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Abstract

The basic principles allowing undistorted ultrafast cyclic voltammetry to be performed at ultramicroelectrodes are recalled
and discussed as well as their experimental exploitation leading to the design of an ultrafast potentiostat allowing on-line ohmic
drop compensation without distortions within the megavolts-per-second range of scan rates. The validity of the instrument and of
the method are established by investigating the voltammetry of anthracene reduction up to scan rates of 2.5 MV s–1.Access to this
range of ultrahigh scan rates allows nanosecond-time scale to be explored voltammetrically which offers obvious kinetic
advantages by widening the mechanistic scope of voltammetry so that it encompasses now more than nine orders of magnitude.
Yet, in this feature article, we are more interested in discussing another remarkable – but less promoted – advantage of ultrafast
voltammetry. Indeed, scan rates in the megavolts-per-second range allow the creation of diffusion layers with a maximal
extension of a few nanometers, viz, which are comparable to the size of chemical and biological molecules. In other words, this
allows thein-situ anddirect monitoring of redox communicationwithin molecules that are attached to an ultramicroelectrode
surface. The experimental validity and the interest of this concept are presented on the basis of two typical examples. One deals
with the rate of redox commutation within a self-assembled monolayer of organometallic molecules bearing a redox terminal
group, [Os(bpy)2Cl(py–B)]+, adsorbed onto a platinum surface through the pyridyl moiety of their ligated bridge
(–B = –(CH2)2–py). The second application concerns the monitoring of the time progression of electron-hopping diffusion
through electron exchange between 64 RuII/III (tpy)2 redox groups distributed on a fourth-generation PAMAM dendrimer
molecule adsorbed onto an ultramicroelectrode. Besides the measurement of the rate of communication between adjacent
ruthenium centers within one dendrimer, the method is extremely informative about the topology of the spatial arrangement of
the 64 redox centers, so that it can be used as a molecular microtome with a resolution better than that of STM.To cite this
article: C. Amatore et al., C. R. Chimie 6 (2003) 99–115.
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Résumé

Cette revue expose en détail les grands principes de base qui doivent être respectés afin d’étendre l’utilisation des techniques
de l’électrochimie moléculaire jusque dans la gamme des nanosecondes, ce qui nécessite l’emploi de vitesses de balayage de
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quelques millions de volts par seconde, sans toutefois que leur précision soit affectée par les phénomènes liés à la chute ohmique
ou aux constantes de temps des interfaces électrochimiques. Nous montrons ensuite comment la mise en Œuvre expérimentale
de ces principes est possible grâce à l’utilisation d’ultramicroélectrodes (c’est-à-dire d’électrodes de quelques micromètres de
diamètre) et à la réalisation d’un potentiostat àcompensation de chute ohmique « en ligne ». Cette stratégie permet l’accès àdes
mesures voltamétriques non distordues jusqu’à 2,5 MV s–1, comme le prouve sa validation expérimentale par l’étude de la
réduction de l’anthracène. L’accès à ce domaine de vitesses de balayage exceptionnellement élevées ouvre la gamme des
nanosecondes aux études de réactivité par les concepts de l’électrochimie moléculaire, ce qui offre bien entendu d’énormes
avantages en analyse de la réactivité chimique induite ou non par transfert d’électron. La voltamétrie est ainsi l’une des rares
méthodes cinétiques qui puisse s’appliquer sur un champ temporel de plus de neuf ordres de grandeur, de quelques secondes
jusqu’à la nanoseconde. Cependant, dans cette revue, nous désirons plutôt mettre l’accent sur les perspectives ouvertes par ces
méthodes de voltamétrie à l’échelle de la nanoseconde. En effet, le recours à des vitesses de balayage dans la gamme des
millions de volts par seconde permet de développer des couches de diffusion de quelques nanomètres seulement, c’est-à-dire de
taille comparable àcelle des molécules chimiques et biologiques. En d’autres termes, ces méthodes permettent d’explorer in situ
et en temps réel la progression ou le transfert d’une information électronique au sein d’une même molécule, fixée à une
ultramicroélectrode par liaison covalente ou par adsorption. La validitéexpérimentale de ce concept est démontrée dans le cadre
de cette revue à partir de deux exemples illustratifs. Dans le premier, la méthode est appliquée à la mesure de la vitesse de
commutation redox dans une monocouche auto-assemblée (SAM : self-assembled monolayer) de molécules organométalliques
fixées à la surface d’une ultramicroélectrode d’or par un pont pyridyl, –B = –(CH2)2–py, et portant un groupe osmium(II)
terminal : [Os(bpy)2Cl(py–B)]+. La constante de vitesse ainsi mesurée pour le transfert d’électron à travers le pont B à deux
méthylènes est parmi les plus rapides qui aient pu être mesurées électrochimiquement avec cette précision : k = (4,3 ± 0,5)
× 106 s–1. Le second exemple concerne la mesure de la progression par saut d’électron de l’onde de commutation redox se
propageant au sein d’une assemblée de 64 centres redox ruthénium, RuII/III(tpy)2, portés à sa surface par un dendrimère
polyamidoamide (PAMAM) de quatrième génération adsorbé sur une ultramicroélectrode d’or. La voltamétrie nanoseconde
permet ainsi de déterminer, avec une très bonne résolution, la topologie de ces molécules de dendrimères dans leur état adsorbé,
et de montrer qu’elles ressemblent approximativement àdes demi-sphères, dont la partie diamétrale (chaînes polyamidoamides)
est au contact de la surface métallique de l’électrode et dont la coquille externe réunit les 64 centres ruthénium. Bien que la
précision obtenue par voltamétrie soit bien supérieure, cette topologie est entièrement compatible avec celle déduite de l’examen
par microscopie à effet tunnel (STM) des réseaux 2D formés par ces molécules adsorbées. Par ailleurs, la détermination du
coefficient de diffusion apparent correspondant à la propagation de l’onde redox à l’échelle moléculaire permet de remonter à la
constante de vitesse du transfert d’électron entre deux sites ruthénium adjacents : k = 4,8 × 10–16 L s–1. Une telle constante de
vitesse est exceptionnellement haute, puisqu’elle correspond en effet àune valeur de 1,7 × 109 M–1 s–1 lorsque l’on la ramène à
une solution tridimensionnelle classique. Une telle valeur indique donc que les centres ruthénium peuvent se déplacer très
facilement et très rapidement àla surface du dendrimère afin de venir « au contact » au moment du transfert électronique. En fait,
ils effectuent ce mouvement (environ 0,6 nm) beaucoup plus facilement qu’ ils ne pourraient le faire en solution. Nous pensons
que cette mobilitéextraordinaire est en partie due au fait que les déplacements correspondants sont sub-nanométriques, de sorte
que les atmosphères électrophorétiques n’ont pas le temps de s’établir et de freiner le déplacement des centres par dissipation
visqueuse, comme cela est le cas en solution pour des déplacements plus importants. En tout état de cause, ce résultat est
inattendu. En effet, les frictions prévisibles entre les chaînes amidoamides portant chaque centre ruthénium adjacent, et cela
d’autant plus que le dendrimère est « tendu » et « compacté »du fait de son adsorption (il n’occupe en fait que la moitiéde son
volume en solution ; voir ci-dessus), laissaient espérer une mobilité extrêmement réduite des centres redox terminaux. Ce
résultat, qui va bien au-delà de notre système redox, montre donc à l’évidence que la structure des dendrimères est bien plus
flexible dynamiquement qu’ il n’est généralement admis. Pour citer cet article : C. Amatore et al., C. R. Chimie 6 (2003)
99–115.
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1. Introduction

Electrochemical techniques have long been used to
investigate the kinetics of various types of reactions
[1]. In this case, the time scale of the experiment is
determined by the time duration required for a mol-
ecule to move from (resp., to) the electrode surface to
(resp., from) the outer edge of the diffusion layer. The
nature of the observed response depends on the relative
magnitude of this time scale, h, as compared to the
half-life, s1/2, of the chemical reaction that proceeds
while the molecule of interest moves to or from the
electrode surface. In the limiting case h << s1/2, the
system behaves as if entirely under pure diffusion
control, viz, all chemical kinetics are ‘ frozen’ and one
observes only voltammetric features characterizing
transport to and from the electrode. Conversely, when
h >> s1/2, the voltammetry is under pure kinetic control
by the chemical kinetics. When h is comparable to s1/2,
the response is a recognizable convolution of the two
above limiting cases [1,2]. The fact that each one of
these regimes has very characteristic qualitative and
quantitative manifestations in cyclic voltammetry [1,2]
explains easily why the method has been receiving
increasing attention in several areas of chemistry, bio-
chemistry and biology, and not only in electrochemis-
try.

An extremely important experimental advantage is
that h may be easily and precisely adjusted over a wide
time range below the second by simply modifying the
scan rate, t, of the voltammogram. Indeed, increasing
the scan rate, t, in cyclic voltammetry allows one to
decrease the thickness, d, of the diffusion layer, viz, to
adjust at will the time h ≈ (RT/Ft), required for mol-
ecules to travel over this distance:

d ∝ � p D h �
1/2 = � p D T/F t �

1/2 (1)

Thus, the timescale of the electrochemical experiment
may be adjusted extremely precisely and at will. Con-
sidering that t may be now imposed in the megavolt-
per-second range domain as will be discussed here
[3,4], one sees that voltammetry may be performed up
the nanosecond time domain, so that the method offers
one of the widest time range (i.e., of nine orders of
magnitude) accessible to a single kinetic method.

However, exploration of the sub-millisecond time
scale causes damageable interferences of the voltam-
metric perturbation by several factors that then affect

and distort significantly the voltammetric data. Access
to the sub-millisecond range requires therefore the
consideration of these limiting phenomena and solu-
tions must be found to avoid their interference, so that
undistorted voltammetric information may be obtained
[2,5]. A first obvious limit is that, as in any electrical
problem, the electrochemical perturbation, E(t), can-
not be applied to an electrode faster than the cell time
constant. A second one is that a fraction of the instant
energy delivered to the cell, i(t) E(t), is lost through
ohmic heating dissipation, which necessarily occurs
while the current i(t) is transported through the inves-
tigated solution. Both problems are minimized when
performing electrochemistry at disk ultramicroelec-
trodes, which explains why the introduction of these
electrodes of micrometric dimensions has opened sev-
eral new frontiers to electrochemistry [5].

2. Experimental

Experimental details concerning the homemade ul-
trafast potentiostat and description of the ohmic drop
compensation procedure have been described else-
where [4].

2.1. Preparation of self assembled monolayers
of [Os(bpy)2(py–B)Cl]+

The three-electrode electrochemical cell (0.3 ml)
used in this study was identical to that previously
reported [4]. The working electrode (2.5-µm radius)
was homemade by the cross section of a platinum wire
(Goodfellow) encased in a glass tube and sealed with
epoxy. It was polished first with fine emery paper and
then with a polishing cloth on which 0.3 µm alumina
slurry (PRESI) was added. It was then washed with
ultrapure water. The complex was synthesized accord-
ing to a published procedure [6]. A microliter sample
of the complex dissolved in acetone (ca 1 mM) was
then added to a 10-ml solution of 0.5 M NaNO3 in
ultrapure water so as to obtain a concentration of ca
10 µM [6]. 0.25 ml of this stock solution was then
added to the electrochemical cell. Full coverage of the
surface was then effective within 5 min [7]. Voltam-
metric scans were then recorded under full ohmic-drop
compensation.

All experimental details concerning the voltammet-
ric study of the 64-Ru/PAMAM dendrimer (section
4.2) have been reported elsewhere [7,8].
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3. Principle and validity of nanosecond-time-scale
voltammetry

3.1. Intrinsic diffıculties borne by voltammetry at
ultrafast scan rates

To allow significant electrochemical kinetic infor-
mations to be derived, the electrochemical perturbation
E(t) must be applied to the time-dependent Faradaic
impedance, ZF(t), which represents the electrochemical-
chemical sequence investigated [1]. This must be per-
formed with an extreme precision both in the potential
and time spaces. The current of Faradaic origin, iF(t),
which ensues must be determined with similar ad-
equate precision since it contains all the information
about ZF, viz, about the rate of the physicochemical
and chemical processes that are occurring. Reaching
scan rates in the megavolt-per-second range requires
this to be performed with a frequency of a few tenths of
GHz [4,9]. Today, such frequencies are available in
most electronic equipments, even those aimed to the
grand public. However, the specificities of electro-
chemical cells that stem basically from the fact that
usual chemical solutions are not at all electronic con-
ductors and are poor ionic conductors [1] make them a
real challenge in electrochemistry.

The overall equivalent electrical circuit of an elec-
trochemical cell is represented in Fig. 1a for a three-
electrode configuration. Formally, such a circuit de-
pends on three Faradaic impedances, ZJ, three
capacitances, CJ, and three resistances, RJ. Indeed,
each electrode is characterized by the electrochemical
reactions which occur at its vicinity (reflected by its
Faradaic impedance ZJ), its double layer capacitance
which is imposed by the specific interface created
between this electrode and the solution (CJ), and the
resistance of the current tube that connects this elec-
trode to the two other ones through the solution (RJ).
However, among all these elements, only one, ZF(t), is
of interest since it characterizes the electrochemical
and chemical phenomena investigated and which are
occurring at the working electrode (noted WE in
Figs. 1 and 2) surface and within its near vicinity.

Using a potentiostat and an adequate reference elec-
trode (noted Ref in Figs. 1a and 2) allows one to
virtually eliminate the phenomena occurring at the two
other electrodes, so that the working electrode circuit
element may be controlled alone [1,10] (Fig. 1b).
However, this is not sufficient since one should really
be able to apply the electrochemical perturbation to the
Faradaic impedance only (viz, at the boundaries of ZF

Fig. 1. Equivalent circuit of a three-electrode electrochemical cell (see text). (a) Complete cell (WE: working electrode, Ref: reference electrode,
CE: counter-electrode). (b) Apparent electrical circuit of the same cell when restricted to the working electrode thanks to the use of a potentiostat:
ZF(t): time-dependent Faradaic impedance, Cd: working electrode capacitance, Ru: uncompensated resistance, iF(t): Faradaic current, iC(t):
capacitive current, i(t) = iF(t) + iC(t): total current.
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in Fig. 1b) and measure simultaneously the Faradaic
current iF(t) that flows through ZF only. In practice, this
is not feasible, since it is apparent from Fig. 1b that the
imposed potential variation, E(t), may not be applied to
ZF only, but necessarily encompasses the ohmic resis-
tance Ru, and that the current which is measured in-
cludes necessarily a capacitive component, viz, i = iF +
iC:

E� t � = ZF� t � iF� t � + Ru i� t �

= ZF� t � iF� t � + Ru � iF� t � + iC� t � � (2)

where, i C, the capacitive current is such as:

iC� t � = Cd �d� ZF iF �/dt �

= Cd �d �E� t � − Ru i� t � � /dt �
= Cd �t − d �Ru i� t �/dt � � (3)

This shows that because of the presence of the
ohmic resistance, Ru, the capacitive and Faradaic cur-
rents interfere. The degree of this detrimental interfer-
ence is evidently reduced whenever the amplitude of
the term Ru i(t) and of its first time derivative are made

negligible vs E(t) and t respectively. In this respect,
introduction of ultramicroelectrodes has provided a net
gain of several orders of magnitudes in scan rate
through the ‘natural’ reduction of this term. Indeed, for
a disk-shaped working electrode of considerably
smaller dimensions than those of the other electrodes
and of the cell, Ru is the ohmic resistance of the infinite
half-space of solution which is limited by the working
electrode surface (cf. Fig. 3a). This is then given by:

Ru = q/� 4 r0 � (4)

where q is the solution resistivity and r0 the radius of
the working electrode. For any transient electrochemi-
cal method, inclusive of cyclic voltammetry, the Fara-
daic and capacitive currents are both necessarily pro-
portional to the area of the electrodic interface, so that,
for a disk electrode:

i� t � ∝ � p r0
2
� (5)

Combination of equations (4) and (5) shows easily
that Rui(t) ∝ q r0, so that reduction of the working
electrode size by any given factor provokes de facto a

Fig. 2. (a) Electronic diagram of a potentiostat for voltammetric experiments with on-line ohmic drop and time constant electronic compensa-
tions up to 2 500 000 V s–1 (adapted from [3,4]). (b) Experimental current traces obtained at 2 MV s–1 when the potentiostat shown in (a) is
connected to a RC dummy cell (R = 10 kΩ, C = 3 pF), for 100% compensation and increasing damping factors (increasing damping corresponds
to decreasing magnitude of the oscillations; see text). Adapted from [4].
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reduction of the ohmic dissipation by the same factor.
However, one cannot only resort to this geometrical
trick to get rid of the ohmic term and of its associated
cell time constant. Indeed, a disk electrode cannot
develop a planar diffusion layer that is larger than its
radius because of the involvement of spherical conver-
gent diffusion [11,12]. This is generally not a signifi-
cant limitation at usual electrodes but may become a
severe one when the electrode radius is considerably
decreased. In voltammetry, when d (as given in equa-
tion (1)) is commensurable or larger than r0, the volta-
mmogram progressively looses its transient character-
istics and becomes a steady-state one [5]. Then the
diffusion rate is no more imposed by the scan rate but
only by the electrode radius [11,12]. This imposes a
natural constraint on the lowest dimension of an elec-
trode that may be used at a given scan rate whenever a
fully transient voltammogram is required. This limita-
tion imposes de facto that the point featuring the sys-
tem investigated, as defined by the electrode radius r0

and the scan rate t, must be located above the line
labeled (Ld) in the zone diagram shown in Fig. 3b
[5,13,14].

To pursue, we need to precise further the relation-
ship in equation (5), since the scan rate dependences
are different for the Faradaic (iF) and capacitive (iC)

currents. In voltammetry, equation (3) shows that at a
given scan rate, the capacitive current reaches the limit
iC

max = Cd t after a few times RuCd, which is then
termed the cell time constant. Since Cd is proportional
to the electrode surface area, the maximum capacitive
current is then proportional to the scan rate [1]:

iC
max = C* � p r0

2
� t ∝ r0

2 t (6)

where C* is the specific capacitance of the
electrode/solution interface per unit of surface area. On
the other hand, the Faradaic current is proportional to
the diffusionnal flux at the electrode surface. It is thus
proportional to the reciprocal of the diffusion layer
thickness, so that iF ∝ t1/2. More precisely, the Fara-
daic voltammetric peak current at an electrode of sur-
face area A = pr0

2 is given by [2]:

iF
max = f × � n F C0 D/d �

= f × �n F � p r0
2
� C0

� F t D/R T �
1/2

� ∝ r0
2 t1/2 (7)

where C0 is the concentration of the electroactive spe-
cies, D its diffusion coefficient, n the overall number of
electron exchanged per molecule of substrate and f a
numerical factor commensurable to unity and whose
value depends on the exact mechanism at hand (for
example, f = 0.446 for a pure diffusionnal process [2]).

Fig. 3. (a) Schematic representation of the cross-section of the convergent current flux lines (gray lines) at a disk electrode (black area) embedded
in an insulating plane (gray area). (b) Zone diagram indicating the domain (white area) in which the point featuring the system must lie to
minimize any distortion in cyclic voltammetry (see text for the definition of LF, LC and Ld). Adapted from [5,13,14].

104 C. Amatore et al. / C. R. Chimie 6 (2003) 99–115



From the expressions in equations (6) and (7), it is seen
that the maximal ohmic drop is the sum of two compo-
nents that vary differently with the scan rate. The
Faradaic one, is proportional to q r0 t1/2, while the
capacitive one is proportional to q r0 t. As explained
before, each component decreases proportionally to
the electrode radius, but increases with the scan rate.
Since iF

max ∝ t1/2 while iC
max ∝ t, the former domi-

nates at small scan rates, while the later is the major
contribution at large scan rates. This allows us to define
a set of boundaries, which are evidenced by the two
broken lines (LF, LC) in the zone diagram shown in
Fig. 3b, below which the system must be located so
that ohmic drop and cell time constant do not alter
significantly its voltammetry.

Based on this analysis [13,14], it is deduced that the
system must be located within the polygon delimited
by the set of three lines (Ld, LF, LC) in order that
distortions remain negligible whatever their origin. In
Fig. 3b, these limits are shown for a maximal ohmic
drop of 10 mV (LF, LC) and a 5% maximum involve-
ment of spherical diffusion (Ld). An immediate charac-
teristic of the domain shown in Fig. 3bis that it sponta-
neously vanishes at very large scan rates. In other
words, above a given scan rate it is impossible to define
experimental conditions in which all three distortions
are negligible. At scan rates below this threshold, a
specific electrode radius needs to be used for a particu-
lar scan rate. Thus, at a scan rate of 104 V s–1, the
electrode radius must fall between 0.50 and 3.50 µm,
whereas it should be between 0.06 and 0.35 µm for
t = 106 V s–1.

Practically, the zone diagram shown in Fig. 3bis to
be considered as the optimistic theoretical situation.
Indeed, the limit, Ld, due to the capacitive current is
even more drastic since very small electrodes (viz, of a
few micrometers and below) present important stray
capacitances, so that the overall capacitance of the
system is no more equal to that of the electrode inter-
face (viz, proportional to their surface area, equation
(6)), but tends to vary as their radius, and even become
constant for extremely small electrodes. Consequently,
when scan rates reach the range of several thousands
volts per second, resorting to ultramicroelectrodes
only is not sufficient to produce undistorted voltammo-
grams, even if this allows to severely reduce the prob-
lems borne by ohmic drop and by time constants in
electrochemical experiments [5].

Another unexpected effect of ohmic drop that we
have not yet addressed is related to an intrinsic artifact
that is often unfortunately neglected when cyclic vol-
tammetry is used for kinetic purposes. Indeed, in a
classical experiment, a transient species is generated
during the forward voltammetric scan, and is analyzed
during the backward scan. The kinetic measurement is
then related to that of the fraction of electrogenerated
species that has ‘survived’ the time span hDE required
to scan over the potential difference, DE = |Egen –Ecoll|,
separating the potential, Egen, at which it has been
generated, and that, Ecoll, at which its residual concen-
tration is collected. At first glance, hDE seems to be
reciprocally proportional to t, a fact that is usually
advocated in many textbooks and published works.
However, when ohmic drop is not negligible, Egen and
Ecoll shift in opposite directions, so that DE ≈ (DE)0

+ 2 Ru |igen|, where igen is the current intensity at Egen,
inclusive of the capacitive components, and (DE)0 the
value of DE that would be observed in the absence of
any ohmic drop. Since we have seen above (Fig. 3b)
that at extremely large scan rates capacitive currents
dominate, one sees from equation (6) that at large scan
rates:

hDE = DE/t ≈ 2 p r0
2 Ru C* + � DE �0 /t

= 2 Ru Cd + � DE �0 /t (8)

In other words, equation (8) shows that when the
ohmic drop becomes significant, one does not reduce
the time duration hDE of voltammetric experiments
upon increasing the scan rate as one would guess
intuitively, but that this later tends towards a constant
equal to twice the cell time constant. This corrective
term introduces a severe systematic error on voltam-
metric kinetic determinations well before the limit is
achieved, viz, as soon as ohmic drop becomes much
larger than a few tens of a millivolt.

3.2. Principle and experimental validity of electronic
on-line ohmic drop compensation in
megavolt-per-second voltammetry

Evidently, one way to deal with the above system-
atic distortions is to incorporate them into the basic
equations of the system at hand, so that a series of
distorted voltammograms may be simulated and com-
pared to the experimental ones [15,16]. It is however
obvious that this approach amounts to “dilute” the
kinetic information among several other factors that
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are irrelevant but becomes the major ones upon in-
creasing the scan rate. Indeed, as evidenced above, the
chemically interesting part of the voltammogram be-
comes a lesser and lesser component of the experimen-
tal voltammetric data when t increases, so that the
precision and accuracy on the Faradaic component
drop rather fast. This is particularly obvious when one
thinks about the principle of conductimetric measure-
ments. Indeed, the above set of equations shows imme-
diately that the limit of equation (2) at extremely high
frequencies is simply the Ohm law:

E� t � − Eswitch ≈ Ru i� t � > > ZF� t � iF� t � (9)

Therefore, the whole system behaves simply as a
diode whose switching potential, Eswitch, is fixed by the
redox couple of interest. In other words, the limit of
voltammetry at high scan rates is conductimetry... This
explains why the above strategy (viz, through allowing
for the distortions to occur in experimental voltammo-
grams and accounting for their effects in theoretical
predictions) is very quickly limited upon increasing
the scan rate and is generally restricted to the situations
in which ohmic drop, time constants and spherical
diffusion contributions amount only to a few percent of
the experimental signal. For usual experimental elec-
trochemical conditions, even upon using ultramicro-
electrodes of micrometric dimensions, the limit of this
a-posteriori approach is located around a few ten thou-
sand volts-per-second. As pointed out by Fawcett in a
review, up to the mid-nineties, these drawbacks re-
stricted the use of straight cyclic voltammetry to mi-
crosecond time scales [17]. Other methods such as a.c.
admittance voltammetry could be used then to probe
nanosecond electrochemical kinetics since the solution
resistance could be extracted a posteriori [18,19].
However, by doing so, the great advantages of cyclic
voltammetry in elucidating unknown mechanisms
were lost.

Therefore, we have been interested in developing
another strategy to solve the problem borne by equa-
tions (2) and (3). This strategy is based on on-line
electronic compensation of ohmic drop by positive
feedback, which has been developed previously for
electrodes of standard sizes and for much lesser scan
rates [20]. Indeed, since Ru may be measured indepen-
dently, provided that i(t) may be known sufficiently
fast, one is able to impose at each instant a potential
E(t) + e × Ru i(t) between the working and reference

electrodes instead of E(t) as is usually done and as it
has been considered above. Provided that e may be
made adequately close enough to unity, an undistorted
voltammogram should be obtained. Indeed, equation
(2) becomes then:

E� t � + e × Ru i� t � = ZF� t � + Ru i� t � (10)
i.e.:

E� t � = ZF� t � iF� t � + � 1 − e � × Ru i� t � (11)

which tends towards the sought condition when e ap-
proaches unity. Similarly, equation (3) becomes:

iC� t � = Cd �d �E� t � + e × Ru i� t � − Ru i� t � � /dt �
= Cd t − � � 1 − e � Ru Cd � × � d� i� t �/dt � � (12)

which tends towards its constant limit, iC
max = Cd t,

with a time constant now equal to (1 – e) Ru Cd, viz
which tends towards zero when e approaches unity. In
other words, the capacitive current being then a con-
stant and being then decoupled from the Faradaic com-
ponent, one may restore the Faradaic information
through simple arithmetic subtraction of the indepen-
dently measured capacitive current from the overall
experimental current (see below and Fig. 4). Also, the
boundaries LF and LC in Fig. 3b are translated upwards
by a factor log (1 – e) so that the domain of interest is
widened and ‘ larger’ ultramicroelectrodes may be
used.

Fig. 2a presents the electronic circuit of a poten-
tiostat with on-line electronic compensation of ohmic
drop and time constant which has been recently de-
signed in our laboratory to allow undistorted voltam-
mograms to be recorded up to scan rates of
2 500 000 V s–1 [3,4].

The drawback of this technique is however that
since the resistance is virtually canceled by this proce-
dure, the capacitive current tends to oscillate with a
characteristic frequency depending on the selfic prop-
erties of the electronic components and of the circuit-
board design, but also on the cell time constant Ru Cd

[21]. This is shown in Fig. 2b. Therefore, one needs to
avoid the development of large oscillations by adding
some external electronic damping into the potentiostat
circuit. This damping has to be optimized, since the
damping time constant must be simultaneously high
enough to avoid severe oscillations of the capacitive
current at initial times (Fig. 2b), and small enough to
avoid filtering of the Faradaic signal. The circuit design
shown in Fig. 2a incorporates such a damping circuit,

106 C. Amatore et al. / C. R. Chimie 6 (2003) 99–115



and the effect of increasing the damping constant up to
its optimal value is shown in Fig. 2b. This demon-
strates that virtually undistorted voltammograms may
be obtained up to a few megavolts- per -second.

3.3. Experimental demonstration of the validity
of the approach: reduction of anthracene

Reduction of anthracene in acetonitrile is one of the
paramount of well-behaved redox systems affording
among the highest heterogeneous rate constants of
electron transfer. Its rate constant is in fact too high to
be measurable by cyclic voltammetry performed at
standard scan rates. However, the use of scan rates in
the megavolt per second range allowed its facile deter-
mination: k0 = 5.1 cm s–1 (a = 0.45), as evidenced in
Fig. 4 [4]. Furthermore, the validity of the procedure
for ohmic drop and time constant on-line compensa-

tions is evidenced by the ‘ rectangular’ aspect of the
capacitive current in Fig. 4a, as well as by the very
good agreement between the experimental subtracted
voltammogram shown in Fig. 4b and the predicted one,
which was simulated without consideration of ohmic
drop, time constant or any instrumental distortions [4].
It is noteworthy that the important oscillations (com-
pare Fig. 2b) which were apparent in the experimen-
tally recorded voltammogram (Fig. 4a) almost cancel
out upon subtraction of the capacitive current (Fig. 4b),
which confirms experimentally that these instabilities
are essentially contained into the capacitive current
due to its derivative nature (equation (3)) and that they
therefore do not affect significantly the instant poten-
tial applied to the Faradaic impedance [4].

Therefore, besides its intrinsic kinetic value, such
experiment establishes the experimental validity of our

Fig. 4. Cyclic voltammetry of the reduction of anthracene (14.3 mM in acetonitrile, 0.9 M NEt4BF4) at a gold disk electrode (r0 = 2.5 ± 0.1 µm)
at 1.96 MV s–1 with 100% compensation. (a) Voltammograms obtained in the absence (dashed traces; capacitive current alone) or in the presence
(thick solid trace; total experimental current: Faradaic and capacitive) of anthracene. The light solid trace in the middle of the figure represents
the Faradaic current alone as obtained by arithmetic subtraction of the dashed voltammetric trace from the solid thick one (see text). (b)
Comparison of the subtracted voltammogram (solid curve) shown in (a) to the corresponding theoretical voltammogram (dashed curve) as
obtained by simulation of the Faradaic current only considering a pure Butler-Volmer charge transfer (E0 = – 1.61 V, � = 0.45, k0 = 5.1 cm s–1,
D = 1.6 × 105 cm2 s–1, and r0 = 2.5 µm), without including any ohmic-drop, time constant or instrumental distortion [4]. The potential scales in
(a, b) refer to a Pt-wire floating reference electrode. In (a) and (b), the voltammetric scan starts at –0.77 V in the negative direction. Adapted from
[4].
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approach as well as that of the potentiostat design
shown in Fig. 2a.

4. Probing redox communication within molecules

We have established in the above that cyclic volta-
mmetry may be performed without significant distor-
tions up to a few megavolts-per-second. This range of
scan rates correspond to the nanosecond range in terms
of half-life time of electrogenerated intermediates, viz,
to the time required for a molecule to move over a
distance of a few nanometers (equation (1)). In other
words, through this approach, voltammetric methods
may be used over the whole kinetic range in which rate
constants still bear their usual meaning related to
chemical activation of molecules and are not affected
by diffusive components [22].

However, we want to demonstrate here that access
to such ultrafast voltammetry opens also the door to the
direct and in-situ monitoring of dynamic chemical
communication within molecules or other nanoobjects.
This will be established here in the particular case of
electronic communication within molecules adsorbed
onto an ultramicroelectrode surface.

4.1. Redox coupling between a surface and the redox
center of a molecule in a self-assembled monolayer

Self-assembled monolayers (SAM) have been the
focus of increasing interest over the past decade [23].
One interest of the ‘SAM-strategy’ is that it allows the
precise positioning of an active center at a given mo-
lecular distance from an electrode surface to which the
center of interest is attached through adsorption of a
tailored linker (Fig. 5a). This offers for example the
possibility of testing the effect of virtually any chemi-
cal bonds present in the linker onto the long-range
electronic coupling between a redox terminal center
and an electrode.

Such long-range electron transfers are indeed ex-
tremely important in several biological molecules, for
the properties of advanced organic materials as well as
for the chemical engineering of molecular and su-
pramolecular properties: non linear optics, molecular
engines, molecular electronics, molecular switches,
etc. However, up to now, the measurement of fast rates
of electron transfers occurring within molecules could
be performed only through fast photophysical methods

which imposed generally to resort to very specific rigid
tethers and to photochemically excited redox centers
[24]. Indeed, this was formally accessible to electro-
chemical measurements through the SAM-strategy,
but due to the kinetic limitations of usual electrochemi-
cal methods, direct measurements of such high rate
constants were restricted to the measurement of rather
slow kinetics or were indirect [25].

Theory predicts that the rate of electron transfer
should drop exponentially with the distance k separat-
ing the two coupled centers within the transition state
[26]. Several studies of long-range electron transfer
have confirmed this prediction and have shown that the
rate of electron transfer drops exponentially with k,
with an attenuation factor per unit of distance b being
of the order of 1 Å–1 [24,27], i.e. 10 nm–1, when the
electron transfer occurs through space or over a non-
conjugated bridge such as a saturated chain:

k = kmax × exp� − b k � (13)

In the SAM strategy, the electron transfer efficiency
of the bridge is reflected by the first order rate constant
k (in s–1) of the electron transfer between the electrode
and the redox center immobilized through this bridge
(Fig. 5a). To demonstrate the ability of megavolt-per-
second voltammetry to determine such rate constants,
we have investigated the voltammetry of the self as-
sembled monolayer of an osmium complex
[Os(bpy)2(py–B)Cl]+ (py and bpy stand respectively
for 4-pyridine and 2,2'- bipyridine, see equation (14))
linked to the surface of 2.5-µm-radius polycrystalline-
platinum ultramicroelectrode through adsorption of
the pyridyl terminal part of its linker B (B =
–(CH2)2–py).

In the slow scan rates range, the corresponding
voltammogram is composed of two symmetrical bell-
shaped peaks (viz, one anodic, one cathodic, Fig 5b)
whose shapes do not vary with the scan rate, except for
a proportionality of their current intensities to the scan
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rate. This is characteristic of a Nernstian electron trans-
fer for an adsorbed layer of redox centers [1]. In other
words, up to moderately high scan rates, k is suffi-
ciently large vis-à-vis the voltammetric time scale
h ≈ RT/F t, viz, k h >> 1, so that at each instant the
whole population of osmium centers in the SAM layer
is in redox thermodynamic equilibrium with the elec-
trode potential. One may nevertheless notice in Fig. 5b
that there is a scan rate independent slight peak-to-

peak separation (55 mV), which evidences that a re-
versible phase transition occurs within the film upon
oxidation and reduction [8]. The occurrence of this
phase transition has been confirmed by quartz crystal
microbalance studies [6,7,28–30] but this phenomenon
is irrelevant to our present scope, since it is kinetically
decoupled from the molecular dynamics of the indi-
vidual [Os(bpy)2(py–B)Cl]+ centers upon electron
transfer.

Fig. 5. (a) Schematic representation of the molecule arrangement within a self-assembled monolayer (SAM) aimed to probe the electronic
coupling between a redox center and an electrode surface through a given chemical linker (see equation (14)). (b,c) Cyclic voltammetry of a SAM
of [Os(bpy)2(py–B)Cl]+ with B = –(CH2)2–py assembled onto a platinum polycrystalline ultramicroelectrode (r0 = 2.5 µm) placed in
water/0.5 M NaNO3 at a scan rate: t = 12 kV s–1 (b) or 0.96 MV s–1 (c). (d) Variations of the peak-to-peak potential separation between the anodic
and cathodic waves versus the scan rate. Symbols: experimental data; solid curve: theoretical predictions for k = 4.3 × 106 s–1 (� = 0.5); dashed
lines: theoretical limits for a Nernstian (horizontal) or a limiting charge transfer (slanted) behavior.
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Upon increasing the scan rate, the time scale of the
voltammetric experiment becomes smaller and smaller
vis-à-vis the electron transfer rate constant, so that one
may obtain ultimately k h << 1, provided that suffi-
ciently high scan rates may be achieved. This results in
a distinctive modification of the anodic and cathodic
voltammetric peaks, which become slanted and lose
their symmetrical bell-shape, and shift toward higher
potentials (Fig. 5c) so that an increasing peak splitting
is observed upon increasing the scan rate (Fig. 5d).
This behavior is characteristic of the transition into a
kinetic regime where the electron transfer becomes
limiting [1] and governs the voltammetric behavior of
the SAM. Such a transition between fast and slow
electron transfer regimes allows therefore a facile and
precise determination of k [1]. From the data in Fig. 5d,
one obtains k = (4.3 ± 0.5) × 106 s–1 (� = 0.5), which
reveals the very strong electronic coupling between the
osmium center and the platinum surface through its
py–(CH2)2–py bridge.

4.2. Monitoring electron hopping communication
within a nanometric molecular object

In this section we wish to elaborate about another
ultrafast cyclic voltammetry application, which con-
cerns the monitoring of electron hopping diffusion at
the molecular level within a nanometric molecular
object. Electron hopping between redox centers in mo-
lecular object has been widely used to explain special
features of diffusion within conducting polymers
[31–35]. This concept was introduced in the late sixties
and early seventies [36–38] to explain why an apparent
diffusion of redox centers may be observed, even when
those centers are trapped within a matrix that then
prevents their physical diffusion. Indeed, electron ex-
change between two identical molecules with different
redox states located at two different sites within a
matrix, is a tantamount of the physical displacement of
each molecule towards the site where the other was
located, as is evidenced in equation (15):

� AN
�site 1 + � AN+1

�site 2b � AN+1
�site 1 + � AN

�site 2 (15)

Thus, an apparent diffusion coefficient (Dhop) may be
defined as in equation (16) [8,31–38]:

Dhop = (4/p) (k/d) (16)

where k is the actual rate of electron transfer between
the pair of redox molecules located in their sites and d

the distance between these two sites. For the situation
of interest here, the rate constant k is such as [8]:

k ≈ kact
soln /6 NA (17)

where NA is Avogadro’s constant and kact
soln is the

molar isotopic activation rate constant that would char-
acterize the electron transfer exchange between the
same redox centers placed in a classical homogeneous
bulk solution, giving rise to a similar environment of
the redox centers.

This notion of electron hopping has regained a large
interest very recently, owing to the important debate
about the possible occurrence of electron hopping
communication between base pairs in DNA molecules
[25,39,40]. In such a case, electron hoping could in-
deed be responsible for the propagation of a hole
within a single DNA molecule over nanometric dis-
tances [41]. This phenomenon, if true as we believe,
should have important consequence in rationalizing
the effect of oxidatively induced mutations as well as
in designing new concepts of biochips [41].

This prompted us to investigate if such electron
hopping could be characterized directly by our ul-
trafast voltammetric techniques. Indeed, voltammetric
experiments performed within nanosecond time scales
correspond to the development of nanometric diffusion
layer whose sizes thus approach those of single mol-
ecules. As a first approach aimed to validate this prin-
ciple, we have investigated the occurrence of electron
hopping within redox dendrimers adsorbed onto an
ultramicroelectrode surface. Indeed, in comparison
with DNA, dendrimers with pendant redox centers are
well suited for investigation by ultrafast cyclic voltam-
metry due to their size and to the facile manipulation of
their redox sites.

The specific molecule studied here is a fourth-
generation polyamidoamide (PAMAM) dendrimer
capped with 64 ruthenium(II) bis-terpyridine moieties,
Ru(tpy)2 [42]. In moderately polar solvents, molecular
modeling shows that the molecule has a spheroidal
shape with a radius Rsoln of 5 nm, and that the redox
sites tends to be exposed toward the solution so as to
minimize the contact between the solution and the
PAMAM linkers [42]. This justifies why when placed
in acetonitrile solutions, these dendrimer molecules
strongly adsorb to platinum surfaces to form a self-
assembled monolayer (Fig. 6a) [42,43]. The ensuing
monolayers of adsorbed redox dendrimer have been
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characterized by quartz crystal microbalance experi-
ments as well as by STM techniques (Fig. 6a) [43],
which revealed the precise quasi-hexagonal arrange-
ment of dendrimers at the electrode surface. Yet, STM
did not allow the investigation of the degree of electron
hopping communication within each dendrimer. Fur-
thermore STM could only image the “ top” side of the
dendrimer molecules, which thus appear as adjacent
cupolas of slightly larger radius Rads (by ca 10%) than
that in solution (Fig. 6a). As evidences by the sketch in
Fig. 6b, such an increase of radius suggests that the
dendrimer underwent significant deformation upon ad-
sorption, in agreement with the large energies of ad-
sorption (DG0 ≈ –50 kJ mol–1 for the RuII dendrimers)
[42]. However, at this stage this had to remain specu-
lative, since STM could not provide any information
about the topology of the side of the dendrimer mol-
ecule located below its diametrical plane, which faces
to the electrode surface but only about that of the part
facing to the solution (Fig. 6b).

Let us consider one adsorbed dendrimer molecule
with its shell of redox centers whose section is shown
as the grey area in Fig. 6b. Whenever cyclic voltamme-

try is carried out at scan rates such that d, the extent of
the electron hopping diffusion layer – equation (1)
where D is now replaced by Dhop given in equation
(16) –, would result much greater than the dimension
of the adsorbed dendrimer, all the 64 RuII metal centers
are oxidized into their RuIII within a single anodic
voltammetric scan. The voltammetric situation is then
exactly comparable to that described above about the
voltammetric investigation of the osmium SAM at
slow scan rate.

On the other hand, if the scan rate may be made fast
enough so that d results smaller than the dimension of
the molecule, a semi-infinite diffusion response within
a truncated spherical cupola (viz, within the grey area
in Fig. 6b) is expected. By careful consideration of this
sort of diffusionnal response, information can be
gained about the rate constant k, which sustains the
electron hopping process (equation (16)) and also
about the topology of the space in which the diffusive
process occurs [8]. Therefore, the same experiment
gives simultaneous insight into the degree of redox
communication within the redox shell sketched in
Fig. 6b and on the actual geometry of this shell. The

Fig. 6. (a) STM imaging of the array formed bya first-generation polyamidoamide (PAMAM) dendrimer capped with eight ruthenium(II)
bis-terpyridine moieties upon adsorption onto a platinum electrode surface (adapted from [43]). (b) Schematic representation of the 64-
Ru/PAMAM dendrimer molecule investigated here adsorbed onto the platinum surface. Two configurations are shown. That shown in dashed line
represents an undistorted molecule resting onto the electrode surface and retaining its solution radius, Rsoln. The other, shown in solid lines and
gray domain, corresponds to a dendrimer which undergoes distortion in order to minimize the contact between its PAMAM linkers and the
solution, and which exposes towards the solution an external shell (shown as the gray crown) in which the 64 redox sites are distributed (φ is the
contact angle of the ensuing truncated sphere; Rads its radius; the thickness of the shaded area is d, the diameter of one Ru(tpy)2 center). Note that
the two sketches are represented in scale assuming that the inner volume of each globule remains identical. Adapted from [8,44].
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later information gives access to the measurement of
whatever deformation, if any, is experienced by the
spherical dendrimer upon its adsorption onto an elec-
trode surface. Extensive theoretical work has been per-
formed in our laboratory in order to fully characterize
the electrochemical behavior of this system, and to
detail how the topology of the dendrimer redox shell
could be extracted from a series of voltammograms
obtained at different scan rates. These results have
been reported in detail elsewhere [8]. Our aim here is
thus only to summarize the corresponding results.

Cyclic voltammograms have been obtained at a
wide series of scan rates ranging from 36 kV s–1 to
2.52 MV s–1, and a representative set of these voltam-
mograms is shown in Fig. 7a–c [8,44]. It is clear from
this set of voltammograms that one gradually passes
from the situation where the whole dendrimer is oxi-
dized at ‘slow’ scan rates (viz, 36 kV s–1, Fig. 7a) to
that of a perfect transient voltammetry for the highest
scan rates (viz, 2.52 MV s–1, Fig. 7c). This transition is
better evidenced by the variations of the scan-rate-
normalized peak current intensity, viz, Ip/t1/2, as a
function of the scan rate t, which are presented in
Fig. 7d. Thus, at slow scan rates, i.e., when d >> Rads,
the peak current intensity Ip is proportional to the scan
rate (viz, Ip/t1/2 ∝ t1/2, in Fig. 7d) as expected for the
voltammetry of a molecularly thin redox film adsorbed
on an electrode surface [1,8]. At higher scan rates, i.e.
when d << Rads, Ip tends to be proportional to the
square root of scan rate (viz, Ip/t1/2 = constant, in
Fig. 7d), as expected for a system undergoing semi-
infinite diffusion [8].

For analysis, the diffusion equations for electron
hopping on the surface of a sphere have been formu-
lated and solved with the appropriate boundary condi-
tions. This afforded expressions for the peak current
intensity in terms of several parameters, namely Dhop,
Rads, and φ [8]. In order to extract useful information
from the voltammograms, simulations were carried out
to extract the parameters which best matched the ex-
perimentally observed response [8]. The first crucial
parameter is φ, since it characterizes the topology of
the space in which the electron hopping diffusion oc-
curs (viz, the gray area in Fig. 6b). Indeed, φ is a
measure of how much the dendrimer deforms as it
‘squashes’ down onto the electrode surface. A series of
working curves which characterize the variation of
Ip/t1/2 with t1/2, for several values of φ, were calcu-

lated and then the experimental data were examined to
find which working curve best fit the data [8]. From
this analysis, a value of φ = 1.2 ± 0.1 rad was deter-
mined. The fit to the experimental voltammetric data is
shown in Fig. 7d for this value of φ. Note that this value
corresponds precisely to the solid shape drawn in Fig.
6b. It is thus deduced that the PAMAM dendrimer
molecule does not rest on the electrode surface by
retaining its spherical solution shape, but that its ad-
sorbs by forcing a significant fraction of its chain
linkers to be in close contact with the electrode surface
(Fig. 6b). In fact, within the framework of this model
and for the experimentally determined φ value, the
disk of contact between the dendrimer and the elec-
trode has a radius of Rads sin φ ≈ 0.93 Rads, so that it is
very close from a diametrical section. Thus, the ad-
sorbed dendrimer molecule more closely resembles a
hemisphere than a sphere as it does in solution. Assum-
ing that the dendrimer molecule retains more or less its
inner volume when it adsorbs on the electrode surface,
one obtains Rads ≈ 1.1 × Rsoln for this value of φ, so that
the dendrimer molecule is predicted to apparently
swell by 10% upon adsorption. Such prediction based
on voltammetric data only compares extremely well
with the result of STM investigations of related den-
drimers on platinum electrode surfaces. Indeed, it was
noted that the radius of the adsorbed globule was ca
10% larger than that for the free molecule [45].

For the above value of Rads and φ values, the fit in
equation (7d) affords the value of Dhop

= 5 × 10–6 cm2 s–1 [8]. Upon noting that the thickness
of the spherical shell of redox centers is d = 1.4 nm
(i.e. is equal to the molecular diameter of one Ru(tpy)2

redox center), equation (16) yields the value of the rate
constant of the electron hoping reaction in equation
(15) for AN/N+1 = Ru(tpy)2

II/III. Thus, k = 4.8 ×
10–16 L s–1 is determined. When converted into a ho-
mogeneous molar self-exchange rate constant (equa-
tion (17)), this corresponds to a value kact

soln of 1.7 ×
109 M–1 s–1 for the would-be homogeneous rate of
electron transfer between a RuII and a RuIII. To the best
of our knowledge, kact

soln has never been determined for
RuII/III(tpy)2 complexes, but the self-exchange rate
constant kact

soln ≈ 109 M–1 s–1 has been reported for the
related RuII/III(bpy)3 system in water [46]. In other
words, the measured Dhop value corresponds exactly to
what is expected for a solution electron self-exchange
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Fig. 7. (a–c) Ultrafast cyclic voltammetry of a fourth-generation PAMAM dendrimer capped with 64 Ru(tpy)2 redox centers adsorbed onto a
platinum electrode (r0 = 5 µm) in acetonitrile + 0.6 M NEt4BF4 (adapted from [8,44]). The scan rates are indicated on each panel in MV s–1. (d)
Symbols: variations of the experimental scan rate-normalized voltammetric current peak intensity as a function of square root of scan rate. Solid
line: predicted behavior for φ = 1.2 rad, Rads = 5.5 nm and Dhop = 5 × 10–6 cm2 s–1. The horizontal dashed line corresponds to the semi-infinite
diffusion limit observed at ultrafast scan rates, and the slanted one to the thin-layer limiting behavior obtained at ‘slow’ scan rates (see text).
Points labeled (a), (b), (c) in (d) correspond respectively to the voltammograms shown in (a), (b), (c).
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involving two redox centers that are adjacent in the
transition state.

However, the redox sites distributed on the surface
of the dendrimer molecule are neither adjacent, nor are
they able to achieve permanent close contact. Indeed, it
can be estimated that to achieve a full coverage of the
‘squashed’ dendrimer surface with redox centers being
in close contact, 140 redox sites would be necessary.
Since only 64 are present on each dendrimer molecule,
the RuII/III centers cannot be in close contact, and their
average center-to-center distance, k, is ca 2 nm.

Considering the above average distance k = 2 nm
and using equation (13) with b = 10 nm–1 predicts that
the rate of electron transfer observed between two
centers resting on the surface of the dendrimer at their
statistical equilibrium positions should be approxi-
mately one thousandth of the observed one. The ex-
perimental value of k, however, is comparable to that
expected for free centers in solution which come into
close contact upon electron transfer. That leads to the
conclusion that, even though the redox centers are
linked to their dendritic branches, they must possess
considerable mobility inside their potential wells, at
least for what concerns displacements of a few ang-
stroms, which are required to reach close contact in the
transition state of the electron transfer reaction. Since
the radius of one ruthenium center is ca 0.7 nm, this
implies that a pair of two nearby centers should move
cumulatively by 0.6 nm from their equilibrium posi-
tions to reach close contact without a high energetic
cost or severe viscous drag [8], since these factors
would be immediately reflected into the k value [8].

Using the experimentally determined k value, it is
possible to determine a maximum value of the force
constant attracting each redox center in its potential
well and to subsequently estimate the maximum toler-
able surfacic viscosity of a ruthenium center when it
moves within its potential well [8]. The result of that
calculation is that the surfacic viscosity, gS, of one
Ru(tpy)2 molecule in its potential well is considerably
less than 10–20 N s m–1 [8]. For comparison, applica-
tion of the Stokes-Einstein relationship to Dsoln = 5 ×
10–6 cm2 s–1, a typical value for the diffusion coeffi-
cient of a free Ru(tpy)2 molecule in solution would
predict a surfacic kinematic viscosity gS

pred = gsoln d =
6 p (d/2) Dsoln /kB T = 7 × 10–13 N s m–1, if the viscous
drag on the same center in the dendrimer was identical
to that in solution. This latter value exceeds consider-

ably the maximum allowable value of gS for the den-
drimer system owing to the measured k value. In other
words, the viscosity of the redox centers on the spheri-
cal dendritic shell is at least 106 times smaller than that
in a free solution, which evidences that the centers have
a considerable mobility compared to that in a liquid
solution.

At first glance, this is certainly counterintuitive
since in a dendrimer a Ru(tpy)2 center is linked to a
radial chain that ought to rub against their neighbors
upon any of the motion Ru(tpy)2 center. Our results
show therefore that these frictions between linkers are
minimal even for a ‘squashed’ dendrimer, at least when
a nearby pair of RuII and RuIII centers move over a
distance of ca half a nanometer towards each other to
achieve close contact at the electron-transfer transition
state. Most importantly, the dendrimer structure seems
to prevent the building-up of the tight solvent and ionic
atmosphere around each redox center such as those
that exist in solution and are responsible for the elec-
trophoretic drag. This may reflect the fact that the
magnitudes of the physical phenomena are different.
Indeed, here the movements that bring the centers into
close contact occur only over a few angstroms, while
those considered in solution in defining diffusion coef-
ficients involve much longer distances. This may also
be due to the fact that the dendrimeric structure itself
prevents tight electrophoretic atmospheres to build up.
At this stage, this remains an open question; neverthe-
less the experimental fact is that mobility of the ruthe-
nium centers is greatly enhanced compared to what
occurs in a solution and which is reflected by usual
diffusion coefficients. To the best of our knowledge,
this important effect has never been considered before.
However, this unsuspected facile mobility of
dendrimer-borne active centers certainly needs to be
taken into account in rationalizing the reactivity of
dendrimer-supported catalysts. Indeed, this may in-
duce considerable chemical cross-talk between vicinal
catalytic centers and thus enforce mechanistic paths
that may greatly differ from those known for the same
catalysts when they are homogeneously dispersed or
covalently bound to a solid support.

5. Conclusion

By taking advantage of the capability to obtain
undistorted cyclic voltammograms up to scan rates in
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excess of 2.5 MV s–1, we have been able to demon-
strate that voltammetric methods can be used with
great kinetic profit to monitor very fast chemical pro-
cesses occurring in the nanosecond time domain.

Most importantly, since these ultrafast scan rates
correspond to diffusion over sub-nanometric distances,
voltammetric methods can be elaborated into ‘molecu-
lar microtomes’ offering new experimental tools
through which the dynamics and the topology of nano-
scopic molecular objects adsorbed on surfaces may be
investigated by a precise adjustment of the size of
nanometric diffusion layers.
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