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Bimolecular hole transfer quenching of the 1,3,5-trimethoxybenzene radical cation*{YMBhe excited

state (TMB*") by hole quenchers (Q) such as biphenyl (Bp), naphthalene (Np), anisole (An), and benzene
(Bz) with higher oxidation potentials than that of TMB was directly observed during the two-color two-laser
flash photolysis at room temperature. From the linear relationships between the inverse of the transient
absorption changes of TMBduring the second 532-nm laser excitation versus the inverse of the concentration
of Q, the rate constant of the hole transfer from TMBo Q was estimated to be (855 0.4) x 10'°, (1.4

+ 0.7) x 10, (1.3+ 0.6) x 10'%, and (6.4+ 0.3) x 10'°°M~1s! for Bp, An, Np, and Bz, respectively, in
acetonitrile based on the lifetime of TMB. The estimated rate constants are larger than the diffusion-
controlled rate constant in acetonitrile. Short lifetime, high energy, and high oxidation potential of ' TMB
cause the lifetime-dependent quenching process or static quenching process as the major process during the
guenching of TMB™ by Q as indicated by the Ware’s theoretical model. The subsequent hole transfer from
Q't to TMB, giving TMB**, was found to occur at the diffusion-controlled rate for Bp and An as Q. For Q
such as Np and Bz, the dimerization of'Quith Q to give dimer radical cation (') occurred competitively

with the hole transfer from Q to TMB.

Introduction the determination of the lifetime of the excited radical by

Organic radical cations and anions are important reactive the km?_tlc analys_ls O.f thet btlmolecul?r reactrl]ons needst
intermediates in chemistry, physics, and biology. Because of 2SSUMPLONS onvarious important parameters, such as encounter

the higher energy of radical ions in the excited states than thatdistance and so on. The example of the lifetimes of the excited
in the ground state, higher reactivities of radical ions in the radicals estimated by direct spectroscopic method is rather

excited states are expected. Because the redox potential of ~limited. The transient absorptions of only a few radical ions in
radical ions in the excited state is larger than that in the ground the excited states have been directly measttéd.* Aromatic
state3~5 the electron-transfer reaction that cannot occur in the imide and diimide radical anions in the excited states have
ground state is expected in the excited stafes. been studied with the subpicosecond transient absorption

Because of the quite short lifetime of the excited radical, a measurementsThe lifetimes of diimide radical anions in the
high concentration of quencher is needed to observe sufficientexcited states were found to be shorter than 600 ps. The lifetime
bimolecular hole- or electron-transfer reaction between the of the zinc(ll) tetraphenylporphine radical cation in the excited
excited radical and quencher in a solution. Under such states was found to be 17 ps using a combination method of
conditions, the bimolecular reaction rate constant includes controlled potential coulometry and femtosecond absorption
dynamic and static quenching terms, of which the latter spectrometry? The lifetime of the perylene radical cation in
is lifetime-dependent. Thus, by assuming that the bimolecular the excited state was found to be 3 BsRecently, the
reaction proceeds at the diffusion-limiting ratkif), one fluorescence spectrum and 412 ps of lifetime corresponding
can estimate the lifetime of the excited radicals. On the basis to the D, — D transition of the 1,3,5-trimethoxybenzene radical
of this assumption, lifetimes of several aromatic radical ions cation (TMB*) were measured with the Ags two-color two-
in the excited state have been reportetl. For example,  [aser flash photolysis in acetonitrile at room temperatdie.
the lifetimes of radical cations in the excited states have the case of TMB™, the lifetime obtained by the direct
been reported to be 120 ps faisstilbene, 240 ps for  measurement was shorter than that obtained from the kinetic
trans-stilbene? and 450 ps for 1,6-diphenylhexa-1,3,5-triéne. analysis. This suggests that the rate constant of the hole- and
The lifetimes of radical anions in the_excn%j states are gjactron-transfer quenching of radical ions in the excited state
1.5 ns for cis-stilbene, _2.5 ns fotransstilbene! gnd ap- by quenchers is not equal fai but much larger tharkei.
Ft:?;(l]riﬁfr% éﬁ hs for dicyanoanthracene, phenazine, and aN"Herein, we report the rate constants of the hole transfer from

! o : . )

It should be emphasized that direct detection of radical ions VB t%vr?nlous quenchers (Q) such as blp_hherr:ylrEBp), z_ams_ole
in the excited state is desired for understanding the properties(An)’ nap thalene (Np), and benzene (.BZ) with higher oxmfanon
and reactions of the radical ions in the excited state because'c.’ou?m'aIS than that of TMB based on directly measured TNB

lifetime. The subsequent hole transfer from™Qo TMB is

* Corresponding author. E-mail: majima@sanken.osaka-u.ac.jp. Tel: als0 discussed together with the competitive dimerization®of Q
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10.1021/jp0705626 CCC: $37.00 © 2007 American Chemical Society
Published on Web 05/05/2007



4744 J. Phys. Chem. A, Vol. 111, No. 22, 2007 Cai et al.

0.6 o quantum efficiency of the near unit within 30 ¥5'” The

S04 w electron-transfer reaction occurs between TMB &atI* to
| sz give TMB*+ and Chi~.18.1° The transient absorption spectrum
o 01 20 and decay of TMB" with an absorption peak around 580 nm

a0z o (e = 4000+ 500 M~1cm™1)1819 are shown in Figure 1.
ool B A part of Cht~ was quenched by oxygen to give'Q TMB*+
. . . decayed through the charge recombination wittrCat O,
400 Hnﬁ%’ 600 The reaction mechanism is summarized in eg$.1
Figure 1. Transient absorption spectra of ThBand Chi~ obtained Chl+ hvges— IChi* 1)

at 100 ns after the 355-nm laser flash during the 355-nm laser irradiation

of a mixture of TMB (1.0x 1072 M) and Chl (5.0x 1072 M) in aerated

acetonitrile. The inset shows the decay of TMBEt 580 nm (solid 'Chi* —3Chl* (2)
line) and decay of Cht at 450 nm (broken line), respectively.

%Chi* + TMB — TMB*" + ChI"” (3)

Experimental Methods

Materials. 1,3,5-Trimethoxybenzene and chloranil were Chr +0,—~Chl+ O, (4)
purchased from Aldrich Chem. Co. (purity99%) and used
without further purification. Biphenyl and naphthalene were TMB*" + ChI"™ — TMB + Chl (5)
purchased from Nacalai Tesque Inc. and recrystallized from
ethanol before use. Acetonitrile, benzene, and anisole (spectral TMB™ +0,” —TMB + O, (6)
grade) were purchased from Nacalai Tesque Inc. Sample )
solutions were freshly prepared in a<11 x 4 cn¥ rectangular Hole Transfer from TMB *** to Q during the Two-Color
Suprasil cell before irradiation. All experiments were carried TWo-Laser Flash Photolysis.Because Chf has negligible
out at room temperature. absorption in the wavelength region longer than 500*h,

Two-Color Two-Laser (ns—ns) Flash PhotolysisThe two- TMB-** can be selectively excited to TMB during the second

color two-laser flash photolysis system has been described532-nm laser excitation before TMBdisappears through the
previously?® Briefly, the 355-nm laser flash (10 mJ flash charge recombination. Because the lifetime of TWBs 41+

from a Nd:YAG laser (Brilliant, Quantel; 5-ns full width at half- 2 s transient absorption of TMB" cannot be measured using
maximum (fwhm)) was used as the first laser to prepare TMB the ns-ns two-color two-laser flash photolysis. However, the
The 532-nm laser flash (80 mJ flash from a Nd:YAG laser disappearance of the TMBtransient absorption was observed
(Continuum, Surelite 11-10; 5-ns fwhm) was used as the second in the presence of Q such as Bp, An, Np, and Bz with higher
laser to excite TMB" during the two-color two-laser flash ~ Oxidation potentials than that of TMB during the-nss two-
photolysis experiments. Two laser flashes were synchronizedcolor two-laser flash photolysis of the mixture of TMB and Chl
by a four-channel digital delay/pulse generator (Stanford in aerated acetonitrile.

Research Systems, Inc., Model DG 535) with a delay time of Bp as Q. The experimental results for the reaction between
10 ns to 10us. Two laser flashes with diameters of 0.5 cm TMB**" and Bp are shown in Figure 2. Upon the first 355-nm
were adjusted in the same direction and overlapped through thelaser excitation, the rapid growth and decay of the transient
sample. The probe beam was obtained from a 450 W Xe-lamp absorption around 700 nm was observed in the time scale of
(Osram XBO-450). The probe beam was passed through an iris10 and 100 ns, respectively, as shown in Figure 2a. Because
with a diameter of 0.3 cm and sent into the sample with a the concentration of Bp (0.03 0.30 M) was higher than that
perpendicular intersection of the laser beams. Additionally, the ©f TMB (1.0 x 1072 M), electron transfer from Bp téChl*
probe beam was closely arranged to the entrance side of thedCcurs to give B with an absorption peak at 700 rithwhich
laser beams. The transmitted probe beam was focused on @&ppears as the growth at 700 nm in the 10-ns time scale after
monochromator (Nikon G250). The output of the monochro- the first 355-nm irradiation. Because the oxidation potential of
mator was monitored using a photomultiplier tube (PMT, BP (Ev2® = +1.9 V vs SCE in acetonitrilé} is higher than
Hamamatsu Photonics R928). The signal from the PMT was that of TMB (Ey2” = +1.5 V) the subsequent hole transfer
recorded on a transient digitizer (TDS 580D four-channel digital from Bp* to TMB occurs to give TMB', which appears as
phosphor oscilloscope, 1 GHz, Tektronix). A Hamamatsu the decay at 700 nm in Figure 2a and the growth at 580 nm in
Photonics multichannel analyzer (C5967) system was used forFigure 2b in the 100-ns time scale after the first 355-nm
measurement of the transient absorption spectra. The totalifradiation. The reactions are shown as eqs 7 and 8

system was controlled with a personal computer via the-GP 3 - i

IB interface. To avoid any damage of the sample solution by ChI* +Bp—Bp™" + Chl (1)

the probe light, a suitable cutoff filter was used in front of the o o

sample. The experiments were repeated at least three times at Bp" + TMB — Bp + TMB (8)

each concentration of quenchers to obtain the rate constants. During the second 532-nm laser excitation of TMByrowth

The error bar of the rate constant was given based on theand decay of the transient absorption at 700 nm were observed
averaged results. as shown in Figure 2a and the inset. The negative absorption at
700 nm during the second 532-nm laser excitation was attributed
to the emission from TMB™, which decreased with the
Transient Absorption of TMB **. Upon the 355-nm laser increasing of the Bp concentratié®!® At the same time, the
irradiation of a mixture of TMB (1.0« 102 M) and chloranil bleaching and complete recovery of the transient absorption of
(Chl) (5.0 x 102 M) in aerated acetonitrile, Chl was excited TMB*" at 580 nm were also observed as shown in Figure 2b
to give Chl in the singlet excited statéChl*), which converts and the inset. The generation of ‘Bpand the bleaching of
rapidly to Chl in the triplet excited stateCGhl*) with the TMB** indicate the bimolecular reaction between TWIBand

Results
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Figure 3. Kinetic traces ofAO.D.sg during the two-color two-laser
flash photolysis of a mixture of TMB (1.& 1072 M) and Chl (5.0x
1073 M) in aerated acetonitrile in the presence of An (0 (dash line),
0.05 (dot line), 0.07 (dashdot line), and 0.15 M (solid line)).
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Figure 2. Kinetic traces 0fAO.D.7q (@) andAO.D sg (b) during the
two-color two-laser flash photolysis of a mixture of TMB (101072
M) and Chl (5.0x 1073 M) in aerated acetonitrile in the presence of
Bp (0 (dash line), 0.10 (dot line), and 0.25 M (solid line)). The inset
shows the profiles expanded during the second 532-nm laser irradiation.
Part ¢ shows the spectral changes of TMBnd Bp™ in the region of Figure 4. Kinetic traces illustrating the time profiles &O.D 703 (a)
475-750 nm during the one-laser (355-nm laser) (dash line) and two- and AO.Dsgo (b) during the two-color two-laser flash photolysis of a
laser (355-nm laser plus 532-nm laser) (solid line) excitation in the mixture of TMB (1.0 x 1072 M) and Chl (5.0x 1072 M) in aerated
presence of Bp (0.25 M). acetonitrile in the presence of Np with 0 (dash line) and 0.25 M (solid
line). The inset (a) shows the profiles expanded during the second 532-
Bp during the second 532-nm laser excitation. Because thenm laser irradiation. The dot line (b) shows the decay of Nat 580
oxidation potential of TMB™ is approximately~+3.5 V from nm during the 355-nm laser flash photolysis of a mixture of Np (4.0
Ey® of TMB (+1.5 V)2 and the excitation energy of 1072 M) and Chl (5.0x 1072 M) in acetonitrile.
TMB*™ 18 which is much higher than that of Bp, the bimolecular
hole transfer from TMB™ to Bp to give Bp* occurs favor-
ably?! The decay of Bp” and recovery of TMB" can be
attributed to the hole transfer from Bpto TMB. The observed
bimolecular hole-transfer reactions are summarized in ed9

and decay of the transient absorption were observed at 703 nm
(Figure 4a). Because the concentration of Np (6-:030 M)

was higher than that of TMB (1.2 1072 M), electron transfer
from Np to 3Chl* occurred to give Np~ with the absorption
around 703 nm! Subsequent decay of Npindicates the hole
transfer from Np* to TMB occurred to give TMB'. However,

ot . o+x
TMB™ + hvgg, —~ TMB ©) the absorption at 703 nm did not decay to zero within 100 ns,
. . suggesting that the hole transfer from*Ngo TMB occurs
TMB™™* — TMB"" + hu; or heat (10) co%gpetitiv%Iy with the other process. It is vi\jlell known that the
- " dimerization of Np* with Np gives Np'*,2427 which is
TMB™™* +Bp—Bp" + TMB (11) considered to be a competitive process of hole transfer from
- - Np** to TMB, because of high concentrations of Np. Because
Bp” + TMB — Bp + TMB (12) the oxidation potential of Np'* is expected to be 0.5 V lower

than that of Np™ due to the stabilization energy-AH = ~50

kJ mol1) of Npy'+,26-30 the hole transfer from Np*" to TMB

is impossible. Because the equilibrium between'Npnd Np*
exists?2-30the remained absorption at 703 nm in the time scale
longer than 100 ns should be attributed to the dimerization of
Np* (egs 15-17)

An as Q. Similar experimental results were observed for
TMB** and An. The bleaching and complete recovery of the
transient absorption of TMB at 580 nm were observed upon
the second 532-nm laser excitation of TMBn the presence
of An (E1x°* = +1.76 V vs SCE in acetonitrilé}23as shown
in Figure 3 and the inset, indicating the hole transfer from

o+ i +

o o o S Aot ol et o o b e 9

e e e et THE N TUEY (9
TMB™** + An — An"" + TMB (13) Np™ + Np == Np,"™ A7)
An't +TMB — An + TMB*t (14) During the second 532-nm laser irradiation, the strong

emission at 703 nm was observed (Figure 4a and the inset).
Np as Q.The experimental results for Np as Q are shown in Although Np** has a weak absorption around 580 nm, no
Figure 4. During the first 355-nm laser excitation, the growth emission from Ng in the excited states has been repoffed.
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Figure 5. Kinetic traces ofAO.Dsgo during the two-color two-laser
flash photolysis of a mixture of TMB (1.& 1072 M) and Chl (5.0x
1073 M) in aerated acetonitrile in the presence of Bz (0 (dash line) and
0.40 M (solid line)). The inset shows the time profiles expanded during
the second 532-nm laser irradiation.

0

The strong emission at 703 nm is assigned to TMBThe
bleaching of the transient absorption at 580 nm during the
excitation of TMB™ (Figure 4b and the inset) corresponds to
the hole transfer from TMB" to Np. Although the absorption

at 580 nm was completely recovered, the recovery tim20(

ns) was much shorter than that for Bp or An as-Q ns).
The short recovery time can be attributed to the overlap with
the absorption of Nt around 580 nm with the value € ~
4500 Mlcm™1)24-27 similar to that of TMB™ at 580 nm.
Because the lifetime of Np' is different from that of TMB",

the decay at 580 nm during the two-laser flash photolysis
became different from that during the single-laser flash pho-
tolysis in the microsecond time scale (Figure 4b). The decay of
Npz* at 580 nm was given in Figure 4b for a comparigén.

Therefore, the absorption recovery at 580 nm corresponds to

both the hole transfer from Npto TMB and the dimerization
of Np** with Np to give Np**.

Bz as Q.Because the oxidation potential of Bz (°* = +2.3
V vs SCE in acetonitrilé?23is much higher than that of TMB,
the electron-transfer reaction betwe#hl* and Bz is much
slower than the electron-transfer reaction betwé&ehl* and
TMB.* However, B2" has no absorption at 580 nh34
Therefore, during the first 355-nm laser irradiation, the transient
absorption at 580 nm was attributed to the absorption of TMB
The bleaching of the transient absorption at 580 nm during the
excitation of TMB™ (Figure 5 and the inset) corresponds to
the hole transfer from TMB™ to Bz to give Bz*. However,
only a part of bleached TMB was recovered. This should be
attributed to the dimerization of Bzwith Bz to give Bz*+ 3334
because Bzt does not exhibit absorption at 580 nm. The

recovered component of the absorption at 580 nm during the

Cai et al.
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Figure 6. Plots of|[AAO.Dod "t vs [Bp]™ (a) and plots of AAO.D g 2
vs [An]~1 (b), [Np]* (c), and [Bz]? (d).

wheref refers to a constant indicating a ratio of TMBexcited
during the second 532-nm laser excitatilg. andk;,q refer to

the internal conversion (IC) and radiative decay rate from
TMB*™*, respectively. The plots gAAO.D 70 "1 versus [Bpj*

and plots off AAO.Dsggl "1 versus [Anf?, [Np]~2, and [Bz]*

are shown in Figure 6. The linear relationship between
|AAO.D.|7t and [Q]* was obtained for each case as expected
from eq 22.

From the slope and intercept of the linear plots between
|AAO.D.|7t and [Q]%, ki were estimated to be (85 0.4) x
10, (1.4 + 0.7) x 10%, (1.34 0.6) x 10, and (6.4+ 0.3)

x 10*M~1s~1for Q as Bp, An, Np, and Bz, respectively, based
on the lifetime of TMB*" (tp2 = 1/(kic + kiad = 41 £ 2 ps)34

The knt values were found to be much larger tHam (Kqir =

1.9 x 109 M~1s71 25°C) in acetonitrile?® This is attributed

to the contributions of the lifetime-dependent quenching process
or static quenching process during the quenching of TVIB

by Q, as discussed below.

Hole Transfer Mechanisms from TMB**" to Q. For the
guenching process of the short-lived intermediate by Q of high
concentration, Ware and his co-workers proposed a theoretical
model consisting of the lifetime-independent and -dependent
terms as in eq 23

k= ke + kg 0'/(7D7)" (23)

second 532-nm laser excitation was assigned to the hole transfer

from Bz to TMB to give TMB™ (egs 18-21)

3chl* + TMB — TMB*" + Chl"™ (18)
TMB*** + Bz— Bz + TMB (19)
Bz + TMB — Bz + TMB*" (20)
Bz +Bz—Bz," (21)

Discussion

Hole Transfer Rate Constant from TMB*** to Q. Because
bleaching of the transient absorption of TMB(AAO.D sg0)
and the growth of the transient absorption off QAAO.D.)
increased with increasing the concentration of Q ([Q]), the hole
transfer rate constank{) from TMB*™" to Q can be estimated
from eq 2210

IAAO.DU/B = (kne x [QD/(Kic + ko H(k x [QD)  (22)

wherekgir = 47No’D, ¢’ is the collisional distance between
two moleculesD is the sum of the diffusion coefficients for
reaction moleculeg; is the lifetime of the excited species, which
has serious effect on thevalue, and\ is the Avogadro number.
The contributions of the lifetime-dependent terrkyio'/
(7D1)%9) to kyy were calculated to be 78%, 86%, 85%, and 70%
for Bp, An, Np, and Bz as Q in acetonitrile, respectively. These
results indicate that the static quenching process is the main
process in the hole transfer from TMB to Q.

Hole Transfer Rate Constant from Q™ to TMB. In contrast
to TMB*™, because § has a long lifetime in the order of
microseconds, the contribution of the lifetime-dependent term
(Kaitro'/(7xD7)%-9) onk is small. Thusk'v; & kgir. The time scales
for the recovery at 580 nm and decay at 700 nm for Bp in Figure
2 and the recovery at 580 nm for An in Figure 3 were almost
the same, indicating that the hole transfer frorm @ TMB to
give TMB** was almost a diffusion-controlled process. Because
the concentration of @ (~1.0 x 1075 M calculated from
AAO.Dsgoande value of TMB™) produced during the second
532-nm laser irradiation is much lower than that of TMB (1.0
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SCHEME 1: Schematic Energy Diagram of TMB+*
(TMB'+(D2)), TMB'+(D1), and TMB'+(D0) hvss,, the
Second 532-nm Laser Radiatiof

2 =41+2ps
—D; +38V
(RN

H N
: N ki
b kaa1.8eV N
V53 i A

H \
03— Do
H s \
-,
0..58 ey/ Kt
kD, +15V
T™MB** Q

a ki, internal conversion rate constakiy, fluorescence rate constant
for the D, — Dy transition;zpy, D, state lifetime. The solid line arrow,

kic a Q

Q: Np, Bz

the dotted line arrows, and the broken line arrows show the radiative
decay, nonradiative decay, and hole transfer or dimerization processes,
respectively. The energy gaps were obtained from the ZINDO/S method

based on the MO'’s calculated by the AM1 method.

x 1072 M), the hole transfer from @ to TMB to give TMB""

can be treated as a pseudo-first-order kinetics. From the

concentration of TMB and the recovery time scale of the
transient absorption at 580 nm, the rate constip) (Of the
hole transfer from By or An"t to TMB was calculated to be
(35+0.2) x 1®M1s1,

Schematic Energy Diagram of TMB*". The hole-transfer
reactions from TMB™ to Q to give Q" with ky, subsequent
hole transfer from @ to TMB to give TMB* with K or
dimerization between © and Q to give @*, and the calculated
energy gaps of the $>-D;—D, states are shown in Scheme
1_14,18

Because the calculated oscillator strength for the-DDg
and D, < Dy transitions were 0.0003 and 0.0508, respec-
tively,1837 the transition of @ — Dy is essentially a forbidden
process. The fluorescence of TMB corresponds to the D—

Dy transition of TMB™ was confirmed#18:36During the second
532-nm laser excitation of TMB(Do), TMB*** (TMB*"(D>))
was produced withp, = 41 4 2 ps)** In the presence of Q
such as Bp, An, Np, and Bz, hole transfer from TWBto Q

to give QT occurs. Because the oxidation potential of Q is
higher than that of TMB, the subsequent hole transfer from Q
to TMB to give TMB'* occurs. When Q is an aromatic
hydrocarbon such as Np or Bz, the dimerization betwegn Q
and Q to give @+ competitively occurs with the hole transfer
from Q* to TMB to give TMB"*.

Conclusions

Bimolecular hole transfer from TMB” to Q to give Q" and
subsequent hole transfer from™Qo TMB to give TMB were
directly observed during the two-color two-laser flash photolysis

at room temperature. In the case of Bp as Q, the growth and

decay of the transient absorption of ‘Bmt 700 nm together

J. Phys. Chem. A, Vol. 111, No. 22, 2004747

TMB** occurred at (3.5 0.2) x 10° M~1 s71 in acetonitrile,
indicating the diffusion-controlled process. Whereas, for Q as
NP and Bz, dimerization of @ with Q to give Q" occurred
competitively with hole transfer from Np or Bz* to TMB.
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