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We characterized nanoelectrode arrays prepared from self-assembled monolayers (SAMs) by adsorption from
a solution containing thiolate@-cyclodextrin 3-CD) andn-alkanethiol on the gold electrode surface, using
electrochemical methods. While the framework, tHeexadecanethiol SAM, effectively blocked electron
transfer between the electrode surface and solution-phase redox probe molegBl€f) tiavities isolated in

the forests ofi-hexadecanethiol molecules were shown to act as an ultramicroelectrode array. The shapes of
cyclic voltammograms of probe molecules were related to the number denggi€®aholecules within the
monolayer films. Probe molecules that have the correct combination of physical and chemical characteristics
were shown to effectively penetrate the framework througiHBB pores and exchange electrons with the
electrode surface.

Keywords : Nanoporous, Nanoelectrode arrays, Thiolajgdyclodextrin, Self-assembled monolayers,
Molecular selectivity.

Introduction almost ideal SAM when the unoccupied space betyBeen
CD molecules is sealed witlthexadecanethiol molecules
Ultramicroelectrodes (UMES) have seen increased applithat also adsorb strongly on the gold surfatRecently, we
cations due to their capability of producing the dramaticallyhave demonstrated that tfeCD cavities can be separated
improved singal-to-noise ratios for voltammetric data. from each other by controlling molar ratios of thiolafgd
Depending on the experimental conditions, the capabilityCD and n-hexadecanethiol, which forms a rather strong
includes the increased temporal resolution, the increase8AM of its own betweerB-CD molecules on the surfate.
current density, and the decreased sensitivity to the effects &ach f-CD cavity can be isolated in thick forests ref
solution resistance. In addition, previously impossiblehexadecanethiol and, therefore, can act as a nanoelectrode
experiments have been made possible with UMEs. Tharray. When thiolated- and3-CD molecules form SAMs
electrochemical responses at UMEs differ greatly from thosen gold electrodes, they showed molecular size selectivity
seen at electrodes of conventional size. When operated dar electroactive compounds suchpabenzoquinone (BQ),
the time scale of seconds, the dimensions of the UMEs ai2methylnaphthaquinone, and anthraquinone, which have
smaller than the diffusion layer thickness of the redox activalifferent molecular size5.The CD-SAMs thus prepared
molecules in solution. As a result, the flux becomes verywere also used as templates for the preparation of nanodots

large at UMEs leading to a steady-state response. of semiconductor materials and nanowires of conducting
In this study, we used self-assembled monolayers (SAMspolymers*®
prepared using a mixed solution of thiolafgdyclodextrin In this report, we describe results obtained from various

and n-alkanethiol with an appropriate ratio on the gold voltammetric experiments to characterize the SAM-modified
electrode surface in order to prepare nanoelectrode arrayslectrodes havin@-CD pores among the-hexadecanethiol
Crooks et al? introduced a similar concept by preparing forests as an UME array. To achieve our primary goal of
mixed SAMs on gold electrodes using solutions containingunderstanding the behavior of the nanoelectrode arrays thus
appropriate ratios afi-alkanethiols and 4-aminothiophenol prepared at the molecular level, it is important to address the
(4-ATP). Islands of electroactive 4-ATP aggregates formedollowing three questions: (1) how stable {B€D-induced
among electrochemically inemtalkanethiol SAMs acted as active sites are; (2) whether or not these structures can be
a microelectrode array. This concept was later refined usingisualized directly or indirectly and if so, what is the
thiolated3-CD molecules,which have better defined cavity geometrical relationship between the template moleg@les,
sizes compared to the 4-ATP aggregates formed as a res@D, and the framework moleculeszhexadecanethiol; and
of a thermodynamic compromise between the 4-ATPnand (3) in what form redox probe molecules would enter the
alkanethiol molecules. pores. Now we begin to address these three questions.

We found that the thiolate@CD molecules make an

Experimental Section
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Aldrich), n-pentanethiol (Aldrich)n-decanethiol (Aldrich),
n-hexadecanethiol (Aldrich), ferrocene (FeCpgldrich),
ethanol (EtOH, J. T. Baker), Ru(NWCl; (Aldrich),
KsFe(CN} (Aldrich), p-benzoquinone (BQ, Adrich), KCI
(Aldrich), KNO; (Aldrich), H,.SO, (Shinyo Pure Chemical),
and HO, (Junsei Chemical) were used as received. Doubl
distilled water was used for the preparation of solutions
Thiolated 3-CD was prepared according to the procedure
previously reported.

For electrochemical experiments, we used a gold disl
electrode with an area of 0.022 Gwhich was cleaned in a
piranha solution (BBO : H20, = 70 : 30), and rinsed with
doubly distilled, deionized water before each experiment
The SAMs were prepared by dipping the gold electrode in i
solution containing an appropriate ratio of thiolae@D,
n-hexadecanethiol, and Fedp a mixed solvent (DMSO :
EtOH : O =5:3:2). These three compounds have
different polarities leading to different solubility in a fixed
solvent, and a mixture of three solvents was found satis
factory for preparation of the SAMS. Cyclodextrins and
hexadecanethiols are soluble in DMSO and ethyl alcohol
respectively. The FeGpnolecules were used to protgkt
CD cavities during this process; FeCiprms inclusion
complexes inside thg8-CD cavities, which prevent the
cavities from being occupied byalkanethiol molecule¥®
The n-alkanethiol molecules are only to form a uniform, 0.5 04 03 02 01 00
defectless SAM on the gold surface between well separate E vs. Ag/AgCI (V)

[3-CD cavities. The modification of the gold electrode with Figure 1. CVs recorded as a function of their exposure time at a
the SAM was achieved by immersing the gold electrode irgold electrode in aqueous solution containing 1.0 mAeKCN)

the above solution for different lengths of time depending org)r(‘dogiﬁo it'\?oft’;feit g(s)urrg\{i/;e-li—:]]gici?ecérgg?h\g%svgri?\p:g&Sb(%
experiments, and thgn .Washlng' th.e electrode surface Wnetr?anol-%vater mixed F;olution containing 1.0 mM solution oh{a)
EtOH and doubly distilled, deionized water to removec,p, sH, (b)n-CiH1SH, or (C)n-CisHaiSH.

unadsorbed thiolated3-CD, n-alkanethiol, and FeGp

captured inside the cavities.

An EG&G Princeton Applied Research model 273A lengths. As can be seen, SAMs of long-chaadkanethiol
potentiostat-galvanostat was used to record cyclic voltammolecules are free of measurable pin-holes and provided
mograms. A three electrode cell were employed for electrosubstantial resistance to electron transfer (Figure 1c). In
chemical experiments. Gold disk, Pt wire or foil, and contrast, short-chain monolayers provided a weak barrier to
Ag|AgCI (in saturated KCI) electrodes were used as workion penetration indicating that a number of defects are

ing, counter, and reference electrodes, respectively. present in the SAM structure (Figure 1a). This is attributed
to different free energies of gold-sulfur bond formation
Results and Discussion depending on the chain length of alkylthiols due to the

difference in van der Waals energy between alkyl chains.

Electrochemical techniques based on cyclic voltammetry\Nuzzoet al’ reported the stabilization energy of 0.8 kcal/
have been used for analyzing the integrity of the SAMs andmol CH,) for the formation of alkylthiol SAMs on gold
their structures. These include measurements of the electr@urfaces. As a result, the short chain alkylthiols have a
transfer rate using electroactive probe molecules, capacsmaller free energy of bond formation and, thus, are under-
tance measurements, and oxidation of exposed gold suffacegoing constant exchange reactions between molecules ad-
In this work, we describe electrochemical characterization oforbed on the surface and those in solution.
n-alkanethiol monolayers of different chain lengths on gold The n-hexadecanethiol molecules act as an electron- and
electrodes. mass-transfer blocking layer, while t86CD molecules act

We examined the nature and extent of the structural defects electron-transfer sites, introducing openings among the
of then-alkanethiol SAMs by electrochemical measurementsalkanethiol SAMs. Figure 2 shows CVs recorded in a
In these experiments, Fe(GR)was used as a redox probe Ru(NHs)sCls solution. The Ru(Nke*, which is capable of
molecule. Figure 1 shows CVs recorded for FegEN) exchanging electrons with the electrode surface through the
reduction at the gold electrode as a function of exposure timgate sites, was used as a probe molecule to characterize the
to the solutions containing-alkanethiol of various chain nanoporous monolayer films. Here, a gold electrode was



Electrochemical Characterization of Nanosized Electrode Arrays Bull. Korean Cher2088¢/ol. 23, No. 5 701

N 3h o ° °
5 LA o o Active Site (3-CD)
“ o o %
o [ Blacking Film
o o
o
10 min Electrode

2Ra lim = NFADC*(1-0)/(0.6R,)
o o o
T T T T T T 1 2Ro Ra = R°(1-9)1/2
02 01 00 -01 02 -03 -04 ° o—o
E (V) vs. Ag/AgClI o o o
(b) Model
Au Figure 3. A model proposed for an ultamicroelectrode array by

Amatore and co-workers.

S s w5 § g
Y 9
molecule contains seven -SH groups, and once one Au-S
’ bond is formed, it would be easier for the other six -SH

| | 1
S S S (
\
\

\

I

!

A

1 groups to bind with the gold surface due to their proximity to
the gold surface. In addition, it would be difficult for {Be
CD bonded to gold to be detached because the multiple Au-
S bonds must be broken simultaneously to detacf-®B
from the gold surface (Figure 2b).

Figure 2. (a) CVs recorded for the 5 mM Ru(MkCls and 0.5 M We have performed a semi-quantitative analysis of the

KCI solution at 100 mV/s at a gold electrode as a functibn o data using a theoretical model developed by Amatbad'*
exposure time to a mixed solution of 1.0 mM thiolg8e@D and  Amatoreet al. proposed a theory for obtaining quantitative
1-?] mM n-hexad?car:jethiol in tr&e mixe%l sol:j/ent and (b) aqgata for UME array$ (Figure 3). They showed that the
B o e e esuls of cyclc voliammetic experiments perit a quaniie:
mixed solution for the designated period. tive evaluation of the average size and spatial distribution of
the active sites. They also derived a relation for the average
size and the average distance between active sites in a
immersed in a solution containing a molar ratig3aED to blocking film. According to their model, the limiting plateau
n-hexadecanethiol of 1 for 10 min and 3 h. As time goes ongurrent,iim, of the steady-state cyclic voltammogram (CV)
the limiting currents were seen to be changed. It means thiég related to the fractional surface covera@e,and the
the adsorption process is dynamic and reversible. Thaverage distance between the centers of two adjacent active
dynamic and reversible adsorption process is part of thsites, 2R, as given by Eq. (1).
mechanism for attaining equilibrium adsorption coverage by L 12
maximizing the packing density:'° The dynamic nature of him =NFADC(1-0)™/(0.6R) (1)
the equilibrium has been demonstrated by exchange reactiohtere, F is the Faraday constant, A is the geometrically
such as the exchangerealkanethiols with ferrocene-label- projected surface area of the electrode, D is the diffusion
ed alkanethiofsand self-exchange of isotopically labeled coefficient of the electroactive species, C* is its bulk
compoundg® concentration of the probe molecule, &ds the fractional
The voltammograms shown in Figure 2a reveal a trendoverage of the electrode by the blocking film. The relation-
towards an increasing faradaic current for Ru{¥Els ship between the average active site radigsaml distance
reduction over time througl-CD-induced pores in the between the active sites, i given by Eq. (2).
SAM. Since the SAM formed for 10 minutes in a pore Ra = Ro(1-0)"2 @
hexadecanethiol solution yields a largely passive electrode 4
for electron transfer (see Figure 1c), we believe that th€ombination of Eqg. (1) and Eg. (2) results in an expression
initial contact of the gold surface with th#CD/n-hexa-  for iym as a function of both the active site radius.@Rd the
decanethiol mixed solution results in a high surface concentiractional surface coverage of the active sitesP{i
ration of n-hexadecanethiol, which is being replaced slowly —
by thiolated3-CD as time goes on. fim = NFADC*(1-©)/(0.6F). (3)
While then-hexadecanethiol SAM having only one -SH Eq. (3) is used to calculate the theoretical limiting current
group in one molecule shows a dynamic and reversibl¢hat results from radial diffusion. To obtain reliable results
adsorption process, the adsorption process of thigt@id using this model, the average distance between defegts, 2R
does not appear so dynamic. Ideally, a thiolgg@D must be greater than the diffusion layer during the time scale
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. . . Figure 5. CVs recorded at the mixed SAM-covered gold electrode
Figure 4. CVs obtained from a solution of 5 mM Ru(§kClsand 4475 function of scan rate. The scan rates were 3, 10, 30, 100, and

0.5 M KCI at the mixed SAM-modified electrode prepared by 300 mv/s. The solution contained 5 mM Ru(Wel; and 0.5 M

soaking it in the solutions of various ratios GFCD: n- KCI. The SAMs on gold were formed from a mixed solution of 1.0
hexadecanethiol. The molar ratios SCD to n-hexadecanethiol mM B-CD and 1.0 mMh-hexadecanethiol.

were<° , 4, 1, and 1/4 and the scan rate was 100 mV/s in all cases

of the experiment. That is, the individual diffusion layers becomes larger compared to the diffusion layer thickness.
should not overlap with each other. As a result, the linear diffusion, which is observed at the
To directly correlate the calculated and experimental valueslectrode prepared from the solution of the hg@D to n-
of the limiting current, we must know both the size and thenexadecanethiol ratio, changes to the radial diffusion when it
number density of the active sites. With ajwBlue of 0.80 is modified in a solution containing the low concentration
nm'? (the inner diameter g8-CD), we can calculate th® ratio of B-CD to n-hexadecanethiol. Third, thae-hexa-
value from the experimental limiting current. From the CV decanethiol molecules in the solution compete more effec-
recorded at the SAM-modified electrode prepared by im+ively for surface adsorption thggaCD molecules as can be
mersing the gold electrode in the (1 : 1) mixed thiol solutionseen from the current shown in Figure 4, which becomes
for 3 hours, Eq. (2) yields-D value of 4.4< 10°°. To putit  sigmoidal even at the fairly high concentration ratig-GD
differently, this means that the average distance between thie n-hexadecane thiol in solution.
[B-CD cavities, 2R is about 400 nm and there are abodt 10  Figure 5 shows the scan rate dependency for the redox
cn? of B-CD-induced pores on the electrode surface. reaction of a Ru(NkJs®* solution at the nanoporous SAM-
The CVs shown in Figure 4 were obtained from themodified gold electrode prepared from the mixed solution of
electrode prepared by soaking it in the solutions containingl : 1) -CD andn-hexadecanethiol for 3 hours. There are
various ratios of3-CD andn-hexadecanethiol. The SAMs two important points to note here. First, the voltammograms
used for this experiment and experiments for Figures 5 and &e well behaved between the scan rate of 3 to 300 mV/s
were prepared by immersing the electrode in a mixedvith the change in current of less than 2.5 times. For the pure
solution constaining-CD andn-hexadecanethiol for three radial diffusion behavior, we would predict no change in
hours as reproducible results were obtained when the SAMsurrent, while the pure linear diffusion would yield an
were obtained by immersing the electrode at least threincrease of 10 timé's. This suggests that the current is
hours. The CV for the Ru(N§#*/?* pair at the gold electrode controlled primarily by the radial diffusion. Second, the
coated only with3-CD (the3-CD ton-hexadecanethiol ratio shape of the voltammograms becomes more characteristic of
is © ) is almost the same as that at the bare gold electrodénear diffusion at faster scan rates as is evidenced from the
That is, the CV expected from the linear diffusion wasforward and reverse peak currents. This observation serves
obtained, which agrees with our previous resulighen G- to confirm our assertion that nanoporous SAMs are charac-
CD is incorporated into tha-hexadecanethiol monolayer, terized as an array of very small UMESs; the linear diffusion
the CV shapes resemble that from radial diffusion. A fewcomponent is obtained due to the linear diffusion component
points are noteworthy in the CVs shown in Figure 4. Firstat a shorter electrolysis time or a faster scan téftda.
the current decreases as the relative fraction3-6iD general, the contribution from the spherical diffusion becomes
decreases on the surface indicating that /@D pores smaller at higher scan rates, leading to a deviation from the
permit Ru(NH)&** to reach the electrode surface. Whenideal radial diffusion behavid#®
there is noB-CD cavity, no currents flow after 10 min of  Figure 6 shows a series of voltammograms obtained at
exposure of the gold surface to the solution containing onlypare and SAM madified electrodes in the presence of the
n-hexadecanethiol as was seen from Figure 1c. Second, #wee different probe molecules: Ru(j#', Fe(CN}*, and
the ratio of 3-CD to n-hexadecanethiol is decreased in thebenzoquinone (BQ). Although the concentrations of the three
solution, the limiting current also decreases and becomgwobe molecules are the same, the peak current of BQ is
more sigmoidal, suggesting that the intercavity distancaéwice of those for Ru(Nks** and Fe(CNy* as shown in
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(a) Table 1 An illustration of the structures and properties of probe
BQ moleculed
20 um
NHs3 3+ Diameter 6.4 A
HaN NHs D 7.1x10% cm?s
Fe(CN)s} HaN H3 k° >1cmls
Ru(NH,).* NHs
CN 8- diameter 6.0 A
N CN D 8.3x10° cmZs
NG CN k° 0.15 cm/s
0.6 0.4 0.2 0.0 02 04 CN
(b) 0 Height 54A
H H width 43A
BQ D 8 x 10" cm?¥s
5,A H H Kk° 1x10° cm/s
(0]

aTaken from Ref. 2a.

Fe(CN),*

due to overlapping diffusion layers. Since the electrodes
used to obtain the two CVs were exactly the same, we
conclude that some pore sites accessible to BQ may not be
06 04 02 00 02 04 accessible to Ru(Ndt3*. Further, the difference in diffusion
E (V) vs. Ag/AGC! coefficients of these two electroactive compounds might
have caused the differences in voltammetric shapes of these
Figure 6. CVs obtained at (@) bare and (b) mixed SAM-coveredcompounds. It is certain that there is a degree of molecular

gold electrodes in the presence of 5 mM of the three different prob. o . )
molecules: Ru(NK)s**, BQ, and Fe(CNJ. The scan rate was 100 EiTgSgnltlon based on some properties of the probe mole

mV/s in all cases. The SAM on gold was formed from a mixed
solution of 1.0 mMB-CD and 1.0 mMh-hexadecanethiol. In general, the8-CD cavities favor nonpolar compounds,
and they form complexes with théfrHost-guest interactions
through these cavities lead to the formation of inclusion
Figure 6a where voltammograms were recorded at the bammplexes with guest molecules. Driving forces for the
gold electrode. The redox reaction between BQ and hydrdormation of the3-CD inclusion complex arise from apolar/
quinone is two-electron transfer reaction. However, theapolar interactions between guest molecules and host cavities,
limiting current for Fe(CNJ~ reduction is significantly the B-CD-ring strain release on complexation, and van der
smaller than those for Ru(NJ#** and BQ in voltammo- Waals interactions. It seems that the discrimination ofthe
grams recorded at the mixed SAM modified electrodeCD cavity against ferricyanide is based on electric field
(Figure 6b). This is attributed to the larger permeability ofeffects for the charged molecules as well as chemical and
the pores to Ru(NB** and BQ than to Fe(Cl). Although  physical interactions between the cavities and probe mole-
the total number and average size of the pores are fixedules.
there are differences in the nature of the intermolecular
interaction between the probe molecules and the pores. This Conclusions
important observation indicates that the pores show selec-
tivity for the probe molecules based on their chemical We characterized nanoporous films using electrochemical
nature. methods. The frameworki-hexadecanethiol, of the mono-
Table 1 summarizes the structures and properties of probayer was sufficiently thick that it effectively blocked elec-
molecules. As shown in Figure 6b, the limiting current oftron transfer between the electrode surface and solution-
Ru(NHs)e®" is much larger than that of Fe(GR) The ionic  phase redox probe molecules. The shape of the resulting CV
charge of the cavity should contribute to the discriminationcould be related to the size and number density of pores
of Ru(NHs)s** against Fe(CNJ . Since the inside of thé- within the film. As the ratio o8-CD ton-hexadecanethiol in
CD cavity would be somewhat negatively charged with athe deposition solution was increased, the limiting current
number of oxygen atoms, positively charged molecules woul@lso increases and an increased departure from the voltam-
penetrate more effectively than negatively charged ones. metric behavior expected from radial diffusion was observed.
The sigmoidal shape of the voltammogram shown forHowever, probe molecules with the correct combination of
Ru(NH)s*" is characteristic of the radial diffusion to the physical and chemical characteristics could penetrate the
pore sites. However, the voltammogram observed for B@ramework through3-CD-induced pore sites and exchange
must have both the linear and radial diffusion componentglectrons with the Au electrode surface. Our key finding is
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that only molecules with the correct combination of inter-
molecular interactions, hydrated radius and ionic charges
could penetrate the framework. Our results suggest that UMES-
having chemical selectivities can be designed successfully
by employing appropriate molecules for the formation of 7.
SAMs on gold electrodes. Work is in progress along this line

in our laboratory.
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