JIAICIS

ARTICLES

Published on Web 10/06/2004

Effects of Benzyl Ether Type Dendrons as Hole-Harvesting

Antennas, and Shielding for the Neutralization of Stilbene

Core Radical Cations with Chloride lon during Two-Photon

lonization of Stilbene Dendrimers Having Stilbene Core and
Benzyl Ether Type Dendrons

Michihiro Hara,* Shingo Samori,* Xichen Cai,* Sachiko Tojo,* Tatsuo Arai,’
Atsuya Momotake,t Junpei Hayakawa,” Mayuko Uda,! Kiyohiko Kawai,*
Masayuki Endo,* Mamoru Fujitsuka,* and Tetsuro Majima**
Contribution from The Institute of Scientific and Industrial Research (SANKEN), Osaka

University, Mihogaoka 8-1, Ibaraki, Osaka 567-0047, Japan, and Graduate School for Pure and
Applied Sciences, Urersity of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan

Received June 7, 2004; E-mail: majima@sanken.osaka-u.ac.jp

Abstract: The two-photon ionization (TPI) process (308 and 266 nm) of stilbene dendrimers having a stilbene
core and benzyl ether type dendrons has been investigated in an acetonitrile and 1,2-dichloroethane mixture
(3:1) in order to elucidate the dendrimer effects. The quantum yield of the formation of stilbene core radical
cation during the 308-nm TPI was independent of the dendron generation of the dendrimers, whereas a
generation dependence of the quantum yield of the radical cation was observed during the 266-nm TPI,
where both the stilbene core and benzyl ether type dendron were ionized, suggesting that the subsequent
hole transfer occurs from the dendron to the stilbene core, and that the dendron acts as a hole-harvesting
antenna. The neutralization rate of the stilbene core radical cation with the chloride ion, generated from
the dissociative electron capture by 1,2-dichloroethane, decreased with the increase in the dendrimer
generation, suggesting that the dendron is an effective shield of the stilbene core radical cation against the

chloride ion.

Introduction

sulfur clusters with poly(aryl ether) dendrons through a ligand-

Recently, the usefulness of dendrimers as light-harvesting exchange reaction. It has been reported that the electron transfer
antennas, fluorescent chemosensors, and organic light-emitting?€tween the electrode and the core with the higher generation
diodes, and in drug delivery, has been demonstrated by manydéndron was slowéf.Newkome et al. displayed the interaction
research groups because of the three-dimensional and site®f 10ck” and “key” dendritic segments mediated by a bis-

isolated structure of dendrime¥stO The ability of the dendritic

(terpyridine)ruthenium(Il) complex form, which indicated highly

shell to create specific site-isolated nano-environments has beergfficient shielding of the coré? Kaifer et al. showed that the

explored. Diederich et al. reported the iron porphyrin core with
two tethered imidazolin ligands, providing intramolecular axial
ligation. The reduction potential of the porphyrin core shifted
to the anodic direction when the sufficient dendritic shielding
was achieved! Gorman and co-workers prepared cubic iron

* Osaka University.
T University of Tsukuba.
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heterogeneous electron-transfer rate constants as well as the
diffusion coefficients decreased with the increase in the genera-
tion number* Frechet et al®> and Ito et al® investigated
fullerene dendrimers and observed intra- and intermolecular
photoinduced electron transfer, respectively. Even though the
shielding effects in dendrimers have been studied by some
groups to prove specific site-isolated nano-environments and
encapsulated functional core, kinetic studies on the reactive core
are rather limited87

In the present study, the stilben®T) core was connected
with the benzyl ether type dendrons (Scheme 1), i.e!, 3%
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Scheme 1. Stilbene Dendrimers
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G3
tetramethoxylstilbeneG0) and ST with first generation G1), synchronized with the laser flash, and monitored using a photomultiplier
second generationGR), third generation G3), or fourth (Hamamatsu Photonics R928) or a silicon photodetector (Hamamatsu

generation G4) dendrond®18 The photophysical and photo-  Photonics S5343). The signal from the detector was digitized with an
chemical properties have been studied by means of laser flastpscilloscope and transmitted to a personal computer via the GPIB
photolysis with respect to the two-photon ionization (TPI) and interface. Transient absorption spectra were measured by a multichannel
the subsequent processes, depending on the dendrimer gener@nalyzer with an image intensifier having a 30-ns gate width. The
tion. In the case of 308-nm laser excitation, only 8icore is dendrimer samples in a rectangular quartz cell (9.3.0 x 4.0 cm,
excited, while both theST core and the dendron are excited MoMitor light path length of 1.0 cm) were prepared in an AN and DCE
upon 266-nm laser irradiation. Here, we first report that TPI of mixture (3:1) at room temperature.

G1—-G4 occurs to giveST core radical cation through TPI of
the ST core and benzyl ether moieties of the dendrons, that the
subsequent hole-transfer process occurs quantitatively within - TP| during 308-nm Laser Flash. A transient absorption
the 5-ns laser pulse duration from the peripheral dendron to spectrum with a peak at 47%10 nm was observed 500 ns

the ST core (hole-harvesting effect), and that the dendritic after a 308-nm laser flash during the laser flash photolysis
shielding effect of the dendrons works for the neutralization of of Go in the AN and DCE mixture (3:1) (Figure 1). The

Results and Discussion

ST core radical cation with chloride ion. observed absorption spectrum is assigned to the radical cation
Experimental Section of the methoxy stilbeneST*") generated by the TPI process
(eq 1).

Materials. GO—G4 (Scheme 1) were prepared according to the
procedure previously described in the literattfrécetonitrile (AN)
and 1,2-dichloroethane (DCE) (Wako spectroscopic grade) were used
without further purification.

Nanosecond Laser Flash PhotolysisNanosecond laser flash From AOD4gy = 0.11 £+ 0.015 and the molar absorption
photolysis experiments were carried out using a 308-nm flash from a coefficient of ST** at 480 nm forGO (eag0 = 3.5 x 10 M1
XeCl excimer laser (Lambda Physik Compex102; pulse width of 25 1) estimated from the hole transfer from biphenyl radical
ns fwhm) or a 266-nm laser flash from a Nd:YAG laser (Continuum  ~+:0n toGo during laser flash photolysis of a mixture 60

Surelite-1l; pulse width of 5 ns fwhm) as an excitation source. The 2 o 4
monitor light was obtained from a 450-W Xe lamp (Osram XBO-450) gp?h:nilcr (ol\ﬁ),'\%l?n d:g a;aar::;acs&g; (rln)i(tlL?l; lé).'l?n?he

ST+2hw—ST +e 1)

(18) Tatewaki, H.; Mizutani, T.; Hayakawa, J.; Arai, T.; Terazima,MPhys. concentration o650°" ([G0"*]) was calculated to be 3.X 1076
Chem. A2003 107, 6515.

(19) Uda, M.; Mizutani, T.; Hayakawa, J.; Momotake, A.; Ikegami, M.; M. The number of laser phOtO_nS a_bsorbqu)(by _GO was
Nagahata, R.; Arai, TPhotochem. PhotobioR002, 76, 596. measured to bbl, = 2.8 x 10~“ einstein L from actinometry
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Figure 1. Transient absorption spectra assigne@G®*—G4*+ observed at 500 ns after a laser flash with the laser intensity=0#0 mJ pulse! during
the TPl of GO—G4 at 308 nm in an AN and DCE mixture (3:1). Absorbance at 308 nm was adjusted to be 1.0 for the laser path length of 0.5 cm. Insets
are plots of logAODasgg) vs log().

. . . . Table 1. F ti f ST+
using the triplet-triplet absorption of benzophenone as a 388_enm TP?LT%'ST& in an
standard® Thus, the quantum yield of the ionization of

Core and Neutralization during the
AN and DCE Mixture?@

. i AOD, G105 M Dy 506/1072 k100 ML 571
GO by the 308-nm laser flashdon 309 Was estimated to be generation h (671 d ! S
0.014 GO 0.14 4.0 1.4 43
T . . . Gl 0.13 3.7 1.3 3.3
Similar transient absorp_tlon spectra were observed during the  g» 0.14 4.0 1.4 29
308-nm TPI ofG1-G4 (Figure 1). The absorbance &f1— G3 0.11 3.1 1.1 1.6
G4 0.12 3.4 1.2 0.65

G4 at 308 nm was adjusted to be 1.0 for the laser path length
of 0.5 cm, where the concentration®.—G4 was 6.7x 104
M. Since only theST core has absorption at 308 nm, t8&
core can be selectively excited to cause TPI of $iecore.

Since benzyl ether type dendrons have no absorption at 308 )
nm/9 it is not possible for TPI of benzyl ether type dendrons of the ST** core of GO—G4 estimated from the hole transfer

to occur under the present irradiation conditions. Therefore, the With biphenyl radical cation. Thion 0s values 0fG0—G4 were
®ion 308 Values ofGO—G4 were calculated to be (18 0.2) x higher than that ofrans-stilbene (ionsos = 2.0 x 10°%),2422
1072 (Table 1) on the basis of the molar absorption coefficients

aQuantum yields®ion 309 Of the formation ofST** core were calculated
from AODugo ([G**] = [ST**]). Neutralization rate constantk) of ST**
core with chloride ion were obtained from the decay time profile&©@Dasgo

(21) Hara, M.; Tojo, S.; Majima, TJ. Photochem. Photobiol. 2004 162
121

(22) Haré, M.; Tojo, S.; Fujitsuka, M.; Majima, TThem. Phys. Let2004

(20) Bensasson, R. V.; Gramain, J. £.Chem. Soc., Faraday Trans.198Q
393 338.

76, 1800.
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Figure 2. Time profiles of the transient absorption at 480 MhODaso) assigned t&T*" of GO—G4 in AN and DCE mixture (3:1). Insets are time profiles

of AOD430_1.

because the;Sstate lifetimes 0lGO—G4 (9.3—9.7 ns}® were
longer than that ofrans-stilbene (40 psj*22The ®jon 303 value

proximately 1.5 at the laser fluence of Q0 mJ pulse! (Figure
1, insets), indicating that two-photon excitation is involved in

was independent of the dendron generation of the dendrimer,the formation ofST**. The slopes were slightly smaller than 2

indicating that the formation o8T*" via excitation of theST
core was not influenced by the dendron generation. T8Us,
and ST** cores were isolated from the benzyl ether type
dendrons as site-isolated nano-environment&0+G4 and
GO —G4*, respectively.

and became much smaller than 2 at laser intensity higher than
20 mJ pulsel. Previously, we found that the slope becomes
much smaller than 2 when the absorption of the laser flash was
saturated during the laser pulse width of 25 ns. For example,
we observed slopes of 6-8..0 in the 308-nm TPI of substituted

The TPI of stilbene and dimethoxy-substituted stilbene has stilbene22 This is also the case with the 308-nm TPI of
been already investigated with laser flash photolysis at 308 nm pyrene and its derivative4.

in AN.2! Since the ionization potential (IP) &T in AN is 7.1

eV 2% the 308-nm photon energy (4.0 eV) is not sufficient to
ionize theST core. Formation ofST** clearly indicates that
two-photon excitation must be involved in the 308-nm TPI of
the ST core of GO—G4 under the present irradiation conditions
with the laser power of 40 mJ pulsk Plots of logAODygo) Vs
log(laser intensity) were linear lines with a slope of ap-

(23) Murov, S. L.; Carmichael, I.; Hug, G. lHandbook of Photochemistry
2nd ed.; Marcel Dekker: New York, 1993.
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An electron must be generated together with the forma-
tion of ST** during the TPl ofGO—G4. However, no tran-
sient absorption of AN radical anion (AN) and AN dimer
radical anion ((AN)")?®> was observed, suggesting that the
electron is mainly trapped by DCE to give chloride ion and

(24) Hara, M.; Tojo, S.; Kawai, K.; Majima, TPhys. Chem. Chem. Phyx04
6, 3215

(25) B'ell, I. 'P.; Rodgers, M. A. J.; Burrows, H. 0. Chem. Soc., Faraday
Trans. 11977, 73, 315.
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Scheme 2

CICH,CH,CI

Table 2. Formation of ST** Core and Neutralization during the 266-nm TPI of GO—G4 in an AN and DCE Mixture?

€266 MY

generation 103 cm—t fsrl% AODyg/1073 [G**]266/206 M Do 266/1072 DH 066/1072 kn/10° M1
GO 0.55 100 72+ 3 2.0+0.1 1.7+0.1 1.7+ 0.1 55
Gl 0.71 77 60+ 2 1.7+0.1 1.4+ 0.1 1.8+ 0.2 4.4
G2 1.43 38 68+ 2 1.8+ 0.1 1.5+ 0.1 3.9+ 0.2 4.0
G3 2.29 24 41+ 2 1.24+0.1 1.0+ 0.1 42+ 04 1.8
G4 4.86 11 32+ 2 0.92+ 0.1 0.77£ 0.1 6.9+ 0.4 0.95

aMolar absorption coefficients at 266 nnax{g), fraction of laser photons absorbed BY core (st), quantum yields of the formation ST core
(Dion 269 calculated fromAOD4go ([G*F] = [ST**]), quantum yield of the formation T+ core normalized with absorbed photons$y core @ion 269,
and neutralization rate constantg) of ST** core with chloride ion obtained from the decay time profilesA@Dasgo. [3BP*] = [I] = 1.2 x 1074 M.

2-chloroethyl radical through the dissociative electron capture rate constant by the dendritic shielding G4. These results

(eq 2)26:27 clearly illustrate the dendritic shell effect that inhibits approach
of chloride ion towardST** core in the neutralization process.
e + CICH,CH,Cl— CI” + ‘CH,CH,CI ) Similarly, a 20% decrease of the back electron-transfer rate by

the dendritic shielding has been observed for the bimolecular
The transient absorption bands®T*+ of GO—G4 decayed ~ Pack 'ele,:ctron transfer betweensoCrore radical anion and
in the 20xs time scale after the laser irradiation (Figure 2). N/NN',N'-tetramethylbenzidine radical cation during p')h(?tom-
The decay of ST** of GO—G4 can be attributed to the duced electron transfer ofsg.core dendrimers antd,N,N',N'-
neutralization ofST* with chloride ion (eq 3). Similar neu- tetramethylbenzidine in benzonitrité Dendritic shielding ef-

tralization has been reported ftransstilbene and aromatic fects have been reported for the increase of redox potentials of
compoundg’ the iron porphyrin cor€ and the electrochemical properties of

the iron—sulfur coré? in the cyclic voltammetry.

TPI during 266-nm Laser Flash. A similar transient
absorption spectrum dB0t was observed at 500 ns after a
266-nm laser flash during the laser flash photolysis in an AN
and DCE mixture (3:1), indicating occurrence of the TPI. In
the case of TPl with a 266-nm laser flash, the concentrations
of GO—G4 were adjusted to absorb 266-nm photons with 1.2
x 1074 einstein 1. The quantum yields of the 266-nm TPI
(Dion 269 for GO—G4 were calculated to be (1-0.77) x 1072
(Table 2), and were found to decrease with the increase in the
dendrimer generation.

It should be noted that both tt&T core and the dendron are
excited with excitation at 266 nm. In the caseGd, the fraction
of laser photons absorbed by tB& core {s1) is 100%. With

cr + ST products (3)

The decay ofST** obeyed second-order kinetics (Figure 2,
inset). The rate constants of the neutralizatio®®f" core with
chloride ion k), listed in Table 1, decreased with the increase
in the dendrimer generation froky = 4.3 x 10° M1 s for
GO to ky = 6.5 x 108 M~1 s for G4. This finding was
attributed to the enhanced shielding 8f** core by the
dendrons, which inhibits the neutralization T** core with
chloride ion (Scheme 2). In other words, the neutralization of
STt core with chloride ion is strongly prevented by the
dendrons, resulting in the 85% decrease of the neutralization

(26) Johnson, J. P.; Christophorou, L. G.; Carter, JJGChem. Phys1977, the increase in the dendrimer generatidrthe fst values
67, 2196. 0 _ i

(27) Yamamoto, Y.; Nishida, S.; Hayashi, &.Chem. Soc., Faraday Trans. 1 decrease to 77, 38_’ 24, and 11/°m G4, reSpeCtlvely (T_able
1987, 83, 1795. 2). The quantum yield of the formation 8fT** core normalized
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Scheme 3

with absorbed photons by tI&T core @"ion 269 Was estimated
from eq 4.
D" 266= [ST V(N fs7) (4)

The @M, 266 Values ofGO—G4 were calculated to be (1%
0.1) x 1072, (1.84+ 0.1) x 1072 (3.94+ 0.2) x 1072, (4.2 +
0.1) x 1072, and (6.9+ 0.1) x 1072 respectively (Table 2).
The variation of®"jo, 266 betweenG0 andG1 with and without
phenyl group, respectively, was small, while the generation
dependence obMion 266 for G1—G4 was obvious, as shown in
Figure 3. In the previous section, it was revealed that the

8
~9 6F
~
2 4t @ }
%
2'- 8
GO G1 G2 G3 G4

Figure 3. Dependence of the quantum yields of ionizatidrion 266 ON
dendrimer.

ionization yield from the excite&T core was independent of
dendrimer generation. Thus, an additional mechanism should

14222 J. AM. CHEM. SOC. = VOL. 126, NO. 43, 2004

be included in the formation &T** during the 266-nm TPI of
the dendrimer. Since benzyl ether moieties as the components
of the dendron have absorption at 266 nm, the TPI of benzyl
ether moieties may occur to give benzyl ether radical cations.
From the oxidation potentials of the components of the
dendrimers [stiloeneE* = 1.27 V)2 methoxybenzeneE*
1.62 V), methoxymethylbenzeneE¥ = 1.55 V), 1,3-
dimethoxybenezendef* = 1.49 V)] 2 exothermic hole trans-
fer from the dendron to th&T core is possible after the
formation of the benzyl ether radical cation of the dendron.
Since the kinetics trace &T* did not show any rise after a
laser flash due to the hole transfer, the hole transfer seems to
be completed within the laser flash duration of 5 ns. The in-
crease of®M,, 266 With the increase in dendrimer generation
can be attributed to the hole transfer from the benzyl ether
radical cation of the dendrons to t8d core (Scheme 3). The
ratios of ®H,y, 266 resulting from the hole transfer from the
dendrons to theST core 4) were estimated fronfy =
(DHion(GN) — ®Hign(G0))/PHipn(Gn) to be 6, 56, 60, and 75%
forn=1, 2, 3, and 4, as dendrimer generation, respectively.
A hole generated in the dendron during the 266-nm TPl is
considered to be quantitatively transported to$fiecore during
the laser pulse duration of 5 ATherefore, ionization quantum
yields of the dendrons®P;,n) of G1-G4 were calculated to
be 0.36x 1072 15 x 102 1.3 x 102 and 1.4x 1072

(28) Miyasaka, H.; Khan, S. R.; Itaya, A. Photochem. Photobiol. 2003 4,
195.
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respectively, from ®P, = f[G*t]66(GO)/((fsT(GNn) — to the ST core. A 75% vyield ofST** resulted from the hole
fst(GO))Np). Since the dendron&2—G4 have similar values  transfer from the dendrons to tI®T core during the 266-nm
of ®Pj,n = (1.3—1.5) x 1072, and the benzyl ether moiety (1,3- TPl of G4, and the remaining 25% &T*" was yielded by the
dimethoxy-5-methylbenzene) is the common component for the direct TPI of theST core. The rate constant of the neutralization
dendronG2—G4, TPI of 1,3-dimethoxy-5-methylbenzene moi- of ST** core with chloride ion decreased with the increase in
eties can occur to give the radical cation. the dendrimer generation. For example, an 85% decrease of the
Thus, we confirmed that benzyl ether moieties of the dendrons neutralization rate was observed in the cas&df indicating
show the hole-antenna (harvesting) effect for the formation of dendritic shielding for the neutralization &T** core with
STt through the hole transfer from benzyl ether moieties of chloride ion. Consequently, the ability of the dendritic shell to
the dendrons to theST core and that the dendrimer is a create specific site-isolated nano-environments, such as en-
molecular lens in addition to the photo-antenna effect. From hanced shielding &8 T** core against the chloride ion, has been
the decay profiles oBT**, the neutralization rate constants were demonstrated. Thus, the present study provides a new strategy
found to decrease with the increase in the dendrimer generationfor molecular design of hole-harvesting materials.

similar to the former section (Table 2). Acknowledgment. This work has been supported in part by

Conclusions a Grant-in-Aid for Scientific Research on Priority Area (417),
1st Century COE Research, and others from the Ministry of
ducation, Culture, Sports, Science and Technology (MEXT)

of the Japanese government.

We have demonstrated that the peripheral dendron compose
of benzyl ether moieties acts as an efficient hole-harvesting
antenna for theST core in theST dendrimers G1—G4). A
hole generated in the dendron during the 266-nm TPI migrates JA046650A
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