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Abstract Two BODIPY derivative sensors for metal ion rec-
ognition containing 10-(4-hydroxyphenyl) (L1) and 10-(3,4-
dihydroxyphenyl) (L2) were synthesized in a one-pot reaction
of benzaldehyde derivative and 2,4-dimethylpyrrole in the
presence of trifluoroacetic acid as catalyst. The binding abilities
between these sensors and 50 equivalents of Na+, K+, Ag+,
Ca2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+, Al3+ and Cr3+

ions were studied using UV–vis and fluorescent spectroscopic
methods. Of all the metal ions tested, Al3+ ion showed the
greatest decrease in intensity in the spectra of the sensors, and
therefore Al3+ ion forms the strongest complex. The binding
abilities of BODIPY receptors with Na+, Ag+, Ca2+, Co2+, Ni2+,
Cu2+, Zn2+ and Al3+ ions were also investigated using density
functional theory (DFT) calculations at B3LYP/LanL2DZ the-
oretical level. The calculated results point to the same conclu-
sion. DFT calculations also provided the HOMO–LUMO
energy levels, which can explain the spectrum change upon
complexation.

Keywords Aluminium . BODIPY . DFT . Fluorescence .

PET . Receptor . Sensor

Introduction

The design of selectively fluorescent sensors capable of
recognizing metal ions has attracted much interest in recent

years, especially fluorescent sensors for analytical purposes
[1–4]. Their design consists of two parts: a receptor subunit,
a unit responsible for selectivity; and a fluorescent molecule
subunit, a unit responsible for signaling. In most cases, the
receptor subunit and fluorescent molecule are covalently
attached to form a fluorescence sensor. The fluorescent
molecule can be chosen from various organic fluorescent
dyes such as rhodamine [5], fluorescein [6], naphthalimide
[7], and 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY)s [8].

Among them, BODIPY is a very attractive signaling
subunit for the construction of sensors because of its
robustness against light and chemicals, relatively high
molar absorption coefficients and high fluorescent quan-
tum yield, narrow emission bandwidth, good solubility,
resistance towards self aggregation in solution, relatively
longer excitation/emission wavelength characteristics and
short fluorescent lifetime. Moreover, their spectroscopic
and photophysical properties can be fine-tuned by at-
tachment of ancillary residues at the appropriate posi-
tions of the difluoroboron dipyrromethene core [9–12].
These excellent properties have resulted in the wide-
spread use of BODIPY-based sensor in many fields of
biological systems, such as monitoring cholesterol in
living cells [13], the presence of an amino acid moiety
in proteins [14], and hepatitis C virus (HCV) activity
[15]. Other applications include laser dyes [16], nano-
crystals [17], and fluorescent switches [18] and recep-
tors [19]. Recently, many BODIPY-based receptors have
been reported as metal ion recognition. The mechanism
responsible for BODIPY-based sensing is photoinduced
electron transfer (PET) [20, 21]. In principle, PET can
take place in two directions: from a donor to the excite-
state fluorophore (reductive PET), or from an excite-
state fluorophore to a receptor (oxidative PET). Both
events are accompanied by a quenching of the fluoro-
phore emission.
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The present work focused on the design and synthesis
of BODIPY-based fluorescence sensors for metal ions.
Target fluorescence sensors were designed to contain
BODIPY moiety as fluorescence signaling subunit. The
4-hydroxyphenyl (L1) and 3,4-dihydroxyphenyl (L2)
groups at BODIPY meso-position were proposed for the
metal ion binding subunit. The binding properties of the
complexation between sensors and metal ions (Na+, K+,
Ag+, Ca2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+, Al3+

and Cr3+) were investigated by UV–vis and fluorescent
spectrophotometry. Computational calculations were per-
formed to give an insight in explaining the behavior of
synthetic fluorescent sensors and the complexation of met-
al ions. The computation included geometrical structures
and binding energies, and the thermodynamic property
changes of complexation between sensors with Na+, Ag+,
Ca2+, Co2+, Ni2+, Cu2+, Zn2+ and Al3+ ions were calculat-
ed using the density functional theory (DFT) method.

Methods

General considerations

Unless otherwise specified, all materials were reagent
grade, purchased from Fluka (Buchs, Switzerland), BDH
(https://us.vwr.com/store), Aldrich (St. Louis, MO), Carlo
Erba (http://www.carloerbareagents.com/), Merck (Darm-
stadt, Germany) or J.T. Baker (http://www.jtbaker.nl/
index.htm) and used without further purification. Com-
mercial grade solvents, such as acetone, dichloromethane,
hexane, methanol and ethylacetate were purified by distil-
lation before use. Acetonitrile and dichloromethane for
reaction work were dried over calcium hydride and fresh-
ly distilled under nitrogen atmosphere. All reactions were
carried out under nitrogen atmosphere before use. Analyt-
ical thin-layer chromatography was carried out with silica
gel plates (Kieselgel 60, F254, 1 mm, Merck; supported on
aluminum); detection was by UV lamp (254 and 365 nm).
Column chromatography was carried out on silica gel
(Kieselgel 60, 0.063–0.200 nm, Merck). Nuclear magnetic
resonance (NMR) spectra were recorded on Varian
400 MHz nuclear magnetic resonance spectrometer. In
all cases, sensors were dissolved in deuterated chloroform
(CDCl3). Matrix-assisted laser desorption ionization time
of flight mass spectra (MALDI-TOF MS) were deter-
mined on a Bruker Daltonics instrument (http://www.
bruker.com/), using acetonitrile as solvent. UV–vis spectra
were measured by a Perkin Elmer Lambda 25 spectropho-
tometer at 25 °C (http://www.perkinelmer.co.uk). Fluores-
cent spectra were recorded on a Perkin Elmer SL50B
fluorescence spectrophotometer with excitation and emis-
sion slit set at 5.0 nm.

Synthesis

5,5-difluoro-10-(4-hydroxyphenyl)-1,3,7,9-tetramethyl-5H-
dipyrrolo[1,2-c:2′,1′-f][1–3]diazaborinin-4-ium-5-uide, L1

4-Hydroxybenzaldehyde, 1 (310 mg, 0.75 mmol) and 2,4-
dimethylpyrrole (3 ml, 2 mmol) were dissolved in anhy-
drous methylene chloride (160 ml) under nitrogen atmo-
sphere. One drop of trifluoroacetic acid (TFA) was then
added to the solution, which was then stirred for 5 h at room
temperature (RT). A solution of 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ, 360 mg, 2.16 mmol) in CH2Cl2
was added using an addition funnel, and the reaction was
continued for another 4 h. Then, 2 ml triethylamine (Et3N)
was added, followed by 4 ml BF3OEt2 during 30 min, and
stirred overnight. The mixture was concentrated in vacuo,
water (50 ml) was added, and the organic layer was sepa-
rated, washed with water, and dried (anhydrous Na2SO4).
After concentrated in vacuo, the residue was purified by
column chromatography (silica, CH2C12/MeOH, 9.9/0.1,
v/v). The desired product L1 was obtained as greenish-red
solid (130 mg, 37 % yield). 1H-NMR spectrum (400 MHz,
CDCl3): δ 1.44 (s, 6H, CH3-pyrrole), 2.55 (s, 6H, CH3-
pyrrole), 5.19 (s, 1H, HO-phenol), 5.98 (s, 2H, H-pyrrole),
6.94 (d, 2H J08.4 Hz, C6H5), 7.12 (d, 2H J08.4 Hz, C6H5).
13C-NMR spectrum (400 MHz, CDCl3, ppm): δ 14.1, 14.7,
116.9, 121.4, 124.1, 129.3, 131.3, 142.7, 154.7, 158.5.
MALDI-TOF MS (m/z) calcd. [M]+ for C19H18BF2N2O
339.148, found 339.549.

10-(3,4-dihydroxyphenyl)-5,5-difluoro-1,3,7,9-tetramethyl-
5H-dipyrrolo[1,2-c:2′,1′-f][1–3]diazaborinin-4-ium-5-uide,
L2

The L2 sensor was synthesized using the same procedure as
for L1 synthesis but using 3,4-dihydroxybenzaldehyde, 2 as
the starting material. After completing the reaction, the
residue was purified by column chromatography (silica,
CH2C12/MeOH, 9.5/0.5, v/v). The desired product L2 was
obtained as a red solid (136 mg, 36 % yield). 1H-NMR
spectrum (400 MHz, CDCl3): δ 1.49 (s, 6H, CH3-pyrrole),
2.53 (s, 6H, CH3-pyrrole), 5.96 (s, 2H, H-pyrrole), 6.65 (d,
J08.4 Hz, 1H, C6H5), 6.74 (s, 1H, C6H5), 6.96 (d, J08.0 Hz,
1H, C6H5).

13C-NMR spectrum (400 MHz, CDCl3, ppm): δ
13.7, 14.1, 21.6, 28.2, 114.5, 116.2, 116.3, 118.3, 120.7,
124.5, 131.3, 142.3, 146.5, 146.7, 154.0. MALDI-TOF MS
(m/z) calcd. [M]+ for C19H19BF2N2O2 355.143, found
355.682.

Computational details

Structures of BODIPY-based sensors and their complexes
with metal ion guests i.e., Na+, Ag+, Ca2+, Co2+, Ni2+,
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Cu2+, Zn2+ and Al3+ were optimized in vacuo by using
the DFT method. Calculations with hybrid density func-
tional B3LYP recommended the Becke’s three-parameter
exchange functional [22] with the Lee-Yang-Parr correla-
tion functional, [23] using the Los Alamos LanL2DZ
split-valence basis set [24–26]. All calculations were
performed using the GAUSSIAN 03 program [27]. The
electronic properties of the BODIPY derivatives and their
metal ion complexes were analyzed. The highest occu-
pied molecular orbital (HOMO), singly occupied molec-
ular orbital (SOMO), the lowest unoccupied molecular
orbital (LUMO) and the energy gaps referred to the
energy difference between HOMO and LUMO orbitals
(ΔEHOMO–LUMO) or SOMO and LUMO orbitals
(ΔESOMO–LUMO) were also investigated at the same level
of theory. Thermodynamic property changes (ΔX) i.e.,
total energy (ΔE), enthalpy (ΔH) and Gibbs free energy
(ΔG) changes, of complexation in the fully optimized
geometries were obtained from the following equation:

ΔX ¼ X sensor M=ð Þ � X sensorð Þ þ X Mð Þ½ �
where X(sensor/M), X(sensor) and X(M) are the thermody-
namic properties of the sensor/metal ion complex, free sensor
and metal ion, respectively. In addition, natural bond orbital
(NBO) analysis implemented in the GAUSSIAN 03 program
was applied through a series of intermolecular interactions
under the above system to evaluate NBO charges.

Results and discussion

Synthesis

The present work aimed at designing and synthesizing the
metal ion sensors containing BODIPY dye giving an optical
signal. Hydroxyl phenyl moieties were used as metal ion
binding sites in receptor subunits. The BODIPY fluorophore
was linked directly to the receptor subunits. The synthetic
pathway is shown in Scheme 1.

The related BODIPY derivatives L1 and L2 were previ-
ously synthesized for pH and redox active metal studies, but

the synthesis involved a multistep pathway [28, 29]. In the
present work, L1 and L2 sensors were synthesized by a
simpler one-pot reaction modified according to the proce-
dure reported by Gabe and co-workers [30]. The condensa-
tion reaction of benzaldehyde derivative and 2,4-
dimethylpyrrole in the present of TFA as catalyst was car-
ried out in anhydrous methylene chloride under nitrogen
atmosphere. After oxidization by DDQ followed by reaction
with BF3OEt2, the residue was purified by column chroma-
tography. The desired product L1 was obtained as greenish-
red solid in 37 % yield, and L2 was obtained as a red solid
in 36 % yield.

Spectroscopic and detective properties

The absorption and fluorescent spectra of L1 and L2 sensors
(Fig. 1) show the characteristic spectroscopic properties of
the BODIPY chromophore with slight stroke shifts. In meth-
anol, a strong S0–S1 transition with maximum at 497 nm
(ε090,800 M−1cm−1 and ε039,400 M−1cm−1 for L1 and
L2, respectively) and a shoulder at shorter wavelengths are
observed [31]. The fluorescent spectra of both L1 and L2
sensors display an emission at 509 and 515 nm, respectively.
The fluorescent intensity is very high for L1 but low for the
analogous L2 upon excitation at 485 nm due to the PET
process from the hydroxyphenyl moiety to the BODIPY
fluorophore [32]. The quantum yield of L2 is lower than
that of L1 because L2 has two electron donor atoms that
form two hydroxyl groups that allow the PET process to
proceed more easily.

Preliminary studies on the selectivity of BODIPY-based
sensors L1 (1.0×10−5M) and L2 (1.0×10−5M) with the
addition of 50 equivalents of various metal ions such as
Na+, K+, Ag+, Ca2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+,
Pb2+, Al3+ and Cr3+ in dry methanol were investigated by
UV–vis spectrophotometry. The spectra were recorded
from 400 to 900 nm at ambient temperature. The spectro-
scopic properties of free sensors L1, L2 and their metal
ion complexations are shown in Fig. 2. The absorption
spectra of sensors L1 and L2 in the free and complexed
forms of metal ions are displayed in Fig. 2a, b. Both

Scheme 1 Synthesis of
BODIPY-based sensors L1 and
L2
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sensors L1 and L2 show an absorption band centered at
497 nm. After addition of metal ions to the sensor solu-
tion, the intensity of the absorption spectra decreased,
particularly for the Al3+ ion (ε063,600 M−1cm−1).

The fluorescent behavior between synthetic sensors and
excess metal ions of the complexes in dry methanol was also
investigated (λex at 485 nm, λem 490–600 nm). The fluores-
cence spectra of L1 (1.0×10−7M) and L2 (1.0×10−5M) in
the presence and absence of various metal ions are displayed

in Fig. 2c, d. Upon addition of 50 equivalents of Al3+ ion,
the intensity of the emission band at 509 nm decreased
dramatically. The quenching extent of sensors L1 and L2
toward Al3+ ion was estimated to be 6-fold (Φ0/Φ05.948)
and 2-fold (Φ0/Φ01.882), respectively. Interestingly, the
fluorescence intensity of L1 was not decreased significantly
by the addition of other metal ions. Therefore, sensors L1
and L2 have potential to be used as selective fluorescence
sensors for Al3+ ion. The decreasing fluorescence intensity

Fig. 1 Absorption (solid line) and fluorescent (dotted line) spectra of sensors L1 (left) and L2 (right) in dry methanol

Fig. 2a–d The spectroscopic properties of free sensors L1, L2 and
their metal ion complexations (50 equivalents) in dry methanol. a UV–
vis spectrum changes of sensor L1 (1.0×10−5M). b UV–vis spectrum

changes of sensor L2 (1.0×10−5M). c Fluorescence spectrum changes
of sensor L1 (1.0×10−7M). d Fluorescence spectrum changes of sensor
L2 (1.0×10−5M)
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of sensors L1 and L2 upon addition of Al3+ ion could be
described by the hard soft acid base (HSAB) principle [33].
The Al3+ ion, with its relatively small radius and high ionic
charge, is a hard metal ion, and thus prefers to form stable
complexes with the oxygen atoms (the hard donor atoms or
hard donor bases) of hydroxyl groups of receptors. The
strong HSAB Cr3+ ion has a small radius and high charge
but its fluorescence quenching is less than that of the Al3+

ion. This phenomenal can be explained by the ionic size of
Al3+, which is smaller than Cr3+ (53 pm Al3+ vs 76 pm Cr3+)
while the absolute hardness parameter of Al3+ is higher than
that of Cr3+ (119.99 eVAl3+ vs 49.1 eV Cr3+) [34].

Geometrical structures

The chemical and graphical structures and atomic labeling
of L1 and L2 complexes with metal ions are displayed in
Fig. 3. The intensive DFT method at the B3LYP/LanL2DZ
theoretical level was chosen for optimization of the struc-
tures of L1 and L2 and their complexes with metal ions
[35–38]. All calculations were obtained in vacuo, and the
optimized structures are shown in Figs. 4 and 5. The select-
ed geometrical parameters of the data of all optimized
structures are listed in Tables S1 and S2. The complexations
of L1 and L2 with metal ions revealed the remarkable
change in L1 and L2 structures. In detail, the C4–O1 bond
lengths of L1/metal ion complexes are longer than the C4-
O1 bond length (1.399 Å) of free L1, whereas C3-O2 and
C4-O1 bond lengths of L2/metal ion complexes are also
longer than the C3-O2 and C4-O1 bond lengths (1.394 Å) of
free L2. Moreover, the N1-B and N2-B bond lengths of
metal ion complexes of both L1 and L2 are shorter than N1-
B and N2-B bond lengths (1.534 Å) of free L1 and L2. The
N1-B-N2 bond angles of metal ion complexes with L1 and
L2 are smaller compared with the N1-B-N2 bond angles
(108.3 Å) of free L1 and L2. Clearly, metal ion recognition
via ion-dipole interactions causes a change in structural

properties not only of hydroxyl phenyl receptor moieties
but also of the BODIPY fluorophore.

Thermodynamic property changes

The most important parameter in the evaluation of selectivity
of a sensor toward a metal ion is the binding strength, which is
reflected in the binding energy, binding enthalpy, and Gibbs
free energy. The calculated values of these parameters are
listed in Table 1. The binding strengths for L1 and metal ions
decrease in the order: L1/Al3+ > > L1/Cu2+ > L1/Ni2+ > L1/
Zn2+ > L1/Co2+ > > L1/Ca2+ > L1/Ag+ > L1/Na+. For L2, the
binding strengths of L2 and metal ions decrease in the order:
L2/Al3+ > > L2/Cu2+ > L2/Co2+ > L2/Ni2+ > L2/Na+ > L2/
Zn2+ > >L2/Ca2+ > L2/Ag+. The selectivity is also highest for
the Al3+ ion. Therefore, both sensors L1 and L2 show the
highest selectivity toward Al3+ ion, which agrees well with
experimental results. For all metal ions, the calculation enthal-
pies show that complexation is an exothermic process.

Electronic properties and partial charge transfers

The electronic properties of L1 and L2 and their metal ion
complexes were computed at the B3LYP/LanL2DZ level of
theory. The NBO charges were also computed, and NBO
charges of the selected atoms are listed in Table 2. The
charges on hydroxyphenyl receptor moieties and BODIPY
fluorophore subunit changed when bound with metal ions.
These results indicate that the metal ion recognition, which
occurring via an ion–dipole interaction, induced a charge
transfer process not only from hydroxyphenyl receptor moi-
eties to the metal ion but also from the BODIPY fluoro-
phore. The metal to ligand charge transfers (MLCT) are
presented as a bar graph in Fig. 6. The complexation of
Al3+ ion shows the highest MLCT for both receptors L1 and
L2. The MLCT properties of L1 and L2 receptors showed
similar trends for all metal ions except Ag+ and Co2+. This

Fig. 3 The chemical and
graphical structures and atomic
labeling of sensors L1 and L2
complexes with metal ions
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Fig. 4 The B3LYP/LanL2DZ
optimized structures of sensor
L1 and its metal ion complexes.
The presented bond distances
and binding free energies are in
Å and kcal mol−1, respectively
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Fig. 5 The B3LYP/LanL2DZ
optimized structures of sensor
L2 and its metal ion complexes.
The presented bond distances
and binding free energies are in
Å and kcal mol−1, respectively
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behavior may stem from the difference in electronic config-
uration. The Co2+ has a d7 configuration while other transi-
tion metals have a d8–d10 configuration. For Ag+ ion, the
geometry of the silver complex was limited to its linear
structure while the geometries of other metal ions were not
limited. The MLCT results agree well with the binding
ability obtained from the theoretical and the experimental
study.

The ELUMO, EHOMO or ESOMO and ΔEHOMO–LUMO or
ΔESOMO–LUMO for L1, L2 and their metal ion complexes
are listed in Table S3. Experimental observation shows that,
after being combined with metal ions, both L1 and L2
exhibit a dramatic decrease in the intensity of the emission
band, which implies that the electron transfer process was

greatly suppressed in the complexes. In order to appreciate
the PET process from the fluorescent emission experiment,
it was instructive to analyze the energy level of the
corresponding molecular orbitals (MO) as first developed
by Weller [39]. According to Weller’s approach, after photo-
inducing electronic excitation from occupied orbitals to
unoccupied orbitals, the HOMO–LUMO electron distribu-
tion was computed on the total system. The donor and
acceptor orbitals were distinguished simply by inspecting
the orbital distribution diagram.

The orbital distribution diagrams of free receptor L1 and
L1/Al3+ and L1/Na+ complexes are displayed in Fig. 7. The
simple pathway of fluorescent emission and electron trans-
fer processes of free receptor L1 is displayed on the left of

Table 1 The zero point vibra-
tional correction energy (ΔEZPE)
and enthalpy (ΔH) and Gibbs
free energy (ΔG) changes of
complexes between sensors L1,
L2 and metal ions computed at
B3LYP/LanL2DZ level of
theory

aIn kcal mol−1

Metal ion ΔEZPE
a ΔH a ΔG a

L1 L2 L1 L2 L1 L2

Na+ −21.58 −252.08 −25.33 −269.86 −17.44 −233.03

Ag+ −29.99 −49.87 −33.60 −52.90 −25.12 −44.95

Ca2+ −61.94 −101.21 −66.23 −104.54 −57.04 −96.58

Co2+ −188.38 −327.16 −193.91 −330.39 −179.87 −321.74

Ni2+ −300.07 −321.93 −304.30 −325.14 −293.82 −316.59

Cu2+ −313.48 −335.13 −317.20 −338.29 −308.48 −329.86

Zn2+ −208.73 −228.69 −212.30 −231.82 −203.85 −223.61

Al3+ −578.39 −595.36 −581.83 −598.27 −574.54 −591.14

Table 2 Selected natural bond orbital (NBO) charges (in e) of metals in L1 and L2 complexes computed at the B3LYP/LanL2DZ level of theory

Complex N1a N2a Ba F1a F2a O1a O2a H1a H2a Mb

L1 −0.629 −0.629 1.312 −0.580 −0.581 −0.729 − 0.493 − −

L1/Na+ −0.624 −0.622 1.310 −0.574 −0.574 −0.884 − 0.532 − 0.988

L1/Ag+ −0.626 −0.625 1.309 −0.571 −0.571 −0.861 − 0.542 − 0.764

L1/Ca2+ −0.628 −0.625 1.305 −0.559 −0.560 −0.941 − 0.556 − 1.403

L1/Co2+ −0.631 −0.632 1.291 −0.545 −0.545 −0.821 − 0.526 − 0.141

L1/Ni2+ −0.633 −0.633 1.301 −0.552 −0.552 −0.852 − 0.565 − 0.788

L1/Cu2+ −0.633 −0.631 1.302 −0.553 −0.553 −0.908 − 0.565 − 0.935

L1/Zn2+ −0.634 −0.634 1.301 −0.552 −0.552 −0.892 − 0.557 − 0.795

L1/Al3+ −0.633 −0.634 1.293 −0.534 −0.534 −0.924 − 0.566 − 0.974

L2 −0.629 −0.629 1.311 −0.580 −0.581 −0.713 −0.712 0.493 0.492 −

L2/Na+ −0.624 −0.624 1.310 −0.573 −0.575 −0.821 −0.821 0.527 0.526 0.975

L2/Ag+ −0.624 −0.624 1.310 −0.573 −0.574 −0.834 −0.834 0.543 0.542 0.935

L2/Ca2+ −0.625 −0.625 1.305 −0.560 −0.563 −0.892 −0.891 0.553 0.554 1.583

L2/Co2+ −0.633 −0.633 1.301 −0.552 −0.553 −0.823 −0.822 0.555 0.558 0.917

L2/Ni2+ −0.631 −0.632 1.301 −0.553 −0.554 −0.815 −0.814 0.564 0.567 0.914

L2/Cu2+ −0.633 −0.633 1.301 −0.552 −0.553 −0.837 −0.836 0.556 0.559 0.937

L2/Zn2+ −0.554 −0.632 1.301 −0.554 −0.554 −0.858 −0.859 0.562 0.565 1.039

L2/Al3+ −0.634 −0.634 1.293 −0.535 −0.533 −0.833 −0.839 0.562 0.569 0.951

a N1, N2, B, F1, F2, O1, O2, H1 and H2 are atoms on sensors L1 and L2, as defined in Fig. 3
bM is the metal ion on the complexes of L1 and L2, as defined in Fig. 3
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Fig. 7. To obtain these orbital energies, the electron distri-
bution was picked out. The orbitals localized mainly on the
BODIPY fluorophore part, as presented in the left column;
similarly, the right column comes from orbitals distributed
mainly on the hydroxyphenyl receptor part. The largest
fluorescent emission quenching of L1 by Al3+ ion addition
can be explained by the reductive-PET mechanism (Fig. 7,

middle). The HOMO of the BODIPY fluorophore is lower
than that of the hydroxyphenyl receptor caused by the
BODIPY fluorophore, which serves as the electron acceptor,
so that an electron on the hydroxyphenyl receptor is capable
of transferring to the BODIPY fluorophore and filling in the
singly occupied HOMO. Accordingly, the above process is
addressed as an oxidative-PET process. The complexation
of sensor L1 and Na+ is based on an oxidative-PET process
(Fig. 7, right). The LUMO of L1/Al3+ complex is very low
comparing with the L1/Na+ complex, indicating that the L1/
Al3+ complex shows a stronger electron acceptor, easier
electron transfer, and lower emission intensity in the fluo-
rescent experiment than the L1/Na+ complexes.

Conclusions

Two BODIPY derivatives containing 10-(4-hydroxyphenyl),
L1 and 10-(3,4-dihydroxyphenyl), L2 were designed and syn-
thesized for metal ion recognition. A one-pot reaction of benz-
aldehyde derivative and 2,4-dimethylpyrrole in the presence of
TFA as catalyst wasmodified for the synthesis of these sensors.
The binding abilities between synthetic sensors and 50

Fig. 6 Metal to ligand charge transfers (MLCT) of sensors L1 and L2
after attachment of metal ions

Fig. 7 Frontier orbital energy diagrams and electron-transfer paths in a L1, b L1/Al3+ and c L1/Na+

J Mol Model (2013) 19:1435–1444 1443



equivalents of Na+, K+, Ag+, Ca2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+,
Cd2+, Pb2+, Al3+ and Cr3+ ions in methanol were studied using
UV–vis and fluorescent spectrophotometric methods. The UV–
vis and fluorescence spectra revealed a remarkable decrease in
intensity when Al3+ ion was complexed with both sensors L1
and L2, which can be explained by the HSAB principle. The
optimized structures and thermodynamic properties of free L1,
L2 and their complexes with Na+, Ag+, Ca2+, Co2+, Ni2+, Cu2+,
Zn2+ and Al3+ ions were also investigated using DFT calcula-
tions at the B3LYP/LanL2DZ theoretical level. The binding
strengths of metal ions are, in decreasing order: L1/Al3+ > >
L1/Cu2+ > L1/Ni2+ > L1/Zn2+ > L1/Co2+ > > L1/Ca2+ > L1/
Ag+ > L1/Na+ for sensor L1 and L2/Al3+ > > L2/Cu2+ > L2/
Co2+ >L2/Ni2+ >L2/Na+ >L2/Zn2+ > >L2/Ca2+ >L2/Ag+ for
sensor L2. The MLCT data calculated from NBO charge sup-
ported the view that Al3+ ion has the strongest binding ability
with both L1 and L2. The HOMO–LUMO energy level dia-
grams provided an explanation for the optical properties of
complexes from the PET process point of view.
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