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ABSTRACT

To understand the influence of surface charge on the electron transfer
properties of ionic SAMs, the effect of pH of electrolytic solutions and
applied potential onthe barrier properties of 11-mercapto undecanoic acid
and 4-aminothiophenol SAMs on gold were carried out. We find that 11-
mercapto undecanoic acid SAM exhibits poor blocking behaviour towards
ruthenium (111) redox reaction at low pH, but shows excellent blocking
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behaviour at high pH. On the other hand, the same monolayer shows excel-
lent blocking behaviour to ferrocyanide redox reaction even at low pH. On
the other hand, 4-aminothiophenol SAM shows poor blocking behaviour
towards ferrocyanide and ruthenium (I11) redox reaction at low pH, but

shows good blocking behaviour at high pH.
© 2012 Trade Sciencelnc. - INDIA

INTRODUCTION

Sdlf-assembled monolayersof dkanethiolsforma
(v3xv3) R 30°0overlayer structureonAu (111) surfaces.
The monolayers provide anideal model systemsfor
sudying alargevariety of interfacia phenomena, which
are difficult to study in natural interfaces. Organic
disulphides* 2, thiol g% 4, sulphides®™ on gold surfaces
and carboxylic acidg® and silanes” on various oxide
surfaces have been utilized extensively asmodel sys-
temsinrecent times. Among variousinterfacia phe-
nomena, long range el ectron transfer can provide use-
ful informationinbiologica research. Intherecent times,
variousgroups®“ 89 haveshowninterest inthestudies
of interfacial e ectron transfer between ametal elec-

trode and a molecular donor or acceptor using
akanethiol coated gold asthemode system. Electron
donors or acceptors can be attached with the func-
tional groupsat the outer surface (terminal groups) of
the monolayer to study the el ectron transfer phenom-
ena. Chidsey and L oiacono™® have studied the struc-
tural and electrochemical properties of akanethiol
monolayers (HSC, X, X=H, CH,OH, CN, COOH)
with very smplefunctional groupsat their outer sur-
face. They have examined the defect properties and
permesability of monolayersof long-chain organic mol-
eculesboundto gold e ectrodein aqueousmedium. The
defect and pinhol e currentsfor redox couplesand their
interfacial capacitances increase in the order H <
CH,OH < CN < COOH. They found that there was
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no clear correlation of the permesability of monolayers
with their wettability and structure.

With the exception of the SAMs with terminal
COOH groups, the blocking SAM sareuncharged. The
blocking behaviour can bedramatically affected by the
introduction or creation of chargeStesonthe externa
surface of themonolayer. Varioustheoretica studies™
33 on thesurface potentia of an SAM withionictermi-
na group show that thereischangesin ¢, ontheorder
of 100mV duetoionization of theterminal group (e.g.,
Au/SC COOH—AU/SC COO-) in concentrated
electrolyte. The concentration of anionic redox mol-
eculewith chargez at the SAM isrelated to the surface
potential ¢, by therelation C = C, exp (-zF¢, / RT),
where C_and C, arethesurface and bulk concentration
of theredox species. Therefore, ionization of termina
groups can be observed by following the barrier prop-
erty of the SAM towards a charged redox couple.
Hanshew and Finklea have studied the blocking
behaviour of HSC,,COOH and pendant pyridine
SAMsto Ru(NH,), " asafunction of electrolyte pH!*.
TheHSC, COOH SAM & low pH issufficiently block-
ingtoRu(lll) ions. However, cathodic current for Ru(ll1)
increases as the pH of the solution is enhanced to a
valueof 5, and both the anodic and cathodic peaksare
visible at pHs 6 to 8. Lowering the pH reversesthe
block behaviour, indicating the SAM isnot desorbed
or damaged. The SAM with pendant pyridineexhibits
the same behaviour as HSC, ,COOH SAM, but for
the oppositereason. Ru(l11) reduction current decreases
asthepH islowered, but increases asthe pH reachesa
higher value. Protonation of the pyridinesappearsto
start by pH 7 and continuesto pH 4 or 5.

In order to understand the effect of surface charge
on the barrier property of ionic SAMstowardsionic
electroactive species, we have studied the barrier
properties of SAMsof 11-mercapto undecanoic acid
and 4-amino thiophenol (ATP) on gold using ferro-
cyanide and hexaammineruthenium (I11) chloride as
redox probemoleculesat different pH values of eec-
trolytic solution.

EXPERIMENTAL

Evaporated gold substrates on glass were used
asworking eectrodein of our studies. Evaporation of
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gold (=100 nm thickness) on glass was carried out
using vacuum evaporation unit (Hindhivac) at apres-
sure of 2x10°mbar. Chromium underlayers (2-5nm
thickness) weredeposited on glass beforegol d evapo-
ration to improvethe adhesion of gold on glass. The
substrate was heated to 350°C during gold evapora-
tion, aprocesswhich normaly yieldsasubstratewith
predominantly Au (111) orientation. Thegold samples
were used asstripsfor e ectrochemical studieswitha
well defined areaexposed to the e ectrol yte solution,
rest of the portion being insulated with parafilm and
teflon. Thesegold sampleswere cleaned with Piranha
solution (mixture of concentrated sulphuric acid and
30% hydrogen peroxidein 3:1 ratio) for 30 sbefore
each experiment and finally rinsed in milliporewater.
Before each experiment, thed ectrolytewascompletely
deaerated by passing oxygen free nitrogen gas. Dur-
ing the experiment ablanket of nitrogen gaswasmain-
tained on top of the solution. The cell was cleaned
thoroughly before each experiment and kept inahot
arr ovenat 100°Cfor at least one hour beforethe start
of theexperiment. A conventiona threeelectrodeelec-
trochemical cell wasusedinthisstudy. A platinumfoil
of large surface areawas used as counter electrode.
A saturated calomel e ectrode (SCE) wasused asref-
erence electrode.

We have conducted experimentswherethemono-
layer is formed by dipping the electrode in 1 mM
ethanolic solutionfor 24 hours.

RESULTSAND DISCUSSIONS

Fgure 1 showsthereversblevoltammogramof bare
evaporated gold el ectrodefor the ruthenium (I11) re-
dox reactionin0.1 M LiClO, Ontheother hand, Fig-
ure2illugtratesthe cyclic voltammogramsshowing the
blocking behaviour of the 11-mercapto undecanoic acid
SAM (HSC,,COOH) to Ru(NH,) ** asafunction of
electrolyte pH (adjusted by adding H,SO, or NaOH
solution to an unbuffered e ectrolyte). The carboxylic
acid SAM at apH of 4.5 shows cathodic peak, but the
anodic peak isabsent (Figure2A). Asthe pH of the
electrolyte solution containing ruthenium (1) isin-
creased to 6 the cathodi ¢ and anodi ¢ peaksdueto pin-
holes become visible and we observed quasi-revers-
iblevoltammogramwith very large peak separation, but
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Figurel: Cydicvoltammogram of bareevaporated gold elec-
trodefor 1mM ruthenium (l11) redoxreactionin0.1M LiCIO,
Scanrate=50mV s?, geometricarea=0.16 cm?
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Figure 2 : Cyclic voltammograms of 1 mM 11-M ercapto
undecanoic acid coated evapor ated gold electrodefor 1 mM
ruthenium (I11) redox reactionin0.1M LiCIO,asafunction
of electrolytic pH. Scan rate=50 mV s?, geometricarea=
0.16 o (A) pH = 4.5, (B) pH =6, (C) pH =8, (D) pH =7, (E) pH
=5, (F) pH =4.0.

current almost same as bare gold electrode (Figure 2
B). Peaks dueto cathodic and anodic current arevis-
ibleinthe pH range 6-8 (Figure 2 B-D). The current
due to cathodic reaction is greater than the anodic
current in all these cases. To check whether the SAM

isdesorbed or damaged during theincrease of pH of
Research & Reotews On

the el ectrolyte solution, we have reduced the pH of
the electrolyte solution. Figure 2 F shows the
voltammogram at a pH of 4.0. At this pH, the
voltammogram showsvery good blocking behaviour.
Our results suggest that the SAM has not desorbed
or damaged during theincrease of pH. Our results
can be explained asfollows: The chargeof theionic
monolayer terminal group will affect thedistribution
of theredox speciesnear the electrode surface. The
positively charged surface will attract theanionic spe-
cies, whereasit repel sthe cationic species. Opposite
effect isobserved in case of negatively charged sur-
face. The surface concentration of the el ectroactive
species (C) isrelated to the bulk concentration (C,)
by the expression C = C, exp (-zF¢,, / RT), where
¢, istheelectrical potential drop acrossthediffuse
layer and z isthe charge of the electroactive species.
The poor blocking behaviour of 11-mercapto
undecanoic acid SAM to ruthenium (I11) redox reac-
tionin pH range 6-8 can beattributed to el ectrostatic
attraction of positively charged ruthenium redox spe-
ciestowardsnegatively charged carboxylic acid SAM
(thecarboxylicacid SAM startstoionizeat pH 5). At
pH 4.5, afew —COOH groups start to ionize, but
most of the—COOH groups remain unionized. At this
pH, application of positive potential (for anodic reac-
tion) will try to neutralize the slight negative charge
attained by theionization of afew —COOH groups.
On the other hand, application of negative potential
(cathodicreaction), thecarboxylic acid SAM hasdight
negative charge. So at this pH, the carboxylic acid
SAM exhibits better bl ocking behaviour towardsan-
odic reaction compared to cathodic reaction of ruthe-
nium (111) redox molecules. The applied potential
(positive or negative potential) affectsthe chargeon
thetermina groupsof theionic carboxylicacid SAM.
Between pH values 6 to 8, the completeionization of
the—COOH groups of the carboxylic acid SAM can
take place. Hence, dueto the effect of applied poten-
tial onthe surface chargeof ionic SAM, the cathodic
current will beawaysgreater thantheanodic current.

Figure 3 showsthe voltammograms correspond-
ing to the blocking behaviour of 11-mercapto
undecanoic acid SAM towards ferrocyanide redox
reaction asafunction of electrolyte pH (4-10). It can
be seen at all pH values (4-10), the carboxylic acid

. -
A Tudéan Journal



RREC, 3(4) 2012

Ujjal Kumar Sur

147

251
204

pr= 10

I/A

02 03 0.4 05
E/V vs SCE

0.0 0.1

pH=7

1 02 03
E/V vs SCE
50

W1 pH=4

304
204

I/ uA

104
0

-10

D0 01 02 03 04 05

E/V vs SCE
Figure 3 : Cyclic voltammograms of 1 mM 11-M er capto
undecanoic acid coated evapor ated gold dectrodefor 10 mM
ferrocyanideredoxreactionin 1M NaF asafunction of elec-
trolyticpH. Scanrate=50mV s?, geometricarea=0.16 cm?

(A)pH=10,(B)pH=7,(C) pH =4.

SAM exhibitsgood blocking behaviour to ferrocya
nideredox reaction (Figure3A-C). However, thefara-
daic current due to ferrocyanide redox reaction is
lower inbasic pH (Figure3A; pH=10) thanin neutral
(Figure 3 B; pH =7) or acidic pH (Figure 3 C; pH
=4). At basic pH, the negatively charged carboxylic
acid SAM repels negatively charged [Fe(CN) ]*,
which can be attributed to its excellent blocking
behaviour. Similarly, neutra carboxylic SAM at acidic
pH a so shows good blocking behaviour to ferrocya
nideredox reaction just like other uncharged SAMs.
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Figure4: Cydicvoltammogramsof 4-amino thiophenol (ATP)
SAM ongold for 10mM ferrocyanideredox reactionin 1 M
NaF asa function of electrolyte pH. Scan rate =50 mV s?,
geometricarea=0.16cm? (A) pH =4, (B) pH =6, (C) pH =7,
(D) pH =9.
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Figure5: Cyclicvoltammogramsof ATPSAM for theruthe-
nium(I11) redoxreactionin 0.1 M LiClO,asafunction of pH.
Scan rate=50mV s?, geometricarea=0.16 cm? (A) pH =4,
(B)pH =86, (C)pH =7, (D) pH =9.
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Figure 4 showsthe cyclic voltammograms of 4-
amino thiophenol (ATP) SAM on gold for 10 mM
ferrocyanideredox reactionin 1 M NaF asafunction
of electrolytepH. At low pH, the SAM exhibits poor
blocking behaviour to ferrocyanide redox reaction
(Figure4A). Thevoltammogram shows cathodic and
anodic peaks due to ferrocyanide redox reaction.
However, asthepH of theelectrolyte solutionisen-
hanced, the ATP SAM shows very good blocking
behaviour to ferrocyanideredox reaction with no peak
current. The blocking behaviour of the ATP SAM
changesreversibly with eectrolyte pH, ascan be seen
from the voltammograms. At apH of 7, theamino
group of ATP SAM starts to be protonated and be-
come positively charged. However, at basic pH, when
the ATP SAM becomes uncharged, it can block the
ferrocyanide redox reaction like other uncharged
SAMs.

Figure5 showsthevoltammogramsof ATPSAM
for theruthenium (I11) redox reactionin0.1M LiCIO,
asafunction of pH. Atlow pH, theATPSAM exhib-
its poor blocking behaviour to ruthenium (111) redox
reaction (Figure5A). Thisisrather surprising, aswe
expect the positively charged ATP SAM toimpede
theruthenium (111) redox reaction dueto electrostatic
repulsion. However, onincreas ng the pH of the solu-
tion, theredox reaction isgradually impeded as can
be observed from the decrease in current in the
voltammogram (Figure 5 C-D). Probably, the effect
of charge of the monolayer on thefaradaic reaction of
€l ectroactive speci esbecome unimportant for shorter
chainthiol monolayer like4-amino thiophenol. At ba-
sicpH, thereisstrong lateral hydrogen bondinginter-
actions between theterminal uncharged NH, groups
of the neutral ATPSAM, whichisresponsiblefor the
excellent blocking behaviour of ATPSAM towards
both ferrocyanide and ruthenium (111) redox reactions.
Atlow pH, theNH, terminal group isprotonated and
probably thereis strong ionic repulsion between the
terminal NH,* groups of theATP SAM. Thiseffect
can weaken thelateral hydrogen bonding interaction
and thus disorganizethe SAM. Thisdisorganization
makes the blocking behaviour of ATP SAM poor to-
wardstheruthenium (111) and ferrocyanideredox re-
actions.
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CONCLUSIONS

In summary, blocking behaviour of ionic SAMsto-
wardsionic el ectroactive species depends on the pH
of theelectrolytic solution and applied potentia . We
find that 11-mercapto undecanoic acid SAM exhibits
poor blocking behaviour towards ruthenium (I11) re-
dox reaction at low pH, but showsexcellent blocking
behaviour at high pH. On the other hand, the same
monolayer shows excellent blocking behaviour to
ferrocyanide redox reaction even at low pH. The ef-
fect of charge of theionic carboxylic acid thiol plays
important rolein the blocking behaviour towardsre-
dox reactionsinvolvingionic eectroactivespecies. The
ATP SAM shows poor blocking behaviour towards
ferrocyanide and ruthenium (111) redox reaction at low
pH, but shows good bl ocking behaviour at high pH.
In this case, the effect of charge of theionic SAM
becomes unimportant for short chainlengththiol SAM
likeATP. Inthis case, the structure of ATP SAM will
determinethebarrier property, whichwill changewith
the pH of theelectrolytic solution. Thelatera hydro-
gen bonding interaction between theterminal NH,
groupsof theATP SAM will determinethe structural
integrity and hence the blocking behaviour towards
ionic electroactive species. Further work isgoing on
to develop anovel pH sensor using these systems,
whichwill becommunicated | ater.
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