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Selective Cyanide Detection
in Partial Aqueous Media

The rapid determination of pH
changes from 8.0 to 8.5

Sensitive to Organic Amines
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Abstract

Novel chemosensors that are azo dyes bearing coumdth indole and thiophene
recognition moieties were synthesized. Sensor ptiegeof the dyes were investigated within
multiple basic environments that include various g#iges, anions, and organic amines.
Recognition of the basic media by the chemosendatshave acidic NH and NHjroups,
occurs via the deprotonation process which was aiteeg with reversibility study antH
NMR experiments. The density functional theory gktions have employed to support the
experimental results. Chemosenséasand6b showed remarkable detection ability in a pH
range of 7-11 and they have been also succestsiiilized in the determination of CNn

semi-aqueous media.
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1. Introduction

Luminescent chemosensors for detection of ions igidyhvaluable in many research fields
due to various neutral and ionic species find wpdesd use in physiology, medical
diagnostics, catalysis, and environmental chemi$isB]. A colorimetric chemosensor
transforms the action of binding to a specific gt&lnto a readable signal as a change in
color and absorption [4]. More importantly, chemus®s have enabled the study of
molecular interactions in a range of different naednd interfaces. These fast and easily
observable responses make the sensors more sagbifis a research area to improve. When
the designs of the colorimetric sensors are exaimés seen that they consist of two main
parts, generally, the receptor part and signalimigy (chromophore) that they are covalently
linked by n-bridges like vinyl, imine, azo, or aromatic rinf§s7]. Interaction of the guest-
host system is investigated under three main mésimanas binding site, displacement and
chemodosimeter [8, 9]. Binding site mechanism isiallg caused by hydrogen-bond
interactions and basic analytes are easily detlectaibh this approach [10]. Moreover, this

interaction can be reversible and sensors canusainde.

The anions are one of the most studied analytestdu their many important parts in
biological systems, the environment and industijaplications [3, 11]. Especially, fluoride
and cyanide are frequently studied anions due é@r fresence in biological systems and
environmental waste [9, 12Lyanide is a highly toxic anion that is waste innmandustrial
processes. Therefore, the detection of this arsameiy important for environmental concern,
especially in aqueous media [13]. Fluoride aniaygla vital role in physiological processes
and associated with nerve gases, the analysisrMily water, and the refinement of uranium

used in nuclear weapons manufacture [14,15]. Thalusethod for this anions selectivity is
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deprotonation process between a molecule that haac@ic proton (OH, NH) and anions
[16]. Optical chemosensors containing a chromoghgroup have been known as powerful
tools for signalling fluoride and cyanide ions [2@}. Other widespread pollutants in nature
are organic amines. Because of their extensiveimggharmaceutical industries and dye
manufacturing, it is necessary to develop new dfetteve sensors for these amines [21-28].
Recent studies show that generally developed ser@sersensitive to only one media [29].
Multifunctional chemosensors acting for multi-artalgensing through different binding sites,
can provide excellent advantages of low-cost, tiea- detection in real-world chemical and
biological samples. In our previous studies, weestigated a similar coumarin-thiophene
core that has receptor parts as Schiff base witlhraxyl groups, or amide group for their
anions selectivity, and indole bearing allylidenémanitrile group for detection of cyanide
and nonlinear optic (NLO) properties of dyes [3Q-3 this study, we designed new
chemosensors bearing 7-diethylaminocoumarin-thioph@and 3-allylidenemalononitrile-
indole groups which conjugated by the azo bridgg.(E). Dimethine group is an important
part of many functional dyes such as polymethirge@m@anine dyes [33-36]. Azo dyes are one
of the most studied dye classes due to their waage of color, and easily synthesized and
good dyeing performance [37, 38]. Moreover, funwilized azo dyes are used in optical
systems like NLOgdye-sensitized solar cells, etc. and sensor sysgemis as detection of
anions and cations [39-41]. Although dimethine amd groups containing dyes were studied
by many researchers, there are not many compoweaish both of these functional groups.
Our synthesized dyes showed that they can be allusefl to determinate different basic
environmental changes such as cyanide in partise@gs media, pH changes, and few

aliphatic amines.
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Fig. 1. Design of the chemosensors.

2. Experimental

2.1. Materials and instrumentation

All chemicals used were commercially available andfurther purification was carried out.
Thin-layer chromatography (TLC) was used to monikar reaction with pre-coated silica gel
60 F254 plates. NMR spectra were measured on Brkance 300°H NMR: 300 MHz,*C
NMR: 75 MHz) and Bruker Avance 400H NMR: 400 MHz, **C NMR: 100 MHz)
spectrometers at 20 °C (293 K). Chemical shifisafe given in parts per million (ppm) using
the residue solvent peaks as a reference relaiféAS. Coupling constantg)(are given in
hertz (Hz). Signals are abbreviated as followsglsin s; doublet. d; doublet-doublet. dd;
triplet. t; quartet. g; multiplet. m. High-resoloi mass spectra (HR-MS) were recorded at the
Gazi University Faculty of Pharmacy using electionization (EI) mass spectrometry
Waters-LCT-Premier-XE-LTOF (TOF-MS) instruments im/z (rel. %) and Bilkent
University National Nanotechnology Research Centsing Agilent Technologies 6530
Accurate-Mass Q-TOF LC/MS. The microwave synthesese carried out in a Milestone
Start microwave reaction system. The melting poimése measured using Electrothermal
IA9200 apparatus. Absorption spectra were recoahed Shimadzu 1800 spectrophotometer;

fluorescence spectra were recorded on a Hitacliid® fluorescence spectrophotometer.
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2.2. Yynthesis
Synthesis of 3-acetyl-7-(diethylamino)-2H-chromen-2-one (1)
1 was synthesized according to the literature proaei2].

Yield: 89 %; mp: 152-153C (lit: 151-152°C), *H NMR (300 MHz, DMSOds & ppm) 8.49
(s, 1H), 7.67 (dJ=9.5 Hz, 1H), 6.80 (dd}, = 2.4 Hz,J, = 2.0 Hz, 1H), 6.58 (d] = 2.3 Hz,
1H), 3.50 (qJ = 7.0 Hz 4H), 2.50 (s, 3H), 1.14 {t= 7.0 Hz, 6H).

Synthesis of 2-(1-(7-(diethylamino)-2-oxo-2H-chromen-3-yl)ethylidene)mal ononitrile (2)

2 was synthesized according to the literature proeefi2].

Yield: 75 %; mp: 145-146C (lit: 145-146°C), *H NMR (300 MHz, DMSOsdg, 5 ppm) 8.33
(s, 1H), 7.56 (dJ = 9.0 Hz, 1H), 6.83 (dd}; = 2.3 Hz,J, = 2.3 Hz, 1H), 6.63 (dJ = 2.1 Hz
1H), 3.50 (gqJ = 6.95 Hz, 4H), 2.55 (s, 3H), 1.15 Jt= 7.0 Hz, 6H).

Synthesis of 2-amino-4-(7-(diethylamino)-2-oxo-2H-chromen-3-yl)thiophene-3-carbonitrile
(3):

3 was synthesized according to the literature proeefi].

Yield: 92 %:; mp: 211-212C (lit: 211-213°C), *H NMR (300 MHz, DMSO#dg, 5 ppm) 7.98
(s, 1H), 7.48 (dJ = 8.9 Hz, 1H), 7.20 (s, 2H), 6.73 (dH,= 2.4 Hz,J,= 2.4 Hz, 1H), 6.66 (s,
1H), 6.56 (dJ= 2.2 Hz, 1H), 3.45 (q] = 7.69 Hz, 4H), 1.10 (1 = 7.58 Hz, 6H).

Synthesis of 2-(1-(4-aminophenyl)ethylidene)malononitrile (4)
4 was synthesized according to the literature proee3].

Yield: 80 %; mp: 185-186C (lit: 185 C), *H-NMR (300 MHz, CDC}) & *H NMR (300
MHz, DMSO-ds 8 ppm) 7.58 (d,J = 8.8 Hz, 2H), 6.62 (d] = 8.8 Hz, 2H), 6.43 (s, 2H), 2.51
(s, 3H).

Synthesis of (E)-2-(1-(4-aminophenyl)-3-(1H-indol-3-yl)allylidene)mal ononitrile (5a)
5a was synthesized according to the literature proeefiid].

Yield: 60 %; mp: 248-249C (lit: 247-249°C), *H NMR (300 MHz, DMSO¢s, 8 ppm) 8.10
(s, 1H), 7.90 (dd, 1H), 7.60 (dd, 1H), 7.36 (m, 76i¥1 (d,J = 8.6 Hz, 2H), 6.10 (s, 2H).
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Synthesis  of  (E)-2-(1-(4-aminophenyl)-3-(1-methyl-1H-indol-3-yl)allylidene)mal ononitrile
(5b)

5b was synthesized according to the literature proeefid].
Yield: 50 %; mp: 254-255C (lit: 254-256 C), *H NMR (300 MHz, DMSO¢s, 8 ppm) 8.10
(s, 1H), 7.85 (dd, 1H), 7.60 (dd, 1H), 7.36 (m, 661¥1 (d,J = 8.6 Hz, 2H), 6.10 (s, 2H).

General Synthesis of The Dyes (6a-6b).

3 (1.0 mmol) was dissolved in hydrochloric acid (inQ of conc. HCI in 2.0 mL of water)
and the solution cooled to (-5)-0 °C. Sodium retsplution ¢ = 0.5 M in water) was slowly
added to the mixture. After 1 hour of stirring, air@ small amount) was added to remove
excess nitrous acid and used immediately for thglong reaction5a / 5b (1.0 mmol) was
dissolved in acetic acid/propionic acid (6 mL, 4v2y) and cooled to (-5)-0 °C and the
diazonium salt solution was slowly added to the tarix of 3 while stirring. After 1 hour,
conc. sodium carbonate solution was added to tlkeureitill pH 5-6. The mixture was stirred
for an additional 1 hour at (-5)-0 °C. After 1 hpwrater was added to the mixture and the
precipitate was filtered, washed with cold wateried and recrystallized with ethanol to

obtain pure compounds.

Synthesis  of  2-((2E)-1-(4-((5-amino-4-cyano-3-(7-(diethylamino)-2-oxo-2H-chromen-3-
yhthiophen-2-yl)diazenyl)phenyl)-3-(1H-indol-3-yl)allylidene)mal ononitrile (6a):

Yield: 78 %, mp: 249-250C, FT-IR (KBr, cm): 3412, 3292, 3178, 2971, 2212, 1709,
1677.87, 1636, 1615, 1586, 1570, 1525, 1494, 144678, 1350, 1316, 12584 NMR (400
MHz, DMSO-ds & ppm) 12.28 (s, 1H), 8.76 (s, 2H), 8.21 (s, 1H)19s, 1H), 7.83 (d] = 5.5
Hz, 1H), 7.72 (dJ = 8.0 Hz, 2H), 7.58 ({J = 10.1 Hz, 3H), 7.52 (d] = 5.0 Hz, 1H), 7.45 (d,
J=15.3 Hz, 1H), 7.30 (dl = 2.9 Hz, 2H), 7.24 (d] = 15.2 Hz, 1H), 6.77 (d, = 8.6 Hz, 1H),
6.62 (s, 1H), 3.46 (d] = 6.0 Hz, 4H), 1.13 () = 6.1 Hz, 6H)**C NMR (100 MHz, DMSO-
ds, 6 ppm) 171.4, 167.7, 158.9, 156.6, 153.3, 151.5,8,4%5.0, 143.4, 138.1, 138.0, 137.2,
133.5, 130.5, 130.5, 124.4, 123.7, 122.4, 121.8.91117.6, 115.1, 114.6, 114.5, 114.1,
113.3, 110.7, 109.7, 107.6, 96.3, 88.6, 73.4, 4434. HRMS n¥ calculated for
CagH2gNgO,SNa: 683.1948, found 683.2005 (M-Na)
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Synthesis  of  2-((2E)-1-(4-((5-amino-4-cyano-3-(7-(diethylamino)-2-oxo-2H-chromen-3-
yhthiophen-2-yl)diazenyl)phenyl)-3-(1-methyl-1H-indol-3-yl)al lylidene)mal ononitrile (6b):

Red solid; Yield: 45 %; mp: 329-33C; FT-IR (KBr, vmaks CMY): 3291, 3178, 2972, 2213,
1679, 1248'H NMR (400 MHz, DMSOds, & ppm) 8.76 (s, 2H), 8.21 (s, 1H), 8.12 (s, 1H),
7.81 (d,J=6.6 Hz, 1H), 7.71 (d] = 7.9 Hz, 2H), 7.64 — 7.52 (d,= 15.4, 8.1 Hz, 4H), 7.42
(d,J = 15.3 Hz, 1H), 7.35 (s, 2H), 7.18 (= 15.2 Hz, 1H), 6.77 (dl = 8.6 Hz, 1H), 6.62 (s,
1H), 3.82 (s, 3H), 3.47 (dl = 6.6 Hz, 4H), 1.14 (t) = 6.5 Hz, 6H).**C NMR (100 MHz,
DMSO-ds 6 ppm) 171.1, 167.6, 158.8, 156.5, 153.2, 151.4,714644.1, 138.4, 138, 133.4,
130.4, 125, 123.6, 122.6, 121.7, 119.8, 117.4,1118.4.5, 113.0, 111.7, 110.6, 109.5, 107.5,
96.3, 88.5, 73.2, 44.2, 33.4, 12.3. HRM& dlculated for @H31NsO,S: 675.2291, found
675.2307 (M-H).

2.4. Photophysical properties of the dyes
The dyes(10 uM for absorption and fluorescence emissiorgrewstudied in five solvents

with different polarities (THF, DCM, DMSO, Diox, drACN).

2.5. Anion Selectivity Sudy

The UV-vis and fluorometric spectra were recordedrider to study the selectivity of various
anions as their tetrabutylammonium (TBA) salts (T8B#here X=F, I', CI, Br, AcO, CN,
H.PO,, NOs, CIO; and HSQ) towards the compounfla-b. The dyes6a and 6b were
titrated with studied anions by UV-Vis absorptigrestra in DMSO/water 9/1 (v/v) and the

8/2 (v/v) binary mixture, respectively.

2.6. 'H NMR titration study
Spectra were recorded first on the dge(10 mM), followed by the addition of aliquots of a

solution of anions as TBA salts, &d CN, (1 M) in DMSO.
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2.7. Computational methods

The ground state geometries of the compounds aen tdomplexes were obtained by
performing the density functional theory (DFT) aditions in the Gaussian 09 program
package [45]. The confirmation of the convergemceminima on the potential energy surface
was made from the vibrational analysis for each maund. The absorption spectra were
obtained within time-dependent DFT (TD-DFT) cald¢idas using the PCM model [46,47].

The natural charges were estimated from NaturaldBOrbital calculations in DMSO. All

calculations were carried out using B3LYP functiondh 6-31g(d,p) basis set [48-50].

3. Resultsand discussion

3.1. Design and synthesis of the sensors

The chemosensor§g and6b) which are the coumarin-thiophene-indole conjugddte diazo
and methylene bridges were synthesized. In thieoubd design, we aimed to investigate the
effect of the multiple heterocyclic (coumarin, tbieene, and indole) and chromophore groups
(methylene and diazo) in the same system. 7-di@thiylocoumarin derivatives are good
fluorescent dyes that have tunable properties fiteenblue to near-infrared (NIR) region by
changing the electron acceptor at usually 3-positibthe coumarin [29,30]. The synthesis
route of the dyes6@-b) is depicted in Scheme 1. Coumarin-thiophene nmégliate 8) was
synthesized by the method that our group previously improved by three-step reactions
with good vyield (92 %) [42]. Indoldtmethylindole and phenyl conjugated by
allylidenemalononitrile moiety5a and 5b) were synthesized by Knoevenagel condensation
reaction with moderate yield (60 % and 50 %, respely). The chemosensors were

synthesized by the reaction between coumarin irgdrated 8) and compounda/5Sh that
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were prepared as a diazonium salt. The chemosewspesobtained with good to moderate

yields as 78 %6a) and 45 % gb).

NH,
CHO o o o Et;N NG __Malononitrile NN EtsN, Sg_ / ?
+ M _~_ EtOH, t > NH4OAcIH0Ac EtOH 78°C
EtN OH o o A Hs 300W, 2min, 110°C  EtN o~ Yo Et;N o~ o

yield %: 89 % yleld %: 75 % yleld %: 92%
m.p.: 152153 °C m.p.: 145-146 °C NG m.p.: 211-212 °C
CH, cN
~np NHOAC/HOAC __ Piperidine _ R<
Q/KO + NC CNBOOWI2rn|n/11OC EtoH 78°C NN /
HN
NH,

yield %: 80% (5a) R: H, yield %: 60%, m.p.: 248-249 °C
m.p.: 185-186 °C Rz CH3 (5b) R: CH3, yield %: 50%, m.p.: 254-255

°c

NC.
CN

[

I S,
+ N Ve RN /
Propanoic Acid:HOAc, 3:8
CN viv)
Et;N o~ Yo : N

e T

N
Y s

3 [
(5¢)R: H ) NH,
(5d) R: CH N

1) HCI
5a, 5b 2) NaNOy, H,0, -5 - 0°C

CN
Et,N o~ o

(6a) R: H, yield %: 78%, m.p.: 249-250 °C
(6b) R: CHy, yield %: 45%, m.p.: 329-330 °C

Scheme 1. Synthetic pathway of the dyes

3.2. Photophysical properties

Absorption and emission spectra of the dye=e investigated in solvents with different
polarities at room temperature. The absorption fenehts €) were calculated according to
the Beer-Lambert Law and found 56800-68806.cm™* for 6a and 45800-59800 Mcmri* for
6b. As can be seen from Table 1, absorption and @nissaxima of the dyes were showed
correlation with the increase in solvent polarixgept acetonitrile (Figs. 2 and 3). Absorption
maxima of6a and 6b were found between 437-467 nm and 452-473 nmgoésply, and
emission maxima ranging from 477-552 for both dy@&sanging indole NH hydrogen with
methyl group shifted absorption maxima to the betihomic region about 6-15 nm. A
similar result was obtained at our previous studyatt (4-aminophenyl)-

allylidenemalononitrile-3-indole molecules with NdthdN-methyl parts was investigated and
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found that adding the methyl group to indole nimogchanged the absorption maxima to
slightly to bathochromic region due to methyl groo@ve more electron donor properties
compared to free NH [43]. Stokes shifts were cal@d from the difference between
wavenumber of absorption and emission maxima andddetween 2079 and 3343 trior

6a and 1061 and 3252 ¢hfor 6b.

Table 1. Photophysical properties of tla-b (c = 10 uM) in different solvents.

Dyes Solvents A alos(nm)a kﬂ(nm)b Stokes Shiff (cm™) ¢ (MLem™)
DiOX 437 479 2006 68004

THF 448 494 2079 60916

6a DMF 461 534 2965 68904
DMSO 467 552 3343 65395

ACN 443 494 2330 56800

DiOX 452 477 1160 59870

THF 458 513 2341 45898

6b DMF 468 552 3252 48991
DMSO 473 498 1061 59125

ACN 458 530 2966 47413

3 ong wavelength absorption maximum, in nm; ¢ 3uM ° Fluorescence maximum, in nm; ¢ =l. °c = molar absorption coefficient
-1p 1 -1
(cm-M™).
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6a that has an NH group exhibited yellow color undaylight except for DMSO that was
brown and was emitted from blue to green under Igktl (Fig. 2-inset).6b that has the

methyl group at the nitrogen of indole exhibitedroge color under daylight and also showed

very low orange emission under UV light (Fig. 3at)s
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g 0.8 E 08
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2
-<9 0.6 E 0.6
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£ 04 q 04
2 g
=)
—DMSO z
02 02 4
0.0 + T T = 7 0.0 r T T T T
350 450 550 650 750 471 521 571 621 671 721 771
‘Wavelength (nm) Wavelength (nm)

Fig. 2. The normalized absorption (a) and normalized aomsg) spectra oéa (c = 10 uM)
in different polarity solvents. Insets: Photograpmisba (c = 25 uM) in different polarity
solvents under ambient light (a) and UV light (b).

“ M 0

THF Diox DMF DMSO ACN

1.0 A

THF Diox DMF DMSO ACN

e
]

Emission (a.u.)
e
=)

Normalized Absorbance
o
=

=]
b

T~

0.0 - : . . . = : : ] 0.0 - - . —
350 400 450 500 550 600 650 700 750 800 477 527 577 627 677 727 777

Wavelength (nm) Wavelength (nm)

Fig. 3. The normalized absorption (a) and normalized domnsi) spectra oéb (c = 10uM)
in different polarity solvents. Insets: Photogramisob (c = 25 uM) in different polarity
solvents under ambient light (a) and UV light (b).

3.3. Spectrophotometric and spectrofluorometric titrations of the dyes with various anions

The sensing ability of the dyes were investigatgd using spectrophotometric titration
methods and the dyes were titrated @', Br, I, AcO, CN, OH, NOs, CIO,, HSQ, and
H.PO, with tetrabutylammonium (TBA) salts as the courdation. Fig. 4 shows that change
in absorption spectra 6& and6b (10 uM) measured in DMSO with respective anions as a n-
Bu;N™ salt (20 equiv.). The absorption spectra of thesedyes in DMSO showed a strong
band centered around 470 nm. After the additiomaoious anions to the dyesnly F, AcO,

CN’, OH, and BPO, were showed a significant change. Upon additiothe$e anions t6a,
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the absorption band of the dye decreased and showedbémds at 440 and 475 nm.
Moreover, the new two bands formed with one of th&nb27 nm and the other one as
broadband at 610-620 nm (Table 8p showed different shifts at absorption spectra after
addition the same anions, band at 472 nm gave matlyochromic shifts to 660-670 niga

has two acidic parts, one of them is indole NHdhitag allylidenemalononitrile at 3-position
of the indole ring, the second one is amino gratgching thiophene moiety whikb has an
only amino group as acidic part. These results shivat the band formed at a longer
wavelength (660-670 nm) is caused by deprotonatighe amino group, while the other new

band at 527 nm was formed after the deprotonatiomdole NH (Scheme 2).

l-&- F € Br I oA O HPO; HSOy NO;- ClOg QI-I"!

0.50 - 6a, CI, Br, I, HSO,~, NOy., ClO;

045 -
0.40
035

3 030 4

£ 0.25 1
2

Absorbance

=2 0.20 -
0.15 |
010 ¥
0.05 -

0.00 r T T T T r r .
350 450 550 650 750 350 450 550 650 750
Wavelength (nm) Wavelength (nm)

Fig. 4. UV-vis titration spectra titration spectra @ (a) andéb (b) (c = 10uM in DMSO)
with different anion 20 equiv. in DMSO. Inse®hotographs o6a and6b (c = 25 uM in
DMSO) after addition of 20 equiv. of various aniges= 1.0 M in DMSO) under ambient
light.
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Scheme 2. The possible anion sensing mechanisréeof

13

To understand the sensing mechanism between the ay@ anions, titration study were

conducted withtH NMR method (Fig. 5). Upon addition of 2 equiv.®f CN, AcO to 6a,

NH and NH signals at 12.39 and 8.77 ppm were disappearea afight upper field shift of

the signals were observed due to the incensememfeatron density in the conjugated

system. After addition of FCN, AcO, Ha signal at 8.12 ppm, 3-position of indole, &dfto

7.79, 7.68, and 7.88 ppm while Hb signal at 8.2 p#-position of coumarin, was shifted to

8.06, 8.03, and 8.09, respectively. The most dgamt change was observed after the

addition of cyanide.
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Fig. 5. 'H-NMR spectral change @& (10mM) in the absence (a) and presence of 2 equiv. of
TBACN (b), TBAF (c) and TBAAcO (d) in DMS@s.

The colorimetric sensitivity of the dye8atb) was investigated in DMSO with studies anions.
As depicted in Fig. 5, upon the addition of EN, and OH, significant color changes were
observed in the solution & in DMSO from orange to purple, and light browniwAcO

while distinctive color changes were observed soudf 6a in ACN from orange to purple

10

11

12

13

14

with F, CN, and OH, and green with AcOand BPO, (Fig. 6). Furthermoreta showed
fluorescence quenching when interacted withON', and OHin ACN while 6a did not have
significant emission under UV-light in DMSO. MeanVeh 6b was given less selective color
changes from orange to green upon the addition,0A¢O, CN, OH, and BPQO, in both

DMSO and ACN (Fig. 5 and Fig. S38).
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Fig. 6. Photograph®f 6a (c = 25uM in ACN) after addition of 20 equiv. of studiedians
under ambient light (a) and under UV light (b).

Table 2. The shift values of absorption maxima upon addigaions in DMSO fo6a-6b.

Dyes Anions . _)‘absmax (nm? .
(after addition of 20 equiv. of anions)
F 438, 527, 608
AcO 472,527, 621
abs
H,PO, 467, 659
OH 441, 475, 527, 610
F 463, 660
AcO 460, 670
6b )
(A, max = 472 nm) CN 458, 670
H,PO, 463, 671
OH 465, 660
3.4. Reversibility

The reversibility of chemosensors is a very imparfeature for the applications in the real

environment. The determination of the reversibibfydyes was investigated by absorption

spectroscopy and colorimetric changes. Upon addafo20 equiv. of anions (only FAcCO,

CN’, OH, and HPQ, ) to the solution oba and6b, absorption maxima of the dyes were
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shifted to bathochromic region. After 20 equivitrfluoroacetic acid (TFA) was added to the
mixture, absorption maxima of dyes were shiftedsoghromicly to original maxima of the
dyes (Fig.7 and Fig. S39-S46). Moreover, colorilmeathanges of the dye&&a and6b were
restored from purple and green to orange, respgtivhis reversibility of dyes was also
indicated that only the deprotonation mechanisnuwed although there was a possibility of
cyanide that can behave as nucleophile as wellaas Bnd could give addition reaction to

methylene bridges.

—6a 0.70 - —6b
(a) 6a + 20 equiv. CN (b) 6b +20 equiv. CN
0.50 1 ——6a + 20 equiv. CN + 20 equiv. TFA ——6b +20 equiv. CN + 20 equiv. TFA

e
-
=]

Ll
030 1 o v A

6a CN TFA

=)

i

=)
e
B
S

Absorbance
Absorbance

=
by
=5

0.20 4
0.20 4

0.10 4
0.10 ~

0.00

T T T T 0.00 T T T T
350 450 550 650 750 350 450 550 650 750

Wavelength (nm) Wavelength (nm)

Fig. 7. UV-vis spectra oféa (a) and6b (b) (c = 10 uM) after addition of CNand its
reversibility control using TFA acicc(= 1.0 M in DMSO) in DMSO. Insert: Photographs of
6a and6b (c=25uM in DMSO) upon the addition of 20 equiv. of Cihd TFA under ambient
light.

3.5. Anion interaction in the partial aqueous medium for selectivity

To demonstrate the potential application of thenobgensors, the titration studies also were
done in the partial agueous medium. Absorption tspeof the dyes6a-6b in different
mixtures of water and DMSO were taken after thatamdof 50 equiv. of TBACN (Fig. S47-
55) and the best ratio of DMSO:water was decide®:agv/v) and 8:2 (v/v), respectively.
Titration experiments were carried out by stepwasklition of CN, F, OH, AcO, and
H,PO, to the dyes and can be seen from Fig. 8. Thetseshbwed only CNresponded

towards6a and6b in the binary agueous medium. Similar to titratgtadies in DMSO, upon
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addition of cyanide tda, absorption maxima at 463 nm was shifted to thiadmdromic
region at 526 nm and two weak bands at 415 anch6d@ere formed. Even though, BH,
AcO, and HPQy interacted with the dyes in DMSO, they did notwshemy change in the
binary mixture. These results can explain that tlydrogen bonding affinity of anions
changed as the same titration experiment is cawigdin an aqueous medium. A factor
contributing to this selectivity of cyanide is theggh hydration enthalp¥Hng) of F (-504
kJ/mol), OH (- 403 kJ/mol), AcO(-375 kJ/mol ) and POy (-260 kJ/mol). Compared the
other anions, cyanide has low hydration energy kBwol ) [51-55]. Moreover, reversibility
test of dyes in aqueous media were done to edtellishat deprotonation is still main
interaction mechanism. Upon addition of 20 equilv.cganide to the dyes, bathochromic
shifts were observed. Then, 20 equiv. of TFA wadeddto the mixture, and hypochromic

shifts were occurred and absorption maxima shifteafiginal maxima of the dyes (Fig S56).

o
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S
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1=}
by

=
(=3
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i
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Fig. 8. UV-vis titration spectra o6a (a) and6b (b) (c =10 uM) with different 20 equiv. of
TBA salts in DMSO:water 9:1 (v/v) and 8:2 (v/v)spectively. Insert: Photograpb$6a and
6b (c=25 uM in DMSO:water) after addition of 20 equiv. of died anions under ambient
light.

After established thafa and6b are showed selectivity to cyanide in agueous swiuby

using distilled water, it was decided to investigtite performance of the dyes in tap water as
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the real sampleln this investigation, KCN was used instead of TB®@nd absorption
titration experiments were carried out. The resshewed that similar to distilled water
experiments, new absorption bands were appearg@/aand 618 nm fda and 634 nm for
6b (Fig. 9). Moreover, distinctive colorimetric chaisgir 6a and6b were observed from

orange to red-brown and green, respectively (Figsét).

Absorbance

550 650
Wavelength (nm) Wavelength (nm)

Fig. 9. UV-Vis titration spectra of 6a (a) and6b (b) (c = 10 uM in DM O) with 20 equiv. of
KCN in DM[ O:Tap water mixture 9:1 (v/v) and 8:2 (v/v), respectively. Insert: Rbgrtaphs of
6a and6b (c = 25 uM in DMSO:Tap water) after the addition d&f &quiv. of CN under
ambient light in DMSO:Tap water mixture.

3.6. pH-dependent study

In order to understand the effect of the basicremmnent to the dyes, the chemosensors were
also studied in mixtures of DMSO and buffer solatioThe pH-dependent spectral
characteristics of the dyes (1) were evaluated in a Britton Robinson buffer siolu that

pH values ranged between 7.0-11.0, with DMSO as-sotvent (Fig. 10). Absorption spectra
of 6a showed that only at pH 11.0, a new band beganrto & 515 nm. But photographs of
6a showed a significant color changed when the pHnetlia change from 8.0 to 8.5, the
absorption color of the dye changed from orangeumle (Fig. 10a-inset). pH-dependent

study of6b gave more sensitive response at absorption spectrgpared tda when pH
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media changed to 8.5 from 8.0, a new band at 63@mdrabsorbance of the band increased at
higher pH (Fig. 10b). Colorimetric changes wereikinto 6a, absorbance color was changed

to green from orange when pH increased from 8850

Absorbance
o ©
Absorbance

T T T 0.00 T T T o=
350 450 550 650 750 350 450 550 650 750
Wavelength (nm) Wavelength (nm)

Fig. 10. UV-vis spectra oba (a) andéb (b) (c = 10uM) different pH values in DMSO:Buffer
7:3 (v/v). Inset: Photograpled 6a (a) and6b (b) (c = 25uM in DMSO:Buffer 7:3)different
pH value.

3.7. Sensitivity Sudy of Organic Amines

Amines are widespread pollutants in nature andctieteof them has become of large interest
since they used extensively in pharmaceutical imeiss and dye manufacturing [22].
Therefore, we also studied various amines for tetection. Seven different amines were
investigated and only three of them which are sdapnaliphatic amines were interacted with
6a and6b (Fig. 11 and S57-62). As depicted in Fig. 11, upddition of various amines to
6a, piperidine, pyrrolidine, and diethylamine gavepense as a new band at 653-658 nm and
shoulder at 519 nm. Furthermore, colorimetric clesngvere observed with naked eye-
detection that the orange color of the chemosemnasrchanged to green under ambient-light.

Interestingly, these three amines when were aduléd ave a new band at 658-675 nm with
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low absorbance but there were not any significhanges observed at the absorption color of
the dye (Fig. 11b). Basicity is the primary factor determining interaction with the
chemosensors but also other factors are interfevitty the interaction as steric and
conformational effects, resonance, and inductioperline (11.12), pyrrolidine (11.31) and
diethylamine (10.84) have highKp values that they are more basic properties than
diphenylamine (0.79) and triphenylamine (not coesed as a base). Interestingly,pof
trimethylamine is 10.75 that is close value to ratted three amines. But no changes
observed when trimethylamine was added to the dyesto steric hindrance. Also, pyridine

that is an aromatic amine with lowKp(5.23) did not give any spectral change.

-

DEA TEA  DPA  TPA

6b, Pyridine, Triethylamine, Diphenylamine, Triphenylamine

Absorbance
Absorbance

e
w
=]

Piperidine, Pyrrolidine g 2p
Diethylamine
-z 0.10

Piperidine, Pyrrolidine, Diethylamine

T T T ¥ 0.00 T T T 7
350 450 550 650 750 350 450 550 650 750
Wavelength (nm) Wavelength (nm)

Fig. 11. UV-vis titration of 6a (a) and6b (b) (c = 10 uM in DMSO) with 200 equiv. of
different organic bases in DMSO. Inset: Photographthe dyesa (a) andéb (b) (c = 2.5

uM in DMSO) after addition of 200 equiv. of studi@sine basex(= 1.0 M in DMSO) under
ambient light.

3.8. LOD of the dyes towards sensing of cyanide and aromatic amines

The limit of detection (LOD) of CNin DMSO and aqueous media were calculated on the
basis of the equations; LOD&3, whered is the standard deviation of the response and S is

the slope of the absorpiton calibration curve of @GNd the results are represented in Figs.
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S63-68 of the Supporting Informatioda showed the detection of cyanide with LODs of 7.9
uM in DMSO, 19uM in DMSO/water (9:1, v/v) mixture, and 0.40 mM DMSO/tap water
(9:1, v/v) mixture. Meanwhilegb showed the detection of cyanide with LODs of 2\ in
DMSO, 5.6uM in DMSO/water (9:1, v/v) mixture, and 26M in DMSO/tap water (9:1, v/v)
mixture. Consequentlygb is more sensitive for cyanide in tap water mediagaring to6a.
Moreover, the same calculations were done for tliesdwith titration of piperidine,
pyrrolidine, and diethylamine in DMSO and calcuthtes 0.09 mM, 0.57 mM, and 0.2 mM

for 6a, and 0.50 mM, 1.2 mM, and 1.8 mM féb, respectively (Fig. S69-74.)

3.9. Theoretical Results

The structures dda, 6b and their anionic structures formed by interaciwith F, CN, OH,
AcO and HPO;, anions within the framework of density functiont#tieory (DFT)
calculations at B3LYP/631g(d,p) level in the gasag#h The optimized structures and
geometry parameters are illustrated in Fig. 12, Hg5 and Table S3, with the atomic
numbering in Fig. S76. The optimized structuresajeshowed that the indole —NH and
NH...H (in the —NH group attaching thiophene moiety) bond distanoesease after the
interaction 6a with F, CN, OH and AcO via di-deprotonation process, for PO,
interactions, the anion deprotonated the indole -éXBictly and interacted with —NHjroup

(Fig. 12, Table S3).
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Fig. 12. The optimized structures of 6a and their complexes 6a+F, 6a+CN’, 6a+OH,
6a+AcO, 6a+H,PCO" and change in the negative charges on selected atoms.

The change in the natural charges on some aton@afé, 6a+CN’, 6a+OH", 6a+AcO™ and
6a+H,PO, with respect t®a in DMSO after the interactions with related aniaovesre also
shown in Fig. 12 and Table S4. The natural chaogegiven atoms increase after interactions
and as expected, these changing will reflect alieorspectra. To see the effects of these
expectations, the absorption spectra were calcilatthin TD-DFT calculations in DMSO.
The absorption maxima, oscillator strengths andresponding transitions with their

contributions were listed in Table S5. The absorptnaxima ofa was observed at 497 nm
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13

14

15

16

with f = 0.516 and the major contributions of H»L and H-2-L transitions. ForGatF,

6a+CN’, 6a+OH" and6a+AcO’, the absorption maxima shifted to 435-438 nm dedet was

a new peak at 578-584 nm. Rea+H,PO,, the shifted in absorption maxima at 492 nm was
negligible and only the occurring new peak at 56bwas seen, which can be attributed to the

fact that the dihydrogen phosphate ion deprotonai@ole —NH proton and interacted with —
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NH, proton weakly. The calculated results were in gageement with experimental ones
(Table 2).

In case of6b, the deprotonation process was possible betwekl pxbton and aniond={g.
S75) the increased negative charges on amine nitr@gé8) after the deprotonation of -NH
proton are distributed to both of the nitrogen yphmo (C46= N47) and azo bridge through
thiophene and dicyano group through phenyl (Figé @nd Table S6). The absorption
maxima seen at 472 nm féb, shifted to a lower wavelength at about 464-468amth a new
peak at the higher wavelength at about 595-653 amblf+F", 6b+CN’, 6b+OH", 6b+AcO

and6a+H,PO, (Table S5), which were consistent with experimiergsults.

4. Conclusions

Multifunctional colorimetric chemosensors were dasd and synthesized within mild
conditions and moderate to good yields. The dyessansitive to T- AcO, CN, OH, and
H,PO, in DMSO compared to other studies anions whilenluftthe dyes are selective to
only CN in partial aqueous solution. Furthemore, the ckaoigpH from 8.0 to 8.5 can be
easily determined by the dyes with colorimetricallyloreover, 6a can be sense
colorimetrically some of the organic amines that piperidine, pyrrolidine, and diethylamine.
The proposed sensing mechanisms as deprotonatiamiob groups were supported by the
theoretical calculations, which were compatiblehvakperimental results. The results showed

that the dyes can be used as novel colorimetrimosensors as multimedia basic sensors.
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CAPTIONS
Figure Captions
Fig. 1. Design of the chemosensors.

Fig. 2. The normalized absorption (a) and normalized eonsg) spectra oba (c = 10 uM)
in different polarity solvents. Insets: Photograpmisba (c = 25 uM) in different polarity
solvents under ambient light (a) and UV light (b).

Fig. 3. The normalized absorption (a) and normalized domsg) spectra oéb (c = 10 uM)
in different polarity solvents. Insets: Photogramisob (c = 25 puM) in different polarity
solvents under ambient light (a) and UV light (b).

Fig. 4. UV-vis titration spectra titration spectra @ (a) and6b (b) (c = 10uM in DMSO)
with different anion 20 equiv. in DMSO. Inse®hotographs ofa and6b (c = 25 uM in
DMSO) after addition of 20 equiv. of various aniges= 1.0 M in DMSO) under ambient
light.

Fig. 5. *H-NMR spectral change @& (L0mM) in the absence (a) and presence of 2 equiv. of
TBACN (b), TBAF (c) and TBAACO (d) in DMSQ@k.

Fig. 6. Photograph®f 6a (c = 25uM in ACN) after addition of 20 equiv. of studiedians
under ambient light (a) and under UV light (b).

Fig. 7. UV-vis spectra oféa (a) and6b (b) (c = 10 uM) after addition of CNand its
reversibility control using TFA acicc(= 1.0 M in DMSO) in DMSO. Insert: Photographs of
6a and6b (c=25uM in DMSOQO) upon the addition of 20 equiv. of Céhd TFA under ambient
light.

Fig. 8. UV-vis titration spectra o6a (a) and6b (b) (c =10 uM) with different 20 equiv. of
TBA salts in DMSO:water 9:1 (v/v) and 8:2 (v/v)spectively. Insert: Photograpb$6a and
6b (c=25 uM in DMSO:water) after addition of 20 equiv. of died anions under ambient
light.

Fig. 9. UV-Vis titration spectra of 6a (a) and6b (b) (c = 10 uM in DM O) with 20 equiv. of
KCN in DM[ O:Tap water mixture 9:1 (v/v) and 8:2 (v/v), respectively. Insert: Rbgrtaphs of
6a and6b (c = 25 uM in DMSO:Tap water) after the addition & 2quiv. of CN under
ambient light in DMSO:Tap water mixture.

Fig. 9. UV-Vis titration spectra of 6a (a) and6b (b) (c = 10 uM in DM[O) with 20 equiv. of
KCN in DM O:Tap water mixture 9:1 (v/v) and 8:2 (v/v), respectively. Insert: Rbgrtaphs of
6a and6b (c = 25 uM in DMSO:Tap water) after the addition & &quiv. of CN under
ambient light in DMSO:Tap water mixture.

Fig. 10. UV-vis spectra oba (a) andéb (b) (c = 10uM) different pH values in DMSO:Buffer
7:3 (v/v). Inset: Photograpltd 6a (a) and6b (b) (c = 25uM in DMSO:Buffer 7:3)different
pH value.
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Fig. 11. UV-vis titration of 6a (a) and6b (b) (c = 10 uM in DMSO) with 200 equiv. of
different organic bases in DMSO. Inset: Photographthe dyesa (a) andéb (b) (c = 2.5

uM in DMSO) after addition of 200 equiv. of studi@sine basex(= 1.0 M in DMSO) under
ambient light.

Fig. 12. The optimized structures of 6a and their complexes 6a+F, 6a+CN, 6a+OH,
6a+AcO, 6a+H,PO" and change in the negative charges on selected atoms.

Scheme Captions
Scheme 1. Synthetic pathway of thayes.

Scheme 2. The possible anion sensing mechanisréeof

Table Captions
Table 1. Photophysical properties of tla-b (c = 10 uM) in different solvents.

Table 2. The shift values of absorption maxima upon addigaions in DMSO fo6a-6b.



Table 1. Photophysical properties of tBa-b (c = 10 uM) in different solvents.

Dyes Solvents a,(m) h(m) SokesShiffem) e (M om )’
DIOX 437 479 2006 68004

THF 448 494 2079 60916

6a DMF 461 534 2965 68904
DMSO 467 552 3343 65395

ACN 443 494 2330 56800

DIOX 452 477 1160 59870

THF 458 513 2341 45898

6b DMF 468 552 3252 48991
DMSO 473 498 1061 59125

ACN 458 530 2066 47413

3 ong wavelength absorption maximum, in nm; ¢ 3uM ° Fluorescence maximum, in nm; ¢ =K. °c = molar absorption coefficient
Ip p-1
(cm~M™).

Table 2. The shift values of absorption maxima upon additiaions in DMSO fo6a-6b.

Dyes Anions 20 Equiv. 2, max (nm)
F 438, 527, 608
AcO 472,527, 621
6a .
(}L max = 466nm) CN 440, 480, 527, 608
abs )
H,PO, 467, 659
OH 441, 475, 527, 610
F 463, 660
AcO 460, 670
6b )
(h,, max = 472 nm) CN 458, 670
H,PO, 463, 671

OH 465, 660
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Fig. 2. The normalized absorption (a) and normalized aonsg) spectra oba (c = 10 uM)
in different polarity solvents. Insets: Photogramista (c = 25 uM) in different polarity
solvents under ambient light (a) and UV light (b).
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Fig. 3. The normalized absorption (a) and normalized aoms) spectra oéb (c = 10 uM)
in different polarity solvents. Insets: Photogramisb (c = 25 uM) in different polarity
solvents under ambient light (a) and UV light (b).
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Fig. 4. UV-vis titration spectra titration spectra & (a) andéb (b) (c = 10 uM in DMSO)
with different anion 20 equiv. in DMSO. Inse8hotographs ofa and6b (c = 25 uM in
DMSO) upon addition of 20 equiv of various anioss=(1.0 M in DMSO) under ambient

light.
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Fig. 5. 'H-NMR spectral change @&a (10mM) in the absence (a) and presence of 2 equiv of
TBACN (b), TBAF (c) and TBAACO (d) in DMS@.
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Fig. 6. Photograph®f 6a (c = 25 uM in ACN) upon addition of 20 equiv. studied anions
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Fig. 7. UV-vis spectra of 6a (a) and6b (b) (c = 10 uM) upon addition of CN and its
reversibility control using trifluoroacetic acid (c = 1.0 M in DMSO) in DMSO. Insert:

Photographs ofa and6b (c =25 pM in DMSO) upon the addition of 20 equiv. CN and TFA
under ambient light.
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6b (c=25 uM in DMSO:watej after addition of 20 equiv. of studied anions under ambient
light.
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Fig. 9. UV-Vis titration spectra of 6a (a) andéb (b) (¢ = 10 uM in DMSO) with 20 equiv. of
KCN in DMSO:Tap water mixture 9:1 (v/v) and 8:2 (v/v), respectively. Insert: Photographs of
6a and6b (c = 25 uM in DMSO:Tap water) after the addition of 20 equiv. of CN™ under
ambient light in DMSO:Tap water mixture.
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Fig. 11. UV-vis titration of 6a (a) and6b (b) (c = 10 uM in DMSO) with 200 equiv. of
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Research Highlights

= Two nove colorimetric chemosensors based coumarin-indole that conjugated by the
azo and dimethine bridge were synthesized for basic media detection.

= The reaction between the dyes and cyanide caused an apparent color change and can
be seen with the naked eye.

= The dyes can be used as a chemosensor for selective cyanide detection in partia
aqueous media.

= The dyes are affected by the change in pH of media and can detect that

colorimetrically.
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Fig. S15. UV-Vis titration spectra 6& (c = 10uM in DMSO) with TBAF in DMSO.
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Fig. S16. UV-Vis titration spectra 6& (c = 10puM in DMSO) with TBAAcO in DMSO.
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Fig. S20. UV-Vis titration spectra 6b (c = 10uM in DMSO) with TBAF in DMSO.
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Fig. S21. UV-Vis titration spectra 6b (c = 10uM in DMSO) with TBAAcO in DMSO.
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Fig. S22. UV-Vis titration spectra 6b (c = 10uM in DMSO) with TBACN in DMSO.
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Fig. S26. UV-vis titration spectra (left) and flescence titration spectra (right)&z (c = 10
uM in ACN (%1 DMSO)) with TBAAcO in ACN (%1 DMSO).
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Fig. S27. UV-vis titration spectra (left) and flescence titration spectra (right)&z (c = 10
uM in ACN (%1 DMSO)) with TBACN in ACN (%1 DMSO).
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Fig. S28. UV-vis titration spectra (left) and flescence titration spectra (right)&z (c = 10
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Fig. S29. UV-vis titration spectra (left) and flescence titration spectra (right)&z (c = 10
uM in ACN (%1 DMSO)) with TBAOH in ACN (%1 DMSO).
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Fig. S30. UV-vis titration spectra (left) and flescence titration spectra (right)&z (c = 10
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Table S1. The shift values of absorption maximanugadition anions in ACN for compound
6a.

ACN (», max = 443) 1eg. i, max (nm) 20 eg. A, max (nm)
F 440, 631 420, 520, 590
AcO 440, 634 431, 518, 637
CN 443 424, 520, 593
H,PO, 440, 635 433, 521, 634

OH 431, 520, 632 420, 520, 581
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Fig. S31. Photograplef 6a (¢ = 25uM in ACN (%1 DMSO)) ) upon addition of 4 equiv.
studied anions under ambient light (top) and uiéidight (bottom) in ACN (%1 DMSO).
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Fig. S32. UV-vis titration spectra (left) and flescence titration spectra (right)alf (c = 10
uM in ACN (%1 DMSO)) with TBAF in ACN (%1 DMSO).
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Fig. S33. UV-vis titration spectra (left) and fhescence titration spectra (right)aif (c = 10
uM in ACN (%1 DMSO)) with TBAAcO in ACN (%1 DMSO).
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Fig. S34. UV-vis titration spectra (left) and flescence titration spectra (right)aif (c = 10
uM in ACN (%1 DMSO)) with TBACN in ACN (%1 DMSO).
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Fig. S35. UV-vis titration spectra (left) and flescence titration spectra (right)@if (c = 10
uM in ACN (%1 DMSO)) with TBAHPO, in ACN (%1 DMSO).
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Fig. S36. UV-vis titration spectra (left) and flescence titration spectra (right)aif (c = 10
uM in ACN (%1 DMSO)) with TBAOH in ACN (%1 DMSO).
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Fig. S37. UV-vis titration spectra (left) and flescence titration spectra (right)aif (c = 10
uM in ACN (%1 DMSOQ)) with different 20 equiv. TBA kain ACN (%1 DMSO).

Table S2. The shift values of absorption maximanugadition anions in ACN for compound
6b.

ACN (h,, max = 458) 1 eq. ., max (nm) 20 eq. A, max (nm)
F 415, 455 439, 640
AcO 415, 455 441, 641
CN 415, 456 439, 639
H,PO, 415, 457 445, 643
OH 415, 456 439, 439
L Lotk mtmbosken
% ! ' - A0 CN. HPO; HSO; NOy cio,

i

A%o- '¢N- HPo, HSO, No, Clo, Ow

Fig. S38. Photograpttf 6b (c = 25uM in ACN) upon addition of 20 equiv. studied anions
under ambient light (top) and under UV light (batfo
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Fig. S39. UV-vis spectra d@a (c = 10 uM) upon addition of ‘Fand its reversibility control
using trifluoroacetic acide(= 1.0 M in DMSO) in DMSO. Insert: photograpbk6a (c = 25
UM in DMSO) upon addition of 20 equiv. Bnd its reversibility control using 20 equiv.
trifluoroacetic acid under ambient light.
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Fig. S40. UV-vis spectra @a (c = 10 pM) upon addition of AcCand its reversibility control
using trifluoroacetic acidc(= 1.0 M in DMSO) in DMSO. Insert: photograpbi6a (c = 25
MM in DMSO) upon addition of 20 equiv. Ac@nd its reversibility control using 20 equiv.

trifluoroacetic acid under ambient light.
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Fig. S41. UV-vis spectra dda (c = 10 uM) upon addition of #0O, and its reversibility
control using trifluoroacetic acic= 1.0 M in DMSO) in DMSO. Insert: photograpbs6a
(c=25 uM in DMSO) upon addition of 20 equiv.PD, and its reversibility control using 20
equiv. trifluoroacetic acid under ambient light.
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Fig. S42. UV-vis spectra @a (c = 10 uM) upon addition of CNand its reversibility control
using trifluoroacetic acide(= 1.0 M in DMSO) in DMSO. Insert: photograpbk6a (c = 25
UM in DMSO) upon addition of 20 equiv. Cldnd its reversibility control using 20 equiv.

trifluoroacetic acid under ambient light.
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Fig. S43. UV-vis spectra @b (c = 10 uM) upon addition of Fand its reversibility control
using trifluoroacetic acidc(= 1.0 M in DMSO) in DMSQO. Insert: photograpbséb (c = 25
UM in DMSO) upon addition of 20 equiv. Bnd its reversibility control using 20 equiv.
trifluoroacetic acid under ambient light.
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Fig. S44. UV-vis spectra @b (c = 10 uM) upon addition of AcCGand its reversibility control
using trifluoroacetic acidc(= 1.0 M in DMSO) in DMSQO. Insert: photograpbséb (c = 25
UM in DMSO) upon addition of 20 equiv. Ac@nd its reversibility control using 20 equiv.
trifluoroacetic acid under ambient light.
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Fig. S45. UV-vis spectra db (c = 10 uM) upon addition of #Q, and its reversibility
control using trifluoroacetic acicc = 1.0 M in DMSO) in DMSO. Insert: photograpbk6b
(c =25 uM in DMSO) upon addition of 20 equiv.R," and its reversibility control using 20
equiv. trifluoroacetic acid under ambient light.
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Fig. S46. UV-vis spectra @b (c = 10 uM) upon addition of OHand its reversibility control
using trifluoroacetic acidc(= 1.0 M in DMSO) in DMSQO. Insert: photograpbséb (c = 25
UM in DMSO) upon addition of 20 equiv. Oldnd its reversibility control using 20 equiv.
trifluoroacetic acid under ambient light.
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Fig. S47.UV-vis spectra oba (c = 10 uM) in different rate DMSO:#D mixture.

Fig. S48 Photographs dba (c = 10 uM) in different rate DMSO4® mixture under ambient
light.
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Fig. S49.UV-vis titration spectras dda (c = 10 uM) with TBACN in different rate

DMSO:H,O mixture.
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Fig. S51. UV-Vis titration spectra 6& (c = 10uM in DMSO) with TBAOH in 9:1 DMSO:
H,0 mixture.
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Fig. S57. UV-vis titration o6a (c = 10uM in DMSO) with piperidine in DMSO.
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Table S3. The selected geometrical parametea, @b and their complexes formed via interactions withWN, OH, AcO and HPO,

anions.

Bond lengths (A) 6a 6a+F 6a+CN  6a+OH" 6a+AcO” 6at+H,PO, 6b+F 6b+CN" 6b+OH" 6b+AcO” 6b+H,PO,
N37-H32 1.008 1.583 1.831 1.864 1.513 1.072 - - - - -

N42-H44 1.007 1.586 1.849 1.887 1.554 1.053 1.007 .6111 1.910 1.911 1.627 1.069
F-H32 - 0.981 - - - - - - - - -

F-H44 - 0.976 - - - - 0.969 - - - -

C-H32 - - 1.119 - - - - - - -

C-H44 - - 1.114 - - - 1.104 - - -

C-H32 - - - - - - - - -

C-H44 - - - - - - - - -

0O-H32 - - - 0.9891 1.071 1.549 - - - - -
0O-H44 - - - 0.985 1.049 1.664 - - 0.982 1.028 81.5
C16-N18 1.166 1.169 1.169 1.169 1.168 1.167 1.165 .1671  1.167 1.167 1.167 1.166
C15-Ci16 1.429 1.422 1.422 1.422 1.422 1.425 1.428 .4261 1.426 1.426 1.427 1.427
C15-C17 1.430 1.424 1.423 1.423 1.423 1.426 1.429 .4281 1.428 1.427 1.428 1.429
C17-N19 1.166 1.169 1.169 1.169 1.168 1.167 1.165 .1671  1.167 1.168 1.167 1.167
C4-C2 1.441 1.417 1.417 1.415 1.418 1.426 1.439 541.4 1.454 1.455 1.454 1.449
Cc2-C1 1.365 1.389 1.388 1.390 1.387 1.377 1.364 561.3 1.358 1.358 1.358 1.360
Ci1-Cc23 1.435 1.405 1.405 1.403 1.406 1.417 1.433 4411. 1.441 1.442 1.441 1.438
C4-C5 1.486 1.485 1.484 1.485 1.484 1.484 1.485 611.4 1.462 1.460 1.462 1.472
Cl2-N21 1.408 1.399 1.398 1.398 1.398 1.403 1.405 .3771  1.377 1.375 1.377 1.389
N21-N22 1.277 1.297 1.297 1.298 1.296 1.288 1.279 .314 1.314 1.317 1.314 1.299
N22-C38 1.348 1.333 1.330 1.330 1.331 1.337 1.346 .3191  1.317 1.317 1.318 1.329
C39-N43 1.352 1.297 1.295 1.291 1.296 1.314 1.350 .2911  1.289 1.287 1.289 1.308
C40-C46 1.419 1.414 1.413 1.413 1.414 1.417 1.420 .4161 1.416 1.416 1.417 1.418
C46-N47 1.166 1.169 1.169 1.169 1.168 1.166 1.166 .168. 1.168 1.168 1.167 1.166
C42-C48 1.468 1.475 1.475 1.475 1.475 1.473 1.467 .4731 1.474 1.474 1.474 1.472
Bond angles (°)

C15-C4-C2 119.81 119.85 119.78 119.91 119.84 119.60 119.56 117.24 117.31 117.17 117.33 118.21
C2-C1-C23 127.49 127.95 127.94 128.11 128.03 127.36 127.36  127.34 127.37 127.36 127.26 127.45
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C15-C4-C5 119.49 118.62 118.66 118,59 118.67 118.85 119.70 122.07 121.99 122.14 122.01 121.22
C12-N21-N22 114.68 113.42 113.44 113.48 113,56 5R13. 11458 113.79 113.81 113.81 113.92 114.17
N21-N22-C38 116.23 117.03 117.09 117.01 116.90 &re6. 115.62 115.73 115.86 115.73 115.67 115.64
Dihedral angles (°)

C15-C4-C2-C1 -169.55 -169.41 -169.25 -169.32 -169.2-169.20 -168.87 -159.25 -159.42 -158.79 -159.5616347
C4-C2-C1-C23 178.99 179.661 179.58 -179.89 179.8379.1D 178.89 178.22 178.02 178.06 177.98 178.44
C2-C1-C23-C25 -179.13 -178.68 -178.39 -178.62 4Z8. -178.31 -179.15 173.19 173,57 173.37 172,57 3B/5.
C15-C4-C5-C6 -123.28 -129.46 -129.58 -129.62 -129.5-128.35 -126.24 -140.25 -139.79 -140.63 -139.68134-89
C12-N21-N22-C38 178.76 -179.50 -179.30 -179.47 349 -178.94 178.74 178.66 178.84 178.92 178.69 8977.
N21-N22-C38-C42 17799 176.52 176.68 176.51 176.4975.93 178.07 17793 178.3 178.10 178.74 178.65
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Table S4. The natural charges (Q) on selected afmnga ile 6a+F", 6a+CN’, 6a+OH",
6a+AcO’, 6atH2PO4 and their relative valueaQ) with respect t@a.

6a 6a+F 6a+CN’ 6a+OH" 6a+AcO’ 6a+H2PO4

Atom Q

C2 -0.285 -0.315 -0.316 -0.318 -0.314 -0.299
C5 -0.085 -0.096 -0.097 -0.097 -0.096 -0.088
Cc8 -0.224 -0.244 -0.246 -0.247 -0.244 -0.232
C10 -0.237 -0.259 -0.261 -0.262 -0.258 -0.246
Ci15 -0.313 -0.366 -0.368 -0.372 -0.364 -0.336
N18 -0.372 -0.419 -0.421 -0.425 -0.417 -0.392
N19 -0.371 -0.416 -0.418 -0.421 -0.414 -0.390
N21 -0.272 -0.332 -0.338 -0.340 -0.331 -0.294
N22 -0.211 -0.242 -0.244 -0.246 -0.240 -0.222
C23 -0.163 -0.185 -0.186 -0.186 -0.184 -0.173
Cc27 -0.220 -0.234 -0.234 -0.235 -0.234 -0.229
C30 -0.255 -0.267 -0.268 -0.269 -0.267 -0.259
C33 -0.242 -0.263 -0.264 -0.265 -0.263 -0.253
N37 -0.534 -0.581 -0.569 -0.569 -0.569 -0.536
C40 -0.273 -0.299 -0.299 -0.300 -0.297 -0.284
N43 -0.791 -0.806 -0.797 -0.792 -0.797 -0.784
N47 -0.381 -0.412 -0.414 -0.415 -0.410 -0.389
Atom AQ

Cc2 0.030 0.031 0.032 0.029 0.014
C5 0.010 0.012 0.012 0.010 0.003
Cc8 0.021 0.022 0.023 0.020 0.008
C10 0.022 0.023 0.024 0.021 0.008
Ci15 0.053 0.055 0.059 0.051 0.022
N18 0.047 0.049 0.052 0.045 0.020
N19 0.045 0.047 0.050 0.043 0.019
N21 0.060 0.066 0.068 0.059 0.022
N22 0.031 0.033 0.035 0.029 0.010
C23 0.022 0.024 0.024 0.022 0.011
Cc27 0.014 0.014 0.015 0.014 0.008
C30 0.012 0.013 0.014 0.012 0.004
C33 0.020 0.021 0.022 0.021 0.011
N37 0.047 0.036 0.035 0.035 0.002
C40 0.026 0.026 0.027 0.024 0.011
N43 0.015 0.006 0.001 0.006 0.007
N47 0.032 0.033 0.035 0.029 0.008
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Table S5. The calculated absorption maxiifd'{.,), oscillator strengths (f), transitions and
contributions (w) foGa, 6b and their complexes. f values were given in paesgs.

A Transitions w A Transitions w
6a 497 H-2—L 35 6b 482 H-4—L 9
(0.516)  H-1-L 58 (0.6023) H-2-L 71
H— L+1 4 H-1-L 5
H-1-L+1 3
H—L+1 8
6a+F" 435 H-1—L 2 6b+F 468 H-3—L 4
(0.7393) H-1-L+1 88 (0.3232) H-2—-L 93
H—L+2 7
580 H—-L 95 644 H—-L 96
(1.0339) (1.0275)
6a+CN’ 437 H-4—L 2 6b+CN" 464 H-3—L 4
(0.6976)  H-1-L 2 (0.3485) H-2-L 92
H-1-L+1 86
H—L+2 6
584 H—L 95 649 H—L 96
(1.0517) (1.0231)
6a+OH" 438 H-4—L 6 6b+OH" 465 H-3—L 6
(0.6163) H-2—L 3 (0.3310) H-2-L 89
H-1-L+1 83
H—L+2 4
585 H—L 95 653 H—L 96
(1.0321) HoL+2 2 (1.0417)
6a+AoC 435 H-1— L 2 6b+AoC 467 H-2—L 95
(0.7574) H-1-L+1 88 (0.3315)
H— L+2 7
578 H—L 95 641 H—L 96
(1.0650 ) (1.0412)
6a+H2PO4 492 H-4—L 3 6b+H2PO4 468 H-2—L 94
(0.4178)  H-2-L 79 (0.2226)
H-1—-L 5
H—L+1 6
565 H—L 95 595 H-1-L 2
(0.7402) (0.8012) H—L 95
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Table S6. The natural charges (Q) on selected atomélale 6b+F", 6b+CN°, 6b+0OH",
6b+AcO’, 6b+H2PO4 and their relative valueaQ) with respect téb.

6b 6b+F 6b+CN" 6b+0OH" 6b+AcO’ 6b+H2PO4

Atom Q

Ci1 -0.125 -0.138 -0.138 -0.139 -0.137 -0.131
C5 -0.084 -0.117 -0.119 -0.120 -0.117 -0.099
C8 -0.223 -0.249 -0.251 -0.252 -0.249 -0.234
Cc10 -0.237 -0.266 -0.267 -0.268 -0.265 -0.249
Ci15 -0.316 -0.331 -0.331 -0.333 -0.330 -0.321
N18 -0.375 -0.387 -0.387 -0.389 -0.386 -0.379
N19 -0.373 -0.389 -0.389 -0.390 -0.388 -0.379
N21 -0.271 -0.354 -0.358 -0.361 -0.354 -0.311
N22 -0.211 -0.249 -0.251 -0.253 -0.247 -0.224
N46 -0.381 -0.399 -0.400 -0.401 -0.398 -0.386
Atom AQ

C1 0.013 0.013 0.014 0.012 0.005
C5 0.033 0.035 0.036 0.033 0.015
C8 0.026 0.028 0.029 0.026 0.011
C10 0.028 0.029 0.031 0.028 0.012
Ci15 0.015 0.015 0.017 0.014 0.005
N18 0.012 0.013 0.014 0.011 0.004
N19 0.0148 0.015 0.017 0.014 0.005
N21 0.082 0.087 0.089 0.083 0.040
N22 0.038 0.039 0.042 0.036 0.013
N46 0.018 0.020 0.019 0.017 0.005
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