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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored by
other organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department
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Preface

Chromogenic phenomena, exemplified by electrochromism,
photochromism, thermochromism, piezochromism, and magnetochrom-
ism, (i.e., color changes induced respectively by applied electrical,
optical, thermal, pressure, and magnetic fields), provide many mech-
anisms that facilitate real-time tunability of the optical properties of
materials. Of these, photochromism and electrochromism have been
more widely investigated in polymeric and organic materials. They
currently find some commercial and defense applications such as self-
adjusting sunglasses, filters in optical sensors, color-tunable coatings and
paints, thermographic recording media in medical applications, self-
adjusting car rearview mirrors, and color-switching clothing. However,
the great promise of electrochromic, photochromic, and other chromo-
genic materials in applications ranging from large-area information
displays, ultrahigh density optical memories, holographic recording,
smart windows, “intelligent” materials systems, and photoresponsive
transducers to large-area color-tunable wallpaper are yet to be fully
realized. The challenges and barriers to achieving these large-scale and
high-impact technological applications include the stability of the
materials under long-term cycling, the speed with which optical changes
can be effected, the amount of energy required to achieve optical
tunability, satisfactory color contrasts, and the processability of the
chromogenic materials into suitable forms, such as conformal coatings,
multilayer films, and ordered nanoporous solids. These challenges are
being addressed through the targeted synthesis and detailed structural
understanding of chromogenic effects in polymers, the fundamental
understanding of the physical and chemical mechanisms of coloration
and the coloration dynamics, and the design and fabrication of devices
and systems incorporating the materials.

Novel classes of chromogenic polymers have also emerged in
the past several years and are currently of great research and
technological interests, including tunable light emitting polymers and
devices that are promising for flexible displays; polymers with tunable
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selective reflection spanning the visible and near IR; and polymer
composites having one-, two-, or three-dimensional photonic band gaps.
Self-assembly approaches to the synthesis, processing, patterning, and
device applications of chromogenic polymers and hybrid materials have
also emerged as major areas of research in the past several years.
Nanostructured polymer systems having tunable electronic, opto-
electronic, and photonic properties represent excellent model systems for
exploring a range of new concepts of intelligent—self-repairing materials
and systems, intelligent sensors—detectors, nanoelectromechanical sys-
tems, and various multifunctional devices.

Our goal in organizing the symposium was to provide an
international forum to discuss important scientific and technological
advances and future prospects in the broad field of chromogenic
phenomena in polymers. The chapters included in the book were nearly
all based on the invited presentations at the symposium. The main topics
include electrochromic polymers and devices for the visible and IR;
electroluminescent polymers and tunable emission; photochromic and
stimuli-responsive polymers; optically switchable materials and devices;
photonic band-gap materials; tunable multifunctional optical materials;
bioinspired and biomimetic chromogenic materials; supramolecular
chromism and self-assembly approaches to tunable optical materials;
chromic polymers for chemical sensors and biosensors; photonic poly-
mer—inorganic nanocomposites; mechanochromic and nanophotonic
polymers; and polymers for imaging and high-density data storage.

A broad multidisciplinary group of researchers that include
chemists, physicists, engineers, and materials scientists from academia,
government, and industry participated in the symposium and contributed
chapters to this book. We expect chemists and materials scientists who
are interested in the synthesis and characterization of polymers with
tunable electronic, optoelectronic, and photonic properties will find this
book useful, along with physicists, biochemists, and engineers who are
interested in the properties and device applications of chromogenic
materials.

We acknowledge the U.S. Army Research Office for the
generous financial support that enabled broad participation at the
symposium and in the preparation of this book. We thank the referees for
their important help in the critical assessment of the manuscripts and the
authors for their contributions. We also thank John D. Wind and Jeanie
Comstock at the University of Washington for assistance in the editing
process. Finally, the help and patience of Stacy VanDerWall and Robert
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W. Hauserman in acquisitions and Margaret Brown in editing and
production of the ACS Books Department were essential in the pub-
lication of the book.

Samson A. Jenekhe
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University of Washington
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Douglas J. Kiserow
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Chapter 1

Chromogenic Effects in Polymers: An Overview
of the Diverse Ways of Tuning Optical Properties
in Real Time

Samson A. Jenekhe' and Douglas J. Kiserow?

'Department of Chemical Engineering, University of Washington,
Seattle, WA 89195-1750
?Polymer Chemistry Branch, U.S. Army Research Office, P.O. Box 12211,
Research Triangle Park, NC 27709-2211

In this overview chapter we introduce the subject of
chromogenic phenomena in polymers and briefly review some
of the recent advances in the field. Many external stimuli-
responsive ~ phenomena in  polymers, including
electrochromism, photochromism, photoelectrochromism, and
piezochromism are discussed. Relatively new approaches to
dynamic tunability of optical properties, such as
mechanochromism, tunable electroluminescence and photonic
band gap structures in polymers, are also discussed. There are
good prospects that future advances in chromogenic polymers,
particularly the integration of multiple chromogenic effects in
the same material system, will usher in an era of “intelligent”
materials for many technological applications.

© 2005 American Chemical Society
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The reversible change of the optical properties of a material, such as color,
absorption spectrum, emission spectrum, or refractive index, by means of an
external stimulus represents an example of a chromogenic phenomenon. Many
chromogenic phenomena have been extensively documented and widely
investigated in organic materials and polymers in the past three decades (/-18).
The chromogenic effects associated with reversible color changes induced by
applied electric, optical, thermal, pressure and magnetic fields are respectively
known as electrochromism, photochromism, thermochromism, piezochromism
and magnetochromism (/-8). The materials involved are said to be
electrochromic,  photochromic,  thermochromic,  piezochromic  and
magnetochromic, respectively. In addition to these, other chromogenic

TUNABLE
ELECTROLUMINESCENCE

ELECTROCHROMISM

| MAGNETOCHROMISM |

PHOTONIC BAND GAP
> (PBG)
[ THERMOCHROMISM | \ SELECTIVE
REFLECTION
PHOTOCHROMISM | MECHANOCHROMISM |

| PHOTOELECTROCHROMISM |

Figure 1. Main examples of chromogenic phenomena observed in
organic polymers.

phenomena of growing interest in polymers are included in Figure 1. Different
aspects of chromogenic phenomena in materials, including organic materials,
have been covered in prior reviews and books (/-12). Here we focus mainly on
chromogenic effects in polymeric materials.

It is useful to distinguish between dynamic or real time tunability of optical
properties and static tunability. Nearly all of the different materials associated
with the chromogenic phenomena cited in Figure 1 are such that the applied
external stimulus in principle provides a ready means to reversibly tune or
control their optical properties in real time. The optical properties of a polymeric
material can also be changed in a static or trivial fashion, for example through
change of the molecular structure or composition by synthesis or the solvent
medium. The phenomenon involved in the change of the color of a polymer in
solution when the solvent is changed is called solvatochromism and the material
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is said to be solvatochromic (/2). This latter effect is an example of static
tunability which will not be discussed further.

Only several of the chromogenic phenomena cited in Figure 1 will be briefly
discussed below because of space limitation. Recent advances in nearly all of
these areas can be found in the following chapters of this book.
Thermochromism, for example, occurs widely in many n- and o-conjugated
polymers and thermochromic polymers are discussed in some prior reviews (I-3,
8). We conclude from our review of the literature that the development of
chameleon-like “intelligent” materials is feasible and can be facilitated by further
advances in multifunctional chromogenic polymers.

Photochromic Polymers

A molecule that undergoes a reversible photoinduced change between two
states with different optical properties such as color or absorption spectrum is
considered to be photochromic. The chromogenic effect, photochromism, can be
illustrated by the photochemical transformation of molecule A to B upon
absorption of light:

th
A ‘._.._____' B

hv, (or A)

The back reaction can occur photochemically with absorption of longer
wavelength or thermally. Normally, species A has an absorption spectrum that is
blue shifted from that of species B. Besides the reversible changes in the
absorption spectrum, and hence color, the emission spectrum, refractive index,
dielectric constant and other physicochemical properties of a photochromic
material may also be tuned or controlled by light (1-5).

Numerous photochromic organic molecules are known and have been
extensively investigated in solution, as solids and most importantly in polymers.
Important examples of photochromic molecules include aromatic azo
compounds, spirobenzopyran and derivatives, spirooxazines, fulgides,
fulgimides and diarylethenes (2-5). The synthesis and photochromic properties
of these and other classes of photochromic compounds are described in many
reviews and books (/-5). It is the incorporation of these diverse photochromic
molecules into polymers, either through physical blending or covalently, tha® has
substantially advanced their technological applications in many areas. One ¢: ::€
well known commercial applications of photochromic polymers is in plastic
lenses of variable optical density; the self-adjusting lenses darken under sunlight
and become relatively clear inside (3-5). Among the many other applications that
exploit the photochromic properties of polymers include optical filters for
cameras, ultrahigh density (~10" bits/cm®) 3D optical memories (2b,13), real
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time holography, fluid flow visualization, displays and security printing inks (3-
5,9-11,13).

Achieving high photochemical cycling rates (>10° cycles) without fatigue
remains one of the major challenges in using photochromic polymers for high
performance applications such as optical memories and displays. Detailed
studies of the dynamics of the photocoloration and the reverse photo- or thermal-
bleaching processes of the most promising photochromic polymers are of
interest. Development of new photochromic polymer systems with substantially
improved fatigue resistance is essential to success in currently known
applications of the materials. Another area of future direction of research is the
coupling of photochromism with other chromogenic effects or important
physical property in the same material. Photoelectrochromism which facilitates
the optical control of electrochromism is an early example of this (6,74a).
Photomagnetism wherein the magnetic properties of a material are controlled by
light absorption is another (/4b,14c).

Electrochromic Polymers and Devices

An electrochromic (EC) material undergoes a reversible change in color or
other optical property under an applied electrochemical potential (6). An EC
material is also referred to as an electrochrome. The underlying phenomenon,
electrochromism, arises from the different electronic structures and thus optical
properties of an EC material in the different redox states accessible by switching
the applied voltage. An electrochrome that changes color upon oxidation is an
anodic EC material. Similarly, a cathodic EC material is one that changes color
upon reduction. Although other classes of EC materials are known, including
inorganic metal oxides (WO,,TiO,) and organic small molecules (/,2,6), we
focus here on conducting polymer-based EC materials and electrochromic
devices (ECDs) made from them. Applications of such electrochromic devices
include large area displays, variable transmittance (“smart”) windows and
variable reflectance mirrors.

n-Conjugated polymers are well suited to be EC materials because their
oxidation or reduction is accompanied by substantial changes in optical
absorption spectra in the visible and near infrared regions. Indeed, there is a vast
literature on conducting polymer-based EC materials and devices (6,7, 15-18). In
their neutral forms conjugated polymers have optical band gaps (E,), arising
from m-m* optical transitions, in the visible to near infrared range (~1-3 eV).
New optical transitions due to the formation of polaron and bipolaron charged
states are observed on oxidation or reduction of the materials. Since the optical
spectra of a conjugated polymer vary continuously with the degree of oxidation
or reduction, multiple colors are possible and are commonly observed with
conducting polymer ECDs.
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Typical conjugated polymers that have been explored as EC materials are
shown in Figure 2. Polythiophenes (1), polypyrroles (2), polyaniline (3),
poly(3,4-ethylenedioxythiophene) (4) and related derivative (5) are examples of
anodically coloring electrochromic  materials (6,7,15-18). Ladder
poly(benzimidazolebenzophenanthroline) (6, BBL) and polyphenylquinoline (7)
are examples of cathodically coloring EC materials (185, 19).

G AEAO OO

Figure 2. Examples of conjugated polymer EC materials.

Tunable Emission and Electroluminescence

Many conjugated polymers in solution or as thin films show strong
photoluminescence (PL) under photoexcitation. Examples of some
photoluminescent conjugated polymers are shown in Figure 3. Poly(p-
phenylenevinylene) (PPV) thin films emit green light whereas its derivative,
poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV),
exhibits orange-red photoluminescence as are poly(4-phenylquinoline) (PPQ)
thin films. In contrast, poly(9,9’-dioctylfluorene) (PFO) thin films emit blue
light. By sandwiching a PPV thin film between a transparent indium tin oxide
(ITO) conductor and aluminum and applying a voltage, as shown in Figure 3,
electroluminescence (EL) from conjugated polymers was discovered in 1990
(20). The resulting EL emission spectrum of PPV was identical to the PL
emission spectrum. A few years earlier, similar thin film light emitting diodes
(LEDs) were demonstrated with a small molecule organometallic compound
(aluminum quinolate, Alq;) (27). Hundreds of organic molecules and polymers
have since been found to be similarly useful as emissive materials for LEDs (20-
24). Substantial progress has been made in developing organic and polymer
LED:s of various colors for flat panel displays (20-24).
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Figure 3. Examples of electroluminescent polymers and schematic of a simple
polymer light emitting diode.

An organic or polymer LED (Figure 3) normally emits one color at all
applied voltages. The color of light emitted from such a diode is determined by
the electronic structure of the emissive polymer layer. However, if the LED is
constructed from a multicomponent polymer system with two or more emissive
components, voltage-tunable multicolor emission can result from the LED
(23,24). Tunable multicolor EL has thus been achieved in LEDs fabricated from
nanophase-separated blends (24), bilayer thin films (23), multilayer thin films
(23), and nanophase-separated block copolymers. In such LEDs a different EL
spectrum, and thus color, can be obtained at different applied voltages as
illustrated in Figure 4. For example, a bilayer LED constructed from a green-
emitting PPV layer and an orange/red-emitting PPQ layer, ITO/PPV/PPQ/Al,
exhibited many different colors under applied bias voltages of 6-13V as shown
in Plate 1 (23b).

a Y
v — A b
2 Applied Voltage
> A, 5 )
v, a
> Ay g
Va )
> A‘“ Eﬂ ;"I }‘1 A’J A'x\
Wavelength

Figure 4. Schematic of a voltage-tunable multicolor polymer
LED and the resulting EL emission spectra.

The voltage-tunable multicolor EL emission from bilayer polymer LEDs,
such as in Plate 1, arises from variation in the EL emission intensity coming
from the different layers and a physical mixing of the EL emission from both
polymers. A similar mechanism explains the multicolor EL emission from
nanophase-separated blends (24) and other multicomponent EL polymer systems
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(23). The relative film thicknesses of bilayers and multilayers, and domain sizes
in the case of blends, play a critical role in the ability to achieve multicolor
emission from LEDs based on multicomponent emissive materials. The reason
for this is due to the electric field-dependence of the charge carrier mobilities in
the materials (23). The interchromophore photophysics also places a bound on
achievable multicolor emission in such multichromophoric systems (25). In
particular, energy transfer, exciplex formation, and photoinduced electron
transfer among the different components must be minimized in order to obtain
multicolor emission from the different components (23-25). Blends of
polyfluorene (PFO) and MEH-PPV, for example, show one-color (orange) EL
because of the very efficient energy transfer from the blue-emitting PFO to the
smaller energy gap MEH-PPV.

Voltage-tunable multicolor EL emission from polymer systems, which is
briefly described here, represents a novel chromogenic effect that has emerged
from recent studies of emissive polymer semiconductors. There is no analogous
effect in inorganic semiconductors. Besides flat-panel displays, other
applications including flexible displays, traffic lights, and biological imaging can
be envisioned for real time tunable multicolor polymer LEDs.

Mechanochromic Polymers

Color change induced by applied mechanical stress in a material is termed
mechanochromism. Such mechanically-induced color changes have been
observed in free-standing and substrate-supported polydiacetylene (PDA) films
(26,27). Both tensile stress and shear stress can effect chromic transitions in
PDA films. Examples of polymers or polymer segments that facilitate
mechanochromism are shown in Figure 5. Elastomeric segmented poly(urethane-
co-diacetylene) copolymer films were shown to undergo reversible color changes

=T OO

PD. A trans
N=N
S cis 2
Figure 5. Examples of mechanochromic polymers.
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when stretched to strains of 250-300%. The blue unstretched elastomer film
changed to red or yellow depending on the degree of strain. The resulting red or
yellow film returned to its original blue color when the tensile strain was
removed. Visible absorption spectroscopy showed that the stress-induced color
changes are due to order-disorder transitions of the conjugated PDA chains
within domains of the hard segments of the polyurethane elastomer.

Recent work has extended mechanochromism in the polydiacetylenes to the
nanoscale. Studies of Langmuir-Blodgett films of PDAs on mica or silicon oxide
substrates have shown that the tip of an atomic force microscope (AFM) can be
used to induce local changes in color, demonstrating nanometer scale
mechanochromism. The blue-to-red change in color of PDA monolayers was
caused by the shear stress on the film due to tip/film contact and friction. This
chromic transition is related to the mechanochromism observed in the bulk films
(26) as well as previous observations of solvatochromism and thermochromism
in many different polydiacetylenes (28). The nanoscale color changes were
irreversible. Potential uses of this nanoscale mechanochromism include optical
sensor/detection of contact, friction, and adhesion if the mechano-optical effect
can be made reversible through improved materials.

A thermoplastic polyurethane elastomer that undergoes irreversible change
in optical absorption with tensile strain has been demonstrated as a strain-
recording “smart” material (29). An azobenzene chromophore that undergoes
cis-trans isomerization was covalently embedded in the polyamide segment of
the elastomer. Deformation due to applied tensile stress converts the azobenzene
chromophore to the frans form and consequently an increase in the long
wavelength absorption. Irreversibility allows retention of information about the
strain. Intended applications of such an irreversible mechanochromic polymer
include components of smart fiber-reinforced polymer composites that are able
to respond to a changing environment and send out warning signals prior to
structural failure (29). Obvious potential systems applications include smart
skins on bridges or aircraft wings and panels (29).

Piezochromic Polymers

The change of optical properties with pressure is known as piezochromism
(1,30-38). The change of color by a solid under compression at high pressures
exemplifies this chromogenic effect. Because significant changes in optical
properties occur only at relatively high pressures, the possible application of
piezochromic materials is unclear. Unlike many other classes of chromogenic
materials, studies of piezochromism in conjugated molecules and polymers are
thus largely motivated by interest in gaining fundamental information about how
interchain interactions influence the electronic structure and optical properties of
the materials.
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Two underlying mechanisms of color change in a piezochromic material
have been advanced (7). In a polymorphic crystalline solid that has one phase at
ambient pressure and another at high pressure, the corresponding colors or
optical properties of the two phases can be observed by pressure-induced phase
transition. Alternatively, pressure-induced changes in molecular geometry and
intermolecular interactions of the molecular solid can facilitate the continuous
variation of optical properties with pressure. The latter mechanism appears to

M@ﬁ-@

trans-PA P3AT

PAQ R=CHs
Figure 6. Examples of polymers exhibiting piezochromism.

account for the observed piezochromism in many ¢— and n—conjugated polymers
that have been reported (30-38).

Examples of polymers known to exhibit piezochromism are shown in Figure
6. Studies of the optical absorption spectra of undoped trans-polyacetylene
(trans-PA) under pressure from ambient to about 5 GPa at 300K showed that it
exhibited reversible piezochromism (30). The optical absorption edge band gap
(Eg) decreased from 1.4 eV at ambient pressure to 0.85 eV at 5 GPa. However,
pressure-induced reactions occurred in the 5-8 GPa range, leading to an
apparently cross-linked material that was transparent to visible light above this
range of pressures. In contrast, crystalline samples (30 pm initial thickness) of
poly(p-phenylene) (PPP) were found to be robust with no reaction at pressures as
high as 20 GPa (37). The measured optical absorption spectra of PPP films
under pressure from ambient to 20 GPa revealed reversible piezochromism. The
optical band gap E, decreased monotonically from 2.74 eV at ambient to 2.19
eV at 20 GPa. This represents a 0.55 eV reduction in E; value at 20 GPa
compared to ambient. This pressure-induced red shift in the absorption spectrum
of PPP was explained by the increase in interchain interactions and decrease in
the torsion angle between rings (31).

Reversible piezochromism has been observed in regioregular and
regiorandom poly(3-alkylthiophene)s (32-35). Optical absorption spectra of
solutions of poly(3-hexylthiophene) (P3HT) in toluene were observed to exhibit
large bathochromic shifts with increasing hydrostatic pressure, compared to
ambient pressure. The optical band gap of P3HT in toluene solution was 2.4 eV
under ambient pressure but was reduced to 1.7 eV at 8 kbar (0.8 GPa) (32).
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Similar results were obtained for other poly(3-alkylthiophene)s with alkyl chain
lengths exceeding butyl. These piezochromic properties of poly(3-
alkylthiophene)s were explained by pressure-induced change of the polymer
conformation and particularly the reduced torsion angle between rings at high
pressure (32). In accord with the observations in solution, the optical
absorption and photoluminescence (PL) spectra of P3HT films showed
reversible piezochromism up to 0.8 GPa (33). Essentially similar results and
conclusions were reached for regioregular and regiorandom poly(3-
octylthiophene) (35). Interestingly, the observed thermochromism of P3HT
under ambient was completely suppressed at 1.4 GPa (33). Studies of the
piezochromic properties of P3HT to much higher pressures revealed new effects,
including hysteresis in the absorption spectra and dc conductivity data under
compression and decompression (34). The absorption maximum energy and
optical band gap decreased to a minimum at about 3 GPa and were followed by
an increase with further increase in pressure. The dc conductivity of the undoped
P3HT films under pressures of up to 5 GPa had a maximum at about 2 GPa,
followed by a large decrease. The observed increase in optical band gap or blue
shift in the absorption spectrum after the 3 GPa minimum was explained by
P3HT backbone bending at the very high pressures (34).

Conjugated poly(5,8-dihexadecyloxyanthraquinone-1,4-diyl) (PAQ) films
were observed to exhibit reversible piezochromism up to 11 GPa. The orange-
yellow films at ambient pressure progressively change to dark red at 11 GPa
(36). The associated optical band gap decreased from 2.42 eV (ambient) to 1.5
eV at 11 GPa. The observed piezochromism was interpreted as due to pressure-
induced shortening of the n-n interchain distance. Interestingly, piezochromism
was not observed in the homologous polyanthraquinones with shorter dialkoxy
side chains. Polydiacetylenes (PDAs) with various side groups have reported
piezochromism in solution, as gels and as films (37). For example, a yellow
solution of poly(nBCMU) at ambient pressure turns red at high pressures (1.6-
3.8 GPa) (37). Piezochromism has also been observed in various o-conjugated
poly(di-n-alkylsilane)s (PDASi) (38). Both cases of pressure-induced red shift
and blue shift have been observed for different polysilanes (38). These
piezochromic properties have also been understood in terms of pressure-induced
changes in the conformation of the polysilanes. In general, it is very likely that
most conjugated polymers, particularly those bearing side chains, will show
piezochromic properties at sufficiently high pressures. An important question for
workers in this area is: can applications be found for this interesting
chromogenic phenomenon?

Polymer-Based Photonic Band Gap Composites

The development of materials or structures that possess a photonic band gap
(PBG) and the development of devices exploiting this effect are currently of
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intense and wide interest (39-44). A PBG material or photonic crystal is an
artificial dielectric composite that has a periodic modulation of the refractive
index on a distance scale of half an optical wavelength (39). Consequently, a
photonic crystal has frequency bands for which light cannot propagate but can be
confined. A quarter-wave-stack optical interference filter is a simple one-
dimensional (1-D) example of a photonic crystal. Interest in two-dimensional (2-
D) and three-dimensional (3-D) PBG materials stems from the dramatic
modification of the propagation properties of light within such a material. Many
novel optical properties, including complete confinement of light of certain
frequencies, substantial modulation of the refractive index, modulation of
spontaneous emission and tunable reflectivity, are predicted for 3-D PBG
materials. Applications ranging from zero-threshold lasers, sensors, optical
communication and optical switching devices to ultrahigh density 3-D optical
memories are envisioned (39-44). 3-D photonic crystals, with photonic band
gaps in the visible to near infrared spectral range, have been made from a variety
of polymer composites (40-44). These include polymer-air composites created
from opals, inverse opals and block copolymers, polymerized crystalline
colloidal arrays, homopolymer/block copolymer blends and two-photon
photopolymerized structures (40-44).
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Chapter 2

Electrochromic Polyaniline Films
from Layer-by-Layer Assembly

Dean M. DeLongchamp and Paula T. Hammond*

Department of Chemical Engineering, Massachusetts Institute
of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139

A survey of layer-by-layer (LBL) assembled poly(aniline)
(PANI)-based electrochromic films is presented. PANI was
LBL assembled with a wide variety of counterpolymers by
both electrostatic and hydrogen bonding complexation forces.
Post-assembly analysis included electrochemical and optical
evaluation such as cyclic voltammetry, potential step
measurements, and spectroelectrochemistry. Counterpolymer
identity influenced PANI electrochemistry and spectra; more
strongly acidic partner polymers shifted equilibrium between
the differently colored PANI base and salt forms. However,
PANI directs overall film performance, with variations in
thickness and roughness accounting for most contrast and
switching speed differences between films. These films
feature high contrast due to their substantial thickness and low
roughness. This work provides a basis for the development
and evaluation of multiply colored, high contrast, and fast
switching electrochromics based on the LBL assembly PANI
and other readily available water-soluble polymers.
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Introduction

There has been recent commercial and academic interest in next-generation
display technologies. The ideal technology should provide low-cost, full-color
displays in a variety of formats, including flat panels, large area boards, and
even flexible “electronic paper” (1-3). Electrochromic materials may be ideally
suited to satisfy these applications (4-6). Electrochromics change visible
absorbance color in response to electrochemical oxidation or reduction.
Electrochromic display elements consist of thin-film electrochemical cells with
the same architecture as a power-storage cell and perform well in practically any
flexible or rigid geometry. In addition, electrochromics are inexpensive and cell
manufacturing tolerances are quite forgiving, making possible ultra-low cost or
even disposable dynamic displays. A few challenges remain before the
capabilities of these materials can be fully commercialized, in particular
somewhat poor contrast and slow switching speed. Once these obstacles are
overcome, full commercial exploitation of this promising technology will be
possible, resulting in high-performance displays, solar windows, and even
electro-optical switches.

This work has applied the processing technique of layer-by-layer (LBL)
assembly to solve these remaining challenges. LBL assembly is a recently
developed type of assisted self-assembly that creates macromolecular
composites in ultra thin films with a fine degree of control. The classical LBL
technique involves the exposure of a charged substrate alternately to dilute
aqueous solutions or dispersions containing materials of opposite attractive
affinities (7). Upon each exposure, surface affinity reversal is achieved
provided that the assembled species possess a large number of affinity sites and
that complexation is sufficiently kinetically irreversible on the time scale of the
exposure step. Composites of practically any material system including light
emitting polymers (8), inorganic nanoparticles (9), and biological materials (10)
can be assembled on any charged substrate. Using this technology, one can
tailor the composition and morphology of electrochromic films on the
nanoscale, combining existing electrochromic polymers into high-performance
and easily-applied electrochromic composites (11-14). This ability to create
fine-grained composite films with excellent smoothness and unlimited thickness
on practically any substrate makes LBL assembly more powerful and flexible
than traditional electrochromic film fabrication techniques such as
electropolymerization or spin-coating. In this study, we have explored some of
the composites that can be obtained with the LBL assembly a common, readily
available electrochromic polymer.

Poly(aniline) (PANI) is the most commonly utilized conjugated conducting
polymer, and it has attracted much attention due to a simple and low cost
preparation coupled with high electronic conductivity and good environmental
stability (15,16). Investigations of PANI and PANI derivatives have led to
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applications in corrosion protection (17-19), hole transport in light emitting
diodes (20,21), and a wide variety of microelectronic device applications.
Importantly, PANI exhibits electrochromic behavior upon oxidation and
reduction as do most other conjugated polymers, though PANI electrochromism
is exceptionally stable to repeated switching (22). As an electrochromic
polymer, PANI switches from a semi-transparent yellow, reduced state termed
leucoemeraldine PANI to a darker, oxidized green emeraldine salt or blue
emeraldine base (depending on pH) (23,24). Even greater optical absorption is
possible at higher oxidation states — for example the nigraniline base exhibits a
blue-black color — but repeated cycling to the oxidative potentials required to
attain these states inevitably causes degradation due to hydrolysis of the imine
group and subsequent chain scission (22-24).

LBL films containing PANI have been constructed based on electrostatic
interactions and hydrogen bonding interactions, and the conductivity and doped
absorption of these materials was described by Rubner and co-workers (25,26).
This advance provided a method for applying robust, conformal PANI thin films
onto essentially any planar or nonplanar substrate. Other efforts have expanded
the range of PANI-containing LBL composites (27-29). In some cases, these
studies have touched on the electrochromic nature of PANI (28), but until
recently there has been no in-depth study of the electrochromic properties in
particular. Recently we presented a complementary coloring electrochromic
device with anodic coloration from a PANI-containing LBL film (12).

Here we present a survey of the electrochromic properties of PANI within
various LBL film architectures. As a pH-sensitive polycation and a strong H-
bonding donor/acceptor, PANI can be assembled into a wide variety of LBL
composites with different chemical identities; molecular structures of the
counterpolyions employed to achieve this variation are depicted in Figure 1.
The polyanions poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS),
the perfluoronated ionomer Nafion®, the polysaccharide carageenan, and
strongly sulfonated, self-doping PANI (SPANI) can be LBL assembled with
PANI based on electrostatic interactions. H-bonding donor/acceptors such as
poly(acrylic acid) (PAA, here assembled at low pH so that it is fully
protonated), poly(acrylamide) (PAAm), and poly(ethylene oxide) (PEO), can be
assembled with PANI via H-bonding interactions. Finally, in order to explore
the possibility of an all-polycation LBL film, we assembled PANI with a H-
bonding polycation, ethoxylated poly(ethylene imine) (ePEI), assessing the
capability of a strong H-bonding LBL system to overcome electrostatic
repulsion between two charged polycations. This wide range of partner polymer
character provides a wealth of variety in the properties of the finished PANI
composites, providing the opportunity to assess the relative contributions of
such properties as hydrophilicity and dielectric constant on the behavior of
PANI coloration and electrochemical switching.
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and nonionic polymers employed in this study.
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Experimental

Materials. The electroactive polymer was PANI (Aldrich). PANI films
were LBL assembled with PAMPS (Aldrich), Nafion 117 (Fluka), Carageenan
(Fluka?), SPANI (Aldrich), PAA (Aldich MW), PAAm Aldrich), and ePEI
(MW, Aldrich). Polymer solutions were made using Milli-Q (Millipore
deionized, >18.2 Qcm, 0.22 um filtered) water, and pH adjusted using NaOH or
HCl. The PANI solution was 10mM (all polymer solution concentrations are
respect to the molecular weight of the repeat unit). PANI solutions were
formulated using a 1:9 dimethylacetamide and water solvent pair as described
by Rubner and co-workers (25,26). PAMPS and NAFION solutions were
formulated at 2mM, while all other polymer solutions wre formulated at 20 mM.
The pH of all deposition baths was adjusted to pH 2.5. ITO-glass substrates
with dimensions 0.7 cm x 5 cm (Delta Technologies, 6 {/square) were cleaned
by ultrasonication in a series of solvents: dichloromethane, methanol, acetone,
and Milli-Q water for 15 minutes each, followed by a 5-minute oxygen plasma
etch (Harrick PCD 32G) to provide a clean, hydroxyl-rich surface.

Assembly. Film assembly was automated with a Carl Zeiss HMS DS-50
slide stainer. The substrates were exposed to PANI solution for 15 minutes,
followed by copious water rinsing for 4 minutes in three consecutive Milli-Q
water baths, and then exposed to polyanion solution for 15 minutes and again
rinsed. This cycle was repeated for 15 layer pairs for each PANI-containing
LBL system.

Measurement.  Film thickness and roughness measurements were
performed using a Tencor P10 profilometer using a 2 um stylus and 5 mg stylus
force.  Electrochemical analysis was performed using an EG&G 263A
potentiostat/galvanostat. These measurements were performed in a flat cell of
30 mL volume and approximately 0.3 cm’ working electrode area. The
electrolyte used was aqueous 0.1 M sulfuric acid with a pH of approximately
1.1. The counterelectrode was 4 cm? platinum foil, and reference was a K-type
saturated calomel electrode. Cyclic voltammetry was performed with potential
limits of —0.2 V and 0.6 volts, at scan rates of 25, 50, 100, and 200 mV/s.
Double potential step chronoamperomtery was performed by stepping between
-0.2 V and 0.6 V vs. SCE, with 5 seconds per step and 10 seconds per cycle,
with approximately 20 cycles performed sequentially before the measurement
cycle. Spectral characterization was performed on a rail-mounted Oriel UV-Vis
spectrophotometer with a 75 W Xe lamp, 300 L/mm, 300 nm blaze grating and
InstaSpec IV CCD. For spectroelectrochemistry, potential control was provided
by EG&G 263A, with the polymer-coated ITO-glass substrate positioned in a
quartz cell and immersed in electrolyte, along with a platinum wire counter
electrode, and SCE reference.
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Results and Discussion

Assembly. The PANI-containing films assembled in this study featured a
linear increase in thickness with the number of layer pairs deposited, as was
described previously by Rubner for some systems of this type (25,26). Film
thickness and roughness are shown in Table 1. Thickness of electrostatic films
varied from 2.5 to 5.1 nm per layer pair, well in agreement with previous work
on the PANI/poly(styrene sulfonate) system (25,26). The thickest film
assembled by electrostatics was found to be PANI/Nafion, most likely owing to
Nafion’s high equivalent weight and its possible deposition as stable
agglomerates rather than extended chains. The Nafion deposition solution is an
alcohol/water mixture that is a poor solvent in which Nafion can be easily
destabilized and precipitated by the addition of salt. Despite this possible
agglomerate deposition, PANI/Nafion films are quite smooth and defect-free.

Table 1. Thickness results for different PANI LBL composites

system final thickness (per layer pair) (nm) R, rms roughness (nm)

(PANI/PAMPS),5 53.0 (3.5) 2.6
(PANI/Nafion®);5 772 (5.1) 23
(PANI/carageenan) 45 60.8 (4.1) 3.6
(PANI/SPANI) 5 379 (2.5) 2.5
(PANI/PAA) 5 1119 (7.5) 8.3
(PANI/PAAM) 45 4525 (30.2) 16.9
(PANI/PEO) 45 2219 (14.8) 8.9
(PANI/ePEI) 15 13.6 (0.9) 1.5

H-bonded films assembled in this study are far thicker than those studied
earlier (26). In particular, the PANI/PAAm and the PANI/PEO systems are two
to four times thicker. This difference may be due to the use of an ITO substrate
rather than silane- or PEI-treated silica. The hydroxyl surface of ITO provides
strong Lewis acidity that has stronger attractive interactions with polyimines
than the Bronsted acid silica surface, especially at lower pH conditions. Due to
this advantage, PANI deposits in thicker layers onto ITO — an effect which
propagates throughout the film in H-bonded systems because H-bond growth is
less self-limiting than electrostatic growth. Greater thickness could also stem
from differences in nonionic polymer dipping solution pH, which was ambient
in the previous work (26), yet adjusted to 2.5 in our work, which could have
resulted in stronger interactions with a fully protonated PANI surface. The
roughness of H-bonded systems is greater than that of electrostatics, possibly
due to instabilities arising from the deposition of the extremely thick layers.

The PANI/ePEI system is thinner than any other system due to the inherent
electrostatic repulsion between PANI and ePEI, which both have protonated
imine groups at the assembly pH of 2.5. Despite the repulsion, H-bonding
between PANI amine/imine groups and ePEI hydroxyls and amines is sufficient
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to facilitate the growth of a very thin film. This example is a surprising result of
the complex interplay of attractive/repulsive forces in LBL films.

Cyclic voltammetry. The general electrochemical behavior of PANI-
containing LBL composites were assessed using cyclic voltammetry (CV). The
potential limits of —0.2 to 0.6 V vs. SCE were chosen to reduce oxidative
degradation while still accessing the full color change between the pale yellow
leucoemeraldine base to the saturated green/blue emeraldine salt/base (22). The
CV results are shown in Figure 2. In general, the electroactive behavior of
PANI is similar to that reported from other sources, with strong oxidation and
reduction peaks centered at 0.11-0.12 V vs. SCE. This potential is consistent
with the desired transition in this pH range (30). There is no strong shift in the
redox potential when PANI is complexed with stronger polyacids (e.g. Fig 2a,b)
or weaker polyacids (e.g. Fig 2e), indicating that the polyanions ionically
crosslinked with PANI are primarily in salt form and thus do not provide a local
low pH environment, which would shift the redox potential of this transition to
higher values for greater acidity (30).

While the PANI is undergoing reduction and oxidation throughout the CV
experiment, ions travel through the thickness of the film to balance the changing
electrostatic charge of PANI. For neat PANI and H-bond LBL PANI films, the
mobile species would be small polyanions — in our case sulfate anions. PANI
within electrostatic LBL films is paired with polyanions, so the mobile species
in those systems would be small cations - in our case protons - moving in and
out of association with the polyanionic dopant (31). The speed of this ionic
exchange can be qualitatively assessed from the oxidative and reductive CV
peak currents at different scan rates, as shown in Figure 3. The peak height
increases linearly with scan rate in all cases. This linear increase indicates that
the redox reaction is confined to the thin film and not limited by diffusion.
There is a very slight nonlinearity in the response of the very thick H-bond LBL
films (notably PANI/PAAm), indicating a small resistance to counterion
diffusion. Even very thick LBL films present an open and ion permeable
morphology, a result that has also been found in other electroactive polymer
LBL systems (13). These results contrast with studies that show severely
restricted ion permeation in highly-charged LBL films due to intrinsic charge
compensation and a lack of free ion exchange sites (32). Though electrolyte
exposure increased the exchange site number, the ionic strength required for
significant permeation was much higher than the ionic strength of our own
electrolytes (32). Facile ion permeation in these PANI-containing systems may
be attributed to the low cationic charge density of PANI, which may naturally
assemble into a more loopy, open morphology.
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Figure 2. Cyclic voltammograms of 15 layer pair PANI LBL films. Scans were
at 0.025,0.05, 0.1, and 0.2 V/s; peak height increases with scan rate.
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Figure 3. Oxidative (positive) and reductive (negative) peak currents for (a)
electrostatic and (b) H-bond PANI LBL films linearly increase with scan rate.

Another transport phenomenon occurring within the films during CV
switching is the movement of the redox front - the transfer of electrons at the
ITO/PANI interface and within the film interior. A qualitative characterization
of this phenomemon may be made by examining the hysteresis between CV
oxidation and reduction peaks. For most systems the hysteresis between these
peaks grows with increasing scan rate, indicating a non-Nernstian condition at
the reactive front caused by charge transfer resistance within the LBL film
structure. The hysteresis is greatest for the thickest LBL films, where the
outermost PANI layers are isolated and less electrochemically available. The
large individual layer thickness may limit redox propagation by insulating PANI
between thick layers of resistive polymer. The thinnest film, PANI/ePEIL, shows
a small hysteresis that does not increase, indicating that the PANI within this
film is immediately electrochemically available.

Double potential step chronoamperometry. The electri- .-mical
technique of double potential step chronoamperomtery (DPSCA) was used to
investigate the electrochemical accessibility of PANI and the composite
switching. A square wave between —0.2 V and 0.6 V vs. SCE was applied while
monitoring current. The dynamics of current change and the integrated charge
injected/withdrawn are be plotted as a function of time in Figure 4.
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Electrostatically assembled PANI films switch faster than hydrogen-bonded
films, an effect due primarily to film thickness that may also be influenced by
the different mobile species (sulfate vs. proton). The final charge capacity
scales well with expectations based on thickness, indicating similar PANI
“loading” in all LBL composites. PANI/SPANI has a higher charge capacity
than other systems due to the inclusion of a reactive SPANI polyanion. The
PANI/PAAm system has less charge density than may be expected, indicating
that outer PANI layers in this extremely thick composite may not be fully
accessible.
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Figure 4. Current and charge switching profiles for (a,b) electrostatic and
(c,d) H-bond PANI LBL films. Step duration was 5 s, limits 0.6 V and -0.2 V.

Spectroelectrochemistry. The full electrochromic properties of the PANI
LBL assembled films were examined using spectroelectrochemistry, taking a
UV-Vis “snapshot” of each film at equilibrated potentials between —0.6 and 0.2
V, with results shown in Figure 5. At very cathodic potentials, leucoemeraldine
PANI exhibits a single absorbance maximum at 340 nm, with essentially no
additional absorbance in the visible region. At more anodic potentials,
emeraldine PANI evinces a 700 nm peak, with broad visible absorbance.
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Figure 5. Spectroelectrochemistry of 15 layer pair PANI LBL films.
Step size was 0.1 V; potential limits were 0.6 V to -0.2 V.
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The primary spectral differences between the various LBL assembled
composites described in Figure 5 are the intensities of leucoemeraldine and
emeraldine peaks. In general, the emeraldine peak absorbance scales mostly
linearly with the film thickness and Faradaic charge capacity, but there is some
small variation in extinction coefficient. The calculated extinction coefficients
are shown in Table 2. It should be noted that the concentrations shown in Table
2 are not concentrations of PANI monomer, but rather the concentrations of
redox centers (as determined from square wave switching in Figure 4) that may
be distributed over several monomer units and might be considered a macro-
chromophore. As can be seen, the concentration of these centers for
PANI/SPANI is approximately double that seen for the other composites, as
would be expected because both polycation and polyanion are redox-active.

Table 2. PANI film redox center concentration and extinction.

system PANI centers (mmol/cm®) ¢ (M'cm™) at 700 nm

(PANI/PAMPS)5 55 4618
(PANI/Nafion)s 6.0 4264
(PANI/carageenan) 5 9.1 4814
(PANI/SPANI) 45 13.7 3627
(PANI/PAA) 15 6.5 5575
(PANI/PAAM) 45 5.0 5306
(PANI/PEOQ) 15 7.4 5141

(PANI/ePEIl) 45 76* 3473 *

*  questionable data from ultrathin film

What is especially notable from the trends in Table 2 is that the
electrostatically assembled PANI films consistently display extinction lower
than the hydrogen bond assembled PANI films. In fact, the extent of acidity can
be correlated to some degree with the caliber of extinction; Nafion the superacid
has the lowest extinction of the redox-inert sulfonic acids. Another factor
introduced by the strong polyacids is the appearance of a small peak at 500-550
nm that can be seen clearly in the —0.2 V absorbance spectrum of the
electrostatically assembled PANI films in Figure 5. Together, these two
phenomena suggest that the acidity of the counterpolymer has a direct influence
on the properties of PANI. This acidity may influence the equilibrium between
emeraldine salt and emeraldine base in the oxidized composite; at the pH of the
electrolyte, both should be present but emeraldine salt should dominate. The
emeraldine base form is more prevalent at higher pH conditions and features
greater absorbance in the red region of the spectrum, therefore displaying a
more blue color, while the emeraldine salt form is more prevalent at lower pH
conditions and features greater absorbance in the 400 nm range, resulting in a
greener color. In PANI films assembled with strong polyacids, the additional
acidity provided by the acid appears to shift the equilibrium to the emeraldine
salt so that less absorbance is observed in the 700 nm range. In PANI films
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assembled with hydrogen-bonding polymers, there is no additional acidity and
the oxidized PANI takes on an equilibrium composition influenced entirely by
the electrolyte that features a greater amount of the emeraldine base.

The emeraldine peak that is preserved in the reduced electrostatic PANI
films must be due to continued doping by the polyacid even when the film is
polarized to a potential that should result in complete conversion to
leucoemeraldine PANI. This phenomenon has been noted for PANI[PAMPS
interfaces and is one of the reasons these materials are employed in tandem in
electrochemical cells (33-35). This effect may be enhanced by polyacid
enthalpic resistance to protonation under these pH conditions and the potential
entropic loss due to re-association of a free proton with the polyacid.

A final phenomenon that should be noted is that the extinction of
PANI/SPANI is poorer than any of the other composites. SPANI coloration has
been found to be inferior to that of PANI, which in general explains this
lowered absorbance(29,36). PANI/ePEI is not sufficiently absorbing for full
detection.

Potential Step Absorptometry. The dynamics of switching were
investigated using in situ fast spectral scans during the DPSCA waveform.
Absorbance switching of an isolated wavelength is shown in Figure 6. In
general, the absorbance switching mirrors the charge switching described in
Figure 4.
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Figure 6. Absorbance switching profiles at 700 nm for (a) electrostatic and (b)
H-bond PANI LBL films. Step duration was 5 s, limits 0.6 V and —0.2 V.

Electrochromic performance.  Primary performance metrics for
electrochromic polymer films are response time and contrast. Contrast can be
evaluated by many measures; maximum transmittance change is often used.
Contrast and response times for the PANI LBL composites surveyed herein are
presented in Table 3. Response time is based on the time required for 90% of
full transmittance change. In general, films of similar thickness performed
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similarly, indicating that their commonality - PANI - must control the
morphology and internal structure of the final films, especially as the
counterpolymers have such a diverse range of dielectric constant, hydrophilicity,
and acidity. The maximum contrast was exhibited by PANI/PAAm and
PANI/PEO. With similar extinction coefficient and PANI loading, this
maximum contrast is achieved in films near a simple optimum thickness, which
may lie between 250 and 400 nm. The best combination of fast switching and
high contrast was found in PANI/PAA, which is thinner than both PANI/PAAm
and PANI/PEO. Contrasts achieved from these LBL composites are high when
compared to other electrochromic polymer films, due to freedom from defects
even in very thick films. For example, PANI films created using
electropolymerization (37) or spin casting (38) feature 25-50% contrast even at
300-500 nm thickness due to higher extinction in the nominally bleached state.

Table 3. Electrochromic performance of 15 layer pair PANI LBL films.

system bleach / color time (s) A%T max (bleach — colored, loc.)
(PANI/PAMPS);5 0.25/0.41 26% (98% - 72%, 688 nm)
(PANI/Nafion®),s 0.41/0.62 31% (95% - 64%, 682 nm)
(PANI/carageenan) s 0.50/0.74 34% (92% - 58%, 649 nm)
(PANI/SPANI) 15 0.41/0.83 29% (94% - 62%, 687 nm)
(PANI/PAA) 45 0.50/0.91 49% (87% - 38%, 687 nm)
(PANI/PAAM) 45 2.0/22 61% (68% - 7%, 649 nm)
(PANI/PEO) 45 1.3/1.7 62% (78% - 14%, 686 nm)
(PANVI/ePEI) 15 <0.15/ <0.05 2% (93% - 91%, 688 nm)
Conclusions

A survey of the electrochemical and optical properties of a wide variety of
PANI LBL assembled electrochromic films has been presented. Different
counterpolymers do influence the electrochemical and spectral properties. For
the first time it has been shown that the acidity of the LBL counterpolymer can
be used to directly manipulate the coloration of PANI films by influencing local
pH conditions and shifting the equilibrium between PANI emeraldine salt and
emeraldine base forms. However, PANI appears to control the overall
morphology - in particular the connectivity of the electroactive species and the
ion mobility environment - because films of very different composition yet
similar thickness possess similar electrochemical kinetics and switching
behavior. These PANI composites switch extremely fast and display high
contrast owing to the high thickness that can be achieved with low roughness in
LBL assembled films. PANI as a LBL-capable electrochromic polycation is an
excellent candidate for incorporation into “dual electrochrome” electrode
concepts wherein electrochromic polycations and polyanions are combined to
achieve strongly enhanced contrast and multiple colors (74).
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Chapter 3

Electrochromic Devices Based on Ladder Polymer
and Phenothiazine—Quinoline Copolymer Films

Jai-Pil Choi', Fernando Fungo', Samson A. Jenekhe?,
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'Department of Chemistry and Biochemistry, The University of Texas
at Austin, Austin, TX 78712
’Department of Chemical Engineering, University of Washington,
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We  describe the morphological, electrochemical,
spectroelectrochemical characterization, and electrochromic
device properties of several polymer films: ladder
poly(benzobisimidazobenzophenanthroline) (BBL),
semiladder poly(benzobisimidazobenzophenanthroline)
(BBB), and poly(2,2’-[10-methyl-3,7-phenothiazylene]-6,6’-
bis[4-phenylquinoline]) (PPTZPQ). Cyclic voltammograms of
polymer films showed a number of oxidation and reduction
waves with color changes that were a function of the potential.
The electrochromic effect was spectroelectrochemically
characterized and the behavior of PPTZPQ was interpreted as
the combination of the properties of the constituent donor and
acceptor moieties. A number of different polymer
electrochromic devices were constructed using plastic-indium
tin oxide and different solvents and electrolytes. We
demonstrate the feasibility of constructing flexible all-plastic
electrochromic devices with interesting color changes upon
potential cycling. Electrochromic devices based on BBL or

~ BBB films had switching lifetimes of 3x10* to 10° circles.
Plastic electrochromic cells combining PPTZPQ and BBL
films as complementary electrochromic materials showed
reversible switching between black and red.

© 2005 American Chemical Society

In Chromogenic Phenomenain Polymers; Jenekhe, S., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Downloaded by COLUMBIA UNIV on September 7, 2012 | http://pubs.acs.org

Publication Date: August 17, 2004 | doi: 10.1021/bk-2005-0888.ch003

35
Introduction

A chemically reversible electrochemical process producing a color change is
known as electrochromism. The color change results from the generation of
different electronic absorption transitions within the material in the visible region
(1, 2). An electrochromic device (ECD) is formed by a cell, consisting of two
optically transparent electrodes (OTE), separated by a solid (often polymeric)
gel or liquid electrolyte. The electrochromic material (EM) can be present in the
electrolyte or in the form of a film on the OTEs (Figure 1). A quantity of charge
is reversibly exchanged between a working electrode (primary electrode) and a
counter-electrode (secondary electrode) by switching of potential, resulting in a
cyclic color change (3).

Primary Electrode  Secondary Electrode

Figure 1. Diagrams of two type of ECDs, (left) the electrochromic material, EM,
is present in electrolyte support, (right) the EM is deposited over the electrode
as a film.

The potential uses of this type of device are very broad, for example
electrochromic windows, which control the radiant energy transfer in buildings
and cars, improving energy efficiency (/, 3), electrochromic rear-view mirror
systems in cars, flat panel displays, and smart paint. The prospects for these
kinds of applications have generated a high demand for new materials with
improved electrochromic response, which is reflected in the increasing number
of publications on the topic in recent years (4).

Many different types of materials have been described and used in the
construction of electrochromic devices, starting with the inorganic systems based
on transition metal oxides (e.g. WO; (5), V,0s (6, 7) and TiO, (8)) and organic
systems based on viologen, anthroquinone, and phenazine derivatives (3, 9, 10).
The construction of electrochromic devices based on inorganic materials has
attained significant results. However, current research interests are focused
toward the use of polymeric materials where there is more flexibility in the
molecular design and improved molar absorptivity, lower production costs, and
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more appropriate mechanical properties are possible. These characteristics make
polymer materials excellent candidates for designing tunable optical materials
for electrochromic device applications.

To develop electrochromic polymers, it is necessary to obtain polymers that
are reasonably conducting with low band gap energies so that the change of
energy produced in passing from one redox state to another occurs with the band
gaps in the range of energies in the visible region of the electromagnetic
spectrum. Low band gap polymers can be obtained by maximizing the =-
extended-conjugation within the conjugated polymer backbone (/I); for
example, ladder-type structures with coplanar conformations between the
polymer's consecutive repeat units (/2).

Another strategy employed in producing a lower band gap in conjugated
polymers involves constructing [AD]-type alternating copolymers: where the A
and D units are strong electron-accepting and electron-donating moieties,
respectively (/1b, 13, 14). An appropriate choice of potentials for the reduction
and oxidation of the A and D units allows control of the energies of the effective
HOMO and LUMO levels, which determine the polymer’s oxidative and
reductive properties. The alternating donor-acceptor (A-D) arrangements permit
a high degree of intramolecular charge transfer (ICT) within the conjugated
framework of the polymers (/3, 15). This intramolecular charge transfer
produces a successive zwitterion-like interaction with high double bond
character between the repeat units. The stabilizing effects of the quinoidal-like
forms within the polymer backbone produce a decrease in the band gap energy.
Common examples of polymers previously used in electrochromic devices
include polyaniline (16-19), polythiophenes (20, 21, 22), and polypyrroles (22,
23).

We report here morphological, electrochemical and spectroelectrochemical
studies of semiladder poly(benzobisimidazobenzophenanthroline) (BBB), ladder
poly(benzobisimidazobenzophenanthroline) (BBL) and poly(2,2’-[10-methyl-
3,7-phenothiazylene]-6,6’-bis[4-phenylquinoline]) (PPTZPQ); the structures are
shown in Figure 2. We also describe the construction and characterization of the
electro-optical properties of all-polymer electrochromic devices using PPTZPQ
as one electrode and BBL, BBB or V,0;s as the counter electrode.

r
38t o B k™ e
BBB BBL PPTZPQ

Figure 2. Structures of electrochromic polymers.
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Results and Discussion

Film Characterization

A better understanding of intrinsic properties of electrochromic polymer
films (such as the electrical, optical and structural properties) and of the behavior
of these films at different interfaces (such as electrode surface and electrolyte
solution) will permit improvement in the design (electrode materials,
composition of support electrolyte, contacts, etc.) and performance of ECDs.
Useful information that is needed includes:

i) The topography of the surface (degree of uniformity), presence of
channels or pinholes (permeability), and film thickness.

ii) The behavior of the monomer unit and its properties and their effect on
the polymer behavior (redox potentials, electron transfer rate constants, optical
behavior).

iii) Electrochemical stability and degradation mechanism.

iv) Carrier mobility and ion transport through the film upon oxidation and
reduction. ‘

v) The electronic structure and optical changes that occur during redox
switching.

This information can be obtained using various techniques. In situ UV-vis
spectroscopy, electrochemistry and surface studies have been used to
characterize electrochromic polymer films upon oxidation and reduction. We
present here the investigation of BBB, BBL and PPTZPQ.

Electrochemical Characterization

Cyclic voltammograms of ITO electrodes spin-coated with BBB and
PPTZPQ films are shown in Figure 3. Quinto et al. (24) found reproducible and
stable cyclic voltammograms for the reduction of BBL and BBB polymers under
anaerobic conditions and significant color changes during the potential scans.
The BBL film is initially violet and becomes blue during the first reduction,
whereas at the second reduction wave, the color of the film changes to red. The
BBB film is pink in its neutral state and it becomes orange and yellow in two
successive reduction steps. BBL and BBB do not show a useful anodic response
and hence these materials can be considered as cathodic electrochromic
materials. The PPTZPQ film shows a good anodic response with a clear and
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homogeneous change of color from yellow to red; while its cathodic behavior is
unstable (25).

Film conductivity and charge transport were studied in the redox process by
performing CV scan rate analysis, scanning electrochemical microscopy
(SECM) and direct resistance measurements. The cyclic voltammetry (CV) was
performed with an array of four Pt microbands. BBL and BBB films showed
appreciable changes in the film conductivity after reduction, which is consistent
with the ladder nature of the polymer backbone of these polymer (24). On the
other hand, PPTZPQ showed a different behavior; it showed low conductivity
when the film was oxidized over an array of four Pt microbands, but we
observed a positive feedback approach curve in SECM experiments which is
evidence of conduction of electrons through the PPTZPQ film by a redox
exchange (hopping) mechanism, i.e. redox conductivity where the mobile
electrons are localized in fixed sites and are transported under force of the
concentration gradients by thermally activated hopping or self-exchanges
between occupied and unoccupied sites (25).

Morphological and Structural Characterization

AFM was used to image the film surface and determine its thickness (Plate
1). The image reveals an amorphous structure for PPTZPQ with a rough surface
and large depressions (BBL showed similar surface morphology, AFM not
shown). This surface morphology suggests the presence of channels or pinholes
in the film. The topography of the BBB and PPTZPQ films showed a rough
surface with clusters 50-100 nm in diameter. The BBB film (Figure 4) appeared
less rough than the PPTZPQ and BBL films, and it is possible to recognize a
structure of well-organized parallel rows, possibly because of interpolymer chain
interactions.

To investigate the film permeability in its neutral form, we performed CV
with a mediator in solution over bare ITO and PPTZPQ/ITO. The redox
potential of the mediator was chosen within the potential window where the
polymer does not show an electrochemical response, and therefore, behaves
solely as a blocking layer on the ITO electrode. If the thickness of the film is of
the order of the diameter of the hole, the behavior of the electrode can be treated
as that of ultramicroelectrode arrays and the response is modulated by the
polymer film thickness, the size and distribution of the pores, and the time scale
of the experiment. The reduction behavior of the methyl viologen (MV?**) on
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bare ITO and ITO/PPTZPQ is shown in Figure 4. The smaller current peak for
the coated electrode in comparison with the bare electrode is evidence of a high
coverage of the electrode surface with pores spaced far apart in relation to the
radius of the pores. In other words, the distance between the pores is such that, in
the timescale of the experiment, the growth of a diffusion layer for an individual
pore does not overlap with that of a neighboring pore producing a decrease in
the current proportional to the uncovered area. This result does not indicate a
high concentration of pores suggested by the AFM results. The smallest
thickness attainable with PPTZPQ was of the order of 0.3 um. This is thick
enough so that many of the pores do not extend completely through the film from
ITO to the solution. This combination of an imaging technique like AFM with
the electrochemical analysis represents a useful approach in the study of film
surface permeability.

Spectroelectrochemical Characteristics

Spectroelectrochemical analyses of the BBB, BBL, and PPTZPQ polymer
films were performed to study the electronic structure and to examine the
spectral changes that occur during redox switching; both are important for
electrochromic applications. BBL spectra showed an increase in absorbance at
524 nm, a decrease at 583 nm, and two not well-defined isosbestic points at 375
and 550 nm. BBB spectra did not show clear isosbestic points. For the reduced
form of BBB, the maximum peak was at 503 nm, and as the applied potential
passed over the first voltammetric feature, the film exhibited an absorption peak
at 576 nm. These electrochromic effects were stable and reversible under
anaerobic and anhydrous conditions; the BBL and BBB films continued to
exhibit strong color changes after more than 500 successive cycles in MeCN
(29). ,

Figure 5 shows the absorption spectra of PPTZPQ as a function of potential.
Neutral PPTZPQ exhibits two absorption peaks, one near 290-300 nm (not
shown) and the other at ~425 nm. The former band can be assigned to a n-n*
transition whereas the lowest-energy band, which is less intense, is largely of
charge transfer character (26, 27). The latter absorption band is responsible for
yellow color of the the neutral form of PPTZPQ film. As the potential was
increased to positive values, the charge transfer peak at ~425 nm underwent a
hypochromic shift concomitant with the growth of new absorption bands. The
spectra show two isosbestic points, one at 400 nm and the other at 480 nm
(Figure 5). A larger increase in absorption is observed at higher energies (~350
nm) compared to the charge transfer transition, and a peak at lower energies (540
nm) produces a red color in the oxidized polymer film.
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Figure 4. Cyclic voltammograms of 1 mM MV** in PC, 0.1 M TBAPF, on a
bare ITO electrode (solid line), PPTZPQ-coated ITO electrode without MV**
(dotted line), and PPTZPQ coated ITO electrode with MV** (dashed line).
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Figure 5. Electronic absorption spectra of PPTZPQ film spin-coated on an ITO
electrode at various applied E. Inset shows the potentials at which spectra were
obtained.

We can interpret the overall process as follows; the phenothiazine-quinoline
(PTZ-Q) repeat unit in the neutral polymer shows a charge transfer-type
absorption (PZT-Q —PZT*"-Q") at 425 nm. Following oxidation, the polymer
produces phenothiazine radical cation (PZT**-Q). Charge transfer is then not
possible and this results in a decrease of absorption at 425 nm. At the same time,
the absorption of PZT** and Q moieties results in the new peak at 540 nm and
the increase in absorption at lower wavelengths (Figure 5) (25).

Device Construction and Characterization

An electrochromic device is basically a two-electrode cell as mentioned in
the introduction (Figure 1). In the construction of a two-electrode cell with only
a single electrochromic material, there may be a problem with degradation
reactions of the electrolyte that occur because of the absence of an effective
counter-electrode reaction. This limits operating lifetimes through destruction of
the electrolyte and a build-up of degradation products in the cell. The use of a
reversible electrochromic material as a counter electrode or secondary electrode
helps to avoid this problem. The secondary electrode, in electrochromic terms,
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can either be optically neutral or switch in a complementary mode to the working
electrode (e.g. the counter-electrode is anodically colored while the working
electrode is cathodically colored). In this way, the electrochemical stability and
efficiency of the cell is greatly improved.

Electrochromic devices currently manufactured as rear view mirrors involve
at least one, and in most cases more than one, solution-based electrochromic
material. These species are free to diffuse to the surface of the electrodes and
undergo oxidation or reduction with a color change when the device is activated.
The solution phase electrochromic devices show self-erasing processes, so that
they require continuous passage of current to maintain the colored state of the
device (28). On the other hand, it is difficult to construct large-area ECDs with
liquid electrolytes because the hydrostatic pressure of the liquid can cause leaks
with attendant environmental and health hazards. Solid electrochromic devices
have been developed to address these problems. In general, the solid ECDs are
built by depositing an EM on OTE as thin films and using gel or polymeric
electrolytes (Figure 1). The low conductivities that characterize many polymer
electrolytes can be improved by employing a plasticizer, to yield a solid or gel
electrolyte with high conductivity coupled with good mechanical properties (28).
The conductivities of polymer gel electrolytes can be enhanced by either
changing the ratio of conducting ion and gel polymer. Usually, the conductivity
decreases with increasing amounts of the gel polymer because ionic migration
becomes slower. As shown in Figure 6, the conductivity of the gel electrolyte
based on polyethylene oxide (PEO) increased linearly with wt % of LiClO, up to
11.8 wt %. In addition, a gel electrolyte based on PEO gives a better
conductivity (3.7 mS/cm) with the same concentration of LiClO, than one based
on polymethylmethacrylate (PMMA) (2.0 mS/cm). -

Desired characteristics in an ECD are: color tunable capacity, good color
contrast, durability, lifetime, low operating voltage, fast response, flexibility, and
low cost manufacturability. Thin films of PPTZPQ, BBB and BBL had stable
anodic electrochromic properties and showed good color changes when oxidized
and reduced, suggesting their use as an anodically and cathodically coloring
electrochromic material. We built and characterized four solid ECDs using a
combination of these polymers and vanadium pentoxide (V,0s) as a counter
electrode. We investigated devices based on glass ITO substrates with two kinds
of polymer electrolytes, polymethyl methacrylate (PMMA) as gel electrolyte and
poly(ethylene oxide)-propylene carbonate (PEO-PC) as solid electrolyte, as well
as cells with a plastic substrate coated with ITO.

PPTZPQ, BBL and BBB Electrochromic Devices using V,Os as the Counter
Electrode

Three electrochromic cells were built using a V,0s film as the counter
electrode with either PPTZPQ, BBB or BBL polymer films as the
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Figure 6. Dependence of conductivity of PEO gel electrolytes on the amount of
LiClO,. All gel electrolytes contain the same amount of PEO.

electrochromic material. The V,0s film is a well known electrochromic material
(3, 7). It is yellow and, with the reductive injection of lithium ions into the V,0s
film, forms LixV,0s, with a pale blue color. The color changes are rather weak
and V,0;s films are usually used simply as transparent counter electrodes.

Voltammetric studies showed that the PPTZPQ- PEO/PC/LiClO4-V,0s5 cell
stably operated with an applied voltage of 0.0 to 1.5 V under aerobic conditions.
Cell testing was carried out by monitoring the absorbance changes at 560 nm as
a function of time during repeated potential steps between 0.0 V and 1.5 V
(Figure 7). The current transients in Figure 7, show that the oxidation process
proceeds more slowly than the reduction process. The oxidation current does not
reach zero during the 20 s amplitude potential pulses, while the reduction is
almost complete within the same time period. However, the amount of charge, Q,
in each current curve in both processes was very similar, in agreement with the
stable oxidation of PPTZPQ and reduction of its oxidized form. The faster
reduction can be attributed to an easier charge transport through the oxidized
film. The oxidation of the neutral film starts at the insulating polymer-electrode
interface and requires the influx of compensating anions. The reduction process
on the other hand starts with the charged state. In addition, the difference in the
anion mobility in the oxidation-reduction process in combination with the charge
transport can govern this conduct. The kinetics of the overall process is reflected
in the coloration response time (Figure 7), which is approximately 20 s.

The coloration efficiency was determined by using the equation n=A4/Q Q4
(3). This is obtained by determining the injected/ejected charge as a function of
the electrode area (Q,) and the change in absorbance (A4) during a redox step of
the device. The n value may be regarded as the electrode area colored to unit
absorbance by unit charge. The absorbance change at 560 nm and under the
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Figure 7. Electrochromic switching, current and optical responses to potential
step of between 0.0 V and 1.5 V recorded at 560 nm for PPTZPQ/PEQ-PC/V,0:s

device.

same potential switching conditions as Figure 7 yielded a red coloration
efficiency, n, of ~-316 cm’C! .

This value is higher than those of electrochromic inorganic materials, such as
WO,. It is also higher than that obtained with electrochromic cells employing
polyaniline (78, 29) and polypyrrole (30) as the anodic coloring material and
WO, as the cathodic coloring material, This value is, however, lower than that
obtained in dual electrochromic cells with complementary electrochromic
polymers, with total device n-values ranging from 250 to 1413 em?® C1 (21, 30,
31, 32). Both of the electrochromic cells showed stable operation for hours, but
their performance started to decrease irreversibly after a few days of cycling,
probably because of crystallization of PEO.

BBL and BBB ECDs exhibited well-defined, reversible color changes as
shown by the electronic absorption spectra of ECDs, taken at various potentials
(Figure 8). The BBL cell showed a change from purple to dark greenish yellow,
while the BBB cell showed pink to dark greenish yellow change. However, it
was difficult to distinguish the intermediate colors, such as reddish green for
BBL and green, which were observed in spectroelectrochemistry in a 0.1 M
LiClO,/PC solution. The background color of V,0;s and the added thickness of
glass substrates caused by two electrodes and the gel electrolyte may account for
this difference. The BBL ECD showed maximum absorbance at 560 nm before
reduction, The absorption maximum at 560 nm shifted to 460 nm as the film was
reduced, and a new broad absorbance band appeared at around 700nm as shown
in Figure 8.
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Figure 8. Electronic absorption spectra of BBL and BBB/ PMMA/V,0; devices
at various applied potentials.

The coloration efficiency (7) was calculated using absorbance changes (44)
at 560 nm for BBL and at 522 nm for BBB. The 7 values for BBB ECDs
decreased as the BBB film thickness increased, whereas an opposite trend was
observed for BBL ECDs. Therefore, the electrochemical redox reaction probably
does not occur efficiently with a thick BBB film. Lifetime measurements were
performed by switching potentials from neutral to reduced state. ECDs with PEO
and PMMA-based polymer electrolytes produced lifetimes with more than
30,000 switching cycles. Despite their better conductivity, PEO-based polymer
electrolyte yielded ECD with shorter lifetimes than those with the PMMA-based
electrolyte, since an ECD with PMMA lasted for more than 100,000 switching
cycles. Passivation of V,0s, such as the formation of PEO-V,05 compound (7),
may be possible during cycling and cause this shorter lifetime.

PPTZPQ-BBL Plastic Electrochromic Device

By combining two electrochromic materials whose neutral states are
transparent in the visible, with one electrode anodically colored while the other
is cathodically colored, allows fabrication of a device that can switch between
highly transmissive and absorptive states. These kinds of ECDs are used as smart
windows. In the case of electrochromic materials where the neutral state shows
absorption in the visible, it is possible to choose as the secondary electrode a
material whose neutral state absorption is complementary to that of the primary
electrode, and its reduced form shows the same color as that of the oxidized form
of the primary electrode. In other words, the combination of the spectra of two
complementary colors leads to absorption over the whole visible spectrum
turning the device black. Upon potential switching between the two redox states,
the electrochromic cell will turn from black to the characteristic color of the
original forms.
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A material that meets these conditions and can be used as a
complementary electrode to PPTZPQ is BBL, which is violet (the
complementary color of yellow) in the neutral state, while both are red in their
fully oxidized and reduced forms, respectively. The film spectra of both
polymers are shown in Figure 9.

100 — : —rr 200

20} "
1
'l — BBL
A - - - = PPTZPQ
ol l o .200 . . . 1
400 500 600 700 800 0.0 0.5 1.0 1.5 20
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Figure 9. (left) Visible spectra collected in transmittance mode of PPTZPQ and
BBL over ITO film in their neutral colored states. (right) Two-electrode
voltammograms for PPTZPQ/PEO-PC- TBAPF¢/BBL cell. Scan rate 50 mVis.

The combination of the two polymer films produces high absorbance over
almost the whole visible spectrum and a black color appears when the two
neutral films are superimposed. The construction of an all-plastic, two electrode
cell was then successfully accomplished by sandwiching PEO/PC/TBAPF as a
polymer electrolyte between films of PPTZPQ and BBL deposited over plastic
ITO, The charge capacity of the cathode and anode was equalized
(QPF™PYQPBL~1) by adjusting the film thickness (33). The cell was operated
within a voltage range where reversible switching was found. The driving
voltage limits were obtained from cyclic voltammetry measurements of these
films in solution cells. In Figure 10 (right) a PPTZPQ-BBL cell current-potential
curve is shown, where PPTZPQ is taken as the working electrode. The operating
voltage was 0.0 V to +1.8 V (vs. BBL). Within this voltage range the device
showed good stability and a black to red color change under anaerobic
conditions. When the applied potential was greater than this range, the
electrochromic response was gradually lost. Degradation was also observed
when the device was operated in the presence of oxygen.
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Conclusions

The construction of all-plastic PPTZPQ-based electrochromic devices with
interesting color changes showed the potential use of PPTZPQ as an
electrochroniic material in the building of practical devices. Electrochrmoic
devices with PMMA-based electrolytes and BBL or BBB coloring material had
lifetimes of over 10° switching circles whereas those based on PEO electrolyte
had switching lifes of ~3x10°. We have also demonstrated an all-plastic
electrochromic cell constructed from PPTZPQ and BBL films as complementary
electrochromic materials. Further work is still necessary to improve the
spectroelectrochemical characteristics of these cells by optimizing their charge
capacity ratio and the composition of the polymer electrolytes.
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Chapter 4

Novel Near-IR Electrochromic Ruthenium
Complex Polymers

Pierre Desjardins and Zhi Yuan Wang*

Department of Chemistry, Carleton University, 1125 Colonel By Drive,
Ottawa, Ontario K1S 5B6, Canada

A series of azodicarbonyl dinuclear ruthenium polymers were
synthesized. Spectroscopic and electrochromic properties of
these polymers were studied. These polymers were found to
exhibit good thermal stability and electrochromic properties
such as good coloration efficiency in the near infrared region.
Furthermore, long-term switching trials were performed,
which indicated good chemical stability of the material and
potential application for attenuation of near infrared light.
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Introduction

Electrochromic materials, those which undergo electrochemically stable
and reversible colour change, have aroused a great deal of attention since the
discovery of the phenomena in tungsten oxide materials over 30 years ago (/).
Many materials have been explored, ranging from the transition metal oxides
(2-12) and salts (13-17), as well as the conductive organic polymers such as
polythiophene (/8-24). Historically, much of the technological development
has centered upon visible light attenuation devices of value in architectural
glassing for energy conservation in comfort cooling (25) and the so-called NVS
(26) (night vision safety) mirrors for the reduction glare from vehicle
headlights. Of particular interest to some is the possibility of constructing
flexible displays useful in variety of applications requiring non-planar
geometry, ranging from electronic books or writing pads to glasses or window
coatings. The newest area of endeavor is the development of materials that
possess strong near infrared (NIR) absorbance bands within the telecom
wavelength regions of 1250-1350 nm or 1500-1600 nm, which are useful in
variable optical attenuator (VOA) (27) devices necessary for wavelength-
division multiplexing.

It was our intention of constructing polymeric analogues to the dinuclear
ruthenium dicarbonylhydrazine (DCH) or DCH-Ru complexes of the form
[{Ru(bpy)2}» u-DCH]"™ (where bpy = 2,2’-bipyridine and n = 2, 3 or 4)
previously studied by our group (28) and others (29-31). In addition to
possessing visible electrochromism, these ruthenium complexes also possess
strong NIR electrochromism (i.e. 1500 to 1600 nm). Metallic complexes, and
particularly dinuclear systems in which metal-metal electronic communication
exists, possess interesting electrochromism as a result of the interaction of
metal and ligand (32-34). This chromism can be tuned therefore by the
appropriate selection of both ligand and metal, permitting these systems to be
tunable for a wide variety of applications. Unfortunately, the dinuclear
complexes do not possess suitable physical properties to be spin coated onto
transparent conductive substrates and are therefore only suitable for all liquid
devices. Therefore, it is our intention to preserve as much as possible the
dinuclear properties in the polymeric metal complex with good film forming
properties. Having evaluated the work of Mohamed et al (35), in which
metallized films were prepared from a series of wholly aromatic polyhydrazines
at room temperature in N,N-dimethylacetamide (DMAc) by combination of the
polymers with salts of Cu(Il), Ag(l), Ni(Il), Pb(Il), Fe(Ill), and Cd(II). The
films prepared by Mohamed were free standing, thermally stable and showed
interesting electrical properties. The metal exchange reaction was performed
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via a simple combination of the polymer and metallic salt, suggesting that
ruthenium analogues may be equally simple to prepare.

Aromatic and aliphatic polyhydrazines as polymeric ligands shown in
Figure 1 were synthesized according to the method of Frazer et al (36-37).

O H H O (o] H H O
{_U.N_N__U_R_LN_NJJ_R.}.
n
1.R=R'={(CHy)s-

2.R=R'= —©—
= -(CH2)4- R = —O_

4. R=-(CH,)s- R'=-NH(CH,)gNH-
Figure 1. Polyhydrazines as ligands.

Subsequent to isolation of the polymer, the metallization could be
conducted in a similar manner as that of the complexes reported elsewhere for
DCH-Ru complexes (27-28). The ruthenium complex polymers, shown in
Figure 2, thus made would be expected to exhibit similar electrochromic
properties as the dinuclear ruthenium complexes while possessing the film
forming characteristics of the parent polymer. We report herein the synthesis
and characterization of these polymers.

(bPY)zRU \7—R‘—-};

(bpy)zRu \7—R—(\ Ru(bpy),

—{—-(\ ,RU(bpy)z
o)

5R=R= -(CH2)4-

6.R=R= (L
7.R=4CH)e R= O

8.R=-(CHp)s~ R'=-NH(CHp)gNH-

Figure 2. Ruthenium complex polymers.

In Chromogenic Phenomenain Polymers; Jenekhe, S., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Downloaded by COLUMBIA UNIV on September 7, 2012 | http://pubs.acs.org
Publication Date: August 17, 2004 | doi: 10.1021/bk-2005-0888.ch004

54

Experimental Section

Measurements.

Electrochemical and spectroscopic measurements were taken in the solid
state by casting thin films of the polymer on either platinum disk electrode
(BAS 2013 MF, 1.6 mm diameter) or ITO coated glass. The ITO coated glass
was pre-treated by first cleaning it by momentarily dipping it in concentrated
H>S0,, followed by rinsing with deionized water and drying under a stream of
Argon. The clean ITO surface was then treated with a 2% solution of 3-
aminopropyltriethoxysilane (Aldrich) in toluene via spin coating, followed by
air drying for 1 h, and finally coating with a solution of the polymer in
DMF/CHCl;. The polymer coating on ITO was then allowed to air dry for
several hours prior to testing. Measurements were performed using an
electrolyte composed of 0.1 M tetra-n-butylhexafluorophosphate (TBAH) in
either CHCl; or tetrahydrofuran (THF). Ancillary electrodes used were a silver
wire as a reference and platinum wire as a counter.

Spectroelectrochemical and switching experiments were performed with
polymer coated on ITO and mounted within a 1 cm quartz cuvette. The cuvette
was also fitted with a platinum wire counter electrode and silver wire pseudo-
reference electrode. Sufficient electrolyte solution, THF or CHCl; with 0.1 M
TBAH, was then added to the cell in order to make good contact with all
electrodes and fully flood the spectrometer light path.

Reagents and Synthesis.

All ligands were synthesized from the appropriate hydrazide and either the
appropriate diacid chloride, dihydrazide or diisocyanate. Reagents include
phthaloyl dichloride, hydrazine hydrate, adipic dihydrazide, adipoyl chloride,
1,6-diisocyanohexane, N-methylpyrrolidone (NMP), and N,N-
dimethylformamide (DMF) and all were obtained from Sigma-Aldrich Co.

Polymeric ruthenium complexes were synthesized in the same manner as
that of the DCH-Ru complexes. The general synthetic procedure is to combine
0.38 mmol (200 mg) Ru(bpy),Cl,-2H,0 with 0.19 mmol of the ligand polymer
and 100 mg of Na,COs in 80 mL of 5:1 H,O/EtOH. The mixture was then set
to reflux for approximately 14 h under ambient atmosphere, after which i+ was
cooled to room temperature, the product was then precipitated by the addition

In Chromogenic Phenomenain Polymers; Jenekhe, S., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Downloaded by COLUMBIA UNIV on September 7, 2012 | http://pubs.acs.org
Publication Date: August 17, 2004 | doi: 10.1021/bk-2005-0888.ch004

55

of excess NH4PF;, isolated by filtration, and dried under vacuum (5 mmHg) at
room temperature.

Isophthalic dihydrazide

To 20 mL of hydrazine hydrate in a flask was added 1.0 g (4.9 mmol) of
phthaloyl chloride. The mixture was stirred for 1 h, followed by precipitation
of the product from methanol. The yield of the product was 0.9 g (94%). IR
v(C=0) 1665 cm™, v(NH) 3290 cm™'; 'H NMR (200 MHz, ds-DMSO) & 4.60
(s, 4H), 7.56 (t, 1H), 7.97 (d, 2H), 8.31 (s, 1H), 9.88 (s, 2H); MS (EL m/z,
relative intensity) 194 (M", 30.2); mp 227-230 °C.

Ligand Polymer 1

To 30 mL of NMP in a flask were added 1.74 g (10 mmol) of adipic
dihydrazide and 1.83 g (10 mmol) of adipoyl chloride. The mixture was
allowed to stir overnight at room temperature, under N,, followed by
precipitation of the product in 300 mL of vigorously stirring methanol. The
product was isolated by filtration and dried overnight under vacuum. Yield of
the crude polymer was 1.7 g (61%). IR v(C=0) 1600 cm’, v(NH) 3216 cm’;
'"H NMR (200 MHz, dg-DMSO) 5 1.5 (s, 4H), 2.1 (s, 4H), 9.7 (s, 2H).

Ligand Polymer 2

The synthesis was the same as for polymer 1, except with 15 mL of NMP,
0.99 g (5 mmol) of isophthalic dihydrazide, 1.02 g (5 mmol) of isophthaloyl
chloride. Yield of the polymer was 1.4 g (69%). IR v(C=0) 1649 cm™, v(NH)
3235 cm™; '"H NMR (200 MHz, d-DMSO) & 7.7 (¢, 1H), 8.2 (d, 2H), 8.5 (s,
1H), 10.8 (s, 2H).

Ligand Polymer 3

The synthesis was the same as for polymer 1, except with 1.74 g (10 mmol)
of adipic dihydrazide and 2.03 g (10 mmol) of isophthaloyl chloride. The yield
of the polymer was 2.6 g (69%). IR v(C=0) 1654 cm™’, v(NH) 3241 cm™; 'H
NMR (200 MHz, ds-DMSO) & 1.6 (s, 4H), 2.4 (s, 4H), 7.6 (¢, 1H), 8.1 (d, 2H),
8.2 (s, 1H), 9.9 (s, 2H), 10.4 (s, 2H).
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Ligand Polymer 4

To 15 mL of DMF in a flask, were added 523 mg (3 mmol) of adipic
hydrazide and 505 mg (3 mmol) of 1,6-diisocyanohexane. The polymer, which
precipitated from the reaction mixture, was isolated by filtration and dried
overnight under vacuum. Yield of the polymer was 0.8 g (78%). IR v(C=0)
1654 cm™, v(NH) 3353, 3224 cm™; 'H NMR (200 MHz, ds-DMSO) § 1.4 (m,
12H), 2.1 (s, 4H), 3.0 (m, 4H), 6.3 (s, 2H), 7.6 (s, 2H), 9.4 (s, 2H).

DCH-Ru Polymer 5

The synthesis was performed in the manner described previously for
dinuclear ruthenium complexes, using 200 mg (0.38 mmol) of
Ru(bpy),Cl,-2H,0, 35 mg (0.25 mmol based on the repeat units) of ligand
polymer 1, and 100 mg of Na,COs. Yield of the polymer was 215 mg (87%
based on reacted polymer). IR v(C=0) 1605 cm', v(P-F) 830 cm™.

DCH-Ru Polymer 6

The synthesis was performed in the manner described previously for
dinuclear complexes, using 200 mg (0.38 mmol) of Ru(bpy),Cl,-2H,0, 35 mg
(0.22 mmol) of ligand polymer 2, and 100 mg of Na,CQO;. Yield of the crude
polymer was 218 mg (88% based on reacted polymer). IR v(C=0) 1605 cm™,
v(P-F) 841 cm™.

DCH-Ru Polyme 7

The synthesis was performed in the manner described previously for
dinuclear complexes, using 200 mg (0.38 mmol) of Ru(bpy),Cl,-2H,0, 30 mg
(0.099 mmol) of ligand polymer 3, and 100 mg of Na,CO;. Yield of the crude
polymer was 230 mg (95% based on reacted polymer). IR v(C=0) 1605 cm,
v(P-F) 842 cm™.

DCH-Ru Polymer 8

The synthesis was performed in the manner described previously for
dinuclear ruthenium complexes, using 200 mg (0.33 mmol) of
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Ru(bpy),Cl,-2H,0, 33 mg (0.097 mmol) of ligand polymer 4, and 100 mg of
Na,CO;. Yield of the crude polymer was 137 mg (56% based on reacted
polymer). IR v(C=0) 1605 cm™', v(N-H) 3326 cm™, v(P-F) 841 cm™.

Results and Discussion

Synthesis

The ligand polymers 1-4 (Figure 1) for making ruthenium complex
polymers 5-8 (Figure 2) were synthesized from equimolar quantities of each
monomer in NMP. The ligand polymers were colorless and were found to be
sparingly soluble in DMF, acetonitrile (CAN) and, to an extent,
dimethylsulfoxide (DMSO). Only the fully aliphatic derivatives. were
sufficiently soluble in DMSO to permit viscosity measurements. Inherent
viscosities were measured for DCH-Ru polymers 5 and 8 were found to be
0.139 and 0.262 dL/g, respectively, which when compared to those of Higashi
et al (38), showed that they were of low molecular weight (possibly below 8000
Dalton).

The synthesis of DCH-Ru polymers 5-8 was performed in the same manner
as that of the comparable dinuclear ruthenium complexes previously reported,
since early experimentation revealed that the polyhydrazines were freely soluble
in weak aqueous base solutions. The ruthenium-containing polymers were
isolated by precipitation, but unfortunately could not be further purified by
filtering through a neutral alumina-packed column as was used for purification
of DCH-Ru complexes. The DCH-Ru polymers were absorbed strongly on the
alumina gels and therefore were used as synthesized for all physical
characterization reported herein.

Thermal Analysis

Thermal analysis was performed for ligand polymers 1-4 and ruthenium
complex polymers 5-8. The ligand polymers were found to be less thermally
stable (100-150 °C) than the ruthenium complex polymers (>200 °C), except
for polymer 4 (251 °C) vs. polymer 8 (209 °C), as assessed by
thermogravimetry for 5% weight loss in nitrogen. Studies by Frazer ef al (36),
revealed that aliphatic polyhydrazines undergo dehydration above 150 °C to

In Chromogenic Phenomenain Polymers; Jenekhe, S., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Downloaded by COLUMBIA UNIV on September 7, 2012 | http://pubs.acs.org
Publication Date: August 17, 2004 | doi: 10.1021/bk-2005-0888.ch004

58

yield a cyclic oxydiazole, which could be accounted for the observed low onset
temperatures for weight loss of polyhydrazines 1-4.

DSC experiments were run on all polymers from 30 °C to ~10 °C at a
heating rate of 10 °C/min below the thermal decomposition temperature;
however, no peaks indicative of a phase transition were observed.

Electrochemistry

Electrochemistry was performed on ruthenium complex polymers as films
on a Pt disk electrode. The cyclic voltammograms showed two quasi-reversible
couples attributable to the two one-electron couples per dinuclear DCH-Ru
fragment in the polymer. The results are listed in Table 1.

The peak-to-peak separations for both couples ranged between 75 and 272
mV. The magnitude of this separation was generally higher versus the
dinuclear complexes and can be attributed to lower kinetics due to the uptake
and expulsion of electrolyte from the film. The movement of electrolyte,
particularly the counterions, into and out of the film is necessary for charge
balancing and generally controls the electrochemical rate. An anomalous result
was derived for polymer 8, which showed peak-peak separations of the same
magnitude as that of the solution of DCH-Ru complexes (28-31), presumably
due to a much thinner film.

Table 1. Electrochemical data for polymeric complexes in solid state on Pt
disk electrode in chloroform (with 0.1 M TBAH).

Polymer 1*Ep" 2“E;,*  AE (mV)

. B ) S (= )
5 310(210)  920(270) 610

6 450(180)  1040(222) 590

7 310(260)  930(240) 620
8 . 120(75)  730(100) 610

® All redox couples in mV versus silver reference electrode at 10 mV/s scan rate. ® Peak
to peak separation for each redox couple in mV,

In order to measure long term switching stability, the polymer films were
subjected to repeated switching between the reduced or —[Ru"Ru"]- and the
mixed valence -[Ru"Ru"}- state at a frequency ranging from 1.2 to 2.4 s. The
choice of frequency was made based upon the relative speed at which the redox
current minimized. Results for the trials are displayed in Table II, along with
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total charge per unit area of electrode taken from the integration, with respect
to time of the current trace initially, at the middle and finally the end of the
experiment. The results show a small degree of change over time for polymer 8
only, an increase of nearly a factor of two for polymer 5 and a significant drop
in electrochemical response for polymers 6 and 7. The increase in the redox
charge of polymer 5 upon switching is not expected and might be due to other
unknown redox processes upon cycling, while the latter likely being a result of
film delamination.

Table II. Electrochemical switching of ruthenium complex polymers on Pt
disk electrode (BAS 2013, 1.6 mm dia.) in chloroform (with 0.1 M TBAH).

R B Y 4 A T ARSI A AR 5 A Y 170 B MEN T

Polymer Switch  Total Time Initial Median Final
Time (h) Charge Charge Charge
. (ms)  (Cycles)  pClom’  pClem’ _ pClem’_
5 1200 16.7 184 241 258
(50,000)
6 2400 22.7 241 80 63
(34,000)
7 2400 16 262 93 57
(24,000)
8 1200 21.7 78 76 69

Spectroscopic Study

Spectra for all polymers in the reduced, mixed valence and oxidized form
were taken in-situ with the polymer coated on ITO glass, and exhibited similar
peak patterns as shown in Figure 3 for polymer 5 as that observed for the
dinuclear ruthenium complexes. This is consistent with the presence of
isolated DCH fragments within a saturated polymer where no electronic
interaction between the dinuclear DCH fragments exists. It is interesting to
note that insertion of a secondary amine function into the polymer backbone
resulted in a significant blue shift in the MMCT transition for polymer 8.
Although this material possessed an MMCT band maximum at 1188 nm, lower
than the 1250-1350 nm transmission region, it does suggest that tuning of the
band energy between both NIR transmission regions is possible.
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Figure 3. Spectroelectrochemical spectra for polymer 5 on ITO in chloroform

The

with 0.1 M TBAH.

data for all polymers, taken in a solution of 0.1 M TBAH in CHCI;,

are given in Table III. All polymers were found to be insoluble in CHCl;, so the

majority

was evaluated spectroscopically using TBAH solutions of this solvent

as the electrolyte. The data for polymer § showed only a slight solvatochromic
shift in the major spectral bands and so it was concluded that data derived in
cither solvent would be equivalent. It was, however, necessary to evaluate some
of the polymers in THF since, for long-term switching trials, delamination of
the polymer layer occurred in CHCl;.

Table IIL Spectral data for polymeric complexes on ITO glass.

v e s 3

Polymer Amey (NM) for three dlfferenl Ru/Ru states
 RdVRM" " RRU™ Ru™/Ri™
5° 353,518 451, 1521 315, 463, 830
5 350, 520 454,657, 1532 457, 810
6° 455, 516 452, 647, 1585 452, 805
7™ 351, 463, 513 450, 1576 454, 809
8 460 455,579, 1188 460,910 _

Electrolyte ® THF with 0. 1 M TBAH CHC13 w1th 0 l M TBAH
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A measure of the extinction coefficients may indicate the level of metal
incorporation within the polymers. By choosing the bands characteristic of the
DCH-Ru complex, such as the [Ru(Il)]d7—[bpy]7* MLCT or bipyridyl © — n*
transitions, this may be accomplished by assuming the extinction coefficients
are not significantly affected by the metal environment.

The extinction coefficients for the MLCT bands at ca. 450 to 520 nm were
generally lower compared to those found for dinuclear complexes previously
reported. In the case of polymers 7 and 8, this is not as clear from the numbers
presented in Table IV. However, as the complex polymers contain two adc
fragments per repeat unit, the two have log(e) values of 3.93 and 3.84 for
polymers 7 and 8 respectively. The observed differential in extinction may be
the result of differences in environment of each metal complex, however the
differential is rather subtle when compared to that of the dinuclear complexes
reported elsewhere (28-31).

Table IV. Spectral data for polymeric complexes in acetonitrile.

Polymer  Jpu(nm)  s(M'cm)  log(e)

5 245 2.63x 10* 4.42
289 5.46 x 10* 4.74
350 9.00 x 10° 3.95
516 7.50x 10° 3.88
6 244 2.99 x 10* 4.48
288 5.46 x 10* 4.74
454 7.60 x 10° 3.88
7 244 6.80 x 10* 4.83
289 1.27 x 10° 5.10
457 1.69 x 10* 4.23
8 244 6.37 x 10* 4.80
290 1.22x 10° 5.09
455 1.37 x 10* 4.14

S A e S e S S S ARG 17 A I B VY . - SN v

A solid state, long term optical switching experiment was conducted using
ITO coated glass as the substrate and THF/0.1M TBAH as the electrolyte (i.e.,
same experimental set-up as was used for spectral studies) in order to evaluate
the stability of the films to withstand repeated bleach-colour cycling. Polymer
5 was the only material (studied here) to form films stable toward dissolution
over the full length of the experiment. Given this, the film (~ 0.5 micron in
thickness) of polymer 5 on ITO was cycled between —200 mV and 600 mV (i.e.,
switched electrochemically between the Ru'/Ru" and Ru'/Ru"™ states). The
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period of the switching was 4 s with each potential being held for 2 s and
timebase absorbance at 1550 nm were taken for 120 s at intervals through the
experiment initially, at 9 h and finally at 19 h. Figure 4 shows the optical
switching data taken, and the results of the trial are given in Table V.

Table V. Optical switching data for polymer 5 in THF with 0.1 M TBAH.

e Ak . e

Time %Ty%T. A%T Q,, area 0¥ 40D CE
feycles  (uO) (o) (uClen’)__(x107)  (em’/C)
Initial 79/74 5 180 3 60 2.84 470
9 h (8100) 68/63 5 160 3 53 3.32 630
19h 69/65 4 130 3 43 2.59 600
00 e e
88
g6 - —— Initial Ohrs)
------ @8100 cycles (Dhrs)
84 — — @17100 cycles (1Qhrs)
82
80
78

0 20 40 60 80 100 120
Time (s)

Figure 4. Optical attenuation of ITO/glass coated with polymer § in THF with
0.1 M TBAH as function of switching time.

The coloration efficiency (CE) was calculated according to the method of
Sapp et al (39) by using equations 1 and 2. The results show that the CE value
increases over the first half of the experiment and drops slightly over the
second half.
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CE(A) = AOD(A) (1)
d
AOD(A) =log[T, (A)/T,(A)] (2)

It should be noted that the observed increase in the CE over the course of
the experiment is likely linked with swelling or wetting of the film. This
results in greater void space within the polymer matrix, augmenting ion charge
transport, and thus decreasing resistance of the film and increasing CE. Over
time, however, this swelling can result in a reduction in the electrical contact
between the film and the ITO surface, which would account for the reduction in
the CE in the later half of the experiment.

Conclusions

The ruthenium-containing polymers produced reasonably good films on
ITO glass. Long-term switching trials performed using polymer S indicated
good chemical stability of the material and comparable coloration efficiencies
to other well-established electrochromic materials. Moreover, the significant
blue shift in the NIR MMCT transition of polymer 8 versus the other metallic
polymer complexes of this study provides positive confirmation of the tunability
of these systems.
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Far-IR-through-Visible Electrochromics Based
- on Conducting Polymers for Spacecraft Thermal
Control and Military Uses

Application in NASA’s ST5 Microsatellite Mission and
in Military Camouflage
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The largest known, dynamic infrared signature variation in any
material, to our knowledge -- > 50% Reflectance variation in
the 2 to 25 pm region and an emittance variation > 0.5 -- is
reported for Conducting Polymer-based electrochromic flat
panels which are to be flown on NASA’s ST5 microsatellite
mission. The very thin (< 0.5 mm), flexible, lightweight,
variable area (1 cm? to 0.5 m?), entirely solid state flat panels
show durability in a space environment, switching times <5 s,
and concomitant Visible-region electrochromism. Applications
in military camouflage, e.g. against IR-homing missiles, are
also briefly described.
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Introduction

Electrochromics and Conducting Polymers: Electrochromics are materials
or devices that change color when a voltage, typically a DC voltage <+ 5V, is
applied to them. They may work in the Visible region, and, less commonly, in the
IR region, 2 to 45 pm, or other spectral regions. They may be, self-evidently,
transmission-mode, as in electrochromic sunglasses or automobile rear-view
mirros, or reflectance mode, as in most IR-region devices (7). They may be 2-
electrode mode (working, counter electrodes) or 3-electrode mode, (i.e. with an
additional reference electrode). Conducting Polymers (CPs) have been well known
to display varied electrochromism (1), whose basis is “doping/de-doping”, i.e.
redox, of the CPs. Electrochromism may be characterized by reflectance, p, and,
in the IR region, by emissivity, €. Although the relation of these two parameters
involves spatial integrals (2), very crudely, e = 1 - p. A parameter of greater
interest in the aerospace industry is the emittance, which. is the integrated
emissivity, typically in the 2 to 45 um region. In essence, thus, IR-electrochromics
are variable emittance materials.

Need for Visible-to-far-IR Region Electrochromics: An urgent need
currently exists (3) for materials capable of showing large signature variation in
the Visible through far-infrared (IR) in a dynamic (i.e. switchable, controllable)
way for two very specific applications: 1) In spacecraft thermal control; 2) As
countermeasures against IR sensors in the battlefield.

The spacecraft requirement stems from the need for spacecraft to conserve
heat, and thus battery power, when not exposed to sunlight (“darkside”), to reflect
heat when facing the Sun, and, on occasion, to emit excess heat on the darkside.
The two major extant technologies, mechanical louvers and various variations of
heat pipes (e.g. loop heat pipes), are expensive and increasingly inept in handling
the higher heat load requirements of modern electronics (3). Furthermore, their
size and weight make them unusable for microspacecraft (typically of weight <
50 kg), which are the trend in future spacecraft; launch costs, i.e. weight,
represent a major cost component in spacecraft. They are also unusable for
specialized military applications such as space-based radars. With the US alone
launching > 100 spacecraft per year, the need thus remains urgent. The key
requirement is materials with a large, dynamic variation in emittance, 4¢ > 0.4,
coupled with a low solar absorptance, afs) < 0.4. Additional requirements are of
course durability in a space environment, e.g. 10 Torr, + 75 °C, radiation, Solar
Wind (charged particles), micrometeoroids, etc..
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The military requirement (3) stems from the need for countermeasures
against common missiles, e.g. anti-tank and air-to-surface missiles, nearly all of
which use IR-homing sensors operating at 3 to 5 um built into their radomes for
final target selection. There is currently no countermeasure against these. These
sensors are to be distinguished from common night-vision devices, which are
merely image intensifiers operating in the near-IR (to 1.5 pm). The requirements
for military uses include a reflectance (specular and diffuse) variation of > 30%
in the 3 to 5 pm and 8 to 12 pm regions, switching times < 3 s, and individual
control of devices (“pixels”) in arrays of up to 100.

Conducting Polymer (CP) Electrochromics: Following the first report of
significant, dynamic IR electrochromism in CPs (4), we reported recently briefly
on its applications (5). Here, we report in detail on the use of these CP IR-
electrochromics in a thermal control panel on NASA’s STS microsatellite-
constellation mission, to be launched in early 2004, and in anti-missile IR-
countermeasures.

Features of the Technology: The patented (6) technology features
electrochromic flat panels which are thin (< 0.5 mm), flexible, lightweight (160
mg/cm?), entirely solid state, of variable area (1 cm® to 0.5 m?), low power (< 40
pW/cm? in normal operation), high physical durability, and very low cost (US$10
K/m* vs., e.g., US$200 K/m? for mechanical louvers).

Experimental

Materials and Device Assembly: These have been described in detail
elsewhere (5-6). The electrochromic device essentially comprised a layer of solid
electrolyte sandwiched between two electrodes. Each electrode comprised the CP
electro-deposited on a Au/microporous membrane substrate, with the thickness of
CP on the bottom, counter electrode about 5 X that on the top, working electrode,
thus giving the system high Faradaic reversibility (Figure 1). The CP was a
diphenyl amine-aniline copolymer, the dopant a pendant-sulfate-group containing
polymer, and the microporous membrane typically poly(vinylidene fluoride) of 0.4
pm poresize (5-6). For spacecraft use, a CsI window (transparent 0.5 to 40 um),
coated with indium tin oxide (ITO) for ESD protection, was used, with the devices
hermetically sealed in vacuo at 60 °C (5-6). This vacuum hermetic seal was a
painstaking procedure requiring 9 months to refine, since the solid electrolyte
required some residual water content to function (5-6). For military use, no
vacuum hermetic seal was required and the Csl window was replaced with a heat-
laminated polyethylene window.

In Chromogenic Phenomenain Polymers; Jenekhe, S., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: August 17, 2004 | doi: 10.1021/bk-2005-0888.ch005

Downloaded by NORTH CAROLINA STATE UNIV on September 7, 2012 | http://pubs.acs.org

69
_-Working electrode (CP/Au/i/P-membrane)

EESI————_Solid Electrolyte
-Counter electrode (CP/Au/uP-membrane)

; - GONNECTORS
povyioend P st S
. <= COUNTER
ELECTRODE
(CP on Auon
membrane)
.z _soup
S ELECTROLYTE
oEsERVER
[FRONT] [BACK]
ENCAPSULANT
WORKING ELECTRODE / * CONDUCTING POLYMER
(CP o1 Aus on micraporous (CP) FiLM
membrane)}

Figure 1. Schematics of electrochromic device. The ITO-coated Csl window in
the spacecraft devices is not shown.

Electrochemical Control and Reflectance, Emittance and Solar
Absorptance Measurements: A Princeton Applied Research (PARC) Model 263
potentiostat with PARC’s 270/250 software was used for preliminary voltammetric
characterization and to control devices for spectral measurements. /n-situ (i.e. as
a function of applied potential) Specular IR (16° incidence), Diffuse IR, and
Diffuse UV-Vis-NIR (0.2 to 1.1 um) reflectance measurements were carried out,
respectively, on a Perkin-Elmer (P-E) Model 1615 FTIR, a Bio-Rad FTS 6000
FTIR and a P-E Model Lambda 12. Vendor-supplied mirrors or Au surfaces, as
appropriate, were used as references. In-situ emittance and solar absorptance
measurements were carried out, respectively, on an A-Z Tek Model Temp 1000A
emissometer (2.5 to 45 pum range) and a Gier-Dunkle Emissometer Solar
Absorptometer (0.3 to 2.5 um range).

Thermal Cycling, “Thermal Vacuum” and Calorimetric Measurements: As
a first qualification, spacecraft devices were cycled between -70 and + 75 °C at 10°
¢ Torr with gradients of 2 °C/min and dwell times of 10 mins for 200 cycles.
Calorimetric measurements of modulation of the heat transfer under high vacuum
(10° Torr) from a heater placed behind a device to a cold plate in front of the
device (cf. Figure 5) under a thermal shroud were carried out in a dedicated,
specialized apparatus at JPL.
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Radiation, Solar Wind (charged particles) Exposure, Outgassing and Other
Space Durability Tests: A Co(60) y-radiation source and the JPL measurement
facility were used. For Solar Wind, the facility at NASA-Goddard was used, with
fluxes of 1 X 10" p/em* @ 5 KeV and 6.5 X 10" e/cm? @ 10 KeV, and
IR/Visible reflectance and emittance monitored. For outgassing tests, an effusion
chamber facing four quartz crystal microbalances (QCMs) and incorporating a
residual gas analyzer having a quadrupole mass spectrometer with a range of 1 to
511 AMU and a detection limit of 10" Torr (for N,) was used. Based upon mass
impingement rate onto the QCMs and the transport (view) factor, outgassing rates
and identities of outgassing species at various temperatures could be determined.
Other space durability tests included 500 h UV exposure, shelf life (6 months),
vibration, EMI/EMP, and similar tests per standard NASA procedures (3).

Terrestrial IR:: A FLIR Systems FLIR Systems Model MilCam XP (3to §
pm) was used. Data were collected under a variety of backgrounds, e.g. foliage,
sand, sky, water, dir/earth, and scenarios, e.g. no heat (total darkness), heat from
behind (e.g. warm tank), cool from behind (e.g. cold tank), heat from front (e.g.
flare), and day/night.

Results and Discussion

Features of Technology and Principle of Operation

The features of the technology have been described briefly in the Introduction
above. The extreme physical durability of the devices -- imperviousness to

1‘ 0
(b) 0.0V

(c) +0.8 V

Figure 2. Photos of terrestrial device showing imperviousness to
bending/distortion in actual operation, and also Visible color changes (as
Sfunction of applied voltage indicated).
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flexing/bending while in active operation -- are seen in the photos of a terrestrial
device Figure 2. This figure also shows the typical Visible-region color changes.

The principle of operation of the IR electrochromism comprises modulation
of the reflectance of the underlying Au layer on the working electrode (Au is the
most IR-reflective material known) by the overlying CP layer as a function of
applied potential. However, as we noted in an earlier communication (5), within
the purview of this modulation by the CP/dopant, scattering effects due to
morphological changes on doping/de-doping (i.e. in particle size, approximating
the IR wavelength) are also involved.

Summary of Spectral, Thermal, Space Durability and Switching Data

Figures 3 a, b, ¢ summarize the typical spectral IR and Visible region
spectral properties of devices. The large light/dark variation (“dynamic range”) is
clearly seen therein as well. An interesting property, discussed at length in
conjunction with electrochemical data in one of our earlier communications (4),
is that the Visible- and IR-region reflectances vary in tandem between applied
potentials of -1.1 V and 0.0 V, but behave in an opposite fashion between 0.0 and
+0.8 V. As we discussed earlier (5a), this is due to transitions between the various
poly(aniline) states: reduced non-conductive leuco-emeraldine, partially oxidized
conductive doped-emeraldine, and highly oxidized and again non-conductive
pernigraniline.

Table I shows typical emittance data for two devices. The emittance data may be

compared with the variation observed in extant mechanical louvers, ca. 0.16 to
0.56 (4e = 0.4) (3). We aiso note that, to the best of our knowledge, these
dynamic range (i.e. light/dark electrochromic contrast) values, e.g. > 50%
Reflectance at 3 to 12 um (Figure 3) and Ae > 0.5 (Table I), represent the largest
dynamic (i.e. switchable) IR signature variation in any material.

Table I: Typical Emittance Data

Device Designation Applied Voltage (V) € de
Ka_007ad -0.7 0.21

+0.2 0.69 0.48
Kb_046ad -1.2 0.25

0.0 0.79 0.54
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Figures 3. Typical IR specular reflectance (a), IR diffuse reflectance (b) and

UV-Vis-NIR reflectance (c) electrochromic data, applied potentials as shown.

The diffuse reflectance data also show the effect of y-radiation, at exposures
indicated (“top group”= light state, “bottom group”= IR dark state).

Figure 4. (a): Typical spacecraft device. (b) 4-device panel to be flown on the
STS.
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The spacecraft devices passed all space durability tests outlined in the
Experimental section above. In the case of the Solar Wind, devices passed “static”
tests; “dynamic” tests, i.e. switching the devices actively and monitoring their
reflectance while under Solar Wind irradiation, are in progress. Calorimetric
“Thermal Vacuum” tests, monitoring the modulation of heat transfer from a heater
placed behind a device to a heat sink in front of it (Figures 5) showed the
calculated emittance behavior in vacuo and under test was identical to that
measured with the A-Z Tek instrument outside the test setup. Six electrochromic
panels, of the type depicted in Figure 4b, together with two rad-hard Controllers,
are being delivered to NASA. Each of these will undergo the full gamut of space
durability tests outlined in the Experimental section above. They will also undergo
additional vibration, EMI/EMP, micrometeoroid, and 500 h of thermal cycling
tests prior to their being declared flightworthy. Although the space viability of the
technology will be firmly established with these tests, the 2004 spaceflight remains
an important, psychological technology barrier. In this respect, it is noted that the
STS mission is purely experimental, with, e.g., the thermal control panel not being
mission-critical.

Room temperature switching times, per the standard literature definition (1),
were ca. 30 s for the space devices and < 2 s for the terrestrial devices, the longer
times for the former being due to the more desiccated state of the solid electrolyte
in them. At -35 °C switching times were ca. 20 minutes. Cyclabilities (1), were
> 10* cycles for all devices.

Figure 5. (a) Test setup for Thermal Vacuum and calorimetric tests. (b) Typical
results. Black curve labeled “Emissivity” is calculated Emittance based on
thermal data.
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Controller

The design of a proper Controller for control of arrays (e.g. up to 100 devices
each orarea 5 cm X 5 cm) is critical to both terrestrial and space applications. The
use of a continously applied DC power source is to be avoided, since the
electrochemical “wear and tear” on the active electrochromic (the CP) in such a
case is large, greatly reducing the device lifetime. Our Controller periodically
“interrogated” each device in an array for its Open Circuit Potential (OCP),
compared it to the value desired, and then applied a short (typically 50 ms)
overpulse to bring the device closer to its desired OCP; it then re-interrogated it,
etc., with each device in an array being addressed serially in this fashion.
Further, the space-use Controller needed to be constructed of radiation-hard (rad-
hard) parts. In our work, the Controller was a modular unit separate from the
electrochromic device panels and connected thereto with a simple rad-hard
harness. A non-rad-hard version was first constructed and tested. The rad-hard
version used a rad-hard 80C51 microprocessor programmed in C++ (due to the
length of time in space qualifying microprocessors, these versions are typically
three years behind the commercial market -- e.g. even the updated Hubble
telescope still uses a 386 processor). The Controller was interfaceable to both a
PC, for testing, and the spacecraft computer. Figure 6 shows a Controller under
test with an STS 4-device electrochromic panel.

Figure 6. Non-rad-hard Controller under test with ST5 electrochromic panel.

The STS Mission

NASA’s ST5 mission comprises three identical micro-spacecraft flying in
constellation in a 3-month mission. Each spacecraft is 20 kg, and of 45 cm
diameter X 20 cm height. It is a purely experimental mission, the first
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microspacecraft constellation mission ever and is thus a proof-of-concept
demonstration. Launch is scheduled for early 2004. The flight path will include
frequent traversing of the van Allen radiation belts. The specifications for our
electrochromic panels a panel dimension of 9 cm X 10 cm, maximum weight of
350 g (of which 190 g for the panel and 160 g for the separate Controller), power
of 217 mW (normal operation) and 365 mW (peak transients), and of course
passing all space durability tests. The basic performance specs are 4¢ > 0.4, a(s)
< 0.4, switching times < 30 s, temperature durability -70 to + 85 °C, operating
temperature - 40 to + 60 °C. Figure 7 shows pictures of one of the microsatellites,
which, as seen, is just the size of a birthday cake; it also depicts the three satellites
flying in constellation. The space labeled “Thermal Control System” in the first
photo is where our electrochromic panel will be placed on each satellite. It is
important to note that this is a technology demonstrator rather than a mission-
critical thermal control panel. Nine panels (one flight article, and two backups)
and two rad-hard Controllers (one flight article and one backup) are being
delivered to NASA. Each item will undergo again all the space durability tests
outlined in the Experimental section above, including. Additional tests will
include further vibration, EMI/EMP, and extended (500 h) thermal cycling and
calorimetric measurements. Although the technology has essentially already been
pre-qualified for space use on the ground, the 2004 demonstrator spaceflight
remains an important, psychological technology barrier to be passed. Other issues
we continue to address on the ground meanwhile include further optimization of
the 4e, and, with a view to commercialization, reduction of the “attrition” (loss)
rate of devices during production and qualification, which still runs > 50%.

Military Applications

One must needs start the discussion of the military application with a small
caveat: We are not talking about the night vision cameras and devices of the type
typically seen in newsreels. Those are image-intensifiers, working in the near-IR
(to 1.5 pm) and costing as little as US$500. Quite simply, they cannot work in
complete darkness. Rather, we are addressing the large stockpile of common,
cheap missiles (i.e. not the intercontinental kind). These include common anti-
tank and air-to-surface missiles, of which the current US stockpile alone is
estimated at > US$3 billion. These missiles typically have a 3 to 5 pm IR sensor
built into their radomes (which use sapphire or ALON windows), and use it for
Jfinal target selection. The targets needing protection include all craft (ships, tanks,
trucks, etc.) and personnel (e.g. soldiers’ textile uniforms). There is currently
no technology available to address this IR-sensor countermeasure.
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Figure 7. (Left, top): One of the STS microsatellites (“Thermal Control Area”
is where our electrochromic panel will sit). (Right, top): Size of satellite.
(Bottom): Depiction of satellite constellation orbit.

To be meaningful, IR countermeasure data must be collected under a variety
of backgrounds: Foliage, sand, sky, water, dir/earth. And a variety of scenarios:
no heat (total darkness), heat from behind (e.g. warm tank); cooling from behing
(e.g. cold tank); heat from front (e.g. flare); and, lastly, under both day and night.

Figures 8-9 show sample military camouflage data under many of the above
backgrounds and scenarios, as labeled. These were taken with an IR camera
operating in the 3 to 5 um region, and a standard Visible-region digital camera
(for the Visible analogs). The device shown exhibited a AR (specular reflectance)
at 5 pm of about 50%. What is to be noted is the matching of the device to the
surround background (on the periphery of each photo). It can be seen that this is
truly excellent.

Other Electrochromic and Thermal Control Technologies
Subsequent to our original work in 1995 (4), Topart’s group (7) reported on

the IR electrochromism of a P(ANi)/(CSA)/liquid electrolyte (1.0 M HCIO,)
system. They observed a dynamic range for Specular reflectance of ca. 35% at 10
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pm. These appeared to be static measurements, taken after the active
electrochromic film was first brought to a specific potential and then introduced
into the spectrometer. More recently, the Reynolds group presented some IR
Reflectance data for “PEDOT” CPs in the 0.2 to 5.0 pm region (8), using an
archaic, liquid-electrolyte, device design borrowed, with due acknowledgment,
from our patent (4). The type of Reflectance, i.e. Specular or Diffuse,
hemispherical or not, was not specified. They reported dynamic ranges of ca. 40%
Importantly, however, they stated that they subtracted the absorption of the
window assembly they used, which would greatly increase the dynamic range. In
contrast, our data are direct, raw data and have no such “correction”

Some of the earliest attempts at IR electrochromism incorporated the use of
phase change materials, e.g. poly(vinyl stearate), poly(dodecene) and
poly(octadecene) and an IR emitter (i.e. heater). More recent work from the
Daimler-Benz Dornier Aerospace GmbH group used a specular mirror approach
with WO; as the active electrochromic and Ge windows, and Li-ion based gel
electrolytes.’™” A group at EIC Laboratories fabricated WO, devices based on the
earlier Dornier/Daimler work (9). Notably, these devices yielded a 4e of <0.15,
were heavy, had cyclabilities of not more than a few hundred cycles, and burst in
vacuum durability tests. Innovative approaches for spacecraft application, such as
the Johns Hopkins Applied Physics Lab’s (70) pm-sized “micro-louvers”, suffer
from problems of fragility and dust-failure. A more detailed discussion of these
alternative technologies was presented by us elsewhere (5). Suffice it to say that
none of them achieve 4€’s of > 0.3, while also being space-incompatible.

Dark (0.0V) oy Light (:0.9v)

Figure 8. Sample military camouflage data: IR pictures (3 to 5 um region)
showing camouflage of selected targets (top right Visible for reference). Note
excellent match of device (circled) to background in one of its states.
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Conclusion

In conclusion, we have demonstrated the largest dynamic IR and thermal
signature variations in any material, to our knowledge. Actual applications in a
spacecraft mission (launch 2004) and in military camouflage are presented.
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Chapter 6

Chromic Transitions and Nanomechanical Properties
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Polymerization of ultrathin films containing the diacetylene
group has produced a variety of robust, highly oriented, and
environmentally responsive films with unique chromatic
properties. We present recent developments in the preparation
and analysis of ultrathin poly(diacetylene) layers on solid
substrates, one to three molecular layers thick. This chapter
reviews the structural properties, mechanochromism, and in-
plane mechanical anisotropy of these films. Atomic force
microscopy (AFM) and fluorescence microscopy confirm that
the films are organized into highly ordered domains, with the
conjugated backbones parallel to the surface. The number of
stable layers is affected by the head group functionality. Local
mechanical stress applied by AFM and near-field optical
probes induces a transition in the film at the nanometer scale
involving substantial optical and structural changes. In
addition, we show that AFM reveals the relation between the
highly anisotropic character of the chromatic polymer
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backbone and the associated mechanical properties. In
particular, we observe that friction depends dramatically upon
the angle between the polymer backbone and the sliding
direction, with the maximum found when sliding perpendicular
to the backbones. The observed threefold friction and
associated structural anisotropy also leads to contrast in the
phase response of intermittent-contact AFM, indicating for the
first time that in-plane anisotropy of polymeric systems in
general can be investigated using this technique.

Introduction

Ultrathin organic films, prepared through methods such as Langmuir
deposition or self-assembly (/,2), offer the possibility of tailoring the optical,
mechanical, and chemical properties of surfaces at the molecular scale. Such
control of surface properties is required to implement micro- and nano-scale
sensors, actuators, and computational devices. Materials that change in response
to external stimuli are especially important for such applications.
Poly(diacetylene)s (PDAs) (3) merit particular interest as these molecules exhibit
strong optical absorption and fluorescence emission that change dramatically
with various stimuli, namely optical exposure (photochromism) (4-7), heat
(thermochromism) (8-12), applied stress (mechanochromism) (7,13-15), changes
in chemical environment (/6,17), and binding of specific chemical or biological
targets to functionalized PDA side chains (affinochromism/biochromism) (18-
20). These transitions, along with other properties such as high third-order
nonlinear susceptibility, interesting photo-conduction characteristics, and strong
nanometer-scale friction anisotropy(2/), render PDA a uniquely interesting
material.

Optical absorption in PDAs occurs via a n-to-n* absorption within the linear
n-conjugated polymer backbone (3). Frequently the first chromic state of the
PDA appears blue in color. The chromic transitions described above all involve
a significant shift in absorption from low to high energy bands of the visible
spectrum, so the PDA transforms from a blue to a red color. The mechanism
behind these transitions is not fully established. It is believed that 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 (3,9).
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In this chapter, we discuss the Langmuir deposition of ultrathin PDA films
and the subsequent measurement of their structural, optical, and mechanical
properties at the nanometer scale. By altering the head group functionality, we
can choose between mono- and tri-layer PDA film structures. We then show that
we can use the tip of an atomic force microscope (AFM) or a near field scanning
optical microscope (NSOM) tip to locally convert the PDA from the blue form
to the red form via applied stress. This represents the first time that
mechanochromism has been observed at the nanometer scale. Dramatic
structural changes are associated with this mechanochromic transition.

AFM measurements also reveal strongly anisotropic friction properties that
are correlated with the orientation of the conjugated polymer backbone. The
threefold contrast in friction and the associated mechanical anisotropy produces
unexpected contrast in intermittent-contact atomic force microscopy (IC-AFM).
In IC-AFM, the cantilever tilt breaks the tip-sample rotational symmetry and
enables measurements of in-plane anisotropic forces. The anisotropic forces
result in varying energy dissipation depending on the cantilever-sample
orientation, yielding phase contrast. The unique anisotropic properties of PDA
have therefore allowed us to demonstrate very generally that in-plane properties,
as opposed to the commonly discussed out-of-plane properties, can be measured
with IC-AFM.

Experimental

Film Preparation

Details of our materials and sample preparation are described elsewhere
(22). Briefly, diacetylene molecules with two distinct head groups were made
into separate films (Fig. 1). The first, 10,12-pentacosadiynoic acid (PCDA) (I)
(Farchan/GFS Chemicals) was received as a bluish powder which was purified to
remove polymer content. The second molecule, N-(2-ethanol)-10,12-
pentacosadiynamide (PCEA) (ITI) was prepared by coupling ethanolamine with
10,12-pentacosadiynoyl chloride in tetrahydrofuran and triethylamine. The acid
chloride was prepared from the PCDA using oxalyl chloride in methylene
chloride. PCEA was isolated by flash column chromatography on silica gel (25%
ethylacetate/hexanes, Ry = 0.23).

Langmuir film preparations were performed on a Langmuir trough (Nima)
which was situated on a vibration isolation table inside a class 100 clean room.
The pure water subphase was kept at 15 + 0.2 °C. Diacetylene monomers were
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Figure 1. Left: PCDA (I) and PCEA (II) molecules. Middle: schematic of
molecular orientation of II and its subsequent conversion to poly(Il) upon UV
irradiation. A hydrogen bonded network at the headgroup position in the
monolayer is drawn. Right: poly(I) in its trilayer form. Hydrogen-bonded
carboxylate dimers bind the top two layers to each other, and the lowest layer is
bonded to the substrate through hydrogen bonds. Van der Waals’ interactions
bond the lowest and middle layers.

spread on the water surface in a 50% chloroform/benzene solution. All films
were incubated for 10 — 15 minutes at zero pressure prior to compression.

For polymerization at the air-water interface, the films were compressed to a
surface pressure of 20 mN/m, then equilibrated for 20 — 30 minutes. UV
irradiation of the compressed films was performed with a pair of pen lamps
(Oriel). UV exposure was controlled by setting the lamp height above the air-
water interface and choosing specific exposure times as described elsewhere
(22). A few minutes after UV exposure, the water was slowly drained off by
aspiration. The films were laid down on mica (freshly cleaved) or silicon
(piranha-cleaned) substrates that were pre-submerged horizontally in the aqueous
subphase before monolayer spreading. The substrate was then removed and dried
in clean room air. This horizontal transfer method proved to be the most
effective for producing high quality films, as polymerization creates a degree of
rigidity in the film on the water surface. This rigidity renders vertical transfer
methods unreliable as the films would not uniformly compress during vertical
transfer.

Instrumentation

A Nanoscope IIIA AFM (Digital Instruments) operating in contact mode
was used to obtain topographic and friction force images. The same type of
AFM was used to obtain IC AFM measurements. AFM data were acquired under
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laboratory ambient conditions. Silicon nitride cantilevers (Digital Instruments)
with a nominal normal force constant of 0.06 N/m were used for all contact-
mode measurements. For IC-AFM images, Si cantilevers were used. A novel
home-built NSOM (23) was used to simultaneously observe sample fluorescence
with sub-wavelength resolution as well as normal forces and shear forces. The
tips used were Al-coated etched optical fibers.

Results and Discussion

Film Structure

Pressure-area isotherms indicate the amphiphiles of I and II on pure water
both had identical take-off areas of 25 A%molecule, corresponding to the
molecular cross-section of the hydrocarbon-diacetylene structure. The film of I
collapses at low pressure (~12 mN/m), but upon over-compression reaches a
stable solid phase with a limiting molecular area of ~ 8 A¥molecule. This over-
compressed state corresponds to a stable trilayer structure. The film of IT was
stable as a monolayer with a collapse pressure of ca. 35 mN/m and an
extrapolated molecular area at zero pressure of 25 A%molecule. After
equilibration, films were polymerized to the blue-phase by exposure to incidence
powers of 40 uW/cm” for I and 23 uW/cm?® for II over a period of 30 sec. Red-
phase films were produced by exposing the trilayer of I to 500 pW/cm’ and the
monolayer of IT to 40 pW/cm? for 5 min.

AFM images of the blue- and red-phase forms of poly(I) and poly(II) on
mica or silicon substrates confirm that the coverage for all films was nearly
uniform for the entire substrate. Over 95% of the transferred film was flat to
within £0.5 nm, with up to 100 um crystalline domains observed. AFM
measurements confirmed that films of I and II formed trilayers and monolayers
respectively. There were distinct height differences between the blue- and red-
phase films of both I and II. The heights of the blue- and red-phase trilayers of
poly(I) were measured at 7.4+0.8 and 9.0+0.9 nm, respectively. The blue- and
red-phase poly(IT) monolayer films had similarly proportional height differences
of 2.7+0.3 and 3.1+0.3 nm, respectively. The films possess highly aligned
striations corresponding to small height variations of ~2A discussed further
below, and similar to previous reports (9). These striations appear to be small
variations in density or side chain tilt angle and are aligned with the polymer
backbone direction, as confirmed with polarized fluorescence microscopy.

These results provide insight into the stabilization of diacetylene films. The
headgroup interactions and alkyldiyne chain stacking should dominate the film
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structure of the monomeric diacetylene Langmuir films. The ability of the amide
headgroup of II to form lateral intermolecular hydrogen bonded structures (Fig.
1, center), similar to B-sheets in proteins, may explain the stability of this
monolayer film on pure water. In contrast, I films on pure water are unstable as
monolayers but stack favorably into trilayers. Carboxylic acid dimer formation
aids in stabilizing this structure. Indeed, stable bilayer islands are commonly
observed on top of the I trilayer. Thus, by altering the head group, we can
control whether the resulting film will be structured as a monolayer or a trilayer.
Further details of the film preparation and structure are published elsewhere
(22).

Mechanochromism

The blue-to-red transition can be activated at the nanometer scale using
NSOM or AFM tips on both the trilayer poly(I) and monolayer poly(II) (7,24).
Fig. 2 shows simultaneous NSOM topography and fluorescence images on a blue
poly(I) film. In the first scan (left pair), no fluorescence is seen over the flat
PCDA region. In the subsequent scan (right pair), topographic changes are
created, and localized fluorescence emission is produced. A fluorescence
spectrum obtained over this region reveals the spectral fingerprint of red PCDA.
These observations were reproducible. In general, when this transition is
observed, the fluorescent regions grow in size with each image acquired.

The blue-to-red transition has also been produced using AFM tips with both
trilayer poly(I) and monolayer poly(II) blue films (Fig. 3). With AFM, local
topographic changes, discussed below, are observed in-situ. These changes
indicate the transition is taking place. By creating a large (>1 pm) red region, ex-
situ fluorescence microscopy is used to confirm that a red region has been
created by the AFM tip. With both AFM and NSOM, normal forces alone are

Fluorescence Fluorescence

Topography Topography

3

Scan 1 Scan 2

Figure 2. NSOM shear force topography and simultaneous fluorescence images
(2.4x2.4 um?) showing tip-induced mechanochromism.
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Figure 3. 10x10 um’ topographic AFM images showing tip-induced patterning
of red PCDA domains. (a) Initial image of a blue film. (b) Final image with a
patterned red region. The backbones are oriented in roughly the vertical
direction. The patterning was formed by multiple, high-load scans within the
patterned region. The black arrow indicates a bilayer island that has grown in
size after patterning. (c) Far-field fluorescence image of the same region.
Characteristic red PCDA fluorescence is localized within the patterned region.

not sufficient to cause the transition. Shear forces must also be applied, i.e.
during the scanning process, to produce the blue-to-red transition. In all cases,
the observed transitions are irreversible up to at least several months.

The transformed regions consistently exhibit higher friction, increased
roughness, and a surprising height reduction of typically 40-50% of the original
film height. High resolution images of the transformed regions, however,
consistently reveal backbone-related striations. This indicates a substantial
degree of preservation of the conjugated backbone despite the dramatic height
reduction. No such structural change for other types of PDA have been
previously reported. While this height reduction could be explained by a removal
of one or more layers in the trilayer poly(I) film, this cannot explain the
comparable height reduction for the monolayer. One possibility is that some
molecules are removed during the transformation process, and the remaining
molecules substantially increase the tilt angle of the hydrocarbon side chains.
The all-trans nature of the side chains may also be strongly disturbed, but the
backbone structure remains. This increased tilt angle and conformational
changes allow stress within the backbone and side chains to be relieved as
discussed below. This picture is consistent with the observation via AFM that the
backbones remain in tact, and the film is greatly compressed. It is also consistent
with the observation that friction force between the tip and PDA sample is higher
over the transformed region, since highly tilted and defective side chains would
expose more methylene groups to the tip, as opposed to the terminal methyl
groups with have a lower surface energy.

In Chromogenic Phenomenain Polymers; Jenekhe, S., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Downloaded by UNIV OF GUELPH LIBRARY on September 7, 2012 | http://pubs.acs.org

Publication Date: August 17, 2004 | doi: 10.1021/bk-2005-0888.ch006

89

Figure 4. Series of 1xI um’ topographic AFM images of blue PCDA showing
the progressive growth of the tip-induced red domains. In the first scan,
striations indicative of the polymer backbone direction are observed. By the
Sourth scan, a topographically distinct (i.e. lower) region, only 30 nm wide,
appears. This region continues to grow in subsequent scans.

The blue phase therefore appears to be a metastable phase. On the Langmuir
trough, the high registry of the diacetylene packing permits rapid topochemical
polymerization of the diyne monomers to the ene-yne conjugation upon UV
illumination resulting in the blue-phase polydiacetylene. Little change in the
amphiphile packing, and thus little reorientation of the alkyl side chains occurs.
However, the hybridization change from sp to sp® for the terminal alkyne
carbons creates a stress on the polymer as a result of the 180° to 120° bond angle
conversion (see Fig. 1). With initial UV illumination to create the blue form,
significant molecular stress is built into the film. At higher degrees of
polymerization, or with the application of mechanical stress or heat, the film’s
original structure breaks down as the alkyl chains of the blue-phase polymer
reorganize to accommodate the bond angle conversion. In the case of UV
polymerization or heating, this yields a closer packing (film contraction) and
reorientation (vertical height increase) of the alkyl chains. In the case of
mechanochromism, this leads to a totally different collapsed film structure.

These reorganizations, although thermodynamically more stable, produce a
loss of m-conjugation and results in the red form of the polydiacetylene. These
results are consistent with recent NMR investigations by Lee ef al. (12) which
show that the blue-to-red thermochromic transition in other PDA bulk samples
involves a release of mechanical strain on the backbone and reorganization of
the side groups. Furthermore, FTIR data of Lio et al. (9) and *C NMR data of
Tanaka et al. (25) suggest that some of the tilted side chains rotate toward the
surface normal in the red phase for thermochromic films. Theoretical
calculations indicate that a rotation of only a few degrees about this bond
dramatically changes the n-orbital overlap (26), causing a significant blue-shift
of the absorption spectrum. Recent molecular modeling studies (24) of PDA
oligomers also show that a loss of backbone planarity leads to shifts in
absorption spectra corresponding to the blue-to-red transition.
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Friction Anisotropy

AFM measurements demonstrate that the films possess strong friction
anisotropy (21). For example, measurements on the red poly(II) monolayer (Fig.
5(a) and 5(b)) reveal a domain structure. The friction force varies substantially
from one domain to the next, and is nearly uniform within each domain. The
topographic image reveals an essentially flat film. As mentioned above,
topographic images within a single domain reveal parallel striations of varying
width and uniform direction (Fig. 4). These striations are associated with the
direction of the underlying polymer backbone, and allow us to determine the
relative angle between the sliding direction and the backbone direction.

By measuring the friction force at the same load for different orientations,
we find that friction is lowest when sliding parallel to the backbones, and 2.9
times larger when sliding perpendicular (Fig. 5(c)). This dramatic effect may be
due to anisotropic film stiffness caused by anisotropic packing and/or ordering of
the alkyl side chains, as well as the anisotropic stiffness of the polymer backbone
structure itself. Along the backbone direction, the conjugated polymer bonds
provide a rigid link between alkyl chains (Fig. 1). However, the spacing between
alkyl chains linked to neighboring backbones is determined by weaker interchain
van der Waals’ forces and head group-substrate interactions. In other words, the
lack of covalent bonding between neighboring polymer chains allows some
freedom in their spacing, consistent with previous studies of a similar PDA film
(9). Variations in film density would also explain the typical film height contrast
of ~ 2A due to the striations observed in Fig. 4 (27).

A simple model for a scalar in-plane anisotropic tip-sample interaction force
Fin—piane is an isotropic dissipative force F;, plus an anisotropic term that varies as
sin(6) with maximum value F:

+»;{

3§ § 8 o
angle (°)

Figure 5. (@) 50x50 um* AFM topography image of a red poly(I) monolayer.
(b) simultaneous friction image. The friction image reveals the different
domains. White arrows indicate the domain orientation. (c) Friction force (raw
signal units) vs. angle. 0° indicates sliding parallel to the backbone direction.
The standard deviation is used for the friction error bars. The solid line
represents the fit of Eq. (1) to the data.
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F;n—plane = F'l + F;.Ism(gj (1)
where 6 represents the domain orientation. The anisotropic term is consistent
with the notion that the frictional work done is equal to the vector dot product of
the distance traveled and a force that only acts perpendicular to the backbones.
The absolute value is used to ensure that this contribution is positive. Eq. (1)
provides a consistent fit to the data as shown in Fig. 5(c), giving F, = 77 mV
and F, =144 mV (uncalibrated raw signal units). Thus, according to the fit, the
total friction anisotropy is f;_ = EL?L =29

1
The anisotropic contribution F, may have several sources. Lower stiffness
along the perpendicular direction may lead to larger molecular deformation when
sliding in that direction, and thus a larger contact area, more gauche defect
creation, and more bending of the hydrocarbon chains. These would all
contribute to larger friction forces (28).

Imaging In-Plane Anisotropy with Intermittent Contact AFM

In IC AFM, the AFM cantilever is driven at or near its resonance frequency
so that the tip oscillates with respect to the substrate. The tip makes contact with
the sample for a small portion of its cycle, and the reduced amplitude that results
is used as a feedback signal to map out the topography of the sample. The
corresponding phase shift between the drive and response is monitored
simultaneously, and is generally considered to be a map of dissipation during
compression of the sample along the sample normal.

Fig. 6(a) shows an IC AFM topographic image of a PCEA monolayer film
with large domains (29). Islands of extra PCEA layers are also visible. As with
contact-mode AFM, each domain can be identified in the phase image by the
orientation of the striations along which the PDA backbones lie (9,22). The
typical phase ¢ in Fig. 6(b) is approximately 116° (30). Given that the properties
of PDA films normal to the substrate are highly uniform between domains, it is
surprising that the phase ¢ differs from domain to domain by up to 2° in
Fig. 6(b). The maximum phase @, occurs when the long axis of the cantilever is
parallel to the striations (6= 0°).

Phase shifts in IC-AFM indicate energy loss (3/). When the tip’s motion is
sinusoidal, the power dissipated due to the tip-sample interaction is (3/,32):

- kA>
Py =10 (A inty) ) @

where ¢ is the phase of the oscillation relative to the drive, k is the spring
constant of the cantilever, @y, is the cantilever’s resonance frequency, Q is the
quality factor of the cantilever, 4, is the free oscillation amplitude of the lever,
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Figure 6. Topographic (a) and phase (b) images of a PDA monolayer thin film
on mica. @is the angle between the local PDA backbone striations and the long
axis of the cantilever. The orientation of the cantilever is sketched at the right.
(c) The difference in the sines of the phase angles @, proportional to the
difference in energy loss between domains, versus the difference in the absolute
values of the sines of the angles 6, proportional to the difference in the in-plane
tip-sample dissipative forces.

and A is the reduced amplitude during measurement. We have shown that,
consistent with many IC-AFM measurements, the tip motion is very nearly
sinusoidal in our experiments (29).

From Fig. 6(b) and Eq. (2), we find that the power dissipated is smallest (i.e.
phase- shift largest) when the striations are parallel to the long axis of the
cantilever. In fact, the cantilever loses an extra amount of energy AE=2.4 eV
per cycle in domains where the striations are perpendicular, rather than parallel
to the long axis of the cantilever. The effect observed in Fig. 6(b) can now be
explained by considering the fact that the cantilever is tilted along its long axis
(11° in our case). Therefore, there will be a small but significant component of
tip motion parallel to the sample during each oscillation cycle. The direction of
larger dissipation corresponds, as we would expect, with the direction of high
friction for this component of in-plane sliding. The amount of extra energy
dissipated is roughly 10% of the total energy dissipated through the tip-sample
interaction. That this level of energy loss should occur due to in-plane forces is
reasonable, given that the tip moves in the plane of the sample a distance that is
~20% of the total tip displacement.

Fig. 6(c) is a plot of Asin(g) vs. Asing for the data in Fig. 6(b) (29).
Remarkably, we find that Asin(§) is proportional to Asing, with
proportionality constant ¢ =(1.58+0.05)x107. This linear proportionality is
discussed in detail in reference (29). If Eq. (2) describes the power dissipation,
the observed proportionality is expected. From Eq. (2), the difference in Fiypiane
between two domains / and 2 is simply proportional to
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Alsin( 9)| Elsin(ez)l—-lsin( 6{)|. The difference in power dissipated between two
domains is proportional to Asin(g) =sin(4,) - sin(@,), if we assume that Eq. (1)
correctly describes the in-plane dissipation. We therefore conclude that the
anisotropic forces in our experiment arise from friction, or in addition, inelastic
shear deformation.

We have constructed a model which, unlike previous models of IC-AFM,
takes the tilt of the cantilever into account. The model assumes Hertzian tip-
sample contact, with both in-plane and out-of-plane dissipative components (29).
The key result is that components of motion both normal and parallel to the
sample occur, and therefore in-plane dissipative processes can cause phase
shifts. Using parameters appropriate for our system, we solve for the steady state
motion of the tip. The model indicates a maximum tip-sample - in-plane tip
motion of 549.9+0.1 pm parallel to the sample. The distance ¢ is extremely
small, and it is difficult to make firm distinctions between friction and shear
deformation at such a small scale, as discussed below. The important result is
that Jis virtually independent of the in-plane damping. Furthermore, the model
produces a nearly sinusoidal tip motion, indicating that Eq. (2) remains valid for
the tilted-cantilever geometry.

In principle, modeling can be used to quantitatively associate the measured
phase shifts with the dissipative in-plane properties of the material being imaged.
These properties are friction (as quantified by the interfacial shear strength 7
between the tip and sample) (28) and dissipative shear deformation (due to
viscoelasticity of the sample, as quantified by the loss tangent of the material,
tanA) (33). Both of these mechanisms contribute to the observed dissipation and
so we cannot explicitly separate them in our data. However, we can use our data
to determine the upper limits of 7 and tan A by finding the values that result
when attributing all the dissipation to each mechanism respectively. The current
difficulty with this approach is that the phase shifts predicted by our Hertzian
model have the opposite sign to the phase shifts we observe. The reason for this
discrepancy is that we have ignored adhesion in our model. Preliminary results
from modeling that includes adhesion show that the phase shift changes sign and
becomes consistent with our data. A description of this adhesive model is in
progress (34).

Conclusions

We have produced high-quality ultrathin PDA films using a horizontal
Langmuir deposition technique. The number of stable layers in the film is
controlled by altering the head group functionality. The films exhibit strong
friction anisotropy that is correlated with the direction of the polymer backbone
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structure. Shear forces applied by AFM or NSOM tips locally induce the blue-
to-red chromatic transition in the PDA films.

Monolayer films of PCEA exhibit strong threefold friction anisotropy.
Friction is highest when scanning perpendicular to the polymer backbone
direction. We propose that this effect results from anisotropic film deformation
modes.

The highly anisotropic nature of PDA films allows us to show that in-plane
properties of materials can be observed using IC-AFM. This is due to the tilt of
the AFM cantilever which produces a small but significant in-plane component
to the tip’s motion. In the case of PDA monolayers, in-plane friction and shear
deformation anisotropy leads to contrast in the IC-AFM phase image. The results
can be explained using a simple model that incorporates Hertzian contact
mechanics with in-plane dissipation, and may be generalized to the study of
other anisotropic materials.
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Chapter 7

Functional Amphiphilic and Bolaamphiphilic
Poly(diacetylene) Assemblies with Controlled Optical
and Morphological Properties
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Amino acid-terminated amphiphilic and bolaamphiphilic
diacetylene lipids were synthesized and assembled to form
microstructures of varied morphologies. UV irradiation of the
assemblies leads to conjugated polymers with unique optical
properties. Chromatic transition of polydiacetylene materials
in response to pH and thermal effect and their morphological
transformation upon lipid doping are discussed.

Conjugated polymers capable of responding to external stimuli by changes
in optical, electrical or electrochemical properties are of great interest for the
design of various sensors (/-3). They are attractive materials for constructing
direct sensing devices because the signal transducer element (the conjugation
system of the polymer) and molecular recognition moiety can potentially be
built within a single unit, rendering them amenable to microfabrication.
Polydiacetylenes (PDAs) represent one of the most promising chemical
platforms for sensors, especially with colorimetric detection of analytes. The
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delocalized electronic structure allows strong absorption in the UV-visible
range, giving the material a blue appearance. The optical properties of PDA can
be dramatically altered from blue to red by external stimuli such as heat, organic
solvent, pH and mechanical stress (see scheme below). A particularly interesting
stimulus is the binding of biological analytes at the polymer-media interface.

Ry R1 Ry

Y& Ry : AL
Yy /H/H/H’ /H/H/H’
Ry Ry Ry

blue phase red phase
The recognition of a ligand by a membrane-associated receptor or an enzyme
(covalently or non-covalently incorporated into the PDA scaffold) provides the
needed driving force to induce chromatic transition of PDA upon the occurrence
of the interfacial binding event (i.e., biochromism), leading to the birth of
colorimetric biosensors for influenza virus, bacterial toxins and E. coli (4-6).

While the mechanistic detail of chromic shifts of PDAs in response to
various environmental perturbations has been extensively investigated (7-9), the
design of functional PDAs with controlled supramolecular structures and
customized optical properties is still in its infancy. PDA as a sensing material
has limitations, particularly in detection sensitivity, processability and
durability. New chemistries allowing for modification of the PDA systems
should focus on improvements in these areas. For instance, headgroup
derivatization can affect the original color of the polymer in the coplanar
conformation of the ene-yne conjugation backbone, and therefore determine the
type of chromic transition occurring upon the departure from coplanarity ({0).
Attachment of an ionic molecule as headgroup could provide a useful means to
alter the surface charge distribution and hydrophobicity around the recognition
interface, striking a delicate balance between repulsive steric interactions and
attractive van der Waals interactions, and thereby offering the possibility to
optimize the chromatic transition properties (//,12). More effective approaches
involve alteration of hydrophobic lipid core length and the replacement of
amphiphilic diacetylene lipids with a bolaamphiphilic lipid. Strengthening of
hydrogen bonding interactions on both faces of the transmembranic structures
could enhance the crystallinity of the lipid packing arrangement and possibly
lead to the formation of novel microstructures (/3,14).

Much remains to be learned before the true rational design of functional
PDAs can be realized, as either the transducer of chemical and biological
colorimetric sensors or the molecular template of functional composites and
devices with structural control ranging from nanoscopic to microscopic levels.
In this chapter, we will discuss the design and preparation of mono-functional
(amphiphilic) and bis-functional (bolaamphiphilic). PDAs that adopt exotic
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morphologies but retain characteristic optical properties that are commonly
observed with conventional Langmuir-Blodgett film (/5,/6) and vesicular
(17,18) PDA assemblies. Emphasis will be placed on the derivatization of PDA
templates with various amino acids. We will demonstrate that morphological
transformations from extended helical ribbons to organized nanofibers, along
with chromatic transition, can be manipulated via pH control. Transformations
from ribbons to vesicular structures by doping with ganglioside Gy; and
lipophilic cholesterol in a controlled manner will also be discussed.

I. Amino Acid-Terminated Amphiphilic Polydiacetylenes

Monomer synthesis, microstructure formation and characterization
Modification of amphiphilic diacetylene lipids with a series of naturally
occurring amino acids is straightforward. 10,12-Pentacosadiynoic acid was
converted to a succinimidyl ester in the presence of N-hydroxysuccinimide and
EDC, and then coupled with the N-terminus of corresponding amino acids in a
THF/H,O mixed solvent to yield the derivatized lipids through an amide linkage
(Figure 1). The choice of amino acids as headgroup is to create a compatible
surface on microstructures for protein-related sensing applications. In addition,

[o]
CHy' - OH
i NHS, EDC
0 O
CHy = = O-N s
l NHpR' (@mino acide) G
CHg == N-R'

Molecular structure of terminus on the amide end:

u COOH n /</\c0NH2

Hs
H H W %en,
HN, COOH HN, COOH
LHs & L-Ser }{ ey  -HN/\CooH
NH OH
H I » H
N

Figure 1. Synthetic scheme and molecular structures of amino acid terminated
diacetylene lipids.

these optically pure amino acids vary in polarity, allowing surface charge and
hydrophilicity to be manipulated in a broad range and controllable manner. To
obtain lipid microstructures, dried lipid was dissolved in methanol to which
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warm deionized water was added dropwise under vigorous stirring. Prior to
polymerization and colorimetric characterization, the sample was dialyzed
against water using a Spectra/Por membrane tubing to remove residual
methanol. Lipid bilayer vesicles were obtained by hydration of diacetylenic
lipids wusing probe sonication. Photopolymerization of diacetylene
microstructures and bilayer vesicles was realized by UV irradiation at 254 nm.

Figure 2 shows the TEM images of microstructures made from amino acid
terminated diacetylene lipids. For L-Glu-PDA (Fig. 2A), the aggregate consists
of twisted and untwisted ribbons and fibers, with their lengths varying from

Figure 2. TEM images of microstructures made from amino acid terminated
diacetylene lipids. (A) L-Glu-PDA, (B) L-Gin-PDA, (C) L-His-PDA, (D) Gly-
PDA, (E) L-Ser-PDA and (F) L-Ile-PDA. The bar is 0.6 um for (4), (B) and (F);
0.8 um for (C) & (D), 2 um for (E).

several to hundreds of microns. Under UV irradiation, L-Glu-PDA
microstructures readily polymerize to give a dark blue color. L-GIn-PDA lipid
forms similar ribbon shaped microstructures (Fig. 2B). However, the ribbon
assemblies are more uniform in size. The typical ribbon width and thickness is
around 150 nm and 8 nm, respectively. For L-His-PDA, the formation of
extended (up to several microns) helical assemblies was readily observed (Fig.
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2C), with right-handed helical twists averaging 60 nm in diameter. A large
amount of planar platelets coexist with the helices. To verify the headgroup
chirality effect on helical microstructure formation, achiral Gly-PDA lipid was
used as a negative control. As expected, large amount of flat sheets and
platelets without apparent twisting or curvature was obtained (Fig. 2D). L-Ser-
PDA forms open tubular assemblies (Fig. 2E). The average diameter of the
tubules is around 0.2 pm, with an estimated tubular wall thickness around 20
nm. The coexistence of a significant amount of sheets in the sample, especially
the layers wrapped around the open end of the tubules, suggests that the
formation of L-Ser-PDA tubules is through a rolling up mechanism (/8). L-Ile-
PDA lipids, on the other hand, form networks of highly twisted braided ribbons
(Fig. 2F). It is worth mentioning that twisted ribbons are the exclusive
morphology observed with the L-Ile-PDA assembly.

The relationship between molecular structure and the preferential
morphology of a supramolecular assembly is poorly understood. Extensive
experimental studies indicated that chirality, conformation and hydrogen
bonding forming ability of the polar headgroup of a lipid amphiphile are
determining factors. For all the microstructures studied here, hydrogen bonding
exists extensively, with an especially high degree in L-Glu-PDA assembly. The
TEM results here seem to concur that headgroup chirality and the balance of
headgroup size, polarity, and the degree of favorable interactions (e.g. H-
bonding), in addition to the balance of dipolar forces (/9), are critical to the rise
of lipid bilayer curvatures.

Colorimetric properties of amphiphilic PDA microstructures

The polymerization of the organized diacetylene lipid assemblies is a
topochemical process, requiring optimal packing of the diacetylenic segments to
allow propagation of an extended ene-yne conjugation backbone. The
conjugated polymer absorbs light strongly around 650 nm, giving the material a
blue appearance. Considerable investigations have been recently reported on the
chromism of PDA bilayer vesicles and LB thin films (/0), in the light of using
PDA assemblies for colorimetric sensors. Diacetylene lipid microstructures are
structurally similar to their bilayer or monolayer counterparts and possess the
intrinsic features as organized assemblies that should allow topochemical
reaction and polymerization.

It is worth noting that all the amino acid-diacetylene lipid microstructures
studied here could be polymerizable to form blue colored PDAs. However, only
hydrophilic amino acid lipids can readily form bilayer vesicles and allow
polymerization (/7). The intensity of the initial blue color, however, varies with
headgroups. Amino acids with hydrophilic segments give the darkest blue
appearance, while hydrophobic amino acids (Ile-) produce barely noticeable
blue appearance.
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The colorimetric properties of amino acid terminated PDAs were
investigated by thermochromism and solution pH induced chromism.
Quantitative analysis of chromatic transition was conducted by analyzing the
colorimetric response (CR) as a function of solution pH (/6). The CR is defined
as the percent change in the maximum adsorption at 646 nm with respect to the
total absorption at 542 nm and 646 nm. Figure 3 shows the CR vs. pH for the
amino acid terminated PDA microstructures. Sigmoidal curves were obtained

100
90 |-
80 -
70 =W G-PDA
A His-PDA
60 - + Phe-PDA
= O Gin-PDA
; 50 - O Al-PDA
Q
“f
0|
20 |-
10}
0 L1 | A A
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
Figure 3. Colorimetric response for the polymerized microstructures as a
function of solution pH.

for all microstructures studied, indicating sharp transitions from blue to red
color upon pH increase. The transition point is defined by the CRsp values,
namely the pH required to achieve 50% of the maximal color transition (/7).
The CRsy values for “hydrophilic” amino acids (Glu, Gln and His) all fall
between pH 10 to 11. For comparison, response curves for two
"hydrophobic"amino acid lipids, Phe-PDA and Ala-PDA, are shown in Figure
3. The values for Ala and Phe are much lower (7.1 and 8.6, respectively). The
"base-resistant" nature for “hydrophilic” amino acids differs from that obtained
with the amino acid terminated PDA bilayer vesicles, where L-Glu-PDA was
found to be the most base-sensitive. The color change of PDA microstructures
can also be achieved by thermal treatment (thermochromism), as well
documented in literature. Similar sigmoidal curves were obtained for amino acid
terminated PDA lipids where L-GIn-PDA microstructure is the most heat
resistant. A temperature as high as 71°C is needed for the assembly to convert
50% of its color. Thermochromism of bilayer vesicles formed by amino acid
terminated PDA lipids was also studied. Contrary to microstructures, the trend
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for vesicles seems totally reversed. L-GIn-PDA vesicles are the most thermal
sensitive while L-Glu-PDA is the least.

It has to be pointed out that thermochromism and pH induced chromism of
PDA microstructures appear to proceed through different mechanisms. The
temperature-induced side chain conformation transition is responsible for the
thermochromism of the PDA microstructures. For pH induced chromatic
transition, the headgroup undergoes significant reorganization as a result of
ionization, causing a new conformational adjustment (staggered packing) that
thereby imposes strains to the backbone. This has been further confirmed by
FTIR studies on PDA microstructures (12).

I1. Bolaamphiphilic Polydiacetylenes

Amino acid-terminated bolaamphiphilic diacetylene lipid

The formation of a robust supramolecular assembly can be achieved
through the deliberate installation of various functionalities throughout the
molecular architecture that enforce the intermolecular association between
assembling units. We designed an L-glutamic acid derivatized wedge-shaped
bolaamphiphilic diacetylene lipid L-Glu-Bis-3 (structure seen below) as the

fo) OH
(o] (o]
Ho H/’I — —
H - - OH
0 L-Glu-Bis-3
[o] 0
HO == OH

Bis-1

self-assembling unit of a highly organized molecular architecture. Compared to
their amphiphilic lipid counterparts, bolaamphiphiles tend to form well-
organized systems under very mild conditions. They mimic transmembranic
lipids that some microorganisms synthesize for stabilizing membrane structures
in response to extreme pH and temperature (20). L-Glutamic acid residue
attached to one end of 10,12-docosadiynedioic acid (Bis-1), along with the free
carboxylate on the other end of the lipid, is designed to enhance favorable H-
bonding interactions on the polar faces of the assembly. The diacetylene unit
was placed at the center of the molecule to maximize the chance of proper
alignment of polymerization units in different packing arrangements.

The synthesis of L-Glu-Bis-3 was reported elsewhere (/3). One terminal of
Bis-1 was activated with N-hydroxysuccinimide before it was coupled with L-
glutamic acid through an amide linkage, giving an overall 61% yield.
Alternatively, activation of both carboxylate groups before the attachment of a
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glutamate residue and the hydrolysis of the unreacted ester terminal could lead
to an improved overall yield.

The self-assembling of L-Glu-Bis-3 occurred rapidly under mild conditions.
Instead of probe sonication and subsequent low temperature incubation that are
commonly required for amphiphilic lipids, vortexing and room temperature
incubation was sufficient to ensure the formation of a stable for L-Glu-Bis-3
supramolecular assembly in aqueous media. UV-irradiation of the assembled
material resulted in instantaneous polymerization of L-Glu-Bis-3, affording the
material an intense blue appearance. The rapid polymerization indicates a highly
ordered packing arrangement and the good alignment of diacetylene units.

Morphology and surface packing arrangement of bolaamphiphilic PDA

The morphology and surface packing arrangement of the polymer was
characterized by transmission electron microscopy (TEM) and atomic force
microscopy (AFM). TEM micrographs revealed the formation of ribbons tens of
microns long (Figure 4). These ribbons are either flat or twisted with various

Figure 4. TEM images of poly-L-Glu-Bis-3 microstructures. The top images
were obtained at pH 5.8 (D.1. water) showing rupture that is indicative of the
origination of helices (top, lefi) and right-handedness of the twist (top, right).
Lower images show structural transformation into nanofibers upon treatment of
above microstructures with pH 7.5 Tris buffer.

degrees of right-handed helicity, consistent with, the observation of helical
ribbons formed by L-amino acid terminated amphiphilic PDAs. Strips of parallel
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domains were clearly visible on wider ribbons, apparently parallel with the
propagation of the polymer backbone. These ribbons are 5 to 10 nm thick,
corresponding to either a monolayer or a double layer lipid stacking. The widths
of the ribbons vary from tens to hundreds of nanometers, with generally wider
dimension for flat structures.

Among the many experimental discussions (2/,22) and theoretical
treatments (23,24) aiming at the explanation of tubular or helical lipid assembly
formation, the chiral packing theory has been the cornerstone. It has been
postulated that when bilayer chiral lipid amphiphiles aggregate, they first form
wide sheets with sharply separated domains (27), which would then break up
along the domain edge to form narrower ribbons that are free to twist into
helices, driven by chiral packing effect. Helical ribbons may further fuse into
tubular structures to reduce edge energy. Our TEM data provides direct
evidence to support this theory in the context of chiral bolaamphiphiles. The
micrographs shown in Figure 4 captured the initiation of the transition from flat
strips to helical ribbons through rupturing of wider flat ribbons along the
parallel domain edges. The narrower strips could then continue to twist into
helical structures as a result of chiral bolaamphiphiles’ cumulative tilt away
from the local surface normal. Formation of tubular structures, as observed at
certain regions, is evidence of further winding of the helical ribbons to reduce
the edge energy.

Contact mode AFM was used to characterize the surface packing of
bolaamphiphilic PDA ribbons on atomic level. The 2-D fast Fourier
Transformation (2-D FFT) of scans over a flat ribbon surface suggests the
formation of highly compact hexagonal packing arrangement of the polymer,
with an approximate cell area of 20 A2, which is characteristic for tightly packed
hydrocarbon chains. In contrast, earlier thermochromic studies on
monofunctional PDA films using AFM showed that pseudo-rectangular packing
arrangement was predominantly observed at room temperature for the blue
phase film even when it was over-compressed during the preparation (25). Our
results demonstrate that the bolaamphiphilic lipid is able to form more stable
and better-organized assemblies at ambient conditions. However, using this
technique the distinction of the terminal carboxylate on the glutamate end from
the one on the single carboxylate end would be difficult.

pH-induced optical and structural transformation in bolaamphiphilic PDA
A sharp blue-to-red color change was observed with Poly-L-Glu-Bis-3
upon the increase of pH. As expected, the existence of multiple base-sensitive
carboxylic acid residues in the molecule resulted in a chromatic transition at a
lower pH region compared to the poly-L-Glu-PDA assemblies discussed earlier.
At pH 7.5, the blue polymer turned completely red as a result of significantly
shortened conjugation length induced by the side chain disorder arising from
increased electrostatic repulsion between deprotonated surface carboxylates.
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Dramatic morphological changes accompanied the pH-induced colorimetric
response of Poly-L-Glu-Bis-3 (Fig. 4). Extended ribbons were frayed into
oriented nanofibers less than 10 nm in diameter upon the increase of pH. By
exposing the polymer to more basic conditions for a longer time, more randomly
coiled fibers were obtained. Figure 5 illustrates a proposed model of the
transformation. Increased surface electrostatic repulsion upon the addition of
base disrupts favorable H-bonding networks at the polar surface and overcomes

Deprotonation

Solvent-assisted
Reorganization

Figure 5. A cartoon illustration of pH-triggered morphological transformation
of poly-L-Glu-Bis-3 from ribbons to nanofibers.

the attractive hydrophobic interactions between lipid cores, effectively splitting
closely packed polymer chains into aligned fibers. The pH induced
morphological transformation also reaffirms the linear propagation as the
predominant format of polymerization of diacetylene units.

II1. Lipid Doping-Induced Structural Transformation in
Bolaamphiphilic PDA Assemblies

One fundamental consideration in designing biosensors is to establish an
effective signal transduction pathway upon the interaction of incorporated
receptors with analytes at the detection interface. For PDA-based colorimetric
biosensors, this requirement transforms into a bdlance between the rigidity
(which determines the extent of polymerization as well as the signal
transduction efficiency) and flexibility (which is necessary for effective binding
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of analytes with surface receptor as well as the lowering of transition energy
barrier for the conformational change of the conjugation backbone) of the
sensor scaffold. To strike a balance in the fluidity of the bolaamphiphilic PDA
sensor scaffold, controlled doping with either the receptor as the only additive
or by incorporating additional lipid dopants would be necessary. The diverse
chemical structures of many naturally occurring lipids provide abundant
possibilities to fine-tune the fluidity and morphological properties of
bolaamphiphilic PDA-based biosensors.

Specifically, we are investigating the effect of lipid doping on the
microstructural morphology of L-Glu-Bis-3 assemblies with the addition of Gy
ganglioside (structure shown below), a known receptor of cholera toxin, and/or
cholesterol. Gangliosides are a family of glycosphingolipids localized to the
outer leaflet of the plasma membrane of vertebrate cells. When inserted into
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artificial membranes, the oligosaccharide motif of gangliosides is exposed at the
membrane surface and functions as a recognition group for a number of
bacterial toxins. Polycyclic cholesterol is known to directly participate in the
formation of lipid rafts with glycosphingolipids. Both lipids have been shown to
modulate domain structure and phase separation in model membrane systems

(26).

Ribbon-to-vesicle microstructural transformation

When 5% Gy ganglioside was introduced into the L-Glu-Bis-3 system,
vesicles were formed along with ribbons (Fig. 6B). A significant number of
vesicles, varied from less than 100 nm to greater than 500 nm in diameter,
appeared to be attached to the ribbon structures, typically at the junction of
several entangled ribbons. Incorporation of cholesterol at a low concentration
(5%) along with Gy led to the formation of an aggregate that allowed the
development of a uniform blue color upon UV irradiation. However, the ternary
system with high cholesterol content (20%) only led to the formation of turbid
suspensions even after prolonged vortexing or probe sonication, leaving its
photo-polymerizability at a minimum. TEM micrographs revealed that with
increased cholesterol content, more vesicles were formed with continued
coexistence of the ribbon structures (Fig. 6A). Apparently, addition of
cholesterol further facilitates and stabilizes the formation of vesicles.

Cholesterol has long been known to stabilize membrane structures.
Sphingolipids were thought to associate laterally with one another through
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interactions between their headgroups, whereas cholesterol molecules function
as spacers, filling the voids at the hydrophobic regions between associating
sphingolipids. Such preferential packing was believed to lead to the formation

Figure 6. Transmission electron micrographs of L-Glu-Bis-3 doped with GM1
and cholesterol. (4) L-Glu-Bis-3 doped with 5% G,y and 5% cholesterol;
(B) doped with 5% Gy, (C) doped with 5% Gy, and 10% cholesterol.
(Reproduced with permission from reference 14. Copyright 2002 Elsevior.)

of rafts within the membrane bilayers. In the three-component systems, we
speculate that cholesterol molecules are inserted in the outer-surface of the
vesicles, filling the voids at the hydrophobic region between aggregated
gangliosides and membrane spanning lipids. Given the fact that none of Gu
ganglioside, cholesterol, or L-Glu-Bis-3 assembles by themselves to form
vesicles, it is apparent that inserting the proper dopants between membrane
spanning lipids is essential to inducing surface curvature and vesicle formation.

Some intriguing morphological details of doped L-Glu-Bis-3 assemblies
captured by TEM (Fig. 6B,C) provided an opportunity to examine intermediate
states of microstructural transformation between ribbons and vesicles. These
micrographs clearly suggest that ribbons (relatively rigid) and vesicles
(relatively fluid) were physically interrelated during the formation of different
microstructures in these multi-component systems.

Morphological details of interconnected microstructures shown in Figures
6B (doped with 5% Gy;) and 6C (doped with 5% Gy and 10% cholesterol),
where the edges of vesicles or vesicle domains were outlined in the shape of
ribbons, suggest a vesicle-to-ribbon transition mechanism at the periphery of
vesicles. The growth of a ribbon and its extension away from a vesicular
microstructure is most clearly seen in the image shown in Figure 6C. A vesicle-
to-ribbon transition is a probable process during domain reorganizations within
less crosslinked and more fluid vesicles. Lateral reorganization of lipids within
these areas may have resulted in phases or domains with particularly low
unpolymerizable dopant concentrations, thus a higher continuity of chirally
packed matrix lipid L-Glu-Bis-3. ‘
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IV. Conclusions

Optically pure amino acid-terminated amphiphilic and bolaamphiphilic
diacetylene lipids have been synthesized and assembled into tubes or ribbons
with various dimensions and right-handed helicity. These microstructures can be
photo-polymerized upon UV irradiation to form conjugated polymers with
retained morphology and intense blue color, suggesting intrinsic highly ordered
lipid packing arrangement and good alignment of diacetylene units that allow
for topochemical polymerization. These conjugated polymer ribbons and tubes
respond to external stimuli such as pH and heat via characteristic blue-to-red
color change that is commonly observed with conventional thin film or vesicular
PDA assemblies.

Careful chemical modifications made throughout the diacetylene lipid,
including the installation of particular polar headgroup at either one end or both
ends of the lipid, the selection of headgroup size, the manipulation of surface
charge density as well as the positioning of the polymerization unit allow for the
optimization of favorable inter-lipid interactions (e.g. H-bonding and van der
Waals interaction) and the balance of dipolar forces that are critical to the
formation of highly ordered supramolecular assemblies with unique
microstructural morphology. Such rational design also brings control over the
type and extent of optical and microstructural transitions of the material in
response to specific external perturbation. In the case of Poly-L-Glu-Bis-3, the
conjugated polymer responds to pH increase with a sharp colorimetric response
as well as dramatic morphological changes from helical ribbons to aligned
nanofibers.

In addition to physical environmental cues such as heat and pH, the
incorporation of different lipid dopants into the bolaamphiphilic diacetylene
assemblies also effectively induces microstructural transformations.
Specifically, controlled doping of L-Glu-Bis3 with naturally occurring
glycosphigolipid Gy and cholesterol, which are relevant receptors for a i::imber
of potential biosensors, triggers the formation of fluid vesicles along with more
crystalline ribbons. The multi-component system also allows for the observation
of unique phase separation and microstructural transformaiton intermediates,
resulting from dynamic clustering of the unpolymerizable lipid dopants and * -
reorganization of the polymerizable lipids in a relatively fluid environment.

Lessons learned from these studies provide valuable guidance to the
rational design of future generations of PDA-based colorimetric sensors as well
as other advanced nanomachinery where the microscopic morphology and
optical properties of the material are crucial to its function.
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Chapter 8

Chromogenic Polymer Gels for Reversible
Transparency and Color Control
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Strasse 12, 12489 Berlin, Germany

A current overview about the preparation and
characterization of novel chromogenic polymer materials is
given. The topic of chromogenic materials has developed
extremely rapidly in the last few years. Among them,
thermotropic and thermochromic polymer gel networks have
met with growing interest, because of their advanced
properties. These novel polymer gels exhibit pronounced
changes in transparency and/or color over a modest
temperature range. Some of them possess a temperature
independent volume, which is an essential condition for many
future technical applications.

Introduction

The preparation and characterization of chromogenic polymer gels
changing their optical properties in response to temperature has met with
growing interest in the last decade. Two classes of such gels are generally
distinguished in literature: thermotropic polymer' gels, which switch in
dependence on temperature reversible between a transparent and a translucent
state and thermochromic polymer gels which change their color or color
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strength upon changes in temperature. However, so-called chromogenic
polymer gels combining thermotropic and thermochromic properties in one
material have been developed.

From the practical point of view, temperature sensitive chromogenic
polymer gels seem to be promising not only as temperature indicators, but also
for use in smart windows, temperature tunable light filters and large area
displays. Especially their potential application as thermally self-adjusting light
and heat filters in the external glazings of buildings has motivated their
development in this field. For most of the desired applications a constant
volume of the chromogenic material is required. Thus gels whose optical
switching is accompanied by considerable shrinking or swelling will not be
considered in this chapter.

Thermotropic Gel Networks for Reversible Transparency
Control with Temperature

Thermotropic gel networks transform at a certain temperature from a
highly transparent into a light scattering state. Such an optical effect can be
either caused by a phase separation process or by a phase transition between an
isotropic and an anisotropic lyotropic liquid crystalline state.

With the presentation of advanced prototypes of sun-protective glazing by
Charoudi (1), Watanabe (2) and Seeboth (3) the interest in thermotropic gel
networks has rapidly increased in recent years. A detailed description of the
material development in this field was recently reviewed (4). In this chapter we
will focus on new results on the preparation of thermotropic hydrogels based on
biopolymers, the usefulness of calorimetric measurements for the
characterization of thermotropic gel networks, the influence of the addition of
salts on the material properties and the construction of hybrid solar and
electrically controlled light filters.

Preparation of Thermotropic Polymer Gel Networks Based on Biopolymers

For commercial use of hydrogels, non-toxic and inexpensive raw materials
are required. Biopolymers, like polysaccharides, offer the possibility to fulfil all
these requirements and, compared with synthetic polymers, they have the
benefit of their environmental compatibility. Therefore, the suitability of
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biopolymers for the preparation of novel thermotropic hydrogels was
extensively studied in recent years. Thermotropic hydrogels based on cellulose
derivatives in combination with an amphiphilic component were developed by
Watanabe (2). By using one of these thermotropic hydrogels a window of 1m?
size was constructed and successfully tested under practical conditions over a
period of two years. Thermochromic hydrogels, which are also based on
cellulose derivatives have been reported (5). It was shown, that no amphiphilic
component is necessary to prevent an irreversible flocculation of suspended
hydroxy propylcellulose, if hydroxy ethylcellulose is added. Although the
biological decomposition is often mentioned as an advantage of biopolymers, it
is also the most important hindrance for their commercial use because contact
of the biopolymers with microorganisms must be prevented during production
and throughout the lifetime of the product.

Calorimetric Measurements on Aqueous Polymer Gel Networks

In order to characterize the properties of polymer gel networks optical and
dielectric  spectroscopy, rheological investigations and calorimetric
measurements are commonly used. Calorimetric measurements are well known
to provide information on the water binding properties of the polymeric
systems. Recent published results show that differential scanning calorimetry
(DSC) is also suitable to detect phase transitions and phase separation processes
of hydrogels (6-8). Whereas optical techniques can only determine phase
transition temperatures, DSC measurements also provide the transition
enthalpy data.

Alexandridis et al. investigated the influence of the addition of salts on the
phase separation and on the unimer-to-micelle transition temperatures in
aqueous solutions of a poly(ethylene oxide)-block-poly(propylene oxide)-block-
poly(ethylene oxide) copolymer (6). In this system the detection of both

transitions by optical techniques is hindered by the presence of a hydrophobic
impurity which causes turbidity of the solutions even below their respective

phase separation temperatures. Therefore, DSC measurements were employed
to detect the phase transitions. Moreover, the enthalpy data obtained for the
unimer-to-micelle transition were used to calculate the unimer concentration
above the critical micellization temperature.

The influence of the composition on morphology and phase transition
temperatures of a polyalkoxide/water/LiCl system has been reported (7). For the

determination of the phase transition temperatures a combination of DSC

measurements and optical techniques was used, whereby both methods were
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found to give similar results. With increasing water content the formation of an
anisotropic phase as well as the occurrence of two different phase separation
processes takes place in the investigated polyalkoxide/water system. In Figure 1
the DSC curves of three polyalkoxide/water mixtures, with mixing ratios of
5:1, 4:1 and 3:1 by mass are shown. The appearance of two additional DSC
peaks at a polyalkoxide/water mixing ratio of 3:1 clearly displays the change of
the polymorphy in dependence on the water content. In all three mixtures a
broad DSC peak can be seen, which corresponds to a separation of a water
phase. Whereas optical techniques can only detect the beginning of this
process, the DSC measurements show that the phase separation takes place
over a wide temperature range.
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Figure 1. Differential scanning calorimetry curves of three different
polyalkoxide/water samples with mixing ratios of 5:1, 4:1 and 3:1 by mass.

The determination of phase separation temperatures of aqueous polymer
solutions by a combination of DSC measurements and optical techniques is also
reported in reference (8). Again, the DSC data were found to be in good
agreement with the transition temperatures obtained by optical techniques.

In summary, the results discussed prove the usefulness of DSC
measurements for the determination of the thermodynamic properties of
aqueous polymeric systems.
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Incorporation of Salts into Aqueous Polymer Systems

It is well known that salts can strongly influence the material properties of
aqueous polymer systems. Their addition often leads to a physical cross-linking
of the polymer chains, whereby three-dimensional networks are built up.
Systematic investigations of the effect of different salts on polymorphy, phase
transition temperatures, water binding capability and macroscopic properties of
aqueous polymeric systems have been investigated. At a given concentration
different salts were found to shift the phase separation temperatures of
thermotropic aqueous polymer systems according to their “salting-in” or
“salting-out” strength (6, 9, 10), which is described by the so-called Hofmeister
series. Salts with a salting-in phenomena cause an increase of the phase
separation temperature, while salts with a salting-out phenomena have the
opposite effect. The influence of the addition of LiCl on the water binding
properties of an aqueous polyalkoxide system was investigated (7). Proportional
to the LiCl content an increase of the non-freezing-bound-water capacity of the
polyalkoxide and an increase of the binding enthalpy of freezing-bound-water
were observed. Both results indicate that the interaction between water and
polymeric system becomes stronger with increasing LiCl content.

Hybrid Solar and Electrically Controlled Light Filters

A hybrid solar and electrically controlled transmission changing light
filter based on thermotropic hydrogels was recently described (7). A 2-3 mm
thick thermotropic hydrogel layer was placed between two indium tin oxide
(ITO) coated glass-substrates, whereby the ITO layers were placed either inside
or outside the double glazing item. Such an arrangement can be switched on
demand either passive by solar energy or active by electrical energy through
heating of the ITO layers. It was shown that an increase of the ITO layer
thickness reduces the required wattage to achieve the same switching time. On
the other hand the transparency of the glazing item is also reduced. For one of
the investigated glazing items a transmission change from about 62% to < 1%
and azswitching time of 5 min was achieved by applying a wattage of 0.246
W/em*.

It can be expected that a further optimization of all components of the
glazing item and especially of the layer thickness.as well as the material
properties of the incorporated thermotropic hydrogel will lead to a further
significant reduction of the required wattage.
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Thermochromic Gel Networks for Reversible Color Control
with Temperature

Polymer gel networks with thermochromic properties are only rarely
described in the literature, whereby most of the systems are composed of a
polymer and an organic solvent. Fujimatsu et al. reported that a gel consisting
of poly(1-butene) and tetrachloroethylene exhibits reversible color changes with
temperature between the melting point of the solvent and the sol-gel transition
temperature (12). The thermochromism of this gel is caused by light scattering
effects. A similar behavior was observed for a gel composed of 3 wt.% isotactic
polypropylene in benzene which is blue at room temperature and becomes
yellow at about 70-80°C (13). An example of thermochromism at the gel-sol
transition was found in polydiacetylene gelled in o-dichlorobenzene or other gel
forming solvents (14). These transparent gels show, upon heating above their
respective gel-sol transition temperatures, pronounced reversible color changes.
Colors and transition temperatures could be varied by using different solvents
as well as by changing the composition. Another type of thermochromic effect
in a gel was reported by Gelinck et al. (15). After a few days in a refrigerator
a poly(2-(3,7-dimethyloctoxy)-5-methoxy-1,4-phenylenevinylene) / benzene
system forms a clear red gel phase. On heating this gel shows at approximately
35°C a gradually red to yellow color change which is not fully reversible with
temperature. The authors explained the thermochromic behavior of the gel by a
reduction of interchain n- © interaction with increasing temperature.

An example of a thermochromic hydrogel system was reported by Asher et
al. (16). By embedding a crystalline colloidal array of polystyrene spheres in a
poly(N-isopropyl-acrylamid)-hydrogel, which swells or shrinks depending on
temperature, tunable thermochromic hydrogel films were created. As long as
the layer thickness of the films is below 500 um they are transparent. Above
500 pm the films become translucent, because of light scattering on the
colloidal particles. The color effect in this system is caused by Bragg reflection
from the periodic structure of the crystalline colloidal array. A variation of the
temperature leads to volume changes of the hydrogel matrix; the crystalline
colloidal array of polystyrene spheres follows, changing the lattice spacing and
thus the diffracted wavelength. A 125 um thick hydrogel film was presented
which changes the diffracted wavelength oontmuously from 704 nm at 11.7°C
to 460 nm at 34.9°C.,

In Chromogenic Phenomenain Polymers; Jenekhe, S., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: August 17, 2004 | doi: 10.1021/bk-2005-0888.ch008

Downloaded by UNIV MASSACHUSETTS AMHERST on September 7, 2012 | http://pubs.acs.org

116

0'0 T Y T T T ‘

A (nm)

Figure 2. UV/Vis absorption spectra of Phenol Red in a (PVA)/borax/surfactant
gel network at different temperatures.

The first report of a thermochromic effect of dyes embedded in a
transparent hydrogel was given by Seeboth et al. (7). The gel network
described in this paper is composed of a definite polyvinyl alcohol
(PVA)/borax/surfactant mixture doped with suitable pH-sensitive indicator dyes
with pKa-values between 7.0 and 9.4. With increasing temperature the phenol-
phenolate equilibrium of the indicator dyes was found to be shifted in the
hydrogel matrix towards their deprotonated phenolate form. Depending on the
indicator dye(s) used switching between a colorless and a colored state or
between two or even more different colored states was observed. For example,
by using the so-called Reichard betaine dye 2,6-diphenyl-4-(2,4,6-triphenyl-1-
pyridinio)phenolate (DTPP) a hydrogel was obtained which changes color
gradually from colorless at 10°C to deep violet at 80°C. A Phenol Red
containing PVA/borax/surfactant hydrogel on the other hand switches from
yellow at 10°C to wine-red at 80°C and a Bromothymol Blue and Cresol Red
containing PVA/borax/surfactant hydrogel from yellow below 5°C to green
between about 15-25°C and further to violet above about 60°C. As an example
the UV/Vis absorption spectra of the Phenol Red containing hydrogel at
different temperatures are shown in Figure 2. With increasing temperature the
absorption band at Ay, = 424 nm decreases while simultaneously the
absorption band at A, = 570 nm increases. All spectra meet at an isosbestic
point at A = 479 nm, supporting thereby the suggested model of a temperature
dependent equilibrium between two different forms of the indicator dye. An
important advantage of these hydrogels is that the thermochromic effect is not
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accompanied by a shrinking or swelling of the gel networks. Therefore these
materials are suitable not only as temperature indicators but also for the
construction of smart windows, large area displays and tunable color filters.

Chromogenic Gel Networks for Reversible Transparency and
Color Control with Temperature

A novel class of polymer gels changing both their color and transparency
reversibly with temperature was recently reported (/8). These gels were
obtained by adding suitable pH-sensitive indicator dyes to a thermotropic
hydrogel consisting of a polyalkoxide and an aqueous LiCl containing buffer
solution. The thermochromic effect of these hydrogels was attributed to
temperature induced pH-changes in the gel network and the thermotropic effect
to a phase separation process, which is typical for such polyalkoxide/LiCl/water
gel systems. It was found that the addition of indicator dyes only slightly
influences the thermotropic properties of the hydrogel matrix.

As an example the temperature dependence of UV/Vis absorption spectra
and transparency of a Bromothymol Blue containing sample are shown in
Figures 3 and 4, respectively. In the temperature range from —5°C to about
33°C the hydrogel is green and highly transparent. Above about 33°C a color
change from green to yellow takes place whereby the hydrogel remains
transparent. On further heating the transparency is reduced and above about
36°C the hydrogel becomes yellow translucent.

I

I:-5°C (green)
II: 38 °C (yeliow)
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Figure 3. UV/Vis absorption spectra of Bromothymol Blue in a polyalkoxide/

salt/water gel network at two different temperatures.
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Figure 4. Temperature dependence of the transparency of a Bromothymol Blue
containing polyalkoxide/salt /water gel network.

With increasing temperature the phenol-phenolate equilibrium of
Bromothymol Blue is shifted in the polyalkoxide/salt/water system from the
green colored phenolate form to the yellow colored phenol form. This result is
in contrast to the behavior of phenol substituted indicator dyes in a
PVA/borax/surfactant gel network for which the opposite shift of the phenol-
phenolate equilibrium with temperature was observed. Obviously, the reversible
color change of indicator dyes in gel systems depends on the specific
composition of the gel networks. However, the origin of this effect on a
molecular level is still under discussion.
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Figure 5. UV/Vis absorption spectra of Phenol Red in PVA/polyalkoxide/borax/
sulfobetaine gel networks with various sulfobetaine contents.
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Figure 6. Temperature dependence of the transparency of Phenol Red
containing PVA/polyalkoxide/borax/sulfobetaine gel networks with various
sulfobetaine contents.

Another example of a chromogenic gel network was obtained by adding
small amounts of a polyalkoxide to a thermochromic Phenol Red containing
PVA/borax/surfactant hydrogel (19). A thermotropic behavior based on a phase
separation process was found to appear at a polyalkoxide content of 0.8 wt.%.
Moreover, in this paper the concentration dependence of the zwitterionic
sulfobetaine surfactant on the thermochromic and thermotropic behavior was
investigated. For this purpose a hydrogel containing 1.1 wt.% polyalkoxide was
chosen to which sulfobetaine concentrations below and above the critical
micelle concentration (CMC = 3.8 x 10 mol kg™) were added. The UV/Vis
absorption spectra of these hydrogels are displayed in Figure 5. Two absorption
bands are detected. The first one with a A, = 440 nm which corresponds to the
phenol form of Phenol Red and the second one with a A =~ 563 nm which
corresponds to the phenolate form of Phenol Red. With increasing sulfobetaine
concentration a decrease of the intensity of both UV/Vis absorption bands
occurs. It is well known that above the CMC surfactants can influence the
UV/Vis absorption behavior of water soluble dyes. However, here this effect
takes place already at the lowest sulfobetaine concentration of 2.5 x 10° mol
kg, which is significant below the CMC. To characterize the thermotropic
behavior the transparency of the gels were measured as a function of
temperature (see Figure 6). Again even below the CMC a significant influence
of the surfactant concentration on the thermotropic properties is observed. To
explain this behavior the authors suggested the formation of complexes between
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dye molecules and aggregates of sulfobetaine, but discussed also an interaction
of the dye with single sulfobetaine molecules as an alternative mechanism.

Outlook

The efforts in material development in recent years have led to novel
thermotropic polymer gels with advanced properties. Furthermore,
thermochromic as well as chromogenic polymer gels where developed. Some
of the chromogenic polymer materials exhibit a practically temperature
independent volume, which makes them promising for a series of future
applications like smart windows, large area displays and tunable color filters.
The first prototypes of such applications, that works in a practical temperature
range, were already presented.

It can be assumed, that in a few years intelligent sun protecting glazing
based on chromogenic polymer gels will be a common constituent of modern
building architecture. Furthermore, thermochromic gels will find their
application as temperature indicators and as operating layers in electro-optical
modules like large area displays and devices with a high information density.
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Chapter 9

Modulation of Optical Properties of New
Photosensitive Polymers: 3-D Optical Data
Storage Media

Kevin D. Belfield"?, Katherine J. Schafer’, and Stephen Andrasik’

'Department of Chemistry and “School of Optics/CREOL,
University of Central Florida, Orlando, FL 32816-2366

We report the modulation of absorption and emission
properties via single and two-photon photoinduced changes in
polymeric media with two-photon fluorescence readout of
multilayer structures. Photoinduced acid generation in the
presence of a two-photon fluorescent dye possessing strongly
basic functional groups underwent protonation upon exposure
with UV or near-IR (740 nm fs pulses) irradiation. Solution
studies demonstrate formation of monoprotonated and
diprotonated species upon irradiation, each resulting in
distinctly different absorption and fluorescence properties.
Hence, two-channel, two-photon fluorescence imaging
provides “positive” or “negative” image readout capability.
Further, a poly-styrene-co-malaic anhydride copolymer
containing a two-photon absorbing fluorophore was used to
demonstrate near-IR two-photon based image formation,
followed by two-photon based image readout. Results of
solution and solid polymer thin films experiments are
presented.
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Introduction

Over the past 50 years, the field of organic photochemistry has produced a
wealth of information, from reaction mechanisms to useful methodology for
synthetic transformations. Many technological innovations have been realized
during this time due to the exploits of this knowledge, including photoresists and
lithography for the production of integrated circuits, photocharge generation for
xerography, multidimensional fluorescence imaging, photodynamic therapy for
cancer treatment, photoinitiated polymerization, UV protection of plastics and
humans through the development of UV absorbing compounds and sunscreens,
and fluorescence imaging, to name a few. The scientific basis of many of these
processes continues to be utilized today, particularly in the field of organic three-
dimensional optical data storage media and processes.

With the ever-pressing demand for higher storage densities, researchers are
pursuing a number of strategies to develop three-dimensional capabilities for
optical data storage in organic-based systems. Among the various strategies
reported are holographic data storage using photopolymerizable media (/),
including efforts by companies such as DuPont, IBM, Lucent, and Imation,
photorefractive polymers (2), multilayer fluorescence-based techniques such as
those developed by C3D and Call/Recall, and two-photon induced
photochromism (3), to mention a few. It is known that fluorescent properties of
certain fluorophores may be changed (quenched) upon protonation by
photogeneration of acid (4,5). We have reported two-photon induced photoacid
generation using short pulse near-IR lasers in the presence of a polymerizable
medium, resulting in two-photon photoinitiated cationic polymerization and
microfabrication (6). This inherent three-dimensional features associated with
two-photon absorption provides an intriguing basis upon which to combine
spatially-resolved two-photon induced photoacid generation and fluorescence
quenching with two-photon fluorescence imaging.

The quadratic, or nonlinear, dependence of two-photon absorption on the
intensity of the incident light has substantial implications (dw/dt o I). For
example, in a medium containing one-photon absorbing chromophores,
significant absorption occurs all along the path of a focused beam of suitable
wavelength light. This can lead to out-of focus excitation. In a two-photon
process, negligible absorption occurs except in the immediate vicinity of the focal
volume of a light beam of appropriate energy. This allows spatial resolution
about the beam axis as well as radially, which circumvents out-of-focus
absorption and is the principle reason for two-photon fluorescence imaging (7).
Particular molecules can undergo upconverted fluorescence through nonresonant
two-photon absorption using near-IR radiation, resulting in an energy emission
greater than that of the individual photons involved (upconversion). The use of a
longer wavelength excitation source for fluorescence emission affords advantages
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not feasible using conventional UV or visible fluorescence techniques, e.g.,
deeper penetration of the excitation beam and reduction of photobleaching, and is
particularly well-suited for fluorescence detection in multilayer coatings.

Rentzepis et al. reported two-photon induced photochromism of spiropyran
derivatives at 1064 nm (8,9). Analogous to single-photon absorption facilitated
isomerization, the spiropyran underwent ring-opening isomerization to the
zwitterionic colored merocyanine isomer. The merocyanine isomer underwent
two-photon absorption at 1064 nm, resulting in upconverted fluorescence.
Spiropyrans are known to undergo photobleaching and photodegradation upon
prolonged exposure, hence are not suitable for long term use. Nonetheless, an
intriguing model for 3-D optical storage memory was proposed. An intriguing
bacteriorhodopsin-based holographic recording media and process, using two-
photon excitation, has been reported by Birge et al. (10).

We previously reported the synthesis and characterization of organic
fluorescent dyes with high two-photon absorptivity (6,/1,12). Several of these
dyes also undergo substantial changes in the absorption and fluorescence spectral
properties in the presence of strong acid, i.e., they undergo protonation changing,
among other things, their polarizability, absorption and emission maxima, and
fluorescence quantum yields (/3). We wish to report results of the photoinduced
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Figure 1. Reaction of fluorene 1 with acid (monoprotonated 2 and
diprotonated 3 products).
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protonation of fluorene dye 1 in liquid solution and polymer thin films (Figure 1).
Further, image formation and two-photon induced fluorescence readout within a
novel photosensitive polymer 4, containing a two-photon absorbing fluorophore
are also presented (5).

Results and Disscussion

Fluorene 1 was previously shown to undergo two-photon absorption and
upconverted fluorescence on exposure to near-IR fs laser irradiation (6,/7). The
two-photon absorbing dye 1, contains basic nitrogen-containing benzothiazolyl
and triarylamino groups that are sensitive to the presence of acids. Pohers et al.
have demonstrated the absorption spectrum of an acid-sensitive dye containing
the benzothiazole group red shifts upon protonation in the presence of a
photoacid generator (PAG) (/4). Due to differences in basicity (pKs), fluorene 1
undergoes selective, stepwise protonation, first by protonation of the
benzothiazolyl nitrogen (pKy = 13) (15) then the triarylamino nitrogen (pK, = 19)
(16). This leads to a mixture of three species in Figure 1 (1, 2, and 3), each with
distinct UV-visible absorption and fluorescence emission properties. \

To understand the behavior of the two-photon absorbing fluorophore and
predict results expected in solid thin film studies, solution studies were performed
in CH,Cl,, Time-dependent UV-visible absorption spectra for a solution
containing 1 and the photoacid generator CD1010 (a triarylsulfonium salt)
illustrate this nicely, as shown in Figure 2. Upon irradiation with broadband UV
light (300-400 nm, 0.57 mW/cm?), 1 undergoes protonation, resulting in
formation of 2 whose absorption spectrum is red shifted by about 100 nm relative
to that of 1. The conversion of the neutral fluorophore 1 at early irradiation
times (10 s) results in decreasing absorbance at its maximum at 390 nm, and
increasing absorbance at 500 nm upon generation of the protonated form, 2. The
red shift was expected since fluorene 1 is of an electron donor-m-acceptor
construct and protonation of the benzothiazolyl acceptor increases the electron
deficiency of this group, affording a greater dipole moment and polarizability.
When 2 undergoes protonation, a new absorption that is blue shifted relative to
both 1 and 2 was observed, due to the fact that the once electron-donating
diphenylamino group in 1 and 2 has been converted to an electron accepting
moiety (quaternary ammonium salt) in 3. The absorption due to the
triarylsulfonium salt (Amax = 310 nm) also decreases with time as expected but,
for clarity, is not displayed in Figure 2. No evidence for charge transfer complex
formation was observed between fluorine 1 and the PAG, however, more
detailed investigations would be needed to fully explore this possibility.
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Figure 2. Time-dependent UV-visible absorption spectra of the irradiation of 1 and
Photoacid generator in CH>Cl; at irradiation times from 0 to 120 s.

Changes in the fluorescence emission spectra corresponded with the
observed changes in the absorption spectra. Protonation of 1 also resulted in a
reduction of its fluorescence emission, while emission at longer wavelengths was
observed due to excitation of the longer wavelength absorbing monoprotonated 2
(Figure 3). As can be seen, the fluorescence emission intensity at ca. 490 nm
(390 nm excitation wavelength) decreases with irradiation while, at early
exposure times, emission at ca. 625 nm appears, which then blue shifts upon
further protonation to 3. The emission at 625 nm is from monoprotonated 2
upon excitation at 500 nm. Eventually, diprotonation results in a relatively weak,
blue shifted emission at ca. 445 nm (from 3). Thus, in addition to observing
fluorescence quenching at ca. 490 nm, fluorescence enhancement (creation) at
longer wavelengths (ca. 625 nm) is observed upon short irradiation times. As
demonstrated in the following section, this behavior facilitates two-channel
fluorescence imaging, resulting in contrast due to fluorescence quenching at the
shorter wavelengths (Aemigion Of 1 from 425 — 620 nm) and fluorescence
enhancement at longer wavelengths (Aemigsion Of 2 from 520 — 700 nm).
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Figure 3. Time-dependent fluorescence emission spectra for the irradiation of 1 and
Dphotoacid generator in CH,Cl; at irradiation times from 0 to 120 s (excitation at 390
nm). Inset shows fluorescence at longer wavelength with excitation at 500 nm.

To demonstrate the ability of fluorene 1 to exhibit two-photon upconverted
fluorescence emission, fluorescence spectra were recorded upon excitation at a
number of wavelengths using a CPA-2001 laser system from Clark-MXR.
Femtosecond pulses from a frequency-doubled erbium-doped fiber ring oscillator
were stretched to about 200 ps, then passed through a Ti: Sapphire regenerative
amplifier and compressed down to 160 fs. The energy of the output single pulse
(centered at A = 775 nm) was 137 nJ at a 1 kHz repetition rate. This pumped a
Quantronix OPO/OPA, producing fs pulsed output, tunable from 550 nm to 1.6
pum. Two-photon upconverted fluorescence spectra is illustrated in Figure 4a.
From Figure 4a, it is readily apparent that fluorene 1 exhibits maximum two-
photon upconverted fluoresence intensity when pumped at 800 nm. To further
confirm that 1 undergoes two-photon absorption, the total integrated
fluorescence intensity was determined as a function of incident intensity (pump
power). Fluorescence from a two-photon absorption process will exhibit a
quadratic dependence on incident intensity. Figure 4b indeed confirms that
fluorene 1 underwent two-photon absorption as evidenced by the quadratic
relationship between fluorescence emission intensity at several pump powers at
two different pump wave<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>