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ABSTRACT: This paper reports a fluorescence chemosensor, N-(benzimidazol-2-
yl)salicylaldimine (H,L), for Zn(II) and Al(III) ions. H,L has high selectivity for Al(III)
in dimethyl sulfoxide (DMSO) and for Zn(II) in N,N-dimethylformamide (DMF). In
methanol, Zn(II) and Al(III) could also be distinguished by H,L with different excitation
wavelengths. The fluorescent species [Zn(HL)(H,0)(CH,OH)]*, [Zn(HL)(H,O)-
(DMF)]*, [AI(HL),(OH)(H,0)], and [AI(HL)(OH),(H,0)(DMSO)] formed in
solution were established by a combination of experimental and theoretical methods,
including Job’s plot, 'H NMR titration, electrospray inonization mass spectrometry (ESI-
MS), and B3LYP-SCRF/6-31(d) and TD-B3LYP-SCRF/6-31G* density functional
theory methods. The results show that Zn(II) and Al(III) are all coordinated to the imine
nitrogen atom and the hydroxyl oxygen atom from H,L, which is the same as the M*" ions
in the obtained mononuclear complexes [M(HL),(CH;OH),] (where M = Cd, Nji, Co,
and Mg). The detection limits of H,L for Zn(II) were 5.98 4M in methanol and 5.76 uM
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in DMF, while the detection limits of H,L for Al(III) were 3.3 4uM in methanol and 5.25 yM in DMSO. Furthermore, it is also
confirmed that H,L has low toxicity for HeLa cells and could be used to detect Zn(Il) and Al(III) ions in living cells by

bioimaging.

B INTRODUCTION

Zinc is the second most abundant transition metal in the
human body after iron, and it plays important roles in
numerous biological processes including regulation of enzymes,
structural cofactor in metalloproteins, neural signal trans-
mission, and gene expression.” But elevated levels of Zn(II) in
humans have been implicated in neurodegenerative disorders.”
Aluminum is the third most prevalent element and the most
abundant metal in the biosphere (approximately 8% of total
mineral components). It is known that AI(III) is harmful to
both environment and humans. Some 40% of the world’s acidic
soils, which are deadly to growing plants, are also affected by
aluminum toxicity.> And even small amounts of AI** entering
the human brain could cause neurodementia.* Therefore, it is
desirable to develop some new analytical methods for detecting
Zn(1l) and AI(III) ions. A large number of fluorescent
chemosensors for zinc or aluminum ions that employ metal—
ligand coordination have been developed because of their high
sensitivity and simple operation.” However, few fluorescent
chemosensors reported can selectively sense both of them.’
None of the bimetal [AI(III) and Zn(II)] sensors had been
applied in bioimaging. A fluorescent chemosensor with different
response toward multiple metal ions and with good bioimaging
application is more important and would be highly desirable
from the viewpoint of practical applications.
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As is known, excited-state intramolecular proton transfer
(ESIPT)-based chemosensors are ideal candidates for fluo-
rescence probes.” They generally contain a six- and/or five-
membered ring of hydrogen bonding, and proton transfer can
occur, which leads to very weak or no fluorescence.”® If they
are coordinated with metal ions, this proton will be removed,
and thus the ESIPT process will be inhibited. Accordingly,
significant fluorescence enhancement can be observed. We
selected a Schiff base, N-(benzimidazol-2-yl)salicylaldimine
(H,L), as the target compound. It possesses an almost planar
configuration’ with excellent chromogenic unit. It can form a
six-membered ring of intramolecular hydrogen-bonding con-
figuration (Figure S1, Supporting Information), and the N and
O donating atoms are favorable to probe multiple metal ions."
Herein, we report a chemosensor with dual selectivity for
AI(IIT) and Zn(II) based on inhibition of ESIPT. The complex
species formed in the solution were inferred through
experimental and theoretical methods. Furthermore, the
obtained chemosensor can be used to detect the AI(III) and
Zn(Il) ions in cells by bioimaging.
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Table 1. Crystal Data and Structure Refinement Parameters of 1—4

1 2 3 4
empirical formula C30H,sCdN4O, C;3HsCoNgO, C;3oHy,NiN(O, C3oH,3MgNO,
formula wt 648.98 595.51 595.29 560.89
crystal system monoclinic monoclinic monoclinic monoclinic
space group P2(1)/c P2(1)/c P2(1)/c P2(1)/c
a (A) 6.805(6) 6.771(2) 6.761(1) 6.778(6)

b (A) 8.767(2) 8.740(2) 8.743(2) 8.747(8)
¢ (A) 23.329(3) 22.990(4) 22.919(5) 22.946(2)
a (deg) 90 90 90 90
B (deg) 99.52(2) 98.45 (4) 98.43(3) 98.47(2)
7 (deg) 90 90 90 90
V (A%) 1372.6(2) 1345.7(5) 1340.1(5) 1345.7(2)
z 2 2 2 2
D, (g-em™) 1.570 1.470 1.475 1.384
u (mm™") 0.844 0.687 0.773 0.115
F(000) 660 618 620 588
0 range (deg) 1.77-27.60 1.79-25.25 1.80—27.54 1.79-27.59
Ry 0.0476 0.0585 0.0357 0.0375
Ry, wR, [I > 26()] 0.0427, 0.0818 0.0447, 0.0874 0.0397, 0.0962 0.0453, 0.1065
R, wR, (all data) 0.0692, 0.0906 0.0857, 0.1039 0.0588, 0.1048 0.0776, 0.1214
GOF 1.005 1.019 1.020 1.023
Table 2. Selected Bond Distances and Angles for 1—4
Compound 1
Cd(1)-0(1) 2.199(2) Cd(1)—-N(1) 2.348(3) Cd(1)-0(2) 2.320(3)
0(1)-Cd(1)-0(2)" 93.53(1) 0(1)-Cd(1)-0(2) 86.47(1) 0(2)—Cd(1)-N(1) 97.57(1)
0(1)-Cd(1)-N(1)* 96.97(9) 0(1)—-Cd(1)—-N(1) 83.03(9) 0(2)-Cd(1)-N(1)* 82.43(1)
Compound 2
Co(1)-0(2) 2.080(2) Co(1)-0(1) 2.028(2) Co(1)-N(3) 2.253(3)
0(1)—Co(1)-0(2) 88.21(10) 0(1)—Co(1)-N(3)“ 85.36(9) 0O(1)—Co(1)-0(2)° 91.79(1)
0(2)—Co(1)-N(3)° 93.85(1) 0(2)—Co(1)-N(3) 86.15(9) 0(1)—Co(1)-N(3) 94.64(9)
Compound 3
Ni(1)-N(1) 2.209(2) Ni(1)-0(1) 2.013(2) Ni(1)-0(2) 2.055(2)
0O(1)-Ni(1)-0(2) 91.47(8) 0(1)9—Ni(1)-0(2) 88.53(8) 0(2)—-Ni(1)-N(1) 86.86(7)
0(1)-Ni(1)-N(1) 86.26(6) 0(1)-Ni(1)-N(1)? 93.74(6) 0(2)-Ni(1)-N(1)4 93.14(7)
Compound 4
Mg(1)-0(1) 2.003(1) Mg(1)-0(2) 2.066(1) Mg(1)-N(1) 2.287(2)
0(1)-Mg(1)-0(2) 92.29(6) 0O(1)-Mg(1)-N(1) 84.29(5) 0(1)-Mg(1)-N(1)° 95.71(5)
0(1)-Mg(1)-0(2)¢ 87.71(6) 0(2)-Mg(1)-N(1) 85.58(5) 0(2)-Mg(1)-N(1)° 94.42(5)

“Bond distances are given in angstroms, and angles are given in degrees. “Symmetry code: (—x, —y + 1, —z + 1). “Symmetry code: (—x + 2, =y + 1,
—z +1). dSymmetry code: (—x + 1, =y + 1, —z + 2). “Symmetry code: (—x + 2, —y + 2, —2).

B EXPERIMENTAL SECTION

Materials and Instrumentation. All solvents and reagents
(analytical and spectroscopic grade) were used as received. Solutions
of metal ions were prepared from LiCl, NaCl, KCl, MgCl,-6H,0,
CaCl,, CrCl;-6H,0, MnCl,-4H,0, FeCl;, CoCl,-4H,0, NiCl,-6H,0,
CuCl,-2H,0, CdCl,2.5H,0, Zn(NO5),-6H,0, Al(NO,);-9H,0, and
Pb(NOs;),. UV—vis absorption spectra were recorded by a UV-2450
spectrophotometer, and fluorescence spectra were recorded on a Cary
Eclipse fluorescence spectrophotometer, with a quartz cuvette (path
length = 1 cm). Elemental analyses were conducted with a Vario EL
elemental analyzer. Fourier transform infrared (FT-IR) spectra were
measured on a Avatar 360 FT-IR spectrometer as KBr pellets. 'H
NMR, 3C NMR, and 2D spectra were obtained on a Bruker Avance
111 400 MHz spectrometer. Electrospray ionization mass spectra (ESI-
MS) were obtained on an LCT Premier XE time-of-flight (TOF) mass
spectrometer.

Preparation of H,L. A mixture of salicylaldehyde (0.058 g, 0.5
mmol) with 2-aminobenzimidazole (0.065g, 0.5 mmol) in 2 mL of 2-
propanol was sealed in a 25 mL Teflon-lined autoclave, heated at 80
°C for 3 days, and then cooled to room temperature. Yellow stick-
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shaped crystals of H,L were collected in a yield of 43.7%. Anal. Calcd
for C,,H,,N,0: C, 70.87; H, 4.67; N, 17.71. Found: C, 70.79; H, 4.49;
N, 17.94. IR (KBr pellet, cm™") 3052 m, 2738 m, 1620 s, 1608 s, 1571
s, 1534 s, 1440 s, 1375 m, 1280 s, 1271 s, 1155 s, 772 s, 758 s, 738 vs.

Preparation of [M(HL),(CH;OH),] Complexes (M = Cd, Co, Ni,
and Mgq). [Cd(HL),(CH;0H),] (1). A mixture of Cd(OAc),-2H,0
(0.027g, 0.1 mmol) and salicylaldehyde (20 pL, 0.2 mmol) with 2-
aminobenzimidazole (0.027g, 0.2 mmol) in 2 mL of CH;OH was
sealed in a 25 mL Teflon-lined autoclave, heated at 80 °C for 1 day,
and then cooled to room temperature. Light-yellow stick-shaped
crystals were collected in a yield of 21.3% (0.014 g). Anal. Calcd for
CyoHyCdN,O,: C, 55.52; H, 4.35; N, 12.95. Found: C, 55.54; H,
4.52; N, 13.04. IR (KBr, cm™) 3060 m, 2750 m, 1603 s, 1582 s, 1526
s, 1465 s, 1434 vs, 1357 m, 1284 m, 1179 m, 1155 m, 1146 m, 74S s.

[Co(HL),(CH3;0H),] (2). The Co(II) complex was synthesized
similarly to the Cd complex, except that Cd(OAc),2H,0 was
replaced by Co(OAc),:6H,0 and the volume of methanol was
changed to 7 mL, to produce deep-red stick-shaped crystals, yield
71.6% (0.044 g). Anal. Calcd for C4,H,3CoNO,: C, 60.51; H, 4.73; N,
14.11. Found: C, 60.40; H, 4.74; N, 13.92. IR (KBr, cm™') 3058 m,
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Figure 1. Hydrogen-transfer and trans—cis isomerization processes for H,L in ground and excited states, along with relative energies (kilocalories per

mole) in parentheses.

1603 s, 1588 s, 1530 m, 1468 s, 1431 vs, 1396 m, 1304 m, 1284 m,
1269 m, 1199 m, 1155 m, 1146 m, 747 s.

[Ni(HL),(CH;0H),] (3). The Ni(II) complex was synthesized
similarly to the Cd complex, except that Cd(OAc),2H,0 was
replaced by Ni(OAc),-4H,0O and the volume of methanol was changed
to 7 mL, to produce green stick-shaped crystals, yield 66.9% (0.040 g).
Anal. Caled for C30H,gNiN(O,: C, 60.53; H, 4.74; N, 14.11. Found: C,
60.13; H, 4.99; N, 13.88. IR (KBr, cm™!) 3059 m, 1610 vs, 1569 m,
1481 m, 1439 m, 1304 m, 1281 m, 1273 s, 1146 m, 756 s, 746 s.

[Mg(HL),(CH30H),] (4). The Mg(II) complex was synthesized
similarly to the Cd complex, except that Cd(OAc),2H,0 was
replaced by MgCl,-6H,O (the volume of methanol remained 2 mL),
to produce yellow stick-shaped crystals, yield 14.6% (0.008 g). Anal.
Calcd for C3H,qMgN4O,: C, 64.24; H, 5.03; N, 14.98. Found: C,
64.09; H, 5.19; N, 14.60. IR (KBr, cm™') 3055 m, 1610 m, 1588 s,
1530 m, 1468 s, 1431 vs, 1304 m, 1284 m, 1269 m, 1199 m, 1155 m,
747 s.

X-ray Crystallography. Single-crystal data were collected on a
Bruker Apex IICCD diffractometer with graphite monochromated Mo
Ka radiation (4) at 293 K. The structure was solved by the direct
method and refined by full-matrix least-squares based on F* by use of
the SHELX 97 program."' All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were placed in calculated positions.
Crystal data for H,L and metal complexes (1—4) are summarized in
Table S1 (Supporting Information) and Table 1, respectively. Selected
bond lengths and bond angles for H,L and complexes 1—4 are
displayed in Table S2 (Supporting Information) and Table 2,
respectively.

Calculation Methods. In this work, the quantum chemical
calculations were carried out by use of the Gaussian 09 program
package.'” Possible ground-state structures have been optimized with
density functional theory (DFT) at B3LYP/6-31G(d) level," in which
the effect of solvent has been considered using a polarized continuum

model (PCM)14 with corresponding solvent, such as methanol, N,N-
dimethylformamide (DMF), and dimethyl sulfoxide (DMSO). On the
basis of optimized configuration for the ground state, time-dependent
(TD) DFT" calculations were performed by use of the B3LYP
functional (TD-B3LYP-SCRF, where SCRF = self-consistent reaction
field) within the adiabatic approximation to predict the excitation
energies, which will provide information on fluorescence properties of
studied species.

Cytotoxicity Assay. In vitro cytotoxicity was measured by a
standard methylthiazolyltetrazolium (MTT) assay in HeLa cell lines.
Cells growing in log phase were seeded into 96-well cell-culture plate
at 1 X 10*/well in 100 uL of Dulbecco’s modified Eagle’s medium
(DMEM). H,L was added to the wells (100 uL/well) of the treatment
group, and the final concentration of H,L ranged from 10 to 50 yM.
The cells were incubated for 24 h at 37 °C under 5% CO,. The
combined MTT/phosphate-buffered saline (PBS) solution (20 uL, S
mg/mL) was added to each well of the 96-well assay plate, and the
plate was incubated for an additional 4 h. An enzyme-linked
immunosorbent assay (ELISA) reader (infinite M200, Tecan, Austria)
was used to measure the ODs,, (absorbance value) of each well,
referenced at 690 nm. The following formula was used to calculate the
viability of cell growth: viability (%) = (mean absorbance value of
treatment group/mean absorbance value of control) X 100.

Methods for Cell Imaging. HeLa cell line was cultured in
DMEM. Cells were incubated with 50 uM Zn(NO;), or Al(NO;); at
37 °C for 8 h, respectively. After being washed with PBS three times to
remove the remaining Zn(NO;), and Al(NO;);, the cells were then
incubated with 20 uM H,L (obtained by 10> M H,L in DMF or
DMSO diluted in PBS) for 30 min at room temperature. The
incubated cells were washed with PBS and mounted onto a glass slide.
Fluorescent images of the mounted cells were obtained on a confocal
laser scanning microscope with 405 nm excitation.
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Figure 2. (a, b) Fluorescence spectra of H,L (50 #M) upon addition of 1 equiv of metal ions in (a) DMSO (A, = 404 nm) or (b) DMF (4,, = 421
nm). (¢, d) Fluorescence spectra of H,L (50 M) before and after addition of 10 equiv of metal ions in methanol: excitation at (c) 439 nm or (d)

388 nm.

B RESULTS AND DISCUSSION

Confirmation of Excited-State Intramolecular Proton
Transfer in H,L. In DMF, DMSO, and methanol, H,L exhibits
weak fluorescence. To determine whether ESIPT for H,L
would occur at room temperature, a theoretical calculation was
first carried out. Two possible reaction paths have been
explored. There are three possible isomers, labeled a, b, and c in
Figure 1. As is known, the trans—cis isomerization was
supposed to lead to weakened fluorescence, t0o.'® Therefore,
we located a ground-state trans—cis isomerization transition
state (TSa—c), which is about 26.7 kcal/mol energy barrier.
Obviously, it is not accessible at room temperature. We failed
to locate the geometries of the excited state of ¢, indicating that
the trans—cis isomerization would not take place at the excited-
state potential energy surface. In the ground state, H,L is
mainly in the form of a in equilibrium, since the isomer of a is
about 4.7 and 11.2 kcal/mol lower than those of b and ¢,
respectively. The hydrogen-transfer process from a to b needs
to overcome an energy barrier 6.9 kcal/mol, but its reverse
process requires only 2.2 kcal/mol. However, in the excited
state of H,L, the energy of b is about 0.2 kcal/mol lower than
that of a, meaning that such species with higher energy will lead
to the hydrogen-transfer process taking place more easily,
which suggests that ESIPT might occur and lead to weakened
fluorescence of H,L. Once H,L is coordinated to a metal ion,
inhibition of the ESIPT process results in great fluorescence
enhancement.

Selectivity of H,L for Metal lons. The fluorescence
responses of H,L to metal ions are significantly affected by
solvents (Figure 2). In DMSO (Figure 2a), upon addition of
Li(1), Na(I), K(I), Ca(II), Mg(II), Cr(III), Mn(II), Fe(III),
Co(II), Ni(II), Cu(Il), Zn(II), oe Pb(II) to H,L, no obvious
fluorescence response could be observed. However, addition of
AI(III) to a DMSO solution of H,L resulted in 62-fold
fluorescence enhancement at 510 nm, indicating high selectivity
of H,L for AI(III) ions in DMSO with 7 = 6.3 ns. In DMF,
addition of Zn(II) resulted in turn-on fluorescence with 17-fold

3015

enhancement of the emission intensity at 515 nm with 7 = 0.35
ns (Figure 2b). Other metal ions, such as Li(I), Na(I), K(I),
Ca(11), Cr(III), Mn(1I), Fe(IlI), Co(II), Ni(II), Cu(II), and
Pb(II), caused negligible fluorescence response, while Mg(1I)
and AI(III) showed weak fluorescence enhancement. When
methanol was chosen as solvent, a different phenomenon could
be observed. After excitation at 439 nm, the fluorescence
intensity at 525 nm was remarkably enhanced (47-fold) upon
addition of Zn(II) with 7 = 0.36 ns (Figure 2c), while upon
binding with AI(III), it showed a large blue shift band with 181-
fold enhancement at 485 nm when excited at 388 nm with 7 =
11.7 ns (Figure 2d). This drastic blue shift could be attributed
to stronger perturbation of the electric structure of Al(III)
complex, resulting in the larger solvochromic shift."”'®* When
either 439 or 388 nm was used as excitation wavelength,
addition of other metal ions exhibited negligible changes in the
fluorescence spectra, showing an excitation wavelength-depend-
ent fluorescence response of H,L for Al(II) and Zn(II). In the
three solvents, fluorescence enhancement may all result from
the inhibition of ESIPT of H,L by the formation of complexes
between H,L and Al(II) or Zn(II).

To investigate the selectivity of H,L for Zn(II) and Al(III)
over a range of various metal cations [Li(I), Na(I), K(I),
Ca(Il), Mg(II), Cr(II), Mn(II), Fe(IlI), Co(II), Ni(II),
Cu(Il), Cd(1I), and Pb(II)], we carried out competition
experiments in DMSO, DMF, and methanol (Figures S2 and
S3, Supporting Information). From the bar diagrams, the
selectivity of H,L for AI(III) in DMSO and methanol and for
Zn(Il) in DMF and methanol are similar, respectively. Except
for Fe(Ill), Cu(Il), and Pb(Il), a background of competing
metal ions showed no interference with the detection of AI(TII)
ion in DMSO and methanol. And in the case of Fe(III), Cu(II)
and Pb(1II), the fluorescence intensities still showed a sufficient
turn-on ratio for the detection of Al(III). While compared with
AI(IIT) ion, H,L showed less selectivity for Zn(II). It is well-
known that Zn(II) chemosensors may be detrimentally affected
by interference from other cations, especially Cu(1I).**"* The
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3016

paramagnetic metal cations Cr(III), Fe(III), Co(II), and Ni(II)
resulted in fluorescence quenching.

Binding Mode and Composition of Metal Species. To
understand the interactions between H,L and metal ions, Job’s
plots and "H NMR for H,L sensing Zn(II) or Al(II) in three
solvents were carried out. Job’s plot indicates a binding
stoichiometry of 1:1 for H,L to Zn(Il) and Al(III) in DMF and
DMSO, respectively (Figure S4a,b, Supporting Information). In
methanol the binding stoichiometry for H,L to Zn(II) and
Al(TII) confirmed by Job’s plot is 1:1 and 2:1 (Figure S4c,d,
Supporting Information), respectively. Assignments of signals
of H,L were established by '"H NMR, *C NMR, and 2D NMR
spectra in DMF-d;,, DMSO-d,, and methanol-d, (Figures SS,
S6, and S7 in Supporting Information), respectively. The
binding mode of H,L was proved by '"H NMR experiments
(Figure 3). In DMF-d, (Figure 3a), the proton of phenolic O—
H (H,) at 12.43 ppm disappeared upon addition of 1 equiv of
Zn(Il), suggesting the binding of oxygen atom to Zn(II) ion. At
the same time, the proton of HC=N (H,) shifted downfield
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CH;OH. (d) UV—vis spectra changes of 0.1 mM H,L after addition of Al(II) ions (0—1.5 equiv) in CH;OH.

from 9.73 to 10.45 ppm by N—metal coordination. Meanwhile,
the N—H (H,) proton at benzimidazole did not disappear and
shifted upfield from 12.82 to 11.20 ppm, which means that this
nitrogen atom cannot bind with metal ion. A weak signal
located at 9.41 ppm disappeared upon addition of D,O,
possibly indicating a signal of active hydrogen from coordinated
water molecule. Similarly, in DMSO-dy (Figure 3b), the signals
of H), H,, and H; of H,L were changed upon addition of
AI(IIT). H; shifted upfield from 12.73 to 10.70 ppm, H, shifted
downfield from 9.73 to 1045 ppm, and H; at 12.08 ppm
disappeared. However, different from that in DMF-d, for
Zn(II), there were two new signals observed at 8.34 and 9.40
ppm that became very weak upon addition of D,O. This
suggests that they are signals of active hydrogen, OH™ and
H,0, which may result from the fact that AI(III) is easily
hydrolyzed.”® In either DMF-d, or DMSO-dy, upon further
addition of metal ions (>1.0 equiv), there was no hydroxyl
proton signal and the proton shift remained the same, which
confirms 1:1 complexation between Zn(II) and H,L in DMF
and between AI(III) and H,L in DMSO. The changes of 'H
NMR signals for H,L with and without Zn(II) or AI(III) in
methanol-d, showed the formation of Zn(II)—HL and Al(II)—
HL complexes (Figure 3c,d). There were no noticeable changes
observed in the peak position upon addition of >1.0 equiv of
Zn(1l) to H,L and addition of >2.0 equiv of H,L to Al(III),
indicating the formation of Zn(II)—HL (1:1) and Al(III)—
(HL), (1:2) species.

There are four potential coordination sites for H,L: three
nitrogen atoms and one oxygen atom. To confirm the
coordination mode of H,L, we tried to obtain crystals of its
complexes with metal ions such as Zn(II), AI(III), Cd(I),
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Ni(II), Co(II), and Mg(II). Only the crystals of Cd(II), Ni(IL),
Co(II), and Mg(II) complexes were obtained. Single-crystal X-
ray diffraction revealed that the four complexes are
isostructural, so only the Cd(II) complex (1) will be described.
The Cd(II) complex is a centrosymmetric mononuclear
complex crystallizing in the monoclinic system and P2,/c
space group. The central Cd(II) ion is coordinated with two
deprotonated HL and two methanol molecules in an octahedral
coordination geometry (Figure 4). The two deprotonated
ligands are almost coplanar. The ligand HL chelates to the
metal jon in bidentate mode with an imine nitrogen atom and a
hydroxyl oxygen atom, which is the same as we deduced from
"H NMR of the fluorescent species.

In order to understand the species formed in solution in
detail, electrospray ionization mass spectra were also measured.
As shown in Figure S8 (Supporting Information), upon
addition of Zn(1I) the mass spectrum of H,L in methanol
exhibited intense peaks at m/z = 350.06, corresponding to the
ion [Zn(HL)(H,0)(CH;0H)]* (caled m/z 350.05). When
AI(IIT) was introduced to H,L in methanol, a peak at m/z =
557.05 (caled m/z 557.14) corresponding to Na*[Al-
(HL),(OH)(H,0)] was present, indicating the complexes
formed between H,L and metal ions Zn(Il) and AI(III) with
1:1 and 2:1 stoichiometry, respectively. Meanwhile, the ESI
mass spectra of Zn(II) in DMF and AI(III) in DMSO were in
agreement with 1:1 stoichiometry (Figure S9, Supporting
Information). Peaks at m/z = 391.11 in DMF and m/z
416.05 in DMSO were attributed to [Zn(HL)(H,0)(DMEF)]*
(caled m/z 391.07) and Na*[AI(HL)(DMSO)(OH),(H,0)]
(calcd m/z 416.08), respectively. The four different Zn(II) and
AI(IIT) complexes with H,L were formed in different solvents.
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Figure 6. Main geometric parameters (in angstroms) for optimized stationary points: [Zn(HL)(H,0)[CH;0H]]", (a) ground and (b) excited;
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Figure 7. Cell viability values (%) estimated by MTT proliferation test versus concentrations of H,L after 24 h incubation at 37 °C in (a) DMF/

H,0 or (b) DMSO/H,0.

The Zn(II) ion is four-coordinated while the AI(III) ion is six-
coordinated. The AI(IIl) ion tends to hydrolyze to form
hydrolyzed species in the formation of AI(III) complexes.
CH,0OH, DMSO, and DMF can act as donors. The formation
and composition of the Zn(II) and AI(III) complexes depend
on coordination geometry and acid—base characteristics of the
metal ions and donor strength of the solvent.
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Sensitivity of H,L for Metal lons. H,L sensor was titrated
with Zn(II) and AI(III) in three solvents. The absorption
spectrum of H,L exhibited a band centered at 375 nm, which
arises from 7—7* transition of H,L. This band decreased with a
concomitant increase in a new peak upon addition of increasing
amounts of metal ions. The well-defined isosbestic points
observed are also indicative of a clear conversion of H,L into
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Figure 8. Confocal fluorescence and bright-field images of HeLa cells: (a, e) cells supplemented with 20 4M H,L in growth medium for 30 min; (b,
f) bright-field image of cells incubated with (b) H,L and Zn(NO3), or (f) H,L and AI(NO;);; (¢, g) cells shown in panels b and f; (d) overlay image
of panels b and ¢ (4., = 405 nm); (h) overlay image of panels f and g (4., = 405 nm).

M™ complex (Figure 5). We also evaluated changes in
fluorescence of H,L upon treatment with Zn(II) and AI(III)
ions. In DMF, when H,L was titrated with Zn(II) (Figure S10,
Supporting Information), a binding constant (log K,) of 4.4
was obtained from a nonlinear least-squares fit according to a
1:1 binding stoichiometry (Figure S11a) and the detection limit
of H,L for Zn(Il) was 5.76 uM (Figure S11b, Supporting
Information).”" Similarly, in methanol the binding constant
(log K,) and detection limit of H,L for Zn(Il) were 4.9 and
5.98 uM, correspondingly (Figure S12, Supporting Informa-
tion). In DMSO, the binding constant (log K,) of H,L for
AI(IIT) was 4.3 (Figure S13a) and the detection limit of H,L for
Al(TII) was found to be 5.25 uM (Figure S13b, Supporting
Information). In methanol, Al(III) could be detected at least to
3.3 uM based on the 36/slope.”' The binding constant (log K,)
of H,L for AI(III) was 8.08 (Figure S14, Supporting
Information).>

Geometry and Emission Properties of Metal Species.
In order to uncover the fluorescence properties for the studied
species, B3LYP-SCRF/6-31G(d) and TD-B3LYP-SCRF/6-
31G* methods have been employed to characterize the
energies, structures, frequencies, and spectroscopic properties
(Figure 6; Tables S3—S6, Supporting Information). For
[Zn(HL)(H,0)(CH;0H)]*, the excitation and fluorescence
wavelengths were 409 and 494 nm, respectively, which
correspond to highest unoccupied molecular orbital
(HOMO) — lowest unoccupied molecular orbital (LUMO)
(CH=N 7 - #*) and LUMO — HOMO (CH=N 7z* — x),
in line with the change (1.318 — 1.358 A) of CH=N bond
length from the ground state to the excited state. For
[Zn(HL)(H,0)(DMF)]*, the corresponding values were 410
(excitation) and 493 nm (fluorescence), and the change of
bond length CH=N was 1.317 — 1.358 A. The calculated
Stokes shift of 85 nm for [Zn(HL)(H,0)(CH,;OH)]* and 83
nm for [Zn(HL)(H,O)(DMF)]* are in line with the
lengthening of the CH=N bond length (0.04 A). The
observed maximum emission positions for [Zn(HL)(H,O)-
(CH;0H)]" in CH;0H and [Zn(HL)(H,O)(DMF)]" in
DMF were 525 and 515 nm, respectively. The fluorescence
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peak for [Zn(HL)(H,0)(CH;0H)]* was red-shifted. This
phenomenon can be attributed to the fact that the magnitude of
the energy difference between the ground and excited states of
the sensor is significantly influenced by solvent coordination
and solute—solvent interaction, such as hydrogen bonding. For
[AI(HL),(OH)(H,0)] and [AI(HL)(OH),(H,0)(DMSO)],
the shifts of CH=N bond length become 1.317 — 1.381 A and
1.315 — 1.390 A, respectively. The calculated excitation and
emission wavelengths are 397 and 483 nm and 392 and 525
nm, respectively, Calculated data for the four metal complexes
show a similar trend with the experimental results.

Cell Toxicity of H,L and Its Bioimaging with Metal
lons. The cellular toxicity of H,L to HeLa cells in DMF/H,0
and DMSO/H,0 was determined by MTT assay with the
concentration of H,L ranging from 10 to S0 uM (Figure 7).
Upon incubation for 24 h of 20 uM H,L (a concentration that
was used for confocal imaging studies), the cellular viabilities
were estimated to be 93% and 94% in DMF/H,0O and DMSO/
H,O, respectively. The results indicate that H,L has low toxicity
for HeLa cells.

Then experiments were conducted to determine whether
H,L can be used to fluorescently visualize intracellular Zn(II)
and AI(III). For this purpose, HeLa cells were first incubated
with Zn(NO;), or AI(NOs;); for 8 h and then treated with a
final concentration of 20 M H,L for 30 min before imaging.
When cells were exposed to H,L, no fluorescence was observed,
while strong fluorescence was observed in cells exposed to H,L
and Zn(II) or to H,L and AI(III) ions (Figure 8). These results
demonstrate that H,L is permeable to HeLa cells and binds
intracellular Zn(II) and AI(III), thus emitting fluorescence
upon binding the metal ions.

B CONCLUSIONS

The fluorescent chemosensor N-(benzimidazol-2-yl)-
salicylaldimine (H,L) displayed excellent selectivity for Zn(II)
and Al(III) over a number of metal ions in DMF, DMSO, and
methanol. It can be used to detect intracellular Al(III) and
Zn(1I) ions by living cell imaging. Calculations show that the
mechanism of fluorescence enhancement of the metal species is
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based on inhibition of the ESIPT process of H,L when it is
coordinated to metal ions. The formation and fluorescent
behaviors of Zn(II)—HL and Al(III)—HL complexes [Zn(HL)-
(H,0)(CH;0H)]", [Zn(HL)(H,O0)(DMF]", [AI(HL),(OH)-
(H,0)], and [AI(HL)(OH),(H,0)(DMSO)] are solvent-
dependent. The solvent effect on fluorescence is possibly
attributed to solvent polarity, viscosity, and hydrogen-bonding
ability. The coordination modes of H,L with AI(IIT) and Zn(II)
to form metal complexes in DMSO, DMF, and methanol are
the same as those in [M(HL),(CH;0H),] complexes (M =
Cd, Nj, Co, and Mg). Our work shows that nitrogen- and
oxygen-containing Schiff bases can serve as a platform to
explore fluorescent chemosensors for multiple metal ions.
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Fourteen figures and six tables showing crystal data and
structure of H,L; Job’s plots; 2D NMR spectra of H,L in
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