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Highlights
- The Schiff baseR3) shows high selectivity towards Tlion compared with other competing

metal ions.

- DFT calculations together with the experimentaluttssobtained from Job’s plot method
showed a 1:1 binding ratio of €with ligand P3.

- The sensing mechanism are explained by photoindeileetron transfer (PET) and chelation -
enhanced fluorescence (CHEF).

- It has high affinity (K =2.28 x 18 M™) and selectivity for C¥.

- The detection limit of the sensor towards'Gs 1.3 x 10’ M.
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Abstract

A novel Schiff base fluorescent sensor N,N’-bis¢sdidene)-2,6-bis(4-aminophenyl)-4-
phenylpyridine P3) was synthesized through condensation of 2,6-bis{éa@phenyl)-4-
phenylpyridineand 2-hydroxybenzaldehyde. The obtained results) fflmorescence analysis
revealed that by excess 6f" to P3, a remarkable increase was observed in the floengs
intensity of the Schiff base at 663 nm with thearatf CH;CN/H,O (95/5%), even though the
other cations would likely have no impact on theofescence intensity. The cause of this trend
might be ascribed to the formation of a 1:1 staiohetricP3-Cr** complex, confirmed by Job’s
plot, which is resulted in preventing the phototindd electron transfer (PET) process. From
fluorescence titration, the association constaniviés gained 2.28 x 1™ and the limit of
detection (LOD) was determined to be 1.3 %’ M. Furthermore, the optimized structure
together with the electronic spectra of the progosemplex was determined by DFT and
TDDFT calculations.

Keywords: Fluorescence, Chemosensors, Schiff-base, PET, ORDmium ion.

1. Introduction

The synthesis and development of new fluoresceeimolsensors with the goal of
detecting the heavy and transition metal ionsaétractive and promising, whereas their use is
growing fast in several research areas such asmsgpecular chemistry, organic chemistry, drug
delivery, biological chemistry and environmentakstistry %> Among these compounds, N-
heterocycles are considerable attention toward okensors due to their high selectivity and
sensitivity and also most important moieties in @@l chemistry > To tackle the
environmental and medical challenges, a signifiedfart has been devoted in designing small-
molecule florescent organic issues for chromiuni)don sensing. This vital ion, as an essential
nutrient, plays a major role in the metabolism afbohydrates, lipids, proteins, and nucleic acids
in human body. Another most important reason for enhancing tsle factors connected with

diabetes and cardiovascular disease is concerripdufficient dietary intake of chromium idn



On the other hand, chromium is recognized as aowoexpollutant, omitted through
various industrial and agricultural activities, tha can definitely be detrimental for both
environment and human healthDespite the biological and environmental benefft€r*, few
reports regarding fluorescent detection of'Gre availablé™** A diversity of electron transition
mechanisms, for example, chelation enhanced flosere® (CHEF), intermolecular charge
transfer (ICT), fluorescence resonance energy feafSRET), metal to ligand charge transfer
(MLCT), photoinduced electron transfer (PET), plwdoiced proton transfer (PPT), excited
state intermolecular proton transfer (ESIPT), dmtaenhanced fluorescence (CHEF) effect,
and C=N isomerization has been considered for deimj fluorescent chemosensdrs
Among the mentioned mechanisms, PET process hasusss as a sensing tool in which the
electron transfer directly occurs between the fhpbiore (signaling unit) and the receptor
(“switch” of the fluorescence intensit§y >3 The receptor unit can be connected chemically to
fluorophore with absorption of shorter wavelengtimere the PET efficiently happens between
donor-acceptor probe¥2 In this regard, the electron-donating Schiff béigand, can be
considered as a receptor unit to absorb short wag#h light through forming chelate complex
with the metal ions. Due to paramagnetic propeft€d*ion and the deficiency of a selective
multi-chelating ligand, the appropriate fluorescemh-on chemosensors to monitor intracellular
cr* are still under developed. With this approach, we report a new chemosersdy'-
bis(salicylidene)-2,6-bis(4-aminophenyl)-4-phenyldine (P3) for Cr* that was prepared by
condensing 2,6-bis(4-aminophenyl)-4-phenylpyridivieh 2-hydroxybenzaldehyde (Scheme 1).
Upon addition of C¥, P3 shows a large fluorescence enhancement becatise fofrmation of a
1:1 P3-Cr’* complex that inhibits photo-induced electron tfan§PET) process. The other
metal ions including Na K*, Bi**, Hg?*, C&*, C«*, zr?*, Cd*, Fé* and AP* have almost no
influence on the fluorescence.

To get more insight related to the electronic stmes of P3 and P3-Cr** complex, density
functional theory (DFT) calculations were carriedt mn the plausible structures of the
molecules. Moreover, time dependent density funetiotheory (TDDFT) was used
as an accurate method for finding the excited sa&rgies and UV-Vis absorption spectrd8f
andP3-Cr** complex.



2. Experimental
2.1. General and reagents

Melting points were measured on an Electrotherm@09apparatus. Mass spectra were
obtained on an Agilent 5975c spectrometer operadihg0 eV.'H and *°C spectra were
measured with Bruker DRX-400 AVANCE spectrometed@®.1and 100.6 MHz, respectively.
The UV-Vis spectra were recorded using a Perkinetllambda-EZ 201 and a Jasco FP-200
spectra fluorometer was used to obtain fluorescamission spectra. Fluorescence intensity
measurements were performed indCN/H,0 (95/5%) at room temperature.

2.2. Synthesis
2.2.1. Synthesis of 2,6-bis(4-nitrophenyl)-4-phenylpyridine ( P1)

A mixture of benzaldehyde (6.4 g, 0.06 mol), paatetophenone (20 g, 0.12 mol),
ammonium acetate (60 g), in glacial acetic acid(8) was refluxed for 2 R°. After cooling
the reaction mixture to room temperature a solgldiee was obtained which then filtered and
washed with acetic acid (50%) and cold ethanolpeesvely. The crude 4-phenyl-2,6-bis(4-
nitrophenyl) pyridine P1) was recrystallized from absolute ethanol, andddunder vacuum
(Schemel). Yield: 66%, mp: 319-322, '"H NMR (400 MHz, CDCJ), 8, ppm: 8.43-8.38 (8H,
m), 8.07 (2H, S), 7.80-7.77 (m, 2H), 7.63-7.56 (3f), °C NMR (100 MHz, CDG)), §, ppm:
155.52, 151.39, 148.44, 144.83, 137.90, 129.73492927.94, 127.19, 124.11 and 119.12 (Fig.
S1).

2.2.2. Synthesis of 2,6-bis(4-aminophenyl)-4-phenyl pyridine (P2)

A mixture of 4-phenyl-2,6-bis(4-nitrophenyl) pymat (13.75 g, 48mmol) and palladium
on carbon 5% (5 g) in ethanol (500 mL) as solvertenprepared in a two-necked round-
bottomed flask (500 ml) equipped a dropping funitéle mixture was warmed up to 50 °C and
then hydrazine hydrate 85% (35 ml) in ethanol (3pwias added dropwise over a 1.5 h period
through the dropping funnel while maintaining tleenperature at about 50 °C. The reaction
mixture was then refluxed for 2 h and filtered. Wpwooling, the filtrate gave white colored
crystals of the2,6-bis(4-aminophenyl)-4-phenylpyridine (P2), which were recrystallized from
ethanol and vacuum dried. (Schemel). Yield: 648p:; 207-209°C. 'H NMR (400 MHz,
CDCl), 8, ppm: 8.068 (4H, d, J=8.4 Hz), 7.77-7.72 (4H, m%4 (2H, T, J=7.6 Hz), 7.48(1H, d,
J=7.2 Hz), 6.82 (4H, d, J=8.4 Hz), 3.85 (4H, S, NH’C NMR (100 MHz, CDGCJ), 5, ppm:
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157.13, 149.72, 147.32, 139.67, 130.30, 128.98,652828.26, 127.16, 115.05 and 114.86 (Fig.
S2).
2.2.3. N,N’-bis(salicylidene)-2,6-bis(4-aminophenyl)-4-ptypyridine (P3)

A solution included 2-(6-(2-aminophenyl)-4-phenyligyn-2-yl)benzenaminédl mmol)
in absolute ethanol was added to an ethanolicisalaf 2-hydroxybenzaldehyde (2 mmol). The
mixture was refluxed for 6 h and then cooled toomademperature. The solvent was evaporated
to afford yellow product which was recrystallizewrh ethanol (Schemel). Yield: 87%. mp:
189-193°C. *H NMR (400 MHz, CDGJ), 5, ppm: 13.29 (2H, S), 8.74 (2H, S), 8.32 (4H, 8),J
7.94 (2H, S), 7.79 (2H, d, J=7.2 Hz), 7.59-7.52 (8}, 7.47-7.41 (8H, m), 7.07 (2H, d, J=8 Hz),
7.01(2H, t, J=7.2 Hz)**C NMR (100 MHz, CDGJ), 8, ppm: 162.75, 161.25, 156.69, 150.43,
149.15, 138.92, 138.08, 133.34, 132.41, 129.19,182928.21, 127.21, 121.59, 119.25, 119.16,
117.33, and 117.03. The mass spectrum showed a gteaklz = 545.2 corresponding to
compoundP3 (Figs. S3 and S4).
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Scheme 1The synthetic route of compouR®.



2.3. Spectrometric procedure

Stock solutions (10 pM) of nitrate salts of ‘NK*, Bi**, Hf*, Cc*, C/*, zr?*, Cr,
Cd®*, Fe”*, AI** in CHsCN/H,O (95/5%) were prepared and compou?® was dissolved in
CH3CN/H,0 (95/5%), (10 pM). Test solutions were preparegliaging 2 mL of the probe stock
solution into cuvettes, adding 2mL of each metal stock. For all measurements, excitation

wavelength was at 360 nm.

2.4. DFT procedure

The electronic structures of the titled compoundsenoptimized by density functional
calculations (DFT) without any symmetry constrairesploying the Gaussian09 packede
Frequency calculations were performed on all thenoped geometries to ensure the correct
local minima. Al the calculations were carried aaotthe framework of the Becke three-
parameter hybrid exchange and Lee-Yang—Parr cbaelunctional (B3LYP) together with a
split-valence Pople basis set plus polarization @diffdse functions, 6-31+G (d,p) for H, C, N,
and O atoms and a douletuality LANL2DZ basis set for Cr atoff. All the “inner electrons”
of metal ions were replaced and described withakascelativistic electron core potential (ECP).
Time-dependent density functional theory (TD-DF&)calations were performed to attain the
UV-Vis spectra and characterization of the frontebitals, at B3LYP/6-31+G (d,p) level with

the polarized continuum model (IEFPCM) in acetdleitsolvent™.

3. Results and discussion
3.1. Spectral studies

The outcomes obtained from absorption and fluoresespectral analysis, upon addition
of a variety of metal ions tB3 solutionwith the ratio of CHCN/H,O (95/5%) were shown in
Fig.1 and Fig. S5. The absorption spectraP8f (10 uM) in CHCN/H,O (95/5%) solution
display three bands at 236 nm, 316 nm and 360 ritar Addition of various metal ions such as
cr', Nd', K, Bi?", Hf", Cd**, CU*, zr?*, Cd”*, Fe*and AP*, the absorption intensity of the
peaks were decreased which can be attributed tbhybechromic effects in the UV-Vis spectra
of P3 (Fig. S5). It seems the UV-Vis spectra cannotikelyt an alternative to demonstrate the
specific sensitivity oP3 to the cations due to the ambiguous absorptiontspgithin mixture

species?. To this reason, the selectivity B8 towards C¥ among other metal ion solutions (10



HM) was investigated by fluorescence spectroscoyHsCN/H,O (95/5%) solution. As shown
in Fig 1, the sensdP3 without CF** exhibits the weak fluorescence intensity with &tn at
363 nm. Upon addition of various metal ions, thé*Qras only displayed a considerably
enhancement of fluorescence, which is indeed detrated the high selectivity d?3 for Cr*".
This could be assigned to the formation of a lolchkiometricP3-Cr** complex associated with
the inhibiting of photo-induced electron transf@E{) proces&®*
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Fig. 1. (a) Fluorescence responses of compd@8@10 uM) in CHCN/H,O (95/5%) solution upon the addition of
various metal ionshdex =360 nm, 2 equiv). (b) Bar graph representirgdiiange of the relative emission intensity
of P3at 663 nm upon treatment with various metal idex & 360 nm).

By considering the fact that the Schiff b&®is quite sensitive to Gt rather than other

metal ions, the absorption of ligaf® in a mixture of other metal ions in GEIN/H,O (95/5%)
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solution both in absence and presence &f I&ve been measured which resulted in observing a
drastic enhancement in fluorescence intensity8fdther cations-Cf) mixture than the another
one (shown in Fig. 2). These observations canylikehfirm thetrend of P3 as an efficient and
selective fluorescence chemosensor 6 ion.
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Fig. 2.Fluorescence intensity &3 (10 uM) in the absence of metal ions (red curved, presence of 2 equiv of all
kinds of competitive metal ions (blue curve) in ON/H,O (95/5%, ex = 360 nm. The green curve represents the
addition of CF* to the above mixture. Each spectrum was acquiredirute after cations addition at room

temperature.

In order to gain further insights concerning therosensing properties of recepRd; a
fluorescence titration of receptd®3 with Cr** has been carried out. The results were in
accordance with our claim so that by raising thacemtration of C¥, the sensitivity ofP3
towards C¥" ions was obviously increased as it is shown in igrhe fluorescence spectrum of
P3 (Aem = 663 Nm) shows the rapid turn-on responses amdntet is indication of the relative
fluorescence intensity changes as a function 8f @mncentration.
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Fig.3. Fluorescence titration d?3 (10 uM) with various concentration of Trin CH;CN/H,O (95/5%) solution
(excitation = 360 nm) at room temperature. inseanges of fluorescence upon addition of'q0-2 equiv) at

emission=663 nm.

Furthermore, the association constant)(léf binding of P3 with metal ions was

determined by Benesi—Hildebrand equafidas follows:

1 1 L1
F— F{J KE (Fmax - F{J)[M] Fmax - Fﬂ

F and k5 represent the fluorescent intensity of compoRBBah the presence and absence of metal
ions, respectively. fx is the saturated fluorescent intensity of compoBBdn the presence of
excess amount of metal ions and [M] is the conedioim of the added metal ions. The
association constant &3-Cr’* complex was determined to be 2.28 x 103 &ing the results
obtained from fluorescence titration. Moreover, deg¢ection limit ofP3 was estimated based on
the fluorescence titration while to gain the S/Naathe emission intensity of the compldx3(
Cr") was calculated along with the standard deviatidnblank measurements. Then, the
detection limit for Ct*, according to 3 %,/m, was found to be 1.3 x 1Gnol/L, wheres, and m
are the standard deviation of blank solutions drel dlope between intensity versus sample
concentration, respectivély



In alignment with our research studies, the flucease quantum yield for tHe3-Cr** complex
was determined through comparison of both emisaiwth absorption intensities of the bands
with those of a fluorescence standard (fluoresaeid.1 N NaOH)*® which was obtained to be
13.8%. For all the fluorescence measurements,afiienm of excitation was in 360 nm with slit
widths of 3.0 nm. However, the negligible quantuields calculated for combined receptor and

the other cations as well as free receptor areapmtrted.

3.2. Binding mode studies

To find out the stoichiometry of binding betweere theceptorP3 and CP*, the
Job's method of continuous variation was utiliZEde total concentration of the comple8-
Cr'was constant (10 pM), with a continuous variabldaméraction of guest ([P3]/[ Cf] +
[P3)]). Fig. 4 shows the Job's plot of ligaR® with Cr** (at 663 nm) in which the fluorescence
emission intensity indicates a maximum, whereasntéar fraction ofP3 is 0.5. As a result,

a stoichiometry of 1:1 was confirmed for the compl**-P3.

Intensity
L
=
’
.’

0 0.2 0.4 0.6 0.8 1 1.2
P3/Crr+P3

Fig. 4.Job’s plot for determining the stoichiometric coyation ofP3 with Cr**in CH;CN/H,O (95/5%) at room

temperature. The total concentratiorP&and CF* is 10 uM.

In addition, the'H NMR titration experiments were applied to suppie binding of
receptorP3 to CP* to form a metal complex. The experiment was cotetliby addition of
increasing concentrations of ¥to the P3 solution, so that the phenolic OH signals RS,
centered at 13.29 ppm, was disappeared after addifi2 equivalent of Gf. This implies that
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the phenolic OH groups are vital to make a stablegiex between thB3 and CF*. The binding
mode ofP3and CF* is meaningful for the formation of novel Efluorescent chemosenstr*°
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Fig. 5. Partial*H NMR spectra oP3 (10 uM) in CRCN at room temperature and the corresponding clsaafjer
the addition of increasing amounts of Chromiumatér(0-2 equiv). Each spectrum was acquired 1 miafier C#*

addition at room temperature.

3.4. Solvent effect

It is found that the character of optical sensinghe chemosensors is connected to the
polarity of solvents. Hence in this study, the mrse of ligand®3to Cr* ion in various media
such as DMSO, DMF, methanol, acetonitrile and au#tte/H,O was investigated at maxima of
emission intensity. The diagram (shown in Fig. Bpws the optimum fluorescence emission
occurs both in acetonitrile and acetonitrilgfH(95/5%) solvents. On the other hand, the aprotic
(DMSO, DMF) and protic (methanol, ;) media results in a significantly reduction in

fluorescent intensity These observations can be tdueydrogen bonding formation between
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solvents and hydroxyl groups, rather than geneshilest effects’’. Nevertheless, the highest
fluorescent intensity was observed in acetonitaihel acetonitrile/BD (95/5%), and hence the

later was chosen as solvént
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Fig. 6. Solvent effect on fluorescent intensity®8 (10 uM) with CF* (2 equiv) in different solvent DMSO, DMF,
methanol, acetonitrile, acetonitrile/ (50/50%), acetonitrile/H20 (80/20%), acetoniffl20 (95/5%).

3.5. Effect of pH on the binding affinity of Cr** to P3

Due to the critical role of the medium pH in theidiescence detection of the
chemosensors, in this study the effect of pH (exringe of 2 to13) on the fluorescence response
of P3 was investigated in GIEN/H,O (95/5%) mixture. The changes in the fluorescence
intensity at 663 nm dP3 in both absence and presence of @n were plotted as a function of
pH (Fig. 7). The overall intensity oP3-Cr* remained higher than the free recepRS.
Fluorescent intensity was found to be the highegtHh9. For measurements outside the pH 9,
Cr* might be appeared as Cr(QH3pecies, removed frorR3, thus the outcomes can be
impacted on emission intensity as decreasing. énsdime manner, below pH B3 might be
combined with Hand show no tendency to bind®*Cresulting a decrease in the fluorescence

intensity. SoP3 can tolerate the detection of¥tin the pH 9*.
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Fig. 7. Fluorescence response R&in the absence and presence of Chromium as aidanat pH in CHCN/H,O

(95/5%)at 663 nm.

3.6. Comparison
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To find reliable results, the chemosend®8 was compared to those previously reported

chemosensors for &€rand the data are tabulated in Table 2. In comgarianner, the detection

limit, binding constant, sensing response, and gtyje exhibited thd®3 was efficient sensor in

compare with other synthetic ionosphet&€in table 2.

Table 2 Comparative analysis of chemosenB8mwith previously reported sensors.

lonophores mechanism Methods of Medium of Detection Binding Sensing pH
detections detection limit Constant response range
(M) M
Ref. 40 PET and fluorescent ~ CH;CN/H,O 2.2x10" 8.77x10 Cr* (Turn on) 8
CHEF (95/5%)
Ref. 44 - fluorescent ~ CH3CN/HO 7.94 x 10° 1.6 x 14 Cr**(Turn on) 7
(8/2)
Ref. 45 PET colorimetric MeOH 1.21 x 1¢P 1.01x16  Cr** (Turnon) 27
and
fluorescent
Ref. 46 - colorimetric MeOH 1.1x 10 1.4x1d  Crf (Turnon) -
and
fluorescent
Ref. 47 C=N colorimetric CH4CN 2.75 x 10 597 x16  Cr*(Turn on) -
isomerization and
andESIPT fluorescent
Ref. 48 - fluorescent CH4CN 9.86 x 10 2.1x 16 cr* (Turnon)  6-8

13



P3 PET and fluorescent  CH;CN/H,0O 1.3x 10 2.28 x10 Cr** (Turn on) 9
CHEF (95/5%)

3.7. Theoretical study

3.7.1. The optimization calculations

The experimental results revealed that the SclageldigandR3) is quite sensitive to Cr (Ill) ion
compared to the other metal ions, neverthelesscabedination geometry of the ligand to bind
Cr(lll) ion is still ambiguous. Since the crystatustures ofP3 ligand andP3—-Cr** complex
could not be determined by X-ray spectroscopy duaken fine powders of the compounds. To
this reason, plausible tetrahedron geometry?®:Cr’* complex was considered to the titled
compound. The assuming structures of both of B&andP3—-Cr** compounds were optimized
using DFT calculations at B3LYP/6-31G (d,p) levefgheory. The Optimized structures @8
and alsoP3—-Cr** complex together with the selected calculated bdisthnces and angles are
shown in Fig. 8 and Fig. 9, respectively. As shawikrig. 8, the Schiff basd’@) behaves as a
tridentate ligand that was coordinated through dimabf phenylpyridine (N1) and two oxygen
atoms of salicylidene (O1 and O2) groups. So, &t possible structure &3—Cr** complex
results in a distorted tetrahedral coordinationngetoy in which one oxygen atom (O3) of nitrate
group and also 01, 02 and N1 atom$8fligand could bind to Cf ion, as is supported by the
NMR spectra in experimental section (vide infra) 3.2

In order to investigate of binding mode B8 with Cr** ion, the’H NMR spectra of3in the

absence and presence of‘@vere investigated in CITN (Fig. 5). The proton shift d&#3at 8.74
ppm may be assigned to the proton of imine, whactairly intact with addition of chromium ion
to theP3 solution. In spite of our previous study, N,N’{sialicylidene)-2,6-bis(2-aminophenyl)-
4-phenylpyridine(3) *° ( Table 2), the results indicate that the protérintine group is not
involved in the formation of complex between #@with Cr** ion. To attain a deeper insight,
the evaluation was performed with the comparahldiss. The comparison betweR8 and3 *°
implied both fluorescent probes exhibit a fluoresee enhancement in the presence of Cr

through inhibition of photo-induced electron traarsfPET) mechanism.

14



In addition of C#* ion, the fluorescent chemosensor of lig8nshowed a single emission band

at 537 nm upon excitation at 237 nm, whereas ligg@®icevealed an outstanding increase in the
fluorescent intensity at 663 nm upon excitatiorB& nm according to fluorescence emission
studies. Also, the association constanj) @ binding ofP3-Cr*® was calculated around 10 times

greater tha- Cr' by Benesi—Hildebrand equation.

A bond length increase of 0.029 A for C2-C3 andlB.& for C5-C6, from ligand to complex,
lead to easier rotation of C-C groups. On therotfaed, by decreasing the bond lengths of N2-

C4 and N3-C1, the free rotation around of the cemd restricted which results in a tetrahedral

2 ,i,.‘,J
3.3,
c;ar‘

‘) ‘/‘ ‘ h"‘)
@ N2
2 A
j‘I - 4’ + ’9:
2 @3 >@c2 ?‘
9. 05 ‘/’
a"jssg
4 OJ 0\'{['\'

02
9 01 ) 9
Fig. 8. Optimized geometry of the Schiff base lig&R3) with B3LYP/6-31G(d, p) level.

geometry around the metal ion.
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Z£01Cr02-103.23
Z£01C€r03=115.38
Z03CrN1=84.51

Z02CrN1=141.07

<
Fig. 9. Optimized geometries BB—Cr** complex with B3LYP/6-31G(d, p)/LANL2Z level.

3.7.2. The TDDFT calculations

The electronic spectra of bo®B (Schiff base) and®3-Cr** complex, optimized with
inclusion of acetonitrile solvent, were ascertairigd TDDFT calculations to determine the
energies and compositions of the molecular orbif€©s). The assignment of the most
important occupied (HOMOs) and unoccupied (LUMOSspitals involved in electronic
transitions ino. andp spin states, with the fragment Mulliken contrilbut have been expressed
in terms of the compositions from the central mé@l), (PhN) and (PhO) parts and also (Py)
fragment (shown in Fig S6)he energy gap between HOMO and LUMO can be reltied
chemical activity of the molecules and tendencyntca. The TDDFT calculation revealed that
upon coordination of ligan&3 to CP* ion, the energy levels of both the HOMO and LUMO
slightly decreased relative to those of fR#(as shown in Fig. 10)Whereasa small HOMO-
LUMO energy gap favors electron hopping betweerh lmmtcupied and unoccupied molecular
orbitals, the charge transfer R3-Cr** complex would enhance, significantly than that P&
ligand ***°. The decrease of energy levels of LUMOs is mogmifitant than those for the
HOMOs ones, indicating that the LUMOs were conslér stabilized relative to the HOMOs.

On the other hand, the conversionR#to P3-Cr* complex becomes simple by narrowing the
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energy gap between the HOMO and LUMO orbitals. iSprovides a reasonable explanation
about that decrease of the energy gap of HOMO-LU&h P3 to its chromium complex (Fig.
10), which is in agreement with the subsequent igeioa of the new red shifted absorbance
peak on the addition of &rto P3°°°% The formation of highly stable tetrahedron compbé
P3 with CP* central metal, are resulted through the expansidhe conjugation of the aromatic
groups and also an increase of charge transfeibjpdgs that caused to initiate this unusual
fluorescence response. In addition, the theoretigitulations indicate that, in tHe3-Cr**
complex, the electron contributions in HOMO and HOM orbitals mainly were distributed
over the donor part, namely PhN and PhO fragmeritereas the electron density of the LUMO
and LUMO+1 were contributed significantly over taeceptor moiety of d orbitals of €r and
also NQ group (Fig. S6). Additionally, the mapping of thientier orbitals regarding the titled
compounds associated with their energies are debict Fig. 11. As seen in Fig 11, in free
ligand P3 the electron contributions are localized over dfraost whole molecule, except the
phenyl ring attached to pyridine part. This regedids us to this fact that the coordination of Cr
with the P3 and NQ moiety can be reinforced through electron donatbihe coordinating
oxygen atoms of liganB3 and moiety of the nitrate group and electron aitegmf the nitrogen

atom of phenylpyridine fragment.

17



T+ (Cr 37%, Py 41%, PN 9%) —

1s]  ——— temsmawmnsy  ——T
b (c-c) * (Cr 20%, NO3 69%) T 1
-2 N———— 1T NN\ -

] A TT7 T

_2.5; 1 (Cr 54%, PhO 29%) Ly —  LUMO
*|(Cr 64%, 1 I
-3 N®3 17%, PhO 15%)
— 1
2 35 \K “““ —
— -3.51
B
g 4
m 1 Egap=5.643 Egap=3.272
45 Egap=2.401 il
-5
-5.5

1 / ll i ~{———HOMO
6 n(C-0) 7 (PhN 46%, /77 /
65  PhO 46% n (PhN 71%,

—= PhO (20%, Py 8%)

| 7 (Crs%, prvaote — E

-7 PO 49%) V== — VI(PENG62%,
1 ——PRO-31%)

-7.5-

Fig. 10. The molecular orbital and some charaaéidOMO and LUMO molecular orbitals of the (B, (b)
P3-Cr** (a-spin) and (cP3-Cr** (B-spin) compounds.
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HOMO-1 (.5.988 eV) HOMO-1 (-5.986 V) HOMO-1 (-6.091 eV)

E ‘ P3-Cr** (a-spin) ‘ ‘ P3-Cr+3 (p-spin) ‘

Fig. 11. Calculated the frontier molecular orbitaighe titled compounds with B3LYP/6-31G(d, p) é&vPositive
values of the HOMOs and LUMOs contour are represkit blue and purple and the negative values liowe

and green, respectively.

Figure 12 shows the UV-Vis spectra of both freaigP3 and its plausible tetrahedron complex

P3-Cr**. The obtained UV-Vis spectra by means of TDDFeitions are in good agreement

with the experimental UV-Vis spectroscopy (Fig. SByom the TDDFT calculations the

exhibited band lines foP3 showed at 311.7 nmf=0.120), 318.2 nmf£0.171), 355.5 nm

(f=0.530), 367.9 nmf£0.843), 385.0 nmf£1.180) and foP3-Cr** complex revealed at 355.70
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nm f=0.010), 356.3 nmf£0.011), 359.3 nmf£0.014), 367.2 nmf£0.007), 370.3 nmf£0.008),
372.8 nm {=0.006), 378.7 nmf£0.008) and 380.4 nni«0.017), that are in agreement with the
experimental spectrum. By complexation of Bligand to C¥* ion the intensity of the bands
were decreased because of spin-forbidden transition3d transition metals. Thmajor
transitions of the ligan&3 at 367.9 nm and 385.0 nm are due the electrositiam of (HOMO)

— (LUMO) with dominant excitation charactersmPhN (52%)-PhO (27%) anea-Py (20%)

to 7 -PhN (59%),1 -PhO (23%) and: -Py (18%). The contributions dR3 show that nitrogen
lone pair electrons of Py fragment as belongingd@MO is responsible for the fluorescence
quenching.P3. On the other hand, the major lines @8-Cr** at 367.2 nm are assigned to
(HOMO-2) — (LUMO+2) associated with-PhN (64%)1-PhO (25%) and-Py (7%), ¢*-,*-Cr
(3%) ton -NO3 (59%), dy -Cr (7%). As a result, the strong interaction kegw N atom of Py
fragment and Cf d-orbital causes to block the PET process frommitregen lone pair electron
to the benzene, hence block the fluorescence quenciihe possibility of the restricted
chelation-enhanced fluorescence (CHEF) proceda3inoordinated to Gf can be contributed

the fluorescence enhancement along with the PEdGepsd’.
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Fig. 12. The calculated UV-Vis spectra of the @9 and (b)P3-Cr*" compounds.

3.8. Investigation of Binding reversibility

The reversibilityP3 binding with CF* was evaluated by adding EDTA R8-Cr** solution. It is
assumed that the addition of EDTA will liberate*Cirom theP3-Cr** complex, releasing the
P3 ligand, because of the EDTA-Crcomplex (stability constant log gra_cr = 23.4) >,
Therefore, 1 equiv. of EDTA (10 uM) was added t® @7 (10 pM) complex o3 (10 pM) in
CH3CN/H,0 (95/5%) solution, exhibiting significant decreaddluorescence signal at 663 nm.
The addition of excess €rto the previous solution regenerates the fluoresedy participation
of P3with another CY binding process (Fig. 13). The regenerated fr@ean then participate in

another Ct' binding process”.
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Fig. 13. Reversibility of Gf—complex (10 uM) coordination to proB& (10 pM) by EDTA (10 pM).

4. Conclusions

In summary, we have successfully developed a ndvemosensoP3 which exhibited the
high selectivity forCr**in the presence of other metal ions. The sensavslolarge fluorescence
enhancement in the presenceiln?*which is attributed to the interaction BB andCr** resulting in
the efficient inhibition for the PET proces$he results of Job’s plot method together with
theoretical study indicate thBB and CF* form a 1:1 complex. The association constanivis
determined to be 2.28 x AM™ and the limit of detection (LOD) was calculatedo® 1.3x10
M exhibiting more efficient than many other repdri@r* sensors. Besides, DFT calculations
were carried outo get a comprehensive insight towards the pléisiucture oP3-Cr* in the gas
phase. The results confirmed tetrahedron geomebtynd the C¥ ions. In order to investigate the
major excitation states and the absorption speaftrthe compounds, TDDFT calculations were

employed that were in agreement with the experiaieasults.
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