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Light-induced multistep redox reactions:
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Abstract: The light source of a photometer may induce chemical reactions in photosensitive
reactive systems. Diode-array spectrophotometers are particularly suitable for producing
such phenomena. This paper provides an overview on how this equipment can be used as a
photoreactor. The principles of various techniques to control the intensity and spectral region
of the illuminating light are discussed in detail. It will be shown that the quantum yields of
various photochemically induced redox reactions can be determined by exploiting specific
features of diode-array spectrophotometers. Kinetic coupling between primary photo-
chemical and secondary thermally activated reaction steps are utilized to explore intimate de-
tails of composite redox reactions. Key aspects of the method applied are demonstrated via
the photoreactions of 2,6-dichloro-1,4-benzoquinone (DCQ), the photoinduced autoxidation
of S(IV) and a photochemically activated redox reaction of the chlorate ion.
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INTRODUCTION

Spectrophotometry is a standard tool of the chemical trade. The basic principles of this experimental
technique are well established and discussed in chemical textbooks in detail [1-3]. Spectrophotometers
are standard equipment in any chemical laboratory, and they are extensively used for a variety of pur-
poses, such as quantitative determination of various compounds, characterizing spectral features of a
wide range of chemical species, monitoring the kinetics of chemical processes, etc. In general, spectro-
photometers are considered to be very routine instruments with no particularly exciting features.
However, sometimes spectrophotometers may produce unexpected phenomena in photosensitive sys-
tems because the absorption of light by one or more species may trigger photochemically induced
processes. When such events are not recognized, the interpretation of the experimental data may be
completely skewed. For example, the kinetics of the reaction between chlorate ion and iodine was first
reported as a thermally activated process [4], but later it was pointed out that the spectrophotometric ex-
perimental method itself provided initiating light and the actual reaction is exclusively photochemical
[5]. A very similar sequence of events occurred earlier in the investigation of the chemical reaction be-
tween chlorine dioxide and chloride ion [6]. On the other hand, the exact features that may lead to em-
barrassing mistakes also offer novel possibilities for studying the kinetics of a series of reactions, in-
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cluding photoactive species as reactants. In this study, we discuss the basic principles of using a spectro-
photometer as a photoreactor and demonstrate how such a device can be used to explore mechanistic
aspects of complicated kinetic reactions. Although the basic concept discussed here can be used both
in gaseous and liquid phase, experimental limitations and the general design of commercially available
spectrophotometers make these studies feasible in liquid phase. The results covered in this paper were
obtained in aqueous solutions [5,7-10].

GENERAL CONSIDERATIONS

In any spectrophotometer, a light beam is projected to the sample and the amount of light transmitted
is measured as a function of wavelength. The light is typically dispersed before the beam hits the sam-
ple in a regular single- or double-beam spectrophotometer. It follows that only a relatively low-inten-
sity, narrow-bandwidth “monochromatic” light passes through the sample at any moment when a spec-
trum is recorded. Exposure to light at any wavelength depends on the scanning rate of the equipment
and the bandwidth. In most instruments, the monochromator rests at high wavelengths between scans
and photochemical reactions are not expected to occur under these conditions, although such a possi-
bility cannot be completely excluded.

The design of diode-array spectrophotometers is quite different from that of their common sisters.
The general design of such spectrophotometers is shown in Scheme 1. The light source of the instru-
ment consists of a deuterium and a halogen lamp. Because of the relatively low sensitivity of the de-
tector, the intensities of the lamps are high. The polychromatic light is not dispersed until it passes the
sample, i.e., the monochromator is placed after the cell holder. Thus, an undispersed and relatively high-
intensity light passes through the sample during the whole measurement. In most of the instruments, the
spectrum covers the 190—1100 nm spectral range. Direct measurement of light intensity reveals that the
highest photon counts occur at shorter wavelengths, i.e., the flux of high-energy photons is relatively
high. Thus, photochemical reactions can easily be triggered in these instruments provided that the sam-
ple contains reactive species sensitive to light. This feature may complicate certain spectrophotometric
measurements, but it also offers an excellent possibility to use spectrophotometers for studying photo-
initiated reactions. Optical filters (cf. Scheme 1) make it possible to control the light intensity as well
as the spectral range of the illuminating light. In order to take full advantage of using diode-array
spectrophotometers as photoreactors, the number of photons passing through the sample needs to be de-
termined either by direct measurements or by using appropriate calibration methods.
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Scheme 1 General design of a diode-array spectrophotometer.

When a spectrophotometer is used for photochemical studies, excitation of the photoactive
species and monitoring the progress of photochemically induced reactions occur simultaneously. It
should be emphasized that such an experimental design does not make it possible to follow primary
photochemical events such as the formation of excited species, excitation transfer, etc. because the life-
times of these reactions are orders of magnitude shorter than the time resolutions of commercially avail-
able diode-array spectrophotometers. However, the progress of the photochemically induced reactions
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can easily be monitored. Primary photochemical reactions are restricted to a certain location in the cell
where the light is actually absorbed by the sample, i.e., the whole amount of the sample is not illumi-
nated and even the light intensity may vary along the cross-section of the light beam. This results in in-
homogeneity in the spatial distribution of the photochemical events, which eventually results in irre-
producible kinetics traces. Figure 1 gives an example of this phenomenon [7]. Constant stirring of the
reaction mixtures during the kinetic measurements circumvents this problem. The definite need for stir-
ring to obtain reproducible results may indicate photochemical interference during spectrophotometric
measurements.
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Fig. 1 Kinetic traces measured in the aqueous photoreaction of DCQ. [DCQ] = 1.08 mM, and path length = 1 cm
for all curves. T =25.0 °C (trace A, C, and D); T = 10.0 °C (trace B); no stirring for trace D; only the visible lamp
was used for trace C.

When a photosensitive reactive system is illuminated, essentially a new reactant, the photon, is
introduced in a well-controlled fashion. Because of the constant flux of photons, the rate of the photo-
initiation step is constant when the photoactive species is used in sufficient excess and its concentration
change is negligible during the measurement. These features are very useful when the applicable con-
centration ranges of the other reactants are limited for practical reasons.

Reactive intermediates play an important kinetic role in complex redox systems. In thermally ac-
tivated reactions, the steady-state concentrations of these species are determined by the rates of their
formation and subsequent reactions with each other and the reactants. Typically, the variation of the re-
actant concentrations affects all of these rates in a very complex manner, and the separation of the con-
tributions of the individual reaction steps to the overall process is a painstaking task. Strong kinetic cou-
pling between the competing reaction paths quite often makes only provisional interpretation of
mechanistic aspects of the overall reaction possible. In certain systems, photoinitiation can be used to
control the rate of the formation of the reactive intermediates independently from the rates of subse-
quent reaction steps. This may provide an easier way to understand the kinetic significance of each of
the co-existing reaction steps. In other words, photoinitiation may lead to kinetic coupling between
photochemically and thermally activated reaction steps and be used as an efficient tool to explore the
mechanisms of complex redox reactions.
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COUNTING PHOTONS

A quantitative evaluation of photochemical experiments carried out by diode-array spectrophotometers
cannot be done in the standard photochemical way. There are two main problems: the light used to drive
the reaction is polychromatic, and the instrument is not originally designed for such measurements.
However, some resourcefulness can go a long way in solving these problems. First of all, the photon
flow (@p) going through the absorption cuvette must be determined (photochemical terms used here
strictly adhere to [IUPAC recommendations wherever they exist [11]). This is most conveniently done
through the spectral photon flow, @p,, to accommodate the polychromatic nature of light. Optical prop-
erties related to @p, are often measured by spectrophotometers.

@ = [ By d2 (1)

Thus far, our group has experience with two different diode-array spectrophotometers, an
HP-8543 and a Shimadzu MultiSpec-1500, which are both single-beam instruments. In the HP instru-
ment, a quantity directly proportional (but not identical) to the spectral photon flow can be measured in
the diagnostic mode of the instrument, which is called number of counts at a given wavelength (N;)

B,,=CNy, (2)

where C| is a scaling constant specific to the instrument but independent of wavelength or measurement
time. The Shimadzu instrument is calibrated to measure spectral irradiance (E,) directly. However, the
beam geometry cannot be measured with any reasonable accuracy and in practice, a scaling constant
(C,*) is also needed here. In addition, the calculation also involves some natural constants (h: Planck’s
constant, c: speed of light, N,: Avogadro’s constant)

_Cy*Efie _GE,

3
R 3)

In the given final formula, C,* is combined with the natural constants to yield a single constant C,
C, = Cy¥heN @)

The part of the photon flow that is absorbed in a solution, N, was termed absorbed photon count
for the lack of an IUPAC-approved name in one of our earlier works [7]. This can be calculated from
the spectral photon flow using the absorbance measured in the spectrophotometer

N= jﬁx@m(l—lo‘f%)da 5)

The entire spectral range of the instrument should be included in the integration. However, the na-
ture of this equation is such that ignoring the region where the solution does not absorb (A = 0) obvi-
ously does not change the result. In addition, the physical wavelength resolution (i.e., the number of
diodes in the array) of the spectrophotometers is usually not better than ca. 1 nm, although in the case
of the Shimadzu instrument, electronic resolution enhancement makes it possible to have absorbance
readings every 0.1 nm. Therefore, summation from the minimum to the maximum wavelength with an
interval of 1 nm can replace the integration in actual calculations using eq. 5. If the photoactive com-
ponent is the only absorbing species, the rate of primary photochemical (vp processes can be cal-
culated as

rima.ry)
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In these formulas, @, is the differential quantum yield at wavelength A [11]. If there are other ab-
sorbing species in the system, the fraction of light actually absorbed by the active species should be cal-
culated. Assuming 7 absorbing species with concentrations ¢; and molar absorption coefficients g each
(¢, and g, being corresponding parameters for the photoactive species) gives additional terms in egs.
6 and 7.
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Equations 6-9 can be used in two ways for photochemical studies. For a photochemical reaction
with known quantum yield, constants C; or C, can be calculated after measuring the rate of the reac-
tion. The most suitable method for this has been ferrioxalate actinometry thus far [12,13]. There is a lot
of information on the spectral variation of the quantum yield in this system [13], and interpolation can
be used readily to generate quantum yields with the required 1-nm resolution. Another use of these
equations is for previously unknown photochemical processes: after actinometric determination of the
values of C; or C,, quantum yields can be calculated from measured reaction rates. Very formally, any
of these values will be a weighted average over the spectral range used and different weighted averages
will be available by using spectral filters. However, this is rarely a major problem as quantum yields
typically do not depend on wavelength much. A single measurement gives an estimate for the quantum
yield, but it is better to carry out several different measurements. Plotting the rate of a simple photo-
chemical process as a function of photon count yields a straight line (Fig. 2), the slope of which can be
used to calculate @ [7]. The figure also contains some points in which NaNO was added to the stud-
ied solution so that the inner filter effect of this otherwise innocent salt changed the photon count.
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Fig. 2 Reaction rate in the aqueous photoreaction of DCQ as a function of photon counts. 7= 25.0 °C. vis (circles):
using the visible lamp only as a driving force. D,O (triangle): experiment done in D,0. NaNO; (squares):
experiments done in the presence of NaNO;. DCQ-d, (stars): experiments done using DCQ-d, dissolved in H,0.

CONTROLLING THE INTENSITY OF LIGHT

Spectrophotometers have fixed and carefully stabilized light sources. Therefore, changing the intensity
of the driving light seems to be difficult at first sight. However, some creative thinking can also provide
useful solutions here.

The first method is to change the volume of the investigated sample because this does not affect
the overall photon flow from the light source as can be easily understood if one thinks in terms of pho-
ton flow per unit volume. Changing the volume in a photometric cell does not change any of the chem-
ical concentrations, but does change the amount of light absorbed in a unit volume, i.e., the absorbed
photon “concentration” if the sample is constantly stirred. The larger the volume is, the smaller amount
of light is absorbed in a unit volume. Unfortunately, the volume change is severely limited by the geo-
metrical constraint that the entire light beam must still go through the solution, i.e., it must pass the sam-
ple below the meniscus. In the HP instrument, this factor allows the volume to be changed from 1.7 to
3.4 cm3 in a standard photometric cell (path length: 10 mm), therefore, the light intensity can be varied
by a factor of two. This is not a very wide range, but is suitable for drawing basic conclusions as demon-
strated in Fig. 3. The plots of the logarithm of the reaction rate as a function of the logarithm of sam-
ple volume confirm that the reaction is first-order and 0.5-order with respect to the absorbed photon
count in the uncatalyzed [8] and the Ce(Ill)-catalyzed [9] autoxidation of S(IV), respectively.

Larger changes in intensity can be reached by physical light blocking, for example, by inserting
perforated metal sheets (e.g., simply an aluminum foil) into the light beam in the place indicated for fil-
ters in Scheme 1. The amount of light blocked can simply be measured by the spectrophotometer by
taking the baseline without the blocking device and then recording a spectrum (preferably in transmit-
tance mode) in the presence of the blocker. In our practice, this method allowed a variation of intensity
by a factor of 20, the lower limit of light intensity being only determined by the convenience of fol-
lowing rather slow photochemical reactions.
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Fig. 3 Dependence of reaction rates on sample volume in the uncatalyzed (A) and Ce(Ill)-catalyzed (B),
photoinitiated autoxidation of S(IV). The order of the reaction rate with respect to the absorbed photon count is
given in the figure. T = 25.0 °C, [O,] = 0.23 mM and path length: 1.000 cm for both systems. (A) [SIV)] =
2.00 mM, [H,S0,] = 0.50 M (B) [Ce3*] = 0.50 mM; [S(IV)] = 1.00 mM; [H,SO,] = 0.10 M.

Various filters can also be used in place of the blocking device described in the previous para-
graph. These can be actual filters manufactured for photochemical purposes, but any other object will
do which absorbs some light in the useful wavelength region. Quartz cuvettes (usually of 1- or 2-mm
path length) can also be inserted in the place of this filter, and they can be filled with any solution of
any concentration, thereby the properties of the filter can be tailored to the needs of the experimenter.
For example, a cuvette filled with chloroform was used as a cut-off filter in one of our earlier works
[10], whereas potassium nitrate solutions with different concentrations were used as filter to control the

light intensity systematically in the same study [10] (Fig. 4).
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Fig. 4 Dependence of the reaction rate on the photon count in the photoinitiated and iodide-catalyzed autoxidation
of S(IV) using intensity change by KNOj filter solutions. Inset: spectra of filter solutions (concentrations from
highest to lowest transmissions: 0.5 M, 1.0 M, 1.5 M, 2.6 M). [I"] = 0.20 mM, [S(IV)] = 2.00 mM, [H,SO,] =
0.575 M, path length: 1.000 cm, T = 25.0 °C.
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Some photochemical information can also be gained by systematically changing the illumination
time patterns. The individual design of instruments must be carefully inspected before studies like
these. For example, in a time-dependent mode, the Shimadzu instrument we used continuously irradi-
ated the sample irrespective of the actual measurement periods. However, the HP instrument usually
only illuminates the sample for measurement periods. This makes it possible to design experiments with
interrupted illumination. The average rate of reaction from such experiments can reveal valuable infor-
mation about the studied process. A simple photochemical reaction measured to low conversion should
usually give an amount of product that is directly proportional to the illumination time. In the most ad-
vantageous evaluation, this translates into a direct proportionality between the average rate and the il-
lumination ratio (which is the portion of time which the sample spends under illumination compared to
the total time elapsed). An example of a simple photochemical reaction is shown in Fig. 5 where the
autoxidation of S(IV) is monitored by using either continuous illumination or a sequence of 10 % illu-
minated and 90 % dark periods [8]. As expected, the rates of the two kinetic runs differ by a factor of
10. The lack of such proportionality is unambiguous proof of considerable progress of the studied re-
action in the dark periods. A rigorous mathematical analysis of such effects can be used to reveal in-
formation about the termination step of photochemically initiated chain reactions [9].
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Fig. 5 Kinetic curves during the photochemical autoxidation of S(IV) in the presence of Fe(II): pH = 0.00, [S(IV)] =
2.00 mM, [Fez+] =5.20 mM, [O,] =0.23 mM, [HCIO,] = 1.0 M, path length: 1.000 cm, V' =2.00 cm?, illumination
ratio: 100 % (A), 10 % (B).

LIGHT-INDUCED REDOX REACTIONS IN AQUEOUS SOLUTION

This section provides a few examples for the application of the principles and methods discussed above
to explore specific details of complex redox reactions.

Aqueous photoreactions of 2,6-dichloro-1,4-benzoquinone (DCQ)

Quinones are often colored compounds and are active in various photochemical processes. The possi-
bility of the systematic use of a diode-array spectrophotometer as a photochemical device was demon-
strated on the aqueous photoreaction of DCQ [7], which is an important process in the destructive
chemical oxidation of chlorophenols [14—16]. The photochemical reaction itself is known from the pre-
viously studied chemistry of other quinones [17-19]. It is a combination of two processes: the first is a
water-assisted disproportionation of DCQ, the other is the photoreduction of DCQ by water (Scheme 2).
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Scheme 2 Overall photochemical reactions in the aqueous solution of DCQ.

This system is a perfect candidate to demonstrate the general principles discussed in the previous para-
graphs. First of all, the initial substance is yellow and the oxidation product 2,6-dichloro-3-hydroxy-
1,4-benzoquinone is very intense purple. Therefore, the reaction could be monitored quite selectively
with spectrophotometry. Second, the process has a high primary quantum yield close to 1, but is still a
simple photochemical reaction. This is illustrated in Fig. 1 by the fact that the experimental kinetic
curves are practically independent of temperature. Third, DCQ absorbs somewhat in the visible spec-
trum range as well. Therefore, as also shown in Fig. 1, a very spectacular demonstration of the photo-
chemical nature of the studies process was possible: the reaction was much slower but did not stop when
the experiment was repeated under identical conditions but with the UV lamp of the spectrophotometer
turned off. Additional advantages included the fact that the spectrum of DCQ was quite fortunate in a
sense that the amount of absorbed light could be changed significantly just by changing the reactant
concentration (Fig. 2), and it was also possible to use an inner filter (NaNO5) added to the reaction mix-
ture to vary the photon count. Some isotope labeling was also convenient as demonstrated in Fig. 2. The
reaction proceeded at basically the same rate in D,O as in H,O, but switching from DCQ to DCQ-d,
(deuterating the reactant) revealed a kinetic isotope effect of 1.49. A study of the inhibitory effect of di-
methyl sulfoxide was also conveniently carried out, and the use of eqs. 69 was demonstrated by sim-
ulating full kinetic traces by numerical integration [7]. Independent later studies with conventional
photochemical methods verified many of the conclusions [20].

Autoxidation of S(IV)
The reaction of dissolved S(IV) with aerial oxygen is a thermodynamically favorably process
2H,0-S0, + O, = 2HSO,~ + 2 H* (10)

This reaction is the major source of acid rain formation, it is also a fundamental part of the de-
sulfurization of flue gases and finds applications in epoxidation, food chemistry, metallurgical
processes, etc. [21-25]. Environmental relevance and industrial application have driven considerable in-
terest in the kinetics and mechanism of the overall process which exhibits complex behavior as a func-
tion of reactant concentrations and pH. Although various aspects of this reaction are still to be clarified,
there seems to be consensus regarding some basic features. Under acidic conditions, the reaction is ex-
tremely slow and is believed to occur due to the presence of impurities acting as catalysts. The addition
of various metal ions triggers a very efficient catalytic path of the oxidation. Fe(IlI) and Mn(II) are the
most intensively studied catalysts in this system. There is ample evidence that the catalytic reactions
progress through a radical-type chain mechanism which involves the formation of the SO;™" radical in
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the initiation phase. Our kinetic studies on related systems indicated that the autoxidation is accelerated
by Ce(Ill) and I™ under certain conditions [26]. Follow-up studies confirmed that these species act as
catalyst only when the reaction mixture is illuminated [9,10].

The effect of light on the autoxidation of S(IV) is demonstrated in Fig. 6 [§—10]. The concentra-
tion of dissolved oxygen is monitored by using an oxygen meter in these systems. Oxygen consump-
tion does not occur under normal laboratory light conditions in the absence of catalyst or when Fe(II)
and Ce(III) are added as catalysts. Oxygen decay is triggered by turning on the illuminating light source
in these systems. Slow oxidation of iodide ion under acidic conditions leads to oxygen consumption
even in the absence of light. However, the reaction becomes considerably faster when the reaction mix-
ture is illuminated, indicating again photochemical effects in this system. For technical reasons, these
experiments were carried out in an open reactor, and diffusion of ambient oxygen into the reaction mix-
tures most likely biased the results. Accordingly, these experiments provide only semi-quantitative ki-
netic information on the reacting systems. Quantitative kinetic measurements were made in a diode-
array spectrophotometer in sealed quartz cuvettes. In the absence of catalysts, the spectral change is
consistent with the steady decay of S(IV) (Fig. 7). The same kind of experiments led to the decay of
S(IV) and the formation of Fe(III) when the reaction mixture contained Fe(II). In the presence of Ce(IIl)
and iodide ion, relatively fast decay of S(IV) was observed. The kinetic traces in these systems exhibit
a characteristic brake point when the total amount of dissolved oxygen is consumed (Fig. 8). The analy-
sis of the reaction mixtures confirmed that the only detectable sulfur product of the autoxidation is
5042‘ in all of the studied systems.
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Fig. 6 Effect of light on the dissolved oxygen concentration in the photoinitiated autoxidation of S(IV) (7T'= 25 °C
for all systems). (A) Reaction without catalyst, [SIV)] = 1.00 mM; [H,SO,] = 0.10 M, A1: start of illumination.
(B) Iodide ion catalysis [I"] = 0.20 mM, [SIV)] = 2.0 mM, [HCIO,] = 0.10 M, B1: addition of iodide ion to
previously illuminated sample, B2: increase in illumination intensity by more than an order of magnitude (C)
Ce(IID) catalysis, [Ce3*t] = 0.50 mM; [SAV)] = 1.00 mM; [H,SO4] = 0.10 M. C1: start of illumination, C2: end of
illumination.
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Fig. 7 Spectra measured in the uncatalyzed photochemical autoxidation of S(IV). [S(IV)] = 2.00 mM, [O,] =
0.23 mM, [H,S0,] = 0.50 M, path length = 1.000 cm, V = 2.00 cm3; T = 25.0 °C. The absorbance band is
characteristic for H,0-SO, with lmax =276 nm.
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Fig. 8 Representative kinetic traces in the catalyzed, photoinitiated autoxidation of S(IV) (V = 3.00 cm?, T =
25.0 °C and path length = 1.000 cm for all experiments). (A) Iodide ion catalysis. [I7] = 0.050 mM; [SAV)] =
2.0 mM; [O,] = 0.20 mM; [H,SO,4] = 0.575 M, illumination ratio: 100 %, A1: direct light, A2: light with filter (B)
Ce(III) catalysis [Ce3*] = 0.50 mM, [SAV)] = 1.00 mM, [O,] = 0.19 mM, [H,SO,] = 0.10 M, illumination ratio:
100 % (B1), 50 % (B2).

The kinetic traces are straight lines, although a slight deviation from this pattern was observed in
the S(IV)-I~ system. This and the very small temperature dependence of the reaction rates are clear in-
dications that the overall autoxidation reactions are photochemically controlled. The formation of
Fe(III) as a by-product in the S(IV)-Fe(II) system is not unexpected because both of the reactants may
act as a reducing agent toward dissolved oxygen. In this case, the progress of the reaction was also char-
acterized by introducing the redox-equivalent product yield, @ = 2[S(VID)] + [Fe(IID)] [8]. If the two
products formed only via the oxidation of S(IV) and Fe(II) by the same oxidant, @ would be independ-
ent of the initial concentration of Fe(II) at any moment of the overall reaction, provided that the initial
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Fig. 9 The Fe(Il) concentration dependence of the redox-equivalent product yield in the photochemically driven
autoxidation of S(IV) in the presence of Fe(Il): pH = 0.00, [SIV)] = 2.00 mM; [O,] = 0.23 mM; [HCIO,] = 1.0 M;
reaction time: 900 s.

concentration of S(IV) is constant. However, the experimental results show a clear decay of w as a func-
tion of [Fe(I)] (Fig. 9).

The rate of oxidation as a function of light intensity was studied in all of these systems using dif-
ferent experimental techniques. These experiments made it possible to determine the reaction orders
with respect to the “light intensity” which is defined as photon count N. The concentration dependen-
cies of the overall reaction rates were also studied in detail, and the reaction orders with respect to the
reactants were determined. The results are summarized in Table 1. The kinetic models describing these
reactions are presented in Tables 2—4, and their main features are discussed in the subsequent para-
graphs together with some of the experimental results.

Table 1 Essential features of the photoinduced autoxidation of S(IV) in different systems.

SAV) Fe(ID) Ce(III) I
Order of reaction Light 1 1 0.5 0.5
0, 0 0 0 0
S(IV) 0 0 0 Complicated rational
function
Catalyst - 0 1 Complicated rational
function
Absorbing species S(IV) S(V) Ce(III) S(IV) and I~
Temperature dependence None None Slight Slight
pH dependence in the None None None Resembles the
studied region deprotonation of
H,0-S0,
Quantum yield for O, loss 0.35 <0.35 50-500 100-1000
Remark - Energy transfer from Energy transfer from
SAV)™ to Fe(Il) SAV)* to I

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 10, pp. 1957-1973, 2010



Light-induced multistep redox reactions 1969

Table 2 Individual reaction steps in the autoxidation of S(IV)
in the presence of Fe(Il).

Reaction Type?

H,0-S0, = HSO, + H*

H,0-80, + hv — *H,0-S0,

*H,0-S0O, + 0, = HSO5™ + H*
*H,0+S0, + Fe(Il) — H,0-S0, + *Fe(II)
*Fe(Il) + H* — Fe(Ill) + Y4H,

HSO4~ + H,0-S0, — 2HSO,~ + H*
HSO;™ + 2Fe?* — 2Fe3* + HSO,~

oo,

4E: fast equilibrium; P: primary photochemical process; L: thermal
elementary step; S: fast series of elementary steps.

Table 3 Individual reaction steps in the Ce(IlI)-catalyzed
autoxidation of S(IV).

Reaction Type?

H,0-S0, = HSO, + H*

Ce** + H* + hv — Ce** + 0.5H,

Ce** + Hy0:S0, — SO, ™ + Ce* + 2H*
SO;™+0, — SO5~"

SO~ + H,0-S0, — SO,~ + HSO,~ + H*
SO,™ + Ce** + H* — Ce** + HSO,~
SO, ™ +S0,™ — S,04%"

|onil onll enlll enlll enilia v Al es|

4E: fast equilibrium; P: primary photochemical process; L: thermal
elementary step.

Table 4 Individual reaction steps in the iodide ion-catalyzed
autoxidation of S(IV).

Reaction Type?

H,0-S0, = HSO; + H*

H,0-50, + hv — *H,0-S0,

[~ +hv+H,0-80, + 0, = I' + SO, + H,0
*H,0:80, +I"+ 0, = I' + SO,~ + H,0
SO;™ + 0, — SO5~"

SO5~" + H,0-S0O, — SO, + HSO,~ + H*
SO,™ + S0, ™ — S,04>~

SO, +1~ - 1I'+S0,%"

I' + H,0-S0, — SO;™" + I" + 2H*

I' + HSO;~ — SO;~" + " + H*

F+I'=1"

L~ + H,0:S0, = SO;™" + 2" + 2H*

I, + HSO;~ — SO;™" + 21~ + H*
L+, >+

SO, +1," —>S0,2"+1,

L+ =1

I, + H,0-S0, + H,0 — HSO,™ + 2I" + 3H*

nwmrrrrrorrICfrcrrcfwnwod

4E: fast equilibrium; P: primary photochemical process; L: thermal
elementary step; S: fast series of elementary steps; R: reversible
elementary steps.

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 10, pp. 1957-1973, 2010



1970 I. FABIAN AND G. LENTE

The observations in the S(IV)-Fe(Il) system confirmed that the overall process is purely photo-
chemical. However, this kinetic pattern changes considerably when the pH is increased due to the fact
that thermally activated catalytic autoxidation of S(IV) sets on. The S(IV)-Ce(IlI) system exhibits very
different kinetic features (Fig. 10). In this case, the reaction rate is clearly dependent on the duration of
the dark period even when the amount of the illuminating light does not change, i.e., the illumination
ratio is constant. This indicates that a significant portion of the overall process takes place in the dark
period. It was concluded that the reaction rate is constant during the illumination period (cf. the linear-
ity of the kinetic traces) but decays sharply in the dark phase. It can be shown that the average reaction
rate is higher when the dark periods are shorter even if the same amount of light enters the sample [9].

v (uMs™)

0 I"" T T T T
0 20 40 60 80 100

illumination ratio (%)

Fig. 10 Average reaction rate as a function of the illumination ratio in the Ce(Ill)-catalyzed autoxidation of S(IV).
[Ce3+] = 0.50 mM; [S(IV)] = 1.00 mM; [H,SO,4]=0.10 M; V=3.00 cm?; T=25.0 °C; illumination times: 1 s (A),
2s(B),5s (C).

An inspection of Table 1 reveals that the general photochemical features of the overall reactions
are very similar in the presence of Ce(Ill) and I7, i.e., the reaction rates are about half order in light in-
tensity and the quantum yields are very high. The above conclusions regarding the intermittent dark pe-
riods and the results in Table 1 are consistent with a radical-type chain reaction mechanism in both sys-
tems. It is assumed that the primary photochemical reactions lead to the formation of reactive radicals,
which trigger very efficient propagation steps. The chain is maintained by fast regeneration of the SO;™
radical in both systems. Termination of the chain occurs in a slow step via the recombination of the
SO, ™" radical, thus, the concentration of 82082‘ formed in this step is negligible to that of SO 42‘, which
is formed mainly in the propagation steps.

In the absence of catalyst, the autoxidation of S(IV) proceeds via the formation of HSO4™. It is
well known that the oxidation by O, is spin-forbidden in most cases. The generation of the excited
H,0-50, species opens a favorable reaction path for the activation of O,. When Fe(Il) is present, an
alternative reaction path of the oxidation needs to be considered. The decay of the equivalent product
yield (Fig. 7) can be interpreted in terms of sensitizing of Fe(II). This reaction sequence opens a new
reaction channel for the removal of excited S(IV) and leads to the formation of half as much Fe(III) than
the reaction via HSO4™.

Energy transfer also needs to be assumed for the interpretation of the results in the presence of
iodide ion. When experiments were carried out by excluding most of the light absorption by I~ the dom-
inant absorbing species was H,0-SO,. Still, the photochemically induced autoxidation was orders of
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magnitude faster than in the absence of I". This observation implies that the excited S(IV) species opens
an efficient initiation sequence which includes I".

As demonstrated in Figs. 9-11, the proposed kinetic models provide an excellent interpretation of
the experimental observations in the photoinitiated autoxidation of S(IV) in the absence and the pres-
ence of catalysts.

1.2x10°
v
—~ A/ v v
3 v
>C)
6.0x10° .
e .
*
o
o
0.0 : ; :
0.0 0.2 0.4 06
(17 (mM)

Fig. 11 Dependence of the initial rate on the concentration of iodide ion in the photoinitiated and iodide-catalyzed
autoxidation of S(IV). [S(IV)] = 2.00 mM (triangles), 1.00 mM (circles), 0.70 mM (diamonds), [H,SO,] =
0.575M, V =3.00 cm3, T=25.0 °C.

A photochemically activated redox reaction of the chlorate ion

Chlorate ion is a potent but kinetically inert oxidant in aqueous solution (&, = 1.16 V, for CI(V)/CI(III)
in 1.0 M [H*] [27]) and it does not oxidize even strong reducing agents. Thus, chlorate ion is often pos-
tulated as a final product in the reactions of oxychlorine species. Due to the noted inertness, chlorate
ion does not oxidize iodine under acidic conditions and in the absence of light even though the reaction
would thermodynamically be favored. However, when a solution containing C1O;™ and I, is illuminated
in a diode-array spectrophotometer, the disappearance of iodine is observed after a certain incubation
period (Fig. 12) [4,5]. It was confirmed that the overall reaction proceeds according to the following
stoichiometry:

5C10; + 31, + 3H,0 = 610, + 5CI + 6H* (11)

The reaction shows autocatalytic features. It was established that the duration of the incubation
period depends on the total amount of light passing the sample, but the subsequent kinetic process is in-
dependent of light intensity [5]. It could easily be confirmed that the photoactive species is I, in this
system. The observations were interpreted by assuming that an autocatalytic species is accumulated
photochemically in the first phase of the reaction. Once the concentration of the autocatalytic species
reaches a sufficiently high level, the thermally activated reaction steps become dominant. This is proved
by the inset of Fig. 12, where the kinetic trace measured with the UV light switched on matches the
curves measured under identical conditions but only with visible illuminations, however, the incubation
period is longer in the second case. The addition of minute amounts of HOCI or ClO,™ to a reaction
mixture triggered the immediate decay of I, in the absence of light, confirming that these species are
probably the autocatalysts formed in the incubation periods [5]. The kinetic model postulated for this
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0.06 -
B
=
3 —
S 0.034 100~ 400 500
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Fig. 12 Measured (markers) and fitted (lines) kinetic curves in the photoinitiated oxidation of I, by ClO;™. Inset:
comparison of experiments with a difference in lamp use. [I,] = 88 uM; [C1O;7] = 25.1 mM (A, C, D), 16.7 mM
(B), [H'] = 0.948 M (A, B, D), 0.356 M (C); continuous illumination (A, B, C), continuous illumination with
visible lamp only (D), T'= 25.0 °C.

system is shown in Table 5. It is assumed that the first step of the reaction is photochemical dissocia-
tion of iodine into I" radicals, which react quickly with C105~ to form the IC1O;™" radical. This species
decomposes in a subsequent reaction and forms a series of reactive intermediates which are converted
into the final products in further reaction steps. Figure 12 demonstrates the fit of the model to the ex-
perimental data.

Table S Individual reaction steps in the iodide ion catalyzed
autoxidation of S(IV).

Reaction Type?
I, + Cl0;~ + H,O + hv — 105~ + H,OI* + CI” P
HOCI + H* + CI” = Cl, + H,0 E
H,OI* + C10,~ — 10;~ + HOCI + H* S
H,OI* + 2HOCI — 105~ + 2CI~ + 4H* S*
I, + Cl, + 2H,0 — 2H,0I* + 2CI~ S

3E: fast equilibrium; P: primary photochemical process; S*: series of
elementary steps with the first being rate-determining.

SUMMARY

The previous examples clearly demonstrate that photochemical studies in commercially available
diode-array spectrophotometers can conveniently be used to obtain crucial kinetic and mechanistic in-
formation on a variety of photoinduced chemical reactions. Our recent results [28] and preliminary
studies on further redox reactions indicate that photochemistry may interfere with thermally activated
reactions during spectrophotometric measurements more often than anticipated in the relevant litera-
ture. This also justifies a strong warning that failure to test for the possible photochemical role of the
intense light of a diode-array spectrophotometer may lead to biased experimental results and erroneous
conclusions.
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Some of our published results [7] have already been confirmed by more conventional photo-

chemical methods [20], which indicates the reliability of using spectrophotometers for such studies. We
feel that the advantage of our approach is the simple instrumentation needed and the fact that the driv-
ing light imitates the spectral distribution of sunlight, the use of which is a primary goal of practical

photochemistry.
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