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Reversible formation of the persistent methyl viologen radical cation*(MwWas observed by the steady-
state photoillumination of thiones in the presence of Wih deaerated aqueous solution. Formation yield
and lifetime of MV** are favorable at a pH higher than 3.00. By laser flash photolysis, it was observed that
fast electron transfer occurs from triplet states of thior#®I%) to MV?", yielding the radical cation of
thiones (PT") and MV**. The initial rapid decay of MY is attributed to back electron transfer from MV

to PT*. On the other hand, the slow decay part of ¥M\¢an be attributed to endothermic electron transfer
from MV** to disulfide, which is formed by the coupling of the thio radical produced after deprotonation of
PT*. The ratio of slow decay component and fast decay component of M\the short time scale is a good
measure of the yields of persistent M\vith changing thiones and pH. A cyclic mechanism interpreting
reversible electron transfer was proposed in which thiones act as self-repairing photosensitizers.

Introduction from Aldrich Chemical Co. as the best purity grades.’-1,1

Numerous photochemical investigations have long been madePimethyl-4,4-bipyridinium ion (methyl viologen, M¥*) was
on the reduction of methyl viologen dication (MY) as a model obtained as the tflhydrated chloride salt (Sigma Chemical Co.).
system for the photogeneration of electric and chemical 1he buffer solutions pH 1.68, 4.01, 7.00, and 9.18 (Kanto
energy!~7 Various photoexcitable substances have been usegChemical Co.) were used for the transient absorption measure-
as sensitizers for the production of the long-lived methyl MeNts.
viologen radical cation (M¥) in the presence of the appropriate  Steady PhotolysisThe steady photolysis of PT’s with MV
catalyst and various substrafe$? In general, addition of an  in Ar-saturated buffer solutions with light of wavelength longer
excess of a “sacrificial” electron donor is necessary to repair than 330 nm from Xe-Hg lamp (150 W) was performed and
the photooxidized sensitizers, resulting in the whole process the formation of MV* was checked time to time by observing
becoming cyclic with respect to both photosensitizer and the UV/vis spectrum of the photolyzed solution. To separate
MV?2+.11-13 The net reaction is thus the sensitizer-catalyzed the reaction intermediates, reaction systems including™MV
photoreduction of M¥* by the sacrificial electron donor. were quenched by adding.Qhe neutral products were extracted

The necessity of a sacrificial electron donor for the photo- With ether and separated by TLC (Merk; Kiesegel 60F and
production of the long-lived MY is a demerit to keep the benzene as an eluent). The products were confirmed by
reaction system reproducible for a long time. Thus, it is comparing with the characteristic spectra of authentic samples.
necessary to search for efficient sensitizers that are able to Transient Absorption Measurements.The nanosecond laser
generate the long-lived MYV without a sacrificial electron flash photolysis apparatus was a standard design with Nd:YAG
donor, making the processes cyclic including photosensitizer. laser (fwhm 6 ns}*1°The solutions were photolyzed with THG

In the previous study, we revealed that the excited triplet stateslight (355 nm). The time profiles were followed by a photo-
of thiones with N atoms such as pyridine-Bi{)tthione (2-PyT), multiplier tube (PMT) as a detectét2°The deaerated and,©
pyridine-4(HH)-thione (4-PyT), and l8-purine-6-thione (PuT) saturated sample solutions for photolysis were obtained by Ar
have high electron-donor ability by means of laser flash and Q gas bubbling, respectively, in a rectangular quartz cell
photolysist#15In the present paper, we applied these thiones with a 10 mm optical path at 23C.
as efficient photosensitizers for the production of the long-lived  Absorption spectra of the radical cations of thiones were
MV * without a sacrificial electron donor. We present the results measured by irradiation in frozen glassy butyl chloride at 77
of a detailed mechanistic study of the photoreduction off1V K.
by the triplet states 3PT*) of these pyridinethiones and MO Calculations. The SOMO energies of the triplet states
purinthione (PT) for the production of the long-lived MVin of thiones were calculated by the unrestricted open-shell
agqueous media. The effect of pH on the persistency and theHartree-Fock (UOHF) method on the geometries optimized at
formation quantum yield of MY has been revealed by means the MNDO/CI level using the MOPAC program packdg&@he
of laser flash and steady-state photolysis methods. Finally, we LUMO energies of the corresponding disulfides were calculated
found that PT's are effective photosensitizers with self-repairing by the restricted HartreeFock (RHF) method?
ability.

Experimental Section Results and Discussion

Materials. Commercially available pyridine and purine Steady-State Absorption Spectra.Figure 1A shows the
thiones (PT) and dipyridine disulfides (DPDS) were purchased steady absorption spectra of 2-PyT (0.2 mM) in agueous buffer
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Figure 1. (A) Steady-state absorption spectra of 2-PyT (0.2 mM) in 030 360 om
aqueous buffer solutions with optical path length 1.0 cm. The spectrum F £ ool 600 nm
shorter than 300 nm in pH 4.01 was not observed due to the absorbance s .
of buffer solution at pH 4.01. (B) spectra of (a) 2-PyT (0.2 mM), (b) . 0.1-1
MV?2*+ (3.0 mM), and (c) their mixture and (d) the simulated spectrum g 0 -(') T s
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Figure 4. Transient absorption spectra observed by laser photolysis
of 2-PyT (0.2 mM) in the presence of MV (0.8 mM) with 355 nm

200 : 6(|)0 : 300 light in Ar-saturated aqueous solution at pH 7.00. The inset shows time

Wavelength (nm) profiles of absorption bands at 460 and 600 nm.

Figure 2. Absorption spectral changes observed by steady photolysis formation of the long-lived MV was observed by the steady-
of 2-PyT (1.0 mM) in the presence of MV (3.0 mM) with light (> 330 light illumination of all thiones (2-PyT, 4-PyT, and PuT) with
nm) in Ar-saturated aqueous solution at pH 7.00. The inset shows the MV 2+ ' '

rise plot of MV** at 605 nm. . . . .
Transient Absorption Spectra. The transient absorption
solutions at pH 4.01, 7.00, and 9.18. By changing the pH in measurements were performed by laser photolysis to understand

the range 1.689.18, no significant change in the steady-state Eﬂe ror:etof tge trlplett_stat?s (iL thiones atr_1d th? tr;:eclhanlsl_m gf
absorption spectra of 2-PyT was observed. In addition, the € photoredox reaction for the generation of the fong-iive

. : : MV * in aqueous solutions. The transient absorption spectra
absorption spectrum of the mixture of 2-PyT and #\& shown . .
to be equal to the simulated one by adding each solution of observed by laser photolysis of 2-PyT (0.2 mM) with 355 nm

2-PyT and M\#" (Figure 1B). No evidence for ground-state light n the presence of MY (0'8 mM) in Ar-saturated aqueous
; . . o solution (pH 7.00) are shown in Figure 4. An absorption peak
interaction was found under the experimental conditions used. S . .

L at 460 nm, which is observed immediately after the nanosecond
Similar results were observed for 4-PyT and PuT.

- Y ) laser pulse, is attributed to the triptetriplet absorption band
Steady-State Photolysis. Reversibility of Photoreduction

c - of 2-PyT B(2-PyT)*], as assigned in our previous studylrhe
Reaction.The spectral changes observed by steady-ligBB0 decay of¥(2-PyT)* was accelerated in the presence of MV

nm) illumination of 2-PyT (1.0 mM) in the presence of MV After the decay of(2-PyT)*, new absorption bands of MY
(3.0 mM) in aqueous buffer solution at pH 7.00 are shown in gpneared at 390 and 600 #ri#1819The decay rate G{2-PyT)*
Figure 2. The new absorption band appearing at 605 nm is a4t 460 nm seems to be in good agreement with the rise rate of
attributed to the methyl viologen radical cation (MY.5131819 v+ gt 600 nm (inset in Figure 4), indicating that MVis

The absorption intensity of MV increases with the time of  formed due to electron transfer frot2-PyT)* to MV2* at pH
the steady-light illumination and reaches a maximum concentra- 7,00 as in eq 12111415

tion at ca. 1.5 min (inset of Figure 2). The inset of Figure 2

also shows that the maximal concentration of W\almost PyT hw 3(PyT)* Myt PyT" + MV @
remains the same during illumination for a long time. (355 nm) Der
Figure 3 shows that MV decays slowly after switching-off A similar behavior was observed at pH 4.01 and 9.18. With

the light source, indicating that MV is reoxidized to M\?* in the decay of(4-PyT)* at 430 nm [0R(PuT)* at 475 nm[4:15
the dark. After the complete disappearance,'MWas regener-  the rise of MV*+ was observed by the laser photolysis of 4-PyT
ated by switching-on the light again, indicating that the (or PuT) in the presence of MV with 355 nm light in Ar-
reproducibility of the phenomenon; i.e., the reversible photore- saturated buffer solutions due to electron transfer figrPyT)*
dox process takes place!t 13 [or 3(PUT)*] to MV2*,

Such a reversible photoredox process was observed in buffer Kinetics and Quantum Yield of Electron Transfer. Each
solutions at pH 9.18 and 4.01 and also for 4-PyT and PuT. At decay curve o}(PT)* obeys first-order kinetics, giving the first-
pH 1.68, on the other hand, no spectral change due to theorder rate constankgs), which is in good agreement with the



1308 J. Phys. Chem. A, Vol. 103, No. 10, 1999 Alam and Ito

—

TABLE 1: Observed Rate Constants Ko, Formation

Quantum Yield (®.) of MV *+, and Electron-Transfer Rate 3 C=s @
Constants (. for the Reaction between Triplet States of - [
Thiones with MV 2+ at 23 °C in Aqueous Buffer Solutions Eos_
compd pH Kobd (M~2s7%) D ke (M~'s™) £
g L
2-PyT 9.18 2.7 10° 0.55 1.5x 1¢° g -
7.00 2.4x 10° 0.50 1.2x 1¢° N
4.01 2.2x 10 0.45 1.0x 1@ 2031
1.68 2.1x 10° 0.42 8.8x 10° & |
4-PyT 9.18 3.2¢ 1¢° 0.49 1.6x 10° 202l
7.00 3.1x 10 0.42 1.3x 1¢° f
4.01 2.5x 1@ 0.40 1.0x 1@ 2
1.68 2.4x 10° 0.39 9.4x 10° 0.1+
g
PuT 9.18 3.3 10° 0.43 1.4x 1@ 2 0
7.00 2.9x 10° 0.41 1.2x 1@ 0 '
4.01 2.7x 10 0.38 1.0x 1@
1.68 2.5x 10° 0.35 8.7x 10°

o ] ) Figure 5. Plots of (A) electron-transfer quantum yieldBd) of MV **
2 Estimation error ist5%. ® d¢ was evaluated using eq 2 and from  ys pH obtained by transient absorption measurements and (B) steady-
the plateau of the plot [MV]maf[3(PT)*Imax vs [MV?],202t wheree state formation yield®sg) of MV** vs pH for the thione/M¥* systems
= 7140 M~*cm! at 460 nm for(2-PyT)*, 6700 Mt cm~* at 430 nm in aqueous buffer solutions.
for 3(4-PyT)*, 6100 Mt cm™ at 475 nm for¥(PuT)*, and 1.37x 10*

M~ cm™ at 600 nm for MV™ were used® 1519 Sk = Pekops 202t :
@A) « 40F 600 nm
) i . g 02 . 2.k
corresponding first-order rate constant evaluated from the rise BN < 2,
curves of MVt at 600 nm. Thesds; values increase with £ Y, R T
[MV 2+], giving the second-order rate constaky,§ for 3(PT)* ﬁ 0.1 Mme (Hs)
with MV2* in aqueous solutions. They are summarized in Table < ghaadeoy
1. 0lxud L I . I )
Since 3(PT)* and M\** were observed in the same time 0 5 10 15
frame, the efficiency of MW" formation due to photoreduction © 0 23_ ®) P OF 600 m
of MV?2* via 3(PT)* could be calculated from the absorbance I - 3 40
(Ac refers to maximum absorbance of MVand Ar to initial @ o =20 Jinn
maximum absorbance &fPT)*) and extinction coefficients¢ z 0.1:- Y fast % 20 40 60 80
refers to that of MV" ander to that of3(PT)*) as in eq 2021 f, . . _time (us)
_ e
. 0 1 1 | | ! L
MV " ol CPT) e = (Ade)(Arler)  (2) 0 20 a0 e 80
Time (K s)
Upon substitution of the reported values &rander, 131519 Figure 6. Absorption vs time profiles for the decay of MVat 600

[MV M mal[3(PT)*Imax Values were evaluated. The plot of nm within (A) 15us and (B) 8Qus obtained by laser photolysis of the
MV *Hmad[3(PT)*|max VS [MV2*] reaches a plateau, yielding 2-PyT/MV2* system in aqueous solution at pH 7.00. The insets show
the electron-transfer quantum yield®¢).2%2! The ®, values second-order plots.
are listed in Tab_le 1. All reaction systems in Table_l s_how that scHEME 1
d¢; values are in the range of ca. 0-40.55. This indicates
that all of3(PT)* was not always involved in the photoreduction — * k — "
of MV 2+ to MV**, suggesting that some deactivation processes <\j>:5 FMVE <\j>:s + MV*T
such as charge-transfer interaction may take place concomitantly N N
with the electron-transfer process. Thus, the rate constiagts ( \H \H
for electron transfer from(PT)* to MV2" can be evalu:?lted by YQ-PyT)* Q-PyTy*
the relationke; = Det kops 222 Theseke values are also listed in
Table 1. The values ofb¢ and ke are in the order 2-PyP® y%ﬂ\[
4-PyT > PuT in each buffer solution, which may be related to
the upper SOMO energies of triplet states of thiones. By MO 2
calculations’ it was found that the higher the value of the upper H* + @—s' ZByT + MV
SOMO energy of triplet states of thiones3.30 eV for3(2- \ N/
PyT)*, —3.32 eV for3(4-PyT)*, and—3.69 eV for3(PuT)*], 2.PyS’
the higher is the value obg; i.e., the donor ability ofPT*
increases with the high value of the upper SOMO energy. ‘km
The electron-transfer quantum yiel@4) of MV** for all — N
PT/MV?* systems at pH 9.18 is higher than those at pH 7.00 1/2@5—5-@
and 4.01 (Figure 5A), indicating that the formation of MV N —
may be retarded with lowering pH. The valueskgf for all 2-PyS-SPy-2
thiones at pH 9.18 are also larger than those at lower pH (Table
1).

)Back Electron Transfer. In the transient measurements, Figure 6), which indicates that a part of MVreverts back to
MV** begins to decay with two different time scales (fast and MV?* by back electron transfer to PyT (Kt in Scheme 1).
slow decay parts) after reaching a maximum, as shown in Figurekibet Was calculated from the slop&'ye/emy+) of the second-
6. The fast decay part obeys second-order kinetics (inset inorder plot (1/Abs vs time) on substitutirgy+ = 1.37 x 10*
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TABLE 2: Percent Decays of M\t and Rate Constants for SCHEME 2: Self-Repairing Cyclic Process for
Back Electron Transfer Obtained from Both Fast and Slow Photoreduction of MV2*+ by 3(2-PyS)* in Aqueous
Decay Parts of MV** by Transient Measurements and the Solutions (pH > 4)
Steady-State Formation Yield @sf) of MV evaluated by
Steady-Light Photolysis of Thione/M\2* Systems at 23°C in MV
Aqueous Buffer Solutiong hv 3 = * .
fast Kipe? slow Kobel \ <\__1\>:S N
compd pH decay% (M-'sl) decay% (M-lsl) ogs 355 nom 4 _ .
2-PyT 9.18 50.0 5. 10° 50.0 57x 1> 0.17 @S
7.00 742 56<10° 258 56x 10° 0.16 @S fast N
4.01 76.1 5.5¢ 10° 23.9 57x 1®> 0.15 \ N H
1.68 98.5 5.6x 1¢° ~00 d 0.00 \ Kap
4-PyT  9.18 65.3 4.& 10 34.7 6.6x 1> 0.12 H )\,H*
7.00 75.6 5.0x 1¢° 24.4 6.8x 1> 0.10
4.01 77.0 5.3« 10° 23.0 6.5x 1> 0.09 - .
168 991 6.1x10° ~00 d 0.00 S \ S
PuT 9.18 68.9 4.4 10 31.1 8.3x 10° 0.09 - N

o— N —

S
kbet

ye

H+

e

7.00 74.9 4.6x 10° 25.1 8.3x 1> 0.08 ’:y

4.01 80.0 4.8¢ 10° 20.0 8.2x 1> 0.06 /-\& slow — N

1.68 98.9 5.3« 10° ~0.0 d 0.00 .S_(/i\>
a Estimation error ist5%. P Kipe and ks,e; Were evaluated from the N= — N \

second-order plots of the fast and slow decay parts of Mat 600 OS'SQ

nm, respectively, by using= 1.37 x 10* Mt cm* for MV** at 600 N

nm1319 ¢ dgewas estimated by comparing the steady-state concentra- MV2*

tion (maximum) of MVt at 605 nm with the initial concentration of

w;osnﬁgt%bosgwdlr;taguef.%ss.bUﬁer solutiofighe long-lived MV to 2-PyS-SPy-2 in aqueous solution at pH 7.00 (Figure 6B).

Similarly, theks,; values for other systems in different buffer

cm~1 M~Lat 600 nmt319Thekf,e value is close to the diffusion- ~ Solutions were calculated as listed in Table 2.

controlled limit, kgir = ca. 6.4x 10°® M~1 s in aqueous The kd,et values are almost the same in all agueous solutions

solutions2? (pH 9.18, 7.00, and 4.01), supporting the contribution of the
The slow decay part may correspond to the long-lived disulfides, because the pH of the solution does not affect the

MV++13.1819The deprotonation reactiomd in Scheme 1) of properties of the disulfides. On the other hand, the values of

PyT" to the pyridylthio radical (Py$may competitively occur ~ K'bet decrease in the order PUT 4-PyT > 2-PyT, which may

with the back-electron-transfer reaction from M\to PT+. be related to the electron-accepting ability of the corresponding

Then, PySmay recombine into disulfide (PySSPy in Scheme disulfides. By MO calculation¥] it was found that the lower

1).16In the case of 2-PyT, 2-Py®as an absorption maximum the value of the LUMO energy of disulfide-0.47 eV for PuS

at 490 nm#6 thus, a weak rise of the transient absorption band SPu,—8.99 eV for 4-PyS-SPy-4, and-7.66 eV for 2-PyS-

observed at 490 nm may be attributed to 2-Pycause of  SPy-2), the higher is the value &fye in agueous solutions

the low extinction coefficient of 2-Py$%e = ca. 3000 Mlcm1 (Table 2). Since the LUMO of all the disulfides in our study

at 490 nmjé compared witi#(2-PyT)* (¢ = 7140 M~ cmt at has thes* character on the SS bond, as pointed out by Shiéfa,

460 nmy5and MV** (e = 1.37 x 10* M~ cm1 at 600 nm):3.19 the anion radicals of disulfides easily dissociate into the

This observation supports the deprotonation of Pyto PyS. corresponding thio radicals and thiolate anions (eq?23),
From the long-decay time profile of MV at 600 nm (Figure ~ Which accepts H returning to thione (eq 3c).

6B), it was evaluated that 74.2% of the total of M\follows

the fast decay process and the rest (25.8%) follows the slow MVt 4+ PyS—SPyE*MVZJ’ + PyS-SPy~  (3a)
decay process in buffer solution at pH 7.00. This finding

suggests that 74.2% of 2-PyTaccepts an electron from MYV, PyS-SPy~ Ko PyS + PyS (3b)
while 25.8% of 2-PyT" changes to 2-PySwhich immediately

converts to disulfidek in Scheme 1). Similarly, the percentages PyS A PyT (3c)

of the competitive decay processes for other systems in different

buffer solutions were calculated as listed in Table 2, which  Reaction Mechanism.The whole reaction processes for the
shows that the formation efficiency of the long-lived MMs continuous photoreduction of MYV to generate MY by 2-PyT
higher (50.0% for 2-PyT/M¥* system) at pH 9.18 than those as a representative of the thione photosensitizers can be
at pH 7.00 and 4.01. It is natural that the deprotonation reactionillustrated as in Scheme 2. Since 2-Py8oduced by the

of PyT" to PyS may be easier at higher pH. The formation dissociation of (2-PySSPy-2)~ can be reused to form (2-PyS
ability of the long-lived MV/* for the 2-PyT/M\2* system is SPy-2) again, the whole process completely establishes a cycle,
higher than those for 4-PyT/MAY and PuT/M\Z+ systems, in which 2-PyT acts as a catalytic photosensitizer to produce
which may be related to a higher deprotonation ability of MV**. It is noteworthy that thiones can repeatedly act as

2-PyT" than others. photosensitizer by their self-repairing ability to continuous
The slow decay part also seems to obey second-order kineticsreduction of M\2" in aqueous solutions.
(inset in Figure 6), suggesting electron transfer from X6 To identify the formation of disulfide as an intermediate of

PyS-SPy (eq 3a), which may be slow because of an endo- the photoinduced electron-transfer reactions between PT’s and
thermic process. Such slow back electron transfer observed inMV?2*, O, was added to the photoirradiated solutions containing
this study is similar to the observations reported for aryl maximal MV**. O, accepts an electron from MYV leaving
disulfides and distannané?* The slope of the second-order stable compounds, in which the disulfides were confirmed as
plot of the slow decay part yieldekhet = 5.6 x 10° M~1 st described in the Experimental Section. This observation supports
for the 2-PyT/M\2* system due to electron transfer from NV the radical coupling route of Scheme 1.
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in aqueous buffer solutions. The long-lived M\vas caused

by deprotonation of PT, which occurs competitively with back

1 electron transfer from MY to PT*. The reproducibility for

the production of the long-lived MY indicates that deproto-
nation of PT' yields the thio radical, which is immediately
converted into disulfide with less efficient electron-accepting
ability by a radical coupling reaction. The slow oxidation of
MV** to MV2+ was assigned to endothermic electron transfer
to the disulfide. Finally, thione was recovered by reprotonation
of thiolate anion, which is produced by disproportionation of
the radical anion of disulfide. These processes are quite
reproducible, suggesting that 2-PyT, 4-PyT, and PuT are quite
efficient photosensitizers having self-repairing ability for the

: light off

qa 605 nm
(in the dark)

2

Abs

0.5 1
time (min)

Absorbance
[

i
0 T 80
Time (min)

Figure 7. Plots of absorption intensity of MV at 605 nm vs time
under steady light illumination and in the dark for thione/M\8ystems

in agueous solution at pH 9.18. The inset shows the rise plots of MV
at 605 nm.

The steady-state formation yiel®§f) of MV*+ was calcu-

lated by comparing the steady-state concentration (maximum)

of MV** at 605 nm with the initial concentration of thiones
(2.0 mM), as listed in Table 2. The values®§rdid not change
much in the pH range 4.619.18, as shown in Figure 5B, but

continuous photoreduction of MY without using a sacrificial
electron donor.
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