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To make the effects of molecular size on photoinduced electron-transfer (ET) reactions clear, the ET
fluorescence quenching of aromatic hydrocarbons by trivalent lanthanide i¥néhtopium ion E&" and
ytterbium ion YB*) and the following ET reactions such as the geminate and free radical recombination
were studied in acetonitrile. The rate constlanof fluorescence quenching, the yields of free radicbk)

and fluorescer tripletdr) in fluorescence quenching, and the rate congtapof free radical recombination

were measured. Upon analysis of the free energy dependerige®g, @1, andke, it was found that the
switchover of the fluorescence quenching mechanism occutsGat = —1.4 to —1.6 eV: WhenAGee <

—1.6 eV, the fluorescence quenching by™s induced by a long-distance ET yielding the geminate radical

ion pairs. WhemM\Gyet > —1.4 eV, it is induced by an exciplex formation. The exciplex dissociates rapidly

to yield either the fluorescer triplet or the geminate radical ion pairs. The large shift of switch@ggfrom

—0.5 eV for aromatic quenchers tol.4 to—1.6 eV for lanthanide ions is almost attributed to the difference

in the molecular size of the quenchers. Furthermore, it was substantiated that the free energy dependence of
ET rates for the geminate and free radical recombination is satisfactorily interpreted within the limits of the
Marcus theory.

1. Introduction pairs were evaluated as follotvs

The electron-transfer (ET) process is one of the most
important phenomena in chemistry and biology. Therefore, a AGi=Eyp " — E1/2r9d+ ZDZAeZ/‘grq —ES) 1)
large number of investigations on ET fluorescence quenching

K _ red ox 2

have been carried out to clear how the ET rate can be controlled. AGu=Ey; —Eip — Zpzp€erpy (2)
The ET reaction is well-known to depend on various factors
such as the free energy changeGg) of full ET, the solvent Here, E12™, E17® andE(S,) are the oxidation potential of
polarity, the reaction distance, the molecular properties of the the electron donor, the reduction potential of the electron
electron donor and acceptor (EDA), and so on. acceptor, and the energy of the fluorescent stgtendz, are

In previous workt a detailed mechanism of ET fluorescence the charges of the electron donor and acceptor, respectively.
quenching has been investigated in polar solvents such asThe subscripts D and A stand for the electron donor and acceptor
acetonitrile, methanol, and 1,2-dichloromethane using aromaticin fluorescence quenching.is the dielectric constant of the
compounds as fluorescers and quenchers. It was established thaolvent.rq and rye; are the center-to-center separation of the
the ET fluorescence quenching mechanism depends on the freeglectron acceptor and donor at the instant of fluorescence
energy changeNGre) of full ET in fluorescence quenching. In  quenching and back ET, respectively.
polar solvents, the switchover of the fluorescence quenching When molecular oxygen (£p and thiocyanate ion (SCN
mechanism occurs &tGiet &~ —0.5 eV. WhenAGee: > —0.5 were used as the quenchers for the fluorescence quenching of
eV, the fluorescence quenching is induced by an exciplex aromatic compounds in acetonitrile, the quenching mechanism
formation (or a partial ET followed by radiative and nonradiative Wwas found to be predominantly the short-lived exciplex forma-
processes). WheG;et < —0.5 eV, the fluorescence quenching tion and the free radical generation was observed only in the
is induced by a long-distance ET (or a full ET followed by free case of SCN at a highly exothermic region, that iAGret <
radical generation and geminate radical recombination). It is —1.0 eV3*4 These results indicate that the switchoveBre
noted thatAGe and the free energy changAGre) of back for SCN™ and G shifts to the more negative region thai1.0
ET within the geminate radical ion pairs (GRIPs) in the €V. Such a large shift of the switchov&Gye from —0.5 eV
electronically ground state and also encounter free radical ionfor aromatic quenchers te-1.0 eV for SCN and G has
accounted for the difference in the molecular size of quenchers.
~ *To ‘whom corre_spondence should be addressed. E-mail: tinada@ According to the Marcus theoﬁ/the solvent reorganization
Jet-fgi-t‘gi?gt{m&%ﬁy energy 4s increases with decreasing molecular size and the

* Mie University. ' increase ofls decreases the rate of long-distance ET in the

8 Tohoku University. normal region. In the study of th&Gs.; dependence of the ET
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fluorescence quenching mechanism by use of various kinds ofan instantaneous exciplex formation in the reghdB; > —1.5
quenchers, therefore, it is necessary to make the size of theeV. Furthermore, it is shown that tieGy,e; dependence of either
guenchers even. According to this point of view, several studies kyet Or krec iS Well reproduced by the semiclassical equation for
on the ET fluorescence quenching by inorganic ions may be long-distance ET-12 with the same fitting parameters as those
reviewed as follows. used in previous work on aromatic quenchers other than the

As for metal ion quenchers, Sabbatini efafarried out a ~ Parameter of quencher size.
systematic study on the fluorescence and triplet quenching in . )
acetonitrile using the europium ion as a quencher and found 2- Experimental Section

that (i) the fluorescence quenching takes place at a diffusion-  The methods for synthesis and/or purification of 9-cyano-
controlled limit in the region—2.6 < AGfet <-1.3 eV, (||) the anthracene (CA)’ g_phenylanthracene (PA), 9,10_dicyan0_
radical cations of fluorescers are generated with high efficiencies gnthracene (DCA), 1,2,9,10-tetracyanoanthracene (1,2,9,10-
in the fluorescence quenching of anthracene WAGre: — TeCA), 2,6,9,10-tetracyanoanthracene (2,6,9,10-TeCA), perylene
2pzp&lerg = —2.34 eV and tetracene WithGrer — ZpZa€erq (Per), anthracene (An), 9,10-diphenylanthracene (DPAN), 1,2-
= —1.98 eV, and (iii) the triplet quenching takes place at a penzanthracene (BAn), bengbfjperylene (BPer), and fluo-

very low rate ¢10° M~! s%) in the region—1.3 < AGre — ranthene (Flu) have been reported elsewket&Rubrene (Rub)
Zpzp€lerq < —0.4 eV. The findings (i) and (ii) seem to indicate  \as purified using thin-layer chromatography. Europium per-
that the fluorescence quenching mechanism in the reg6 chlorate (Soekawa), ytterbium perchlorate (Soekawa), and

< AGret — 2p2a€erq < —1.3 eV is a long-distance ET.  acetonitrile (SP grade, Kanto) were used as received.
HOWeVer, the h|gh efficiency of enhanced intersystem CrOSSing Absorp’[ion Spectra were recorded on a Hitachi U-3500
in the fluorescence quenching of coronene WitBre: — Zoza€?/ spectrophotometer. Fluorescence spectra and fluorescence ex-
erq = —1.87 eV suggests that the fluorescence quenching is citation spectra were measured with a Hitachi F-4500 spectro-
due to an exciplex formation. These contradictory results require photometer. The fluorescence lifetimeg’( were measured with
further experiments on the fluorescence quenching in the regiona Horiba NAES-700 fluorometer° values in acetonitrile are
not only —2.6 < AGret — 2oZa€elq < —1.3 eV but alSAGret 15.9 ns for 1,2,9,10-TeCA, 17.7 ns for 2,6,9,10-TeCA, 16.5 ns
— 2pza€lerq > —1.3 eV. Unfortunately, the finding (iii) on the  for DCA, 17.1 ns for CA, 16.5 ns for Rub, 5.5 ns for Per, 8.7
triplet quenching in the regioNGret — zoza€erq > —1.3 eV ns for DPAN, 42.1 ns for BAn, 127 ns for BPer, 46.0 ns for
giVES no information on the fluorescence quenChing mechanism F|u1 and 4.9 ns for An. The transient absorption spectra were
owing to the extremely different aspects of fluorescence and measured by conventional microsecond flash photolysis. The

triplet quenching. free radical yield®g and the triplet yield®+ in fluorescence
As for halogen anion quenchers, Shizuka et ehrried out guenching were determined by an emissiabsorption flash
a systematic study on the fluorescence quenching bgnid photolysis method:!® This method measures the fluorescence

Br~ in a water-ethanol 1:1 mixed solvent. The quenching takes intensity during a flash excitation and the initial absorbance of
place at the diffusion-controlled limit in the region0.78 eV transient absorption simultaneously. The former is used to
< AGtet < —0.2 eV, yielding no transient species due to full evaluate the amount of light absorbed by a sample solution,
ET. In the regioMGe: > —0.2 eV, the quenching rate decreases and the latter is used to determine the concentration of transient
with increasingAGe in @ moderate way compared with the species produced by a flash excitation. Error limits of this
Rehm—Weller plot. The participation of an enhanced intersys- method for determiningbr and ®t are within 10%. The
tem crossing with high efficiency in the fluorescence quenching photophysical parameters necessary to determbipeand &+

was confirmed for fluorescers such as anthracene (WiB have been reported elsewh€r@except for anthracene and Rub.
= —0.2 eV for I and —0.40 eV for Br) and phenanthrene  The molar extinction coefficients of transient absorption due
(with AGtet = —0.04 eV for I and—0.64 eV for Br). These to the anthracene triplet and anthracene radical cation were

results indicate that the fluorescence quenching is induced by adetermined to be 73 100 M cm™* at 420 nm and 11 700 M
contact collision of the fluorescer with a halogen anion giving cm!at 715 nm in acetonitrile, respectively. The quantum yield
rise to a short-lived charge-transfer complex (or an exciplex) of intersystem crossing was determined to be 0.68 in acetoni-
where the enhanced intersystem crossing takes place rdpidly. trile.* The rate constarke. of free radical recombination was
Recently, the formation of free radicals in the fluorescence determined from the decay curve of the transient absorption
quenching by a halogen anion has been reported for thedue to the free radial cations*(F of fluorescers assuming that

1-cyanonaphthalend ~ pair with AGe; = —1.0 eV and the  they recombine with the counter radical cations*{M of
9,10-dicyanoanthracen¢™ pair with AGr; = —1.09 eV atsuch ~ quenchers. The reduction potentids/*! vs the saturated

a high iodine concentration as 0.03 M in acetoniftittowever, calomel electrode (SCE) were measured in acetonitrile with 0.1
it has not been determined whether the fluorescence quenching tetraethylammonium perchlorate as the supporting electrolyte:
mechanism is a long-distance ET or an exciplex formation. ~—0.09 V for E#* and—0.86 V for YI**. TheEy** values for

fluorescers in acetonitrile have been reported as follows: 1.47
V for Rub, 1.57 V for CA, 1.89 V for DCA, 2.20 V for 1,2,9,10-
TeCA, 2.11 V for 2,6,9,10-TeCA, 0.98 V for Per, 1.09 V for
An, 1.19 V for DPAn, 1.31 V for BAn, 1.03 V for BPer, and
1.65 V for Flul:3215 All measurements were made at 298 K.

In this work, we establish the fluorescence quenching
mechanism of aromatic hydrocarbons by trivalent lanthanide
ions M (i.e., the europium ion B and ytterbium ion Y&")
in acetonitrile. On the basis of a comprehensive study involving
(1) the AGre; dependence d; over a wide range oA Gee from
0.01to—2.02 eV, (2) theAGyedependence of the rate of back
ET within GRIP kpe), (3) the AGyet dependence of the rate of
free radical recombinatiorkéd, and (4) theAGye dependence 3.1. Fluorescence QuenchingThe rate constant&, of
of the triplet yield in fluorescence quenching, it is shown that fluorescence quenching by 3 were determined from the
the switchover of the fluorescence quenching mechanism occursStern-Volmer plots for the fluorescence intensity at low
aroundAGy: = —1.5 eV. The fluorescence quenching is induced quencher concentratiors (L0 mM), where the plots were linear.
by a long-distance ET in the regiahGs; < —1.5 eV and by Under this condition, the EDA complex formation was not

3. Results and Discussion
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TABLE 1: Free Energy Changes of ET Fluorescence
Quenching (AGte), Fluorescence Quenching Rate Constants 0.1
(kg), and Effective Quenching Distancesrg)

fluorescer quencher AGret(€V) kq(10°°M-1s) rq4a(A)

Q
1,2,9,10-TeCA EY —0.21 0.027 §
2,6,9,10-TeCA E¥ -0.43 0.22 s L
CA Yb3* —0.47 0.24 2
Rub Yb** —0.59 0.40 5.0
DCA Eust —0.79 0.42 55
Per N —-0.89 0.50 6.6
+ — 0 N L
EKHA” J@ _832 8:33 213 10000 15000 20000 25000
BPer Yt -1.10 0.55 7.3 Wavenumber / om”
er‘: 55; :i%; 822 gg Figure 2. Transient spectrum observed for the PELE" pair.
gﬁb Eﬁi :i:%g 8:22 g:g Ew' and YB'. Therq values were determined to be 5.0 and
Per Ed+ ~1.69 0.60 7.9 8.0 A for Yb3+ and Ed*, respectively.
DPAN Edt -1.72 0.60 7.9 When the quenching takes place at the diffusion-controlled
BAn Euw* —1.74 0.68 8.9 limit, ky is related torq as followg817
BPer Ed" —1.89 0.67 8.8
An Eudt —2.02 0.70 9.3 Ky = kq - 4nrqDNA (3)
aThe values of 4 except for Rub were evaluated frdgby the use
of eq 3.° Calculated by assuming, = 5.0 A. Here, D (in units of cn? s71) is the sum of the diffusion
coefficients of two particles in solution ard, is Avogadro’s
.o s o o0 Bog e number. In the cases of the RuBW*" and Rub-Yb3* pairs,
10 | . T kg=5.3x 10° and 4.0x 10° M~1s1andry= 8.0 and 5.0 A,
B3R ovomo o4 ° respectively. Putting these values into eq 3, we okbifain 8.7
2a . x 1076 cnm? s for Rub—-EW* and 1.1x 1075 cn? s ! for
a o Rub—Yb3*, As the difference irD between two kinds of EDA
. 8 A pairs is small, it is assumed, hereafter, that the average Zalue
i:o = 1.0x 105 cnm? s 1 can be applied to all the EDA pairs listed
- £ ° in Table 1. Then, it is possible to evaluatgfrom ky by use of
A eq 3 as listed in Table 1. It is noted that thevalues listed in
6 Table 1 were used to calculafeGyet.
Flashing of the solution containing a fluorescer4:610~°
A M) and a lanthanide ion (25 mM) gave the transient absorption
. ‘ ‘ ‘ due to fluorescer radical cations, when Rub, Per, DPAn, BAn,
3 2 1 0 BPer, Flu, and An were used as the fluorescers. Figure 2 shows
G,/ &V the transient absorption spectrum for the-PEct pair.

. | ¢ ) ) | dth cal ol When anthracenecarbonitriles were used as the fluorescers,
Figure 1. Plots ofkq vs AGre: experimental @) and theoretical plots —, yrangient absorption was observed. Whed*Yhas used as
(A) for trivalent lanthanide ions and experimental pi®) for aromatic

quenchers. The theoretical plot was calculated by eq 12 nyiisted the quencher, the_ enhanced intersystem crossing due to fluo-
in Table 1 and the fitting parameters used to draw the theoretical curve 'éScence quenching was observed for Rub, Per, DPAn, BAn,
shown in Figure 3. and An. This is due to the fact that the triplet enerdt€s,) of
fluorescers are smaller than the energiesAGye) of the
detected by absorption spectroscopy. The valuel,fandAGre; corresponding GRIP. The free radical yieldssj and the triplet
are listed in Table 1. The plot of loky vs AGre is shown in yields (@r) in fluorescence quenching were determined as listed
Figure 1 O). in Table 2.®g increases with increasinGpe: in the region
—2.3 < AGpet < —1.1 eV.

3.2. Back Electron Transfer within GRIP. If the fluores-
cence quenching is induced by the long-distance ET for
producing GRIP as shown in Scheme 1, the efficiency of GRIP
production in fluorescence quenching is unity.

This plot is somewhat different from the plot obtained for
aromatic quencher®)*'9; The ky values for lanthanide ions
are about four times smaller than those for aromatic quenchers
throughoutAGre:. In the regionAGr < —0.5 eV, thekq value
for lanthanide ions slightly increases with decreash@e; in

a similar way as that for aromatic quenchers. SutGre SCHEME 1
dependence ok is one of characteristics for the diffusion- GRIP
controlled ET fluorescence quenching. Therefore, the fluores- kg Ktey Kese
cence quenching by lanthanide ions is considered to take place ~ 'F’ +M** —= ('F/M*)— (F**/M**) — Fo*... Me?*
at the diffusion-controlled limitKg) in the regiomMAGie < —0.5 kit AGre Koo
F + M3+

ev.

The effective quenching distancgwas measured by use of Here, the parentheses indicate the encounter state. Then,

the modified SterrVolmer equatio® at such high quencher g given by eq 4

concentration as 0.1 M. At such a high concentration of £Eu

and YB*, the measurement for determiningvas possible only D, = Kood (Kot Kped 4)
when Rub was used as a fluorescer, because the absorption

spectra of fluorescers other than Rub overlapped with those of Here, kesc is the rate constant for GRIP separation into free
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TABLE 2: Free Energy Changes of ET Fluorescence QuenchingAGy) and of the Back ET within GRIP (AGye), Free Radical
Yields (®g), and Triplet Yields (®) in Fluorescence Quenching, Rate Constants of GRIP Separation into Free Radicalk.{),
Back ET within GRIP (kpet), Free Radical Recombination krc), and Energies of the Lowest Triplet E(T1))

fluorescer quencher AGgw eV DR (o8 Kesc1O? 571 Koet 10° 572 krec 1P M1 st AGpereV E(T1) eV
Per Yt —-0.89 0.14 0.044 10.1 62.065.4) 1.04 —1.96 1.60
DPAN Y3t —0.93 0.096 0.024 11.6 169112y 0.98 —2.17 1.73
BAN Yhe* —0.94 0.067 0.10 11.6 161180y 1.26 —2.29 2.05
BPer Yt —-1.10 0.14 0.008 7.55 46.446.8) 1.06 —2.00 2.01
Flu EWT —-1.21 0.19 0 8.54 364 c —1.85 2.29
An Yb3t —-1.22 0.072 0.11 9.29 12Q135)p 1.06 —2.06 1.74
Per Egt —1.69 0.92 0 6.00 0.52 0.077 —1.17 1.60
DPAN EGT —-1.72 0.67 0 6.00 2.96 0.27 —1.38 1.73
BANn Eust —-1.74 0.45 0 4.25 5.20 0.67 —1.49 2.05
An Eust —2.02 0.82 0 3.75 0.82 0.13 —1.26 1.74

ket Was evaluated fron®g by the use of eq £ kye: Was evaluated frondr and @+ by the use of eqs 14 and 15The decay of Flti was not

second order.

radicals. According to the Tachiya thedf/kescis given by eq
5

Kese=Drd[r{ 1 — exp(=rJry}] )
Here,r. is the Onsager distance
Mo = 252, €7eksT (6)

Here, kg is the Boltzman constant. Puttilg = +1 andza =
+2, we obtainr, = 28.8 A.

If the fluorescence quenching mechanism is the long-distance
ET for producing GRIP, the rate constamef) of back ET
within GRIP evaluated by use of eq 4 may fit in with the
semiclassical theory of long-distance ET12 However, it is
not clear whether the fluorescence quenching with lanthanide
ions is induced by the long-distance ET. Therefore, we
temporarily use eq 4 to evalualg. for all the EDA pairs for
which the®g values have been determined. Kyg values thus
evaluated are used to decide the quenching mechanism for eac
EDA pair. The values forAGpe, Pr, kess and kpet are
summarized in Table 1. Figure ®) shows the plot okye; Vs
AGbet-

When the back ET within GRIP takes place at the distance
rpes the rate of back ET may be given by the following
semiclassical equation for long-distancelET?

k= (470 T) V)2 2 (6755 ) exp[—(AG,, + As +
wh)2/4AksT] (7)

Here

A= € (1/2r, + 12ry — Lr)(1In* — 1le) (8)

IVI? = [Vol? expl=p{re,— (ra+ rp)}] )

S= A/t

ro andrp are the radii of electron donor and acceptgt,is
their center-to-center separation at the instant of ET, raied
the solvent refractive index. It is noted tHat = ket andret =

rq for the case of ET fluorescence quenching &ge- kperand

ret = I'pet fOr the cases of the back ET within the GRIP and the
encountered free radical pairs.

To fit the theory and experiment as best we can, the
parameters other thang; and the radii for M™ and M2+ were
assumed to be the same as those used in the previous work o
the aromatic fluorescer and quencher pairs in acetonifrife:

12

log ket

8
1
- AGp/ eV

Figure 3. Plots forkse: VS AGpet the kpet Values are evaluated by eq 4
(O) and by eqgs 14 and 1®). The solid curve was calculated by eq 7
with fitting parameterg = 1.0 A2, 1, =0.25eV,rip =3 A, ra=1.9
A, hv = 1500 cnt?, |Vo| = 120 enT?, rpe= 7.5 A, andis = 2.26 eV.

0 2 3

t&1e reactant vibrational reorganization energy—= 0.25 eV;

the average energy of active vibrational mduae= 1500 cnT?;

the radii of aromatic molecules, 3 A; the attenuation parameter,
B = 1 A% the electron exchange matrix element at contact
distance of the EDA pairVo| = 120 cntl. The best fitting
curve for the plot okyet Vs AGpet Was obtained by setting, =

1.9 A, rper= 7.5 A, andis = 2.26 eV as shown in Figure 3. In
the case of the aromatic fluorescer and quencher pairs, the best
fitting curve was obtained by settig = 3.0 A, rper= 7.5 A,
andls= 1.52 eV. The increase ity from 1.52 eV for aromatic
guenchers to 2.26 eV for lanthanide ions is due to the decrease
in ra from 3.0 to 1.9 A. Therefore, a remarkable difference in
the AGpet dependence dfye; between aromatic quenchers and
lanthanide ions is attributed to the difference in the radii of the
quenchers. It is noteworthy that the sumrgf= 3.0 A andra

= 1.9 Ais close to the effective quenching distance 5.0 A for
the Rub-Yb3* pair.

3.3. Free Radical Recombination.The rate constantkec
of free radical recombination have been determined as listed in
Table 2 and are plotted with respectA@ye in Figure 4 O).
krecincreases with decreasidgGye; in the regionAGpe: > —2.0
eV and is almost constant in the regitu®pe: < —2.0 eV. The
mechanism of free radical recombination can be described as
Scheme 2.

SCHEME 2
kdif kbet

n Fot + Mo2t == (F*/Me2* ) — (F + M3*)
k_gi
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log kiee

6
0 1 2 3
- AGyy/ €V

Figure 4. Plots forkec Vs AGpei €Xperimental®) and theoretical plots
(A). The theoretical plot was calculated by egs 5, 7, and 11 with the
fitting parameters other than.: used to draw the theoretical curve
shown in Figure 3. Here, the followinge; values were used for egs 5,
7, and 11: 7 A for the PerEw®* pair, 7.5 A for the DPAR-EW?* and
An—Ew*pairs 8 A for the BAn—EW* pair, 9 A for the BPerYb3*,
An—Yb3", and PerYb3*pairs, and 10 A for the BARYb3* and
DPAN—Yb?* pairs.

According to Scheme X may be described as follows

krec= kdifkbe{(kfdif + kbep (10)
Here, kqit is given by eq 1%°
Kot = 4TDNur H{expf Jrye) — 1} (11)

k_qit is given by eq 5, antl,et may be given by eqs—79 with

J. Phys. Chem. A, Vol. 110, No. 8, 2008599

calculated, respectively, to be 4310° and 1.1x 10'°s™1 by

the use of egs 11 and 5. The exciplex formation does not
participate in the free radical recombination but does in the
fluorescence quenching. Therefore, it may be concluded by
comparing the theoretical plon] with the experimental plot
(O) in Figure 1 that (i) the fluorescence quenching is induced
by the long-distance ET for producing GRIP in the reghdB

< —1.6 eV and (ii) by the exciplex formation in the region
AGget > —1.4 V. In the case of the RutYb3* pair with AGge

= —0.59 eV, the dominant quenching mechanism is considered
to be the exciplex formation judging from a large discrepancy
in kg between the experimental and theoretical plots. As the
guenching takes place at the diffusion-controlled limit, the
electronic interaction between Rub and®Ywithin the exciplex

has to be strong enough to allow a rapid deactivation of the
exciplex. Therefore, the quenching distamge= 5.0 A for the
Rub—Yb3" pair may be regarded as the center-to-center distance
of the exciplex. The radii for aromatic molecules are usually
assumed to be about 3.0 A. Then, the radius for'Yis
estimated to be 2.0 A, which is consistent with the radius
assumed for lanthanide ions in section 3.2, thatdss 1.9 A.

In the case of aromatic quenchers, bijfandry decrease with
increasingA Gt in the downhill region 0.5 < AGyet < 0 €V),
where the quenching is induced by an exciplex formation. This
is the same even in the case of lanthanide ions, although the
corresponding\ Gy region is expanded te-1.4 < AGs < 0

eV. Moreover, the observation of enhanced intersystem crossing
(@71 > 0) in the region—1.3 < AG < —0.8 eV supports the
fluorescence quenching due to exciplex formation. The large
shift of the switchoverAGs: from —0.5 eV for aromatic
qguenchers to-1.4 to —1.6 eV for lanthanide ions is almost
attributed to the increase ity : A5 = 2.26 eV for lanthanide

the parameters used to obtain the theoretical curve shown inions and 1.52 eV for aromatic quenchers.

Figure 3. To evaluate thigec according to eq 10, we assume
that the AGpe; dependence ofyet in €q 11 is the same as the
AGter dependence of,.

As shown in Figure 4, the theoretical plots)(almost fit in
with the experimental plots(). Therefore, the free radical
recombination is caused by a long-distance ET as expected.

3.4. ET Fluorescence Quenching Mechanismpplying the
steady state approximation to Scheme 1, we obtain eq 12.

kq = KyitKred (Kt T K_gif)

The rate ki) of fluorescence quenching due to a long-

(12)

If the fluorescence quenching is induced by an exciplex
formation, then the evaluation &fe;by the use of eq 4 defined
according to Scheme 1 is not valid, and hence,kiagvalues
thus evaluated in the regionl.5 eV < AGs < —0.9 eV (or
—2.3 eV < AGpet < —1.9 eV) are meaningless. Nevertheless,
thesekpet Values agree with the theoretical curve shown in Figure
3. This fact may indicate the instantaneous exciplex formation
followed by its rapid dissociation giving rise to the GRIP and
fluorescer triplef~® The Coulombic repulsion between the
exciplex component pair may be responsible for such charac-
teristics of exciplex. In this case, the fluorescence quenching
mechanism can be described by Scheme 3, which is considered

distance ET from aromatic hydrocarbons to lanthanide ions canto be applicable for the regior1.5 eV < AGs < 0 eV.

be calculated by the use of eq 7 together with the fitting
parameters given in section 3.2. If there is no Coulombic
interaction between the fluorescer and the quendhgg, may

be given by eq 18

K gt = DIy’ (13)

Theky values calculated by the use of egs 3, 12, and 13 are

plotted with respect tdAGs; as shown in Figure 1X). This
theoretical plot A) agrees with the experimental pldD) in
the regionAGs: < —1.6 eV but does not agree in the region
AGtet > —1.4 eV. In contrast, this theoretical plot is consistent
with the plot ofkec VS AGpet Shown in Figure 4, because the
disagreement of these plots is not duekgpitself but to the
difference in the Coulombic interaction between two kinds of
encounter pairs, that istH'/M3*) and (F*/M*2): The kg and
k_git for ((F*/M3*+) with rq = 7.5 A are calculated, respectively,
to be 5.7x 10° st and 1.8x 10° s ! by the use of eqs 3 and
13, and thekgir andk_gi for (F*H/M*2%) with rpet = 7.5 A are

SCHEME 3

kisc
IE* 4 M3 === (IF"/ M?*) === (F%*/ MG+ )* —=3F" 1 M3+

kdis l
Kese

(Fet/ Me2+ ) —_
GRIP

Fot + M o2+

Kpet F+ M3+

Here, {F*/M3*) is the encounter pair andRP+/ME-oH)*
is the exciplex.
According to Scheme 3, we obtain

q)R = {kdif/(kdis + k1$c) }{ kesg(kesc_i_ kbet)}
cDT = kisc/(kdis + klsc)

The kyet Values calculated by the use of eqs 14 and 15 in
addition to eq 5 are plotted with respectA@pe: as shown in

(14)

(15)
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Figure 3 ). Thekyetthus calculated agrees with the theoretical M.; Niwa, T.; Takahashi, Y.; Miyashi, T. Phys. Chenil991, 95, 38-42.

indicati idi i i (c) Kikuchi, K.; Katagiri, T.; Niwa, T.; Takahashi, Y.; Suzuki, T.; lkeda,
curve, indicating the validity of Scheme 3 in the regiol.5 [ o oot ' oo VB Ue etrl992 193 155-160. (d) Kikuchi, K.:

eV < AGper < —0.9 eV. Niwa, T.; Takahashi, Y.; Ikeda, H.; Miyashi, J. Phys. Cheml993 97,
5070-5073. (e) Niwa, T.; Kikuchi, K.; Matsushita, N.; Hayashi, M.;
4, Conclusion Takahashi, Y.; Miyashi, TJ. Phys. Chem1993 97, 11960-11964. (f)

) ~ Niwa, T.; Miyazawa, C.; Kikuchi, K.; Yamauchi, M.; Nagata, T.; Takahashi,
In the case of the ET fluorescence quenching by lanthanide Y.; lkeda, H.; Miyashi, T.J. Am. Chem. Sod 999 121, 7211-7219. (g)

ions, the switchover of the fluorescence quenching mechanism!nada, T.; Kikuchi, K.; Takahashi, Y.; Ikeda, H.; Miyashi, I.Phys. Chem
d 9 A 2002 106 4345-4349.

occurs alAGret = —1.4 to—1.6 eV. The fluorescence quenching (2) Rehm, D.: Weller, Alsr. J. Chem 1970 8, 259-271.

is induced by a long-distance ET in the regiaGe: < —1.6 (3) (a) Kikuchi, K.; Sato, C.; Watabe, M.; Ikeda, H.; Takahashi, Y.;
eV and by an instantaneous exciplex formation in the region Miyashi, T.J. Am. Chem. So2993 115 5180-5184. (b) Sato, C.; Kikuchi,
AGte; > —1.4 eV. The large shift of the switchovAG; from fggg’;al”;‘ég‘i K.; Takahashi, Y.; Miyashi, T. Phys. Chem1995 99
—0.5 eV for aromatic quenchers to aroundl.5 eV for (4) Sato, C.; Kikuchi, K.; Ishikawa, H.; Iwahashi, M.; Ikeda, H.;

lanthanide ions is almost attributed to the increasasidue to Takahashi, Y.; Miyashi, TChem. Phys. Lettl997, 276, 210-216.

a decrease in the molecular size of the quenchers. The exciplex  (5) (a) Marcus, R. AJ. Chem. Physl95§ 24, 966-978. (b) Marcus,

formation does not reduce in effect the free radical yield owing R: A-Annu. Re. Phys. Cheml964 15 155-196. () Marcus, R. AAngew.
N Lo ’ . Chem, Int. Ed. Engl 1993 32, 11111121,

to the rapid dissociation of the exciplex into the GRIPs. The (6) (a) Sabbatini, N.; Indelli, M. T.: Gandolti, M. T.; Balzani, \l.

AGypet dependence ok is almost interpreted within the  Phys. Chem1982 86, 3585-3591. (b) Balzani, V.; Scandola, F.; Orlandi,

frameworks Of Marcus theory G.; Sabbatini, N.; Indelli, M. TJ. Am. Chem. So4981, 103 3370-3378.
(7) Shizuka, H.; Nakamura, M.; Morita, T. Phys. Chem198Q 84,

. 989-994.
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