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     ABSTRACT 

The sense of smell is an important sense for human in daily life. Many 
researchers have been trying to fabricate a device that mimics the human olfactory 
system, called “Electronic nose” (e-nose). This instrument comprises an array of 
gas sensor, a transducer and a pattern recognition analysis. In this thesis, organic 
thin film gas sensors have been fabricated from organic dyes, namely, metallo-
porphyrin (MP) and metallo-phthalocyanine (MPc). Both compounds have been 
used as sensing materials for volatile organic compounds (VOC) based on optical 
detection. The interaction energy and the charge transfer between sensing materials 
and VOC molecules were investigated by the density functional theory (DFT) with 
the B3LYP 6-31G* basis set. The objective of this thesis is to investigate various 
kinds of optical gas sensors, for example, mixtures layer of MP and MPc, 
nanocomposite between MP and multiwall carbon nanotube (MWCNT) and 
molecularly imprinted polymer (MIP) mixed MPc. Optical technique was used as 
the transducer to transform the physical properties of sensing material to the 
electronic signal. Two types of optical e-nose have been explored. The first type 
employed the UV-vis spectrophotometer to monitor optical spectral changes of the 
area integral under absorption spectrum. The second type employed light-emitting 
diodes (LEDs) as the light source and CMOS photodetector was as transducer. The 
latter e-nose system was invented as a portable device. Finally, the principal 
component analysis (PCA) was performed as the pattern recognition to investigate 
the performance of our e-nose systems. The results confirmed that both e-noses 
successfully classified VOCs vapor based on optically-active organic thin films.  
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SENSOR/ E-NOSE/ DENSITY FUNCTIONAL THEORY  
 
104 pages 
 
 



Fac. of Grad. Studies, Mahidol Univ.                                            Thesis / v   

 

 การพฒันาระบบจมูกอิเล็กโทรนิกส์โดยใชฟิ้ลม์บางของสารอินทรียช์นิดที ไวต่อแสง   
และการสร้างแบบจาํลองโมเลกุล 
DEVELOPMENT OF ELECTRONIC NOSE SYSTEM BASED ON OPTICALLY-ACTIVE 
ORGANIC THIN FILM SENSORS AND MOLECULAR DESIGN 
 
สุมนา กลดัสมบูรณ์   5237031   SCPY/D 
 
ปร.ด. (ฟิสิกส์) 
 
คณะกรรมการที ปรึกษาวทิยานิพนธ์: ธีรเกียรติN  เกิดเจริญ, Ph.D. (PHYSICAL CHEMISTRY),   
อดิสร เตือนตรานนท,์ Ph.D. (ELECTRICAL ENGINEERING), ธีราพร พนัธ์ุธีรานุรักษ,์ Ph.D. 
(MOLECULAR GENETICS AND GENETIC ENGINEERING), PETER LIEBERZEIT, 
Ph.D. (CHEMISTRY) 

 
     บทคดัยอ่ 

ประสาทสมัผสัการรับรู้กลิ นเป็นสิ งสาํคญัสาํหรับชีวิตประจาํวนัของมนุษย ์นกัวิจยัพยายามที จะ
ประดิษฐ์อุปกรณ์เลียนแบบระบบรับรู้กลิ นของมนุษย ์ที เรียกว่า “จมูกอิเล็กทรอนิกส์” (e-nose) เครื องมือนี]
ประกอบดว้ย อะเรยข์องเซ็นเซอร์ตรวจวดัก๊าซ, ตวัแปลงสญัญาณ และส่วนวเิคราะห์จดจาํรูปแบบของกลิ น ใน
วิทยานิพนธ์เล่มนี] เซ็นเซอร์ตรวจวดัก๊าซเชิงแสงแบบฟิลม์บางไดถู้กประดิษฐ์ขึ]นจากสียอ้ม (dye) อินทรีย ์ คือ 
เมทลัโลพอร์ไฟริน (MP) และ เมทลัโลพทาโลไซยานีน (MPc) ซึ งสารประกอบทั]งสองมีคุณสมบติัในการ
ตรวจจบัไอระเหยโดยใชว้ธีิการทางแสง อนัตรกิริยาและการเปลี ยนแปลงของประจุไฟฟ้าระหวา่งโมเลกุลของ
วสัดุที ใชต้รวจจบักบัโมเลกุลของไอระเหยไดถู้กตรวจสอบโดยวิธีของทฤษฎีเดนซิติฟังก์ชนั (DFT) ใชเ้บซิส
เซต B3LYP 6-31G* วตัถุประสงค์ของวิทยานิพนธ์นี] คือการประดิษฐ์เซ็นเซอร์ตรวจวดัก๊าซเชิงแสง 
หลากหลายชนิด ตวัอยา่งเช่น การใชเ้มทลัโลพอร์ไฟริน และเมทลัโลพทาโลไซยานีน แบบผสมผสานกนั, การ
ใชส้ารผสมระหว่าง MP กบัท่อนาโนคาร์บอน (MWCNT) และ การใชส้ารผสมของพอลิเมอร์ที มีรอยพิมพ์
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เปลี ยนไป ส่วนชนิดที สองนั]นใชไ้ดโอดเปล่งแสง (LED) เพื อเป็นแหล่งกาํเนิดแสง และใชต้วัตรวจบัทางแสง 
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CHAPTER I 

INTRODUCTION  

 

 

1.1  Overview and Outline   

Sensory perception has been the important sensing systems in human, 

especially 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 conditions and 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, signal 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 material in the metal-oxides gas sensors is SnO2 thin film, as reported to detect 

several industrial gases such as methane, H2, CO, H2S 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 crystal 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 al. reported a QCM-based device 
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coated with copper(II) tetra-tert-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 al. 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 also lead to 

enhancement of the sensor, as reported by Spadavecchia and co-workers [11]. They 

blended phthalocyanine 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 central 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 electronic 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 III, 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 IV, 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 thermal annealing. This sensing 

material was tested with alcohol, dried seafood and beers. In chapter V, the 

enhancement of an e-nose system based on combined optical and electrochemical 

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 phthalocyanine 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 III - VI) were analyzed by pattern recognition, namely, 

principal 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 this thesis is shown in Figure 1.1. 
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Figure 1.1 The flow chart of this thesis. 
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1.2  Objectives 

1. To develop the sensitivity of optically-active organic thin film gas 

sensors based on porphyrin and phthalocyanine 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. 

 

 

1.3 Methodology  

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 II 

ELECTRONIC NOSE SYSTEM AND GAS SENSOR 

 

 

2.1 Background of Electronic Nose System 

The olfaction system has been the important system for the living things. 

Especially, human need this sense for several activities such as feeding and detecting of 

potentially harmful conditions to get the good quality of life. Therefore, the sense has 

been the important parameter for producing food and beverage products. However, our 

olfaction system has a limit of detection to the complex aroma which is generated from 

multi volatile molecules. The limit of detection in human depends on individual 

experience and training [17]. The organic chemist tried to analyze the odor by using the 

analyzed instrument. For example in wine product, the storage method of aroma in 

wine bottle had been investigated by gas chromatography (GC) and GC-mass 

spectrometry (MS) based on principal component analysis (PCA) calculation [18]. But 

this method takes a long time and complicates to analyze the data. Therefore, an e-nose 

has become a new technology for odor classification by mimicking the functions of the 

olfactory system in human. In the olfactory system, there are millions odorant receptors 

in the nasal working for odor detection. The size of odorant receptor is specific to the 

target molecule. 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 the e-nose system, there are gas sensor array, 

signal processing and pattern recognition as shown in Figure 2.1 [1]. The volatile 

odorant is detected by the gas sensor array in the interaction process. Then the 

electronic signal is generated by the transducer that depends on the type of gas sensor 

such as mass, optical and electrical transducers. Finally, pattern recognition (database) 

based on statistical calculation is used to identify the volatile odorant. Therefore, the 

first step to develop the e-nose is the fabrication of sensitivity and stability of the 

chemical gas sensors that represent in the topic of chemical gas sensor.  
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Figure 2.1 The basic diagram of the comparing between biological and electronic 

noses. 

 

 

2.2 Chemical Gas Sensor 

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. The details of 

each technique are presented in this section.  

 

2.2.1 Electrochemical Technique 

Electrochemical transduction, as often implemented in the metal-oxide 

semiconductor gas sensor, is the most popular technology due to its established 

advantages such as low cost, compactness and easy integration with integrated circuit 

technology. The most used sensing material in the metal-oxides gas sensors is SnO2 

thin film, as reported to detect several industrial gases such as methane, H2, CO, H2S 

and methanol [2-3]. Metal-oxide gas sensors work at high temperature using additional 

electrical power to supply the heater. Another electrochemical technology based on 

polymer/carbon nanotube nanocomposites was introduced to allow measurement at 

room temperature [4]. This carbon nanotube was dispersed in the matrix of different 

polymers such as polyvinyl chloride (PVC), cumene terminated polystyrene-co-maleic 
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anhydride (cumene PSMA),   poly(styrenecomaleic acid) partial isobutyl/methyl 

mixed ester (PSE) and polyvinylpyrrolidon (PVP). The polymer/carbon nanotube was 

tested with the sample in real life which was dried seafood. 

 

2.2.2 Gravimetric Technique 

Gravimetric transduction employs piezoelectric technique, usually known 

as the quartz crystal 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 al. reported a QCM-based device coated with 

copper (II) tetra-tert-butyl-5,10,15,20-tetraazaporphyrin that is sensitive to 

hydrocarbon gases, i.e., hexane, benzene and toluene.  

The principle of mass measurements is the relationship between the 

changing of the quartz frequency and the added mass of on quartz surface [19]. The 

calculation of this relationship is shown in equation (1)  

q

fq

q

fq

N

mf

SN

Mf
f

ρρ

22 −
=

−
=∆                       (2.1) 

where  qf  is the fundamental resonant frequency of the quartz. 

N  is the frequency constant of the specific crystal cut ( ATN = 1.67 x 105  

Hz . cm). 

qρ  is the quartz density (2.65 kg/dm3  ). 

S   is the surface area of the deposited film. 

fM  is the mass of deposited film. 

fm  is the areal density Mf/S (the area density). 

The gold electrodes are coated on both side of quartz template as shown in Figure 2.2. 

Therefore, the thickness of the film (fl ) is calculated by equation (2) 

                                  
f

f
f

m
l

ρ
=                                                         (2.2) 

where  fρ  is the density of the deposited film. 

 



Fac. of Grad. Studies, Mahidol Univ.                                        Ph.D. (Physics) / 9

 

Figure 2.2 The gold electrodes on quartz template for mass measurement. 

 

Molecularly imprinted polymers (MIPs) have been one popular method to 

prepare specific sensing layer. The main idea of this method is the cavity for the 

specific analyte or template molecule in the sensing polymer [20]. The analyte 

molecules which do not have interaction with the polymer in the polymerization 

process are added to the initial monomer and suitable cross-linking monomers. Then 

the analyte molecules are removed by evaporation method in the polymerization 

process. The cavities in the shape of analyte molecule are used to detect the specific 

molecule as shown in Figure 2.3. The advantage points of molecularly imprinted 

polymers are the selective sensing material similar to the natural receptor, the 

straightforward transducer and the inexpensive materials with high thermally and 

mechanically stable. The details about MIPs are discussed in the section 2.4. 
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Figure 2.3 Molecularly imprinting process with solvent template. 

 

MIP gas sensors based on the QCM method have been investigated. For 

example, the QCM arrays of polyurethane were used to detect water, 1-propanol, 1-

butanol and ethyl acetate vapors [21]. The modification of QCM surface for gas 

detection has been an interesting topic according to Serhiy Korposh and coworker 

[22]. They tried to enhance the sensing layers for humidity monitoring based on 

polymer and dye molecule. Two porphyrin derivatives (Tetrakis-(4-sulfophenyl)-

porphine and 5,10,15,20 Tetrakis-(4-sulfophenyl)-21H,23H-porphine manganese (III) 

chloride were used to enhance the surface of poly (sodium 4-styrenesulfonate) and 

poly (diallyldimethylammonium chloride) which were deposited on QCM plate. 

Porphyrin based polymer thin films presented higher sensitivity with water molecule 

in gas phase as compared with pure polymer thin film.  
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2.2.3 Optical Technique 

More recently, the optical gas sensors have been developed by various 

methods such as wave guide, luminescent, surface plasmon resonance and colorimetric 

methods. All of them have been applied in different applications, for example, food, 

healthcare and industrial safety process control. The advantage of the optical technique 

is the rich availability of transduction methods because optical instruments have been 

fabricated for the various applications before. Therefore, the light sources, optics, and 

detectors, which are the principle composition of this instrument have been continually 

developed. The optical instruments have been found in every principle laboratory. But 

there are disadvantages for optical techniques, for example, optical measurements 

need more complicated data processing than other transducing methods. In this topic, 

optical methods that used MP and MPc as the sensing material were discussed. 

 

2.2.3.1 Microwave Gas Sensor  

Microwave gas sensor is one type of gas sensor based on 

microwave transducer. Guillaume Barochi and coworkers studied the gas sensing 

properties of cobalt phthalocyanines by using the wave guide technique in the 

frequency of microwave region [23]. The principle concept of microwave transducer is 

presented in Figure 2.4. The permittivity of semiconductor material such as 

phthalocyanines compound is measured by vectorial network analyzer during the gas 

absorption. The permittivity change under electromagnetic wave in microwave 

frequency range (300 MHz to 300 GHz) is recorded in the ratio between reflected 

wave and incidental wave (Γ(f)). 

 

Figure 2.4 The principle diagram of microwave gas sensor based on organic sensing 

material (phthalocyanine molecule)  
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2.2.3.2 Colorimetric  

 

Figure 2.5 The duplicate diagram of sensing arrays in colorimetric technique. 

Proposed by Chen Zang et al. [24]. 

 

The colorimetric sensor arrays have been developed for 

identification and quantification in food and beverages based on gas or liquid phase. 

The idea of this method is the color change of organic dye after interacts with VOCs in 

gas or liquid phase. Figure 2.5 presents the diagram of colorimetric sensor arrays in 

three steps. At the initial step, the sensor arrays are prepared from the color organic 

molecule such as porphyrin and phthalocyanine, which are represented in several 

colors. Then the sensor arrays are exposure to the analyst gas. Therefore, the color of 

some dye are changed in the different pattern depending on the VOCs types. The color 

changes of dye are observed by eyes or flatbed scanner [25]. There is some 

disadvantage point for this method, especially the number of sensing array that should 

be enough to separate the various kinds of analyze gas. It means that this system needs 

several kind of dye for data processing and analysis. For example, Chen Zang and 

coworkers generated the sensing arrays from 36 dyes for water classification [26]. 

 

2.2.4 Metal Oxide Gas Sensor 

Metal oxide gas sensors are fabricated from the n-type or p-type 

semiconductors. For example, SnO2, ZnO and Fe2O3 are the n-type semiconductors 

and CuO, NiO and CoO are the p-type semiconductors. These gas sensors have to 

function at high temperature between 150-400 oC by using heater (see in Figure 2.6). 

The free electron charges are found in n-type material and charge carriers or holes are 

found in p-type material. These sensing materials respond to oxidizing gases such as 

O2 that is absorbed on material surface by trapping electron from semiconductor 
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surface. Therefore, the resistances of sensing material decrease for p-type material and 

the resistances of sensing material increase for n-type material [27-28].  

 

 

 

Figure 2.6 Diagram of Metal oxide gas sensors. 

 

 

2.3  Porphyrin and Phthalocyanine Compounds 

 

 

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

 

Metal porphyrin (MP) and metal phthalocyanine (MPc) are the organic 

compounds that present the strong absorption spectra in the UV-Visible regions. Both 

compounds are used as common coloring dyes in the industry. The structures of 

porphyrin and phthalocyanine basically consist of four pyrrole units that produce a 

macro cycle as shown in Figure 2.7 (a). The electronic structures of both organic 
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compounds can be varied by substitution of some peripheral positions with side chains 

or replacement to the central atom with other metallic atoms (see Figure 2.7 (b)-(c)). 

MP and MPc present different electronic properties because of a central metal atom in 

core molecular structures and a peripheral skeleton around molecular structures. The 

skeleton of MP has an extended conjugation system with 24-π electrons leading to a 

wide range of wavelengths for light absorption. MP presents the strong absorption 

spectra in a region around 400 nm so called Soret band or B band. The strong 

absorption band in visible wavelength region is generally interpreted in terms of π-π* 

transition between bonding and anti-bonding molecular orbital [29]. MPc presents the 

absorption in two regions, e.g., around 300 nm and 700 nm. The first absorption band 

(around 300nm) is described as the transition of π-electron from the highest occupied 

energy level to the lowest unoccupied level. The maximum absorption band (around 

700nm) is produced from the resonating of π-electrons, which is the free electron gas 

between two equivalent limiting structures [30].  

MP and MPc have been used in many field of research, i.e., dye sensitized 

solar cells (DSSCs) [31], metal-organic frameworks (MOFs) [32], bioelectronics 

tongue [33], organic thin-film transistors (OTFTs) [34], photo-sensitizer for healthcare 

technology [35] etc. MP and MPc have been used as chemical gas sensors in e-nose 

applications because their optical properties can be changed when interacting with 

VOCs. Such interactions introduce charges transfer between the sensing materials and 

VOCs molecule, for example, the electrons in oxygen atom of some gases such as 

C2H5OH and NO2 transferred to the sensing molecules while the gas molecules were 

adsorbed at the central metal atom or the conjugated π-electron system of the sensing 

molecules [36].  
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Figure 2.8 Plot of interaction energies versus distance between oxygen atom in gas 

molecule and Mg atom in MgTPP molecule. 

 

Computational method based on density functional theory (DFT) at the 

B3LYP/6-31G* level of theory was used to described the interaction energies between 

magnesium-tetra-phenyl-porphyrin (MgTPP) and gas molecules such as methanol, 

ethanol, isopropanol, acetone and acetic acid molecules. Figure 2.8 plots the 

interaction energies between gas molecules and MgTPP versus varying distance 

between the oxygen atom in gas molecule and the Mg atom in porphyrin molecule. 

The interaction energies at the optimized distance indicate that MgTPP presents the 

stable structure with gas molecules. The results reveal that MgTPP has stronger 

interaction with methanol molecule at the optimized distance of 2.375 Å than other 

molecules.   
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Table.2.1 The interaction energies; EInt (kcal/mol) at the optimized distance; D (Å), 

change in energy gap of MgTPP = 2.82 eV; ∆Eg (eV), and the change in NBO charge: 

for MgTPP at  magnesium (1.70153 a.u.), nitrogen (-0.73441 a.u.); for VOCs at 

oxygen atomic site (methanol; O -0.741 a.u., ethanol; O -0.759 a.u. and isopropanol; O 

-0.753 a.u., acetone; O -0.540 a.u.and acetic acid; O -0.591 a.u.) atomic site. 

 

Interaction of   

MgTPP with 

D EInt ΔEg Delta NBO charge  of  

(Å) (kcal/mol) (eV) Metal O N 

Methanol 

Ethanol 

Isopropanol 

Acetone 

Acetic acid (Figure 2.8(f)) 

2.375 

2.50 

2.25 

2.375 

2.375 

-9.92 

-8.37 

-7.83 

-7.61 

-7.91 

0.105 

0.098 

0.102 

0.117 

0.099 

+0.001 

+0.002 

+0.003 

+0.001 

+0.004 

-0.045 

-0.041 

-0.040 

-0.065 

-0.060 

+0.024 

+0.022 

+0.023 

+0.028 

+0.026 

 

Effect from the substitution on the central metal atom in porphyrin was 

tested by DFT calculation. The interaction energies (EInt), changes in energy gap (∆Eg) 

and changes in NBO charges of MgTPP were investigated as presented in Table.2.1. 

The interactions between porphyrin and VOC molecules are determined by the metal 

atom site via the interactions of the π-electrons and the free electrons of the metal 

atom in porphyrin with the electrons of the VOC molecules. Hence, electron transfer 

from the metal atom in porphyrin to an oxygen atom of the VOCs molecule occurs 

when MgTPP is in contact with the VOC molecule at the optimized distance [37]. 

To use MP and MPc as optical gas sensor, sensing materials have been 

fabricated as the thin solid film on glass substrate. Measuring changes in the 

absorption or emission spectra of the thin film is a convenient technique for the optical 

gas sensor. Various derivatives of MP and MPc compounds have been fabricated to 

use as the gas sensors. For instances, Zinc-5,10,15,20-tetra-phenyl-21H,23H-

porphyrin (ZnTPP), manganese(III)-5,10,15,20-tetraphenyl-21H,23H-porphyrin 

chloride (MnTPPCl) and Zinc-2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine 

(ZnTTBPc) were widely used to detect NO2 [38-39], VOCs [40] and foods [41]. 

Figure 2.9 illustrates the molecular structure of (a) ZnTPP, (b) MnTPPCl and (c) 

ZnTTBPc.    
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Figure 2.9 Molecular structures of (a) ZnTPP, (b) MnTPPCl and (c) ZnTTBPc. 

 

 

2.4 Molecularly Imprinted Polymer (MIP) 

There are two ways to fabricate the molecularly imprinted polymers i.e. 

surface imprinting and bulk imprinting. Surface imprinting is used for imprinting the 

large templates such as proteins, cells and microorganisms but bulk imprinting is used 

for imprinting the small templates such as volatile organic compound (VOC), 

polycyclic aromatic hydrocarbons, pharmaceutically active compounds and 

environmental contaminants [42]. Therefore, the bulk imprinting process is more 

interested in the gas sensor problem. This imprinting process starts by adding the 

initial monomer, cross-linking monomers and the specific VOC template. After 

removing the VOC molecule the active sites for VOC detection are presented in the 

whole bulk material as shown in Figure 2.10. The adsorbed gases on the polymer are 

observed by frequency counter and reported in the term of frequency changes. In the 

measurement system, there is the molecularly imprinted polymer (MIP) electrode and 

non-molecularly imprinted polymer (Non-MIP) or empty electrode. MIP electrode 

must present more frequency change than Non-MIP electrode to confirm that the 

target gas was imprinted by this polymer. The frequency of quartz electrode is 

decrease when the target gas absorbed on MIP layer.   
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Figure 2.10 Bulk imprinting process with VOC template. 

 

 

2.5 E-nose System based on UV-Vis Spectrophotometer 

 

Figure 2.11 Schematic diagram of gas flow system based on the UV-Vis 

spectrophotometer measurement. 
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An optical e-nose system consists of three basic components: gas sensor, 

transducer, data processing and pattern recognition. In this system, a UV-Vis 

spectrophotometer was used as the transducer (light source and detector). All 

measurements were performed at room temperature and at the normal incidence of the 

light beam. The gas sensors are fabricated from the spin-coating of organic dyes 

solution (MP and MPc). These sensing thin films are measured under the dynamic gas 

flow through a home-built stainless steel chamber, equipped with quartz windows for 

optical measurements as shown in Figure 2.11. The carrier gas (in this case 99.9% 

nitrogen) was supplied into the sample bottle that was immersed in a heat bath. The 

sample vapor was evaporated from the surface of the liquid sample and carried by the 

nitrogen gas. The gas flow was controlled by solenoid valve to switch between the 

reference gas and the sample gas. The rate of gas flow was controlled by the flow 

meter. The absorption spectra of the organic thin film were collected by the UV-Vis 

spectrometer for every 1 second based on the function of the DAQ card.  

 

 

Figure 2.12 The flow chart of the optical e-nose system based on UV-Vis 

spectrometer. 

 

Figure 2.12 shows the flow chart of the optical e-nose system, starting with 

a flow of different VOC vapor into the gas sensor that fabricated from MP and MPc 
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compounds. Then the data processing starts from absorption spectra that are collected 

by the UV-Vis spectrophotometer.  The absorption spectra were collected for different 

sample vapors, comparison with the spectra of the unexposed films. The features 

extracted from the sensing signal were prepared for further pattern recognition process 

(in this case, PCA). Then the new data set was presented in the new orthogonal axes or 

principal components (PCs) such as the first PC (PC1) and the second PC (PC2), 

which are linear combinations of the original axes. The first PC carries most of the 

data variance, hence the most important information about the data. 

 

 

2.6 Analytical Techniques 

  

2.6.1 UV-Vis Spectrophotometer 

 In this thesis the absorption spectrum changes of the thin film was 

recorded by UV-Vis spectroscopy instrument. This instrument is routinely used in the 

quantitative determination of solutions of transition metal ions and highly conjugated 

organic compounds. This technique records the UV-Vis region of electromagnetic 

spectrum at 300-800 nm. The solutions of transition metal ions can be colored (i.e., 

absorb visible light) because electrons of the metal atoms can be excited from one 

electronic state to another state. The color of metal ion solutions is strongly affected by 

the presence of other species. Some of the emitted radiation is absorbed at certain 

characteristic wavelength, causing a decrease in the intensity of the beam at the 

wavelength.  

 T is the “transmittance” value which is the ratio of I/I0, where I and I0 are 

the transmitted and initial beam intensities, respectively. Then the photo spectrometer 

calculated the absorbance A from the definition [2]: 

                               0

loglog
I

I
TA −=−=

                                                     (2.3) 

 A is usually expressed as a percentage of transmittance (%T). 
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The basic components of a spectrophotometer are a light source, a holder 

for the sample, a diffraction grating or monochromator to separate the different 

wavelengths of light, and a detector. A Tungsten filament (350-2500 nm) is used as 

the radiation source. The detector is typically a photodiode or a CCD. Photodiodes are 

used with a monochromator which filters the light to produce of a single wavelength 

reaches the detector. Diffraction gratings are used with CCDs which collects light of 

different wavelengths on different pixels. 

 

 2.6.2 Atomic Force Microscope (AFM) 

 

Figure 2.13 Schematic representation of AFM setup and the Lennard-Jones atomic 

interaction force distance curve between the probe tip and sample surface. 

 

 AFM is the one type of microscope technique that use to investigate very 

small area based on high-resolution scanning probe. The resolution AFM is in the 

range of nanometer and more than 1,000 times better than the optical diffraction limit. 

The AFM consists of a cantilever with a sharp tip (probe) at its end that is used to scan 

     (2.4) 
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the specimen surface. The cantilever is typically silicon or silicon nitride with a tip 

radius of curvature on the order of nanometers. When the tip is brought into proximity 

of a sample surface (see Figure 2.13), forces between the tip and the sample lead to a 

deflection of the cantilever according to Hooke's law [43]. Laser beam is used 

deflection system to generate the feedback signal. 

 There are two modes of AFM namely contact mode and non-contact 

mode. For the contact mode, attractive forces can be quite strong, causing the tip 

interact close to the surface of the sample. Thus contact mode AFM is always done in 

contact where the overall force is repulsive [44]. For the non-contact mode, the 

cantilever is driven to oscillate up and down at near its resonance frequency by a small 

piezoelectric element mounted in the AFM tip holder. The amplitude of this oscillation 

is greater than 10 nm, typically 100 to 200 nm depending on the interaction of forces 

acting on the cantilever when the tip comes close to the surface such as Van der Waals 

force or dipole-dipole interaction, electrostatic forces. The amplitude of the oscillation 

decreases when the tip gets closer to the sample surface [45]. 

 

 2.6.3 Density Functional Theory (DFT) 

 The quantum mechanical theory based on DFT calculation is useful to 

investigate the electronic structure in ground state of particular molecule. This 

calculation is the most popular and versatile methods to calculate the electronic 

structure for instance bond distance, bond angles, interaction energy, atomic charge, 

transition states and etc. for the porphyrin and phthalocyanine compound. From the 

previous theoretical studies based on DFT, porphyrin complex have been calculated 

energy-minimized structure at density functional B3LYP level using the 6-31G(d) 

basis set [46].  

In this thesis the interaction energy and atomic charges between porphyrin 

molecule and volatile organic compound molecule were calculated by density 

functional theory at the B3LYP/6-31G* level of theory, using the GAUSSIAN 03 

program. The geometries of MP and MPc were optimized based on the semi-empirical 

quantum chemistry PM3 Techniques [47]. Then the atomic charges and total energies 

were computed by density functional theory at the B3LYP/3-21G* and B3LYP/6-
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31G* level of theory, respectively, using the GAUSSIAN program. In addition, 

B3LYP/6-31G* was also used to compute electronic properties and the interaction 

energies between sensing molecule and metallo-porphyrins by varying the distance 

between oxygen atom in analyte molecule and the metal center atom in sensing 

molecule. Finally the comparison of the interaction energies between the calculation 

method and the gas sensing in the experimental was investigated. 

 

 2.6.4 Principal Component Analysis (PCA) 

The principal components analysis (PCA) is a multi-variate data analysis 

method that has been widely used as a pattern recognition algorithm in most e-nose 

systems to discriminate different VOCs, e.g., alcohols, toluene, methylethylketon, 

soft drink and alcoholic beverages [48]. 

PCA which is the one of chemical pattern recognition had been used to 

determine the data pattern, for examples, classifying the types of wine, whisky and 

food in electronic nose analysis. In this thesis, PCA technique is mainly used to verify 

the data set from e-nose. PCA is the statistical technique that translates and reduces the 

dimensions of data in the experiment. By using this technique, we can transform a 

number of possibly correlated variables into a smaller number of uncorrelated 

variables. PCA is the simplest of the true eigenvector-based multivariate analyses. 

Often, its operation can be thought of as revealing the internal structure of the data in a 

way which best explains the variance in the data [49]. The main advantage of PCA is 

that you can found these patterns in the data, and you compress the data, i.e. by 

reducing the number of dimensions, without much loss of information. This section 

presents the process to perform a PCA calculation [50]. 

 

2.6.4.1 Data Collection 

In this thesis, the data set was calculated from the difference of 

the average gas sensing response between sensing vapor and reference gas (xij). The 

number of sensor (j) and number of experiment (i) are depended on the electronic nose 

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

 

Number of 

experiments 

Sensor number 

1 2 3 4 5 …j 

1 x11 x12 x13 x14 x15 x1j 

↓ ↓ ↓ ↓ ↓ ↓ ↓ 

i xi1 xi2 xi3 xi4 xi5 xij 

 

2.6.4.2 Mean Centering ( ij
cenx ) 

The columns is subtracted the mean of each column 

by jijij
cen xxx −= . After that the sum of each column is equal to zero so now the data 

plot is centered on the origin. The mean of the sample (x ) was calculated by 

n

x
x

n

j j∑ == 1
                                               

2.6.4.3  Calculate Covariance Matrix 

The calculation of the covariance between one dimension and 

itself is the variance. So if there is a 3-dimensional data set (x, y, z), then compute the 

covariance between the x and y dimensions, the x and z dimensions, and the y and z 

dimensions. To Measure the covariance between x and x or y and y or z and z would 

get the variance of the x, y and z dimensions, respectively. The formula for covariance 

is very similar to the formula for variance. The formula for variance could also be 

written as “
( )

1

)(
)var( 1

−
−−

= ∑ =

n

xxxx
x i

n

i i
”.                        

The formula for covariance denote by “
( )

1

)(
),cov( 1

−
−−

= ∑ =

n

yyxx
yx i

n

i i
”.           

 In this thesis, there were more than one covariance measurements that can 

be calculated. For example, for a 3 dimensional data set (dimensions x,y,z) the 

),cov( yx , ),cov( zx  and ),cov( zy were calculated. Therefore, an n-dimensional data 

set, different covariance values were calculated at  2] 2)!-[(n n! × times. The way to 

get all the possible covariance values between all the different dimensions is to 
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calculate them all and then put them in a matrix. The definition for the covariance 

matrix for a set of data with dimensions is “ ( )),cov(, jiijij
nxn DimDimccc == ”.  

 

2.6.4.4 Calculate the Eigenvectors and Eigenvalues of  

Covariance Matrix 

  The eigenvectors and eigenvalues for this matrix were 

calculated by “ 0=− IXAX λ ”, where A is a covariance matrix, X is the eigenvector 

and λ is the eigenvalue. 

 

2.6.4.5 Choosing Components and Forming a Feature 

Vector 

  The eigenvector with the highest eigenvalue is the first 

principal component (PC1) of the new data set. The eigenvectors are ordered by 

eigenvalue from highest to lowest eigenvalue. If the original matrix has n dimensions, 

first calculate eigenvectors and eigenvalues, next choose only the first p eigenvectors, 

then the dimension of final data set is equal to the dimension of p eigenvectors. 

Finally, take the eigenvectors which keep from the list of eigenvectors, and then form 

a matrix with these eigenvectors in the columns called “Feature Vector” 

( )eig....eigeig(eigVector Feature n321= )  

 

2.6.4.6 Deriving the New Data Set 

  After a feature vector is formed, the transpose of the 

eigenvector is taken and multiply it on the left of the original data set, transposed (see 

equation 2.5). 

 

 AdjustDataRowxVectorFeatureRowDataFinal =                    (2.5) 

Where VectorFeatureRow  is the matrix with the eigenvectors in the columns 

transposed so that the eigenvectors are now in the rows, with the most significance 

eigenvector at the top and AdjustDataRow  is the mean-adjusted data transposed, i.e. 

the data items are in each column, with each row holding a separate dimension. 
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CHAPTER III 

THE MIXED LAYER OF PORPHYRIN AND 

PHTHALOCYANINE SPIN-COATED THIN FILMS FOR AN 

OPTICAL ELECTRONIC NOSE 

 

 

3.1 Synopsis 

Metallo-porphyrin (MP) and metallo-phthalocyanine (MPc) have recently 

become very attractive and practically alternative because MP and MPc present 

versatile and tunable optical spectra by changing the central metal atom such as zinc 

and manganese. Both compounds have been used as sensing material to detect 

various volatile organic compounds (VOCs) based on optical detection. Therefore, 

MP and MPc are selected to fabricate the gas sensor array for the optical e-nose. In 

this chapter, we prepared sensing material by mixing three types of organic 

compound which are present the different absorption region. The spin-coating 

technique was used to prepare the sensing layer thin film. The UV-Vis 

spectrophotometer was used as transducer to measure the absorption spectra changes 

of organic thin film in dynamic gas flow system. The efficiency of this sensing layer 

was tested by methanol, ethanol, isopropanol, acetone (5% eq.) and acetic acid (5% 

eq.) vapor. Atomic force microscope (AFM) and x-ray diffraction (XRD) were used 

to investigate the surface morphological and nanocristalline structure of this sensing 

layer. The electronic structure and interaction energies between sensing molecules 

and analyte molecules were calculated by density functional theory (DFT) at the basis 

set of B3LYP 6-31G*. Finally, principal components analysis (PCA) was used as the 

pattern recognition to classify the various vapors. 
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3.2 Introduction 

The chemical gas sensor is a device that converts the chemical properties 

of the odorant into electronic signal. There are many types of chemical gas sensor, for 

instance, conductometric, gravimetric (piezoelectricity), chemoresistor and optical 

sensor. Among these transduction techniques, optical measurement has been one of 

the most popular choices due to it variety in the measurement of optical modes, for 

example absorbance, fluorescence, polarization, refractive index and reflectance [51-

52]. The absorption or emission spectra of sensing material have been used to 

investigate the interaction between sensing material and analyte molecule. Therefore, 

UV-Vis spectrophotometer is the convenient instrument for the optical gas sensor 

analysis. This method is usually called as “optical electronic nose” [53]. The e-nose is 

a promising technique for discrimination product from odor and volatile chemicals 

associated with the aroma of products.  This e-nose system composes of chemical gas 

sensor, signal transducing and data analysis or pattern recognition [1]. Therefore, 

chemical gas sensor based on optical detection has been studied in several sensing 

material such as phthalocyanine and porphyrin compounds. Metallo-phthalocyanine 

(MPc) and metallo-porphyrin (MP) are the semiconductor materials that present the 

strong absorption spectra in visible light region. Both compounds present the different 

electronic properties that correspond to the central metal atom and peripheral ring 

[54]. MP and MPc such as 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(III)-5,10,15,20-tetraphenyl-21H,23H-porphyrin chloride (MnTPPCl) were 

widely used as optochemical sensing materials to detect the different odorant such as 

VOCs [37] and foods [41]. Moreover, the active regions for optical gas sensor based 

on MP and MPc were found near the absorption peak [55].  
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Figure 3.1 The molecular structure of (a) Zinc-5,10,15,20-tetra-phenyl-21H,23H-

porphyrin, (b) manganese(III)-5,10,15,20-tetraphenyl-21H,23H-porphyrin chloride 

and (c) Zinc-2,9,16,23-tetra-tert-butyl-29H,31H- phthalocyanine. 

 

In this work, the optical gas sensor was developed by using the three types 

of organic compounds, namely, ZnTTBPc, ZnTPP and MnTPPCl as shown in Figure 

3.1. The structure of MP and MPc are formed of the macro-cyclic organic compounds 

that contain the four-pyrrole groups. The electronic properties of both organic 

compounds can be varied by substitution of some peripheral group or replacement to 

the central atom with other metallic atoms such as Zn and Mn atoms [30]. The sensing 

response toward various VOCs in food and beverage, for instance, methanol, ethanol, 

isopropanol, acetone (5% eq.) and acetic acid (5% eq.) were tested in this chapter. 

Optical absorption changes of the sensing materials in the presence of VOC vapor 

were measured by UV-Vis Spectrometer in the range of 300-800 nm. The effect from 

flow rate of nitrogen gas in the dynamic flow system was tested by varying the flow 

rate of nitrogen gas from 200 to 600 ml/min. The atomic force microscope (AFM) and 

x-ray diffraction (XRD) were used to investigate the surface morphological and 

nanocrystalline structure of spin coated thin film. 

In addition, the computational method has been widely used to understand 

the organic sensing material mechanism. Charges transfer between organic compound 

and alcohol molecules were used to identify the absorption spectra changes when 

organic compounds interact with alcohol vapor. The electrons in oxygen atom of 

sensing gas such as C2H5OH, NH3 and NO2 transferred to the porphyrin molecules 
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while gas molecules were adsorbed at the central metal atom or the conjugated π-

electron system of porphyrin molecules [36]. Many research tried to investigate the 

mechanism of phthalocyanine and porphyrin for gas sensor application. The quantum 

mechanical theory has been chosen for investigating the electronic structure at the 

ground state of the particular atoms and molecules especially predict the gas sensing 

behavior of the organic molecule. Density Functional Theory (DFT) with B3LYP level 

using the 6-31G* basis set (for carbon, hydrogen, and nitrogen) has been among the 

most popular and versatile methods to calculate the electronic structure of the 

porphyrin and phthalocyanine compound, for instance bond distance, bond angles, 

interaction energy, atomic charge, transition states and etc. The energy gaps between 

the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) in the MP and MPc were calculated by DFT [56]. Therefore, DFT 

based on B3LYP level was prepared for analyze the charge transfer and interaction 

energies between organic compound and alcohol molecules in this chapter.  

Moreover, the significant step for classify the odor in e-nose system is the 

pattern recognition. The statistical technique namely principal components analysis 

(PCA) is a multi-variant data analysis method that has been widely used as a pattern 

recognition algorithm in an e-nose system [3].  This method has been used to 

discriminate various volatile organic compounds (VOCs), e.g., alcohols, toluene, 

methylethylketon, soft drink and alcoholic beverages [48, 57]. Therefore, in our 

optical e-nose system, PCA was used to analyze the sensing signal from the UV-Vis 

spectrophotometer. The result indicated that the mixed layer gas sensor based on 

ZnTTBPc/ZnTPP/MnTPPCl has more efficiency than the single layer gas sensor for 

VOCs discrimination. 

 

 

3.3 Experimental 

 

3.3.1 Instrumentation 

The optical e-nose set up comprised three basic components: 1) UV-Vis 

spectrophotometer; 2) sensing materials or gas sensor; and 3) gas flow system. Jenway 

6405 UV-Visible spectrophotometer was used to collect the absorption spectra of spin-
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coated thin at room temperature and at the normal incidence of the light beam. The 

home-built stainless steel chamber that equipped with quartz windows for optical 

measurements under the spectrophotometer was used to investigate the gas sensing 

capability of the organic thin films in dynamic gas flow system. The carrier gas or 

nitrogen (99.9%) gas was supplied at the liquid sample bottle that was immersed in a 

heat bath. The sensing vapor was evaporated from the surface of the liquid sample and 

carried by the nitrogen gas. The concentration of VOCs vapor in reference gas was 

controlled by varying the temperature of solvent in the sample bottle. The 

concentration was calculated from the lost weight of solvent after measurement. The 

gas flow was controlled by solenoid valve to switch between the reference gas and 

sample gas in every 10 minutes. These solenoid valves were contacted with computer 

by using data acquisition or DAQ card to switch between reference gas and sensing 

vapor. The absorption spectra of the organic thin film were collected by UV-Vis 

Spectrometer for every 1 minute. Each measurement consists of 5 cycles of switching 

between the references and sensing vapor. 

 

3.3.2 Film Preparation 

ZnTTBPc, ZnTPP and MnTPPCl were obtained from Sigma-Aldrich. The 

ZnTTBPc, ZnTPP and MnTPPCl were dissolved in chloroform solution at the 

concentration of 12, 5 and 15 mg/ml while the mixed solution of 

ZnTTBPc/ZnTPP/MnTPPCl was obtained from a 3 ml of chloroform solution that was 

composed of 12 mg of ZnTTBPc, 5 mg of ZnTPP and 15 mg of MnTPPCl. Then the 

spin-coated thin films were obtained by spinning the solution 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 different VOCs vapor into the 

sensing layers. Then the absorption spectra from UV-Vis spectrophotometer were 

collected for the different vapors, in comparison to the spectra of the unexposed films. 

Finally, the PCA method projected the collected data from five wavelength regions of 

the spectra in a new vector space of lower dimensionality. These new data set are 

presented in the new orthogonal axes or principle components (PC) such as first PC 
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(PC1) and second PC (PC2) which are linear combinations of the original axes. The 

first PC carries most of the data variance, hence the most important information about 

the data. 

 

3.3.4 Computational Method 

The geometries of ZnTTBPc, ZnTPP, MnTPPCl, methanol, ethanol and 

isopropanol molecules were optimized based on the semi-empirical quantum 

chemistry PM3 techniques. Then the energy-minimized structure of these molecules 

were calculated by the DFT at B3LYP/3-21G* and B3LYP/6-31G* level of theory, 

respectively, using the GAUSSIAN 03 program. The interaction energies and atomic 

charges when sensing molecule interacted with alcohols molecule were calculated by 

DFT at the B3LYP/6-31G* level of theory. The interaction energy or binding energy 

(EInt) between sensing materials and alcohols molecule were calculated by equation 

(3.1). 

)( AlcSMAlcSMInt EEEE +−= +  (3.1) 

Where ESM and EAlc is the total energy of isolated sensing molecule and 

alcohol molecule, respectively.  ESM+Alc 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 Characteristics 

The optical properties of spin-coated thin films were measured by the UV-

Visi spectrophotometer. Figure 3.2 (a) shows the absorption spectra of the ZnTTBPc, 

ZnTPP and MnTPPCl spin-coated thin films. The main peaks of ZnTTBPc are located 

around 342 nm, corresponding to the Q band, and 635 and 688 nm, corresponding to 

the B band in phthalocyanine compounds. The QI band peak at 688 nm is attributed to 

the monomer and occurred from the π-π* transition from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the 

phthalocyanine ring. The QII band at 635 nm is attributed to the neutral dimer form or 

higher aggregates. The B band in the 300-400 nm is attributed to the transitions from 
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deeper π levels to the LUMO [58]. ZnTPP thin film exhibits the B band at 433 nm and 

the Q band at 570 and 610 nm. The absorption spectrum of MnTPPCl film consists of 

the two Soret bands (376 and 483 nm) and the two Q bands (590 and 630 nm) [59]. 

The absorption spectra of MP with the difference central metal atom exhibit difference 

in absorption peak specially MnTPPCl and ZnTPP film show the strongest absorption 

spectra in separated area that are related to π-π* transition from HOMO to the LOMO. 

 

 

Figure 3.2 Optical absorption spectra of (a) the ZnTTBPc, ZnTPP and MnTPPCl 

spin-coated film and (b) the mixed layer of ZnTTBPc/ZnTPP/MnTPPCl spin-coated 

film. 

 

The absorption spectrum of the blended ZnTTBPc/ZnTPP/MnTPPCl spin-

coated thin films is shown in Figure 3.2 (b). The mixed layer thin film shows the main 

peak at 346, 428, 483, 622 and 696 nm, in accordance with the strongest absorption 

peaks of the MPc and the MP. In case of the e-nose based on colorimetric, various 

organic dyes based on MP or MPc were selected to produce the sensor arrays. This 

technique need more organic compounds for preparing sensor arrays such as MP (M = 

Mn, Fe, Co, In, Cu, Eu, H2, Fe and Zn) for NH3 classification [60]. In this chapter, gas 
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sensor arrays were generated from the whole spectrum of ZnTTBPc/ZnTPP/MnTPPCl 

thin film by dividing the absorption spectra into 5 regions (R1-R5) around each of the 

main absorption peaks:  300-400 nm (R1), 400-460 nm (R2), 460-530 nm (R3), 530-

655 nm (R4) and 655-800 nm (R5) because the active regions for optical detection 

were observed near the main peak of absorption spectra. From the previous research, 

the area integral under the absorption spectra were corresponded to the sensing 

molecule and binding gas molecule for example percentage change in area integral 

under the absorption spectra of 2-nitro-5,10,15,20-tetraphenylporphyrinato zinc 

(ZnTPP-NO2) thin film presented the different pattern with various chemical vapor. 

Therefore, the changes of area integral under the absorption spectra for specific wave 

length region of ZnTTBPc/ZnTPP/MnTPPCl thin film (R1 - R5) were investigated in 

the term of “gas-sensing response”. The gas-sensing response (S) is calculated by 

equation (3.2): 

BaseAAS /∆=  (3.2) 

 

Where ABase is the total area integral of absorption spectra before flowing 

gas and ΔA is the absolute value of the difference between the absorption spectrum 

area integrals under VOC vapor flow and those under the reference gas (nitrogen gas). 
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Figure 3.3 The average gas sensing of ZnTTBPc, ZnTPP, and MnTPPCl and mixed 

layer of ZnTTBPc/ZnTPP/MnTPPCl spin coated thin film.  

 

The effect of mono-layer and mixed layers of MP and MPc were 

investigated by using alcohols vapor. Figure 3.3 shows the average gas sensing 

response (S) of ZnTTBPc, ZnTPP, MnTPPCl and ZnTTBPc/ZnTPP/MnTPPCl mixed 

layers thin films toward 10 mol% of alcohols vapor in nitrogen gas. The concentration 

of alcohols vapor was controlled by the heat bath and calculated from the weight loss 

of the alcohols solution. The average gas sensing responses of ZnTTBPc, ZnTPP and 

MnTPPCl spin-coated films present the strong average gas sensing responses that 

were observed from the absorption peak of ZnTTBPc (R1:300-400 nm and R5: 655-
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800 nm), ZnTPP (R1:300-400 nm, R2:400-460 nm and R4: 530-655nm) and 

MnTPPCl (R2:400-460 nm and R3:460-530 nm). Methanol shows the highest average 

gas sensing amongst the alcohols for all five regions even though ZnTPP and 

MnTPPCl exhibit no response to ethanol and isopropanol vapor in the region R3 and 

R4. Nevertheless, the mixed layer film displays gas-sensing responses to all types of 

alcohol in five regions especially this mixed layer film shows the average gas sensing 

for ethanol and isopropanol vapor in R3-R4. Therefore, the mixed layer film of MP 

and MPc presented more characteristic of gas sensor than mono-layer of their 

compound such as the previous work about zinc-phthalocyanine mixed copper-

porphyrin [61]. The interactions between ZnTTBPc, ZnTPP and MnTPPCl 

compounds may induce some variation of the central metal atom coordination to 

detect the testing gas. In addition, there are the transformations of the free electron 

density for π transition corresponding to the Q and Soret bands in absorption spectra 

when MP and MPc adsorb gas molecule [62]. Therefore, the gas-sensing properties of 

ZnTTBPc/ZnTPP/MnTPPCl thin films were investigated in this work such as the gas-

sensing response (S), the effect of flow rate in e-nose system and the surface 

morphology of sensing material. 
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Figure 3.4 The dynamic gas-sensing response (S) of mixed layer of 

ZnTTBPc/ZnTPP/MnTPPCl spin coated thin film for methanol, ethanol and 

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

 

In Figure 3.4, a closer look on the results indicate that the mixed  

ZnTTBPc/ZnTPP/MnTPPCl spin coated film shows the stronger response to methanol 

than ethanol and isopropanol vapor in R1, R2 and R3 regions. The R2 region 

correlates mostly to the Soret band of ZnTPP (400-460 nm), corresponding to the π-π* 

transition between bonding and anti-bonding molecular orbital in porphyrin compound 

[63]. The typical dynamic response (S) of mixed layer thin film with methanol is faster 

than ethanol and isopropanol vapors. 
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Figure 3.5 The average gas sensing response of ZnTTBPc/ZnTPP/MnTPPCl spin 

coated thin film with ethanol vapor by varying flow rate of nitrogen gas from 200-600 

ml/min at 25 oC. 

 

The effect from the flow rate of nitrogen gas in the dynamic flow system 

was investigated by varying the flow rate of nitrogen gas from 200 to 600 ml/min. 

Figure 3.5 shows that the low flow rate of gas effect to the average gas-sensing 

response of spin-coated thin film. The flow rate from 400 to 600 ml/min presents the 

similar average gas-sensing response in five wavelength regions and the flow rate 

lower than 300 ml/min presents the less average gas sensing. The mol% of ethanol 

vapor in nitrogen was calculated by weight loss of ethanol solution (see in Figure 3.5). 

There are low evaporation rate of ethanol about 1.61 mol% at flow rate of 200 ml. 

This sensing material presents nearly average gas sensing response in concentration 

about 4-5 mol%. Therefore, the efficiency of optical gas sensor depends on the 

pressure of nitrogen gas because the low flow rate effects to the evaporation of the 

alcohol vapor. To make a stable gas sensor system, we need 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/MnTPPCl spin coated thin film on the glass substrate. The surface 

structure was reported as the size of 1μm x 1μm in 2D and 3D views of the thin film. 

The nano structure of this film was obtained by the average roughness about 6 nm. 

The mixed layer thin film shows the smooth surface. The thickness of spin-coated film 

was about 200 nm. 

 

 

Figure 3.6 The AFM images in (a) 2D and (b) 3D of mixed layer of 

ZnTTBPc/ZnTPP/MnTPPCl spin coated thin film. 

 

The structure of ZnTTBPc, ZnTPP and MnTPPCl powders and films were 

investigated by using XRD (Cu Kα radiation, λ=1.5418 nm). The low thickness of 

ZnPc film based on thermal evaporation method was not presents the intensity of XRD 

peak in the range of 10-250 nm [64]. Therefore, the low spin speed of spin-coated film 

was used to prepare the sensing layer in XRD measurement. The spin-coated films 

were prepared at the spin speed of 500 rpm on a glass substrate at room temperature.  
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Figure 3.7 The XRD patterns of powders and spin-coated film for ZnTTBPc, ZnTPP, 

MnTPPCl and mixed layer of ZnTTBPc/ZnTPP/MnTPPCl film. 

 

Figure 3.7 shows the corresponding intensity peaks between powders and 

spin-coated films by observing a broad diffraction band from 2o to 30o. The intensity 

peaks at 2θ equal to 11o and 13o for all films are the effect from the glass slide 

substrate. The intensity peaks of ZnTPP compound presents at 2θ equal to 18.50o for 

powder and 18.63o for spin-coated film which correspond to the interplanar distance 

(d) of 4.76 and 4.78 Å, respectively. XRD pattern of ZnTPP spin-coated film agreed 

with the result of Takeo Oku and coworkers [65]. The intensity peaks of porphyrin 

thin film were found in the same area of the intensity peaks in porphyrin powder. For 

example, NiTPP presented two intensity peaks for spin-coated film but NiTPP 

presented five intensity peaks in the form of powder [66]. The intensity peaks of 

ZnTTBPc compound presents at 2θ equal to 5.19o for powder and 5.50o for spin-

coated film which correspond to the d value = 17.03 and 16.06 Å, respectively. The 

intensity peak of ZnTTBPc spin coated film was different from ZnTTBPc thermal 

evaporation that was observed at 2θ equal to 7.34o [67]. The intensity peaks of 

MnTPPCl compound presents at 2θ equal to 17.32o for powder and 16.67o for spin-

coated film which correspond to the d value = 5.12 and 5.32 Å, respectively. The XRD 
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patterns of ZnTTBPc, ZnTPP, MnTPPCl spin-coated thin films confirm that each film 

shows the individual crystalline structure. From the result, the intensity peaks of mixed 

layer of ZnTTBPc/ZnTPP/MnTPPCl film that is observed at 2θ equal to 3.71o located 

near the main peak of ZnTTBPc film. The interplanar distance that is corresponding to 

2θ equal to 3.71o is 23.79 Å. This peak indicates that the interplanar distance of mixed 

layer film is bigger than the value in all types of mono-layer films. Therefore, mixed 

layer film from various central metal atom (Zn and Mn) and different molecular 

skeleton (porphyrin and phthalocyanine) is arranged to form nanocrystalline with the 

different structure from mono-layer film. The effect of different nanocrystalline 

structure was observed by changing the central metal atom such as Al and Zn atom in 

phthalocyanines thin layers [68]. 

 

3.4.3 Computational Results 

The theoretical work has been widely used for studying about the 

electronic structure of organic dye molecule. Therefore, the previous experiment 

results should be explained and compared with the computational results based on 

DFT method. The electronic structure at ground state of MP, MPc, methanol, ethanol 

and isopropanol were calculated by in basis set of B3LYP 6-31G* level that is usually 

used to calculate the structure that compost of H, C, N, Cl and O atom. 

 

 

Figure 3.8 Plot of interaction energies versus distance between oxygen atom in 

alcohols molecule and manganese (Mn) or chloride (Cl) atom in MnTPPCl molecule. 
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In case of MnTPPCl, there are two possible sites for gas interaction, 

namely, Mn and Cl atomic sites. The interaction energy between MnTPPCl and 

methanol molecule was studied in 2 conditions: 1) varying distance between chloride 

atom and oxygen atom (see Figure 3.8(a)) and 2) varying distance between manganese 

atom and oxygen atom (see Figure 3.8(b)). Figure 3.8 shows that the interaction 

energy plot of MnTPPCl with methanol in pattern (b) is higher than pattern (a). 

Therefore, the optimized site for gas absorption was observed at the metal atomic site 

in porphyrin and porphyrin derivative such as chlorophyll a and pheophytin a [69]. 

MnTPPCl has higher interaction energy with methanol than ethanol and isopropanol at 

the distance of 2.875 Å. This computational result shows an agreement with the 

experimental result that MnTPPCl spin-coated film shows the highest average gas 

sensing with methanol vapor (see Figure 3.3). 

 

 

Figure 3.9 Plot of interaction energies versus distance between oxygen atom in 

alcohols molecule and zinc atom in ZnTPP and ZnTTBPc molecules. 

 

In case of ZnTPP and ZnTTBPc molecules, the interaction energy were 

investigated by varying the distance between oxygen atom in alcohols molecule and 

zinc atom in ZnTPP and ZnTTBPc molecules (see in Figure 3.9). The results reveal 

that ZnTPP has stronger interaction with isopropanol than methanol and ethanol at the 

optimized distance of 2.50 Å but ZnTTBPc has stronger interaction with methanol 

than ethanol and isopropanol at the optimized distance of 2.375 Å. 
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In addition, the binding energies and charges transfer when porphyrin or 

phthalocyanine interacts with alcohol molecule are reported in Table 3.1. The NBO 

charges at central metal atom of the optimized molecule for ZnTTBPc, ZnTPP and 

MnTPPCl were 1.63340 a.u., 1.61282 a.u. and 1.36981 a.u., respectively while the 

NBO charges at oxygen atom of methanol, ethanol and isopropanol were -0.74124 

a.u., -0.75877 a.u. and -0.75311 a.u., respectively. The optimized distance between 

metal atom and oxygen atom shows the highest binding energy. ZnTPP show the 

highest binding energy with isopropanol at the distance of 2.50 Å while ZnTTBPc 

show the highest binding energy with methanol at the distance of 2.375 Å. From the 

experimental result, ZnTPP spin-coated film presents a good average gas sensing with 

isopropanol vapor while ZnTTBPc spin-coated film presents a good average gas 

sensing with methanol vapor (see in Figure 3.3). The computational result shows the 

agreement with the experimental result. The charges transfer between porphyrin or 

phthalocyanine and alcohols molecules were observed at the optimized distance. This 

charges normally transferred from central metal atom of porphyrin or phthalocyanine 

to the oxygen atom of alcohols molecule. The charge transfer between analyte 

molecule and sensing molecule in calculation method was corresponded to the 

absorption spectrum change of sensing thin film in the experiment results. 

 

Table 3.1  The interaction energies per one molecule; ΔEInt (kcal/mol) at the 

optimized distance; D (Å) and the change in NBO charge for ZnTPP, ZnTTBPc and 

MnTPPCl. 

Interaction 

between 

Sensing molecule 

ZnTPP ZnTTBPc MnTPPCl (b)-(c) 

D ΔEInt ∆ Charge of D ΔEInt ∆ Charge of D ΔEInt ∆ Charge of 

Zn O Zn O Mn O 

Methanol 2.375 -5.79 0.036 -0.046 2.375 -7.24 0.030 -0.048 2.875 -6.05 0.057 -0.027 

Ethanol 2.500 -5.66 0.031 -0.035 2.625 -5.31 0.023 -0.033 2.875 -5.04 0.051 -0.020 

Isopropanol 2.500 -5.96 0.031 -0.039 2.625 -5.60 0.023 -0.037 3.125 -5.08 0.044 -0.021 
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3.4.4 Principal Component Analysis (PCA) 

PCA is the simplest technique amongst true eigenvector-based multivariate 

analyses, which best accounts for the variance in the data. The principle idea of this 

method is start from the chemical analysis that are used more than one measurement for 

single sample such as volatile amine detection based on four types of nanocomposite 

gas sensor array [4]. Moreover, this technique has been used as the pattern recognition 

method in e-nose system; for example, identify the quality of food products and 

contamination of formaldehyde in seafood. In this work, the gas-sensing responses (S) 

from UV-Vis spectrophotometer were analyzed by PCA calculation. The data sets for 

PCA calculation were extracted from the difference of the average gas-sensing 

responses between a sensing vapor and the reference gas. The efficiency in VOCs 

discrimination of mixed layer gas sensor based on ZnTTBPc/ZnTPP/MnTPPCl was 

compared with its single layer gas sensor by using PCA method. Figure 3.10 shows the 

PCA in two-dimensional score plot related to the data from the five sensing arrays 

based on the optical absorption spectra region (R1-R5). The results conclude that the 

mixed layer of ZnTTBPc/ZnTPP/MnTPPCl more clearly classified the three types of 

alcohol vapor than mono layer of ZnTTBPc, ZnTPP and MnTPPCl. 
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Figure 3.10 PCA two dimensional score plot of the optical gas sensors 

based on ZnTTBPc, ZnTPP, MnTPPCl and ZnTTBPc/ZnTPP/MnTPPCl film. 

 

The efficiency of mixed layer gas sensor was tested with other VOCs 

which are found in food and beverages odor such as acetone and acetic acid. Figure 

3.11 (a) shows the classification of five vapors, namely methanol, ethanol, isopropanol, 

acetone (5% eq.) and acetic acid (5% eq.) for mixed layer gas sensor. Therefore, this 

mixed layer gas sensor was optimized for gas sensor in this optical e-nose system. 

Despite the classification of the different concentration of alcohol such as ethanol was 

interested in this work too. The ratios between ethanol and water were varied by change 

the volume of ethanol and water in the total volume of 50 ml. The optical sensors 

separate the different ratio between ethanol and water from 0 to 100% (see Figure 

3.11(b)). The separation between ethanol 100% and 0% is shown clearly in PC1 axis 

direction. The PC1 axis that is the highest variance value of principal coordinates 

(81.67%) represents the almost important information of the data set. The data set of 
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ethanol 100% stays in the left hand side of Figure 3.11(b) while the data set of ethanol 

0% (or water 100%) stays in the right hand side of Fig. 11(b). It is clearly to conclude 

that PCA is an absolute statistical method in the electronic nose system to classify the 

group of vapor. This method is a high efficiency and a low demand on computing 

power in the system. Therefore, the optical electronic nose system based on the three 

types of organic compounds should be highly effective for discriminating VOCs and 

applicable to qualitative measurements of food and alcoholic beverage. 

 

 

Figure 3.11 PCA two dimensional score plot related to the five arrays 

optical sensor corresponding to (a) five types of VOC vapor and (b) varying 

concentration of ethanol in water. 
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3.5. Conclusions 

The mixed layer of ZnTTBPc/ZnTPP/MnTPPCl spin-coated thin films has 

been demonstrated to be able to detect various kinds of VOC vapor, namely methanol, 

ethanol, isopropanol, acetone (5% eq.) and acetic acid (5% eq.). The AFM and XRD 

were used to investigate the nano crystalline structure of mixed layer spin-coated thin 

film. DFT method based on B3LYP6-31G* level successfully optimized the ground 

state structure of ZnTTBPc, ZnTPP, MnTPPCl, methanol, ethanol and isopropanol 

molecules. The interaction energies between sensing molecule and analyzed molecule 

in computational method confirmed the agreement with the gas sensing behavior in 

experimental result. Therefore, the optical electronic nose constructed from the mixed 

layer organic molecule exploits the high chemical information based on the optical 

absorption properties and the effective classification method 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) technologies have recently 

become a convenient technique to identify the quality of food and beverage products 

based on the odor classification. In this chapter, we reported an optical-based 

electronic nose system consisting of thin-film sensing materials, array of light 

emitting diode (LED), photo-detector and pattern recognition program. The organic 

mixtures thin film gas sensor was prepared by spin coating of 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(III)-5,10,15,20-tetraphenyl-21H,23H-

porphyrin chloride (MnTPPCl) onto a clean glass substrate. The electronic nose 

system was developed by using the low-cost LED array as a light source. Then the 

light intensity that is transmitted through the organic thin film during the experiment 

was detected by the color light to frequency converter device (photo-detector). The 

ability of this system was tested by using volatile organic compound (VOCs) vapors 

such as methanol, ethanol, and isopropanol. Principal component analysis (PCA) has 

been used as the pattern recognition for this electronic nose system. The result 

confirms that the sensing layer that composed of the three types of organic 

compounds described the odor of chemical vapors, dried seafood and beers.  



Sumana Kladsomboon 

 

 An Optical Artificial Nose System / 48 

4.2 Introduction 

An electronic nose is a clever instrument that functions as an olfactory 

system in human. The electronic nose instrument consists of an array of gas sensors, 

transducer, gas-flow system and pattern recognition. Several methods have been used 

for transduction of the sensing signals such as mass [70] and electrical transduction 

[51]. Optical technique is a simple and convenient method to detect the change of 

organic thin film gas sensor such as metallo-phthalocyanine (MPc) and metallo-

porphyrin (MP) [61]. MPc and MP is the organic compound that produce the 

absorption spectra in UV-Vis region because the aromatic characters of these 

materials are related to electronic transitions within their π-aromatic system [71]. The 

optical electronic nose has been successfully predicted the volatile organic compound 

(VOC) concentrations in their binary mixtures (acetic acid and ethanol) based on 

spectrophotometer [72]. In addition, MPc and MP, namely ZnTTBPc, ZnTPP and 

MnTPPCl [41], successfully detected and classified volatile VOCs vapor such as 

alcohols, acetone, acetic acid and food product. Previous chapter confirmed that the 

organic mixtures of ZnTTBPc, ZnTPP and MnTPPCl spin-coated thin films are able 

to classify various VOC vapors, namely, methanol, ethanol, isopropanol, acetone (5% 

eq.), acetic acid (5% eq.) and methyl benzoate (5% eq.) based on UV-Vis 

spectrophotometer instrument [73]. In this chapter, an optical electronic nose was 

developed for optical measurement by using the low-cost LEDs as a light source and 

the organic thin film as the sensing material. The color light to frequency converter 

device was used as transducer to collect the changing of light intensity that transmits 

from the sensing layer. The organic mixtures thin film gas sensor was prepared by 

spin coating the mixing solution of ZnTTBPc, ZnTPP and MnTPPCl onto a clean 

glass substrate and annealing at 250oC under argon atmosphere. Finally, the 

classification of the odor was analyzed by principal component 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 basic components namely, 

light source, sensing materials or sensor and a device for detecting light signals 

coming from the sensor as shown in Figure 4.1. Low-cost LED array was chosen to 

be a light source in this system. There was commercial photo-detector (ET-TCS230) 

to detect the light intensity.  All of the measurements were performed at room 

temperature. The gas sensing capability of the organic thin films have been 

investigated under the dynamic gas flow through a home-built chamber that shields 

the light from the outside. Nitrogen (99.9%) gas was used as the reference and carrier 

gas to conduct headspace vapor from the sample bottle at the rate flow about 500 

ml/min. The gas flow was controlled by solenoid valve to switch between the 

reference gas (4 minutes) and sample gas (2 minutes). The solenoid valve and LED 

array were controlled by LABVIEW program based on DAQ card. Each 

measurement consists of 5 cycles of switching between the reference and sample gas.  

 

 
Figure 4.1 Schematic diagram of optical electronic nose setup. 

 

The schematic diagram for LED array and photo-detector is shown in 

Figure 4.1. The spectra of color LED was investigated by ocean optic instrument. The 
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light intensity of red, yellow, green, blue, pink, and violet LED was occurred at 638, 

587, 537, 457, 472 and 399 nm.  The switching between eight LEDs was controlled 

by a multiplexers (MAX4617CPE) device. This system consists of infrared, red, 

yellow, green, blue, pink, violet and white LED. Then the photo-detector that consists 

of photodiode array translates the light intensity to the current and frequency (f), 

respectively. This measurement was controlled by LABVIEW program.  

 

 

Figure 4.2 The diagram of eight colors LED for optical sensing arrays and photo-

detector device. 

 

4.3.2 Sensor Fabrication 

ZnTTBPc, ZnTPP and MnTPPCl were obtained from Sigma-Aldrich. The 

mixed solution of ZnTTBPc/ZnTPP/MnTPPCl was obtained from a 3 ml of 

chloroform solution containing 12 mg of ZnTTBPc, 5 mg of ZnTPP and 15 mg of 

MnTPPCl. Then the blended ZnTTBPc/ZnTPP/MnTPPCl thin films were obtained by 

spinning the solution onto a glass substrate at 1,000 rpm for 30 s. The spin-coated 

thin films were placed in a furnace under the argon atmosphere, heated at the rate of 

5 °C per minute to reach 250 °C and then cooled down for 3 hours. The optical 

spectrum of annealed spin-coated film was tested under the atmosphere of methanol, 

ethanol and isopropanol vapor using Jenway UV-Vis spectrophotometer. 
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4.4 Results and Discussions 

 

4.4.1 Optical Measurements and Sensing Characteristics 

The absorption spectra of non-annealed and annealed spin-coated films are 

shown in Figure 4.3 (a). The mixed layer thin film shows the absorption peak at 345, 

430, 480, 620 and 695 nm, in accordance with the absorption peaks of Q band and B 

band in the metallo-phthalocyanine (MPc) [58] and Soret bands and the Q bands in the 

metallo-porphyrin (MP) [59]. The main peak of annealed film was shifted. The 

intensity of absorption peak at 345 and 480 nm increased while the intensity of 

absorption peak at 620 and 695 nm decreased. And the absorption peak at 430 nm 

shifted to 428 nm. The absorption change of annealed film during the gas flow system 

is presented in Figure 4.3 (b). Methanol, ethanol and isopropanol were used as sensing 

vapors. The absorption changes were clearly observed at 390, 430, 480 and 695 nm. 

The interaction between porphyrin and oxidizing or reducing gases depend on the π-π* 

interaction that relate to the absorption spectra of the organic compounds [74]. 

Therefore, the visible light LEDs were used as the light sources and photo detector 

was used as transducer to detect the color change of sensing material in this chapter.  

  

 

Figure 4.3 The absorption spectra of (a) non-annealed and annealed films and (b) 

annealed films under reference gas, methanol, ethanol and isopropanol vapor. 

 

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

LED with methanol, ethanol and isopropanol vapor. The photo-detector collected the 
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frequency (f) that directly proportional to the light intensity. Methanol and ethanol 

vapors present the faster response with gas sensor than isopropanol vapor. This result 

was related to the vapor pressure of alcohol because isopropanol has low vapor 

pressure than methanol and ethanol. 

 

Figure 4.4 The sensing signal of blue and violet LED with methanol, ethanol and 

isopropanol vapor. 

 

The average gas sensing response of eight LED sensor array for three 

types of alcohol is presented in Figure 4.5. The gas sensing response (S) was 

calculated from equation (1) 

                                                          RffS /∆=                                                        (4.1) 

when Rf is the average frequency during flowing reference gas and f∆  is the average 

of the different frequency between reference gas (Rf ) and sample gas (Sf ). 
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Figure 4.5 The average gas sensing response of eight LED sensor array for three 

types of alcohol. 

 

Gas sensing responses of non-annealed film and annealed film were 

compared (see Figure 4.5). The annealed film presented the strong gas sensing 

responses for all types of alcohol. Thermal annealing method developed structure of 

sensing layer. Violet LED presents the highest average gas sensing response with all 

of chemical vapor. The LED operating in the violet region which is corresponding to 

the absorption spectrum of porphyrin at 430 nm (see Figure 4.3) presents the highest 

response with analyzed gas [75]. 

The surface structures of non-annealed and annealed layers are 

investigated by atomic force microscope (AFM) (see Figure 4.6). The roughness of 

non-annealed and annealed film were 1.15 and 2.28 nm, respectively. Thermal 

annealing process changed the surface from smooth to knobbed surface. This modified 

surface was the optimized structure for gas detection because the gas sensing response 

increased for annealed film gas sensor.  
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Figure 4.6 AFM image in 3D and phase of (a) non-annealed film and (b) annealed 

film. 

 

 

Figure 4.7 XRD pattern of non-annealed film and annealed film. 
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Figure 4.7shows the corresponding intensity peaks of non-annealed and 

annealed ZnTTBPc/ZnTPP/MnTPPCl spin-coated films by observing a broad 

diffraction band from 2o to 30o. The intensity peaks at 2θ equal to 11o and 13o for both 

films are the effect from the glass slide substrate. The intensity peaks of non-annealed 

and annealed film present at 2θ equal to 3.71o and 2.38o, respectively. The interplanar 

distance (d) for non-annealed film is 23.79 Å while interplanar distance (d) for 

annealed film is 37.09 Å. The distance between crystal planes increased after thermal 

annealed process. Therefore, annealing at high temperature affected to the orientation 

of dye molecules, for example the interplanar space of ZnTTBPc evaporated film 

increased when temperature of substrate was increased [67].  

 

4.4.2 Odor Classifications 

PCA technique was used as the classification method for optical electronic 

nose to identify the quality of food products [37, 61]. The data sets of PCA were 

calculated from the difference of the average gas sensing responses between a sample 

vapor and the reference gas. In this electronic nose setup, there are 8 sensors based on 

different LED color to identify the types of chemical vapor. 

ZnTTBPc/ZnTPP/MnTPPCl sensor successfully detected and discriminated several 

four type of chemical vapor (see in Figure 4.8).  There are clearly separate four types 

of alcohol. The data of alcohol mixtures (methanol 50% and ethanol 50%) located 

between methanol 100% and ethanol 100% data. In addition, this electronic nose 

system successfully describes various concentration of ethanol in water volume by 

volume (0-100% of ethanol) as shown in Figure 4.9.  Food and beverages produce 

were classified by this e-nose system, such as Figure 4.10 show the classification of 3 

dried seafood and 3 commercial beers. These results indicate that this optical 

electronic nose system may be used as the olfactory system to classify foods and 

beverages.   
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Figure 4.8 PCA two dimensional score plot related to the eight arrays of optical 

sensor corresponding to several types of the alcohol vapor. 

 

 

Figure 4.9 PCA two dimensional score plot related to the eight arrays of optical 

sensor by varying the concentration of ethanol in water. 
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Figure 4.10 Classification of (a) dried seafood and (b) alcoholic beverages 

based on PCA calculation.   

 

 

4.5 Conclusion 

The optical electronic nose was developed by using LED and photo 

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

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

during the gas flow measurement. Gas sensor was developed by thermal annealing 

process. The annealed film presented more roughness and larger interplanar distance 

than non-annealed film. The annealed structure increased efficiency of gas sensor. 

PCA clearly separated the methanol 100%, ethanol 100%, isopropanol 100% and 

mixing of methanol 50%+ethanol 50%. Finally, this system detected the varying 

concentration of ethanol solution in water. The classification of food and beverage 

will test in the future work. 
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CHAPTER V 

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 capability of an e-nose system based 

on combined optical and electrochemical transduction within a single gas sensor array. 

The optical part of this e-nose is based on detection of the absorption changes of light 

emitted from eight light emitting diodes (LEDs) as measured by a complementary 

metal oxide semiconductor (CMOS) photo-detector. The electrochemical part works 

by measuring the change in electrical resistivity of the sensing materials upon contact 

with the sample vapor. Zinc-5,10,15,20-tetra-phenyl-21H,23H-porphyrin (ZnTPP) and 

multi-walled carbon nanotube (MWCNT) composite was used as the sensing materials 

based on its good optoelectronic properties. This sensing layer was characterized by 

UV-Vis spectroscopy and atomic force microscope and tested with various VOC 

vapors. Density functional theory (DFT) calculations were performed to investigate 

the electronic properties and interaction energies between ZnTPP and analyte 

molecules. It can be clearly seen that this hybrid optical-electrochemical electronic 

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

The olfactory system is an essential equipment for survival of all 

mammals, although nowadays human employs this critically important sense mainly 

for pleasure. At present, electronic nose (e-nose) has been invented to mimic this sense 

of smell and applied in many applications such as food safety and quality control [76], 

and air quality monitoring [77] etc. The main components of an e-nose system are an 

array of gas sensors, transducer and pattern recognition. Gas sensors can be 

implemented based on different sensing materials and transduction principles, for 

example, conducting polymer [78], metal oxide semiconductor [3], piezoelectric [40], 

electrochemical, and optical sensors [79]. Recently, combing different working 

principles to produce hybrid electronic nose is becoming an active area of e-nose 

research.  

Porphyrins are a class of semiconductor materials that have been widely 

used as optical sensors to detect the volatile organic compound (VOC) based on the 

change of light intensity [71]. Zinc-5,10,15,20-tetra-phenyl-21H,23H-porphyrin 

(ZnTPP) was demonstrated to optically detect alcohol, acetone, acetic acid, methyl 

benzoate, and commercial alcoholic beverages  [37,63]. To observe the electrical 

change of highly resistive ZnTPP, carbon nanotube (CNT) has been introduced to 

produce CNT/ZnTPP nanocomposite with moderate conductivity [80]. In addition, 

CNT may help to amplify the gas detection by increasing adsorption surface presented 

on the interior and exterior of the sidewalls [81].  

In this chapter, we have constructed a hybrid e-nose system based on 

ZnTPP/MWCNT nanocomposite thin film and hybrid optical and electrical 

measurements. The eight color light emitting diodes (LEDs) and a CMOS photo-

detector were used as light source and detector, respectively, for optical measurement 

of the absorption changes of sensing materials. In addition, change in electrical 

resistance of the sensing materials upon contact with the sample vapor was also 

recorded to complement the optical measurement. This hybrid gas sensor array was 

tested with different VOC groups such as alcohols, ester, ether, ammonia, ketone and 

acid. To understand the sensing mechanism, density functional theory (DFT) 

calculations were performed to investigate the electronic properties and interaction 

energies between ZnTPP and analyte molecules [82]. Classification of these vapors 
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based on was successfully solved by pattern recognition based on the principal 

component analysis (PCA).  

 

 

5.3 Experimental 

 

5.3.1 Optical-electrochemical Electronic Nose System 

 

Figure 5.1 The hybrid optical-electrochemical e-nose system based on the organic 

thin film. 

 

The optical-electrochemical electronic nose comprises two basic 

components, namely optical and electrochemical parts as shown in Figure 5.1. The 

optical part is composed of eight color light emitting diodes (LEDs) and the device for 

detecting light signals coming from the sensor (CMOS photo-detector). The intensity 

peak of red, yellow, green, blue, pink, and violet LEDs was centered at 638, 587, 537, 

457, 472 and 399 nm. The electrical part was constructed from the voltage divider 

circuit to detect the resistance change of sensing material. Both optical and electrical 

parts work by measuring the change in light intensity and resistance of the sensing 

materials upon contact with the sample vapor at room temperature. This sensing 

material was prepared on the clean glass substrate on top of the interdigitated gold 
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electrodes. The gas sensing capability of the hybrid gas sensor has been investigated 

under the dynamic gas flow through a home-built chamber. Nitrogen (99.9%) gas was 

used as the reference and carrier gas to conduct headspace vapor from the sample 

bottle at the rate flow about 500 ml/min. The gas flow was controlled by solenoid 

valves to switch between the reference gas (4 minutes) and sample gas (2 minutes). 

Each measurement consists of 4 cycles of switching between the reference and sample 

gas. The experiment was repeated for three times on each sample. 

 

5.3.2 Sensor Fabrication 

ZnTPP was obtained from Sigma-Aldrich, whereas MWCNT was obtained 

from Chiang Mai University (synthesized by Dr. Phisit Singjai) [83]. MWCNT was 

dissolved in chloroform solution at the concentration of 2 mg/ml by using 

ultrasonicator and magnetic stirrer while ZnTPP was dissolved in chloroform solution 

at the concentration of 4 mg/ml by using ultrasonicator. Such concentration ratio 

yields the optimized gas sensing properties in our work. Then the solutions of 

MWCNT and ZnTPP were mixed together using ultrasonicator and magnetic stirrer. 

The hybrid gas sensor (ZnTPP-MWCNT) thin film was prepared by spinning the 

solution onto the specially-prepared substrate (see Figure 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 porphyrin in ground state have 

been studied by density functional theory (DFT) calculation [56]. The initial structure 

of ZnTPP and VOCs molecules were optimized based on B3LYP/6-31G* level of 

theory. Then the electronic properties and the interaction energy between VOCs and 

ZnTPP were calculated by B3LYP/6-31G* too. The distance between the oxygen atom 

in VOCs molecule (nitrogen atom in ammonia molecule) and the zinc atom in 

porphyrin molecule at the highest interaction energy was investigated. The interaction 

energies between ZnTPP and VOCs molecule were calculated by equation (5.1): 

                              )(int VOCZnTPPVOCZnTPPeraction EEEE +−= +                        (5.1) 

Where EZnTPP and EVOC is the total energy of isolated ZnTPP and VOC molecule, 

respectively. 
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5.4 Results and discussions 

 

5.4.1 Characterization of Hybrid Gas-sensing Films 

 

Figure 5.2 The absorption spectra of ZnTPP, MWCNT and ZnTPP+MWCNT spin-

coated thin film. 

 

Figure 5.2 presents the UV-Vis absorption spectra of ZnTPP, MWCNT 

and ZnTPP-MWCNT spin-coated thin film. The absorption peak of ZnTPP was 

occurred at 428 nm and the non-absorption peak of MWCNT was observed [84]. This 

absorption spectrum is related to the Soret band (B band) around 400 nm and weak Q 

bands at 480-680 nm which can be determined by the transition of the electrons from 

ground to the excited state [85]. But after adding MWCNT into ZnTPP, the absorption 

spectrum was decreased and slightly shifted to 430 nm. The absorption spectrum shift 

corresponded to the formation of more aggregates or closer packing in porphyrin thin 

film [70,86] and normally occurred after the formation of the porphyrin thin film [87]. 

The slight red shift in Soret band is assigned to the change in the packing (stacking) 

between the ZnTPP molecular layers when MWCNT molecules are inserted. The blue 

shift in Q band can be assigned to the additional pi-pi interactions between ZnTPP and 

MWCNT. In the gas sensing experiment, methanol vapor effected to the absorption 

spectrum of hybrid gas sensor only slightly by shifting the absorption peak. The 

biggest spectrum shift was occurred in the range 300-360 nm. 
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Figure 5.3 DFM images in top views and 3D of ZnTPP (left) and ZnTPP-MWCNT 

(right) spin-coated film. 

 

The effect of MWCNT in ZnTPP spin-coated film was investigated by 

dynamic force microscope (DFM) as shown in Figure 5.3. The average roughness for 

ZnTPP and ZnTPP-MWCNT spin-coated film was found to be 0.64 and 27.50 nm, 

respectively. Thus, the increasing grain size of ZnTPP-MWCNT corresponds to the 

average diameter size of MWCNT 27 nm [83]. Therefore, more surface area available 

for gas sensing is expected and MWCNT can act as nanochannel that help transport 

the analyte molecules into the deeper layers of ZnTPP, leading to enhanced sensitivity. 

The distribution of MWCNT is quite random and it organizes like a rope that consists 

of many aligned CNT due to van der Waals forces between CNT walls [88].  

The sensor signals of hybrid gas sensor were investigated by measuring 

the change in light intensity and resistance of the material under the dynamic gas flow 

(see in Figure 5.4). In optical measurement, the photodiode array in CMOS photo-

detector is functioning as a current to frequency convertor. This detector counts the 

pulse of the current as the frequency which is generated from the incident photon and 

related to the light intensity [89]. Therefore, the gas sensor signals of optical 

measurement were presented in terms of frequency values. The highest change of gas 

sensor signals was observed in the violet LED (399 nm) that related to the change in 

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

suggests a slight charge transfers between MWCNT and the reducing gas [90].  

 

5.4.2 Gas Sensing Response 

 

Figure 5.4 The percentage of gas sensing response in ZnTPP, MWCNT and ZnTPP-

MWCNT spin-coated film with methanol, ethanol and isopropanol vapor at room 

temperature. 
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Figure 5.5 The percentage of the average gas sensing response for nine sensor array 

with eight types of VOC. 

 

The gas sensing response (S) was calculated from the Rff /∆   where f∆ is 

defined from RS ff −  (see in Figure 5.4). The fS and fR represent the sensor signal upon 

sensing vapor and reference gas, respectively.  Figure 5.5 shows the percentage of 

average gas sensing response for nine sensors with eight types of VOC. The sample 

vapors were generated from the solution of methanol (100%), ethanol (100%), 

isopropanol (100%) and acetone (5% aq.), acetic acid (5% aq.), ammonia (5% aq.), 

diethyl ether (5% aq.) and ethyl acetate (5% aq.) at ambient conditions. Based on 

evaporation rate at these conditions, methanol vapor presents the highest average gas 

sensing among alcohols. Acetic acid presented higher average gas sensing response 

than other VOCs (5% in aqua). It can be seen most vapor responses strongly within the 

green-violet region of the visible spectra. It was thus expected that this hybrid 

electronic nose will be efficient for most VOCs.      
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5.4.3 Sensing Mechanism 

 

Figure 5.6 The plot of interaction energies versus distance between oxygen atom in 

VOCs molecule (or nitrogen atom in ammonia) and Zinc atom in ZnTPP molecule. 

 

To understand the mechanism of ZnTPP sensor, we have investigated the 

interaction energy when ZnTPP interacts with VOC molecule. Figure 5.6 plots the 

interaction energies versus distance (D) between oxygen atom in VOCs molecule (or 

nitrogen atom in ammonia) and Zinc atom within the center if ZnTPP molecule. 

Ammonia molecule presents stronger interaction energy than alcohols, ethyl acetate, 

acetone, acetic acid and diethyl ether. The average optimized distance for all VOC is 

about 2.46 Å. Table 1 indicates the change of electronic properties such as energy gap 

and charge exchange at the optimized distance. Electron transfer from Zinc and 

nitrogen atoms in the porphyrin ring to the oxygen atom in VOCs molecule was found. 

Such results have confirmed our experiment that the resistance of hybrid gas sensor 

was increased under the VOCs gas flow. In addition, VOC molecules have induced the 

change in energy gap responsible for the shift in absorption spectra.  
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Table 5.1 Interaction energy (IE), energy gap change (∆Eg), and NBO charge change 

(∆ NBO charge) of ZnTPP at the minimize energy based on DFT calculation. 

VOCs 

D 

(Å) 

IE 

(kcal/mol) 

∆ Eg  

(eV) 

∆ NBO charge of 

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 2.50 -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 3.875 -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 employed to analyze multi-

dimensional data. This method was used to reduce the dimension of the data and 

present the new data set in the new axis (PC1 and PC2) easily visualized by human 

[1], as shown in Figure 5.7. The results thus confirm that the hybrid electronic nose 

successfully classifies several odorous molecules such as alcohols, acetone, acetic 

acid, diethyl ether and ethyl acetate, which are the basis of more complex odors such 

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

corresponding to several types of the VOC vapor. 

 

 

5.5 Conclusion 

The hybrid electronic nose based on hybrid ZnTPP-WMCNT sensing 

materials and hybrid optical-electrochemical detection was successfully demonstrate 

to classify various VOCs, for examples, alcohols, acetone, acetic acid, ammonia, 

diethyl ether and ethyl acetate. The combined theoretical (DFT calculations) and 

experimental (sensing measurement) approach successfully provides the sensing 

mechanism underlying the gas detection that based on the ion-dipole interaction with a 

moderate charge transfers from porphyrin to VOCs molecule. It was expected that this 

hybrid electronic nose should be applicable for analysis of the foods and other 

products that contain fraction of the detected VOC molecules. 
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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 developed by using molecular 

imprinted polymer (MIP) technique base on polyurethane (PU) and dye composite. 

We prepared the MIP material by adding analyte or template molecules (such as 1-

propanol and 1-buthanol) in the PU solution. Then dye molecule namely, zinc tetra-

tert-butyl-phthalocyanine (ZnTTBPc) was dissolved in polymer solution. Spin coating 

technique was used to prepare the sensing layer for quartz crystal microbalance 

(QCM) measurement while drop coating technique was used to prepare the sensing 

layer for optical measurement. The gas sensor was tested by using the optical e-nose 

based on LED arrays (see the details in Chapter IV). This sensing layer was tested 

with VOC vapor in the same concentration to confirm the selectivity of gas sensor. 

The MIP gas sensor presented strong sensing signal for analyte gas in case of 1-

buthanol. Moreover, the gas sensing response was analyzed by pattern recognition, 

namely, principal component analysis (PCA) in electronic nose (e-nose) application. 

PCA result showed that MIP technique improved the odor classification for ZnTTBPc 

material. 

 

 

6.2 Introduction 

 E-nose is an intelligent device functioning like the human olfactory 

system. The key components of an e-nose system are the gas sensor array and pattern 

recognition. Most research topics on e-nose have been focused on searching for new 

types of gas sensors. In previous work, organic gas sensor thin films based on optically 

active compounds, namely metal-porphyrin (MP) and metal-phthalocyanine (MPc), 
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were developed using the optical-based detection technique [40]. Quantum chemical 

calculations based on the density functional theory (DFT) have confirmed that the 

optically active molecule presents the moderate-to-strong interactions with the 

functional groups in volatile organic compounds (VOCs) molecule [37]. Although 

both MP and MPc have been practically useful detection of several VOCs, they are 

selective towards functional groups rather than individual molecules. Therefore, MIP 

method has been introduced for improving the selectivity of these gas sensors towards 

specific molecular shape of VOCs of interest. The imprinted gas sensor was fabricated 

from the polymer matrices that assemble around the template molecules. Then the 

template molecules were removed from the polymer matrix leaving behind cavities in 

size and shape of the template molecules [20]. For instance, imprinted sensors have 

been used for gas detection based on mass transducer technique or quartz crystal 

microbalance (QCM) [91]. This technique has been used to detect the mass of analyze 

molecule that interacts with the polymer.  

 

 

 

Figure 6.1 Molecular structure of diisocyanato-diphenymethane (DPDI), 

phloroglucinol, bisphenol A (BPA) and ZnTTBPc 

 

In the case of optical detection, optically active compounds, such as 

ZnTTBPc (see in Figure 6.1) were added into the polymer matrix during the 
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polymerization process. In this chapter, 1-propanol (1-PrOH) and 1-buthanol (1-

BuOH) were used as template molecules, while polyurethane (PU) was used as the 

matrix polymer. This polymer matrix was fabricated from the following monomers, 

namely diisocyanato-diphenylmethane (DPDI), phloroglucinol and bisphenol A (BPA) 

(see Figure 6.1).  These monomers self-organized around the template molecule to 

form an optimized structure. Selective cavities were created after removing the 

template molecule [92]. This MIP gas sensor was investigated by QCM measurements 

to confirm the selectivity, while the optical properties of gas sensors were investigated 

in the optical e-nose setup. This commercial light emitting diodes (LED) and CMOS 

photo-detectors were used as the light source and light detector, respectively. The gas 

sensing responses were reported in the form of the absorbance data for eight color 

LEDs, such as infrared, red, yellow, green, violet, pink, blue and white (see in Error! 

Reference source not found.). The MIP mixed dye gas sensors were tested with the 

methanol (MeOH), ethanol (EtOH), 1-propanol (1-PrOH), 1-buthanol (1-BuOH), 2-

propanol (2-PrOH), 2-buthanol (2-BuOH) and acetone vapors, respectively, by QCM 

and optical e-nose measurements. Moreover, the effect of MIP in gas sensor was 

analyzed by atomic force microscope (AFM) and UV-Vis spectrophotometer. AFM 

was operated in a dynamic force mode (DFM) or tapping mode that was used to 

investigate the soft material such as polymer surface [93]. UV-Vis spectrophotometer 

was used to analyze the absorption spectrum of phthalocyanine in matrix polymer.  

 

 

6.3 Experimental 

 

6.3.1 Sensor Fabrication 

The polyurethane (PU) was prepared by mixing 50 mg diisocyanato-

diphenylmethane (DPDI), 98.5 mg bisphenol A (BPA), 11 mg phloroglucinol and 100 

µl tetrahydrofuran (THF) then sonicating for 30 minutes to mix all components. 

Analyzed molecules such as 1-PrOH and 1-BuOH were imprinted into the polymer by 

adding 970 µl of analyte solvent in 30 µl of PU and stirring overnight. Finally, the dye 

molecule, namely ZnTTBPc, was added to the polymer solution in the concentration 

of 10 mg/ml. The sensing layer on quartz electrode was prepared by spin coating at a 
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spin speed of 3000 rpm. These sensing materials were hardened over night at 70 oC to 

remove the analyte or templates from polymers before measurement. 

The sensing layers for optical e-nose setup were prepared by spin coating 

and drop coating technique on clean glass substrate. Spin-coated film was spun at spin 

speed of 500 rpm while drop coated film was used 15 µl of MIP mixed dye solution. 

Both gas sensors were hardened over night at 70 oC to remove the analyte or templates 

from polymers before measurement. 

 

6.3.2 QCM Setup 

The gold electrode pattern for QCMs measurement was produced by a 

screen-printing technique onto AT cut quartz blanks with a diameter of 13.9 mm. 

There were 2 electrodes printed on one side of each quartz plate and heated up to 400 
oC for 2 hours. Then the other side of quartz plate was printed and again heated up to 

400 oC for 4 hours. This resulted in 2 channels (Ch 1 and Ch 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 reference for QCM is presented 

in Figure 6.2. The quartz plate in the sensor chamber was connected with an electronic 
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circuit. Then frequency counter was used to characterize the QCM frequencies for 

both channels. The sensing vapor was evaporated from the solvent. The vapor 

concentration in the gas measurement setup was controlled by mixing reference gases 

and evaporated solvents. The total flow rate of gas was controlled to be 1 liter per 

minute.   

 

6.3.3 Optical E-nose Setup 

The optical electronic nose set up has been shown in Error! Reference 

source not found. (see Chapter IV). In this system, low-cost LED array was chosen 

to be a light source and photo-detector was used to detect the light intensity. The 

intensity peak of red, yellow, green, blue, pink, and violet LEDs was centered at 638, 

587, 537, 457, 472 and 399 nm, respectively. The gas sensing response of the sensing 

material was investigated under dynamic gas flow through a home-built chamber that 

shields the chamber from outside light. Nitrogen gas was used as the reference and 

carrier gas to conduct headspace vapor from the sample bottle. All of components 

were controlled by LABVIEW program based on DAQ card.  

 

 

6.4 Results and Discussion 

 

6.4.1 Influence of MIP in QCM Technique 

MIP gas sensors were tested by QCM measurement. The typical data from 

each electrode was measured by connecting it to a custom-made oscillator and reading 

out the frequency by frequency counter. The output data is reported in term of 

frequency change (Hz) as function of time. The frequency change was occurred from 

the change of fundamental oscillation frequency upon adsorption of molecules in gas 

phase. The frequency change (f∆ ) was calculated from iT ff − , where Tf  and if were 

defined as frequency at any time and initial frequency of gas sensor, respectively. 
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Figure 6.3 Typical sensor signals of PU(1-PrOH)-ZnTTBPc and ZnTTBPc for (a) 1-

PrOH in concentration of 100-600 ppm and (b) VOCs vapor in concentration of 600 

ppm.    

 

Figure 6.3 (a) presents the frequency change of PU imprinting with 1-

PrOH mixed dye (PU(1-PrOH)-ZnTTBPc) and pure dye (ZnTTBPc) for 1-PrOH in the 

concentration of 100-600 ppm. PU(1-PrOH)-ZnTTBPc presented more frequency 

change than ZnTTBPc for all concentration. Therefore, MIP technique successfully 

developed the sensitivity of ZnTTBPc. The frequency change of MIP gas sensor was 

increased by increasing the concentration of 1-PrOH. This gas sensor detected 1-PrOH 

at the low concentration at 100 ppm. The selectivity of gas sensors are shown in 

Figure 6.3 (b). These signals were measured from the different vapor in the same 

concentration at 600 ppm. The highest frequency change of PU(1-PrOH)-ZnTTBPc 

was observed in case of the 1-BuOH that was not the template molecule (1-PrOH). 

Sometimes, this phenomenon was occurred because mass of template molecule less 

than mass of other sample molecule [94].      
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Figure 6.4 Frequency response of PU(1-PrOH)-ZnTTBPc and PU(1-PrOH) for (a) 1-

PrOH in concentration of 100-600 ppm and (b) VOCs vapor in concentration of 600 

ppm.       

 

The effect of dye compound that was added to MIP layer was investigated 

in Figure 6.4. Frequency change of PU(1-PrOH)-ZnTTBPc and PU(1-PrOH) was 

compared by varying the concentration of 1-PrOH (see Figure 6.4 (a)) and changing 

the sensing vapor (see Figure 6.4 (b)). MIP with dye (PU(1-PrOH)-ZnTTBPc) 

presented the similar frequency change in the MIP without dye (PU(1-PrOH)).  

 

 

Figure 6.5 Typical sensor signals of PU(1-BuOH)-ZnTTBPc and ZnTTBPc for (a) 1-

BuOH in concentration of 100-600 ppm and (b) VOCs vapor in concentration of 600 

ppm. 



Sumana Kladsomboon 

 

     Molecularly Imprinted Polymer / 76

Figure 6.5 (a) presents the frequency change of PU imprinting with 1-

BuOH mixed dye (PU(1-BuOH)-ZnTTBPc) and pure dye (ZnTTBPc) for 1- BuOH in 

the concentration of 100-600 ppm. PU(1-BuOH)-ZnTTBPc presented more frequency 

change than ZnTTBPc for all concentration of 1-BuOH. This results are agreed with 

the PU(1-PrOH)-ZnTTBPc (see Figure 6.3 (a)). Therefore, MIP technique successfully 

developed the sensitivity of dye compound for 1-PrOH and 1-BuOH detection. The 

frequency change of MIP gas sensor was increased by increasing the concentration of 

1-BuOH. This MIP sensor was tested by VOCs at the concentration 600 ppm. The 

selectivity of gas sensors are shown in Figure 6.5(b). This result clearly presented that 

MIP gas sensor had the selectivity with template molecule (1-BuOH). 

 

 

Figure 6.6 Frequency response of PU(1-BuOH)-ZnTTBPc and for PU(1-BuOH)- for 

(a) 1-BuOH in concentration of 100-600 ppm and (b) VOCs vapor in concentration of 

600 ppm. 

 

The effect of dye compound in MIP sensor was investigated in Figure 6.6. 

Frequency change of PU(1-BuOH)-ZnTTBPc and PU(1-BuOH) was compared by 

varying the concentration of 1-BuOH (see Figure 6.6 (a)) and changing the sensing 

vapor (see Figure 6.6 (b)). MIP based on dye (PU(1-BuOH)-ZnTTBPc) presented the 

similar frequency change in the MIP without dye (PU(1-BuOH)). Both PU(1-PrOH)-

ZnTTBPc and PU(1-BuOH)-ZnTTBPc sensors confirmed that the sensing signals 

from QCM measurement were occurred from MIP technique. 
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Figure 6.7 The sensor characteristic curve that related to concentration of (a) 1-PrOH 

and (b) 1-BuOH. 

 

Figure 6.7 shows the sensor characteristic curve that was calculated from 

sensor response { LayerSR fff /)( ∆−∆ }, where Rf∆ , and Sf∆  were defined as frequency 

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

frequency change between frequency of empty quartz and spin coated quartz. Layerf  

was related to the thickness of sensing layer on quartz. Usman Latif et al. reported that 

the frequency shift of 1 kHz on the gold electrode was generated from a 40-nm thick 

layer [20]. A linear relationship between sensor response ( LayerSR fff /)( ∆−∆ ) and vapor 

concentration was plotted by using linear fit curve in the origin program. The Intercept 

(i) and Slope (m) of this curve was calculated. 

Sensor characteristic curve for 1-PrOH was investigated in Figure 6.7 (a). 

The sensor response of PU(1-PrOH)-ZnTTBPc was similar to PU(1-PrOH). Sensor 

characteristic curves of 1-BuOH for PU(1-BuOH)-ZnTTBPc,  PU(1-BuOH) and 

ZnTTBPc are shown in Figure 6.7 (b). Both MIP with dye and without dye presented 

the same sensor characteristic curve for all concentration. These results conclude that 

dye molecule cannot effect to polymer structure. Especially, Sensor characteristic 

curves of ZnTTBPc that were presented in the same trend of MIP gas sensor because 

of the low value Layerf∆  of ZnTTBPc film. The low value Layerf∆  was corresponded to 

the low thickness of layer. 
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The limit of detection (LOD) of 1-PrOH and 1-BuOH are reported in 

Table 6.1. LOD is used to represent the lowest of vapor concentration that sensor can 

be possibly detected [95]. PU(1-PrOH)-ZnTTBPc and PU(1-PrOH) present the LOD 

with 1-PrOH in the range of 20-38 ppm while PU(1-BuOH)-ZnTTBPc and PU(1-

BuOH) present the LOD with 1-BuOH in the range of 69-74 ppm. Therefore, the LOD 

of 1-PrOH is lower than 1-BuOH. Both PU(1-PrOH)-ZnTTBPc and PU(1-BuOH)-

ZnTTBPc can be used as gas detection at the low concentration (under 100 ppm) 

based on QCM setup.  

 

 

Table 6.1  Interception (i), slope (m) and limit of detection (LOD) of ZnTTBPc, 

PU(1-PrOH), PU(1-PrOH)-ZnTTBPc,  PU(1-BuOH) and PU(1-BuOH)-ZnTTBPc with 

1-PrOH and 1-BuOH. 

 

 Intercept (i) Slope (m) 

Limit of detection 

(LOD) 

Signal for 1-PrOH  

(Figure 6.7 (a))    

PU(1-PrOH)-ZnTTBPc -3.60x10-4 9.27 x10-6 38.80 

PU(1-PrOH) -1.60 x10-4 7.75 x10-6 20.60 

ZnTTBPc -9.60 x10-4 1.50 x10-5 64.10 

Signal for 1-BuOH 

(Figure 6.7 (b))    

PU(1-BuOH)-ZnTTBPc -1.87 x10-3 2.68 x10-5 69.80 

PU(1-BuOH) -2.03 x10-3 2.74 x10-5 74.20 

ZnTTBPc -8.31 x10-4 2.24 x10-5 37.20 

 

 

6.4.2 Development of Gas Sensor based on MIP for Optical Technique  

  ZnTTBPc and PU mixed with ZnTTBPc gas sensors were prepared on 

glass substrate and analyzed by the UV-Vis spectrophotometer in the range of 300 - 

800 nm.  
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Figure 6.8 The absorption spectra of ZnTTBPc, PU(1-PrOH)-ZnTTBPc and PU(1-

BuOH)-ZnTTBPc. 

 

Figure 6.8 shows the absorption spectra of ZnTTBPc, PU(1-PrOH)-

ZnTTBPc and PU(1-BuOH)-ZnTTBPc. The Q band of ZnTTBPc, related to n-π* 

transition was located at 695 nm and B band, related to π-π* transition of Pc was 

located at 350 nm [96]. The main peak of MIP mixed ZnTTBPc were located at the 

same position of pure ZnTTBPc. Therefore, PU had no affect for this dye based on the 

spectral properties. The absorption spectra of drop coating films higher than the 

spectra of spin coating film. Moreover, the gas sensing signal of both spin coating and 

drop coating films were tested by optical properties based on optical e-nose setup.   
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Figure 6.9 Sensing signal from optical e-nose for (a) PU(1-PrOH)-ZnTTBPc test 

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

 

 The comparison of sensing signals between spin coating gas sensor and 

drop coating gas sensor are shown in Figure 6.9. Each signal measured from the light 
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intensity that transmits from gas sensor during the gas flow process. Photo-detector was 

used to count the frequency of photon which related to light intensity. The sensor signal 

was reported in the value of frequency (kHz). The drop coated films produced more 

stable signal than the spin coated one that produced some noises. This result was 

related to the thickness of sensing layer. Drop coated film presented the higher 

absorption spectra than spin coated film (see Figure 6.8). This means that drop coated 

layer had more thickness than spin coated layer. The amount of dye molecule in drop 

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

effected to the sensor signal. Moreover, spin coating method that produced the thin 

layer presented the weak sensor signal and the strong noise. This noise most probably 

fluctuations in the gas system.  

   

 

Figure 6.10 The difference of sensing signal between sensing vapor and 

reference gas of spin coating and drop coating methods. 
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  Then the difference of sensing signal between sensing vapor and reference 

gas of spin coated and drop coated film are investigated in Figure 6.10. f∆ is defined 

from RS ff − . fS and fR represent the sensor signal upon sensing vapor and reference 

gas, respectively. Both PU(1-PrOH)-ZnTTBPc and PU(1-BuOH)-ZnTTBPc presented 

strong f∆ in green and violet LED color. Drop coated films had more sensing signal 

than spin coated films. Therefore, drop coating method was the suitable method to 

prepare the MIP mixed dye gas sensor. 

 

 

Figure 6.11 Percentage average gas sensing response (%S ) of ZnTTBPc 

spin coated film, PU-ZnTTBPc spin coated film, PU(1-PrOH)-ZnTTBPc drop coated 

film and PU(1-BuOH)-ZnTTBPc drop coated film with sensing vapor in the 

concentration of 2 mol% in nitrogen gas. 

 

 

 



Fac. of Grad. Studies, Mahidol Univ.                                        

 

Ph.D. (Physics) / 83

  The effect of MIP technique in optical measurement was investigated by 

using the average gas sensing response (S ). The gas sensing response (S ) was 

calculated from Rff /∆ . Percentage average gas sensing response (S% ) of ZnTTBPc 

spin coated film, PU-ZnTTBPc spin coated film, PU(1-PrOH)-ZnTTBPc drop coated 

film and PU(1-BuOH)-ZnTTBPc drop coated film with sensing vapors are investigated 

in Figure 6.11. The concentrations of VOCs were controlled by the weight loss of 

solvent in nitrogen gas (N2). The solvent bottle was immersed in the heat bath to 

control the temperature. Then N2 was used as the carrier gas to conduct the solvent 

vapor. The concentration of vapor was calculated by finding the lost weight of solvent 

in the different N2 flow rate. The concentration of vapor was fixed at 2 mol % in N2. 

The effect of matrix polymer in gas sensor was analyzed by optical e-nose. S% of 

ZnTTBPc was increased after using the PU as the matrix polymer (PU-ZnTTBPc) (see 

Figure 6.11 (a-b). Matrix polymer modified the sensitivity and response behavior of 

dye compound [97]. But PU-ZnTTBPc presented the highest gas sensing response with 

ethanol vapor. Therefore, the MIP technique was used to enhance the selectivity for 

other analyte vapors, such as 1-PrOH and 1-BuOH. This polymer was imprinted with 

1-PrOH and 1-BuOH. Figure 6.11 (c-d) confirms that the gas sensing response of 1-

PrOH and 1-BuOH vapors were increased by MIP technique. Both PU(1-PrOH)-

ZnTTBPc and  PU(1-BuOH)-ZnTTBPc presented strong S% with 1-BuOH, such as 

red LED. S% values of red LED for both MIP sensors (PU(1-PrOH)-ZnTTBPc and  

PU(1-BuOH)-ZnTTBPc) were higher than Non-MIP (PU-ZnTTBPc) about 2 (1-PrOH 

detection) and 4 (1-BuOH detection), respectively.  The results from optical e-nose 

agree with the result from the QCM measurement that both gas sensors produced good 

sensitivity with 1-BuOH vapor. The surface of gas sensors was investigated in the next 

step.   
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6.4.3 Surface Analysis 

 

 

Figure 6.12  The AFM image in 3D and top view of (a-b) ZnTTBPc spin-

coated film, (c-d) PU-ZnTTBPc spin-coated film, (e-f) PU(1-PrOH)-ZnTTBPc drop-

coated film and (g-h) PU(1-BuOH)-ZnTTBPc drop-coated film.  
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Table 6.2 Surface roughness and thickness of ZnTTBPc, PU-ZnTTBPc, PU(1-

PrOH)-ZnTTBPc  and PU(1-BuOH)-ZnTTBPc 

Parameter ZnTTBPc PU-ZnTTBPc PU(1-PrOH)-

ZnTTBPc 

PU(1-BuOH)-

ZnTTBPc 

Roughness (nm) 2.52 x 10 -1 4.69 x 10 -1 8.96 x 10 -2 9.51 x 10 -2 

Thickness (nm) 50 50 350  460  

 

 

 AFM in non-contact mode was used as the surface analysis. ZnTTBPc 

spin-coated film, PU-ZnTTBPc spin-coated film, PU(1-PrOH)-ZnTTBPc drop-coated 

film and PU(1-BuOH)-ZnTTBPc drop-coated film were measured in the area of 1000 x 

1000 nm (see Figure 6.12). Roughness average and thickness of sensing layers were 

investigated as Table 6.2.  ZnTTBPc and PU-ZnTTBPc spin-coated film presented 

more roughness than PU(1-PrOH)-ZnTTBPc and PU(1-BuOH)-ZnTTBPc drop-coated 

film. Polymer based on ZnTTBPc presented more thickness than pure ZnTTBPc. And 

from the optical e-nose results, MIP gas sensors based on ZnTTBPc that were 

fabricated by drop coating method showed the stronger absorption spectrum and 

average gas sensing response. Therefore, this highest thickness film will be an 

appropriated layer for gas sensor based on polymer. But drop coating method presented 

a disadvantage point, such as a curve on sensor surface (see Figure 6.12 (g)).  
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Figure 6.13 Percentage average gas sensing response of PU(1-PrOH)-

ZnTTBPc drop-coated film with 1-PrOH and PU(1-BuOH)-ZnTTBPc drop-coated 

film with 1-BuOH. 

 

  Sensor characteristic curve which is the relationship between percentage 

average gas sensing response and concentration of vapor is shown in Figure 6.13. 

PU(1-PrOH)-ZnTTBPc drop-coated film presented the sensing response with 1-PrOH 

while PU(1-BuOH)-ZnTTBPc drop-coated film presented the sensing response with 1-

BuOH. Origin program was used to calculate the linear curve of both gas sensors. 

Slopes of linear fit for PU(1-PrOH)-ZnTTBPc and PU(1-BuOH)-ZnTTBPc are 0.743 

and 0.964, respectively. MIP mixed dye produced stronger 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 investigated by the statistical method 

for odor classification, namely principal component analysis (PCA). PCA was used to 

transform complex data to the lower dimensional data set. The new data axis was call 

in the term of “PC”. The first principal component (PC1) contained an almost data 

variable while the second principal component (PC2) contained less data variable than 



Fac. of Grad. Studies, Mahidol Univ.                                        

 

Ph.D. (Physics) / 87

PC1 [98]. This technique was used for classification purpose in e-nose, such as, food 

produce [88]. The data set for calculation in optical e-nose were prepared from the gas 

sensing response from eight colors of LED. The sensing response of PU(1-PrOH)-

ZnTTBPc and PU(1-BuOH)-ZnTTBPc drop coated film were tested with evaporated 

solvent at the room temperature. The gas flow was controlled at 500 ml/min. Both 

reference gas and sensing vapor were flowed for 2 min per each experiment.  

 

 

Figure 6.14  Percentage average gas sensing response of PU(1-PrOH)-

ZnTTBPc and PU(1-BuOH)-ZnTTBPc drop-coated film with sensing vapor. 

 

  The average gas sensing response pattern of MIP gas sensors are presented 

in Figure 6.14. Both gas sensors showed the different pattern for all vapors. Acetone 

vapor presented the highestS%  because acetone had higher vapor pressure than 

alcohols. Vapor pressures of VOCs were reported by Erik Olsen at el. [100]. The vapor 

pressures of alcohols were sorted from the highest value to the lowest value as MeOH, 
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EtOH, 2-PrOH, 1-PrOH, 2-BuOH, 1-BuOH, respectively. Although MeOH and EtOH 

presented strong vapor pressure, but MIP based on dye presented the strong S%  with 

template molecule (1-PrOH and 1-BuOH).  

 

Figure 6.15 PCA two dimensional score plot related to the eight sensor 

arrays of ZnTTBPc, PU(1-PrOH)-ZnTTBPc and PU(1-BuOH)-ZnTTBPc gas sensor.  

 

  The comparison between ZnTTBPc and MIP based on ZnTTBPc was 

investigated by PCA calculation (see Figure 6.15). ZnTTBPc thin film separated ketone 

group from hydroxyl group in VOC. But ZnTTBPc unclearly separated 6 types of 

alcohol. Then MIPs based on ZnTTBPc were calculated by PCA method. PU(1-PrOH)-

ZnTTBPc clearly classify MeOH, EtOH, 1-PrOH, 1-BuOH and acetone while there is 

the overlap data plot between 2-PrOH and 2-BuOH. PU(1-BuOH)-ZnTTBPc clearly 

classify MeOH, 2-PrOH, 1-BuOH, 2-BuOH and acetone while there is the overlap data 

plot between EtOH and 1-PrOH. These results confirm that, the classification of gas 

sensor was developed by MIP technique.  
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6.5 Conclusion 

The molecular imprinted polymer (MIP) based on polyurethane mixed 

ZnTTBPc was imprinted with 1-PrOH and 1-BuOH. QCM measurement was used as 

the mass transducer to investigate sensor characteristic and selectivity of this MIP. 

QCM results confirm that PU was imprinted with both templates.  PU(1-PrOH)-

ZnTTBPc and PU(1-BuOH)-ZnTTBPc gas sensor presented the sensor signal with 

template vapor at the low vapor concentration (100 ppm). These MIP gas sensors were 

tested with the sensing vapor, such as, methanol, ethanol, 1-propanol, 1-buthanol and 

acetone by the optical e-nose setup. All sensing vapors were prepared in the same 

concentration of 2 mol% in N2 gas. 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. Moreover, the classification of MIP mixed dye gas 

sensors were calculated by principal component analysis (PCA). This method 

confirms that MIP mixed dye gas sensor had more efficiency 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. Finally, principal component analysis 

(PCA) was performed as pattern recognition to investigate the efficiency of our e-

nose system. 

 In this thesis, the optically-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(III)-5,10,15,20-tetraphenyl-21H,23H-porphyrin chloride 

(MnTPPCl). The electronic structure of organic molecules were optimized by density 

functional 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 

phthalocyanine 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 

molecule 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 

analyte 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-

BuOH 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 calculated 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. 

 

 
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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