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Fluorescent Probes for Pd** Detection by Allylidene—Hydrazone Ligands
with Excellent Selectivity and Large Fluorescence Enhancement
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Abstract: Because palladium is widely
used in various catalysts and convert-
ers, which results in a high level of con-
tamination of water systems and the
soil by residual palladium, there is an
urgent need for Pd**-sensitive and -se-
lective probes. Based on the special af-
finity of Pd** to conjugated double-
bond ligands, two fluorescence probes
(RPd2 and RPd3) that contain conju-
gated allylidene-hydrazone ligands that
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have been developed. The results show
that conjugated allylidene-hydrazones
have a much better affinity toward
Pd®*, and consequently provide the
probes with more acute color change
and fluorescence enhancement (= 170-
fold), and better selectivity over other
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metal ions (especially platinum-group
elements, or PGEs) than the unconju-
gated allyl-hydrazine. With richer elec-
tron density and a more suitable stereo
effect in the allylidene-hydrazone
group, RPd2 displays the best specifici-
ty toward Pd’* and affords convenient
detection by the naked eye. Its poten-
tial application for Pd**-contaminated
water and soil-sample analysis is re-
vealed by proof-of-concept experi-

link to colorless rhodamine-spirolactam

Introduction

Currently, considerable attention has been focused on the
design and synthesis of fluorescent probes for heavy- (and
inner-) transition-metal (HTM) ions because of their signifi-
cant importance in chemistry, cellular biology, and environ-
mental science.l'! Since monitoring an increase in intensity
from a low level of fluorescence is typically more reliable
than monitoring a reduction in the fluorescence intensity of
a highly fluorescent sample when changes in fluorescence
are small,® it is much more important and still a challenge
to design “off/on” fluorescence probes for these ions with
respect to the fact that they usually act as typical fluores-
cence quenchers.”>! On the basis of the well-known spiro-
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ments.

lactam (nonfluorescent) to ring-open amide (fluorescent)
equilibrium, rhodamine frameworks have been considered
an ideal mode for the construction of the off-on systems
that have frequently been utilized to design fluorescence-en-
hanced probes for Cu**, Pb**, Fe’+, Cr’*, Hg**, and Au'/
Au3+.[3]

Palladium is one of the platinum-group elements (PGEs;
they consist of Pd, Pt, Ru, Rh, Os, and Ir); it is widely used
in various materials such as dental crowns, catalysts,[4] fuel
cells, and jewelry. Pd-catalyzed reactions such as the Buch-
wald-Hartwig, Heck, Sonogashira, and Suzuki-Miyaura re-
actions represent powerful transformations for the synthesis
of complex molecules® and have played an important role
in pharmacy. However, their frequent and fruitful use can
also result in a high level of residual palladium, which may
result in the contamination of water systems and soil® and
therefore cause a health hazard.®™ ¥ Governmental restric-
tions on the levels of residual heavy metals in end products
are very strict. Therefore, palladium detection has attracted
tremendous attention. The traditional methods include
atomic absorption spectrometry (AAS), inductively coupled
plasma atomic emission spectrometry (ICP-AES), solid-
phase microextraction high-performance liquid chromatog-
raphy (SPME-HPLC), X-ray fluorescence, and so on,’]
which all suffer from the high cost of instruments and their
requirement of highly trained individuals.
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The fluorescence method has been developed for palladi-
um analysis in recent years, although a colorimetric tech-
nique has frequently been applied.® For instance, palladium
could be detected by fluorescent ligands through fluores-
cence quenching.”) Holdt et al. designed the first chemosen-
sor for Pd** detection by increasing fluorescence.'® In
their system, they showed for the first time that oxidative
photoinduced electron transfer (PET) in a molecular sensor
of the fluorophore-spacer-receptor system can be regulated
by the internal charge transfer (ICT) of a push/pull recep-
tor.l’*?! Recently, they have also reported the combination
of a charge-transfer (CT) modulated PET with an excimer
formation in an anthracenophane-type fluoroionophore for
sensing Pd’* by large fluorescence enhancement.!'*! Koide’s
group developed a fluorescein system as a sensitive (0.95-
95 ng) and selective fluorescent sensor on the basis of Pd-
catalyzed Tsuji-Trost!™ allylic oxidative insertion reaction,
which displayed multiple advantages for the analysis of re-
sidual palladium in reactors and in real samples of drugs,
rocks, and soils.'% The excellent work by Holdt and Koide
et al. has encouraged us to introduce the allyl groups into
the spirolactam ring of a rhodamine derivative and thus
design a rhodamine-based Pd’* probe (RPdl in
Scheme 1) with good selectivity, high sensitivity, and no-
table fluorescence enhancement in Pd** and Pd° detection.

However, Hg?* poorly quenches the fluorescence en-
hancement of RPd1 on Pd’*, and Pt or other PGE ions
always show some fluorescence response, which is still a
common shortcoming in these kinds of probes. It is known
that Pd’* always shows more affinity to conjugated bonds
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Scheme 1. Synthesis of RPd1, RPd2, and RPd3.
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(such as C=C—C=C) than single C=C bonds. The conjuga-
tion and electron density of the ligand might therefore be
very important for Pd** recognition and influence both the
sensitivity and the selectivity of Pd** over Hg’" and other
PGE ions, especially in the cases of rhodamine spirolactam
ring-opening systems induced by Pd** complexation on the
ligands. Hence, in this study, we use the allylidene-hydra-
zone (N=C—C=C) groups to increase conjugation over the
previous allyl-hydrazine (N—C—C=C) group in RPd1, and
adjust their electron density with a methyl group (electron-
donating) in RPd2 and bi-cyano groups (electron-withdraw-
ing) in RPd3. The results show that these new ligands do
indeed have different effects on the selectivity, sensitivity
and the fluorescence quantum yields after coordination with
Pd’*. RPd2 displays an excellent fluorescence response,
even in the presence of Hg?*, and shows good selectivity
over other PGE ions.

Results and Discussion

Synthesis and characterization of RPd2 and RPd3: RPd2
was easily synthesized in 85.2% yield by a condensation re-
action of rhodamine 6G hydrazide (1) and but-2-enal. RPd3
was prepared in a similar yield (85.9%) by a condensation
reaction of intermediate (2) and malononitrile (Scheme 1).
The intermediates, 1 and 2, were prepared according to pro-
cedures in the literature.”? The structures of RPd2 and
RPd3 were both confirmed by 'H NMR and *C NMR spec-
tra as well as time-of-flight mass spectrometry (TOF-MS)
data.

Spectroscopic properties of RPd2 and RPd3: The free
probes RPd2 and RPd3 are colorless and nonfluorescent be-
cause they are both in “ring-closed” states. After addition of
Pd>* to RPd2 and RPd3 solutions, the complexation in-
duced the two probes to their “ring-open” states, thus lead-
ing to evident color change (from colorless to brilliant pink)
and emission of a strong fluorescence. As displayed in
Figure 1 as well as Figures S1 and S2 in the Supporting In-
formation, in 50 % ethanolic solution the absorption peaks
of RPd2+Pd** and RPd3+Pd** center at 532 and 540 nm,
respectively, and emission peaks both center at 555 nm. The
fluorescence enhancement of RPd2 (10 um) to Pd**
(1.0 equiv) is as high as 170-fold (Figure 1b). The colorimet-
ric and fluorometric responses between the probes and Pd**
can also be conveniently detected by the naked eye
(Figure 2).

Pd** selectivities of RPd2 and RPd3 over other common
cations: Achieving high selectivity toward the analyte of in-
terest over other potentially competing species is a necessity
for the fluorescence probe. The common cations such as K+,
Na*, Ca’*, Mg**, Zn**, Cd**, Ba’*, Cr’*, Pb**, Cu’",
Hg**, Ag", Mn?*, Ni**, Co?*, La**, and NH," (50 pm, re-
spectively) were used to evaluate the metal-ion binding
properties of RPd2 (10 um) in 50 % ethanolic water solution.
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Figure 1. a) Absorption and b) fluorescence spectral changes of RPd2
and RPd3 before and after addition of Pd*" (1.0 equiv) in 50 % ethanolic
water solution. 10 um for RPd2, RPd3, and Pd**. Excitation wavelength
is 505 nm. Slit: 5.0 nm/2.5 nm. i) RPd2 +Pd’*, ii) RPd3+Pd**, iii) RPd3,
and iv) RPd2.

Figure 2. The colorimetric and fluorometric responses of RPd2 to Pd**
and other selected common cations in 50% ethanolic water solution,
30 um for RPd2 and Pd**, 50 um for other cations. The two photos were
obtained in sunlight (left) and upon excitation at 365 nm using a UV
lamp (right), respectively. Pd=PdCl,, Ca=CaCl,, Zn=Zn(NO;),, Cd=
CdCl,, Cr=CrCl;, Pb=Pb(NO;),, Cu=Cu(NO;),, Hg=HgCl,, Ag=
AgNO;, Mn=MnCl,, Ni=NiCl,, Co=CoCl,, La=LaCl;, and NH,=
NH,CI; RPd2 represents the probe only.

The fluorescence spectra were obtained by excitation of the
rhodamine 6G fluorophore at 505 nm. RPd2 displays no
fluorescence response to all these metal ions, except that
Pd®* induces a large fluorescence enhancement (Figure S3a
in the Supporting Information). The selective recognition of
Pd®* can be detected by the naked eye both for colorimetric
and fluorometric methods, as shown in Figure 2. Additional-
ly, competition experiments were also checked for RPd2. In
the presence of these competitive cations, Pd** still leads to
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a similar fluorescence intensity (Figure S3b), which indicates
that the Pd®* detection by RPd2 has little interference from
the common cations.

In the case of RPd3, the antijamming abilities (Figure S4b
in the Supporting Information) toward Pb**, Mn?*, Ag™,
and NH,* ions are not as good as that of RPd2, but it also
displays moderate selectivity for Pd** (Figure S4a). More-
over, the serious fluorescence quenching of the RPd1-Pd**
system'™ by Hg?* in the previous work has been overcome
in the cases of both RPd2 and RPd3. It should therefore
result in the conjugated allylidene-hydrazone groups having
a better affinity toward Pd** than the unconjugated allyl-hy-
drazine groups toward Hg’*.

Pd** selectivities of RPd2 and RPd3 over other PGE ions:
PGE:s are widely used as efficient catalysts, which have simi-
lar chemical properties. Herein, the effective discrimination
of PGE ions would be much more important for reclaiming
the noble metal. In our study, PdCl,, PtCl,, RhCl;, and
RuCl; were adopted to check whether or not RPd2 and
RPd3 could selectively detect the PGEs ions. Figure 3a
shows the time course (0-60 min) of fluorescence intensities
of RPd2 treated with Pd**, Pt**, Rh**, and Ru’*, respec-
tively. It can be clearly observed that the selected PGE ions
do not enhance the fluorescence intensity of RPd2, whereas
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Figure 3. a) Time-dependent fluorescence intensity changes (at 555 nm)
of RPd2 (10 um) with or without different PGE ions (1.0 equiv). Excita-
tion wavelength is 505 nm, slit: 5.0 nm/2.5 nm. b) Visual absorption (top)
and fluorescence (bottom) responses of RPd2 (10 um) with or without
PGE ions (1.0 equiv) in 50% ethanolic water solution. The two photos
were obtained in sunlight (top) and upon excitation at 365 nm using a
UV lamp (bottom), respectively.
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Pd®* leads to a notable fluorescence signal, even after 10 h
(Figure S7a in the Supporting Information). Similar results
can be observed for RPd3 (Figure S6 and S7b). To the best
of our knowledge, this is the first report to obtain such ex-
cellent selectivity of a fluorescent probe toward Pd** in
aqueous media over other PGE ions, especially Pt**.

The mechanism of Pd** detection by RPd2 and RPd3: In
our previous work, RPd1 displayed a good response to Pd**
due to the well-known interaction between the allyl group
and Pd**. In this study, we firstly used S*~ titrations of
RPd2-Pd** and RPd3-Pd** systems to check the coordina-
tion between Pd®* and the probes. When an excess amount
of S*~ was added to the pink solutions of RPd2-Pd** and
RPd3-Pd>*, the solutions turned colorless and the fluores-
cence gradually disappeared (Figure 4a and Figure S8a in
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Figure 4. a) Fluorescence spectral changes of RPd2-Pd*" solution (10 um
both for RPd2 and Pd’*) upon addition of an excess amount of S*~ ion
in 50% ethanolic water solution. Excitation wavelength is 505 nm. Slit:
5.0 nm/2.5 nm. b) Job plots of RPd2. The total concentration of RPd2
and Pd** is 10 pm.

the Supporting Information), which should be attributed to
the decoordination of Pd**. The Job plots show 2:1 stoichi-
ometry between the probe and Pd** both for RPd2 and
RPd3 in Figure 4b and Figure S8b. Another bit of evidence
of the binding mode comes from TOF-MS spectra of the
complex of RPd2 and Pd**. The peak at m/z 533.2880 that
corresponds to [Pd(RPd2),]*t (Figure 5) is clearly observed.
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Figure 5. TOF-MS of RPd2 (30 um) in the presence of 1.0 equiv PdCl, in
50% ethanolic water solution. Insets: calculated (top) and observed
(bottom) isotopic patterns for the [Pd(RPd2),]** cation.

We think the conjugated Schiff base portion might be the
key factor in the Pd**-sensing process, and the modified
alkene groups have effectively adjusted in terms of electron
density, coordinating properties, and stereo effect, which
leads to the excellent selectivity of RPd2 and RPd3 toward
Pd’*. Bearing these in mind, the proposed mechanism is
presented in Scheme 2: the spirolactam ring in the probes is
opened by Pd** complexation.

R = Methyl
Bi-cyano

O = P+

Scheme 2. Proposed mechanism for Pd?* complexation inducing the
opening of the spirolactam ring in RPd2 and RPd3.

EtHN o]

Effects of pH on probe emission and Pd** detection: The
spirolactam ring of the rhodamine derivatives always opens
in acidic media and indicates the fluorescence of rhodamine.
It is therefore very important to check the fluorescence
properties of RPd2 and RPd3 in solutions with different pH
values. The acid-base titration control experiments were car-
ried out by adjusting the pH with an aqueous solution of
NaOH and HCI (Figure 6a and Figure S10a in the Support-
ing Information). The pH titration revealed that the probe
solution did not emit any characteristic fluorescence at pH >
5. The resulting sigmoidal curves gave a similar pK, of
(3.41£0.02) for RPd2 and (3.42+0.03) for RPd3, thus dem-
onstrating that they can work in a wide pH range. The fluo-
rescence responses of RPd2 and RPd3 in the absence and
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Figure 6. a) Effect of pH on the fluorescence intensity at 555 nm for
RPd2 (10 um) in 50% ethanolic water solution. b) Pd** detection of
RPd2 in different pH. The pH of solution was adjusted by aqueous solu-
tion of NaOH (1m) and HCI (1m). Excitation wavelength is 505 nm. Slit:
2.5 nm/2.5 nm. e: RPd2, o: RPd2 +Pd**.

presence of Pd** in different pH values were also evaluated.
Figure 6b and Figure S10b display that, in near neutral pH
range (5.46-9.58 for RPd2 and 4.08-10.05 for RPd3), they
can respond readily to Pd?* without any interference by
protons.

Different properties caused by different ligands in RPd2
and RPd3: With differing methyl and bi-cyano groups in
each ligand on the spirolactam ring, RPd2 and RPd3 dem-
onstrate different properties such as sensitivity and fluores-
cence quantum yield after coordination with Pd**.

The fluorescence intensities of RPd2 and RPd3 are both
linearly proportional to the amount of Pd** added (0-
1.0 ppm). As Figure S1la in the Supporting Information
shows, RPd2, with a detection limit of 1.80x10~’m (almost
the same value as RPd1'™), is much more sensitive than
RPd3, which has a detection limit of 1.70x10°m (Fig-
ure S11b). That is probably because RPd2 (which contains
an electron-donating methyl group) is relatively electron-
richer than that of RPd3 (which contains electron-withdraw-
ing bi-cyano groups) at the allylidene-hydrazone part. This
hypothesis is supported by the charge density of the atoms
on the allylidene-hydrazone ligands of RPd2 and RPd3, re-
spectively (calculated by density functional theory (DFT)
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calculations at the B3LYP/6-31G level). The ligand that con-
tains the methyl group in RPd2 is much more electronega-
tive than that of RPd3, which was clearly revealed by the
charge on the O-1, N-2, N-3, and C-4 atoms in the allyli-
dene-hydrazone part, as can be seen from Table 1 and Fig-
ure S12. Moreover, the different electronegativity is quite
evident for C-5, which has a charge of —0.107 (negative
value) in RPd2 and a charge value of 0.140 (positive value)
in RPd3. It suggests that electron-richer allylidene-hydra-
zones have a better affinity toward Pd**.

Table 1. The charge of atoms on the allylidene-hydrazone parts of RPd2
and RPd3 calculated by DFT methods (B3LYP/6-31G). For detailed in-
formation, see Figure S12 in the Supporting Information.

Atom O-1 N-2 N-3 C-4 C-5
RPd2 -0.414 -0.519 -0.171 —0.098 -0.107
RPd3 —0.388 —0.503 -0.157 —0.054 0.140

As a heavy-metal ion, Pd*" usually acts as a strong fluo-
rescence quencher.'*2*%1331 We have found that reduction of
Pd** to Pd’ would provide a much stronger fluorescence in-
tensity in our previous work.!'”" In the present cases, it is in-
teresting that the RPd3-Pd** system displays a higher fluo-
rescence quantum yield than the RPd2-Pd** system (¢g/
¢ > twofold), which actually can be anticipated in Figure 1,
from which we can see that the RPd3-Pd** system displays
weaker absorption intensity but stronger fluorescence inten-
sity. This is presumably because the quite different electron
density caused by the substitutional groups has resulted in a
discriminating fluorescence quenching effect from the Pd**-
ligand complex to the rhodamine fluorophore in RPd2-Pd**
and RPd3-Pd** systems, respectively. We think the electron-
rich Pd(ligand-CHj;), caused by a methyl group can facilitate
the possible PET process to the excited rhodamine fluoro-
phore, which has led to the partial fluorescence quenching
effect. In the case of the RPd3-Pd** system, the bi-cyano
group has made Pd(ligand-CN), highly electron-deficient,
which would effectively suppress the PET process to the ex-
cited fluorophore. It would result in a RPd3-Pd’" system
that has better fluorescence quantum yields than RPd2-Pd**

Potential application of RPd2 for Pd** detection in water
and soil samples: The potential utility of RPd2 for Pd** de-
tection was checked by proof-of-concept experiments. Pool
and tap water were collected and filtered, prepared as 50 %
ethanolic water samples, and then spiked with different
PdCl, ([Pd**]sma=0-10 um) concentrations. The fluores-
cence signals of the water samples after the addition of
RPd2 solution ([RPd2];;,,, =10 um) were almost linearly cor-
related to the Pd** concentrations (Figure 7), which indi-
cates that RPd2 could be utilized for trace Pd** analysis in
the pool- and tap-water samples. According to the test pro-
cedures for soil contamination in references,'°* we found
that fluorescence signals of Pd**-contaminated (>3 pm) soil
samples after addition of RPd2 (10 um) evidently increased,
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Figure 7. Proof-of-concept experiment with RPd2 for Pd*" detection in
50% ethanolic water (tap (@) and pool water (®)) solutions in um levels.
Excitation wavelength is 505 nm. Slit: 5.0 nm/5.0 nm.

thereby confirming its potential application for Pd** analysis
in soil samples (Figure 8).['
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Figure 8. Proof-of-concept experiment with RPd2 for Pd** detection in
soil samples dissolved in 50 % ethanolic water solution in um levels. Exci-
tation wavelength is 505 nm. Slit: 5.0 nm/5.0 nm.

Conclusion

In summary, we have developed two rhodamine-based fluo-
rescence probes with conjugated allylidene-hydrazones,
RPd2 and RPd3. They have much better affinity toward
Pd®* and less interference from Hg?* than previous uncon-
jugated allyl-hydrazine (RPd1) and show excellent selectivi-
ty toward Pd** over other common cations and PGE ions.
The colorimetric and fluorescent response to Pd** can be
conveniently detected even by the naked eye, which pro-
vides a facile method for visual detection of Pd**. RPd2
(with an electron-rich methyl groups in the allylidene-hydra-
zone ligand) displays better selectivity and sensitivity than
RPd3 (with electron-withdrawing bi-cyano groups). We also
find that the highly electron-deficient system caused by the
bi-cyano groups in RPd3 can cause the RPd3-Pd’" system
to possess a relatively higher fluorescence quantum yield
than the RPd2-Pd** system. Proof-of-concept experiments

www.chemeurj.org
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have also revealed the potential utilities of RPd2 for Pd**-
contaminated sample analysis.

Experimental Section

Materials and methods: All solvents used were of analytical grade. Ana-
lyte solutions were prepared from KCI, NaCl, NH,Cl, CaCl,,
BaCl,2H,0, MgCl,,6H,0, CdCl,2.5H,0, CrCl;+6H,0, MnCl5H,0,
NiCl,»6 H,0O, CoCl,,6 H,0O, Pb(NOs),, LaCl;7H,0, AgNO;, HgCl,, Cu-
(NO3),22.5H,0, Zn(NO;),6H,0, and RuCl; by separate dissolution in
distilled water: 5.0 mm for HgCl,, 10.0 mm for other cations. A 5.0 mm so-
lution of RhCl; was prepared in an MeOH/H,O (1:1 v/v) solution. A
5.0 mm solution of PtCl, was prepared in DMSO. A 5.0 mm stock solution
of PdCl, (8.9 mg, 0.05mmol) was prepared in 75:25 MeOH/brine
(10 mL). Further dilution of the 5.0 mm stock solution of PdCl, with
MeOH was carried out to prepare the 1.0 mm and 0.1 mm stock solutions.
Solutions (10.0 mm) of RPd2 (24.0 mg, 0.05 mmol) and RPd3 (25.8 mg,
0.05 mmol) were both prepared in DMSO (5 mL) and stored in a refrig-
erator for use. '"H and C NMR spectra were recorded using a Varian
INOVA-400 spectrometer with chemical shifts (0) reported in ppm (in
CDCl;, TMS as internal standard). Mass spectrometry data were ob-
tained using an HP1100 LC/MSD mass spectrometer and an LC/Q-TOF
MS spectrometer. Fluorescence measurements were performed using a
Varian CARY Eclipse fluorescence spectrophotometer (serial no.
FL0812M018). All pH measurements were made using a Model PHS-3C
meter.

Water-sample analysis by RPd2: The water samples (pool and tap water)
were spiked with different PdCl, solutions ([Pd]g,,=0-10.0 um). Then
equivalent ethanol was added, respectively, to prepare solutions in 50 %
ethanolic water solution. After filtering to remove insoluble materials,
RPd2 solution was added to the different Pd’*-contaminated ethanolic
water samples ([RPd2]g,, =10.0 um).

Soil-sample analysis by RPd2: Soil was heated in an oven at 133°C for
24 h prior to use. Then it was suspended in 50% ethanolic solution to
prepare a 10.0 mgmL ' soil sample and spiked with different PdCl, solu-
tions ([Pd]g,,=0-10.0 um). After filtering to remove insoluble materials,
RPd2 solution was added to the different Pd**-contaminated soil samples
([RPA2]4i.;=10.0 pm). Then fluorescence measurements were performed
after equilibration.

Synthesis of RPd2: Compound 1 (500 mg, 1.2 mmol) was dissolved in
ethanol (30 mL) in a 100 mL flask. But-2-enal (1 mL) was then added
dropwise with vigorous stirring at reflux temperature for 5 h. After con-
centration to 10 mL, the solution was then cooled to room temperature.
The resulting precipitate was filtered and washed three times with EtOH/
water (15 mL). After drying over P,O5 under vacuum, the reaction af-
forded white RPd2 (491.1 mg, yield: 852%). M.p. 302.3-303.1°C;
"H NMR (400 MHz, CDCls, 25°C, TMS): 6=7.99 (m, 1 H; C,H,), 7.86 (d,
J=9.2Hz, 1H; NNCH), 7.41 (m, 2H; CiH,), 6.97 (m, 1H; C¢H,), 6.38 (s,
2H; xanthene-H), 6.30 (s, 2H; xanthene-H), 6.12 (m, 1H; CH), 5.77 (m,
1H; CH), 3.52 (s, 2H; NH,), 3.19 (q, /=8.0 Hz, 4H; CH,), 1.88 (s, 6H;
CH,), 1.71 (d, J=8.0 Hz, 3H; CHj;), 1.31 ppm (t, /J=8.0 Hz, 6H; CH,);
BCNMR (100 MHz, CDCl;, 25°C, TMS): 6=165.29, 152.78, 150.89,
149.10, 147.41, 138.21, 133.33, 130.32, 127.88, 123.43, 118.15, 106.22, 96.93,
65.35, 38.45, 18.40, 16.70, 14.72 ppm; Q-TOF MS (ES*): m/z: calcd:
481.2604 [M+H]*; found: 481.2605.

Synthesis of RPd3: Compound 2 (500 mg, 1.1 mmol) was dissolved in
acetonitrile (S0 mL) in a 100 mL flask. Malononitrile (1 mL) was then
added dropwise with vigorous stirring at reflux temperature for 2 h, and
then the mixture cooled to room temperature. After removal of acetoni-
trile under vacuum, the residue was purified by flash chromatography
with CH,Cl,/acetic ether as eluent to give RPd3 as a red powder
(443.8 mg, yield: 859%). M.p. 256.6-257.3°C; 'HNMR (400 MHz,
CDCl;, 25°C, TMS): 6=8.17 (m, 1H; CHC(CN),), 8.07 (d, J=7.6 Hz,
1H; CH,), 7.58 (m, 2H; C¢H,), 7.40 (d, J=7.6 Hz, 1H; NNCH), 7.09 (d,
J=17.6 Hz, 1H; CH,), 6.42 (s, 2H; xanthene-H), 6.19 (s, 1H; xanthene-
H), 323 (q, /=8.0Hz, 4H; CH,), 1.89 (s, 6H; CH;), 1.32 ppm (t, /=
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8.0 Hz, 6H; CH;); *C NMR (100 MHz, CDCl,, 25°C, TMS): 6 =166.00,
157.44, 152.48, 151.57, 148.28, 137.65, 135.59, 129.15, 127.64, 127.13,
124.52, 118.63, 112.85, 110.43, 109.07, 104.08, 96.95, 87.77, 67.08, 38.46,
16.85, 14.76, 8.80 ppm; Q-TOF MS (ES*): m/z: calcd: 517.2352 [M+H]*;
found: 517.2330.

Fluorescence quantum yields: The fluorescence quantum yields of RPd2-
Pd**and RPd3-Pd** were determined according to the method below

[Eq. (D]:

o= (@) (FAL) (A,) (Fexs)(
o (FA)(AY) (Rexa) 072

a 1)

in which ¢ is the fluorescence quantum yield; FA is the integrated area
under the corrected emission spectra; A is the absorbance at the excita-
tion wavelength; 4., is the excitation wavelength; # is the refractive index
of the solution; and the subscripts u and s refer to the unknown and the
standard, respectively. We chose rhodamine B as standard, which has a
fluorescence quantum yield of 0.49 in ethanol.!

Theoretical calculations: The structures of RPd2 and RPd3 were opti-
mized using density functional theory (DFT) by the B3LYP method with
the 6-31G basis set. The DFT calculations were performed using the
Gaussian 09 program.!'®!
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