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Dual Electron Transfer Pathways from 4,4-Dimethoxybenzophenone Ketyl Radical in the
Excited State to Parent Molecule in the Ground State
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Dual intermolecular electron transfer (ELT) pathways fron'-dlihethoxybenzophenond)(ketyl radical

(1H°) in the excited statelH*(D,)] to the ground-state 4 4limethoxybenzophenoné(&)] were found in
2-methyltetrahydrofuran (MTHF) by observing bis(4-methoxyphenyl)methanol cafiéti)(and 4,4-
dimethoxybenzophenone radical aniolr () during nanosecondpicosecond two-color two-laser flash
photolysis. ELT pathway | involved the two-photon ionizationléf* following the injection of electron to

the solvent. The solvated electron was quickly trapped () to producel® —. ELT pathway Il was a self-
qguenching-like ELT from1H*(D;) to 1(Sy) to give 1H* and 1* ~. From the fluorescence quenching of
1H*(D,), the ELT rate constant was determined to be £.00° M~ s1, which is close to the diffusion-
controlled rate constant of MTHF. The self-quenching-like ELT mechanism was discussed on the basis of
Marcus’ ELT theory.

Introduction 1(Sp). ELT from a radical in the excited state to the ground-
state parent molecule was found for the first time. The dramatic

Photoinduced electron transfer (ELT), which plays an im- change in electron donor or acceptor ability betwa) and
portant role in a broad array of processes in physical, chemical, 1 4+ \vas confirmed.

and biological fields, attracts much attention from scienfigts.
Generally, the lowest singlet and triplet excited states participate Experimental Section
in photoinduced ELT. ELT from doublet states is also pos-

sible®# Since radicals generally show enhanced donor or
acceptor ability compared with the parent molecules, radicals
in the excited state are expected to show quite high donor or
acceptor abilities. Thus, ELT from radicals in the excited state

Exg?egtggﬁg\l/eet ::Jal:]eegtrjg?i\:vneit\éi' studies on ELT from the (Continuum, RGA69-10; 30 ps fwhm) as the second laser. The
) ) . . delay time of the two laser flashes was adjusted 4s by four-
The well-established example of ELT from the excited radical -pannel digital delay/pulse generators (Stanford Research

is ELT between excited diphenyl methyl radical and electron Systems, Model DG 535). The breakdown of Xe gas generated
donors or acceptor§-9 ELT from arylmethyl and ketyl radicals by the fundamental pulse of the picosecond®NYAG laser
in the excited states was also observed with a series of amine,yas ysed as a probe light. Transient absorption spectra and
naphthalene, and onium salts as donor or accéptot. The kinetic traces were measured on a streak camera (Hamamatsu
ervmg force dependence qf the reaction rate constant was ppotonics C7700) equipped with a charge-coupled device (CCD)
investigated on ELT from excited (4-cyanophenyl)phenylmethyl camera (Hamamatsu Photonics C4742-98) and were stored on
and 1-cyanonaphthylmethyl radicals to a series of diéhes. a PC. To avoid stray light and pyrolysis of the sample by the
For benzophenone ketyl radical, Scaiano and co-wotkers probe light, suitable filters were employed. The samples were
reported that the photoionization of benzophenone ketyl radical allowed to flow in a transparent rectangular quartz cell (£.0
by excitation with a 515-nm dye laser generated a solvated 0.5 x 2.0 cm). For the measurements of both fluorescence
electron € ), which was quickly trapped by the ground-state spectra and decay profiles, the streak camera was used as the

The two-color two-laser flash photolysis experiment was
carried out with the third harmonic oscillation (355 nm) of a
nanosecond Nd: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®N¢' AG laser

benzophenone to produce benzophenone radical anion. detector.

In the present investigation, we found dual intermolecular  4,4-Methoxybenzophenone was purchased from Tokyo Kasei
electron transfer (ELT) pathways from 4gimethoxyben- and recrystallized three times from ethanol before use. Tetra-
zophenoneX) ketyl radical (H*) in the excited statelH*(D,)] n-butylammonium azide was purchased from Tokyo Kasei and
to the ground-state moleculel(f)] during nanosecond used as received. Sample solutions were prepared in 2-meth-
picosecond two-color two-laser flash photolysis. ELT pathway yltetrahydrofuran (MTHF) and deoxygenated by bubbling with
I included the two-photon ionization dfH*, generatingeson Ar gas for 30 min before irradiation. All experiments were
which was quickly trapped byl(Sg) to producel*~. ELT carried out at room temperature.

pathway Il was a self-quenching-like ELT frohid*(D;) to 1(Sy) ) )

to give IH and1* ~ in the presence of high concentrations of Results and Discussion

Generation of Ketyl Radical in MTHF. 1H * was generated
* Corresponding author: e-mail majima@sanken.osaka-u.ac.jp. by the photoreduction of in MTHF. 1 in the triplet excited
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state [(Ty1)] decayed through hydrogen abstraction from
MTHF to producelH* after the first 355-nm nanosecond-laser
irradiation (Scheme 19.The spectrum oflH* with two peaks

in the UV and visible regions agrees with the reported one
(Figure 1)%
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Figure 1. Absorption (solid line) and fluorescence (dotted line) spectra
of 1H* in Ar-saturated MTHF at room temperature. The absorption
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lonization

benzophenone ketyl radical was ionized upon excitation to inject
electron into the solverttThe eso~ was quickly trapped by

the ground-state benzophenone to produce the benzophenone
radical aniorP It is suggested that* ~ was generated from a
similar stepwise reaction process (Scheme 2). The lifetime of
the sharp band at 385 nm was 5.0 ns, which is quite different
from those oftH*(D;) and1* ~ (Figure 3). Therefore, it seems
that the sharp band is another transient species. The bis(4-
methoxyphenyl)methanol catiodK™) is a possible origin of

the sharp band, as described in the next sections. 3idtds
expected to deprotonate quickly, producit@), 1H* would

have a quite short lifetime compared with~ (Scheme 3J.
Although the same experiment was carried out for benzophenone
ketyl radical, the sharp band was not observed during the 532-
nm laser excitation of benzophenone ketyl radical. It is suggested
that the diphenylmethanol cation would have absorption in a
shorter wavelength region thabH* because the electron-
donating substituents GH" could stabilize the cation and cause

spectrum was obtained during 355-nm laser flash photolysis, while the g red shift of the absorption band.

fluorescence spectrum was obtained during 355- and 532-nm two-color

two-laser flash photolysis df (5 mM). The discontinuity around 532
nm in the spectrum is due to residual SHG of the’NdAG laser.

Fluorescence Spectrum and Lifetime of 4,4Dimethoxy-
benzophenone Ketyl Radical in the Excited State.The
generatedlH* was excited at the visible absorption band by
use of the second laser (532 nm, 26 mJ ptis80 ps fwhm)
with a delay time of lus after the first laser (355 nm, 20 mJ
pulse, 5 ns fwhm). Upon excitatior,,H* showed fluorescence
with a peak at 649 nm, which is almost a mirror image of the
absorption spectrum dfH* (Figure 1). The Stokes shifi\sg
of 1H* was estimated to be 1.88 10°* cmL. The energy gap
between the B and ) states of1H* [AE(D; — Dg)] was
estimated to be 1.91 eV from the fluorescence maximum.

The fluorescence lifetimer{) of 1H* was measured at the

peak position of the fluorescence spectrum. The fluorescence 8 .04l
decay curve was well fitted with the single-exponential decay

function (Figure 2). The; of 1H* was estimated to be 0.38
0.02 ns when the concentration I{Sp) was 5 mM. Ther; and
fluorescence spectrum dH-* in cyclohexane were similar to
those in MTHF!

ELT Pathway I: Solvated Electron Mediated ELT after
the Two-Photon lonization of 4,4-Dimethoxybenzophenone
Ketyl Radical. Immediately after the second laser irradiation,

sharp and broad absorption bands appeared at 385 anrd 420
520 nm, respectively (Figure 3). The broad band centered at

ca. 650 nm grew up within 1 ns. Since the lifetime of the broad

band at 426-520 nm was 0.35 ns, which is essentially the same

as ther; value, the broad band can be attributedltd*(D;)

A detailed investigation about the generationlti™ was
carried out in acetonitrile. Since the hydrogen abstraction ability
of 1(T) is negligible in acetonitrilelH* was generated by the
bimolecular reaction of(T1) with aniline. It is well-known that
the benzophenone ketyl radical can be generated from the
bimolecular reaction between amine and benzophengh¥&(T
The spectrum ofiH* in acetonitrile is shown in Figure 4 and
shows good consistency with the reported 8heollowing the
second 532-nm excitation @H*, fluorescence and an absorption
band with a peak at 400 nm were generated (see Supporting
Information Figures S1 and S2). Thessof 1H* in acetonitrile
was estimated to be 2.38 10° cm™L. In our previous work,
the Avssof 1H* in cyclohexane was estimated to be 1.68.0°
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(Figure 2). The broad band centered at ca. 650 nm (Figure 3), rigyre 2. (A) Kinetic traces ofAOD at 500 nm and (B) fluorescence

which has a long lifetime of 2&s, was assigned to be 4,4
dimethoxybenzophenone radical anidn<).8 It is reported that

intensity at 630 nm ofH-* during two-color two-laser photolysis. Solid
lines are the best fits based on first-order kinetics.
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Figure 3. (A) Transient absorption spectra observed at 0.5 ns (red lin
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e) and 15 ns (green line) after the second laser irradiation during two-color

two-laser photolysis (355 and 532 nm), and spectrum observed (black line) during one-laser photolysis (353 ifgjndf) in Ar-saturated
MTHF. The second laser was employedd after the first laser pulse. The discontinuity around 532 nm in the spectra is due to residual SHG of

the N#*:YAG laser. (B) Kinetic traces ofAOD at 400, 500, 540, and
two-color two-laser photolysis.
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cm~17 The dielectric constant of acetonitrile € 35.94}2 was
much larger than those of MTHE & 6.97)? and cyclohexane

(e = 2.023)!2 The increase of\vss with increasing dielectric
constant of solvent indicates the presence of dipdipole
interaction between solvent arddH*(D,). It is noteworthy that

the absorption band at 400 nm was red-shifted in acetonitrile,
indicating that the transient species was also stabilized in polar
media. The lifetime of the transient species was 11.3 ns, which
is almost 2 times larger than that in MTHF. In the presence of
tetran-butylammonium azide, a strong nucleopHitehe ab-
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Figure 4. Transient absorption spectra observed 5 ns after the second
laser irradiation during two-color two-laser photolysis (355 and 532
nm) with (blue line) and without (red linggrt-butylammonium azide
(0.1 M), and spectrum observed (black line) during one-laser photolysis
(355 nm) of1 (5 mM) in Ar-saturated acetonitrile containirgN-
diethylaniline (0.055 M). The second laser was employeds Bfter
the first laser pulse. The discontinuity around 532 nm in the spectra is
due to residual SHG of the NttYAG laser. (Inset) Kinetic traces of
AOD at 400 nm with (blue line) and without (red linggrt-
butylammonium azide during two-color two-laser photolysis.
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sorption band completely disappeared due to nucleophilic attack,
supporting the hypothesis that the sharp absorption band at 400
nm was assigned tbH*. The component that did not disappear

in the presence of tetna-butylammonium azide was assigned

to be 1* ~.8 It is noteworthy thatlH™ is difficult to generate
from other methods. Two-color two-laser flash photolysis
provides a useful method to generatd™.

To elucidate the mechanism of ionization Bifl*, the laser
power ( in millijoules per pulse) dependence of the ionization
yield was investigated (Figure 5). When ionizatioriléf occurs
through the two-photon process, the slope of plots oN@Psss5
versus logl will be around 2. Plots of logAODsgs versus log
| show the linear correlation with a slope of 2.0 at the laser
fluence of 6-23 mJ pulse! in MTHF, indicating that the
formation of1H™ is via the two-photon process. In acetonitrile,
the plots of logAODyqo versus log also show linear correlation
with a slope of 1.8. These results also support the identification
of the absorption band at 385 nm in MTHF (400 nm in
acetonitrile) asLH™. It is indicated that the ionization dfH*
occurred through the two-photon process in both solvents. Thus,
ionization potential ofLH* was roughly estimated to be between
2.3+ E(Dg) and 4.6+ E(Do) eV, taking the photon energy of
532 nm laser into accounE(Do) is an energy ofLH* relative
to 1(Sp). By employing the heat of formatiod\H; = 0.91 eV)
of benzophenone ketyl radical as tH&Do) value!* the
ionization potential ofLlH* is expected to be between 3.1 and
5.5 eV. To the best of our knowledge, there is no report about
the photoinduced ionization dfH* in MTHF at room temper-
ature.

From the above-mentioned results, it is concluded it
is generated by the stepwise reactions as shown in Schemes
1-2 after the second laser irradiation Difi*. First, a part of
1H* was ionized upon the second laser excitation to generate
1H" andesoy . Secondeson~ was trapped byl(So) to produce
1* ~ (Scheme 4).

ELT Pathway IlI: Intermolecular ELT from 4,4 '-Dimeth-
oxybenzophenone Ketyl Radical in the Excited State to
Ground-State Parent Molecule. The two-color two-laser
experiment onlH* was carried out in the presence of high
concentrations o1(Sy) (0.02-0.1 M). It was revealed that the
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Figure 5. Plots of logAAOD vs logl in (A) MTHF and (B) acetonitrile. Thé values are in millijoules per pulse.
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fluorescence intensity otH*(D;) decreased with increasing
concentrations 01(Sy). The decrease of fluorescence intensity

of 1H*(D,) indicates the presence of a reaction pathway between

1H*(D;) and1(Sy). Three reaction pathways were possible: (i)
ELT from 1H*(D3) to 1(Sp), (ii) proton transfer fromilH*(D;)
to 1(Sy), and (iii) another chemical reaction betwedid*(D;)
with 1(Sp), such as the cross-linking reaction reported for

lonization

1(S
Electron (So)
attachment

1H4{D,) 2.82 eV

1(So)
Electron
transfer

1H+ 17 177eV

-H*
Deprotonation
17+ 1(Sp)

1H(Do) .91 ev

generated by intermolecular ELT frobiH*(D1) to 1(Sp) in the
presence of high concentrations I{5) (Scheme 5).

Rate Constant of ELT from 4,4'-Dimethoxybenzophenone
Ketyl Radical in the Excited State. To determine the fluo-
rescence quenching ratg,was measured as a function of the
concentration ofl(Sp). The reaction process betwe#gh*(D;)
and1(S) leads to a shorter value of 1H*(D;) with increasing

xanthone ketyl radical in the excited state and xanthone in the concentration ofl(Sy). From the plot of 1# against L(So)]

ground staté® Since the generation 4H*(Do) was not observed
after the second laser irradiation, possibility ii can be eliminated
According to the result of product analysis following the
excitation of benzophenone ketyl radical by two-color two laser
flash photolysis, no product that derived from the reaction
betweerlH*(D;) and1(Sy) was reported® Thus, possibility iii
was also negligible. To clarify the reaction pathway i, we
measured the generation ratelof under a high concentration
of 1(Sp) (0.05 M). Whenl* ~ was generated from the bimo-
lecular reaction fromlH*(D3), the decay rate ofH*(D;) and
generation rate of* ~ should be the same. The generation rate
of 1* ~ was estimated to be (34 0.8) x 1(° s™1, which agrees
with the decay rate constant bH*(D;) (2.9 x 1° s™1) (Figure

6). Therefore, it can be concluded thhatl™ and 1° ~ were
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Figure 6. Kinetic traces ofAOD at 650 nm @) and fluorescence
intensity ©) of 1H* during two-color two-laser photolysis.

(Figure 7), the ELT quenching rate constark. ) was
. determined according &
1 1

el SE ICY)

Tt f0

1)

wherery denotes the intrinsic fluorescence lifetime, which was
estimated from the intercept of the plot of Figure 7 to be 0.36
+ 0.2 ns. Thekg 1 value of 1H*(D,) was estimated to be 10
10 M~1 s71, which is similar to the diffusion-controlled rate
constant of MTHF (1.2x 1019 M~1 s71).17

We examined to estimate the ELT rate by use of Marcus
ELT theory!® The ELT rate depends on the driving force
(_AGELT)- —AGg_ 1 of the ELT from 1H'(D1) to l(So) is

1 1)1

represented W8
1
2r, + ZrZ)(es esp)

AE(Dl - Do) )

1

AGg 1 =Eg — Egg W, + e2(

whereE is the oxidation potential afH*, Eeqis the reduction
potential of 1 (—2.02 V vs SCE in acetonitriléf, w, is
Coulombic energy 0.3 eV)!° e is electronic charger; and

r, are ionic radii 7 A), ¢ is the dielectric constant of
MTHF, and e, is the dielectric constant of acetonitrile.
With the assumption thaE.x of 1H* is similar to that of
benzophenone ketyl radicaEdy = —0.25 V vs SCE in
acetonitrile)?° the —AGg T value was estimated to be 0.16 eV
(Scheme 4).
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According to Marcus’ ELT theory, the activation energy determined to be 1.& 10° s, which agreed well with the

(AG*) can be simply represented b¥

Asf.  AG
AG* 4(1 + /1_)

S

®3)

value estimated by Marcus’ ELT theory. The absorption
spectrum originating from the unique cation @H* was
detected for the first time. The self-quenching-like ELT mech-
anism was discussed on the basis of energetic considerations.
The recombination process would play important roles in

where 15 is an intrinsic barrier corresponding to the solvent intermolecular ELT from the doublet excited state.

reorganization mainly. The solvent reorganization enefgy (
of MTHF was reported to be 0.86 ¥ In simplified form, the
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