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Abstract

The ¯uorescence quenching rate constants of pyrene monomer and excimer by CH3I were obtained at several

temperatures in methylcyclohexane. Both quenching processes are kinetically controlled, allowing insight on the

mechanism of quenching. The rate constants have both temperature-independent and temperature-dependent com-

ponents. The temperature-independent component for both monomer and excimer ¯uorescence is consistent with

quenching due to enhanced intersystem crossing to a lower energy triplet state. The monomer temperature-dependent

component comes from the enhancement of the intersystem crossing to a higher energy triplet state. The thermally

activated excimer quenching is associated with the excimer dissociation step to give a pyrene in a second triplet state

plus a ground state pyrene molecule. Ó 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The quenching of the ¯uorescence by heavy
atoms was identi®ed as physical quenching by
Perrin in 1926 [1,2]. Afterwards, the theoretical
and experimental results of McClure [3] and the
detection by Kasha [4] of a yellow color due to the
enhancement of the T1  S0 transition of a-chlo-
ronaphthalene when mixed with ethyl iodide, de-
®nitively demonstrated the heavy-atom e�ect.

Fluorescence quenching results from the en-
hancement of the intersystem crossing radiation-

less transition and is e�ective when the heavy
atom perturbs the spin±orbit coupling which re-
quires the overlap of the orbitals of both the heavy
atom and the ¯uorophore [5]. To be an e�ective
quencher the heavy atom should be present in the
¯uorophore (internal heavy atom) or in a quencher
molecule (external heavy atom) in proximity of the
¯uorophore [5,6].

Following the initial studies of McClure and
Kasha, several quenching measurements were
performed with aromatic molecules in liquid so-
lution [7±14], in low temperature matrices [14±16],
in doped molecular crystals [17±19], or forming
rare-gas van der Waals clusters [20±22].

The external heavy-atom quenching is usually
treated as a bimolecular process with rate constant
dependent on the nature of the quencher. The
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quenching occurs when the quencher is in the
proximity of the ¯uorophore and two main mech-
anisms have been invoked to interpret experimen-
tal results: electron exchange [23±25] and charge
transfer [11±13,26±29]. For ine�cient quenchers
and once the quenching occurs without the for-
mation of a stable complex, the bimolecular rate
constant is simply given by the increase of the
intersystem-crossing rate constant divided by the
molecular volume (Mÿ1) of the encounter complex
[30]. In this case the quenching and the intersys-
tem-crossing rate constants should be correlated.
Indeed, Patterson and Rzad [31] observed that the
quenching rate constant of several aromatic ¯u-
orophores by cesium chloride varies linearly with
the ¯uorophore intersystem-crossing rate constant
and Dreeskamp and Pabst [32] obtained a linear
correlation between the log of the quenching rate
constant of substituted anthracenes by iodopro-
pane and the intersystem-crossing activation en-
ergy.

Following our previous results on the quench-
ing of pyrene by alkyl iodides at room tempera-
ture [24], the quenching of pyrene by iodomethane
(CH3I) was studied at several temperatures.
Iodomethane was chosen since the quenching is
reaction limited and on the other hand pyrene
and iodomethane do not form stable complexes.
The contribution of the charge transfer process to
the quenching is negligible since solvent polarity
does not in¯uence the quenching rate constant
[24].

Using several concentrations of pyrene the
quenching rate constants of the excited monomer
and excimer were obtained. The quenching from
both the excited monomer and excimer proceeds
by both temperature-independent and tempera-
ture-dependent channel routes.

2. Kinetic scheme

The ¯uorescence spectrum of concentrated py-
rene solutions is composed of a structured band in
the blue associated with the monomer emission
and a broad one at longer wavelengths character-
istic of the excimer emission. Both monomer and
excimer ¯uorescence intensities decrease in the
presence of quenchers [24]. The kinetics can be
described by Scheme 1, where k1 describes the
excimer (1D�) formation step occurring when an
electronically excited monomer (1M�) encounters a
ground state monomer (1M). Once formed the
excimer can dissociate back with rate constant kÿ1

to regenerate the excited plus ground state mono-
mers. Both the excited monomer and excimer can
still decay with intrinsic rate constants kM and kD,
or be quenched with rate constants kQM and kQD,
respectively.

After a d-pulse of excitation light the monomer
¯uorescence intensity decays as a sum of two ex-
ponential terms,

IM�t� � a1 exp�ÿk1t� � a2 exp�ÿk2t� �1�
while the excimer ¯uorescence intensity is de-
scribed by a di�erence of two exponential terms,

ID�t� � a3 exp�� ÿ k1t� ÿ exp� ÿ k2t�� �2�
where

2k1;2 � X� � Y � �
���������������������������������������������
Y ÿ X� �2 � 4k1 M� �kÿ1

q
�3�

with

X � kM � k1 M� � � kQM Q� �;
Y � kD � kÿ1 � kQD Q� � �4�

and

Scheme 1.
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a2

a1

� X ÿ k1� �
k2 ÿ X� � : �5�

The above equations are valid in the case of
time-independent rate constants for the excimer
formation and quenching rate constants. This is a
reasonable approximation for low viscosity sol-
vents (k1 can be considered constant in the ns time
range) and for ine�cient quenchers (kQM and kQD

are not di�usion controlled). The monomer and
excimer quenching rate constants can be obtained
from the long decay constant, k1. Indeed for low
pyrene concentrations,

k1 � kM � k1�M� � kQM�Q� �6�
and for very high pyrene concentrations,

k1 � kD � kQD Q� � �7�
while for all concentrations,

k1 � k2 � kM � kD � k1 M� �
� kÿ1 � kQM� � kQD� Q� �: �8�

The slopes of the straight lines predicted by
Eqs. (6) and (7) for the variation of k1 with the
concentration of quencher give directly kQM and
kQD, while from Eq. (8) the sum of the quenching
rate constants are obtained.

3. Experimental

Pyrene from Fluka was zone re®ned. Iodo-
methane, (CH3I) Aldrich-Gold Label, was used
without further puri®cation. Methylcyclohexane
(Merk-Uvasol) was used as received. Solutions of
pyrene in methylcyclohexane (2:0� 10ÿ6, 1:0�
10ÿ3 and 5:2� 10ÿ2 M) with the quencher (0±0.4
M) were prepared and kept in the dark to avoid
photodegradation. The solutions were degassed
using the freeze±pump±thaw technique and sealed
under a vacuum better than 10ÿ5 Torr. The UV±
VIS absorption spectra were recorded in a Perkin±
Elmer (model Lambda 15) spectrophotometer.
Fluorescence spectra were obtained in a Spex
Fluorolog 112 spectro¯uorometer. Fluorescence
decay curves were obtained by the single photon
timing technique using picosecond laser excitation.

The 327 nm excitation pulse (5±6 ps) was achieved
by doubling the output light of a Coherent 701-2
dye (DCM) laser synchronously pumped by a
mode-locked Coherent Innova 400-1 argon ion
laser. Neutral density ®lters were used in the ex-
citation pathway in order to avoid degradation
of the samples. The monomer ¯uorescence �k �
376 nm� and the excimer ¯uorescence �k � 520
nm� were selected by a Jobin-Yvon HR320 mono-
chromator with a grating of 100 lines mmÿ1 and
detected by a Hamamatsu 2809U-01 microchannel
plate photomultiplier. Two sets of experiments
were performed for each sample and no signi®cant
di�erences were observed from one to the other set
of decay measurements. This indicates that pho-
todegradation during the experiments is unim-
portant. The temperature was controlled with a
precision better than 0.5°C by means of an Oxford
Instruments liquid nitrogen cryostat (DN 1704)
for temperatures up to room temperature or by a
home built thermostat for higher temperatures.
Decay curves were analyzed using an iterative
reconvolution method based on the algorithm of
Marquardt [33,34].

4. Results and discussion

The UV±VIS absorption spectra of pyrene do
not vary in the presence of the quencher, showing
that no ground state complexes are formed be-
tween pyrene and CH3I in the range of quencher
concentrations used. Fig. 1 shows the ¯uorescence
spectra of a 1:0� 10ÿ3 M pyrene solution in
methylcyclohexane without quencher and with a
concentration of 0.2 M of CH3I.

Both the pyrene monomer and excimer emis-
sions decrease in the presence of the quencher. The
shapes of the ¯uorescence spectra of a 1:0� 10ÿ3

M pyrene solution in the presence and in the ab-
sence of quencher are invariant with pyrene exci-
tation at 368 nm �S1  S0� or at 345 nm �S2  S0�
transition. This excludes the possibility of other
species absorbing in the 360 nm wavelength re-
gions where pyrene absorption is very low �e �
100 Mÿ1 cmÿ1�. On the other hand the excita-
tion spectra of pyrene dilute solutions at several
emission wavelengths covering the monomer and
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excimer regions are identical and reproduce the
UV absorption spectrum. Both the UV±VIS ab-
sorption and ¯uorescence measurements point to
the absence of stable pyrene±pyrene and pyrene±
CH3I aggregates.

The decay curves of dilute pyrene solutions
(2:0� 10ÿ6 M) in the absence and presence of
CH3I are single exponential with decay constant
k1. This decay constant increases with the con-
centration of CH3I, due to pyrene monomer ¯uo-
rescence quenching. For concentrated pyrene
solutions (1:0� 10ÿ3 and 5:2� 10ÿ2 M), the exci-
mer decay curves recovered at kem � 520 nm where
monomer emission is negligible, grow with a fast
rise time component �s2 � 1=k2� and decay with a
long lifetime �s1 � 1=k1�. The monomer decays as
a sum of two exponentials with lifetimes similar to
the ones recovered from the corresponding exci-
mer decay curves. The global analysis of both

curves allows the determination of common life-
times for both decays and the ratio of the pre-ex-
ponential factors. The ratio of the pre-exponential
factors for the excimer decay is close to ÿ1.0 as
predicted by Eq. (2), while the ratio for the
monomer is dependent on both pyrene and
quencher concentrations (Eq. (5)).

Fig. 2A and B show the plot of the long decay
component, k1, versus the concentration of CH3I
at two temperatures for dilute (2� 10ÿ6 M) and
concentrated (5:2� 10ÿ2 M) pyrene solutions, re-
spectively.

Both plots are linear according to Eqs. (6) and
(7) and from the respective slopes the monomer,
kQM, and the excimer, kQD, quenching rate con-
stants were obtained. The intercepts give the in-
trinsic rate constants of the monomer (kM) and
excimer (kD) for dilute and concentrated pyrene
solutions, respectively. The sum of decay con-
stants, k1 � k2, should also be linear with the
concentration of CH3I at each temperature as
predicted by Eq. (8). Fig. 3A shows that this re-
lation is indeed observed and from the slope the
sum of the quenching rate constants, kQM � kQD,
were obtained.

These values, plotted in Fig. 3B for several
temperatures, compare well with the sum of the
quenching rate constants obtained from very di-
lute (2:0� 10ÿ6 M) and very concentrated (5:2�
10ÿ2 M) pyrene solutions.

This con®rms that kinetic Scheme 1 is obeyed
and that the quenching rate constants are correctly
obtained from the procedure described above.

Fig. 4A and B show the variation of kQM and
kQD with the reciprocal of temperature.

The variation of both quenching rate constants
with temperature can be ®tted by the equation

ki � ki0 � Ai exp�ÿEi=RT � �9�

where the ®rst term describes the non-activated
processes, while the second considers the activated
ones. The values for both monomer and excimer
quenching rate constants of the non-activated
processes �kQM0; kQD0� as well as the pre-exponen-
tial values �AQM;AQD� and the activation energies
�EQM;EQD� for the activated ones are shown in
Table 1.

Fig. 1. Fluorescence spectra of a 1:0� 10ÿ3 M pyrene solution:

(±±) without quencher, (- - -) with 0.2 M of CH3I.
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The intrinsic rate constants for the deactivation
of the monomer (kM) and of the excimer (kD) vary
with temperature as shown in Fig. 5A, B.

The ®t of kM and kD to Eq. (9) allows the
determination of the rate constants for the non-
activated processes �kM0; kD0� and of the pre-expo-
nential factors �AM;AD� and activation energies
�EM;ED� of the activated ones. The values of the
®tted parameters are also included in Table 1.

The bimolecular quenching rate constants, kQI

(Mÿ1 sÿ1), are at least two orders of magnitude
smaller than the rate constant for a bimolecular
di�usion controlled process and can be related to
the enhancement of the unimolecular spin-forbid-
den processes with rate constant, DkQI (sÿ1). The
quenching should proceed by formation of a mo-
mentary encounter complex between the ¯uoro-
phore (I) and the quencher Q, with rate constants

kd and kÿd for the formation and dissociation
steps, respectively.

I� �Q ¢
kd

kÿd

�IQ�� !DkQI

I�Q

and then

kQI � DkQIkd

DkQI � kÿd

� DkQIKQI

1� DkQI

kÿd

; �10�

KQI � kd=kÿd being the equilibrium constant for
the formation of the encounter complex. For an
ine�cient quenching,

DkQI

kÿd

� 1 �11�

and then

kQI � DkQIKQI: �12�

Fig. 2. (A) Plot of the decay constant k1 for a dilute solution of pyrene (2:0� 10ÿ6 M) versus CH3I concentration at ( ) 22°C and (m)

80°C. (B) Plot of the decay constant k1 for a concentrated solution of pyrene (5:2� 10ÿ2 M) versus CH3I concentration at ( ) 25°C

and (m) 70°C.
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A more general derivation of Eq. (12) that in-
cludes the lifetime of the ¯uorophore has been
already described [30]. In the absence of strong
electrostatic interactions between I and Q, the
equilibrium constant is simply the molar volume
V QI of the transient encounter complex, [30] and
then

DkQI � kQI

V QI

�13�

where the encounter complex molar volume is
given by

V QI � 4
3
p�rI � rQ�3NA; �14�

rI being the radius of the monomer or excimer, rQ

the radius of the quencher and NA the AvogadroÕs
number. The molar volumes for the monomer,

V QM � 0:52 Mÿ1, and excimer V QD � 0:83 Mÿ1

were calculated knowing the radius of pyrene
monomer, rM � 3:5 �A, excimer, rD � 4:5 �A and
quencher, rQ � 2:4 �A [35]. The molar volumes are
close to 1 Mÿ1, which implies that the magnitude
of the bimolecular quenching rate constants and of
the corresponding Dk are similar.

In order to discuss the rate constant activation
energies, the energy level diagram of pyrene
monomer singlet and triplet states and the ®rst
excimer singlet state are shown in Fig. 6 [6,36].

The activation energy for the quenching pro-
cess of the monomer (EQM � 2:2 kcal molÿ1) is
similar to that determined for the variation of kM

(EM � 2:3 kcal molÿ1). These values agree with the
ones found by Stevens [37±39] and Jones [40]. As
the heavy atom is not expected to perturb the
singlet±singlet transitions (¯uorescence and inter-

Fig. 3. (A) Variation of the sum of the decay constants, k1 � k2, with temperature for a pyrene solution 1:0� 10ÿ3 M: ( ) 25°C (d)

50°C (m) 70°C (r) 80°C (.) 90°C. (B) Comparison of kQM � kQD obtained from 1:0� 10ÿ3 M pyrene solution (d) with the sum of kQM

and kQD (s) obtained from dilute (2:0� 10ÿ6 M) and concentrated (5:2� 10ÿ2 M) solutions of pyrene, respectively.
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nal conversion) the activation energy is likely to
be associated with the intersystem crossing to a
higher triplet state. For pyrene, the activated in-
tersystem crossing occurs to the second triplet
state, T2, which is practically isoenergetic with the
singlet state (DT2S1

� 0:86 kcal molÿ1). The inter-
system crossing to the third triplet state, T3, is
negligible since the triplet±singlet energy gap is
very high, DT3S1

� 25:5 kcal molÿ1. However, the

value of 2.2 kcal molÿ1 is higher than the singlet±
triplet splitting, DT2S1

� 0:86 kcal molÿ1, and can
be explained by the possibility of accessing higher
vibronic levels of S1 strongly coupled to the triplet
manifold. The association of the activation energy
with the solvent viscous ¯ow process was excluded
by Stevens et al. [37], who obtained similar acti-
vation energies in both ethanol and para�n oil.
The rate constant for the non-activated process,

Fig. 4. (A) Monomer ¯uorescence quenching rate constant versus the reciprocal of temperature: ( ) experimental points; (±±) best ®t

to Eq. (9). (B) Excimer ¯uorescence quenching rate constant versus the reciprocal of temperature: ( ) experimental points; (±±) best ®t

to Eq. (9).

Table 1

Rate parameters for pyrene monomer (M) and excimer (D) decay and ¯uorescence quenching

kM0=sÿ1 AM=sÿ1 EM=kcalmolÿ1 kD0=sÿ1 AD=sÿ1 ED=kcalmolÿ1

1:7� 106 2:7� 107 2.3 1:5� 107 1:5� 109 3.8

kQM0=Mÿ1 sÿ1 AQM=Mÿ1 sÿ1 EQM=kcalmolÿ1 kQD0=Mÿ1 sÿ1 AQD=Mÿ1sÿ1 EQD=kcalmolÿ1

4:1� 107 2:5� 109 2.2 1:9� 107 1:2� 1014 10.6

kM0, kD0, kQM0, kQD0 ± rate constants for non-activated processes of decay and quenching of monomer and excimer; AM, AD, AQM,

AQD ± pre-exponential factors of the activated processes for decay and quenching of monomer and excimer; EM, ED, EQM, EQD ±

activation energies for decay and quenching of monomer and excimer.
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kM0 � 1:7� 106 sÿ1, is the sum of the rate con-
stants for the radiative process plus the non-acti-
vated intersystem crossing to the low lying triplet
state, T1. The internal conversion in pyrene is
likely to be negligible since the S1±S0 energy gap is
very high (DS1S0

� 77 kcal molÿ1) implying a very
low Franck±Condon factor between the zero-vib-
rational level of S1 and the isoenergetic vibrational
level of the ground state. The radiative rate con-
stant is considered temperature independent since,
kf � kf0 � n2 where kf0 is solvent and temperature
independent and the refractive index n is a slowly
varying function of T. Iodomethane can be con-
sidered e�ective in removing the spin prohibi-
tion, since the intersystem crossing rate constant
kisc

M0 � 105 sÿ1 [41] and DkQM0 � 7:9� 107 sÿ1. A
similar conclusion can be extracted from the com-
parison of the values of the pre-exponential factors
of the activated processes (AM � 2:7 � 107 sÿ1 and
DAQM � 4:8� 109 sÿ1). The pre-exponential fac-

tors consider the intersystem crossing at in®-
nite temperature, from a high vibrational level
of S1 to an isoenergetic vibrational level of T2.
The higher values for the activated processes are
justi®ed by most favorable Franck±Condon fac-
tors resulting from the lower singlet±triplet en-
ergy gap (DT2S1

� 0:86 kcal molÿ1 and DS1T1
� 28:6

kcal molÿ1).
In dilute pyrene solutions the sum of the

monomer ¯uorescence quantum yield �UM�, and of
triplet state production �UT� is unity due to the
negligible internal conversion process. At high
concentrations when pyrene excimer is formed,
Medinger and Wilkinson [42] showed that the sum
of the quantum yields of monomer ¯uorescence
�UM�, excimer ¯uorescence �UD� and triplet state
production �UT� is lower than unity. In order to
interpret the results they assume that, besides the
back reaction, the excimer decays also by the fol-
lowing processes

Fig. 5. (A) Monomer intrinsic decay rate constant versus the reciprocal of temperature: ( ) experimental points; (±±) best ®t to Eq. (9).

(B) Excimer intrinsic decay rate constant versus the reciprocal of temperature. ( ) experimental points; (±±) best ®t to Eq. (9).
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�i� 1D�!kfD
2 1M� hmD

�ii� 1D�!kiD
2 1M

�iii� 1D�!ktD 3M� � 1M

where kfD is the radiative rate constant, kiD the
internal conversion rate constant and ktD describes
the dissociation of the excimer to give a pyrene in
an excited triplet state plus a singlet ground state
molecule. The reciprocal intrinsic lifetime of the
excimer (see Scheme 1) is then given by the sum of
the above processes:

kD � kfD � kiD � ktD: �15�
The process (iii) is spin forbidden and should be

in¯uenced by the external heavy-atom e�ect.
The rate constant of the non-activated pyrene

excimer quenching, DkQD0 � 2:3� 107 sÿ1, is of
the same order of magnitude of the corresponding
one for the monomer quenching (DkQM0 � 7:9�
107 sÿ1), and is associated with the intersystem

crossing to the lower dissociative triplet state of
the excimer. Both the pre-exponential factor and
the activation energy for the activated quenching
are very high. These values can be explained if the
quenching proceeds by the enhancement of the
excimer dissociation step (iii) according to

1D� �Q! 3M� � 1M�Q

Indeed, the activation energy is higher than the
value reported for the pyrene excimer binding en-
ergy (9±10 kcal molÿ1) [6,43] but very close to the
energy gap (DT2SD

1
� 10:3 kcalmolÿ1) between the

singlet state of the excimer (SD
1 � 67:5 kcalmolÿ1)

and the second triplet state of pyrene (T2 �
77:8 kcalmolÿ1). The value of the pre-exponential
factor, 1:2� 1014 sÿ1, is typical of a vibrational
frequency and can be associated with the fre-
quency of pyrene excimer dissociation mode. A
similar value (5:2� 1014 sÿ1) was obtained for
the pre-exponential factor of the Arrhenius plot
of the excimer dissociation rate constant, kÿ1.
These rate constants were calculated, at each

Fig. 6. Energy level diagram of pyrene monomer singlets (Si) and triplets (Ti) and ®rst excimer singlet (SD
1 ). Singlet energies in light

petroleum [6]; triplet energies in EPA (T1) and PMMA (T2, T3, T4) at 77 K [6,36].
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temperature, from the parameters of the global ®t
of the monomer and excimer decays of a 1:0�
10ÿ3 M pyrene solution using Eqs. (3)±(5).

The activation energy for the excimer quench-
ing is di�erent from the activation energy of kD.
This is not surprising since kD has a contribution
from the internal conversion process that is ex-
pected to be only slightly in¯uenced by the
quencher. The excimer internal conversion occurs
by the relative motion of the two pyrene moieties
with activation energy similar to the viscous ¯ow
activation energy [44]. However, the value found,
ED � 3:8 kcal molÿ1, is higher than the viscous
¯ow activation energy, Eg � 2:5 kcal molÿ1, which
was also observed in other solvents [45]. This could
be explained by a small contribution to kD of the
dissociation process (iii) whose activation energy is
higher than the viscous ¯ow activation energy. The
®t of kD with a sum of two activation terms is also
possible if the activation energies are ®xed to Eg

and EQD, con®rming our reasoning and the com-
plexity of the variation of kD with temperature.

5. Conclusions

The quenching rate constants for pyrene
monomer and excimer by CH3I in methylcyclo-
hexane at several temperatures can be described as
a sum of non-activated and activated processes.
The CH3I is e�ective in promoting the increase of
the intersystem-crossing rate by a factor of �103.
In both pyrene monomer and excimer the non-
activated processes result from the increase of the
intersystem-crossing rate constant from the excited
singlet state to a lower triplet state. The activated
processes in pyrene monomer result from the en-
hancement of the intersystem crossing to the T2

triplet state. The quenching activated process of
the excimer results from the enhancement of the
excimer dissociation step to give a pyrene molecule
in a triplet state plus a ground state molecule. This
spin-forbidden process competes with the spin-
allowed back excimer dissociation reaction. Both
excimer dissociation steps have high pre-expo-
nential factors that are associated with the fre-
quency of the excimer dissociation mode.
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