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Abstract: Electrochemical performance of a [Ru(NH3)6]
3+/2+ redox couple at gold electrodes modified by alkanethiol self 

assembled monolayer (SAM) films of the type [–SH –(CH2)n – CH3] with different number of methylene units (n = 2 to 
10) in the presence and absence of glucose additives has been studied using fast scan cyclic and steady-state voltammetry. 
Specific scatter of measured rate constants caused by enhanced sensitivity of this probe to minor defects of SAMs has 
been observed in a general agreement with the published data for thicker SAMs (n = 9 to 18). In addition, we have disclo-
sed the anomalous viscosity-imposed drop of the heterogeneous rate constant for the case of Au electrodes modified by 
thinner n-alkanethiol SAMs (n = 2, 4). Taking into the account the fact of [Ru(NH3)6]

3+/2+ couple’s capability to penetrate 
into the SAM interior, we ascribe the obtained results to the manifestation of the solvent-friction mechanism under the 
condition where the redox species presumably together with a few of solvating water molecules reside in a SAM’s peri-
pheral interior marked by much higher local viscosity (slower dielectric relaxation) compared to the electrolyte solution. 
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1. INTRODUCTION 

 In depth understanding of charge transfer processes is 
significant from both, theoretical and practical points of 
view, because charge transfer is a key step in a great number 
of chemical and biological processes and respective  
knowledge is important for the construction and operation of 
new nanotechnological devices [1,2]. In particular, metal 
electrodes modified by alkanethiol self-assembled mono-
layer (SAM) films of different thickness and the terminal 
group composition have proven to be appropriate nanoscale 
systems for multiple technological applications and rigorous 
testing of charge transfer (CT) fundamentals. The persisting 
problem in this field is connected with the structural sound-
ness of SAM layers and the ability of reactant species (used 
as redox markers – in biosensors, e.g.) either to stick to the 
SAM/electrolyte interface, or penetrate into the SAM inte-
rior. This point seems to be critical for functioning of elec-
trochemical nanodevices with mobile (freely diffusing) re-
dox markers and requires special investigations. On the 
grounds of previous work [1,2], hereby we strongly suggest 
that the insights from heterogeneous charge transfer kinetic 
studies should be highly informative and essentially com- 
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plementary to structural investigations. Hence, the modern 
notions on the molecular machinery of charge transfer 
should be extensively involved. 

 According to contemporary theoretical models [3-9] and 
recent experimental studies (performed in molecular and/or 
ionic liquids exploiting chemical redox markers or redox-
active proteins) [10-27], heterogeneous charge transfer me-
chanism may display two different intrinsic mechanisms: 
adiabatic (solvent friction) – at short distances, and nonadia-
batic (tunneling) – at long distances, as well as intermediate 
regime. In all cases the unimolecular rate constant (ko

et) of 
charge transfer processes, according to the resent theoretical 
update, can be presented by the eq. 1 [17]: 

        (1) 

where Hif is electronic coupling matrix element between the 
electrode and redox couple, m is the density of electronic 
states in the metal (electrode),  is the reorganization free 
energy, Ga is the activation free energy, R is the gas cons-
tant and T the absolute temperature. Here g is adiabaticity 
criterion which acts as a control parameter for the realization 
of either adiabatic (g>>1), or nonadiabatic (g<<1) charge 
transfer mechanisms and turnover between them.  

 The adiabaticity criterion, g, is given by the following 
expression [4-5,8-9,17]: 
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           (2) 

where the effective frequency eff is related to a single or 
several relaxation process(es) in the vicinity of the reaction 
zone, that are intrinsically coupled to electron transfer. Ac-
tually, eff  , where  is the medium’s effective viscosity 
[4-9]. As one can see from eq. 2 realization and turnover 
between two extreme charge transfer mechanisms depends 
on the interplay between the values of electronic matrix ele-
ment, reorganization energy and solution viscosity. Conse-
quently, at g << 1 and g >> 1 one arrives to the different ex-
pressions for the intrinsic rate constant, with the following 
phenomenological extensions; for the long-range (nonadia-
batic) CT: 

kel  (Hif)
2  exp (   Re)             (3) 

where Re is the CT distance, and  is the decay parameter 
normally of the order of ca. 1 Å-1, [13-17]; and for the short-
range (adiabatic) CT: 

etk               (4) 

where  is an "empirical" solvent-protein coupling parameter 
with values between 0 and 1, with   1 standing for full sol-
vent-protein coupling [4-9].  

 Experimentally, adiabatic and nonadiabatic charge trans-
fer mechanisms, and gradual turnover between them within 
the series of almost identical systems (apart from the works 
where limiting cases of CT mechanism have been studied 
separately, for different systems under different experimental 
conditions) were demonstrated using nanodevices made of 
electrode-deposited self-assembled monolayer films of va-
riable thickness and the negatively charged model marker 
[Fe(CN)6]

3-/4- [12-13], as well as for a biological molecule – 
protein cytochrome c [10, 14-17, 24]. The adiabatic mecha-
nism for a positively charged redox couple, [Ru(NH3)6]

3+/2+, 
at bare Au electrodes, was demonstrated in our earlier work 
[11]. This redox couple is known to be capable to penetrate 
into the SAM interior, disclosing tiny defects that “invisible” 
for other markers (for example to [Fe(CN)6]

3-/4-, at otherwise 
similar conditions [13]), and show up through different kine-
tic patterns [28-31].  

 The aim of this work was to study the elementary charge-
transfer mechanisms of a redox couple [Ru(NH3)6]

3+/2+, ope-
rating at the SAM modified gold electrodes of different 
thickness, searching for the mechanism turnover from the 
adiabatic to nonadiabatic one, under the conditions when the 
redox probe can permeate into the SAMs’ interior. Taking 
into account availability of few reports for the electrochemi-
cal performance of the [Ru(NH3)6]

3+/2+ couple at gold elec-
trodes modified by the long-chain SAMs (n = 9 to 18) [18-
20] we restricted our studies to SAM modified gold electro-
des with the number of methylene units n = 2 to 10), in order 
to allow for the complementary analysis together with the 
published data. 

2. MATERIALS AND METHODS 

 A three electrode configuration cell with the platinum 
plate as an auxiliary electrode and the calomel reference 
electrode were used in combination with the Luggin capilla-

ry. The 1.6 mm diameter disk (sealed in a plastic cylinder) or 
2 mm diameter self-made ball Au working electrodes were 
applied throughout. The polishing and SAM modification 
procedures for both types of electrodes are described elsew-
here [13]. In a former case the disk electrode was cleaned 
with 1, 0.3 and 0.05 μm granulosides alumina from Buehler 
on a Buehler polishing cloth, followed by sonification in a 
Milli-Q water. The Au ball electrodes were cleaned by the 
successive rinsing in a hot and room temperature Piranha 
solution (3:7, 30% H2O2 + concentrated H2SO4) for 5 sec and 
10 min, and the Milli-Q water, respectively. The electrodes 
were treated by alkanethiols, HS (CH2)n CH3 (n = 2 to 8, 
Aldrich) to obtain SAM coated Au surfaces. For this purpose 
both kind of electrodes after cleaning procedures were rinsed 
by ethanol and immediately transferred into the coating solu-
tion (n-alkanethiol solution, 2  10-3 M in ethanol), at least 
for 48 h [13]. 

 The solutions used contained 1 M NaNO3 (Fluka) as sup-
porting electrolyte and 1 mM Ru(NH3)6Cl3 (Aldrich). The 
viscosity of solutions was varied by addition of anhydrous 
(+)-glucose (Fluka). Glucose concentrations of 0, 200, 402 
and 602 g L-1 were used providing the relative viscosity val-
ues of 1.06, 1.78, 3.75, and 9.92, respectively [11-13]. Up to 
6 working electrodes were used for each experiment in order 
to improve the statistics. The fast scan cyclic voltammetry 
(FSCV) and steady-state voltammetry were operated by the 
Amel 5000 instrument, under the control of the CorrWare 
software. The temperature of each experiment was 25 ± 0.5 
oC. In the case of peak shaped voltammograms the rate cons-
tants of heterogeneous electron exchange were determined 
from the values of peak-to-peak separation ( Ep) according 
to the method of Nicholson [32], by using the numerically 
evaluated relationship between Ep and the  function, eq 5: 

           (5) 

where  is a transfer coefficient, R is the gas constant, T is 
the absolute temperature, DO and DR is the diffusion coeffi-
cient of the reactant's oxidazed and reduced forms, respecti-
vely. In the case of non-peak shaped voltammograms kinetic 
data were accessed from the initial portions of steady-state 
curves, where the mass transport effect on the measured cur-
rent was negligible [13, 21]. 

3. RESULTS AND DISCUSSION 

 Fig. (1) represents the CV curves of [Ru(NH3)6]
3+/2+ (re- 

corded at 100 mV/s) for Au electrode coated by alkanethiol  
SAMs with a number of methylene units of n = 2, 4 and 8.  
One can see dramatic decrease of current reflecting decrease  
of heterogeneous rate constant, accompanying the increase  
of SAM thickness (the electron transfer distance) and, hence,  
the parameter Hif, in a general accordance with Eqs. 1 and 3.  
Fig. (2) represents semilogarithmic plots of standard rate  
constants for a [Ru(NH3)6]

3+/2+ electron exchange at SAM  
coated electrodes (n = 2 to 10) in the absence and presence  
of glucose, obtained in the present work, and the matching  
values of kel for CT at the bare gold electrode obtained in our  
previous work [11]. The complementary results reported by  
Protsailo and Fawcett [18] and Krysinski et al. [19-20] for  
thicker SAMs (n = 9 to 18) are also plotted for comparison.  
The open circles represent the rate constants in the absence  
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of viscous additive, and the closed circles – in the presence  
of 602 g/L glucose. In addition, asterisks represent data of  
Ref. [18], and triangles – of Refs. [19, 20]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). CV curves of [Ru(NH3)6]
3+/2+ (recorded at 100 mV/s) for 

Au electrode (s = 0.0314 cm2) coated by alkanethiol SAMs with the 
number of methylene units of n = 2, 4 and 8. Decrease of peak cur-
rent for CV curves corresponds to the increase of methylene unit 
number within the SAM sequence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Logarithm of standard rate constants for the Ru(NH3)6
3+/2+ 

electron exchange at the SAM coated electrodes with different n, 
obtained in the present work (circles) and by other authors [18, 20], 
in the absence (open circles) and presence (closed circles) of vis-
cous additives (602 g/L glucose). Asterisks represent data of Ref. 
[18], and triangles – of Ref. [19, 20]. Results for bare electrode are 
taken from (blue open and closed circles, respectively) [11]. 

 
 As one can see from Fig. (2), in the absence of glucose, 
the experimental points obtained both in the present work 
and by other authors [18-20] display remarkable scatter, 

which has not been detected for the case of other, previously 
studied markers [13-15]. In the presence of viscous additive 
(glucose) the rate constants for short-chained SAMs (n = 2, 
4) also exhibit some systematic downward deviation of expe-
rimental points. In addition rate constants for these SAMs 
exhibit anomalous viscosity dependence, what was not ob-
served for other markers at otherwise similar conditions 
[13,15]. Fig. (3), in particular, displays semilogarithmic de-
pendence of standard rate constants of electron exchange 
between [Ru(NH3)6]

3+/2+ and alkanethiol SAM coated Au 
electrodes (n = 2, 4, 8) on the glucose concentration. For 
comparison data obtained at bare gold electrode [11] are also 
presented. As one can see from Fig. (3), the viscosity depen-
dence for the bare Au electrode [11] exhibits the “normal” 
behavior corresponding to the adiabatic charge-transfer me-
chanism well-documented in the previous work for different 
markers [11,14-15]. The curves indicated as n = 2 (the inde-
pendent results obtained for three different electrodes), and  
n = 4 represent the viscosity-sensitive dependencies, exhibit-
ing “anomalous” behavior. Indeed, for these cases the over-
all drop of rate constant varies within the broad range 
amounting to the 110-fold decrease in some cases (!) For the 
case of SAM with n = 8 the anomalous viscosity effect dis-
appears (Fig. 3), whereas the over-all scatter does not (Fig. 
2). It is unlikely that the specific interaction of glucose 
molecules with the metal electrode surface or the SAM ter-
minal groups can be the reasons of observed anomalous vis-
cosity effects. Indeed, Bard and coworkers [22, 23] confirmed 
that sugars are inert at the metal surfaces. Also, they can not 
interact notably with the terminal hydrophobic SAM groups 
due to their highly polar character. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Logarithm of standard rate constants for the Ru(NH3)6
3+/2+ 

electron exchange at the SAM coated electrodes with different n as 
a function of the glucose concentration (in g/L); rhombs: n = 2 (re-
sults for three independent electrodes); squares: n = 4; triangles:  
n = 8; The upper line (circles) represents the dependence for the 
bare Au electrode [11] (see text for details). 
 
 The observed experimental results can be interpreted on 
the basis of charge transfer theory [3-9] and the preequili-
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brium model, eq. 6 [33, 34], under the conditions of a redox 
probe permeation through SAMs. 

k
0

EXP = k
0

et KA = k0
et

RT

G
R A

e exp           (6) 

 Here KA is the statistically averaged equilibrium constant 
proportional to the probability of finding the reactant species 
at the reactive site near the electrode, Re is the "effective 
thickness" of the planar reaction zone reflecting the major 
portion of the space integral over the intrinsic charge transfer 
constant (k0

et). The reactive site is usually considered to be 
situated at the outer Helmholtz plane (OHP) and Re is is 
expected to have the value of the order of 2  10–9 to 10–8 cm 
[33, 34]); GA is the equilibrium free energy required to 
bring the reactant ion to the active site near the electrode 
(presumably to the OHP). For our case we will assume that 

GA  0 throughout the series. 

 According to most recent results, kinetically fast redox 
couple [Ru(NH3)6]

3+/2+ can detect the smallest (“unvisible” 
for other markers) defects in the SAM, that is a manifestation 
of the much more sensitive nature of the [Ru(NH3)6]

3+/2+ cou-
ple (higher demanding conditions) to the SAM defects, com-
pared to other markers [20, 29-32]. The latter conclusion can 
be justified by the recent quantum-chemical calculations of 
charge distribution within the complex ions, which dem-
onstrated that in the case of hexamine metal complexes the 
excess charge is located on the metal core in the ion center 
whereas, for example, in the case of hexacyano metal com-
plexes  on the terminal nitrogen atoms of cyano ligands 
[35]. Consequently, [Ru(NH3)6]

3+/2+ species are much more 
capable to penetrate into SAMs and diffuse along the SAM 
chains, in the presence or even absence of probable collapsed 
sites versus [Fe(CN)6]

3-/4-, e.g., reducing for some extent in 
randomly scattered manner the effective charge-transfer dis-
tance compared to the “ideal” case with impermeable SAMs. 
As a result, an average electron transfer distance for the 
[Ru(NH3)6]

3+/2+ couple would be shorter, at otherwise similar 
conditions, compared to the case of other “well-behaved” 
markers. In addition, we conjecture that in general, the SAM 
defects can be classified as “static” and “dynamic” ones, 
ascribing the former to different kind of pinholes and collap-
sed sites, whereas the latter – to otherwise structurally sound 
domains, yet with increased fluctuational mobility. We sup-
pose that the “dynamic defects” should be of essentially 
cooperative nature and spread large electrode areas. 

 As it can be expected on the basis of general theoretical 
notions [3-9] and the previously obtained results [13-17, 27], 
penetration of redox couple into the SAM interior (that is 
marked by much higher local viscosity compared to the elec-
trolyte solution) must show up in a different manner for the 
cases of short- and long-range CT, respectively (where two 
different intrinsic charge transfer mechanisms are operative), 
in the absence, as well as in the presence of viscose additi-
ves. Namely, for the thicker SAMs the essentially nonadia-
batic behavior is expected (Eqs. 1,3), exhibiting the general 
dependence on the charge-transfer distance (the SAM thick-
ness) and insensitivity to the solution (or the SAM interior) 
viscosity. When nonadiabatic CT mechanism is operative, 
penetration of the [Ru(NH3)6]

3+/2+ species through the SAM 
layers for few Ångstroms, decreasing the effective charge-
transfer distance in randomly scattered manner, will be ma-

nifested by the increase ( in the same randomly scattered 
manner) of the value of rate constant compared to the “ideal” 
case with impermeable SAMs [13-17, 26, 27].  

 For the case of shortest charge-transfer distances (the 
thinnest SAMs), the changeover to the adiabatic (solvent-
friction) regime of electron transfer is expected, exhibiting the 
essential viscosity dependence and pronounced plateau re-
gions regarding the charge-transfer distance [13-17, 27]. In 
this case the penetration of [Ru(NH3)6]

3+/2+ species inside of 
these SAMs (n = 2, 4) will lead to the essential control of 
the charge-transfer event by the fluctuations of the SAM inte-
rior, not the solvent. SAM interior forms the quasi-
crystalline environment [1] with presumably much higher 
local viscosity compared to the liquid electrolyte phase re-
sulting to pronounced scatter of measured rate constants with 
the downward deviations (Fig. 2). Meantime, it is very 
probable that a few of water molecules strongly hydrogen-
bonded to [Ru(NH3)6]

3+/2+ ions, may also diffuse through the 
SAMs, forming in overall complex and compactly packed 
fluctuating environment. The local viscosity of such a vis-
cous “gel” still can be affected by the change of the external 
viscosity as it takes place in the case of biological processes 
involving proteins [14,15]. Interestingly, the solvent friction 
mechanism for the heterogeneous electron transfer rate cons-
tant of the Co(III/II) reaction of Co(II)tris(bipy) complex 
with the over-all 1010-fold decrease of the rate constant (!) 
upon the viscosity variation within the similar range of de-
grees has been observed by Murray et al. [36]. In our case 
direct fluctuation control of CT occurring in the adiabatic 
regime is expected. This would lead to significant downward 
deviations of rate constants from alternative nonaadiabatic 
values and their virtual insensitivity with respect of CT dis-
tance. The co-observation of high scattering could be expec-
ted due to the distribution of reactive sites situated both out-
side and inside the SAM interior with the participation of the 
[Ru(NH3)6]

3+/2+ marker. Another effect of the presence of 
glucose at the SAM/solution boundary seemingly is the in-
crease of the marker permeability into the SAM interior. We 
suggest that the [Ru(NH3)6]

3+/2+ redox couple can be used as 
a detector of the SAM non-ideality for corresponding inter-
facial nanotechnological devices . 

 Note, for the case of thicker SAMs, different extent of 
penetration of the redox marker into the SAM interior leads 
to the scatter in k0

ET due to scatter of CT distance (impact via 
the parameter Hif, Eqs. 1,3). For the case of thinner SAMs  
(n < 8) the CT distance (and, hence the value of Hif) can not 
affect k0

et directly. In this particular case scatter may be as-
cribed to the variation of local relaxational properties (local 
viscosity) of the SAM interior caused by different configura-
tion of defects, different extent of satellite water molecules, 
etc.). Analysis of kinetic data collected in Fig. (2) indicates 
that the average intrinsic relaxation time that controls ET in 
thin SAMs amounts to ca. 1 ns compared to ca. 10 ps in 
aqueous environments. 

4. CONCLUSIONS 

 The alkanethiol SAMs (n = 2 to 8) were tested for the CT 
dynamics in a full adiabatic regime and marker permeability 
with a [Ru(NH3)6]

3+/2+ redox couple. High sensitivity against 
the nonideality (static defects and increased fluctuational 
mobility) of –CH3 terminated SAMs has been disclosed. 
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However, unlike the case of thicker SAMs for which nona-
diabatic mechanistic pattern is operative, penetration of a 
[Ru(NH3)6]

3+/2+ marker into the SAM interior leads to in ave-
rage decrease of k0

et. This is probably due to the manifesta-
tion of the viscosity control by the SAM environment 
containing also a few of solvating water molecules. 

 The obtained results have both, fundamental and techno-
logical significance. In particular, they shed new light on the 
role of complex viscous environments (SAM interiors versus 
protein interiors, or ionic liquids) on the short-range CT oc-
curring in the frictional regime. At the same time, these re-
sults help to sketch general conditions towards the selection 
of freely diffusing redox markers for biosensors, regarding 
their geometry, total charge and the charge distribution on 
them. In a concrete context, the [Ru(NH3)6]

3+/2+ redox couple 
can be used as a detector of the SAM non-ideality for cor-
responding interfacial nanotechnological devices. 
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