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ABSTRACT

The sense of smell is an important sense for humalaily life. Many
researchers have been trying to fabricate a dekatemimics the human olfactory
system, called “Electronic nose” (e-nose). Thidrumeent comprises an array |of
gas sensor, a transducer and a pattern recoguaitialysis. In this thesis, organi
thin film gas sensors have been fabricated fronmamiggdyes, namely, metallp-
porphyrin (MP) and metallo-phthalocyanine (MPc).tlB@ompoundbave been
used as sensing materials for volatile organic aamgs (VOC) based on optigal
detection. The interaction energy and the chamyester between sensing mater|als
and VOC molecules were investigated by the derfigitgtional theory (DFT) with
the B3LYP 6-31G* basis set. The objective of tliedis is to investigate various
kinds of optical gas sensors, for example, mixtul@ger of MP and MPq,
nanocomposite between MP and multiwall carbon ndet(MWCNT) ang
molecularly imprinted polymer (MIP) mixed MPc. Qgadl technique was used |as
the transducer to transform the physical propertiEsensing material to the
electronic signal. Two types of optical e-nose hbheen explored. The first type
employed the UV-vis spectrophotometer to monitdioap spectral changes of the
area integral under absorption spectrum. The setgredemployed light-emitting
diodes (LEDs) as the light source and CMOS photmdet was as transducer. The
latter e-nose system was invented as a portableadefinally, the principgl
component analysis (PCA) was performed as therpatéeognition to investigate
the performance of our e-nose systems. The resafitfrmed that both e-nosg
successfully classified VOCs vapor based on opyieadtive organic thin films.
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CHAPTER|
INTRODUCTION

1.1 Overview and Outline

Sensory perception has been the important sensing systems in human,
especialy for smell or scent. Human uses their odorant receptors in the nasal cavity to
recognize up to 10,000 kinds of odors. Scent plays a major role in our daily life, such
as detection of harmful conditionsand food selection. Many research studies have
been developed scent technology to facilitate human activities. Electronic nose (e-
nose) is a scent technology for odor classification that resembles the natural olfactory
system. In the olfactory system, there are millions odorant receptors working for odor
detection. Signals from the odorant receptors are accumulated and transmitted to the
brain by the olfactory bulb. Then, the brain classifies the odor types using pattern
recognition based on past memory. In turn, the e-nose system consists of a gas sensor
array, signa processing and pattern recognition, reflecting the biological odorant
receptors, olfactory bulb and brain, respectively [1]. In contrast to biological nose that
involves very complex biological and neural process, odor sensing in e-nose is based
on much simpler transduction techniques, such as electrochemical, gravimetric and
optical approaches. Electrochemical transduction, as often implemented in the metal-
oxide semiconductor gas sensor, is the most popular technology. The most used
sensing materia in the metal-oxides gas sensors is SnO, thin film, as reported to detect
several industrial gases such as methane, H,, CO, H,S and alcohols [2-3]. But Metal-
oxide gas sensors have to work at high temperature using additional electrical power
to supply the heater. Another electrochemical technology based on poly
polymer/carbon nanotube nano-composites was introduced to allow measurement at
room temperature [4]. Gravimetric transduction employs piezoelectric technique,
usually known as the quartz crysta microbalance (QCM), for sensitive mass
measurement by observing the change of oscillating frequency upon adsorption of the

odorants on the crystal surface. For example, Ding et a. reported a QCM-based device
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coated with copper(ll) tetrartert-butyl-5,10,15,20-tetraazaporphyrin that was sensitive
to hydrocarbon gases, i.e., hexane, benzene and toluene [5]. Optical transducer is an
interesting choice for developing e-nose technology. General optical instrument can be
used in e-nose setups, such as UV-Vis spectrophotometer, charge coupled device
(CCD) cameras and photo detector [6]. Moreover, new light sources have been
developed, for examples, solid-state lasers, laser diodes, and light-emitting diodes
(LEDs) [7]. LED technology was developed by Holonyak Jr. et a. based on GaAsP
layers, which emits red light [8]. Then LED has been applied to several problems in
chemical analysis such as absorbance, fluorescence and special analytical applications
measurement [9]. Most optical devices are easy to obtain because they have been
developed for several purposed such as telecommunications, entertainment and
computer. Therefore, optical devices are of reasonable price. In the first part, optical e
nose based on using UV-Vis spectrophotometer was developed in this thesis. Then,
LED and CMOS photo detector were used as light source and detector, respectively.
Finally, optical e-nose was developed in the form of portable briefcase.

Organic semiconductor materials such as Metallo-porphyrin (MP) and
metallo-phthalocyanine (MPc) can work as gas sensor based on the change in
electrical or optical properties via charge transfer on their surface upon interactions
with volatiles. It was found that MP and MPc are very versatile sensing materials for
detection of a wide range of gases. For examples, metallo-octaethyl porphyrins thin
films were tested with 2-propanol, ethanol, acetone and cyclohexane by recording the
reflected light intensity change [10]. Blending of MP and MPc aso lead to
enhancement of the sensor, as reported by Spadavecchia and co-workers [11]. They
blended phthal ocyanine and porphyrin to fabricate the sensing materials for methanol,
ethanol and isopropanol detection. They also proposed a very novel technique based
on optical absorption using MP and MPc as sensing materials, in which it employs
only one sensor film to detect and classify several gases depending on their selectivity
on specific wavelength regions. Many research works have reported that MP and
MPc are very effective sensing materials for optical sensing due to their versatile and
tunable spectra based on variation of centra metal and substituent of the molecules
[12-13]. Density functional theory (DFT) based on basis set of B3LYP 6-31G*was
used to optimize molecular structure of the MP and MPc compounds which compose
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of carbon, hydrogen and nitrogen atoms. Geometry and el ectronic structure of sensing
molecule was optimized. Charge transfer between sensing molecule and analyte
molecule was found by this calculation [14-15].

MP and MPc were chosen to prepare sensing layer based on optical
detection in this thesis. In chapter 111, we prepared sensing material by mixing three
types of organic compounds which possess different absorption regions. The UV-Vis
spectrophotometer was modified to function in e-nose system. DFT calculation was
used to interpret the ground state molecular structure and charge transfer between
sensing molecule and analyte molecule. In chapter 1V, optical e-nose was developed
by using LED as light source and photo detector as light intensity detector. And
mixed layer of MP and MPc was developed by therma annealing. This sensing
material was tested with acohol, dried seafood and beers. In chapter V, the
enhancement of an e-nose system based on combined optical and e ectrochemical
transduction was reported. Porphyrin and multi-walled carbon nanotube (MWCNT)
composite was used as the sensing materials based on its good optoelectronic
properties. Finally, optical gas sensors were developed by using molecular imprinted
polymer (MIP) technique based on polyurethane (PU) and phthal ocyanine composite
as presented in chapter VI. This gas sensor was tested by using the optical e-nose
based on LED arrays and quartz crystal microbalance (QCM) measurement. All types
of optical gas sensor (chapter I11 - VI) were analyzed by pattern recognition, namely,
principa component analysis (PCA). PCA is a linear transformation that can
efficiently reduce data dimension into a more comprehensible visualization. This
calculation has been usually used to classify data in e-nose technology [16]. The flow
chart of thisthesisis shown in Figure 1.1.
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1.2 Objectives

1. To develop the sengtivity of optically-active organic thin film gas
sensors based on porphyrin and phthal ocyanine compounds.

2. To study the molecular structure and interaction mechanism between the
sensing materials and analyte molecules.

3. To develop the portable optical electronic nose system based on a LED
array.

4. To apply a portable optical electronic nose in the areas of food and
agriculture product.

5. To fabricate gas sensors by using molecularly imprinted technology.

6. To integrate the new sensors into portable optical e-nose.

1.3Methodology

1. Searching for efficient optical gas sensor materials based on porphyrin
and phthalocyanine structures which are active with volatile organic compounds
(VOCs) vapor based on spin-coating or drop-coating technique.

2. Studying the molecular structure and electronic properties of sensing
molecule by using density functional theory (DFT) calculation.

3. Developing a new portable optical electronic nose system by using the
array of light emitting diode (LED) and photo-detector.

4. Applying the portable optical electronic nose in the areas of food and
agriculture, such as beer and seafood food.

5. Searching for efficient optical gas sensor materials based on molecular
imprinted polymer which is active with specific volatile organic compounds vapors.

6. Applying molecular imprinted polymer gas sensor in the portable

optical electronic nose.
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CHAPTER Il
ELECTRONIC NOSE SYSTEM AND GAS SENSOR

2.1 Background of Electronic Nose System

The olfaction system has been the important systerthe living things.
Especially, human need this sense for severalitetisuch as feeding and detecting of
potentially harmful conditions to get the good dfyabf life. Therefore, the sense has
been the important parameter for producing foodlaerage products. However, our
olfaction system has a limit of detection to thenptex aroma which is generated from
multi volatile molecules. The limit of detection imuman depends on individual
experience and training [17]. The organic chemigttto analyze the odor by using the
analyzed instrument. For example in wine produeg, $torage method of aroma in
wine bottle had been investigated by gas chromapdyr (GC) and GC-mass
spectrometry (MS) based on principal componentyaisa{PCA) calculation [18]. But
this method takes a long time and complicates &byaa the data. Therefore, an e-nose
has become a new technology for odor classificdipmimicking the functions of the
olfactory system in human. In the olfactory systémeye are millions odorant receptors
in the nasal working for odor detection. The sit@dorant receptor is specific to the
target molecule. Signals from the odorant rece@oesaccumulated and transmitted to
the brain by the olfactory bulb. Then, the braiassifies the odor types using pattern
recognition based on past memory. In the e-noseersyshere are gas sensor array,
signal processing and pattern recognition as shiowhigure 2.1 [1]. The volatile
odorant is detected by the gas sensor array inirttegaction process. Then the
electronic signal is generated by the transducdrdbpends on the type of gas sensor
such as mass, optical and electrical transducerally; pattern recognition (database)
based on statistical calculation is used to ideritie volatile odorant. Therefore, the
first step to develop the e-nose is the fabricatérsensitivity and stability of the

chemical gas sensors that represent in the tomiberhical gas sensor.
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Figure 2.1 The basic diagram of the comparing between biokgind electronic

noses.

2.2 Chemical Gas Sensor

In contrast to biological nose that involves vepmplex biological and
neural process, odor sensing in e-nose is basednwch simpler transduction
techniques such as electrochemical, gravimetricogatidal approaches. The details of

each technique are presented in this section.

2.2.1 Electrochemical Technique

Electrochemical transduction, as often implementedhe metal-oxide
semiconductor gas sensor, is the most popular tdofppn due to its established
advantages such as low cost, compactness andrgagyation with integrated circuit
technology. The most used sensing material in tbtakoxides gas sensors is SnO
thin film, as reported to detect several industgases such as methane, 8O, HS
and methanol [2-3]. Metal-oxide gas sensors woltkgit temperature using additional
electrical power to supply the heater. Another tetehemical technology based on
polymer/carbon nanotube nanocomposites was intemtéc allow measurement at
room temperature [4]. This carbon nanotube wasetdsgl in the matrix of different

polymers such as polyvinyl chloride (PVC), cumesreninated polystyrene-co-maleic
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anhydride (cumene PSMA), poly(styrenecomaleiad)ag@artial isobutyl/methyl
mixed ester (PSE) and polyvinylpyrrolidon (PVP).eTpolymer/carbon nanotube was
tested with the sample in real life which was disedfood.

2.2.2 Gravimetric Technique

Gravimetric transduction employs piezoelectric tegbe, usually known
as the quartz crystal microbalance (QCM), for demsimass measurement by
observing the change of oscillating frequency updsorption of the odorants on the
crystal surface. For example, Ding et al. repode@QCM-based device coated with
copper (ll) tetra-tert-butyl-5,10,15,20-tetraazgghorin - that is sensitive to
hydrocarbon gases, i.e., hexane, benzene and éluen

The principle of mass measurements is the reldtipndetween the
changing of the quartz frequency and the added wiaes quartz surface [19]. The

calculation of this relationship is shown in eqaat{1)

- /M, - f’m
ANf=—9 T =9 7 (2.1)
No,S No,
where f, is the fundamental resonant frequency of the quart

N is the frequency constant of the specific crystal(N ;= 1.67 x 16
Hz . cm).

P, is the quartz density (2.65 kg/dh

S is the surface area of the deposited film.

M is the mass of deposited film.

m; is the areal density §& (the area density).
The gold electrodes are coated on both side otzjtemplate as shown in Figure 2.2.
Therefore, the thickness of the filh { is calculated by equation (2)
M

= (2.2)
P

Iy

where p; is the density of the deposited film.
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Figure 2.2 The gold electrodes on quartz template for massunement.

Molecularly imprinted polymers (MIPs) have been @ogular method to
prepare specific sensing layer. The main idea f thethod is the cavity for the
specific analyte or template molecule in the sepgpolymer [20]. The analyte
molecules which do not have interaction with thdyp®r in the polymerization
process are added to the initial monomer and daitadoss-linking monomers. Then
the analyte molecules are removed by evaporatiothadein the polymerization
process. The cavities in the shape of analyte mtdesre used to detect the specific
molecule as shown in Figure 2.3. The advantaget®mh molecularly imprinted
polymers are the selective sensing material simitarthe natural receptor, the
straightforward transducer and the inexpensive mnadgewith high thermally and

mechanically stable. The details about MIPs areudised in the section 2.4.
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Figure 2.3 Molecularly imprinting process with solvent temglat

MIP gas sensors based on the QCM method have beestigated. For
example, the QCM arrays of polyurethane were usedetect water, 1-propanol, 1-
butanol and ethyl acetate vapors [21]. The modificaof QCM surface for gas
detection has been an interesting topic accordin&erhiy Korposh and coworker
[22]. They tried to enhance the sensing layers Homidity monitoring based on
polymer and dye molecule. Two porphyrin derivativ@trakis-(4-sulfophenyl)-
porphine and 5,10,15,20 Tetrakis-(4-sulfophenylit2BH-porphine manganese (ll1)
chloride were used to enhance the surface of pwdigm 4-styrenesulfonate) and
poly (diallyldimethylammonium chloride) which werdeposited on QCM plate.
Porphyrin based polymer thin films presented higsensitivity with water molecule
in gas phase as compared with pure polymer tham fil
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2.2.3 Optical Technique

More recently, the optical gas sensors have beerlajged by various
methods such as wave guide, luminescent, surfasenoin resonance and colorimetric
methods. All of them have been applied in differapplications, for example, food,
healthcare and industrial safety process conttot. ddvantage of the optical technique
is the rich availability of transduction methodslese optical instruments have been
fabricated for the various applications before.r€fare, the light sources, optics, and
detectors, which are the principle compositionhid tnstrument have been continually
developed. The optical instruments have been faurdery principle laboratory. But
there are disadvantages for optical techniques,ekample, optical measurements
need more complicated data processing than othesducing methods. In this topic,
optical methods that used MP and MPc as the sensatgrial were discussed.

2.2.3.1 Microwave Gas Sensor

Microwave gas sensor is one type of gas sensordbase
microwave transducer. Guillaume Barochi and cowark&udied the gas sensing
properties of cobalt phthalocyanines by using thavev guide technique in the
frequency of microwave region [23]. The principtcept of microwave transducer is
presented in Figure 2.4. The permittivity of semidoctor material such as
phthalocyanines compound is measured by vectoe@ork analyzer during the gas
absorption. The permittivity change under electrgnsic wave in microwave
frequency range (300 MHz to 300 GHz) is recordedhim ratio between reflected

wave and incidental wavé&'(f)).

i 4 Gas molecules

_~  Reflected wave &

O=—F7"""— L ‘iv
Incidental wave ¥ » %

Vectonal
network
analyser

Sensing material
Figure 2.4 The principle diagram of microwave gas sensor basegrganic sensing

material (phthalocyanine molecule)
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2.2.3.2 Colorimetric
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A

Figure 2.5 The duplicate diagram of sensing arrays in colotiiméechnique.

Proposed by Chen Zang et al. [24].

The colorimetric sensor arrays have been develojoed
identification and quantification in food and beages based on gas or liquid phase.
The idea of this method is the color change of migdye after interacts with VOCs in
gas or liquid phase. Figure 2.5 presents the dmagracolorimetric sensor arrays in
three steps. At the initial step, the sensor arexgsprepared from the color organic
molecule such as porphyrin and phthalocyanine, hwidice represented in several
colors. Then the sensor arrays are exposure tarthlyst gas. Therefore, the color of
some dye are changed in the different pattern dépgron the VOCs types. The color
changes of dye are observed by eyes or flatbednecaj25]. There is some
disadvantage point for this methodpeciallythe number of sensing array that should
be enough to separate the various kinds of angggelt means that this system needs
several kind of dye for data processing and amalysor example, Chen Zang and

coworkers generated the sensing arrays from 36fdyegater classification [26].

2.2.4 Metal Oxide Gas Sensor

Metal oxide gas sensors are fabricated from thegpa-tor p-type
semiconductors. For example, Sn@nO and FgO; are the n-type semiconductors
and CuO, NiO and CoO are the p-type semiconducidiese gas sensors have to
function at high temperature between 150-30y using heater (see in Figure 2.6).
The free electron charges are found in n-type nahtand charge carriers or holes are
found in p-type material. These sensing materiegpand to oxidizing gases such as

O, that is absorbed on material surface by trappiregtedn from semiconductor
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surface. Therefore, the resistances of sensingrialatiecrease for p-type material and

the resistances of sensing material increase fgp@&-material [27-28].

Sensing electrodes @

Silicon substrate /

Figure 2.6 Diagram of Metal oxide gas sensors.

Heater resistor

Thermometer resistor

2.3 Porphyrin and Phthalocyanine Compounds

@ [Metal

Figure 2.7 Molecular structures of (a) pyrrole, (b) porphyaind (c) porphyrazine.

Metal porphyrin (MP) and metal phthalocyanine (MRecg the organic
compounds that present the strong absorption specthe UV-Visible regions. Both
compounds are used as common coloring dyes inntesiry. The structures of
porphyrin and phthalocyanine basically consist airfpyrrole units that produce a
macro cycle as shown in Figure 2.7 (a). The eledarstructures of both organic
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compounds can be varied by substitution of somplperal positions with side chains
or replacement to the central atom with other nietatoms (see Figure 2.7 (b)-(c)).
MP and MPc present different electronic propentiesause of a central metal atom in
core molecular structures and a peripheral skelatoond molecular structures. The
skeleton of MP has an extended conjugation systém 24t electrons leading to a
wide range of wavelengths for light absorption. MiRsents the strong absorption
spectra in a region around 400 nm so called Soaet lor B band. The strong
absorption band in visible wavelength region isegally interpreted in terms ofn*
transition between bonding and anti-bonding mokacatbital [29]. MPc presents the
absorption in two regions, e.g., around 300 nm &)@ nm. The first absorption band
(around 300nm) is described as the transition-efectron from the highest occupied
energy level to the lowest unoccupied level. Theiimam absorption band (around
700nm) is produced from the resonatingreélectrons, which is the free electron gas
between two equivalent limiting structures [30].

MP and MPc have been used in many field of researhdye sensitized
solar cells (DSSCs) [31], metal-organic framewo(k4OFs) [32], bioelectronics
tongue [33], organic thin-film transistors (OTFT3%], photo-sensitizer for healthcare
technology [35] etc. MP and MPc have been usechamital gas sensors in e-nose
applications because their optical properties carclilanged when interacting with
VOCs. Such interactions introduce charges trarisfeveen the sensing materials and
VOCs molecule, for example, the electrons in oxygeam of some gases such as
C,HsOH and NQ transferred to the sensing molecules while thengakecules were
adsorbed at the central metal atom or the conjdgatdectron system of the sensing

molecules [36].
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Figure 2.8 Plot of interaction energies versus distance betveaggen atom in gas
molecule and Mg atom in MgTPP molecule.

Computational method based on density functionabyh (DFT) at the
B3LYP/6-31G* level of theory was used to descriltieel interaction energies between
magnesium-tetra-phenyl-porphyrin (MgTPP) and gadeoutes such as methanol,
ethanol, isopropanol, acetone and acetic acid raldsc Figure 2.8 plots the
interaction energies between gas molecules and MgVérsus varying distance
between the oxygen atom in gas molecule and theatdm in porphyrin molecule.
The interaction energies at the optimized distandecate that MgTPP presents the
stable structure with gas molecules. The resuli®alethat MgTPP has stronger

interaction with methanol molecule at the optimiziistance of 2.375 A than other
molecules.



Sumana Kladsomboon Electronic Nose System / 16

Table.2.1 The interaction energie&, (kcal/mol) at the optimized distand®; (A),
change in energy gap of MgTPP = 2.82 e (eV), and the change in NBO charge:
for MgTPP at magnesium (1.70153 a.u.), nitroggh7@441 a.u.); for VOCs at
oxygen atomic site (methanol; O -0.741 a.u., ethae0.759 a.u. and isopropanol; O
-0.753 a.u., acetone; O -0.540 a.u.and acetic @ci@,591 a.u.) atomic site.

Interaction of D Eint AE, Delta NBO charge of

MgTPP with (A) (kcallmol) (eV) Metal o) N
Methanol 2375 -9.92 0.105 +0.001 -0.045 +0.024
Ethanol 250 -8.37 0.098 +0.002 -0.041 +0.022
Isopropanol 2.25 -7.83 0.102 +0.003 -0.040 +0.023
Acetone 2375 -7.61 0.117 +0.001 -0.065 +0.028

Acetic acid (Figure 2.8(f)) 2.375 -7.91 0.099 +0.004 -0.060 +0.026

Effect from the substitution on the central metina in porphyrin was
tested by DFT calculation. The interaction enerdfis), changes in energy gagky)
and changes in NBO charges of MgTPP were investigas presented in Table.2.1.
The interactions between porphyrin and VOC molexalee determined by the metal
atom site via the interactions of thmeelectrons and the free electrons of the metal
atom in porphyrin with the electrons of the VOC swmlles. Hence, electron transfer
from the metal atom in porphyrin to an oxygen atoirthe VOCs molecule occurs
when MgTPP is in contact with the VOC moleculehat optimized distance [37].

To use MP and MPc as optical gas sensor, sensitgriaia have been
fabricated as the thin solid film on glass substratleasuring changes in the
absorption or emission spectra of the thin filna isonvenient technique for the optical
gas sensor. Various derivatives of MP and MPc cam@s have been fabricated to
use as the gas sensors. For instances, Zinc-5,20;i&ra-phenyl-21H,23H-
porphyrin (ZnTPP), manganese(lll)-5,10,15,20-tetmayyl-21H,23H-porphyrin
chloride (MnTPPCI) and Zinc-2,9,16,23-tetra-tertyin29H,31H-phthalocyanine
(ZnTTBPc) were widely used to detect N{B8-39], VOCs [40] and foods [41].
Figure 2.9 illustrates the molecular structure @f ZnTPP, (b) MnTPPCI and (c)
ZnTTBPc.
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Figure 2.9 Molecular structures of (a) ZnTPP, (b) MNnTPPCI &)dZnTTBPc.

2.4 Molecularly Imprinted Polymer (MIP)

There are two ways to fabricate the molecularlyrintpd polymers i.e.
surface imprinting and bulk imprinting. Surface mming is used for imprinting the
large templates such as proteins, cells and migesasms but bulk imprinting is used
for imprinting the small templates such as volatdeganic compound (VOC),
polycyclic aromatic hydrocarbons, pharmaceuticalgctive compounds and
environmental contaminants [42]. Therefore, thekbuhprinting process is more
interested in the gas sensor problem. This immgnirocess starts by adding the
initial monomer, cross-linking monomers and the ce VOC template. After
removing the VOC molecule the active sites for V@&ection are presented in the
whole bulk material as shown in Figure 2.10. Theoabled gases on the polymer are
observed by frequency counter and reported ineéha bf frequency changes. In the
measurement system, there is the molecularly irtgatipolymer (MIP) electrode and
non-molecularly imprinted polymer (Non-MIP) or empt¢lectrode. MIP electrode
must present more frequency change than Non-MIBtrelde to confirm that the
target gas was imprinted by this polymer. The fesmy of quartz electrode is

decrease when the target gas absorbed on MIP layer.
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Figure 2.1Bulk imprinting process with VOC template.

2.5 E-nose System based on UV-Vis Spectrophotometer
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Figure 2.15chematic diagram of gas flow system based on th&/id

spectrophotometer measurement.
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An optical e-nose system consists of three basicpocments: gas sensor,
transducer, data processing and pattern recognitionthis system, a UV-Vis
spectrophotometer was used as the transducer (8ghtce and detector). All
measurements were performed at room temperaturatahd normal incidence of the
light beam. The gas sensors are fabricated fromspie-coating of organic dyes
solution (MP and MPc). These sensing thin filmsraeasured under the dynamic gas
flow through a home-built stainless steel chambguipped with quartz windows for
optical measurements as shown in Figure 2.11. Hneec gas (in this case 99.9%
nitrogen) was supplied into the sample bottle thas immersed in a heat bath. The
sample vapor was evaporated from the surface dighel sample and carried by the
nitrogen gas. The gas flow was controlled by samalve to switch between the
reference gas and the sample gas. The rate oflgaswias controlled by the flow
meter. The absorption spectra of the organic titin Were collected by the UV-Vis

spectrometer for every 1 second based on the mofithe DAQ card.

In put
(VOCs vapor)
Sensor arrays based on |:>
MP and MPcthln film

Measuring ﬁbsorptlc-n spectra 'II
by UV-Vis spectrophotometer B AN

Generﬂtlng the feature from
the absorptlon spectra |:>

Out put @
Odor classification
(Pattern recognition) |:> 0

Figure 2.12Zhe flow chart of the optical e-nose system based\d-Vis

spectrometer.

Figure 2.12 shows the flow chart of the opticalosesystem, starting with
a flow of different VOC vapor into the gas sendwattfabricated from MP and MPc
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compounds. Then the data processing starts froor@ien spectra that are collected
by the UV-Vis spectrophotometer. The absorptioeca were collected for different
sample vapors, comparison with the spectra of thexposed films. The features
extracted from the sensing signal were preparetuftiner pattern recognition process
(in this case, PCA). Then the new data set wasepted in the new orthogonal axes or
principal components (PCs) such as the first PC1jPahd the second PC (PC2),
which are linear combinations of the original ax€ke first PC carries most of the

data variance, hence the most important informadlmout the data.

2.6 Analytical Techniques

2.6.1 UV-Vis Spectrophotometer

In this thesis the absorption spectrum changeghef thin film was
recorded by UV-Vis spectroscopy instrument. Th&rument is routinely used in the
guantitative determination of solutions of tramsitimetal ions and highly conjugated
organic compounds. This technique records the U¥-égion of electromagnetic
spectrum at 300-800 nm. The solutions of transitietal ions can be colored (i.e.,
absorb visible light) because electrons of the hmatiams can be excited from one
electronic state to another state. The color ofimeh solutions is strongly affected by
the presence of other species. Some of the enmdgidtion is absorbed at certain
characteristic wavelength, causing a decrease anirttensity of the beam at the

wavelength.

T is the “transmittance” value which is the ratiol/b§, wherel andl, are
the transmitted and initial beam intensities, respely. Then the photo spectrometer

calculated the absorbangdrom the definition [2]:

A=-logT = —Iogl—
o (2.3)

Ais usually expressed as a percentage of transicatt@ad).
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%T =100xT
100

A= —Iog% =1og100-1log%T
—log%T (2.4)

The basic components of a spectrophotometer aghtsource, a holder
for the sample, a diffraction grating or monochrtonato separate the different
wavelengths of light, and a detector. A Tungstéemfent (350-2500 nm) is used as
the radiation source. The detector is typicallyhatpdiode or a CCD. Photodiodes are
used with a monochromator which filters the lightproduce of a single wavelength
reaches the detector. Diffraction gratings are wegitl CCDs which collects light of

different wavelengths on different pixels.

2.6.2 Atomic Force Microscope (AFM)

Foree !

I ! Contact i Photodetector
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Figure 2.13chematic representation of AFM setup and the Lehfanes atomic

interaction force distance curve between the ptighend sample surface.

AFM is the one type of microscope technique tls# 10 investigate very
small area based on high-resolution scanning prohe. resolution AFM is in the
range of nanometer and more than 1,000 times libHarthe optical diffraction limit.

The AFM consists of a cantilever with a sharp pipppe) at its end that is used to scan
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the specimen surface. The cantilever is typicaligan or silicon nitride with a tip
radius of curvature on the order of nanometers.Whe tip is brought into proximity
of a sample surface (see Figure 2.13), forces legtvlee tip and the sample lead to a
deflection of the cantilever according to Hookessv[[43]. Laser beam is used
deflection system to generate the feedback signal.

There are two modes of AFM namely contact mode ama-contact
mode. For the contact mode, attractive forces aamuite strong, causing the tip
interact close to the surface of the sample. Tlunéact mode AFM is always done in
contact where the overall force is repulsive [4Bar the non-contact mode, the
cantilever is driven to oscillate up and down arrits resonance frequency by a small
piezoelectric element mounted in the AFM tip holddre amplitude of this oscillation
is greater than 10 nm, typically 100 to 200 nm dejpgg on the interaction of forces
acting on the cantilever when the tip comes clogéé surface such as Van der Waals
force or dipole-dipole interaction, electrostaticces. The amplitude of the oscillation

decreases when the tip gets closer to the samipées45].

2.6.3 Density Functional Theory (DFT)

The quantum mechanical theory based on DFT cdicnlas useful to
investigate the electronic structure in ground estaf particular molecule. This
calculation is the most popular and versatile nma#ghto calculate the electronic
structure for instance bond distance, bond angisaction energy, atomic charge,
transition states and etc. for the porphyrin anthgbcyanine compound. From the
previous theoretical studies based on DFT, porphgomplex have been calculated
energy-minimized structure at density functionalLBB level using the 6-31G(d)
basis set [46].

In this thesis the interaction energy and atomargés between porphyrin
molecule and volatile organic compound molecule ewealculated by density
functional theory at the B3LYP/6-31G* level of thgpousing the GAUSSIAN 03
program. The geometries of MP and MPc were optithtzsed on the semi-empirical
guantum chemistry PM3 Techniques [47]. Then thenat@harges and total energies
were computed by density functional theory at tHd ¥BP/3-21G* and B3LYP/6-
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31G* level of theory, respectively, using the GAUANS program. In addition,

B3LYP/6-31G* was also used to compute electronigpprties and the interaction
energies between sensing molecule and metallo-ponghby varying the distance
between oxygen atom in analyte molecule and thealneEinter atom in sensing
molecule. Finally the comparison of the interactemergies between the calculation

method and the gas sensing in the experimentalnvastigated.

2.6.4 Principal Component Analysis (PCA)

The principal components analysis (PCA) is a mudtiiate data analysis
method that has been widely used as a pattern mgmygalgorithm in most e-nose
systems to discriminate different VOCs, e.g., atdehtoluene, methylethylketon,
soft drink and alcoholic beverages [48].

PCA which is the one of chemical pattern recognitiad been used to
determine the data pattern, for examples, clasgjfyhe types of wine, whisky and
food in electronic nose analysis. In this thesiSARechnique is mainly used to verify
the data set from e-nose. PCA is the statistichinigue that translates and reduces the
dimensions of data in the experiment. By using te@hnique, we can transform a
number of possibly correlated variables into a $nahumber of uncorrelated
variables. PCA is the simplest of the true eigetowelsased multivariate analyses.
Often, its operation can be thought of as revedliegnternal structure of the data in a
way which best explains the variance in the da®d. [fhe main advantage of PCA is
that you can found these patterns in the data,yaodcompress the data, i.e. by
reducing the number of dimensions, without mucls lokinformation. This section

presents the process to perform a PCA calculafoh [

2.6.4.1 Data Collection

In this thesis, the data set was calculated fragrdtfierence of
the average gas sensing response between senpmgaral reference gax;(. The

number of sensor (j) and number of experimentr@)depended on the electronic nose

system.
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Table.2.2 The PCA original data for gas sensor array.

Number of Sensor number
experiments 1 2 3 4 5 .
1 X11 X12 X13 X14 X15 Xy
I I I ! ! I I
i Xi1 Xi2 Xi3 Xia Xi5 Xij

2.6.4.2Mean Centering (“"%;)
The columns is subtracted the mean of each column

by“"x; = X; —X_J-. After that the sum of each column is equal t@z& now the data

plot is centered on the origin. The mean of the gan{x) was calculated by

n
;( - ijlxj
n

2.6.4.3 Calculate Covariance Matrix

The calculation of the covariance between one déoenand
itself is the variance. So if there is a 3-dimenalaata set (x, y, z), then compute the
covariance between the x and y dimensions, thedxzasimensions, and the y and z
dimensions. To Measure the covariance between xamndy and y or z and z would
get the variance of the x, y and z dimensions,eesgely. The formula for covariance
is very similar to the formula for variance. Thenfwla for variance could also be

Lm0k -x),
n-1

written as ‘var(x)

The formula for covariance denote bydv(x, y)

_ Zinzl(xi _;()(yi _9) ”
B n-1 '

In this thesis, there were more than one covariamegsurements that can
be calculated. For example, for a 3 dimensionah dat (dimensions Xx,y,z) the

cov(x y),cov(xz) and cov(y z )were calculated. Therefore, an n-dimensional data
set, different covariance values were calculated!fn - 2)!x 2] times. The way to

get all the possible covariance values betweerthall different dimensions is to
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calculate them all and then put them in a matrixe Definition for the covariance

matrix for a set of data with dimensions ™" = (Cu' ,¢; =cov(Dim;, Dim, ))

2.6.4.4 Calculate the Eigenvectors and Eigenvaluesf
Covariance Matrix

The eigenvectors and eigenvalues for this matwere
calculated by ‘AX —AIX =0", where A is a covariance matrix, X is the eigertoe

andA is the eigenvalue.

2.6.4.5 Choosing Components and Forming a Feature
Vector

The eigenvector with the highest eigenvalue ie fhst
principal component (PC1) of the new data set. €lgenvectors are ordered by
eigenvalue from highest to lowest eigenvalue. éf thiginal matrix has n dimensions,
first calculate eigenvectors and eigenvalues, nkabse only the firgt eigenvectors,
then the dimension of final data set is equal ® dimension ofp eigenvectors.
Finally, take the eigenvectors which keep fromlibieof eigenvectors, and then form
a matrix with these eigenvectors in the columnsledal“Feature Vector”

(Featurevector=(eig, eig, eig;...eig,))

2.6.4.6Deriving the New Data Set

After a feature vector is formed, the transpose tloé
eigenvector is taken and multiply it on the leftloé original data set, transposed (see
equation 2.5).

Final Data = RowFeatureVector x RowData Adjust (2.5)
Where RowFeatureVector is the matrix with the eigenvectors in the columns

transposed so that the eigenvectors are now irothe, with the most significance

eigenvector at the top arlRowData Adjust is the mean-adjusted data transposed, i.e.

the data items are in each column, with each rodihg a separate dimension.
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CHAPTER 111
THE MIXED LAYER OF PORPHYRIN AND
PHTHALOCYANINE SPIN-COATED THIN FILMSFOR AN
OPTICAL ELECTRONIC NOSE

3.1 Synopsis

Metallo-porphyrin (MP) and metallo-phthalocyanirMRc)have recently
become very attractive and practically alternatbecause MP and MPc present
versatile and tunable optical spectra by chandmegcentral metal atom such as zinc
and manganese. Both compounds have been used siagsematerial to detect
various volatile organic compounds (VOCs) basedoptical detection. Therefore,
MP and MPc are selected to fabricate the gas semeay for the optical e-nose. In
this chapter, we prepared sensing material by mixinree types of organic
compound which are present the different absorptiegion. The spin-coating
technique was used to prepare the sensing layer fiim. The UV-Vis
spectrophotometer was used as transducer to meaasuabdsorption spectra changes
of organic thin film in dynamic gas flow system.eT&fficiency of this sensing layer
was tested by methanol, ethanol, isopropanol, aeetp% eq.) and acetic acid (5%
eg.) vapor. Atomic force microscope (AFM) and x-diffraction (XRD) were used
to investigate the surface morphological and nastadline structure of this sensing
layer. The electronic structure and interactionrgies between sensing molecules
and analyte molecules were calculated by densitgtional theory (DFT) at the basis
set of B3LYP 6-31G*. Finally, principal componertsalysis (PCA) was used as the

pattern recognition to classify the various vapors.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physics) / 27
3.2 Introduction

The chemical gas sensor is a device that conveegtghiemical properties
of the odorant into electronic signal. There areynigpes of chemical gas sensor, for
instance, conductometric, gravimetric (piezoeleityf, chemoresistor and optical
sensor. Among these transduction techniques, dptieasurement has been one of
the most popular choices due to it variety in theasurement of optical modes, for
example absorbance, fluorescence, polarizatioraatefe index and reflectance [51-
52]. The absorption or emission spectra of sensiajerial have been used to
investigate the interaction between sensing matand analyte molecule. Therefore,
UV-Vis spectrophotometer is the convenient instrommi®r the optical gas sensor
analysis. This method is usually called as “optalaktronic nose” [53]. The e-nose is
a promising technique for discrimination produainfr odor and volatile chemicals
associated with the aroma of products. This e-sgstem composes of chemical gas
sensor, signal transducing and data analysis derpatecognition [1]. Therefore,
chemical gas sensor based on optical detectiorbbes studied in several sensing
material such as phthalocyanine and porphyrin camgs. Metallo-phthalocyanine
(MPc) and metallo-porphyrin (MP) are the semiconduenaterials that present the
strong absorption spectra in visible light regiBoth compounds present the different
electronic properties that correspond to the cemiretal atom and peripheral ring
[54]. MP and MPc such as Zinc-2,9,16,23-tetratertlyl- 29H,31H- phthalocyanine
(ZnTTBPc),  Zinc-5,10,15,20-tetra-phenyl-21H,23Hpoyrin ~ (ZnTPP)  and
manganese(lll)-5,10,15,20-tetraphenyl-21H,23H-pwgrphchloride (MnTPPCI) were
widely used as optochemical sensing materials tecti¢he different odorant such as
VOCs [37] and foods [41]. Moreover, the active cew for optical gas sensor based
on MP and MPc were found near the absorption pg&ak [
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&@-C «-H N &-Cl
© - Metal (Zn, Mn)

Figure 3.1 The molecular structure of (a) Zinc-5,10,15,20aqithenyl-21H,23H-
porphyrin, (b) manganese(lll)-5,10,15,20-tetraph@iyH,23H-porphyrin chloride
and (c) Zinc-2,9,16,23-tetra-tert-butyl-29H,31H+tlpddocyanine.

In this work, the optical gas sensor was develdpedsing the three types
of organic compounds, namely, ZnTTBPc, ZnTPP andRRCl as shown in Figure
3.1. The structure of MP and MPc are formed ofrtfaero-cyclic organic compounds
that contain the four-pyrrole groups. The electtopiroperties of both organic
compounds can be varied by substitution of somlperal group or replacement to
the central atom with other metallic atoms sucEmsnd Mn atoms [30]. The sensing
response toward various VOCs in food and beveragenstance, methanol, ethanol,
isopropanol, acetone (5% eq.) and acetic acid (§% were tested in this chapter.
Optical absorption changes of the sensing matemakhe presence of VOC vapor
were measured by UV-Vis Spectrometer in the rarig@0-800 nm. The effect from
flow rate of nitrogen gas in the dynamic flow systevas tested by varying the flow
rate of nitrogen gas from 200 to 600 ml/min. Thaenat force microscope (AFM) and
x-ray diffraction (XRD) were used to investigatee tisurface morphological and
nanocrystalline structure of spin coated thin film.

In addition, the computational method has been lyidsed to understand
the organic sensing material mechanism. Chargasfeabetween organic compound
and alcohol molecules were used to identify theogdi®n spectra changes when
organic compounds interact with alcohol vapor. Ebectrons in oxygen atom of

sensing gas such asHgOH, NH; and NQ transferred to the porphyrin molecules
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while gas molecules were adsorbed at the centrélnaécom or the conjugated
electron system of porphyrin molecules [36]. Maegearch tried to investigate the
mechanism of phthalocyanine and porphyrin for gasssr application. The quantum
mechanical theory has been chosen for investigatiegelectronic structure at the
ground state of the particular atoms and molecesgecially predict the gas sensing
behavior of the organic molecule. Density Functidrteeory (DFT) with B3LYP level
using the 6-31G* basis set (for carbon, hydrogenl, mitrogen) has been among the
most popular and versatile methods to calculate dleetronic structure of the
porphyrin and phthalocyanine compound, for instahoad distance, bond angles,
interaction energy, atomic charge, transition stated etc. The energy gaps between
the highest occupied molecular orbital (HOMO) ane liowest unoccupied molecular
orbital (LUMO) in the MP and MPc were calculated B¥T [56]. Therefore, DFT
based on B3LYP level was prepared for analyze tterge transfer and interaction
energies between organic compound and alcohol mlele this chapter.

Moreover, the significant step for classify the paoe-nose system is the
pattern recognition. The statistical technique Hgnpeincipal components analysis
(PCA) is a multi-variant data analysis method thad been widely used as a pattern
recognition algorithm in an e-nose system [3]. sThethod has been used to
discriminate various volatile organic compounds (&) e.g., alcohols, toluene,
methylethylketon, soft drink and alcoholic bevedd8, 57]. Therefore, in our
optical e-nose system, PCA was used to analyzedhsing signal from the UV-Vis
spectrophotometer. The result indicated that theedhilayer gas sensor based on
ZnTTBPc/ZnTPP/MnTPPCI has more efficiency than shegle layer gas sensor for
VOCs discrimination.

3.3 Experimental

3.3.1 Instrumentation
The optical e-nose set up comprised three basigonents: 1) UV-Vis
spectrophotometer; 2) sensing materials or gaosemsd 3) gas flow system. Jenway

6405UV-Visible spectrophotometer was used to colleetabsorption spectra of spin-
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coated thin at room temperature and at the nornwadience of the light beam. The
home-built stainless steel chamber that equippdat wuartz windows for optical

measurements under the spectrophotometer was osedestigate the gas sensing
capability of the organic thin films in dynamic gésw system. The carrier gas or
nitrogen (99.9%) gas was supplied at the liquid@arbottle that was immersed in a
heat bath. The sensing vapor was evaporated frerautiace of the liquid sample and
carried by the nitrogen gas. The concentration @Cg vapor in reference gas was
controlled by varying the temperature of solvent tile sample bottle. The

concentration was calculated from the lost weightavent after measurement. The
gas flow was controlled by solenoid valve to switmtween the reference gas and
sample gas in every 10 minutes. These solenoicesalere contacted with computer
by using data acquisition or DAQ card to switchwesn reference gas and sensing
vapor. The absorption spectra of the organic thiim fwvere collected by UV-Vis

Spectrometer for every 1 minute. Each measurenmrgists of 5 cycles of switching

between the references and sensing vapor.

3.3.2 Film Preparation

ZnTTBPc, ZnTPP and MnTPPCI were obtained from Sigxithich. The
ZnTTBPc, ZnTPP and MnTPPCI were dissolved in chtoma solution at the
concentration of 12, 5 and 15 mg/ml while the mixesblution of
ZnTTBPc/ZnTPP/MnTPPCI was obtained from a 3 mlldbmform solution that was
composed of 12 mg of ZnTTBPc, 5 mg of ZnTPP andntsof MnTPPCI. Then the
spin-coated thin films were obtained by spinning @olution on the clean glass

substrate at 1,000 rpm for 30 s.

3.3.3 Sensing Analysis

This process started with a flow of the differen®D®s vapor into the
sensing layers. Then the absorption spectra from\VidvVspectrophotometer were
collected for the different vapors, in comparisortiie spectra of the unexposed films.
Finally, the PCA method projected the collectecadadm five wavelength regions of
the spectra in a new vector space of lower dimedity. These new data set are

presented in the new orthogonal axes or principlaponents (PC) such as first PC
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(PC1) and second PC (PC2) which are linear combimatof the original axes. The
first PC carries most of the data variance, heheentost important information about
the data.

3.3.4 Computational Method

The geometries of ZnTTBPc, ZnTPP, MnTPPCI, methaatilanol and
isopropanol molecules were optimized based on tami-smpirical quantum
chemistry PM3 techniques. Then the energy-minimigedcture of these molecules
were calculated by the DFT at B3LYP/3-21G* and BBB-31G* level of theory,
respectively, using the GAUSSIAN 03 program. Theeraction energies and atomic
charges when sensing molecule interacted with alsamolecule were calculated by
DFT at the B3LYP/6-31G* level of theory. The intetian energy or binding energy
(Eit) between sensing materials and alcohols molecele walculated by equation
(3.2).

E« = Esqusine = (Eqn + Exc) (3.1)

Where Esy and Exc is the total energy of isolated sensing moleculé a
alcohol molecule, respectivelyEsv+ac is the total energy of system when sensing
molecule interacted with alcohol molecule.

3.4 Results and Discussion

3.4.1 Optical Measurements and Sensing Char acteristics

The optical properties of spin-coated thin flmsreveneasured by the UV-
Visi spectrophotometer. Figure 3.2 (a) shows theogition spectra of the ZnTTBPc,
ZnTPP and MnTPPCI spin-coated thin films. The npaaks of ZnTTBPc are located
around 342 nm, corresponding to the Q band, anda685688 nm, corresponding to
the B band in phthalocyanine compounds. Thedpd peak at 688 nm is attributed to
the monomer and occurred from ther* transition from the highest occupied
molecular orbital (HOMO) to the lowest unoccupiedlecular orbital (LUMO) of the
phthalocyanine ring. The (and at 635 nm is attributed to the neutral difoen or
higher aggregates. The B band in the 300-400 nattributed to the transitions from
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deeperm levels to the LUMO [58]. ZnTPP thin film exhibitse B band at 433 nm and
the Q band at 570 and 610 nm. The absorption gpeaif MNTPPCI film consists of

the two Soret bands (376 and 483 nm) and the tvioaigls (590 and 630 nm) [59].
The absorption spectra of MP with the differencetizé metal atom exhibit difference
in absorption peak specially MNnTPPCI and ZnTPP 8lmow the strongest absorption

spectra in separated area that are relatedttaransition from HOMO to the LOMO.

L5 ——ZnTPP
—-=ZnTTBPc
4 i 3483 | MnTPECI

0688
A

Absorbance (arb.units)

i 606
622 i

(b)

00+
300 400 500 600 700 800
Wavelength (nm)

Figure 3.2 Optical absorption spectra of (a) the ZnTTBPc, ZREAd MnTPPCI
spin-coated film and (b) the mixed layer of ZnTTBACTPP/MnTPPCI spin-coated

film.

The absorption spectrum of the blended ZnTTBPc/ATMATPPCI spin-
coated thin films is shown in Figure 3.2 (b). Thixea layer thin film shows the main
peak at 346, 428, 483, 622 and 696 nm, in accoedaiih the strongest absorption
peaks of the MPc and the MP. In case of the e-based on colorimetric, various
organic dyes based on MP or MPc were selectedddupe the sensor arrays. This
technigue need more organic compounds for prepaengor arrays such as MP (M =
Mn, Fe, Co, In, Cu, Eu, §IFe and Zn) for NElclassification [60]. In this chapter, gas
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sensor arrays were generated from the whole speaf@ZnTTBPc/ZnTPP/MnTPPCI
thin film by dividing the absorption spectra intadgions (R1-R5) around each of the
main absorption peaks: 300-400 nm (R1), 400-46Q[Rg), 460-530 nm (R3), 530-
655 nm (R4) and 655-800 nm (R5) because the aotigins for optical detection
were observed near the main peak of absorptiontrspéaom the previous research,
the area integral under the absorption spectra wereesponded to the sensing
molecule and binding gas molecule for example pgacgee change in area integral
under the absorption spectra of 2-nitro-5,10,1%¢2phenylporphyrinato zinc
(ZnTPP-NQ) thin film presented the different pattern withrieas chemical vapor.
Therefore, the changes of area integral under ltserption spectra for specific wave
length region of ZNTTBPc/ZnTPP/MnTPPCI thin flmXR R5) were investigated in
the term of “gas-sensing response”. The gas-sensggonse §) is calculated by
equation (3.2):
S=AA/ A, (3.2)

WhereAg.« is the total area integral of absorption spectfie flowing
gas andJA is the absolute value of the difference betweenabsorption spectrum
area integrals under VOC vapor flow and those utttereference gas (nitrogen gas).
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Figure 3.3 The average gas sensing of ZnTTBPc, ZnTPP, and METBnd mixed
layer of ZnTTBPc/ZnTPP/MnTPPCI spin coated thimfil

The effect of mono-layer and mixed layers of MP awdPc were
investigated by using alcohols vapor. Figure 3.8w&hthe average gas sensing
response) of ZnTTBPc, ZnTPP, MnTPPCI and ZnTTBPc/ZnTPP/MRTR mixed
layers thin films toward 10 mol% of alcohols vapomnitrogen gas. The concentration
of alcohols vapor was controlled by the heat baitth @alculated from the weight loss
of the alcohols solution. The average gas sengsgonses of ZnTTBPc, ZnTPP and
MnTPPCI spin-coated films present the strong awerggs sensing responses that
were observed from the absorption peak of ZnTTBRL300-400 nm and R5: 655-



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physics) / 35

800 nm), ZnTPP (R1:300-400 nm, R2:400-460 nm and B&30-655nm) and
MnTPPCI (R2:400-460 nm and R3:460-530 nm). Methaholws the highest average
gas sensing amongst the alcohols for all five mgieven though ZnTPP and
MnTPPCI exhibit no response to ethanol and isoprobaapor in the region R3 and
R4. Nevertheless, the mixed layer film displays-g@ssing responses to all types of
alcohol in five regions especially this mixed layj#mn shows the average gas sensing
for ethanol and isopropanol vapor in R3-R4. Therfothe mixed layer film of MP
and MPc presented more characteristic of gas setiwor mono-layer of their
compound such as the previous work about zinc-pditiianine mixed copper-
porphyrin [61]. The interactions between ZnTTBPcnTBP and MnTPPCI
compounds may induce some variation of the cemtradlal atom coordination to
detect the testing gas. In addition, there aretittnesformations of the free electron
density forzn transition corresponding to the Q and Soret bamdgsorption spectra
when MP and MPc adsorb gas molecule [62]. Theretbeegas-sensing properties of
ZnTTBPc/ZnTPP/MnTPPCI thin films were investigatadhis work such as the gas-
sensing responseS)( the effect of flow rate in e-nose system and theface

morphology of sensing material.
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Figure3.4 The dynamic gas-sensing response) (of mixed layer of
ZnTTBPc/ZNTPP/MnTPPCI spin coated thin film for imatol, ethanol and

isopropanol at the concentration of 10 mol% of laéde vapor in nitrogen gas.

In Figure 3.4, a closer look on the results indicaébat the mixed
ZnTTBPc/ZnTPP/MnTPPCI spin coated film shows thiersger response to methanol
than ethanol and isopropanol vapor in R1, R2 andr&gons. The R2 region
correlates mostly to the Soret band of ZnTPP (48@+4m), corresponding to thrert
transition between bonding and anti-bonding mokecatbital in porphyrin compound
[63]. The typical dynamic response (S) of mixecelathin film with methanol is faster

than ethanol and isopropanol vapors.
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Figure3.5 The average gas sensing response of ZnTTBPc/ZnTiPHZRICI spin
coated thin film with ethanol vapor by varying floate of nitrogen gas from 200-600
ml/min at 25°C.

The effect from the flow rate of nitrogen gas ie tthynamic flow system
was investigated by varying the flow rate of nieaggas from 200 to 600 ml/min.
Figure 3.5 shows that the low flow rate of gas @ffeo the average gas-sensing
response of spin-coated thin film. The flow ratenir400 to 600 ml/min presents the
similar average gas-sensing response in five wagdteregions and the flow rate
lower than 300 ml/min presents the less averagesgasing. The mol% of ethanol
vapor in nitrogen was calculated by weight losstbanol solution (see in Figure 3.5).
There are low evaporation rate of ethanol about 1®1% at flow rate of 200 ml.
This sensing material presents nearly average gasing response in concentration
about 4-5 mol%. Therefore, the efficiency of opticms sensor depends on the
pressure of nitrogen gas because the low flow effexts to the evaporation of the
alcohol vapor. To make a stable gas sensor systemged to control the flow rate in
the range of 400-600 ml/min.
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3.4.2 Surface Morphological Studies
Figure 3.6 shows the AFM image of mixed layer of
ZnTTBPc/ZnTPP/MnTPPCI spin coated thin film on tjlass substrate. The surface
structure was reported as the size hlx um in 2D and 3D views of the thin film.
The nano structure of this film was obtained by #éiverage roughness about 6 nm.
The mixed layer thin film shows the smooth surfaldee thickness of spin-coated film

was about 200 nm.

1000nm Onm 1000nm

E———
Onn (a) 14 19mm (b)

Figure3.6 The AFM images in (a) 2D and (b) 3D of mixed layef
ZnTTBPc/ZnTPP/MnTPPCI spin coated thin film.

The structure of ZnTTBPc, ZnTPP and MnTPPCI powde films were
investigated by using XRD (Cu cKradiation,A=1.5418 nm). The low thickness of
ZnPc film based on thermal evaporation method veapresents the intensity of XRD
peak in the range of 10-250 nm [64]. Therefore Joespin speed of spin-coated film
was used to prepare the sensing layer in XRD measnt. The spin-coated films

were prepared at the spin speed of 500 rpm onsa gl#bstrate at room temperature.
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Figure 3.7 The XRD patterns of powders and spin-coated filmA&oTTBPc, ZnTPP,
MnTPPCI and mixed layer of ZnTTBPc/ZnTPP/MnTPPGhfi

Figure 3.7 shows the corresponding intensity péeteeen powders and
spin-coated films by observing a broad diffracttmand from 2 to 30. The intensity
peaks at @ equal to 11 and 18 for all films are the effect from the glass slide
substrate. The intensity peaks of ZNnTPP compourdents at @ equal to 18.50for
powder and 18.63for spin-coated film which correspond to the iptanar distance
(d) of 4.76 and 4.78 A, respectively. XRD pattefrzaTPP spin-coated film agreed
with the result of Takeo Oku and coworkers [65]eTihtensity peaks of porphyrin
thin film were found in the same area of the intigngeaks in porphyrin powder. For
example, NIiTPP presented two intensity peaks fdn-spated film but NiTPP
presented five intensity peaks in the form of powf@6]. The intensity peaks of
ZnTTBPc compound presents & 2qual to 5.19 for powder and 5.50for spin-
coated film which correspond to the d value = 17a88 16.06 A, respectively. The
intensity peak of ZnTTBPc spin coated film was @iéint from ZnTTBPc thermal
evaporation that was observed & €qual to 7.3% [67]. The intensity peaks of
MnTPPCI compound presents d@ @qual to 17.32for powder and 16.67or spin-
coated film which correspond to the d value = Sam@ 5.32 A, respectively. The XRD
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patterns of ZnTTBPc, ZnTPP, MnTPPCI spin-coated fiins confirm that each film
shows the individual crystalline structure. Frora thsult, the intensity peaks of mixed
layer of ZNTTBPc/ZnTPP/MnTPPCI film that is obsahat D equal to 3.74located
near the main peak of ZnTTBPc film. The interpladistance that is corresponding to
20 equal to 3.7%is 23.79 A. This peak indicates that the interplafistance of mixed
layer film is bigger than the value in all typesmbno-layer films. Therefore, mixed
layer film from various central metal atom (Zn ahth) and different molecular
skeleton (porphyrin and phthalocyanine) is arrangetbrm nanocrystalline with the
different structure from mono-layer film. The effeof different nanocrystalline
structure was observed by changing the centrallraten such as Al and Zn atom in

phthalocyanines thin layers [68].

3.4.3 Computational Results

The theoretical workhas been widely used for studying about the
electronic structure of organic dye molecule. Tfaee the previous experiment
results should be explained and compared with tmpatational results based on
DFT method. The electronic structure at groundestdtMP, MPc, methanol, ethanol
and isopropanol were calculated by in basis s&3bfYP 6-31G* level that is usually

used to calculate the structure that compost & H\, Cl and O atom.

—_
o

0 I T
| *l'- —u—NMethanol (a)

| (- .
| \ —a—Methanol (b) § P S w0
U O —&—Ethanol (c) }\,

| . %
.l —#—Igopropanol (d) “Ob O

1 | ]

| |

8 | ol

—_
=
1

(A

=
1

Ea/
B4
2]
—
[%_3
L\
\EJ
-
r(.I;
g 5
g
r

Interaction energy (kcal/mol)
e — H
m—""%
3
P
== ;-‘1‘ II
|
/I/
&"
)
Z
.

. 2873 . . . @ = C atom
2 3 4 5 6 ¢ = H atom
Distance (A)

[
=

Figure 3.8 Plot of interaction energies versus distance batwerygen atom in
alcohols molecule and manganese (Mn) or chlorideai@m in MnTPPCI molecule.
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In case of MnTPPCI, there are two possible sitasgias interaction,
namely, Mn and CI| atomic sites. The interaction rgnebetween MnTPPCI| and
methanol molecule was studied in 2 conditions: drymg distance between chloride
atom and oxygen atom (see Figure 3.8(a)) and %)ngadistance between manganese
atom and oxygen atom (see Figure 3.8(b)). FiguB sBows that the interaction
energy plot of MNnTPPCI with methanol in pattern (b)higher than pattern (a).
Therefore, the optimized site for gas absorptios wlaserved at the metal atomic site
in porphyrin and porphyrin derivative such as chpdryll a and pheophytin a [69].
MnTPPCI has higher interaction energy with methdhah ethanol and isopropanol at
the distance of 2.875 A. This computational resiibws an agreement with the

experimental result that MNnTPPCI spin-coated filhows the highest average gas
sensing with methanol vapor (see Figure 3.3).
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Figure3.9 Plot of interaction energies versus distance betwerygen atom in
alcohols molecule and zinc atom in ZnTPP and ZnTd BiBlecules.

In case ofZnTPP and ZnTTBPc molecules, the interaction enevgye
investigated by varying the distance between oxyafem in alcohols molecule and
zinc atom in ZnTPP and ZnTTBPc molecules (see gufé 3.9).The results reveal
that ZnTPP has stronger interaction with isopropémmn methanol and ethanol at the
optimized distance of 2.50 A but ZnTTBPc has stesnigiteraction with methanol
than ethanol and isopropanol at the optimized dstaf 2.375 A.
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In addition, the binding energies and charges teanghen porphyrin or
phthalocyanine interacts with alcohol molecule @gorted in Table 3.1. The NBO
charges at central metal atom of the optimized oudefor ZnTTBPc, ZnTPP and
MnTPPCI were 1.63340 a.u., 1.61282 a.u. and 1.3@981 respectively while the
NBO charges at oxygen atom of methanol, ethanol isopropanol were -0.74124
a.u., -0.75877 a.u. and -0.75311 a.u., respectividlg optimized distance between
metal atom and oxygen atom shows the highest kgndimergy. ZnTPP show the
highest binding energy with isopropanol at theatise of 2.50 A while ZnTTBPc
show the highest binding energy with methanol atdistance of 2.375 A. From the
experimental result, ZnTPP spin-coated film pres@ngjood average gas sensing with
isopropanol vapor while ZnTTBPc spin-coated filmegents a good average gas
sensing with methanol vapor (see in Figure 3.3 Tbmputational result shows the
agreement with the experimental result. The chatessfer between porphyrin or
phthalocyanine and alcohols molecules were obseavéide optimized distance. This
charges normally transferred from central metaimatd porphyrin or phthalocyanine
to the oxygen atom of alcohols molecule. The chamgasfer between analyte
molecule and sensing molecule in calculation metas corresponded to the

absorption spectrum change of sensing thin filtheexperiment results.

Table3.1 The interaction energies per one moleculE (kcal/mol) at the
optimized distance; D (A) and the change in NBOrgador ZnTPP, ZnTTBPc and
MnTPPCI.

Interaction Sensing molecule
between ZnTPP ZnTTBPc MnTPPCI (b)-(c)
D AE | A Charge of D AE A Charge of D AE | A Charge of
Zn (0] Zn (0] Mn (0]
Methanol 2.375| -5.79| 0.03§ -0.04¢ 2376 -7.24 0.0830 -0.048.872| -6.05| 0.057 -0.027
Ethanol 2500 | -5.66| 0.031] -0.03j 2626 531 0.023 -0.0B3.872| -5.04| 0.051f -0.02
Isopropanol | 2500 | -5.96| 0.031 -0.039 2.625 -5.6D 0.023 -0.087.128| -5.08| 0.044 -0.021
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3.4.4 Principal Component Analysis (PCA)

PCA is the simplest technique amongst true eigaowbased multivariate
analyses, which best accounts for the variancéendata. The principle idea of this
method is start from the chemical analysis thatiaesl more than one measurement for
single sample such as volatile amine detectiondasefour types of nanocomposite
gas sensor array [4]. Moreover, this techniquete®n used as the pattern recognition
method in e-nose system; for example, identify ¢juality of food products and
contamination of formaldehyde in seafood. In tharky the gas-sensing responses (S)
from UV-Vis spectrophotometer were analyzed by R&@#kulation. The data sets for
PCA calculation were extracted from the differenafe the average gas-sensing
responses between a sensing vapor and the refegascelhe efficiency in VOCs
discrimination of mixed layer gas sensor based oM TBPc/ZnTPP/MnTPPCI was
compared with its single layer gas sensor by uBi@Gg method. Figure 3.10 shows the
PCA in two-dimensional score plot related to théadmom the five sensing arrays
based on the optical absorption spectra regionRR)1L-The results conclude that the
mixed layer of ZnTTBPc/ZnTPP/MnTPPCI more clearigssified the three types of
alcohol vapor than mono layer of ZnTTBPc, ZnTPP &mI PPCI.
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Figure 3.10 PCA two dimensional score plot of the optical gasnsers

based on ZnTTBPc, ZnTPP, MNnTPPCI and ZnTTBPc/ZnWPFPPCI film.

The efficiency of mixed layer gas sensor was testégti other VOCs
which are found in food and beverages odor suchcatone and acetic acid. Figure
3.11 (a) shows the classification of five vaponely methanol, ethanol, isopropanol,
acetone (5% eq.) and acetic acid (5% eq.) for mlagdr gas sensor. Therefore, this
mixed layer gas sensor was optimized for gas seinsttis optical e-nose system.
Despite the classification of the different concatdn of alcohol such as ethanol was
interested in this work too. The ratios betweemetthand water were varied by change
the volume of ethanol and water in the total voluofiecO ml. The optical sensors
separate the different ratio between ethanol angrfaom 0 to 100% (see Figure
3.11(b)). The separation between ethanol 100% &hdsOshown clearly in PC1 axis
direction. The PC1 axis that is the highest vagamalue of principal coordinates

(81.67%) represents the almost important inforrmatbthe data set. The data set of
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ethanol 100% stays in the left hand side of Fidutd (b) while the data set of ethanol
0% (or water 100%) stays in the right hand sid&igf 11(b). It is clearly to conclude
that PCA is an absolute statistical method in tleeteonic nose system to classify the
group of vapor. This method is a high efficiencydam low demand on computing
power in the system. Therefore, the optical el@itrmose system based on the three
types of organic compounds should be highly eféector discriminating VOCs and

applicable to qualitative measurements of foodanodholic beverage.
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3.5. Conclusions

The mixed layer of ZnTTBPc/ZnTPP/MnTPPCI spin-cddtan films has
been demonstrated to be able to detect various lah¥OC vapor, namely methanol,
ethanol, isopropanol, acetone (5% eq.) and aceiit (&% eq.). The AFM and XRD
were used to investigate the nano crystalline siracof mixed layer spin-coated thin
film. DFT method based on B3LYP6-31G* level suctalbs optimized the ground
state structure of ZnTTBPc, ZnTPP, MnTPPCI, methaetihanol and isopropanol
molecules. The interaction energies between semswigcule and analyzed molecule
in computational method confirmed the agreemenh whe gas sensing behavior in
experimental result. Therefore, the optical elegtramose constructed from the mixed
layer organic molecule exploits the high chemicdbimation based on the optical
absorption properties and the effective classificatmethod based on PCA

calculation.
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CHAPTER IV
AN OPTICAL ARTIFICIAL NOSE SYSTEM FOR ODOR
CLASSIFICATION BASED ON LED ARRAYS

4.1 Synopsis

Optical electronic nose (olfactory sensing) techgms have recently
become a convenient technique to identify the ¢ual food and beverage products
based on the odor classification. In this chaptee, reported an optical-based
electronic nose system consisting of thin-film segsmaterials, array of light
emitting diode (LED), photo-detector and pattercogmnition program. The organic
mixtures thin film gas sensor was prepared by spating of Zinc-2,9,16,23- tetra-
tert-butyl-29H,31H-phthalocyanine (ZnTTBPc), Zin8,15,20-tetra-phenyl-
21H,23H-porphyrin (ZnTPP) and manganese(lll)-5,5(20-tetraphenyl-21H,23H-
porphyrin chloride (MnTPPCI) onto a clean glass sétdte. The electronic nose
system was developed by using the low-cost LEDyaasaa light source. Then the
light intensity that is transmitted through the amg thin film during the experiment
was detected by the color light to frequency coteretdevice (photo-detector). The
ability of this system was tested by using volatitganic compound (VOCs) vapors
such as methanol, ethanol, and isopropanol. Pahcipmponent analysis (PCA) has
been used as the pattern recognition for this releict nose system. The result
confirms that the sensing layer that composed & three types of organic

compounds described the odor of chemical vapoieg deafood and beers.
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4.2 Introduction

An electronic nose is a clever instrument that fioms as an olfactory
system in human. The electronic nose instrumensistsof an array of gas sensors,
transducer, gas-flow system and pattern recogniSeveral methods have been used
for transduction of the sensing signals such assrfi&d and electrical transduction
[51]. Optical technique is a simple and convenie@thod to detect the change of
organic thin film gas sensor such as metallo-pbttanine (MPc) and metallo-
porphyrin (MP) [61]. MPc and MP is the organic caupd that produce the
absorption spectra in UV-Vis region because themat characters of these
materials are related to electronic transitiondinitheirm-aromatic system [71]. The
optical electronic nose has been successfully giedliithe volatile organic compound
(VOC) concentrations in their binary mixtures (a&cedcid and ethanol) based on
spectrophotometer [72]. In addition, MPc and MPmaly ZnTTBPc, ZnTPP and
MnTPPCI [41], successfully detected and classifietatiie VOCs vapor such as
alcohols, acetone, acetic acid and food produ@viBus chapter confirmed that the
organic mixtures of ZnTTBPc, ZnTPP and MnTPPCI smated thin films are able
to classify various VOC vapors, hamely, methanitiaeol, isopropanol, acetone (5%
eqg.), acetic acid (5% eq.) and methyl benzoate @&§9 based on UV-Vis
spectrophotometer instrument [73]. In this chapéer,optical electronic nose was
developed for optical measurement by using thedost-LEDs as a light source and
the organic thin film as the sensing material. Tobor light to frequency converter
devicewas used as transducer to collect the changingloff intensity that transmits
from the sensing layer. The organic mixtures thim fgas sensor was prepared by
spin coating the mixing solution of ZnTTBPc, ZnTRRd MnTPPCI onto a clean
glass substrate and annealing at °25Qunder argon atmosphere. Finally, the
classification of the odor was analyzed by principamponent analysis (PCA)

method.
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4.3 Experimental

4.3.1 Optical Electronic Nose System Setup

The optical electronic nose set up comprises basmgponents namely,
light source, sensing materials or sensor and aceldor detecting light signals
coming from the sensor as shown in Figure 4.1. tost LED array was chosen to
be a light source in this system. There was comialgoboto-detector (ET-TCS230)
to detect the light intensity. All of the measuents were performed at room
temperature. The gas sensing capability of the megahin films have been
investigated under the dynamic gas flow througlomdrbuilt chamber that shields
the light from the outside. Nitrogen (99.9%) gaswaed as the reference and carrier
gas to conduct headspace vapor from the samplke laitthe rate flow about 500
ml/min. The gas flow was controlled by solenoid vealto switch between the
reference gas (4 minutes) and sample gas (2 mjndtke solenoid valve and LED
array were controlled by LABVIEW program based omA@ card. Each

measurement consists of 5 cycles of switching betvike reference and sample gas.
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Figure 4.1 Schematic diagram of optical electronic nose setup.

The schematic diagram for LED array and photo-detes shown in

Figure 4.1. The spectra of color LED was invesgaddty ocean optic instrument. The
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light intensity of red, yellow, green, blue, pirdqd violet LED was occurred at 638,
587, 537, 457, 472 and 399 nm. The switching betwaight LEDs was controlled
by a multiplexers (MAX4617CPE) device. This systeonsists of infrared, red,
yellow, green, blue, pink, violet and white LED.éfhthe photo-detector that consists
of photodiode array translates the light intensdythe current and frequency (f),

respectively. This measurement was controlled bBYAW program.
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Figure4.2 The diagram of eight colors LED for optical sensiargays and photo-

detector device.

4.3.2 Sensor Fabrication

ZnTTBPc, ZnTPP and MnTPPCI were obtained from Sigyithich. The
mixed solution of ZnTTBPc/ZnTPP/MnTPPCI was obtdinfom a 3 ml of
chloroform solution containing 12 mg of ZnTTBPcy of ZnTPP and 15 mg of
MnTPPCI. Then the blended ZnTTBPc/ZnTPP/MnTPPGI flims were obtained by
spinning the solution onto a glass substrate @0L/Pm for 30 s. The spin-coated
thin films were placed in a furnace under the argonosphere, heated at the rate of
5 °C per minute to reach 250 °C and then cooledndfw 3 hours. The optical
spectrum of annealed spin-coated film was testelkmuthe atmosphere of methanol,

ethanol and isopropanol vapor using Jenway UV-@ectophotometer.
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4.4 Results and Discussions

4.4.1 Optical M easurements and Sensing Char acteristics

The absorption spectra of non-annealed and annspiedtoated films are
shown in Figure 4.3 (a). The mixed layer thin fisinows the absorption peak at 345,
430, 480, 620 and 695 nm, in accordance with tiseration peaks of Q band and B
band in the metallo-phthalocyanine (MPc) [58] amde® bands and the Q bands in the
metallo-porphyrin (MP) [59]. The main peak of aneedafilm was shifted. The
intensity of absorption peak at 345 and 480 nmeased while the intensity of
absorption peak at 620 and 695 nm decreased. Andlborption peak at 430 nm
shifted to 428 nm. The absorption change of andddha during the gas flow system
is presented in Figure 4.3 (b). Methanol, ethandl igopropanol were used as sensing
vapors. The absorption changes were cledrberved at 390, 430, 480 and 695 nm.
The interactiobetween porphyrin and oxidizing or reducing gasgsedd on theeTt*
interaction that relate to the absorption spectrathe organic compounds [74].
Therefore, the visible light LEDs were used as lthkt sources and photo detector

was used as transducer to detect the color chdrsgnsing material in this chapter.
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Figure4.3 The absorption spectra of (a) non-annealed andatethdiims and (b)

annealed films under reference gas, methanol, etlasad isopropanol vapor.

Figure 4.4 show the sensing signal of blue (457 ang violet (399 nm)

LED with methanol, ethanol and isopropanol vapdre Pphoto-detector collected the
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frequency (f) that directly proportional to the Higintensity. Methanol and ethanol
vapors present the faster response with gas sémeolisopropanol vapor. This result
was related to the vapor pressure of alcohol becasmpropanol has low vapor

pressure than methanol and ethanol.
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Figure4.4 The sensing signal of blue and violet LED with naetbl, ethanol and

isopropanol vapor.

The average gas sensing response of eight LED rsansxy for three
types of alcohol is presented in Figure 4.5. The gansing response (S) was
calculated from equation (1)

S=Af /1y (4.2)
when fis the average frequency during flowing refererae @ndAf is the average

of the different frequency between reference g9 &nd sample gasf( ).
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Figure4.5 The average gas sensing response of eight LED sansty for three
types of alcohol.

Gas sensing responses of non-annealed film andakthdilm were
compared (see Figure 4.5). The annealed film ptedethe strong gas sensing
responses for all types of alcohol. Thermal anngamethod developed structure of
sensing layer. Violet LED presents the highest ayergas sensing response with all
of chemical vapor. The LED operating in the vialegion which is corresponding to
the absorption spectrum of porphyrin at 430 nm (Sgere 4.3) presents the highest
response with analyzed gas [75].

The surface structures of non-annealed and annedgdrs are
investigated by atomic force microscope (AFM) ($agure 4.6). The roughness of
non-annealed and annealed film were 1.15 and 2128 nespectively. Thermal
annealing process changed the surface srmiwoth to knobbesurface. This modified
surface was the optimized structure for gas detediecause the gas sensing response

increased for annealed film gas sensor.
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Figure4.6 AFM image in 3D and phase of (a) non-annealed &lml (b) annealed

film.
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Figure 4.7 XRD pattern of non-annealed film and annealed film.
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Figure 4.7shows the corresponding intensity pedkson-annealed and
annealed ZnTTBPc/ZnTPP/MnTPPCI spin-coated films diyserving a broad
diffraction band from 2to 3C. The intensity peaks ab 2qual to 11 and 138 for both
films are the effect from the glass slide substrates intensity peaks of non-annealed
and annealed film present d @qual to 3.71and 2.38, respectively. The interplanar
distance (d) for non-annealed film is 23.79 A whirgerplanar distance (d) for
annealed film is 37.09 A. The distance betweentarydanes increased after thermal
annealed process. Therefore, annealing at higheiexiye affected to the orientation
of dye molecules, for example the interplanar spaic&nTTBPc evaporated film

increased when temperature of substrate was irextd¢&3].

4.4.2 Odor Classifications

PCA technique was used as the classification meftrodptical electronic
nose to identify the quality of food products [3&]]. The data sets of PCA were
calculated from the difference of the average gasiag responses between a sample
vapor and the reference gas. In this electronie isesup, there are 8 sensors based on
different LED color to identify the types of chemlic vapor.
ZnTTBPc/ZnTPP/MnTPPCI sensor successfully deteeted discriminated several
four type of chemical vapor (see in Figure 4.8hefe are clearly separate four types
of alcohol. The data of alcohol mixtures (methabf% and ethanol 50%) located
between methanol 100% and ethanol 100% data. liti@udthis electronic nose
system successfully describes various concentratfoethanol in water volume by
volume (0-100% of ethanol) as shown in Figure 4Bood and beverages produce
were classified by this e-nose system, such ag&igil0 show the classification of 3
dried seafood and 3 commercial beers. These resulisate that this optical
electronic nose system may be used as the olfaslgsiem to classify foods and

beverages.
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based on PCA calculation.

4.5 Conclusion

The optical electronic nose was developed by udiB® and photo

detector as the sensor array and ZnTTBPc/ZnTPP/MCTBpin-coated thin films as

a sensing layer. The photo detector successfuthcted the change of light intensity

during the gas flow measurement. Gas sensor waslaged by thermal annealing

process. The annealed film presented more rouglares&arger interplanar distance

than non-annealed film. The annealed structureeasmd efficiency of gas sensor.
PCA clearly separated the methanol 100%, ethan8%l(0sopropanol 100% and

mixing of methanol 50%-+ethanol 50%. Finally, thigstem detected the varying

concentration of ethanol solution in water. Thessification of food and beverage

will test in the future work.
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CHAPTER YV
HYBRID OPTICAL-ELECTROCHEMICAL ELECTRONIC NOSE
SYSTEM BASED ON Zn-PORPHYRIN AND MULTI-WALLED
CARBON NANOTUBE COMPOSITE

5.1 Synopsis

In this chapter, we have enhanced the capabilignoé-nose system based
on combined optical and electrochemical transdootrdhin a single gas sensor array.
The optical part of this e-nose is based on detedaif the absorption changes of light
emitted from eight light emitting diodes (LEDs) aseasured by a complementary
metaloxide semiconductor (CMOS) photo-detector. The tebebemical part works
by measuring the change in electrical resistivityhe sensing materials upon contact
with the sample vapor. Zinc-5,10,15,20-tetra-phetiyH,23H-porphyrin (ZnTPP) and
multi-walled carbon nanotube (MWCNT) composite wiasd as the sensing materials
based on its good optoelectronic properties. Taising layer was characterized by
UV-Vis spectroscopy and atomic force microscope #ested with various VOC
vapors. Density functional theory (DFT) calculasowere performed to investigate
the electronic properties and interaction energsesween ZnTPP and analyte
molecules. It can be clearly seen that this hylmptical-electrochemical electronic

nose system can classify the vapor of differentatdel organic compounds.
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5.2 Introduction

The olfactory systens an essential equipment for survival of all
mammals, although nowadays human employs thicaltitiimportant sense mainly
for pleasure. At present, electronic nose (e-nbas)been invented to mimic this sense
of smell and applied in many applications suchoasl fsafety and quality control [76],
and air quality monitoring [77] etc. The main compats of an e-nose system are an
array of gas sensors, transducer and pattern rgimognGas sensors can be
implemented based on different sensing materiats teansduction principles, for
example, conducting polymer [78], metal oxide semductor [3], piezoelectric [40],
electrochemical, and optical sensors [79]. Recentlymbing different working
principles to produce hybrid electronic nose isdmeing an active area of e-nose
research.

Porphyrins are a class of semiconductor materfeds lhave been widely
used as optical sensors to detect the volatilenacggompound (VOC) based on the
change of light intensity [71]. Zinc-5,10,15,20rephenyl-21H,23H-porphyrin
(ZnTPP) was demonstrated to optically detect altohcetone, acetic acid, methyl
benzoate, and commercial alcoholic beverages 37,60 observe the electrical
change of highly resistive ZnTPP, carbon nanotUbNT) has been introduced to
produce CNT/ZnTPP nanocomposite with moderate octivdty [80]. In addition,
CNT may help to amplify the gas detection by insneg adsorption surface presented
on the interior and exterior of the sidewalls [81].

In this chapter, we have constructed a hybrid enggstem based on
ZNTPP/MWCNT nanocomposite thin film and hybrid opti and electrical
measurements. The eight color light emitting dio@esDs) and a CMOS photo-
detector were used as light source and detectgpectively, for optical measurement
of the absorption changes of sensing materialsaddition, change in electrical
resistance of the sensing materials upon contattt thie sample vapor was also
recorded to complement the optical measuremens mylbrid gas sensor array was
tested with different VOC groups such as alcohedser, ether, ammonia, ketone and
acid. To understand the sensing mechanism, derisitgtional theory (DFT)
calculations were performed to investigate the tedeec properties and interaction

energies between ZnTPP and analyte molecules (33aksification of these vapors



Sumana Kladsomboon Hybrid Optical-Electrochemical / 60

based on was successfully solved by pattern rettognbased on the principal

component analysis (PCA).

5.3 Experimental

5.3.1 Optical-electrochemical Electronic Nose Syste

Sensor chamber

Reference
bottle

FEERREE RPN FEEFR RS RENR

: Gold electrode :

IEFER IR FAF S N RN RN R

Figure 5.1 The hybrid optical-electrochemical e-nose systersetiaon the organic
thin film.

The optical-electrochemical electronic nose conggristwo basic
components, namely optical and electrochemicalspast shown in Figure 5.1. The
optical part is composed of eight color light emgtdiodes (LEDs) and the device for
detecting light signals coming from the sensor (C3/ghoto-detector). The intensity
peak of red, yellow, green, blue, pink, and vidlEDs was centered at 638, 587, 537,
457, 472 and 399 nm. The electrical part was coastd from the voltage divider
circuit to detect the resistance change of sensiatgrial. Both optical and electrical
parts work by measuring the change in light intgnand resistance of the sensing
materials upon contact with the sample vapor amrdemperature. This sensing

material was prepared on the clean glass subsiratep of the interdigitated gold
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electrodes. The gas sensing capability of the dybais sensor has been investigated
under the dynamic gas flow through a home-builthaber. Nitrogen (99.9%) gas was
used as the reference and carrier gas to condactspace vapor from the sample
bottle at the rate flow about 500 ml/min. The glsvfwas controlled by solenoid
valves to switch between the reference gas (4 m#und sample gas (2 minutes).
Each measurement consists of 4 cycles of switchatgeen the reference and sample
gas. The experiment was repeated for three timesom sample.

5.3.2 Sensor Fabrication

ZnTPP was obtained from Sigma-Aldrich, whereas MWGs obtained
from Chiang Mai University (synthesized by Dr. RhiSingjai) [83]. MWCNT was
dissolved in chloroform solution at the concentmatiof 2 mg/ml by using
ultrasonicator and magnetic stirrer while ZnTPP wiasolved inchloroform solution
at the concentration of 4 mg/mbly using ultrasonicator. Such concentration ratio
yields the optimized gas sensing properties in work. Then the solutions of
MWCNT and ZnTPP were mixed together using ultrasator and magnetic stirrer.
The hybrid gas sensor (ZnTPP-MWCNT) thin film wa®gared by spinning the
solution onto the specially-prepared substrate fsgeare 5.1) for optical and electrical

measurement at 1,000 rpm for 30 s.

5.3.3 Quantum Mechanics Modeling

The geometries and electronic structure of porphiyriground state have
been studied by density functional theory (DFTcuakdtion [56]. The initial structure
of ZnTPP and VOCs molecules were optimized basedB3inYP/6-31G* level of
theory. Then the electronic properties and therawteon energy between VOCs and
ZnTPP were calculated by B3LYP/6-31G* too. Theahse between the oxygen atom
in VOCs molecule (nitrogen atom in ammonia molecwad the zinc atom in
porphyrin molecule at the highest interaction epavgs investigated. The interaction

energies between ZnTPP and VOCs molecule werelagduby equation (5.1):

Einteraction = EZnTPP+VOC - (EZnTPP + E\/OC ) (51)
Where Eznrep and Eyoc is the total energy of isolated ZnTPP and VOC muake,

respectively.
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5.4 Results and discussions

5.4.1 Characterization of Hybrid Gas-sensing Films

0.8
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- -~ —-WCNT
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e
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Figure 5.2 The absorption spectra of ZnTPP, MWCNT and ZnTPP+BNV spin-

coated thin film.

Figure 5.2 presents the UV-Vis absorption specfrard PP, MWCNT
and ZnTPP-MWCNT spin-coated thin film. The absamptipeak of ZnTPP was
occurred at 428 nm and the non-absorption peakWIONT was observed [84]. This
absorption spectrum is related to the Soret banldafil) around 400 nm and weak Q
bands at 480-680 nm which can be determined byréimsition of the electrons from
ground to the excited state [85]. But after addviyCNT into ZnTPP, the absorption
spectrum was decreased and slightly shifted tod80The absorption spectrum shift
corresponded to the formation of more aggregatesoser packing in porphyrin thin
film [70,86] and normally occurred after the formoat of the porphyrin thin film [87].
The slight red shift in Soret band is assignecht dhange in the packing (stacking)
between the ZnTPP molecular layers when MWCNT muéecare inserted. The blue
shift in Q band can be assigned to the additionrpl mteractions between ZnTPP and
MWCNT. In the gas sensing experiment, methanol rvagbtected to the absorption
spectrum of hybrid gas sensor only slightly by tafgf the absorption peak. The
biggest spectrum shift was occurred in the ran@e38D nm.
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Figure 5.3 DFM images in top views and 3D of ZnTPP (left) adrPP-MWCNT
(right) spin-coated film.

The effect of MWCNT in ZnTPP spin-coated film was/éstigated by
dynamic force microscope (DFM) as shown in Figu® Fhe average roughness for
ZnTPP and ZnTPP-MWCNT spin-coated film was found&0.64 and 27.50 nm,
respectively. Thus, the increasing grain size of ZR-MWCNT corresponds to the
average diameter size of MWCNT 27 nm [83]. Therefonore surface area available
for gas sensing is expected and MWCNT can act asamannel that help transport
the analyte molecules into the deeper layers offEhTleading to enhanced sensitivity.
The distribution of MWCNT is quite random and iganizes like a rope that consists
of many aligned CNT due to van der Waals forces/ben CNT walls [88].

The sensor signals of hybrid gas sensor were iigatst by measuring
the change in light intensity and resistance ofrtfagerial under the dynamic gas flow
(see in Figure 5.4). In optical measurement, thetqahiode array in CMOS photo-
detector is functioning as a current to frequenogvertor. This detector counts the
pulse of the current as the frequency which is gead from the incident photon and
related to the light intensity [89]. Therefore, tlgas sensor signals of optical
measurement were presented in terms of frequerdagxarhe highest change of gas
sensor signals was observed in the violet LED (399 that related to the change in

the absorption spectra of ZnTPP-MWCNT under methaapor (Figure 5.3). The
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same trend of sensor signal was observed in thetrield measurement, which

suggests a slight charge transfers between MWCNTanreducing gas [90].

5.4.2 Gas Sensing Response
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Figure 5.4 The percentage of gas sensing response in ZnTPRCINIMand ZnTPP-
MWCNT spin-coated film with methanol, ethanol arspropanol vapor at room

temperature.
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Figure 5.5 The percentage of the average gas sensing resfonsiee sensor array
with eight types of VOC.

The gas sensing response (S) was calculated frefthf, whereAf is
defined fromfg — f; (see in Figure 5.4). THe andfr represent the sensor signal upon

sensing vapor and reference gas, respectivelyuré&i§.5 shows the percentage of
average gas sensing response for nine sensoreighhtypes of VOC. The sample
vapors were generated from the solution of methgd6l0%), ethanol (100%),
isopropanol (100%) and acetone (5% ag.), acetid g ag.), ammonia (5% aq.),
diethyl ether (5% aq.) and ethyl acetate (5% atj.ambient conditions. Based on
evaporation rate at these conditions, methanol vppesents the highest average gas
sensing among alcohols. Acetic acid presented higherage gas sensing response
than other VOCs (5% in aqua). It can be seen meg@bnresponses strongly within the
green-violet region of the visible spectra. It widmis expected that this hybrid
electronic nose will be efficient for most VOCs.



Sumana Kladsomboon Hybrid Optical-Electrochemical / 66

5.4.3 Sensing Mechanism
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Figure 5.6 The plot of interaction energies versus distan¢eéen oxygen atom in

VOCs molecule (or nitrogen atom in ammonia) anccZtom in ZnTPP molecule.

To understand the mechanism of ZnTPP sensor, we inaestigated the
interaction energy when ZnTPP interacts with VOCleuole. Figure 5.6 plots the
interaction energies versus distanbg between oxygen atom in VOCs molecule (or
nitrogen atom in ammonia) and Zinc atom within tenter if ZnTPP molecule.
Ammonia molecule presents stronger interaction ggnéran alcohols, ethyl acetate,
acetone, acetic acid and diethyl ether. The aveoagjenized distance for all VOC is
about 2.46 A. Table 1 indicates the change of elait properties such as energy gap
and charge exchange at the optimized distance tr&tedransfer from Zinc and
nitrogen atoms in the porphyrin ring to the oxygéom in VOCs molecule was found.
Such results have confirmed our experiment thatrélsestance of hybrid gas sensor
was increased under the VOCs gas flow. In addivMSDC molecules have induced the

change in energy gap responsible for the shifbsogption spectra.
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Table 5.1 Interaction energylE), energy gap changaig), and NBO charge change
(A NBO charge) of ZnTPP at the minimize energy based on DFTutaton.

D IE AEq A NBO charge of

VOCs (A (kcal/mol) (eV) Zn N o)
Methanol 2.375 -5.79 -0.12 0.036 0.010 -0.046
Ethanol 2.50 -5.66 -0.10 0.031 0.007 -0.035
Isopropanol 2.5( -5.97 -0.10 0.031 0.010 -0.039
Acetone 2.50 -4.29 -0.11 0.034 0.010 -0.003
Acetic acid 2.50 -3.89 -0.11 0.034 0.011 -0.048
Ammonia 2.375 -9.62 -0.15 0.041 0.963 -0.056
Diethyl ether 3.874 -1.31 -0.07 0.008 1.232 -0.007
Ethyl acetate 2.50 -4.52 -0.11 0.036 1.220 -0.156

5.4.4 Classification of Odor

PCA is a pattern recognition method usually emploie analyze multi-
dimensional data. This method was used to redueedimension of the data and
present the new data set in the new axis (PC1 &#) Pasily visualized by human
[1], as shown in Figure 5.7. The results thus caonfihat the hybrid electronic nose
successfully classifies several odorous moleculeh sas alcohols, acetone, acetic
acid, diethyl ether and ethyl acetate, which aeelthsis of more complex odors such

as foods and fragrances.
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Figure 5.7 PCA two dimensional score plot related to the mirrays of optical sensor

corresponding to several types of the VOC vapor.

5.5 Conclusion
The hybrid electronic nose based on hybrid ZnTPP@WVI sensing

materials and hybrid optical-electrochemical détecivas successfully demonstrate
to classify various VOCs, for examples, alcoholsetane, acetic acid, ammonia,
diethyl ether and ethyl acetate. The combined #teal (DFT calculations) and
experimental (sensing measurement) approach stglbgsprovides the sensing
mechanism underlying the gas detection that baseteoion-dipole interaction with a
moderate charge transfers from porphyrin to VOC&mude. It was expected that this
hybrid electronic nose should be applicable forlymis of the foods and other

products that contain fraction of the detected M@@ecules.
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CHAPTER VI
MOLECULARLY IMPRINTED POLYMER FOR OPTICAL GAS
SENSOR IN ELECTRONIC NOSE

6.1 Synopsis

In this chapter, optical gas sensors were develdpedsing molecular
imprinted polymer (MIP) technique base on polyuaet (PU) and dye composite.
We prepared the MIP material by adding analyteeongiate molecules (such as 1-
propanol and 1-buthanol) in the PU solution. Thga tholecule namely, zinc tetra-
tert-butyl-phthalocyanine (ZnTTBPc) was dissolvadholymer solution. Spin coating
techniqgue was used to prepare the sensing layeigdartz crystal microbalance
(QCM) measurement while drop coating technique used to prepare the sensing
layer for optical measurement. The gas sensor asised by using the optical e-nose
based on LED arrays (see the details in Chapter TW)js sensing layer was tested
with VOC vapor in the same concentration to conftim selectivity of gas sensor.
The MIP gas sensor presented strong sensing signanalyte gas in case of 1-
buthanol. Moreover, the gas sensing response walgzad by pattern recognition,
namely, principal component analysis (PCA) in etmut nose (e-nose) application.
PCA result showed that MIP technique improved ttier @lassification for ZnTTBPc

material.

6.2 Introduction

E-nose is an intelligent device functioning likeetlihuman olfactory
system. The key components of an e-nose systetheugas sensor array and pattern
recognition. Most research topics on e-nose haea lbecused on searching for new
types of gas sensors. In previous work, organicsgasor thin films based on optically

active compounds, namely metal-porphyrin (MP) anetatphthalocyanine (MPc),
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were developed using the optical-based detectiomigue [40]. Quantum chemical
calculations based on the density functional thg@¥T) have confirmed that the
optically active molecule presents the moderatsttong interactions with the
functional groups in volatile organic compounds &) molecule [37]. Although
both MP and MPc have been practically useful deteadf several VOCs, they are
selective towards functional groups rather thanviddal molecules. Therefore, MIP
method has been introduced for improving the seiecof these gas sensors towards
specific molecular shape of VOCs of interest. Thprinted gas sensor was fabricated
from the polymer matrices that assemble aroundteéhgplate molecules. Then the
template molecules were removed from the polymdrirmeeaving behind cavities in
size and shape of the template molecules [20].ifsiance, imprinted sensors have
been used for gas detection based on mass tramstheteique or quartz crystal
microbalance (QCM) [91]. This technique has beerdus detect the mass of analyze

molecule that interacts with the polymer.
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Figure6.1 Molecular  structure  of  diisocyanato-diphenymethan€DPDI),
phloroglucinol, bisphenol A (BPA) and ZnTTBPc

In the case of optical detection, optically actiwgempounds, such as

ZnTTBPc (see in Figure 6.1) were added into theyrmpel matrix during the
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polymerization process. In this chapter, 1-propa(lePrOH) and 1-buthanol (1-
BuOH) were used as template molecules, while pethane (PU) was used as the
matrix polymer. This polymer matrix was fabricatedm the following monomers,
namely diisocyanato-diphenylmethane (DPDI), phlaromol and bisphenol A (BPA)
(see Figure 6.1). These monomers self-organizedndr the template molecule to
form an optimized structure. Selective cavities evereated after removing the
template molecule [92]. This MIP gas sensor wagstigated by QCM measurements
to confirm the selectivity, while the optical propes of gas sensors were investigated
in the optical e-nose setup. This commercial ligmitting diodes (LED) and CMOS
photo-detectors were used as the light sourceightidetector, respectively. The gas
sensing responses were reported in the form ofabis®rbance data for eight color
LEDs, such as infrared, red, yellow, green, vigh&tk, blue and white (see Error!
Reference source not found.). The MIP mixed dye gas sensors were tested \nih t
methanol (MeOH), ethanol (EtOH), 1-propanol (1-PyOi-buthanol (1-BuOH), 2-
propanol (2-PrOH), 2-buthanol (2-BuOH) and acetwapors, respectively, by QCM
and optical e-nose measurements. Moreover, theteffie MIP in gas sensor was
analyzed by atomic force microscope (AFM) and U\s-\épectrophotometer. AFM
was operated in a dynamic force mode (DFM) or tagpnode that was used to
investigate the soft material such as polymer serf@3]. UV-Vis spectrophotometer
was used to analyze the absorption spectrum offgayanine in matrix polymer.

6.3 Experimental

6.3.1 Sensor Fabrication

The polyurethane (PU) was prepared by mixing 50 drigocyanato-
diphenylmethane (DPDI), 98.5 mg bisphenol A (BPE),mg phloroglucinol and 100
pl tetrahydrofuran (THF) then sonicating for 30 oigs to mix all components.
Analyzed molecules such as 1-PrOH and 1-BuOH wapinted into the polymer by
adding 970 ul of analyte solvent in 30 pl of PU atiding overnight. Finally, the dye
molecule, namely ZnTTBPc, was added to the polysodution in the concentration

of 10 mg/ml. The sensing layer on quartz electnods prepared by spin coating at a
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spin speed of 3000 rpm. These sensing materiaks adened over night at 70 to
remove the analyte or templates from polymers leefoeasurement.

The sensing layers for optical e-nose setup weepgred by spin coating
and drop coating technique on clean glass subs8ata-coated film was spun at spin
speed of 500 rpm while drop coated film was useqiléf MIP mixed dye solution.
Both gas sensors were hardened over night 876 remove the analyte or templates

from polymers before measurement.

6.3.2 QCM Setup

The gold electrode pattern for QCMs measurement pvaduced by a
screen-printing technique onto AT cut quartz blamkth a diameter of 13.9 mm.
There were 2 electrodes printed on one side of gaahtz plate and heated up to 400
°C for 2 hours. Then the other side of quartz phes printed and again heated up to
400 °C for 4 hours. This resulted in 2 channels (Ch d @h 2) for sensing on the

same quartz plate (see in Figure 6.2).

Figure 6.2 Schematic drawing of the QCM measurement setup.

The measurement setup to obtain optimal referemc®€CM is presented

in Figure 6.2. The quartz plate in the sensor cleamias connected with an electronic
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circuit. Then frequency counter was used to charaet the QCM frequencies for
both channels. The sensing vapor was evaporated fre solvent. The vapor
concentration in the gas measurement setup wasotledtby mixing reference gases
and evaporated solvents. The total flow rate of \yas controlled to be 1 liter per

minute.

6.3.3 Optical E-nose Setup

The optical electronic nose set up has been shoviarrior! Reference
source not found. (see Chapter IV). In this system, low-cost LEDagrwas chosen
to be a light source and photo-detector was useditect the light intensity. The
intensity peak of red, yellow, green, blue, pinkd aiolet LEDs was centered at 638,
587, 537, 457, 472 and 399 nm, respectively. Tlsesgasing response of the sensing
material was investigated under dynamic gas flawugh a home-built chamber that
shields the chamber from outside light. Nitroges gas used as the reference and
carrier gas to conduct headspace vapor from thelsabottle. All of components

were controlled by LABVIEW program based on DAQctar

6.4 Results and Discussion

6.4.1 Influence of MIP in QCM Technique

MIP gas sensors were tested by QCM measurementyploal data from
each electrode was measured by connecting it ts@m-made oscillator and reading
out the frequency by frequency counter. The outgatia is reported in term of
frequency change (Hz) as function of time. The dewy change was occurred from
the change of fundamental oscillation frequencynuadsorption of molecules in gas

phase. The frequency chang¥f () was calculated fromi—f., where f . and f, were

defined as frequency at any time and initial fretpyeof gas sensor, respectively.
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Figure 6.3 Typical sensor signals of PU(1-PrOH)-ZnTTBPc and ZBPc for (a) 1-
PrOH in concentration of 100-600 ppm and (b) VO@por in concentration of 600
ppm.

Figure 6.3 (a) presents the frequency change ofitinting with 1-
PrOH mixed dye (PU(1-PrOH)-ZnTTBPc) and pure dyeTZBPc) for 1-PrOH in the
concentration of 100-600 ppm. PU(1-PrOH)-ZnTTBPespnted more frequency
change than ZnTTBPc for all concentration. ThersfdMIP technique successfully
developed the sensitivity of ZnTTBPc. The frequenbgnge of MIP gas sensor was
increased by increasing the concentration of 1-RrOtik gas sensor detected 1-PrOH
at the low concentration at 100 ppm. The selegtioit gas sensors are shown in
Figure 6.3 (b). These signals were measured fraendifferent vapor in the same
concentration at 600 ppm. The highest frequencyghaf PU(1-PrOH)-ZnTTBPc
was observed in case of the 1-BuOH that was notdimplate molecule (1-PrOH).
Sometimes, this phenomenon was occurred because ohasmplate molecule less

than mass of other sample molecule [94].
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Figure 6.4 Frequency response of PU(1-PrOH)-ZnTTBPc and PUWQHR for (a) 1-
PrOH in concentration of 100-600 ppm and (b) VO@por in concentration of 600

ppm.
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The effect of dye compound that was added to Myrlavas investigated

in Figure 6.4. Frequency change of PU(1-PrOH)-ZnP¢Band PU(1-PrOH) was
compared by varying the concentration of 1-PrOHe (Bmure 6.4 (a)) and changing
the sensing vapor (see Figure 6.4 (b)). MIP witke dfPU(1-PrOH)-ZnTTBPc)

presented the similar frequency change in the MitRout dye (PU(1-PrOH)).
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Figure 6.5 Typical sensor signals of PU(1-BuOH)-ZnTTBPc and ZBPc for (a) 1-
BuOH in concentration of 100-600 ppm and (b) VO@por in concentration of 600

ppm.
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Figure 6.5 (a) presents the frequency change ofitinting with 1-
BuOH mixed dye (PU(1-BuOH)-ZnTTBPc) and pure dyaT{ZBPc) for 1- BUOH in
the concentration of 100-600 ppm. PU(1-BuOH)-ZnT€RiPesented more frequency
change than ZnTTBPc for all concentration of 1-BuQHis results are agreed with
the PU(1-PrOH)-ZnTTBPc (see Figure 6.3 (a)). ThamesfMIP technique successfully
developed the sensitivity of dye compound for 14Rré@nd 1-BuOH detection. The
frequency change of MIP gas sensor was increaseachgasing the concentration of
1-BuOH. This MIP sensor was tested by VOCs at thecentration 600 ppm. The
selectivity of gas sensors are shown in Figuretd.S(his result clearly presented that
MIP gas sensor had the selectivity with templatéecide (1-BuOH).

60 80
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|-memen PU(1-BuOH) 60 ] — PU(1-BuOH)

40 4
= 40
E/ 20 4
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Figure 6.6 Frequency response of PU(1-BuOH)-ZnTTBPc and fo(1PRUOH)- for
(a) 1-BuOH in concentration of 100-600 ppm andB)Cs vapor in concentration of

600 ppm.

The effect of dye compound in MIP sensor was ingagtd in Figure 6.6.
Frequency change of PU(1-BuOH)-ZnTTBPc and PU(1-Bu@as compared by
varying the concentration of 1-BuOH (see Figure @9 and changing the sensing
vapor (see Figure 6.6 (b)). MIP based on dye (PRI(OH)-ZnTTBPc) presented the
similar frequency change in the MIP without dye (PABuOH)). Both PU(1-PrOH)-
ZnTTBPc and PU(1-BuOH)-ZnTTBPc sensors confirmedt tthe sensing signals

from QCM measurement were occurred from MIP tealiq
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Figure 6.7 The sensor characteristic curve that related teeatnation of (a) 1-PrOH
and (b) 1-BuOH.

Figure 6.7 shows the sensor characteristic curaewlas calculated from

sensor response(Af ~Af.)/ f . }» Where Af 5, and Afg were defined as frequency

Layer

change of reference gas and sensing vapor, regggctf, . . was calculated from the

Layer

frequency change between frequency of empty quantz spin coated quart#,

was related to the thickness of sensing layer @mtguUsman Latif et al. reported that
the frequency shift of 1 kHz on the gold electrodes generated from a 40-nm thick

layer [20]. A linear relationship between sensepmse (Af ~Af,)/ f . ) and vapor

Layer
concentration was plotted by using linear fit cunvéhe origin program. The Intercept
(i) and Slope (m) of this curve was calculated.

Sensor characteristic curve for 1-PrOH was investid in Figure 6.7 (a).
The sensor response of PU(1-PrOH)-ZnTTBPc was ainid PU(1-PrOH). Sensor
characteristic curves of 1-BuOH for PU(1-BuOH)-ZBHc, PU(1-BuOH) and
ZnTTBPc are shown in Figure 6.7 (b). Both MIP walye and without dye presented
the same sensor characteristic curve for all canagon. These results conclude that
dye molecule cannot effect to polymer structurepdeglly, Sensor characteristic
curves of ZnTTBPc that were presented in the saeraltof MIP gas sensor because
of ZnTTBPc film. The low valuehf

of the low valueAf was corresponded to

Layer Layer

the low thickness of layer.
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The limit of detection (LOD) of 1-PrOH and 1-BuOHeareported in
Table 6.1. LOD is used to represent the lowestapiov concentration that sensor can
be possibly detected [95]. PU(1-PrOH)-ZnTTBPc ati{IPPrOH) present the LOD
with 1-PrOH in the range of 20-38 ppm while PU(1eB4)-ZnTTBPc and PU(1-
BuOH) present the LOD with 1-BuOH in the range 8f&! ppm. Therefore, the LOD
of 1-PrOH is lower than 1-BuOH. Both PU(1-PrOH)-ZarBPc and PU(1-BuOH)-
ZnTTBPc can be used as gas detection at the loweodration (under 100 ppm)
based on QCM setup.

Table6.1 Interception (i), slope (m) and limit of detectighOD) of ZnTTBPc,
PU(1-PrOH), PU(1-PrOH)-ZnTTBPc, PU(1-BuOH) and PABUOH)-ZnTTBPc with
1-PrOH and 1-BuOH.

Limit of detection
Intercept (i) | Slope (M) (LOD)
Signal for 1-PrOH
(Figure 6.7 (a))
PU(1-PrOH)-ZnTTBPc -3.60x10| 9.27 x10° 38.80
PU(1-PrOH) -1.60x16| 7.75 x10° 20.60
ZnTTBPc -9.60 x10| 1.50 x10° 64.10
Signal for 1-BuOH
(Figure 6.7 (b))
PU(1-BuOH)-ZnTTBPd -1.87 x10°| 2.68 x10° 69.80
PU(1-BuOH) -2.03x18| 2.74 x10° 74.20
ZnTTBPc -8.31x10| 2.24x10° 37.20

6.4.2 Development of Gas Sensor based on MIP for Optical Technique

ZnTTBPc and PU mixed with ZnTTBPc gas sensorsewsepared on
glass substrate and analyzed by the UV-Vis speuattometer in the range of 300 -
800 nm.
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Figure 6.8 The absorption spectra of ZnTTBPc, PU(1-PrOH)-ZnPtBand PU(1-

BuOH)-ZnTTBPc.

Figure 6.8 shows the absorption spectra of ZnTTBPUJ(1-PrOH)-
ZnTTBPc and PU(1-BuOH)-ZnTTBPc. The Q band of ZnPEB related to m*
transition was located at 695 nm and B band, mlaber-n* transition of Pc was
located at 350 nm [96]. The main peak of MIP mixad TBPc were located at the
same position of pure ZnTTBPc. Therefore, PU hadffext for this dye based on the
spectral properties. The absorption spectra of drogting films higher than the
spectra of spin coating film. Moreover, the gasssansignal of both spin coating and

drop coating films were tested by optical propsrbbased on optical e-nose setup.
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Figure 6.9 Sensing signal from optical e-nose for (a) PU(14Pr@nTTBPc test

with 1-PrOH and (b) PU(1-BuOH)-ZnTTBPc test witlBLOH.

The comparison of sensing signals between spitingpgas sensor and
drop coating gas sensor are shown in Figure 6.€h Bgnal measured from the light
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intensity that transmits from gas sensor duringgiee flow process. Photo-detector was
used to count the frequency of photon which reladdayht intensity. The sensor signal

was reported in the value of frequency (kHz). Tihepdcoated films produced more

stable signal than the spin coated one that pradsoene noises. This result was
related to the thickness of sensing layer. Droptembdilm presented the higher

absorption spectra than spin coated film (see Eigu8). This means that drop coated
layer had more thickness than spin coated layes. arhount of dye molecule in drop

coated layer was higher than the spin coated laliee. amount of dye molecule

effected to the sensor signal. Moreover, spin ngathethod that produced the thin
layer presented the weak sensor signal and thegstroise. This noise most probably
fluctuations in the gas system.
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Figure6.10 The difference of sensing signal between sensipgand

reference gas of spin coating and drop coating oasth
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Then the difference of sensing signal betweesisgrnvapor and reference
gas of spin coated and drop coated film are ingat#d in Figure 6.10Af is defined
from fg — f5. fs andfr represent the sensor signal upon sensing vaporedacence
gas, respectively. Both PU(1-PrOH)-ZnTTBPc and RPB(DH)-ZnTTBPc presented
strong Af in green and violet LED color. Drop coated filmdhaore sensing signal

than spin coated films. Therefore, drop coatinghoetwas the suitable method to
prepare the MIP mixed dye gas sensor.
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Figure6.11 Percentage average gas sensing responss) @6 ZnTTBPc
spin coated film, PU-ZNnTTBPc spin coated film, PARAOH)-ZnTTBPc drop coated
film and PU(1-BuOH)-ZnTTBPc drop coated film withersing vapor in the

concentration of 2 mol% in nitrogen gas.
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The effect of MIP technique in optical measuremeas investigated by
using the average gas sensing resporg (The gas sensing responss)(was
calculated fromAf / f,. Percentage average gas sensing respéase of ZnTTBPc

spin coated film, PU-ZNnTTBPc spin coated film, PYRAOH)-ZnTTBPc drop coated
film and PU(1-BuOH)-ZnTTBPc drop coated film witbrsing vapors are investigated

in Figure 6.11. The concentrations of VOCs weretratled by the weight loss of
solvent in nitrogen gas @N The solvent bottle was immersed in the heat bath
control the temperature. Then, Mas used as the carrier gas to conduct the solvent
vapor. The concentration of vapor was calculatefinging the lost weight of solvent

in the different N flow rate. The concentration of vapor was fixed®anol % in N.

The effect of matrix polymer in gas sensor was yael by optical e-nose%S of
ZnTTBPc was increased after using the PU as thexapailymer (PU-ZNnTTBPc) (see
Figure 6.11 (a-b). Matrix polymer modified the sémgy and response behavior of
dye compound [97]. But PU-ZNnTTBPc presented théést)gas sensing response with
ethanol vapor. Therefore, the MIP technique wasl ueeenhance the selectivity for
other analyte vapors, such as 1-PrOH and 1-BuOlk& gdlymer was imprinted with
1-PrOH and 1-BuOH. Figure 6.11 (c-d) confirms ttie gas sensing response of 1-
PrOH and 1-BuOH vapors were increased by MIP teglai Both PU(1-PrOH)-

ZnTTBPc and PU(1-BuOH)-ZnTTBPc presented stréa§ with 1-BuOH, such as

red LED. %S values of red LED for both MIP sens@¢RJ(1-PrOH)-ZnTTBPc and
PU(1-BuOH)-ZnTTBPc) were higher than Non-MIP (PUT4iBPc) about 2 (1-PrOH
detection) and 4 (1-BuOH detection), respectiveljhe results from optical e-nose
agree with the result from the QCM measurementhib#t gas sensors produced good
sensitivity with 1-BuOH vapor. The surface of gaasors was investigated in the next

step.
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Figure6.12 The AFM image in 3D and top view of (a-b) ZnTTB$§jun-

coated film, (c-d) PU-ZnTTBPc spin-coated film,f{é?U(1-PrOH)-ZnTTBPc drop-
coated film and (g-h) PU(1-BuOH)-ZnTTBPc drop-cobiém.
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Table6.2 Surface roughness and thickness of ZnTTBPc, PUFB#E, PU(1-
PrOH)-ZnTTBPc and PU(1-BuOH)-ZnTTBPc

Parameter ZnTTBPC PU-ZnTTBR®U(1-PrOH)- | PU(1-BuOH)-
ZnTTBPcC ZnTTBPc

Roughness (nm) 252x10 |[4.69x10° [8.96x10° |9.51x 107

Thickness (hm) 50 50 350 460

AFM in non-contact mode was used as the surfaedysin. ZnTTBPcC
spin-coated film, PU-ZnTTBPc spin-coated film, PURAOH)-ZnTTBPc drop-coated
film and PU(1-BuOH)-ZnTTBPc drop-coated film wereasured in the area of 1000 x
1000 nm (see Figure 6.12). Roughness average alohéls of sensing layers were
investigated as Table 6.2. ZnTTBPc and PU-ZnTTBPin-coated film presented
more roughness than PU(1-PrOH)-ZnTTBPc and PU(1HBuZnhTTBPc drop-coated
film. Polymer based on ZnTTBPc presented more tiesk than pure ZnTTBPc. And
from the optical e-nose results, MIP gas sensosedan ZnTTBPc that were
fabricated by drop coating method showed the s&orapsorption spectrum and
average gas sensing response. Therefore, this shighekness film will be an
appropriated layer for gas sensor based on polyButrdrop coating method presented

a disadvantage point, such as a curve on sendacsysee Figure 6.12 (g)).
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Figure6.13 Percentage average gas sensing response of PUK)-PrO
ZnTTBPc drop-coated film with 1-PrOH and PU(1-BuGH)TTBPc drop-coated

film with 1-BuOH.

Sensor characteristic curve which is the relatiqm between percentage
average gas sensing response and concentratioapof ¥vs shown in Figure 6.13.
PU(1-PrOH)-ZnTTBPc drop-coated film presented teessg response with 1-PrOH
while PU(1-BuOH)-ZnTTBPc drop-coated film presentkd sensing response with 1-
BuOH. Origin program was used to calculate thealineurve of both gas sensors.
Slopes of linear fit for PU(1-PrOH)-ZnTTBPc and RLRUOH)-ZnTTBPc are 0.743
and 0.964, respectively. MIP mixed dye produceonser gas sensing response with 1-

BuOH than 1-PrOH in the same concentration.

6.4.4 Odor Classification based on PCA

The benefit of MIP gas sensors were investighiethe statistical method
for odor classification, namely principal componangalysis (PCA). PCA was used to
transform complex data to the lower dimensionahdat. The new data axis was call
in the term of “PC”. The first principal componefC1) contained an almost data
variable while the second principal component (P&#)tained less data variable than
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PC1 [98]. This technique was used for classificafioirpose in e-nose, such as, food
produce [88]. The data set for calculation in agdte-nose were prepared from the gas
sensing response from eight colors of LED. The isgneesponse of PU(1-PrOH)-
ZnTTBPc and PU(1-BuOH)-ZnTTBPc drop coated film svéested with evaporated
solvent at the room temperature. The gas flow wadrolled at 500 ml/min. Both

reference gas and sensing vapor were flowed fonZoer each experiment.

1PU(1-PrOH)-ZnTTBPc

I [nfrared

S White

MeOH EtOH 1-PrOH 1-BuOH 2-PrOH 2-BuOH §cetone

| PU(1-BuOH)-ZnTTBPc

% of average gas sensing response

MeOH FEtOH 1-PrOH 1-BuOH 2-PrOH 2-BuOH Agetone

Sensing vapor

Figure6.14 Percentage average gas sensing response of POH)-Pr
ZnTTBPc and PU(1-BuOH)-ZnTTBPc drop-coated filmmwsensing vapor.

The average gas sensing response pattern of diRBansors are presented
in Figure 6.14. Both gas sensors showed the diftguattern for all vapors. Acetone
vapor presented the higheés® because acetone had higher vapor pressure than
alcohols. Vapor pressures of VOCs were reporteBrik/Olsen at el. [100]. The vapor

pressures of alcohols were sorted from the highase to the lowest value as MeOH,
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EtOH, 2-PrOH, 1-PrOH, 2-BuOH, 1-BuOH, respectiveijthough MeOH and EtOH

presented strong vapor pressure, but MIP basedemprésented the strorigS with

template molecule (1-PrOH and 1-BuOH).
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arrays of ZnTTBPc, PU(1-PrOH)-ZnTTBPc and PU(1-BY&HTTBPc gas sensor.

The comparison between ZnTTBPc and MIP based wRTBPc was

investigated by PCA calculation (see Figure 6.ZB)ITBPc thin film separated ketone

group from hydroxyl group in VOC. But ZnTTBPc unatly separated 6 types of
alcohol. Then MIPs based on ZnTTBPc were calculateBCA method. PU(1-PrOH)-
ZnTTBPc clearly classify MeOH, EtOH, 1-PrOH, 1-Bu@idd acetone while there is
the overlap data plot between 2-PrOH and 2-BuOH(1FRUOH)-ZnTTBPc clearly

classify MeOH, 2-PrOH, 1-BuOH, 2-BuOH and acetorelevthere is the overlap data
plot between EtOH and 1-PrOH. These results confirat, the classification of gas

sensor was developed by MIP technique.
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6.5 Conclusion

The molecular imprinted polymer (MIP) based on podyhane mixed
ZnTTBPc was imprinted with 1-PrOH and 1-BuOH. QCMasurement was used as
the mass transducer to investigate sensor chasdicteand selectivity of this MIP.
QCM results confirm that PU was imprinted with bda#mplates. PU(1-PrOH)-
ZnTTBPc and PU(1-BuOH)-ZnTTBPc gas sensor presettiedsensor signal with
template vapor at the low vapor concentration (4®). These MIP gas sensors were
tested with the sensing vapor, such as, methati@nel, 1-propanol, 1-buthanol and
acetone by the optical e-nose setup. All sensingprgawere prepared in the same
concentration of 2 mol% in Ngas. Both PU(1-PrOH)-ZnTTBPc and PU(1-BuOH)-
ZnTTBPc gas sensors presented strong gas senspgnse with 1-BuOH. It was
expected that this MIP method improved the gasaestsucture that suitable for the
template molecule detection. Moreover, the classiion of MIP mixed dye gas
sensors were calculated by principal component yaisal(PCA). This method
confirms that MIP mixed dye gas sensor had moreieficy for odor classification

than pure dye based on optical e-nose setup.
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CHAPTER VII
CONCLUSION

In this thesis, optical technique was used as the transducer to transform
the physical properties of gas sensor to the electronic signal. Two types of electronic
noses (e-nose) based on optical detection, namely, e-nose based on UV-vis
spectrophotometer and e-nose based on light-emitting diodes (LEDs) were
investigated. The e-nose based on UV -vis spectrophotometer measures changes in the
absorption spectra. This e-nose yields the sensing signals by calculating the area
integral under absorption spectra. But the second type of e-nose was developed by
using light-emitting diodes (LEDs) as light source and CMOS photo detector as
transducer. This e-nose was fabricated in the form of portable instrument that
includes gas flow system and controller unit. Finaly, principa component anaysis
(PCA) was performed as pattern recognition to investigate the efficiency of our e-
nose system.

In this thesis, the opticaly-active organic thin film gas sensor was
fabricated from organic dyes, namely, Zinc-2,9,16,23-tetra-tert-butyl-29H,31H-
phthalocyanine  (ZnTTBPc), Zinc-5,10,15,20-tetra-phenyl-21H,23H-porphyrin
(ZnTPP) and manganese(ll1)-5,10,15,20-tetraphenyl-21H,23H-porphyrin  chloride
(MnTPPCI). The electronic structure of organic molecules were optimized by density
functiona theory (DFT) calculation based on B3LYP6-31G* level. The interaction
energies between sensing molecule and analyte molecule obtained from the
computation are in agreement with the gas sensing behaviors as obtained from the
experiments. Charge transfer from the central metal atom of porphyrin or
phthal ocyanine to the oxygen atom of alcohols molecule at optimized distance were
observed by this calculation. Therefore, the absorption spectra changes of organic
thin film were the result from charge transfer phenomena. The active site of organic
mol ecul e was observed around the central metal atom such as Zn and Mn.
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Three types of optical gas sensors, namely, mixture layer of MP and MPc,
nanocomposite between ZnTPP and multiwall carbon nanotube (MWCNT) and
molecularly imprinted polymer (MIP) mixed ZnTTBPc gas sensors were investigated.

For the mixture layer of MP and MPc gas sensor, this sensing material
was prepared by mixing three types of organic compound which possess different
absorption regions. The mixture layer of ZnTTBPc/ZnTPP/MnTPPCl spin-coated
thin films has been demonstrated to be able to detect various kinds of volatile organic
compound (VOC) vapor, namely methanol, ethanol, isopropanol, acetone (5% eq.)
and acetic acid (5% eq.). Therefore, the optical electronic nose constructed from the
mixed layer organic molecule exploits the high chemical information in e-nose based
on UV-vis spectrophotometer and e-nose based on light-emitting diodes (LEDs) and
CMOS photo detector.

The hybrid optical-electrochemical electronic nose system was
investigated by using nanocomposite between ZnTPP and multiwall carbon nanotube
(MWCNT) gas sensor. The electrochemical part works by measuring the change in
electrical resistivity of the sensing materials upon contact with the sample vapor.
From atomic force microscope measurement, roughness of the gas sensor was
increasing by adding MWCNT. It means that more surface area available for gas
sensing is expected and MWCNT can act as nanochannel that help transport the
anayte molecules into the deeper layers of ZnTPP, leading to enhanced sensitivity.

In case of molecularly imprinted polymer (MIP) mixed ZnTTBPc gas
sensor was developed by MIP technique based on polyurethane (PU). QCM results
confirm that PU mixed ZnTTBPc gas sensors were imprinted with 1-PrOH and 1-
BUuOH molecule. In the e-nose based on light-emitting diodes (LEDs) and CMOS
photo detector system, both PU(1-PrOH)-ZnTTBPc and PU(1-BuOH)-ZnTTBPc gas
sensors presented strong gas sensing response with 1-BuOH. It was expected that this
MIP method improved the gas sensor structure that suitable for the template molecule
detection.

The classification of three types of gas sensors were caculated by
principal component analysis (PCA). This method confirms that mixtures layer of MP
and MPc gas sensor has more efficiency for odor classification than mono layer of
dye, nanocomposite between ZnTPP and MWCNT gas sensor successfully separated
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VOC, and MIP mixed dye gas sensor had more efficiency for odor classification than
pure dye.

PCA method was used to compare the efficiency for three types of gas
sensor for alcohol classification as shown in Figure 7.1. Mixtures layer of MP and
MPc and nanocomposite between ZnTPP and MWCNT present similar classification
in the x axis. Methanol (MeOH) vapor was clearly separated from ethanol (EtOH) and
isopropanol (IPA) vapor. But MIP mixed ZnTTBPc gas sensor clearly classified
isopropanol from methanol and ethanol in the x axis. From the results, MIP method
affects the classification process such as MIP gas sensor clearly classifying analyte

alcohol vapor (propanol) from other vapor.
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Figure 7.1 PCA two dimensional score plot of (a) mixtures layer of MP and MPc, (b)
nanocomposite between ZnTPP and MWCNT and (c-d) MIP mixed ZnTTBPc.
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