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Fluorescence quenching of aromatic hydrocarbons
by nitroxide radicals: a mechanismatic study
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ABSTRACT. The fluorescence quenching of phenanthrene (Phen), 9-cyanophenanthrene (CPhen), 9-cyano-
anthracene (CA), perylene (Per), 9,10-dicyanoanthracene (DCA), and 9,10-diphenylanthracene (DPA) using
stable nitroxide radicals as quenchers has been studied by steady state and flash photolysis measurements.
Both linearity and deviation from linearity in the Stern-Volmer plots have been observed. The active sphere
model was used to discuss the upward curvature of the Stern-Volmer plots in case of Per, DCA, and DPA.
The bimolecular quenching rate constant (kg) of Phen, CPhen and CA was found to be diffusion controlled
while in other cases it is lower than the diffusion limit. On the basis of flash photolysis measurements as
well as the overlap between the emission spectra of hydrocarbons and the absorption spectra of radicals,
a resonance energy transfer mechanism is taken place in case of Per, DPA, DCA, and CA. For Phen and
CPhen where the energy gap between the first excited singlet and the nearest lower triplet state is small,
an induced intersystem crossing was suggested. Finally, the quenching process was discussed in terms of
the free energy dependence (AG) of the electron transfer from nitroxide radicals to the excited hydrocarbons.

1. INTRODUCTION

Quenching of excited singlet and triplet states of aro-
matic compounds by paramagnetic species is becoming
highly important as many photochemical and biologi-
cal processes have free radicals as intermediates. The
quenching property of excited molecules by free radi-
cals are also interesting due to changes of spin multi-
plicity during quenching process. Due to high stability,
nitroxide radicals are convenient for model studies of
fluorescence quenching by doublet species. The more
recent use of fluorescence quenching by nitroxides is to
examine dynamical processes in biochemical systems
[1] and as the basis of a method for fluorimetric detec-
tion of radicals in condensed phases [2]. Several mecha-
nisms have been proposed for excited state quenching
by free radicals, e.g., exchange induced relaxation pro-
cesses (intersystem crossing and internal conversion)
[3, 4], electron transfer [5, 6] and energy transfer inter-
actions [7, 8]. The energy transfer can occur efficiently
because both the radiative and absorptive transitions
(*M* — M) and (3R — 2R*) are spin allowed. While
the mechanism of triplet quenching is interpreted by
triplet-doublet energy transfer and enhanced intersys-
tem crossing, the fluorescence quenching mechanism
still requires more information [9, 10].

In this study the fluorescence quenching of some aro-
matic hydrocarbons, such as phenanthrene (Phen), 9-
cyanophenanthrene (CPhen), 9-cyanoanthracene (CA),
perylene (Per), 9,10-dicyanoanthracene (DCA), and 9,10-
diphenylanthracene (DPA), by 2,2,6,6-tetramethyll-1-
piperidinyloxyl (TEMPO) and its 4-hydroxy derivative
(HTEMPO) as well as di-t-butylnitroxide (DTBN) radi-
cals (Scheme 1), has been studied by steady state and
flash photolysis measurements in different solvents.
Our objective is to assess the contribution of electron
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transfer to quenching of the excited singlet state of the
concerned hydrocarbons by nitroxide radicals.
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2. MATERIALS AND METHODS

The aromatic hydrocarbons (Aldrich except for DCA,
Kodak) were purified by sublimation (Phen) or recrystal-
lization from either ethanol or acetonitrile. The nitrox-
ide radicals were from Aldrich and used without fur-
ther purification. The solvents used (Fluka) were dried
over molecular sieve (3 A) followed by distillation un-
der nitrogen. The absorption and fluorescence spectra
were recorded by using a Shimadzu UV-3101 PC spec-
trophotometer and ISA Fluoromax-2 spectrometer, re-
spectively. The flash photolysis experiments were car-
ried out by using a home-built conventional flash pho-
tolysis equipped with a flash lamp having 2 us pulse
duration. The fluorescence lifetime was measured us-
ing ultrabright light emitting diodes as discribed else-
where [11]. The sample solutions (5 x 10~ mol dm~3)
were deoxygenated by purging with nitrogen for about
10 min. The concentration of the quencher (nitroxide
radicals) was in the range of 3 to 24 mM

3. RESULTS AND DISCUSSION

The efficiency of fluorescence quenching was deter-
mined from steady state fluorescence measurements.
The fluorescence intensities have been correlated to the
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Table 1. Fluorescence lifetime Ty (ns) and bimolecular quenching constant Kg (1 09 M~1s71) in different solvents.

CH3CN CH30H Cyclohexane

Fluorophore Ky Kq Ky
Tf TEMPO DTBN HTEMPO Tf TEMPO Tf TEMPO

Per 6.8 4.1 4.3 3.1 5.8 3.5 4.2 3.6
DPA 8.0 5.5 5.8 3.5 8.1 5.8 8.3 1.8
DCA 13.2 4.8 4.8 3.1 13.3 4.8 11.2 3.0
CA 16.5 23.9 23.6 19.5 13.7 20.3 12.9 13.2
Phen 60.7 10.1 9.1 7.6 54.4 5.9 57.5 7.4
Cphen 22.0 18.4 16.7 15.3 22.0 12.1 28.7 9.7

radical concentration using the Stern-Volmer relation
[12]

170= 1+Ksv[Q]=1+kq7r[Q], &Y

where Iy and I are the fluorescence intensities in ab-
sence and presence of quencher, respectively. Kgy is the
Stern-Volmer constant and [Q ] is the quencher concen-
tration. kg is the bimolecular quenching rate constant
and T is the fluorescence lifetime without quencher.
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Figure 1. Stern-Volmer plots for fluorescence quenching of
(a) CPhen and (b) DPA in CH3CN using nitroxide radicals
as quenchers.

Representative Stern-Volmer plots are shown in Fig-
ure 1. It has been observed that the plots are linear in
case of Phen, CPhen, and CA, while they show an up-
ward curvature, at radical concentrations higher than
9mM, in case of Per, DPA, and DCA. In such cases, Ksy
values were calculated from the linear part of the plots.
The bimolecular rate constants (k) calculated from Kgsy
and the measured Ty are presented in Table 1.
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Figure 2. Fluorescence spectra of DCA (5x10~6 mol dm =3,
Aex = 400 nm) recorded in CH3CN in presence of different
concentrations of TEMPO. The concentrations of TEMPO at
decreasing fluorescence intensities are; 0.0, 1.5, 3.0, 4.5,
6.0, 9.0 and 12.0 mM.

In the absence of any chemical reaction of the ex-
cited fluorophore, the positive deviation from the Stern-
Volmer relation may be due to ground state complex
formation or transient quenching [13]. Deviation due
to ground state complex formation is ruled out since
no changes were observed in the absorption spectra
of the hydrocarbons after addition of nitroxide radi-
cals. Also, the decrease of the fluorescence intensity
(see Figure 2) is not accompanied by appearance of any
new band which discards the possibility of exciplex for-
mation. Hence, transient quenching due to the active
sphere model [13] can be applied to explain such be-
haviour. According to this model

VN4
~ 1000

170 = expXT[Q] or

1n’7° - K7[Q] [Ql,
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Table 2. Radii of the quenching sphere (in A) for hydrocarbons in various solvents.

CH3CN CH30H Cyclohexane
Fluorophore TEMPO DTBN HTEMPO TEMPO TEMPO
Per 22.6 22.6 20.3 19.9 18.1
DPA 25.1 24.4 22.4 26.5 19.0
DCA 28.9 29.2 26.3 29.4 23.8

where Kt is the transient quenching constant, N4 is
Avogadro’s number and V is the volume of the active
sphere. If a quencher (one or more molecules) exists
within this volume at instant that the fluorophore be-
comes excited, static quenching is assumed to occur
instantaneously. According to equation (2) the plot of
InIy/I vs. [Q] is expected to be linear passing through
the origin. As an example, Figure 3 shows such plots for
the quenching of DPA by nitroxide radicals in CH3CN
(Per and DCA show similar behaviour). The radii of the
active sphere were calculated from the values of Kt
and shown in Table 2. The calculated radius of quench-
ing sphere is in the range of 18 to 29 A which is much
greater than the values for the collisional quenching (4-

6A)[13].
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Figure 3. Plots of Inly/I vs. radical concentration for the
quenching of DPA in CH3CN.

Since TEMPO, DTBN, and HTEMPO absorb radiation
appreciably over the emission maxima of Per, DPA,
DCA and CA (see Figure 4) resonance energy trans-
fer can be considered as a possible mechanism for
quenching of the excited singlet state of these hydro-
carbons. The energies of the first excited singlet states
of Per, DPA, DCA, and CA are in the range of 66.7
to 71.2kcal mol~!, while the doublet energies of the
radicals estimated from the first absorption bands are
about 47kcal mol~!. The absorption band of nitrox-
ide radicals around 460 and 477 nm in CH3CN and cy-
clohexane, respectively, is so broad that the spectral
overlap between the fluorescence of the hydrocarbon
molecules and the absorption of the radicals is signifi-
cant [7, 8]. Since nitroxide radicals are nonfluorescent,
the energy transfer mechanism cannot be confirmed by
doublet-doublet emission. Flash photolysis measure-
ments with Per, DPA, DCA, and CA in CH3CN show a
decrease in the absorbance of triplet-triplet absorption
immediately after flashing upon addition of TEMPO.

The triplet decay was almost constant. This implies that
fluorescence quenching of these hydrocarbons is not
due to intersystem crossing.
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Figure 4. Normalized fluorescence spectra of Per, DPA and
DCA as well as the absorption spectrum of TEMPO (0.02 M)
measured in CH3CN.

For Phen and CPhen, where there is no overlap be-
tween the emission spectra of both hydrocarbons and
the absorption spectra of radicals, and in correspon-
dence with the higher energies of their first excited
triplet states an induced intersystem crossing is highly
contributing to fluorescence quenching in such cases
[14]. The energy of the first excited triplet state is
62.13 and 58.30 Kcal mol~! for Phen and CPhen, respec-
tively, which is much higher compared to 41.43 and
41.97 kcal mol~! for DPA and DCA, respectively [15].
The higher energy of triplet states in Phen and CPhen
renders the energy gap between the excited singlet state
and the nearest lower triplet state smaller, thus enhanc-
ing intersystem crossing [15].

The lack of observation of transients other than the
triplet makes the elucidation of the quenching mecha-
nism more difficult. However, the role of charge trans-
fer in quenching of excited singlet state of the con-
cerned hydrocarbons can not be neglected. To find out
whether such a reaction is thermodynamically feasible
in the excited state, the free energy change (AG) has
been calculated using the Weller equation [16]

e2

41T€0€EGR’ )

AG =B - EiS3~ B -
where EP¥, and E[$} are the oxidation and reduction
potentials of the donor (nitroxide radicals) and the ac-
ceptor (hydrocarbons) respectively. E(jo is the energy
of the singlet-singlet transition of the excited donor or
acceptor. The fourth term is the Coulomb stabilization.
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Table 3. Redox potentials and energy of the lowest (0,0) excited singlet transition as well as the free energy change (AG)
for the electron transfer reaction from nitroxide radicals to the excited hydrocarbons in CH3CN.

Hydrocarbon Per DPA DCA CA Phen  CPhen
E{E/%(V)“ -1.67 -1.94 -0.98 -1.58 -244 -1.88
E&O(eV) 2.82 3.16 2.89 2.97 3.57 3.62
Quencher AG (eV)

DTBN (0.56) -0.59 -0.66 -1.36 -0.83 -0.57 -1.18
TEMPO (0.63) -0.52 -0.59 -1.29 -0.76 -0.50 -1.11
HTEMP (0.68)0 —-0.47 —-0.54 -1.24 -0.71 -0.45 -1.06

Values in parenthesis are the oxidation potentials of radicals and were taken from [6]

2 Data were taken from Reference [19].

In highly polar solvents such as CH3CN this term is neg-
ligible [17].

As seen from Table 2, the electron transfer reaction
from the radicals to the excited hydrocarbons is highly
exothermic and energetically favourable. Also, in all
cases the rate constants are found to be the small-
est for HTEMPO, which may be due to low AG val-
ues. In addition, the bimolecular quenching rate con-
stant decreases with decreasing solvent polarity. In
fact, the electron transfer mechanism can also explain
the higher values of k; in case of CA and CPhen com-
pared to DCA. According to Marcus theory [18], the rate
of electron transfer reaction decreases in the highly ex-
ergonic region. Thus, we suggest that electron transfer
is playing a significant role in quenching of Per, DPA,
DCA, CA, Phen, and CPhen excited singlets.
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