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Resolving Electron Transfer Kinetics at the Nanocrystal/Solution Interface
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Controlling the rate of charge transfer through molecular films
is of both fundamental and technological interest with relevance
to areas such as sensor design and molecular electfowitsle
electron transfer (ET) kinetics across self-assembled monolayers
(SAMs) formed on macroscopic gold surfaces have been studied
in depth? relatively little is known about ET across their nanoscale
counterpart, SAMs formed on nanoparticle surfat&be interest
in such systems is 2-fold; first, how does the monolayer molecular
orientation on the highly curved surface of the nanocrystal (NC) Figure 1. Schematic illustration of the experimental setup. The SECM tip
affect the ET processSecond, in small systems, effects such as 28 &8t 00 e o et were cariod out with BB(CN)
(S)Ir??Lzeellee(z:t:lfz)rlﬁz;rigtlzglgk?rzgtﬁ:);pzfttiz t[(\)|ga}‘ﬁzr?ozrlzzrggel’?ﬂuenceas the redox mediator and 0.1 M LiCl(aq) as the base electrolyte.

Here, a monolayer of alkanethiolate protected gold nanocrystals The electrons are injected into the film by the same redox couple
(NCs) is used as a model system to investigate ET kinetics betweengytside the tip-substrate gap. As the film is deposited on an inert
a solution redox mediator and the NC core. Langmuir techniques gypstrate, the SECM response is due solely to the properties of the
enable us to tune the interaction between the NCs and thus to chang&m and not the underlying substrate.
the response between an array of individual nanoelectrodes (weak The rate of ET between the metal NCs and the solution redox
coupling) to that of an essentially continuous 2D film (strong mediator is governed by the driving force (electrochemical potential
coupling)® This allows us to differentiate between the effects of  of the electrons in the NC monolayer), the electric conductivity of
SAM molecular orientation and the charging of the NCs on the e monolayer, and the kinetics of BTrhe well-defined geometry
rate of ET. We report the first quantitative estimate for the rate of f the SECM allowsjuantitatve modeling of the mass-transport,
ET at the nanocrystal/solution interface. and the model accounts for both mass transport of the solution redox

The experimental setup is schematically illustrated in Figure 1. couple and charge transport in the film. The electron transport in
The experimental conditions and particle synthesis have beenie NC monolayer can by described by (assuming ohmic conduction

described in detail elsewhere (ref 6 and Supporting Information). ang Gerischer model for electron-transfer kinefics)
Briefly, known concentrations of monodisperse dodecanethiol

protected gold NCs with a core diameter of 6:60.8 nm were 221[_‘ 1 @/Z K i1 i

spread at the airwater interface, and monolayers were transferred TRIR™ g((1 —Qeg“—-Ce)=0 (1)
at a controlled surface pressure by Langm@chaeffer deposition R

onto a silanized glass slide. The relevant parameter controlling the
coupling between the NCs is the normalized interparticle separation
d/2a, whered is the center-to-center distance between adjacent NCs
and a is the core radiu8.The transfer surface pressurél)(
determines the interparticle separatband two films transferred

at the extremes d, where the film can be considered either as an
insulator {T= 3 mN nT?!, d/2a = 1.38) or as a metal{ =20 mN

m~1, d/2a = 1.19), were used for the ET experimefBoth films
consist of close-packed NCs with significant alkanethiol chain
interdigitation between neighboring NCs. Scanning electrochemical
microscopy (SECM) was used to extract the kinetic parameters.
Measurements were performed with a commercially available
instrument (CH Instruments, Austin, TX). The SECM tip was biased . : o
at a potential in the diffusion-limited region for the oxidation of a the concentration ratio of the oxidized and reduced forms of the

. o
solution redox mediator, hexacyanoferrate, and approach curvesredox coqple_. SECM feedback response is governeHl agdK.

) . . . for fast kinetics, approach curves between the extremes of pure
were recorded where the tip currdptis monitored as a function

of the distance to the NC film. The local depletion of the redox .“netgf‘t:;e Eg? %(;Sr:t;\rl]i Sfefdzic;]kffanot;?hc;b;zz??k;ﬁ Irsegge rtr?et(;]'gtor
mediator sets up an electrochemical potential gradient in the Nc Nterpiay betw ust ux utl X :

) and the electron flux in the monolayer; at high redox couple
monolayer that causes electron transport to take place (Figure 1). . ) o P
y P P (Fig )concentratlons, negative feedback due to hindered diffusion to the

t University of Utrecht. SECM tip is observed. Note thatis a function of bothr andc?;
* Helsinki University of Technology. to experimentally observe negative feedback with realistic concen-

whereii = (u — u®/ksT is the dimensionless electrochemical
potential of the electrons in the NC monolaykf,= ko ¢/D is the
dimensionless standard rate constant of the electron-transfer reaction
between the solution redox couple and the nanopatrticle filis (

the electrode radius ai2ithe redox mediator diffusion coefficient),

C the dimensionless concentration of the solution redox couple at
the substrate, anfithe dimensionless conductivity in the film given
by = = oksTAZ/(e?r.Dc°N,), where ¢ is conductivity, Az the
thickness of the film (taken as the diameter of the particles), and
other symbols have their usual meaning. The electrochemical
potential of the electrons in the NC film reaches an equilibrium
value, fieq Outside the tip-substrate gap. This is determined by

4922 m J. AM. CHEM. SOC. 2006, 128, 4922—4923 10.1021/ja0574740 CCC: $33.50 © 2006 American Chemical Society



COMMUNICATIONS

e

11 4nFDC°r.

0.0 S L L . L
00 05 10 _1 20 25 30
L= r,

05 1.0 _1. 20 25 30
L=V7r

Figure 2. (a) Range of experimental approach curves where normalized
tip current is plotted as a function of the normalized distance to the NC
film (Fe(CN)*~ concentrations from top to bottom: 0.03 (blue) and 0.13,
0.32, 0.66, 1.7, 7.0 mM (red) and the corresponding fits to the theory with
KO = 0.2 (black). The deposition surface pressure of the NC monolayer
was 20 mN mit. (b) Experimental approach curves at film deposition surface
pressure of 3 mN mt (blue) or 20 mN m?! (red) with Fe(CNg*~
concentration of 1.kM and 0.13 mM, respectively. Theoretical approach
curves fors = 2.5 with K® = 0.25, 0.2, and 0.15 (black, top to bottom)
andX = 3.6 with K% = 0.04, 0.03, and 0.02 (gray, top to bottorfi}q =

3.17 Eeq= —82 mV wrt E”").The dashed lines are the theoretical response
for pure positive and negative feedback.

trations,o values must be low. As the concentration is reduced,

the relative contribution of mediator regeneration due to lateral
electron transport in the film increases and at sufficiently low

concentrations, pure positive feedback should be reached. Under

kinetic control, pure positive feedback will not be observed for any
finite value ofZ (for a given value ofie(), the feedback saturates
at a value determined big® (Supporting Information).

A series of approach curves to the NC film in the metallic state .

with different concentration of Fe(C)y are shown Figure 2a. It
can be seen that the observed feedback saturates as the mediat

concentration is lowered. At the lowest concentrations, the feedback

response is governed solely by the ET rate. The experimental
approach curves were fitted to the theory wikh = 0.2 (Figure
2a, black lines). The sensitivity of the fitting to the kinetic parameter
K® is demonstrated in Figure 2b.

The monolayer conductivity determined (0.028* cm™Y) is in-
line with that obtained previously with ferrocene methanol (Fc-
MeOH) as the redox mediator (Supporting Information) where
kinetic limitations were not noted. This clearly demonstrates that
the relative contributions of ET kinetics and conductivity to the
feedback response can be fully separated. Khealue deter-
mined, (1.14 0.2) x 103 cm s'1, is 4 orders of magnitude higher

independently fit both the film conductivity and the kinetics. Hence,
we used the value of the conductivity determined with FcMeOH
as the redox species (2 10* Q=1 cm1).6 As can be seen in
Figure 2Db, the level of feedback is lower than with a monolayer
deposited at 20 mN ni (despite higheE). This indicates that the
kinetics of electron transfer between the solution redox couple and
the NC film depends on the state of the monolayer. The experi-
mental curves fit well to theory witk° = 0.03 corresponding to
k0= (1.7 £ 0.5) x 1074 cm st (Supporting Information). This is
an order of magnitude lower than that determined for the metallic
film. This difference is not due to the smaller number of NCs
available under the SECM tip at low surface pressure as the NC
mean molecular area changes by less than 30%. The observed
dependence of the ET rate can be rationalized in terms of the
charging energy.For the metallic film, electrons are delocalized
over several NCs and the charging energy associated with removing/
adding an electron is negligible. In contrast when the film is
insulating, the charging energy to inject an additional electron (hole)
to an individual nanocrystal must be overcome. The presence of
this extra energy barrier decreases the rate of electron transfer to
the metal core.
In summary, we have demonstrated that the rate of electron
transfer across dodecanethiol SAM on a gold nanocrystal is several
orders of magnitude higher than on a macroscopic Au electrode.
There is a profound difference in the rate of ET depending on the
redox couple used (FcMeOH vs Fe(GHN), illustrating the
importance of molecule specific properties, such as the effect of
rr1eir relative hydrophilicities. In addition, the effect of Coulomb
lockade on electrochemical kinetics was observed. As film
conductivity and kinetic parameters can be independently deter-
mined, this approach offers a route to study the individual and
collective properties of functionalized nanoparticles.
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than that predicted based on the known distance dependence of

tunneling through a monolayé@iTaking the rate constant at a bare
Au electrode to be 0.03 cm™% the rate can be estimated as
kauexp(—pd) ~ 1.8 x 1077 cm s! (with 8 = 1/methyl unit)?ef
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