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Heavy-Atom Quenching of Monomer and Excimer Pyrene Fluorescence 
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The monomer and excimer pyrene quenching by I,, CH31, and CHI, was investigated in solvents of different viscosities and 
dielectric constants. The theory of diffusion-controlled reactions with an exponential distance dependence probability of 
quenching was used to analyze the results. The efficiency of quenching increases in the order I2 > CHI, > CH31. The quenching 
rate constants by I, and CHI, are diffusion influenced and for I2 are higher than the values predicted by the theory of totally 
diffusion-controlled reactions, indicating that quenching occurs for distances larger than the encounter radius. The excimer 
and monomer quenching rate constants by CH31 are kinetically controlled due to a very low quenching efficiency that is 
even smaller for the excimer. The slight variation of the rate constants on the dielectric constant of the solvent reflects the 
importance of the exchange mechanism in the enhancement of the spin-orbit coupling. 

Introduction 
The fluorescence quenching of organic fluorophores by heavy 

atoms is a topic that has received the attention of several authorsi4 
Two different kinds of studies have been performed: In the first 
type the heavy atom is present in the fluorescent molecule (internal 
heavy atom effect)2 while in the second one it is a different 
molecule (the quencher) that contains the heavy atoms (external 
heavy atom effect)., It is now clear14 that the presence of heavy 
atoms close to the fluorophore influences the spin-orbit coupling 
and increases the rate of intersystem crossing (SI - Tn). The 
fluorescence quenching is a short-range process requiring the 
formation of a momentary “complex” between the fluorophore 
and the quencher in which the orbitals of the heavy atom can 
overlap those of the excited molecule. Three mechanisms were 
proposed to explain the nature of the interaction leading to the 
spin-orbit enhancement: (i) exchange mechanism, (ii) charge- 
transfer mechanism, and (iii) hydrogen-bonding mechanism. The 
importance of each type of mechanism depends not only on the 
fluorophore and quencher but also on the properties of the solvent, 
namely, its dielectric constant. 

Many of the external heavy atom quenching experiments were 
performed in fluid solutions where the molecular diffusion in- 
fluences the global rate constant of quenching. For efficient 
quenchers the reaction is diffusion controlled, making it difficult 
to access the intrinsic quenching mechanism. Only for inefficient 
quenchers, where the global process is kinetically controlled, is 
direct access to the quenching mechanism possible. 

In this paper the quenching of the monomer and excimer 
fluorescence of pyrene by iodine, iodoform, and iodomethane in 
different solvents is studied. For I2 and CHI3 the global quenching 
process is diffusion influenced while for CH31 it is kinetically 
controlled. The slight variation (ca. 20%) of the quenching rate 
constant on the dielectric constant of the solvent favors the ex- 
change interaction over the other possible mechanisms of spin-orbit 
coupling enhancement. 

Kinetic Scheme 
Scheme I was used to analyze the steady-state and time-resolved 

fluorescence measurements of pyrene, Py, solutions in the presence 
of a quencher, Q. 

After excitation of a pyrene molecule, M, in concentrated 
solutions, the formation of a new excited species, the excimer D*, 
occurs by a bimolecular process with rate constant k,. The excimer 

( I )  McGlynn, S. P.; Azumi, T.; Kinoshita, M. Molecular Spectroscopy of 
the Triplet State; Prentice-Hall: Englewood Cliffs: NJ, 1969. 

(2) (a) Dreeskamp, H.; Pabst, J .  Chem. Phys. Lett. 1979, 61, 262. (b) 
Dreeskamp, H.; Koch, E.; Zander, M. Chem. Phys. Lett. 1975, 31, 251. 

(3) (a) Horrocks, A. R.; Wilkinson, F. Proc. R. SOC. London 1968, A306, 
251. (b) Bowen, E. J.; Metcalf, W. S. Proc. R. Soc. London 1958, A206,431. 
(c) Medinger, T.; Wilkinson, F. Trans. Faruduy Sot .  1965, 62, 620. 

(4 )  Davidson, R. S.; Bonneau, R.; Joussot-Dubien, J.; Trethewey, K. R. 
Chem. Phys. Lett. 1980, 74, 318. 
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can dissociate back to regenerate the excited monomer with rate 
constant kl. Both excited monomer and excimer have intrinsic 
relaxation processes, whose sum of rate constants is represented 
by kM and kD, respectively. The increase of the rate of intersystem 
crossing due to the quencher, Q, is represented in the scheme by 
the excimer and monomer quenching processes with rate constants 
~ Q D  and ~ Q M :  

This kinetic scheme  predict^,^ for time-independent rate 
coefficients, that, after a delta-pulse excitation, the monomer 
intensity decays as a sum of two exponential terms 

( 1 )  IM(t) = ai exp(-Xlt) + a2 exp(-X2t) 

while the excimer intensity initially increases and then decreases 
as a difference of two exponential terms 

ID(t) = a3[exp(-Xlt) - exp(-h2t)] (2) 
where 

(5) Martinho, J. M. G.; Conte, J. C. J .  Chem. SOC., Faruduy Trans. 2 
1982, 78, 915. 
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where qM and q D  are the quantum efficiencies of the pyrene 
monomer and excimer emissions, [M*l0 is the initial concentration 
of excited molecules, and 

are the Stern-Volmer rate constants for the monomer and the 
excimer quenching. The quantity 

T =  [Mlh(l + ~UQD[QI) (9) 
where [MIh is the half-value concentration for the pyrene mo- 
nomer-excimer equilibrium, and 

For very low concentrations of pyrene A I  reduces to 

A I  = k~ + ki[M] + ~ Q M [ Q ~  

A i  = k~ + ~ Q D [ Q ~  

(11) 

(12) 

and for high values of [MI 

The ratio of (6) and (7) gives 

and (7) predicts a quadratic variation of l / I D  with [Q]: 

 ID = bo + h[Q1 + bz[QI2 (14) 

with 

Equation 12 or 13 allows the evaluation of kQD, and on the other 
hand, kQM can be recovered from (1 1) and (14). In this way the 
quenching rate constants can be evaluated from either fluorescence 
intensities or decay curve measurements. 

Model 
The quenching process is efficient only when the orbitals of the 

heavy atom overlap those of the excited molecule!*6 Then, the 
increase of the rate of intersystem crossing due to a quencher a t  
a distance R from the fluorophore should depend exponentially 
on R, as in energy transfer by an exchange mechanism’ and 
electron-transfer reactions.* The probability of quenching, w(r) ,  
should be 

w(r )  = A exp(-2r/L) (16) 
where A takes into account the strength of the interaction and 
L is the effective mean Bohr radius for the fluorophore quencher 
pair. 

In fluid solutions the quenching is modulated by molecular 
diffusion. The normalized pair distribution function, iY(r,t), 
satisfies, in the absence of interactions between the pairs and 
hydrodynamic effects, the diffusion equation 

(17) 
a 
z U ( r , t )  = DVzU(r,t) - w(r )  U(r,t) 

(6) (a) Najbar, J. Chem. Phys. Lett. 1982, 90, 154. (b) Najbar, J. J. 
Lumin. 1987, 37, 73. 

(7) Dexter, D. L. J. Chem. Phys. 1953, 21, 836. (b) Inokuti, M.; Hira- 
yama, F. J. Chem. Phys. 1965.43, 1978. 

(8) (a) Oevering, H.; Paddon-Row, M. N.; Heppener, M.; Oliver, A. M.; 
Cotsaris, E.; Verhoeven, J. W.; Hush, M. S. J .  Am. Chem. SOC. 1987, 109, 
3258. (b) Miller, J. R. J. Phys. Chem. 1978,82, 767. (c) Beitz, J. V.; Miller, 
J. R.  J .  Chem. Phys. 1979, 71, 4579. 

where D is the mutual diffusion coefficient of the fluorophore and 
quencher. The quenching rate coefficient is 

(18) 

In order to solve (17), the following boundary conditions were 
used: 
(i) Uniform initial distribution of molecules: 

k(t) = liw(r) U ( r , t ) 4 d  dr  

U(r,t=O) = 1.0 r > Re (19) 
(ii) A reflecting boundary condition at  the encounter distance: 

( F)r;, = 0 

This condition implies that the quenching occurs for distances 
greater than Re, with a probability w(r) ,  without additional 
quenching on the encounter, due to collision-recollision processes 
within the solvent cage. 
(iii) A boundary condition for sufficiently larger distances, where 
U(r,t) is not disturbed by the reaction: 

U(r=-, t )  = 1.0 (21) 
Only for long times, when the steady state is attained (dU/dt 

= 0), is it possible to achieve an analytical solution for U(r). For 
these conditions the time-independent rate coefficient is given by9J0 
k, = 

(22) 
where E is Euler’s constant, k,(z) and Z,(z) are the modified Base1 
functions of the second and first kind, respectively, of order i and 
argument z, and 

z02 = AL2 D exp( -25) 
Equation 22 has two interesting limiting cases depending on 

the zo values: for viscous solutions zo can be greater than 1.0 and 
for sufficiently large values (zo > 5) the quenching occurs always 
for distances greater than Re, with 

k, = 27rDL[ 2E + In (g)]  (24) 

Equation 24 gives larger values than the ones predicted by the 
theory of diffusion-controlled reactions (k, = 47rD4). For small 
values of zo (rp € 0.1) the rate constant is independent of the 
diffusion coefficient 

k, = TAL exp( - y ) [ 2 L R e  2 4  + Lz + 2R:l (25) 

which allows the evaluation of the parameters of the intrinsic rate 
constant of quenching, A and L, without the interference of 
molecular diffusion. 

Numerical integration of the diffusion equation (17) shows” 
that in the kinetically controlled regime (zo € 1.0) the rate 
coefficient is time-independent and given by (25). For large values 
of zo (diffusion-influenced reactions) the rate coefficient is 
time-dependent with a transient contribution of the form 
being a good approximation for sufficiently long times. 

Experimental Section 
Pyrene (Fluka) was zone refined (100 passes). Iodine (I2) 

(Koch-Light), iodomethane (CH31) (Aldrich; Gold Label), and 
iodoform (CHI,) (Kodak) were used without further purification. 
Benzene, cyclohexane, acetone, acetonitrile, and ethanol of 

(9) Heisel, F.; MiehC, J. A. J. Chem. Phys. 1982, 77, 2558. 
(10) Martinho, J. M. G.; Conte, J. C. Can. J .  Chem. 1983, 61, 1693. 
(11 )  KusbP, J.; Sipp, B .  Chem. Phys. 1988, 24, 223. 
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Figure 1. Fluorescence spectra of Pyrene ([Py] = 5.0 X lo-, M) in 
cyclohexane. (---) [CHJ = 0 M; (-) [CHJ] = 0.19 M. 

spectroscopic grade (Merck-Uvasol) were used as received. So- 
lutions of pyrene with the quencher in different solvents were 
prepared in the dark to avoid photodegradation. The solutions 
were degassed according to the thaw-freeze-pump method ( 5  
cycles) and sealed under a vacuum better than 1.0 X Torr. 

The UV absorption spectra were recorded on a Perkin-Elmer 
(Model Lambda 15) spectrophotometer. Fluorescence spectra 
were run on a Spex Fluorolog 112 spectrofluorometer. The decay 
curves were recovered by use of the single-photon-counting 
technique.12 The solutions were excited at  337 (decay curves) 
and 334 nm (fluorescence spectra), the pyrene monomer 
fluorescence being observed at 378 nm and the excimer fluores- 
cence at 500 nm. The fluorescence intensities were corrected for 
direct absorption of the excitation light by the quencher and 
radiative transfer according to expressions presented before.I3 All 
measurements were made at  room temperature, 23 f 1 OC. 

Results 
The fluorescence spectra of pyrene solutions containing a 

quencher maintain their shape but show a decrease in the in- 
tensities of the monomer and of the excimer fluorescence bands 
with the increase of the quencher concentration. This decrease 
in intensity is shown in Figure 1, where the fluorescence spectra 
of pyrene in cyclohexane ([Py] = 5.0 X lo-’ M) without quencher 
and with a concentration of CH31 equal to 0.19 M are presented. 

According to (1 3) and (14) the fluorescence intensities can be 
used to obtain the quenching rate constants in a given solvent, 
once the monomer-excimer rate parameters are known. The ratio 
of monomer to excimer intensities is linear with quencher con- 
centration (see (13)). Figure 2 shows the plot of this ratio for 
solutions of pyrene ([Py] = 5.0 X M for CH31 and CHI3 and 
[Py] = 6.0 X M for 12) with different quenchers in benzene 
versus the concentration of quencher. From the slopes of the best 
straight lines the values of kQD = 2.1 X 1Olo M-* s-l (Iz), kQD = 
1.1 X 1O1O M-’ s-l (CHI3), and kQD = 2.4 X lo7 M-l (CH31) 
were obtained. Figure 3 shows the plot of l/ZD versus the con- 
centration of quencher. From the fitting of the experimental 

( 1  2) OConnor, D. V.; Phillips, D. Time Correlated Single-Photon Coun- 
ring, Academic: London, 1984. 

(13) (a) Martinho, J .  M. G.; Conte, J. C. J .  Lumin. 1981, 22, 273. (b) 
Martinho, J. M. G.; Pereira, V. R.; Gonplves da Silva, A.; Conte, J. C. J.  
Phorochem. 1985, 30, 383. 
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Figure 2. ZM/ZD ratio versus concentration of quencher, [Q], for solutions 
of pyrene in benzene. (A) CH,I; (m) CHI,; (0)  I1. 
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Figure 3. Variation of 1 / z D  versus concentration of quencher, [Q], for 
solutions of pyrene in benzene. (A) CHJ; (m) CHI,; (0)  I,. 
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Figure 4. Variation of decay constant Ai of pyrene solutions ([Py] = 1.0 
X M) in cyclohexane versus quencher concentration. (0) CH,I; (H) 
CHI,; (A) 12. 

results to the quadratic variation (14), constraining kQ, to the 
values obtained from (1 3), the rate constants = 2.2 X 1O1O 

lo8 M-' s-' (CHJ) were obtained. In the fitting the pyrene 
monomer-excimer rate parameters in benzeneS were used ( k ,  = 

k-l = 6.0 X lo6 s-'). Time-resolved measurements were made 
for some of the systems. These measurements are important when 
corrections due to radiative transfer are very high or the rate 
coefficients are time-dependent, leading to deviations from 
Stern-Volmer kinetics. Figure 4 shows the values of the decay 
constant, A I ,  of decays of dilute pyrene solutions ([Py] = 1.0 X 

M) in cyclohexane versus the quencher concentration. From 
the slope of the straight lines the monomer quenching rate con- 
stants, k,,, were obtained (see (1 1)). For concentrated solutions 
in pyrene the long decay component of the decay allows the 
evaluation of the excimer quenching rate constant (see (12)). 
Figure 5 shows the plot of XI versus the concentration of quencher 
obtained from the decay of concentrated pyrene solutions ([Py] 
= 5.0 X M) in cyclohexane. The quenching rate constants 
obtained by using the above procedure are included in Table I .  

Iodine forms a charge-transfer complex with benzene and 
ethanol. The benzene complex absorbs in the UV (300-350 nm) 
while the ethanol/Iz absorption extends to the red, overlapping 
the fluorescence spectrum of pyrene. The high absorptivity of 
the I,/benzene complex at  the excitation wavelength (X  = 334 
nm) forbids the use of diluted solutions of pyrene. The monomer 
and excimer quenching rate constants in benzene were obtained 
from steady-state fluorescence measurements of concentrated 
pyrene solutions ([Py] = 6.0 X lo-' M). The excimer quenching 
rate constant agrees with the value calculated from decay curve 
measurements of concentrated pyrene solutions. Corrections of 
the pyrene fluorescence intensities in ethanol are too large to allow 

M-' S-I (Iz), k,M = 1.3 X lo9 M-'S-' (CHI3), and kQM = 1.0 X 

2.0 X IO' s-I, kM = 3.2 X lo6 SI, kl = 4.7 X lo9 M-' S-', and 
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Figure 5. Variation of decay constant A, of pyrene solutions ([Py] = 5.0 
X M) in cyclohexane versus quencher concentration. (0) CH,I; (H) 
CHI,; (A) 12. 

TABLE I: Fluorescence Quenching Rate Constants for Pyrene Monomer, 
kQM, and Excimer, kQh in Different Solventso 

solvent 
benzene ethanol cyclohexane 

k ~ ~ / 1 0 ~  k ~ ~ / 1 0 ~  k ~ ~ / 1 0 ~  k~~/10' k ~ ~ / 1 0 ~  kqo/1o9 quencher M-I S'I M-1 s-l M-I s-I M-I s-I M-I s-l M-l s-i 

I 2  22 20 19 

CHI, 9.0 1 1  9.8 

CHJ 0.12 0.11 0.017 

"The values in parentheses were obtained from fluorescence intensities. 

(22) (21) (21) (20) 

(13) (11) (8.7) (8.1) (10) (10) 

(0.10) 0.024) (0.12) (0.020) 

the accurate determination of the quenching rate constants. 
The quenching rate parameters obtained from the decay curve 

measurements and the fluorescence intensities agree within the 
experimental error (ca. 5%),  which indicates that the transient 
contribution to the quenching rate coefficient is small and the 
corrections applied to the fluorescence intensities are reasonable. 

The values of the pyrene monomer and excimer quenching rate 
constants in ethanol, cyclohexane, and benzene are presented in 
Table I .  Some interesting features are apparent: (i) The 
quenching efficiency increases in the order iodomethane, iodoform, 
iodine. (ii) The quenching rate constants for CH31 are smaller 
for the excimer than for the monomer, with a slight variation on 
the dielectric constant of the solvent and independent of viscosity. 

Discussion 
The quenching rate constants for CH31 are solvent independent 

and lower than the values predicted by the theory of diffusion- 
controlled processes. The global quenching process is kinetically 
controlled, and the rate constants are independent of the viscosity 
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with a slight variation (ca. 20%) on the dielectric constant of the 
solvent, as shown by comparing different pairs of solvents: benzene 
and cyclohexane have similar dielectric constants (€(benzene) = 
2.3 and t(cyc1ohexane) = 2.0) but different viscosities (q(cyc1o- 
hexane) = 0.98 CP and q(benzene) = 0.65 cP), while cyclohexane 
and ethanol have similar viscosities (v(cyc1ohexane) = 0.98 CP 
and q(ethano1) = 1.20 cP) but large differences in dielectric 
constants (t(cyc1ohexane) = 2.0 and €(ethanol) = 24.6) a t  20 OC. 
The independence of viscosity was also observed by Shimizu et 
al.I4 in the monomer pyrene quenching by ethyl iodide in hy- 
drocarbon solvents of viscosities in the range 0.33-2.2 cP. The 
insensitivity of the rate constant to the polarity of solvent was also 
found by Wilkinson et al.15 in the quenching of triplets by mo- 
lecular iodine and by Haselbach et a1.I6 in the fluorescence 
quenching of different chromophores by 1,4-dibromobenzene. 

The slight variation of the quenching rates on the dielectric 
constant of the solvent suggests that the quenching mechanism 
occurs predominantly by an exchange-type interaction. Indeed, 
if a charge-transfer complex were formed, one would expect the 
quenching rate constants to be higher in polar solvents, as predicted 
theoretically" and observed e~perimentally. '~~'~ Our results seem 
to contradict several correlations found between the quenching 
rates with the ability of the quencher to give or accept electrons. 
Indeed, Thomaz et aLZ0 found a correlation between the quenching 
rate constants of pyrene in benzene with the polarographic 
half-wave reduction potential of a series of quenchers, including 
alkyl iodides. Werner2' also observed an increase of the anthracene 
fluorescence quenching rate constants with increasing acceptor 
behavior in the alkyl iodides. These results suggest that a contact 
charge-transfer complex should be formed, with the quenchers 
as electron acceptors. The alkyl iodides can also behave as electron 
donors as in the fluorescence quenching of the acridizinium ion, 
where a correlation was established22 between the quenching rate 
constants and the ionization potential of the alkyl iodides. 
However, these results cannot be taken as a definitive proof of 
the charge-transfer mechanism, mainly for two reasons: (i) 
Molecular diffusion influences the quenching rates, which was 
not considered by several authors.20J2 (ii) The ability of quencher 
to enhance the spin-orbit coupling by an exchange mechanism 
and to accept or give electrons can have the same tendency. The 
final proof of a charge-transfer mechanism is the detection of 
transient species related to the dissociation of the exciplex or the 
ion pair. Flash-photolysis measurements in these systems have 
not been made thus far. Nevertheless, in the quenching of singlet 
states by 02, which proceeds by enhancement of the spin-orbit 
coupling, flash-photolysis measurements of 02-saturated solutions 
of various fluorophores in acetonitrile do not show transient 
species,23 as one could expect if an electron-transfer process had 
occurred. The weak transient absorption spectrum observed a t  
445 nm in pyrene solutions is due to the formation of the pyrene 
radical cation by photoi~nisat ion.~~ Schroeder et a1.I8 argue that 
the variation of the rate constants with the solvent polarity is 
related to its permanent dipole moment. In order to verify this 
possibility, quenching measurements were performed in two highly 
polar solvents, acetone and acetonitrile. The quenching rate 
constants obtained24 were similar to the ones presented in Table 
I, thus excluding the possibility of a significant variation with the 
dipole moment of the solvent. 

It is not possible to establish a correlation between the quenching 
rates and the SI - T, energy but a proportionality was 
observed, in different systems, between the rates of quenching and 
intersystem c r ~ s s i n g . ' ~ . ~ ~  The rate of intersystem crossing of the 
pyrene excimer26 in ethanol is 2.3 X lo6 s-l and in cyclohexane 
is 9.0 X lo5 s-l, while for the monomer the values are 1.8 X lo6 
and 8.4 X lo5 s-l in ethanol2' and cyclohexane,28 respectively. As 
the quenching rate constants are lower for the excimer, the 
correlation with the intersystem-crossing rates does not hold, which 
can be associated with the fact that the excimer triplet state of 
pyrene is d i sso~ia t ive .~~ 

These quenching rate constants are lower than the diffusion 
controlled limit and then should follow (25). Assuming a value 
of L = 2.0 A, which can be considered an average value for the 
published values of many electron-transfer reactions* and ener- 
gy-transfer processes by an exchange mechanism,30 and the en- 
counter radius for the quenching of monomer (Re = 5.9 A) and 
excimer (Re = 6.9 A), values of A = 1.1 X 10" s-l and A = 4.1 
X 1Olo s-l were obtained, respectively, for the monomer and 
excimer quenching. Similar results were obtained in the quenching 
of phenanthrene and chrysene by KI in methanol-ethanol solutions 
by Mac et al.31 At 293 K they obtained quenching rate constants 
between 1.7 X lo8 and 4.3 X 10" M-' s-I , a nd from decay curve 
measurements, made in the glass of 77 K, values of L close to 2.0 

with A values of the order of 1.0 X 10" s-l are obtained, in 
agreement with our results. To fit the decay curves, they needed, 
however, to assume an increase of the fluorescence radiative rate 
constant due to the quencher. In our case, the first absorption 
band of pyrene was almost unaffected for quencher concentrations 
up to 1 M in CH31. The small differences observed can be 
explained by the effect of polarity on the vibrational structure of 
the pyrene first absorption band.3z This excludes the possibility 
of a significant effect of the quencher on the fluorescence radiative 
rate constant in our systems. 

The rate constants for monomer and excimer pyrene quenching 
by I2 are higher than the values predicted by the theory of dif- 
fusion-controlled reactions, as was observed by Cgstafio et al.33 
in the monomer quenching. Using a value of L = 2.0 A and D 
given by the Stokes-Einstein equation, values of A of the order 
of 10l5 s-l were obtained in benzene and cyclohexane, using (24). 
The excimer quenching rates include a small contribution due to 
the energy-transfer process caused by the overlap of the pyrene 
excimer fluorescence spectrum and the absorption of iodine. 
However, the high A values reflect essentially a large quenching 
efficiency of 12. Solvent cage effects,34 which can increase the 
quenching rate, are unimportant here because many of the 
quenching processes should occur for distances larger than the 
encounter radius. Iodine forms charge-transfer complexes with 
benzene and other aromatic compounds in the ground state, and 
probably the same occurs with pyrene in the first single excited 
state. This can open a "new" decay route of deactivation, con- 
tributing to higher values of the quenching rates. 

The CHI3 quenching rate constants are in between the values 
for I2 and CH31. A very small contribution due to energy transfer 
can be present in the monomer quenching rate constant. The 
quenching efficiency is not proportional to the number of iodine 
atoms present in the quencher molecule as is shown by the 
quenching of diiodomethane (CH21z) in benzene [kQM = 4.2 X 

(14) Shimizu, Y.; Azumi, T. J .  Phys. Chem. 1982,86, 22. 
(15) Wilkinson, F.; Farmilo, A. J .  Chem. SOC., Faraday Trans. 2 1984, 

(16) Haselbach, E.; Pilloud, D.; Suppan, P. EPA Newslett. 1988, 33,41. 
(17) Weller, A. Pure Appl. Chem. 1982, 54, 1885. 
(18) Schroeder, J.;  Wilkinson, F. J .  Chem. SOC., Furaday Trans. 2 1979, 

(19) Gorman, A. A.; Parekh, C. T.; Rodgers, M. A. J. J.  Photochem. 1978, 

(20) Thomaz, M. F.; Stevens, B. In Molecular Luminescence; Lim, E. C. 

(21) Werner, T. C. Fluoresc. News 1976, 9, 1 .  
(22) Bendig, J.; Helm, S.; Kreysig, D. Chem. Phys. Lett. 1978, 54, 466. 
(23) Watkins, A .  R. Chem. Phys. Lett. 1979,65, 380. 
(24) The values of the rate constants are kqM,=  0.10 X lo9 M-l s-I 

80, 1117. 

75, 896. 

9, 1 1 .  

M., Ed.; Benjamin: New York, 1969; p 153. 

(acetone) and kpM = 0.13 X lo9 M-I s-' ( a cetonitrile). 

(25) Patterson, L. K.; Rzad, S. J.  Chem. Phys. Lett. 1975, 31, 254. 
(26) Birks, J. B.; Alwattar, A. J. W.; Lumb, M. D. Chem. Phys. Lett. 1971, 

(27) Parker, C. A. Photoluminescence of Solutions; Elsevier: Amsterdam, 

(28) Hirano, H.; Azumi, T. Chem. Phys. Lett. 1982,86, 109. 
(29) Peter, L.; Vaubel, G. Chem. Phys. Lett. 1973, 21, 158. 
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lo9 M-' s-'],~O which has a much lower quenching rate than 12. 
The molecular and electronic structure of the quencher must be 
important in its quenching mechanism. The lowest values of the 
rate constants by CHI3 occur in ethanol, suggesting that the 
quenching efficiency is not increased by the polarity of the solvent 
and confirming the results obtained with icdomethane. The rate 
constants are very close to the diffusion-controlled limit, and a 
discussion of the mechanism is here more complex. By use of the 
same procedure adopted for Iz, values of A around 1013 s-l were 
obtained from the general equation (22). This equation does not 
take into account solvent cage effects,34 which increase the ex- 
pected A values. 

It can be concluded that heavy-atom quenching is a complex 
problem still not completely understood and deserving further 
study. 
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Photochemistry of 3,4,9,1O-Peryienetetracarboxyiic Dianhydride Dyes. 4. 
Spectroscopic and Redox Properties of Oxidlred and Reduced Forms of the 
Bk( 2,5-dCfert-butyiphenyf) imide Derivative 

W. E. Ford,**+ H. Hiratsuka,* and Prashant V. Kamat* 

Radiation Laboratory, University of Notre Dame, Notre Dame, Indiana 46556 (Received: February 14, 1989) 

Four oxidation states of N,N'-bis(2,5-di-tert-butylphenyl)-3,4,9, IO-perylenebis(dicarb0ximide) (DBPI) are characterized 
electrochemically and spectroscopically. The oxidation of DBPI to its radical cation (DBPI'+) is irreversible and occurs 
at an electrode potential of about +1.1 V vs SCE. The reductions of DBPI to the radical anion (DBP1'-) and DBPY to 
the dianion (DBPIZ-) are reversible with reduction potentials of -0.73 and -0.96 V vs SCE, respectively. The radical anion 
is stable with respect to disproportionation. All three electron-transfer products of DBPI, which were produced either by 
radiolysis or by chemical reduction, have intense (e = lo5 M-l cm-I ) absorption bands in the visible or near-infrared region, 
with maxima near 600 nm (DBPI'+), 700 nm (DBP1'-), or 545 nm (DBP12-). The kinetic parameters of pulse radiolytic 
oxidation and reduction of DBPI are determined. and the redox potentials of the first excited singlet and triplet states of 
DBPI are estimated. 

Introduction 
The evaluation of dyes as potential photosensitizers for the 

mediation of energy and charge-transfer processes requires 
knowledge of their photophysical and redox properties.' We 
recently reportedZ on singlet and triplet excited-state properties 
of N,N'-bis(2,5-di-tert-butylphenyl)-3,4,9,1O-perylenebis(di- 
carboximide) (DBPI) 

(CH3)3C 9 C(CH,), 

(CH3)3C& C (CH n ) 3  

DBPI 

which is one of a series of highly fluorescent, intensely colored, 
and light-stable diimide derivatives of 3,4,9,1 O-perylenetetra- 
carboxylic dianhydride prepared by Rademacher et al. ( 1982).3 
In this paper, we examine the redox properties of DBPI, employing 
cyclic voltammetry to determine oxidation and reduction potentials 

'Present address: Center for Photochemical Sciences, Bowling Green State 
University, Bowling Green, OH 43403. 

*Present address: Department of Chemistry, Tokyo Institute of Tech- 
nology, Ohokayama, Meguro-ku, Tokyo 152, Japan. 

and radiolysis and chemical methods to determine the spectrmpic 
properties of the oxidized and reduced species. This information 
allows us to estimate the redox potentials of the singlet (SI) and 
triplet (T,) excited states of DBPI and to idetltify the products 
of electron-transfer reactions involving this dye. These properties 
are probably representative of this class of dyes in general because 
the basic chromophoric group is retained throughout. 

Experimental Section 
Materials. DBPI (from Aldrich) was treated as described 

earlier.2 Tetramethylammonium hydroxide (from Sigma) was 
the pentahydrate clathrate. Reagent-grade 1,2-dichIoroethane 
(1,2-DCE) was passed through a column of alumina (activated, 
neutral) prior to use. Reagent-grade acetone was treated similarly 
after distillation over potassium permanganate. All other solvents 
and chemicals were commercial products of reagent grade or better 
and were used as received. 

Methods. All experiments were carried out a t  ambient tem- 
perature (24 f 1 "C) unless noted otherwise. Absorption spectra 
were measured with a Cary Model 219 spectrophotometer (1-nm 
band-pass). Pulse radiolysis experiments were carried out as 
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