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# # 5373931023 : MAJOR PETROCHEMISTRY

KEYWORDS: FLUORESCENCE SENSORS / CALIX[4JARENE-BASED FLUORESCENT SENSOR / HYDRAZIDE

SENSORS
KANOKTHORN BOONKITPATARAKUL: PHENYLETHYNYLENE CALIX[4JARENES AS FLUORESCENCE
SENSORS FOR NITROAROMATIC COMPOUNDS. ADVISOR: PROF. MONGKOL SUKWATTANASINITT,
Ph.D., CO-ADVISOR: NAKORN NIAMNONT, Ph.D.{, 97 pp.

This research deals with two novel fluorescent sensor series: the first series are calix[d]arene
derivatives for TNT detection (part A) and the second series are salicylidenehydrazides for AU" detection

(part B).

In part A, the upper-rim of calix(dlarene is modified with phenylacetylene derivatives via
Sonogashira coupling reaction to produce a wider cavity for entrapping TNT, which is highly explosives
and recognized as a toxic substance. To improve water solubility, hydrophilic groups such as carboxyl,
hydroxyl and amino groups were placed on the modified wider rim (BAC, SAC and ANC). The modified
calix[4]arene with amino groups on the wider rim (ANC) exhibits highly selective fluorescence quenching
toward TNT compared to the other nitro aromatic compounds in an aqueous medium due to the shape
and hydrophobicity of the modified cavity. In addition, the electron donating amino groups on the
phenyl ring on ANC enhances the sensitivity toward TNT comparing with BAC and SAC. The Stern-Volmer
fluorescence quenching constant of TNT is 1.09 x 10" M with limit of detection limit of 0.3 MM. The
paper-based sensor ANC was also fabricated for a visual on-site detection of trace residues of TNT and

its vapor.

Part B, a series of N-salicylidenehydrazide derivatives has been developed for selective turn-
on detection of A’ cation in aqueous media with large stroke shifts with three emissive colors,
attributing to chelation-enhanced fluorescence (CHEF) effects which inhibit the non-radiative PET and
ESIPT processes. Furan-2-carbohydrazide (F2) was chosen as a core structure for further design in shifting
the blue emission to a longer wavelength. The addition of the second hydroxyl sroup at the para-
position of a phenol (F3) and the additional of second hydrazide group on the phenol ring (F4) resulted
in tuning the emission to longer wavelengths and also enhancing the ligand interaction with A" cation.
The developed Fa-a’ complex integrates many attractive features into a single probe molecule, which
includes emission at long wavelength (601 nm), remarkably large stroke shifts (133 nm) with the low

detection limit of 3.1 nM.

This thesis research was successful in design and synthesis the two novel fluorescent sensor

series for selective detection of TNT (series 1) and AL3+ jon (series 2).

Field of Study: Petrochemistry Student's Signature

Academic Year: 2015 Advisor's Signature

Co-Advisor's Signature
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CHAPTER |
INTRODUCTION

1.1  Fluorescent chemosensors

Nowadays, fluorescent chemosensors play an important role in detection
method in chemical, biological, and environmental fields, including detection of
metal ion, anion, neutral molecules and biomolecules. Fluorescent technique has
significant advantages over other methods such as high selectivity, high sensitivity,
short response time, cost-effectiveness in instrumentation, operational simplicity, and
also no destruction of samples. Most of the fluorescent chemosensors are composed
of two main components: one is a receptor unit for selective binding of the analytes,
the other is a fluorophore unit provides the means of signaling this bonding, whether
by fluorescence quenching, enhancement or wavelength shift. The photophysical
signaling mechanisms which controls the response of a fluorophore to analytes
binding include photoinduced electron transfer (PET) [1-7], intramolecular charge
transfer (ICT) [2-7], Forster resonance energy transfer (FRET) [8, 9], excited-state
intramolecular proton transfer (ESIPT) [10, 11], Isomerization [12], aggregation-induced
enhancement fluorescence (AIE) [13, 14], aggregation-caused quenching (ACQ), and
excimer/exciplex formation [2-4, 7, 15]. In addition, a chemosensor may be designed
by using more than one sensing mechanism in order to enhance response of signal

transduction.
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Figure 1.1 Changes of fluorescent signal.

1.2 Fluorescence

Fluorescence is the emission of light typically occurring with aromatic
compounds or highly conjugated molecules. The fluorescence processes that occur
between the absorption and emission of light can be usually described by the
Jablonski diagram as shown in Figure 1.2 [16]. Upon the absorption of light energy,
the molecule is excited to excited states (S; or S,) and forms an excited molecule.
The molecule rapidly relaxes to the lowest vibrational level of S; which this process
is called internal conversion. The final process, the molecule returns to ground state
(So) via emission of a longer wavelength photon. The time required to complete this

process takes nano-second.
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Figure 1.2 Simple Jablonski diagram illustrating fluorescent processes.

1.3 Sensing mechanisms

The sensing compounds in this thesis have been designed based on PET and

ESIPT.

- Photoinduced electron transfer (PET)

PET process can occur when receptor or analyte has either its highest occupied
molecular orbital (HOMO) (Donor) or the lowest unoccupied molecular orbital

(LUMO) (acceptor) level between HOMO and LUMO gap of the fluorophore.

In the first case, when an electron of fluorophore is excited to its LUMO level.
A HOMO electron of the donor presumably transfers to the HOMO level of the
excited fluorophore which acts as the electron acceptor. After that, the excited
electron in LUMO level can transfer to the HOMO level of the donor (Figure 1.3, left).
In the latter case, the excited electron in LUMO level of the fluorophore transfer to
the LUMO level of the acceptor before transferring back to the half-filled HOMO
level of the fluorophore (Figure 1.3, right). In this case, the excited fluorophore acts
as the electron donor. The electron transfer process is a non-radiative process which

results in quenching of the fluorescence.
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Figure 1.3 Principal photophysics of PET.

- Excited state intramolecular proton transfer (ESIPT)

The ESIPT process generally associates with the transfer of a proton of a
hydroxyl (or amino) group to a carbonyl oxygen (or imine nitrogen) through a pre-
existing six- or five-membered ring hydrogen bonding configuration [17]. The classic
example of the ESIPT photophysical process was observed for 2-(20-hydroxyphenyl)-
benzoxazole (HBO) as illustrated in Figure. 1.4. After irradiation, the HBO in enol form
(E*) is converted to the excited-state keto form (K*) in the sub picosecond time scale
resulting in significantly red shift emission compared with the absorption and
unusually large Stoke shift. A large Stoke shift is beneficial in fluorescence sensing to

avoid the self-absorption or the inner filter effect.
o
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Figure 1.4 Principal photophysics of ESIPT. Illustrated by 2-(20-hydroxyphenyl)-

benzoxazole (HBO).



1.4 Trinitrotoluene (Part A)

Trinitrotoluene (TNT) is an important nitroaromatic explosive and widely used
as a part of many explosive mixtures partly due to its insensitivity to shock and
friction [18, 19]. Besides TNT is highly explosive; it has also been considered as a
hazardous material causing skin irritation, anemia, and liver cancer [18, 19]. TNT
contamination in environment can occur through the TNT manufacture, the
processing and destruction of bombshell. Amount of TNT in ground water and soil
near munitions plants can be found at least 500 ppb [18]. The US Environmental
Protection Agency (EPA) sets the limit of TNT in drinking water to be 2 ppb [20]. Until
now, there are various techniques for TNT detections available such as
chromatography coupled with mass spectrometry [21], surface-enhanced Raman
spectroscopy [22], amperometry [23], X-ray dispersion [24], cyclic voltammetry [25]
and ion mobility spectrometry [26]. However, these methods suffer from some
obstacles for instance the cumbersome pretreatment of samples, interference from
other compounds, or sophististicated instrumentation [26, 27]. On the other hand,
using fluorescence chemsensors offer significant advantages over other method: high
sensitivity and selectivity, short response time, cost-effectiveness in instrumentation

and also operational simplicity suitable for on-site analysis [28-301.
1.4.1 Sensors for trinitrotoluene and other nitroaromatic compounds (NACs)

One property of nitroaromatics is their strong electron accepting capability due
to substitution of the electron-withdrawing nitro groups on the aromatic ring.
Therefore, the fluorescent sensory materials for NACs detection based mainly on
photoinduced electron transfer (PET) fluorescent quenching process. In particular,
fluorescent conjugated polymers films as good electron donors have been widely
studied for detecting NACs both in solution and vapor phase. These polymers
included poly(phenyleneethynylene) (PPEs) [28, 31-33], poly(p-phenylene vinylenes)
(PPVs) [34, 35] and polymetalloles [26, 36-38]. Some fluorescent polymers for NACs
sensing are shown in Figure 1.5. These conjugated fluorescent polymers can give high
fluorescence quenching sensitivity due to excitonic migration amplifying mechanisms

[39]. Nevertheless, their solid state dense films generally have low permeability for



analyte molecules [40]. Their random and unpredictable conformation of the
polymer chains may also lead to molecular orientation at the film surface unsuitable

for binding analysts.
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Figure 1.5 Some fluorescent polymers for NACs sensing.

Recently, development of single molecules as fluorescent sensors has gain
more attention due to their well define structures, monodispersity, simpler synthesis
and purification allowing better understanding of structure—property relationships [39,
40]. Some examples of literature related to single molecule-based fluorescent

sensors for detecting NACs are as follows:

In 2008, Zyryanov et al. [41] synthesized a series of 1,4-Diarylpentiptycene
derivatives (la-le). Their fluorescence signals were selectively quenched by

nitroaromatic compound such as TNT, DNT and NB in CH,Cl,. The Stern-Volmer



constants were in the range of 1000-3000 M in the case of TNT. To investigate the
ability of the sensor for sensing nitroaromatic vapors, the sensor films were prepared
by casting 1d and 1le, separately, in the glass wells. The fluorescence of 1d and le
films was quenched upon exposure to TNT and DNT vapor in 30 minutes.
Comparison with the standard HTPP film did not change the red fluorescence as

shown in Figure 1.6.

1e &

Before exposure 2,4-DNT

Figure 1.6 (Top) Structures of 1,4-Diarylpentiptycenes 1a-1le. (Bottom) Photograph of
the sensor slide before and after exposure to DNT and TNT in their equilibrium
vapors at 22 °C for 30 min.

In 2012, Kumar et al. [42] synthesized new AIEE-active hetero-oligcophenylene
carbazole derivatives (S2 and S3) as fluorescent probes for the selective detection of

TNT in aqueous media. Compound S2 and S3 themselves exhibited weak emission
(D; = 0.0018 and 0.006) at 363 nm. In 80% H,O/THF, the solutions gave bright

fluorescence, with their quantum efficiency reaching as high as D, = 0.59 and 0.43,
respectively. Upon addition of 10 equiv. TNT, the fluorescence emissions of both
sensors were selectively quenched about 90% (Figure 1.7b) with the limit of
detection (LOD) as low as 30 nM for S2 and 40 nm for S3. The Stern-Volmer
fluorescence quenching constant of aggregates S2 and S3 to TNT are 13.3 x 10” and

10.0 x 10° Mfl, respectively.
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Figure 1.7 (a) Structures of Hetero-oligophenylene carbazole derivatives S2 and S3
(b) selectivity graph of S2 and S3 toward electron deficient compounds. The inset
shows the Stern-Volmer plot of %quenching vs TNT concentration.

In 2012, Park et al. [43] synthesized calix[2]pyreno[2]-pyrrole as fluorescence
chemosensor for nitroaromatic compounds. The fluorescence emissions of the
sensor S4 was sensitively quenched in the presence of nitrobenzene (NB) and 2,4,6-
trinitrotoluene  (TNT) in toluene. The calculated binding constant from the
fluorescence titration was found to be 1.2 x 106 and 1.1 x 106 for NB and TNT,
respectively. These values were large enough to form strong host-anion charge

transfer complex.
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Figure 1.8 (a) Structure of Calix[2]pyreno[2]pyrrole (S4) (b) Fluorescence spectral
changes of receptor S4 upon addition TNT in toluene (Aex = 350 nm).

In 2012, Bhalla et al. [44] designed and synthesized derivative of
pentacenequinone PQ which exhibited aggregation-induced emission enhancement
(AIEE) characteristics in  aqueous media (10% THF/H,O). The fluorescent
nanoaggregate PQ showed selectively quenched toward picric acid (PA, K, 6.9 x 10°
M™) more than TNT (Ky, 4.3 x 10" M™). The higher sensitivity of the aggregates toward
PA than TNT could be explained by the energy transfer of the sensor to PA which



the absorption spectrum of PA overlapped the emission spectrum of the sensor in

the wavelength region of 425-480 nm.
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Figure 1.9 Structure molecular of PQ and the fluorescence titration spectrum of PQ
with PA in THF/H,O 1:9 (v/v).

In 2013, Niamnont et al. [45] synthesized triphenylamine-based fluorophores
containing the electron rich aromatics (pyrene 5 and corannulene 6). Compound 5
showed the high sensitivity and selectivity toward TNT with the Stern-Volmer
constant to be 1.7 x 10° M in CHCLs. The lower sensitivity of the corannulene could

be due to its bowl shape geometry which probably did not well accommodate the

TT-TT interaction with TNT.
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Figure 1.10 (a) Structure of sensors 5 and 6 (b) Histogram plot of the Ksv values of

nine aromatic compounds tested on sensors 5 and 6 in CHCLs.
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In the same year, Kim et al. [46] designed and synthesized BisPy as a TNT
receptor in semi-aqueous media (20% CH;CN/H,0). BisPy showed both monomer
emission band (380, 384 nm) and excimer emission band (481 nm). The addition TNT
decreased the excimer band but increased the monomeric band. These changes
indicated the excimer formation was interfered. This result supported that the two
pyrenyl groups in BisPy can arrange appropriately in the semi-aqueous medium. On

the basis of Job plot, BisPy receptor formed a 1:1 complex between BisPy and TNT.

S T

BisPy BisPy«TNT

Flu

Figure 1.11 Structure molecular of BisPy, AM1 optimized structures of BisPyeTNT and
the fluorescence titration spectrum of BisPy with trinitrotoluene (0-55 equiv.) in
CH5CN/H,0 2:8 (v/v), irradiated at 345 nm.

From the literatures, it can be thus summarized that a highly sensitive
fluorescent chemosensor for TNT sensing should have electron donating groups and
aromatic moieties. However, most of fluorescent compounds have low selectivity
between nitrotoluene and nitrophenol derivatives because both classes are strong
electron acceptors [47]. Moreover, trinitrophenol (TNP) usually appeared to give
higher quenching efficiencies than TNT in most cases because of its high absorptivity
at the excitation wavelength [48]. To increase the selectivity toward TNT, it is

interesting to include a binding site for nitrotoluene moiety. In this work, we selected
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calix[4]arene scaffolds because of its pre-organized three-dimensional structures with

suitable hydrophobic cavity.
1.4.2 Calix[4]arene -based fluorescent sensors

Calix[d4]arene is a macrocycle conposed four phenol rings linked together with
four methylene units in the ring. Calix[4]arene forms three-dimensional cup shape
with hydrophobic cavity. Calix[4]arene has two positions easy to be functionalized
(phenolic hydroxyl groups and p-position), when they are modified appropriately
capable of selectively interact and form specific host—guest complexes with neutral
and ionic molecular guests. Some calix[4]arene-based fluorescent sensors are shown

in Figure 1.12
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Figure 1.12 Some fluorescence sensors base on calix[4]arene.
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1.4.3. Calix[4]arene-based fluorescence sensors for TNT and other nitroaromatic

compounds (NACs).

In 2010, Lee et al. [49] synthesized dipyrenylcalix[4]larene (7) containing two
facing pyreneamide groups. The molecule was used as a fluorescence chemosensor
for nitroaromatic compounds in CHsCN. The highly efficient quenching of TNB and
TNT to the fluorescence emission of the sensor 7 was attributed to TT-TT interaction
between the ftrinitroaromatics, TNB or TNT, and the pyrene moieties in the
fluorophore as shown in Figure 1.12. The detection limit for TNT was determined to

be down to the 1.1 ppb in CH,CN.

£ e :
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Figure 1.13 (a) structure of 7 (b) Crystal structure of complex 7-TNT (c) selectivity
graph of 7 toward electron deficient compounds.

In 2012, Costa et al. [50] prepared a PPE polymer film possessing calix[4]arene
(Calix-p-PPE) moieties attach to the main chain. It was found that the Calix-p-PPE
film showed high sensitivity and quick response time toward DNT and TNT vapors
compared with a model TBP-p-PPE film. Upon exposure TNT vapor 10 second, the
fluorescence quenching efficiency of CALIX-p-PPE is 54%. While, TBP-p-PPE used as

a model showed no more than 20% upon 5 min of exposure.
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TEP-p-PPE Calix-p-PPE

Figure 1.14 Molecular structures of TBP-p-PPE and Calix-p-PPE polymers.

In the same year and the same research group, [Costa et al,, 2012] [51] p-
phenylene ethynylene trimers integrating a non-macrocyclic analog tert-butylphenol
(TBP-PET) and a macrocyclic calix[4]larene receptors (Calix-PET) moieties were
synthesized. On the contrary what was expected, the results showed that the
fluorescence quenching efficiency of the model structure, TBP-PET exhibited higher
sensitivity toward NACs than that of CALIX-PET in both solution and solid state. In
the solution, the Ksv constants of Calix-PET and TBP-PET for TNT in CHCl; were
found to be 1248 and 1693 M ' respectively.

TEP-PET

Caloe-PET

Figure 1.15 Molecular structures of Calix-PET and TBP-PET.

In 2013, Kandpal et al. [52] modified the upper rim of calix[4]larene with
benzimidazole moiety (R) that served as a TNT receptor. The fluorescence emission
of sensor R was high selectively and sensitively quenched toward TNT both in
solution and solid state. In THF solution, the Ksv constant of R for TNT was found to

be 30,000 M respectively.
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Figure 1.16 (a) Structure of benzimidazole-functionalized calix[4]arene receptor (R)
(b) selectivity graph of R toward nitroexplosive compounds and electron deficient
compounds (c) Structures obtained from a 2 ns MD simulation for 1:3 complex of R
with TNT.

In 2014, Cao et al. [53] designed and synthesized a deep electron-rich cavity
tetranaphthylcalix[4]arene which exhibited selectivity toward p-nitrophenol in
acetonitrile. The association constant of C4N4 for p-nitrophenol was determined
using the Benesi-Hildebrand equation and was found to be 10.06 x 10° M ™. The NMR,

AFM, IR, MALDI-TOF mass spectroscopy, and computational calculations revealed the

formation of a host—guest complex driven by Tt-TT stacking interactions.

m-nitrophenol
Picric acid

o-nitrophenol
m-dinitrobenzene
2,6-dinitrotoluene

nitrobenzene

2,4 6-trinitrotoluene

(a) (b)

Figure 1.17 (a) Structure of C4N4 (b) selectivity graph of C4N4 toward nitroexplosive
compounds.

1.4.4 Objectives of this research

The aim of this work has been focused on the synthesis of the fluorescent
arylethynyl calix[4]arenes (BAC, SAC and ANC) and study of photophysical properties

of these compounds for sensing TNT in aqueous media. In our molecular design, the
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upper-rim of calix[4larene is extended with a Tl-conjugated system of
phenylacetylene to produce a wider cavity for entrapping TNT. The sensing study in
high water content media is particularly emphasized here as it is more relevant to
real environmental samples. We hypothesized that the more hydrophilic TNP would
be less likely to be included into the hydrophobic cavity of calix[4]arene in aqueous
medium. To improve water solubility, hydrophilic groups such as carboxyl, hydroxyl
and amino groups were placed on the modified wider rim as shown in Figure 1.18.
The placement of these groups should also provide different electronically push-
pull effects in connection with the electron donating alkoxy groups on the other rim,
the narrow rim.

Hooc HOOC COOH COOH Hooc HOOC —COOH COOH

BAC SAC

Figure 1.18 Target molecules BAC, SAC and ANC
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1.5 Aluminium sensors (Part B)

Aluminum is one of the most abundant metallic elements in the earth’s crust
and it is extensively used in daily life [54, 55]. However, high levels of aluminum ion
(AL%) in human body can cause many severe diseases including Alzheimer’s disease,
dialysis encephalopathy, and Parkinson’s disease [56-61]. The World Health
Organization (WHO) reports that human consume A’ about 3-10 mg/day while the
weekly tolerable intake is 7 mg/kg of the body weight. The WHO also limits A’
concentration in drinking water to 200 pg/L (7.41 uM) [62-64].

Nowadays, there are several analytical techniques available for detecting
aluminum ion such as atomic absorption spectrometry [65], inductively coupled
plasma mass spectrometry (ICP-MS) [66], voltammetry [67, 68], ion selective
membrane [69] etc. However, these techniques are not easily applied for on-site and
real time monitoring of environments and biological systems. In comparison, using
fluorescence chemsensors offer significant advantages over other method as
previously mentioned. Nevertheless, aluminium by itself has strong hydration with
water, resulting in weak coordination with ligand [70-72] that makes the detection of
the A" by a chemosensor in highly aqueous system difficult. To achieve a high and
selective binding, most fluorescent A" sensors contain rather complicated ligand
structures that are difficult to synthesize and poorly soluble in water [73, 74]. It is

thus highly desirable to develop an aqueous soluble AT

sensor that can be easily
synthesized and exhibit high selectivity to detect A" ion in agueous environments
even at minimal concentration. In addition, ability in optical tuning of the probe is
also highly desirable in bioimaging, especially for tuning toward the NIR region to
minimize auto-fluorescence, cytotoxicity and photo damage of living cells [75-78]. A
large stoke shift is also highly desirable in fluorescence sensing technology to avoid
the self-absorption and interference from light source [79]. Thus, rational design of

lisands with high sensitivity/selectivity and ability in spectroscopic tuning are of great

value.

Hydrazides have been extensively used in several re-search fields due to their

facile syntheses, tunable elec-tronic properties and good chelating capability [80].
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Some hydrazide-based fluorescent sensors for selective detection of AU have been

reported herein.

In 2006, Zhao et al. [81] synthesized a two-branched amide-hydroxyquinoline
ligand 8-HQP. This ligand showed a selective fluorescence enhancement to A" ion
in DMSO. The enhancement of fluorescence resulted from the formation of the
intramolecular excimer by the TI-TU* stacking of the two quinoline rings as a
consequence of coordination of two 8-HQP didentate sites to the A’ The
association constant was determined as log K, =5.81. The detection limit was found

to be 1 x 10° M.

Fluorescene Intensity

S X Pt
Wavelength (nm)

8-HQP
(a) (b)

Figure 1.19 (a) The plausible binding mode of complex of [8—HQP—AL3+] (b) Changes in

emission spectra of 8-HQP (25 M) in DMSO with increasing concentration of A
In 2013, Guo et al. [82] synthesized a selective fluorescent sensor for Al3+ jon,
2,2’-bipyridyl-3,3’-bis-(N,N]’disalicylidene)-formyhydrazone (H2L).The sensor showed

l3+

high fluorescence turn-on after binding AU in aqueous solution (HEPES-buffer, pH

k3+

7.4). Upon binding AU, the molecular system formed nearly a planar structure that
generated the chelation-enhanced fluorescence (CHEF) and also reduced the
intramolecular charge transfer (ICT) process in the sensor. The association constant

K, value for the A’ complexation was determined to be 7.8 x 10" M in agueous

solution (HEPES-buffer, pH 7.4) with the limit of detection (LOD) of 0.17 M.
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A Schiff base type isophthaloyl salicylaldehyde hydrazone (ISH) [83] was

None

H2L

Figure 1.20 the mechanism of the sensing of A"

synthesized as a sensor for selectively detecting ACT in 50% MeOH/H,O with a
fluorescence enhancement at wavelengths 455 nm. The fluorescence enhancement

and blue shift from 527 nm to 455 nm could be explained by suppression of C=N

isomerization and the more widespread formation of the 7TT-conjugation system in

ISH. The association constant (K,) for the ISH-AL" complaxation was 1.05 x 10" M by

using the Benesi-Hildebrand equation with the limit of detection (LOD) of 0.77 M.
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Figure 1.21 Fluorescence enhancement mechanism of ISH-AC" complex

Liao et al. [84] synthesized a simple fluorescent turn-on chemosensor methyl
pyrazinylketone benzoyl hydrazone (MPBH) by one-step Schiff base condensation.
MPBH showed a high selectivity toward A" with a turn-on fluorescence
enhancement ratio over 800-fold in ethanol over other metal ions. After chelating
AT ion, the photoinduced electron-transfer (PET) process from the lone pair
electrons of the Schiff base nitrogen atom was suppressed. The detection limit of

MPBH for A" was 10" M level,
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Figure 1.22 the plausible binding mode of MPBH with A"

In 2014, Lee et al. [85] developed a multifunctional hydrazide HJBH as a
fluorescent sensor for AU and colorimetric sensor for CN™ in aqueous solution (in
bis-tris buffer-methanol (999/1, v/v)). Receptor HJBH exhibited an excellent selective

fluorescence enhancement response toward AU" over other metals with the

detection limit to be 0.193 LUM. Moreover, the sensor exhibited excellent detection

ability in a broad range of pH 4-10 and also in living cells.

Isomerization Isomerization inhibited
AI(NO:,)3
HN—
HN—| Buffer solution

bNo2

Non-fluorescent fluorescent enhanced

Figure 1.23 Fluorescent enhancement mechanisms of the g-A’" complex.

Fan et al. [86] synthesized a Schiff-base receptor 7-methoxychromone-3-
carbaldehyde-(pyridylformyl) hydrazone (MCNH). This probe showed an ‘‘off-on-
type’” mode with high sensitivity toward A", The MCNH-AL" complex showed a

significant green fluorescence enhancement with a turn-on ratio over 800-fold at 503

nm in EtOH. The detection limit of MCNH for AL3+ was as low as 0.19 UM.
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Figure 1.24 Fluorescent enhancement mechanisms of the MCNH-AC" complex.

20

Wang et al. [87] reported a very simple N-salicylidenehydrazide (F1) in which

the hydrazide works synergistically with adjacent phenol group to selectively bind

AL?>+

cation in aqueous solution. The free ligand F1 gave very weak green

fluorescence (the emission Kem =485 nm, D = 0.01), due to the PET effect from the

amine and the ESIPT process. Upon addition AT ion, the sensor exhibited bright blue

fluorescence turn-on (441 nm) in aqueous solution, with its quantum efficiency

reaching as high as @ = 0.73 based on suppression of non-radiative pathways. In

addition, the turn-on of the sensor showed excellent selectivity to the Al3+ ion, with

only a slight interference from 7n’",

F1

~ Emission Intensity -

AI3+ Shift the emission to 441 nm

sensor F1 and other ions:
K*, Na’, Ag", Cay, Mgb, ng*
BaZ*, Pb?*, ca?*, Mn?*, Ni%*

Coz‘, Cuz*. Fez’. Cr2+, Fe3+
at 483 nm

an‘
Shift to 473 nm

400 450 500

Wavelength (nm)

550 600

Figure 1.25 Structure of F1 and fluorescent spectra of F1 with 5.0 equiv. of various

metal ions in pure water.



Table 1.1 Summarization of some hydrazide fluorescent chemosensors for A’

detection.
licands Ao Testing LOD D of free | fold of
(nm) media lisand /AU | Vo
complex
ot N 595 DMSO 1 UM ; 50-fold | [81]
7N -
° u”m
HO
o o 455 | 50%MeOH/ | 0.77 | 0.83/0.003 - [83]
N‘,NH HN\"\‘ HZO MM
L, O
§ 506 Ethanol ~0.10 - 800- (84]
N/\H\\N'
v o LM fold
HJCO\@I:J/N i 503 Ethanol | 0.19 | 0.39/0.051 | 800- | [86]
Fow)
N LM fold
ol m/©“ 439 Fthanol | 0.67 . 150- | [88]
©\/Hro ° ppb fold
@ 483 Bis-tris | 0.193 | 0.50/0.035 . [85]
HN—-N
@0 "o buffer UM
N 466 HEPES- 0.17 | 0.016/0.002 - [82]
\
:/ 0 " buffer UM
N/ HNN\HO:
o o 441 H,0 0.5 0.73/0.01 - [87]
oy
o) nM
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From the literatures, it is thus summarized that these hydrazide ligands showed
high sensitivity and sensitivity toward AC* giving remarkably fluorescence turn-on
based on suppression of non-radiative pathways i.e. ESIPT and PET processes. In
addition, some of them were synthesized by a facile one-step Schiff base reaction.
However, most of them gave the emission color in the blue and green region with a

few ligands in the orange.

In 2012, Bo et al. [89] registered a patent about the aluminium complex of
furan-2-carbohydrazide (F2). Their studies revealed that the aluminium complex F2-
AU" was in the enol form (form B) that could be stabilized by delocalization from the

furyl ring which resulted in a limited spectral red-shifted of its photophysical

properties in absorption Moo (by ~17 nm) and Merr, €Mission (by ~24 nm) spectra in

comparison with F1-AC" complex.

F1 (R=-Me) F1-AI™ (Amay = 352 dgm =431 nm |

—

F2 U F2-AP (hmax = 369; Aem = 455nm )

Figure 1.26 Complexation of F1 and F2 with A",

Since the N-salicylidenehydrazide ligands (such as F1 and F2) showed both
good selectivity toward A’ and large spectral response. In this work, we thus choose
F2 as a core structure for further design in shifting the blue emission to a longer

wavelength.
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1.5.1 Objectives of this research

The aim of this work is to develop a ligand series as A" turn-on fluorescent sensors
with large stroke shifts with three emissive colors. The inclusion of an additional
hydroxyl substituent on the phenol ring to raise the HOMO level is exploited in the
molecular design of compounds F3. Addition of the second hydrazide group on the
phenol ring will further extends the TT-conjugation to give F4. We expected the A"
complexes of F3 and F4 to give strong emission with notable red-shift useful for
color tuning of the sensors.

0 0

OH w
MN-NH \
N pH N NH ; 4
HN-N

0

0
F2 F3 F4

Figure 1.27 Target molecules F2-F4.



CHAPTER Il
EXPERIMENT

2.1 Chemicals and materials

N,N-dimethylaniline,  trimethylsilylacetylene,  bis(triphenylphosphine)palla-
dium(ll)dichloride  (PdCl,(PPhs),), sodium thiosulfate, benzyltrimethylammonium
chloride, salicylaldehyde, 2,5-dihydroxybenzaldehyde, hydrazine monohydrate, Ethyl
2-furoate, potassium hydroxide, potassium carbonate, calcium carbonate, and bovine
serum albumin (BSA) were purchased from Fluka (Switzerland). Triphenylamine,
iodine monochloride, copper (1) iodide, 1, 8-diazabicyclo [5.4.0] undec-7-ene (DBU), 4-
iodobenzoiac acid and quinine sulfate were purchased from Aldrich. All other
reagents were non-selectively purchased from Sigma-Aldrich, Fluka or Merck
(Germany). For most reactions, solvents such as dichloromethane and acetonitrile
were reagent grade stored over molecular sieves. In anhydrous reactions, solvents
such as THF and toluene were dried and distilled before use according to the
standard procedures. All column chromatography were operated using Merck silica
gel 60 (70-230 mesh). Thin layer chromatography (TLC) was performed on silica gel
plates (Merck F,45). Solvents used for extraction and chromatography such as
dichloromethane, hexane, ethyl acetate and methanol were commercial grade and
distilled before use while diethyl ether and chloroform were reagent grade. Milli-Q
water was used in all experiments unless specified otherwise. The most reactions

were carried out under positive pressure of N, filled in rubber balloons.
2.2 Analytical instruments

The melting points of all products were acquired from a melting point
apparatus (Electrothermal 9100, Fisher Scientific, USA). Elemental (C, H, N) analyses
were performed on a PE 2400 series Il analyzer (Perkin-Elmer, USA). Mass spectra
were recorded on a Microflex MALDI-TOF mass spectrometer (Bruker Daltonics) using
doubly recrystallized Ol-cyano-4-hydroxy cinnamic acid (CCA) as a matrix. The HRMS

spectra were measured on an electrospray ionization mass spectrometer (microTOF,
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Bruker Daltonics). Fourier transform infrared spectra were acquired on Nicolet 6700
FT-IR spectrometer equipped with a mercury-cadmium telluride (MCT) detector
(Nicolet, USA). "H-NMR and °C-NMR spectra were acquired from sample solution in
CDCls, acetone-dg, CD5CN, CD;OD and DMSO-d, on Varian Mercury NMR spectrometer
(Varian, USA) at 400 MHz and 100 MHz, respectively. The UV-visible absorption
spectra were obtained from a Varian Cary 50 UV-Vis spectrophotometer (Varian, USA)
and the fluorescence emission spectra were recorded on a Varian Cary Eclipse

spectrofluorometer (Varian, USA).
2.3 Synthesis of fluorophores
2.3.1 Synthesis of ANC, BAC and SAC

2.3.1.1 Preparation of p-tert-butyl calix[4]arene

JCJ)\ NaOH (cat)
+

Polymerization

’ b 120°C

reflux
—_—

Cracking Dipheny! ether

Overall 56% yield

First step: polymerisation

Ina 1 L round-bottomed flask equipped with a magnetic stirring bar, a mixture
of p-tert-butylphenol (25.00 g, 0.17 mol), 37% formaldehyde in ethanol (15.50 mL,
0.20 mol) and sodium hydroxide (0.30 ¢ 7.50 mmol) was stirred and heated at 100-
120°C on a heating mantle. The flask was left open to allow the water by-product to
escape from the reaction mixture. The stirring and heating was continued until a
colourless liquid turned into a spongy crispy yellow solid as the water evaporated.
The reaction was then allowed to cool to room temperature. Overheating resulted in

low yield of the desired product in the following step due to the formation of green
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polymeric materials. The small amount of green polymer by-product, if formed, was
disposed and only the yellow part of the precursor was brought to the next step,
cracking. The precursor prepared should be used within one or two days to assure

the high yield of p-tert-butylcalix[4]arene [90].
Second step: cracking

Two batches of the yellow polymer formed in the first step were crushed into
powder. In a 2 L two-necked round-bottomed flask equipped with a magnetic stirring
bar, condenser and a Dean-Stark trap, the precursor from polymerisation process
(25.00 ¢) was stirred in diphenyl ether (250 mL). The reaction flask and the Dean-Stark
side arm were wrapped with a heating jacket and cotton wool in aluminium foil in
order to maintain the temperature. The mixture was refluxed on a heating mantle.
The “pop” sound was produced indicating the removal of water from the reaction.
When the “pop” sound was completely subsided, the reaction was allowed to cool
to room temperature (around 2.5 hours). The pale brown product was precipitated
out by addition of ethyl acetate (400 mL). The product was filtered and washed with
25% acetic acid in ethyl acetate (300 mL) and ethyl acetate (400 mL) yielding a white
solid. The p-tert-butylcalix[4]arene was further purified by crystallisation in toluene

giving a white crystal as a product in 56% yield.

2.3.1.2 Preparation of calix[4]arene

?"’ OH OH OH
Phenol, AICI; )
—_— - -
Dealkyia ton Toluene \If J Q
—
75% yiekd

In a 500 mL round-bottomed flask equipped with a magnetic stirring bar, a
mixture of p-tert -butylcalix[d]arene (13.24 g, 0.02 mol), phenol (9.60 g, 0.10 mol) in
anhydrous toluene (200 mL) was cooled to 0°C in an ice bath. AlCl; (14.00 g, 0.10
mol) was slowly added to the reaction mixture. The reaction mixture was allowed to
warm to room temperature and stirred for 1 hour. HCl (3 M, 100 mL) was added to
the reaction mixture at 0°C and extracted with water (2x30 mL). The organic phase

was separated and dried over anhydrous Na,SO4. The solvent was evaporated under
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reduced pressure until the white solid was precipitated and methanol (100 mL) was
poured into the residue. The product was precipitated out as a white solid. The
precipitate was filtered and washed with cold toluene and methanol. The
calix[4]arene was further purified by crystallization in toluene giving a white solid as a

product in 75 % yield [91].

2.3.1.3 Preparation of 25,26,27,28-tetrapropyloxy-calix[4]arene (1)

Brm e, e, e

NaH (55% in oil, 1.0 g, 25 mmol) was added to a solution containing the
Calix[4]arene 0.656 ¢ (1.54 mmol) in DMF (25 ml) and then n-PrBr 80.8 mmol was
added. The reaction mixture was stirred at room temperature for 5 days. Excess NaH
was decomposed with methanol. The mixture was diluted with water (300 ml) and
extracted with dichloromethane (100 ml x 2). The organic layer was separated and
dried over anhydrous MgSO,. After solvent removal, the crude product was purified
by column chromatography (SiO,, 5% EtOAc in hexanes) to give a white powder of
25,26,27,28-tetrapropyloxy-calix[dlarene (1) [92, 93] (0.692 g, 76 % vyield) "H NMR (400
MHz, CDCls): & (ppm) 6.59 (m, 12H), 4.45 (d, J = 13.3 Hz, 4H), 3.84 (t, J = 7.2 Hz, 8H),
1.92 (g, J = 8 Hz, 8H), 1.56 (s, 4H), 0.99 (t, J = 7.3 Hz, 12H).

2.3.1.4 Preparation of 25,26,27,28-tetrapropyloxy-4-iodocalix[4]arene (2)

=
- D —~
= -r

T T

[ u OP CF CO Ag/ 1

75%

A mixture of 1 (0.11 g, 0.14 mmol), CF;COOAg (0.20 g, 0.91 mmol) and CHCl,

(20 mL) was stirred and refluxed for 15 min and then the temperature was reduced
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to 50-60°C and stirred for another 15 min period. lodine (0.50 g, 1.97 mmol) was
added and the stirring was continued at 50-60°C for 3 hours. The reaction mixture

was allowed to cool to room temperature and filtered over Celite®. The filtrate was
extracted with 20% aqueous NaHSO; (25 mL) and H,O (25 mL). The organic phase
was separated, dried over anhydrous MgSQ,, filtered and evaporated to dryness by
rotary evaporator. The crude product was crystallized from CH,Cl,/CH;OH yielding
the desired product as a white solid of 25,26,27,28-tetrabenzyloxy-4-iodocalix[4]arene
(2) [94] (0.14 g, 75% yield) 'H NMR (400 MHz, CDCLy): & (ppm) 6.99 (s, 8H), 4.29 (d, J =
13.1 Hz, 4H), 3.80 (t, J = 7.3 Hz, 8H), 3.05 (d, J = 13.5, 4H), 1.86 (q, J = 8.0 Hz, 8H), 1.55
(s, 8H), 0.96 (t, J = 7.3 Hz, 12H).

2.3.1.5 Synthesis of 5,11,17,23-Tetrakis-[(4-benzoic methyl ester)ethynyl]-25,26,27,28-

tetra-(n-propoxy)-calix[4larene (3a)

-
10
[®]
Il

PACL,(PPh3),(10 mol %) and Cul (10 mol %) were added to a degassed solution
of 2 (200 mg, 0.182 mmol) in dry triethylamine (40 ml) at rt and stirred for 30 min
before methyl 4-ethynylbenzoate (175 mg, 1.1 mmol) was added. The mixture was
stirred under nitrogen at rt for 48 h. After solvent removal, the residue was diluted
with water (300 ml) and extracted with ethylacetate (100 ml x 3). The organic layer
was separated and dried over anhydrous MgSQq, filtered and evaporated. The crude
product was purified by column chromatography (SiO,, 10% CH,Cl, in hexanes) to
give a white powder of 3a (80.6 mg, 36 % yield) "H NMR (400 MHz): & (ppm) 7.79 (d, J
= 8.2 Hz, 8H), 7.41 (d, J = 8.1 Hz, 8H), 6.95 (s, 8H), 4.44 (d, J = 13.4 Hz, 4H), 3.94-3.74
(m, 20H), 3.19 (d, J = 13.4 Hz, 4H), 1.98-1.88 (m, 8H), 1.00 (t, J = 7.4 Hz, 12H). "C NMR
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(100 MHz): & (ppm) 166.68, 157.54, 135.06, 132.22, 131.34, 129.39, 128.96, 128.37,
116.67, 93.06, 87.80, 77.22, 5222, 31.00, 23.36, 10.42. HRMS m/z Calcd for
CeoH7,NaO,, [M + Nal : 1247.4921 Found: 1247.4970.

2.3.1.5 Synthesis of 5,11,17,23-Tetrakis-[(4-methy!l salicylate)ethynyl]-
25,26,27,28-tetra-(n-propoxy)-calix[4]larene (3b)

}J 11

PACL,(PPh3),(10 mol %) and Cul (10 mol %) were added to a degassed solution of 2
(200 mg, 0.182 mmol) in dry triethylamine (40 ml) at rt and stirred for 30 min before
4-ethynyl-2-hydroxybenzoate (194 mg, 1.1 mmol) was added. The mixture was
stirred under nitrogen at rt for 48 h. After solvent removal, the residue was diluted
with water (300 ml) and extracted with ethylacetate (100 ml x 3). The organic layer
was separated and dried over anhydrous MgSQq, filtered and evaporated. The crude
product was purified by column chromatography (SiO,, 10% CH,Cl, in hexanes) to
give a white powder of 3b (107.6 mg, 46 % yield) "H NMR (400 MHz): & (ppm) 10.60
(s, 4H), 7.61 (d, J = 8.1 Hz, 4H), 7.05-6.84 (m, 16), 4.44 (d, J = 13.4 Hz, 8H), 3.92 (s, 12
H), 3.89 (t, J = 7.5 Hz, 8H), 3.18 (d, J = 13.5 Hz, 4H), 1.99-1.84 (m, 8H), 1.00 (t, J = 7.2
Hz, 12H). 1BC NMR (100 MHz): & (ppm) 170.34, 161.16, 157.61, 135.07, 132.30, 131.07,
129.56, 122.51, 119.96, 116.58, 111.47, 93.25, 87.70, 77.16, 52.33, 30.97, 23.35, 10.41.
HRMS m/z Calcd for CgoH7,NaOq6 [M + Na]+: 1311.4718 Found: 1311.4684.
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2.3.1.6 Synthesis of 5,11,17,23-Tetrakis-[(4-N,N-dimethylaminopheny!)
ethynyl]-25,26,27,28-tetra-(n-propoxy)-calix[4]arene (ANC)

Pacl (PPh
oCl (PPh ;
< 2 <
:’ ; u
NEt 48 h

jf ”Ll |

PACL,(PPh3),(10 mol %) and Cul (10 mol %) were added to a degassed solution
of 2 (200 mg, 0.182 mmol) in dry triethylamine (40 ml) at rt and stirred for 30 min
before d-ethynyl-N,N-dimethylaniline (160 mg, 1.1 mmol) was added. The mixture
was stirred under nitrogen at rt for 48 h. After solvent removal, the residue was
diluted with water (300 ml) and extracted with ethylacetate (100 ml x 3). The
organic layer was separated and dried over anhydrous MgSQ,, filtered and
evaporated. The crude product was purified by column chromatography (SiO,, 10%
CH,CL, in hexanes) to give a white powder of ANC (107.6 mg, 46 % yield) "H NMR (400
MHz): & (ppm) 7.31 (d, J = 8.3 Hz, 8H), 6.49 (d, J = 8.6 Hz, 8H), 4.40 (d, J = 13.2 Hz,
4H), 3.86 (t, J = 7.5 Hz, 8H), 3.14 (d, J = 13.0 Hz, 4H), 2.92 (s, 24H), 1.93 (m, 8 Hz, 8H),
0.99 (t, J = 7.3 Hz, 12H). 13C NMR (100 MHz): & (ppm) 156.42, 149.73, 134.66, 132.82,
131.73, 118.03, 111.94, 111.28, 89.09, 87.85, 77.06, 40.36, 31.00, 23.32, 10.45. HRMS
m/z Calcd for CgoHgsNgNaO, [M + Na]+: 1187.6390 Found: 1187.6392.
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2.3.1.7 Preparation of 5,11,17,23-Tetrakis-[(4-benzoic)ethynyl]-25,26,27,28-
tetra-(n-propoxy)-calix[4]arene (BAC)

_— e Y e N e
LY =00 ¢ CODMe
el VAL AL UAUNS

A mixture of 3a (80 mg, 0.065 mmol) in THF (10 mL) and methanol (10 mL)
was added with saturated KOH aqueous solution (0.5 mL) and the mixture was stirred
at room temperature. After 24 h the solution was evaporated and the residue was
dissolved in water (10 mL) and was added 1M HCl cool in ice-bath. The solution in
suspension was centrifuge to afford BAC as a white solid (42 mg, 55% vyield). 'H NMR
(400 MHz, CD50OD): & (ppm) 7.74 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 7.5 Hz, 2H), 6.93 (s,
2H), 4.47 (d, J = 13.2 Hz, 4H), 3.93 (m, 2H), 3.24 (d, J = 13.2 Hz, 4H), 2.00-1.91 (m, 8H),
1.03 (t, J = 7.4 Hz, 12H). C NMR (100 MHz, (CD5),CO): d (ppm) 167.13, 158.35, 136.12,
132.83, 131.86, 130.80, 130.33, 128.68, 117.43, 93.42, 88.16, 77.94, 31.23, 23.98, 10.57.

HRMS m/z Calcd for C74HgaO1p IM - H] : 1167.4325 Found: 1167.4302.

2.3.1.8 Preparation of 5,11,17,23-Tetrakis-[(4-salicylate)ethynyl]-25,26,27,28-
tetra-(n-propoxy)-calix[4]arene (SAC)
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A mixture of 3b (98 mg, 0.08 mmol) in THF (10 mL) and methanol (10 mL) was
added with saturated KOH aqueous solution (0.5 mL) and the mixture was stirred at
room temperature After 24 h the solution was evaporated and the residue was
dissolved in water (10 mL) and was added 1M HCl cool in ice-bath. The solution in
suspension was centrifuge to afford SAC as a white solid (67 mg, 72% yield). 'H NMR
(400 MHz, CD;0D): & (ppm) 7.58 (d, J = 8.4 Hz, 4H), 6.91(bs, 2H), 6.80 (bs, 2H), 4.45 (d,
J =13.6 Hz, 4H), 3.91 (m, 8H), 3.22 (d, J = 13.5 Hz, 4H), 1.93 (dd, J = 14.7, 7.5 Hz, 8H),
1.01 (t, J = 7.6 Hz, 13H). "C NMR (100 MHz, CD,OD): & (ppm) 170.34, 161.16, 157.61,
135.07, 132.30, 131.07, 129.56, 122.51, 119.96, 116.58, 111.47, 93.25, 87.70, 52.33,
30.97, 23.35, 10.41. HRMS m/z Calcd for CrgHeOre M - 2HI" @ 615.2019 Found:
615.2038

2.3.2 Synthesis of F2-F4

2.3.2.1 Preparation of 2-furoic hydrazide

o 0 EtOH o 9
OEt reflux NHNH,
55%

Ethyl 2-furoate 1.0 g was dissolved in EtOH (10.0 mL) and then the solution was
added with hydrazine monohydrate 1 mL (excess). The mixture was refluxed for 6
hours. After that the resulting mixture was cooled to room temperature. After
solvent removal, the crude product was purified by column chromatography (SiO,,

5%EtOAC in hexanes) to give a white solid of 2-furoic hydrazide (55% vyield)

2.3.2.2 Synthesis of F2

OH ‘ %
[ . cHo _EOH NN\
NHNH, reflux

F2
84%
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Salicylaldehyde (122 mg, 1.0 mmol) and 2-furoic hydrazide (130 mg, 1.05
mmol) were dissolved in EtOH (5 mL) and the mixture was heated to reflux for 3
hours. The resulting mixture was cooled down and the precipitate was collected by
simple filtration to afford compound in 84 % as needle-like white crystal. 'H NMR
(400 MHz, DMSO): O (ppm) 12.11 (1H, s), 11.15 (1H, s), 8.64 (1H, s), 7.97 (1H, s), 7.54
(1H, d, J = 7.4 Hz), 7.34-7.25 (2H, m), 6.95-6.89 (2H, m), 6.72 (1H, dd, J = 3.5, 1.7 Hz)
ppm. 13C NMR (400 MHz, DMSO): 157.3, 153.9, 148.2, 146.0, 131.4, 129.3, 119.3, 118.7,
116.4, 115.2 and 112.1 ppm.

2.3.2.3 Synthesis of F3

OH © O
o, 0 oH  S—( 1
W . CcHo _ EOH NN \
NHNH, reflux

F3
76%

2,5-dihydroxybenzaldehyde [95] (138 mg, 1.0 mmol)and 2-furoic hydrazide (130
mg, 1.05 mmol) were dissolved in EtOH (5 mL) and the mixture was heated to reflux
for 3 hours. The resulting mixture was cooled down and the precipitate was
collected by simple filtration to afford compound in 76 % as a pale yellow solid. "H
NMR (400 MHz, DMSO): © (ppm) 11.99 (1H, s), 10.26 (1H, s), 8.98 (1H, s), 8.57 (1H, s),
7.96 (1H, s), 7.30 (1H, s), 6.97 (1H, s) and 6.75-6.70 (3H, m) ppm. C NMR (400 MHz,
DMSO): 153.9, 150.1, 149.9, 147.6, 146.4, 1459, 1189, 117.1, 115.0, 113.7 and 112.1
ppm. HRMS Cal. Ci,H;;N,0,4 247.0719: found M+H" 247.0635; C;,H;oN,NaO, 269.0538:
found M+Na" 269.0179.

2.3.2.4 Synthesis of F4

OH OH |
o 0 Py
W B CHO ‘& /_@JN NH
NHNH, — NG
OHC reflux MN N
OH



34

2,5-dihydroxyterephtaldehyde (166 mg, 1.0 mmol) and 2-furoic hydrazide (255
mg, 2.05 mmol) were dissolved in EtOH (5 mL) and the mixture was heated to reflux
for 3 hours. The resulting mixture was cooled down and the precipitate was
collected by simple filtration to afford compound in 73 % as a yellow solid. "H NMR
(500 MHz, DMSO): O (ppm) 12.06 (1H, s), 10.25 (1H, s), 8.62 (1H, s), 7.94 (1H, s), 7.33
(1H, s), 7.22 (1H, s) and 6.72 (1H, s) ppm. C NMR (500 MHz, DMSO): 154.5, 150.2,
146.8, 146.5, 146.3, 122.6, 115.6, 114.5 and 112.6 ppm. HRMS Cal. CygHisNOg
383.0986: found M+H" 383.1396; M+Na' C,5H,sN,O4Na Cal. 405.0811, found 405.1244.

2.4 Photophysical property study
2.4.1 UV-Visible spectroscopy

The stock solutions of BAC, SAC, ANC (0.1 mM) in THF and F1-F3 (10 mM) in
DMSO were prepared. The absorption spectra of all fluorophores were recorded from

250 nm to 600 nm at ambient temperature.
2.4.1.1. Molar Absorption Coefficients (&)

Molar Absorption Coefficients (€) of all fluorophores were estimated from UV
absorption spectra of analytical samples in THF for the sensors base on calix[4]arene

derivatives and in DMSO for the hydrazide sensors at various concentrations. The

intensities at absorption maximum wavelength (Ama) Of each compound were

plotted against the concentrations. Each plot should be a straight line goes through

origin. Molar Absorption Coefficients (€) can be obtained from plotting of maximum

absorption (A) vs concentration (C) represented into the following equation:
A =¢ebC
*b is the cell path length.

2.4.2 Fluorescence spectroscopy

The stock solutions of BAC, SAC and ANC were dilute to 1 uM in 1% THF/H,0.
While, those of F2-F4 were dilute to 10 pM in 0.1% DMSO/H,0. The emission spectra
of fluorophores were recorded from 350 nm to 700 nm at ambient temperature

using an excitation wavelength at 300 to 468 nm.
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2.4.3 Fluorophore quantum yields

The fluorescence quantum vyields of BAC, SAC and ANC were performed in
THF, while, those of F2-F4 and their Al complexes were performed in 0.1%
DMSO/H,0. Each sample used quinine sulphate (@s; = 0.58: A, 336 nm) in 0.5 M
H,SO, or fluorescein (Dt = 0.95: Kex 496 nm) in 0.1 M NaOH as a reference [96]. The
UV-Vis absorption spectra of five analytical samples and five reference samples at
varied concentrations were recorded. The maximum absorbance of all samples
should never exceed 0.1. The fluorescence emission spectra of the same solution
using appropriate excitation wavelengths selected were recorded based on the
absorption maximum wavelength (M) Of each compound. Graphs of integrated
fluorescence intensities were plotted against the absorbance at the respective
excitation wavelengths. Each plot should be a straight line with 0 interception and

gradient m.

In addition, the fluorescence quantum yield (®,) was obtained from plotting of

integrated fluorescence intensity vs absorbance represented into the following

Grad 2
Dy =Dy £ n_zx
Grads, \ ng

The subscripts @s; denote the fluorescence quantum vyield of a standard

equation:

reference @y is the fluorescence quantum yield of sample and M is the refractive

index of the solvent.
2.5 Electrochemical measurements

Cyclic voltammetry (CV) experiments were carried out in a three-electrode
system consisting of Ag/Ag+ (0.01 M AgNOs) as the reference electrode, glassy carbon
as the working electrode and the platinum-wire as the counter electrode using a
scan rate of 50 mV/s under nitrogen atmosphere to find HOMO levels of the
fluorophores. The ferrocene was used as external standard for calibration CV curves.

Fluorophores BAC, SAC, ANC and the external standard were dissolved in the
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supporting electrolyte (0.1 M of tetra-n-butylammonium hexafluorophosphate in

anhydrous dimethylformamide) to give final concentrations of 1 mM.

The HOMO energy levels of the fluorophores were calculated from cyclic
voltammetry using the equations:

Eromo = —[Eox — Eijp + 4.8] €V (1)

Where E, is the onset oxidation potential, £/, is the average of the anodic
and cathodic peak potentials. The LUMO energy levels were calculated according to

the equation:

Etumo = Eromo + Egap (2)

The energy gaps (Eg,) were determined by using the onset of the longest

wavelength absorption (Aeue o) following equation:

1240
gap —

kcut off (3)

2.6 Fluorescent sensor study

2.6.1 Calix[4]arene-based fluorescence sensors (BAC, SAC and ANC) for

nitroaromatic explosives
2.6.1.1 Selectivity study

AWl nitroaromatic compound and various electron deficient aromatic
compounds such as 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene (DNT), picric acid
(PA), 2,4-dinitrophenol (DNP), 2-nitrophenol (2-NP), 3-nitrophenol (3-NP), 4-
nitrophenol (4-NP), d-nitrobenzoic acid (4-NBA), benzoic acid (BA), and 2-
chlorobenzoic acid (2-CIBA) were prepared in Milli-Q water and adjusted to 500 WM.
The stock solution of the sensing compound in THF (50 UM, 10 ML) was diluted with
Milli-Q water (900 UL) in a 1 mL quartz cuvette. 100 AL of various nitroaromatic and
electron deficient aromatic compounds (500 WUM) was separately added into the
sensor solutions at the ratio 1:100 of fluorophore to analyte. The final volumes were

adjusted to 1 mL by adding Milli-Q water. The final concentration of each
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fluorophore is 0.5 MM in 1%THF/H,O. The emission spectra of all sensors were
recorded from 325 nm to 700 nm at ambient temperature using an excitation

wavelength at 300-315 nm.

2.6.1.2 Fluorescence titration

The stock solution of the sensing compound in THF (50 UM, 10 ML) was

diluted with Milli-Q water (900 HUL) in a 1 mL quartz cuvette. Designated volumes (0-
100 pL) of the nitroaromatic stock solution (10 mM) in Milli-Q water was added into
the sensor solution. The final volumes were adjusted to 1 mL by adding Milli-Q
water. The final concentration of each fluorophore is 0.5 MM in 1%THF/H,O. The
emission spectra of all sensors were recorded from 325 nm to 700 nm at ambient

temperature using an excitation wavelength at 300-315 nm.
2.6.1.3 The Stern-Volmer plot

The efficiency of fluorescent quenching in solutions of quencher toward sensor
is measured in terms of the Stern—Volmer constants. The quantity of quencher is

estimated with the Stern-Volmer equation (4).
lo/| = 1+K[Q] (4)

In equation (4), the quencher concentration is [Q], the Stern-Volmer constant is
Ks, 1o is the fluorescent intensity of the blank sample (sensor in the absence of
quencher), I is the observed fluorescent intensity with [Q] present. After plotting (/1)
against [Q], the resulting graph will have an intercept of 1 and the slope can be
determined to give the value of Ksv. Example of the Stern-Volmer plot is shown in

Figure 2.1.
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Figure 2.1 the Stern-Volmer plot.
2.6.1.4 Preparation of ANC fluorescence paper strips

A filter paper strip (Whatman No. 1, 4 cm x 1.1 cmZ) was immerged in a CH,Cl,
solution of ANC 1 mM for 1 min. After removal from the solution, the coated filter

paper was allowed to dry in the air at room temperature for 2 hours.

For the TNT vapor sensing, 0.50 g of TNT solid was placed in a 1 mL Eppendorf,
covered with cotton gauze and cap-closed overnight to maintain a constant
saturation vapor pressure before placed a fluorescent paper strip on top of the
cotton in the Eppendorf and then cap-closed again for 5 and 10 minutes. The

quenching results were recorded by a commercial digital camera.

For contact mode test, the glove-wearing thumb, rubbed with TNT was pressed
on a fluorescent paper strip for 1 minute. The quenching results were recorded by a

commercial digital camera.
2.6.2 Hydrazide-based fluorescent sensors for AL
2.6.2.1 Selectivity study

The stock solutions 10 mM of the fluorophores F2-F4 were prepared in
dimethyl sulfoxide (DMSO). All metal ion solutions were prepared in Milli-Q water
and adjusted to 10 mM. The stock solutions of the fluorophore and analyte were

mixed and diluted to the designated concentrations in 10 mM HEPES (pH 5.5). The
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final volumes of the mixtures were adjusted to 1 mL to afford concentration of 10

UM for the fluorophores and 100 UM for metal ions at the ratio 1:10 in
0.1%DMSO/HEPES aqueous solution. The spectra were recorded after mixing for 10

minutes (sensor F2 and F3) and for 30 minutes (sensor F4) using A, = 369, 410 and

468 nm, respectively.

2.6.2.2 Fluorescence titration

The stock solution of the sensing compound in DMSO (10 mM, 1 ML) was

diluted with HEPES buffer pH 55 (10 mM, 900 UL) in a 1 mL quartz cuvette.
Designated volumes (0-100 pL) of the AU stock solution (10 mM) in the HEPES buffer
was added into the sensor solution. The final volumes were adjusted to 1 mL by

adding the solution of HEPES buffer. The final concentration of each fluorophore is
10 UM in 0.1% DMSO/HEPES aqueous solution. The spectra were recorded after

mixing for 10 minutes (sensor F2 and F3) and for 30 minutes (sensor F4) using Ao, =

369, 410 and 468 nm, respectively.

2.6.2.3 Binding constant of the i complexation

L3+

The binding constant of the Al complexation with each ligand has been

determined using the Benesi-Hildebrand plot [97-99] by using emission change. The

Benesi-Hildebrand equation is 1/l — lp) = 1/(lpax — lo) + (/KICT X (W — 1)),
where |y, I, and |4 are the emission intensities of each ligand in the absence of AL3+,

at an intermediate Al3+ concentration, and at a concentration of the complete
interaction, respectively. K is the binding constant, C is the concentration of A’ and
3
l

n is the number of AU ions bound to each fluorophore (here n = 1). The association

constant (K,) could be determined from the slope of the straight line of the plot of
1/(I — o) against 1/[AL3+]n as shown in figure 3.24. K, was calculated following the

equation stated below.

intercept
Ka = ———
slope
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2.6.2.4 Competition with other metal ions

The mixture of each hydrazide sensors/Al”*/other metal ions in concentration

of 10/100/100 UM with ratio 1/10/10 were used to investigate the interference of

other metal ions to AU binding with sensors.
2.6.3 Limit of detection

In fluorescent sensing, limit of detection (LOD) is the lowest concentration of
analyte in a sample that is required to produce a signal greater than three times the
standard deviation of the a blank sample. But the value is not necessarily

quantitated as an exact value.
2.6.3.1 Limit of detection for turn-off sensing

For turn-off sensing, the limit of detection can be calculated according to the
equation) (5) and the Stern-Volmer equation (4). SD is the standard deviation of the
response deriving from intensity of a fluorophore in the absence of an analyte (n =
9). Ip is the fluorescent intensity of the blank sample (sensor in the absence of
quencher), | is the observed fluorescent intensity with [Q] present. The Stern-Volmer
constant K, is determined from the slope of the Stern-Volmer plot as shown

example in figure 2.1.
LOD = [ly/(I;-3SD)-11/K,, (5)
2.6.3.2 Limit of detection for turn-on sensing

For turn-on sensing, the limit of detection can be calculated according to the

equation (6):
LOD = [(Ig+3SD)/ly-Intercept]/K (6)

The variables were similar to those in turn-on sensing. Except K is the slope of
the straight line of the plot of I/l against the concentration of an analyte [Al

Example of the calibration curve is shown in Figure 2.2.
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Figure 2.2 the calibration curve for turn-on sensing.
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CHAPTER IlI
RESULTS AND DISCUSSION

3.1 Fluorescent phenylethynylene calix[4]arenes (Part A)
3.1.1 Synthesis and characterization of SAC, BAC and ANC

The phenylethynylene calix[4]arenes SAC, BAC and ANC were synthesized
from calix[d]arene as shown in Figure 3.1. First, In order to fix calix[4]arene in cone
conformation, four propyl groups were installed onto the narrow rim of the
calix[4]arene. Tetrapropyloxy-calix[4]larene (1) was prepared in 76% yield from O-
alkylation on the phenolic oxygen of calix[4]arene with propyl bromide. Then, the
iodination of 1 at the para-position by using CF;CO,Ag/l, in CHCl; gave the
corresponding tetraiodocalix[4]arene (2) in 75% yield. The key step was a Sonogashira
copper-palladium  catalyzed cross-coupling reaction between 2 and the
ethynylbenzene derivative (i.e. methyl d4-ethynylbenzoate or methyl 4-
ethynylsalicylate or N,N-dimethyl d-ethynylaniline) to give 3a, 3b, and ANC in 36-
46% yield. The base-catalyzed hydrolysis of ester 3a and 3b readily gave BAC and
SAC, respectively in 55-72% yield.

IR Fi )

3b: p_: C"‘”U p -ﬂ.- 4~ BACR =H {55%)
ANC:R=NMs. R =H 4~=.‘ SAC:R = OH{72%)

Figure 3.1 Synthesis route of fluorophores BAC, SAC and ANC.
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The 'H NMR spectra of compound 1 and 2 in CDCl; are shown in Figure 3.2. All the
signals can be assigned to all the protons in each corresponding structure. The
methylene bridge protons (ArCH,Ar, Heewo and Heengo) Of calix[dlarene appeared as
two doublets signals at 4.5 and 3.5 ppm that are characteristic for the cone
conformation. After iodination of 1, the multiplet signals of calix[4]arene phenyl ring
around 6.59 was completely changed to a singlet peak at 6.99 ppm indicating a full

iodination of the para position of all four phenyl rings of calix[4]arene.
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Figure 3.2 "H NMR spectra of compounds 1 and 2.

The Sonogashira coupling of 2 with ethynylbenzene derivative (i.e. methyl 4-
ethynylbenzoate or methyl 4-ethynylsalixylate or N,N-dimethyl 4-ethynylaniline) gave
3a, 3b, and ANC. In coupling products, the aromatic and methylene bridge protons
of calix[4]arene ring did have change to down-field and up-field shift, respectively
(Figure. 3.3). Compound 3a showed signal of methyl ester protons as a singlet at 3.90
ppm overlapping with OCH, of propyl and two new doublet signals at 7.42 and 7.89
ppm corresponding to the aromatic protons of p-substituted benzoate moieties.
Compound 3b, like compound 2 showed singlet signal of methyl ester protons

around 3.90 ppm and also showed multiplet signal at 6.93 of aromatic protons of
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salicylate moieties and singlet signal of OH at 10.61 ppm. In case of ANC, the
aromatic protons of N,N dimethyl aniline appeared two doublet signals at 6.50 and
7.29 ppm and the methyl proton showed singlet signal at 2.92.
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Figure 3.3 "H NMR spectra of compound 3a, 3b and ANC.

The 'H NMR spectrum of BAC and SAC are shown in Figure 3.4. After base
hydrolysis, the complete conversion from the methyl ester 3 to tetracarboxylic acid
BAC and SAC was confirmed by the total disappearance of the methyl ester proton
signal around 3.90 ppm. Moreover, the molecular weights of each fluorophore were
confirmed by HRMS that are included in the experimental section at the end of each

corresponding synthetic procedure.
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Figure 3.4 "H NMR spectra of compounds of BAC and SAC
3.1.2 Photophysical properties of BAC, SAC and ANC
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Figure 3.5 Electronic absorption and emission spectra of fluorophores in THF.

The absorption and emission of fluorophores were studied in THF. The
photophysical properties are presented in Figure 3.5 and table 3.1. Each fluorophore
showed a broad absorption band with Kmax around 310-315 nm corresponding to TT-
TU* electronic transitions of the substituted diphenylacetylene conjugated system
with molar extinction coefficients of 9.7 x 10° - 1.2 x 10° M" cm . The maximum

emission wavelengths of the fluorophores were in the range of 420 to 433 nm. BAC
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and SAC have larger Stokes shifts comparing with that of ANC. These results may be
because the face that SAC and BAC possessed both electron donor and electron

acceptor substituents allowing for an intramolecular charge transfer (ICT). Their

fluorescent quantum yields (Dy) were in range of 5-10% in THF.

Table 3.1 Photophysical properties of the fluorophores.

Compound Absorption € Fluorescence

Amax (NM) (MLem™) | Apax (M) @ (%)
BAC 310 9.80 x 10" | 433 10.0
SAC 314 9.76 x 10* | 433 5.0
ANC 315 1.18 x 10° | 421 7.0

3.1.3 Electronic energy levels of the fluorophore

The onset oxidation appeared at -0.21 V, 0.24 V and 0.20 V which mean HOMO
levels at -5.82 eV (for BAC; E,,s = 0.42 V), -5.03 (for SAC; E,s = 0.01 V) and -4.99 (for
ANG; E,s =0.01 V) calculated from equation (1). The energy gaps were estimated to
be 3.55 (for BAC), 3.44 (for SAC) and 3.48 (for ANC) eV from the onset of UV
absorption spectra (Figure 3.6). Therefore, LUMO energy levels were calculated to be
-2.27 (for BAC), -1.59 (for SAC) and -1.51 (for ANC). The HOMO and LUMO electronic
energy levels of the fluorophores were summarized in Figure 3.7. Their LUMO energy
levels in the range of -1.51 to -2.27 eV are higher than those of TNT, DNT and PA,
which allow for an electron transfer from the excited fluorophores to TNT, DNT and

PA in the PET process.
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Figure 3.6 Cyclic voltammogram of (a) BAC (b) SAC (c) ANC in 0.1 M BugNPFg4
dimethylformamide. Absorption spectra of (d) BAC (e) SAC (f) ANC.
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Figure 3.7 HOMO and LUMO energy levels calculated for BAC, SAC, ANC, and some
explosive analytes such as DNT, TNT, and PA.

3.1.4 Fluorescence Quenching Studies with NACs in Aqueous solution.

The fluorescence responses of all fluorophores towards various electron
deficient aromatic compounds such as (2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene
(DNT), picric acid (PA), 2,4-dinitrophenol (DNP), 2-nitrophenol (2-NP), 3-nitrophenol (3-
NP), 4- nitrophenol (4-NP), d4-nitrobenzoic acid (4-NBA), benzoic acid (BA), 2-
chlorobenzoic acid (2-CIBA)) were primarily evaluated in aqueous solutions (1% THF).
As shown in figure 3.8, ANC showed high sensitivity toward the detection of TNT and
DNT. On the other hand, the fluorescence emissions of BAC and SAC were quenched
by about 2 times or less by the electron deficient aromatic compounds. For ANC,
the quenching effect of nitrophenol compounds was also much lesser than
nitrotoluene compounds in aqueous solution as designed due to the more
hydrophilicity of nitrophenols. The quenching is consistent with the nonradiative PET
from the LUMO energy level of the electron rich of a fluorophore in its excited state
to the LUMO of the electron poor nitroaromatic compounds. ANC showed good
selectivity for TNT over DNT as the results of the more suitable matching of the

LUMO energy of TNT with that of ANC and the higher reduction potential of TNT

(—0.7 V) than those of DNT (—0.9 V). In other words, the electron donating amino

groups on the phenyl ring on ANC enhances the sensitivity toward TNT comparing
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with BAC and SAC. The results imply that TNT molecule interacts with the phenyl

rings on the wider rim of the fluorophore.
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Figure 3.8 Fluorescence quenching effect of various electron deficient aromatic

compounds (50 IUM) on the fluorophores (0.5 M) in 1%THF/H,0

3.1.5 Fluorescence titration

In order to access a quantitative measurement of fluorescence quenching,
Stern Volmer plots of TNT, DNT and PA were performed by fluorescence titrations as
shown in Figure 3.9. The Stern-Volmer equation was used to evaluate the differences
in quenching efficiencies for various analytes. The Stern—volmer equation is lo/l — 1
= K [Ql, where |y and | are the fluorescence intensities in the absence and presence
of quencher, respectively, [Q] is the quencher concentration, K, is the Stern—volmer
constant. The Stern—volmer constant of ANC to TNT was found to be 1.09 x 10° M"
with the detection limit of 0.3 UM (68 ppb) which is lower than TNT level typically
found in ground water and soil sites near munitions plants (LOD = 3std/K; std is the
standard deviation of the blank measurements and K is the slope of the calibration

curve). While, a linear relationship was also observed for DNT and PA with Ksv

constants of 5.97 x 10° M and 2.09 x 10° M respectively.
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Figure 3.9 Stern-Volmer plots of ANC for TNT, DNT and PA. Inset: The fluorescence
quenching ratio of ANC upon the addition of TNT, DNT and PA.

3.1.6 Quenching mechanism

The interaction between ANC and TNT was confirmed by "H NMR titration as
shown in Figure 3.10. Upon increasing amount of TNT added to ANC solution, the

aromatic proton signals (b and c) of the phenyl ring at the wider rim gradually upfield
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shifted, whereas aromatic proton signals at the narrower rim did not show significant
shifts confirming the interaction of TNT with the aniline rings at the extended wider
rim of calix[4]arene, probably via an insertion into the ANC cavity. The interaction
between TNT and ANC was proposed in Figure 3.11. On the basis of Job plot, the
complex ratio between ANC and TNT obtained from emission data showed 1:1

stoichiometric complexation as shown in Figure 3.12.
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Figure 3.10 "H NMR of ANC in CDCls in the absence and presence of TNT (top).
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Figure 3.11 Proposed structure of ANC-TNT interaction.
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Figure 3.12 Job’s plot of fluorescence responses of ANC upon addition of TNT
showing 1:1 stoichiometry.

In typical, there are two basic mechanisms of quenching: dynamic (collisional)
and static quenching. Both types require molecular contact between the fluorophore
and quencher. For dynamic quenching, this contact can be due to diffusive
encounters. For static quenching, a ground-state nonfluorescent complex is formed
between the fluorophore and the quencher. To investigate quenching mechanism,

linear K, plots of TNT were carried out at two different temperatures. Figure 3.13

shows Stern-Volmer plots at 25 and 50°C with the K., values of 1.09 x 105 M and
508 x 10° !\/\—l, respectively. The decrease in K, values with the increase in

temperature supports a static quenching mechanism.
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Figure 3.13 Stern-Volmer plots at 25 and 50 °C
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The effects of pH on fluorescent intensity of fluorophore ANC were investigated
using phosphate buffers in the range of 3-10. As shown in Figure 3.14, there was no
significant change of the intensity indicating that the protonation at dimethyl amine
system on ANC did not affect the fluorescence of ANC. Moreover, we also compared
the quenching of fluorescence of ANC to TNT in DMF with aqueous solution (1%
THF). Furthermore, we also compared the quenching of fluorescence of ANC to TNT

in DMF with aqueous solution (1%THF) (Figure 3.12). The quenching in aqueous

solution (~90%) was much higher than in DMF (~20%). The result showed that water

can forced TNT to insert into ANC cavity.

300
Z 250
(5]
=
2 200
=
S 150
[+8]

]
@ 100
o
=3
o 50
0
MilliQ pH3 pH9  pHI10

Figure 3.14 Fluorescence intensity of ANC 0.5 uM at )\maX = 420 nm in various pH.

-
[+3]
@

(U]

=

T

(%)

Z

=] o

o e

ae i

DMEF 1%THF/H20

SOLVENTS
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3.1.7 ANC fluorescent paper sensor

To investigate the practical application of ANC sensor, we further carried out
TNT detection both in vapor mode and contact mode by using paper strips for rapid
on-site detection of TNT. The fluorescence paper test strips were placed on the
Eppendorf that contained TNT solid and was covered with cotton gauze to expose to
TNT vapor in (8.02x10° mm Hg at 25° C) 5 and 10 min. The fluorescence was

quenched upon exposure to TNT vapor as shown in Figure 3.16.

In contact mode test, the glove-wearing thumb, rubbed with TNT was pressed
down a paper strip. Under UV light, the dark finger print of the thumb appeared
(Figure 3.17). These results displayed that the ANC paper strips can easily use for the

on-site prompt visualization of trace residues of TNT and its vapor.

Figure 3.16 Fluorescence image (under 365 nm UV light) of ANC on a filter paper
under different experimental conditions. (A) Vapor-mode detection of TNT (a) before
(b) after exposing TNT vapors 5 min (c) 10 min.

B

Figure 3.17 Impression of thumb (a) before rubbing with TNT (b) after rubbing with
TNT.
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3.2 Fluorescent hydrazone sensor F2-F4 for sensing AL (Part B)

3.2.1 Synthesis and characterization of F2-F4

As shown in Figure 3.18, the key step in the synthesis of the hydrazone

fluorophores was the

schiff base

reaction between 2-furoic hydrazide and

benzaldehyde derivatives (salicylaldehyde, 2,5-dihydroxybenzaldehyde and 2,5-

dihydroxyterephthalaldehyde) to afford compounds F2-F4 in 73-84% vyield.

OH

OH

OH

OH

OHC
OH

CHO

CHO

CHO

EtOH/ reflux

F3, 76% yield

OH |
7
HN—-N
L [ N\

F4, 73% yield

Figure 3.18 Synthesis routes of fluorophores

For the NMR characterization, 1H NMR spectrum of fluorophores F2-F4 is shown

in Figure 3.19. All fluorophores F2-F4 showed the imine proton signal (HC=N) around

8.6 ppm, amide proton (NH) around 12.0 ppm and the characteristic furan peaks (Hy,

H, and Hs) around 8.0, 6.7 and 7.3 ppm, respectively.
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Figure 3.19 1H NMR spectra of compound F2-F4
3.2.2 Photophysical properties of F2-F4

The absorption and emission of fluorophores F2-F4 were studied in aqueous
solution (0.5% DMSO/H,0). The photophysical properties are summarized in Table

3.2. The UV-Vis absorption spectrum of each compound exhibited two major

absorption regions corresponding to T-T* and n-T0* transitions. The molar
absorptivity of F4 was low when comparing with those of F2 and F3 because it has
low solubility in water. As expected, the absorption and emission spectra of F3 and
F4 showed significantly red-shifted compared with F2 as the results of the additional
hydroxyl group (F2) and increasing TC conjugation (F4). In aqueous solution, all of the
compounds gave very weak fluorescence owing to the PET and ESIPT processes as
depicted in Figure 3.20. The PET process occurs from the electron transfer of amine.
For ESIPT process, phenolic proton can transfer to Schiff base nitrogen atom (C=N)
act as proton acceptor. The ESIPT process was also evidenced by the extraordinary

large Strokes’ shift.
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Table 3.2 Photophysical properties of sensor F2-F4 in aqueous solution (~0.5%
DMSO/H,0)

Sensor sy (NM) log € Aern (M) ()
F2 302, 328 4.40, 4.28 457 0.02
F3 297, 350 4.46, 4.10 531 0.001
F4 309, 396 4.01, 3.87 615 0.003

Q&
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Figure 3.20 Quenching mechanism of F2

3.2.3 Fluorescence studies of F2-F4 toward Al3+ ion and other metal ions.

Upon addition of 10 equiv. A’ (100 LM), the fluorescent intensity of each
sensor showed significant enhancement, but in different emission wavelengths and
apparent colors: blue for F2, green for F3 and orange red for F4 as shown in Figure.
3.21. The strong fluorescence turn-on was associated with the formation of the
complex formation between A’ and each sensing compound which suppressed
both the PET and ESIPT in the sensors and induced rigidity in the complexes resulting
in CHEF (chelation enhanced fluorescence) [19] as shown in Figure 3.22. The solution

of F2-AU" complex has strong blue emission with the maximum emission wavelength

Aen = 455 nm (Stokes shift (ANe,o) = 89 nm) with high quantum efficiencies of

0.49. As designed, the F3-AC" complex exhibited green fluorescence at Ao = 524
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nm (D = 0.16) which was red-shifted by 70 nm from F2-AU" and the Stokes shift was

114 nm as a result of an extra hydroxyl substituent. Impressively, the emission peak

of 4-Al3+ complex moved even further to 601 nm (D = 0.18) which also gave the
largest Stokes shift of 133 nm. The significant emission bathochromic shifts and larger
Stokes shifts of F3-AU" and Fa4-A"" from F2-AU" revealed The presence of the
additional hydroxyl and hydrazine substituents thus has intriguing impact on the
radiative decay process besides lowering the HOMO-LUMO band gap.

The fluorescence sensing selectivity of F2-F4 was also studied with other
2+

common metal ions (Na+, K+, Ag+, Mg2+, Ca2+, Hg2+, Ba2+, Pb2+, Cd2+, Mn2+, Ni2+, Co ,

2+ 2+ 2+ 3+

Cu, Fe, Zn, Cr, Fe3+) at 10 equiv (100 UM) in aqueous solution

(0.1%DMSO/HEPES). Except AU

ion, the fluorescence signals of all florophores
showed no significant change with other metal ions as shown in Figure. 3.21.

Therefore, these hydrazide compounds are highly selective for A" detection.

5 o o9 9
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HO E\>_</ AR B2
2-A13* 3-AIR* o o 4-AP*
Aex 369: Aoy 458 1M Ao 410: A, 524 nm Ao 468: Ay, 601 nm
AA=89 nm AA=114 nm AA=133 nm
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400 200 200
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Figure 3.21 Fluorescence spectra of F2-F4 (10 WM in 0.1% DMSO/HEPES) before and
after addition 10 equiv of metal ions: Na+, K+, Ag+, Mg2+, Ca2+, Hg2+, Ba2+, Pb2+, Cd2+,
Mn2+, Ni2+, Co2+, Cu2+, Fe2+, Zn2+, Cr3+, Fe3+, AL3+. The spectra were obtained after 10
minute mixing for F2 and F3 and 30 minute mixing for F4 with Xex =369, 410 and

468 nm, respectively. Only AT gives significant enhancement.
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ESIPT 0 0 ,,$L3+'O
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Figure 3.22 Fluorescence enhancement mechanism of the F2-A" complex.
Quantitative studies of the binding affinity of three fluorophores with AU on
were carried out by fluorescence titrations as shown in Figure. 3.23. The intensity of
fluorescence signal increased almost linearly with the increasing A’ concentration
up to 1 equiv. (for F2 and F3) and 2 equiv. (for F4). On the basis of Job plot, the
complexation ratios of A" and the licand F2 and F3 were 1:1 (Figure 3.24).

L3+

Meanwhile, the job plot of the AU complexed with F4 gave 2:1 stoichiometric

metal:ligand ratio. The assumption was supported by ESI-mass spectrometry analysis.
For F2 and F3, the mass spectrum showed peaks at m/z 381.3 and 366.7
corresponding to the mass of [AINOz«(F2—H) <2(MeOH)]” and [AINOe (F3—H) +MeOH]"
(Figure 3.25a and 3.25b). In the case of F4, the ESI-MS spectrum showed both 1:1 and
2.1 ion peaks at 5029 for [AINOs+(FA—H)sMeOH]” and 5629  for

[2Als(F4—4H)NO3«MeOH+2H,0]” (Figure 3.25¢).
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Figure 3.23 Fluorescence spectra of F2 (a), F3 (b) and F4 (c) (10 UM), respectively,

upon addition of different concentra-tions of A" in 0.1% DMSO/HEPES. Inset: Plots

of intensity at each A versus the amount of A" added. The spectra were obtained

after mixing for 10 minutes (sensor F2 and F3) and for 30 minutes (sensor F4) using

7\‘ex = 369, 410 and 468 nm, respectively.
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Figure 3.24 The Job’s plot examined between A" and (@) sensor F2 (b) F3 (c) F4 by

fluorescence.
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Figure 3.25 HRMS of sensor (a) F2-AU", (b) F3- A" and (c) F4- AU




62

The K, values for the complexation with F2-F4 are 1.6 x 105, 5.4 x 10° and 2.0 x
10" M_l, respectively. The particularly large K, value for the complex of F4 is the

result of two association constants supporting the formation of 2:1 complex.
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Figure 3.26 Benesi-Hildebrand plots of (a) F2, (b) F3 and (c) F4
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l3+

Upon the addition of Al ', the absorption band of each compound showed the

large spectral bathochromic shift inferring deprotonation of the phenolic proton to

enable its binding with AL3+. The Kmax of F2 and F3 exhibited a single shift from 325
to 369 nm and 352 to 397 nm, respectively (Figure 3.27a and b). On the other hand,
F4 exhibited a two-stepped spectral shift in methanol. The first step was from 408
nm to 457 with the addition of A" up to 1 equiv, and the second step was from 457
nm to 504 nm with the addition of 1 to 2 equiv that corresponded to the stepwise

deprotonation of the two phenolic protons upon the complexation (Figure 3.27¢).
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Figure 3.27 Absorption spectra of (a) F2 (10 UM) (b) F3 (10 M) (c) F4 (20 UM) after
10 minute mixing with A" in 0.29% DMSO/HEPES for F2 and F3 but after 3 hour
mixing with A" in CH,OH for F4.
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To determine the detection limit of F4, the fluorescence response to AL3+
concentration in nanomolar range was investigated in HEPES buffered aqueous
solution pH 5.5. A good linear response was obtained in the range of 20-120 nM AT
R = 0.9969) giving the detection limit of 3.1 nM (Figure 3.28). The detection limit is
much lower than the permissible limit of 7.41 pyM for A" in drinking water

established by WHO.
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Figure 3.28 Calibration curves of ratio of fluorescence intensity of F4 to A

concentration.
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Figure 3.29 Relative fluorescence of F4 (10 LM) in 0.1% DMSO/HEPES pH 5.5 in the

presence of AL (100 UM) plus another interfering metal ion (100 UM) tested.
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To evaluate the possible interference from other metal ions in A detection,

™ in the presence of another

we measured the fluorescence responses of F4 to A
metal ion in HEPES. At the same concentration, most metal ions did not interfere
with the detection of AL3+ by F4 (Figure 3.29). However, Fe3+, Fe2+ and Cr3+ partially
reduced the fluorescence intensity of the Fa-AC" complex. Only ™ completely
quenched the fluorescence signal. Therefore, positive turn-on fluorescence signal of
this sensor is a good indication for the predominant presence of A" In quantitative
determination of AL3+, samples however should be free from these interfering metal
ions. In addition, The A" complexation with each ligand was reversible as the
fluorescence turn on signal could be nullified with the addition of 10 equiv EDTA

(Figure 3.30).
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Figure 3.30 Fluorescence emission spectra of F2-F4 in the presence of AT (1.0 equiv.
for F2-F3 and 2.0 equiv. for F4) and signal restoration by EDTA (10.0 equiv.)

For convenient use in an on-site analysis, we developed paper-based
fluorescent sensors for A’ detection. A series of 3.0 HL of 0.5 mM F4 solution in
EtOH were dropped on to filter paper strips and then dried to get light blue
fluorescence spots (Figure 3.31). Each spot was dropped with 1 L containing 1.0

. . 3+ . 2+ —
nmol of various metal ions. AU gave a yellow while Zn" gave an orange emission

area within the blue spot. C02+, Ni2+, cu” and Fe” generated a dark quenching area
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within the blue spots while other metal ion tested did not change the appearance of

the spots.

Interestingly, this detection test in solid state not only A’ but also zn”*
showed the turn-on fluorescence responses, despite the fact that Zn”" did not give
significant change in aqueous media. In aqueous solution, both phenolic and

hydrazidic protons are readily deprotonated to form the hard-base donor sites,

phenoxide (Ar—0-) and enolate (N=C—0-), that prefers A" coordination (form B in
Figure 1.26). In an aprotic medium, the acidic protons are presumably less labile that
both ArOH and NHC=O remain in neutral form (starting form A in Figure 1.26)
providing soft-base binding sites. To support this hypothesis, the fluorescence sensing
study of F4 was carried out in CH;CN and found that zn”* gave significantly higher

fluorescence turn-on signal in CH;CN than that of A’

(Figure 3.32). On cellulosic

material such as paper, F4 was probably in intermediate environment between water

and CH3CN that allows the formation of fluorescent complexes with both A’ and
2+

/n .

The result prompted us to explore for the application of F4 in dual detection

of A" and Zn”" with the aid of paper chromatography separation. The 0.5 UL of
solution of Al3+, Zn2+ and their mixture containing the total ions of 5 nmol were

spotted on a filter paper strip (Whatman No. 1, 8 x 2.5 cm’). The solution of F4 (0.5

UL of 2 mM) was then spotted on the metal spots as shown in Figure 3.33a. After
drying, the strips were placed in a closed chamber containing 5:20 (v/v) of Et,NH:
DMF as mobile phase21 and developed to achieve the solvent front distance of 5.5
cm. After developing, the strip clearly showed well separated orange fluorescent
spot of A’ and zn” complexes as shown in Figure 3.33b. To the best of our
knowledge, this is the first simultaneous fluorescence detection of A" and zn”".

3+

These results demonstrate a convenient application of F4 for dual detection of Al

and Zn2+.
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H,0 Lit Na+ K+, Mgk, JCa% Ba®, JAgh aCe

Figure 3.31 Photographic image of metal ion (1 nmol) detection by F4 on filter paper
tested by simple drop and dry from solutions of F4 and metal ions, consecutively.

The sample was irradiated by UV-light (wavelength 365+50 nm)
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Figure 3.32 Fluorescence spectra of F4 (10 WM in 0.1% DMSO/HEPES) before and
after addition 10 equiv of A’ and zn” in CH5CN (ACN).
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Figure 3.33 Photographic image for dual detection of ACand zn”* by F4 using paper
chromatography for separation: (a) before and (b) after elution with Et,NH: DMF (5: 20
v/Vv). The sample was irradiated by UV-light (wavelength 365+50 nm).



CHAPTER IV
CONCLUSION

4.1 Conclusion of part A

In  conclusion, a series of arylethynyl calix[4larenes was successfully
synthesized and developed as new fluorescent sensors for TNT detection. With
aniline rings on the wider rim, ANC exhibited high sensitivity and selectivity of
fluorescence quenching by TNT in aqueous medium. The electron rich aniline rings
provide high sensitivity while the size and hydrophobicity of the cavity of the
modified calix[4]arene provide high selectivity as evidenced by the shift of 'H NMR
signals. The selective quenching effect was associated with the photo electron
transfer (PET) process between the sensor and the electron deficient TNT. The Stern-
Volmer fluorescence quenching constant of TNT is 1.09 x 10" M with limit of
detection limit of 0.3 uM (68ppb). In addition, the filter paper strips coated with ANC

are potentially useful for visual detection of trace residues of TNT and its vapor.
4.2 Conclusion of part B

Part B, a series of N-salicylidenehydrazide derivatives was successfully

3+ . .
(" cation in

synthesized and developed for selectively turn-on detection of A
aqueous media with large stroke shifts with three emissive colors: blue for F2, green
for F3 and orange for F4. The study illustrates that addition of the second hydroxyl
group at the para-position of a phenol could have a large impact on the response of
the probe, which not only tunes the emission to a longer wavelength but also

1" cation. This para-substitution effect is

enhances the ligand interaction with A

further enhanced in the new double hydrazide compound F4, which also exhibits
: 3+ . .

strong fluorescence response selectively to Al in a highly aqueous environment.

The high A" chelation-enhanced fluorescence (CHEF) is probably due to multiple

mechanisms including inhibition of PET and ESIPT. The developed Fa-Al” complex

thus integrates many attractive features into a single probe molecule, which includes
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emission at long wavelength, remarkably large stroke shifts (133 nm), and large
fluorescence turn-on. Therefore, the current aluminum sensors could find wide use
for aluminum detection, since they are easier to synthesize and exhibit excellent
response to A" cation. In paper-based chromatography, compound F4 can also be

used for fluorescent detection of both AU" and zn”* simultaneously.
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