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Fluorometric detection of industrially important small molecules and metal ions using
phenol-based probe molecules with applications in real samples

Submitted by: Snigdha Roy

This thesis represents some fluorescence techniques towards analytical detection of different
environmentally important metal ions and small molecules which possess serious effects on our
health. We have designed some simple phenol based fluorescent probes. The thesis consist of five
chapters which are outlined below:

Chapter 1 includes theoretical and technical features of fluorescence spectroscopy as well as
general approaches towards designing of fluorescence sensors. It also includes literature overview
on some chemo-sensors based on phenolic moiety. Furthermore, it discussed previous studies in
brief related to fluorometric detection of AI*" and small molecules like water and methanol using
different fluorescent probes.

Chapter 2 describes the materials and experimental methods for whole thesis work. It also
describes the synthesis protocols of different fluorescent probes along with their characterization
methods. Further the detail procedures for preparation of various analytical samples are included.

Chapter 3 highlights a convenient fluorometric procedure for the detection of soluble A" in
alcohol medium using a newly synthesized phenolic Schiff base molecule containing coumarin
moiety as aluminium fluorosensor. The probe is operable in alcohol medium for early stage
detection of micro-level alcoholate corrosion in terms of fluorometrically soluble aluminium
alkoxide. Simultaneous monitoring of wet and dry corrosion facility is utilized to identify the
alcoholate corrosion in its embryonic stage for commercial aluminium alloy.

Chapter 4 reports a very simple fluorescence probe method for the detection of trace moisture in
polar aprotic solvents using a diformyl phenol derivatives. The probe exhibits water induced
spectral blue shift in the UV-vis absorption spectra. Such spectral changes causes water%
dependent linear emission intensity response which is utilized for the detection of moisture
ratiometrically. The method due to its detection simplicity can be applied to detect water
adulteration in different food stuffs.

Chapter 5 highlights a unique fluorescence method for detection of trace amount of methanol in
ethanol and isopropanol medium using AP¥"-complexes of phenolic Schiff base. The detection is
mediated by the presence of various extent of water in the medium. Thus, we have shown that the
method is very useful to detect methanol poisoning in different alcoholic beverages and hand
sanitizers containing high water background.
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PREFACE

The work bring about in this present thesis entitled “Fluorometric Detection of Industrially
Important Small Molecules and Metal lons Using Phenol-based Probe Molecules with
Applications in Real Samples” was begin in April, 2017 and accomplished in the Department of

Chemistry, Jadavpur University, Kolkata- 700032.

This thesis introduces some methods of fluorescence techniques for detection of different
environmentally vital metal ions as well as small molecules which imposed serious effects on our
health and to aid this, we have designed some simple fluorescence probes. We designed phenolic
Schiff-base molecule containing coumarin moiety as an aluminium fluorosensor for early detection
of micro-level alcoholate corrosion fluorometrically in terms of soluble aluminium alkoxide. The
wet and dry corrosions for aluminium alloys are estimated simultaneously to obtain valuable
information on alloy specific finding of alcoholate corrosion in its embryonic stage. Fluorescence
probe method is also introduced for the detection of trace moisture in polar aprotic solvents. For
the moisture detection purpose, we have synthesized a very simple fluorescence probe which
possess water% induced spectral blue shift in the absorption spectra as well as linear emission
intensity response. The simplicity of the detection methodology can be highly useful to detect
water adulteration in food stuffs. By exploiting alcohol coordinated AlI**-complexes of phenolic
Schiff-base molecular probe, a trace methanol is detected in ethanol or isopropanol medium in the
presence of large water background. The methodology is shown to be highly useful to detect trace

amount of methanol contamination in alcoholic beverages and hand sanitizers.
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MOFs ...... Metal organic frameworks
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Chapter 1

Common aspect about small molecules and metal ions
sensing: background, literature overview, extent and
goal



1.1. Introduction

Rapid modernization introduces ions and molecules to redistribute in the environment and thus
frequently offers adverse effects on living system and its surrounding.! Additionally, the exposure
and adulteration of industrially and biologically hazardous elements may also alter industrial and
physiological activities of human being.>* Thus the detection of those ions/molecules possess a
potential impact on chemical research.’ Researchers have focused to design various types of small
molecule chemical sensors to detect different environmentally or industrially important metal ions
and small molecules.®® In this context, the fluorescence based chemo-sensing procedures are
extremely advantageous because of its simplicity, prompt responsive ability, as well as immune
sensitive nature with non-destructive property. Moreover, its high detection sensitivity makes it
more useful and offer to be act as a better alternative over other techniques.’'* Therefore designing
of a suitable fluorescence chemo-sensing probe molecules is very demanding.'*!® Some reviews
of previous research works as well as brief outlines of present work based on the above said issues

have been discussed in this thesis.

1.2. Fluorescence spectroscopy: theoretical and technical features

Fluorescence technique is one of the most reliable and convenient process both in environmental
as well as biological domain for the detection of low concentration of analytes with high
accuracy.!” Fluorescence spectroscopy is concerned to the interaction of the light with matter.
When a matter is exposed to light, some of the light may be absorbed, some may scattered or
simply emit depending upon the nature of the matter and incident light.'®'° The light absorption
promotes the molecule in its excited electronic state. Since the probability of finding the molecule
is maximum in the midpoint of the lowest vibrational state of singlet ground state, therefore the
most probable transition originates from the midpoint of ground state. The upward vertical
transition occurs by following the Franck Condon principle. The electronic transition involves the
excitation of a bonding electron into the vacant antibonding or high energy orbital, and thus the
equilibrium intermolecular distance is to be slightly greater than that of the excited singlet state.
The excited molecules are subjected to collision with the surrounding molecules and gives up
energy in different pathways. The molecules step down the ladder of vibrational levels by the
process of radiation less decay or vibrational relaxation to the lowest vibrational level of the

excited electronic state. Vibrational relaxation also takes place by phosphorescence via intersystem



crossing, forming excimer or exciplex, transforming electron or photon/energy, internally and
photochemical transferring charges (Fig. 1). The surrounding molecules however might be unable
to accept the larger energy differences needed to reach the molecule in the ground electronic state,
and thus the molecules emits its excess energy in the form of radiation called fluorescence
radiation. Therefore, fluorescence is the transition between two spin states of same multiplicity.
Fluorescence occur at a lower energy than the incident radiation because the emissive transition

occurs after some vibrational energy has been lost into the surrounding.
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Fig. 1. Possible pathways of vibrational relaxation process

A Jablonski diagram is a simplified portrayal of relative positions of the electronic energy levels
of a molecule proposed by Professor Alexander Jablonski in 1935. Vibrational levels of a given
electronic state lie above each other. Illustration of the electronic states of a molecule and various

transitions can be explained by Jablonski diagram (Fig. 2).
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Fig. 2. Jablonski diagram of various photophysical process

(https://www.simtrum.com/WebShop/SolutionInfo.aspx?id=1669)

1.2.1. Fluorescence decay time or fluorescence lifetime

The fluorescent chemical compound that can emit its excitation energy in the form of light is
known as fluorescence. In addition to the fluorescence intensity value, fluorescence decay time
called fluorescence lifetime is very important parameter to analyze the molecular properties as
well as its surrounding environments. The fluorescence lifetime is a measure of the time which a
molecule spends in the excited state before returning to the ground state by emitting a photon in
the form of light. The lifetime is affected by various external conditions like temperature, polarity
or presence of fluorescence quenchers. The lifetimes of the excited species can vary from several
picoseconds to hundreds of nanoseconds. The intrinsic or natural radiative lifetime (tn) in the

absence of any competitive deactivation process is solely defines as,

1
Tn=k—
r



Where k: is the rate constant of radiative process. However, the actual average lifetime (t) of an

excited species defined as,

1

Ty, =7
"kt kyy

Where ki is the rate constant of non-radiative process. The lifetime value is actually found to be

less as compared to the natural radiative lifetime or intrinsic lifetime of that species owing to

occurrence of other competitive deactivation pathway.?%-2!

1.2.2. Fluorescence quantum efficiency or fluorescence quantum yields
The fluorescence quantum efficiency (®) may be defined as the number of moles reacted per

Einstein of the light absorbed,

Number of molecules reacting in a time

~ Number of quanta of light absorbed in the same time

or,
Rate of the reaction

I abs

Basically fluorescence quantum efficiency is the measure of fluorescence efficiency of a
fluorophore. If quantum efficiency is zero then the molecule is non-fluorescent. It may have value
less than one, equal or greater than unity. When molecules simply re-emit its energy, collide with
each other or may decompose through pre-dissociation then quantum efficiency have a value less

than one.??%

1.2.3. Fluorescence quenching

A variety of molecular interactions which causes to decrease the fluorescence intensity of any
fluorophore is known as fluorescence quenching. Different types of excited state reactions,
molecular reorganization, ground or excited state complexion, energy transmission, exciplex
formation are responsible for the intensity quenching due to efficient non-radiative transitions to
the ground state. Those short range interaction between excited species and quencher allows their
electron cloud to interact and make the quenching process favorable. Temperature and pressure

also sometimes affect for the quenching of fluorescence intensity. Different types of ions or small



organic molecules (amides, bromates, iodide, peroxides, nitroxides, and acrylamide) or even some
gases such as molecular oxygen can act as efficient fluorescence quenchers. However, for effective
fluorescence sensing methodology, analyte induced fluorescent enhancement behavior is more
promising than that of the fluorescent quenching observation.?® Thus, designing of “turn-on”

fluorescence probe is more suitable as compare to the “turn-off” probes.

1.2.4. Mechanism of Fluorescence sensing

Fluorometric chemical sensing with an ultra-high sensitivity is considered to be one of the most
convenient approaches.”’” Besides that, fluorescent chemo-sensor needs to fulfill some basic
criteria, such as binding selectivity and sensitivity. It can be achieved by a specific affinity for the
relevant target along with an unperturbed fluorescence signal from the effect of environmental
interferences. The molecular sensor of this type is able to produce a detectable change upon its
binding with an analyte.?® Moreover, it possess stability against illumination. There are many
different mechanism possible for energy transfer between donor and acceptor moiety in such
fluorescent chemo-sensor. These are photo-induced electron transfer (PET), Forster resonance
energy transfer (FRET), intra and inter molecular charge transfer (ICT), photo induced charge
transfer (PCT), excited state proton transfer (ESPT).?” A brief discussion about them are given as

follows.

1.2.4.1. Photo-induced electron transfer (PET)

Photo-induced charge transfer (PET) processes consist of electron donation from the excited state
of donor moiety to the acceptor moiety. As a result of PET, a charge separation is produced, which
implies a redox reaction happening in the excited state. Generation of fluorescence takes place by
the possible restriction of PET through inhibiting the donation of non-bonding electrons from
donor moiety to the acceptor moiety. This process is mostly affected by polarity of the solvent. In
more polar solvents electron transfer process become easier than less or nonpolar solvents with

making the overall PET process favorable.*

1.2.4.2. Forster or fluorescence resonance energy transfer (FRET)
Forster or fluorescence resonance energy transfer is a mechanism that describe the energy transfer

between two light sensitive molecules. Basically, the transformation of excitation energy of a



donor fluorophore moiety is takes place to a neighboring acceptor fluorophore moiety in a non-
radiative fashion through a long range dipole-dipole interaction. In FRET process, both the
chromophores are fluorescent in nature. This type of energy transferring process among different
donor-acceptor moieties is very important towards designing of appropriate chemo-sensing probe
molecules. This process of energy transfer is extremely sensitive with respect to slight changes in
intramolecular distance between donor and acceptor units. For this reason this process is very much

applicable to measure the dynamic activities of biological molecules.*'-*?

1.2.4.3. Intra and intermolecular charge transfer (ICT)

Charge transfer process is basically an electron relocation process, where the transformation of
electron takes place from one part of a donor moiety to a different part of acceptor moiety. This
type of electron transformation can be happened by intra or intermolecular way. When charge
distribution in an excited molecule produces a very large excited state dipole moment, the
intramolecular charge transfer takes place. However, when an excited molecule and its
neighboring molecule behave like a donor-acceptor, then intermolecular charge transfer can take
place. During the formation of m-electron conjugated system (contains electron rich as well as
electron deficient skeleton) if direct attachment of fluorophore with the receptor happened then
ICT can take place. Both inter- and intra-molecular charge transfer systems consist of donor

acceptor moiety together.*?

1.2.4.4. Photo-induced charge transfer (PCT)
Many biological process, electrophotography and photography are highly related with the photo-
induced charge transfer process. Conjugation between electron donating group like —OR,—NH2,
—NR:2 and electron accepting group like -NO, —CN, >C=0 makes the process feasible. Electronic
excitation causes the movement of electron from one orbital to other with simultaneous change in
dipole moment. Increasing solvent polarity causes a bathochromic shift or red shift of emission
wavelength. Excitation produces a partially positive character on the donor group owing to transfer
of charge from donor to acceptor. This type of partial positive charge on donor atom makes the donor

atom less desire to bind with metal ion.>*

1.2.4.5. Excited state intramolecular proton transfer (ESIPT)



When photo-excited molecules relax their energy through tautomerization by transferring a proton
from one to another moiety within the molecule then this process is known as excited state
intramolecular proton transfer. The most common tautomerization is the keto-enol tautomerism.
Molecules which possess ESIPT nature possess extremely larger Stokes shift compare to those
observed for other known fluorescent molecules. Sometimes they exhibits dual fluorescence
properties in which shorter-wavelength results from the original tautomer and longer-wavelength

results from proton-transferred tautomer.*>

1.3. General methodologies towards designing fluorescent sensors

Compounds that contains a binding site as well as fluorophore moiety with showing a well
interaction ability between these two sites are considered as fluorescent chemosensor.’® The
fluorescent sensor is basically converts a molecular recognition to results a quantifiable fluorescent
signal changes.’” Nowadays, this type of sensor is turn into a potential tool in various analytical
research fields. Construction of optical sensor is based on different chemical approaches to detect
different analytes. The main important methodologies are chemo-dosimeter, binding site-signaling
approach as well as displacement approach. The method of chemo-dosimeter is very useful
approach concerning an analyte recognition with a simultaneous irreversible transduction of a
noticeable signal changes. Chemo-dosimeter (fluorescence sensor) interacts with analytes with
simultaneously breaking or forming of covalent bonds. This type of interaction leads to significant
chemical modification and a product that has absolutely different properties compare to that of the
starting material. Another type of method known as binding site-signaling approach, where
covalent linkage generates among binding sites and signaling subunit, and subsequently
fluorescence of the signaling unit is generated by the interaction of analyte and binding site. On
the other hand, for displacement approach, a regeneration of fluorescence due to decomplexation
is resulted in the presence of analytes.

In recent times, researcher have focused towards development of fluorescent chemo-sensor as
it has extended application towards industrial as well as biological sphere.*%3’
Biologically/industrially important various types of cations, anions and small molecules have been
recognized by this technique in a selective and sensitive way. Herein, three main sensing protocol

for detection and estimation of ions and molecules are shown below (Fig. 3.1-3.3).
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Fig. 3.3. Displacement approach

1.4. Phenol based probe as chemo-sensors

For development of diverse ions/molecules selective fluorescent chemo-sensors, different
fluorophoric platforms have been used. Among them phenol based molecules are very well known,
where the conversion from phenol to phenolate form is the main driving force for the generation
of fluorescence. A large number of fluorescence chemo-sensor based on phenolic chromophore
moieties have been reported in the recent past. As for example different derivatives of 4-methyl-
2,6-diformylphenol (DFP) containing phenolic moiety are very purposeful for detection of cations,
anions and small neutral molecules by a “turn-on” fluorescence method.*® A novel fluorescent

sensor L1 based on a coumarin moiety is introduced by Y. Jiang et al. This probe has the ability



to combine selectively with Hg?* among different other metal ions with a ‘turn-on’ yellow

fluorescence intensity due to restriction of PET process.*!

O OO T, A

An interesting near infrared fluorosensor L2 containing 6-hydroxyindole-BODIPY is reported by
L. Chao and his research group for sensing Hg>* by monitoring fluorescence enhancement at 637
nm due to the restriction of PET process.*> B. Gao et al. have designed a 7-hydroxy coumarin
based chemo-dosimeter L3 which can detect Hg®* with a colorimetric response in aqueous
medium.** Another chemo-dosimeter L4 based on benzothiazole with two recognition sites
selective for Hg?* and Cu®" respectively is proposed by B. Gu and co-workers. The probe
irreversibly binds with Hg?>" to produce a ratiometric fluorescence response. On the other hand,
the reversible binding with Cu?" results in quenching of fluorescence intensity. In live cell
imagining studies, a naked eye visual color change from green to blue upon binding with Hg*" is

detected. Whereas in the presence of Cu?* the ligand changes its color from green to colorless.**

L2
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J. Z. Li and co-workers have designed a dicyanoisophorone-based near-infrared fluorescent probe
(L5) which can act as a dual sensor for Cu?>" and S?>~. Additionally, the binding of L5 with Cu?*"
generates a change in color from light yellow to brown, whereas the introduction of S*~ in that

system containing L5-Cu?* complex results in conversion of brown to light yellow color.*’

J. M. V. Ngororabanga and co-workers have proposed a simple coumarin-based Cu®" selective
turn-off fluorosensor (L6) in water medium. The binding of Cu** with the probe molecule allows
an appreciable amount of charge transfer from the fluorophore excited state to the d-orbital of
Cu(Il) and thus facilitates the PET process to observe fluorescence quenching.*® Another
colorimetric chemo-sensor (L7) based on a julolidine (heterocyclic aromatic organic compound)
and naphthalene moiety for detection of Cu?" in aqueous methanol solution is reported by D. J.

Fanna et al.
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Upon binding with Cu?" the probe possess a distinct color change from colorless to yellow.*’
Another two interesting fluorescent probes, L8 and L9 containing an amino-quinoline moiety have
proposed by P. Wang and co-worker. An intramolecular charge transfer transition (ICT) in the
ligand moiety is responsible for the fluorescence response of the probe molecule. Furthermore, in
the presence of Cu" as well as citrate ion, the probe behave as a turn-off to turn-on colorimetric
as well as fluorometric response. Inhibition of the ICT process is mainly responsible for the
fluorescence quenching upon the coordination with Cu?". The citrate ion remove the Cu?’

reversibly to make the ligand free and thus regenerate the fluorescence signal of the probe.*

0”7 N 07 N
HO HO
NH NH

L9

Recently, phenolic imine containing .10 and L.11 have reported by O. G. Beltran et al. as a turn-
off fluorescent probe towards the detection of Cu®" and Fe*". They have reported that L11
selectively sense Cu?" whereas L10 acts as a dual sensor towards Cu®** and Fe**. L10 in buffer
medium undergo a hydrolysis reaction to produce 3-amino-7-hydroxycoumarin, which selectively
bind with Cu®" as well as Fe*" and quenched the fluorescence intensity. On the other hand L11 can

only bind with Cu** with showing quenching of fluorescence intensity.*’
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In addition, a new chemo-sensing ligand L.12 containing coumarin moiety is developed by W.
Wang et al.. The probe exhibits a fast and reversible sensing via turn “off-on” response towards
Fe*" and inorganic pyrophosphate (PPi). Upon binding of Fe** with L12, the strong fluorescence
intensity of L12 become quenched either by paramagnetic quenching effect of Fe*" and/or via
LMCT process. However, regeneration of this fluorescence can take place by the interaction of

PPi with L12-Fe** complex, where the displacement of Fe*" from the complex set the ligand free.*
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S. Gharami et al. synthesized another interesting coumarin moiety based fluorescent probe (L13)
containing azo-phenol unit, which selectively sense Mg®" by forming L13-Mg?** complex and
furthermore the Mg?*-complex is used to detect F~ selectively among the presence of other anions.
The probe itself shows very weak emission due to the PET process, but after binding with Mg?*
the PET process become restricted and chelation enhanced fluorescence (CHEF) takes place.”!
However in the presence of F~ion the Mg?" form MgF2 and set the ligand free and thus the emission

intensity again weaken.




Various other types of anion sensing fluorescent probe molecules are also reported based on phenol
moiety. G. mahalaxmi et al. design a naphthoquinone-imine based highly selective fluorescence
“turn-on” probe (L.14) for the detection of CN™ in aqueous medium. In the presence of CN™ ion,
the three hydroxyl group in the probe molecule simultaneously loose H* for three alike CN™ ion.
The deprotonations facilitate the activation of the rings by increasing the electron density in those
moiety to result an appreciable enhancement of fluorescence intensity at 528 nm. Moreover, a
green coloration from a colorless state under UV light upon interaction with CN~ is also noticed.>
Another important ligand (L.15) based on indole-naphthalene moiety is proposed by Y. Yue et al.
with a characteristics of red fluorescence emission towards the sensing of CN~ ion. Due to the
presence of polar CN™ ion, the ring becomes deactivated with creating an electron deficient site

for nucleophilic addition by CN~ ion.
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Such chemical changes restricts the intra-molecular charge transfer process (ICT) and
subsequently quenching of the intense fluorescence intensity at 606 nm is detected.>® Recently S.
Das et. al. have reported a dimeric hydroxyl-methyl benzaldehyde based Cu-complex molecule as
a fluorescence probe L16 for the detection of CN~. This probe exhibits a fluorescence “off-on”
response towards CN~ ion in aqueous medium. An irreversible dimer to monomer complex
structural transformation in aqueous medium is mainly responsible for the sensing of CN™~ ion.
During interaction of CN~ ion with the complex, Cu®* is displaced from the monomeric form of
the probe and generate the fluorogenic phenolate moiety to observe large increase of fluorescence
intensity.>*

A near-infrared fluorescent probe (L.17) based on IR-780 (a heptamethine cyanine fluorescent
probe) is designed by D. Li et al. The probe can selectively identify SO32>-/HSO3% by following a
colorimetric response from light blue to light green colorization.> Y. H. Qin et al. have reported
another interesting colorimetric fluorescence probe L.18 consisting a hemicyanin (group of acentric
cationic dye) moiety which can detect SO3>/HSOs". Nucleophilic addition of SO3*/HSO3*~ with
the C=C bond in the probe molecule and subsequent restriction of ICT process is mainly

responsible for the color changing phenomenon.>®

Beside the detection of ions, phenol based fluorescence probes are also employed for detection of
small molecules, which possess both industrial as well as biological importance. A very important
metal based fluorescent probe 119 is introduced by Y. Hitomi et al. for detection of H202. The

combination of 7-dihydroxyphenoxazine derivative as a fluorescence indicator site along with an
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iron complex as a reaction site can have the ability to detect H2O2. In the presence of H202, the
iron complex vigorously react to produce an oxidant species which furthermore undergoes an
intramolecular conversion from 3,7-dihydroxyphenoxazine moiety to Resorufin. Such chemical
conversion results change in fluorescence character from pink to bright red. So they propose that
the generation of Resorufin is mainly responsible for the fluorometric response of the probe upon

binding with H202.%’

Another set of Schiff base-Cu?* complexes acting as very efficient fluorescence probes (L20 and
L21) consisting diformyl phenol moiety are designed by S. Das et al. for the detection of cysteine
(Cys) and glutathione (GSH) in 100% aqueous medium via a turn “off-on” fluorescence mode.
L20 selectively recognizes Cys over GSH via decomplexation process. The sensing response is
observed due to large steric crowding created by the bulky tri-peptide GSH around the Cu?* center
during their decomplexation interaction. On the other hand, smaller Cys molecule can successfully
interact with Cu?" in L20 followed by hydrolysis of the ligand to produce fluorogenic 4-methyl-
2,6-diformyl phenol. Furthermore, L.21 recognizes GSH over Cys because the interaction of L21
with Cys leads to the formation of a non-fluorescent stable cyclic thiazolidine derivative. However,

the interaction with GSH produce the same fluorogenic 4-methyl-2,6-diformyl phenol.>®
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Y. Sarkar et. al. have demonstrated an unique boric acid (BA) sensing methodology in aqueous
medium using a simple phenolic Schiff base fluorescent probe (L22) containing an aromatic
aldimine domain. Inhibition of intra-ligand excited state electron or charge transfer (ESCT)

mechanism is responsible for boric acid mediated fluorescence enhancement for the probe

molecule.”’
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S. Jhang et al. have reported detection of hydrazine by a simple coumarin based turn-on fluorescent
probe L23 with a very distinct colorimetric response. The interaction of L23 with hydrazine
exhibits an achromatic to atrovirens color change under an ambient light condition whereas a very
weak to brilliant blue fluorescence intensity change is observed under 365 nm ultraviolet lamp.®°
H. Xu et al. have also reported a ratiometric fluorescence probe (L24) based on hydroxyl
benzylidine-maleonitrile moiety for sensing hydrazine. Intra molecular charge transfer (ICT) and
excited state intramolecular proton transfer (ESIPT) processes in the presence of hydrazine are
mainly responsible for the generation of red fluorescence intensity.’! In addition, a distinct
colorimetric response from purple to yellow is observed in the presence of hydrazene. Y. Jung et
al. have reported another turn-on fluorescence probe (L25) based on napthaldehyde moiety which
can specifically detect malononitrile in aqueous medium via an intramolecular cyclisation process.
The approach of the malononitrile detection includes through a cascade reaction which generates

a red-emitting iminobenzo coumarin fluorophore.®?

\N OH

L25

1.5. A short review on AP* sensor

Aluminium has versatile applications in our daily life starting from food industry to pharmaceutical
industry. Beside many scientific evidences, it is found that aluminium can improve our health,
although it is also well known that aluminium exposure can damage our health.®®> Some beneficial
effect of aluminium includes the food and beverage packaging, due to providing safe barriers to
bacteria contamination and also purifying drinking water. High levels of aluminium in the body
have been shown to have neurotoxic effects, effects on bone and reproduction. Aluminium used
as an active ingredient in some antiperspirants can cause breast cancer.®* Thus, the evolution of
fluorescent chemosensor with high selectivity for AI** has been a vital research area. Till date
major research works related to aluminium sensing are devoted in the fields of medical diagnostics,

environmental monitoring and toxicological analysis. Thus, even a trace aluminium level imposed
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a potential effect. For this reason researchers have focused to develop effective probes which can
able to detect aluminium and allow the in-depth understanding of its effect in biological as well as
environmental area. Some of them are discussed very briefly in this context.

H. Xu et al. is proposed a novel purin based Schiff base fluorescence probe (A1) which
possess reversible fluorescence property as well as a colorimetric response towards detection of
AI** in 9:1 DMSO/water mixed medium. The enhancement of fluorescence intensity is due to the
inhibition of PET as well as ESIPT processes. However, in the presence of F-, the A1-Al**

complex act as a “turn-off” fluorescence sensor for F~ following through the displacement of

”Q}&

7 s

A13+,65

Another fluorescence probe molecule (A2) containing an acyl-hydrazone is introduced by D.

HO

A2

Choe et al. in methanol medium. The probe possess the same reversible “turn-on” fluorescence
property towards AI** along with a turn-off nature for A2-AI** complex in presence of HoPO4~.%
Y. Zhu et al. designed a phenolic-imine based fluorescent probe (A3) which selectively identify
AP" in PBS (phosphate buffered saline)-DMSO 3:1 (v/v) medium due to the restriction of ESIPT
and PET processes.%” Another fluorosensor (A4) based on coumarin moiety is developed by S. M.
Hossain and co-workers can detect AlI** in DMF/water mixed medium. In the presence of AI**, the
main responsible processes for the increasing the emission intensity are ICT, C=N isomerization

along with CHEF (chelation enhanced fluorescence emission) .%
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The fluorescent probe (A5) based on hydroxyl-quinoline moiety is proposed by L. Tian et al. which

in aqueous medium can selectively detect AI**

with an enhanced emission intensity. This is solely
due to the occurrence of CHEF process induced by the restriction of the PET upon binding with

A13+.69
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Furthermore, a fluorescence ratiometric detection of AI** in aqueous medium is introduced by Y.
cheng and coworkers using a benzylidine based novel fluorescence probe A6. The probe A6 shows
an ESIPT and aggregation-induced emission (AIE) to result a noticeable emission intensity

changes at 568 nm. Upon addition of AI**

, @ continuous generation of intensity at 476 nm along
with depletion of the 568 nm band is observed in the emission spectra.”’ D. P Singh et al., is

utilized AI*" induced keto-enol tautomerization in a dihydrazide based fluorescent probe (A7) for
fluorometric detection of AI** in 2:3 (v/v) ethanol/water mixed medium. In the presence of AI**,
the chelation of AI** with A7 not only restrict the ICT process but also provides rigidity of the
moiety which restricts the C=N isomerization with resulting the enhancement of the fluorescence
intensity.”! A benzophenone based Schiff base fluorosensor (A8) is reported by B. Naskar and co-
worker to monitor AI** concentration in buffer medium. A possible ESIPT process along with C=N
isomerization generates a non-fluorescent behavior. Upon binding with AI** both the ESIPT as
well as the C=N isomerization become restricted to obtain a highly enhanced fluorescence intensity

).72

known as chelation enhanced fluorescence emission (CHEF).”” Another fluorescent sensor A9

based on imino-naphthalene-2-ol moiety for the detection of AI** in 1:1 (v/v) MeOH and water
mixed medium is proposed by S. Sarma et al. A9 exhibits a reversible fluorescence sensing

13

property. It possess a “turn-on” fluorescence response towards Al°" at 517 nm, where the probe
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can be regenerated by interaction with EDTA molecule.”? An alizarin-complex A10 is designed
by Y. Wang et al. to detect AI** by following a ratiometric response in EtOH and water (4:1, v/v)

mixed medium.
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In the presence of AI**, a continuous generation of an emission band at 558 nm takes place with
simultaneous depletion of the characteristic emission intensity at 487 nm. This results in a
conversion of blue to orange-yellow fluorescence of A10 due to formation of A10-Al** complex,
which can be virtually visible by naked eye.”* Another Schiff base “turn-on” fluorosensor (A11)
is synthesized by Y. Wang et al. and identified about 41-fold emission intensity enhancement after
binding with AI** in methanol medium. Binding with AI** activates the ICT process but an ESIPT
process simultaneously restricted, which leads to an enhancement of fluorescence intensity at 545
nm due to the complexation.”” C. X. Wang and co-workers are used a DSPE (1,2-distearoyl-sn-
glycero-3-phoshphorylethanolamine)-PEG (poly(ethylene glycol)) phospholipid polymer as a
transporter of fluorescence sensing dye (DSPE-PEG- A12). This DSPE-PEG-A12 can detect AI**
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in tetrahydrofuran and water (2:3, v/v) mixed medium by following an emission intensity increase

at 447 nm due to restriction of PET and ESIPT processes.”®
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M. Wang et al. have reported tetra-styrene based optical fluorescent probe (A13). The probe has
shown a remarkable aggregation induced change in emission characteristics in 9:1 (v/v) methanol
and water mixed medium. It possess a strong emission intensity at 521 nm by restricting the PET
process.”” M. Kumar et al. have reported another very simple salicaldehyde based fluorescent
probe (Al14) which shows AI*" induced a “turn-on” fluorescence response at 462 nm in
water/ethanol (1:9 v/v) mixed medium owing to formation of a 2:1 Al14-Al*" stoichiometric

complex. Probe A14 after binding with AI*" ion possess a naked eye detectable cyan color

78

fluorescence emission at 462 nm due to inhibition of CHEF process.

L. Wang et al. introduced an interesting phthalazine derivative as fluorescent probe (A15) that can

detect AI** in water/ethanol (9.9:0.1, v/v) mixed medium with a “turn-on” fluorescence emission.
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The fluorescence generation is solely due to an inhibition of ICT and generation of CHEF during
the complexation of A15 and Al*"ion in a 2:1 binding ratio.”” Moreover, B. Sen et al. reported
another “turn-on” fluorescence probe A16 containing coumarin moiety which can detect AI** by
restricting the C=N isomerization process with facilitating CHEF process during the chelation with

A16 in methanol/buffer (9:1 v/v) mixed solvent.®
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1.6. A short review on moisture sensor

Presence of moisture in all over air as well as surroundings makes it more prone to easily act as
adulterants. Determination of water contaminants in various chemical compounds is very crucial
particularly towards several industrial production of fine chemicals and foods.®! Therefore
chemical sensors that can able to alter optical response by tracing small to smallest amount of
water are potentially important. A chemo-dosimeter based on salicaldehyde derivative (W1) for
the detection of water in different organic solvents especially for methanol medium has been
reported by G. Men and co-workers. A ratiometric fluorescence response with simultaneous
disappearance of intensity at ~450 nm accompanied by continuous enhancement of intensity at
~505 nm in methanol medium upon a gradual water addition have noticed. This enhanced
fluorescence intensity is caused by the breaking of imine-linkage in the probe molecule in the
presence of water.®> L. McDonald et al. have designed a moisture detecting hydrazine based
fluorosensing probe (W2) effective in acetonitrile medium with a “turn-on” fluorescence response.
In the presence of water, the probe exhibits a temperature dependent different emission behavior.
The operation of ESIPT (excited state intramolecular proton transfer) process at low solution
temperature is important to observe the emission at ~524 nm, while PET is dominant at higher
temperature to have an emission maxima at ~475 nm.%* A simple anthaquinone based reversible

fluorescent probe (W3) has been introduced by P. Kumar et al. The probe possess an anion induced
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deprotonation of phenolic-OH to exhibit a light blue color followed by water mediated protonation
with resulting a pale yellow colorization. This water induced spectral changeover is useful for the

detection of water in various organic solvents by following the colorimetric response.®*
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Another fluorene based fluorescent probe (W4) has been reported by P. Kumar and co-workers
for detecting water in acetonitrile medium. Aggregation of probe molecules and subsequently a
twisted intramolecular charge transfer process are responsible for the fluoro-sensing activity.
Water sensitivity of W4 have a dual nature. Lower water contamination leads to an increase in
emission intensity with forming intense yellow color. However, the presence of large amount of
water leads to undergo hydrolysis of the imine group which results emission intensity quenching

with disappearing of yellow color.®
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A dansyl moiety appended iron(IIl) complex fluorescent probe (W5) is reported by P. Kumar et

al for the detection of water. In the presence of water, a probable displacement of the Fe** from
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the W5 complex leads to generate of strong fluorescence intensity.*® J. Feng et al. have designed
a julolidine based Al**-docketed fluorescent probe (W6) for the detection of trace amount of water
in methanol medium via a colorimetric response. In methanol medium, probe W6 undergoes
complexation with AI** to result a large enhancement of emission intensity accompanied by a red
shift in emission maxima from 540 to 570 nm. As a consequence a color transformation from

yellowish green to orange is observed.
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An addition of water to the W6-AI(III) complex leads to dissociation of the complex and sets the
ligand free. As a result the emission intensity become quenched and the yellowish green color of
the free ligand appears once again. This overall colorimetric and fluorometric responses are
therefore utilize to work as water sensor in methanol medium.®” Moreover, L. Chen et al. have
designed a microporous and reversible Zn-metal organic framework (W7) possess ultrafast

switchable luminescence characteristics towards detection of water.
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Upon binding with water molecule, the ESIPT process become on, whereas elimination of water
lead to off the ESIPT process. As a result a single crystal to another single crystal transformation
takes place, which produced a dual color photoluminescence cycles.®®. Merocyanin based dye
molecules (W8 and W9) are synthesized by S. Cha et al. for detecting water in solution. Due to
negative solvatochromic nature of both W8 and W9, a huge blue shift in the position of absorption
maxima is resulted due to changing solvent polarity by increasing amount of water content.®
Another negative solvatochromic signaling merocyanin dye (W10) is proposed by H. park et al.
for investigating water content in different organic solvents with a prominent colorimetric

response.”’

w8 w9 W10
Z. Li and co-workers have reported three different hetero aryl-napthalimide based water detecting
fluorescent probes (W11, W12 and W13). They found that on moving from W11 to W13 the
emission intensity gradually decreases upon increasing the solvent polarity and this decreasing
tendency is highest for W13. The highest electron withdrawing effect for W13 due to presence of
the hetero aryl group attached to the napthalimide segment is responsible for the water sensing
activity. This electron withdrawing effect of the heteroaryl group enhances the change in the dipole
moment upon light excitation of W13.°! D. Yang have reported a ratiometric dansyl and rhodamine
moiety based fluorescent probe (W14) and light excitation induced FRET process is utilized
towards the detection of water in organic solvents. In the presence of water, a continuous
generation of emission intensity at ~620 nm along with simultaneous reduction of intensity at ~520

nm is identified owing to opening of the spiro-lactum ring.*?
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P. Kumar have designed Sudan-III and Alizarin-S based derivatives W15 and W16 as reversible
colorimetric sensors to detect moisture in organic solvents. Here also an anion induced

deprotonation and moisture induced protonation are responsible to observe water induced

spectrophotometric changes.”?
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J. S. Kim et al. have reported an 8-hydroxy quinolone derivative (W17) for the detection of trace
water in acetonitrile, THF and dioxane mediums by monitoring the fluorescence intensity
quenching phenomenon. In acetonitrile and dioxane medium, the emission bands at 463 nm and
442 nm drastically decreases upon addition of less than 1% water in the medium. On the other
hand, the same phenomenon of intensity quenching due to water addition in THF medium occurs

at 410, 434, 458 and 498 nm.**
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F. Wu et al. have identified a NIR-emitter di-ketopyrrole derivative (W18) as an efficient water
detecting probe. The water sensing properties of the probe W18 are relying on water induced

ESIPT along with AIE process along with large Stoke shifts in fluorescence spectra.”

1.7. A short review on methanol sensor

Producing ethanol as a beverage by fermentation process is an ancient tradition in various parts of
the world from household level to large industrial scale. In all over the world, indigenous people
are involved in the traditional alcohol fermentation.’® One of the most toxic alcohol is methanol
which can be found primarily in alcoholic beverages produced by natural fermentation or
distillation process. Although methanol and ethanol are chemically similar, only ethanol is edible.

Ethanol fermentation is used to produce beer, wine and spirits and other alcoholic beverages. The
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methanol contamination in alcoholic drinks made from home-distilled spirits is a serious
concern.””®® As a result, methanol detection in ethanol is to be very crucial for put an end to the
incidences of methanol contamination in traditional alcoholic beverages.

Q. Li and co-workers introduces a twisted-planar dimeric hexaphyrin (one type of
porphyrinoid) based organic framework which basically exist as a trans-configuration.
Introduction of methanol in this dimeric system produces two isomeric dimeric forms containing
methoxy moiety and converts to cis-configuration. Further this methanol mediated configurational
changes accompanied by a green to brown color changes.” P. F. Pereira and co-workers proposed
a cyclic voltammetric method for simultaneous detection of methanol and ethanol in fuel ethanol.
They have kept fuel ethanol in an electrochemical cell and both NaOH and methanol as an
electrolyte. Ethanol has identified selectively at +0.19 V and for both methanol and ethanol it is at
+1.20 V. Finally they performed a current subtraction to obtain the relative percentages of ethanol
and methanol in the ethanol fuel.'® Further J. v. d. Broek and co-workers have designed a handheld
and inexpensive methanol detector consisting a tiny packed bed of tenax (porous polymer based
on 2,6-diphenylphenol). It also consists a highly sensitive, yet non-specific micro-sensor
comprising of flame-made Pd-doped SnO2 nanoparticle on inter-digitated sensing electrodes. It is
specified for the detection of methanol in a particular concentration range in the presence of higher
ethanol percentage.'’! A. T. Guntner and co-workers have reported an inexpensive but compact
device for the quantification of methanol in hand sanitizers by headspace analysis. It consist of a
separation column of tenax particles along with a chemo-resistive gas sensor made up of Pd-doped
SnO:2 nanoparticles integrated into a smart phone-assisted analyzer with validated performance for
alcoholic sanitizers.!'”” A. Kumar and co-workers have introduced a poly-indole deposited
substrate integrated waveguide (SIW) for quantitative and qualitative methanol gas sensing. The
probe deposited in the micro-well etched at an intense electric field region of microwave based
cavity resonator. This results a sensing response for variation of dielectric property caused by the
adsorption and desorption of methanol gas.!®® G. P. Dias and co-workers have quantified methanol
content in gasoline and ethanol based fuels by using HPLC with refractive index detection
methods. They have measure the ethanol content in gasoline containing methanol as adulterant.'%

A pentacene-quinone derivative M1 as a selective fluorescence sensor for the detection of

methanol is reported by M. Zhao et al. M1 possess a methanol mediated keto/enol tautomerization
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and subsequently switching of ICT process generates strong fluorescence intensity along with a
colorimetric response visible by naked-eye.!%

V. Kumar and co-workers have reported a highly sensitive fluorometric and colorimetric
methanol sensing procedure by exploiting a Schiff base molecule consisting a rhodamine scaffold
(M2). In the presence of methanol, a nucleophilic attack on the electrophilic carbonyl center and
subsequent conversion from the closed spiro-form to open-chain conformation is responsible for

the sensing response.'%
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An interesting fluorescent probe containing imidazole-isoindole imine scaffolds M3 is used to
detect trace amount of methanol by F. Ahmadi et al. This solvatochromic dye molecule in the
presence of methanol exhibits enhancement of emission intensity with an appreciable blue shift
due to the hydrogen bonding interaction in between methanol and M3.'” R. Zhao et al. have
reported a fluorescent probe (M4) which shows aggregation induced remarkable emission (AIE)
intensity increase in response to the presence of methanol vapor. A hydrogen bonding interaction
between methanol molecule and probe is responsible for the sensing response.!® Applying the
concept of click chemistry, Z. Hu et al. have reported a highly sensitive methanol detecting
fluorescent probe M5. The combine features of structural conformation, conjugation along with
solvent polarity and hydrogen bonding ability are mainly responsible for the emission response of
probe M5 towards methanol.'®

Another set of ratiometric fluorescence probes for methanol detection based on flavonoid
moiety are proposed by T. Qin et al. They designed two separate ligands M6 and M7 for methanol
detection. M6 exhibits strong hydrogen bond interaction with alcohol molecule and therefore
restrict the ESIPT process with activating a fast and precise emission enhancement. In compare to
other alcohol, methanol induces large change in emission properties including naked eye detection

facility. This phenomenon is not feasible for probe M7 due to the lack of such H-bonding.''
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A set of imidazole moiety contained dyes (M8-M11), as ratiometric fluorescence indicator for
methanol are reported by S. Swaminathan et al. A potential intermolecular hydrogen bonding

interaction in between methanol and the probes lead to restrict the ICT process and thus generating

111

strong emission intensity.

1.8. Scope and objectives of the present thesis
Fluorescence probe based chemo-sensing can be one of the best known technique to detect

different metal ions and small molecules with potential industrial and biological importance. In
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this work we have synthesized various “turn-on” fluorescent probes containing phenolic Schiff
base moiety or simple aldehydic phenol as the basic architecture. The sensing responses are relying
upon a large enhancement of fluorescence intensity owing to interaction of the detecting
ions/molecule with the probe molecule. The fluoro-sensing phenomenon is further applied to
analyze real analytical samples.

Basic intention of the present thesis work is the synthesis of fluorogenic phenol-based probe
molecules which exhibits turn “off-on” fluorogenic activity upon exposing to a matrix of either
industrially/biochemically important metal ions or small molecules. Depending on stereo-
electronic factors, a particular ion/molecule from the chosen matrix can bind selectively with the
probe to generate strong fluorescence intensity. Strategic utilization of such synthesized phenol-
based ligand for specific ion/molecule selective turn “off-on” fluorescent chemo-sensing is the
main objective of the present work. Side-by-side mechanistic approach to address the probable
cause of selectivity as well as sensitivity for particular ion/molecule must also be offered with the

aid of both theoretical and analytical investigations.

1.9. Thesis overview

This thesis has shaped into five major chapters.

Outline of Chapter 1

Chapter 1 contains a brief introduction of my work. In addition to theoretical and technical features
of fluorescence spectroscopy, overall general methodologies towards designing fluorescent sensor
are also discussed in this chapter. It also cover some literature survey on phenol based probe as
metal ion as well as small molecule sensors. Some previously reported work related to AI*" ion,
water and methanol detections are also discussed here. The scope and objectives of the current

work has been demonstrated on this context.

Outline of Chapter 2
This chapter describes the materials and methods as well as all experimental procedures used in

this work.

Outline of Chapter 3

32



Nowadays for go-green mission, biofuels like ethanol, methanol replaces fossil fuels. Majority of
the fuel tanks are made up with metallic aluminium which can easily prone to corrode with forming
Al(OR)3 due to prolong exposure in biofuels. The corrosion can leads to result severe disasters.
Therefore, optimization is essential for reducing such critical engineering disasters by identifying
such alcohol induced aluminium corrosion as in its nascent stage. So far, a huge number of
fluorescent probes for AI** have been employed either in the biological field or environmental
area, but barely focused on studies related to alcoholate corrosion. We have proposed a

13+

fluorescence probe method to detect AI** ion. The probe form alcohol specific AI** complex by

the reaction with different soluble AI**

salts, mainly, AI(OR)3 to generate strong fluorescence
enhancement by inhibiting the PET process in the probe molecule. The detection methodology is
suitably tuned to monitor the alcoholate corrosion by fluorometrically estimating AI(OR)3
formation under an inert condition, with a high sensitivity. Furthermore the methodology is

extended for applications towards aluminium based alloy.

Outline of Chapter 4

Currently moisture adulteration in different organic solvents as well as food products causes major
problem for chemical and food industries. So a suitable water detection methodology is always
very demanding industrially. We have reported a simple water detecting fluorescence probe, 4-
methyl-2,6-diformyl phenol (AH) for estimating a trace amount of moisture contamination in
different polar aprotic solvents as well as food samples with a high precision. With increasing
water% (v/v), the phenolate-form of the probe possess a large spectral blue shift from 485 to 440
nm both in the absorption and fluorescence excitation spectra due to the formation of H-bond with
water molecule. However, due to the dissociation of the H-bond in the excited state the emission
spectra are found to remain unchanged. Furthermore, the gradual blue-shift of the excitation band
with the increase in water% (v/v) imposed an opposite emission intensity varying behavior, from
increasing to decreasing fashion, owing to the change in the excitation wavelength from 440 to
485 nm. Such emission behavior are further normalized to achieve water% mediated a highly
enhanced linear emission response. This improved sensitivity allow us to estimate water% in

various moisture-sensitive edible oils and dairy foods.
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Outline of Chapter 5

Recognition of methanol (MeOH) in ethanol (EtOH) or isopropanol ((PrOH) medium comprising
water is very important towards detection of MeOH poisoning in alcohol containing beverages and
hand sanitizers. Though chemical sensing approaches are very sensitive and also easy to perform,
the chemical resemblances among those alcohols make MeOH detection very difficult particularly
in the presence of water. For this reason, we have introduced a fluorometric detection of a trace
amount of MeOH in EtOH/PrOH in presence of water by using alcohol coordinated Al**-
complexes of an aldehydic phenol ligand having a dangling pyrazole unit. The presence of MeOH
in EtOH/'PrOH results in a transformation of the complex geometry from tetrahedral (Td) to
octahedral (Oh) by replacing the coordinated EtOH/'PrOH by MeOH molecules. The Td-complex
possess fluorescence whereas the Oh-species did not, due to the intramolecular photo-induced
electron transfer (PET). Upon interaction of the Oh species with water, its one MeOH coordination
is interchanged with a water molecule after that the proton transfer from the water to pyrazole-N
produces strong fluorescence intensity by restricting the PET. However, the interaction with water
dissociates the Td-complex to exhibit quenching of fluorescence intensity. The water mediated
reversal of the fluorescence signal from the decrease to increase between the absence and presence
of MeOH is exploited to identify MeOH in EtOH/'PrOH medium as well as commercial alcoholic

drinks containing high percentage of water.
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Chapter 2

Over-all analytical methods and chemicals



2.1. Chemicals and materials

All analytical grade chemicals and solvents from different commercial sources were used without
additional purification. Solvents used for spectroscopic studies were dried precisely by standard
procedures. Analytical grade acetyl acetone, p-cresol, hydrazine hydrate, triethyl amine (TEA) and
anhydrous AICls were purchased from Sigma-Aldrich (USA). All required solvents
dichloromethane (DCM), tetrahydrofuran (THF), thionyl chloride (SOCl2) were obtained as
analytical grade from E-Mark (India). HPLC grade solvents like dimethyl sulphoxide (DMSO),
dimethyl formamide (DMF) methanol (MeOH), ethanol (EtOH), n-propanol (CsH70H),
isopropanol (‘PrOH), n-hexanol (CsHsOH), tertiary butanol (‘BuOH) were acquired from Sigma-
Aldrich (USA) followed by drying process by 3A molecular sieves.! For NMR studies deuterated
solvents DMSO-ds, CD30D were acquire from Cambridge Isotope Laboratories (USA). Pure Al
sheet as well as Al-7075 was brought from Sigma-Aldrich (USA). Different alcoholic beverages
vodka and wine and alcohol contained hand sanitizer, food samples like cheese, butter, coconut
oil and ghee were obtained from various native sources. Milli-Q water (Millipore) with

conductivity value of 18.2 MQ.cm was used.

2.2. Synthesis of different probe molecules
2.2.1. Synthesis of AH
The preparation procedure of 4-methyl-2,6-diformyl phenol (AH) starting from p-cresol was
already reported.> We have synthesized AH by using this procedure.'H NMR (DMSO-ds,
300MHz): 6 = 2.081-2.091 (solvent peak), 2.227-2.345 (s, 3H,-ArCH3), 2.501-2.519 and3.337
(trace amount of water in the solvent), 7.872-7.876 (s, 2 H, -Ar-H), 10.229-10.265 (s, 2 H-CHO),
11.401 (s, 1 H, -Ar-OH) Fig. 1 and Fig 2.

CHj3

(0] OH o

AH
Fig. 1. Chemical structure of spectra of AH.
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Fig. 2. "H-NMR spectra of AH in DMSO-ds.

2.2.2. Synthesis of Schiff base (HMBDC)

2-hydroxy-3-(hydroxymethyl)-5-methylbenzaldehyde (HHMB) was synthesized from p-cresol by
using the published procedure.’ Synthesis of HMBDC ((6Z)-6-(2-hydroxy-3-(hydroxymethyl)-5-
methylbenzylideneamine)-2H-chromen-2-one) was done by dropwise mixing 6-amino-2H-
chromen-2-one (6-ACO) (0.04 g, 0.20mmol) to an anhydrous ethanolic solution of HHMB (0.04
g, 0.25 mmol), at ambient condition with constant stirring followed by an addition of 2 drops of
AcOH. Then the reaction mixture was set for refluxed for 2 hour at 40°C followed by filtration.
This filtrate was then evaporated by using a rotary evaporator to obtain the crude product as gel.
Finally, it was purified by using column chromatography followed to get the pure HMBDC. The
product also dried above CaClz under vacuum (scheme 1). The structural analyses were checked

by 'H-NMR and '*C-NMR (DMSO-ds, 300-MHz): 2.18-2.28 (s, 3H, ArCHs), 2.48-3.31 (due to
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trace H20 in the solvent DMSO-ds), 4.54-4.56 (d, 2H, CH»-OH), 5.09 (t,1H, -CH»-OH),6.53-6.57
(d,1H, -CH=CH), 7.29 (s,1H, -ArH), 7.36 (s,1H, -ArH), 7.47-7.50 (d,1H, -ArH), 7.69-7.71(d,1H,
-CH=CH), 7.78 (s, 1H, ArH) 8.05-8.08 (d, 1H, -ArH), 8.96 (s, 1H, -N=CH), 13.14 (s,1H, -ArOH),
ppm. 3C NMR (DMSO-ds, 75 MHz): 20.66, 57.82, 117.41, 117.91, 118.33, 119.83, 121.16,
125.53, 127.67, 130.23, 131.39, 132.49, 144.46, 144.63, 152.66, 155.66, 160.29, 165.04 ppm (Fig.

3).
) CHj;
CH;
HaN X H
H + Reflux in EtOH
-_— N OH OH
(o) o
o OH OH

N
HHMB ACO
0 o
HMBDC
Scheme 1. Synthesis route of HMBDC and its complexation with AP,
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Fig. 3. (A) 'H-NMR (B) *C-NMR spectra of HMBDC in DMSO-ds.

2.2.3. Synthesis of Schiff base PPY

2-hydroxy-3-(hydroxymethyl)-5-methylbenzaldehyde (HHMB/2) and 3,5-dimethylpyrazole (1)
were prepare by using published procedures.*? For synthesizing of 3-(chloromethyl)-2-hydroxy-
5-methylbenzaldehyde, HHMB (0.5 mol) was taken in 2 mL dichloromethane and the suspension
gained was continued to stirred. Then freshly distilled SOCl> was added drop wise into DCM (final
ratio of SOCL2:DCM = 1:1) under vigorous stirring. After obtaining the yellow colored solution
the reaction mixture was allowed to stir for another hour. Finally the excess SOCl2 was detached
and the solid residue was dissolved in 1 mL of DCM followed by dilution with 1 mL of hexane.
The final solution was then set aside until it becomes evaporated to dry to obtain white crystals.
After that, 1.84 g (10 mmol) of 3-(chloromethyl)-2-hydroxy-5-methylbenzaldehyde (HHMBCI/3)
was dissolved in 5 mL of dry THF. Then, 0.96 g (10 mmol) of 3,5-dimethylpyrazole (Py) was
poured in 20 mM of TEA. The solution of Py was mixed drop wise into the solution of HHMBCI,

then the final mixture was allowed to stir for next 24 hour. This solution was then extracted from
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brine solution and activated by using Na2SOs to get the preferred product (PPY). The product was
finally purified through column chromatography (Scheme 2). Structural analyses were checked by
'H, *C-NMR. 'HNMR (DMSO-ds, 400 MHz): 2.08 (s, 3H, -ArCH3), 2.23 (s, 6H,Py-2CH3), 2.51
(solvent residual peak), 3.33 (due to trace H20), 5.14 (s, 2H, -CHz-Ar), 5.86 (s,1H, Py-C=CH),
6.98 (s,1H, -ArH), 7.49 (s,1H, -ArH), 10.08 (s, 1H, -CHO), 11.12 (s,1H, -ArOH) ppm.'*C-NMR
(DMSO-ds, 75 MHz): 10.96, 13.82, 20.51, 39.51-40.90 (solvent residual peak), 46.51, 105.44,
121.82, 126.43, 129.27, 131.85, 136.95, 139.96, 139.79, 146.99, 156.36, 196.19 (Fig. 4).

g /
SOCI., un—n (1)
> _—
CHCl, THF/TEA © oH N
Ny |
O OH OH O OH cl 3
(2) (3) (PPY)
Scheme 2. Synthesis route of PPY.
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Fig. 4. (A) 'H-NMR (B) *C-NMR spectra of PPY in DMSO-d6.

2.3. Preparation of different analytical samples

2.3.1. Preparation of food samples for moisture detection

All the food samples, such as cheese, butter, ghee as well as coconut oil were used as received
from markets. The food samples were kept at 4°C in those commercially sealed container till use
for the moisture analysis experiments. To extract free moisture present in food samples, various
amounts of different food samples were mixed separately with 100 mL DMSO in a stoppered
container under dry nitrogen conditions at room temperature (25°C). After that each sample
mixture was heated at 60—70°C for complete liquefaction of those food samples, subsequently
vigorous vortexing at that same temperature condition for 10 min to relocate entire free moisture
from the food sample to the DMSO medium. Next, the solution was allowed to set till complete
separation of the DMSO phase from rest of the solution. Then those DMSO phases were separated
by using separating funnel, and used for fluorescence studies by addition of AH (0.5 uM) and
KOH (10 uM).
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2.3.2. Preparation of polar aprotic solvents for atmospheric moisture incorporation studies

40 mL of dry solvents (acetone, MeCN, DMF as well as DMSO) were poured individually in a
100 mL dry beaker having ~2.5 cm radius. Then each solvent was kept for incubation at open
laboratory conditions possesses 75% (£5%) relative humidity at 25°C (£1°C) for different range
of time intervals (12—120min). For determining atmospheric moisture absorption for those
mediums, steady-state fluorescence emission and excitation spectra were performed by adding AH
(0.5 uM) along with KOH (10 uM) to the bare-laboratory solvents at various time intervals
(12—-120 min). In case of acetone and MeCN, results of tiny volumes of solvent evaporation at the
time of exposure to the open atmosphere on the moisture absorption values calculated from the
fluorescence signal at different time gaps were incorporated to determine the time-dependent exact

moisture incorporation values.

2.3.3. Generation of PPY/AI**in situ complex and its interaction with water

Stock solutions of AICI3 (1 mM) were prepared by taking appropriate amounts of AICI3
(anhydrous) in each of those different alcohol mediums then the mixtures were vortexed to
solubilized completely. Individual stock solutions of ImM PPY in each alcohol medium were
prepared independently. Then the alcohol mediums were kept the same for to make stock solutions
and reaction mediums. A part (10 uL or 4 pL) of the prepared stock solution of PPY (final
concentration: 10 uM or 2 uM) was poured to each reaction medium (final volume 2 mL) having
different amounts of AICl3 (5-200 uM) in absence or presence of water and/or MeOH in alcohol
mediums at constant stirring condition, further the time-dependent PPY/AI*" complexion kinetics

were monitored by UV-vis absorption as well as fluorescence studies at 25°C.

2.4. Electrochemical studies/cyclic voltammetry (CV) studies

Cyclic voltammetry (CV) studies were performed by Auto-Lab (PG State 001) instrument by a
platinum electrode (2-mm radius) as the working electrode finally the results were accumulated
with reference to the standard calomel electrode. Hence, electrochemical properties of the
corrosion medium towards the aluminium alloy (Al-7075) in absence and in presence of externally
mixed water were studied by using cyclic voltammetric method for methanol/ethanol (4:1 v/v)
medium equipped with a computer maintained Potentiostat/Galvanostat instrument (AUTOLAB,

Netherland) accompanied by a conventional three electrode system kept at room temperature,
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where supporting electrolyte was Tetrabutyl ammonium perchlorate. The Pt-wire was act as the
working electrode and saturated calomel electrode (SCE) act as reference electrode and Pt-foil
electrode (1 cm x1 cm) behave as the counter electrode. The cell operation conditions were set for

a scan area, —1.2V to 0.4 V; scan rate, 0.05 V/s.

2.5. UV-vis absorption and fluorescence studies
Throughout all the experiments UV-vis absorption studies were done by using a 1 cm path-length
quartz cell with a double-beam spectrophotometer (Shimadzu, Japan; model TCC-240A) equipped
by a thermos-statted cell holder. Steady-state fluorescence studies were performed by using a
Perkin- Elmer LS-55 spectro-fluorimeter (PerkinElmer, USA) using a 1 cm path-length quartz cell.
All the determining solutions were passed through a 0.45 mm filter (Millex, Millipore).
Fluorescence excitation as well as emission spectra for HHMB/AH were obtained for a fixed
emission wavelength at 525 nm and excitation at 440 or 485 nm (excitation slit: 11; emission slit:
4). For HMBDC Fluorescence spectra were acquired upon excitation at 406 nm (excitation slit: 8,
emission band pass: 3). In case of PPY fluorescence spectra were recorded by exciting at 402 nm
(excitation slit: 10 or 8, and emission slit: 2 or 8). By retaining the same excitation and emission
slit, time-dependent fluorescence intensities at 505 nm were recorded up to 60 min for excitation

at 405 nm.

2.5.1. Limit of detection studies
The LOD for AI** detection by HMBDC, MeOH detection by PPY and for water by AH were
obtained using the following equation®

Detection limit (LOD) = 30/k

Where, ¢ and k signify the experimental standard deviation and slope of 3 linear fitting curve.

2.5.2. Determination of fluorescence quantum yield

Fluorescence quantum yield (®) for the A~ (phenolate) form of AH (AH — 0.5 uM + KOH (10
uM)) was calculated by the procedure described earlier.” In short, 9,10-diphenylanthracene taken
in an ethanol medium was act as the reference fluorophore with an emission quantum yield (®r) =

0.95. The @s was estimated using the following equation:

48
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Where A signifies the absorbance at the excitation wavelength, also the integrated emission area
is defined by F. n is the refractive index of that particular medium. Subscripts ‘r’ refer to the

reference and ‘s’ refer to sample molecule.

2.5.3. Fluorescence lifetime study

Fluorescence transient decays were studied by the time correlated single-photon counting
(TCSPC) method. Where two different nano-second diodes (nano-LED; IBH, UK) with excitation
at 450 and 490 nm were used as the light source. Fluorescence decays were monitored using a
distinct Hamamastu photomultiplier tube (PMT) equipped with a TBX4 detection module (IBH,
UK).The solutions for analysis were passed through a 0.45 mm filter (Millex, Millipore) before all
the experiments. By using the in-built software the decays were evaluated. Fluorescence transient

decays were monitored by using time correlated single-photon counting (TCSPC) method.

2.5.4. Fluorometric corrosion studies

A sheet of pure aluminium along its alloy that is, Al-7075 (composition: Al, 90%; Zn, 5.5%; Mg,
2.5%; Cu, 1.5 and Si, 0.5%) having similar dimension (3.5 cm x 1.5 cm x 0.2 cm) were grazed
using an emery papers (400 grade) for surface polish purpose. The roughly polished metal sheets
were washed thoroughly in acetone followed by sonication for 30 min. Then, those specimens
were further washed by de-ionized water and finally dried in an oven at 60°C for 20 min. Weight
of those metallic specimens were determined by using METTLER AE 240 balance. Those metallic
coupons were then completely deep in 10 or 100 mL anhydrous methanol or 4:1 (v/v)
methanol/ethanol mixed medium in air-tight measuring flux at the normal air as well as nitrogen
conditions. For keeping appropriate normal air or nitrogen condition during the progress of
corrosion (up to 30 days), the open air or nitrogen was purged in every 24 hour interval. Wherever,
the minor change in solution volume was adjusted if necessary by adding proper amount of normal
air- or nitrogen-saturated same solvent. To identify extent of AI(OR)3; formation owing to the
alcoholate corrosion, 30 mL of corrosion solution in every 3 day time-waits up to 18 or 30 days
was taken out by a syringe then the fluorescence measurement was done after diluting the corrosion

solution by 270 mL of parent solvent. For measuring the weight-loss due to corrosion, those
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metallic sheets were taken out from the mediums after certain time-interval (after 18 days for pure
aluminium sheet) then dried appropriately in an oven. Weight of those metallic sheets after the

corrosion was assessed using the balance stated before.

2.6. ESI-MS* and FT-IR study

ESI-MS" (positive mode) were performed by a QTOF Micro Y A263 mass spectrometer. IR spectra
for HHMB were recorded in methanol medium with and without AI*" using a Perkin-Elmer
Spectrum-2 spectrophotometer containing a Zn-Se ATR. Pyris6 TGA (Netherlands) instrument

was used for thermo-gravimetric analysis (TGA).

2.7. Scanning electron microscopy
Surface characterization of aluminium based alloy, Al-7075, before as well as after corrosion were

done by FESEM (JSM 6700F, JEOL Ltd. Tokyo, Japan).

2.8. Theoretical calculation

Density function theory (DFT) calculations were done by the Gaussian 09 Program for optimizing
geometry by determining the structure of the hydrogen-bonded A7/H20 complex, alcohol
coordinated AI**-HMBDC complex, (PPY/ROH/H20) complex.® Further Time-dependent DFT
(TD-DFT) calculations were completed to obtain the lowest singlet excited states geometries and
to acquire UV-vis absorption parameters of different probes and their respective complexes. For
HHMB/AH the TD-DFT calculation was done in various solvents by using the CPCM solvent
model. Whereas for HMBDC TD-DFT calculation was performed in methanol medium and for
PPY methanol, ethanol as well as isopropanol mediums were chosen for TD-DFT calculations.
The structural optimizations were carried out by considering the B3LYP exchange-correlation
functional and different basis sets for each experiment in the solvent phase. For HHMB/AH 6-
31G++(3d,3p) basis was set and the geometries were optimized. Geometry of HMBDC as well as

its complex with AI**

based on most acceptable structure was accomplish by allowing the 6-
31G+(d,p) basis was set and the geometries were optimized. Whereas for PPY it was 6-31G basis
function. In all the cases the global minima of all those species were definite by the positive

vibrational frequencies.
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Chapter 3

Fluorometric detection of aluminium ion and its
application for micro-level alcoholate corrosion



3.1. Introduction
Switching over from conventional fossil fuel to biofuel is of current interest owing to the
maximum utilization of ecofriendly non-conventional energy.!> Commercially produced less
polluted biofuels such as methanol and ethanol, mixed with fossil fuels have an acceptable
performance capacity for the gasoline engine.>® Moreover, in comparison to the gasoline,
methanol and ethanol have much higher octane rating or compression ratio to resist the
knocking for better thermal efficiency.” Since most of the fuel tanks/pipes are made of
aluminium or its alloys owing to its high strength-to-density ratio, the aluminium corrosion due
to the formation of alkoxide (alcoholate or dry corrosion) during storage or even transportation
of such bio-alcohols may cause leakage in the fuel tanks and in worst cases enough threat is
speculated for fire and explosion.® Mechanical overloads, alloy impurities even at elevated
temperatures are further contenders for accelerating the alcoholate corrosion.” However, a
prolong exposure to the moisture retards the alcoholate corrosion by forming a protective layer
of hydrated aluminium oxide in the metallic surface but moisture impurity in the fuel may
damage the gasoline engine.'® Hence, a maintenance optimization is crucial in critical
engineering disasters by detecting alcoholate corrosion as in its nascent state with minimizing
the chance of water contamination.'%-!1

Several electrochemical and mechanical methods have been exploited for decades to
propose aluminium alcoholate and other corrosions;® yet the early detection of the alcoholate
corrosion is still a challenging task due to the lack of sensitive analytical methods.!%!3-1¢ Here,
the fluorescence technique may act as a better alternative owing to its simplicity and high
sensitivity.!”"!° Till date, a large number of fluorescent probes for AI** have been exploited in
the biological or environmental domain,?’?> but has never focused on alcoholate corrosion
studies. Based on this requirement, we synthesized a fluorescent probe, namely HMBDC ((6Z)-
6-(2-hydroxy-3-(hydroxymethyl)-5-methylbenzylideneamine)-2H-chromen-2-one), to detect
alcoholate corrosion with pg-level detection ability along with its retarding signature in the
presence of moisture in a judicious way. Such novel method may lead to an early detection of

alcoholate corrosion in a simpler way.
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3.2. Result and discussion

3.2.1. Probe designing and solvent induced complexation with AP+

The non-fluorescent phenolic Schiff-base molecule containing a coumarin moiety (HMBDC)
was prepared by condensing an equimolar mixture of 6-amino coumarin (6-ACO) and 2-
hydroxy-3-(hydroxymethyl)-5-methylbenzaldehyde (HHMB) in dry ethanol (Scheme 1 and
Fig. 3 of chapter 2).

Reflux
|n ethanaol

© OH OH ACO
CH \"*-

HHMB
%Q\}YO\?‘
HMEDC

H.-Da“ b

HMBDC/AIR (1)
Scheme 1. Synthesis of HMBDC and its complexation with AF* in an alcohol solvent.

3.2.2. Solvent induced spectral response for HMIBDC/AI®*
Among various organic solvents, the interaction of HMBDC with AI** was observed only in

the alcoholic medium according to the UV-vis studies (Fig. 1).

T T T ——— =
320 360 400 440 480
Wavelength (nm)
Fig. 1. Solvent dependent UV-vis absorption spectra of HMBDC in the absence (solid lines) and

presence (broken lines) of AI(NO3); (8 equiv.) at 25°C: methanol (red), acetonitrile (blue), 1,4-
dioxane (magenta), DMF (purple), DMSO (pink), ethanol (dark yellow) and THF (green).
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In methanol, the absorption intensity at ~353 nm for HMBDC (5 uM) decreased gradually with
the continuous addition of AI(NOs3)3 until saturated at ~8-equiv., giving rise to a new peak at
~406 nm, where an isosbestic point at ~384 nm assures the formation of AI*/HMBDC complex
(1) (Fig. 2A). Upon optimization of the complex formation affinity in various ethanol/methanol
mixed media, highest reactivity with the lowest saturated A" concentration (~5 equiv.)
compared to that obtained in pure methanol was observed in a 4:1 methanol/ ethanol-mixed
medium (Fig. 3). Most probably, more effective H-bonding interaction of the dimeric
ethanol/methanol?® with 1 (AI**/HMBDC complex of scheme 1) induces greater complex (1)
stability, although the complex formation reactivity was much less in pure ethanol compared

to the methanol medium (Fig. 2 and 1).
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Fig. 2 (A) UV-vis absorption and (B) fluorescence spectra of HMBDC (5 pM) in the presence (red)
and absence (black) of increasing concentration of AI(NO3); (0—40 uM) in anhydrous methanol at
25°C. The intensity changes with increasing AI’* concentrations are indicated by arrows. (C) AP*
concentration dependent relative increase in the fluorescence intensity with respect to its absence
in methanol (red) or methanol/ethanol (4:1) (blue). (D) Fluorescence intensity ratios in presence
and absence of various ions or mixture of ions in the mixed solvent (25 uM each; blue) or methanol
(40 uM each; other colors) or are shown by bar-diagram.
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Fig. 3. UV-vis absorption spectra of HMBDC (5 pM) in the presence of increasing concentration
of AI(NO3); (up to 25 pM) in 4:1 (v/v) methanol/ethanol mixed medium at 25°C. The increase or
decrease of absorbance with increasing concentration of AP is depicted by the arrows. The
spectrum in the absence of A" is shown by black.

In spite of the stronger H-bonding interactions of 1 with water compared to the methanol or
ethanol, a complete dissociation of 1 in the presence of 20% (v/v) water in methanol (Fig. 4)
suggests that, in addition to the solvent assisted H-bonded structural stability of 1, alcohol
molecule may also participate in the coordination with AI** to form 1. Indeed, the possible

methanol coordination is reflected in the ESI-MS™ analysis. (Fig. 5).
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Fig. 4. UV-vis absorption spectral changes of HMBDC/AF* (5 pM with respect to HMBDC) in
methanol by addition of increasing amount of water (0-20% (v/v)). The increase or decrease of
absorbance with increasing percentage of water is depicted by the arrows. The spectrum of
HMBDC in methanol is shown by black.
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Fig. 5. ESI-MS* of HMBDC (A) (m/z for [HMBDC+H]" or [C;sH;604N]*: cal’d — 310.3207 (obs’d
— 310.3972)) and HMBDC/AP* complex (B) (m/z for [HMBDC+AI+NO;+CH;0OH]* or
[C1oH19OsN2Al]*: cal’d — 429.3315 (obs’d — 429.1458) in MeOH.

In addition, the Job's plots in the absorption studies showed that the HMBDC formed 1:1

stoichiometric complex with AI** (Fig. 6).
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Fig. 6. Job’s plot for defining binding stoichiometry of AP* to HMBDC in methanol medium, at
25°C.

3.2.3. DFT based theoretical calculations for complex structure

To elucidate the probable structure of 1, we carried out the DFT-based theoretical calculation
by considering the 1:1 stoichiometric AI*/HMBDC complex with or without methanol

coordination. A stable structure of 1 was obtained when the oxygen atom of the methanol
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molecule coordinates with AI** and other two coordination sites of A" are occupied by the

phenolic-oxygen and imine-nitrogen of HMBDC (Scheme 1, Fig. 7 and 8).

Fig. 7. Molecular view of HMBDC/APF" complex optimized with DFT-based theoretical
calculation: (color code) white, H; gray, C; blue, N; red, O and light pink, Al.
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Fig. 8 Frontier molecular orbital profiles including various UV-vis absorption parameters of
HMBDC (left panel) and HMBDC/AI** complex (right panel) based on TD-DFT (B3LYP/6-
31G(d)).

Facile coordination of those hard donor sites of HMBDC towards harder AI** is susceptible

towards alcohol assisted stabilization of 1. The UV-vis absorbance at ~402 nm for 1 computed
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from the time-dependent DFT (TD-DFT) calculations in methanol medium, where the HOMO
(90)/LUMO (92) excitation nicely matched with the experimental absorbance at ~406 nm (Fig.
2 and 7). However, monitoring of the 'H-NMR peak characterized for aldimine proton is a
useful strategy to identify the bonding of the imine-N to AI**.2* We observed that the aldimine
proton peak intensity for HMBDC in CD3OD was quenched to a great extent with a
considerable down-field shift from 8.80 to 8.88 ppm in the presence of AI** (Fig. 9). The down-
field shift is expected owing to the imine-N and AI*" coordination, but intensity quenching
does not follow the previous trend in the aprotic polar medium.?* The generation of a partial
positive charge at the N-centre upon its binding with the AI** may enhance the acidity of the
aldimine proton to become labile for participating in the H/D exchange in a protic medium
(CDsOD), as reported previously for other allied systems.?>-26 These results strongly suggest
the imine-N and AI** bonding in 1. On the other hand, AI** induced large decrease in the IR

intensity at ~3300 cm™! for phenolic-OH also supports the phenoxide coordination (Fig. 10).
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Fig. 9. 300 MHz 'H-NMR (downfield region) spectra of HMBDC in (A) absence and (B) presence
of 8.0 equiv. of AI(NOs); in CD;0D.

The electronic distribution in the molecular orbital diagram (MO) of the HMBDC evaluated
from the DFT calculation showed an intra-molecular photo-induced electron transfer (PET)

from coumarin to the HHMB moiety, which makes the HMBDC non- fluorescent (Fig. 8). AI**
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induced an instantaneous increase in the fluorescence intensity for HMBDC (5 uM) in the

alcoholic medium (methanol/ethanol or their mixture) due to the formation of 1 (Fig. 2B and

11).
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Fig. 10. FT-IR spectra of HMBDC in the absence and presence of various concentration of
AI(NO3)3 in methanol medium.

A gradual fluorescence intensity increase at ~506 nm (Aex = 406 nm) of ~30-fold for 8 equiv.

of APP* and ~40-fold for 5 equiv. of AI’" was observed in the methanol and 4:1 (v/v)

methanol/ethanol medium, respectively (Fig. 2 and 11B).
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Fig. 11. Fluorescence spectra of HMBDC (5 pM) in presence of increasing concentration of
AI(NO3)3 in (A) ethanol (up to 8 equiv.) and (B) methanol/ethanol (4:1 v/v) (up to 5 equiv.) at

59



25°C. The spectra without A" are represented by black. The gradual increase of intensity with
increasing concentration of A" is showed by the arrow. The excitation wavelength was 406nm.

According to the HOMO and LUMO electronic distributions for 1 in the DFT studies, the PET
process in HMBDC was highly restricted upon its binding with AI** in 1, causing for the large
increase in the fluorescence intensity (Fig. 8). However, the better fluorescence response (lower
intensity-saturated A" concentration and larger intensity increase) in the mixed medium than
pure methanol may be associated with greater stability of 1, as described in the previous section
(Fig. 1). The fluorescence intensity increase remains invariant using other soluble Al(II)-salts
(Fig. 2D and 12), which eliminates the role of counter anions for the increasing intensity. To
ascertain the AI** selectivity, we performed similar fluorescence studies with other potentially
interfering cations but failed to produce any noticeable fluorescence (Fig. 2D and 13).
However, a linear intensity increase with the increase in the concentration of AI** up to 6 equiv.
in methanol and 4 equiv. in the 4:1 methanol/ ethanol mixed medium can be useful for a
ratiometric detection of unknown concentration of AI** (Fig. 2C), where the limit of detection?’
(LOD) of AI** with HMBDC in the methanol medium was found to be ~0.5 uM (c.f. details in
chapter 2). Most importantly, HMBDC recognized AI’" selectively from the mixture of various
other cations, and also in presence of other soluble AI(IIl) salts, particularly, aluminium
alkoxide (ethoxide) with similar accuracy (Fig. 2D and 13). Therefore, the AI(IIl) sensing
ability for an alcoholate corrosion with an aluminium alloy must not be perturbed due to the
interference of other leached cations. The dry alcoholate corrosion of aluminium or its alloy
while forming soluble alkoxide (Al(OR)3) can be detected upon incubation in an anhydrous
alcoholic medium. However, under a condition of prolonged incubation, the contamination of
trace amounts of moisture may also trigger the conversion of AI(OR)3 to AI(OH)3, followed by
the hydrated alumina (A1203.xH20) coating on the metallic surface.® The formation of hydrated

alumina can also be possible via the decomposition of AI(OR)3.°
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Fig. 12. Fluorescence spectra of HMBDC (5 uM) in the presence of various AI** salts (40
pM each): AICI; (dark yellow), AI(NO3)3 (red), Al:(SO4); (purple), and AI(OEt)s, green.
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Fig. 13. Fluorescence spectra of HMBDC (5 M) in methanol medium containing different metal
ions (40 pM each).

3.2.4. Detection of Alcoholate corrosion and correlation with weight loss experiments

To characterize the alcoholate corrosion as an exclusive process to the maximum limit, we
minimized those wet-processes by allowing the corrosion under inert conditions. A previously
grazed aluminium-sheet (dimension ~3.5x1.5x0.2 ¢m?; surface area ~12.5 cm?) was incubated
for 18 days in 100 mL anhydrous methanol or methanol/ethanol (4:1) mixed solvent under
nitrogen atmosphere by purging nitrogen every 24 h, where the small change in the solution
volume if required was adjusted by injecting an appropriate amount of the nitrogen saturated
anhydrous solvent. The amount of AI(OR)s (R = -Me, -Et) generated in the medium was
estimated by monitoring the HMBDC (5 pM) fluorescence. After 10-fold dilution of the
medium with the parent solvent, the amount of AI(OR)s formed or the alcoholate corrosion was
estimated in every 3 days interval according to the amount of AI’* obtained from the time
dependent fluorescence responses (Fig. 14) as per the linear calibration plots in Fig. 2C
multiplied by the dilution factor. linear increase in the normalized fluorescence intensity from
~3.51t0 16.8 and ~7.3 to 36.1 was observed with an increase in the incubation time period from
3 day to 18 day for methanol and methanol/ethanol (4:1) media (Fig. 15A and 14) respectively,
which correspond to the linear increase in the AI** amount in the medium from ~3.2 to 16.6
pmol for either solvents (Fig. 15C). Indeed, the weight-loss of ~0.47 mg i.e., ~17.5 pumol was
found to be closely similar with that of the increase in AI**, revealing that not only the dry
corrosion leads to the generation of AI** (AI(OR)3) as the only product, but also HMBDC is

highly effective for an accurate estimation of the alcoholate corrosion. In addition, the nice
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correlation between the weight-loss and Al(OR)3 amount also reveals that the decomposition
of alkoxide into insoluble alumina is negligibly small during the whole corrosion time-course.

However, under open atmospheric conditions maintained by air purging (average relative
humidity ~70%; average temperature 28°C) in every 24 h interval while maintaining other
similar experimental conditions and analysis protocol, the specific corrosion rate (~2.0 pg per
day per cm?) up to 12 days, was found to be closely similar to that detected under the nitrogen

atmosphere (Fig. 15C and 14).
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Fig. 14. Fluorescence spectra of HMBDC for the corrosion of pure aluminium sheet (dimension:
3.5%1.5%0.2 cm®). The spectra of HMBDC (5 uM) in alcohol medium (methanol or 4:1 (v/v)
methanol/ethanol mixture) containing 10% corrosion solution of same solvent composition after
undergoing the corrosion at every 3-days’ time-interval up to 18 days at nitrogen or open air
condition: (A) methanol in nitrogen condition; (B) methanol in open air condition; (C) 4:1 (v/v)
methanol/ethanol medium at nitrogen condition, (D) 4:1 (v/v) methanol/ethanol medium at open
air condition. The increase of intensity with increasing incubation time (3 to 18 days), are depicted
by arrows.
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Fig. 15 (A and B) Extent of the fluorescence intensity increase due to corrosion-induced leached
AP (Fx/F)) of HMBDC (5 uM) and (C and D) amount of AI** in the corrosion medium according
to fluorescence response are plotted with various incubation times of pure aluminium sheet or its
alloy (Al-7075) in different mediums/atmosphere conditions: nitrogen atmosphere in methanol
(red) and methanol/ethanol (4:1) (blue); open atmosphere in methanol (green) and
methanol/ethanol (4:1) (purple). The data at nitrogen conditions were only fitted linearly. (A and
B) The fluorescence intensity of HMBDC (5 uM) was monitored after the 10-fold dilution of the
corrosion medium with the same solvent. (C and D) The amount of AI** estimated as the amount
obtained from the normalized intensity with comparing the linear plots in Fig. 1C multiplied by
the dilution factor 10. The actual amount of alcoholate corrosions for the mixed medium under
open atmosphere were depicted by solid circle (purple).

The results also indicate that the early stage of the alcoholate corrosion process (at least up to
12 days) for pure aluminium is not affected significantly by the atmospheric moisture content,
although the final corrosion amount after 18 days incubation in normal atmosphere was slightly
lower (~84%) for the mixed medium compared to that obtained for pure methanol (Fig. 15C).
The decrease in the AI(OR)3 amount can be affected by two processes: (a) AI(OR)s3 to insoluble
Al(OH)3 conversion due to the adsorbed moisture; (b) actual retardation of the corrosion rate
due to the surface deposition of AI(OH)s. The extent of the conversion of AI(OR)3 to AI(OH)3
in the corrosion medium under the open air condition can be assessed by estimating the
fluorescence intensity at every 3 day time interval in the absence of aluminium sheet (from
day-3 to day-18) with the addition of same amount of AI(OEt); (3.2, 5.7, 8.0, 11.7, 14.2 and
16.4 pmol (final added amount) at day 0 (beginning of day 1), 3, 9, 12 and 15, respectively, in
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100 mL mixed medium) as that of the alkoxide amount detected due to the corrosion under

nitrogen condition (Fig. 16).
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Fig. 16. Changes in fluorescence spectra of HMBDC due to various amount of AI(OEt); addition
at different time-intervals in 100 mL 4:1 (v/v) methanol/ethanol medium at open air condition.
After addition of AI(OEt); at day-0 (beginning of day 1), 3.2 pmol; day-3, 5.7 pmol; day-6, 8.0
pmol; day-9, 11.7 pmol; day-12, 14.2 pmol; day-15, 16.4 pmol, the fluorescence were monitored
after (black) day-3, (red) 6, (blue) 9, (purple) 12, (green) 15, and (orange) 18, respectively. The
fluorescence intensity of HMBDC (5 pM) were monitored after 10-fold dilution of the medium
containing AI(OEt); with the same solvent. The fluorescence were recorded before the addition
of day-specific schedule AI(OEt); amount (solid lines). The amount of AI(OEt); represents sum of
all additions. For comparison, the fluorescence spectra for the corrosion medium at the same time
interval are depicted by the corresponding light color spectra (broken lines).

In comparison to the actual added Al(OEt)s, any decrease in the AI(OEt); amount upon such
incubation should be added with the corrosion induced formation of AI(OR); amount under
nitrogen condition for respective time interval to obtain the actual alcoholate corrosion. The
actual corrosion was found to be slightly higher than that estimated from the corrosion-induced
AI(OR); formation (Fig. 15C, solid symbol). According to the LOD of AI**, the detection of
the alcoholate corrosion amount as minimum as ~0.1 ug mL™! can be possible by monitoring

the fluorescence response of HMBDC.

3.2.5. Real time detection of alcoholate corrosion using Al-7075 alloy

Alcoholate corrosion in a widely used aluminium alloy, Al-7075 (composition: Al, 90%; Zn,
5.5%; Mg, 2.5%; Cu, 1.5 and Si, 0.5%) was also studied. The previously grazed alloy sheet
with same dimension and surface area as that of the pure aluminium sheet was incubated in
100 mL anhydrous methanol or 4:1 methanol/ ethanol under nitrogen as well as normal
atmospheric conditions. The amount of the alcoholate corrosion in every 3 days interval up to

30 days was estimated by evaluating the fluorescence response of HMBDC (Fig. 15B and 17).
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In comparison to the pure aluminium sheet, the increase in corrosion from ~1.5 to 4.0 pmol
evaluated from the increase in the normalized fluorescence intensity (1.65 to 5.90 in methanol;
2.64 to 10.40 in methanol/ethanol (4:1) mixture) with the increase in the incubation time from
day-3 to day-12 follows a similar linear relation regardless of the solvent compositions and
atmospheric conditions (Fig. 15B and D), while the intrinsic rate of corrosion ~0.95 pg per day
per cm? was more than 2-fold slower (Fig. 15C and D). The lower rate constant value for the
alloy compared to pure aluminium indicates that the contamination of other metals in the alloy
resists the early stage alcoholate corrosion process. However, under normal atmospheric
condition, the corrosion amount vs. time relation deviates from the linearity after 12 days.
Importantly, after 30 days of incubation, a large reduction in the AI(OR)3 amount from ~11.38
to 6.64 umol was estimated for the mixed medium, but the change was only from ~13.20 to

~12.33 pmol for pure methanol (Fig. 15D).
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Fig. 17. Fluorescence spectra of HMBDC for the corrosion of aluminium alloy sheet, Al-7075
(dimension: 3.5x1.5x0.2 cm®). The spectra of HMBDC (5 uM) in alcohol medium (methanol or
4:1 (v/v) methanol/ethanol mixture) containing 10% corrosion medium of same solvent
composition after undergoing the corrosion at every 3-days’ time-interval up to 30 days at
nitrogen or open air condition: (A) methanol in nitrogen condition; (B) methanol in open air
condition; (C) 4:1 (v/v) methanol/ethanol medium at nitrogen condition, (D) 4:1 (v/v)
methanol/ethanol medium at open air condition. The increase of intensity with increasing
incubation time (3 to 30 days) are depicted by arrows.
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By determining the hydration-induced conversion amount of AI(OR)3; to AI(OH)3 according to
the procedure, as described before (Fig. 18), the actual alcoholate corrosion was found to
decrease from ~11.38 to 7.70 pmol by changing the condition from nitrogen to open
atmosphere after 30 days (Fig. 15D, solid symbol). Our study reveals that in comparison to
pure methanol, the formation of AI(OH)s under open atmospheric condition retards the
alcoholate corrosion largely due to the presence of more hygroscopic ethanol.?® The deposition
of AlO3.xH20 onto the alloy-surface is responsible for resisting the further alcoholate

corrosion (Fig. 15D).6
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Fig. 18. Changes in fluorescence spectra of HMBDC due to various amount of Al(OEt); addition
at different time intervals in 100 mL 4:1 (v/v) methanol/ethanol medium at open air condition.
After addition of AI(OEt); in day-0 (beginning of day 1), 1.2 pmol; day-3, 2.4 pmol; day-6, 3.5
pmol; day-9, 4.8 pmol; day-12, 5.7 pmol; day-15, 7.2 pmol; day-18, 7.9 pmol; day- 21, 9.6 pmol;
day-24, 10.8 pmol and day-27, 11.4 pmol, the fluorescence were monitored after day 3 (black), 6
(red), (blue) 9, (purple) 12, (green) 15, (orange) 18, (pink) 21, (violet) 24, (dark yellow) 27, and
(dark cyan) 30, respectively. The fluorescence intensity of HMBDC (5 pM) were monitored after
10-fold dilution of the medium containing AI(OEt); with the same solvent. The fluorescence were
recorded before the addition of day specific schedule AI(OEt); amount (solid lines). The amount
of AI(OEt); represents sum of all additions. For comparison, the fluorescence spectra for the
corrosion medium at the same time interval as shown in Fig. 18, were depicted by corresponding
light color spectra (broken lines).

In fact, the generation of more surface pits owing to the higher extent of the alcoholate

corrosion in methanol over the mixed medium was also detected by naked eye (Fig. 19).




Fig. 19. Naked eye corrosion monitoring for Al-7075 sheet (dimension: 3.5x1.5x0.2 cm?) after 30
days’ time-period in 10 mL 4:1 (v/v) methanol/ethanol medium at (A) nitrogen and (B) open air
conditions.

The surface morphology in the SEM studies showed that the alloy surface was little bit
smoother after the corrosion in the mixed medium (Fig. 20), justifying our proposition for the

surface deposition of Al203.xH20.

Fig. 20. FESEM images of Al-7075 alloy (A,B) before and after (C,D) corrosion in (A,C) methanol
and (B,D) 4:1 (v/v) methanol/ethanol medium.

On the other hand, cyclic voltammetric studies in the corrosion medium exposed to normal
atmospheric conditions identified an irreversible cathodic peak at ~ -0.7 V due to the formation
of insoluble AI(OH);3 in addition to the conversion from Al to AlI**, but such irreversible peak
was not observed for the medium exposed to nitrogen (Fig. 21). Moreover, the formation of
white gelatinous precipitate of AI(OH)3 in the mixed medium was clearly visible by naked eye
under normal atmospheric conditions (Fig. 19B). All those results strongly support that the

initiation of the wet-process by forming Al(OH); inhibits the alcoholate corrosion rate.
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Fig. 21. Cyclic voltammetric studies in the corrosion medium for (4:1) methanol/ethanol solution
with Al-7075 alloy: (red) under nitrogen atmosphere and (blue) under open air condition. The
cyclic voltagram of the corrosion medium in presence of externally added 2% water was depicted
by black for comparison. Tetrabutyl ammonium perchlorate used as the supporting electrolyte.
The potential were measured using platinised platinum electrode against saturated calomel
electrode at 25°C. Scan region -1.2 to 0.4 V and scan rate 0.05 V/Sec.

3.3. Conclusions

In conclusion, a phenolic Schiff-base consisting of a coumarin unit as a fluorescent sensor for
AIP* operable only in the alcoholic medium is synthesized to monitor dry alcoholate corrosion.
The photo-induced electron transfer process in the probe molecule exhibits AI** induced large
increase of fluorescence intensity, lifted by its complexation with AI**, which was further
stabilized by the coordination and H-bonding interaction with the solvent molecule. The
alcohol specific complex formation and subsequent fluorescence generation was suitably tuned
to monitor the alcoholate corrosion by fluorometrically estimating aluminium alkoxide
formation with a sensitivity of ~10 ug L~'. However, the simultaneous participation of small
extent of the wet-process (Al(OR)3 to AI(OH)3 conversion) and its deposition in metal surface,
particularly for the alloy, inhibits the dry alcoholate corrosion. The alloy specific detection of
the early stage alcoholate corrosion is in progress to obtain suitable material useful as a biofuel

container.
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Chapter 4

A unique fluorescence method for the real-time
detection of trace water in polar aprotic solvents with
the application in foodstuffs



4.1. Introduction

An effective analytical procedure for the estimation of trace water in organic solvents displays
a direct impact in chemical research, industry and food inspection.' For organic synthesis, in
particular the synthesis of organometallic compounds, moisture-free solvents are essential to
obtain the optimum product yield.®” Carboxylic ester and imine functional compounds are
highly susceptible to hydrolysis even in the presence of trace amounts of moisture during their
storage in organic solvents.® The moisture contamination in oil can be a major problem in the
petroleum industry due to emulsification and phase separation processes,’!? resulting in the
blockage of fuel pipe, and subsequent engine damage or failure.!'"'> Furthermore, the
estimation of water in food samples is very important for various reasons:!*!7 (a) optimum
moisture level in foods is essential for to sustain an appropriate test, texture and appearance,
and most vital nutritional values; (b) food manufacturers often incorporate inexpensive water
ingredients illegally as much as possible in foods for their profit; (c) trace water affects
microbial food degradation or water rancidity, especially for pure oil-based food materials;'>
17(d) food processing operations such as transferring through pipes, packaging and mixing also
affect the estimation.

The Karl Fischer titration is one of the best known methods for the estimation of moisture
in organic Gas chromatography is another well-acquainted classic option.!*-2 However, certain
limitations in those methods such as time consumption, inability for real-time analysis,
specialized equipment design requirement, difficulties in sample preparation, and rigorous data
handling are major concerns for easy and cost-effective moisture detection for applied
analytical samples.?!?> Fluorescence technique may opt as a better alternative owing to its
simplicity and rapid response, and non-destructive fabrication and most importantly its high
sensitivity.>*2> Consequently, a number of research groups currently switch their focus to
various kinds of commercially viable fluorescence-based water sensing procedures. Up to now,
a number of fluorosensing mechanisms, such as intramolecular charge transfer (ICT)?¢-%7

)12 excited-state intra-molecular proton transfer

photo-induced electron transfer (PET
(ESIPT),?-39 H-bonding interaction,>*!-3? aggregation-induced emission (AIE)**-3° and Forster
resonance energy transfer (FRET),*6-37 have been reported to detect trace water in organic
solvents. Water fluorosensors based on chemical rearrangements such as ring opening of cyclic
rhodamine derivatives,*® hydrolytic cleavages of Schiff bases***° and hydration of aldehyde
functionality*! have also been reported. In addition, researchers constructed various

)24

metal/ligand complexes or metal organic frameworks (MOFs as water fluorosensors.
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Among the various water sensing fluorescent probe molecules reported in the literature,
some exhibit very high detection sensitivity (~0.001% or even below), although often the high
detection accuracy is restricted to specific solvent systems.!*#-46 However, the requirement of
multi-step complex synthesis procedures for the preparation of probe molecules makes the
overall moisture detection procedure inconvenient for routine analytical purpose.’*37+-43 In
most cases, the detection methodologies are relying only upon a single emission/excitation
band originated by the association/interaction of water with the recognition site of a probe
molecule.?6-32:343841-42 Therefore, it is not always straightforward to recognize the actual cause
for the observed fluorescence response between the inhomogeneous probe distribution in the
solution due to sample micro-heterogeneity and any moisture affected changes. In addition,
photo-bleaching of the probe molecule and instrumental parameters** are often troublesome to
assess the actual fluorosensing response induced by water incorporation.

In this study, a simple 4-methyl-2,6-diformyl phenol fluorescent probe (AH) was
exploited to detect trace water in several polar aprotic organic solvents with high precision
(detection limit ~0.01-0.04% (v/v)). The phenolate form of the probe molecule (A~) exhibits a
water-induced spectral blue-shift to various extents in the UV-vis absorption and fluorescence
excitation spectra from ~470-490 nm to 440-450 nm depending on various polar aprotic
organic solvents due to the formation of an A~/H20 H-bonded complex. Although both A~/H20
and free A~ show identical fluorescence emission characteristics, an opposite emission
intensity changing pattern, from a gradually increasing to a decreasing trend with the increase
in water%, was detected upon switching the excitation wavelength from 440 to 485 nm. Water
induced emission intensity changes of A~ and A7/H20 species for each water% value were
combined together to obtain a normalized single spectral profile, and thus the water% induced
emission increase manifested considerably with eliminating the probe concentration
dependency on the intensity response. Moreover, such normalization eventually produces
linear intensity changes dependent on water%, which are effective to estimate water%
ratiometrically. In addition, a large spectral blue-shift of ~25 nm in the excitation spectra
induced by only a small quantity of water (2—5% v/v) can also be suitably tuned for its detection
purpose. The water detection procedure was applied to monitor real-time atmospheric moisture
incorporation in common polar aprotic solvents and moisture analysis studies in various food

samples useful for water rancidity.
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4.2. Results and discussion

4.2.1. Solvent-induced spectral shifts of the phenolate form of AH

AH deprotonated partially around neutral pH (pKa ~ 7.1) in an aqueous buffer according to the pH-
dependent changeover of UV-vis absorption intensities between ~350 nm for the phenol form (AH) and

~440 nm for the phenolate form (A") (Fig. 1).
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Fig. 1. pH dependent UV-vis absorption spectra of AH (6 uM) in 20 mM HEPES buffer, at 25°C.
The pH of buffer solution was adjusted by an addition of NaOH. The increase or decrease of
absorbance with increasing pH is depicted by arrows.
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Fig. 2. Fluorescence emission spectra of AH (0.5 pM) in the absence (blue) and presence (black)
of KOH (10 pM) in water. Excitation wavelengths: 350 nm (blue) and 440 nm (black).
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A~ exhibited a strong fluorescence intensity (quantum yield (@) ~ 0.4) (cf. Experimental section), but
AH did not (Fig. 2).*’ Consistent with the earlier reports, an additional absorption intensity at
~485 nm with appreciable quenching of the intensity at ~350 nm for AH (6 pM) was identified
in the DMF or DMSO medium even in the absence of the base (Fig. 3A).44° The appearance
of band at ~485 nm is mainly due to partial deprotonation of AH induced by the basic solvent
character,* since the spectral shape and position did not change except a large increase in its
intensity by an addition of base (KOH, 15 uM) in DMF or DMSO (Fig. 3B). This proposition
is further supported by the base-induced similar spectral shift from ~350 nm to 470480 nm
for other non-basic aprotic solvents (acetone, MeCN) (Fig. 3B)
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Fig. 3. Different aprotic solvent dependent UV-vis absorption spectra of AH (6 pM) in (A) the

absence and (B) presence of KOH (15 pM) at 25°C: violet, acetone; purple, MeCN; red, DMF and
blue, DMSO.

However, similar to the aqueous medium, a large blue-shifting of absorption band from 470—
485 nm to 440435 nm for the phenolate form (A~) was detected by changing the medium from
aprotic to protic methanol or ethanol (Fig. 4). Previously, the solvent-induced large spectral
blue-shift has been justified with presuming higher dipole moment of DMSO/DMF than the
water molecule.’* However, since the solvent-dependent absorption spectral shift is usually

very nominal, the large spectral blue-shift is attributed to a specific A7/solvent interaction (Fig.

5 and Fig. 4).
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Fig. 4. Different protic solvent dependent UV-vis absorption spectra of AH (6 pM) in presence of
KOH (15 pM) at 25°C: black, water; green, methanol; brown, ethanol. The spectra for aprotic
solvents are shown for comparison (violet, acetone; purple, MeCN; red, DMF; blue, DMSO).
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Fig.5. Schematic of base or basic solvent (DMSO/DMF)-induced complete/ partial deprotonation
of AH (A") and its H-bonding interaction with water. The DFT-optimized structures are shown
(color index: C, gray; O, red; and H, white). The experimental UV-vis absorption (A.ns) and
emission (A.m) wavelengths for different species are depicted in the lower panel. (cf.) The
calculated absorption parameters are shown inin Table 2.

4.2.2. Formation of A/H20 complexes in aprotic solvents

The phenolic-OH deprotonated form of AH (A~) was confirmed with forming UV-vis intensity
at 470—485 nm by addition of any base (KOH or TEA) to polar aprotic solvents (Fig. 5).
However, TEA (THF-solubilized base) induced no spectral change in a relatively nonpolar
THF medium, suggesting no such deprotonation reaction of AH (Fig. 6), presumably due to
poor solvation of the negatively charged A~ species. The water-induced large blue-shift of the

absorption band for A~ shows the interaction of A~ with the water molecule (Fig. 7).
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Fig. 6. UV-vis absorption spectra of AH (10 pM) in the absence (black) and presence of
TEA (1 mM) (red) in THF medium at 25°C.

A similar UV-vis spectral blue-shift by water interaction was reported by C. Pinheiro et al.®
Instead, the presence of water causes no spectral changes for the protonated AH form (Fig. 8),
which excludes the possibility of water/AH interaction. Most probably, the large negative

charge density at phenolate-O in A~ may induce efficient H-bonding affinity with the water

molecule to form an A~/H20 complex.
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Fig. 7. UV-vis absorption spectra of AH (6 pM) in the presence of KOH (15 pM) and various
water% (v/v) in different solvents: (A) acetone (water%: 0.1, 0.3, 0.6, 1.0, 1.5, 2.0, 3.5, 6.0, 8.5 and
11.0); (B) MeCN (water%: 0.1, 0.3, 0.6, 1.5, 2.5, 6.5 and 9.0); (C) DMF (water%: 0.1, 0.4, 1.0, 1.5,
2.7,4.8, 6.5, 8.5 and 10.0) and (D) DMSO (water%: 0.3, 0.9, 1.4, 2.0, 3.2, 5.1, 6.3, 8.5, 6.3, 10.0 and
12.3). (A-D) The gradual spectral blue-shift with the increase in water% is depicted by arrows.
The spectra in the absence of water are shown in black.
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Fig. 8. UV-vis absorption spectra of AH (6 pM) in the absence (black) and presence of 1%
(v/v) water (red, broken line) in MeCN medium at 25°C.
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To avoid any significant change of general solvent properties, UV-vis absorption spectral
changes of A~ (AH (6 uM) + KOH (15 uM)) in different polar aprotic solvents (acetone,
MeCN, DMF and DMSO) were monitored in the presence of low amounts of water up to ~6—
12% (v/v). With the increase in water% in solvents (0.1-6.0% for acetone, 0.1-8% for MeCN,
0.1-12% for DMF and 0.3—-12% DMSO), the absorption band of A~ gradually blue-shifted
from 475 to 488 nm maximally up to ~445-450 nm (Fig. 7). The spectrum at the highest
water% for each aprotic solvent was found to be closely similar to that obtained in a pure
aqueous medium (Fig. 7 and Fig. 4). Upon reverse solvent addition, i.e., each aprotic solvent
(~10% (v/v)) in an aqueous medium causes an insignificantly small spectral wavelength shift
(Fig. 9), indicating that A~ involves a specific interaction with water in the aprotic solvents.
Notably, the observed small spectral changes between the aprotic medium in the presence of
the highest water% and in pure water can be explained by their general solvent properties, even
though the same species, namely, A/H20 complex, can be expected in both types of solvents

(Fig. 7 and Fig. 9).
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Fig. 9. UV-vis absorption of AH (6 pM) in the presence of KOH (15 pM) and 10% (v/v) different
aprotic solvents in water at 25°C: violet, acetone; purple, MeCN; red, DMF; blue, DMSO. The
spectrum in the absence of aprotic solvent is depicted in black.

However, the replacement of water with other protic solvents such as methanol or ethanol, in
the aprotic solvents showed a similar spectral blue-shift up to ~435 nm (Fig. 10), while the
blue-shift requires much higher alcohol% (~23-25% (v/v)) than water% (6—12%) presumably
due to weaker interaction ability of A~ with the alcohol molecules. Most probably, A~

participates in the H-bonding interaction with water molecules, which may increase the So - Si
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transition energy for the phenolate chromophore moiety to attribute for the 30—50 nm spectral
blue-shift (Fig. 5). Since the water molecule itself participates in the H-bonding interaction
with large affinity in the aprotic solvents, the fraction of H-bonded A~ was found to be
enhanced with the increase in water% due to the formation of more number of A~/H20 H-
bonded complexes than its dissociation affected by the increased ratio of the water amount in
the solvent composition. The H-bonding interaction of A~ with water molecules was also
examined by steady-state and time-resolved fluorescence methods. The deprotonated A~
species exhibited a strong emission intensity at 525-535 nm in different solvents (acetone,

MeCN, DMF, DMSO and water) (Fig. 11).
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Fig. 10. UV-vis absorption spectra of AH (6 pM) in the presence of KOH (15 uM) under various
amount of (A,B) methanol% or (C,D) ethanol% (v/v) in (A,C) MeCN or (B,D) DMSO medium
(methanol% at 25°C: 1.0, 3.0, 6.0, 9.0, 12.0, 15.0, 18.0, 23.0; ethanol%: 1.0, 2.0, 5.0, 8.0, 12.0, 16.0,
20.0, 25.0). (A-D) The gradual spectral blue shift with increasing alcohol% is depicted by arrow.
The spectra in the absence of alcohol are shown in black.
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Fig. 11. Fluorescence emission spectra of AH (0.5 uM) in the presence of KOH (10 pM) in various
aprotic solvents at 25°C: black, water; violet, acetone; purple, MeCN; red, DMF; blue, DMSO.
Excitation wavelengths: 440 nm for water and 485 nm for aprotic solvents.

The excitation spectra of deprotonated A~ for the emission at 525 nm showed an intensity at
470—490 nm for different aprotic solvents, whereas in the water medium the peak shifted to
~440 nm (Fig. 12), which is consistent with the observed absorption wavelength shift by

changing an aprotic to water medium (Fig. 7 and Fig. 4).
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Fig. 12. Fluorescence excitation spectra of AH (0.5 pM) in the presence of KOH (10 pM) in various
solvents at 25°C: black, water; green, methanol; brown, ethanol; violet, acetone; purple, MeCN;
red, DMF; blue, DMSO. Emission wavelength was 525 nm.

Similar to the absorption studies, the fluorescence excitation band gradually blue-shifted up to
~445-450 nm by a gradual increase in water% up to 6-12% (v/v) in different aprotic solvents

(Fig. 7 and Fig. 13).
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Fluorescence excitation spectra of AH (0.5 pM) in the presence of KOH (10 uM) under various
water% (v/v) in different solvent system: (A) acetone (water%: 0.1, 0.3, 0.6, 1.1, 1.8, 3.0, 4.5, 8.0
and 11.5); (B) MeCN (water%: 0.1, 0.2, 0.3, 0.4, 0.6 0.8, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 4.7 and 5.5); (C)
DMF (water%: 0.2, 0.4, 0.8, 1.5, 2.5, 4.0, 6.5, 8.0, 10.0 and 12.0) and (D) DMSO (water%: 0.5, 1.0,
2.0, 3.5,5.0,7.5,10.0 and 11.4). (A-D) The spectra in the absence of water are shown in black. The
gradual blue shift for the excitation intensity with increasing water% are depicted by arrows.
Emission wavelength was 525 nm.

These results corresponded well with that interpreted from the absorption studies for the
formation of the H-bond in the A~/H20O complex (Fig. 5). However, no emission wavelength
shift under a particular water% value in the aprotic media was detected by the change in the
excitation wavelength from 440 to 485 nm (Fig. 14). The result indicates that the emissive

properties are similar between free A~ and A~/H20 H-bonded complexes.
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Fig. 14. Excitation wavelength dependent fluorescence emission spectra of AH (0.5 pM) in the
presence of KOH (10 uM) and various water% (v/v) in different aprotic solvents at 25°C: (violet)
1.1% water in acetone; (purple) 1.0% water in MeCN; (red) 1.5% water in DMF and (blue) 3.5%
water in DMSO. Excitation wavelengths were 440 nm (solid lines) and 485 nm (broken lines).

Different water%-dependent fluorescence transient decays for A~ in the aprotic solvents were
monitored at 530 nm for excitations at ~450 nm and ~490 nm. For either excitation, a mono-
exponential decay with unchanged fluorescence lifetime (t) values was noticed at each water%
value (Fig 15), where the t value was found to increase gradually with the increase in water%
from 0 up to 8%; from ~3.3 to 5.7 ns for acetone, ~3.8 to 5.7 ns for MeCN, ~3.8 to 5.9 ns for
DMF and 4.1 to 5.9 ns for DMSO (Table 1). The similar Tt value between two different
excitations (450 and 490 nm) especially when the A/H20 complex and free A~ coexist at the
water% value below 4% strongly justify our proposition that the emission of the A~/H20
complex originated from the excited state of free A~ after breaking of the H-bond in the excited
state (Fig. 16 and Fig. 15). However, an expected stronger electrostatic interaction of A~ with
the water molecule than any of those aprotic solvent molecules may increase the local water
concentration surrounded to A~ largely than remaining of the solution even for a small increase
of water% in the solution. Presumably, the higher water accumulation around A~ may affect
greater solvation induced its higher excited state stability to observe the gradual increase in the
T value with the increase in the water% value. Moreover, the T value for the A~ species in a
pure aqueous medium is ~4.7 ns which is significantly lower than that observed in various
aprotic solvents containing 8% water (~5.9 ns) probably due to a significant decrease in non-
radiative decay rate from the aprotic solvents to water (Fig. 15 and Table 1).
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Fig. 15. Excitation wavelength dependent relative fluorescence transients of AH (6 pM) in the
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orange, 3.0%; green, 7.0%; purple, 13%). Excitation wavelengths were (A- G) 450 nm and (B-H)
490 nm. The fluorescence transient in absence of water and pure water medium were illustrated
in black and blue, respectively, for contrast. The fluorescence obtained at 525 nm. The scattering
profile was revealed in grey.

Table 1. Emission lifetime values of A~ in various polar aprotic solvents having different water%
(v/v)?

Lifetime (t/ns)

Water% (v/v)

Solvent 0.0 1.0 2.0 4.0 8.0

Acetone 3.34 (3.34) 4.03 (4.03) 4.22 (4.22) 4.77 (4.77) 5.71 (5.71)
MeCN  3.83 (3.83) 4.38(4.38) 4.54 (4.54) 4.97 (4.97) 5.75(5.75)
DMF 3.85 (3.85) 4.39(4.39) 4.47 (4.77) 4.87 (4.87) 5.87 (5.87)
DMSO  4.09 (4.09) 4.57 (4.57) 4.60 (4.60) 4.86 (4.86) 5.87 (5.87)
Water”  4.75 (4.75) — — — —

2The emission obtained at 525 nm for the excitations at 450 nm and 490 nm. The t values in
brackets were for the excitation at 490 nm.
Pt values in pure water solvent.
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16.
Excitation wavelength-dependent fluorescence emission spectra of AH (0.5 uM) in the presence
of KOH (10 pM) and various water% (v/v) values in different solvents: (A and E) acetone
(water%: 0.1, 0.3, 0.6, 1.1, 1.8, 3.0, 4.5, 8.0 and 11.5); (B and F) MeCN (water%: 0.1, 0.2, 0.3, 0.4,
0.6 0.8, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 4.7 and 5.5); (C and G) DMF (water%: 0.2, 0.4, 0.8, 1.5, 2.5, 4.0,
6.5, 8.0, 10.0 and 12.0); (D and H) DMSO (water%: 0.5, 1.0, 2.0, 3.5, 5.0, 7.5, 10.0 and 11.4). The
spectra in the absence of water are depicted in black. The gradual increase or decrease in
intensities with the increase in water% values is indicated by arrows. Excitation wavelengths were
440 nm (A-D) and 485 nm (E-H).

4.2.3. Theoretical studies for H-bonding interaction in A7/H20

85



To identify the probable H-bonding mode in the A/H20 complex, DFT-based theoretical
calculations were performed considering the most probable H-bonding interaction between
phenolate-O and one hydrogen atom of water molecules (Fig. 5 and Fig. 17A). The ground-
state structures in the gas phase for free A~ and A/H20 complex were optimized using the

B3LYP 6-31G++(3d,3p) basis set (Fig. 17A).
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Fig. 17. (A) DFT-optimized structure of A/H,O H-bonded complex. The H-bond and its
respective angles were revealed in single broken line and curved lines, respectively; color index:
C, gray; O, red and H, white. (B) Frontier molecular orbital profiles (HOMO/LUMUO) including
different UV-vis absorption parameters of A~ (left panel) and A~/H,O complex (right panel) based
on TD-DFT (B3LYP/6-31G++ (3d,3p)) calculations.

To correlate the experimental UV-vis absorption parameters, TD-DFT calculations (B3LYP,
6-31G++(3d,3p) basis function) on the optimized ground-state geometries were performed in

the solution phase considering the CPCM solvent model for acetone, MeCN and DMSO, and
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the calculated values of various absorption parameters are depicted in Table 2 and Fig. 17B).
The electric charge densities in HOMO/LUMO both for A~ and A~/H20 are centered within
the diformyl-phenolate unit (Fig. 17B). The excitation wavelengths for A~ species in different
aprotic solvents (acetone, DMF and DMSO) were computed to be ~455— 460 nm due to the
HOMO (43) to LUMO (44) electronic transition (Table 2). However, the A~/H20 H-bonded
complex exhibited the absorption intensity at ~443-445 nm for HOMO (48) to LUMO (49)
transition (Table 2). Although the energy of LUMO is comparable between A~ (-0.075 eV) and
A7/H20 (-0.077 eV), a considerable decrease in the HOMO energy by 0.006 eV for A~ upon
its H-bond interaction with water causes for the spectral blue-shift (Fig. 17B). The calculated
spectral blue-shift from free A~ species to its water-complex well corresponded with the water-
induced experimental blue-shift of the UV-vis absorption (or fluorescence excitation) band of
the A~ species in the aprotic solvents (Table 2). In addition, the experimental UV-vis molar
extinction coefficient (¢) values also well matched with those values calculated theoretically

(Table 2). The results justify the proposed H-bonding mode of the water molecule with A~.

Table 2. Solvent based experimental (exp.) along with TD-DFT calculated (cal.) wavelengths of
UV-vis absorption band (Amax) as well as molar extinction coefficients (¢) for the deprotonated
form of AH (A") along its H-bonded complex with water (A/H,0)*

Absorbance parameters

A A /HO

Amax (NM) & x 10" (M ' em ') A (nm) & x 10° (M ' em 1)

Solvent Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal.
Acetone 477 458 1.32 0.91 450 444 1.19 0.80
MeCN 478 457 1.34 0.91 445 443 1.06 0.80
DMF 485 — 1.39 — 457 — 1.16 —

DMSO 489 460 1.50 0.95 463 445 1.21 0.90
Water — — — — 443 443 1.20 0.87

*Experimental UV-vis parameters for A~ (in absence of water) and A~/H,O (in presence of
maximun water% value) acquired according to Fig. 7.

4.2.4. Detection of water in polar aprotic solvents
Water-induced fluorescence response for A~ remained similar on the nature of base (KOH or
TEA) used in the polar aprotic solvents (Fig. 18). Thus, the addition of base attributes no other

role except for the deprotonation of the phenolic-OH moiety in AH.
87



S o004 A -\
=, p ",

3 150 \ \
g
£ \
& 100 N,

8 \

8 VN
& 504 O
E : RN
“ o :

T T T
400 420 440 460 480 500
Wavelength (nm)

5 SonlC
£1 50 - s 200 -
> z J,-*’ —
@ w504 [/ N\
$100 - 5 !/
w1004 /™
§ 50 - 2 :: ~ \\
@ q"_{ a0+ B e
5 5 S
=] =] -
o i -
D T T T T U T T T T
500 520 540 560 580 600 500 520 540 560 580 600
Wavelength (nm) Wavelength (nm)

Fig. 18. Fluorescence (A) excitation spectra as well as (B,C) excitation wavelength based (B: 440
nm and C: 485 nm) emission spectra of AH (0.5 pM) containing TEA (1 mM) under different
water% (v/v) in MeCN solvent: water%: red, 0.3; blue, 1.0 and purple, 6.0. The spectra in absence
of water were shown in black. (A)The emission wavelength was 525 nm.

The conversion from free A~ to H-bonded A7/H20 species by the addition of water attributes
the blue shifting of the fluorescence excitation (or UV-vis absorption) band from ~485 to 440
nm for the fluorescence emission at 525 nm (Fig. 13), where the excitation band intensity at

~485 and ~440 nm were assigned to the ground-state free A~and A~/H20 species, respectively.
In contrast, their emissive properties, e.g., its intensity-wavelength (~530 nm) and lifetime
values for different excitation wavelengths at 440 and 485 nm are observed to be identical due
to the excited-state H-bond dissociation, as discussed before (Fig. 14, 15 and Table 2).
Consequently, with the increase in water% in the solution (up to 6—-12% (v/v)), the more
amount of free A~to A”/H20 conversion in the ground state resulted in a gradual increase in
the emission intensity at ~530 nm for a fixed wavelength excitation of the A~/H20O species at
440 nm (Fig. 16A—D), whereas the emission intensity was found to decrease gradually during
the excitation of reduced amount of free A~ species with the 485 nm light (Fig. 4E-H). It is

noteworthy to mention here that the base induced formation of de deprotonated A~ species is
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not possible in relatively nonpolar aprotic solvents (THF) (Fig. 6); thus, the operable solvent
condition for the detection of moisture should be polar aprotic in nature.

The effect of water-induced changes in the equilibrium concentration of the free A~ and
A7/H20 complex on emission intensity changes for the two separate excitation (440 and 485
nm) can be combined together by including the effect of both the intensity changes in a single
spectrum (Fig. 16 and 19A-D (right spectra)). For each water% value, the emission spectrum
for excitation at 440 nm was divided by the maximum intensity value in the absence of water,
and the resulting spectrum (F (5)/Fo (Aex = 440 nm)) was further divided by the extent of
emission intensity decrease factor with respect to the zero water condition for excitation at 485
nm (Fmax/Fo (Aex = 485 nm)) to obtain the normalized emission spectrum ((F(.)/Fo)/(Fmax/Fo))
(Fig. 19A-D (right spectra)). Such normalization procedure not only is helpful to manifest the
water-induced emission response and its detection sensitivity, but also causes the water%-
dependent linear emission response (Fig. 19E—H). In addition, such normalization procedure
eliminates the AH concentration dependency during the ratiometric detection of water in the
solution with heterogeneous distribution of probe molecules (Fig. 19). The maximum
normalized intensity value at ~530 nm increased more than 5.5- and 5.7-fold in the presence
of 6.0% and 7.5% water in acetone and MeCN, respectively (Fig. 19E and F However, the
extent of increased intensities, maximally up to ~3.5-fold for acetone and 3.3-fold for MeCN,
in the presence of various amounts of added water% up to 2% (v/v), maintains a very well
behaved linear correlation with a residual of fitting R?> ~ 0.995-0.997 and slope ~1.24
volume%! (acetone) or 1.20 volume% "' (acetonitrile) (Fig. 19E and F). In comparison, the
water%-dependent normalized emission intensity increase was found to be relatively less for
the other aprotic solvents (DMF and DMSO) (Fig. 19G and H); maximum up to ~4.3- fold for
DMF and 3.8-fold for DMSO. Nevertheless, the linear intensity increasing region expanded up
to much higher water% value; ~6% for DMF and ~12% for DMSO medium (R? ~ 0.995 and
slope 0.34 volume%' (DMF) or 0.21 volume% ' (DMSO)) than that observed for acetone or
MeCN solvent (Fig. 19G and H).
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The water amount-dependent linear emission intensity changes can be highly useful for
the ratiometric detection of unknown water% in the aprotic solvents. Based on the water
induced minimum extent of detectable unambiguous fluorescence response, the limit of
detection (LOD) was evaluated using the eqn. LOD = 3c/k, where ¢ and k represent the
standard deviation for the emission measurements and the slope value of the linear fitting curve,

respectively (Fig. 19E-H).
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Fig. 19 (A-D) Normalized fluorescence excitation (left part) as well as emission (right part)
spectra of AH (0.5 uM) in presence of KOH (10 uM) also different water% (v/v) values in various
solvents: (A) acetone (water%: 0.1, 0.3, 0.6, 1.1, 1.8, 3.0, 4.5, 8.0 and 11.5); (B) MeCN (water%:
0.1, 0.2, 0.3, 0.4, 0.6 0.8, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 4.7 and 5.5); (C) DMF (water%: 0.2, 0.4, 0.8, 1.5,
2.5, 4.0, 6.5, 8.0, 10.0 and 12.0) and (D) DMSO (water%: 0.5, 1.0, 2.0, 3.5, 5.0, 7.5, 10.0 and 11.4).
The spectra in absence of water were illustrated in black. (E-H) The normalized intensities were
plotted against water% (v/v) as well as fitted linearly up to definite water% range: (E) acetone;
(F) MeCN; (G) DMF and (H) DMSO. The variations for other higher water% were shown in inset
of E-G. (A-D) every fluorescence excitation spectrum for the emission at 525 nm was normalized
by its maximum intensity value. For normalization of emission spectra, every emission spectrum
for excitation at 440 nm was divided by the maximum intensity value in absence of water. Further
the resulting spectrum was divided by the extent of emission intensity reducing factor with respect
to zero water condition for excitation at 485 nm. The steady blue shift in the excitation spectra or
the enhancements in the emission intensity with the increasing water% were illustrated in arrows.

The LOD values for the detection of water% were evaluated to be ~0.01% for acetone and
MeCN, whereas it was ~0.04% (v/v) for DMF and DMSO. To check the reversibility in the
water detection, fluorescence studies for AH (0.5 uM) in the presence of KOH (10 uM) were
performed at a certain water% value (1.8% for acetone; 1.5% for MeCN; 2.5% for DMF and
3.5% for DMSO), and followed by the addition of a specific amount of the same

200 200 -
s 250 = E ~ s N
o P ! k
=200 =150 S 150
5 : 3 /
- [ !
£ 130 £ y00 Z100 [/
o
£ 100 - E 3
2 E 50 5 5p
§ s0- g
S E=- 3 a
Log | : ' “ o ; . i — I 0 : ,
400 420 440 480 480 500 500 520 540 560 5BO EOD S00 520 540 560 SB0 60O
Wavelength {nm) Wavelength (nm) Wavelength (nm)
= . S 5 150 3 300
&;300 g “\ 8 ;
100 4 00
E 2004 E ,g 200
= E -
% 100 g 2 100
8 g 5
g g &
T 0 . ; T 04 . . . : “ o . . ;
400 420 440 480 480 50D 500 520 540 560 580 600 500 520 540 560 580 60O
Wavelength (nm) Wavelength (nm) Wavelength {nm)
_ 400 __ 150 ~ 400
:3 D AT = H P =
L o, = A
2 300+ / Ry = 5 2 300
2 A~ | e NN 5
2 2 L ., A %
E 200 i ' E NN = 200
3 S 8 LN 5]
2 7 \ \ 2
@ / / B 50+ . \\ @
7 . e 3 .. ®
H 100 /, ﬂ - o
E g 3 =| B
“ o . . . oo ; : . “ 0 ; ; .
400 420 440 460 480 500 500 520 540 560 580 600 500 520 540 5600 580 G600
Wawvelength (mnm) Wavelength (nm) Wavelength (nm)

91



Fig. 20. Fluorescence (A-D) excitation as well as (E-L) excitation wavelength based emission
spectra (E-H: 440 nm; I-L: 485 nm) of AH (0.5 pM) in presence of KOH (10 pM) along different
water% (v/v) in different solvent mediums: (A,E,I) acetone; (B,F,J) MeCN; (C,G,K) DMF;
(D,H,L) DMSO. The spectra in presence of 1.8%, 1.5%, 2.5% and 3.5% water for acetone, MeCN,
DMF and DMSQO, respectively, (violet), followed by adding up respective similar solvents having
identical probe concentration to alters the water concentrations 0.6%, 0.6%, 0.8% and 1.0%
respectively (broken red) were illustrated. The spectra in the presence of 0.6%, 0.6%, 0.8% and
1.0% for acetone, MeCN, DMF and DMSO, respectively, were displayed in blue. The spectra in
absence of water were shown in black for contrast.

solvent without water but containing identical probe concentrations to reach a certain value of
water% below that of the respective initial value (0.6% for acetone and MeCN; 0.8% for DMF
and 1.0% for DMSO). Fluorescence excitation and emission spectra of final water-diluted
solutions were found to be nicely matched with the corresponding known spectra at an identical
water% value (Fig. 20), showing that the water association with A~ is reversible in nature. In
addition to the emission intensity changes, the wavelength shift of fluorescence excitation or
UV-vis absorption band may also be beneficial for the detection of water%. About ~25 nm
blue shift for the addition of ~2% water in acetone and MeCN or ~15 and 20 nm blue-shift for
the addition of ~5% water for DMF and DMSO, respectively, was detected (Fig. 21). The
extent of blue-shift in the absorption or excitation spectra was plotted against the water% value
in different aprotic media (Fig. 6), and the data points were fitted with a single exponential
curve. The phenomenon of such a large wavelength shift induced by the presence of a relatively
low water amount (<2% (v/v) for acetone and acetonitrile; <4% for DMF and DMSO) can be

exploited for the detection of lower water amounts (Fig. 21).
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Fig. 21. Water% (v/v) based shift in the fluorescence excitation wavelength (hollow circles, broken
lines) for the emission at 525 nm and UV-vis absorption wavelength (solid circles, solid lines) for
AH in presence of KOH in various solvents was plotted: violet, acetone; purple, MeCN; red,
DMF; blue, DMSO. The data points were fitted in single exponential curves.
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4.2.5. Real-time moisture analysis in polar aprotic solvents

Polar aprotic organic solvents exhibit high moisture affinity, and thus, require special
arrangement to preserve them under the moisture-free condition for prolonged period of time.
It has been reported that a considerable extent of moisture incorporation in the solvents may
happen even for their short-time exposure in an open atmosphere.'®?! Using the present water
detection protocol, the real-time atmospheric moisture incorporations in the aprotic solvents
under the open laboratory atmospheric condition were monitored.

The amount of moisture incorporations is highly dependent on the relative atmospheric
humidity and temperature. As described in detail in the experimental section, all the solvents
were dried meticulously and stored in a closed glass container in a nitrogen atmosphere with 3
A molecular sieves up to not more than 12 hours. No moisture incorporation during the solvent

preservation was confirmed from the unchanged emission response for A~ (Fig. 22).
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Fig. 22. Fluorescence (A) excitation and (B) emission spectra of AH (0.5 pM) in presence of KOH
(10 pM) in various solvents before (solid lines) and after (broken and corresponding light colour
lines) incubation under dry nitrogen in presence of 3A molecular sieves for 12 hour: violet,
acetone; purple, MeCN; red, DMF; blue, DMSO. Excitation as well as emission spectra were
recorded towards the fixed emission wavelength at 525 nm (A) as well as excitation wavelength
at 485 nm (B), respectively.

We exposed each dried solvent (~40 mL) containing A~ (AH (0.5 uM) + KOH (10 uM)) in a
100 mL beaker with a diameter of ~5 cm for different time intervals up to 2 hours in the open
laboratory atmosphere with 75% (+5%) relative humidity at 25°C (£ 1°C). The amount of
moisture incorporation was estimated by evaluating the normalized excitation and emission
spectra determined from the time-dependent emission spectra of A~ upon excitation at 440 nm
and 485 nm, as described in the previous section (Fig. 23). The normalized emission intensity

at its intensity maxima at 525-530 nm increased gradually with the increase in exposure time
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intervals up to 120 min, where the extent of intensity increase depends on the specific solvent
system; 1.91-fold for acetone and 1.95-fold for MeCN, 1.40-fold for DMF and 1.37-fold for
DMSO for 120 min exposure (Fig. 23).
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Fig. 23. Normalized fluorescence emission spectra of AH (0.5 pM) in presence of KOH (10 pM)
in various aprotic solvents after open atmosphere exposure in 75% (£5%) relative humidity at
25°C (£1°C): (A) acetone; (B) MeCN; (C) DMF and (D) DMSO. (A-D) The solvent were exposed
towards various time gaps (in min): (red) 12; (blue) 24; (dark yellow) 36; (purple) 48; (orange)
60; (dark cyan) 72; (violet) 84; (pink) 96; (green) 108 and (dark blue) 120. The spectra without
exposure were shown in black. For normalization of emission spectra, every emission spectrum
for excitation at 440 nm was divided by maximum intensity value in absence of water, the
resulting spectrum was then divided by extent of emission intensity decrease factor with respect
to zero water condition for excitation at 485 nm.

The gradual increase in the normalized emission intensity with the time period of atmospheric
exposure suggests a greater extent of atmospheric moisture incorporation (Fig. 24A). In
addition, the gradual blue-shift in the excitation spectra (from ~474 to 467 nm for acetone;
~482 to 472 nm for MeCN; ~485 to 477 nm for DMF and ~489 to 484 nm for DMSO) with
the increase in exposure time intervals also indicates an increase in the moisture content in

solvents (Fig. 24B).
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Fig. 24 (A) Plots of water% (v/v) incorporation and (B) wavelength of fluorescence excitation
band for the emission at 525 nm in different aprotic solvents over time upon exposure under open
laboratory atmosphere at 25°C (£1°C) and 75% (£5%) relative humidity condition: violet,
acetone; purple, MeCN; red, DMF; blue, DMSO.

However, the precise amount of atmospheric moisture incorporation for each solvent system
was evaluated by correlating the time-dependent normalized emission intensities at 525— 530
nm, according to Fig. 19E—H. It is noteworthy to mention here that the effect of small volume
changes, particularly for acetone and MeCN, upon exposure to the open atmosphere, on the
relative changes of normalized emission intensities was also considered during the estimation
of moisture incorporation from the normalized emission intensity value. With the increase in
the exposure time from 12 to 120 min, the amount of moisture intake increased along with
maintaining a fairly well linear correlation from ~0.05 to 0.73% (v/v) for acetone, ~0.06 to
0.80% for MeCN, ~0.11 to 0.97% for DMF and ~0.14 to 1.07% for DMSO (Fig. 24.A).

To justify the generality of the present methodology in terms of detection accuracy and
applicability, we also performed similar atmospheric moisture incorporation studies in the
presence of externally added water-spike of 1% before exposing each solvent to the open
atmosphere (Fig. 25 and Table 3).
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Fig. 25. Normalized fluorescence emission spectra of AH (0.5 pM) in presence of KOH (10 pM)
in various aprotic solvents (violet, acetone; purple, MeCN; red, DMF; blue, DMSO) after open
atmosphere exposure for 48 min (relative humidity 75% (£5%)) at 25°C (£1°C) (solid lines)
without along (broken lines) with 1% (v/v) water spikes. For normalization of emission spectra,
every emission spectrum for excitation at 440 nm was divided by the maximum intensity value in
absence of water, the resulting spectrum was further divided by the extent of emission intensity
decrease factor with respect to zero water condition for excitation at 485 nm.

Notably, the subtracted amount of water-spike from the total recovered water% obtained
fluorometrically was found to well match with that evaluated under the condition of without
water-spikes (Table 3). The results indicate the generality that various extents of contaminated
water from different sources can be easily monitored by this method. Based on the atmospheric
moisture incorporation capabilities for different aprotic solvents, the relative hygroscopicity
scale can be drawn as DMSO > DMF > MeCN > acetone, which is consistent with the earlier

reports. 92!

Table 3. Approximated water amount incorporated in different aprotic solvents for open
atmosphere exposure in absence (Ao) as well as presence (Ar) of 1% water-spike

Solvent Exposure Ao (Vv %) At (viv %) At — 1.0 (v/v %)
time (min)”

Acetone 24 0.11 1.10 0.10
48 0.28 1.23 0.23
72 0.43 1.40 0.40
. 24 0.13 1.13 0.13
MeCN 48 0.27 1.28 0.28
72 0.46 1.46 0.46
; 24 0.20 1.22 0.22
DMF 48 0.35 1.38 0.38
72 0.58 1.60 0.60
< 24 0.23 1.22 0.22
DMSO 48 0.44 1.41 0.41
72 0.68 1.66 0.66

aExposure under relative humidity ~75%, temperature ~ 25°C

4.2.6. Moisture analysis in different food samples

The moisture content in various processed food items is one of the key parameter from legal
and economic point of view.!3! There are ample possibility to differ the total moisture content
from its recommended tolerant limit particularly in diary food items (butter, cheese and ghee
(commonly popular in India and south Asian countries)) or coconut oil, obtained from high
water content raw materials. Moreover, higher moisture content than its tolerant limit of ~0.3%
in pure oil-based ghee and coconut oil are highly susceptible to undergo microbial degradation

or water rancidification during their preservation for prolonged time period.!>17-52-54
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Therefore, the quality control of the foods relies heavily on cost-effective convenient moisture

detection methods.
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Fig. 26. Normalized fluorescence emission spectra of AH (0.5 pM) in presence of KOH (10 pM)
in 100 mL DMSO containing different quantity of various food samples: (A) butter: (red) 10 gm,
(purple) 20 gm and (green) 40 gm; (B) cheese: (red) 4 gm, (purple) 10 gm and (green) 20 gm; (C)
ghee: 100 gm in absence (red) and presence of different externally added water spikes (light blue,
0.5%; blue, 1.0%; dark blue, 1.5% (v/v)); (D) coconut oil: 100 gm in the absence (red) and the
presence of different external added water-spikes (light blue, 0.5%; blue, 1.0%; dark blue, 1.5%
(v/v)). (A-D) The spectra were noted for the DMSO medium after separating it from the food
sample solution. For the normalization of emission spectra, every emission spectrum for the
excitation at 440 nm were divided by the maximum intensity value in absence of water and the
resultant spectrum were further divided by the extent of emission intensity decreasing factor with
respect to the zero water condition for excitation at 485 nm.

The total moisture contents in those food items (butter, cheese, ghee and coconut oil)
available in the market were estimated using the present water detection protocol. For the
chosen food samples, most of the food components either insoluble or sparingly soluble in the
DMSO medium, and thus, the general solvent properties of DMSO are not expected to differ
appreciably even in their presence in large excess, making DMSO a preferred solvent over the
other aprotic solvents. In addition, the water-induced linear emission response spanning up to
the large water-ratio value of ~12% (v/v) for DMSO is an additional advantage for its use as a

suitable medium to detect widely different moisture contents in different food items varying
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from the very low (ghee or coconut oil) to large value (butter or cheese). The moisture content

of a food material is defined using the following equation:

% Moisture = (m,, /Mgampie)x 100

Where, mw and msample represent the mass of water and mass of the sample, respectively.

The water% in various food samples was analysed by mixing different amounts of each food
sample in 100 mL DMSO medium according to the protocol described in the Experimental
section. The content of free water molecules in ghee or coconut oil is much lower than that in
cheese or butter. Therefore, a lower amount of butter (10, 20 and 40 g) or cheese (4.0, 7.5 and
15 g) than ghee or coconut oil (100 g each) was mixed with the DMSO solvent for effective
fluorescence studies to estimate the moisture content in those foodstuffs. Fluorescence spectra
were recorded with the DMSO phase in the presence of AH (0.5 uM) and KOH (10 uM) (cf.
chapter 2). The relative moisture amounts in different food samples obtained by evaluating the
normalized fluorescence intensities are listed in Table 3 (Fig. 26). The moisture amounts were
found to be ~15% for butter and ~48% for cheese irrespective of different quantities of each
sample taken (butter sample: 10, 20 and 40 g; cheese sample: 4.0, 7.5 and 15.0 g) in 100 mL
DMSO medium (Table 4). However, low moisture amounts of ~0.3% and 0.4% were estimated

for ghee and coconut oil, respectively (Table 4 and Fig. 26 (C and D)).

Table 4 Estimated water percentages in commercial food samples

Water-spike’  Total water”  Ar—A,?

Sample Amount® (g) (%, viv) (%, wiw) (%, wiw)
Butter 10.0 — 15.0 £ 0.2 —
20.0 — 14.9 £ 0.2 —
40.0 — 15.4 £ 0.2 —
Cheese 3.0 - 48.2 + 0.3 -
7.5 — 48.5 £ 0.3 —
15.0 — 471 £ 0.3 —
Ghee 100 0 0.32 = 0.04 —
0.50 0.79 = 0.04 0.47
1.00 1.34 £ 0.06 1.02
1.50 1.83 £ 0.06 1.51
Coconut oil 100 0 0.40 £+ 0.04 —
0.50 0.87 £ 0.05 0.47
1.00 1.41 £ 0.06 1.01
1.50 1.88 £ 0.06 1.48
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* Mass taken in 100 mL of DMSO solvent.

> Volume% of water with respect to the DMSO volume.

¢ quantity of water with respect to 100 g of food sample.

4 Subtracted value of estimated water% without water spiking from the total estimated water%.

As described earlier, higher moisture contamination in pure oil based commercial ghee or
coconut oils make them susceptible to water rancidity. To validate our method with detecting
higher water%, we introduced additional 0.5, 1.0 or 1.5% water-spike in the DMSO medium
containing ghee or coconut oil sample (Fig. 26). The recovered moisture amount after
subtracting the actual moisture present, i.e., 0.3-0.4% (estimated without water-spike) in the
commercial sample, from the estimated total found water% were closely similar to the amount
of respective amounts of water-spikes (Table 4). The results strongly indicate that the present
moisture detection protocol can be applied to arrest the water rancidity by identifying the
contamination of higher moisture% than its permissible limit for those essentially moisture-

free food items with great accuracy.

4.3. Conclusions

We demonstrated a sensitive fluorometric method for the detection of trace moisture in various
common aprotic solvents using a simple aldehydic phenol probe molecule. The phenolate form
of the probe participates in the H-bonding interaction with water in the aprotic medium to
exhibit a large blue-shift, from ~485 nm to 440 nm, in the absorption or fluorescence excitation
spectra, although both H-bonded and free phenolate forms of probe show similar emission
characteristics owing to the dissociation of the H-bond in the excited state. The water induced
spectral blue-shift and subsequent emission intensity increase and decrease for excitation at
440 nm and 485 nm, respectively, and they were utilized for the detection of moisture. Both
those emission intensities changes for two different excitations were combined in a single
spectral profile to enhance the detection sensitivity eliminating the dependency of the probe
concentration for the ratiometric detection of moisture even in complex heterogeneous
samples. The atmospheric moisture incorporation kinetics was evaluated for various aprotic
solvents. Moreover, we estimated the water amount in butter or cheese with a relatively high
water content and edible coconut oil or ghee food samples with a low water content. We have
also shown that the present water detection protocol is highly effective to check water rancidity

in ghee and coconut oil during their manufacture from high-water content raw materials.
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Chapter 5

Fluorometric detection of trace methanol in ethanol
and isopropanol for application in alcoholic
beverages and hand sanitizers



5.1. Introduction

Worldwide, hundreds of economically constrained people are dying every year because of
consumption of methanol (MeOH) contaminated illicit liquors.'= In the countryside, use of
crude fermentation methods and improper distillation are the main culprits for the MeOH
contamination in ethanol (EtOH). In some cases, unavoidable MeOH formation during
standard fermentation processes is also a major concern.* Consumption of MeOH beyond a
certain permissible limit (1-2 mL per kg body mass) directly affects the central nervous system,
by inhibiting the activity of cytochrome ¢ oxidase, causing hypoxia, acidosis or even a painful
death.>° Even a minute amount of MeOH ingestion, approximately 10 mL of dietary intake, is
potent enough to cause some adverse effects.!®!! The use of much less expensive MeOH is a
very common illegal practice used to alter the EtOH strength in alcoholic beverages to give a
higher profit. Nevertheless, in recent times during the COVID-19 pandemic, a large number of
poisonous MeOH containing hand sanitizers were seized worldwide, even after repeated
warnings from the FDA.!? Because the use of costly EtOH and isopropanol (PrOH) based hand
sanitizers has significantly increased to help combat the COVID-19 pandemic, indiscriminate
commercial production inevitably increases the chance of using MeOH containing cheaper
hand sanitizers.!?

The MeOH, EtOH and ‘PrOH are all chemically similar in nature.'>"'> Thus, using a
reaction based chemical sensor, MeOH detection in commercial alcoholic beverages and hand
sanitizers containing a large amount of EtOH/PrOH as well as water is an extremely
challenging task.!®~!® In the search for an alternative method of detection, researchers focused

on various other analytical procedures, such as different types of mass spectrometry (MS)!*2!

22-24 5

gas chromatography, cyclic voltammetry,? capillary electrophoresis,”® quartz crystal
microbalances (QCMs) and so on.”’” However, costly sophisticated instrumentation, the
requirement of skilled technicians or tedious standardizations for the previous methods are
major disadvantages for using them in routine analysis. In view of their cost-effectiveness and
easy detection protocol, the reaction based chemical sensing methods are far superior detection
techniques.

Fluorometric chemical sensing because of its ultra-high sensitivity is considered to be one
of the most effective methods. Despite this, few organic fluorescent probes for MeOH are
reported in the literature and those that are have certain limitations.!”- 28-3% Different materials
have also been used as MeOH fluorosensors such as a supramolecular ionic material by Zhang

et al.,’! bimetallic lanthanide-organic framework by Du et al.,*? and nitrogen-doped oxidized
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carbon dots by Latha et al.*>* In most of the cases MeOH is differentiated only from EtOH but
not from 'PrOH. The detection is based on either an increase or decrease of the relative intensity
changes between MeOH and EtOH but never in the opposite direction, that is an increase for
one and a decrease for the other. In addition, the effect of a large amount of water in the sample
being analyzed for MeOH, although useful in the preparation of alcoholic beverages and hand
sanitizers, has not been thoroughly investigated. Thus, it is proposed that the MeOH detection
based on water induced a reverse fluorescence response for the probe such as an increase in
intensity in the presence of MeOH but a decrease in intensity in its absence for an EtOH/'PrOH
medium.

The aldehydic phenol ligand (PPY) and its alcohol coordinated Al(IIl)-complexes were
strategically synthesized, and they exhibited a water mediated MeOH selective fluorometric
response. The presence of MeOH in EtOH/'PrOH induces a change in the complex geometry
from a fluorescent tetrahedral (Td) form to a weakly fluorescent octahedral (Oh) form, which
is due to the exchange of coordinated EtOH/'PrOH by MeOH. The interaction of water with
the Oh-species exhibited a strong fluorescence intensity because of the exchange of its one
coordinated MeOH with a water molecule followed by an intramolecular proton transfer from
the coordinated water to the ligand moiety. However, the less stable Td-complex in the absence
of MeOH is dissociated by the water interaction to exhibit an intensity decrease. Such water
induced opposite intensity changes between the absence and presence of MeOH are utilized to

detect MeOH in EtOH/PrOH and in alcoholic beverages/hand sanitizers in a water medium.

5.2. Results and discussion

5.2.1. Probe design for MeOH detection

The synthesis route of the A" binding aldehydic phenol ligand consisting of a dangling
pyrazole unit (PPY) is shown in Scheme 2 of chapter 2. It has recently been reported that the
AD¥* ion exhibits a strong complex formation affinity with phenolic Schiff-base molecules by
binding to phenolic-O and imine-N in alcohol solvents, and the rest of the Al(IIl)-coordination
sites were filled by alcohol molecules.?* In this research, the aldehydic moiety was deliberately
not converted into the corresponding imine functionality of PPY, in order to achieve a reduced
complex formation affinity due to the weaker interaction ability of aldehydic-O than that of the
imine-N. Thus, upon the addition of a trace amount of the MeOH in the EtOH/PrOH medium,
a spontaneous conversion from a structurally fragile Td geometry to a relatively stable Oh
symmetrical PPY/AI** complex is possible due to the exchange of coordinated EtOH/PrOH
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by MeOH molecules. The reaction of water with PPY/AI** induces a fluorescence increase for
the Oh species, but an intensity decrease for the Td complex. The MeOH induced the reversal
of the fluorescence intensity change due to the change of the AlI(III) geometry which was

utilized for the detection of trace MeOH in EtOH/PrOH.

5.2.2. The PPY/AI** complex formation and its interaction with water

In the presence of anhydrous AICI3 (200 uM), the UV-vis absorption intensity at ~340 nm for
PPY (10 uM) in alcohol solvents decreased gradually with time (up to 60 min), upon the
formation of a new intensity at 405—410 nm through an isosbestic point at ~378 nm (Fig. 1 and
2), indicating that PPY was involved in a complex formation reaction with the AI** ion by a
kinetically slow process. The amount of complex formation was evaluated directly by judging
the relative intensity changeover from ~340 nm to the 405—410 nm absorption band, because
both intensities are not overlapped by each other (Fig. 1). However, to estimate the equilibrium
between PPY and its Al(III)-complex in the presence of various amount of AICl3 (20-200
1M), the intensity values when the reaction attained equilibrium in nearly in 60 min were
evaluated (Fig. 1 and Fig. 3). It should be noted that a large amount of AI** (~200 uM, 20
equiv.) was required to react all the PPY with AI** in an MeOH medium (Fig. 1 and 3), which
suggested that the interaction of PPY with the AI3* ions was not only kinetically slow but also

thermodynamically weak in nature.

I I I ] —
320 360 400 440 480
Wavelength (nm)
Fig. 1. The UV-vis absorption spectra of PPY (10 uM) in the presence (solid lines) and absence
(broken lines) of 2.5% (v/v) water containing anhydrous AICl; (200 pM) at 25°C: red, MeOH;
blue, EtOH and green, ‘PrOH. The spectra were collected during the 60 min of AICI; addition.
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The spectra of PPY in the absence of AICl; and water are depicted in their respective light colors
for comparison.
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Fig. 2. UV-vis absorption spectra of PPY (10 pM) at various reaction times (2-60 min) of AICl;
(200 uM) addition in MeOH solvent at 25°C. The increase or decreasing intensities with the
reaction time are shown by arrows. The spectrum in the absence of AICl; is depicted in broken.

However, large fractions of unreacted PPY ~60% in EtOH and ~50% in 'PrOH medium were
identified in the presence of the same concentration of AI** (20 equiv.) (Fig.1). This result
indicates that the complex formation affinity was reduced even more in the EtOH//PrOH than
in the MeOH medium. In spite of inadequate complex formation in the EtOH or 'PrOH solvents,
the intensity at ~405 nm for the PPY/AI** complex was ~3-fold larger, i.e., there was a 67
times higher molar extinction coefficient () value (~1.1 x 10* M-! cm!), than that observed in

MeOH (~0.17 x 10* M! em™) (Fig. 1).
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Fig. 3. UV-vis absorption spectra of PPY (10 pM) in the presence (solid) various amount of
anhydrous AICI; (20-200 uM) addition in MeOH solvent at 25°C. The spectra were collected in
60 min of AICI; addition. The increase or decreasing intensities with the increase of AICl; amount
are shown by arrows. The spectrum in the absence of AICl; is depicted in broken.
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Although phenolate-O and AI** bond formation was quite obvious, the formation of aldehydic-

O with the AI** bond was assured by an up-field 'H-NMR chemical shift from ~9.91 to 9.53
ppm, which was presumably due to an AI** binding induced, increased negative charge density

at the aldehydic-O (Fig. 4 and 5 compared with theoretical calculation section).
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Fig. 4. '"H-NMR spectrum of PPY (1 mM) in (A) the absence and (B) presence of AICI; (20 mM)
in CD;OD.
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Fig. 5. Mulliken atomic charge values for the optimized geometries of (A) PPY and (B) PPY/AP*
complex containing coordination of 4 MeOH molecules obtained from DFT based theoretical
calculations (B3LYP/6-31G). Color index for atoms: H, cyan; C, yellow; N, pink and O, red. H

atoms are removed in optimized structure for clarity. The charge values on carbonyl-O atoms are

depicted by red circles.
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Furthermore, a 1:1 PPY to AI** binding with a reflection of coordinated alcohol molecules
(maximum up to four MeOH molecules (m/z calc. for [PPY + 4MeOH + Al + CI]": 433.873,
found: 433.912) and two EtOH molecules (m/z calc. for [PPY + 2EtOH + Al + Cl1]": 397.854,
found: 397.823)) were recognized in the ESI-MS" studies (Fig. 6B and D)).
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Fig. 6. ESI-MS" of PPY (A) (m/z for [PPY+H]": cal’d — 245.281 (obs’d — 245.221)) and PPY/AI**
complex in (B) MeOH (m/z for [PPY+AI+CIH4CH;OH]": cal’d — 433.873 (obs’d — 433.912)), (C)
MeOH/water (water: 2% (v/v)) (m/z for [PPY+AI+-CIHH,O+3CH;O0H]*: cal’d — 419.842 (obs’d —
419.762)) and (D) EtOH (m/z for [PPY+AI+CI+2C;HsOH]*: cal’d — 397.854 (obs’d — 397.823)).

The results indicated that the saturation of the Al(IlI)-coordination was effected by the solvent
alcohol molecules. The reaction of MeOH (1-20% (v/v)) with the solvent coordinated
PPY/AI*" in the presence of unreacted PPY in EtOH/'PrOH showed a gradual decrease of both
UV-vis intensities at ~340 nm of unreacted PPY and at ~403 nm of the PPY/AI** complex due
to newly formed MeOH coordinated complexes and a replacement of coordinated EtOH/PrOH
by MeOH molecules in the solvent coordinated PPY/AI**, respectively, (Fig. 7). The results
justified the proposition that the stability or formation affinity was higher for MeOH
coordinated PPY/AI** than for the EtOH/'PrOH coordinated one.
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Fig. 7. UV-vis absorption spectra of PPY (10 pM) in 60 min of anhydrous AICl; (200 uM) addition
in EtOH or 'PrOH (broken blue: EtOH (A), broken green: ‘PrOH (B)) at 25°C. (broken red: A
and B) Spectra in MeOH are shown for comparison. (solid red: A and B) Spectra recorded in 60
min (120 min of AICl; addition) upon addition of various amount of MeOH (5-20%) in (A) EtOH
and (B) 'PrOH reaction mixture at 25°C. The spectra PPY in the absence of AICl; and MeOH are
shown in light blue (A) or light green (B). The spectra were collected in 60 min of AICl; addition.
The decreasing intensities with the increase of MeOH amount are shown by arrows.

The interaction of the PPY/AI** complex with water molecules in EtOH/PrOH medium
showed an increase of absorption intensity at ~340 nm whereas a decrease in intensity at ~405

nm indicated the dissociation of the complex (Fig. 8).
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Fig. 8. UV-vis absorption spectra of PPY (10 uM) in 60 min of anhydrous AICl; (200 uM) addition
in (broken blue) EtOH and (broken green) ‘PrOH at 25°C. Spectra recorded in 60 min (120 min
of AICI; addition) upon addition of 5% (v/v) water (solid blue) EtOH and (solid green) '‘PrOH
reaction mixture at 25°C. The spectra PPY in the absence of AICl; and water are shown in light
blue and light green (solid).

However, a similar water interaction in the MeOH medium caused a large increase of

absorption intensity (~4-fold) at 405 nm without generating any absorption band at ~340 nm

for free PPY (Fig. 1). This result shows that water reacted with the AI(II) center in the MeOH
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coordinated PPY/AI** complex without disturbing the PPY and AI(III) interaction. Because of
the greater stabilities of MeOH coordinated species, an incorporation of a water molecule in
the AI(II) coordination site may occur by it replacing one coordinated MeOH molecule, and
this phenomenon was verified from the ESI-MS* measurements (m/z calc. for [PPY + 3MeOH
+ H20 + Al + C1]": 419.842, found: 419.762) (Fig. 6C).

5.2.3. Solvent alcohol/water induced fluorescence response for PPY/AIS*

The PPY exhibited no fluorescence intensity. With an addition of AICl3 (50 uM, 25 equiv.) in
separate different alcohol mediums (MeOH, EtOH or ‘PrOH) containing PPY (2 uM), the
fluorescence intensity at ~510 nm was enhanced gradually with time until the intensity was
nearly saturated in ~60 min of AI** addition (Fig. 9A). However, the saturated intensity value
varied widely depending on the alcohol medium. Compared to MeOH, ~8- and 2-fold larger
intensities were detected in 'PrOH and EtOH, respectively, (®r ~0.013 for MeOH, ~0.025 for
EtOH, and ~0.102 for 'PrOH) (Fig. 9). Interestingly, the interaction of water with the PPY/AI**
complex exhibited an increase of intensity in the MeOH medium but an intensity decrease in

the EtOH/'PrOH medium (Fig. 9).
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Fig. 9 (A) Time-dependent fluorescence intensity changes at 505 nm upon the addition of
anhydrous AICl; addition (50 uM), and (B) fluorescence spectra in 60 min of AICl; addition in
various alcohol solvents in the presence (solid line) and absence (broken line) of 2.5% (v/v) water
containing PPY (2 pM) at 25 °C: red, MeOH; blue, EtOH and green, 'PrOH. The spectrum in the
absence of PPY is shown in grey (B). The excitation wavelengths were 405 nm in both (A and B).

An intensity increase of about 6-fold was observed in the MeOH medium containing ~1.2%
(v/v) water, whereas the intensity increased maximally up to ~6.7-fold (®r ~0.09) in the
presence of ~2.5% water (Fig. 10). In contrast, intensity quenching, almost completely in

PrOH and ~20% in EtOH solvents was detected by the addition of 5% water (Fig. 10).
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Similarly to the EtOH/'PrOH solvent, the water induced fluorescence decrease was noticed for
other alcohols (n-PrOH, 'BuOH, n-hexanol) (Fig. 11). Therefore, MeOH is a unique alcohol to

use to show the water induced fluorescence increase.
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Fig.10. The ratio of fluorescence intensities at 505 nm for the PPY/AI*" complex in the presence
of various amounts of water% and its absence are plotted with the value of water% (v/v) in
different alcohol mediums at 25°C: red, MeOH; blue, EtOH and green, ‘PrOH. The intensity
values in the absence and presence of different water% are collected in 60 min of anhydrous AICl;
(50 uM) addition in the medium containing PPY (2 uM). Inset: the Y-axis expanded plots for
EtOH and ‘PrOH medium are shown for clarity. Excitation and emission wavelength were 405
and 505 nm, respectively. The data points for each alcohol solvent are fitted using a single
exponentially-fitted method. The average value for each data point is obtained from triplicate
measurements (n = 3).
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Fig. 11. Fluorescence spectra of PPY/AI** in various alcohol medium in the absence (solid) and
presence (broken) of 2.5% (v/v) water at 25°C: purple, n-propanol; dark cyan, ‘BuOH and pink,
n-hexanol).The spectra were reordered in 60 min of AICl; (50 pM) addition. Excitation
wavelength was 405 nm.

5.2.4. DFT theoretical calculations: complex structure vs. optical response
The AI(IIT) can exist as both Oh and Td geometric forms,*>3’where the Oh symmetry is more
preferred than the Td symmetry.’37According to the results of the ESI-MS™ studies,
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coordination of four MeOH and two EtOH molecules in the respective solvents were identified
(Fig. 6). Because PPY was acting as 1:1 bi-dentate ligand for AI**, the coordination of the four
MeOH molecules was related to the Oh geometry of AI(III). However, the same number of
alcohol molecules binding for bigger EtOH or 'PrOH or any other alcohol molecules may not
be a steric fit around the Al(IIT) coordination sphere, thus a less stable Td structure which would
allow two EtOH/'PrOH molecules was the most likely to occur (Scheme 1).

Using a DFT based theoretical calculation, it was identified that a possible Oh to Td
structural interconversion for PPY/AI** was responsible for the alcoholic solvent dependent
changes in UV-vis absorption and fluorescence properties, both in the presence and absence of
water. The ground state geometries of four MeOH and two EtOH/'PrOH molecules coordinated
Oh and Td complexes, respectively, with common phenolic-O and aldehydic-O coordination
were optimized using B3LYP density function and a 6-31G basis set. The UV-vis absorption
properties for the Oh and Td structures were evaluated using the TD-DFT calculations on the
optimized ground state structures. The calculated HOMO to LUMO electronic transitions at
~409 nm for both Oh and Td structures corresponded well with the respective experimental

absorption wavelengths (Fig. 1, 12 and Scheme 1).
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Scheme 1 Mechanistic view of alcoholic solvent selective formation of geometrically different
PPY/AP" complexes and their reaction with water molecules. The AI(III) coordination saturation
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for the octahedral (Oh) geometry in MeOH and the tetrahedral (Td) geometry in EtOH/ 'PrOH
medium are achieved by the coordination of four MeOH and two EtOH/PrOH molecules,
respectively. The coordination geometry dependent relative UV-vis absorption (abs), and the
emission parameters of the PPY/AI’* complex are shown.

In a similar way to the experimentally observed UV-vis intensity increase at ~405 nm obtained
by changing the solvent medium from MeOH to EtOH/PrOH, the HOMO / LUMO oscillator
strength (feal) for the MeOH coordinated Oh geometry (~0.04) was found to be significantly
lower than that detected for the EtOH/'PrOH coordinated Td geometry (~0.07) (Fig. 12). When
one coordinated MeOH close to the pyrazole-N was replaced by a water molecule, the
optimized structure showed a proton transfer reaction from the coordinated water molecule to

pyrazole-N, and a large increase of fcar from ~0.04 to 0.09 was detected (Fig. 12 and Scheme
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Fig.12. Frontier molecular orbital (FMO) profiles including different calculated UV-vis
absorption parameters of MeOH (A: left upper panel) and MeOH/H,O (A: right upper panel)
coordinated Oh. The EtOH (B: left lower panel) and 'PrOH (C: right lower panel) coordinated
Td complexes based on DFT and TD-DFT (B3LYP/6-31G) calculations.

The increase of fea agreed well with the experimentally observed water induced large increase

of UV-vis intensity in the MeOH medium (Fig. 1).
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The efficient PET process from the pyrazole unit to the aldehydic phenol chromophore
moiety made the PPY non- fluorescent (Fig. 13). For the MeOH coordinated Oh structure, the
PET process did not disturb it significantly, and thus a weak fluorescence intensity was

observed experimentally (Fig. 9 and 12).
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Fig.13. Frontier molecular orbital (FMO) profile including various UV-vis absorption parameters
of PPY based on TD-DFT (B3LYP/6-31G) calculations. Color index for atoms: H, cyan; C, yellow;
N, pink and O, red.

However, the electron distribution in both HOMO and LUMO for EtOH or ‘PrOH coordinated
Td-species centered mostly at the aldehydic phenol chromophore, and the resultant suppression
of the PET process made the Td complex highly fluorescent (Fig. 9, 12 and Scheme 1). Most
interestingly, the calculations also identified that the PET process in the water substituted Oh
species was eliminated, which clarified the probable reason for the water induced large increase
of fluorescence intensity in the MeOH medium. All these studies suggested that the change of
AI(IIT) geometry from Oh to Td be responsible for the alcohol solvent dependent change in
optical response for the PPY/AI*" complex.

5.2.5. Detection of MeOH in EtOH or 'PrOH in the presence of water
It was found that the addition of water induced a fluorescence increase for MeOH coordinated
Oh PPY/AI**, whereas the intensity decreased for the EtOH/PrOH coordinated Td complex

(Fig. 10). An intensity increase of about 6.7-fold was found in MeOH/water mixed medium,
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which remained unaffected within a water% of ~2.5%—-11.0% (v/v), although the intensity
decreased gradually as the water% was further increased (Fig. 10 and 14). However, for the
water% amount above ~75%, the intensity value was found to be less in comparison to that
observed in the absence of water (Fig. 14). It was also observed that the coordinated solvent in
the PPY/APP* complex were replaced by MeOH from the EtOH/PrOH molecules with a
subsequent change of complex geometry from Td to Oh by the addition of MeOH in
EtOH/'PrOH (Fig. 9, Scheme 1, and Fig. 7). Additionally, the residual unreacted PPY existed
after the completion of a complex formation in EtOH/PrOH medium reacted further with AI**

to form MeOH coordinated PPY/AI** in the presence of MeOH (Fig. 7).
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Fig. 14. The ratio of fluorescence intensities at ~505 nm for PPY/AP" in the presence of various
amount of water% (v/v) and its absence are plotted with water% (v/v) in different alcohol
mediums at 25°C: (A) red, MeOH; (B) blue, EtOH and (B) green, ‘PrOH. The intensity values in
the absence and presence of different water% are collected in 60 min of anhydrous AICl; (50 pM)
addition in the medium containing PPY (2 uM). (A) The broken black line is shown to identify
the extent the increase or decrease of intensity with respect to the intensity in the absence of water.
Excitation wavelength was 405 nm.

Moreover, the presence of 10% MeOH in the solution with various EtOH/PrOH to water ratios
showed that the presence of water effected different extents of intensity increase up to 70%
water (Fig. 15). All these results strongly suggest that the relative percentage of coordinated
Oh complex with respect to the EtOH/'PrOH coordinated Td species should be much higher
even in the presence of a low amount of MeOH in EtOH/PrOH. The water effected
fluorescence intensity increased in the presence of various MeOH amounts was investigated

for its potential use in the analytical detection of MeOH in EtOH/'PrOH.
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Fig.15. The ratio of fluorescence intensities at ~505 nm for PPY/AI** in the presence of various
amount of water% (v/v) and its absence are plotted with water% (v/v) in different alcohol
mediums containing 10% (v/v) MeOH at 25°C: blue, EtOH and green, 'PrOH. The intensity
values in the absence and presence of different water% are collected in 60 min of anhydrous AICl;
(50 uM) addition in the medium containing PPY (2 uM). The broken red line is shown to identify
the extent the increase or decrease of intensity with respect to the intensity in the absence of water.
The average value for each data point is obtained from triplicate measurements (n = 3).

In the EtOH/PrOH medium containing water, the intensity ratios between the presence and
absence of MeOH increased gradually with the increase of MeOH% (0.5-10% (v/v)) when the
amount of any fixed water% value was within 2.5-55% (Fig. 16 and 17). The relative intensity
enhancements depended on the water%. For a solution containing 10% MeOH, the relative
intensity increments were ~2.0-, 3.1-, 2.5- and 1.5-fold for the EtOH system or ~1.8-, 3.7-, 3.5-
and 2.2-fold for the 'PrOH system in the presence of 2.5%, 10%, 25%, and 55% (v/v) of water,
respectively (Fig. 16). The extent of the relative intensity increase with increasing MeOH%
under various water% (2.5-55%) values followed a fairly good linear correlation (residual of
fitting %> ~ 0.99) for both the EtOH and 'PrOH systems, where the water% dependent slope
values were estimated to be ~0.10, 0.21, 0.15 and 0.08 for EtOH or ~0.08, 0.26, 0.25 and 0.12
for 'PrOH in the presence of 2.5%, 10%, 25% and 55% water, respectively (Fig. 16). Using the
linear calibration curve, the unknown amount of MeOH in the EtOH/'PrOH solvent containing

various water% can be evaluated ratiometrically.
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Fig. 16. Relative fluorescence intensity changes between the presence and absence of MeOH for
PPY/AP" are plotted with MeOH% (v/v) in (A) EtOH/water and (B) ‘PrOH/water mixed medium
containing various amounts of water% (v/v): black, 2.5%; red, 10%; blue, 25%; orange, 55%.
The identical value of water% before and after the MeOH spike was maintained by an addition
of an appropriate amount of water in the spiked sample. The intensity values in the absence and
presence of various MeOH% were collected during the addition of AICl; (50 pM), over 60 min,
to the medium containing PPY (2 uM). The data points for each solvent system are fitted with a
linear equation. Excitation and emission wavelengths were 405 nm and 505 nm. The average value
for each data point is obtained from triplicate measurements (n = 3).
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Fig. 17. Fluorescence spectra for PPY/AP" in the presence of 10% (v/v) MeOH spikes in EtOH
and 'PrOH medium containing 5% (v/v) water. The corresponding spectra in the presence of 10%
EtOH spikes instead of 10% MeOH spike are shown in broken blue and green. Excitation
wavelength was 405 nm.

It was evident that the water amount present in the solution played the most critical role for the
MeOH detection sensitivity, in which the sensitivity was at maximum at a water amount of

~10% (v/v) for both EtOH and PrOH. Notably, the MeOH (10% v/v) also induced an
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appreciable amount of increased fluorescence intensity for PPY/AI** and this was also observed
in other alcohol mediums (n-PrOH, 'BuOH and n-hexanol) containing 5% water (Fig. 18),
which indicated that the MeOH detection selectivity of the PPY/AI** complex did not alter with

the change of alcohol systems.
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Fig. 18. Fluorescence spectra of PPY/AF* (PPY: 2 uM + AICl;: 50 uM) in various alcohol medium
containing 2.5% water in the presence (solid) and absence (broken) of 10% MeOH at 25°C:
purple, n-propanol; dark cyan, BuOH and pink, n-hexanol. The spectra were reordered in 60
min of AICI; (50 pM) addition. The identical value of water% before and after of MeOH spike
was maintained by an appropriate amount of water addition in the spiked sample. Excitation
wavelength was 405 nm.

However, to detect a low amount of MeOH or low LOD values, fluorescence studies conducted
in the presence of very low PPY/AI** concentrations (0.1 uM PPY and 4 uM Al*") so that an
appreciable fluorescence response can be observed even in the presence of much lower amount
of MeOH. The fluorescence intensity changes in the presence of much lower amounts of MeOH
(0.05-0.30%) are shown in Fig. 19). The LOD was evaluated using the equation: LOD = 30/k
(cf. Experimental section/chapter 2). The LOD values for MeOH detection were estimated to
be ~0.03%—0.06% depending on the solvent compositions.

The water% dependency variation of the fluorescence response for MeOH was interpreted
by combining the water% dependent various extent of intensity increase for MeOH medium in
the absence of EtOH/'PrOH and the intensity decrease for EtOH/'PrOH in the absence of MeOH
(Fig. 10 and 14).
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Fig. 19. (A,B) Relative fluorescence spectral changes between presence and absence of MeOH for
PPY/AP" in the presence of various amount of MeOH spikes (0.05-0.30% (v/v)) in (A) EtOH and
(B) 'PrOH medium containing 10% (v/v) water at 25°C: red, 0.05%; blue, 0.10%; dark yellow,
0.15%; purple, 0.20%; green, 0.25% and violet, 0.30% MeOH. The spectra in the absence of
MeOH spikes are shown in black. The identical value of water% before and after of MeOH spike
was maintained by an appropriate amount of water addition in the spiked sample. The spectra in
the absence and presence of various MeOH% are collected in 60 min of AICl; (5 pM) addition in
the medium containing PPY (0.1 uM). Excitation wavelength was 405 nm. The background
fluorescence in the absence of probe was subtracted for each spectrum. (B) The maximum
intensity values are plotted against the amount of MeOH spikes for (C) EtOH and (D) PrOH. The
data points are fitted by linear equation. The average value for each data point is obtained from
triplicate measurements (n = 3).

The presence of a small amount of MeOH in the EtOH/PrOH medium replaced coordinated
EtOH/PrOH with MeOH molecules in PPY/A* to obtain a Td to Oh structural change.
However, the existence of an EtOH/'PrOH coordinated Td complex and its water interaction
induced intensity decrease cannot be neglected entirely in the interpretation of the fluorescence
response values in the presence of various amounts of MeOH and water. The presence of a
water induced ~6.7-fold intensity increase remains unchanged between 2.5% and 10% of water
for MeOH in the absence of EtOH/'PrOH (Fig. 10 and 14 and the observed intensity was
decreased by increasing the water% (2.5% to 10%) for EtOH/'PrOH in the absence of MeOH,
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which effects the enlargement of the MeOH detection slope value (~0.10 to 0.21 for EtOH and
~0.08 to 0.26 for 'PrOH) by the increase of water%. Significantly higher slope changes for
PrOH medium: ~3.7-fold compared to ~2.1-fold for EtOH medium due to the increase of
water% (2.5% to 10%) was rationalized by the increased water amount which induced a greater
amount of intensity quenching for 'PrOH (~90%) than the EtOH medium (45%) in the absence
of MeOH (Fig. 16 and 14). However, any further increase of water% from 10% to 55%
produced a larger intensity decrease for MeOH in the absence of EtOH/PrOH than for
EtOH/'PrOH in the absence of MeOH (Fig. 14), and thus a gradual decrease of the MeOH
detection slope value from ~0.21 to 0.08 for EtOH and ~0.26 to 0.12 for 'PrOH was observed.

5.2.6. The MeOH detection in alcoholic samples and sanitizers

The EtOH% in alcoholic beverages are dependent (5—70% (v/v)) on their classifications, and
usually water is the rest of the liquid volume. However, according to WHO guidelines, the
composition of hand sanitizers should be ~80% EtOH (v/v) or 75% 'PrOH (v/v), glycerol
(1.45% (v/v)), and H202 (0.125% (v/v)).*® Spiked MeOH% in high and low EtOH% containing
vodkas (~45% (v/v)) and wine (~15% (v/v)) samples, respectively, were estimated. As the
MeOH detection sensitivity at above 55% (v/v) of water was comparatively low (Fig. 14 and
Fig. 15), an external EtOH addition is required for the detection of MeOH in the wine samples.
In addition, spiked MeOH was estimated both in the presence and absence of externally added
EtOH to show the applicability of the method for alcoholic beverages containing higher
EtOH%. However, the spiked MeOH amounts were estimated in EtOH- and 'PrOH-based hand
sanitizers without any further addition of external EtOH//PrOH.

To observe the MeOH induced fluorescence intensity increase, the water% before and after
MeOH spikes in the hand sanitizer samples were maintained by addition of an appropriate
amount of water in the spiked MeOH sample. With the increase of MeOH spikes from 0.5% to
10% in the vodka sample in the presence and absence of externally added 30% EtOH (total
water ~25%), the relative fluorescence intensity between the presence and absence of MeOH
was found to increase linearly from 1.04- to 1.77-fold and 1.08- to 2.45-fold, respectively (Fig.
20A—C). For a wine sample with the externally added 30% EtOH, the relative intensity also
increased linearly from 1.05- to 1.78-fold (Fig. 21), where the slope value of the linear plots
~0.08 was found to be similar to that obtained for a known EtOH/water mixed medium (45%

EtOH) or vodka (45% EtOH) sample (Fig. 16A).
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Fig. 20. The relative fluorescence spectral changes between the presence and absence of MeOH
for PPY/AIP" with various MeOH spikes (0.5-10% (v/v)) in an alcoholic beverage (vodka: labelled
EtOH% ~ 45% (v/v)) in (A) the absence and (B) the presence of externally added 30% EtOH, and
(D) EtOH or (E) 'PrOH-based hand sanitizers (labelled 'PrOH ~75% and EtOH ~80%) at 25 °C.
The spectra in the absence of MeOH spikes are shown in black. The maximum intensity values
for alcoholic beverages (C) and hand sanitizer (F) samples are plotted against the amount of the
MeOH spikes. (A—C) Blue and red correspond to the presence and absence of externally added
30% EtOH, respectively. (D-F) Purple and green correspond to EtOH- and ‘PrOH based hand
sanitizer, respectively. (A—F) The identical value of water% before and after of MeOH spike was
maintained by using an appropriate amount of water addition in the spiked sample. The intensity
increases with the increase of MeOH% are shown by arrows. The excitation wavelength was 405
nm. The average value for each data point is obtained from triplicate measurements (n = 3).

In addition, the slope values for vodka samples with 30% EtOH added externally (total EtOH,
75%) were also similar to the results obtained for the known 75% EtOH medium (Fig. 16A,
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20B and C). All these results clearly showed that the presence of other chemicals in alcoholic
beverages did not disturb the detection ability of the MeOH. Even without knowing the
accurate water% value in the test sample, the estimation of MeOH contamination was possible
from the correlation of fluorescence response of the test sample with the linear calibration plots

for the corresponding MeOH free alcoholic beverages (Fig. 20C).
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Fig. 21. (A) Relative fluorescence spectral changes between presence and absence of MeOH for
PPY/AI* in the presence of various amount of MeOH spikes (0.5-10% (v/v)) in commercial wine
(labelled EtOH% ~15% (v/v)) in presence of externally added 30% EtOH at 25°C. The spectra
in the absence of MeOH spikes are shown in black. The identical value of water% before and
after of MeOH spike was maintained by an appropriate amount of water addition in the spiked
sample. The increase of intensities with the increase of spike MeOH amounts are shown by arrow.
Excitation wavelength was 405 nm. (B) The maximum intensity values are plotted against the
amount of MeOH spikes. The data points are fitted by linear equation. The average value for each
data point is obtained from triplicate measurements (n = 3).

The fluorescence spectra for PPY/AIP* in EtOH (80%) or 'PrOH (75%) and a water mixed
medium remain unchanged by the addition of glycerol (1.45% (v/v)) or H202 (0.125% (v/v)),
both in the presence and absence of MeOH (Fig. 22), showing that the presence of glycerol and

H20:2 in hand sanitizers did not affect the performance of the probe.
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Fig. 22. Relative fluorescence spectral changes for PPY/AP* in the absence (black) and presence
(A: purple and B: green) of 10% MeOH spikes in (A) EtOH/water (water: 80% (v/v)) and (B)
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iPrOH (water: 75% (v/v)) medium containing 1.45% (v/v) glycerol and 0.125% (v/v) H;O,. The
corresponding spectra in the absence of glycerol and H,O, are shown in broken light colors. The
identical value of water% before and after of MeOH spike was maintained by an appropriate
amount of water addition in the spiked sample. Excitation wavelength was 405 nm.

The intensity increased linearly from ~1.05 to 2.38 for EtOH-based sanitizer or from ~1.08 to
3.22 for the 'PrOH-based sanitizer because of the increase of the amount of MeOH spiking
from 0.5% to 10% under the identical water% condition. The observed slope value of ~0.22
for the 'PrOH-based sanitizer and of ~0.14 for the EtOH-based sanitizer were similar to that
detected for the known 80% EtOH and 75% PrOH medium, respectively (Fig. 16 and 20D-F).
Therefore, an unknown amount of MeOH contamination in hand sanitizers could be estimated
by correlating the intensity value of the test sample with the known linear calibration line
obtained for the EtOH (or 'PrOH) containing water or MeOH free standard for the EtOH (or
'PrOH)-based hand sanitizer.

As in the procedure described previously, a low level of MeOH contamination in alcoholic
beverages and sanitizer could be estimated using a low probe concentration (0.1 uM PPY and
4 uM APP*). The MeOH induced fluorescence spectral changes in the presence of a lower
amount of MeOH spikes (0.06—0.18% for a vodka sample and 0.03—0.10% for the 'PrOH hand
sanitizer) revealed that even a MeOH contamination of below 0.1 uM in alcoholic beverages

and sanitizer can be estimated accurately by the present protocols (Fig. 23).
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Fig. 23. (A,B) Relative fluorescence spectral changes between presence and absence of MeOH for
PPY/AP" in the presence of various amount of MeOH spikes (0.03-0.18% (v/v)) in (A) commercial
vodka (Iabelled EtOH% ~45% (v/v)) and (B) ‘PrOH-based hand sanitizers (labelled PrOH ~75%)
at 25°C: (A): red, 0.06%; blue, 0.12%; purple and 0.18% MeOH for vodka and (B): red, 0.03%;
blue, 0.06%; purple and 0.10% MeOH for hand sanitizer. The spectra in the absence of MeOH
spikes are shown in black. The identical value of water% before and after of MeOH spike was
maintained by an appropriate amount of water addition in the spiked sample. The spectra in the
absence and presence of various MeOH% are collected in 60 min of AICl; (5 pM) addition in the
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medium containing PPY (0.1 pM). The background fluorescence in the absence of probe was
subtracted for each spectrum. Excitation wavelength was 405 nm.

The efficiency of probe recovery was also verified by conducting EDTA induced fluorescence
intensity quenching studies in vodka and EtOH-based hand sanitizers. For both samples,
MeOH induced ~90% of the increased intensity for PPY/AI*" which was found to be quenched
by the addition of EDTA, whereas the intensity recovered again upon further addition of AI**
(Fig. 24). The EDTA induced displacement of PPY from the PPY/AI*" complex again
participated in complexation with the freshly added AI** to regain the fluorescence intensity
by the reaction with MeOH present in solution. Thus, the probe can be reused on several

occasions.
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Fig. 24. Fluorescence spectra for PPY/AI’* (PPY: 2 uM + AICl3: 50 uM) in (broken light blue)
vodka or (broken light green) ‘PrOH-based sanitizer containing 10% MeOH and 50 uM EDTA.
The corresponding spectra in the absence of EDTA are shown by solid light colors. Furthermore
100 pM of AICl; was added in the solutions containing EDTA, and the spectra were recorded in
60 min of the AICl; addition (solid blue for vodka and solid green for 'PrOH-base sanitizer).
Excitation wavelength was 405 nm.

5.3. Conclusions

A sensitive fluorometric MeOH detection method was demonstrated in EtOH/'PrOH in a water
medium using a 1:1 AI(IIT)- complex of an aldehydic phenol ligand containing a pyrazole unit
(PPY). The complex adopted the MeOH coordinated weakly fluorescent octahedral (Oh)
geometry from the fluorescent tetrahedral (Td) structure by an addition of MeOH in the EtOH/
iPrOH. The interaction of water with the Oh species causes a large fluorescence intensity
increase due to the exchange of one coordinated MeOH by a water molecule, whereas a similar
water interaction for the Td complex resulted in an intensity decrease due to its dissociation.

The water mediated fluorescence intensity reversal due to the change in complex geometries
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by the addition of MeOH was utilized to detect MeOH in EtOH/'PrOH and various alcoholic
beverages/hand sanitizers. Such water induced MeOH detection could be very useful

industrially.
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The detection of the dry alcoholate corrosion of aluminium is vital to design a corrosion resistive aluminium
alloy for the storage and transportation of biofuel (methanol or ethanol). By synthesizing an A fluorescent
probe operable in an alcoholic medium, we quantified the alcoholate corrosion in terms of the
fluorometrically estimated soluble alkoxide (Al(OR)s) generation under nitrogen atmosphere. With time,
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Switching over from conventional fossil fuel to biofuel is of
current interest owing to the maximum utilization of eco-
friendly non-conventional energy.'! Commercially produced
less polluted biofuels such as methanol and ethanol, mixed
with fossil fuels have an acceptable performance capacity for
the gasoline engine.> Moreover, in comparison to the gasoline,
methanol and ethanol have much higher octane rating or
compression ratio to resist the knocking for better thermal
efficiency.® Since most of the fuel tanks/pipes are made of
aluminium or its alloys owing to its high strength-to-density
ratio, the aluminium corrosion due to the formation of
alkoxide (alcoholate or dry corrosion) during storage or even
transportation of such bio-alcohols may cause leakage in the
fuel tanks and in worst cases enough threat is speculated for fire
and explosion.* Mechanical overloads, alloy impurities even at
elevated temperatures are further contenders for accelerating
the alcoholate corrosion.> However, a prolong exposure to the
moisture retards the alcoholate corrosion by forming a protec-
tive layer of hydrated aluminium oxide in the metallic surface
but moisture impurity in the fuel may damage the gasoline
engine.® Hence, a maintenance optimization is crucial in crit-
ical engineering disasters by detecting alcoholate corrosion as
in its nascent state with minimizing the chance of water
contamination.®”

Several electrochemical and mechanical methods have been
exploited for decades to propose aluminium alcoholate and
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surface which retarded the alcoholate corrosion appreciably.

other corrosions;® yet the early detection of the alcoholate
corrosion is still a challenging task due to the lack of sensitive
analytical methods.*® Here, the fluorescence technique may act
as a better alternative owing to its simplicity and high sensi-
tivity.® Till date, a large number of fluorescent probes for AI**
have been exploited in the biological or environmental
domain,” but has never focused on alcoholate corrosion
studies. Based on this requirement, we synthesized a fluores-
cent probe, namely HMBDC ((6Z)-6-(2-hydroxy-3-(hydrox-
ymethyl)-5-methylbenzylideneamine)-2H-chromen-2-one),  to
detect alcoholate corrosion with pg-level detection ability along
with its retarding signature in the presence of moisture in
a judicious way. Such novel method may lead to an early
detection of alcoholate corrosion in a simpler way.

The non-fluorescent phenolic Schiff-base molecule containing
a coumarin moiety (HMBDC) was prepared by condensing an
equimolar mixture of 6-amino coumarin (6-ACO) and 2-hydroxy-
3-(hydroxymethyl)-5-methylbenzaldehyde (HHMB) in dry ethanol
(Scheme 1 and Fig. S1t) (c.f ESIf for details). Among various
organic solvents, the interaction of HMBDC with AI** was
observed only in the alcoholic medium according to the UV-vis
studies (Fig. S21). In methanol, the absorption intensity at
~353 nm for HMBDC (5 uM) decreased gradually with the
continuous addition of Al(NO;); until saturated at ~8-equiv.,
giving rise to a new peak at ~406 nm, where an isosbestic point at
~384 nm assures the formation of A’*/HMBDC complex (1)
(Fig. 1A). Upon optimization of the complex formation affinity in
various ethanol/methanol mixed media, highest reactivity with
the lowest saturated AI** concentration (~5 equiv.) compared to
that obtained in pure methanol was observed in a 4 : 1 methanol/
ethanol-mixed medium (Fig. S3t). Most probably, more effective
H-bonding interaction of the dimeric ethanol/methanol** with 1
induces greater complex (1) stability, although the complex

RSC Adv, 2020, 10, 23245-23249 | 23245
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Scheme 1 Synthesis of HMBDC and its complexation with A" in an

alcohol solvent.

formation reactivity was much less in pure ethanol compared to
the methanol medium (Fig. 1 and S27).

In spite of the stronger H-bonding interactions of 1 with
water compared to the methanol or ethanol, a complete disso-
ciation of 1 in the presence of 20% (v/v) water in methanol
(Fig. S47) suggests that, in addition to the solvent assisted H-
bonded structural stability of 1, alcohol molecule may also
participate in the coordination with AI** to form 1. Indeed, the
possible methanol coordination is reflected in the ESI-MS*
analysis (Fig. S5BT). In addition, the Job's plots in the absorp-
tion studies showed that the HMBDC formed 1 : 1 stoichio-
metric complex with AI** (Fig. S61). To elucidate the probable
structure of 1, we carried out the DFT-based theoretical calcu-
lation by considering the 1:1 stoichiometric AI**/HMBDC

06 .
Al 3 B
+ 5300
- =
"c 0.4 B
5 $200]
= £
1 8
<} e \
% 0.24 @ N
x 100 \N
g \
32
w
0.0

T T T T 0-= T T T T
320 360 400 440 480 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

c b o D MeOH/EtOH (4:1) ==
40 40
MeOH ,
o r B}
530 e 30+
i % X = CI+S0,2-+OEt +NO;~
z 20 = 204 M* = NP+ Zn2+Cd?*+Fed*
rig
10 10 4
0% T T T v
0 10 20 30 40 s XENL A3 sesR
(A1) (M) E<frgoNzz2b8<§
<23 <
Fig.1 (A) UV-vis absorption and (B) fluorescence spectra of HMBDC (5

uM) in the presence (red) and absence (black) of increasing concen-
tration of Al(NOz)s (0-40 uM) in anhydrous methanol at 25 °C. The
intensity changes with increasing A** concentrations are indicated by
arrows. (C) A®* concentration dependent relative increase in the
fluorescence intensity with respect to its absence in methanol (red) or
methanol/ethanol (4 : 1) (blue). (D) Fluorescence intensity ratios in the
presence and absence of various ions or mixture of ions in the mixed
solvent (25 uM each; blue) or methanol (40 uM each; other colors) or
are shown by bar-diagram.
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complex with or without methanol coordination. A stable
structure of 1 was obtained when the oxygen atom of the
methanol molecule coordinates with AI** and other two coor-
dination sites of AI** are occupied by the phenolic-oxygen and
imine-nitrogen of HMBDC (Scheme 1, Fig. 2 and S77). Facile
coordination of those hard donor sites of HMBDC towards
harder AI*" is susceptible towards alcohol assisted stabilization
of 1. The UV-vis absorbance at ~402 nm for 1 computed from
the time-dependent DFT (TD-DFT) calculations in methanol
medium, where the HOMO (90) — LUMO (92) excitation nicely
matched with the experimental absorbance at ~406 nm (Fig. 1
and 2). However, monitoring of the "H-NMR peak characterized
for aldimine proton is a useful strategy to identify the bonding
of the imine-N to AI**.> We observed that the aldimine proton
peak intensity for HMBDC in CD;O0D was quenched to a great
extent with a considerable down-field shift from 8.80 to
8.88 ppm in the presence of AI’" (Fig. S81); the down-field shift
is expected owing to the imine-N and AI** coordination, but
intensity quenching does not follow the previous trend in the
aprotic polar medium."” The generation of a partial positive
charge at the N-centre upon its binding with the AI*" may
enhance the acidity of the aldimine proton to become labile for
participating in the H/D exchange in a protic medium (CD;0D),
as reported previously for other allied systems.* These results
strongly suggest the imine-N and AI** bonding in 1. On the
other hand, AI** induced large decrease in the IR intensity at
~3300 ecm™* for phenolic-OH also supports the phenoxide
coordination (Fig. S97).

The electronic distribution in the molecular orbital diagram
(MO) of the HMBDC evaluated from the DFT calculation showed
an intra-molecular photo-induced electron transfer (PET) from
coumarin to the HHMB moiety, which makes the HMBDC non-
fluorescent (Fig. 2). A’ induced an instantaneous increase in
the fluorescence intensity for HMBDC (5 uM) in the alcoholic
medium (methanol/ethanol or their mixture) due to the forma-
tion of 1 (Fig. 1B and S107). A gradual fluorescence intensity
increase at ~506 nm (Aex = 406 nm) of ~30-fold for 8 equiv. of
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Fig. 2 Frontier molecular orbital profiles including various UV-vis
absorption parameters of HMBDC (left panel) and HMBDC/A®*
complex (right panel) based on TD-DFT (B3LYP/6-31G(d)).
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APP* and ~40-fold for 5 equiv. of AI** was observed in the meth-
anol and 4 : 1 (v/v) methanol/ethanol medium, respectively (Fig. 1
and S10Bf). According to the HOMO and LUMO electronic
distributions for 1 in the DFT studies, the PET process in HMBDC
was highly restricted upon its binding with A** in 1, causing for
the large increase in the fluorescence intensity (Fig. 2). However,
the better fluorescence response (lower intensity-saturated AI**
concentration and larger intensity increase) in the mixed
medium than pure methanol may be associated with greater
stability of 1, as described in the previous section (Fig. S2t). The
fluorescence intensity increase remains invariant using other
soluble Al(m)-salts (Fig. 1D and S11%), which eliminates the role
of counter anions for the increasing intensity. To ascertain the
AP’* selectivity, we performed similar fluorescence studies with
other potentially interfering cations but failed to produce any
noticeable fluorescence (Fig. 1D and S12). However, a linear
intensity increase with the increase in the concentration of AI**
up to 6 equiv. in methanol and 4 equiv. in the 4 : 1 methanol/
ethanol mixed medium can be useful for a ratiometric detec-
tion of unknown concentration of AI** (Fig. 1C), where the limit
of detection®* (LOD) of AI** with HMBDC in the methanol
medium was found to be ~0.5 pM (c.f details in ESIf). Most
importantly, HMBDC recognized AI** selectively from the mixture
of various other cations, and also in presence of other soluble
Al(ur) salts, particularly, aluminium alkoxide (ethoxide) with
similar accuracy (Fig. 1D and S12+). Therefore, the Al(m) sensing
ability for an alcoholate corrosion with an aluminium alloy must
not be perturbed due to the interference of other leached cations.

The dry alcoholate corrosion of aluminium or its alloy while
forming soluble alkoxide (Al(OR);) can be detected upon incu-
bation in an anhydrous alcoholic medium. However, under
a condition of prolonged incubation, the contamination of trace
amounts of moisture may also trigger the conversion of Al(OR);
to Al(OH)s;, followed by the hydrated alumina (Al,O3-xH,0)
coating on the metallic surface.® The formation of hydrated
alumina can also be possible via the decomposition of Al(OR);.°
To characterize the alcoholate corrosion as an exclusive process
to the maximum limit, we minimized those wet-processes by
allowing the corrosion under inert conditions. A previously
grazed aluminium-sheet (dimension ~3.5 x 1.5 x 0.2 cm’;
surface area ~12.5 cm?®) was incubated for 18 days in 100 mL
anhydrous methanol or methanol/ethanol (4 : 1) mixed solvent
under nitrogen atmosphere by purging nitrogen every 24 h,
where the small change in the solution volume if required was
adjusted by injecting an appropriate amount of the nitrogen-
saturated anhydrous solvent. The amount of Al(OR); (R =
-Me, -Et) generated in the medium was estimated by monitoring
the HMBDC (5 uM) fluorescence. After 10-fold dilution of the
medium with the parent solvent, the amount of Al(OR); formed
or the alcoholate corrosion was estimated in every 3 days
interval according to the amount of AI** obtained from the time-
dependent fluorescence responses (Fig. S13t) as per the linear
calibration plots in Fig. 1C multiplied by the dilution factor. A
linear increase in the normalized fluorescence intensity from
~3.5 to 16.8 and ~7.3 to 36.1 was observed with an increase in
the incubation time period from 3 day to 18 day for methanol
and methanol/ethanol (4:1) media (Fig. 3A and S137),
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respectively, which correspond to the linear increase in the AI**
amount in the medium from ~3.2 to 16.6 umol for either
solvents (Fig. 3C). Indeed, the weight-loss of ~0.47 mg i.e.,
~17.5 umol was found to be closely similar with that of the
increase in Al**, revealing that not only the dry corrosion leads
to the generation of AI** (Al(OR);) as the only product, but also
HMBDC is highly effective for an accurate estimation of the
alcoholate corrosion. In addition, the nice correlation between
the weight-loss and Al(OR); amount also reveals that the
decomposition of alkoxide into insoluble alumina is negligibly
small during the whole corrosion time-course.

However, under open atmospheric conditions maintained by
air purging (average relative humidity ~70%; average temper-
ature 28 °C) in every 24 h interval while maintaining other
similar experimental conditions and analysis protocol, the
specific corrosion rate (~2.0 ug per day per cm”) up to 12 days,
was found to be closely similar to that detected under the
nitrogen atmosphere (Fig. 3C and S137). The results also indi-
cate that the early stage of the alcoholate corrosion process (at
least up to 12 days) for pure aluminium is not affected signifi-
cantly by the atmospheric moisture content, although the final
corrosion amount after 18 days incubation in normal atmo-
sphere was slightly lower (~84%) for the mixed medium
compared to that obtained for pure methanol (Fig. 3C). The
decrease in the Al(OR); amount can be affected by two
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Fig. 3 (A and B) Extent of the fluorescence intensity increase due to

corrosion-induced leached A (F(x)/F(0)) of HMBDC (5 pM) and (C
and D) amount of A" in the corrosion medium according to fluo-
rescence response are plotted with various incubation times of pure
aluminium sheet or its alloy (Al-7075) in different mediums/atmo-
sphere conditions: nitrogen atmosphere in methanol (red) and
methanol/ethanol (4 : 1) (blue); open atmosphere in methanol (green)
and methanol/ethanol (4 : 1) (purple). The data at nitrogen conditions
are only fitted linearly. (A and B) The fluorescence intensity of HMBDC
(5 uM) were monitored after the 10-fold dilution of the corrosion
medium with the same solvent. (C and D) The amount of A" esti-
mated as the amount obtained from the normalized intensity with
comparing the linear plots in Fig. 1C multiplied by the dilution factor
10. The actual amount of alcoholate corrosions for the mixed medium
under open atmosphere are depicted by solid circle (purple).
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processes: (a) Al(OR); to insoluble Al(OH); conversion due to the
adsorbed moisture; (b) actual retardation of the corrosion rate
due to the surface deposition of Al(OH);. The extent of the
conversion of Al(OR); to Al(OH); in the corrosion medium
under the open air condition can be assessed by estimating the
fluorescence intensity at every 3 day time interval in the absence
of aluminium sheet (from day-3 to day-18) with the addition of
same amount of Al(OEt); (3.2, 5.7, 8.0, 11.7, 14.2 and 16.4 pmol
(final added amount) at day 0 (beginning of day 1), 3, 9, 12 and
15, respectively, in 100 mL mixed medium) as that of the
alkoxide amount detected due to the corrosion under nitrogen
condition (Fig. S14f). In comparison to the actual added
Al(OEt);, any decrease in the Al(OEt); amount upon such incu-
bation should be added with the corrosion induced formation
of Al(OR); amount under nitrogen condition for respective time
interval to obtain the actual alcoholate corrosion. The actual
corrosion was found to be slightly higher than that estimated
from the corrosion-induced Al(OR); formation (Fig. 3C, solid
symbol). According to the LOD of AI**, the detection of the
alcoholate corrosion amount as minimum as ~0.1 pg mL ™" can
be possible by monitoring the fluorescence response of
HMBDC.

Alcoholate corrosion in a widely used aluminium alloy, Al-7075
(composition: Al, 90%; Zn, 5.5%; Mg, 2.5%; Cu, 1.5 and Si, 0.5%)
was also studied. The previously grazed alloy sheet with same
dimension and surface area as that of the pure aluminium sheet
was incubated in 100 mL anhydrous methanol or 4 : 1 methanol/
ethanol under nitrogen as well as normal atmospheric condi-
tions. The amount of the alcoholate corrosion in every 3 days
interval up to 30 days was estimated by evaluating the fluorescence
response of HMBDC (Fig. 3B and S157). In comparison to the pure
aluminium sheet, the increase in corrosion from ~1.5 to 4.0 umol
evaluated from the increase in the normalized fluorescence inten-
sity (1.65 to 5.90 in methanol; 2.64 to 10.40 in methanol/ethanol
(4 : 1) mixture) with the increase in the incubation time from
day-3 to day-12 follows a similar linear relation regardless of the
solvent compositions and atmospheric conditions (Fig. 3B and D),
while the intrinsic rate of corrosion ~0.95 pg per day per cm” was
more than 2-fold slower (Fig. 3C and D). The lower rate constant
value for the alloy compared to pure aluminium indicates that the
contamination of other metals in the alloy resists the early stage
alcoholate corrosion process. However, under normal atmospheric
condition, the corrosion amount vs. time relation deviates from the
linearity after 12 days. Importantly, after 30 days of incubation,
a large reduction in the Al(OR); amount from ~11.38 to 6.64 umol
was estimated for the mixed medium, but the change was only
from ~13.20 to ~12.33 pmol for pure methanol (Fig. 3D). By
determining the hydration-induced conversion amount of Al(OR);
to Al(OH); according to the procedure, as described before
(Fig. S16t), the actual alcoholate corrosion was found to decrease
from ~11.38 to 7.70 pmol by changing the condition from nitrogen
to open atmosphere after 30 days (Fig. 3D, solid symbol). Our study
reveals that in comparison to pure methanol, the formation of
Al(OH); under open atmospheric condition retards the alcoholate
corrosion largely due to the presence of more hygroscopic
ethanol.”® The deposition of Al,O;-xH,O onto the alloy-surface is
responsible for resisting the further alcoholate corrosion® (Fig. 3D).
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In fact, the generation of more surface pits owing to the higher
extent of the alcoholate corrosion in methanol over the mixed
medium was also detected by naked eye (Fig. S171). The surface
morphology in the SEM studies showed that the alloy surface was
little bit smoother after the corrosion in the mixed medium
(Fig. S187), justifying our proposition for the surface deposition of
Al,03-xH,0. On the other hand, cyclic voltammetric studies in the
corrosion medium exposed to normal atmospheric conditions
identified an irreversible cathodic peak at ~—0.7 V due to the
formation of insoluble Al(OH); in addition to the conversion from
Al to AI**, but such irreversible peak was not observed for the
medium exposed to nitrogen (Fig. $19t). Moreover, the formation
of white gelatinous precipitate of Al(OH); in the mixed medium was
clearly visible by naked eye under normal atmospheric conditions
(Fig. S17Bt). All those results strongly support that the initiation of
the wet-process by forming Al(OH); inhibits the alcoholate corro-
sion rate.

In conclusion, a phenolic Schiff-base consisting of
a coumarin unit as a fluorescent sensor for AI** operable only in
the alcoholic medium is synthesized to monitor dry alcoholate
corrosion. The photo-induced electron transfer process in the
probe molecule exhibits AI** induced large increase of fluores-
cence intensity, lifted by its complexation with AI**, which was
further stabilized by the coordination and H-bonding interac-
tion with the solvent molecule. The alcohol specific complex
formation and subsequent fluorescence generation was suitably
tuned to monitor the alcoholate corrosion by fluorometrically
estimating aluminium alkoxide formation with a sensitivity of
~10 pg L', However, the simultaneous participation of small
extent of the wet-process (Al(OR); to Al(OH); conversion) and its
deposition in metal surface, particularly for the alloy, inhibits
the dry alcoholate corrosion. The alloy specific detection of the
early stage alcoholate corrosion is in progress to obtain suitable
material useful as a biofuel container.
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Introduction

An inquisitive fluorescence method for the
real-time detection of trace moisture in polar
aprotic solvents with the application of water
rancidity in foodstuffsy{

Snigdha Roy,® Sanju Das,” Ambarish Ray® and Partha Pratim Parui () *2

A simple analytical technique for detection of trace water in organic solvents is indispensable for
moisture-free organic synthesis, environmental research, and food monitoring industry. Using a simple
4-methyl-2,6-diformyl phenol molecule (AH), we report the convenient fluorometric detection of trace
water in various polar aprotic organic solvents having detection limits within 0.01-0.04% (v/v).
Phenolate-oxygen of deprotonated AH (A™) forms an H-bond with a water molecule to exhibit a large
spectral blue-shift from ~485 to 440 nm in the UV-vis absorption or fluorescence excitation spectra,
while unchanged emission characteristics were detected apparently due to dissociation of the H-bond
in the excited state. The gradual blue-shift of the excitation band with the increase in water% (v/v) in the
solution affects an opposite emission intensity changing behavior, from an increasing to a decreasing
trend, due to the change in the excitation wavelength from 440 to 485 nm. Emission intensity changes
of free A~ and A7/H,O H-bonded species for each water addition are combined together for the
spectral normalization to achieve water% induced a highly manifested linear emission response. The
improved sensitivity allows us to quantify real-time atmospheric moisture incorporations in various polar
aprotic solvents. The normalized emission intensity does not depend on AH concentration, and thus the
water detection process is very effective for the estimation of water% in the solution with
heterogeneous probe distributions. With this advantage, we succeed to estimate water% in various
moisture-sensitive edible oils and dairy foods produced from water-rich raw materials. Therefore, the
method can be applied to prevent water rancidity in foods with greater than its permissible limits via
identifying higher moisture contamination.

phase separation processes,”' resulting in the blockage of fuel
pipe, and subsequent engine damage or failure."*'* Further-

An effective analytical procedure for the estimation of trace
water in organic solvents displays a direct impact in chemical
research, industry and food inspection.' For organic synthesis,
in particular the synthesis of organometallic compounds,
moisture-free solvents are essential to obtain the optimum
product yield.*” Carboxylic ester and imine functional com-
pounds are highly susceptible to hydrolysis even in the presence
of trace amounts of moisture during their storage in organic
solvents.® The moisture contamination in oil can be a major
problem in the petroleum industry due to emulsification and
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more, the estimation of water in food samples is very important
for various reasons:"*”" (a) optimum moisture level in foods is
essential for to sustain an appropriate test, texture and appearance,
and most vital nutritional values; (b) food manufacturers often
incorporate inexpensive water ingredients illegally as much as
possible in foods for their profit; (c) trace water affects microbial
food degradation or water rancidity, especially for pure oil-based
food materials;">™” (d) food processing operations such as
transferring through pipes, packaging and mixing also affect
the estimation.

The Karl Fischer titration is one of the best known methods
for the estimation of moisture in organic solvents."® Gas chromato-
graphy is another well-acquainted classic option.’>?° However,
certain limitations in those methods such as time consumption,
inability for real-time analysis, specialized equipment design
requirement, difficulties in sample preparation, and rigorous data
handling are major concerns for easy and cost-effective moisture
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2122 plyorescence techni-

detection for applied analytical samples.
que may opt as a better alternative owing to its simplicity and rapid
response, and non-destructive fabrication and most importantly its
high sensitivity.>**> Consequently, a number of research groups
currently switch their focus to various kinds of commercially
viable fluorescence-based water sensing procedures. Up to now,
a number of fluorosensing mechanisms, such as intramolecular
charge transfer (ICT),>**” photo-induced electron transfer (PET),"*®
excited-state intramolecular proton transfer (ESIPT),*>*® hydrogen-
bonding interaction,>*'** aggregation-induced emission (AIE)***
or Forster resonance energy transfer (FRET),***” have been
reported to detect trace water in organic solvents. Water fluor-
osensors based on chemical rearrangements such as ring-
opening of cyclic rhodamine derivatives,*® hydrolytic cleavage
of Schiff bases***° and hydration of aldehyde functionality®*
have also been reported. In addition, researchers constructed
various metal/ligand complexes or metal organic frameworks
(MOFs)*>** as water fluorosensors.

Among the various water sensing fluorescent probe molecules
reported in the literature, some exhibit very high detection
sensitivity (~0.001% or even below), although often the high
detection accuracy is restricted to specific solvent systems."****¢
However, the requirement of multi-step complex synthesis proce-
dures for the preparation of probe molecules makes the overall
moisture detection procedure inconvenient for routine analy-
tical purpose.***”*'™* In most cases, the detection methodo-
logies are relying only upon a single emission/excitation band
originated by the association/interaction of water with the
recognition site of a probe molecule,>* 32347384142 Therefore,
it is not always straightforward to recognize the actual cause for
the observed fluorescence response between the inhomo-
geneous probe distribution in the solution due to sample
micro-heterogeneity and any moisture affected changes. In
addition, photobleaching of the probe molecule and instru-
mental parameters** are often troublesome to assess the actual
fluorosensing response induced by water incorporation.

In this study, a simple 4-methyl-2,6-diformyl phenol fluore-
scent probe (AH) was exploited to detect trace water in several
polar aprotic organic solvents with high precision (detection
limit ~0.01-0.04% (v/v)). The phenolate form of the probe
molecule (A™) exhibits a water-induced spectral blue-shift to
various extents in the UV-vis absorption and fluorescence excita-
tion spectra from ~470-490 nm to 440-450 nm depending on
various polar aprotic organic solvents due to the formation of an
A" /H,0 H-bonded complex. Although both A”/H,0 and free A~
show identical fluorescence emission characteristics, an opposite
emission intensity changing pattern, from a gradually increasing
to a decreasing trend with the increase in water%, was detected
upon switching the excitation wavelength from 440 to 485 nm.
Water induced emission intensity changes of A~ and A" /H,0
species for each water% value were combined together to obtain a
normalized single spectral profile, and thus the water% induced
emission increase manifested considerably with eliminating
the probe concentration dependency on the intensity response.
Moreover, such normalization eventually produces linear
intensity changes dependent on water%, which are effective
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to estimate water% ratiometrically. In addition, a large spectral
blue-shift of ~25 nm in the excitation spectra induced by only
a small quantity of water (2-5% v/v) can also be suitably tuned
for its detection purpose. The water detection procedure was
applied to monitor real-time atmospheric moisture incorpora-
tion in common polar aprotic solvents and moisture analysis
studies in various food samples useful for water rancidity.

Experimental
Chemicals and general methods

Chemicals of analytical grade were purchased from different
commercial sources. The chemical 4-methyl-2,6-diformyl phenol
(AH) was synthesized according to a published procedure starting
from p-cresol®” (Sigma Aldrich (USA)), and the purity was checked
by 'H-NMR studies (Fig. S1, ESIT). Different commercially available
food samples (butter, cheese, ghee and coconut oil) were collected
from different local market sources. Molecular sieves of 3 A pore
size were obtained from Sigma-Aldrich (USA). HPLC-grade solvents
(methanol, ethanol, acetone, MeCN, DMF and DMSO) and triethyl
amine (TEA) were purchased from Sigma-Aldrich (USA), and the
solvents were further dried over the 3 A molecular sieves.”* The
solvents were stored in a dry nitrogen atmosphere in the
presence of the molecular sieves. Throughout all experimental
studies, Milli-Q water (Millipore) of conductivity 18.2 MQ cm was
used. '"H-NMR studies were performed in DMSO-ds using a
Bruker 300 MHz NMR spectrophotometer considering tetramethyl-
silane (0 ppm) as an internal standard.

UV-vis absorption and fluorescence studies

UV-vis absorption spectra were monitored using a 1 cm path-length
quartz cell with a double-beam spectrophotometer (Shimadzu,
Japan; model TCC-240A) equipped with a thermostatted cell holder.
Steady-state fluorescence studies were carried out using a Perkin-
Elmer LS-55 spectro-fluorimeter (PerkinElmer, USA) using a 1 cm
path-length quartz cell. Fluorescence excitation and emission
spectra were recorded for the fixed emission at 525 nm and
excitation at 440 or 485 nm, respectively (excitation band pass:
11; emission band pass: 4). The measuring solutions were
filtered using a 0.45 mm filter (Millex, Millipore). The spectral
reproducibility was checked by measurements in triplicat.

The phenolic-OH deprotonated form of AH (A™) acting as
the actual water sensing probe was generated by addition of
base (KOH or TEA) in different solvents. For the detection of
water in polar aprotic solvents (acetone, MeCN, DMF and
DMSO), the fluorescence spectral studies for A~ were monitored
in the absence and presence of various water% (v/v) values.

The fluorometric limit of detection (LOD) for water was
obtained using the following equation:*®

Detection limit (LOD) = 3a/k,

where ¢ and k represent the experimental standard deviation
and slope value of the linear fitting curve, respectively.

The fluorescence quantum yield for the A~ form of AH (AH
(0.5 uM + KOH (10 pM))) was evaluated according to the
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procedure described earlier.* In brief, 9,10-diphenylanthracene
in an ethanol medium was used as the reference fluorophore
with an emission quantum yield (#) = 0.95. The @ was
estimated using the following equation:

DF = [AFsns’/AF | Dg"

where A represents the absorbance at the excitation wavelength,
and the integrated emission area is designated by F. n is the
refractive index of the medium. Subscripts refer to the reference
(r) or sample (s) molecule.

Fluorescence transient decays were monitored by the time-
correlated single-photon counting (TCSPC) method. Two separate
nano-second diodes with excitation at ~450 and 490 nm respec-
tively (nano-LED; IBH, UK) were used as the light source. Fluore-
scence decays were monitored using a special Hamamastu photo-
multiplier tube (PMT) coupled with TBX4 detection module (IBH,
UK). The solutions for analysis were passed through a 0.45 um
filter (Millex, Millipore) before all the experiments. All measure-
ments were repeated at least three times to check the repro-
ducibility. The decays were analyzed using the in-built software.

Theoretical calculations

To identify the solution structure of the hydrogen-bonded A~/
H,0 complex, density function theoretical (DFT) calculations
were performed using the Gaussian 09 Program.’® Further-
more, time-dependent DFT (TD-DFT) calculations were carried
out to obtain UV-vis absorption parameters. The structural opti-
mization was carried out by considering the B3LYP exchange-
correlation functional. The 6-31G++(3d,3p) basis was set and the
geometries were optimized in the solvent phase. The global
minima of all these species were confirmed by the positive
vibrational frequencies. The TD-DFT calculation in different
solvents with the CPCM solvent model was performed to obtain
the electronic properties of the singlet excited state using optimized
geometries of the ground states (S,) of the relevant species, along
with the determination of vertical excitation energy and oscillator
strength of the respective ground-state geometry.

Atmospheric moisture incorporation studies

First, 40 mL of dry acetone, MeCN, DMF and DMSO were taken
separately in a 100 mL dry beaker with a diameter of ~5 cm.
Each solvent was incubated under open laboratory conditions
with 75% (+5%) relative humidity at 25 °C (£1 °C) for different
time intervals (12 to 120 min). To estimate atmospheric moisture
incorporation in the medium, steady-state fluorescence emis-
sion and excitation spectra were monitored by addition of AH
(0.5 uM) with KOH (10 uM) in the laboratory-exposed solvents at
different intervals of time (12 to 120 min). For acetone and
MeCN solvents, the effects of small amounts of solvent evapora-
tion during the exposure in the open atmosphere on the
moisture incorporation values evaluated from the fluorescence
response at different time intervals were included to find the
time-dependent actual moisture incorporation values.
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Moisture detection in food samples

All the food samples (butter, cheese, ghee and coconut oil) were
collected from local markets. The food samples were stored at
4 °C in the same commercial seal container until use for the
moisture analysis studies. To extract free moisture present in
food samples, various amounts of different food samples were
mixed separately with 100 mL DMSO in a stoppered container
under dry nitrogen conditions at room temperature (25 °C).
Then, each mixture was heated at 60-70 °C to completely
liquefy the food samples, followed by vigorous vortexing at
the same temperature for 10 min to relocate all the free water
from the food sample to the DMSO medium. Then, the solution
was settled until complete separation of the DMSO phase from
the rest of the solution. The DMSO phase was separated using a
separating funnel, and the fluorescence studies were conducted
in the DMSO phase by addition of AH (0.5 uM) and KOH
(10 pM).

Results and discussion
Solvent-induced spectral shifts of the phenolate form of AH

AH deprotonated partially around neutral pH (pK, ~ 7.1) in an
aqueous buffer according to the pH-dependent changeover of
UV-vis absorption intensities between ~ 350 nm for the phenol
form (AH) and ~440 nm for the phenolate form (A7) (Fig. S2,
ESIt). A~ exhibited a strong fluorescence intensity (quantum yield
(@) ~ 0.4) (¢f Experimental section), but AH did not (Fig. S3,
ESIT).>" Consistent with the earlier reports, an additional absorp-
tion intensity at ~485 nm with appreciable quenching of the
intensity at ~350 nm for AH (6 pM) was identified in the DMF or
DMSO medium even in the absence of the base®>>* (Fig. S4A,
ESIT). The appearance of band at ~485 nm is mainly due to
partial deprotonation of AH induced by the basic solvent
character,> since the spectral shape and position did not change
except a large increase in its intensity by an addition of base (KOH,
15 uM) in DMF or DMSO (Fig. S4B, ESIt). This proposition is
further supported by the base-induced similar spectral shift from
~350 nm to 470-480 nm for other non-basic aprotic solvents
(acetone, MeCN) (Fig. S4B, ESIt). However, similar to the aqueous
medium, a large blue-shifting of absorption band from 470-
485 nm to 440-435 nm for the phenolate form (A™) was detected
by changing the medium from aprotic to protic methanol or
ethanol (Fig. S5, ESIt). Previously, the solvent-induced large
spectral blue-shift has been justified with presuming higher dipole
moment of DMSO/DMF than the water molecule.® However,
since the solvent-dependent absorption spectral shift is usually
very nominal, the large spectral blue-shift is attributed to a specific
A" /solvent interaction (Fig. 1 and Fig. S5, ESIY).

Formation of A~/H,O complexes in aprotic solvents

The phenolic-OH deprotonated form of AH (A™) was confirmed
with forming UV-vis intensity at 470-485 nm by addition of any
base (KOH or TEA) to polar aprotic solvents (Fig. 1). However,
TEA (THF-solubilized base) induced no spectral change in a rela-
tively nonpolar THF medium, suggesting no such deprotonation
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Fig. 1 Schematic of base or basic solvent (DMSO/DMF)-induced complete/
partial deprotonation of AH (A7) and its H-bonding interaction with water.
The DFT-optimized structures are shown (color index: C, gray; O, red; and
H, white). The experimental UV-vis absorption (l,,s) and emission (lem)
wavelengths for different species are depicted in the lower panel. (cf) The
calculated absorption parameters are shown in Table 1.

reaction of AH (Fig. S6, ESIt), presumably due to poor solvation
of the negatively charged A~ species. The water-induced large
blue-shift of the absorption band for A~ shows the interaction of
A~ with the water molecule (Fig. 2). A similar UV-vis spectral
blue-shift by water interaction was reported by C. Pinheiro et al.®
Instead, the presence of water causes no spectral changes for the
protonated AH form (Fig. S7, ESIT), which excludes the possibility
of water/AH interaction. Most probably, the large negative charge
density at phenolate-O in A~ may induce efficient H-bonding
affinity with the water molecule to form an A™/H,O complex.

To avoid any significant change of general solvent properties,
UV-vis absorption spectral changes of A~ (AH (6 uM) + KOH
(15 pM)) in different polar aprotic solvents (acetone, MeCN, DMF
and DMSO) were monitored in the presence of low amounts of
water up to ~6-12% (v/v). With the increase in water% in
solvents (0.1-6.0% for acetone, 0.1-8% for MeCN, 0.1-12% for
DMF and 0.3-12% DMSO), the absorption band of A~ gradually
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Fig. 2 UV-vis absorption spectra of AH (6 uM) in the presence of KOH
(15 uM) and various water% (v/v) in different solvents: (A) acetone (water%:
0.1, 03,06, 10, 15,20, 35, 6.0, 85 and 11.0); (B) MeCN (water%: 0.1, 0.3,
0.6,15,25,6.5and 9.0); (C) DMF (water%: 0.1, 0.4, 1.0, 15,27, 48, 6.5, 85
and 10.0) and (D) DMSO (water%: 0.3, 0.9, 1.4, 2.0, 3.2, 5.1, 6.3, 8.5, 6.3, 10.0
and 12.3). (A—D) The gradual spectral blue-shift with the increase in water% is
depicted by arrows. The spectra in the absence of water are shown in black.
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blue-shifted from 475 to 488 nm maximally up to ~445-450 nm
(Fig. 2). The spectrum at the highest water% for each aprotic
solvent was found to be closely similar to that obtained in a pure
aqueous medium (Fig. 2 and Fig. S5, ESIT). Upon reverse solvent
addition, i.e., each aprotic solvent (~10% (v/v)) in an aqueous
medium causes an insignificantly small spectral wavelength shift
(Fig. S8, ESIt), indicating that A~ involves a specific interaction
with water in the aprotic solvents. Notably, the observed small
spectral changes between the aprotic medium in the presence of
the highest water% and in pure water can be explained by their
general solvent properties, even though the same species,
namely, A"/H,O complex, can be expected in both types of
solvents (Fig. 2 and Fig. S8, ESIT). However, the replacement of
water with other protic solvents such as methanol or ethanol, in
the aprotic solvents showed a similar spectral blue-shift up to
~435 nm (Fig. S9, ESIf), while the blue-shift requires much
higher alcohol% (~23-25% (v/v)) than water% (6-12%) presum-
ably due to weaker interaction ability of A~ with the alcohol
molecules. Most probably, A~ participates in the H-bonding
interaction with water molecules, which may increase the
So — S; transition energy for the phenolate chromophore
moiety to attribute for the 30-50 nm spectral blue-shift
(Fig. 1). Since the water molecule itself participates in the
H-bonding interaction with large affinity in the aprotic solvents,
the fraction of H-bonded A~ was found to be enhanced with
the increase in water% due to the formation of more number of
A" /H,0 H-bonded complexes than its dissociation affected by the
increased ratio of the water amount in the solvent composition.

The H-bonding interaction of A~ with water molecules was
also examined by steady-state and time-resolved fluorescence
methods. The deprotonated A~ species exhibited a strong
emission intensity at 525-535 nm in different solvents (acetone,
MeCN, DMF, DMSO and water) (Fig. S10, ESI{). The excitation
spectra of deprotonated A~ for the emission at 525 nm showed
an intensity at 470-490 nm for different aprotic solvents,
whereas in the water medium the peak shifted to ~440 nm
(Fig. S11, ESIY), which is consistent with the observed absorp-
tion wavelength shift by changing an aprotic to water medium
(Fig. 2 and Fig. S5, ESIt). Similar to the absorption studies, the
fluorescence excitation band gradually blue-shifted up to
~445-450 nm by a gradual increase in water% up to 6-12%
(v/v) in different aprotic solvents (Fig. 2 and Fig. S12, ESI¥).
These results corresponded well with that interpreted from the
absorption studies for the formation of the H-bond in the
AT/H,0 complex (Fig. 1). However, no emission wavelength
shift under a particular water% value in the aprotic media was
detected by the change in the excitation wavelength from 440 to
485 nm (Fig. S13, ESIt). The result indicates that the emissive
properties are similar between free A~ and A" /H,O H-bonded
complexes.

Different water%-dependent fluorescence transient decays
for A” in the aprotic solvents were monitored at 530 nm for
excitations at ~450 nm and ~ 490 nm. For either excitation, a
mono-exponential decay with unchanged fluorescence lifetime
(r) values was noticed at each water% value (Fig. 3 and Fig. S14,
ESIT), where the t value was found to increase gradually with
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Fig. 3 Excitation wavelength-dependent fluorescence transients of AH
(6 uM) in the presence of KOH (15 pM) in acetone under various water% (v/v)
values (water%: red, 1.0%; orange, 2%; green, 4%; purple, 8%). Excitation
wavelengths were (A) 450 nm and (B) 490 nm. (A and B) The transient decay
in pure water and acetone media is shown in blue and black, respectively, for
comparison. The emission collected at 525 nm both excitation wavelengths.
The scattering profile is shown in grey.

the increase in water% from 0 up to 8%; from ~3.3 to 5.7 ns for
acetone, ~3.8 to 5.7 ns for MeCN, ~3.8 to 5.9 ns for DMF and
4.1 to 5.9 ns for DMSO (Table 1). The similar 7 value between two
different excitations (450 and 490 nm) especially when the A™/H,O
complex and free A~ coexist at the water% value below 4%
strongly justify our proposition that the emission of the A”/H,O
complex originated from the excited state of free A after breaking
of the H-bond in the excited state (Fig. 4 and Fig. S14, ESIT).
However, an expected stronger electrostatic interaction of A~ with
the water molecule than any of those aprotic solvent molecules
may increase the local water concentration surrounded to A~
largely than remaining of the solution even for a small increase
of water% in the solution. Presumably, the higher water accumu-
lation around A~ may affect greater solvation induced its higher
excited state stability to observe the gradual increase in the 7 value
with the increase in the water% value. Moreover, the t value for
the A~ species in a pure aqueous medium is ~4.7 ns which is
significantly lower than that observed in various aprotic solvents
containing 8% water (~5.9 ns) probably due to a significant
decrease in non-radiative decay rate from the aprotic solvents to
water (Fig. 3, Fig. S14, ESIt and Table 1).

Theoretical studies for H-bonding interaction in A" /H,0

To identify the probable H-bonding mode in the A"/H,O
complex, DFT-based theoretical calculations were performed

Table 1 Emission lifetime values of A~ in different polar aprotic solvents
containing various water% (v/v)?

Lifetime (t/ns)

Water% (v/v)

Solvent 0.0 1.0 2.0 4.0 8.0
Acetone 3.34 (3.34) 4.03 (4.03) 4.22 (4.22) 4.77 (4.77) 5.71 (5.71)
MeCN  3.83 (3.83) 4.38 (4.38) 4.54 (4.54) 4.97 (4.97) 5.75 (5.75)
DMF  3.85(3.85) 4.39 (4.39) 4.47 (4.77) 4.87 (4.87) 5.87 (5.87)
DMSO  4.09 (4.09) 4.57 (4.57) 4.60 (4.60) 4.86 (4.86) 5.87 (5.87)
Water’”  4.75 (4.75) — — - —

“ The emission collected at 525 nm for the excitations at 450 nm and
490 nm. The t values in bracket are for the excitation at 490 nm.
b 7 values in pure water solvent.
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Fig. 4 Excitation wavelength-dependent fluorescence emission spectra
of AH (0.5 uM) in the presence of KOH (10 uM) and various water% (v/v)
values in different solvents: (A and E) acetone (water%: 0.1, 0.3, 0.6, 1.1, 1.8,
3.0, 4.5, 8.0 and 11.5); (B and F) MeCN (water%: 0.1, 0.2, 0.3, 0.4, 0.6 0.8,
1.0,15,2.0,25,3.0,4.0,4.7 and 5.5); (C and G) DMF (water%: 0.2, 0.4, 0.8,
15,25,4.0,6.5,8.0,10.0 and 12.0); (D and H) DMSO (water%: 0.5, 1.0, 2.0,
3.5, 5.0, 7.5, 10.0 and 11.4). The spectra in the absence of water are
depicted in black. The gradual increase or decrease in intensities with the
increase in water% values is indicated by arrows. Excitation wavelengths
were 440 nm (A-D) and 485 nm (E-H).

considering the most probable H-bonding interaction between
phenolate-O and one hydrogen atom of water molecules (Fig. 1
and Fig. S15A, ESIY). The ground-state structures in the gas
phase for free A~ and A"/H,O complex were optimized using
the B3LYP 6-31G++(3d,3p) basis set (Fig. S15A, ESIt). To correlate
the experimental UV-vis absorption parameters, TD-DFT calcula-
tions (B3LYP, 6-31G++(3d,3p) basis function) on the optimized
ground-state geometries were performed in the solution phase
considering the CPCM solvent model for acetone, MeCN and
DMSO, and the calculated values of various absorption para-
meters are depicted in Table 2 and Fig. S15B (ESIt). The electric
charge densities in HOMO/LUMO both for A~ and A" /H,0 are
centered within the diformyl-phenolate unit (Fig. S15B, ESIT).
The excitation wavelengths for A~ species in different aprotic
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Table 2 Solvent dependent experimental (exp.) and TD-DFT calculated
(cal.) wavelengths of UV-vis absorption band (Zmax) and molar extinction

coefficients (¢) for the deprotonated form of AH (A7) and its H-bonded
complex with water (A~/H,0)?

Absorbance parameters

A A"/H,O0

Jmax (nm) & x 10* M ' em ™) Apax (nm) & x 10° (M " em ™)

Solvent Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal.
Acetone 477 458 1.32 0.91 450 444 1.19 0.80
MeCN 478 457 1.34 0.91 445 443 1.06 0.80
DMF 485 — 1.39 457 — 1.16 —

DMSO 489 460 1.50 0.95 463 445 1.21 0.90
Water — — — — 443 443 1.20 0.87

“ Experimental UV-vis parameters for A~ (absence of water) and A~ /H,0
(presence of highest water% value) obtained according to Fig. 2.

solvents (acetone, DMF and DMSO) were computed to be ~455-
460 nm due to the HOMO (43) to LUMO (44) electronic transition
(Table 2). However, the A”/H,O H-bonded complex exhibited the
absorption intensity at ~443-445 nm for HOMO (48) to LUMO
(49) transition (Table 2). Although the energy of LUMO is
comparable between A~ (—0.075 eV) and A" /H,O (—0.077 eV),
a considerable decrease in the HOMO energy by 0.006 eV for A~
upon its H-bond interaction with water causes for the spectral
blue-shift (Fig. S15B, ESIf). The calculated spectral blue-shift
from free A™ species to its water-complex well corresponded with
the water-induced experimental blue-shift of the UV-vis absorp-
tion (or fluorescence excitation) band of the A species in the
aprotic solvents (Table 2). In addition, the experimental UV-vis
molar extinction coefficient (¢) values also well matched with
those values calculated theoretically (Table 2). The results justify
the proposed H-bonding mode of the water molecule with A™.

Detection of water in polar aprotic solvents

Water-induced fluorescence response for A~ remained similar
on the nature of base (KOH or TEA) used in the polar aprotic
solvents (Fig. S16, ESIt). Thus, the addition of base attributes
no other role except for the deprotonation of the phenolic-OH
moiety in AH. The conversion from free A~ to H-bonded
A"/H,O species by the addition of water attributes the blue-
shifting of the fluorescence excitation (or UV-vis absorption)
band from ~485 to 440 nm for the fluorescence emission at
525 nm (Fig. S12, ESIT), where the excitation band intensity at
~485 and ~440 nm were assigned to the ground-state free A~
and A" /H,O species, respectively. In contrast, their emissive
properties, e.g., its intensity-wavelength (~530 nm) and lifetime
values for different excitation wavelengths at 440 and 485 nm are
observed to be identical due to the excited-state H-bond disso-
ciation, as discussed before (Fig. S13, S14, ESI and Table 2).
Consequently, with the increase in water% in the solution (up to
6-12% (v/v)), the more amount of free A~ to A”/H,O conversion
in the ground state resulted in a gradual increase in the emission
intensity at ~530 nm for a fixed wavelength excitation of the
A" /H,0O species at 440 nm (Fig. 4A-D), whereas the emission
intensity was found to decrease gradually during the excitation of
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reduced amount of free A~ species with the 485 nm light
(Fig. 4E-H). It is noteworthy to mention here that the base-
induced formation of deprotonated A~ species is not possible in
relatively nonpolar aprotic solvents (THF) (Fig. S6, ESIt); thus,
the operable solvent condition for the detection of moisture
should be polar aprotic in nature.

The effect of water-induced changes in the equilibrium
concentration of the free A~ and A”/H,O complex on emission
intensity changes for the two separate excitation (440 and
485 nm) can be combined together by including the effect of
both the intensity changes in a single spectrum (Fig. 4 and
5A-D (right spectra)). For each water% value, the emission
spectrum for excitation at 440 nm was divided by the maximum
intensity value in the absence of water, and the resulting
spectrum (F (4)/Fy (Zex = 440 nm)) was further divided by the
extent of emission intensity decrease factor with respect to the
zero water condition for excitation at 485 nm (Fax/Fo (Aex =
485 nm)) to obtain the normalized emission spectrum ((F (1)/
Fo)/(Fmax/Fo)) (Fig. 5A-D (right spectra)). Such normalization
procedure not only is helpful to manifest the water-induced
emission response and its detection sensitivity, but also causes
the water%-dependent linear emission response (Fig. 5E-H). In
addition, such normalization procedure eliminates the AH
concentration dependency during the ratiometric detection of
water in the solution with heterogeneous distribution of probe
molecules (Fig. 5). The maximum normalized intensity value at
~530 nm increased more than 5.5- and 5.7-fold in the presence
of 6.0% and 7.5% water in acetone and MeCN, respectively
(Fig. 5E and F). However, the extent of increased intensities,
maximally up to ~ 3.5-fold for acetone and 3.3-fold for MeCN,
in the presence of various amounts of added water% up to
2% (v/v), maintains a very well behaved linear correlation with a
residual of fitting > ~ 0.995-0.997 and slope ~ 1.24 volume% '
(acetone) or 1.20 volume% ' (acetonitrile) (Fig. 5E and F). In
comparison, the water%-dependent normalized emission inten-
sity increase was found to be relatively less for the other aprotic
solvents (DMF and DMSO) (Fig. 5G and H); maximum up to ~4.3-
fold for DMF and 3.8-fold for DMSO. Nevertheless, the linear
intensity increasing region expanded up to much higher water%
value; ~6% for DMF and ~12% for DMSO medium (R* ~ 0.995
and slope 0.34 volume% ' (DMF) or 0.21 volume% ' (DMSO))
than that observed for acetone or MeCN solvent (Fig. 5G and H).

The water amount-dependent linear emission intensity
changes can be highly useful for the ratiometric detection of
unknown water% in the aprotic solvents. Based on the water-
induced minimum extent of detectable unambiguous fluore-
scence response, the limit of detection (LOD) was evaluated
using the eqn. LOD = 3a/k, where ¢ and k represent the
standard deviation for the emission measurements and the
slope value of the linear fitting curve, respectively (Fig. 5E-H).
The LOD values for the detection of water% were evaluated to
be ~0.01% for acetone and MeCN, whereas it was ~0.04% (v/v)
for DMF and DMSO. To check the reversibility in the water
detection, fluorescence studies for AH (0.5 uM) in the presence
of KOH (10 pM) were performed at a certain water% value (1.8%
for acetone; 1.5% for MeCN; 2.5% for DMF and 3.5% for
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Fig. 5 (A-D) Normalized fluorescence excitation (left side) and emission
(right side) spectra of AH (0.5 uM) in the presence of KOH (10 uM) and
various water% (v/v) values in different solvents: (A) acetone (water%: 0.1,
0.3,0.6,11,18, 3.0, 4.5, 8.0 and 11.5); (B) MeCN (water’: 0.1, 0.2, 0.3, 0.4,
0.6 0.8,1.0, 15,20, 25, 3.0, 4.0, 47 and 5.5); (C) DMF (water%: 0.2, 0.4,
0.8, 15, 25, 4.0, 6.5, 8.0, 10.0 and 12.0) and (D) DMSO (water%: 0.5, 1.0,
2.0, 35,5.0, 7.5, 10.0 and 11.4). The spectra in the absence of water are
depicted in black. (E-H) The normalized intensities are plotted against
water% (v/v) and fitted linearly up to certain water% range: (E) acetone;
(F) acetonitrile; (G) DMF and (H) DMSO. The variations for other higher
water% are shown in the inset of E-G. (A-D) Each fluorescence excitation
spectrum for the emission at 525 nm is normalized by its maximum
intensity value. For normalization of emission spectra, each emission
spectrum for the excitation at 440 nm was divided by the maximum
intensity value in the absence of water, and the resulting spectrum was
further divided by the extent of emission intensity decrease factor with
respect to zero water condition for excitation at 485 nm. The gradual blue-
shift for the excitation spectra or the increase in the emission intensity with
the increase in of water% are depicted in arrows.

DMSO), and followed by the addition of a specific amount of
the same solvent without water but containing identical probe
concentrations to reach a certain value of water% below that of
the respective initial value (0.6% for acetone and MeCN; 0.8%
for DMF and 1.0% for DMSO). Fluorescence excitation and
emission spectra of final water-diluted solutions were found to
be nicely matched with the corresponding known spectra at an
identical water% value (Fig. S17, ESI{), showing that the water
association with A~ is reversible in nature. In addition to the
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Fig. 6 Water% (v/v)-dependent shift in the fluorescence excitation
wavelength (hollow circles, broken lines) for the emission at 525 nm and
UV-vis absorption wavelength (solid circles, solid lines) for AH in the
presence of KOH in different solvents is plotted: violet, acetone; purple,
MeCN; red, DMF; blue, DMSO. The data points are fitted single exponential
curves.

emission intensity changes, the wavelength shift of fluore-
scence excitation or UV-vis absorption band may also be
beneficial for the detection of water%. About ~25 nm blue-
shift for the addition of ~2% water in acetone and MeCN or
~15 and 20 nm blue-shift for the addition of ~5% water for
DMF and DMSO, respectively, was detected (Fig. 6). The extent
of blue-shift in the absorption or excitation spectra was plotted
against the water% value in different aprotic media (Fig. 6), and
the data points were fitted with a single exponential curve. The
phenomenon of such a large wavelength shift induced by the
presence of a relatively low water amount (<2% (v/v) for
acetone and acetonitrile; <4% for DMF and DMSO) can be
exploited for the detection of lower water amounts (Fig. 6).

Real-time moisture analysis in polar aprotic solvents

Polar aprotic organic solvents exhibit high moisture affinity,
and thus, require special arrangement to preserve them under
the moisture-free condition for prolonged period of time. It has
been reported that a considerable extent of moisture incorpora-
tion in the solvents may happen even for their short-time
exposure in an open atmosphere.'>?" Using the present water
detection protocol, the real-time atmospheric moisture incorpora-
tions in the aprotic solvents under the open laboratory atmo-
spheric condition were monitored.

The amount of moisture incorporations is highly dependent
on the relative atmospheric humidity and temperature.”’ As
described in detail in the experimental section, all the solvents
were dried meticulously and stored in a closed glass container
in a nitrogen atmosphere with 3 A molecular sieves up to not
more than 12 hours. No moisture incorporation during the
solvent preservation was confirmed from the unchanged emis-
sion response for A~ (Fig. S18, ESI{). We exposed each dried
solvent (~40 mL) containing A~ (AH (0.5 pM) + KOH (10 pM))
in a 100 mL beaker with a diameter of ~5 cm for different time
intervals up to 2 hours in the open laboratory atmosphere with
75% (£5%) relative humidity at 25 °C (£1 °C). The amount
of moisture incorporation was estimated by evaluating the
normalized excitation and emission spectra determined from

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 7 (A) Plots of water% (v/v) incorporation and (B) the wavelength of
fluorescence excitation band for the emission at 525 nm in various aprotic
solvents over time upon exposure to an open laboratory atmosphere at
25 °C (£1 °C) and 75% (+5%) relative humidity condition: violet, acetone;
purple, MeCN; red, DMF; blue, DMSO.

the time-dependent emission spectra of A~ upon excitation at
440 nm and 485 nm, as described in the previous section
(Fig. S19, ESIf). The normalized emission intensity at its
intensity maxima at 525-530 nm increased gradually with the
increase in exposure time intervals up to 120 min, where the
extent of intensity increase depends on the specific solvent
system; 1.91-fold for acetone and 1.95-fold for MeCN, 1.40-fold
for DMF and 1.37-fold for DMSO for 120 min exposure
(Fig. S19, ESIY). The gradual increase in the normalized emis-
sion intensity with the time period of atmospheric exposure
suggests a greater extent of atmospheric moisture incorpora-
tion (Fig. 7A). In addition, the gradual blue-shift in the excita-
tion spectra (from ~474 to 467 nm for acetone; ~482 to
472 nm for MeCN; ~485 to 477 nm for DMF and ~489 to
484 nm for DMSO) with the increase in exposure time intervals
also indicates an increase in the moisture content in solvents
(Fig. 7B). However, the precise amount of atmospheric moisture
incorporation for each solvent system was evaluated by correlating
the time-dependent normalized emission intensities at 525-
530 nm, according to Fig. 5E-H. It is noteworthy to mention here
that the effect of small volume changes, particularly for acetone
and MeCN, upon exposure to the open atmosphere, on the relative
changes of normalized emission intensities was also considered
during the estimation of moisture incorporation from the
normalized emission intensity value. With the increase in the
exposure time from 12 to 120 min, the amount of moisture
intake increased along with maintaining a fairly well linear
correlation from ~0.05 to 0.73% (v/v) for acetone, ~0.06 to
0.80% for MeCN, ~0.11 to 0.97% for DMF and ~0.14 to 1.07%
for DMSO (Fig. 7A).

To justify the generality of the present methodology in terms
of detection accuracy and applicability, we also performed
similar atmospheric moisture incorporation studies in the
presence of externally added water-spike of 1% before exposing
each solvent to the open atmosphere (Fig. S20 and Table S1,
ESIt). Notably, the subtracted amount of water-spike from the
total recovered water% obtained fluorometrically was found to
well match with that evaluated under the condition of without
water-spikes (Table S1, ESIT). The results indicate the generality
that various extents of contaminated water from different
sources can be easily monitored by this method. Based on the
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atmospheric moisture incorporation capabilities for different
aprotic solvents, the relative hygroscopicity scale can be drawn
as DMSO > DMF > MeCN > acetone, which is consistent with
the earlier reports.'®*!

Moisture analysis in different food samples

The moisture content in various processed food items is one of
the key parameter from legal and economic point of view.'*"*
There are ample possibility to differ the total moisture content
from its recommended tolerant limit particularly in diary food
items (butter, cheese and ghee (commonly popular in India and
south Asian countries)) or coconut oil, obtained from high
water content raw materials. Moreover, higher moisture content
than its tolerant limit of ~0.3% in pure oil-based ghee and
coconut oil are highly susceptible to undergo microbial degradation
or water rancidification during their preservation for prolonged
time period.">7°*>® Therefore, the quality control of the foods
relies heavily on cost-effective convenient moisture detection
methods.

The total moisture contents in those food items (butter,
cheese, ghee and coconut oil) available in the market were
estimated using the present water detection protocol. For the
chosen food samples, most of the food components either
insoluble or sparingly soluble in the DMSO medium, and thus,
the general solvent properties of DMSO are not expected to
differ appreciably even in their presence in large excess, making
DMSO a preferred solvent over the other aprotic solvents. In
addition, the water-induced linear emission response spanning
up to the large water-ratio value of ~12% (v/v) for DMSO is an
additional advantage for its use as a suitable medium to detect
widely different moisture contents in different food items
varying from the very low (ghee or coconut oil) to large value
(butter or cheese). The moisture content of a food material is
defined using the following equation:

% Moisture = (My/Msample) X 100

where m,, and Mmg,mple represent the mass of water and mass of
the sample, respectively.

The water% in various food samples was analysed by mixing
different amounts of each food sample in 100 mL DMSO
medium according to the protocol described in the Experi-
mental section. The content of free water molecules in ghee or
coconut oil is much lower than that in cheese or butter.
Therefore, a lower amount of butter (10, 20 and 40 g) or cheese
(4.0, 7.5 and 15 g) than ghee or coconut oil (100 g each) was
mixed with the DMSO solvent for effective fluorescence studies
to estimate the moisture content in those foodstuffs. Fluore-
scence spectra were recorded with the DMSO phase in the
presence of AH (0.5 uM) and KOH (10 uM) (¢f experimental).
The relative moisture amounts in different food samples
obtained by evaluating the normalized fluorescence intensities
are listed in Table 3 (Fig. S21, ESIt). The moisture amounts
were found to be ~15% for butter and ~48% for cheese
irrespective of different quantities of each sample taken (butter
sample: 10, 20 and 40 g; cheese sample: 4.0, 7.5 and 15.0 g) in
100 mL DMSO medium (Table 3). However, low moisture
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Table 3 Estimated water amounts in commercial food samples

Water-spike?  Total water®  Ap-A,?
Sample Amount® (g) (%, v/v) (%, wiw) (%, wiw)
Butter 10.0 — 15.0 = 0.2 —
20.0 — 14.9 £ 0.2 —
40.0 — 15.4 £ 0.2 —
Cheese 3.0 — 48.2 +£ 0.3 —
7.5 — 48.5 + 0.3 —
15.0 — 47.1 + 0.3 —
Ghee 100 0 0.32 + 0.04 —
0.50 0.79 + 0.04 0.47
1.00 1.34 £+ 0.06 1.02
1.50 1.83 £+ 0.06 1.51
Coconut oil 100 0 0.40 £ 0.04 —
0.50 0.87 + 0.05 0.47
1.00 1.41 £+ 0.06 1.01
1.50 1.88 £+ 0.06 1.48

“ Mass taken in 100 mL of DMSO solvent. ” Volume% of water with
respect to DMSO volume. © Amount of water with respect to 100 g of
food sample. ¢ Subtracted value of estimated water% without the water-
spike from the total estimated water%.

amounts of ~0.3% and 0.4% were estimated for ghee and
coconut oil, respectively (Table 3 and Fig. S21(C and D), ESI¥).
As described earlier, higher moisture contamination in pure oil-
based commercial ghee or coconut oils make them susceptible to
water rancidity. To validate our method with detecting higher
water%, we introduced additional 0.5, 1.0 or 1.5% water-spike in
the DMSO medium containing ghee or coconut oil sample
(Fig. S21(C and D), ESIf). The recovered moisture amount after
subtracting the actual moisture present, i.e., 0.3-0.4% (estimated
without water-spike) in the commercial sample, from the esti-
mated total found water% were closely similar to the amount of
respective amounts of water-spikes (Table 3). The results strongly
indicate that the present moisture detection protocol can be
applied to arrest the water rancidity by identifying the contamina-
tion of higher moisture% than its permissible limit for those
essentially moisture-free food items with great accuracy.

Conclusions

We demonstrated a sensitive fluorometric method for the
detection of trace moisture in various common aprotic solvents
using a simple aldehydic phenol probe molecule. The pheno-
late form of the probe participates in the H-bonding interaction
with water in the aprotic medium to exhibit a large blue-shift,
from ~485 nm to 440 nm, in the absorption or fluorescence
excitation spectra, although both H-bonded and free phenolate
forms of probe show similar emission characteristics owing to
the dissociation of the H-bond in the excited state. The water-
induced spectral blue-shift and subsequent emission intensity
increase and decrease for excitation at 440 nm and 485 nm,
respectively, and they were utilized for the detection of moisture.
Both those emission intensities changes for two different excita-
tions were combined in a single spectral profile to enhance the
detection sensitivity eliminating the dependency of the probe
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concentration for the ratiometric detection of moisture even in
complex heterogeneous samples. The atmospheric moisture
incorporation kinetics was evaluated for various aprotic solvents.
Moreover, we estimated the water amount in butter or cheese
with a relatively high water content and edible coconut oil or
ghee food samples with a low water content. We have also shown
that the present water detection protocol is highly effective to
check water rancidity in ghee and coconut oil during their
manufacture from high-water content raw materials.
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Detection of methanol (MeOH) in an ethanol (EtOH)/isopropanol (PrOH) medium containing water is
crucial to recognize MeOH poisoning in alcoholic beverages and hand sanitizers. Although chemical
sensing methods are very sensitive and easy to perform, the chemical similarities between the alcohols
make MeOH detection very challenging particularly in the presence of water. Herein, the fluorometric
detection of a trace amount of MeOH in EtOH/PrOH in the presence of water using alcohol
coordinated Al(i)-complexes of an aldehydic phenol ligand containing a dangling pyrazole unit is
described. The presence of MeOH in the EtOH/'PrOH causes a change of the complex geometry from
tetrahedral (Td) to octahedral (Oh) due to the replacement of the coordinated EtOH/'PrOH by MeOH
molecules. The Td-complex exhibited fluorescence but the Oh-species did not, because of the
intramolecular photo-induced electron transfer (PET). By interacting the Oh species with water, its one
MeOH coordination is replaced by a water molecule followed by the proton transfer from the water to
pyrazole-N which generates strong fluorescence by inhibiting the PET. In contrast, the water interaction
dissociates the Td-complex to exhibit fluorescence quenching. The water induced reversal of the
fluorescence response from the decrease to increase between the absence and presence of MeOH is
utilized to detect MeOH in an EtOH/'PrOH medium containing water with a sensitivity of ~0.03-0.06%
(v/v). The presence of water effected the MeOH detection and allows the estimation of the MeOH
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rsc.li/rsc-advances contamination in alcoholic beverages and hand sanitizers containing large amounts of water.

used to alter the EtOH strength in alcoholic beverages to give
a higher profit. Nevertheless, in recent times during the COVID-
19 pandemic, a large number of poisonous MeOH containing
hand sanitizers were seized worldwide, even after repeated

Introduction

Worldwide, hundreds of economically constrained people are
dying every year because of consumption of methanol (MeOH)

contaminated illicit liquors.*” In the countryside, use of crude
fermentation methods and improper distillation are the main
culprits for the MeOH contamination in ethanol (EtOH). In
some cases, unavoidable MeOH formation during standard
fermentation processes is also a major concern.* Consumption
of MeOH beyond a certain permissible limit (1—2 mL per kg
body mass) directly affects the central nervous system, by
inhibiting the activity of cytochrome c oxidase, causing hypoxia,
acidosis or even a painful death.”® Even a minute amount of
MeOH ingestion, approximately 10 mL of dietary intake, is
potent enough to cause some adverse effects.'®"* The use of
much less expensive MeOH is a very common illegal practice
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warnings from the FDA."> Because the use of costly EtOH and
isopropanol (‘PrOH) based hand sanitizers has significantly
increased to help combat the COVID-19 pandemic, indiscrimi-
nate commercial production inevitably increases the chance of
using MeOH containing cheaper hand sanitizers.*?

The MeOH, EtOH and ‘PrOH are all chemically similar in
nature.”* Thus, using a reaction based chemical sensor,
MeOH detection in commercial alcoholic beverages and hand
sanitizers containing a large amount of EtOH/'PrOH as well as
water is an extremely challenging task.'*™® In the search for an
alternative method of detection, researchers focused on various
other analytical procedures, such as different types of mass
spectrometry (MS),***' gas chromatography,?** cyclic voltam-
metry,” capillary electrophoresis,® quartz crystal microbal-
ances (QCMs) and so on.*” However, costly sophisticated
instrumentation, the requirement of skilled technicians or
tedious standardizations for the previous methods are major
disadvantages for using them in routine analysis. In view of
their cost-effectiveness and easy detection protocol, the reaction
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based chemical sensing methods are far superior detection
techniques.

Fluorometric chemical sensing because of its ultra-high
sensitivity is considered to be one of the most effective
methods. Despite this, few organic fluorescent probes for
MeOH are reported in the literature and those that are have
certain limitations."”**>° Different materials have also been
used as MeOH fluorosensors such as a supramolecular ionic
material by Zhang et al.,** a bimetallic lanthanide-organic
framework by Du and co-workers,>® and nitrogen-doped
oxidized carbon dots by Latha et al** In most of the cases
MeOH is differentiated only from EtOH but not from ‘PrOH.
The detection is based on either an increase or decrease of the
relative intensity changes between MeOH and EtOH but never
in the opposite direction, that is an increase for one and
a decrease for the other. In addition, the effect of a large amount
of water in the sample being analyzed for MeOH, although
useful in the preparation of alcoholic beverages and hand
sanitizers, has not been thoroughly investigated. Thus, it is
proposed that the MeOH detection based on water induced
a reverse fluorescence response for the probe such as an
increase in intensity in the presence of MeOH but a decrease in
intensity in its absence for a EtOH/'PrOH medium.

The aldehydic phenol ligand (PPY) and its alcohol coordi-
nated Al(ur)-complexes were strategically synthesized, and they
exhibited a water mediated MeOH selective fluorometric
response. The presence of MeOH in EtOH/PrOH induces
a change in the complex geometry from a fluorescent tetrahe-
dral (Td) form to a weakly fluorescent octahedral (Oh) form,
which is due to the exchange of coordinated EtOH/'PrOH by
MeOH. The interaction of water with the Oh-species exhibited
a strong fluorescence intensity because of the exchange of its
one coordinated MeOH with a water molecule followed by an
intramolecular proton transfer from the coordinated water to
the ligand moiety. However, the less stable Td-complex in the
absence of MeOH is dissociated by the water interaction to
exhibit an intensity decrease. Such water induced opposite
intensity changes between the absence and presence of MeOH
are utilized to detect MeOH in EtOH/PrOH and in alcoholic
beverages/hand sanitizers in a water medium.

Experimental

The general experimental procedures and materials are
described on page S2 of the ESL.{

Synthesis of PPY

Firstly,  3,5-dimethylpyrazole (1) and  2-hydroxy-3-
(hydroxymethyl)-5-methylbenzaldehyde (2) were synthesized
according to published procedures.**** To synthesize 3-
(chloromethyl)-2-hydroxy-5-methylbenzaldehyde (3), 2 (0.5 mol)
was taken in 2 mL of dichloromethane (DCM, CH,Cl,) and the
suspension obtained was stirred. Freshly distilled SOCI, in
DCM was added drop wise (final ratio of SOCl, : DCM = 1:1)
under constant stirring. The yellow colored solution obtained
was then stirred for another hour. Then the unreacted SOCI,
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was removed. The solid residue was dissolved in 1 mL of DCM
and the solution was further diluted in 1 mL of hexane. The
diluted solution was then kept until it had evaporated to
dryness, which produced white colored crystals. Next, 1.84 g (10
mmol) of 3 was dissolved in 5 mL of dry THF. Then, 0.96 g (10
mmol) of 1 was taken in 20 mM of TEA. The solution of 1 was
added drop wise into the solution of 3, and the mixture was
stirred for 24 h. The solution was extracted with brine solution
and activated by Na,SO, to obtain the desired product (PPY),
which was further purified using column chromatography. 'H-
NMR (DMSO-dg, 400 MHz): 2.08 (s, 3H, ArCHj3), 2.23 (s, 6H,
Py-2CH3;), 2.51 (solvent residual peak), 3.33 (due to trace H,0),
5.14 (s, 2H, CH,-Ar), 5.86 (s,1H, Py-C=CH), 6.98 (s,1H, ArH),
7.49 (s,1H, ArH), 10.08 (s, 1H, CH=0), 11.12 (s,1H, ArOH) ppm.
13C.NMR (DMSO-dg, 75 MHz): 10.96, 13.82, 20.51, 39.51-40.90
(solvent residual peak), 46.51, 105.44, 121.82, 126.43, 129.27,
131.85, 136.95, 139.96, 139.79, 146.99, 156.36, 196.19 (Fig. S1
and S2, ESIt). ESI-MS' for PPY in methanol: m/z calc. for [PPY +
H]'": 245.281, found: 245.221 (Fig. S3A, ESIY).

Generation of PPY/AP*" in situ complex and its reaction with
water

For preparation of a stock solution of AlCl; (1 mM), appropriate
amounts of anhydrous AICIl; were taken in different alcohol
mediums and the mixture was vortexed until completely solu-
bilized. Stock solutions of PPY (1 mM) in each alcohol medium
were prepared separately. The alcohol medium was kept the
same for the preparation of stock solutions and reaction
medium. A portion (10 pL or 4 pL) of the stock solution of PPY
(final concentration: 10 uM or 2 uM) was added to each reaction
medium (final volume 2 mL) containing various amounts of
AlCl; (5-200 uM) in the absence or presence of water and/or
MeOH in alcohol mediums under constant stirring, and the
time-dependent PPY/AI’* complex formation kinetics were
monitored using UV-vis absorption and fluorescence studies at
25 °C. A diluted solution of PPY/AI** (0.1 uM PPY + 5 uM AICI;)
was used for the limit of detection (LOD) studies.

UV-vis absorption and fluorescence studies

The UV-vis absorption and fluorescence studies were carried out
in a double beam spectrophotometer (TCC-240A, Shimadzu,
Japan) and spectrofluorometer (LS 55, PerkinElmer). The fluo-
rescence spectra were obtained upon excitation at 402 nm
(excitation band-pass: 10 or 8, and emission band pass: 2 or 8).
Time-dependent fluorescence intensities at 505 nm were
monitored for up to 60 min upon excitation at 405 nm while
maintaining the same excitation and emission band-pass. The
measuring solutions were filtered using a 0.45 mm filter (Millex,
Millipore). The data reproducibility was checked using multiple
measurements.
The LOD for MeOH was obtained as:*®

Detection limit (LOD) = 3a/k,
where ¢, and k represent the experimental standard deviation

and slope value of the linear fitting, respectively.
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The fluorescence quantum yields were measured according
to a procedure described earlier.*”

Theoretical calculations

For structural optimization, density function theory (DFT)
calculations were performed with the Gaussian 09 Program.*®
Time-dependent DFT (TD-DFT) calculations were performed to
obtain UV-vis absorption parameters of different species. The
structural optimizations were carried out by considering the
B3LYP exchange-correlation functional and the 6-31G basis
function.

Results and discussion

Probe design for MeOH detection

The synthesis route of the AI** binding aldehydic phenol ligand

consisting of a dangling pyrazole unit (PPY) is shown in Scheme
1. It has recently been reported that the AI’* ion exhibits
a strong complex formation affinity with phenolic Schiff-base
molecules by binding to phenolic-O and imine-N in alcohol
solvents, and the rest of the Al(m)-coordination sites were filled
by alcohol molecules.* In this research, the aldehydic moiety
was deliberately not converted into the corresponding imine
functionality of PPY, in order to achieve a reduced complex
formation affinity due to the weaker interaction ability of
aldehydic-O than that of the imine-N. Thus, upon the addition
of a trace amount of the MeOH in the EtOH/PrOH medium,
a spontaneous conversion from a structurally fragile Td geom-
etry to a relatively stable Oh symmetrical PPY/AI** complex is
possible due to the exchange of coordinated EtOH/'PrOH by
MeOH molecules. The reaction of water with PPY/AI’*" induces
a fluorescence increase for the Oh species, but an intensity
decrease for the Td complex. The MeOH induced the reversal of
the fluorescence intensity change due to the change of the Al(m)
geometry which was utilized for the detection of trace MeOH in
EtOH/'PrOH.

The PPY/AI’* complex formation and its interaction with
water

In the presence of anhydrous AICl; (200 pM), the UV-vis
absorption intensity at ~340 nm for PPY (10 uM) in alcohol
solvents decreased gradually with time (up to 60 min), upon the
formation of a new intensity at 405—410 nm through an iso-
sbestic point at ~378 nm (Fig. 1 and S4, ESI{), indicating that
PPY was involved in a complex formation reaction with the AI**
ion by a kinetically slow process. The amount of complex
formation was evaluated directly by judging the relative

HN—N (1
TH F/ITEA °

o OH OH o cl \
(3) (PPY)

_S0Ch
—hc,

Scheme 1 Synthesis route of PPY.
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Fig. 1 The UV-vis absorption spectra of PPY (10 pM) in the presence
(solid lines) and absence (broken lines) of 2.5% (v/v) water containing
anhydrous AlClz (200 uM) at 25 °C: red, MeOH; blue, EtOH and green,
'PrOH. The spectra were collected during the 60 min of AlCls addition.
The spectra of PPY in the absence of AlCls and water are depicted in
their respective light colors for comparison.

intensity changeover from ~340 nm to the 405-410 nm
absorption band, because both intensities are not overlapped by
each other (Fig. 1). However, to estimate the equilibrium
between PPY and its Al(m)-complex in the presence of various
amount of AICl; (20-200 pM), the intensity values when the
reaction attained equilibrium in nearly in 60 min were evalu-
ated (Fig. 1 and S5, ESI¥). It should be noted that a large amount
of AI’" (~200 uM, 20 equiv.) was required to react all the PPY
with AI*" in an MeOH medium (Fig. 1 and S5, ESI), which
suggested that the interaction of PPY with the AI** ions was not
only kinetically slow but also thermodynamically weak in
nature. However, large fractions of unreacted PPY ~60% in
EtOH and ~50% in ‘PrOH medium were identified in the
presence of the same concentration of AI** (20 equiv.) (Fig. 1).
This result indicates that the complex formation affinity was
reduced even more in the EtOH/PrOH than in the MeOH
medium.

In spite of inadequate complex formation in the EtOH or
PrOH solvents, the intensity at ~405 nm for the PPY/AI*
complex was ~3-fold larger, i.e., there was a 6-7 times higher
molar extinction coefficient (&) value (~1.1 x 10* M~ ' em™ 1),
than that observed in MeOH (~0.17 x 10* M~ ' em ™) (Fig. 1).
Although phenolate-O and AI** bond formation was quite
obvious, the formation of aldehydic-O with the AI** bond was

ettt

0 10 20 30 40 50 60 450 500 550 600 650
Time (min) Wavelength (nm)

Fig. 2 (A) Time-dependent fluorescence intensity changes at 505 nm
upon the addition of anhydrous AlClz addition (50 uM), and (B) fluo-
rescence spectrain 60 min of AlClz addition in various alcohol solvents
in the presence (solid line) and absence (broken line) of 2.5% (v/v) water
containing PPY (2 uM) at 25 °C: red, MeOH; blue, EtOH and green,
'PrOH. The spectrum in the absence of PPY is shown in grey (B). The
excitation wavelengths were 405 nm in both (A and B).
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assured by an up-field "H-NMR chemical shift from ~9.91 to
9.53 ppm, which was presumably due to an AI** binding
induced, increased negative charge density at the aldehydic-O
(Fig. S6 and S7 ESI,T compare with the theoretical calculation
section). Furthermore, a 1 : 1 PPY to Al** binding with a reflec-
tion of coordinated alcohol molecules (maximum up to four
MeOH molecules (m/z cale. for [PPY + 4MeOH + Al + CIJ":
433.873, found: 433.912) and two EtOH molecules (m/z calc. for
[PPY + 2EtOH + Al + CI]: 397.854, found: 397.823)) were
recognized in the ESI-MS" studies (Fig. S3B and D ESIY)). The
results indicated that the saturation of the Al(ur)-coordination
was effected by the solvent alcohol molecules. The reaction of
MeOH (1-20% (v/v) with the solvent coordinated PPY/AI** in the
presence of unreacted PPY in EtOH/'PrOH showed a gradual
decrease of both UV-vis intensities at ~340 nm of unreacted PPY
and at ~403 nm of the PPY/AI’* complex due to newly formed
MeOH coordinated complexes and a replacement of coordi-
nated EtOH/'PrOH by MeOH molecules in the solvent coordi-
nated PPY/AI*", respectively, (Fig. S8, ESIt). The results justified
the proposition that the stability or formation affinity was
higher for MeOH coordinated PPY/AI*" than for the EtOH/'PrOH
coordinated one.

The interaction of the PPY/AI** complex with water mole-
cules in EtOH/'PrOH medium showed an increase of absorption
intensity at ~340 nm whereas a decrease in intensity at
~405 nm indicated the dissociation of the complex (Fig. S9,
ESIf). However, a similar water interaction in the MeOH
medium caused a large increase of absorption intensity (~4-
fold) at 405 nm without generating any absorption band at
~340 nm for free PPY (Fig. 1). This result shows that water
reacted with the Al(m) center in the MeOH coordinated PPY/AI**
complex without disturbing the PPY and Al(m) interaction.
Because of the greater stabilities of MeOH coordinated species,
an incorporation of a water molecule in the Al(u) coordination
site may occur by it replacing one coordinated MeOH molecule,
and this phenomenon was verified from the ESI-MS" measure-
ments (m/z calc. for [PPY + 3MeOH + H,O0 + Al + CI]": 419.842,
found: 419.762) (Fig. S3C, ESIY).

Solvent alcohol/water induced fluorescence response for PPY/
A13+

The PPY exhibited no fluorescence intensity. With an addition
of AICl; (50 uM, 25 equiv.) in separate different alcohol
mediums (MeOH, EtOH or ‘PrOH) containing PPY (2 uM), the
fluorescence intensity at ~510 nm was enhanced gradually with
time until the intensity was nearly saturated in ~60 min of AI**
addition (Fig. 2A). However, the saturated intensity value varied
widely depending on the alcohol medium. Compared to MeOH,
~8- and 2-fold larger intensities were detected in "PrOH and
EtOH, respectively, (¢r ~ 0.013 for MeOH, ~0.025 for EtOH, and
~0.102 for ‘PrOH) (Fig. 2). Interestingly, the interaction of water
with the PPY/AI’* complex exhibited an increase of intensity in
the MeOH medium but an intensity decrease in the EtOH/'PrOH
medium (Fig. 2). An intensity increase of about 6-fold was
observed in the MeOH medium containing ~1.2% (v/v) water,
whereas the intensity increased maximally up to ~6.7-fold (¢r ~
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Fig. 3 The ratio of fluorescence intensities at 505 nm for the PPY/A*

complex in the presence of various amounts of water% and its absence
are plotted with the value of water% (v/v) in different alcohol mediums
at 25 °C: red, MeOH; blue, EtOH and green, ‘PrOH. The intensity values
in the absence and presence of different water% are collected in
60 min of anhydrous AlClz (50 uM) addition in the medium containing
PPY (2 pM). Inset: the Y-axis expanded plots for EtOH and 'PrOH
medium are shown for clarity. Excitation and emission wavelength
were 405 and 505 nm, respectively. The data points for each alcohol
solvent are fitted using a single exponentially-fitted method. The
average value for each data point is obtained from triplicate
measurements (n = 3).

0.09) in the presence of ~2.5% water (Fig. 3). In contrast,
intensity quenching, almost completely in ‘PrOH and ~20% in
EtOH solvents was detected by the addition of 5% water (Fig. 3).
Similarly to the EtOH/'PrOH solvent, the water induced fluo-
rescence decrease was noticed for other alcohols (n-PrOH,
‘BuOH, n-hexanol) (Fig. S10, ESIT). Therefore, MeOH is a unique
alcohol to use to show the water induced fluorescence increase.

DFT theoretical calculations: complex structure vs. optical
response

40-42

The Al(m) can exist as both Oh and Td geometric forms,
where the Oh symmetry is more preferred than the Td
symmetry.*2 According to the results of the ESI-MS" studies,
coordination of four MeOH and two EtOH molecules in the
respective solvents were identified (Fig. S3, ESIt). Because PPY
was acting as 1 : 1 bi-dentate ligand for AI**, the coordination of
the four MeOH molecules was related to the Oh geometry of
Al(m). However, the same number of alcohol molecules binding
for bigger EtOH or ‘PrOH or any other alcohol molecules may
not be a steric fit around the Al(u) coordination sphere, thus
a less stable Td structure which would allow two EtOH/'"PrOH
molecules was the most likely to occur (Scheme 2).

Using a DFT based theoretical calculation, it was identified
that a possible Oh to Td structural interconversion for PPY/AI’*
was responsible for the alcoholic solvent dependent changes in
UV-vis absorption and fluorescence properties, both in the
presence and absence of water. The ground state geometries of
four MeOH and two EtOH/'PrOH molecules coordinated Oh and
Td complexes, respectively, with common phenolic-O and
aldehydic-O coordination were optimized using B3LYP density
function and a 6-31G basis set. The UV-vis absorption properties
for the Oh and Td structures were evaluated using the TD-DFT
calculations on the optimized ground state structures. The
calculated HOMO to LUMO electronic transitions at ~409 nm

© 2021 The Author(s). Published by the Royal Society of Chemistry
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for both Oh and Td structures corresponded well with the
respective experimental absorption wavelengths (Fig. 1, 4 and
Scheme 2). In a similar way to the experimentally observed UV-
vis intensity increase at ~405 nm obtained by changing the
solvent medium from MeOH to EtOH/PrOH, the HOMO —
LUMO oscillator strength (f,) for the MeOH coordinated Oh
geometry (~0.04) was found to be significantly lower than that
detected for the EtOH/"PrOH coordinated Td geometry (~0.07)
(Fig. 4). When one coordinated MeOH close to the pyrazole-N
was replaced by a water molecule, the optimized structure
showed a proton transfer reaction from the coordinated water
molecule to pyrazole-N, and a large increase of f, from ~0.04 to
0.09 was detected (Fig. 4 and Scheme 2). The increase of f.y
agreed well with the experimentally observed water induced
large increase of UV-vis intensity in the MeOH medium (Fig. 1).

The efficient PET process from the pyrazole unit to the
aldehydic phenol chromophore moiety made the PPY non-
fluorescent (Fig. S11, ESIf). For the MeOH coordinated Oh
structure, the PET process did not disturb it significantly, and
thus a weak fluorescence intensity was observed experimentally
(Fig. 2 and 4). However, the electron distribution in both HOMO
and LUMO for EtOH or ‘PrOH coordinated Td-species centered
mostly at the aldehydic phenol chromophore, and the resultant
suppression of the PET process made the Td complex highly
fluorescent (Fig. 2, 4 and Scheme 2). Most interestingly, the
calculations also identified that the PET process in the water
substituted Oh species was eliminated, which clarified the
probable reason for the water induced large increase of fluo-
rescence intensity in the MeOH medium. All these studies
suggested that the change of Al(ur) geometry from Oh to Td may

H,O |
(MeOH 0 N\ N
M°°—A'\°Me MeQ— \AI\ N=
W/ \ o

o
" MeO oh e e Oh
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Yy r¢ ~
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(PPY) N strong abs moderate fluorescence
non-fluorescent [A'q/‘y
’- 2 HZO Dissociation
’P ’Pr
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H,0 Di -
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(EtOH) (decrease fluorescence)

('PrOH) (decrease fluorescence)
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Scheme 2 Mechanistic view of alcoholic solvent selective formation
of geometrically different PPY/A®* complexes and their reaction with
water molecules. The Al(i) coordination saturation for the octahedral
(Oh) geometry in MeOH and the tetrahedral (Td) geometry in EtO-
H/'PrOH medium are achieved by the coordination of four MeOH and
two EtOH/PrOH molecules, respectively. The coordination geometry
dependent relative UV-vis absorption (abs), and the emission param-
eters of the PPY/A®* complex are shown.
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be responsible for the alcohol solvent dependent change in
optical response for the PPY/AI*" complex.

Detection of MeOH in EtOH or ‘PrOH in the presence of water

It was found that the addition of water induced a fluorescence
increase for MeOH coordinated Oh PPY/AI®**, whereas the
intensity decreased for the EtOH/PrOH coordinated Td
complex (Fig. 3). An intensity increase of about 6.7-fold was
found in MeOH/water mixed medium, which remained unaf-
fected within a water% of ~2.5%-11.0% (v/v), although the
intensity decreased gradually as the water% was further
increased (Fig. 3 and S12, ESIt). However, for the water%
amount above ~75%, the intensity value was found to be less in
comparison to that observed in the absence of water (Fig. S12,
ESIT). It was also observed that the coordinated solvent in the
PPY/AI** complex were replaced by MeOH from the EtOH/'"PrOH
molecules with a subsequent change of complex geometry from
Td to Oh by the addition of MeOH in EtOH/PrOH (Fig. 2,
Scheme 2, and Fig. S8, ESIf). Additionally, the residual
unreacted PPY existed after the completion of a complex
formation in EtOH/'PrOH medium reacted further with AI*" to
form MeOH coordinated PPY/AI*" in the presence of MeOH
(Fig. S8, ESIt). Moreover, the presence of 10% MeOH in the
solution with various EtOH/'PrOH to water ratios showed that
the presence of water effected different extents of intensity
increase up to 70% water (Fig. S13, ESIt). All these results
strongly suggest that the relative percentage of MeOH

. ‘1+AI3' in MeOH

Fig. 4 Frontier molecular orbital (FMO) profiles including different
calculated UV-vis absorption parameters of MeOH (A: left upper panel)
and MeOH/H,O (A: right upper panel) coordinated Oh. The EtOH (B:
left lower panel) and ‘PrOH (C: right lower panel) coordinated Td
complexes based on DFT and TD-DFT (B3LYP/6-31G) calculations.
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coordinated Oh complex with respect to the EtOH/"PrOH coor-
dinated Td species should be much higher even in the presence
of a low amount of MeOH in EtOH/'PrOH. The water effected
fluorescence intensity increased in the presence of various
MeOH amounts was investigated for its potential use in the
analytical detection of MeOH in EtOH/'PrOH.

In the EtOH/PrOH medium containing water, the intensity
ratios between the presence and absence of MeOH increased
gradually with the increase of MeOH% (0.5-10% (v/v)) when the
amount of any fixed water% value was within 2.5-55% (Fig. 5
and S14, ESI}). The relative intensity enhancements depended
on the water%. For a solution containing 10% MeOH, the
relative intensity increments were ~2.0-, 3.1-, 2.5- and 1.5-fold
for the EtOH system or ~1.8-, 3.7-, 3.5- and 2.2-fold for the
‘PrOH system in the presence of 2.5%, 10%, 25%, and 55% (v/v)
of water, respectively (Fig. 5). The extent of the relative intensity
increase with increasing MeOH% under various water% (2.5-
55%) values followed a fairly good linear correlation (residual of
fitting x> ~ 0.99) for both the EtOH and ‘PrOH systems, where
the water% dependent slope values were estimated to be ~0.10,
0.21, 0.15 and 0.08 for EtOH or ~0.08, 0.26, 0.25 and 0.12 for
‘PrOH in the presence of 2.5%, 10%, 25% and 55% water,
respectively (Fig. 5). Using the linear calibration curve, the
unknown amount of MeOH in the EtOH/PrOH solvent con-
taining various water% can be evaluated ratiometrically. It was
evident that the water amount present in the solution played the
most critical role for the MeOH detection sensitivity, in which
the sensitivity was at maximum at a water amount of ~10% (v/v)
for both EtOH and ‘PrOH. Notably, the MeOH (10% v/v) also
induced an appreciable amount of increased fluorescence
intensity for PPY/AI*" and this was also observed in other
alcohol mediums (n-PrOH, ‘BuOH and n-hexanol) containing
5% water (Fig. S15, ESIT), which indicated that the MeOH
detection selectivity of the PPY/AI** complex did not alter with
the change of alcohol systems. However, to detect a low amount
of MeOH or low LOD values, fluorescence studies were

4 6
MeOH % (v/v) MeOH % (v/v)

Fig. 5 Relative fluorescence intensity changes between the presence
and absence of MeOH for PPY/AI** are plotted with MeOH% (v/v) in (A)
EtOH/water and (B) 'PrOH/water mixed medium containing various
amounts of water% (v/v): black, 2.5%; red, 10%; blue, 25%; orange, 55%.
The identical value of water% before and after the MeOH spike was
maintained by an addition of an appropriate amount of water in the
spiked sample. The intensity values in the absence and presence of
various MeOH% were collected during the addition of AlCls (50 uM),
over 60 min, to the medium containing PPY (2 uM). The data points for
each solvent system are fitted with a linear equation. Excitation and
emission wavelengths were 405 nm and 505 nm. The average value for
each data point is obtained from triplicate measurements (n = 3).
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conducted in the presence of very low PPY/AI’* concentrations
(0.1 uM PPY and 4 uM AI**) so that an appreciable fluorescence
response can be observed even in the presence of much lower
amount of MeOH. The fluorescence intensity changes in the
presence of much lower amounts of MeOH (0.05-0.30%) are
shown in Fig. S16 (ESIt). The LOD was evaluated using the
equation: LOD = 30/k (see Experimental section). The LOD
values for MeOH detection were estimated to be ~0.03%-0.06%
depending on the solvent compositions.

The water% dependency variation of the fluorescence
response for MeOH was interpreted by combining the water%
dependent various extent of intensity increase for MeOH
medium in the absence of EtOH/PrOH and the intensity
decrease for EtOH/'PrOH in the absence of MeOH (Fig. 3 and
S12, ESIt). The presence of a small amount of MeOH in the
EtOH/'PrOH medium replaced coordinated EtOH/'PrOH with
MeOH molecules in PPY/AI’" to obtain a Td to Oh structural
change. However, the existence of an EtOH/'PrOH coordinated
Td complex and its water interaction induced intensity decrease
cannot be neglected entirely in the interpretation of the fluo-
rescence response values in the presence of various amounts of
MeOH and water. The presence of a water induced ~6.7-fold
intensity increase remains unchanged between 2.5% and 10%
of water for MeOH in the absence of EtOH/'PrOH (Fig. 3 and
S12, ESI}) and the observed intensity was decreased by
increasing the water% (2.5% to 10%) for EtOH/'PrOH in the
absence of MeOH, which effects the enlargement of the MeOH
detection slope value (~0.10 to 0.21 for EtOH and ~0.08 to 0.26
for ‘PrOH) by the increase of water%. Significantly higher slope
changes for ‘PrOH medium: ~3.7-fold compared to ~2.1-fold
for EtOH medium due to the increase of water% (2.5% to 10%)
was rationalized by the increased water amount which induced
a greater amount of intensity quenching for ‘PrOH (~90%) than
the EtOH medium (45%) in the absence of MeOH (Fig. 5 and
S12, ESIt). However, any further increase of water% from 10%
to 55% produced a larger intensity decrease for MeOH in the
absence of EtOH/'PrOH than for EtOH/'PrOH in the absence of
MeOH (Fig. S12, ESIt), and thus a gradual decrease of the
MeOH detection slope value from ~0.21 to 0.08 for EtOH and
~0.26 to 0.12 for ‘PrOH was observed.

The MeOH detection in alcoholic samples and sanitizers

The EtOH% in alcoholic beverages are dependent (5-70% (v/v))
on their classifications, and usually water is the rest of the
liquid volume. However, according to WHO guidelines, the
composition of hand sanitizers should be ~80% EtOH (v/v) or
75% ‘PrOH (v/v), glycerol (1.45% (v/v)), and H,0, (0.125% (v/
v)).** Spiked MeOH% in high and low EtOH% containing
vodkas (~45% (v/v)) and wine (~15% (v/v)) samples, respec-
tively, were estimated. As the MeOH detection sensitivity at
above 55% (v/v) of water was comparatively low (Fig. S12 and
S13, ESIf), an external EtOH addition is required for the
detection of MeOH in the wine samples. In addition, spiked
MeOH was estimated both in the presence and absence of
externally added EtOH to show the applicability of the method
for alcoholic beverages containing higher EtOH%. However, the
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spiked MeOH amounts were estimated in EtOH- and ‘PrOH-
based hand sanitizers without any further addition of external
EtOH/'PrOH.

To observe the MeOH induced fluorescence intensity
increase, the water% before and after MeOH spikes in the hand
sanitizer samples were maintained by addition of an appro-
priate amount of water in the spiked MeOH sample. With the
increase of MeOH spikes from 0.5% to 10% in the vodka sample
in the presence and absence of externally added 30% EtOH
(total water ~25%), the relative fluorescence intensity between
the presence and absence of MeOH was found to increase
linearly from 1.04- to 1.77-fold and 1.08- to 2.45-fold, respec-
tively (Fig. 6A-C). For a wine sample with the externally added
30% EtOH, the relative intensity also increased linearly from
1.05- to 1.78-fold (Fig. S17, ESIt), where the slope value of the
linear plots ~0.08 was found to be similar to that obtained for
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Fig. 6 The relative fluorescence spectral changes between the
presence and absence of MeOH for PPY/A* with various MeOH
spikes (0.5-10% (v/v)) in an alcoholic beverage (vodka: labelled EtOH%
~ 45% (v/v)) in (A) the absence and (B) the presence of externally added
30% EtOH, and (D) EtOH or (E) 'PrOH-based hand sanitizers (labelled
'PrOH ~75% and EtOH ~80%) at 25 °C. The spectra in the absence of
MeOH spikes are shown in black. The maximum intensity values for
alcoholic beverages (C) and hand sanitizer (F) samples are plotted
against the amount of the MeOH spikes. (A—C) Blue and red corre-
spond to the presence and absence of externally added 30% EtOH,
respectively. (D—F) Purple and green correspond to EtOH- and 'PrOH-
based hand sanitizer, respectively. (A—F) The identical value of water%
before and after of MeOH spike was maintained by using an appro-
priate amount of water addition in the spiked sample. The intensity
increases with the increase of MeOH% are shown by arrows. The
excitation wavelength was 405 nm. The average value for each data
point is obtained from triplicate measurements (n = 3).
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a known EtOH/water mixed medium (45% EtOH) or vodka (45%
EtOH) sample (Fig. 5A). In addition, the slope values for vodka
samples with 30% EtOH added externally (total EtOH, 75%)
were also similar to the results obtained for the known 75%
EtOH medium (Fig. 5A, 6B and C). All these results clearly
showed that the presence of other chemicals in alcoholic
beverages did not disturb the detection ability of the MeOH.
Even without knowing the accurate water% value in the test
sample, the estimation of MeOH contamination was possible
from the correlation of fluorescence response of the test sample
with the linear calibration plots for the corresponding MeOH
free alcoholic beverages (Fig. 6C).

The fluorescence spectra for PPY/AI** in EtOH (80%) or
'PrOH (75%) and a water mixed medium remain unchanged by
the addition of glycerol (1.45% (v/v)) or HyO, (0.125% (v/v)),
both in the presence and absence of MeOH (Fig. S18, ESIf),
showing that the presence of glycerol and H,0, in hand sani-
tizers did not affect the performance of the probe. The intensity
increased linearly from ~1.05 to 2.38 for EtOH-based sanitizer
or from ~1.08 to 3.22 for the ‘PrOH-based sanitizer because of
the increase of the amount of MeOH spiking from 0.5% to 10%
under the identical water% condition. The observed slope value
of ~0.22 for the ‘PrOH-based sanitizer and of ~0.14 for the
EtOH-based sanitizer were similar to that detected for the
known 80% EtOH and 75% ‘PrOH medium, respectively (Fig. 5
and 6D-F). Therefore, an unknown amount of MeOH contam-
ination in hand sanitizers could be estimated by correlating the
intensity value of the test sample with the known linear cali-
bration line obtained for the EtOH (or ‘PrOH) containing water
or MeOH free standard for the EtOH (or ‘PrOH)-based hand
sanitizer.

As in the procedure described previously, a low level of
MeOH contamination in alcoholic beverages and sanitizer
could be estimated using a low probe concentration (0.1 uM
PPY and 4 pM AI**). The MeOH induced fluorescence spectral
changes in the presence of a lower amount of MeOH spikes
(0.06-0.18% for a vodka sample and 0.03-0.10% for the ‘PrOH
hand sanitizer) revealed that even a MeOH contamination of
below 0.1 uM in alcoholic beverages and sanitizer can be esti-
mated accurately by the present protocols (Fig. S19, ESIt). The
efficiency of probe recovery was also verified by conducting
EDTA induced fluorescence intensity quenching studies in
vodka and EtOH-based hand sanitizers. For both samples,
MeOH induced ~90% of the increased intensity for PPY/AI**
which was found to be quenched by the addition of EDTA,
whereas the intensity recovered again upon further addition of
AI’" (Fig. S20, ESIT). The EDTA induced displacement of PPY
from the PPY/AI*" complex again participated in complexation
with the freshly added AI’" to regain the fluorescence intensity
by the reaction with MeOH present in solution. Thus, the probe
can be reused on several occasions.

Conclusions

A sensitive fluorometric MeOH detection method was demon-
strated in EtOH/'PrOH in a water medium using a 1 : 1 Al(u)-
complex of an aldehydic phenol ligand containing a pyrazole
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unit (PPY). The complex adopted the MeOH coordinated weakly
fluorescent octahedral (Oh) geometry from the fluorescent
tetrahedral (Td) structure by an addition of MeOH in the EtO-
H/’PrOH. The interaction of water with the Oh species causes
a large fluorescence intensity increase due to the exchange of
one coordinated MeOH by a water molecule, whereas a similar
water interaction for the Td complex resulted in an intensity
decrease due to its dissociation. The water mediated fluores-
cence intensity reversal due to the change in complex geome-
tries by the addition of MeOH was utilized to detect MeOH in
EtOH/'PrOH and various alcoholic beverages/hand sanitizers.
Such water induced MeOH detection could be very useful
industrially.
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