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Abstract. The effect of 2,5 and 2,6 disubstitution (R = CHj;, Cl,
C(CHjy)3) for 1,4-benzoquinones, in the reorganization energy (1) for
the first electron uptake process was analyzed in acetonitrile solu-
tion. Data obtained by cyclic voltammetry suggested differences in
A for each type of disubstitution analyzed. These differences have
important consequences in the stability and structure of the electro-
generated benzosemiquinone species, which was verified by perform-
ing in-situ spectroelectrochemical-ESR (Electron Spin Resonance)
experiments of each disubstituted semiquinone.
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Resumen. El efecto de la disustitucion 2,5y 2,6 (R = CH;, Cl,
C(CHy)3) para diferentes 1,4-benzoquinonas, en la energia de reor-
ganizacion (\) para el primer proceso de reduccion analizado en
acetonitrilo. Los datos obtenidos por voltamperometria ciclica sugie-
ren diferencias en A entre cada tipo de disustitucion analizada. Estas
diferencias tienen consecuencias importantes en la estabilidad y
estructura de las especies benzo-semiquinona electrogeneradas, lo
que fue evidenciado en el analisis in situ espectroelectroquimico-ESR
(Resonancia del Espin Electronico) de cada semiquinona disustituida.
Palabras clave: Quinona, efecto de sustituyente, voltamperometria
ciclica, energia de reorganizacion interna, ESR

Introduction

Quinones represent a biologically reactive group of molecules,
presenting a high citotoxicity [1]. This reactivity, among other
factors, is due to the ability that the quinone group has to
undergo electron transfer processes related to the generation of
Reactive Oxygen Species (ROS, e.g. superoxide anion radical
and H,0,) in biological systems [2, 3]. As in these processes
a reactive radical species is generated (semiquinone), the bio-
logical activity of a given quinone compound is determined by
the stability of this intermediate. In such terms, electrochemi-
cal experiments can be helpful to analyze the stability and
energetics on the formation of semiquinones. For this purpose,
the use of aprotic media or aqueous basic conditions is advan-
tageous, as this type of intermediates can be stabilized and
studied properly [4, 5, 6].

An alternative to study this type of compounds is to
analyze the substituent effect in the energetics of heteroge-
neous electron transfer, employing the Hammett formalism
[7, 8]. However, even when this approach appears to be quite
simple it should be remarked that, during the electron transfer
process, the chemical characteristics of not only the reactant
species are important, but also on the product of the reduction
[9]. Therefore, a complete description of how the substituent
affects the electron transfer pathway depends on the chemical
properties of both species participating.

The approach in terms of the Marcus-Hush theory appears
more useful, as this theory deals on how do the chemical prop-
erties of both reduced and oxidized species affect the electron
transfer kinetics [10, 11, 12, 13]. The most important feature
of this theory is the proposal that the Gibbs free energy of acti-
vation during the electron transfer process (AG*), is dependent

on a parameter (A) which accounts on the effects of the struc-
tural reorganization processes occurring during the electron
transfer, as follows
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This parameter -the reorganization energy (1)-, represents
the energy needed to transform the nuclear configurations in
the reactant and the solvent to the product state [14]. At EO,
AG* is equal to A/4 [14] and therefore is possible to estimate
it from electrochemical experiments, as the apparent rate con-
stant of electron transfer (ks), becomes:

k, = Aexp(~AG*/RT). )

Furthermore, the electrochemical transfer coefficient — o -,
also has a dependency on A following the expression:
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Two contributions are proposed that account for the total
reorganization energy: A; (inner) and A, (outer) reorganization
energies:

A=A+,

A represents the contribution of the reorganization of the bond
angles and distances in the reduced (or oxidized) species dur-
ing the electron transfer. A, represents the energy needed to
reorganize the solvation sphere during the electron uptake,
associated to the size of the molecule.
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In the case of the study of electron transfer kinetics in qui-
nones, most of the work previously informed account for more
important changes in the outer reorganization term [15, 16]. In
the work of Clegg and coworkers [16], the inner reorganization
term is completely neglected. As electronic effects are decisive
in the stabilization of the reduced form of the quinone (semi-
quinone), they should affect the inner reorganization term, so
it is required a more detailed study on this matter. An interest-
ing case for studying experimentally such effects would be the
one dealing with structural isomers (e. g. 2,5 and 2,6 disubsti-
tuted benzoquinones). This occurs since in this case, the outer
reorganization term should not be affected as both structures
present a similar solvation radius, and therefore any observed
difference can be associated to inner reorganization effects.

In this work, a comparative study of the changes in the
electrochemical kinetic parameters by the presence of different
2,5 and 2,6 disubstituted benzoquinones (R: Cl, CH3, C(CHs)3,
Figure 1) in acetonitrile is presented. Substituents are chosen
on the basis of comparing simple electron-withdrawing or
donating capacity (in the case of CH; and CI as substituents).
C(CHj3); would in turn indicate any influence by steric compo-
nents (which would be also regarded as field-inductive effects
[7, 8]). The study was performed using cyclic voltammetry
to analyze the kinetic behavior of the quinone-semiquinone
couple for each studied system. Values of the reorganization
energy (A) were obtained, using a variation of the method
presented by Nicholson [17]. The influence of the substituents
and chemical structure in the stability of the electrogenerated
benzosemiquinone intermediates was evaluated by analyzing
the spectral structures obtained by Electron Spin Resonance
experiments coupled to the electrochemical generation of spe-
cies (EC-ESR).

Results and discussion

1. Experimental determination of the reorganization
energy (A)

In order to evaluate the effect of the substituents in terms of
the reorganization energy (L), these data were extracted from
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Fig. 1. Structure of the benzoquinone moiety of the molecules studied
in this work. Numbers indicate the relative positions of the substitu-
ents.
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experimental current-potential-time experiments. To achieve
this purpose, it is necessary to recognize the kinetic properties
of a quasi-reversible electrochemical reduction:

0+ ==0", (%)

Q and Q- represent the quinone and semiquinone species,
respectively. For this type of process, the total rate of trans-
formation is controlled by the rate constants of both forward/
reduction (k;) and reverse/oxidation (k) processes. The use of
transient electrochemical methods to study this type of reactions
proves useful. This occurs because the electrochemical response
of the product can be also analyzed, even in cases where this
species is too unstable to be synthesized. Classically, the appar-
ent rate constant of electron transfer kg, can be determined
employing cyclic voltammetry measurements (Figure 2) using
the methodology described by Nicholson [17], by measuring
the differences between the cathodic and anodic peak potential
(AEpc.1a) values as a function of the scan rate. However, this
case presents a serious disadvantage, as the influence of the
transfer coefficient (o) is not apparent, as long as the AEpc.,
values do not exceed ca. 200 mV [18]. Therefore, in this model
it appears as if both k; and o were independent parameters, as
occurs by applying the Butler-Volmer formalism [19, 20] which
is not the case (see Introduction).

A more general way of dealing with this problem would
be to calculate such variations in terms of A. For this purpose,
a number of values for A covering the transition between
Nernstian and non-Nernstian behavior were chosen (0.7 to
1.4 eV). With these values, ks can be calculated employing eq.
2, by calculating the pre-exponential factor A as the average
value of the component of velocity in the direction of the elec-
trode, [10]
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Fig. 2. Cyclic voltammograms obtained for a solution of 0.003 mol
L1 25 MeBQ in 0.1 mol L Et,NBF, / CH;CN, WE: Pt (0.025 cm?),
CE: Pt wire. Scan rates shown are 0.03, 0.1, 0.7, 5, 30 and 100 V s
Arrow indicates the increase in scan rate. Both the anodic and cathod-
ic signals are indicated.
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A=(RT/2zM)"?, (5)

It should be noticed that this strategy is a simple way to
evaluate the preexponential factor, compared to the pre-equi-
librium model which is also used [21]:

A=v,K Kk, (6)

Where K, is the equilibrium constant of the precursor
complex formation process. v, is the nuclear frequency factor
and kg is the electronic transmission coefficient. It should be
noticed that v, is indeed dependent on the activation energy
AG* (or the overpotential -E - E%-, as is presented in electro-
chemical processes) as follows

v,,=n1( AG! J (@)

47xRT

This asseveration is only partially correct, as the nuclear
frequency factor also depends on the characteristic nuclear
frequencies presented by both components (inner and outer) of
the reorganization energy [22]

L _VoAGL+vIAGH ®)
" AGH+AGH

Where v, and AG,* are the characteristic frequency factor
and free energy of activation associated to the outer component
of the reorganization energy, being the corresponding param-
eters for the inner reorganization energy designated as v; and
AG{*. One interesting aspect commented also by Weaver [22]
is that, even when both frequencies (v; and v,) can exchange
their relative magnitudes -since typically v; is larger than v-,
the final value of this parameter is typically in the order of
1 x 108 s1. Furthermore, this value is strongly dependent on
the degree of interaction of reactant and product species (par-
ticularly the particular vibrational frequencies and free-energy
barriers of both), a condition fulfilled usually in homogenous
electron transfer rather than in heterogeneous reactions. For
a given medium, the longitudinal relaxation time (7)) is con-
stant and the consideration that electron transfer occurs in an
adiabatic fashion sets the value of k, as -1. Therefore, the cor-
responding pre-exponential factor (Eq. (6)) is expected to be
constant, independently of the variations in the activation ener-
gy occurring during the potential scan experiment. Even more,
the approach of considering the collisional model to describe
the pre-exponential factor (Eq. (5)) has been successfully

employed to describe trends in kinetic parameters [23, 24]
Within the chosen approach and for the molecules studied,
A have values between 5 to 6 x 10% cm s (5.5 x 10 cm st
was chosen as a mean value). Both A and kg data were input-
ted in a digital simulation program (Digielch 3.0 ®) to analyze
the variations of the AE, .., values from simulated cyclic
voltammograms, as a function of the reorganization energy
(Figure 3). The experimental data obtained for the compounds
presented a fair fit with the calculated curves. The obtained

values for A for each compound are presented in Table 1. It is
important to note that the presented values are not corrected
for double layer effects. This occurs because only the trends of
kinetic data in terms of the substituent (either by an increase
on number, or electron withdrawing or donating capacity),
are of interest. For this purpose, D values were also required,
and they were evaluated by employing single potential step
experiments at potential values where the process is diffusion
limited. Then, Cottrell slopes (iz*tY/2 vs t) were determined and
from them, mean values (and standard deviations) for D were
obtained as suggested by Rosanske and Evans [18] (Table 1).
The presented values are quite similar to the ones reported for
this type of compounds and were in the order of 2 x 10" cm?
s, which was used as the mean value to obtain the working
curves shown in Figure 3.
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Fig. 3. Variations of the experimental AE., values for the studied
benzoquinones, as a function of the scan rate: (O) 25MeBQ; (®)
26MeBQ; (¢) 25CIBQ; (#) 26CIBQ; (A) 25tButBQ; (A) 26tButBQ.
Dotted lines depict the calculated AE, ., variations at different reor-
ganization energies: 1.27 > 2 > 0.94 eV (Dyoger: 2 x 105 cm?). Arrow
indicates decreasing A values.

Table 1. Calculated formal potentials values (E?), reorganization
energies (A) and diffusion coefficients (D) for the studied benzoqui-
nones.

Quinone EY/VvsFct/Fc*  D/cm2sl** rleVv

25CIBQ -0.53 2.78 +/-0.1 1.16-1.18
26CIBQ -0.51 151+/-0.1 1.02-1.08
25MeBQ -1 2.32 +/-0.07 1.18-1.22
26MeBQ -1.02 214 +/-0.1 1.26-1.28
25tButBQ -1.05 1.86 +/- 0.05 117-121
26tButBQ -1.07 2.07 +/- 0.08 1.16-1.18

* Obtained as (Ep; + Epia)/2at 0.1V st

** Obtained from linear regression of the function iy t/2 vs t from chrono-
amperometric experiments [18] (standard deviations from five independent
measurements are reported).
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The experimental data obtained presented a fair fit with
the calculated working curves, being the exception AEpc.
from 26CIBQ (Figure 3). However, most of the presented data
are comprised between intervals of calculated A values, and as
such are reported in Table 1. It should also be noticed that such
deviations occur mostly at the high scan rate region, where the
methodology to compensate IR-drop begins to present some
failures (even though the employed methodology is consider-
ing approximately 95% of the experimental R,). This could
also be a source of error in the data determination, but its
extent is not quite large, as most of the obtained data presented
a fair fit with the calculated working curves (assuming total
compensation).

Nevertheless, the obtained results show that both isomers
present different reorganization energies, even though the
potential values at which each member of the pair is reduced,
is similar. This is indicative of how the chemical properties in
the Kkinetics of electron transfer of the studied compounds are
influenced in a particular isomer. Interestingly, for the case
of the 2, 5 disubstituted quinones, A values are very similar
regardless of the substituent present (Table 1), on the other
hand, 2, 6 disubstitution leads to a sequence in reorganization
energies in the trend Cl < C(CHg); < CHjs. This result indicates
that simple electron-withdrawing or donating effects are not
useful to describe the reactivity sequence observed (Cl > CHy
> C (CHg); in order of Hammett o, values [8]). As commented
above, this effect is due to the intrinsic nature of the | values
obtained, as they depend on the influence on the substituent on
both species participating differing from the case of the stan-
dard free Gibbs reaction energy AG®, which normally depends
only on the properties of the reacting species [8]. Therefore, it
is required to obtain information on the chemical properties of
the electrogenerated intermediate to understand the presented
kinetic behavior.

2. Relationships between the spectral structure of the
electrogenerated substituted benzosemiquinones and the
kinetic data

From the above presented analysis, it remains to evaluate how
do the chemical properties of the electrogenerated semiquinone
are influenced by the reorganization processes. This can be
useful to evaluate both the final destination of the electron den-
sity added to the quinone moiety and the lability of the radical
species generated. For this purpose, coupled Electrochemical-
Electron Spin Resonance (EC-ESR) experiments were carried
out to obtain ESR spectra of the electrogenerated species. In
the case of chlorine substituted compounds the ESR spectra of
the corresponding semiquinones is presented in Figure 4.

It is noticeable the characteristic spectrum of 25CIBQ
(Figure 4A), as it lacks of a proper structure that could be
assigned to a single radical species generated. This spectrum
can be originated by a mixture of radical species generating
in the electrolysis cell. This result implies that the electron
transfer process is coupled to a follow-up chemical reaction
which consumes the radical species and generates another
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Fig. 4. ESR spectra for the electrogenerated semiquinone of (A)
1 mM 25CIBQ and (B) 26CIBQ in 0.1 M Et,;NBF, / CH,CN.
Modulation amplitude: 0.01 G. Solid lines indicate the experimental
spectrum, while points indicate simulated spectra from calculated
HFCC. Arrow indicates the presence of another signal in the 26CIBQ
semiquinone spectrum.

radical structure as a result. The rate constant of this process
are not expected to be high enough, since in results previously
considered in the literature, no mentions for its existence are
stated [16]. However, under the thin layer electrolysis condi-
tion of the cell (cell width of nearly 0.5 mm), the speed of the
process would be in the second scale, and so it was possible
to detect it at the higher time scale of the EC-ESR measure-
ments. 26CIBQ behaves in a most different way (Figure 4B),
since the main triplet structure obtained (ay = 2.66 G, Table 2),
is consistent with coupling of the unpaired electron with the
o-H atoms present in the chemical structure of the correspond-
ing quinone. However, a small signal is appearing at fields of
nearly the same g value of the analyzed compound (at nearly
3465 G or about 2.0035 vs 2.0047 of 26CIBQ, Figure 4B).
This indicates that, as in the case of 25CIBQ, the electrogen-
erated semiquinone presents a coupled chemical process after
the electron transfer. However, the rate constant of this process
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Table 2. Experimental Hyperfine Coupling Constants (HFCC), linewidths (I') and g values obtained from ESR spectra of the electrogenerated

semiquinone species for the studied benzoquinones

Quinone a3/ G as/ G ag/ G aCH;/ G r/G g

25CIBQ ND NA ND NA 0.42 ND
(2.24) (2.24)

26CIBQ 2.66 2.66 NA NA 0.34 2.0047
(2.55) (2.55) 2.0035*

25MeBQ 1.97 NA 1.97 2.16 0.07 2.0051
(2.06) (2.06) (1.94)

26MeBQ 2.21 221 NA 1.85 0.19 2.0043
(2.40) (2.40) (1.67)

25tButBQ 2.23 NA 2.23 NA 0.17 2.0049
(2.46) (2.46)

26tButBQ 2.03 2.03 NA NA 0.18 2.0045
(2.84) (2.84)

NA: Not applicable as the position is bearing another substituent; ND: Not determined.
* Data for the second radical structure observedValues in parenthesis indicate calculated HFCC using the B3LYP/3-21G(d,p) method.

is not the same as in 25CIBQ, since most of the detected radi-
cal species arises from the 26CIBQ semiquinone.

Considering the low energy of reorganization obtained
for this pair of isomers (Table 1), the reaction occurring after
the electron transfer process is proposed to be a follow-up
chemical cleavage [25] of the halogen atom after the electro-
reduction of the semiquinone. In general terms, the undergo-
ing chemical pathway can be represented by the next set of
chemical equations, where QX is the halogen (X) substituted
benzoquinone:

OX +e" = OX" ©
OX" >0 +X". (10)

This effect occurs for the experimental cases on the time
scale reported for CH3CN solution [26], and shows that for
both chlorine substituted quinones, Eq. (10) is the rate deter-
mining step. Interestingly, the stability of the electrogenerated
QX" is a function of the chemical structure of the compound,
being the 2, 5 disubstituted radical less stable compared to the
2, 6 disubstitution, which could be related to the higher reorga-
nization energy in the former compound than in the latter. The
higher A value of the pair (for 25CIBQ, Table 1) could account
for the dissociation energy related to eq. 7 [27].

Methyl-substituted benzoquinones 25MeBQ and 26MeBQ
were also studied using this methodology. These compounds,
as in the case of Cl substituted quinones, prove to be thermo-
dynamically non-differentiable, as their experimental E® val-
ues are nearly the same (Table 1). The obtained ESR spectra of
these compounds are presented in Figures 5A and 5B.

Both quinone compounds differ in the value for the hyper-
fine coupling constants for the H atoms in the quinone ring
and those present in the methyl group (Table 2). As a fact of
importance, both sets of values seem to be inverted for each
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Fig. 5. ESR spectra for the electrogenerated semiquinone of (A)
1 mM 25MeBQ and (B) 26MeBQ in 0.1 M Et;NBF, / CH3CN.
Modulation amplitude: 0.01 G. Solid lines indicate the experimental
spectrum, while points indicate simulated spectra from calculated
HFCC.
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compound. It is important to recall that HFCC values are an
experimental estimate of the spin density p according to the
McConnell equation [28]

a=0p. (11)

On this basis, the behavior of 25MeBQ and 26MeBQ
shows that the spin density sites change due to the relative
position of the methyl substituent. Moreover, the experimental
linewidth is different for both semiquinone compounds (Table
2). This is important, as linewidth (I") data are related to the
self-exchange electron transfer kinetics in solution between the
electrogenerated radicals and the neutral species remaining in
solution [38]. From this data, the inner reorganization energy
shows to be lower for the 26MeBQ than for 25MeBQ, as the
former has a lower I" value.

An estimate of the inner reorganization energy can be cal-
culated, as this quantity would contain the information regard-
ing only nuclear reorganization (and not solvent components)
occurring in the Q — Q* transformation, as it would be useful
to consider the kinetic differences presented by both isomers.
A rather simple approach to estimate the A; term has been pre-
sented earlier by Nelsen [29], where the inner reorganization
energy can be estimated from the difference in energy of the
electron self-exchange reaction (A; excn),

0+0" >0 +0. (12)

This is possible as, in this type of reactions, the nucle-
ar configurations of the reactant and products are adjust-
ed to be the same without effectively transferring the elec-
tron. Therefore, the inner reorganization energy for the self-
exchange reaction (Eg. (12)), can be estimated by:

A excn =[E(N as RA)— E(N as N)]+[E(RAas N)— E(RAas RA)] (13)

Where E(X as Y) represents the energy of the species X
within the optimized molecular structure of species Y. The two
species participating during the electron transfer process are
the neutral quinone (N) and the semiquinone (RA). For this
purpose, these calculations can be performed employing single
point procedures for the optimized structures of N and RA for
each quinone compound. In the case of a heterogeneous elec-
tron transfer process with only one reactant participating, the
inner reorganization energy would be half the value calculated
in eq. 10. However, the calculated values with this procedure
employing the B3LYP/3-21G(d,p) for both compounds are
very similar (0.19 eV), and do not allow to compare the effects
observed experimentally. Moreover, outer reorganization
effects are not expected to be significantly different between
both compounds, as the calculated diffusion coefficients are
very similar (Table 1), and therefore the solvation radius would
be the same for each. Therefore, the observed differences
could be related to the changes in the spin density distribution
for each quinone. This is relevant, as the model of Marcus-
Hush employed for the analysis relies on the estimation of the
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reorganization energies as global parameters, rather than in
local properties of the participating species. This factor could
be important for improving the dynamic theoretical description
of this type of systems.

In the case of benzoquinones disubstituted with C(CHs)3
groups (25tButBQ y 26tButBQ), the ESR spectra for the cor-
responding electrogenerated semiquinones are presented in
Figure 6.

From the analysis of the HFCC between the electron
spin and the H atoms in the quinone ring, a similar behavior
as presented by the methyl derivatives was obtained: HFCC
values associated with a protons show differences in terms of
the isomer which bears the C(CHs); groups. The obtained data
show that the highest spin density resides at the C-3 and C-6
positions for the case of the 2, 5 isomer. Meanwhile, for the
2, 6-disubstituted quinone, most of the spin density resides
in the positions bearing the C(CHj3); groups. However, these
differences are lower in value compared to the case of methyl
substituted quinones, which would account for the slight dif-
ference in reorganization energies. This could be due to the
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Fig. 6. ESR spectra for the electrogenerated semiquinone of (A)
1 mM 25tButBQ and (B) 26tButBQ in 0.1 M Et;NBF, / CH,CN.
Modulation amplitude: 0.01 G. Solid lines indicate the experimental
spectrum, while points indicate simulated spectra from calculated
HFCC.
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bulky nature of the C(CHj); substituent, which makes elec-
tronic inductive effects less pronounced as in the other cases.
The calculation of the inner reorganization component by
the B3LYP/3-21G(d,p) showed that 25tButBQ has a lower 2
value (0.19 eV), compared to 26tButBQ (0.24 eV), which is
opposed as the experimental tendency in total A values (Table
1). Therefore, the remaining reorganization energy is strongly
affected by solvation dynamics, which would complement the
inner reorganization component.

Conclusions

The effect of 2,5 and 2,6 disubstitution (R = CHs, Cl, C(CH3)3)
for 1,4-benzoquinones, in the reorganization energy (A) for the
first electron uptake process was analyzed in acetonitrile solu-
tion. Data obtained by cyclic voltammetry suggested differenc-
es in A for each type of disubstitution analyzed. Considering
that the compared molecules have similar radius, the observed
differences can be understood considering changes in the inner
component of L. These differences have important conse-
quences in the stability and structure of the electro-generated
benzosemiquinone species, as proved for Cl substituted 1,4-
benzoquinones, where a chemical cleavage of the C-Cl bond
occurs after the first electron uptake, being the rate constant
of this process determined by the particular structure of the
studied disubstituted compound. This fact was verified by
performing in situ spectroelectrochemical-ESR (Electron Spin
Resonance) experiments of each disubstituted semiquinone.
These experiments were also useful to describe the differences
in ) for the CH; and C(CHj)5 substituted benzoquinones, in
terms of spin exchange processes and distribution of the spin
density, respectively.

Experimental
Substances

2, 5-dimethyl-1,4-benzoquinone [25MeBQ], 2, 6-dimethyl-
1,4-benzoquinone [26MeBQ], 2, 5-dichloro-1,4-benzoquinone
[25CIBQY], 2, 6-dichloro-1,4-benzoquinone [26CIBQ], 2, 5-
ditertbutyl-1,4-benzoquinone [25tButBQ] and 2, 6-ditertbutyl-
1,4-benzoquinone [26tButBQ]. Benzoquinones were resub-
limed prior to their use. All the substances were obtained from
Aldrich ® except 25MeBQ which was obtained from Fluka
Chemika ®.

Solvent and Supporting Electrolyte

Anhydrous Acetonitrile (CH;CN, Aldrich 98%) was dried
overnight with P,Og and distilled prior to use. The distil-
late was received over oven-activated 3 A molecular sieves
(Merck) and kept in a desiccator. The method is useful to
obtain dry acetonitrile, characterized by the absence of OH
bands in IR spectra. Tetraethylammonium tetrafluoroborate

(Fluka Chemika, Electrochemical grade, Et,NBF,) was used
as a supporting electrolyte. The salt was dried the night before
use at 90°C and 0.1 mol L™ solutions were prepared and used
as the supporting electrolyte.

Electrochemical determinations

Cyclic voltammetry at several scan rates within the interval:
0.01 = v = 100 Vs, and chronoamperometry experiments
were performed, applying IR drop compensation with R,
values determined from positive feedback measurements (Ry:
142 Ohms). [30, 31], in an AUTOLAB PGSTAT 100 poten-
tiostat/galvanostat. A conventional three electrode cell was
used to carry out these experiments, employing as the work-
ing electrode a platinum microelectrode (BAS, Surface: 0.025
cm?), polished using 0.05 pm alumina (Biiehler), sonicated in
distilled water for 10 minutes and rinsed with acetone prior to
use. The polishing process was performed after the electro-
chemical study of each compound. Between each voltammetric
and chronoamperometric run for the electrochemical study of
each compound, the electrode was rinsed with acetone. These
procedures allowed good reproducibility in the experimental
results. A platinum mesh was used as the counterelectrode
(Surface: 0.6 cm?).The potential values were obtained against
the reference (Bioanalytical Systems, BAS) of Ag/0.01 mol L1
AgNO; + 0.1M Tetrabutylammonium perchlorate (Bu,NCIO,)
in acetonitrile, separated from the medium by a Wcor mem-
brane. Potential values are reported versus the ferricinium/fer-
rocene couple (Fc*/Fc), according to the IUPAC recommenda-
tion [32]. The potential of the Fc*/Fc couple was measured for
each separate compound in order to avoid changes in potential
due to modifications of the reference potential caused by the
Wycor aging.

Electrochemical experiments were carried out as follows:
0.003 mol L1 solutions of the studied quinones were prepared
by dissolving the proper sample in 0.1 mol L tetraethylam-
mmonium tetrafluoroborate (Et;NBF,) in acetonitrile (CH;CN)
solution. With these prepared solutions, both cyclic voltamme-
try was performed in the scan rate range from 0.01 to 100 Vs,
All the obtained potentials are referred to the Fc*/Fc couple as
recommended by the IUPAC [32].

EC-ESR Spectroscopy Experiments

ESR spectra were recorded in the X band (9.85 GHz) using a
Brucker ELEXSYS 500 instrument with a rectangular TE011
cavity. A commercially available spectroelectrochemical cell
(Wilmad) was used, employing as the working electrode a 0.02
mm platinum wire (3.1 cm?), introduced in the flat path of the
cell. Another platinum wire was used as counter electrode
(2.5 cm?). The reference of Ag/0.01 mol L™t AgNO; + 0.1M
BuyNCIO, in acetonitrile (BAS) was employed as the refer-
ence electrode. Potential sweep control was performed with
a 100 B/W \oltammetric Analyzer of Bioanalytical Systems
(BAS) interfaced with a personal computer. Solutions of qui-
nones for these experiments were prepared by dissolving the
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desired compound in 0.1 mol L Et,NBF, to reach a 0.001
mol L concentration. The solutions were deoxygenated for
30 minutes and the cell was kept under a nitrogen atmosphere
(grade 5, Praxair) throughout the experiment.

ESR simulations

PEST WinSim free software Version 0.96 (National Institute
of Environmental Health Sciences) was used to perform simu-
lation of the ESR experimental spectra, from the measured
hyperfine coupling constant values (HFCC). This program
was also useful to evaluate HFCC values when a direct mea-
surement would be difficult in the conditions where the spec-
tra acquisition was performed.

Theoretical calculations

PM3 calculations [33, 34, 35] were performed with
HyperChem (HyperCube Inc.) Ver. 7.51 to perform full
geometry optimization (no geometry constrains) for the
radical structures experimentally detected, employing UHF
(Unrestricted Hartree-Fock) calculations. Vibrational analy-
sis was performed to check that the obtained structures were
indeed the minimum energy conformers, characterized by the
lack of negative vibrational frequencies. These structures were
used as inputs for single point energy calculations. Single
point energy calculations were performed with the 3-21G(d,p)
basis set [36] using the hybrid functional of Becke and Lee-
Yang-Parr (B3LYP) [37] to account for electron correlation.
From this data, spin densities values were evaluated as the
difference between o and B spin densities (From s type orbit-
als in the case of H atoms), multiplied by the corresponding
Hyperfine Coupling Constant between the involved atom and
the unpaired electron in the gas phase (506.9 Gauss for H
atoms [38])
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