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The electron transfer from the benzophenone ketyl radical in the excited state (BPH•(D1)) to several quenchers
(Qs) was investigated using nanosecond/picosecond two-color two-laser flash photolysis and nanosecond/
nanosecond two-color two-laser flash photolysis. The electron transfer from BPH•(D1) to Qs was confirmed
by the transient absorption and fluorescence quenching measurements. The intermolecular electron-transfer
rate constants were determined using the Stern-Volmer analysis. The driving force dependence of the electron-
transfer rate was revealed.

Introduction

Radicals are one of the most important intermediates in the
field of chemistry, biology, and physics. The properties and
reactivity of radicals have attracted the attention of numerous
scientists. Radicals have been applied to various photochemical
reactions. It is known that ketyl radicals of benzophenone (BP)
and acetophenone have high reducing power. Because of the
fact that these ketyl radicals can be conveniently generated using
the photochemical method, they recently have been used as
reducing agents of metal ions to fabricate metal nanoparticles.1-3

The excited radicals are also a promising candidate for the
reducing agent, because the excited radicals, which can be
obtained via photoexcitation of the radicals in the ground state,
have high reactivity, compared to radicals in the ground state.4

Some excited radicals, such as the diphenyl methyl radical,
naphthylmethyl the radical, and the benzophenone ketyl radical
(BPH•), have been indicated to show high reducing power.5-9

We have reported efficient photochemical fabrication of gold
nanoparticles in a poly(vinyl alcohol) (PVA) film using the
benzophenone ketyl radical in the excited state (BPH•(D1)).5

Although electron transfer from excited radicals has been
reported, the number is quite small, compared to that from
molecules in the singlet or triplet excited state.5-7 Furthermore,
the systematic research of the electron transfer from excited
radicals is also limited, even for the electron transfer from BPH•-
(D1). Turro et al. investigated electron transfer from BPH•(D1)
using a laser.6 They used metal salt and amines as quenchers
of BPH•(D1). However, the transient absorption measurement
of the electron-transfer process was not performed. In addition,
time-resolved investigation was impossible, because of the poor
time resolution of their instruments when taking the short
lifetime of BPH•(D1) into account.

Recently, the development of short-pulse lasers and detection
systems made the detailed investigation of short-lived species,
such as BPH•(D1), possible.8-10 In our previous papers, we
reported the electron transfer from ketyl radicals of benzophe-
none derivatives in the excited state (BPDH•(D1)) to the ground-
state parent molecules using nanosecond/picosecond two-color
two-laser flash photolysis.8,9 However, quantitative information

about the electron transfer from BPDH•(D1) was rather limited.
Because the quenchers also work as precursors of the radicals
in the experiment, the systematic research, such as the driving
force (-∆G) dependence of the electron-transfer rate, could not
be performed.

The difficulty of the investigation of the electron transfer from
BPDH•(D1) can be attributed to the serious requirement for the
electron acceptor in the experiment. The electron acceptor should
meet the following requirements. First, the triplet energy of the
electron acceptor should be similar to or higher than that of
BP. If the acceptor of triplet energy is lower than that of BP,
efficient triplet energy transfer from BP in the triplet state (BP-
(T1)) to the acceptor inhibits the formation of BPH•.11 Second,
the acceptor should be inert toward the reactive BPH•.

In the present paper, we used benzonitrile, 4-methoxyben-
zonitrile, 4-chlorobenzonitrile, pyrazine, benzoic acid, 1,4-
dicyanobenzene, 1,3-dicyanobenzene, BP, phthalimide,N-me-
thylphthalimide, and phthalic anhydride, which satisfy the
aforementioned requirements, as the electron acceptor. The
electron transfer from BPH•(D1) was investigated using nano-
second/picosecond two-color two-laser flash photolysis and
nanosecond/nanosecond two-color two-laser flash photolysis.
The electron transfers from BPH•(D1) to quenchers (Qs) were
confirmed by the transient absorption and fluorescence quench-
ing measurements. The intermolecular electron-transfer rate
constants were determined by the Stern-Volmer analysis. The
-∆G dependence of the electron-transfer rate was investigated.

Experimental Section

The nanosecond/picosecond two-color two-laser flash pho-
tolysis experiment was performed using the third harmonic
oscillation (355 nm) of a nanosecond Nd3+:YAG laser (Quantel,
Brilliant; 5 ns full width at half maximum (fwhm)) as the first
laser and the second harmonic oscillation (532 nm) of a
picosecond Nd3+:YAG laser (Continuum, RGA69-10; 30 ps
fwhm) as the second laser. The delay time of the two laser
flashes was adjusted to 1µs by four-channel digital delay/pulse
generators (Stanford Research Systems, Model DG 535). The
breakdown of xenon gas generated by the fundamental pulse
of the picosecond Nd3+:YAG laser was used as a probe light.
Transient absorption spectra and kinetic traces were measured
using a streak camera (Hamamatsu Photonics, Model C7700)
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that was equipped with a charge-coupled device (CCD) camera
(Hamamatsu Photonics, Model C4742-98), and were stored on
a personal computer (PC). To avoid stray light and pyrolysis
of the sample by the probe light, suitable filters were used. The
samples were allowed to flow in a transparent rectangular quartz
cell (1.0 cm× 0.5 cm× 2.0 cm). For the measurements of
both fluorescence spectra and decay profiles, the streak camera
was used as the detector.

The nanosecond/nanosecond two-color two-laser flash pho-
tolysis experiment was performed using the third harmonic
oscillation (355 nm) of an Nd3+:YAG laser (Quantel, Brilliant;
5 ns fwhm) as the first laser and the second harmonic oscillation
(532 nm) Nd3+:YAG laser (Continuum, Surelite II-10; 5 ns
fwhm) as the second laser. The delay time of two laser flashes
was adjusted to 1µs by three four-channel digital delay/pulse
generators. Two laser beams were adjusted to overlap at the
sample. The monitor light source was a 450 W xenon lamp
(Osram, Model XBO-450) that was synchronized with the laser
flash. The monitor light perpendicular to the laser beams was
focused on a monochromator (Nikon, Model G250). The output
of the monochromator was monitored using a photomultiplier
tube (PMT) (Hamamatsu Photonics, Model R928). The signal
from the PMT was recorded on a transient digitizer (Tektronix,
Model TDS 580D four-channel digital phosphor oscilloscope).
To avoid stray light and pyrolysis of the sample by the probe
light, suitable filters were used. The samples were contained in
a transparent rectangular quartz cell (1.0 cm× 1.0 cm× 4.0
cm) at room temperature.

BP, 1,3-dicyanobenzene, and 1,4-dicyanobenzene were pur-
chased from Tokyo Kasei and recrystallized three times from
ethanol before use. Phthalimide,N-methylphthalimide, phthalic
anhydride, and benzonitrile were purchased from Tokyo Kasei
and used as received. 4-Methoxybenzonitrile, 4-chlorobenzoni-
trile, pyrazine, and benzoic acid were purchased from Aldrich
and used as received. 1,4-Cyclohexadiene was purchased from
Aldrich and distilled before use. Sample solutions were prepared
in acetonitrile and deoxygenated by bubbling with argon gas
for 30 min before irradiation. All experiments were conducted
in an ambient atmosphere.

Results and Discussion

Generation of Ketyl Radical. BPH• was generated by the
hydrogen abstraction of BP in the triplet excited state (BP(T1))
from 1,4-cyclohexadiene. When BP was excited by the 355-
nm first laser, BP(T1) was formed via the fast intersystem
crossing (ISC) from BP in the singlet excited state (BP(S1)):

The rate constant of the ISC was reported to be∼1 × 1011

s-1.12 The formed BP(T1) abstracts the hydrogen from 1,4-
cyclohexadiene to form BPH•:

The rate constant of hydrogen abstraction was reported to be
2.9× 108 M-1 s-1.13 The absorption spectrum of the generated
BPH• with two peaks in the ultraviolet (UV) and visible regions
agrees with the reported spectrum (Figure 1).14 The decay curve
of BPH• was not changed, even in the presence of Qs, indicating
that the electron transfer from BPH• to Qs was negligible.

Fluorescence Spectrum and Lifetime of BPH•(D1). The
generated BPH• was excited at the visible absorption band, using
the second laser (532 nm, 10 mJ/pulse, 30 ps fwhm) with a

delay time of 1µs after the first laser (355 nm, 20 mJ/pulse, 5
ns fwhm).

Upon excitation, the fluorescence of BPH•(D1) with a peak at
582 nm, which is almost a mirror image of the absorption
spectrum of BPH•, was observed (see Figure 1). From the peak
of fluorescence, the energy of BPH•(D1) (∆E(D1 - D0)) was
estimated to be 2.1 eV. The lifetime of fluorescence (τf) is
dependent on the concentration of BP.8,9 When the concentration
of BP was 1 mM,τf was estimated to be 4.7( 0.2 ns. The
affect of 1,4-cyclohexadiene on theτf was negligible. In the
presence of Qs, the value ofτf decreased as the concentration
of Qs increased (see Figure 2). This observation indicates that
the intermolecular reaction between BPH•(D1) and Qs occurred.

Transient Absorption Measurement.In the Absence of Qs.
The transient absorption spectra in the absence of Qs during
the nanosecond/picosecond two-color two-laser flash photolysis
are shown in Figure 3. Immediately after the second laser
irradiation, the bleaching of BPH•(D0) is observed, together with
the appearance of an absorption band, with peaks at 350 and
430 nm, and a broad absorption band, at 600-800 nm.

Because the lifetime of the absorption band with peaks at
350 and 430 nm was similar toτf, the absorption band was
attributed to BPH•(D1).8-10 In the case of nanosecond/
picosecond two-color two-laser laser flash photolysis, the
bleaching amount appears rather low, because of overlap of the
absorption band of BPH•(D1) and artifacts such as the power
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Figure 1. Absorption (black line) and fluorescence (red line) spectra
of the benzophenone ketyl radical (BPH•) in argon-saturated acetonitrile
containing 1,4-cyclohexadiene (30 mM) and BP (5 mM). The absorption
spectrum was obtained during the 355-nm laser flash photolysis, and
the fluorescence spectrum was obtained during the 355- and 532-nm
two-color two-laser flash photolysis. Blanks around 355, 532, and 710
nm in the spectrum are due to the residual third harmonic generation
(THG) and second harmonic generation (SHG) of the Nd3+:YAG laser.

Figure 2. Kinetic trace of fluorescence intensity in the presence of
several concentrations ofN-methylphthalimide.

BPH•98
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and photon density of second laser, and overlap of two lasers.
The bleaching was clearer during the nanosecond/nanosecond
two-color two-laser laser flash photolysis, which covers a longer
time region (see Figure 4A). The bleaching of BPH•(D0) was
not recovered completely. The lifetime of the transient species,
which has a broad absorption band at 600-800 nm, was much
longer than that of BPH•(D1) (3 µs) (see Figure 4B). The
transient species was assigned to the BP radical anion (BP•-).14

The BPH•(D1) decayed via radiative and nonradiative relax-
ations, and unimolecular and intermolecular chemical reaction
processes (see Scheme 1).8,9,15,16Chemical reaction processes

were reported to be the O-H bond cleavage of BPH•(D1) and
electron transfer from BPH•(D1) to BP. In addition, the
ionization of BPH•(D0) by the second laser irradiation occurred
in polar solvents (see Scheme 2).16 BPH•(D0) was ionized via
stepwise two-photon absorption to form a diphenylmethanol
cation and a solvated electron (esolv

-). The esolv
- was quickly

trapped by BP to generate BP•- (see Scheme 2). The incomplete
recovery of the BPH•(D0) was caused by the chemical reaction
processes and ionization, because those processes do not
regenerate the BPH•(D0). For the generation of BP•-, there are
two pathways. One is the electron transfer from BPH•(D1) to

Figure 3. (A) Transient absorption spectra observed before laser irradiation (black line) and 0.5 ns (red line) and 15 ns (green line) after the second
laser irradiation during the nanosecond/picosecond two-color two-laser photolysis (355 and 532 nm) of BP (5 mM) in argon-saturated acetonitrile
containing 1,4-cyclohexadiene (30 mM). (B) The second laser was irradiated at 1µs after the first laser pulse. Blanks around 355 and 532 nm in
the spectrum are due to the residual THG and SHG of the Nd3+:YAG laser. Kinetic traces of∆O.D. at 420, 480, 550, and 680 nm (black, red,
green, and blue lines, respectively) during the nanosecond/picosecond two-color two-laser photolysis.

Figure 4. Kinetic traces of∆O.D. at (A) 550 nm and (B) 700 nm during the nanosecond one-laser irradiation (black line) and nanosecond/
nanosecond two-color two-laser irradiation (red line) of BP (5 mM) in argon-saturated acetonitrile containing 1,4-cyclohexadiene (30 mM). The
second laser was irradiated at 1µs after the first laser pulse.

SCHEME 1
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BP (see Scheme 3),8,9 and the other is the ionization of BPH•,
following the trapping of esolv

- to BP (see Scheme 2).16

The decay of generated BP•- did not follow the second-order
kinetics. Because the diphenylmethanol cation, which was
formed by the ionization of BPH• and electron transfer from
BPH•(D1), was quickly deprotonated to regenerate BP, the
charge recombination process between the diphenylmethanol
cation and BP•- was suppressed (see Scheme 4).17 It is suggested
that BP•- decayed via several complicated reactions, such as
reaction with a proton and/or BPH•.

The percentage of formed BP•- in the bleached component
of BPH• (fBP•-) when subjected to the second laser excitation
was calculated from eq 4:

whereεBP•- andεBPH• are the respective extinction coefficients
of BP•- and BPH• at each wavelength (εBPH• ) 3500 M-1 cm-1

at 550 nm, andεBP•- ) 1800 and 7000 M-1 cm-1 at 550 and
700 nm, respectively).15 The values of∆∆O.D.550 and∆∆O.D.700

were estimated from the result of nanosecond/nanosecond two-
color two-laser flash photolysis. From eq 3, it was revealed that
BP•- is formed in 14% yield among the bleached component
of BPH•. The percentage of formed BP•- in the present
experiment was smaller than that obtained in the previous
work,16 because the ionization of BPH• is dependent on several
artifacts, such as the second laser power and the overlap of two
lasers.

Intrinsic Fluorescence Lifetime of BPH•(D1). Because electron
transfer from BPH•(D1) to BP in the ground state occurs, the
intrinsic fluorescence lifetime of BPH•(D1) (τf0) was calculated
from eq 5:

wherek′ELT is the electron-transfer rate constant between BPH•-
(D1) and BP (2.1× 1010 M-1 s-1).9 From eq 4, the value ofτf0

was calculated to be 5.2( 0.4 ns.
In the Presence of Qs.The transient absorption spectra in

the presence ofN-methylphthalimide (10 mM) during the
nanosecond/picosecond two-color two-laser flash photolysis are
shown in Figure 5. In the presence ofN-methylphthalimide,
the absorption band of theN-methylphthalimide radical anion,
at ∼420 nm, was observed after the second laser excitation.18

As in the case of BP•-, two formation pathways of the
N-methylphthalimide radical anion were expected. One possible
process is the trap of esolv

-, which is generated from the
ionization of BPH•, by N-methylphthalimide. BecauseN-
methylphthalimide is a better electron acceptor than BP, esolv

-

would attach toN-methylphthalimide favorably. The other
process is the intermolecular electron transfer from BPH•(D1)
to N-methylphthalimide.

The percentage of generatedN-methylphthalimide radical
anions in the bleached component (fQs•-) was calculated from
eq 6:

whereεQs•- is the extinction coefficient of theN-methylphthal-
imide radical anion (εPI•- ) 3500 M-1 cm-1 at 420 nm).18 The
values of∆∆O.D.550 and∆∆O.D.420 were estimated from the
result of nanosecond/nanosecond two-color two-laser flash
photolysis. The percentage of generatedN-methylphthalimide
radical anions in the bleached component was 25%. Because
N-methylphthalimide is a favorable electron acceptor and its
concentration was larger than that of BP, the percentage of
generatedN-methylphthalimide radical anions increased. The
decrease of BP•- by the addition ofN-methylphthalimide can
also be explained by competitive trapping of esolv

- by N-
methylphthalimide and BP.

Figure 6 shows the kinetic traces of BPH•(D0) and N-
methylphthalimide radical anions during the nanosecond/
nanosecond two-color two-laser flash photolysis. The lifetime
of the formedN-methylphthalimide radical anion was estimated
to be 6 µs (see Figure 6B). The decay of the generated
N-methylphthalimide radical anion followed the second-order
kinetics (see Figure 6C). As mentioned previously, the diphe-
nylmethanol cation was quickly deprotonated to form a proton
and BP. Because theN-methylphthalimide radical anion would
decay predominantly via the reaction with a proton, the decay
follows the second-order kinetics (4× 1011 M-1 s-1).

In the case of Qs except forN-methylphthalimide and
phthalimide, the formation of radical anions was not observed,
although theτf of BPH•(D1) was decreased by the addition of
Qs. Because the radical anions of those Qs show only weak
absorption in the region of<350 nm, the radical anions cannot
be observed, because of the overlap with the absorption of
BPH•.14

Diffusion of BPH• in Acetonitrile. It is known that the
diffusion of radicals is anomalously slow, because of the strong
interaction between the radical and the surrounding molecule.19-21

SCHEME 2

SCHEME 3

SCHEME 4

fQs•- )
∆O.D.420εQs•-

|∆∆O.D.550εBPH•| × 100 (6)

fBP•- )
∆O.D.700εBP•-

|∆∆O.D.550εBPH• - ∆O.D.550εBP•-| × 100 (4)

1
τf

) 1
τf0

+ k′
ELT[BP] (5)
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According to the Smoluchowski equation, the diffusion-
controlled rate constant (kdiff) was expressed as11,22

whereDDA denotes the sum of diffusion constants of BPH•-
(D1) (DBPH•) and quenchers (DQs) anddcc is the reaction distance
(dcc ) 6 Å). DQs was calculated from the Stokes-Einstein
relation:11,22

wherekB is the Boltzmann constant,rA the radius of the solute,

η the viscosity of the solvent, andT the temperature.22 Terazima
et al. reported that theD value of BPH• that was generated
exhibitedD values that were 2-3 times smaller than that of
the parent molecule, even though BPH• and BP have almost
the same size and shape. Thus, we used theD value of BPH• in
acetonitrile for DBPH•, which was measured by the time-
resolved transient grating method.20 From eq 7, thekdiff value
of BPH• and Qs in the acetonitrile was calculated to be 1.6×
1010 M-1 s-1.

Rate Constant of Electron Transfer from BPH•(D1) to Qs.
To determine the intermolecular electron-transfer rate constant,
theτf value was measured as a function of the concentration of
Qs ([Qs]). The electron transfer from BPH•(D1) to Qs leads to
a decrease ofτf with increasing [Qs]. From the plots of the

Figure 5. (A) Transient absorption spectra observed before irradiation (black line) and 0.5 ns (red line) and 15 ns (green line) after the second laser
irradiation during the nanosecond/picosecond two-color two-laser photolysis (355 and 532 nm) of BP (5 mM) in the presence ofN-methylphthalimide
(10 mM) in argon-saturated acetonitrile containing 1,4-cyclohexadiene (30 mM). (Blanks around 355 and 532 nm in the spectra are due to the
residual THG and SHG of Nd3+:YAG laser.) (B) Kinetic traces of∆O.D. at 420, 480, 550, and 680 nm (black, red, green, and blue line, respectively)
during the nanosecond/picosecond two-color two-laser photolysis.

Figure 6. Kinetic traces of∆O.D. at (A) 550 and (B) 420 nm during the nanosecond one-laser irradiation (black line) and nanosecond/nanosecond
two-color two-laser irradiation (red line) of BP (5 mM) in the presence ofN-methylphthalimide (10 mM) in argon-saturated acetonitrile containing
1,4-cyclohexadiene (30 mM). Panel C shows the second-order plot of theN-methylphthalimide radical anion.

kdiff ) 4πDDAdcc (7)

DQs )
kBT

6πrAη
(8)
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reciprocalτf against [Qs] (Figure 7), the electron-transfer rate
constant (kELT) was determined from eq 9:

The kELT value from BPH•(D1) to N-methylphthalimide was
calculated to be 2.0× 1010 M-1 s-1, which is similar to the
diffusion-controlled rate constant previously discussed. ThekELT

values from BPH•(D1) to several Qs were also calculated and
listed in Table 1. The calculatedkELT values of the electron
transfer from BPH•(D1) to Qs were similar to the diffusion-
controlled rate constant, except for the electron transfer from
BPH•(D1) to benzonitrile, 4-methoxybenzonitrile, 4-chloroben-
zonitrile, and benzoic acid, which were relatively slow, com-
pared with those of other compounds.

For electron transfer from organic molecules in the excited
singlet and triplet states,kELT usually is dependent on-∆G.25

The-∆G dependence ofkELT of BPH•(D1) was examined. The
-∆G of the electron transfer from BPH•(D1) to Qs is represented
by eq 10:

whereEOX is the oxidation potential of BPH•(EOX ) -0.25 V
vs SCE in acetonitrile),26 ERED is the reduction potential of Qs,
andwp represents the Coulombic energy (-0.06 eV). The-∆G
values have been calculated and listed in Table 1. The plots of
log(kELT) vs -∆G were shown in Figure 8. As shown in Figure
8, kELT increased as the-∆G value increased and saturated at
a value approximately equal to the diffusion-controlled rate

constant. Thus, the slow electron transfer from BPH•(D1) to
benzonitrile, 4-methoxybenzonitrile, 4-chlorobenzonitrile, and
benzoic acid can be attributed to the small-∆G. It was
indicated that the electron transfer from the excited radical is
dependent on-∆G.

Conclusions

The electron transfer from the benzophenone ketyl radical
(BPH•(D1)) to a series of quenchers (Qs) was investigated using
nanosecond/picosecond two-color two-laser flash photolysis. The
electron transfer from BPH•(D1) to Qs was confirmed by the
transient absorption measurement and fluorescence quenching
experiments. The intermolecular electron transfer rate (kELT) was
determined using the Stern-Volmer analysis. The electron
transfer from the excited radical is dependent on-∆G. It was
confirmed that BPH•(D1) was a favorable reducing reagent.
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Figure 7. Plots ofkELT vs [Qs].

1
τf

) 1
τf0

+ kELT[(Qs)] + k′ELT[BP] (9)

TABLE 1: Triplet Energy ( ET) and Reduction Potential
(ERED) of Qs, and Driving Force (-∆G) and Rate Constant
(kELT ) of the Intermolecular Electron Transfer from
BPH•(D1) to Qs

Qs
ET

(eV)
ERED

(V vs SCE)
-∆G
(eV)

kELT

(× 1010 s-1)

benzonitrile 3.3a -2.49a -0.08 0.901( 0.022
1,3-dicyanobenzene 3.3a -1.72a 0.69 1.86( 0.05
1,4-dicyanobenzene 3.0a -1.92a 0.49 1.93( 0.03
phthalimide 3b -1.47a 0.94 1.89( 0.02
N-methyphthalimide 3b -1.37c 1.04 2.0
phthalic anhydride 3.2a -1.27a 1.14 2.15( 0.04
benzophenone 2.97a -1.87a 0.54 2.1d

4-methoxybenzonitrile 3.3a -2.71a -0.30 0.15( 0.02
4-chlorobenzonitrile 3.2a -2.11a 0.30 1.4
benzoic acid 3.4a -2.24a 0.17 0.81( 0.10
pyrazine 3.3a -2.08a 0.33 1.1

a Data taken from ref 22.b Data taken from ref 23.c Data taken from
ref 24. d Data taken from ref 9.

∆G ) EOX - ERED + wp - ∆E(D1 - D0) (10)

Figure 8. Plots of log(kELT) vs -∆G.
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