J. Phys. Chem. R008,112,635-642 635

Does Bimolecular Charge Recombination in Highly Exergonic Electron Transfer Afford the
Triplet Excited State or the Ground State of a Photosensitizer?

Motonobu Murakami, T Kei Ohkubo,’ Paulami Mandal,* Tapan Ganguly} and
Shunichi Fukuzumi*.*

Department of Material and Life Science, Graduate School of Engineering, Osakarsity, SORST,
Japan Science and Technology Agency (JST), Suita, Osaka 565-0871, Japan, and Department of Spectroscopy,
Indian Association for the Cultation of Science, Jadgur, Kolkata 700 032,West Bengal, India

Receied: August 23, 2007; In Final Form: October 15, 2007

The investigations were made on photoinduced electron transfer (ET) from the singlet excited state of rubrene
(*RU*) to p-benzoquinone derivatives (duroquinone, 2,5-dimethigenzoquinonep-benzoquinone, 2,5-
dichlorop-benzoquinone, angtchloranil) in benzonitrile (PhCN) by using the steady state and time-resolved
spectroscopies. The photoinduced ET produces solvent-separated type charge-separated (CS) species and the
charge-recombination (CR) process between RU radical cation and semiquinone radical anions obeys second-
order kinetics. Not only the CS species but also the triplet excited state offRUF)is seen in the transient
absorption spectra upon laser excitation of a PhCN solution of RUpabehzoquinone derivatives. The
comparison of their time profiles clearly suggests that the CR process between RU radical cation and
semiquinone radical anions to the ground state is independent from the deactivafigi*of his indicates

that the CR in a highly exergonic ET occurs at a longer distance with a large solvent reorganization energy,
which results in faster ET to the ground state than to the triplet excited state that is lower in energy than the
CS state. Photoinduced ET frotRU* in addition from*RU* also occurs whemp-benzoquinone derivatives

with electron-withdrawing substituents were employed as electron acceptors.

Introduction monomolecular systen?8;2° In contrast, the Marcus inverted
) ) region has scarcely been observed for bimolecular ET reac-
Photoinduced electron transfer (ET) between the excited state;; 530 A rare example of the observation of the Marcus inverted
.Of sensitizer and the ground state S_ubstra_te forms the radlcallregion for bimolecular ET reaction involves the one-electron
ion pair and charge-separated speéies.This separation of  , iqation or reduction of fullerenes which have smiatif ET 3t
%}%&23 E’)et\gﬁg? th\?v:slﬁﬁtroghg?l?:zciﬁb;(;?oprfo(réRp)rocri?ds There are mainly two hypotheses to account for the lack of
Y gy 9 9 P'O" the observation of the Marcus inverted regf®@ne is the case

cessss, ‘;‘_/h'Ch fmt')grt]:] occur by ent:jer fws(tj—_ or seconc:;]ordt;a_r g_r & in which the CR primary product is the triplet excited state rather
com maf'ct)t:' 0 d'o | processes e||oen. ".1.9 ”up?n Z Iltn' NG than the ground state of photosensitiZ8is. this case, the actual
power of the radical lon-pair complex intially formed. 1 1S driving force is no longer large and CR to the triplet excited

krgown ft_hatt th(? delz((_:ayt_of theh con_ta:ct ra(|j|call |onépTa|_r ((C::F\I;IIIF-‘)’) state occurs in the Marcus normal region. The other hypothesis
Obeys Mirst-order kinelics when intramolecuiar in comes from the distance between radical ions, which may

i 6
occurs in the solvent cage® On the other hand the decay of increase with increasing the driving force of @R>The longer

solvent-separated radical ion-pair (SSRIP) species obeys thedistance for ET of SSRIP as compared with ET of CRIP results
diffusion-assisted second-order kinetics, when intermolecular

ET of SSRIP species occufst67a in the larger solvent, when it becomes more difficult to reach

_ the Marcus inverted regionAGg; > 1).2° These two hypoth-
Because ET quenches the fluorescence from the excited stateggeag can pe distinguished if one examines the dynamics of CR

of photosensitizers, steady state fluorescence and time-resolveqy;i, the driving force that is larger than the triplet excited state
fluorescence measurements are the useful tools to |nvest|gateenergy of photosensitizers. If the CR affords the triplet excited

ET reactions of the excited state of photosensiti?&r¥. In state, the CR rate would coincide with the rate of formation of
bimolecular forward ET reactions, the ET rate constant generally e triplet excited state. However, there has so far been no report

increases with increasing the ET driving foreeXGe)) up to a on such distinction of the CR to the triplet vs ground state of
diffusion-limited value and remains unchanged even at the 'argerphotosensitizers.

—AGe*"18720 Marcus theory of ET predicts the decrease in ~ yy, report herein the dynamics of photoinduced ET from the
.the ET rate constant in .the region where the ET driving force singlet excited state of rubrenéRU*) to p-benzogquinone
is larger the reorganization energy of E),(—AGet > 4).#1:22 derivatives (duroquinone (DQ), 2,5-dimethybenzoquinone
This region is called the Marcus inverted region. The Marcus (MexQ), p-benzoguinone (Q), 2,5-,dic,hlop9benzoquinone (@D),
inverted region is commonly observed for in the intra- or zn4n chioranil (CLQ) in Chart 1) to distinguish between the
- two CR pathways to the triplet and ground state of RU. RU is
E_;;?ggg?ggg'”% Eﬂmléec'r:; Snf gnzgzg;fﬁﬁ-;caj’gr81 668797370.  chosen as a photosensitizer because it has a low lying triplet
t Osaka University. e R excited staté® There have been many reports for development
*Indian Association for the Cultivation of Science. of long-lifetime, high-efficiency white organic light-emitting
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diodes with rubrené’—3° The investigations were made on a probe light and a photomultiplier tube (Hamamatsu 2949) as
photoinduced ET reactions between RU gnilenzoquinone a detector. The solution was deoxygenated by argon purging
derivatives in benzonitrile by using the steady state, time- for 15 min prior to measurements.
resolved spectroscopic (fluorescence lifetimes and transient
absorption measurements by the purppobe technique) mea-  Results and Discussion
surements.
ET Thermodynamics. The one-electron oxidation potential
Experimental Section (Eox) of rubrene (RU) and the one-electron reduction potentials
. (Ered) Of p-benzoquinone derivatives were determined by the
Materials. Rubrene (5,6,11,12-tetraphenyltetracene; RU), ¢ qjic voltammograms measured in benzonitrile (PhCN). The
duroquinone (tetramethyl-benzoguinone; DQ), 2,5-dimethyl- g "'\ 1ue of RU was determined as 0.74 V (vs SCE) and the
p-benzoquinone (M), p-benzoquinone (Q), 2,5-dichlom- E:eqValues ofp-benzoquinone derivatives were also determined
be_nzoqumone (QQ)_' and p—chl_oranll (tetrathorqa—benzo- as listed in Table 1. The value of the singlet excitation energy
quinone; ClQ) supplied by Aldrich, were purified by vacuum ¢ p\; (1g%) was determined from the average of absorption
sublimation.. Benzonitrilg (PhCN) was pur.c.hased from Wa!<o maximum ¢ = 530 nm) and fluorescence maximui= 560
Pure Chemical Industries, Ltd. and purified by successive )44 he 2.28 eV. The value of the triplet excitation energy of
distillation over BOs.#° Tetran-butylammonium perchlorate RU (E*) was also determined from the phosphorescence
(TBAP), obtained from Fluka Fine Chemical, was recrystallized | -.:um ¢ = 990 nm) to be 1.25 eV (Figure SB.
from ethanol and dried in vacuo prior to use. Tris(2,2
bipyridine)iron(lll) hexafluorophosphate, [Fe(bplPFe)s, was
prepared from a reaction between iron(ll)sulfate heptahydrate
and 2,2-bipyridine followed by oxidation of the resulting iron-
(1) complex by ceric sulfate in aqueous$,.41
Steady State Spectroscopic ApparatusSteady state elec- 1
tronic absorption and fluorescence emission spectra of dilute AG(S)= &(Epx — Ered — E (1)
solutions (10% to 1075 M) of the samples were recorded using
1 cm path length rectangular quartz cells by means of an stabilization term is neglected in a highly polar solvent such
absorption spectrophotometer (Shimadzu-tis 2401PC) and as PhCN in eq 1. In the same way, th&(S) values for
F-4500 fluorescence spectrophotometer (Hitachi), respectively. otherp-benzoquinone derivatives were determined as listed in
Time-resolved fluorescence decays were measured by a PhotofTable 1.
Technology International GL-3300 with a Photon Technology  steady State Spectroscopic Measurementisi PhCN solu-
International GL-302 and a nitrogen laser/pumped dye laser tion, the UV-vis absorption spectra of the mixture of RU and
system. The excitation wavelength of 530 nm was obtained by pQ are observed to be the superposition of the corresponding

The values of free energy change of photoinduced ET from
1IRU* to p-benzoquinone derivativeAGe(S); S denotes singlet]
were determined from thEoy value of RU and thdc,eq values
of p-benzoquinone derivatives by eg*d.The electrostatic

use of Coumarin 540A (Exciton Co, Ltd.) as a laser dye. spectra of the two reacting species. This indicates the lack of
Phosphorescence Measurementan No-saturated 2-methyl-  formation of any ground state of electron doracceptor
tetrahydrofuran solution containing RU (5:210°° M) at 77 complex under the present experimental conditions.

K was excited att = 530 nm using a Cosmo System LVU-
200S spectrometer. A photomultiplier (Hamamatsu Photonics TABLE 1: One-Electron Reduction Potentials (E;eq) of

model R5509-72) was used to detect emission in the near-Electron Acceptors (-Benzoquinone Derivatives), Free
infrared region (band path 2 mm). Energy Changes of Photoinduced ET AGg(S)] from RU* to

. : p-Benzoquinone Derivatives, and Rate Constantskg;) of
Electrochemical Measurements.Measurements of cyclic Photoinduced ET in PhCN at 298 K

voltammetry (CV) were made to determine the redox potentials

of both RU and DQ using a ALS-630B electrochemical analyzer electron  Ereavs SCEin  AGe(S), ka”
in a deaerated solvent containing 0.10 M tetiadtylammonium no acceptot PhCN, v ev M~s
perchlorate (TBAP) as a supporting electrolyte at 298 K. A 1 DQ —0.97 —0.57 4.8x 10°
conventional three-electrode cell was used with a platinum g geZQ :8'?1’ :8'52 ggi ig
working electrode and a platinum wire as a counter electrode. 4 ChLQ 029 _1.95 6.0x 10°
Laser Flash PhotolysisFor nanosecond laser flash photoly- 5 ClQ —-0.09 —1.45 4.5x 10°

sis experiments, deaerated PhCN solutions were excited by a a Duroguinone (DQ), 2,5-diemthyi-benzouginone (M), p-ben-

Panther OPO pUmpEd by Nd:YAG laser (Continuum., SLII-10, zoquinone (Q), 2,5-dichlorp-benzoquinone (GQ), and p-chloranil
4-6 ns fwhm) at4A = 530 nm. The photodynamics was (Cl,Q). > Determined by the fluorescence lifetime measurements of RU
monitored by continuous exposure to a xenon lamp (150 W) asin the presence of electron acceptors.

CHART 1
Electron Donor Electron Acceptors (p-Benzoquinone Derivatives)

QO L. .
COQO G QL Q0L G
A0

DQ Me,Q Q cLQ cL,Q
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4000 DQL mM 25 the steady state fluores_ce_nce intensity measurements in PhCN
— - (inset of Figure 1). Similarly, thek values for otherp-
2 benzoquinone derivatives are determined from the plots bf
315 Vs concentrations gi-benzoquinone derivatives (see Supporting
10 Information S2). Theke values thus determined are listed in
Table 1.
Transient Absorption Measurements.The direct evidence
of the occurrence of photoinduced ET frobRU* to p-
benzoquinone derivatives is provided by the transient absorption
spectral measurements with nanosecond laser flash photolysis.
In the absence gb-benzoquinone (Q), the transient spectrum
exhibits typical triplet-triplet absorption of RU3RU*) peaking
at about 380, 420, 560, and 920 nm, together with bleaching at
530 nm due to RU (Figure 34J.The decay of the absorbance
at 420 nm due t6RU* obeys first-order kinetics and the rate
Wavelength, nm constant k) the triplet decay to the ground state is determined
Figure 1. Fluorescence spectra of RU (29107° M) in the presence as 2.7x 10* st at 298 K (Figure 3b).
of various concentrations of DQ (0 to 1:51072 M) in deaerated PhCN Time-resolved nanosecond transient absorption spectra of RU
(Aex = 530 nm). Inset: Plot ofo/l at 560 nm vs [DQ]. with a series of electron accept@ebenzoquinone derivatives

The steady state fluorescence emission of RU is quenchedWere measured by nanosecond laser flash photolysis in PhCN.
regularly throughout the entire band envelop with addition of Atfirstglance, transient absorption spectra of RU in the presence
the acceptor DQ in PhCN (Figure 1). It is relevant to point out ©f Q (Figure 4a) look similar to those in its absence (Figure
here that as the fluorescence quenching of RU occurs in the3d): However, the decay profiles are quite different. The
region of DQ concentrations where the absorption spectrum of absorbance at 420 nm due¥U* in absence of Q decays to
RU remains unaffected, the simple SteMolmer (SV) relation ~ N€arly zero at 30@s (Figure 3b), whereas the observed decay

(eq 2) was employéd to analyze the fluorescence quenching Profile in the presence of Q (1.8 1072 M) consists of two
steps: the first fast decay and the second slower decay (Figure

I/l = 1+ k,7,[DQ] 2 4Db,c). The first decay component obeys first-order kinetics and
the rate constant is determined as 2.70* s~ at 298 K (inset

phenomena. Herei andl represent the fluorescence intensities of Figure 4b)** This value agrees with thkr value (Figure
of the donor RU in the absence and presence of the quencheidb). At 510us the transient absorption still remains as shown
DQ, the rate constankd) is the bimolecular quenching rate by open circles in Figure 4a. This spectrum agrees with that of
constant, [DQ] is the concentration of the quencher B{is RU*" obtained by the one-electron oxidation of RU with
the fluorescence lifetime of RU in the absence of the quencher [Fe(bpy}](PFs)s (Figure 5)# Thus, the transient absorption
DQ, which was determined from the time-resolved fluorescence spectra of RU in the presence of Q and the time profile indicate
decay to be 15 ns in PhCN (Figure 2). The observed linearity that photoinduced ET frotRU* to Q occurs to produce RY
in SV plot (inset of Figure 1) demonstrates in favor of the and Q~ in competition with the intersystem crossing (ISC) of
occurrence of dynamic quenching of fluorescence emission of 'RU* to 3RU*. The absorption band due t0"Q(Amax = 420
RU in presence of DQ. nmY* is overlapped with that of RU.

The fluorescence decay of RU was also measured in presence The second slower decay curve in Figure 4c obeys second-
of DQ as shown in Figure 2a. The fluorescence lifetime (  order kinetics and it can be analyzed by the second-order plot
was significantly shortened in the presence of DQ as compared(inset of Figure 4c). The rate constakied) of intermolecular
with that in its absence. The bimolecular rate constagt, BET from @~ to RU*" is determined from a slope of the inset
obtained from the linear plot (Figure 2b) afr vs concentration  of Figure 4c as 5.2« 10° M~1 st in PhCN at 298 K. This
of DQ (4.8 x 1®® M~1 s™1) agrees within experimental error  value agrees with a diffusion rate constakis() in PhCN (5.6
(£10%) with the value (5.2« 10° M~ s71) determined from x 10° M~1s71).47 No rise in the triplet absorption is observed
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Figure 2. (a) Fluorescence decay time profiles of RU (k607> M) at 560 nm with various concentration of DQ in deaerated PhCN at 298 K
observed by excitation at 530 nm. (b) Plotwf 7 vs [DQ].
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Figure 3. (a) Transient absorption spectra of RU (&@0~° M) in deaerated PhCN at 298 K taken at 22(®) after nanosecond laser excitation
at 530 nm. (b) Time profile at 420 nm. Inset: first-order plot.
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Figure 4. (a) Transient absorption spectra of RU (651075 M) in the presence of Q (1.& 1072 M) in deaerated PhCN at 298 K taken at 16
us (@) and 510us (O) after nanosecond laser excitation at 530 nm. (b) Decay time profile at 420 nm of RW (B05° M) in the presence of Q
(1.0 x 1072 M) in the 0-360us range. Inset: first-order plots for the fast componéui.{ = 0.0031). (c) Decay time profile at 920 nm of RU
(6.5 x 10°° M) in the presence of Q (1.& 1072 M) in the 0—1.8 ms range. Inset: second-order plot for the slow component.

during the intermolecular BET process. This clearly indicates the slower intermolecular BET, which results in formation of
that the intermolecular BET results in formation of the ground the ground state of RU rather thdRU*.

state reactant RU rather than the triplet excited stRig*, The energy diagram of photoinduced ET frofRU* to
although the triplet energy 6RU* (1.25 eV) is lower than the  electron acceptors (A& DQ, MeQ and Q) and the BET process
driving force of intermolecular BET from Q to RU™ to is summarized in Scheme la. Photoinduced ET ft&d* to

produce the ground state of RU (1.35 eV). Similar results were A results in formation of Rt and A~ in competition of ISC
obtained for photoinduced ET of RU with DQ and M (see to 3RU*. Although the triplet energy ofRU* is lower than the
Supporting Information S3 and S4, respectively). In each case, CS state of Rt and A~, the BET results in formation of the
the photoexcitation results in formation of Rtand DQ~ (or ground state of RU rather thaiRU*. The reason for this is
Me Q") as well as’RU*. The decay ofRU* is followed by discussed later.
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Figure 5. (a) UV—vis spectral change upon addition of [Fe(bf{pFs)s (bpy = 2,2-bipyridine) in deaerated MeCN to a PhCN solution containing
RU (9.1 x 1075 M) at 298 K. (b) Difference absorption spectrum of Rldbtained upon UV-vis spectral change after addition of [Fe (P Fe)s
(9.1 x 10°°M) to RU (9.1 x 10°° M) solution in PhCN at 298 K.

SCHEME 1: (a) Energy Diagram of Photoinduced ET The triplet pathway of photoinduced ET frotRU* to Cl4,Q

from Excited State of RU to p-Benzoquinone Derivatives becomes dominant when low concentrations ofClare

[(a) DQ, MexQ, Q; (b) CI2Q, CliQ] employed. Figure 7 shows the rise in absorbance at 450 nm
(@) due to C}Q'~, where absorbance due to RUs overlapped,

after laser excitation of a PhCN solution of RU (%0107°
M) and CLQ [(0.6—3.0) x 1074 M]. Under such experimental

+A ket
\ RU™+ A" < DQ: 1.71eV > conditions, the decay of absorbance due )€1 and RU™ is

JRU" (2.28 eV)

Me,Q: 1.53 eV . X X .

Q:1.35eV negligible. The rate of rise in absorbance obeys pseudo-first-
order kinetics and the observed pseudo-first-order rate constant
(kobg increases linearly with increasing concentration ofCClI

hv

-A (inset of Figure 7). Thek value of photoinduced ET from
SRU* to Cl4Q is determined from the slope of the linear plot of
ke Koet Kobs VS concentration of GQ as (6.7+ 0.7) x 10° M~1 s71,

Similarly theket value of photoinduced ET frofRU* to Cl,Q
was determined as (18 0.2) x 10° M1 s7 (see Supporting
(b) Information S6). _

1RU" (2.28 eV The free energy changes of photoinduced ET f@tl* to
RU (228eV) p-benzoquinone derivativeAGe(T); T denotes triplet) and BET

RU

(AGypey) are determined by egs 3 and 4, respectit&ifhe triplet
+A ISC
e ~ AU (12501 AG(T) = €E(DID™") — E(A"/A)] —*E*  (3)
hv RU™* + A~ i . -
. A AG,., = —€[E,(D/D™) — E,.{A"/A)] @)
n (g2 10e)
Koet o excited energy3g*) of RU is taken as 1.25 eV (vide supra).

RU The AGe(T) and AGpe; values are listed in Table 2 together
with the ket and ket Values.
Photoinduced ET from'RU* (or 3RU*) to an electron

Whenp-benzoquinone derivatives with electron-withdrawing h . h e d
substituents such as AQ are employed as electron acceptors, 2CCePtor (A) may occur as shown in Scheme 2, wikgsen
photoinduced ET not only froRU* but also from®RU* to ko1 are the diffusion rate constant and the dissociation rate

Cl4Q becomes thermodynamically feasible, because the triplet cr?n?tant iré the encounter co][nﬁle? (RU*dA‘)“ fand Koet a:re
energy of3RU* (1.25 eV) is larger than the driving force of the first-order rate constant of the forward ET from RU* to A

intermolecular BET from GI*~ to RU™* to produce the ground in the encounter complex and the second-order rate constant of
state of RU (0.83 eV) as shown in Scheme 1b. In such a case BET to the ground state, respectivéThe observed second-

3RU* is converted to Rt by electron transfer froBRU* to order rate constant of forward E'ke{) is given by eq 5. The

Cl4Q, when transient absorption spectra due to'Rihd CLQ"~ _

are observed at 1&s after nanosecond laser excitation as shown ket = Kerkyd(Koy + ker) ®)
in Figure 6a. The absorption band due ta@t (Amax = 450
nm)*® is overlapped with that due to RU The decay time
profile of absorbance at 920 nm due to Rlbbeys second-
order kinetics without exhibiting the initial first-order decay due

to 3RU* (Figure 6b). Thekye value is determined from the )
second-order plot (inset of Figure 6b) as 5%410° M~1 s71, ket = (KgT/h)exp[—(4/4)(1 + AG /A)/KgT] (6)

dependence d=1 on the ET driving force + AG¢{ for adiabatic
outer-sphere ET has well been established by Marcus as given
by eq 6, wherekg is the Boltzmann constani, is the Planck
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Figure 6. (a) Transient absorption spectra of RU (68L0~° M) in the presence of @R (5.0 x 102 M) in deaerated PhCN at 298 K taken at
16 us after nanosecond laser excitation at 530 nm. (b) Decay time profile at 920 nm of R @& M) in the presence of QQ (5.0 x 102

M). Inset: second-order plot.
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Figure 7. Decay time profile of absorbance at 450 nm after laser
excitation at 530 nm of a PhCN solution of RU (7%010° M) with
Cl,Q (2.0 x 10 M) at 298 K. Inset: Plot okqps Vs [CLQ)].

TABLE 2: Free Energy Changes of Photoinduced ET from
SRU* to p-Benzoquinone Derivatives AGg(T)] and Back
Electron Transfer (BET) to the Ground State (AGye) and
the Rate Constants of Photoinduced ETKg) and BET (Kype)
in PhCN

electron  AGg(T),2  AGpe” Ket, Kpet®
no  acceptor eV eV M-ts?t M-ts?
1 DQ 0.46 —-1.71 4.1x 10
2 MeQ 0.28 —1.53 5.0x 10°
3 Q 0.10 -1.35 5.2x 10°
4 ClLQ —0.22 —1.03 1.8x 1® 54x 10
5 ClQ —0.42 —-0.83 6.7x10° 54x 107

2 Determined from eq 3 Determined from eq 4. Determined using
the molar absorption coefficients of RUat 920 nm é = 8500 M*
cm™). The experimental error is withig5%.

SCHEME 2
QO
+A —».k12 (RU’ A)—»kET RU™* + A~
Col0 A ’
O Q bet
(RU) RU+ A

constant, and is the reorganization energy of E¥34 From
egs 5 and 6 is derived eq 7, whetd=(kT/h)(ki2/ kz1)] is the
collision frequency that is taken as<110'! M—1 s71.4° Thek,
values in PhCN is taken 5.6 10° M~1 s71.47

ket = KioZeXp[—(A/4)(1+ AGq /2) kg Tl Ky, +
Zexp[—(M4)(1+ AG,, /1) IksT]) (7)

The driving force dependence of tlkg values of photoin-
duced ET from both®RU* (open squares) andRU* to
p-benzoquinone derivatives (open circles and closed triangles)
is shown in Figure 8 including the driving force dependence of
the koet Values. At least two different values are required to
fit all the rate constants, i.e., thig; values of photoinduced ET
from both3RU* and 'RU* to p-benzoquinone derivatives and
the kpet Values using eq 7. Thie values of photoinduced ET
from 3RU* to Cl,Q and ClQ including the ke values of
photoinduced ET fromdRU* to DQ, MexQ and Q (open circles
in Figure 8) are best fitted by the solid line in Figure 8 with the
A value of 0.81 eV. However, significant deviation from the
calculated solid line witll = 0.81 eV is observed for thie:
values of photoinduced ET frofRU* to Cl,Q and CiQ (closed
triangles) with a driving force larger than 1.0 eV as well as the
koet Values which have also a driving force larger than 1.0 eV.
These values are much larger than the calculated solid line with
A = 0.81 eV. However, they can be best fitted with= 1.22
eV, as shown by the broken line in Figuré'g.

With regard to BET to generaféRU*, the calculated rate
constants for BET from DQ, Me,Q*~, and Q~ to RU"™ with
A =1.22 eV are shown by the arrows (a, b, and c, respectively)
on the broken line in Figure 8. These values are much smaller
than the observedye: values. This is consistent with the
experimental results in Figure 4, where the BET process affords
the ground state of RU rather than the triplet excited state
(SRU*).SZ

The solvent reorganization energy is known to vary
depending on the distance between an electron donor and an
acceptor as given by eq 8, whereandr; are the radii of the

A= €(LI2r, + 1/2r, — L) (LI — 1le) (8)
reactantst is the reaction distance|s the dielectric constant,
andn is the refractive index*53 The RU and DQ radii were
reported as crystal structures, and according to those results,
the radii were 13 A* and 6.8 ASS respectively. If the reaction
distance is assumed as infinite, the term/2r;, in eq 8 is
negligible. In such a case, the maximugwalue is estimated
as 1.25 eV, which is comparable with thealue (1.22 eV) for
photoinduced ET and BET at a driving force larger than 1.0
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Figure 8. Driving force (—AGe(S) or —AGe(T) or —AGye) depen-
dence of logke: for intermolecular photoinduced ET froARU* to
p-benzoquinone derivativesd for DQ, MeQ and Q; @) for CL,Q

and ChQ] and from3RU* to Cl,Q and C}Q (O) (solid line) and log

koet for BET (@) (broken line) in PhCN at 298 K. The solid and broken
lines are drawn on the basis of eq 7 with= 0.81 and 1.22 eV,
respectively. Numbers refer to the electron acceptors in Tables 1 and

2. The arrow represents the predicted rate constant for the intermolecular

BET from (a) DQ, (b) MeQ, and (c) @ to RU* to produce
SRU* from eq 6 withl = 1.22 eV.

eV. This suggests that thi value increases with increasing
the ET driving force as the; value increases, when it becomes
more difficult to reach the Marcus inverted regionAGe; or
—AGpet > A). Thus, an increase in thig; value with increasing
the ET or BET driving force is the main reason why the

or kpet Value remains to be diffusion-limited even at a large
driving force of ET or BET without falling into the Marcus
inverted region. It should be noted, however, such an increase
in the ri» value with increasing the ET driving force is
limited by an increase in non-adiabaticity of ET at a longer
distance.

In conclusion, photoinduced ET frofRU* to p-benzo-
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