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We have examined the quenching of pyrochlorophyll fluorescence by a series of substituted nitrobenzenes in 
ethanol-pyridine solution and the effect of fluorescence quenching on the quantum yield of sensitized photo- 
reduction of three of the nitro compounds by hydrazobenzene. All nitro compounds examined are at least 
moderately good quenchers of fluorescence. There is a good correlation between the Stern-Volmer quenching 
constants and the polarographic quarter-wave reduction potentials of the nitro compounds. The variation 
of quantum yield of photoreduction with concentration of nitro compound is interpreted as evidence of electron 
transfer in the quenching process, as proposed by Dilung and Chernyuk. However, the efficiency of photo- 
reduction sensitized by the singlet excited state of pyrochlorophyll is less than that sensitized by the triplet 
excited state. This can be explained as a consequence of the spin multiplicity of the radical-ion pair created 
by the electron transfer. 

Introduction 
I n  the preceding paper, the ability of pyrochlorophyll 

in its triplet excited state to sensitize the photoreduction 
of aromatic nitro compounds was correlated with the 
reducibility of the latter as evaluated by the polaro- 
graphic quarter-wave potential.' The intent of that 
work was to obtain quantitative information which 
might help in understanding the energetics of the photo- 
chemical steps of photosynthesis. Since it is quite 
possible that the singlet excited state of chlorophyll is 
the one that is photochemically active in nature, i t  is 
desirable to have quantitative information on its re- 
activity also. 

The investigation of the reactivity of the excited 
singlet state of a pigment molecule is not always simple 
or straightforward. If the triplet excited state also 
takes part in the reaction under study, any reaction of 
the singlet state is superimposed on the often much 
larger reaction of the triplet state. Because the lifetime 
of the singlet is very short, the other reagent must be 
present in such large concentration (ca. lo+ M )  that 
even sluggish reactions of the triplet state become im- 
portant. 

An obvious approach to the problem of reactivity of 
singlet excited pyrochlorophyll with nitro compounds 
(by which is implied its ability to transfer an electron) 
is through study of the quenching of fluorescence. 
Electron transfer as a mechanism of fluorescence 
quenching has been under consideration for some 
time.2,8 Recently a more detailed mechanism has been 
proposed, involving the reversible formation of a charge- 
transfer complex between the photoexcited molecule 
and the q u e n ~ h e r , ~ - ~  which may degrade by electron 
transfer to produce an ion pair4!? or by intersystem 
crossing to the triplet state of the f l u o r e ~ c e r . ~ ~ ~  An 
alternative quenching mechanism is through intersys- 
tem crossing enhanced by the presence of a heavy atom 
in or near the fluorescing molecule.lO~'l In the case of 

chlorophyll, the charge-transfer mechanism is supported 
by the greater quenching efficacy of oxidants than of 
reductants. l2 However, to understand the photo- 
chemistry of the singlet excited state, we must know 
whether the charge-transfer complex (which may have 
only a transitory existence) decays by electron transfer, 
intersystem crossing, or internal conversion. 

(1) 
comparison of Stern-Volmer quenching constants for a 
series of nitro compounds with their polarographic 
quarter-wave potentials, to determine if there is a 
potential below which quenching effectively ceases, 
and (2) measurement of the quantum yield of photo- 
reduction as a function of nitro compound concentration 
for a few selected compounds. It will be concluded 
that the evidence favors electron transfer as the mech- 
anism for quenching. 

Experimental Section 
The materials were the same as those in the pre- 

ceding paper. The polarographic and photochemical 
procedure are also described there. However, the 
nitrogen with which the solutions for photoreduction 

The work to be reported consists of two parts: 

(1) G. R. Seely, J .  Phys. Chem., 73, 117 (1969). 
(2) J. Weiss and H. Fisohgold, 2. Phys. Chem., B32, 135 (1936). 
(3) G. K. Rollefson and R. W. Stoughton, J .  Amer. Chem. Xoc., 63, 
1517 (1941). 
(4) H. Leonhardt and A. Weller, Ber. Bunsenges. Phys. Chem., 67, 
791 (1963). 
(5 )  T. Miwa and M. Koizumi, Bull. Chem. Xoc. Jap., 38, 529 (1965). 
(6) W. R. Ware and H. P. Richter, J .  Chem. Phys., 48, 1595 (1968). 
(7) W. C. Needler, ibid., 42, 2972 (1965). 
(8) G. H. Schenk and N. Radke, Anal. Chem., 37, 910 (1965). 
(9) P. J. McCartin, J .  Amer. Chem. Xoc., 85,  2021 (1963). 
(10) M. Kasha, J .  Chem. Phys., 20, 71 (1952). 
(11) T. Medinger and F. Wilkinson, Trans. Faraday Xoc., 61, 620 
(1965). 
(12) R. Livingston and C.-L. Ke, J .  Amer. Chem. Xoc., 72, 909 
(1950). 

Volume 73, Number 1 January 1969 



126 G. R. SEELY 

were flushed was passed through reduced methyl 
viologen solutions to remove the last vestigeoof oxygen. 

Fluorescence was excited with the 6438-A line of an 
Osram Cd hmp,  isolated by a Baird-Atomic 640-nm 
interference filter. Fluorescence was detected by an 
EM1 9558B photomultiplier, after passage through a 
Corning 2030 red filter, a t  an angle of 45" from incidence 
normal to the front face of the sample cuvette ( 5  mm 
thick). The output of the photomultiplier was mea- 
sured by a Keithley 610B electrometer with a 106-ohm 
input resistance. The relative sensitivity of the photo- 
multiplier to light of different wavelengths was deter- 
mined by the quantum-counter method with rhoda- 
mine B to 600 nmI3 and was extended to 700 nm with 
methylene blue.l4 

The fluorescence of pyrochlorophyll is strongly re- 
absorbed, even in dilute solution, and correction must 
be made for this and the consequent secondary fluores- 
cence if an accurate measure of quenching is to be ob- 
tained. Details of this correction will be published 
later; with it, the electrometer reading Mf is given by 
the equation 

(1) 
C l ~ S f ( 1  - lo-p)(l - R)+f Mf = 
4 n f d 2 r l ( l  - +&) 

grade) to eliminate quenching by Oa. The intensity of 
exciting light, which usually decreased 2-4% during a 
series, was monitored with a reference cuvette contain- 
ing pyrochlorophyll solution without quencher. 

Results 
Fluorescence Quenching. All nitro compounds ex- 

amined were a t  least moderately good quenchers. 
Plots of eq 3,  the Stern-Volnier equation, were accu- 

rately linear, a t  least up to quencher concentrations 
sufficient to reduce the fluorescence intensity by half. 
In  eq 3, (bf and +Q are the quantum yields of Auores- 
cence in the absence and in the presence, respectively, 
of a nitro compound having the concentration of [Q]. 
In  some cases the plots deviated from linearity a t  large 
[Q], as was noted also by Livingston and perhaps 
indicating a contribution from static quenching. 

Stern-Volmer constants, K ,  and indications of the 
ranges of nitro concentration and quenching covered are 
listed in Table I. Values of K for nitrobenzene, m- 
dinitrobenzene, and p-dinitrobenzene generally agree 
with previously reported values for chlorophyll if 
allowance is made for differeiices in the solvent.'2~17~'s 

There is an unexpectedly good correlation between 

+f/dQ = 1 -l- K[Ql ( 3 )  

- I  

the Stern-Volmer constants and the polarographic 
quarter-wave potentials, El,4 (Figure 1), which we have 
adopted as the measure of reducibility of nitro com- 
pounds. Indeed, the quarter-wave potential deter- 
mines K within a factor of about 2 .  The points in 
Figure 1 appear to have a well-defined upper bound, 
approximated there by a curve which will be discussed 

The instrument constant C, which takes into account 
the solid angle about the cuvette intercepted by the 
photomultiplier and reflection losses, was evaluated16 
from the intensity, M,, of light scattered from a solution 
of colloidal silica (Ludox, a gift from the E. I. du Pont 
de Nemours and Co.) 

(2) 
3C1$3,(1 - lO-'g)(l + cos2 e,) M ,  = 

16n,d2nS2 - 1 

In  these equations Io is the intensity of the exciting 
light; Xf and 8, are the relative quantum sensitivities of 
the photomultiplier to fluorescent and scattered inci- 
dent light, respectively; T~ is the turbidity of the scat- 
tering solution; and p is the absorbance of the pyro- 
chlorophyll solution at  644 nm. The expressions con- 
taining the refractive indices nf and n, of the fluores- 
cence and scattering solutions, respectively, correct for 
refraction according to Gilmore, et al.I6 The angle of 
scattering, e,, satisfies the law of sines (sin 45"/sin 8, = 
n,). The quantum yield of fluorescence (+f) and the 
fraction of fluorescent light reabsorbed (R)  were deter- 
mined from pIots of the apparent quantum yield of 
fluorescence against pyrochlorophyll concentration, in 
the absence of quencher. The value of +f was 0.423 for 
pyrochlorophyll in 7 : 3 ethanol-pyridine a t  24". 

Fluorescence intensity was measured first in the 
absence of quencher, then after successive additions of 
solid nitro compound. As the concentration of pyro- 
chlorophyll changed little during the series, the vari- 
ation in R was inappreciable. After each addition, the 
solution was flushed with S2 (Matheson Co. prepurified 

- -  
later. There is no distinct break in t,he trend of the 
points in this plot, as there was in the plot of quantum 
yields in Figure 1 of the preceding paper.' The value 
of El,& below which K falls rapidly to zero is not ap- 
parent from the logarithmic plot; however, on a linear 
plot of K vs. E,,,, K extrapolates to zero at  approxi- 
mately - 1.08 V. 
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Table I :  
on the Quenching of Fluorescence of Pyrochlorophyll 
by n'itro Compounds in 7 :3 Ethanol-Pyridine a t  24' 

Stern-Volmer Constants ( K )  and Ot,her Data  

Compd 

p-Dinitrobenzene 
pNitrobenzaldehyde 
p-Nitrobenzonitrile 
m-Dinitrobenzene 
Methyl p-nitrobenzoate 
m-Sitrobenzonitrile 
p-Nitrobenzenesulfon- 

mNitrobenzaldehyde 
p-Nitrobenzoate 
m-Nitroacetophenone 
Methyl mnitrobenzoate 
p-Nitrochlorobenzene 
p-Nitrobipheny 1 
m-Nitroanisole 
Nitrobenzene 
m-Kitrotoluene 
m-Nitroaniline 
m-Nitrodimethylaniline 
p-Nitroacetanilide 
p-Nitrotoluene 
p-Nitroanisole 
p-Nitrophenylhydrazine 
p-Ni trodimethylaniline 
p-Nitroaniline 

amide 

- -E l /n ,"  
V 

0.458 
0.626 
0.640 
0.661 
0.694 
0.735 
0.743 

0.788 
0.790 
0.795 
0.811 
0.822 
0.835 
0.856 
0,881 
0.895 
0.906 
0.908 
0.924 
0.930 
0.957 
1.029 
1.035 
1.037 

M 

2.04 
8 .57  
2.89 
2.52 
3 .16  
3.28 
3.54 

6 .62  
6.02 
3.50 
3 .48  
5 .11  
4.05 
5.62 
8.00 
6 .00  

14.04 
7.20 
7.44 
6 .41  

10.29 
19 ,60  
6 .04  

32.23 

0.342 86 
0.263 32 .7  
0.393 50.0 
0.394 61.7 
0.392 47.2 
0.420 42.9 
0.503 28 .7  

0.387 22 .3  
0.446 23 .1  
0.470 30.4 
0.448 33.2 
0.372 31 .1  
0.457 29 .3  
0.465 21.2 
0.367 22.0 
0.468 20.8 
0.453 9 . 0  
0.499 14.8 
0.498 13 .4  
0.492 16 .7  
0.469 10.9 
0.508 4 . 9  
0.761 6 . 2  
0.554 2.74 

a Polarographic quarter-wave potential from Table I of pre- 
ceding article.' 'An indication of the range over which data 
were taken is given by the maximum value of the concentration 
of nitro compound used and the extent of reduction of fluorescence 
( + ~ / + & , i ~  a t  that  concentration. 

The theoretical maximum value of the Stern-Volmer 
quenching constant is the product of the actual life- 
time, 7, of the excited state and the diffusion-limited 
bimolecular rate constant kgmax, calculated according to 
Osborne and Porterig by eq 4 in which R is the gas con- 

J C Q D & X  = SRT/2000q (4) 
stant, T is the absolute temperature, and q is the abso- 
lute viscosity. From the measured value of the kine- 
matic viscosity (0,918 cSt), the estimated density 
(0.846 g/ml), the natural lifetime of pyrochlorophyll 
fluorescence (1.5 X 10-8 sec),*O and the quantum yield 
(8.423)) the maximum value of K at  25' is 81 f % f - I ,  in 
good agreement with the observed value of 86 M - l  for 
p-dinitrobenzene. The lower values for ot,her nitro 
compounds imply that the fraction of collisions that are 
effective in quenching the fluorescence is closely cor- 
related with the reducibility of the nitro compound. 

There is no influence of the position of a substituent 
(meta or p w a )  on the value of the quenching constant, 
apart from that expressed through the quarter-wave 
potential. 

Correlation 
of the ability of a nitro compound to quench fluorescence 

Effect of Quenching on Photoreduction. 

100 

K IO 

I 
1.1 1.0 0.9 0.8 0.7 0.6 0.5 0.4 

- E 114 

Figure 1. 
quenching of pyrochlorophyll fluorescence in 7 : 3 
ethanol-pyridine by substituted nitrobenzenes against their 
polarographic quarter-wave reduction potentials, E114 
(data of Table I). 

The plot of Stern-Volmer constants, K ,  €or the 

with its ability to be reduced does not necessarily mean 
that electron transfer actually occurs during the 
quenching process. A similar correlation might be ex- 
pected with the stability of a transitory charge-transfer 
complex, which might then decay in a number of ways. 
The alternatives which we consider more probable for 
the mechanism of quenching are: (a) electron transfer 
from the singlet excited chlorophyll to the quencher, 
(b) induced intersystem crossing to the triplet excited 
state of the sensitizer, and (c) induced internal con- 
version to the ground state. The relevant processes 
are summarized and their rate constants defined in the 
diagram below, where wavy arrows indicate absorption 
or emission of light. 

Chi C h l * F  Chl' F h l  

The quantum yield of fluorescence is given by 

4~ = k f / ( h  + f kf + k ~ * [ & l )  ( 5 )  
or with the introduction of the singlet-state lifetime 
7 = (kat + IC,, + IC$-', by the equation 

(19) A. D. Osborne and G. Porter, Proc. Roy .  Soc., A284, 9 (1965). 
(20) E. Rabinowitch, J .  Phys. Chem., 61, 870 (1957). 
(21) Those derivatives which have relatively low values of K (e.g., 
aldehydes and amines) also happen t o  be those which are good re- 
ceivers for hydrogen-bond formation with ethanol of ths solvent. 
We offer no explanation for this observation. 
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+Q = rkf/(l -/- i=kQ*[&]) = &/(I 3- K [ Q J )  (6) 
The products of quenching by alternative a are 

Chl+ and Q-, and the quantum yield (b = (ba for photo- 
sensitized reduction in the presence of hydrazobenzene 
is given by eq 7 ,  in which p* and p’ are the numbers of 
molecules of azobenzene produced for each electron 
transferred from Chl* and Chl’ to the nitro compound. 

h = r(6Q/(bf) [P*k~*lQl + 
P’ksth’[QI/(kt, ~Q’[QI)I (7) 

Similarly, with alternatives b and c, the quantum 
yields (b = (bb and (bo are given, respectively, by 

(bb r((bQ/(bf>P’kQ’[QJ(ic,t $. ~CQ*[&])/ 

(1% + ~Q‘LQI) (8) 

(9) 6 c  == r((b~/(bf)p’kstk~’[QI/(JCt, f kQ‘[&l) 

If the triplet-stat)e reaction is saturated, i.e., if 
IcQ’EQI )> kt,, then according to mechanism b the quan- 
tum yield must increase as [Q] increases, and accord ng 
t o  mechanism c the quantum yield must decrease in the 
ratio +Q/& but according to mechanism a the quantum 
yield increases only if p* > p’Jiet7. A plot of (b ((bt/(b~) 
against [Q] is linear in all three cases, with an intercept 
r@’kst and slopes Kp* (a), Kp’ (b), and 0 (c). 

The effect of concentration on the quantum yield of 
photosensitized reduction was tested with three nitro 
compounds : p-nitrobenzonitrile, which is easily reduced, 
and two compounds much harder to reduce yet moder- 
ately good quenchers, m-nitroanisole and p-nitrotoluene. 
Inhial quantum yields for photoreduction of these com- 
pounds by hydrazobenzene, sensitized by pyrochloro- 
phyll, are plotted against the initial concentration of 
nitro compound in Figures 2-4. For all three com- 
pounds, once the reaction of the triplet-state pyro- 
chlorophyll is saturated, the quantum yield either re- 
mains nearIy constant or declines somewhat as A uores- 
cence is quenched. 

This result is consistent with quenching mechanism a, 
but not with mechanisms b or c. Plots of (b ((bf/(bQ) ap- 
proach linearity a t  the higher quencher concentrations. 
Interpreted by mechanism a, the slopes of these plots 
together with the known values of the Stern-Volmer 
constants yield the values 0.074, 0.030, and 0.015 for 
P* for p-nitrobenzonitrile, m-nitroanisole, and p-nitro- 
toluene. From the intercepts, the corresponding values 
of rfl’k,, are 0.172, 0.036, and 0.030. Since rkst < 1 
- df = 0.577, p’ > 0.30, 0.062, and 0.052 for the 
three compounds. Finally, the values of p*/p’ are less 
than but proport)ional to 0.25,0.48, and 0.29. 

These results could also be explained as a fortuitous 
combination of mechanisms b and c. This would re- 
quire that the apportionment of quenching between 
mechanisms b and c be similar for three nitro com- 
pounds of quite different reducibility. It seems simpler 
to assume that electron transfer is the dominant quench- 

0.3 

0.2 

A +(t) 
0.1 

1.0 

0.5 

0 
0 0.02 0.04 0.06 

(p-  NITROBENZONITRILE), M 

The quantum yield, 4, for the pyrochlorophyll- Figure 2. 
sensitized photoreduction of p-nitrobenzonitrile by 
hydrazobenzene (3.7 X 
solution, the relative fluorescence yield $Q/+f, and their 
quotient as functions of p-nitrobenzonitrile concentration. 

M )  in 7 :  3 ethanol-pyridine 

- 
+f 

I .o 

0.5 

0 
0 0.01 0.02 0.03 

(in-NITROANISOLE), M 

Figure 3. 
sensitized photoreduction of m-nitroanisole by 
hydrazobenzene in 7:  3 ethanol-pyridine solution, the relative 
fluorescence yield $Q/+f, and their quotient as functions of 
m-nitroanisole concentration. 

The quantum yield $I for the pyrochlorophyll- 

ing mechanism, but that the photochemical efficiency 
(p*) of this reaction is less than that (0’) from the 
triplet Btate. 

Discussion 
The trend of the points in Figure 1 indicates that 

some factor other than an activation energy is limiting 
the probability of quenching upon an encounter of the 
singlet-excited pyrochlorophyll molecule with a mole- 
cule of nitro compound. The bounding curve shown in 
the figure has the form of eq 10, in which the parame- 
ters have the values K,,, = 100 M-l,  Eo = -0.74 V, 
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0 0.02 0.04 0.06 0.08 
( p -  NITROTOLUENE), M 

Figure 4. 
sensitized photoreduction of p-nitrotoluene by 
hydrazobenzene in 7 : 3 ethanol-pyridine solution, the relative 
fluorescence yield dQ/$f, and their quotient as functions of 
p-nitrotoluene concentration. 

The quantum yield Q for the pyrochlorophyll- 

and u = 0.20 V, with unc,ertainties of about 5, 5, and 
lo%, respectively. 

n m  

Equation 10 follows if it is supposed that the fluores- 
cer and the quencher together must have at  least as 
much energy as the pair of ions that would be formed, 
for quenching by electron transfer to occur. The 
energy possessed by the fluorescer-quencher pair in the 
solvent environment is assurned to be normally dis- 
tributed. The minimum energy required for quench- 
ing, and the most probable energy of the pair, are as- 
sumed to be linearly related to the potentials Eo and 
E,,,, respectively. The value of u corresponds to an 
energy of 4.6 kcal, which is considerably larger than RT 
a t  25'. 

Quenching by electron transfer in this case involves 
creation of an ion pair in a dielectric medium. At 
equilibrium, the ion pair would be considerably sta- 
bilized by polarization of the dielectric. However, 
equilibrium does not exist a t  the instant of electron 
transfer, and the orientations of the nearby solvent 
molecules may be regarded as randomly distributed 
with respect to the virtual ion pair. The distribution 
of energies of interaction of the ion pair with randomly 
oriented solvent molecules would be of the right order of 
magnitude to account for the value of u in eq 10. 

Another way of accounting for the energy distribu- 
tion would be to assume that electron transfer may take 
place only on collision a t  certain mutual orientations. 
The number of such orientations would then be nor- 

mally distributed about Eo. Still another way might re- 
late the rate of electron transfer to the stability of the 
postulated intermediate charge-transfer c o m p l ~ x , ~  
though the basis for the normal distributionis not SO 

evident. 
None of these explanations can be established from 

present data. The reported dependence of the quench- 
ing constants for nitrobenzene and m-dinitrobenzene on 
solvent suggests the first.I7 

The electron-transfer mechanism for quenching of 
fluorescence of chlorophyll and its derivatives was pro- 
posed because the ability of a compound to quench was 
correlated with its ability to oxidize.18 The stimulat- 
ing effect of certain amines on the quenching of chloro- 
phyll fluorescence by nitro compounds has also been 
offered as evidence.22 The effect of fluorescence 
quenching on the quantum yield for sensitized reduction 
of nitro compounds is also best interpreted, in our 
opinion, as evidence for the electron-transfer mecha- 
nism. 

The discovery that the efficiency of photoreduction 
sensitized by singlet-excited pyrochlorophyll was less 
than that sensitized by triplet-excited chlorophyll 
(@* < @) was most unexpected. There is, however, a 
simple explanation for this, based on the magnetic 
properties of the excited states. Electron transfer 
from the excited singlet state produces a radical-ion 
pair nominally in a singlet state; back-transfer to the 
ground state is spin allowed (eq 11). The radical-ion 
pair produced by electron transfer from the triplet 

Chl*+ Q + { C h l . + Q , - / * + C h l +  Q (11) 

state remains nominally in a triplet state, and back- 
transfer to  the singlet ground state is spin for- 
bidden (eq 12). There is a greater probability that  the 

Chl' + Q --+ { Chl. +Q. -1 ' -+ Chl + Q (12) 

latter ion pair will dissociate into free ions, which may 
thenundergo the follow-up reactions of photoreduction. 

The participation of the singlet excited state of 
chlorophyll in the primary acts of photosynthesis is, of 
course, neither proved nor disproved by the present 
results. However, since reaction of Ihe singlet state is 
less efficient than reaction of the triplet state, whether 
through failure or reversal of electron transfer, there is 
not the advantage of efficiency which might have been 
expected from its higher energy. 

Acknowledgments. This research was supported in 
part by the National Science Foundation under Grant 
No. GB-5098. The able technical assistance of hlr. 
Thomas Meyer is also appreciated. 

(22) I. N. Chernyuk and I. I. Dilung, Dokl. Akad.  Naulc SSSR, 156, 
149 (1964). 


