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High surface coverage of a self-assembled
monolayer by in situ synthesis of palladium
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Nascent metal|monolayer|metal devices have been fabricated by depositing palladium, produced through
a CO-confined growth method, onto a self-assembled monolayer of an amine-terminated oligo(phenyl-
ene ethynylene) derivative on a gold bottom electrode. The high surface area coverage (85%) of the
organic monolayer by densely packed palladium particles was confirmed by X-ray photoemission spec-
troscopy (XPS) and atomic force microscopy (AFM). The electrical properties of these nascent Aulmono-
layer|Pd assemblies were determined from the -V curves recorded with a conductive-AFM using the
Peak Force Tunneling AFM (PF-TUNA™) mode. The /-V curves together with the electrochemical experi-
ments performed rule out the formation of short-circuits due to palladium penetration through the
monolayer, suggesting that the palladium deposition strategy is an effective method for the fabrication of
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Introduction

Molecular electronics is a dynamic field of contemporary
research with enormous potential to approach not only con-
cerns over ‘top-down’ scaling of electronic components, but
also identify a wide range of technological and scientific chal-
lenges that are reliant on electron-transfer between molecular
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molecular junctions without damaging the organic layer.

systems and solid-state interfaces including solar-energy har-
vesting, thermoelectric materials, catalysis, and sensing.!
Significant progress has been made in the last few years
including the synthesis of new functional molecular
materials,”® development of sophisticated methods for the
assembly of either single molecules or monolayers onto elec-
trodes for the achievement of efficient molecule-electrode
junctions," ™ as well as experimental methods to determine
the electrical properties of molecules at a single level'®* or in
monolayers.”>** However, several challenges remain to be
addressed before molecular electronics turns into a truly
viable and reliable technology.>® The fabrication of the top
contact electrode in two terminal sandwich-based metal|
organic monolayer|metal devices is one of the major chal-
lenges that, despite intense research over more than 30 years,
remains to be fully resolved.’>**° A wide variety of tech-
niques to deposit the top metal electrode onto a molecular
monolayer have been described in the literature including
direct and indirect evaporation,"”*'* use of liquid
metals,"***%%° flip chip lamination,***! electrodeposition,** **
surface-diffusion-mediated deposition,** chemisorption of
metal nanoparticles onto surface-functionalised monolayers,*>
thermal induced decomposition of an organometallic mono-
layer,’® and photoreduction of a metal precursor.””*® The
most significant problems in the deposition of the top-contact
electrode are those related to damage of the functional mole-
cules during the metallization process of the monolayer or
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Fig. 1 Structure of the gold|SAM(1)|[PdND devices presented in this
paper.

penetration of the growing top-contact through the monolayer,
which results in short circuits. In addition, many of the pro-
posed ‘soft’ methods that avoid penetration of the growing
metal electrode through the monolayer result in a relatively
low surface coverage of the monolayer by the newly fashioned
top contact.*™*”

In this contribution, a simple procedure for the deposition
of a metallic top-contact electrode onto a monolayer film of
‘wire-like’ molecules is presented. A self-assembled monolayer
(SAM) of an oligo( phenylene ethynylene) (OPE) derivative, 4-(2-
(4-(2-(4-aminophenyl)ethynyl)phenyl)ethynyl )benzenamine, 1,
featuring amine functional groups to provide metallic con-
tacts*®>® has been used as the wire-like molecular component.
This allows benchmarking of the electrical performance
against similar device structures and helps assess the
effectiveness of this top-contact deposition method (Fig. 1).
Anisotropic palladium nanostructures were initially produced
with the assistance of a CO-confined growth method.”"*?
Carbon monoxide molecules, which strongly adsorb onto the
basal (111) planes of palladium nanosheets, are used to block
the growth of the metallic particle along the [111] direction
and direct the formation of sheet-like structures.>" These met-
allic palladium sheets are aggregated onto the monolayer to
generate larger palladium nanodeposits (PAND) across the
surface. This method results in a larger surface coverage
of palladium than that previously achieved with gold*>*” or
silver® by the assembly of metal nanoparticles onto organic
monolayers.

Experimental

Compound 1 was synthesized as described elsewhere.>
Gold substrates were purchased from Arrandee®, Schroeer,
Germany, and flame-annealed at approximately 800-1000 °C
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with a Bunsen burner immediately prior to use. This
procedure is known to result in atomically flat Au(111)
terraces.”” Self-assembled monolayers (SAMs) were prepared
by immersion of the annealed gold-on-glass substrates in a
10~* M solution of 1 in tetrahydrofuran (THF, HPLC grade
>99.9%, inhibitor-free solution) for 48 hours. Afterwards,
the surface-modified substrates (denoted gold|SAM(1)) were
thoroughly rinsed with THF and dried under a stream of dry
nitrogen.

A stainless steel, Teflon lined autoclave (Fig. 2a) was fitted
with a specially designed Teflon insert to create two compart-
ments (termed mixing and growth chambers), connected by
lateral windows (Fig. 2b). The monolayer-modified gold sub-
strate (i.e. gold|SAM(1)) was attached face down within the
lower growth chamber to prevent deposition of particulate
matter by gravity (Fig. 2¢). A palladium growth solution was
prepared by mixing 11 mg of sodium palladium(u) chloride
(Na,PdCly, Aldrich) and 130 mg of potassium bromide (KBr,
Aldrich) in Milli-Q water (400 pL). The resulting red-coloured,
homogeneous solution was mixed with 4 mL of dimethyl-
formamide (DMF, EMD chemicals, used as received) and intro-
duced into the autoclave. The solution was gently stirred with
a magnetic flea located at the mixing chamber, whilst the
lateral windows carved in the Teflon holder assured a good
fluid transfer between the mixing chamber and the growth
chamber (Fig. 2), reducing the presence of any concentration
profiles that could affect the homogeneity and the surface cov-
erage of the substrate. The autoclave was flushed under CO
and pressurized to 6 bar, and the reactor heated at 80 °C for
50 min. Palladium nanodeposits are formed on the gold|SAM(1)
resulting in sandwich structures denoted gold|SAM(1)|
PANDs.

X-ray photoelectron spectra (XPS) were recorded on a Kratos
AXIS ultra DLD spectrometer with a monochromatic Al Ka
X-ray source (1486.6 eV) using a pass energy of 20 eV. To
provide a precise energy calibration, the XPS binding energies
were referenced to the C 1s peak at 284.6 eV. The thickness of
the SAM onto the gold substrate was estimated using the
attenuation of the Au 4f signal from the substrate according to
Isam = Isubstrate €Xp(—d/A sin 0), where d is the film thickness,
Isam and Igupserate are the average of the intensities of the Au
4fs;, and Au 4f;), peaks attenuated by the SAM and from bare
gold, respectively; 6 is the photoelectron take-off angle; and 4
is the effective attenuation length of the photoelectron (4.2 +
0.1 nm).>®

AFM images were obtained in tapping and peak-force
modes using a Multimode 8 microscope equipped with a
Nanoscope V control unit from Bruker operating under
ambient air conditions at a scan rate of 0.5-1.2 Hz. To this
end, RFESPA-75 (75-100 kHz, and 1.5-6 N m™', nominal
radius of 8 nm) and ScanAsyst-Air-HR tips (130-160 kHz, and
0.4-0.6 N m~", nominal radius of 2 nm), purchased from
Bruker, were used. In order to minimize tip convolution effects
affecting the measurement of the width of the palladium
nanodeposits, data obtained from AFM image profiling have
been corrected according to Canet-Ferrer et al’’ The RMS

This journal is © The Royal Society of Chemistry 2017
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(a) Teflon holder designed to grow PdNDs onto organic monolayers. (b) Location of mixing and growth chambers with the fluid transfer

between chambers by the lateral windows. (c) The gold|SAM(1) secured in the growth chamber; when the Teflon holder is placed in the autoclave,
the exposed gold|SAM(1) surface is facing ‘down’ to limit adventitious deposition of PANDs by gravity.

(root mean square) roughness as well as bearing and depth
statistical analyses were carried out by means of Nanoscope
off-line v. 1.40 and Gwyddion v. 2.41 package software. The
electrical properties of the molecular junctions were deter-
mined with a conductive-AFM (Bruker ICON) under humidity
control, ca. 40%, with a N, flow using the Peak Force
Tunnelling AFM (PF-TUNA™) mode, and employing a
PF-TUNA™ cantilever from Bruker (coated with Pt/Ir 20 nm,
ca. 25 nm radius, 0.4 N m™~" spring constant and 70 kHz reson-
ance frequency).

Cyclic voltammetry (CV) experiments were performed using
a potentiostat from EcoChemie and a standard three-electrode
cell, where the working electrode was a bare Au(111) electrode,
an Au(111) electrode covered by a monolayer of 1, or an
Au(111) electrode covered by a monolayer of 1 with palladium
nanodeposits on top of the organic film. These working
electrodes were connected to the potentiostat by means of a
cable ended in a metallic tweezer that holds the electrode. The
reference electrode was Ag/AgCl, KCl (3 M) and the counter
electrode was a Pt sheet.

Results and discussion

The fabrication of the monolayer sandwich-style structures
commenced with the initial deposition of high-quality self-
assembled monolayers of 1 on flame-annealed gold-on-glass
substrates offering large area (111) terraces. After the incu-
bation of the gold substrate in a solution of compound 1 in a
10~ M solution for 48 h, AFM imaging confirmed the for-
mation of a homogenous and tightly packed organic layer with
low occurrence of defects, pinholes, and three-dimensional
aggregates (Fig. 3a). The characteristic features of the under-

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Representative AFM images of (a) gold|SAM(1) and (b) gold|SAM(1)|
PdNDs.

lying Au(111) surface still remain detectable beneath the well-
ordered monolayer, i.e. smooth terraces and monoatomic gold
steps. Such a defect-free and densely packed organic mono-
layer is expected to contribute to avoid penetration of the top-
contact electrode through the monolayer. By scratching the
surface with the AFM tip, the average thickness of the film,
namely 1.78 + 0.14 nm, can be accurately estimated by carrying
out height/depth profiles across the scratched area (Fig. S1 in
the ESIT).”” This thickness is also in good agreement with the
one determined from the attenuation of the Au 4f signal from
the gold substrate in the XPS spectrum (see Fig. S2 in the
ESI}), namely (1.85 + 0.05 nm). The experimental thickness of
the SAM of 1, as determined by any of the two experimental
methods used, is in good agreement with the length of com-
pound 1 (1.9 nm) determined from computational molecular
models (Spartan®08 V1.0.0), suggesting an arrangement of 1
in the monolayer with a tilt angle of ca. 70° to the substrate
surface.

Nanoscale, 2017, 9, 13281-13290 | 13283
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It is well known that cyclic voltammetry can be used as an
indirect method for evaluating the presence of pores or holes
in organic films deposited onto electrodes.’®>’ Fig. S21 shows
the electrochemical response of a bare gold electrode as well
as the response of the gold-substrate covered by a SAM of 1
introduced into a solution containing an electrochemical
probe, K;3[Fe(CN)s]. The complete blocking exhibited by the
gold substrate covered by the SAM of 1 within the potential
window considered for the reversible diffusion-controlled
redox probe is indicative of a tightly-packed film.®® Further
relevant results are discussed in more detail below.

The mechanisms of nucleation and growth of nanoparticles
in solution have been widely explored and described in detail
elsewhere by others.®*™®* According to the traditional LaMer
mechanism of nucleation and growth of nanoparticles, nuclea-
tion of nanoparticles can take place under either homogeneous
and heterogeneous conditions. Homogeneous nucleation
occurs when nuclei form uniformly throughout the parent
phase, whereas, heterogeneous nucleation commences at struc-
tural in-homogeneities on a surface. Consequently, the growth
kinetics and size of the resulting nanoparticles are usually
different in homogeneous and heterogeneous nucleation pro-
cesses. However, whilst nucleation processes may be faster at
the heterogeneous interface, a diffusion limited process is
usually responsible for directing the growth of nanoparticles on
substrates, allowing a more controlled and regular growth with
lower density of defects in the particle distribution.®®

Previous studies have used organic capping agents to
produce Pd nanoparticles with sheet-like morphology.’'***
However, for the purpose of this work, the presence of organic
compounds over the metallic top-contact would interfere with
the planned electrical measurements. Palladium nano-
structures were therefore prepared here without the assistance
of added capping agents, exploiting the presence of Br™ anions
and CO pressure, the key variables to control the anisotropic
growth of Pd, and the metallic palladium top-contact electrode
was grown on top of the monolayer in a heterogeneous
fashion, further taking advantage of CO-confined growth of
palladium nanoparticles.

The reduction of the palladium precursor was performed in
aqueous DMF solution in a CO-pressurized autoclave. The CO
has a dual role in the formation of PANDs: (1) it is a facet-
specific capping agent that promotes the formation of sheet
morphology by the preferential binding to {111} planes of the
growing Pd particle, leading to ultra-thin sheet like mor-
phology; (2) CO is a reducing agent and assists in the chemical
reduction of Pd*>" ions to metallic palladium. Reagent compo-
sition and synthesis conditions (CO pressure, time and temp-
erature) were optimized to give coverage of the SAM by PdNDs.

Fig. S4a and S4bt show representative sheet-like nano-
particles collected in the autoclave after reaction. Energy-dis-
persive X-ray spectroscopy confirmed the presence of Pd in the
nanosheets in the bulk solution (Fig. S4c and S4d¥). The mean
diameter of the Pd nanosheets dispersed in the bulk solution
ranged between 21 and 28 nm, obtained from a mixture of tri-
angular and hexagonal morphologies. Fig. S4ef shows the

13284 | Nanoscale, 2017, 9, 13281-13290

View Article Online

Nanoscale

representative UV-Vis spectra of a colloidal suspension of the
Pd nanosheets. The surface plasmon resonance (SPR) peak
exhibited by the Pd nanosheets is in full agreement with the
reported data of the Pd nanosheets with similar dimen-
sions.’’** The robustness of the synthesis method is con-
firmed by the excellent reproducibility of the optical properties
of the colloidal suspensions obtained from multiple indepen-
dent syntheses (Fig. S4et).

When the gold|SAM(1) system is placed in the reactor
chamber, heterogeneous CO-controlled growth leads to Pd
nanostructures that almost completely cover the SAM surface,
with low occurrence of large 3D-aggregates (Fig. 3b). The
resulting sandwich-like structures are denoted as gold|SAM(1)|
PdANDs. The surface roughness, expressed in terms of the Root
Mean Square (RMS), of the gold|SAM(1)|PAND assembly (2.64
+0.25 nm) is significantly greater than that of the gold|SAM(1)
precursor structures (0.49 + 0.09 nm) (Fig. S57). The statistical
analysis of the data provided by the AFM images indicates that
the aggregated PdNDs are essentially disk-shaped with an
average diameter (corrected by the tip convolution) of 15.7 +
2.4 nm and an average height of 7.3 + 1.5 nm (Fig. S6T). More
importantly, the AFM images exhibit a remarkably high
surface coverage of the SAM with heterogeneously grown
PANDs (Fig. 3b). A bearing analysis of the recorded AFM
images was carried out in order to estimate the percentage of
the SAM of 1 covered by the PANDs (Fig. S71). Such an analysis
provides an accurate assessment of the image area covered by
features with larger heights than the selected depth
threshold®®®” and rendered an average PAND coverage of 84.5
+ 2.8% for the optimum conditions employed. A similar
surface coverage area has been obtained from the SEM images
of the gold|SAM(1)|PAND system (Fig. S8f). In comparison
with analogous experiments carried out with other metallic
nanoparticles self-assembled as a top-contact onto an aro-
matic-moiety monolayer, such as gold nanoparticles with a
coverage of 25%*® and, more recently, with silver nano-
particles, 76%,> a significant improvement in the surface cov-
erage has been achieved by the CO-controlled growth method
of palladium deposition. In light of the previous remarks, the
shape and size of the palladium particles produced by CO-con-
fined growth in solution by homogeneous nucleation does not
necessarily map directly to the morphology of the metallic
material grown under the same conditions but arising from
heterogeneous nucleation on top of the SAM of 1. It is also
worth mentioning that the incubation of a gold|SAM(1) into a
bulk dispersion containing pre-formed Pd nanosheets (i.e.
overnight incubation of the gold|SAM(1) substrate in a col-
loidal suspension of pre-formed Pd nanosheets prepared
under the same CO-controlled growth conditions) results in a
rather low surface coverage, ca. 5% (Fig. S9t). This result sup-
ports the importance of the heterogeneous growth model to
the structures grown on the gold|SAM(1) substrates in the
autoclave.

Deposition of metallic palladium nanodeposits on the SAM
of 1 to give the gold|SAM(1)|PAND assembly has been further
demonstrated by XPS (Fig. 4). The XPS spectrum shows four

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XPS spectrum of gold|SAM(1)|PdNDs. The grey line shows the
recorded spectrum and the blue and red lines show the deconvolution
of the original spectrum to distinguish contributions from gold and
palladium.

peaks, two at 333.7 and 351.8 eV originating from the gold sub-
strate, and other two peaks at 334.2 and 339.5 eV, with an area
ratio of 3:2 and a peak separation of 5.3 eV, which are associ-
ated with the (3ds,) and (3ds,) peaks of metallic
palladium.®®7°

At this point it is critical to verify that the metal-deposition
strategy does not result in short-circuits by penetration of
PdNDs through the SAM and this is an effective route towards
the deposition of a top-contact electrode on a monolayer film.
To do so, I-V curves were recorded for gold|SAM(1)|PAND
structures using a conductive atomic force microscope (c-AFM)

3

£

&)

= 3

T ~

o ®

:

< -—
@ 5}

)

= =]

2 | N -

2 2] ’\ TP S

& | A\o PdND2

L

o 14 A PAND3

0 5 10 15 20

Set point-force (nN)

Fig. 5

View Article Online

Paper

with the PeakForce tunneling AFM (PF-TUNA) mode and a
PF-TUNA cantilever (coated with Pt/Ir 20 nm, ca. 25 nm
radius, 0.4 N m™" spring constant and 70 kHz resonance
frequency).*®>*7"7* Under these conditions, the tip makes
intermittent contact with the surface at a frequency of 2 kHz
and a low maximum force (peak-force) to limit damage to the
surface and detrimental lateral forces. Therefore, the peak-
force tapping mode is useful for the conductivity mapping of
soft or fragile samples, since lateral forces are avoided.
Nevertheless, before recording the I-V curves, a compromise
has to be made in order to select the most suitable contact
force to be applied during the measurement since too much
force results in unacceptably large deformation of the SAM
underlying the PdNDs, while too little force yields an
inadequate electrical contact between the AFM probe tip and
the PANDs. The deformation or damage of the monolayer has
been investigated as a function of the tip loading force (set-
point force) to help determine the most suitable set-point
force for the subsequent electrical measurements (Fig. 5a). In
the 1-8 nN set-point force range, the section analysis for three
isolated PdNDs (inset Fig. 5a) shows practically constant
heights (relative height determined with respect to the
immediate surroundings of the PANDs that may contain other
PdNDs in the background) indicating that no significant de-
formation of the monolayer occurs and that the PANDs are not
substantially pushed into the monolayer by the AFM tip. If the
set-point force is increased up to 12 nN, the section analysis of
these PANDs gives lower height values revealing deformation
of the monolayer for this applied set-point force. If the set-
point is increased to 15.5 nN the deformation of the mono-
layer increases with lower height values obtained from the
section analysis. After applying a set-point force of 19.5 nN,

2.0x10%9 219 (b)
4 g o
i 14
1.6x10°4 S
3 =
‘- 50_1. slope = 2.73
1.2x10°4 ©
1 10 100
1 Set-point force(nN) g
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0-0- .--'-'. v L
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Set point-force (nN)

(a) Relative height of three PdNDs determined with the c-AFM at the indicated set-point forces. These PdNDs were used to study the defor-

mation of the monolayer as a function of the set-point force. The inset shows a 150 x 150 nm? image where the three PANDs can be clearly distin-
guished; the Z range is 12 nm. (b) Conductance values measured locating the tip of the c-AFM onto a PdND vs. the applied set point-force (deter-
mined from the linear section (—0.5 to +0.5 V range) in the recorded /-V curve). Top inset figure: log—log plot to evidence the presence of a single
power regime in the load force region explored in this work. Bottom inset figure: Cartoon showing the SAM onto a gold underlying electrode and

the PAND contacted by the c-AFM tip.
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two of these PANDs are not visible indicating that these
PANDs have been pushed down into the relatively soft under-
lying monolayer by the pressure exerted from the AFM values,
e.g. to 1 nN, the section analysis of these PANDs is restored.
Therefore, the deformation of the monolayer caused by apply-
ing a set-point force of 19.5 nN at the AFM tip is reversible and
induces no apparent damage of the organic layer.

Turning to the electrical response, when a set-point force
below 4 nN was used practically no current was detected,
whilst for a set-point force between 4 and 8 nN a low conduc-
tance was obtained. These results suggest that when low set-
point forces are applied, the contact between the tip and the
PAND does not result in any measureable electrical current
flow. Nevertheless, when a higher set-point force (between 12
and 27.3 nN) is applied, the I-V curves show a significant con-
ductance, revealing that for these set-point forces there is a
good electrical contact. In addition, top inset of Fig. 5b shows
a log-log plot that evidence the increase in junction conduc-
tance versus the applied set-point force. In this case, a single
power law regime’®”® (i.e., log(conductance) « log (set-point
force)-n where n = +2.73) can be observed for the set point
force range explored in this work. In conclusion, a set-point
force of 12 nN represents the minimum load required to make
a reasonable contact between the tip and the PAND, minimiz-
ing any possible damage or excessive deformation of the
organic layer during the determination of the electrical pro-
perties, although slightly higher loads do not show either evi-
dence of a different power low regime or short-circuits.

Some 250 I-V curves were recorded by positioning the AFM
tip on top of a PAND using a 12 nN set-point force, and by
applying a bias between the underlying gold electrode and the
tip (inset Fig. 5b). The individual I-V curves show a shape
commonly observed for metal-molecule-metal junctions,
with a linear section only at relatively low bias voltages (—0.5
to +0.5 V) and increasing curvature at higher bias (Fig. 6).
Importantly, no low-resistance traces characteristic of metallic
short circuits were observed in any of the individual -V
curves, which rules out the presence of short-circuits. The
same behavior was also observed for I-V curves from gold|SAM(1)|
PAND junctions collected at set-point forces of up to 27.3 nN
(Fig. S107). For simple monolayers of 1 on gold, i.e.
without the PAND, a set point force of 8 nN was established as
being sufficient to make good electrical contact without
damage or excessive deformation to these softer surfaces. The
I-V curves collected from these Pd free junctions also exhibit
the typical shape associated with metal|molecule|metal junc-
tions. This conformity of results from junctions comprised of
SAM of 1 with and without PANDs establish that the depo-
sition process does not damage the underlying SAM, and does
not alter or contaminate the interfaces.

The representative -V curve shown in Fig. 6 fits in good
agreement with the Simmons model”® (where @ is the effective
barrier height of the tunneling junction relative to the Fermi
level of the Au) and « is related to the effective mass of the tun-
neling electron. @ and «a are the fit parameters revealing that
the mechanism of transport through these metal-molecule-
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Fig. 6 Representative |-V curve for a gold|SAM(1)|PAND system (black)
obtained by positioning the c-AFM tip on top of a PAND and fitting
according to the Simmons equation, @ = 0.66 eV, a = 0.58 (magenta
line). Inset top graph: Conductance histogram built from all the experi-
mental data from —0.5 to 0.5 V for each /-V curve recorded (ca. 250
curves) positioning the tip onto a PAND and applying a set point-force
of 12 nN. Inset bottom graph: Representative /-V curve for a gold-SAM
device obtained by positioning the c-AFM tip directly onto the SAM and
applying a set point-force of 8 nN.

metal junctions is non-resonant tunneling with an effective
barrier height, @, of the tunneling junction of 0.66 eV, in excel-
lent agreement with other similar OPE derivatives®"””7°
which also rules out the presence of short circuits since short
circuits would result in lower values of @.

To further explore the steps in the fabrication process,
the electrochemical (cyclic votammetric) response of the
[Fe(CN)6]>"/[Fe(CN),]*~ couple at a bare Au(111) electrode, an
Au(111) electrode modified by a SAM of 1, and an Au(111)
electrode modified to give a gold|SAM(1)|PAND structure was
examined (Fig. 7a). At the bare gold electrode, a well-defined,
electrochemically reversible Fe(iu/i1) couple is readily observed.
The complete inhibition of the electron transfer (ET) reaction
to the [Fe(CN)o]*~ redox probe observed for the SAM of 1 modi-
fied electrode together with the significant decrease in the
capacitance in comparison with the bare Au(111) electrode is
consistent with the formation of a tightly-packed monolayer
that effectively blocks the diffusion of ions to the underlying
gold electrode. From consideration of the size of the ferricya-
nide redox probe, it has been estimated that the complete inhi-
bition of ET is achieved at a monolayer-modified electrode
with pinholes below 0.5 nm diameter.*>®" Additionally,
organic layers containing a nitrogen terminated-group are
well known to favour considerably the on-top deposition of
noble metal nanostructures (Au, Pt, Pd, etc.) with reference
to the bare substrate by interacting strongly with the salt

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Cyclic voltammograms registered at 0.050 V s in a 1 mM Ks[Fe(CN)¢l solution in 0.1 M KCl for the indicated working electrodes.
(b) Cyclic voltammograms registered at 0.1V s in 0.1 M H,SO, for the indicated electrodes. The reference electrode was in both cases Ag/AgCl,

KCL (3 M).

precursors.®>”#¢ The diffusion of palladium or palladium pre-
cursors through the tightly packed SAM of 1 therefore appears
be strongly hindered, which in turn is consistent with the lack
of palladium penetration into the monolayer.

In contrast to the noticeable suppression of the Faradaic
electrochemical response of the redox probe at the gold|SAM(1)
electrode, once the PANDs have been deposited onto the SAM
of 1, a reversible voltammetric profile analogous to that exhibi-
ted by the bare gold electrode is obtained (Fig. 7a). This signifi-
cant increase in the ET kinetics is indicative of a metallic-nano-
deposit mediated ET through the passivated SAM of 1. This
phenomenon, i.e. restoration of ET mediated by metallic nano-
particles, has been elegantly addressed by Chazalviel et al®”
and others®*** % and attributed to the fact that ET between two
metallic phases separated by an organic layer under an applied
bias voltage, is orders of magnitude faster, even with electrons
tunnelling through the inner organic layer, than ET between a
metal and a dilute redox species in solution.

It is also noteworthy that the gold|SAM(1)|PdND system
results in a slightly larger AE, as well as a reduced current
density of the peak in the voltammogram with respect to a
bare gold electrode. It is well known that the ET properties
exhibited by electrode/organic layer/metallic nanoparticle
systems depend on the surface density of the top metallic
deposit (the higher the surface density, the higher the current
restoration),**°*°" which is remarkably high in the gold|SAM(1)|
PAND system described here. Additionally, the current
density of electrode|organic layer|metallic nanoparticles also
may depend on the thickness of the organic layer. Thus, it has
been proven that the ET results are independent of the thick-
ness of the organic film until a certain threshold is reached,
after which the thicker the organic film is the slower is the rate
of the ET.*”*° The transition from the transfer unaffected (full
restoration of the current density after deposition of the top
metal) to the transfer hindered regime is also dependent on
the top metal nanoparticle size, with very small nanoparticles
favoring a transfer hindered regime. Although for 16 nm dia-

This journal is © The Royal Society of Chemistry 2017

meter metallic nanoparticles the threshold monolayer thick-
ness for the transition from ET thickness independent of the
ET thickness dependent regime is predicted to be ca. 2.5 nm,*”
the experimental results here presented indicate that a thick-
ness of 1.8 nm for the SAM of 1 is enough to hamper slightly
the ET as observed in Fig. 7a. This result is in agreement with
previous observations such as that of Gooding and co-workers
that obtained experimentally, for 27 nm gold nanoparticles, an
organic film thickness threshold of 2.0 nm, which compares
with the predicted value of 2.8 nm.*°

The electrochemical behaviour associated with the gold|
SAM(1) and the gold|SAM(1)|PAND assemblies has also been
assessed by means of cyclic voltammetry measurements in
0.1 M H,SO,. As shown in Fig. 7b, the Hydrogen Evolution
Reaction, HER, at the bare Au(111) electrode can be detected
at large cathodic overpotentials. Two important observations
are worth mentioning. First, the HER reaction is noticeably
inhibited by the presence of the SAM of 1. Second, the electro-
chemical double layer/capacitance charging current has been
appreciably reduced after the formation of the SAM of 1 onto
the Au(111) surface. Moreover, the electrode covered by a SAM
of 1 also exhibits a potential-independent behaviour in a wide
potential window. These two observations are characteristic of
thin organic layers with a low dielectric constant that exhibit a
blocking behaviour versus ion and solvent penetration.®> Most
importantly, once the PANDs are formed onto the SAM of 1,
the singular electrochemical response related to nano-
structured palladium electrodes is clearly observed. These
characteristic voltammetric peaks located in the —0.3 V and
+0.3 V window potential are mainly attributed to the electroad-
sorption/electrodesorption of hydrogen atoms preceding the
HER reaction, which is overlapped with hydrogen absorp-
tion.”>°* Therefore, after the attachment of PANDs onto the
SAM of 1, electron transfer through the organic monolayer
takes place and, subsequently, the applied electrochemical
potential is experienced by the outer PdND/electrolyte
interface.

Nanoscale, 2017, 9, 13281-13290 | 13287
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Oxidative desorption of the SAM of 1 was also carried out
(Fig. S11%), after which no traces of voltammetric peaks associ-
ated with the electrochemical activity of palladium were
observed. Since palladium deposited onto gold electrodes has
thoroughly reported to exhibit a stable voltammetric response
after successive cycling within the selected window poten-
tial,>>°° the lack of any palladium related peak in the voltam-
mogram indicates that PANDs were subsequently delivered to
the bulk solution together with oxidized 1. This observation
also rules out that migration of metallic palladium nano-
particles through the organic layer to the gold electrode has
taken place to a significant extent.

Conclusions

In this contribution, metallic palladium deposits acting as the
top contact electrode in sandwiched metal|monolayer|metal
devices have been fabricated onto self-assembled films.
Palladium deposition was achieved by means of a fast and
simple CO-confined growth method, without the addition of
organic capping agents that could modify the organic mono-
layer or metallic particle, and hence the molecular electronic
performance of the resulting gold|SAM(1)|PdND junctions.
Importantly, these palladium nanodeposits exhibit a high
surface coverage, ca. 85% of the SAM surface. In addition, it
has been demonstrated that these nanodeposits do not result
in short circuits through the monolayer film. This method-
ology, due to the large surface coverage achieved, may facilitate
the subsequent application of other techniques to complete
the metallization of the organic monolayer with a significant
diminution in the risk of inducing short circuits (e.g., electro-
less deposition, metal evaporation, etc.). Work towards this
objective is presently underway in our laboratories.
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