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The final performance of a molecular electronic device is determined by the chemical structure of the
molecular wires used in its assembly. Molecular place-exchange was used to incorporate di-thioacetate
terminated molecules into ordered arrays of dodecanethiol capped gold nanoparticles. X-Ray photoelectron
spectroscopy confirmed successful molecular replacement. Room-temperature molecular conductance of a
statistically large number of devices reveals that conductance is enhanced by up to two orders of magnitude
for the di-thioacetate terminated molecules. Density functional theory transport calculations were
performed on five different configurations of the di-thioacetate molecules between gold electrodes, and the
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calculated average conductance values are in good agreement with the experimentally-observed
conductance trend. Our findings highlight important cooperative effects of bridging neighboring gold
nanoparticles and choice of appropriate molecular wires when designing devices for efficient transport.
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Introduction

Self-assemblies of molecularly linked gold nanoparticles
(AuNPs) have recently attracted significant attention due to their
versatile chemical, electrical and optical properties,"” making
them promising for advanced technologies such as sensors,®’
optoelectronics,® biomedical devices,” thermoelectrics' and
others."™? The nanoparticles act as nanoscale contact electrodes,
and various molecules can be attached to the nanoparticles via
anchoring groups.® The properties of the network can be tailored
by controlling the nanoparticle size and modifying the organic
matrix. A wide range of anchor groups have been investigated in
self-assembled monolayers (SAMs) studies, but the dominant
systems in the literature are superlattice structures formed from
AuNPs encapsulated with thiols."® Despite the availability of
significant data on the synthesis, assembly and structure of
thiol-functionalized AuNPs, only fundamental concepts have been
demonstrated so far. Further improvement of device electrical
performance is crucial in developing the next generation of
nanodevices, with valuable real-world function.

In this work, we explore the incorporation of a new set of
dithioacetate (di(SAc))-terminated molecules into SAM AuNPs.

“School of Physical and Chemical Sciences, Queen Mary University of London,
London, E1 4NS, UK. E-mail: m.asaad@qmul.ac.uk

”Department of Chemistry, University of Liverpool, Liverpool, L69 7ZF, UK

¢ School of Engineering, University of Warwick, Coventry, CV4 7AL, UK

dDepartment of Chemistry, University College London, London, WC1E 6BT, UK

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3tc00145h

This journal is © The Royal Society of Chemistry 2023

The structures of these molecules consist of a-ter-, a-bi-thio-
phene and phenyl central moieties connected to alkyl chains as
illustrated in Fig. 1. Single molecule studies have shown that
molecular conductance is largely influenced by electronic
structure of the molecule.*™*® Thus, we chose these three
different central units on the basis of their extent of delocaliza-
tion, ranging from a less conjugated phenyl-based linker to a
well-conjugated o-ter-thiophene moiety. The use of dithioace-
tate termini allows linkage to two different gold nanoparticles
via strong S-Au covalent bonding, which helps improve com-
pactness and robustness of the 2D array, and thus, the final
conductance of the array.'” The electrical properties of these
ligands have been previously explored, at the single-molecule
level, providing a good reference for comparison to self-
assembled monolayers of AuNPs experiments.'® In this study,
the authors found that the presence of the conjugated moiety in
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Fig. 1 Structure and labelling of the molecules investigated in this paper.
Abbreviations between brackets represent the nature of the conjugated
central unit, while the numbers refer to the length of the alkyl chain.
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the alkyl tunneling barrier facilitates transport through coupling
to additional electronic states located on the thiol ending group,
which gives a rise to resonance close to Fermi energy. The
conductance of the molecules exhibited shallow dependence on
the alkyl side chain lengths. Here, gold nanoparticles are initially
stabilized by dodecanethiol (DDT), which is a poor conductor. We
then exploit molecular place exchange to insert the di(SAc)-
terminated molecules into self-assembled DDT-capped AuNPs.
This approach is likely to preserve the size of nanoparticles and
does not interfere with the structural order of the network.>'>"?
X-Ray Photoelectron spectroscopy (XPS) confirmed the successful
insertion of di(SAc) into the 2D arrays. The room temperature
conductance of a statistically large number of devices was mea-
sured in air before and after exchange. We observed that upon
exchange, the conductance of the network increases by up to two
orders of magnitude for the conjugated compounds. Experiment
and theory were employed to understand the conductance beha-
vior of the di(SAc) compounds. We find that the single-molecule
central unit effects can be translated into SAMs of AuNPs. The
presence of conjugated central unit in the molecular backbone
influences the S-Au coupling and therefore the final conductance
of the array. The magnitude of the conductance increase depends
on the nature of the conjugated part. This offers an excellent
platform for building nanoscale molecular devices that mimic the
electronic transport characteristics observed at the single mole-
cule - level. The stability of these networks in air also offers the
potential for building robust and efficient molecular junctions.

Experimental
Synthesis of organophilic AuNPs and functionalisation

Organophilic AuNPs were synthesised by adding 10 mg of gold
chloride hydrate (HAuCl,)-3H,0 (99.9%, Sigma Aldrich) to a
mixture (1:1 v/v) of oleylamine (technical grade, 70%, Merk)
1.5 mL and anhydrous toluene (99.8%, Sigma Aldrich) 1.5 mL.
The mixture was heated at 200 °C for 45 min. After the completion
of the reaction, which is evident by the formation of a dark red
colour, methanol was added to the mixture, then the nano-
particles were separated by centrifugation and thoroughly washed
with methanol or ethanol at least four times in order to remove
any excess of surfactants (OAm). The AuNPs were subsequently
solubilised in hexane (anhydrous, 95%, Sigma Aldrich). 100 puL of
1-dodecanethiol (>98%, Sigma Aldrich) was added to the hexane
dispersion of oleylamine-capped AuNPs. The resulting solution
was stored in a fridge for 3 days to precipitate (black solid). The
precipitate was collected by centrifugation, washed with methanol
and dried in a vacuum desiccator. The product was then redis-
persed in hexane.

Fabrication of the 2D network and molecular exchange

2D arrays of DDT-coated AuNPs were prepared at the air/water
interface. The assembly was carried out in a Teflon beaker,
which provides slightly convex water surface. Typically, a few
drops of the hexane (~300 pL) solution containing DDT-
capped AuNPs were spread on the water surface using a pipette.
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During the evaporation of hexane, DDT capped AuNPs arrange
themselves into a close-packed array. The array was then
transferred to a SiO,(400 nm)/Si substrate (the substrate is
1 x 1 cm consisting of 80 pairs of interdigitated (ID) electrodes
with 1 pm interelectrode spacing) by micro-contact printing
using a poly-dimethylsiloxane (PDMS) stamp. The stamp was
blow-dried with a nitrogen gun prior to stamping to ensure all
water droplets were removed. The investigated di(SAc) mole-
cules (for synthesis and characterisation details of the di(SAc)
molecules, see ESIT) were introduced into the arrays by place
exchange. To achieve this, samples were immersed in a 2 uM
solution of the incoming molecule in hexane over the course of
5-15 days. Samples were then taken out of solution and dried
with N, gas for electrical measurements.

Characterisation

The IV measurements were performed on a TTPX probe station
in air and at room temperature. Measurements of the tempera-
ture dependence of electrical properties of the arrays were done
using Cryogen free high field system between 300 K and 3 K.

UV-Vis absorption spectra were measured using a Shimadzu
UV-2600 spectrometer, in the range 200-800 nm and with 2 nm
resolution. Dynamic light scattering (DLS) measurements of
the nanoparticles in hexane were carried out using Malvern
Panalytical ZetaSizer Ultra. Samples for Transmission Electron
Microscopy (TEM) were prepared by placing a drop of AuNPs/
DDT solution (~1 pL) on a carbon coated copper grid. TEM was
performed using a JEOL-JEM 1230 TEM.

XPS measurements were conducted using a Thermo Fisher
Scientific Nexsa XPS. All data were acquired using monochro-
matic Al Ko X-rays (1486.6 eV), with a pass energy of 25 eV. No
considerable sample charging was observed. Charge referen-
cing was done against adventitious carbon (C 1s, 284.6 eV).
Fitting of the experimental peaks was performed using Thermo
Scientific Avantage software. Peak fitting was done using mixed
Gaussian/Lorentzian peak shapes and Smart type background
substruction.

UPS experiment was conducted on Thermo Fisher Scientific
Nexsa XPS. UPS spectra were obtained with a He lamp, He I of
hv =21.2 eV and I = 60 mA. To separate the secondary edges of
the sample and analyser, a potential of 10 V was applied to the
sample. The spectra were recorded in the range from —0.78 to
21.2 eV, with energy step size of 0.05 eV, pass energy of 2 eV,
and dwell time of 50 ms.

Results and discussion
Characterisation of functionalised AuNPs and assembly

As-prepared AuNPs exhibit a surface plasmon resonance (SPR)
peak at about 521 nm in the UV-Vis spectra (Fig. 2).

The SPR peak of AuNPs shifts to slightly longer wavelength
~ 530 nm after the addition of DDT. In contrast, AuNPs with the
di(SAc)-terminated compounds exhibit blue shift with character-
istic absorption peaks at 368 nm, 315 nm, and 267 nm for 5[T3]5
and 5[T2]5 and 5[Ph]5, respectively. These are also consistent

This journal is © The Royal Society of Chemistry 2023
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with the presence of a-ter- and o-bi thiophene,”® and phenyl
moieties within these molecules. The observed hyperchromic
shift for the solutions containing 5[T3]5 and 5[T2]5 may be
attributed to extended pi-conjugation. The absence of a SPR
band in the UV-vis spectra for the di(SAc) compounds may
indicate that the surface electrons could be localised, as may
be expected from the strong Au-S covalent bonding.

The formation of ordered monolayers of AuNPs was confirmed
by TEM. Fig. 3a shows a TEM micrograph of a monolayer of
spherical AuNPs coated with DDT. AuNPs form large areas of close
packed hexagonal arrays, where one particle is surrounded
symmetrically by six other particles. The average size of gold
nanopatrticles in the 2D array is 6.8 nm (Fig. 3b), and the average
centre-to-centre distance between two adjacent nanoparticles is
8.7 nm. The average gap between two nanoparticles is 1.9 nm,
which is very close to the length of the DDT tail ~1.7 nm. The
narrow size distribution was also confirmed by DLS measure-
ments (Fig. 3c). The as-prepared AuNP shows only one peak with a
narrow distribution, suggesting a monodispersed AuNP suspen-
sion with no agglomeration (no other peaks can be detected up to
10000 nm). The intensity-weighted average particle diameter
(~11 nm) is slightly greater than the value obtained from TEM.
The difference can be rationalised by DLS being a technique
sensitive to coordinated ligands and surfactant and therefore
providing a fundamentally different measure of particle size.

XPS was used to probe the surface chemistry of the functio-
nalised AuNPs after molecular replacement with the di(SAc)
compounds. Full survey spectra were recorded and the signals for
C 1s and Au 4f are presented in Fig. 4. Meanwhile O 1s, and S 2p
signals can be found in the ESI{ (Fig. S1). The sets of binding
energy positions for C 1s and Au 4f core levels are given in Table
S1 (ESIt). In all samples, the C 1s XPS peaks were deconvoluted
into 3 peaks using a Gaussian-Lorentzian peak profile. The
binding energy of the C-C and C-H chemical bonds are assigned
at 283.88-285.67 eV. The chemical shifts to higher binding energy
values 285.92-287.19 €V are due to C-S or C-O/C=0 species.* >

40+ —— AuNPs as prepared
AuNPs /DDT

3.5} —— AuNPs / 5[Ph]5

30 AuNPs / 5[T2]5

—— AuNPs / 5[T3]5

Abs.

-0.5

400 600
Wavelength
Fig. 2 UV-Vis absorption spectra of hexane dispersions of as prepared
AuNPs and AuNPs protected by DDT and di(SAc)-terminated molecules
5[Ph]5, 5[T2]5 and 5[T3]5. The solutions were prepared by adding 200 pL of

a hexane suspension of 2.5 mM AuNPs to a solution of 2 pmol of the
desired surfactant in 10 mL hexane.

800

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Average diameter]
6.80.01nm

4 6 8 10 12 14 16
Diameter (nm)
(c) Size distribution by intensity|

61218 5000 7500
Diameter (nm)

10000

Fig. 3 (a) TEM image of AUNPs/DDT forming a monolayer ordered array in
hcp superlattice. (b) Histogram of TEM size distribution. (c) Analysis of size
distribution by DLS showing the averaged (3 measurements per sample)
intensity size distribution for as-prepared AuNPs. The break on the diameter
axis is added to enhance the visibility of the size distribution peak.

The observed peak positions situated near 283 eV represent the
sp> hybridized state of carbon atoms (the binding energy of a n
bond is normally ~1 eV less than the binding energy of a o
bond).>* Two major peaks due to two spin-orbit components Au
af,, and Au 4fy, at ~82.70-84.19 eV and 86.50-88.02 eV,
respectively, were observed. These values match well to reference
binding energies of metallic AuNPs with a zero oxidation
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Fig. 4 C 1s (a, c and e) and Au 4f (b, d and f) XPS signals for SAMs from
AuNPs functionlised with 5[T3]5 (a and b), 5[T2]5 (c and d), and 5[Ph]5
(e and f). The C 1s and Au 4f,,, peaks were deconvoluted to estimate the
sp®, sp? and Au-S bonding in the prepared SAMs.
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state.”>® The curvefitting of the Au 4f components manifests
another contribution at higher binding energy values (~+1 ev,
Table S1, ESIT), which can be associated with gold atoms that are
covalently bound to sulfur.*® The sulfur in all samples shows
weak, broad signals, in the range 160-170 eV (ESIt Fig. S1),
signalling a very thin adsorbed layer of the organic molecule.
We found S 2p doublets for all the SAMs at binding energies
~161-163 eV, which are in agreement with the values that are
usually observed for various sulfur species bound to the surface of
2old.”*?° A second S 2p doublet was observed at the position 164
165 €V in the samples prepared using 5[T2]5 and 5[T3]5, repre-
senting the thiophene moiety within the structure of these
molecules that is not bound to gold.>" However, the 5[Ph]5 coated
samples showed S 2p doublets at higher binding energies 167-
168 eV, which may be attributed to oxidized sulfur, such as in
sulfones or sulfoxides arising from possible reactions related to
water contamination.

Electrical transport measurements

One major motivation behind the current study is to provide
insight into charge transport through SAMs of AuNPs interlinked
by di(SAc)-terminated molecules. In contrast to single molecule
junction studies, statistics of experimental conductance of self-
assembled monolayers of molecule-metal-molecule are rare in the
literature. In this work, room-temperature conductance histograms
were constructed from individual current-voltage (IV) traces. Con-
trol measurements on a bare device and on the di(SAc) molecules
without AuNPs are provided in ESI Fig. S2 and S3, respectively. All
devices exhibited non-linear IV characteristics over the 420 V bias
range, as shown in Fig. 5a for a typical device. The exponential
increase of current, with increasing bias, is consistent with a
tunnelling mechanism of charge transport through the nanoparti-
cle-molecule junctions.**** To test this assumption, the tempera-
ture dependence of conductance was evaluated for AuNPs coated
with DDT and 5[Ph]5. Fig. 5b and c reveal that at low temperatures,
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Fig. 5 (a) IV relation of SAM AuNPs of a representative device with 1 pm
electrodes separation. (b) and (c) Low temperature dependence of |V plots for
SAM AuNPs capped with DDT (b) and 5[Ph]5 (c) plotted on a double log scale.
Due to low conductance of AuNPs/DDT device was measured up to 50 V.
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both arrays showed a clear voltage threshold for conduction,
signalling strong Coulomb blockade of transport.** Additional
current paths are opened at voltages beyond the threshold, leading
to linear IV behaviour in which sequential transport is the domi-
nant mechanism. Fig. 5b and c also show that as the temperature
rises, the threshold for lifting the blockade regime shifts to lower
voltage.

Room-temperature conductance histograms for the self-
assembled AuNP pre-exchange (coated with DDT) and post
exchange for 5[Ph]5 (37 devices), 5[T3]5 (63 devices) and 5[T2]5
(63 devices) are presented in Fig. 6. The conductance values of all
devices were calculated by determining the slope of the linear
region of the IV curve. The investigated molecular wires are
different on the basis of their extent of conjugation electron
density, which in turn affects molecular conductance. Table 1
summarises the average conductance of the investigated mole-
cules before and after exchange, obtained from fitting the
histograms to Gaussian functions. AuNP/DDT has an average
conductance value in the order of pS. The slight sample to-
sample variation in AuNP/DDT monolayers may be due to
changes in the network topology. The average conductance value
increased one order of magnitude and reached saturation after
5 days’ replacement with molecule 5[Ph]5 ~ 2.96 x 107" S,
Meanwhile, we observed a two orders of magnitude increase for
the larger molecules 5[T2]5 and 5[T3]5 after 15 days’ replace-
ment. The highest average conductance is observed for AuNPs
cross-linked with 5[T2]5.

Electronic structure and theoretical conductance

Experiment and theory were combined to understand the
conductance behaviour of the AuNPs/di(SAc) SAMs. The surface
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Fig. 6 Conductance of SAM AuNPs versus occurrence in a log-normal
histogram pre-exchange (a, ¢ and e) and post-exchange for 5[Ph]5 (b),
5[T2]5 (d) and 5[T3]5 (f).
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Table 1 Summary of the average conductance values for self-assembled
AuNPs monolayers pre-exchange and post-exchange (17 h, 5 days and
15 days' exchange). Values are in units of Siemens (S)

Sample Pre-exchange 17 h exchange 5 d exchange 15 d exchange
5[Ph]5 1.89 x 107> 2.83 x 107> 2.96 x 107" —

5[T2]5  7.06 x 107> — — 7.09 x 107
5[T3]5 4.87 x 107 — 1.25 x 107" 1.003 x 10~

Conductance was obtained from Gaussian fits to conductance histo-
grams. The conductance histograms for 17 h and 5 days’ replacement
are provided in ESI Fig. S4.

electronic structure of the materials was probed using UPS,
which allows a direct measure of the work function and valence
band maxima (HOMO) of materials. UPS spectra of all SAMs are
shown in Fig. 7a. The work function is extracted from the
difference between the incident UV photon energy (21.21 eV)
and the binding energy of the secondary electron edge (SEE) at
the high binding energy region of the UPS spectra (determined
by a linear extrapolation of the secondary electron cutoff),
taking into account that the Fermi energy is set to zero binding
energy. As illustrated in Fig. 7b, in all cases, the work functions
of the SAMs are lower than that of bulk Au (5.2 eV). The
replacement of DDT (work function = 5.04 eV) with 5[Ph]5,
5[T2]5 and 5[T3]5 decreases the work function to 4.43 eV, 4.93 eV
and 4.86 eV respectively. This means that the electron injection
barrier in to the LUMO level is reduced for the di(SAc) com-
pounds. The optical band gap is evaluated using the equation
Ey = 1240/)cqz (nm), where J.q, is the onset value of the
absorption spectrum (UV-Vis) at the long wavelength region.
The LUMO position is then determined from the HOMO and
band gap value. Table 2 provides a summary of the band
structure and energy levels for the investigated SAMs. The
location of the energy levels of the molecule relative to the Fermi
energy of the metallic contact is an important factor in determin-
ing the conductance of molecular arrays. Therefore, based on
the obtained values, we reconstructed a band structure for the
compounds used in this study, as shown in Fig. 7c. The band
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Fig. 7 (a) UPS spectra of DDT and di(SAc) SAMs. (b) The extracted work
functions. (c) Schematic of the electronic structure of the investigated SAMs.
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Table 2 A summary of the band structure and energy levels for SAMs of
AuNPs functionalised with 5[Ph]5, 5[T2]5 and 5[T3]5. Units are eV

Sample Eq E¢ HOMO LUMO
5[Ph]5 4.20 4.43 7.21 3.01
5[T2]5 3.46 4.93 5.35 1.89
5[13]5 2.94 4.86 6.26 3.32

The HOMO edge position is obtained by a linear extrapolation at the
low binding energy cutoff region of the UPS spectra.

model scheme demonstrates that the Fermi level of gold lies
between HOMO-LUMO gap for all molecules. It also predicts
that the HOMO level of the 5[T2]5 compound is closer to Au
Fermi energy, which may explain its enhanced conductance.
Density functional theory (DFT) was used to compute electrical
conductance and explore the interplay between electrical con-
ductance of different molecular wires and their central moiety.
We first perform the geometry optimisation of molecules between
gold electrodes using the SIESTA®® implementation of DFT to
obtain the ground-state mean-field Hamiltonian and overlap
matrix elements. These results were then combined with the
3637 Implementation of the nonequilibrium Green’s func-
tion method was used to compute the electrical conductance of
the junctions (see further details in ESIY).

The presence of a central unit in the alkyl chain induces
conformational changes, leading to various configurations and
binding conformations to the electrodes, therefore modifying the
electronic structure of the molecule.'® For this reason, we calculate
the electrical conductance of five different energetically optimised
binding configurations of each molecule as shown in Fig. 8. The
relaxed molecular structure of the single molecular junction for
5[Ph]5, 5[T2]5 and 5[T3]5, as well as the average of electrical
conductance values of five different configurations for each mole-
cule, are shown in Fig. S5 (ESIT). Typically, the Fermi energy, Er, lies
near the middle of the HOMO-LUMO gap, and comparing with the
experimental trend our results suggest that EF falls within the
highlighted region in the figure. The calculation with different
binding configurations to electrodes for the di(SAc) molecules
indicates that electron transport through the junctions varies
according to the different configurations. The overall trend for
the average conductance of different configurations agrees well
with our experiment for a wide range of Fermi energies around DFT
Fermi energy (5[T2]5 > 5[T3]5 > 5[Ph]5). The frontier molecular
orbitals and energies are listed in Table S2 (ESIt). The predicted
band gaps are in close agreement to our experimental values,
however, the HOMO energy level of 5[T2]5 (—5.61 eV) is slightly
higher than that of 5[T3]5 molecule (—5.36 eV). Generally,
the frontier orbitals relative to the Fermi energy of Au contacts
are not necessarily accurately determined by DFT calculations
which, therefore, does not allow for a reliable comparison
with the experimental HOMO energy levels obtained from UPS.
Furthermore, discrepancy between experiment and theory might
originate from the interactions with other molecules and
nanoparticles in the assembly, which is lacking in the single
molecule calculations. Clearly, different molecule-electrode
contact geometries lead to large variations in electrical

Gollum.
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Fig. 8 Calculated conductance of the molecule: (a) 5[Ph]5, (b) 5[T2]5 and
(c) 5[T3]5 connected to electrodes using five different configurations.

conductance. This is because the electronic coupling between
Au-S and central group is significantly affected by the confir-
mation of molecule.

Conclusions

We have successfully incorporated di(SAc)-terminated mole-
cules into self-assembled arrays of DDT-functionalised AuNPs.
Cross-linking and conjugation are proposed as a viable way to
improve charge-transport efficiency. The final conductance is
enhanced by up to two orders of magnitude for the di(SAc)-
terminated molecules. The results demonstrate that the single-
molecule central unit effects can be translated into ordered 2D
assemblies of AuNPs. The presence of conjugated moieties in
the alkyl chain affects the final conductance of the array, the
magnitude of which depends on the nature of the central unit.
This work extends the field by exploring a new series of
dithioacetate di(SAc) molecules and provides insight into their
electronic behaviour.
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