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We demonstrate that scanning electrochemical microscopy (SECM) can be used to determine the conductivity
of nanoparticle assemblies as a function of assembly potential. In contrast to conventional electron transport
measurements, this method is unique in that electrical connection to the film is not required. The electrochemical
potential of the assembly is set through the Nernst equation by the redox mediator present in solution in
analogy to the gate electrode in traditional three-terminal transport experiments. In this proof-of-concept report,
we show that the conductance of an assembly of small gold nanocrystals (NCs), so-called monolayer-protected
clusters (MPCs), is strongly dependent on the electrochemical potential. This is due to the sub-attofarad
capacitance of the MPC cores that gives rise to single-electron charging effects at room temperature.

Introduction a \ SECM tip
Scanning electrochemical microscopy (SECM) has matured I/
into a powerful tool to study diverse electrochemical systéms. Y
In particular, SECM has been used to probe lateral electron drain RO R.. O e
transport in thin nanocrystal (NC) or conductive polymer fifms. OO

SECM provides a local, noninvasive probe for the sample
conductivity with the added benefit of not having to contact

the sample externalRf-3 This avoids problems with the contact inert substrate
resistance between the film and the electrical contacts and the

resulting ambiguity in the film potential. With SECM, the film b 5 7+2 -
potential is fixed by the equilibrium potential of the redox % e H rediox

mediator used through the Nernst equafiéim previous SECM
studies, a single mediator concentration ratio was used, implying z
that sample conductivity was only probed at one particular value
of substrate electrochemical potenfiddere, we precisely vary
the electrochemical potential of a thin film of hexanethiolate
protected gold nanoparticles by controlling the ratio of the two ) ) )
forms of the solution redox mediator. This allows us to extract quggir:tgr' iéagx?gigg';?rtgaﬁig(‘j‘; zﬁ?ﬁ:gégﬁ tsiegﬁamuﬂﬁtgziﬁfgg)
the Conduc.:“v'ty of the sampl_e as a function Of_th? electrochemi- at the MPC film (process 1). This establisrﬁles an electrochemical
cal potential. The method is conceptually similar to electro- potential gradient in the film, which is the driving force for lateral
chemical gating of semiconducting nanoparticle films and carbon electron transport (process 2). The electrons are supplied by the reverse
nanotubes where a reference electrode immersed in an electroreaction between the MPCs and the solution redox couple outside the
lyte solution was used in place of a conventional back gate to tip—substrate gap (process 3). In analogy with electrochemical gating,
control the electrochemical potentfain the SECM experiment tﬂe ﬁ/'lg‘:g?r trantsfer rfhaCtiO” bet‘é"ee” the Ss.)oluti(;)rt'lhregox. m(EdiatOf aqgj

H : : e 1Im acts as the source (process an e drain (process 1).
(Figure 1.)’ the heterogqneous eIectrochemlcaI reaction betwee b) Energy level diagram of the egperiment. The equilibriunﬁ) electro-
the SO|UtI0r‘! redo?( med_lator and the NC f'lm acts as _the SOUrCe chemical potential in the film is set by the nature (standard potential)
and the drain, while tuning the electrochemical potential through of the redox couple and the concentration ratio of the oxidized to
the choice and concentration ratio of the redox couple is reduced species.

analogous to gating in the usual three-terminal measurementsiniarest in their electronic propertié®articles of the type used

_ Because nanocrystals have been proposed as potential buildi, s study, metallic particles coated with an organic shell,
ing blocks for future nanoscale devices, there is conS|derabIeSO_Ca”ed monolayer protected clusters (MPCs) are of particular
interest due to their room-temperature quantized chaf§ifg.

MPC | aqueous
film phase
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10.1021/jp0776513 CCC: $40.75 © 2008 American Chemical Society
Published on Web 01/25/2008



Electrochemical Gating J. Phys. Chem. C, Vol. 112, No. 7, 2008725

and dispersity, the length and saturation of the protecting ligandsproportions to generate solutions with a controlled ratio of
and the interparticle separati8urray and co-workers have  oxidized to reduced species for the SECM experiments.
demonstrated that for MPC films electron transport occurs by SECM Experiments. The SECM substrate was prepared by
a bimolecular, electron self-exchange reaction, whose rate ispipetting a couple of drops of a concentrated chloroform solution
controlled by the tunneling barrier due to the alkanethiolate of the MPCs on freshly cleaned microscope glass slides. The
ligands between the metal cores and the charge gtatéthe experiments were carried out with a commercial SECM (CH
MPC cores™ For mixtures of particles witlz = 0 andz = 1, Instruments, US) using 10m Pt microelectrodes (CH Instru-
the conductivity was reported to be proportional to the product ments, US) with a knowRg (ratio of the radii of the insulating
[MPCO[MPC*] and goes through a maximum when the sheath and the electrode) as the SECM tip. An Ag/AgCl wire
concentrations are equ#l.This is due to Coulomb blockade, served as both counter electrode and quasi-reference electrode
which gives rise to periodic metainsulator transitions at integer  (QRE). SECM approach curves at an approach rate @l
values of the average charge state of the parti€ladi.reported s~1 were obtained by biasing the tip at the diffusion-limited
data thus far has been obtained using techniques where arpotential for the oxidation/reduction of the redox mediator
electrical connection to the film is a prerequisite to measuring (FcMeOH'* and FcTMA2+) and recording the tip current as
the conductivityBa-ce-9km This has been achieved by drop- a function of distancéto the substrate. LiCl (0.1 M) was used
casting the particles onto either a metal electrode for conven-throughout as the supporting electrolyte. A series of approach
tional electrochemical experiments such as voltammetry at the curves was measured by changing the total mediator concentra-
rotating disk electrode or an interdigitated array electrode for tion, c®, by dilution with 0.1 M LiCl thus keeping the
solid-state conductivity measurements. In the latter case, thedimensionless concentration ratio of the reduced form of the
[MPCI] to [MPC*] ratio was controlled by ex situ chemical ~ solution redox coupleC? (=C3.{(Cey + ) = Ciedc?)
oxidation of the particles prior to drop-casting the fiffi**The ~ constant whereg,,andc, are the bulk concentrations of the
effect of pinholes in the film, counterion permeation into thick reduced and oxidized species in solution ahis the total bulk
films, and the contact resistance between the film and the concentration. The experimental protocol has been described
electrode are all factors that influence the extracted film in detail elsewheré’

conductivity. In the present experiments, the film is drop-cast  Before every approach curve, a CV of the redox mediator
onto an insulating substrate and the measured SECM responsgyas recorded at the SECM tip. The value®f was determined

is duesolelyto the film and not an underlying metal electrode. from the ratio of the limiting currents for mediator oxidation

In this proof-of-principle report, we show that we can measure and reduction at the tip. The substrate potential was taken as
the conductance of the film as a function of the electrochemical the equilibrium potential of the mediator in solution and is

potential without actually connecting it to an external power getermined by2./c2, through the Nernst equation. Because a

source. QRE was used, the measured potential was corrected to the Ag/
AgCl using the measured half-wave potentigl,,, for the
Experimental Section mediator as an internal reference assuntifg= E°whereE”

. . = 0.21 V (FcMeOH) and 0.42 V (FcTMA) versus Ag/AgCl.
Chemicals.Ferrocene methanol (FcMeOH) (97%, Aldrich),  he supstrate potential could be varied between 137 mV and
ferrocenylmethyl trimethylammonium iodide (FCTMAI) (Alfa 460 mv versus Ag/AgCl with the chosen mediators. The

Aesar), LiCl (p.a., Riedel-de Hag and NaS0g (p.a., Fluka) cqrresponding corrections are given in the Supporting Informa-
were used as received. All solutions were prepared with MQ 4

water. All other chemicals were of the highest available

commercial purity and were used as received. Because iodideResyits and Discussion
is corrosive to gold, it was replaced by PBy metathesis of
FcTMAI with NH4PFs and all solutions were prepared with this
salt. Hexanethiolate MPCs were synthesized according to a
literature procedure known to yield particles of small core . o . e 7
diametere The synthesis yields particles with a dominant potential gradient in the MPC film, which is the driving force

population of monodisperse cores of average radius of 0.81 nm’f_or lateral electron transport. The ele_ctrons are injected into the
- ; efllm by the same redox couple outside the-tgubstrate gap.
concentric sphere capacitor model to describe the MPC capaci-uSlng a model that has been described previotfsiihe

tance. The particles were assigned-A# based on previous experim_ental approf”‘Ch curves (tip current vs—fs_pbstrate
reports3e.7de separation) can be fitted to yield a quantitative estimate on the

electrical conductance of the MPC film.

ferrocene trimethvammonium (ECTMA) wer d th With this model, electron transport in the film is described
errocene ethyammonium (Fc ) were used as the by eq 1, in dimensionless radial coordinat@ss r/re, assuming

aqueous redox mediators in the SECM experiments. Beca_useOhmiC conduction and Gerischer model for electron transfer
oxidized forms (Ox) of the redox couples are not readily . . od

commercially available, they were prepared by chemical oxida-

As illustrated in Figure la, the solution redox mediator is
oxidized (reduced) at the SECM tip and re-reduced (reoxidized)
at the MPC film. These local changes set up an electrochemical

The redox couples, ferrocene methanol (FCMEOH and

tion of freshly prepared solutions of the ferrocene derivatives 2 1on KO ) )
(Red) with NaS,0g.12 The reaction is as follows: _R% + ﬁﬁ% -5 (A—Ce—-ce™) =0 (1)
ad

2Fc+ Szog —2Fc” + 280421 whereji = (u — u9/kgT is the dimensionless electrochemical
potential of the electrons in the filmK? = Kor¢/D is the

The protocol is described in the Supporting Information. dimensionless standard rate constant of the electron transfer
Cyclic voltammetry (CV) at a Pt microelectrode was used to reaction between the solution redox couple and the nanoparticle
estimate the concentrations of the Ox and Red in solution. Thefilm (re is the electrode radius arid is the redox mediator

resulting Ox solution was mixed with Red solutions in varying diffusion coefficient),C = cReJ(cged + ch) = CredC° is the
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Figure 2. (a) Simulated electrochemical potential profiles in the unitks@fin the MPC film at different SECM tip-substrate separatiorls, from
bottom to top 0.1 (solid line), 0.3 (dashed), 1.0 (dotted), and 3.0 (ddwtied). Dimensionless conductivi®y= 0.1. (b) Simulated values for the
electrochemical potential difference (in the unitskgf) directly under the SECM tip compared to the equilibrium value far from thedipstrate
gap (analogous to souredrain voltage difference) for different concentration ratios of the solution redox mediator: from top to l&5tter@.99
(solid line), 0.9 (dashed), 0.5 (dotted), and 0.1 (dedbited). Dimensionless conductiviy = 0.1. (c) Simulated values for the electrochemical
potential difference (in the units &§T) directly under the SECM tip compared to the equilibrium value far from thedigbstrate gap for different
dimensionless conductivities of the film, from top to bott&w= 0.01 (solid line), 0.1 (dashed), and 1.0 (dotte@¥.= 0.9. Other parameterd:s

= 10,K°% = 10.

dimensionless concentration of the reduced form of the solution reaching values close tolgT (~150 mV) with these values of
redox couple, an@ is the dimensionless conductivity in the CP? andX (vide infra) at a tip-substrate distance &f = 0.1,
film given by = = okg TAZ/(e%r<DC’Na), Whereo is conductivity, which is a typical closest distance that can be reached in
Azthe thickness of the film, and other symbols have their usual experiments. The effect of varyir@P (for oxidation at the tip)
meaning. Outside the tipsubstrate gap, the electrochemical on the electrochemical potential difference in the film is
potential of the electrons in the NC film reaches an equilibrium investigated in Figure 2b. It is clear that the concentration ratio
value, fieq, Which is determined by the concentration ratio of has an effect on the magnitude of the perturbation with the
the oxidized and reduced forms of the redox couple. values ranging up to BT for smallL andCP close to 1. Finally,
Using this model, families of simulated approach curves Figure 2c shows the effect of the film conductivity ranging from
(SECM tip current as a function of the normalized-tgubstrate poorly conducting (SECM response close to pure negative
distance. = I/r¢) were generated using a commercially available feedback, solid line) to conducting films (SECM response close
finite element simulation package (Comsol Multiphysics, Com- to pure positive feedback, dotted line). These changes can be
sol Ab, Sweden) for eaclieq Over a wide range oE values. readily rationalized: in metals (infinite conductivity), an
As described in the previous publicaticfté the so-called back  electrochemical potential gradient cannot exist and the less
diffusion (diffusion of the solution redox couple behind the plane conductive the substrate, the larger the perturbation imposed
of the electrode) was included in the model. Experimental curves by the local electrochemical reaction at the SECM tip.
were then compared with simulated curves, and the correspond- The electrochemical potential profile generated by the SECM
ing best fit was used to extrakt The film conductance can be  tip has important implications for the experiments. By assuming
obtained from the slope of the plot &f versus the reciprocal  that the film behaves as an Ohmic conductor, we essentially
total mediator concentration. We do not observe kinetic limita- average the film conductance over the difference of electro-
tions with the redox mediators used in this study, and conse- chemical potential directly under the SECM tip compared to
quently all of the simulations were carried out with a high value the equilibrium value far from the tipsubstrate gap. On the
of K® (=10) to give numerically undistinguishable results from basis of the simulations shown above, the magnitude of this

KO = oo, effect is typically of the order of 4gT, corresponding to 100
The equilibrium potential of the film is given simply by the mV at room temperature.
Nernst equation In order to validate the proposed method to control the applied
potential, we recorded approach curves over a range of total
Eeq= E° + RTF In(cd /c2.) 2 concentration of the redox mediatdir= ¢, + ceqWith C> =

cger_(cb fixed to value 0.45 while either reducing (Figure 3a) or
and can be tuned by varying either the redox couple (and thusoxidizing (Figure 3b) the solution redox mediator at the SECM
the standard redox potenti&® or the concentration ratio.  tip. The observed feedback response in Figure 3 is a combination
However, when the SECM tip is brought to close proximity of of the diffusion flux in the solution and the flux due to electron
the substrate, the local perturbation due to the redox reaction attransport in the film. Because the diffusion flux is directly
the tip will result in an electrochemical potential gradient in proportional to the total concentration of the redox mediator in
the film. This gradient causes electron transport in the film in solution, to observe electron transport the concentration has to
the radial direction and is analogous to the bias difference be reduced sufficiently. At high redox couple concentrations,
applied between the source and the drain electrodes in anegative feedback due to hindered diffusion to the SECM tip
traditional transport experiment. Electrochemical potential pro- is observed. As the concentration is reduced, the relative
files (in the units okgT) for different tip—substrate separations, contribution of mediator regeneration due to electron transport
L, are plotted in Figure 2a for a typical value of the dimension- in the film increases and deviation from purely negative
less conductivity® = 0.1.When the SECM tip is far from the  feedback will be observed. This effect is captured by the
film, the electrochemical potential in the film only changes dimensionless conductivityX. The experimental approach
slightly: the potential difference directly under the SECM tip curves shown in Figure 3 were fitted to the theory with oBly
compared to the equilibrium potential+&2 kg T (corresponding as a free parameter. The results are shown in the insets of Figure
to <50 mV at room temperature). The magnitude of the 3, where the extracted values are plotted as a function of the
perturbation is increased the closer the tip is to the substrate,inverse of the total concentratiotP of the solution redox
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Figure 3. Experimental SECM approach curves (dotted lines) along with the fits to simulations (solid gray lines) for the same ratio of the reduced
to oxidized forms of the solution redox mediatcﬂ&{cb = 0.45) at different total concentrations corresponding to either reduction (a) or oxidation

(b) at the SECM tip. The parameters used in the measurements: (a) Tip potential 0.1 V corresponding to reduction of Rtke&Idoncentrations

of 69, 80, 136, and 35iM (top to bottom). (b) Tip potential 0.25 V corresponding to oxidation of FcMeOH using concentrations 69, 80, 136, 357,
and 701uM (top to bottom). Insets: Linear regression of the dimensionless conducihaty function of 1¢°. The resulting conductanesAz is

1.58 x 1071° 1/Q for the reduction reaction and 1.556 10710 1/Q for the oxidation of the mediator.

mediator. As expected, these plots are linear. Moreover, because 0.15

the slope is proportional to the conductance of the film, we Al !

measure the same value irrespective whether oxidation or o % ~
reduction is taking place at the tip. This also gives an =010 ; \ sl i
experimental indication of the magnitude of the averaging e | / \-g"’ i T‘\
process due to the electrochemical potential gradient in the film. 5 i %‘ c T \
We bias the film in a different direction from the equilibrium o i *

potential depending on whether oxidation or reduction reaction il Ok

is occurring at the SECM tip and yet, we measure the same ool B OV LR S LS
value for film conductance. B E] 0.2 0.3 0.4 05

The equilibrium electrochemical potential of the film is set Eicyve Saiiac)
by the nature and the concentration ratio of the reduced andFigure 4. ConductancerAz extracted from the fits to the SECM
oxidized forms of the solution redox mediator, which is approa_lch curves as a function of the equilibrium electroche_mical
analogous to the gate electrode in traditional transport experi- ngg;gz') 8‘; g]c?rm:?oglenr]{sgr&:r:ees?%h?g?rlgrvt\;?js Fcco'\r/lrggp%rfgut%dthe
r_nents. Thus, we next varied these parameter; to probe _hOW theerror in the slope oE vs 1k° as estimated by linear regression analysis.
film conductance depends on the electrochemical potential. Thepashed gray line is a fit to a simple model where conductance is
MPCs used in this study exhibit single-electron charging at proportional to the product af(1 — n), yielding E. = 185 meV.
room-temperature due to their small size and the associated sub-
attofarad capacitance of the protecting thiolate monolzéyEnis atn,= 0 or 1. To construct a simple model of this, we assume
means that additional energy (charging energy) has to bethat the occupancy of a charge statds given by the Fermi
overcome to change the charge state of the nanoparticles bydistributionn, = 1/(1 + &5 ~ 1) with the electrochemical
one electron. This is illustrated schematically in Figure 1b, which potential of that state,. The width of the distributiorw is
shows how by tuning the electrochemical potential of the determined mainly by the temperature and inhomogeneous
solution redox couple we can continuously tune ¢herage broadening due to the size-dispersion of the MPCs and the
charge state of the MPCs in the film, while the SECM distribution in the charging energies due to differences in the
measurements give an experimental handle on the correspondindpcal environment®@The conductance of the assembly is then
film conductance. FcMeOM and FCTMA2* were chosen as  the sum over the different charge stafgs,(1 — n,), where
redox mediators because both undergo reversible electronthe electrochemical potentials of the different charge states are
transfer with the MPC&>3 This avoids having to include the separated by the charging enefgy The fit to this model for
kinetic parametek © in the fitting, and thus there is only a single  a sum of two charge states is shown by the dashed gray line in
free parameter in the model, the dimensionless conduclity  Figure 4. The data given in Figure 4 is representative of a

Consequently, by varying the concentrations of the oxidized number of measurements, and we qualitatively observe the same
and reduced forms of the solution redox couple and by using behavior in all cases with variations in the film conductance
two different redox couples having differing standard potentials, values due to the differing film thicknesses and small shifts in
we can access the conductance of the MPC film over a wide the positions of the electrochemical potential where the peaks
range of electrochemical potentials. The experimental protocol occur.
was repeated for a range of concentration ratios of both redox The observation of maxima is in qualitative agreement with
couples, and the dimensionless conductivity was extracted fromthe reported dependence of film conductance on the degree of
the slope of the corresponding plotsDfersus the reciprocal — mixed valency for nominally identical MPCG8:11 The separation
mediator concentration. of the maxima in the conductance gives the charging energy of

The conductance values obtained are plotted versus film the MPCs in the film (185 meV), which is lower than the value
potential in Figure 4. It has two maxima with an overall variation measured for MPC dispersed in an organic solvent (260 meV).
of over a factor of 2 within the studied range of electrochemical The difference can be attributed to the different dielectric
potentials. This can be attributed to the room-temperature single-environment of the particles in the film or solutiéh.
electron charging of the MPCs: The conductance of the filmis  This report contrasts with our recent determination of the
proportional ton(1 — n;), wheren; is the occupancy of a given  conductivity of an MPC monolayer with a larger core radius
charge state. The maximum conductance is obtained at half- (6.6 vs 1.7 nm) where both redox mediators (FeMeOH and
shell filling n, = 1/2, while the conductance assumes low values Fe(CN)®~/4") yielded comparable values of the conductivity
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