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Modification of electrode surfaces by self-
assembled monolayers of thiol-terminated
oligo(phenyleneethynylene)s

Inderpreet Kaur,® Xiaotao Zhao,® Martin R. Bryce,® Phil A. Schauer,?
Paul J. Low® and Ritu Kataky*®

The wire-like properties of four S,-[4-[2-[4-(2-phenylethynyl)phenyllethynyl]phenyl]thioacetate derivatives, PhC=CC¢H,C=CCsH,SAc 1,
H,NCgH4,C=CC¢H,C=CCsH,SAc 2, PhC=CC¢H,(OMe),C=CCsHsSAc 3 and AcSCzH,C=CCsH,C=CC¢H,SAc 4 (Figure 1), all of which possess
a high degree of conjugation along the oligo(phenyleneethynylene) (OPE) backbone, were investigated as self-assembled monolayers
(SAMs) on gold and platinum electrodes by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The redox probe
[Fe(CN)s]* was used in both the CV and impedance experiments. The results indicate that the thiolates derived from thioacetate-protected
precursor molecules 1 and 2 form well-ordered monolayers on a gold electrode, whereas SAMs derived from 3 and 4 exhibit randomly
distributed pinholes. The electron tunnelling resistance and fractional coverage of self-assembled monolayers (SAMs) of all four compounds
were examined using electron tunnelling theory. The analysis of the results revealed that the well-ordered SAMs of 1 and 2 exhibit higher
charge transfer resistance in comparison to the defect-ridden SAMs of 3 and 4. The addition steric bulk offered by the methoxy groups in 3
likely prevent efficient packing within the SAM, leading to microelectrode behaviour, when assembled on a gold electrode surface. The
protected dithiol derivative 4 probably binds to the surface through both terminal groups which prevents dense packing and leads to the
formation of a monolayer with randomly distributed pinholes. Atomic force microscopy (AFM) was used to examine the morphology of the

monolayers and height images gave root-mean-square (RMS) roughness’s which are in agreement with the proposed SAM structures.

Introduction

Self-assembled monolayers (SAMs) have received much
attention due to their potential applications in nanotechnology, for
molecular recognition and fabrication of various nanodevices
such as sensors,”1 biosensors,23 actuatorst*415  ;molecular
motors[¢l and photochromic devices. Other important applications
of SAMs include use in the fabrication of corrosion resistive
coatings,t”'9 as active or passive elements in electronic
devices,”>?? and as inks in dip pen lithography.?3-261 Additionally,
SAMs can serve as models to study the properties of membranes
in cell organelles, and can be used as building blocks for
biomimetic systems. Self-assembly of organic molecules on a
solid surface provides an interface which connects two worlds of
entirely different physical and chemical properties, for example a
metal on one side and an organic domain on other side. SAMs of
alkanethiols and alkanedithiols on gold 7% are the most
extensively studied due to the formation of well packed structures
with relatively high stability, which can suppress supress
electrochemical processes directly at the metal-solution interface.
SAMs have, additionally, been prepared by chemisorption of
organic molecules containing various functional groups such as -
SH,8 -COOH, 2 -NH,,[2%31 etc. and are also known on a variety
of electrode surfaces other than gold, such as platinum,[31.44-46]
copper, 7481 silver? and silicon.[50-51

Although well-ordered and defect free SAMs are often an
idealised target structure, self-assembled monolayers may
contain pinholes or defects which would restrict use in many
applications. Porter et all¥ reported SAMs of long-chain
alkanethiols through to be pinhole-free on the basis of cyclic
voltammetric studies. On the other hand, Finklea®! and
Sabatani® suggested that gold electrodes modified by long alkyl
SAMs may exhibit electron transfer at pinholes and electron

tunnelling at defects, which was demonstrated using impedance
studies. Different research groups have emphasized that the
quality, stability and compactness of the SAM predominantly
depend not only on the physical and chemical structure of the
constituent molecules and the nature of the molecule-surface
interaction, but also upon the cleanliness of the electrode surface
and mode of preparation. However, self-assembled monolayers
of thiols on gold hold a privileged position within the field of
single-molecule electronics and studies of the electrical behaviour
of thiol-based SAMs on gold have been of immeasurable
importance in assessing the wire-like properties of various
molecular backbones in metal/molecule/metal junctions. (%1

Each molecule used in the fabrication of SAMs in this work,
consists of three parts: (a) a head group which can bond with the
metal electrodes of choice, namely gold and platinum, (b) a
conjugated hydrocarbon backbone which stabilizes the SAM
through intermolecular Van der Waals interactions, and (c) a
functional tail group that provides interaction to the second
interface and which can in principle be tailored by further
chemical modification.*! This work explores the self-assembly
properties of four wire-like S,-[4-[2-[4-(2- phenylethynyl)phenyl]-
ethynyl]phenyl] thioacetate derivatives 1, 2, 3 and 4 (Figure 1)
on gold and platinum electrodes and offers and analysis of the
homogeneity and structure of the resulting monolayers using CV
and electrochemical impedance spectroscopy data.
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These linear 1T-conjugated molecular wires are length persistent
rigid rodlike molecules although low energy rotation can occur
around the phenyl-ethynyl bonds in the backbone, in fluid media
and the gas phase,®® 5" but cannot fold or undergo cis-trans
isomerism which complicates the study of
oligo(phenylenevinylene) (OPV) analogues. The thioacetate
terminated molecules 1-4 studied here bind to the gold surface
via thiolate units which are formed during deposition.*3 The
structural variants were chosen to probe the effects of different
end groups (-H, -NH or -SR) and the steric effect of dimethoxy
substitution in the central ring (derivative 3) while retaining the
same backbone structure.5” Rigid linear molecules such as 1-4
bearing two terminal end-groups that are both capable of
coordination with metal surface can align approximately normal to
the surface through coordination of one or other of the surface
binding groups, or lie closer to parrallel to the surface with both
groups binding to the surface.’® Thiol-amine and thiol-thiol
competition for the binding to the gold surface may be expected
in SAMs formed from molecules 2 and 4, respectively and it is not
possible from simple inspection of the molecular structure to
predict the formation of a homogeneously ordered SAM. While
Rosario-Castro performed the electrochemical and surface
characterization of self-assembled monolayer of
4-aminothiophenol (4-ATP) at platinum electrode and reported
that the molecules of 4-ATP are sulfur-bonded to the platinum
surfaces which lead to the formation of an amino-terminated
electrode surface,® on gold this molecule tends to give more
complex heterogeneously structured films.5% Langmuir-Blodgett
(LB) methods provide an alternative route to the formation of well-
ordered molecular films, and LB films of 2 on gold in both Au-S
and Au-N orientations and the electronic characteristics
described, recently.8 The present work highlights the self-
assembly of the four, bifunctional molecular wire candidates 1 - 5
on Au and Pt surfaces.

Cyclic voltammetry (CV) was applied to investigate the
degree of order and compactness of the SAMs formed from 1 - 4
under conditions known to result in removal of the protecting
group.*® The results of CV and impedance studies have shown
that the thioacetate-protected precursors 1 and 2 form well-
behaved monolayers on a gold electrode in comparison to SAMs
formed from 3 and 4, which exhibit randomly distributed pinholes
and defects.
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Figure 1. Structures of S,-[4-[2-[4-(2-phenylethynyl)phenyl] ethynyl] phenyl]
thioacetate molecular wires 1, 2, 3 and 4 and their calculated molecular lengths
S.C (1 and 3), S..N (2). And S..S (4) and S-Me (5). 5* is
Oligo(aryleneethylene) 2 in reference 42.

The SAMs formed from each compound were imaged
using atomic force microscopy (AFM) to examine the topographic
surface and a section analysis of height images gave root-mean-
square (RMS) roughness. In addition, the SAMs of all the four
compounds were also investigated on a platinum electrode

surface and the rates of electron transfer through the films on
both substrates were evaluated. The results show 1 - 4 have high
affinity towards self-assembly on gold, less so on platinum, with 1
and 2 giving the most densely packed and well-ordered films.

Results and Discussion
Electrochemical Studies

(A) Cyclic voltammetry

Cyclic voltammetry (CV) was used to investigate the
degree and compactness of the SAMs of the four molecular wires
1, 2, 3 and 4 (Figure 2). In this work, [Fe(CN)e]* which shows a
well-behaved electrochemically reversible, one-electron, outer-
sphere redox couple, was used as a redox probe molecule. The
CV experiments with modified electrodes were carried out in
aqueous 1 mM KsFe(CN)e solution in 0.1 M KNO;3 for potential
sweeps from -0.2V to +0.6V with the scan rate of 50 mV/s. In
Figure 2 (A) — (D) and (A’) - (D), the broken line displays a
typical CV response for the bare gold or platinum electrodes, as
indicated by the shape of the voltammogram, showing the
electron transfer across the interface controlled by mass transfer.
The solid lines show CV responses for the gold and platinum
electrodes covered with a monolayer of 1, 2, 3 or 4 and of mixed
monolayers of 3, and 4 +DDT.

Monolayers on Gold Electrodes

It is clear from Figure 2(A) and 2(B) that there is a
significant difference in the CV responses of the bare gold
electrodes and the gold electrodes covered with SAMs derived
from 1 and 2. The current is significantly reduced for 1 SAM and
2 SAM and the complete absence of peaks in the cyclic
voltammograms indicate that the redox reaction is almost
completely suppressed, albeit with the observation of small
residual tunnelling currents. In previous work, “> we have shown
that SAMs of dodecane thiol (DDT, 17.6 A) on Au electrodes are
fully blocking (vide infra for further comparison with a range of
other alkane thiols, Table 2). These data imply the formation of
well-organized and virtually pinhole free monolayers of molecules
1 and 2 in a manner similar to that of pure SAMs of DDT. In
support of this conclusion, similar profiles were obtained for the
cyclic voltammograms for both 1 SAM and 2 SAM at different
scan rates, i.e. 5, 10, 20, 50 and 100 mV/s. Well-formed
monolayers of 2 contacted to gold by the thiol moiety and by the
amino functionality prepared using Langmuir-Blodgett techniques
reported previously 8 show variable passivation of the electrode
surface as a function of the surface pressure used in the
deposition step.

The CV response for 3 SAM (Figure 2C), showed
distinct voltammetric response, with waves similar to those
observed in CVs obtained with the bare gold electrode, but with
the peak potential shifted to 0.27 V and the currents depressed
by 1.39 pA. This suggests macroelectrode behaviour, implying
linear diffusion of the redox active species and suggesting that 3
SAM has large pinholes in the monolayer. These large defects
may be due to the presence of the methoxy side groups which
hinder the close packing in the monolayer. 3 SAM was also
investigated at lower scan rates, i.e 10 mV/s and 5 mV/s, and it
was observed that there was a very small shift of peak potential
(i.e. 0.011 V and 0.001 V) with significant depression in the peak
current, i.e. 0.54 pyA and 0.41 pA, respectively, compared to the
CV at 50mV/s scan rate. Dodecanethiol (DDT) is well known as
an excellent candidate for the self-assembly on the gold.[%8
Hence mixed SAMs of 3 and DDT were prepared by dipping the
substrate in solution containing equal quantities of 3 and DDT
(1:1 molar ratio) according to previously published procedures,
and the CV response investigated (Figure 2(C) dotted line). The
mixed 3 SAM and DDT is comparatively pinhole free. However,
CV measurements on their own, cannot confirm the existence of
mixed SAMs, therefoe, our observations are quantitatively
supported by further studies using impedance spectroscopy and



AFM (vide infra). CVs of 4 SAM (Figure 2(D)) revealed that the
redox reaction is not completely suppressed, exhibiting a
sigmoidal shape indicative of microelectrode array behaviour. The
voltammogram at a scan rate of 50 mV/s showed a reduction in
current by 2.19 pA with no shift in peak potential. When 4 SAM
was investigated at lower scan rates of 10 mV/s and 5 mV/s the
current was reduced by a smaller extent, 0.49 pA and 0.25 pA,
respectively. As noted above, this behaviour suggests the
presence of pinholes and defects in the SAM which are
responsible for the diffusion of electroactive species to the gold
surface. The strong affinity of both thiol groups for gold resulting
in a tendency for alignmentment of the molecular wires 4 parallel
to the electrode surface may be the cause of the pinhole type
behaviour observed here. The binding of both thiol moieties to the
surface results in the collapse of the alignment of the molecular
wires leading to the formation of a monolayer with randomly
distributed pinholes and defects, consistent with the alignment on
the surface proposed by Valkenier et al, for 4.3 Further, the CV
response of mixed SAMs of 4 and DDT (1:1 molar ratio) was
investigated and it was found that although the current was
reduced, a clear voltammetric response was still observed,
indicating that 4 cannot form a well-organized SAM even when
mixed with DDT.

SAMs on Pt electrodes:

The self-assembly of 1, 2, 3 and 4 was further investigated on Pt
electrodes. CVs of aqueous solutions of 1 mM K4Fe(CN)g solution
in 0.1 M KNO3 between the potential range from -0.2 V to +0.6 V
with the scan rate of 50 mV/s are shown in Figure 2(A'-D") for
both bare Pt working electrodes and Pt working electrodes
modified by SAMs of 1-4. The CV of 2 SAM on Pt shows a
sigmoidal scan with a minor shift in peak potential with the current
drop by 2.8 pA in comparison to the typical voltammogram of a
bare Pt electrode at the scan rate of 50 mV/s.
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Figure 2. CVs obtained for potential sweep from -0.2V to +0.6V in 1mM
KsFe(CN)s + 0.1 M KNO3 for 1,2 3 and 4 SAMs on Au and Pt electrodes. Scan
rate: 50mV s,

Further, it was observed that at lower scan rates of 10 mV/s and
5 mV/s, the current drops by only 0.7 yA and 0.3 A, respectively.
Similar CVs were obtained with 3 SAM on a Pt electrode. The
CVs at different scan rates leads to the conclusion that the SAMs
of 2 and 3 are not of good quality and consist of pinholes and
deep defects exist. However, 1 SAMs and 4 SAM on Pt electrode
show distinct voltammetric waves, with marginal suppression in
current in comparison to the bare Pt electrode which shows the
significantly lower coverage of the Pt electrode surface by
adsorption of 1 and 4.

The comparative analysis of the CV study of SAMs of
molecular wires 1, 2, 3 and 4 on both metal electrodes leads to
the conclusions that the thiol / thioacetate (and amine in the case
of 2) groups do not display a strong affinity for self-assembly on
platinum. However, the amine-functionalised molecule 2 shows
marginally better affinity for forming SAMs on Pt which may
suggest that the competition between amines and thiols for
binding to gold is also being observed in the case of 2 on
platinum. Furthermore, among the four molecular wires, only 1
and 2 can form well-organised pin-hole free SAMs on gold and
are excellent candidates for the self-assembly on gold.
Additionally, mono-thiols (e.g. 1) are better candidates for self-
assembly than dithiols (e.g. 4) which is in good agreement with
the results reported by Valkenier et al.3

(B) Electrochemical Impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful
technique for analyzing the quality of SAMs on metal electrodes
as it provides quantitative information about the structural integrity
of the monolayers. In order to study the SAMs derived from 1-4
on gold and platinum electrodes, EIS measurements were carried
out using an AC signal of 10 mV amplitude at the equilibrium
potential of the redox couple Fe(CN)*"* over a wide frequency
range from 100 KHz to 1 Hz. The electrolyte solution used was a
1 mM mixture of Fe(CN)¢* solution in 0.1 M KNOs EIS
measurements were carried out in two parts: (At open circuit
potentials, where there is no overpotential at the SAM coated
gold electrodes, so that the electron charge transfer due to the
defects within the monolayers can be investigated. (b) The DC
potential was applied over the range of -0.2 V to +0.6 V (vs.
Ag/AgCl) on a SAM coated gold electrode. A semicircle at the
high frequency region can be described by a resistance in parallel
with constant phase angle capacitor which indicates a kinetically
controlled redox reaction and the straight line is described by a
Warburg region indicating electron transfer controlled by mass
transfer. The Nyquist plots obtained were fitted using equivalent
Randles circuit models in the Zplot software supplied with the
Solartron 1260.

The apparent electron transfer rate constant szp can be

obtained by the equation:#2

0 RT

Koo =505 = 1
' n’FcR A -

where R is the gas constant, T is temperature, F is the Faraday
constant, c¢ is the concentration of the KsFe(CN)s solution, Rt is
the charge transfer resistance and A is the geometric area of the
electrode. The Rct represents the resistance of the monolayer to
the redox species moving through it and was obtained from the fit
to the equivalent circuit.

Under equilibrium conditions, the theoretical standard tunnelling

rate constant K :’h can be calculated using equation: 42
0 0
K = K, exp(=4d) [2]

where, K; is the standard electron transfer rate constant at bare

electrode and its value used in this work is 0.031 cm s.%1 The
parameter B is the exponential decay constant for tunnelling and



measures the magnitude of current lost per unit length of the
molecular wire, which can vary from approximately 0 A1 (metal)
to 3.5 A (close to vacuum).%263 The B value used in the present
work was 0.6033 A and was calculated using value of 0.57 At
for each —Ar—C=C repeat unit and 0.67 Al per phenylene group,
respectively.”®! The molecular lengths d were calculated using
Chem 3D software with MM2 energy minimization potential
function. Bond lengths were calculated as the distance of S...C
(2 and 3), S...N (2) and S...S (4), bonds.

The fractional coverage of the well-assembled monolayer,
6a is, estimates the presence of defects in the monolayers and
can be calculated using the equation:

0o

K app
Tg —exp(—4d,) [3]

0 =
* " exp(—pd,) —exp(—f3d,)

where, da represents the average thickness of the whole
monolayer (ATWM). An ATWM value close to do implies a well-
assembled monolayer free from defects.

Nyquist plots of 1-4 SAMs on the gold electrodes in the
presence of Fe(CN)s** solution at both open circuit and at
different potentials versus Ag/AgCI reference electrode were
obtained (Figure 3). The experimental and theoretical rate
constants of bare electrodes and electrodes coated with 1-4 in
1.0 mM Fe(CN)&* + 0.1 M KNO; solutions at equilibrium
potential were evaluated and the data is summarized in Table 1.
For the EIS measurements at zero overpotential, the currents
predominantly arise by electron tunnelling at defects. Thus, the
EIS measurements at zero overpotential give information about
the defects and pinholes present in the monolayer. The Nyquist
plots of 1 and 2 at zero overpotential showed a large semicircle
over the entire range of frequency indicating complete blockage
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Figure 3. Nyquist plots for Au-SAM electrodes based on molecular wires 1, 2 3
and 4 in 1mM equimolar KssFe(CN)s + 0.1 M KNOz solutions at various
potentials. Frequency range: 1 Hz to 100 KHz

of the redox reaction on the electrode surface, characteristic of
well-organised and pinhole- and defect-free monolayers. The
Nyquist plots of SAMs of 1 and 2, were fitted with equivalent
circuits comprised of a solution resistance (R1) in series with a
parallel membrane-capacitance related constant phase element
(CPE) and a faradaic resistance (R2). The R« values obtained
0

app (Table 1). It is apparent

were used to calculate th and K

from the data, K, and K gpp values for 1 SAM 1 and 2 SAM on

gold surfaces are in good agreement which indicate the formation
of well-organised and pin-hole free SAMs.
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Figure 4. Nyquist plots for Pt-SAM electrodes based on molecular wires 1, 2 3
and 4 in 1mM KsFe(CN)s + 0.1 M KNOsz solutions in open circuit
measurements. Frequency range: 1 Hz to 100 KHz.

Table 1. Experimental and theoretical rate constants of bare electrodes
and electrodes coated with thioacetate molecular wires 1, 2, 3and 4in 1
mM KauFe(CN)s + 0.1 M KNOgz solutions at equilibrium potential

Molecule Theoretical Rect ocp Experimental
K, (cm s) (KQ) Kopp (€ms%)
Gold SAMs

1 2.525E-07 1.46E06 6.66E-07

2 2.030E-07 3.05E06 4.21E-07

3 2.525E-07 1.78E04 7.44E-05

3+DDT - 3.31E07 4.02E-08

4 1.641E-07 6.03E04 2.20E-05

4+DDT - 2.85E05 4.66E-06

Platinum SAMs
1 2.525E-07 7.57E03 1.12E-04
2 2.030E-07 7.51E04 1.13E-05
3 2.525E-07 1.39E04 60.08E-05
4 1.641E-07 2.66E03 3.18E-04

The marginal difference in theoretical and experimental electron
transfer rate constants can be attributed to minor defects and
small tunnelling currents in the monolayers of 1 and 2. The
Nyquist curves at various potentials versus Ag/AgCl reference
electrode show evidence of mass charge transport with an
increase in positive potentials.

The Nyquist plots of 3 and 4 SAMs of on gold electrode showed a
semicircle at the high frequency region and a straight line at the
low frequency region, indicating the existence of kinetically
controlled charge transport characteristic of facile charge transfer
and consequently an uneven poor quality SAMs on the electrode
surface. Furthermore, the difference of order of 102 in the values
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of th and K zpp for both SAMs of 3 and 4 corroborate the CV

studies which also indicate the poor blocking behaviour of these
SAMs.

EIS measurements were carried out, in a similar manner,
on 1, 2, 3 and 4 SAMson a platinum electrode using an AC signal
of 10 mV amplitude at the equilibrium potential of the redox
couple Fe(CN)s** over a wide frequency range from 100 KHz to
1 Hz. The electrolyte solution used was 1 mM Fe(CN)g>/* solution
in 0.1 M KNOg3. The Nyquist plots at zero overpotential (Figure 4)
indicate that only 2 and 3 self- assemble on the platinum
electrode to partially, in comparison to the molecules 1 and 4.
This is further confirmed by analyzing the differences in the
values of the theoretical and experimental electron transfer rate

constants.The influence of Kgp (Table 1) on the nature of

p

the blocking properties of the SAM of molecules 1-4 can be
obtained by using eqgn (3) (Figure 5) by plottting the values of 6a
versus da for SAMs of molecular wires 1-4 on both gold and
platinum electrodes. Both, 1 and 2 form good quality SAMs on
gold with an average thickness of 18 A and 18.6 A, respectively.
On other hand, for 3 and 4, the values of ATWM are only 10 A
and 12.1 A which suggests the presence of pinholes and defects
in their respective monolayers on gold. In comparison to the
SAMs on gold electrodes, the maximum average thickness of 1,
2, 3 and 4 on the platinum electrode are 9.4 A, 13.2 A, 10.4 A and
7.6 A, respectively, which suggest that all the SAMs have deep
defects and are far from the ideal ATWM values.

The results of the EIS study agree very well with those
obtained from the CV study confirming that 1 and 2 are excellent
candidates for self-assembly on gold, in comparison to 3 and 4.
However, none of the four molecules forms a good quality SAM
on Pt electrodes.

Finally, the apparent electron transfer rate constants through
the SAMs of 1 and 2 on gold electrodes were analyzed in
comparison to the electron transfer rates through self-assembled
monolayers of a range of alkane thiols previously reported in the
literature (Table 2). It can be seen that the SAMs of 1 and 2 have
better blocking capacity in comparison to short alkanethiols such
as heptanethiol and nonanethiol as well as dodecanethiol which
is one of the best candidates for self-assembly on gold. The rate
constants of SAMs of 1 and 2 are in good agreement with those
reported for the long-chain hexadecanethiol.

Gold SAMs

0 2 4 & & 10 12
da

14 16 18 20 22

Pt SAMs

Figure 5. Ba vs. da plots of SAMs of 1, 2, 3 and 4 on gold and platinum
electrodes.

Table 2: Comparison studies of experimental rate constant of self-
assembled monolayers previously reported in literature
Experimental

Molecule K gpp (cm s Reference

1 6.66E-07 Present work

2 4.21E-07 Present work
1-Heptanethiol 2.59E-03 Ref. 42
Nonanethiol 9.21E-05 Ref. 64
Dodecanethiol 1.08E-06 Ref. 64
Hexadecanethiol 1.44E-07 Ref. 64
Octadecanethiol 3.28E-08 Ref. 64
Octadecanethiol 2.90E-07 Ref. 28
Oligo(aryleneethylene) 6.61E-05 Ref. 42

Morphology and structural studies

(A) Atomic Force Microscopy (AFM)

Atomic force spectroscopy (AFM) was used to analyze the
structural features of SAMs. The SAMs derived from 1-4 on gold
were imaged using AFM in tapping mode (Figure 6) showing the
3D images and AFM section analyses of four SAMs. The section
analysis of the height images gave root-mean-square (RMS)
roughness of 0.607 nm for the bare gold and 2.671 nm, 2.825
nm, 1.017 nm and 1.414 nm for SAMs of 1, 2, 3 and 4
respectively. It can be clearly seen (Figure 6) that 1 and 2 form
dense, well packed monolayers with maximum surface coverage.
The surface roughness of the SAM of 3 is approximately 0.4 nm
greater than that of the bare gold surface which suggests minimal
and partial surface coverage of SAM formed by this molecule.
The roughness factor with the SAM of 4 is more than that of the
bare gold which suggests formation of a layer. However, in
comparison to the SAMs of 1 and 2, the RMS value for 4 is much
less which suggests that molecules of 4 may be collapsed on the
surface due to binding from both ends of the molecule.

Bar:z Guld‘

WA RMS = 0.607nm

: ‘ i 1 RMS = 2.671 nm
2 SAM .
: RMS =2.825 nm
3 SAM ‘
WA PAN Ny RMS = 1,017 nm
4 SAM '«
RMS = 1.4142
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Figure 6. AFM 3D images and section analysis of SAMs of 1, 2, 3 and 4 on gold
electrodes.



The AFM data are, therefore, entirely consistent with the results
obtained from CV and EIS studies.

No AFM imaging was performed for SAMs on platinum. as it
was concluded on the basis of CV and EIS studies that none of
the four molecules form well-organised monolayers on the
platinum electrode surface.

Conclusion

SAMs derived from four bifunctional molecules 1, 2, 3 and 4 on
gold electrodes have been thoroughly studied using techniques:
CV, EIS and AFM. It has been clearly shown that 1 and 2 behave
as rigid rod molecular wires suitable for self-assembly on a gold
surface and form well-ordered, dense monolayers with S-Au
bonds. SAMs of 3 show pin-hole behaviour even in mixed
monolayers with dodecanethiol (DDT), due to the steric hindrance
of the methoxy side chains. SAMs of dithioacetate 4, indicate
binding from both ends to the gold surface which does not allow
dense packing and leads to the formation of monolayers with
randomly distributed pinholes. Further, it can be concluded that
none of the four molecular wires studied can act as a suitable
candidate for the self-assembly on a platinum electrode. This
work should provide further impetus to explore SAMs of new
OPEs as key structural elements for a range of nanotechnology
applications.

Experimental Section

Materials: Compounds 1, 4, potassium ferrocyanide, 1-dodecanethiol
(DDT), were purchased from Sigma-Aldrich and were used as
received. Potassium nitrate was purchased from Lancaster.
Tetrahydrofuran (THF), hydrogen peroxide and sulfuric acids were
purchased from Acros Organics and Fluka, respectively. All solvents
were purified by suitable methods and all agueous solutions were
prepared using deionized water obtained from Sartorius Arium 611
ultrapure water system (conductivity = 0.055 uS cm). Polycrystalline
gold and platinum disc electrodes with the diameter of 1.6 mm and
2.0 mm, respectively, were used for the preparation of self-assembled
monolayers. Thioacetates 2(°8 and 3[°°! were synthesized as reported
previously.

Preparation of self-assembled monolayers: Prior to use of the
electrodes for SAM deposition, the electrodes were thoroughly
cleaned by polishing for 2 min in a figure-eight pattern on Buhler
Microcloth, sequentially with diamond polish slurries of 15, 6, 3 and 1
um followed by sonication in ethanol and water.®*® Cyclic
voltammetry in 1 M H,SO, solution from 0 V to 1.5 V (vs.
Ag/AgCI/KCI, 3.5 M) was employed as a measure of the cleanliness
of the gold electrode surface. If required, the gold electrodes were
also cleaned by soaking in Piranha solution for a few minutes,
followed by rinsing with water. The typical shape of the
voltammogram and charge under the stripping wave larger than 1.4
uUC cm? served as a measure of cleanliness of the electrode. After
sonication in water and ethanol, the gold electrodes were dried under
a stream of argon and were ready for the deposition of self-
assembled monolayers. The Pt electrodes were cleaned similarly and
the cleanliness of the surface was verified by CV in 0.5 M H,SO, in
the potential range from -0.2 V to 1.2 V. SAMs were deposited on the
Au and Pt electrodes by immersing the clean electrodes in 1.0 mM in
THF solution of 1, 2, 3 and 4 for 24 h at room temperature. Loosely
bound molecules were removed by rinsing with THF and the
electrodes were then dried with a slow stream of argon.

Instruments: A Potentiostat-Galvanostat Model 283 (Princeton
Applied Research) was used for cyclic voltammetric studies and CVs
were run by sweeping the potentials from -0.2 V to +0.6 V. The
electrochemical impedance spectroscopy (EIS) measurements were
carried out using a Solarton 1260 Impedance/Gain-Phase Analyser
connected with a PAR model 283 potentiostat interfaced with a
personal computer. In EIS, sinusoidal potential sweeps with the
frequencies varying from 0.1 Hz to 100 KHz are applied to the Au or
Pt electrode. The Zplot software supplied with the Solartron 1260 was
used to collect, plot and interpret the raw impedance data. A three

electrode cell was employed in all experiments. The reference
electrode used was Ag/AgCl (3.5 mol dm KCI). A Pt foil (A = 1 cm?)
was used as counter electrode. Bare gold/Pt electrode or electrodes
covered with SAMs acted as the working electrode. The cell was
placed in a Faraday cage to isolate the system from the external
inference. All potentials are reported with respect to Ag/AgCl (3.5 mol
dm=2KCI). All measurements were carried out at room temperature in
the solutions purged of oxygen by bubbling argon for 10 min. The
Nyquist plots were fitted using equivalent Randles circuit models.

Atomic force microscopy (AFM) was applied to examine the
roughness of surface of the monolayers. AFM height images were
obtained using Nanoscope 4 multimode Digital AFM (Veeco
Instruments, Inc.) in tapping mode. Gold substrates were prepared on
glass by evaporation of an adhesion layer of 10 nm chromium and
200 nm gold, respectively. Subsequently, the substrate was
immersed into a 1 mM adsorbate solution in THF. AFM investigations
confirmed the flatness of the surface. The gold substrate bearing self-
assembled monolayers were glued to the steel disk on top of an XYZ
translator. The AFM tip was positioned close to the surface and
samples were scanned in the tapping mode.
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