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Abstract: Fluorescence quenching due to full and partial electron transfer (ET) and back ET within geminate
radical pairs are studied (i) in acetonitrile usingN-methylacridinium ion (MeAc+) as a monocationic fluorescer
and aromatic compounds as neutral quenchers and (ii) in methanol using aromatic compounds as neutral
fluorescers and methyl and benzyl viologens as dicationic quenchers. By comparison with the results previously
obtained for the system of neutral fluorescer and quencher it is demonstrated that the free energy dependence
of the rates of fluorescence quenching and back ET is not affected by molecular charge, but the rate of geminate
radical separation into free radicals is. In the system of aromatic fluorescer and quencher, in general, fluorescence
quenching is induced by a full ET at long distance (i.e., a long-distance ET) when the free energy change
∆Gfet in full ET is more negative than-0.5 eV and by a partial ET at contact distance (i.e., an exciplex
formation) when∆Gfet is more positive than-0.4 eV. A criterion to determine the ET fluorescence quenching
mechanism is given.

1. Introduction

As electron transfer (ET) is one of the most important
phenomena, a great interest for a number of chemists is how
the ET rate can be controlled. The driving force of ET is the
free energy change∆Get in ET.1 If the distance between electron
donor (D) and acceptor (A) is held constant, Marcus theory1

predicts that the rateket of ET shows a bell-shaped dependence
on ∆Get. This prediction was confirmed for both intra- and
intermolecular ET.2,3 The theoretical equation of ET involves
several kinds of parameters. To determine these parameters by
experiments,ket has to be measured in a wide range of∆Get.
To this end recourse has been to photoinduced ET, particularly,
to fluorescence quenching due to ET in a highly polar solvent.3-6

In this case, two kinds of ET take place successively: a forward
ET between an excited fluorescer,1D* (or 1A*), and a quencher,
A (or D), for producing a geminate radical pair (D•+/A•-) and

a back ET within D•+/A•- for reproducing the ground state pair
D/A. In liquid solution, D and A are randomly distributed, and
hence, they have to approach each other by diffusion up to an
encounter distance where ET can take place. Therefore, ET
fluorescence quenching followed by back ET may be described
as in Schemes 1 and 2.

Here, slashes indicate the encounter states of pair species.kdif,
kfet, and kbet are the rate constants of diffusion, forward ET,
and back ET, respectively. When both D and A are neutral
molecules as described in Schemes 1 and 2, the forward and
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back ETs are named as the charge separation (CS) type and the
charge recombination (CR) type, respectively.

The free energy changes∆Gfet and∆Gbet in acetonitrile with
dielectric constantε are defined for the CS type of forward ET
and the CR type of back ET, respectively:4

Here,E1/2
ox, E1/2

red, E(S1), ande2/εr are the oxidation potential
of D, the reduction potential of A, the energy of the fluorescent
state, and the Coulomb attraction energy for D•+/A•- at a space
r between D•+ and A•-, respectively.

Chemists cherish a special interest in the reaction efficiency
as well as the reaction rate. Free radicals are produced by the
dissociation of D•+/A•-:

Here, kesc is the rate constant of geminate radical separation
into free radicals. According to Scheme 1, the efficiency of
geminate radical pair production in the fluorescence quenching
due to full ET is unity. Then, the free radical yieldΦR is given
by eq 3. The rate of diffusion depends on the solvent viscosity.

For chemists, therefore, the control of photoinduced ET means
the control ofkesc in addition tokfet andkbet. In this paper it is
revealed for various systems of aromatic fluorescer and quencher
in polar solvents how these rate parameters are controlled.

In previous work,6 the detailed mechanism of ET fluorescence
quenching has been investigated in acetonitrile and dichlo-
romethane using anthracenecarbonitriles (AC) as1A* and
several kinds of aromatic compounds as D. It was established
that (i) ET fluorescence quenching is induced not only by a
full ET at long distance (i.e., a long-distance ET) as shown in
Scheme 1, but also by a partial ET at contact distance (i.e., an
exciplex formation), and (ii) the switchover of these quenching
mechanisms occurs at about∆Gfet ) -0.45 eV: A long-distance
ET takes place when∆Gfet < -0.5 eV, but an exciplex
formation when∆Gfet > -0.4 eV. Moreover, it was found that
the primary quenching product is the ground-state geminate
radical pairs D•+/A•- when ∆Gfet ) -0.5 to ∼-2.0 eV, but
most likely the excited-state geminate radical pairs D•+*/A •-

or D•+/A•-* when ∆Gfet < -2.0 eV.6f,g In the strict sense,
therefore, Scheme 1 is valid only for the electron donor and
acceptor (EDA) systems with∆Gfet ) -0.5 to∼-2.0 eV. In
fact, a bell-shaped dependence ofkbet on ∆Gbet has been
confirmed only for such EDA systems.

In the present work, we investigate the effects of molecular
charge on the∆Gfet dependence of (i) the quenching mechanism,
(ii) the quenching rate constantkq, (iii) the effective quenching
distancerq, and (iv) ΦR, and (v) on the∆Gbet dependence of
kbet. For this purpose, we compare the ET fluorescence quench-
ing and back ET shown in Schemes 1 and 2 with the following
two types of ET fluorescence quenching and back ET:

and

Here, both fluorescer and quencher are aromatic compounds.
In that case, the effects of molecular structure and size on ET
are minimized and the effect of molecular charge on ET is
expected to become distinct.5

ET fluorescence quenching and back ET such as in Schemes
4 and 5 are named as the charge shift (CSh) type of ET. This
type of ET has been studied by Gould et al.5a,cfor the first time
in order to examine the validity of the Kakitani-Mataga theory.7

They studied the∆Gfet dependence ofΦR in the region-0.30
> ∆Gfet > -0.85 eV usingN-methylacridinium ion (MeAc+)
as a monocationic fluorescer, alkylbenzenes as neutral quench-
ers, and acetonitrile as solvent. On the assumption thatkescdoes
not depend on∆Gfet, they revealed the∆Gbet dependence of
kbet in the inverted region,-2.59 < ∆Gbet < -2.04 eV.
Comparing it with the∆Gbet dependence ofkbet for the CR type
of back ET, they found a small difference between the CSh
and CR types of back ET, but the difference is not as large as
predicted by the Kakitani-Mataga theory. It is noted, however,
that the above assumption is not valid, becausekescdepends on
rq,8 and rq depends on∆Gfet.6h,f,9b

In the present work, the CSh type of ET fluorescence
quenching and back ET are studied in a wide range of∆Gfet

using MeAc+ as a monocationic fluorescer and aromatic
compounds as neutral quenchers.rq is determined for every
quencher to evaluatekesc correctly. Then,kbet can be found
accurately. In this way, the∆Gbet dependence ofkbet is exactly
studied in a wide range of∆Gbet involving not only the inverted
region but also the top and normal regions. Another CSh type
of ET fluorescence quenching and back ET such as in Schemes
6 and 7 are studied in methanol using aromatic compounds as
neutral fluorescers and methyl and benzyl viologens as dicationic
quenchers.

All the results obtained for the three types of ET fluorescence
quenching and back ET are compared with one another to make
clear the molecular charge effects on these ET reactions. It is
shown that the molecular charge effect is significant forkesc,
but not for the ∆Gbet dependence ofkbet and the ∆Gfet

dependence of the quenching mechanism,kq, andrq. As a result,
we can easily predict the values of these rate parameters and
ΦR for various systems of aromatic fluorescer and quencher in
highly polar solvents such as acetonitrile and methanol, if we
can evaluate∆Gfet.

Photochemists cherish another special interest in the mech-
anism of ET fluorescence quenching, because they take
advantage of two types of photosensitized reactions, i.e.,
electron- and energy-transfer reactions. If fluorescence quench-
ing is induced by a full ET, yielding free radicals, the
photosensitized reaction is initiated by ET between the sensitizer
and reactant. If fluorescence quenching is induced by a partial
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ET, leading to exciplex formation, in contrast, the photosensi-
tized reaction may be commenced by triplet-triplet energy
transfer from the sensitizer to the reactant, because the
intersystem crossing of the sensitizer is usually enhanced by
exciplex formation. For the above reason, a criterion to
determine the ET fluorescence quenching mechanism is sum-
marized.

2. Experimental Section

The methods for synthesis and/or purification ofN-methylacridinium
tetrafluoroborate (AcMe+BF4-), 2,6,9,10-tetracyanoanthracene (TeCA),
aniline (Ani), 4-cyanoaniline (CN-Ani), anisole,N,N-dimethylaniline
(DMAni), anisidine (AS), 1,4-phenylenediamine (PDA), andN,N,N′,N′-
tetramethyl-1,4-phenylenediamine (TMPD) have been reported else-
where.6h,10 Toluene (Tol; Aldrich), 4-bromotoluene (Br-Tol; Nakarai),
4-bromoanisole (4-Br-Anisole; Aldrich), 1,2-dimethoxybenzene (1,2-
DMB; Aldrich), 1,4-dimethoxybenzene (1,4-DMB; Tokyo Kasei), 1,2,4-
trimethoxybenzene (1,2,4-TMB; Aldrich),o-xylene (o-Xy; Fluka),
1-bromo-2,3-dimethylbenzene (Br-o-Xy; Aldrich), p-xylene (p-Xy;
Aldrich), 1,3,5-trimethylbenzene (Mes; Fluka), hexamethylbenzene
(HMB; Aldrich), and 4-bromo-N,N-dimethylaniline (Br-DMAni; Al-
drich) were used as received. Biphenyl (Bp; Wako), 4-bromobiphenyl
(Br-Bp; Aldrich), and diphenylamine (DPAmi) were recrystallized from
ethanol. Methyl viologen dichloride (MV2+; Aldrich) and benzyl
viologen dichloride (BV2+; Aldrich) were recrystallized from methanol.
9-Cyanoanthracene (CA), 9-phenylanthracene (PA), 9,10-dicyanoan-
thracene (DCA), 9,10-dimethylanthracene (DMA), 9,10-diphenylan-
thracene (DPA), perylene (Per), and 3,9-dicyanophenanthrene (DCP)
were the same as used in previous work.6c,g,10,119,10-Dimethoxyan-
thracene (DOMA) was synthesized according to the method described
in the literature.12 1,2,9,10-Tetracyanoanthracene (TCA) was synthesized
by oxidative cyanation of DCA with sodium cyanide and anthraquinone-
1-sulfonic acid sodium salt in dry dimethylformamide. Details will be
given elsewhere. Acetonitrile (SP grade, Kanto) and methanol (GR
grade, Wako) were used as received.

Absorption spectra were recorded on a Hitachi U-3500 spectropho-
tometer. Fluorescence spectra and fluorescence excitation spectra were
measured with a Hitachi F-4500 spectrophotometer. The transient
absorption spectra were measured by a conventional flash photolysis.
The free radical yieldΦR and the triplet yieldΦT in fluorescence
quenching were determined by an emission-absorption flash photolysis
method.6,13This method measures the fluorescence intensity during flash
excitation and the initial absorbance of transient absorption simulta-
neously. The former is used to evaluate the amount of light absorbed
by a sample solution, and the latter is used to determine the
concentration of transient species produced by a flash excitation. It is
noted that this method is available for determining the free radical yield
not only in excited singlet quenching but also in triplet quenching. Error
limits of this method for determiningΦR andΦT are within 10%.

The oxidation potentialsE1/2
ox versus SCE were measured in

acetonitrile with 0.1 M tetraethylammonium perchlorate as a supporting
electrolyte: +0.90 V for Ani, +1.23 V for CN-Ani, +0.71 V for
DMAni, +0.58 V for AS, +0.26 V for PDA, +0.10 V for TMPD,
+2.12 V for Br-Tol, +1.70 V for anisole,+1.63 V for 4-Br-Anisole,
+1.25 V for 1,4-DMB,+2.15 V for Br-o-Xy, +1.98 V for Mes,+1.61
V for HMB, +0.86 V for Br-DMAni, +1.84 V for Bp,+1.95 V for
Br-Bp, +0.98 V for Per,+1.57 V for CA, +1.89 V for DCA, +2.20
V for TeCA, +2.11 V for TCA, and+2.17 V for DCP. The E1/2

ox

values for Tol,o-Xy, p-Xy, 1,2-DMB, 1,2,4-TMB, DMA, DOMA, and
DPA have been reported to be+2.28,+1.88,+1.77,+1.45,+1.12,
+0.87,+0.98, and+1.22 V, respectively.14,15The reduction potentials
E1/2

red versus SCE for MV2+ and BV2+ were determined to be-0.36

and -0.46 V in acetonitrile, respectively.E1/2
red, E(S1), and the

fluorescence lifetimeτf for MeAc+ in acetonitrile were determined to
be-0.48 V,+2.75 eV, and 33 ns, respectively.10 The values ofE(S1)
for DMA, DOMA, Per, DPA, CA, DCP, DCA, TeCA, and TCA were
determined to be 3.14, 3.05, 2.83, 3.16, 3.04, 3.56, 2.89, 2.89, and
2.67 eV in methanol, respectively. The values ofτf for DMA, DOMA,
Per, DPA, CA, DCP, and DCA in deaerated methanol were determined
to be 19.0, 12.2, 5.6, 9.2, 16.2, 19.3, and 13.6, respectively. The values
of τf for TeCA and TCA in aerated methanol were determined to be
14.7 and 15.9 ns, respectively.

In the case of fluorescence quenching of MeAc+ by aromatic
compounds in acetonitrile, the aerated solution was used to determine
kq, rq, andΦR, but the sample solution for determiningΦT was deaerated
by repeating freeze-pump-thaw cycles. In the case of fluorescence
quenching of aromatic compounds by MV2+ and BV2+ in methanol,
the sample solutions except for TeCA and TCA were used after being
bubbled through nitrogen gas.kq values for TeCA and TCA were
measured in the aerated solutions. All measurements were made at 298
K.

3. Results and Discussion

3.1. Fluorescence Quenching of Monocationic Dye by
Aromatic Compounds in Acetonitrile: A +* + D f A• +
D•+. The kq values were determined from the Stern-Volmer
(SV) plots for the fluorescence intensity at low quencher
concentration, where the plots were linear as illustrated in Figure
1a,c. Therq values were evaluated by use of the modified

(10) Kikuchi, K.; Sato, C.; Watabe, M.; Ikeda, H.; Takahashi, Y.;
Miyashi, T. J. Am. Chem. Soc. 1993, 115, 5180-5184.

(11) Sato, C.; Kikuchi, K.; Okamura, K.; Takahashi, Y.; Miyashi, T.J.
Phys. Chem. 1995, 99, 16925-16931.

(12) Schulte-Frohlinde, D.; Hermann, H.Ber. Bunsen-Ges. Phys. Chem.
1977, 81, 562-567.

(13) Kikuchi, K.; Kokubun, H.; Koizumi, M.Bull. Chem. Soc. Jpn. 1968,
41, 1545-1551.

(14) Mann, C.; Barnes, K.Electrochemical Reactions in Nonaqueous
Systems; Marcel Dekker: New York, 1970.

(15) Zweig, A.; Hodgson, W.; Jura, W.J. Am. Chem. Soc. 1964, 86,
4124-4136.

Figure 1. Stern-Volmer plots for fluorescence intensity in acetoni-
trile: (a, b) theN-methylacridinium ion-N,N-dimethylaniline pair, (c)
the N-methylacridinium ion-toluene pair.
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Stern-Volmer equation16 at such high quencher concentrations
as 0.1-0.3 M, where the SV plots deviate upward from the
straight line as illustrated in Figure 1b.

The values forkq, rq, and∆Gfet are listed in Table 1. For the
CSh type of ET fluorescence quenching and back ET in
acetonitrile such as in Schemes 4 and 5,∆Gfet and ∆Gbet are
given by4

The plot ofkq versus∆Gfet is shown in Figure 2 (circles). This
plot agrees with the Rehm-Weller plot (crosses)4 obtained for
the system of neutral fluorescer and quencher. It can be
concluded that the∆Gfet dependence ofkq is not affected by a
positive charge of fluorescer.

In Figure 3 is shown the plot ofrq versus∆Gfet (circles). In
the region-0.3 > ∆Gfet > -2.0 eV,rq increases linearly with
a decrease in∆Gfet. This plot is compared with the plot obtained
for the CS type of ET fluorescence quenching (squares). It is

obvious that the∆Gfet dependence ofrq is not affected by a
positive charge of fluorescer. Unfortunately, therq values for
PDA, TMPD, and HMB cannot be determined, because MeAc+

is bleached in the dark by addition of these amines and HMB
is slightly soluble in acetonitrile. From the plots shown in Figure
3, therq values for PDA, TMPD, and HMB were estimated to
be 12, 12, and 6.6 Å, respectively. It is noted that the∆Gfet

dependence ofrq for the CS type of fluorescence quenching
shown in Figure 3 was confirmed by Murata et al.9b

In the region∆Gfet g -0.5 eV, rq is in the range 3-4 Å,
which is close to the interplanar separation in the excimer and
exciplex,17 and moreover, the energy gap between the locally
excited singlet state and the contact radical pair state is small
(e0.5 eV). Therefore, the fluorescence quenching in this region
of ∆Gfet is considered to be induced by exciplex formation in
a manner similar to that of the system of neutral fluorescer and
quencher, although exciplex fluorescence has not been observed
at all for any system listed in Table 1. In the region∆Gfet <
-0.5 eV, rq is greater than 5 Å, indicating that fluorescence
quenching is induced by long-distance ET.

Flashing of the solution containing MeAc+ alone gives no
transient absorption, because the fluorescence yield (ΦF) of
MeAc+ is close to unity in acetonitrile.10a Flashing of the
solution containing MeAc+ and a quencher other than Bp gave
the transient absorption due to fluorescer neutral radical (MeAc•)
and quencher radical cation (D•+). When Bp was used as a
quencher, the triplet-triplet (T-T) absorption of MeAc+ was
observed in addition to the transient absorption due to MeAc•

and D•+. Figure 4 exemplifies the transient absorption spectrum
for the deaerated solution containing 20µM MeAc+ and 2.7
mM DPAmi. The broad band at about 20 000 cm-1 and the
sharp band at about 15 000 cm-1 are attributed to MeAc• and
the radical cation (DPAmi•+) of DPAmi, respectively. The molar
extinction coefficient for DPAmi•+ has been determined to be
19 000 M-1 cm-1 at 670 nm.6c The molar extinction coefficient
for MeAc• was determined to be 1520 M-1 cm-1 at 520 nm
assuming that equal amounts of MeAc• and DPAmi•+ were
produced by flash photolysis. The molar extinction coefficient
for 3MeAc+ was determined to be 3570 M-1 cm-1 at 860 nm
by the triplet energy transfer from cyanophenanthrene to MeAc+.
The molar extinction coefficient for the cyanophenanthrene
triplet has been determined to be 6800 M-1 cm-1 at 488 nm.11

TheΦR values were determined for various quenchers as listed
(16) (a) Leonhardt, H.; Weller, A.Ber. Bunsen-Ges. Phys. Chem. 1963,

67, 791-795.(b) Knibbe, H.; Rehm, D.; Weller, A.Ber. Bunsen-Ges. Phys.
Chem. 1968, 72, 257-263.

(17) Birks, J. B.Photophysics of Aromatic Molecules; Wiley: London,
1970.

Table 1. Free Energy Changes of ET Fluorescence Quenching of
MeAc+ in Acetonitrile (∆Gfet ) and of Back ET within D•+/A•

(∆Gbet), Fluorescence Quenching Rate Constants (kq), Effective
Quenching Distances (rq), Free Radical Yields (ΦR), and Rate
Constants of D•+/A• Separation into Free Radicals (kesc) and Back
ET within D•+/A• (kbet)

quencher
∆Gfet,

eV
kq,

1010M-1 s-1
rq,
Å ΦR

kesc,
1010s-1

kbet,
1010s-1

∆Gbet,
eV

Tol 0.01 0.036 -2.76
Mes -0.29 1.3 3.1 0.19 -2.46
o-Xy -0.39 1.4 3.4 0.27 -2.36
Bp -0.42 1.5 4.0 0.10 -2.33
p-Xy -0.50 1.4 3.8 0.094 -2.25
anisole -0.57 1.6 5.0 0.035 1.4 38.6 -2.18
HMB -0.74 1.8 (6.6) 0.021 0.80 37.3 -2.01
1,2-DMB -0.82 2.0 6.6 0.0062 0.80 130 -1.93
1,4-DMB -1.02 2.3 6.7 0.0096 0.78 81 -1.73
CN-Ani -1.04 2.0 7.8 0.010 0.58 55 -1.71
1,2,4-TMB -1.15 2.3 7.2 0.013 0.68 52 -1.60
aniline -1.34 2.9 7.5 0.013 0.62 46 -1.41
DPAmi -1.44 2.8 8.2 0.058 0.54 8.5 -1.31
DMAni -1.56 2.8 11 0.038 0.30 7.6 -1.19
AS -1.69 2.7 12 0.065 0.24 3.9 -1.06
PDA -1.93 2.8 (12) 0.45 0.24 0.29-0.82
TMPD -2.17 2.9 (12) 0.24 0.24 0.76-0.58

Figure 2. kq versus∆Gfet for the N-methylacridinium ion-aromatic
molecule pairs (circles), the aromatic molecule-viologen pairs (tri-
angles), and the Rehm-Weller plot (crosses).

Figure 3. rq versus∆Gfet for the N-methylacridinium ion-aromatic
molecule pairs (circles), the anthracenecarbonitrile-aromatic molecule
pairs (squares), and the aromatic molecule-viologen pairs (triangles).

∆Gfet ) E1/2
ox - E1/2

red - E(S1) (4)

∆Gbet ) E1/2
red - E1/2

ox (5)
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in Table 1. The triplet yieldsΦT in fluorescence quenching were
null except that for Bp. TheΦT for Bp was determined to be
0.036.

In the region∆Gfet g -0.5 eV (or∆Gbet e -2.25 eV), the
triplet energyE(T1) () 1.79-2.01 eV10) of MeAc+ is lower
than the energy|∆Gbet| of the geminate radical pair D•+/A•.
Therefore, the triplet state (3MeAc+) of MeAc+ is not expected
to be quenched by ET from the quencher to3MeAc+. Indeed,
the T-T absorption was observed, when Bp with∆Gfet ) -0.42
eV was used as a quencher.

When MeAc+ is used as fluorescer,3MeAc+ may be produced
in fluorescence quenching through either exciplex formation
followed by intersystem crossing or long-distance ET followed
by a spin-forbidden back ET within the geminate radical pair.
It is noted that the latter can take place only whenE(T1) <
|∆Gbet|. The formation of3MeAc+ is expected to be significantly
enhanced by exciplex formation, but not as much by long-
distance ET followed by a spin-forbidden back ET. Certainly,
such expectation has been confirmed using CA and DCA with
ΦF ≈ 1 as fluorescers.6c,h

If fluorescence quenching is induced by exciplex formation,
it is possible forΦT to become larger than 0.1 by a heavy atom
substitution on the quencher,6c because the intersystem crossing
within the exciplex is strongly enhanced by the presence of a
heavy atom. If fluorescence quenching is induced by long-
distance ET, in contrast, it is difficult forΦT to exceed 0.1,6c

even though the spin-forbidden back ET is enhanced by the
presence of a heavy atom as substantiated theoretically by Salem
and Roeland.18 It has been confirmed in previous work6i on
triplet quenching ET that the heavy atom effect on the spin-
forbidden back ET of the free radical pairs as well as the
geminate radical pairs is well interpreted in terms of their theory.
WhenE(T1) < |∆Gbet|, therefore, the study of the heavy atom
effect onΦT is useful in determining the fluorescence quenching
mechanism.

On the basis of the above strategy, the ET fluorescence
quenching mechanism in the region-1.41 eVe ∆Gfet e -0.12
eV was studied using bromine-substituted quenchers such as
4-Br-Tol, Br-Bp, Br-o-Xy, 4-Br-Anisole, and 4-Br-DMAni.
The values of ΦR and ΦT for these bromine-substituted
quenchers were determined as listed in Table 2.

When∆Gfet > -0.5 eV,ΦΤ is significantly increased by a
bromine atom substitution on the quencher. This means that
fluorescence quenching is induced by exciplex formation in the
region ∆Gfet > -0.5 eV. In the region∆Gfet < -0.5 eV, in

contrast, the T-T absorption was not observed, even when a
bromine-substituted quencher was used. When 4-Br-Anisole is
used as a quencher,3MeAc+ is not considered to be quenched
by rapid ET from 4-Br-Anisole to3MeAc+, because|∆Gbet| ()
2.11 eV)> E(T1). No observation of the T-T absorption in
the region ∆Gfet < -0.5 eV is evidence for fluorescence
quenching due to long-distance ET.6b-e,g,hTherefore, it will be
valid even for the CSh type of fluorescence quenching that the
switchover ∆Gfet of the fluorescence quenching mechanism
takes place at∆Gfet ) -0.4 to -0.5 eV.

As shown in Table 1,ΦR decreases with a decrease in∆Gfet,
passes through a minimum at∆Gfet ) -0.82 eV, increases,
and again decreases. Such∆Gfet dependence ofΦR in the region
∆Gfet < -0.5 eV has already been observed for the system of
neutral fluorescer and quencher, whereE(S1) has been held
nearly constant, 2.89-3.04 eV.6d,f,h When fluorescence quench-
ing is induced by long-distance ET for producing D•+/A•, ΦR

may be given by eq 3.
As there is no Coulomb interaction between D•+ and A•, kesc

can be calculated by eq 6.8 Assuming that the sum (D) of the

diffusion coefficients of electron donor and acceptor is 3.5×
10-5 cm2 s-1 in acetonitrile,16a the kesc values are calculated
from rq by use of eq 6.kesc tends to decrease with an increase
in rq or with a decrease in∆Gfet. Using eq 3, we can calculate
the kbet values from theΦR values and thekesc values (Table
1). In Figure 5, thekbet values are plotted with respect to∆Gbet

(circles).
If the back ET within D•+/A• takes place at a spacerbet

between D•+ and A•, the rate of back ET may be given by the
following semiclassical equation for long-distance ET:2,19,20

Here

kB is the Boltzmann constant.
The back ET within D•+/A• begins just after fluorescence

quenching. Therefore, we first assumerbet ) rq to calculatekbet.
Then, the solvent reorganization energiesλS were calculated
by use of eq 8.λS ranges from 1.02 eV forrq ) 5.0 Å to 1.90
eV for rq ) 12 Å. The values for|V|2 were calculated by use
of eq 9.9a,21 |V| ranges from 247 cm-1 for rq ) 5.0 Å to 7.5

(18) Salem, L.; Roeland, C.Angew. Chem., Int. Ed. Engl. 1972, 11, 92-
111.

(19) Ulstrup, J.; Jortner, J.J. Chem. Phys. 1975, 63, 4358-4368.
(20) Siders, P.; Marcus, R. A.J. Am. Chem. Soc. 1981, 103, 741-747.

Figure 4. Transient absorption spectrum for theN-methylacridinium
ion-diphenylamine pair (100µs after flashing).

Table 2. Free Energy Changes of ET Fluorescence Quenching of
MeAc+ in Acetonitrile (∆Gfet), Fluorescence Quenching Rate
Constants (kq), Effective Quenching Distances (rq), Free Radical
Yields (ΦR), and Triplet Yields (ΦT)

quencher ∆Gfet, eV kq, 1010M-1 s-1 rq, Å ΦR ΦT

4-Br-Tol -0.15 0.83 3.5 0.22 0.12
Br-o-Xy -0.12 1.3 3.2 0.19 0.55
Br-Bp -0.32 1.4 3.4 0.20 0.11
4-Br-Anisole -0.64 1.6 5.1 0.035
4-Br-DMAni -1.41 2.8 8.0 0.070

kesc) D/rq
2 (6)

ket ) (4π3/h2λSkBT)1/2|V|2∑(e-SSw/w!) exp[-(∆Get + λS+

whν)2/4λSkBT] (7)

S) λv/hν

λS ) (e2/2)(1/rA + 1/rD - 2/rbet)(1/n2 - 1/ε) (8)

|V|2 ) |V0|2 exp[-â{rbet- (rA + rD)}] (9)
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cm-1 for rq ) 12 Å. To fit the theory and experiment as best
we can, the other parameters were assumed as follows: the
electron exchange matrix element at the contact distance of
electron donor and acceptor|V0| ) 120 cm-1;9a the attenuation
parameterâ ) 1 Å-1;9a the reactant vibrational reorganization
energy λv ) 0.25 eV;5,6 the average energy of the active
vibrational modehν ) 1500 cm-1;5,6 the radii of the electron
donor and acceptorrD ) rA ) 3 Å.9a As shown in Figure 5, the
theoretical plot (crosses) calculated by settingrbet ) rq fits in
with the experimental plot only in a narrow region,-2.2 <
∆Gbet < -1.3 eV (or-1.4 < ∆Gfet < -0.5 eV). In previous
work,6a,d-f,h it was found that the plot ofkbet versus∆Gbet for
the system of neutral fluorescer and quencher is well reproduced
by eq 7 in a wide range of∆Gbet, i.e., -2.7 < ∆Gbet < -1.0
eV, when |V| and λS are fixed at 39 cm-1 and 1.45 eV,
respectively.6h Since both of the geminate radical pair species
may diffuse at random within a solvent cage before proceeding
to the back ET, the back ET may take place not only atrq but
also at various distances. As a result, the back ET is likely to
take place approximately at a fixed distance. It is noted,
moreover, that bothλS andV have been determined independent
of rbet so far.5,6 For more rigorous discussion,λS and |V| have
to be related torbet by use of eqs 8 and 9.

The maximum value ofkbet for the CSh type of back ET is
1.3× 1012 s-1 as shown in Table 1. This is close to that for the
CR type of back ET, i.e., 0.63× 1012 s-1.6h Therefore, it may
be assumed for the systems of aromatic fluorescer and quencher
that |V0| is held a constant regardless of the type of back ET.
Thus, the experimental plots are fitted with theory using an
apparent distancerbet for back ET as a fitting parameter and
assuming|V0| ) 120 cm-1, â ) 1 Å-1, rD ) rA ) 3 Å, λv )
0.25 eV, andhν ) 1500 cm-1. The best fitting curve depicted
in Figure 5 was obtained forrbet ) 7.5 Å andλS ) 1.52 eV.
This theoretical curve fits in with all the experimental plots
except for TMPD with∆Gbet ) -0.58 eV (or∆Gfet ) -2.17
eV). Therefore, it may be concluded that (i) the quenching
mechanism in the region-1.93e ∆Gfet e -0.57 eV (or-0.82

g ∆Gbet g -2.18 eV) is a long-distance ET for producing D•+/
A• and (ii) the back ET within D•+/A• occurs atrbet ) 7.5 Å on
average. The latter conclusion is consistent with the theoretical
study on the∆Get dependence of the most contributory ET
distance:9a It is shorter than 6 Å when∆Get > -1.0 eV, 7.5 Å
when ∆Get ≈ -2.0 eV, and longer than 11 Å when∆Get <
-3.0 eV. Here, we refer to two extreme cases involved in Table
1: (i) When ∆Gbet ) -2.18 eV (or∆Gfet ) -0.57 eV), the
most contributory distance for back ET is close to 7.5 Å.
Therefore, the back ET with∆Gbet ) -2.18 eV occurs mostly
at rbet longer thanrq ) 5.0 Å. (ii) When∆Gbet ) -0.82 eV (or
∆Gfet ) -1.93 eV), in contrast, the most contributory distance
for back ET is shorter than 6 Å. Therefore, the back ET with
∆Gbet ) -0.82 eV occurs mostly atrbet shorter thanrq ) 12 Å.
In both cases, the most contributory distance for back ET is
intermediate between 5 and 12 Å. This is the reasonrbet can be
assumed to be∼7.5 Å in the region-2.18< ∆Gbet < -0.82
eV. Other evidence for the back ET taking place at an
approximately fixed distance is the nearly single-exponential
decay of the geminate radical pairs D•+/A•-.3 If the back ET
occurs at various distances, the decay of D•+/A•- has to be
multiexponential.

In the region∆Gfet < -2.0 eV, the production of D•+*/A •-

or D•+/A•-* has been pointed out.6f,g Therefore, the disagree-
ment between the theoretical curve and the experimental plot
for TMPD with ∆Gfet ) -2.17 eV may be interpreted by taking
into account the production of D•+*/A • or D•+/A•*. In fact, the
aromatic radical ions have their absorption in the near-infrared
region,22 indicating that the excitation energies of the radical
ions are as small as<1.60 eV. Then, the free energy change
(∆Gfet*) of full ET for producing D•+*/A • or D•+/A•* is
estimated to be-2.17 < ∆Gfet* < -0.57 eV for the pair of
MeAc+ and TMPD. The value-2.17 < ∆Gfet* < -0.57 eV
ensures the diffusion-controlled fluorescence quenching by long-
distance ET for producing D•+/A•*. The ∆Gbet for back ET
within D•+/A• is -0.58 eV, and the free energy change (∆Gbet*)
for back ET within D•+*/A • or D•+/A•* is estimated to be-2.18
< ∆Gbet* < - 0.58 eV. AsλS ) 1.52 eV, the back ET with
-2.18< ∆Gbet* < - 0.58 eV is much faster than the back ET
with ∆Gbet ) -0.58 eV. Therefore, the free radical yield for
D•+*/A • or D•+/A•* is expected to be significantly lower than
that for D•+/A•. In this case, the calculation ofkbet from ΦR by
use of eq 3 gives a higher value compared with the real one.
The upward deviation of the experimental plots from the
theoretical curve forkbet in the region∆Gfet < -2.0 eV is
evidence for the generation of D•+*/A • and/or D•+/A•* as the
primary quenching product.

To investigate the charge effect on back ET within the
geminate radical pairs, the∆Gbet dependence ofkbet for D•+/A•

(Figure 5, circles) is compared with that for D•+/A•- (Figure 6,
squares).6h Both ∆Gbet dependencies ofkbet are quite similar to
each other in the region-2.2 < ∆Gbet < -0.8 eV. Therefore,
it is concluded that the∆Gbetdependence ofkbetdoes not depend
on the types of ET such as the CSh type and the CR type.

It is noteworthy that the molecular charge effect onΦR arises
through the molecular charge effect onkesc. According to the
Tachiya theory,8 kescfor D•+/A•- is given by eq 10.6h Hererc is

the Onsager distance:

(21) Logan, J.; Newton, M. D.J. Chem. Phys. 1983, 78, 4086-4091.
(22) Shida, T.Electronic Absorption Spectra of Radical Ions, Physical

Science Data 34; Elsevier: Amsterdam, 1988.

Figure 5. kbet versus∆Gbet for theN-methylacridinium ion-aromatic
molecule pairs: circles, calculated by eqs 3 and 6; crosses, calculated
by eqs 7-9 with fitting parameters|V0| ) 120 cm-1, â ) 1 Å-1, λv )
0.25 eV,rA ) rD ) 3 Å, andrbet ) rq; solid curve, calculated by eqs
7-9 with fitting parameters|V0| ) 120 cm-1, â ) 1 Å-1, rD ) rA )
3 Å, λv ) 0.25 eV,hν ) 1500 cm-1, rbet ) 7.5 Å, andλS ) 1.52 eV.

kesc) Drc/[rq
3{exp(rc/rq) - 1}] (10)
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In acetonitrile,rc is calculated to be 14.4 Å.kescfor D•+/A•- is
smaller than that for D•+/A• as a result of Coulomb attraction.
The difference inkesc between D•+/A• and D•+/A•- increases
with a decrease in the dielectric constantε. Therefore,ΦR may
be controlled by changing the solvent polarity.

3.2. Fluorescence Quenching of Aromatic Compounds by
Dicationic Ions in Methanol. D* + A2+ f D•+ + A•+. The
fluorescence quenching by MB2+ and BV2+ was studied in
methanol, because the solubility of these viologens in acetonitrile
is not high enough to quench fluorescence effectively. When
these viologens are used as quenchers, the exciplex fluorescence
is not detected. The values forkq and rq were determined as
listed in Table 3.∆Gfet and∆Gbet in methanol were evaluated
by eqs 12 and 13, respectively.23 Here,ε andε′ are the dielectric
constants of acetonitrile and methanol, respectively.

Figure 2 shows that the∆Gfet dependence ofkq (triangles) is
the same as the Rehm-Weller plot (crosses). As shown in
Figure 3, the∆Gfet dependence ofrq (triangles) is the same as
that obtained for the system of neutral fluorescer and quencher
(squares). Therefore, the∆Gfet dependence ofkq and rq is not
affected by the positive charges of the quencher. It is noted
that therq values cannot be determined for DCP and DMA with
MV2+ and for DCP, DPA, DOMA, and DMA with BV2+,
because the absorption spectrum of the quencher overlaps with
that of the fluorescer at a high quencher concentration. Therq

values for these fluorescers were estimated from the plots shown
in Figure 3.

Judging from the∆Gfet dependence ofkq and rq, the
quenching mechanism is supposed to be exciplex formation in
the region∆Gfet > -0.4 eV. However, exciplex fluorescence
has not been observed even for the systems with∆Gfet > -0.4
eV such as DCA-MV2+ (∆Gfet ) -0.39 eV) and DCA-BV2+

(∆Gfet ) -0.47 eV). Evidence of exciplex formation for these
EDA systems is given below. In the region∆Gfet < -0.5 eV,
rq > 5 Å, and hence, fluorescence quenching is induced by long-
distance ET.

Flashing of the solution containing D and A2+ gives the
transient absorption due to D•+ and A•+, the decay rate of which
is too low to determine. The molar extinction coefficient for
the positively charged radical cation (MV•+) of MV2+ has been
reported to be 13 800 M-1 cm-1 at 609 nm in methanol.24 The
molar extinction coefficient for the positively charged radical
cation (BV•+) of BV2+ was determined to be 18 800 M-1 cm-1

at 606 nm in methanol. The values forΦR were determined as
listed in Table 3.

In Table 3, we cannot find any regular correlation between
ΦR and∆Gfet. This is due to the fact thatE(S1) changes from
fluorescer to fluorescer. It should be noted thatΦR depends on
∆Gbet, but not necessarily on∆Gfet.

If the fluorescence quenching by MV2+ and BV2+ is induced
by a long-distance ET,ΦR is given by eq 3.kesc for D•+/A•+

can be calculated by eq 14 derived according to the Tachiya

theory.8 D is expressed asD ) kBT/6πη.17 The viscosity
coefficientη is 1.6 times greater in methanol than in acetoni-
trile: 0.547 cP at 298 K for methanol and 0.325 cP at 303 K
and 0.375 cP at 288 K for acetonitrile.25 In the calculation of
kesc in methanol, therefore,D ) 2.2× 10-5 cm2 s-1 was used.
rc is calculated to be 16.6 Å in methanol. Thekbet values were
calculated from theΦR values by use of eqs 3 and 14. The
values for∆Gbet, kesc, andkbet are summarized in Table 3. It is
noted thatkesc for D•+/A•+ is greater than those for D•+/A•-

and D•+/A• as the result of Coulomb repulsion.
In Figure 7, thekbet values are plotted with respect to∆Gbet

(triangles). The crosses in Figure 7 were obtained by use of
eqs 7-9 and the following fitting parameters:|V0| ) 120 cm-1,
â ) 1 Å-1, rD ) rA ) 3 Å, λv ) 0.25 eV,hν ) 1500 cm-1,
and rbet ) rq. Then,λS changes from 1.29 eV forrq ) 6 Å to
1.93 eV forrq ) 12 Å. The theoretical curve shown in Figure
7 was obtained by use of eqs 7-9 and the following fitting
parameters:|V0| ) 120 cm-1, â ) 1 Å-1, rD ) rA ) 3 Å, λv

) 0.25 eV,hν ) 1500 cm-1, rbet ) 9.0 Å, andλS ) 1.72 eV.
The theoretical plot (crosses) calculated by settingrbet ) rq

fits in with the experimental plot (triangles) in the region-1.4
< ∆Gbet < -2.8 eV, but deviates downward from the
experimental plot in the region∆Gbet g -1.4 eV. In contrast,
the theoretical curve calculated by settingrbet ) 9.0 Å fits in
with the experimental plot in the whole region studied.
Therefore, it is concluded that (i) the quenching mechanism in
the region-0.5> ∆Gfet g -1.85 eV is a long-distance ET for
producing D•+/A•+ and (ii) a back ET within D•+/A•+ occurs at
the electron donor and acceptor separation of 9.0 Å on average
althoughrq spans from 6.0 to 12 Å.

If the fluorescence quenching of the systems of DCA-MV2+

(∆Gbet ) -2.50 eV) and DCA-BV2+ (∆Gbet ) -2.42 eV) is
induced by long-distance ET,kbet is calculated fromrq andΦR

by use of eqs 3 and 14: 1.3× 1012 s-1 for the former system

(23) Born, M.Z. Phys. 1920, 1, 45-48.

(24) Watanabe, T.; Honda, K.J. Phys. Chem. 1982, 86, 2617-2619.
(25) Riddick, J. A.; Bunger, W. B. Organic Solvents. In Techniques of

Chemistry; Weissberger, A., Ed.; Wiley: New York, 1970; Vol. II.

Figure 6. kbet versus∆Gbet for the anthracenecarbonitrile-aromatic
molecule pairs: squares, calculated by eqs 3 and 10; crosses, calculated
by eqs 7-9 with fitting parameters|V0| ) 120 cm-1, â ) 1 Å-1, λv )
0.25 eV,rA ) rD )3 Å, andrbet ) rq; solid curve, calculated by eqs
7-9 with fitting parameters|V0| ) 120 cm-1, â ) 1 Å-1, rD ) rA )
3 Å, λv ) 0.25 eV,hν ) 1500 cm-1, rbet ) 7.5 Å, andλS ) 1.52 eV.

kesc) Drc/[rq
3{1 - exp(-rc/rq)}] (14)rc ) e2/εkBT (11)

∆Gfet ) E1/2
ox - E1/2

red + e2/ε′rq + (e2/2)(1/rA + 1/rD)

(1/ε′ - 1/ε) - E(S1) (12)

∆Gbet ) E1/2
red - E1/2

ox - e2/ε′rq - (e2/2)(1/rA + 1/rD)

(1/ε′ - 1/ε) (13)
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and 1.8× 1012 s-1 for the latter system. These values are 1
order of magnitude greater than the theoretical values forkbet

at∆Gbet ) -2.50 and-2.42 eV. Such a great upward deviation
of the experimental plot from the theoretical curve in the region
∆Gfet > -0.5 eV is evidence for fluorescence quenching due
to exciplex formation. Consequently, the switchover of the ET
quenching mechanism takes place at∆Gfet ≈ -0.5 eV in
agreement with the system of neutral fluorescer and quencher.
The lifetime of the exciplex consisting of neutral fluorescer and
dicationic quencher is supposed to be very short, because the
contact radical ion pair state is destabilized by the Coulomb
repulsion.

4. Summary and Conclusions

All the results obtained for the three types of ET fluorescence
quenching and back ET within three types of geminate radical
pairs are compared with one another to understand the general
features of photoinduced ET in polar solvents.

(1) The switchover∆Gfet of the quenching mechanism
between exciplex formation and long-distance ET is the same

among the three types of quenching reactions and is-0.4 to
-0.5 eV: The quenching is induced by exciplex formation in
the region∆Gfet > -0.4 eV, and by long-distance ET in the
region∆Gfet < -0.5 eV.

(2) The∆Gfet dependence ofkq is the same among the three
types of quenching reactions and is represented by the Rehm-
Weller plot as shown in Figure 2.

(3) The∆Gfet dependence ofrq is the same among the three
types of quenching reactions: As shown in Figure 3,rq increases
almost linearly with a decrease in∆Gfet in the region-2.0 <
∆Gfet < -0.3 eV.

(4) The∆Gfet dependence ofΦR is not necessarily the same
among the three types of quenching reactions:ΦR depends on
∆Gbet rather than∆Gfet.

(5) The quenching mechanism in the region-2.0< ∆Gfet <
-0.5 eV is the same among the three types of quenching
reactions: the long-distance ET for producing the ground-state
geminate radical pairs.

(6) The∆Gbet dependence ofkbet is almost the same among
the three types of quenching reactions as shown in Figures
5-7: It is well reproduced with a semiclassical theory for long-
distance ET, i.e., by eqs 7-9 with the fitting parameters|V0| )
120 cm-1, â ) 1 Å-1, rD ) rA ) 3 Å, λv ) 0.25 eV, andhν )
1500 cm-1.

(7) The average distancerbet between the electron donor and
acceptor for inducing the back ET within the geminate radical
pair is almost the same among the three types of quenching
reactions: r ) 7.5-9.0 Å.

(8) λS is almost the same among the three types of quenching
reactions: λS ) 1.52-1.72 eV.

(9) When∆Gfet < -2.0 eV, the disagreement inkbet between
the experimental one determined fromΦR and the theoretical
one is evidence for the production of excited-state geminate
pairs.

(10) ΦR is significantly affected by the molecular charge on
the fluorescer and/or quencher through the molecular charge
effect onkesc according to eqs 6, 10, and 14.8 The effect is
enhanced with a decrease in solvent polarity.

(11) The molecular charge affects the stability of the
exciplex: the observation of exciplex fluorescence may be
expected for1D*/A and D/1A*, but not for 1A+*/D and 1D*/
A2+.

Consequently, the long-distance ET itself, i.e., both the ET
fluorescence quenching in the region∆Gfet < -0.5 eV and the
back ET within the geminate radical pairs, is not significantly
affected by the molecular charge on the fluorescer and quencher.

Table 3. Free Energy Changes of ET Fluorescence Quenching in Methanol (∆Gfet ) and Back ET within D•+/A•+ (∆Gbet), Fluorescence
Quenching Rate Constants (kq), Effective Quenching Distances (rq), Free Radical Yields (ΦR), and Rate Constants of D•+/A•+ Separation into
Free Radicals (kesc) and Back ET within D•+/A•+ (kbet)

fluorescer quencher ∆Gfet, eV kq, 1010M-1 s-1 rq, Å ΦR kesc, 1010s-1 kbet, 1010s-1 ∆Gbet, eV

TCA MV2+ -0.01 0.11 -2.66
TeCA MV2+ -0.09 0.42 -2.81
DCA MV2+ -0.39 1.22 3.2 0.079 -2.50
DCA BV2+ -0.47 1.70 3.0 0.071 -2.42
DCP MV2+ -0.84 1.12 (6.0) 0.320 1.78 3.78 -2.72
CA MV2+ -0.92 1.47 6.0 0.071 1.78 23.3 -2.12
DCP BV2+ -0.93 1.50 (6.0) 0.500 1.78 1.78 -2.63
CA BV2+ -1.03 1.82 7.5 0.042 0.70 15.9 -2.01
DPA MV2+ -1.41 1.45 8.5 0.140 0.68 4.20 -1.75
Per BV2+ -1.42 1.88 9.0 0.12 0.59 4.29 -1.41
DPA BV2+ -1.51 1.87 (9.0) 0.060 0.59 9.17 -1.65
DOMA MV 2+ -1.55 1.76 10.0 0.280 0.45 1.16 -1.50
DOMA BV2+ -1.65 1.99 (11.0) 0.160 0.35 1.84 -1.40
DMA MV 2+ -1.76 1.82 (12.0) 0.220 0.28 0.99 -1.38
DMA BV 2+ -1.85 1.92 (12.0) 0.096 0.28 2.62 -1.29

Figure 7. kbetversus∆Gbet for the aromatic molecule-aromatic dication
pairs: triangles, calculated by eqs 3 and 14; crosses, calculated by eqs
7-9 with fitting parameters|V0| ) 120 cm-1, â ) 1 Å-1, λv ) 0.25
eV, rA ) rD ) 3 Å, andrbet ) rq; solid curve, calculated by eqs 7-9
with fitting parameters|V0| ) 120 cm-1, â ) 1 Å-1, rD ) rA ) 3 Å,
λv ) 0.25 eV,hν ) 1500 cm-1, rbet ) 9.0 Å, andλS ) 1.72 eV.

7218 J. Am. Chem. Soc., Vol. 121, No. 31, 1999 Inada et al.



This confirms the validity of the theoretical consideration by
Tachiya26 that the molecular charge does not affect the rate of
long-distance ET in highly polar solvents.

In agreement with this conclusion, it has been confirmed that
the∆Gfet dependence ofkq, i.e.,kq ) kdif in the region-2.0 <
∆Gfet < -0.5 eV, is well reproduced by use of eq 15.9,27In this
case,kfet is calculated by use of eq 7 together with the above
fitting parameters andrq.

5. Criteria for Determining the ET Fluorescence
Quenching Mechanism When Both Electron Donor and
Acceptor Are Aromatic Molecules

Exciplex formation: (1) exciplex fluorescence; (2)rq < 5
Å; (3) ∆Gfet > -0.4 eV; (4) significant enhancement ofΦT by

a heavy-atom substitution on the quencher; (5) upward deviation
of the kbet determined withΦR from the theoretical curve.

Long-distance ET for producing the ground-state gemi-
nate radical pair: (1) rq > 5 Å; (2) -2.0< ∆Gfet < -0.5 eV;
(3) agreement of thekbetdetermined fromΦR with the theoretical
curve; (4) no enhancement ofΦT by a heavy-atom substitution
on the quencher; (5)ΦR . ΦT.

Long-distance ET for producing the excited-state geminate
radical pair : (1) rq > 10 Å; (2) ∆Gfet < -2.0 eV; (3) upward
deviation of thekbet determined withΦR from the theoretical
curve; (4) absorption bands of the radicals in the near-infrared
region.
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