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CHAPTER I 

 

INTRODUCTION 
 

1.1 Statement of the problem 
 Phenolic compounds are presented in wastewaters arising from a variety of 
industries. They are widely used for commercial production, which are used in 
phenolic resins in the construction materials for automobiles and appliances, 
pesticides, herbicides, petroleum refining, pharmaceutical, and plastic industries. As it 
is known, phenolic compounds are considered as priority pollutants since they are 
harmful to human organisms, even when presented at low concentrations [1]. All 
routes readily absorb phenols are dermal, inhalation, and oral. Phenols are strong eye 
and respiratory irritant. It is corrosive to skin and eyes upon direct contact [2]. 
Furthermore, they also affect the taste and odour of water. Many of these compounds 
have been classified as hazardous pollutants because of their potential harmful to 
human health. The US Environmental Protection Agency (EPA) regulated for the 
lowering phenols contents in wastewaters as well as water quality standards of 
Thailand which also regulated the lowering phenols contents in industrial effluent 
under the notification of the Pollution Control Department, Ministry of Natural 
Resources and Environment to less than 1 mg/L [3-4]. Therefore, it is necessary to 
determine the phenolic compounds contaminated from industrial effluent before 
discharging into the water stream. 
 Current official analytical methods for phenolic compounds determination are 
spectroscopy and chromatography. For spectroscopy, it is widely used as direct 
photometric method using 4-aminoantipyrine at pH 7.9 + 0.1 as a colored antipyrine 
dye and the absorbance is measured at 500 nm. However, this method does not 
determine para-substituted and aldehyde groups. And the recently method is liquid-
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liquid extraction (LLE), used the derivatization and clean up followed by gas 
chromatography using several detection devices such as electron capture detector 
(GC/ECD), flame ionization detector (GC/FID), and mass spectrometer (GC/MS) [5-
6]. However, these mentioned methods are complicated in sample preparation, high 
cost, time-consuming, and also use toxic organic solvents for the extraction of 
analytes. Therefore, economical and simple-to-use analytical devices are essential for 
onsite detection of phenolic compounds.  

Although there are several studies have been undertaken to investigate 
phenolic compounds in wastewaters, but there is a need to further examine on this 
study to find a new simple method. Interestingly, there is a sensing material, 
polydiacetylene vesicles, which can be indicated that whether there is any  
p-nitrophenol present by using the inhibition ability of p-nitrophenol to the 
complexation between polydiacetylene vesicles with α-cyclodextrin (α-CD), it is 
desirable to have a simple sensing system for phenolic compounds detection. For this 
reason, polydiacetylene vesicles and α-cyclodextrin (α-CD) were attractive materials 
for the determination of phenolic compounds which was a simple preliminary study in 
order to reduce some complicate processes of the former standard methods. 

The inhibition of colorimetric transition of photopolymerized 10,12-
pentacosadiynoic acid vesicles (PPCDA) induced by α-CD upon addition of aqueous 
samples of various phenolic compounds is investigated. In this work, the colorimetric 
sensors of polydiacetylenes (10,12-pentacosadiynoic acid, PCDA) are interesting for 
phenolic compounds determination. They exhibit color change from blue-to-red upon 
various stimuli from their surrounding. This color transition is observed in contact 
with α-cyclodextrin (α-CD) and called inclusion complex. Therefore, if there are any 
phenolic compounds present, the color change reaction can be inhibited. Various 
parameters affecting the colorimetric response, i.e. colorimetric response time and 
concentration of reagent and analyte solutions are determined. The application of this 
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colorimetric method for the phenolic compounds determination in surface water is also 
described. 
 

1.2 Objective and scope of this research 
 The objective of this research is to study the effect of phenolic compounds 
inhibiting inclusion complex between PPCDA and α-CD. 
 The scope of this research includes: 

1) Preparation of PPCDA vesicles solution, 
2) Study of pH response of color transition of PPCDA vesicles solution, 
3) Study of color transition of PPCDA vesicles solution with α-CD, 
4) Study of inhibition of color transition of PPCDA vesicles solution with 

phenolic compounds, 
5) Application of the proposed method to real water samples. 

 

1.3 The benefits of this research 
 A new indirect colorimetric method of PPCDA vesicles for onsite detection 
and UV-Vis spectrometric determination of phenolic compounds in water is proposed. 



CHAPTER II 
 

THEORY AND LITERATURE REVIEW 
 
2.1 Polydiacetylene  
 Polydiactylenes (PDAs) are prepared by using photopolymerization of self-
assembled diacetylene monomers (Figure 2.1). The proper order and close packing 
undergo polymerization via 1,4-addition reaction of diacetylene monomers in aqueous 
solution to form the conjugated ene-eye photopolymerized diacetylene upon 
irradiation with UV light (254 nm) [7].   
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Figure 2.1 Schematic representation of 10,12-pentacosadiynoic acid (PCDA) by UV 
irradiation. 
 
 PDA can be prepared from various kinds of diacetylene monomers. Among 
diacetylene monomers, diacetylene lipid which consists of hydrophilic carboxylic head 
group and hydrophobic long chain hydrocarbon is interested. The polymerization of 
diacetylene is a topochemical reaction, therefore the molecules must be regularly 
packed in specific arrangement (Figure 2.2) [8]. The topopolymerization can occur 
when (a) the different distance between the monomer (d1) and polymer (d2) approaches 
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zero, (b) s1 is smaller than 4.0 Å (lower limit of 3.4 Å), and (c) the angle between 
diacetylene monomer and translational vector is nearly 45° (+5°). The resulting PDA 
appears as the intense blue-color to the naked eye, due to electronic delocalization 
within the conjugated framework, giving rise absorption at 635 nm in the visible 
region of the electromagnetic spectrum [9]. The structural features of PDA result in 
the formation of bulk materials, multilayer, multilayer films, polymerized vesicles, and 
incorporated into inorganic host to form nanocomposites [10]. 

 
Figure 2.2 Schematic representation of topopolymerization of diacetylene monomers 
[8]. 
 
 One of the most commonly used lipid monomer is 10,12-pentacosadiynoic acid 
(PCDA). PCDA lipid monomer can be spontaneously assembled in aqueous media in 
the form of spherical nanostructure as nanovesicles after UV irradiation (Figure 2.3) 
[7].  
 
 
 
 
 
 
 
 
 
Figure 2.3 Schematic representation of photopolymerization (PCDA) vesicles [7]. 

PCDA 

PCDA vesicles 
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2.1.1 Color transition of polydiacetylene 
 PDA is a remarkable conjugated polymeric system which exhibits unique 
chromatic properties. Interestingly, PDA can exhibit a color change from blue-to-red 
upon various environmental stimuli, such as light (photochromism) [11], heat 
(thermochromism) [12-15], mechanical stress (mechanochromism) [16], solvents 
(solvatochromism) [17], and binding of specific biological agents (biochromism) [18]. 
They have two spectroscopically distinct phases absorption at 635 nm and 540 nm, 
termed in blue and red phase (Figure 2.4). 
 

 
Figure 2.4 Absorption spectra of PCDA vesicles. 
 
 The mechanism of the color transition has widely attributed to molecular 
conformation change, such as side chain packing, orientation, and ordering, impart 
stresses to PDA conjugated backbone. Thus, changing occurs in the electronic states 
and the corresponding optical absorption [19-21]. Accordingly, the PDA in blue phase 
has extended conjugation of p-orbital in the main chain of polymers. The conjugated 
p-orbital undergoes distortion by various environmental perturbation, leading to twist 
of p-orbital. Thus, the intense blue-colored PDA gradually shifts to the red-colored 
PDA (Figure 2.5) [7]. 
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 “Blue phase” “Red phase” 
 
Figure 2.5 Structural features of PDA induction of blue-to-red color transition [9]. 
 

2.1.2 Colorimetric response (CR) 
To evaluate the color changes, the colorimetric response (CR) is defined to 

semiquantify blue-to-red transition of PDA vesicles. The CR can be defined as 
 

100
PB

PB)(PB
CR(%)

0

0 ×
−

=  

 
 Where PB is the blue phase percentage, defined as 
                        

redblue

blue

AA
A

PB
+

=  

 
 Ablue and Ared are the absorbances of the blue phase at 635 nm and the red 
phase at 540 nm in the UV-Vis spectrum, respectively. The initial blue phase 
percentage, PB0, is determined before exposure to any stimuli. 
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2.2 Cyclodextrin 
 Cyclodextrins (CDs) are multiple (α, D1-4) linked glucopyronose units that 
display amphoteric properties of a lipophilic central cavity and hydrophilic outer 
surface. CDs are crystalline, homogeneous and non-hygroscopic substance, which are 
tours-like macro ring shape [22-23].  
 The hydrophilic exterior surface of CD molecules is naturally water-soluble, 
but the hydrophobic cavity provides a microenvironment for appropriately sized non-
polar molecules (Figure 2.6) [24]. 
 
 
 
 
 
Figure 2.6 Schematic representation of hydrophilic outer surface and hydrophobic 
cavity of cyclodextrin [25]. 
 
 Typical CDs are divided into three types, which consist of different number of 
glucose monomers ranging from six to eight units in a ring as shown in Figure 2.7. 
Thus: 

- α-CD : six membered ring molecule 
- β-CD : seven membered ring molecule 
- γ-CD : eight membered ring molecule 

 

 
 

 
Figure 2.7 Chemical structure of α, β, and γ cyclodextrin [26]. 
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2.2.1 Physical properties of cyclodextrins
Some physical properties of natural cyclodextrins are presented in Table 2.1. 

 

Table 2.1   Some physical properties of natural cyclodextrins [22]
 

Characteristic α-CD β-CD γ-CD 

Empirical formula (anhydrous) 
Number of glucose units 
Molecular weight 
Melting range (°C) 
Solubility in water (g/100mL) 
Cavity diameter (Å) 
Volume of cavity (approx) (Å) 
Crystal forms (from water) 
 
Crystal water (%) 
pKa (by potentiometric) at 25° C 

C36H60O30

6 
972 

255-260 
14.5 

4.7–5.3 
174 

Hexagonal 
plate 
10.2 

12.3312 

C42H70O35

7 
1135 

255-265 
1.85 
6-6.5 
262 

Monoclinic 
parallelogram 

13.2-14.5 
12.202 

C48H80O40

8 
1297 

240-245 
23.2 

7.5-8.5 
472 

Quadratic 
prism 

8.13-17.7 
12.081 

  

 2.2.2 Chemical properties of cyclodextrins 
     2.2.2.1 Chemical reactivity 

  Cyclodextrin has no reducing end groups. No formaldehyde group or 
formic acid is formed in the periodate oxidation of α, β, and γ CD, providing these 
molecules do not contain free end groups [22]. 
 
      2.2.2.2 Acid hydrolysis 
  Partial acid hydrolysis yields glucose and series of acyclic 
maltosacharides. In the hydrolysis of oligopolysaccharides, the glycosidic bond of 
terminal glucose unit is cleaved faster than bond between non-terminal members [22]. 
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2.3 Inclusion complex 
 An inclusion complex is a complex in which one component of the host form 
as a cavity containing space in the shape of channel in which molecular entities of a 
second chemical species as the guest are located. There is no covalent bonding 
between host and guest, the attraction is generally due to Van de Waals forces [27]. 
 

 2.3.1 Cyclodextrin complexation 
 In aqueous solution, the slightly apolar CD cavity is occupied by water 
molecules that are energetically unfavored (polar-apolar interaction), and therefore can 
be readily substituted by appropriate “guest molecule”, which are less polar than 
water. Inclusion complexation with CD is like host-guest interaction between two 
molecules. In this reaction CD acts as host molecule, meanwhile another molecule acts 
as guest molecule to be entrapped in CD host cavity (Figure 2.8). For the formation 
with cyclodextrin, variety of non-covalent forces like Van de Waals forces, 
hydrophobic interaction, and dipole movement are responsible. In the most cases only 
a single guest molecule is entrapped in the cavity [22-23, 28-29]. 
 

 
 
 
 
 
Figure 2.8 Schematic representation of host (CD) and guest (p-xylene) interaction 
[30]. 
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 2.3.2 Requirements of the complex formation 
 Cyclodextrins are able to interact with a great variety of ionic and molecular 
species and the resulting of inclusion complex belongs to the type of “host-guest” 
complexes. For the realization of the host-guest relationship, several requirements 
must be complementary for the binding sites of host and guest molecules. The 
characteristic features of the host molecule which the binding sites are oriented into 
the same spatial direction, whereas in the guest molecule the binding sites are 
diverging in the complex. The association of converging and diverging binding sites 
by which a complex of host-guest type is formed.  
 The included molecules are as a rule oriented in the CD in such a position as to 
achieve the maximum contact between the hydrophobic which is part of the guest and 
the apolar of CD cavity. The hydrophilic part of the guest molecule remains, as far as 
possible, at the outer face of the complex to ensure maximum contact with both the 
solvent and the hydroxyl groups of CD [22]. 
 

2.3.2.1 Steric requirements 
           Cyclodextrins are capable of forming inclusion complexes with 

compounds having a size compatible with the dimensions of the cavity. The extent of 
the complex formation depends also on the polarity of the guest molecule. The 
complexation with molecules significantly larger than cavity may also be possible in 
such a way that only certain groups or side chain penetrate into CD channel [22]. 
 

2.3.2.2 Energetics of complex formation 
           The energy of covalent chemical bonding is of the magnitude of 102 

kcal/mole (~ 400 kJ/mole). The energy of hydrogen bonding is about 101 and the 
weaker Van der Waals force represent only about 100 kcal/mole (~ 40 and 4 kJ/mole) 
magnitudes of bond energy. The latter are too weak to establish stable molecular 
species. However, if owing to some species spatial arrangement of two or more 
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molecules is in a position to establish several of these weak interactions, the species 
may achieve a stability which is suitable to form covalent bonding. This is the 
situation in the case of inclusion complexes. Van der Waals forces generally originate 
from dipole-dipole interactions and they are quite weak. Their energy is proposional to 
molecular polarizability which is proposional to the molecular refraction. 
            Though the above facts indicate the role of dispersion forces in complex 
formation, they are not the most important in the stabilization of a complex. Hydrogen 
bonding alone cannot be crucial either because the sum total of the energies of 
hydrogen bonding between water and the two separate components does not differ 
significantly from the energy of hydrogen bonding in the complex. Moreover, stable 
complexes are formed with the guest molecules which are unable to form hydrogen 
bonding. The addition of the less polar solvent to water should increase solute-solute 
interaction, but this is not the case and actually the stability of the inclusion complex is 
decreased. For example, the dissociation constant of the α-CD-m-t-butylphenyl acetate 
inclusion compound increased from 1.3 × 10-4 to 2.3 × 10-3 after raising the acetonitrile 
content from 0.5 % to 20.5 %  Thus, inclusion complex formation proceeds by an 
energetically favored interaction of a relatively non-polar guest molecule with an 
imperfectly solvated hydrophobic cavity [22]. 
 

2.3.2.3 The driving force of complex formation  
           The driving force of the complex formation is either a decrease of the 

ring strain resulting from complex formation, or the removal of water molecules from 
the cavity [22]. 

 
 
 
 
 



 
 

13

2.3.3 Rate of inclusion complexation 
 Rate of inclusion complexation can be determined by the following equation. 
 

CD + G    CD-G   ktotal rate = kD/kR

Where G is guest molecule, kD and kR represent the dissociation and 
recombination of CD-G. The formation ratio of CD-G is commonly observed of 1:1. 
Stability constant (K or log K) of CD-G complex in equilibrium can evaluate by the 
following equation [31]. 

kR

kD

K1:1 = [CD-G] 
[CD][G]   

2.3.4 Inclusion complex of PDA vesicles with CD 
 It is known that the carboxylic head group of PDA can interact with another 
one by hydrogen bonding. Thus, if there are any molecules disrupting hydrogen bonds, 
the effective conjugated polymer PDA would be altered. CDs were widely 
investigated because they form inclusion complex with variety of substances. CDs 
were carried out to interact with PDA by the formation of inclusion complex (Figure 
2.9), α-CD was found to be greater to β-CD or γ-CD. α-CD can disrupt the densely 
packed and self-assembled structure of PDA vesicles providing a rapid color change 
from blue-to-red [32].  
 

 
“Blue phase” “Red phase”  

Figure 2.9 Schematic representation of interaction between PDA and α-CD [32]. 
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2.4 Phenolic compounds 
 Phenolic compounds are defined as hydroxy derivatives directly attached to 
benzene ring and its condensed nuclei, appear in domestic and industrial waste waters, 
and potable water supplies [6]. The major sources of phenolic compounds are from 
paint, pesticide, herbicide, coal, polymeric resin, petroleum refining, and 
petrochemical industries. These compounds are considered as priority pollutants since 
they have a detrimental effect on human health even when presented at low 
concentration. Phenolic compounds can remain in water and atmosphere for longer 
period of time if a large amount of them are released [33]. Some physical properties of 
some phenolic compounds are listed in Table 2.2. A number of phenolic compounds 
are listed in the European Community (EC) Directive 76/464/EEC concerning 
dangerous substances discharged into the aquatic environment and in the US-EPA list 
of priority pollutants due to their toxicity and persistence in the environment are 
shown in Table 2.3. 
 
Table 2.2   Physical properties of some phenolic compounds [34-35] 
 

Name   Structure                  mp         bp   Water solubility 
                     (°C)        (°C)        (g/100 mL of H2O)        

OH

Phenol                         43       181.75           9.3  
 

HO

N+

O

O-

OH

N+

O-

O2-Nitrophenol                     43-45     214           0.2 
   
3-Nitrophenol                                                      89-95       -                        1.4 
 

O

HO N+

O-

4-Nitrophenol                       109-114   279                   1.7 
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Table 2.2 (cont.) 
 

Name   Structure                   mp          bp   Water solubility 
                      (°C)         (°C)        (g/100 mL of H2O)        

     
OH

N+

O

OHCl

Cl

Cl

-O
N+

O-

O

OH

2,4-Dinitrophenol         108-112     113                    2.6 
 
4-Methylphenol                32-35         202                    - 
 

OHCl4-Chlorophenol                                          43-45          220                   2.7 
 

OHBr4-Bromophenol                                                  61-65       235-236              -    
 

OHHOHydroquinone                                                       54-56       287                     5.9 
  

OHCl

Cl Cl

2,4,5-Trichlorophenol         64-67        253                     - 
 
2,4,6-Trichlorophenol                    65-68        246                     - 
 

 

 
Table 2.3   Phenolic compounds included in priority pollutants list of EC and the US-
EPA (method 604 and 8041) [5] 
 

Commission of the European Communities Directive 76/464/EC 

4-Amino-4-chlorophenol  2-Chlorophenol  Trichlorophenol 
4-Chloro-3-methylphenol  3-Chlorophenol 
Pentachlorophenol   4-Chlorophenol 
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The US-Environmental Protection Agency (EPA 8041) 

Phenol   4-Chloro-3-methylphenol  2,4-Dimethylphenol 
2-Methylphenol 2,4-Dichlorophenol   2-Chlorophenol 
3-Methylphenol 2,6-Dichlorophenol   2,4,5-Trichlorophenol 
4-Methylphenol Pentachlorophenol   2,4,6-Trichlorophenol 
2-Nitrophenol  2,4-Dinitrophenol   Dinoseb (DNMP) 
2-Cyclohexyl-4,6-dinitrophenol    2,3,4,6-Tetrachlorophenol 
        2,3,5,6-Tetrachlorophenol 

 
2.5 Phenolic compound determination 
 Phenolic compounds are special concerned owing to the potential increment of 
these compounds through the environment via leaching which comes from the 
industries [36]. Standard analytical techniques used in the determination of phenolic 
compounds are direct photometric method by using 4-aminoantipyrine colorimetric 
method, chloroform extraction method, and liquid-liquid extraction (LLE), followed 
by gas chromatography (GC) using several detection methods [6, 36]. 
 

2.5.1 Direct photometric method 
 The analytical procedures use the 4-aminoantipyrine to determine phenol, 
ortho-, meta-substituted, and para-substituted phenols in which the substitution is a 
carboxyl, halogen, methoxyl, or sulfonic acid group under proper pH conditions. 
Steam distillable phenolic compounds are reacted with 4-aminoantipyrine at pH 7.9 + 
0.1 in the presence of potassium ferricyanide [K3Fe(CN)6

-] to form a colored 
antipyrine dye. This dye is measured at 500 nm. This method has less sensitivity than 
chloroform extraction method. The 4-aminoantipyrine method does not determine 
para-substituted phenols where the substitution is an alkyl, aryl, nitro, benzoyl, 
nitroso, or aldehyde group. A typical example of the latter groups is p-cresol (or  
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p-methylphenol), which may be present in certain industrial wastewaters and in 
polluted surface waters. The minimum detectable quantity is 10 μg phenol when a 5-
cm cell and 100 mL of ditilled sample solution are used. 
 Two 4-aminoantipyrine methods ; direct photometric and chloroform 
extraction methods, had been conducted. The latter method has an extreme sensitivity, 
adaptable for water samples containing phenol less than 1 mg/L. The color is very 
intense in a non-aqueous solution. Meanwhile, using a direct photometric method, the 
color is developed in an aqueous solution. Since the relative amounts of various 
phenolic compounds in a given sample are unpredictable, it is not possible to provide 
any mixed standard solution containing phenols. For this reason, phenol (C6H5OH) 
itself has been selected as a representative standard for these colorimetric procedures 
even though other phenolic compounds can produce the same colored compound as 
phenol. But this method has a drawback that any substituted phenolic compounds give 
low response, thus this method is recommended only for unsubstituted phenolic 
compounds or total phenols [6]. 
 

2.5.2 Chloroform extraction method 
 Steam distillable phenolic compounds are reacted with 4-aminoantipyrine at 
pH 7.9 + 0.1 in the presence of potassium ferricyanide [K3Fe(CN)6

-] to form a colored 
antipyrine dye. This dye is extracted from aqueous solution with CHCl3 and 
spectrophotometrically measured at 460 nm. The minimum detectable quantity for 
clean samples containing no interferences is 0.5 μg phenol when a 25 mL CHCl3 
extraction with a 5 cm-cell or 50 mL CHCl3 eaxtraction with a 10 cm-cell is used in 
photometric measurement. This quantity is equal to 1 μg phenol/L in 500 mL of 
distillate [6]. 
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                                        + 

4-aminoantipyrine phenol 

 
 
 
 
Figure 2.10 Chemical reaction for 4-aminaoantipyrine method [37]. 
 

Phenols and all substituted phenols (except those with para substitution), are 
determined by adding 4-aminoantipyrine to produce a yellow or ambercolored 
complex in the presence of ferricyanide ion (Figure 2.10). The color is intensified 
through extraction of the complex into chloroform. Phenol concentrations in samples 
are quantitatively determined by external calibration method [37]. 
 

2.5.3 Gas chromatography 
 Liquid-liquid extraction (LLE) followed by gas chromatography (GC) in 
conjunction with various detection devices, mainly FID, ECD or MS, is applicable to 
the determination of phenol and certain substituted phenols in effluents from industrial 
manufacturers. This approach has the advantage of high sensitivity and selectivity, but 
in general derivatization is required prior to analysis. The derivatization, cleanup, and 
electron capture detector gas chromatography (GC/ECD) are alternatively used to 
confirm measurements made by the flame ionization detector (GC/FID) procedure. 
These mentioned methods are appropriate to determine a wide variety of phenols at 
relatively low concentrations. In addition, gas chromatography/mass spectrometer 
(GC/MS) can be used to determine the phenols at slightly higher concentrations. 
Various derivatization reagents have been reported, e.g. pentafluorobenzoyl bromide, 
acetic anhydride, heptafluorobutyric anhydride or diazomethane, but fail for 
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nitrophenols and dinitrophenols when using ECD. However, it was pointed out that the 
US-EPA official method for phenols may often lead to incorrect results because 
derivatization of phenols, especially nitrophenols, is not straightforward. Recently, the 
US-EPA has reported a new protocol which recommends the derivatization to 
methylated phenols instead of to pentaflurobenzoyl ether derivatives. However, this 
method requires the use of diazomethane which has potential hazards associated with 
its use (carcinogen and explosive).  

The method detection limit (MDL) is measured and reported with the 99% 
confidence that the value is above zero. The MDL concentrations listed in Table 2.4 
was obtained by using reagent water [5-6]. 
 
Table 2.4   Chromatographic conditions and method detection limits [6] 

Compound   Retention time   Method dectection limit 
           (min)    (μg/L) 

2-Chlorophenol         1.70    0.31 
4-Chloro-3-methylphenol        7.50    0.36 
2,4-Dichlorophenol         4.30    0.39 
2,4-Dimethylphenol         4.03    0.32 
2,4-Dinitrophenol         10.00    13.00 
2-Methyl-4,6-dinitrophenol        10.24    16.00 
2-Nitrophenol          2.00    0.45 
4-Nitrophenol          24.25    2.80  
Pentachlorophenol         12.42    7.40 
Phenol           3.01    0.14 
2,4,6-Trichlorophenol         6.05    0.64 
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2.6 Literature review 
 The unique colorimetric property of polydiacetylenes have made candidate in 
the development of chemosensors. Kim et al. [32] studied the effect of CDs on the 
color changes of 10,12-pentacosadiynoic acid (PCDA) (Figure 2.11). The result 
showed that among the CDs investigated, α-CD had most effect on the perturbation of 
the structure of PCDA vesicles.  

 
Figure 2.11 Schematic representation of CDs and PCDA monomers [32]. 
 
 In addition, the observed color change between PCDA vesicles and α-CD was 
inhibited by using p-nitrophenol (p-NP). Matsue et al. [38] considered the 
determination of o-NP in the presence of p-isomer by cyclic voltammetry, using the 
specific properties of α-CD. The dissociation constants for o-NP-α-CD and p-NP-α-
CD were measured by polarographic method. Although α-CD can bind both o-NP and 
p-NP, its binding abilities for the two compounds are greatly different, in which the 
reduction peak of the para isomer is shifted toward more negative potentials. 
Furthermore, the peak current of the para isomer becomes lower since the effective 
diffusion coefficient of the para isomer decreases due to the formation of an inclusion 
complex with α-CD molecule. Thus, α-CD can bind p-NP more effectively in the 
cavity than that of o-NP. Eftink et al. [39] studied the thermodynamic of the binding of 
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p-NP to both α-CD and β-CD using flow microcalorimetric technique. The 
preferential binding of the anionic form of p-NP to CDs has been observed, ΔG0 and 
ΔH0 are more negative for the binding to α-CD than to β-CD. Therefore, the 
interaction involving p-nitrophenolate possibly plays a role in the binding of certain α-
CD. Nuwer et al. [40] described kinetics and thermodynamics of inclusion complex of 
p-nitrophenolate with α-CD by means of pulse voltammetry and also proposed the 
host-guest reaction model of α-CD with p-nitrophenolate anion (p-NP-) (Figure 2.12). 

 
Figure 2.12 Schematic representation of inclusion complex of α-CD with p-NP- [40]. 
 

The normal pulse voltammetry of p-NP- illustrated the wave shifts to more 
negative potentials as the concentration of α-CD was increased. This shift in position 
was accompanied by decrease of the wave due to the smaller diffusivity of the 
complex, which is the diffusing species. Therefore, α-CD can truly form an inclusion 
complex with p-NP-. 

As mentioned, there is a certain research to strongly support the inclusion 
complex study between PCDA vesicles and α-CD as well as p-nitrophenol has great 
ability to include with α-CD. However, if there is p-nitrophenol presented 
simultaneously with the PCDA/α-CD complex, p-nitrophenol can perform a great 
inhibition to PCDA/α-CD complex. Nevertheless, this inhibition study has not been 
investigated to any other phenolic compounds. Therefore, in this research, the 
inhibition study of inclusion complex between PCDA vesicles with α-CD in the 



 
 

22

presence of various phenolic compounds was investigated in order to invent a new 
detection method of phenolic compounds in wastewater. Eleven phenolic compounds 
i.e. o-nitrophenol, m-nitrophenol, p-nitrophenol, p-methylphenol, p-chlorophenol,  
p-bromophenol, hydroquinone, 2,4-dinitrophenol, phenol, 2,4,5-trichlorophenol, and 
2,4,6-trichlorophenol were chosen because they have been classified  as hazardous 
pollutants which were considered in the Pollution Control Department, Ministry of 
Natural Resources and Environment of Thailand and the US Environmental Protection 
Agency (EPA) regulation.  
 In this study, the colors changeability of PCDA vesicles is the main interest to 
observe. They exhibit a color change from blue-to-red when α-CD is presented. 
Therefore, if there are any phenolic compounds presented, this color change can be 
inhibited due to the competition between PCDA vesicles and phenolic compounds to 
form inclusion complex with α-CD. 



CHAPTER III 
 

EXPERIMENTAL 
 

3.1 Chemicals 
 
Chemicals       Supplier 
p-Bromophenol      Fluka, USA 
p-Chlorophenol      Fluka, USA 
α-Cyclodextrin      Fluka, USA 
Diethyl ether, reagent grade     Lab-Scan, Thailand 
2,4-Dinitrophenol      Fluka, USA 
Hydrochloric acid, 37%     Merk, Germany 
Hydroquinone       Fluka, USA 
p-Methylphenol      Fluka, USA 
o-Nitrophenol       Fluka, USA 
m-Nitrophenol       Fluka, USA 
p-Nitrophenol       Fluka, USA 
10,12-Pentacosadiynoic acid (PCDA)    Fluka, USA 
Phenol        Merk, Germany 
Sodium acetate      Carlo erba, Italy 
Sodium hydroxide      Merk, Germany 
2,4,5-Trichlorophenol      Fluka, USA 
2,4,6- Trichlorophenol      Fluka, USA 
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3.2 Instruments 
1. Ultrasonicator, Elma, Germany 
2. pH meter, Orion2Star, Thermoelectron corporation, Taiwan 
3. Magnetic stirrer, GEM, Thailand  
4. Pipette, Brand transferpette, Germany 
5. UV-Vis spectrophotometry, Hewlett Packard model HP 8453, Germany 

 

3.3 Preparation of polydiacetylene vesicles 
  Polydiacetylene vesicles were synthesized according to the preparation of 
PPCDA vesicles of Potisatiyuenyong et al. [41]. The diacetylene monomer 10,12-
pentacosadiynoic acid (11.2 mg) was dissolved in diethyl ether (10 mL) in a test tube 
and the solvent was gradually evaporated by N2 purging until lipid bilayer was formed, 
which can be observed to the alignment of white powder around test tube. Deionized 
water (30 mL) was added to provide the concentration of 1 mM PCDA vesicles. The 
PCDA suspended solid (1 mM) was sonicated by a 230 Watt sonicator bath for 30 min 
at 70-80 °C. The resulting solution was kept at 4°C overnight. The solution was 
brought to room temperature and then this solution was irradiated by UV radiation at 
254 nm for 5 min to yield intense blue-colored poly(10,12-pentacosadiynoic acid) 
(PPCDA) vesicle solution, shown in Figure 3.1. The blue-colored vesicle solution was 
filtered through a paper filter to remove any undesired lipid aggregates. The filtrate of 
PPCDA vesicle showed the maximum visible absorption at 635 nm. 
 
 
 
 
 
Figure 3.1 Schematic representation of PPCDA vesicle preparation. 

sonicate 70-80 °C 

30 min 

photopolymerization

UV-light, 5 min 

PPCDA solution 
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3.4 Preparation of α-cyclodextrin solution 
 α-CD stock solution (10 mM) was prepared by the dissolution of α-CD (486.4 
mg) in sodium acetate buffer solution (20 mM, pH 5.8) using a 50 mL volumetric 
flask. 
 

3.5 Preparation of phenolic compounds solution 
 To obtain phenolic compounds stock solutions (50 mM), o-, m-, and p-
nitrophenol (695.6 mg each kind), p-methylphenol (540.7 mg), p-chlorophenol (642.8 
mg), p-bromophenol (865.1 mg), 2,4-dinitrophenol (920.6 mg), 2,4,5-, 2,4,6-
trichlorophenol (987.3 mg each kind) were dissolved in DI water by adding 4 M 
NaOH for complete dissolution, while hydroquinone (620.7 mg) and phenol (470.6 
mg) were dissolved in DI water by adding 1 M NaOH for complete dissolution. Each 
phenolic compound stock solution was prepared by using a 100 mL volumetric flask. 
 The phenolic compounds stock solutions (50 mM) were diluted with sodium 
acetate buffer solution (20 mM, pH 5.8) in a 50 mL volumetric flask. The stock 
solutions were adjusted by using 1 M NaOH and 1 M HCl solution to obtain pH~5.8 
and then made up to volume with sodium acetate buffer solution. The final 
concentration of phenolic compounds solutions was equal to 10 mM, which used in all 
experiments as stock solution. 
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3.6 Study of colorimetric response 
 3.6.1 UV-Vis spectroscopy  
 All measurements were performed using 0.1 mM PPCDA vesicles solution 
(the exact concentration of PPCDA was fine-tuned to obtain an optimal absorbance in 
the range of 0.4-0.5), which obtained from the dilution step of initial concentration of 
PPCDA stock solution (1 mM). The visible spectra of PPCDA vesicles solution were 
taken in a quartz cuvette with 1 cm optical path length. The spectra were obtained at 
wavelengths between 500 and 900 nm at room temperature by UV-Vis spectrometer 
(Hewlett Packard model HP 8453, Germany). 
 

 3.6.2 Colorimetric measurements 
 The parameter commonly used for quantifying the colorimetric transition was 
denoted as CR(%), percentage colorimetric response. The CR(%) can be defined as  
 

100
PB

PB)(PB
CR(%)

0

0 ×
−

=  

 
 Where PB is the blue phase percentage, defined as 
                        

redblue

blue

AA
A

PB
+

=  

 
 Ablue and Ared are the absorbances of the blue phase at 635 nm and the red 
phase at 540 nm in the UV-Vis spectrum, respectively. The initial blue phase 
percentage, PB0, is determined before exposure to any stimuli. Typically in this study, 
the absorption spectra of PPCDA samples were recorded in the visible range (500-850 
nm) with the absorbance at 850 nm were set to zero. 
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 3.6.3 Color transition of PPCDA vesicles against pH 
 To investigate the pH effect on the color transition of PPCDA vesicles, they 
were studied under pH range from 1.0–14.0 at room temperature. The PPCDA vesicles 
stock solution (1 mM) was diluted with sodium acetate buffer solution (20 mM, pH 
5.8) in a 25 mL volumetric flask. The pH of vesicles solution was adjusted by using 1 
M NaOH and 1 M HCl solution to desired pH and made up to volume with sodium 
acetate buffer solution. The color change was observed by UV-Vis spectrometry. The 
spectra were collected from 500 to 850 nm with the zero absorbance at 850 nm. 
 

 3.6.4 Study of color transition of PPCDA vesicles with  

α-cyclodextrin 
 Inclusion complex study between α-CD and PPCDA vesicles was investigated 
by adding different concentrations of α-CD. The α-CD stock solution (10 mM) was 
prepared in sodium acetate buffer solution (20 mM, pH 5.8). The absorbance of 
PPCDA vesicles solution was fixed in the range of 0.4-0.5 and α-CD solutions with 
the final concentration varied from 0.5–5.0 mM was added. All mixtures were 
prepared in a test tube to obtain final volume of 3 mL by made up to volume with 
sodium acetate buffer solution. The mixture was standed at room temperature for 5 
min prior to measure by UV-Vis spectrometry. Moreover, time response of inclusion 
complex was studied by varying time from 5 to 180 min at room temperature. The 
spectra were collected from 500 to 850 nm with the zero absorbance at 850 nm. 
 

 3.6.5 Inhibition study of color transition by phenolic compounds 
 Phenolic compounds determination by using their inhibition ability to the 
inclusion complex between α-CD and PPCDA vesicles were studied on 11 phenolic 
compounds i.e. o-nitrophenol, m-nitrophenol, p-nitrophenol, p-methylphenol,  
p-chlorophenol, p-bromophenol, hydroquinone, 2,4-dinitrophenol, phenol, 2,4,5-
trichlorophenol, 2,4,6-trichlorophenol. Each phenolic compound solution pH was 
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adjusted to 5.8 by using 1 M NaOH and 1 M HCl solution. Initially, time-dependent of 
phenolic compounds inhibiting α-CD with PPCDA vesicles were studied and also 
tested of the addition sequence of α-CD, PPCDA, and phenolic compounds. In this 
study, the procedure of addition sequence can be divided into two types: (a) pre-
equilibrated 3 mM α-CD (pH 5.8) with 3 mM phenolic compounds (pH 5.8) by 
varying time form 5 to 180 min prior to mix with PPCDA (pH 5.8, absorbance range 
of 0.4-0.5) to obtain final volume of 3 mL in a test tube by made up to volume with 
sodium acetate buffer (20 mM, pH 5.8) and standed at room temperature for 120 min, 
(b) pre-equilibrated 3 mM α-CD (pH 5.8) with PPCDA (pH 5.8, absorbance range of 
0.4-0.5) for 120 min prior to mix with 3 mM phenolic compounds (pH 5.8) to obtain 
final volume of 3 mL in a test tube by made up to volume with sodium acetate buffer 
(20 mM, pH 5.8)  by varying time from 5 to 180 min. After study of time-dependent, 
the optimum time condition was chosen to use in the next experiment.  

When obtained the optimum time condition and optimum addition sequence of 
three compounds in previous study, the competition study between phenolic 
compounds and PPCDA with α-CD was investigated by varying phenolic compounds 
concentrations from 0.5–5.0 mM. In this study, 3 mM α-CD (pH 5.8) and PPCDA (pH 
5.8, absorbance range of 0.4-0.5) were pre-equilibrated for 120 min at room 
temperature followed by adding phenolic compounds (pH 5.8) at various 
concentration from 0.5–5.0 mM to obtain final volume of 3 mL in a test tube by made 
up to volume with sodium acetate buffer (20 mM, pH 5.8) and standed at room 
temperature for 120 min prior to measure by UV-Vis spectrometry. The spectrum was 
collected from 500 to 850 nm with zero absorbance at 850 nm.  
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3.7 Method validation 
 Validation of analytical method is the measurement of performance 
characteristics such as accuracy, precision, limit of detection, limit of quantitation, 
method detection limit, linearity, and range. This method was validated by using the 
spiked water sample with phenolic compounds solution and repeating the same 
experiments.  

Initially, the calibration curve of each four phenolic compound was constructed 
by varying phenolic compounds concentration from 0.1 to 3.0 mM. In this study, 3 
mM α-CD (pH 5.8) and PPCDA (pH 5.8, absorbance range of 0.4-0.5) were pre-
equilibrated for 120 min at room temperature followed by adding phenolic compounds 
(pH 5.8) at various concentration from 0.1–3.0 mM to obtain final volume of 3 mL in 
a test tube by made up to volume with sodium acetate buffer (20 mM, pH 5.8) and 
standed at room temperature for 120 min prior to measure by UV-Vis spectrometer. 
The spectrum was collected from 500 to 850 nm with zero absorbance at 850 nm.  
  Then, the method validation was performed by using spiked water sample 
with standard m-nitrophenol, p-nitrophenol, p-bromophenol, and p-chlorophenol at 
two concentration levels (1.5 and 1.75 mM) chosen from the concentration within the 
linear range of calibration curve. Each experiment was repeated 10 times. The sample 
solution (3.0 mL) containing sodium acetate buffer (20mM, pH 5.8), 3 mM of α-CD, 
1.5 and 1.75 mM of each phenolic compound (m-nitrophenol, p-nitrophenol,  
p-bromophenol, and p-chlorophenol) were both individually spiked and allowed to 
room temperature for 120 min prior to add PPCDA solution (absorbance range of 0.4-
0.5) into the mixture solutions and standed room temperature for 120 min prior to 
measure by UV-Vis spectrometer. Moreover, simultaneous determination of four 
phenolic compounds was also studied. In this case, the sample solution (3 mL) 
containing sodium acetate buffer (20 mM, pH 5.8) and 3 mM of α-CD was mixed with 
0.375 mM of each phenolic compound to obtain final concentration of 1.5 mM. This 
solution was standed at room temperature for 120 min prior to add PPCDA 
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(absorbance range of 0.4-0.5), the final solution also standed at room temperature for 
120 min prior to measure by UV-Vis spectrometry. The UV-Vis spectra were 
collected from 500 to 850 nm with the zero absorbance at 850 nm. The accuracy, 
describes the closeness between the measured value and the true value, calculated as 
relative error (%). The precision was evaluated through repeatability and 
reproducibility, expressed as relative standard deviation (%). The linear range was 
specified as the concentration range over which the analytical curve is linear. Method 
detection limit was obtained from the measurement ability of method to determine an 
analyte in a sample matrix. 
 

3.8 Application to real sample 
 Real water sample employed in this work was surface water from the pond of 
Chulalongkorn University, collected in October, 2008. This sample was collected by 
sampling water at the edge of the pond and contained in a bottle (1 L). Before the 
application for experiments, the surface water was filtered through a paper filter 
followed by a milipore membrane filter and the pH of the sample solution was 
measured. 

The method of inhibition study between PPCDA/α-CD was applied to surface 
water sample which were both individual and quaternary mixtures of four phenolic 
compounds standard (m-nitrophenol, p-nitrophenol, p-bromophenol, and  
p-chlorophenol). In the case of individual study, the samples were spiked with single 
standard of each phenolic compound to obtain the final concentration of 1.5 and 1.75 
mM. Whereas, simultaneous of phenolic compounds determination was applied to the 
samples by quaternary mixtures of four phenolic compounds with the concentration of 
0.375 mM of each phenolic compounds to obtain the final concentration of 1.5 mM. 
The experiment procedures were done in the same manner as described for method 
validation. Each experiment was repeated 10 times. 



CHAPTER IV 
 

RESULTS AND DISCUSSION 
 

4.1 Preparation of polydiacetylene vesicles 
 A diacetylene monomer, namely 10,12-pentacosadiynoic acid, was dispersed 
in water. The visual appearance of the result solution was a suspended white solution 
after sonication at 70-80°C for 30 min and keeping the colloid solution at 4°C 
overnight. An intense blue-colored solution (Figure 4.1) was obtained after irradiating 
with UV-radiation for 5 min at room temperature and filtrated through a filter paper. 
The diacetylene monomer self-assembled underwent complete polymerization to form 
alternating ene-eye conjugated polymer, called PPCDA. It has spectroscopically 
distinct blue phase which showed the maximum absorption at wavelength of 635 nm 
(Figure 4.2). The resulting intensely blue to the eye of the PPCDA polymer was due to 
the electronic delocalization within the conjugated framework, giving rise to 
absorption at around 635 nm in the visible region of the electromagnetic spectrum 
[42]. 
 

 
 
Figure 4.1 Photograph of PPCDA solution. 
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Figure 4.2 Visible spectrum of PPCDA vesicles. 
 
 This section attempted to find an optimum concentration of PPCDA for 
colorimetric analysis by UV-Vis spectrometry and visual observation of the solution 
color. The initial concentration of PPCDA stock solution obtained from the 
preparation step was 1 mM. This solution was stepwise diluted with DI water to 
desired concentrations varied from 0.010 to 0.125 mM and their absorbance was 
measured at 635 nm. The plot of the absorbance against the concentration was shown 
in Figure 4.3. The plot in Figure 4.3 showed a very good linearity with R2 equal to 
0.9999. The very light blue color of the solution containing 0.025 mM was observed 
and the observed blue color intensity increased with the concentration. The solution 
approximately contained 0.1 mM PPCDA (pH 6.8±0.2) was chosen for further 
experiments due to its optimal absorbance in the range of 0.4-0.5 and its readily 
observed blue color. 
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Figure 4.3 Concentration range of PPCDA vesicles at room temperature. 
 

4.2 pH response of polydiacetylene vesicles 
Initially, PPCDA vesicles stock solution (1 mM) was diluted by DI water to 

obtain an approximate final concentration of 0.1 mM (pH 6.8±0.2) with optimal 
absorbance in the range of 0.4-0.5 and then the pH of diluted solution was adjusted by 
using 1 M NaOH and 1 M HCl. In the acidic pH range of 1-3 and basic pH range of 
13-14, the PPCDA aggregated and precipitated. In the pH range of 4-6, the CR(%) 
was zero and while the CR(%) increased in the pH range of 7-12. Moreover, the pH of 
the solution was unsteady after the pH adjustment. Thus, the sodium acetate buffer 
solution was chosen for the next experiments in order to solve this problem. In this 
section, sodium acetate buffer solution (20 mM) of pH 5.8 was chosen to avoid the 
risk of aggregated and precipitated of PPCDA at lower pH and also avoid color change 
of PPCDA at higher pH. The PPCDA stock solution (1 mM) was diluted by sodium 
acetate buffer solution (20 mM, pH 5.8) to obtain final concentration of 0.1 mM (pH 
5.8±0.1) and this diluted solution was used to compare with other pH range. The pH of 
PPCDA vesicles solution was adjusted by using 1 M NaOH and 1 M HCl. The 
PPCDA solutions in Figure 4.4 showed pH induced color transition, which obviously 
observed by visual observation. The PPCDA solution was blue in the pH range of 4-6 
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and became light blue in pH 7. The blue solution changed to violet in the pH range of 
8-9. When the pH was higher than 9, PPCDA solutions changed to red. However, in 
the acidic pH range of 1-3 and basic pH range of 13-14, the PPCDA aggregated and 
precipitated. Figure 4.5 showed the spectra of PPCDA by varying pH from 4 to 12. As 
pH increases, the absorbance at 635 nm (blue phase) diminishs, while the absorbance 
at 540 nm (red phase) increases. In this study, the CR(%) of the pH range of 5-6 was 
held around zero (Figure 4.6), which indicates that there was no any perturbation from 
the pH adjustment step by using NaOH and HCl. Thus, the buffer solution (pH 5.8) 
was chosen to control the pH range of PPCDA solution after diluting from the initial 
concentration of PPCDA stock solution. The color transition was quantified by 
colorimetric response in Figure 4.6, which showed the plot of CR(%) against pH. The 
CR(%) is defined as 

 

100
PB

PB)(PB
CR(%)

0

0 ×
−

=  

 
Where PB is the blue phase percentage, defined as PB = Ablue/(Ablue+Ared).  

Ablue and Ared are the absorbances of the blue phase at 635 nm and the red phase at 540 
nm in the UV-Vis spectrum, respectively. The initial blue phase percentage, PB0, is 
determined before exposure to any stimuli. 
 In this study, PB0 is the approximate initial blue phase percentage of 0.1 mM 
PPCDA solution (pH 5.8, absorbance range of 0.4-0.5) which determined before 
exposure to pH adjustment. Whereas, PB is the blue phase percentage which 
determined after adjusting the pH range of 4-12 of PPCDA solution. 
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Figure 4.4 Photograph of pH induced color transition of PPCDA vesicles at room 
temperature. 
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Figure 4.5 Visible spectra of pH induced color transition of PPCDA vesicles at room 
temperature. 
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Figure 4.6 Colorimetric response of pH induced color transition of PPCDA vesicles at 
room temperature. 
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 The PPCDA vesicles in blue form have conjugated of p-orbitals in the main 
chain of polymer. The molecular mechanism corresponding to the color change was 
believed to be an irreversible stress-induced structural transition of the conjugated 
backbone of the polymer [42]. Basicification by adding NaOH induced the color 
transition of PPCDA vesicles solution from blue-to-red by deprotonation of the 
carboxylic head group of the PPCDA main chain. Considering the reaction equilibria 
of carboxylic head group (-COOH) of PPCDA vesicles [43], the dissociation 
equilibrium is as follow; 

-COOH + H2O  -COO- + H3O
+

  This hypothesis indicates that sodium ion (Na+), which favors approach to 
negatively charged carboxylate group (-COO-) of vesicle, critically perturbates the 
structure of vesicles, leading to partial twist of the p-orbitals. 
 

4.3 Color transition of PPCDA vesicles with α-cyclodextrin
 PPCDA/α-CD complex was studied at various concentration of α-CD in order 
to determine desirable concentrations of α-CD, which was the minimum concentration 
level affecting to color transition of PPCDA solution by compromising relation 
between good responses to UV-Vis spectrometry and also observe the color change by 
visual observation. In this section, colorimetric response of PPCDA was studied by 
varying α-CD concentrations from 0.5 to 5.0 mM. The colorimetric transition from 
blue-to-red of PPCDA vesicles (absorbance range of 0.4-0.5) can be induced by 
inclusion complex of α-CD concentration higher than 3 mM starting at 5 min and 
reaching the equilibrium within 120 min according to the study of time dependence of 
color transition of PPCDA/α-CD in section 4.3.1, observed by naked eyes (Figure 
4.7). The visual observation of PPCDA solutions within 5 min showed blue color in 
the concentrations range of 0.5-2 mM α-CD and became light purple at 3 and 4 mM of 
α-CD. At 5 mM of α-CD, the solutions were extremely changed to intense purple. To 
observe the color change obviously, the equilibration time according to section 4.3.1 
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was considered to observe the difference of color change in the series of α-CD 
concentrations. Accordingly, the mixture solution was standed at room temperature for 
120 min as previously observes. The color of PPCDA was blue in the concentration 
range of 0.5-2 mM of α-CD and became purple and pink at 3 mM α-CD. At 4 mM of 
α-CD, the solutions were extremely changed to intense purple and pink and obviously 
changed to red at 5 mM α-CD. The distinct changes of the absorbance at 540 nm (red 
phase) increases with the expense of the absorbance at 635 nm (blue phase), presented 
in Figure 4.8.  
 

 
  
Figure 4.7 Photograph of the color transition of PPCDA vesicles with α-CD (0.5-5 
mM) at room temperature. 
 
 It is known that the carboxylic head groups of the polydiacetylenes interact 
with one another by hydrogen bonding. Thus, if there are any cyclodextrins which 
disturb and stress the hydrogen bonds on the polymer backbone, the effective 
conjugation length of the polymer would be altered [32]. The α-CD can be able to 
perturb the ordered structure of the PPCDA liposomes by forming inclusion complex. 
The conjugated p-orbitals undergo distortion by α-CD, leading to partial twist of the 
p-orbitals. Therefore, the intense blue color of the solution gradually shifts to red 
color. 
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Figure 4.8 Visible spectra of the color transition of PPCDA vesicles with α-CD at 
room temperature. 
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Figure 4.9 Colorimetric response of the color transition of PPCDA vesicles with α-
CD at room temperature, response time = 120 min. 
 
 In Figure 4.9, the CR(%) values increase with an increase of α-CD 
concentration. The color transition from blue-to-red started at 2 mM α-CD. The 
concentration of α-CD more than 5 mM was not suitable for measuring with UV-Vis 
spectrometry, because the red-colored solution was turbid and also caused the increase 
of the absorption baseline. Actually, 4 and 5 mM α-CD provided good responses to 
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color transition of PPCDA, but if higher concentration levels of α-CD were chosen, it 
might be used higher concentration levels of phenolic compounds to form inclusion 
complex with α-CD, it was not appropriated for phenolic compounds determination 
using method of inhibiting PPCDA/α-CD which attempted to find lowest 
concentration levels that still respond to this method. For the next experiments of 
inhibition study, 3 mM α-CD was chosen because the minimum concentration level of 
3 mM α-CD could be affected to the color transition of PPCDA solution observed 
obviously by visual observation. 
 

 4.3.1 Time dependence of color transition of PPCDA vesicles with  
α-cyclodextrin 
 To study the time dependence of the color transition of PPCDA vesicles with 
α-CD, the CR(%) values were recorded after an addition of α-CD from 5 to 180 min. 
In this section, 3 mM α-CD was chosen according to the selection of minimum 
concentration level in section 4.3 in order to study time dependence of the color 
transition of PPCDA solution. Accordingly, this study might be provided the optimum 
time response which can be used throughout this work. In this section, the mixture 
solutions between PPCDA (absorbance range of 0.4-0.5) with 3 mM α-CD was 
allowed at room temperature. The color of the solution changed from blue to violet 
starting at 5 min and became very intense purple and pink after 120 min. The 
absorbances of the solutions were recorded after 5, 15, 30, 60, 90, 120, and 180 min. 
Figure 4.10 demonstrated the response time of the color change, the CR(%) increased 
and reached the saturation within 120 min. The solution became turbid after 120 min. 
The turbidity caused the increase of the absorption baseline (Figure 4.11) and it was 
not suitable for UV-Vis spectrometric measurement. Thus, the optimum time of 120 
min was chosen to equilibrate the mixture solution for the next experiments. 
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Figure 4.10 Time dependence of the color transition of PPCDA vesicles with 3 mM 
α-CD at room temperature.  
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Figure 4.11 Visible spectra of time dependence of the color transition of PPCDA 
vesicles with α-CD at room temperature. 
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4.4 Inhibition study 
 4.4.1 Time dependence of phenolic compounds inhibiting  

α-cyclodextrin with PPCDA vesicles 
 The binding ability of α-CD with p-nitrophenol was studied by using 
spectrophotometric measurement, which concluded that α-CD form 1:1 adduct with 
nitrophenol at acidic and alkaline pH [44]. Thus, nitrophenol and α-CD form a 1:1 
complex was supposed to study time dependence of inhibition ability of various 
phenolic compounds (i.e. o-nitrophenol, m-nitrophenol, p-nitrophenol,  
p-methylphenol, p-chlorophenol, p-bromophenol, hydroquinone, 2,4-dinitrophenol, 
phenol, 2,4,5-trichlorophenol, 2,4,6-trichlorophenol), which expected to obtain an 
optimal time condition for further experiments. In this section, each phenolic 
compound solution pH was adjusted to acidic pH of 5.8 in order to eliminate the color 
transition of PPCDA which may occur in the basic pH range according to the previous 
section. The precipitation of 2,4,5-trichlorophenol and 2,4,6-trichlorophenol solution 
was observed when the pH was less than 7.0. Therefore, these 2 phenolic compounds 
would not suitable for the next experiments at pH 5.8. Thus, 9 phenolic compounds 
were investigated for this study.  

In this section, the addition sequence of ternary mixture of α-CD, PPCDA and 
phenolic compounds was studied, which can be separated into two procedures: (a) pre-
equilibrated 3 mM α-CD with 3 mM phenolic compounds by varying time form 5 to 
180 min prior to mix with PPCDA (absorbance range of 0.4-0.5) and standed at room 
temperature for 120 min, (b) pre-equilibrated 3 mM α-CD with PPCDA (absorbance 
range of 0.4-0.5) for 120 min prior to mix with 3 mM phenolic compounds by varying 
time from 5 to 180 min. The visual observation after both of two processes were 
studied and found that procedure (a) showed the difference of color change in every 
phenolic compound comparing with the color of PPCDA/α-CD and each color 
solution was also not significantly different by naked eyed detection at different time. 
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Color of the solution was yellow in the precence of o-nitrophenol and 2,4-
dinitrophenol, blue of m-nitrophenol, p-bromophenol, and p-chlorophenol, while  
p-methylphenol, hydroquinone, and phenol were purple and pink (Figure 4.13). Time-
dependent of phenolic compounds inhibiting PPCDA/α-CD according to procedure (a) 
was also determined by using UV-Vis spectrometry (Figure 4.15). In contrast, the 
mixed solution using procedure (b) showed pink color in every phenolic compounds 
by naked eyes which similar to the color of PPCDA/α-CD, excepted the solution 
containing o-nitrophenol, p-nitrophenol, and 2,4-dinitrophenol showed orange (Figure 
4.14). Phenolic compounds followed by procedure (b) could not extremely indicated 
the different of color transition of both detection by naked eyes and UV-Vis 
spectrometry, which the latter detection found that the colorimertic response, CR(%), 
of every phenolic compounds were closed to the CR(%) of PPCDA/α-CD.  

The results by using procedure (b) strongly support the theory that the majority 
of PPCDA-based chemosensors were an irreversible fashion. Accordingly, the blue-to-
red color change that took place when an external stimulus was applied was not 
reversed when the external stimulus was removed [45]. The irreversible of PPCDA 
was probably due to α-CD disrupted the order structures of PPCDA derived from 
10,12-pentacosadiynoic acid by forming inclusion complex that directly damaged the 
hydrogen bond between the carboxylic head groups on PPCDA vesicles surface 
(Figure 4.12). This phenomenon may causes the occurrences of undesired morphology 
of PPCDA, which may not recover to the structure as formerly were. 

 
Figure 4.12 A schematic representation of the interaction between PCDA and α-CD 
[45]. 
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 The use of the CR(%) monitoring the color change of PPCDA was unreliable 
in this case, because PPCDA became totally inefficient chemosensor due to the effect 
of α-CD disruption. Therefore, procedure (b) was not appropriated to determine the 
phenolic compounds inhibiting PPCDA/α-CD complex, whereas procedure (a) was 
greater appropriated to use for phenolic compounds determination. Accordingly, the 
inhibition study based-procedure (a) was chosen for the next section and throughout 
this work. 
 
 

 
Figure 4.13 Photograph of the color transition of phenolic compounds inhibiting 
inclusion complex of PPCDA/α-CD at room temperature, procedure (a). 
 

 
Figure 4.14 Photograph of the color transition of phenolic compounds inhibiting 
inclusion complex of PPCDA/α-CD at room temperature, procedure (b). 
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Figure 4.15 Time dependence of phenolic compounds inhibiting α-CD with PPCDA 
vesicles. 
 

Phenolic compounds determination using their ability to inhibit the α-CD 
induced color transition by considering the CR(%) should be showed a tendency of 
decreasing in the series of phenolic compounds concentration, and decreasing of the 
CR(%) will occur when phenolic compounds have greater inhibition ability to 
PPCDA/α-CD complexation. Figure 4.15 illustrated the colorimetric response, 
CR(%), of PPCDA after exposure to various phenolic compounds was compared with 
CR(%) of PPCDA/α-CD complexation. The complete inhibition of the color transition 
would occur when the CR(%) was equal to zero. Various phenolic compounds showed 
different inhibition ability to PPCDA/α-CD complex at different times. For 2,4-
dinitrophenol, o-nitrophenol, p-methylphenol, phenol, and hydroquinone showed no 
inhibition at all times studied. Only four compounds showed the inhibition ability the 
α-CD induced color transition i.e. p-nitrophenol, p-bromophenol, p-chlorophenol, and 

m-nitrophenol. In the case of p-nitrophenol, it showed excellent inhibition ability to 
PPCDA/α-CD complex within 15 min by observing the CR(%) closed to zero. This 
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result was also strongly supports the study of the formation of p-nitrophenol-α-CD at 
low pH by using kinetic measurement, which obtained the recombination rate constant 
kR ≥ 4 × 107 M-1 sec-1 [44]. According to the kinetic study, p-nitrophenol should exhibit 
a very fast binding ability to form inclusion complex with α-CD, which related to 
results in Figure 4.15. The inhibition ability of p-bromophenol and m-nitrophenol were 
also observed at 60 and 180 min, respectively. For p-chlorophenol, it seemed to 
exhibit good inhibition ability at higher time response, which showed gradually 
decreased of the CR(%) when time increased. For these results, the inhibition ability 
seemed to involve the competition between phenolic compounds and PPCDA vesicles 
which form inclusion complex with α-CD. In this section, only nitrophenol-α-CD 
form a 1:1 complex was supposed to study, therefore, the saturation times were partly 
affected to inhibition ability. Besides the time-dependent of phenolic compounds 
inhibiting PPCDA/α-CD complex, the effect of phenolic compounds concentration 
was also considered to monitor inhibition ability at various concentrations. A 
saturation time of 120 min was expected that most of phenolic compounds would 
show ability to inhibit the α-CD induced color transition, and saturation time of 120 
min was supposed to use to optimize with concentration study in the next section. 
Thus, saturation time of 120 min for pre-equilibrated of α-CD and phenolic 
compounds was chosen to study the competition between phenolic compounds and 
PPCDA vesicles which form inclusion complex with α-CD at various phenolic 
compounds concentrations. 

 
 4.4.2 Effect of phenolic compounds concentrations 
 The inhibition study of phenolic compounds was investigated after studying of 
time dependence of phenolic compounds inhibiting α-CD with PPCDA vesicles in 
previous section. In this study, the procedure of pre-equilibrated α-CD and phenolic 
compounds prior to mix with PPCDA was considered, the solution of binary mixture 
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between 3 mM α-CD and various concentrations from 0.5 to 5.0 mM phenolic 
compounds (o-nitrophenol, m-nitrophenol, p-nitrophenol, p-methylphenol,  
p-chlorophenol, p-bromophenol, hydroquinone, 2,4-dinitrophenol, and phenol) were 
pre-equilibrated at room temperature for 120 min, according to the chosen time in 
previous section of time-dependent, prior to add PPCDA (absorbance range of 0.4-0.5) 
and standed at room temperature for 120 min. After that this ternary mixture was 
measured by UV-Vis spectrometry. 

 

 
Figure 4.16 Photograph of the color transition of phenolic compounds inhibiting 
inclusion complex of PPCDA/α-CD at room temperature. 
 
 Figure 4.16 demonstrated the color change of PPCDA vesicles solution after 
adding phenolic compounds at various concentrations, this color change could be 
observed by naked eyes detection. The color of mixed solution obviously changed in 
the presence of o-nitrophenol, p-nitrophenol, 2,4-dinitrophenol, p-methylphenol, 
hydroquinone, and phenol in every concentration ranges of phenolic compounds 
compared with blue solution of PPCDA, whereas the mixed solution containing  
m-nitrophenol, p-bromophenol, and p-chlorophenol, showed relatively changed at 
lower concentration of phenolic compounds, while their color obviously changed at 
higher concentration of phenolic compounds. 
  The solution containing 0.5 mM of o-nitrophenol, p-nitrophenol, and 2,4-
dinitrophenol can be clearly observed the color change, which showed brown of  
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m-nitrophenol, green of p-nitrophenol, and yellow of 2,4-dinitrophenol. Interestingly, 
at the concentration of 3 mM phenolic compounds, the color of m-nitrophenol,  
p-bromophenol, p-methylphenol, p-chlorophenol, hydroquinone, and phenol were 
significantly different. The color of p-methylphenol, hydroquinone, and phenols 
changed to purple and pink which were similar to the color of PPCDA/α-CD complex. 
Meanwhile, the color of m-nitrophenol, p-bromophenol, and p-chlorophenol showed 
no color change and remained in blue solution form which similar to the color of 
PPCDA.  
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Figure 4.17 The colorimetric response, CR(%), of PPCDA vesicles as a function of 
different concentrations of phenolic compounds (a) o-nitrophenol (b) m-nitrophenol 
(c) p-nitrophenol (d) p-bromophenol (e) p-chlorophenol (f) p-methylphenol  
(g) hydroquinone (h) 2,4-dinitrophenol (i) phenol. 
 

Figure 4.17 showed the colorimetric response, CR(%), of PPCDA after mixing 
with the phenolic compounds at various concentrations. It was found that  
o-nitrophenol, p-methylphenol, hydroquinone, phenol, and 2,4-dinitrophenol showed 
no inhibition of α-CD induced color transition, indicated by higher value of the 
CR(%) in every concentration level. Even 2,4-dinitrophenol showed relatively 
decrease of CR(%) in the series of concentration range, but the complete inhibition 
ability (CR(%)=0) was not observed and it seemed to exhibit good inhibition at the 
concentration level higher than 5 mM. However, the complete inhibition of α-CD 
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induced color transition (CR(%)=0) was observed at different minimum 
concentrations i.e. 3 mM of p-nitrophenol and p-bromophenol and 5 mM of  
p-chlorophenol and m-nitrophenol. Interestingly, for every phenolic compound study, 
except p-nitrophenol, the CR(%) was higher than that of PPCDA/α-CD complex, 
probably due to the fact that these phenolic compounds could not tightly inserted in α-
CD, therefore α-CD remaining in the solution could form inclusion complex with 
PPCDA by disrupting hydrogen bonding of carboxylic head groups of PPCDA and 
drastically affected the vesicles deformation. While the sodium ion (Na+) may be 
another cause of this turbidity, because Na+ showed a favorite approach to negatively 
charged of carboxylic head group of vesicles, critically perturbed the structure of 
vesicles and leading to partial twist of the p-orbital. Thus, probability causes as 
mentioned leading to aggregation of PPCDA vesicles due to the fact that the lost of 
surface stability and the occurrence of turbidity was mainly cause of the absorption 
base line increase and leading to higher value of the CR(% ) than usual. 
 As previously, p-nitrophenol, p-bromophenol, p-chlorophenol and  
m-nitrophenol showed complete inhibition ability to the color transition induced by α-
CD. This inhibition process might involve the geometry of phenolic compounds and 
the binding ability of PPCDA and phenolic compounds with α-CD. In Figure 4.18, the 
geometry of these compounds was considered, they are suitable for being trapped into 
the α-CD host cavity. The inhibition ability of the color transition was observed due to 
the competition between the carboxylic head groups of vesicles and phenolic 
compounds [32], which are driven by hydrophobic interaction within the inner side of 
α-CD cavity [46-47]. The results of this inhibition also strongly support the steric of 
their structure. Thus, the effect of phenolic compounds inhibiting the color transition 
induced by α-CD due to their low steric bulkiness. Moreover, the hydroxyl groups at 
the edge of α-CD cavity and molecular dipole moment seemed involved with this 
inhibition study. In the case of unstable inclusion complex of o-nitrophenol (Figure 
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4.18), may cause from the intramolecular hydrogen bonding between hydroxyl and 
nitro groups [10].  
 
 OHOHOHOH

 
 
 
 
 
        
                           (a)         (b)         (c)        (d) 
Figure 4.18 The chemical structure of phenolic compounds (a) p-chlorophenol  
(b) p-bromophenol (c) p-nitrophenol (d) m-nitrophenol. 

 

 
 
Figure 4.19 Host-guest interaction observed in the α-cyclodextrin complex with  
p-nitrophenol [48]. 
 

In the case of p-nitrophenol, the inhibition was strongly supported by the short-
range reaction within the structure of the crystal of α-CD complex with p-nitrophenol, 
showed in Figure 4.19. The nitrophenyl group is well fitted to α-CD cavity, which is 
rather elliptical in shape for the accommodation of the planar group. The benzene ring 
is sandwiched by the two pyranose rings and two C-H bonds point to glycosidic 

Van der Waals interaction 

CH-π interaction 

CH-O hydrogen bond 

Cl Br

NO2

NO2
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oxygen atoms to form C-H-O hydrogen bonds. These hydrogen atoms are also in Van 
der Waals contact with hydrogen atoms bonded to C-3 and C-5 of α-CD. The C-H 
bonds of methine groups, C-3H and C-5H, of the two pyranose rings factoring the 
benzene ring are perpendicular to the benzene plane, indicating stabilization by C-H-π 

interaction [48]. Moreover, this well fit of p-nitrophenol with α-CD may cause from 
the intermolecular hydrogen bonding between nitro groups of p-nitrophenol and 
hydroxyl groups at the rim of α-CD. Thus, the inclusion complex of α-CD/p-
nitrophenol was extremely stable. 
 

 

Water molecule 

Cyclodextrin 

Hydrophilic part 

Hydrophobic part 

Figure 4.20 Schematic representation of the formation of cyclodextrin inclusion 
complexes [48]. 
 
 As mentioned that p-methylphenol, hydroquinone, and phenol were not exhibit 
inhibition ability to PPCDA/α-CD complex, may probably explain by the model in 
Figure 4.20. As showed in Figure 4.20, the small circle represent water molecules, the 
large ones is CD ring. The outer surface of CD ring is hydrated, but the water 
molecules in the cavity are in energetically unfavorable position because of the non-
polar surface of the cavity. The hydrophilic part of the guest molecule is highly 
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hydrated, while the non-polar aromatic rings repulse the water molecules. Thus, the 
result of the complex formation is that the non-polar part of the guest molecule 
penetrates into the non-polar cavity of CD. The favorable of this formation is non-
polar-non-polar interaction, while the hydrophilic part of the guest molecule outside 
retains its hydrated shell. In the case of hydroquinone (Figure 4.21), hydroxyl groups 
of both side of the molecule were probably hydrated and there was no any 
hydrophobic part interacting with the α-CD cavity as well as phenol (Figure 4.21) 
molecule which is hydrated at the part of hydroxyl group. p-methylphenol (Figure 
4.21) was also not performed inhibition ability, probably due to the same situation 
with p-hydroquinone and phenol which a part of hydroxyl group was hydrated. Even 
another part of p-methylphenol was methyl groups which should demonstrate better 
inhibition ability due to their non-polar part, but they exhibited unstable inhibition 
ability to PPCDA/α-CD. This behavior seemed to involve dipole-dipole interaction in 
which p-methylphenol has weaker than p-nitrophenol, p-bromophenol,  
p-chlorophenol, and m-nitrophenol, thus p-methylphenol did not exhibited a good 
penetration into α-CD cavity and showed unstable inclusion complex with α-CD. In 
the case of 2,4-dinitrophenol (Figure 4.21), even one of the position was para which 
seemed to well fit with hydroxyl at the edge of α-CD but if considered another side of 
ortho position, the unstability of this molecule occurred due to the intramolecular 
hydrogen bonding between hydroxyl and nitro groups. 
 

 
 

 
 
 

OH

NO2

OH

NO2

NO2

OH

CH3

OH

OH

OH

Figure 4.21 The chemical structure of phenolic compounds (a) o-nitrophenol  
(b) hydroquinone (c) phenol (d) p-methylphenol (d) 2,4-dinitrophenol. 
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4.5 Optimization of the plot of phenolic compounds 
determination 

The absorbance of the α-CD induced blue-to-red color transition depends on 
the increase of the absorbance at 540 nm (red phase) with the expense of the 
absorbance at 635 nm (blue phase), calculated from the well-defined equation of 
colorimetric response (CR). However, in this work, CR(%) was not suitable to 
construct a calibration curve of phenolic compounds determination and also did not 
provided good relation between CR(%) and the series of phenolic compounds 
concentrations. Accordingly, the colorimetric response (CR´) was used to quantify 
remained blue phase which did not form inclusion complex with α-CD. The CR´ 
would increase when phenolic compounds present and they have good ability in 
inhibiting the color transition induced by α-CD. The CR´ is expressed as: 
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Where PR is the red phase percentage, defined as 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=
540635

540

AA
A

PR                                              (4.2) 

 
A540 and A635 are the absorbances of the red phase at 540 nm and the blue 

phase at 635 nm in the UV-Vis spectrum, respectively. The initial red phase 
percentage, PR0, is determined after exposure to α-CD. And the red phase percentage, 
PR, is determined in the presence of phenolic compounds. 
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4.6 Method validation 
 Method validation is the process used to confirm that the analytical procedure 
employed for a specific test is suitable for its intended use. The results from method 
validation can be used to judge the quality and reliability of analytical results. The 
validation data for method validation for compound evaluation were linear range, limit 
of detection, limit of quantitation, accuracy, precision. Their definitions are as follows; 
 
 Linear range: The concentration range over which the intensity of the signal 
obtained is directly proportional to the concentration of the species producing the 
signal. 
 
 Method detection limit (MDL): The measurement ability of method to 
determine an analyte in a sample matrix.  
 
 Accuracy: The measurement of the exactness of an analytical method, or the 
closeness of agreement between the measured value and the true value. In this study, 
relative error (%) and recovery (%) were calculated by equation (4.3) and (4.4), 
respectively. 

100
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⎦
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⎢
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⎡ −
=                                           (4.3) 

 
where  C  = the measured value of phenolic compounds (mM) 
  Cstd = the standard value of phenolic compounds (mM) 
 

100
C    
C)recovery(%

std

×=                                           (4.4) 

 
where  C = the measured value of phenolic compounds (mM) 
  Cstd = the standard value of phenolic compounds (mM) 
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 Precision: The evaluation through repeatability and reproducibility of 
repetitive measurements of equivalent analyte solution was calculated as relative 
standard deviation (%) by equation (4.5). 
 

100
Χ

SDRSD(%) ×=                                                  (4.5) 

 
where  SD = the standard deviation 
  Χ  = the mean value 
 
 
 The acceptable analyte recovery and RSD at different concentrations are 
shown in Table 4.1  
 
Table 4.1 Analyte recovery and precision at different concentration [49] 
 

Analyte %       Analyte ratio Unit   Mean recovery % RSD % 

100   1  100 %  98-102  1.3 
10   10-1  10 %  98-102  2.8 
1   10-2  1 %  97-103  2.7 
0.1   10-3  0.1 %  95-105  3.7 
0.01   10-4  100 ppm 90-107  5.3 
0.001   10-5  10 ppm 80-110  7.3 
0.0001   10-6  1 ppm  80-110  11 
0.00001  10-7  100 ppb 80-110  15 
0.000001  10-8  10 ppb  60-115  21 
0.0000001  10-9  1 ppb  40-120  30 
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 4.6.1 Phenolic compounds determination 
 In order to determine the concentration of phenolic compounds in water, it was 
necessary to consider the hypothesis of using phenolic compounds inhibiting 
PPCDA/α-CD complex in the previous study. This section attempted to construct a 
calibration curve of individual phenolic compound i.e. m-nitrophenol, p-nitrophenol, 
p-bromophenol, and p-chlorophenol, which exhibited complete inhibition to α-CD 
induced color transition of PPCDA vesicles.  

Phenolic compounds determinations were established with standard solution 
(pH 5.8) of eleven concentration levels between 0.1 and 3.0 mM. Each concentration 
level of each phenolic compound was pre-equilibrated with 3 mM α-CD for 120 min 
prior to mix with PPCDA solution (pH 5.8, absorbance range of 0.4-0.5). The final 
mixed solutions were standed at room temperature for 120 min prior to measure by 
UV-Vis spectrometry. The results obtained by applying the plots of the colorimetric 
response, CR´(%), against phenolic compounds concentration regarding to section 4.5 
using absorbance at 540 and 635 nm, are shown in Figure 4.22. 
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Figure 4.22 Plots of CR´(%) versus the concentration of phenolic compounds (mM). 
(a) m-nitrophenol, (b) p-nitrophenol, (c) p-bromophenol, (d) p-chlorophenol. 
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 Linear ranges of phenolic compounds were observed by inhibiting PPCDA/α-
CD complex are shown in Table 4.2.  
 
Table 4.2   Linear ranges of phenolic compounds determination 
 

Phenolic                     Equation                             R2              Linear range (mM) 

compound                        

m-nitrophenol  y = 19.242x – 6.5366  0.9970  1.00 – 2.00 
p-nitrophenol  y = 17.482x + 9.4878  0.9902  0.50 – 1.75 
p-bromophenol y = 19.125x + 6.8136  0.9913  0.50 – 1.75 
p-chlorophenol y = 18.558x – 1.3763  0.9950  0.75 – 2.00 

  
 Linear ranges of m-nitrophenol, p-nitrophenol, p-bromophenol, and  
p-chlorophenol showed a very good linearity with R2 equal to 0.9970, 0.9902, 0.9913, 
and 0.9950, respectively. Thus, using the plots of colorimetric response, CR´(%), 
against phenolic compound concentration gave a very good linear relationship. 
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 4.6.2 Method detection limit  
 Method detection limit of phenolic compounds determination by using 
inhibiting PPCDA/α-CD complex are shown in Table 4.3. 
 
Table 4.3   Method detection of phenolic compounds determination 

Phenolic compound   mM   MDL (mg/L)*  

m-nitrophenol    1.00   139   
p-nitrophenol    0.50     69   
p-bromophenol   0.50     86   
p-chlorophenol   0.75     96   

*Mean value (n=10) 
 

The results in Table 4.3 showed the lowest concentrations of four phenolic 
compounds that can be detected by using the method of phenolic compounds 
inhibiting PPCDA/α-CD complex and measured by UV-Vis spectrometry. The 
method detection limit of phenolic compounds determination was obtained from the 
lowest concentration level within linear range (Table 4.2) of calibration curve of each 
phenolic compound. The method detection limit obtained from Table 4.2 for  
m-nitrophenol, p-nitrophenol, p-bromophenol, and p-chlorophenol were 1.0, 0.5, 0.5, 
and 0.75 mM, respectively. The results in Table 4.3 were calculated by using 
molecular weight of each phenolic compound to multiply by method detection limit 
(mM) obtained from Table 4.2.  

 The method detection limit of m-nitrophenol, p-nitrophenol, p-bromophenol, 
and p-chlorophenol were higher than the regulation concentrations for the lowering 
phenols contents in wastewater when comparing with the US Environmental 
Protection Agency (EPA) or the Pollution Control Department, Ministry of Natural 
Resources and Environment of Thailand regulation which is less than 1 mg/L.  
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 4.6.3 Accuracy and precision  
 The accuracy and precision of phenolic compounds were observed by 
inhibiting PPCDA/α-CD complex are shown in Table 4.4.  
 
Table 4.4   Accuracy and precision of the inhibition study of phenolic compounds  

 

Sample   Spiked concentration  Error*         RSD*      

       (mM)                 (%)                (%)           

m-nitrophenol   1.50     6.35   9.86 
    1.75     4.36   5.46 
p-nitrophenol   1.50                            2.00               1.23 
          1.75                           0.61               0.66 
p-bromophenol        1.50                             4.85   2.17 
                                1.75                           7.35   5.51 
p-chlorophenol        1.50                              1.36   1.77 
                                1.75                            1.14   1.40 

*Mean value (n=10) 
 
 In this section, accuracy and precision of phenolic compounds determination 
were performed by spiking standard m-nitrophenol, p-nitrophenol, p-bromophenol and 
p-chlorophenol at two concentrations (1.5 and 1.75 mM) in DI water. Each experiment 
was repeated 10 times. The sample solution (3.0 mL) containing sodium acetate buffer 
(20 mM, pH 5.8), 3 mM of α-CD, 1.5 and 1.75 mM of each phenolic compound were 
individually mixed and standed at room temperature for 120 min, and then PPCDA 
solution (absorbance range of 0.4-0.5) was added into the mixture solutions and 
allowed at room temperature for 120 min prior to measure by UV-Vis spectrometry. 
The UV-Vis spectra were collected from 500 to 850 nm with the zero absorbance at 
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850 nm. The relative error (%) was calculated according to equation (4.3) and the 
relative standard deviation (%) was calculated according to equation (4.5).  
 The results in Table 4.4 showed that the unacceptable RSD at both 
concentration levels of m-nitrophenol were obtained and p-bromophenol was also 
found the unacceptable RSD at concentration of 1.75 mM, RSD of this study was 
compared with acceptable RSD in Table 4.1. However, the relative error values of  
p-bromophenol and m-nitrophenol were higher at both concentration levels, probably 
due to the unstable of inclusion complex which affected to the colorimetric response 
of p-bromophenol and m-nitrophenol. Moreover, the turbidity of the solution from 
aggregation of vesicles due to the lost of their surface stability upon the interaction 
with α-CD, probably caused the increase of the absorption baseline and affected 
significantly the colorimetric response value. 
 

 4.6.4 Simultaneous determination of phenolic compounds 
 In this section, simultaneous determination of four phenolic compounds was 
studied. The solution containing 0.375 mM of m-nitrophenol, p-nitrophenol,  
p-bromophenol, and p-chlorophenol was chosen with total phenolic compounds 
concentration equal to 1.5 mM in order to observe the inhibition ability of quaternary 
mixture of phenolic compounds compared with 1.5 mM of each phenolic compound 
which was studied in the previous section of phenolic compounds determination.  

In this section, 3 mM of α-CD was mixed with 0.375 mM of each phenolic 
compound to obtain total final concentration of 1.5 mM. This solution was standed at 
room temperature for 120 min prior to the addition of PPCDA (absorbance range of 
0.4-0.5). The final solution was standed at room temperature for 120 min prior to 
measure by UV-Vis spectrometry. 
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Simultaneous determination of four phenolic compounds and t-value at 95% 
confidence are shown in Table 4.5. 
 
Table 4.5 Simultaneous determination of phenolic compounds and t-value at 95% 
confidence 
 

Calibration equation  Found concentration*  t-value 

     (mM) 

m-nitrophenol          2.46± 0.19    16.41 
(y = 19.242x – 6.5366)   

p-nitrophenol          1.50± 0.11    0.01 
(y = 17.482x + 9.4878) 

p-bromophenol           1.50± 0.11    0.04 
(y = 19.125x + 6.8136) 

p-chlorophenol         2.01± 0.15    10.60 
(y = 18.558x – 1.3763) 

*Mean value (n=10) 
 
 Comparing the t statistic to the critical value from the tables (Appendix A) was 
evaluated to know whether the found concentration was different than 1.5 mM. The 
critical value of t for 9 degree of freedom and 95% confidence is 2.26. If t >tcrit, the 
null hypothesis will be reject. While the alternative hypothesis will be accept. The 
results in Table 4.5 showed t-value of quaternary mixtures when compared with each 
phenolic compound. Since t-value of m-nitrophenol, and p-chlorophenol were higher 
in magnitude than the tcrit, thus this null hypothesis was rejected due to the mean of 
found concentration values were different significantly from 1.5 mM. Whereas t-value 
of using p-nitrophenol and p-bromophenol equations were lower than the tcrit, thus this 
hypothesis was accepted. Therefore, calibration curve of p-nitrophenol and  
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p-bromophenol were suitable for the determination of total four phenolic compounds 
in water. 
 

4.7 Real sample 
The interested real sample for this work was surface water of the pond of  

Chulalongkorn University. 
 
 The accuracy and precision are shown in Table 4.6.  
 
Table 4.6   Accuracy and precision of the inhibition study of phenolic compounds for 
determination of phenolic compounds in surface water (n=10) 
 

Spiked analyte   Added  Found*            Recovery* RSD* 

    (mM)  (mM)          (%)               (%) 

 -   0     nd         -                 - 
m-nitrophenol   1.5           1.20± 0.12      79.94 10.27 
p-nitrophenol   1.5           1.42± 0.02      94.86 1.26  
p-bromophenol  1.5           1.36± 0.05      90.43 3.86 
p-chlorophenol  1.5           1.36± 0.06      90.61 4.30 

*Mean value (n=10) 
nd = not detectable 
 
 The results in Table 4.6 showed the acceptable RSD of three phenolic 
compounds i.e. p-nitrophenol, p-bromophenol, and p-chlorophenol, while  
m-nitrophenol showed both unacceptable RSD and low recovery. And it was found 
that the CR´(%) of studying in real sample solution was extremely lower than the 
CR´(%) of standard studying in water, indicated that the blue phase percentage of 
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PPCDA in real sample decreased, probably due to the interfering ions in surface water 
which could not eliminated by paper filter and milipore membrane filter and might 
affect to reduce binding ability of phenolic compounds with α-CD or they might 
include in α-CD cavity and blocked cavity space for phenolic compounds. In addition, 
probably due to some interfering ions can disrupt hydrogen bond of carboxylic head 
group of PPCDA affecting to conformation change which is the most important of 
color transition of PPCDA, Therefore, aggregation of PPCDA due to the loss of their 
surface stability gave the lost of blue phase percentage detection and also gave 
turbidity of the solution to provide lower found concentrations. In contrast, only  
p-nitrophenol showed higher found concentrations, probably due to it has a greater 
ability and also faster kinetic to form inclusion with α-CD [42]. Thus, it can inhibit α-
CD induced color transition of PPCDA and showed higher remaining of blue phase 
percentage of PPCDA which closed to the CR´(%) of standard studying in water. In 
order to remove interfering ions in real sample as proposed, it is necessary to use ion 
chromatography or other ion separation techniques prior to use. 
 
 For the next experiments to observe inhibition ability of simultaneous phenolic 
compounds in surface water, the solution containing 0.0375 mM of m-nitrophenol,  
p-nitrophenol, p-bromophenol, and p-chlorophenol was chosen with total phenolic 
compounds concentration equal to 1.5 mM. The inhibition ability of the mixture was 
evaluated by comparing with 1.5 mM of each phenolic compounds in previous studied 
of phenolic compounds determination. 
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Simultaneous determination of phenolic compounds in surface water and t-
value at 95% confidence are shown in Table 4.7. 
 
Table 4.7   Simultaneous determination of phenolic compounds in surface water and t-
value at 95% confidence 
 

Calibration equation  Found concentration*  t-value 

     (mM) 

m-nitrophenol               2.34 ± 0.23    11.37  
(y = 19.242x – 6.5366)   

p-nitrophenol               1.43± 0.14    1.61 
(y = 17.482x + 9.4878) 

p-bromophenol              1.43± 0.14    1.63 
(y = 19.125x + 6.8136) 

p-chlorophenol              1.91± 0.19    6.78 
(y = 18.558x – 1.3763) 

*Mean value (n=10) 
 

According to t-value in Table 4.7, t  of each phenolic compound in surface 
water were equal to 11.37, 1.61, 1.63, and 6.78 of m-nitrophenol, p-nitrophenol,  
p-bromophenol, and p-chlorophenol, respectively. The t-value of m-nitrophenol and  
p-chlorophenol were higher than 2.26 of tcrit. Whereas t-value of p-nitrophenol and  
p-bromophenol were less than tcrit, thus, calibration curve of p-nitrophenol  and  
p-bromophenol were suitable to the determination of total four phenolic compounds in 
water. 
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Previously, the simultaneous determination of phenolic compounds could be 
done by using the calibration curves of either p-nitrophenol or p-bromophenol, but 
they allowed only the determination of total of four phenolic compounds. 
Accordingly, the simultaneous determination of phenolic compounds in the same 
sample has a problem of none selectivity. Unfortunately, the proposed method was not 
appropriate for the determination of individual phenolic compound in a sample 
containing more than two of those four phenolic compounds. 

 



CHAPTER V 
 

CONCLUSION AND SUGGESTION 
 

5.1 Conclusion 
 A chemosensor based PPCDA vesicles for phenolic compound detection was 
investigated by using the principle of competitive inclusion complex between PPCDA 
vesicles and phenolic compounds with α-cyclodextrin (α-CD) for color transition 
inhibition. It is thus of interest to extend the investigation to various phenolic 
compounds i.e. o-nitrophenol, m-nitrophenol, p-nitrophenol, p-methylphenol,  
p-chlorophenol, p-bromophenol, hydroquinone, 2,4-dinitrophenol, and phenol to 
observe their ability to inhibit the α-CD induced color transition by using both visual 
observation and colorimetric responses measured by UV-Vis spectrometry. The acidic 
pH range of 5.8 was chosen to apply the optimum pH condition to the solution 
throughout this study in order to avoid color transition of PPCDA at basic pH range 
and precipitated at lower pH range. And the concentration of 3 mM α-CD was chosen 
to use for phenolic compounds determination. Some complete inhibitions in the 
detection among various concentrations of phenolic compounds were observed at 
different minimum concentrations of 3 mM for p-nitrophenol and p-bromophenol and 
5 mM for p-chlorophenol and m-nitrophenol. Meanwhile, o-nitrophenol,  
p-methylphenol, hydroquinone, 2,4-dinitrophenol, and phenol showed no inhibition of 
α-CD induced color transition. The validation data for determination of m-nitrophenol, 
p-nitrophenol, p-bromophenol, and p-chlorophenol showed the linear range of 1.00-
2.00 mM for m-nitrophenol, 0.50-1.75 mM for p-nitrophenol and p-bromophenol, and 
0.75-2.00 mM for p-chlorophenol. This method exhibited a good accuracy for  
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p-nitrophenol and p-chlorophenol. The precision of p-nitrophenol and p-chlorophenol 
which calculated as relative standard deviation (%RSD) is less than 2.0% (n=10). The 
method detection limit was 139, 69, 86, and 96 mg/L for m-nitrophenol, p-nitrophenol, 
p-bromophenol, and p-chlorophenol, respectively, using colorimetric responses 
measured by UV-Vis spectrometry. The proposed method of phenolic compound 
inhibiting the color transition of PPCDA vesicles induced by α-CD showed a very 
good potential for the estimation of single para substituted phenolic compound in 
water sample, while there are no reports on this topic that individually identify 
phenolic compounds using spectrophotometric method. In addition, this proposed 
method can determine phenolic compounds in water in the visible region of the 
electromagnetic spectrum to avoid disturbances from absorption band of other 
aromatic compounds in the ultraviolet region. For this reason, this work beneficially 
provides a new method to determine single phenolic compounds in water whereas the 
study of simultaneous determination of phenolic compounds showed a poor selectivity 
in a sample containing various phenolic compounds, which may also less selectivity 
when comparing with chromatographic methods. 

Although the simultaneous study was not suitable to measure two or more 
phenolic compounds in the same sample, a spectrophotometric method for resolving 
ternary mixtures was proposed according to Nevado et al. [50]. Derivative 
spectrophotometry is an analytical technique of great ability and offers greater 
selectivity than normal spectrophotometry. This method is based on the simultaneous 
use of the first derivative of spectra ratio and measurements of zero-crossing 
wavelengths. The ratio spectrum is obtained by dividing the amplitudes of the 
absorption spectrum of the mixtures by a standard spectrum of one of the components 
giving the first derivative of the ratio spectrum. The concentrations of the other 
components is then determined from their respective calibration graphs established by 
measuring the ratio derivative analytical signal at the selected zero-crossing points. 
According to the theory of Nevado et al. [50], it might be used to solve the problem of 
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none selective in this study in the simultaneous determination of phenolic compounds. 
The quaternary mixture of m-nitrophenol, p-nitrophenol, p-bromophenol, and  
p-chlorophenol might be determined by using the first derivative of ratio spectra and 
measurements of zero-crossing wavelengths of one compound, the ratio spectrum is 
calculated as mentioned earlier. The concentrations of the other three components is 
then determined from their respective calibration graphs established by measuring the 
ratio derivative analytical signal at the selected zero-crossing points. However, the 
zero-crossing of spectrophotometric method seems complicated and be time 
consuming.  

Considering the phenols contents regulation of the US Environmental 
Protection Agency (EPA) and the Pollution Control Department, Ministry of Natural 
Resources and Environment of Thailand, they generally reported these contaminants 
as total phenolic compounds contents. And this simultaneous study which used 
PPCDA vesicles and α-CD also showed good selectivity for four phenolic compounds 
as mentioned. Therefore, the simultaneous determination of four phenolic compounds 
in this work may provide a useful for a preliminary screening test whether there are 
total of these four phenolic compounds, which are considered as hazardous pollutants, 
in water by using calibration curve of either p-nitrophenol or p-bromophenol. 
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5.2 Suggestion for future work 
• This proposed method should be studied further for the matrix 

compositions of surface water sample and other kinds of waste water. 
• Using preconcentration technique such as solid phase extraction or 

liquid-liquid extraction of phenolic compounds in water prior to 
determine by PPCDA vesicles with α-CD is recommended. 

• A new device for preliminary detection by naked eyes such as the 
fabrication of polydiacetylene vesicles-embedded thin film in order to 
reduce a problem of turbidity of the solution at higher concentration 
level shall be developed. 

• This proposed method should be investigated in the trial design of 
future prospective studies for environmental analysis such as design a 
new simple test kit for onsite detection of phenolic compounds 
contaminated in waste water. 

• These initial study of phenolic compounds determination using PPCDA 
vesicles with α-CD point out to a need for further study on more 
various phenolic compounds which are notified in the regulation of 
phenols contents of the Pollution Control Department, Ministry of 
Natural Resources and Environment of Thailand and the US 
Environmental Protection Agency (EPA). 
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Appendix A: Significance testing 
 
Table A1: Critical value for the student t-tests  
 

Degree of    t-value for confidence limit (%) 
freedom       50                80               90              95         99             99.8 

     1                  1.00               3.08           6.31            12.7         63.7         318.0 
     2       0.82               1.89           2.92            4.30        9.92          22.3 
     3       0.76               1.64           2.35            3.18        5.84          10.2 
     4       0.74               1.53           2.13            2.78        4.60          7.17 
     5       0.73               1.48           2.02            2.57        4.03          5.89 
     6       0.72               1.44           1.94            2.45        3.71          5.21 
     7       0.71               1.42           1.90            2.36        3.50          4.78 
     8       0.71               1.40           1.86            2.31        3.36          4.50 
     9       0.70               1.38           1.83            2.26        3.25          4.30 
     10       0.70               1.37           1.81            2.23        3.17          4.14 
     12       0.70               1.36           1.78            2.18        3.06          3.93 
     15       0.69               1.34           1.75            2.13        2.95          3.73 
     20       0.69               1.32           1.72            2.09        2.84          3.55 
     30       0.68               1.31           1.70            2.04        2.75          3.38 
     60       0.68               1.30           1.67            2.00        2.66          3.23 
       α       0.67               1.29           1.64            1.96        2.58          3.09 
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