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Properties of Excited Ketyl Radicals of Benzophenone Analogues Affected
by the Size and Electronic Character of the Aromatic Ring Systems
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Introduction

As free radials are one of the most important photochemical
intermediates, radicals in the excited state are of interest in
both photochemical and photophysical investigations.[1,2]

The reactivity of the excited radical, which is different from
that of the ground-state radical, and its emission are also at-
tractive subjects.[3] The properties of the excited benzophe-
none (1) ketyl radical (1HC) and its related ketyl radicals
have been extensively investigated.[3] In particular, a consid-
erable number of studies of 1HC have been carried out by
using absorption and emission spectroscopy to elucidate
electronic structures and chemical properties in the con-
densed phase.

One of the attractive properties of 1HC is its highly emis-
sive character. Fluorescence of other ketyl radicals as a
result of the D1!D0 transition has also been detected in the
condensed phase at room temperature. Establishing the fac-
tors that regulate the fluorescence lifetime of ketyl radicals
is an interesting topic to investigate. It has been confirmed
that the lifetime of derivatives of 1HC in the excited state in-
crease with a decrease of the Stokes shift.[3h,s] Furthermore,

it has been reported that anthrone and dibenzosuberone
ketyl radicals in the excited state have long lifetimes owing
to their structures, which prevent the conformational change
between the D0 and D1 states.[3h,s] These experimental results
indicate that the conformational change associated with the
electronic transition between the D1 and D0 states plays an
important role in the decay process. Based on these points,
we decided to investigate the properties of ketyl radicals of
benzophenone analogues with large aromatic ring systems,
such as naphthylphenylketone (2), 4-benzoylbiphenyl (3),
and bis(biphenyl-4-yl)methanone (4), in the excited state.
Conformational change associated with the electronic transi-
tion between the D1 and D0 states should therefore be af-
fected by the large aromatic ring systems of compounds 2, 3,
and 4.
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In the present work, the properties of the ketyl radicals of
compounds 1, 2, 3, and 4 (1HC, 2HC, 3HC, and 4HC, respec-
tively) have been investigated by using nanosecond–picosec-
ond two-color two-laser flash photolysis. The fluorescence
and transient absorption spectra of 2HC(D1), 3HC(D1), and
4HC(D1) have been observed for the first time. Factors that
affect the lifetime of ketyl radicals in the excited state, such
as uni- and bimolecular reactivities and conformational
changes between the D1 and D0 states, are discussed quanti-
tatively.

Results and Discussion

Generation of the ketyl radicals : 1HC, 2HC, 3HC, and 4HC
were generated by a bimolecular reaction with N,N-diethyl-
aniline [Equation (1)].[4]

The spectra of the ketyl radicals are shown in Figure 1. The
spectra of 1HC, 3HC, and 4HC are consistent with those re-
ported in the literature.[3i, 5] To the best of our knowledge, no
report on the spectrum of 2HC exists. The absorption
maxima (lmax

a ) of the ketyl radicals are summarized in
Table 1.

The absorption peaks of 1HC at l=330 and 545 nm were
assigned to the D2

!D0 and D1

!D0 transitions, respective-
ly.[3e,f] 3HC and 4HC showed analogous absorption spectra to
1HC (Figure 1).[5] The absorption peaks due to the D2

!D0

and D1

!D0 transitions of 3HC showed redshifts of 27 and
40 nm, respectively, relative to those of 1HC, whereas the ab-
sorption peaks of 4HC showed an even greater redshift. It
seems that phenyl substitution increases the redshift of the
absorption peak of ketyl radicals. Compared with 1HC, 3HC,
and 4HC, 2HC shows five peaks in the spectral range (these
bands have not been assigned), which indicate that a
number of transitions participate in its absorption spectrum.

Fluorescence spectra and the lifetime of ketyl radicals : The
generated ketyl radicals were excited at the visible absorp-
tion band by using a second laser (532 nm, 15 mJpulse�1,
30 ps fwhm) with a delay time of 1 ms after the first laser
[Equation (2)].

Upon excitation, 1HC showed
fluorescence. The fluorescence
peak at l=582 nm (1HC(D1))
in acetonitrile agreed well with
that reported in the litera-
ture.[3i] The fluorescence spec-
trum of 1HC(D1) is almost a
mirror image of the absorption
spectrum (Figure 1). Although
the same experiment was car-
ried out in the presence of sev-
eral concentrations of N,N-
diethylaniline, the shape of the
fluorescence spectrum did not
change (Figure 2). Thus, it can
be concluded that the interac-
tion between 1HC(D1) and
N,N-diethylaniline can be ig-
nored under the present exper-
imental conditions. Similar ex-
perimental results were de-
scribed by Obi et al. who re-
ported that 1HC(D0) forms a
nonemissive complex with tri-
ethylamine due to hydrogen-
bond formation, and that fluo-
rescence is derived from free
1HC.[6]

Figure 1. Absorption (c) and fluorescence (a) spectra of a) 1HC, b) 2HC, c) 3HC, and d) 4HC in argon-satu-
rated acetonitrile at room temperature. The absorption spectra were obtained during the 355 nm one-laser
flash photolysis of the corresponding parent molecules (1.0G10�4

m). The fluorescence spectra were obtained
during the 355 and 532 nm two-color two-laser flash photolysis of the corresponding parent molecules (1.0G
10�4

m). Both were carried out in the presence of N,N-diethylaniline (0.055m). The blanks in the spectra
around 355 and 532 nm are due to the residual second and third harmonic generation (SHG and THG) of the
Nd3+ :YAG laser, respectively.

Table 1. Spectroscopic data for the ketyl radicals of compounds 1–4.

lmax
a

[nm]
lmax

f

[nm]
lmax

D1

[nm]
nss/103

[cm�1]
tf0

[ns]
DE[a]

[eV]

1 330, 545 582 345, 475 1.18 4.1�0.2 2.1
2 411, 486, 541, 585, 636 661 �450[b] 0.601 0.35 1.9
3 357, 585 656 389, 525 1.82 2.2 1.9
4 389, 630 696 462, 657 1.56 2.5 1.8

[a] The energy gap between the D1 and D0 states. [b] The peak was not
clear due to the absorption overlap of 2HC(D1) and bleaching of 2HC(D0).
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The fluorescence peak of 1HC(D1) in cyclohexane at room
temperature occurred at l=565 nm,[3s] which is blueshifted
by 17 nm relative to that in acetonitrile. It seems that the
properties of 1HC(D1) are significantly affected by the sol-
vent polarity. Analogous fluorescence behavior was ob-
served in the case of the other ketyl radicals. The fluores-
cence maxima (lmax

f ) and Stokes shift (nss) values of the
ketyl radicals are listed in Table 1. Among 1HC, 3HC, and
4HC, the nss value tends to be larger as the size of the phenyl
ring system increases. It is therefore suggested that the large
aromatic ring systems of 3HC(D1) and 4HC(D1) augment the
difference between the conformations in the D0 and D1

states. This tendency seems to be limited to the ketyl radi-
cals composed of phenyl and biphenyl groups. 2HC showed a
smaller nss value in spite of its aromatic ring. One of the pos-
sible reasons for this small conformational change is the de-
localization of the spin density in the naphthalene ring. It
has been reported that the spin density at the hydroxy-bear-

ing carbon atom of 1HC is shift-
ed substantially to a para posi-
tion in the D1 state.[3x] In the
case of 2HC(D1), the shifted
spin density would be delocal-
ized in the naphthalene ring.
As a result, the conformational
change of 2HC between the D0

and D1 states would be smaller
than those of 1HC, 3HC, and
4HC.

The energy gap between the
D1 and D0 states of 1HC
(DE(D1–D0)) was determined
from the fluorescence maxima
(Table 1). The DE(D1–D0)
values were found to decrease
as follows: 1HC>2HC=3HC>
4HC.

The fluorescence lifetimes
(tf) of the ketyl radicals in the
excited state were measured at
the peak positions of the fluo-
rescence spectra. All fluores-
cence decay curves fitted well
with the single-exponential
decay function (Figure 3). It
has been reported that
1HC(D1) reacts with amine,[3g]

and it was found that the tf

values of 1HC(D1) decreased
with an increase of the concen-
tration of 1(S0). Thus, the in-
trinsic fluorescence lifetime
(tf0) was estimated from the
liner correlation between 1/tf

versus the concentration of
N,N-diethylaniline ([N,N-dieth-
ylaniline]), and from 1/tf

versus the concentration of the parent molecules ([S0]) ac-
cording to Equation (3) (Figures 4 and 5):[1]

1
tf

¼ 1
tf0

þ ksq½S0� þ kq½N,N-diethylaniline� ð3Þ

in which kq and ksq denote the bimolecular reaction rate
constants for the reaction with N,N-diethylaniline and the
parent molecule, respectively. The tf0 values of 1HC(D1),
2HC(D1), 3HC(D1), and 4HC(D1) are listed in Table 1.

The kq value of 1HC(D1) was estimated to be 9.9G
108

m
�1 s�1 (Table 2). The kq values of the other ketyl radicals

in the excited state are summarized in Table 2. Radicals
2HC(D1), 3HC(D1), and 4HC(D1) have larger kq values than
that of 1HC(D1). The reaction distance between two mole-
cules was expressed as the sum of the radius of each mole-
cule. The Onsager radius of 2HC, 3HC, and 4HC is larger than
that of 1HC, and the reaction distance increases with increas-

Figure 2. Fluorescence spectra of the ketyl radicals a) 1HC, b) 2HC, c) 3HC, and d) 4HC during the 355 and
532 nm two-color two-laser flash photolysis of the corresponding parent molecules (1.0G10�4

m) in argon-satu-
rated acetonitrile with different concentrations of N,N-diethylaniline.
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ing radius of the ketyl radical. Thus, it was suggested that an
increase of the reaction distance between the ketyl radical
and the N,N-diethylaniline molecules enhances the bimolec-
ular reaction. The ksq value was estimated to be 2.1G
1010

m
�1 s�1 for 1HC(D1), which is similar to the diffusion-con-

trolled rate constant in aceto-
nitrile. In our previous paper,
electron transfer from the 4,4’-
dimethoxybenzophenone ketyl
radical in the D1 state to the
ground-state parent molecule
was reported.[3w] As 1HC(D0)
has quite a low oxidation po-
tential (Eox=�0.25 V versus
SCE),[7] the electron transfer
from 1HC(D1) to 1(S0) would
occur (see below). For
2HC(D1), 3HC(D1), and
4HC(D1), no decrease of tf was
observed with an increase of
the ground-state parent mole-
cule concentration. Because re-
duction potentials of 2(S0)
(Ered=�1.6 V versus SCE)[8a]

and 3(S0) (Ered=�1.35 V
versus SCE)[8b] were more pos-
itive than that of 1(S0) (Ered=

�1.8 V versus SCE), the ineffi-
cient electron transfer from
2HC(D1) and 3HC(D1) to the
corresponding parent mole-

cules indicates high oxidation potentials of 2HC(D0) and
3HC(D0). It should be noted that low solubility of 4HC in ace-
tonitrile (<10�5

m) made the concentration-dependence ex-
periment impossible. Even if 4HC(D1) reacts with 4(S0) at
the diffusion-controlled rate constant, the difference of tf

(<0.01 ns) is smaller than the experimental error.

It is generally accepted that tf0 of derivatives of 1HC(D1)
becomes longer with a decrease of nss.

[3h,s] This tendency is
also confirmed for 1HC(D1), 3HC(D1), and 4HC(D1). It is
noteworthy that the tf0 value of 2HC(D1), which showed the
smallest nss, was the shortest of the investigated ketyl radi-
cals in the excited state.

Absorption spectra of the excited ketyl radicals : Immediate-
ly after the second laser irradiation of 1HC(D1), a sharp ab-
sorption band at l=400 nm and broad absorption bands at

Figure 3. Kinetic traces for the fluorescence intensity and absorption of a) 1HC ([N,N-diethylaniline]=0.28m),
b) 2HC ([N,N-diethylaniline]=0.28m), c) 3HC ([N,N-diethylaniline]=0.055m), and d) 4HC ([N,N-diethylani-
line]=0.055m) at the peak position of fluorescence during the two-color two-laser photolysis of the corre-
sponding parent molecules (1.0G10�4

m) in argon-saturated acetonitrile.

Figure 4. The plots of 1/t of 1HC (&), 2HC (*), 3HC (~), and 4HC (*)
versus [N,N-diethylaniline].

Figure 5. The plots of 1/t versus [1(S0)].

Table 2. Rate constants of unimolecular and bimolecular chemical reac-
tions (kC), nonradiative (knr) and radiative (kr) transition processes, and
quenching by N,N-diethylaniline (kq) and the ground-state parent mole-
cule (ksq).

kq [m�1 s�1] ksq [m�1 s�1] kr+knr [s�1] kc [s�1]

1 9.9G108 2.1G1010 [b] [b]

2 (4.5�1.7)G109 [a] [c] [c]

3 1.2G109 [a] 2.9G108 1.4G108

4 2.1G109 [a] 3.6G108 5.3G106

[a] Quenching by the ground-state parent molecule was not observed
under the present experimental conditions. [b] The recovery was not ob-
served due to the absorption overlap of 1HC(D1). [c] The recovery was
not observed under the present experimental conditions.
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l=420–520 and 600–800 nm appeared (Figure 6). As the
lifetime of the band at 420–520 nm was essentially the same
as the tf value, this can be attributed to 1HC(D1) (Figure 3).
The transient absorption spectrum of 1HC(D1) in acetonitrile
was similar to that in cyclohexane.[3s] The spectral shape of
ketyl radicals in the excited state is shown in Figure 6. These
transient absorption bands are attributed to the Dn

!D1

transitions (n>1) (Scheme 1). It is interesting to note that

the absorption spectra were significantly affected by the aro-
matic rings. The peak of the transient absorption spectrum
in the visible region (lmax

D1 ) was redshifted in the order of
4HC(D1)>3HC(D1)>1HC(D1). For 2HC(D1), only a weak,
broad absorption band was observed around 450 nm.

The lifetimes of the bands at 400 and 600–800 nm of
1HC(D1) were longer than tf. These peaks were proposed to
be those of the benzophenone radical anion (1C�). It is sug-

Figure 6. Transient absorption spectra (upper spectra) observed at 0.5 (red line) and 20 ns (green line) after the second laser irradiation during the two-
color two-laser photolysis (266 or 355 and 532 nm), and the spectrum during one-laser photolysis (266 or 355 nm, black line) of a) 1 (1.0G10�4

m ; [N,N-di-
ethylaniline]=0.28m), b) 2 (1.0G10�4

m ; [N,N-diethylaniline]=0.28m), c) 3 (1.0G10�4
m ; [N,N-diethylaniline]=0.055m), and d) 4 (1.0G10�4

m ; [N,N-dieth-
ylaniline]=0.055m) in argon-saturated acetonitrile. The second laser irradiated 1 ms after the first laser pulse. The transient absorption spectra of ketyl
radicals in the D1 state (lower spectrum, black line) were given by subtracting one spectrum (upper spectrum, black line) from the other (upper spec-
trum, red line). Changes in the transient absorption spectra of ketyl radicals in the D0 state (lower spectrum, red line) at 20 ns after the second laser irra-
diation were given by subtracting one spectrum (upper spectrum, black line) from the other (upper spectrum, green line). In the case of 1HC, the transi-
ent absorption spectra of 1HC(D1) (e) was given by subtracting one spectrum (middle spectrum, red line) from the other (middle spectrum, black line).
The blanks in the spectra around 355 and 532 nm were due to the residual SHG and THG of the Nd3+ :YAG laser, respectively.
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gested that both ionization and
electron-transfer processes
giving 1C� occurred upon the
second laser excitation. The
former process generates 1C�

by a two-step mechanism: 1HC
is ionized by the irradiation of
the second laser causing the
ejection of an electron into the
solvent. The solvated electron
(e�

solv) generated in acetonitrile
is then trapped by 1(S0) to pro-
duce 1C� .[3e] The latter process
is the above-mentioned elec-
tron transfer from 1HC(D1) to
1(S0).

For other ketyl radicals, no
formation of radical anions
was observed. Because e�

solv has
quite “high reducing power”,
the e�

solv generated by the ioni-
zation of ketyl radicals should
reduce the parent molecules in
the ground state. Thus, it is
suggested that the ionization
process also did not occur in
the cases of 2HC, 3HC, and 4HC, probably because their ioni-
zation potentials are higher than that of 1HC.

Upon excitation with the second laser, the bleaching and
recovery of 3HC(D0) and 4HC(D0) were observed (Figure 7).
In the cases of 1HC and 2HC, only bleaching of the D0 state
was observed. The deactivation of the excited ketyl radical
can also be attributed to the combination of a unimolecular
chemical reaction (kC), a self-quenching type of reaction
with the ground-state parent molecules (ksq), a reaction with
N,N-diethylaniline (kq), and nonradiative (knr) and radiative
(kr) transition processes (Scheme 1). The observed lifetime
(t) can be expressed as shown in Equation (4):

t ¼ 1
kr þ knr þ kC þ kq½N,N-diethylaniline� þ ksq½S0�

ð4Þ

Because the chemical reactions
do not regenerate the D0 state,
the sum of kr and knr is given
by Equation (5):

1�DDAðt ¼ 1Þ
DDA

¼ ðkr þ knrÞt

ð5Þ

in which DDA and DDA(t=1)
refer to the absorption imme-
diately and a sufficiently long
time after the second laser ir-

radiation, respectively, as estimated from the curve fitting.
The recovery rates of 3HC(D0) and 4HC(D0) after the bleach-
ing upon the second laser irradiation were identical to the
corresponding fluorescence lifetimes. These results strongly
indicate that none of the products absorb photons at the ex-
amined wavelength. kC can be estimated from Equation (6):

DDAðt ¼ 1Þ
DDA

¼ ðkc þ kq½N,N-diethylaniline� þ ksq½S0�Þt ð6Þ

The kc and (kr+knr) values for the ketyl radicals were esti-
mated as summarized in Table 2. It is noteworthy that 2HC
had a much larger kc value than the other compounds. In
the case of 1HC, it has been reported that 20% of the chemi-
cal reaction process is photoionization and 80% is O�H
bond cleavage to generate 1(S0).

[3i] The chemical reaction is
possible for 2HC(D1), 3HC(D1), and 4HC(D1). However, as

Scheme 1. Energy-level diagrams of 1HC (left), 3HC (middle), and 4HC (right) in the ground and excited states
and the transient processes.

Figure 7. Recovery of absorption of a) 1HC ([N,N-diethylaniline]=0.28m), b) 2HC ([N,N-diethylaniline]=
0.28m), c) 3HC ([N,N-diethylaniline]=0.055m), and d) 4HC ([N,N-diethylaniline]=0.055m) during the two-color
two-laser photolysis of the corresponding parent molecules (1.0G10�4

m) in argon-saturated acetonitrile.
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the ionization of 2HC(D1), 3HC(D1), and 4HC(D1) was not ob-
served under the present experimental conditions, it is sug-
gested that the main chemical reaction process was the O�
H bond cleavage. The optimized geometry of 2HC(D1) calcu-
lated at the HF/6-31G** level[9] is shown in Figure 8. The

phenyl ring of 2HC is twisted and the hydrogen atom of the
hydroxyl group is close to the phenyl ring in the excited
state. The distance between these two parts was calculated
to be 3.1 P, which is suitable for OH–p hydrogen-bond for-
mation between benzene and the alcohol.[10] It is suggested
that the OH–p interaction promotes the O�H bond-cleav-
age process from 2HC(D1).

The kC value of 4HC(D1) is smaller than that of 3HC(D1).
The O�H bond-cleavage process from 4HC(D1) is inefficient
owing to the small conformational change between the D0

and D1 states. Because 4HC(D1) had a larger (kr+knr) value
than that of 3HC(D1), according to the energy-gap law we
suggest that this difference reflects the difference of DE(D1–
D0).

[1]

Conclusion

In the present work, the properties of 1HC(D1), 2HC(D1),
3HC(D1), and 4HC(D1) were investigated by using nanosec-
ond–picosecond two-color two-laser flash photolysis. The
properties of these ketyl radicals in the excited state were
significantly affected by the size and electronic properties of
the aromatic ring systems. For 1HC(D1), 3HC(D1), and
4HC(D1), tf0 becomes longer with a decrease of the nss value.
Although 2HC had a smaller nss value than that of 1HC, its tf

value was shorter. It is suggested that the OH–p interaction
in the excited state promotes the O�H bond-cleavage pro-
cess of 2HC(D1). Bimolecular reactions between ketyl radi-
cals in the excited state and several quenchers were ob-
served. Ketyl radicals in the excited state showed reactivity
with N,N-diethylaniline. It was found that 1HC(D1) was effi-
ciently quenched by the ground-state parent molecule.

Experimental Section

The two-color two-laser flash photolysis experiments were carried out by
using the third (355 nm) harmonic oscillation of a nanosecond
Nd3+ :YAG laser (Quantel, Brilliant; 5 ns fwhm) as the first laser and the
second harmonic oscillation (532 nm) of a picosecond Nd3+ :YAG laser

(Continuum, RGA69-10; 30 ps fwhm, 10 Hz) as the second laser. A delay
time of two laser flashes was adjusted to 1 ms by using a four channel dig-
ital delay/pulse generator (Stanford Research Systems, DG 535). The
breakdown of Xe gas generated by the fundamental pulse of the second
laser was used as a probe light. Transient absorption spectra and kinetic
traces were measured by using a streak camera (Hamamatsu Photonics,
C7700) equipped with a CCD camera (Hamamatsu Photonics, C4742-98)
and were stored by using a personal computer. To avoid stray light and
pyrolysis of the sample by the probe light, suitable filters were employed.
Each sample was poured into a transparent rectangular quartz cell (1.0G
0.5G2.0 cm) at room temperature.

Compounds 1, 2, 3, and 4 were purchased from Kanto Chemical, Tokyo
Kasei, Aldrich, and Lancaster, respectively. 1 was recrystallized from eth-
anol before use. The other compounds were used as received. Sample so-
lutions were deoxygenated before irradiation by bubbling with argon gas
for 30 min.
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