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Fluorescence quenching of aromatic hydrocarbons in a large concentration range of the quencher has
been studied in a variety of two-component mixtures of tetrachloromethane with other solvents. In
aliphatic solvents the process could be described by the Stern-Volmer equation, whereas in the remaining
mixtures the fluorescence quenching curves showed a parabolic behaviour which has been explained in
terms of specific interactions between the components of the mixtures.

1. Introduction ferent solvents. We discuss a second kinetic scheme
— different from that discussed in paper I —
which gives a parabolic concentration dependence,
too.

It has long been known that halomethanes,
especially CCly, quench the fluorescence of
aromatic hydrocarbons in solution [1 —7]. This is
accompanied by the appearance of free radicals 2. Experimental
whose generation provides the main pathway of
the quenching [4, 8 — 10].

Lewis and Ware [11] have presented an extended
model for the fluorescence quenching of aromatic
hydrocarbons by CCl, including the influence of
the wavelength of the exciting radiation on the
quenching efficiency and the role of an exciplex,
generating photoproducts.

In the preceding paper I [12] we measured the
fluorescence quenching of anthracene in binary
mixtures of CCl, with benzene, p-xylene or
mesitylene. In these mixtures the relative quantum
yield ¢y/¢ as function of the CCl, concentration
shows a parabolic curve. We interpreted this
parabolic behaviour assuming two quenching
species — free CCly molecules and CCly-solvent
molecular complexes — as quenchers having dif-
ferent quenching constants.

In this paper we present measurements on other
fluorescing aromatics in three mixtures and on
anthracene in mixtures of CCl, with seventeen dif-

Anthracene and all the solvents were either of
spectrograde purity or pure for fluorescence
reagents and were used as supplied. The other
hydrocarbons were purified by column chromato-
graphy on silica gel using a cyclohexane-benzene
(1:1 and 2:1 v/v) mixture as the developing sys-
tem. Their purity was monitored by TLC, the spots
being detected under a mercury lamp equipped
with an appropriate filter. Both the absorption and
fluorescence spectra of the purified compounds
resembled those reported in the literature.

The luminescence spectra were measured on a
modular spectrofluorimeter according to Jasny
[13], the absorption spectra with a Carl Zeiss
Specord UV-VIS spectrophotometer.

The quantum yields ¢ we measured with
quinine sulphate as a standard (¢ = 0.51 [14]), cor-
rected for variations in the refractive index and ab-
sorbance readings due to varying composition of
the solutions and for reabsorption. Some of the re-
sults are presented by the intensity ratio J,/J. For
excitation the mercury line 366 nm was used.
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Institute of Physical Chemistry, Polish Academy
of Sciences). The lifetimes were determined by the
plane-phase method [15].

3. Results

A) The fluorescence quenching of the different
hydrocarbons in two-component mixtures of
CCl, with cyclohexane, benzene and ace-
tonitrile.

The fluorescence spectra of some aromatic
hydrocarbons in the above two-component mix-
tures display no significant difference compared
with those taken in the pure solvents. In CCly-
cyclohexane and CCly-acetonitrile, the spectrum
shifts slightly to the red only, increasing the CCly
concentration. No additional emission indicating
the presence of other species, e.g. a hydrocarbon-
CCl, exciplex, can be noted in the spectrum. In the
CCly-cyclohexane mixture, the reciprocal relative
fluorescence intensity J,/J or quantum yield ¢q/¢
grows monotonically with increasing CCl, concen-
tration. In the CCl-benzene and CCl,-acetonitrile
mixtures, on the other hand, one observes a
parabolic dependence with a maxmimum. This
behaviour was observed for perylene, pyrene,
anthracene, the 9,10-dimethyl-, 9,10-diphenyl-, 2-
methyl-, and 9-methyl anthracene derivatives, for
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Fig. 1. Fluorescence quenching
anthracene (c=1.6x 104 M) by
benzene 2, and cyclohexane 3.

curves of 9,10-dimethyl-
CCly in acetonitrile 1,

Studies of Polycyclic Aromatic Hydrocarbons

1291

benz[a]anthracene and dibenz[a, h]lanthracene. Ex-
amples are shown in Figures 1 —35.
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Fig. 2. Fluorescence quenching curves of dibenz[a, h]Janthracene
(c=1.6x10"*M) by CCl, in acetonitrile 1, benzene 2, and
cyclohexane 3.
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Fig. 3. Fluorescence lifetime of perylene 1 (c =3 X 105 M) and
the magnitudes of ¢y/¢p (—-0O—-0-0-) 2 and 15/7
(— ®— ® — ® —) 3 as functions of CCly concentrations in the
mixtures with cyclohexane.
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Fig. 4. Fluorescence lifetime of perylene 1 (c=3%x10""M)
and the magnitudes of ¢y,/¢ (-0 -0 —-0-) 2 and 73/7

(- ®— ® — ® —) 3 as functions of CCly concentrations in the
mixtures with benzene.
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Fig. 5. Fluorescence lifetime of perylene 1 (¢ = 3 x 10~ M) and
the magnitudes of ¢y/¢ (-O0O-0-0-) and 7,/7
(—®—®— @ —) 2 as functions of CCly concentrations in the
mixtures with acetonitrile.

Most of them show the parabolic shape of the
fluorescence quenching curves already reported for
perylene [3] and anthracene [12]. Exceptions
provide 9,10-diphenylanthracene and dibenz[a, h]-
anthracene (Fig. 2) for which the relation J,/J
= f[CCl,] exhibits no peak, but merely a distinct
curvature in the CCly-benzene mixture.

The linear Stern-Volmer equation can describe
the fluorescence quenching by CCl, over the whole
concentration range for the solvents cyclohexane
and some related compounds only. In some cases a
small positive deviation from the straight Stern-
Volmer line is observed, indicating a contribution
of a static quenching (Figure 6).

In the cases of a parabolic curve we calculated a
Stern-Volmer quenching constant (Ksy Table 2)
from the inclination at zero concentration.

Table 1.
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Fig. 6. Fluorescence quenching curves of anthracene

(c=1.6x10"*M) by CCl, in methylcyclohexane 1, n-pentane 2
and n-hexane 3.

The efficiency of fluorescence quenching by the
action of CCly is strongly dependent on the
polarity of the solvent, being the highest in aceto-
nitrile and the lowest in cyclohexane, as well as on
the nature of the fluorescing hydrocarbon, as
shown by the results listed in Table 1.

B) The solvent effect on the fluorescence
quenching of anthracene by tetrachloro-
methane

The fluorescence quenching of anthracene has

been studied in seventeen mixtures of CCl, with the
solvents named in Table 2 (the concentration of

Parameters of the fluorescence quenchmg of aromatic hydrocarbons by CCly in two-component mixtures with

cyclohexane, benzene and acetonitrile Ky = k7 (M~ 1) for [Q] = 0; kg M~ 1y
Donor Ionization Cyclohexane Benzene Acetonitrile

potential £=2.02 £=2.27 £=37.5

IP (eV)

Ksy kgx10~" Ksy kgx10~® Ksy kqx10~%

Anthracene 7.43 0.90 2.22 6.4 18.77 27.0 59.47
2-Methylanthracene - 1.82 - 6.87 - 23.67 -
9-Methylanthracene - 1.32 - 12.96 - 42.14 -
9,10-Dimethylanthracene - 4.78 - 24.38 32.2b¢ 72.22 -
9,10-Diphenylanthracene 7.53 1.20 - 3.40 7.365¢ 18.25 -
Pyrene 7.55 0.3 0.15% 5.6 —~ 15.2 6.13%d
Perylene 7.07 0.037 0.070 0.60 1.19 3.93 9.33
Benz[a]anthracene 7.45 0.133 0.106% 1.08 - 3.67 -
Dibenz[a, h]anthracene 7.80 0.205 0.171° 0.38 - 0.68 ==

a For calculations the fluorescence lifetimes in non-deaerated cyclohexane solutions were used as reported in [16].

The fluorescence lifetimes in non-deaerated solutions were calculated from equation 1/7 = 1/r0+k [0,].

¢ 15 and kq values as reported in [17] were used for calculations. The oxygen concentrations in benzene were taken from [18].

7 »alues were taken from (19] and those of k, from [20]. Both the oxygen concentration in acetommle under the air pressure of
1 atm, and the oxygen content in the air (20. 95%) were calculated from equation [O,] = 8 x 1073 p (atm) [21].
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Table 2. Parameters of the fluorescence quenching of anthracene
(c=1.6x10" M) by CCl4 in various solvents (non-deaerated solutions)
Ksy = kgt (M~ )k M~ Y, 7 (ns)

Solvent Ksy kq X 10°° T &
Found Lit.
n-Pentane 0.770 - - - 1.844
n-Hexane 0.580 0.136 0.21f 3.56%¢ 1.894
Methylcyclohexane 0.903 - - - 2.020
Cyclohexane 0.908 0.224 0.19f 4.06 2.023
0.258
Benzene 5.620 1.65 1.40f 3.41 2.284
p-Xylene 4.070 1.20 - 3.39%4 2.270
Mesitylene 3.270 - - - 2.279
1,4-Dioxane 6.85 2.06 - 3.332 2.235
Di-n-propyl ether 2.15 - = - 3.390
Ethyl acetate 8.55 - - - 6.060
Tetrahydrofuran 9.40 - - - 7.58
n-Butanol 6.26 1.34 - 4.67%¢ 17.80
n-Propanol 8.53 1.82 - 4.70%¢ 21.10
Acetone 15.11 4.06 - 3.92° 20.74
96% Ethanol 13.95 2.98 2.968 4.68%° 24.74
Methanol 16.27 3.72 3.70" 4.38? 32.6
Acetonitrile 25.80 5.68 6.03" 4.54 37.5

# Fluorescence lifetimes were calculated from 1/7 = 1/75+ k4 [O,]; the 75 and kg
values were taken from [22] and the oxygen concentration from [18].

® The 7, and kg values for 96% ethanol were assumed to be equal to those for the
absolute ethanol
p The 7o and k, values were assumed the same as for the iso-compound.

4 The concentratlon of oxygen in p-xylene was assumed to be equal to that in
benzene.
¢ The 7 and k, values were assumed to be equal to those for n-heptane.

taken from [2]
g taken from [11].

" The ¢ (electric permeability or dielectric constant) values taken from [23].
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Fig. 7. Flug)rescence quenching curves of anthracene Fig. 8. Fluorescence
(c=1.6x10"*M) by CCl, in tetrahydrofuran 1, 1,4-dioxane 2,  (c=1.6x10"*M) by CCl, in methanol 1, 96% ethanol 2, n-

ethyl acetate 3 and di-n-propyl ether 4.

quenchlng

propanol 3 and n-butanol 4.

curves
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CCl4 0 < ¢<10.24 M). Some fluorescence quench-
ing curves in these mixtures are shown in Figures
6—8.

For solutions with aliphatic hydrocarbons only
the fluorescence quenching curves can be described
by the Stern-Volmer relation including the static
quenching. For the remaining mixtures one gets a
parabolic behaviour.

The interesting parameters of the fluorescence
quenching of anthracene by CCl, in the various
solvents are listed in Table 2.

4. Discussion

Going beyond older concepts, that the quench-
ing rate constant of a hydrocarbon depends not
only on its ionisation potential but also on its
nature, the observed deviations from the Stern-
Volmer equation in the mixtures of CCl, with
benzene and acetonitrile on the one hand and the
applicability of this equation in CCls-cyclohexane
mixtures on the other suggest that the parabolic
shape of the fluorescence quenching curves is an
effect of intermolecular interaction between the
components of the mixtures [12, 4].

The data of Table 2 show that the polarity of the
solvent has a decisive effect on the mechanism of
the fluorescence quenching. The quenching pro-
cess and its non linearity are most pronounced in
acetonitrile, having the highest electric permeabili-
ty, and least in aliphatic hydrocarbons. The inter-
pretation given in paper I [12] does not suffice to
explain the strong dependence on the electric
permeability. We suggest a share of a second pro-
cess, described by the kinetic scheme

* Hiy cxbs S—vie K3 p+e -
A*+Q=—=(A Q ) —’Asol\'+QsoI\
kF knr k71 lk?.
A+hV]: A A+Q\‘ib

having a parabolic dependence on concentration,
too.

In the above scheme kp and k,, describe the
radiative and non radiative deactivation of the
excited molecule, respectively. ky and k _, are the
rate constants for the formation and dissociation
of an exciplex, k, and k; the rate constants for the
loss of the exciplex excitation energy by energy
transfer to the quencher molecule or by generation
of a radical ion pair.
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Solving the two kinetic equations

%{A*] = (kg + kot ki [QD[A*]
+k_([(A...Q*+J=0,

dit[(A---Q)*] = —(ka+ ks k) [(A...Q)*]
1 ki [A*][Q] = 0

for [A*] having a constant absorption rate J, one
gets for the quantum efficiency ¢:

B ke[A*] _ ke ,

T kb —2R g

k,]+k2+k3

or for the relative reciprocal quantum efficiency:

k ky+k
O/ P =1+ 1 2T [Q].
R kp+ko k_1+Kky+ks

As long as all rate constants are supposed to be
independent of the concentration [Q] of the
quencher molecules, ¢,/¢ follows the Stern-Vol-
mer relation.

But in mixtures with polar solvents, such as
acetonitrile or methanol, CCl, acts not as quencher
only but also as a component lowering the solvent
polarity. We suppose the rate constants k _; and k3
for the dissociation of the complex to be sensitive
to the variation of the solvent polarity, whereas we
take k; and k, to be independent of [Q].

Setting as a first approximation

k_1(Q)=k_10+b[Q],
k3(Q) =k3—alQ],
the relative reciprocal quantum efficience can be
written in the nearly parabolic form
ki ka+ky—a [Q]
kg+ky k_jotky+ky+(b—a)[Q]

Po/Pp=1+ [QJ.

In non polar solvents, such as aliphatic hydro-
carbons, the addition of non polar quenchers (e.g.
CCly) does not significantly lower the electric
permeability of the mixture [23]: k_; and k3 are
practically constant. ¢o/¢ should obey a Stern-
Volmer relation over the whole concentration
range of the quencher. A similar mechanism has
been suggested by Murata [24] for the fluorescence
quenching of 2-ethoxynaphthalene by methyl
benzoate in dimethylformamide and cyclohexane.
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The parabolic shape of the fluorescence quench-
ing curves in mixtures of CCly with solvents of low
polarity (benzene, methylbenzene, ethers and
esters) we interpreted in paper I [12] as an effect of
a specific interaction of the electron-donor-
acceptor type of the solvent with the CCly. Such
interactions have been well documented [25 — 34].

Here we propose the above second mechanism
as an alternative, especially for solvents with high
polarity. In general, the fluorescence quenching of
aromatic hydrocarbons may proceed according to
both mechanisms. The contribution of either of
them to the total quenching may vary in different
solvents and its share is difficult to estimate.

The influence of intermolecular interactions be-
tween CCly and a mixture component on the fluo-
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