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Abstract

Some dibenzamide derivatives with a thioether linkere designed, synthesized and
characterized. The specific responses to**Hgnd Fé&" were investigated by
fluorescence. According to fluorescence titratithe Job plot,'H NMR, and
ESI-mass analysis, the derivative with mono- hyglrogubstituent 1b) on the
aromatic ring has high selectivity for ¥eion with the formation of 1:1b-Fe’*
complexes. The specificity ofc for H* could be switched by swapping the
substituent from hydroxyl to amino, and a 112-Hg’") complex was formed. Along
with the obtained results, density functional tlye(@@FT) and natural bond orbital
(NBO) analyses were employed to explore the geamstructures, properties and
possible mechanisms.
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1. Introduction

Fluorescent sensors for metal ions have been widgglied not only in
environmental monitoring but also in biological dies’™ Especially in recent years,
selective and sensitive detection of heavy andsitian metal ions has been received
considerable attention because these metals cadsedse health and environmental
problems®® Particularly, Hg (Il) was regarded as one of thestrtoxic metal ions.
Due to its accumulative and highly toxic characteercury can cause serious health
problems like prenatal brain damage, cognitive amotion disorder, minamata
diseases, etf:*? Fe (lll) is an essential trace element in fundamephysiological
processes, being indispensable for all living systelt performs the oxygen-carrying
capacity of heme as well as acts as a cofactor anymenzymatic reactiort&*
However, its deficiency or overload has a toxi@etffon living organisms and causes
diseases such as anemia and hemochromatd8iBecause of these environmental
and health problems of Egand F&, designing highly selective and sensitive
chemosensors for these two metals has been shilienge.

Up to now, significant progress was achieved ingbkective detection of Hg
and F&.2" Most of them were based on different organic mahec
systems/materials  that included azo-derivali’®°  crown-etherd"?®
naphthalimidé&®, anthraquinorfé, rhodaminé®*® benzothiazofé, BODIPY**?® and
so on. Among these ion recognition units, crowreettbased chemosensors were
widely used due to their advantageous charactesisthe ability to coordinate the
cations of alkaline metals, high selectivity anccessibility. So far, Crown ether
derivatives incorporating a fluorescent moiety haeen attractive tools for optical
sensing of all kinds of ions, such as’HgFe”, Ag’, P¥*.?® In 2008, Zhu et al.
designed a novel dye containing dithia-dioxa-moaoamwn ether moiety that can
perform highly sensitive detection of Figon in the NIR regior?? In 2014, Sui et al.
presented a new Eerecognizing cryptand with high selectivity, seisiy, and
reversibility toward F& detectior™® However, for most fluorescent sensors of Hg

and F&", a common limitation is that they are rather cdogped, delayed response to



the ion, and that their analytical results are lgasifluenced by coexisting iorts.

Additionally, most of sensors only worked well imetorganic medium due to their
poor aqueous solubility. Therefore, developmenflebrescent sensors with more
sensitivity, reliability, and aqueous medium solipiis in high demand for the
detection of F& and Hg".

In addition, podands linked different fluorescere also used to identify various
kinds of metal. Chang group previously reported eaies of copper-responsive
indicators containing both BODIPY and the doubleaegdithiol units>*Nolan and
co-workers synthesized a fluorescent sensor basgmblioxo ethylene chain, which
was used with alkaline earth cations was examihdaspired by these concepts, we
have focused our interest on designing simple nutdscwhich could serve as
receptors to recognize ¥ebased on a fluorescence ‘on-off’ mechanism. Hevesn
synthesized some ethanedithiol derivatidesg (Scheme ] with two substituted
benzamide units for detectingFeand Hg" ions in aqueous solution. The chelating
groups like carbonyl and carboxamide had high loigdaffinity to transition metal
ions in comparison with alkali and alkaline earttetah ions. Furthermore, the
ethanedithiol linker is flexible, which is helpftd chelate H§ and F&" ions>* In this
work, the changes of substituent groups on the dsenzing ortho ofl significantly
altered the fluorescence response toward the nogisl To our surprise, compared to
other six sensord,b with hydroxyl substituent showed remarkable selectesponse
toward F&". 1c with amine enhanced the selectivity for #igons over F& ions,
when the hydroxyl is replaced with amino.

2. Results and discussion
2.1 Synthesis

The compound4a-1g featured with the thioether linker and dibenzamidés.
Their synthetic pathways were similar (as showrSaheme 1) Compound2 was
readily obtained by the reaction of cysteamine bghioride and1,2-dibromoethane
in ethanol with a satisfied yield of 71%. Compouhdas then reacted with different

substituents of benzoic acid derivatives to dieglb,1c,1d,1e,11g, respectively. The



chemical structures of compoungsnd 1a-1g were characterized by NMR, **C

NMR and ESI-MS Fig. S1-S24 Supplementary data).
EtONa,Ethanol

HCI 40°C, 4h,71%
2
d @*N’\/s\/\wp
EDCI,HOBt
DCM,rt,18h

R= H(1a);OH(1b);NHx(1c);
= OCH;(1d);COOH(1e);
= Br(1f);F(1g)

Scheme 1Synthesis route to compountis-1g.
2.2 Spectral studies and specificity d-1gto metal ions

At first, the binding of probeda-1g with metal ions was investigated by
fluorescence spectroscopic measurements in DMZD(H:95; v/v) mixed solution.
As shown inFig. 1 and Fig. S25 the probes (4M) exhibited better fluorescence.
Particularly, the 10M free ligandslb, 1c and 1d with electron-donating groups
exhibited higher fluorescence emission intensitbes excitation at 297, 317 and
290nm, respectively. On the contratha, le, 1fand 1g with electron-accepting
groups showed lower fluorescence emission int@ssitfhe interaction of all the
probes and various ions were investigated by flemerce spectrdn the presence of
excess metal ions (1Q@M), it was found that the addition of énto the receptors
solution resulted in a varying decrement of fluosrse for free receptorka-1g
Especially for probéb, the fluorescence was almost quenched compldtkb/.result
indicated the probéb exhibited an excellent selectivity for #eSimilarly, probelc
had good selectivity for Hg as shown irFig. 1. Pleasantly, for other ions including
Na', K*, CU#*, F&é*, B&', Mg**, Mn*, c&*, Cr**, Ni**, P*, Zn*+, C&* and Cd",
the receptors 1a-19 showed no apparent fluorescence intensity altema in

addition, other +3 cations (such as*TrGd®*. Y3, S and L&") didn't interfere the



fluorescent emission (Fig. S26).
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Fig. 1. Fluorescence emission spectralbf(A) and1c (B) (10uM) in the presence of 10.0 equiv. of different mheta
ions (N&,K*Mn* Mg?*,C&*,Cr* Fe"* Ni?*,Cu/*,zn* ,Co?* Ag',Cd* H? F&¢* and PB") in DMSO/H,0 (5:95,
V).

The detail fluorescence changes of the probesdrpthsence of Beand HG*
were analyzed as shown Kg. 2. Here, the value of F{Fwas used to represent
fluorescence quenching degree, where F gmepresent the fluorescence intensity in
the presence and absence of metal ions respecti&ithough the fluorescence of
these probes was quenched some certain afterauditiFé”, quenching of prob&b
was most E/Fo = 0.04791) compared to other six probes. When rikeractions of
these probes and Egwere analyzed, prokc with amine substituent exhibited most
binding to HG" interestingly. The quenching was also studied gisiome different
excitation wavelengths (260, 280, 330, 350nm) agaia broad range. It was found
that the fluorescence was similarly quenched by atidition of F& or H¢" (as
shown in Fig. S27). The photos obviously showeddthenching (as shown in Fig.2B
and 2C). We didn't find obvious color changes indthklc solution when metal ions
were added. The data of UV-vis spectrometry (FigB&8) also showed that no
significant changes were observed even in the peesef F& or Hg". A small
hyperchromicity was observed for 1b, the intensitybsorption peak was decreased
for 1c.

Further, the corresponding photoluminescence quarield of 1b and1c was
investigated for the quenching. The fluorescena@ntuum yield ofLlb decreased from

0.329 to 0.147 in the absence or presence of 10F€d. And the fluorescence



guantum yield ofic decreased from 0.951 to 0.29 in the absence oempcesof 10 eq.
Hg®*. These results indicated that prdtewith hydroxyl group had excess specificity
to F€*, and probelc with amine group showed very good specificity to*Hagver
other competitive metal ions. In addition, the fiescence lifetime were 6.13 ns, 3.26
ns, 2.81 ns, and 3.53 ns for 1b, 1c, 15*@adlc-Ho* complex, respectively. These
are very important for understand the emissionneadficomplexes.

Another issue was whether pH of test solution wafféct the selectivity and
sensitivity of the sensors. The acid titration ekpents were examined at a pH range
from 3.0 to 12.0 in DMSO-D (v/v = 5/95) solution. As displayed kig.S29,there
were no noticeable change in the fluorescence sitiefor both freelb and1b—Fe**
complex within the pH range 3.0-9.0. However, asibgpH (>9), a fluorescence
increase was found fotb and 1b-Fe’* complex. For freelb, deprotonation of
phenolic-OH may break down hydrogen bonded chela@md could enhance
fluorescence emission. Fab-Fe** complex, the high pH would cause precipitation
of ferric hydroxide. The fluorescence bf was stable over a wide range of pH values
(4.0-12.0). While the intensity dfc-Hg?*complex gradually increased with increasing
pH value, the quenching was also obvious in widgeapH: 4.0-10.0). Overall, both
1b and t showed a highly selective fluorescence “turn-o#5ponse in a wild pH
range from 4.0 to 9.0.

Finally, it was found that the fluorescence sigrimsame immediately weakened
and arrived a stable value within 1 min (As shownFigure S30), following the
addition of 10 equiv. B to 1b (1QM) and 10 equiv. Hg ion to 1c (1QM). These

illustrated that the reactions of 1b with*Fand 1c with HG" ware completed rapidly.
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Fluorescence Quenching (F/Fo)

Fig. 2. (A) Selectivity ofla, 1b, 1c, 1d, 1e 1f and1gfluorescence response for®fand Hg*. F and f represent
the fluorescence intensity in the presence andnalksef metal ions, respectively. (B) The sensor deun the UV
lamp (365 nm) in the presence of E€C) The sensor 1c under the UV lamp (365 nm) inptesence of Hd

2.3 Interference studies

The above spectrum studies indicated that' femd HG" lead to selectively

fluorescence quenching of profib and1c, respectively. The interference must also
be considering due to that there were mixture rasnally in practical samples. Here
the interferences of other ions were further ingeséd, as shown iRkig. 3A. It was
found that the fluorescence intensityldlf had no apparent changes in the presence of
other metal ions including Nak*, Mn**, Mg?*, C&*, Cr**, Ni**, C/*, zr?*, Co,
Ag", Cd*, F&* and PB". Importantly, the strong fluorescence quenchings wa
observed once there was’Ea samples. Similarly, the fluorescence intensitélc
wasn't aimost affected except thatFesulted in some quenching. Existence of'Hg
ions made the strong fluorescence quenching tdbbereed. The selectivity dfc to
Hg?" ions were almost not influenced by the presencetioér competing metal ions

(Fig. 3B). Therefore, probedb and lc was ability to be used as highly selective

sensors for detections of Fand Hg", respectively.
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Fig. 3. (A) Metal ion selectivity profiles ofib(10uM): gray bars, fluorescence db in the absence and the
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Besides, the interferences of various anions G#tfggered and Hg-triggered
fluorescence quenching efficiency were also ingastid respectively. As shovig.
4A, no obvious interferences were observed in presehdifferent anions including
Br, CI, F, CQ*, HCO5, HSQs, NOy, NOs, S05%, SO, SO and CHCOO. For
Hg**-triggered fluorescence df;, it was clearly shown that the quenching efficienc
was not affected by some anions such asNB,, NO;", 07, SQ*, SO and
CHsCOO (in Fig. 4B). However, the Hg-triggered quenching efficiency were
affected by Bt CI, HSQy, HCO:* and CQ”. These were probably attributed to the
form of the tetrahedral anion HgX between HgX (X = C1, Br, or 1) with excess
halide>*®and the form of precipitation between®gnd HSQ@, HCO;* and CQ?.
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Fig. 4. (A) Fluorescence intensity b (10 pM) upon addition of B& (100 puM) in different anions (100 puMB)
Fluorescence intensity a4t (10 pM) upon addition of Hg (100 uM) in different anions (100 uM).

2.4 Fluorescence titration with metal ions

To further understand the binding behavior 1§ and 1c to F€* and Hg"
respectively, the fluorescence titrations were stigated in DMSO/BO (v/iv = 5/95)
solution. As shown irFig. 5A, the fluorescence intensity decreased sharply with
increasing concentration of ¥don ranging from 0 to 1.5 equiv. The relationship
fluorescence quenching and concentration ratio®{Jff&b]) was gave, which showed
that the quenching tended to stable after the wHtig-€**]/[1b] was more than one.
These results indicated that the 1:1 metal-liganchglex was probably formed
between the prob&b and F&" in DMSO/HO (5:95, v/v) solution. Importantly, a
good linear relationship (y =-0.01044 + 1.1348a@B3erved between the fluorescence
quenching efficiency and ratio of [E¢[1b] in the range of 0-0.5F{g. 5B).
Moreover, the limit of detection (LOD) was calc@dtto be 0.3iM according to the
reported method’ which was below the upper limit of Edevel (about 5.357M) in
drinking water’® Similarly, the fluorescence intensity decreased obviouslf wie
gradual titration of Hg ion. The fluorescence quenching tended to beivelatable
when the ratio of [H§]/[1c] was about 2, which indicated that the 2:1 megad
complex was probably formed between the prbband Hg* in DMSO/H0 (5:95,
v/v) solution Fig. 6A). A linear relationship (y = 0.00115 + 0.30578x@swobserved
between the fluorescence quenching efficiency atid of [Hof*)/[1d in the range of
0-1.0 Fig. 6B), and the detection limit was &. Compared with previous methods
(Table SJ), probe 1b and 1c had the lower detection limit to Feand Hd",



respectively.

@ (B)
£z 1.0 e
< L
g 0.8 o
< a0 - .
- &= 0.6 . gi’ Wo00982
S LE' 0.4 . B 04
= = o = 03
Y 2001 = . e
02 - b
= " 00 01 D2 03 0.4 05
= . 0.0 - [Fe"}1b]
= S 400 450 500 550 0'0 0'3 0.6 0'9 ]-2 1-5

Wavelength(nm)

[Fe'')/[1b]

Fig. 5. (A) Fluorescence spectra @b (10uM) upon the addition of different amounts of°Fé0—1.5equiv) in
DMSO/H,0 (5:95, v/v) solution, excitation and emission ei@ngths were 297 and 426 nm, respectively. (B) The
ratio of integrated fluorescence (gY®f 1b as a function of Péconcentration. Inset: the linear relationshiplLbf
between §-F/F, and F&" concentration. Fand F represent the fluorescence intensities ari2én the absence

and presence of Ee

1000 ( ) 0.5
>
"
‘= . = =
£ 8004 06 Lo
- = -
.

= 600 = K
o ml 0.4+ -

=2 [ ]
S am = .
u L]
8 0.24 "
‘5 200 .
= ool o T Ve Te TR T
— - 1+
= "L , . [Me g

350 400 450 500 550 0 2 4 6 8
2+
Wavelength(nm) [Hg V/[1c]

Fig. 6. (A) Fluorescence spectra @t (10uM) upon the addition of different amounts of ¥0-8equiv) in
DMSO/H,0 (5:95, v/v) solution, excitation and emission ei@ngths were 317 and 419 nm, respectively. (B) The
ratio of integrated fluorescence (g)®f 1c as a function of Hconcentration. Inset: the linear relationshiplof
between F/fFand Hg" concentration. Fand F represent the fluorescence intensities an#ith the absence and
presence of Hg.
2.5 Binding Stoichiometry

Based on the above fluorescence titration, the @exep with 1:11b-Fe** and
1:2 1c-Hg?* were probably formed respectively in DMSQ@H(5:95, v/v) solution.
Here, a Job’s Plot and ESI-MS were further constdicto determine the

stoichiometry of binding. As showiig. 7, Job’s plot obtained from the fluorescence

10



measurements showed 1:1 stoichiometric ratio forFe’* complex, and 1:2

stoichiometric ratidc-Hg** complex.
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Fig. 7. Job's plots for the complexation &b with F€* (A) and 1c with Hg?* (B) in DMSO-H,0 (v/v = 5/95)
solution.

The data were further confirmed by EIS-MS analygss shown inFig.
S31-S34in supporting information). EIS-MS dfb-Fe** complex showed that a peak
at m/z 474.1 that be assignable 1b{Fe** -2H]" and a peak at m/z 551.7 that be
assignable tolb+Fe**+CI+Na'+H,0-H]" (Fig. S31and Fig. S33, which indicated
that the 1:1 complex was formed. EIS-MS of complexHg®* exhibited a peak at
m/z =891.9, which corresponded tbcf2Hg?+2CI+2H]". The data were consistent
with the above fluorescence titration and Job’d.Plo

According to the above fluorescence titration arab’s) plot, association
constants were studied based on Benesi-Hildebramnatien (1)*° where I and F are
the fluorescence intensities of the ligand in theemce and presence of the metal ion,
respectively. Fax is the fluorescent intensity at a complete intgoacconcentration
of the metal ion. Kis the association constant, and n is bindingcktometry ratio
for the ligand and the metal ion. The associatmmstant could (K) be determined by
plotting 1/(R-F) against 1/[M]. And the association constantsléFe** and1c-Hg?*
complexes were determined as 2.80 ¥ M0' and 3.27 x 18 M respectively,
assuming 1:1 stoichiometry fdb-Fe’* and 1:2 stoichiometry fotcHg”" (Fig. 8A

andFig. 8B).

1 1 1
= +
Fo—F {KaX(FO_Fmax)X[M+]n} FO_Fmax

1)

11
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2.6 The reversibility of fluorescence quenching

In order to observe whether the spectra of prdibesndlc could be regenerated

upon the addition of cation-chelating agerte reversibility of F& -triggered and

Hg?*-triggered quenching was performed with EDTA tizatmethod*® As shown in

Fig. 9, the fluorescence of probd® andlc were not affected by the presence of

EDTA. Fe'-triggered fluorescence quenching at 426 nm wasvered to 60%

instantaneously after the addition of EDTA. Intéiregy, further addition of 10 eq. of

Fe’* to the mixture solution again resulted in almosimpletely fluorescence

quenching of probéb. These indicated that the fluorescence pribedetecting F&

ion was reversible. The phenomenon was also ohsefoe Hf*-triggered

fluorescence systenfkig. 9B).
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Fig. 9. (A) Reversible fluorescence spectral responskbab Fe*. (B) Reversible fluorescence spectral response

To further elucidate the sensing mechanish, NMR, FTIR spectrum and

computational studies were investigat&d. NMR spectra of the probelb and 1c

12



were recorded in the absence and presence of matgNote: the same J® was
added wherftH NMR of control sample was tested, because theesolfor the F&
salt was heavy water). As shownkig. 10, the proton in phenolic-OHHl) was at
down-shifted frond 12.48 tod 12.50 ppm, and the proton in the methylene of -NCH
(H5) shifted downfield from 8.94 ppm to 9.06 ppm uptire addition of 1.0
equivalent of Fe(Ng)sto thelb solution. Additionally, the aryl protongi2, H3, H4)
also moved slightly to downfield, anlde chemical shifts of the resonance peaks
aroundé 2.70-2.80 ppm (-SCITH,S-) shifted upfield by around 0.03 ppm. As
shown in the IR spectrunfig. S349, the phenolic-OH absorption bands exhibited a
significant blue-shift, blue-shift was also obsehfer the amide C—N from 1337 ¢

to 1359 cm', and signals in the region of 1350—1400 tassigned to -SCHmoved

to high frequency. These results indicated that@hatom in phenolic-OH, N atom
and S atom might be coordinated td'Fen.
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2 NN~ So AN
H 7 g S

N on o

(b) ;

(a) i

Fig.10. Partial'H NMR spectra oflb (7.5 mM) in DMSO#s;: (a) freelb; (b) 1b in the presence of Fe(NJ (1.0

equiv.).
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Fig. 11. Partial'H NMR spectra oflc (7.5 mM) in DMSOds (a) freelc; (b) 1cin the presence of Hggl
(10equiv.).
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Upon addition of 10 equiv. of Hgginto 1c solution, all protons irlc were
shifted to downfield Fig. 11). The aryl protonsH1, H2, H3, H4) were shifted
obviously to downfield about 0.05 ppm. The alipbgirotons KI8) in the thioether
group (-SCHCH,S-) displayed considerable downfield shifts frodZ2ppm to 3.15
ppm, which probably due to the interaction of Stwltg’*. The other the aliphatic
protonsH6 andH7 were shifted to downfield about 0.16, 0.23 ppm eesipely. In
the IR spectrumKig. S35, S3§ the characteristic absorption peak of -NH469
cm™) on the benzene ring was changed in the presdrdg®. These indicated that
the N atom in amine and amide and S atom mighbbedinated to Hg ion.

According to'H NMR, the Job plot, fluorescence titration and B&lss analysis,
we proposed possible structures of 1:1 complekbadnd F&" and 1:2 complex ofc
and Hg*. The computational study was conducted by usimgdénsity functional
theory (DFT) combing natural bond orbital (NBO) bsas, and time-dependent (TD)
DFT methods combining natural transition orbitalT@M) analyses in order to get a

deep insight into the mechanism of the ‘turn oytem for sensatb andlc.
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1c.Hg?" in aqueous solution, where the bond lengths alénunit of A. For clarity, both side views angto
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views for bothlb andL.Fe® are shown.

Table 1Second Order Perturbation Theory Analysis of FoekrM in NBO Basis.

99 EQEQ”  F)°

Donor NBO (i) Acceptor NBO (j)

kcal/mol a.u. a.u.
L.Fe’* (1b=Hyl)
LP (1) N8 LP*(4) Fe51 72.79 0.32 0.137
LP (1) N8 LP*(7) Fe51 24.77 0.59 0.115
LP (1) S11 LP*(5) Fe51 14.08 0.64 0.089
LP (1) S14 LP*(5) Fe51 12.67 0.65 0.085
LP (1) N17 LP*(4) Fe51 63.17 0.24 0.085
LP (1) N17 LP*(7) Fe51 25.65 0.59 0.116
LP (2) 019 LP*(5) Fe51 54.89 0.61 0.165
LP (2) 019 LP*(6) Fe51 55.86 0.73 0.184
LP (2) 028 LP*(5) Fe51 48.09 0.66 0.160
LP (3) 028 LP*(6) Fe51 66.75 0.77 0.206
BD (1) N8-H33 LP*(7) Fe51 14.13 0.88 0.102
BD (1) N17-H46 LP*(7) Fe51 14.03 0.88 0.102
1c.Hg”"
LP (2) S 9 LP*(6) Hg26 20.33 0.20 0.059
LP (1) N29 LP*(6) Hg26 21.33 0.26 0.068
LP (1) O30 LP*(8) Hg26 1.02 0.83 0.026
BD (1) N29-H56 LP*(1) Hg26 0.24 0.77 0.012
LP*(6) Hg 26 BD*(1) N29-H56 0.24 0.60 0.028
LP (2) S22 LP*(6) Hg27 20.56 0.20 ®05
LP (1) N25 LP*(6) Hg27 20.81 0.26 0706
BD (1) N25-H54 LP*(7) Hg27 0.20 0.77 0.011
LP*(6) Hg27 BD*(1) N25-H54 0.23 0.60 0.028

a) E? denotes second order perturbation energy of hypggative interactions between donor and acceiptord j NBO
orbitals; b) Energy difference between i and j N&®itals; c) The Fock matrix element i and j NB®itals

Available calculated results may support the eneagy the charge transfer
model for explaining the mechanism of the fluoreseequenching. As shown kig.
12 and Table S2 which displayed the optimized geometric structurfer 1b
(1b=H,L), L.Fe**, 1c and 1c.Hg?*", the F&" ion was chelated through six
coordination sites oh in 1b ( N atoms of two imino groups, O atoms of two pHeno
hydroxyls, and two S atoms), and eactHgay be coordinated tbc through three
sites (N atom of amino group, O atom of carbonyglugr, and S atoms), where the
lone pairs of the coordination atoms transferredtiie metals. These binding
situations were confirmed by larger second-ordetupeation energy ® (which
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means the energy of hyperconjugation interactiawéen donor NBO and acceptor
NBO j) between lone pair NBOs of each relevant Saml O atoms and the
unoccupied orbital of the metals than those betwshar sites in ligand and metals
(shown inTable 1). Although weaker interactions existed betweenatsetnd ligand
through other sites, the donation-back donatioarawtion mode was still clear. For
example, the interaction energ{P’Bbetween N-H bond of NiHand HG* in 1c.Hg?*"
was just ca 0.24 kcal/mol, the donation of eleciroeach N-H bonding orbital to the
virtual orbital of HF* and back-donation of electron in Higo the anti-bonding
orbital of N-H resulted in the weakening of the NbBInds, which was in accordance
with the elongation of the bond length from 0.1@i4 in1cto 0.1019 nm iric.Hg*,
and the decrease of the vibrational frequency 8686.54 crit in 1cto 3512.26 cil

in 1c.Hg”". Besides, optimized geometries and natural bobitab{NBO) analyses
showed that the interaction between N atom of ingrmup and metal ion ih.Fe®*
was fairly strong but very small ibc.Hg?". In addition, as shown iflable S2,0n
coordination of F& and Hg*, both the HOMO-LUMO gaps of two complexes
L.Fe*" andlc.Hg?" became lower as compared to fideandlc, respectively. From
orbital interaction viewpoint, the smallét-L gap was, the easier the electron was
excited. This can explain what the electron dendisgribution of1b and 1c were
significantly influenced on complexation with ¥end Hg", respectively, due to the
occurrence of the possible charge transfer prosdsst®een the ligands and the metal
cations. The charge transfer could be further cordd by the calculated natural
electron density population. Frofiable S3we could find the decrease of the electron
densities in all H atoms afc.Hg?* from those oflc, due to the charge transfer
through complexation. This was in good agreemetth wie above-mentionetH

NMR spectroscopy observations.
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Fig. 13. The Natural transition orbital (NTO) pairs thatimg contribute to the intense singlet excitatiaates in
UV-vis absorption forlb and its complex to F&in aqueous solution calculated by using TD-CAM-B3Lxid
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Fig. 14. The Natural transition orbital (NTO) pairs thatimg contribute to the intense singlet excitatiaates in
UV-vis absorption fotlc and its compledc. Hg?" in aqueous solution calculated by using TD-CAM-BBLxnd
SMD salvation model, where f is oscillator strength

Furthermore, the energy and the charge transfanmgggn could also be

confirmed by TDDFT calculated results and the radtaransition orbital (NTO)
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distribution. From TD-CAM-B3LYP calculated resulesach s—s; excitation forlb,
1c and 1c.Hg**, and §—sy4 excitation forL.Fe** could be assigned for the intense
absorption of the corresponding molecules, respagti Especially 297.33 nm of
ss—S4 excitation forL.Fe*" and 300.93 nm ofys»>s, excitation forlc.Hg?" agree
well with the experimental absorption of 298 an® 3in Fig. S28, respectively.
While combining the observed short fluorescencetiliie (this may rule out the
possibility of the intersystem crossing), the-s, emission could be assigned for
experimental fluorescence emission for relevantecues. As shown ifig. 13, 14
andFig. S37 where the optical excitations and emissions wegienly contributed by
the transitions from the occupied (hole) NTOs te tmoccupied (electron) NTOs.
Whatever g—s; and g—Sysexcitations or 55 emission processes presented charge
transfer character to some extent. Individuallg éxcitations of the four molecules
could be depicted as followdb had the g—s; excitation energy of 4.8977 eV
(253.15 nm) and the oscillator strength of 0.0Wbich was mainly combined with
two transitions between hole-electron NTO pairac8itwo NTO pairs predominantly
localized on the central area of phenyl moietystthese transitions may be attributed
as local excitation (LE) and intraligand chargensfer (ILCT). AndL.Fe** had the
So—S4 €Xcitation energy of 4.1699 eV (297.33 nm) and diseillator strength of
0.0256. This excitation was also mainly attributedhe mixing of two transitions. In
one transition, the hole NTO spread over the wiigknd backbone moiety, but the
partner electron NTO predominantly localized on piagtial area of ligand and the
metal, thus this transition may be attributed a&srtiixing of ILCT and ligand to metal
charge transfer (LMCT). From NTO distribution, amat transition within this
excitation may be assigned as the mixing of ILC@ aretal to ligand charge transfer
(MLCT). Then the g—s; excitation oflc (4.5976 eV, 269.67 nm, f=0.1680) was
mainly combined with two NTO pairs transitions withCT and LE character.
Moreover, the §—s; excitation oflc.Hg?®" (4.1201 eV, 300.93 nm, f=0.3206) was
mainly contributed with one NTO pairs transitionttwithe mixing of ILCT and
LMCT obviously. Besides, the-s>s;emission oflc (3.525 eV, 351.98 nm, f=0.2589)
was predominantly LE and ILCT transition.

In a summary, on the one hand, it revealed thaptesent computational results
along with the experimental data were efficientiegiofor exploring the interaction
pattern. On the other hand, it confirmed that theréscence quenching in the

presence of Féand HG" may be due to the intramolecular charge transfer.
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2.8 Practical application

To assess the practicability b and1c to real samples, they were used as the
fluorescent sensors for the determination of*B@d Hg" in drinking water. The
detection results were displayedTable 2 It was found the detected concentrations
were close to the added concentration of ions. f@seilts exhibited satisfactory
recoveries and very low the relative standard dievigRSD) values for both Feand
Hg?*. These results suggested thhtand1c could satisfactorily detect Feand HG*
in water samples, respectively.

Table 2 Determination of F& and HG" in water samples

Sample Added Found RSD. Recovery
(uM) (uM) (%, r=3) (%0)
0.100 0.109 2.2 109

Fe** 0.200 0.193 0.71 96.5
0.300 0.280 1.0 93.3
0.200 0.199 0.22 99.5

Hg™ 0.400 0.400 2.2 100
0.800 0.790 0.70 98.8

3. Conclusion

In summary, we have successfully designed and sgistbd some thioether-linked
bisbenzamide derivatives and switched their sefigtior metal ions by introducing
different substituent groups into the benzene rige experiment data displayed the
o-hydroxyl-attached prob&b exhibited selective ‘turn-off’ fluorescence resperto
Fe*, and the o-amino-attached prabeselectively recognized H{by fluorescence
quenching quickly. The binding stoichiometry wasetimined to be 1:1 fotb-Fe**,
1:2 for 1cHg?* based on Job’s plot, fluorescent titration and-BSL The detection
limits of 1b for F€* and 1c for Hf"" were calculated as 08V and 0.5uM by
fluorescence titration, respectively. Moreover, bommg SMD salvation model,
theoretical calculations with B3LYP and NBO anakjs€éD-CAM-B3LYP and NTO
analyses, provided valuable confirmation to theeexpental observation and rational
recognition pattern, which supported the intramali@ccharge transfer model for the

mechanism of the fluorescence quenching. Both prdbeand1c were successfully
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applied to the determination of ¥eor Hg'* in drinking water. All these facts
indicated that probelb and 1c could be served as simple, rapid, sensitive and
selective chemosensors for*Feand HG* recognition, respectively. The presence
sensing systems have great prospective in biomeahcdaenvironment detection.
4. Experimental
4.1 Reagents and materials

Unless stated otherwise, all analytical grad chalsi@and solvents used in this
paper were purchased from commercial vendors. Dighdormamide (DMF) was
dried over 4 A molecular sieves. Dichloromethan€KI) was distilled from calcium
hydride. Others were used directly without furtperification. Ultrapure water was
used to prepare stock solution (0.01 M) of NaN®NOs;, Cu(NG;),, Fe(NQ),,
Fe(NG)s;, MgNG;, Ca(NQ)s, CrNGs);, Ni(NOs);, Zn(NGs),, Co(NGs),, HgCl,
Pb(NG),, CAd(NG;), and AgNQ. Stock solutions (0.01M) of anions in water were
prepared from NaCl, NaF, NaBr, NahlONaNG, NaHCQ, NaCO; NaSOQ,,
N&SGO;, NaHSQ, NaS,0;3 and CHCOONa. The stock solution of sensors was
prepared by dissolving compountis-gin dimethyl sulfoxide (DMSO) and was used
to prepare the DMSO agueous solution.
4.2 Instrumentation

Melting points were determined with an X6 meltingparatus without correction.
IR spectra in KBr were recorded on a Germany Brut@poration VECTOR22
Fourier transform infrared spectromet# NMR (600 MHz) and**C NMR (150
MHz) spectra were measured on a Varian Unity INO®BO NMR magnetic
resonance spectrometer (TMS as internal standsli@ys spectrometry was recorded
with a Finnigan LCQ mass spectrometer and an AgQiE200 LC/MSD mass
spectrometer. UV-Vis spectra were collected from Shimadzu UV-2700
spectrophotometer at room temperature. The flueresc spectra were obtained with
RF-5301(PC) S spectrometer with a 1cm standardzjeell. Fluorescence lifetimes
were measured on Edinburgh FLS980 fluorescencdrspéotometer.

4.3 Synthesis and characterization of receptors
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The compound® was prepared according to the reported proceddfeSodium
ethylate (3.13g, 46.1mmol) was dissolved in dryaeth (40mL) and then cooled to
15°C. The cool solution was added to 2-aminoettmaolethydrochloride(2.61g, 23.0
mmol). After the mixture was stirred for 15 min @ndnitrogen atmosphere, 1,
2-dibromoethang1.0mL, 11.5mmol) was added and stirred for 4 M@tC.The
mixture was filtered and evaporated under reducedspre. The yellowish mass was
dissolved in sodium hydroxide solution (5.0 g inml5water), and the resulting
solution was kept in a refrigerator overnight. Thelution was extracted with
dichloromethane. The extract was evaporated to §i48 g (71%) oR2. *H NMR
(600 MHz, CDC}) & 2.89 (t,J = 6.3 Hz, 2H), 2.74 (s, 2H), 2.66 &= 6.3 Hz, 2H);
3C NMR (147 MHz, CROD): & 41.53, 35.45, 32.71; LC-MS (ESI) m/z calculated
for [M+H]" CsH16N>S," 181.0800. Found 181.0810.

Synthesis of receptofis-1g

The synthesis proceduiiewas performed according to the literature methiddTo
an ice-cooled solution of the acid (2.5mmol) in @k.Cl, (30mL), HOBt (0.40 g,
3mmol) and EDC (0.58 g, 3mmol) were added. Theti@acenixture was stirred for
30 min, then compound (0.18 g, 2Immol) in DCM (2mL) was added slowly. The
resulting mixture was stirred at RT for 18h, andswaonitored by TLC. After
completion of the reaction, the mixture was exwdatith CHCCI, (30mL), washed
with aqueous NaHC£30mL) and HO (30mL). The organic layer was dried over
NaSO, and removed by rotary evaporation. The extractevaporated and the crude
product was purified by column chromatography (DQW&thanol, 100:1 to 10:1) to
afford pure productl@; 1b; 1c; 1¢. The receptordd, 1f, 1g were prepared by the
similar methodology as the aboté' but HOBt and EDC were replaced with HBTU
(1.42 g, 3.75mmol) and DIPEA (6pB,3.8 mmol).

1a:0.25 g, yield 63.3%; R= 0.7 (CHCIl,/ Methanol = 10 : 1) ; m.p. 143-144°&4
NMR (600 MHz, DMSO¢g) 512.48 (s,J = 6.24 Hz, 2H), 2.73 (s, 4H), 2.66 (=
6.24 Hz, 4H);13C NMR (150 MHz, CDG) : 6 167.54, 134.08, 131.38, 128.37,
126.79, 39.19, 31.33, 31.14; LC-MS (ESI) m/z calted for [M+H] CyoH24N20,S,"
389.1310. Found 389.1340.
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1b: 0.24 g, yield 62%; R= 0.6 (CHCI,/ Methanol = 10 : 1) ; m.p. 143-144°C;
H NMR (600 MHz, DMSO#dg) 5 12.48 (s, 2H), 8.95 (] = 5.6 Hz, 2H), 7.82 (d] =
7.9 Hz, 2H), 7.39 (t) = 8.1 Hz, 2H), 6.93 — 6.85 (M, 4H), 3.48 { 6.6 Hz, 4H),
2.78 (s, 4H), 2.74 (t) = 7.1 Hz, 4H)**C NMR (150 MHz, DMSOdg) : 5 169.47,
160.56, 134.34, 128.43, 119.25, 118.03, 115.8%514040.47, 40.32, 40.18, 40.04,
31.73, 30.87; LC-MS (ESI) m/z calculated for [M#HT,0H24N204S," 421.1201.
Found 421.1208.

1c: 0.25 g, yield 58%; R= 0.72 (CHCI,/ Methanol = 10 : 1) ; m.p. 143-144°C;
H NMR (600 MHz, DMSO¢s) 6 8.35 (t,J = 5.8 Hz, 2H), 7.45 (d] = 8.1 Hz, 2H),
7.13 (t,J = 7.6 Hz, 2H), 6.68 (d] = 8.2 Hz, 2H), 6.50 (1] = 7.5 Hz, 2H), 6.41 (s, 5H),
3.38 (g,J = 6.6 Hz, 4H), 2.77 (s, 4H), 2.70 &= 7.2 Hz, 4H)}*C NMR (150 MHz,
DMSO-0g) : 6 168.94, 168.83, 149.62, 149.59, 131.71, 131.68,00 127.95, 116.34,
114.52, 114.42, 39.93, 38.95, 38.82, 38.38, 3732004, 30.42. LC-MS (ESI) m/z
calculated for [M+H] CooH26N40,S," 419.1526. Found 419.1530.

1d: 0.25 g, yield 63%; R= 0.8(CHCI,/ Methanol = 10 : 1) ; m.p. 143-144°t}{
NMR (600 MHz, CDCJ) 5 8.33 (s, 2H), 8.19 (dl = 7.6 Hz, 2H), 7.45 (d] = 8.4 Hz,
2H), 7.07 (dtJ = 11.0, 5.6 Hz, 2H), 6.97 (dd= 8.2, 3.7 Hz, 2H), 3.98 (d,= 3.5 Hz,
6H), 3.83-3.66 (m, 4H), 2.99-2.77 (m, 8&AC NMR (150 MHz, CDGJ) : & 165.37,
157.53 , 132.87, 132.16 , 121.23 , 111.31 , 55.9899.05 , 38.33 , 38.00 ,
31.82.LC-MS (ESI) m/z calculated for [M+H]CpH2gN,04S," 449.1550. Found
449.1549.

le: 0.25 g, yield 63%; R= 0.5(CHCl/ Methanol = 10 : 1) ; m.p. 143-144°8

NMR (584 MHz, DMSO€) 6 8.45 (t,J = 5.9 Hz, 2H), 7.75 (d] = 7.6 Hz, 2H), 7.55
(t, J= 7.5 Hz, 2H), 7.50 () = 7.6 Hz, 3H), 7.40 (d] = 7.4 Hz, 2H), 3.36 (d] = 7.0
Hz, 4H), 2.78 (s, 4H), 2.70 (§ = 7.4 Hz, 4H)}*C NMR (150MHz, DMSOs) : &
169.22, 168.57, 138.97, 131.81, 131.40, 129.84,8P2928.18, 40.59, 31.73, 30.68.
LC-MS (ESI) m/z calculated for [M+H]Co,H24N206S," 477.1155. Found 477.1160.

1f: 0.25 g, yield 63%; R= 0.65 (CHCI,/ Methanol = 10 : 1) ; m.p. 143-144°C;
'H NMR (600 MHz, DMSO#dg) & 8.58 (d,J = 5.9 Hz, 2H), 7.65 (dd] = 8.0, 3.9 Hz,
2H), 7.39 (ddd,) = 25.7, 13.4, 6.6 Hz, 4H), 3.40 &= 6.4 Hz, 4H), 2.80 (d] = 4.3
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Hz, 4H), 2.72 (tJ = 6.8 Hz,4H)*C NMR (150 MHz, DMSOds): 5 167.94, 167.86,
139.64, 139.60, 134.34, 133.33, 131.50, 129.38,382828.17, 119.54, 40.59, 31.72,
30.93. LC-MS (ESI) m/z calculated for [M+HET,0H2:BraN,0,S," 546.9540. Found
546.9542.
1g: 0.25 g, yield 63 %; R= 0.55 (CHCI,/ Methanol = 10 : 1) ; m.p. 143-144°t
NMR (600 MHz, DMSO#€s) & 8.44 (s, 2H),7.63 (] = 7.7 Hz, 2H), 7.53 (q] = 7.2
Hz,2H), 7.28 (q,) = 8.2, 7.2 Hz, 2H), 3.43 (d,= 6.8 Hz, 4H), 2.78 (s, 4H), 2.72 {t,
= 7.3 Hz, 4H)1.3C NMR (150 MHz, CDGJ) : 6 163.28, 163.26, 161.24, 159.55,
133.16, 133.10, 131.68, 124.58, 124.56, 120.81,722015.92, 115.75, 76.88, 76.66,
39.16, 38.62, 37.42, 31.59, 31.33. LC-MS (ESI) neaiculated for [M+H]
Ca0H22F2N20,S," 425.1130. Found 425.1135.
4.4 Calculation of the relative fluorescence quantueidyi
Fluorescence quantum yield was determined by ugimgne sulphate®s =0.546 in
0.1 M H2S04) as a fluorescence standard. The goegield was calculated using
the following equation:
® x= D s(AsFx/AXFs)(nx/ns)

Where @ x is the fluorescence quantum yield, A is the adbaoce at the excitation
wavelength, F is the integrated area under theected emission curve, and n is the
refractive index of the medium. Subscripts S andefer to the standard and to the
unknown, respectively.
4.5 Computational methodology

Density functional theory (DFT) method with B3LYBrkctionaf’*® had been
utilized to optimize geometric structures of molesulb (1b=H,L), 1c and their
complexesL.Fe*", and1c.Hg?" in the lowest singlet spin statg, shen vibrational
analyses had been done by frequency calculationgetidy that the geometries
obtained are minima or not and obtain vibrationaéctra. To get more detailed
information on the chemical bonds and bonding adton within all four molecules,
natural bonding orbital (NBO) calculatidiis® were carried out using B3LYP method
on the optimized geometries. Based on the optimgesametries, vertical electronic

excitation energies and absorption spectra weiledéd with time-dependent (TD)
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DFT, TD-CAM-B3LYP method! The geometries for the first excited singlet state
of 1b and 1c were optimized with TD-CAM-B3LYP method to obtaitheir
fluorescence emission energies and spectra. Inr daeanalyze the nature of
absorption and emission, natural transition orb{NirO) analyses were performed
based on the TDDFT calculations and the calculti@thsition density matric&s In
all calculations, the salvation effect was congdewith SMD salvation mod&land
water media; the 6-31G (d, p) basis set for themat@, N, O, S and H, and relativistic
pseudo-potential LanL2dz basis set for Fe and Hegeveelected. All calculations
were performed with Gaussian 09 program
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