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Yasuyuki Araki, T Hongxia Luo," Shafiqul D.-M. Islam,T Osamu Ito,* '
Michio M. Matsushita, *% and Tomokazu lyoda"

Institute of Multidisciplinary Research for Adnced Materials, Tohoku Upérsity, CREST, (JST),
Katahira, Aoba-ku, Sendai 980-8577, and Department of Applied Chemistry, Graduate School of Engineering,
Tokyo Metropolitan Uniersity, Minami-Ohsawa, Hachioji, Tokyo 192-0397, Japan

Receied: October 29, 2002; In Final Form: February 22, 2003

The photoinduced electron transfer ofo@ the presence of stable free radicals such as nitoxides has been
studied by nanosecond laser photolysis by measuring the transient absorption spectra in the visible and near-
IR regions. For théN-oxy-piperidine radical, the rise of the radical anion @f @as not observed, although

the decay rate of the triplet excited state ofyGvas quite fast. For free radicals with 4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (nitronyl nitroxide), electron transfer via the triplet excited state of
Ceso Was confirmed from the rise of the anion radical @f,&Glthough the quantum yield of electron transfer

is not high. From the rates and efficiencies of electron transfer, which are strongly affected by the donor
ability of the substituents on the phenyl moiety of the nitronyl nitroxide radical, a specifie-spin interaction

of the triplet spin state of & with the doublet spin state of the nitronyl nitroxide radical was revealed. In the
longer time scale measurements, the radical anion@b€&sisted for a long time, suggesting that the nitronyl
nitoxide cation, which was formed by donating an electron to the triplet statgsofd®@ms the complex with

the nitronyl nitoxide radical. An electron-mediating process from the radical anion@toGhe viologen
dication was confirmed by the rise of the radical cation of the viologen, with the concomitant decay of the
radical anion of G. Final back electron transfer from the viologen radical cation to the nitronyl nitroxide
cation was observed by the transient absorption measurements on additional long time scales.

Introduction in the visible and near-IR regions, which permitted us to confirm
It has been pointed out that the triplet states of fullerenes act Photoinduced electron transfer, giving quantitative consideration
as good electron acceptors in the photoinduced electron-transfef© € Spir-spin interactions. o .
processes in mixture systems with electron donors in polar N the present study, we employed the nitroxide radical
solventst3 Because of the high delocalization of thelectrons ~ (TEMPO;1) and the nitronyl nitroxide radical2¢-4) as shown
in fullerenes, the transient absorption bands due to the excitedin Scheme 1 in whicfi is common to the study by Samanta
singlet states, triplet states, and radical anions appear in theAnd Kamat?®Itis expected that nitronyl nitroxide radicals-4
visible and near-IR regiorf$® As electron donors, aromatic ~May have higher electron donor abilities in which the
amines tetrathiafulvalene$and porphyrins/phthalocyanirfes ~ dimethylamine moiety on the phenyl group dnmay further
were employed for a decade; these compounds were proven tgncrease the donor ability more than the hydroxy substituents
donate the electron efficiently toward the triplet states of N 2and3.
fullerenes. However, little research has been reported on We I’eport here that the efficiencies and rates of phOtOinduced
electron transfer from free radicals (FR) to fullereneg@hd electron transfer can be easily evaluated with the decay of the
C70) under photoillumination. Samanta and Kamat reported that €xcited states and the rise of the radical anion gf i6 the
the triplet states of & (3Ceg’) and Go (3Cr’) were quenched ~ Presence of these. free rgdicals by measuring the transient
efficiently with the nitroxide free radicals in methylene chloride, aPsorption spectra in the visible and near-IR regions. The rates
but the formation of the radical anions ofgand Gy (Ces™ and quantum yields for electron transfer @, were compared
and G¢~) was not confirmed® thus, they postulated appreciable by changing the structures of the free radicals to reveal-spin
spin—spin interactions betweeiCso or 3Crg and the nitoxide spin interactions between the triplet spin state gf &d the
free radicald! To confirm the electron transfer from the free doublet spin state of the free radicals.
radicals, it is necessary to employ free radicals with stronger Furthermore, we investigated the addition effect of the
donor ability than the simple nitoxide free radicals. Furthermore, Viologen dication; in such systemssdC can mediate its electron
it is indispensable to detect the rise of;C and G¢'~ in the transfer to the viologen dication. This reveals that the photo-

presence of free radicals upon measuring the transient spectrgensitizing electron-transfer/electron-mediating system will be
established under photoexcitation of the fullerenes in the
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available; nitronyl nitroxidesA—4) were prepared by the method
reported in the literatur¥. Perchlorate of octyl viologen dication

Araki et al.

TABLE 1. E.x and Esomo of FRs, AG° for Electron
Transfer from FRs t03Cgg*, and AG°,e for Back Electron
Transfer from C¢g~ to FR*s

Eod/V2 Esomo/eV AG°e/eV AG°pefeV
1 0.22 —6.03 —0.45 —1.08
2 0.24 —4.81 —0.43 —1.10
3 0.30 —4.99 —0.37 —1.16
4 0.16 —4.60 —0.51 —1.02
DMAP 0.53 —0.14 —1.39

aVersus ferrocene/ferrocene® DMA (dimethylaniline).

Results and Discussion

Cyclic Voltammetry. Cyclic voltammograms show the
reversible curves for all free radicals. The oxidation potential
(Eox) Of 1is in good agreement with the reported vali&he
measuredEyy values are listed in Table 1. The orderEy is
3> 2> 1> 4. The free radicals with less positify values
have higher donor abilities; thus, the order of the donor ability
is4 > 1> 2> 3. The free-energy changes for electron transfer
(AG°¢) from the free radicals (FR) t&Cgo" can be calculated
by the Rehm-Weller equatiort®

AGoetZ on(FR) - ErecKCGO) - ET(CGO) - E 1)
Ered(Cso) is the reduction potentiaH —0.92 V vs ferrocene/
ferrocené in PhCN)1® Er(Ceo) is the Ty energy levels< 1.53
eV),” andE; is the Coulomb energy (0.06 eV in PhCNJhus,
the AG°¢ values were obtained as listed in Table 1. A
sufficiently negative AG°¢; value predicts the diffusion-
controlled second-order rate constants for the electron-transfer
process Vi@Cgo in PhCN.

Molecular Orbital Calculations. MO patterns of the SOMOs
of 1—4 are shown in Figure 1. The electron in SOMO is
localized mainly on the NO moieties. The energy levels of
the SOMOs are summarized in Table 1; the increasing order of

(OV2H) was used as a second electron acceptor for the electronthe SOMO levels for the nitronyl nitroxide radicalsds> 2 >
mediating system. Benzonitrile (PhCN) used as a solvent was 3, which is in good agreement with tlig, values. The HOMOs

of HPLC grade.

Apparatus. Oxidation potentials&.x) of 1—4 were measured
by a voltammetric analyzer (BASCV-50W) in a conventional
three-electrode cell equipped with Pt working- and counter-

for 2—4 are localized on the phenol and dimethyaniline (DMA)
moieties (Supporting Information). Evendnthe energy level
of the SOMO localized on the NO moieties is higher than
that of the HOMO localized on the DMA moiety, supporting a

electrodes with an Ag/AgCl reference electrode in the presencesmaller Eox value of 4 than that of DMA in Table 1, which
of ferrocene as an internal standard. In each case, solutionspredicts that the donor ability @fis higher than that of DMA.

contained 1.65.0 mmols of the sample and 0.1 mols of

In the case ofl, a largeEqx value would be anticipated from

tetrabutylammonium perchlorate (Nakalai Tesque); the solution the low SOMO level whereas tl&y value ofl is smaller than

was deaerated with Ar bubbling before measurements.

those of2 and3 probably because of the low precision of the

Steady-state absorption spectra were measured with a JASCOMO calculations for different series of structures.
V-570 spectrophotometer. Transient absorption spectra in the Steady-State Absorption SpectraThe steady-state absorp-
visible and near-IR regions were observed by the laser-flashtion spectra ofiL—4 are shown in Figure 2. Nitroxide radical

photolysis apparatus. In the systems @fCfree radicals and
Ceo free radicals-OV2", Cso was excited with the SHG (532-
nm) light of a Nd:YAG laser (Quanta-Ray; 6 ns fwhm). For
measurements shorter than$, a Si-PIN photodiode module
(400-600 nm) and a Ge-APD module (66Q600 nm) were
employed as detectors for monitoring the light from a pulsed
Xe lamp!314For measurements longer tham$, an InGaAs-
PIN photodiode was used as a detector for monitoring light from
continuous Xe-lamp (150 WY.15 The sample solutions were

shows weak absorption in the visible region (4@D0 nm) but
intense absorption at shorter wavelengths than 300 nm. Nitronyl
nitroxide radicals2—4 show intense absorption in the visible
region (556-700 nm) and strong absorption at wavelengths
shorter than 430 nm. The absorption spectrum ef &so
extends to wide visible and UV regions (Figure 2). The spectra
of the mixtures of G with each of the compounds-4 in PhCN

are almost the same as the calculated spectra that are produced
by adding the absorption bands afg@nd1—4, suggesting that

deaerated by Ar bubbling before measurements. Laser photolysisno appreciable interaction exists betweeg &1d1—4 in the

was performed for the solution in a rectangular quartz cell with

ground state. From the absorption spectra in Figure 2, the laser

a 10-mm optical path. All of the measurements were carried light at 532 nm excites both & and 2—4; however, no

out at 23°C.
Molecular Orbital Calculation. The optimized structures,

appreciable transient absorption band appeared by the excitation
of only 2—4 with the 532-nm laser light. Therefore, we could

energy levels, and unpaired electron densities of the free radicalsobtain the photoinduced processes via the excited stategof C

were calculated via Gaussian 98 at the B3LYP/6-&Ld) level.

employing the 532-nm laser light.
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Figure 3. Transient absorption spectra obtained by 532-nm laser-light

excitation of Go (0.1 mM) in the presence df (5 mM) in deaerated
PhCN. Inset: Time profiles at 740 nm in the presence and absence of
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Figure 4. Transient absorption spectra obtained by 532-nm laser-light

excitation of Go (0.1 mM) in the presence ef (1 mM) in deaerated
PhCN. Inset: Time profiles at 740 nm in the presence and absence of
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separated ion pair does not take place. The calcula@d; is
. 3 C negative forl, predicting that electron transfer occurs; thus,
2- . . partial electron transfer may be possible, probably via an
900 400 500 600 700 300 exciplex such as3(Cee’*~1°")*). However, before the dis-

sociation of the exciplex into the free-radical ions, the rapid

Wavelength/nm deactivation ofCsg* by 1 is induced within the exciplex b
. . B eactivation offCsg* by 1 is induced within the exciplex by
Figure 2. Steady-state absorption spectra @b (0.1 mM) and1—4 the spin-spin interaction betweetCgo and the doublet spin of
(0.1 mM) in PhCN. 111
Nanosecond Transient Absorption SpectraFigure 3 shows In the presence of nitronyl nitroxide radicals suchdashe

the nanosecond transient spectra in the visible and near-IRabsorption intensity of '~ at 1080 nmMi—2 increased (Figure
regions observed via laser excitation afp@ith 532-nm light 4), accompanied by the decay #e*, suggesting that €~

in the presence df in PhCN. The 740-nm band was attributed is formed via®Ceg* accepting an electron from.

to 3Ceg*, which is produced via intersystem crossing (ISC) from The time profiles for the decay &Cq¢* at 740 nm and the
the singlet excited staté@eo*) immediately after the nano-  rise of Gy~ at 1080 nm are shown in the inset of Figure 4 in
second laser pulsé€.The increase in the decay rates3akq* the presence af. The decay curve 6iCes* and the rising curve
was observed on addition af but the absorption band due to of Cgg’~ are almost mirror images, supporting the fact that
Ceo~ Was not observed in the near-IR region, suggesting that electron transfer takes place Vi@s¢* as shown in Scheme 2,
electron transfer producing the solvated radical ions or solvent- in which kisc, ke, andkeq are referred to as the rate constants of
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Figure 5. Pseudo-first-order plots of the decay3Gkq* at 740 nm in Figure 6. Dependence of efficiencies (€ ]mad[*Cec*]initat) ON the
the presence of various concentrationlef4 in deaerated PhCN. free-radical concentration.
;LAPB#'CENZ: Evaluated Rate Parametersky, ®eu ket and koet Since the’Ceg* —phenol system does not show any decay of
—— —— —— 3Csg* in PhCN, no electron transfer occu@sCompared with
k/M~s Pet ke/M~*s ke!M™* s phenol,2 and3 show very large values and finiteke; and @
1 1.6x 10° 0.00 values, which is ascribed to the moderately high donor ability
2 1.2x 10 0.02 2.4x 10; of the nitonyl nitoxide moiety. Compared with, ke, and ®e
3 11x1¢ 005  5.5x10 of the 3Cq¢* —dimethylaniline (DMA) system (Table 2), thbe;
4 2.6 x 10° 0.20 6.2x 10° 2.6x 10° d | f4 I alth h th | is |
DMA 14x1CPa 06%® 95x10Pa 51x1Ca and ke values of4 are small, although thg, value is large.
. ) One of the typical triplet quenching mechanisms is energy
Evaluated in the present study. transfer; however, the energy-transfer process fiGgg to 1—4

may be neglected because the energy levelGaf (1.53 eV)

lies lower than the lowest excited doublet statelefd (> 1.7

eV), which can be evaluated from the fluorescence spectra as
shown in the Supporting Information.

intersystem crossing froACeg* to 3Ceg*, electron transfer, and
collisional quenching, respectively. In the collisional quenching,
the acceleration of the decay ¥Es0* by spin—spin interaction e . .
may be included. The observed slow rise ofsC clearly _ These findings clearly suggest some specific ssipin
indicates that electron transfer does not take place'@ig* interaction betweefCsg* and 4. Such interaction was also found
because of quick intersystem crossing (ISC) fA@xy* to *Ceg* between3Ce* and 1, where no electron transfer occurs;

(0.8 x 1C° s1.19 In the cases of and 3, similar transient ~ Nevertheless, efficient quenchinig, & 1.6 x 10° dm® mol™*

absorption spectral changes and time profiles were observed:S ~ N PNCN) and sufficiently negativaG’e: values (Table 1)

however, the absorption intensities ofC were smaller that ~ resulted. _ o _

those from theéCgsg* —4 system. These observations suggest the specific-sppin interaction
Quantum Yields and Rates for Electron Transfer. Each that can be described as collisional quenching processes in

decay of3Ceg* at 740 nm obeys first-order kinetics, yielding Scheme 2. Such spifspin interaction may be interpreted by

the first-order rate ConStankfi(Stfordel)- The kfirstforder value enhanced ISC p_rOCQSS (EIP) fr0°1@50* to its ground state by

increases linearly with the concentration of the free radicals. the paramagnetism df—4.11ah

The second-order quenching rate constamty for 3Ce0* The rate of the EIP can be estimated from ef21¢

quenched by the free radicals can be obtained from the linear

slopes of the pseudo-first-order plots as shown in Figure 5. 4'7t2|Hex|2F

The kq values are listed in Table 2. All of the free radicals kE,P=T (2)

(1—4) havekq values in the range of (0.72.6) x 10° M~1 v

st

The efficiency of electron transfer vi€sg* can be obtained Hex is the exchange interaction matrix element for the encounter
from the ratio of the maximum absorbance aofyC at 1080 of the triplet-state molecules with paramagnetic spedigss
nm to the initial maximum absorbance #Egg* at 740 nm, the density of the final vibration energy states (after quenching),
[Coc Tmad[3Cec*]in.2° The ratios show the saturation upon andh is Plank’s constant. The FranelCondon factorfF, can
increasing the concentration of the free radicals, as shown inbPe given by eq 3, assuming that thevalue for3Cqg’ is almost
Figure 61920 At sufficiently high concentrations of the free the same as for ordinal aromatic carbiéh:
radicals above ca. 3 mM, the efficiency can be set equal to the
quantum yield @) of the electron-transfer process W@sg* F=015 exp{ —AE — 400 3)
(Table 2). Since all®¢; values in Table 2 are less than 1.0, ’ 2175
there may be quenching processes other than electron transfer.
Finally, the electron-transfer rate constarks) (are obtained AE is the energy (cmb) between the triplet and the ground
from ket = Dy as listed in Table 20 The ke values are  state. TheAE value for Go was calculated to be 12 200 cfp
considerably smaller than the diffusion-controlled linkifif = which results inF = 8.7 x 107°> cm™1. Assuming thaHey and
5.2 x 10°® M1 st in PhCN)2! although theAG®¢ values H, are 50 cnt! 1P and 30 cm’, 119 respectively, thégp value
calculated from the RehiiwWeller equation are all sufficiently ~ was finally evaluated to be 8.6 10° s™1. This rate is much
negative (Table 1) to predict the diffusion-controlled second- faster than the inverse of the lifetime #E¢o" in the solution
order rate constants for the electron-transfer processes. (ca. 5x 10*s71).6820BJank et al. also estimated the encounter
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Figure 7. Long time scale decay ofgg™ produced by electron transfer -200 0 200 400 600 800

from 4 in deaerated PhCN (at 1080 nm). (A) Low concentratiod of Time/ us
(0.3 mM), and (B) high concentration @f (1 mM). Inset: Second-  Figyre 9. Long time scale decay of OV in the presence of* in
order plots. deaerated PhCN (at 1080 nm).
E:j?cgl)sbt?;véerﬁglg@?ntgﬂ:titgate molecule and the doublet-state 9). O_bserved second-order kinetics _indi_cates the_ bimolecular
’ reaction, probably due to the recombination @f*Cwith FR",
2 yielding a neutral molecule and a neutral radical in their ground
A (R) 4) states, respectively (Scheme 2). Bimolecular second-order

D kinetics also suggests that back electron transfer takes place
) ) X ] after FR™ and G¢'~ were separately solvated as a free cation
Re is the distance between the center’G6o and FR in the  and free-radical anion, respectively. The slope of the second-
encounter complex, and is the mutual diffusion coefficient.  orger plot is attributed tipe/ea, whereea is the molar extinction

If the 7 value is comparable tokdp (1.2 x 1071s), then*Ceo* coefficient of Gg~. On substituting the reportegs at 1080

is considered to interact with doublet-state radicals sudh-ds nm for s~ 20 the kyer Values were evaluated as listed in Table
In the case 0fCso" and FR,R. ~ 7 x 10°8 cm was evaluated o Thekper values are all quite similar tyy. 21
from the sum of the € radius (4 A) and tha—4 radii (3 A). Under the higher concentration @f the initial part of the
Thus, theD value can be estimated by the Stok&snstein decay is similar to that at the low concentrationdofobeying
relation (eq 5): the second-order kinetics and giving a simias; value. In the
100,T later part, however, the de_ca_y s_lowed, showing a bent_ line in
— (5) the second-order_plot. This indicates thqﬁFBhanges into
Bﬂﬂ(i+i) substance(s) having low electron-accepting ability; thus, the
Rr R electron on @'~ cannot return to FR The concentration effect

of 4" invokes the formation of a dimer radical cation such as

ke, T, . Rr, and R are Boltzmann’s constant, absolute (4)2"" betweerd™ and4.

temperature, solvent viscosity, radius ¥, and radius of If (4)2 is stable, then the accumulation o€ can be
the radicals, respectively. T2 value evaluated by eq 4 is ca. observed even by the steady-state irradiation gf i@ the

9 x 10°%cn? s~ L. Finally, from eq 4, the value was estimated  presence o# in PhCN; the steady-state absorption spectra

to be 5x 1071%s, which seems to be comparable thdd (1.2 measured during the steady-light irradiation did not show
x 10710s) in PhCN. ThereforéCso” has enough time to interact  persistent g~ in the near-IR region (Supporting Information).
with 1—4 in PhCN. Consequently, we can conclude &’ This suggests tha#l),*" is not stable. However, the lifetime of

is guenched byl—4 mainly because of the EIP mechanism.  (4)" may be longer than-23 ms, as evaluated from the time
Back Electron Transfer. After reaching the maximum  profile in Figure 7.

intensity, Go'~ begins to decay as shown in Figure 7 on alonger  Electron-Mediating System. Figure 8 shows the transient

time scale. At the low concentration 4fthe second-order plot  absorption spectra observed by the laser-light excitation of the

for the decay of G~ shows a linear relation (inset of Figure band of Gg in the presence o and octyl viologen dication
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ov-t This material is available free of charge via the Internet at http:/
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