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Abstract

We have studied by electrochemical techniques #éassembled monolayers (SAMs) of
alkoxycyanobiphenyl thiols having different alkyhan lengths viz., § Cs and Go on gold
surface. These thiol molecules exhibit nematicitiqerystalline order in bulk. They are dispersed
in lyotropic liquid crystalline phase, which is dsas an adsorbing medium for SAM formation.
The liquid crystalline medium consisting of a nomic surfactant, Triton X-100, water and the
corresponding thiol possesses a hexagonal colustnacture. This medium provides a highly
hydrophobic environment to solubilize the thiolsdaater facilitate their delivery to the gold
surface to form a monolayer. The electrochemicahn@ues such as cyclic voltammetry and
electrochemical impedance spectroscopy were useglvatuate the barrier property and ionic
permeability of these monolayers on gold surface. Mdve compared our results with that of the
corresponding monolayers prepared using dichlorbamet as a solvent. We find from our studies
that the monolayer obtained using this hexagorlidi crystalline phase shows an excellent
electrochemical blocking ability towards the redosactions and exhibit very low ionic
permeability when compared to the correspondingatayer formed from dichloromethane as a
solvent. We also find that for short length alkigam thiol (G), the electron transfer reaction of
hexaammineruthenium (ll) chloride is not inhibitseynificantly; while the redox reaction of
potassium ferro/ferri cyanide complex is blocked thg SAM modified electrodes. From the
impedance studies, we have determined a surfacrage value of >99.9% for the monolayer on
Au surface for all the thiol molecules studiedhistwork. We have also proposed a model for the
likely processes involved in the formation of mana@r from the liquid crystalline medium. This
is the first example in literature of self-assembiaonolayer formation on Au by a compound

exhibiting bulk nematic phase that is dispersed liyotropic liquid crystalline medium.
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Introduction

The self-assembled monolayers (SAdfsyrganic thiol moleculés find
potential applications in a variety of fields suah biosensor§ photolithography,
corrosion inhibition, high density memory storagevides, non-linear optical
materials, micro contact printing, molecular wir@da molecular electronics,
molecular capacitors, friction, wetting and as ariba for electron transfer
reactions®. Usually, the SAMs of thiols are obtained by a mienprocess of
immersing the metal into a dilute solution contagnthe thiol whose concentration
normally ranges fronuM to mM in organic solvents such as ethanol, adettan
and dichlorometharie However, the intercalation of the solvent molesulithin
the monolayer during the process of adsorptiomesaf the problems in producing a
highly compact monolayer film with ultra low defect’. Besides, it is also of
interest to study the monolayers formed in thertyt liquid crystalline medium as

it is widely used as a model system to mimic dmyatal environment.

It is well known in the literatureaththe surface active agents, commonly

known as surfactants can form several self-aggeegstructures namely micelles,



reverse micelles and liquid crystalline phasesgueaus solutions that can generate
hydrophobic domains to solvate and solubilize tbe-polar specié€s The solvating
ability of these self-aggregated structures depemusthe chemical nature and
structure of the surfactant, temperature and thigiaes. Recently, we have reported
a method of preparation of monolayers of alkanelshon gold using a hexagonal
lyotropic liquid crystalline phase as an adsorbimediun? and found that the SAMs
formed are highly compact with ultra low defect siéyh and have excellent
electrochemical blocking ability towards the redeactions. We have also shown
by grazing angle FTIR studies, that there is nerodlation of the surfactant
molecules insides the monolayer. In this paper hewsthat the utility of this
method can be extended to SAMs of organic thiolsrigacombined aliphatic and
aromatic functions in their structure such as ajkganobiphenyl thiols.
Significantly, this is the first example of a bullematic phase dispersed in a
hexagonal columnar phase to form a self-assembleablayer film on gold. The
lyotropic liquid crystalline medium consists of watand Triton X-100 that retains
the hexagonal structure even after the additiorcafesponding nematic liquid
crystalline thiol molecules as confirmed by textwstudies using polarizing light
microscopy. The chosen system also represents laothef SAM formation of a
molecule containing both the aromatic core andalghatic chain from lyotropic
liquid crystalline medium.

We find from literature that there @ome scattered reports on the SAM of
bipheny! thiols®** and the SAMs of molecules, which show the liquigstalline
phase behaviour in bulk. Both discotic and calentigpes of liquid crystalline
molecules have been shown to form highly orderetMSAn gold leading to many
interesting properties and phenom&ia Recently, we have reported the SAMs of
alkoxycyanobiphenyl thiols having different alkyhain lengths showing a nematic

liquid crystalline phase in bulk on gold surfdcéVe also find from the literature



that there are some reports on the formation of SAdf thiols from aqueous
micellar solutions of various surfactafits. Yan et al. have extensively studied the
monolayer preparation, kinetics of SAM formationdathe stability of the SAMs

&*2" and found that these

using the aqueous micellar solution of severalastaint
water-borne SAMs exhibit higher resistances agaimstdiffusion of redox probe
molecules and show good barrier property towardsetbctron transfer reactions.

In this paper, we report the reswoitsour electrochemical study on self-
assembled monolayer films of alkoxycyanobiphenyblthhaving different chain
lengths (G, Cg and Gg) on gold surface using a hexagonal lyotropic liqui
crystalline phase as an adsorbing medium and campar results with that of the
corresponding SAMs obtained using dichloromethana aolvent. Electrochemical
techniques such as cyclic voltammetry (CV) and tebebemical impedance
spectroscopy (EIS) were used to evaluate the bamoperty and insulating property
of these SAMs on gold surface using [Fe(gff and [Ru(NH)s*** redox
couples as probe molecules. Impedance spectrostapywere used to determine
the charge transfer resistance,)Rwhich is a measure of the electrochemical
blocking ability of the monolayer. In addition, thpedance data were used to
determine the ionic permeability of SAMs and suefacoverage €) of the
monolayer on gold surface to evaluate the distiwioudf pinholes and defects within

the monolayer using the pinhole analysis.

Results and discussion
Polarizing light microscopy

The polarizing light microscopy exipgents were conducted using glass
slides and cover slips with the sample sandwichetivéen them. The textural
studies were carried out by heating the samplesttrdpic phase using Mettler

heating arrangement and recording the texturesgltinie process of cooling. Figure



1 shows the textures obtained for the hexagondtdpe liquid crystalline phase
using polarizing light microscopy. Figures 1(a))léand 1(c) show the broken focal
conic texture€?® corresponding to the hexagonal structure of tlwrdpic liquid
crystalline phase for the solutions containing ddiion to Triton X-100/water,
alkoxycyanobiphenyl thiols having different chaiangths of G G and Gp
respectively. These textural studies confirm th&algenal structure of the liquid

crystalline medium used for the preparation of mayer.

Experimental
Chemicals

Dichloromethane (Spectrochem), Tritéti00 (Spectrochem), potassium
ferrocyanide (Loba), potassium ferricyanide (Quatig), hexaammineruthenium(lll)
chloride (Alfa Aesar), sodium fluoride (Qualigerem)d lithium perchlorate (Acros
Organics) were used in this study as received. »dlkganobiphenyl thiol
compounds of different chain lengthss(@), G (b) and Go (c)) were synthesized
using the synthetic scheme described elsewhéfee synthesized compounds were
characterized by elemental analysis and spectrascipdies. All the chemical
reagents used in this work were analytical gradR)(Reagents. Millipore water
having a resistivity of 18 K2 cm was used to prepare the aqueous solutions. The
structure of the alkoxycyanobiphenyl thiol compaosistudied in this work is shown
in figure 2.
Preparation of a hexagonal liquid crystalline phase

The lyotropic liquid crystalline pleas a mixture of Triton X-100 (42% by
weight) and water (58% by weightf® which exhibits broken mosaic and focal
conic textures of the hexagonal phase in the tektstudies performed using
polarizing light microscopy. For the preparationSAMSs, the alkoxycyanobiphenyl
thiol compounds having different chain lengths, (G and G were added to the



above-mentioned lyotropic liquid crystalline phagdout 5mg of the compound
was added to the total volume of 25ml of the heragdiquid crystalline phase.

Initially, the alkoxycyanobiphenyl compounds fuiocialized with thiol were heated
to the isotropic phase at respective temperaturtes which the liquid crystalline

phase consisting of water and Triton X-100 was ddaled stirred completely to
obtain a homogeneous mixture of solution. Then aswallowed to cool down to
room temperature and used for the monolayer foonati The hexagonal structure
of the liquid crystalline phase is maintained aftee addition of the nematic

compound and it was confirmed by polarizing lightrascopy.

Sample preparation

Gold sample of purity 99.99% was oi#d from Arora Mathey, Kolkota,
India. Evaporated gold (~100 nm thickness) on ghais chromium underlayer (~2-
5 nm thickness) was used for the monolayer formadiad its characterization using
electrochemical techniques. The substrate was detie 350C during gold
evaporation under a vacuum pressure of 2 X fbar, a process that normally
yields a very smooth gold substrate with predontigaAu(111) orientation. The
evaporated gold samples were used as strips for afwation and its analysis.

For electrochemical characterizatioa, conventional three-electrode
electrochemical cell was used. A platinum foil afge surface area was used as a
counter electrode and a saturated calomel eleci{i®@€&) was used as a reference
electrode with the SAM modified gold electrode awarking electrode. The cell
was thoroughly cleaned before each experiment aptlik a hot air oven at 180D

for at least 1 hour before the start of the expenin

Preparation of alkoxycyanobiphenyl SAMs using the hexagonal liquid

crystalline phase



Before SAM formation, the evaporatkd strips were pre-treated with
“piranha” solution (It is a mixture of 30% ,8, and Conc. K5O, in 1:3 ratio.
Caution! Piranha solution is very reactive with argc compounds; storing in a
closed container and exposure to direct contactukhdoe avoideyl and washed
completely with millipore water. The monolayers akoxycyanobiphenyl thiols
were prepared by keeping the Au strips in the hemalyliquid crystalline phase
containing these thiol molecules for about 15 hairsoom temperature. After this,
the electrode was thoroughly washed with a jetisfileedd water and finally with
millipore water. For comparison, we have also prepathe monolayers of
alkoxycyanobiphenyl thiols on Au surface using tbhcbmethane as a solvent. In
this case, the Au strips were dipped in 1mM throldichloromethane solution for
about 15 hours at room temperature. Upon remadvalSAM coated electrodes were
rinsed with dichloromethane, washed with distilledter and finally with millipore

water and immediately used for the analysis.

Electrochemical characterization of SAMson Au surface

Cyclic voltammetry and electrocherhiogpedance spectroscopy were used
for the characterization of SAMs and evaluation tioéir barrier properties by
studying the electron transfer reactions on the SwbHified surfaces using two
different redox probes namely potassium ferrocyar(itegative redox probe) and
hexaammineruthenium(lll) chloride (positive redawlipe). Cyclic voltammetry was
performed in solutions of 10mM potassium ferrocganin 1M sodium fluoride at a
potential range of —0.1V to 0.5V vs. SCE and 1mMkaaenmineruthenium(lll)
chloride in 0.1M lithium perchlorate at a potentiahge of —0.4V to 0.1V vs. SCE.
Here sodium fluoride and lithium perchlorate wersedi as the supporting
electrolyte. The impedance measurements were daoug¢ using an ac signal of

10mV amplitude at a formal potential of the redauple using a wide frequency



range of 100kHz to 0.1Hz, in solution containingvays equal concentrations of
both the oxidized and reduced forms of the redaxp®namely, 10mM potassium
ferrocyanide and 10mM potassium ferricyanide in NdF. All the experiments
were performed at room temperature. From the impsslaata, the charge transfer
resistance (R values of the SAM modified electrodes were deteeah using the
equivalent circuit fitting analysis. From the,Ralues, the surface coverag® (
values of these monolayers on gold surface were @fculated. In addition, the
impedance data were also used for the pinhole sisdly determine the distribution

of pinholes and defects within the monolayer.

I nstrumentation

Cyclic voltammetric studies were @adrout using an EG&G potentiostat
(model 263A) interfaced to a computer through aBsédrd (National Instruments).
The potential ranges and scan rates used for tigsas are shown in the respective
diagrams. For electrochemical impedance spectrasstydies the potentiostat was
used along with an EG&G 5210 lock-in-amplifier catied by Power Sine software
(EG&G). The equivalent circuit fitting analysis tfe data was carried out using
Zsimpwin software (EG&G) developed on the basiBofikamp’s model .
Electrochemical characterization
Cyclic voltammetry

The electron transfer reactions adose probe molecules on the SAM
modified surfaces can be studied using cyclic voitetry and therefore it has
become an important tool to assess the qualityhef monolayer and its barrier
property. The SAMs of alkoxycyanobiphenyl thiols gald surface were formed
from the hexagonal liquid crystalline phase contgjrthe respective thiol molecule.
For comparison the corresponding monolayers oldairseng dichloromethane as a

solvent were also analyzed. Figure 3A shows théacyoltammograms of bare Au



electrode and SAMs of alkoxycyanobiphenyl thiolsteal Au electrodes in 10mM
potassium ferrocyanide with 1M NaF as the supporéiectrolyte at a potential scan
rate of 50mV/s. Figure 3B shows the comparison wflic voltammograms of
monolayers of alkoxycyanobiphenyl thiols havingreliént chain lengths (fa), G
(b) and Gy (c)) coated Au electrodes in the same solution. Momolayers were
formed by keeping the Au strips in the correspogdimol solution for about 15
hours. It can be seen from the figure that the Barelectrode (Fig. 3A (a)) shows a
typical cyclic voltammogram for the redox couple emh the electron transfer
reaction is under diffusion controlled. In contrafite monolayers of all the
alkoxycyanobiphenyl thiol modified gold electrodgsg. 3A (b)) do not show any
peak in the voltammogram since the redox reacsosignificantly blocked by the
monolayer. On the other hand, the voltammogramsbéxthe characteristics of
microelectrode array behavidlir® showing that the electron transfer process in this
case is under charge transfer control.

Figure 3B shows a comparison of «yclvoltammograms of
alkoxycyanobiphenyl thiols having different alkyhain lengths namely {0Qa), G
(b) and Go (c) thiols formed from the hexagonal liquid cryistee medium. It can
be seen from the figure that all the monolayer edatlectrodes show significant
blocking to the redox reaction indicating that éectron transfer reaction is charge
transfer controlled on these SAM modified electsadene blocking ability of these
monolayers follows the order:;£> G > G.. The CVs of these monolayer-coated
Au electrodes exhibit the characteristics of mitzogode array behaviour
indicating the formation of highly ordered, wellgk@d monolayers with ultra low
defect density.

We have also used hexaammineruthdtilynchloride as a redox probe
molecule to evaluate the barrier property of thanatayers of alkoxycyanobiphenyl

thiols on Au surface obtained using the hexagoimgiid crystalline phase as an



adsorbing medium. Figure 4 shows the CVs obtaimedare gold and SAMs of
alkoxycyanobiphenyl thiols modified Au electrodesmed in the hexagonal liquid
crystalline phase in 1mM hexaammineruthenium (th)oride with 0.1M lithium
perchlorate as the supporting electrolyte at argistescan rate of 50mV/s. The
monolayers were formed by keeping the Au samplthéncorresponding thiol for
about 15 hours. It can be observed from the fighat the bare Au electrode (Fig.
4(a)) shows the usual cyclic voltammogram indigatthat the ruthenium redox
reaction is under diffusion control. However, fréig. 4(b), it can be seen that the
redox reaction of ruthenium complex is quasi-refpdesimplying a very poor
blocking property of the SAM of £xhiol on Au surface. In contrast, the monolayers
of Cg (Fig. 4(c)) and & (Fig. 4(d)) thiols formed from the hexagonal lidui
crystalline phase show a significant blocking betwaw to ruthenium electron
transfer reaction which is characteristic of arayrof microelectrodes. The overall

blocking efficiency therefore follows the order; ;G G > Gs.

Comparison with the organic solvent adsorbed SAMs

We have compared the blocking abiliof these monolayers of
alkoxycyanobiphenyl thiols formed from the hexadditaid crystalline phase with
that of the corresponding monolayers prepared ugdicigjoromethane as a solvent.
Figure 5 shows the comparison of cyclic voltammaowgaof respective SAM
modified electrodes obtained using both the hexalghauid crystalline phase and
dichloromethane as the adsorbing media. Figures BBAnd C show the cyclic
voltammograms in 10mM potassium ferrocyanide witti NaF as supporting
electrolyte at a potential scan rate of 50 mV/stha monolayers of £ Cs and Go
thiols on Au surface respectively. In these figufa$ denotes the monolayer formed
from the hexagonal liquid crystalline phase and rggresents the corresponding

monolayer obtained using dichloromethane as a sbllte can be seen from the
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figures that the monolayers formed from the hexafdtiquid crystalline phase (a)
exhibit a more blocking characteristic than the éorened from dichloromethane
(b). The magnitude of current is much lower at aifpee potential range of >0.1V
vs. SCE in the case of SAMs formed from the hexagtquid crystalline phase,
when compared to the corresponding monolayers fouseag dichloromethane as a
solvent. This clearly shows that the SAMs formednirthe hexagonal liquid
crystalline phase have a better blocking propemty are highly ordered and compact
with ultra-low defect density. The small currerdvil arises due to the access of the
redox species to the gold surface through the paéshand defects present in the
monolayer.

Similarly, we have also compared blecking ability of these monolayers
formed from the hexagonal liquid crystalline phagé that of the corresponding
monolayers prepared from dichloromethane as a sblveusing
hexaammineruthenium(lll) chloride complex as a regombe. Figure 6 shows the
comparison of cyclic voltammograms of respective MsAnodified electrodes
obtained using the hexagonal liquid crystalline gghand dichloromethane as the
adsorbing media. Figures 6A, B and C show the cyatiitammograms in 1mM
hexaammineruthenium(lll) chloride with 0.1M LiCJ@s the supporting electrolyte
at a potential scan rate of 50 mV/s for the SAMs @f G and G
alkoxycyanobiphenyl thiols on Au surface respedyivin these figures, (a) denotes
the monolayer formed from the hexagonal liquid talime phase and (b) represents
the corresponding monolayer obtained using diclmh@thhane as a solvent. It can be
seen from the figures that the monolayers in tlee @d G (Fig. 6(A)) and G (Fig.
6(B)) thiols do not show much difference in thelodking ability to the ruthenium
redox reaction when these monolayers formed frotineeithe hexagonal liquid
crystalline phase (a) or dichloromethane (b) as d@dsorbing media. But the

monolayer of G thiol formed from the hexagonal liquid crystallipkase (Fig. 6(C)
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(@)) exhibits a much better blocking characteridtian the one formed from
dichloromethane (b). It can also be observed from figure that the ruthenium
redox reaction takes place almost uninhibited @nntfonolayer of ¢ thiol formed

from dichloromethane (Fig. 6C (b)). This is duethk® intercalation of solvent
molecules during the adsorption process, whichrgatzes the monolayer by
solvating the thiol molecules and allowing accesthe redox species. This effect is
more pronounced in the case of longer alkyl chaolesules like G thiol. The

relatively lower current in the case of SAMs formigdm the hexagonal liquid

crystalline phase establish the fact that the SAdMmed from this phase have a
better blocking property with ultra-low defect demswhen compared to the

corresponding SAMs obtained using dichloromethana solvent.

Electrochemical impedance spectr oscopy

In order to evaluate the structurdégrity of the monolayer formed from
the hexagonal liquid crystalline phase in a quatii¢ manner, the charge transfer
resistance (R values for the redox probes were measured udegjrechemical
impedance spectrosco}y®. In addition the impedance data were also used to
determine the surface coverage of these monolagargyold surface. Bure
7B shows the impedance plots (Nyquist plots) of theonolayers of
alkoxycyanobiphenyl thiols on Au surface in equaheentrations of potassium
ferro/ferri cyanide with NaF as the supporting #lglgte. The monolayers were
obtained by keeping the Au strips in the correspandhiol solution for about 15
hours. For comparison the plot of bare Au electrigd@Eso shown in figure 7A. The

3+ redox

Impedance spectroscopy was carried out at a fopaiaintial of [Fe(CNy
couple. It can be seen from the figure that the l#ar electrode (Fig. 7A) shows a
very small semicircle at higher frequency regiod arstraight line at low frequency

region indicating that the electron transfer prece$ the redox couple is under
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diffusion control. On the other hand, the SAM maatif electrodes (Fig. 7B) show
the formation of semicircle in the entire range fadfquency used for the study
implying a good blocking behaviour and completergkatransfer control for the
electron transfer process. Figure 7B shows the diaupee plots of the monolayers of
Cs (a), G (b) and Gy (c) thiols on Au surface respectively. A very kargsemicircle
obtained in the case of SAM of,&xhiol on Au surface formed from the hexagonal
liquid crystalline phase (Fig. 7B (c)) when comphte other SAMs indicates a high
charge transfer resistance and hence an exceleattaehemical blocking ability of
the SAM.
Comparison with the organic solvent adsorbed SAMs

We have compared the blocking abiliof these monolayers of
alkoxycyanobiphenyl thiols obtained using the hexed liquid crystalline phase
with the corresponding monolayers formed from dchinethane as a solvent.
Figure 8 shows the comparison of impedance plotallaixycyanobiphenyl thiols
prepared from both the hexagonal liquid crystallpiese and dichloromethane as
the adsorbing media. Figures 8A, 8B and 8C showékpective Nyquist plots of
SAMs of G, G and Gy thiols on Au surface in the aqueous solution dairig
10mM potassium ferrocyanide and 10mM potassiunmicignide with 1M NaF as
the supporting electrolyte. In all these figure} danotes the monolayer formed
from dichloromethane as a solvent and (b) represtiet monolayer obtained using
the hexagonal liquid crystalline phase as an adsgrnedium. It is well known that
the charge transfer resistancg(Rvhich is a measure of the blocking ability oéth
monolayer, can be determined from the semicirctaiobd in the impedance plot. It
can be seen from the figures that thevRlues of the monolayers formed from the
liquid crystalline phase (b) is much higher thane ttone formed from

dichloromethane as a solvent (a) implying that ghlyi ordered, well packed,
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compact monolayer with less number of pinholesdafdcts is formed in the former
case.
Analysis of impedance data

Electrochemical impedance spectroscgtudies have been extensively
used to study SAM modified electrodes which canvigi® valuable information on
the charge transfer resistance, surface coveradedetribution of pinholes and
defects within the monolay®. It is well known that the diameter of semicircle
obtained in the impedance plots is a measure ofgehtransfer resistance (R
which is higher in the case of SAM modified eled&@e when compared to that of
the corresponding Rvalue determined at bare Au electrode due torthivition of
electron transfer rate on the monolayer coatedreldes. The impedance values are
fitted to a standard Randle’s equivalent circuinpoising of a parallel combination
of constant phase element (CPE) represented bydadaradaic impedanceg ih
series with the uncompensated solution resistdRce he faradaic impedance; i8
a series combination of charge transfer resistaRg@and the Warburg impedance,
W for the cases of bare Au electrode and SAM ethibl modified Au electrode
(for redox reaction of ruthenium complex). For tiker cases of SAM modified
electrodes, the ;Zconsists only of charge transfer resistancg, By equivalent
circuit fitting procedure using the impedance datéare Au electrode and SAM
modified electrodes we have determined thevBues, which are shown in Table 1.
It can be noted that the Rvalues obtained for the SAMs prepared from the
hexagonal liquid crystalline phase are very muaphér when compared to the
SAMs formed from dichloromethane implying the betldocking ability of the

3+ as the

SAM to the redox reaction in the former case. Weehased [Fe(CN)
redox probe to calculate the;Ralues for all the SAM modified electrodes ob&ain
using both the hexagonal liquid crystalline phasel aichloromethane as the

adsorbing media as shown in Table 1.
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Deter mination of surface coverage (0) of the SAM:

Fawcett and co-workers have compatecke different methods of
evaluation of the structural integrity of the maom@r**®> These methods are
essentially based on (a) the measurement of rattbeocharge transfer resistance
values of monolayer modified electrode and bareehactrode for a specific redox
system, (b) the measurement of ratio of the peakents obtained using cyclic
voltammetry and (c) using pinhole analysis basedtlom faradaic impedance
measurements as suggested by Finklea®t al.

Using method (a), the surface cowverg§) of the monolayers of
alkoxycyanobiphenyl thiols on gold electrode wakwated from equation (1), by
assuming that the current is due to the presengenbbles and defects within the
monolayers

0=1-(R/Rc) 1)

where R is the charge transfer resistance of bare Aureldetand R; is the charge
transfer resistance of the corresponding SAM medifelectrodes. The surface
coverage values are >99.9% for all the SAM modifedelctrodes studied in this
work as shown in Table 2. From the calculatgdvRlues, it is clear that the higher
alkyl chain containing alkoxycyanobiphenyl thiotsrh a better blocking monolayer
and the extent of blocking follows the ordekg € Cs > G, which is in conformity
with our CV results discussed earlier. From theaRd surface coverag8)(values
given in Tables 1 and 2, we conclude that the SAMalkoxycyanobiphenyl thiols
on Au surface obtained using the hexagonal liguigstaelline phase are highly
ordered, compact with ultra low defect density dnasve a better blocking ability
when compared to the corresponding SAMs formed faiamloromethane as a
solvent.

Pinhole analysis
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Electrochemical impedance spectroscgfudies on the SAM modified
electrodes can provide valuable information on dnsribution of pinholes and
defects within the monolayer. Finklea ef‘atleveloped a model for the impedance
response of a monolayer-modified electrode, whighaves as an array of
microelectrodes. Fawcett and co-workers have extelysused pinhole analysis to
evaluate the structural integrity of the monolalggrdetermining the distribution of
pinholes and defects within the SAM using the etettemical impedance dat&®
The faradaic impedance expressions have been deoyessuming that the total
pinhole area fraction, (@} is less than 0.1, whereis the surface coverage of the
monolayer. Both the real and imaginary parts offiradaic impedance values are
plotted as a function ofd2. There are two limiting cases for this theory ® b
applied. At higher frequencies, the diffusion pledi of each individual
microelectrode constituent of the array are sepdrathat is in contrast to the
situation at lower frequency where there is an layer

In the case of SAMs of alkoxycyandtapyl thiols on Au surface formed
from dichloromethane and hexagonal liquid crystallphase as the solvating media,
the presence of pinholes and defects are evaluaiad the above-described model.

From the analysis of real and imaginparts of the faradaic impedance
values plotted as a function af*? (figures not shown), we have calculated the
surface coverage values as described elsewhaie have obtaine@ values of
0.9996, 0.9998 and 0.9999 for the respective mgeotaof alkoxycyanobiphenyl
thiols having different chain lengths of;,0Cs and Go on Au surface using the
hexagonal liquid crystalline phase as the solvatnaglium.

The surface coverage values udiindpethree methods mentioned above
for the monolayers of alkoxycyanobiphenyl thiolsAm using the hexagonal liquid

crystalline phase as the solvating medium areepted in Table 2. All the three
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methods of measurement of the surface coveragbamed on certain assumptions
as pointed out by Fawcett and co-worRerslowever it may be mentioned that the
surface coverage values obtained by both the inmmedaased techniques are in
good agreement with each other viz., > 99.9 %. Vidlaes obtained using CV peak
current ratios are somewhat lower and also showathdength dependence. It must
however be pointed out that all these methods kbawain inherent limitations, one
of which is the nature and size of the redox pnaded for the studies. Therefore, the
surface coverage estimates cannot be the soleri@rifer characterizing the
monolayer. In what follows, we present the ionicrnpeability studies using
impedance spectroscopy, for further characterinegmonolayer film which avoids
the problems of the redox probe method for evabgatihe integrity of the
monolayer.
Study of ionic permeability of SAMson Au surface

The insulating properties of SAM hdneen evaluated by studying the ionic
permeation in an inert electrolyte without any redpecies using electrochemical
impedance spectroscopy. Boubour and Lennox havengxely studied the
insulating properties of self-assembled monolayefs n-alkanethiols andw-
functionalized n-alkanethiols using impedance spscbpy in an inert electrolyte of
K,HPO,***? From the measurement of phase angle at an ifusthh-related
frequency (1Hz), these authors have classifiedStbs to a pure capacitoe8s’)
and a leaky capacitor (<§7contaminated by a resistive component associsid
the current leakage at defect sites. Fawcett &t*alhave studied the ionic
permeability of the monolayers of alkanethiol inQ¥@, and tetrapropylammonium
perchlorate (TPAP) using impedance spectroscopycanctlated to the structural
defects and pinholes in the SAM. In this work, wavé used NaF as an inert
electrolyte to evaluate the ionic permeability loé tSAMs of alkoxycyanobiphenyl

thiols on Au surface obtained using the hexagoimglid crystalline phase as an
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adsorbing medium. The ionic sizes of'Nnd F ions are smaller compared to the
sizes of previously reported electrolytes. We hased NaF in order to probe the
insulating properties of these SAMs to ionic perimeaof very small ions such as
Na" and Fions. We have used impedance spectroscopy ag fotaevaluation at a
wider frequency ranging from 100 kHz to 0.1Hz.

Figure 9A shows the Bode phase anglets of SAMs of
alkoxycyanobiphenyl thiols having different chaamgths namely (& (a), G (b) and
Cs (c) respectively on Au surface obtained using llegagonal liquid crystalline
phase as an adsorbing medium in 1M NaF aqueousicsvolwithout any redox
species. The monolayers were formed by keepindthstrips in the corresponding
thiol solution for about 15 hours. It can be saemfthe figures that the phase angle
values of these SAMs are higher and it followsdhaer Gy > G > Gs. This implies
that the ionic permeation is lower and the SAM pssss a better insulating
property when the alkyl chain length is longer. sThonclusion is also supported
by the fact that the impedance values are highdrthe SAM shows a capacitive
behaviour, as can be seen form the figure 9B. We batained phase angles of 80
77° and 78 at 1Hz and 7% 75’ and 72 at 0.1Hz for the respective SAMs ofGa),
Cs (b) and G (c) thiols on Au surface obtained using the hexadbquid crystalline
phase as a solvating medium. This implies thatett®@&Ms act as somewhat leaky
capacitor through a resistive component associatgld the defect sites. The
corresponding total impedance values as a funatiologarithmic frequency for
these SAMs are shown in figure 9B. It can be ndteth the figures that the total
impedance values are high in all the cases witly \itte difference among the
alkoxycyanobiphenyl thiols of different chain lehgt

We have also compared the ionic pabiiégy of these SAMs of
alkoxycyanobiphenyl thiols on Au surface obtainesing the hexagonal liquid

crystalline phase with that of the corresponding nolayers formed from
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dichloromethane as a solvent. Figure 10 shows dhgparison of Bode phase angle
plots of SAMs of G (A), Cs (B) and Gy (C) alkoxycyanobiphenyl thiols on Au
surface prepared using both the hexagonal liquigstaliine phase (b) and
dichloromethane (a) as the solvating media. Insketsv the corresponding Nyquist
plots of the SAM modified electrodes in 1M NaF ague solution. It can be seen
from the figures that the phase angle values ofntlomolayers formed from the
hexagonal liquid crystalline phase (b) is highearththe one prepared using
dichloromethane (a) as a solvent. This effect iy wbear especially in the cases of
Cs (Fig. 10B) and & (Fig. 10C) thiols on Au surface. The correspondimgedance
values of the SAM modified electrodes are highsr¢c@n be seen from the insets of
the figure when the hexagonal liquid crystallineapd is used as an adsorbing
medium. It is also evident that a compact and eleansnolayer with very low
defects has been formed in hexagonal liquid ciiystaphase as it exhibit higher
phase angle down to very low frequencies in théeBalot.

Based on the experimental result@iobt from the cyclic voltammetric
and impedance spectroscopic studies, we find thatSAMs prepared using the
hexagonal liquid crystalline phase show an excellelectrochemical blocking
ability towards the redox reactions and have beibtsulating property when
compared to the corresponding monolayer formed frichloromethane as a
solvent. We have proposed a possible mechanisthéoiormation of monolayer to
explain the better blocking ability of the SAMs paged using the hexagonal liquid
crystalline phase. The proposed mechanism is sinaléhat of the one reported for
the formation of alkanethiolate SAMs from the aqueanicellar solution by Yan
et al**?. The formation of alkanethiolate SAMs from the &ganal liquid
crystalline phase is likely to involve several stequch as (a) the solubilization of
thiol in the hydrophobic domains, (b) diffusion thiol from the core to the gold

surface, (c) delivery of thiol from the cylindricahicelle either to the adsorbed
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cylindrical rod or directly to the gold surface afafj nucleation of thiol domains on
the Au surface and the replacement of physisorbattnumolecules by the thiol
molecules. In general, the use of organic solvemvits;ch would weakly interact with
the adsorbate (thiol) and thereby cause less pation of van der Waals interchain
interactions during self-assembly process, is prefefor the formation of larger
domains with fewer defects and grain boundarieguncase, the use of hexagonal
liquid crystalline phase provides a highly hydropito environment, which
maximizes the solubilization of thiol. The use @fuaous medium eliminates the
problem associated with the intercalation of salvenlecules thereby providing the
way for better inter chain interactions of alkameith It also overcomes the
drawback usually associated with organic solvenishsas their volatility and
toxicity. The formation of homogeneous mixture loé thexagonal liquid crystalline
phase after the addition of thiol implies a complsblubilization of thiol in the
hexagonal liquid crystalline phase. These cylimdricods containing the thiol
molecules orient laterally to the gold surface, ehhis the most probable orientation
due to the hydrophilic nature of the gold surfacel @he polar nature of the
molecules constituting the outside of the cylindricods. The thiol molecules
encapsulated inside the core diffuse to the golfiase replacing the physically
adsorbed water molecules. The proposed mechanisnthéo SAM formation is
schematically depicted in the figure 11. The velghhsurface coverage values of
>99.9% obtained from the impedance spectroscopysunements as shown in
Table 2 indicates the formation of larger domaifisS&AM on Au surface with
almost defect free structure. We feel that the ggecof monolayer organization is
enhanced by the aqueous environment prevailingaduwadsorption in the hexagonal
liquid crystalline medium, which is reflected intteg blocking ability of the
monolayer film towards the redox reactions, andcigermeation compared to the

SAM prepared in dichloromethane.
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Conclusions

We report in this work, the SAMs dkaycyanobiphenyl thiols having
different alkyl chain lengths of £ C3 and Go on Au surface obtained using the
hexagonal lyotropic liquid crystalline phase cotisgs of a ternary mixture of water,
Triton X-100 and the corresponding thiol as an doisg medium. Electrochemical
techniques such as cyclic voltammetry and electoubal impedance spectroscopy
were used for the evaluation of barrier property @nic permeability of these
monolayers. We have compared our results with dfahe corresponding SAMs
formed from dichloromethane as a solvent. The biarhkbility of these monolayers
on Au surface was evaluated by studying the elactransfer reactions of two
important redox couples viz., [Fe(CI)* and [Ru(NH)¢*** on the SAM
modified electrodes. We have determined the chamesfer resistance (R and
surface coverageB) values of these monolayers on Au surface usingr th
impedance data. In addition, the impedance data @alep used for the evaluation of
distribution of pinholes and defects within the ralayer. From our studies, we find
that the SAMs formed from the hexagonal liquid tallse phase exhibit an
excellent electrochemical blocking ability towartte redox reactions and have
better insulating property with ultra low defectndgy when compared to the
corresponding SAM formed from dichloromethane. Fribrese results, it is clear
that the use of aqueous medium provides a routegh@rformation of a highly
compact, well packed, ordered and dense monolayer.
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Table-1

The charge transfer resistanceRalues obtained from the impedance plots of

different SAM modified electrodes usingFe(CN)¢*** as redox probe.

Charge transfer resistance
(Ra)/ (kQ cm?)
Sample Hexagonal | Dichloromethane

L C Phase

Cs thiol/Au 29.23 5.98

Csgthiol/Au 31.73 6.71

Ciothiol/Au | 36.65 13.08

Bare Au 0.0018
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Table-2

The surface coveragd®)(values calculated using different methods for 8/&M

modified electrodes usirge(CN)}]*™* redox system.

Surface defects (1-8) values using [Fe(CN)¢]*™*

Sample Impedance From CV peak | Pinhole

measur ements current ratio analysis
Cs thiol/Au 0.0001 0.0332 0.0004
Cgthiol/Au 0.0001 0.0219 0.0002
Cio thiol/Au 0.0001 0.0120 0.0001
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L egendsfor thefigures:

1. Chemical structures of the three alkoxycyanobiph#dngls studied in this work.

2. Polarizing light microscopic textures of the aganal liquid crystalline phase
formed by (a) Triton X-100, water and; @iol, (b) Triton X-100, water andgC

thiol and (c) Triton X-100, water and £&hiol at room temperature.

3. Cyclic voltammograms of 10mM potassium ferrogglanwith 1M NaF as the
supporting electrolyte at a potential scan rate50mV/s for, (A) Bare gold
electrode (a) and SAMs of alkoxycyanobiphenyl thioh Au formed from the
hexagonal liquid crystalline phase (b) for abouhddrs. (B) Comparison of
cyclic voltammograms of SAMs of {Ja), G (b) and G, (c) thiols on gold
surface formed from the hexagonal liquid crystallphase for about 15 hours in

the same solution.

4. Cyclic voltammograms of 1mM hexaammineruthenilin¢hloride with 0.1M
LiClIO4 as the supporting electrolyte at a potential sedaa of 50mV/s for, (a)
Bare Au electrode, (b), (c) and (d) are the respectSAMs of
alkoxycyanobiphenyl thiols having alkyl chain lengtof G, C; and G, on Au
surface formed from the hexagonal liquid crystalliphase by keeping the Au

strips for about 15 hours.
5. Comparison of cyclic voltammograms in 10mM pstas ferrocyanide with 1M

NaF as the supporting electrolyte at a potentiahgate of 50 mV/s for, (A) £
(B) Cs and (C) Gpalkoxycyanobiphenyl thiols on Au surface respedyivelere
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(a) denotes the SAMs formed from the hexagonaldiguystalline phase and (b)

represents the corresponding SAMs obtained ustigaliomethane as a solvent.

. Comparison of cyclic voltammograms in 1mM hexaaneruthenium(lil)
chloride with 0.1M LICIQ as the supporting electrolyte at a potential sesa of
50 mV/s for, (A) G, (B) G and (C) Go alkoxycyanobiphenyl thiols on Au
surface respectively. Here (a) denotes the SAMmdar from the hexagonal
liquid crystalline phase and (b) represents theesponding SAMs obtained

using dichloromethane as a solvent.

. The impedance (Nyquist) plots in 10mM potassitamocyanide and 10mM
potassium ferricyanide with 1M NaF as the suppgretectrolyte for, (A) Bare
Au electrode. (B) SAMs of alkoxycyanobiphenyl tlsiatith different alkyl chain
lengths of G (a), G (b) and G, (c) on Au surface respectively obtained using the

hexagonal liquid crystalline phase as an adsormedium.

. Impedance plots in 10mM potassium ferrocyanidel d0mM potassium
ferricyanide with 1M NaF as the supporting electt®l for SAMs of
alkoxycyanobiphenyl thiols having different alkylain lengths of €(A), Cg (B)
and Gy (C) on Au surface respectively. Here (a) dendesSAM formed from
dichloromethane as a solvent and (b) representmtm®layer obtained using the

hexagonal liquid crystalline phase as an adsonmedium.
. (A). Bode phase angle plots in 1M NaF aqueoutisa for, (a) SAM of Gg

thiol, (b) SAM of G thiol and (c) SAM of G thiol on Au surface respectively

prepared using the hexagonal liquid crystallinesghas an adsorbing medium.
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(B). Plots of total impedance (Z) vs. logarithmieduency for the above-

mentioned SAM modified electrodes.

10. Bode phase angle plots in 1M NaF aqueousisolidr the SAMs of g (A), Cs
(B) and G, (C) alkoxycyanobiphenyl thiols on gold surfacepessively obtained
using both the hexagonal liquid crystalline phdseand dichloromethane (a) as
the solvating media. Insets show the correspontlipguist plots for the SAM
modified electrodes obtained by keeping the Aupstin the thiol solution for

about 15 hours.

11. The schematic representation of the proposechamism for the formation of

the monolayer from the hexagonal liquid crystaliphase.
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