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The absorption spectrum of benzophenone ketyl radicals in thexBited state (BP#{D,)), generated by
hydrogen abstraction of triplet benzophenone from cyclohexane as a solvent and the sequential excitation of
the benzophenone ketyl radical in the ground state @Bg)), was directly observed using nanosecend
picosecond two-color two-laser flash photolysis. The whole spectral shape of{ BBhvith peaks at 350

and 480 nm was detected for the first time. The absorption spectra and lifetimes were obtained for a series
of ketyl radicals (BPDH) in the D, excited state (BPD#{D;)) of benzophenone derivatives (BPDs) such as
4-methyl-, 4,4dimethyl-, 4-methoxy-, 4,4dimethoxy-, 4-trifluoromethyl-, 4-fluoro-, 4;4lifluoro-, 4-chloro-,

and 4-bromobenzophenones. The absorption spectra of BEDHvere found to be significantly affected

by the number and electronic character of the substituents on the phenyl ring.sBRd¢h has a large
conformational change between the ground and emitting states showed a shat@ielifetime. The decay
processes of the [Btate including the radiative and nonradiative relaxation processes and the chemical reaction
are discussed quantitatively.

Introduction spectral shape of BR¥D;) with peaks at 350 and 480 nm was
. . detected for the first time. Absorption spectra were also obtained

Recent progress with a short-pulse laser has revealed varioug,, 4 series of benzophenone derivative (BPD) ketyl radicals
dynamic processes of short-lived excited states of various (BPDH) in the Dy excited state (BPDHD,)). The absorption
molecules: The excited state of radicals is an attractive subject spectra of BPDM{D1) were revealed to be significantly affected
from. both photochemical and photophysmal aspects. Many by the number and electronic character of the substituents on
studies of the benzophenone ketyl radical (BPHave been o hhenyi ring. The effect of the substituent on the lifetime of
carried out with absorption and emission spectroscopies to BPDHe(Dy) () was also confirmed. The decay processes of
elucidate electronic structures and chemical properties in theBPDHo(Dl) such as the radiative and nonradiative relaxation
condensed phase:* processes and the chemical reaction are discussed quantitatively.

The fluorescence of excited radicals due to the-® Do It was confirmed that the BPDHwith a large conformational
transition is detectable in the condensed phase at room tem-change between thegnd Dy states has a shorter lifetime. The

perature. Fluorescence spectra have been reported for excitedjistorted conformation in the Dstate enhances the decay
radicals such as diphenylmeth§inaphthylmethyt® anthryl- process from the Dstate.

methyl® diphenylketyl4~13 and acetophenone ketyradicals.
On the other hand, limited numbers of absorption spectra have
been observed for the excited radical4.1?To the best of our

knowledge, there is only one report on the absorption spectrum  The two-color two-laser flash photolysis experiment was
of BPHe in the Dy excited state (BPHD1)). Nagarajan and  carried out using the fourth harmonic oscillation (266 nm) of a
Fessenden reported the, B- D, absorption spectra of ben-  nanosecond Nd:YAG laser (Quantel, Brilliant; 5-ns full width
zophenone and 4:4lichlorobenzophenone ketyl radicals with 5t half-maximum (fwhm)) as the first laser and the second
a peak around 350 and 370 nm, respectively, in cyclohexaneharmonic oscillation (532 nm) of a picosecond® &Y AG laser
using nanosecond laser photolysis at room temperé&tdoev- (Continuum, RGA69-10; 30-ps fwhm, 10 Hz) as the second
ever, those absorption spectra were limited to a rather narrow|aser. The delay time of the two laser flashes was adjusted to 1
wavelength region (346420 nm) because of the scattering of ;s py four-channel digital delay/pulse generators (Stanford
the laser pulse. Additionally, it is difficult to detect the Research Systems, model DG 535). The breakdown of Xe gas
absorption of BPk(D) using nanosecond lasers because the generated by the fundamental pulse of the picosecorid:Nd
lifetime of the D — Do fluorescence is found to be only 2.0 yAG |aser was used as a probe light. Transient absorption
ns? spectra and kinetic traces were measured using a streak camera
In the present work, we applied nanosecepitosecond two-  (Hamamatsu Photonics C7700) equipped with a charge-coupled
color two-laser flash photolysis to detect the reliable absorption device (CCD) camera (Hamamatsu Photonics C4742-98) and
spectrum of BPk(D,) in the UV—visible region. The whole  were stored on a personal computer (PC). To avoid stray light
and pyrolysis of the sample by the probe light, suitable filters
* Corresponding author. E-mail: majima@sanken.osaka-u.ac.jp. were employed. The samples were allowed to be flowed into a
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TABLE 1: Stokes Shifts for BPDHe (vsg), Lifetimes of Transient Absorption () and Fluorescence %), Rate Constants of the
Chemical Reaction kc), Rate Constants of the Radiative K;) and Nonradiative (kic) Relaxation Processes, and the Energy Gaps

of BPDHe between the O and D, States AE(D; — Dy))

ketyl radical vsd10® (cm™?) 7 (ns) 7t (ns) ke/108 (s7Y) ki + kic/1C° (s7) AE(D1— Dy) (eV)
benzophenone 0.75 29€0.1 2.0+ 0.1 1.7+£0.1 3.4+ 0.1 2.20
4-fluoro- 0.96 14 1.3:0.1 a a 2.18
4,4-difluoro- 15 0.47 0.47 a a 2.12
4-chloro- 0.75 3.3:0.1 3.2+0.1 a a 2.16
4,4-dichloro- 0.72 3.4:03 3.4+ 0.1 14+0.1 1.5+ 0.1 211
4-bromo- 0.78 21 21 220.1 2.8+0.1 2.16
4,4-dibromo- 0.69 3.5:0.1 3.6+ 0.1 1.8+0.1 1.1+ 0.1 2.10
4-trifluoromethyl- 0.73 4.3t 0.3 4.3+ 0.3 a a 2.15
4-methyl- 0.79 19:0.1 1.8 a a 2.18
4-methoxy- 12 0.86: 0.04 0.89 a a 211
4,4-dimethyl- 0.78 1701 16 a a 2.14
4,4-dimethoxy- 1.7 0.34t 0.02 0.35 b b 2.02

2 Not determined because the recovery of BR[@4) was not observed due to the overlap of the<D D; absorption” The recovery was not

observed.

transparent rectangular quartz cell (x00.5 x 2.0 cn¥) at
room temperature.

For the measurements of both fluorescence spectra and decay

profiles, the streak camera was used as the detector.
BPDs were recrystallized two or three times from ethanol

before use. Sample solutions were prepared in cyclohexane ancg

deoxygenated with bubbling Ar gas for 30 min before irradia-
tion. All experiments were carried out at room temperature.

Results and Discussion

Generation of Ketyl Radicals. BPDHe was generated by
the photoreduction of BPD in cyclohexane. The BPD in the
triplet excited state3BPD) decayed through hydrogen abstrac-
tion from cyclohexane to produce BPBHdfter the first 266-
nm nanosecond laser irradiation (eq'2).

hydrogen abstraction

hw
BPD—=BPD BPDHe

@

The spectrum of BPHwhich has two peaks at 333 and 541
nm agreed with the reported one (Figureé*1j The substituent
intensified the absorption of BPBHnN the near-UV region
except for the 4,4difluorobenzophenone ketyl radical, of which
the band in the near-UV region was broadened. The apparen
difference in the absorption spectrum of BP&ik presumably
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Figure 1. Absorption (solid line) and fluorescence (dotted line) spectra
of BPDHe(Dg) in Ar-saturated cyclohexane at room temperature: the
absorption spectra were obtained during the 266-nm laser flash
photolysis, while the fluorescence spectra were obtained during the
266- and 532-nm two-color two-laser flash photolysis of BPD (A,
benzophenone; B, 4-methylbenzophenone; C;diethylbenzophe-
none; D, 4-trifluoromethylbenzophenone; E, 4-chlorobenzophenone; F,
4,4 -dichlorobenzophenone; G, 4-bromobenzophenone; H-d4
romobenzophenone; 1, 4-fluorobenzophenone; J;difdiorobenzo-
enone; K, 4-methoxybenzophenone; and L,-dishethoxybenzo-

aSCI‘Ibed to the SteI'IC and e|eCtI'OI’lIC eﬁeCtS Of the Substituentphenone). The blank around 532 nm in the spectra is due to the residual

group.
Fluorescence Spectra and LifetimeThe generated BPH

SHG of the Nd&":YAG laser.

was excited at the visible absorption band using the second lasesspecies, except for the 4,dimethoxybenzophenone ketyl

(532 nm, 4 mJ/pulse, 30-ps fwhm) with a delay time ofsl
after the first laser. Upon excitation, BREhowed fluorescence
with a peak at 564 nni. Similarly, the fluorescence of BPDH
was observed with the second laser irradiation (eq 2).

h, hy,
BPDHe(D,) — BPDHe(D,) — BPDHe(Dy) (2)
The fluorescence spectra of BPB®Hhvere almost mirror
images of the absorption spectra of BPHrigure 1). 4,4
Dimethoxy-, 4,4difluoro-, 4-methoxy-, and 4-fluoro-substituted

radical which has a slightly lowekE(D; — Dg) value than the
others.

The fluorescence lifetimesgy(values) of these ketyl radicals
were measured at the peak position of the fluorescence spectra.
All fluorescence decay curves fitted well with the single-
exponential decay functions (Figure 2A). The measuredlue
of BPHe is 2.0 ns, which is close to the reported vatié.
4-Chloro-, 4,4dichloro-, 4-bromo-, 4,4dibromo-, and 4-trifluoro-
methylbenzophenone derivatives;jlBhowed a larger; value
than the others. The fluorescence properties of BRDIJ such
as the lifetime, Stokes shift, anE(D; — Do) are summarized

benzophenone ketyl radicals showed larger Stokes shifts thanin Table 1. It is generally admitted that increases with a
those of the others, suggesting that the structures of these BPDHdecrease in the Stokes sH#tThis correlation indicates that

species in the Pstate are largely different from those in the
Do state.

The energy gaps between the Bnd O states of BPDMm
(AE(D1 — Do)) were determined from the fluorescence maxima
(Table 1). TheAE(D; — Do) values are similar for all BPD#

the conformational change associated with the electronic transi-
tion between the band I states plays an important role in
the decay process from BPB{D;) to BPDHs(Dy). It has been
reported that the twisting angle of the phenyl ring was
responsible for the increase in the decay rate condtant.
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Figure 2. Kinetic traces of fluorescence intensity (FI) at 564 nm (A) ™ A WL

and absorption at 545 and 480 nm (B and C, respectively) of F L
BPHe(D;) during the two-color two-laser photolysis.
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o : Figure 4. The transient absorption spectra of BP&bBh) observed
<1 0.05p¢ during the two-color two-laser photolysis (266 and 532 nm) of BPD
000‘ (A, benzophenone; B, 4-methylbenzophenone; C'-digiethylben-
0.08 zophenone; D, 4-trifluoromethylbenzophenone; E, 4-chlorobenzophe-
a none; F, 4,4dichlorobenzophenone; G, 4-bromobenzophenone; H, 4,4
S 0.04 dibromobenzophenone; 1, 4-fluorobenzophenone; J;-dikioro-
2 0.00 benzophenone; K, 4-methoxybenzophenone; and L;drdethoxy-

benzophenone) in Ar-saturated cyclohexane solution. The blank around
532 nm in the spectra is due to the residual SHG of thé"N\G
laser.
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Figure 3. Transient absorption spectra observed at 0.5 (broken line SCHEME 1. Energy Level Diagram of BPDH in the
(a)) and 20 (dotted line (b)) ns after the second laser irradiation during Ground and Excited States and the Transient Processes

the two-color two-laser photolysis (266 and 532 nm) and the spectrum 3.5eV

observed during one-laser photolysis (266 nm, solid line (c)) of 4 D
benzophenone (1.8 107* M) in Ar-saturated cyclohexane (A). The 2.4eV m
second laser was irradiated atu% after the first laser pulse. The D,

transient absorption spectrum of B&#H,) (B) was given by subtracting H D
spectrum c from spectrum a. The blank around 532 nm in the spectra HEE 2
is due to the residual SHG of the KdYAG laser.

A
22eV 1 K
Therefore, the twisting angle of the phenyl ring seems to be \c
. . . . P
responsible for the increase in the Stokes shift. hvssz| shic | ke D roduct
Absorption Spectra and Lifetimes of the Ketyl Radical 0

Excited State.Immediately after the second laser irradiation, ; -
bleaching of the absorption of BRHnd the growth of new ibioiptzlg)rtlr;)ggiﬂzrcl:sorrespond to thg & Dy and B = D (m
transient a}bsqrption peaks at 350 and 480 nm were obseryed, Similar spectral c.hanges were observed for other BPDH
as sh_own In Flgure 3A. The sp_ectral shape of the new trans'entspecies. The relative intensities of the two peaks in the near-
SPecies was given by :_suptractmg the spectrum observed beforeUV and visible regions changed with substitution on the phenyl
the second laser irradiation from that observed at 0.5 ns afterring (Figure 4). The peak in the visible region was broadened
the irradiation (Figure 3B). The values of the two absorption drastically in 4,4dimethoxy-, 4-methoxy-, 4 4difluoro-, and
peaks at 350 and 480 nm were similar, suggesting that the tWO4-f|uorobenzop’henone ketyl’ radicals in the ®ates. It seems
absorption bands originated from a single transient species. They,a+ the compounds with a large Stokes shift showed a relatively
7 value estimated from tr_\e absorption decay was essentially ;554 peak in the visible region. It is suggested that the
the same as tha value estimated from the fluorescence decay gjectronic character of the substituent and the conformational
(Flgure 2B). Therefore, thesg _tranS|ent absorption bands can be‘change in the Pstate affect the properties of BP(®)). It is
attributed to the -— D transition (Scheme 1). The absorption 5150 noteworthy that the absorption of methoxy-substituted
band of BPH(D,) in the visible region has never been pppHe(D,) in the near-UV region is blue-shifted and that of
reported?*217 the visible region is red-shifted compared with the others. The
The transient absorption spectrum of BiBh) exhibited two structural change in the Btate is suggested to promote mixing
absorption peaks in the near-UV and visible regions (Figure between the higher excited doublet states.
3B), from which the transition energies from the Btate to All absorption decay curves were fitted well with the single-
two higher excited doublet states {nd D) were estimated  exponential decay function (Figure 2B). Thealues obtained
to be 3.4 and 2.5 eV, respectively, and the é&hergy was from the transient absorption decay, summarized in Table 1,
estimated to be 2.2 eV from the fluorescence maximum. Becauseagreed well with those; values.

the transition energy from the3tate to the Bstate of BPH Upon excitation with the second laser, the bleaching and
has been reported to be 3.5 8%he energy difference between recovery of BPH(Do) were observed (Figure 2C). The inter-
the D, and D, states is 1.3 eV, which is smaller than thg<B molecular reaction of BP#D,) with the solvent molecules and

D; transition energies. Therefore, it is suggested that the the unimolecular cleavage of the-® ketyl bond of BPH-
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(Dy), yielding benzophenone and a hydrogen atom, have been Generally,r increased with a decrease in the Stokes shift

reported using nanosecond laser flash photolysis, while time

(Table 1). TheAE(D1 — Dg) values of BPDH are similar,

evolution of the intermediate has not been observed because ofndicating thatr was not affected by thAE(D; — Do) values.

the poor time resolutio”!? Thus, the decay of BPD;)

Therefore, it is suggested that BPB[B;) species such as

observed in the present study can be attributed to the combina-4-fluoro-, 4,4-difluoro-, 4-methoxy-, and 4;4imethoxy-

tion of a chemical reaction and nonradiative and radiative
transition processes (Scheme dxan be expressed as shown
ineq 3

- 1
ke tk+ ke

wherekc is the rate constant of the chemical reaction &nd
andkc are the rate constants of the radiative and nonradiative
relaxation processes from BPB(D,), respectively. Because
the chemical reaction does not regenerate BRDb), the sum

of ki andkc is given by eq 4

T

®3)

AAOD(t = )

Anopi=o) ~ it ko )
where AAOD(t = 0) and AAOD(t = ) refer to theAAOD
values immediately after and sufficiently after the second laser
irradiation, respectively, estimated from the curve fitting. The
kc value can be estimated from eq 5

AAOD(t = w)

AAOD({t=0) ©)

ket

From these relations, the and k: + kic) values for BPH(D1)
were estimated to be 157 10° and 3.4x 108 s71, respectively.
The relative ratio for the chemical reaction (33%) and nonra-
diative and radiative processes (67%) of BADt) was quite
consistent with the reported valli&€Thekc and § + kic) values
were also determined for BPBHD;) species such as 4-bromo-,
4,4-dichloro-, and 4,4dibromobenzophenone ketyl radicals
(D1). However, these values were not determined for other
BPDHe(D;) species because the recovery of BR{ID4) was
not observed due to the overlap of thg B- D; absorption,
that is, BPDH(D4). No recovery of the transient absorption of
BPDHs(Dg) was observed for the 4;dimethoxybenzophenone
ketyl radical () after the bleaching, although weak fluores-
cence was observed.

Substituent Effect on the Decay Processes of BPDD;).
The 7 values of the 4,4dichloro- and 4,4dibromobenzophe-
none ketyl radicals (B were longer than those of BRHD;)
and the 4-bromobenzophenone ketyl radica) (2 is suggested
that the longer values of those ketyl radicals (Pare attributed
to the smallerk; + kic) values compared with those of BRH
(D;) and the 4-bromobenzophenone ketyl radical)(DNo
recovery of the transient absorption of BP&Bl) was observed
for the 4,4-dimethoxybenzophenone ketyl radicahj@fter the

benzophenone ketyl radicals {phaving shorter values and
larger Stokes shifts, show higher reactivity with a larger
value. The distorted conformation in BP&({®;) may enhance
the reactivity.

Conclusions

The transient absorption spectra of a series of BRDb)
species were observed. The absorption spectrum of
BPDHe(D;) was significantly affected by the substituent on the
phenyl ring. The lifetimes of BPDéD;) were directly deter-
mined by fluorescence and absorption decays. The rate constants
of the chemical reaction process competing with the nonradiative
and radiative decay processes of BRIIBi) were estimated
from the depletion of the transient absorption of BRIIBY).

It is suggested that the factor which shortens the lifetimes of
BPDHe(D;) with a larger Stokes shift is the higher reactivity
because of the distorted conformation.
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