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Abstract

The photoinduced hydride transfer reaction between methylene blue (MB+) and leuco crystal violet (CVH) was investigated spec-
trophotometrically under conditions of direct excitation of MB+ with steady-illumination of visible light and of photosensitization by
benzophenone (BP) and �-nitronaphthalene (NNP) with UV light. It was found that upon the irradiation of the solution of MB+ and CVH
with visible light, MB+ disappeared and crystal violet (CV+) formed simultaneously. The ratio of the CV+ concentration formed to that of
MB+ consumed was unity. The photosensitized reactions by NNP gave similar results. From the findings that the fluorescence of MB+ was
not quenched by CVH and the triplet photosensitizations were observed, it was concluded that the hydride transfer reaction in acetonitrile
occurs in the triplet state of MB+. The quantum yield for the disappearance of MB+ in acetonitrile was estimated to be 1.1 × 10−4 and it
was independent of CVH concentration. The electron transfer from CVH to triplet methylene blue (3MB+∗) and the back electron transfer
within the geminate radical pair must occur effectively. A spin adduct of a radical formed during the reaction was detected by the ESR
method with 2-methyl-2-nitrosopropane (MNP) as a radical trap. This radical was attributed to CV•. The results can be explained by a
mechanism with stepwise electron–proton–electron transfers. In tert-butyl alcohol, however, it was observed that the fluorescence of MB+
was quenched by CVH and the quantum yield of the disappearance of MB+ depended on CVH concentration. Different mechanism from
that in acetonitrile was proposed for the reaction in tert-butyl alcohol. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although some hydride transfer reactions have been be-
lieved to proceed through stepwise electron–proton–electron
transfer pathway [1–7], for hydride transfer reactions be-
tween NAD+ analogues in which the reactants and prod-
ucts have the same charge type and are structurally similar,
one-step mechanism of the type shown in Eq. (1) is proposed
[8–12]

A+
i + Aj H → AiH + A+

j (1)

Recently, we have studied the kinetics of the reactions
of leuco methylene blue (MBH) and leuco thionine (TH)
with some p-benzoquinones [13] and ferric ion (Fe3+) [14]
and reported that these reactions proceed through stepwise
hydride transfer pathways. However, the reaction between
MBH and thionine (T+) was found to be a reversible
one-step hydride transfer [15].
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Many studies have been reported on the photoreduction
of methylene blue (MB+) with various organic reducing
agents by steady-irradiation photolysis or by flash photoly-
sis. Nemoto et al. [16] used direct and sensitized photore-
duction of MB+ to determine intersystem crossing probabil-
ity for MB+. In the case of aromatic compounds for which
the standard free energy change (�G◦

et) of electron transfer
from these compounds to triplet MB+ is negative, the elec-
tron transfer was found to occur and produce semireduced
MB+ (MB•). Vogelmann et al. [17] and Kikuchi et al. [18]
found that the rate constant for the electron transfer in the
triplet state can be correlated to �G◦

et. Neumann et al.
[19] studied the photoreduction of MB+ in the presence of
arylaminomethanesulfonates (RC6H5NH2CH2SO3

−) and
found a relationship between the rate constants for the
quenching of MB+ triplet and �G◦

et. They also pointed
out that a second order decay rate constant for the MB• is
attributed to a proton transfer from the radical zwitterion
(RC6H5N+H2CH2SO3

−) to MB•. Timpe and Neuenfeld
[20] and Manring et al. [21] studied photochemistry of
MB+ with styrene and trans-stilbene, respectively. Since for
styrene and stilbene the �G◦

et values are positive for triplet
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MB+, photoreduction of MB+ was not observed with these
compounds of concentration at 10−4 M level. With higher
concentration (0.1–5 M), however, the photoreduction was
observed. They showed that the electron transfer occurs
between singlet MB+ and these compounds.

In these studies for photoreduction of MB+ with organic
reductants, the changes of species from MB+ to MBH were
mainly followed, but little was known for changes of reduc-
tants except for the formation of radical cation of aromatic
compounds.

Seava and Olin [22] studied the pyrylium salt sensi-
tized photooxidation of leuco crystal violet (CVH). They
followed both changes in pyrylium salt and CVH and
proposed the mechanistic scheme that shows a sequential
electron–proton–electron transfer process.

Since it is well known that MB+ acts as a hydride (or
electron–proton–electron) acceptor and CVH as a hydride
(or electron–proton–electron) donor, photochemistry of a
mixture of MB+ and CVH is expected to give informa-
tion for the detailed reaction mechanism. The electrochem-
ical properties of MB+ and CVH indicate that an electron
transfer from CVH to MB+ is a thermochemically unfa-
vorable process in the ground state, i.e. �G◦

et = +1.09 eV
(+105 kJ mol−1). Solutions of MB+ and CVH in some sol-
vents are stable in the absence of light, i.e. the decrease in
the concentration of MB+ and formation of CV+ could not
be detected spectrophotometrically even after several days.
Upon the irradiation of the solutions of MB+ and CVH with
visible light, the disappearance of MB+ and the simultane-
ous formation of CV+ were observed.

We report on the results of the photoinduced hydride trans-
fer reaction from CVH to MB+ studied in acetonitrile and
tert-butyl alcohol with steady-illumination method.

2. Experimental

2.1. Materials

MB+ Cl− and crystal violet (CV+ Cl−) were purchased
from Wako Pure Chemical Industries and used as received.
CVH, benzophenone (BP) and chloranil (CA) were pur-
chased from Wako Pure Chemical Industries and used after
recrystallization. �-Nitronaphthalene (NNP), allylthiourea
(ATU) and 2-methyl-2-nitrosopropane (MNP) were pur-
chased from Wako Pure Chemical Industries and used as
received. Acetonitrile and tert-butyl alcohol were dried over
a molecular sieve 3A-1/16 and distilled.

2.2. Kinetic measurements

For measurements of the rate of photoinduced hydride
transfer reaction between MB+ and CVH, solutions of MB+
and CVH were deaerated by bubbling with nitrogen gas
or degassed by four freeze–pump–thaw cycles. The solu-
tions in a 10 mm quartz cell were irradiated with a 650 W

projector lamp filtered through a Toshiba interference filter,
KL-65, with maximum emission at 650 nm (band width at
half-height, 20 nm), a wavelength at which radiation is ab-
sorbed only by MB+. For the photosensitized hydride trans-
fer reactions, solutions of MB+, CVH and a sensitizer (BP
or NNP) were deaerated by bubbling with nitrogen gas. They
were irradiated with a 650 W projector lamp filtered through
two filters (Toshiba glass filter, UV-35 and UVD36C); maxi-
mum emission at 365 nm (band width at half-height, 50 nm),
a wavelength at which radiation is absorbed by BP or NNP.

Absorption spectra were measured at several reaction
times under steady-illumination conditions at room temper-
ature with a Hitachi 2001 spectrophotometer. Fluorescence
spectra were measured at room temperature with a Shi-
madzu spectrofluorophotometer, model RF-1500. Excitation
was effected at 650 nm in each case in order to prevent the
interference of the products.

2.3. ESR measurement

Reaction solutions of MB+ and CVH were introduced
separately into an H-shaped tube with a side tube (i.d. 1 mm)
for ESR measurements (when spin trapping was used, solu-
tions of MB+, CVH and MNP were introduced separately
into three tubes). After the solutions were degassed by freez-
ing and thawing under vacuum, the solutions were mixed
and transferred into the side tube. After the mixed solution
in the side tube was irradiated with visible light, ESR spec-
trum was measured with a JEOL JES-FE3XG spectrome-
ter equipped with a 100 kHz field modulator and a TE 011
cavity.

3. Results

We have checked briefly whether thermal hydride trans-
fer occurs between MB+ and CVH. Spectra of solutions of
MB+ and CVH in dry acetonitrile did not change even after
several days in the absence of light.

As mentioned above, upon the irradiation of the solutions
of MB+ and CVH with visible light, MB+ disappeared
and CV+ formed. Fig. 1 shows the change in absorption
spectrum for the reaction between MB+ and CVH. A clean
isosbestic point indicates the absence of significant concen-
tration of any intermediate species. After 520 min of irradi-
ation, it was found that MB+ disappeared completely and
the spectrum obtained at that time is consistent with that of
CV+. The straight line, which passes through the origin and
has the slope of unity, was obtained between the CV+ con-
centration formed (estimated using ε = 10,400 m2 mol−1 at
589 nm for CV+ and corrected for the small absorption by
MB+ at 589 nm) and the MB+ concentration consumed (es-
timated using ε = 8600 m2 mol−1 at 655 nm). Furthermore,
the ratio of the CV+ concentration formed at the time when
MB+ completely disappeared to the initial MB+ concen-
tration ([CV+]∞/[MB+]0) is unity when CVH is in excess.
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Fig. 1. Time dependence of the spectrum in the photoreac-
tion between MB+ and CVH in acetonitrile at room temperature
([MB+]0 = 1.0 × 10−5 M, [CVH]0 = 5.5 × 10−4 M, λex = 650 nm). Irra-
diation times are 0; 120; 300; 600; 1200; 2400;
4800; 9600; 31,200 s; after adding CA.

Fig. 1 also shows that the MB+ concentration was recovered
almost quantitatively to the initial value by adding CA to
the reaction mixture in which MB+ disappeared completely
(CV+ also formed with oxidation of CVH by CA). Fig. 2
shows the change in absorption spectrum for the reaction
between MB+ and CVH in tert-butyl alcohol at several
reaction times under excitation at 650 nm of a solution of
MB+ and CVH. The reaction is faster in tert-butyl alcohol
than in acetonitrile. As the spectrum in the inset of Fig.
2 shows, MB+ fully recovered on aeration (CV+ was not
formed with oxidation by O2). These findings show that
the disappearance of MB+ is due to its reduction to MBH.
The cycle of photoreduction and recovery of MB+ could be
repeated several times with little loss of MB+. The photore-
duction in every cycle accompanied the nearly quantitative
formation of CV+. The spectral changes in the second cycle
are shown in the inset of Fig. 2. Thus, the stoichiometry for
the reaction can be given by the following equation.

(2)

In order to know that the hydride transfer from CVH to
MB+ occurs in the singlet or the triplet state, we carried
out some measurements for fluorescence quenching of MB+
by CVH and photosensitized reduction of MB+ with CVH
using BP and NNP.

Turro and coworkers [23] studied photoinduced energy
and electron transfers between ketone triplet and some or-
ganic dyes. They pointed out that for the reaction of MB+
with 3BP∗ in acetonitrile solution, triplet energy transfer ef-
fectively occurs. Jockusch and Timpe also obtained the same
conclusion [24].

Fig. 2. Time dependence of the spectrum in the photoreaction be-
tween MB+ and CVH in tert-butyl alcohol at room temperature
([MB+]0 = 9.7 × 10−6 M, [CVH]0 = 8.7 × 10−4 M, λex = 650 nm). Irra-
diation times are 0; 20; 60; 360 s. Inset: spectral change in
the second cycle for the hydride transfer reaction starting from residual
CVH and MB+ recovered by oxidation of MBH with oxygen. Irradiation
times are 0; 30; 90; 540 s.

When BP was added to a MB+/CVH solution and was ex-
cited at 365 nm, the photosensitized reduction of MB+ was
observed, but the formation of CV+ was not clear (Fig. 3(a)).
As is shown by the spectra of dashed lines in Fig. 3(a) which
show the separation of the spectrum into two components,
CV+ exists in the reaction mixture, but its amount is smaller
than expected. This may be due to the further reaction of
CV+ with 3BP∗ during the irradiation as discussed in de-
tail by Jockusch and Timpe [24]. We also ascertained the
disappearance of CV+ by irradiation at 365 nm to the solu-
tions of CV+ and BP. Fig. 3(b) shows the spectral change
of the photosensitized hydride transfer using NNP as an-
other sensitizer. The decrease in MB+ concentration and
simultaneous formation of CV+ are clear in Fig. 3(b). In

the absence of sensitizers, no photoreduction of MB+ was
observed by the irradiation at this wavelength. The fluores-
cence of MB+ was quenched by CVH in tert-butyl alcohol
(Fig. 4(a)), but was little affected in acetonitrile.

The quantum yield (φ) of the photoreduction of MB+
with CVH was estimated using the value of 1.2 × 10−2 for
photoreduction of MB+ by ATU in ethanol according to
the method of Koizumi and coworkers [16,25]. The value
of φ = 5.3 × 10−4 was obtained in ethanol and this value
was independent of the concentration of CVH in the range
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Fig. 3. (a) Change in spectrum for the reaction between MB+ and CVH photosensitized by BP ([MB+]0 = 1.0 × 10−5 M, [CVH]0 = 3.4 × 10−4 M,
[BP]0 = 1.9 × 10−3 M, λex = 365 nm). Irradiation times are 0; 180 s. Dashed lines show the separation of the spectrum into two components.
(b) Change in spectrum for the reaction between MB+ and CVH photosensitized by NNP ([MB+]0 = 7.9 × 10−6 M, [CVH]0 = 5.5 × 10−4 M,
[NNP]0 = 7.3 × 10−4 M, λex = 365 nm). Irradiation times are 0; 300; 900 s.

Fig. 4. Dependencies of (a) the fluorescence intensity of MB+
(λex = 650 nm) and (b) the quantum yield of the disappearance of MB+
on the concentration of CVH. Solid lines show calculated values (see
text).

of (1–10)× 10−4 M. The quantum yields in acetonitrile and
tert-butyl alcohol were estimated by comparing the rates of
disappearance of MB+ in these solvents with that in ethanol.
The quantum yield obtained in acetonitrile was φ = 1.1 ×
10−4 and was independent of the concentration of CVH in
the rage of (1–10)×10−4 M. However, φ in tert-butyl alcohol
was found to be considerably larger than that in acetonitrile
and ethanol, and to depend on the concentration of CVH in
the range of (0.5–8.0) × 10−4 M (Fig. 4(b)).

4. Discussion

As mentioned above, the fluorescence of MB+ was not
quenched by CVH in acetonitrile and BP and NNP pho-
tosensitized the hydride transfer reaction from CVH to
MB+. These findings indicate that the hydride transfer re-
action between MB+ and CVH occurs in the triplet state of
MB+ (possibility of reaction in the singlet state cannot be

excluded in tert-butyl alcohol). It was reported that many
photoreductions of MB+ with various reductants such as
EDTA, ATU and so on proceed in the triplet state of MB+
[16,19,25,26]. The photoreduction of MB+ by styrene
[20] however, is reported to proceed in the singlet state of
MB+, because the standard free energy change for electron
transfer from styrene to triplet methylene blue (3MB+∗)
is positive and this process is thermodynamically unfavor-
able.

The standard free energy change of the electron transfer
from CVH to 3MB+∗ can be estimated with the Rehm and
Weller equation [27,28].

�G◦
et = E(CVH•+/CVH)◦ − E(MB+/MB•)◦

−E0,0 − ECoul (3)

Here E(CVH•+/CVH)◦ is the oxidation potential of CVH
(0.70 V versus SCE [29]), E(MB+/MB•)◦ the reduction
potential of MB+ (−0.39 V versus SCE [18]), E0,0 the
excitation energy for the triplet state of MB+ (1.44 eV
[18]) and ECoul is the Coulombic energy of solvation of
the solvent-separated ions (which can be neglected in the
present case, because products of electron transfer between
MB+ and CVH are MB• and CVH•+). The value of �G◦

et
calculated is −0.35 eV (−33.7 kJ mol−1). This supports the
conclusion that the photoreduction of MB+ occurs in the
triplet state.

Kikuchi et al. [18] studied the electron transfer reaction
between 3MB+∗ and aromatic compounds, and obtained the
relationship between the rate constant and the standard free
energy change of the electron transfer reaction in the triplet
state. When �G◦

et is less than −41.8 kJ mol−1, the rate con-
stant is the order of the diffusion-controlled rate. From the
�G◦

et value for MB++CVH, the rate constant of the electron
transfer reaction is estimated to be about 6 × 109 M−1 s−1

using the curve which shows the relationship between the
rate constant and �G◦

et given by Kikuchi et al. Since the
lifetime of the triplet state of MB+ is rather long (45 �s in
water [30]), the electron transfer may occur almost exclu-
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sively from CVH to 3MB+∗ in the case of [CVH] > 1 ×
10−4 M (conditions used in the present study).

Grampp and Hetz [31] studied back electron transfers
within geminate radical pairs formed by photoinduced elec-
tron transfer from several aromatic donors (D) to triplet
thionine (3T+∗), and gave the plot of the rate constant of
back electron transfer versus the standard free energy change
�G◦−et which was calculated from

�G◦
−et = E(T+/T•)◦ − E(D+/D)◦ (4)

where E(T+/T•)◦ is the reduction potential of T+ and
E(D+/D)◦ the oxidation potential of D. From the resem-
blance in the electronic and geometric structure between
MB+ and T+, we can estimate the rough rate constant of
back electron transfer for MB+ from the value of �G◦−et
using the plot which shows the relationship between the
rate constant of back electron transfer and �G◦−et for T+.
We could obtain the value of about 1 × 109 s−1 for k−et
using the value of −1.09 eV (−105 kJ mol−1) for �G◦−et.

As mentioned above, the electron transfer between
3MB+∗ and CVH and the back electron transfer within
the geminate radical pair are fast and these processes
must be the main processes. However, these reactions do
not result in the hydride transfer from CVH to MB+.
The hydride transfer reaction may be rather a minor re-
action in the present system; this is clear from the small
quantum yield for the disappearance of MB+ mentioned
above.

Two mechanistic pathways must be considered as possi-
bilities for the hydride transfer process. They are a direct
hydride transfer and a stepwise electron–proton–electron
transfer, as in the thermal hydride transfer reactions. These
mechanisms are shown in Schemes 1 and 2.

In the former single-step mechanism, the hydride trans-
fer process competes with the electron transfer process from

Scheme 1.

Scheme 2.

CVH to 3MB+∗, and the quantum yield (φ) for the disap-
pearance of MB+ is given as follows:

φ = φisc
kH[CVH]

(1/τT) + ket[CVH] + kH[CVH]
(5)

Here φisc is the quantum yield of intersystem crossing of
1MB+∗, τT the lifetime of triplet MB+, and ket and kH are
rate constants for electron and hydride transfer reactions.
The rate constant for this hydride transfer process can be
calculated to be 1.3 × 106 M−1 s−1 using φisc = 0.52 [16],
τT = 45 �s [30], ket = 6 × 109 M−1 s−1 and φ = 1.1 ×
10−4 (this corresponds to the observed one). In the previous
study, we have estimated the rate constant for the thermal
hydride transfer from TH to MB+ and obtained the value of
8.3×105 M−1 s−1 [15]. Since the reactivity of CVH is lower
than that of TH, but the reactivity of 3MB+∗ is much higher
than that of MB+, the value of 1.3 × 106 M−1 s−1 for the
reaction of 3MB+∗ with CVH seems to be possible.

In the latter multi-step mechanism, the proton transfer
process in the geminate radical pair formed by the electron
transfer step may compete with the back electron transfer
process. If the quantum yield for the photoreduction of MB+
is determined by the efficiencies of the intersystem crossing
and the proton transfer step, it is expressed as follows:

φ = φisc
kp

k−et + kp
(6)

where k−et and kp are rate constants for back electron transfer
and proton transfer within geminate radical pair. The value
of 2.1 × 105 s−1 for kp was obtained by using values for
φisc and k−et mentioned above. In Schemes 1 and 2, the rate
constants estimated are shown. The rate constants for steps
included in the mechanism shown in Schemes 1 and 2 are
all possible, and it is difficult to say which mechanism is
more plausible from this point of view.

In the previous studies on flash photolysis of MB+ in
acetonitrile, transient absorption spectra of 3MB+∗ and the
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semireduced dye (MB•) were observed. In the present sys-
tem, the formations of these species are major processes.
However, the detection of these species are not conclusive
factors to determine which scheme is more plausible, be-
cause these species are main intermediates in both reaction
schemes. If MBH•+ (or CV•) can be detected, it can be said
that Scheme 2 is better. As is shown in Scheme 2, however,
MBH•+ is only minor species in the events from 3MB+∗ (if
exists, the expected concentration of MBH•+ is 10−3 times
less than those of 3MB+∗ and MB•), and it may be difficult
to detect it even by flash photolysis.

In the reaction system of photoinduced hydride transfer
from CVH to MB+, no ESR signal was observed. This shows
that stable radicals are not present in this system. Spin trap-
ping is known to be a powerful method for detecting unsta-
ble neutral radicals. MNP is known as a spin trap. In order
to obtain further information for radicals occurring in the
present system, we added MNP to the MB+/CVH system.
Although the quantum yield of the photoreduction of MB+
is very small, it seems to be possible to observe CV• by spin
trapping method, because main pathway is that goes back to
the reactants (any side-reactions is neglected) and the spin
adduct can be accumulated. A triplet with a hyper fine cou-
pling constant (hfcc) of 1.60 mT and g = 2.0058 was ob-
served and can be ascribed to a spin adduct. It was reported
that 3BP∗ reacts very effectively with CV+ and produces
CV• radical by the electron transfer from 3BP∗ to CV+ [24].
Therefore, the triplet with a hfcc of 1.61 mT and g = 2.0058
obtained from photoreaction of BP/CV+ system with MNP
as a spin trap can be ascribed to the spin adduct of MNP with
CV•. The ESR spectra observed in these systems are very
similar. If the ESR signal shown obtained in MB+/CVH sys-
tem is identical to that obtained in BP/CV+ system, it can
be said that CV• radical is present in MB+/CVH system.

Saeva and Olin [22] reported that the photoexcited cation
(2,4,6-tri-p-tolylpyrylium tetrafluoroborate) sensitized oxi-
dation of CVH occurs by a sequential electron–proton–electron
transfer process. The mechanism associated with the se-
quential electron–proton–electron transfer within the gem-
inate pair as shown in Scheme 2 is probable also for the
photoinduced hydride transfer between MB+ and CVH in
acetonitrile.

The photoreduction of MB+ with CVH in tert-butyl al-
cohol shows several different aspects from that in acetoni-
trile. It was found that (1) the disappearance of MB+ in
tert-butyl alcohol is much faster than that in acetonitrile;
(2) CVH quenches MB+ fluorescence in tert-butyl alcohol
(the possibility that the decrease in the intensity of MB+
fluorescence found upon the addition of CVH in tert-butyl
alcohol comes from the absorption of the exciting light by
CV+ formed in the fast reaction is excluded by the follow-
ing fact that the absorption spectrum of the solution was lit-
tle changed after the measurement of the fluorescence and
the absorption coefficient of CV+ at 650 nm is very small
(ε650(CV+)/ε650(MB+) ≈ 0.05); and (3) the quantum yield
of disappearance of MB+ depends on the concentration of

CVH in the range of (0.50–8.0) × 10−4 M. These findings
seem to show that the photoinduced hydride transfer from
CVH to MB+ in tert-butyl alcohol occurs in the singlet state
of MB+. Judging from the short lifetime of 1MB+∗ (345 ps
in water [30]), however, it seems to be improbable that CVH
in the concentration of 10−5 to 10−4 M order interacts with
1MB+∗ in the normal manner. Indeed, Timpe and Neuen-
feld [20] used styrene of 5 M in the photoreduction of MB+
by styrene which is reported to occur in the singlet state of
MB+. Therefore, static quenching through the formation of
a complex between MB+ and CVH in the ground state may
be proposed to explain the observation in tert-butyl alcohol.

Hamai and Satou [32] observed that the fluorescence in-
tensity of MB+ reduced when Acid orange 7 (AO7) is added
to an MB+ aqueous solution in the low concentration of AO7
([AO7] = (0.1–1.0) × 10−4 M). They proposed the forma-
tion of non-fluorescent 1:1 complex between MB+ and AO7
in the ground state. In this system, the absorption spectrum
of MB+ also changes upon the addition of AO7. Neumann
et al. [19] proposed the mechanism which includes the for-
mation of a ground state ion pair for the photoreduction of
MB+ in the presence of arylaminomethanesulfonates. They
reported that the absorption spectrum of the ion pair is sim-
ilar to that of free MB+.

Although the indication of interaction between MB+ and
CVH in the ground state was not obtained by the differen-
tial absorption spectra of a 9.0 × 10−6 M solution of MB+
in tert-butyl alcohol with and without CVH in concentra-
tion of (0.1–8.0)× 10−4 M, the mechanism for the photore-
duction of MB+ in tert-butyl alcohol with the formation of
non-fluorescent 1:1 complex between MB+ and CVH (based
on Scheme 2) was tentatively proposed to explain the flu-
orescence quenching and the concentration dependence of
photoreduction rate.

MB++CVH
K→(MB+CVH)

MB+ + hν
I1→1MB+∗

(MB+CVH) + hν
I2→(1MB+∗CVH)

1MB+∗ k0→MB+ + hνf

1MB+∗ k1→MB+

1MB+∗ k2→3MB+∗

(1MB+∗CVH)
k1

et→MB• + CVH•+

(1MB+∗ + CVH)
k1

H→MBH + CV+

3MB+∗ + CVH
ket→MB• + CVH•+

MB• + CVH•+k−et→MB+ + CVH

MB• + CVH•+ kp→MBH•+ + CV•
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MBH•+CV• k4→MBH + CV+

Here K is the equilibrium constant for the formation of the
complex, I1 and I2 are the fractions of light intensities ab-
sorbed by free MB+ and the complex, respectively.

According to the above mechanism, the fluorescence in-
tensity of MB+ is given as

If = I1
k0

k0 + k1 + k2
(7)

Since the molar absorption coefficient of the complex can
be assumed to be the same as that of free MB+ from the
comparison of absorption spectra of MB+ with and without
CVH, I1 and I2 are expressed as follows:

I1 ∝ ε[MB+] (8)

I2 ∝ ε[MB+CVH] (9)

where ε denotes the molar absorption coefficient of MB+.
Since [MB+] and [MB+CVH] in the equilibrium mixtures
between MB+ and CVH are given as

[MB+] = 1

1 + K[CVH]
[MB+]t (10)

[MB+CVH] = K[CVH]

1 + K[CVH]
[MB+]t (11)

where [MB+]t is the sum of [MB+] and [MB+CVH], the
following equation is obtained

If

I 0
f

= 1

1 + K[CVH]
(12)

where I 0
f denotes the fluorescence intensity in the absence

of CVH.
According to the above mechanism, the quantum yield

of the disappearance of MB+ is expressed by the following
equation.

φ =
(

1

1 + K[CVH]
φisc + (1 + α)K[CVH]

1 + K[CVH]

)
β

+ K[CVH]

1 + K[CVH]
α (13)

where α = k1
H/(k1

et + k1
H) and β = kp/(k−et + kp).

In Fig. 4, the relative fluorescence intensity (If/I
0
f ) and the

quantum yield (φ) of the disappearance on MB+ are shown
as functions of [CVH]. The solid lines show the calculated
values of If/I

0
f and φ obtained using K = 7.0 × 102 M−1,

α = 4.9×10−3 and β = 5.4×10−3 with φisc = 0.52. These
values are all probable. The above mechanism can explain
the findings in tert-butyl alcohol. Although there is no direct
evidence for the formation of the complex and the nature of
the interaction between MB+ and CVH is not clear (London
dispersion force and “hydrophobic bonding” may work as
in the dimer formation of MB+ in aqueous solution [33]),

in the complex assumed in the above mechanism, CVH
may be loosely connected to the MB+ molecule by as-
sistance of tert-butyl alcohol and can transfer an electron
or a hydride ion to 1MB+∗ during the short lifetime of
1MB+∗.
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