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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 usikgnethylacridinium ion (MeAt) 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
guenching is induced by a full ET at long distance (i.e., a long-distance ET) when the free energy change
AGte in full ET is more negative than-0.5 eV and by a partial ET at contact distance (i.e., an exciplex
formation) whemA Gyt is more positive thar-0.4 eV. A criterion to determine the ET fluorescence quenching
mechanism is given.

1. Introduction 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 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 chang&Ggin ET.! If the distance between electron 8
donor (D) and acceptor (A) is held constant, Marcus theory @S in Schemes 1 and 2.
predicts that the ratie; of ET shows a bell-shaped dependence
on AGe. This prediction was confirmed for both intra- and Scheme 1
intermolecular ET22 The theoretical equation of ET involves 1 kat 4 Ket oo
several kinds of parameters. To determine these parameters byD* + A — "D*/A -~ D"/A" or
experimentske: has to be measured in a wide rangeAdbe. Ky Kt B
To this end recourse has been to photoinduced ET, particularly, D + 'A* — D/'A* o D"/A
to fluorescence quenching due to ET in a highly polar sol¥ent. fe‘

In this case, two kinds of ET take place successively: a forward Scheme 2
ET between an excited fluorescéd* (or *A*), and a quencher,
et

A (or D), for producing a geminate radical pair(DA*~) and D t/AT o DIA—D+A
bet
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back ETs are named as the charge separation (CS) type and th&cheme 5
charge recombination (CR) type, respectively.

otipe + +
The free energy chang@sGre; and AGpetin acetonitrile with D"/A*—~DIA"—D+A
dielectric constant are defined for the CS type of forward ET  gnd
and the CR type of back ET, respectivély:
Scheme 6
AGe = Eyp” — Eyp® — €ler — E(S) @) ID* + A% —D¥AZ — DA
AGye = E; ;% — E; 0" + ler (2)  Scheme7
D/A™ — DIA*" — D + A**

Here,E1.°%, E12®9 E(S;), ande?/er are the oxidation potential

of D, the reduction potential of A, the energy of the fluorescent Here, both fluorescer and quencher are aromatic compounds.

state, and the Coulomb attraction energy for/B*~ at a space In that case, the effects of molecular structure and size on ET

r between D" and A, respectively. are minimized and the effect of molecular charge on ET is
Chemists cherish a special interest in the reaction efficiency €xpected to become distirtt.

as well as the reaction rate. Free radicals are produced by the ET fluorescence quenching and back ET such as in Schemes

dissociation of D/A*": 4 and 5 are named as the charge shift (CSh) type of ET. This
type of ET has been studied by Gould eb&ifor the first time
Scheme 3 in order to examine the validity of the KakitanMataga theory.
They studied theé\Gy; dependence obr in the region—0.30
D /A fese DT+ A > AGyet > —0.85 eV usingN-methylacridinium ion (MeAt)

as a monocationic fluorescer, alkylbenzenes as neutral quench-

Here, kesc is the rate constant of geminate radical separation €S and acetonitrile as solvent. On the assumptiorkigatoes
into free radicals. According to Scheme 1, the efficiency of NOt depend omGre, they revealed thé\Gpe: dependence of
geminate radical pair production in the fluorescence quenching Ket in the inverted region,—2.59 < AGper < —2.04 eV.
due to full ET is unity. Then, the free radical yietek is given Comparing it with theAGpec dependence dée:for the CR type

by eq 3. The rate of diffusion depends on the solvent viscosity. ©f Pack 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 KakitariMataga theory. It is noted, however,
q)R kesm!(kesc+ kbet) (3) that the above assumption ic not Valid’ beca{ég@jepends ve
i : rq8 andrq depends Om\Gre;. 59
For chemists, therefore, the control of photoiduced ET means “in the present work, the CSh type of ET fluorescence

the control ofkescin addition tokst andkyet. In this paper it is quenching and back ET are studied in a wide rangaGfs
revealed for various systems of aromatic fluorescer and quenchersjng MeAc as a monocationic fluorescer and aromatic

in polar solvents how these rate parameters are controlled. compounds as neutral quenchersis determined for every

In previous worlké the detailed mechanism of ET fluorescence quencher to evaluatk.s. correctly. Then ke can be found
quenching ha§ been investigated in. a}cetonitrile and dichlo- accurately. In this way, thAGpe dependence dé,eis exactly
romethane using anthracenecarbonitriles (AC) 'A% and studied in a wide range @Gyeiinvolving not only the inverted
several kinds of aromatic compounds as D. It was establishedregiOn but also the top and normal regions. Another CSh type
that (i) ET fluorescence quenching is induced not only by & of ET fluorescence quenching and back ET such as in Schemes
full ET at long distance (i.e., a long-distance ET) as shown in g and 7 are studied in methanol using aromatic compounds as
Scheme 1, but also by a partial ET at contact distance (i.e., anpeytral fluorescers and methyl and benzyl viologens as dicationic
exciplex formation), and (ii) the switchover of these quenching quenchers.
mechanisms occurs at abd\Bre; = —0.45 eV: A long-distance All the results obtained for the three types of ET fluorescence
ET takes place whem\Gr: < —0.5 eV, but an exciplex  quenching and back ET are compared with one another to make
formation whemAGre: > —0.4 eV. Moreover, it was found that  ¢lear the molecular charge effects on these ET reactions. It is
the primary quenching product is the ground-state geminate shown that the molecular charge effect is significant Kag,
radical pairs DY/A*~ when AGfet = —-05t0~—2.0 eV, but but not for the AGbet dependence Okbet and the AGfet
most likely the excited-state geminate radical pairs*DA*~ dependence of the quenching mechanigpandr,. As a result,
or D"/A*™* when AGrer < —2.0 eV®9 In the strict sense, e can easily predict the values of these rate parameters and
therefore, Scheme 1 is valid only for the electron donor and gy for various systems of aromatic fluorescer and quencher in

acceptor (EDA) systems WithGrer = —0.5to~—2.0eV.In highly polar solvents such as acetonitrile and methanol, if we
fact, a bell-shaped dependence lat: on AGpet has been can evaluate\Giet.
confirmed only for such EDA systems. Photochemists cherish another special interest in the mech-

In the present WOfk, we investigate the effects of molecular anism of ET fluorescence quenching, because they take
charge on thé\Gret dependence of (i) the quenching mechanism, advantage of two types of photosensitized reactions, i.e.,
(i) the quenching rate constaky, (iii) the effective quenching  electron- and energy-transfer reactions. If fluorescence quench-
distancerg, and (iv) ®g, and (v) on theAGpe dependence of  ing is induced by a full ET, yielding free radicals, the
koet For this purpose, we compare the ET fluorescence quench-photosensitized reaction is initiated by ET between the sensitizer

ing and back ET shown in Schemes 1 and 2 with the following and reactant. If fluorescence quenching is induced by a partial
two types of ET fluorescence quenching and back ET:

(7) Kakitani, T.; Mataga, NJ. Phys. Chem1987, 91, 6277-6285.
(8) Sano, H.; Tachiya, MJ. Phys. Chem1979 71, 1276-1282.
Scheme 4 (9) (a) Tachiya, M.; Murata, S1. Phys. Chem1992 96, 8441-8444.
1.4 1.4 o ne (b) Murata, S.; Nishimura, M.; Matsuzaki, S. Y.; Tachiya, ®hem. Phys.
D+"A™ —DIfA™ —D"/A Lett 1994 219 200-206.
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ET, leading to exciplex formation, in contrast, the photosensi-
tized reaction may be commenced by tripleiplet 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 purificatioNamethylacridinium
tetrafluoroborate (AcM&BF*"), 2,6,9,10-tetracyanoanthracene (TeCA),
aniline (Ani), 4-cyanoaniline (CN-Ani), anisol&,N-dimethylaniline
(DMAni), anisidine (AS), 1,4-phenylenediamine (PDA), axg\,N',N'-
tetramethyl-1,4-phenylenediamine (TMPD) have been reported else-
where®M1° 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)p-xylene ©-Xy; Fluka),
1-bromo-2,3-dimethylbenzene (BrXy; Aldrich), p-xylene @-Xy;
Aldrich), 1,3,5-trimethylbenzene (Mes; Fluka), hexamethylbenzene
(HMB; Aldrich), and 4-bromaoN,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 (M¥; Aldrich) and benzyl
viologen dichloride (BV"; 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 w&k!%119,10-Dimethoxyan-
thracene (DOMA) was synthesized according to the method described
in the literature®? 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 wer
measured with a Hitachi F-4500 spectrophotometer. The transient
absorption spectra were measured by a conventional flash photolysis
The free radical yieldPg and the triplet yield®+ in fluorescence
guenching were determined by an emisstabsorption flash photolysis
method®1*This 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 determiningr and ®+ are within 10%.

The oxidation potentialsE; ¢ 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
DMAnNI, +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,
+1.25V 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
values for Tol,o-Xy, p-Xy, 1,2-DMB, 1,2,4-TMB, DMA, DOMA, and
DPA have been reported to be2.28,+1.88,+1.77,+1.45,+1.12,
+0.87,+0.98, andt+1.22 V, respectively*>The reduction potentials
Ei7® versus SCE for M¥" and B\2* were determined to be 0.36

(10) Kikuchi, K.; Sato, C.; Watabe, M.; lkeda, H.; Takahashi, Y.;
Miyashi, T.J. Am. Chem. Sod 993 115 5180-5184.

(11) Sato, C.; Kikuchi, K.; Okamura, K.; Takahashi, Y.; Miyashi,JT.
Phys. Chem1995 99, 16925-16931.

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

(13) Kikuchi, K.; Kokubun, H.; Koizumi, MBull. Chem. Soc. Jpri968§
41, 1545-1551.
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Figure 1. Stern-Volmer plots for fluorescence intensity in acetoni-
trile: (a, b) theN-methylacridinium ior-N,N-dimethylaniline pair, (c)

éhe N-methylacridinium ion-toluene pair.

and —0.46 V in acetonitrile, respectivelyE; e, E(S;), and the
fluorescence lifetime; for MeAc* in acetonitrile were determined to
be—0.48 V,+2.75 eV, and 33 ns, respectivéfThe values oE(S;)

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 valuesdbr DMA, DOMA,

Per, DPA, CA, DCP, and DCA in deaerated methanol were determined
to be 19, 12,, 5.6, 9.2, 16, 1935, and 13;, respectively. The values

of 7; for TeCA and TCA in aerated methanol were determined to be
147 and 15 ns, respectively.

In the case of fluorescence quenching of M&Ay aromatic
compounds in acetonitrile, the aerated solution was used to determine
kg, rg, and®g, but the sample solution for determinidg- was deaerated
by repeating freezepump—thaw cycles. In the case of fluorescence
quenching of aromatic compounds by ®fVand B\ in methanol,
the sample solutions except for TeCA and TCA were used after being
bubbled through nitrogen gag, 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 — A* +
D**. The kq values were determined from the SteMolmer
(SV) plots for the fluorescence intensity at low quencher
concentration, where the plots were linear as illustrated in Figure
la,c. Therq values were evaluated by use of the modified

(14) Mann, C.; Barnes, KElectrochemical Reactions in Nonaqueous
SystemsMarcel Dekker: New York, 1970.

(15) Zweig, A.; Hodgson, W.; Jura, Wl. Am. Chem. Sod 964 86,
4124-4136.
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Table 1. Free Energy Changes of ET Fluorescence Quenching of
MeAc* in Acetonitrile (AGret ) and of Back ET within D"/A*

(AGpey, Fluorescence Quenching Rate Constakis Effective
Quenching Distances), Free Radical Yields®g), and Rate
Constants of B'/A* Separation into Free Radicaled) and Back

ET within D*t/A* (koe)

AGret, qu g Keso Koet ~ AGpet
quencher eV 100M~1st R dr  100s1 100571 eV
Tol 0.01 0.036 —2.76
Mes —0.29 1.3 3.1 0.19 —2.46
0-Xy —0.39 1.4 3.4 0.27 —2.36
Bp —-0.42 15 4.0 0.10 —2.33
p-Xy —0.50 1.4 3.8 0.094 —2.25
anisole -0.57 1.6 50 0035 14 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
DPAmMI —1.44 2.8 8.2 0.058 0.54 85-1.31
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
11
. 0 0, a0
44 . M%& O, A A
10 Ag;ag@o
A
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or +A
N o)
Ler "
Y
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-3 2 -1 0 1
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Figure 2. kg versusAGs for the N-methylacridinium ior-aromatic
molecule pairs (circles), the aromatic molectilgologen pairs (tri-
angles), and the RehnWeller plot (crosses).

Stern—Volmer equatio#f 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 fokg, rq, andAGye are listed in Table 1. For the
CSh type of ET fluorescence quenching and back ET in
acetonitrile such as in Schemes 4 and\&y; and AGpe; are
given byt

AGg = El/20x - Ellzred - E(S) 4)

AGpe = Ellzred — By (5)
The plot ofky versusAGre is shown in Figure 2 (circles). This
plot agrees with the Reh#Weller plot (crosse$)obtained for
the system of neutral fluorescer and quencher. It can be
concluded that thé Gy dependence df; is not affected by a
positive charge of fluorescer.

In Figure 3 is shown the plot af; versusAGye (circles). In
the region—0.3 > AGre > —2.0 eV, rq increases linearly with
a decrease iNGy. This plot is compared with the plot obtained
for the CS type of ET fluorescence quenching (squares). It is

(16) (a) Leonhardt, H.; Weller, Aer. Bunsen-Ges. Phys. Chel863
67, 791-795.(b) Knibbe, H.; Rehm, D.; Weller, Ber. Bunsen-Ges. Phys.
Chem 1968 72, 257—263.
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Figure 3. rq versusAGsye for the N-methylacridinium ior-aromatic
molecule pairs (circles), the anthracenecarbonit@ematic molecule
pairs (squares), and the aromatic moleewmlogen pairs (triangles).

obvious that theAGy dependence of, is not affected by a
positive charge of fluorescer. Unfortunately, thevalues 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 A, respectively. It is noted that K@
dependence of for the CS type of fluorescence quenching
shown in Figure 3 was confirmed by Murata ef'al.

In the regionAGee = —0.5 eV, rq is in the range 34 A,
which is close to the interplanar separation in the excimer and
exciplex!” and moreover, the energy gap between the locally
excited singlet state and the contact radical pair state is small
(=0.5 eV). Therefore, the fluorescence quenching in this region
of AGe is considered to be induced by exciplex formation in
a manner similar to that of the system of neutral fluorescer and
guencher, although exciplex fluorescence has not been observed
at all for any system listed in Table 1. In the regidGse: <
—0.5 eV, rq is greater than 5 A, indicating that fluorescence
qguenching is induced by long-distance ET.

Flashing of the solution containing MeAalone gives no
transient absorption, because the fluorescence yi@lg 6Of
MeAct is close to unity in acetonitril&? Flashing of the
solution containing MeAt and a quencher other than Bp gave
the transient absorption due to fluorescer neutral radical (WeAc
and guencher radical cation {D. When Bp was used as a
quencher, the triplettriplet (T—T) absorption of MeAt 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 2M MeAc* and 2.7
mM DPAmi. The broad band at about 20 000 ¢dnand the
sharp band at about 15 000 chare attributed to MeAcand
the radical cation (DPArmt) of DPAmI, respectively. The molar
extinction coefficient for DPAmI™ has been determined to be
19 000 M1 cm™t at 670 nf¢ The molar extinction coefficient
for MeAc* was determined to be 1520 Mcm at 520 nm
assuming that equal amounts of Mefand DPAmMI*™ were
produced by flash photolysis. The molar extinction coefficient
for 3MeAc™ was determined to be 3570 Mcmt 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 at 488 nmt!
The @R values were determined for various quenchers as listed

(17) Birks, J. B.Photophysics of Aromatic Molecule#/iley: London,
1970.
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Figure 4. Transient absorption spectrum for tNemethylacridinium
ion—diphenylamine pair (10@s after flashing).

in Table 1. The triplet yield®+ in fluorescence quenching were
null except that for Bp. Thebr for Bp was determined to be
0.036.

In the regionAGse: = —0.5 eV (0rAGpet < —2.25 eV), the
triplet energyE(T;) (= 1.79-2.01 e\t9 of MeAc" is lower
than the energyAGye{ of the geminate radical pair [YA".
Therefore, the triplet statéNleAc™) of MeAc™ is not expected
to be quenched by ET from the quenchepkteAc™. Indeed,
the T-T absorption was observed, when Bp witfBi; = —0.42
eV was used as a quencher.

When MeAc is used as fluoresceiyleAc™ 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 whgfT) <
|AGpef. The formation oBMeAc™ 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

@ ~ 1 as fluorescer&h

If fluorescence quenching is induced by exciplex formation,
it is possible for®t to become larger than 0.1 by a heavy atom
substitution on the quench&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 fot to exceed 0.%¢

even though the spin-forbidden back ET is enhanced by the
presence of a heavy atom as substantiated theoretically by Salenket

and Roeland?® It has been confirmed in previous wéflon

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(T;) < |AGyef, therefore, the study of the heavy atom
effect ondr is useful in determining the fluorescence quenching
mechanism.
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Table 2. Free Energy Changes of ET Fluorescence Quenching of
MeAc™ in Acetonitrile (AGrer), Fluorescence Quenching Rate
Constantskg), Effective Quenching Distancesy), Free Radical
Yields (®g), and Triplet Yields {)

quencher  AG, €V kg 100M- 15 1, A @g o
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

contrast, the ¥T absorption was not observed, even when a
bromine-substituted quencher was used. When 4-Br-Anisole is
used as a quenchéiMeAc™ is not considered to be quenched
by rapid ET from 4-Br-Anisole tdMeAc™, becausgAGye{ (=

2.11 eV)> E(T1). No observation of the FT absorption in

the regionAGs: < —0.5 eV is evidence for fluorescence
quenching due to long-distance ET&9hTherefore, it will be
valid even for the CSh type of fluorescence quenching that the
switchover AGye; Of the fluorescence quenching mechanism
takes place a\Gst = —0.4 t0 —0.5 eV.

As shown in Table 1¢g decreases with a decreaseAie;,
passes through a minimum AiGs; = —0.82 eV, increases,
and again decreases. SutB; dependence cobg in the region
AGtet < —0.5 eV has already been observed for the system of
neutral fluorescer and quencher, whéts;) has been held
nearly constant, 2.893.04 eV%¢fh When fluorescence quench-
ing is induced by long-distance ET for producing'm\*, ®r
may be given by eq 3.

As there is no Coulomb interaction betweenBnd A, Kesc
can be calculated by eq®6Assuming that the sunD)|) of the

Kese= DIy (6)

diffusion coefficients of electron donor and acceptor is 3.5
1075 cn? st in acetonitrile'® the kesc values are calculated
from rq by use of eq 6kesctends to decrease with an increase
in rq or with a decrease iNGe. Using eq 3, we can calculate
the kpet Values from the®r values and thésc values (Table
1). In Figure 5, thek,et values are plotted with respect AGpet
(circles).

If the back ET within D*/A* takes place at a spadge
between D" and A, the rate of back ET may be given by the
following semiclassical equation for long-distance &P:2°

= (4ﬂ3/h2,13k8n1’2|vﬁz(e‘SSN/w!) exp[—(AGy + As+
wh)%42ksT] (7)

On the basis of the above strategy, the ET fluorescence

guenching mechanism in the regierl.41 eV< AGs < —0.12

Here
S=A/Jtw
A= (12)(Lk o + L — 2/Ir,o)(1IN* — 1) (8)
IVIZ = [Vol* eXpl=p{Fpe— (fa + 1p)}] ©)

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®r and ®1 for these bromine-substituted

quenchers were determined as listed in Table 2.
WhenAGe: > —0.5 eV, @ is significantly increased by a

ks is the Boltzmann constant.

The back ET within D*/A* begins just after fluorescence
quenching. Therefore, we first assumg = rq to calculatekpes
Then, the solvent reorganization energieswere calculated

bromine atom substitution on the quencher. This means thatby use of eq 84s ranges from 1.02 eV for; = 5.0 A to 1.90
fluorescence quenching is induced by exciplex formation in the eV for rq = 12 A. The values forV|2 were calculated by use

region AGst > —0.5 eV. In the regiomGs: < —0.5 eV, in

of eq 9%21|V| ranges from 247 cmt for r = 5.0 Ato 7.5

(18) Salem, L.; Roeland, @ngew. ChemlInt. Ed. Engl 1972 11, 92—
111.

(19) Ulstrup, J.; Jortner, J. Chem. Physl975 63, 4358-4368.
(20) Siders, P.; Marcus, R. A. Am. Chem. Sod 981 103 741-747.
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Figure 5. kyet VErsusAGye: for the N-methylacridinium ior-aromatic

molecule pairs: circles, calculated by eqs 3 and 6; crosses, calculate

by eqs 79 with fitting parameter$Vo] = 120 cnt, =1 A1 A, =
0.25 eV,ra = rp = 3 A, andr,e = rq; solid curve, calculated by egs
7—9 with fitting parametergVo| = 120 cm, f=1A L rp=ra =
3 A, 4y =0.25 eV,hw = 1500 cn1?, rpee = 7.5 A, andis = 1.52 eV.

Inada et al.

> AGpet= —2.18 eV) is a long-distance ET for producing™D

A* and (i) the back ET within BY/A* occurs atpe= 7.5 A on
average. The latter conclusion is consistent with the theoretical
study on theAG,; dependence of the most contributory ET
distance® It is shorter tha 6 A whenAGe > —1.0 eV, 7.5 A
when AGg ~ —2.0 eV, and longer than 11 A whehGe <
—3.0 eV. Here, we refer to two extreme cases involved in Table
1. (i) When AGpet = —2.18 eV (orAGw: = —0.57 eV), the
most contributory distance for back ET is close to 7.5 A.
Therefore, the back ET withGpe;= —2.18 eV occurs mostly
atrpetlonger tharrg=5.0 A. (i) WhenAGpet= —0.82 eV (or
AGtet = —1.93 €V), in contrast, the most contributory distance
for back ET is shorter than 6 A. Therefore, the back ET with
AGper= —0.82 eV occurs mostly abeshorter thamg = 12 A.

In both cases, the most contributory distance for back ET is
intermediate between 5 and 12 A. This is the reasgitan be
assumed to be-7.5 A in the region—2.18 < AGpet < —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™@A*~.3 If the back ET

Joceurs at various distances, the decay of/B~ has to be

multiexponential.

In the regionAG;; < —2.0 eV, the production of D*/A*~
or D**/A*~* has been pointed o@t? Therefore, the disagree-
ment between the theoretical curve and the experimental plot
for TMPD with AGst = —2.17 eV may be interpreted by taking

cmt for rg = 12 A. To fit the theory and experiment as best  into account the production ofD¥/A* or D*H/A*. In fact, the
we can, the other parameters were assumed as follows: thearomatic radical ions have their absorption in the near-infrared
electron exchange matrix element at the contact distance ofregion22 indicating that the excitation energies of the radical

electron donor and acceptpfo| = 120 cnr’;%the attenuation
parametef = 1 A-1,%the reactant vibrational reorganization
energy A4, = 0.25 eV®® the average energy of the active
vibrational modehv = 1500 cnt%;>6 the radii of the electron
donor and acceptap = ra = 3 A9 As shown in Figure 5, the
theoretical plot (crosses) calculated by setting = rq fits in
with the experimental plot only in a narrow region2.2 <
AGpet < —1.3 eV (or—1.4 < AGyet < —0.5 eV). In previous
work Sad-th it was found that the plot Okyet VErsusAGpe for

ions are as small as1.60 eV. Then, the free energy change
(AGyet®) of full ET for producing D**/A* or Dt/A*™ is
estimated to be-2.17 < AGw* < —0.57 eV for the pair of
MeAc™ and TMPD. The value-2.17 < AGg* < —0.57 eV
ensures the diffusion-controlled fluorescence quenching by long-
distance ET for producing D/A**. The AGpe for back ET
within D**/A* is —0.58 eV, and the free energy change3(e*)

for back ET within D**/A* or D*"/A** is estimated to be-2.18

< AGpeff < — 0.58 eV. Asis = 1.52 eV, the back ET with

the system of neutral fluorescer and quencher is well reproduced_» 1g < AGpett < — 0.58 eV is much faster than the back ET

by eq 7 in a wide range oAGpe;, i.€., —2.7 < AGpet < —1.0
eV, when |V| and 1s are fixed at 39 cm! and 1.45 eV,
respectively?" Since both of the geminate radical pair species

with AGpet = —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 &fe; from ®g by

may diffuse at random within a solvent cage before proceeding yse of eq 3 gives a higher value compared with the real one.

to the back ET, the back ET may take place not onlygdiut

The upward deviation of the experimental plots from the

also at various distances. As a result, the back ET is likely t0 thegretical curve folkeer in the regionAGe: < —2.0 eV is

take place approximately at a fixed distance. It is noted,
moreover, that boths andV have been determined independent
of rpe SO far>® For more rigorous discussiohg and [V| have
to be related tope; by use of egs 8 and 9.

The maximum value okt for the CSh type of back ET is
1.3 x 102s 1 as shown in Table 1. This is close to that for the
CR type of back ET, i.e., 0.6% 10'2 57160 Therefore, it may

evidence for the generation of /A * and/or D*/A** as the
primary quenching product.

To investigate the charge effect on back ET within the
geminate radical pairs, th&Gpe; dependence df,e;for D/A*
(Figure 5, circles) is compared with that for'DA*~ (Figure 6,
squares§" Both AGye; dependencies dé,e;are quite similar to
each other in the region2.2 < AGpet < —0.8 eV. Therefore,

be assumed for the systems of aromatic fluorescer and quenche is concluded that thA\ Gpedependence dé. does not depend

that|Vy| is held a constant regardless of the type of back ET.
Thus, the experimental plots are fitted with theory using an

apparent distance,; for back ET as a fitting parameter and
assumingVol =120 cmtt, f=1AL rp=ra=3A, A
0.25 eV, andw = 1500 cntl. The best fitting curve depicted
in Figure 5 was obtained fate = 7.5 A andis = 1.52 eV.
This theoretical curve fits in with all the experimental plots
except for TMPD withAGpet = —0.58 eV (0rAGset = —2.17
eV). Therefore, it may be concluded that (i) the quenching
mechanism in the regior1.93< AG¢ < —0.57 eV (or—0.82

(21) Logan, J.; Newton, M. DJ. Chem. Phys1983 78, 4086-4091.

on the types of ET such as the CSh type and the CR type.

It is noteworthy that the molecular charge effect®rarises
through the molecular charge effect kn, According to the
Tachiya theonp kescfor D*t/A*~ is given by eq 16" Herer, is

kese= Drd[ry{expdry) — 131 (10)

the Onsager distance:

(22) Shida, T Electronic Absorption Spectra of Radical lons, Physical
Science Data 34Elsevier: Amsterdam, 1988.
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14 T y Judging from theAGyr: dependence ok, and rq, the
guenching mechanism is supposed to be exciplex formation in
the regionAGs: > —0.4 eV. However, exciplex fluorescence
1ot x,ftjx ] has not been observed even for the systems A@h > —0.4
x eV such as DCA-MV" (AGg = —0.39 eV) and DCA-BV"

I 7 (AGset = —0.47 eV). Evidence of exciplex formation for these
L'-Il:F'EE EDA systems is given below. In the regidfG; < —0.5 eV,
3 rq > 5A, and hence, fluorescence quenching is induced by long-
| " ] distance ET.
= Flashing of the solution containing D and?Agives the
st X 1 transient absorption due toDand A™, the decay rate of which
is too low to determine. The molar extinction coefficient for
x 1 the positively charged radical cation (MY of MV 2" has been
reported to be 13 800 M cm™! at 609 nm in methandt The

® < molar extinction coefficient for the positively charged radical
cation (BV*) of BV2+ was determined to be 18 800 Mcm™?!
4 ‘ . at 606 nm in methanol. The values f®R were determined as
0 i 5 3 listed in Table 3.

—AGpe / €V In Table 3, we cannot find any regular correlation between
Figure 6. Koei VErsusAGee for the anthracenecarbonitrit@romatic ®r and AGrer. This is due to the fact tha@(S,) changes from
molecule pairs: squares, calculated by egs 3 and 10; crosses, calculatefuorescer to fluorescer. It should be noted tiig{depends on

by egs 7-9 with fitting parameter§Vo| = 120 cntt, = 1 A%, 4, = AGye; but not necessarily oAGrer. o
0.25 eV,ra = rp =3 A, andrye = rq; solid curve, calculated by egs If the fluorescence quenching by MYand B\#* is induced
7—9 with fitting parametergVo| = 120 cmL, =1 AL rp =1, = by a long-distance ET®r is given by eq 3kesc for D*H/A*
3 A, 4, =0.25 eV,hw = 1500 cni?, rpee= 7.5 A, andis = 1.52 eV. can be calculated by eq 14 derived according to the Tachiya
— 2
ro = €/ekgT (11) Kese= Drd[rg {1 — exp(=rdry}] (14)
In acetonitrile r. is calculated to be 14.4 Aes.for D*T/A*~ is theory? D is expressed a® = kgT/6y.'" The viscosity

smaller than that for B/A* as a result of Coulomb attraction.  coefficients is 1.6 times greater in methanol than in acetoni-
The difference inkesc between B/A* and D+/A*~ increases trile: 0.547 cP at 298 K for methanol and 0.325 cP at 303 K

with a decrease in the dielectric constanTherefore ®z may and. 0.375 cP at 288 K for acetonitrieln the calculation of

be controlled by changing the solvent polarity. Kescin methanol, thereford) = 2.2 x 107° cn? s™* was used.
3.2. Fluorescence Quenching of Aromatic Compounds by ¢S calculated to be 16.6 A in methanol. Tk, values were

Dicationic lons in Methanol. D* + A2+ — D+ + A*+. The calculated from thebr values by use of eqs 3 and 14. The

fluorescence quenching by MB and B\2* was studied in values forAGpes Kess andkyet are summarized in Table 3. It is

methanol, because the solubility of these viologens in acetonitrile "0ted ihatkesc for D*"/A" is greater than those for"DA*

is not high enough to quench fluorescence effectively. When @nd D*/A* as the result of Coulomb repulsion.

these viologens are used as quenchers, the exciplex fluorescence N Figure 7, thekne; values are plotted with respect &dpe;

is not detected. The values fé andr, were determined as ~ (tfiangles). The crosses in Figure 7 were obtained by use of
listed in Table 3AG; and AGpe in methanol were evaluated €95 #9 ?{‘d the following fitting parametersVo| = 120 cem

by egs 12 and 13, respectivéiHere,¢ ande' are the dielectric £ =1 A% rp =ra =3 A, 4y = 0.25 eV,hw = 1500 cm*?,
constants of acetonitrile and methanol, respectively. andryet = rq. Then, s changes from 1.29 eV far, = 6 A to

1.93 eV forrq = 12 A. The theoretical curve shown in Figure

7 was obtained by use of eqs-9 and the following fitting

—_— d I
AGyy = Eyp” = By, %+ e fq (€72)(1h 5 + 1) parametersiVo| = 120 cnt!, B =1 AL rp =ra =3 A, 4,

(2/e' — 1le) — E(S) (12) = 0.25 eV,hv = 1500 cm?, rpee= 9.0 A, andis = 1.72 eV.
red ox ) The theoretical plot (crosses) calculated by settig= rq
AGye=Ey;* = Ey™ — €le'ry — (€912)(Lh , + Lirp) fits in with the experimental plot (triangles) in the regier.4

1/ — 1le) (13) < AGpet < —2.8 eV, but deviates downward from the
experimental plot in the regioAGpet = —1.4 V. In contrast,

Figure 2 shows that thaGy; dependence df, (triangles) is th_e theoretical curve calculatgd by setting; = 9.Q A fits in_
the same as the Rehrweller plot (crosses). As shown in with the e_xperlmental plot in the whole region StU(_IiIed:
Figure 3, theAGre; dependence df; (triangles) is the same as Therefqre, it is concluded that (i) thg quenchmg mechanism in
that obtained for the system of neutral fluorescer and quencherth® reg]on—()+.5 iAGfet =z -185eVisa Ipng-dls&ance ET for
(squares). Therefore, theGre; dependence d andr is not producing D*/A** and (ii) a back ET W|th|_n D"/A*t occurs at
affected by the positive charges of the quencher. It is noted the electron donor and acceptor separation of 9.0 A on average
that therq values cannot be determined for DCP and DMA with  althoughrg spans from 6.0 to 12 A.
MV2+ and for DCP, DPA, DOMA, and DMA with BY", If the fluorescence quenching of the systems of DCAAV
because the absorption spectrum of the quencher overlaps witfAGret = —2.50 eV) and DCA-BV* (AGyer = —2.42 eV) is
that of the fluorescer at a high quencher concentration.rfhe  induced by long-distance EXeetis calculated frontq and ®r
values for these fluorescers were estimated from the plots showrPY Use of egs 3 and 14: 1.3 10'2s™* for the former system
in Figure 3. (24) Watanabe, T.; Honda, K. Phys. Chem1982 86, 2617-2619.

(25) Riddick, J. A.; Bunger, W. B. Organic Solvenits Techniques of
(23) Born, M.Z. Phys 192Q 1, 45-48. Chemistry Weissberger, A., Ed.; Wiley: New York, 1970; Vol. Il
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Table 3. Free Energy Changes of ET Fluorescence Quenching in MethA@: () and Back ET within D'/A*" (AGyey), Fluorescence
Quenching Rate Constants), Effective Quenching Distances), Free Radical Yields®g), and Rate Constants of DA+ Separation into
Free Radicalskis) and Back ET within D'/A*" (Koe)

fluorescer quencher  AGte, eV kg, 101°M1s7t re A Dr Keso 1010571 Kpey 1010571 AGpe, €V
TCA MV 2* —-0.01 0.11 —2.66
TeCA MV?2+ —0.09 0.42 —2.81
DCA MV 2* —0.39 1.22 3.2 0.079 —2.50
DCA BV2*+ —0.47 1.70 3.0 0.071 —2.42
DCP Mv2zt —0.84 1.12 (6.0) 0.320 1.78 3.78 —2.72
CA MV 2+ —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 B2+ —1.42 1.88 9.0 0.12 0.59 4.29 —1.41
DPA BVZ* —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 BV 2t —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
14 T T among the three types of quenching reactions and(g} to

—0.5 eV: The quenching is induced by exciplex formation in
the regionAGs: > —0.4 eV, and by long-distance ET in the
regionAGe: < —0.5 eV.

(2) The AGre dependence d; 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 AGse dependence afy is the same among the three
types of quenching reactions: As shown in Figure,®icreases
almost linearly with a decrease Gy in the region—2.0 <
AGget < —0.3 eV.

(4) The AGse: dependence obg is not necessarily the same
among the three types of quenching reactiofs; depends on
AGpe rather thanAGeet.

(5) The quenching mechanism in the regioB.0 < AGye; <
—0.5 eV is the same among the three types of quenching
reactions: the long-distance ET for producing the ground-state
1 2 3 geminate radical pairs.

—AGh / eV (6) The AGpet dependence di,e is almost the same among
Figure 7. kpetversusAGpe for the aromatic molecutearomatic dication the three types of quenching reactions as shown in Figures
pairs: triangles, calculated by egs 3 and 14; crosses, calculated by eqb—7: It is well reproduced with a semiclassical theory for long-
7-9 with fitting parametersVo| = 120 cmt, f =1 AL, 1, =0.25 distance ET, i.e., by eqs-® with the fitting parameter/o| =
eV,ra =rp =3 A, andrpe = rq; solid curve, calculated by eqs-B 120cm =1 A1lrp=ra=3A 1, =0.25eV, andw =
with fitting parametergVo| = 120 cnty, A =1 AL rp =ra =3 A, 1500 cntl.

Ay = 0.25 eV,hw = 1500 cn1?, rper = 9.0 A, andis = 1.72 eV.

log kbel

4 \ )

(7) The average distancg.;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 A.

(8) Asis almost the same among the three types of quenching
reactions: s = 1.52-1.72 eV.

and 1.8x 10%2 s7! for the latter system. These values are 1
order of magnitude greater than the theoretical valueskdgr

at AGpet= —2.50 and—2.42 eV. Such a great upward deviation

of the experimental plot from the theoretical curve in the region

AGtt > —0.5 eV is evidence for fluorescence quenching due .
to exciplex formation. Consequently, the switchover of the ET (9) WhenAGe: < —2.0 eV, the disagreement kg.; between
the experimental one determined frobk and the theoretical

qguenching mechanism takes place MBw; ~ —0.5 eV in i id for th duct ¢ ted-stat inat
agreement with the system of neutral fluorescer and quencher.on.e IS evidence for the production of excited-state geminate

The lifetime of the exciplex consisting of neutral fluorescer and parrs.

dicationic quencher is supposed to be very short, because the (10) Pr is significantly affected by the molecular charge on
contact radical ion pair state is destabilized by the Coulomb the fluorescer and/or quencher through the molecular charge
repulsion. effect onkesc according to eqs 6, 10, and 84The 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

All the results obtained for the three types of ET fluorescence expected foD*/A and D/'A*, but not for 1A™*/D and 1D*/
qguenching and back ET within three types of geminate radical A2+,
pairs are compared with one another to understand the general Consequently, the long-distance ET itself, i.e., both the ET
features of photoinduced ET in polar solvents. fluorescence quenching in the regidiGr; < —0.5 eV and the

(1) The switchoverAGy: of the quenching mechanism back ET within the geminate radical pairs, is not significantly
between exciplex formation and long-distance ET is the same affected by the molecular charge on the fluorescer and quencher.

4. Summary and Conclusions
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This confirms the validity of the theoretical consideration by

J. Am. Chem. Soc., Vol. 121, No. 31, 12E®

a heavy-atom substitution on the quencher; (5) upward deviation

Tachiy&® that the molecular charge does not affect the rate of of the kye determined with®g from the theoretical curve.

long-distance ET in highly polar solvents.

In agreement with this conclusion, it has been confirmed that Nate radical pair:

the AGr dependence d, i.e., kg = Kqir in the region—2.0 <
AGse; < —0.5 eV, is well reproduced by use of eq #5In this
case kit is calculated by use of eq 7 together with the above
fitting parameters and,.

1y = Lk + gy (15)

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

Exciplex formation: (1) exciplex fluorescence; (2} < 5
A; (3) AGit > —0.4 eV; (4) significant enhancement & by

(26) (a) Tachiya, MChem. Phys. Letl.989 159 505-510. (b) Tachiya,
M. J. Phys. Cheml1989 93, 7050-7052.
(27) Marcus, R. AJ. Phys. Chem1968 72, 891—-899.

Long-distance ET for producing the ground-state gemi-
(1)rg>5A;(2) —2.0< AGet < —0.5eV;
(3) agreement of thig,e;determined fromibg with the theoretical
curve; (4) no enhancement &7 by a heavy-atom substitution
on the quencher; (5Pg > ®r.

Long-distance ET for producing the excited-state geminate
radical pair: (1) rq > 10 A; (2) AGret < —2.0 eV; (3) upward
deviation of thekpe: determined with®g from the theoretical
curve; (4) absorption bands of the radicals in the near-infrared
region.
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