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Abstract

This research presents a method to prepare a new class of This research presents a
method to prepare a new class of polydiacetylene/ZnO nanocomposites for sensing
applications. The ZnO concentrations are varied from 5, 9, 17, 33 and 50 wi%. ZnO
nanoparticles function as substrates for self-assembling of 10,12-pentacosadiynoic acid (PCDA)
monomers in an ordered arrangement. After UV irradiation to induce polymerization, blue
colored poly(10,12-pentacosadiynoic acid) (PPCDA)/ZnQO nanocomposites can be prepared.
The colorimetric responses of the nanocomposites to temperature, pH, lypes and
concentrations of solvents are rather different compared to those of the pure PPCDA vesicles.
While the pure PPCDA wvesicles exhibit irreversible color transition at =BO°C, the
nanocomposites show two steps reversible and irreversible color transition upon increasing of
temperature. The reversible process ranges from room temperature to 140°C and the
irreversible process occurs over 145°C. For colorimetric response to pH, it is found that pure
PPCDA changes from blue to red at pH of 8 while the nanocomposites exhibit the color
transition from blue to purple at pH higher than 12.5. Study of the response to solvents show
that the addition of alcohols into pure PPCDA vesicles causes the transition from blue to red
color at 45 vol% ethanol and 35 vol% isopropanol. For nanocompaosites, a chromic transition
from blue to red color is not observed but the absorption spectra exhibit the decreasing of blue

phase intensity with increasing alcohol concentrations.
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ARTICLE INFO ABSTRACT

This contribution introduces a versatile method to prepare a new class of polydiacetylene{PDA)-based
material. ZnO nanoparticle is used as a nano-substrate for spontaneous assembling of diacetylene mono-
mer, 10,12-pentacosadiynaic acid, on its surface, An irradiation of the organized assemblies by LIV light
results in PDA/ZnO nanocompasites with deep blue color, Strong ionic interaction and hydrogen bonding
at the Zn0 surface restrict the dynamics of alkyl side chains and promaote the PDA ordering, which in turn
drastically affects its thermochromic behaviors, We have found that the PDA/Zn0 nanocomposite exhib-
its two-steps color transition upon increasing temperature, The first transition of the nanccompaosite in
aquedus suspension, causing the color change from blue to purple, occurs reversibly at ~80 °C. The tran-
sition temperature shifts to ~100 *C when the nanocompaosite is embedded in polyvinyl alcohol matrix,
Further increasing temperature to 145 °C induces the second transition, which causes irreversible calar |
change from purple to red.
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1. Intreduction

Polydiacetylene{PDA) is one type of conjugated polymers that
has received tremendous attention from scientific community in
the past few decades. This is mainly due to its color-transition
property when subjected to external stimuli such as heat, mechan-
ical stress, biomolecules, alcohols, surfactants and other chemicals,
rendering it te be utilized in sensing technology [1-19]. To realize
its full potential, large amount of works have been carried out,
seeking for method to manipulate the color-transition property
of PDA. One of the very efficient approaches is the chemical mod-
ification of PDA side chains, which in turn affects the strength of
intra- and interchain interactions [16,20-29]. However, this
methed inevitably involves complicate synthetic procedures and
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requires expensive chemicals and/or catalysts. In this contribution,
we introduce a simple approach to manipulate color transition of
PDA by utilizing Zn0O nanoparticle as a nano-substrate for self-
assembling. Strong interaction between carboxylic head groups
of PDA side chain and active groups at Zn0 surface is a key factor
that drastically alters the color-transition behavior of PDA/Zn0O
nanocomposite, This new class of nanocomposite exhibits an inter-
esting two-steps reversible and irreversible thermochromism,

The main chain of PDAs censtitutes of an alternating ene-yne
conjugated backbone. The side chains can be modified by attaching
to various functional groups, depending on their utilization, One of
the most studied PDAs constitutes of side chains with polar head
and nonpolar alkyl tail. This type of PDA tends to form bilayer ves-
icle in water where the head groups preferably interact with the
polar medium (see Fig. 1) [1,2,4,5]. The unperturbed PDA vesicles,
in which the side chains arrange in an ordered fashion, exhibit a
deep blue color [1,2,30.31]. The increase of temperature promotes
the dynamics of side chains, which eventually breaks the hydrogen
bonds at the surface of PDA vesicles [1,5,27.32,33]. The high mobil-
ity of side chain at elevated temperature reduces the planarity of
m-orbital arrangement along the conjugated backbone, resulting
in the decrease of conjugation length [1.5). The PDA at this stage
abserbs relatively higher energy and appears red or purple to
naked eyes.
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| Fig. 1. Structure of (left) pure polydiacetytene (PDA) vesicles and (right) PDAZn0O
nanocomposites in water, The diference of interfacial interactions in the bwo
systems drastically affects themochromic behawviors.

The thermochromism of PDA wvesicles with carboxylic head
groups is normally an irreversible process. One can tune the col-
or-transition temperature of PDA vesicles by controlling the

 strength of interactions between side chains [1.5,21,22,27]. This
is accomplished by varying length of side chains and type of the
polar head groups. When the interactions of side chains are strong
enough, the color transition can occurs in a reversible fashion
[1,21,25.27.28,.34). Comprehensive studies by Kim's group demon-
strate that the increase of hydrogen bonding and n-n interaction
at the surface of PDA vesicles results in a reversible thermochro-
mism [1,27). In other examples, the head groups are stitched to-
gether by using chemical linkers [21,28] or silica networks
|26.35]. In these systems, the increase of temperature causes an in-
crease of side chain dynamics but the head groups are still bound
together by strong interactions or chemical bonds |1). Therefore,
the side chains and conjugated backbone of PDA can reverse back
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to original conformation upon cooling. It is clear that the interac-
tion at the surface of PDAs is a crucial factor that dictates their col-
or-transition behavior.

In this study, we take a step forward to manipulate the color-
transition behaviors of PDA by using a simple approach. The PDA
monomers and Zn0 nanoparticles are simply co-dispersed in an
aqueous medium, assisted by ultrasonication. Spontaneous assem-
bling of the monomers, driven by ionic interaction and hydrogen
bonding, takes place at the surface of Zn0 nanoparticles. An irradi-
ation of the assembly by UV light results in the topopolymerization
of PDA, which coats on Zn0 nanoparticles as illustrated in Fig. 1.
We observe a drastic change of color-transition behaviors in the
system of PDA{Zn0 nanocomposite.

2, Experimental

The monomer, 10,12-pentacosadiynoic acid (PCDA), and Zn0
nanoparticles are commercially available at Fluka and Nano Mate-
rials Technology (Thailand). The poly(PCDA)fZn0 nanocomposites
were prepared as followed. PCDA monomer was purified by dis-
solving in chloroform and then filtered by 0.45 pm pore size nylon
membrane to remove polymerized materials. The chloroform sol-
vent was slowly evaporated at ~50 °C. Zn0 nanoparticles were dis-
persed in deionized water by using probe sonication for 5 min. The
suspension of Zn0 nanoparticles in water was added into the puri-
fied PCDA monomer. The concentration of PCDA monomer was ad-
justed to be about 0.5 mM while the ratios of ZnOfPCDA were
varied from 5 to 17 wt.%, The mixtures were sonicated at 75-
80°C for 30 min to co-disperse the monomers and ZnO nanoparti-
cles into water medium. The assembling of PCDA onto Zn0 surface
was allowed to take place by keeping the suspension in refrigerator
{~4 °C} for ~16 h, which resulted in a cloudy suspension. The poly-
merization of poly(PCDA) was carried out by irradiating with or-
dinary UV light (4 ~ 254 nm, 10 W) for 5 min. The samples were
filtered through a 0.8 um pore size cellulose membrane to remove
large aggregates. The pure poly(PCDA) vesicles were prepared by
using the same procedure but without adding the ZnO nanoparti-
cles. The pH of all samples ranges from about 6.5 to 6.7. It is impor-
tant to note that pure poly(PCDA) vesicles do not form in the
aqueous suspension of poly{PCOA)/Zn0 nanocomposites as indi-
cated by results from the temperature-dependent UV /vis absorp-
tion measurements (see discussion below).

The absorption spectra were measured by using Analytik Jena
Specord 5100 equipped with water-circulating variable tempera-
ture unit. Temperature of the samples was measured by placing
a thermocouple directly into the aqueous suspension. The variable
temperature measurements of all samples were performed at the
same time to reduce instrumental errors. The colorimetric re-
sponse (¥CR) was calculated according to the equation; ¥CR=
[(PBg — PB){PBg] = 100. For irreversible thermochromism, PB was
calculated from Agaof{Asap + Asan). Where Asgs, Agep were the
absorbance at 540 nm and 640 nm, respectively. For the reversible
thermochromism, the Assg was replaced by absorbance at 580 nm
(Asgn) in the calculation. The PBgy value was calculated at the initial
temperature.

The morphologies of pure poly{PCDA) vesicle and poly(PCDA)/
Zn0 nanccomposite were investigated by transmission electron
microscopy (TEM, Tecnai 12, D291) and scanning electron micros-
copy (SEM, LED 1455 VP). The size distribution of particles was
measured by laser light scattering (Malvern Mastersizer 2000
equipped with solid state laser i =466 nm). The FT-IR spectra of
pure poly( PCDA) vesicle and poly(PCDA)Zn0 nanocomposite films
were measured in ATR mode (Perkin Elmer Spectrum GX). The
films were prepared by drop-casting on clean glass slides and dried
in vacuum oven over night.
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Fig. 2. llustration of hydrogen bonding and ionic interaction between =CO0H and
=CO0~ groups of PDA and Zn-0H and Zn=0H; groups at the surface of Zn0
nanaparticle.

Films of pure poly(PCDA) vesicle and poly(PCDA)/Zn0 nano-
compaosite in poly(vinyl alcohol) (PVA) (Aldrich) were prepared

as follows, Solutions of the nanocomposite (or vesicle) are mixed
with 10wt% aqueous PVA solution in 1:1 ratio and stirred for
1 h. The mixed solutions are poured into a Petri dish and dried at
room temperature for 5 days. The samples are kept in the dark dur-
ing the drying process. The dried films are peeled of the Petri dish
and cut into the size of 1.2 = 4 cm.

3. Results and discussion
3.1, Morphologies and optical properties

It i5 known that surface of Zn0 nanoparticles in agueous
medium constitutes of Zn-0H, Zn—0H; and Zn-0" groups (see

Fig. 1) [36-38). The ratio of these species varies with pH of

solution. At acidic pH, the ZnO surface is mostly populated by
Zn-0H, Zn—0H; groups [37,38). Therefore, the acidic 10,12-penta-
cosadiynoic acid (PCDA) monomers in aqueous suspension of Zn0
nanoparticles are expected to spontaneous assembling onto the
Zn0 surface, driven by ionic interaction andfor hydrogen bonding
{see Fig. 2). The Zn-0H, Zn—0H; groups behave as anchoring sites
for the carboxylic and carboxylate head groups of PCDA. The strong
interfacial interactions promote molecular ordering of the PCDA
monomers, which in turn affects the dynamics of side chains and
conjugation length of the resultant poly{PCDAL In this study. the
ratios of ZnQ/PCDA monomer are varied from SwiLE to 17wtk
We note that these numbers does not necessary reflect the actual
ratio of Zn0 in the nanocomposites because the uncoated Zn0
nanoparticles may still be presence in the system. However, it is
not necessary to separate the uncoated Zn0 nanoparticles because
they do not exhibit coler transition upon increasing temperature.

The interaction at the surface of Zn0O nanoparticle is explored by
utilizing infrared (IR) spectroscopy. Fig. 3 illustrates IR spectra of
drop-cast films of poly(PCDA) vesicle and poly(PCDA)ZnO nano-
composite. The films show v(CHz), v.{CHz) and v,,(CH,) at 2848,
2018 and 2954 cm™', respectively [33,39]. The bands around
1690-1620cm~" and 1460-1410cm~" detected in the spectrum
ol poly(PCDA) vesicle are assigned to hydrogen-bonded carbonyl
stretching of =COOH head group and methylene scissoring 8{CHa)
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Fig. 3, FT-IR spectra of drop-cast films of (bottom) pure poly{PCDA) vesicle and (top) polyl PCDANZNO nanocomposite. The samples are in blue phase.
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Fig- 4. (a) TEM image of ZnO nanoparticles. {b) Particle size distribution of pure poly{PCDA) vesicle and poly PCDA)Zn0 nanocomposites in aqueous suspensions, The ratios
of Zn0 are (=) OwtX, (- =) SwiLE (- =) 9wtX and (- - =) 17 wi.X. (¢} SEM image of poly{ PCDAYZNO17% nanocomposite.

of side chain, respectively. The spectrum of poly{PCDA)Zn0 nane-
| composite constitutes of new peaks at 1538 and 1396 cm™', corre-
sponding to antisymmetric v,(CO0)} and symmetric »(C00)
stretching vibrations, respectively, of carboxylate anion [ 39]. This
observation supports the ionic interaction between the carboxylate
head and Zn—0H; group illustrated in Fig. 2. A new peak at
1725 cm™' is also observed in spectrum of the nanocomposite, This
indicates the existence of -COOH groups, which somehow do not
form hydrogen bonds with their neighboring groups [27].

The morphologies of Zn0 nanoparticles, pure poly(PCDA) vesi-
cles and poly(PCDA)Zn0 nanocomposites are investigated by
using TEM and SEM. Samples for TEM and SEM measurements
are prepared by dropping aqueous suspensions of the materials
 on TEM Cu grid and polished silicon wafer, respectively. The diam-
. eter of ZnO nanoparticles revealed by TEM ranges from about
20 nm to 200 nm (see Fig. 4a). The diameter of pure poly{PCDA)
vesicles and poly(PCDA)Zn0 nanocomposites measured by laser
light scattering ranges from about 40 nm to 270 nm (see Fig. 4b).
[t is also observed that the nanocomposites exhibit slightly larger
size compared to that of the pure poly(PCDA) vesicles. However,
we do not expect significant increase of particle size of the nano-
composites because the Zn0 nanoparticles, also exhibiting large
size distribution, are incorporated into the center cavity of poly(-
PCDA) vesicles. The SEM image illustrated in Fig. 4c detects spher-
ical shape particles with diameters consistent with the results
obtained from the laser light scattering technique. The increase
of Zn0 ratio hardly affects size distribution of the nanocomposites.

Absorption spectra of pure poly(PCDA) vesicles and poly(PCDA)/
Zn0 nanccomposites in aguecus suspension are illustrated in
Fig. 5. The spectrum of poly{PCDA) vesicles exhibits a typical peak
at 638 nm with broad vibronic shoulder at 590 nm. The absorption
spectra of poly(PCDA)Zn0 nanocompaosites shifts to lower energy
region. The red-shift of i and vibronic band to 643 nm and
593 nm, respectively, indicates the increase of conjugation length
of poly(PCDA) in the nanocomposites [40]. Although the red-shift
is small, the absorption spectra measured from three synthetic
batches of nanocomposites show a consistent result. Additional
. low-energy band is also ocbserved at ~675 nm. This is attributed
to the presence of poly(PCDA) with relatively long conjugation
length in the nanocomposites. The spectra also exhibit a sharper
pattern compared to that of the poly(PCDA) vesicles. Width of a
band in absorption spectrum depends on local surrounding of
chromophores [41]. The chromophores surrounded by mobile
and/or disorder segments experience large variation of local elec-
tric field, which leads to the increase of statistical distribution of
the electronic transition. The incorporation of chromophores into

rigid solid matrices and/or the decrease of temperature can reduce
the variation of local surrounding, which results in the narrowing
of absorption band. Therefore, the detection of sharp absorption
band of the nanocomposites indicates the increase of local ordering
of the poly{PCDA) chromophores and their surrounding. The
absorption spectra of poly{ PCDA)fZn0 nanocomposites also exhibit
a rise of absorbance in the high-energy region. A clear peak at
375 nm is observed in the spectrum of poly(PCDA)Zn017% nano-
composites, indicating the presence of Zn0 in the system.

The local structures of poly( PCDA) vesicles and poly(PCDAYZn0O
nanocomposites are further revealed by TEM as illustrated in Fig. 6.
The TEM image of poly{ PCDA) vesicle shows spherical particle with
featureless internal pattern. The structure of poly{PCDA)/Zn0D
nanocomposite israther different. The TEM image in Fig. 6b reveals
that poly(PCDA) coats on surface of Zn0 nanoparticle. The high
magnification image in Fig. 6c shows a clear contrast between
poly(PCDA) and ZnO regions. Interestingly, the poly{PCDA) also
exhibits a well-defined layered structure. The spacing between
these layers ranges from about 4 nm to 6 nm. This value is close
to the d-spacing of layered structure of poly(PCDA) in thin film de-
tected by small angle X-ray scattering (d = 4.7 nm) [42]. It is impor-
tant to note that the electron projection of poly(PCDA) layers
coated on a spherical ZnD substrate may result in the variation

Absorbance
B

1

350 450 550 650 750
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Fig. 5. UVjvis absorption spectra at 25°C of pure poiy{PCDA) vesicles and
polyl PCDA)Zn0 nanocomposites in aqueous solutions. The ratios of Zn0 are (1)
DwiLE (2) 5w X (3) 9wtk and (4) 17 wit.E. The spectra are shifted vertically for
presentation,
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50 nm

Flg. 6. TEM images of {a) pure poly{PCOA] vesicle and (b and ¢} poly{PCDANZNO 17% nanocomposite.

of the d-spacing values in TEM image. The periodicity of poly(-
PCDA) coated on ZnO surface persists up to six layers correspond-
ing to film thickness of about 26-30 nm. The detection of layered
structure in the nanocomposites indicates the increase of poly(-
PCDA) ordering. We believe that the organization of carbaxylic
head groups into ordered structure enhances the contrask of elec-
tron density with alkyl side chains, allowing the detection by
TEM. The high ordering of poly(PCDA) in the nanocomposites is
consistent with the sharpness of their absorption spectra in Fig. 5.

3.2, Reversible thermochromism in agueous suspension

The absorption spectra of poly{PCDA) vesicles and paly(PCDAY
Zn0 nanocomposites change systematically upon increasing tem-
perature as illustrated in Fig. 7a and b. In first stage. the increase
of temperature causes a gradual blue-shift with slight drop of
absarbance while the spectrum pattern is hardly affected. The de-
crease of Ln, is attributed to the increase of side chain dynamics,
which causes partial twisting of m-orbitals [1,32]. The less planarity
of m-orbital arrangement reduces the extent of n electron delocal-
ization along conjugated backbone of poly{PCDA) (i.e. decrease of
conjugation length) It has been observed that the isolated chain
of a well-known conjugated polymer, poly(2-methoxy-5-{2'-ethyl-
heyloxy)-1.4-phenylenevynylene), responds to the increase of
temperature in a similar manner [40,43,44). Rate of the blue-shift,
corresponding to slope of the plot between i, and temperature,
was also found to depend on magnitude of local confinement of the
chromophores. The restriction of side chains and chromophores
under high confinement leads to the decrease of blue-shift rate
upon increasing temperature [40,43]. In this study, it is clear that
the iy of poly(PCDA) absorption spectrum decreases at higher
rate compared to the systems of poly( PCDA)Zn0 nanocomposites
(see Fig. 7c). This observation indicates the increase of local con-
finement of poly(PCDA) chromophores in the nanocomposites.
consistent with the increase of chain ordering as revealed by TEM.

The absorption spectrum of poly(PCDA) vesicles changes
abruptly when the temperature is increased above ~65°C. The
blue-shift of 4y, from 620 nm to 543 nm corresponds to the colar
transition of poly( PCDA). A complete transition to a red phase takes
place at ~=74 *C, At this condition, high thermal energy causes the
breaking of hydrogen bonds between the carboxylic head groups,
allowing high mobility of alkyl side chains |1,27.32]. The delocal-
ization of m electrons along conjugated backbone is interrupted
due to the high extent of m-orbital twisting. The color transition
of poly{ PCDA) vesicles is irreversible. The color-transition behavior
of the poly{PCDA)/Zn0 nanocomposites is rather different. Increas-

ing the temperature to 74 °C does not induce the abrupt color tran-
sition, We also do not detect any additional peak at ~540nm at
this temperature, indicating that pure poly[PCDA) vesicles do not
exist in our sample. The abrupt change of im., from 620 nm to
588 nm is observed at ~B5 °C (see Fig. 7c). Further increasing tem-
perature to ~94 °C causes a blue-shift of i to ~582 nm, where
aqueous suspension of the nanocomposites appears purple. The
observation of an isosbestic point in Fig. 7b indicates a transition
between two distinct electronic species in the system, The plots
of colorimetric response (2CR) of poly(PCDA) vesicles and poly(-
PCDAYZnO nanocomposites as a function of temperature are illus-
trated in Fig. 7d. A clear increase of color-transition temperature is
observed in systems of the nanocomposites. In addition, the color
transition of paly(PCDAYZn0 nanocomposites ocours in a revers-
ible fashion. The reversible process takes place within a few sec-
onds upon cooling to room temperature. The reversibility can be
repeated for more than 10 heating and cooling cycles (see
Fig. 7e). indicating high thermal stability of the nanocompaosites.
The complete color reversibility during multiple heating-cooling
cycles also indicates that pure poly(PCDA) vesicles do not exist in
aqueous suspensions of the nanocomposites. We note that the col-
or reversibility of the nanocomposites still remains after the sam-
ples are kept in ambient conditions for more than 4 months.

The increase of Zn0 ratio in the preparation of nanocomposites
appears to cause slight increase of the transition temperature,
Fig. 7d shows that the poly(PCDA)/Zn017% nanocomposite exhibits
highest transition temperature. We believe that the increase of
Zn0 ratio provides higher surface area for the assembling of PCDA
monomers. This should affects the thickness of poly(PCDA) layers
in the nanocomposites and the ordering of polymeric chains, which
lead to the slight variation of their colorimetric response to tem-
perature, However, more detailed investigation, which is currently
being carried out in our laboratory, is required to explore this issue.

Previous studies have demonstrated that strong intéraction be-
tween head groups of PDA is a key factor for achieving a reversible
thermochromism. Large amount of works have dedicated to
chemical modification of the head groups which have provided
rather satisfactory results. Thermoreversible PDA assemblies with
wide range of transition temperature have been synthesized
[1.16,21,22,.25,27,28,.34], However, this approach inevitably in-
volves complicate synthetic routes and requires a time consuming
purification process. Another approach, which receives much less
attention, is the addition of foreign materials or molecules to
strengthen the interactions between head groups of PDA. Gu et al
demonstrated that the insertion of poly{vinylpyrolidone) into
bilayers of poly(PCDA) promoted additional hydrogen bonding
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Fig. 7. Absorption spectra of (a) pure poly{PCDA) vesicle and (b) poly{PCDANZAD17E nanocomposite in aqueous suspension. Armows indicate the change of absorption
spectra upon increasing temperature, The poly{ PCDA) exhibits irreversible color transition while the color transition of the poly{ PCDA)Zn0 nanocomposites ooours in a
reversible fashion. (c) Plots of iy, of absorprion spectra and (d) colorimetric response [XCR) as a function of temperature, {¢) Change of 2CR during heating-cooling cycles
between 25 *C and 90 *C. Symbels are for (O) pure poly{PCDA), (&) poly{ PCDAYZA0OSE, [A) poly{ PCOAYZN09% and (D) poly(PCDANZAO17X.

with the polymeric side chain and resulted in a reversible thermo-
chromism [42]. The transition temperature (~85 °C) and absorp-
tion pattern of the purple phase are similar to our system. The
bridging of head groups by using metal ions provides similar result
[39]. Itoh et al utilized layered double hydroxide (LDH) nanosheets
as a substrate for the assembling of poly(PCDA) carboxylate head
groups |45]. The poly{PCDA)LDH hybrids exhibited a reversible
color change, arising from strong ionic interaction at the interface.
In our system, the reversible thermochromism of poly(PCDA)YZn0
nanocomposites is attributed to the increase of interfacial interac-
tions of polar head groups with ZnO surface as illustrated in Fig. 2.

In addition, the high ordering of poly(PCDA) chains in the system
also restricts the side chain dynamics at elevated temperature
and allows the backbone to relax back to original conformation
upon cooling to room temperature, It is important to note that
the approach similar to our study was previously utilized to pre-
pare PDAJSI0; and PDAfAg nanocomposites [4647). It was shown
that the presence of 5i0; nanoparticles promoted the assembling
of monomers at the nanoparticle surface. However, the color-tran-
sition behaviors of PDA/Si0, nanocomposite were hardly affected
compared to those of pure PDA vesicle while the PDAfAg nanocom-
posite exhibited a red phase. Therefore, type of the metal oxide or
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metal nanoparticles is a very important factor that affects the col-
or-transition behavior of the nanocompasites,

3.3. Two-steps thermochromisms in poly{vinyl alcohol) matrix

It has been known that the utilization of poly(PCDA) vesicles in
agueous suspension often encounters several problems including
color stability and the precipitation of particles. One way to over-
come these obstacles is to immaobilize poly(PCDA) vesicles into so-
lid state matrices [2]. This also allows their utilization in a wider
range of applications. The sol-gel method has been applied for
introducing poly(PCDA) vesicles into silica networks [48-50). The
procedure known as polyelectrolyte multilayers has also been used
to encapsulate poly{PCDA) vesicles in different kinds of polymer
matrices |51-53], Recently, a method involving simply blending
with other polymers such as poly{vinylpyridine) [54], poly(vinyl-
pyrolidone) [42] and polyvinylalcohol{PVA] [55] is introduced. This
approach is rather simple and provides a homogeneous film.

In this section, the poly(PCDA) vesicles and poly(PCDA}Zn0
nanocomposites are fabricated into thin films by using PVA as a
matrix. These blended films allow the investigation of thermochro-
mic behavior at higher temperature range. The films were an-
nealed at different temperatures for 5 min and then cooled down
to room [emperature where their absorption spectra were mea-
sured. Fig. Ba and b illustrates absorption spectra of poly(PCDA)

Absorbance

vesicles and poly(PCDA)/Zn0 nanocomposites in PVA matrix, an-
nealed at temperatures ranging from 35 *C to 160 °C. The increase
of annealing temperature causes irreversible change of poly( PCDA)
color similar to the behavior in aqueous suspension. However, the
absorption spectra indicate a complete color transition from blue
to red phase at about 90 °C, which is about 15 °C higher than that
of the agueous suspension. This observation is attributed to the
reduction of segmental dynamics in solid state matrix, consistent
with the previous study [55].

The thermochromism of poly(PCDA)ZnOD nanocomposites in
PVA matrix is rather interesting. We observe that the nanocompos-
ites undergo color transition at two distinct temperatures, The first
transition takes place at about 100 °C, where the sample turns from
blue to purple color. Similar to the behavior of their agueous solu-
tions, the purple color completely reverses to blue color upon cool-
ing to room temperature (see Fig. 8d). The absorption spectrum at
room temperature of the film annealed at 100 °C is almaost identical
to that of the pristine sample (see Fig. 8b). Further increasing
temperature from 100°C to 135 °C causes slight change of color
but the degree of color reversibility appears to gradually diminish,
indicated by an increase of absorbance in high-energy region
[4<550 nm), At 140°C, a new absorption band with 15, at
=540 nm grows significantly while the band at ~640 nm simulta-
neously drops. A complete irreversible transition occurs above
145 °C where the samples turn to red color, The thermochromic
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Fig. 8. Absorption spectra of (a) pure poly{PCDA) and (b} poly{PCDA)Zn01 T8 nanocomposite embedded in polyvinyl alcohol (FVA) matrix. The spectra were measured at
room temperature after the films were annealed at different temperatures indicated in the plots, (¢) The irreversible colorimetric response (¥CR) of () pure paly{PCOA) and
(2] paly{PCOA)ZNO17% nanocompaosite as a function of annealing temperature, (d) Photographs of poly{PCOA)Zn017% nanocomposite in PYA film taken at different

temperatures and also after cooled down (o room [emperature,
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Flg. 9. FT-IR spectra of drop-cast film of poly(PCDANZNO nanocompasite. The samples are in blue and red phase.

behaviors of poly(PCDA) vesicles and poly(PCDA)/Zn0 nanocom-
posites in PVYA matrix are summarized in Fig. 8c. The 2CR value
of the nanocomposites is almost zero when the annealing temper-
ature is below 100 °C, corresponding to complete color reversibil-
ity. The increase of %¥CR wvalue at the annealing temperature
above 100 °C indicates the decrease of degree of color reversibility.
The gradual increase of CR value from 100 °C to 140 °C is attrib-
uted to the large size distribution of the nanocomposites. It has
been shown that the smaller poly(PCDA) vesicles exhibit faster col-
orimetric response to external stimuli [56]. In our system, the
smaller poly(PCDA)Zn0 nanocomposites probably change color
at lower temperature range. To further investigate the effects of
particle size on color transition of the nanocomposites, one re-
quires Zn0 nanoparticles with narrow size distribution. This topic
will be a subject of our future study. At 145 °C, the irreversible col-
ar transition of most nanocomposites occurs. We note that the
absorption pattern of the red form of the nanocomposites is very
similar to that of the pure poly{PCDA) vesicles, This implies the
similarity of conjugated backbone conformation in the two
systems.

The IR spectroscopy is utilized to explore the change of local
interactions in poly(PCDA)fZn0 nanocomposite, responsible for
the irreversible color transition. Fig. 9 illustrates IR spectra of
drop-cast film of the nanocomposite in blue and red phases,
measured from the same sample. The transition to red phase is
achieved by annealing at 150*C in vacuum oven for 5 min.
The w(CH;) (284Bcm™'), vi{CHz) (2918 cm™) and v, (CHj)
{2954 cm™') of both phases are detected at the same location, indi-
cating that the alkyl side chains keep all-trans conformation during

- the transition. If the gauche conformation forms. one would expect

the v(CHz) and v,4(CH;) to shift to the higher wavenumber [57].
However, the alkyl side chains may undergo phase transition,
which in turn causes small reorganization of conjugated backbone
as suggested by earlier study [39]. The band around 1690-
1620 cm™' shifts to 1710cm™" in the red phase, corresponding to
the breaking of hydrogen bonds between carboxylic head groups
|27]. The bands of asymmetric v,,(COQ) and v,(COO0) stretching
vibration of carboxylate anion are still detected at the same wave-

number. However, new bands at 1590 and 1426 cm ! emerge in
the spectrum of the red phase. It was reported that the IR peaks
of carboxylate anion shift to different regions when the nature of
interactions with metal ions is altered |39). Therefore, the new
peaks at 1590 and 1426 cm™' are assigned to the v,,(CO0) and
v (CO0) of carboxylate anion, which interacts with Zn0 surface
in- different manner. This result indicates that partial rearrange-
ment of carboxylate anion at the ZnO surface takes place during
the irreversible transition.

Al this point, we propose the mechanism for two-steps thermo-
chromism as follows. The increase of temperature to 100°C pro-
motes the dynamics of alkyl side chains but strong interactions
between head groups and surface of ZnO limit their movement.
The partial twisting of m-orbitals occurs through out the entire
chain but the ordering of poly(PCDA) backbone in the nanocom-
posite largely remains, Therefore, the complete relaxation back to
the original conformation can take place upon cooling to room
temperature. The increase of temperature to 145°C breaks the
hydrogen bonds between carboxylic heads and partially disrupts
interfacial interactions at Zn0 surface, causing more distorted
structure of conjugated backbone. The increase of entropy is too
great, prohibiting the color reversibility.

4, Conclusion

We demonstrate a simple method for preparation of new class
of poly(PCDA)}-based materials constituting of Zn0 nanoparticle in
the core, Strong interfacial interactions and the increase of molec-
ular ordering in the poly(PCDA)/Zn0O nanocomposites drastically
alter their thermochromic behaviors. We have found that the
nanocomposites exhibit two-steps reversible and irreversible color
transition at two distinct temperatures. The reversible process
takes place at about 20 °C and 100 °C in aqueous suspension and
PVA matrix, respectively. The nanocomposites are very stable,
allowing complete color reversibility after more than 10 heating-
cooling cycles. The second transition, an irreversible one, is
detected at higher temperature region. The change to red color of
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the nanocomposites in PVA matrix occurs at about 145 °C. Our
preparation method for the poly(PCDA)NZn0 nanocomposites is
rather simple and cheap compared to the chemical modification
of poly{PCDA) itself. This approach offers a new route for control-
ling colorimetric response of poly{ PCDA) to external stimuli, which
in turn expands their utilization in wider range of sensing applica-
tions. We are currently exploring other types of inerganic nanopar-
ticles that could be used as nano-substrate for the assembling of

poly(PCDA).
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Abstract

This contribution presents a simple method to prepare polydiacetylene(PDAYZnO nanocomposites,
which can be utilized as active materials in sensing technology. The ZnO nanoparticles, which constitute of
Zn-OH;", Zn-OH and Zn-O" groups at their surfaces, function as nano-substrates for self-assembling of
diacetylene monomers, 10,]12-pentacosadiynoic acid (PCDA), in aqueous medium. Photopolymerization of
the assemblies yields poly(PCDAYZnO nanocomposites with core-shell structure. Strong interactions
between the active groups at ZnO surface and carboxylic head groups of poly(PCDA) promote chain
ordering and reduce segmental dynamics of poly(PCDA) in the nanocomposites. The existence of strong
interfacial interaction drastically affects the colorimetric response behavior of the nanocomposites upon
exposure to external stimuli. The poly(PCDA)/Zn0 nanocomposites change color from blue to purple upon
increasing pH to ~12.6 while the color transition from blue to red of pure poly(PCDA) vesicles takes place
at pH~8. The addition of ethanol into aqueous suspension of pure poly(PCDA) vesicles causes color
transition when the ethanol concentration is above ~45 %v/v. However, the addition of ethanol up to 90%v/v
into aqueous suspension of the nanocomposites hardly affects their color.

Key words: Polydiacetylene, Nanocomposites, Color transition, Conformation transition, Interfacial effect,

pH sensor
Introduction consists of hydrophillic head group and hydrophobic
tail. The dispersion of PCDA in water, assisted by
ultrasonication, leads to the formation of bilayer

In recent years, the development of conjugated
vesicles."" *® Poly(PCDA) vesicles can be easily

polymers as sensing materials has gained much

attention from scientific community, particularly
the polydiacetylene (PDA)."'Y PDA vesicles are
spherical organic nanoparticles with cavity in the
center. This class of material has been known to
exhibit many interesting properties. The unigueness of
PDA wvesicles is the color-transition behavior from
blue to red when exposed to environmental perturbations
such as the increasing of temperature or pH, addition
of alcohols or surfactants, binding with ions or
biomolecules."""*'”  Therefore, PDA vesicles
have a potential for being utilized as nano-sensors.

One of the well-known diacetylene monomers,
frequently used to prepare PDA vesicles, is the
10,12-pentacosadiynoic acid (PCDA). Its structure

prepared by UV light irradiation of the monomeric
vesicles. The unperturbed poly(PCDA) wvesicles
posses relatively long conjugation length and exhibit a
deep blue color. The perturbation of poly(PCDA)
vesicles by external stimuli causes the rearrangement
of alkyl side chains and hence induces conformational
transition of conjugated backbone."**” The distortion
of conjugated backbone results in the decrease of
conjugation length (i.e. wider HOMO-LUMO energy
gap). The perturbed poly(PCDA) can exist in different
colors such as purple and red, depending on the
magnitude of the perturbation.

To control the colorimetric response of PDA
vesicles or assemblies upon exposure to external
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stimuli, one can utilize different approaches. Some
specific designed molecules can be inserted into layers
of PDA assemblies and behave as receptors.!'#5!>162!
The binding of receptor molecules to ions, biomolecules
and other desired materials induces color transition of
PDA assemblies. The colorimetric response of PDA
assemblies can also be controlled by structural
modification. It has been demonstrated by many
research groups that the modification of head
groups can have major impact on color-transition
behaviors."'*' ™" 2% The increase of interactions
between head groups causes the increase of
transition temperature. In some cases, where the
interactions between head groups are sufficiently
strong, the thermochromic transition occurs in a
reversible fashion.""*'*#* The bonding of head groups
by chemical linkers also provides PDA assemblies
with reversible thermochromic behavior.!!%4%2%

Although the aforementioned approaches
are rather efficient, the chemical modification inevitably
involves complicate synthetic methods and requires
time-consuming processes. One of other attractive
approaches utilizes foreign materials to strengthen
the interactions between the head groups of PDA
assemblies and hence alter their color-transition
behaviors. Different materials have been used such
as polymers(Gu et al., 2008 ; Wu et al., 2009), cations
(Huang et al., 2005), layered double hydroxide
nanosheets(Ttoh et al., 2005) and SiO, nanoparticles. ©*
In this research, we present a simple method to
prepare new class of PDA/ZnO nanocomposites.
The ZnO nanoparticles are used as nano-substrates
for self-assembling of PCDA monomers on their
surface (see Figure 1). We have found that the
existence of strong interfacial interactions in the
nanocomposites largely alters  their  colorimetric
response upon exposure to external stimuli.

Materials and Experimental Procedures

PCDA monomer (Fluka) and ZnO nanoparticles
(Nano Materials Technology, Thailand) are commercially
available. The preparation of pure poly(PCDA)
vesicles was as followed. The PCDA monomer
was purified by dissolving in chloroform and then
filtered through a 0.45 pm nylon membrane to
remove polymerized materials. The chloroform
was slowly evaporated by heating at ~50°C in
water bath. Deionized (DI) water was added into
the dried film of PCDA monomers to vield a
concentration of 0.5 mM. The sample was
sonicated at ~80°C for 30 minutes to disperse the
monomers into aqueous medium and then kept in

refrigerator (—4°C) over night. The cloudy suspension
of PCDA vesicles was irradiated by ordinary UV
light (A~254 nm, 10 watts) for 5 minutes. The
samples were filtered through a 0.8 pm cellulose
membrane to remove large aggregates. The obtained
poly(PCDA) vesicles exhibited a deep blue color.
Similar procedure was used to prepare poly
(PCDA)/Zn0O nanocomposites. However, the Zn0O
nanoparticles were pre-dispersed in DI water,
assisted by probe ultrasonication for 5 minutes,
before adding into the dried film of PCDA monomers.
Weight ratios of the added Zn0O nanoparticles were
5,9 and 1 7wi%. We note that these numbers do not
necessarily indicate the actual weight ratio of ZnO
in the nanocomposites. The pH of nanocomposite
suspensions ranges from about 6.5 to 6.8. Figure 1
summarizes the processes that occur during each
step of the preparation of the nanocomposites.

Figure 1. Schematic for the preparation of poly (PCDAY
Zn0 nanocomposites dispersed in water.

The size distribution of ZnO nanoparticles
was explored by using Transmission Electron
Microscopy (TEM, Tecnai 12, D291). The morphology
and dimension of pure poly(PCDA) vesicles and
poly(PCDAYZnO nanocomposites were investigated
by using intermittent contact Atomic Force Microscopy
(AFM, SPI3800N Nanoscope 1, Seiko Instrument
Inc., Japan). The cantilever with pyramidal shape
SiaMNy tip was used. Samples for TEM and AFM
measurements were prepared by dropping the
aqueous suspensions on Cu grid and polished silicon
wafer, respectively. The samples were left to dry in
clean atmosphere under ambient conditions.

The absorption spectra of pure poly(PCDA)
vesicles and poly(PCDA)/Zn0O nanocomposites were
measured by using UV/Vis spectrophotometer (Specord
S100B, Analytik Jena). The pH of suspensions was
varied by adding NaOH aqueous solution. Ethanol
was added into the systems by using a micropipette.
The magnitude of colorimetric response (%CR) was
calculated according to the equation; %CR =
[(PBs-PB)YPBy] =100, where PBy is the initial
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percent blue before exposure to external stimuli
and PB is the final percent blue after exposure to
external stimuli. The PB value was calculated from
Ag/(AswtAgw), where A, Agp were the absorbance
at 540 nm and 640 nm, respectively. The PB; value
was calculated at the initial condition.

Results and Discussion
Morphology and Size Distribution

It has been known that the surface of ZnO
nanoparticles in aqueous suspension constitutes of
Zn-OH, Zn-OH," and Zn-O" groups.***® At low pH
region, the ZnO surface is mostly populated by Zn-
OH and Zn-OH;" group. Therefore, the acidic
PCDA monomers with carboxylic head groups are
expected to anchor on the ZnO surface via ionic

interaction and/or hydrogen bonding (see Figure 1).

The irradiation of the assemblies by UV light
results in poly(PCDA)/ZnO nanocomposites where
polymeric layers coat on the ZnO nanoparticle.
The outer surface of nanocomposites constitutes of
hydrophilic layer of carboxylic groups, which
favorably interact with aqueous medium. It is
important to note that the number of poly(PCDA)
layers in the nanocomposites can be higher than
two layers.

The TEM image of ZnO nanoparticles is
illustrated in Figure 2. The ZnO nanoparticles exhibit
spherical shape with relatively large size distribution.
The diameters of primary particles range from
about 20 to 200 nm. The topography AFM images
of pure poly(PCDA) vesicles and poly(PCDAYZnO
nanocomposites are illustrated in Figure 3. It
appears that the shape of pure poly(PCDA)
vesicles is not spherical. Their height is also quite
small, less than 12 nm. This observation is
attributed to the interaction between AFM tip and
soft vesicles, which may cause the deformation of
shape and flatten the vesicles. The diameters of
pure poly(PCDA) vesicles range from about 40 to
200 nm. The morphologies and size distribution of
poly(PCDAYZnO nanocomposites are similar to
those of the pure poly(PCDA) wvesicles. The
variation of ZnO ratios in the preparation of the
nanocomposites hardly affects their size. The TEM
image of the nanocomposites reveals layers of
poly(PCDA) coated on ZnO nanoparticles."” The
thickness of polymeric layers is about 25 to 30 nm,
corresponding to about 6 layers of the poly(PCDA)
chains.
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Figure 2. TEM image of ZnO nanoparticles.

1278

Figure 3. AFM topography images of (a) pure poly(PCDA)
vesicles and (b) poly(PCDAYZnO nanocomposites
on silicon wafer.

Colorimetric Response to pH

The UV/Vis absorption spectra of pure poly
(PCDA) vesicles and poly(PCDAYZnO nanocomposite
aqueous suspensions measured upon increasing pH
are shown in Figure 4. The unperturbed state of the
vesicles and nanocomposites exhibits maximum
absorption band (Ap.) at ~640 nm with vibronic
shoulder at ~590 nm, corresponding to a deep blue
color. We also observe that the full width at half-height
maximum of absorption peak of the nanocomposite
is much smaller than that of the pure poly(PCDA)
vesicles. This indicates higher ordering of
backbone and alkyl side chains of poly(PCDA) in
the nanocomposites. Detailed discussion on this
issue is given in our previous report.””

ot

LRl ]

Figure 4. Absorption spectra of (a) pure poly(PCDA)
vesicles and (b) poly(PCDAYZnO nanocomposites
in agueous suspensions measured at different pH.
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The addition of NaOH into aqueous suspension
of pure poly(PCDA) vesicles causes the growth of
new peak at 540 nm while the peak at 640 nm
simultaneously drops (see Figure 4(a)). At pH~8,
new absorption bands at ~540 nm and ~500 nm are
clearly observed. An isosbestic point is detected at
~550 nm, indicating the transition from two distinct
electronic species. Further increasing pH hardly
affects the pattern of absorption spectrum. The
poly(PCDA) vesicles at this state exhibit a red
color. The colorimetric response of poly(PCDAYZnO
nanocomposites to the increasing of pH is rather
different. The color transition takes place at much
higher pH. The increase of pH to ~12 hardly affects
the pattern of absorption spectrum. The growth of
new peak at ~540 nm is detected at pH ~12.6,
corresponding to the formation of the red phase,
However, large fraction of the blue phase (A~640 nm)
still remains in the system at this condition. The
nanocomposite at this state exhibits a purple color.
The other nanocomposites prepared by using
different ratios of ZnO nanoparticles shows color
transition at similar pH range. The results are
summarized in Figure 5 where the colorimetric
response (%CR) is plotted as a function of pH. The
sharp increase of the %CR indicates the color
transition while the %CR wvalue corresponds to
magnitude of the color change. We also observe
that the increase of ZnO ratio causes slight increase
of pH required for inducing the color transition.

4 6 8 10 12 14
pH

Figure 5. Plots of %CR upon increasing pH of aqueous
suspensions of (o) pure poly(PCDA) vesicles,

(0) poly(PCDAYZnOS5%, (A) poly(PCDAVZRO%
and (0) (poly)PCDA/ZnO17% nanocomposites.

The mechanism for the color transition of
pure poly(PCDA) vesicles and poly(PCDAYZnO
nanocomposite is proposed in Figure 6. The carboxylic

head groups of unperturbed poly(PCDA) vesicles
interact with their neighbors via hydrogen bonds.
At this initial state (i.e. blue phase), the side chains
arrange in an ordered fashion and the conjugated
backbone possesses relatively long conjugation
length. The increase of pH by adding NaOH into
aqueous suspension of pure poly(PCDA) vesicles
drastically alters the interactions between their
head groups. The OH’ ions can abstract protons
from the acidic heads and transform the carboxylic
group into the carboxylate one. The strong ionic
repulsion between the negatively charged head
groups causes the rearrangement of side chains and
hence induces the distortion of conjugated backbone.
The planarity of m-orbital arrangement in the
distorted backbone is reduced significantly, which
in_turn disrupts the conjugation of = electrons
(i.e. decrease of conjugation length). The HOMO-
LUMO energy gap of the perturbed poly(PCDA)
vesicles becomes wider, resulting in the electronic
absorption in higher energy region. The vesicles
exhibit red color at this state.

Figure 6. Proposed mechanism for color transition of
(a) pure poly(PCDA) vesicles and (b} poly
(PCDA)YZnO nanocomposites upon addition
of OH" ions. The color transition of pure
poly(PCDA) vesicles occurs at pH ~8 while
the nanocomposites change color at pH ~12.6
(see text).

The mechanism for the color transition of
poly(PCDAYZnO nanocomposite is similar to that
of the poly(PCDA) vesicles. However, the inner
layer of poly(PCDA) chain strongly anchors to the
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surface of ZnO via ionic interaction between
carboxylate head and Zn-OH;" group. The FT-IR
measurements in our previous report confirm the
existence of this type of interfacial interaction.””
The addition of OH’ ion into aqueous suspension of
the nanocomposites mostly affects the interaction
between head group of poly(PCDA) chain at the
outer layer (see Figure 6(b)). The van der Waals
interaction between the alkyl side chains of the
outer and inner layers of poly(PCDA) chains is an
opposing force that maintains the planarity of
conjugated backbone. The perturbation at the head
group must be sufficiently strong to overcome the
overall interactions between side chains and hence
causes the distortion of conjugated backbone.
Therefore, it requires higher concentration of OH”
ions (i.e. higher pH} to induce color transition of
the nanocomposites. We also suggest that the inner
layer of poly(PCDA) in the nanocomposites does
not change color as indicated by the results from
UV/vis absorption measurements. It is unlikely that
the OH ions can penetrate through the
hydrophobic layer of poly(PCDA) chain into their
head groups at the surface of ZnO nanoparticles.

Colorimetric Response to Ethanol

The absorption spectra of pure poly(PCDA)
vesicles and poly(PCDA)ZnQO nanocomposite
measured upon addition of ethanol are illustrated in
Figure 7. At low concentration of ethanol, the
absorption pattern of pure poly(PCDA) vesicles is
hardly affected. The systematic decrease of
absorbance is due to the dilution. A growth of new
peak at ~540 nm is detected when the ethanol
concentration is higher than 20%wv/v. A drastic
change occurs in the concentration range of 40 to
50%v/v where the suspension turns from blue to
red color. The absorption spectrum of the red phase
constitutes of peaks at ~540 nm and ~500 nm. The
addition of ethanol into aqueous suspensions of
poly(PCDAYZnO nanocomposites hardly affects
their absorption spectra. It is clear from Figure 7(b)
that the increase of ethanol concentration up to
90%v/v does not induce color transition. The
comparison of colorimetric response of pure poly
(PCDA) vesicles and poly(PCDAYZnO nanocomposites
are illustrated in Figure 8. The plots of %CR versus
ethanol concentration detect a sharp increase at 40
to 50%w/v in the system of pure poly(PCDA)
vesicles. The %CR values of the nanocomposites
slightly increase at ethanol concentration of 90%w/v,
This result shows that the incorporation of ZnO

LILTE FITE]

nanoparticles into the core of poly(PCDA) vesicles
causes the increase of color stability upon exposure

to alcohol.
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Figure 7. Absorption spectra of (a) pure poly(PCDA)

wvesicles and (b} poly(PCDAYZnO nanocomposites
in aqueous suspensions measured upon addition
of ethanol.
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Figure 8. Plots of %CR upon addition of ethanol into
suspensions of (o) pure poly(PCDA) vesicles,

() poly(PCDANZNOS5%, (A) poly{PCDAY Zn0O%%
and (0) poly(PCDANVZnO17% nanocomposites,

The molecule of ethanol constitutes of
hydrophilic head and hydrophobic tail similar to
the structure of normal surfactants. The addition of
ethanol into aqueous suspension of poly(PCDA)
vesicles perturbs the organization of head group
and alkyl side chain as illustrated in Figure 9(a).
The ethanol molecules can swell the outer layer of
poly(PCDA) vesicles, which in turn breaks the
hydrogen bonds between carboxylic head groups.
When magnitude of the swelling is sufficiently
large, the rearrangement of side chains occurs,
leading to the distortion of conjugated backbone.
The strength of inter- and intrachain interactions
within the layers of poly(PCDA) dictates the
quantity of ethanol required for inducing the color
transition. For pure poly(PCDA) wvesicles, the
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presence of ~50%wv/v of ethanol in the system
causes color transition from blue to red. In the
systems of poly(PCDA)YZnO nanocomposites, the
swelling of ethanol at the outer layer is expected to
occur in a similar fashion (see Figure %(b)). However,
strong ionic interaction between carboxylate heads
and Zn-OH;" groups at ZnO surface strengthens
layered structure of the poly(PCDA). The van der
Waals interaction between alkyl side chains of the
inner and outer layers also resist the distortion of
conjugated backbone in the outer layer. Therefore,
the presence of ~90%v/v of ethanol in aqueous
suspensions of the nanocomposites still does not
induce color transition of poly(PCDA). However,
the swelling of other solvents or surfactants may cause
color transition of poly(PCDA) in the nanocomposites.
This issue is currently being carried out in our
laboratory.

(@)

(b}

Figure 9. Proposed mechanism for color transition of
(a) pure poly(PCDA) vesicles and (b) poly
(PCDAYZn0O nanocomposites upon addition
ethanol. The color transition of the pure poly
(PCDA) vesicles occurs at ethanol concentration
of about 50%v/v while the nanocomposites
do not change color upon addition of ethanol
up to 90%w/v (see text).

Conclusions

In this research, we present a simple method
to prepare poly(PCDAYZnO nanocomposites with
core-shell structure. The incorporation of ZnO
nanoparticles into the core of poly(PCDA) vesicles

strengthens their layered structure, which results in
the increase of color stability upon exposure to OH
ion and ethanol. The nanocomposites exhibit color
transition at much higher pH compared to the system
of pure poly(PCDA) vesicles. The addition of ethanol
does not induce color transition. Our preparation
method of the nanocomposites is very simple and
inexpensive. In addition, it does not require a time-
consuming purification process. This approach offers
a new route for controlling the colorimetric response
behavior of polydiacetylene-based materials to external
stimuli, which is important for the development of
nano-sensor technology.
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Abstract
Polydiacetylene vesicles are spherical organic nanoparticles with cavity in the center. This class of material

has been known to exhibit many interesting properties [1]. For example, the polydiacetylene vesicles change
color from blue to red upon increasing temperature or pH [2,3]. The addition of some molecules or ions also
causes the color change [4]. Therefore, polydiacetylene vesicles have a potential for being utilized as
nanosensors. In this contribution, we introduce a method to prepare new class of polydiacetylene vesicles,
containing metal oxide nanoparticle in the core. The incorporation of the metal oxide nanoparticles is expected
to affect the dynamics of functional group and side chain, which should influence the optical properties of the
polydiacetylene vesicles. The diacetylene monomer [0,12-pentacosadiynoic acid (PCDA) and ZnO
nanoparticles were used to prepare the hybrid vesicles. The weight ratios of the PCDA and ZnO were varied
from 1:0, 1:1, 2:1, 1:2. The uv/vis absorption spectra of biue form of the hybrid vesicles shown in Figure |
constitute of peaks at about 370 nm, 580 nm and 640 nm. The absorbance at 370 nm, which increases with ratio
of the Zn0O, confirms the incorporation of the metal oxide naneparticles into the vesicles. The morphology of
polydiacetylene vesicle and hybrid vesicle was investigated by utilizing atomic force microscopy (AFM). The
AFM topography images shown in Figure 2 reveal that the vesicles exhibit spherical shape with diameters
ranging from 100-300 nm. In addition, the diameter of the hybrid vesicles appears to be larger than that of the
pure vesicles. The structure and dimension of the vesicles were also characterized by transmission electron
microscopy and laser light scattering techniques. The colorimetric response of the hybrid vesicles to external
stimuli, including temperature, pH and the addition of alcohol, was examined. We have found that the hybrid
vesicles exhibit rather different optical behaviors compared to that of the pure vesicles.

References

l. A. Potisatityuenyong, G. Tumcharern, S.T. Dubas and M. Sukwattanasinitt, Layer-by-layer assembly
of intact polydiacetylene vesicles with retained chromic properties, J. Colloid Interface Sci., 304, 45—
51 (2006).

2. 5. Okada, S. Peng, W. Spevak and d. Charych, Color and Chromism of Polydiacetylene Vesicles, Acc.
Chem. Res., 31, 229-239 (1998).

3. S.J. Kewand E.AH. Hall, pH Response of Carboxy-Terminated Colorimetric Polydiacetylene Vesicles
Anal. Chem. 78, 2231-2238 (2006).

4. Y. Su, Preparation of polydiacetylene/silica nanocomposite for use as a chemosensor, Reactive &
Functional Polymers, 66, 967-973 (2006).


mailto:Nisanart.T@chula.ac.th

Proceedings of the 27th MST Annual Conference, 20-22 Janwary 2010, Samui, Thailand

0.35
<+ PPCDA vesicles

— PPCDA:Zn0O=1:1
0251 - PPCDAZNO=12 {

P 0204 —PPCDA:ZnO=21

< 015

0.30 1

0.10

0.05

nﬂn T T - ™ T
250 350 450 550 650 750

Wavelength (nm)

Figure 1 Absorbance spectra of blue form of PPCDA and PPCDA/ZnO hybrid vesicles

Figure 2 AFM topography images of (a) PPCDA vesicles and (b) PPCDA vesicles/Zn0 nanchybnd (1:1)
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REsrraci

This contribution introduces o versatile meibod to prepare o new class of polydiacetylene{PDA) based material,
Z=) canopanticles are wsed as nano-substrates, which allow sponiapecus assembling of discetylene monomer, 10,12-
s=racosadiynoic acid (PCDA), on their surface.  An imadiation of the organized assemblies by L'V light results in
P04 Zn0 nmgcompasites, which exhibit n deep blee calor, The colonmetric responses of the nanocomposites to
s=rmal stimuli are mather different compared to these of the pure PDA vesicles, While the increase of temperature
sseec imreversible color mansition of pure PDA vesicles at about 80 °C, the PDA/Ze0 nanocomposites exhibit two-
e reversible and irreversible thermochromisms, The first transition 1akes place reversibly at about 100 °C where the
ssicr changes from blue w purple. Further increasing iemperature to (45 "C induces second coler transition to red color,
wich oocurs in an ireversible fashion. The colorimetric response of the nanocomposites to pH s also different from
e mchavior of pure PDA vesicles. While the increase of pH 1o sbour & causes color mansition of puse FDA vesicles, the
ssior mangition of the nanecomposites occurs al much higher pH, about 12.6. The investigation by transmission ekectron
mcroscopy detects highly organized PDA chains in e naoocoumposites, which s probably responsible for the
Sscrepancy of their colorimeric responses.

FPDA layers
25¢C 100°=C 145 °C

Figure | Schemaic structure of (top) pure PDA vesicles and (bottom ) PRAZnD nanocomposites and their colorimetric
“msponses 10 lemperniure

sevwords: Polvdiecetylens, Nonocomposines, Colorimetric sensors, Reversible thennochromism
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