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An aniline-rhodamine-based ratiometric fluorescent probe
(RI) was designed and synthesized. RI, the metal coordinating
chromophoric ligand, exhibited high selectivity and sensitivity
for Pd** ions with a detection limit of 73.8 nM. This method of
Pd** detection had a 10 min response time.

Palladium is widely used as a catalyst in synthesis because of its
excellent catalytic ability.'® Pd-catalyzed reactions are efficient
and used in the synthesis of drug molecules.” ' However, high
quantities of palladium can sometimes remain in the final
product,'™"” which can be consumed along with the drug.
Palladium is also utilized in automobile catalytic converters to
reduce emissions.'®2' Unfortunately, such use leads to discharge
of palladium into the environment, increasing its environmental
content and consequently, increases the risk of palladium
transport into human body. It has been shown that palladium can
coordinate with DNA, thiol-containing amino acids, proteins, and
vitamin B6, and disturb several cellular processes, thereby
leading to health problems.?>2® Thus, the threshold for palladium
in drugs is set at 5 ppm to 10 ppm, and the proposed maximum
dietary intake of palladium is <1.5 pg to 15 pg per person per
day.'”?” Consequently, effective methods to detect trace
palladium are necessary.

Compared with traditional analytical methods (atomic
absorption spectrometry, plasma emission spectroscopy, solid-
phase microextraction—high-performance liquid chromatography,
and X-ray ﬁuorescence),zg’30 fluorescence methods are
convenient, involve lower costs, easy to operate, highly
sensitivity, and have excellent selectivity, thereby garnering the
attention of several researchers.’’® Pd*" ions can coordinate with
the ligands, which contain N, O, S, or P and lead to a change in
the color or fluorescence of the ligand.>”™*' On the basis of this
concept, Mukherjee and co-workers have developed a tridentate
N-containing fluorescence-quenched probe, which can selectively
detect and extract the Pd*" ions.* The spirolactam of rhodamine
is an ideal chemical moiety suited for the development of a
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fluorescence probe.*™ In its spirolactam form, rhodamine is
non-fluorescent, and when the spirolactam ring is opened, it emits
distinct fluorescence. Peng and co-workers have modified the
spirolactam moiety with suitable ligands to develop fluorescence-
enhanced palladium probes, which have satisfactory sensitivity,
selectivity, and response time.***° However, these on—off or off-
on sensors can be seriously affected by the excitation power and
detector sensitivity in quantitative detection.’’*> To solve this
problem, several ratiometric fluorescence probes have been
developed. The ratio of two absorption or emission peaks makes
the detection more accurate and sensitive, and may also minimize
the background signal.>*° Nearly all published ratiometric
fluorescence probes of palladium are based on the Pd-catalyzed
cleavage reactions and can recognize palladium with high
sensitivity and excellent selectivity.”*™® Unfortunately, the
reaction conditions are relatively strict and have a long response
time.**

Considering these limitations, a Pd**-selective ratiometric
fluorescent probe (RI, Scheme 1) based on the coordination
reaction is developed. The probe consists of the rhodamine and
an anthraniloyl moiety. In the absence of Pd*" ions, RI exhibits
blue fluorescence (from the anthraniloyl moiety). On
coordination with Pd*" ions, the blue fluorescence is quenched;
meanwhile, the spirolactam ring of rhodamine is opened, which
leads to the strong red fluorescence, thereby allowing the
ratiometric measurement of Pd*" concentration. RI displays
excellent selectivity for Pd*" ions over other metal ions and can
coordinate with Pd*" ions at room temperature with the response
time of 10 min.
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Scheme 1 Synthesis of RI.
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Fig. 1 Changes in fluorescence spectral of RI (10 uM) upon treatment
with PdCl, (20 uM) in EtOH/H,O (1:1, v/v) at room temperature. Aex =
360 nm. Inset: Photos show changes in the (a) visible color and (b)
fluorescence color upon addition of PdCl,.
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Fig. 2 Fluorescence spectra of RI (10 uM) upon titration with PdCL, (30

uM) in EtOH/H,O (1:1, v/v) at room temperature. All spectra were

recorded 10 min after the addition of Pd*" ions. A = 360 nm. Inset:

Changes in fluorescent intensities ratio (Isssnm/lsosam) of RI (10 uM) in the

presence of different concentrations of PdCL, (0 pM to 30 pM).

RI was synthesized according to procedures described in the
literature.®' % The synthetic route is shown in Scheme 1. In solid
state, the probe RI was a white powder with blue fluorescence,
while in EtOH/H,0 (1:1, v/v), it formed a colorless solution and
emitted blue fluorescence with the maxima at 408 nM. These
observations indicate the ring-closed form of the rhodamine
moiety, and the blue fluorescence can be ascribed to the
anthraniloyl moiety. Addition of Pd*" ions to the RI solution
quenched the blue fluorescence, while a strong red fluorescence
due to the opening of the spirolactam ring is observed, and the
solution turned brilliant pink. The addition of Pd** ions shifted
the fluorescence maxima from 408 nm to 588 nm. As shown in
Fig. 1, the probe RI can detect Pd** ions through both
fluorescence and colorimetric methods.

Changes in the fluorescence intensity ratio (Isggnm/l4osnm) 0f RI
on treatment with PdCl, were monitored over time (Fig. S1). It
was evident that the ratio rapidly increased for the initial 5 min
and leveled off after 10 min. Therefore, all the subsequent tests
were carried out after allowing for a 10 min equilibration time.
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Scheme 2 Proposed mechanism for the complexation of Pd*" with RI.

The changes in the fluorescence spectra of RI upon titration
with Pd*" ions are shown in Fig. 2. It is apparent that with
increasing Pd*" ion concentration, fluorescence intensity of RI at
408 nm decreased while a new emission peak at 588 nm appeared
and increased. The fluorescence intensity ratios (Isggnm/l40snm)
linearly varied with the concentrations of Pd*" ions in the range of
0 uM to 4 uM (Fig. S2), and the detection limit for Pd*" ions with
RI was 73.8 nM.* The fluorescence intensity ratio of RI (10 uM)
reached the maximum (700-fold enhancement) when the
concentration of Pd*" ions was 25 pM, and the intensity of
absorption at 566 nm also reached saturation (Fig. S3). This
observation indicated that the two Pd*" ions are coordinated to
each RI molecule, which was substantiated by the results from
the Job plot (Fig. S4). The 1:2 complexation of RI/Pd*" was
further confirmed by electrospray ionization mass spectrometry
(ESI MS) analysis (Fig. S5); m/Zgpserved = 920.16, m/z gicutarea for
[RI+2Pd**+3C1 T = 920.03. In addition, the ion corresponding to
a 1:1 complex of Pd*" and RI was also identified; m/z,pomed =
T44.25, m/zpqieutated for [RIFPA* +CI] = 744.19.

The coordination reaction between RI and Pd*" ions was
further probed by titration of the complex with sulfide (S*) (Fig.
S6). Concurrent with the addition of Na,S, the fluorescence
intensity at 588 nm decreased, while the intensity of the peak at
408 nm increased. Addition of an excess amount of Na,S
completely quenched the fluorescence at 588 nm. Reaction with
sulphide removed the coordinated Pd*" ions from the complex,
thereby, liberating RI (and its chromophoric features). These
observations indicate that the coordination of the ligand with Pd**
ions lead to the observed changes in the chromophoric
characteristics of the probe. Considering the observations, a
mechanism for the recognition of Pd*" ions by RI is proposed
(Scheme 2).

The probe RI recognized Pd*" ions with high selectivity when
compared with other common metal ions (Na*, K*, Ag’, Hg*,
Pb*, Cd**, cu*, Cr**, Ni¥', Fe**, Fe?*, Co*", Zn*", Mn?*, Ca*",
AP, Mg, and La*") and platinum-group (Ru*", Rh**, Pt*") metal
ions (Fig. 3). A large increase in the fluorescence intensity ratio
(Isggnm/T408am) Was induced only by Pd* ions, while other metal
ions caused insignificant increases in the ratio. Interference
experiments (determining Pd*" ions in the presence of other ions)
were also performed (Fig. 4). Most of the metal ions caused only
tiny variations in the fluorescence intensity ratio when compared
with the ratio obtained in the absence of any interference ions,
and no obvious reduction of the fluorescence intensity ratio was
observed.

The spirolactam ring of the rhodamine moiety in RI is
susceptible to changes in pH; at strongly acidic pH, the ring
opens, making the non-fluorescent rhodamine moiety emit red
fluorescence. Such behavior can interfere with the detection of
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1.6 In summary, a highly selective and sensitive ratiometric
1.4 »s fluorescent probe for Pd*" ions is reported. The probe RI exhibits
both fluorometric and colorimetric responses to Pd*" ions, thus
providing a method for visual detection of Pd*" ions. Different
1.0 from the reported ratiometric Pd*" probes, the change in the
fluorescence of RI is induced by complexation with Pd*" ion,

408nm

e % 30 thereby providing a new approach of developing ratiometric
_# 064 probe for palladium.
0.4
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An aniline-rhodamine-based ratiometric fluorescent probe for Pd*" ions.
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