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Abstract

The electron-transfer (ET) fluorescence quenching of aromatic compounds by aliphatic amines (DABCO, ABCO, and triethylamine]
was studied in acetonitrile. The fluorescence quenching rate cokgtsuddenly decreases when the free energy chatn@e() of full
ET in fluorescence quenching increases freth6 to—0.4 eV, indicating that the downhill region shifts by €20.5 eV compared with the
Rehm-Weller plot, where both fluorescer and quencher are aromatic. The fluorescence quenching gistareeses with decreasing
AGiet and the ratekye: of back ET within geminate radical pairs shows a bell-shaped dependence on the free energy £AGaagef(
back ET. Both free energy dependence dindkyet are the same as those of aromatic electron donor and acceptor system. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction ET. In the regionAGset < —2.0 eV, however, the primary
guenching product is considered to be the excited-state
In previous work [1-9], a detailed mechanism of geminate radical pairs (GRR the counterpart of which is
electron-transfer (ET) fluorescence quenching has been in-electronically excited [6,7].
vestigated in acetonitrile using anthracenecarbonitriles as  AGret and AGpet are defined as follows [12]
fluorescers and several kinds of aromatic compounds as

quenchers. It was established that, in the case of fluores-, o = EOX _ gred _ e_z — E(Sy) 1)
cence quenching ET between aromatic compounds in polar 12 V2 erg

solvents such as acetonitrile and 1,2-dichloromethane, the

switchover of fluorescence quenching mechanism occurs atAG _ g™ _ pox n e? @
the free energy change of full ET in fluorescence quench- bet = %y 27 grpet

ing, AGit = —0.5eV, i.e. the fluorescence quenching

is induced by a partial ET at contact distance of fluo- Here,Ef}‘z, E{jg andE(S,) are the oxidation potential of

rescer and quencher (i.e. by an exciplex formation) when electron donor, the reduction potential of electron acceptor,

AGrtet > —0.4eV and by a full ET at long-distance (i.e. by and the energy of fluorescent staéélerq and €/erpe; are

a long-distance ET) when Gyt < —0.5eV. In the region the Coulomb energies for the oppositely monocharged GRP

AGrt = —0.5 ~ —2.0eV, the primary quenching prod- at distancesq andryet, respectively.

uct is the ground-state geminate radical pairs (GRP) and Itis well-known that in the case of fluorescence quenching

it has been confirmed that the rd¢g: of back ET within ET between aromatic compounds, th6s; dependence of

GRP shows a bell-shaped dependence on the free energguenching rate constakyg follows the Rehm—-Weller Plot.

changeAGpet of back ET within geminate radical pairs in  Recently, Jacques and co-workers [13—-15] have reported that

agreement with the Marcus theory [10,11] for long-distance there is a difference in tha Gse; dependence of quenching
rate constarity between aromatic quenchers (ireelectron

* Corresponding author. donors) and aliphatic amines-€lectron donors).
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In this work, we study the\ Gyet dependence of (Bg, (ii) 3. Results and discussion
the effective quenching distancg, and (iii) the AGpet de-
pendence okyet In acetonitrile, using aromatic compounds  3.1. ET fluorescence quenching
as fluorescers and aliphatic amines as quenchers. On the

basis of the results, thAGset dependence of ET fluores- The rate constantk, of fluorescence quenching by
cence quenching mechanism and th€pet dependence of  gliphatic amines were determined from the Stern—Volmer
koet are established for the system of aromatic fluorescer andpot for the fluorescence intensity at low quencher concen-
aliphatic quencher. And then, they are compared with thosetration (<10 mM), where the plot was linear. The values
of the system of aromatic fluorescer and quencher to makefor k, and AGee; are listed in Table 1. The plot & versus
clear the difference in photoinduced ET between aromatic AGgg is shown in Fig. 1 (open circles).
and aliphatic quencher. kq is close to the diffusion-controlled limikg ~ 2 x
10'°M~1s 1 whenAGset < —0.59 eV, and decreases with
. increasingA Giet WhenA Gyt > —0.59 eV. The downhill re-
2. Experimental gion shifts by ca—0.5 eV compared with the Rehm-Weller
plot (closed circles), which was obtained for the aromatic
The methods for synthesis and/or purification of 9-cyano- electron donor and acceptor (EDA) system [12].
anthracene (CA), 9-phenylanthracene (PA), 9,10-dicyano- The effective quenching distancg was determined by
anthracene (DCA), perylene (Per), anthracene (Anth), use of the modified Stern—Volmer equation [21,22] at such
and pyrene (Py) have been reported elsewhere [3,7,8].high quencher concentrations as 0.1-0.2 M. Even at such
3-Bromoperylene (Br-Per) was synthesized according to the high quencher concentration, the fluorescence spectrum has
method described in literature [16]. 1,4-Diazabicyclo[2,2,2]- not been changed. The values fgrare listed in Table 1.
octane (DABCO, Aldrich), 1-azabicyclo[2,2,2]octane The plot ofrq versusAGret is shown in Fig. 2 (open circles).
(ABCO, Aldrich) were sublimated in vacuum. Triethy- Thijs plot is quite similar to that obtained for the aromatic
lamine (TEA) and acetonitrile (SP grade, Kanto) were used EDA system (triangles) [6,8], indicating that the electronic
as received. interaction for inducing ET between aliphatic and aromatic

Absorption spectra were recorded on a Hitachi U-3500 molecule is almost the same in strength as that between
spectrophotometer. Fluorescence spectra and fluorescencgromatic molecules.

excitation spectra were measured with a Hitachi F-4500 |n the regionAGret > —0.5eV, rq is in the range 4-5A

spectrophotometer. The transient absorption spectra Wergyhich is close to the inter-planar separation of 3 A in an ex-
measured by a conyentio_nal ﬂagh photolysis. The free rfadicalcimex consisting of two aromatic molecules [21-23] and the
yield @ and the triplet yieldp in fluorescence quenching  energy gap4 Giei| between the locally excited singlet-state
were determined by an emission—absorption flash photoly-and the contact radical pair state is small. Therefore, it may
sis method [1-9,17]. Almost all the photophysical parame- pe supposed that the fluorescence quenching is induced by

ters necessary to determidgr and @ have been reported  eyciplex formation in a similar way to the aromatic EDA
elsewhere [1-9,18]. The molar extinction coefficients for the gysiem,

radical anions of Anth, Per, and Br-Per were determined to |5 the region AGret < —0.5eV, rq is greater than
be 49000, 37 OQO’ and 21000 Mcm™ at ,720’ 580, and 5A, indicating that fluorescence quenching is induced by
580 nm, respectively, by use of the photoinduced ET from long-distance ET.
diphenylamine to these fluorescers. Then, the molar extinc-
tion coefficient of 19 000 M* cm~* at 670 nm was used for
the diphenylamine radical cation [3]. The molar extinction
coefficient of the triplet—triplet absorption for Br-Per was . m-AA&@%Qp% .
determined to be 19 000™ cm~1 at 500 nm by use of the tor S+
triplet energy transfer from Anth to Br-Per. Then, the mo- $
lar extinction coefficient of 73 100 Mt cm~1 at 420 nm was ¥ oot °,
used for the triplet—triplet absorption of Anth. =
The oxidation potentialsz?), versus SCE were mea- 8r
sured in acetonitrile with 0.1 M tetraethylammonium per- -
chlorate as supporting electrolyte0.56 V for DABCO, and 7t
+0.80V for ABCO, respectively. Thé?‘l’}‘zvalues for TEA
has been reported to be 0.98 V [19,20]. The reduction poten- 6 . . L
tial Efe9versus SCE for fluorescers were determined in ace- -3 -2 -1 0 1
tonitrile, —1.58 V for CA, —0.95V for DCA, —0.45V for AGga [ eV
TeCA, —1.96 for An,—2.1OV_ for Py,—1.65V for Per and Fig. 1. Plots ofky vs. AGrer. Quencher, aliphatic amines (open circles),
—1.60V for Br-Per, respectively. All measurements were aromatic amines (open triangles), and the Rehm-Weller plot (closed
made at 298 K. circles).
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Table 1

Free energy changes of ET fluorescence quenching par&meter

Fluorescer Quencher AGiei/eV kg/10PM 157t ro/A AGpefeV PR Kesd100s1 Kped 10051
Phen TEA —0.39 0.07 - -3.20 - - -
Phen ABCO —0.44 0.014 4.3 -3.15 - - -
Per TEA —0.44 0.30 - —-2.41 - - -
Per ABCO —0.49 0.21 4.5 —2.36 0.080 - -
An TEA —0.52 1.0 4.2 —2.76 - - -

An ABCO —0.59 0.53 5.5 —2.69 0.056 0.238 4.01
CA TEA —0.64 1.6 5.4 —2.40 0.016 0.239 147
Per DABCO -0.71 16 5.7 —2.14 0.003 0.236 78.4
CA ABCO —0.73 15 5.9 -2.31 0.006 0.230 38.1
Py DABCO —0.74 1.8 6.0 —-2.59 0.040 0.233 5.58
An DABCO —0.82 2.2 6.6 —2.46 0.012 0.223 18.4
CA DABCO —0.95 21 7.4 —2.09 0.005 0.207 41.2
DCA TEA -1.10 2.3 8.0 -1.79 0.005 0.194 38.6
DCA ABCO -1.19 2.2 7.8 -1.70 0.007 0.199 28.2
DCA DABCO —1.43 2.4 8.5 —1.46 0.021 0.185 8.62
TeCA TEA —1.60 25 8.5 -1.29 0.030 0.185 5.98
TeCA ABCO —1.69 2.1 8.5 -1.20 0.042 0.185 4.21
TeCA DABCO —-1.92 2.4 10.2 —0.97 0.164 0.153 0.78

8(AGret) — free energy change of ET fluorescence quenchidgGyer) — free energy changes of back ET within GRRy)(— fluorescence
quenching rate constantsy) — effective quenching distancespg) — free radical yields; Kes9 — rate constants of GRP separation into free radicals;
(kpet) — rate constants of back ET within GRP.

As shown in Table 1, the free radical yiefek in fluores- E(T1) < |AGypet, @7 is not so enhanced by the heavy
cence quenching decreases with decreadife;, passes  atom substitution, because the spin-orbit interaction within
through a minimum aA Gt &~ —1.0eV, and thenincreases. GRP is weak. Therefore, the heavy atom effectdonis a
This result is almost the same as that obtained for the aro-measure for determining the quenching mechanism.
matic EDA system [1,5]. To confirm the quenching mechanism in the region

If fluorescence quenching is induced by exciplex for- AGtet > —0.5eV, @1 and®r were measured using Br-Per
mation, the triplet yield®t in fluorescence quenching is as fluorescer and ABCO and DABCO as quenchers. In the
expected to be strongly enhanced by a heavy atom substitusystem of Br-Per and ABCO withh Gt = —0.44 eV, &1
tion on fluorescer and/or quencher, because the intersystenand®gr were determined to be 0.19 and 0.025, respectively.
crossing within exciplex can be efficiently enhanced by a By comparison with the system of Per and ABCO with
heavy atom involved in fluorescer and/or quencher [3]. If AGst = —0.49eV, @1 extremely increases anfir Sig-
fluorescence quenching is induced by long-distance ET, in nificantly decreases. In the system of Br-Per and DABCO
contrast® is not enhanced by the heavy atom substitution with AGit = —0.75eV, &1 and ®r were determined to
at all, when the energl(T1) of lowest excited triplet-state  be null and 0.003, respectively. These results indicate that
is higher than the energyAfGped Of GRP. Even when  fluorescence quenching is induced by exciplex formation in
the regionAGret > —0.5 eV, but by long-distance ET in the
region AGrt < —0.5eV. Therefore, the switchover of ET

16
fluorescence quenching mechanism takes placeGt; ~
14 I A AA —0.5eV in agreement with the aromatic EDA system.
A A A
12 3.2. Back electron transfer within GRP
3 o /M AA
fv 1or o5 o™ A When fluorescence quenching is induced by long-distance
= | & ET for producing GRP, the efficiency of GRP is unity. Then,
8T ° 3& @R is given by Eq. (3)
e %5 PR = _ Kese (3)
4 [ %E (kesc+ kbet)
r Here, kesc is the rate constant for GRP separation into free
2 - ; 1 5 radicals. According to the Tachiya theory [24}sc for an
AGq | eV oppositely monocharged GRP is given by Eq. (4)

Fig. 2. Plots ofrq vs. AGret. Quencher, aliphatic amines (circles), aromatic kesc= Dre
amines (triangles). [rg{exqrc/rq) -1}

(4)
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-AGyy, | eV

Fig. 3. Plots forkyet vs. AGpet. Quencher, aliphatic amines (circles), aro-
matic amines (triangles). The solid curve was calculated by use of
Egs. (6-8) with fitting parametersVy| = 120cnmt!, 8 = 1.0A-1

Av = 025eV, rpo = rp = 3A, hv = 1500cnT?, rpet = 8.0A, and
rs=159eV.

Herer is the Onsager distance

e2

- ekgT ®)

As the sum (D) of the diffusion-coefficients for EDA is
3.5x 10 °cn? s 1 in acetonitrile [21] kescs are calculated
by use of Eqg. (4) and thgy’s listed in Table 1. Thukpet's are
calculated from Eg. (3) and theRr'’s listed in Table 1. The
values forA Gpet, Keso andkpet are summarized in Table 1. In
Fig. 3,kpet's are plotted with respect tAGpet (Circles). The
plot of kpet VErsusA Gpet for the aromatic EDA systemis also
depicted in this figure (triangles). BothGpet dependence
of kpet iS quite similar to each other in the regiefl.0 <
AGpet < —2.7eV.

When the back ET within GRP takes place at the distance
rpet, the rate of back ET may be given by the following
semiclassical equation for long-distance ET [25-29]

I'c

4 1/2 e—SSw
kpet= () IVI?
bet (hz)\skBT) A Z( w! )
A A h
x exp| — Gret+ A5+ wiv (6)
4ArskgT
Here
— )\‘V
" hy
e? 1 1 2 1 1
As = <—+___> <_2__) (7)
8meo \ra D Tbet n €
V|2 = |Vol? expl—Blrvet— (ra + rp)}] (8)

kg is the Boltzman constantp andrp are the radii of
electron donor and acceptor.

As demonstrated in previous work [9het iS not neces-
sarily the same as,. rq is the most contributory distance for
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ET fluorescence quenching, but not always that for back ET.
rq depends om\Geet as shown in Fig. 2. Similarly, the most
contributory distance for back ET is considered to depend
on AGpet. The GRP species may diffuse at random within a
solvent cage before proceeding to back ET. Therefore, it is
expected that back ET takes place at a distance between
and the most contributory distance for back ET, which may
be evaluated from Fig. 2 by replacingGset With AGpet.

To fit the theory and experiment as best we can, the param-
eters other thampet were assumed to be the same as used
in previous work on the aromatic EDA system, the reactant
vibrational reorganization energy, = 0.25eV, the average
energy of active vibrational modé,y = 1500 cnt?l; the
radii of electron donor and acceptop = ra = 3A, the at-
tenuation parameteg, = 1 A~1, the electron exchange ma-
trix element at contact distance of EDAj| = 120 cnt L.

As shown in Fig. 3, the theoretical curve calculated by
settingr = 8.0 A (andis = 1.59 eV) fits in with the exper-
imental plot. So the back ET within GRP is considered to
occur at the electron donor and acceptor separation of 8.0 A
on average, although, ranges from 6.0 to 12 A.

4. Summary and concluding remarks

All the results obtained in this work are compared with
the previous ones obtained for the aromatic EDA system.
1. The switchoveA Gt & —0.5 €V of quenching mecha-

nism between exciplex formation and long-distance ET
does not depend on whether quencher is aromatic or
aliphatic. The quenching is induced by exciplex forma-
tion in the regioMA Gt > —0.5 eV and by long-distance
ET in the regionA Gyt < —0.5eV.

. The AGeet dependence okq for aliphatic quencher is
different from that for aromatic quencher as shown in
Fig. 1. The downhill region shifts fromA Gt ~ —0.0
to —0.5eV by changing the quencher from aromatic to
aliphatic.

3. TheAGset dependence af; for aliphatic quencher is the
same as that for aromatic quencher. As shown in Fig. 2,
rq increases almost linearly with a decrease\iBret in
the region—2.0 < AGyet < —0.3eV.

. The AGpet dependence okpe; does not depend on
whether the quencher is aromatic or aliphatic. As shown
in Fig. 3, kpet is given by a theoretical calculation with
the following fitting parameters, which are the same for
both aromatic and aliphatic quenchefig| = 120 cnr?,
rp = ra = 3A, Ay = 0.25eV, hv = 1500cnT?,
As=159eV.

Since the strength of electronic interaction for inducing

ET is the same for both aromatic and aliphatic quenchers,

the difference irkq in the regionAGyet > —0.5€eV, where

fluorescence quenching is due to exciplex formation, may
be attributed to the difference in the stabilization energy of
exciplex between aromatic and aliphatic quenchers. In the
system of aromatic fluorescer and quencher, the exciplex
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can be especially stabilized by optimizing a face-to-face mu- [3] K. Kikuchi, M. Hoshi, T. Niwa, Y. Takahashi, T. Miyashi, J. Phys.

tual orientation of two aromatic molecules. In the system of
aromatic fluorescer and aliphatic quencher, in contrast, suc

a special stabilization cannot be expected. When aliphatic

Chem. 95 (1991) 38-42.

h [4] K. Kikuchi, J. Photochem. Photobiol. A: Chem. 65 (1992) 149-156.

[5] K. Kikuchi, Y. Takahashi, M. Hoshi, T. Niwa, T. Katagiri, T. Miyashi,
J. Phys. Chem. 95 (1991) 2378-2381.

compound is used as quencher, therefore, the exciplex may [g] k. kikuchi, T. Katagiri, T. Niwa, Y. Takahashi, T. Suzuki, H. Ikeda,

readily dissociate to reproduce the parent species without

electronic deactivation. If the exciplex dissociation occurs

before the deactivation of exciplex, fluorescence quenching

does not take place. If the deactivation of exciplex occurs
rapidly before the exciplex dissociation, in contrdet,is
close tokg;s . If the exciplex dissociation competes well with
the deactivation of exciplexsy is smaller thankyis. The
sudden decrease ky with increasingA Gt in the region
AGiet > —0.5eV indicates that the face-to-face mutual ori-
entation of two aromatic molecules is quite important for an
exciplex formation.

If fluorescence quenching is induced by long-distance ET,
Kq is given by Eq. (9) [30]

1 1 1
kq  kdit ket

9)

where, keet is the rate constant of long-distance ETrgt
In the regionAGrt < —0.8eV whererq > rp + rp
6 A, kiet can be calculated by use of Eq. (6) together with
the above fitting parameters and by replacigg with rq
shown in Fig. 2. All the calculated values are closekdp

in agreement with the experimental results. In the region
AGitet > —0.5eV, kit cannot be calculated by use of Eg.
(6) as long asp = rao = 3A is assumed, becausg <
rp+ra. However the sudden decreasegrwith increasing
AGset in the regionAGrt > —0.5eV evidences that the
full ET in this region is not so fast as to bring about the
diffusion-controlled fluorescence quenching.
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