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Abstract 

The fluorescence quenching of the li'ee base and conjugated acid Iorms of 5,6.benzoquinoline (5,6-BQ) by CI , Br ~, SCN and i ° in 
aqueous solution over the temperature range 25-50 °C has been investigated. Stem-Volmer plots were lbund to be linear for the quenching 
of free base 5,6-BQ by C! and Br ° but showed upward curvature tbr the other quenching systems. The active sphere model was used to 
analyze the latter systems. As is the ease in previous fluorescence quenching studies involving these ions, the rate constants were found to 
increase with increasing oxidation potential of the quencher. The rate constants for quenching of free base 5,6-BQ by CI - and Br- showed 
little variation with temperature, while the other systems showed temperature dependences typical of diffusion-limited processes. The activation 
energies and frequency factors were found to increase with increasing effectiveness of the quencher. Some preliminary low temperature 
spectra data indicate that the quenching of these systems results in enhanced triplet-state formation. 
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1. Introduction 

It is well known that thiocyanate and halide ions are effec- 
tive fluorescence quenchers of aromatic molecules, and that 
the quenching is usually found to increase with increasing 
oxidation potential of the anion [ ! - I  i ]. Although this obser- 
vation suggests that an anion-to-fluorophore electron transfer 
mechanism is responsible lbr the quenching, the expected 
formation of aromatic radical anions is usually not observed 
12,3,61. However, the presenct~ of anion quenchers has been 
found to cause an increase in triplet-state Ibrmation 
[ 2,3,6,12 l. Such observations led Watkins [ 2~41 to propose 
that the anion enhances the intersystem crossing rate of the 
fluorophore owing to a perturbation of its lowest energy 
excited singlet state by nearby excited anion-to-fluorophore 
charge transfer states. Shizuka et al. [ 6] have examined the 
effect of quenchers on the light-induced triplet-triplet al-,sorp- 
tion spectrum of some aromatic molecules and have deter- 
mined the rate constants for anion-induced intersystem 
crossing. They have shown that, although the fluorescence 
quenching increases with increasing oxidation potential of 
the anion, the anion-induced intersystem crossing rate con- 
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stant obeys tile heavy-atom effect. For example, even though 
N.~- is more effective than B r  ill quenching the fluorescence 
ofphenanthrene, B r  is more effective in enhancing the inter- 
system crossing rate. On the basis of this observation, these 
workers conclude that electron transfer is responsible for the 
fluorescence quenching and that the resulting charge transfer 
complex is effective in triplet formation. Further evidence tbr 
this mechanism has been the recent observation of transient 
radicals tbrmed by the electron transfer from the anion to the 
excited aromatic molecule in acetonitrile [ 12]. 

Although fluorescence quenching is a topic of extensive 
investigation, there have been no reports of the fluorescence 
quenching of azines by these anions. In addition very little 
work has been done on the temperature dependence of the 
fluorc:~enee quenching by anions I7,10,11]. In this study, 
we present the results of fluorescence quenching studies of 
the free-base of 5,6-benzoquinoline (5,6-BQ) and the con- 
jugate acid form (5,6-BQH +) by C! -, Br- ,  I -  and SCN 
in aqueous solutions over the temperature range 25-50 °C, 
We have undertaken these investigations because studies of 
the temperature dependence of such reactions yield activation 
energies, frequency factors and entropies of activation, which 
are essential to a good understanding of any reacting system, 
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These studies are also significant because the azine nitrogen 
can be protonated, and thus the effect of the charge of the 
fluorophore on the quenching can be examined. 

2. Experimental details 

5,6-BQ was obtained from Aldrich Chemical Company 
and was recrystallized from a gO: lO ethanol:water mixture 
and vacuum sublimed prior to use. Perchloric acid, sodium 
hydroxide, sodium perchlorate and sodium chloride were 
all Fisher Scientific reagent grade and were used without 
further purification. ACS reagent grade sodium bromide, 
sodium thiocyanate and sodium iodide were obtained from 
Aldrich Chemical Company and were used without further 
puritication. 

Emission spectra and intensities were all obtained on a 
Perkin-F*,',er LS-SB fluorescence spectrophotometer. Decay 
curves were obtained by the time-correlated single-photon 
method. The technique and the apparatus employed have 
been discussed elsewhere [ 13,14]. Since quenching by oxy- 
gen was tbund to be insignificant in these compounds, the 
samples were not purged with nitrogen. 

3. Results and discussion 

The fluorescence spectra of 5,6-BQ in basic a n d  in acidic 
aqueous solutions are shown in Fig. I and are attributed to 
emissions from the free-base and the conjugate acid fO~TOS 
respectively of the molecule, In order to determine the rate 
constants for fluorescence quenching of these two species, 
the fluorescence lifetimes in the absence of quenching were 
needed, Fluorescence decay measurements of 5,6-BQ in basic 
and acid solutions were made and were found to show good 
single-exnonenti:d behavior, The resulting fluorescence lit'c, 
times for the two species have been determined over a tem- 
perature range from 20 to 50 ~ ,  and the results are shown in 
Table I .  

We find that the fluorescence of 5,6-BQ and 5,6-BQH 4 
are quenched by the CI ~, Br-,  SCN- and I- ions. The effect 
of SCN- on the fluorescence spectrum of 5,6-BQH + is 
shown in Fig. 2. The solutions used to obtain these spectra 
all contained O. 10 M HClO4 and were kept at a constant ionic 
strength of0.6~ M with the addition ofthe appropriate amount 
of NaCIO,,, The effect of increasing concentrations of SCN - 
is to diminish the fluorescence intensity of 5,6-BQH + over 
the entire spectrum. No evidence of an exciplex emission can 
be s~n. The fluorescence quenching of 5,6-BQH + by the 
other ions shows similar behavior. The quenching of the 
fluorescence of free base 5,6-BQ by the various ions is similar 
to but less effective than that of 5,6BQH +. 

In interpreting the fluorescence quenching results, the 
Stern-Volmer kinetic model was first used. This model pre- 
dicts that a plot of !,oll vs. quencher concentration will be 
ii ~near with a slope equal to ~'r, where kq is the rate constant 

for fluorescence quenching and ~" is the fluorescence lifetime 
in the absence of quenching. Although such plots are found 
to exhibit good linearity in the case of the quenching of free 
base 5,6-BQ by CI- and Br-, the ,luenching of the free base 
by SCN- and by I - show slight upward curvature, and those 
of the conjugate acid, 5,6-BQH +, all show upward curva- 
tures. The curvature is particularly significant for the case of 
quenching by SCN- and I- .  

A 

300 3~ 400 45O ~ S~ 6OO 
WAVEL~O'fI-I (am) 

Fig. I. Ruorescence slmctra of 5,6-BQ (6,0 x 10- s M) in aqueous soluzions 
at 25 °C: (A) 0.10 M 11004; (B) 0.20 M NaOil. An excitation wavelength 
of 320 nm was us~. 

Table I 
Fluorescence lifetimes of 5,6-BQ and 5,6-BQH + in aqueous solutions at 
various temperatures, where the 5,6-BQ lifetimes were obtained from solu- 
tions containing 0.20 M NaOH and the 5,6.BQH ÷ were obtained from 
solutions containing 0. ! 0 M HCIO., 

T ~'(ns) 
(°C) 

5.6.BQ 5.6-BQH* 

20 8.26 9.25 
30 8. ! I 9.2~, 
40 7.o0 9.19 
50 7.66 9.16 

A 

]SO 4O0 4~) ~0 SS0 
W^~ENGTH (am) 

Fig. 2. The fluorescence spectra of the 5,6-BQH + ion (8.4 x 10 -s M) in 
0.10 M HCIO4 with various concentrations of NaSCN: (A) 0.0 M; (B) 
0.0050 M; (C) 0.010 M; (D) 0.020 M; (B) 0.030 M; (F) 0.040. The ionic 
strength of all solutions were kept constant at 0.60 M with NaCIO4. 
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Fig. 3. Stern-Volmer plot for the fluorescence quenching of 5,6.BQit + ion 
by SCN-:  ~ ,  non-linear least-squares fit of the equation Io11~ 
( I + Ksv[SCN'- I ) exp( Vo[SCN ~ ] ) to the data. Ksv is the Stern-Volme~ 
constant and Vo is the molar active sphere volume, 

In order to extract rate constants for the various fluores- 
cence quenching systems, we have applied the active sphere 
model [ 15 ] to the quenching data for those systems which 
showed upward curvature. In this model, it is assumed that, 
if a quencher is within a certain radius of the fluorophor at 
the time of excitation, the excited molecule will be quenched 
immediately. The volume associated with this distance is 
called the active sphere volume. If Vo is the active sphere 
volume per mole and [Q] is the quencher concentration, then 
exp( - Vo[Ql ) is the probability that a quencher is not in the 
active sphere region. It therefore represents the fraction of 
the excited molecules which can be quenched by the colli- 
sional mechanism. Incorporating this factor into the Stern- 
Volmer model leads to the following expression: 

Io exp( - Vo[ Q] 
= ( l  + k q T [ Q ] )  ( i )  

Rearrangement of Eq. ( I )  results in the more usual 
expression 

/o  = ( 1  + k q ' r [ Q ] )  e x p ( V o [ Q ] )  ( 2 )  
I 

In order to obtain values of kq and Vo from the quenching 
data, a non-linear least-squares analysis was performed to fit 
the data to Eq. (2). The results of such an analysis of the 
fluorescence quenching of 5,6-1aQH ÷ by SCN- is shown in 
Fig. 3. 

The resulting rate constants, active sphere molar volumes 
and associated active sphere radii are presented in Table 2, 
together with the associated oxidation potential of the anion 
quenchers. The rate constants for both systems are found to 
increase with increasing oxidation potential of the quencher, 
as is expected for an electron transfer mechanism. The rate 
constants for quenching of 5,6-BQH + are larger than those 
of 5,6-BQ for each of the four quenchers. However, the ratio 
ofkq(BQH + ) to kq (5,6-BQ) decreases from 19 to 1.3 upon 
going from Ci " to I - .  This is probably due to the quenching 
approaching the diffusion-controlled limit with the stronger 
quenchers. 

Table 2 also shows that the active sphere volume increases 
with increasing effectiveness of the quencher and that the 
volumes/'or the 5,6-BQH + systems are larger than those for 
the 5,6oBQ systems. An interesting comparison can be made 
between the 5,6-BQ-I- and the 5,6-BQH +-Br= quenching 
systems. Although the two systems have similar quenching 
rate constants, the latter system has an active sphere volume 
that is 50% larger. This indicates that the 5,6-BQH +- 
quencher systems interact over larger distances than the free- 
base--quencher systems, a result that is probably due to the 
coulombic interaction in the former. 

The measured active sphere molar volumes are comparable 
with other quenching systems involving these anions. Moriya 
[ 7 ] has measured the fluorescence quenching of 7-ethoxy- 
coumarin by Br- and I ~ in aqueous solutions and has 
obtained Vo va.lues of 0.08 mol-~ and 1.6 I mol-~ respec- 
tively. The observed rate constants for these systems are 
4 3× 109 and ! .0× 10 "~ i reel t s-~ respectively. Moriya 
[8] also measured the fluorescence quenching of protonated 
7.ethoxycoumarin by Cl~. The Vo value obtained for this 
system was 1.2 1 mol ° t. Although this value is considerably 
larger than that found for the 5,6-BQH+-C! - quenching 
system, the measured rate constant for quenching is 5.8 x 10 9 

Table 2 
Ruorescence quenching rate constants at 25 °C and active sphere volumes for 5,6-BQ and 5,6-BQH + 

Quencher Oxidation 5,6-BQ 
potential 
iv) ~ .  V (act ive Radius 

( I  m o l -  i s - t ) sphere) b (m)  
(I  m o l -  ~ ) 

5,6-BQH + 

k~ 
( I  reel - I  s -I)  

V (active 
sphere) a 
(I mol - I )  

Radius 
(m)  

CI- - 1.36 1.2x 107 0 0 
Br- - 1.09 8.9 X 10 a 0 0 
SCN- - 0,77 5.7 X 109 1.7 8.8 X 10- io 
I-  -0 .54  7 . 6 ×  10 9 2,3 9.7X 10 - t°  

2.3 X l0  s 

7.9X 10 ~ 
9.2 X 10 9 
9.8 X 10 9 

0.5 
3,5 
5,2 
6,6 

6 X ! 0 - t o  

I , I X l 0  ~'~ 
1 , 3 X l 0  ~ 
1,4× 10 "-°~ 

"Experimental errors within 5: 2°70. 
b Experimental errors within 5:10%. 
c Experimental errors within 5: 5%. 
a Experimental errors less than 5: 10%, except for i - ( + 20%). 
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I moi- ~ s- ~ and is also much larger. As is the case in our 
systems, the active sphere volume for the protonated cou- 
matin quenching system is larger than that of an unprotonated 
coumarin quenching system of similar quenching efficiency. 

If a charge transfer quenching mechanism is operative in 
these systems, the magnitude of the rate constant should cor- 
relate with AG+t, the free-energy change associated with elec- 
tron transfer from the anion to the excited benzoquinoline 
[ 16]. For the free-base quenching systems, the free-energy 
change is given by the following expresmon: 

AG,, ffi El/...(A-/A) - E t / 2 ( B  -/B) - ~E (3) 

where E,/2(/~ /A) and Et/2(B-/B) are the half-wave 
potentials corresponding to 
processes: 

A(aq) +e -~+ A ~ (aq) 

and 

B(aq) + e  ~ B ~ (aq) 

the following reductions 

(4)  

(5) 

where A ° and B represent the anion quencher and the free 
base 5,6=BQ respectively, and AE is the energy change asso- 
ciated with the transition from the ground- to the lowest 
excited singlet-state in 5,6BQ. The half-wave reduction 
potentials for CI °, Br + and I-  are 2.55 eV, 2.0 eV and !.40 
eV respectively [ 17] and that of SCN- has been estimated 
to be 1.50 eV from its charge transfer to solvent energy 
[6,18]. Although the reduction potential of 5,6.BQ has not 
been measured in water, it has a value of - 2.20 V vs. KCi 
saturated Ag/AgCI ( -2 .00  V corrected to the standard 
hydrogen electrode) in dimethylformamide [19]. If this 
value is combined with the other values in Eq, (2), we cal- 
culate AG,, values of +96 kJ reel- ~, +42 kJ reel - ~, - 6  kJ 
mol ~' and -15  kJ reel ~ ~ for CI =, Br =, SCN- and ! 
quenching systems respectively. It is likely that the actual 
A G=~ values are somewhat lower than these estimates because 
the reduction potential of 5,6.BQ in water is likely to be 
higher than that measured in aimethylformamide, 

Unfortunately, a gt~d estimate for A Gc~ for the 5.6- 
BQH +++quencher systems cannot be obtained because the 
half-wave reduction potential of 5,6-BQH + has not been 
measured. However, it is likely that the reduction potential 
of 5,6-BQH * is higher (less negative) than that of free base 
5,6-BQ. Although this change will tend to make the A G~ 
values of 5,6.BQH +-quencher systems more negative than 
those of the free-base systems, the change in the transition 
energy has the opposite effect. The energy required to excite 
5,6-BQH* is lower than that o{ free base 5,6-BQ by 47 kJ 
reel = '. Thus it is not possible to compare the electron transfer 
free energies of the two types of systems. 

Since it is difficult to obtain good estimates for AOe~ for 
these systems, the relationship between the magnitude of the 
rate constant with the half-wave reduction potential of the 
anion quenchers will be compared. Figure 4 shows a plot of 
the logarithm of the quenching rate constant vs. the half-wave 
reduction potential of the quencher for h,e two quenching 
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Fig. 4. Plot of the logarithm of the rate constant for fluorescence quenching 
vs. the half-wave potential of the anion quencher for 5,6-BQ (lower curve) 
and 5,6-BQH + (upper curve). 

systems. Both systems show that the rate constants increase 
as the reduction potential of the quencher decreases, and both 
tend to level off at low values of the reduction potential. 
However, the plot for the 5,6-BQH + systems levels offbefore 
that of the 5,6-BQ systems. The rate constants for the quench- 
ing of 5,6-BQH + by Br-, SCN- and I-  are of the order of 
10 I°, and they show only a small increase with decreasing 
reduction potential of the quencher. This probably arises 
because the reaction approaches the diffusion-controlled 
limit: however, it should be noted that there is no correlation 
between the quenching rate constant and the mobil;,y of the 
quencher. For example, Br- is more mobile than SCN- and 
yet SCN ° is a better quencher than Br-.  

The magnitude of the rate constants in Table 2 can be 
compared with what is expected for a diffusion limited reac- 
tion. According to Smoluchowski theory [20] the rate con= 
stant for a diffusion-controlled reaction between two neutral 
molecules or between a neutral molecule and an ion is given 
by the following expression: 

ko ~ 41rRAn(DA + Du)NI000 (6) 

D^ and Da are the diffusion coefficients of the anion and the 
benzoquinoline respectively, RAu is the contact radius and N 
is Avogadro's number. It should be noted that Eq. (6) will 
yield ka in liters per mole per second if gAB is in meters and 
DA and Du are in square meters per second. The radius of 
5,6.BQ was approximated to be 3.7 A from an estimate of its 
van der Waals volume. The diffusion coefficient of 5,6-BQ 
was estimated from the Stokes-Einstein equation using this 
radius. A value of 6.6)< 10 -m m 2 s - '  was obtained. The 
diffusion coefficients of the anion quenchers were determined 
from their related molar conductivities. Values of 
2.03× 10°°m2s- ',2.08 × 10-9m2s -=, 1.76X 10-9rues -~ 
and 2.05 × 10 -9 m 2 s- ~ were obtained for CI-, Br-,  SCN- 
and I -  respectively. The radii of these ions were assumed to 
be the hydrodynamic radii which were obtained from the 
Stokes-Einstein relationship. Values of 1.21 1~, l.l 8 A, 1.39 
A and 1.20 • were obtained for CI- ,  Br-,  SCN- and I -  
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Fig. 5. Arrhenius plot for the fluorescence quenching of the 5,6-BQH ÷ by 
SCN-. 

respe~ttvely. When these values are substituted into Eq. (6) 
above, a value of 1.0× 10 H~ I mol-  t s-  t is obtained for the 
diffusion-limited rate constants for the quenching of 5,6-BQ 
by CI- ,  Br-  and I-  at 25 °C. The calculated result for the 
quenching by the SCN- ion is 9.3 × 10 'J i mol ~ t s * t. The 
smaller value obtained for SCN- is because it has a smaller 
diffusion coefficient. A comparison of these values with the 
results in Table 2 suggest that the quenching of the free-base 
benzoquinoline by SCN- and I -  is near the diffusion limit 
while the quenching by Br-  and CI- is below this limit by 
one and three orders of magnitude respectively. 

In order to estimate the diffusion-limiting rate constant for 
the quenching of 5,6-BQH + by the anions, the following 
expression which was derived by Debye [21 ] will be used: 

4 ~NZAZee 2 (DA + De)  NI  0(30 

kd = 4 ~eoeRT[ exp ( ZAZB e2 / 4 ¢r~o6RTRAB) - l ] ( 7 ) 

In this expression, z^ and za are the charges of the anion and 
the benzoquinolinium ion respectively, e is the dielectric con- 
stant of the solvent and eo is the permittivity of free space. In 
applying this equation, the values for the diffusion coefficient 
and radius of 5,6-BQH + were assumed to be the same as 

those for the free base. Substitution of the appropriate values 
(MKS units) into Eq. (7) yields a value of 1.7 × 10 t° l mol - 
s -  t for the diffusion-limited rate constant for quenching by 
SCN- and 1.9 × l0 t° I mol- ~ s-  ~ for the quenching by each 
of the other three ions. An examination of Table 2 indicates 
that the quenching rate constants of Br- ,  SCN- and I-  are 
roughly half these calculated limits while that t)fCl- is almost 
two orders of magnitude lower. 

In addition to performing the fluorescence quenching 
measurements at 25 °C, we have extended the quenching 
measurements of all systems except 5,6-BQH +- I -  up to 50 
°C. The 5,6-BQH+-I - system was not included in this study 
because of the instability of the I -  ion in acid solution during 
the long time required to perform these experiments. From 
an analysis of the quenching, we have obtained the rate con- 
slants for quenching over this temperature range. We have 
made and analyzed Arrhenius plots of these results in order 
to obtain activation energies and frequency factors. Fig. 5 
shows such a plot for the fluorescence quenching of 5,6- 
BQH + by SCN~, 

The activation energies and frequency factors obtained for 
these systems are shown in Table 3, together with the entro- 
pies of activation. The results for the quenching of the free 
base show considerable variation. The rate constants for 
quenching of 5,6-BQ by Cl-  and Br- which are considerably 
lower than the diffusion-controlled limit show little variation 
with temperature. The activation energies for these systems 
are estimated to be less than 3 kJ reel-  ~. The rate constants 
for the quenching of 5,6-BQ by SCN- and I-  are near the 
diffusion-controlled limit and show a much greater variation 
with temperature. The activation energies for these systems 
are 12 kJ moi-  ~ and 13 kJ mol - i respectively. It is interesting 
to note that I - is a better quencher than SCN- in spite of the 
fact that it has a slightly higher activation energy and because 
it has a greater frequency factor. 

The results tbr 5,6-BQH + quenching systems show trends 
similar to those of 5,6-BQ. The activation energy increases 
with increasing effectiveness of the quencher, rising from 
12.7 kJ reel- t  to 15.1 kJ mol- t  upon going from CI- to 

Table 3 
• H + Rate constants, activation energies, frequency factors and activation entropies for the fluorescence quenching o f  5 ,6-BQ and 5 .6 -BQ 

Quenching  Ion kq E, A AS.~ , ) 
system (I m o l -  ' s - ,  ) (kJ mot" t ) (I mot ~ ' s ° t ) (J K ° J s ° 

5 ,6 -BQ C I -  1.2 × 107 < 3 4.4 x 107 a - i 10 
Br- 8.9× 108 <3 1.9X 109- -75 
SCN- 5.7× 10 ~ 12.0 b 7.3x l0 ~t~ =26 
I- 7.6× 10 ~ 13.0 b lAX 1012a -21 

5,6-BQH + CI- 2.3 X 10 a 12.7 c 3,7 X 10 z°a - 51 
Br= 7.9× 10 9 13.3 ~ 1,7X 10 nd --19 
SCN- 9.2× 10 9 15.1 c 4,0× 1012° - 12 

' Experimental errors within 4- 2% (except for CI- 
b Experimental errors within 4- 4%. 
c Experimental errors within 4- 4%. 
a Experimental errors within 4-1%. 

which is 4. 8%). 
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SCN-. The increase in the rate constant in this series is 
accounted for because the corresponding increase in the fre- 
quency factor more than compensates for the increase in the 
activation energy. We have seen this trend before in the case 
of proton-transfer quenching of 2-naphthol by anions [ 2 2 ] .  

In this case, we interpreted the increase in the frequency factor 
and the activation energy with the effectiveness of the 
quencher as due to the quenching occurring over a longer 
range for the more effective quenchers. 

The activation energies for these systems can be compared 
with those of other quenching systems involving these anions. 
In his study of the fluorescence quenching of 7.ethoxycou- 
matin by Br + and I °, Moriya [ 7 ] measured activation ener- 
gies of 11,7 kJ reel ~ i and 16.3 kJ reel + * respectively. As in 
our systems, the more effective quencher has a higher acti- 
vation energy. Najbar and Mac [ 11 ] have measured the flu- 
orescence quenching of some substituted naphthalene and 
fluoranthene by B r  and I + in a methanol~cthanol mixture. 
They find that the effective quenching systems ( AG~, < 0 and 
kq> 10 ~ I reel+ I s++l) have activation energies in the 6~14 
kJ reel + * range while the less effective quenching systems 
(AGet > 0 and kq < 10 ~ i reel + ~ s +~) are essentially activa- 
tionless. These results are quite similar to ours. We observe 
that the weakly quenching systems 5,6-BQ/C! + and 5,6-BQ/ 
Br =, which have estimated AGe, values which are positive, 
are also activationless. Najbar and Mac interpret the low 
activation energy of the less effective quenching systems as 
arising because a heavy-atom effect mechanism is the dom- 
inant mechanism in these systems. 

The measured activation energies for these reactions can 
b¢ compared with what is expected for a diffusion-controlled 
reaction. The rate constant for a diffusion-controlled reaction 
should depend on the diffusion coefficients of the reactants. 
According to the Stokes~Einstein relationship, the diffusion 
coefficient is directly proportional to the temperature and 
inversely proportional to the viscosity of the solvent, For 
aqueous solutions, a plot of the logarithm of the temperature 
to viscosity ratio vs, I /T  results in a value of 18,5 kJ reel  t 
for the estimated activation energy for a diffusion-controlled 
reaction, It should be noted that In ~ vs. I /T plots using 
estimates for k~ from Eqs, (6) and (7) result in similar acti- 
ration energies, A comparison with the activation energies 
of Table 3 suggests that these values are largely determined 
by the energetics of diffusion through the solution, 

Although most of these quenching reactions are diffusion 
limited, it is possible to get an estimate for the rate constants 
k.~ for electron transfer, In order to do this, the excited state 
electron-transfer quenching reaction for free base 5,6-BQ was, 
assumed to involve the following mechanism: 

BQ* + X ~ ~ (BQX~)* - ~  BQ~X 

(BQX-) -% BQ+X  (8) 

A similar mechanism can be assumed for the quenching of 
5,6-BQH + , 

The first step involves the diffusion of the reactants 
together to form an encounter complex. The rate constant for 
this process is kd, and the rate constant for the diffusion of 
the reactants out of the solvent cage is k_ d" The second step 
involves the transfer of an electron from the quencher to the 
excited benzoquinoline molecule. This step has a rate con- 
stant kct, and it is assumed to be irreversible, This is followed 
by a reverse electron transfer to produce the ground-state 
complex which then rapidly separates. The rate constants for 
these two processes are k,. and ks respectively. A similar 
mechanism was assumed for the quenching of 5,6-BQH +. 

Assuming steady-state kinetics, the following expression 
for the quenching rate constant kj is obtained: 

kcLkj (9) 
kq~ k~, + k -d 

Following a method used by Durocher and coworkers [ 23 ], 
the following equation is obtained upon rearrangement of Eq. 
(9): 

I ! I 
- -  = - -  + ( 1 0 )  
kq kd K(R^.)k. 

where K(R^.) -ka/k+a is the equilibrium constant for the 
formation of the encounter complex. According to the Fuoss- 
Eigen [ 24 ] model 

K(R^.) ~ 4 TrNR^,~IO00 ( I1 ) 

for the free-base system and 

4 ( e-'Jv 

for the protonated-base system. The various constants in these 
equations have been previously defined and MKS units are 
used, 

The estimates for the rate constants for diffusion in the 
free-base and the protonated-base queaching systems have 
been previously discussed. See Eqs. (o) and (7). 

When the estimated values of K(R^,)  and ka are substi- 
tuted into Eq. (10), values for ke, can be calculated. These 
values arc shown in Table 4. As expected, the k¢, values for 
both the free-base and the conjugate acid quenching systems 

Table 4 
Estimates of  the rate constants k ,  for electron transfer 

Quenching Ion K (R) k¢, 
system (s - I ) 

S,6-BQ CI - 0.30 4.0 × 107 
Br + 0.29 3.4 × 109 
SCN- 0.33 4.5 × 10 m 
l -  0.29 I.I X i0 II 

5,6-BQH ÷ CI-  ! .28 1.8 X l0 s 
Br-  ! 27 i. ! × 10 I° 
SCN- i .35 1.5 X 101° 
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increase with the increasing oxidation potential of the 
quencher. However, the k~, values for the quenching by 
SCN-  and I -  are larger for the free-base system than for the 
conjugate acid systems. This is surprising, given the coulom- 
bic interaction in the latter system. It may be because this 
model is inappropriate for the highly quenched BQH + 
systems. 

As mentioned in the introduction, a number of flash pho- 
tolysis studies have shown that the fluorescence quenching 
by anions results in enhanced triplet-state formation. We have 
made some preliminary studies that indicate that this is also 
the case for the 5,6-BQ and 5,6-BQH +. We have performed 
some spectral studies of these systems in ethanol glasses at 
77 K, We find that the presence of Br-  results in a quenching 
of the fluorescence and an enhancement in the phosphorcs- 
c~nce. The effect is rather small in the case of 5,6-BQ and 
much more significant in the case of 5,6-BQH* systems. 
Since collisional quenching is not significant at 77 K, the 
fluorescence quenching and phosphorescence enhancement 
must be due to active-sphere-type quenching. It is quite likely, 
however, that the collisional quenching at room temperature 
also results in enhanced triplet formation. 

In summary, it can be concluded that the azine 5,6-BQ and 
its conjugate acid show anion fluorescence quenching behav- 
ior which is similar to that of other systems that have been 
studied. The quenching increases with increasing oxidation 
potential of the anion and the conjugate acid is more highly 
quenched than the free base. The highly quenching systems 
show both collisionai and active sphere quenching, and the 
active sphere volume increases with increasing effectiveness 
of the quenching. The activation energies for these systems 
are especially low for the poorly quenching systems, and the 
frequency factors and the activation energies increase with 
increasing effectiveness of the quenching. Indirect and pre- 
liminary evidence from low temperature spectra suggests that 
the fluorescence quenching is accompanied by an increase in 
triplet formatiot,. 
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