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PDA sols. Thermochroini a \ §sois was monitored by UV-vis

indicating the formatior
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CHAPTER I

INTRODUCTION AND THEORY

1.1 Overview

To develop a novel colorimetric s aterials that is clearly observable by the

, ﬁally, the conjugated polymer have
i "DA), one of the most well known

aictures which are amphiphilic

naked eye and also can be use
been receiving attention. Pa -
practical conjugated polx
molecule. Accordingly =2 o form a various nanostructure
such as bilayer, vesicle Swte diacetylene can disperse in
aqueous media and can F = \ WAV-irradiation [1]. Interestingly,
under an external stimuiat’ gf. : \\erature (thermochromism) [2-7],
changing pH (alkalino#® ¢ i F =L \ \ * adding an organic solvent

(solvatochromism) [11-1¢ (chemochromism) [17], PDAs

undergoes a drastic color tra#biti f_ﬁ

various sensing applications. 2k AJ

>a¥[his is suitable and easy for use as

The sensing Pro A — 4+J¢ with the electronic states

of the extensively del tymer backbone. Because of
the optical absorption j blue and rea 1orms of PDASES a consequence of a w - m*
transition of ele ﬁron withigs linear n-co gated backbone. Whenever, the external

Ueﬁj %Yf]“&slm w&qﬂlﬁmugated system, their

absorption, and eﬂnssmn properties ill be 1nduc to change an t ne a color of PDA

frombluﬂﬁ']ﬂﬁﬂ'ifumﬂﬂﬂmaﬂ

Under&anding in detail of the color transition will advance to design the suitable

stimuli disturb

sensing materials for difference applications. Thermochromism is probably one of the
most widely investigated for structure and property relationships as well as their
mechanism. The color transition of PDAs can be either reversible or irreversible and is
usually measured experimentally as a shift of the absorption band from low to high

energy in the visible spectrum. Although the variation of the total chain length, the



position of the diyne unit within the chain can provide diverse colorimetric responses to
temperature and have been reported, the reports were limited to study the effect of chain
length, and the position of the diyne unit but the effect from amino head group and the
position of carbonyl within the chain on the thermochromic behaviors have reported a
minimal information available. The positions of amide head groups can affect
thermochromic property of PDAs by induce the weak or strong hydrogen bonds between
I>4 a novel series of diacetylene monomeric
ﬂ various alkyl chain length spacer
between carbonyl head grl_, M— 110 ‘mt-dg/ere then dispersed in water and

~ studies of the synthesized PDA
Yk mwe UV-Vis spectroscopy. The

the head groups. In this thesis have.cy

lipids containing either one or.

photopolymerized to fors
sols were carried out k
‘.\1"& ;* re information about how the
WS influence the thermochromic
properties of the PDAs. 7, % ' 'on increased the assortment of
temperature sensing matCri: Wrvode ' esigning new PDAs for universal

temperature indicators. Be® VeL! ¢ | 0c of the most important physical

' " ="
parameters that affect the ¢ al

which can affect directly to thedes -é

-
for temperature sensisge————————————————— 0= fhsumer products [8].
L}

In addition, solverit 3 r cd industry but their misuses

ducts, especially food and medicine

is the earliest and most widely used

and careless disposals ¢, cause catastrophic danger and ‘obal environmental pollution.
Many solvents S g8 oy il, igegompounds (VOCs) that
can put humanﬁﬂﬂlﬁﬁtﬂm fﬂaﬁgﬁpﬁme through high dose
inhalation, partic?f!arly some carcinogenic aromatis, and chlorinatggd solvents [18]. For
proper sﬂtﬁaﬁﬁatﬂgtﬂ}l&]imt%%oﬂtﬂl%r&jmportam among
the initialqasseissnilentrs. Many VOC sensors usiﬁg elec;[rbchen;icai [i9,20], cholesteric
liquid crystals (CLCs) [21], electrical and optical [22-24] techniques have been
developed. Among these, the optical mode is the most promising to be developed into a

simple naked-eye and instrumentless detection practical for an on-site analysis by a non-

technician.



In another way, surfactant is also a commonly chemicals were used for many
purposes, especially in industrial field and household. High quantitative disposal without
a proper treatment can cause the catastrophic environmental pollutant. The simple
method needs to be developed in order to an on-site detection without using the

instruments.

1.2 Theory
1.2.1 Polydiacetylene vesicles &
Polydiacetylene (PDA) :

=

1iqug cle - imeric material that couple highly

3t side groups and terminal

aligned conjugated bag
functionalities. PDA from topopolymerization of
diacetylene monomers alternating ene-yne polymer

chains (Figure 1.1) upor F T Madiation [25,26].

Figure 1.1 Polymerizi 44 i aition with UV light.

;i ¥

The topopolymerized gigagtylene crystalggre nearly perfectly ordered crystals which

camnot ve oco@bBRRIYBIVATI B) AR Fraion of o preformec

polymer from s8lution or melt. Tl}e resulting PDA if generated under optimized
condltlola @6‘?1 ﬂxﬁlm ﬁ ’ErﬂeEI)lor from blue to
red, having the maximum absorptlon(Ek at 6 ?jO nm an§‘40 nm in the blue and red
form, respectively, under external perturbation such as temperature, pH, solvent,
mechanical stress and ligand-receptor interactions due to reduction of the effective
conjugation length resulted from strain and torsion imposed onto the backbone induced
by order-disorder transitions in the side chains. Owing to these color changing properties,

PDA-based sensors have been prepared in a wide range of organized structures such as



single crystals, thin films on solid supports using Langmuir-Blodgett or Langmuir-
Schaefer techniques, PDA-embedded polymer matrix films, self-assembled monolayers,
liposomes or vesicles in water.

Diacetylene lipid acids are known to spontaneously organize into vesicle structure in
aqueous media which can be further photopolymerized by UV light to provide spherical
nanostructure of polydiacetylene vesicles. One of the most commonly used lipid

monomer for preparation of vesic -pentacosadiynoic acid (PCDA). PCDA

= in water and make these monomers

=

hydrophilic but long hydr: = haj, e Tionomers hydrophobic. PCDA

monomers have carboxylic gra

monomer can thus assez vesicles in water and can be

polymerized by irradiat;

o |
$
&
&
3
N
.b (d

Y esicle

| ~ ]
L §

oo U ANBNSHEIN

s : = s
RTINS 1 VE 18 2
Opticag absorption in polydiacetylene occurs via 1 — 1+ absorption within the linear

n-conjugated polymer backbone. Upon polymerization, frequently the first
chromogenically interesting state of PDA appears blue in color. The exposure of PDA to
environmental perturbations involve a significant shift in absorption from low to high
energy bands of the visible spectrum, so the polydiacetylene transforms from blue to red

color that resulted from molecular conformational changes such as side chain packing,



ordering, and orientation, impart stresses to the polymer backbone that alter its
conformation, thus changing the electronic states and the corresponding optical

absorption.

1.2.3 Thermochromism of polydiacetylene vesicles
Thermochromism, the color transition upon the rise of temperature, is one of the

‘afylenes both for its applications and

J épolydiacetylenes arises from the
ﬁom planar to non-planar due to

: resulted from the increase of

interesting chromic properties ¢

fundamental understanding. .~
conformational changes of
movement of the side ck
energy gap between th color transition of polydia-
cetylenes is driven by tt structures [27,28].
For polydiacetylene - Wn the head groups of the lipid
monomers is usually resp N conjugated backbone. Thermal
energy can break or wedke: SWwveen the head groups resulting in

random movement of the #£d fFhainfss ol

the average conjugation lengt L

color change from blue to redgg= e ‘“ -

la¥arity of the backbone and hence

1g we polymer backbone inducing the

The color transits ;_—’ ;;‘ nitored by measuring the

absorbance differences v ¥a=1 stimulation by an interesting

parameter. This inform®on is often converted to a perc&fitage, termed the Colorimetric

Response (C-R) E];]u EI’&J VI El 7] %Jw EJ’] ﬂ "j'

CR) ¢ o v
< ABA DA HUAIIND IR 1 o
colorimet#c response (%CR) which is defined as
%CR = (PB(-PB)/PBy x 100
Where PB = Apjue/(AbiuetAred), Abe and Areq are the absorbance of the blue and the
red phase at 630 and 540 nm, respectively. The visible absorbance was measured by a

temperature controlled UV-vis spectrometer. PBy is the initial percent blue of the vesicle



solution and film before heated. All blue-colored PDA vesicle solution and film samples

were heated from 10 to 90 °C.

1.2.5 RGB color model
According to development of paper based colorimetric respond of polydiacetylene is
a simple method and suitable to use as a sensors application, since evaluate the results

1y using the RGB color model. The RGB

into a quantitative analysis can be

color model is an additive cgl. od, green, and blue color are added

together in various compo . == .road array of colors as show in
Figure 1.3. The name ofwm® & s of the three additive primary
colors, red, green, and & ®:olor model is for the sensing,
representation, and dis; el was used to descript how
much of each red, green “shotographic images [30].

oyan
(0,255,255)

(0,0, 0) il iy
» (255, 255, 255) |
* (255, 0, 0) is red, T " “

» (0, 255, 0) o gRamtCa e ¥ <k L - blue

o, 0 i (0,0,255)

'y:
)

SU

red magenta
(255,0,0) (255,0,255)

s BHANUNTNYINT
e ARIAIN TN AN IN Y

In 1998, Okada et al. [3] studied the self-assembly in vesicles form of diacetylene
containing carboxylic in hydrophilic head group and its derivatives which various alkyl
chain length within the chain and between diacetylene and carboxyl group(Figure 1.4) in
water media. Then polymerized by UV-irradiation 254 nm and studied the

thermochromic properties monitoring by UV-vis spectrometer. It was found that


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

polydiacetylene which have the short alkyl chain length between diacetylene and carboxyl
group (compound 3 and 4) were more sensitive to the thermal changes than long alkyl

chain length(compound 1 and 2).

Figure 1.4 Structure of. stigations of thermochromism
in vesicles.
of a series of novel PDA
microstructures and the o g Wology and chromatic transition
using TEM and UV-vi¢ . \ e inicrostructures are formed by
single-chained 10,12-pent: aized with different amino acids

(Figure 1.5). The linkage ot "l

0
1e ulacetylenic chains is via an amide
bond. Amino acids were chqge reate a compatible surface on the

microstructures for Mw—————— <>famino acids are chiral and

possess various charg D h ; Ih ‘philicity to be manipulated in
a controllable manner. *hnis work is the continuation o®heir previous study on PDA
chromism wher vﬁ S@lﬂ icles formed with these
amino acid terﬁﬁgj} ﬁﬁfﬁ ﬂyiﬁﬁs d that the head group
structure and hydrophlhclty effects ofi the morphgdggy and chrom@ic transitions of the
PDAs mﬂ wqra ﬁeﬂ@m tu may%mhﬂr%a ﬂermmated lipids
can readﬂ? form bilayer vesicles and allow polymerization, whereas hydrophobic amino
acid terminated lipids do not form vesicles. The colorimetric properties of these PDAs,
the microstructures with hydrophobic head groups are more sensitive to thermal and pH

changes.
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HN, COOH -HN, COOH
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H
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Figure 1.5 Molecular inated lipids from 10,12-

pentacosadiynoic acid (P, MAP lipid was synthesized for

comparison experimen’

In 2003, Ahn et al. [4], 12-pentacosadiynoic acid having

an anilide and carboxylanil s _ﬁ para-) (Figure 1.6). The thermo-
chromism of the prepared diacetyi> T ere studied as Langmuir-Schaefer film

form. The film obtai{ 4.8 = ' > (PCDA-mBzA) displayed
a completely reversilsd W) th thermal and pH stimuli.
The authors recommeng ,: . that the CRTIREEEI O the terr al carboxyl and amide groups

in meta-carboxylanilide wga, suitable for ggformation of double hydrogen-bonding

required for the ﬂ Hﬁ’}} %Eﬁwfﬁl ﬁl ﬂ .‘j

Hydrogen-bondings

PCDA PCDA aniline

PCDA-0BzA

H’;‘(\)k QCOQH PCDA-mBzA
= — a

a) PCDA-pBzA b)

Figure 1.6 a) Structure of diacetylene monomers used in investigations of reversible
thermochromism in Langmuir-Schaefer films, b) Schematic of enhanced hydrogen-

bonding at terminal carboxyl and amide-carbonyl groups.



In 2004, Song et al. [32] reported the design, preparation, and characterization of
bolaamphiphilic diacetylene lipids (BPDAs) terminated with different polar
functionalities. The chemical nature of the functional groups displayed on the surface of
BPDAs directly affects the optical properties of the self-assembling polymers under
ambient conditions, the authors suggested that this is presumably due to the different

hydrogen-bonding and electrostatic interactions at the polar surfaces of the assembly that

thermochromism properties J ~ctrometer and TEM suggested that

Wé‘ifferent optical properties with
another BPDAs system ? sboxylate groups more closely
spaced at the polar en !) presumably displayed less
favorable hydrogen bor, woulsion between polar surface
residues than its glutam yart, significantly reducing the
crystallinity of its lipid pa ;e conjugation length of the poly

(ene-yne) backbone.

N
- T H
e 0 Y Ho™ N

3 4

R
o}

Figure 1.7 Bolaamplhig 4 i )-ad group modifications (1-
4). ) )
In 2005, Kim et al. [38 Lgxpanded theirgpyevious works. To evaluate the structural

effect on themﬂh%uﬁ.jfgf ﬁ;&}%@%aﬂl’}ﬂlﬁetylene monomer were

synthesized in orlbr to investigate the effect of l) amide hydrogen bonding, 2) aromatic

1nteract1%$g a‘cﬁ qjﬁw W ?fetylene lipid as
showed ig Figure observations from temperature dependent UV-Vis

spectrometry and FTIR suggested that cooperative and integrated interactions between
amide, aromatic, and carboxylic acid head groups is the requirement for reversibility of
polydiacetylene. Furthermore, the alkyl chain length between functional head group is

also affect the reversible color transition of polydiacetylene.
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PCDA-mBzA, 1 PCDA-ABA, 3 PCDA-Gly, 4

Figure 1.8 Structures of diacetylene lipids investigated for thermochromism.

In 2006, Dautel et al. [34] synthesized a novel ureido substituted diacetylenic
derivatives (Figure 1.9). Then the relationships between chemical structures and color
transition behavior of these synthegiz gves were investigated in organogel form.

It has been suggested that th ég perfectly defined hydrogen-bond

pattern allowed reversible o “2aonitored by UV-vis and Infrared

spectroscopies).
= Ethyl
R % %= 1, R = Si(OEt),
R = Si(OEt)y
Figure 1.9 Structures ogfur "N derivatives investigated for
thermochromism.

In 2007, Fujita et al. [35]

conformation of PDA-grep 2 which is useful in predicting the

olecular modeling to seek a stable

effective conjugation ;, ' =-::'[ en number of alkyl chains

(n) is a key factor for de - ‘m eqh f the PDAs.

"

0

n= 3 4 5 6 7 8

Figure 1.10 Chemical structure of G, and the optimized conformation of 24 mers of

(upper) polyGs and (lower) polyGa.



11

In 2009, S. Wacharasindhu and co-worker [6] have synthesized the novel series of
amido-PCDA derivatives from condensation of PCDA with various aliphatic and
aromatic diamines. After studied their thermochromic properties by temperature variable
UV-vis spectrometry, the authors have suggested that the color transition temperatures
and thermochromic reversibility of these polymers are varied depended on the number of

amide groups and the structure of the aliphatic and aromatic linkers.

Reversibility

photographs

In 2010, C. Pollookin and ¢, eported the novel class of diacetylene

4 ) rious lengths of methylene

7]

lipid monomer. A seli-4

spacer between the dl_/ umber of methylene units in

their hydrophobic tails . ,.! re synthesizcd. 1uc authors ha¥ldsuggested that tuning of color

transition temperature ﬁ.ﬁhermochromlcnlii reversible bisdiynamide series of

polydiacetyleneﬂPu&ch m%&ma mnﬁatlon of the length of

methylene space’l(m) between the diyne and th dlamlde head gloup as well as the

wwa«mwww NYNAY

A H
AN N

A~
mH \\
(0] \\

n

Figure 1.12 Chemical structure of bisdiynamide series of diacetylene lipids.
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1.3.2 Alkalinochromism and Acidochromism

Alkalinochromism and acidochromism were chromic properties that material can
change color by deprotonation in case of alkalinochromism and protonation in case of
acidochromism. Either alkalinochromism or acidochromism, the role of head group of
diacetylene monomer had directly impact on the colorimetric transition as reported by
several researchers.

In 1998, Cheng and coworkers ' synthesized and studied the colorimetric

response in various pH sol

" lorimetric response based on type

pentacosadiynoic acid. The ™ ¢ s
of head groups. For exas — | oxylic head group changed the
color from blue to red 24 oxylic group. The protonation
2 Y % its color at pH 5. His-PDA
which has both of carbo: a : \ Solor at pH below 0 and pH 8-9

(Figure 1.13).

S UBIANINA Y

-1 0o 1 2 3 4 5§ 6 7 8 9 10 11 12 13 14
pH

ARANF

Figure 1.13 Colorimetric response (%CR) of amino acid terminate polydiacetylene

vesicle as a function of solution pH.
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Pentacosadiynohydrazide ( J§F JFeas ig

.. .. R s
polymerization behavior i1 0 gfnic4ldesics

addition, these hydrazide hpid

Aved an unusual aggregation and

st'.o the parent carboxylic acids. In

iprecedented reversible color change

SAL

(blue/red) in polymerized i surrounding aqueous medium is

cycled between acid%, — ;‘[ chavior is attributed to the

[ o= up (Figure 1.14).

‘ _

In 2006, mﬂ@ﬂﬂmmﬁﬁ,u tricosadiynoic acid
(poly(TCDA)) 1 eYalkali ngh¥g fts¥color from blue to red
during the addition of basic solutioff. The titrati€ of eilj(;l_"lcm vesicle by NaOH

xi w{s

soluton DlodNeTLOUNET Vg b IgoV B i Bl &lranee or 9599

dependingqon a kind of metal hydroxide (Figure 1.15). The author proposed the color

unique hydrogen-bondn

transition mechanism which started by 1) deprotonation of carboxylic proton, 2) metal
ion binding with the carboxylate anion and 3) the alkyl chain changed conformation

which caused a color change of poly(TCDA).
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1.5 Blue-phase, 1+ 14 Cation binding
{ ) } More ordered
d ; =<— alkyl chain
A, Mg pH / conformation
-.:.: bl " Slightly altered
3 chain packing
c
8 -
o Altered methyl
2 0.5 - configuration
-<"
0 S\ 7 o
400 Incomplete
deprotonation
L . o
Figure 1.15 a) Optical a* L) . [ poly(TCDA)vesicle with 0.1
N NaOH solution, b) pre by alkalinochromism.

1.3.3 Solvatochromis

The efficient mon#ii by , rg I h pounds (VOCs) has gained

i
prominence in environmer pu ‘;. \ N 1e to the potential health hazards
L e \ .

posed by exposure to these -;@ ®.velopment of efficient sensors for

the detection of VOCs has becoZhii 2.4
In 2007, Kim et(2Ad '

tensive study.

Y Vc >nsors for the detection of
volatile organic comp A ) mer-embedded electrospun
fibers. The observation . .: an organic suiveur mauced, bl ,, ‘o-red color transition of PDA
embedded electrospun fib€reasuggests that ## colorimetric response might vary in an

organic solventﬁ)u&n%m (ﬂt%ﬁcw ﬂgl](ﬂ'l e monomer. They show

different colorimﬂtric responses upgn exposure A) the 4 orgaaij solvents such as

chlorof ‘W@eﬂ@wﬂﬁeﬁwgﬂh%ﬂas illustrated in

Figure 1.1§.
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1 2 3 4
- " cic, HHEN
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Figure 1.16 Photographs of the F:% J>d electrospun fiber mats prepared with

diacetylene monomers 1-4 afiye SR é)lvent

S CTtospun fiber mats from PDA-
\ \ Aune organic compounds (VOCs).
The results display thes#1if i a9 N 8% mats derived from different
T in Figure 1.17.

_ PCDA-ABA
100%

| '& P ] |
CHiON II e imleim | [

S50 60 70 80 90 100

— AU INYYRWIIAS 2

Figure 1.17 Schallatlc representatlol* of the preparatlon of PDA- bedded electrospun

e AR TOYUNA TR o

after expofure to organic solvents at 25 °C for 30 s.

In 2010, H. Jiang and colleagues [38] have also reported the development of a novel
polydiacetylene (PDA)-based sensitive colorimetric microarray sensor for the detection
and identification of volatile organic compounds. PDA-embedded polymer matrix films

as the multi-layer PDA-based micro patterns (Figure 1.18) could be prepared by the spin-
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coating method combined with the sol-gel process. Polydimethylsiloxane Sylgard 184
(PDMS) was employed to enhance the stability of the PDA films when dipped in VOCs,

especially chlorinated solvent.

DMF cyclopentanone toluene ethanol cyclohexane acetonitrile

0
TCDA o TCDA
Z ° ]
= OH
PCDA Z PCDA
0
(0] =

PAPCDA
TAPCDA

A-T bf.ﬁjmer matrix films derived from

AN

AN

=7

CNAPCDA
=7

Figure 1.18 photographs

TCDA, PCDA, PAPCDA ¢ O Seoned in organic solvents at room
temperature

In 2010, S. Wu ana®Co!' 4 & wcts of solvents on structure of
micelle-like assembli e @\ A ctionalized polydiacetylene

% "%id (polyTDA). They used the
F to observe blue-to-red color
changes of polydiacetylenes lors of polyTDA and polyAzoDA
change at certain contents of s The results in Figure 1.19 exhibit the
strength of the poly&DA Oleving order: THF>ethanol>
DMSO>glycol. Acc ,- ;r = ,; f'Jich can effected on blue-to-

red color transitions i H0ly ™ U myffures. However, they do not

¥

observe color transitions 1la.the other solvents ater mixtures. The authors have proposed

that the stablhtyﬁ su:ﬂsé‘geﬂ ﬂmw cﬁgq ﬂﬂ%‘ﬂ and J-like aggregates

of azo chromophds in polyAzoDA

Qﬁﬂﬁﬁﬂimﬂﬁﬂﬂmaﬂ
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OH o
[¢] O;
N\ N\ Ethanol
N\ N\
THF
TDA  AzoDA °.3% 50% 66.7% 83.3%

Figure 1.19 Photograpk - t water-solvent mixtures. At

increasing solvent contr b) polyAzoDA changes from

blue to purple/red depend, ative content, respectively.

In 2008, A. Potisatit, N CWuced extensively investigation

poly-10,12-pentacosadiyne \ cle solution in the aspect of
thermochromism, solvatoc B hr&f ism. In the case of solvatochromic
and alkalinochromic experlmen‘r ion and observation by eye show the

similar pattern, blug™§

 ————

vy reasing and increasing in
absorbance of red ang " J-ate directly to quantitative
conversion between bil} ana™iee geivatochfffnism and alkalinochromism

involve hydrogen bond tre ing turning tl@blue VGSIC]C into red color. The author

i o) RERTNE AT >
ﬂmmﬂimumwmaﬂ
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Solvatochromic of PCDA vesicle by EtOH

T T Y T

0!0203040“50“0070!0.0
%EIOH (VIv)

Figure 1.20 Proposed 20, ¢ -1 miic transitions of poly(PCDA)

vesicles upon organic s

1.3.4 Affinochromism

The development of gL l"‘a‘_ ystems for ions has received

considerable attention for a 1mportant roles in biological and

e
. . e . .
environmental processes. Catio ave been reported as environmental

e A A

pollutants since they are hea 2 agents, such as soaps, shampoo,

etc. Accordingly, it iz
ely, it i

F ‘[ ds for the detection of such
quaternary ammonium --[ r it to determine non-aromatic

¥
cationic surfactants due lO thelr lack of chromophores niese cationic surfactants can be

monitored by h performance liquid
chromatographyﬂ\(ﬁﬂ qlﬁﬂﬁgmmﬁzemary ammonium salts
to their ¢ tegti ue to ods to detect these
surfactan ﬁ:ﬂalé ﬁﬁﬁﬁjiﬁlﬁ:ﬁrﬁdﬁﬂﬂ V changes.

In 200 , X. Chen et al. [40] have reported the colorimetric detection of cationic
surfactants based on conjugated polydiacetylene supramolecules (Figure 1.21a). They
found that the colorimetric responses of the conjugated polymers can be attributed to the
disruption of the hydrogen bonding in head group, for which both ammonium groups and

long alkyl chains are required. Because of the addition of CTAC can disturb the regularly

arrayed hydrogen bonding between head groups by ionic interactions between the
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phenolate of the head group and the ammonium group as show in the Figure 1.21b. The
disruption of the hydrogen bonding could allow the release of the strain energy imposed
on the alkyl side chains generated during polymerization. The release of the side chain
strain can cause partial distortion of the arrayed p-orbitals, leading to a decrease in the

effective conjugation length of the polymer.

PCDA-HBA 1

OpM 10pM 20pM 30 pM <
a) CTAC CTAC CTAC CTAC

arious surfactants and various

Sc PDAs derived from PCDA-

Figure 1.21 Colorimetr:
amounts of CTAC (a), r
HBA 1 in the presence of,

From the above revi , 'yl chain length between diyne
unit and carbonyl head g al factor in controlling chromic
properties of polydiacetylend ap,ropriate modification of functional
group and alkyl chain length ead part of diacetylene may give us
the opportunity to ¢ 2 transition temperature of
polydiacetylene. Thi i X

sensors, actuators, devias#s and other purposes. Furthe

L)
"% ylene-based materials into
=4, almost previous literatures

studied the app éjtlons 0 301 diacet lenwonly in solution or even in an electrospun

s n dwtﬂ'\’la ﬁ film stability. They are

still not suitable ?(|>r the on-site uses ¢r commercigl purposes. Intgggstingly, if it can be

- REIRANTUNRIIN B

1.4 Objectives and scope of the research

film case; addit

The objective of this thesis is to synthesize, polymerize, study the thermochromic
properties of amino group(s) containing self-assemble polydiacetylene and develop into
sensor applications. To achieve the objectives, the work scope includes 1) synthesis of

amide derivatives from 10,12-pentacosadiynamine, 2) preparation and polymerization of
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polydiacetylene nanoparticles from 10,12-pentacosadiynamine and its derivatives, at
various optimum conditions, 3) characterization of the morphology and particle sizes of
the prepared self-assemble PDAs by using atomic force microscopy (AFM), transmission
electron microscopy (TEM) and dynamic light scattering (DLS), 4) study of
thermochromic properties of the prepared PDAs sols monitoring by UV-vis spectrometer,

5) develop the polydiacetylenes into sensor applications using a paper based method and

principal component analysis (PCA.

AULINENTNEINS
PN TUAMINYAE



CHAPTER Il

EXPERIMENTAL

2.1 General Information
2.1.1 Chemicals

1.

A A A A S

I S S S T N =Sy =
O I N »n B~ W N = O

19.

. Adipic acid, Fl:
. Succinic anhydrigy :
. Glutaric anhydride, #iui :".

. Thionyl chloride, Fluk=Z7a) 2.
. Lithium alu(h ’

. Ammonia s Y,

10,12-Pentacosadiynoic acid (PCDA), GFS, USA
N,N’-Dicyclohexylcarbodiiryi u k B C), Fluka, Switzerland
1-Ethyl-3-(3-dimethylyg g imide (EDC), Fluka, Switzerland

4-Dimethylaminop - , } # itzerland
N-Ethyl-N’-isopr= 7

Malonic acid, F:

wFluka, Switzerland
Malonyl chlori

Succinic acid, F!

Glutaric acid,

.Diethylether(- 0), reagent grauc, Ldb-Scan, | I nd
. Chloroform (CHEBRAR grade, Lal@$can, Ireland

e UHI REIS %Ir&l’r] Fheah. rtand

Hexane qt!ommermal grade, lgab-Scan, Ire

RN WH&?@% BN

21.

22.
23.
24.

25

T trahydrofuran (THF), AR grade, Lab-Scan, Ireland

propan-1-ol (methanol, CH3;OH), commercial grade, Lab-Scan, Ireland
Sodium hydroxide (NaOH), Merck, Germany

Hydrochloric acid (HCI), Merck, Germany

. Magnesium sulfate (MgSO,) anhydrous, Riedel-deHaén"”, Germany
26.

Silica gel 60, Merck, Germany
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2.1.2 Apparatus and equipments
1. Rotary evaporator, R200, Buchi, Switzerland.
Ultrasonicator, Elma, Germany
Magnetic stirrer, Fisher Scientific, USA
Hot plated magnetic stirrer, Corning, USA
pH meter, Twin pH B 212, Japan
Pipette man (P20, P200 and P5000), Gilson, France

Pipette man (Le100 and Lel0 ichiryo, Japan

Freeze-dryer, Freezone abconco, USA

A e AR e i

11. Fourier transforr 4 4 ' mlmpact 410, Nicolet, USA

12. UV-vis spectroph = W%n, Australia

13. Dynamic ligh: CEC g N\ sizer, Malvern Instrument,
England |
14. Atomic force mic s A 2500, Japan

15. Transmission electr, OL TEM-2100, Japan

16. Differential scanning cals
]

2.2 Synthetic proce yl‘- .r"

.°I2THF

sy BH\WEHL%H%? 20

PCDAmide (80%) PCDAmine (93%)

SC“"’#W Il ITeTa Y

Pentacosa 10,12-diynamide: Thionyl chloride (0.36 mL, 5.0 mmol) was added
dropwise into a solution of PCDA (330 mg, 0.9 mmol) in dry THF (3 mL). The
mixture was stirred and heated at 45-50 °C for 1 hour. The solvent was evaporated
under reduced pressure to give pentacosa-10,12-diynoyl chloride and, without further
purification, it was then quickly transferred into an excess cold ammonia solution
(25%, 15 mL). The reaction mixture was stirred for 3 hours and the product was

extracted into CH,Cl, (3 X 200 mL). The product solution was washed with water (2
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% 50 mL). The combined organic extracts were dried over anhydrous MgSO, and the
solvent was removed under reduced pressure to give a yellow solid residue. The crude
solid was then washed by hexane (250 mL) to yield pure pentacosa-10,12-diynamide
as a colorless solid (269 mg, 80% yield), mp 100-102 °C.

'H NMR (CDCls): dy 0.87 (t, J = 6.6 Hz, 3H, CH3), 1.27-1.35 (m, 26H, CH,),
1.50 (dt, J = 7.1, 14.4 Hz, 4H, =CCH,CH,), 1.62 (dd, J = 8.6, 16.0 Hz, 2H,
CH>CH,CONH,), 2.23-2.25 (m, 6H, CH>CONH; and =CCH.), 5.20-5.40 (br, 2H,
NH,CO). LMRS (ESI): MH" found 374,29 (C»sH43NO requires 373.33).

Pentacosa-10,12-diynamicgsel ‘
0.6 mmol) in Et;O (25 ml ) SesCie Lt ” mg, 6.5 mmol) at 0 °C. After the

A suspension of amide (251 mg,

reaction mixture was allc was stirred for 20 hours. Then

the reaction was cooled .
15% NaOH solution 0 %

filtered, and the filtrate

dropwise of water 0.25 mL,
Wespectively. The mixture was
Wsolvent was evaporated under

M (201 mg, 93% yield), mp
1, CH3), 1.20-1.35 (m, 30H,
1), 2.17 (t, J = 6.9 Hz, 4H,
IRS (ESI): MH"™ found 360.46

reduced pressure to }
60-62 °C. "H NMR (C
CH,), 1.43-1.50 (m, 6 il
=CCHy), 2.60 (t, J = 7.z
(C,sHysN requires 359.36).

Preparation of ™ox

AT ,,

i

erf(PCDAS, PCDAG) from

cyclic anhydride: 78 .rﬁ' was added into an acid

anhydride (2 equiv) if{JCH;CIS wv, 0.4 §lp) at room temperature. The
mixture was stirred for 3¢l &minutes beforWding into the solution of PCDAmine (1

equiv) in CFﬁlu E{J ’aJ %n&l%eﬁhﬂ He’]ﬂn‘(ﬁl mixture was stirred

overnight, and @k solvent was evapé)rated under reduced pressure. The crude oil was

RN NN
oxobutalqoic “acid “(PC ) and " 5-(penfacosa-10, 12-diynylamino)=5-oxo-pentanoic

acid (PCDAG).

0 0.05 eq. DMAP N H
> 117 n
© :M;n O i eq PCDAmIne, S NT(@\WOH
90O O

2eq. CHCI3:THF, rt, O/N N

n

2, PCDAS: 80%
3, PCDAG: 71%

Scheme 2.2 The ring opening reactions of PCDAmine toward the cyclic anhydrides
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PCDAS was synthesized according to above procedure from succinic anhydride
(203 mg, 2.0 mmol) as a colorless solid (396 mg, 80%), mp 120-121 °C.

'H NMR (CDCls): oy 0.87 (t, J = 6.8 Hz, 3H, CHs), 1.26-1.35 (m, 28H, CH,),
1.49-1.50 (m, 6H, CH,CH,NHCO and =CCH,CH>), 2.23 (t, J = 6.9 Hz, 4H, =CCH,),
2.52(d,J = 6.7 Hz, 2H, CH,COOH), 2.69 (d, J = 6.7 Hz, 2H, CH,CONH), 3.26 (dt, J
= 6.8, 13.3 Hz, 2H, CH,NHCO), 5.60-5.75 (br, 1H, CH,NHCO).

BC NMR (CDCls): dc 174.7, 172.5, 77.6, 77.5, 65.3, 65.2, 40.0, 31.9, 30.8, 30.0,
29.63, 29.61, 29.60, 29.5, 29.4, 29.23,29.30, 29.14, 29.10, 29.0, 28.9, 28.8, 28.4,

N\ #S1): MH™ found 458.79 (CaoHyNOs

PCDAG was synthes: = di : cedure from glutaric anhydride
(229 mg, 2.0 mmol) as a 2 ‘,.‘ S mp 114-115 °C.
' z), 1.20-1.35 (m, 28H, CH,),
1.43-1.50 (m, 6H, CPC; ACAANN NN (quintet, J = 7.2 Hz, 28,
CH,CH,COOH), 2.194%.2 AT 1), 237 (t.J = 7.0 Hz, 21,

L)

' WNHCO), 5.45-5.60 (br, 1H,

CH,NHCO). g T

BC NMR (CDCls): 8¢ | | b 7. 3553, 65.2, 39.7, 35.3, 33.0, 31.9,
29.63, 29.61, 29.60, 29.53, 29 ELT'. T , 29.2, 29.1, 29.0, 28.9, 28.8, 28.4,
283, 26.8, 22.7, (28 s #&SI): MH ™ found 472.77

(C30H51NO3 require§ 28 Y

Preparation of |{jono-""c iacetfffne monomers (PCDAA,

diPCDAS, diPCDAG, cﬁFj&DAA) from d@rboxylic acid: EDC (3 equiv) in CH;Cl1

(0.6 M) was aﬂ;oﬁtﬁ @Fﬁﬂ;ﬁﬁl wgﬁmﬁm THF (4:1 v/v, 0.08

M). The mixturfliwas stirred for 1 hgur at room tghnperature and t:j'n added dropwise
into thqﬁteloa@ﬂmj mqg)ﬁd'?l‘?jﬂﬂmr)ﬁ ET3C1 (1.2 M) at
room tegaperature. he reactfon” mixture was ‘stifred Tor 24 "hours when the white
precipitate was clearly observed. The reaction mixture was concentrated under
reduced pressure to yield the crude product as a white solid. The white solid was
dissolved in CH3OH under sonication and allowed to precipitate in a refrigerator to
yield 6-(pentacosa-10,12-diynylamino)-6-oxohexanoic acid (PCDAA), N’ ,N*-
Di(pentacosa-10,12-diynyl)succinmide ~ (diPCDAS), N, N’-Di(pentacosa-10,12-
diynyl)glutaramide (diPCDAG), N’,N’-Di(pentacosa-10,12-diynyl)adipamide (diPC
DAA).
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P H
TN N HSoH
90 O
n =4, PCDAA: 58% (major product)

o 0 3 eq. EDCI RN 0o _
- =
HOWOH 3 eq. PCDAmine, X NY@YN =
n CHCl3, rt, O/N 50 0 g
n =2, diPCDAS: 77%
n = 3, diPCDAG: 70%
n=4

, diPCDAA: 37% (minor product)

—— 1

v,

1eq.

Scheme 2.3 The condensations of PCDAmine with dicarboxylic acids

PCDAA was synthesized acc 4ve procedure from adipic acid (68 mg,

‘ ﬁ25-127 °C.

5 "'"'"__ﬁ{g 1.20-1.60 (m, 28H, CH,),
™59 (q, J = 6.8, 13.4 Hz, 4H,
CCH.), 3.08 (t, J = 6.9 Hz,
2H, CH,CONH), 3 WACINHCO), 5.64 (s, 1H
CH,NHCO).
WO 515,449, 443, 41.9, 39.5,
36.3,33.7,33.2,31.9, 2¢ : ‘,7, 29.40, 29.3, 29.1, 29.0, 28.9,
28.8, 28.4, 26.8, 22.7, . i MH" found 486.60 (Cs;;Hs3NO3
requires 487.40). '

diPCDAA was igolatad DAA.(141 mg, 37%), mp 96-97

C. v ]
'H NMR (CDCly)T ] =), 1.26-1.40 (m, 56H, CH,),

1.49-1.60 (m, 12H, CHQCHzNHCO and CCHQCHQ) 1575 (dd, J = 7.6, 14.8 Hz, 4H,

oo e A VR A Y
wo TR ﬁﬁ;ﬂmﬁ“ﬁgﬁﬁm o

24.9, 22.7, 19.2, 14.1. LMRS (ESI): MH" found 829.88 (CssHosN,O, requires
828.75).

diPCDAS was synthesized according to above procedure from succinic acid (19
mg, 0.17 mmol) as a colorless solid (105 mg, 77%), mp 129-130 °C.

'H NMR (CDClL): 8y 0.81 (t, J = 6.8 Hz, 6H, CH3), 1.20-1.30 (m, 56H, CH,),
1.30-1.50 (m, 12H, CH>CH,NHCO and =CCH,CH,), 2.17 (t, J = 6.9 Hz, 8H,
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=CCH>), 2.43 (s, 4H, CH,CONH), 3.14 (dt, J = 6.8, 13.3 Hz, 4H, CH,NHCO), 5.80-
5.85 (br, 2H, CH,NHCO).

BC NMR (CDCLy): dc 172.1, 77.6, 77.5, 65.3, 65.2, 40.7, 39.6, 32.1, 31.9, 30.2,
29.63, 29.61, 29.60, 29.53, 29.50, 29.3, 29.2, 29.1, 29.0, 28.9, 28.8, 28.4, 28.3, 26.8,
22.7,19.2, 14.1. LMRS (ESI): MH' found 802.28 (Cs4HoN,O; requires 800.72).

diPCDAG was synthesized according to above procedure from glutaric acid (19
mg, 0.4 mmol) as a colorless solid (216 mg, 70%), mp 119-120 °C.

'H NMR (CDCl): dy 0.81 (t, J =448 Hz, 6H, CH3), 1.20-1.35 (m, 56H, CH,),
1.45-1.60 (m, 12H, CH>CH, NI\ ;
CH,CH,CONH), 2.20-2.30. S CH } =CCH>), 3.16 (dt, J = 6.9, 13.2
Hz, 4H, CH;NHCO), 5.6% ' -

B3C NMR (CDCls): 4
29.60, 29.58, 29.57, 2¢
26.9, 22.6, 22.1, 19.2, 14
814.73).

39.5, 35.7, 35.4, 31.9, 29.61,
.“‘Qi_l 28.8, 28.76, 28.34, 28.30,

"

2.3 Preparation of poly;

The diacetylene (DA) 1 #n e £

P

in CH;ClI (5§ mM) to provide the

stock solution. The DA mon_o A ;

s pipetted from the stock solution and
then removed unde; ™ g C; was added to provide the
DA lipid concentr 76 A Jere heated to 75-85 °C,

followed by sonicatfhi in" ¥ ®% oathfffor 0.5-2.0 hours forming

semitransparent or trangpagent DA sol. Wn the DA sol was kept at 4 °C for

overnight. Thﬁ%ﬁaﬂrﬂ%}ﬂﬁ)ﬂ% é}ﬂm‘ﬁat room temperature 1

min for PCDAffline, 2 min for mono amide, and 3 min for diamide DA monomers,
=

¢ Q/
excepfﬂ W:ﬂt@ Q‘/ﬂ ; @dwn \ﬂf)ﬁn Dt¢gmperature at 0
°C in anq"ce’ ath ‘during polymerization process.” Finally, the =Sol was filtered

through a filter paper (No.1) to give a clear intense blue-colored PDA sol.

2.4 Characterization of polydiacetylene sols
2.4.1 Atomic force microscopy (AFM)

The PDA sol was deposited on a freshly cleaved mica plate and dried at room
temperature in dessicator for 12 hours. Pico Scan™ 2500: Pico SPM II controller

operating in tapping mode using an OMLC-AC 200TS-C3 cantilever was used to
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observe the morphology and particle size of the deposited PDA sol. The image of the
particles was measured on an air-dried sample of PDA sol at room temperature.
2.4.2 Transmission Electron Microscopy (TEM)

TEM images were completed using a JEOL, Japan, model; JEM-2100 electron
microscope equipped with a CCD camera. The accelerating voltage was 200 KV.
2.4.3 Dynamic light scattering (DLS)

The mean size of particles and the size distribution were determined by nanosizer

(zeta sizer Nano ZS Malvern Instrumentg). The samples (2.0 mL) were taken into a

times in order to acquire an average

2.5.1 UV-visible spectrosc, *ﬁr —

== ken in ith 1 cm.
i T 7 ake a quartz cuvette wit c

optical path length™¥p : 7 vigTipectrometer. The spectra
were collected fron .‘:‘ e set at 800 nm. The Amax
of the blue and red j ase Ol Caclmimmmt™was det.f iined at 10 and 70°C (for
PPCDAmine sol), 25 ahge90°C (for mage- and diamide PDA sol). The initial

st oY BAT ARG e corsin o

the PDA sols. ¢ o '3
2 ARIRINTRUNINE NN E
/] quantitative value for the extent of blue-to-red color transition is given by
the colorimetric response (%CR) which is defined as %CR = (PBy-PB)/PB, x 100.
Where PB = Appe/(ApluetAred), Able and Areq are the absorbance of the blue

The visible absorption of t

and the red phase at ~ 630 and ~ 540 nm, respectively. The visible absorbance was
measured by a temperature controlled UV-vis spectrometer. PBy is the initial percent
blue of the PDA sols before heated. All blue-colored PDA sols samples were heated
from 10 to 70°C (for PPCDAmine sol), 25 to 90°C (for mono- and diamide PDA sol).
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2.5.3 Degree of reversibility (%0DR)

To obtain a quantitative value of the degree of reversibility (%DR), the average
value of the absorbance change (A4,,,) from the second to tenth heating is compared
against the absorbance change in the first heating (A4;) according to the following
equation:

%DR =100 x AA44,o/A4; where A4 = Assec - Agsc

2.6 Preparation of polydiacetylene nagqr based sensors application

:d by dipping in THF and allowed
for air-dry. A diacetylen =t 'U.5% w/v, 10 pL) was dropped
on the pretreated filter n- ) ‘ s repeated at 3 different areas
on the filter paper and ‘#*v. ol \ Waed with air blow. The treated
filter paper was irradiatey g \ N LLW/cm?) at room temperature

for 2 min. The result#Z 351 (=4 cular discs (J 0.5 cm) and

2.6.2 Study the color g i) cWlene lipid monomers upon
organic solvent and surfa flingz=="—

Three pieces of each papes F‘r" ere dipped into an organic solvent

Ai‘ /)
and surfactant testqu'

were withdrawn frog 44 ) dry in the air on tissue

min. The indicator pieces

paper. Fourteen orgar i solvelirs, T T aCtants § Pre tested and milli Q water

was used for the blanj fest. The colorg pf the indicators were recorded by a

et 81 PRIPTHE AR o 0 s

images (3 pleceﬂlx 3 scans) for each .palr of solvent/surfactant and indicator.

ARINNIB AR TR B © o

following equation

AR= Rs-Ry, where Ry is Red value of sample, and R, is Red value of blank
AG= G;-Gyp where Gg is Green value of sample, and Gy, is Green value of blank

AB= Bs-By, where B; is Blue value of sample, and By, is Blue value of blank
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The red, green and blue (RGB) values of the color images were evaluated by a
photography processing software. The set of RGB numerical data were then tabulated

and analyzed by the statistic method, principal component analysis (PCA), to generate

clusters of data in the PCA score plots.

AULINENINYINS
ARIAIN TN TN



CHAPTER Il

RESULTS AND DISCUSSION

The applications of polydiacetylene (PDA) have been extensively studied,
especially, the application for thermal sensors. However, the mechanisms of color

transition in molecular level have not been clearly understood. In order to investigate

color transition of this kind, the Htarget diacetylene lipid monomers was
achieved by using PCDA as ire 3.1). Amide coupling reaction
with ammonia followed K™% . ifdride (LiAlH4) reduction gave
10, 12-pentacosadiynass i S nd diamide derivatives were
synthesized by treati ding anhydride and diacid

compounds.

n =2, diPCDAS
= #diPCDAG
4 JiPCDAA

Ir‘

weslsadiynffhine, its monoamide, and

s

Figure 3.1 Chemical | j ICTUTES o
diamide derivatives. g

AUYINYNINYINT

3.1 Synthesis ofiliacetylene lipid monomers v

SR TN TR TR
carboxylgc ™ and” amide " head “groups  began with the preparation of 10,12-

pentacosadiynamine (PCDAmine) by reacting PCDA with excess ammonia in THF
followed by a reduction with LiAlH4 [36] to afford PCDAmine in 93% total yield
(Scheme 1). The condensation of PCDAmine with two equivalents of acid anhydride
i.e. succinic or glutaric anhydride at room temperature in the presence of catalytic
amount of 4-dimethylaminopyridine (DMAP) coupling reagent gave PCDAS and
PCDAG in 70-80% yields. On the other hand, the diamide monomers (diPCDAS and
diPCDAG) were obtained in good yields (70-77%) from the reaction of PCDAmine
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with 0.33 equivalents of the corresponding dicarboxylic acid i.e. succinic or glutaric
acid in the presence of EDCI coupling reagent. However, the condensation of
PCDAmine with adipic acid (0.33 equiv) gave the monoamide (PCDAA) in 58%
yield along with the expected diamide (diPCDAA) as a minor product in 37% yield.
The relatively poorer formation of the diamide product suggests that the second
carboxyl group within the longer chain of adipic acid reacts to the amino group much
slower than the shorter diacids, succinic or glutaric acid (Scheme 3.1). The

monoamide diacetylenes were purified, by precipitation in ethyl acetate while the

diamide products were precipit | for compound. 'H NMR, “C NMR
and low-resolution ESI o ™SS P er were used to confirm their
structures and purities p ﬁ-otopolymerization and sensing
application. N
TN 9 ) o n
S on \ O N\(NH,
8 N N §C tort, 20 9
PCDA | PCDAmine (93%)

L \QHMOH

90 O

2, PCDAS (80%)
=3, PCDAG (71%)

H
yH "
2240 O
N ‘ 1 (58%, major product)
H 7

N
““ H N N, # 11

N
\\6/)9 m 9

ﬂ‘IJEJ’J‘VIEWI?‘W B 38

n = 4, diPCDAA (37%, minor product)

o ﬁ’ﬁ NI RTIE W (000} R

The 1H NMR signals of PCDAmide, and PCDAmine lipid were quite similar to

9

X
MNHz

PCDAmine

CHCIyTHF, t, ON |

PCDA spectra (Figure 3.2). The most indicative signal for the formation of the
carboxylic, amide or amine products appeared at 2.28, 2.23, 2.60 ppm corresponding
to the methylene protons next to carboxyl group (t), amide group (t), and amino group
(u), respectively. The less distinctive signal was a broad signal at 5.35 ppm belonging
to the amide N-H protons. For PCDAmide, the signal of methylene protons connected
to diacetylene (I,m) also observed at 2.23 ppm belonging to the methylene protons (t)
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next to the amide group while another two lipids; methylene protons connected to
diacetylene moiety (I,m) were observed at 2.17 ppm. Most of the protons in the
aliphatic chain in all three products give the signals in the range of 1.62-0.81 ppm.

'"H NMR spectra of PCDAmide and PCDAmine are shown along with the
spectrum of PCDA in Figure 3.2.

. v u s g o m b-j,0-s
PCDAmine HN
2!

PCD Amide b-j,0-r
I,m,t

) J 5 ki &

(@] %

PCDA UHOJK/S\fq b-j,0-s
£k I,m

t k,n a

W

7.5 7.‘0 6.5 2.5 2‘0 liﬁ 1‘0 OIS
Figure 3.2 "H NMR spectra gida-i/t 24 »_and PCDAmine in CDCl;.

-
-
L}

'H NMR spectra - ' U along with the spectrum of

PCDAmine in Figure® 3. The spectra of the produc® show the signals of amide
protons in the i 1‘ t Smp . signals of the methylene
protons next tﬁ:ﬂﬂﬁ)ﬂ?ﬁm i & e:jslﬂuﬁjlow field from 2.6 to
3.1-3.3 ppm upqc!n the conversion ® the amidegggoups. The exfga singlet signal in

RN RSEH NN BTIEAGN G 1. 0

monoam?de PCDAS between carbonyl groups of diamide derivatives. On the other

1=

hand, the signals of the asymmetric methylene protons are observed in the range of
2.5 to 2.7 ppm represent to monoamide compounds. In advertently, the other
methylene protons connected to the amide group remained at relatively the same
chemical shift of the methylene protons connected to the amine group of the parent

PCDAmine.



33

= : b-j,0-s
w g8 FFG e < k 1 8 ec j
diPCDAS i § W o b
1,
ol k,n,t a
| - A LA sl k-

o]
HO . . -
. =], 05
PCDAS g ¥ e TP R T % LEER 3 b

I3 e B
| + Il
v ou S b-j,0-s
. H2N/\t./\?/\/\/\
PCD Amine -
k,n,t a
| il
Figure 3.3 'H NMR spe F==TN\ %N diPCDAS in CDCL.

. tra show the signals of N-H
protons in the chemical ## , ' el . '. W The signals of the methylene

protons next to the amine ¢#u; ,fé{ﬁ
to 3.1-3.2 ppm upon the con=Ziaii </ ide groups. The extra signals in the

!

so¥ hifted slightly low field from 2.6

range of 1.8 to 2. pds between carbonyl groups

indicated the differced?

methylene protons cclifiected t0 u

Iy .
. ’ derivatives. However, the
anuue group reididined at relatively the same

chemical shift of the mefhglene protons cagmected to the amine group of the parent

reonmne FAUEFIRENINEIAR T o
MR TUAMINYAE
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'H NMR spectra of PCDAG and diPCDAG are shown along with the spectrum of
PCDAmine in Figure 3.4.

ﬁchijwu 5 g 6 m b-j,0-s
W@trpnq\“\\\\kugecj [ .
diPCDAG I ] M Fd b4 k,n,t
u
1 = L %5 L)lt_,
z § 2
HO™
L b-j,0-s
PCDAG L
a
w k,n,t ‘
Y. m
[T
PCD Amine t L .
b-j,0-s
l,m k,n,t
H, A
u
L
75 7.'0 6.5 2.5 2:0 1‘.5 1:0 0.5
Figure 3.4 "H NMR spe: J¥1d diPCDAG in CDCl.
"H NMR spectra of PCDA: __..,-‘u’,", A2 e shown along with the spectrum of
PCDAmine in Figgs44 - 4£+<JPCDAA derivatives, the

A

general pattern of Y fine. The indicative signals

for the formation of nado and diamiqe proaucts appea®d! in the chemical shift range

of 1.5-3.1 pp ﬁrrespoqu to the methyRa#e protons between carbonyl groups. For

asymmetric d u&gpm\ﬂﬂi HI&ﬂbgween carbonyl groups

were observed 1.59 (x, y), 2.16¢(z), and 3.0 (w) ppm. On other hand, the
QRN TR W])qyﬁgfp@eﬂm dervatives
appearedlat 1.75 (x), and 2.97 (w) ppm. The doublet of doublet signal at 3.14, and
3.17 ppm corresponding to the methylene protons connected to amide N-H group (u).
The signal was a broad signal in the chemical shift range of 4.2-5.7 ppm belonging to
the amide N-H protons (V).



PCDAA

PCD Amine

T T ] " T T T T T 1
75 7.0 6.5 5 ¥ % e & & d £ 0.5

Figure 3.5 'H NMR sp- 3 A diPCDAA in CDCL.

3.2 Polymerization of¢

In order to compe '- the synthesized diacetylene

monomers in solution stz#C, state on the filter paper were
attempted, and the results we __'_;;;; 1. Upon UV irradiation (UV lamp
900 pw/ cm?), the oAt 27/ diPCDAS rapidly turned

A

into purple color (v > =1 of PCDAmine, PCDAA,

diPCDAG and diPCL:

practical sens ﬁﬁvﬁﬂy i’ %Jl cetylepe monomers coated on
filter papers. 'ﬂ ﬁ shi ﬁ iﬂ ﬁrﬁiﬁ were polymerized on
filter paper to glve intense blue andgburple colorgyith slightly diffgrent shade, except

<o R RAANTUUIA NN v

and poly diPCDAA) on the filter paper suggested a weaker PDA side chain packing

JA turned into ntense blue colo®dlo develop these PDAs into

upon the adsorption on the cellulose substrate.
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Table 3.1 Polymerization of diacetylene monomers at room temperature.

PDA Solid state Film state Solution state
monomers (1 min) (2 min) (2-3 min)
PCD Amine e
PCDAS £

PCDAG

PCDAA

diPCDAS

diPCDAG

diPCDAA

In addition, the pol ‘-..‘ as also investigated at room

temperature. The PCDAS Gl int¢ e olue color. On the other hand,
PCDAmine and diPCDAA' exl? :

L Fe RN YL, .
head group a weak formed rplyes sond._Furthermore, a weaker side

.de. [t suggested that their functional

chain packed of PC} ;f ' =~ 3 sed the light blue color in

the sols at room tempe '_'li t

- i¥

s Preparatiﬂoﬁoé@%ﬂ%wﬁ(ﬂaﬁﬁizaﬁon

The synthedfed monomers were made into aqueous polydiacetylene (PDA) sols.
= o

¢
The Vﬁlmmﬂmgnﬂﬁpl? {ﬂ] Ejlli Q water and
in the MEKure o SO Wwith i ater (1mL/T4mL) Tollowed by irradiation with

254 nm UV-light. The self assembling ability and the color of polymerized
diacetylenes are presented in Table 3.2. All monomers were able to be hydrated to
give colorless solution in milli Q water prior to UV light irradiation. However, the
dispersion had to be improved by repeating the heating and the sonication process
until the translucent sols were obtained. On the other hand, they gave poor dispersion
after sonication in DMSO with milli Q water condition. Due to their poor solubility in

DMSO, the diacetylene lipid precipitated upon exposure to UV irradiation. The
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dispersed monomers were subsequently irradiated with 254 nm light at 900 pW/cm®
for 2 min in the case of PCDAmine, and monoamide diacetylene and 3 min for
diamide one. After UV exposure, the colorless sols of PCDAS, PCDAG, and
diPCDAS diacetylene lipids readily turned to distinct blue sols signifying the
polymerization of diacetylene monomers to form ene-yne conjugated PDAs. On the
contrary, PCDAA, diPCDAG and diPCDAA sols appeared in purple shade. These
results also supported by UV-vis spectra of the corresponding PDAs.

Table 3.2 Properties of prepare

é icle formation in

PDA mopomers | Pos lf“‘iso MQ water P‘fl-‘"f“l"f"t"?‘t‘m
(v cle . L1 Aml (vesicle form)

PCDAmide

PCDAmine

PCDAS

PCDAG

PCDAA

diPCDAS (pH 8)

diPCDAG =

vl’

diPCDAA EL)
W

*ND= not det

eﬁ“‘*iJEJ’J'VIEWITN g1n3

3.4 Particle size and morphology ¢f polydiacetygne sols
s41@%ﬁ%§Nt JW1INEAY

erage size of polydlacetylene suprastructure was investigated by using DLS
technique. The DLS results suggested that an average size of assembled
polydiacetylene is in nanoparticle range (200 nm). Furthermore, DLS spectra in
Figure 3.6 also indicated the odd-even number of alkyl chains (n) between carbonyl
groups in mono and diamide diacetylene monomer having effect on the average size.

That is, an even number of alkyl chains in diamide diacetylene induces a particle size
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smaller than that of odd number one. However, an even number of alkyl chains in

monoamide diacetylene formed a larger particle size.

Size Digtridution by intensty PCD 4\ S Sk Dstrdution by nteasty d_]PC‘D 4\ S
“r Z-Average (rom): 136.2 SRR ST s Z-Average (rnm): 98.52 AR
- % i % 3 Feagi i\ d FriEy ~ : :
g ; £
iz . I B
£,
" -
o 1 0 108 1000 10000 :.1 1 " 1000 1000C
Size (r.om) Sae r.nmj
[ Record . SMAMP AT 2 Recond & SUAUP RT3 ——— Record §. EI'-’-!-”_‘Fﬂ |¥ Record 14 SOAUP AT | Racerd 15: SDANP_RT 2 = Racond |E'SE-{!=_T21
Sae Diskibution by lensty PCDAG Sae Disvbution by hlensty dJPCDAG

a1 Z-Average (rnm): 395.0 “1 Z-Average (rnm): 54.69

3.4.2 Atomic force microscopy.

N ansmission electron microscopy
(TEM)

e el

AFM was utiliz ;« .:-: "} air-dried PDA sols. The

AFM images showcji} spiict all @A sols. In addition, the

¥

morphology of PDAs in .diii-f?rent filtration method was also investigated. Figure 3.8a

exhibit the .srﬂ ﬂeﬂar‘g | ﬁ&ﬂ %fw lﬁﬁby a 0.45 pum syringe

solely obtaining)50 nm, size of particles. In another way, PDAs sols which were

¢
TN T AT TR
as showt ifi the gre 8b. *the' AF sullt e a greement with

the TEM and DLS results.
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PCDAG » PCDAA

dREDAA

s

Msults obtained from DLS and

AFM. PDA sols were pr ghires 148 diacetylene monomers such as

f' “
PCDAS, PCDAG, and PCD = 29 2xhibiting the nanoparticles. On the
contrary, diamide ‘;- ket distg#hution of the particle size

related to the DLS 1] ;r

PCDAS

[ ] L] " L]
JEF e —— - - — - -
diPCDAG y diPFCDAA
® g

e 4

& : *

200 nm

Figure 3.9 TEM images of mono- and diamide diacetylene derivatives
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3.5 Thermochromic properties of PDA sols
3.5.1 Thermal transition temperature

Having prepared PDA sols, the next stage of investigation focused on
thermochromic properties. Initially, they were filtered and subjected to the stepwise
heating from 10 to 70 °C for PCDAmine and from 20 or 25 to 90 °C for mono and
diamide PDAs sols within the heating cell of variable temperature UV-vis
spectrometer. Figure 3.10 illustrates the annealing temperature dependence of UV-vis

absorption spectrum. The blue solsyrrgoared from PCDAmine in various acidic

conditions (pH2-6) possess a #hoth around 640 nm with the phonon

Temperature(*C)
Temperatare(°C)

Temperanare(*C)

oo 11813 ﬂﬂs&m T

acidic condltlorﬁl(pH 3,5, and 6).

Qﬁﬂﬁ\iﬂiﬁuuﬁﬂﬂﬂ’laﬂ
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Figure 3.11 UV-speg acidic conditions (pH 3, 5,

and 6) upon stepwise ' S%ad colorimetric responses to

temperature of poly(PCT;

To evaluate the col Sitiguiler ol \ b1:- the UV-vis absorption spectra

of all PDA sols were trarlatédeass ic Tesponse percentage (%CR). The

%CR is defined as percent gk by A he one at room temperature (20-25

°C) in the maxim' ————— =24 the respect to the total

-
L}

absorption at both red =4 & I . .zainst the temperature of all

PDA gave 51gm01da1 surves as a result of blue tc*ed transition upon raising

temperature (E g ﬁfn %ﬁ poly(PCDAmme) sol
has an extremﬁ\uﬁ h m Ejl?jf‘ ine). The order of the
color transition temperature (CTT) ®f poly(PCDéynine) in variogy pH following by
o R OGO T ST s s
the am1 head group can form relatively weak electrostatic interaction between
protonated nitrogen atom and lone pair of the unprotonated one resulting in the lowest
color transition temperature, and with pH4 and pH5 conditions, some of the amino
groups can be protonated and able to form more electrostatic interactions than that of

pH6 case. However, the extreme protonation in pH2 and pH3 cases probably caused

the charge repulsion in a head group as shown in Figure 3.12. It is a reason of why in
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the lower pH (2 and 3) gave the lower color transition temperature comparing to the

pH 4 and 5 cases.

pH2,3 pH4.5 pH6

Figure 3.12 Mechdee :,\-‘[ )Amine) in various acidic
. A
pH

The the tﬂj 51 mide PDA sols was
studied by ;:ahﬂ‘ﬂ ﬁrﬂrﬂp ﬂmﬁlﬁbsewanon The %CR
is determined from the change of tie blue absorkence fraction (RMwhich is the ratio
srve) AN EU IR ATIEINR G oe 1
absorbara:e (Ablue T Ared)- The Apje and Areq are measured at the maximum absorption
wavelength (Amax) of the corresponding blue and red phases of PDAs, typically around
640 and 540 nm, respectively.  The order of color transition temperatures assessed
from %CR of 50% level was found in the following order: poly(PCDAA) >
poly(PCDAG) > poly(PCDAS) for the monoamide PDAs (Figure 3.13). The
monoamide monomers, such as PCDAS, PCDAG, and PCDAA contain the same C25

aliphatic structure with different alkyl chain length between carbonyl groups in polar
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head. Therefore the number of methylene group between carbonyl groups may affect
the strength of the hydrogen bonding and the hydrophobic packing. Since the longer
methylene chains give higher color transition temperatures, hydrophobic interaction is

probably more important than the odd even effect [6].

i b
A" pepas )

| PCDAA

Absorbance

—4—PCDAS
—#—PCDAG
—&—PCDAA

Absorbance

40 60 80 100

Temperature (°C)

dlr-

Wavelﬂlgﬂl(nm) E —,_.4“#

Figure 3.13 UV-ya3
Jvl

monoamide PDA s&%= 5 % ds containing one amide

S=/hs (at the side bar) of

.M. ;
group upon stepwise l= ;tmg and their colorimetric respdses (%CR).

To find rfrl u&% NUNIHBIR T s o v on

possessing one amlde group and thg thermal behayior of the diaggtylene monomers,
meltlng ﬁf‘ﬁ hﬂﬂi@ﬁdﬂ“%}?% me&ﬂwrmograms of
PCDAS %nd PCDAA exhibited 2 endothermic peaks while that of PCDAG showed
only one sharp endothermic peak (Figure 3.14 right). These results suggest that the
melting process of PCDAS and PCDAA involves breaking two hydrogen bonds but
the melting of PCDAS may involve only one. The proposed two dimensional packing
of the monomers (Figure 3.14 left) indicates that both amide and carboxylic acid
groups in PCDAS and PCDAA are well positioned for hydrogen bond formation but

only one of the two functional groups of PCDAG can be in a position to form a linear



45

hydrogen bond corresponding to the numbers of DSC peaks observed. Interestingly,
the weight averaged melting points of these monomers (111.2, 114.9 and 117.8) are in
a similar trend with the color transition temperatures which is PCDAS < PCDAG <

PCDAA. However, a clearer picture of this relationship requires more thorough

investigation.

Peak: 114.9°C
A\ PCDAA
Peak: 1093°¢  Pealt 126.1°C
_ Ay
Figure 3.14 Monom p¥inm of monoamide diacetylene

oy i¥

monomers

‘a Y

In contraﬁﬂxJA)ElJ tg)s%lﬂnnrjuu (Elh’e]dgnl PDAs were found in
the following order: poly(diPCDAS) > poly(di G) > polyRPCDAA) (Figure
5o AR SN AR L o v
in goodqagreement with those observed from eyes and photographic records. The
%CR plots also provided valuable information. Evidently, PDAs derived from
diPCDAA exhibited a sharp color transition with %CR increased from 20% to 50%
within the temperature range of no more than 10 °C. On the other hand, PDAs
obtained from other two diacetylene lipids showed more gradual change in %CR upon

heating.
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'\ Nyaphs (at the side bar) of PDA

sols prepared from the diac in lwo amide group upon stepwise

¥ ."— rr » -_-
heating and their colorimetiic r

In addition, to § '— .‘:i[ ransition temperatures of
the PDAs possessing m© = oehavior of the diacetylene
monomers, melting pnts of the monomers were aga investigated by DSC. The
DSC thermo ‘ﬁ i qﬁd ie» peaks while that of
diPCDAS anwﬂ MMO n m1< (Figure 3.16 right).
These results, suggest that the melffng process &RdiPCDAA infolves breaking two
hydroga mds tﬁ mlgﬁd | Margdnﬁlg]ra Ejolve only one.
The pro;?osed two dimensional packing of the monomers (Figure 3.16 left) indicates
that only one of the two amide functional groups of diPCDAG can be in a position to
form a linear hydrogen bond. Even though, both amide groups in diPCDAS and
diPCDAA are well positioned for hydrogen bond formation, a shorter methylene
chain linker of diPCDAS may caused the behavior of diPCDAS involves breaking
hydrogen bond only one while diPCDAA posses a longer methylene chain linker, it

probably occupied breaking two hydrogen bond corresponding to the numbers of
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DSC peaks observed. Interestingly, the weight averaged melting points of these
monomers (129.6, 119.4 and 89.0) are in a similar trend with the color transition
temperatures which is diPCDAS > diPCDAG > diPCDAA. However, a clearer picture

of this relationship requires more thorough investigation.

o H

P e e e diPCDAS

I
g N -
Ty
H [} -
i H
.
AN .
.
:

Peak: 129.6°C

S

Peak: 119.4°C

B

Figure 3.16 Monasge

monomers

The worth pointing

- L
temperature, ﬂ)ﬁﬁ Wﬁqcﬂ?etric response. Both
hydrogen bonﬂgtaﬂ;ﬂ;azlnblc packing probably simultaneously contribute to
this tregad. UgatOo ¢ e oﬁ it ei ent of the side
chain:%\ﬁgnae{nﬁmmn (i]:&ﬁg Ej;-yne planarity

upon thermal stimulation. The side chain movement will be more sluggish and

0}1t trend described above is that the lower the color transition

requires more energy if the hydrophobic interaction between the side chains and the

hydrogen bonding between the head groups are strong.
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3.5.2 Reversibility of the color transition
Table 3.3 Color photographs showing approximate degrees of reversibility (% DR) of

the color transition of the PDA sols observed by eyes.

DA monomers Reversibility 2%DR Classification of PDA
PCDAmine !g/'% ! ND Irreversible
10°C_70°C o 105C
£
PCDAS ; Irreversible
PCDAG Partially reversible
PCDAA Fully reversible
diPCDAS ’ WA pA |\ Fully reversible

diPCDAG [\, R ' y “Partially reversible

diPCDAA Irreversible

During the course of the therm@chromism sgydies, the reveggipility of the color
s RANIVIOU WAV PHEAR S o0
cooled bick to 25 °C, the recorded color photographs before heating, after heating and
after cooling provided an approximate idea about the reversibility of these PDAs
(Table 3.3).

The photograph of PDAs possessing one amide head group such as poly(PCDAS),
and poly(PCDAG) exhibited irreversibility and partially reversibility, respectively.
Exceptionally poly(PCDAA) presented full reversibility of the color transition. On the
other hand, the corresponding PDAs having two amide head groups, poly(diPCDAS),
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poly(diPCDAG), and poly (diPCDAA) displayed complete reversibility, partially

reversibility, and irreversibility, respectively.

poly(PCDAS) g pohidiPCDAS)
§ 12 z 12
I PO 25°C g 25°C
§Eos T gg 038 T
T2 0s 06
<3 %
04 04
3 soc B 90°C
E 02 % 02
% g o
0 2 4 & 8 I0 o 2 4 6 8 I0
Thermal Cycle (times)
& I'T ‘ 25°C
§§ 1
<3 05
%E 04 A°C
B 02
= 0
0 810
1 Cycle (times)
12
E y 25°C
E g os H
]
€3 os
| g 04 20°C
E 02
2 0 .
0o 2 ~A ») 4 6 3 1o
Sy AT | rmal Cycle (times)

Figure 3.17 Absorba j - at the Alliaa U1 tiv viUe phas “the PDA sols at 25 and 90
°C in the heating-coolingfl¢ycles.

AUIININITNYING

To assess a!e degree of therggochromic re er51b111ty of t e, PDAs, the blue
absorbﬁchﬁ@ﬂﬁfﬁfu ﬁ ﬁ‘}ﬂoﬁﬁ q;@ \Els monitored for
10 cycl& of heating and cooling between 90 and 25 °C. The plots between the
absorbance and the cycle numbers of poly(PCDAA), and poly(diPCDAS) displayed a
zigzag pattern with virtually full recovery of the initial absorbance in every cycles
(Figure 3.17), indicating the complete thermochromic reversibility of these PDAs.
The result suggested that % DR for monoamide PDAs increasing the number of
methylene carbon between carbonyl groups gained higher. Proportionately, the

complete reversibility of PDAs containing two amide head groups depends on the
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decreasing of methylene between carbonyl group. This result is probably caused by
the long alkyl chains on the both side of the monomeric molecule implying that the
amide head groups cannot reform strong hydrogen bonds after the heat disturbance.
Some PDAs such as, poly(PCDAS), poly(PCDAG), and poly(diPCDAG) were
studied in the same manner, and the plots between the blue absorbance and repeating
the number of cycles showed a low degree of reversibility but consistent recovery of
the absorbance after the second heating-cooling cycle. The following equation was

% DR. %DR = 100 x AAag/AA; where

used to determine the quantitative velrg

AAayg, the average Assgoec of h = ' y 101 cycle of heat and AA; is Axs.gpc
of blue of Ist cycle of heat — é,ﬂresented in Table 3.3, the PDAs
- o —

investigated in this work ifil 1 = ategories i.e. 1) fully reversible
PDA (%DR > 80%), pa= ' \ <.2%DR < 80%) and irreversible
PDA (%DR < 15%) rel-, \\x :" ' \ or transition of the PDA sols

73 ‘-1\ ""“-..\ ove, poly(diPCDAA) possess
irreversible thermockiy = 4 \ ”‘x‘-\ MWADR of 0.0%. After the 2"
' '\\‘ ed color at both 90 and 25 °C
)

hide group, the behavior of the

observed by eyes. Base g

heating-cooling cycle, |
(Table 3.3). Although, p

color irreversibility prob:, ormation of the intermolecular

hydrogen bonding unachievab! exible movement of methylene chain

LB

between carbonyl hOW

i e

alkyl side chain. 78 X

ofiyydrophobic interaction of

] |
3.6 Sensing Applicatiorko‘EI:DAs

36.1 smvatoﬁousﬂ TNENINETINT

As the PDA films coated on filter papers are particularly interesting for the
-

¢ v
econowwﬁ a}ﬁoﬂ ?m gﬁm[ﬂé tT'l ﬂ(&‘ dﬁe Dsplvent sensing
capabilitqes of the \ Tilms" prepared” from the Synthesized aceé[ane monomers

L

were investigated. Fourteen common organic solvents (hexane, CH3;CN, CH;OH,
acetone, EtOH, Et,0, toluene, 2-propanol, EtOAc, CH,Cl,, DMSO, CHCl;, THF, and
DMF) were tested. From visual observation, poly(PCDAS) and poly(PCDAG)
showed blue-to-red color change upon the exposure to only THF and DMF while the
others did not give any colorimetric response to any solvents (Figure. E2). We
arbitrarily selected PCDAS for further investigation partly due to its more availability
from the higher synthetic yield.
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Figure 3.18 Array of coe#y —~ UMD As on filter paper fabricated
/’- h "’ .,
from PCDA and PCC*#€ ' 2\ , \:\'( S¢lvents.

Previously, poly("4D / oo N oW blue-to-red colorimetric
responses to a variet #0°, / 4 s \ high solvent sensitivity of
poly(PCDA) is potentlall;'". P ' imetric responses of our lower
solvent sensitive poly( A " o s¢ Wing array with a wide range of

responses for solvent idenufic : ilms on filter paper were fabricated
from mixed solution i v) at various weight ratios. The
photographic imag® $ ':-fv showed the array of
color pattern for each 7 [VE =t0f color evaluating program

(turning the color i image 1nt0 RGB values) and pattern iecognition by a multivariate

statistical ana]ﬁ eﬂﬁjﬂaﬂ‘% %’ Ily useful for solvent
identification. sﬂ Wﬂ w]prﬁg

The_c mages_of _PDAs_ofi filter tit analyzed by
photoganﬁﬂlca n% jiﬁmglﬁﬁd re 3.19). The

hlstogram of RGB values showed promising distinguishable pattern for each solvent.
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50
u Blue

RGB values

100 u Green

ERed

Figure 3.19 RGB plot of; / he presence of solvent of PCDA

and PCDAS in various g 0:50(2); 20:80(3); 10:90(4),
5:95(5), and PCDAS(6?

The statistical PCA - N he solvent identifying ability of
the sensor by transfof \ .0 PCA scores projected on
the orthogonal axes of, \ Iting in the PCA score plot.
M e sensor prepared only from
PCDA showed highly over # ujﬂ s t separable clusters (Figure 3.20)

indicating a totally indiscrimirg=75a7 </

ever, the data from the sensing array
prepared from PCILZAE Aijdata (Figure 3.21). Eight
clusters can be assi# V ="[ > solvents while the other
cluster contained the (! Ja POINTS Ul soveir soivents. close inspection of the plot,
three solvents (EtOH,#B&)Ac, and Etg)) possessing the data points highly

ovetoping S EFIVARIVIS I B AT G core piot it et

well separated Wusters (Figure 3. 2?& correspondlng to water (bl@() and 11 organic
QLRI T UM T B
DMSO, §@nd 2-propanol). It is important to note that the distances from the solvent
cluster to the blank cluster are well correlated to the degree of the colorimetric
responses of the sensors; the further the distance is, the higher the colorimetric

responds (the redder the sensor appears).
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llezane
t CH3ok
C‘EC’C
»  CHICN

4 Acelome
& Toluonc

2Propanal

Figure3.21 PCAN—- :,‘[ rom water (blank) and 14

Y. .
organic solvents testci= =1 mixtures.

Figure 3.22 PCA score plots of the RGB values obtained from water (blank) and 11
organic solvents tested by a sensing array of PCDA/PCDAS mixtures without the data
of EtOH, EtOAc, and Et,0.
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The qualitative identification of 9 organic solvents by PDA sensors using mixed
diacetylene monomers in polysiloxane matrix has been presented [37]. In this work,
the statistical analysis such as PCA could be applied to quantitatively assess the scope
of solvents which can be identified. As the analysis suggested, the paper based
sensing array is capable of identifying 11 common organic solvents via its

colorimetric responses.

3.6.2 Affinochromism
The PCDA, PCDAG and t

surfactant sensor array. The ‘phi ’/) "Pic response of the array to 9 types
: ' s onic (SDC, SDBS, SDS) and

waolustrated in Figure 3.23. The
am PCDA, PCDAG and their

lutions (0.5%w/v) can be served as a

of surfactants i.e. cationic
nonionic (Triton X-100
photographs clearly she
mixtures at different rat; Wsenerate the distinctive color
pattern for cationic h ieach surfactant and PDAs
shows different color ¢ 2 of RGB pattern recognition,

W urfactants (Figure 3.23).

nnnnnnnn

.....

i TA
- 1
ﬂ none.
a DG
2 00

Figu rﬁﬁ?})ﬁiﬂ:i | Wﬁgéa cﬂi@ﬁ]\ aﬁaper fabricated

from P responding to various surfacta

In addition, RGB histogram in Figure 3.24 also supported the results from the
paper based array, the poly(PCDAG) and their mixture can identify three types of
cationic surfactants at concentration 200 and 500 uM while using only poly(PCDA)

cannot indicate the different of those ones.
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Triten X-100 |
Tween 20
Brij s

From the results, we A\ Nt &ant molecule could disturb the
intermolecular hydr .' groups of polydiacetylene
and also inserted itself], , alkyl chains resulting in the
reduction in length of the = ! \ the color change from blue to
red was observed. —= \

»evad plood
5]
?
[

? ﬂyﬂqwﬂﬂswanni
mmﬁﬁmnmmmaﬁ |

Figure 3.25 PCA score plots of the RGB values obtained from water (blank) and 9
surfactants tested by a sensing array of PCDA/PCDAG mixtures.

The plot of PCA score obtained from a paper based sensor prepared from the
mixture of PCDA and PCDAG showed highly overlapping data points without
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separable clusters of anionic and non-ionic surfactants, indicating a discriminating
ability of cationic surfactant from those anionic and non-ionic ones (Figure 3.25).

In order to practically examine with the commercial products, PCDA and PCDAG
were used to detect cationic surfactant in a cleaning agent (Magic clean) which have
cationic (benzalkonium chloride) mixed with nonionic (ethoxylated and propoxylated
alcohols) or anionic surfactant (sodium lauryl sulfate) in shampoo (Head & Shoulder)
as an ingredient. Either control (in HEPES buffer pH 7.4) or no control (milli Q water

pH 5) pH conditions, these paper baseqd PDAs appear in red shade only when tested

with the cationic surfactant comais ¥ igure 3.26). Even though, there are

. 2+ .
metal ions such as Ca” and M, ‘ji no interference can be observed

in any cases (Figure 3.277

[r;;zn

Llead & Shoulder

Das (anionic)"

No dilution

PCDA

PCDAG

#5+ I Product band: 1| | | clean: 1o0 S vxvlated || | Propoxylated Alcahols 2.8 % wiw

> Broduct band: T, & Shoulder: Sodium lauryl sulfate (SLS) s
Figure 3.26 ﬁﬂ)ﬁ ﬂﬁmj:ﬂ ﬁjpaper fabricated from
PCDA and falt used in commercial
products.
S Blank |
Das
GIOwater) | Ny e | R | Mgt | Wt | cd®
ot B 0 0000
77
PEDAG [

Figure 3.27 Cropped photographic images of PDAs on filter paper fabricated from
PCDA and PCDAG responding to metal ions (1 mM M™).



CHAPTER IV

CONCLUSION

4.1 Conclusion

In conclusion, we have successfully synthesized a novel series of diacetylene lipid
monomers containing one and two amide _head groups with various length methylene
spacers between carbonyl groung |
resulted PDAs have shed

spacer length on the polywes

~gization and chromic properties of the

/Jof the amide head group and its
d

s lipids and the color transition

properties of the PDAS. S FDA series suggested that the

number of methyler ! groups impacted on the
thermochromic prope® '- degree of reversibility. The
diacetylene lipids car; photopolymerized by UV-
AN "SCDAS and PCDAG) can be

‘ paper-based sensing array for

irradiation of 254 nm,
used in combination wit 7
detection and identificatior g 12 = : ent< W/ using PCA and classification of

cationic surfactants from anioni - rfactants.
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Appendix A: *H NMR and *C NMR spectra of synthesized diacetylene monomers

Figure Al: *H NMR; PCDAmide
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Figure A3: 'H NMR; PCDAS
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Figure A5: 'H NMR; PCDAA
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Figure A7: 'H NMR; diPCDAG
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Figure A11l: *C NMR; PCDAA
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Figure A13: *C NMR; diPCDAG
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Appendix B: ESI mass spectra of synthesized diacetylene monomers

Figure B1 : ESI mass spectra of PCDAmide
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Figure B3 : ESI mass spectra of PCDAS
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Figure B5 : ESI mass spectra of PCDAA
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Figure B7 : ESI mass spectra of diPCDAG
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Appendix C: Dynamic Light Scattering (DLS) of synthesized diacetylene monomers
Figure C1: DLS of PCDAS
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Figure C2 : DLS of PCDAC
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Figure C3: DLS of PCDAA
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Figure C4 : DLS of diPCDA
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Figure C5: DLS of diPCDAG

Diam. {nm} % Intensity Width (nm)
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Figure C6 : DLS of diPCDA
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Appendix D: UV-vis Spectra of of synthesized diacetylene monomers
Figure D1 : Preparation of PDA sols
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Figure D3 : UV-vis spectra of poly(PCDAmine) (pH4)
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Figure E1 : Metal sensing of PDAs

PDAs monomer concentration 0.5% wi/v in THF, Polymerized time 2 min,

Deeping time 5 min, Metal ion concentration 1mM
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