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Abstract: Photoinjection of electrons from metal electrodes by means of a laser pulse can be used to interrogate the
reduction of radicals in aprotic solvents such as DMF, DMSO, and acetonitrile. Since the generating substrates
must be more difficult to reduce than the resulting radicals, the method appears as complementary to the direct
electrochemical method. The procedure that allows the extraction of the radical current-potential curve from the
transient coulostatic photopotential is illustrated with the reduction of several arylmethyl radicals. The reduction
potentials thus obtained are compared with previous determinations by other methods.

Reduction and oxidation potentials of organic radicals are
often an important piece of knowledge for the comprehension
of reactions mechanisms. Associated with similar information
concerning the substrate from which the radical originates, it
allows one to predict whether homogeneous or heterogeneous
(electrodes) outersphere electron donors may trigger a radical
chemistry or an ionic chemistry.? When a precise thermo-
dynamical meaning can be assigned to such reduction or
oxidation potentials, they may be used in appropriate cycles to
derive other thermodynamical quantities such as bond energies
and pK,’s.}

One approach to the reduction potential of radicals is the
electrochemical determination of the oxidation potential of the
parent carbanion.* However, the values thus obtained must be
carefully corrected from the decay kinetics of the ensuing
radical.** In the case of carbon-centered system, the carbanion
is introduced as an organometallic derivative.** In most cases,
the influence of the metal cation on the kinetics and thermo-
dynamics of the oxidation reaction is then difficult to unravel.

Direct application of electrochemical techniques, such as
cyclic voltammetry, is possible when the parent substrate is
easier to reduce (or to oxidize) than the radical under examina-
tion. This method has been used for a few carbon-centered
radicals in acetonitrile.>®® It should be noted that the reduction
potentials thus obtained contain kinetic factors pertaining to the
decay of the radical and of the ensuing carbanion and to the
electron transfer reaction. These factors should be taken into
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account in the extraction of the standard potential from raw
data’

An indirect electrochemical approach, using redox catalysis,’
has also been used for determining reduction potentials of alkyl
radicals (R*) in N,N'-dimethylformamide.” The substrate,
usually an alkyl halide, gives rise to the corresponding radical
by dissociative electron transfer from an electrochemically
generated aromatic anion radical in a cyclic voltammetric
experiment. The alkyl radical thus produced undergoes two
competitive reactions with the aromatic anion radical, namely
electron transfer reduction and coupling. The first of these
reactions regenerates the aromatic hydrocarbon from which the
aromatic anion radical derives thus giving rise to a redox
catalytic current.® The second is the last step of a two-electron
reduction. The rate ratio of the two competitive reactions can
thus be derived from the normalized height of the cyclic
voltammetric peak of the aromatic hydrocarbon in the presence
of the alkyl halide.”® Given the alkyl radical, the rate constant
of the second reaction does not vary much with the nature of
the aromatic anion radical. The rate of the first reaction
increases as the standard potential of the aromatic hydrocarbon/
aromatic anion radical couple becomes more and more negative.
Assuming that the coupling rate constant is independent of the
aromatic anion radical, an activation-driving force plot of the
electron transfer to the alkyl radical may thus be derived from
experiments in which the aromatic anion radical has been
systematically varied. It is then possible to use the Marcus—
Hush theory to estimate the formal potential and the intrinsic
barrier of the R/R™ couple albeit with a large uncertainty that
is difficult to predict as in the direct electrochemical case.

A photoelectrochemical method in which the radical is
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Photoinjection of Electrons from Metal Electrodes

generated by photolysis of a substrate with modulated light and
the in-phase current-potential curve for its reduction or oxidation
at a grid electrode is recorded has been extensively used for
determining reduction and oxidation potentials of radicals in
acetonitrile.” The difference between these reduction or reduc-
tion potentials and the corresponding formal potentials due to
kinetic factors is difficult to estimate with the grid working
electrode that was used in these studies. A more precise
estimation of the kinetic factor has been made in the case of
the diphenylmethyl radical where a small microdisk electrode
was used.!°

Polarograms of radicals generated from organic substrates
by pulse radiolysis in water have also been reported.'!

A different photoelectrochemical approach to the reduction
potentials of radicals may be followed. It consists in injecting
electrons from a metal electrode by means of a laser pulse or
of modulated light and in observing their reaction with a
substrate introduced in the solution. The irradiation wavelength
is selected in a range where the absorption of the substrate is
weak. The fundamentals of such photoinjection of electrons
have been described in the late 1960s.122® Follow-up studies
(dependence of photocurrent on electron scavenger concentra-
tion, wavelength, polarization and angle of incident light, nature
of metal and electrode double layer) have demonstrated the
existence of photoinjection from the metal to the solution and
its similarities with photoemission from metals into vacuum.?
The method has been applied to the determination of thermal-
ization lengths of slow electrons in polar liquids'?*3 as well as
to detection of short-lived intermediates resulting from the
capture of solvated electrons thus generated and estimation of
the rate constants of bulk and electrode reactions they may
undergo.*!5 Measuring the photogenerated charge as a function
of the dc potential applied to the working electrode one may
obtain current-potential curves (photopolarograms) character-
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Figure 1. Photoinjection of electrons from the electrode and ensuing
reactions.

izing the reduction of transient electron capture intermediates.
For example, photopolarograms at a mercury electrode have
been recorded in aqueous solution for the following species:
H-atom,'“24¢ simple alkyl radicals (CHs, C,Hs),'241%h hy-
droxyalkyl radicals (CH,OH),*! and inorganic anion radicals
(NOs2-, NO,?, 14ab Br(Q,, 142 CO,~ 1#e8) and, more recently, for
several substituted phenyl radicals.'’

Much less attention has been paid to photoinjection of
electrons into aprotic solvents such as the classical solvents of
organic electrochemistry (N,N'-dimethylformamide (DMF),
dimethyl sulfoxide (DMSOQ), acetonitrile) and from electrode
metals other than mercury. In this respect, investigations have
been restricted to the observation of photocurrents upon
illumination of various metals (Hg, Au, Ag) and estimation of
the corresponding threshold potentials.'® So far, photoinjection
of electrons has not been used to investigate the reduction of
transient intermediates in such solvents. This is an important
objective in view of the uncertainties embodied in the various
methods that have been used so far as discussed earlier.
Comparison between results obtained by independent methods
will help to understand the exact meaning of the reduction
potentials that are measured in each case. The work described
below aimed at demonstrating the applicability of the electron
photoinjection method to the determination of reduction poten-
tials of transient intermediates in aprotic solvents. Since benzyl,
substituted benzyl, and diphenylmethyl radicals have been
widely investigated by the other methods, we focused attention
on these radicals for comparison purposes.

Results and Discussion

The principle of the method is summarized in Figure 1. Upon
illumination of the electrode, electrons are transferred to the
solution. After fast thermalization and solvation (t, ~ 10713~
10712 5), the solvated electrons (e;~) thus produced decay over
a distance from the electrode |, = 10—60 A (10—60 A in water,!3
10—20 A, in methanol!®). At longer times, solvated electrons
competitively diffuse back to the electrode (ty = 12/D. &~ 107
s) where they are instantaneously reoxidized or react in the
solution with the solvent or with a purposely added scavenger,
RX, from which the radical R* will be produced.

If all solvated electrons diffuse back to the electrode surface,
the net photoinjected charge is zero. RX is therefore selected
s0 as to be rapidly reduced by solvated electrons. Since solvated
electrons are potent reducing agents (standard potential in
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water: —3.1 V vs SCE'" ), this condition leaves open a large
range of choice for radical generating scavengers with a rate
constant of electron attachment, k., close to the diffusion limit
(=10"" M~"s™"). Under these conditions, scavenger concentra-
tions (CY) of the order of 10—100 mM are sufficient for trapping
a significant portion of the solvated electrons. If the anion
radical, RX"", resulting from electron attachment is chemically
stable, it diffuses back to the electrode where it is instanta-
neously reoxidized; and the net photoinjected charge is again
zero. However, if RX*™ rapidly decomposes into R* and X,
or if RX undergoes a dissociative electron attachment, there is
a net photoinjected charge corresponding to the generation of
electrochemically stable X~ ions. A thin layer of R* radicals,
adjacent to the electrode surface is thus produced.

During each experiment, the dc electrode potential is main-
tained at a fixed value that can be changed from one experiment
to the other. If the dc potential is more positive than the reduction
potential of R* (and more negative than its oxidation potential),
the net photoinjected charge is a reflection of the stoichiometry
of electron attachment to the scavenger (1 in the applications
developed below). Conversely, if the dc potential is more
negative than the reduction potential of R*, the net photoinjected
charge corresponds to the electron required for generating R*
plus the electron required to reduce R* into R™. Thus upon
varying the dc potential between these two limits, the net
photoinjected charge is expected to reflect the variation of the
electron stoichiometry for the reduction of R*, n(E). In other
words, determination of the net photoinjected charge as a
function of the dc potential should lead to a “polarogram” which
half-wave potential would be a measure of the reduction
potential of R".

It appears from the representation of the electrical equivalent
circuit of the cell and of the experimental setup given in Figure
2 that what is actually measured is the photopotential AE(f)
that is related to the photoinjected charge Q(r) according to
eq |

F—7 o~
AEnh(r) (R i R )C f} I’h(r) exp[ (Rg * RC}C&l}dt -
Ry d 1
R+ RyC 2D [ (R + R("Cd] "

(iph, photocurrent; Re, cell resistance; Rs, sampling resistance;
Cy, double layer capacitance).

The applicability of eq 1 is illustrated in Figure 3 in the case
of benzyl bromide in DMF at a gold electrode for several values
of the sampling resistance. It follows that with sufficiently large
values of the sampling resistance, i.e., large RC times, and for
observation times of the order of 200 4S as used in the following
experiments:

o)
AE (1) = —— (2)
ph Cd

Under such conditions, the photoinjected charge is coulo-
statically stored in the double layer capacitance. The achieve-
ment of such a situation where leaking of charge from the double
layer capacitance can be neglected also requires that the faradaic
impedance shown in Figure 2 be large, i.e., that the direct
reduction of RX at the electrode is insignificant in the potential
range where the photoinjection experiments are performed. We
accordingly observed that the photopotential decreases rapidly
when the dc potential reaches values where the cyclic voltam-
metric wave of the scavenger develops. Application of the

(17) Hart, E. J.; Anbar, M. Hvdrated Electron; Wiley: New York, 1970.
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Figure 2. Equivalent circuit of the cell and experimental setup: E. dc
potential: AE,(1), photopotential: iy, photocurrent; Re, cell resistance;
Rs, sampling resistance; C,, double layer capacitance; 7y, faradaic
impedance.

photoinjection technique to the determination of reduction
potentials of radical is thus complementary to the direct
electrochemical method which conversely requires that the
radical is more difficult to reduce than RX.

As seen in Figure 3, the photopotential is very small, on the
order of a few millivolts. It follows that it can be neglected
when the dependence of the photoinjected charge, O, and hence
of the electron stoichiometry, n(E), upon electrode potential is
sought.

The photoinjected charge is related to the radical reduction
electron stoichiometry, n(E), and to various other factors through
equation (3).!%16¢

QENQ, =1+ nEN1 — [~

]

exp(—x/[)f(x)dx] =
[1 + n(E)FEC") (3)

Qy is the photoinjected total charge, x the distance from the
electrode surface, f(x) the initial spatial distribution of solvated
electrons, I, = (D, /k.C")'" the reaction-diffusion layer thickness
for electron attachment. @y depends on the electrode potential
according to the 5/2 power law expressed in eq 4"'%

Qy(E) = A(E — E; )" (4)

where Ey, is the threshold potential for photoinjection and A is
a coefficient proportional to the photon flux. Equation 5 ensues.
Q(E) = A(E — E,,,)"F(E.C°)[1 + n(E)] (5)

Figure 4 gives a first test of eq 5 for a substrate, 4-bromo-
anisole, that generates a radical, 4-methoxyphenyl, which is
completely reduced in the whole range of investigated poten-
tials.' Both in acetonitrile with a mercury electrode and in
DMF with a gold electrode, plots of Q(E)** vs potential in the
presence and absence of the scavenger are linear and intersect
the potential axis at the same potential. This observation
indicates that the 5/2 power law is satisfactorily followed and
that the function F(E,C") is practically independent of potential.

(18) Brodsky, A. M.: Gurevich, Y. Y. Zh Eksp. Teor. Fiz. 1968, 54,
213.
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Figure 3. Time dependence of the photopotential, AEx(?), for the
reduction of 10 mM benzyl bromide in DMF (+0.1 M E4NCIOy) at a

gold disk electrode. Dc potential: —1.45 V vs SCE. The number on
each curve is the value of the sampling resistance in kQ.

The intersection of the linear plot with the potential axis then
provides the values of the threshold potential (Table 1). The
same conclusion applies to scavengers generating benzylic
radicals as illustrated by the reduction of 4-methylbenzyl
chloride in DMSQ, DMF, and acetonitrile (Figure 5).

In this case, the polarogram of the radical is visible in the
range of potential investigated. The straight lines that appear
at the low and high potential limits respectively intersect the
potential axis at the same (threshold) potential. The values of
the threshold potentials thus estimated are summarized in
Table 1.

Figure 6 illustrates the procedure that can be used to extract
the polarogram of a radical from the raw data. The Q(E)¥*
straight line obtained at the foot of the reduction wave is used
as the denominator of the ratio from which 1 + n(E) is derived
according to equation 6.

Q(E)
A(E — E, )""F(E.C°)

(1+nE)]= ©

Although not central to the derivation of the radical
polarogram from the raw data, it is interesting to investigate
the effect of the scavenger concentration on the photoresponses
as predicted by eq 3. The initial distribution of solvated
electrons may be approximated by the exponential function

J. Am. Chem. Soc., Vol. 117, No. 4, 1995 1431

14
1.2
1F  Hg/ACN
0.8
0.6 |
04 |
0.2 |
0 9

Q(E)¥*

T
s

14
12 F .

08 | >
0.6 |
04 |
02 f a

o " i
03 02 07 12 17 -22

E (V vs SCE)

Figure 4. Test of the 5/2 power law in acetonitrile and DMF (+0.1
M EtuNClO,) in the absence (a) and presence (b) of 4-bromoanisole
(60 and 34 mM, respectively). The y-axis is normalized toward the
value of Q(E)¥* at —1.6 V vs SCE in the presence of the scavenger.
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Table 1. Values of the Threshold Potential in DMSO, DMF, and
Acetonitrile (in V vs SCE)

from DMF- DMSO? acetonitrile®
4-bromoanisole 0.08 0.15 0.13
4-methylbenzyl chloride 0.06 0.09
¢ Au. ®Hg.
defined in eq 7.
exp(—x/l)
fx) = ——F )

s

Under these conditions, the function F(E,C°% should depend
upon scavenger concentration as shown in eq 8.

I s
F(E,C°)=ls+l = D\i2 ®
(4 l + e
e
and therefore:
I
%=[1+n®]ﬁ ©
I+ [|—
e

It is indeed observed (Figure 7a) that, both at the foot (E =
—1.00, E= —1.15 V vs SCE) and at the top (E = —1.40, E =
—1.50 V vs SCE) of the polarogram, the relative value of the
photoinjected charge, Q(E)/ (o, begins to bend downward as the
concentration increases as predicted from eq 9. The fact that
eq 9 is quantitatively followed is shown in Figure 7b since, as
indicated by eq 10 which derives immediately from eq 9, Q(EY
Qo(CHYL + n(E)]) varies linearly with Q(E)/Qo.

]
0V L1 + n(B)] [+ n®] O

S\D

e
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Figure 5. Test of the 5/2 power law for the in DMSO, acetonitrile,
and DMF (+0.1 M EtNClO4) in the presence of 4-methylbenzyl
chloride (60 mM). The y-axis is normalized toward the value of Q(E)**
at —1.6 V vs SCE.

That this prediction is indeed correct is shown in Figure 7b
where it is observed that, at the foot and at the top of the benzyl
radical polarogram, eq 10 is satisfactorily obeyed. The value
of I;(ke/De)!"? that can be derived from the linear plot in Figure
7b, 0.75 M~172, corresponds to a value of Is, the mean thickness
of the solvated electron distribution, that is on the order of 2.5—
7.5 A (taking for k. the diffusion limit, ~10'9 M~ 5=, and D,
= 10"5-10"% cm? s~ 1)

It is also interesting to estimate the total amount and the
concentration of radicals formed under typical experimental
conditions. The double layer capacitance is on the order of 10
#F cm~2, Since the photopotentials are comprized between 0.5
and 2 mV, the photoinjected charges fall in the range 5 x 10—
2 x 1078 C cm™? which corresponds to 5 x 10714—2 x 1013
mol of radicals per cm™? formed at the electrode surface. Ata
typical observation time, 200 us, the diffusion length of the

Hapiot et al.
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Figure 6. Extraction of the polarogram of diphenylmethyl radical from
the raw data obtained with diphenylmethy! chloride (52 mM) in DMF
(+0.1 M Et4NCl1Os) at a gold electrode. The y-axes are normalized so
as Q(E)*5 at —1.6 V vs SCE equals 1.

radicals, [ = (Dr$)2 = 45 x 107° cm. The radical
concentration thus ranges from 1076 to 4 1076 M.

Other examples of radical polarograms are shown in Figures
8 and 9. The various half-wave potentials that we have
measured are summarized in Table 2.

We have observed that DMF is the most convenient of the
three solvents in the sense that scavenging of the radical by the
solvent is minimal. Small background photocurrents are then
observed, and the radical polarograms can be recorded with
smaller concentrations of the radical generating substrate.

We note that when the same radical is generated from
different substrates, the half-wave potential is, as expected, the
same in the same solvent and at the same electrode.
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Figure 7. Photoinjection of electrons from a gold electrode into DMF
(0.1 M Et,ClO,) containing benzyl bromide: (a) variation of the
photocharge with scavenger concentration and (b) testing of eq 10; dc
potential: —1.00 (a), —1.15 (O), —1.40 (¥), —1.50 (O) V vs SCE.

In the same solvent, the half-wave potentials do not differ
much from a gold to a mercury electrode indicating that the
interactions of the radicals and the electrode metal are weak.
There is a systematic trend for the half-wave potentials to be
slightly more negative on mercury than on gold which may be
a reflection of different metal—radical interactions and/or of
different influences the double layer on the electron transfer
kinetics. With mercury, more difficulties were encountered with
the substrates than with the radicals: meaningful results could
be obtained with chlorides and cations but not with bromides
in line with the increased tendency to form organomercury
derivatives.

It is also observed that, at the same electrode, the value of
the half-wave potentials do not vary much from one solvent to
the other.

The literature data that can be compared the most easily with
the present results are those that have been obtained by solution
photogeneration of radicals,%!® although acetonitrile was ex-
clusively used as solvent in these determinations. The pertinent
data are listed in Table 2. We see that there is a general
agreement between the two sets of data although the half-wave
potentials from the present work tend to be slightly more positive
than those from ref 9d. A likely reason for these differences is
that the kinetics of the various reactions in which the radical
and the resulting carbanion are engaged as well as those of the
electron transfer itself may affect diversely the difference
between the half-wave potential and the formal potential of the
radical/carbanion couple in each method.
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Figure 8. Polarograms of substituted of benzyl radical in various
solvent at a mercury electrode obtained from benzyl chloride (the
concentration is indicated on each curve).

Experimental Section

Instrumentation and Procedures. A three-electrode cell, placed
in a Faraday cage, with a platinum counter electrode and an aqueous
saturated calomel reference electrode (separated from the solution by
a bridge filled with the solvent and the supporting electrolyte) was used
throughout the work. The working electrode was either a 0.5 mm-
diameter gold disk (polished with diamond paste, ultrasonically rinsed
in ethanol and cleaned by cycling between —0.6 and 0.9 Vinan 1 M
sulfuric acid aqueous solution before each run) or a mercury drop
deposited on a 0.5 mm-diameter gold disk. The solution was degassed
with argon before each run and maintained under an argon stream during
each experiment.

A block-diagram of the pulsed laser photochemical setup is shown
in Figure 2. The light source was a XeCl excimer laser (Questek 2054,
wavelength/308 nm, pulse duration: 20—50 ns, pulse stability: 5%).
The laser beam was focused onto the electrode surface by means of a
system of lenses, mirrors, and optical filters so as to obtain an intensity
of 50 kW/cm2 and to cover an area slightly larger than the electrode
surface area. Quartz light-guides were used so as to keep constant the
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Figure 9, Polarograms of substituted of benzyl and substituted benzyl radicals obtained from the parent bromides (the concentration is indicated

on each curve) in DMF (+0.1 M Et.NClO,) at a gold electrode.
Table 2. Radical Half-Wave Potentials (in V vs SCE)

DMF DMSO acetonitrile
radical X Hg Au Hg Au Hg Au
Ph,CH* Cl -1.12 -1.05 -1.07 —-1.16 —1.14(—1.14)y
Br —1.08
PhCH;* Cl -1.37 —-1.34 —-1.36 -1.32 -1.35 (—1.43)
Br —-1.37
NMe;*+ -1.36 —-1.34
3-MePhCH>’ Cl —1.36 -1.31 —1.36 (—1.50)¢
4-MePhCH;* Cl —-1.43 -1.39 —1.43 —1.46 —1.43 (—1.60)°
Br —1.40
4-Cl-PhCH;’ Cl- —1.28 -1.2 (—1.40)°
3-CFs;-PhCH,* Cl- -1.17 -1.04 -1.16 -1.20 -1.13
4-CF;-PhCHy Br~ —0.89
3-CN-PhCHy Cl- -1.14 -1.15 (—1.11)°
4-CN-PhCH;* Cl- —-0.93 —-0.69 —-0.93 —-0.905 —0.74 (-0.77)
Br~ —0.68

% From ref 9d.

light path (1 mm) in the solution. The photopotentials were measured
by means of a Nicolet 310 digital oscilloscope.

For each value of the dc potential, E, the measurement of the
photopotential is repeated at least ten times. The signals are transferred
and average in the computer (PC 386). Then a new value of E is set,
and a new set of experiments is carried out. Under these conditions,
the reproducibility of photopotentials was found to be better than 3%.

Chemlcals. Solvents (DMF and DMSO, HPLC grade from Burdick
& Jackson, acetonitrile Uvasol from Merck) were of the highest purity
grade and used without further purification. As supporting electrolyte
we used tetraethylammonium perchlorate (Fluka, Puriss). 4- and 3-
Cyanobenzyl chlorides were prepared by refluxing the corresponding
bromides with a tenfold excess of EuNCI in a methylene chloride—
acetone mixture. All other substrates were commercially available
(Aldrich).

Conclusions

Laser pulse photoinjection of electrons allows the determina-

tion of radical reduction polarograms from generating substrates
that are more difficult to reduce than the radical, thus comple-
menting the direct electrochemical method. Reproducible values
of half-wave potentials can thus be determined that agree
reasonably well with previous literature when available. Further
investigation of the influence of kinetic factors on the half-wave
potentials by means of time-resolved experiments seems how-
ever in order to reach the corresponding formal potentials.
Improvement of temporal resolution may also reveal interesting
chemistry of the observed radicals.
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