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CHAPTER |
INTRODUCTION

1.1 Fluorescence

The fluorescence phenomenon is the one of radiative process in the consequence
of energy releasing from excited molecules that basically described by the Jablonski
diagram (Figure 1.1) [1, 2]. When the organic molecules absorb light with a suitable
energy, molecule will be activated from ground state (Sy) to the higher electronics
state (S; or S, or higher). The excited molecules which is not stable will rapidly release
some energy in term of thermal or kinetics energy then settle in the lowest electronics
level of the first excited state (S;). This process is geometrically relaxation which occur
via vibration and rotation without emitting ligsht. The remaining energy in molecules
will be released as the fluorescence light and the molecules return directly back from
S; to the ground state S,. The fluorescence lifetime usually consumes in nano-second.
The degree of relaxation implies the difference of absorption and emission wavelength

which can refer to fluorophore characteristic.

sz "+= Internal
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b pico 10~"?s S—
== Vibrational —
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1
>
Intersystem
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femto -
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Figure 1.1 Jablonski diagram describing photophysical processes



1.2 Fluorescence sensor

In the past decade, fluorescence sensor is a versatile tool for the analyte
recognition, resulting various publications reported their performance toward
numerous types of target molecules such as metal ions, anions, and biological
molecules [3]. In comparison to other analytical methods, fluorescence technique
willing to provide an accuracy result, high sensitivity toward the analyte, and lower
cost of equipment. Interestingly, portable device such as paper-based strip can be
applied with fluorescent sensors for convenient on-site analysis. Basically, fluorescence
sensor consists of two main components which are receptor unit, specific binding site
for the analyte, and signaling unit, expressing the fluorescence signal. The responding
mode of fluorescence sensor express as the changing in fluorescence emission which

could be turn-on, turn-off, or wavelength shift as shown in Figure 1.2.

Analyte
Receptor
Fluorophore
Turn-on
Analyte
Receptor
Fluorophore
Turn-off
Analyte
Receptor
Fluorophore
:
Ratiometric
(Wavelength shift)

Figure 1.2 Mode of fluorescence responding.



1.3 Sensing Mechanism
The interaction between analyte and receptor provides many photophysical
signaling mechanisms including the photoinduced electron transfer (PET) [4-7],
fluorescence resonance energy transfer (FRET) [8-10], Intermolecular charge transfer
(ICT) [11-13], excited-state intramolecular proton transfer (ESIPT) [14-16], aggregation
induced enhancement fluorescence (AIE) [17-19], and excimer formation [20, 21]. In
the rational design for fluorescence sensors, it normally focuses on one or more than
one sensing mechanism which related to the characteristic of corresponding
fluorophore to adjust their selectivity and sensitivity. In this research, the designed
compounds will be mainly involved in ICT process.
- Intermolecular charge transfer (ICT)
The molecule in local excited state (most stable excited state of S;)
could undergo the geometrical relaxation which relocated the electron cloud.
This phenomenon usually occurs when the electron donor and electron
acceptor connect via TU conjugation. The new lower excited state would be
generated as internal charge transfer (ICT). The molecule at ICT state could
relax to the ground state and release the light that settle within or out of visible
region [22]. The fluorescence sensor could be designed by employ this ICT

process principle.

i Radiative or
inon radiative decay

Y

Energy
Absorption

35ud3830N[

Reaction Coordinate
Figure 1.3 ICT process energy diagram



1.4 Literature reviews

1.4.1 Fluorescence sensor based on Indolium unit for cyanide detection

Among a huge number of fluorescence receptors, there are many reports
suggest that the structure of indolium moiety could be an effective receptor unit for
cyanide analysis [23-26]. The conjugation between indolium and fluorescence
fluorophore usually bring a selective detection toward anions through the nucleophilic
addition reaction especially cyanide ion. Their sensitivity, selectivity and photophysical
properties can be adjusted and improved by varying their signaling component.

In 2014, Yang and coworker reported the turn-on fluorescence probe based on
indolium structure which is highly selective on cyanide (Figure 1.4)[27]. Blue-green
fluorescence was appeared gradually upon CN™ adding. The fluorescence turn-on was
induced by mechanism of nucleophilic addition reaction after cyanide ion attacking
onto indolium group since; the attack of anion blocked their Tt-electron conjugation.
The compound exposes a good limit of detection around 45 nM in DMSO solution
system. Furthermore, the adduct between synthesized probe and cyanide was confirm

by using 'H-NMR and mass spectrometry.

Figure 1.4 The proposed mechanism for the determination of CN~, using probe at

DMSO solution.

In similarly, shiraishi group also designed cyanine dyes via the conjugation
between indolium and coumarin derivatives [28]. The nucleophilic addition of CN
create strong aqua blue fluorescence due to the suppression of ICT process

accommodating delocalization of electron on coumarin component. Synthesized



indolium-coumarin derivatives expressed the excellent fluorescence selectivity toward
only cyanide ion in water/MeCN solvent system (Figure 1.5). The sensitivity toward CN°
is appeared to be quite moderate with detection limit in the range of 0.4-0.5 uM.
Interestingly, chlorine atom contained derivative showed the faster sensing time
comparison to others with the higher binding constant in the result of inductive effect

which increased the electrophilicity of indolium active site.

(a)

O

Gk x =H 2 ‘ 2-CN°
X=Cl 3-CN°

none, F, CI', Br, I

AcO™, H,PO, ", HSO,
1 ClOo,, NO; , SCN”
400
O_ T T T T ] T T T T ] L] T T T ]
450 500 550 600

Al nm

Figure 1.5 (a) Nucleophilic reaction between CN™ and cyanine dyes with indolium-
coumarin linkages. (b) Fluorescent spectra (Aex = 415 nm) of indolium-cournarin
derivative, measured with 20 equiv. of each respective anion in a buffered
water/MeCN mixture (7/3 v/v; CHES 100 mM, pH 9.0)

During the same period, Sun et al. prepared indolium moiety as a cyanide and
bisulfite recognition unit by one step synthesis [29]. The nucleophilic addition of
cyanide took place on 1,2 positions of structurein pH above 9.0 while, the 1,4 additions
of HSO;5 underwent smoothly in aqueous solution (pH 7.4) on the structure showing
in Figure 1.6a resulting both colorimetric and fluorescent color change.

This probe showed strong selectivity toward bisulfite ion in PBS buffer solution

pH 7.4 with short response time. They further observed preliminary paper test strip



system which included CN™ and HS’, well known targeted anions for indolium moiety.
The result revealed clear color change that could be easily distinguished as shown in
Figure 1.6c. To confirm the utilization of this fluorescence probe, sugar samples which

is containing bisulfite moiety was investigated in this literature.
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Figure 1.6 (a) Sensing mechanism for CN" and HSO5 (b) Emission ratio lags/1571 of 1 (10
uM) in PBS buffer (pH 7.4,10 mM) in the presence of various species. A, = 400 nm:
1, probe alone; 2, HSO5™; 3, HS™; 4,CN7; 5, F; 6, CU; 7, Br; 8, 17; 9, AcO; 10, ClO47; 11,
NOs7; 12,N57 13, SO,%; 14, HSO,7; 15, SCN™; 16, PO 17, HPO, ™ 18,H,PO.>™ (0)
Photographs of the test paper exposure to various species under UV light (365 nm).

In 2017, novel cyanide fluorescent sensor was developed in our laboratory by
Promchat and coworkers as shown in Figure 1.7 [25]. The synthesized derivative
showed strong selectivity toward cyanide over other anions on both colorimetric and
fluorometric mode. The sensitivity for their colorimetric observed was report as 1.9 uM
in HEPES buffer pH 6.0 with Triton X-100 (220 uM). On the other hands, fluorescence
method provided the higher sensitivity at the detection limit of 49 nM. Interestingly,
this research suggested that the sonication could increase the solubility of compound

which led to the increasing in sensitivity to 0.54 nM which were incredibly sensitive.



Figure 1.7 The proposed mechanism for novel cyanide fluorescent sensor based on

indolium after addition of cyanide.

Another turn-on fluorescent probe based on indolium unit was reported by Liu
and coworker in 2018 [30]. As expected, among 13 anions, Indolium conjugated with
triphenylimidazole moiety selectively underwent 1,2 additions toward CN™ in aqueous
solution (Figure 1.8). The obvious fluorescence change is occurred to give blue color
under black light and show the excellent sensitivity with 20nM of LOD. The colorimetric
change, solution color faded, also clearly observed by naked eye. Water samples were
used for real CN” investigation to confirm the advantages of their performance in water
of the synthesized molecule revealing a good recovery of found cyanide. Furthermore,

this fluorescence probe could be applied in the living cell that incubating with CN".
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Figure 1.8 Fluorescence spectra of indolium derivative with increasing of cyanide
concentration in water (40 uM, HEPES buffer, pH 7.4). and their possible reaction

between probe and cyanide.

Most of indolium conjugation compounds responded toward cyanide ion via
turn-on fluorescence, however, there are some reports provided the study related to

turn off fluorescence mechanism between cyanide and indolium receptor.



One of turn-off fluorescence sensors based on indolium unit were developed
in 2019, Li and coworker prepared dimethylaminobenzene conjugated with indolium
component [31]. The selectivity of compound N1 against cyanide was investigated on
both colorimetric and fluorescence measurement as shown in Figure 1.9. Bleaching
solution observed under room light bringing significant decreasing in fluorescence
signal with the low detection limit (33.4 nM) in buffer pH 7.2 indicated an excellent
detection activity. They further studied the sensing mechanism of compound by using
'H-NMR revealing the upfield shifted of peak in the result of indolium’s positive charge

disappeared.
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Figure 1.9 (a) UV-vis spectra of N1 (20 uM) in H,O [0.01 M Tris-HCl buffer, pH 7.2]
upon adding an increasing concentration of CN". (b) Fluorescence spectra of N1 upon

adding an increasing concentration of CN~

In the same manner, in 2020, group of Cheng reported the investigation of
another carboxylic indolinium structure conjugated with a coumarin component which
exhibited the quenching of fluorescence signal, while colorimeric change could be
noticed by naked eye during the cyanide concentration increasing as shown in Figure
1.10 [32]. The detection limit was illustrated at 4.4 nM in Tris-HCl buffer, pH 7.2. This

compound provided low cell cytotoxicity.
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Figure 1.10 (a) Absorption spectra (b) Fluorescence spectra during CN” concentration
increased monitoring in Tris-HCl buffer, pH 7.2.
Recently, Phenothiazine-indolium derivatives was synthesized by Morikawa et.
AL [33]. The selectivity against cyanide ion could be observed on both colorimetric and
fluorescence as expected. Interestingly, sulfide ion also had ability to bind with the
indolium derivatives yielding color of solution changing upon sulfide concentration
increasing (Figure 1.11). With the small binding constant of sulfide ion toward
fluorescence probe, the phenothiazine-indolium derivatives was specific toward only

cyanide ion in term of fluorescence.
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Figure 1.11 Changes in the absorbance and fluorescence intensities of Pl when

adding 2 equiv. of different anions.

1.4.2 Signaling unit for fluorescence sensor

- Julolidine

Julolidine is the N-containing compound which generally exhibited strong

fluorescence with high quantum vyield that could increase the sensitivity of

designed fluorescence sensors [34-38].

Utilization of julolidine moiety within fluorescence field always develop in past

decade, in 2011, group of Maity presented the julolidine contained fluorescent

chemosensor with turn-off fluorescence mechanism (Figure 1.12) [39]. The

designed julolidine 1 and 2 express the strong selectivity toward Cu?*. In the case

of 1, the colorimetric change obliviously discovered but there is no any

fluorescence response. On the other hands, compound 2 showed the turn-off

fluorescence during cyanide incubation. The fluorescence signal could be

recovered by adding of EDTA.
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Figure 1.12 Fluorescence spectra of julolidine-thiocarbonohydrazone 2 (10.0 mM)
and on the addition of salts (20.0 equiv) of Li*, Na*, Ba**, Sr**, Mg?*, A**, Ca®*, Mn?*,
Fe?, Co®, Ni#*, Zn?*, Ag*, Cd?*, Hg**, Pb*, and Cu?* in aqueous medium (50 mM
HEPES/MeCN, 6:4, v/v; pH 7.2).

Another derivative of hydroxy julolidine was reported by group of Choiin 2016
as a fluorescent chemosensor for Al** [40]. Julolidine-tryptophan composite displayed
significant selectivity against A** over other metals (Figure 1.13). Fluorescence titration
of A" reveal the detection limit in the level of 6.4 uM in bis-tris buffer solution which
is lower than the concentration mentioned in WHO guidance. Moreover, the
biocompatibility of the complex was examined in the living cells. It turned to be low
toxicities which indicated that the compound could be applied for bioimaging

application.
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Figure 1.13 Fluorescence spectra in the presence of different concentrations of Al**

ions in bis-tris buffer solution (10 mM, pH 7.0).

In recent vyear,

a coumarin-quinoline-julolidine molecular system was

developed by Liu and coworker for using as a HSO5 /SO5* detector as shown in Figure

1.14 [41]. Synthesized compound (CQT) responded toward analyte selectively on both

colorimetric and fluorescence measurement in PBS buffer solution (pH = 7.4, 0.5 mM

Triton X-100, containing 50% DMSO). Michael addition of HSO5 onto CQT brought blue

fluorescence signal due to blocking of FRET process. The detection limit exhibited

around 2.8 uM which could be applied for SO, derivatives quantitative analysis.

\é;ss nm
3

Et,

»

HS0;/S0;% -
- /N
411 nm
FRET off

caQT-s

Figure 1.14 Mechanism of HSO5/S05* sensing by CQT.
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- Triphenylamine

Triphenylamine is one of outstanding electron donating structure which usually
involved in fluorescence sensor application [42-45]. Interesting point,
triphenylamine could exhibited the aggregation-induced emission (AIE) bringing the
stronger fluorescence signal in many cases [19, 44, 46, 47].

In 2020, Kolcu and coworker synthesized derivative of triphenylamine with
thiophene conjugation [48]. Turn-on fluorescence response was observed during
addition of Cr’*into solution of TPA-Th since the PET process was prohibited. The
presented of N and S atoms on core structure serve as a suitable binding site for
Cr’* (Figure 1.15). The selectivity toward Cr>* could be observed on both
colorimetric and fluorescence and the sensitivity of sensor in fluorescence mode

was calculated to be 1.5 uM in THF/H,O (1:1).

320 nm

e
Fluorescence Fluorescence
OFF ON
(PET ON) (PET OFF)

Figure 1.15 Proposed binding mode of TPA-Th for the recognition of Cr*.

On the other hands, Fluorescence sensor which contains triphenylamine and
sulfone moiety was reported by Mohanasundaram and coworkers in 2022 [49]. The
synthesized sensor presented the turn off fluorescence with strong selectivity

against Cu?* monitoring in MeCN/H,O mixture solution (Figure 1.16). The
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concentration ratio from Job’s plot indicated that this sensor binds to Cu?* with

2:1 ratio. This compound showed the detection limit at 12.5 nM.
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Figure 1.16 (a) UV-Vis spectra changes and (b) Emission spectra response of

TPA-PTH (20 uM) over 10 equiv. of various cations in CH;CN:H,O (7:3, v/v).

Recently, Group of Li reported the triphenylamine-based fluorescence sensor
(TPAPI) for hydrazine detection in water [50]. TPAPI showed aggregation induced
emission (AIE) in solid state leading a strong red fluorescence. Since, TPAPI had a
poor solubility in water, when the solvent system contains water more than 60%,
red fluorescence was clearly detected. The fluorescence decreased gradually
during hydrazine addition. Interestingly, 10% water as a media system gave the
different mode of detection. There was originally no fluorescence observed in 10%
water then fluorescence becoming up after hydrazine uptake as result of
aggregation caused quenching (ACQ) (Figure 1.17). The sensitivity of this compound
was calculated to be 137 nM. Moreover, paper test strip for hydrazine detection

was prepared successfully from this sensor.
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Figure 1.17 Fluorescent sensing mechanism between the TPAPI sensor with

hydrazine.

Pyrene

It’s been a long time that pyrene unit was defined to be a classical and

were applied as a fluorescence sensor for various target molecule.

famous fluorophore in the fluorescence sensor field with their exceptional
characteristic such as high quantum yield and excimer formation [51-55]. Pyrene

excimer was expected to enhance the fluorescence. Variety of pyrene derivatives

In 2015, Zang et al. developed the pyrene containing fluorescence sensor

cleavage of the phenylhydrazone group and PET process prohibited.

for hypochlorite detection [56]. The synthesized compound was originally non-
fluorescent because the conjugation of phenylhydra-zone group has a strong
quenching effect on pyrene by PET process. The pyrene derivative displayed turn-
on fluorescence and also colorimetric changed selectively toward hypochlorite in
buffer pH 9.18/ethanol 1:4 v/v as shown in Figure 1.18. This could be a result of

selective oxidation on phenylhydrazone unit by hypochlorite, which lead to the
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Figure 1.18 The spectra of fluorescence and colorimetric change after

increasing of hypochlorite concentration.

Pyrene-based fluorescence sensor containing benzothiazole moiety
was synthesized by group of Tang for the recognition of Zn?* [57]. The turn on
fluorescence significantly occurred after adding of Zn?" in consequence of PET
process was interrupted (Figure 1.19). The detection limit of this compound
was carried out in EtOH-HEPES buffer (65:35, v/v, pH = 7.20) to be 258 nM. Job’s
plot, 'H-NMR and ESI mass spectrometry were used to confirm the binding
configuration between pyrene-based fluorescence and Zn?*. Moreover, real
water samples and bio-imaging in live cells were demonstrated to study their

potential ability to recognize Zn?*.
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Figure 1.19 The fluorescence spectra of PBZ in the presence of various

metal ions in EtOH-HEPES buffer (65:35, v/v, pH = 7.20) at 526 nm.

Recently, pyrene-based fluorescent probe for Al** detection was
reported by Liu and coworkers [58]. This probe bearing 5-((pyren-1-
ylmethylene) amino) isophthalate which proceed photoinduced electron

transfer (PET) process so the compound showed non-fluorescence properties.
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Addition of A** would be cut C=N bond and expressed as the turn on
fluorescence mechanism. Their detection limit was found to be 30.7 nM in DMF

as shown in Figure 1.20.
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Figure 1.20 Selective fluorescence response of PAI under different metal
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jions in DMF.

All of the literatures mentioned above, the fluorescence sensor from indolium
unit would be one of powerful method for cyanide detection. Their selectivity
expected to be consistent toward cyanide by using indolium as a receptor and their
sensitivity would be adjusted and improved through the varying of three outstanding

fluorophores.

1.5 Objectives of this research

Here in, three indolium-fluorophore conjugates (INJ, INT, INP) (Figure 1.21) were
developed in the objective to utilize as a fluorescence sensor for cyanide ion
detection. Designed compounds contain indolium moiety as a recognition unit for
cyanide and julolidine, triphenylamine, and pyrene are served as sensing unit. The
different fluorophores are varying in expected to observe and comparison on their
photophysical properties and cyanide detection performance in aqueous systems.
Water samples from four different sources would be investigated for cyanide in real
sample detection. Moreover, the preliminary result of the on-site analysis is also

validated.



Figure 1.21 Target molecules.
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CHAPTER II
EXPERIMENTAL

2.1 Reagents and materials

All reagents were purchased from Merck and Sigma-Aldrich. For most reactions,
solvents such as methylene chloride (CH,Cl,) and methanol (MeOH) were reagent
grade stored over molecular sieves. Solvents used for extraction and chromatography
such as CH,Cl,, hexane, EtOAc and MeOH were commercial grade. Column
chromatography was operated using Merck silica gel 60 (70-230 mesh) and Sigma
Aldrich Sephadex G-25. Thin layer chromatography (TLC) was performed on silica gel
plates (Merck F245). Milli-Q water was used in all experiments unless specified
otherwise. The stock solutions of the 3 compounds, (E)-2-(2-(1,2,3,5,6,7-
hexahydropyrido[3,2,1-ijlquinolin-9-yOvinyl)-1,3,3-trimethyl-3H-indol-1-ium (INJ), (E)-2-
(4-(diphenylamino)styryl)-1,3,3-trimethyl-3H-indol-1-ium (INT) and (E)-1,3,3-trimethyl-2-
(2-(pyren-1-yOvinyl)-3H-indol-1-ium (INP), were prepared at 1 mM and 10 mM in
acetonitrile (CH;CN) that were used as fluorescent probe in photophysical properties

studies.

2.2 Methods

2.2.1 UV-Visible spectroscopy

The stock solutions of indolium-fluorophore conjugates were prepared with a
concentration of 1.0 mM and 10 mM. The UV-Visible absorption spectra of the stock
solutions of indolium-fluorophores conjugates were recorded from 200 to 600 nm at

ambient temperature from a UV-2250 UV-vis spectrophotometer (SHIMADZU).
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2.2.2 Fluorescence spectroscopy

The stock solutions of indolium-fluorophores conjugates were prepared with a
concentration of 1.0 mM and 10.0 mM. The fluorescence spectra of the solutions of
indolium-fluorophores were recorded from 200 to 600 nm at ambient temperature

from a Carry Eclipse fluorescence spectrophotometer (Agilent Technologies).

2.2.3 'H and *C spectroscopy

'H- and >C-NMR spectra were acquired from sample solution in CDCl; and
DMSO-dg on Varian Mercury NMR spectrometer at 400 MHz, Bruker NMR spectrometer
(ADVANCE Il HD/Ascend 400 WB) at 400 MHz and JEOL NMR spectrometer (JNM-
ECZ500R/S1) at 500 MHz for *H-NMR and 150 MHz for *C-NMR.

2.2.4 Mass spectroscopy
High-resolution mass spectra were carried out by MicroTOF-QIl (Bruker
company) with Dionex Ultimate (Thermo). Dart-TOF mass spectra were carried out by

Dart-TOF JEOL mass spectrometer (JMS-T100LP)

2.3 Synthesis and characterization

23.1 1,2,3,3-Tetramethyl-3H-indolium iodide

CH;l
/ - 1
i Acetonitrile Ne '©
reflux \
3 hrs.

2,3,3-trimethyl-3H-indole (0.100 g, 0.628 mmol) was dissolved in acetonitrile
(5mL). Methyl iodide (0.19 mL, 3.14 mmol) was added into the flask then refluxed for
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3 hours, pink solid was obtained in 87% vyield after purification by silica gel column
chromatography using gradient hexane/ethyl acetate as an eluent. 'H NMR (500 MHz,
DMSO- D6) & 7.67-7.59 (m, 4H), 4.30 (s, 3H), 3.14 (s, 3H), 1.71 (s, 6H). HRMS m/z: founded
174.12855 (calcd for CyoHigN, ™ 174.1282).

2.3.2 (E)-2(241,2,3,5,6,7-hexahydropyrido[3,2, 1-ijlquinolin-9-yOviny)-1,3,3-trimethyl-
3H-indol-1-ium (INJ)

Ne I@

N Ethanol
Pyridine

reflux

6 hrs.

1,2,3,3-Tetramethyl-3H-indolium iodide (0.100 ¢, 0.332 mmol) and julolidine-1-
carbaldehyde (0.067 g, 0.332 mmol) was mixed and dissolved in ethanol (5mL).
Pyridine (0.04 mL, 0.498 mmol) was gently added into the flask then refluxed for 5
hours. The reaction was cooled down and evaporated then the precipitation was
performed in ethyl acetate/hexane. The crude product was purified by Sephadex G-25
column chromatography using MeOH/CH,Cl, 1: 2 (v/v) as an eluent. Violet solid was
obtained in 93% vyield after purification. 'H NMR (500 MHz, DMSO-D6) 0 8.13 (d, J =
15.4 Hz, 1H), 7.74 - 7.64 (m, 3H), 7.61 (d, J = 7.7 Hz, 1H), 7.51 (td, J = 7.8, 1.2 Hz, 1H),
7.41(t,)J=7.4Hz 1H), 7.06 (d, J = 15.3 Hz, 1H), 3.87 (s, 3H), 3.43 (t, J = 5.8 Hz, 4H), 2.74
(t,J = 6.2 Hz, aH), 1.90 (p, J = 6.4 Hz, 4H), 1.70 (s, 6H). *C NMR (126 MHz, DMSO-D6) &
178.45, 153.92, 149.76, 142.63, 129.13, 127.26, 123.06, 122.14, 113.35, 103.59, 50.76,
50.47, 33.00, 27.36, 27.02, 20.99. HRMS m/z: founded 357.2325 (calcd for CysHaoN, ™
357.2353).
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2.3.3 4-(diphenylamino) benzaldehyde

0 T o0

Triphenylamine (0.200 ¢, 0.816 mmol) was dissolved in flask of

dimethylformamide (4 mL) on ice bath. Phosphorus oxychloride (0.076 mL, 0.816
mmol) was slowly dropped into the flask then stirred for 30 minutes. After that, the
solution was stirred at room temperature until the color of solution become darker.
The mixture was refluxed for 3 hours obtaining the dark brown solution. The mixture
was workup by NaHCOj; resulting yellow solid precipitated out. The crude product was
purified by silica gel column chromatography using gradient hexane/ethyl acetate as
an eluent to give a yield in 71%. 'H NMR (500 MHz, CDCl) 0 9.70 (s, 1H), 7.69 (d, 2H),
7.36 - 7.16 (m, 10H), 7.10 (d, 2H).

2.3.4 (E)-2-(4«(diphenylamino)styryl)-1,3,3-trimethyl-3H-indol-1-ium (INT)

CEN%

Ethauol
Pyridine
reflux
5 hrs.

1,2,3,3-Tetramethyl-3H-indolium iodide (0.100 ¢, 0.332 mmol) and 4-
(diphenylamino) benzaldehyde (0.091 ¢, 0.332 mmol) was mixed and dissolved in
ethanol (5mL). Pyridine (0.04 mL, 0.498 mmol) was gently added into the flask then
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refluxed for 5 hours. The reaction was cooled down and evaporated then the
precipitation was performed in ethyl acetate/hexane. The crude product was purified
by Sephadex G-25 column chromatography using MeOH/CH,Cl, 1: 2 (v/v) as an eluent.
Dark pink solid was obtained in 82% yield after purification. 'H NMR (500 MHz, DMSO-
D6) 8 8.33 (d, J = 16.0 Hz, 1H), 8.08 - 8.02 (m, 2H), 7.86 - 7.75 (m, 2H), 7.65 - 7.50 (m,
2H), 7.48 - 7.36 (m, 6H) 7.31 - 7.19 (m, 6H), 6.91 — 6.77 (m, 2H), 4.03 (s, 3H), 1.75 (s, 6H).
13C NMR (126 MHz, DMSO-D6) O 153.50, 152.86, 145.71, 143.66, 142.46, 133.39, 130.66,
130.61, 129.39, 129.11, 127.00, 126.44, 123.31, 118.97, 115.01, 109.48, 52.08, 34.33,
26.25. DART-TOF-MS m/z: founded 429.6736 (calcd for Cs;HyoN,™: 429.2325).

2.3.5 (E)-1,3,3-trimethyl-2-(2-(pyren-1-ylvinyl)-3H-indol-1-ium (INP)

0

) )
L O e
\ /
—>
Ethanol / I
Pyridine N\@ (C]

reflux
6 hrs.

1,2,3,3-Tetramethyl-3H-indolium iodide (0.100 ¢, 0.332 mmol) and 1-
pyrenecarboxaldehyde (0.076 g, 0.332 mmol) was mix and dissolve in ethanol (5mL).
Pyridine (0.04 mL, 0.498 mmol) was gently added into flask then reflux for 6 hours.
The reaction was to work up and recrystallized. Red solid was obtained in 91% vyield
after purification by column chromatography. *H NMR (500 MHz, DMSO- D6) & 9.31 (d,
J =16.1 Hz, 1H), 9.04 (d, J = 8.4 Hz, 1H), 8.79 (d, J = 9.4 Hz, 1H), 8.56 - 8.38 (m, 5H),
8.34 (d, J = 89 Hz, 1H), 8.21 (t, J = 7.6 Hz, 1H), 8.05 - 7.92 (m, 3H), 7.74 - 7.63 (m, 2H)
4.29 (s, 3H), 1.96 (s, 6H). *C NMR (126 MHz, DMSO-D6) O 182.05, 148.40, 144.06, 142.55,
134.96, 131.39, 131.31, 130.98, 130.66, 130.61, 130.05, 129.65, 128.22, 128.03, 127.91,
127.67, 126.37, 126.15, 124.54, 123.97, 12355, 123.11, 115.88, 115.51, 52.86, 35.37,
26.26. DART-TOF-MS m/z: founded 386.9568 (calcd for CyoHoqN™: 386.1903).
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2.4 Studies of photophysical properties

2.4.1 Molar extinction coefficient (€)

The molar extinction coefficient (€) of each indolium-fluorophore conjugates
were calculated from the UV absorption spectra in acetonitrile at various
concentrations. The absorption intensity at maximum wavelengths of each sample was
plotted against the molar concentrations. The graph had to be fit in linearity. Then,
the slope of graph calculating to be the molar extinction coefficient of each indolium-

fluorophore conjugates according to equation:
A = EbC
A = the absorption intensity.

€ = molar extinction coefficient.
b = pathlength in centimeters.

C = molar concentration.

2.4.2 Relative quantum yield

Fluorescence quantum yield (DF) of INJ, INT and INP were carried out by using
quinine sulfate in 0.1 M H,SOq (DF = 0.54) as the standard reference. The UV-visible
absorption spectra of the samples and reference were recorded under the condition
that the maximum absorbance of all samples should never be above 0.1 at varied
concentrations. The fluorescence emission spectra of the same samples were recorded
based on the absorption maximum wavelength of each compound. The obtained data
were plotted against the absorbance at the respective excitation wavelengths. The
graph had to be fit in linearity with 1 interception. Additionally, the fluorescence

quantum yield (DF) was calculated following this equation.
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Gradx ) nz

Ox = CDst(
Gradst/ \nZ%

D, = the fluorescence quantum yield of standard reference.

D, = the fluorescence quantum yield of sample.

Gradst = the gradient from the plot of integrated fluorescence intensity vs

absorbance of standard reference.

Grady = the gradient from the plot of integrated fluorescence intensity vs absorbance

of sample.
T],ZC = the refractive index of standard reference.

U?t = the refractive index of the solvent.

2.5 Studies of selectivity and sensitivity
The stock solutions of INJ, INT and INP were prepared in CH;CN and the stock
solution of metal ions were prepared in Milli-Q water. They were diluted to a desired

concentration before use in further analysis.

2.5.1 Anions selectivity

The stock solutions of 11 anions were prepared at 10 mM in Milli-Q water by
dissolving the commercial salts; NaCN, NaF, NaCl, NaBr, Nal, Na,SO,4, Na,SOs, Na,COs,
NaszPQOg4, NaNOs, Na,S,0s.
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2.5.2 Anions interference
The interference effect of other anions on the detection of CN”was studied by
adding the competing anions (10 eq higher than CN’) into the solution of indolium

fluorophore conjugates in the presence of CN".

2.5.3 UV-Vis and fluorescence titration and Detection limit

Various concentrations of CN™ were titrated into the solution of INJ, INT and
INP. The final volume was adjusted to 1 mL by adding HEPES Buffer pH 8.0. UV
absorbance were recorded from 0 nm to 800 nm at room temperature. On the other
hands, the fluorescent intensities were recorded from 300 nm to 700 nm at room
temperature using an excitation wavelength. The limit of detections (LOD) of 3
indolium fluorophore conjugates were calculated by plotting of the absorbance and
fluorescence intensity of indolium fluorophore conjugates with concentrations of CN".

The detection limit was calculated by the following equation:

36
Detection limit = —
m

O = the standard deviation of the standard deviation (S.D) of ten independent

measurements of a blank.

m = the slope between fluorescence intensity vs. concentrations of sample.

2.6 Studies of sensing mechanism
2.6.1 Time dependent
The fluorescence intensities of INJ, INT and INP was collected after addition of

CN" in every 5 minutes for 50 minutes.
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2.6.2 'H-NMR experiment
The indolium fluorophore conjugates INT was dissolved in DMSO-d6 and the
NaCN was also dissolved in DMSO-d6. The 'H-NMR spectra of INT with 0, 0.5 and 1

equiv of CN™ were investigated.

2.6.3 Job’s plot

The concentration of three indolium fluorophore conjugates and CN™ were
prepared at 10 KUM. The mole fraction (X) of each indolium fluorophore conjugates
were varied from 0.1 to 1.0 in this experiment. The stoichiometry of indolium
fluorophore conjugates and cyanide adduct was obtained by plotting of the
fluorescence intensity of indolium fluorophore conjugate’s mole fraction with the

mole fraction of CN°

2.7 Application of cyanide detection
2.7.1 Cyanide quantitative analysis in real water samples

To investigated cyanide in real water samples, four water samples from four
different sources; tab, pond, drinking and sea water, were studied by spiking the two
difference of cyanide concentration to each water sample. The recovery in percentage

was calculated from the calibration curve.

2.7.2 Cyanide detection on paper-based support

Indolium fluorophore conjugates INJ and INT were prepared in acetonitrile,
then dropped 10 pL onto the paper-based support, exposed to the air until it
completely dried. Various concentrations of CN” were dropped 10 pL onto the paper-

based support then observation under UV lamp.
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CHAPTER Il
RESULT AND DISCUSSION

3.1 Synthesis and characterization of indolium-fluorophore conjugates (INJ, INT,
INP)

The synthesis of indolium fluorophore conjugates starts with N-methylation on
2,3,3-trimethyl-3H-indole to obtain the 1,2,3,3-Tetramethyl-3H-indolium iodide
according to the procedure [25], the product obtained as a pink solid in a good yield
(82%). In the case of 4-(diphenylamino) benzaldehyde preparation, the reaction
proceeded smoothly followed by Lee and coworkers [59], the desired product was
obtained in 71% after purification by silica gel column chromatography using gradient
ethyl acetate/hexane as an eluent. Then, the condensation reaction between
indolium moiety and aldehyde of three fluorophores; julolidine, triphenylamine, and
pyrene, was performed in the presence of pyridine refluxing in ethanol for 5-6 hours
providing the designed molecules; INJ, INT and INP respectively in an excellent yield
(83-93%) after purification by Sephadex column chromatography (Scheme 3.1). The

target molecules were characterized by "H-NMR, ">C-NMR, and mass spectrometry.

Pyridine Ar
P D /
EtOH
Ar H /

Nglo Reflux Ne | ©

INJ (Ar = 1-julolidiny); 92%
INT (Ar = 4-(diphenylamino)-phenyl); 83%
INP (Ar = 1-pyrenyl); 91%

Scheme 3.1 Synthetic route of indolium fluorophore conjugates INJ, INT and INP.

For 'H-NMR characterization, "H-NMR spectra of three target compounds INJ,
INT and INP which were obtained from the condensation reaction between indolium

unit and corresponding aldehydes were shown in Figure 3.1. The peak pattern of three
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compounds on the non-aromatic region was quite similar which belonging to all
methyl groups on indolium unit and also non-aromatic H of julolidine on INJ. The
characteristic peaks of H,, and Hq confirmed the presence of the Tt-conjugation system
since they were involved in the aromatic region. The doublet peaks of Hy, settled on
the farthest downfield was the deshielding effect from a positive charge on indolium’s

nitrogen atom. *C-NMR were also collected as shown in Figure A.4, A.8, A.11.

Moreover, the molecular weights of INJ, INT and INP were confirmed by using
a mass spectrometer (m/z = 357.23, 429.23 and 386.19 respectively) as shown in the
appendix (Figure A.5, A.9 and A.12)

g thC

Ui

o 0 j.c el
i q g,0,m

M N

12.0 115 11.0 105 100 95 90 85 80 75 7.0 65 60 55 50 45 40 35 3.0 25 20 15 1
f1 (ppm)

Figure 22 'H-NMR of INJ, INT and INP in DMSO-d6.
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3.2 Photophysical properties

Absorption and emission spectra of three indolium derivatives; INJ, INT and
INP, were recorded in acetonitrile showing as the bold line spectra in Figure 3.2. The
synthesized indolium fluorophore conjugates exhibited absorption in the range of
visible light resulting in three different colors of their solutions. The maximum
absorption wavelengths were 594 nm, 530 nm and 495 nm for INJ, INT and INP
respectively. INP showed the molar extinction coefficients at 20400 M™ cm™. While,
INJ and INT are displayed the higher of molar extinction coefficients around 55000-
55400 M cm™. In the case of fluorescence emission, fluorescence spectra of three
synthesized indolium fluorophore conjugates displayed in dash line. The maximum
emission wavelengths for derivatives INJ, INT and INP were observed at 612 nm, 567
and 625 nm, and 620 nm respectively. Interestingly, all of the synthesized molecules
originally showed very low fluorescence intensity with the fluorescence quantum yield
(DF) in MilliQ water obtained from a comparative method using quinine sulfate in 0.1

M H,SO, (PF = 0.56) which were lower than 0.001.
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Figure 23 Normalized absorption and emission spectra of INJ, INT and INP in

acetonitrile (10 uM).

Table 3.1 Photophysical properties of target molecules

Compounds Absorption Emission
A £ J - (]
INJ 594 55000 612 <0.001
INT 530 55400 567, 625 <0.001
INP 495 20400 620 <0.001

3.3 Anions screening

Since the indolium moiety was expected to be a cyanide detector unit, the

preliminary anions screening test of three indolium fluorophore conjugates (INJ, INT,

and INP) were performed in acetonitrile. 11 anions; CN", SO,%, SO5%, F, Br, CU, I', CO5*

, NOs, PO43’ and 52032’, were mixed with each indolium fluorophore conjugates

resulting the ratiometric and fluorescence change as shown in Figure 3.3. There was

obliviously seen that all of the synthesized compounds expressed a strong selectivity
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toward cyanide ion on both colorimetric and fluorescence measurements. The
colorimetric change could be observed by naked eye as a fading of solution color from
violet, pink and orange into colorless. In the same way, the blueish fluorescence was
discovered in all indolium fluorophore conjugates under uv light. This result was
expected to be a consequence from the nucleophilic addition of CN™ onto indolium
part leading to the 7T-conjugation interruption. Their selectivity toward anions on

colorimetric and fluorescence mode will be further evaluated by spectrometer.

INJ +CN- +SO +S0O;* +F- +Br +CI' +I' +CO;>+NOy +PO& +S,0:*

‘White
light

Under
uv

INT +CN- +SO.* +SO;* +F- +Br +ClI' +I' +CO;*+NOjy +PO/> +S,0;>

White
light

Under

‘White
light

Under
uv

Figure 24 Fluorescence selectivity screening of INJ, INT and INP toward 11 types

of anions in acetonitrile.

3.4 Optimization condition

To explore the desirable working media for synthesized indolium fluorophore
conjugates, seven solvents; DMSO, DMF, THF, MeCN, EtOH, MeOH and H,O were
evaluated for preliminary of cyanide detection on INJ. Interestingly, most of polar
organic solvents such as DMSO, DMF, THF and MeCN contributed the strong
fluorescence signal while, water provided the lowest fluorescence intensity. The effect
of solvent on the fluorescence signal of indolium derivatives was further studied by

varying the percentage of H,O in the acetonitrile solvent system. The result revealed
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that fluorescence intensities gradually decreased upon water content in acetonitrile
increased as shown in Figure 3.4b. There was almost no any fluorescence signal when
the water was abandoned in the system more than 70%. There was a possibility that
the adduct of INJ and CN’ via nucleophilic addition could be less soluble in water
since the attacking of cyanide onto INJ led to the positive charge withdrawal in the

indolium unit [60-62].

(a)

— Acetonitrile

——DMSO

8

——DMF
——THF

g

——Methanol

Relative fluorescence intensity

g

~—Ethanol

568 ~——Water

550 600
Wavelength (nm)

(b) —1%H20
] ——10%H20
——20%H20
30%H20
40%H20
———60%H20
e 70%H20
——80%H20
90%H20
——99%H20

Relative fluorescence intensity

300 350 400 450 500 550 600
Wavelength (nm)

Figure 25 (a) Fluorescence spectra of INJ after the addition of CN" in various
solvents (b) Fluorescence spectra of INJ after the addition of CN™ in various

percentages of H,O in acetonitrile.

Considering that cyanide was the abandon ion which was generally found in

water, the surfactant was investigated in attempt to improve the solubility of indolium
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fluorophore conjugate-cyanide adduct. The evaluation of Triton-x utilizing in aqueous
media on INJ was carried out (Figure 3.5a). As expectation, the presence of Triton X-
100 in analysis system increased the fluorescence signals gradually, in particular, the
existing of 200 uM Triton X-100 in aqueous media gave the highest fluorescence signals.
This could be the result of the critical micelle concentration of Triton X-100 that
settled around 0.22 mM making a good working condition. Moreover, pH also has an
effect on cyanide detection of indolium fluorophore conjugates. Validation of pH
indicated that there were no any fluorescence signals when the detection was
performed in the strong acidic aqueous system due to, the CN™ could be protonated
to HCN resulting in lack of nucleophile [63]. While, the fluorescence slightly showed
up at pH 5.0 then raised significantly upon the pH increasing. To prepare indolium
fluorophore conjugates sensor that could be applied in a wild range of applications,
HEPES buffer pH 8.0 in the presence of 200 uM Triton X-100 was selected for further

investigation.
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Figure 26 (a) Fluorescence intensity plot of INJ (10 uM) in MilliQ water in the
presence of Triton X-100 at various concentration, with CN™ (10 uM) and (b)
Fluorescence intensity plot of INJ (10 uM) in aqueous buffer solution at various pHs,

with and CN™ (10 uM).

Based on the sensing mechanism which was expected to be a reaction mode
between indolium fluorophore conjugates and cyanide, the effect of mixing time was
validated. The fluorescence intensities were collected in every 5 minutes starting from
0 to 50 minutes (Figure 3.6). As a result, the reaction of INJ and INP with cyanide was
saturated after 15 minutes while INT took the longer time to react at around 40

minutes. This could be a result of the less rigidity of triphenyl group in INT which could
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settle in the unfacilitated direction to upcoming cyanide. Therefore, the further

investigations will be observed after their saturated times.
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Figure 27 Sensing time observation on fluorescence intensity of INJ, INT and INP

monitoring in HEPES buffer pH 8.0 in the presence of 200 uM Triton X-100 with 10
UM of CN™

3.5 Selectivity toward cyanide
The selectivity of indolium fluorophore conjugates in colorimetric mode was
accomplished by using INJ, INT and INP mixing with 11 different types of anions.

Passionately, all of the synthesized indolium fluorophore conjugates exhibited the
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strong selectivity toward CN™ over other anions in aqueous media as shown in histogram
plotting by (Ay/A)-1 in Figure 3.7a while, other anions gave the bar chart at near zero
value. Observing on absorption spectra, in the same manner to the histogram, other
anions gave an almost identical of peak pattern which displayed on the range of visible
lisht as same as the absorption peak of fluorophore itself as shown in Figure 3.7b-d.
Whereas, CN” was the only ion making the absorbance at 594, 530 and 495 nm in INJ,
INT and INP drastically dropped down and generated the new maximum absorption
on out of the range of visible region. This was the reason behind the color bleaching
of their solution. As a result of nucleophilic addition of cyanide on the electrophilic
carbon of indolium, the conjugation was blocked and internal charge transferred (ICT)

within the molecule was inhibited.
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Figure 28 (a) Colorimetric selectivity of INJ, INT and INP toward 11 types of anions
in HEPES buffer pH 8.0 with 200 uM Triton X-100, (b) Absorbance spectra of INJ with
anions, (c) Absorbance spectra of INT with anions, (d) Absorbance spectra of INP

with anions.

To understand more on their selectivity, the UV-Vis absorption titration of three
indolium derivatives was carried out with various concentrations of CN". In the case of
INJ, the absorbance spectra displayed a decreasing of signal at 495 nm while the peak

around 335 nm gradually raising upon CN addition. The similar pattern was observed
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from INT and INP. The new maximum absorption wavelengths in the range of 300 —

350 nm were selected for excitation of each fluorophore to study the emission

property.
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Figure 29 (a) Absorbance spectra of INJ upon increasing of CN’, (b) Absorbance
spectra of INT upon increasing of CN’, (c) Absorbance spectra of INP upon increasing

of CN".

The selectivity toward cyanide of indolium fluorophore conjugates on
fluorescence mode was explained on the histogram in Figure 3.9a. Results express in
a similar way with the colorimetric mode, all of synthesized derivatives showed
outstanding selectivity against cyanide as a turn-on fluorescence sensor. Whereas, the
addition of other anions could not induce any significant changes of the signals,
cyanide could rise the fluorescence signal which is located around 400-500 nm by
using excitation wavelengths at 335, 345 and 348 nm for INJ, INT and INP respectively.

The fluorescence enhancement was attributed to disappearing of electron acceptor
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after cyanide addition related to the ICT and PET fluorescence quenching processes

[25, 64].
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Figure 30 (a) Fluorescence selectivity of INJ, INT and INP toward 11 types of anions
in HEPES buffer pH 8.0 with 200 uM Triton X-100, (b) Fluorescence spectra of INJ
with anions, (c) Fluorescence spectra of INT with anions, (d) Fluorescence spectra of

INP with anions.

To further demonstrate their selectivity against CN’, these indolium derivatives

were covered by anion interference test (Figure 3.10). Incredibly, based on



41

fluorescence intensity of all synthesized compounds, there is no significant
interference effect from other anions on these derivatives suggesting that synthesized
indolium fluorophore conjugates could be utilized for cyanide detection in real

samples without any interferent.

12

0.8 4
o
= 0.6 4
0.4 4

0.2 4

038 -
=06
04 -

0.2 4

1.2

038
=06 -
04

0.2 A

Figure 310 Interference test for INJ, INT and INP with CN" 10 uM in the presence
of other anions (100 uM) in HEPES buffer pH 8.0 with 200 uM Triton X-100
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3.6 Sensitivity toward cyanide

To study their working range on colorimetric mode and the lowest
concentration that the synthesized probe could detect, the UV-vis absorbance was
observed upon increasing of cyanide concentration. The results revealed that the
absorbance of three indolium fluorophore conjugates on the maximum wavelength
around 400-500 nm decreased continuously during the addition of CN". The calibration
curve was plotted between Ay/A and concentration of CN™ to calculate the limit of
detection (LOD). In the case of INJ, the linearity was taken as R? = 0.9918 and limit of
detection was calculated to be 1.87 uM which indicated a quite good sensitivity
compared to the previous reports of sensor for cyanide detection. On the other hands,
INP gave the moderate sensitivity showing with 3.65 uM of LOD. Interestingly, INT
presented the linear relationship with the highest sensitivity and the limit of detection
was found to be 0.65 uM (Figure 3.11). INJ and INT had a detection limit lower than
the cyanide concentration that guide by WHO (1.9 uM) which supported that these

compounds could be operated in the condition was guided by WHO.
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Figure 32 (a) Absorbance spectra of INJ during increased concentration of CN (b)

Calibration Curve of INJ (c) Absorbance spectra of INT during increased concentration

of CN (d) Calibration Curve of INT (e) Absorbance spectra of INP during increased

concentration of CN™ (f) Calibration Curve of INP

The limit of detection of indolium fluorophore conjugates on fluorescence

mode was also investigated, the fluorescence titration was collected upon cyanide

concentration increasing. The result indicated that fluorescence intensity of INJ, INT

and INP increased continuously when CN™ was added. The detection limit of indolium

fluorophore conjugates on fluorescence mode is lower than the colorimetric which

also indicated the sensitivity of method. For INJ, the detection limit was calculated to
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be 115 nM with the R? = 0.9972. Interestingly, INT still showed the best performance
toward cyanide considering by LOD at 24 nM. In similarly, INP displayed the lowest
sensitivity with their limit of detection as 1180 nM. The calculated limit of detection
from all of synthesized indolium fluorophore conjugates are lower than cyanide
standard guided by FDA (1.2 yM) and WHO (1.9 pM) suggesting that all of indolium
fluorophore conjugates could be operated well in samples that contained the cyanide
content lower than the standard guidance. The performance of indolium fluorophore

conjugates for cyanide detection was summarized in table 3.2
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Table 3.2 Performance of indolium fluorophore conjugates as a cyanide sensor.

Compounds Colorimetric mode Fluorescence mode
Aios (0m)  LOD M) A (hm) A, (hm)  LOD (nM)
INJ 594 1.87 335 403 115
INT 530 0.65 345 412 24

INP 495 2.65 348 491 1180
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3.7 Sensing mechanism
3.7.1 Job’s plot

To evaluate the stoichiometric ratio between indolium fluorophore conjugates
and cyanide, Job’s plot graphs were carried out. The results showed a similar pattern
of graph in all indolium fluorophore conjugates which indicated that 0.5 mole fraction
of synthesized derivatives and cyanide gave the highest fluorescence intensities as
shown in Figure. This graph pattern clarified that the stoichiometric ratio of cyanide

onto each indolium fluorophore conjugate were 1:1.
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Figure 34 (a) Job’s plot from fluorescence intensities of INJ with mole fraction CN-
monitoring at 403 nm, (b) Job’s plot from fluorescence intensities of INT mole
fraction with CN” monitoring at 412 nm and (c) Job’s plot from fluorescence

intensities of INP with CN” monitoring at 491 nm.
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3.7.2 'H-NMR experiment

To examine the structure of indolium fluorophore conjugates and cyanide
adduct and confirm their reaction, INT was chosen for H-NMR experiment. The
observation proceeded by using DMSO-d6 as a solvent on both INT and cyanide at 3
ratios; 1:0, 1:0.5, and 1:1 respectively as shown in Figure 3.14. The significant peaks
shifting was obliviously observed in non-aromatic region. Since the positive charge
disappear after the addition of cyanide, signal of methyl on N atom shifted upfield
from 4.0 to 2.7 ppm. Signal The two methyl groups at the 3-position of indole also
shifted slightly upfield and separated into two peaks since they became two
diastereotopic groups. The removal of positive charge also showed the effect on

proton position H and G, peaks shifted to upfield also observed.
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Figure 35 'H-NMR of INT before and after the addition of CN" 0.5 and 1 equivalent
monitoring in DMSO-d6.
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Moreover, mass spectrometry was used to confirm the molecular mass of INT-

CN adduct. The exact mass of [INT-CN+H*]" was calculation as 456.23 and the data

that discovered by DART-TOF MS was corresponded at 456.71 as shown in Figure 3.15.
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Figure 36 DART-TOF Mass spectrum of INT-CN adduct.

3.8 Utilization of indolium-fluorophore conjugates for cyanide detection

3.8.1 Quantitative analysis of cyanide in real water samples

According to sensitivity toward cyanide of synthesized indolium fluorophore

conjugates, INT was chosen as a fluorescence sensor for quantitative analysis of

cyanide in real water samples. Water from four different sources; tab, pond, drinking,

and sea water were collected and spiked with two difference concentration of cyanide

ion, then diluted with HEPES buffer pH 8.0. The results in Table 3.3 indicated that INT

could effectively detect cyanide ion in real samples with an accuracy, precision and

good recovery.
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Table 3.3 Quantitative analysis of CN™ in four types of water by using INT.

Samples CN’ spiked CN found Recovery (%) R.S.D. (%)
(uM) (uM) n=3
Tab water 1.00 0.99 98.8 4.93
7.00 7.01 100.23 1.62
Pond water 1.00 0.99 99.03 4.62
7.00 7.10 101.46 0.16
Drinking water 1.00 1.02 101.55 1.60
7.00 6.99 99.84 0.83
Sea water 1.00 =04, 106.71 1.95
7.00 7.12 101.69 0.37

3.8.2 Preliminary of paper-based

The paper-based sensor was prepared by pattern wax printed onto filtered
paper, then dried over the hot plate prior used. INJ and INT were chosen for this
experiment. Indolium fluorophore conjugates were dropped onto paper and exposed
to the air until completely dried then followed by dropping of cyanide solution. The
observation under room light reveals the clearly faded of color on the paper when
the cyanide concentration increased as shown in Figure 3.16. Observation under black
lisht also displayed the clear fluorescence on paper. INT responded to CN’ slightly

slower than INJ but presented the stronger fluorescence at lower concentration of CN°
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due to the lower in their limit of detection. These results suggest the synthesized

indolium fluorophore could be applied on paper-based support.

_

SmM 10mM SOmM 100mM INT 0.1mM 0.7mM 1mM 7mM

Figure 37 (a) INJ 10 mM on paper-based support with four different CN’
concentration (10 L each) (b) INT 1 mM on paper-based support with four different
CN™ concentration (10 pL each)

According to Table 3.4, the performance of indolium fluorophore conjugates
INJ, INT and INP in comparison to others CN™ fluorescent sensors in terms of detection
limit on both colorimetric and fluorescence sensing modes. INJ had an acceptable
detection limit and ranked in the one of high sensitivity cyanide probe compared to
the previous work. Remarkably, INT exhibited the excellent sensitivity compared to
others probes with LOD in nanoscale on fluorescence and less than microscale on
colorimetric mode. In comparison to Promchat’s work [25], their synthesized derivative
displayed the higher sensitivity with the lower in detection limit when measuring after
the sonication process. The sonication could increase the solubility more than simple
mixing method bringing the raise in sensitivity. However, this compound showed a
slightly less sensitivity than INT with LOD at 49 uM when observed by using simple

mixing method.



Table 3.4 Comparison sensitivity of CN™ fluorescence sensors.
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Sensors Solvent Sensing mode LOD (uM) Ref.
i . DMSO Colorimetric 0.605 [65]
QLY
: = MeCN/H,0O Colorimetric 0.65 [66]
@ N\O Q ﬁu@—wo,
S
\ﬁI,Q H,O/MeOH Colorimetric 3.6 [67]
oot
N OH Fluorescence 0.5
N
DMSO/Tris — Fluorescence 0.88 [68]
buffer pH
7.0
H,O Fluorescence 0.046 [69]
HEPES pH Colorimetric 1.9 [25]
6.0 with
Triton X-100  Fluorescence  0.00054"
INJ HEPES pH Colorimetric 1.87 This work
8.0 with Fluorescence 0.115
Triton X-100
INT HEPES pH Colorimetric 0.65 This work
8.0 with Fluorescence 0.024
Triton X-100
INP HEPES pH  Colorimetric 2.65 This work
8.0 with Fluorescence 1.18
Triton X-100

After sonication
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CHAPTER IV
CONCLUSIONS

The three indolium fluorophore conjugates (INJ, INT, and INP) were
successfully synthesized in good vyield. As the hypothesis, all of synthesized
compounds displayed the strong selectivity toward cyanide ion in aqueous solution
system without any interference effect. The selectivity could be observed on be
colorimetric and fluorescence measurement. Indolium conjugated with triphenylamine
(INT) exhibit the excellent limit of detection at 24 nM on fluorescence mode and 0.65
UM on colorimetric mode which are more sensitive in comparison to the most of
cyanide fluorescent probes over previous decade. Their sensing mechanism undergo
nucleophilic addition onto indolium receptor unit which was confirmed by "H-NMR and
BC-NMR experiment, Job’s plot and mass spectrometry. Importantly, INT can be
utilized for analysis of cyanide in real water samples with a good recovery and
precision. Moreover, paper-based sensor for on-site cyanide detection was developed

successfully.
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