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Abstract: A new iridium(J) complex-based near-infrared ‘turn-on’ fluorescpribelr-DNBS
was synthesized for fast (9 min), highly selectared sensitive (LOD: 62.5 nM) thiophenol
detection. Photophysical and spectral charact@izdNMR, HRMS) results demonstrated that
the recognization mechanism of probe for thiopheved based on thiolate-mediated nucleophilic
elimination reaction ($Ar). Upon addition with thiophenol to PBS/DCM/DMSédlution (pH =
7.4) of prober-DNBS, obvious orange red fluorescence with maximum simiswavelength at
620 nm was observed with a large Stokes shift (@@Pand long lifetime (135 ns). The practical
utility of probelr-DNBS was also investigated by thiophenol detectioreal water samples and

human serum.
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1. Introduction

Thiophenol and its derivatives, as common intermidin organic synthesis, are
widely used in the preparation of pesticides, pharenticals, and polymets.
Nevertheless, according to the United States Enwiental Protection Agency (USEPA
waste code: P014)thiophenol has been defined as a major pollutarg th its high
toxicity. For instance, the median lethal conceidraof thiophenol in fish range from
0.01-0.4 mM? and the range of median lethal dose in mouse isvasas 2.1546.2 mg
kg™.® Moreover, thiophenol in water and soil also canpbebably absorbed by human
being through various biological and physicochempaahways, further lead to a series of
health problems including the central nervous systgury, muscular weakness, headache,
nausea, vomiting, and even de&ffiTherefore, it is very necessary to develop arcieffit
and sensitive method to detect thiophenol in orgasior environment.

In the past few decades, a variety of detectionhous have been reported, such as
optical analysis, high performance liquid chromaamdpy, gas chromatography, nonlinear
spectroscopy and nanophase material séffédtluorescence sensors, based on changes of
fluorescent signal before and after detection, hbgeome the most popular detection
approach due to its simple operation, high serisiticheap cost, low detection lindft.At
present, although many fluorescent probes for tieopl have been reported, most of them
based on organic small molecdfé! and possess some shortcomings like singlet emissio
and emitting via a short-lived fluorescence mogaliin contrast, probes based on
transition-metal complexes in the second- and trord of the d-block typically display

triplet emission and exhibit long-lived phosphomswe, as well as high luminescence
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quantum efficiency and large Stokes sffift.

Zhang and co-workers designed and synthesizediassef Ru(ll) complex-based
phosphorescent probes to detect thiophenols fofitdteime *®* These probes showed large
Stokes shift and long Iuminescence lifetime, due tte triplet metal-to-ligand
charge-transfer transitiondMLCTs) excited state. But long response time (3@)mias
their obvious disadvantage. Transition metal comyblased probe for thiophenol have
frequently emerged since th&h°

We noted that ruthenium complexes usually only pss¥LCT excited state, but
iridium complexes exhibit multiple excited stateach asMLCT, 3LLCT, and®IL excited
states, which lead to their excellent photophys#&al photochemical properties with long
lifetimes. So the octahedral structure of iridiumi(complexes have attracted more interest
as fluorescence probd®* Thus we designed and synthesized a novel iridigm(
complex-based ‘turn-on’ fluorescent probe Ir-DNBS with two
2,4-dinitrobenzenesulfonate(DNBS) moieties as raagion sites to detect thiophenol
and its derivatives. Herein, two electron withdmagvigroup DNBS in the two C~N
ancillary ligands (phenylpyridine) could completejyench the fluorescence of iridiumj(
complex-based probl-DNBS via internal charge transfer (ICT) mechani¥rt Upon
addition of thiophenol tdr-DNBS in PBS/DCM/DMSO solution (pH = 7.4), the two
recognition units (DNBS) could be cut off by nugbdic elimination reaction ($Ar) to
form strong fluorescent compléx-1 with obvious emission band centered at 620 nm. The
results demonstrated that the probeDNBS could rapidly (response time: 9 min),

sensitively (LOD: 62.5 nM) and selectively detebiophenol without interference of
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aliphatic thiols. Additionally, it also could quatatively recognize thiophenol in actual
water samples and efficiently detect thiophenolhimman serum, implying that probe
Ir-DNBS could be potentially applied in environment anidiclfields.

2. Experiment
2.1. Chemicals and apparatus

Unless otherwise specified, all chemicals used vpemehased from commercial suppliers
without purification. The human serum was providgdhealth volunteers. The solvents were
dried in standard methods before use. All reactinmse carried out under the dry argon
atmosphere protection using the Schleck operafidre solution of I-DNBS (1 mM) was
prepared in chromatographic gradeCH. Standard solution of various analytic sampleshas
CeHsSH, p-Cl-CgHsSH, p-CHz-CgHsSH, p-CH30-CeHsSH, p-NH3-CsHsSH, HOCHCH,SH,
CsHsOH, (CH)3:SH and PhNK were dissolved in DMSO at concentrations of 10.r@dlutions
of glutathione (GSH), cysteine (Cys), homocystdidey), alanine (Ala) and glycine (Gly) were
respectively prepared in distilled water (10 mMMMR spectra were recorded in acetaleand
DMSO-ds on a Bruker Av400 (400 MHz) spectrometer, the cicainshift @) was recorded in
parts per million with tetramethylsilane (TMS) &farence. Absorption spectra were determined
by an Agilent 8453 UV-vis spectrometer. Infrarececdpa dates were analyzed on a Bruker
Vertex-70 spectrometer as KBr pellets and were rtedoin cm®. HitachiF-4600 fluorescence
spectrophotometer was used for measuring fluorescepectra with excitation and emission slits
of 5.0 nm and 5.0 nm. High - resolution mass spewaias performed on a solariX 70 FT-MS

instrument. Luminescent decay experiments were t&agon Edinburgh FLS980 spectrometer.

2.2.Detection of Thiophenol in real Water Samples amanldn Serum
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The water samples were obtained from Ganjiang Rikeng Mu Lake and the tap
water in Nanchang city, further mixed with sodiummopphate buffer (10 mM, pH = 7.4).
Water sample were spiked with different concentragi of thiophenol (50, 100, 15M)
that had been accurately prepared. The mixtures vicubated for 9 min at room
temperature, and the fluorescence was measurezDair. The human serum was diluted
(30 fold) with sodium phosphate buffer (10 mM, pHr4) before use. The sensitivity of
probelr-DNBS for thiophenol in human serum was investigatedlbygrescence spectral

titration.

2.3.Computational Method

The calculations were implemented by using Gaus8@aprogram packadefor complex
Ir-1. The geometrical structure as isolated moleculéhérground state and the lowest-energy
triplet state was firstly optimized, respectivdly, the restricted and unrestricted density funetion
theory (DFT) method with the B3LYP functiorfdl.During the optimization process, the
convergent values of maximum force, root-mean-syBMS) force, maximum displacement
and RMS displacement were set by default. To apatiie absorption and emission transition
properties, 80 singlet and 6 triplet excited-statege calculated, respectively, based on the
optimized structures in the ground state and tiweedt-energy triplet state to determine the
vertical excitation energies by time-dependent igrianctional theory (TD-DFT¥° with the
same functional used in the optimization procedse %elf-consistent field (SCF) convergence
criterions of RMS density matrix and maximum densibatrix were set by default in the

excited-state calculation. The iterations of extséates continue until the changes on energies of
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states were no more than 18.u. between the iterations, and then convergereesied in all the
excited states. In the calculation of the ground excited states, the Solvation Model Based on
Density (SMD§* method model with DCM/DMSO (v/iv =5:Bs mixed solvent (eps = 15.246,
epsinf = 2.025) was employed. In these calculatitmes Stuttgart-Dresden (SDBYasis set and
the effective core potentials (ECPs) including quelativistic effect were used to describe the Ir
atom, while other non-metal atoms of O, N, C andiéte described by the all-electron basis set
of 6-31G**>® Visualization of the frontier molecular orbitalewe performed by GaussView. The
contributions of fragments to the orbitals in thec&onic excitation process were analyzed by the
Ros & Schuit methdd (C-squared population analysis method, SCPA) inltitin 3.7
program:”

2.4. Synthesis

2.4.1. Synthesis of 4-(4-(1H-imidazo[4,5-f][1,108ptanthrolin-2-yl)phenyl)morpholine

1,10-phenanthroline-5,6-dione (0.504 g, 2.4 mmatymonium acetate (1.542 g, 20 mmol)
and 4-morpholinobenzaldehyde (0.383 g, 2 mmol) wigssolved in a mixture of 20 mL methanol,
and stirred at 807 for 12 h. After cooling to room temperature, tledvent was removed under
reduced pressure. The residue was purified by asiligel column chromatography
(dichloromethane / methanol = 10:1) to get a yellnlid (1.2 g, 70%)'H NMR (400 MHz,
DMSO-dg) 8 9.01 (d,J = 3.7 Hz, 2H), 8.91 (d] = 8.0 Hz, 2H), 8.15 (d] = 8.5 Hz, 2H), 7.82 (s,
2H), 7.14 (d,J = 8.6 Hz, 2H), 3.77 (t, 4H,CH,-), 3.25 (t, 4H,—CH,-). **C NMR (400 MHz,
DMSO-ds) 6151.77, 151.18, 147.49, 129.44, 127.27, 123.70,1P23120.29, 114.50, 65.98

(-CH,-), 47.60 {CH,-).
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2.4.2. Synthesis of compouhd

A mixture of 2-(4-methoxyphenyl)pyridine (0.92 g,ndmol) and iridium chloride hydrate

(0.9 g, 5 mmol) in 2-ethoxyethanol (15 mL) angCH(5 mL) was stirred at 130 for 24 h, and

then cooled to room temperature. A yellow prectpitaas filtered, and washed with acetone, then

dried in vacuo. The crude compouhd0.287 g, 40 %) was used for the next step wittiaher

purification and characterization.

2.4.2. Synthesis of compou2d

A crude compound (0.659 g, 0.55 mmol) was dissolved in the anhysirdichloromethane

(40 mL) and stirred at -78 in a nitrogen atmosphere, then BBrmL, 1 M solution in CHCly,)

was added drop wise at dark. The resulting reactioxture was further stirred at room

temperature for 30 h, then was quenched by mett{@fohL). After cooling to room temperature,

the mixture was diluted with water (500 mL) and &ex (20 mL), a green precipitate was

collected by filtrationwashed with HO and hexane, and dried in vacuo to get crude canghd

(0.229 g, 80%)whichwas used for the next step without further purtfara

2.4.3. Synthesis of compoulmell

4-(4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phgl)morpholine (0.076 g, 0.2

mmol) and compoun@ (0.119 g, 0.2 mmol) were dissolved in dichloronagtd (30 mL)

and methanol (30 mL). After being reflux at 55for 24 h, the mixture was cooled to room

temperature. Then NJFR; (0.082 g, 0.5mmol) was added, and stirred for lagro® h.

After the solvent was evaporated, crude product wasfied by silica gel column

chromatography using dichloromethane-methanol (1@\) as eluent to obtain a yellow
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solid (0.091 g, 50%)}H NMR (400 MHz, acetones) & 9.11 (d, 2H), 8.43 (s, 2H), 8.41 (s,
1H), 8.10 (s, 2H), 8.05 (d,= 7.7 Hz, 3H), 7.81 (d] = 8.3 Hz, 4H), 7.58 (s, 2H), 7.11 @,

= 8.3 Hz, 2H), 6.85 (s, 2H,0H), 6.60 (d,J = 8.5 Hz, 2H), 5.97 (s, 2H), 3.82 (t, 4H,
~CH,), 3.30 (t, 4H,CH,-). *C NMR (400 MHz, Acetonel) 5 168.08, 159.47, 153.78,

153.53, 153.11, 149.00, 138.12, 135.90, 132.28,7631130.11, 127.85, 126.83, 123.79,
121.69, 119.73, 118.71, 118.34, 114.79, 110.70,211066.44(CH,-), 48.04(CH,).

HRMS: m/z 914.2035 [M- PRy ]*. IR (KBr, v, cm%): 3450 (OH).
2.4.3. Synthesis of compouimeDNBS

After dry dichloromethane (10 mL) &f-1 (0.046 g, 0.05 mmol) was cooled ta1Q a
few of triethylamine (14uL, 0.1 mmol) was added and stirred for 15 minutber
2,4-dinitrobenzene-1-sulfonyl chloride (0.04 g,®rhmol) in 10 mL dry dichloromethane
was dropwise added slowly to the mixture at roompgerature. The solution was stirred
for 6 hour until the reactants were depleted. Byndhe solvent was evaporated under
pressure to give an orange red powderDNBS was separated using a silica gel
chromatographic column eluted with dichlorometharethanol (v/v, 10:1) as eluent to
obtain an orange solid (0.052 g, 60%).NMR (400 MHz, acetonel) 5 9.18 (s, 2H), 8.95
(s, 2H), 8.59 (dJ = 8.6 Hz, 2H), 8.21 (s, 4H), 8.14 @ = 8.6 Hz, 6H), 8.00 (d] = 8.3 Hz,
4H), 7.57 (s, 2H), 7.10 (d, = 8.5 Hz, 4H), 7.03 (s, 2H), 5.99 (s, 2H), 3.814¢t,—CH,-),
3.30 (t, 4H,—~CH,-). *C NMR (400 MHz, Acetonels) & 169.06, 154.99, 153.43, 153.06,
152.14, 147.62, 142.77, 137.72, 135.30, 131.20,1130.29.66, 127.88, 127.16, 124.01,
123.79, 120.00, 118.05, 69.Z0H,-), 51.30 {CH,-). HRMS: m/z 1374.0738 [M PR ]".

IR (KB, v, cmi ): 1335 (-S=0), 1586 (—~N£.
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3. Results and discussion

3.1. Preparation and characterization

The synthetic route of prode-DNBS was displayed in Scheme 1. The N*N ancillary
ligand 4-(4-(1H-imidazo[4,5-f][1,10]phenanthroliry®)phenyl)morpholine was obtained
by simple Debus-Radziszewski imidazole synthesisgu$,10-phenanthroline-5,6-dione to
react with 4-morpholinobenzaldehyde in the presemfe ammonium acetaf®:>®
Chloro-bridged dimer If{) complex 1 was synthesized through reaction of
2-(4-methoxyphenyl)pyridine with anhydrous I§Clithout further purification. Then
demethylation of aryl methyl ethers was conductedugh adding boron tribromide (BSr
to obtain dimer comple®, which further reacted with N*N ancillary ligand refluxing
CH.CI,/CH3OH mixture solution and then exchanged the couiderusing NHPF; to
achieve Ir(J) complexlIr-1. Finally, the probelr-DNBS was synthesized through the
reaction between complex-1 and 3.0 equiv 2,4-dinitrobenzenesulfonyl chloridethe

presence of BN under 0. All compounds were characterized by NMR, IR ariRINiS.
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Scheme 1. Synthetic routes of prode-DNBS

3.2. UV absorption and Emission spectra

The absorption and emission spectra of piabBNBS andcomplexir-1 were shown in the
Fig. 1 For UV-vis absorption spectra, both of two compke (r-DNBS andlr-1) exhibited two
intense absorption bands in the UV region shot@nt300 nm, which were ascribed to be
intra-ligand-centered — =* transitions. The slightly differences of them rbaybe caused by two
DNBS groups in prober-DNBS. Metal to ligand charge transfer (MLCT) transisamnom d(lr) to
7*(C"N and N"N ligands) bands of two complexes ocmemtered at ca. 347 and ca. 420 nm. The
similarity of absorption spectra betweleRDNBS andIr-1 suggested that the cyclometalated
was not involved in recognition process. On thetr@ry, fluorescence spectra of prdlseDNBS
andlr-1in 60% DCM/DMSO (v/v =5:1) PBS buffer (pH = 7.4) wesstirely different Fig. 1D.
When excited at 370 nrt-1 showed obvious fluorescence intensity at 620 nth large Stokes

shift (200 nm). Due to the influence of two eleatwithdrawing 2,4-dinitrobenzenesulfonyl
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(DNBS) moieties in C”N ligands, the emission of j@dr-DNBS was completely quenched.
Meanwhile, the fluorescence lifetime of-1 in 10 mM PBS buffer (pH = 7.4) with 60%

DCM/DMSO (v/v =5:1) was calculated to be 135 hag( S6, see E3I

(e}
o

1.25
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~
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—— Ir-DNBS
1.00 el
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o (=]
o o
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Wavelength (nm) Wavelength (nm)

Fig.1 (A) Absorption spectra of prob&-DNBS (10 pM), complex Ir-1 (10 uM) in 60%
DCM/DMSO (v/v =5:1) at room temperature; (B) Fluscence sprctra of prode-DNBS (10
uM), complexlr-1 (10uM) in 10 mM PBS buffer (pH = 7.4) with 60% DCM/DMS@/v =5:1)

at room temperature.

3.3. Fluorescence response of probe Ir-DNBS towkiaphenol

To investigate the detection properties of prob®NBS toward thiophenol in 10 mM PBS
buffer (pH = 7.4) with 60% DCM/DMSO (v/v =5:1) aigm temperature, the fluorescence spectra
of Ir-DNBS (10 uM) in the absence and presence of thiophenol vemerded firstly. The solution
of probelr-DNBS (10 uM) displayed completely non-fluorescence upon exc®70 nm, then an
obvious emission around 620 nm occur when 30 eduiephenol (300uM) was added,
accompanying with fluorescent color changed to geamed (Fig. 2a). It was also worth
mentioning that the Stokes shift was as large @sr#tf), which could effectively diminish the

measurement error caused by the excitation ligtitsaattered light through the large gap between
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excitation wavelength and emission wavelength.dditéon, time response experiments of probe
Ir-DNBS for thiophenol was also carried out to calculdte telative kinetic constants and
half-time. As depicted in Fig 2b, the fluorescernintensity at 620 nm displayed significant
increase within first 4 minutes, and then it insedslowly and finally reached a plateau at 9 min.
The kinetics of probdr-DNBS with addition of thiophenol were observed by monitg the
fluorescence changes at 620 nm (Fig. S7, see &&l)the kinetic consta(it’) and half-time ;)
were 0.39304 mih and 1.76 min, respectively. Thus, the above resifiplied that probe

Ir-DNBS could detect thiophenol with rapid response anthr&able large Stokes shift.

60
(@) 60 (b)
—_— 14 min I
S /I/.
© Sof
>
=
= a0
c
E 30}
c
S 20
W
@2
£ 10}
L
0 1 L 2 20 1 1 L 1 L 1 L 1
550 600 650 700 0o 2 4 6 & 10 12 14 16
Wavelength (nm) Time (min)

Fig. 2 (A) Changes in fluorescence of prawseDNBS (10 uM) in 10 mM PBS buffer (pH = 7.4)
with 60% DCM/DMSO (v/v =5:1) induced by 300M thiophenol at different reaction time,
excited at 370 nm (slit: 5/5); (§M); (B) Time response curves at 620 nm of prob®NBS (10

uM) in 10 mM PBS buffer (pH = 7.4) with 60% DCM/DMS@/v =5:1) with thiophenol (300

uM).

The fluorescence spectral titration experimentspaibe Ir-DNBS for thiophenol were
carried out in 10 mM PBS buffer (pH = 7.4) with 6(BCM/DMSO (v/v =5:1) to study the

detection sensitivity and limit of detection (LODJpon gradual addition of thiophenol to solution
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of probelr-DNBS (10 uM) to form complexir-1, a fluorescence band centered at 620 nm
emerged and the intensity progressively increabegl 68, see ESI). Finally, when 30 equiv of
thiophenol was added, the emission intensity rehchaximum with 35-fold enhancement. A
good linear correlation between fluorescence intgnslues at 620 nm and concentration of
thiophenol in range of 0-150M was observed (Fig. 3b), illustrating probeDNBS could be
used to quantitatively detect thiophenol. Moreovtee slope of this linear calibration graph was
calculated to be 2.49 x TM (R = 0.9968), detection limit of prode-DNBS for thiophenol was
further determined to be as low as 62.5 nM basetherequation LOD =&@S, wheres was the

standard deviation of the blank measurements anésSthe slop of emission intensity plotted

against thiophenol concentratiotf’

2]
o

(a) e (b)ao}
~~ 70 40 Equiv
=
8 60 20k
= 50
% 0 Equi g
=10 2 520 i y=0.249"x+2.956
= e R=0.9968
s 30f LOD=3"/A
B 10k =3"0.052/0.249
@ 20} Ry
0 =6.25*10" M L
E
w 10E F
0OF
1 I 1 i 1 i 1 i '} i
550 600 650 700 0 40 80 120 160
Wavelength (nm) [PhSH] (uM)

Fig. 3 (A) Changes in fluorescence of praseDNBS (10 uM) in 10 mM PBS buffer (pH = 7.4)
with 60% DCM/DMSO (v/v =5:1) induced by differemracentrations of thiophenol (0-40 equiv),
excited at 370 nm (slit: 5/5). Each spectrum wdlected 14 minutes after addition of thiophenol,
(B) Linear relationship between fluorescence initgred probelr-DNBS (10 uM) at 620 nm and

the concentration of thiophenol from 0 to 15 equiv.

3.4. Selectivity of probe Ir-DNBS toward thiophenol
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Further to study the selectivity of probeDNBS for thiophenol, the fluorescence response
of probelr-DNBS to different analytes, including thiophenol anddtsivatives -CHs-CeH4SH,
p-Cl-CsH4sSH, p-NH»-CgH,SH and p-CH;0-CsH4,SH), aliphatic  thiols (HOCKCH,SH,
(CH3)sCSH, cysteine (Cys), homocysteine (Hcy) and glisath (GSH)), and other nucleophilic
substances @EsNH,, CsHsOH, glycine (Gly) and alanine (Ala)), was investiggunder the same
conditions.

As shown in Fig. 4, only the thiophenol and itsivsives could trigger the obviously
fluorescent changes. Moreover, the specificity oesp of thiophenol in probde-DNBS solution
with co-existed other analytes could not be distdrbThe probdr-DNBS could discriminate
aromatic thiols (thiophenol and its derivativesynir aliphatic thiols maybe attribute to their
different pK,in the neutral medium conditions. In neutral emvirgnts (pH = 7.3), thiophenols
with lower pK; (ca. 6.5) could be more efficient dissociated ithiolate species, which triggered
SVAr reaction to form fluorescent compldx-1, and display more nucleophilic property in
comparison with aliphatic thiolpK, = ca.8.5) (Scheme 2). The above observations stegjehat

probelr-DNBS could be served as a highly selective probe foptienols and possess excellent

specificity.
80
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Fig. 4. (A) Emission spectral changes in fluorescencerob@lr-DNBS (10 uM) induced by
various analytes (30 equiv) in 10 mM PBS buffer @H.4) with 60% DCM/DMSO (v/v =5:1),
excited at 370 nm (slit: 5/5). Each spectrum wdkeced 14 minutes after addition of analyte; (B)
Competitive tests on fluorescent responses of proiNBS at 620 nm to various analytes in 10
mM PBS buffer (pH = 7.4) with 60% DCM/DMSO (v/v 45: Black bars represent the addition
of 30 equiv of various analytes to solution of @gdb-DNBS. Red bars represent the addition of

thiophenol (30 equiv) to the above solution.

Scheme 2 Dissociation degrees of aliphatic thiols and artierthiols under neutral conditions

pH=7.3
ArSH ArS-
pK,: ca.6.5
pH=7.3
RSH
L pK,: ca.8.5 RS ]

3.5.Effect of PH

It had been reported that the detection mechanfgmobe with DNBS group for thiophenol
was based on nucleophilic elimination reactiogAS.%*** Usually, the pH value would influence
the generation of nucleophilic substances and tmedleophilic capability, further affected the
fluorescence response of prdisteDNBS toward thiophenol. Hence, it was necessary toystinel
application of probe in the various pH values. Aswn inFig. 5 the fluorescence intensity of

probe Ir-DNBS at 620 nm remained unchanged in the pH range-&#.1The fluorescence
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intensity at 620 nm of solution after upon the &ddiof thiophenol displayed a relevant with
different pH values, in which emission intensitytially showed gradual increase as pH value
ranged from 1.0 to 9.0, and further progressivadgrdase when pH value was greater than 9.
Notably, the reaction between probeDNBS and thiophenol achieved the acceptable results
with obvious fluorescence enhancements when pHbeageen 7.0 and 11.0, implying the probe
Ir-DNBS could apply in a relatively wide pH range of eowviments and physiological

conditions®®

—=—|-DNBS
80 | —e— Ir-DNBS#+Thiophenol

Emission Intensity (a.u.)

011 12 13 14

I N IR SN RN SN R |
1 2 3 4 5 6 7 8 91
pH

Fig. 5. Emission intensity ofr - DNBS (10 uM) in the absence/presence of thiophenol in 10 mM
PBS buffer (pH = 7.4) with 60% DCM/DMSO (v/v =5:R)f different pH values (1.0-14.0),

excited at 370 nm (slit: 5/5)

3.6. Probing mechanism of Ir — DNBS toward thiopbisn

In order to elucidate the sensing mechanism of@IoDNBS toward thiophenol!H NMR,
HR-MS spectral analysis and J®lplot analyses were carried out. As depicteBign 6 with the
addition of excess thiophenol, the chemical shiftpoobe Ir-DNBS in acetoneds changed

obviously. Proton signals of +tat 7.57 ppm and jat 7.14 ppm which belonged BN emerged,

17127



as well as the characteristic proton signaliell at 6.85 ppm (corresponding to protons 1 in
hydroxyl groups) appeared. As expected, boti and DN were obtained in the mixtures of
Ir-DNBS with thiophenol, which indicated the nucleophaiomatic substitution (&\r) occurred
during the response of the probe to thiophenol. félsalts of high - resolution mass spectroscopy
(HR-MS) characterization further validated the nmaubm EFig. S5, see E$I For complexes
Ir-DNBS andlr-1, their m/z signals appeared on 1374.0738-[NBS — PRy ]") and 914.2035
([Ir-1 - PR, respectively. When thiophenol was added to ttubglr-DNBS, m/z signals of
914.2224 emerged, corresponding to theOQNBS + 2H" — PR~ — 2DNBST, implying that
reaction product of proble-DNBS with thiophenol was nearly identical to the exawilecular
weight of [r-1- PR ]".

Because probé&r-DNBS possessed two recognition groups (DNBS), thésJplot plotting
analyses of the reaction betweBrDNBS and thiophenol was implemented in 10 mM PBS
buffer (pH = 7.4) with 60% DCM/DMSO (v/v =5:1), ihich the maximum fluorescence
intensity occur at 0.67. The result indicated that stoichiometry of reaction betweberDNBS
and thiophenol was 1:2, and the two luminescen@nchers (DNBS) in the prode-DNBS

could be both removed through theA% reaction induced by thiophenoFif. S9, see E$3I

[s]
S0, NO;

) Qe

/ S .
o G

0 MOy
7" ey o
Il H I H
|/N N —\ Syhr AN N —
r.,\“‘ N o —_— Il‘,“‘\‘v N [s]
N [l N — M N N —
I fo I I |

Ir-DNBS

.
" b NOy
] H
—_— N N fan + @ . + 50,
1 p N b s
N N N e a NO,
I f2 I

Ir1 DN

18/27



Ir-DNBS+thiophenol

Ir-DNBS

o M N A

2 6.7 6.2

9.2 8.7 8.2 7.7 7.
Chemical shift(ppm)

Fig. 6. Partial'H NMR spectra of probér-DNBS, probelr-DNBS + thiophenol (30 equiv),

complexir-1 andDN in acetoneds

3.7. Detection of Thiophenol in Water Samples anchéh Serum

Herein, detection behaviors of probe for thiophenoiwater samples and human serum were
investigated to study the potential application ppbbe. As shown in Fig. 7, the result of
fluorescence spectral titration in human serumf{@®-dilution by PBS) was similar to that of in
DMSO/DCM/PBS solvent. As the amounts of thiophanoteasing, the fluorescence intensity at
620 nm enhanced gradually and finally reached g@lawhen 30 equiv of thiophenol was added.
Meanwhile, changes in emission intensity at 620 digplayed a good linear relationship with
concentrations of thiophenol. LOD for thiophenoB@+fold dilution human serum was calculated
to be 0.435uM. It proved the probe can be effectively used detect thiophenol in human

serum®®%8
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|
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|
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40}

,'620 nm

y=-0.501"x+2.081
R=0.9967

Emission Intensity (a.u.)
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Fig. 7. (A) Changes in fluorescence of probeDNBS (10 uM) in human serum with 60%
DCM/DMSO (v/v =5:1) induced by different concenioats of thiophenol (0-40 equiv), excited at
370 nm (slit: 5/5). Each spectrum was collectedmiidutes after addition of thiophenol; (B)
Linear relationship between fluorescence intensitgrobelr-DNBS (10 uM) at 620 nm and the
concentration of thiophenol from 0 to 30 equiv.

To further verify that the practicability of probe DNBS in environmental science, the probe
was used to quantitatively detect thiophenol cotteiions in water samples from Ganjiang River,
Kong Mu Lake and the tap water in Nanchang city, @@ analytical results were listed in Table 1.
Referring to the reported analytical methods, thetew samples were filtered with Opdn
membrane to remove suspended matter and impufititl.. Secondly, water samples were
spiked with different concentrations of thiophe(@a0, 100, 150 uM). Then emission intensity at
620 nm of probdr-DNBS solution mixed with three standard concentratiohshiophenol and
original water samples was recorded. And the cparding detection concentration of thiophenol
in various water samples was accurately calculatzbrding to above-mentioned standard line
between emission intensity and thiophenol in Fig.TBe good recovery values (93-105%)
demonstrated that this probe had capability oftralcdetection of thiophenols in water samples.

Table 1 Determination of thiophenol in water samples
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Sample Thiophenol spiked (UM’ Thiophenol recovered (UM Recovery (%)

Ganjiang
0 not detected
River
50 53.84+0.81 107.68+1.63
100 96.39+3.39 96.93+3.39
150 149.74+2.08 99.83+1.39
Kong Mu
0 not detected
Lake
50 45.06+0.94 90.12+1.88
100 93.94+1.01 93.94+1.02
150 149.23+0.72 99.49+0.48
Tap water 0 not detected
50 52.70+0.36 105.41+0.73
100 99.55+3.04 99.55+3.04
150 157.32+1.67 104.88+1.11

Elaverage values + standard deviation of actual thémml concentrations calculated from the
fluorescence intensity corresponding to the stahdancentration of thiophenol in three parallel
experiments in each water sample concentratiorecurv
PlIThe ratio between average values + standard dewiatid standard concentration of thiophenol.
3.8.Theoretical computational studies

Time-dependent density functional theory (DFT/TDIDFabout complexir-1 was also

studied to gain deeper insight into the spectrascppoperties. The orbital compositions and
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assignments of the absorption and emission transitre listed in Tables S1-S4 in the ESI.

For the ground state for compléx-1, HOMO is mainly located on the morpholine unit
(76.23) with a moderate population on phenanthealinit in N*N ligand (23.43%), and HOMO-2
is mostly populated on two C~N ligands. HOMO-4lsoamainly located on the ligands but with a
moderate population on Ir centre (ca. 32.26). Gndtiher hand, LUMO/LUMO+1/LUMO+4 is
mostly populated on N”N ligand, thus the calculasdasorption in the 354-498 nm indeed
corresponds to an intraligang—n* transitions (HOMO-LUMO/LUMO+1/LUMO+4 and
MLCT state from Ir to NN moieties (HOMO-2»> LUMO). The maximum absorption
wavelength which corresponds to statesSalculated to be 498 nm with 2.49 eV.

In the lowest-energy triplet state for complex I-IOMO is mainly located on N~N ligand
(Phen for 29.14 and Morphone for 70.42), HOMO-Ahl®ost even population on Ir centre (ca.
32.91) and two C”N ligands (ca. 32.83, 32.28). Méale, both of LUMO and LUMO+1 are
delocalized on Phen moieties. Thus emission tiansitare mixed witfIL transition (HOMO—
LUMO/LUMO+1) and 3MLCT trasntion (HOMO-1— LUMO). The maximum emission
wavelength which corresponds to stateisTcalculated to be 672 nm with 1.85 eV. Additibna
the calculated Stokes shift is obtained to be Iwdumich is less than that of experiment.

4. Conclusion

A novel ‘turn-on’ fluorescent probér-DNBS based on iridium () complex with two
recognition site (DNBS) for detection of thiophenbdd been designed, synthesized and
characterized. The two fluorescence quencher airalbenzenesulfonate (DNBS) in probe
Ir-DNBS could completely quench the fluorescenciter®rupon addition with thiophenol, the two

DNBS groups were both removed to form fluorescemmexIr-1 and significant fluorescence
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enhancement (about 35-fold) was observed. The pnoENBS displayed a large stokes shift
(200 nm) high selectivity and high sensitivity withlow detection limit (LOD = 62.5 nM).
Furthermore, the new probe could also be suitalfleétection of thiophenol in practical water
samples and human serum. The rapid response (9imdicated that it was possible for probe
Ir-DNBS to real-time detection of thiophenols.
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Highlights

® A‘“turn on” probe based on Ir(lll) complex with twecognitionunits (DNBS)for detection
of thiphenol was synthesized,;

® |t could be used to detect thiophenol in real wagmples and human serum;

® |t could apply in wide pH range (7-11) of enviromt'eand physiological conditions.
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