalenethiol increases the LSPR redshift by 46 nm for
TOHs and by 89 nm for NCs. Therewith, NCs and TOHs

20777

form longer structures accompanied by a decreased LSPR/
TSPR ratio by the use of aromatic thiols, but the chain
structure of the TOH assemblies is significantly more
disturbed. In general, aromatic thiols preferentially adsorb to
{100} facets due to the more frequently occurring bridge sites
on these facets. Thereby, the adsorbed aromatic thiols prefer
an upright orientation, which should be more favorable for the
dipole induction.”” Consequently, the presence of aromatic
thiols during the assembly is more supportive for gold cubes
and less supportive for TOHs by reducing the possible amount
of assembly contributing faces.

To have a closer insight, complementary to the in situ
investigation of the NP chains via UV-—vis absorption
spectroscopy, the formed TOH NP chains were investigated
ex situ by electron microscope techniques. Therefore, growing
nanoparticle chains were transferred after different assembly
times onto silica substrates by the application of perpendicular
centrifugal forces (Figure 2a). By doing so, the assembly is
stopped immediately, and dryinsg artifacts, such as agglomer-
ates (Figure S4a), are reduced.” The recorded images of the
chains were analyzed by a self-developed image processing
algorithm.”’ Thereby, chain length distributions of the NP
chains (Figure S4b) are available, which show chain lengths up
to 1000 nm. Figure 2b displays a SEM image of the formed
TOH chains (without aromatic thiol) after S min of reaction
time and the corresponding image processing result. Here, the
detected chains are colored yellow. Thus, the degree of
polymerization distribution of the NP chains is determinable in
molar (Figure 2c) and weight fraction (Figure 2d) in analogy
to a classical polymerization (N, equals the amount of single
gold particles, similar to a classical monomer, and N, ., equals
the number of chains with n particles). By presuming a
Schulz—Flory distribution, typical polymerization parameters
as the conversion can be calculated. Comparing the chain
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length distribution of assembled TOHs after S min reaction
time (Figure 2c,d), at which the assembly was performed in
one case with thiols (4-methoxythiopenol) and without
additional thiols in a second case, the assembly speed
increasing influence of the aromatic thiol becomes visible.
The conversion after S min is increased from 0.84 to 0.88 for
4-methoxythiophenols, and the maximum of the polymer-
ization distribution (weight fraction) could be shifted toward
higher values from 5.4 to 7.0. Even though the weight fraction
weighted distribution exhibits a broader uncertainty and an
inferior quality of the distribution fitting compared with the
molar weighted distribution, the determined conversions are in
good agreement. Thereby, the ex situ measurements confirm
the in situ UV—vis data.

To investigate the electrical conductivity of the produced
NP chains, tailored gold nanoelectrode structures were
produced on silicon substrates with a thermal oxide layer.
Subsequently, the NP chains were transferred to the substrate
by centrifugal forces, which resulted in bridging of the
nanosized electrodes. The electrodes consist of Cr/Au (3/50
nm) and have a spacing of 200—700 nm, matching the usual
chain lengths as can be seen from the chain distribution in
Figure S4b. A nanoprobing system transferred to a SEM
chamber allows one to select the most linear Au NP structures
and perform current—voltage (I—V) measurements (Figure
S5). In this study, four different gold NP systems are
investigated and compared, namely, TOHs with 2-naphthale-
nethiol (TOHy,p), 4-methoxythiophenol (TOHyop) and
without an additional aromatic thiol (TOHcpc), and nano-
cubes (NCs) with 2-naphthalenthiol (NCy,p). A test measure-
ment of TOHy,p chains showed that unwanted effects due to
Joule heating, i.e., fusion or even destruction of the NP chains,
can be avoided by keeping the voltage drop per NP below 20
mV (Figure S6). Under these conditions, all contacted NP
assemblies show an ohmic and stable I-V behavior for the five
applied measurement cycles with a vacuum resistance (R,,) in
the MQ regime, as exemplarily shown for a TOHyop chain in
Figure 3a,b. However, to account for branching effects and
different chain lengths, the measured structures were
approximated by a simplified equivalent circuit. Here, it is
assumed that the measured resistance is dominated by the
interparticle gap resistance R,, while the resistance of Au NPs
(<1 Q per NP) can be neglected.35 The contact resistance R. is
approached with half the gap resistance, ie, R. = 1/2R,,
assuming an organic single layer to be present between
electrodes and contacted NPs.

This results in a total resistance of R, ~ 11.1 R, (Figure 3c)
for the displayed TOHyop chain. Therefore, the measured
resistance of 269 & 4 M translates into a gap resistance of 24
MQ. Typical I-V curves and respective equivalent circuits for
the other NP systems are shown in Figures S7 and S8. This
procedure was applied for five different chains of each NP
system, which end up in the box plot, as shown in Figure 3d.
The NPs with an aromatic thiol, namely, TOHyp, NCyap, and
TOH,op, exhibit similar mean gap resistances of 31, 29, and
27 MQ, respectively. Usually, the organic ligands surrounding
the NPs act as a tunneling barrier for electron transport, which
govern the current flow since Rg > h/e¢ ~ 258 kQ.*°
Therefore, measured conductivities in such systems strongly
depend on the length of ligands and the resulting interparticle
distances.”>******* In our study, TEM measurements (Figure
S3) revealed an NP—NP distance of 1.4 + 0.3 and 1.5 + 0.3
nm for NPs covered with 2-naphthalenthiol and 4-methox-
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Figure 3. (a) SEM image of a TOHyop NP chain connected to
prefabricated electrodes. (b) I—V measurements of the NP chain
show an ohmic behavior for low voltages which results in the
calculated resistance Ry,. (c) Schematic drawing of the simplified
circuit for determining the gap resistance R,. Here, contact resistance
R is approximated with 1/2R;. (d) Box plot of the different NP types
that displays a decrease of R, for NP chains without an additional
aromatic thiol.

ythiophenol, respectively, which is consistent with the similar
gap resistances determined for TOHy,p, NCyup, and
TOH,yop. These values are comparable to reported tunneling
resistances for Au NPs separated by an organic thiol
layer.24’27’34’36’46 However, the mean gap resistance is
drastically reduced for TOHcpc with R, = 365 kQ. Here, the
smaller interparticle distance of 0.8 + 0.2 nm leads to almost 2
orders of magnitude higher conductivities compared to the
previous NP systems. This change in resistance is in §ood
agreement with previous considerations in the literature® and
thus confirms well-separated NPs by an organic layer.
Interestingly, the plasmonic properties of such NP chains
seem to be strongly dependent on the ligand type, whereas
their electrical resistance is mainly determined by the resulting
interparticle distance.

All of these findings indicate an electron tunneling
conduction mechanism occurring in these NP chains. Usually,
a thermally activated hopping process wherein the thiolate
layer acts as a tunneling barrier is assumed for such ordered

28 . :

systems.”” Therefore, the inverse of measured resistance R
24,26,47,48

follows

1 e WP EkT

(1)
where 6 is the average interparticle distance, /3 is the electron
tunneling coefficient, E, is the activation energy for electron
hopping between two neighboring NPs, kg is the Boltzmann
constant, and T is the applied temperature. For ordered
structures, it can be assumed that a defined organic layer is
present, i.e., thermal expansion is neglected, and 6 and f are
constants.”” According to this, eq 1 can be simplified to

1

Ao E/kT

)
with a temperature-independent prefactor A. The electrical
resistance of single NP chains with aromatic thiols is measured
for temperatures of 80—300 K to investigate the conduction
mechanism in the different NP systems, namely, TOHyap,
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NCyap, and TOHyop. Several samples are measured per type
to confirm the reproducibility of the transport characteristics.
Typical Arrhenius plots are shown in Figure 4. Interestingly, all
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Figure 4. Arrhenius plots of investigated gold nanoparticle chains
with an aromatic thiol at temperatures of 80—300 K.

samples showed an almost temperature-independent behavior
for low temperatures, i.e., T < 170 K, with a similar linear
slope. The activation energies in this low-temperature regime
E,; can be attributed to the charging energy E. of the
nanoparticles****

2
€

T 2C

© 2 (3)
with the elementary charge e and total capacitance of the
nanoparticle C,.,, which consists of the sum of self-capacitance
and mutual capacitance.” For a linear NP chain with a nearest
neighbor number of 2 and relative permittivity of &, = 4
(typical for aromatic compounds*®), this ends up in a charging
energy of ~2.7 meV. Detailed calculations and discussions can
be found in the Supporting Information (Supporting
Information 2). This value is consistent with the activation
energies obtained from the slope of the Arrhenius plot using eq
2 (Table 2). However, in our study, the associated Coulomb

Table 2. Extracted Activation Energies for the High-
Temperature E, (>180 K) and Low-Temperature E,
(<170 K) Regime for the Measured NP Chains in Figure 4

nanoparticle system E,, [meV] E,; [meV]
TOHyop 18 23
TOHyp 10 L1
NCpiap 26 22

blockade and the resulting asymmetric current—voltage
behavior are not observable since the condition E. > kT
(~7 meV at 80 K) is not fulfilled.”® Therefore, even for low
temperatures, all measured samples showed an ohmic I-V
behavior in the investigated voltage range. These findings
imply a thermally activated tunneling mechanism in these NP
systems for T < 170 K.**

More interestingly, the NP chains exhibit another activation
energy for T > 180 K. In this temperature regime, ordered NP
systems often show characteristics of an electron hopping
mechanism.”® It seems like the activation energy E,;, for this
electron transport is decreased for 2-naphthalenethiol
compared to that for 4-methoxythiophenol. A further decrease
is observed if nanocubes are used instead of truncated

cuboctahedra. In general, NCs mainly possess {100} facets,
whereas the TOH particles have comparable surface amounts
of {111} and {100} facets.'® As previously discussed, Au{100}
facets are more favorable for the adsorption of aromatic thiols.
Therefore, the decrease in E,; could imply an increased
amount of adsorbed 2-naphthalenethiol for NC surfaces. Here,
the preferred upright orientation and resulting 7— stacking of
the phenzfl moieties lead to a strong interparticle electronic
coupling.”' Additionally, the NCs exhibit a larger interfacial
area compared to TOHs, which should favor electron transfer
and thus decrease energy barriers.” Consequently, these 1D
structures exhibit almost no activation barrier throughout the
entire temperature range, suggesting a tunneling-dominated
conduction mechanism even at room temperature, which
agrees with the literature.”’ A repeated temperature-dependent
measurement of a NCy,p chain confirmed that the observed
transition of the conduction mechanism is an electronic
characteristic of the NP system, which is independent of the
applied temperature change, i.e., heating vs cooling (Figure
S9). In the literature, a similar transition from a tunneling-
dominated to hopping-dominated electron conduction mech-
anism for increasing temperatures was already observed by
Stansfield and Thomas.*” Here, the electronic properties of
ordered Au nanocrystal films with a thickness of 100 nm
consisting of ~10 nm NPs surrounded by different thiophenol
ligands are investigated. Their extracted activation energies for
4-methoxythiophenol are comparable to those presented here.
This implies preservation of electronic properties from 3D to
1D structures for similar NP systems. In addition, such a
transition in the conduction mechanism is reported for 2D
monolayers of cobalt—platinum NPs with a diameter of 3.5 nm
and oleylamine as ligand,28 i.e,, the observed transition in the
conduction mechanism seems to be typical for ordered metal
NP structures well-separated by an organic layer.

B CONCLUSIONS

In summary, we have demonstrated a dipole-assisted self-
assembly process that facilitates the formation of conductive
chains composed of anisotropic gold nanoparticles. Specifi-
cally, aromatic thiols showed the formation of up to 1000 nm
long chains due to the increased electron density at the surface
of the NPs. The formed nanoparticle chains were electrically
characterized by directly transferring them onto prefabricated
electrodes. The systems investigated exhibit high resistance
tunneling behavior, which is primarily dictated by the
interparticle distance and independent of the aromatic thiol.
However, temperature-dependent measurements revealed a
shift from the thermally activated tunneling to hopping
mechanism as the temperature increases from 80 to 300 K.
Here, the observed activation energies for electron hopping are
dependent on the shape of NPs and the ligands used. For NP
assemblies with strong interparticle electronic coupling such as
NCyap chains, this transition vanishes, and the conduction
mechanism is dominated by tunneling throughout the entire
temperature range. Thus, a chemiresistor sensor that is almost
unaffected by the temperature can be achieved with these NP
assemblies. Furthermore, the chain-like structure should result
in outstanding sensitivities, which will be addressed in future
work.

B METHODS
Chemicals and Materials. Cetyltrimethylammonium bromide
(CTAB) was purchased from Fisher Scientific, cetyltrimethylammo-
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nium chloride 95% (CTAC) and 4-methoxythiophenol were
purchased from abcr. Cetylpyridinium chloride (CPC), gold(III)-
chloride trihydrate, 4-methylthiophenol, 4-nitrothiophenol, 11-
mercaptodecanoic acid 95%, and 2-naphthalenethiol 99% were
purchased from Sigma-Aldrich. Sodium borohydride and potassium
bromide were purchased from Merck. Ethanol >99.8% p.a. and L-
ascorbic acid p.a. were purchased from Carl Roth. 4-Chlorothiophe-
nol >98% was bought from Fluka. Thiosalicylic acid 98% and 1I-
octanethiol 97% were purchased from ACROS.

Overview Particle Synthesis. The gold particles were synthe-
sized by a three-step seed-mediated growth method (in analogy to the
gold particle synthesis by Kirner et al.*’), which was reported
previously in detail.'® In the first step, a seed solution was prepared by
adding sodium borohydride to a cetyltrimethylammonium bromide
(CTAB) solution and tetrachloroauric(II1) acid. Afterwards, the seeds
were added to a mixture of cetyltrimethylammonium chloride
(CTAC) and tetrachloroauric(IlI) acid, resulting in small gold
spheres. Finally, the gold spheres were injected into a growth solution
consisting of cetylpyridinium chloride (CPC), tetrachloroauric(III)
acid, ascorbic acid, and KBr.

Gold Seeds Synthesis. 0.6 mL of a chilled 0.01 M NaBH,, (5—8
°C) was added to a vigorous stirred solution of 7.5 mL of 0.1 M
CTAB and 0.25 mL of 0.01 M HAuCl, at 27 °C and aged for 1 h
without stirring. The seeds were not purified and used immediately
after synthesis.

Gold Spheres Synthesis. 39 g of 0.1 M CTAC and 1 mL of 0.01
M HAuCl, were tempered at 27 °C. Then, 15 mL of 0.01 M ascorbic
acid (27 °C) and 200 uL of seeds were added to the stirred growth
solution. The reaction mixture was allowed to stay overnight at 27 °C.
Typically, 3 mL portions of spheres were centrifuged (9000 rpm/
7690 rcf for 10 min); the slightly pink colored supernatant was
removed, followed by the addition of 0.5 mL of a 0.1 M aqueous CPC
solution. The resulting gold spheres (diameter: 19 nm) solution had a
maximum absorbance of around 0.8 o.d. and were directly used for
the synthesis of truncated cuboctahedra and cubes.

Gold Truncated Cuboctahedra Synthesis. Truncated cubocta-
hedra (TOHs) were synthesized by adding gold spheres solution to a
growth solution consisting of 12.5 g of 0.1 M CPC, 1.25 mL of 0.1 M
KBr, 0.25 mL of 0.01 M HAuCl,, and 0.375 mL of 0.1 M ascorbic
acid solution at 27 °C. It should be noted that the ascorbic acid was
injected into the tempered growth solution 20 min before the gold
spheres injection (100 uL of spheres solution). Then, the reaction
mixture was allowed to stay for around 15 h at 27 °C. The resulting
~38 nm-sized TOHs were centrifuged (9000 rpm/7690 rcf for 10
min; TOHI1), the supernatant was removed, and the particle
concentration was adjusted to 049 mg/mL by the addition of
Milli-Q.

Gold Cubes Synthesis. The gold nanocubes (NCs) were
synthesized at 27 °C by the addition of gold spheres to a growth
solution. The growth solution consisted of 12.5 g of 0.1 M CPC, 0.25
mL of 0.1 M KBr, 0.25 mL of 0.01 M HAuCl, and 0.375 mL of 0.1 M
ascorbic acid solution. The ascorbic acid was injected to the tempered
growth solution 20 min before the gold spheres injection. Then, 300
UL of gold spheres were added to the growth solution which results in
~40 nm-sized gold cubes (Cubel). The reaction was stopped after
~15 h by centrifugation (9000 rpm/7690 rcf for 10 min) of the
reaction mixture and removal of the supernatant. The NC
concentration was adjusted to 0.49 mg/mL by the addition of
Milli-Q.

NP Chain Synthesis. The particles were destabilized by solvent
exchange. Therefore, the stabilized nanoparticles were injected into a
CPC and respective thiol-containing ethanol solution. In a typical
experiment, 62.5 L of gold nanoparticles (0.49 mg/mL) were added
to a mixture of 0.5 mL of CPC solution and 0.5 mL of 10 mM thiol
solution (both solved in ethanol). The temperature was set to 22—23
°C.

Characterization Methods. To enable ex situ investigations of
the NP chains by electron microscopy methods, scanning electron
microscopy (SEM), and transmission electron microscopy (TEM), a
silicon wafer (SEM) or carbon-supported copper grid (TEM) was

20780

placed in the reaction mixture. By applying perpendicular centrifugal
forces (9000 rpm/7690 rcf for 2 min), the NP chains were transferred
directly from the reaction mixture onto the respective substrate. The
substrates were removed and washed with ethanol for a few seconds.
By doing so, drying artifacts were reduced, and a representative
snapshot of the assembly products could be achieved at different
reaction times. TEM images were recorded with a Zeiss TEM Libra
120 operating at 120 kV, and SEM images were recorded with a Zeiss
Gemini 500. UV—vis absorption measurements were executed with a
Varian Cary 50 BIO UV-—visible spectrophotometer. Dynamic light
scattering (DLS) measurements were performed on a Malvern
Zetasizer Nano ZSP.

Electrical Characterization. Silicon substrates with a 1 gm thick
thermally grown silicon dioxide layer were cut into 13.8 X 13.8 mm?
pieces and cleaned in deionized water, followed by acetone and
isopropanol in an ultrasonic bath for 10 min each. Electron-beam and
optical lithography processes were applied to generate Cr/Au (3 nm/
50 nm) electrodes with a spacing of 200—700 nm and additional big
gold contacts adapted to a measurement mask, respectively. The
samples were placed in a vial with the respective nanoparticle—thiol
mixture and centrifuged (2 min at 9000 rpm/7690 rcf). Hereby,
formed NP chains were randomly deposited on the whole substrate.
Afterward, the samples were transferred into a SEM chamber
equipped with a nanoprobing system from Imina Technologies.
Here, two individual miBot nanoprobers with tungsten tips (radius of
1 um) were used to contact selected electrodes, which are bridged by
a single linear NP chain. The tips were connected to a Keithley 2401,
which can be controlled remotely by a MATLAB program to perform
in situ current—voltage (I—V) measurements. The applied maximum
voltage was chosen so that the voltage drop is less than 20 mV per NP
to avoid any damage due to Joule heating effects. For each contact,
five consecutive forward and backward I—V scans were performed to
check for measurement stability. During electrical measurements, the
electron beam was blocked to avoid influences of incident electrons.
Temperature-dependent I—V measurements were performed in a
cryostat in vacuum (pressure <107 bar) cooled by liquid nitrogen
(80—300 K). Previously, selected electrodes bridged by NP chains
were contacted with the bigger electrodes by silver paste. To ensure
equilibrium, the samples were kept at each temperature for 1S min
before performing two forward and backward I-V sweeps with a
Keithley 2401.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.4c03713.

Additional UV—vis data of NP self-assembly with and
without aromatic thiol; chain length distribution; TEM
images of the different NP systems; sample layout for
electrical characterization; I—V measurements of the
other NP systems; used simplified equivalent circuits
stability measurements; and detailed calculation and
discussion of the charging energy (PDF)
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