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Abstract—1It has been shown that fluorescence quenching of 2,7-dimethyl- N, N-di-p-tolylacridine-9-amine
(9-DTAA) solutions in hexane and acetone by tetrabromomethane (TBM) was dynamic in nature with the
quenching rate constants of 1.5 x 10'%and 0.6 x 10! M~'s~!, respectively. The difference in the constants was
explained by the possibility of competition between the processes of the formation of solvation shell around
the excited singlet 9-DTAA* molecule and the formation of the 9-DTAA*/TBM encounter complex.
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The phenomenon of fluorescence quenching of
organic molecules by heavy atoms has been a subject
matter of extensive research [1, 2—10]. Fluorescence
quenching of the molecules in solutions in the pres-
ence of external heavy atoms is associated with an
increase in the rate constant for radiationless intersys-
tem crossing between the first singlet and the first or
second triplet state of the molecule as a result of
enhancement of spin—orbit interaction upon complex
formation of the molecule with the quencher [1].

The use of tetrabromomethane as a fluorescence
quencher for aromatic molecules, such as anthracene
and pyrene, was described in [4, 6, 7]. It has been
shown that quenching was considerably efficient in
these cases and the bimolecular quenching rate con-
stant was close to the diffusion-controlled value,
although the complex formed between the fluoro-
phore and TBM was most likely an encounter complex
in nature because of the weak interaction between
them.

We have investigated the fluorescent properties of
the acridine dye 2,7-dimethyl-N,N-di-p-tolylacri-
dine-9-amine, which is classified with molecules pos-
sessing an extended system of conjugated bonds and
displays a distinct solvatochromic effect [11—13]. The
maximum of the 9-DTAA fluorescence band is red-
shifted and its intensity decreases on passing from
nonpolar (hexane, cyclohexane) to polar (THEF, aceto-
nitril, acetone) solvents. Solvatochromic shifts are
known to be due to significant changes in the intermo-
lecular (dipole—dipole) interactions of the solvent
with solute molecule during the transition to the
excited state.

The objective of this work was to study the influ-
ence of solvent polarity on the fluorescence quenching
of the solvatofluorochrome 9-DTAA by tetrabro-
momethane. Two solvents has been chosen (hexane

and acetone) that had approximately equal viscosities
(~0.3 cP) but significantly differed in polarity. Not
only the positions of the excited singlet and triplet lev-
els of 9-DTAA, but also the strength of the interaction
of excited singlet 9-DTAA with the surrounding sol-
vent molecules in the solvation shell should change as
aresult of the solvatochromic effect in polar acetone as
compared to nonpolar hexane. It was interesting to
find out how significantly this will influence the pro-
cess of 9-DTAA fluorescence quenching by an exter-
nal heavy atom, considering that both these factors
could in principle considerably affect (probably
in opposite directions) the ability of the heavy atom
(bromine in this case) to increase the probability of the
S,—T,, intersystem crossing.

EXPERIMENTAL

2,7-Dimethyl- N, N-di-p-tolylacridine-9-amine
was synthesized at the Photochemistry Center, Rus-
sian Academy of Sciences [11]. To prepare solutions.
solvents for UV spectroscopy from Aldrich, CBr,
(Acros organics), and polystyrene with an average
molecular weight of 80000 g/mol from Aldrich were
used without additional purification.

The fluorescence spectra of the solutions were
recorded on a Shimadzu RF-5301PC spectrofluorim-
eter. To avoid the concentration effects, the solutions
contained the dye in a concentration of 10~ mol/I.
The fluorescence spectra were corrected in accor-
dance with the sensitivity curve of the spectrofluorim-
eter emission channel that was obtained with the use of
a Spectral Calibration Kit from Sigma-Aldrich [14].

The quantum yield was determined by the Parker—
Rees method. A fluorescein (Aldrich) solution in
0.1 M NaOH with a quantum yield of ¢, = 0.9 [15]
was used as a standard. The following equation was
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used for calculation of the quantum yield:
2
(0 =(p5éi e , where ¢, is the fluorescence
Fy A\ n,

quantum yield of the standard, A is the absorbance, F
is the integral under the corrected fluorescence spec-
trum curve, # is index of refraction of the solution. The
subscripts “s” and “c” refer to the standard and the test
compounds, respectively.

Fluorescence lifetimes were measured using two
methods, the phase modulation method and from the
curves of fluorescence intensity decay after excitation
of the sample with the femtosecond laser.

The measurements by the phase modulation tech-
nique were performed on a Horiba-Jobin-Yvon Fluo-
rog Tau 3 system. An aqueous dispersion of amor-
phous silica LUDOX was used as a standard.

The system based on a Tsunami titanium—sapphire
laser and a Spitfire regenerative amplifier was used as
an excitation source in the second method. The sec-
ond harmonic of the amplifier emission with a wave-
length of 400 nm, a pulse duration of 130 fs, a pulse
repetition rate of 5 kHz, and an average power of
50 mW was used for excitation. The system included
an Acton Research SpectraPro 2300i automated grid
monochromator, an Optoscope SCMU-ST streak
camera with a time resolution 2 ps, and a Spec-
10:256E CCD camera. The fluorescence lifetimes
were determined from the decay curves. The decay
curves were analyzed using the software based on the
Levenberg—Marquardt algorithm.

RESULTS AND DISCUSSION

Taking into consideration that oxygen along with
TBM is an efficient dye fluorescence quencher [3], the
effect of oxygen on the 9-DTAA fluorescence intensity
in hexane and acetone solutions was studied first. The
removal of oxygen by bubbling argon for 3 min in both
cases resulted in an increase of the fluorescence inten-
sity by factors of ~2.5 and ~1.5, respectively. Since
oxygen quenching is a diffusion-controlled process,
such a significant intensity rise means that 9-DTAA
fluorescence lifetimes in these solutions are suffi-
ciently long for the molecule to participate in other
processes controlled by diffusion.

To preclude the influence of oxygen on the fluores-
cence quenching process, all further measurements
were performed in oxygen-free solutions.

The fluorescence spectra of 9-DTAA in hexane and
acetone are presented in Fig. 1. The maximum of the
fluorescence band shifts by 100 nm towards longer
wavelengths (approximately 4000 cm™!) on passing
from hexane to acetone. Obviously, such a decrease in
the energy gap between the ground and first singlet
excited state should have a substantial effect on the
rate constants of all radiative and radiationless pro-
cesses.
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Fig. 1. Normalized fluorescence spectra of 9-DTAA in (/)
hexane and (2) acetone (¢ = 1073 mol/l).

The 9-DTAA fluorescence lifetimes and quantum
yields were measured for the sake of comparison in
acetone and cyclohexane, in which the fluorescence
spectrum is practically identical to that in hexane.

The fluorescence lifetime measured in the cyclo-
hexane solution by the phase-modulation method was
T, = 31.5 ns, and the quantum yield after oxygen
removal was ¢ = 0.59. The respective values for ace-
tone were 1, = 11.9 ns and ¢ = 0.09.

On the basis of the values obtained for the lifetimes
and quantum yields, it is possible to calculate the radi-
ative-transition rate constants and the sum of all con-
stants. For cyclohexane, k, = ¢/1,=0.59/31.5x 10~ =
1.8 x 107 s71, (k, + k,, + ki) = 1/70=1/31.5x 1072 =
3.2 x 107 s7!. For acetone, k, = ¢/ty = 0.09/11.9 x 107 =
0.8x 107 s7!, (k, + k,, + ki.) = 1/15=1/11.9 x 102 =
8.4 x 107 s~!. Hence, the transfer to the polar solvent is
accompanied by a decline in the radiative-transition
rate constant and an increase in the sum of radiation-
less-transition constants.

In the first approximation, the presence of a heavy
atom should vary the intersystem crossing rate only
and it is its change that should be matched with the
measured bimolecular quenching constant [5].

The Stern—Volmer plot for the 9-DTAA solution in
hexane is presented in Fig. 2. From this figure we
notice that an increase in the TBM concentration
from 0.01 to 0.12 mol/l results in an almost 50-fold
decrease in the fluorescence intensity. The Stern—
Volmer constant calculated from the data presented in
Fig. 2 is 408 = 41 mol~".

The fluorescence lifetime in hexane is 27.1 ns as
measured by the phase-modulation method. The
dependence of the t/t, ratio on the concentration of
the added TMB (at TMB concentrations 0.001—
0.007 mol/1) for the oxygen-free 9-DTAA solution in
hexane is presented in Fig. 3. As can be seen, the fluo-
rescence lifetime in hexane is changed significantly
(by a factor of 3.7 fold) from 27.1 to 7.3 ns by the addi-
tion of CBr,. The calculated Stern—Volmer constant
for the dependence of t/t, on the TBM concentration
is419 £ 51 mol~".
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Fig. 2. Dependence of 9-DTAA fluorescence in hexane
(c= 1073 mol/1) upon the tetrabromomethane concentra-

tion.
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Fig. 3. Stern—Volmer plot for the 9-DTAA fluorescence
lifetime in hexane upon quenching (¢ = 107 mol/1).
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Fig. 4. Stern—Volmer plot for 9-DTAA fluorescence

quenching in acetone (¢ = 107
momethane.

mol/l) by tetrabro-

Thus, the Stern—Volmer constants for t/t, and //1,
are almost identical in the case of 9-DTAA solutions
in hexane, a fact that is known to be a signature of the
dynamic nature of fluorescence quenching.

Based on the 9-DTAA fluorescence lifetime mea-
sured in the absence of the quencher, we calculated the
value for the bimolecular quenching rate constant as
1.5 x 10'°1 mol~!s~!, which is close to the diffusion-
controlled rate constant of 2.3 x 10!° I mol~!s~! for
hexane.

The change in the intersystem crossing rate con-
stant for the TBM concentration of 0.07 mol/1 could
be estimated on the basis of lifetimes: Ak;,, = (13.7—
3.7) x 107s 1= 108s71.

Data on 9-DTAA fluorescence quenching in the
oxygen-free acetone solution are presented in Fig. 4. A
much less significant effect (intensity declines by a
factor of about 8) is observed when the TBM concen-
tration increases over the same range (0.01—
0.10 mol/1). The calculated Stern—Volmer constant is
69 = 21 mol~".

As it has been mentioned above, the measured flu-
orescence lifetime in acetone is 11.7 ns (i.e., is less
than that in hexane by a factor of 2.3).

The lifetimes for the 9-DTAA acetone solutions
were determined from the fluorescence intensity decay
curves using the streak camera with the sample excita-
tion by femtosecond laser, because the fluorescence
intensity for these solutions was found to be too low for
accurate lifetime measurement in the presence of
TBM by the phase modulation method. An example of
the 9-DTAA fluorescence decay curve in pure deaer-
ated acetone is given in Fig. 5. The decay curve is well
approximated by a single-exponential function with
the constant of 11.9 ns. Thus, the 9-DTAA fluores-
cence lifetimes measured by both methods in pure
acetone are in good agreement.

It was established that in contrast to hexane solu-
tions, 9-DTAA fluorescence lifetimes in acetone solu-
tions are changed insignificantly by TBM addition,
from 12 to 9.7 ns. The corresponding Stern—Volmer
plot for t/7, is presented in Fig. 6. Note that owing to
the significant drop of the fluorescence signal in the
acetone solutions, the signal-to-noise ratio also signif-
icantly decreases, thus resulting in an increase in the
lifetime determination error. With allowance for this
error, the measured Stern—Volmer constant was esti-
mated at 46 £ 9  mol~".

Thus, the Stern—Volmer constant for t/t, mea-
sured for 9-DTAA in acetone is less than that for /1,
a fact that suggests a certain contribution of static
quenching. However, these differences are relatively
small and can be associated with measurement errors.
Thus, it can be concluded that 9-DTAA fluorescence
quenching by tetrabromomethane is largely dynamic
in nature in this case as well.

Having the 9-DTAA fluorescence lifetime in pure
acetone measured, we calculated the quenching rate
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Fig. 5. Decay curve for the 9-DTAA fluorescence in ace-
tone (¢ = 10> mol/1).

constant as 0.6 x 10'°1 mol~!s~!, which is less than the
this constant in hexane by a factor of 2.5.

On the basis of the measured lifetimes, the change
in the intersystem crossing rate constant for the
0.08 M TBM solution can be estimated: Ak, = (10.3—
8.4) x 107 s7' = 1.9 x 107 s!. Thus, the calculated
change Ak, for the same concentration of the
quencher correlates with the change in the quenching
rate constant upon passing from hexane to acetone.

The obtained value of the bimolecular quenching
rate constant for 9-DTAA in hexane is close to the val-
ues obtained for pyrene fluorescence quenching by
tetrabromomethane in a methylcyclohexane solution
under normal conditions [7] and anthracene fluores-
cence in supercritical CO, [4] (1.17 x 10'° 1 mol~!s~!
and 2.17 x 10 1 mol~!s™!, respectively). The explana-
tion of the observed relations presented in these stud-
ies is based on the concept of the encounter complex
formed by the excited molecule and the quencher and
the subsequent transformation of the complex to an
exciplex. Obviously, a similar model can be accepted
as a starting point in the case of 9-DTAA in hexane
and acetone.

In terms of this model, the obtained smaller (by a
factor of 2.5) value of the bimolecular quenching rate
constant in acetone means that the quenching effi-
ciency upon 9-DTAA*/TBM encounter complex for-
mation between the excited 9-DTAA molecule and
the TBM molecule in acetone is significantly less
compared with hexane. It can be suggested
that this difference is due to the stronger interaction of
9-DTAA¥* with the surrounding acetone molecules as
compared with the similar interaction of 9-DTAA*
with hexane molecules.

The specific feature of the 9-DTAA molecule is the
presence of the nitrogen atom with the lone electron
pair in the heterocycle, which leads to the rise of the
dipole moment even in the ground electronic state.
The magnitude of the dipole moment significantly
increases on excitation owing to electron density
transfer from the substituent (ditolyl amine) to
the nitrogen atom of the heterocycle [11-—13].
According to the theory of the solvatochromic effect,
the increase of the fluorophore dipole moment in
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Fig. 6. Stern—Volmer plot for the 9-DTAA fluorescence
lifetime in acetone upon quenching (¢ = 1072 mol/1).

polar solvents in contrast to the non-polar should
result in the rearrangement of the solvation shell made
by solvent molecules around the fluorophore molecule
in the excited singlet state (acetone molecules sur-
rounding 9-DTAA* in the given case).

The heavy-atom effect is characterized by the
exponential dependence on the distance between the
components of the fluorophore/quencher complex,
since the intersystem crossing rate constant does not
change unless the wave functions of the fluorophore
and quencher molecules overlap [9].

Proceeding from the fact that the formation of
both the solvation shells by solvent molecules around
9-DTAA* and the encounter complexes with
quencher molecules should occur within the time
shorter than the fluorescence lifetime, it may be sup-
posed that there is a competition between these pro-
cesses in the polar solvent, which is absent in the non-
polar solvent. The effective average distance in the 9-
DTAA/TBM encounter complexes is slightly larger in
acetone, as compared with hexane, because of this
competition resulting in the observed lower quenching
efficiency in acetone relative to hexane.

CONCLUSIONS

It has been shown that 9-DTAA fluorescence
quenching by tetrabromomethane in hexane and ace-
tone solutions is dynamic in nature with the bimolec-
ular quenching rate constants of 1.5 x 10'° and 0.6 x
101 mol~'s~!, respectively. It has been suggested that
the diminished quenching efficiency in acetone as
compared with hexane is due to the possible competi-
tion between the process of solvation shell formation
around the 9-DTAA molecule in the singlet excited
state and the process of the 9-DTAA*/TBM encoun-
ter complex formation. The obtained results could be
used for the interpretation of the heavy atom quench-
ing effects in other polar solvents.
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