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Naked-eye Chromogenic and Fluorogenic Chemosensor for Mercury (11) ion
Based on Substituted Distyryl BODIPY Complex

Zhaoli Xue,* Tingting Liu,Huiru Liu
School of Chemistry and Chemical Engineering, Jiangsu University, Zhenjiang 212013, PR China

ABSTRACT: One kind of novel distyryl substituted BODIPY-bastabrescent chemosensa@rfor
Hg?* ion sensing has been reported. Large hypsochrshificof the absorption band is observed upon
titration with Hg* ion resulting in a solution color change from gree light yellow, enabling
“naked-eye” detection possible. Meanwhile, the faszence intensity o around 680 nm was
quenched upon adding Egion due to the blocking of the ICT process. Mostportantly,
chemosensoR exhibits high selectivity and sensitivity towartg®* ion over other metal ions in
aqueous solutions.

KEY WORDS: Fluorescent sensor; Mercury(ll) ion; BODIPY; Intatncharge transfer (ICT);
Ratiometric

1. Introduction

To the fact that heavy transition metal ions amghhiisk to the environment has been widely
noted[1]. The design and synthesis of novel chensiss for detecting heavy and toxic metal ions
with artificial receptors for sensing and recognitiare of great importance in environmental analyse
Recently, the development of this field has atedctonsiderable attention[2]. Among all the
well-known heavy transition metal ions, mercury {#tt?") is considered as one of the most dangerous
cations for the environment due to the widespreaaln, water, and soil[3]. Even more serious id tha
Hg®* ion can be bio-accumulated through food chain eadverted into organomercury, such as
methylmercury ion, which will induce serious damae human body, especially to the central
nervous system even in a low concentration[4]. &fwee, synthesis of novel chemosensors that with
high selectivity and sensitivity is extremely dabile. Recently, many efforts have been made t@desi
various chemosensors that specific fo?Hgn detection. Most of these chemosensor are basehe
fact that H§" ion is one kind of soft acid. Thus, when soft dorsuch as thioether[5] and
dithia-dioxa-aza macrocycle[6, 7], were choseneaeptor will result in effectively selectivity tog4
ion. But the developing of novel chemosensors duatitain the receptor using hard donor such as
hydroxyl group for detecting Hgion is still a challenge.

4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPXje of well-known porphyrin derivatives,
is widely employed as a fluorescent dyes in maejdé due to its advantageous in photophysical
characteristics, such as intense absorption andeficence bands, high molar absorption coefficients
moderate fluorescence quantum yields and excetlemmostability[8-11]. Moreover, the structure of
BODIPY dyes are easily to be modified which canftstiie absorption and emission bands to the
region that around red or near infra-red (NIR) sfa@cange. Recently, a particularly useful strteg
modification to the BODIPY core is introducing distl substituents especially with an
electron-donating group (such as an amino or hydmgeoup) to form red/NIR region emitting internal
charge transfer (ICT) dyes. In the case when thesdyombine with a specific metal ion, the
electron-donating group loses its donating abil@gnsequently, the ICT process is inhibited and the
emission will be quenched and shown blue shift[12].

In this work, we are wish to report a highly seleetand sensitive mercury(ll) ion sensor based on



distyryl substituted BODIPYs with electron-donatidghydroxyl moieties at the 4- positions to the
styryl group. The sensor behavior was investigatedugh both absorption and emission spectral
ratiometric analyses. To the best of our knowledete are rare reports about the chemosensors for
Hg?* ion that only using hydroxyl group as donor reoept

2. Experimental

2.1 Materials

Dichloromethane (DCM) was purchased from Aldrich @nd used as received. All solvents and
chemicals were reagent grade quality, obtained centially and used without further purification
except as noted. For spectral measurements, spgade dichloromethane was purchased from
J&K Scientific Ltd. The solutions of metal ions weeprepared from the perchlorate salts of,Na
CUu, c&', Mg*, zr?*, Ni¥*, P, Cd®*, Hg?". The different salts were then dissolved in dsdil
water. Thin-layer chromatography (TLC), flush colunshromatography, and gravity column
chromatography were performed on Art. 5554 (Mer¢kald), Silica Gel 60 (Merck KGaA), and
Silica Gel 60N (Kanto Chemical Co.), respectively.

2.2 Equipment

Melting points were measured with a Yanaco M-5008ltimg point apparatusH and*C NMR
spectra were recorded in CQGn a JEOL JNM-AL 400 spectrometer. Chemical shifie
reported in units of ppm relative to the solversidae peaks (CDGIs = 7.26 ppm forH, 77.16
ppm for **C). MALDI-TOF mass spectra were recorded on a BruRaltonics autoflexll
MALDI-TOF MS spectrometer. IR and electronic abgimp were recorded with Bruker Vector-22
and PerkinElmer Lambda 35 UV/Vis spectrometergeesvely.

2.3 Parametersfor fluorescence quantum yields

Rhodamine B was used as the standdre 0.95 in EtOH). The quantum yield, was calculated
using the following equation:

@ =@ sample std nsample
sample — *std
Nsta

std sample
where the subscripts sample astd denote the sample and standard, respectiv@lys the
quantum yield, and is the integrated area under the corrected emisspectrum.A is the

absorbance at the excitation wavelength maigthe refractive index of the solution[13].
2.4 Limit of detection (LOD)

The limit of detection (LOD) was calculated based ftuorescence titrations. A plot of the
measured fluorescence intensity at the emissionl &1 nm versus concentration of Fgpn
added allowed calculation of the limit of detectisom equation LOD = &k, whereo is the
standard deviation of the emission of a blank smhjtwhich was measured three times, and k is
the slope of the calibration curve[14, 15].
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Synthesis

Synthesis of 1,3,5,7-tetramethyl-8-(methyl 4-benzoate)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY) 1

Synthesis of thel was carried out in a one pot reaction accordingtht® published
method[16]. 2,4-dimethylpyrrole (0.75 ml, 7.57 minaind methyl 4-formylbenzoate (3.58 g,
21.84 mmol) were added to dry DCM (50 ml). To thisxture, 3 drops of trifluoroacetic acid (TFA)
were added, and the reaction was left to stir fdr dnder Ar gas. Consumption of the methyl
4-formylbenzoate was monitored by TLC after whible temperature was lowered to 0°C, and
p-chloranil (1.85 g, 7.57 mmol) was added. The sofutwas left to stir over 30 min. The
temperature was lowered again to 0°C followed ydtop-wise addition of triethylamine (TEA)
(2.40 ml) and BE EtO (5.40 ml). After overnight stirring, the resuljisolution was washed with
deionized water and extracted using DCM. The dadwh solution was washed with water (3 x
20 mL) and brine (30 mL), dried over anhydrous sodsulphate and concentrated under reduced
pressure. Then the mixture was purified by siliehfash column chromatography (silica gel,
10 % EtOAc/Petroleum ether) and recrystallizatiGiCly/hexane) yielded red crystals {809
mg, 56 % yield)'H NMR (400 MHz, CDC}, 298K): 3= 8.20 (d,J= 8.0 Hz, 2H, Ph), 7.41 (d=
8.0 Hz, 2H, Ph), 6.01 (s, 2H, pyrrole), 3.99 (s, 36O0H;), 2.58 (s, 6H, -B3), 1.38 (s, 6H,
-CH3); ®C NMR (100 MHz, CDGJ298K) & = 166.6, 156.1, 142.9, 140.2, 139.9, 130.9, 130.8,
130.6, 128.4, 121.8, 77.4, 77.2, 76.7, 52.8, 1449 ppm. MS (MALDI-TOF): Calcd for
CoiHaNL,BF,0, [M+H]": 383.1742, Found: 383.1745. UV-vis (in @tb) A [nm] (€ [M*cm™)):

327 (10,200), 338 (10,600), 503 (42,900). ElemeAtsdl. Calc. for G;H,;N,BF,0O, requires: C,
65.99; H, 5.54; N, 7.33; Found: C, 65.82; H, 51837.13.

4,4'-Difluoro-8-(methyl
4-benzoate)-1,7-dimethyl-2,6-diethyl-3,5,-di-styryl-(3,5-di-tert-butyl-4-hydr oxyphenyl)-4-bora-3a,
4a-diaza-s-indacene 2

BODIPY 1 (0.10 g, 0.26 mmole), 3,5-di-tert-butyl-4-hydroxylzaldehyde (1.84 g, 0.78
mmol) and glacial acetic acid (0.4 mL) was added®®@mL toluene solution under Ar. Then
piperidine (0.4 mL) was added slowly, and the sotutvas heated to reflux for 2 h under Ar using
Dean-Stark trap for the azeotropic removal of wédemed during the condensation reaction. The
reaction was quenched with water, then the solutiag washed with water (3 x 20 mL) and brine
(30 mL), dried over anhydrous sodium sulphate asmcentrated at reduced pressure. Then the



4.

mixture was purified by silica-gel flash column chratography (silica gel, 20 %
EtOAc/Petroleum ether) and recrystallization (CHi@ixane) yielded purple crystals {42 mg,
30 % yield). Mp: >300°C*H NMR (400 MHz, CDC} 298K) 5= 8.21 (d J= 8.0 Hz, 2H, Ph), 7.65
(d, 3= 16.0 Hz, 2H, vinyl), 7.50 (dl= 8.0 Hz, 2H, Ph), 8.20 (s, 4H, Ph), 7.243d,16.0 Hz, 2H,
vinyl), 6.64 (s, 2H, pyrrole), 5.47 (s, 2H,H} 4.01 (s, 3H, -COO0R,), 1.52 (s, 36Ht-Bu), 1.44
(s, 6H, -Me) ppm**C NMR (100 MHz, CDGJ298K) 5= 166.6, 155.8, 153.4, 141.1, 140.5, 137.8,
136.9, 135.9, 130.6, 130.9, 129.1, 128.2, 124.7.511116.8, 52.3, 34.7, 30.5, 14.7 ppm; MS
(MALDI-TOF): Calcd for G;HgN.BF,0, [M+H]™: 815.4771, Found: 815.4773. UV-vis (in
CH,Cl,) A [nm] (e [M*emi']): 322 (33,000), 377 (75,100), 603 (48,100), 6580(000). Elemental
Anal. Calc. for G;H1gN3BF, requires: C, 74.85; H, 4.19; N, 9.70; Found: C824H, 4.13; N,
9.83.

Result and discussion

4.1 Synthesis and characterization

The syntheses of and 2 are shown in Scheme 1. BODIPY derivatitewas obtained
following a routine formation procedure in a reamole yield. Then the target prob2, was
obtained by condensation reaction of aromatic aldehwith 1 via a one-pot Knoevenagel
condensation reaction using Dean-Stark apparathghwafter chromatographic work-up and
recrystallization, was isolated in 30 % yield. ®rictures ofl and2 were characterized by NMR
spectroscopy (Fig. S1-S4. in the Supp. Info.). Simglet peaks which lie at 5.47 ppm in the
NMR spectra o (Fig. S2. in the Supp. Info.), can be assignetthé¢o-OH protons (Fig. S4. in the
Supp. Info.), while the other two singlet peaksaliel.51 and 1.44 ppm are assignetiBo- group
and me- group, respectively.

The photophysical properties Bfare shown in Fig.1 which were measured in THBKv:v
= 1:1; HEPES 10 mM, pH= 7.2) solvent under roomgerature. The most intense absorption
band was found at 653 nm with the molar absorptoefficient €) 14.0 x 16 M'cm®
corresponds to the low energy-S81 transition of BODIPY core[17]. The introductiohdistyryl
groups tol caused large red-shift at about 150 nm of thecalpBODIPY absorption band.
Meanwhile the higher energy transitions of the roolar appeared as two weaker bands that
around 322 nm and 377 nm with the molar absorptiefficient €) 3.3 x 1d M'cm™ and 7.5 x
10* Mcm?, respectively. The absorption spectra of com@lexas found to be independent in
common organic solvent (Fig. S5. in the Supp. Inféhe emission spectra was also measured
under the same condition for absorption spectraeWiéxcited at 650 nn® exhibited emission
band at 681 nm with the quantum yield of 0.89 iaths that the dye is highly fluorescent. The
Stokes shift is about 28 nm which much more latlyat the parent BODIPY [11]. When change
the solvents, the emission spectra were more affemhd shown different change tendency while
in n-CgH14 cause blue-shift (664 nm) and in ¢bH shown red-shift (689 nm, Fig. S5. in the Supp.
Info.).
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Fig. 1. Absorption and emission spectra2ah THF-HO (v:v= 1:1, HEPES 10 mM, pH= 7.2) solution excited at 650 nm.

4.2 Absorption spectra responses of 2 to cations

The binding properties of chemosengowith different metal ions were first examined by
UV-vis spectroscopy. Just as mentioned before, osenmsol has two intense absorption bands at
377 nm and 653 nm in THFB® (v:iv = 1:1; HEPES 10 mM, pH= 7.2) solution. Upadding
different kinds of metal ions to the solution tlaintains chemosens@r no significant changes
were observed. But upon addition of mercury(ll),ioed shift of the bands were observed which
accompanied by the change of solution color fraghtligreen to orange (Fig. 2). This may be due
to the low affinity of these ions except Higon with the receptor. Since the competitive aatio
did not induce any significant color changes, cheensor2 can be considered as an effective
“naked-eye” colorimetric probe for Hgion.
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Fig. 2. (a) Normalized UV-vis spectra changes2afpon addition of different cations (5 equiv). {)e absorbance ratios
(As15/ Aes3) responses of chemoseng&arontaining 50 eq. of Hgion to the selected different metal ions (50 égj.)Color
change of chemosespiin the presence of different metal cations.

Moreover, titration studies were performed by addimcreasing concentrations of igon
to the THF-HO (v:v = 1:1; HEPES 10 mM, pH= 7.2) solution of ol@senso? (Fig. 2.). Upon



titration, the coordination reaction between®Hipn and chemosens@rinvolves a well-defined
two-step process. To the first step, two intenselbat 377 nm and 653 nm decreased in intensity
while two new intense bands that located at 433anth801 nm intensify accompanied by another
weak band near 900 nm. Interestingly, upon moré’ ittn was added, these two new intense
peaks which located at 433 nm and 801 nm were geglay the third new intense peak located at
515 nm which was similar to absorption spectra OTCBPY 1 (Fig. S6. in the Supp. Info.). The
tendency of the spectra change indicated the aeatidh of H§* ion to the BODIPY ligand which
broke the ICT process from the distyryl groupsh® BODIPY central core.
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Fig. 3. UV-vis spectra changes &fupon titration by Hg(CI@), in THF-H,O (v:v= 1:1, HEPES 10 mM, pH= 7.2). (a) first

step and (b) second step.
4.3 Fluorescence spectra responses of 2 to cations

In order to evaluate the fluorogenic sensing priypef chemosenso to Hdg* ion,
competition experiments and fluorescent titratibudies were both carried out. As introduced
before, chemosens@rdisplayed a bright red fluoresce with an intensgssion band around NIR
region at 681 nm (excited at 650 nm) in THEEHsolution (v:v = 1:1; HEPES 10 mM, pH= 7.2).
When 50uM concentrations of various perchlorate salts of'Hiya', Mg?*, C&*, Cd**, Ni**, Zr?",

PB** and Cd" ions were added to the solution of chemosefistite emission intensities at 681 nm
remain the same except in the presence &f itg (Fig. 4). Upon adding Hgion the emission
intensity at 681 nm was almost quenched. Such eheag also be proved by exposed the solution
to the UV lamp under illumination at 360 nm, thdusion of 2 itself and in the presence with
different metal ions shown red fluoresce. But whigA" ion was added, the solution color changed
from red to greenish which could be clearly obseérisg the naked-eyes (Fig. 4c). These results
were consistence with UV-vis spectra change, whigdans chemosens@ shows excellent
fluorescence specificity towards Figon over all other different kinds of metal ions.
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Furthermore, fluorescence titration of chemosergsaith Hg'* ion was also examined by
adding increasing concentration of #1gpn to THF-HO solution (v:v = 1:1; HEPES 10 mM, pH=
7.2) of chemosensa (Fig. 5a). The fluorescence intensity at 681 nncleémosensol was
gradually decreasing upon the increasing concémtratf Ho* ion. By monitoring the intensity

changes at 681 nm, a typical titration curve isawtetd which can be served as the calibration

curve for the detection of HY(Fig. 5b). The detection limit was also estimassd0.7uM for
chemosensaz from the titration results (Fig. S7 in the Suppfol) [18]. The association constant
of chemosensor2 with Hg?* ion was determined to be 4.3 x310M™ by using the
Benesi-Hildebrand equation (Fig. S8 in the Supfm.)rf19-21].
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Fig. 5. (a) Emission spectral changes upon titration Wigf{CIO,), of 2 in THF-H,O (v:v= 1:1, HEPES 10 mM, pH= 7.2)
solution. (b) Plots of the fluorescence intensihamges algs; om Upon different concentration of Bigion. Excitation

wavelength was 650 nm.

4.4 Investigation of the binding mode
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Fig. 7. Job’s plot of H§"-2 complexes in THF-pO (viv= 1:1 HEPES 10 mM, pH= 7.2) solution. The monitored
wavelength was 433 nm.

In order to determine the mechanism between BODtR¥mosenso2 and Hg" ion, *H
NMR titration was employed via the addition of ¥igpn in CDC} at room temperature. As shown
in Fig. 6a, the hydroxyl proton shown at 5.45 ppompletely disappears upon the addition of 2
equiv. of Hg" ion, while the other protons remain the same. @lusservations obviously indicate
that the H§" ion is coordinated to the chemosengbin the ratio of 2:1. Furthermore, the
formation of 2:1 HG"-2 complex was confirmed by Job’s Plot (Fig. 7). Hixsorption band at 433
nm was plotted against the molar fraction of chesneer2 under a constant total concentration.
Maximum absorption intensity was reached when thanfraction was 0.6.

But these results can’t explain why during theatitn process, the absorption spectra of
chemosenso shown two steps. Then we repeated thHe NMR titration experiment again
carefully expected to get different result. Unfoidtely, we failed to get any different results. ithe
we try another way, we added small amount of DDQ
(2,3-Dichloro-5,6-dicyano-1,4-benzoquinone) to flmution that contain chemosensbiWe



measured both the UV-vis spectra 2hdNMR spectra to the product. From the absorption
spectra, we found it is just the same as compatieetdirst step of the titratiorFig. S9 in the
Supp. Info). The change is also proved by fieNMR spectra with DDQ, the phenol proton
which locates at 5.4 ppm is totally disappearedlevttie other proton signal that locate
around the region of 6.0-9.0 ppm are all shifteavufield (Fig. 6b). These information
suggest that chemosengbias been oxidized by DDQ to form benzoquinone &irac After

we got this, we tried to purify the compound whiobld the benzoquinone structure. But
during the purification, we found it turned backatopt the phenol form which indicated that
the benzoquinone form is unstable. Based on thate we think the mechanism of the
reaction should be: First, chemosengavas oxidized by Hi ion to form the benzoquinone
structure (Fig. 6b). But the benzoquinone form d so stable and soon went back as the
phenol form which will work as didentate liganddmordinate with Hg' ion (Fig. 6¢ andFig.
S10 in the Supp. Infp. After the coordination with Hi, the ICT process from the distyryl
groups to the BODIPY central core is broken. Tisawvhy the UV-spectra for final point of the
titration is just like the absorption spectra af frarent compleg.

5. Conclusion

In conclusion, we have reported the synthesis g@mpdication of one kind of novel distyryl
substituted BODIPY-based chromogenic and fluorescéemosenso for Hg™* ion. Large
hypsochromic shift of the absorption band is obsérupon titration with Hg ion resulting in a
solution color change from green to light yellowpabling “naked-eye” detection possible.
Meanwhile, the fluorescence intensity 2faround 680 nm was quenched upon adding’ fitm
due to the blocking of the ICT process. Most imaotly, chemosensd exhibits high selectivity
and sensitivity towards Hgion over other metal ions in aqueous solutionstHen studies on the
application of chemosens@ris currently underway in our laboratory.
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