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Redox active thin films are of relevance to a variety of Eppvonn A™
applications such as sensors and optoelectronics based on conductive
polymers or quantum-dot solidsThe injection/ejection of charge
compensating counterions into such films can be a critical aspect
of device performance. Here we consider how differences in ion
solvation in the film versus the electrolyte phase can control the
apparent redox properties of model electroactive thin films. lon Figurehl. _Schemat!c illustration of cpupled el_ectro_n and ion transfgrs for
transfer across the film/solution interface has received little attention the oxidative charging of hydrophobic MPC films in agueous solution.
to date, and here we will demonstrate how it can effectively shut possible without the transfer of counterions across the film/solution
off the redox response of nanoparticle films. interface to preserve the electroneutrality of the film.

Thiol protected gold nanoparticles, so-called monolayer protected  The overall electrode reaction for the oxidation of film MPCs
clusters (MPCs) can be considered as multivalent redox species. in an aqueous electrolyte8~ can be written as follows:
Experimentally, the oxidative charging of hydrophobic MPC thin
films coated on electrodes and immersed in agueous solution MPC;,, + B, < MPC}'};1+ Bim te€ Q)
depends on the nature and concentration of the aqueous electrolyte
anion? The onset potential for the first oxidation is dependent on ~ The charging of the MPC at the film/electrode interface serves
the hydrophobicity of the anion and shifts to more negative @S the driving force for ion transfer across the film/solution interface.

potentials with increasing anion hydrophobicity in the following The overall reaction couples these processes, which occur simul-
order: NQ~ < BF,~ < ClO,~ < PR. This apparent anion taneously and cannot be separated. As the film is conductive, ohmic
rectifying effect has been interpreted in terms of ion association 0SS in the film is not limiting
where the oxidized MPCs form ion pairs with the electrolyte adion. ~ The potential difference established across the film/solution
The shift in onset potential would then be due to the differing interfaceA,™¢ is dependent on the relative hydrophobicity of the
MPC—anion association constants, with more hydrophobic ions constituent anions and catioh€harge transfer across this interface
binding more strongly. This thermodynamic interpretation can IS not & redox process and is simply a measure of the relative
reproduce most of the experimental observations but fails to addressS?'Vfit'On properties of the transferring ionic species in each phase.
why similar rectification has never been observed for comparable Ay ¢ can be written as follows:

MPC films in organic solvents in the presence of the same _
electrolyte anion$. AIm g — gfim _ gw — Afim 40 +Krln Biim ] @)

To date, the immiscible interface formed upon contacting the W w B F B, ]

hydrophobic MPC film and the aqueous phase has not been
considered. Energy is required to transfer an ion across this whereAwm ¢g is the formal transfer potential for the anion, and
boundary and this is related to the difference in ion solvation in [B7sm] and [B~,] are the film and solutions concentrations,
the respective medfaThe MPC-film-modified electrode immersed  respectively. As discussed by Scholz, the applied potetiathe
in aqueous electrolyte is analogous to the thin-film-modified sum of the potential drop across the electrode/film and film/solution
electrode pioneered by Scholz, Compton and co-workers where ainterface&?
thin film of organic solvent containing an electroactive redox species .
is spread on a graphite electrode and immersed in aqueous E = Eciectrode mate™ Eetectrodertim™ A" ©))
electrolyte solutiort. With this experimental arrangement, it has
been demonstrated that electron transfer at the electrode/film
interface is coupled to ion transfer across the film/solution interface.
Because of the electroneutrality condition, the two processes occur - -

i i : i . RT, [MPC™][Bgy ]
simultaneously and the redox reaction can only proceed together E=g"+ Awm ¢g + |y —_—""m - (4)
with the injection or expulsion of the counteribithe experimental F [MPCT[B,, ]
half-wave potential is determined by both the redox reaction and
the ion-transfer reactiohThe MPC film is essentially a thin organic ~ WhereE? is the formal potential for MPC charging and [MAC
phase as illustrated schematically in Figure 1. The particles are and [MPC*] are the concentrations of the charged MPC species
multivalent redox centers that undergo electron transfer at the metalinside the film. We can rewrite eq 4 in terms of the half-wave
electrode surface while the film/solution interface is a solvation Potential
barrier to the transfer of charge compensating ions into the film.

MPC"

MPC™"

electrode” MPC film water phase

At equilibrium, overall reaction 1 can be described by the Nernst
equation:

) . i i y RT, (2n+1 RT _
In this model, the MPC charging at the electrode surface is not Ey, = E” + AL™ ¢g + = In 5 [MPCl,| — = In[B,,"]
* Helsinki University of Technology. X . L (5)
T University of Burgos. where [MPCly is the total nanoparticle concentration in the film.
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Figure 3. (a) CVs recorded for an MPC-film-modified gold QCM electrode
Figure 2. (a) Dependence of the MPC film first oxidation peak potential immersed in aqueous solution containing 20 mM JRR; (dotted line) or

on the concentration of the aqueous electrolyte anion BHsPFs (@), LITPBF (full line) and 80 mM sodium acetate. Scan rate50 mV s,
NH4CIO4 (2), NH4BF4 (O), and NHNO; (O) (Na acetate was added to  (b) mass changes recorded simultaneously during the CV experiments
keep an overall concentration of 0.1 M in all cases). (b) Dependence of divided by the molecular weight of the anion used.

MPC oxidation peak potential on the formal anion transfer potential across

the water/dichlorobenzene interface of the aqueous anion used.
Thus, a 10 fold increase in the anion concentration should shift
the measureét;; by 59 mV in a negative direction. This predicted

interfacial potentials. This is confirmed by the mass changes
observed in the in situ QCM measurements recorded simultaneously
given in Figure 3b. Mass changes are seen throughout the window

dependence is identical to that in the ion pairing model for 1:1 for TPBE.« and onlv after the onset potential has been reached
binding between the oxidized MPC and the aqueous ahias. for PFG,FZO y P

can be seen in Figure 2a, the prediction is in complete agreement This ion transfer limited model can account for the dependence

\évét:cé?]?reﬂﬁ)%e?gren;e,\ﬂ(g Ce-)f(irni-nr?; dnhtiael deill( d pgltee;trls(ljse O; E:E’I:n of MPC oxidative charging on the nature and concentration of the
presence of various anions and identical to literature reports for aqueous anion ywthou_t invoking ar_ly_mteractlon between th? MPC

comparable particle film&? and the counterion as in the association model. It can quantitatively
Equation 5 also show§ how the measuFag depends on the explain shifts in apparent film redox potentials with differing anions.
Also, the absence of rectification when the film is immersed in

nature of the aqueous anion via the transfer potential term. . e . . . .
Generally, the formal transfer potential values decrease as anionPrganic solvents with identical anions is logical because of the low
solvation barrier for counterion transfer. This study highlights the

hydrophobicity increases and vice versa for hydrophilic ions. - ) o >
Consequently the oxidation of the MPC in the film will be shifted role of counterion solvation on the response of thin-film-modified
electrodes. We show that the observed behavior can be better

to more negative potentials when the lipophilicity of the anion Sttt X c
increases. Thus, to verify that the anion dependence apparent in Understood as ion limited rather than ion rectified.
Figure 2a is really ion transfer limited and not ion rectified, the
charging onset potentials were compared to calcula!&,lﬁ ¢>g
values using Gibbs energies of transfer between water and dichlo-
robenzene (DCBY(, ¢” = AGy!' /zF).58 While an MPC film is

not strictly comparable to simple solvents such as DCB, differences  Supporting Information Available: Voltammetry of the particles

in Gibbs energies will be of the right magnitude and we should dispersed in organic solvent and additional experimental details. This
see the same order in the position of the onset potentials. Calculatednaterial is available free of charge via the Internet at http://pubs.acs.org.
standard transfer potentials for the four most commonly used anions
were 165 mV (PE), 266 mV (CIQ,7), 331 mV (BR "), and 489

mV (NOs").8 This is the same order that is seen experimentally
(Figure 2b). The plot of peak potentials obtained in the presence
of each ion (extrapolated to Inf{B] = 0) versus the standard ion
transfer potentials given in Figure 2b is linear with a slope of 1 as
predicted by eq 5.

Thus, the onset potential of the film charging is controlled by
the polarizability of film/water interface. The observed response
should be highly dependent on both the solvent and the hydropho-
bicity of the aqueous phase anion. A simple experiment was
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