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Rational design of a boron-dipyrromethene-based
fluorescent probe for detecting Pd?* sensitively
and selectively in aqueous mediat

Yannan Li, Li Yang,@* Menggqi Du and Guanjun Chang (D}

A novel fluorescent probe for Pd®* based on the BODIPY fluorophore exploiting the PET (Photoinduced
Electron Transfer) mechanism was designed and successfully synthesized. The fluorescent probe 1 was
prepared by introducing m-bisimidazolylbenzene which was connected by phenyl acetylene to the
BODIPY dye at the meso position. It exhibited a rapid response and high sensitivity and selectivity toward
Pd%*. Probe 1 presented a rapid quenched fluorescence response in aqueous buffer media (pH 5.5) and
the detection limit estimated from the titration results was 2.9 x 10~/ M. Meanwhile, other common metal
ions did not interfere with the recognition process. The DFT calculation proved that coordination of bisi-
midazole ligands with Pd%* effectively decreases the LUMO energy of m-bisimidazolylbenzene which was
located between the HOMO and LUMO energies of the BODIPY dye leading to fluorescence quenching

rsc.li/analyst via the d-PET mechanism.

Introduction

Among the heavy and transition metal ions, Pd*" is one of the
important targets suspected to pose a serious health risk,
especially in vulnerable populations such as children. Even
very low doses lead to an increase in risk factors associated
with allergic reactions in susceptible individuals, including
primary skin and eye irritation. Exposure to Pd*>" can negatively
affect the immune system.” Pd may be transformed into more
toxic species upon uptake by organisms.” Thus, the maximum
dietary intake of palladium is restricted to ca. 1.5-15 pg per
person per day.” Pd** is widely distributed in the environment
due to its extensive applications in alloys, catalysts, medicinal
devices, fuel cells and automobile catalytic converters.*™®
Conventional techniques used for the detection of palla-
dium contents are usually carried out using analytical tools
such as atomic absorption/emission spectrophotometry, ion-
coupled plasma emission-mass spectrometry and X-ray fluo-
rescence spectroscopy,” " which require large and expensive
instruments as well as sophisticated instrumentation.
Excellent fluorescent probes for the detection of Pd*" seemed
to be an ideal candidate due to their high sensitivities, simple
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manipulation and provision of in situ and real-time
information.">™""

Recently, many fluorescent probes for Pd** detection have
been reported. However, some of them have shortcomings
such as cross-sensitivities toward other metal cations, poor
water solubility and long response times. It is still challenging
to design a fluorescent probe with exclusive selectivity,
response and high sensitivity toward Pd>".

The BODIPY dye is a very well-known molecule owing to its
valuable properties such as (a) high molar extinction coeffi-
cients (¢ > 70000 M™' cm™") and excellent fluorescence
quantum yields (®¢ ca. 0.5-0.8), (b) sharp absorption and emis-
sion signals, and (c) not being affected by pH and its fluo-
rescence is independent of the polarity of the solvent, which
are of great significance for DNA sequencing and biomarker
fields."*"®

The PET mechanism has practical control over the signal of
a fluorophore and has yielded numerous sensitive OFF-ON
type probes.””>' On the one hand, boron-dipyrromethene
(BODIPY) dyes can be exploited as effective reporters in two-
segment receptor-reporter fluorogenic probes relying on
PET.>>?* On the other hand, imidazole ligands are widely
used as the building blocks of artificial metal-organic self-
assembled supramolecules for functional materials. In particu-
lar, the imidazole ligand could coordinate with palladium
readily. For example, Yamada’s research group reported two
kinds of highly active, reusable, self-assembled polymeric
imidazole Pd catalysts by coordination of polymeric imidazole
units to palladium species.>>?® In this paper, we designed and

This journal is © The Royal Society of Chemistry 2019
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synthesized compound 1 which combined the coordinative
effect of rigid bisimidazole ligands and photoluminescence
properties of BODIPY dyes. We envisioned that the fluo-
rescence intensity of the probe might greatly reduce due to the
d-PET mechanism.

We hypothesize that coordination may effectively manip-
ulate HOMO and LUMO energy orbitals of fluorophores so
that the coordinated bisimidazole moieties can act as electron
acceptors to quench the fluorescence of the fluorophores via
the d-PET process.

Experimental
Materials and instruments

2,4-Dimethylpyrrol, triethylamine (Et;N) and diisopropylamine
(‘Pr,NH) were purified by vacuum or atmospheric distillation.
BF;-Et,0, TMSA, imidazole, Cul, etc. were of analytical grade.
Other reagents, unless stated otherwise, were purchased from
commercial suppliers without further purification. Double dis-
tilled water was used throughout the course of the experiment.
Thin-layer chromatography (TLC) analysis was carried out on
silica gel plates (GF-254) and column chromatography was per-
formed over silica gel 300-400 mesh (37-54 pm). "H NMR
spectra were recorded on a Bruker AV-400 spectrometer at
400 MHz in CDCl; (6 7.26 ppm) or in DMSO-d (6 2.50 ppm).
BC NMR spectra were also recorded on a Bruker AV-400
spectrometer at 100 MHz in DMSO-ds (5§ 2.50 ppm). FT-IR
spectra were recorded on a Nicolet 6700 FTIR spectrometer in
the region of 4000-400 cm™" using KBr pellets. The ESI-TOF
mass spectra were recorded with a Waters Q-Tof premier
instrument. The absorption measurements were performed
with a SHIMADZU UV-3150 UV-vis-NIR spectrophotometer.
Corrected steady state emission spectra were recorded using a
PerkinElmer LS-55 Fluorescence Spectrometer. Elemental ana-
lyses were performed with a CARLO ERBA1106 instrument.

Synthesis of compound 1

A two-neck flask (100 mL) was charged with compound 4
(1.2 g, 3.45 mmol), compound 5 (0.90 g, 3.13 mmol), Pd
(PPh3), (0. 35 g, 0.34 mmol), Et;N (25 mL) and THF (60 mL).
The reaction mixture was heated up to 60 °C and stirred for
48 h under nitrogen. After the solvent was removed in vacuo,
the residue was allowed to be dissolved by dichloromethane
and then washed with sodium hydroxide aqueous solution.
The organic phase was dried by using anhydrous Na,SO,. After
the solvent was removed, the reaction mixture was purified by
column chromatography (dichloromethane/methanol = 20: 1)
which afforded a yellowish solid (0.89 g, 52%, m.p. 275 °C). 'H
NMR (400 MHz, DMSO-d;), 8: 8.52 (s, 2H), 8.08 (s, 1H), 8.00 (s,
2H), 7.96 (s, 2H), 7.79 (d, J = 8.0 Hz, 2H), 7.50 (d, J = 7.6 Hz,
2H), 7.17 (s, 2H), 6.21 (s, 2H), 2.46 (s, 6H), 1.41 (s, 6H); *C
NMR (100 MHz, DMSO-d), 6: 155.7, 143.1, 141.3, 138.8, 136.4,
135 4, 132.9, 130.9, 130.6, 129.1, 125.4, 123.1, 122.0, 120.9,
118.5, 112.6, 90.8, 89.6, 14.7, 14.6. MS (ESI): m/z = 557.2440
{556.2358 [M'], 557.2437 [M + H]'}. Anal. cale. (%) for
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C33H,,BF,Ng: C, 71.23; H, 4.89; N, 15.10. Found: C, 71.38; H,
4.68; and N, 15.26.

Results and discussion
Synthesis of probe 1

The synthetic route adopted for the preparation of probe 1 is
depicted in Scheme 1. First, p-iodobenzoic acid reacted
with thionyl chloride to produce p-iodobenzoyl chloride.
p-lodobenzoyl chloride then underwent a condensation reac-
tion with 2,4-dimethylpyrrole, followed by coordination with
boron trifluoride catalyzed by Pd(PPh;),Cl, and Cul afforded
compound 2. Compound 2 reacted with TMSA by the
Sonogashira reaction to produce compound 3. After de-
protection of compound 3 with KF, the yield compound 4
reacted with m-bisimidazolylbenzene derivative 5 by the
Sonogashira reaction again in the presence of Pd(PPhj), to
produce compound 1. Synthetic details for compounds 2-5
can be found in the ESL{ The product (compound 1) was well
characterized by "H, ">C NMR, and ESI-TOF mass spectra.

UV-vis absorption and fluorescence studies

We firstly assessed the UV-vis spectroscopic properties of
probe 1 in DMF at room temperature (1.0 x 10~> M). Probe 1
displayed a strong UV-vis absorption at 505 nm, with a
shoulder around 473 nm (Fig. S1f). The absorption spectra
were quite similar to those of BIMBDP, a BODIPY based pH
probe reported by Hayvali’s research group.”” Interestingly, the
absorption spectra of all synthesized BODIPY compounds
show a similar shape to meso substituted borondipyrro-
methene chromophores.”® Next, the emission spectra of probe
1 were recorded in DMF: H,O (95: 5, v/v) solution with a pot-
assium phosphate buffer, (10 mM, pH 5.5). As expected, when
being excited at 500 nm, the free probe gave a strong fluo-
rescence emission at 518 nm (Fig. S27). Upon excitation with a
UV lamp at 365 nm, the solution of probe 1 presents a bright
green emission (Fig. S47).

1 1.50Cl,
2.2,4-Dimethyl Pyrrole, DCM
3.EtN, BF3Et,0, 22% TMSA, Pd(PPh;),Cl,

Cul, 'ProNH, THF, r.t, 71%

COOH

KF MeOH/CH,Cly, rt.
plillanaakbdlt Ry
60%

Scheme 1 Synthesis of BODIPY-based compound 1.
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The pH dependence of probe 1

The effect of pH on the fluorescence of probe 1 was first deter-
mined in DMF-water (95 : 5, v/v) solution. The emission spec-
trum of 1 had no obvious change in the pH range 13-2.0
(Fig. S37), in contrast to other pH-sensitive fluorophores such
as fluorescein or rhodamine.”**° The fluorescence of probe 1
was independent of solvent and pH, which may avoid detec-
tion errors and help achieve accurate results. On the other
hand, Pd*" easily binds with OH™ anions and forms a Pd(OH),
precipitate in a high pH solution, which would reduce its com-
plexation with 1. In addition, most of the common transition
metal ions are in their free ion form at acidic pH. Therefore,
all of the recognitions of metal cations were performed in
DMF : H,O (95 : 5, v/v) solution at pH 5.5 maintained with pot-
assium phosphate buffer.

Sensitivity and selectivity of probe 1 to detect Pd>*

To study the sensitivity of the probe towards Pd**, the fluo-
rescence change of probe 1 in the presence of different concen-
trations of Pd*" was investigated. As illustrated in Fig. 1a with
progressive addition of Pd**, the emission intensity at 518 nm
rapidly decreased. The quenching behaviors may be attributed
to the spontaneous PET process after the coordination of bisi-
midazole ligands with Pd*'. Furthermore, the fluorescence
titration curve revealed that the fluorescence intensity of probe
1 at 518 nm decreased linearly with increasing amount of Pd**
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Fig. 1 (a) Systematic changes in emission spectra for 1 (1 pM) in the
presence of different concentrations (0-20 pM) of Pd?* at 25 °C. All
studies were performed in DMF : H,O (95:5, v/v) solution (10 mM pot-
assium phosphate buffer, pH 5.5). (b) Emission spectra of 1 (1 uM) in the
absence and the presence of 20 uM of different metal ions (lex =
500 nm, slits = 10 nm, 2.5 nm); inset: the emission image observed for 1
(1 pM) upon addition of various cations (50 equiv.). (c) Representative bar
chart showing emission intensities of 1 (1 pM in DMF-potassium phos-
phate buffer), in the absence and the presence of different metal ions
(20 uM) (d) plot of Iy — I vs. [Pd?*], where Iy and | were emission intensi-
ties of sensor 1 at 518 nm (lex = 500 nm) in the absence and the pres-
ence of known [Pd?*] and three samples spiked with known [Pd?*],
respectively.
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(0-12 pM, R* = 0.986). Then, the detection limit (3c/slope) of 1
for Pd** was calculated to be 2.9 x 1077 M (Fig. S51).*! In
another word, probe 1 displayed high sensitivity to Pd** which
was higher than that of the bipyridyl-based probe for Pd**
(1.54 x 10~° M) reported by Singh’s research group,** thus pro-
viding an efficient system for monitoring traces of Pd*" in
environmental and pharmaceutical samples. Next, the fluo-
rescence quenching effect (%) amounted to ca. 94% when
20 puM of Pd** were added into the solution of 1.

Subsequently, the fluorescence titration experiments of 1
with various metal ions were then conducted to examine the
selectivity (Fig. 1b) in DMF: H,O (95:5, v/v) solution with a
potassium phosphate buffer (10 mM, pH 5.5). Interestingly,
the quenching behaviors of 1 were highly specific for Pd** and
there were no noticeable fluorescence changes when it was
treated with Cu®", Pb**, Zn**, Cd**, Pd**, Ni**, Cr**, Ag”, Mn*",
Hg>" and Sr**. Meanwhile, 1 could respond to Pd*" sensitively
even in the presence of competing ions (Fig. 1c). It is note-
worthy that probe 1 showed a really rapid response time (30 s,
98.7% completion) with 20 uM Pd>".

The FT-IR spectra of the free probe and the complex of 1
and Pd(OAc), in 1:2 ratio were also measured to further
more understand the probe behaviors. The FT-IR studies
(Fig. S7 and S8%) indicated that peaks at 1494.82 cm™" and
1609.53 cm ™" which were ascribed to C—=C and C=N stretch-
ing vibration of the imidazole ring disappeared. In addition,
job’s plot analyses (Fig. S107) that were also used revealed a
1:2 stoichiometry for the complex between probe 1 and Pd>".
The result suggested that two N atoms at the 3-position of the
imidazole ring act as coordination sites of 1 during the for-
mation of the 1-Pd**complex. Usually the optimum coordi-
nation number for Pd*>* is 4; it was possible that the
additional coordination bonds were formed between the Pd**
and the other O atoms via two acetate anions and a DMF
molecule under these experimental conditions (Fig. S107).
Probe 1 with coordination space could easily bind Pd** which
may be owing to the unique cation radius of Pd*", and thus
was indicative of a better selectivity for Pd** among the com-
peting ions.

The present sensing protocol also applies to other palla-
dium species such as PdCl,, and PdBr,, which behaved simi-
larly to Pd(OAc), under the detection conditions and the same
fluorescence quenching behavior was observed (Fig. S61).

The potential utility of 1 for Pd** detection was checked by
proof-of-concept experiments. Tap water was collected and fil-
tered, and then spiked with Pd(OAc), (10~° M) which is dis-
cussed in detail in the ESL{ The calibration curve of probe 1
vs. known [Pd**] (0-20 pM) with the linear fluorescence
response range for the estimation of Pd*>" in mixed aq. buffer
(pH 5.5) solution was shown in Fig. 1d and the ESIL.} These
results suggested that sensor 1 could estimate Pd*" in samples
with known Pd>" concentrations with considerable accuracy
(ca. 4.8-6.8% error) (Fig. 1d and Table S11). We believed that
sensor 1 with a fast response and excellent sensitivity has
enough potential to detect and evaluate unknown [Pd*'] in
environmental pollution samples.

This journal is © The Royal Society of Chemistry 2019
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To expand its application, probe 1 was deposited on filter
papers to prepare ready-to-use test strips and exploited to
detect Pd>" (Fig. S97). The untreated test strip exhibited a light
yellow color and emitted bright green emission upon exci-
tation at 365 nm with a hand-held UV lamp. Addition of Pd**
quenched its fluorescence and transformed the color from
green to black, which was easily observed by the naked eye.
Compared with Pd**, however, other metal ions investigated
did not show any emission intensity changes on the test strips.
The method requires no complex and expensive equipment
and can be performed quickly and easily.

Density functional theory (DFT) calculations

As is known to all, the PET mechanism depends on the
change of energy levels of the frontier molecular orbitals of a
specific compound due to different environments.?” Density
functional theory is a powerful quantum chemistry calculation
approach; therefore, we sought to verify the proposed PET
process using DFT calculations. Specifically, DFT calculations
of the probe and the corresponding complexes were performed
at the B3LYP/6-31G(d) level of the Gaussian 09 program.*

We also calculated the HOMO and LUMO energy of m-bisi-
midazolylbenzene moieties before and after coordination
using m-bisimidazolylbenzene as a model. Optimized ground-
state geometries of probe 1 and its complex with Pd*" are
shown in Fig. S11 and S12. Obviously displayed in Fig. 2, fluo-
rescent probe 1 has a smaller HOMO-LUMO energy gap (2.97
eV) than m-bisimidazolylbenzene (5.13 eV). More importantly,
the LUMO energy of bisimidazole is higher than that of the
BODIPY dye, while its HOMO energy is lower than that of the
BODIPY dyes, which means that m-bisimidazolylbenzene moi-

Orbital Energy/eV

A B C

Fig. 2 Comparisons of calculated HOMO and LUMO energies as well
as the electron density distributions in the HOMO and LUMO of (A) flu-
orescent probe 1, (B) m-bisimidazolylbenzene moiety and (C) co-
ordinated m-bisimidazolylbenzene. Color code: C (dark gray), N (blue),
O (red), H (white), Pd (cyan), and B (pink), F (Light blue).
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Fig. 3 Schematic of the fluorescence quenching mechanism of probe 1
towards Pd?*.

eties are unable to serve as electron donors or electron accep-
tors to quench the BODIPY fluorescence via the PET mecha-
nism. The incorporation of Pd** brought about significant
changes in the energy gap between the HOMO and LUMO of
m-bisimidazolylbenzene. Based on our experimental and
theoretical results discussed above we suggest the d-PET
mechanism depicted schematically in Fig. 3 for this study. As
can be seen, the coordination of the m-bisimidazolylbenzene
moiety dramatically reduces its LUMO energy, which could be
located between the HOMO and LUMO energy of the probe. In
this way, electron transition could be conducted successfully
upon excitation from the LUMO of the fluorescent probe 1 to
the LUMO of the m-bisimidazolylbenzene moiety with m-bisi-
midazolylbenzene acting as an electron acceptor, leading to
fluorescence quenching of the probe via a d-PET effect.

Conclusions

In conclusion, we have successfully prepared a novel BODIPY-
based fluorescent probe 1 by introducing m-bisimidazolylben-
zene which was connected by phenyl acetylene to the BODIPY
dye at the meso position. The probe displayed highly sensitive
and selective recognition of Pd*>" with a fast response in
aqueous buffer media (pH 5.5). It is noteworthy that the detec-
tion limit estimated from the titration results was 2.9 x 1077
M. Furthermore, we verified the proposed d-PET mechanism
by DFT calculations and explain the d-PET process rationally.
The probe suggests a potential application in natural environ-
ments for monitoring Pd** concentrations. We anticipate that
the experimental results of this study will also give rise to a
promising new class of designs for metal-ion sensors in water
for a variety of chemical and biological applications.
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