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In this study, a simple route for controlling the colorimetric behaviors of PDA/ZnO
nanocomposites is presented by varying monomer structures and polymerization time. Three types of
monomers with different alkyl chain length 5,7-hexadecadiynoic acid (HDDA), 10,12-tricosadiynoic
acid (TCDA), and 10,12-pentacosadiynoic acid (PCDA) were used for preparing the
nanocomposites. All PDA/ZnO nanocomposites exhibit rather different thermochromic behaviors
compared to their pure PDA counterparts. All nanocomposites show reversible blue/purple color
transition upon multiple heating/cooling cycles. The shortening of alkyl chain length leads to the
decrease in color-transition temperature. For the colorimetric response to pH, it is found that all
nanocomposites are interestingly sensitive to acidic conditions. However, in basic condition, the
color transition takes place at much higher pH compared to that of the pure PDAs. The
nanocomposites with shorter alkyl length are found to be more sensitive to pH and alcohols.
Moreover,the polymerization time by UV irradiation is also found to affect the colorimetric behaviors
of the PDA/ZnO nanocomposites. Long period of irradiation reduces color- transition temperature of
the nanocomposites. The complete color reversibility was detected in poly(TCDA)/ZnQ irradiated for
60 min and poly(HDDA)/ZnO irradiated for 30 min. Increasing in polymerization time also reduces the
magnitude of color changing upon variation of pH or addition of alcohols. In addition, other metal
oxide nanoparticles such as SiO,, TiO, and ALO, are used to prepare the PDA/metal oxide

nanocomposites. It is found that their colorimetric behaviors are similar to the pure PDAs.
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CHAPTER |

INTRODUCTION

Nowadays, the development of sensing materials based on colorimetric response
has become considerably attractive. This is due to color transition property, which can
be observed by naked eyes and do not require any expensive equipments.
Polydiacetylene (PDA), one of the conjugated polymers with interesting chromic
properties, has received much attention from many researchers over the past decades.
It has been observed that PDA vesicles exhibit blue to red color transition when

. . . ” . [1-9]
subjected to various external stimuli such as solvents (solvatochromism)  —, temperature

[34-42] [43-44]

[10-21] .
, and other chemicals

22-28] . 29-33
r ], ion S[ ]

(thermochromism) pH , biomolecules

PDA vesicles can be easily prepared by dispersing diacetylene (DA) monomer in
water. DA monomer is an amphiphilic molecule constituting polar head and long alkyl
tail which can assemble into a stable vesicular structure in aqueous medium at suitable
conditions. The topopolymerization of DA monomers is initiated by UV irradiation without
the need of chemical initiators or catalysts. PDA vesicles in aqueous solution typically
exhibit a deep blue color with a Xmax ~640 nm and vibronic shoulder at ~590 nm.
Mechanism of a blue-to-red color transition of this polymer has been widely investigated

[10,45-49]
by many research groups

. The external stimuli such as heat, pH or organic
solvents can generally disturb the side chain packing by breaking hydrogen bonds
between the head groups and weakening the dispersion interactions between alkyl side
chains. This causes an increasing of side chain dynamics, which affects the electronic
absorption of the conjugated backbone of PDA, resulting in its color transition from
either blue to red or red to yellow. In general, the color transition of PDA vesicles exhibits
in an irreversible fashion. Accordingly, the blue-to-red color change that occurs when
applying external stimuli is not reversed when those external stimuli are removed. Many

researchers have attempted to increase the attractive interactions of side chains or head

groups by using chemical modification and achieved the PDAs with thermochromic



[10,14,18,43,50]

reversibility . However, this synthetic procedure generally requires expensive

chemicals and a time consuming purification process. In our recent studiesm, we
presented a simple method for preparing PDA/ZnO nanocomposites, which exhibit
interesting colorimetric behaviors. We believe that the strong attractive interactions
between Zn-OH, Zn—OH2+ and carboxylic, carboxylate headgroups of PDAs can restrict
the side chains upon increasing temperature. The color transition temperature of the

nanocomposites takes place at higher temperature compared to that of pure PDA and

interestingly exhibits color reversibility after cooling to room temperature.

In this research, we look further into factors for controlling colorimetric responses of
the nanocomposites, including alkyl side chain length, types of metal oxide
nanoparticles and polymerization time. Variations in alkyl chain length are expected to
affect the chain rigidity and the overall inter- and intrachain interactions, which alter
colorimetric response of the nanocomposites to external stimuli.  Metal oxide
nanoparticles with different surface properties are expected to influence the interfacial
interactions between head groups of diacetylene monomer and nanoparticles, which, in
turn, affect the color transition behaviors. Finally, effects of photopolymerization time are
investigated in this research. This is an interesting parameter, which is expected to
affect the colorimetric responses of PDA vesicles and their nanocomposites and has not

been studied in the system.



Objectives

1. To study the effects of alkyl side chain length on colorimetric responses of

polydiacetylene/ZnO nanocomposites

2. To study the effects of type of metal oxide nanoparticles on colorimetric

responses of the nanocomposites

3. To study the effect of UV irradiation time on colorimetric responses of

polydiacetylene/ZnO nanocomposites

Expected beneficial outcome(s) from the dissertation

1. Mechanism of colorimetric responses of PDA vesicles and PDA/metal oxide

nanocomposites can be proposed.

2. Colorimetric responses of PDA vesicles and PDA/metal oxide nanocomposites

can be controlled and utilized in sensing applications.



CHAPTER I

THEORIES AND LITERATURE REVIEWS

2.1. Micelles®™"”

An amphiphilic molecule can arrange itself at the surface of the water. The
hydrophilic part (head group) contacts with the water while the hydrophobic part (tail
group) is held above the surface. When the concentration of surfactant is greater than
the critical micelle concentration (CMC), these molecules will be forced to enter into the
water phase. A new molecular aggregation called micelles is arranged in the water
phase in order to minimize their surface free energy.. For typical micelle, the
hydrophobic tail regions are oriented in the micelle center, and the hydrophilic head
regions contact with the water phase. In general, spherical micelles are formed to
achieve the lowest interfacial area (see Fig. 2.1). However, other types of geometric
morphologies can also be formed, such as cylindrical (rod-like) micelle, bilayers and

vesicles.

Hydrophas head groups

X
Hydrophobic tail chans

Fig. 2.1 Spherical micelle™

The shapes and size of micelles can be controlled by the molecular architecture of
the surfactant as well as by varying the pH, charge, ionic strength, temperature and
hydrocarbon tail length. The shapes of micelles can be explained through packing
considerations based on simple geometrical features of the surfactant as shown in Fig.

2.2 There are three effective geometric parameters of a surfactant:



1. The optimal head-group area, A,, depending on the hydrophilic, steric and ionic

repulsions between adjacent head-groups.

2. The tail volume, V,, which is the volume of hydrocarbon liquid per hydrocarbon
molecule. V, is a uniform conic volume per surfactant from a spherical micelle. However,
if it is not a spherical micelle, V, is not a uniform cone. It exhibits other shapes such as a
truncated cone (a cylinder to form a bilayer micelle) to produce a cylindrical micelle,

vesicle or liposome, or an inverted cone to form an inverted micelle.

3. The height of the cone, L_, which is slightly less than the radius of the micelle and

depends on the effective chain length of the hydrocarbon tail.

If we have the estimated values of A, V,, and L_, then it is possible to define a surfactant

packing parameter as followed
A =VALA)

This equation can be used to predict the morphology of micelles. For example, if
KD<O.33 spherical micelles is predicted to be formed. The increase in the value of Kp
decreases the curvature of the micelles. For a cone, Xp: LA/3(LA,) = 0.33; for a
wedge having a square or rectangular base, sz LA/2(LA,) = 0.5; for a cylinder, sz

LA/(L.A,) = 1, and for a truncated cone, A, >0.33.

In general, surfactants which have single chains with large head-groups can form
spherical micelles. Most ionic surfactants also form spherical micelles at low salt
concentrations because the electrostatic repulsion in these conditions leads to large
head-group areas. However, if the salt concentration in the solution increases, the value
of A, decreases. Correspondingly, Kp increases to give different micelle shapes.
Cylindrical micelles are formed when the surfactant has a packing parameter of Xp ~

0.50.



Fig. 2.2 Dependence of the shape and structure of micelles on the molecular

architecture of the basic surfactant units[‘r’ﬂ

. . [51]
2.2. Bilayers and vesicles

If the head-group and tail cross- sectional areas of a surfactant are nearly equal,
giving an exactly cylindrical shape, the packing parameter is around 1.0. Then, bilayer
micelle is formed with a tail-to-tail configuration as shown in Fig. 2.3a. The thickness of
bilayer micelles is 3-10 nm. Bilayer micelles can be used in the design of supported

membrane biosensors for medical and pharmaceutical applications.

Vesicles are a different kind of bilayer micelle (see Fig. 2.3b). If the head-tail shape of
a surfactant is a truncated cone, and the packing parameter is >0.33 but <1.0, there is
curvature on the micellar structure. Then, a vesicle is formed. Both double-tail and
single-tail surfactants such as single-chain fatty acids can be used for preparing
vesicles. Diameter of vesicles may be in a range of 100 nm - 10 um depending on the

preparation condition.
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Fig. 2.3 (a) Bilayer micelles™ and (b) vesicles™

2.3. Polydiacetylene

Diacetylene (DA) monomer (Fig. 2.4) is an amphiphilic molecule with carboxylic head
group and long alkyl tail, which can arrange into stable vesicular structure in aqueous
medium at suitable conditions. The size and morphology of vesicles depend on the
structure of monomers such as the length of alkyl chain. The assembled DA monomers
can undergo polymerization by 1,4-addition reaction to form polymer backbone upon UV
irradiation”™” (Fig. 2.5). The conjugated backbone of PDA constitutes of alternating
double and triple bonds (ene-yne). In general, the unperturbed PDA vesicles, which
have well-organized arrangement of the side chains, posses long conjugation length
and exhibit a deep blue color with a Xmax ~640 nm. This conjugated polymer has
received much attention from many researchers due to its chromic property. PDA
vesicles interestingly exhibit blue to red-color transition when subjected to various stimuli
such as temperature, pH and solvents. The color transition can be easily detected by

the naked eyes (Fig. 2.6).

Fig. 2.4 Diacetylene monomer
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Fig. 2.5 Preparation of polydiacetylene[SS]
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Fig. 2.6 Color transition of polydiacetylene upon (a) increasing temperaturem and (b)

addition of solvents[56]



A quantitative value for the magnitude of blue-red color transition is determined by

the colorimetric response (CR), which can be calculated by the the following equation;
CR (%) = [(PB, - PB)/PB,] x100

where PB = A, /(A e TA), Ay and A

blue blue red

are the absorbance at the blue component
(=650 nm and the red component (=540 nm) ) in the UV-Vis spectrum, respectively. PB,
is the initial percent blue of the vesicle solution, and PB is the final percent blue after
addition of external stimuli. For a completely converted vesicle solution, PB = 0 and the

CR =100%.
2.4. Mechanism of color transition

The mechanism of the blue to red color transition of PDA vesicles has been deeply
investigated in the past few years. It has been generally accepted that the molecular
conformation changes such as side chain packing, ordering and orientation affect the
electronic states of the polymer, corresponding to the change of optical absorption.
Numerous investigations have been performed to understand the exact thermochromism
of PDA but it is still not fully understood. However, it can be strongly accepted that with
increasing temperature, side chains of PDA normally have higher mobility, which
eventually break the hydrogen bonds at the surface of PDA vesicles. This can reduce
the planarity of Tt-orbital arrangement along the conjugated backbone, resulting in the
decrease of conjugation length. This perturbed PDA absorbs relatively higher energy
and exhibits red or purple color. D.J. Ahn and co-workers'” proposed the mechanism of
chromic transition upon increasing temperature of irreversible PDAs as illustrated in Fig.
2.7. They explained that head group interactions (hydrogen bonding, aromatic
interactions, etc.) controlled the molecular orientation and caused strain in the alkyl
chains of PDAs. Increasing temperature broke head group interactions, resulting in the
release of mechanical strain and distortion of the conjugated backbone. Once the head
group interactions were broken, the original molecular conformation cannot be restored

after cooling to room temperature.
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Fig.2.7 A mechanism of chromic responses upon increasing temperature[ !

The perturbation of PDA vesicles upon variation of pH has been deeply investigated
by many scientists”™*", It is believed that the addition of OH ions can remove acidic
protons from the carboxylic heads, which leads to the breaking of hydrogen bonds at
surface of the vesicles. This acid-base reaction can transform carboxylic group to the
carboxylate one withthe negative charge. Therefore, the ionic repulsion between the

head groups takes place, which results in the rearrangement of PDA segments.

Kew and Hall®" intensively studied the colorimetric response to pH of carboxy-
terminated polydiacetylene vesicles. Polydiacetylene used in this study was prepared
from 10,12-tricosadiynoic acid (TRCDA). Irreversible blue-red transition of this PDA took
place when pH increased. However, acidification to pH < 4 exhibited no effects on color
of the vesicles. Moreover, the vesicles began to precipitate after incubation for a few
hours. They demonstrated that the chromic response to NaOH resulted from two steps
(see Fig. 2.8). The first was the deprotonation of the carboxylic acid head groups upon
addition of OH ions. The second was specific sodium cation binding to the carboxylate

groups, which then causes the blue-red transition.
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Fig. 2.8 Transmission electron microscopy of dehydrated 0.50 mM TRCDA blue-phase
vesicles before (i) and after (ii) basification to form the red-phase by the addition of 1
molar equivalent of 0.1 N NaOH. Schematic shows the proposed structural transition that

. > / 24
accompanies the blue-red colorimetric process[ :

In addition, the morphology of this PDA upon increasing pH was also examined in
this study. The TEM images of TRCDA vesicles were shown in Fig. 2.8. At normal
condition (before basification (i)), mainly well-defined assemblies of blue-phase TRCDA
was observed, whereas the red-phase after basification (i) showed polymer
aggregations. Moreover, the particles were not globular but faceted. This structural
transition in the red phase can explain irreversible chromatic transition upon increasing

pH.

The perturbation of PDA vesicles by addition of alcohol affects the organization of
head groups and alkyl side chains near surface region as shown in Fig. 2.9. The
hydrophobic alkyl tails of alcohols are expected to penetrate into the hydrocarbon layer
of PDA to minimize their contact with the polar medium. The —OH group preferably
interacts with carboxylic head group of PDA by hydrogen bonding and/or dipole-dipole
interaction. This process breaks hydrogen bonds between the head groups and
weakens the dispersion interactions between alkyl side chains. This causes the

rearrangement of PDA segments”’sﬂ,
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Fig. 2.9 Schematic drawings of penetration of ethanol into the layer of PDA"

Effect of amphiphilic molecules upon the color transition of polydiacetylene vesicles
was reported by Y-L. Su et al™ . In this study, they demonstrated that the color
transitions of polymerized 10,12-pentacosadiynoic acid (PCDA) vesicles upon addition
of sodium dodecyl sulfate (SDS) and Triton X-100 were lower than that of
cetyltrimethylammonium bromide (CTAB) as illustrated in Fig 2.10a. This was due to the
positive-charge head groups of CTAB, which favorably approached negative-charge
carboxylate groups at the vesicle surface. The alkyl chain of CTAB thoroughly inserted
in the hydrophobic layer of the vesicles and perturbed the conformation of the polymer

backbone, leading to color change of polydiacetylene vesicles (see Fig 2.10b).

In the case of non-ionic Triton X-100, there is no ionic attraction between the head
groups of the surfactant and polydiacetylene vesicles. However, molecules of Triton X-
100 can be adsorbed onto the surface of the vesicles due to van de Waals force,
hydrophobic interaction and etc. Therefore, this molecule can moderately perturb the
conformation of polymer backbone. In the system of SDS, the color transition was not
observed. The same negatively charged head groups of anionic surfactant SDS and the
polymer caused ionic repulsion, which hindered the approach of SDS molecules to the

polydiacetylene vesicles.
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Fig. 2.10 (a) Colorimetric response of polydiacetylene vesicles in aqueous solutions as a
function of the concentration of sodium dodecyl sulfate (SDS), Triton X-100, and
cetyltrimethylammonium bromide (CTAB)[M], (b) Schematic shows perturbation of

surfactant molecules in the polymer vesicles (1) CTAB, (2) Triton X-100 and (3) SDS

2.5. Improving chromic properties of polydiacetylene

The chromic properties of polydiacetylene depend on the molecular structure of this
polymer. In general, the colorimetric behavior in the system of PDAs with carboxylic
head group is an irreversible process because of the weak interaction of hydrogen
bonding between head groups. Several researches challenge in tuning colorimetric

response of PDAs for using in wider sensing applications.
2.5.1. Chemical Modification process

A number of works have studied in the increase of the attractive interactions of side

[10,14,15,50,58]

chains or head groups by using chemical modification . Most of these works

mainly focus on the colorimetric response to temperature. X. Chen and co-worker™”
successfully synthesized a new conjugated polymer based on diacetylene by modifying

the head group of polydiacetylene with phenyl acetamide group as shown in Fig. 2.11.
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Fig. 2.11 Synthesis of monomer”".

This PDA solution exhibited a color change from blue to red when the temperature
initially increased to 70 °C. The absorption spectra measured during heating and cooling
are shown in Fig. 2.12a and b, respectively. When the temperature increased to 70 °C,
the absorbance at 625 nm significantly dropped while the peak at 535 nm increased.
When the sample was cooled to 30 °C, the absorbance at 625 nm was recovered and

the color of PDA solution reverted to purple as illustrated in Fig. 2.12c.

(a) (b)

(c)

Heating
-

30C 70°C

Fig. 2.12 Absorption spectra of PDA solution during (a) heating and (b) cooling, (c)

[58]

photographs of different color stages at 30 °C and 70 °C
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They explained that the reversible thermochromic behavior of this PDA resulted from
the strong head group interactions. The introduction of phenylacetamide head into PDA
derivative can increase intermolecular interaction (such as T-T stacking from phenyl
groups and hydrogen bonding from amide groups) between side chains. Therefore, the
molecular structure of this PDA can recover to their initial state, resulting in the reversible

thermochromic properties and enhanced thermal stability.

J-M. Kim and co-worker"” demonstrated that polydiacetylene prepared from PCDA-
mBzA1, bearing terminal m-carboxyphenylamido groups, displayed complete
thermochromic reversibility. They also studied the effects of (1) amide hydrogen
bonding, (2) aromatic interactions, (3) alkyl chain lengths, and (4) carboxylic groups on
the reversibility thermochromism. Various diacetylene monomers were prepared for
these purposes as shown in Fig. 2.13. The results of thermochromic behaviors of PDA
derivatives liposome investigated by visible spectroscopic are illustrated in Fig. 2.14.
Strong, integrated double hydrogen-bonding networks and aromatic interactions in head
groups provided supramolecular assemblies (vesicles and films), which can be
recovering to their initial molecular structures and average Tt-electron conjugation length

following external stimulation.



Fig. 2.13 Structures of diacetylene monomers investigated for thermochromism

[50]
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Fig. 2.14 Colorimetric behaviors of PDA derivatives liposome solution upon heating and

. [50]
COO|II’]g process

! modified the head group of

In 2010, S. Wacharasindhu and co-workers'"*
polydiacetylene with mono- and diamides derivatives as shown in Fig. 2.15a. In this
work, the color transition temperature and thermochromic reversibility of
polydiacetylenes could be tuned by the variation of the number of internal amide

functional groups in the monomers and the structures of the linkers between the amide

groups (see Fig. 2.15b).
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Fig. 2.15 Synthesis of (a) diacetylene lipid monomers and (b) thermochromic reversibility

of polydiacetylene with mono- and diamides derivatives'”

Chemical modification of PDA head groups also affects the colorimetric behaviors
upon variation of pH. N. Charoenthai and research groupm prepared polydiacetylene by
using N-(2-aminoethyl) pentacosa-10,12-diynamide (AEPCDA) as a monomer. The head
groups of poly(AEPCDA) changed from carboxylic group to amine and amide groups,
which affected the strength of hydrogen bonding at the surface of vesicles. The addition
of hydroxide ions did not induce chromatic transition of this PDA vesicle because the

OH could not abstract protons of the amine group. In contrast, the color transition was
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observed when the pH decreased. Fig. 2.16a presents systematic change of
poly(AEPCDA) absorption spectra, indicating blue-red transition upon the addition of
HCI solution. The addition of H" ions protonated N atom in the amine groups. Therefore,
the head groups possessed positive charges, causing repulsive-ionic interaction

between them. This affected the conformation of the polymer backbone, which caused

slight color-transition.

BH a H* H* H* " (b) H* H* X H* X
—6.69 (a) Hs'N H* H* N'H; Ho'N o W H' o N'Hs
H* g*

AN N H* H e

o o O W w Xo
——
R R R R
400 500 600 70C

Wavelength (nm)

Fig. 2.16 (a) Absorption spectra of poly(AEPCDA) and (b) possible mechanism of color-

transition of this PDA upon addition of H" ions"”

In 1999, Jonas and co-workers”™” successfully synthesized liposomes with hydrazine
head groups (see Fig. 2.17). They demonstrated that this liposome cannot be
polymerized in the neutral condition. However, after adding HCI, the terminal amines
were protonated. Instead of disrupting the assembly by repulsion of the charged head
groups, this new assembly was organized properly for photopolymerization and blue

form of the PDA backbone was obtained.
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[59]

Fig. 2.17 Diacetylene hydrazides and diacetyline hydrazides after addition of HCI

Yuan and Hanks™ studied the colorimetric behaviors upon variation of pH of this
PDA. The absorption spectra of the vesicle solution under various conditions are shown
in Fig. 2.18. The as-formed liposome (Fig. 2.18a) showed absorptions at 530 and 567
nm due to BO558, the lipid fluorophore. This solution could not be efficiently
polymerized by irradiating with UV light. After treatment with dilute HCI, the absorption
spectrum did not significantly change (Fig. 2.18b), but this vesicles could be
polymerized within 1 min by UV light (A = 254nm). The typical PDA absorption spectrum

with A,__ at 640 nm and a shoulder at 575 nm was obtained as shown in Fig. 2.18c.

Addition of NaOH to neutralize the blue liposomes caused rapid color transition. The
red form of this PDA was observed with absorption maximum at 544 nm (Fig. 2.18d).
This resulted from the elimination of the hydrogen bond network from the terminal
amines after adding OH ions. Acidification with HCI again returned the color of the
liposome solution to blue (Fig. 2.18e) and then reversed to red after adding NaOH (Fig.
2.18f). The decrease of overall intensity with each cycle resulted from the dilution of the
solution upon the addition of the aqueous acid and base, and the aggregation and
precipitation of the liposomes during the acidification. This was evidenced by the
increase of the baseline at 450 nm, which was due to scattering from the aggregated

liposomes.
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Wavelength (nm)

Fig. 2.18 UV-visible absorption spectra of liposomes with hydrazine head groups and
BO558: (a) as prepared; (b) solution ‘a’ treated with 0.02 ml 1 M HCI; (c) solution ‘b’
irradiated at 254 nm for 1 min; (d) solution ‘c’ treated with 0.02 ml 1 M NaOH:; (e) solution

[60]

‘d’ treated with 0.02 ml 1 M HCI; (f) solution ‘e’ treated with 0.02 ml 1 M NaOH

From many previous literatures, we can conclude that the chemical modification
technique is very effective in improving colorimetric behaviors of PDAs upon addition of
external stimuli. However, it requires complicate synthetic procedure, expensive
chemicals or catalysts and a time consuming purification process, which are the main

problems for applying in industrial scale.

2.5.2. Addition of nanoparticles

Another approach to control colorimetric response of PDA based materials is to
incorporate nanoparticles to the system. Only a few previous researches on this subject
are presented. T. Yokoyama and his co-workers™" successfully developed the
fabrication process for Ag/polydiacetylene (core/shell) hybridized nanocrystals by using
co-reprecipitation/microwave irradiation method. In this work, Ag nanoparticles were
synthesized by the reaction between AgNO, and trisodium citrate at boiling temperature.
PPCDA was prepared by using 10,12-heptacosadiynoic acid (14,8-ADA) as a monomer.
TEM images of Ag/polydiacetylene hybridized nanocrystals are shown in Fig. 2.19. It
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was found that Ag core was evidently coated with poly(14,8-ADA) shell of ~ 5 nm in

thickness.

@)

- & o

Fig. 2.19 TEM images of core/shell hybridized nanocrystals composed of Ag

nanoparticle core and poly(14,8-ADA) shell. The scale bar corresponds to 50 nm'®".

UV-vis spectra of the hybridized nanocrystals aqueous dispersion before and after UV
irradiation are exhibited in Fig. 2.20. The broad and large peak at 460 nm attributed to
localized surface plasmon resonance from Ag nanoparticles. After UV irradiation, very
weak absorption peak appeared at 540 nm as a shoulder. The inset in Fig. 2.20(a)
shows the new spectrum at around 500-600 nm after UV irradiation. The absorption
spectra of pure poly(14,8-ADA) suspension are shown in Fig. 2.20(b). The excitonic
absorption peak in the blue phase appeared in the range from 580 to 650 nm. In
contrast, the red phase appeared in more blue-shifted range, from 500 to 550 nm. The
results suggested that poly(14,8-ADA) shell as shown in Fig. 2.20(a) was in the red
phase in which the Tt-conjugated backbone of poly(14,8-ADA) was distorted due to

anchoring effect and curved surface of Ag nanoparticles core.
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Fig. 2.20 (a) UV-vis spectra of the hybridized nanocrystals aqueous dispersion before
(dotted line) and after (solid line) UV irradiation. The inset indicates the differential
spectrum before and after UV irradiation. (b) UV-vis spectra of poly(14,8-ADA)
nanocrystals aqueous dispersion in the blue phase (dotted line) and the red phase

(solid line)"®"

In 2006, Yan-lei su'™ successfully prepared polydiacetylene/silica nanocomposites
for use as a chemosensor. Silica nanoparticles with average size around 46 nm were
synthesized by hydrolysis of TEOS in ethanol in the presence of aqueous ammonia.
PDA/SIO, nanocomposites were prepared by mixing 10,12-pentacosadiynoic acid
(PCDA) dissolved in ethanol and aqueous silica nanoparticle solution and then stirring at
20 °C for 4 hr. Finally, the solution was irradiated with UV light. In this work, PCDA
aggregates in agueous solution without silica nanoparticles could not be polymerized
after irradiating with UV light. With SiO, nanoparticles, PCDA aggregates absorbed on
the surfaces of these nanoparticles. The disordered PCDA molecules in aggregates
were orderly arranged on the surface of SiO, nanoparticle as illustrated in Fig. 2.21.
When this nanocomposite suspension was irradiated with UV light, the color of the

suspension turned into blue.
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Fig. 2.21 Schematic illustration of the adsorption of PCDA aggregates on the surface of
SiO, nanoparticles, and the formation of ordered PCDA arrangement on the surface of

. a2
SiO, nanoparticles

PDA/SiIO, nanocomposite prepared in this work could be used for thermosensor as
illustrated in Fig. 2.22a. The color transition from blue to red was observed when
increasing temperature from 20 to 70 °C. Moreover, chromatic transitions of the
nanocomposites upon the addition of surfactants were also examined (Fig. 2.22b). The
addition of Triton X-100 or CTAB caused a colorimetric change of the PDA/SIO,

nanocomposites from blue to red phase.

Absorbance

6 (1) 2mMCTAB

(2) 6 mM Triton X-100
(3) 10mM SDS
400 500 600 700 8C 400 500 600 700
Wavelenath Wavelength (nm)

Fig. 2.22 UV-visible absorption spectra of polydiacetylene/SiO, nanocomposites

subjected to (a) an increasing temperature and (b) an addition of surfactants'™
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In 2011, X. Chen and Co—workers[%]

successfully prepared PDA/Fe,O,
nanocomposite. Fig. 2.23a illustrates the synthesis of the magnetochromatic
polydiacetylene by incorporation of Fe,O, nanoparticles. Fe,O, nanoparticles with
diameters from 4 to 13 nm were synthesized by co-precipitation technique (see Fig.
2.23b). The Fe,0, nanoparticles constituted of hydroxide groups on their outer surfaces.
Therefore, diacetylene monomers attached on the Fe,O, nanoparticles by hydrogen
bonding between carboxy and hydroxide groups. Diacetylene monomers coated on the
surface of Fe,O, nanoparticles were also confirmed by high-resolution TEM analysis as
shown in Fig. 2.23c. Thin layer of the monomer on the surface of the nanoparticle was

observed with relatively lighter contrast. After evaporation of solvent, this nanocomposite

film was polymerized under UV irradiation and blue color was obtained.
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Fig. 2.23 (a) Schematic shows synthesis of the magnetochromatic polydiacetylene by

incorporation of Fe,O, nanoparticles, (b) TEM images of Fe,O, nanoparticles and (c) a

[63]

Fe,O, composite nanoparticle derived from CH,(CH,),CCCC(CH,),COOH
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The resulting composite films was uniform and showed a crystalline-like structure
(Fig. 2.24a,b). The SEM image at higher magnification in Fig. 2.24c indicated that Fe,O,
particles were uniformly dispersed in the PDA matrices. Upon exposure to an AC
magnetic field, the derived PDA/Fe,O, film exhibited blue-to-red color transition, which
also easily observed by the naked eye. Fig. 2.24d shows photographs of the composite

film in blue and red phases, respectively.

— 2 pm == 100 nm

Magnetic
field

-2 Mm ) mm

Fig. 2.24 (a) Optical microscopy image, (b) SEM image and (c) SEM image at higher
magnification of the nanocomposite film. (d) Photographs of the PDA/Fe,O, composite

X 63
film before and after color changes upon exposure to an AC™

2.5.3. Polymerization time

In preparation of PDA based nanocomposites, polymerization by UV irradiation is
involved. However, effects of photopolymerization time on the colorimetric behaviors of
polydiacetylene are rarely reported. In general, continuous irradiation tends to induce a

blue shift of the absorption maximum and causes a blue-to-red color transition. J. Yoon
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and co-workers”®” studied the effect of UV irradiation time on the colorimetric behaviors
of polydiacetylene derived from 10,12-pentacosadiynoic acid (PCDA) and aminobutyric
acid (ABA). A short period of UV irradiation of this dispersion resulted in the formation of
intermediate 640 nm absorbing PDAs, which were transformed to 686 nm-absorbing
polymers upon further irradiation (see Fig. 2.25). The absorption spectra upon heating-
cooling cycle shown in Fig. 2.26 exhibited that PDAs obtained by a short period of
irradiation displayed better colorimetric reversibility during heating-cooling cycles. This
result showed that PDAs obtained after a short irradiation time possessed stronger head

group interactions than those derived by using long irradiation times.

Absorbance

Wavelength (nm)

Fig. 2.25 Visible absorption spectra of a PDA vesicle dispersion derived from PCDA-

ABA as a function of 254 nm UV irradiation time[w
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Fig. 2.26 Visible spectroscopic monitoring of PDA dispersions, obtained from (a) short
(10 s) and (b) long (600 s) irradiation times when subjected to heating and cooling. The

inserts are photographs of the PDA dispersions during the thermal cycles[&”

Q.Huo and co-workers™” prepared monolayer films of polydiacetylene and
polydiacetylene with triaminotriazine (PDATAZ) on different subphases (water, barbituric
acid (BA) and cyanuric acid (CA)). They studied the effect of photopolymerization time
of these films and found that PDA on pure water subphase completely exhibited red
phase when irradiating with UV for 400 s, while PDATAZ on CA and BA subphases
exhibited in blue form even after 1200 s irradiation. In discussion, they demonstrated
that the change to red phase of PDA upon long period of irradiation did not result from
the side chain disorder. They proposed that the length of polymer chain continuously
increased with increasing UV irradiation time, and then the polymer backbone started to
self-fold to a zigzag structure due to the free rotation of single bonds within the polymer
chain, leading to a chromatic transition of PDA (see Fig. 2.27). In the system of PDATAZ
on CA and BA subphases, with strong intermolecular interactions existing between the
polar groups of the side chains, the side chain dynamic was restricted. Therefore the
backbone of polymer was able to maintain its extended chainlike conformation, the blue

phase was only observed.
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Fig. 2.27 “Self-folding” model of the polymer backbone to explain the chromatic

properties of polydiacetylene films upon prolonged UV irradiation'™”

2.6. Polydiacetylene/ZnO nanocomposite

From previous researches mentioned above, polydiacetylene constituting of SiO,
exhibited weaker colorimetric responses compared to pure polydiacetylene.
Ag/polydiacetylene hybridized nanocrystals exhibited only red phase, which could not
be used as sensing materials. Polydiacetylene/Fe,O, nanocomposite interestingly
exhibited the color transition upon exposure to an AC magnetic field, however, the
colorimetric response to other stimuli is not observed. In 2011, N. Traiphol and co-
workers™” presented a simple method for preparation of new class of poly(PCDA)-
based materials constituting of ZnO nanoparticles, which exhibited a drastic change in
thermochromic behaviors. Carboxylate groups of 10,12-pentacosadiynoic acid (PCDA)
monomers in suspension of ZnO nanoparticles were expected to assemble onto the ZnO
surface by ionic interaction and/or hydrogen bonding. The interactions between the
head groups of the polymer and Zn-OH and Zn—OH2+ groups at the surface of ZnO
nanoparticles are illustrated in Fig. 2.27. With these strong interfacial interactions, the
side chain can be restricted upon increasing temperature. The absorption spectra of the

nanocomposites significantly exhibited color transition at higher temperature region
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compared to that of pure PDA as shown in Fig. 2.28. In addition, this nanocomposite
interestingly displayed thermochromic reversibility. The color of the suspension turned
back to blue after cooling to room temperature. The reversibility can be repeated for
more than 10 heating and cooling cycles (Fig. 2.29), indicating high thermal stability of

the nanocomposites.

Fig. 2.28 lllustration of hydrogen bonding and ionic interaction between —COOH and —

COO groups of PDA and Zn-OH and Zn—OH2+ groups at the surface of ZnO

. [22]
nanoparticles

Absorbance
Absorbance
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Wavelenath (nm) Wavelenath (nm)

Fig. 2.29 Absorption spectra of (a) pure poly(PCDA) vesicle and (b) poly(PCDA)/ZnO

. . . . . [22]
nanocomposites in aqueous suspension upon increasing temperature
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Fig. 2.30 Change of %CR during heating—cooling cycles between 25 °C and 90 °C

The strong interactions at the surface of ZnO between Zn—OH2+ groups and
carboxylic head groups of poly(PCDA) drastically affected the colorimetric behaviors of
the nanocomposites when subjected to other external stimuli such as pH and ethanol. N.
Rungruangviriya and N. Traiphol[%] demonstrated that the colorimetric response to pH of
poly(PCDA)/ZnO nanocomposite was significantly different from pure poly(PCDA)
vesicles. The nanocomposite exhibited higher color stability upon addition of OH  ions.
The spectra represented the color transition upon increasing pH in Fig. 2.30 clearly
exhibited that the nanocomposites changed color from blue to purple upon increasing
pH to ~12.6 while the color transition from blue to red of poly(PCDA) occurred at pH~8.
Moreover, it was shown from the absorption spectra measured upon addition of ethanol
in Fig. 2.31 that the addition of ethanol did not induce the color transition of this
nanocomposite. The pattern of the spectra did not change although the concentration of
ethanol increased to more than 90%v/v. The decrease of the intensity was due to the
dilution of the solution after adding ethanol. This was different from the system of pure
poly(PCDA) vesicles, which showed the complete blue-red color transition after adding

~50%v/v of ethanol.
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Fig. 2.31 Absorption spectra of (a) pure poly(PCDA) vesicles and (b) poly(PCDA)/ZnO
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nanocomposites in aqueous suspensions measured at different pH
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Fig. 2.32 Absorption spectra of (a) pure poly(PCDA) vesicles and (b) poly(PCDA)/ZnO

. . . iy [66]
nanocomposites in aqueous suspensions measured upon addition of ethanol

In our group, effects of polymerization time on colorimetric behaviors of
polydiacetylene/ZnO nanocomposite were investigated by K. Faisadcha®”. The 10, 12-
pentacosadiynoic acid (PCDA) was used as the monomer and polymerization times
were varied from 10 sec to 120 min. The results of chromatic transition upon increasing
temperature demonstrated that the increasing of polymerization time caused the color
changing of nanocomposite suspension to take place at lower temperature (see Fig.
2.32). Moreover, the nanocomposites polymerized for less than 60 min exhibited
complete thermochromic reversibility while nanocomposites polymerized for 60 min and

longer exhibited the decrease of reversibility.
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Fig. 2.33 Color photograph of poly(PCDA)/ZnO nanocomposites with variation of

polymerization times upon increasing tempertature (a) 5 min, (b) 30 min, (c) 60 min and

[67]

(d) 120 min

The colorimetric behaviors of the hanocomposites upon variation of pH showed that
the nanocomposites polymerized for less than 5 min were more sensitive to acidic
condition and exhibited higher degree of color change than the nanocomposites
polymerized for 60 min (Fig. 2.33a). In contrast, all of the nanocomposites exhibited high
color stability in basic condition (see Fig. 2.33b). Their colors slightly changed at pH
more than 13. In addition, the colorimetric response to solvents including propanol, THF
and chloroform was also studied. However, the blue-to-red color transition of all

nanocomposites was not observed.

pH

Fig. 2.34 Color photograph of poly(PCDA)/ZnO nanocomposites with polymerization time

of 5 min and 60 min taken upon variation of pH[67]
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2.7. Types of nanoparticles

Nanoparticles are microscopic particles with at least one dimension less than 100
nm, which are currently an area of intense scientific interest. This is due to specific
properties which cannot be observed from bulk materials. In this work, we used many

types of inorganic-oxide nanoparticles as follows;

ZnO nanoparticles

Zinc oxide is an inorganic compound, which is in the [I-VI semiconductor group. ZnO
has a wide band gap of ~3.3 eV at room temperature. ZnO has two main crystal
structures. At ambient pressure and temperature, the structure of hexagonal wurtzite is
formed. Zincblende ZnO is stable only by growth on cubic structures. In addition, ZnO
can be formed as rocksalt structure at very high pressure (~10GPa). ZnO nanoparticles
have received much attention within scientific community due to their unique properties
(e.g. photocatalytic activity, optical property, antibacterial activity, high thermal
conductivity, etc.), which can be used in many industrial applications such as gas

sensor, cosmetics, photocatalyst, paints, solar cell, etc.

m;nanoparticles

Titanium dioxide is one of inorganic compounds extensively synthesized in nanoscale
materials. TiO, exists in three main structures; anatase, rutile, which are in tetragonal
form and brookite, which has orthorhombic form. TiO, nanoparticles can be used for a
variety of potential applications such as a photocatalyst for decomposing organic
pollutants, a pigment in sunscreen and cosmetic products, producing hydrogen by
water splitting, a smart material with self-cleaning due to super-hydrophilic properties,

dye-sensitized solar cells, etc.
SiO, nanoparticles

Silicon dioxide, also known as silica is most commonly found as sand or quartz in

nature. SiO, has many different crystalline forms (polymorphs) in addition to amorphous
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forms, which relate to different arrangements of tetrahedral SiO, units, such as quartz,
tridymite, cristobalite etc. The technique that widely uses for synthesizing SiO,
nanoparticle is sol-gel process by hydrolysis of TEOS (Tetraethyl orthosilicate). This
nanomaterial can be used for various industrial applications such as catalyst, cosmetic,

pigments, fillers, etc.
Al,O, nanoparticles

Aluminium oxide or alumina has many interesting properties, for example high
hardness, high stability, high insulation, and transparency. The most general form of
crystalline aluminium oxide is known as corundum. There are many crystalline forms of
AlL,O, such as gamma, delta, theta, and alpha. However, the alpha alumina phase (e.g.
corundum/sapphire) is the most stable phase. Al,O, nanoparticles can be prepared by
many techniques including sol-gel, pyrolysis, sputtering, microemulsion, hydrothermal,
and laser ablation. Al,O, nanoparticles is widely used for additive in polymer to increase
wear resistance, improving ceramic properties, cosmetic filler, catalyst, fluorescent

materials, etc.

CaO nanoparticles

Calcium oxide, commonly known as quicklime or burnt lime is a widely used
chemical compound because it is inexpensive, has a high basicity, and is non-corrosive,
easy to handle compared to homogeneous base catalysts and can also be recycled.
CaO nanoparticles can be synthesized by sol-gel process, thermal decomposition and
microwave—assisted synthesis. Recently, calcium oxide nanoparticles can be utilized for

as catalyst in many chemical transformations.

MgO nanoparticles

Magnesium oxide or magnesia is an important inorganic oxide which can be used in
many applications such as catalyst supports, waste remediation, refractory materials
and pharmaceutical. MgO generally has rocksalt structure. In commercial, MgO

particles are produced by thermal decomposition of magnesium salts or magnesium
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hydroxide. MgO nanocrystals can be prepared by several techniques including sol-gel,
hydrothermal, microwave-induced combustion, laservaporization, etc. MgO nanosized
particless can be applied in the filling subjects (in painting, paper, cosmetic, plastic),

catalysis and the co-assistant materials of some electric materials.

In this study, we focus on the nanocomposites based on PDAs, which were
found to show remarkable colorimetric behaviors. Factors controlling their colorimetric
responses are systematically investigated. Influences of alkyl side chain length on
colorimetric responses are studied by preparing nanocomposites with various types of
diacetylene  monomers including 5,7-hexadecadiynoic acid (HDDA), 10,12-
tricosadiynoic acid (TCDA), and 10,12-pentacosadiynoic acid (PCDA). The variation in
alkyl chain length is expected to affect the chain rigidity and the overall inter- and
intrachain interactions, which causes the change of their colorimetric responses to
external stimuli. Effects of types of metal oxide nanoparticles are also investigated. Metal
oxides, such as SiO,, TiO,, Al,O,, CaO and MgO with sizes between 20-50 nm are
purchased from commercial suppliers. Interfacial interactions between the head groups
of diacetylene monomer and nanoparticles are expected to be affected by surface
charge of nanoparticles, which, in turn, altered dynamics of the side chains upon
subjecting to external stimuli. Finally, effects of photopolymerization time are studied in
this research. Periods of UV irradiation could strongly affect the colorimetric behaviors of

the PDAs and there have not been studied in the nanocomposite system.



CHAPTER III

EXPERIMENTAL PROCEDURE

3.1. Materials

The DA monomers used in this study, 5,7-hexadecadiynoic acid (HDDA), 10,12-
tricosadiynoic acid (TCDA), and 10,12-pentacosadiynoic acid (PCDA), were
commercially available at Fluka. The ZnO nanoparticles with a size < 20 nm (from the
label) were purchased from Nano Materials Technology (Thailand). TiO, nanoparticles
(< 25 nm), SiO, nanoparticles (10-20 nm), Al,O, nanoparticles (< 50 nm), MgO
nanoparticles (< 50 nm) and CaQ nanoparticles (< 160 nm) were purchased from

Sigma-Aldrich.
3.2. Preparation of PDA vesicles and PDA/ZnO nanocomposites

PDA vesicles and PDA/ZnO nanocomposites were prepared from three types of
diacetylene monomers including 5,7-hexadecadiynoic acid (HDDA), 10,12-
tricosadiynoic acid (TCDA) and 10,12-pentacosadiynoic acid (PCDA),

To prepare PDA/ZnO nanocomposites diacetylene monomers were purified by
dissolving them in chloroform. The suspensions were filtered through 0.45 pym pore size
nylon membrane to remove polymerized materials and then heated to completely
evaporate chloroform. ZnO nanoparticles were dispersed in deionized water by using
probe sonication for 10 min and then added into the purified diacetylene monomers. The
concentration of DA monomers was 1 mM, while the ratio of ZnO/DA was kept at 10 wt%
in all experiments. The suspensions were sonicated at about 80 °C for 60 min to co-
disperse the DA monomers and ZnO nanoparticles into aqueous medium. Then the
suspension was kept at ~4 °C for ~24 h to allow assemble of monomers onto particle
surface. Topopolymerization of the assembled DA monomers was initiated by irradiating

with ordinary UV light (A~254 nm, 10 W). Schematic of preparation of PDA/ZnO
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nanocomposites is illustrated in Fig. 4.1. For the PDA vesicles, the pure PDA assemblies

were prepared by using the same procedure but without adding the ZnO nanoparticles.

Ultrasonicatil
at ~80 °C for

. ZnO nanoparticles
Diacetylene monomer in suspension

dissolved in chloroform

¢

irradiating with
UV light

740
e e

Keeping at 4°C
for24 h

Fig. 3.1 Preparation of PDA/ZnO nanocomposites

3.3. Preparation of nanocomposites using various metal oxides

In this study, PDA/metal oxide nanocomposites were prepared by using 10,12-
pentacosadiynoic acid (PCDA) as a monomer. The preparation was the same as
described in 4.2, but other types of metal oxide nanoparticles including SiO,, TiO,,

Al,O,, CaO and MgO were used instead of ZnO.

3.4. Preparation of PDA/ZnO nanocomposites by varying UV irradiation times

To study effects of polymerization period, PDA/ZnO nanocomposites were prepared
as described in 4.2 by using 5,7-hexadecadiynoic acid and 10,12-tricosadiynoic acid as

monomers However, UV irradiation time was varied in the ranges of 15s-120 min.
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3.5. Characterizations

3.5.1. Colorimetric behaviors

Thermochromic behaviors were investigated by using UV-Vis spectrometer (Analytik
Jena Specord S100) equipped with water-circulating variable temperature unit.
Temperature of the samples was measured by placing a thermocouple directly into the
aqueous suspension. The samples were heated to temperature ranged from 30-90 °C.
Colorimetric responses to alcohols were examined by adding ethanol or isopropanol into
the aqueous suspension and then obtaining the absorption spectra. The responses to
pH of PDA vesicles and nanocomposites were examined by adding NaOH or HCI
solutions into the aqueous suspensions to adjust pH in the ranges of 0.5-13.5. The
colorimetric response (CR) was calculated by the following equation to quantify the

magnitude of blue-red transition of the PDA vesicles and the nanocomposites.
CR (%) = [(PB, - PB)/PB,] x100

PB = A, /(A . tA)

blug’ blue

A, and A_, were the absorbance of the blue phase (~645 nm) and the red phase

blue
(~540 nm), respectively. PB, was the initial value before exposure to each stimulus. For
the poly(PCDA)/ZnO and poly(TCDA)/ZnO nanocomposites, the color changed from
blue to purple with absorbance at 580 nm. Therefore, the calculation of PB values used
A (purple) instead of A,,,. For poly(HDDA)/ZnO nanocomposite, absorption peaks of
blue and purple phases were detected at 660 nm and 600 nm, respectively. Therefore,

we used the absorbance at 660 nm (Ag,(blue)) and 600 nm (A, (purple)) for the

calculation of CR values.

3.5.2. Size and Morphology

Morphologies of PDA vesicles and the PDA/ZnO nanocomposites were investigated
by scanning electron microscopy SEM (JEOL, JSM-6400). Samples for SEM

measurements were prepared by drop casting from aqueous suspensions onto a glass
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slide and coating with gold. Their size distributions were measured by utilizing dynamic
light scattering (Brookhaven, ZetaPals). The concentrations of PDA vesicles and the

nanocomposite suspensions were diluted until suitable for the measurements.

3.5.3. Zeta potential

Surface charges of PDA vesicles and the nanocomposites upon variation of pH were
measured using electrophoresis technique (Brookhaven, ZetaPals). The sample
suspensions were diluted and then added about 1.5 ml into the cuvette. The cuvette

was equipped with electrodes and connected to the instrument.

3.5.4 The functional groups

The functional groups of pure PDA assemblies and PDA/ZnO nanocomposites were
investigated by FT-IR (Perkin Elmer Spectrum GX spectrometer) in transmittance mode
to study interactions between side chains and interfacial interaction between ZnO
nanoparticles and head groups. The samples were prepared by mixing dried PDAs

assemblies or PDA/ZnO nanocomposites with KBr powder and pressed into pellets.
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Part Il Effects of polymerization time
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CHAPTER IV

METHODOLOGY

4.1. Scanning Electron Microscopy

The scanning electron microscope (SEM) is the technique for typically
investigating size and morphology of samples. In addition, SEM is useful for determining
chemical composition, element and crystalline structure. Fig. 4.1 illustrates the
schematic of SEM. In the column of this equipment has electron gun which is the source
of primary electrons. The electron beam which typically has an energy ranging from 0.2
keV to 30 keV, is controlled under high voltage condition. The electron beam is focused
by electromagnetic lens. When electrons interact with atom at or near surface of sample,
it produces various types of signal that can be detected (see Fig. 4.2). The main signals
generated by this interaction which can be generally utilized in SEM are secondary

electrons, backscattered electrons and X-rays.

¢lectron gun

objective lens

specimen stage

detecter
chamber

RS

Fig. 4.1 Schematic of Scanning electron microscope[68]
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Electron beam
Characteristic X-rays Backscattered electrons

Cathodoluminescence

Auger electrons

Fig. 4.2 The interaction volume when the primary electron beam interacts with the

[69)
sample

Secondary electrons or SE are electrons released from a small layer on the surface of
the sample. Secondary electron image is the most standard detection mode. It can
produce images with very high resolution of morphology and surface of samples,
revealing details less than 1 nm in size. In addition, due to the very narrow electron
beam, SEM micrographs have a large depth of field yielding a characteristic three-
dimensional appearance. The backscattered electrons (BSE) are electrons reflected
from the sample by elastic scattering. The BSE come from the deeper region of the
sample. They are useful for determining composition of multiphase samples because the
intensity of BSE signal related to the atomic number of the specimen. X-rays, which
result from ionization processes of inner shells of the atom leading to electromagnetic

radiation, are used for determining the chemical composition of the material.
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4.2. Dynamic (quasi-elastic) light scatteringm’m

Dynamic Light Scattering (sometimes referred to as Photon Correlation Spectroscopy
or Quasi-Elastic Light Scattering) is a technique used for measuring the size of particles.
DLS measures the fluctuation in scattering intensity, and then diffusion coefficient is
calculated and used to determine the size of particles within the sample by the Stokes-
Einstein equation. The light scattering technique has many advantages such as speed,
versatility, small sample size, non-destructive, and measurement time independent of
particle density.

When the light hits the particle, the light will be scattered in all directions. Considering
in the case of thousands of stationary particles, if a screen is held close to these
particles, it will show the bright and dark areas of the scattered light as illustrated in Fig.
4.3a. The bright areas result from the scattered light arriving at the screen with the same
phase which can interfere constructively to form a bright patch (see Fig. 4.3b). The dark

patches arise from the phase additions which are destructive and cancel each other out.

From Laser

Most light passes
through unscattered

Detector e“e‘ Average

(a) (b)

[70]

Fig. 4.3 (a) The speckle pattern and (b) The scattered light falling on the detector

In practice, the particles suspended in solvent are not stationary but they constantly
move due to Brownian motion, which is the random movement of particles due to the

collision by the surrounding solvent molecules. Therefore, the intensities of the
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constructive and destructive phases are fluctuating. DLS measures the rate of the
intensity fluctuation and then calculates the size of the particles.

From light scattering theories, Rayleigh theory is applicable for small particles and
molecules whose diameters are less than A/10 or about 60 nm for a He-Ne laser. It
defines that | o d° and also that | o 1/7\,4, where | is intensity of scattered light, d is
particle diameter and A is laser wavelength. From this relation, if the size of particles is
50 nm, the intensity of scattered light is much greater (one million times) than that of 5
nm particles. The light from the larger particles will swamp the scattered light from the
smaller ones. This behavior causes a problem in size analysis when the suspension
consists of particles with much different in sizes, e.g. 10 and 1000 nm. Mie theory,
however, is suitable for the particle whose diameter is roughly equivalent or slightly
larger than A of laser. This theory explains correctly the maxima and minima in the plot
of intensity with angle and gives the correct answer over all wavelengths, sizes and
angles. Thus, Mie theory is used in DLS software to converse the intensity distribution
into volume.

As mentioned above, the fluctuation in scattering intensity is measured. The
fluctuating signal is processed by forming the autocorrelation function and then diffusion
coefficient (D) is calculated. This parameter is used to calculate the particle size by the
Stokes-Einstein equation.

d(H) = kT/3mnD
where:
d(H) = hydrodynamic diameter
D = translational diffusion coefficient
k = Boltzmann’s constant
T = absolute temperature

M = viscosity

At first, the result of particle size distribution derived from this technique is an

intensity distribution. However, it can be converted to volume distribution by using Mie
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theory. The volume distribution can be further converted to a number distribution. The
difference between these distributions can be easily explained as follows. Considering
the suspension which has two different sizes of particles (e.g. 5 nm and 50 nm) but
equal numbers of each size, the resulting number distribution exhibits two peak with a
same size as there equal numbers of particles (see Fig. 4.4). For volume distribution, the
area of the peak for 50 nm particles is 1000 times larger than that of the peak for 5 nm.
This is because the volume of 50 nm particle is 1000 times larger than the volume of 5
nm particle (V0 r*). For intensity distribution, because the intensity of scattered light
is proportional to the sixth power of its diameter, the peak area of 50 nm particle is

1000000 times larger than that of 5 nm particle.

Number Volume Intensity
w 123 12}
w w )
© 1 1 © 1000 «© 1,000,000
o (&) o
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[ L)) o
= 2 =2
© k= ©
[V} (] 1 ) 1
c (vl o

1 4 I * 1
5 10 50 100 5 10 50 100 5 10 50 100
Diameter (nm) Diameter (nm) Diameter (nm)

[70]

Fig. 4.4 Three types of size distribution obtained from DLS

[70,72,73]

4.3. Zeta Potential

Zeta potential is an important and useful indicator which can be used to predict and
control the stability of colloidal suspensions or emulsions. When almost all particles
contact with a polar medium such as water, they show an electronic charge on their
surfaces. These charges affect the arrangement of neighboring ions of the polar

medium. For example, if the charge on particle surface is negative, the positive ions
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strongly attach to that negative surface while ions with the same charge type are
repulsed from the surface. Then, an electrical double layer is formed as shown in Fig.
4.5.

When the particle surface is negatively charge, the double layer consists of two parts;
the inner region of positive charges tightly bound to the surface called the Stern layer.
Another is the outer region of diffuse layer, in which the ions are less firmly associated.
At the boundary of the outer region, there is a special plane called shear plane or
slipping plane. Inside this plane, the liquid and ions also move with the particle because
they are strongly attached to the surface whereas ions beyond this plane do not move
with the colloidal particle. The potential at this boundary is known as the zeta potential.
The zeta potential depends on solution conditions such as pH in water and electrolyte

concentration.

P

Distance from particle surface

Fig. 4.5 Diagram showing the ionic concentration and potential difference as a function

of distance from the charged surface of a particle suspended in a dispersion medium'™

The pH of the sample is one of the most important factors that affect the value of zeta

potential. If a particle in suspension has a negative zeta potential, when more alkali is
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added into this suspension, the particles tend to exhibit more negative charge. In
contrast, if acid is added, then the negative charge decreases until the charge is
neutralized. Further addition of acid causes the increase of positive charge. Therefore, a
zeta potential versus pH curve is positive at low pH and negative at high pH. A point
where the plot passes through zero zeta potential is called the isoelectric point (IEP)

(see Fig. 4.6). At this point, the colloidal system is the least stable.

| ISOELECTRIC pH
7

Basic
Surface

Zeta potential

Acidic
Surface

p=H 14
Fig. 4.6 A typical plot of zeta potential versus pH[m

The zeta potential is determined by measuring the electrophoretic mobility of the
particles in an electric field. When an electric field is applied in the colloidal suspension,
the charged particles will move to either the negative or the positive pole. The moving
direction indicates the sign of the particle charge and the velocity is proportional to the
magnitude of the charge. The particle velocity also depends on the strength of electric
field, dielectric constant and viscosity of the medium. Therefore, if the direction and
velocity of charged particles are measured, the electrophoretic mobility and zeta
potential can be calculated from the equation;

V.=UE

where V_ = average drift velocity of charged particle
U, = the electrophoretic mobility
E = electric field

and zeta potential is related to the electrophoretic mobility by the Henry equation
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U, = (2 €z f(Ka))/ 3N

where z = zeta potential (mV), € = dielectric constant of medium

T = viscosity, f(Ka) = Henry’s function
As mentioned above, the value of zeta potential is related to the stability in colloidal
suspension. This value indicates the degree of repulsion between particles. If the value
is high enough, the repulsion of particles occurs and prevents the agglomerations in the
suspension. In general, if the value of zeta potential is greater than -30 mV or +30 mV,

the dispersion is likely to be stable.

4.4. UV-Visible Spectroscopym]

UV-Visible Spectroscopy is the technique used for measuring an intensity of
ultraviolet (180 nm - 400 nm) and visible light (400 nm - 800 nm) passing through a
sample. Samples for UV/Vis spectrophotometry are most often liquids, although the
absorbance of gases and even of solids can also be measured. This technique can be

used to analyze both quantitative and qualitative data.

When radiation interacts with objects, many processes can take place, including
reflection, scattering, absorbance, fluorescence/phosphorescence (absorption and
reemission), and photochemical reaction (absorbance and bond breaking). For
measuring UV-vis spectra, it is generally focuses on absorbance of a sample. The total
potential energy of molecule of any substance can be considered as a sum of its
electronic, vibrational and rotational energy. The amount of energy in each form is not

continuous but separated. The differences in energy between the stages are in order;

e\ectromc> vabrat\onal > Erotational

The electronic energy level in simple molecules is widely separated; therefore it
requires high energy of light such as UV or visible light to move electrons from a lower
energy level to a higher energy level. Fig. 4.7 illustrates the wavelength of light that

causes electronic transitions in formaldehyde. The vibrational energy states are much
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closer than the electronic energy levels. Therefore, light with lower energy such as
infrared are sufficient to bring about vibrational changes. For the rotational energy
states, energy levels are so narrow, light in a range of the far infrared and microwave

has enough energy to cause the stage changes.

H
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Fig. 4.7 Electronic transitions in formaldehyde
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[74]

If energy of the incident photon exactly equal to the energy of the electronic gap,
which causes the electronic transition, the plot of the absorbance against wavelength
results in a very sharp line as shown in Fig. 4.8. However, in practice, vibrational and
rotational energy levels of molecules are superimposed on the electronic energy levels.
Combination of these transitions with different energies results in the broaden bands as

illustrated in Fig. 4.9.
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Fig. 4.8 Electronic transitions and absorption spectra of atoms”™
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Fig. 4.9 Electronic transition and UV-vis spectra of molecules” "

UV-visible spectra generally exhibit only a few broad absorbance peaks. Therefore, it
provides a limited amount of qualitative information. In general, spectra of organic
compounds are resulted from the presence of T (unsaturated) bonds and can be
detected at the wavelength ranging from 185 to 1000 nm. For transition metal ions,
electronic energy levels cause absorption in the range of 400-700 nm, which is the
visible region.

In quantitative analysis, UV-vis spectroscopy can be used to determine concentration
of substances. Considering when light passes through or reflects from sample, the

difference between the intensity of incident light (I,) and the intensity of light passing
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though the sample (l) is the amount of absorbed light. Transmittance (T) and
absorbance (A) is defined as follows:

T=11, or%T=(I/l.) x 100
A = —log(T)
From the Beer-Lambert law; the absorbed light is proportional to the path length and the
concentration of the sample. The mathematical expression is:

T=1l, ="

where c is the concentration of the sample and b is a path length.

This equation can be transformed into a linear expression by taking the logarithm:

= —log(l/l,) = log(l /1) = log(100/T) = 2-log(T) = €bc
where € is the molar absorption or extinction coefficient.

From these equations, when the concentration is doubled, the absorbance is two
times increased. Therefore, it is more convenient to work in absorbance than
transmittance for the purposes of quantitative analysis. In addition, the extinction
coefficient is a constant, which is dependent only on the nature of the molecule and the
wavelength of the radiation, thus, it can be utilized for identifying sample.

4.5. Fourier transform infrared spectroscopy[75'76]

Fourier transform infrared spectroscopy (FT-IR) is the technique for investigating
types of chemical bonds in a molecule. The information from FT-IR can be used to
identify unknown materials and determine the amount of components in a mixture. Unlike
UV-vis spectroscopy, FT-IR produces many narrow peaks, which can give more
qualitative information.

As mentioned above, light in infrared region has sufficient energy to bring about
vibrational and rotational changes. An infrared spectrum utilized for chemical analysis is
middle infrared (4000-200 cm'j). When subjected to infrared, molecules can absorb only
the spectrum which has the frequency corresponding to the frequencies of vibrations

between the bonds of the atoms. Moreover, IR peaks are only observed when the
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vibrations or rotations within a molecule cause a change in the dipole moment of the
molecule. For example, the vibration of C=C in RCH=CHR cannot be observed the IR
peak but the vibration of C=0 can be detected. In addition, molecules with permanent
dipole moment such as HCI, H,O, NO, etc. are IR active. There are two major types of
molecular vibrations: stretching and bending vibrations. Some types of molecular

vibration are shown in Fig. 4.10.
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Fig. 4.10 Six different types of molecular vibration of ethylene[m

Since each material is a unique combination of atoms, there are no compounds to
produce the same infrared spectrum. Therefore, infrared spectroscopy can be used for
identifying (qualitative analysis) every different kind of materials. In addition, the size of

the peaks in the spectrum is a direct indication of the amount of material presented.



CHAPTER V

RESULTS AND DISCUSSION

5.1 Effect of monomer structure on colorimetric behaviors of PDA/ZnO
Nanocomposites

In this study, three types of DA monomers, 5,7-hexadecadiynoic acid (HDDA),
10,12-tricosadiynoic acid (TCDA) and 10,12-pentacosadiynoic acid (PCDA) (see Fig.
5.1a) are used for preparing the PDA/ZnO nanocomposites. The illustration in Fig. 5.1b
shows the ionic interaction between -COQO group of these three PDAs and Zn—OH2+
groups at the surface of ZnO nanoparticle. The variation of their alkyl chain length is

expected to influence the chain rigidity and the overall inter- and intrachain interactions,

which in turn causes the change of their color-transition behaviors.

Fig. 5.1 (a) Monomer structures used in this work and (b) the ionic interaction between -

COO group of these three PDAs and Zn—OH2+ groups at the surface of ZnO nanoparticle
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5.1.1. Morphologies and size distribution

Morphologies of pure PDA assemblies and PDA/ZnO nanocomposites are illustrated
in Fig. 5.2. The SEM images show that poly(PCDA) assemblies exhibit spherical and
ellipsoid shapes with diameter ranging from about 30 nm to 200 nm. The poly(TCDA)
assemblies exhibit similar shape, however the size increases significantly ranging from
around 80 nm to 350 nm. For poly(HDDA) system, most of the assemblies exhibit

irregular shape and their size further increases up to about 600 nm.

Fig. 5.2 SEM images of pure PDA assemblies, (a) poly(PCDA), (b) poly(TCDA), (c)
poly(HDDA) and the nanocomposites, (d) poly(PCDA)/ZnO, (e) poly(TCDA)/ZnO, (f)
poly(HDDA)/ZnO

The measurements of their size distribution provide consistent results as shown in
Fig. 5.3a. The average sizes are about 85, 160 and 200 nm for poly(PCDA), poly(TCDA)
and poly(HDDA), respectively. The variation in shape and the increase in size of the

PDA assemblies are attributed to the shortening of hydrophobic DA tails. It is known that
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the structures of assemblies are dictated by molecular architecture of the constituent
amphiphilic molecules™ ™. A packing parameter, based on geometrical features of the
surfactant, can be used to predict shape of the formed assemblies. R. Nagarajan78
showed that the length of hydrophobic tail affected the equilibrium head group area and
thereby the packing parameter. In their work, the numerical calculations revealed that
the packing parameter slightly increased with decreasing the length of hydrophobic tail.
This suggests that the decrease of surfactant tail can lead to the formation of larger

spherical or cylindrical assemblies.

10 10
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Fig. 5.3 Particle size distribution of pure PDA assemblies and PDAs/ZnO

nanocomposites in aqueous suspension

The decrease of alkyl chain length has slight effect on morphologies of the
nanocomposites. The SEM images in Fig. 5.2(d-f) show that all nanocomposites exhibit
similar shapes. Their size distributions are also comparable (see Fig. 5.3b). The average
sizes of poly(PCDA)/ZnO, poly(TCDA)/ZnO and poly(HDDA)/ZnO nanocomposites are
about 120, 130 and 150 nm, respectively. These results demonstrate that the presence
of ZnO nanoparticles influences the self-assembling behaviors of the DA monomers. In
this system, the ZnO nanoparticle behaves as a nanosubstrate for the DA monomers.
Strong ionic and dipolar interactions between the DA head groups and ZnO surface

facilitate the molecular organization. Therefore, the nanocomposites consist of ZnO core
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and PDA shell as illustrated in Fig. 5.1b. The result obtained from transmission electron
microscopy clearly shows the coating of PDA around the ZnO nanopartioles[zﬂ. Since
the same synthetic batch of ZnO nanoparticles are used in all systems, the
nanocomposites exhibit comparable size distributions. Fig. 5.3b still shows slight
increase of the nanocomposite size upon decreasing the alkyl chain length. This
probably results from the increase of PDA thicknesses in the systems arising from the

difference of DA structure.

5.1.2. Optical properties and interfacial interactions

1 Poly(PCDA) 1 Poly(PCDA)/ZnO
(a) 2 Poly(TCDA) (b) 2 Poly(TCDAYZnO
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Fig. 5.4 Absorption spectra of initial blue phase of (a) pure PDA assemblies and (b)

PDAs/ZnO nanocomposites in aqueous solutions

Firstly, absorption spectra of aqueous suspensions of pure PDA assemblies in blue
phase are observed as illustrated in Fig. 5.4a. The spectrum of poly(PCDA) assemblies
exhibit a typical peak at 640 nm with broad shoulder at 590 nm. The Kmax of poly(TCDA)
assemblies slightly red shifts to 645 nm. The red shift of spectrum is much larger in the
poly(HDDA) system where the A __ is detected at ~675 nm. This result indicates the
increase of conjugation length of PDA backbone when their alkyl chain lengths

decrease. The shortening of alkyl chain length leads to the increase of PDA chain

rigidity, which in turn promotes the molecular packing. Therefore, the more rigid and



well-organized poly(HDDA) backbones allow longer distance of 7 electron
delocalization within the system. The effect of local curvature may also play an important
role. The relatively small size of poly(PCDA) assemblies can cause local distortion of
their conjugated backbone, leading to the decrease of conjugation length. The spectra
of poly(TCDA)/ZnO and poly(PCDA)/ZnO nanocomposites shown in Fig. 5.4b exhibit

comparable Kma values but much sharper patterns compared to those of the pure

PDAs. This observation suggests that the molecular ordering of PDA chains increases,
resulting from the increase of interfacial interactions”". A weak low-energy band at
about 675 nm is also observed, indicating the existence of PDA chains with relatively
long conjugation length. The spectrum of poly(HDDA)/ZnO nanocomposite exhibits a
A, at ~663 nm which is about 10 nm lower than that of its pure PDA. In this system, the

smaller size of the nanocomposite probably causes higher extent of backbone

distortion, resulting in the decrease of conjugation length of poly(HDDA).
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Fig. 5.5 FT-IR spectra of pure poly(TCDA) and PDA/ZnO nanocomposites embedded in

KBr pellets. The samples are in blue phase.
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The interactions between PDA head groups and surface of ZnO nanoparticle are
investigated by utilizing infrared (IR) spectroscopy. Fig. 5.5 compares the IR spectra of
pure PDAs and PDA/ZnO nanocomposites. The spectra of all pure PDAs exhibit similar
patterns. The peaks at 2848, 2918 and 2954 cm™ correspond to Vv.(CH,), v_(CH,) and
V. (CH,), respectively. A broad peak near 1690 cm” is due to hydrogen-bonded
carbonyl stretching of -COOH head group while the peaks around 1470-1420 cm” are

assigned to methylene scissoring, 8(CH,), of the alkyl side chain>**"

. The IR spectra
of PDA/ZnO nanocomposites show quite different patterns. In the systems of
poly(PCDA)/ZnO and poly(TCDA)/ZnO nanocomposites, new peaks at 1540 and 1398
cm’ are clearly observed, corresponding to the antisymmetric, Vv, (COO), and
symmetric, V,(COO), stretching vibrations, respectively, of carboxylate anion' 447,
These results are consistent with our previous studym, confirming the presence of ionic
interaction between the carboxylate head groups and Zn—OHZ+ groups at the surface of

ZnO nanoparticles. A weak peak at 1725 cm’ is attributed to the vibration of ~-COOH

groups that do not form hydrogen bonds with their neighboring groups.

The spectrum of poly(HDDA)/ZnO nanocomposite shows a rather interesting pattern.
The absorption bands corresponding to the stretching vibrations, v, (COO) and
Vv (COO), of carboxylate anion split into multiple peaks. The v_(COO) peaks are
detected at 1590, 1548 and 1530 cm’ while the peaks at 1412, 1403 and 1380 cm’ are
assigned to v (COO) vibration. It was observed that the location of v, (COO) and
Vv (COO) of the PDA carboxylate head group depended significantly on the type of

. . . 47
specific interactions with cations

. Therefore, our observation suggests that the
strength of interactions between poly(HDDA) carboxylate heads and Zn—OH2+ groups at
Zn0O surface is not homogeneous. The detection of multiple v, (COO) and v, (COO)
bands indicates the variation of their vibrational spring constant. This probably stems
from the relatively short alkyl side chain and the high rigidity of conjugated poly(HDDA)
backbone. The anchoring of head groups on ZnO surface forces the PDA chains to

curve around the round-shape substrate. The stress within rigid PDA backbone is

expected to increase upon decreasing the dimension of ZnO nanoparticles (i.e.
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increasing of local curvature). Since the ZnO nanoparticles used in this study exhibit
relatively large size distribution, ranging from about 20 to 200 nm, the interfacial
interaction must vary with their size in order to compromise the stress of PDA backbone.
To verify this hypothesis, however, one requires monodisperse ZnO nanoparticles in the
preparation of nanocomposites. In the poly(PCDA)/ZnO and poly(TCDA)/ZnO systems,
the relatively long alkyl side chain provides the flexibility to relieve stress in the rigid PDA

backbone. Therefore, only one type of interfacial interaction is observed.

5.1.3. Thermochromisms

It is known that PDA assemblies exhibit color transition when subjected to thermal
stimulus. By increasing temperature, the dynamics of all PDA segments including alky!
tail, polar head and conjugated backbone are promoted. When the inter- and intrachain
interactions within PDA assemblies are sufficiently weaken, the rearrangement of
molecular segments occurs, which in turn alters the electronic state of conjugated

[10,26,45-49]
backbone

. The HOMO-LUMO energy gap of perturbed PDA is widen, resulting
in the color transition from blue to purple, red or orange. The color of perturbed PDA
depends on the extent of local perturbation. The effect of alkyl chain length on
thermochromism of PDA assemblies was previously investigated. In the system of PDAs
bearing terminal m-carboxyphenylamido groups, the change of alkyl chain length hardly

affects their thermochromic behaviorsm]

. The study of urethaned-subsituted PDAs
observed an even-odd effect of the alkyl chain length on their thermochromic transition
and colorimetric reversibility[gﬂ. In recent study by one of the author, the decrease of
alkyl chain length in system of PDAs with carboxylic head group led to the decrease of

. [7] .
color-transition temperature . Therefore, we attempt to control color-transition

temperature of PDA/ZnO nanocomposites by using similar approach.
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In this work, three DA monomers with different alkyl chain length are used to prepare
pure PDA assemblies and PDA/ZnO nanocomposites. Their thermochromic behaviors
are systematically investigated and compared. The temperature-dependent absorption
spectra of all samples are illustrated in Fig. 5.6. In low temperature range, the spectra
gradually blue shift upon increasing temperature due to the increase of molecular
dynamics. When the temperature is increased above 60 °C, an abrupt change of

absorption pattern is detected in poly(PCDA) system. The A__ value initially detected at
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640 nm shifts to about 540 nm, corresponding to the color transition from blue to red.
Similar behaviors are observed in poly(TCDA) system. However, the blue/red color
transition takes place at lower temperature. The decrease of transition temperature is
attributed to the reduction of dispersion interactions within the assemblies due to the
shortening of alkyl chain'™. In poly(HDDA) system where the alkyl chain is much shorter,
the initial blue color is unstable at room temperature. The absorption spectra of
poly(HDDA) assemblies measured as a function of time are illustrated in Fig. 5.6c. The
blue-shift peak at about 540 nm continuously grows with time. The aqueous suspension
of poly(HDDA) assemblies changes color from blue to reddish purple within 10 min. The
inter- and intra-chain interactions within the poly(HDDA) assemblies are expected to be
much weaker than those of poly(PCDA) and poly(TCDA) because of its relatively short
alkyl chain. From this reason, the color-transition temperature of poly(HDDA) assemblies

is probably lower than room temperature.

The thermochromic behavior of PDA/ZnO nanocomposites is rather different. All
nanocomposites change colors at higher temperature compared to their pure
constituent polymers. Absorption spectra measured upon heating of the
nanocomposites are illustrated in Fig. 5.6(d-f). The significant change of the absorption
pattern is detected at about 80, 70 and 60 °C in poly(PCDA)/ZnO, poly(TCDA)/ZnO and
poly(HDDA)/ZnO systems, respectively. An isosbestic point is observed in all systems
indicating the transition between two distinct electronic species. To compare the color-
transition behaviors in more details, the Xmax and colorimetric response (CR) values are
plotted as a function of temperature as shown in Fig. 5.7. In low temperature range, a
gradual decrease of Xmax is observed in all systems. The drastic drop of Kmax is detected
at 55 and 60 °C in the systems of pure poly(TCDA) and poly(PCDA), respectively,
corresponding to the blue/red transition. The red phase of these PDAs exhibits A.___at

about 545 nm. In the nanocomposite systems, the drop of Xma occurs at higher

temperatures, i.e., 80 and 70 °C for poly(PCDA)/ZnO and poly(TCDA)/ZnO, respectively.
At these temperatures, the nanocomposites exhibit a purple color with kmax near 580 nm.

Our result demonstrates that the transition temperature of the nanocomposites can be
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controlled by varying length of alkyl tail of the constituent PDA. The shortening of two
methylene units in alkyl tail (see Fig. 1) causes the lowering of transition temperature by
about 10 °C. This is attributed to the decrease of dispersion interactions within the PDA

layers.

The investigation of poly(HDDA)/ZnO nanocomposites provides rather interesting
result. In this system, the alkyl tail of poly(HDDA) is two methylene unit shorter than that
of poly(TCDA). The alkyl segment connecting the head group is also five methylene unit
shorter (see Fig. 1), which causes significant drop of the dispersion interactions within its
assemblies. As mentioned in our earlier discussion, the color-transition temperature of
pure poly(HDDA) assemblies is below room temperature. The incorporation of ZnO
nanoparticles into the assemblies leads to a significant increase of its color-transition
temperature. The blue color of poly(HDDA)/ZnO nanocomposites is stable at room
temperature. The blue/purple color transition takes place at about 60 °C, which is
indicated by an inflection point of the plot between Xmax and temperature shown in Fig.
5.7a. The increase of transition temperature compared to that of the pure polymer is
more than 35 °C. In the systems of poly(TCDA)/ZnO and poly(PCDA)/ZnO
nanocomposites, the increase of transition temperatures compared to those of their pure
polymers is about 15-20 °C. These results indicate that the ZnO nanoparticles have
stronger effects on the color-transition temperature of poly(HDDA). The rationalization for
this behavior is as follows. The increase of color-transition temperature of the
nanocomposites is due to the presence of strong interfacial interactions between
carboxylate head of PDAs and active groups at ZnO surface. The anchoring of head
group on the solid substrate enhances the overall interactions within the system and

also limits the dynamics of PDA segmentsm.

In the system of poly(HDDA)/ZnO
nanocomposite, the distance between anchoring sites and conjugated backbone is
relatively short. Therefore, its local molecular dymanics are expected to be lesser than
those of the poly(TCDA)/ZnO and poly(PCDA)/ZnO nanocomposites, which leads to the

greater increase of the transition temperature. In other words, the confinement effect is

stronger in the poly(HDDA)/ZnO nanocomposite. This hypothesis is parallel to the
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studies of other polymers where the decrease of film thickness leads to the increase of

- 82,83
glass transition temperature™*”.

The color-transition behavior of poly(HDDA)/ZnO nanocomposite is also quite
different. Fig. 5.7a shows that the change of A__ upon increasing temperature is less
obvious compared to poly(TCDA)/ZnO and poly(PCDA)/ZnO nanocomposites. The plot
of A, as a function of temperature shows a continuous curve. This probably arises from
the co-existence of nanocomposites that possess various types of interfacial interactions
with ZnO substrate as revealed by the IR spectroscopy. The color-transition temperature
of these nanocomposites may slightly vary, depending on the strength of interfacial
interactions, which results in the continuous decrease of the A__ . The shortening of alky!
chain length of poly(HDDA) also affects color of the nanocomposites. Their blue phase
at 25 °C and purple phase at 85 “C exhibit A, at 662 and 600 nm, respectively, which
are about 20 nm higher than those of the other nanocomposites. The increase of
conjugation length of poly(HDDA) in both phases is attributed to the increase of
backbone rigidity. The plots of CR values as a function of temperature shown in Fig.
5.7b illustrate the magnitude of color transition. The color-transition temperature,
corresponding to a sharp increase in the plot, is consistent with the drop of A, _,. The
magnitudes of color transition of poly(PCDA)/ZnO and poly(TCDA)/ZnO nanocomposites
are comparable to their pure polymers while the color of poly(HDDA)/ZnO

nanocomposite exhibits gradual changes.
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temperature from 30 to 90 °C, followed by cooling to room temperature

It has been observed that PDAs with carboxylic head group normally exhibit an

. . . [7,10,21,26]
irreversible thermochromism

. To utilize PDAs in a wider range of applications,
many research groups have attempted to achieve reversible thermochromism by
structural modification of the head group. Various classes of PDAs exhibiting reversible
thermochromism  with  different  color-transition  temperatures  have  been

. 10,14,18,43,50
synthe3|zed[ :

. Although this approach is quite effective, it is rather difficult to
predict the color-transition temperature of the modified PDAs. In this study, we
demonstrate in the previous section that the color-transition temperature of PDA/ZnO
nanocomposites can be systematic controlled by varying the alkyl chain length.
Synthetic chemists can utilize our approach for preparing PDA/ZnO nanocomposites by

using their existing DA monomers. New classes of DA monomers with systematic

modification of alkyl chain length and/or head group could be synthesized, which will
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provide PDA/ZnO nanocomposites with predictable color-transition temperatures.

Furthermore, the reversible thermochromism can be achieved.

Color photographs of the aqueous suspensions of pure PDA assemblies and the
PDA/ZnO nanocomposites taken during heating/cooling cycle are illustrated in Fig. 5.8.
The color transition of all samples is visually observed. It is clear that color-transition
temperatures of the PDA/ZnO nanocomposites are higher than those of pure PDA
assemblies and vary with structure of the constituent polymers. The color reversibility is
also affected. The pure poly(PCDA) and poly(TCDA) assemblies exhibit an irreversible
thermochromism. On the other hand, the thermochromic transition of their
nanocomposites is fully reversible. Strong interfacial interactions in these systems limit
the segmental reorientation upon increasing temperature. Therefore, the original chain
conformation can be restored upon cooling to room temperature. Detailed discussion of
this issue is available in our previous reportm. However, it can be observed that the
color of poly(HDDA)/ZnO nanocomposites is slightly changed when the temperature is

cooled to room temperature.

To further explore the color reversibility, absorption spectra of the
nanocomposites upon heating and cooling are measured as shown in Fig. 5.9. In the
system of poly(PCDA)/ZnO and poly(TCDA)/ZnO nanocomposites, the spectrum after
cooling to room temperature exhibits similar pattern compared to that of the initial blue
phase (see Fig. 5.9a and b). In addition, the plots of CR values obtained from the
heating/cooling cycle illustrated in Fig. 5.10 are almost the same in the systems of
poly(PCDA)/ZnO and poly(TCDA)/ZnO nanocomposites, indicating to complete

themochromic reversibility.
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Fig. 5.9 Absorption spectra of (a) poly(PCDA)/ZnO, (b) poly(TCDA)/ZnO and (c)

poly(HDDA)/ZnO nanocomposites when subjected to heating and cooling

In contrast, the spectrum of poly(HDDA)/ZnO nanocomposite after cooling to room
temperature shows the growth of new peak at about 540 nm (see Fig. 5.9c),
corresponding to the formation of a small fraction of red phase. A slight increase of CR
values is detected in the system of poly(HDDA)/ZnO nanocomposites when the
temperature is decreased below 40 °C (see Fig.5.10c). We suggest that the partial color-
irreversibility arises from the heterogeneity of interfacial interactions within the system.
Some of poly(HDDA)/ZnO nanocomposites that possess relatively weak interfacial
interactions probably exhibit an irreversible thermochromism. The formation of red
phase cannot be attributed to the presence of pure poly(HDDA) assemblies. As

mentioned in the earlier discussion, the pure poly(HDDA) assemblies have no color
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stability at room temperature. On the other hand, the color of poly(HDDA)/ZnO

nanocomposite is stable over a long period of time.
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Fig. 5.10 The CR of (a) poly(PCDA)/ZnO, (b) poly(TCDA)/ZnO and (c) poly(HDDA)/ZnO

nanocomposites measured during heating and cooling cycle

Thermal stability of the nanocomposites is also investigated. Their aqueous
suspensions are subjected to multiple heating/cooling cycles, switching between 25 and
90 °C. The purple color of poly(PCDA)/ZnO and poly(TCDA)/ZnO nanocomposites at
elevated temperature fully reverses to the original blue color upon cooling. The color
switching occurs within a few seconds. The color reversibility can be repeated for more
than 10 heating/cooling cycles as illustrated in the plot of CR value (see Fig. 5.11a,b).
These results show that the poly(PCDA)/ZnO and poly(TCDA)/ZnO nanocomposites
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exhibit high thermal stability. In the system of poly(HDDA)/ZnO nanocomposite, its color
does not return to the original one after the first heating/cooling cycle. The light blue
color is obtained. However, this color is stable over the next 9 heating/cooling cycles as
shown by the plot of CR values in Fig. 5.11c. The inspection of absorption spectra
reveals that the red phase forms in the first heating/cooling cycle. The amount of red
phase slightly increases in the next 5 cycles and then becomes stable. Therefore, large
fraction of the nanocomposite is thermally stable. From the drop of absorbance of the
blue phase (A = 662 nm), fraction of the thermo-reversible nanocomposite is estimated
to be about 65%. Since the color transition is still clearly observed after the consecutive
heating/cooling cycles, we can also utilize poly(HDDA)/ZnO nanocomposite as a

reversible thermochromic material.
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5.1.4. Temperature dependences of PDA/ZnO nanocomposite drop-cast films

Because the thermochromic transition of the nanocomposite solution cannot be
observed at temperature above 100 °C, the drop-cast films are prepared to investigate
the thermochromic behaviors when temperature is higher than 100 °C. The films are
annealed at different temperatures for 5 min before measuring the absorption. In
general, the color transition of PDA film takes place at higher temperature compared to
PDA in solution form. This is due to the retarded mobility of PDA molecules in the film™.
Fig. 5.12a shows absorption spectra of drop-cast fiim of poly(PCDA)/ZnO
nanocomposite upon heating. The significant decrease of A__, to ~ 580 nm when
temperature is increased to around 110 °C is observed. The sample turns from blue to
purple color. In addition, the peak at ~ 540 nm continuously grows while the peak at 580

significantly drop after increasing temperature from 110 to 170 °C. At 180 °C, the peak

at ~ 580 nm is nearly disappeared and the color of the film changes to red.

To explore thermal reversibility of drop-cast film of this nanocomposite, the film was
cooled to room temperature. Absorption spectra measured after cooling to room
temperature are illustrated in Fig. 5.12b. The complete thermochromic reversibility is still
observed when the film was cooled from 130 °C to 30 °C. At temperature above 130 °C,
partial color reversibility of the film is observed. The completely irreversible color

transition of this nanocomposite film takes place at ~180 °C
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Fig. 5.12 Absorption spectra of drop-cast films (a) poly(PCDA)/ZnO nanocomposite at
different annealing temperatures and (b) after cooling from designate temperatures to

room temperature

In the system of poly(TCDA)/ZnO nanocomposite, the color transition of the drop-
cast film takes place at slightly lower temperature compared to that of poly(PCDA)/ZnO
nanocomposite. From absorption spectra shown in Fig 5.13a, the significant decrease of

A, is observed at about 90 °C. The color of the film completely changes to purple after
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increasing temperature to around 120 °C, which is about 40 °C higher than that of
aqueous suspension. Further increasing temperature from 120 to 170 °C causes
continuous growth of a peak at around 545 nm while the band at 585 nm simultaneously

drops. The complete red phase of the film takes place at 180 °C, where the peak at 585

nm disappears.
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Fig. 5.13 Absorption spectra of (a) drop-cast film of poly(TCDA)/ZnO nanocomposite at

different annealing temperatures and (b) after cooling from designate temperature to

room temperature
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Absorption spectra illustrated in Fig. 5.13b exhibit that the thermochromic reversibility
of poly(TCDA)/ZnO nanocomposite fim is not significantly different from
poly(PCDA)/ZnO nanocomposite. The color of the film completely returns to the initial
blue when it is cooled from 130 °C. However, partial color reversibility is observed when
cooling form above 130 °C. The color reversibility decreases at higher degree compared
to the system of poly(PCDA)/ZnO nanocomposite. The completely irreversible color

transition of the film also takes place when it is annealed at ~180 °C.

Absorption spectra measured upon heating of poly(HDDA)/ZnO nanocomposite film
are illustrated in Fig. 5.14a. With relatively short alkyl chain, the color transition of
poly(HDDA)/ZnO nanocomposite film is observed at lower temperature than that of
poly(PCDA)/ZnO and poly(TCDA)/ZnO nanocomposites. The blue-purple transition takes
place at about 80 °C, in which the decrease of A, to ~620 nm occurred. When
temperature is increased from 80 to 130 °C, the Xmax slightly shifts to high-energy region
(about 600 nm). Further increasing in temperature to 180 °C does not significantly affect
the spectrum of the film. This observation indicates that the complete color transition of

this nanocomposite film takes place at about 130 °C.

Absorption spectra at room temperature of annealed poly(HDDA)/ZnO
nanocomposite film are illustrated in Fig 5.14b. Interestingly, the complete reversibility of
this nanocomposite film can be observed. The color of the film annealed below 90 °C
turns to the initial blue after cooling to room temperature. This possibly results from the
limitation of segmental dynamics in solid state. At annealing temperature above 90 °C,
the degree of color reversibility decreases. The irreversible color transition of this

nanocomposite film completely takes place at ~160 °C.
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Fig. 5.14 Absorption spectra of (a) drop-cast film of poly(HDDA)/ZnO nanocomposite at

different annealing temperatures and (b) after cooling from designate temperature to

room temperature

Color photographs of drop-cast films of the PDA/ZnO nanocomposites taken upon
increasing temperature are illustrated in Fig. 5.15. The chromic transition of the films is
visually observed. It is clear that color-transition temperatures of the PDA/ZnO
nanocomposite films vary with structure of the constituent polymers. The shortening of

alkyl chain length leads to the decrease in color-transition temperature. In addition, we
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can observed that the degree of color change in poly(HDDA)/ZnO nanocomposite film is
less than that of poly(TCDA)/ZnO and poly(PCDA)/ZnO nanocomposites,. This result is
similar to the nanocomposite in the form of aqueous suspension. The result is due to
relatively short distance between anchoring sites and conjugated backbone of
poly(HDDA/ZnO nanocomposite, which decreases its local molecular dynamics upon
heating. Fig. 5.16 shows color photographs of the nanocomposite films demonstrated

thermochromic reversibility, which is in agreement with the absorption spectra.

Poly(PCDA)/ZnO

Poly(TCDA)/ZnO

. Polv(HDDA)/ZnO
30°C B 180 °C

Fig. 5.15 Photographs of drop-cast film of polydiacetylene/ZnO nanocomposite taken at

different temperatures (30-180 °C)
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5.1.5. Colorimetric response to pH

In previous studies, the color-transition behaviors of pure poly(PCDA) and
poly(TCDA) vesicles are normally investigated in high pH region[7'24'851. For comparison
purpose in this study, we explore the system of pure poly(TCDA) vesicles in both low
and high pH regions. Absorption spectra of aqueous suspension of poly(TCDA) vesicles
measured upon decreasing and increasing pH are shown in Fig. 5.17. In low pH region,
the addition of H' ions hardly affects the color of vesicles. The absorption pattern
remains roughly the same at pH ~2.5. The further decrease of pH causes a growth of
small shoulder at ~550 nm, corresponding to slight change of the suspension color. An
incubation of the vesicles at this pH region causes precipitation. Previous study
observed the aggregation at pH value lower than 4 when the vesicles were incubated for
a few hour™** . In our study, the poly(TCDA) suspension was continuously stirred for a
few minutes prior to the measurement. Therefore, the aggregation of vesicles was

minimal, indicated by relatively strong absorbance.

In the basic condition, an irreversible blue to red color transition of poly(TCDA)
vesicles occurs upon increasing the pH. A peak of red phase at ~546 nm grows
significantly when the pH is above 8. At this stage, the added OH- ions abstract
carboxylic protons of the head groups causing a systematic increase of the negatively
charged carboxylate. When strong ionic-repulsive force between the carboxylate groups
overcomes the dispersion interaction between the alkyl tails, the rearrangement of
poly(TCDA) segments occurs. The color transition completes at pH ~10 where
absorption spectra constitute peak and shoulder at ~546 nm and ~505 nm, respectively.
The pure poly(PCDA) vesicles exhibit similar color-transition behavior. However, the
color transition takes place at slightly higher pH compared to that of the poly(TCDA) due

to the stronger attractive dispersion interaction between the alkyl tails'”.
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Fig. 5.17 Absorption spectra of poly(TCDA) vesicles measured upon variation of pH; (a)

at low pH and (b) at high pH

The PDA/ZnO nanocomposites show rather different color-transition behaviors when
exposed to acid and base. The absorption spectra of poly(PCDA)/ZnO nanocomposite
measured upon decreasing pH are illustrated in Fig. 5.18a. Interestingly, color of the
poly(PCDA)/ZnO nanocomposite is sensitive to acid. New peak at ~552 nm grows
significantly when the pH is decreased below 2. At pH ~0.7, this peak dominates the
entire spectrum, indicating the presence of large fraction of the red phase. The
suspension changes to reddish purple at this condition. This result shows that the
incorporation of ZnO nanoparticles promotes the colorimetric response of poly(PCDA) to
acid. Moreover, the strong ionic interaction between carboxylate heads of poly(PCDA)
and ZnO surface drastically alter the color-transition behavior at high pH region. Fig.
5.18b shows that the color transition of poly(PCDA)/ZnO nanocomposite also occurs
upon increasing pH. However, it requires much higher concentration of OH to induce
the color transition compared to the system of pure poly(PCDA) vesicle. The increase of
pH to 12 hardly affects the absorption pattern. A small amount of red phase forms at pH
~13 as indicated by a growth of peak at ~540 nm. The suspension of nanocomposite
exhibits light purple color at this pH. The increase of pH to ~9 causes comparable color
transition in the pure poly(PCDA) systemm. This comparison suggests that the color

transition of the nanocomposite is likely to occur via different mechanism, requiring
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much higher [OH] (i.e. about 10" times). Complete color transition of pure poly(PCDA)
occurs at pH ~10 where the carboxylic head groups are mostly converted to the
carboxylate one. However, the repulsive interaction between carboxylate heads is not
sufficient to induce segmental rearrangement of poly(PCDA) within the nanocomposite.
This is attributed to strong interfacial interaction within the system. The mechanism
responsible for the color transition of the nanocomposite will be discussed in the

following section.

The increase of pH causes similar color-transition behavior in the system of
poly(TCDA)/ZnO nanocomposite (see Fig. 5.18d). The growth of red phase peak at
~540 nm is detected at pH ~13, corresponding to slight change of the suspension color.
We observe rather different behavior in the low pH region. The color transition of
poly(TCDA)/ZnO nanocomposite occurs at much lower concentration of H" ions (i.e.
higher pH) compared to the system of poly(PCDA)/ZnO nanocomposite. Fig. 5.18c
shows systematic change of absorption spectra upon decreasing pH. The color
transition of poly(TCDA)/ZnO nanocomposite starts at pH~3.7 while the system of
poly(PCDA)/ZnO nanocomposite is not affected at this condition. To compare the color-
transition behaviors in more details, the colorimetric response (CR) of each system is
plotted as a function of pH as shown in Fig. 5.19. The sharp increase of CR value
indicates color-transition region. The plots clearly show that the shortening of PDA alky!
tail enhances the colorimetric response to acid. The color-transition behavior in basic

condition, however, is hardly affected.
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Fig. 5.18 Absorption spectra of (a), (b) poly(PCDA)/ZnO, (c), (d) poly(TCDA)/ZnO and

(e), (f) poly(HDDA)/ZnO nanocomposites measured upon variation of pH
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The investigation of poly(HDDA)/ZnO nanocomposite provides rather interesting
results. The alkyl tail of poly(HDDA) is 4 methylene units shorter than that of the
poly(PCDA). The alkyl segment connecting with carboxylic head group is also 5
methylene units shorter. These differences result in significant decrease of dispersive
interactions within the poly(HDDA) vesicle, which in turn affects the color transition
behavior. Our previous study observe that the blue color of pure poly(HDDA) vesicle is
unstable at room temperature (see topic 5.1.3.). The color-transition temperature of
poly(HDDA)/ZnO nanocomposite is also lower than that of the poly(PCDA)/ZnO system.
In this study, it is easier to induce the color transition of poly(HDDA)/ZnO nanocomposite
by addition of acid or base. Fig. 5.18e,f shows that the color transition occurs at pH ~5
and pH ~10.2 in acidic and basic conditions, respectively. The plots of CR value in Fig.
5.19 clearly illustrate the differences in colorimetric response of each system. Our major
finding is summarized in Fig. 5.20, which compares the color photographs of pure
poly(TCDA) vesicle and the three PDA/ZnO nanocomposites taken at pH ranging from 1
to 13. The pure poly(TCDA) vesicle only responses to the increase of pH. When the ZnO
nanoparticles are incorporated into the PDA system, their color-transition behaviors
change drastically. These PDA/ZnO nanocomposites exhibit dual colorimetric response
to both acid and base. The color transition also occurs at different pH depending on the
length of PDA alkyl segments. The shortening of PDA alkyl segment results in easier
colorimetric response to acid and base. Therefore, this class of material can be utilized
for sensing different concentrations of acid and base. It should be noted that the
suspensions appear clear to naked eyes in all conditions. The precipitation tends to

occur at pH below 2.
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Fig. 5.19 The colorimetric response (%CR) of poly(TCDA) and PDA/ZnO
nanocomposites plotted as a function of pH, symbols are for (A) poly(TCDA), (<>)
poly(PCDA)/ZnO, (O)poly(TCDA)/ZnO and (o) poly(HDDA)/ZnO nanocomposites.
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Fig. 5.20 Color photographs of aqueous suspensions of (a) poly(TCDA), (b)
poly(PCDA)/ZnO (c) poly(TCDA)/ZnO and (d) poly(HDDA)/ZnO nanocomposites taken

upon variation of pH
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5.1.5.1. Interfacial interactions

The interfacial interactions between PDA head groups and ZnO nanoparticles upon
variation of pH are investigated by utilizing infrared (IR) spectroscopy. The
poly(HDDA)/ZnO nanocomposite is used for this investigation because its color
transition is the most obvious in both low and high pH region. Fig. 5.21 compares the IR
spectra of poly(HDDA)/ZnO nanocomposites measured from the original blue phase and
the red phase obtained by increasing or decreasing pH. IR spectrum of the blue phase
shows peaks at 2848, 2918, and 2954 cm™ corresponding to V,(CH,), V. (CH,), and
v,.(CH,), respectively. The peaks arising from the asymmetric and symmetric stretching
vibrations, v_(COO) and V/(COO), of carboxylate anion appears at different
wavenumbers. The v, (COO) peaks are detected at 1590, 1548, and 1530 cm” while the
peaks at 1412, 1403, and 1380 cm’ are assigned to v (COO) vibration. This observation
indicates that the strength of interfacial interactions between poly(HDDA) carboxylate
heads and ZnO nanoparticles is not homogeneous. This topic is discussed in our
previous report (see topic 5.1.2.). The V(CH,), V_,(CH,), and V_(CH.) peaks of the red
phase remain at the same position indicating that the alkyl side chains keep their
conformation during the color transition. However, the band representing asymmetric
v, (COO) of carboxylate head decreases significantly in the acidic region (pH~3.1) while
a new band at ~1690 cm’” grows simultaneously. The appearance of this new band
indicates the presence of hydrogen-bonded —-COOH head group in the system.
Therefore, the decrease of pH transforms the carboxylate head of poly(HDDA) into the
carboxylic one, which in turn destroys the ionic interfacial interaction with ZnO
nanoparticles. The decrease of interfacial interaction allows segmental rearrangement of

the poly(HDDA) resulting in the color transition.
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Fig. 5.21 FT-IR spectra of blue-phase poly(HDDA)/ZnO and red-phase poly(HDDA)/ZnO

nanocomosites obtained at pH = 3.12 and pH = 12.61

The IR analysis of pure poly(TCDA) vesicles upon increasing pH was previously

“ The blue phase of poly(TCDA) showed a strong peak at

reported by Kew and Hall
~1690 cm’ corresponding to hydrogen-bonded carbonyl stretching of -COOH head
group. When the NaOH solution was added, a new peak at 1565 cm’” emerged in the
spectrum of red phase. This related to the presence of a bridging bidentate coordination
of carboxylate head groups with the sodium cation. In the system of poly(HDDA)/ZnO
nanocomposites, an increase of pH causes the shift of v, (COO) band to higher
wavenumber. The IR spectrum of red phase constitutes a peak at ~1560 cm’”
accompanied with broad shoulder at ~1640 cm’. Previous study by Huang etal™”
demonstrates that strength of interactions between carboxylate head and various
cations dictates the vibrational energy levels of carbonyl group. The blue shift of
Vv, (COO) band detected in this study corresponds to the weakening of interfacial

interaction between carboxylate heads and ZnO nanoparticles, responsible for the color

transition. The new peak at ~1560 cm’ s very close to that of the red phase



89

poly(TCDA). Therefore, the carboxylate head groups are likely to coordinate with Na"

ions at the high pH region.

5.1.5.2. Surface charges at different pH

The zeta potential is an important parameter for monitoring the variation of surface
charge at different conditions. In our system, the measurement of zeta potential as a
function of pH can shed more light on the mechanism responsible for the color transition
of the nanocomposites. The suspension pH is adjusted by adding HCI or NaOH
solutions and then incubated for 5 min. The results obtained from the systems of pure
poly(TCDA), poly(TCDA)/ZnO and poly(HDDA)/ZnO nanocomposites are illustrated in
Fig. 5.22. The zeta potential of original blue poly(TCDA) vesicles at pH~6.7 is -54 mV
while surfaces of the nanocomposites exhibit slightly lower negative charge. The
negative value of zeta potential indicates the presence of carboxylate anions at outer
surface of the samples. Our previous study also observes that the zeta potential of PDA
vesicles becomes positive when the carboxylic heads are replaced by the amine and
amide groups[%]. In the system of poly(TCDA), the decrease of pH to ~4 causes slight
decrease of the negative zeta potential. This is attributed to partial protonation of some
carboxylate head groups, reducing the overall negative surface charge. At pH~1, the
negative zeta potential drastically drops to about -5 mV. The relatively low surface
charge at this condition leads the coagulation of the samples. The systems of
poly(TCDA)/ZnO and poly(HDDA)/ZnO nanocomposites show similar behavior. The
drastic change of zeta potential occurs at pH~1 and pH~2, respectively. The sharp
decrease of negative charge is detected at higher pH value in the system of
poly(HDDA)/ZnO nanocomposite. This is attributed to nature of the constituent polymer.
The color transition of poly(TCDA)/ZnO and poly(HDDA)/ZnO nanocomposites takes
place at pH ~5 and pH ~4, respectively (see Fig. 5.19,5.20). However, their surface
charges are not affected at these conditions. This observation suggests that the

structural change responsible for the color transition is likely to occur at the inner region
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of the nanocomposites (see below). It is important to note that the high surface charge

value of all samples at pH above 2.5 indicates good stability of the suspension.
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Fig. 5.22 Zeta potential of poly(TCDA) vesicles , poly(TCDA)/ZnO nanocomposite and

poly(HDDA)/ZnO nanocomposite measured as a function of pH as shown in the plots

The zeta potential
of surface charges u
are quite similar.

nanocomposite, the

s measured in high pH region are shown in Fig. 5.22b. The variation
pon increasing pH of poly(TCDA) vesicles and the nanocomposites
In the systems of poly(TCDA) vesicles and poly(TCDA)/ZnO

negative surface charge systematically increases upon increasing

pH to ~11. At this pH range, the added OH- ions abstract acidic protons of carboxylic

head groups, transforming them into caboxylate anions. The zeta potential reaches

highest negative va

lue at pH~11 where most of the surface is populated by the

carboxylate anions. The color transition of poly(TCDA) vesicles takes place at pH ~8.5,

where the slight increase of negative surface charge is sufficient to induce segmental

rearrangement of the poly(TCDA). In the system of poly(TCDA)/ZnO nanocomposite,

however, the significant increase of negative surface charge at pH~11 still does not

cause the color transition. This result indicates that the repulsive force between

carboxylate head g

roups is not strong enough to overcome the strong attractive

interfacial interaction at the surface of ZnO nanoparticles and dispersive interaction

between alkyl chain of poly(TCDA). The further increase of pH causes abrupt decrease

14



91

of the negative zeta potential. This is attributed to the effect of Na" counterion, reducing
the overall negative surface charge. However, the poly(TCDA)/ZnO nanocomposite
changes color at pH~13. In the system of poly(HDDA)/ZnO nanocomposite, the highest
negative charge is detected at pH~10.5. At this pH, the color of this nanocomposite
suspension slightly changes. This suggests that the repulsive force between carboxylate
groups slightly perturbs the conformation of the poly(HDDA) backbone. The extent of
color transition systematically increases and reaches maximum at pH~13. The negative
zeta potential, on the other hand, drops to lowest value at this condition. This
observation indicates that the mechanism of the color transition hardly relate with
change of surface charge. It is likely to occur at the inner region of the nanocomposites.
Our result also suggests that specific sodium cation binding to carboxylate groups
promotes for the colorimetric blue-red transition””. This hypothesis is supported by the

results in the following section.

5.1.5.3. Dissolution of ZnO nanoparticles

It has been known that the dissolution of ZnO nanoparticles can occur in acidic or

. " [86-88]
basic conditions

. It is possible that this property is one of the main reasons
responsible for the color transition of PDA/ZnO nanocomposites upon variation of pH.
Therefore, this section investigates the dissolution behaviors of ZnO nanoparticles used
in this study. We titrate 5 mL of 0.01 wt.% ZnO aqueous suspension with HCI or NaOH
solutions and then follow the reaction by utilizing UV-vis absorption spectroscopy. The
results are shown in Fig. 5.23. Absorption spectrum of the original ZnO aqueous
suspension at pH = 7.81 exhibits a sharp peak at 375 nm. The addition of small quantity
of 0.1 M HCI solution causes the decrease of pH to 6.91 and slight drop of the
absorbance (see Fig. 5.23a). In this condition, acidic protons react with ZnO surface,
resulting in the dissolution®™. The decrease of absorbance indicates the disappearance
of ZnO nanoparticles in the suspension. Further addition of the HCI solution causes

continuous decrease of the absorbance while the pH remains roughly the same at about

6.8 (see inset of Fig. 5.23a). It requires relatively large amount of HCI solution to
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decrease the pH to 4. The absorbance drastically drops at this condition. Our result

indicates that the dissolution process of bare ZnO nanoparticles takes place at pH~6.8.

Absorbance
Absorbance

Wawvelength (nm) Wavelength (nm)

Fig. 5.23 Absorption spectra of ZnO nanoparticle suspension measured upon (a)
decreasing pH and (b) increasing pH. The insets show titration curve of ZnO

nanoparticle suspension with HCl and NaOH solution.

In the nanocomposite systems, the color transition of poly(PCDA)/Zn0O,
poly(TCDA)/ZnO and poly(HDDA)/ZnO nanocomposites is detected at pH~2, ~3.5 and
~5, respectively (see Fig. 5.19). The dissolution of bare ZnO nanoparticles, however,
occurs at much higher pH value. This discrepancy probably arises from architecture of
the nanocomposites, constituting ZnO nanoparticles at the core region. The coating of
PDA layers on ZnO surface prohibits the dissolution process. However, some small
areas of the ZnO surface may remain uncoated, allowing the reaction with acidic
protons. The dissolution of ZnO surface through the uncoated areas inevitably destroys
interfacial interactions with the carboxylate head groups of the PDAs. In addition, the
repulsive interaction between free carboxylate head groups causes the segmental
rearrangement of PDAs. To induce the color transition, the repulsive interaction needs to
overcome attractive interactions within the PDA layer. The difference of dispersive
interaction within the PDA layers causes the color transition to occur at different pH

regions. The alkyl chain length of PDA increases from poly(HDDA), poly(TCDA) and



93

poly(PCDA), respectively, corresponding to systematic increase of dispersive
interaction. Therefore, it requires the lowest concentration of acidic protons to induce the
color transition of poly(HDDA)/ZnO composite. The color transition of poly(TCDA)/ZnO
and poly(PCDA)/ZnO nanocomposites takes place at higher concentrations of acidic
protons, respectively. This result is consistent with their thermochromic behaviors where
the color transition temperature increases with increasing alkyl chain length of the
constituent PDAs. The further decrease of pH leads to the protonation at the carboxylate
head group transforming them into the carboxylic one as shown in previous sections by

IR and zeta potential studies.

At high pH region, the increase of pH to 12 hardly affects the absorption spectrum of
ZnO nanoparticles (see Fig. 5.23b). The dissolution process is observed at pH~13,
indicated by drastic drop of the absorbance. Although 10 M NaOH solution is
continuously added, the pH of the suspension remains at ~13. At this condition, the ZnO

2- [86]

nanoparticles decompose to form zincates such as [Zn(OH),] and [Zn(OH),] The
color transition of poly(PCDA)/ZnO and poly(TCDA)/ZnO nanocomposites is observed at
this pH. Similar to the behavior in acidic pH, the dissolution of ZnO nanoparticles frees
the carboxylate head groups, leading to the color transition. For the system of
poly(HDDA)/ZnO nanocomposite, the color transition occurs at pH~10 where the
dissolution of ZnO nanoparticles does not occur. This observation suggests that the
color transition of this system is induced by different mechanism. As shown in previous
section, the negative surface charge of poly(HDDA)/ZnO nanocomposite reaches
maximum at pH~10. We suggest that the increase of repulsive force between
carboxylate head groups can overcome interfacial interaction and other attractive
interactions within this system, causing segmental rearrangement of some poly(HDDA)
chains. This behavior is facilitated by relatively weak dispersive interaction within the
system due to the presence of short alkyl chains. At pH~13, the suspension turns

completely red caused by the dissolution of ZnO nanoparticles. The IR study observes

the presence of free carboxylate groups at this condition.
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5.1.5.4. Proposed mechanism

We propose mechanism for color transition of poly(HDDA)/ZnO nanocomposite upon
variation of pH in Fig. 5.24. In the low pH region, the ZnO nanoparticles decompose,
which in turn breaks the attractive ionic interaction between carboxylate head groups
and positive species at ZnO surface. The repulsive ionic interaction between free
carbxylate head groups causes segmental rearrangement, resulting in the color
transition. The excess protons transform the carboxylate head group into the carboxylic
one. In the systems of poly(PCDA)/ZnO and poly(TCDA)/ZnO nanocomposites, it
requires larger fraction of the carboxylate head groups to overcome the stronger
attractive interaction within the PDA layers. Therefore, the color transition takes place at

lower pH values.
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Fig. 5.24 Proposed mechanism for color transition of poly(HDDA)/ZnO nanocomposite

upon variation of pH
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In high pH region, the added OH- ions abstract protons of the carboxylic head
groups causing a systematic increase of the negatively charged carboxylate. In other
words, the magnitude of repulsive force between the head groups increases with
increasing the pH. In the system of poly(HDDA)/ZnO nanocomposite, the dispersive
force within the PDA layer is relatively weak because of its short constituent alkyl
segments. Therefore, the repulsive force can induce the segmental rearrangement of
some poly(HDDA), resulting in partial color transition. This is not the case for the
systems of poly(PCDA)/ZnO and poly(TCDA)/ZnO nanocomposites where the
constituent alkyl segments are much longer. The further increase of pH to ~13 causes
the dissolution of ZnO nanoparticles, leading to the color transition of all systems. We
note that the investigation of size distribution and morphologies do not observe the

collapse of the structure at the low and high pH regions (see supporting in formation).

5.1.6. Colorimetric response to alcohols

5.1.6.1. Addition of ethanol

In the previous work[m, it was found that the colorimetric behaviors of
poly(PCDA)/ZnO nanocomposite was clearly different compared to that of pure
poly(PCDA) vesicles. The addition of alcohols and some solvents did not induce the
color transition of this nanocomposite. This is due to strong ionic interaction at ZnO
surface which strengthens layered structure of the poly(PCDA). In addition, the
dispersion interaction between alkyl side chains of the inner and outer layers also
restrain the distortion of conjugated backbone. In this continuation study, we used the
nanocomposites prepared from TCDA and HDDA to investigate the chromatic transition
upon addition of alcohols. Firstly, the color transition of poly(TCDA) vesicles upon
addition of ethanol was observed. From absorption spectra illustrated in Fig. 5.25a, a
new peak at ~540 nm is detected when the concentration of ethanol is 28.6 vol%.

Further increasing concentration of ethanol, this peak continuously grows. A drastic



96

change takes place when concentration is about 44.4 vol%. The suspension completely
changes to red color at the concentration of 54.5 vol%. In the system of poly(TCDA)/ZnO
nanocomposite which has slightly shorter alkyl tail (compared to poly(PCDA)), however,
the addition of ethanol does not induce color transition in this nanocomposite. The
spectra upon increasing ethanol concentration exhibit similar pattern (see Fig. 5.25b).
The systematic decrease of absorbance is due to the dilution. This result exhibits that
the dispersion interaction between alkyl side chains of this nanocomposite is still

sufficient for resist the distortion of conjugated backbone upon addition of ethanol.

2 3
: 2
< <
' : S (BN r- . .
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
100
==0 ~c=poly(TCDA)
—167 = ~poly(TCDAYZnO
80 = =poly(HDDA)/ZnO
v e
g 60 - e
@ x ~
a Q
] ES
Q
< 40 -
20 - /
. . =] i dmi—
400 500 600 700 800 0 20 40 80 80
Wavelength (nm) Concentration (%V)

Fig. 5.25 Absortion spectra of (a) poly(TCDA), (b) poly(TCDA)/ZnO and (c)

poly(HDDA)/ZnO nanocomposites upon addition of ethanol, (d) the plots of colorimetric

response (%CR) during adding ethanol
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Interestingly, the color transition upon addition of ethanol was observed in the
system of poly(HDDA)/ZnO nanocomposite. From the absorption spectra shown in Fig.
5.25¢, the decrease of A, clearly occurs when the concentration of ethanol is in a
range of 50 to 54.5 %V. Further adding ethanol to about 70 vol%, the color of the
suspension completely change to red. The rationalization for the chromatic transition of
this nanocomposite is due to relatively short distance between the carboxylic head
group and the conjugated backbone, causing the decrease of dispersion interaction,
the molecule of ethanol can insert the outer layer and perturb the conformation of
polymer backbone. The comparison of colorimetric response of pure poly(TCDA)
vesicles, poly(TCDA)/ZnO and poly(HDDA)/ZnO nanocomposites are illustrated in Fig.
5.25d. The plots of %CR clearly demonstrates that the color transition of
poly(TCDA)/ZnO nanocomposite does not occur upon addition of ethanol. The %CR
values of this nanocomposite slightly increase although ethanol concentration is
increased to 76 vol%. In contrast, the %CR value of poly(HDDA)/ZnO nanocomposite at
ethanol concentration of 76 vol% is around 70%, corresponding to color change in the

suspension.

5.1.6.2. Addition of 2-propanol

In addition, we also observed the color transition of poly(TCDA)/ZnO and
poly(HDDA)/ZnO nanocomposites upon addition of 2-propanol. From previous
Iiterature[57], demonstrates that structure of alcohol such as alkyl tail length and position
of —-OH can affect the color transition of PDAs. The absorption spectra of poly(TCDA)
shown in Fig. 5.26a exhibit the drop of absorbance at ~640 nm while a new peak of
~540 nm continuously grows when the concentration of 2-propanol is increased. The
complete red phase takes place at ~41 vol%. From the plots of %CR illustrated in Fig.
5.26b, clearly show that the chromatic transition of poly(TCDA) vesicles upon addition of
2-propanol takes place faster than that of ethanol. This result exhibits that the addition of
2-propanol can induce faster color transition of poly(TCDA) than that of ethanol. In other

word, the molecules of 2-propanol which penetrate into the layer of the PDA have more
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affect the molecular conformation within the assemblies compared to ethanol molecules.
Therefore, we used this type of alcohol to investigate the color transition of the

nanocomposite.
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Fig 5.26 (a) Absorption spectra of poly(TCDA) vesicles upon addition of 2- propanol and

(b) plots of %CR compared to that of the addition of ethanol

The absorption spectra of poly(TCDA)/ZnO nanocomposite upon addition of 2-
propanol are illustrated in Fig. 5.27a. However, the color transition was still not observed.
The spectrum of blue phase with the A, ~643 nm is detected and has no different
pattern when the concentration of 2-propanol is increased. The plots of %CR shown in
Fig. 5.27c also exhibit slight increase of %CR value when the concentration of 2-
propanol is increased to 76 vol%. Therefore the penetration of this alcohol can not
disturb the electronic states of the polymer, corresponding to no change in color of the

suspension.

In the system of poly(HDDA)/ZnO nanocomposite, the absorption spectra shown in
Fig. 5.27b present the decrease of the absorbance at A~660 nm upon the increase of 2-
propanol concentration. When the concentration is 28.6 vol%, the drastic drop of Kmax to
~545 nm is observed and the color of the suspension change to purple. The suspension

completely changes the color to red at the concentration of 54.5 vol% as the value of
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%CR is about 65%. Fig 5.27d shows the plots compared the response of
poly(HDDA)/ZnO nanocomposite upon addition of ethanol and 2-propanol. It show
similar result as in the system of pure poly(TCDA). The color transition of

poly(HDDA)/ZnO nanocomposite upon addition of 2-propanol is clearly faster than that

of ethanol.
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Fig. 5.27 Absorption spectra of (a) poly(TCDA)/ZnO and (b) poly(HDDA)/ZnO
nanocomposites, (c) plots of %CR of poly(TCDA) and the nanocomposites upon
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In this part, we demonstrate a simple method for improving colorimetric behaviors of
PDA-based materials. The incorporation of ZnO nanoparticles into PDA assemblies
promotes interfacial interactions within the system. The resultant PDA/ZnO
nanocomposites exhibit reversible thermochromism and high thermal stability. Their
color-transition temperatures can be systematically controlled by varying structure of the
constituent polymers. The shortening of alkyl chain length, causing the decrease in
dispersion interactions within the assemblies, leads to the decrease in color-transition

temperature.

The colorimetric behaviors upon variation of pH of PDA/ZnO nanocomposites are
significantly different from that of PDA vesicles. The color-transition of nanocomposite
upon increasing pH takes place at much higher pH compared to that of pure PDA
vesicles. The strong ionic interaction between carboxylate head groups and positive
charge at the surface of ZnO nanoparticles can restrain the dynamic of alkyl side chain
upon addition of OH- ions. The shortening of alkyl side chain also causes highly
sensitive colorimetric response of the nanocomposites, which comparable to that of pure
PDAs. Moreover, PDA/ZnO nanocomposite interestingly exhibits more sensitive
colorimetric response upon decreasing pH compared to their PDA counterparts. In the
system of poly(HDDA)/ZnO nanocomposite which constitutes relatively short alkyl chains
show interesting color-transition in both low and high pH region. The addition of alcohols
such as ethanol and 2-propanol cannot induce the color transition of poly(PCDA)/ZnO
and poly(TCDA)/ZnO nanocomposites. However in the system of poly(HDDA)/ZnO
nanocomposite, due to relatively short alkyl chain of this polymer, the addition of

alcohols can induce the blue-red transition.
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5.2. Effects of UV irradiation on colorimetric behaviors of PDA/ZnO nanocomposites

Polymerization time can affect the colorimetric behaviors of PDA-based materials;
however, it is rarely reported. In the previous study of our research group, the effects of
polymerization time on colorimetric behavior of poly(PCDA)/ZnO nanocomposites were
investigated[eﬂ. The results clearly showed that increasing the polymerization time
decreased the color transition temperature of poly(PCDA)/ZnO nanocomposites. In this
study, the effects are further investigated in the system of poly(TCDA)/ZnO and
poly(HDDA)/ZnO nanocomposites with shorteralkyl side chain length compared to

poly(PCDA)/ZnO nanocomposites.

5.2.1. Optical properties

Absorption spectra of poly(TCDA)/ZnO nanocomposites subjected to different UV
irradiation times are illustrated in Fig. 5.28a. The spectrum of the nanocomposite
obtained by UV irradiating for 1 min shows typical peaks at 640 nm with vibronic
shoulder at 590 nm. The aqueous solution exhibits light blue color. With increasing UV
irradiation time to 20 min, it can be clearly observed the increase of the low energy band
~673 nm, corresponding to the increase of conjugation length in the polymer. At UV
irradiation time of 30 min, the peak of vibronic shoulder shifts from 590 nm to ~563 nm.
The Kmax values slightly decrease as a function of irradiation time in the range of 1-40

min as shown in Fig. 5.28c. At UV irradiation time of 60 min, the A__ significantly

decreases to 616 nm with vibronic shoulder ~563 nm. The color of the solution changes
to purplish blue. The spectra continue in similar pattern when increasing UV irradiating

to 120 min. The decrease of Kmax is hardly observed.

In the system of poly(HDDA)/ZnO nanocomposite, polymerization time exhibits more
effect on the molecular conformation than in the system of poly(TCDA)/ZnO
nanocomposite. The spectra of poly(HDDA)/ZnO nanocomposites derived from different

polymerization times are shown in Fig. 5.28b. The aqueous solution of the
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nanocomposite obtained from 15s-UV irradiating time exhibits deep blue color with a
peak at ~660 nm and vibronic shoulder at 600 nm. The slight decrease of A, is
observed at UV irradiating time of only 4 min. With increasing UV irradiating time to 10
min, a peak at ~614 nm is detected. The A___significantly drops to ~614 nm when the
nanocomposite is irradiated for 30 min as illustrated in Fig. 5.28c. Further increasing in
UV irradiating time causes insignificant changes in the spectra. We can conclude from
the results that the increase of UV irradiation time affects the conformation of the
polymer backbone. The decrease of A__ attributes to the increase of side chain
dynamics, which causes partial twisting of T-orbitals. The energy band gap is wider and

electrons need higher energy to move to the conduction band. Therefore, the PDA

absorbs relatively higher energy.
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Fig. 5.28 Absorption spectra of (a) poly(TCDA)/ZnO and (b) poly(HDDA)/ZnO

nanocomposites upon

increasing polymerization

A

time, and (c) A,

nanocomposites with increasing polymerization time.

5.2.2. Interactions in the nanocomposites

of these

The interactions in the nanocomposites upon increasing UV irradiation time are

investigated by using infrared (IR) spectroscopy. It was shown in the system of

poly(PCDA)/ZnO nanocomposites that the spectrum of blue phase nanocomposite

irradiated for 60 min exhibits no difference compared to that of the nanocomposite

irradiated for 4 min®®”. The similar results are exhibited for the system of poly(TCDA)/ZnO
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nanocomposites in this study. The differences among the spectrum pattern of the

nanocomposite irradiated for various time are not observed.

Transmittance

=4 min
30 min
60 min

=120 min

3000 2600 2400 2000 1600 1200 800
Wavenumber (cm-") Wavenumber (cm")
Fig. 5.29 FTIR spectra of poly(HDDA)/ZnO nanocomposites prepared with various

polymerization times.

However, in the system of poly(HDDA)/ZnO nanocompositewith relatively short alkyl
chain, the effects of UV irradiation time on the conformation of the electronic backbone
are more obvious. As shown in Fig. 5.28c that Xmax decreases from 664 to 616 nm within
30 min of UV irradiation time, and the suspension clearly changes its color to purple. In
addition, the decrease of A, upon increasing UV irradiation time of poly(HDDA)/ZnO
nanocomposite is more than in the system of poly(PCDA)/ZnO or poly(TCDA)/ZnO
nanocomposites. The results are quite different from the nanocomposites subjected to
heat, in which the decreases of A___upon increasing temperature in poly(PCDA)/ZnO or
poly(TCDA)/ZnO nanocomposites are more than in the system of poly(HDDA)/ZnO
nanocomposite (refer to topic 5.1.3.). Therefore, it can be imagined that the UV light
could directly affect the backbone conformation of this polymer. However, this

assumption should be further investigated in the future.
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The FTIR spectrum of the blue-phase poly(HDDA)/ZnO nanocomposite shows the
peaks at 2848, 2918, and 2954 cm' correspond to Vv (CH,), v_(CH,), and Vv_(CH,),
respectively (Fig. 5.29). After increasing polymerization time to 120 min, all of these
peaks are at the same position, indicating no changes in conformation of the alkyl side
chains. Independent of UV irradiation time, the peaks at around 1540 and 1410 cm'1,
corresponding to the stretching vibrations, i.e., v_((COO) and v (COO), of carboxylate
anion split into multiple peaks in all samples. This suggests the non-homogeneous
interactions between poly(HDDA) carboxylate head groups and Zn—OH2+ groups at ZnO
surface, which still occur upon increasing UV irradiation time to 120 min. However, a
slight difference can be observed in the IR pattern of poly(HDDA)/ZnO nanocomposite
irradiated for 120 min. The peak of carboxylate anion slightly shifts to ~1600 cm’,
indicating that the interaction with ZnO surface is in a different manner. In addition, a
new peak at 1685 cm’is clearly observed. This result suggests partial rearrangement of

the interactions inside the nanocomposite during increasing irradiation time.

5.2.3. Morphologies

Morphologies of PDA/ZnO nanocomposites obtained from various UV irradiation
times are investigated by SEM as shown in Fig. 5.30. The samples of the
nanocomposites were prepared without filtration. The results show that polyTCDA)/ZnO
nanocomposites obtained from irradiating for 30 and 120 min (see Fig. 5.30a and b)
exhibit spherical and ellipsoidal shapes, which is similar to poly(TCDA)/ZnO
nanocomposites irradiated for 1 min. In the system of poly(HDDA)/ZnO nanocomposite,
the long irradiated samples in Fig. 5.30 c,d exhibit ellipsoidal and irregular shapes,
which are similar to the poly(HDDA)/ZnO nanocomposite irradiated for 15s (see Fig.
5.2f). Therefore, it can be concluded that although the increase of polymerization time
can change the optical properties, it does not affect the morphologies of the

nanocomposites.
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Fig. 5.30 SEM images of the nanocomposites obtained from various irradiation times: (a)
poly(TCDA)/ZnO irradiated for 30 min, (b) poly(TCDA)/ZnO irradiated for 120 min, (c)
poly(HDDA)/ZnQO irradiated for 30 min and (d) poly(HDDA)/ZnO irradiated for 60 min.

5.2.4. Colorimetric response to temperature

5.2.4.1. Poly(TCDA)/ZnO nanocomposites

The colorimetric response to temperature of poly(TCDA)/ZnO nanocomposites
prepared with various UV irradiation times is shown in Fig. 5.31. The result exhibits that
polymerization time clearly affects the thermochromic behaviors of this nanocomposite.
The nanocomposite prepared with irradiating UV for 4 min displays slight color transition
in the range of 30-60 "C. The drastic drop of A__ to ~590 nm is observed when
increasing temperature to 70 °C, corresponding to blue-purple transition (see Fig.

5.32a). In the system of the nanocomposites irradiated for 30 min, the sudden decrease
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of the A__, to ~617 nm occurs at only 40°C. This result demonstrates that the increase of
polymerization time causes partial rearrangement of the polymer conformation. This
results in the decrease of attractive interaction such as hydrogen bonding, dispersion
interaction or ionic interaction in the nanocomposites. Therefore, the color transition of

the nanocomposite prepared with longer UV irradiation time takes place at lower

temperature region.
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Fig. 5.31 Absorption spectra upon increasing temperature of poly(TCDA)/ZnO
nanocomposites obtained by irradiating for (a) 4 min, (b) 30 min, (c) 60 min and (d) 120
min

For the system of poly(TCDA)/ZnO nanocomposites obtained by irradiating for 60 min

and 120 min, the initial Xma are 617 nm and 615 nm, respectively. Upon increasing

X
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temperature, the A,__ slightly decrease and the drastic drop of A__ cannot be detected.
The A, of the nanocomposite obtained by irradiating for 60 and 120 min decreases to
608 nm and 609 nm, respectively, when temperature increases to 90 °C. This result
indicates that the segmental rearrangement of the polymer in this nanocomposite

slightly takes place although it is heated up to 90°C.
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Fig. 5.32 The plots of colorimetric response (%CR) and Xma of poly(TCDA)/ZnO

X

nanocomposites prepared with various polymerization times

From the plot of %CR (Fig. 5.32b), it is clearly observed the lower values of %CR for
the nanocomposites with longer UV irradiation time when temperature is in a range of
70-90 °C. For example, at 90 °C, %CR of the nanocomposite obtained by irradiating UV
for 4 min is around 55% while the nanocomposite irradiated for 60 min exhibit %CR of
18%. This result demonstrates that, at high temperature region, poly(TCDA)/ZnO
nanocomposite with longer UV irradiation time exhibits lower degree of color change
than the nanocomposite prepared with shorter period of irradiation. It can be possibly
believed that increasing UV irradiation time promotes the release of mechanical strain in
the side chain of PDA. This causes the reduction of the planarity of 7t-orbital
arrangement along the conjugated backbone. Therefore, poly(TCDA)/ZnO
nanocomposite prepared with long UV irradiation is purplish blue and under less strain

than the deep blue nanocomposite irradiated for short time (Fig. 5.33). When subjected
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to heat, the release of strain upon thermal stimulation in nanocomposite irradiated for
long time is less than in the one irradiated for short time. The segmental rearrangement
is less occurred, resulting in the lower degree of color changing in the nanocomposites

with long period of irradiation.

120 min

30°C el . .

) 90 °c

Fig. 5.33 Color photograph of poly(TCDA)/ZnO nanocomposites with various

polymerization times upon increasing temperature.

The color photograph of poly(TCDA)/ZnO nanocomposite prepared with various
polymerization times upon increasing temperature are illustrated in Fig. 5.33. It can be
clearly seen that the increase of UV irradiation time causes the chromic transition of
nanocomposite suspension to take place at lower temperature. For example, the
nanocomposite suspension obtained by irradiating for 4 min is still in blue color at 50 °C
while the color of the suspensions irradiated for longer time exhibits violet color. In
addition, the degree of color changing in high temperature region of the nanocomposite
with longer UV irradiation time is less than that of the nanocomposite obtained by shorter

period of irradiation.
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Fig. 5.34 Absorption spectra of poly(TCDA)/ZnO nanocomposites obtained by irradiating

for (a) 4 min, (b) 30 min, (c) 60 min and (d) 120 min upon cooling from designate

temperatures.

The colorimetric behaviors upon cooling to room temperature of poly(TCDA)/ZnO

nanocomposite obtained by various polymerization times are investigated. Fig. 5.34

shows the absorption spectra when the suspensions are cooled from desired

temperatures (e.g. 60-30 °C is the spectrum of the suspension cooled to 30 °C from 60

°C). It can be observed that the nanocomposite irradiated for 4 min exhibits complete

thermochromic reversibility although the suspension is cooled from 90 °C (see Fig.

5.34a). In contrast, in the system of nanocomposite irradiated for 30 min, the color of the
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suspension cannot completely return to the initial blue after cooling from 40 °C. This is
due to the weakening of overall interactions in the nanocomposite upon increasing UV
irradiation time. However, this color is stable over the next higher temperature as the
spectra are in similar pattern after cooling to 30 °C (see Fig. 5.34b). In the system of the
nanocomposite obtained by irradiating for 60 min and 120 min shown in Fig. 5.34c and
d, the spectra after cooling to room temperature are similar to the initial spectrum,
indicating the complete reversibility. The rationalization for this behavior is as follows.
The nanocomposites irradiated for 60 and 120 min at the initial stage exhibit relatively
weak overall interactions including the ionic interaction at the ZnO surface. Increasing
temperature cause the segmental rearrangement of the polymer to occur only slightly.
Therefore, the conformation can change back to the initial stage when cooling to room

temperature.

Thermal stability of poly(TCDA)/ZnO nanocomposite derived from various
polymerization times is also investigated. The aqueous suspensions are subjected to
multiple heating/cooling cycles, switching between 30 and 90 °C. Poly(TCDA)/ZnO
nanocomposite irradiating for 4 min exhibits completely color reversibility. Its purple
color at elevated temperature fully reverses to the initial blue color upon cooling. The
color reversibility can be repeated for more than 10 heating/cooling cycles as illustrated
in the plot of %CR value (see Fig. 5.35a). In the case of poly(TCDA)/ZnO nanocomposite
prepared with irradiation time of 30 min, the color does not return to the original one after
the first heating/cooling cycle as the value of %CR is around 10% after cooling to room
temperature. However, this color is stable over the next nine heating/cooling cycles as

shown in Fig. 5.35b.

Thermal stability of poly(TCDA)/ZnO nanocomposite derived from irradiating for 60
min is shown in Fig. 5.35c. Although the attractive interactions within the
nanocomposites are weaker, the complete thermochromic reversibility is clearly

observed for more than 10 heating/cooling cycles.
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Fig. 5.35 Changes of %CR during 10 heating/cooling cycles, switching between 25 °C

and 90 °C, of poly(TCDA)/ZnO nanocomposites prepared with various polymerization

times; (a) 4 min, (b) 30 min and (c) 60 min
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5.2.4.2. poly(HDDA)/ZnO nanocomposites

Absorption spectra of poly(HDDA)/ZnO nanocomposites obtained by different
irradiation time ranging from 4min to 60 min upon heating are illustrated in Fig. 5.36. The
results also exhibit in similar trend compared to the system of poly(TCDA)/ZnO
nanocomposite. The color transition of the nanocomposite prepared with longer period
of UV irradiation takes place at lower temperature compared to the shorter one. The
spectra of the nanocomposite irradiated UV for 4 min displays a drastic change of A,
when increasing temperature to around 50 °C and the color of the suspension changes
to purple. The complete blue-purple transition takes place at about 60 °C. The drop of
absorbance is due to the precipitation of the nanocomposite. In the system of the
nanocomposite obtained by irradiating for 10 min, an abrupt change of absorption
pattern is detected at around 40 °C and the suspension completely change to purple
color at about 50 °C. For poly(HDDA)/ZnO nanocomposites irradiated for 30 min, the
Kmax is at ~620 nm and there is a peak at around 650 nm, which completely disappear at
~40 °C. Further heating up to ~90°C, the absorption pattern slightly changes and the
A,.. is at 614 nm. In the case of poly(HDDA)/ZnO nanocomposite obtained by
irradiating for 60 min, The spectra upon increasing temperature exhibit in a similar
pattern. We cannot observe the abrupt change upon increasing temperature. The plots
of %CR representing to the chromatic transition upon heating of poly(HDDA)/ZnO
nanocomposites prepared with various irradiation time are summarized in Fig. 5.37a. It
clearly reveals that the magnitude of color change upon heating significantly decreases

with the increasing UV irradiation time.
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Fig. 5.36 Absorption spectra upon increasing temperature of poly(HDDA)/ZnO

nanocomposites prepared with various UV irradiation times: (a) 4 min, (b) 10 min, (c) 30

min and (d) 60 min.
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Fig. 5.37 (a) The plots of colorimetric response (%CR) and (b) Xmax upon increasing
temperature of poly(HDDA)/ZnO nanocomposites prepared with various polymerization

times

It can be observed from the plots of Xmax in Fig. 5.37b, upon increasing temperature,
the drop of Xmax is significantly less for the nanocomposites irradiated with longer period.

The decrease of Kma in the system of poly(HDDA)/ZnO nanocomposite derived from

irradiation time of 60 min is only around 2 nm when increasing the temperature to 90 °C.
This result is also similar to the system of poly(TCDA)/ZnO nanocomposite presented in

the previous section.

The color photograph at different temperatures of the aqueous suspensions of
poly(HDDA)/ZnO nanocomposites derived from different polymerization times are
illustrated in Fig. 5.38. The nanocomposites obtained by irradiating for less than 30 min
are apparently show color transition. It can be clearly seen that the color transition of
samples irradiated for longer period takes place at lower temperature. The
nanocomposite suspension obtained by irradiating for 4 min changes to violet color at
~50 °C while this similar color is observed at 40 °C for nanocomposite irradiated for 10
min. The nanocomposite derived from irradiating for 30 min exhibits purplish-blue color

at room temperature and change to reddish purple after heating to ~40 °C. On the other
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hand, poly(HDDA)/ZnO nanocomposite obtained by irradiating for 60 min nearly exhibits

color stability upon heating to 90 °C.

30 °C | » w°C

Fig. 5.38 Color photograph upon increasing temperature of poly(HDDA)/ZnO

nanocomposites prepared with various polymerization times

The colorimetric behaviors upon cooling to room temperature of poly(HDDA)/ZnO
nanocomposite obtained by various polymerization times are illustrated in Fig. 5.39.
Poly(HDDA)/ZnO nanocomposite obtained by irradiating for 4 min can exhibit complete
thermochromic reversibility when it is cooled from 70 °C to room temperature. However,
the spectra after cooling from 80-90 °C show a peak around 540 nm, corresponding to
the formation of a small fraction of red phase (see Fig. 5.39a). This result is also similar
to poly(HDDA)/ZnO nanocomposite irradiated for 15s illustrated in previous chapter
[topic 5.1.3.1.]. In the case of poly(HDDA)/ZnO nanocomposite obtained by irradiating
for 10 min, the growth of a peak at about 540 nm is still observed when temperature is
cooled from 90 °C. In contrast, poly(HDDA)/ZnO nanocomposite derived from irradiating
for 30 min exhibit a nearly complete color reversibility. The spectrum of the suspension

cooled from 90 °C to room temperature is similar to the spectrum of the initial phase as
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illustrated in Fig. 5.39c. Moreover, the growth of red-phase peak is not observed. The
rationalization for this behavior is also similar to the system of poly(TCDA)/ZnO
nanocomposite explained in the previous section. The spectra of the nanocomposite
obtained by irradiating for 60 min are shown in Fig. 5.39d. It can be observed that the
spectra of suspension cooled to room temperature exhibit similar patterns compared to
the original suspension. However, it is noted here that the color transition of this

nanocomposite is hardly observed when temperature increases.
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Fig. 5.39 Absorption spectra measured upon cooling from designate temperature of
poly(HDDA)/ZnO nanocomposites with various polymerization times: (a) 4 min, (b) 10

min, (c) 30 min and (d) 60 min
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Thermal stability of poly(HDDA)/ZnO nanocomposite obtained by irradiating UV for 4,
10 and 30 min is illustrated in Fig. 5.40a, b and c, respectively. Poly(HDDA)/ZnO
nanocomposite obtained by irradiating for 4 and 10 min cannot exhibit completely color
reversibility after the first heating/cooling cycle. The value of %CR after cooling to room
temperature is around 8% and 4% for the nanocomposites irradiated for 4 and 10 min,
respectively. However, these colors of the 1° cycle are stable over the next nine
heating/cooling cycles. This result is quite similar to poly(HDDA)/ZnO nanocomposites
obtained by irradiating for 15s shown in topic 5.1.3.1. In the system of poly(HDDA)/ZnO
nanocomposite derived from irradiating for 30 min, the plots of %CR of heating/cooling
nearly exhibit complete color reversibility which can be repeated for more than 10
heating/cooling cycles. The purple color of this nanocomposite at ~90 °C nearly reverses
to the initial color after cooling to room temperature. The slight increase of %CR of

cooling (~2%) possibly takes place from the slight difference in cooling temperature.
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5.2.5. Colorimetric response to pH

Absorption spectra of poly(TCDA)/ZnO nanocomposites prepared with various
polymerization time measured upon the decrease of pH are illustrated in Fig. 5.41. It can
be observed that the addition of H' ions significantly affects the color of the
nanocomposite suspensions. In the system of poly(TCDA)/ZnO nanocomposites
irradiated for 1-10 min, a new peak at 550 nm is detected when pH is decreased to
around 3.5 and the peak continuously grows upon further adding H" ions. The complete
blue-red transition is observed at pH ~0.5. In contrast, the complete color transition is
not observed in the system of nanocomposites obtained by irradiating UV for longer than
10 min. Large fraction of the blue phase (A~640 nm) is still remain although pH is
decreased to 0.5. From the plot of %CR shown in Fig. 5.43a, it can be observed that the
degree of color transition upon decreasing pH is lower for the nanocomposites
irradiated with longer period. The magnitude of color change significantly decreases
when irradiation time increases (e.g. when the pH is decreased to ~1, %CR of the
nanocomposite irradiated for 1 min is 67% while the nanocomposite irradiated for 120
min is only 23 %.). The result suggests that the nanocomposite subjected to long
polymerization time slightly change conformation of the conjugated backbone when

response to stimuli.
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Fig. 5.41 Absorption spectra upon decreasing pH of poly(TCDA)/ZnO nanocomposites

prepared with various polymerization times
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Absorption spectra upon increasing pH of poly(TCDA)/ZnO nanocomposite
suspensions derived from different UV irradiation times are exhibited in Fig 5.42. It can
be observed that the absorption patterns of all nanocomposites after adjusting pH from
7 to 12 are not different. At pH~13, the minor peak at ~546 nm is observed,
corresponding to the formation of the red phase. The plots of %CR shown in Fig 5.43b
indicate that the color transition of all nanocomposites does not take place at pH lower
than 12. The %CR value of the nanocomposites irradiated for 1 to 30 min slightly
increases at pH~12.5, while the value of %CR of the nanocomposite irradiated for 60
and 120 min slightly increases at pH~13. Further increasing pH to higher than 13, a
peak at 546 nm continuously grows but a large fraction of their initial phase is still

observed. At this condition, the color of the suspensions changes to purple.
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Fig. 5.43 Colorimetric response of poly(TCDA)/ZnO nanocomposites prepared with

various polymerization times upon variation of pH; (a) in acidic and (b) basic condition

Absorption spectra upon the decrease pH of poly(HDDA)/ZnO nanocomposites
obtained by various polymerization times measured are illustrated in Fig. 5.44. The color
transition upon addition of H" ions is clearly observed in all nanocomposites. A new
peak at 550 nm is detected when pH is decreased to around 5 and the peak
continuously grows upon further adding H" ions. The spectra of poly(HDDA)/ZnO
nanocomposites irradiated for 1-10 min completely exhibit the blue-red transition at pH
~3.5. In the case of poly(HDDA)/ZnO nanocomposites obtained by longer period of
irradiation (30-60 min), the complete blue-red transition is not observed although the pH
is decreased to ~1. A peak with Xmax ~612 nm is still detected, corresponding to the
fraction of their initial phase. The plot of colorimetric response as a function of pH
illustrated in Fig. 5.46a shows that the color transition is firstly observed at pH ~5 in
these nanocomposites. However, similar to the system of poly(TCDA)/ZnO
nanocomposites, the magnitude of color change upon decreasing pH is reduced for the
nanocomposites obtained by longer period of irradiation. For example, the %CR value of
the nanocomposite irradiated for 4 min is around 65% at pH 3.5 while the

nanocomposite obtained by irradiating for 60 min is only 24 %.
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Fig. 5.44 Absorption spectra upon decreasing pH of poly(HDDA)/ZnO nanocomposites

prepared with various polymerization times
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Fig. 5.45 shows the absorption spectra upon increasing pH of poly(HDDA)/ZnO
nanocomposite suspensions with different polymerization times. The blue-red transition
upon adding OH ions is clearly observed in all nanocomposites. A small peak at around
546 nm is detected at pH ~11 and the peak continuously grows upon further increasing
pH while the absorbance of the initial phase continuously drops. Poly(HDDA)/ZnO
nanocomposite with polymerization time of 1 min can exhibit complete blue-red
transition when the pH is increased to more than 13. For the nanocomposites derived
from longer period of irradiation, the complete red phase is not observed although the
pH is increased more than 13. The small peak at around 612 nm is still observed,
indicating to the fraction of the initial phase. The plots of %CR shown in Fig. 5.46b
indicate that the color transition of all nanocomposites takes place at pH ~11. The
magnitude of color change is decreased when the nanocomposite is prepared by longer
period of irradiation. Poly(HDDA)/ZnO nanocomposites obtained by irradiating for 1 min
exhibit complete blue-red transition at pH ~13 with the %CR value of around 70%

whereas the %CR value of the nanocomposite irradiated for 60 min is only 30%.

The rationalization for this behavior can be explained as follows. The increase UV
irradiation time causes the increase of length of the conjugated backbone. Since the
monomers assemble into vesicles around the ZnO nanoparticle, the increase in length of
the conjugated backbone may cause an increase in distance between head groups.
When OH- ions are added to produce the repulsive force between negative carboxylate
head groups, this force only slightly affects the conformation of the side chains, and
thus, that of the conjugated backbone. Therefore, the degree of color changing in the

nanocomposite irradiated for longer time is less.
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Fig. 5.45 Absorption spectra upon increasing pH of poly(HDDA)/ZnO nanocomposites

obtained by various polymerization times
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Fig. 5.46 The plots of colorimetric response upon variation of pH of poly(HDDA)/ZnO

nanocomposites prepared with various polymerization times

The color photograph upon variation of pH of poly(HDDA)/ZnO nanocomposites
obtained by various polymerization times are illustrated in Fig.5.47. The chromatic
transition upon variation of pH is apparently observed. It can be seen that the color
transition of samples irradiated for 4 min is clearly observed in both acidic and basic
condition. The sample exhibits red color after decreasing pH to 3 or increasing pH to 13.
In the case of the nanocomposites obtained by longer period of irradiation, the color
transition is observed at the same pH but the magnitude of color change decreases
significantly, e.g. the nanocomposite obtained by irradiating for 10 min exhibit only
purplish-red color at pH ~3. In the system of poly(HDDA)/ZnO nanocomposite obtained
by irradiating for 60 min, it can be observed only slight chromatic transition although the

pH is decreased to ~1 or increased to higher than 13.
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Fig. 5.47 Color photograph upon variation of pH of poly(HDDA)/ZnO nanocomposites

prepared with various polymerization times

5.2.6. Colorimetric response to alcohols

The increase of polymerization time results in the decrease of overall interaction in
the nanocomposites, which could affect the colorimetric behaviors upon addition of
alcohols. From the previous result [see topic 5.1.6.], the addition of ethanol does not
induce color transition in the system of poly(TCDA)/ZnO nanocomposite derived from
irradiating for 1 min. In this study, we investigate the response to ethanol of
poly(TCDA)/ZnO nanocomposite obtained from longer period of irradiation as shown in
Fig. 5.48. We found that the color transition is still not observed. The spectra upon
increasing ethanol concentration of poly(TCDA)/ZnO nanocomposites obtained by
irradiating for 4 min and 60 min exhibit similar patterns compared to their initial phase.
The color of the suspension is similar to the original although the concentration of
ethanol is around 76.2 vol%. The systematic decrease of absorbance is due to the
dilution by ethanol. From the plots of %CR shown in Fig. 5.48c, the value of %CR of
poly(TCDA)/ZnO nanocomposite irradiated for 4 min slightly increases to about 10%
when the concentration of ethanol is increased to 76%. However, it is difficult to observe

the color change of the suspension. In the case of poly(TCDA)/ZnO nanocomposite
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irradiated for 60 min, the value of %CR is nearly unchanged at ethanol concentration of

76 vol%.
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Fig. 5.48 Absorption spectra upon addition of ethanol of poly(TCDA)/ZnO
nanocomposites obtained by irradiating for (a) 4 min and (b) 60 min, (c) the plots of

%CR as a function of ethanol concentration
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Fig. 5.49 Absorption spectra of poly(TCDA)/ZnO nanocomposites obtained by irradiating

for (a) 4 min, (b) 30 min, (c) 60 min and (d) 120 min upon addition of 2-propanol

In addition, we also study the effect of 2-propanol on the colorimetric behaviors of
poly(TCDA)/ZnO nanocomposites derived from various polymerization times. The
addition of 2-propanol causes higher color transition in the polydiacetylene system as
demonstrated in previous chapter. The absorption spectra upon addition of 2-propanal
of the nanocomposites irradiated for various times are illustrated in Fig. 5.49. It is still
found that the addition of 2-propanol into aqueous suspensions of poly(TCDA)/ZnO
nanocomposites hardly affects their absorption spectra. The spectra of all
nanocomposites exhibit similar patterns compared to their initial phase. The plots of
%CR shown in Fig. 5.50 exhibit slight increase of %CR value to around 10% at 76 vol%
2-propanol in the case of poly(TCDA)/ZnO nanocomposite irradiated for 4 min. However,

the observed color of the suspension of this nanocomposite is still light blue. For
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poly(TCDA)/ZnO nanocomposites obtained by irradiating for 30, 60 and 120 min, the
value of %CR at 76 vol% of 2-propanol is around 5%, 3% and 1%, respectively,

indicating high color stability upon exposure to 2-propanol.
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Fig. 5.50 The plots of colorimetric response upon addition of 2-propanol of

poly(TCDA)/ZnO nanocomposites with various polymerization times

For poly(HDDA)/ZnO nanocomposite, blue-red transition upon addition of alcohols is
clearly observed [see topic 5.1.6.]. Therefore, effects of variation in polymerization time
are further investigated. Absorption spectra upon addition of 2-propanol of
poly(HDDA)/ZnO nanocomposites obtained by various polymerization times are
illustrated in Fig. 5.51. The spectra of poly(HDDA)/ZnO nanocomposite obtained by
iradiating for 4 min clearly exhibit the decrease of A, to ~550 nm at 30 vol% 2-
propanol and this peak continuously grows with further addition of 2-propanol. The color
of the suspension completely changes to red at ~76 vol% 2-propanol. In the case of
poly(HDDA)/ZnO nanocomposite derived from irradiating for 10 min, the spectrum of the
initial phase constitutes of three peaks at around 650 nm, 618 nm and 556 nm (see Fig.
5.51b). The addition of 2-propanol causes the drop of a peak at ~650 nm while a peak
at 556 nm continuously grows. When the concentration of 2-propanol is up to 76 vol%,

the peak at 650 nm is completely disappeared. A peak at 618 nm however, still remains
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as in the initial condition. The spectra pattern upon addition of 2-propanol of
poly(HDDA)/ZnO nanocomposite obtained by irradiating for 30 min exhibit in similar
trend. A peak at around 650 nm continuously drops until it is disappeared when the
concentration of 2-propanol is increased to 74 vol%. In the system of poly(HDDA)/ZnO
nanocomposites obtained by very long period of irradiation (60 min), the initial phase

shows the shift of A__ to ~618 nm. Upon addition of 2-propanol, the color transition is

slightly observed.
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Fig. 5.51 Absorption spectra upon addition of 2-propanol of poly(HDDA)/ZnO

nanocomposites obtained by irradiating for (a) 4 min, (b) 10 min, (c) 30 min and (d) 60

min
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The plots of %CR as a function of 2-propanol concentration are illustrated in Fig 5.52.
The color transition can be clearly observed in poly(HDDA)/ZnO nanocomposite
irradiated for 4 min, in which the value of %CR increases to about 65% at 76 vol%. With
increasing polymerization time, the magnitude of color change of the nanocomposites
decrease significantly. The %CR value of poly(HDDA)/ZnO nanocomposite derived from
60 min irradiation is only 8% at 76 vol% 2-propanol, corresponding to a slight chromatic

transition in this nanocomposite.
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Fig. 5.52 The plots of colorimetric response of poly(HDDA)/ZnO nanocomposites

obtained by different polymerization times upon addition of 2-propanal

In this part, we demonstrate that the polymerization time can affect the colorimetric
behaviors of PDA/ZnO nanocomposite upon exposure to external stimuli. The color
transition of nanocomposites irradiated for longer period of irradiation takes place at
lower temperature compared to that of the nanocomposite with shorter irradiation time.
This is due to the weakening of the overall interactions in the hanocomposites upon UV
irradiation. Poly(TCDA)/ZnO nanocomposite derived from irradiating for 4 min can
exhibits complete thermochromic reversibility while the reversibility decreases in
nanocomposites polymerized for 30 min. However, the complete color reversibility can

be observed in poly(TCDA)/ZnO nanocomposite irradiated for 60 min. In the system of
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poly(HDDA)/ZnO nanocomposites, the nearly complete thermochromic reversibility is
observed in the nanocomposite polymerized for 30 min. The complete reversibility
detected in the nanocomposites with relatively long UV irradiation could be due to the
slight change in the molecular orientation upon increasing temperature. The strong ionic
interactions can then induce the conformation to return to their initial stage when cooling

to room temperature.

Poly(TCDA)/ZnO nanocomposite derived from short period of irradiation can exhibit a
complete blue-red transition in acidic condition, which cannot be observed in the
nanocomposite obtained by long period of irradiation. In high pH region of all
poly(TCDA)/ZnO nanocomposites obtained by different irradiation times exhibit similar
color transition at pH higher than 13. For poly(HDDA)/ZnO nanocomposite, the color
transition occurs in both acidic and basic condition. The increase of polymerization time

causes the decrease of the magnitude of color changing upon variation of pH.

In the case of colorimetric response to alcohols, all poly(TCDA)/ZnO nanocomposites
prepared from different UV irradiation times exhibit color stability upon exposure to
ethanol or 2-propanol. In poly(HDDA)/ZnO nanocomposite system, the complete blue-
red color transition is observed in the nanocomposite irradiated for short period upon
exposure to ethanol or 2-propanol. The increase of polymerization time causes the
decrease of the magnitude of color changing upon addition of 2-propanol. It can be
observed that poly(HDDA)/ZnO nanocomposite derived from irradiating for 60 min

nearly exhibits color stability upon exposure to 2-propanol.
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In this study, we investigated the effects of types of nanoparticles on colorimetric

response to external stimuli of PDA/inorganic oxide nanocomposites.

Inorganic oxide

nanoparticles selected for this work exhibit different surface property when they are

dispersed in water. Therefore, the difference of interfacial interactions between the head

groups of diacetylene monomer and nanoparticles of various types is expected, which,

in turn, alters dynamics of the side chains upon subjecting to external stimuli. Table 5.1

shows theoretical isoelectric point (IEP) of metal compound.

Table 5.1 Common isoelectric point (IEP) for super clean surfaces of inorganic oxides'”

Compound pH at IEP
SiO, 2
TiO, 6
ALO, 9
ZnQO 10
CaO -
MgO 12

]

Zeta potential values of all inorganic oxide nanoparticles dispersed in deionized

water are measured without adjusting pH. The value of zeta potential of all nanoparticles

and pH of the suspensions are summarized in table 5.2
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Table 5.2 Zeta potentials and pH of the nanoparticle in aqueous suspension

Compound pH Zeta potential (mV)
Zn0O 7.84 18.29
Sio, 6.21 -34.16
TiO, 7.87 -20.71
ALO, 6.87 27.39
CaO 11.41 14.30
MgO 10.61 11.34

5.3.1. Optical properties and interfacial interactions

The method for preparing nanocomposites with other types of inorganic oxide
nanoparticles is similar to the preparation of PDA/ZnO nanocomposites. After
polymerization by irradiating with UV light, the absorption spectra of the suspensions are
illustrated in Fig. 5.53. In the system of poly(PCDA)/SiO,, poly(PCDA)/TiO, and
poly(PCDA)/AL,O, nanocomposites, the suspensions exhibit deep blue color with Xmax of
637.22 nm, 639.66 nm and 640.48 nm, respectively and vibronic shoulder at ~580 nm,
which are not significantly different from the spectrum of poly(PCDA)/ZnO

nanocomposite (A ~642 nm). However, it cannot be observed peak at ~675 nm in

these nanocomposites. In contrast, the suspensions of nanocomposites prepared from
CaO and MgO nanoparticles are purple after UV irradiation and agglomerates occur.
The spectrum of poly(PCDA)/MgO nanocomposite shows the A__ at ~630 nm with
vibronic shoulder at 580 nm. In addition a peak at ~ 540 nm is observed, corresponding
to the fraction of red phase. The spectrum of poly(PCDA)/Ca0 nanocomposite exhibits
two main peaks. The peak corresponding to the blue phase is detected at about 650 nm

and the peak of red phase is clearly observed at 540 nm. Moreover, the absorbance of

these two nanocomposites is very low. It should be noted that pH of aqueous
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suspensions before adding the monomer of MgO and CaO nanoparticles are 10.61 and
11.41, respectively. These pHs are very high that could be unfavorable for vesicle
formation. In addition, the vesicles that could be formed are in reddish purple phase

due to the high pH.
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Fig. 5.53 Absorption spectra of PDA/inorganic oxide nanocomposites after irradiating by

UV light

The interaction within the nanocomposites is explored by utilizing infrared (IR)
spectroscopy as illustrated in Fig. 5.54. All nanocomposites are in the blue phase. The
IR spectra of poly(PCDA)/SiO,, poly(PCDA)/TiO, and poly(PCDA)/AL,O, nanocomposites
similarly show V_(CH,), V. (CH,) and V_(CH,) at 2848, 2918 and 2954 cm ', respectively.
The bands around 1690 cm’ and 1465 cm’ are clearly detected in these three
nanocomposites, assigning to hydrogen-bonded carbony! stretching of -COOH head
group and methylene scissoring 5(CH2) of side chain, respectively. The pattern of the
spectra of these nanocomposites is hardly different compared to that of the pure
poly(PCDA). Considering the IEP of nanoparticles shown in Table 5.1, the surface of
SiO, particle is acidic with IEP at pH 2. At nearly neutral pH, the SiO, surface is mostly
populated by negative species with the value of zeta potential of -34.16 mV (from Table

5.2). Therefore the carboxylate head groups cannot assemble onto this surface by ionic
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interaction. Although Y-L. Su reported that SiO, nanoparticles could be used as a
template to induce ordered arrangement of PCDA monomers, the driving force comes
from the interactions of the polar groups of PCDA monomers and hydroxyl groups of
silica nanoparticle, as well as the interactions among the PCDA monomers (van de
Waals force, hydrogen bond, etc.)[ﬁz]. This is quite similar to the system of
poly(PCDA)/TiO, nanocomposite. The value of zeta potential of TiO, in aqueous
suspension is -20.71 mV. Therefore, carboxylate head groups of the monomer cannot
interact with TiO, by ionic interaction. However, in the system of poly(PCDA)/ALQ,
nanocomposites, a small peak around 1570 cm” is observed. This can be assigned to a
type of C=0 stretching vibration of the ionic carboxyl group (-COQ). This possibly
causes from the positive species on surface of Al,O, nanoparticles at pH ~7, which can

form ionic interaction with the carboxylate head groups in different manner.
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Fig. 5.54 FT-IR spectra of the blue-phase poly(PCDA)/SiO,, poly(PCDA)/TiO, and

poly(PCDA)/AL,O, nanocomposites
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5.3.2. Morphologies

Morphology of the nanocomposites prepared with various types of inorganic oxide
nanoparticles is investigated by SEM as shown in Fig. 5.55. The SEM samples are
prepared from suspensions without filtration. The images show that the blue-phase
poly(PCDA)/SiO,,  poly(PCDA)/TiO,  poly(PCDA)/ALL,O, and  poly(PCDA)/CaO
nanocomposites similarly exhibit spherical, ellipsoidal and some irregular shapes. In the
case of poly(PCDA)/MgO nanocomposite, planar and platelet-like particles are clearly
observed. This possibly causes by high pH of the suspension in preparing the
nanocomposite. This result is unexpected because this nanocomposite was prepared at

high pH as same as in the system of poly(PCDA)/MgO nanocomposite.

Fig. 555 SEM images of (a) poly(PCDA)/SIO,, (b) poly(PCDA)/TIO,, (c)
poly(PCDA)/ALQO,, (d) poly(PCDA)/MgO and (e) poly(PCDA)/Ca0 nanocomposites
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5.3.3. Thermochromism

The absorption spectra of the nanocomposites upon heating compared to the
system of pure poly(PCDA) vesicles are shown in Fig 5.56. The results show that the
irreversible color transition upon heating is observed in all nanocomposites, which is
similar to the pure poly(PCDA) vesicles. At the first stage, the increase of temperature
causes a gradual blue-shift with a slight drop of absorbance while the spectrum pattern
is hardly affected. The abrupt change of the absorption spectra is observed when the
temperature is increased above 65 °C. The blue-shift of A__ from 620 nm to 543 nm
corresponds to the color transition of both poly(PCDA) and the nanocomposites. A
complete transition to the red phase takes place at around 70-75 °C, in which the
interfacial interaction between carboxylic head groups and the species at the surface of
these inorganic oxide nanoparticles cannot restrain the side chain dynamic. In the
system of poly(PCDA)/AIL,O, nanocomposite, the IR spectrum exhibits a small peak of
carboxylate group at around 1570 cm’ ,which possibly arise from the ionic interaction at
the surface of this nanoparticle but the band of hydrogen-bonded carbonyl stretching of
—COOH head group is mostly observed. Therefore it can be concluded that the main
attractive interaction at the surface of Al,O, nanoparticle is hydrogen bond which cannot

restrict the side chain dynamic upon heating.
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Fig. 5.56 Absorption spectra of (a) poly(PCDA) vesicles, (b) poly(PCDA)/SIO,, (c)
poly(PCDA)/TiO, and poly(PCDA)/Al,O, nanocomposites upon increasing temperature

The plots of colorimetric response of the pure poly(PCDA) vesicles and the
nanocomposites as a function of temperature are illustrated in Fig. 5.57. It can be
observed that the degree of color change of the nanocomposites is hardly different from
that of the pure poly(PCDA) vesicles. The sharp increase of %CR value takes place at

temperature above 65 °C and the complete red phase is observed around 70 °C in all

nanocomposites.
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Fig. 5.57 The plots of colorimetric response (%CR) of the nanocomposites upon heating

5.3.4. Colorimetric response to pH

In the system of PDA/ZnO nanocomposites, the chromatic transition can be clearly
observed in acidic condition. This is possibly due to the dissolution of ZnO nanoparticles
as suggested in the previous section. In the basic condition, the color transition of this
nanocomposite takes place at much higher pH compared to pure PDA. The
nanocomposites prepared from other types of inorganic oxide nanoparticles, however,
exhibit similar colorimetric behaviors to the pure poly(PCDA) as shown in Fig. 5.58.The
blue-shift is not detected when H' ions is continuously added. After adjusting pH to ~1,
a minor peak ~ 550 nm occurs, indicating the slight change of the solution color. The
significant drop of the absorbance results from the agglomeration of the
nanocomposites. The plots of %CR illustrated in Fig. 5.60a clearly show that the value of
%CR of the nanocomposites prepared from SiO,, TiO, and Al,O, nanoparticles slightly
increases to only around 4% when pH of the suspension is lower than 1 whereas %CR

of poly(PCDA)/ZnO nanocomposite increases to around 60%.
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The absorption spectra of poly(PCDA)/SiO,, poly(PCDA)/TiO, and poly(PCDA)/ALO,
nanocomposites upon increasing pH are illustrated in Fig. 5.59b-d. Again, we also
observed the irreversible blue-red transition of these three nanocomposites, which is
similar to the system of pure poly(PCDA) vesicles. In all nanocomposites, a peak at
~546 nm presents at pH ~8 and continuously grows when increasing OH ion
concentration. This indicates that the interfacial interaction at the surface of these
nanoparticles cannot restrict the side chain dynamic occurred by the repulsive force of
negative head groups. The abrupt change of absorption spectra is observed at pH ~11
for poly(PCDA)/SIO, and poly(PCDA)/ALLO, nanocomposites and at pH ~10 for
poly(PCDA)/TiO, nanocomposites.. The complete red phase of all nanocomposites takes
place at pH ~13. Although we can observe the small fraction of the blue phase at
around 640 nm in the system of poly(PCDA)/SiO, and poly(PCDA)/TiO, nanocomposites,
the peak is too small to distinguish the difference in chromatic transition from the pure

poly(PCDA) system.
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Fig. 5.58 Absorption spectra of (a) poly(PCDA) vesicles, (b) poly(PCDA)/SIO,, (c)

poly(PCDA)/TiO, and poly(PCDA)/AI,O, nanocomposites upon decreasing pH
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Fig. 5.59 Absorption spectra of (a) poly(PCDA) vesicles, (b) poly(PCDA)/SIO,, (c)

poly(PCDA)/TiO, and poly(PCDA)/AL,O, nanocomposites upon increasing pH
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Fig. 5.60 The plot of colorimetric response as a function of pH of poly(PCDA) and
poly(PCDA)/inorganic oxide nanocomposites ;(a) in acidic condition and (b) in basic

condition

The plots of %CR of poly(PCDA) vesicles and the nanocomposites upon increasing
pH are shown in Fig. 5.60b. At pH ranging from 8 to 11, it can be observed that the
degree of color transition of poly(PCDA)/TiO, is slightly higher than that of the other
nanocomposites and the pure poly(PCDA) vesicles. For poly(PCDA)/SIO,
nanocomposite the degree of color transition is slightly lower than that of the pure
poly(PCDA). However, the difference in color transition among these three
nanocomposites and the pure poly(PCDA) is not significant when compares to the
poly(PCDA)/ZnO nanocomposites. The cause of the observed color transition behaviors

must be further investigated.
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5.3.5. Colorimetric response to ethanol

Lastly, we observed the colorimetric response to ethanol of these nanocomposites.
The absorption spectra of poly(PCDA)/SiO,, poly(PCDA)/TiO, and poly(PCDA)/ALQO,
nanocomposites upon addition of ethanol are illustrated in Fig. 5.61. Similar to the
system of pure poly(PCDA) vesicles, the color transition of all nanocomposite
suspension is clearly observed. A new peak at ~540 nm is detected when the
concentration of ethanol is 16.7 vol%. Further increasing the concentration of ethanol,

this peak continuously grows. The abrupt change of Xma takes place when the

concentration of ethanol is about 44.4-50.0 vol%. All nanocomposite suspensions
completely change to red color at the concentration of 58.3 vol%. The plots of
colorimetric response as a function of ethanol concentration are shown in Fig. 5.61d.
The result exhibits that the color transition of all nanocomposite takes place at slightly
lower degree than that of pure poly(PCDA). In addition, the degree of color change of
the nanocomposites prepared from SiO, nanoparticles is slightly greater than that of the
nanocomposites prepared from TiO, and AlLO, nanoparticles. However, similar to the
colorimetric response to temperature and pH, the difference in chromatic transition

among these three nanocomposites and the pure poly(PCDA) is very small. The

observed color transition behaviors must be further investigated to verify the cause.
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Fig. 5.61 Absorption spectra of (a) poly(PCDA)/SIO,, (b) poly(PCDA)/TIO, and (c)

poly(PCDA)/Al,O, nanocomposites upon addition of ethanol

In this part, we explore the nanocomposites prepared with inorganic oxide
nanoparticles other than ZnO. SiO,, TiO,, Al,O,, CaO and MgO nanoparticles are used in
this study. It is found that the blue phase of poly(PCDA)/Ca0O and poly(PCDA)/MgO
nanocomposites cannot be prepared. This is possibly due to the very high pH of the
nanoparticle suspensions. The nanocomposites prepared from SiO,, TiO, and Al,QO,
exhibit the blue phase. However, unlike poly(PCDA)/ZnO, the chromatic transition of
poly(PCDA)/SiO,, poly(PCDA)/TIO, and poly(PCDA)/ALLO, when subjects to external

stimuli is not significantly different from the system of pure poly(PCDA) vesicles.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

In previous study, our research group presented a simple method for controlling
colorimetric behaviors of PDA by addition of ZnO nanoparticles as a nano-substrate. The
nanocomposite was prepared by using 10,12-pentacosadiynoic acid as a monomer.
This PDA-based material clearly exhibited different colorimetric behaviors when subjects
to external stimuli. The color transition occurred at higher temperature compared to that
of the pure PDA and the nanocomposite interestingly showed reversible
thermochromism. In addition, the chromatic transition of this nanocomposite occured at
higher pH and it exhibited color stability upon exposure to ethanol.

This research is a continuation study. Effects of alkyl side chain length and periods of
UV irradiation on colorimetric responseof PDA/ZnO nanocomposites upon exposure to
external stimuli are investigated. In addition, the PDA-based nanocomposite prepared
from other types of metal oxide nanoparticles is examined. The results can be

concluded as follows;

6.1.1. Effects of alkyl side chain length on colorimetric responses of
polydiacetylene/ZnO nanocomposites

The color-transition behaviors of PDA/ZnO nanocomposites can be systematically
controlled by varying structure of the constituent polymers. The shortening of alkyl chain
length causes the decrease in dispersion interactions within the assemblies, leading to
the decrease in color-transition temperature. The decrease in alkyl chain length also
promotes the backbone rigidity, which in turn influences the interfacial interactions and
the color-transition behaviors. In the system of poly(HDDA)/ZnO nanocomposite with
relatively short alkyl chain, the heterogeneity of interfacial interactions is detected. Its
color transition is less pronounced, and color stability is also lower compared to the

other nanocomposites.
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The colorimetric behaviors upon variation of pH of the PDA/ZnO nanocomposites are
significantly different from that of the PDA vesicles. The color transition of the
nanocomposite upon increasing pH takes place at a much higher pH compared to that
of the pure PDA vesicles. The shortening of alkyl side chain leads to highly sensitive
colorimetric response of the nanocomposites, which comparable to that of the pure
PDAs. Upon decreasing pH, however, the PDA/ZnO nanocomposite interestingly
exhibits more sensitive colorimetric response compared to their PDA counterparts. The
results could be explained based on dissolution of ZnO nanoparticles in low pH region
and high pH region. The addition of alcohols such as ethanol and 2-propanol cannot
induce the color transition of poly(PCDA)/ZnO and poly(TCDA)/ZnO nanocomposites.
However, in the system of poly(HDDA)/ZnO nanocomposite with relatively short alkyl

chain, the addition of alcohols can induce the blue-red transition.

6.1.2. Effects of UV irradiation on colorimetric behaviors of PDA/ZnO
nanocomposites

The polymerization time can affect the colorimetric behaviors of PDA/ZnO
nanocomposite upon exposure to external stimuli. The color transition of
nanocomposites obtained by longer period of irradiation takes place at lower
temperature compared to that of the nanocomposite with shorter irradiation time. This is
due to the weakening of the overall interactions in the nanocomposites upon UV
irradiation. Poly(TCDA)/ZnO nanocomposite derived from irradiating for 4 min can
exhibits complete thermochromic reversibility while the reversibility decreases in
nanocomposites polymerized for 30 min. However, the complete color reversibility can
be observed in poly(TCDA)/ZnO nanocomposite irradiated for 60 min. In the system of
poly(HDDA)/ZnO nanocomposites, the nearly complete thermochromic reversibility is
observed in the nanocomposite polymerized for 30 min. The complete reversibility
detected in the nanocomposites with relatively long UV irradiation could be due to the
slight change in the molecular orientation upon increasing temperature. The strong ionic
interactions can then induce the conformation to return to their initial stage when cooling

to room temperature.
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Poly(TCDA)/ZnO nanocomposite derived from short period of irradiation can exhibit
complete irreversible blue-red transition in acidic condition whereas the nanocomposite
irradiated for longer time cannot be observed. In high pH region, the color transition of
these nanocomposites obtained by different irradiation times is similarly detected at pH
higher than 13. In the system of poly(HDDA)/ZnO nanocomposite, color transition clearly
occurs in both acidic and basic condition. The magnitude of color transition decreases
with increasing polymerization time.

In the case of colorimetric response to ethanol and 2-propanol, all poly(TCDA)/ZnO
nanocomposites prepared from different UV irradiation times exhibit color stability. The
poly(HDDA)/ZnO nanocomposite obtained by short period of irradiation exhibits a
complete blue-red color transition upon addition of these alcohols. The magnitude of

color transition decreases with increasing polymerization time.

6.1.3. Effects of types of nanoparticles on colorimetric behaviors of PDA/inorganic
oxide nanocomposites

In addition to ZnO, PDA-based nanocomposites are prepared using SiO,, TiO,, AL,O,,
CaO and MgO nanoparticles. The SiO,, TiO, and Al,O, nanoparticles provide the
nanocomposites with blue color. However, the nanocomposites prepared from CaO and
MgO nanoparticles exhibit purple color. Since the pHs of CaO and MgO nanoparticle
suspensions before adding the monomer are very high, formation of vesicles could be
unfavorable. In addition, the vesicles that could be formed are in reddish purple phase
due to the high pH. The chromatic transition when subjected to external stimuli of
poly(PCDA)/ SiO,, poly(PCDA)/TiO, and poly(PCDA)/AlL,O, nanocomposites in blue

phase is similar to the system of the pure poly(PCDA) vesicles.
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6.2 Recommendations

- In this study, three monomers with different alkyl chain length are used for
preparing PDA/ZnO nanocomposites. The results clearly demonstrate the difference in
chromatic transition in these nanocomposites. Therefore, diacetylene monomers with
systematic variation in alkyl tail length or/and length between head groups and
diacetylene unit could be considered to improve the knowledge onthe role of monomer
structure on the colorimetric behaviors of the nanocomposites.

- The PDA/ZnO nanocomposites interestingly response to both acidic and basic pH,
especially in the system of poly(HDDA)/ZnO nanocomposite. Therefore, the colorimetric
response to organic acid and base should be further studied.

- Further study on the effects of polymerization time is recommended to complete
the series of PDA/ZnO nanocomposites for sensing applications. Further investigation on
the effects of types of nanoparticles should be done to gain more understanding in the
interfacial interactions between the head groups of diacetylene monomer and

nanoparticles.
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