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CHAPTER I

INTRODUCTION AND THEORY

1.1 Overview

Time and temperature are important parameters needed to be controlled in quality
assurance of perishable products such as foods, beverages, pharmaceuticals and
chemicals. Inefficient refrigeration or electrical power failure during storage and
transportation can cause premature deterioration of refrigerated products. Various devices
that can record and inform about the thermal history of the products e.g. data loggers and
time-temperature indicators (TTI) have been invented. A time-temperature indicator
(TTI) is a device that displays a visual summary of the elapsed time-temperature history
of the product which it is attached on [1]. TTI is designed to provide very simple and
quick information about the products by having irreversible color changes within the
chosen time of exposure to unsuitable environment temperature. Polydiacetylenes
(PDAs) have been a material considering for applications as indicators and sensors due to
their unique chromism properties. Polymerization of self-assembled diacetylene (DA)
monomer by UV-irradiation to generate the intense blue PDA without the need for
chemical initiators or catalyst makes them an attractive indicator for ingestible products.
The PDA can change their color from blue to red upon exposure to external stimuli
including heat [2], organic solvents [3], mechanical stress [4], molecular recognition [5].
PDA have been prepared in many different forms such as bulk crystal, self-assembled
films, nanostructures such as vesicles, tubes and ribbons [6-12]. Recently, PDA-TTIs
have been prepared in the form of vesicle solutions of DA lipids with amphiphilic
polymers that showed promising time-temperature dependent color change of PDA but
the vesicle solutions are rather impractical for TTI applications [13].

White paper has been demonstrated as a practical supporting material for

fabrication of portable multi-sensing single-used device [14]. We have been reported the



use of paper as a supporting material for fabrication of PDA indicators for identification
of VOC vapors [15], solvents [16] and anionic surfactants [17]. In this article, a

preparation and study of PDA-TTI fabricated on filter paper is reported.

1.2 Theory

1.2.1 Polymerization of diacetylenes
Polydiaceylene is a conjugated polymers resulted from topopolymerization of DA
monomers via 1, 4-addition reaction to form alternating ene-yne polymer chains (Figure

1.1) upon heat, UV irradiation or y-irradiation [18, 19]

/ YN
F R // // p@lyfﬁéﬂiétl@ﬁ

Figure 1.1 Polymerization of DA monomers by irradiation with UV light.

Topological polymerization 1s a polymerization which requires specific
prealignment of the monomer usually found in solid state crystal. For topological
polymerization of DAs, the distance (d) between the triple bonds of the adjacent
monomers and the orientation angle (0) relative to the translation axis should be ~5 A and

~45°, respectively [20, 21].

1.2.2 Chromism of polydiacetylenes

Most DA monomers are white or have no color but the color appears after
polymerization due to long ene-eyne conjugated backbone of PDAs. The optical
absorption in PDA occurs via 1 — ©* absorption within the linear m-conjugated polymer
backbone. The blue color forms are most widely used for sensing application. The
exposure of PDA to environmental perturbations such as heat, pH, solvent, mechanical

stress and ligand-receptor interactions, induce a significant shift in absorption from low



(Amax ~ 630 nm) to high (Ayax ~ 540 nm) energy bands so the PDA change their color
from blue to red color that resulted from the changes of molecular conformational such as
side chain packing, ordering, and orientation, impart stresses to the polymer backbone

that alter its conformation [23].

a} l heating

N = -

b) — organic
f solvent
7
Q) mechanical
stress
d) ‘ molecular
recognition

Figure 1.2 Chromism of PDA (a) thermochromism), (b) solvatochromism,

(c)mechanochromism, (d) affinochromism.

1.2.3 RGB color model

According to development of paper based colorimetric respond of PDA is a
simple method and suitable to use as a sensors application, since evaluate the results into
a quantitative analysis can be collected by using the RGB color model. The RGB color
model is an additive color model in which red, green, and blue color are added together in
various component ratio to reproduce a broad array of colors as show in Figure 1.3. The
name of the model comes from the initials of the three additive primary colors, red,
green, and blue. The main purpose of the RGB color model is for the sensing,
representation, and display of images. The RGB color model was used to descript how

much of each red, green, and blue color is included in the photographic images [24].


http://en.wikipedia.org/wiki/Additive_color
http://en.wikipedia.org/wiki/Color_model
http://en.wikipedia.org/wiki/Red
http://en.wikipedia.org/wiki/Green
http://en.wikipedia.org/wiki/Blue
http://en.wikipedia.org/wiki/Color
http://en.wikipedia.org/wiki/Primary_color#Additive_primaries

The basic of the RGB value (R, G, B), the color is black when the intensity of

each component is zero (0, 0, 0) and the color is white when the intensity of each

component is full (255, 255, 255). When the intensities are the same, the result is a shade

of gray, darker or lighter depending on the intensity.
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Figure 1.3 The RGB color model.

1.2.4 Melting point of aliphatic alcohols

cyan
{0,255,255)

=T
(10,0,255)

Mmagents
(2%55.0,255)

Melting points of aliphatic alcohols increase uniformly with increased chain

length as shown in Table 1.1. From the table, two aliphatic alcohols i.e. 1-dodecanol and

1-tetradecanol were selected as an additive for fabrication of PDA-TTIs because their

melting points are in the proximity of room temperature [25].

Table 1.1 Physical and chemical properties of fatty alcohols

IUPAC name Common Molecular Mw mp
name formula °C

1-Hexanol Caproic alcohol Ce¢H140 102.2 -52
1-Heptanol Enanthic alcohol C-H60 116.2 -30
1-Octanol Caprylic alcohol CgH 30 130.2 -16




1-Nonanol Pelargonic CoH,,O 144.3 -4
alcohol
1-Decanol Capric alcohol Ci10H2O 158.3 7
1-Undecanol Undecyl alcohol C;1H»4O 172.3 16
1-Dodecanol Lauryl alcohol C12H»20O 186.3 23
1-Tridecanol Tridecyl alcohol C13H2O 200.4 30
1-Tetradecanol Myristyl alcohol C14H300 214.4 38

1.2.5 Self-assembly of cationic surfactants

Depending on the mode of interaction with cationic surfactants, we can separate
anions into four classes (Figure 1.4). Class I contains ions that do not bind strongly on the
headgroups and behave as typical counterions. Class II ions are usually large complex
ions with large polarizabilities, which form water-insoluble ion pairs with the amine-
based surfactants. Class III consists of complex anions containing transition metal ions,
which form covalent bonds with the amine-headgroups and also between themselves
through oxygen bridges. Finally, class IV consists of a number of hydrophobic organic

anions which partly dissolve in the layer of the micelles [26].

Class |

e
w@%ﬁééﬂf

Class |V
/

Figure 1.4 Cationic micelle interacts with the four different classes of anions.

Class Il


http://en.wikipedia.org/wiki/Undecyl_alcohol
http://en.wikipedia.org/w/index.php?title=Tridecyl_alcohol&action=edit&redlink=1

In this work, commercial DA monomers were mixed with cationic surfactant in
organic soloution, carboxylic headgroup of DA monomer should act as anionic interacted
with cationic headgroup of the surfactant while the alkyl chain of DA monomer may

insert into hydrophobic part of cationic surfactant micelle as shown in Figure 1.5.

Anlonic Surfactant:

S%

Catlonlc Surfactant:
Precipitate :

Figure 1.5 Basic equilibrium in an anionic-cationic surfactant system [27].

1.2.6 Time-temperature indicators

Time—temperature integrators (TTIs) are defined as cost-effective, simple, and
user-friendly devices to easily monitor the temperature conditions of food throughout
storage and distribution, and are therefore applied to various food products [28]. There
are a large number of different time temperature indicators available in the market, based
on different technologies. Some devices are based migration of dye through a filter paper,
while others contain pouches with bacterial fluids that change color when certain time-
temperature combinations have been reached [29]. The example of commercial available

TTIs were shown in Figure 1.6 [30-32].
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Figure 1.6 Commercial available TTIs.

1.3 Literature surveys on polydiacetylenes

1.3.1 Thermochromism

Thermochromism is the color transition when increase temperature which is one
of the interesting chromic properties of PDAs for its applications. The thermochromic
can be either irreversible or reversible depended on sidechain substituent and hydrogen
bonding. Thermal energy can break or weaken the hydrogen bonding between the head
groups resulting in random movement of the side chains and lower the planarity of the
backbone. The color transition is occurred by the increase of energy gap between the
HOMO and LUMO level. The color transition of PDAs is driven by the release of the
strain in their structures [33, 34].

In 1998, Okada, S. and co-worker [9] studied the self-assembly in vesicles form
of DA containing carboxylic in hydrophilic head group and its derivatives which various
alkyl chain length within the chain and between DA and carboxyl group in water (Figure
1.7). Then polymerized by UV-irradiation 254 nm and studied the thermochromic
properties monitoring by UV-vis spectrometer. It was found that PDA which have the
short alkyl chain length between DA and carboxyl group (compound 3 and 4) were more

sensitive to the thermal changes than long alkyl chain length (compound 1 and 2).
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Figure 1.7 Structure of DA monomers used in investigations of thermochromism in

vesicles.

In 2009, Ahn, D. J. and co-worker [34] proposed the mechanism of the color
transition from blue to red of PDA (Figure 1.8). The authors suggested that headgroup
interactions (hydrogen bonding, aromatic interactions, etc.) play significant roles in
leading the orientation of methylene sidechains of PDAs to a distorted state during the
polymerization process. The distortion results in mechanical strain in the PDA backbone.
In the cased of color irreversible PDA system, head group interaction are relatively weak.
Thus, the release of mechanical strain upon thermal stimulation results in C-C bond
rotation of polymer backbone and weakening of headgroup hydrogen bonding

Interaction.

iy
,_.("' hendgroup
et W B

"
"] e pracs lon

& e
z“’f-.,ﬁg%% i % o %
_{,.J-- %, [ = sirninnd
-~ Blue

redensn of stmin
(pariial baist of p-orbitals)
- L ohar)
et il DU

- g H-DOMRE
4

Fod

Figure 1.8 Mechanism of chromic responses of irreversible PDAs.



In 2006, Kim, J. M. and co-worker [35] investigated blue-to-red color transition of
PDA film, prepared from 10,12-pentacosadiynoic acid-2,2-(ethylenedioxy)bis(ethylamin)
(PCDA-EDEA) embedded in Poly(vinyl alcohol) (PVA) reported the preparation of DA
monomer (PCDA-EDEA) embedded in Poly(vinyl alcohol) film by mixing-drying
process. The blue film obtained after UV irradiation and applied as thermal sensor. The
author reported that the PCDA-EDEA thin film required higher temperature to induce a
complete color transition from blue to red compared to the PCDA-EDEA in aqueous

solution due to less mobility of PDA molecules in solid state as shown in figure 1.9.
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Figure 1.9 Photographs of PCDA-EDEA embedded in PVA film and the PCDA-EDEA

vesicle solution during heating process.

In 2010, Phollookin, C. and co-worker [2] investigated a series of bisdiynamide
lipids containing various lengths of methylene spacer (m = 2, 3 and 4) between the diynes
and the diamide headgroup and number of methylene units (n = 6 and 9) in their
hydrophobic tails are synthesized. The color transitions from blue to red during heating-
cooling cycles of the PDA sols are photographically recorded and monitored by UV-vis
absorption spectroscopy. The bisdiynamide PDAs exhibit excellent thermochromic
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reversibility and the color transition temperature can be tuned between ca. 25-55 °C by
the variation of m and n values. Moreover, temperature indicators can be obtained by
applying a screen printing ink formulated from the bisdiynamide monomer on plastic
substrates followed by UV irradiation to generate desired patterns of thermochromically

reversible PDAs as shown in figure 1.10.
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Figure 1.10 Preparation the thermochromic label (a) screen printing ink containing the
bisdiynamide monomer (b, ¢) screen printed transparency sheet before (b) and after (c)
UV irradiation and (d) color transition of the thermochromic labels sleeving around a

stainless ring.

1.3.2 Mechanochromism

Mechanochromism is the phenomenon of color change induced by mechanical
force. An irreversible chromic transition of PDA single crystal which induced by
mechanical stress was observed by Muller and Eckhardt [36]. Nallicheri and Rubner have
incorporated DAs in polyurethane segmented copolymers. In these materials, the optical
properties of DAs were linked with the mechanical properties of thermoplastic
elastomers. The resulting of polyurethane elastomers containing PDA undergoes color

changes that are coupled to elastomeric strain [37].
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1.3.3 Affinochromism

The most attractive feature of PDA to be discovered in recent investigations
concerns the new chromatic changes promoted by interactions with biologically,
environmentally or chemically interesting target molecules. Generally, PDAs sensor
derived from modification of head group of 10, 12-pentacosadiynoic acid (PCDA) are
able to underwent blue to red color change upon exposure to the target molecule, showed
the colorimetric transition induced by interaction of PDAs with target molecules.

In 2004, Su, Y. L. and co-worker [38] have reported the effect of amphiphilic
molecules including aliphatic alcohol, surfactant, pH, alkylamine upon the chromatic
transition of polymerized 10, 12-pentacosadiynoic acid (PCDA) vesicles in aqueous
solution. The results suggested that the colorimetric response of polymerized PCDA
vesicle for 1-pentanol is higher than ethanol (Figure 1.11a). Due to more hydrophobic
property of I-pentanol can soluble in the PCDA vesicle core while ethanol is a
hydrophilic molecule, which dissolves perfectly in water rather than hydrophobic region.
In the case of surfactant, the result suggested that the CR value of
cetyltrimethylammonium bromide (CTAB) increases dramatically with an increase of
CTAB concentration while Triton X-100 and sodium dodecyl sulfate (SDS) are lower
than CTAB at the same concentration (Figure 1.11Db).
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Figure 1.11 Colorimetric responses of polymerized PCDA vesicles as a function of the
volume of added ethanol and 1-pentanol (a), (SDS), Triton X-100 and (CTAB) (b).
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In 2009, Chen, X. and co-worker [39] reported the colorimetric detection of
cationic surfactants based on conjugated PDA supramolecules (Figure 1.12a). They found
that the colorimetric responses of the conjugated polymers can be attributed to the
disruption of the hydrogen bonding in head group, for which both ammonium groups and
long alkyl chains are required. Because of the addition of CTAC can disturb the regularly
arrayed hydrogen bonding between head groups by ionic interactions between the
phenolate of the head group and the ammonium group as show in the Figure 1.12b. The
disruption of the hydrogen bonding could allow the release of the strain energy imposed
on the alkyl side chains generated during polymerization. The release of the side chain
strain can cause partial distortion of the arrayed p-orbitals, leading to a decrease in the

effective conjugation length of the polymer.

FCDA-HBA 1
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Figure 1.12 Colorimetric titrations of PCDA-HBA 1 with various surfactants and various
amounts of CTAC (a), proposed head group structures of the PDAs derived from PCDA-
HBA 1 in the presence of CTAC (b).

1.3.4 Solvatochromism

Solvatochromism is one of the chromic properties of PDA that were induced by
the solvation. It is believed that solvation of polymer side chain in the presence of organic
solvent caused a side chain disorder which affected the conjugation of PDA backbone.
Thus, reduction of the restriction of a mechanical strain imposed on the polymer
sidechains may induce partial distortion of the conjugated p-orbitals, leading to blue to
red transition.

In 2008, Potisatityuenyong, A. and co-worker [40] conduced extensively
investigation poly-10, 12-pentacosadiynoic acid (poly(PCDA)) vesicle solution in the
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aspect of thermochromism, solvatochromism and alkalinochromism. In the case of
solvatochromic and alkalinochromic experiment , UV-vis absorption and observation by
eye show the similar pattern, blue to red color transformation (Figure 1.13). The
decreasing and increasing in absorbance of red and blue phase without peak shifting
indicate directly to quantitative conversion between blue and red vesicle. The mechanism
proposed for solvatochromism and alkalinochromism is related to sudden hydrogen bond

breaking by solvation or deprotonation process.

Solvatochromic of PCDA vesicle by EtOH
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Figure 1.13 Proposed side-chain movements in the chromic transitions of poly(PCDA)

vesicles upon organic solvent.

In 2009, Yoon J. and co-worker [41] have generated the electrospun fiber mats
from PDA-embedded polymer matrix that can be used to detect volatile organic
compounds (VOCs). The results display the different color patterns of the fiber mats
derived from different combinations of PDA-ABA 1 and PCDA-AN 2 as illustrated in
Figure 1.14.
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Figure 1.14 Schematic representation of the preparation of PDA-embedded
electrospun microfibers and photographs of the polymerized PDA-embedded electrospun

fiber mats after exposure to organic solvents at 25 °C for 30 s.

In 2010, Gou, M. and co-worker [13] demonstrated time—temperature chromatic
sensor based on PDA vesicle and amphiphilic polymer. In presence of amphiphilic
polymers (i.e. Pluronic F127, F68 and L35 and Tween-20), PDA vesicles could gradually
transit from blue to red, which was irreversible and depended on the temperature, time,
and properties of amphiphilic polymer (Figure 1.15). The authors suggested that the
hydrophobic segment of amphiphilic polymer were gradually inserted into vesicles due to
hydrophobic interaction. This work provides Time-temperature chromatic sensor based

on PDA vesicles and amphiphilic polymers and use as time-temperature indicator.

Concentraton ol F127T (Fewiw] Concentraton of F127 [Feeiw)
st 8 g -H-«.-::IW DWW E 3ot asdad0
[ R = L1 40 *C
'aﬂﬂl'ﬂ' s
- ? L] 10 °C
Gh
el e e 30
e I
N o
i 20 min [
rmin
I s0°c
L
& h
12 h 1
Tdh

20
L]
L]
i
g
f

HHIIII 4
L. EEEEEE

Figure 1.15 Photographs of TTIs prepared from PCDA solution incorporated with
Pluronic F127.
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In 2012, Pattanatornchai, T. and co-worker [42] investigated the color transition
behavior of PDA using different alcohol (i.e. molecule size, length, shape, polarity and
charge)(linear and branched alcohol). In the case of linear alcohol, the longer alkyl chain
causes easier colorimetric response (Figure 1.16a and 1.16b). The author suggested that
the driving force for the alcohols to penetrate into the hydrophobic layers of the PDAs
increases with increasing the alkyl length. The longer alcohols can also penetrate into the
deeper region of PDA layers. Therefore, it requires lesser amount of long chain alcohols
to induce segmental rearrangement and hence color transition of the PDAs (Figure

1.16¢).
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Figure 1.16 Colorimetric responses (CR) of (a) poly(TCDA), (b) poly(PCDA) vesicles in
aqueous suspensions upon addition of linear alcohols with different chain lengths and c)

the penetration of methanol and 1-butanol into the layers of poly(PCDA)
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1.3.5 Paper-based PDA sensors

White paper has been demonstrated as a practical supporting material for
fabrication of portable multi-sensing single-used device [14]. Our research group, we
have also reported the use of paper as a supporting material for fabrication of PDA.

In 2011, Pumtang, S. and co-worker [16] reported the synthesis of a novel series
of DA acids from the condensation of pentacosa-10,12-diynylamine (PCDAmine) and
dicarboxylic acid or its anhydrides. One of these DA lipids, 4-(pentacosa-10,12-
diynylamino)-4-oxobutanoic acid (PCDAS), is used in combination with pentacosa-
10,12-diynoic acid (PCDA) for drop-casting on pieces of filter paper which are
consequently irradiated by UV light to generate a paper based sensor array for solvent
detection and identification. Upon the exposure to various types of organic solvents
(Figure 1.17), the blue colored sensors colorimetrically respond to give different shades
of colors between blue to red. The color patterns of the sensor array are recorded as
RedGreenBlue (RGB) values and statistically analyzed by principal component analysis
(PCA). The PCA score plot reveals that the array is capable of identifying eleven

common organic solvents.
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Figure 1.17 Array of cropped photographic images of PDAs on filter paper fabricated

from PCDA and PCDAS responding to various organic solvents.
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In 2011, Thongmalai, W. and co-worker [17] reported the synthesis and
fabrication of PDA on filter paper for anionic surfactants from DAs containing primary
amino, secondary amino and ammonium polar groups and preparation of the colorimetric
sensors. From figure 1.18, the blue to pink colorimetric transition of polymerized DAs in
the presence of anionic surfactants such as sodium dodecanoate (SDC), sodium docecyl
sulphate (SDS), and sodium dodecyl benzene sulphate (SDBS) are observed by the naked
eye.

Blank SDC SDS SDBS TTAB DTAB HTAB Tween20 Brij@5S8P TritenX-100

Figure 1.18 Photograph of PDA coated paper derived from primary amine (1% w/v)
after being dipped in a solution of SDC, SDS, SDBS, TTAB, DTAB, HTAB, Tween 20,
Brij@58P and Triton X-100 (500 mM).

In 2012, Eaidkong, T. and co-worker [15] reported detection and identification of
VOCs by paper-based PDA colorimetric sensor array. They were prepared from eight DA
monomers, six of which are amphiphilic and the other two are bolaamphiphilic (Figure
1.19a). To fabricate the sensors, monomers are coated onto a filter paper surface using
the drop-casting technique and converted to PDAs by UV irradiation. The PDA sensors
show solvent induced irreversible color transition upon exposure to VOC vapors (Figure
1.19b). When combined into a sensing array, the color change pattern as measured by
RGB values and statistically analyzed by principal component analysis (PCA) is capable
of distinguishing 18 distinct VOCs in the vapor phase. The PCA score and loading plots
also allow the reduction of the sensing elements in the array from eight to three PDAs

that are capable of classifying 18 VOCs.
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Figure 1.19 (a) Structure of DA monomers (b) Scanned images of the paper-based PDA

sensor array prepared from 1-8 exposed to various saturated vapors of volatile organic

solvents.

From the literature survey, the preparation of PDA-TTIs was demonstrated in the
form of vesicle solution. Nevertheless, the solution form is not suitable for common
applications which require the indicators to be attached to product packaging. Therefore,
the investigation of PDA fabrication in the form of flat surface solid state indicators is
necessary. In this thesis work, white paper will be used as a flat substrate for PDA

fabrication in the preparation of TTlIs.

1.4 Objectives and scope of the thesis

1) To prepare of PDA that can control color transition time and temperature on
paper surface for TTI development.

2) To compare the color transition of PDA in the form of solution and on paper

surface.
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EXPERIMENTAL

2.1 Materials and equipment

10, 12-pentacosadiynoic acid (PCDA) and 10, 12-tricosadiynoic acid (TCDA)
were purchased from GFS Chemicals (USA). Hexadecyltrimethylammonium bromide
(HTAB) and Tetradecyltrimethylammonium bromide (TTAB) were purchased from
Fluka. Dodecyltrimethylammonium bromide (DTAB) and 1-dodecanol were
purchased from Sigma-Aldrich. Analytical grade, Chloroform (CHCls) and
tetrahydrofuran (THF) were purchased from Labscan (Thailand) and used without
further purification. The color transitions of PDAs were recorded by a commercial
webcam (OKER177, 16M pixels). All SEM micrographs were recorded by a JEOL
JSM-6510A.

2.2 Preparation of paper-based PDA TTI

. drying for 2 h

dipping the filter paper strip
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Figure 2.1 Preparation and study of PDA-TTI on filter paper
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The DA monomer was dissolved in CHCl; to obtain a 2% (w/v) stock
solution, and then filtered through PTFE syringe filter (0.45um) to remove
inadvertently polymerized lipid before use. 1-Dodecanol was dissolved in CHCl; to
provide a 25% (w/v) stock solution. The DA monomer, 1-dodecanol solution and
cationic surfactant were mixed in CHCIl; to give final solutions containing 0.6% w/v
DA and various concentrations of 1-dodecanol (5%, 8%, 10% and 15% w/v) and the
surfactant (3%, 5%, 8% and 10% w/v). A piece of filter paper (Whatman No. 1; 0.5 x
3 cm?) was dipped in the solution mixture and allowed for air dry in a dark room at
ambient temperature for 2 h. The resultant paper strips were attached to the outside of
a 600 mL beaker filled with 450 mL of ice-water. The paper strips were covered with
a sheet of clear LDPE plastic wrap film for moisture protection. The paper strips were
irradiated by 254 nm UV light (1000 pW/cm?) for 1 min, while keeping the
temperature inside the beaker at ~278 K, to generate blue indicators. After irradiation,
the ice-water was replaced with room temperature water (see Figure 1. for the

preparation steps).

2.3 Preparation of polydiacetylene solutions

The DA monomers were dissolved in CHCl; to provide 2% w/v stock solution
followed by filtered through PTFE syringe filter (0.45um) to remove inadvertently
polymerized lipid before use. 1-Dodecanol was also dissolved in CHCl; to provide a
25% (w/v) stock solution. The DA solution (1.5 mL) was mixed with various amount
of the 1-dodecanol solution (1, 2 and 3 mL). The solvent was evaporated by blowing
with N, gas. A volume of milli-Q water was added to provide 5 mL total volume. The
suspensions were heated to 358 K, followed by sonication for 1 h. Then the DA sol
was kept at ~278 K for overnight. The DA solution was irradiated with 254 nm UV
light (1000 wW/cm?) in an ice bath (~278 K) for 1 min.

2.4 Property study of paper-based PDA TTI

The beaker attached with the indicator samples was placed on a temperature
controlled plate inside a closed chamber equipped with white light sources (Figure
2.2). The temperature was kept constant at 300 = 1 K and the color transition of each

samples were monitored by commercial webcam for 7 days. The color images of the
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indicators captured at designated time intervals were cropped and converted to RGB

values by an image-processing program.

Figure 2.2 Equipment setup for time-temperature color transition of TTIs.

2.5 Colorimetric measurement

In order to investigate the time and temperature dependence of the color
transition, the color of the indicators was monitored by a commercial webcam. The
photo images were cropped at 100x100 pixels from their centers and translated to
RGB values by image processing program. To reduce the difference from lighting and
color depth, the RGB values were converted to %R, %G and %B according to the

following equations:

R

%R = ——x 100 (1)
_ G

%G = ——x 100 )
_ B

%B = ——x 100 3)

The plots between %B and %R against time at each temperature yield two
curves. The intersection between the %B and %R curves was determined and

assigned as the transition time at each temperature.
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2.6 Scanning electron microscopy

The mixture solution was dropped on a stainless steel stub and dried for 2 h,
then the dried PDA film was coated by gold using sputtering technique. All SEM
micrographs were recorded with a JEOL JSM-6510A operated at acceleration

voltages of 5 kV under high vacuum mode using a secondary electron imaging (SEI).
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RESULTS AND DISCUSSION

In order to develop the TTI from commercial DAs ie. 10, 12-
pentacosadiynoic acid (PCDA) and 10, 12-tricosadiynoic acid (TCDA), it is necessary
to devise a formulation that can lower the color transition temperature of their
corresponding PDAs which are known to be much higher than the room temperature.
Furthermore, the formulation should also provide a systematic tunable time
dependence of the color transition. In this work, a temperature induced
solvatochromism of PDA was utilized as a main strategy. Aliphatic alcohols (i.e.1-
dodecanol and 1-tetradecanol) with melting points close to the room temperature were
tested as the solvatochromic instigating solvents. Cationic surfactants i.e.
Dodecyltrimethylammonium bromide (DTAB), Tetradecyltrimethylammonium
bromide (TTAB) and Hexadecyltrimethylammonium bromide (HTAB) were also
tested as delaying agents for the solvatochrimism process to provide the desire tunable
time dependence effect of the color transition. The results of these investigations are

reported and discussed as followings.

3.1 Paper based PDA indicators prepared from DA monomers and aliphatic
alcohols.

The investigation was begun with a preparation of TTI from 2 DA monomers
i.e. PCDA and TCDA. The indicators were prepared by dip-coating of filter paper
strips in the PCDA or TCDA solution (CHCl;) followed by air dry at room
temperature for 2 h . The UV irradiation of filter paper strips coated with PCDA and
TCDA for 1 min turned their color from white to intense blue indicating successful
polymerization of the monomers to form the corresponding PDAs. These blue PDA
coated paper did not change its color at room temperature (300 = 1 K) within 7 days
(Figure 3.1). This result is due to the high color transition temperature (345.5 K for
PCDA and 335.3 K TCDA) of these PDAs. To reduce the color transition

temperatures of the PDA, each monomer was mixed with an aliphatic alcohol, 1-
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dodecanol, before coating on filter paper strips. The mixtures of DA monomer and 1-

dodecanol were also polymerized to form blue indicators after the UV irradiation.

1-Dodecanol
15%w/v

PCDA TCDA
Time (days) Time (days)
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1-Dodecanol
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Figure 3.1 Photographs of paper based indicators prepared from 0.6% w/v PCDA and
TCDA solution in CHCI; without and with 1-dodecanol additive monitored at room

temperature for 7 days.

These indicators changed the color from blue to purple or red, depending on
the amount of 1-dodecanol, at room temperature within one day and their final colors
were unchanged afterward, up to 7 days. The results indicated that the transition
temperatures of the PDAs could be reduced by the addition of 1-dodecanol. However,
the indicators prepared from the mixtures of the DA and the alcohol did not show any
time dependence of their color change. The color change of the PDA indicators at
room temperature can be attributed to the solvatochromism [38, 42] of the PDAs upon
the contact with 1-dodecanol liquefied at the room temperature (300 = 1 K) which
was higher than its melting point (296 K). This rationalization was supported by
another observation that the indicators prepared with I-tetradecanol (m.p. = 311 K)
additive changed their color at the temperature over 313 K (Figure 3.2). Furthermore,
the increase of the aliphatic alcohols allowed the greater change of the PDA indicators

from blue to red.
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Figure 3.2 Photographs of paper based indicators heated from 303-363 K prepared
from 0.6% w/v PCDA and TCDA solution in CHCI; without and with 1-tetradecabol

additive.

To quantify the color from the photo images of paper based PDA indicators,
the images were converted to RGB values and calculated to %R, %G and %B. The
plot of %R and %B against time yield two curves (Figure 3.3). The intersection point
between the two curves was assigned as the color transition time from blue to red of
the indicator [43]. Poly(PCDA) and poly(TCDA) without 1-dodecanol showed no
intersection point corresponding to the no color change observed from the photo
images. In the presence of 1-dodecanol, the two curves moved closer to each other
with time corresponding to the purple color of the indicators and eventually crossed
for the indicators that turned red. The red color and intersection point were observed
in three cases i.e. poly(TCDA) with 10% 1-dodecanol, poly(TCDA) with 15% 1-
dodecanol and poly(PCDA) with 15% 1-dodecanol. The changes of %R and %B were
completed within 1 day that confirms no time dependence of these temperature

indicators after 1 day.
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Figure 3.3 Plots of %R (¢) and %B (®) of images of the indicators, prepared from
0.6% w/v PCDA and TCDA solution in CHCI; without and with 1-dodecanol

additive, monitored at room temperature for 7 days.

For comparison, PCDA and TCDA were dispersed in water and polymerized
in the absence and presence of 1-dodecanol. After the irradiation with 254 nm UV
light (1000 pW/cm?) in an ice bath for 1 min, the suspension of PCDA and TCDA
turned into homogeneous blue solution. However, in the presence of 1-dodecanol,
blue oily droplets were observed instead of the homogeneous (Figure 3.4). The results
indicated that the polymerization of PCDA and TCDA resulted in a phase separation
of the PDA/1-dodecanol mixture from the aqueous phase. Due to this poor dispersion
of the PDAs in the presence of 1-dodecanol, the time-temperature behavior of the

mixture in the solution form was not investigated further.
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Figure 3.4 Color images of PCDA and TCDA dispersed in milli-Q water in the

absence and presence of 1-dodecanol before and after UV-irradiation.

3.2 Paper based PDA indicators prepared from DA monomers, aliphatic alcohol
and cationic surfactant.

Since the indicator prepared from the mixtures of DA monomers and 1-
dodecanol showed the color transition at the room temperature but did not show the
desired time dependence, it was necessary to find another additive to bring about the
time dependence of the color transition in order to prepare useful TTI. There are
literature works reporting that the cationic surfactants can induce color transition of
the PDA vesicles [17, 39]. We therefore tested the combination of 3 components
including DA monomers, 1-dodecanol and cationic surfactants in the preparation of

the indicators. The mixtures of the DA monomer (PCDA and TCDA), 1-dodecanol
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and cationic surfactant (DTAB, TTAB, and HTAB) at various ratios were used in the
coating of the filter paper strips. After 1 min of UV irradiation, the DA monomers
coated on the paper successfully polymerized to the corresponding blue PDAs when
the mixture used for dip-coating contained low amount (3-5% w/v) of the cationic
surfactant. To our delight, the blue indicators gradually turned into red color, with
time dependence, upon standing at room temperature for 7 days. In general, the color
transition of the indicators prepared from TCDA occurred earlier than those prepared
from PCDA. This observation is in good agreement with thermochromic sensitivity
reported in literatures [9, 42]. Increasing the amount of cationic surfactant further
reduced the color transition time (Figure 3.5). This result indicated that the used of the
cationic surfactants as the third component can increase the thermal sensitivity of the
PDAs, probably by the incorporation of the surfactant molecules into the molecular

self-assembly of the DA-dodecanol-surfactant mixtures.

DTAB (%W/V)

TTAB (%W/V)

HTAB (%W /V)

Time (days) Time (days)

Figure 3.5 Photographs of paper based indicators prepared from CHCI; solution
containing 0.6% w/v DA monomer, 5% w/v 1-dodecanol and various amounts of

cationic surfactant. The indicators were monitored at room temperature for 7 days.
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The RGB color system has been successfully used to analyze digital images of
PDA indicators [14, 44]. The RGB values of the indicator images in this work were
deduced by and calculated to %R, %G and %B [43]. The plot of %R and %B against
the experiment time yield two curves. The time dependence of the color transition of
the PDA indicators was clearly observed upon the incorporation of the cationic
surfactants. The intersection point of these two curves is assigned as the color
transition time (Figure 3.6). According to this assignment, the blue-to-red color

transitions of the PDA indicators were obtained and presented in Figure 3.7.
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Figure 3.6 Plots of %R (°) and %B (=) of the indicators prepared from CHCl;
solution containing 0.6% w/v DA monomer, 5% w/v 1-dodecanol and various
amounts of cationic surfactant. The indicators were monitored at room temperature

for 7 days.

From Figure 3.7, the color transition time of the indicators was reduced with
an increase of the amount of cationic surfactant from 3% > 5% > 8%. We assumed
that the attractive interaction between the positive charges of the surfactant molecules
and the carboxylic head groups of the DA monomers led to extensive incorporation of
the surfactant molecules within the DA assembly. At the lower amount (3% w/v), the
cationic surfactant may insert between the 1-dodecanol and DA domains that hinder
the diffusion of 1-dodecanol to cause the solvatochromism of the PDA. As the amount
of cationic surfactant increased to 5% w/v, they started to enter into the DA domain,
generating smaller domains of PDA and 1-dodecanol that in turn increase the chance
of contacts between 1-dodecanol and PDA. At even higher amount of the cationic

surfactant (8%-10% w/v), the insertion of the cationic surfactant molecules in to the
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DA monomer domains may be so extensive that prevent the topopolymerization
among the DA monomers. To confirm this hypothesis, the indicator was also prepared
from 2-component mixtures of DA monomer and cationic surfactant. The paper strips
coated with the DA/surfactant, at all concentration of the cationic surfactant, did not
give blue color of the corresponding PDA after the UV irradiation even for 30 min.
They appeared as grey color with virtually equal RGB values which remained the

same for the entire period of irradiation, as shown in Figure 3.8.

Over 7 days

W 3% wfv
H5% wfv

WE% wfv

color transition time

DTAB TTAB HTAB DTAB TTAB HTAB

T T
PCDA TCDA

Figure 3.7 Color transition time at 300 + 1 K of the indicators prepared from CHCl;
solution of 0.6% w/v DA monomer, 5% w/v 1-dodecanol and various amounts of

cationic surfactants. The indicators were monitored for 7 days.
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Figure 3.8 Photographs and plots of %R (*) and %B (*) of images of the paper coated
with mixed solution of 0.6% w/v DA monomer (i.e. PCDA and TCDA) and 3% w/v
cationic surfactants (i.e. DTAB, TTAB, and HTAB) in CHClj; after UV irradiation for

various periods of time.

The results confirmed that the cationic surfactant molecules effectively
inserted into the molecular self-assembly of the DA monomers as a result of the
favourable interaction between the positive charges of the surfactant molecules and
the carboxylic head groups of the DA monomers. This interaction may be shielded
somewhat by the presence of 1-dodecanol as the successful polymerization of the DA
monomers was observed in the 3-component (DA/I-decanol/surfactant) indicators
when the cationic surfactants were utilized at the lower concentration. It is interesting
to note here that the maximum amount of the cationic surfactants can be incorporated
into the mixture should be lower than the mole equivalent of 1-dodecanol. The bar
chart in Figure 3.7 also demonstrates that the type of cationic surfactant can be used in
tuning the time-temperature sensitivity. At the same w/v concentration, the cationic
surfactant with shorter aliphatic tail showed faster color transition time that indicated
the higher time-temperature sensitivity (DTAB > TTAB > HTAB). The results may

be due partly to the higher mole content of the lower molecular weight surfactant. The
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longer hydrophobic alkyl chain of the cationic surfactant may also interact with either
the PDA aliphatic side chain or 1-dodecanol that hampers the interaction between
these two components to generate the solvatochromism effect.

Moreover, when the amount of 1-dodecanol increased to 8% w/v, the higher
amounts of the cationic surfactants (8% - 10%w/v) were required to obtain the blue
indicators that showed the time dependence blue-to-red color transition (Figure 3.9).
At lower concentration of cationic surfactant (3%-5% w/v), the indicators turned red
within one day probably because the amount of the cationic surfactant was inadequate
to hold up the diffusion and thus the solvatochromism caused by the larger amount of
1-dodecanol. When the amount of the cationic surfactants increased, the time
dependence of the color transition was observed again (Figure 3.9). It is thus
reasonable to conclude that the 1-dodecanol/surfactant mole ratio should be ~1-3
(Table 3.1) to provide TTIs with time dependent color transition within 1-7 days. The
higher 1-dodecanol/surfactant mole ratio gave poor time dependent TTIs while the

lower value resulted in poor polymerization of the DA monomers.
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Figure 3.9 Photographs of paper based indicators prepared from CHCI; solution

containing 0.6% w/v DA monomer, 8% w/v 1-dodecanol and various amounts of

cationic surfactant. The indicators were monitored at room temperature for 7 days.

color transition time
(days)

DTAB

TTAB

W 3% wfv
B5% wiv
8% wiv

m10% wfv

T
PCDA

TCDA

Figure 3.10 Bar chart of the color transition time of the indicators prepared from

CHCI; solution of 0.6% w/v DA monomer, 8% w/v 1-dodecanol and various amounts

of cationic surfactants. The indicators were monitored at room temperature (300 £ 1

K) for 7 days.

Table 3.1 Mole ratio of DA: 1-dodecanol: surfactant

0.6% w/v PCDA + 5% w/v 1-dodecanol + surfactant
Surfactant 3% w/v 5% wi/v 8% w/v 10% w/v
DTAB 1: 16.8:6.1 1: 16.8: 10.1 1: 16.8: 16.2 1: 16.8:20.2
TTAB 1: 16.8:5.6 1: 16.8:9.3 1: 16.8: 14.8 1: 16.8: 18.6
HTAB 1: 16.8: 5.1 1: 16.8: 8.6 1: 16.8: 13.7 1: 16.8: 17.1
0.6% w/v PCDA + 8% w/v 1-dodecanol + surfactant
Surfactant 3% w/v 5% w/v 8% w/v 10% w/v
DTAB 1: 26.8: 6.1 1: 26.8: 10.1 1: 26.8: 16.2 1: 26.8:20.2
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TTAB 1:26.8:5.6 1:26.8:9.3 1:26.8: 14.8 1:26.8: 18.6
HTAB 1:26.8: 5.1 1: 26.8: 8.6 1: 26.8: 13.7 1:26.8: 17.1
0.6% w/v TCDA + 5% w/v 1-dodecanol + surfactant
Surfactant 3% wlv 5% wiv 8% w/v 10% w/v
DTAB 1:15.5:5.6 1:15.5:9.3 1: 15.5: 14.9 1:15.5:18.7
TTAB 1:15.5:5.1 1:15.5: 8.5 1:15.5: 13.7 1:15.5:17.1
HTAB 1: 15.5:4.7 1:15.5:7.9 1: 15.5: 12.6 1:15.5: 15.8
0.6% w/v TCDA + 8% w/v 1-dodecanol + surfactant
Surfactant 3% w/v 5% w/v 8% w/v 10% w/v
DTAB 1:24.8: 5.6 1:24.8:9.3 1:24.8: 14.9 1:24.8: 18.7
TTAB 1:24.8: 5.1 1: 24.8: 8.5 1: 24.8: 13.7 1:24.8:17.1
HTAB 1:24.8: 4.7 1:24.8:7.9 1: 24.8: 12.6 1:24.8: 15.8

3.2.1 Proposed mechanism

As described in section 3.2, the color transition time of the indicators was
reduced with an increase of the amount of cationic surfactant from 3% > 5% > 8%.
This trend may be explained as a result of the attractive interaction between the
positive charges of the surfactant molecules and the carboxylic head groups of the DA
monomers leading to extensive incorporation of the surfactant molecules within the
DA assembly. At the lower amount (3% w/v), the cationic surfactant may insert
between the 1-dodecanol and DA domains that hinder the diffusion of 1-dodecanol to
cause the solvatochromism of the PDA (Figure 3.11). As the amount of cationic
surfactant increased to 5% w/v, they started to enter into the DA domain, generating
smaller domains of PDA and 1-dodecanol that in turn increase the chance of contacts
between 1-dodecanol and PDA. At even higher amount of the cationic surfactant (8%-
10% w/v), the insertion of the cationic surfactant molecules into the DA monomer
domains may be so extensive that prevent the topopolymerization among the DA

monomers.
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Figure 3.11 Proposed molecular self-assembly of components in the time-temperature
indicators: (a) polymerized DA monomer, (b) polymerized DA in the presence of 1-
dodecanol; increase of 1-dodecanol increases the size of 1-dodecanol domain to
interact with PDA domain, (c¢) polymerized DA in the presence of 1-dodecanol and
cationic surfactant; incorporation of cationic surfactant hinder the contact between 1-
dodecanol and PDA while increasing its content reduce the size of 1-dodecanol and
PDA domains which eventually DA cannot polymerize, (d) unpolymerizable DA in

the presence of cationic surfactant.

3.2.2 Morphology of dried PDA on sample holder

To investigate the arrangement of PDA, SEM technique was utilized to
observe the surface morphology of the air-dried PDA film. The SEM image of TCDA
appeared as a relatively smooth surface with discernible pattern of orderly alignment
of the DA monomers (Figure 3.12a). In the presence of 1-dodecanol, the surface
morphology of DA/l-dodecanol mixture became slightly craggier. However, the
alignment of the DA monomers remained apparent (Figure 3.12b). In the DA/I-

dodecanol/TTAB three-component mixture, the surface morphology was significantly
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changed. The surface contained network of ridges (Figure 3.12c) which were
presumably formed from the self-assembly of all three components. In the case of DA
with cationic surfactant, the SEM image was very smooth without apparent alignment

or self-assembly structure (Figure 3.12d).

(a) (b)

(©) (d)

Figure 3.12 SEM micrographs of dry samples of (a) TCDA, (b) TCDA/1-dodecanol,
(c) TCDA/1-dodecanol/TTAB, (d) TCDA/TTAB on a sample holder prepared from

the corresponding solutions in CHCl;. Scale bar is 5 um length.



CHAPTER IV

CONCLUSION

4.1 Conclusion

We have successfully fabricated PDA-TTI on the paper by dip-coating. The
color transition of the indicators were determined by intersection point between the
plots of %Red and %Blue related with visual color. The color transition temperature
of PDA (i.e. PCDA and TCDA) can be reduced by addition of 1-dodecanol does not
depend on time. In the presence of 1-dodecanol and cationic surfactant, the time
dependence of the color transition of the PDA at room temperature was observed.
Different alkyl chain length and the amount of the cationic surfactant (DTAB, TTAB

and HTAB) can be used to tune the color transition time.
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Appendix A: Photographs of paper based PDA indicators
Figure Al: 0.6% w/v PCDA + 5% w/v 1-dodecanol + cationic surfactant
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Figure A2: 0.6% w/v PCDA + 8% w/v 1-dodecanol + cationic surfactant
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Figure A3: 0.6% w/v PCDA + 10% w/ 1-dodecanol + cationic surfactant
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Figure A4: 0.6% w/v PCDA + 15% w/v 1-dodecanol + cationic surfactant
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Figure A5: 0.6% w/v TCDA + 5% w/v 1-dodecanol + cationic surfactant
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Figure A6: 0.6% w/v TCDA + 8% w/v 1-dodecanol + cationic surfactant
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Figure A7: 0.6% w/v TCDA + 10% w/v 1-dodecanol + cationic surfactant
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Figure A8: 0.6% w/v TCDA + 5% w/v 1-dodecanol + cationic surfactant
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Appendix B: Plots of %R (*) and %B (=) of paper based PDA indicators.
Figure B1: 0.6% w/v PCDA monomer, 5% w/v 1-dodecanol and various amounts of

cationic surfactant.
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Figure B2: 0.6% w/v PCDA monomer, 8% w/v 1-dodecanol and various amounts of
cationic surfactant.
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Figure B3: 0.6% w/v PCDA monomer, 10% w/v 1-dodecanol and various amounts of

cationic surfactant
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Figure B4: 0.6% w/v DA monomer, 15% w/v 1-dodecanol and various amounts of

cationic surfactant
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Figure B5: 0.6% w/v TCDA monomer, 5% w/v 1-dodecanol and various amounts of

cationic surfactant
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Figure B6: 0.6% w/v TCDA monomer, 8% w/v 1-dodecanol and various amounts of

cationic surfactant
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Figure B7: 0.6% w/v TCDA monomer, 10% w/v 1-dodecanol and various amounts of

cationic surfactant
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Figure B8: 0.6% w/v TCDA monomer, 15% w/v 1-dodecanol and various amounts of

cationic surfactant
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Appendix C: Color transition time paper based PDA indicators.
Figure C1: 0.6% w/v DA monomer, 10% w/v 1-dodecanol and various amounts of

cationic surfactants. The indicators were monitored at room temperature (300 + 1 K)

for 7 days.
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Figure C2: 0.6% w/v DA monomer, 15% w/v 1-dodecanol and various amounts of

cationic surfactants. The indicators were monitored at room temperature (300 + 1 K)

for 7 days.
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Appendix D: Mole ratio of DA: 1-dodecanol: surfactant
Table D1: 0.6% w/v PCDA + 10% w/v 1-dodecanol + surfactant

58

0.6% w/v PCDA + 10% w/v 1-dodecanol + surfactant
Surfactant 3% w/v 5% w/v 8% w/v 10% w/v
DTAB 1:33.5: 6.1 1:33.5: 10.1 1:33.5:16.2 1:33.5:20.2
TTAB 1:33.5:5.6 1:33.5:9.3 1:33.5: 14.8 1:33.5: 18.6
HTAB 1:33.5:5.1 1:33.5: 8.6 1:33.5:13.7 1:33.5:17.1
0.6% w/v PCDA + 15% w/v 1-dodecanol + surfactant
Surfactant 3% w/v 5% w/v 8% w/v 10% w/v
DTAB 1:50.3: 6.1 1: 50.3: 10.1 1:50.3: 16.2 1: 50.3: 20.2
TTAB 1: 50.3: 5.6 1: 50.3: 9.3 1:50.3: 14.8 1: 50.3: 18.6
HTAB 1:50.3:5.1 1:50.3: 8.6 1:50.3: 13.7 1:50.3: 17.1
0.6% w/v TCDA + 10% w/v 1-dodecanol + surfactant
DTAB 1:31.0: 5.6 1:31.0:9.3 1:31.0: 14.9 1:31.0: 18.7
TTAB 1:31.0: 5.1 1:31.0: 8.5 1:31.0: 13.7 1:31.0: 17.1
HTAB 1:31.0: 4.8 el 0 1:31.0: 12.6 1:31.0: 15.8
0.6% w/v TCDA + 15% w/v 1-dodecanol + surfactant
Surfactant 3% wiv 5% wiv 8% w/v 10% w/v
DTAB 1:46.5:5.6 1:46.5:9.3 1:46.5: 14.9 1:46.5: 18.7
TTAB 1:46.5: 5.1 1:46.5: 8.5 1:46.5: 13.7 1:46.5: 17.1
HTAB 1:46.5:4.8 1:46.5:7.9 1:46.5: 12.6 1:46.5: 15.8
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Table D2: Calculated color transition time of the PDA indicator prepared from 0.6%

w/v PCDA + 1-dodecanol + cationic surfactants

Calculated color transition time (days)
Concentration 5% 1- 8% 1- 10% 1- 15% 1-
(wW/v) dodecanol | dodecanol | dodecanol dodecanol
3% 3.4 0.8 0.8 0.6
DTAB 5% 2.5 0.7 0.8 0.6
8% - 3.6 1 0.5
10% - 2 54 0.5
3% 6.6 0.8 0.8 0.6
TTAB 5% 4.8 0.9 0.8 0.6
8% 2.9 4.4 0.9 0.6
10% - 3.7 7 0.6
3% 7 0.8 0.6 0.6
HTAB 5% 7 0.9 0.7 0.6
8% 7 6.2 0.9 0.5
10% - 5.2 7 0.6
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Table D3: Calculated color transition time of the PDA indicator prepared from 0.6%

w/v TCDA + 1-dodecanol + cationic surfactants

Calculated color transition time (days)
Concentration 5% 1- 8% 1- 10% 1- 15% 1-
(wW/v) dodecanol | dodecanol | dodecanol dodecanol
3% 2.2 0.7 0.6 0.6
DTAB 5% 1.5 0.8 0.6 0.6
8% - 2.2 0.6 0.5
10% - 1.1 1.9 0.5
3% 4.5 0.7 0.6 0.6
TTAB 5% 3.6 0.8 0.7 0.6
8% 1.8 3.3 0.8 0.6
10% - 23 2 0.6
3% 4.5 0.6 0.5 0.6
HTAB 5% 4.2 0.6 0.6 0.6
8% 3 4.7 0.7 0.5
10% - 3.1 3.1 0.6
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TIME-TEMPERATURE PAPER INDICATOR FROM POLYDIACETYLENE
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Abstract: Time-temperature indicator (TTI) is a single-
use device for monitoring thermal history by changing its
color. Their color change profile relates with the quality
of perishable products such as food, drink and medicine.
In this work, commercial 10,12-tricosadiynoic acid
(TCDA) were investigated as a colorimetric active agent
in TTI. A formulated mixture of the diacetylene
compound, aliphatic alcohol and cationic surfactant was
fabricated by dip coating onto filter paper stripes. The
coated paper was irradiated by UV light at 254 nm under
controlled temperature to convert the white diacetylene
to its corresponding blue polydiacetylene. The color
transition from blue to red of the blue indicator is
monitored at a controlled temperature as a function of
time by commercial webcam and the color is evaluated
using RGB system by an image processing program. The
plots of %Red and 9%Blue against time at each
temperature provided two curves with an intersection
which was assigned as a color transition time. The color
transition time at each temperature of the indicator can
be systematically tuned by the type and amount of
aliphatic alcohol and cationic surfactant incorporated.
For examples, the indicators prepared from the
combination of TCDA, 1-dodecanol and
Dodecyltrimethylammonium bromide (DTAB) changed
their color from blue to red at 28 °C within 2 to 4 days
depending on the content of DTAB.

1. Introduction Time and temperature are important
parameters needed to be controlled in quality
assurance of perishable products such as foods,
beverages, pharmaceuticals and chemicals. There are a
large number of devices have been developed for
monitoring or recording the thermal history of the
products. Time-temperature indicator (TTI) is a single-
use device which can indicate if the product has been
stored in proper temperature by their color appearance.
A TTI needs to be irreversibly changes the color
within the designated time of exposure to unsuitable
environmental temperature.

Polydiacetylene (PDA) is a conjugated polymer,
consisting of alternate double/single/triple bonds,
prepared from polymerization of self-assembly
diacetylene monomers by UV-irradiation at 254 nm.

PDAs have received significant attention due to their
unique optical properties, especially for the blue to red
color change upon their exposure to external stimuli
including heat, organic solvents, mechanical stress,
molecular recognition and UV light [1]. Amphiphilic
molecule such as aliphatic alcohol, surfactants and
alkylamine can also induce the blue-to-red color
transition of PDA [2]. PDA based TTIs have been
prepared in the form of vesicle solutions of diacetylene
lipids amphiphilic polymers that showed
promising time-temperature dependent color change of
PDA but the vesicle solutions are rather impractical for
TTI applications [3]. Besides vesicle solution, self-
assembled PDAs may be prepared in other forms such
as, thin films or electrospun fiber [4,5]. However, the
preparations of these PDA forms are time-consuming

and

and require additives and fancy equipment set up. In
addition, these PDA forms are not suitable to be used
as a label on every individual product.

White paper has been demonstrated as a practical
supporting material for fabrication of portable multi-
sensing single-used device [6]. The polymerization of
diacetylene monomers can be readily performed on
filter paper by UV irradiation. The PDA coated papers
has been used as sensing arrays for identification of
VOC vapors [7], solvents[8] and anionic surfactants
[9]. Moreover, the new method for determination of
the blue-to-red color transition point of PDA paper-
based thermal and UV sensor using the intersection
between %R and %B in the RGB color system has
been devised [10]. In this work, a fabrication and
evaluation of PDA paper-based TTI have been
investigated. The indicators were formulated from a
commercially available diacetylene lipid i.e. 10,12-
tricosadiynoic acid (TCDA) in combination with 1-
dodecanol and a  cationic  surfactant i.e.
Hexadecyltrimethylammonium  bromide = (HTAB),
Tetradecyltrimethylammonium bromide (TTAB) and
Dodecyltrimethylammonium bromide (DTAB).
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Figure 1. The plot of %color of PDA-TTI prepared from TCDA/1-dodecanol/cationic surfactants against time at

room temperature (28°C).

2. Materials and Methods
2.1 Chemicals

TCDA were purchased from GFS Chemicals
(USA). HTAB and TTAB were purchased from Fluka.
DTAB and 1-dodecanol were purchased from Sigma-
Aldrich. Chloroform analytical grade (CHCl;) was
used without further purification.

2.2 Preparation of paper-based PDA TTI

The diacetylene monomers were dissolved in
CHCI; to obtain a 2%(w/v)stock solution, then filtered
by using PTFE syringe filter (0.45um) to remove
inadvertently polymerized lipid before wuse. 1-
dodecanol was dissolved in CHCI; to provide a 25%
(w/v)stock solution. The diacetylene
aliphatic alcohol solution and cationic surfactant were

monomer,

mixed in various ratios. A piece of filter paper (0.5 x 3
cm’) was dipped in the solution mixture and allowed
for air dry in a dark room at ambient temperature for 2
h. The resultant paper strips were attached to the
outside of a 600 mL beaker filled with 450 mL of ice-
water. The paper strips were covered with a sheet of
clear LDPE plastic wrap film for moisture protection.
The filter papers were irradiated by 254 nm UV light
while keeping the inner beaker temperature at ~5°C for

1 min to generate blue indicator. After irradiation, the
ice-water was replaced by room temperature water.
The color appearance of the indicators were captured
and recorded at designated time intervals by a
commercial webcam (OKER177, 16M pixels). The

photo images were cropped and converted to RGB
values by an image-processing program.

2.3 Colorimetric measurements

The percentages of the red (%R), green (%G) and
blue (%B) colors were calculated from the following
equations:

%R= ——x100 (D
%6 = ——x100
%8=-——x100 ()

R+G+5

The %B and %R were plotted as a function of time
for each controlled temperature. The time required for
the %B and %R curves to cross was assigned as a
color transition time that used to evaluate the TTI
sensitivity.

3. Results and discussion
3.1 Polymerization of diacetylene monomer on
filter paper

The diacetylene monomers were fabricated on
filter paper by dipping process then irradiated with UV
light (254 nm) under controlled temperature (~5°C) for
1 min to give the blue indicator. The coated paper that
contain DA monomers, 1-dodecanol and cationic
surfactants were turned from colorless to blue
indicator. The result suggested that diacetylene
monomer appropriately self-assembled on filter paper
provided ene-yne conjugated polydiacetylene.



3.2 Colorimetric response of paper based PDA-TTI

After the temperature of polymerized PDA-TTI
was allowed to room temperature (28°C), its color
were monitored by webcam for 7 days. From the
results shown in Figure 1, PDA-TTI prepared from the
combination of TCDA, 1-dodecanol and cationic
surfactants can change from blue to red at different
time. Moreover, the amount of cationic surfactants
effects on the color transition time, the transition time
of PDA-TTI were decreased with increasing amount
cationic surfactant.

In order to determine the transition time, we
assigned the intersection point between %Red and
%Blue as the color transition time. The calculated
transition time were shown in table 1.

Table 1. Calculated transition time

Cationic Transition time
surfactant (Days)
3%w/v DTAB 32
5%w/v DTAB 2.5
3%w/v TTAB 4.8
5%w/v TTAB 4.2
3%w/v HTAB 5.1
5%w/v HTAB 4.1

4.Conclusions

We have successfully fabricated PDA-TTI on the
paper by dipping process. Moreover, the color
transition time of the indicators were determined by
intersection point between the plots of %Red and
%Blue related with visual color. The color transition
time at room temperature of the indicator can be tuned
by the type and amount of 1-dodecanol and cationic
surfactant incorporated.
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