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New Aspects on Fluorescence Quenching by Molecular Oxygen
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Abstract: Fluorescence quenching rate constants k, by molecular oxygen 0,(3Z;) were measured for four
anthracenecarbonitriles (AC) in acetonitrile and benzene and for five acridinium ions in acetonitrile. The kg's for
acridinium ions decrease with an increase in the free enthalpy change AG of full electron transfer from the first excited
singlet fluorescer 'M* to 30, in acetonitrile and become smaller than one-hundredth of the diffusion-controlled limit,
kaier. The kg's for AC inacetonitrile decrease up to 5.3 X 10° M~ s~! with an increase in the number of cyano substituents
or with anincrease in AG in the range —0.53—+0.25 eV. The kg's for AC in benzene, 3 X 10° M~ 57!, are only one-tenth
of ks, except for 9-cyanoanthracene (CA) with 1.0 X 10'° M-1 s-1, For both acridinium ions and AC, the energy
of the second excited triplet state *M* is much greater than that of 'M*, so that M* cannot be produced by quenching.
The energy gap AE between !M* and the lowest excited triplet state 3M is smaller than the energy 0.98 eV of singlet
oxygen '0,*(14,) in the case of acridinium ions, but it is larger in the case of AC. On the basis of these results the
fluorescence quenching mechanism by 30, is discussed in detail.

Introduction

It is well-known that molecular oxygen 30,(*Z,") is an efficient
fluorescence quencher. The quenching rate constants kq have
been measured for a number of aromatic molecules in fluid
solutions.!¢ The values for k, were found to be at the diffusion-
controlled limit, kg (€.g. 1.9 X 10'0-3.3 x 10 M-! 5! in
cyclohexanet$and 2.7 X 1010-4.3 X 10'M-!s~! in acetonitrile?’),
except for a few aromatic molecules such as fluoranthenes (4.4
X 10°-9.6 X 10° M1 57! in cyclohexane!:356), trans-thioindigo,’
9,10-dicyanoanthracene (3.6 X 10° M-! s! in cyclohexane,? 5.0
X 10° M~! 57! in benzene,? and 6.4 X 10°-6.8 X 10° M-!s7! in
acetonitrile?®), and the other cyano meso-substituted anthracenes
(~6 % 10° M5! in cyclohexane!®). The quenching by 30; has
been considered to occur through exciplex formation in the
encounter complex 3(!M*,30,).6:8.11-13 Intheexciplex (M, O,)*,
the charge-transfer (CT) state, i.e., the contact radical ion pair
state 3(2M*+,20,°-), is mixed with the locally excited (LE) state
such as 3(!M*,20,), 3(’M*,20,),3(*M,30;), and 3(°M,'O,*) when
the energy of the LE state is close to the energy of 3(M*+,20,*-).
Here 'M* is the first excited singlet state of the fluorescer
molecule, M and 3M* are the lowest and second excited triplet
states, and 'O, * is singlet oxygen, '0,*('A;). The CT from 'M*
to 30, has been supported by the fact that the kq in the vapor
phase decreases markedly with an increase in ionization potential
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of the fluorescer molecule when the ionization potential is higher
than 9.0 eV.14

In a nonpolar solvent such as cyclohexane, the exciplex
3(M,0,)* may deactivate to yield the following pairs: *M and
30;; 3M and '0,* when the energy gap AE between !M* and M
is greater than 0.98 eV (7882 cm™!),' i.e., the energy of 10,*;
3M*and *0, when3M*is located close tobut below !M*. Indeed,
the efficiency ®r of 3M generation per one encounter of
fluorescence quenching is close to unity in general,!315-20 while
the efficiency of 1O,* generation is less than unity.%820 Therefore,
the quenching of IM* by 30, in nonpolar solvent is described by
Scheme I, processes 1-3. Itis noted that we cannot discriminate
between processes 2 and 3 when 3M* is located below !M*, because
the 3M*-*M internal conversion is too fast to detect 3M*.

In a highly polar solvent such as acetonitrile, the exciplex may
dissociate to yield the radical cation 2M** of the fluorescer
molecule and the superoxide ion 20,': Process 4 may compete
with processes 1-3. Then ®r is expected to become smaller than
unity, as confirmed by Potashnik et al.!* They also confirmed
the generation of 2M** when they used pyrene as the fluorescer.!?

In the steady-state approximation, the overall quenching rate
constant kg is given by eq 1,222

kdiff
k, = Q)]
4 kger  Keanr kg
1+ —diff —diff "Vdiss

Faw e S K,

where Lk; = k) + ky + k3 + kg
Recently we have studied the electron-transfer (ET) fluores-
cence quenching of anthracenecarbonitriles (AC) by aromatic
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molecules in acetonitrile?*-28 and found that the quenching
mechanism depends on the free enthalpy change AG
(=E1;9%-E, ;;REP-E(*M*)) of full ET in acetonitrile and the
switchover of the quenching mechanism occurs at about AG =
—0.4 eV: Quenching is induced by exciplex formation when AG
> —0.4 eV, but by outer-sphere ET when AG < 0.4 eV. Here
E\/;%%and E,REDare the oxidation potential of the electron donor
and the reduction potential of the electron acceptor, respectively,
E(*M*) is the energy of 'M*. In the case of fluorescence
quenching by 3O,, however, the switchover AG for the quenching
mechanism has not been established. Potashniket al. determined
&1 for severalaromatic molecules in acetonitrile.!3 The &rvalues
were greater than 0.5, although the AG values were more negative
than—1.0eV. Suchhigh & values for electron donor and acceptor
(EDA) systems with such highly negative AG values suggest that
the quenching by 3O, is not induced by outer-sphere ET, but by
exciplex formation. Indeed, the free radical yield of fluorescence
quenching by 30, is quite low in general.!3!5 In the case of the
quenching by 30,, therefore, it is supposed that the quenching
is induced by exciplex formation even when AG < ~1.0 eV.

For a full understanding of fluorescence quenching by 30, it
is essential todifferentiate these four kinds of quenching processes
and to evaluate their rate constants. For this purpose, in the
present work, we studied the relation between kq and AG in the
range AG = —0.78-+0.46 ¢V, using AC and acridinium ions as
electron deficient fluorescers in acetonitrile.

Experimental Section

N-Methylacridinium tetrafluoroborate (AcMe*BF,-) was synthesized
by methylation of acridine with trimethyloxonium tetrafluoroborate. An
analytically and spectroscopically pure sample was obtained by recrys-
tallization from ethanol three times. 9,10-Dicyanoanthracene (DCA;
Kodak) was purified with column chromatography followed by recrys-
tallization from benzene and acetonitrile. Acridine (Ac), 9-aminoacridine
(AmAc), 9-methylacridine (MeAc), 9-phenylacridine (PhAc), 9-cy-
anoanthracene (CA), 2,9,10-tricyanoanthracene (TrCA), and 2,6,9,10-
tetracyanoanthracene (TeCA) were the same as used in previous
work.252%% Trichloroaceticacid (S.P. grade, Nakarai), acetonitrile (S.P.
grade, Nakarai), and benzene (S.P. grade, Dojin) were used as received.
Acridinjum ions except AcMe* were prepared by adding 0.1 M
trichloroacetic acid into the acetonitrile solution containing one of the
neutral acridines. The complete conversion of neutral acridines into
acridinium ions was confirmed by the absorption and fluorescence spectra.

Fluorescence lifetimes at 298 K were measured by a time-correlated
single photon counting method. Triplet—triplet (T-T)absorptionspectra
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Figure 1. Acridinium ions.

inthe near infrared region were measured by a conventional flash apparatus
with a Hamamatsu R1767 photomultiplier. Oxidation and reduction
potentials versus SCE were measured in acetonitrile solution containing
0.1 M tetraethylammonium perchlorate as supporting electrolyte.

Results and Discussion

Acridinium Ions. We have found that the fluorescence of
acridinium ions is only slightly quenched by 30, in acetonitrile.
The structural formulas of acridinium ions employed are shown
in Figure 1.

The fluorescence lifetimes r of acridinium ions in deaerated
(70), aerated (,), and oxygen-saturated solutions (,) are listed
in Table I. It is noted that the 7o for PhAcH™* is much smaller
than those for the other acridinium ions. In previous work3? we
found that the temperature-dependent internal conversion due to
the sterically hindered rotation of the phenyl group participates
in the deactivation of the excited singlet PhAc. The fluorescence
yield for PhAcH* is the lowest among the acridinium ions (0.22
for PhAcH* and 0.66-0.96 for the other acridinium ions2%),
although the fluorescence radiative rate constant for PnAcH* is
not the smallest (2.7 X 107 5! for PhAcH* and 1.9 X 107-5.3
X 107 s! for the other acridinium ions?). Therefore, such
temperature-dependent internal conversion may be responsible
for the exceptionally short lifetime (ro = 8.1, ns) of PhAcH*
among acridinium ions.

Oxygen concentrations have been reported to be 1.7 and 8.1
mM in aerated and oxygen-saturated acetonitrile at 298 K,
respectively.3l The Stern—Volmer plot for 7 is linear for every
acridinium ion:

1/7=1/7,+ kg[?0,] ey

The ky's were determined as listed in Table I. We find that the
ky’s for MeAcH*, AcH*, PhAcH™, and AcMe* are surprisingly
small, less than one-hundredth of kg It seems that such small
values for kq have not been reported previously. Next we consider
the reason why the k¢’s for these acridinium ions are so small.

Since the energy of 10,* is 0.98 eV,!! the simultaneous
generation of *M and 1Q,* by quenching is possible only when
the energy gap AE between !M* and 3M is greater than 0.98 eV.
E('M*Y’s for acridinium ions were determined in acetonitrile
(containing 0.1 M trichloroacetic acid except for the solution of
AcMe?) as listed in Table I. The energies E(3M) of *M for
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Table I.  Fluorescence Lifetimes in Deaerated (7o), Aerated (7,), and Oxygen-Saturated (72) Acetonitrile, Quenching Rate Constants kg,
Energies of the First Excited Singlet (E(!M*)), Lowest Excited Triplet (E(*M)), and Second Excited Triplet (E(*M*)), and the Free Enthalpy

Change AG of Full Electron Transfer from Fluorescer to 20,

fluorescer 70 (ns) 7 (ns) 72 (ns) kg (M1 s) E(M*)(eV) ECM)(eV) ECM*) (eV) AG(eV)
AmAcH* 158+0.2 15.2+0.2 123+0.2 (2.2+0.2) X 10° 2.91 2.32 3.45 -0.78
MeAcH* 28.0+£04 27.7+0.3 26.8 £0.2 (1.9+£0.2) X 108 2.82 1.97 3.19 +0.27
AcH* 29.7+£0.3 29.5+£0.1 28.8 £0.1 (1.3£0.2) X 108 2.82 2.01 3.24 +0.37
PhAcH* 8.1, £ 0.03 8.0, £ 0.03 7.95 £ 0.03 (3.5+1.2)x108 2.73 1.91 3.13 +0.41
AcMet 33.1£0.1 329+0.1 323+0.3 (1.0£0.2) X 108 2.75 >1.79 >3.03 +0.46
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Figure 2. Triplet—triplet absorption spectra of acridinium ions in
acetonitrile: (a) AcMe*, (b) AcH, (¢) MeAcH*, (d) PhAcH*, and (e)
AmAcH*,

AmAcH*, AcH*, and MeAcH* werealready determined as listed
in Table 1.2% The triplet state of 9-cyanoanthracene (E(GM) =
1.79 eV23.26) is not quenched by AcMe™*, and hence, E(*M) for
AcMet* is greater than 1.79 eV. E(3M) for PhAcH* was
determined to be 1.91 eV by applying the Forster cycle:32 E(*M)
for PhAc was already determined to be 1.88 ¢V.30 The pK, values
for the triplet and the ground state for PhAc were determined
to be 5.0 and 5.4, respectively. We find that AE is less than 0.98
eV for every acridinium ion. Therefore, process 1 cannot take
place.

The T-T absorption of any acridinium ion is not observed by
direct flash excitation, but by triplet-triplet energy transfer,33.34
indicating null intersystem crossing (ISC). High fluroescence
yield?® and null triplet yield for acridinium ions indicate that
both ISC transitions, 'M*~3M and 'M*-M*-3M, are much
slower than the radiative deactivation. The former ISC with
large AE is slow according to the energy gap law.2%35 The latter
ISC is slow because of the higher location of 3M* than 'M*.
Figure 2 shows the T-T absorption spectra of acridinium ions in
the near infrared region. The sharp bandsataround 10 000 cm™!
areattributable to the 0—0 bands of the *M~3M* transition except
for AmAcH*: 10 000 cm™! for AcMe* and AcH*; 9800 cm-! for
MeAcH* and PhAcH*. The broad band at 10 600 cm™! for
AmACcH?* is not considered to be the 0—0 band. The 0-0 band
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for AmAcH?* is supposed to be located at the edge of T-T
absorption, ca. 1500 cm™! (energy of structural vibration) below
the broad band. The energies E(3M*) for 3M* are determined
as listed in Table I. For every acridinium ion E(3M*) is much
greater than E(IM*), and hence, process 2 cannot take place.

In the exciplex the fluorescer molecule may act as the electron
donor and 20, as the electron acceptor and vice versa. To form
the exciplex the LE state and the contact radical ion pair (RP)
state have to mix with each other. This requires a small energy
gap |AG| between the LE state and the RP state. The energy of
the LE state is equal to E(IM*). First we consider the RP state
consisting of an acridinium dication radical (e.g. 2AcH***) and
a superoxide ion (20,). E1;;%% ’s for acridinium ions were
determined in acetonitrile: 2.27, 2.25, 2.15, 2.20, and 1.19 V
versus SCE for AcMe*, AcH*, MeAcH*, PhAcH*, and Am-
AcH*, respectively. E)/;RED for 30, was reported to be ~0.94 V
versus SCE in acetonitrile.’¢ Using these values and E(M*)’s
AG can be calculated as listed in Table I. Since AG ranges from
—-0.78 to +0.46 eV, the exciplex may be formed without or with
thermal activation.

Second we consider the alternative RP state consisting of an
acridine semiquinone radical (e.g. 2AcMe*) and an oxygen radical
cation (20;**). E, ;%X for 0, has been evaluated to be ca. 5.3
Vversus SCE inacetonitrile.” E;/;REPfor AcMe* was determined
to be —0.48 V versus SCE in acetonitrile. If E;/,REP is not so
different among acridinium ions, the energy for the RP state
consisting of an acridinium semiquinone radical and 20,** is
considered to be much greater than 5eV. Then AG will be greater
than 2 eV for every acridinium ion. Therefore, such an RP state
cannot participate in exciplex formation.

Consequently, the quenching of acridinium ions can be induced
by exciplex formation followed by processes 3 and 4. The rate
kass of exciplex formation within the encounter complex may
decrease with an increase in AG, particularly when exciplex
formation is endothermic (AG > 0 eV). Then, k4 is expected to
decrease withanincreasein AG. This is confirmed by the present
results, if PhAcH* is not taken intoaccount. The k, for PhAcH*
seems to be greater than those for MeAcH*, AcH*, and AcMe*,
although the experimental error involved in kg is largest for
PhAcH*. Darmanyan3® studied the fluorescence quenching of
9,10-diphenylanthracene by 30, and found that the internal
conversion due to sterically hindered rotation of the phenyl group
is enhanced upon the quenching by 30,. Therefore, the excep-
tionally large value of kq for PhAcH* may be attributed to such
internal conversion. Since process 3 is exothermic while process
4 is endothermic in the case of MeAcH*, AcH*, and AcMe*, the
dominant quenching pathway of these acridinium ions is con-
sidered to be exciplex formation followed by process 3 alone. It
isnoteworthy that the rate of quenching due to exciplex formation
followed by process 3 is less than one-hundredth of k4 when AG
= +0.27 eV.

The AGfor AmAcH™* is negative enough to produce the exciplex
with the diffusion-controlled limit:2? k. > k_gir. Nevertheless,
kq for AmAcH™ is only one-tenth of k4. Therefore, processes
3 and 4 are not so rapid as to give the diffusion-controlled
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Table II.  Fluorescence Lifetimes in Deaerated (7o), Aerated (r1), and Oxygen-Saturated (r3) Acetonitrile, Quenching Rate Constants kg,
Energies of the First Excited Singlet (E(*M*)), Lowest Excited Triplet (E(*M)), and Second Excited Triplet (£(*M*)), and the Free Enthalpy

Change AG of Full Electron Transfer from Fluorescer to 30,

fluorescer 70 (ns) 7, (ns) 73 (ns) kg (M1s7) E(M*) (eV) E(CM) (eV) E(M®*) (eV) AG (eV)
CA 17.1 £0.2 11,5+ 0.3 5.7+0.02 (1.6 £0.2) x 100 3.04 1.79 3.24 -0.53
DCA 16.5+0.1 12.7 £ 0.1 8.3+0.2 (1.0 0.1) x 100 2.89 1.65 3.19 -0.06
TrCA 17.7+£ 0.2 148+ 0.4 8.4 +0.1 (7.0+£ 0.4) x 10° 2.89 1.64 3.10 +0.09
TeCA 17.7+£ 0.2 151+ 0.4 104+ 0.2 (5.3+£0.4) x 10° 2.89 1.64 3.10 +0.25

quenching: k3 + k4 <« kgjss. The participation of processs 1 and/
or2inthe quenchingis the prerequisite for the diffusion-controlled
quenching even when the exciplex is formed at the diffusion-
controlled limit,

Anthracenecarbonitriles. The values of  for AC inacetonitrile
are listed in Table II. The Stern—Volmer plot for 7 is linear in
the case of CA, TrCA, and TeCA. The ky’s for CA, TrCA, and
TeCA are listed in Table II. In the case of DCA the Stern—
Volmer plot is linear up to the oxygen concentration of ca. 2mM.
At oxygen concentrations above 2 mM, however, the plot deviates
downward from the straight line. The deviation increases with
increasing oxygen concentration. Such deviation is evidence for
exciplex formation. Then k,isdetermined from the Stern—Volmer
plot at oxygen concentrations below 2 mM, where the steady-
state approximation may be still valid. The kq thus obtained, 1.0
X 10-1 571, is somewhat larger than that reported previously.??
We find that the ks decrease with an increase in the number
of cyano substituents.

Both E(!M*)and E(3M) for AC have already been determined
as listed in Table I1.252 Since AE is greater than 0.98 eV for
every AC, the simultaneous generation of M and !'O,* is
energetically possible in the quenching, and hence, process 1 can
take place.

The 0-0 bands of 3M-3M* transitions for AC are located in
the near infrared region:3 805 nm for DCA; 850 nm for CA,
TrCA, and TeCA. E(3M*)’s for AC were determined as listed
in Table II. Since E(®M*) is much greater than E(*M*) for
every AC, process 2 cannot take place.

E,,%%’s for AC were determined in acetonitrile as follows:
1.57 V for CA; 1.89 V for DCA; 2.04 V for TrCA; 2.20 V for
TeCA. The AG’s for producing an AC radical cation and the
superoxide ion 20,*- were calculated as listed in Table II. We
find that kq decreases with an increase in AG, indicating the
participation of the CT from AC to 30; in the quenching.

It is informative to compare the k4 for TeCA with those for
AcH* and MeAcH*, because the AG’s for these compounds are
close to one another. The k, for TeCA is 1 order of magnitude
greater than those for these acridinium ions. The quenching of
these acridinium ions is considered to occur only through
endothermic exciplex formation followed by process 3 alone. In
the case of TeCA, in contrast, processes 1 and 3 can take place.
Therefore, the participation of process 1 in exciplex deactivation
is responsible for the greater value of k, for TeCA than for these
acridinium ions.

The quenching of CA in acetonitrile may be induced by highly
exothermic exciplex formation: kus > k_girr. Although exciplex
formation is followed by process 1 in addition to processes 3 and
4, the kg is slightly smaller than kgyr:kq =~ (1/2) kaier. This means
that kgiss/ (k1 + k3 + k) = kass/k_girt > 1. Itissuggested, therefore,
that the participation of process 2 in exciplex deactivation is
necessary for the diffusion-controlled quenching even when
exciplex is formed at the diffusion-controlled limit.

The RP state is greatly destabilized in nonpolar solvent. To
study the quenching mechanism of AC ina highly positive region
of AG, we measured 7 in benzene. The Stern—Volmer plot for
7 is linear for every AC. The values for  and kg are listed in
Table ITI. In the calculation of k, the oxygen concentrations of
1.91 and 9.18 mM at 298 K were used for the aerated and the

Table III.  Fluorescence Lifetimes in Deaerated (7o), Aerated (7)),
and Oxygen-Saturated () Benzene, Quenching Rate Constants kg,
and the Free Enthalpy Change AG of Full Electron Transfer from
Fluorescer to 20, in Benzene

fluor- AG
escer 7o (ns) 7 (ns) 72 (ns) kg (M1 s1) (eV)

CA 126+0.1 100£02 57£01 (1.1 +0.1)x10!° +0.32
DCA 125+03 11.6+£03 93+£03 (3.0+02)x10° +0.64
TrCA 145+£0.2 13.4+03 10.0£0.1 (3.2+£03)x10° +0.79
TeCA 134£0.1 12502 9.4£03 (3.2+£0.3) x10° +0.95

oxygen-saturated benzene solutions.?® The AG’s for CA, DCA,
TrCA, and TeCA in benzene are evaluated by the Born
equation*4! as listed in Table ITI. The k, for CA is greater than
those for the other AC, but it is only slightly smaller than that
in acetonitrile. The quenching of CA in benzene may be induced
by exciplex formation followed by processes 1 and 3, because the
AG is more negative than +0.4 eV. It is quite interesting that
the kg’s for DCA, TrCA, and TeCA are nearly constant, only
one-tenth of k4. One may suppose that the kg of 3 X 10° M-!
s~! is the rate constant of exciplex formation followed by processes
1 and 3. However, the quenching of these AC is not considered
to be induced by exciplex formation. Ifthe quenching is induced
by exciplex formation, k. is expected to decrease extremely with
increasing AG in such a highly positive region of AG as AG =
+0.64—+0.95 eV. Therefore, the exchange energy transfer in
the encounter complex 3(*M*,30,) is considered to be more
plausible as the quenching mechanism for AC in benzene,
excluding CA:

Scheme II
kairr ky'
M* +20,02,) =(M*0) ="M +'0,*(a) (1)
—~diff

(when AG > 0.4 eV and AE = 0.98 eV)

Therate constant k,’ of exchange energy transfer does not depend
on AG, but on the difference in the excitation energy between
energy donor and acceptor.4? As the variation in both E(IM*)
and E(3M) is quite small among DCA, TrCA, and TeCA, k' is
considered to be nearly the same among these AC. The rate
constant k_qi¢ for diffusional separation of the encounter complex
into the precursor molecules is not so different among AC.
Therefore, kq = kqirky’/ (k_air + k") is expected to be nearly
constant in agreement with the experimental results. The
quenching rate constant, 3 X 10° M-1s-1, is regarded as the rate
constant of direct exchange energy transfer: ki’ =~ (1/10)k_gyr.
This is consistent with the previous results reported for DCA that
the k, in cyclohexane is the same as that in benzene and the
overall quantum yield ®('0,*) for !O,* generation is 2.0 in
cyclohexane®?0 (the quenching of 3M by 30, generates '0,*),
although the ®('0,*) in benzene, 1.66 £ 0.354*-1.86 % 0.12,°

(39) Murov, S. L. Handbook of Photochemistry; Dekker: New York, 1973;
9

(40) Born, M. Z. Phys. 1920, I, 45-48.

(41) Weller, A. Z. Phys. Chem., Neue Folge 1982, |33, 93-98.

(42) Sandros, K. Acta Chem. Scand. (1947-1973) 1964, 18, 2355-2374.

(43) Dobrowolski, D. C.; Ogilby, P. R.; Foote, C. S. J. Phys. Chem. 1983,
87, 2261-2263.
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might be slightly less than 2.0. It is interesting that the direct
exchange energy transfer does not occur at the diffusion-controlled
limit, although it is exothermic and multiplicity-allowed, and
that its rate constant is very close to the rate constant of triplet
quenching by 30,.6

On the basis of the AG dependence of k, for acridinium ions
we have neglected the following quenching pathway in Scheme
IL

kair kg'
IM* + 302(325-)’;__. 3(1M*’302)_)3M + 302(32g-) (3/)
~diff

(when AG > 0.4 eV)

In the encounter complex, processes 1’ and 3’ may compete with
exciplex formation. The rate of exciplex formation decreases
extremely with increasing AG in the highly positive region of AG,
while processes 1 and 3’ do not depend on AG. As a result, the
contribution of processes 1’ and 3’ to the quenching becomes
significant in the highly positive region of AG. In the case of
AcMe* with AG = +0.46 eV the kg is 1.0 X 10®* M-! 57! and
process 1’ cannot take place. Therefore, the rate of quenching
induced by process 3’ is 1.0 X 108 M-! s-! at most: kg = 1.0 X
108 M1 51> kdiffkg’/(k_diff + k). Assuming kgigr = 3 X 1010
M-15-! in acetonitrile, we obtain k3’ < (1/300)k_gi. Since ki’
= (1/10)k_qyr in benzene, k3’ is smaller than (1/10)ky’, although
k_ai¢r is 2 or 3 times greater in acetonitrile than in benzene.

Summary

Based on the present work three prerequisites for the diffusion-
controlled fluorescence quenching by 30, can be deduced: (i)

Kikuchi et al.

exothermic exciplex formation, AG < 0 eV; (ii) the IM*-*M
energy gap greater than 0.98 eV, AE > 0.98 eV; and (iii) the
location of 3M* close to but below IM*, E(!M*) = E(?M*).

(I) When none of these prerequisites is satisfied, kq is much
smaller than kgy. This is the case with acridinium ions except
AmAcH*:kg < (1/100)kgsr. (II) When only the first prerequisite
issatisfied, kq is smaller than kqyr. Thisis the case with AmAcH*:
kq = (1/10)kqyr. (IIT) When only the second is satisfied, kq is
smaller than kg This is the case with TrCA and TeCA in
acetonitrile and AC in benzene: kq = (1/3)kar—(1/8)kqs. (IV)
When the first and the second are satisfied, & is slightly smaller
than kgir. This is the case with CA and DCA in acetonitrile: kg
< kgir. (V) When all the prerequisites are satisfied, kg is close
to kgier. This is the case with many aromatic hydrocarbons.

A number of aromatic hydrocarbons satisfy the first prerequisite
even in a nonpolar solvent such as cyclohexane, because the AG’s
in cyclohexane are evaluated to be more negative than —0.1 eV.
The second and/or third are also satisfied by many aromatic
hydrocarbons, because the location of 3M* close to but below
1M* and thelarge energy gap between IM* and *M are the general
features of aromatichydrocarbons. Therefore, the k¢’s for many
aromatic hydrocarbons are expected to be close to kg in
accordance with experimental observations.»»%¢ In the case of
fluoranthene the AG is calculated to be +0.38 eV in cyclohexane:
E(*M*) = 3.05¢V, E;,2°% = 1.64 V versus SCE in acetonitrile.
The AE is calculated to be 0.76 eV using E(GM) = 2.29 eV.1¢
Since the first and the second prerequisites are not satisfied, the
kg is expected to be smaller than kg in agreement with the
observation, k; = 4.4 X 10° M-! 571 in cyclohexane.?56
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