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Abstract

Primary processes of photoelectron transfer reactions of highly twisted 1-mesityl- (1a), 1-(2,5-dimethoxyphenyl)- (1b), and 1-(2,3,5,6-
tetramethoxyphenyl)- 2,4,6-triphenylpyridinium (1c) tetrafluoroborates in butyronitrile were investigated. The charge-shift states were observed in
all cases. Irradiation of 1a generated the charge-shift state (360, 475, and 550 nm), which was converted with a lifetime of 21 ns into the long-lived
triplet state (v =2.2 ws) localized on the pyridinium moiety. On the other hand, compounds 1b and 1c generated the charge-shift states (Ap.x =440
and 540 and A, =ca. 550 nm as a broad absorption) of short lifetimes, 35 and 16 ps, respectively, decaying exclusively to the singlet ground states.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There has been considerable attention paid to the pho-
toinduced electron transfer reactions of short-linked D-A
systems, especially on the time-scale of the charge-separated
or charge-shift states [1]. Most successful approach is based
on the utilization of the spin-forbidden process in charge
recombination, which places the radical ion pairs in different
spin-multiplicity (e.g., triplet) from the ground state (usu-
ally singlet). There are a few such molecular systems that
show charge-separated states with relatively long lifetime of a
microsecond order [1,2].

However, surprisingly simple approach using Marcus
inverted region effect in a highly twisted D-A system
has recently reported by Fukuzumi and coworkers. They
reported a remarkably long-lived charge-shift state (98% yield
with 7>1000s at 223K in frozen PhCN) of 9-mesityl-10-
methylacridinium [3]. Shortly after this report, Harriman and
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coworkers reported that the lifetime of the charge-shift state of
the same species in the same solvent is as short as 6 ns and that
there is no spectroscopic evidence to indicate the presence of an
unusually long-lived charge-shift state [4].

In related studies, it has been established that 9-aryl-10-
methylacridinium derivatives have a low-lying locally excited
(LE) triplet state (ET=1.9eV) due to the acridinium chro-
mophore. The charge-shift state decays to this LE triplet state,
which has alifetime of 30 s for 9-mesityl-10-methylacridinium
[4,5].

In principle, the lowest triplet charge-shift state for such a
highly twisted D—A system, if generated, may have a lifetime of
the order of microsecond or longer. Accepting 6 ns as a lifetime
of the charge-shift state of 9-mesityl-10-methylacridinium, an
important question remains; how the lifetime is expanded when
the low-lying LE triplet state is eliminated. Hitherto, reports on
the photoelectron-transfer reactions of highly twisted (directly
combined) D—A systems are sparse [6]. We envisioned that
replacing acridinium by a pyridinium chromophore should place
the local triplet state at a higher energy level than the charge-shift
state for suitable donors. The orthogonal relationship between
D and A chromophores in 9-mesityl-10-methylacridinium is
important and must be retained, because the S—T energy gap [7]
as well as the rate of intersystem crossing [8] in such a highly
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twisted charge-shift states are likely to be strongly affected by
this torsion angle. We report photoinduced electron transfer
reactions of 2,4,6-triphenylpyridinium derivatives 1a—1c.

2. Experimental
2.1. Materials

Compounds la and 1d were prepared according to the
Katritzky procedure using 2,4,6-triphenylpyrylium salt [9]. Syn-
thesis of 1b and 1c¢ were carried out with slight modification
as described below. 2,3,5,6-Tetramethoxyaniline 3, a key inter-
mediate for the synthesis of 1¢, was prepared through azide 2
according to Scheme 1.

2.1.1. Synthesis of 1b

A solution of 2,4,6-triphenylpyrylium tetrafluoroborate (4)
(570 mg) and 2,5-dimethoxyaniline (306 mg) in dichloroethane
was refluxed with stirring overnight under nitrogen. After cool-
ing the reaction mixture, a small amount of ethanol and an excess
amount of ether were added. By cooling the reaction mixture
at 0°C, precipitates appeared. The precipitates were collected
by filtration and recrystallized by methanol—ether, to give pale
cream-colored needles (550 mg, 72%). 1b: mp 215 °C, IH NMR
(400 MHz, DMSO-dg) § 8.69 (s, 2H), 8.36 (d, J=8.8 Hz, 2H),
7.72-7.64 (m, 3H), 7.46-7.40 (m, 10H), 7.22 (s, 1H) 6.80 (s-
like, 2H), 3.54 (s, 3H), 3.50 (s, 3H), MS (FAB*) m/z 444.0, IR
(KBr) 3061, 2841, 1624, 1555, 1510, 1447, 1416, 1283, 1236,
1040, 897, 764, 698 cm™!. Anal. Caled for C3;HysBF4NO,: C
70.07, H 4.93, N 2.64, found: C 70.12, H 4.89, N 2.63.

2.1.2. Synthesis of azide 2

To a stirred solution of 1,2,4,5-tetramethoxy benzene (2.75 g)
in dry THF (50 mL) was slowly added n-butyllithium in hexane
(9.3mL, 1.57M) via a syringe at 0 °C. The mixture was stirred
for 30 min at room temperature. To this solution, a solution of
tosylazide (4.65 g) in 40 mL dry THF was slowly added at 0 °C
and the mixture was stirred at room temperature for 1 h. The
solvent was removed to the half volume under reduced pres-
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sure and diluted by adding water (100 mL). The mixture was
extracted by toluene and the organic layer was dried over sodium
sulfate. After filtration and evaporation of the solvent, the crude
products were subjected to the silica gel chromatography (ben-
zene:ethyl acetate =30:1, v/v) to give almost pure 2, which was
recrystallized from hexane to give pale yellow crystals (2.10 g,
63% yield), 2: mp 53 °C, "H NMR (400 MHz, CDCl3) § 6.32 (s,
1H), 3.85 (s, 6H), 3.82 (s, 6H), MS (FAB*) m/z239.07, IR 2999,
2941, 2844, 2104, 1589, 1502, 1472, 1423, 1361, 1225, 1203,
1063, 966, 877 cm™!. Anal. Caled for C1oH13N304: C 50.21, H
5.48, N 17.56, found: C 50.28, H 5.53, N 17.54.

2.1.3. Synthesis of 3

Zinc dust (7.02 g) was added in five portions into the stirred
solution containing 2 (2.06 g) in acetic acid (15mL) at 10°C.
The mixture was stirred for further 10 min at 10 °C. Then, the
zinc dust was removed by filtration. The filtrate was neutralized
by adding sodium hydroxide solution (5 M) under cooling and
extracted by toluene. The toluene layer was washed by water
and dried over sodium sulfate. After evaporation of the sol-
vent, the mixture was subjected to silica gel chromatography
(eluent, toluene:ethyl acetate =5:1) to give almost pure 3, which
was recrystallized from hexane to give colorless crystals (1.70 g,
93%), 3: mp 82 °C, 'H NMR (400 MHz, CDCl3) § 5.95 (s, 1H),
4.00 (brs, 2H), 3.83 (s, 6H), 3.79 (s, 6H), MS (FAB*) m/z213.09,
IR (KBr) 3443,3348,2970,2937, 2825, 1616, 1506, 1473, 1429,
1350, 1224, 1120, 1030, 841 cm™!. Anal. Calcd for C1oH sNO4:
C56.33,H7.09, N 6.57, found: C 56.36, H 7.12, N 6.50.

2.1.4. Synthesis of Ic

A mixture of 3 (370 mg) and 2,4,6-triphenylpyrylium tetraflu-
oroborate (4) (453 mg) in butyronitrile (30 mL) was refluxed for
2 days under nitrogen. After cooling, a small amount of ethanol
and an excess amount of ether were added into the mixture. By
cooling the reaction mixture and scratching the inner wall of
the reaction flask by a spatula at 0 °C, precipitates formed. The
precipitates were collected by filtration and recrystallized by
methanol-ether, to give pale yellow needles (580 mg, 86%). 1c:
mp 291 °C, '"H NMR (400 MHz, DMSO-dg) 8 8.72 (s, 2H), 8.37

N3 NH2
MeO OMe 1) n-BulLi MeO:Ei[OMe Zn-AcOH MeO OMe
MeO: : :OMe 2) TsN, MeO OMe MeO OMe
2 3
MeO OMe
4 MeO OMe Ph__ O Ph
- . - N -
4: | BF
refux in butyronitrile Ph._N._Ph BFs = 4
+
| = Ph
Ph 1c

Scheme 1.
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(d,J=7.1Hz, 2H), 7.74-7.65 (m, 3H), 7.55-7.44 (m, 10H), 6.84
(s, 1H),3.71 (s, 6H), 3.54 (s, 6H), MS (FAB*) m/z 504, IR (KBr)
2989, 2945, 2360, 1618, 1545, 1508, 1445, 1413, 1354, 1238,
1155, 1062, 959, 760 cm~". Anal. Cacld for C33H3oBF4NOy4: C
67.02, H5.11, N 2.37, found: C 67.05, H 5.09, N 2.41.

2.2. Crystal structure analysis of I¢

Colorless crystals suitable for X-ray analysis were obtained
by slow recrystallization from methanol—ether. Crystallographic
data for 1¢ (C33H39BF4NO4); FW =591.41, monoclinic, space
group C2/c (#15), a=10.940(3), b=23.090(7), c=11.703(3) A,
B=89.754(6)°, V=2956.4(15)A3, Z=4, T=113K, unique
reflections 3331, observation 2101 (I>2.00()), R;=0.071,
Rw=0.080 (I>20(I)), CCDC 633716. The observed torsion
angle (83° for 1c¢) was in good agreement with the calculated
torsion angles (76.0°, 73.1°, and 84.8° using TURBOMOLE
(RI-DFT) [10] for 1a, 1b and 1¢, respectively).

2.3. Molecular orbital calculation of 1a—Ic

The molecular orbital calculations (TD-DFT/6-31G*) for the
excited state 1la—1c were carried out using Gaussian 03 pro-
gram package at their ground state geometries. The geometry
optimization was carried out using TURBOMOLE (RI-DFT)
[10].

2.4. Laser-flash photolysis of la—1d

Nanosecond time-resolved difference spectra were obtained
by using the third harmonic of a Q-switched Nd**:YAG laser
(Continuum Surelite I-10, A =355nm) [11]. A sample solution
in a 1 cm-quartz cell were deaerated by bubbling with argon for
5 min. White light from a Xe-arc lamp was used for acquisition of
absorption spectra of species. For measurements of picosecond
time-resolved difference spectra, a sample solution in a quartz
cell (2 mm length) was excited with the third harmonic pulses of
a mode-locked Nd3*:YAG laser (Continuum PY61C-10) [12].
The transient absorption spectra in the time range from 10 ps
to 6 ns were acquired by using continuum pulses generated by
focusing the fundamental laser pulse into a flowing HoO/D,0
mixture (1:1, v/v).

3. Results and discussion
3.1. Ground state structure

Fig. 1 shows a molecular structure of 1c determined by
X-ray structure analysis. The torsion angle between the tetram-
ethoxy benzene and pyridinium rings was determined as 83°.
The observed torsion angle was in good agreement with the cal-
culated torsion angle (76.0°, 73.1°, and 84.8° for 1a, 1b and 1c,
respectively). These nearly perpendicular geometries minimize
the electronic interaction between the donor (mesityl or methoxy
phenyl rings) and the acceptor (pyridinium ring) in the ground
states.

Fig. 1. Structure of 1a-1d and ORTEP drawing at 50% ellipsoids level for 1c;
the dihedral angle between tetramethoxy benzene and pyridinium ring is 83°.
The counter anion BF4 ™~ is omitted for clarity.

3.2. Spectral properties of 1a—1d

Because of the large torsion angles between the donor
(mesityl and methoxyphenyl) and the acceptor (pyridinium)
rings, the charge-transfer bands from the donor to the accep-
tor orbitals should appear in low intensities. In fact, compounds
la—1c and reference compound 1d showed a similar absorption
maximum around 310 nm with a molar absorptivity of ca. 30,000
in butyronitrile (SI), which can be assigned to m—* absorp-
tions [13]. Interestingly, a weak absorption extending to 440 nm
was observed as a tail of the m—m* absorption for 1b (Fig. 2),
although such an absorption was not observed for 1-(di-ortho-
substituted phenyl) derivatives, 1a and 1c¢. The observed weak
and broad absorption for 1b can be assigned as an intramolec-
ular CT-band due to the transition from the donor part to the
pyridinium moiety. The observation of the CT-band for 1b sug-
gests that similar but much weaker CT-bands for 1a and 1c¢ are
hidden in the tail of the strong m—m* absorption of the pyri-
dinium moiety. This consideration is supported by the TD-DFT
calculation for these compounds (SI), where the lowest singlet
excited states include mainly HOMO (donor orbital) - LUMO
(acceptor orbital) transition. It should be noted that the CT-band
for 1b allows rough estimation of the reorganization energy A of
the back charge-shift process for the present system by apply-
ing Hush’s relation that the CT-band (Eop) is expressed as a
summation of the reorganization energy and the 0-0 transition
energy [14]. The latter corresponds to the driving force of the

A

LUMO

HOMO

300 400 500
Wavelength/nm

Fig. 2. UV-vis absorption of 1b in butyronitrile and the frontier molecular
orbitals.
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Table 1
Photophysical properties of 1a—1d in butyronitrile
Compound Abs (Amax)? (nm) Flu (Amax)® (nm) Phos (0-0 band)® (nm) Esd (eV) Et® (eV)
la 314 470 448 3.52 2.77
1b 310 - - 3.58 -
1c 310 - - 3.54 -
1d 304 433 445 3.64 2.79

4 Absorption maximum.

b Fluorescence maximum.

¢ Phosphorescence 0-0 band.

d Singlet energy estimated by the absorption edge at the 1/10 height of the maximal height of the w—m* absorption.

¢ Triplet energy of the local pyridinium cation moiety estimated from the 00 band of the phosphorescence measured at 77 K.

Table 2
Redox potentials and free energy changes for the charge-shift (AGcs) and back charge-shift (AGgcs) processes of 1a—1d in butyronitrile

Compound Ereq® (V) Eox* (V) AGcs® (eV) AGgcs® (eV)
1a —-1.39 >+2.0 >—0.13 <—3.39

1b —1.42 +1.24 -0.92 —2.66

1c —1.41 +0.85 —1.28 —2.26

1d —1.45 >+2.0 - -

a

vs. Fc/Fc* using a glassy carbon as a working electrode with sweep rate 100 mV/s in the presence of tetrabutylammonium hexafluorophosphate.

Y Free energy change for the photoinduced electron transfer (singlet state) calculated using the Rehm-Weller equation with neglect of the coulombic term.

¢ Free energy change for the back charge-shift reaction of the charge-shift state.

back electron transfer process and can be estimated from the
electrochemical data [— AGgcs = (Eox — Ered) =2.66 ¢V for 1b,
see Table 2]. Then, the reorganization energy can be estimated
as 0.78¢eV from the charge-transfer band (Eqp=ca. 360 nm
(3.44¢V) for 1b).

The singlet energies (Es) of the LE singlet states for these
compounds are estimated from the absorption edge (Table 1).
The model compound 1d and the mesityl derivative 1a showed
fluorescence at Amax =433 and 470 nm, respectively, with a
large Stokes-shift due to the conformational relaxation in the
excited state of 2,4,6-triphenylpyridinium structure [13]. The
methoxy-substituted derivatives 1b and 1c showed virtually no
fluorescence, probably because of the efficient intramolecular
electron transfer in the singlet states. Furthermore, compounds
1d and 1a showed similar phosphorescence in butyronitrile glass
at 77 K, whose 0-0 band was located at 445 nm (ET=2.79¢eV)
with a vibronic structure spacing of 1420cm~! for 1d, and
448 nm (ET =2.77eV) with a spacing of 1400 cm~! for 1a (SI).
The similarity of the phosphorescence spectra between these
compounds indicates that the phosphorescence is originated
from the LE triplet on the pyridinium chromophore. On the other
hand, 1b and 1¢ did not show appreciable phosphorescence, sug-
gesting that the triplet charge-shift states are lower in energy than
the LE triplet states. Photophysical properties including LE sin-
glet and triplet energies of these compounds are summarized in
Table 1.

3.3. Redox potentials and free energy change in
photoelectron transfer and back electron transfer reactions
of la—Ic

Compounds 1a—1d showed reversible reduction waves at ca.
—1.4V vs. Fc/Fct, which are attributed to the reduction of

pyridinium cations [15]. The reversible oxidation waves were
observed for 1b and 1c. The oxidation potential of 1a could not
be precisely determined because of the competing oxidations of
the other phenyl groups. The redox potentials are summarized
in Table 2 along with the free energy change for the formation
of charge-shift states from the LE singlet states (AGcs) and that
for the back charge-shift process resulting in the singlet ground
state (AGpgcs).

From these tables, the following energy-profile is apparent:
(1) the free energy change from the LE singlet state to the charge-
shift state is small for 1a, and exothermic for 1b and 1¢, (2) the
process of the back charge-shift giving the singlet ground state
is highly exothermic for 1a-1c, and (3) the charge-shift state
for 1a has enough energy to produce the LE triplet state on the
pyridinium chromophore, but the process is endothermic for 1b
and 1c.

3.4. Laser-flash photolysis of 1la—Ic

Irradiation of a deaerated butyronitrile solution of 1a with a
picosecond laser pulse (355 nm, FWHM: 17 ps) and a nanosec-
ond pulse (355nm, FWHM: 4ns) gave the transient spectra
shown in Fig. 3.! After the picosecond pulse excitation, weak
absorptions appeared around 475 and 550 nm with a time con-
stant of ca. 15ps (Fig. 3A).2 They were slowly converted to
the species with a 460 nm absorption (Fig. 3B) within 100 ns
(r=21ns). The 460 nm species decayed much slowly with a
lifetime of 2.2 ps.

! During the laser-photolysis, appreciable decomposition of the starting mate-
rials 1a—1c was not observed as confirmed by measurement of the absorption
spectra and TLC of the photolysates.

2 The time constant was determined by numerical simulation with the convo-
lution of the instrumental function.
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Fig. 3. Transient absorption spectra of la ([1a]=5.89 x 107*M and
245 x 107*M for A and B, respectively) in deaerated butyronitrile at 208 K
taken 10, 20, 30, 100 ps, 1, 3, 6 ns after a 355 nm laser pulse (FWHM: 17 ps, A)
and 10, 20, 30, 40, 70, 100 ns after a 355 nm laser pulse (FWHM: 4 ns, B).

In control experiments, similar excitation of the model com-
pound 1d afforded a relatively long-lived excited singlet state
with a strong induced emission around 485 nm (SI). The excited
singlet state decayed with a time constant of t=1.3ns to the LE
triplet (460 nm with 7 = 1.8 ws, SI), that has an identical spectral
pattern with that observed for the photolysis of 1a, demonstrat-
ing that the 460 nm species generated from 1a (Fig. 3) is due to
the LE triplet state on the pyridinium moiety.

The initial species (360 nm in Fig. 3B, 475 and 550 nm in
Fig. 3A,20 psto 3 ns) is thought to be a precursor of the LE triplet
(460 nm). The absorptions at 360 and 550 nm can be assigned to
those of a pyridinyl radical (Apmax 357 nm and 585 nm in CH;Cly,
electrochemically generated from 1a, SI). The weak 475nm
absorption shows good agreement with the reported value of
the mesitylene radical cation (Apmax 470nm in CH,Cl, [16],
475 nm in CH3CN [4b]). The origin of broad absorption around
800 nm (Fig. 3) is not clear. Neither mesityl radical cation nor
the pyridinyl radical exhibit the strong absorptions, although
pyridinyl radicals show a weak absorption in this region (SI).
The absorption may be ascribed to the electronic interaction
within the radical ion pair.

The rate constant for the formation of the LE triplet (460 nm)
was identical with the decay of the 360 nm species within exper-
imental error (t =20-25ns). Furthermore, the lifetime of the
charge-shift state was identical with that of the fluorescence
(t=20ns) of 1a, indicating that the singlet charge-shift state
is an emissive state [4b].

These results are consistent with the following mechanisms
for the formation of the LE triplet: (1) a pathway involving
the intersystem crossing within the charge-shift state followed
by rapid back electron transfer to give the LE triplet state
(!CS — 3CS — 3LE) [5], (2) direct electron transfer from the
singlet charge-shift state to the LE triplet state ('CS — 3LE),
by the spin—orbit coupling of the nitrogen p-orbitals involved
in the orbitals of the pyridinium and phenyl moieties with per-
pendicular orientation [5,17], and (3) another route involving
the intersystem crossing of the thermally populated LE sin-

0.2 T T T T T T
’ Electrochemical
oxidation of 1b
in CH,Cl, at +1.5)
V vs Fc/Fc*
(O]
o
c
3 500
‘6 0.1 Wavelength / nm
(%]
e
<
0.0 !

400 500 600 700
Wavelength / nm

Fig. 4. Transient absorption spectra of 1b ([1b]=8.15 x 10~*M) in deaerated
butyronitrile at 298 K taken 20, 30, 40, 50, 70, 100, 500 ps after a 355 nm laser
pulse (FWHM: 17 ps). Inset is a spectral change with rough estimation of the
molar absorptivity during the electrochemical oxidation of 1b in CH,Cl,.

glet state, which is formed from the singlet charge-shift state,
is operative because of the small energy gap of AGcs for 1la
(cS=1LE— 3LE). Differentiation of these mechanisms is
difficult at present.

Excitation of 1b with a picosecond pulse showed broad
absorptions with maxima at 440 and 540 nm (Fig. 4) (see foot-
note 1). They decayed with T =35 ps. The observed absorptions
are assigned to the charge-shift state by comparing them with the
absorption of 1b radical cation generated by the electrochemi-
cal method (451, 550 nm (sh) in CH,Cly, inset in Fig. 4) and the
pyridinyl radical (Apax: 550 nm in Fig. 3).

Similar results were obtained in the photolysis of 1¢ (Fig. 5)
(see footnote 1). The transient species had a broad absorption

0.12 T 05
10 ps f'E Electrochemical
20 ps 5 04 506 oxidation of 1¢
30 ps T in CH,Cl, at

i 40 ps <03 +1.1V vs Fe/Fc|

50 ps L
100 ps -
500 ps X 0.2

0.08 01 ]

7400 500 600 700
Wavelength / nm

Absorbance

o
o
=

1
400 500 600 700
Wavelength / nm

Fig. 5. Transient absorption spectra of 1c ([1¢]=6.70 x 10~* M) in deaerated
butyronitrile at 298 K taken 10, 20, 30, 40, 50, 100, 500 ps after a 355 nm laser
pulse (FWHM: 17 ps). Inset is a spectral change with rough estimation of the
molar absorptivity during the electrochemical oxidation of 1¢ in CH,Cl,.
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around 520 nm (7 =ca. 16 ps) (see footnote 2), which is reason-
able as a summation of the absorptions of the 1¢ radical cation
(506 nm in CH,Cl,, inset in Fig. 5) and the pyridinyl radical
(A*max: 550 nm in Fig. 3).

In both cases (1b and 1c), the absorptions in the 400-750 nm
region had almost vanished within 100 ps, indicating a minor
contribution of long-lived triplet charge-shift states, if they are
generated. These results can be explained by the rapid back
charge-shift to the singlet ground state, i.e., the expected inter-
system crossing of the singlet charge-shift state is too slow to
compete with the fast back charge-shift process for 1b and 1c.

It is of interest to compare the lifetimes of the charge-
shift states for 1la—1c. The lifetimes increase in the order of
lc<1b « 1a. This sequence is independent from of the tor-
sion angle between the donor and pyridinium rings (1Ib<la<1c¢
in the ground state) but related to the sequence of —AGgcs
values (1¢ < 1b « 1a), indicating that the back charge-shift pro-
cesses are in Marcus inverted region [18]: the large free energy
gain, AGpcs, for 1a slows the back charge-shift to the sin-
glet ground state to allow intersystem crossing to the LE triplet
state on the pyridinium moiety. On the other hand, very rapid
back charge-shift reactions were observed for 1b (r =35 ps) and
1c (r=167ps). The observed lifetimes are much shorter than
those predicted from the classical Marcus theory [18]: apply-
ing the classical Marcus theory predicts the time constant of
the decay of the charge-shift state for 1b to be 7=2.4 x 10°s;
the remarkable difference (10!7 order) between the experiment
and the theory. Thus, the short lifetime of the present system
is in sharp contrast to the report by Fukuzumi and coworkers
[3a], who reported that the observed lifetime is in accord with the
classical Marcus theory. Although the presence of the inverted
region has been experimentally demonstrated in many systems,
the effect is known to be much less than that predicted based
on the classical Marcus theory, indicating the importance of
nuclear tunneling quantum effects [19] in the Marcus inverted
region. Our results are totally consistent with those reported by
Verhoeven, Harriman, and coworkers [1,4].

4. Conclusion

The pyridinium cations with the donor of mesityl
(la, AGpcs<—3.4eV) and 2,5-dimethoxyphenyl (1b,
AGpcs=—2.7¢V) and 2,3,4,5-tetramethoxypheny (lc,
AGpcs =—2.3eV) were investigated. In all cases, the singlet
charge-shift states were observed. The mesityl charge-shift
state was converted to the LE-pyridinium triplet state with a
time constant of 20-25ns. The methoxy charge-shift states
decayed to the singlet ground states very rapidly with lifetimes
of 35ps (1b), and 16 ps (1c¢). These results clearly show that

3 The electronic coupling for the charge-shift state of 2b was estimated
from the CT absorption (max =753 M~ em ™!, vyax =27,800cm™! (360 nm),
Avip=4500cm™!, and R, =4.3 A) [14] as V=1.5 x 10? cm™!, which resulted
in a higher value of the pre-exponential factor than the nuclear vibration limit
(1013 s71). Thus, the estimation of the rate constant of the back charge-shift state
using the semi-classical Marcus theory [18] governed by the vibrational limit
gave also the very long lifetime of 7=1.5 x 10°s.

the perpendicular approach for the directly linked D—A system
does not lead to a long-lived triplet charge-shift state. The rate
of the back charge-shift reactions for 1b and 1c are extremely
fast, contrary to the expectation from the classical Marcus
theory in the inverted region (AGpcs<—2¢eV, A=0.78eV).
The expected intersystem crossing of the singlet charge-shift
state cannot be operative for 1b and 1c because of their fast
back charge-shift processes,

Further exploration of long-lived (>~us) triplet radical ion
pair states by fast intersystem crossing in D—A-linked systems
are in progress.

Acknowledgement

We thank the Ministry of Education, Culture, Sports, Sci-
ence and Technology, Japan, for a Grant-in-Aid for Scientific
Research (no. 17350072).

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.jphotochem.2007.08.019.

References

[1] (a) J.W. Verhoeven, J. Photochem. Photobiol. C 7 (2006) 40-60;
(b) J.W. Verhoeven, H.J. van Ramesdonk, M.M. Groeneveld, A.C. Bennis-
ton, A. Harriman, ChemPhysChem. 6 (2005) 2251-2260.

[2] (a) D. Anglos, V. Bindra, A. Kuki, J. Chem. Soc., Chem. Commun. (1994)
213-215;
(b) S.I. van Dijk, C.P. Groen, F. Hartl, A.M. Brouwer, J.W. Verhoeven, J.
Am. Chem. Soc. 118 (1996) 8425-8432;
(c) G.P. Wiederrecht, W.A. Svec, M.R. Wasielewsky, T. Galili, H. Levanon,
J. Am. Chem. Soc. 122 (2000) 9715-9722;
(d) H.-P. Zeng, T. Wang, A.S.D. Sandanayaka, Y. Araki, O. Ito, J. Phys.
Chem. A 109 (2005) 4713-4720.

[3] (a) S. Fukuzumi, H. Kotani, K. Ohkubo, S. Ogo, N.V. Tkachenko, H. Lem-
metyinen, J. Am. Chem. Soc. 126 (2004) 1600-1601;
(b) K. Okubo, H. Kotani, S. Fukuzumi, Chem. Commun. (2005)
4520-4522.

[4] (a) A.C.Benniston, A. Harriman, P. Li, J.P. Rostron, J.W. Verhoeven, Chem.
Commun. (2005) 2701-2703;
(b) A.C. Benniston, A. Harriman, P. Li, J.P. Rostron, H.J. van Ramesdonk,
M.M. Groeneveld, H. Zhang, J.W. Verhoeven, J. Am. Chem. Soc. 127
(2005) 16054—-16064.

[5] H. van Willigen, G. Jones II, M.S. Farahat, J. Phys. Chem. 100 (1996)
3312-3316.

[6] A.Harriman, L.J. Mallon, G. Ulrich, R. Ziessel, ChemPhysChem. 8 (2007)
1207-1214.

[7] (a) W.T. Borden, in: W.T. Borden (Ed.), Diradicals, Wiley, New York, 1982,
pp. 1-72;
(b) E. Terada, T. Okamoto, M. Kozaki, M.E. Masaki, D. Shiomi, K. Sato,
T. Takui, K. Okada, J. Org. Chem. 70 (2005) 10073-10081.

[8] (a) L. Salem, C. Rowland, Angew. Chem. Int. Ed. Engl. 11 (1972) 92—
111;
(b) J. Michl, V. Bonaci¢-Koutecky, Electronic Aspects of Organic Photo-
chemistry, Wiley, New York, 1990.

[9] (a) A.R. Katritzky, N.F. Eweiss, P.-L. Nie, J. Chem. Soc., Perkin Trans. 1
(1979) 433-435;
(b) A.R. Katritzky, J.M. Lloyd, R.C. Patel, J. Chem. Soc., Perkin Trans. 1
(1982) 117-123.

[10] (a) R. Ahlrichs, M. Bir, M. Hiser, H. Horn, C. K6lmel, Chem. Phys. Lett.

162 (1989) 165-169;


http://dx.doi.org/10.1016/j.jphotochem.2007.08.019

260 T. Namikawa et al. / Journal of Photochemistry and Photobiology A: Chemistry 194 (2008) 254-260

(b) K. Eichkorn, F. Weigend, O. Treutler, R. Ahlrichs, Theor. Chem. Acc.
97 (1997) 119-124.

[11] T. Ohno, K. Nozaki, M. Haga, Inorg. Chem. 31 (1992) 548-555.

[12] A. Yoshimura, K. Nozaki, N. Ikeda, T. Ohno, J. Phys. Chem. 100 (1996)
1630-1637.

[13] (a) S.M.M. Elshafie, Z. Phys. Chem. (Leipzig) 267 (1986) 1107-
1112;
(b) M.I. Knyazhansky, V.A. Kharlanov, Y.R. Tymiansky, J. Photochem.
Photobiol., A 118 (1998) 151-156.

[14] N.S. Hush, Coord. Chem. Rev. 64 (1985) 135-157.

[15] (a) K. Okada, K. Matsumoto, M. Oda, H. Murai, K. Akiyama, Y. Ikegami,
Tetrahedron Lett. 36 (1995) 6689-6694;
(b) K. Okada, K. Matsumoto, M. Oda, Tetrahedron Lett. 38 (1997)
6007-6010.

[16] S.M. Hubig, J.K. Kochi, J. Am. Chem. Soc. 122 (2000) 8278-8288.

[17] T. Okada, I. Karaki, E. Matsuzawa, N. Mataga, Y. Sakata, S. Misumi, J.
Phys. Chem. 85 (1981) 3957-3960.

[18] R.A. Marcus, N. Sutin, Biochim. Biophys. Acta 811 (1985) 265-322.

[19] (a)J. Jortner, J. Chem. Phys. 64 (1976) 4860-4867;
(b) M. Bixon, J. Jortner, Adv. Chem. Phys. 106 (1999) 35-202.



	Photoinduced electron transfer reactions of highly twisted 1-donor-substituted 2,4,6-triphenylpyridinium cations
	Introduction
	Experimental
	Materials
	Synthesis of 1b
	Synthesis of azide 2
	Synthesis of 3
	Synthesis of 1c

	Crystal structure analysis of 1c
	Molecular orbital calculation of 1a-1c
	Laser-flash photolysis of 1a-1d

	Results and discussion
	Ground state structure
	Spectral properties of 1a-1d
	Redox potentials and free energy change in photoelectron transfer and back electron transfer reactions of 1a-1c
	Laser-flash photolysis of 1a-1c

	Conclusion
	Acknowledgement
	Supplementary data
	References


