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Abstract Based on the platform of boron-dipyrromethene (BODIPY) derivatives, a fluorescence turn-on probe BDP-2Z was
rationally designed and synthesized with good water-solubility. With high sensitivity and selectivity for Cu2" over other com-
petitive ions, the reaction-based probe showed low detection limit and fast response in a wide pH range (pH=3.0~12.0). The
contrast of color and fluorescence caused by Cu?’ was remarkable so much so that it was easily to distinguish Cu?" from
other ions with naked-eye detection. Along with adding of Cu?", a blue shift of maximum absorption was observed from 548
nm to 496 nm, the corresponding solution color changed obviously from purple to light orange, and the fluorescence is en-
hanced by nearly 5-fold. Furthermore, the recognition mechanism was confirmed by UV-Vis, fluorescence spectra, and mass
spectral analysis. The identified product of recognition process was even obtained by original silica gel column chromatog-
raphy separation method. Also, the rapidly naked-eye application in real water samples provides an alternative to extension
environmental detection.

Keywords water-soluble; naked-eye; BODIPY derivatives; fluorescence turn-on

1 Introduction nature and plays an critical role as an essential trace element
in the body.[’! The deficiency of copper is closely related to

Copper is the third most abundant metal ion in the human diseases such as indirect anemia, malnutrition, osteoporosis,
body behind iron ions and zinc ions!'2. It is ubiquitous in Parkinson’s disease and Alzheimer’s disease, which can
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cause nervous system disorders or metabolic disorders.[*!
With the development of urban industrialization, the envi-
ronmental pollution caused by metal ions is increasingly
serious, and copper ion is one of the main contaminating
ions, which may cause soil and water pollution. In addition,
based on the essential of copper ions in physiology and
pathology, it is particularly meaningful to explore materials
for convenient and rapid monitoring of Cu®>" in the natural
environment and in vivo.

Compared with traditional methods such as atomic ab-
sorption spectroscopy and capillary electrophoresis,/”! flu-
orescent probes have the advantages of simple operation,
fast response and high sensitivity.®! In recent years, nu-
merous fluorescent probes for identifying Cu®>" have been
reported.['%!3 Due to the paramagnetic properties of biva-
lent copper, most of the probes are prone to fluorescence
quenching and the background interference is commonly
strong!'4131 while the fluorescence enhancement strategy is
optimal. In order to improve probe performance, “turn on”
type of fluorescent probes are designed for reducing the
impact of the weakness.['*!7l For the large conjugated sys-
tem, certain molecules such as azobenzene, anthraqui-
none,!'#1% thodamine!?*-2!1 and naphthalimide,?? efc. were
selected as colorimetric probe for the quickly and easily
naked eye recognition.

Boron-dipyrromethene (BODIPY) fluorescent com-
pounds have been widely used due to their high quantum
yields and insusceptibility to environmental values.[?3-24]
These molecules exhibit unique properties, such as strong
UV absorption, narrow fluorescence emission, high molar
extinction coefficients and so on.[?>?%! In addition, it is not
sensitive to the value of solvent polarity and environment,
and is quite stable to physiological environment.[?”?] In
recent years, there are few reports in the literature about the
use of BODIPY-based colorimetric and fluorescent probes
for the detection of Cu®". Therefore, it is still very attractive
to develop novel ratiometric fluorescent probes that can
detect Cu?>" rapidly with high sensitivity.

Based on the above considerations, a colorimetric and
fluorescent turn on fluorescent probe for Cu>’ was de-
signed and synthesized based on the BODIPY skeleton (as
shown in Scheme 1). The probe BDP-2Z was constituted
with BODIPY fluorophores and hydrazones receptors
which could easily be hydrolyzed into carbonyl compounds
in the presence of Cu?' ions. In addition, two triethylene
glycol substituent groups were used to improve the solubil-
ity in water. Due to the intramolecular charge transfer (ICT)
effect caused by C=N isomerism, fluorescence of BDP-2Z
was quenched, while it was obviously enhanced when group
of HN—N=C was hydrolyzed in the presence of Cu®". The
hydrolyzate BDP-2 in which ICT effect decreased and
vanished, exhibited strong fluorescence, leading to dramatic
"off-on" fluorescence enhancement. In addition, the appli-
cation of BDP-2Z was investigated for analysing Cu?' in
actual water samples. The standard addition recovery test
was carried out and the results showed good accuracy and
precision (RSD (relative standard deviation) <<3%), and
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good recovery rate, which proves practicability and validity
of the probe.

2 Results and discussion

The synthetic route of probe BDP-2Z was shown in
Scheme 1. The compound 2TEG-CHO was synthesized
according to previously published methods.”>3% BDP-2
was obtained by a one-pot reaction of 2TEG-CHO and
2,4-dimethylpyrrole in the presence of p-TsOH as catalyst,
followed by oxidative dehydrogenation with 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) and complexation
reaction with BF3*OEt,. Probe BDP-2Z was prepared with
2,4-dinitrophenylhydrazine and BDP-2 under mild condi-
tions. The chemical structures of these compounds were
confirmed with 'H NMR, 3C NMR, and high resolution
mass spectroscopy (HRMS). Corresponding analytical
characterization data were provided in the supporting in-
formation.

2.1 Spectral characteristics

The UV-Vis and fluorescence spectral of probe BDP-2Z
was investigated compared to that of probe BDP-2, which
was the expected hydrolysis product of BDP-2Z. As a
strong electron-withdrawing group, the structure of 2,4-
dinitrophenylhydrazine had expanded the conjugated de-
gree of BODIPY. Comparing with UV-Vis and fluores-
cence spectra of BDP-2, those of BDP-2Z were red-shifted
by 52 nm and 94 nm, respectively. BDP-2 exhibited a
strong absorption peak at 496 nm and an emission peak at
511 nm in N,N-dimethylformamide (DMF)/H,O solution (5
umol/L, pH=7.4, V. V=9 : 1), while BDP-2Z showed a
strong absorption peak at 548 nm and relatively weak flu-
orescence at 550 nm. The fluorescence quenching was
mainly owing to the isomerization of group Ar—C=N,
which would aggravate the nonradiative transition of the
excited state of the molecule, besides, ICT also leads to
fluorescence quenching. In this situation, the “oft” state of
BDP-2Z with the reducible active site provided the possi-
bility of fluorescence enhancement.

2.2 Spectroscopy selectivity study of probe towards
metal ions

In the DMF-H,O system (pH=7.4, V. V=9 [ 1), the
sensing ability and the selectivity of the probe BDP-2Z for
Cu?" and the selectivity of the probe were investigated by
UV-Vis spectroscopy and fluorescence spectroscopy. All
the 19 kinds of metals, except Cu?", did not cause any other
significant change after adding 10 equiv. of 19 metal cations
(Li', Ag", AP', Ba?", Ca?', Cd*', Co*', Cu?', Cu', Fe*",
Fe?', Hg?", K", Mg?",Na', Ni*", Cr*", Mn?" and Zn*") to
the probe. The maximum absorption of the blank sample
and other competing ions was still observed at 548 nm as
the original performance, and no color changes appeared.
However, the absorption band was reduced and blue-shifted
from 548 nm to 496 nm when Cu?>" was added immediately
(Figure 1a). As shown in Figure 1b, the fluorescence of the
mixture of probe BDP-2Z and various competing ions (10
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equiv.) was weak under the excitation of 478 nm and there
was no significant emission change in fluorescence. Once
the Cu®" was added in, the probe solution turned green
immediately, showing a clear fluorescence enhancement

OR

nearly 5-fold at 510 nm (Figure 1c). At the same time, an
obvious color change from purple to light orange could be
observed under visible light, indicating that BDP-2Z could
be used as a naked-eye indicator of Cu?'(Figure 2).
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Figure 1 (a) UV-vis spectra of BDP-2Z (5 pumol/L) with addition of 10.0 equiv. of Cu?* and the competing agents (Ag"*, AI**, Ba2",
Ca?’, Cd?', Co?', Cr?', Cu', Fe?', Fe*', Hg?', K", Li", Mg?", Mn?", Na", Ni2', Zn2") in DMF/H-0 (pH=7.4, V' . V=9 : 1) solutions
(Aex=478 nm); (b) fluorescence emission spectra of probe BDP-2Z (5 umol/L) with 50 umol/L of Cu?" or 50 pmol/L of other ions; (c)
emission intensity ratio (Fs11/Fo) of BDP-2Z (5 pmol/L) in DMF/H20 (pH=7.4, V' =9 [ 1) solutions in the presence of various spe-

cies (50 pumol/L)

112 13 14 15 16 17 18 49

Figure 2 Colorimetric changes (up) and fluorescence photographs (down) of BDP-2Z (5 umol/L) with 10 equiv. of different metal ions

in DMF/H20 (V : V=9 : 1) (including 1: Ag", 2: A", 3: Ba?",
12: K*, 13: Li*, 14: Mg?", 15: Mn2", 16: Na™, 17: Ni2", 18: Zn2?"
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To investigate the sensing capability to prevent interfer-
ence in complex environments, simulated competition ex-
periment was carried out by adding Cu?’ into to the mix-
ture of BDP-2Z and competition ions (Figure 3). Original-
ly the free probe showed quite weak fluorescence at 514
nm and there was no fluorescence transformation and col-
orimetric distinctions post adding of competitive ions. As
expected, obvious enhancement of fluorescence was ob-
served when the Cu?>” was added in, and the color turned
light orange immediately compared to the initial purple.
This results clearly demonstrated that the selectivity of
BDP-2Z for Cu’?" was not significantly disturbed by
common coexisting ions and the BDP-2Z showed more
resilient to environmental disturbance. Notably, BDP-2Z
could be naked-eyed recognition which had been a major
obstacle in the development of ion detection.

2.3 UV-vis and fluorescence titration

The changes of the UV-Vis and fluorescence spectra
were investigated by adding Cu?" solutions gradually into
increasing concentrations to the BDP-2Z solution. As

Flourescence intensity/a.u.

shown in Figure 4a, the absorbance around 548 nm de-
creased, while a new peak at 496 nm belonging to BDP-2
appeared and increased when Cu?’ was added stepwise.
This titration process proved a fact that the compound
BDP-2Z was hydrolyzed to BDP-2 in the presence of
Cu?". In addition, the ratio of absorbance at 548 and 496
nm was plotted against Cu?>’ concentration non-linearly
(Figure 4b). To demonstrate the colorimetric response of
BDP-2Z to Cu?’, different concentrations of Cu?>" were
added dropwise to the probe solution. As shown in Figure
4c, the color of the solution gradually became lighter in the
range of 0, 5, 10, and 15 pumol/L. It was worth mentioning
that the resolvable concentration of Cu?" was as low as 5
umol/L, indicating the probe combined ability of high-
sensitivity detection of Cu?". This clearly distinguishable
fluorescence response enables BDP-2Z to visually deter-
mine Cu?’ content.

As shown in Figure 5a, upon the increase of Cu?" con-
centrations, the fluorescence intensity increased signifi-
cantly at 511 nm and reached saturation when 10 equiv. of

I probe+other ions
I probe+other ions+Cu?*

Figure 3 The blue bars represent the fluorescent intensity of sensor BDP-2Z and various metal ions (20 equiv.) in DMF/H20 (V' @ V=

tion

9 : 1) solution; the red bars represent the fluorescent intensity of sensor BDP-2Z and Cu?" (10 equiv.) in DMF/H20 (V : V=9 : 1) solu-

0.6 @ [Cu?]

20 equiv. }
w 496 nm 548 nm '
04f O ¢ ] l
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0.0+ S
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Figure 4
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[Cu?*1/(umol-L™")
(a) UV-vis spectra of BDP-2Z in the presence of increasing concentration of Cu?"over the range from 0 to 50 pmol/L (Aex=

478 nm. Inset: images of BDP-2Z (pink, left) and in the absence Cu?’ under day light (orange, right)); (b) the relationship of As06/As4s
versus the concentration of Cu?”™ over the range from 0 to 50 pumol/L (Aex=478 nm); (c) Color changes of BDP-2Z (5 umol/L) in
DMF/H20 (V : V=9 : 1) upon addition of different concentration Cu?": 0 (A), 5 (B), 10 (C) and 15 (D) umol/L
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Cu?” was added. Meanwhile, a clear emission color
change (from dark red to green) could be easily observed.
Furthermore, the relative relationship between normalized
fluorescence intensity and Cu?' concentration (F —Fj)
showed a good linear relationship in the range of 0~5
pmol/L according to the fluorescence titration data (Figure
5b). The linear equation is y=0.28369 X 10 °x+0.9459
(R?=0.99595), and the detection limit was determined to
be 9.8 X 1077 mol/L according to the definition of 3 times
the blank signal deviation (S/N=3).

2.4 Effects of pH and time response

A short response time and pH suitability were another
two important properties for a pragmatic fluorescent probe
beside high sensitivity and selectivity. Therefore, time-
dependent analysis of BDP-2Z was performed by fluores-
cence spectroscopy in the absence and presence of Cu?"
(10 equiv.). In order to dynamically monitor Cu?’ in en-
vironmental samples in real time, the time-dependent fluo-
rescence intensity at 511 nm was recorded after the addi-
tion of Cu?" (0, 2.5, 15, 50 pmol/L). The results showed

1200 { (@) 511 nm
1000 t
A 20 equiv.
800{ LA\

Fluorescence intensity/a.u.

540 565 590 615

Wavelength/nm

515

that the fluorescence intensity increased to a constant value
sharply and remained within 5 min after adding the Cu®”
(0, 2.5, 15, 50 umol/L) to BDP-2Z (5 pmol/L), revealing a
short response time to Cu?" (Figure 6a).

The pH dependence of Cu?" was also examined. As
shown in Figure 6b, probe BDP-2Z exhibited stable weak
fluorescence in a wide pH range (pH=3.0~12.0), while
the fluorescence response of probe to Cu?’ was efficient
and pH-dependent due to the protonation effect of C=N,
in especial in the pH range of 6.0~9.0. This property al-
lowed BDP-2Z to be an appropriate probe for rapid de-
tecting environmental water samples during the biological
pH range without being affected.

2.5. Sensor mechanism

To study the properties of BDP-2Z in depth, the sensing
mechanism was hypothesized as follows: For the specific
affinity to N atoms, Cu?' could easily coordinate with the
hydrazone to inhibit its isomerization and then promoted
the cleavage of imine bonds to produce BDP-2 by the hy-
drolysate of BDP-2Z. The fluorescence of BDP-2Z was
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Figure 5 (a) Fluorescence response of BDP-2Z in the presence of increasing concentration of Cu*over the range from 0 to 50 pmol/L
(Aex=478 nm); (b) the relationship of Fs11/Fo versus the concentration of Cu2* over the range from 0 to 50 pmol/L (lex=478 nm)
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Figure 6 (a) Fluorescence response of probe BDP-2Z (5 pmol/L) in presence of different concentrations of Cu2" ion; (b) the fluores-
cence intensity changed at 511 nm of probe BDP-2Z (5 pmol/L) in the absence and presence of 10.0 equiv. Cu?* in DMF/H.O (V/V=
9/1). The pH was modulated by adding 0.1 mol/L HCI or 0.1 mol/L NaOH
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initially quenched and then turned on due to the “on-off”
conversion of ICT effect (Scheme 2). To confirm this hy-
pothesis, the products of BDP-2Z after catalyzed hydroly-
sis by Cu?" were investigated by UV-Vis and fluorescence
spectra. BDP-2Z was co-incubated with 10 equiv. of Cu?"
in DMF/H,0 followed by UV-Vis and fluorescence detec-
tion without any operations. Both the UV-Vis and fluores-
cence determination results showed that the spectra after
adding Cu?’ were found to be almost identical to that of
BDP-2. At the same time, the mixed solution was also de-
termined by ESI-MS analysis and the spectrum showed a
main peak at m/z 699.3237, corresponding to [BDP-2+
Na]™ (Figure 7). In the meanwhile, there was no peak of
[BDP-2Z +Na]" at m/z 879.3513, which fact implied that
BDP-2Z had efficiently hydrolyzed into BDP-2. Further-
more, an independent amplification reaction was carried
out to simulate the recognition process. Treating the reac-
tion mixture with the column chromatography separation
method, the main product was obtained and analyzed by
"H NMR spectra which was consistent with that of the

NO,

Scheme 2 Recognition mechanism of probe BDP-2Z toward
Cu?*

To further clarify its recognition mechanism, TD-DFT
calculation was performed by Gaussian 09 at PBE0/6-
311G (d, p) lever and under DMF as a solvent condition.
Multiwfn was used to conduct electron excitation analysis,
and the hole-electron analysis and the IFCT (interfragment
charge transfer) method were employed simultaneous-
1y31-321, The electronic absorption maxima of BDP-2Z was
centered at 548 nm, while the simulated spectra of BDP-
2Z obtained from time-dependent DFT (TD-DFT) calcula-
tion was at 485 nm, ascribed to the So—S; (n-n*) transition
of the BODIPY moiety, along with high molar absorption
coefficients. Although there was a 63 nm shift between
theoretical calculation and the experiment, the result could
still explain the experimental absorption spectrum. To
examine the possibility of the PET mechanism, at the level
of M06-2X/6-311G(d, p), the structure optimization and
frequency analysis of the fluorophore and the acceptor
were carried out in the DMF solvent environment, respec-
tively. An energy level located between the fluorophores
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). Therefore, neither
the d-PET mechanism nor the a-PET mechanism supports
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occurrence.

Subsequently, the possibilities of the ICT process were
examined. The electron distribution of the BDP-2Z mole-
cule was investigated and the results were as follows. It
could be seen in Figure S6a that the holes were mainly
distributed on BODIPY and dinitrophenylhydrazine, espe-
cially on the two N atoms of the hydrazone. Electrons were
also mainly distributed on BODIPY, dinitrophenylhydra-
zine and its two nitro groups. Combined with the smoothed
description of the hole-electron distribution in Figure S6b,
the Sy—S; transition could be assigned as a m-n* charac-
teristic of local excitation and electron transfer. The re-
al-time analysis of the orbital contribution of holes and
electrons shows that the hole contribution rate of MO154
(HOMO) was 96.4%, while the electron contribution rate
of MO155 (LUMO) was 95.5%.

Then, in order to examine the contribution of each part of
the compound to the electronic excitation, the OMe sub-
stituent was used to replace the larger polyethyleneglycol
(PEG) group, the compound was divided into fragments,
and the fragment charge transfer analysis IFCT was per-
formed. The results showed that the contribution of frag-
ment 2 to holes was 60.46%, the contribution of fragment 3
to holes was 39.31%, the contribution of fragment 2 to
electrons was 63.58%, and the contribution of fragment 3 to
electrons was 34.69%, that is, electronic transitions were
mainly carried out in fragment 2 and fragment 3, and the
contribution of fragment 1 was very small and could be
ignored. There was a bidirectional transfer of electrons
between fragment 2 and fragment 3, resulting in a net
transfer of 0.04025 electrons from fragment 2 to fragment 3
and 0.00897 electrons from fragment 2 to fragment 1.
Comprehensive electron transfer CT accounted for
47.917%, and local excitation LE accounted for 52.083%.
The results were consistent with the hole-electron analysis,
that the electronic excitation of the compound was mainly
composed of local excitation and electron transfer, that is,
the So—S; transition refered to the local excitation and
electron transfer characteristic of n-n*.

In conclusion, the fluorescence quenching of the probe
BDP-2Z was caused by ICT (intramolecular charge trans-
fer). After the hydrolysis of the probe by Cu?', the ICT
process was destroyed, resulting in the fluorescence en-
hancement of the system and the realization of highly sen-
sitive detection.

2.6 Photostability

The photostability of probe BDP-2Z and fluorophore
BDP-2 was investigated by continuous irradiation with a
xenon lamp (150 W) at the corresponding absorption
maximum wavelength. The fluorescence intensity of
BDP-2Z and BDP-2 remained almost unchanged after 30
min of irradiation (retaining more than 98% of the initial
fluorescence intensity). The results showed that the probe
had sufficient photostability and potential biological ap-
plication prospects.
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Figure 7 Mass spectrum of probe BDP-2Z (a), BDP-2 (b) and the mixture of BDP-2Z with addition of Cu?" (c)

2.7 Analytical application in yellow river and tap
water samples

Based on the above discussion of the properties of the
probe, the sensing ability of the probe to Cu?" in actual
water samples was investigated, and the data are shown in
Table 1 (The Yellow River water is collected from the up-
per reaches of Lanzhou Yintan Wetland Park). By moni-
toring the fluorescence intensity of the probe BDP-2Z in
river water and tap water with different Cu?" contents, a
standard addition recovery test was carried out. All water
samples were centrifuged before use. A certain amount of
Cu?' (0.5, 2.5 and 5 umol/L) was added to the water sam-
ples. As shown in Table 1, the added concentration of Cu?”
ions were very close to the detected concentration, show-
ing good accuracy and precision (RSD<3%), and the good
recovery rate proves that the probe is effective for the de-
tection of Cu?" in water samples. The detection exhibited
the practicality of efficient and rapid detection.

Table 1 Determination of Cu?" concentrations in water sam-
ples®

BF o

Sample Cu(ums(ﬁl.l;ei/) f:;z(li'/Lfl) Recovery/% RSD/%
0.5 0.52+0.063  105.27

River water 2.5 2.53+£0.021  100.06 2.60
5.0 5.14+0.010  102.96
0.5 0.494+0.022  98.44

Tap water 2.5 246+0.077  98.71 2.78
5.0 5.16£0.063  103.33

“ Determination of Cu?’ ion concentration by compound BDP-2Z in real
water samples (n=5).

3 Conclusions

A new fluorescent and colorimetric probe BDP-2Z was
successfully developed for the detection of Cu?" with
good water-solubility. The probe not only showed a fluo-
rescence-on recognition process for Cu?", but also provid-
ed a convenient colorimetric detection process without
using complicated instruments. The turn-on recognition
mechanism was based on the ICT effect before and after
hydrolysis reaction of phenylhydrazone. The detection of
Cu?" presented well sensitivity and high selectivity under
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mild conditions, meanwhile, the real-time naked eye detec-
tion limit was as low as 5 umol/L. These properties would
widen the application of phenylhydrazone-structured
BODIPY derivatives for environment samples.

4 Experimental section
4.1

All reagents and solvents were purchased from commer-
cial sources and used without further purification. A stock
solution of probe (1 mmol/L) got ready in DMF and the
stock solutions of various analytes were provided from
LiCl, KCI, BaCl,, CaCl,, CuCl, NaCl, AICls;, CrCls,
MnClz, MgClz, FeC13'6H20, CO(NO3)2'6H20, NiClz'
4H20, AgNO3, ZnClz-szo, CdClz-HzO, HgClz, FeClz,
CuCl,*2H,0 (0.1 mmol/L) using deionized water.

The 'H NMR spectrum and *C NMR spectrum of the
synthesized compounds were measured in CHCl3-ds on a
Bruck 400 PLUS and DD2 600 MHz spectrometer. The
data of absorption spectra and fluorescence spectra were
obtained with Beijing Purkinje General T6 UV-vis spec-
trometer and F97pro fluorescence spectrometer at 25 C,
respectively. The mass spectra were performed on a Dal-
tonics APEXII 47e FT-ICR of MS spectrometer.

4.2 Experimental method
4.2.1 Synthesis of 2TEG-CHO

Compound 2TEG-CHO was synthesized according to
previously published literature*-*?1, Add Ts-TEG (8.00 g,
25.00 mmol) to a stirred suspension of 3,4-dihydroxy-
benzaldehyde (1.38 g, 10.00 mmol), K»COs (6.91 g, 50.00
mmol) and KI (0.30 g) in dry acetone (200 mL). Stir the
resulting mixture at reflux under nitrogen. After the reac-
tion is over, extract with dichloromethane. Dry over sodi-
um sulfate and evaporate to dryness. Chromatograph the
residue on silica gel with ethyl acetate (EtOAc) as an elu-
ent then obtain yellow liquid (1.68 g, 90% yield).

4.2.2 Synthesis of BDP

2,4-dimethylpyrrole (2.00 g, 12.00 mmol) and 2TEG-
CHO (0.81 g, 6.00 mmol) were dissolved in anhydrous
CH,Cl, under argon atmosphere, and added catalytic
amount of p-TsOH, the solution was stirred at room tem-

Materials and measurements
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perature until thin-layer chromatography (TLC) analysis
showed complete consumption of aldehyde. At this time,
DDQ (1.36 g, 6.00 mmol) was added and stirring was con-
tinued for 15 minutes, then Et;N (10 mL) and BF;°OEt,
(10 mL) were added. After stirring for an additional 4 h,
the crude product was washed three times with water, dried
over Na;SO4 and concentrated. The residue was chromato-
graphed to give brown oil (1.07 g, 36% yield). 'H NMR
(400 MHz, Chloroform-d) d: 7.02~6.95 (m, 1H), 6.85~
6.75 (m, 2H), 5.96 (s, 2H), 4.24~4.07 (m, 4H), 3.93~
3.47 (m, 22H), 3.41~3.30 (m, 6H), 2.53 (s, 6H), 1.45 (s,
6H); 3C NMR (151 MHz, Chloroform-d) &: 155.3, 149.6,
149.4, 143.1, 141.5, 131.6, 127.6, 121.1, 121.0, 114.4,
114.2, 71.9, 71.9, 70.9, 70.7, 70.6, 70.5, 70.5, 69.7, 69.7,
69.1, 68.7, 59.0, 59.0, 14.5, 14.5. HRMS (ESI) caled for
C33H47BF2N208 [M+Na]+ 6713292, found 671.3299.
4.2.3 Synthesis of BDP-2

Under argon protection and ice-water bath conditions, 3
mL of DMF was added to a 100 mL round-bottomed flask,
and then 3 mL of POCl; was added dropwise. The drop
was completed within 15 min, and the reaction was carried
out at room temperature for 0.5 h. Subsequently, com-
pound BDP (0.20 g, 0.31 mmol) was added. ) was dis-
solved in 100 mL of DCE, added dropwise to the reaction
system, heated to 60 °C, reacted for 3 h, cooled to room
temperature, poured into ice water, slowly added dropwise
with 100 mL of saturated NaHCO; solution, stirred at
room temperature for 30 min, extracted three times with
dichloromethane, combined the organic phases, dried with
anhydrous Na,SOs, concentrated, then the residue was
separated by column chromatography (PE : EA=1 [ 3,
V' . V) to yield red crystals of BDP-2 (0.19 g, yield 80%).
"H NMR (600 MHz, Chloroform-d) J: 10.01 (s, 1H), 7.03
(d, J/=8.2 Hz, 1H), 6.84 (d, J/=2.1 Hz, 1H), 6.81 (dd, J=
8.1, 2.1 Hz, 1H), 6.15 (s, 1H), 4.23 (t, /=4.9 Hz, 2H), 4.14
(t,J=4.9Hz, 2H), 3.93 (t,/=4.9 Hz, 2H), 3.86 (dd, J=5.7,
4.0 Hz, 2H), 3.78 (dd, J=5.8, 3.8 Hz, 2H), 3.74~3.50 (m,
15H), 3.39 (s, 3H), 3.36 (s, 3H), 2.82 (s, 3H), 2.61 (s, 3H),
1.75 (s, 3H), 1.52 (s, 3H); '3C NMR (151 MHz, Chloro-
form-d) o: 185.9, 161.5, 156.4, 149.9, 149.9, 147.3, 143.4,
142.8, 134.3, 130.0, 126.6, 123.9, 120.8, 115.3, 114.5,
113.9, 71.9, 71.9, 70.9, 70.9, 70.7, 70.6, 70.5, 70.5, 69.7,
69.6, 69.2, 68.7, 59.0, 59.0, 15.0, 15.0, 13.0, 11.7. HRMS
(ESI) calcd for C34H47BF2N209 [N["‘NEI]Jr 6993241,
found 699.3251.

4.2.4 Synthesis of BDP-27Z

Compound BDP-2 (0.05 g, 0.07 mmol) and 2,4-dinitro-
phenylhydrazine (0.03 g, 0.15 mmol) were added to a 100
mL round-bottomed flask, and 30 mL of mixed solvent
(EtOH : EA=1 1, V' I V) was dissolved, 3 drops of ace-
tic acid were added dropwise, then slowly heated to 50°C,
the reaction was carried out for 5 h, the mixed solvent was
concentrated, then the residue was separated by column
chromatography (PE : EA=1:3, VI V) to yield purple
crystals of BDP-2Z (0.07 g, yield 85%). 'H NMR (600
MHz, Chloroform-d) o: 11.21 (d, J=6.2 Hz, 1H), 9.11 (dd,
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J=5.1,2.7 Hz, 1H), 8.30 (dt, J=9.5, 2.8 Hz, 1H), 8.10 (s,
1H), 7.80 (dd, J=9.6, 2.7 Hz, 1H), 7.09~7.02 (m, 1H),
6.88~6.80 (m, 2H), 6.10 (d, J=4.7 Hz, 1H), 425 (t, J=
5.0 Hz, 2H), 4.16 (t, J=4.9 Hz, 2H), 3.97~3.86 (m, 4H),
3.81~3.51 (m, 16H), 3.39 (d, J/=1.2 Hz, 3H), 3.35 (d, /=
1.4 Hz, 3H), 2.81 (d, J=6.5 Hz, 3H), 2.59 (s, 3H), 1.69 (d,
J=3.3 Hz, 3H), 1.50 (d, J=5.3 Hz, 3H); *C NMR (151
MHz, Chloroform-d) 6: 159.7, 153.9, 149.9, 149.8, 146.1,
144.4, 142.7, 142.3, 139.5, 137.6, 133.4, 130.7, 130.0,
128.8, 126.9, 123.6, 123.1, 122.1, 121.0, 116.5, 114.4,
114.1, 71.9, 71.9, 70.9, 70.9, 70.7, 70.6, 70.6, 70.5, 69.7,
69.7, 69.2, 68.7, 59.0, 59.0, 14.9, 14.1, 12.7. HRMS (ESI)
caled for C40H51BF2N6012 [NI‘i‘Nfsl]+ 8793524, found
879.3513.

Supporting Information UV-vis and fluorescence spec-
tra of probe BDP-2Z and BDP-2; Light stability experi-
ment; BDP-2Z and Cu?" in DMF/H,O solution; DFT cal-
culation data; 'H NMR, *C NMR and MS spectra of
BDP-2Z. The Supporting Information is available free of
charge via the Internet at http://sioc-journal.cn/.
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