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An in-situ forming and sensing was developed as a high-throughput
screening of fluorescent chemosensors for metal ions. The 45 salicylaldimines,
formed in-situ from the condensation between 5 salicylaldehydes and 9 amines, in
96 well-plates were photographed under black light along with the 5
salicylaldehydes in the absence and presence of 18 metal ions. The library of
fluorescence response images of these 50 chemosensors were processed into RGB
values. The PCA of theARGB, the differences between those of images with and
without the metal ions, showed 9 sensors with normalized loading value over 70%.
The sensor array constructed from these 9 sensors could classify 15 non-alkali metal
ions with 99% accuracy based on a leave-one-out cross-validation. The cross-
validation of the data from all possible combinations of 2-9 sensors revealed that
certain pairs of sensors could also classify the metal ions without any loss of
accuracy. This in-situ forming-sensing technique was also applied to identify a new
selective sensor for Al** from 10 hydrazones generated from 5 salicylaldehyde and
2 dihydrazides. However, the response time of the hydrazone sensor is relatively

slow and further investigation is needed to understand the sensing mechanism.
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CHAPTER |

INTRODUCTION
1.1 Metal ions
Non-alkali metal ions are ubiquitous in our everyday life. Some of them are
essential such as Ca**, Mg*" and Zn?* while the others such as Hg®*, Cd** and Pb** are
highly toxic. Excess ingestion of many metal ions can lead to detrimental effects on
health, in short-term and/or long-term. There are regulations for maximum
concentration allowed in drinking water (Table 1.1) or recommended concentration in

drinking water (Table 1.2) [1, 2].

Table 1.1 EPA Regulation of hazardous metal ions in drinking water

Metal ion | Regulated concentration (mg/L) | Effects on health

Hg?* <0.002 Overexposure lead to abdominal
pain, vomiting, bloody diarrhea,

kidney damage and death

Cd* <0.005 Overexposure lead to kidneys

problems and weaker bone

Pb?* <0.015 Overexposure lead to damage to
kidneys, cardiovascular or nervous
systems, impaired development in

children and infants.

AL <0.2 Overexposure lead to impair central
nervous system and Alzheimer’s

disease.




Table 1.2 WHO recommended mineral intake

Metal ion | Recommended intake Biological role

Ca** >520 mg Key-components of bone tissues and

hormonal signaling systems.

Mg?* 3.5-4.0 mg per kilogram of | Cofactor for many enzymes and essential
body mass in maintenance of biological electrical
potential.
Zn** 1.4 mg/day Cofactor in numerous enzymes and play

crucial role in genetic expression, cell

maintenance and immunity.

In daily life, human body can be exposed to metal ions by various pathways,
including food and water consummation, contamination in environments, using of
products containing metal ions and occupational hazards. Causes of contamination are
natural and man-made. Not only human health, these metal ions also have effect on
other organisms and ecosystems. Therefore, methods for detecting, identifying,
measuring and controlling of metal ion concentrations are important. As metal ions
are present everywhere, it is ideal to have simple and cost-effective methods. Among
many methods for metal ions detection, fluorescence spectroscopy was chosen for
this work.

1.2 Fluorescent chemosensors for metal ions

Fluorescence phenomenon is a radiative decay process that the excited
molecule emits its excess energy in form of light. This process is involved light
absorption and emission explained with Jabonski’s diagram (Figure 1.1) [3].Upon the
absorption of a photon, the molecule is excited from ground state (S0) to excited
states (S1 or S2). The excited molecule rapidly relaxes to the lowest vibrational level

of S1 via internal conversion process. Finally, the molecule returns to ground state



with emission of a longer wavelength photon. This process occurs in nano-second

timescales.

Sz AT
. Internal
1 Conversion
|
Sl 1 b /\v
Absorption

Fluorescence
hvs | hva '

So

Own

Figure 1.1 Jabonski’s diagram [3].

By measuring intensity of the fluorescence emission at specific wavelength,
concentration of light-emitting molecule can be determined. This is a basis of
fluorometry which monitor change in fluorescence intensity of fluorescent
chemosensor to measure concentration of a specific analyte, as concentration of the
analyte will proportionally affect the degree of changes in chemosensor. This method
held significant advantages over other methods such as high selectivity and sensitivity,
cost-efficiency and simple operation. This technique also allows visualization of the
result, and adaptable with a common equipment like camera, which increase its
potential in on-field applications.

Most of the fluorescent chemosensors consist of two main units. A receptor
unit is for selective detection of the analytes by mean of binding or chemical reaction.
Another is a signaling unit, called fluorophore, which provides change in fluorescence
upon detection of analyte by the receptor unit. The changes in fluorescence of
chemosensors can be either increasing (turn-on) or decreasing (turn-off) of intensity or

emerging of new emission peak at different wavelength (ratiometric).



1.3 Salicylaldimine

Salicylaldimines, imine derivatives of salicylaldehyde, have been used as
fluorescent chemosensors for metal ions, contributed from their abilities in binding
with metal ions that induce various processes effecting their fluorescence, including
photo-induced electron transfer (PET), cis-trans isomerization, intramolecular charge
transfer (ICT) and excited-state intramolecular photon transfer (ESIPT).

In 2013, Chen et al. [4] synthesized salicylaldimine (L1) from salicylaldehyde and
2-(2-aminophenoxy)ethanol (Figure 1.2). This salicylaldimine formed 1:1 complex with
A" ion in water/ethanol (5:95) solution that enhanced the fluorescence signal at 480
nm to 250 times. The limit of detection (LOD) of this chemosensor is 8.87 x 107 M with

some quenching interference of Fe* ion.

|
OH N

In 2014, Chen et al. [5] synthesized salicylaldimine (L2) from 2-

Figure 1.2 Structure of L1

hydroxynaphthaldehyde and cysteamine. (Figure 1.3) This salicylaldimine can enhance
fluorescence signal at 454 nm to 53 times when in presence of A" ion in DMSO/water
(40:60, v/v) solution. The salicylaldimine has LOD of 1.02 x 10® M with some quenching

interference of Fe** and Cu?" ions.

Figure 1.3 Structure of L2
In 2015, Pradhan et al. [6] synthesized salicylaldimine derivative (L3) of o-vanilin
and 8-aminoquinoline, which is receptor for Zn?* ion. L3 emits fluorescence at 576 nm

in acetonitrile/water (90:10, v/v) mixture. Upon binding with Zn*" ion to form a 2:1



complex (Figure 1.4), the emission shifted to 595 nm and the fluorescence quantum
yield increased from 0.0156 to 0.2645 due to inhibition of PET process in L3. This
chemosensor has LOD of 130 nM with slight interference of Cd** ion

N Zn?*
N
No |
OH o~ ACN: HQO = N
OMe

L3

Figure 1.4 Structure of L3 and its complex with Zn?* ion

In 2015, Sarkar et al [7] synthesized salicylaldimine derivative (L4) of 3,5-
dichlorosalicylaldehyde and 8-aminoquinoline for Zn”" ion detection in acetonitrile-
water (50-50) solution mixture (Figure 1.5) Upon addition of Zn®" ion fluorescence of
L4 was shifted from 563 nm to 553 nm and quantum yield of the process was increased
from 0.004 to 0.143. Authors suggested that the enhancement is a result from inhibition
of ESIPT process, as same enhancement was observed at pH below 5. At this pH, imine
moiety was protonated into iminium form and can no longer receive proton from
phenol group. Complex of L4-Zn?* ion was determined to be 2:1 complex. The limit

of detection (LOD) is 5 nM. This chemosensor was interfered by Al**, Cd** and Cu?* ion.

Cl

1 ‘N‘-,.
an" N
¢z
1:1 ACN:H,0 SR
| N

Cl

Figure 1.5 Structure of L4 and its complex with Zn?* ion

In 2016, Saleh et al. [8] synthesized salicylaldimine derivative (L5) from o-
vanilin. (Figure 1.6) L5 responses with Ca*" ion in HEPES pH 7.2 buffer solution. In
presence of with Ca®* ion, emission intensity of L5 signal at 545 nm was reduced and

new signal at 483 nm was enhanced. Authors suggested that binding with Ca®" ion



reduced electron density in L5 and inhibit intramolecular charge transfer (ICT) process,

resulting in shorter wavelength emission. L5 has LOD of 0.3 UM and was interfered by

Ba’* ion.

| o~
o) OH
| N, SH
cl

Figure 1.6 Structure of L5.

In 2016, Boonkitpatarakul et al. [9] synthesized a series of bishydrazide
compounds from salicylaldehyde derivatives and furoic hydrazide (L6-L8) which
exhibit selective fluorescence enhancement in presence of AU** ion. Binding with Al**
ion inhibit PET and ESIPT process of fluorophore and resulted in large enhancement
and stoke shift of fluorescence. (Figure 1.7) The selected sensor, L8 has limit of

detection of 3.1 nM in HEPES buffered aqueous solution pH 5.5.

O-AP- y =N —{ N-N

= N-N
= N-N

HO AP

T 4AP
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&
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350 350 \
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° —0 L .
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- BEEEEEZEE

Wavelength (nm)

Figure 1.7 (From left to right) Structure of L6, L7 and L8 and their responses with

AL* ion.
1.4 Combinatorial approach

Due to the strategy for designing a fluorescence chemosensor by combining a
receptor unit and a signaling unit into a single molecule, there are numerous potential
candidate structures for chemosensors. However, to rational select a pair of receptor

unit and signaling unit that would perfectly combine into an excellent chemosensors



is practically impossible task. Therefore, detailed experiments for each candidate
would require tremendous amount of time and resources. [10]

Fortunately, advances in synthesis bring useful tools that could be utilized in
linking building blocks of chemosensors together, leading to parallel synthesis of large
arrays from multiple building block. These advancements is a result from development
in high-throughput experimentation, which increase demands for vast number of
materials for screening. [10] By using these methods, many approaches for designing
chemosensors had been developed.

In 2004, Mello and Finney [11] utilized peptide synthesis on resin bead to create
a library of fluorescent chemosensors candidates for metal ions by linking various
amino acid and acyl end-cap with a biarylpyridine derivative. They demonstrated that
their approach identified a chemosensors for ng+ ion with Kieoe = 1.8 x 10% M7 in

acetonitrile (Figure 1.8).

o)\-“R' library element k-cc:
CHO S _NH R = -CH_-resin, R' = CH,CH,SCH;4

PhHN 2: R =-(CH,CH,0),CH3, R'=H

Figure 1.8 Biarylpyridine core of chemosensors.

In 2014, Yuen et al. [12] applied solid-supported nucleotide synthesis to link
multiple building blocks of receptor and fluorophore together into DNA-like
chemosensors  (Figure 1.9). Fluorescence response images of synthesized
chemosensors supported on beads were recorded and compared with images before
addition of metal ions to create a large library of ARGB values of beads. Then they

applied statistically analysis to discriminate up to 57 metal ions with 9 sensors.
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Figure 1.9 Structures of a) building blocks of receptor and fluorophore b) example of

bead-supported chemosensor.

These combinatorial approach shows potentials for rapid screening of

chemosensors candidates. To improve this approach, simultaneous synthesis can be

applied to further increase the throughput of screening by using chemical reaction with

non-interfering byproducts to generate candidates in situ. Formation of salicylaldimine,

which is simultaneous at room temperature and have only a water molecule as

byproduct, fit perfectly to these conditions. [13]



1.5 Multivariate statistical analysis

A chemical analysis may be involved multiple variables; for an example, a
single spectrum contains a pattern of data similar to a fingerprint that requires skillful
and experienced chemists to interpret. For unknown samples, the analysis can involve
multiple measurements, resulted in overwhelming amount of data for manual
interpretation. Advancement in mathematic methods and computing technology gave
birth to a way to process large amount of data and correlate them to extract
meaningful information, such as pattern recognition analysis. These methods allow
faster and more effective chemical analysis with many measurements and samples.
Pattern recognitions of multi-dimensional data may apply multivariate statistical
analysis which can be divided into two categories: 1) unsupervised methods such as
principal component analysis (PCA), input the data of each sample without a
predefined class, and 2) supervised methods such as linear discriminant analysis (LDA),
input the data of each sample as a predefined class.

1.5.1 Principal component analysis (PCA)

One of the most wide-spread unsupervised multivariate statistical analysis is
principal component analysis (PCA). The PCA transforms the data with n-dimension
into scores of n orthogonal principal components (PCs). The first PC contains the
highest variance of the data and other PCs contain remaining variance in decreasing
order. Therefore, the first few PCs contains most of information of data distribution.
This allows PCA to be used as a tool for dimensionality reduction, feature extraction
and data visualization. The PCA also provide information about the statistical

contribution of each original dimension, generally called loading, in each PC.

In 2008, Palacios et al. [14] developed sensor arrays based on 6
hydroxyquinoline-based fluorescent chemosensors for metal ions. The PCA was
applied to YGB color values from photographic images to identify metal ions. Using
PCA loading, the six-sensor array was reduced to two-sensor array. The resulted 2
sensors array could discriminate 10 metal ions with 100% accuracy from LDA cross-

validation (Figure 1.10).
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Figure 1.10 Systematically reduction of sensors in arrays using statistical contribution

from PCA.

1.5.2 Linear discriminant analysis (LDA)

LDA is a supervised method, which predefine the samples into classes. The LDA
also transforms the data with n-dimension into scores of n new orthogonal dimensions.
Since the data were assigned into classes, the transformation tries to model the score
based on the similarities among the data in the same class while generate a linear
discriminant (LD) function to describe the best parameters to discriminate different
class. This is achieved by maximize ratio of inter-class variance and minimize ratio of
intra-class variance. Since PCA utilizes the variance in the original data for the
transformation, it gives loadings that related to the contribution of the original
dimension. LDA however aims to minimize the distance between samples in the same
class and maximize separation among different classes, the loadings obtained from

LDA does not directly related to the contribution of the original dimension.

In 2008, Wang et al. [15] used array of 9 fluorescent chemosensors to identify

10 metal ions at different range of pH. Photographic images of fluorescence responses
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were recorded in 4 color channel (RYGB). LDA score plot of the color values from the
photographic array could identify the metal ions at 5 concentrations in the range of 5-

5000 uM with 96% accuracy (Figure 1.11).
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Figure 1.11 LDA score plots of nine-sensors array to 10 metal ions (1mM) at pH7.

In 2015, Mungkarndee et al. [16] used 3 triphenylamine-based fluorescent
sensors for detection and identification of foodborne pathogens. LDA was applied to
the fluorescence intensities at various wavelength in the range of 400-700 nm. The
LDA loadings could exclude a low performance sensor to give a two-sensors array for

identifying 8 bacteria with 100% accuracy (Figure 1.12).
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Figure 1.12 LDA score plot of fluorescent responses from 2 sensors upon mixing with

each bacterial sample.



CHAPTER Il
EXPERIMENT

2.1 Chemicals and materials

All chemicals were purchased from commercial suppliers (Sigma-Aldrich, Fluka,
Acros, TCl or Merck) and were used without further purification. All chemicals were
used as received without further purification. In analytical experiments, HPLC grade
solvents (methanol and DMSO) and Milli-Q water were used. All column
chromatography was carried out using Merck silica gel 60 (70-230 mesh). Thin layer
chromatography (TLC) was performed on silica gel plates (Merck F245).

2.2 Analytical instruments

'H NMR spectra were acquired on a Varian Mercury NMR spectrometer at 400
MHz and ">C NMR spectra were obtained from a Bruker NMR spectrometer at 100 MHz.
Absorption spectra were collected with a Varian Cary 50 UV-vis spectrophotometer.
Fluorescence spectra were collected with a Varian Cary Eclipse spectrofluorometer.
The absorption and emission spectra were acquired from solution in a quart cuvette
with 1 cm path length. Photographic images of well-plate are recorded using a

Panasonic LUMIX Compact System (Mirrorless) Camera DMC-GF7.

2.3 Screening procedures and data analysis.

Salicylaldehyde derivatives and amines were dissolved in methanol to prepare
10 mM stock solution, with exception of two hydrazides which were dissolved in DMSO
instead. Guanidine hydrochloride and methyl ¢lycine ester hydrochloride were
neutralized by addition of 0.5 equivalents of K,CO5. Each stock solution of the metal
ion (Lit, Na*, K, Mg®*, Ca%, Ba®', A**, Fe?*, Fe**, Cr**, Co?*, Ni?*, Cu?t, Zn?', Ag*, Cd*,
Hg** and Pb?*) was prepared from the solid nitrate salt (with exceptions of Fe(CH;COO),
and Hg(CH;COO),) dissolved in Milli-Q water and diluted to 10 mM.
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The sensor screening experiments were performed in a black 96-well plate.
Each well consists of 140 pL of methanol as solvent and 20 uL each of aldehyde,
amine and analyte stock solution (total 200 L) and Milli-Q water was used as a blank
for negative control. After the addition of the final component, the well plate was
mildly shaken and rested for 10 minutes in dark place before placed in black box
under four 6W 365 nm black light lamp. Photographic images of well-plate are
recorded using a Panasonic LUMIX Compact System (Mirrorless) Camera DMC-GF7. Each
experiment was record 2 times and the final RGB values were averaged from both
images. NIH ImageJ processing software was used to determine mean R, G and B values
parameters from 7,860 pixels circular selection of each well image. R, G and B values
were converted into AR, AG and AB by subtracting the average R, G and B values of

the sample with the average R, G and B values of Milli-Q water.

Multivariate data analysis such as PCA and LDA with cross-validation were
performed using MATLAB R2018a program. In case of PCA, all input data set were
mean-centered prior subjected to PCA analysis. The underlying variations of the
sensors induced using the score of PCs. To evaluate the efficiency of sensor to predict
the ion species, the predictive model was generated by using LDA with Leave-one-out

cross validation approach.

2.4 Synthesis
2.4.1 Methyl 3-formyl-2-hydroxylbenzoate (s5)

HO.__O MeO.__O
MeOH, conc. H,S0,
OH OH

:

O reflux, 20 h e

3-formyl-2-hydroxylbenzoate (500 mg, 3.0 mmol) was added to a sealed tube
and dissolved in 1,2-dichloroethane (10 mL) and methanol (5 mL). Concentrated
sulfuric acid (0.5 mL) was added and solution was refluxed for 20 hours. After cooled
down, the solution was concentrated under reduced pressure and neutralized with
saturated NaHCO5 solution. The mixture was extracted with dichloromethane (3 x 10

mL). The organic layers were combined and dried over anhydrous sodium sulfate,
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concentrated under reduced pressure and purified by column chromatography (20%
ethyl acetate/hexane). The solvent was removed under reduced pressure to give 448
mg of the desired product as a yellow solid (83% yield). 'H NMR (400 MHz, CDCLl,): &
(ppm) 11.54 (1H, s); 10.52 (1H, s); 8.13-8.11 (1H, dd); 8.05-8.03 (1H, dd); 7.04-7.02 (1H,
t); 4.02 (3H, s).

2.4.2 2-furancarbohydrazide (a8)

N2H4 : H20, CH3CN 0 0

wm % HN-NH,

0 °C, 60 min

A round bottom flask was charged with hydrazide monohydrate (2 g, 40 mmol)
and placed in ice bath. Solution of 2-furancarboxyl chloride (1.2 g, 9 mmol) in
acetonitrile (5 mL) was added slowly under constants stirring. After 30 minutes, ice
bath was removed, and the mixture was stirred for another 30 minutes. The
precipitated solid was filtered, washed with cold methanol and recrystallized in ethyl
acetate to give 381 mg of the desired product as a white solid. '"H NMR (400 MHz,
DMSO-d6): O (ppm) 10.28 (1H, s); 7.84 (1H, d); 7.21 (1H, d); 6.68 (1H, 1).

2.4.3 Methyl 2-pyrrolecarboxylate

H
N 0O

H
[N)_/(O MeOH, conc. H,SO, |
4 N EH
OH reflux, 20 h O-CH,4

Pyrroic acid (330 mg, 3.0 mmol) was added to a round bottom flask and

dissolved in methanol (20 mL). Concentrated sulfuric acid (0.5 mL) was added and the
solution was refluxed for 20 hours. After cooled down, the solvent was removed under
reduced pressure and pH was adjusted to slightly basic with saturated NaHCO;
solution. The mixture was extracted with dichloromethane (3 x 10 mL). The organic
layers were combined and dried over anhydrous sodium sulfate. The solvent was
removed under reduced pressure to give 245 mg of the desired product as a brown
solid (65% yield). 'H NMR (400 MHz, CDCls): O (ppm) 6.96 (1H, s); 6.92 (1H, s); 6.27 (1H,
s); 3.85 (3H, s).
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2.4.4 2-pyrrolecarbohydrazide (a9)

H 0 NoH, H,0, MeOH k]' 0
()~ i Wan
O-CHj, reflux, 20 h HN-NH,

Methyl 2-pyrrolecarboxylate (240 mg, 1.9 mmol) was added to a round bottom
flask and dissolved in methanol (20 mL). Hydrazide monohydrate (1 mL) was added
and the solution was refluxed for 20 hours. After cooled down, the solution was
concentrated under reduced pressure and precipitated solid was filtered. The solid
was recrystallized in water/ethanol to give 108 mg of the desired product as a pale
brown solid (45% yield). 'H NMR (400 MHz, DMSO-d6): & (ppm) 11.42 (1H, s); 9.23 (1H,
s); 6.86 (1H, d); 6.74 (1H, d); 6.04 (1H, t); 4.31 (2H, s).

2.4.5 Dimethyl furan-2,5-dicarboxylate

HO o O MeOH, H,SO,, H3C‘o o o

I I
/ OH reflux 20 h % 0-CH,

Furan-2,5-dicarboxylic acid (400 mg, 2.57 mmol) was added to a round bottom
flask and dissolved in methanol (20 mL). Concentrated sulfuric acid (0.5 mL) was added
and the solution was refluxed for 36 hours. After cooled down, the solvent was
removed under reduced pressure and pH was adjusted to slightly basic with saturated
NaHCO; solution. The mixture was extracted with dichloromethane (3 x 10 mL). The
organic layers were combined and dried over anhydrous sodium sulfate. The solvent
was removed under reduced pressure to give 260 mg of the desired product as a

brown solid (55% vyield). *H NMR (400 MHz, CDCL;): & (ppm) 7.24 (2H, s); 3.88 (6H, s).

2.4.6 Furan-2,5-dicarbohydrazide (a10)

MeO o O N,H4 H,0, MeOH HaN, o o

| |
J OMe reflux 6 h g HN-NH,
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Dimethyl furan-2,5-dicarboxylate (260 mg, 1.4 mmol) was added to a round
bottom flask and dissolved in methanol (10 mL). Hydrazide monohydrate (1 mL) was
added and the solution was refluxed for 30 hours. After cooled down, the solution
was concentrated under reduced pressure and precipitated solid was filtered. The solid
was recrystallized in ethanol to give 144 mg of the desired product as a white solid
(56% yield). 'H NMR (400 MHz, DMSO-d6): & (ppm) 9.74 (2H, s); 7.08 (2H, s); 4.52 (4H,
s).

2.4.7 Dimethyl thiophene-2,5-dicarboxylate

o) 0
MeOH, H,SO,,
HO s. 0 s 5% s. 0
| reflux 20 h |
7 “oH / 0-CH,

Thiophene-2,5-dicarboxylic acid (500 mg, 2.9 mmol) was added to a round
bottom flask and dissolved in methanol (10 mL). Concentrated sulfuric acid (0.5 mL)
was added and solution was refluxed for 36 hours. After cooled down, the solvent was
removed under reduced pressure and pH was adjusted to slightly basic with saturated
NaHCO; solution. The mixture was extracted with dichloromethane (3 x 10 mL). The
organic layers were combined and dried over anhydrous sodium sulfate. The solvent
was removed under reduced pressure to give 524 mg of the desired product as a white

solid (90% yield). *H NMR (400 MHz, CDCL,): & (ppm) 7.73 (2H, s); 3.91 (6H, s).
2.4.8 Thiophene-2,5-dicarbohydrazide (a11)

(0] (0]
MeO s 0 N,H,4 H,0, MeOH‘ HZN\N s o
| reflux 6 h H |
/ OMe / HN—-NH,

Dimethyl thiophene-2,5-dicarboxylate (500 mg, 2.5 mmol) was added to a

round bottom flask and dissolved in methanol (15 mL). Hydrazide monohydrate (0.5
mL) was added and solution was refluxed for 20 hours. After cooled down, the solution
was concentrated under reduced pressure and precipitated solid was filtered. The solid

was recrystallized in ethanol to give 325 mg of the desired product as a white solid
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(65% yield). 'H NMR (400 MHz, DMSO-d6): & (ppm) 9.88 (2H, s); 7.61 (2H, s); 4.49 (4H,
s).

2.4.9 2-(((2-(dimethylamino)ethylimino)methyl)-6-methoxyphenol (s2a4)

OMe CH3CH,OH Me
OH ! OH
+ SN
Lo HN RT,2h N~y

To a solution of o-vanilin (s2) (304 mg, 2 mmol) in ethanol (10 mL), a 0.1 M
solution of N,N-dimethyethylenediamine (a4) in ethanol (20 mL, 2 mmol) was added.
The solution mixture was stirred at room temperature for 2 hours. The solvent was
removed under reduced pressure and the liquid residue was dried under vacuum. The
desired product was obtained as a yellow liquid (896 mg, quantitative yield). '"H NMR
(400 MHz, CDCLs): O (ppm) 8.36 (H, s); 6.89 (2H, m); 6.82 (1H, 1); 3.91 (3H, s); 3.74 (2H,
t); 2.66 (2H, t); 2.31 (6H, s).

2.4.10 (N?,N®)-N* N*-bis(2-hydroxybenzylidene)thiophene-2,5-dicarbohydrazide2-(((2-
(dimethylamino)ethyl)imino)methyl)-6-methoxyphenol (s1al1)

/O
0 0 0 0 @
OH S Dichloroethane @\\ S /
2 + HN-y (7 NN ————— N
H H eflux, 2 h

r

To a solution of salicylaldehyde (s1) (784 mg, 6.42 mmol) in 1,2-dichloroethane
(30 mL), a 0.1 M solution of thiophene-2,5-dicarbohydrazide (all) in 1,2-
dichloroethane (30 mL, 3 mmol) was added. The solution mixture was refluxed for 2
hours. After cooled down, the precipitated solid was filtered and washed thoroughly
with cold methanol. After dried under reduced pressure, the desired product was
obtained as a yellow solid (1.2 g, quantitative yield). *H NMR (400 MHz, DMSO-d6): &
(ppm) set 1: 12.29 (1H, s); 11.05 (1H, d); 8.67 (1H, s); 7.95 (1H, m); 7.60 (1H, d); 7.36 (1H,
1); 6.90 (1H, m). set 2: 11.97 (1H, s); 10.15 (1H, d); 8.50 (1H, s); 8.05 (1H, d); 7.95 (1H, m);
7.36 (1H, t); 6.90 (1H, m).



CHAPTER 1lI
RESULTS AND DISCUSSION

In this thesis work, 45 salicylaldimines were screened as a sensor array for metal
ions. The salicylaldimines were prepared in-situ from the condensation between a
salicylaldehyde (s1-s5) and an amine (al-a9). Salicylaldehydes s1-s4 and amines al-
a7 were commercially available. Therefore, only salicylaldehyde s5 and amines a8 and
a9 were synthesized. In addition, 2 dihydrazides (a10 and al1) were synthesized and
tested with metal ions. The results and discussion will be divided in 4 parts: synthesis,
metal ion sensing test of salicylaldimines, multivariate statistical analysis and study of

dihydrazide sensors

3.1 Synthesis

Methyl 3-formyl-2-hydroxylbenzoate (s5) was successfully synthesized from
esterification of commercially available 3-formyl-2-hydroxylbenzoate (s4) in 83% yield.
2-pyrrolecarbohydrazide (a9) was synthesized from the condensation reaction
between the methyl ester of pyrroic acid and hydrazine monohydrate in 29% overall

yield (2 steps). (Scheme 3.1)

HO._ O MeO._ O
MeOH, conc. H,SO,
OH OH

0 reflux, 20 h 0

(83%)

N,H, - H,0, CH5CN

o] 0 o] o]
| (54
w@ % HN-NH,
0°C, 60 min a8
(90%)
H H H
N O  MeOH, conc. H,SO, N 0O N2H4 H20, MeOH N 0O
()~ = )X S Wan
OH reflux, 20 h O-CHj; reflux, 20 h HN—NH,
(65%) a9

Scheme 3.1 Synthesis of s5, a8 and a9.
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3.2 Metal ion sensing test of salicylaldimines

Aldehydes and amines are expected to readily condense to form the
corresponding imines at room temperature. This allows synthesis and screening of
imine chemosensors to be performed in a single step. In this work, 5 salicylaldehyde
derivatives (s1-s5) and 9 amines (al-a9) were used as the imine building blocks.
(Scheme 3.2) This process would hypothetically yield 50 chemosensors, consisting 5
salicylaldehydes and 45 imines, that prompt a high throughput screening for metal ion
sensors. These 50 chemosensors were tested with 18 metal ions (Lit, Na*, K*, Mg®,
Ca?*, Ba?*, A**, Fe*", Fe™, Cr’*, Co®, Ni*, Cu®*, Zn?*, Ag*, Cd*, Hg** and Pb®) in
comparison with Mili-Q water used as a blank. The photographic images of the mixture
of aldehydes, amines and metal ions in methanol in 96 well-plate were recorded with
a digital camera under black light (365 nm) to generate an array of 950 images (5 x 10
x 19) (Figure 3.1).

.0 v a1:Y =-OH
oH H,NTN a2:Y = -OMe
al3:Y=-SH
X a4 :Y =-NMe,
a5:Y =-CH,-NMe,
s1:X=H NH
s2: X =0Me OMe
s3:X= Cl HNTT ’ NJLNH
s4 : X =COOH 0] 2 2
sb5: X =COO0OMe
a6 a7
0] @] H 0
HN—NH; HN=NH,
a8 a9

Scheme 3.2 Structures of salicylaldehydes and amines.
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Figure 3.1 The photographic images of fluorescence responses of mixtures of

salicylaldehydes (s1-s5, 1 mM) and amines (al-a9, 1 mM) to metal ions (1 mM) under
black light (365 nm).
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From Figure 3.1, the salicylaldehydes themselves give some fluorescence
responses to metal ions and several hypothetical imines have responses different from
the corresponding salicylaldehydes. The results implied in-situ formation of the imines
from the mixtures of aldehydes and amines. To confirm the in-situ formation of the
imine, the NMR spectrum of a mixture of an equimolar of s2 and a4 in CDCl; was
acquired after a few minutes of mixing. The "H NMR spectrum confirmed that the imine

s2a4 was rapidly formed and the imine product could be isolated (Figure 3.2).

C
a) "o b
d OH ) )
I J ‘
f a g | I’

a fde cig il
| i |

b)
| f Col J

&
11 (ppm)

Figure 3.2 'H NMR of a) mixture of 1:1 mole ratio of s2 and a4, b) isolated s2a4

The photographic images (Figure 3.1) also demonstrate that each metal ion
create different pattern of fluorescence responses on the salicylaldehydes and imines.
With application of pattern recognition process, these patterns should be useful for

metal ion identification, that will be described in detail in the next section.

The imine s2a4 was tested for metal ions selectivity with various metal ions
(Li+, Na*, K+, Mg2+, Ca2+’ Ba2+’ Al3+, FeZ+’ Fe3+, CI’3+, C02+, Ni2+, CU2+, ZI"]2+, Ag+, Cd2+, Hg2+

and Pb?). It showed high selectivity toward Zn?* in methanolic solution, corresponding
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to the screening results. (Figure 3.3) Besides Zn?*, A" and Cd** could moderately

enhance the fluorescence intensity of s2a4.

§2a8 + Zn*
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s2ad + Cd* 0 - - . -y - -
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o T R AT S BRI R L R
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Figure 3.3 Fluorescence spectra of 10 uM of s2a4 in the presence of various metal
ions (100 pM) in MeOH:water (999:1) using A, = 375 nm.

3.3 Multivariate statistical analysis

To analyze the pattern of the fluorescence responses, the photographic images
were converted into R, G and B values and analyzed by principal components analysis
(PCA) to determine an appropriate set of sensing elements in a chemosensor array for
metal ions identification. The fluorescence responses were represented by the color
differences (AR, AG and AB) between the images of the mixtures with and without
the metal ions. As the alkaline metals induce very minimal fluorescence responses to
all sensors, the data related to these metal ions were discarded, leaving 800 images (5
x 10 x 16) for further analysis. Thus, the total of 2,400 AR, AG and AB values (3 x 800)
were used as input to PCA analysis. The loadings of AR, AG and AB values in the first
3 principal components (PCs) of each sensor were combined, normalized and plotted

as shown in Figure 3.4. The plot shows that imines of s2 give low loading values in

800



24

correspondence to their low fluorescence responses, while many imines of s1, s4 and
s5 have high loading values that are in good agreement with their distinct fluorescence
responses to different metal ions. Therefore, these combined loadings approximately
represent the contribution of each sensors to the pattern of the fluorescence
responses generated by each metal ion. The combined loadings may be used as a

criterion in the selection of sensor candidates for the metal ion identifying array.



25

Normalized combined loading
10%  20%  30%  40%  50%  60%  70%  80%  90%  100%

o
S

sl
slal
sla?
sla3
sla4
sla5
slab
sla7
s1a8
sla9

S2
s2al
s2a2
s2a3
s2a4
s2a5
52a6
s2a7
s2a8
s2a9

s3
s3al
s3a2
s3a3
s3a4
s3a5
s3a6
s3a7
s3a8
s3a9

s4
sdal
sda?2
s4a3
sda4
s4a5
s4a6
sda7
s4a8
s4a9

s5
shal
s5a2
s5a3
sha4
s5ab
s5ab
sha7
s5a8
s5a9

Figure 3.4 Bar chart of combined loading values of AR, AG and AB values in the first
3 PCs of each sensor normalized to 100% for the maximum values. Red bars indicate

selected imines.
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In practice, an array with lower number of sensors is more convenient to be
used in metal ion analysis. To reduce the numbers of sensors candidates for metal ion
identification, 9 sensors (red bar in Figure 3.5: s1, slad, s1a9, s3, s3a4, s4a2, s4a6, s4a9
and s5a7) in which each sensor has the normalized combined loading of 70% or above
were selected. The selected imines were tested with 15 metal ions and blank for 10
repetitions to generate 1,440 fluorescence response images (9 sensors x 16 analytes x
10 repetitions), which produced 4,320 AR, AG and AB values. The PCA-score plot of
ARGB inputs in the first 3 PCs, containing 91.79% of variance, showed 16 clusters of
scores corresponding to 16 analytes (Figure 3.5). The score clusters of A**, Zn**, Cd**,
Mg®* and Fe®* are well-separated, in consistent with the distinct fluorescence response
patterns in the photographic images (Figure 3.1). On the other hand, the clusters of
Milli-Q water (blank), Ca?*and Ba®" are quite close with some overlap that suggest weak

interaction between these metal ions and the sensors.

*x MQ
Vv Mg2+
v Ca2+
150 4 VvV Ba2+
Al3+
100 S Fe2+
A Fe3+
504 8 * Cr3+
) o Co2+
8 og 0 ‘-: v Ni2+
Qo . : o Cu2+
-50 w O zn2+

O Ag+
-100 - O  Cd2+
¢ Hg2+
-150 Pb2+

0
200 100 O 100
400 -200
PC 1 PC 2
(60.75%) (21.71%)

Figure 3.5 PCA score plot of AR, AG and AB values from 9 selected sensors tested

with 15 metal ions and Mili-Q water.



27

The classification of metal ions based on PCA scores was subjected to Linear
Discrimination Analysis Leave-Out-Out Cross Validation (LDA-LOOCV), and 158 out of
160 data points were correctly classified with only 2 points of Ba?* were misclassified
as Milli-Q water.

To minimize number of imines required in discrimination of metal ions, ARGB
from 9 sensors were grouped in all possible combinations from 1-9 sensors, to provide
a total of 511 combinations. The ARGB values in these combinations were converted
into scores by PCA. The scores were again subjected to LDA-LOOCV to determine the
classification accuracy of each combination. A plot of the accuracy values is presented
in Figure 3.6 which shows that the accuracy reach saturation with the combination of
at least 2 sensors. Among 36 combinations of 2 sensors, the s4a9 and s5a7 pair gave

the highest accuracy of 99%.

100% 99% @ 99% @ 99% @ 99% '99% '99% '99% ©99%

90% ® 91% |

°

> 80% @ e ]
©
S 70% e ' ()
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©
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©
= 40% © °
7
g 30% o
O 20%

10%

0%

1 2 3 4 5 6 7 8 9

Number of sensors

Figure 3.6 Plot of classification accuracy derived from LOOCV when using possible
combinations of 1-9 sensors.

The PCA score plot of ARGB from s4a9 and s5a7 showed that all 3 PCs
contained satisfying 98.25% of variance and the cross-validation gave only 2
misclassified samples out of 160 samples, representing an accuracy of 99% (Figure 3.7).

The misclassified samples are Ba** and Hg”" ions, which were classified as Mili-Q water.



28

Therefore, the reduction of number of sensors in the array to 2 sensing compounds

gave satisfying results.
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Figure 3.7 PCA score plot of ARGB values from s4a9 and s5a7.

3.4 Study of dihydrazide sensors

In addition of 9 amines, 2 dihydrazides derivatives were synthesized and tested
with metal ions. Furan-2,5-dicarbohydrazide (a10) and thiophene-2,5-dicarbohydrazide
(@11) were successfully synthesized from the condensation reaction between
hydrazine monohydrate and methyl ester of furan-2,5-dicarboxylic diacid or thiophene-
2,5-dicarboxylic diacid, respectively. The overall yield was 31% for al0 and 65% for
all (Scheme 3.2).
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o, X © MeOH H;S0, HiC. <« o NaHeHzO, MeOH HiN. <« 0
/ reflux, 20 h | Ho
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X=0; 55% X=0; a10 56%
X=8; 90% X=8; a11 65%

Scheme 3.3 Synthesis of a10 and al1.

With two additional dihydrazides a10 and all, it was possible to screen for
new metal ion sensors based on in situ condensation between the dihydrazides and
salicylaldehydes similar to the method described in section 3.2. Stock solution of both
dihydrazides a10 and a1l in DMSO were mixed with each of salicylaldehydes (s1-s5)
in methanol in the presence of various metal ions. The photographic images of the
fluorescence responses recorded under 365 nm UV lamps showed that both s1al0

[3+

and slall are highly selective with A" ion (Figure 3.8). It is interesting to note that

l3+

the color of the fluorescence images for slall in the presence of Al is green while

that of s1 is blue (see Figure 3.8 and Figure 3.1 for comparison).
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Figure 3.8 The photographic images of fluorescence responses of mixtures of

salicylaldehydes (s1-s5, 1 mM) and amines (@10 and a11, 1 mM) to metal ions (1 mM)
under black light (365 nm).
The hydrazone s1all was chosen for further investigation. It was isolated from

the reaction between s1 and al11. In the presence of Al**, the methanolic solution of
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s1all exhibited longer maximum emission wavelength (A..) at 499 nm in comparison
with s1 (Ao = 483 nm) (Figure 3.9). The results correspond to the longer Tt-conjugation
of slall and are in good agreement with the color appeared in the photographic

images.

350 /51311+A|3+; Amax= 499 nm
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Figure 3.9 Fluorescence spectra of 10 uM of s1 and s1al1 in the presence of 100 uM
A" in MeOH:water (9:1) using A, = 415 nm.

For metal ion selectivity test, the fluorescence spectra of slall in the presence
of various metal ions (Li*, Na*, K*, Mg®*, Ca*, Ba*', Al*', Fe®*, Fe®*, Cr*, Co®", Ni?*, Cu™,
Zn?*, Ag*, Cd?*, Hg?* and Pb?") were acquired. When excited at 415 nm, s1a11 exhibited

selective fluorescence turn-on signal to A** (Figure 3.10).
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Figure 3.10 Fluorescence spectra of 10 uM of slall in the presence of various metal

ions (100 pM) in MeOH:water (9:1) using Ay, = 415 nm.

Further investigation found that fluorescence response of slall with A

** was

time-dependent (Figure 3.11). The fluorescence intensity increased more than 6-fold

over course of an hour.
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Figure 3.11 Time-dependent fluorescence intensity of slall with A" (Aer = 415 nm),
inset: Fluorescence intensity at 499 nm over time.

The 'H NMR spectrum of isolated slall showed 2 prominent sets of signals
with an integral ratio of 0.65:0.35 (Figure 3.12). This may be due to cis-trans
isomerization of the imine double bonds of the hydrazone [17]. The trans isomer
allows an intramolecular hydrogen bonding between phenolic proton and imine
nitrogen via a 6-membered ring while the intramolecular hydrogen bonding in the cis
isomer form via a less stable 7-membered ring. Therefore, the trans isomer was
probably the larger fraction (0.65) observed in the *H NMR spectrum. In fact, there
could be 3 possible isomers of slall i.e. trans-trans, trans-cis and cis-cis. The
isomerization between these forms can have thermodynamic and kinetic effects on

the complexation between s1a11 and Al*".
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Figure 3.12 "H NMR spectrum of s1al1 in DMSO-d6.

NMR titration between s1a11 and A** up to 2 equivalents (Figure 3.13) showed
a new set of signals at 12.21, 11.87, 11.03, 8.54, 8.00, 7.69, 7.38 and 6.69 ppm. This
result suggested that s1a11 formed complex with A", but even with 2 equivalents of
AP* and more than 24 hours, some of the signals of non-complexed s1all remained.

The sensing mechanism of this compound cannot be concluded and require further

investigation
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Figure 3.13 'H NMR titration of s1a11 and Al(SOg); in DMSO.
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CHAPTER IV
CONCLUSION

A set of 50 fluorescent chemosensors including 5 salicylaldehydes and their
45imines, generated in-situ from the aldehydes-amine condensation, were
simultaneously screened with 18 metal ions in 96-well plates under black light. The
principal components analysis (PCA) of the ARGB values obtained from the
photographic images in the screening process showed 9 sensors with normalized
loading value over 70%. The sensor array constructed from these 9 sensors could
classify 10 solutions containing each of 15 non-alkali metal ions with 99% accuracy
from a leave-one-out cross-validation. The cross-validation of full factorial
combinations of the sensors from 2 to 9 identified the combinations of 2 sensors could
also classify the metal ions without any loss of accuracy. Using this rapid in-situ forming-

screening technique, a new sensor selective to Al

was easily identified from 10
hydrazones generated from 5 salicylaldehyde and 2 dihydrazides. However, the
response time of the hydrazine sensor was relatively slow that related to reaction

mode of sensing which require further investigation.
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Figure A 2 'H NMR spectrum of compound a9 in DMSO-d6.
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Figure A 4 'H NMR spectrum of compound a10 in DMSO-dé.
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