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APPENDIX B

Figure B.1 Winning the first runner up in Thailand innovation awards 2007 for
innovation product and business plan. (from left to right : Mr. Toedtoon
Champaiboon, Miss Sansanee Boonchit, Miss Jasuma Boonyiseng, Mr. Anupat
Potisatityuenyong and Dr. Suchinda Chotipanich). The right picture is two winning

cups.
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Abstract

Photopolymerized vesicles of 10,12-pentacosadiynoic acid (PPCDA) were successfully assembled into polyelectrolyte multilayer (PEM) thin
films using either chitosan or poly(ethylenimine) (PEI) as a polycation. The PEM films assembled from chitosan or PEI polycation retained the
blue color of PPCDA vesicles. For the blue films, an increase in absorbance at 635 nm as a function of the number of deposited layers of PPCDA
vesicles was observed, confirming the uniform layer-by-layer deposition process. The spherical structures of PPCDA vesicles, as well as their
important colorimetric responses to solvent (ethanol), pH, and temperature, are retained in the PEM film. Compared to the vesicles dispersed in
water, the PEM films are much more stable to aging. Layer-by-layer assembly thus provides a convenient means to prepare colorimetric sensing

devices, with extended shelf life, from polydiacetylene vesicles.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Adsorption; Colorimetry; Multilayer film; Polydiacetylene; Sensor; Vesicle

1. Introduction

Polydiacetylenes [1] are an interesting class of ene-yne
conjugated polymers that exhibit dramatic color change from
blue to red upon exposure to various stimuli including light
(photochromism) [2—4], heat (thermochromism) [5-9], me-
chanical stress (mechanochromism) [10-12], solvents (solva-
tochromism) [13,14], and binding of specific biological agents
(biochromism) [15-17]. Polydiacetylenes can be prepared by
topochemical polymerization of monomeric diacetylenes in
numerous forms: bulk solids [18,19], self-assembled films
[20,21], and vesicles suspended in liquids [22,23]. Aqueous
suspended polydiacetylene vesicles are generally produced
from photopolymerization of vesicles formed from monomeric
diacetylene lipids. The resulting nanospherical vesicles or lipo-
somes of polydiacetylenes homogeneously dispersed in aque-

* Corresponding author. Fax: +66 22187598.
E-mail address: smongkol @chula.ac.th (M. Sukwattanasinitt).

0021-9797/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2006.08.054

ous media have been successfully used as colorimetric sensors
[24-32].

Immobilization of polydiacetylene vesicles into thin films
would enhance their storage stability and user-friendliness. De-
spite long and extensive research on polydiacetylene vesicles,
reports on the fabrication of films containing these materials
have just come to light in recent years. Monomeric diacetylene
vesicles have been covalently fixed onto functionalized glass
substrates followed by photopolymerization to form blue-phase
polydiacetylene monolayer films [33,34]. This approach is use-
ful when monolayer deposition is desired, but the fabrication
of multilayer films with sufficient visible color by this tech-
nique is not generally practical. The transfer of self-assembled
polydiacetylene Langmuir-Blodgett films to flat substrates is
somewhat less complicated, but is not suitable for the assembly
of vesicles that have spherical hydrophilic surfaces.

A little more than a decade ago, the polyelectrolyte multi-
layers (PEM) technique developed by Decher and co-workers
emerged as an alternative method for the preparation of mul-
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tilayer thin films [35-41]. Although based on a very simple
adsorption process, PEM assembly has proven to be a very pow-
erful method for immobilizing charged species onto a substrate.
In this technique, oppositely charged polyelectrolytes (polyan-
ions and polycations) are assembled into thin films by sequen-
tial dipping of a substrate into polyelectrolyte solutions fol-
lowed by rinsing steps. The electrostatic interaction between the
adsorbed layer on the substrate and the oppositely charged poly-
electrolytes in the solution leads to the adsorption of another
polyelectrolyte layer and the reversal of the surface charge, al-
lowing the deposition of the next layer. The PEM technique is
well suited for the preparation of thin films on objects with var-
ious types of surface and shape. The thickness of the film can
also be easily controlled by choosing the appropriate number
of layers deposited, which is convenient for preparation of col-
orimetric sensing devices detectable by naked eyes. Early use
of the PEM technique to assemble diacetylene monomers or
polydiacetylene chains with polyallylamine (PAH) resulted in
thin films with an irreversible red color, which excluded them
from being colorimetric sensors [42]. It is important to em-
phasize here that in order for polydiacetylene vesicles to be
usable in sensing applications, the characteristic blue color of
the vesicles must be maintained during the film preparation
process.

Decher et al. have recently demonstrated that the assem-
bly of phospholipid vesicles in PEM thin films was possible
by dipping or spraying the vesicles onto a substrate [43—45].
They also demonstrated that the phospholipid vesicles con-
served their spherical shape and could be used as bioreservoirs
for drug release. The deposition of unpolymerized vesicles onto
thin films that were later photopolymerized has recently been
reported [46]; however, no clear evidence indicates whether
the spherical structure of the vesicles remained intact. To the
best of our knowledge, the direct assembly of prepolymerized
blue vesicles retaining blue color has not yet been successful.
The aim of this article is to report our findings on the impor-
tance of the choice of polycationic polymers for assembly to
preserve the blue color and the spherical structure of the poly-
diacetylene vesicles. The chromic responses of the PEM film to
various stimuli such as ethanol content, pH, and temperature in
comparison with that of vesicles dispersed in water will also be
presented.

2. Materials and methods
2.1. Materials

The diacetylenic monomer 10,12-pentacosadiynoic acid
(97%) was purchased from Fluka. Linear poly(ethylenimine)
(PEI) was purchased from Aldrich. Chitosan was purchased
from Seafresh Chitosan (Lab) Company, Thailand. The viscos-
ity-averaged molecular weight (M, ) was 8.0 x 10%, and the de-
gree of deacetylation determined by colloidal titration was 84%.
Diethyl ether, analytical grade, was purchased from Lab-Scan,
Thailand. Deionized MilliQ water with a resistance of 18.1 MS2
was used in all experiments. The solvents and chemicals were

used as received without further purification unless specified
otherwise.

2.2. Preparation of PPCDA vesicles

The diacetylene monomer 10,12-pentacosadiynoic acid
(PCDA) was dissolved in diethyl ether and filtered to remove
any contaminating polymerized materials. The filtrate was dried
under a rotary evaporator in the dark to produce a thin film of
lipid monomer inside the flask. Deionized water was added to
provide a 0.5 mM aqueous lipid suspension and was sonicated
at 75-80 °C for 30 min. The vesicle suspension was allowed to
cool to room temperature and then kept at 4 °C overnight. The
vesicle suspension was irradiated by UV irradiation for 5 min
to complete the topopolymerization. Following the polymeriza-
tion, the solution was filtered through a 0.45-um PTFE syringe
filter to remove any undesired lipid aggregates formed during
the preparation. The resulting filtrate appeared as a transpar-
ent deep blue solution of poly(10,12-pentacosadiynoic acid)
(PPCDA) vesicles.

2.3. Layer-by-layer deposition of the vesicles

Glass slide substrates were cleansed of organic contami-
nants by 15 min dipping in an oxidizing “piranha” solution
prepared by mixing a 2:1 volume ratio of concentrated sulfu-
ric acid with hydrogen peroxide solution (30%). The sample
was then rinsed thoroughly with MilliQ water. The clean sub-
strates were dipped into the polycationic solution (0.1% w/w
for chitosan, 10 mM for PEI) at pH 3 (adjusted by 2 M HCI) for
5 min. After three rinsing steps in MilliQ water, the glass sub-
strate was then immersed in PPCDA vesicles solution (0.5 mM
of initial monomer) for 5 min. The deposition was carried out
by repeating these adsorption cycles as many times as needed.
A UV-vis spectrophotometer (Varian Cary 100 Bio) was used
to confirm the layer-by-layer deposition process by monitoring
the increase in absorbance at 640 nm as a function of the num-
ber of deposited layers.

2.4. Evaluation of the colorimetric responses

The colorimetric response (%CR) was used to semiquantify
the blue-to-red transition. The %CR can be expressed as
100 x (PBg — PB)

PBy '

The PB is the percent blue calculated from Ag3s/(Asao+ Ag3s),
where As4o, Ag3s are the absorbance of the red (A = 540) and
blue (A = 635) phases of PPCDA vesicles, respectively. The ini-
tial PBg value was determined before exposure to any stimuli.
The completeness of color transition was determined as the first
saturation point in the plot of %CR against the quantity of each
stimulant,

%CR =

2.5. Evaluation of the ethanol, pH, and temperature responses

The PEM film was prepared directly on a glass substrate,
specially cut to fit the UV-vis spectrophotometer cuvette. In a
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typical experiment, the coated substrate was introduced into a
cuvette filled with water and allowed to stand for 5 min before
the absorbance spectrum was measured to obtain the PB value.
The procedure was repeated after the solution was replaced with
a solution having a higher ethanol content or higher pH or the
temperature was increased. In every case, the system was al-
lowed to stand for 5 min before the new spectrum was recorded.
While one parameter, e.g., ethanol content, was varied, the other
two parameters, e.g., pH and temperature, were controlled. The
specific values for controlled parameters are presented, along
with the results for each test.

2.6. Atomic force microscopy

The AFM images were obtained by Multimode SPA400
(Seiko, Japan) in semicontact mode (dynamic mode) using a
SI-DF20 cantilever. The image of the vesicles was measured on
an air-dried sample of PPDCA vesicles prepared from a drop of
diluted solution on a freshly cleaned glass slide. For the imag-
ing of the PEM film containing vesicles, a freshly prepared film
sample on a clean glass substrate was air-dried overnight prior
to the measurement.

3. Results and discussion

Two types of polycationic polymers, chitosan and poly-
(ethylenimine) (PEI), were studied for layer-by-layer assem-
bly with poly(10,12-pentacosadiynoic acid (PPCDA) vesicles
(Fig. 1). A clean glass substrate was alternately dipped into a
polycationic electrolyte and a freshly prepared blue PPCDA

=z @

n

PEI (in acidic solution)

o QR
Sonicate
- w Qe o

T — 3 —
. )
i
PCDA PCDA vesicles PPCDA vesicles

(b)

vesicle solution. The average size of PPCDA vesicles used in
the layer-by-layer assembly was estimated from the vesicle so-
lution using dynamic light scattering (DLS) and dry samples
cast on glass slides using tunneling electron microscopy (TEM)
and atomic force microscopy (AFM). The submicrometer-sized
vesicles had an average diameter of 60 nm obtained from the
light-scattering data and TEM image (in the supporting doc-
ument), which agreed well with that observed from the AFM
image (Fig. 2a). The spherical vesicles were also observed in
the AFM image of chitosan/vesicles PEM film (Fig. 2b). The
AFM image clearly shows, for the first time, that the intact poly-
diacetylene vesicles could be assembled into a PEM film.

The visual appearance of the resulting chitosan/vesicles and
PEl/vesicles PEM films was very smooth and uniform, with
a deep blue color intensifying as a function of the number of
deposited layers. The blue films immediately and irreversibly
turned red when they were dipped into 95% ethanol. The
visible absorption spectra of the blue and red films showed
the maximum absorption at 635 and 540 nm, respectively
(Fig. 3). This irreversible color switch is probably related to
the irrecoverable perturbation of the intramolecular hydrogen
bonds between the carboxylic head groups of the polydiacety-
lene side chains, which reduced the conjugation length or
relieved the mechanical stress on the polydiacetylene back-
bone [1,5].

UV-vis absorbance at 635 nm was employed to monitor the
layer-by-layer deposition of chitosan or PEI with PPCDA vesi-
cles. Linear relationships between the number of layers and
the absorbance were obtained for both polycationic electrolytes
(Fig. 4), signifying a well-defined layer-by-layer deposition

CH,0H
0

NH;
®

n

chitosan (in acidic solution)

% — Cationic polyelectrolyte

K
o N

0(.‘.??.‘%%8::,.. —— Vesicles

Fig. 1. (a) Chemical structures of polycationic polymers, (b) schematic preparation of PCDA vesicles, and (c) illustration of layer-by-layer assembly on glass

substrate.
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Fig. 2. AFM images of (a) PPCDA vesicles dried on a glass slide and (b) chitosan/PPCDA vesicles PEM film (20 layers).
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Fig. 3. Absorption spectra and picture of typical blue and red chitosan/PPCDA vesicles PEM films (20 layers) on glass substrates before (blue) and after (red) the
films were dipped into 95% ethanol. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. UV-vis absorbance at 640 nm of PEM films prepared from chitosan/PPCDA vesicles (4) and PEI/PPCDA vesicles (). The experiments were carried out

atpH 3 and 25°C.
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Fig. 5. The colorimetric response (%CR) as a function of EtOH content for PPCDA vesicles dispersed in water (A), chitosan/PPCDA vesicle PEM film (), and
PEI/PPCDA vesicles PEM film (M). The experiments were carried out at pH 6 and 25 °C.
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Fig. 6. The change of the colorimetric response (%CR) as a function of pH for PPCDA vesicles dispersed in water (A), chitosan/PPCDA vesicle PEM film () and
PEI/PPCDA vesicles PEM film (M). The experiments were carried out in water at 25 °C.

system. The steeper slope of the films prepared from chitosan
compared to those prepared from PEI indicated better thickness
growth in each layer of the vesicle deposition. It is also im-
portant to note here that great care had to be taken to obtain
a smooth blue film in the assembly of the vesicles with PEL
The pH range suitable for the deposition of PEI was narrower
(pH = 3.0 £ 0.2) than that for chitosan (pH=3.5+0.5), and
if the PEl/vesicle film was allowed to dry during the deposition
process, the film would gradually turn red, as has recently been
reported [46]. The hydrophilicity and the ability to form hydro-
gen bonds of the hydroxyl groups in chitosan probably operate
cooperatively and favorably with the coulombic interaction to
enhance the vesicle deposition and stabilize the vesicles.

For the PEM films containing vesicles to be used as colori-
metric sensors, the chromic properties of PPCDA vesicles must
be conserved in the films. Solvatochromism, pH sensing, and
thermochromism of the films were assessed in comparison with
those of vesicles dispersed in water to demonstrate the essential
chromic properties of PPCDA vesicles of the PEM films. In a
solvatochromism study, exposing the PEM films to the aqueous
solution containing increasing percentages of ethanol resulted
in an irreversible color switch from blue to red and an increase
of %CR. The color transitions for the chitosan/vesicle and
PEl/vesicle films were completed when the aqueous solution
contained ethanol 62 and 68% (w/w), respectively (Fig. 5). The
color change of the PPCDA vesicles dispersed in the aqueous
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Fig. 7. The change of the colorimetric response (%CR) as a function of temperature for PPCDA vesicles dispersed in water (A), chitosan/PPCDA vesicle PEM
film (@), and (c) PEI/PPCDA vesicles PEM film (). The experiments were carried out in water at pH 6.

media was, however, completed at significantly lower ethanol
content (47% w/w). As the electrostatic nature of the PEM films
tends to repel less hydrophilic solvents, the shift in the colori-
metric response of the vesicles embedded in the PEM films
compared to the vesicles dispersed in water is not surprising
[47-49]. The drastic change in %CR of the PEM films concurs
with the sharp color change from blue to red, easily observed
by naked eyes. _

Another important stimulus known to trigger the color
change of the blue phase polydiacetylenes is pH. The response
of the PEM films containing PPCDA vesicles to the surround-
ing pH was evaluated in comparison to that of PPCDA vesi-
cles dispersed in aqueous media. While the color transition of
the free vesicles was completed at pH 8.3 (Fig. 6), the chi-
tosan/vesicle and PE/vesicle PEM films showed slightly higher
transition pH (~9.0). This difference probably results from the
lower acidity of the PPCDA vesicles in the highly charged
environment of the PEM film. Secondary intermolecular in-
teractions or even the molecular weight of the polyelectrolytes
could also explain this color shift difference. Further work is
being pursued to understand what factors influence the vesicle
color switch as a function of the polycations used in the PEM
assembly.

Last, the thermochromic properties of the immobilized
PPCDA vesicles in the PEM films were studied with a variable-
temperature UV-vis spectrometer. The %CR of the PEM films
and the vesicles dispersed in aqueous media increased almost
linearly with the temperature in the range of 25-70°C and the
color transition was completed around 68 °C (Fig. 7). Notably,
the %CR of the vesicles dispersed in water dropped after the
color transition was completed. The decrease in %CR was ob-
served along with a decrease of both blue and red absorbances,
suggesting aggregation and precipitation of the vesicles at high
temperature. At high temperature, the PEI/vesicle film showed
also significantly lower %CR than that of chitosan/vesicle films

corresponding to the opaque film observed in the PEI/vesicle
film. These results suggest another favorable feature of chi-
tosan/vesicle PEM films. :

PPCDA vesicles dispersed in water generally aggregate and
precipitate within a month. This short shelf life is one of the
major obstacles to the use of the vesicles in real applications.
However, the blue-phase PEM films prepared in this study can
be kept in water for over a year without significant change
in their appearance. This greater storage stability of the films
certainly increases the practical value of the vesicles in real ap-
plications as sensing devices.

4. Summary

Layer-by-layer deposition was an effective method for im-
mobilizing polydiacetylene vesicles into thin films with pre-
served colorimetric sensing properties such as solvatochromism,
PH sensing, and thermochromism. The color intensity of the
films can be controlled through the number of vesicle layers
deposited by this technique. With chitosan, PEM films contain-
ing polydiacetylene vesicles can be conveniently prepared. The
vesicles embedded in the films have excellent storage stabil-
ity, as no significant change in their appearance and chromic
properties occurred over a year. The films thus have potential
applications as Yes/No logic labels to indicate whether sensi-
tive products such as fresh food, medicine, or beverages have
been exposed to undesirable conditions during their storage.
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Thermochromism, solvatochromism, and alkalinochromism of a poly-10,12-pentacosadiynoic acid (poly(PCDA))
vesicle solution are studied by electronic absorption spectroscopy. The spectroscopic profiles reveal different sequences
of sidc-chain movement during the chromic transitions. The gradual hypsochromic shift and reversibility of the purple
solution at low temperature in the thermochromic transition indicates that the transition starts with reversible
conformational alteration of methylene side chains Icading to metastable purple vesicles. Further heating to 80 °C
or higher eventually causcs the hydrogen bonds at the carboxylic head groups to break and turns the vesicle solution
to red. The irreversibility of the red vesicles indicates that it is the most thermodynamically stable form. In the
cthanolochromism and alkalinochromism, the processcs arc however induced at the vesicle—media interface, directly
bringing about the hydrogen bond breaking. The purple solutions observed in the ethanolochromism and alkalinochromism
cannot reverse back to the bluc onc. The absorption spectra clearly demonstrate that they are mixtures of the blue

and red vesicles.

Polydiacetylene is a class of conjugated polymers derived
from a 1,4-addition polymerization of the corresponding di-
acetylene monomer. Owing to their unique color change between
blue and red forms, various polydiacetylenes have been developed
as colorimetric sensing materials for chemical and biological
systems. Recently, poly-10,12-pentacosadiynoic acid, or poly-
(PCDA) for short, has attracted much attention because it can
be prepared in a vesicle form homogeneously dispersed in water
that is suitable for biological sensing applications.' 10

Under an external stimulation, for example, adding an organic
solvent, increasing pH, and raising temperature, poly(PCDA)
undergoes a drastic color transition from blue to red irreversibly.
Optical absorption of blue and red forms of poly(PCDA) is a
consequence of a 7—a* transition of electrons within the linear
a-conjugated polymer backbone. The absorption maxima of blue
and red forms of poly(PCDA) vesicle solutions are generally
observed near 635 and 540 nm, respectively.!! Although it
is widely believed that these transitions, so-called sol-
vatochromism,'? alkalinochromism,"*~'5 and thermochrom-
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ism,'®"2! are related to the conformational change of the polymeric
side chain, their mechanisms have not yet been clearly justified.
Understanding the detailed mechanisms of these transitions will
advance us into logical design of suitable sensing materials for
different applications.

To gain insight into the mechanism of these transitions, we
carefully prepared poly(PCDA) vesicles with a reproducible size
distribution (Figure 1) and examined the change of their electronic
absorption spectra in the course of solvatochromic, alkalinochro-
mic, and thermochromic transitions. The color transitions induced
by these three types of simulations appeared very similarly as
the color change from blue to purple and to red. The spectroscopic
profiles of these transitions were however interestingly different.
To our surprise, the difference in these spectroscopic data has
not yet been properly addressed in the literature despite the long-
known chromism properties of the polydiacetylenes.

In the solvatochromism study, the gradual addition of absolute
ethanol into an aqueous solution of blue poly(PCDA) vesicles
(0.1 mM lipid) caused the absorbance at 635 nm to decrease
while the absorbance at 540 nm increased (Figure 2a). Ina 45—
50% (v/v) ethanol solution, the vesicle appeared as a purple
color. The vesicle solution turned completely red when the
medium contained more than 55% (v/v) of ethanol. In the case
of alkalinochromism, a careful titration of the poly(PCDA) vesicle
solution with NaOH (1 M) solution showed a very similar change
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Figure 1. (a) Chemical structurc of poly(PCDA) vesicles, (b) dynamic light scattering spectra of three batches of the vesicles, and (c)

transmission electron microscopic image.
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Figure 2. Absorption spectra of a poly(PCDA) vesicle aqucous
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of the absorption spectra, the increase of the absorbance at 540
nm at the expense of the absorbance at 635 nm (Figure 2b). The
vesicle solution was purple when the pH was 9.7—10.5 and
became red at pHs higher than 10.7. A single isobestic point at
550 nm was observed during both solvatochromic and alkali-
nochromic transitions, implying quantitative conversion between
these two forms, blue and red, of the vesicles.
Thermochromic transition was studied by gentle heating of
the poly(PCDA) vesicle solution from 20 to 90 °C. The absorption
spectrum was recorded 10 min after the temperature had reached
the specified temperature. Unlike in the solvatochromism and
alkalinochromism, the thermochromic transition showed hyp-
sochromic shift of the Ay (Figure 2¢). For example, at 60 °C,
the vesicle solution adopted a purple color with the maximum
absorption at 612 nm. At 80 °C or higher, the color of the vesicle
solution completely changed to red with the absorption maximum
at 540 nm. The hypsochromic shift in the thermochromism is
most likely associated with the microscopic movement of the
methylene side chain to relieve part of the strain present in the
ene—yne conjugated backbone, resulting in valence band lowering
and 7—7* gap widening.22-26 This process is however driven
mainly by the entropic gain rather than the enthalpic gain from

the strain relief as the transitions from the blue to purple colors
were essentially reversible. Evidently, the hypsochromic shift of
the absorption spectra, recorded during the heating and cooling
cycles, returned to almost its original Amax by cooling the solution
to 20 °C after being heated up to 65 °C (Figure 2d). The purple
vesicles observed in the thermochromism are thus a series of
thermodynamically unstable transition forms. At 80 °C or higher,
the thermal energy is not only enough to disturb the hydrophobic
interaction but also enough to break the hydrogen bonding
between the carboxylic head groups (Figure 4), relieving all of
the backbone strain and turning all of the vesicles into the red
form. The relief of backbone strain was evidenced by the shift
of the peaks in the Raman spectra to lower energy upon the blue
to red transition, corresponding to the increase of the bond length.
The double and the triple bond-stretching peaks shifted from
1475 and 2103 to 1510 and 2129 cm ™', respectively (Figure 3).
The red vesicles appeared to lack the reversibility as there was
no recovery of the absorption at 635 nm observed in the spectra
after heating the vesicle solution to 80 °C or higher (Figure 2d),
indicating that the red form is a thermodynamically stable form.
In the red form, not only the entropic gain but also significant
enthalpy gain through the backbone strain relieving also contribute
to overcoming the enthalpy lost due to hydrogen bond breaking.
Upon cooling, new sets of inter- and intrachain hydrogen bonds
are formed without reinstating the original backbone strain to
foster the stabilization of the red form (Figure 4). It is of
significance to note that the absorption spectra between 65 and
75 °C contain a little band at 540 nm, indicating that some of
the vesicles already turned into the red form at these temperatures.
The vesicles with smaller sizes were noted to have slightly higher
sensitivity to stimulants.” The size of the vesicles prepared in
this work were Gaussian-like-distributed with an average diameter
and polydispersity of 60 nm and 0.47, respectively (Figure 1b).
It is thus likely that the smaller vesicles turned red at the
temperature lower than 80 °C. It is thus important to control the
size distribution of polydiacetylene vesicles to ensure reproducible
results when applying them in sensing applications, and sharper
responses should be obtained with vesicles having a narrower
size distribution.

Although the purple color was also observed in the solvato-
chromism and alkalinochromism, the gradual shift of Ay to a
shorter wavelength was not. There was also no reversibility of

(22) Rubner, M. F.; Sandman, D. J.; Velazquez, C. Macromolecules 1987, 20,
1296-1300.

(23) Dobrosavljevie, V.: Stratt, R. M. Phys. Rev. B 1987, 35, 2781-2794.

(24) Carpick, R. W.; Sasaki, D. Y.; Marcus, M. S. Eriksson, M. A.; Bumns,
A. R.J. Phys., Condens. Matter 2004, 16, 679—697.

(25) Lee, D.; Sahoo, S. K.; Cholli, A. L.; Sandman, D. J. Macromolecules
2002, 35, 4347—-4355.

(26) Wang, X.; Whitten, J. E.; Sandman, D. J. J. Chem. Phys. 2007, 126,
184905/1—184905/5.
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Figure 3. FT-Raman spectra of poly(PCDA) vesicles before and after being heated to 90 °C.
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Figure4. Proposcd side-chain movement in the chromic transitions
of poly(PCDA) vesicles.

the purple vesicles back to blue in the solvatochromism and
alkalinochromism. The purple colors observed in the solvato-
chromism and alkalinochromism are thus actually the combination
of the blue and red vesicles. As the vesicles interact with the
solvent molecules or hydroxide ions at their interface, it is most
likely that the molecular process in solvatochromism and
alkalinochromism started immediately by the hydrogen bond

breaking leading to the utmost side-chain disarray and relief of
backbone strain (Figure 4). In the biochromism of polydiacetylene
reported in a number of literature studies,' ~3"2® the transition
of the absorption spectra are very similar to those observed in
solvatochromism and alkalinochromism. It is thus reasonable to
propose that the mechanism for biochromism initiated by the
interface interaction resembles the solvatochromism and alka-
linochromism more than the thermochromism.

In conclusion, we have demonstrated that the electronic
absorption spectroscopy can be used to probe the sequence of
side-chain movement leading to the chromic transitions of poly-
(PCDA) vesicles. The thermochromic transition starts with
gradual conformational alteration of the methylene chains, which
turn the blue vesicles into the thermally unstable and reversible
purple form. Excess heating results in hydrogen bond breaking
at the carboxylic head group, turning the vesicles into the stable
and irreversible red form. On the other hand, the solvatochromic
and alkalinochromic transitions begin with the interface interac-
tion leading directly to hydrogen bond disruption and the
irreversible red vesicles. The techniques and interpretation
presented in this work should also be general for other types of
chromism of various forms of polydiacetylene assemblies.
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