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A theoretical and experimental approach to the degree of adiabaticity of electrode processes is considered
for the case where the electroactive species of the redox couple move freely in solution. Within a tran-
sition state-like framework, the adiabatic effect on the activation energy of electron transfer is included
through the theory developed by Schmickler (W. Schmickler, J. Electroanal. Chem. 204 (1986) 31). The
effect on the probability of electron tunnelling is also incorporated according to the Landau–Zener for-
malism (L. Landau, Phys. Z. Sowjetunion, 1932 [29]; C. Zener, Proc. R. Soc. London A 140 (1933) 660).
In applying both aspects, it is recognised that the electron transfer takes place over a range of distances
from the electrode surface.

The theory is applied to the study of the electroreduction kinetics of 2-nitropropane in fully-supported
DMSO solutions on mercury hemispherical microelectrodes of 23 lm radius. By fitting of experimental
cyclic voltammetry, the standard rate constant (k0) is determined at different temperatures and for dif-
ferent supporting electrolytes. The reorganization energy and degree of adiabaticity from the variation of
k0 with temperature are evaluated.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

In previous works electrochemical measurements have been
employed to gain microscopic information about the electron ex-
change event between a species in solution and a metal electrode.
In particular, the variation of the standard heterogeneous rate con-
stant (k0) with temperature provides molecular insight into the
electroreduction of aliphatic and aromatic nitrocompounds [1–3].
The results obtained pointed out the need for evaluation of both
the reorganization energy (k) and the electronic interaction be-
tween the electroactive species and the electrode (i.e., the degree
of adiabaticity) in order to fully understand the kinetics of a given
electron transfer process. Thus, the variation of the experimental k0

values with temperature indicated a higher adiabaticity and great-
er reorganization energy for 1-nitropentane than for 3-nitrophen-
olate, the difference in k being associated with the different
structural changes taking place upon the electron transfer [4].

Within a transition state-like framework, a higher degree of adi-
abaticity of the electroreduction of nitroaliphatics can lead to the
lowering of the energy barrier in the model. In order to examine
this question as well as the suitability of the model, herein we con-
sider the effect of the electronic interaction not only on the prob-
ability of electron tunnelling, but also on the energy barrier.
Consequently, and given that the electron transfer involving a spe-
cies in solution occurs over a solution region next to the electrode
surface [5], the activation energy depends on the distance of elec-
tron transfer as will be shown in the formulation of the kinetics.

For the modelling of the potential energy curve of the system,
the generalization of the Anderson–Newns model developed by
Schmickler [6–8] will be used. Next, this theory will be assessed
by investigating the kinetics of electroreduction of 2-nitropropane
on mercury microelectrodes in fully-supported dimethylsulfoxide
solutions. The value of the standard electrochemical rate constant
is determined at different temperatures (between 22.0 �C and
44.5 �C) from the fitting of cyclic voltammetry. The values and
temperature dependence of k0 are fitted with the theoretical re-
sults and the degree of adiabaticity of the process is estimated.
The procedure is applied in different media, with different sup-
porting electrolyte cations, with the aim of analyzing the effect
of the electron transfer distance on the kinetics of the process.
This methodology can shed some light on the understanding of
the adiabatic character of diffusional heterogeneous electron
transfer processes and it can assist the development of models
and experimental strategies for more realistic description of elec-
tron transfer.

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jelechem.2013.06.024&domain=pdf
http://dx.doi.org/10.1016/j.jelechem.2013.06.024
mailto:richard.compton@chem.ox.ac.uk
http://dx.doi.org/10.1016/j.jelechem.2013.06.024
http://www.sciencedirect.com/science/journal/15726657
http://www.elsevier.com/locate/jelechem
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2. Experimental

2.1. Chemical reagents

2-Nitropropane (CH3CH(NO2)CH3, Aldrich, >96%), tetramethyl-
ammonium perchlorate (TMAP, Fluka, Puriss grade), tetraethylam-
monium perchlorate (TEAP, Fluka, Puriss grade), tetra-n-
butylammonium perchlorate (TBAP, Fluka, Puriss grade), mer-
cury(I) nitrate dihydrate (Hg2(NO3)2�2H2O, Aldrich, >97%), nitric
acid (HNO3, Fisher scientific, 70%), ferrocene (Fe(C5H5)2, Aldrich,
98%), cobalt(III) sepulchrate trichloride ([CoSep]Cl3, Aldrich, 95%),
potassium nitrate (KNO3, Aldrich, >99%), dimethylsulfoxide
(DMSO, Alfa Aesar, >99%), acetonitrile (MeCN, Fisher Scientific,
HPLC grade), were all used as received without further purification.
2.2. Instrumentation

Cyclic voltammetry and potential step chronoamperometry
were performed with a computer-controlled Autolab PGSTAT12
Table 1
Concentration and diffusion coefficients of the electroactive species in 0.1 M TMAP
DMSO solution at the different temperatures examined determined by double
potential step chronoamperometry.

T
(�C)

Reagent concentration
(mM)

D2-nitropropane

(m2s�1)
D��2-nitropropane

(m2 s�1)

22.0 1.9 5.4 � 10�10 6.0 � 10�10

29.5 1.9 6.3 � 10�10 7.0 � 10�10

34.8 1.9 6.7 � 10�10 7.5 � 10�10

41.0 1.8 7.6 � 10�10 8.5 � 10�10

Table 2
Concentration and diffusion coefficients of the electroactive species in 0.1 M TEAP
DMSO solution at the different temperatures examined determined by double
potential step chronoamperometry.

T
(�C)

Reagent concentration
(mM)

D2-nitropropane

(m2 s�1)
D��2-nitropropane

(m2 s�1)

23.0 1.6 5.5 � 10�10 6.2 � 10�10

29.0 1.5 6.3 � 10�10 7.0 � 10�10

35.0 1.4 6.8 � 10�10 7.7 � 10�10

42.0 1.5 7.7 � 10�10 8.6 � 10�10

Table 3
Concentration and diffusion coefficients of the electroactive species in 0.1 M TBAP
DMSO solution at the different temperatures examined determined by double
potential step chronoamperometry.

T
(�C)

Reagent concentration
(mM)

D2-nitropropane

(m2 s�1)
D��2-nitropropane

(m2 s�1)

23.0 1.5 5.6 � 10�10 6.2 � 10�10

28.5 1.4 6.4 � 10�10 7.1 � 10�10

34.0 1.5 6.9 � 10�10 7.8 � 10�10

44.5 0.8 8.0 � 10�10 8.9 � 10�10

Table 4
Diffusion activation energy (Ea,d) and diffusion coefficients at infinite temperature
(D1) of the electroactive species in 0.1 M TXAP, DMSO solution obtained from the
variation of the D-value with temperature.

Supporting electrolyte Ea,d (kJ mol�1) ln[D1(cm2 s�1)]

2NPr 2NPr�� 2NPr 2NPr��

TMAP 13.3 ± 0.8 13.8 ± 0.7 �6.7 ± 0.3 �6.4 ± 0.3
TEAP 13.2 ± 0.6 13.2 ± 0.6 �6.7 ± 0.2 �6.6 ± 0.3
TBAP 12.6 ± 0.9 13 ± 1 �6.9 ± 0.4 �6.8 ± 0.5
(Metrohm-Autolab BV, Utrecht, Netherlands). Microdisk working
electrode of 23 lm radius was fabricated in-house by sealing Pt
wire (Goodfellow Cambridge Ltd., UK) into soda glass capillary
according to the method laid out by Amatore et al. [9]. The micro-
disk was polished prior to hemisphere deposition using 1.0, 0.3 and
0.05 lm alumina–water slurry on soft lapping pads (Buehler, Illi-
nois). The disk size was calibrated by numerical fitting of the chro-
noamperometric response of the 1.0 mM ferrocene solution in
acetonitrile supported by 0.1 M TBAP using the Shoup and Szabo
expression [10–12]:

I ¼ 4FADcbulk

pr0
ð0:7854þ 0:8862s�1=2 þ 0:2146

� expð�0:7823s�1=2ÞÞ ð1Þ

where s = 4Dt/r0
2, A is the area of the disk (cm2), D the diffusion

coefficient of the electroactive species (cm2 s�1), cbulk its bulk con-
centration (mol cm�3) and r0 the disk radius (cm). A widely adopted
literature diffusion coefficient for ferrocene of D = 2.3 � 10�9 m2 s�1

at 25 �C [13] was used for the calculations.
A mercury hemisphere was then electrochemically deposited

onto the microdisk from an aqueous solution of 50 mM Hg2(NO3)2

containing 0.1 M KNO3 acidified to 0.5% with HNO3 following the
Fig. 1. (A) Potential energy curves corresponding to the redox couple Ox0/Red�1 for
different degrees of adiabaticity (D values indicated on the graph) calculated from
Eq. (7). k ¼ 1 eV, g + x = 0, T = 298 K and (B) activation energy for the energy levels
at the electrode, x, corresponding to the one-electron reduction of species Ox0 for
different degrees of adiabaticity (D values indicated on the graph) calculated from
Eq. (10). k ¼ 1 eV, g = 0, T = 298 K.
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method described by Bard et al. [14]. During the deposition, the po-
tential was stepped to �0.25 V vs Ag wire. The size of the hemi-
spherical drop was controlled by the amount of charge passed.

For all electrochemical measurements, a platinum mesh coun-
ter electrode was used, whereas a silver wire was employed as
the reference electrode. Thermal control of the electrochemical cell
with accuracy within the range of ±0.1 �C was achieved through
the use of an air heater-controller system fabricated in-house
and acted also as a Faraday cage.
2.3. Characterization of the hemispherical mercury electrode

The size and shape of the mercury electrode was characterized
by optical and electrochemical methods.

For the optical characterization, visual measurement of the
hemisphere was obtained through the use of JVC digital video cam-
era TK-C921EG. To allow the appraisal of size and shape of the
hemisphere in the environment of the reagent solution, the work-
ing electrode was submerged in the solution sealed within a UV/vis
cuvette and visual image was taken. It was found that the mercury
droplet formed a hemisphere which adopted the radius of the
microdisc.
Fig. 2. (A) Standard heterogeneous rate constant, k0, for a redox system Ox0/Red�1

calculated from Eq. (11) for different mn and k values (indicated on the graphs) and
(B) k0 values when the effect of the electronic coupling on the activation energy is
ignored. In this case, the HAB value is defined as: HAB = H0,ABexp[�b(r � r0)], where
H0,AB is the electronic coupling element at the distance of closest approach, r0.
b = 108 cm�1, qM = 0.3 eV�1, T = 298 K.
The electrochemical characterization of the mercury hemi-
spheres was carried out through analysis of the limiting current
chronoamperogram of an aqueous solution containing 1 mM
[CoSep]Cl3 and 0.1 M KNO3, which is given by the following
expression valid for electrode with spherical geometry [10,11]:

I ¼ FADcbulk
1ffiffiffiffiffiffiffiffiffi
pDt
p þ 1

r0

� �
ð2Þ

where the symbols have their usual meaning.
The value of the diffusion coefficient of [CoSep]Cl3 used for cal-

culations was D = 6.3 � 10�10 m2 s�1. This was determined from
chronoamperograms recorded at microdisk electrode of known
dimensions from Eq. (2), yielding the result that is in close agree-
ment with literature [15,16].

Both characterization techniques confirmed that the mercury
hemisphere adopted the radius of the platinum microdisc on
which it is deposited.

2.4. Determination of reagent concentration and diffusion coefficients

For the current study, the concentration of the 2-nitropropane
reagent, its diffusion coefficient and the diffusion coefficient of
the radical anions in the working solutions (consisting of DMSO
solvent and 0.1 M background electrolyte in the form of TMAP,
TEAP or TBAP) are simultaneously evaluated through numerical fit-
ting of the double potential step chronoamperometric responses
[17]. During the chronoamperometric measurement, the potential
was initially set at �1.0 V (vs Ag wire) where no faradaic process
takes place. This is followed by an abrupt step in potential to the
value of �1.7 V, corresponding to diffusion-limited conditions for
the electroreduction, and it is held for 0.5 s. The potential is then
stepped back to �1.0 V and held for further 0.5 s such that the rad-
ical anion is oxidized under diffusion-limited conditions. The re-
sults obtained are displayed in Tables 1–3.

From the experimental data, the diffusional activation energy of
the electroactive species, Ea,d, in the different media are extracted
according to the Arrhenius-like relationship:

D ¼ D1 exp
�Ea;d

RT

� �
ð3Þ

where D1 is the hypothetical diffusion coefficient at infinite tem-
perature. The Ea,d values obtained are included in Table 4 and they
are statistically equivalent for all the different supporting electro-
lytes and species, being very similar to the activation energy of vis-
cosity for DMSO: Ea;g ¼ 14:1� 0:2 kJ mol�1.

2.5. Cyclic voltammetry

Cyclic voltammetry is performed in various working solutions
encompassing three different systems containing different sup-
ported electrolytes: TMAP, TEAP and TBAP. Cyclic voltammograms
within the scan rate range of 0.3 Vs�1 to 5.0 Vs�1 were recorded be-
tween �0.10 and �1.75 V (vs Ag wire) on a 23 lm radius mercury
hemispherical electrode. For each system, four sets of voltammo-
grams each recorded at a different temperature (22.0–41.0 �C for
Table 5
Kinetic parameters obtained for the electroreduction of 2-nitropropane on a mercury
hemispherical microelectrode in 0.1 M TMAP DMSO solution at different tempera-
tures through the fitting of cyclic voltammograms with the asymmetric Marcus–Hush
model E0

f ¼ �1:38� 0:02 V.

22.0 �C 29.5 �C 34.8 �C 41.0 �C

k0 (cm s�1) 0.18 0.24 0.30 0.42
c �0.10 �0.10 �0.10 �0.10
MSAD (%) 2.6 ± 0.5 3.7 ± 0.4 4 ± 1 4.5 ± 0.4



Table 6
Kinetic parameters obtained for the electroreduction of 2-nitropropane on a mercury
hemispherical microelectrode in 0.1 M TEAP DMSO solution at different temperatures
through the fitting of cyclic voltammograms with the asymmetric Marcus–Hush
model E0

f ¼ �1:39� 0:06 V.

23.0 �C 29.0 �C 35.0 �C 42.0 �C

k0 (cm s�1) 0.017 0.023 0.029 0.041
c �0.10 �0.10 �0.10 �0.10
MSAD (%) 3.5 ± 0.5 3.1 ± 0.7 3.1 ± 0.7 4.2 ± 0.6

Table 7
Kinetic parameters obtained for the electroreduction of 2-nitropropane on a mercury
hemispherical microelectrode in 0.1 M TBAP DMSO solution at different temperatures
through the fitting of cyclic voltammograms with the asymmetric Marcus–Hush
model E0

f ¼ �1:41� 0:07 V.

23.0 �C 28.5 �C 34.0 �C 44.5 �C

k0 (cm s�1) 0.0075 0.0090 0.0110 0.0150
c �0.10 �0.10 �0.10 �0.10
MSAD (%) 3 ± 1 3.1 ± 0.5 4.0 ± 0.7 4 ± 1
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TMAP; 23.0–42.0 �C for TEAP; 23.0–44.5 �C for TBAP) were
obtained.
3. Theory

Let us consider the general case of a one-electron reduction of
species Ox at the surface of an electrode:
Fig. 3. Fittings of experimental voltammograms of 2-nitropropane in DMSO supported by
rate = 0.3 Vs�1, T = 22.0 �C, (B) scan rate = 1 Vs�1, T = 29.5 �C, (C) scan rate = 3 Vs�1, T = 3
(open circles).
Oxz þ e� ¡
kred

kox

Redðz�1Þ ð4Þ

where z is the charge of the oxidized species, and kred and kox the
heterogeneous rate constants for the reduction and oxidation pro-
cesses, respectively. Within a transition-state treatment, and taking
into account the continuum of electronic energy levels in the metal
electrode, the heterogeneous rate constant between an electroac-
tive species (at a fixed position in solution) and the electrode, can
be expressed as a contribution of the different levels weighted
according to the Fermi-Dirac distribution:

kred=ox ¼ mnjel

Z 1

�1

exp½�DG–
red=oxðxÞ=RT�

1þ expð�x�Þ dx� ð5Þ

where mn is the effective nuclear frequency, jel the electronic trans-
mission coefficient (related to the probability of electron tunnel-
ling), DG–

red=ox the activation energy for the electroreduction/
oxidation process and the integral variable is defined as x⁄ = Fx/
RT = F(e � E)/RT with Fe being the energy of given electronic level
and E the applied potential. The upper sign refers to the reduction
process whereas the lower one to the oxidation one. Note that in
Eq. (5) it is assumed that the effective nuclear frequency and elec-
tronic coupling are independent of the energy level.

If we consider that, in the case of solution-phase redox couples,
the electron transfer reaction takes place not only at the distance of
closest approach between the species and the electrode, r0, but
over a range of several angstroms then the heterogeneous rate con-
stant is given by [5]:
0.1 M TMAP electrolyte on a 23 lm radius mercury hemisphere electrode. (A) Scan
4.8 �C, and (D) scan rate = 5 Vs�1, T = 41.0 �C. Experiments (solid line); simulation
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kred=ox ¼ mn

Z 1

r0

jel

Z 1

�1

exp½�DG–
red=oxðx; rÞ=RT�

1þ expð�x�Þ dx�dr ð6Þ

where the electronic factor is considered to be the same for all the
energy levels and the concentration of the reactant species constant
in the spatial region where electron tunnelling is effective [18].
Note that the introduction of the energy barrier lowering implies
that the activation energy, DG–

red=ox, is a function of the electronic
coupling, and therefore, dependent on the distance between the
electroactive species and the electrode surface, r, since the interac-
tion decays exponentially with r (see below).

3.1. Activation energy

In order to incorporate the effect of adiabaticity on the energy,
the potential energy curve corresponding to each energy level x is
calculated from the generalization of the Anderson–Newns model
developed by Schmickler [6–8], such that the potential energy is
given by:

Gðq; xÞ ¼ q2

4k
þ ½gþ xþ kð1� 2zÞ þ q�hnrðqÞi � zqþ D

2p
� ln½½gþ xþ kð1� 2zÞ þ q�2 þ D2� þ C ð7Þ

where q is an effective reaction coordinate, g the overpotential and
C is a constant. The parameter D is associated with the strength of
the electronic interaction between the electrode and reactant elec-
tronic states such that its value decays exponentially with the dis-
tance from the electrode, r [6–8]:
Fig. 4. Fittings of experimental voltammograms of 2-nitropropane in DMSO supported b
rate = 0.3 Vs�1, T = 23.0 �C, (B) scan rate = 1 Vs�1, T = 29.0 �C, (C) scan rate = 3 Vs�1, T =
(open circles).
D ¼ D0 exp½�bðr � r0Þ� ð8Þ

where D0 is the D-value at the distance of closest approach (r0), b
the spatial decay constant and hnr(q)i the average occupation prob-
ability of the reactant orbital:

hnrðqÞi ¼
1
2
þ 1

p
tan�1 �gþ xþ kð1� 2zÞ þ q

D

� �
ð9Þ

Fig. 1A shows the potential energy curves corresponding to the
redox couple Ox0/Red�1 (z = 0) for different degrees of adiabaticity,
g = 0 and the energy level x = 0. For small D values, the curves
show two minima corresponding to the reduced and oxidized
forms of the electroactive species, and a maximum that relates to
the transition state. As the electronic coupling is stronger (that is,
as the D value increases), there is a lowering of the energy barrier
such that the transition region is less defined. From the difference
between the potential energies of the electroactive species and the
transition state, the reduction and oxidation activation energies
can be determined from the energy curves. Following Mishra and
Waldeck’s formulation [8], the following relationships are em-
ployed for these calculations for the different energy levels, x, at
a given overpotential, g:

DG–
redðxÞ ¼ Gðq; xÞ � GðqOx; xÞ for x > xred

cr

DG–
redðxÞ ¼ 0 for xred

cr P x P �ðkþ gÞ
DG–

redðxÞ ¼ DG–
redð�2ðkþ gÞ � xÞ for x < �ðkþ gÞ

ð10Þ

where xred
cr is the critical value from which an activationless situa-

tion is attained and so the energy curve does not show two minima
y 0.1 M TEAP electrolyte on a 23 lm radius mercury hemisphere electrode. (A) Scan
35.0 �C and (D) scan rate = 5 Vs�1, T = 42.0 �C. Experiments (solid line); simulation



Table 8
Value of the reorganization energy (k) and degree of adiabaticity (through D0=k) for
the electroreduction of 2-nitropropane on a mercury hemispherical microelectrode in
0.1 M TXAP DMSO solutions obtained from the analysis of the variation of k0 with
temperature. mn = 1014 s�1, b = 108 cm�1, qM = 0.3 eV�1.

TMAP TEAP TBAP

k (eV) 3.0 � 2.4a 3.0 � 2.4a 1.0
D0=k 0.16 � 0.13 0.13 � 0.09 9 � 10�3

MSAD (%) 3.0 2.5 0.25

a Values corresponding to theoretical calculations.

E. Laborda et al. / Journal of Electroanalytical Chemistry 704 (2013) 102–110 107
and a maximum but only one minimum. From Eq. (10), the activa-
tion energies of reduction plotted in Fig. 1B are obtained for differ-
ent degrees of adiabaticity. For small D values, DG–

red is equivalent to
that predicted by the Marcus theory [10,11]. As the electronic cou-
pling is stronger, the DG–

redðxÞ value for a given level x decreases.
Addressing the form of the distance dependence of the elec-

tronic coupling (Eq. (8)) the rate constant for reduction can be
written as [18]:

kred ¼
mn

b

Z 1

0
jel

Z 1

�1

exp½�DG–
redðx; rÞ=RT�

1þ expð�x�Þ dxd�bðr � r0Þ ð11Þ

Thus, from Eqs. (10)–(12), the kred value can be calculated and,
once this is known, the rate constant for the oxidation process is
obtained by employing the Nernst relationship: kox = kredeg. In
the calculations carried out in this work, the range for the x-inte-
gral was restricted to the x-values where the integrand is, at least,
0.01% of its maximum value, whereas the range of b(r � r0) was:
0 6 bðr � r0Þ < 5.

It is worth mentioning that, as can be seen in Fig. 1A, the for-
malism considered here for the potential energy curve of the sys-
tem considers that this is symmetrical in contrast with the more
general picture provided by the asymmetric Marcus–Hush model
employed in previous works [19,20]. However, for the sake of sim-
plicity and given that the asymmetric effects for the experimental
system investigated are moderate (see Section 4), this formulation
will be employed as a first approach. When necessary, the simulta-
Fig. 5. Fittings of experimental voltammograms of 2-nitropropane in DMSO supported b
rate = 0.3 Vs�1, T = 23.0 �C, (B) scan rate = 1 Vs�1, T = 28.5 �C, (C) scan rate = 3 Vs�1, T = 3
(open circles).
neous evaluation of adiabatic and asymmetric can be included
through the two-dimensional model formulated by Schmickler
and Koper [21].

3.2. Electronic transmission coefficient

The effect of the degree of adiabaticity on the electronic trans-
mission coefficient will be estimated through the Landau-Zener
expression [8,18]:

jel ¼
2 1� exp � mel

2mn

� �h i

2� exp � mel
2mn

� � ð12Þ

where mel is the electron tunnelling frequency:
y 0.1 M TBAP electrolyte on a 23 lm radius mercury hemisphere electrode. (A) Scan
4.0 �C, and (D) scan rate = 5 Vs�1, T = 44.5 �C. Experiments (solid line); simulation
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mel ¼
4p2qM

h
ffiffiffiffiffiffiffiffiffiffiffi
4p kF

RT

q H2
AB ð13Þ

where qM is the density of electronic levels of the electrode and h
the Planck’s constant. HAB is an effective average of the electronic
Fig. 6. (A) Experimental values of the standard rate constant at 25 �C for the
electroreduction of 2-nitropropane on a 23 lm radius mercury hemisphere
electrode in DMSO containing 0.1 M TMAP (black circle), TEAP (grey triangle) and
TBAP (open square). The solid lines correspond to the theoretical curves calculated
from Eq. (11) for the k values indicated on the graph, (B and C) experimental
(points) and simulated (solid line) Arrhenius-like plots ln(k0) vs T�1 for the D0=k
values included in Table 8 and the k values indicated on the graph. mn = 1014 s�1,
b = 108 cm�1, qM = 0.3 eV�1.
coupling element at a given electron transfer distance, which is cal-
culated from the corresponding energy barrier [22,23]:

DG–
redðgþ x ¼ 0Þ ¼ k

4
� HAB þ

H2
AB

k
ð14Þ
3.3. Standard heterogeneous rate constant

The kinetics of electrode processes is usually parameterized in
terms of the value of the standard heterogeneous rate constant,
k0, which is defined as the oxidation/reduction rate constant at
the formal potential, k0 = kred(g = 0) = kox(g = 0). Fig. 2A shows the
variation of k0 with the strength of the electronic coupling (param-
eterized through D0) for typical values of the reorganization energy
(k ¼ 1� 2 eV) and the nuclear frequency factor (mn = 1010 � 1014 -
s�1), as calculated from Eqs. (10)–(12). In order to assess the
importance of the lowering of the energy barrier, the simulated re-
sults when this is ignored are also plotted in Fig. 2B.

As can be observed, the value of the rate constant is indepen-
dent of the nuclear frequency in the non-adiabatic regime (i.e.,
small D0 values) where the transfer rate is determined by the
strength of the electronic coupling: the stronger the interaction,
the faster the electrode reaction. Therefore, within the context of
the present model a more adiabatic character means faster elec-
tron transfer kinetics. For weakly adiabatic systems, the increase
of the rate constant starts levelling off, tending to a plateau value
for adiabatic processes if the lowering of the energy barrier is ig-
nored (Fig. 2B). Under this simplification, the electron transfer rate
is predicted to be independent of the electronic coupling in the adi-
abatic regime and limited by the effective nuclear frequency, mn [1–
3,18]. However, when the decrease of the activation energy due to
electronic coupling is taken into account, the k0 value further in-
creases with D0. Note that this result implies that, even for a high
adiabatic character, the rate constant is predicted to be dependent
on the electronic coupling and all the factors that affect it such as
the electron transfer distance, tunnelling medium and electronic
structure of electrode and species. A region of intermediate D0 val-
ues where this dependence is much weaker can be found for very
low mn values (for example, limited by the solvent dynamical prop-
erties [7,22,24,25]) as can be inferred from the curves for
mn = 1010 s�1 in Fig. 2A.
4. Results and discussion

Next, the theoretical formalism discussed in the previous sec-
tion will be critically assessed by applying it to the study of the
electroreduction of 2-nitropropane on mercury microhemispheres
(r0 = 23 lm) in DMSO solutions. The adiabatic character of the
reaction will be examined in presence of cations of different size:
tetramethylammonium (TMA+), tetraethylammonium (TEA+) and
tetra-n-butylammonium (TBA+). Recognising the negative poten-
tial values where the electroreduction takes place, the supporting
electrolyte cation is expected to define the distance of closest ap-
proach to the electrode and so affect the electronic coupling and
rate constant.

The k0 value of the reaction is determined at different temper-
atures via fitting of the experimental cyclic voltammetry in a wide
range of scan rates (from 0.3 to 5.0 Vs�1). For this, the asymmetric
Marcus-Hush formulation is employed to describe the potential
dependence of the oxidation/reduction rate constants [20] with a
fixed, tentative value of the reorganization energy of 1 eV since
the cyclic voltammetry has proven to be poorly sensitive to the k
value.

Given that the diffusion coefficients of both electroactive spe-
cies are known from double potential pulse chronoamperometry



Fig. 7. (A) Experimental values of the standard rate constant at 25 �C for the
electroreduction of 2-methyl-2-nitropropane (2Me2NP) on mercury electrode in
0.1 M TBAP N,N0-dimethylformamide solution [27], p-benzoquinone (BQ) and
dichloro-p-benzoquinone (DCQ) on carbon fibre microelectrode in 0.1 M TBAP
acetonitrile solution [28], and 3-nitrophenolate (3NPh�) on mercury microelectrode
in DMSO solutions with different supporting electrolytes: TEAP (grey triangle),
TBAP (open square) and tetra-n-hexylammonium perchlorate (THAP, star) [1]. The
solid lines correspond to the theoretical curves calculated from Eq. (11) for the k
values indicated on the graph. Inset: Corresponding experimental (points) and
simulated (solid line) Arrhenius-like plots ln(k0) vs T�1 for 3NPh�=3NPh�2� in TEAP
DMSO solution. mn = 1014 s�1, b = 108 cm�1, qM = 0.3 eV�1 (Hg), qM = 0.035 eV�1 (C).
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(values given in Tables 1–3), the fitting of the experimental vol-
tammograms is carried out with the standard electrochemical rate
constant (k0), the asymmetric parameter (c, which accounts for the
difference between the force constants of the oxidized and reduced
species [20]) and the formal potential (E0

f ) as fitting parameters
(the E0

f value varies between experiments due to the use of an Ag
wire pseudo reference electrode). The values corresponding to
the best fitting over the range of scan rates are shown in Tables
5–7. The best fitting is established by minimization of the mean
scaled absolute deviation (MSAD):

% MSAD ¼ 1
N

X
N

xexp � xsim

xexp

����
����� 100 ð15Þ

where xexp and xsim are the experimental and simulated values of
the magnitude evaluated, respectively, and N the number of data
points.

As can be seen in Figs. 3–5, in all cases a very satisfactory agree-
ment between simulated and experimental voltammograms is ob-
tained with the values included in Tables 5–7 (MSAD 6 4.5%). A
negative c value of �0.1 is determined, which indicates moderately
larger force constants (on average) for the radical monoanion. This
is explained by its higher charge that can lead to stronger interac-
tions with the solvent [1–3].

Next, following the methodology employed in previous works
[1–3] the k0 values and their variation with temperature are ana-
lyzed through Eq. (13) with the aim of testing the suitability of
the model and obtaining information about the reorganization en-
ergy and the degree of adiabaticity of the electron transfer. Thus,
the variation of k0 with temperature in the different media is fitted
with k and D0 as variables.

From theoretical calculations the value of the reorganization
energy for the electroreduction of 2-nitropropane is estimated to
lie in 2.4–3.0 eV attending to the values calculated for the inner-
sphere component (ki ¼ 0:3 eV [4]) and the outer-sphere contribu-
tion assuming the solvent as a dielectric continuum (as detailed in
ref. [26]). Typical values of the nuclear frequency are in the range
mn = 1010 � 1014 s�1 so that the fitting analysis was carried out for
the above k and mn values. The best simultaneous fitting of the
three different media was obtained with mn = 1014 s�1 and the cor-
responding parameters are reported in Table 8. For the TMAP and
TEAP salts, multiple {k, D0} pairs were found to yield fittings of
similar quality such that precise, unique values for these two
parameters could not be extracted. Instead, the range of D0=k val-
ues obtained for 2:4 6 k ðeVÞ 6 3:0 is given in Table 8. The results
indicate that they both lie in the weakly adiabatic region
(0:09 6 D0=k 6 0:16), the electronic interaction being stronger in
presence of TMAP given that the cation is smaller and so the elec-
tron transfer distance is shorter. Under these conditions, the cor-
rection due to the lowering of the activation barrier starts being
significant and it must be included in the modelling.

With respect to the study in the TBAP solution, it was not pos-
sible to obtain a satisfactory fitting of the k0 variation with temper-
ature for k values in the range 2.4–3.0 eV as can be seen in Fig. 6B.
In fact, a significantly smaller value of 1.0 eV is required for the
proper description of the k0 temperature-dependence (Fig. 6C),
from which it is concluded that the reaction in TBAP solution is
non-adiabatic. Therefore, as expected, the strength of the elec-
tronic coupling is directly related to the size of the supporting elec-
trolyte cation and it increases in the order TBAP < TEAP < TMAP, as
illustrated in Fig. 6A.

In Fig. 7 we revisit the results obtained in previous works for the
electroreduction of 2-methyl-2-nitropropane (2Me2NP) on mer-
cury in 0.1 M TBAP N,N0-dimethylformamide [27], 3-nitropheno-
late (3NPh�) on a mercury microelectrode in DMSO solutions
with different supporting electrolytes (see figure caption) [1] and
p-benzoquinone (BQ) and dichloro-p-benzoquinone (DCQ) on car-
bon fibre microelectrode in 0.1 M TBAP acetonitrile solutions
[28]. k values calculated according to the considerations discussed
above are employed for 2Me2NP (2.7 eV) and 3NPh� (2.0 eV) and a
value of 1.24 eV for the benzoquinones [28].

From the value of the standard rate constants at 25 �C, a weakly
adiabatic character can be assigned to the electroreduction of
2Me2NP, DCQ and 3NPh in TEAP and TBAP solutions. Significantly
weaker interactions are obtained for the electroreduction of BQ in
TBAP and 3NPh� in tetra-n-hexylammonium perchlorate (THAP)
solutions that are situated in the non-adiabatic region.

Although the k0 values at one temperature in conjunction with
the corresponding theoretical k allows for estimation of the elec-
tronic interaction, this may not provide a satisfactory fitting of
the k0 temperature-dependence as discussed above for 2NP/2NP��

in TBAP DMSO solutions (Fig. 6B). As can be seen in the inset of
Fig. 7, this is also the case of 3NPh�=3NPh�2� in DMSO solutions.
In both cases, the k value extracted from the ln(k0) vs 1/T plot is sig-
nificantly smaller than the theoretical one. With the caveats about
the accuracy of the latter, the disagreement may point to the need
for a critical reassessment of the model employed and/or that the
experimental systems considered may include coupled processes
that act as rate-determining.
5. Conclusions

The description of the adiabaticity of diffusional heterogeneous
electron transfer processes has been developed and experimentally
evaluated making use of Schmickler’s potential energy curve mod-
el [6] and the Landau-Zener formalism [18]. The approach consid-
ers that the electron transfer takes place not only at a fixed
distance from the electrode but over a range of distances, the prob-
ability of tunnelling decreasing exponentially with the latter.

The theoretical results show the importance of a full description
of the adiabatic effects at the weakly and strongly adiabatic re-
gimes. Thus, when the lowering of the energy barrier is ignored a
maximum value of the rate constant is predicted, which is
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exceeded when including the adiabatic effects on the transition
region.

The feasibility of the determination of the adiabatic character
and reorganization energy of electrode process via voltammetric
experiments at different temperatures has been examined. The
model has been applied to the kinetic study of electroreduction
of 2-nitropropane on mercury microhemispheres of 23 lm radius
in DMSO solutions fully-supported with different electrolytes.
Although the degree of adiabaticity could be estimated in all cases,
theoretical values for the reorganization energy (2.4–3.0 eV) have
been necessary for those systems where the electronic interaction
is significant, that is, in tetramethylammonium and tetraethylam-
monium perchlorate solutions. The process was found to be more
adiabatic in the presence of TMA+ since the electroactive species
approaches more to the electrode surface. For the same reason, a
much weaker electronic coupling has been obtained in tetra–n-
butylammonium perchlorate solutions, together with a value for
the reorganization energy significantly smaller than the theoretical
predictions: k ¼ 1:0 eV. The difficulties of extracting a k value con-
sistent with the theoretical calculations and for the different sup-
porting electrolytes may point to the need for revision of the
approach employed here to model adiabaticity.
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