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Using sodium sulfite as an oxygen scavenger, meso-tetra (4-N,N,N-trimethylanilinium) porphyrin-Pd
(Pd-TAPP) emits strong and stable room temperature phosphorescence (RTP) in sodium dodecyl sulfate
(SDS) micellar solution. Heavy metal ions, including Fe?*, Co?*, Ni** and Cu?*, can efficiently quench the
phosphorescence of Pd-TAPP. The Stern-Volmer constants increased in the order Fe?* < Co?* < Cu?* <Ni?*,
directly reflecting the relative sensitivity of the method for these ions. The detection limits calculated
following the 3o IUPAC criteria are: 2.3 x 10~7 mol/L for Cu?*, 3.4 x 10~7 mol/L for Co?*, 1.2 x 10~7 mol/L
for Ni2* and 2.1 x 10~% mol/L for Fe?*. The addition of these ions also resulted in reduction of the lifetime
(1) of PA-TAPP. The linear relationship between the concentration of Fe?*, Co?*, Ni®* or Cu?* ions and 7o/t
indicated the dynamic quenching mechanism.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metal ions are the most toxic environmental pollutants
threatening the health of humans and natural ecosystem alike.
Therefore, the detection and quantification of heavy metal ions
are of great importance in many practical applications such as
environmental or process monitoring and waste management.
Among various techniques used for the determination of heavy
metals, fluorimetry has received much attention over the past
few years due to its high selectivity and sensitivity [1-9]. As a
complementary method for fluorimetry, room temperature phos-
phorimetry has several advantages over fluorescence as a detection
mode for optical sensing [10,11]. Compared with fluorescence,
phosphorescence is a less usual phenomenon and exhibits supe-
rior selectivity. The phosphorescence emission band is located
at a much longer wavelength than fluorescence, which results
in a larger Stokes shift and thereby simplify the spectral sep-
aration between the excitation light and the phosphorescence
emission. In addition, phosphorescence has a longer decay time
from about 10~4 to 10s and the interferences from short-lived
scattering light and possible fluorescence signals can be easily
avoided by using an appropriate delay time. Consequently, there
is a possibility to lower the detection limits of phosphorimetry.
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Also, longer lifetime of the phosphorescent state facilitates the
design of relatively inexpensive optical sensing systems based on
decay-time measurements. Actually, RTP has been widely used
in many fields such as pharmaceutical analysis, environmental
monitoring of pesticide residue and detection of polyaromatic
hydrocarbons [12-15]. However, there have been relatively few
reports on phosphorescent probes for heavy metal ions [16-21].
Therefore, development of sensitive and selective phosphorescent
probes for detection of heavy metal concentrations would be desir-
able.

Taking advantage of the ability of surfactant micelles to bind
or solubilize a wide range of compounds in aqueous solutions and
to stabilize the triplet state of some molecules, micelle-stabilized
room temperature phosphorescence (MS-RTP) technique was first
developed by Kalyanasundaram et al. [22] and has been success-
fully applied to the determination of a wide variety of lumophors
[14,15,23-28]. The MS-RTP characteristics of Pd-porphyrin com-
plexes, a kind of metal porphyrins, have been investigated in
different organized media including micelles [29,30]. The presence
of heavy atom Pd can facilitate the S1— T1 intersystem crossing
and thus induce strong phosphorescence of porphyrins [31]. These
complexes show a very high phosphorescence quantum yield even
in an aqueous environment at room temperature. Furthermore, Pd-
TAPP emits phosphorescence at near infrared wavelength and can
be excited at either Soret or Q bands. These characteristics make the
Pd-porphyrin complexes very useful as room temperature phos-
phorescent probes.
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Previous reports revealed that metal ions as quenchers can
quench the luminescence of micelle-solubilized probes and the
quenching efficiency is critically dependent on the nature of the
micellar aggregate [32-34]. These results prompted us to investi-
gate the effect of a variety of metal ions on the RTP of Pd-TAPP in
anionic sodium dodecyl sulfate (SDS) micelles. Some heavy metal
ions were found to efficiently quench both the RTP intensity and
lifetime of Pd-TAPP, which can be used for the detection of these
heavy metal ions.

2. Experimental
2.1. Apparatus

UV-visible measurements were performed on a TU-1901 UV-vis
spectrophotometer (Purkinje General Instrument Co., Ltd, Beijing,
China). All luminescence measurements were made on a Cary
Eclipse luminescence spectrometer (Varian Co., USA) equipped
with a pulsed xenon lamp. The excitation and emission slits were
both set at 15 nm. The delay time and the gate time were set at
0.10 and 2.0 ms, respectively. For the lifetime measurements, the
delay time was set at 0.10 ms while the gate time was typically
set at 0.20 ms. The pH measurements were carried out on a pHS-
3C acidometer (Shanghai Precision & Scientific Instrument Co., Ltd,
China).

2.2. Reagents

Meso-tetra (4-N,N,N-trimethylanilinium) porphine tetrachlo-
ride (TAPP) was purchased from Strem Chemicals (USA). PdCl,
was obtained from Shanghai Chemicals Co. (China) and used as
received. A stock solution of 8.4 x 10~> mol/L Pd-TAPP was prepared
in dimethyl formamide (DMF). All the metal salts, mainly chloride,
were analytical grade. AI3* was tested as acetate and Fe2* as sulfate.
Bi3*, Ag* and TI* were nitrates. All metal stock solutions were pre-
pared by dissolving the appropriate amounts of metals with doubly
distilled water. Freshly prepared sodium sulfite solution (1 mol/L)
was used for the RTP measurements. Britton-Robinson (B-R) buffer
solutions of different pH were prepared by mixing appropriate
amounts phosphoric, acetic and boric acids at the same concentra-
tion (0.040 mol/L) and then adjusting to desired pH with 0.20 mol/L
sodium hydroxide.

2.3. Synthesis of palladium porphyrin

Pd-TAPP was prepared following a literature procedure [35].
The reaction was monitored by UV-vis absorption and fluores-
cence spectra. The gradual disappearance of the original bands at
412 nm and the subsequent appearance of new bands at 429 nm
(Soret band) and 532 nm (Q-band) indicated the formation of metal
porphyrin. The observed fluorescence quenching of porphyrin also
confirmed the insertion of Pd into free base porphyrin.

2.4. General procedure

Into a comparison tube were added 0.1 mL of Pd-TAPP stock
solution, 0.5 mL of 3.0 x 10~2 mol/L SDS stock solution, 2 mL of B-R
buffer solution and 40 pL of sodium sulfite solution sequentially.
The mixture was diluted to the final volume of 5mL with water.
After thorough mixing, the mixture was allowed to stand for 5 min
before absorption and phosphorescence measurements. The titra-
tions of Pd-TAPP with metal ions were performed by directly adding
different volumes of cation stock solution to the above Pd-TAPP
working solution in the quartz cell. The total volume change after
addition of metal ion solution was less than 10%.
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Fig. 1. UV-vis spectra of Pd-TAPP in the presence and absence of SDS. [Pd-
TAPP]=2.3 x 10-% mol/L; [Na,SO3] =8.0 x 103 mol/L; [SDS] =3.0 x 10~3 mol/L.

3. Results and discussion
3.1. RTP of Pd-TAPP in the SDS solution

Fig. 1 shows the absorption spectra of Pd-TAPP in the presence
and absence of SDS. The absorbance of Pd-TAPP at 426 nm increased
upon adding of SDS and the absorption peak blue-shifted to 421 nm,
indicating that Pd-TAPP was effectively incorporated into the SDS
micelle.

After the removal of dissolved oxygen by Na;SOs3, Pd-TAPP dis-
played strong phosphorescence in SDS media. As shownin Fig. 2, the
maximum excitation and emission peaks lied at 420 and 708 nm,
respectively. This result indicated that SDS micelles provide a
protecting microenvironment for the RTP emission. The average
occupation number of a micelle by a solute obeys Poisson statistics.
When the ratio of the concentration of solute versus the concen-
tration of micelle is less than 5, under the conditions of Fig. 2, 99%
of the micelles are occupied by no more than one Pd-TAPP complex
molecule [36]. This means that the micellar aggregates compart-
mentalize and separate the phosphorescent molecules from each
other and from potential quencher molecules as well, thereby sta-
bilizing the excited triplet state. By comparison, no RTP signals
were observed in nonionic Brij30 and Brij35 micelles, indicating
that the electrostatic binding of the electropositive groups of Pd-
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Fig. 2. Phosphorescence spectra of Pd-TAPP. [Pd-TAPP]=1.5x 10-¢ mol/L;
[Na2S03]=8.0 x 10~3 mol/L; [SDS] =3.0 x 103 mol/L.
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Fig. 3. Effect of SDS concentration on the RTP intensity of Pd-TAPP. [Pd-
TAPP] =1.5 x 10-% mol/L; [Na2S03]=8.0 x 103 mol/L; [M?*]=2.0 x 10~ mol/L.

TAPP with negatively charged SDS micelles plays an important role
in the solubilization and stabilization of Pd-TAPP.

As can be seen in Fig. 3, the RTP intensity of Pd-TAPP sharply
increased with the increase of SDS concentration. This change
became slow and tended to reach a plateau when the concentra-
tion of SDS was more than 1.8 mM, which is much lower than the
critical micelle concentration (cmc) value of 8 mM for SDS [37]. It
is well known that cmc value depends largely on the surfactant
structure, counterion type and concentration, and the presence of
other solutes such as organic additives, co-ions or cosurfactants
[37-39]. Previous reports have shown that cation porphyrins can
change aggregation of anion surfactant SDS and lowered its cmc
to ~1.0 x 10-3 mol/L [40,41]. From Fig. 3, it is approximately esti-
mated that the cmc value of SDS was less than 2 mM in the presence
of Pd-TAPP. This value is in agreement with the previous reports.
When the surfactant concentration increases, it is more difficult to
remove the dissolved oxygen which is more soluble in surfactant
solutions than in water and could effectively quench the phospho-
rescence [42]. Taking the RTP intensity and the time required for the
deoxygenation of micellar by sodium sulfite into account, a 3 mM
concentration of SDS was selected in our experiment.

The effect of pH from 4 to 8.5 on the RTP of Pd-TAPP was exam-
ined in B-R buffer solution. As shown in Fig. 4, the RTP signals
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Fig. 4. Effect of pH on the RTP intensity of Pd-TAPP in SDS micellar solutions. [Pd-
TAPP] = 1.5 x 106 mol/L; [Na2S03]=8.0 x 10~3 mol/L; [SDS] =3.0 x 10~3 mol/L.

750{
soo 1 DO AN 00
10 / / 7 7oz / 0
2 450() )| milllninaag
E U ,/
o 30011 /11171 007 '
[ * Al
1501 | i

S N R R A ~f”ﬂ,‘ B XN e o kf’,"f 2
T S NO D PRI S B VTS ¢ e
Metal lon

Fig. 5. Effect of various metal ions on the RTP intensity of Pd-TAPP in
SDS micellar solution. [Pd-TAPP]=1.5x 10~® mol/L; [Na,SO3]=8.0 x 10~ mol/L;
[SDS]=3.0 x 10~3 mol/L; Metal ion concentration: 2.0 x 10> mol/L. Excitation wave-
length: 420 nm; emission wavelength: 708 nm.

were not appreciable in either strong acidic or alkaline solutions.
It increased slowly to a plateau with the increase of pH from 6 to
7.5.Then, the RTP intensity dropped sharply and disappeared when
pH was over 7.9. A final pH of 7.0 was selected for phosphorescence
development.

3.2. Phosphorescence quenching of Pd-TAPP by heavy metal ions

Under optimum conditions, phosphorescence titrations of Pd-
TAPP with various metals were performed. Among the metallic ions
studied, only Fe%*, Co%*, Ni2* and Cu?* quenched the RTP emission
of Pd-TAPP efficiently, whereas Hg2*, Ca%*, Ag* and Cr3* were found
to have a lesser degree of quenching (Fig. 5). No spectral shifts were
observed. In addition, changing the counterions of the quenching
metal ions to acetate or nitrate induced no obvious spectral changes,
indicating the effect of the anions is negligible. Fig. 6 is a typical
example with the addition of Ni2*. It can be seen from Fig. 6 that the
luminescence intensity decreased with increasing heavy transition
metal (HTM) ions concentrations, which can be used to monitor the
concentration of these ions.

A quantitative analysis of the phosphorescence data was made
as a function of the metal ion concentration. The quenching data
fit the Stern-Volmer relationship with high correlation (Fig. 6),
which is particularly convenient for analytical purposes. Table 1
compares the data obtained for several metal ions of interest.
The apparent Stern-Volmer constants decreased in the order
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Fig. 6. Phosphorescence spectra change of Pd-TAPP under various concentrations of
Ni2*. Inset: the corresponding Stern-Volmer plots.
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Table 1
The Stern-Volmer constants for quenching metal ions.
Quenchers Ksy (Lmol1) kq (Lmol~'s~1) 2 Linear range (molL~") Limits of detection (molL-1)
Cu?* 1.0 x 105 2.8 x 108 0.9972 3.0x 107 t0 2.1 x 105 2.3 %1077
Co?* 5.6 x 104 1.6 x 108 0.9942 41x107t01.0x 105 3.4x1077
Ni2* 1.6 x 105 4.4 %108 0.9942 1.8x 107 to 2.0 x 105 12 %1077
Fe2* 1.7 x 104 4.8 x 107 0.9961 25107 t0 1.0 x 105 21x10°6
Hg?* 6.1x10 1.7 x 105 0.9971 12x 104 to 1.2 x 103 1.0x 104
Ca* 1.3 x 10 3.7 x 104 0.9956 43x104t02.8 x 103 3.7x 104
Ag* 5.5 x 10 1.5 x 10° 0.9928 21x1074t02.2 x 1073 1.5x 1074
Cr3 71x10 2.0 x 105 0.9950 1.8 x 104 t0 2.0 x 103 13x 104
1.8 interference effect of these four ions on the detection of NiZ*,
Cu?*, Co?* and Fe?* was negligible over the concentration range
® SDS 3mM - © studied. Good linear relationships (r? >0.9942) were observed up
1.6 o SDS 5mM o to concentrations of at least 1.0 x 10~ mol/L for Ni2*, Cu?*, Co?*
A SDS 9mM A and Fe?*. The standard deviation of five replicate measurements
- at 3.0 x 10-% mol/L of four chosen HTM ions were between 0.86%
= 14r ° and 1.2%. The detection limits of 2.3 x 107, 3.4 x 107, 1.2 x 107
- L - and 2.1 x 10~ mol/L were achieved for Cu?*, Co?*, Ni2* and Fe?*,
12h 2 respectively. These detection limits are comparable to or lower than
' [ ] those previously reported method [4,32,43-46]. Accordingly, the
3 2 method proposed here should be acceptable as a simple and fast
10k li screening method for these metal ions, although it is not a specific
one.
L L L L L The experimental results clearly show that the degree of quench-
0 2 4 6 8 10 ing by the four metal ions (Fe2*, Co%*, Ni2* and Cu?*) all decreased
[Ni2+](1 O'SM) with the increase of SDS concentration (Fig. 3). Fig. 7 shows typical

Fig. 7. Effect of SDS concentration on the RTP intensity of Pd-TAPP in
the presence of coexisting metal ions (Ni*). [Pd-TAPP]=1.5x 10-¢ mol/L;
[Na2S03]=8.0 x 103 mol/L.

Ni2* > Cu2* > Co%* >Fe?* > > Cr3* > Hg2* > Ag* > Ca2*, directly reflect-
ing the relative sensitivity of the method for these ions. It is obvious
that Hg2*, Ca?*, Ag* and Cr3* showed substantially lower quenching
rates, their Stern-Volmer constants being 2-4 order of magni-
tude lower than that of Ni%*, Cu?*, Co?* and Fe2*. Therefore, the
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Stern-Volmer plots obtained for the quenching of Pd-TAPP phos-
phorescence upon the addition of Ni?*. As can be seen from Fig. 7,
the quenching efficiency decreased with increasing SDS concentra-
tion, which means that the sensitivity of the method decreases as
the concentration of SDS increases. Due to the ability of the metal
ions to replace sodium ions from the Stern layer of the micelles, a
close proximity of metal ions and phosphorophore was obtained.
Increasing SDS concentration would result in an increase in the vol-
ume of the micellar phase and a decrease in the local concentration
of the heavy metal ion at the micellar surface. Thus, the binding effi-
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Scheme 1. Schematic representation showing the quenching of RTP of Pd-TAPP bound to negatively charged SDS micelles by heavy metals exchanged with sodium counterions.
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cacy of quenching metal ions on the SDS-Pd-TAPP complex plays
an important role in the efficiency of RTP quenching.

3.3. Possible quenching mechanism

The linear Stern-Volmer plots of the quenching data obtained
above are indicative of the presence of either purely static or
dynamic quenching. The absorption spectrum of Pd-TAPP showed
no change upon addition of the heavy metal ions, indicating the
absence of ground state complex formation between Pd-TAPP and
the metal quenchers. The phosphorescence lifetime of Pd-TAPP
was found to significantly decrease with increasing of the heavy
metal ions. The RTP lifetime values of Pd-TAPP as a function of the
four metal ions concentration have been analyzed according to the
equation, 7o/t =1+kq7o[Q], where 7o and T represent the lifetimes
without and with quenchers, kq is the quenching rate constant, and
[Q] is the concentration of quenchers. All the quenching process
obeyed a single exponential decay. In the case of dynamic quench-
ing, lifetime changes with quencher concentration, whereas static
quenching would not affect the lifetime. Therefore, the linear rela-
tionship between 7/t and the concentration of metal ion shown in
Fig. 6 reflects the dynamic process. The 7 is 0.366 +0.011 ms and
the kq values obtained from the plot of 7o/t versus [Q] are listed in
Table 1.

Common dynamic quenching mechanisms include Forster
energy transfer, electron transfer, or charge transfer, etc. Lack-
ing significant overlap between the RTP emission of Pd-TAPP and
absorbance of quenchers, the possibility of energy transfer mecha-
nism can be excluded. In combination with the previously proposed
quenching mechanism [47-51], the quenching of luminescence
of Pd-TAPP by paramagnetic FeZ*, Co%*, Ni2* and Cu?* could be
attributed to ion binding to the negatively charged SDS micelles via
exchange of heavy metals and Na* or hydronium ions at the micel-
lar surface, followed by an electron exchange or electron transfer
process between these metal ions and Pd-TAPP located near the
headgroup of the micelle (Scheme 1). Another possibility is that
the energy difference between the lowest triplet and singlet states
of the phosphorescent complex could be increased by the inhomo-
geneous magnetic field of these paramagnetic metal ions, which
may lead to a lower transition probability such that the long-lived
triplet states are more easily quenched [36]. Additional research is
still needed to determine the exact mechanism of quenching.

4. Conclusions

In summary, the effect of a variety of metal ions on the room tem-
perature phosphorescence of Pd-TAPP was investigated in anionic
SDS micelle solution. Among all the metallic ions studied, only Fe2*,
Co?*, NiZ* and Cu?* effectively quenched the RTP emission of Pd-
TAPP, demonstrating its capability to detect these ions with wide
linear rang, low detection limits and good precision. The proposed
method could be potentially used for rapid screening of these metal
ions in water samples.
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