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Abstract

The UV illumination of diluted aqueous solutions of methylviologen (MV?*) leads to the formation of the methylviologen radical
(MV*™), without the use of microheterogeneous materials or sacrificial electron donors. In the absence of O, the MV*™ radical remains
in solution for hours. The formation mechanism of MV*™ was investigated employing the laser flash photolysis technique. The hydrated
electron (e,q~ ) band and the characteristic bands of the MV*+ radical at 395 and 605 nm were detected in the MV>* transient absorption
spectra. This indicates that (1) MV?2* is jonized at 266 nm and (2) the €aq + MV2* reaction is a source of the MV** radical. The rate
constant for this reaction was measured at pH 6.5 to be (3.8 £ 0.1) x 10! M~! s~! and its magnitude is in good agreement with literature
values. The ionization quantum yield of 0.16 was determined for MV>* using KI as a reference actinometer. The photodestruction quantum
yield of MV2+ was calculated to be (8.7  0.5) x 1073 molecules/quantum. The formation quantum yield of MV**+ was measured at
the two absorption maxima of the radical, ¢ (395nm) = (4.8 £ 0.5) x 1073 and ¢ (605nm) = (5.1 £ 0.3) x 1073 molecules/quantum.

© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The production of molecular hydrogen from water has
long been recognized as an important process to solving
our energetic needs [1-8]. To this end, the photosensitized
reduction of MV2T has been employed to generate the
methylviologen radical, which cleaves water producing hy-
drogen in the presence of catalysts [9-15] Although the
oxidative electronic quenching of a number of molecules
leads to the formation of the MV*™ radical, the efficiency
for producing hydrogen in homogeneous solutions is low
due to the fast charge recombination reaction. However,
significant progress has been made towards retarding the
charge recombination employing microheterogeneous ma-
terials such as vesicles [16-21], micelles [20-25,37,38],
zeolites [26-28], and cyclodextrins [29]. The challenge has
been to produce the MV*®™ radical using visible light.
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McKellar and Turner [30] reported the formation of the
MV** radical in their conventional flash photolysis study
of MV2+, irradiating with UV light. Likewise, Ebbesen
and co-workers [31,32] observed the formation of MV*t
in the 337nm laser flash photolysis of 0.IM MV?*, in
the presence of 1 M NaCl. These authors postulated the
reaction, MV2H(Cl7)s + hv — MV*t 4+ (Clp)*~, as the
source of MV**. They reported the absorption band of the
(Clp)*~ radical around the 350-370 nm region. According
to Ebbesen’s mechanism, the formation of MV*7 is instan-
taneous because the C1~ ions are in contact with the MV>+
molecules.

The following results are reported in this paper: (1) the
ionization of MV?* is inferred from the observation of the
hydrated electron absorption band in the methylviologen
transient absorption spectra, (2) the presence of the ab-
sorption bands at 395 and 605 nm in the transient spectra
indicate the formation of the MV** radical, and (3) the
formation of the MV*®T radical during the UV continu-
ous irradiation of diluted solutions of MV2*. The decay
constant of e,q~, the rate constant for the eyq~ + MVZt
reaction, and the ionization quantum yield of MV2t are
also reported. In addition, we observed the evolution of a
gas (which we believe is H») during the continuous UV
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irradiation of solutions of MV>" in the presence of colloidal
PtO;, without the use of microheterogeneous systems.

2. Results and discussion
2.1. Transient absorption spectra of methylviologen

The ground state absorption spectrum of MV27 in water
extends from 220 to 300 nm, with maximum at 257 nm and
molar absorption coefficient of 1.4 x 10*M~!cm™!. The
laser irradiation at 266 nm of an oxygen-free 6.9 x 107> M
MV?2* solution at pH 6.5 produces the transient absorption
spectra displayed in Fig. 1. The broad absorption band of the
hydrated electron is observed above 475 nm in the spectrum
recorded at 0.56 ws after the laser pulse (Fig. 1(a)). This in-
dicates that MV>" is ionized, and this primary process is
represented by Eq. (2). Only a 2% reduction in the initial
absorbance at 257 nm of MV>* was observed after 120 laser
pulses and this demonstrates the photochemical stability of
the solutions. For this reason it was not necessary to correct
the transient spectra for photodestruction effects, although
the samples were changed three times during the acquisi-
tion of each transient spectrum. The characteristic absorp-
tion bands of the MV*T radical cation, with maxima at 395
and 605 nm, are displayed in the spectrum recorded 1.0 s
after the laser pulse (Fig. 1(b)) [4].

2.2. Kinetic analysis of the e,q~ absorption

The decay kinetics of the hydrated electron was exam-
ined at 720nm and a representative profile is presented
in Fig. 2. The overlap between the absorption bands of
MV** and e,q~ is small at this wavelength. This particu-
lar time-resolved absorption at 720 nm represents the aver-
age of 30 laser pulses. From the first-order fit of the data,
the hydrated electron decay constant was obtained (4.1 £
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Fig. 1. Room temperature transient absorption spectra of an aqueous
solution 6.9 x 1073 M MVZ*: (a) 0.56 ws after the laser pulse, and (b)
1.0 s after the laser pulse. The solution was saturated with ultrapure
N»(g) to remove O, and the pH was 6.5.
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Fig. 2. Representative decay profile of the hydrated electron absorption at
720 nm after the laser photolysis at 266 nm. The methylviologen concen-
tration, the pH, and the temperature of the solution were 6.9 x 1075 M,
6.5, and 298 K, respectively. The decay constant of e,q~ determined from
this decay was, k = (4.1£0.9) x 1075~

0.9) x 10°s~L. Note that under these conditions, €aq 1S
also being removed by the ey~ + MV?* reaction. Thus, we
measured the decay of e,q~ in pure water using a graphical
method. A plot of the pseudo-first-order decay constants as
a function [MV2T] gives a straight line (Fig. 3). The decay
constant of €,q~, k = (1.3 £0.1) x 10°s~!, was obtained
from the intercept of this plot, whereas the rate constant for
the €xq~ + MVZ* reaction was measured from the slope,
k3(eaq~ +MV?H) = (3.8 £0.1) x 10"°M~!s~1. The fol-
lowing kinetic scheme summarizes our observations:

MVZt + hv — (MVZH)*  (Electronic excitation) (1)

(MV2H)* — MV3T 4 e,,~  (Photoionization) )
MV 4 g~ — MV*T

(Formation of the MV* *radical, k3) 3)
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Fig. 3. Plot of the first-order decays of the electron against methylviologen
concentration. An oxygen-free solution 6.9x 10> M MV?* was examined.
The slope of this plot gives the e,q~ scavenging rate constant of MV2+,
k3(eag™ +MV2H) = (3.840.1) x 10'°Ms~!, and the intercept the decay
constant of epq~, k = (1.3£0.1) x 106571



E.E. Méndez et al./Journal of Photochemistry and Photobiology A: Chemistry 142 (2001) 19-24 21

The value of k3 at pH 6.5 is comparable to that obtained by
Solar et al. [4] in alkaline pH, 7.5 x 101°M~!s~!. Because
there are no absorption bands in the transient spectra that
could be assigned to MV3 (formed through reaction 2), the
fate of this species is unknown. However, our data indicates
that the recombination reaction, MV31 + €aq » 18 not taking
place. This tends to indicate that MV3* is undergoing a
very fast decomposition reaction, producing species unable
to oxidize the MV*®™ radical.

2.3. Mechanisms of formation of the MV** radical

A kinetic analysis of the MV*®™ radical absorption at
395 nm is presented in Fig. 4. The absorption profile of the
MV*™ radical (Fig. 4(a)) is observed from the photolysis
of an O,-free solution of MV?*. The MV*+ absorption in-
creases during the first microsecond after the laser pulse and
it decays slowly afterwards. In contrast, when the solution
is saturated with Oy, the initial slowly growing absorption is
no longer observed and the signal decays faster (Fig. 4(b)).
That is, even in the presence of oxygen the MV*®™T radical
is still being produced, its formation rate being instanta-
neous with respect to the response time of our spectrometer.
Fig. 4(b) indicates that a process faster than reaction 3 is
also producing MV**. Thus, adding an electron scavenger
such as Oy it is possible to remove the hydrated electron
from the solution, thereby suppressing reaction 3. Below
we describe the experiments in which solutions saturated
with Oy ([02] = 1.39 x 1073 M) were irradiated. As we
mentioned, oxygen acts as an electron scavenger,

Oz +eyq — O2°  (Electron scavenger, k4) )
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Fig. 4. Representative absorption time profiles of the MV®* radical
monitored at 395 nm after the 266 nm laser flash photolysis of an aqueous
solutions of methylviologen: (a) oxygen-free solution, and (b) solution
saturated with O at 1 atm.

Note that the ratio of the rate of reactions 4 and 3 is inde-
pendent of [eaq ],

r4 _ klOo]

13 k3[MV3T] )
Using k3 = (3.8 £ 0.1) x 1019M~!s7!, ky(eyq™ + 02) =
1.88x 101M~1s7!1 [05] = 1.39x 1072 M, and [MV?*] =
6.9 x 1075 M, one obtains rq/r3 = 10. This result demon-
strates that the slowly growing component in Fig. 4(b) is no
longer observed because e,q~ is removed by O;. Further
evidence of reaction 4 comes from the observation of a
faster decay of the absorption of the hydrated electron at
720 nm when O; is present, as compared when an air-free
solution is examined (data not shown). Reactions with O,
has been implicated in the photodegradation of MV?* [30].

Even though e,q~ was removed by adding O, the instan-
taneous formation of MV*¥ is still observed in Fig. 4(b).
Clearly, reaction 3 is not the only formation route of MV*™.
The kinetics of formation of MV*®™ in the presence of
O, can be explained using the mechanism postulated by
Ebbesen and co-workers [31,32]. These authors observed
the instantaneous formation of MV*®T since the CI~ ion
is the counter ion of MV?" and they added a large con-
centration of the CI~ ion. Note that the mechanism of
Ebbesen et al. represents a static process while reaction 3
is a diffusion-controlled process. Although from a kinetic
point of view the mechanism postulated by Ebbesen et al. is
consistent with the kinetic data that we present in Fig. 4(b),
the C1~ concentrations in our experiments is much smaller
than that employed by them.

Another possible mechanism of formation of MV**
would be the electronic excitation of a MV2T dimer, which
can undergo an electron transfer reaction,

MVZH),* 5 MV3t + MVt (6)

Again, one has to assume that MV3* decomposes very fast
yielding products that cannot oxidize MV**. However, the
experimental data presented do not allow us to distinguish
between these mechanisms.

2.4. Continuous illumination of solutions of MV>*

The absorption spectra of the MV*®™ radical that result
from the low intensity irradiation of a solution 1.4 x 1074 M
MV?* are displayed in Fig. 5. The samples for this experi-
ment were vacuum-sealed and the pH was 3.5. The two char-
acteristic absorption bands of the MV* ™ radical are observed
at 395 and 605 nm [4,31,32]. In the inset of Fig. 5 is plotted
the absorption at 395nm of MV®™ as a function of irradi-
ation time. The MV** absorption increases up to 60 min,
but subsequently reaches a plateau. The samples are irradi-
ated using a Corning 7-54 filter, which transmits from 220
to 460 nm. The transmittance at 395 nm is about 15%, but it
increases rapidly below 400 nm. This means that MV*™T also
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Fig. 5. Absorption spectra of the MV** radical in an oxygen-free solu-
tion at room temperature at the following irradiation times: (a) prior to
irradiation, (b) 10 min, (c) 20 min, and (d) 60 min. The irradiation source
was a 150 xenon lamp and [MV>*] = 1.39 x 10~*M. A Corning 7-54
filter and a water filter were placed in front of the sample. The inset
shows the buildup of the MV*®™ radical as a function of irradiation time.

absorbs light (see Fig. 5) and for this reason the absorption
reaches a steady-state condition.

When oxygen-free samples of MV2* are irradiated using
a low power Xe lamp in the presence of colloidal PtO,,
the continuous evolution of H, is observed [16,23]. The
present system can be described as follows: (1) the MV*+
radical can be generated at room temperature by irradiat-
ing oxygen-free MV?* solutions with a low intensity UV
source, (2) the generation of a gas, which we believe is Hy,
is vigorous, (3) it is possible to carry out spectroscopic stud-
ies of the MV*™ radical without the spectral interference of
other molecules such as electron donors, and (4) reactions
of MV** radical with other molecules can be studied in a
vacuum line.

The formation of H»(g) was not confirmed directly. We
observed that oxygen-free colloidal MV2* solutions can be
irradiated for an hour and the evolution of a colorless gas
is still observed. In contrast, experiments in which we al-
lowed oxygen to enter the photolysis cell did not show gas
evolution. For this reason we know that O is not the gas
being evolved during the photolysis. The other possibility
must be Ha(g).

2.5. Concentration of e,q~ against laser fluence

Fig. 6(a) displays the results of measurements of the
absorbance of the hydrated electron at 720 nm for a solution
71 pM of MV?* as a function of laser pulse energy. As a
reference system, the behavior of a 0.16 M KI solution is
also presented in Fig. 6(b). The KI solution is known to
photoionize through a monophotonic mechanism [33,34].
All the data displayed in Fig. 6 was collected the same day
using fresh samples. None of these systems exhibit satura-
tion effects at the laser fluences examined in the present ex-
periments. Each experiment was first performed measuring
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Fig. 6. Plot of the absorbance measured for the hydrated electron against
laser pulse energy for (a) a 71 uM MV?* solution, and (b) a 0.16 M
KI solution. KI is the reference system, which undergoes ionization
through a monophotonic mechanism and it displays a linear behavior.
Methylviologen exhibits a non-linear behavior indicating the participation
of multiphoton pathways.

the absorbances at 720 nm increasing the laser fluence, and
then repeated decreasing the laser fluence. The results in
each case were almost identical. This procedure was fol-
lowed to avoid errors due to laser fluence fluctuations. We
first confirmed that the ionization of the I~ ion follows
a monophotonic mechanism. A plot of log(A720) versus
log(laser fluence) gives a slope of 1.12, and the extrapolation
of the line to zero laser fluence gives zero I~ concentration
[33]. In the case of methylviologen, a plot of log(A729) ver-
sus log(laser fluence) gives a slope of 1.5. The fact that the
data displayed in Curve (a) cannot be fitted to a straight line
tends to indicate that more than one photon are involved
in the ionization of MV2*. However, the plot of log(A720)
versus log(laser fluence) is not providing a definite answer.

2.6. lonization quantum yield of MV>*

The ionization quantum yield (@) of MV?* was deter-
mined using KI as a reference system. Bryant et al. [34]
determined @ = 0.36 for KI at 720 nm. We irradiated a
solution 71 pM of MV?Zt at the same laser fluence used
in the KI experiments (i.e., 30 mJ) to obtain @ = 0.16 for
methylviologen.

2.7. Formation quantum yield of MV**

The formation quantum yield of the radical was determi-
ned following the procedure recently described by Crespo-
Herndndez et al. [36] irradiating a solution 9.6 x 107°M
MVZt at 253.7 nm with a low-intensity Hg lamp. Samples
sealed under vacuum were irradiated during 5min inter-
vals. Concentration measurements of MV** and MV?>*+
were performed at different irradiation times using the fol-
lowing molar absorption coefficients: e(MV>, 257 nm) =
14x10*°M~ s~ e(MV*T,3951m) = 3.8 x 10* M~ 571,
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and e(MV**,605nm) = 1.1 x 10*M~'s~! [31]. From
the absorption spectra (data not shown) it is observed a
decrease of the MV?* band with maximum at 257 nm
with irradiation time and a simultaneous increase of the
bands of MV** at 395 and 605nm. The spectra present
isosbestic points at 235 and 290nm. The photodestruc-
tion yield of MV2t was calculated to be ¢(MV?>t) =
(8.7 £ 0.5) x 1073 molecules/quantum. On the other
hand, the formation yield of the MV*T radical was
determined at two wavelengths, ¢(MV**,395nm) =
(4.840.5) x 1073 and ¢(MV**, 605nm) = (5.1 +0.3) x
1073 molecules/quantum. The fact that the ¢(MV**) de-
termined at the two wavelengths are the same within the
experimental error indicate that apart from MV®™ there is
no other photoproduct absorbing at wavelengths longer than
300nm (see Fig. 5). However, the fact that #(MV?Zt) is
larger than ¢(MV*®™) suggests that other photoproducts are
formed, although are not observed in the absorption spectra.

3. Experimental section
3.1. Methods and instruments

A general description of the laser flash spectrometer
used in this work may be found elsewhere [35]. Briefly,
the excitation was provided by a Q-switched Nd:YAG laser
(Continuum Surelite II) delivering pulses with maximum
energy of 70 mJ at 266 nm, with an energy fluctuation of
less than 10%. The pulse energy was measured at the sample
position using a Newport multifunction optical meter con-
nected to a calorimeter (Newport, Mod. 8165-50). The laser
beam was not focused. The laser time profile is Gaussian
and the pulse duration is 6ns. A 0.22m Spex monochro-
mator (Mod. 1680) was used to disperse the analysis light.
The monochromator was coupled to a Hamamatsu R928
photomultiplier. Each data point in the transient absorption
spectra corresponds to an average of five laser pulses. The
signal was recorded using a digital oscilloscope (LeCroy
9360) and the data transfer and part of the analysis was done
using Lab View, installed in a Pentium/300 MHz computer.

3.2. Continuous photolysis experiments

Vacuum-sealed samples of MVt were irradiated using
a high pressure 150 W Xe Arc lamp (Oriel) to generate the
MV** radical. A 10 cm water cell and a Corning 7-54 filter
were placed in front of the photolysis cell.

3.3. Sample preparation

The samples were prepared using TOC-free water
(Environment Science and Technology). The ground state
absorption spectra were recorded using a Cary (model 219)
spectrophotometer to confirm the purity of the samples and

to determine their concentrations. Methylviologen dichlo-
ride (Aldrich) was re-crystallized from ethanol and the con-
centration of the solution was 0.1 g/4 ml [32]. PtO; (Aldrich)
was used as received and concentrations of 0.1 mg/ml were
used. For the continuous irradiation experiments, oxygen
was removed from the samples using the freeze-pump-thaw
method. The samples were cooled using an ice/water mix-
ture and sealed in a 1 cm quartz cells to which a glass valve
was adapted. For the laser flash photolysis, the samples
were sealed using septa and O, was removed saturating the
samples with ultrapure N, (Gas Products).
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