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Summary 

Fluorescence quenching of 9,lOdicyanoanthracene is effected by both 
donors, i.e. inorganic anions in MeOH-H,O and trialkyl and tetra-alkyl 
metals in cyclohexane, and acceptors, i.e. organic acceptors in MeOH. Suffi- 
ciently wide ranges of redox potentials for the three series of quenchers were 
utilized to enable rigorous tests to be undertaken of current theories of 
electron transfer quenching, relating to both polar and non-polar solvents. 

1. Introduction 

Since the pioneering work of Rehm and Weller [l] on electron transfer 
quenching of the fluorescence of aromatic molecules in MeCN solution, 
which related the quenching rate constant k, with the standard free-energy 
change AGos3 of the electron transfer step, there have been developments 
covering electron transfer quenching of the luminescence of inorganic com- 
plexes [ 21, of triplet states of carbonyl and nitroheterocyclic compounds 
[ 3 - 51, of exciplexes [6 ] and of excited radical ions [ 71. There have also 
been efforts to improve the relation between AG**, and AGO,,; as originally 
given by Rehm and Weller [ 11 in 

2 

1 
l/2 

+ {AG%O)12 (1) 

and using their symbolism 
it was amended to 

AG**, = AGo2s + 
AG*&J) 

In 2 

(see eqn. (8) below) the relation was empirical but 

AGO,, In 2 

AG*,,(o) II (2) 

by Scandola and Balzani [ 81 using a’ bond energy-bond order approach. 
Reductive quenching of excited singlet 9,lOdicyanoanthracene (‘(DCA)*) 
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scopic grade and water was quadruply distilled. Other chemicals were of the 
highest purity commercially available. 

Fluorescence spectra were recorded using a Perkin-Elmer model MPF-3 
spectrofluorometer, exciting solutions of DCA (lo-’ mol dmm3) at 400 nm. 
Absorption spectra were taken on a Shimadzu model 365 UV-visible-IR 
spectrophotometer. Fluorescence lifetimes were determined by time- 
correlated single-photon counting at the Royal Institution. Deoxygenation 
was by bubbling with purified nitrogen for 15 min. 

Stern-Volmer constants were evaluated by a least-squares analysis using 
at least five concentrations (and usually about eight) of the quencher mole- 
cule, and the correlation coefficients were always better than 0.97. Neither 
the absorption nor the fluorescence spectra of DCA were affected by the 
presence of any quencher, indicating the absence of charge transfer complex 
formation in the ground state and of emissive exciplexes. 

3. Results 

In Table 1 are presented fluorescence spectral and lifetime data for 
DCA in the solvents utilized in this study, together with values of the elec- 
tronic excitation energy A ‘E,,, estimated from the crossing point of the 
absorption and the emission spectra of DCA in each solvent,. 

Fluorescence from ‘(DCA)* in oxygen-free solutions at room tempera- 
ture (293 & 1 K) was quenched by a wide variety of donors in both MeOH- 
H20 (1 :l by volume) (inorganic anions and Ag+ (Table 2)) and cyclohexane 
(organophosphorus, organoantimony , organotin, organolead and organo- 
germanium compounds (Table 3)). l(DCA)* is also an electron donor, and it 
is quenched in MeOH solution by acceptors with half-wave potentials more 
positive than -1.7 V (measured with respect to a saturated calomel electrode 
(SCE)), reaching the diffusion-controlled value when E, ,2 > -1 .O V (SCE) 
(Table 4). In all cases there was no evidence for any new emitting species 
such as an exciplex on addition of the quencher, and Stern-Volmer plots of 
IO/I versus [quencher] were linear to give a slope equal to the Stern-Volmer 
constant Ksv which was factorized using the relation K, = K,rO (where r. is 
the lifetime of ‘(DCA)* in the absence of quencher), 

TABLE 1 

Spectral and lifetime data for ‘(DCA)* 

Solvent 70 (ns) Xfl (nm) Al~o.0 a (eV> 

MeOH 15.lb 436,457 2.397 
MeOH-Hz0 (1 :l by volume) 14.8 442,465 2.870 
Cyclohexane 11.7C 423,448,475 2.945 

aObtained from the intersection of the absorption and the fluorescence spectra. 
bReference 13 gives 15.3 ns in MeCN. 
CReference 19 gives 11.2 ns in heptane. 
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TABLE 2 

Fluorescence quenching of l(DCA)* by anions in MeOH-Hz0 (1:l by volume) solution 

Number Donor EO(D+I D) a AiPz3 k, (dm 3 mol-’ s-i) 

(V (SHE)) (kJ mol-*) 

1 NO2- 
2 I- 
3 &03 

2- 

4 N3- 

5 sclu- 

6 CN- 
7 Br- 
8 OH- 
9 co32- 

10 cl- 
11 Ag+ 
12 OAc- 
13 F- 

1.0 + O-lb -I153 
1.33 f o.o3c, 1.40 f 0.05b.d -84.0 
1.34 f o.o3e, 1.35f -83.0 
1.37 f 0.02’, 1.87d -80.1 
1.60 + 0.03e, l-66’, 1.50d -57.8 
1.90 f 0.3b -29.0 
1.90 + 0.03s. 2.0 + 0.lb.d -29.0 
2.11 f 0.09e. 1.9 f O-lb, 2.29d -8.7 
2.15= -4.8 
2.20=, 2.55 * O.lbgd 0.0 
2.25=, 1.9879 +4.a 
2.3 Zh, 2.41’ +11.6 
3.6 +- O-lb +135.0 

(6.17 f 0.42) x lo9 
(8.28 f 0.20) x 109 
(5.62 f 0.19) x lo9 
(6.38 f 0.20) x 109 
(8.94 _+ 0.23) x lo9 
(3.46 _+ 0.47) x lo9 
(6.96 + 0.16) x lo9 
(4.22 f 0.07) x lo9 
(2.98 f 0.23) x lo9 
(7.86 f 0.21) x 10s 
(6.61 * 0.33) x 10s 
(7.07 * 0.16) x lo7 
(2.78 * 0.09) x 10’ 

8The first values listed were utilized in calculating AG OzJ; E”(D+f D) was measured with 
respect to a standard hydrogen electrode (SHE). 
bFrom ref. 20. 
CFrom ref. 21. 
d From ref. 11. 
eFrom ref. 5 (confidence limits for SzOJ 2- SCN- and Br- were imposed using data for , 
I-). 
fFrom ref. 22. 
sFrom ref. 23 for 4 mol dme3 HC104 solution. 
hCalculated from data given in ref. 5. 
iFrom ref. 24. 

4. Discussion 

The customary starting point for discussion of quenching in polar 
solvents is the scheme developed by Rehm and Weller [ 13, i.e. 

diffusion electron 
transfer 

k12 
‘(DCA)* + Q = ‘(DCA)*. . . Q 3 DCA*‘. . .Q5’ 

II 

kz1 encounter ion pair 

l/r0 hv complex 

1 
k,o 

DCA separated ion radicals 
orDCA+Q 

(8) 

where Q represents either a donor or an acceptor quencher. Use of the 
steady state approximation leads to the empirical equation 
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TABLE 3 

Quenching of ‘(DCA)* by organometallic compounds in cyclohexane solution 

Number Donor 

1 @-MeCsH&P 
2 Ph3P 
3 Et4Pb 
4 Ph,Sb 
5 EtaMePb 
6 (s-Bu)aSn 
7 (i-Pr)4Sn 
8 EtMe3Pb 
9 (n -Bu )4Sn 

10 (n-Pr)bSn 
11 Me4Pb 
12 Et4Sn 
13 (n-Bu)Me3Sn 
14 EtMejSn 
15 Et4Ge 
16 Me4Sn 
17 Et4Si 

I WI 

7 .60a 
7.92a 
8.13b 
8.18’ 
8.26d 
8.45b 
8.46b 
8.65d 
8.76b 
8_82e 
8.90b 
8.93b 
9.00c 
9.10’3 
9.41” 
9.6gb 
9.78” 

k, (dm3 mol-' s-l) 

(8.03 f 0.26) x lo9 
(11.67 + 0.21) x lo9 
(10.10 f 0.23) x lo9 

(8.62 + 0.19) x IO9 
(10.39 + 0.19) x 109 

(8.97 + 0.13) x 109 
(8.54 k 0.21) x 10’ 
(7.78 * 0.14) x 109 
(2.47 + 0.04) x 10’ 
(1.53 + 0.03) x 109 
(1.55 + 0.03) x 109 
(1.55 + 0.05) x 109 
(5.12 + 0.26) x 10’ 
(3.55 + 0.14) x 10’ 
(1.02 f 0.05) x 10’ 
(1.97 f 0.07) x 107 
(7.21 + 0.07) x 10” 

aFrom ref. 25. 
bFrom ref. 26 and the compilation given therein. 
CFrom ref. 27. 
dFrom ref. 28. 
e From ref. 18, 

k 

kq = 1 + fk,,/K”)(exp(AG**~/2RT) + exp(AG*&RT)} 
(9) 

k12 is normally taken as 2 X IO’O dm3 mol-’ s-l and k,,/K" as 0.25, while 
AG023 (kJ mol-l) is calculated from 

AGO,, = 96.48 
e2 

E”(D]Dt) --E”(A-]A) - - -A’&,, 
Er 

(10) 

Finally, AG *23 is calculated from eqn. (1) and AG’z3(0), the so-called intrin- 
sic barrier, is often taken as 10.04 kJ mol-‘, although several researchers 
have favoured higher values in a number of recent studies [7,12,34] _ 

In Fig. 1 are shown the data from Table 2 in the form of a plot of 
log k, versus AGO,, , the latter being obtained from eqn. (10) with e’/er 
taken as 0.06 eV, with k,, as 8.0 X lo9 dm3 mol-’ s-l (a value more appro- 
priate for this solvent) and with AG*2,,(0) as 6.5 kJ mol-‘. The agreement 
with the curve calculated from the Rehm-Weller theory is good except in 
the case of the F- ion, which has shown exceptional behaviour before [ 4, 51, 
possibly originating in the value for its oxidation potential. 

Rather few studies have been undertaken concerning electron donor- 
acceptor quenching in alkane [ 9, 351 or aromatic [ 9,36] solvents, which 
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TABLE 4 

Fluorescence quenching of ‘(DCA)* by organic acceptors in MeOH solution 

Number Acceptor El,2 
a. b ~~~~~ = k, (dm3 mol-’ s-l) 

(V (SC=)) (kJ mol-‘) 

1 Misonidazole -o.395d 

2 1,3,5_Trinitrobenzene -0.60 
3 Methyl viologen --0.6ge 
4 1,4-Dinitrobenzene -0.70 
5 1,2-Dinitrobenzene -0.83 
6 1,3_Dinitrobenzene -0.91 
7 3-Methylnitrobenzene -1.045 
8 Nitrobenzene -1.147 
9 2-Methylnitrobenzene -1.26 

10 2,3_Dimethylnitrobenzene -1.318 
11 2,6_Dimethylnitrobenzene -1.402 
12 4Cyanopyridine -1.440’ 
13 1 -Nitropropane -1.458 
14 1 -Nitropentane -1.51 
15 2-Methyl-2-nitropropane -1.70 

-80.3 
-60.5 
-51.8 
-50.9 
-38.3 
-30.6 
-17.6 

-7.7 
+3.2 
+8.8 

+16.9 
+20.7 
+22.3 
+27.3 
+45.7 

(5.34 f 0.20) x 10’ 
(10.50 * 0.28) x lo9 

(9.53 * 0.23) x lo9 
(15.64 * 0.56) x IO9 
(10.25 + 0.35) x lo9 
(16.41 + 0.20) x lo9 

(8.54 + 0.28) x lo9 
(6.37 * 0.23) x 10’ 
(3.82 * 0.10) x lo9 
(3.40 * 0.09) x 109 
(6.70 + 0.27) x 10’ 
(4.12 + 0.10) x lo8 
(4.44 + 0.20) x 106 
(5.80 + 0.01) X lo6 
(1.61 + 0.05) x 106 

aMeasured in MeCN with respect to an SCE using 0.1 mol dmW3 NR~+CIOJ- (R = Et or 
n-Pr) as the supporting electrolyte. 
bExcept where indicated otherwise, values are taken from ref. 29. 
CCalculated using a value of E(DID+) f or DCA of 1.73 V (SCE) from ref. 33 (after correc- 
tion for a change in reference electrode from AglAg+ (nitrate) to an SCE). 
dFrom ref. 3 0. 
=From ref. 31 (after correction for a change in reference electrode from a standard 
hydrogen electrode to an SCE). 
fCalculated from data of ref. 32. 

introduces several complicating factors, namely (i) the possible formation of 
exciplexes (both emissive and non-emissive), (ii) a much more significant 
coulombic term in eqn. (10) and (iii) an absence of electrochemical data 
relating to the solvent medium. It becomes more appropriate therefore to 
use eqn. (7) to derive AG”,, and to plot log k, uersus I -A, as shown in 
Fig. 2. For I -A < 4.0 eV, k, is about 10” dm3 mol-’ s-l but, in the narrow 
range 4.0 < I -A < 4.6 eV, k, falls very sharply.. In this range a plot of 
AG*Zj ,uersus I -A is linear, with slope Q! (eqn. (4)) of 0.24 * 0.04 and p = 
-1.02 f 0.19 eV, and the theoretical values based on these parameters are 
given as the broken (sloping) line in Fig. 2. (The value of p is not strictly 
AG *23(O) because the ordinate is not AG” 23.) A plot of ln((2 X lO”/k.) - 1) 
versus I -A, i.e. the linear form of eqn. (5), yields a straight line with ~1= 
0.22 f 0.03 and Co = 4.03 + 0.60 eV. The latter values compare with those 
of Kuz’min and coworkers [9] of ar = 0.14 ? 0.02 and Co = 3.42 + 0.5 eV in 
heptane for quenching of both exciplexes and excited molecules. 

In Fig. 3 are shown the results of Table 4 for quenching of ‘(DCA)* by 
acceptor molecules in MeOH solution. Optimum fitting to the Rehm-Weller 
equation was achieved with k12 = 1.5 X 10” dm3 mol-’ s-l and AG*Z,(0) = 
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-80 -40 0 

A($,/ kJ4$ol-’ *’ 
120 

Fig. 1. log k, us. ~~~~~ for the reductive quenching of l(DCA)* by inorganic ions in 
MeOH-Hz0 (1 :l by volume). The numbering of the quenchers is as in Table 2; -, 
theoretical values derived from the Rehm-Weller treatment (for parameters see text). 

4 
10 -- 

t 

____2L_3 li 
1. -7- -“s--v \ 

7 

3.0 3.5 4-o 4-5 5-o 
(I-A) eV 

Fig. 2. log k,, us. Z -A for the reductive quenching of ‘(DCA)* by organometallic com- 
pounds in cyclohexane solution. The numbering of the quenchers is as in Table 3; - - -, 
theoretical values derived from the Polanyi equation (for parameters see text). {A for 
‘(DCA)* is estimated by us as 4.45 eV from E 1,2(DCAIDCAT) = -0.98 V (SCE) [ 13 J, 
the correlation A = 2.49 + Et,* (V (SCE)) [32] and L\'Eo,o = 2.945 eV for ‘(DCA)* in 
cyclohexane.) 
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Fig. 3. log k, vs. AGo23 for the oxidative quenching of ‘(DCA)* by organic electron accep- 
tors in MeOH. The numbering of the quenchers is as in Table 4 ; - , theoretical values 
derived from the Rehm-Weller treatment (for parameters see text). 

7.11 kJ mol-‘, but even so the agreement in the endoergonic region is rather 
poor; the observed quenching rates usually exceed those calculated by a 
considerable factor, although the downward trend at higher AGo2s is of the 
correct magnitude, implying the possibility of a small systematic error in a 
thermochemical datum, probably the oxidation potential of DCA [33]. 
Interestingly, the fluorescence quenching of zinc octaethylporphin by elec- 
tron donors in both MeCN and toluene solution also shows anomalously high 
k, at AGO,, > 0 [36]. 

In conclusion, ‘(DCA)* is quenched by an electron transfer mechanism 
by both donor and acceptor molecules in hydroxylic solvents and in cyclo- 
hexane. 
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