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Abstract

The sensitized room temperature phosphorescence (SRTP) of pyrene in micellar solutions of sodium dodecylsulfate (SDS)
based on triplet–triplet (T–T) energy transfer has been investigated. Triphaflavine as a triplet energy donor, thallium(I) nitrate
as a heavy atom, and sodium sulfite as a scavenger of oxygen were used. The effects of triphaflavine, SDS, and thallium nitrate
concentrations on pyrene-SRTP intensity, lifetime, and decay rate constants were studied. A comparative study of selectivity
factors for pyrene determination by room temperature phosphorescence (RTP) and SRTP has also been made. The analytical
figures of merit for SRTP determination of pyrene are given. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The phenomenon of room temperature phospho-
rescence (RTP) in deoxygenated surfactant micellar
solutions in the presence of heavy atoms has been
known for more than 20 years [1] and has been used
in analytical chemistry since 1980 [2]. This approach,
owing to its experimental simplicity and efficiency
was successful in many respects [3,4], but did not
solve all the problems, especially the selectivity of
phosphorescent analysis. For instance, under a tra-
ditional singlet–singlet (S0 → S∗) excitation in the
UV region used in RTP all the molecules of poly-
cyclic aromatic hydrocarbons (PAHs) in their mixture
are excited because their absorption spectra overlap.
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Thus, the excitation S0 → S∗ is not selective either in
the case of fluorescence or phosphorescence analysis.

Sensitized RTP (SRTP) results from triplet–triplet
(T–T) energy transfer between the donor and acceptor
molecules both in homogeneous organic solvents [5]
and microheterogeneous micellar solutions of surfac-
tants [6] according to

D(T1) + A(S0) → D(S0) + A(T1)

where D is the energy donor, A the acceptor, and S0
and T1 are the electronic ground states and the lowest
triplet states of the both molecules, respectively.

In this case, there are two possibilities for enhancing
analytical selectivity. In the first approach analyte can
be detected indirectly via the SRTP of an acceptor
[5,6]. Commonly, biacetyl was selected as a triplet
energy acceptor for its very low molar absorptivity and
high quantum yield of phosphorescence [5–9]. In our
case, this approach is unsuitable because the energy
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of the first pyrene triplet level is lower than that of
biacetyl, which, therefore, cannot serve as an acceptor.

The second approach is based on selection of
visible-absorbing dyes as donors of the triplet en-
ergy that on the one hand should have the triplet
level higher than that for pyrene, and on the other
hand, prevents the excitation of other UV-absorbing
PAH molecules [10,11]. In this case, the selectivity
of pyrene determination is enhanced and its direct
determination in mixtures of PAHs is possible, as has
been demonstrated earlier [12,13].

In this paper, we present an extended study of
the triphaflavine, thallium(I) and sodium dodecylsul-
fate (SDS) concentration effects on the intensity of
pyrene-SRTP, pyrene lifetime, and decay rate con-
stants as well as the analytical possibilities of the
proposed method.

2. Experimental

2.1. Reagents

Pyrene and triphaflavine (acriflavine) (purum,
Fluka) were used without purification. Thallium ni-
trate and sodium sulfite (Russian chemicals) were of
analytical reagent grade, SDS (Russian chemicals)
contained <99% of the main component and was used
as received. Bidistilled water was used to prepare all
the solutions.

2.2. Apparatus

Absorption spectra were measured with a SF-46
(LOMO, Russia) spectrophotometer. SDL-1 (Russia)
and Hitachi MRF-4 (Japan) spectrofluorimeters were
used for recording steady-state luminescence spectra.
The process of triplet state energy deactivation was ex-
plored by laboratory built pulse fluorimeter with a Xe
lamp as excitation source. The deoxygenation of so-
lutions was performed by chemical deactivation with
sodium sulfite.

2.3. Procedures

Stock solutions of pyrene (4 × 10−4 M) and
triphaflavine (2.5 × 10−4 M) were made by dissolv-
ing appropriate amounts of the chemicals in 0.1 M

SDS; the process was enhanced by using an ultra-
sonic bath. Equilibrium in the solutions was reached
within 3 days for pyrene and 1 day for triphaflavine.
Sodium sulfite aqueous solutions at concentrations
0.6 or 0.06 M were prepared daily. Thallium nitrate
was prepared as an 0.3 M aqueous solution. A 1 cm
fluorescence cell was used for measuring the sensi-
tized phosphorescence. For excitation a 420–460 nm
cut-off filter was selected. RTP and SRTP decay rates
corresponded to a first order exponential equation.
The delay time before the intensity measurement was
2.5 ms.

3. Results and discussion

3.1. Luminescence spectra

It is well-known, that pyrene exhibits an intense
RTP in SDS solutions when thallium nitrate is added
to a solution deoxygenated by sodium sulfite [11,14].
The maximum pyrene phosphorescence emission is
at 596 nm. It was found that the shape and maxi-
mum of the pyrene-SRTP spectrum coincides with the
RTP spectrum (Fig. 1). It confirms that the T–T en-
ergy transfer occurs between triphaflavine (donor) and
pyrene (acceptor) with excitation at 450 nm. There are
two reasons for this phenomenon.

Fig. 1. SRTP emission spectra of pyrene in the SDS solution. Con-
ditions: [pyrene] = 4 × 10−6 M; [triphaflavine] = 1.25 × 10−5 M;
[SDS] = 0.05 M; [Na2SO3] = 0.02 M; [TlNO3] = 0.02 M. All
experiments were carried out under these conditions unless other-
wise specified.
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• The energy of the first pyrene triplet level is lower
than that of triphaflavine (16.9 × 10−3 cm−1 and
17.8 × 10−3 cm−1, respectively).

• The SDS micelle can collect (solubilize) and bring
three species close together simultaneously (pyrene,
triphaflavine and the thallium(I) cation), thus, pro-
viding the intersystem crossing and triplet energy
transfer.

For the subsequent kinetic study of RTP and SRTP
the maxima at λex = 337 and 450 nm, respectively,
and λem = 597 nm in the total luminescence spectrum
of pyrene were chosen.

3.2. Effect of thallium nitrate concentration

Observation of RTP in micellar medium usually re-
quires the presence of ‘heavy’ thallium(I) ions, which
are placed as counter ions outside the SDS micelle,
thus, being in proximity to the hydrophobic phosphor
molecules solubilized in the micelle. In the present
experiment with SDS fixed at 0.05 M we have found
that an increase in thallium ion concentration has two
effects.

• The appearance of SRTP and an increase in its in-
tensity (Fig. 2a).

• Diminution of the sensitized phosphorescence life-
time (Fig. 3).

For the elucidation of the heavy atom effect on
SRTP the influence of thallium(I) concentration on

Fig. 2. Effect of thallium nitrate concentration on the (a)
pyrene-SRTP and (b) RTP intensity.

Fig. 3. Effect of thallium nitrate concentration on the pyrene-SRTP
lifetimes.

the RTP of triphaflavine and pyrene was studied sep-
arately. The pyrene-RTP intensity as a function of
thallium nitrate concentration is presented in Fig. 2b.
The effect of thallium(I) on the luminescence of
triphaflavine is shown in Fig. 4. It can be seen that in
the presence of thallium(I) the delayed fluorescence
of triphaflavine is increased and its RTP appears.
Therefore, it is evident from Figs. 2b and 4 that in
the presence of thallium(I) an increase in the triplet
state population for both pyrene and triphaflavine is
observed. Besides, as shown in Fig. 5, an increase of
thallium(I) concentration results in an increase in the
triplet state decay rate constants for both triphaflavine
and pyrene RTP. Using these plots we have determined
the triplet decay rate constants (kph +k′) as well as the

Fig. 4. Delayed fluorescence (λmax = 507 nm) and phos-
phorescence (λmax = 580 nm) spectra of triphaflavine
(C = 1.25 × 10−5 M) in SDS solution (C = 0.05 M) in the (a)
absence and (b) presence of thallium(I) (CTl = 0.0225 M).
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Fig. 5. Effect of thallium nitrate concentration on the (a)
pyrene-RTP, (b) pyrene-SRTP and (c) triphaflavine RTP decay rate
constants.

triplet quenching rate constants by thallium ions (kTl).
The corresponding values are presented in Table 1.

Let us turn from the discussion of heavy atom ef-
fect on RTP to the more complex SRTP phenomenon.
As can be seen in Fig. 2, the optimal range of thal-
lium nitrate concentration that provides a maximal and
relatively constant SRTP intensity is 0.01–0.0225 M.
Therefore, 0.0225 M TlNO3 was selected for further
study. A reason for the SRTP intensity decrease at thal-
lium(I) concentrations >0.025 M is a decrease of the
triphaflavine triplet state lifetime that leads to a de-
crease of the T–T energy transfer efficiency described
by the equation

θDA
t = kT[A]

kT[A] + (τD
0 )−1

Moreover, in Fig. 5 and Table 1 the triplet decay
rate and triplet quenching rate constants for SRTP are
presented. As can be seen from Table 1, in the case of
excitation by T–T energy transfer, the pyrene quench-
ing rate constant is six times higher than the excitation
at the pyrene absorption band. This effect is due to the

Table 1
Phosphorescence characteristics of pyrene (4 × 10−6 mol l−1) and triphaflavine (1.25 × 10−5 mol l−1) in micellar solutions of sodium
dodecylsulfate

Compound Excitation λex (nm) λph (nm) (kph + k′) × 10−2 (s−1) kTl × 10−3 (mol l−1 s−1)

Triphaflavine Direct 450 580 2.1 24

Pyrene Direct 337 596 0.7 1.5
T–T energy transfer 450 596 0.8 9.9

quenching of both the donor and acceptor molecules
simultaneously.

3.3. Effect of triphaflavine concentration

No pyrene-SRTP was observed in the absence of
triphaflavine. As shown in Fig. 6a, an increase of
pyrene-SRTP takes place with increase of triphaflavine
concentration; a triphaflavine concentration of 1.25 ×
10−5 M was selected for further study. In this case,
no significant change in the decay rate constant of
triphaflavine was observed (Fig. 6b).

3.4. Effect of SDS concentration

The volume of SDS solution was varied at fixed
concentrations of thallium nitrate and sodium sulfite.
The effect of SDS concentration on SRTP intensity of
pyrene is shown in Fig. 7a. No SRTP signal of pyrene
was observed in the absence of SDS micelles. The
results obtained show that the SRTP intensity was the
highest and relatively constant when the concentration
of SDS was in the range 0.04–0.08 M.

As seen from Fig. 7b, a decrease of decay rate con-
stants takes place with increase of SDS concentration.
A decrease of thallium local concentration on the mi-
cellar surface with an increase in the number of mi-
celles is one of the reasons for this phenomenon. A
0.05 M concentration of SDS was selected as optimal
for the use due to the relatively stable SRTP intensity.

3.5. Analytical figures of merit

Under the optimum operating conditions outlined
above, a calibration graph was obtained by plotting the
peak height for SRTP versus pyrene concentration. It
was linear in the range 1 × 10−7–1 × 10−4 M with a
Pearson’s correlation coefficient of 0.998 for n = 3.
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Fig. 6. Effect of triphaflavine concentration on the (a) pyrene-SRTP intensity and (b) decay rate constants.

The detection limit of pyrene obtained using the
3σ criterion (σ being the standard deviation (S.D.) of
the blank) was found to be 4 × 10−8 M. The relative
standard deviation (R.S.D.) for 3 × 10−7–1 × 10−6 M
was <2.5% (n = 4).

We compared these parameters and selectivity fac-
tors characterizing the proposed approach with simi-
lar characteristics for the RTP determination of pyrene
(Table 2). As expected, the selectivity factors in the
case of SRTP are significantly better. However, this
is true only when pyrene is determined in the pres-
ence of naphthalene, fluorene, phenanthrene and an-
thracene. The first three compounds PAH have signif-
icantly higher triplet state energies than that for the
donor (triphaflavine), but anthracene has less. The se-
lectivity factor for 1,2-benzanthracene did not change,

Fig. 7. Effect of SDS concentration on the (a) pyrene-SRTP in-
tensity and (b) decay rate constants.

Table 2
Analytical characteristics of pyrene determination by RTP and
SRTP in micellar solutions of sodium dodecylsulfate

Characteristic RTP SRTPa

Detection limit (M) 6 × 10−9 4 × 10−8

Linear range (M) 10−8–5 × 10−5 10−7–10−4

Selectivity factors
Naphthalene (7 ± 1) × 102 >5 × 103

Fluorene (1.5 ± 0.3) × 102 >3.5 × 102

Phenanthrene 10 ± 1 >3.5 × 102

Anthracene 4 ± 1 25 ± 1
1,2-Benzanthracene <0.5 <0.5

a Donor: triphaflavine.

because its triplet energy is close to the energy of
pyrene.

Comparison of the results also shows that the detec-
tion limits for pyrene by SRTP is seven times higher
for RTP and the linear calibration range is shifted to
higher pyrene concentrations but the difference is not
too significant. The higher detection limit for the de-
termination of pyrene by SRTP with triphaflavine as a
donor compared to RTP has resulted, probably, from
a lower SRTP intensity.

4. Conclusions

The experiments with micellar solutions of SDS
indicated that a selection of a visible-absorbing
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triphaflavine dye with triplet level higher than that of
pyrene allows T–T energy transfer and SRTP to be
realized. The collection and bringing into close prox-
imity of the three species pyrene, triphaflavine and
the thallium(I) cation in the SDS micelle, provides a
means for achieving an intersystem crossing and triplet
energy transfer. It was found that the enhancement of
SRTP intensity increases with increasing thallium(I)
concentration. It was established that the SRTP ki-
netic characteristic is different from that of RTP. As
for direct excitation in RTP, the decrease in triplet
lifetimes occurs under the action of the heavy atom,
but the more pronounced reduction in the case of T–T
excitation can be explained by the effect of thallium(I)
on the triplet states of both triphaflavine (donor) and
pyrene (acceptor) molecules simultaneously.

Thus, the direct SRTP determination of pyrene that
prevents the excitation of other UV-absorbing PAH
molecules taking place in RTP or indirect SRTP can
be proposed. In this case, the selectivity of pyrene
determination is enhanced and its direct determination
in mixtures of PAHs is possible.
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