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Arrays of gold nanoparticles (AuNP) covered with organic molecules have promising applications in
biology, electronics, energy, and fundamental physics, among other areas. Here we consider different
approaches to synthesise, coat the AuNP with a ligand and to induce their self-assembly into a network
within one hour. Arrays formed from aqueous AuNP are stabilised with small ions or alkane chains of
8 to 18 carbons long as the assembly is induced. Alternatively, the AuNP are exchanged to an organic
solvent and covered with alkanethiols or oleylamine before the array formation. Beside the length of the
ligand, the network morphology and electronic properties are highly affected by the deposition
conditions. By using a solid-state exchange strategy, we alternately replaced the ligand on the AuNP
with long and short alkanethiols, for which the change of the network’s resistance appears reversible.
Using this ligand exchanged strategy, we replaced a commercially available alkanethiol with a bespoke
naphthalene diimide, resulting in improved conductivity of the networks and their stability in air.
Crucially, this simple, rapid, and versatile AuNP-organic network formation offers a platform to the
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Introduction

Gold nanoparticles (AuNP) are versatile materials with a num-
ber of potential applications, including sensors,"” disease
detection from breath,’® surface enhanced Raman spectroscopy
(SERS),* solar cells,>® transistors,” memory devices® or thermo-
electric applications.”'® These technologies require nano-
particle synthesis,"""” coating with a ligand,"® and their
self-assembly into an AuNP-ligand array (or network)."*™’
The opto-electronic properties of the arrays are correlated
with their morphology, in which voids and cracks are
impediments.'®'® To ease the development of these applica-
tions, a fast and reliable route to form homogeneous AuNP-
ligand arrays is of high interest.

Recently, Martin et al. reported a modified Brust-Schiffrin
method to synthesize 3-5 nm AuNP in 10 minutes.”>*! In this
method, sodium borohydride (NaBH,) converts gold cations
into gold atoms in less than 1 second, forming nanoparticles
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scientific community to investigate the physical and chemical properties of complex molecules.

less than 3 nm in size - in the first instance - that slowly
aggregate to form larger nanoparticles.>' The ratio of Au/NaBH,
is the main factor determining the AuNP diameter, so control of
the synthesis conditions (pH, temperature, heating time) as
in the Turkevich synthesis'*>** is not required. The
small AuNP synthesized with NaBH, can rapidly be exchanged
to hexane without using surfactant, while at the same time,
1-dodecanethiol (DDT) fully covers the AuNP.>® The excess of
ligand remains at the water/organic interface after the phase
exchange, thus no rinsing step is necessary. The hexane colloi-
dal solution can be deposited on the surface of a toluene where
a floating monolayer of AuNP-DDT self-assembles as hexane
evaporated.”®>" Although this self-assembly strategy has been
able to cover a 3 inch wafer, only few works®* have used it for
opto-electronic applications, possibly because the assembly is
highly dependent on the size and charge of the AuNP,*" thus
rendering the monolayer formation challenging. Other strate-
gies to self-assemble AuNP from colloidal solutions can be used
to complement the fast aqueous AuNP synthesis with NaBH,.
Furthermore, the availability of nanoparticles in water or in an
organic solvent presents the opportunity to use self-assembly
methods for both types of colloidal solutions.

Film formation from aqueous colloidal AuNP can be done by
two-phases (liquid-liquid or liquid-air) or three-phases (liquid-
liquid-air, 3pD) deposition methods.'”*>?*® The injection of
ethanol at the water-organic interface destabilizes the AuNP

This journal is © The Royal Society of Chemistry 2023
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and drives them to the water-organic interface. The film
formation at the interface is then guided by the minimization
of the free energy of the AuNP in the total system (liquid-liquid
or liquid-liquid-air).>>*® Coating of the AuNP is achieved at the
interface where a ligand in the organic phase attaches to the
surface. Thus, the half-covered AuNP have a Janus-like mor-
phology. Janus materials are a novel class of functional 2D
materials with properties useful for opto-electronic, energy
storage or catalytic applications.>”

For organic colloidal AuNP solutions, the nanoparticles can
be assembled at a water-air interface by casting the organic
solution on a convex water surface."”””*" As the organic
solvent evaporates, a monolayer assembles at the surface of
water and can be transferred to a substrate using a polydi-
methylsiloxane (PDMS) stamp in a lift-off manner.

In this work, we used different techniques to self-assembled
gold nanoparticles from aqueous or organic colloidal solutions
into half-covered or fully covered AuNP-ligand arrays. By using
those different assembling strategies, ligands consisting of
small ions up to eighteen carbons long alkane chains can be
grafted on the nanoparticles. We combined electrical and
morphological analysis to study the effects of deposition con-
ditions and ligand length on the AuNP-ligand arrays proper-
ties. Using a particular route, all necessary steps in the
formation of a homogeneous and uniform AuNP-alkanethio-
late monolayers (synthesis, coating, self-assembly and transfer
to a substrate) can be done under one hour. Using a solid-state
exchange strategy, the initial ligand can be replaced by another
ligand in a reversible manner. Therefore, the AuNP-ligand
arrays offer a rapid and reliable platform to study the properties
of more complex molecules, which we demonstrate with a
bespoke naphthalene diimide ligand.

Experimental method
Gold nanoparticle synthesis in water

The synthesis of gold nanoparticles in water follows the work
of Martin et al.*' Briefly, a stock solution of gold(m) chloride
(HAuCl,;-H,0, 50 mM) was made using an aqueous solution of
hydrochloric acid (HCI, 50 mM). This AuCl, /H" stock solution
is stable for months at room temperature. A stock solution of
sodium borohydride (NaBH,, 50 mM) was made using an
aqueous solution of sodium hydroxide (NaOH, 50 mM). This
BH, /OH™ solution is stable for a few hours at room tempera-
ture. We used 30 mL soda glass vials from Wheaton. The
aqueous colloidal synthesis did not work in borosilicate glass
vials with the solution turning black immediately after adding
NaBH, (Fig. S1, ESIf). Deionized water was added to 100 pL of
AuCl, /H" to reach a total weight of 10 g. While the solution
was vigorously mixed with a mechanical mixer, 550 pL of BH, /
OH™ solution was added. The solution was further mixed for
one minute to allow for the release of hydrogen gas formed
during the reaction. Then, the AuNP solution was placed on a
hot plate at 100 °C for five minutes. Immediately after, the hot

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry C

solution was cooled by placing the vial in a beaker of water for
several minutes.

Monolayer formation from aqueous AuNP

We used the three-phases deposition method - 3pD - as
reported by Yang et al.>® Briefly, 4.5 mL of a mixture of hexane
and chloroform (1:1 v%) containing the organic linker was
poured in a glass Petri dish with a substrate. Then, 1 mL of
aqueous AuNP solution was added over the substrate with the
top of the aqueous droplet exposed to air. The concentration of
organic linker was calculated according to the diameter of the
nanoparticle. The diameter of one AuNP allowed determination
of its volume. Assuming that the volume of one Au unit cell is
0.0679 nm,? the number of unit cells per AuNP was obtained. As
there are four gold atoms per unit cell, the number of gold
atoms per AuUNP was calculated. Considering that all Au*" ions
are reduced to Au’, the number of Au atoms in the aqueous
solution was known, hence the number of AuNP in solution.
Furthermore, the AuNP’s diameter provided the surface area of
an AuNP. Assuming the surface coverage of the Au-S bond to be
~0.21 nm>>** we calculated the number of organic linkers
needed to cover all the AuNP in solution. Then, using stock
solutions of linker in hexane at 1 mg mL ™" we calculated the
volume of ligand needed to coat all the AuNP in 1 mL. For all
linkers, this theoretical volume was multiplied by five to ensure
enough molecules were adsorbed on the AuNP. We used a
similar surface coverage for oleylamine as for the alkanethiols
despite bonding through the amine group. Note that our
calculation overestimates the concentration of ligand as com-
plete coverage of the AuNP is assumed.

The monolayer formation was induced by the addition of
ethanol to the organic phase. We carefully added 75 pL of
ethanol in 20-30 seconds on top of the organic phase. We
repeated this step until a monolayer larger than 1 cm® formed
at the air/water interface (~650 puL needed). Finally, the excess
of organic and aqueous solutions was drained to land the
monolayer on the substrate, and the film dried in air. Later,
we refer to oleylamine as OA and the alkanethiols as Cx, where
x is the number of carbons along their chain.

Phase exchange in organic solvent

Stock solutions of the different organic linkers in hexane were
prepared at 1 mg mL ™. The phase exchange of AuNP in water
to an organic solvent was done following the recipe by Martin
et al.:*' 5 grams of acetone were added to the AuNP in water and
shaken for 1-2 seconds. To that, 5 grams of organic solvent
containing the organic linker were added and the solution
vigorously mixed by hand for 30 seconds. Here, the molar ratio
of organic molecules to gold nanoparticles was fixed at 10%
for all linkers. After a few minutes, the acetone-aqueous
phase became transparent, and the organic phase acquired a
deep red colour. Although this phase transfer method was first
reported for hexane, we successfully transferred the AuNP not
only to hexane but also a mixture of hexane-chloroform
(1:1 wt%).

J. Mater. Chem. C, 2023, 11, 16518-16526 | 16519
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Monolayer formation from organic AuNP

For all organic colloidal AuNP solution, we dropped 150 pL on
the convex surface of water in a PTFE beaker. The monolayers
were formed in ~1 minute as the organic solvent evaporated.
The monolayer was removed from the water surface using a
PDMS stamp (Dow, Sylgard 184). After drying the PDMS stamp
with a nitrogen flow, the monolayer was transferred to the
substrate by gently pressing the stamp on it.

For the resistance measurement, we formed a monolayer on
the convex water surface and covered 40 devices at a time using
a rectangular stamp (1.5 x 0.3 cm). We then repeated this
process using the same monolayer to cover the next 40 devices
on the interdigitated electrodes (IDE) chip.

UV-Vis spectroscopy

UV-Vis spectroscopy is performed with a Shimadzu UV-Vis 2600
with glass cuvettes (Ossila, path 10 mm). For all measurements,
the aqueous AuNP solution was diluted to 0.0125 mM and the
organic AuNP solutions were diluted to 0.1:4. The solutions
were at room temperature before the measurement. The spec-
trometer was calibrated with pure solvent (water, pure hexane,
or a 1:1 wt% of hexane-chloroform) for the colloidal solutions
or a blank ultra-flat quartz coated glass substrate (Ossila). The
absorption spectra of all solutions and films were normalized
to the surface plasmon resonance peak (SPR) for comparison.

Atomic force microscopy

Atomic force microscopy is performed with a Bruker Dimension
Icon in tapping mode.

SEM

Scanning electron microscopy (SEM) is performed on a FEI
Inspect F under a voltage of 10-20 kV. Depending on the
formation method, the arrays were either stamped or drained
to silicon substrates (Ossila, resistivity of 0.0005 to 0.001 Q cm).

TEM

Transmission electronic microscopy (TEM) was performed with
a JEOL 1240. As for the SEM, the arrays were either stamped or
drained to TEM grids (Agar scientific) depending on the for-
mation method. The AuNP diameter was estimated using
Image] on more than 30000 nanoparticles per type of AuNP-
ligand array. The centre-to-centre distance between AuNP was
estimated using a nearest neighbour distance algorithm on the
same set of nanoparticles used for the diameter estimation.

Resistance measurement

The resistance of each AuNP-molecular array was measured on
80 devices. One device consisted of 100 pairs of interdigitated
electrodes (width 1.2 um, length 35 um, overlap 34.4 pm) with a
gap of ~600 nm between digits (unless specified). The metal
electrodes (10 nm Ti, 50 nm Au) were evaporated on doped Si
substrate (10-20 mQ cm) by ConScience (Sweden). The resis-
tance of the molecular arrays was measured using a Keithley
4200 SCS in a two-probe configuration by applying +1 V

16520 | J Mater. Chem. C, 2023, 11, 16518-16526
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(step 0.01 V) and measuring the current. All measurements
were made under vacuum.

Freestanding P3HT film

Poly(sodium 4-styrenesulfonate) (NaPSS, M,, ~ 70000, Sigma-
Aldrich) and poly(3-hexylthiophene-2,5-diyl) (P3HT, M1011,
97.6% regioregular, Ossila) and chlorobenzene (CB, Sigma-
Aldrich) were used as received. A 10 wt% solution of NaPSS
in water was spin coated on glass substrates at 3000 rpm
60 seconds, then the substrates were annealed at 80 °C for
30 minutes. A solution of P3HT in CB (2 mg mL™ ') was spin
coated at 3000 rpm for 30 seconds. The substrates were
immersed vertically in deionised water inducing the dissolu-
tion of the NaPSS, leaving a freestanding film of P3HT at the
water surface. The P3HT film was then transferred in a lift-off
manner to the 3pD layers and dry under vacuum for two hours.

Raman spectroscopy

A Renishaw inVia Raman system with a 633 nm excitation
wavelength. All measurements were done using a x50 objective
(spot size of ~5 pum?®), 0.1% of the laser power (~pWw),
10 seconds illumination and three repetitions.

Nuclear magnetic resonance spectroscopy

"H-NMR measurements of the coated AuNP were conducted on
a Bruker Avance III 600 MHz spectrometer at 298 K. Solids were
dissolved in approximately 0.6 mL of D,O (>99.9%). Chemical
shifts (0) are reported in parts per million (ppm), using the
residual solvent peak at () 4.79 as internal standard.

Results and discussion
Aqueous AuNP and self-assembly by 3pD

The UV-Vis absorption spectra of several aqueous AuNP solu-
tions made with the same molar quantity of NaBH, indicated
high reproducibility of this synthesis route (Fig. 1(a)).
The surface plasmon resonance peak (SPR) was observed
at 514 nm, as expected for AuNP with a diameter smaller than
10 nm.** We used the model described by Haiss et al. to
estimate the nanoparticles’ diameter.*® From the measured
absorbance at the SPR peak and the concentration of AuNP in
water, the diameter of our AuNP was estimated at 3.8 +
0.26 nm, in good agreement with the expected diameter for
this molar concentration of NaBH,.>*

In the 3pD assembly (Fig. 1(b)), the aqueous AuNP are
partially covered with a mixture of hexane-chloroform contain-
ing the ligand. The addition of ethanol destabilised the nano-
particles which move toward the water-organic interphase
where they are coated by the ligand. It was shown that these
nanoparticles acquire a Janus structure, with half of their
surface covered by the ligand and the other half remaining
stabilised by the reducing agent used in the synthesis. The
coated AuNP formed islands that migrated to the water-air
interface from the water-organic interface. At the water-air
interface, the islands rearranged to form a large layer. As

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) UV-Vis spectra of multiple solutions made with the same volume of NaBH4 showing excellent reproducibility. (b) Schematic of the 3pD

assembly, where the injection of ethanol incudes the formation of AuNP islands and their coating with a ligand as they migrate toward the water—air
interface. The impact of ligand concentration in the organic phase is shown for the theoretical concentration of ligand (n = 1, blue film) and at a
concentration 10 times greater (n = 10, purple film). UV-Vis absorption of AUNP—C8 and AuNP-C12 films made by the 3pD. (c) AuNPs can be fully coated
by a ligand during the phase exchange to an organic solvent (vial). The UV-Vis absorption of AuNP-ligand in hexane—chloroform is compared to the
aqueous AuNP (bottom left). After assembly on a convex water surface, films of any size and shape can be transferred to a substrate (top right). UV-Vis
absorption of AUNP-C8 and AuNP-C12 made from a mixture of hexane-chloroform (bottom right). The dotted line in all insets represents the SPR peak

of AUNP-C8 (solution or film).

coating of the AuNP is done at the water-organic interface, the
concentration of ligand in the organic phase is crucial to ensure
enough adsorption of the linker on the AuNP. Monolayers
formed with the theoretical concentration of C12 (n = 1), or
ten times more (7 = 10) had a blue and purple colour, respec-
tively (Fig. 1(b)-top). AuNP monolayers formed with short
alkanethiols (10 carbons or less),** mercaptopropionate or
citrate ions*> were of a blue colour comparable to our n = 1
sample, which indicates that the nanoparticles were closely
packed. The electrical resistance of AuNP-C12 (n = 1) layer is
comparable to that of AuNP stabilized by boron hydrate
(Fig. S2, ESIT). Hence, using the theoretical concentration of
ligand n = 1 is considered insufficient to coat the AuNP.
The reflected colour shifted toward purple as the distance
between nanoparticles increased,*® like what we observed
for our n = 10 film (Fig. 1(b)). However, one can see that this n =
10 film is inhomogeneous and has thick edges. In what follows,
all AuNP-ligand networks were formed with a ligand concen-
tration of n = 5.

The absorption spectra of the 3pD arrays (Fig. 1(b)-bottom)
show a single and broad band between 500-900 nm centred at
674 nm (3pD-AuNP-C8) and 670 nm (3pD-AuNP-C12). It is
known that the SPR peak strongly depends on the interparticle
distance and of the dielectric constant on the surrounding
media.?” Our results are in good agreement with previous work
on 3pD arrays where a broad absorption band blueshifts as the
length of the ligand increases.”® However, as seen below, these
broad SPR bands centred at ~670 nm are indicative of stacking
of AuNP and not monolayers.

We used a combination of AFM, SEM and TEM to character-
ise the films made by the 3pD. The AFM showed an average
thickness of 8-12 nm, corresponding to 2-3 layers of AuNP
(Fig. 2(a) and Fig. S3, ESIt). Whether assembled with a ligand
or not, all 3pD layers are inhomogeneous with multiple defects

This journal is © The Royal Society of Chemistry 2023

and partial coverage of the substrate. We observed randomly
distributed aggregates on the surface or forming long trails of
~10 nanoparticles thick on some locations. We also noted
partial reorganisation of the AuNP islands at the water-air
interface, resulting in voids in the films (Fig. 2(a), (b) and
Fig. S3, ESIT). Also, the edges of the islands overlap resulting
in a thicker film in some locations. A closer look at the islands
reveals a multitude of partially connected islets, some being
monolayers and others stacks of multiple AuNP (Fig. 2(b)-bottom).
These defects might have formed during the 3pD assembly, as
seen in the Video S1 (ESIt) where the addition of ethanol
destabilises the water-air and water-organic interfaces. Also, the
draining step to land the films on the substrates might induce
cracks in the films. This is shown in Fig. 1(b) where the hole at the
top of the film is caused by the syringe, and the draining step
induced a long crack of the entire film’ length.

For the 3pD assembly, the film inhomogeneity induced
the broad distribution of the device resistance spanning
several orders of magnitude (Fig. 2(c)). McCold et al. have
shown that the network’s quality is the key parameter in
the charge transport characterization of AuNP-ligand
arrays, where defects and voids in the films cause unreliable
measurements.”® In our interdigitated electrode design, the
resistance of one device corresponded to the equivalent resis-
tance of the 100 sets of electrodes. Hence, defects or partial
coverage of a set of electrode will affect the (equivalent)
resistance of a device (Fig. S3, ESIt). Devices with resistance
less than 10 kQ have an ohmic behaviour, consistent with
multiple layers of AuUNP covering the electrodes.*® On the other
hand, devices with the highest resistances showed a small
charging effect under a bias larger than +0.5 V. Although
observed in monolayers of AuNP-C8,*° this charging effect
could be induced partial covering of the electrodes as it is also
visible in the AuNP layers without ligand (Fig. S4, ESI). At room

J. Mater. Chem. C, 2023, 11,16518-16526 | 16521
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(a) AFM images of 3pD layers assembled without ligand in the organic phase (left) and with dodecanethiol (n = 5, right). The dashed lines indicate

the profile position. (b) TEM images of the AuUNP islands assembled during the 3pD (top) and higher magnification of an island showing individuals AUNP
assembled in 2D arrays with random stacking of AuNP. (c) Distribution of device resistance for 3pD layers assembled with different ligands. (d) Schematic
of the deposition of freestanding P3HT thin film. The AFM image show the thin P3HT film transferred to a silicon substrate. (e) SERS activity of P3HT
transferred on to the 3pD layers (left) and zoomed in view on the C-S—C vibration of P3HT (right).

temperature, charge transport in metal nanoparticles arrays fol-
lows the sequential tunnelling mechanism.?”*° Hence, by increas-
ing the length of the ligand, the distance between the AuNP
increases, which translates to an increase of the resistance of the
arrays. Although we noted a resistance increase with the length of
the ligand (Fig. 2(c)), charge transport characterization in AuNP-
ligand arrays assembled by the 3pD is challenging because of
their inhomogeneous morphology.

Nevertheless, the 3pD formation enabled rapid Janus-like
coating of AuNP with ligands of any length, which have applica-
tions in surface enhanced Raman scattering (SERS).>>*' While
previously demonstrated by drop casting rhodamine 6G, we
demonstrated the SERS capabilities of the 3pD arrays by transfer-
ring a 4 £+ 1 nm film of poly(3-hexylthiophene) (P3HT) on top of
the arrays (Fig. 2(d) and (e)). P3HT transferred to a plain silicon
substrate showed a weak peak at 1440 cm™*. When transferred to
a 3pD array, all vibration modes of P3HT can be clearly seen.
Because the ligands are carbon chains, their main Raman bands
overlap with those of P3HT in the 1200-1600 cm ' region.
Therefore, we used the C-S-C vibration of P3HT at 735 cm ™' to
calculate the enhancement factor (EF) by:*

2
EF — (ISERS)
I

| J Mater. Chem. C, 2023, 11, 16518-16526

16522

With Iggrs and I, the intensities of the Raman band of
interest on the SERS layer and on silicon, respectively. The
highest EF measured was for AUNP-C8 (1.6 x 10°), followed by
AuNP-C12 (6.3 x 10%), AuNP-OA (3.1 x 10%) and AuNP (1.6 x
10%). These EF values are comparable with AuNP monolayers
assembled by different strategies.*"*>

Organic AuNP and self-assembly on a convex water surface

Starting with a similar aqueous AuNP as in the 3pD formation,
we coated the AuNP with C8, C12 or OA during phase exchange
in pure hexane or a 1:1 wt% mixture of hexane-chloroform
(Fig. 1(c) and Fig. S5, ESIT). After the phase exchange, the SPR
peak broadened and redshifted to 518 nm (AuNP-C8) and
520 nm (AuNP-C12) (Fig. 1(c)). This was expected as the
different dielectric constant and refractive index of the solvents,
and the outer shell of ligand around the AuNP are known to
affect the SPR.** Changing the organic phase to pure hexane
had little effect on the SPR peak (Fig. S5, ESIf). Because
chloroform is denser than hexane and water, it should remain
at the bottom of the vial during the phase exchange to hexane-
chloroform, hence transferring the AuNP to hexane only (or
half of the organic phase). We performed a phase exchange to
pure hexane with twice less organic solvent, and the SPR peak
was not affected either (Fig. S5, ESIf). Independent of the

This journal is © The Royal Society of Chemistry 2023
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organic phase used, phase exchange with OA was more challen-
ging than with C8 or C12 with the AuNP sometimes agglomer-
ating at the aqueous-organic interface. We were not able to
identify the parameters influencing the successful phase
exchange with OA. As compared to C8 and C12, the UV-Vis
spectrum of AuNP-OA was much broader and red-shifted (Fig.
S5, ESIT). Upon assembly on a convex water surface, the UV-Vis
of the layers showed a single peak centred at 560 nm (AuNP-
C8), 554 nm (AuNP-C12) and 569 nm (AuNP-OA) (Fig. 1(c) and
Fig. S5, ESIt).

We looked at the topography of the layers to assess the
influence of the organic phase on the networks (Fig. 3 and
Fig. S6, ESIt). On the top row, the AFM scan of an AuNP-C12
array formed from a colloidal hexane solution, presented
a reticulated aspect. The AuNP-C12 seems to assemble into
2-3 um wide ribbons around circular void areas. Although voids
were predominant in the array, a continuous and homogeneous
network is observed over the whole scan area. The film thick-
ness was ~ 5.4 nm, consistent with the AuNP diameter + ligand
length, confirming the self-assembly of the nanoparticles into a
2D array (Fig. 3-middle). On the other hand, the voids induced
an irregular coverage of the electrodes. An AFM scan of a set of
IDE showed the long continuous network connecting the
electrodes so as the inhomogeneous coverage of the gap
between them (Fig. S6, ESIt). The reticulated topography was
not observed when arrays were cast from a mixture of hexane-
chloroform (Fig. 3-bottom and Fig. S6, ESIt). The 50 x 50 pm
scan of AuNP-C12 array showed almost complete coverage of
the area whereas the voids were greatly reduced. The horizontal
profile line indicated similar thickness as for pure hexane
monolayer but with homogeneous coverage over tens of micro-
metres. At the nanoscale, the AuNP were closely packed, form-
ing an almost defect-free monolayer. Although we observed a
short-range order over ~100 nm, we did not observe long-range
order in the 2D arrays (Fig. 3(b)). From the TEM images, the
AuNP diameter was estimated at 4 4+ 0.9 nm in all array-ligands
cast with different organic phases. We estimated the length of
the ligand between AuNP by subtracting the averaged diameter
of the AuNP from the centre-to-centre distance between the
AuNPs (Fig. S7, ESIt). Although the large error bars in our
analysis do not allow precise measurement of the ligand’s
length, the trend suggests an increase of AuNP spacing with
increasing length of the alkanethiol. Despite being longer than
C12, the distance between AuNPs was comparable to or shorter
than that observed in AuNP-OA monolayers. Contrary to alka-
nethiols, OA possesses an unsaturated carbon-carbon double
bond forming an angle of 120° with the adjacent single carbon
bond.*® As a result, OA allows for closer packing of adjacent
AuNP when linear alkanethiols chains form interdigitated
structures with the chains on the neighbouring AuNP.

At room temperature, all networks showed Ohmic behaviour
under a bias of +1 V; only a small charging effect was observed
for devices in the high end of the resistance distribution
(Fig. 3(c)). This charging effect could be due to greater voids
in the monolayers resulting in partial coverage of the electro-
des. The narrow distribution of device resistances is a

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) AFM of AuNP-C12 monolayers assembled on a convex water
surface from pure hexane (left) and hexane—chloroform (right). The
dashed lines indicate where the profile line was taken. (b) TEM images of
AuNP-C12 monolayers assembled from hexane—chloroform, long range
(left) and short range (right). (c) Distribution of the device resistance for
AuNP-ligands monolayers cast from hexane or hexane—chloroform. The
IV traces are from devices with the highest resistances for each type of
array.

consequence of the homogeneous morphology of the mono-
layers. Arrays cast from pure hexane had a higher average
resistance than arrays cast from hexane-chloroform because
of their reticulated morphology and partial coverage of the
electrodes. Nonetheless, a clear increase of the devices
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Table 1 Electrical conductivity of AuNP-ligand monolayers
Ligand Diameter (nm) c(Sem™) Ref.
CgSH 441 1.2 + 0.4 x 10”7 (hexane) This work
4+1 2.5 4+ 1.1 x 10~ ° (hexane-chloroform) This work
1.2 1.8 X 0.8 x 107° 45
1.6 £ 0.8 9 x 107° 46
C;,SH 441 7.2 4+ 3.5 x 10”% (hexane) This work
4+1 2.2 + 2.0 x 107 (hexane-chloroform) This work
4.6 2 x 1077 47
4.8+ 0.6 7.8 x 1078 48
1.2 23+£0.8x 1077 45
1.6 £ 0.8 5x 1077 46
C,3NH, 4+1 0.8 &+ 1.4 x 10~ ® (hexane) This work
4+1 3.6 + 1.5 x 10~° (hexane) This work

resistance can be seen as the length of the ligand increased. For
interdigitated electrodes and a film thickness smaller than the
electrodes, the electrical conductivity (o) of the arrays is given by:**

L
2N -1)xIxtxR

o=

With L the spacing between the electrodes, N the number of
pair of electrodes, [ the overlap of the electrodes, ¢ the thickness
of the arrays and R its resistance. Using the average resistance
of the arrays (Fig. 3(c)), the electrical conductivities of our
AuNP-ligand monolayers are in excellent agreement with pre-
vious works (Table 1).

The homogeneous and uniform monolayers can be used as
platforms for ligand exchange with molecules that are unable
to coat AuNP during phase exchange. Previous ligand
exchanges in a solid state have been demonstrated with
AuNP-C8 and single® or dithiolated oligo(phenylene ethyny-
lene) (OPE),*®?° oligo(phenylene vinylene) (OPV)*® or perylene
tetracarboxylic diimide derivative with pyrroline moieties sub-
stituted at the bay positions.’® Here, we replaced C12 with
butanethiol (C4), as we failed to coat and exchange the AuNP to
hexane-chloroform with this short alkanethiol (Fig. 4). The

1012 A

1010 4

-
o
®

Resistance (Q)
3

=

o
>
L

102 4

C4 — C12
1mM in acetone (5h) | 1mM in acetone (24h)|1mM in acetone (24h)

AuNP-C12

Fig. 4 Resistance changes of an AuNP-C12 array when C12 is replaced by
butanethiol (C4) and subsequently replaced by C12. The gap between the
IDE for this sample was 1 um.
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replacement of C12 by C4 is possible because the space
between the AuNP is large enough to accommodate C4. After
immersion for 5 h in a 1 mM solution of butanethiol in acetone,
the resistance of 80 devices decreased by ~2 orders of magni-
tude to 10°-10° Q, consistent with the change of resistance
observed with the length of the ligand. The resistance of the
devices did not further change upon immersion for 24 h
(Fig. 4). Furthermore, the ligand exchange process was rever-
sible, as evidenced by the devices recovering their initial
resistance when immersed in 1 mM of dodecanethiol in
acetone for 24 hours. This reversible substitution of the organic
linker implies that the morphology of the AuNP network is not
affected by long immersion in acetone and remains compar-
able to the initial state when cast. Note that we did not optimize
the concentration of ligand, solvent, temperature, or immer-
sion time, all of which are known to affect the solid-state ligand
exchange process.>"*>

The solid-state ligand exchange process was also performed
with a naphthalene diimide (NDI) derivative, namely 3-(7-(2-
(octyldisulfaneyl)ethyl)-1,3,6,8-tetraoxo-3,6,7,8-tetrahydrobenzo-
[Imn][3,8]phenanthrolin-2(1H)-yl)propanoic acid (7). NDI com-
pounds are known for their air stability which makes them
promising n-type electronic materials.”® The detailed synthetic
procedure for compound 7 can be found in the ESIt (Fig. S8-
S11) and is summarised in Scheme 1. NDI derivative 7 was
functionalised with both a disulfide group to facilitate anchor-
ing to the AuNP,>* as well as a carboxylic acid group to enhance
solubility in polar solvents. In addition, the polar carbocyclic
acid groups facilitate hydrogen bonding between decorated
AuNPs or alternatively promote dispersion in solution, espe-
cially when deprotonated (pH 8). Two chips of 80 devices were
covered with a hexane-chloroform AuNP-C12 monolayer, one of

them acting as a control sample.
[o} o
O N/\)]\OH
0. O o
CrHisSig N
o
7

Scheme 1 Synthetic pathway towards NDI derivative 7.

NHg~COOH

HzN/\/s‘S/\C7H|5

DMF, 120 °C, 12%
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Initially, the average resistance distribution of both AuNP-
C12 monolayers was alike. After immersing one of the arrays for
4 hours in 1 mM of 7 in acetone, the average resistance of each
device was reduced by half (Fig. S11, ESIt). After one week in
air, the resistance distribution of the control sample spanned
over seven orders of magnitude indicating degradation of the
monolayer. On the other hand, the resistance distribution of
the AuNP-7 layer remained nearly unchanged after one week in
air. Furthermore, the UV-Vis spectroscopy of the AuNP-C12
layer before and after ligand exchange with 7 clearly showed
the signature of the NDI core, thus confirming that C12 had
been replaced (Fig. S11, ESIt). To further evaluate the ligand
exchange and verify if it indeed took place via the formation of
a chemical Au-S bond, we performed "H-NMR experiments on
the AuNP-7 and compound 7 (Fig. S12, ESIf). Comparing
the two spectra, it becomes apparent that numerous new
proton environments arise in the AuNP-7 spectrum, further
evidence of the successful binding of 7 on the AuNP surface.
The spectra can be roughly separated into two regions, down-
field (9.0-7.0 ppm) and upfield (4.5-0.5 ppm). The downfield
region reflects the aromatic proton environment and multiple
new peaks with complex splitting patterns arise once 7 is bound
to the AuNP surface. Similarly, a series of additional peaks were
recorded for AuNP-7 further upfield in the spectrum resulting
from the different chemical environments in the side chains of
7. It is unlikely that these changes are the result of chemical
modifications to the structure of 7 when bound to gold, but
rather reflect the presence of numerous chemical species
bound to the AuNP resulting in a variety of distinct chemical
environments.”” Specifically, we could expect dodecanethiolate
from the original ligand shell, as well as octanethiolate and
2-(7-(2-carboxyethyl)-1,3,6,8-tetraoxo-3,6,7,8-tetrahydrobenzo
[[mn][3,8] phenanthroline-2(1H)-yl)ethane-1-thiolate, the two
products resulting from the dissociation of the disulfide bond
in 7, to be present on the AuNP surface.

The family of NDI molecules is particularly interesting as
multiple side chains or groups can be attached to the core,
hence changing the physical and chemical properties of the
molecule.’>” This simple ligand exchange proves that our
AuNP-ligand arrays can be used to study the properties of
bespoke molecules.

Conclusions

In this work, we combined the advantages of the Martin
method for synthesis of aqueous colloidal gold nanoparticles
with different AuNP-ligand array formation methods. The
aqueous AuNP were assembled by the three-phase deposition
method to form Janus-like AuNP-ligand monolayers. This
deposition method can form em? films with small ions stabiliz-
ing the AuNP or with molecular spacers of 8-18 carbons in
length; however, 3pD assembly is sensitive to the deposition
conditions and an inhomogeneous films consisting of multiple
layers of nanoparticles tend to form. The rapid phase exchange
and coating of the AuNP developed by Martin et al. was

This journal is © The Royal Society of Chemistry 2023
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extended to different organic solvents and linkers such as
octanethiol, dodecanethiol or oleylamine. By using a convex
water surface, we were able to assemble cm® AuNP-ligand
monolayers in a minute. Morphological characterizations
showed that phase exchange to a mixture of hexane-chloroform
allowed self-assembly of almost defect-free monolayers,
whereas phase exchange with pure hexane induced monolayers
with a reticulated aspect. The resistance of the devices was
dependent of the quality of the network but, the resistance of
all monolayers showed an increase of approximately one order
of magnitude when the length of the ligand increased by four
carbons. Finally, the alkanethiols coating the AuNP could be
exchanged by a molecule of interest by soaking the layers in
solution. With the present strategy, a reliable platform to
investigate the opto-electronic properties of molecules can be
synthesized and assembled in less than one hour.
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