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Preface

Electrochromic materials have the property of a change, evocation or bleaching,
of colour as effected either by an electron-transfer (redox) process or by a
sufficient electrochemical potential. Although materials are usually said to be
electrochromic when light is modulated by reflectance or absorbance in the
visible region of the electromagnetic spectrum — colour changes perceptible to
the human eye — interest in electrochromic devices (ECDs) for multispectral
energy modulation, to include the infrared and microwave regions, has extended
the working definition [1].

While the topic of electrochromism has a history dating back to the nine-
teenth century, only in the last quarter of the twentieth has its study gained
a real impetus. So, applications have hitherto been limited, apart from the
astonishing success of the 250 million Gentex anti-dazzle car mirrors that have
been sold since 1987 and the adjustable-darkening windows of the Boeing
Dreamliner aircraft. The ultimate goal of contemporary studies is the provision
of large-scale electrochromic ‘smart’ windows/glazing for buildings at modest
expenditure which, applied widely in the United States, would save billions
of dollars in air-conditioning costs. In tropical and equatorial climes, savings
would be proportionally greater: Singapore, for example spends one-quarter
of its Gross Domestic Product (GDP) on air conditioning, a sine qua non for
tolerable living conditions there. Importantly, note that only weak anti-thermal
protection is provided by colour alone, the electrochrome itself getting heated.
Hence, transparent metal oxides that can be electrochemically or otherwise
reduced to form shiny metallic reflectors are of fundamental importance, though
this process is widely under-emphasised. Numerous other applications have
been contemplated, and for some, prototype devices have been developed.
Applications include electrochromic strips as battery state-of-charge indi-
cators, electrochromic sunglasses, reusable price labels, protective eyewear,
controllable aircraft canopies, glare-reduction systems for offices, devices for
frozen-food monitoring, camouflage materials, chameleonic fabrics, spacecraft
thermal control, an optical iris for a camera lens and (non-emissive) controllable
light-reflective or light-transmissive display devices for optical information and
storage.

XIX
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Preface

This edited book follows our earlier research monographs [2, 3] now with
invited contributions from the main experts across the globe. Part One concerns
electrochromic materials and processing and covers metal oxides, Prussian blue,
viologens, conjugated conducting polymers, transition metal coordination com-
plexes and polymers, organic near-infrared materials and metal hydrides. Part
Two concerns nanostructured electrochromic materials and device fabrication
and covers nanostructures in electrochromic materials, advances in polymer elec-
trolytes for ECD applications, gyroid-structured electrodes for electrochromic
(and supercapacitor) applications, layer-by-layer assembly of electrochromic
materials and plasmonic electrochromism of metal oxide nanocrystals. Part Three
describes the applications of electrochromic materials and covers solution-phase
ECDs and systems, electrochromic smart windows and fabric electrochromic
displays. Part Four covers device case studies, environmental impact issues
and elaborations and includes a case study of an electrochromic foil, life cycle
analysis (LCA) of electrochromic windows, a case study of the installation,
operation, monitoring and user experience of electrochromic glazing in a UK
office and photoelectrochromic devices. The book closes with an Appendix,
where electrochromic materials and device performance parameters are defined,
to include some cautions about their comparisons between different research
laboratories.
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1
Electrochromic Metal Oxides: An Introduction to Materials
and Devices

Claes-Goran Granqvist

1.1
Introduction

Electrochromic materials are able to change their properties under the action of an
electrical voltage or current. They can be integrated in devices that modulate their
transmittance, reflectance, absorptance or emittance. Electrochromism is known
to exist in many types of materials. This chapter considers electrochromic metal
oxides and devices based on these.

Figure 1.1 shows a generic electrochromic device comprising five superimposed
layers on a single transparent substrate or positioned between two transparent
substrates [1]. Its variable optical transmittance ensues from the electrochromic
films, which change their optical absorption when ions are inserted or extracted
via a centrally positioned electrolyte. The ion transport is easiest for small ions,
and protons (H') or lithium ions (Li*) are used in most electrochromic devices.
Transparent liquid electrolytes as well as ion-containing thin oxide films were
employed in early studies on electrochromics [2], but polymer electrolytes became
of interest subsequently [3, 4] and paralleled the developments in electrical battery
technology.

The ions are moved in the electrochromic device when an electrical field is
applied between two transparent electrical conductors, as illustrated in Figure 1.1.
The required voltage is only of the order of 1V DC, so powering is, in general,
easy and can be achieved by photovoltaics [5]. In small devices, the voltage can be
applied directly to the transparent conductors but large devices — such as ‘smart’
windows for buildings — require ‘bus bars’, that is, a metallic frame partly or fully
around the circumference of the transparent conducting thin film in order to
achieve a uniform current distribution and thereby sufficiently fast and uniform
colouring and bleaching. The transparent substrates are often of flat glass, but
polymers such as polyethylene terephthalate (PET) or polycarbonate can also be
used. The permeation of gas and humidity through foils may or may not be an
issue for devices; barrier layers can be applied if needed [6].

An electrochromic device contains three principally different kinds of
layered materials: The electrolyte is a pure ion conductor and separates the two

Electrochromic Materials and Devices, First Edition.
Edited by Roger J. Mortimer, David R. Rosseinsky and Paul M. S. Monk.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.



4

1 Electrochromic Metal Oxides: An Introduction to Materials and Devices

ELECTROCHROMIC
DEVICE

Figure 1.1 Generic five-layer electrochromic device design. Arrows indicate movement of
ions in an applied electric field. From Ref. [1].

electrochromic films (or separates one electrochromic film from an optically pas-
sive ion storage film). The electrochromic films conduct both ions and electrons
and hence belong to the class of mixed conductors. The transparent conductors,
finally, are pure electron conductors. Optical absorption occurs when electrons
move into the electrochromic film(s) from the transparent conductors along
with charge-balancing ions entering from the electrolyte. This very simplified
explanation of the operating principles for an electrochromic device emphasises
that it can be described as an ‘electrical thin-film battery’ with a charging state
that translates to a degree of optical absorption. This analogy has been pointed
out a number of times but has only rarely been taken full advantage of for
electrochromics.

Electrochromic devices have a number of characteristic properties that are of
much interest for applications. Thus, they exhibit open circuit memory, just as
electrical batteries do, and can maintain their optical properties and electrical
charge for extended periods of time without drawing energy (depending on the
quality of electrical insulation of the electrolyte). The optical absorption can be
tuned and set at any level between states with minimum and maximum absorp-
tion. The optical changes are slow and have typical time constants from seconds to
tens of minutes, depending on physical dimensions, which means that the optical
changes can occur on a timescale comparable with the eyes’ ability to light-adapt.
Furthermore, the optical properties are based on processes on an atomic scale, so
electrochromic windows can be without visible haze; this latter property has been
documented in detailed spectrally resolved measurements of scattered light [7].
By combining two different electrochromic films in one device, one can adjust
the optical transmittance and reach better colour neutrality than with a single



1.2 Some Notes on History and Early Applications

electrochromic film. Finally, the electrolyte can be functionalised, provided it is
a solid and adhesive bulk-like polymer, so that the smart window combines its
optical performance with spall shielding, burglar protection, acoustic damping,
near-infrared damping and perhaps even more features.

This chapter is organised as follows: Section 1.2 serves as a background
and gives some notes on early work on electrochromic materials and devices.
Section 1.3 provides an in-depth discussion of EC materials and covers optical
and electronic effects and, specifically, charge transfer in tungsten oxide. It also
treats ionic effects with foci on the inherent nanoporosity in electrochromic
oxides and on possibilities to augment the porosity by choosing appropriate
thin-film deposition parameters. A number of concrete examples on the impor-
tance of the deposition conditions are reported, and Section 1.3 ends with a
discussion of the electrochromic properties of tungsten—nickel oxide films
across the full compositional range. Section 1.4 surveys properties of transparent
conducting electrode materials as well as transparent electrolytes. Section 1.5
gives a background to electrochromic devices, specifically delineating a number
of hurdles for practical device manufacturing as well as principles for some
large-area devices. Conclusions are given in Section 1.6.

1.2
Some Notes on History and Early Applications

Electrochromism in thin films of metal oxides seems to have been discovered sev-
eral times through independent work. A vivid description of electrically induced
colour changes in thin films of tungsten oxide immersed in sulfuric acid was given
in an internal document at the Balzers AG in Liechtenstein in 1953 (cited in a book
on inorganic electrochromic materials [1]). Later work on W oxide films by Deb at
the American Cyanamid Corporation during the 1960s yielded analogous results,
which were reported in two seminal papers in 1969 and 1973 [8, 9]; these pub-
lications are widely seen as the starting point for research and development of
electrochromic devices. Deb’s early work was discussed in some detail much later
[2, 10]. Another very important electrochromic oxide is Ni oxide, whose useful-
ness became clear in the mid-1980s [11, 12]. Parallel developments took place in
the Soviet Union, and a paper from 1974 [13] quotes ‘USSR Author’s Certificates’
and patents by Malyuk et al. dating back to 1963; this work dealt with Nb oxide
films.

Early research on electrochromic materials and devices in the United States,
Soviet Union, Japan and Europe was motivated by potential applications in infor-
mation displays, and there were strong research efforts during the first half of the
1970s at several large companies. Generally speaking, these efforts became of less
relevance towards the end of the 1970s, and liquid-crystal-based constructions
then started to dominate the market for small displays. Electrochromic-based
variable-transmission glass was of interest in the context of cathode ray tubes
for some time [14]. At present, there is a strong resurgence in the interest

5
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in electrochromic-based display-oriented devices (such as ‘electronic paper’),
and much research and development is devoted to organics-based full-colour
electrochromic displays with excellent viewing properties, cheap printable
electrochromic ‘labels’ and, very recently, to ‘active’ authentication devices [15].

Electrochromic-based rear-view mirrors for cars and trucks provide another
applications area, and it appears that research and development goes back to the
late 1970s [16]. However, the market for ‘active’ rear-view mirrors was largely
taken by a device design that is not identical to the one discussed here [17].

Oxide-based electrochromics came into the limelight during the first half of the
1980s, when it became widely accepted that this technology can be of great sig-
nificance for energy-efficient fenestration [18, 19]. The term ‘smart’ window (alter-
natively ‘intelligent’ or ‘switching” window) was coined in 1984/1985 [20, 21] and
got immediate attention from researchers as well as from media and the general
public.

Electrochromic eyewear has attracted interest on and off for decades. Photo-
chromic glass or plastic has been widely used in sunglasses and goggles, but pho-
tochromic devices have clear limitations: their coloration relies on ultraviolet solar
irradiation, so they are not of much use inside buildings and vehicles, and the col-
oration and bleaching dynamics are undesirably slow especially for bleaching at
low temperatures. Electrochromic-based eyewear does not have these drawbacks,
which motivates a lingering interest. Studies have been reported for sun goggles
[22] and helmet visors [23].

A different type of application regards electrochromic-controlled thermal emit-
tance for thermal control of spacecraft. Their exposure to cold space or solar irra-
diation can yield temperature differences between —50 and +100 °C, which may
lead to unreliability in electronic components, detectors and so on. Mechanical
shutters can be used for emittance control but tend to be impractical. Investi-
gations on electrochromic-based thermal management have been conducted at
least since the early 1990s and remain active today [24—26]. Related devices can
be employed for military camouflage in the infrared [27].

The aforementioned applications are not the only ones of interest for elec-
trochromic devices, but the possibility of achieving colour-changing systems
based on inorganic oxides or organic materials seems to serve as a catalyst for
human inventiveness, and recently mentioned potential uses for electrochromics
include fingerprint enhancement in authentication devices and forensics [28] as
well as fashion spandex (Lycra — a polyurethane - polyurea copolymer) [29].

1.3
Overview of Electrochromic Oxides

Electrochromic materials and associated devices have been researched con-
tinuously ever since the discovery of electrochromism. Looking specifically at
electrochromic metal oxides, the literature up to 2007 has been covered in some
detail in several prior publications [1, 30—33], and it was noted that some 50—100
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scientific and technical papers were published per year. Section 1.3.1 gives a
rather superficial presentation of work on electrochromic oxide films presented
from 2007. From the sheer number of publications, one may conclude that the
research field is thriving and that a large amount of work is devoted to materials
based on oxides of W and Ni, as has been the case for the last two decades.
Section 1.3.2 discusses optical and electronic properties in electrochromic
oxides from a general perspective, and Section 1.3.3 treats these properties
in detail for the most widely used electrochromic material, that is, W oxide.
Section 1.3.4 discusses ion conduction in electrochromic oxides, again with focus
on W oxide. The composition of the electrochromic oxides and their deposition
parameters are very important, and some examples from recent studies are given
in Section 1.3.5. Finally, Section 1.3.6 reports data on electrochromic properties
for films in the full compositional range of W —Ni oxide.

It should be pointed out that much can be inferred about the electrochromic
oxides also from studies on alternative applications such as gas sensors and
gasochromics, electrical batteries, photocatalysts and so on [34], so the actual
knowledge basis for the electrochromic oxides is much larger than the one
outlined in this chapter.

1.3.1
Recent Work on Electrochromic Oxide Thin Films

There are two principally different kinds of electrochromic oxides: ‘cathodic’ ones
colouring under ion insertion and ‘anodic’ ones colouring under ion extraction.
Figure 1.2 indicates metals capable of forming oxides of these two categories and
also points out that oxides based on vanadium are intermediate [1]. This scheme
serves as a natural starting point for a survey of the recent scientific literature on
electrochromic oxides. In the following, we first treat the cathodic oxides, then
the anodic oxides and finally the intermediate one.

ELECTROCHROMIC OXIDES:

H Cathodic coloration He
Li |Be Anodic coloration B|C|N|[O]|F |[Ne
Na|Mg Al [Si|P|S|CI|Ar

K [Ca|Sc|Ti| VJCriMnlFefCoNiJCu|Zn|Ga|Ge|As|Se|Br|Kr
Rb| Sr| Y | Zr INb|Mo| Tc |RulRh{ Pd [Ag|Cd| In [Sn|Sb|Te| | |Xe
Cs|Ba|La|Hf|Ta] W|Re|Os| Ir || Pt |[Au({Hg| Tl [Pb| Bi |Po| At |Rn
Fr|Ra|Ac

Figure 1.2 Periodic system of the elements (except the lanthanides and actinides). Differ-
ently shaded boxes indicate transition metals with oxides capable of giving cathodic and
anodic electrochromism. From Ref. [1].
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Tungsten oxide remains the most widely studied electrochromic oxide, and
films of this cathodically colouring material have been prepared by a huge
number of techniques, including traditional thin-film preparation with physical
and chemical vapour deposition, a plethora of chemical methods, electrochemical
methods and others. Surveys of these techniques can be found in a number of
books and review papers [35-40]. Nanoparticles have sometimes been used as
intermediate steps for the films, and substrate templating has been employed to
improve the electrochromic performance.

Regarding physical vapour deposition, data have been reported on W oxide
films prepared by thermal evaporation, sputtering and pulsed laser deposition.
Other work has used chemical vapour deposition and related spray pyrolysis, and
a large number of investigations have been based on chemical routes for mak-
ing films. Furthermore, electrodeposition, anodisation and electrophoretic depo-
sition have been employed. A useful review has been published on properties,
synthesis and applications of nanostructured W oxide [41].

Mixed oxides based on tungsten can exhibit properties that are superior, in
one way or another, to those of the pure oxide. One well-studied option is W —Ti
oxide, where the addition of titanium leads to significantly enhanced durability
under electrochemical cycling, as has been known for many years [42, 43].
Recent work on electrochromism of W-Ti oxide has been reported for films
made by sputtering, spray pyrolysis, chemical techniques, electrodeposition and
anodisation. A key result is that addition of Ti stabilises a highly disordered
structure [44, 45], as also reported in other work on W—Ti oxide that was not
specifically on electrochromism [46]. Additional research on mixed oxides has
been carried out on films of W—My, oxide with My, being Li, C, N, V, Nij,
Nb, Mo, Ru, Sn and Ta. Furthermore, investigations have been reported on W
oxide containing coinage metal nanoparticles capable of giving plasmon-induced
optical absorption of visible light, specifically for nanoparticles of Ag, Pt and
Au; using, instead, nanoparticles of indium-tin oxide (ITO) makes it possible to
have plasmon absorption at infrared wavelengths. Finally, a number of hybrid
nanomaterials have been studied, such as WO5;—PEDOT:PSS, where the second
component is poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate).

Electrochromic Mo oxide has many similarities to W oxide, and studies have
been performed on films prepared by evaporation, chemical vapour deposi-
tion, wet chemical techniques and electrodeposition. Mixed oxides have been
researched for Mo—M,, oxide with M, being C, Ti, V, Nb and Ce.

Concerning Ti oxide, electrochromic properties have been reported for films
made by sputtering, chemical vapour deposition and spray pyrolysis, various
wet chemical techniques, doctor blading and anodisation. This oxide has also
been used as anchoring agent for organic chromophores (such as viologens, see
Chapter 3) and for inorganic compounds (such as ‘Prussian Blue’, see Chapter 2).
Work has been published for films of Ti—My; with M; being V and Zr. Finally,
studies have been reported on electrochromism of Nb oxide and Nb—Mo oxide.

Regarding anodically colouring electrochromic oxides, we first note work
on Ir oxide prepared by sputter deposition and by sol-gel technology, and
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Ir—Sn oxide prepared by evaporation and Ir—Ta oxide by sputtering. However,
iridium oxide is too expensive for most applications, even if diluted with less
costly Sn or Ta. Ni oxide is a good alternative whose electrochromic activity was
discovered many years ago, and Ni-oxide-based films are included in several
of today’s electrochromic devices. Recent work has been reported on Ni oxide
films prepared by thermal evaporation, sputter deposition, chemical vapour
deposition and spray pyrolysis, various chemical techniques and electrode-
position. Furthermore, Ni oxide pigments have been deposited from water
dispersion. Mixed binary oxides of Ni—My; have been studied for My; being
Li, C, N, E Al Ti, V, Mn, Co, Cu and W. One reason why additions to Ni oxide
are of interest is that the luminous transmittance can be enhanced [47]. Further
improvements are possible with ternary or more complex oxides with My; being
(Li,W) [48], (Li,Al) [49], (Li,Zr) [50] and LiPON [51]. Films of the latter materials
were produced recently by sputter deposition and are of particular interest for
practical applications in future electrochromic-based fenestration. Hybrid films
have been made of Ni oxide and one of several polymers or graphene oxide.

V-pentoxide-based films with intermediate electrochromic properties have
been prepared by vacuum evaporation, sputter deposition, spray pyrolysis,
chemical techniques, electrodeposition and inkjet printing. Mixed oxides based
on V-M, have been investigated with M,, being C, Na, Ti, Mo, Ag, Ta and
W. Mixed V-Ti oxides can serve as good counter electrodes in electrochromic
devices [52, 53].

1.3.2
Optical and Electronic Effects

Most oxide-based electrochromic devices employ two electrochromic films, and
it is clearly advantageous to combine one cathodic oxide (e.g. based on W, Mo,
Ti or Nb) and another anodic oxide (e.g. based on Ni or Ir). Applying a voltage in
order to transport ions and electrons between the two electrochromic films in one
direction makes both of these films colour, and transporting ions and electrons
in the other direction makes both of them bleach. By combining cathodic and
anodic oxides, one can accomplish a rather neutral visual appearance. The most
commonly used oxides are based on tungsten and nickel, which exhibit cathodic
and anodic electrochromism, respectively, according to the highly schematic
reactions [1]

[WO; +H' + €™ Ijjeached < [HWO;] (1.1)

coloured

and

[Ni(OH), I jeached < [NIOOH + H* +e7] (1.2)

coloured

for the case of proton insertion/extraction. Electrons are denoted e™.

We now consider the origin of the electrochromic properties in these oxides
and first look at their crystalline nature. The pertinent structures fall into
three categories: (defect) perovskites, rutiles and layer/block configurations.

9
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These structures can be treated within a unified framework with ‘ubiquitous’
MOg octahedra (where M denotes metal) connected via joint corners and/or
joint edges [1, 54]. Edge-sharing is associated with some degree of octahedral
deformation. Only two oxides are problematical within this description: the first
one is vanadium pentoxide (V,0;), whose crystal structure can be constructed
from heavily distorted VO, octahedra or, alternatively, from square pyramidal
VO; units [55, 56]; and the second example is hydrous nickel oxide — which is the
actual electrochromic material rather than pure NiO [57, 58] — which is thought
to contain layers of edge-sharing NiO, octahedra.

Octahedral coordination is essential for the electronic properties of elec-
trochromic oxides [1, 54]. It was shown in detail many years ago [59] that oxygen
2p bands are separated from metal d levels, and octahedral symmetry leads to
splitting of these latter levels into bands with the conventional designations e,
and f,,. Figure 1.3 illustrates three cases of importance for the electrochromic
oxides. Left-hand panel, for H,WO,, indicates that the O2p band is separated
from the split 4 band by an energy gap. Pure WO, has a full O2p band and an
empty d band, and the band gap is wide enough to render films of this material
transparent. Inserting small ions and charge-balancing electrons — according
to the aforementioned ‘battery’ model — leads to a partial filling of the d band
along with optical absorption as discussed later. The middle panel in Figure 1.3 is
adequate for anodically colouring electrochromic oxides. The pure oxides have
unoccupied £,, states, and insertion of ions and electrons may fill these states to
the top of the band, so the material exhibits a gap between the e, and t,, levels.
The material then becomes transparent, assuming that the band gap is large
enough. Finally, the right-hand part of Figure 1.3 indicates that V,0, — with
both cathodic and anodic features in its electrochromism — has a principally

H, WO, H,NiO, V,05

‘/
02p % 02p / 02p /

Figure 1.3 Schematic band structures for different types of electrochromic oxides, as dis-
cussed in the main text. Shaded regions signify filled states and E denotes energy. From
Ref. [1].
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different electronic structure. The deviation from octahedral coordination is
significant enough that the d band displays a narrow split-off part in the band gap.
Insertion of ions and electrons into V,0O; may fill this narrow band so that the
optical band gap is widened. These features of the band structure can account for
electrochromism of V,O; [60], at least in principle, as well as band gap widening
during photo-injection of hydrogen into this material [61].

The detailed mechanism for optical absorption in the electrochromic oxides is
often poorly understood. The exception may be W oxide, which is considered
in the following section, whose properties were reviewed some years ago [33].
However, optical absorption in electrochromic oxides is generally believed to be
connected with charge transfer, and polaron absorption accounts for at least most
of the significant features [33, 62—65]. A simplified, but closely related, model for
the absorption considers intervalence charge transfer transitions [66].

133
Charge Transfer Absorption in Tungsten Oxide

Electrons inserted together with ions are localised on metal ions and, for the case
of tungsten oxide, change some of the W®* sites to W>*. Charge transfer between
sites i and j can be expressed, schematically, as

\X/l.5+ + \X/f+ + photon — \X/f+ + \Xff+ (1.3)

More specifically, the electrons are thought to enter localised states positioned
0.1-0.2 eV below the conduction band and displace the atoms surrounding them
so that they form a potential well; strong electron—phonon interaction then leads
to the creation of small polarons with a size of 0.5-0.6 nm [33].

Figure 1.4, taken from the work of Berggren et al. [65], reports data on the opti-
cal absorption coefficient of sputter-deposited W oxide films electrochemically
intercalated with Li* ions to a number of different levels x (defined as the num-
ber of Li* ions per W atom). It is found that Li* intercalation yields a broad and
asymmetric peak at an energy of ~1.3 eV. For large intercalation levels, this peak
is shifted slightly towards higher energies.

Figure 1.5 shows data from a comparison of the spectral absorption coefficient at
two intercalation levels with Bryksin’s theory of polaron absorption [63], which is
based on intraband transitions between localised energy levels in a Gaussian den-
sity of states [65]. Theory and experiments are found to agree well both for x = 0.04
and x =0.36, as seen from Figure 1.5(a) and (b), respectively. A comparison with
the more recent theory by He [64] does show equally good correspondence, espe-
cially not at low intercalation. Successful comparison between Bryksin’s theory
and experimental optical data was presented several years ago also in other work
on W oxide films [67], and further data on polaron absorption in the same material
have been given recently [68].

The simple model for charge exchange, outlined earlier, is credible only as long
as transitions can take place from a state occupied by an electron to another state
capable of receiving the electron. If the ion and electron insertion levels are large,
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Figure 1.4 Spectral absorption coefficient for W oxide films with different intercalation lev-
els, where x denotes the Li*/W ratio. From Ref. [65].

this assumption is no longer the case and then ‘site saturation’ [69] becomes
important, as considered next.

A detailed investigation of the optical properties at different amounts of
lithium insertion into sputter-deposited W oxide films was reported recently
by Berggren and Niklasson [70] and Berggren et al. [71], and data are available
also for hydrogen-containing material [72]. Figure 1.6a reports spectral optical
absorption coefficient a for different levels of Li* intercalation into a W oxide
film. A broad absorption band evolves at an energy of ~1.5 eV for low values of x,
as also observed earlier, while the absorption peak shifts towards higher energies
for large amounts of Li. The strong increase of a above 3.5eV is associated
with the fundamental band gap of W oxide. It is interesting to subtract the
absorption due to the unintercalated material, and the corresponding absorption
coefficients, denoted a*, are given in Figure 1.6b which indicates that the data
have unambiguous peak structures. The data could be modelled with three
Gaussian peaks, whereas modelling with only two peaks was unsuccessful. Two
of the peaks were at the positions shown in Figure 1.6b, and the third peak could
be located at intermediate energies. Figure 1.7 indicates the integrated strengths
of these peaks.

The origin of the Gaussian peaks can be reconciled with ‘site saturation’ by con-
sidering three types of sites, namely W**, W>* and W°*. Beginning with empty
states (x=0), most of the states will be singly occupied at the start of the inter-
calation, and electron transitions between empty and singly occupied states will
be prevalent. As more single states are filled, the probability that doubly occupied
states also will be formed will be higher. Analytical expressions for the number
of possible electronic transitions can be given for W < W+, W+ < W+ and
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Figure 1.5 Spectral absorption as measured (cf. Figure 1.4) and calculated from two the-
ories of polaron absorption at two intercalation levels, where x denotes Li*/W ratio. From
Ref. [65].

WO « W by 2x(2 — x)3, 2x3(2 — x) and x2(2 — x)?, respectively [71]. Correspond-
ing curves are given in Figure 1.8, and it is clear that there is good similarity with
the integrated peak structure in Figure 1.7, which hence indicates that ‘site sat-
uration’ takes place. The intensities of the curves do not coincide, which is not
surprising since the absorption strength per transition is likely to be different for
the three cases. Considering a practical electrochromic device, long-term cycling
durability demands that x is kept low, perhaps not exceeding 0.3—0.35, and then
the W>* < W°* transitions are clearly dominating.
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Figure 1.6 Panel (a) shows spectral shows corresponding absorption a* when
absorption coefficient a for a slightly sub- the absorption of the unintercalated film in
stoichiometric W oxide film intercalated to panel (a) has been subtracted. From Ref. [71].
the shown Li*/W ratios x, and panel (b)

134
lonic Effects

Most electrochromic oxides consist of octahedral units in various arrangements,
as discussed in detail in Section 1.3.2. These oxides are appropriate both because
of their electronic features and because the spaces between the octahedral units
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Figure 1.7 Integrated absorption coefficient as a function of Li*/W ratio x for three
Gaussian peaks representing the data in Figure 1.6b. From Ref. [71].
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Figure 1.8 Relative number of transitions of the types W < W>+, W+ < W** and
W6t & WA as a function of Lit/W ratio x. From Ref. [71].
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® Tungsten atoms
(in the plane of the page)

¢ Oxygen atoms

Figure 1.9 Schematic image of corner-sharing and edge-sharing octahedra in slightly sub-
stoichiometric crystalline W oxide. From Ref. [1].

are sufficiently large to allow facile transport of small ions. Clusters of octahedra
are able to form disordered and more or less loosely packed aggregates with large
porosity, and it follows that nanostructures enter at two or more length scales. The
following discussion is again focused on W oxide, which has been investigated in
great detail. It is not obvious that the anodic electrochromic oxides can be under-
stood on the same premises however, and grain boundaries may then be of large
significance, but the situation remains unclear.

Figure 1.9 illustrates nanostructural features of W oxide and shows WO, octa-
hedra, each with six oxygen atoms surrounding a tungsten atom. Stoichiometric
WO, has a structure wherein each octahedron shares corners with neigh-
bouring octahedra. WO, and similar transition-metal-based oxides easily form
sub-stoichiometric oxides, which include a certain amount of edge-sharing
octahedra. The three-dimensional structure comprised by the octahedra yields a
three-dimensional ‘tunnels’ structure conducive for ion transport.

The crystalline structure in Figure 1.9 is simplified and refers to a cubic structure
(cf. Figure 1.10a), and a tetragonal structure usually prevails in WO, at normal
temperature and pressure. The tetragonal structure is more favourable for ion
transport than the cubic one since the separations among the octahedral units are
larger, as shown in Figure 1.10b. Hexagonal structures, indicated in Figure 1.10c,
are easily formed in thin films [1, 73, 74] of W oxide, and the structure is then even
better suited for the transport of ions.

Figure 1.11 indicates structural data based on modelling of X-ray scattering
from films made by evaporation onto substrates at different temperatures,
from room temperature to 300°C [75]. Cluster-type structures are apparent
and include hexagonal-type units, which grow in size and interconnect at high
substrate temperatures.
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Cubic

Tetragonal

Hexagonal Figure 1.10 W oxide with cubic (a), tetrag-

onal (b) and hexagonal (c) structure. Dots
signify sites for ion insertion in spaces
between the WO, octahedra. Dashed lines
show extents of the unit cells. From Ref. [1].

Substrate temperature

Structural model

Figure 1.11  Structural models for WO, octahedra in W oxide films prepared by evapora-
tion onto substrates at the shown temperatures (RT denotes room temperature). Arrows in
the x and y directions are 2nm in length. After Ref. [75].

Larger nanostructures than those created by the aggregation of octahedral
units can occur as a consequence of the limited mobility of the deposition
species, and this mechanism is important for thin films prepared by most
techniques. Regarding sputter deposition, the main features are captured in a
‘zone diagram’, commonly referred to as a “Thornton diagram’ [76]. It is shown in
Figure 1.12. More elaborated or specialised versions of this diagram have been
presented in subsequent work. It is evident that low substrate temperature and
high pressure in the sputter plasma lead to nanoporous features appropriate for

17
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Figure 1.12 Schematic nanostructures in sputter-deposited thin films formed at different
pressures in the sputter plasma and at different substrate temperatures. The melting tem-
perature of the material is denoted T, . From Ref. [76].

ion transport across the film thickness and hence for electrochromic devices. A
direct correlation between sputter gas pressure and electrochromic performance
was reported recently [77]. Oblique angle deposition can promote porosity still
further, as specifically shown for W-oxide-based films [78 —80]. Annealing (cf.
Figure 1.11) and ion irradiation [81] are other ways to influence film density.

W oxide films can involve molecular deposition species, and it is of interest
to consider the lowest energy structures of (WO;), clusters, which may form
the deformable building blocks for octahedra-based nanostructures. Such
clusters were evaluated from first-principle calculations in recent work by Sai
et al. [82]. Data for 2 <q <12 are depicted in Figure 1.13, from which it can be
inferred that small clusters (with g equal to 3 and 4) have ring-like configurations
with alternating W—O arrangements, while larger clusters (with ¢ >8) can be
described as symmetric spherical-like cages. Trimeric W3O, molecules form
during evaporation [83] and correspond to g=3 in the cluster model; these
structures are characterised by a hexagonal configuration. Aqueous solutions,
useful for liquid-phase film deposition, can have a preponderance of (WO,4)*~
ions, known as ‘Lindqvist anions’ [84].

1.3.5
On the Importance of Thin-Film Deposition Parameters

Irrespective of the technique for making EC thin films, the detailed deposition
conditions usually play a decisive role. However, each technique is unique to a con-
siderable extent and little can be said in general apart from the guidelines inferred
from the previous section.

We first look at films made by physical vapour deposition, which is notable
for its possibilities to accomplish process control and reproducibility. A clear
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Figure 1.13 Lowest-energy structures of (WO,), clusters with 2 <g <12 and metastable
isomers (denoted 5b, 6b and 10b). Crystallographic symmetry designations are indicated at
the various clusters. From Ref. [82].

illustration of the applicability of the Thornton diagram in Figure 1.12 for elec-
trochromic films was found in recent work on titanium-oxide-based films made
by sputtering at various pressures p onto substrates at different temperatures
7, [85, 86]. Figure 1.14, reproduced from work by Sorar et al. [85], shows cyclic
voltammograms indicating current density under charge insertion and extraction
as a function of applied voltage. Clearly, p > 10 mTorr and 7, < 100 °C are required
to accomplish a structure porous enough for facile ion transport.

The composition of the sputter gas is very important, in addition to its pres-
sure, as elucidated in Figure 1.15 for water vapour added to Ar + O, during sputter
deposition of Ni oxide films; the results were presented recently by Green et al.
[87]. Addition of water vapour to a pressure of ~7 X 1072 Pa increased the current
density during ion insertion and extraction and enlarged the optical modulation
by allowing a darker state. Other work on sputtering of Ni oxide in the presence
of water vapour has been reported elsewhere [88, 89].

The properties of the substrate for the electrochromic film may be of large
significance. One example of this dependence is reported in Figure 1.16a, taken
from work by Yuan et al. [90], which shows optical transmittance in bleached
and coloured states for a Ni oxide film prepared by electrodeposition onto a
substrate with and without a layer of self-assembled polystyrene nanospheres.
Clearly, the sphere templating yields a lower coloured-state transmittance. The
visual appearance of films on untreated and templated substrates is shown in
Figure 1.16b.
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Figure 1.14 Cyclic voltammograms for ratio y onto substrates at temperature 7.

sputter-deposited TiO,-based film in a Li*- Data in panels (a) and (b) refer to the effects
conducting electrolyte. Film deposition took  of varying p and z,, respectively. From
place at the pressure p and oxygen/argon Ref. [85].

The deposition rate is a very important parameter, which often more or less
determines the cost for industrial coating production. However, this parameter
is not commonly reported in scientific papers. Among high-rate techniques, it is
particularly interesting to consider reactive-gas-flow sputtering, which was stud-
ied recently by Oka et al. [91] to make W oxide films. Figure 1.17 shows deposition
rate, oxygen/tungsten stoichiometry and density for films made by sputtering at
two different oxygen flows but under otherwise identical conditions. The deposi-
tion rate was found to be as high as ~4 nm s~1, which is considerably higher than
for typical reactive DC magnetron sputtering. The density depended on the oxy-
gen gas flow and could be as low as half of the bulk value for WO, (7.16 gcm™).
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Figure 1.15 Current density during ion insertion/extraction (a) and spectral transmittance
at maximum and minimum intercalation (b) for sputter-deposited Ni oxide films prepared
with the shown partial pressures of H,O in the sputter gas. From Ref. [87].

Hence, the film structure is highly porous and suited for electrochromic devices.
Not surprisingly, investigations of the electrochromic performance showed good
results. Another contemporary high-rate deposition technique, appropriate for W
oxide, is high-power impulse magnetron sputtering (known as HiPIMS) [92].

1.3.6
Electrochromism in Films of Mixed Oxide: The W-Ni-Oxide System

Electrochromism has been investigated in many binary, ternary and so on, oxides,
as surveyed in Section 1.3.1. Nevertheless, there is a general lack of comprehen-
sive investigations across the full compositional range between the component
oxides. An exception is the W —Ni oxide system, denoted Ni, W, _, oxide, which
was studied by Green et al. [93-98] and clearly combines cathodically and
anodically colouring oxides. Tungsten-rich sputter-deposited films were found to
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Figure 1.16 Spectral transmittance (a) and visual appearance (b) of an electroplated Ni
oxide film on a substrate with and without a template layer consisting of polystyrene
nanospheres. The film is in its fully coloured and bleached states. From Ref. [90].

consist of a mixture of amorphous WO, and nanocrystalline NiWO,, with equal
amounts of W and Ni the structure was dominated by NiWO,, and nickel-rich
films were made up of nanocrystalline NiO and NiWO,.

Figure 1.18 shows optical absorption coefficients at a mid-luminous wavelength
of 550 nm for fully coloured and bleached films. The electrochromism is seen to be
much stronger in W oxide than in Ni oxide. For W-rich films, the absorption coef-
ficient drops as Ni fraction x is increased, except at the composition x ~ 0.12 where
a pronounced peak can be seen in the absorption coefficient. For Ni-rich films,
the absorption coefficient rises as x approaches unity. Films in the compositional
range 0.3 <x < 0.7 do not display electrochromism. Another important parameter
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Figure 1.17 Deposition rate, oxy-
gen/tungsten stoichiometry and density

of thin films of electrochromic W oxide
prepared by reactive-gas-flow sputtering at

for electrochromic films is coloration efficiency #, defined by #=0OD/AQ where
optical density (OD) is absorption coefficient multiplied by film thickness and
AQ is inserted/extracted charge density. Figure 1.19 shows data on coloration
efficiency and allows easy comparison with Figure 1.18. Obviously, # increases
slightly for increasing values of x, except for compositions around x = 0.5 where 5
is approximately zero.

The strong optical absorption at x ~ 0.12 is interesting for electrochromic device
applications, and Figure 1.20 reports spectral coloration efficiency for films of pure
W oxide and for Ni, W, _, oxide films with two values of . It is evident that good
performance of films with ¥~ 0.12 is found in the whole luminous wavelength
range, that is, for 400—700 nm.

1.4
Transparent Electrical Conductors and Electrolytes

An electrochromic device does not only include electrochromic thin films but
also incorporates transparent electrical conductors and an electrolyte, as seen
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Figure 1.18 Mid-luminous absorption coefficient as a function of composition for elec-
trochromic thin films of W-Ni oxide. Filled and open symbols denote fully coloured and
bleached states, respectively. From Ref. [95].
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Figure 1.19 Mid-luminous coloration efficiency as a function of composition for elec-
trochromic thin films of W-Ni oxide. From Ref. [95].

in Figure 1.1. The transparent electrical conductors may be the most costly
part in the device — especially if they are based on an indium-containing
oxide — and clearly deserve attention. They are of critical importance not only in
electrochromics but also for thin-film solar cells, light emitting devices and so on.
There are several recent reviews covering the field of transparent conductors [32,
99-101], and therefore only a bird’s-eye view is given here, though with some
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Figure 1.20 Spectral coloration efficiency for W-Ni oxide films with the shown composi-
tions. From Ref. [94].

attention to very recent work and to transparent conductors suitable for flexible
substrates. There are several types of transparent conductors with specific pros
and cons; semiconductor-based films are treated in Section 1.4.1, metal-based
films in Section 1.4.2 and nanowire-based and other alternatives in Section 1.4.3.
Electrolytes for electrochromic devices are surveyed in Section 1.4.4 with foci on
thin films and polymer layers.

1.4.1
Transparent Electrical Conductors: Oxide Films

Thin films of heavily doped wide-bandgap conducting oxides are commonly used
in electrochromic devices. These materials include In,O4:Sn (ITO), In,05:Zn,
ZnO:Al, ZnO:Ga, ZnO:In, ZnO:Si, ZnO:B, SnO,:F (FTO), SnO,:Sb and TiO,:Nb;
their doping levels are typically a few atomic percent. Several of the oxides
can combine a resistivity as low as ~1x10™*Qcm with excellent luminous
transmittance and durability. Films of ITO, ZnO:Al and ZnO:Ga deposited by
reactive DC magnetron sputtering onto glass and PET typically have a resistivity
of ~2x10™ and ~4x10~*Qcm, respectively. High-quality FTO films are
normally made by spray pyrolysis in conjunction with float glass production,
and high temperatures are necessary also for TiO,:Nb films. All of these oxides
are transparent across most of the solar spectrum, as seen in Figure 1.21 for
FTO-coated glass [102]. The oxide-based transparent conductors are very well
understood theoretically [103—105], which means that detailed and accurate
simulations of optical properties can be made for multilayer configurations such
as electrochromic devices.
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Figure 1.21 Spectral transmittance T and reflectance from the front (coated) side (R,) and
the back side (Ry) for commercial FTO-coated glass. The luminous transmittance is 83% and
the solar energy transmittance is 71%. From Ref. [102].

Deposition onto flexible substrates introduces risks for cracking and delamina-
tion, and thereby lowered electrical conductivity, if the bending radius is smaller
than a few centimetres [106, 107]. In general, the fracture behaviour is dependent
on film thickness and bending direction. If needed, several techniques can be used
to diminish the propensity for cracking.

ITO films are widely used but expensive, even if indium is not one of the rarer
elements in the earth’s crust [108], and its deposition requires careful process con-
trol. ZnO:Al and ZnO:Ga films can reach similar optical and electrical properties
but tend to demand even more stringent process supervision, and good FTO and
TiO,:NbD films must be deposited onto hot glass. Clearly, each type of transparent
conducting oxide films presents particular challenges, and there is no ‘best’ option
for electrochromic-based and other devices.

Health aspects of indium-based films require attention, and their preparation
can lead to pulmonary disorders [109]. This affliction is named ‘indium lung’ and
obviously is a concern for large-scale production of ITO films and particles.

1.4.2
Transparent Electrical Conductors: Metal-Based Films

Metal-based transparent conductors can show excellent properties and avoid the
electronic activation barrier that may exist between, for example, W oxide and
ITO [110]. Coinage metals (Cu, Ag and Au) have electrical conductivities around 2



1.4 Transparent Electrical Conductors and Electrolytes

orders of magnitude higher than for the best transparent conducting oxide, which
means that they can be thin enough that the luminous absorption is only some per
cent. Metal films are stretchable to a much larger degree than oxide-based films.

Metal films to be used in transparent conductors must be extremely thin, which
means that their properties are strongly affected by the peculiarities of thin-film
growth. When metal is deposited onto a substrate of glass or polymer, the
condensate goes through a number of more or less distinct growth stages [111]:
tiny metallic nuclei form initially; they grow and create increasingly irregular
‘islands’; these ‘islands’ interconnect and produce a contiguous meandering (per-
colating) network at a thickness that corresponds to ‘large-scale coalescence’; the
network is then transformed to a film comprising holes; and finally, a well-defined
metallic film may be created. The relevant films have thicknesses of the order of
5-10nm [112].

Interface reflectance limits the luminous transmittance of the coinage metal film
to ~50%, but this transmittance can be radically enhanced if the metal film is posi-
tioned between high-refractive-index transparent layers anti-reflecting the metal.
This effect is shown in Figure 1.22 for an 8.0-nm-thick Au film and for such a film
between 55-nm-thick TiO, layers, from the work by Lansaker et al. [113]. The
anti-reflection increases the transmittance to ~80%. This figure also indicates that
computations based on thin-film optics can model the optical properties accu-
rately except in the infrared. The ultrathin Au films were durable enough to be
used in electrochromic devices [113]. Many other combinations of materials can
be employed as alternatives to the one illustrated here, and transparent conduc-
tors based on oxide/metal/oxide are of intense interest not only for energy-related
applications but also for transparent and flexible electronics and so on.

Silver-based coatings are used on a massive scale in today’s fenestration, and it
is possible to devise multilayer structures with a luminous transmittance of 80%
and minimum throughput of solar energy (known as a ‘solar-control’ coating) [114,
115]. These coatings may combine two or more metal films in an advanced con-
struction with more than 10 individual layers. Figure 1.23 shows an example of a
commercial coating of this type on glass [102]. The figure allows direct comparison
with data for the semiconductor-based coating in Figure 1.21.

143
Transparent Electrical Conductors: Nanowire-Based Coatings and Other Alternatives

Numerous alternatives to transparent conductors based on thin films of oxides
and metals are currently investigated. Carbon-based materials are one of these
[116]. We first consider graphite, which consists of loosely bound layers of carbon
atoms on a honeycomb lattice. Such layers can create nanoparticles, for example,
60-atom units called ‘fullerene molecules’ as well as carbon nanotubes [117].
Single-wall carbon nanotubes can be several centimetres in length and consist
of one layer of carbon atoms rolled into a seamless cylinder with a radius up to
a few nanometres. There are two types of such carbon nanotubes, with metallic
and semiconducting properties; the two fractions can be separated by several
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Figure 1.22 Experimental and computed spectral transmittance for Au and TiO,/Au/TiO,
films. Film thicknesses were 8 nm for Au and 55 nm for TiO,. From Ref. [113].
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Figure 1.23 Spectral transmittance T and reflectance from the front (coated) side (R;) and
the back side (Ry) for a commercial glass with an Ag-based coating. The luminous transmit-
tance is 80% and the solar energy transmittance is 41%. From Ref. [102].
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techniques. Carbon nanotube meshes can be used as transparent conductors and
attached to substrates by roll-to-roll coating [118].

Another carbon-based alternative is graphene, which consists of atomically thin
layers of sp?-hybridised carbon atoms arranged on a honeycomb lattice [119].
Graphene layers are usually prepared via mechanical or chemical exfoliation of
graphite into individual sheets [120] or by chemical vapour deposition [121]; dop-
ing can be used to enhance the properties. Roll-to-roll production of graphene
coatings have been demonstrated, and up to 30-in.-wide ribbons yielded a sheet
resistance as low as ~30 Q along with ~90% optical transmittance for films com-
prising four graphene layers [122]. Hot-press lamination onto PET and ink-jet
printing are other techniques that can be used for large-area manufacturing.

Meshes of metal-based nanowires are another possibility. They can be prepared
cheaply by wet-chemical techniques and applied to substrates by ‘simple’ tech-
niques such as electrospraying and brush painting. A vast amount of research
has been performed recently, mainly on silver-based nanowires. The electrical
connection between the nanowires can be improved by different techniques
such as ‘nanowelding’ and application of electrical fields. Recent work on metal
‘nanotrough’ networks demonstrated particularly good optical and electrical
properties [123]. It should be noted that nanowire assemblies can have good
electrical properties, but the physical dimensions of the individual nanowires
make it hard to avoid some diffuse light scattering, as studied recently for silver
nanowires [124]. This haze tends to limit applications in electrochromic devices
for see-through applications.

Some organic materials can be used as transparent conductors, and a good
example is poly(3,4-ethylenedioxythiophene) (PEDOT) (see Chapter 5). This
material cannot quite compete with the other alternatives with regard to perfor-
mance but is nevertheless of considerable interest since preparation is possible
by printing at very low cost [125].

A number of hybrid transparent conductors have attracted attention during
recent years; they combine at least two of the options discussed earlier. One
may include the oxide/metal/oxide coatings in this class, provided that the oxide
is a transparent conductor in its own right. Other alternatives of this rapidly
growing group of transparent conductors include silver nanowires combined
with ITO films or nanoparticles or with carbon nanotubes, graphene and so on.
Furthermore, macroscopic metal meshes, grids and arrays can be of interest,
although they may lead to unwanted optical scattering.

1.4.4
Electrolytes: Some Examples

Three types of electrolytes are of importance for electrochromic devices: thin solid
films, polymer layers and ionic liquids. Electrolytes are generally proprietary in
devices, and little is known about the ones that are used in practice.

Concerning thin solid films, those of porous oxide can be made H* or Li* con-
ducting by co-deposition, by chemical or electrochemical post-treatment or by
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Figure 1.24 Diffusion coefficient for Ta oxide films with different amounts of Li*. After
Ref. [126].

exposure to humidity. A particularly well-studied example is tantalum pentoxide,
whose applicability in electrochromic devices has been investigated in detail.
For example, proton-conducting films have been prepared by sputter deposition
of Ta in the presence of O, and H,O and have shown an ion conductivity of
~107°Scm™! for as-deposited films; heat treatment led to a rapid decrease
in their ion conductivity. Electrochemical lithium incorporation is another
possibility and can yield amorphous-like films with Li* diffusion constants of
1071 to 107! cm? 57}, at least for Li/Ta,O; ratios below 0.01, as evidenced in
Figure 1.24, which reproduces data from Frenning et al. [126]. More complex
thin-film electrolytes have been investigated in other work, such as LiPON [127]
and LiBO, -Li,SO, (known as LiBSO) [128].

Polymers and ionic liquids can be used in electrochromic devices that are more
rugged than those possible with thin-film ion conductors. There are almost innu-
merable options. In situ polymerisation may be required for sealing purposes, and
research with this object has been reported for polymer electrolytes [129] and
ionic-liquid-based gel electrolytes [130]. Polymer electrolytes are discussed fur-
ther in Chapter 10.

15
Towards Devices

Electrochromic device technology has been under development for many years,
as noted in Section 1.1.2. There may be several reasons why this development
has taken so many years, one being that electrochromic operation is ‘difficult’
and combines electrochemistry with optical technology and often also with
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thin-film science in order to produce devices that should work for decades
under harsh conditions while being observed by persons used to benchmarking
against today’s high-quality optical products (such as windows). Section 1.5.1
below considers a number of hurdles that must be overcome in order to have
functional EC ‘smart’ windows. Section 1.5.2 then surveys some practical oxide-
based devices. More in-depth discussions of device performance are presented
elsewhere in this book.

1.5.1
Six Hurdles for Device Manufacturing

The first hurdle is that the electrochromic and the counter electrode films, shown
in Figure 1.1, must have well-developed nanoporosity over their full areas, which
may require that thin films are produced under non-standard conditions. These
aspects were treated briefly in Section 1.3.5.

Secondly, the transparent conductors connecting electrochromic and counter
electrode films must combine excellent electrical conductivity and high optical
transparency, which is demanding particularly for polymer substrates. Transpar-
ent conductors of several different types were discussed in Sections 1.4.1-1.4.3.

The third difficulty is easily understood by considering the electrochromic
device as a thin-film battery, which highlights that charge insertion/extraction
and charge balancing are essential. In practical manufacturing, these processes
must be accomplished by highly controllable and industrially viable techniques.
Ozone exposure is one of several possible techniques [49, 131, 132].

Fourth, the electrolyte in the centre of the electrochromic device must combine
good ion conductivity with very low electronic conductivity and high durability
under solar irradiation. In some devices, it must also serve as an adhesive and
reliably join two parts of the device.

Long-term cycling durability is of obvious interest for most electrochromic
devices and is the fifth item. It hinges on good strategies for voltage and current
control, which points at analogies between electrochromics and electrical bat-
teries. These strategies, and their implementations via electronic drive circuitry
design, are another area where proprietary considerations are dominating.
However, it is evident that simple switching of voltage levels between two set
values is far from an optimised strategy.

The sixth and final item is large-scale manufacturability, which is an obvious
key to cost-effective electrochromic devices and hence to their acceptance
on the consumer market. Clearly, it is necessary to avoid time-consuming
production steps such as protracted thin-film deposition, long post-treatment
times, elaborate steps for electrochemical charge insertion and extraction
and so on. Life-cycle assessment is an important ingredient for judging the
suitability of a specific manufacturing technology [133, 134]; these aspects are
discussed in Chapter 18.
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152
Practical Constructions of Electrochromic Devices

An uncritical reading of the scientific and technical literature may give an impres-
sion that many types of oxide-based electrochromic devices are available, but few
of these are ready for practical use. However, there are some full-scale products
and prototypes, especially for ‘smart window” applications [115, 135-137], and
those currently (2014) delivered to early adopters and other customers are intro-
duced next. This presentation also allows a view of practical device designs and
some insights into their pros and cons. The following literature references are to
scientific journals, and some of these papers are rather old and probably more
or less outdated. Thin films of tungsten oxide are a significant part of the elec-
trochromic functionality for all of these devices.

We first consider a five-layer ‘monolithic’ design based on a single glass pane
and developed by Sage Electrochromics Inc. in the United States [138] and Saint-
Gobain Recherche in France [139]. Details are obscure, but it is clear that the
electrolyte is a thin solid film. Such an arrangement makes it hard to avoid some
leakage current between the electrochromic films through structural imperfec-
tions, and repeated electrical ‘refresh’ pulses may be needed to maintain the device
in its dark state and transmittance changes can develop unevenly over large sur-
faces. The design may also lead to visible ‘pin holes’. A related construction was
developed by the US company View (earlier known as Soladigm Inc.). Somewhat
analogous work was performed at the Optical Coating Laboratory Inc. (OCLI) in
the United States during the 1990s [140, 141].

A laminated design embodying two double-layer-coated glass panes, joined
by a polymer electrolyte, has been developed by Flabeg/EControl Glass GmbH
in Germany. Some data are available for this device [142]. The electrolyte is
injected in fluid form in a millimetre-wide gap between the glass panes via
vacuum filling [143].

Another laminated device has been presented by Gesimat GmbH in Germany
[144]. Here, the electrolyte is based on poly vinyl butyral (PVB), which is a stan-
dard material for glass lamination, and the transparent electrical conductors are
produced by low-cost spray pyrolysis during float-glass production. The comple-
mentary electrochromic material is a film of iron(III) hexacyanoferrate(II) (‘ferric
ferrocyanide’ or ‘Prussian Blue’; see Chapter 2) prepared by electrodeposition.

A principally different polymer-foil-based laminated design has been developed
by ChromoGenics AB in Sweden. It employs flexible PET foil substrates and allows
roll-to-roll web coating [33, 145], that is, production by low-cost technology [146].
Another distinguishing feature is that the foil-based electrochromic device allows
‘free-form design’, which implies that product definition can be made at a later
stage of device manufacturing. One PET foil is coated with a transparent and elec-
trically conducting thin film and W oxide, another PET foil is coated with a trans-
parent conductor and Ni oxide and the electrochromic-film-coated surfaces of the
two foils are joined by an electrolyte via continuous lamination with an adhesive
polymer. This type of electrochromic foil is discussed in more detail in Chapter 17.
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1.6
Conclusions

This chapter has presented the conceptual and materials-oriented basis of oxide-
based electrochromics with special attention to thin films of tungsten oxide and
nickel oxide. The connection to the electronic properties and to nanostructural
features was emphasised, and the importance of the thin-film manufacturing tech-
nology was stressed. Transparent electrical conductors and electrolytes were dis-
cussed too as were some general manufacturing aspects.

The electrochromic properties of a number of transition metal oxides have
been known for decades and their application in devices have been attempted for
many years. Promises of applications in ‘smart windows’ and elsewhere have been
made repeatedly by many, but few products have emerged some products have
swiftly been retracted. Nevertheless, research and development have progressed
at a steady pace, and oxide-based electrochromic technology may finally (2015)
be ready for market introduction on a massive scale.
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2
Electrochromic Materials Based on Prussian Blue and Other

Metal Metallohexacyanates
David R. Rosseinsky and Roger J. Mortimer

2.1
The Electrochromism of Prussian Blue

2.1.1
Introduction

The widely used pigment [1] Prussian blue (PB) was fortuitously invented by
J. J. Diesbach in Berlin in 1704 [2]. The chromic centre (‘chromophore’) of ‘PB’ is
Fe''[Fe!'(CN),], or ‘ferric ferrocyanide’ colloquially. The Roman superscripts, the
oxidation states, just approximate the actual charges. Under ‘white’ illumination,
Blue arises from the electron-transferring optical transition

Fe''[Fe' (CN)4] + hv — Fe'[Fe' (CN),] (2.1)

the product — an excited state — rapidly decaying back to the original.

The driven electron transfer at a film of PB on a transparent electrode that com-
prises its electrochromism from blue (PB) to clear (labelled ‘ES’, as explained as
follows):

Fe''[Fe''(CN),] + e~ — Fe''[Fe''(CN),], thatis, PB+e~ — ES (22)

at a sufficiently negative potential applied to the substrate conductor. Typically
in aqueous chloride-containing electrolyte, the switch occurs between 0.6 and
—0.2V versus Ag/AgCl. The product in Eq. (2.2) is the colourless form, which in
bulk is called ‘Everitt’s Salt, ES. On reversing the applied potential, on current flow
the process re-colourises the film to PB:

Fe!l[Fe!!(CN),] — Fe'[Fe!'(CN)] + e~ (23)

Much of the earlier work is encompassed in several monographs [3—5]. An out-
line of the chemistry follows.
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2.1.2
Electrodeposited PB Film and Comparisons with Bulk PB

PB film shows a maximum absorbance ranging over 650—720 nm. The range arises
because the precise chemical composition does vary even in carefully reproduced
preparations: the high insolubility of the substance imposes a marked composition
sensitivity to precise preparative conditions and ions (cations usually) incorpo-
rated in the lattice [6] and also on the extent of crystallinity or amorphism. Fur-
thermore, the maximum may shift with thickness of the PB film [7]. In this chapter,
acid-containing aqueous KCl solution is assumed to be the electrolyte in contact
with the electrochrome, unless otherwise stated. Other electrolytes may involve
different mechanistic analyses, but if aqueous, usually not dissimilar to KCL In
balancing the 3+ of Fe'l and the anionic 4—, the required cation has earlier been
deemed ‘supernumerary’, implicitly unrelated to the electrochromic responses of
Egs. (2.2) and (2.3), but revised views now hold as outlined next. Such a ‘supernu-
merary’ could be 1/3(Fe3*), but K* or another M* ion could serve if present.

Lattice energy calculations [8], for bulk PB precipitated from component solu-
tions, show the K*-containing species to be thermodynamically more stable than
the 1/3(Fe3*)-containing PB though the title as published [8] is undoubtedly incor-
rect regarding PB films as follows. For historically incorrect reasons, bulk PB of
composition (Fe**), ; (Fe>*[Fe!'(CN)]*") comprising visible dispersed solid was
termed ‘Insoluble PB’ (hereinafter InsolPB). This substance contrasted with the
K*-containing colloid — in early days not visible as such — called ‘Soluble PB’
(hereinafter SolPB). It is important to note that ‘Soluble” and ‘Insoluble’ regard-
ing PB clearly lack their ordinary chemical usages, which is to be borne in mind
in reading much of the last decade’s literature. The calculated lattice energy [8]
accords with experiment: in bulk preparations from mixing Fe>* and [Fel!l(CN)4]*~
containing solutions, if K* is present, SolPB invariably results. In a masterly under-
statement [9], “The iron hexacyanoferrate compound ... known as Prussian blue
is widely studied, although its chemistry is still not totally understood’.

Electrochromic PB film is often deposited on metals or transparent glass-based
conductors such as indium-tin oxide (ITO) coated on glass [4, 5], by electrore-
duction from aqueous solutions of soluble salts of Fe** and [Fe!' (CN)4]3 ions,
basically represented as

Fe**[Fe™(CN) 1>~ + e™ — Fe**[Fe''(CN) ]~ (2.4)

In reality, solute is adsorbed on the electrode [10] preceding the complete reduc-
tion, Eq. (2.5),

3Fe**([Fe"(CN)(*7) + Fet + 3e™ — (Fe?*),([Fe" (CN)(1*), (2.5)

Analyses [8, 10] always show that the form in which film PB is initially elec-
trodeposited corresponds closely in composition and structure [11] with InsolPB,
Eq. (2.5), but it is claimed that vacancies have an important (actually dominant)
role in PB-film electrochromism [12—14], as explained next. The new conclusions
contradict long-held views. Thus, a part-transformation of initial InsolPB into
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SolPB on PB/ES cycling was inferred [10] from both the relative bulk stabilities
and the K retention in PB/ES cycling, and copious such inferences (summarised
in Refs. [3-5]) have been supported, for example, by XPS [15, 16]. The new con-
clusions have been drawn from notable chemical physics that has developed in
recent years [17, 18] (regarding which many further references are summarised [9,
12-14, 19]). This includes XRD of PB film scraped from electrodes, spectroscopy
and, most importantly, Electrochemical Quartz MicroBalance (EQMB) observa-
tions during the PB « ES voltammetric cycling [17].

From EQMB, all the original Fe?* of the InsolPB composition is shown to be
retained (as Fe?*) in the reduction to ES. So, on re-oxidation to PB, the InsolPB
composition recurs, that is, no Fe ions are ‘supernumeraries’. As was found by
Ludi’s group in bulk crystals [11], about 25% of the ferrocyanide sites in film PB
are in fact vacancies [9] (up to about 31% [19]). Ludi and co-workers [11] assigned
O bonds (from H,O or OH") to the Fe!'l otherwise lacking a ligand at the vacancy.
From film XRD [9], it was likewise inferred that into every vacancy, four Fel!
ions protrude from the lattice, each with an OH™ ligand replacing the lacking
—NC (ferrocyanide) link [9]. For charge balance, completely electro-reduced
(Fel), [Fe''(CN),]; acquires four K* in the vacancy:

(Fe'), [Fe"(CN),1; + 4K* + de™ — K, (Fe'),[Fe (CN),],
blue colourless (2.6)

The EQMB study [17] shows that, at part of the way through the reduction,
Eq. (2.6), there is a transformation (‘changeover’) where only some 23% of the Fel!
of PB is found to be reduced, this reduction immediately preceding both a mass
incursion of K* together with H, O into the vacancy and the electrochromic colour
change, Eq. (2.6). This 23% is deemed [9, 12] to be the Fe'!~OH~ species in the
vacancies, hence nicely approximating the vacancy population [20, 21].

K* can be retained in subsequent PB/ES cycles, accompanied by CI~ or OH™ to
preserve electroneutrality in the ES — PB step. Regarding pH, solutions of pH =2
in the electrochromic cell [23, 24] allow much swifter PB/ES transformations
than do higher pH solutions: possibly the more mobile H* rather than K* is the
electroneutrality-preserving cation acquired or ejected in PB/ES switches [24]
(cf. further views [9, 19]).

The new compositions established for PB transformations are extremely
important for the field. However, these penetrating results, mainly from French,
Spanish and Brazilian laboratories, are often unclearly expounded. The following
examples exemplify: “The spectroscopic band detected at 380 nm records the
electronic charge transfer from iron(Il) ions into high-spin sites to iron(III)
ions into low-spin sites’ [20]. In Figure 2.1, the arrows indicate the preferential
Fe3*(NC),OH™ clusters or entities where electronic charge is preferentially
occupied prior to the changeover process taking place [9].

Spin does need attention here. The useful ligand field theory shows that in
free Fe'' or Fe'! ions, electrons will occupy five 3d orbitals of equal energy. In
hexacoordinate compounds, two orbitals fall on the coordinate axes and suffer
repulsion by ligands, and depending on the ‘ligand field’ magnitude, which
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Figure 2.1 Cyclic voltammograms (see steps of blue through (a visible) green to yel-
monographs [3-5]) in KCI solution of PB low PY, while in (b) there are two distinct
deposited (a) some few nanometres thick peaks, one for blue/green and the second
and (b) a thicker sample with KCl incorpo- for green/yellow [3-5]. Reproduced with
rated in PB, described in the main text. In the permission of The Electrochemical Soci-

(a), a single oxidative peak encompasses the ety [10].

correlates with the strength of the bonding, these e, orbitals are raised in energy
cf. the three interaxial ¢,, orbitals escaping much of that repulsion. Fe-CN
bonds are strong (hence, high ligand fields) while Fe-NC (and FeOH,] bonds are
weak (—low ligand fields]. Thus, in Fe'(CN), and Fel''(CN)j, the e, orbitals are
raised to such a level that the electrons overcome Pauli repulsion to pair up in
the lower-energy ¢,, orbitals, giving low-spin ferrocyanide’. The e, orbitals are
unoccupied. But Fe'(OH,),, for example, has electrons distributed over £,y and
e, orbitals because of the weak ligand fields here. Thus, the optical transition
conferring the blue coloration involves

Fe® (t5,e5) [Fe'l(£5,e)(CN)g] + hv — *Fe** [*Fe! (CN)g] (2.7)

where the conjectured spin states of the (asterisked) excited species are
Fe2+(t‘2’ge§) [Fem(t5 0)(CN)6] viz. a high-spin Fe!" and a low-spin Fel!,

Assignment [20] of the aforementioned small 380 nm absorbance peak men-
tioned requires Fe3+(t5 0) [FeH(t;‘g é)(CN)6] in the ground-state wave function,
which appears somewhat exotic. (Were these configurations merely trace amounts
of thermally populated species, then their already raised energies before optical
charge transfer would lead to an absorbance lower in energy than the main ‘blue’
band, not higher at 380 nm, leaving an unresolved issue.)

It has been inferred [17] that H, is generated during the PB — ES reduction,
which had not been seen in the multiple cycles noted: the reported 10° cycle
[23-25] attests the robustness and integrity of the PB/ES system.

A useful PB-with-WO,; complementary system [26] with the electrochromes
roughly deposited and then coated with ammonium acetate gives efficient switch-
ing and colour intensity.

Other aspects [9], for example, the inference of some Fe!(CN);OH~ occur-
rence, are beyond the scope of this chapter, also the magnetic results [17, 27]
which are suggested [9] to give rise to non-electrochemical contributions to
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observed currents. Wave-mechanical treatments seem unproductive in materials
as variable in structure as PB and its other oxidation states [27], treating all
such states as having the SolPB structure providing just such an example. The
inference of semi-metallic conductivity in ES seems especially questionable;
electrochemical impedance spectroscopy shows ionic conductivity to be the
more likely [20, 21]. So far only the PB < ES conversions have been considered.
But PB has been oxidised all the way to the yellow Fe3*[Fe!'(CN)3~], which we
call Prussian yellow or PY (Figure 2.1) [10].

Cyclic voltammograms in the right conditions (e.g. slow enough scans) show
an intermediate peak that corresponds to the pigment Berlin Green (‘BG’). The
thicker sample needs a wider potential range for its electrochromism, possibly
from the modest conductivity [28] of the iron hexacyanoferrates across the range,
the higher resistances requiring greater potential changes for bulk transforma-
tions to PY of the thicker material.

Colloid-derived PB films [29] show large voltammetric peaks for BG formation
(and extended potential ranges as just alluded to). Analyses lacking, BG could
contain a 50%:50% anionic ratio, in a formula such as (Fe3*), [Fel'l(CN)4]*~
[Fel''(CN)41>~, requiring n =7/3 for that ratio. The final PY is intrinsically
Fe3*[Fe'(CN)4]3~. However, PY films have not been analysed. With 10° PB/ES
cycles [22, 23, 25], the —0.2 to +1.4V scan with PY as the positive limit has
not been so tested for endurance and may not be similarly reproducible if
the extreme product PY film resembles the rather soluble [10] orange—yellow
Fe?*([Fe™(CN)4]*>7) complex occurring in aqueous solution. But hitherto
untested non-aqueous or polymeric electrolytes should obviate such disso-
lution. In considering possible retention of the InsolPB iron-ion framework,
positive-electrode repulsion would, however, seem to prevent retention by PY of
more Fe?* or extra Fe3* to Fe3*([Fe'(CN)]*7) during the ES < PY cycling. But
shedding K*, or acquiring Cl~ , in the no-doubt persistent vacancies as seen in
reductively cycled PB, could allow retention of that InsolPB-type Fe framework
throughout ES < PY cycling, as could be demonstrated by EQMB study [20].

Sometimes, the fully oxidised solid, often over-simplified as Fe** ([Fe!'(CN)]37),
in films as thick as 500 nm [29], is referred to as ‘Berlin Green’, but the observation
of green could be attributed to the outer, visible layers being deprived of the
final electron loss, forming inner orange—yellow PY, again owing to the modest
conductivities of the species [28].

The aforementioned structural results contrast with the amorphous nature [30]
found for different preparations of PB films (as also with higher current electrode-
position), emphasising the preparation-dependent nature of different PBs: any
particular asserted structure or composition could be specific to that research.

213
PB Prepared from Direct Cell Reaction, with No Applied Potential

Ho [31] first suggested making PB by the spontaneous cell reaction with silver as
second sacrificial electrode, short-circuited to the PB-deposition electrode, in a
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modification of Eq. (2.5):
3Fe**[Fe(CN)( >~ + Fe* + 3Ag — (Fe**),([Fe"(CN)(1*7), + 3Ag" (2.8)

a process with both benefits and drawbacks. The need for a driven electrochemical
cell is obviated. But silver is expensive, and, for an even PB deposit, an equal area
of Ag should oppose the depositing PB film. Furthermore, while but a few Ag* will
penetrate PB, the long-term effects of Ag* ions in contact with PB are deleterious
(PB incorporates Ag" spontaneously and deleteriously), and the formed PB film
must be rapidly removed from the solution and washed.

A modification [32] of this process that obviates solid Ag is to use silver paint
on the required electrode to be dipped into the reactant solution, around the area
where PB is to be deposited, which cuts down on making a short-circuited two-
electrode cell as just described, but would need fine Ag-paint tracks across the
PB-deposition surface again for uniform deposition. Then also, all the exposed
Ag paint has to be coated with insulant, to preserve PB against deleterious Ag®.
However, printing techniques could be devised if PB were on a flexible electrode.

2.14
Layer-by-Layer Deposition of PB

By alternate immersions in the PB-forming solutions containing Fe** and then
[Fe(CN)]*~, controlled layers of PB are deposited [33]. An identical so-called
‘multiple-sequential deposition’ method has been employed by Tieke and
co-workers [34—36] for several systems.

2.15
PB on Graphene

A novel conductive substrate, graphene, has recently been tested [37]. A 1cm?
transparent graphene film of CVD origin was used to electrodeposit PB from a
solution of 0.1 M KCI and HCI containing 5 mM FeCl; and K;Fe(CN),. Several
thicknesses of film (about 100 nm up to 1.2 pm needed for an 80% transmittance
change) were examined. The times for coloration/decoloration were up to about
38 s (about twice that of a comparable PB/ITO system), that is, satisfactorily fast.
The flexibility of graphene and large-scale versions appear attractive.

2.1.6
Alternative Preparations of PB: PB from Colloid and Similar Origins

SolPB has been deposited by electrostatic forces from the colloidal state directly
onto positive Pt electrodes, and 185-nm-thick deposits have been produced [29],
which were voltammetrically cycled between —0.4 and +1.2 V. As noted regard-
ing Figure 2.1, only thin-film voltammetry shows the fully oxidised form to be
yellow, as expected from the orange—yellow appearance of the Fe3* [Fel!'(CN),]3~
solutions used in electroreductive PB preparations.
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PB has been obtained from other colloids. In a study [38, 39] (curiously
interpreted in view of the well-known PB sol properties), acid aqueous
Na, [Fel'l(CN),] and Fe'(NO,), in stoichiometric amounts deposited InsolPB.
After being stirred for 3 days in solution with Na salt, ‘a transparent blue solution’
ensued [38], no doubt colloidal Na-containing ‘soluble’ PB. After being dried by
evaporation, the powder was re-suspended in water. A blue solid was insecurely
attached from this liquid to an ITO-coated electrode by spin coating. Then
multiple PB/ES cycles in a KPF/acetonitrile solution produced a stably attached
eletrochromic film, XRD indicating several hundred nanometre thicknesses. 10*
cycles showed no deterioration of colour intensity. Many similar claims of using
truly ‘soluble’ PB have been made by these and associated authors [40].

Also claimed in patents [41], ‘nanoparticle’ PB applied as wet powder to
conductive electrodes led to reliable devices, with an average PB particle size
of 10-200 nm resulting from mechanical crushing and a claimed PB coating
thickness of 50-1000nm. This work follows earlier PB/polymer thin-film
constructions [42, 43].

2.1.7
Alternative Electrolytes Including Polymeric for PB Electrochromism

Aqueous solutions are not necessarily the best for electrochromism. One
[44], involving inter alia PB and poly(3,4-ethylenedioxythiophene) (PEDOT)
electrochromes, uses flexible, transparent and self-supporting electrolyte films
comprising poly(trimethylene carbonate)/poly(ethylene oxide) (pTMC/PEO)
inter-penetrating networks containing LiClO,, which allows a number of
switches, but needs 10 min to attain full coloration. This is an occasional problem
with polymer electrolytes, widely studied by this group. The Gesimat organi-
sation, efficiently targeting commercial prospects [45], uses, amongst others,
the polymer PVB (polyvinyl butyral) with Li salt as electrolyte, which works for
numerous cycles of a PB-with-WO; cell. A comprehensive review of commer-
cially promising systems [46] also includes polymer electrolytes, favouring WO,
as electrochrome sometimes opposed with (the reliable) PB. Commercial claims
regarding reliability, however, are said not always to be met [46].

A study was conducted [47] of a cell comprising a polymer electrolyte with
PB and the opposing electrode a novel WO; made from acetic peroxytungstate
dropped onto heated ITO-coated substrate. A 4mol% LiClO,-doped sol-gel
material of 3-methacryl-oxypropyl-trimethoxy-silane (MEMO), together with
zirconium n-propoxide, forms the electrolyte. Efficiency prevails: monomeric
electrolyte is wiped onto the two electrochrome surfaces, which when combined
are exposed to UV illumination to effect polymerisation without damage to
electrochromes. The 100th and 200th PB/ES voltammetry cycles were virtually
identical, so stability appears assured.

PB and WO, electrodes (often with KCl electrolyte) are widely used
complementarily, and a number of alternatives for PB are listed in Ref. [5], notably
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plasma-polymerised ytterbium bis(phthalocyanine) and further combinations
including a three-electrode array.

2.2
Metal Metallohexacyanates akin to Prussian Blue

Of the many prospectively electrochromic compounds amongst PB analogues,
Ruthenium purple promises the most marked coloration changes, though redox
colorations are not lacking among the rest. In a study [48] of PB analogues and
their solid solutions, a number of redox colour changes were seen, which may
promise electrochromism, not however sought in that study [48].

2.2.1
Ruthenium Purple RP

The coloured species K*Fe3"[Ru!(CN);] is established from bulk precipitate
in the form of colloid [49], with powder XRD showing a cubic structure like
PB [50]. As for PB, deposited films ensue [51-53] from electroreduction of
solutions of Fe** and [Ru!(CN),]* ions or use of a sacrificial Cu anode (though
the possible hazard to stability of Ag* with PB, comparable here, needs be
noted). The absorbance maximum lies at about 550 nm. Reversible reduction to
(K*),Fe?*[Ru'(CN),] decolourises the film, but unlike PB, oxidation evokes no
further colour changes. The layer-by-layer deposition method introduced for PB
[33] has been utilised by Jain et al. [54] to produce high-contrast coloration in RP.

222
Vanadium Hexacyanoferrate

While (VO,*);[Fe(CN),] is conceivably the fully oxidised form of this substance
[55, 56] and a possible electrochrome candidate, both metal ions being capable
of one-electron reduction (vanadium to VO?*, via VO} + 2H* + e~ — VO** +
H,0), interactive electrochromism has not been found, possibly owing to variable
oxide complexity of the vanadium ions.

223
Nickel Hexacyanoferrate

Nickel hexacyanoferrate from Ni-metal electrooxidation [57] in [Fel''(CN)4]3~
solution, or the electroreduction [58] of Ni** and [Fe!(CN),]3~ solution, shows
only a weak yellow to colourless electrochromism [59], which could just represent
ferricyanide transitioning into ferrocyanide. However, a more novel Fe anion
[Fe'(CN), (bipy)]?>~ results [60] from adding as ligands both CN~ and 2,2’-
bipyridine; the complex is itself bright red and electro-reducible to colourless.
With Ni%*, linked to Fe via the 2,2'-bipy, a film on an electrode can be cycled
between red and transparent, apparently vividly. It is further speculated [61]



2.3 Copper Hexacyanoferrate

that the complexes [Ru''(CN),(bipy)]>~ and [Os(CN),(bipy)]?>~ could further
be prospective orange/transparent and green/transparent electrochromes,
respectively.

23
Copper Hexacyanoferrate

The preparation here is more complicated than usual [62-65]. Thin Cu metal
is electroplated from Cu(NO;), and KCIO, solution onto glassy carbon or
ITO-coated electrodes (which is pre-oxidised in this solution by cycling between
0.4 and 0.5V). Cu was deposited then from 0.3 to —0.5 V. Cycling between —0.5
and +0.5V was repeated until a reproducible voltammetry ensued. Then the
Cu electrodeposited at —0.5V in its preparative solution received an injected
aliquot of K,[Fe''(CN)] solution, depositing an immediate red-brown colloid,
while a recyclable Cu}l[Fe"(CN)] film ensued on the electrode, capable of at
least 1000 cycles of red-brown (reduced) to yellow (when oxidised). The latter
is attributable to the internal 420 nm Fe!''(CN), CT. In the reduced state, the
Fe!' to Cu transition gives a broad band with A, ~=490nm and extinction
coefficient & = 2 x 10% dm® mol™' cm™.

The elaborate preparation obviates the instability of films electrodeposited
directly from Cu?* and K;[Fe'!(CN),] solutions, underlining the physicochemical
complexity of such films.

2.3.1
Palladium Hexacyanoferrate

Potential cycling [66] of a solution containing PdCl, and K;Fe(CN), provides an
electrochromic film, but Pd" is inactive, mixed Fe!!(CN), —Fe!'(CN), interactions
being believed to effect coloration, light yellow in the oxidised state and yellow-
green in the reduced state [67].

23.2
Indium Hexacyanoferrate and Gallium Hexacyanoferrate

Solutions of InCl; and K;Fe(CN)4 on electrochemical reduction by electrodes
[68—71] provide weakly absorbing electrochromic films of In'' ferrocyanide,
white on reduction and yellow on oxidation. As a film on the metal, gallium
ferricyanide ensues from Ga metal oxidation in a ferricyanide/KCl solution [72],
but hitherto not tested as an electrochrome.

233
Miscellaneous PB Analogues as Hexacyanoferrates

Several further PB analogues, some only as possible electrochromes, are tabulated
as follows.

49



50

2 Electrochromic Materials Based on Prussian Blue and Other Metal Metallohexacyanates

Electrochrome Coloration (‘Rev’ = Reversibly) References
Cadmium hexacyanoferrate Rev white to colourless on reduction [59, 73]
Chromium hexacyanoferrate Rev blue to pale blue—grey on [59, 74]
reduction
Cobalt hexacyanoferrate Rev green—brown to dark green on [59, 75]
reduction
Manganese hexacyanoferrate Pale yellow to colourless on reduction [59, 76]
Molybdenum hexacyanoferrate Pink to red on reduction [59, 77]
Platinum hexacyanoferrate Pale blue to colourless on reduction [59, 78]
Rhenium hexacyanoferrate Pale yellow to colourless on reduction [59]
Rhodium hexacyanoferrate Pale yellow to colourless on reduction [59]
Titanium hexacyanoferrate Rev brown to pale yellow on reduction  [59, 79]
Osmium hexacyanoferrate Possible electrochrome [80]
Osmium(IV) hexacyanoruthenate Possible electrochrome [81]
Ruthenium oxide—hexacyanoruthenate Possible electrochrome [82]
Samarium hexacyanoferrate Possible electrochrome [83]
Silver hexacyanoferrate Possible electrochrome [84]
Uranium hexacyanoferrate Possible electrochrome [85]
Zirconium hexacyanoferrate Possible electrochrome [86]

234
Mixed-Metal and Mixed-Ligand PB Analogues Listed

Ruthenium oxide —hexacyanoferrate with ruthenium hexacyanoferrate [87].

Silver-‘cross-linked’ nickel hexacyanoferrate [88] (reversibly yellow to white on
reduction [59]).

Copper heptacyanonitrosyl-ferrate [89].

Iron(III) carbonylpentacyanoferrate [84].

Iron(IIl) pentacyanonitroferrate [84].
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3
Electrochromic Materials and Devices Based on Viologens
Paul M. S. Monk, David R. Rosseinsky, and Roger J. Mortimer

3.1
Introduction, Naming and Previous Studies

Bipyridilium species are electrochromic. They are formed by diquaternising 4,4'-
bipyridyl to form 1,1’-disubstituted-4,4’-bipyridilium salts (I). The positive charge
shown localised on N is better viewed as being delocalised over the respective
rings. There is generally little delocalisation between the two quaternised pyridine
rings owing to a lack of m-overlap, which is a consequence of a significant dihedral
angle between the two rings.

@/ —\ ®
"N/ N\ /T
2X

The compounds are formally named 1,1’-di-substituent-4,4’-bipyridilium if
the two substituents attached to the nitrogen are the same and 1-substituent-
1’-substituent’-4,4’-bipyridilium when they differ. When the carbon atoms of
the bipyridyl core are attached to groups other than hydrogen, these species are
usually named ‘nuclear-substituted’ compounds.

The anion X~ need not be monovalent and can even be attached to a poly-
mer backbone. The molecules are zwitterionic (i.e. they bear both positive and
negative charge concentrations at different molecular regions or sites) when the
substituents at nitrogen bear a negative charge [1, 2].

A convenient abbreviation for any bipyridyl unit regardless of its redox state is
‘bipm’, with its charge indicated. In this notation, the dication is bipm?* and so on.

These compounds have several trivial, non-IUPAC names. By far the most
common is ‘viologen’ following Michaelis [3, 4], who noted the intense violet
colour formed when 1,1’-dimethyl-4,4/-bipyridilium undergoes a one-electron
reduction to form a radical cation (Eq. (3.1)). In this nomenclature, the simplest
viologen (1,1’-dimethyl-4,4’-bipyridilium) is styled ‘methyl viologen’ (MYV).
Another extensively used name is ‘paraquat’ (PQ) after the ICI brand name for
methyl viologen, which ICI developed for herbicidal use. In this latter style, MV**
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is named ‘PQ’ and bipyridilium species with substituents other than the dimethyl
are called ‘substituent paraquat’.

There are several reviews of this field. The most recent of any length is the
chapter ‘The viologens’ in Electrochromism and Electrochromic Devices by Monk,
Mortimer and Rosseinsky (2007) [5]. The most substantial is still the 1998 book
The Viologens: Physicochemical Properties, Synthesis, and Applications of the Salts
of 4,4 -Bipyridine by Monk [6]. Other works are becoming dated, but some still
incorporate valuable bibliographic data, including the chapter ‘Bipyridilium sys-
tems’ in Electrochromism: Fundamentals and Applications by Monk et al. (1995);
[7]; “The Bipyridines’ (1984), by Summers [8], deals at length with syntheses and
properties of 4,4’-bipyridine; and Summers’ book The Bipyridinium Herbicides
(1980) [9] comprises copious detail. Although dated, “The Electrochemistry of the
Viologens’ (1981) by Bird and Kuhn [10] is particularly relevant to this chapter.
‘Formation, properties and reactions of cation radicals in solution’ (1976) by
Bard et al. [11] has a good section on bipyridilium radical cations. The review
‘Chemistry of viologens’ (1991) by Sliwaet al. [12] also alludes to electrochromism.

3.2
Redox Chemistry of Bipyridilium Electrochromes

There are three common bipyridilium redox states: a dication (bipm?*), a radi-
cal cation (bipm™) and a di-reduced neutral compound (bipm?). The dicationic
salt is the most stable of the three and is the species purchased or synthesised. It
is colourless when pure unless charge-transfer-type interactions with the counter
anion or other charge donors in solution generate optical bands. Such absorbances
are generally feeble for anions such as chloride or sulfate but are stronger for
charge-transfer interactive anions such as bromide or iodide [13]; thus, PQ>** 2Br~
is rich yellow in colour, and PQ?* 21~ is brilliant scarlet.
Reductive electron transfer to the dication forms a radical cation, Eq. (3.1):

bipm?** + e~ — bipm™

(colourless) (intense colour) (3.1)

Bipyridilium radical cations are amongst the most stable of all organic radicals and
can be prepared as air-stable solid salts [14, 15].

In solution, the colour of the radical will persist almost indefinitely in the
absence of oxidising agents such as periodate or ferricyanide [16]; however, its
reaction with molecular oxygen is particularly rapid [17]. The stability of the
radical cation is attributable to the delocalisation of the radical electron through-
out the n-framework of the entire two-ring bipyridyl nucleus — not merely the
individual pyridine rings — because the ion becomes planar on reduction, thereby
enabling m-overlap and hence conjugation between the two rings. Furthermore,
ESR measurements demonstrate how the 1 and 1’ substituents also bear some of
the charge, particularly if aryl or otherwise are capable of additional conjugation.



3.2 Redox Chemistry of Bipyridilium Electrochromes

The potential needed to effect the reduction reaction in Eq. (3.1) depends on
many factors including the solvent, ionic strength, choice of electrode substrate
but, more importantly, on the choice of the two substituents at nitrogen and on
further substituents if the electrochrome has nuclear (i.e. bipyridyl) substitution.
For example, Hiinig and coworkers [18-20] prepared a wide range of bipyridil-
ium species and obtained for each a polarographic value of E,,,. They correlated
each E,, with the results of theoretical calculations and with parameters from
linear free-energy relationships (LFERs) from within the corpus of physical
organic chemistry such as ¢ and ¢*. They found clear links between the molecular
properties that determine variations such as electron densities and electronic
shifts and 4,,,.

Electrochromism occurs in bipyridilium species because, in contrast to the
bipyridilium dications, radical cations display an intense colour. This colour
derives from an optical charge transfer between the (formally) +1 and 0 valent
nitrogens. This is a simplified view of the phenomenon: in fact, because of the
delocalisation referred to earlier, the source of the colour is better viewed as an
intramolecular photo-effected electronic excitation.

The colours of radical cations depend on the substituents on nitrogen. As noted
earlier, simple alkyl groups such as methyl promote a blue-violet colour, whereas
aryl groups can generally impart a variety of colours to the radical cation, the exact
colour depending on the choice of substituent(s). Indeed, manipulation of the sub-
stituents attached to N, N’, and the bipyridyl ‘nucleus’ can generally modify the
appropriate molecular orbital energy levels and thereby, in principle, tailor the
colour as desired. Values of 4., from electronic spectra readily correlate with &
and o* from physical organic chemistry, as noted earlier [18—20].

The molar absorptivity € for the methyl viologen radical cation is large: for
example, in water, £ = 13700 dm® mol~! cm™! when extrapolated to zero
concentration [21]. € is usually somewhat solvent dependent [22]. A few values
of wavelength maxima and ¢ are listed in Table 3.1. The data refer to monomeric
radical-cation species unless stated otherwise (Table 3.1).

The colours of viologen radical cations species change with concentration. For
viologens with short alkyl chains, the radical cation is monomeric in solution and
has a blue colour becoming blue purple when the solution is more concentrated.
There is a tendency towards crimson as the length of the alkyl chain increases.
This change is largely due to an increasing incidence of dimerised radical cation:
the monomer of alkyl-substituted radical cations is blue and the respective dimer
is red [24].

By comparison, aryl-substituted viologens generally form a solid green or dark-
red deposit. The viologen radical cation within the solid is neutral and therefore
generally referred to as a ‘salt’. Also, dication solubility and radical-cation stability
(in thin-film form) are both greatly improved by using aryl substituents. These
physicochemical considerations explain why ICI chose aryl-substituted viologens
for their ECD, particularly the p-cyanophenyl variant (cyanophenyl paraquat
(CPQ, II)) since the electrochromic colour of the heptyl viologen radical cation
was deemed insufficiently intense: the molar absorptivity (and therefore the CR,

59



60

3 Electrochromic Materials and Devices Based on Viologens

Table 3.1 Optical data for some bipyridilium radical cations.

R Anion Solvent A (NM) £ (dm3*mol~"cm™") References
Methyl cl- H,0 605 13,700 [22]
Methyl I- H,0-MeCN 6052) 10,060 [23, 24]
Methyl cl- H,0 606 13,700 [21]
Methyl cl- MeCN 607 13,900 [22]
Methyl cl- MeOH 609 13,800 [22]
Methyl cl- EtOH 611 13,800 [22]
Methyl cl- H,0 604 16,900 [25]
Ethyl clo; DMF 603 12,200 [26]
Heptyl Br~ H,0 5459 26,000 [27]
Octyl Br~ H,0 5439 28,900 [28]
Benzyl cl- H,0 604 17,200 [29]
p-CN-Ph BF; PC 674 83,300 [30]
p-CN-Ph Cl- H,O 535P)-<) - [31]

a) Estimated from reported spectra.
b) Solid film on an optically transparent electrode, OTE.
c) Solution-phase radical-cation dimer.

as defined in Appendix) of aryl-substituted viologens is always far greater than
that of alkyl-substituted viologens (see Table 3.1). Furthermore, the green radical
cation of CPQ is more stable than the other aryl-viologen radical cations [30, 31].

1
In contrast with bipm?* or bipm**, comparatively little is known about the third
redox form of the bipyridilium series, the di-reduced or the so-called ‘di-hydro’
compounds which form by one-electron reduction of the respective radical cation

(Eq. (3.2)).
bipm " + e~ — bipm®

intense colour  weak colour (3.2)
This product may also be formed by direct two-electron reduction of the dication:
bipm®* + 2e~ — bipm® (3.3)

Di-reduced compounds are often termed ‘bi-radicals’ [32] because of their
extreme reactivity, but magnetic susceptibility measurements show that they are
diamagnetic [33] in the solid state, indicating that the two spins are paired. In fact,
di-reduced bipm® compounds are simply reactive di-amines [34]. The intensity of
the colour exhibited by bipm? species is often low since no obvious optical charge
transfer or internal transition corresponding to visible wavelengths is accessible.
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We now discuss the electrochromism of viologen species according to elec-
trochrome type.

3.3.1
Type-1 Viologen Electrochromes

Most viologen species can operate as a type-1 electrochrome. In the context of
device construction, a straightforward monomeric viologen is dissolved in a non-
aqueous solvent such as y-butyrolactone, MeCN or PC. The solvent must be dried
most rigorously to obviate the many electrochemical complications that arise in
aqueous solvents (see Section 3.3.2).

The write—erase efficiency for ECDs using a type-1 electrochrome is likely to
be high during long observation periods, but will decrease (possibly badly) as the
observation period becomes shorter. This statement merely reflects the require-
ment for the coloured product of electron transfer to diffuse back towards the
electrode within a finite timescale. Stated differently, type-1 electrochromes gen-
erally have a poor response time if a good contrast ratio CR is required. As a direct
consequence, many type-1 electrochromes are constructed for applications able
to accommodate slower response times such as anti-glare mirrors and long-term
data displays. This criterion does not preclude faster coloration times, for example,
when forming the coloured state of an electrochrome.

Virtually all the viologen-based ECDs currently on the market operate as type-1
devices. Examples include the world’s best-selling type-1 ECD, the Gentex mirror
(described in Section 3.4 and Chapter 14) in which the primary electrochrome is
aviologen (which may be zwitterionic to ensure that the radical-cation product of
reduction is charge-neutral). Ho et al. [35, 36] has modelled the electrochemical
behaviour and cycle life of this kind of electrochromic device, particularly one with
heptyl viologen as the primary electrochrome and tetramethylphenylenediamine
(TMPD) as the secondary. The cycle lives are high: figures are not available for the
Gentex mirror, but an ECD utilising benzyl viologen (as the BF} salt) in PC has a
cycle life of greater than 4 x 10* cycles [37].

3.3.2
Type-2 Viologen Electrochromes

Type-2 electrochromes are in solution when colourless but are solid in their
coloured forms. Viologen species act as type-2 electrochromes if the N-
substituent is aryl or the alkyl chain is long. The slow response times of type-1
electrochromes can be avoided by dissolving the viologen in a water-containing
electrolyte. To become properly type-2, the viologen requires an aryl or long-
chain alkyl substituent at nitrogen, because the coloured radical-cation product
of reduction reaction in Eq. (3.1) has a considerably lowered solubility than
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with, say, R=methyl in formula I of Section 3.1. Such ECDs do not have the
solubility — diffusion problem of type-1 devices and are also faster at bleaching.

The formation and removal of colour in a type-2 device are generally compli-
cated and require significant discussion, as follows.

Firstly, the solid will be an ionic salt albeit with some slight covalency. The pro-
cess of forming a solid viologen radical-cation at an electrode (reaction (3.1)) is
usually termed ‘electrodeposition.” Strictly, that term could imply that the solid
product is the immediate product of electron transfer, when the formation of vio-
logen radical-cation salts is generally regarded as a three-step process:

1) Radical cation forms at the electrode according to (Eq. (3.1)) followed by
2) The acquisition of an anion X~ in solution and thence
3) Precipitation of the salt from solution:

bipm™*(aq) + X~ (aq) — [bipm™*X7](s) (3.4)

Equation (3.4) represents the chemical step of a so-called ‘EC’-type process since
the product of electron transfer (‘E’) undergoes a chemical reaction. Such an over-
all EC reaction is strictly ‘electro-precipitation’ rather than ‘electrodeposition’. (If
electro-precipitation occurs by two steps that are in effect instantaneously sequen-
tial, ‘electrodeposition’ is then an adequate description.)

3.3.2.1 The Effect of the Bipyridilium-N Substituent

van Dam and Ponjeé (of Texas Instruments) [38] examined the effect that varia-
tions in the length of the alkyl chain have on the film-forming properties of the
radical cation as the bromide salt (Table 3.2). Redox potentials have been added
to this table from Ref. [10]. The data show the effect of increasing the length of
the alkyl chain: the pentyl chain produces the first consistently insoluble viologen
radical-cation salt, but the heptyl is the first salt for which the solubility product
is sufficiently low for realistic device usage (Table 3.2).

Table 3.2 shows that stable solid films only form if the viologen has an effective
chain length in excess of four CH, units. The radical-cation salt of CPQ is far less
soluble in water than is HV* Br~, yet the dicationic salt is extremely soluble. In
water, the solubility product K, of HV** Br is [39] 3.9 X 107 mol* dm~°.

3.3.2.2 The Effect of Micellar Viologen Species

Association of bipyridilium species to form n-dimers is well documented for the
viologen radical cation [23, 24], but is not so well attested for the dication; Refs. [14,
39-41] are some of the few citations of note. A particular problem with aqueous
solutions of viologen can be the formation of micelles of dication, particularly if the
substituents are aryl groups or alkyl chains (heptyl or longer) that are hydropho-
bic. Barclay et al. [39] (of IBM) quotes a critical micelle concentration cmc for
the HV?* dication of 1072 moldm™ in aqueous bromide solution. The analogy
between such viologens and quaternary ammonium cationic surfactants in this
regard is strong [42].
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Table 3.2 Symmetrical viologens: the effect of varying the alkyl chain length on radical-
cation film stability [10, 38].

Substituent of R Effective length Solid bromide Colour E'1e (mV)
(units of CH,) salt film on Pt
Methyl 1 No Blue —688 (Cl7)
Ethyl 2 No Blue —691 (Cl7)
Propyl 3 No Blue —690 (Br™)
Butyl 4 No Blue —686 (Br™)
Pentyl 5 Yes Purple —686 (Br™)
Hexyl 6 Yes Purple —710 (Br™)
Heptyl 7 Yes Mauve —600 (Br™)
Octyl 8 Yes Crimson —705 (Br™)
iso-pentyl 4 Yes Purple —696 (Br™)
Benzyl 4-5 Yes Mauve —-573 (Cl7)
CH4(Cl)CH,OCH, - 4 No - —
CH;-CH=CH-CH, - 4 No - —
H-CH=CH-(CH,), - 4-5 No - —
NCM-C,H,— 4-5 No - -3629 (Cl")

E¥ values are quoted against the SCE and refer to viologen salts with the parenthesised anion.

a) Polarographic E, value.

Electrochemistry below the cmc is straightforward enough. Reduction is
considerably more complicated when the concentration of the dication is higher
than the cmc, as follows. Reduction occurs preferentially on the outside of the
micelle as it approaches a cathodically biased electrode, to form bipm™, while the
inside of the micelle remains fully oxidised dication [14, 43]. A similar explanation
has been advanced to explain the complicated cyclic voltammetric behaviour
observed during the formation of solid radical-cation salt of CPQ [14, 44], and
Heyrovsky has postulated the existence of solution-phase mixed-valence species
of methyl viologen in water [45-47].

Although such mixed-valence viologens are not involved often and comprise
very small amounts of material, they are capable of greatly complicating the spe-
ciation and electrochemistry of solutions that contain them.

In an effort to mimic the properties of bipyridilium species encapsulated within
a micelle environment, Kaifer and Bard [40] investigated the electrochemistry of
methyl viologen in the presence of various surfactants (anionic, cationic or non-
ionic), showing how the properties of methyl viologen were largely unaffected by
the presence of surfactant when below the cmic, but above it, the properties of the
methyl viologen were markedly different, for example, the ESR spectrum of MV**
lost all hyperfine coupling due to rapid inter-radical spin swapping.

Engelman and Evans [48, 49] also investigated the electrochemical reduction of
MV?* in the presence of micellar anions. In the presence of anionic surfactant, the
position of the monomer —dimer equilibrium was displaced significantly in favour
of the monomeric form when above the cmc, whereas cationic and non-ionic
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surfactants did not affect the equilibrium either way. Cyclic voltammetry also
differed above and below the cmic.

Given the complexity of the overall electro-precipitation mechanism, and the
different specifications in solution during each of the steps during electropre-
cipitation, it is again worth remarking that comparison of results from different
authors is difficult since each step is defined by the number and nature of each
anion in solution, and different experimental conditions have been employed by
each author. In fact, the anion is occasionally quite unspecified.

3.3.2.3 The Effect of Film Morphology

Barna [50] (of Texas Instruments) addressed the morphology of HV* films.
Electrodeposited films are largely amorphous but partially crystalline. The pro-
portion of crystalline material increases with time; this acquisition of crystallinity
is probably associated with many additional sharp peaks observed during cyclic
voltammetry of heptyl viologen films [10, 38, 51, 52]. Goddard et al. [53] also
observed these time-dependent changes within deposits of HV*" on an OTE, as
studied using UV —vis spectroscopy via a novel potential cycling technique (now
rendered obsolete by use of diode-array technology).

Bewick [54, 55] used diode-array spectroscopy to investigate HV2* dibromide
and an array of asymmetric bipyridilium salts (i.e. with different substituents
attached to N and N’). He concluded the initial product of mono-reduction
was a solid salt of HV*" radical cation in which some unreduced HV?** dication
was incorporated [55]. He then explained the subsequent ageing effects and
previously inexplicable additional CV peaks in terms of this composite form
of solid deposit. A similar explanation has been advanced for the complicated
cyclic voltammetric behaviour observed during the formation of solid CPQ™
radical-cation salt [14, 44].

3.3.24 The Effect of the Counter Anion

The counter anion in the viologen salt usually has a crucial effect on ECD perfor-
mance. Different counter ions yield solid radical-cation products of electrodepo-
sition having a wide range of morphologies, solubilities and chemical stabilities
[30]. ICT used the SOZ‘ salt of CPQ?" in their prototype ECDs [56] because other
anions yielded a radical salt that was too unstable. For example, CPQ*" is oxi-
dised chemically by the nitrate ion via a rapid but complicated mechanism [30].
Studies of counter-ion effects may be performed by using cyclic voltammetry (e.g.
Ref. [51]) or by observing the time dependence of an ESR trace, which demon-
strates the bipm** concentration [30].

The properties of heptyl viologen radical-cation films also depend on the
anion as shown by van Dam and Ponjeé [38]. Jasinski [51] (Texas Instruments)
found that the optimum anion in water was dihydrogen phosphate. Anions
found useful for ECDs were acetate, dihydrogen phosphate, fluoride, formate
and sulfate. Bromide, chloride, perchlorate and tetrafluoroborate also proved
satisfactory (as also concluded by van Dam and Ponjeé [38]). The dication salts
of heptyl viologen are water insoluble when the anion is bicarbonate (at pH5.5),
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Table 3.3 Reduction potentials? of heptyl viologen: the effect of supporting electrolyte
anion and of electrode substrate.

Anion?) Epc(1)/V Epc(2)/V Epc(1)/V Epc(2)/V Epc(1)/V Epc(2)/V
on Ag on Pt on Ag
Bromide (0.3) —0.698 -1.008 —0.708  (<—0.818) —0.708 —0.978
H,PO; (2.0) —0.668 —-1.048 —0.668  (<—0.818) —0.668 —
Formate (0.4) —0.848 —-0.928 — — —0.828 —0.948
HCO; (1.0) —0.768 —-0.958 — — —-0.778 —0.948
Acetate (0.5) —0.828 —-0.928 — — — —
Fluoride (1.0)»  —0.8189  —0.8789 — —0.868 — —0.808
Sulfate (0.3) —0.8189  —0.9289 —0.848 —0.898 —0.798 —0.918

a) The concentration in parenthesis is expressed in mol dm~2. All reduction potentials were
determined at pH 5.5.

b) Millimolar viologen dication employed for measurement.

¢) No colour formed.

The values of peak potential E, are cited against the SCE.

Table reproduced from Ref. [51].

thiocyanate, tetrahydroborate, hexafluorophosphate, tetrafluoroantimonate or
tetrafluoroarsenate. Like CPQ™", HV™" is also oxidised by the nitrate ion [51] and
presumably by a related mechanism.

Jasinski studied the effect of electrode substrate on heptyl viologen’s reduction
potential [51]. His results for aqueous HV2* on various metals and with a variety
of anions are given in Table 3.3. Many other redox potentials for mono-reduction
of bipyridilium salts are quoted in the reviews by Monk [6] and by Bird and
Kuhn [10].

The speciation chemistry of aqueous viologen is generally complicated. For
example, the anion in a viologen-containing solution often participates in charge-
transfer (CT)-type interactions with the viologen dication. In fact, some studies
suggest that the CT complex must dissociate prior to reductive electron transfer
[57]. Reduction is therefore a two-step process: ion-pair dissociation — reduction,
although electron transfer could occur via a special type of Sy2 reaction in which
the ‘nucleophile’ is the electron and the leaving group is an anion [57].

The rates at which the CT complexes of methyl viologen dissociate vary: the
complex with iodide dissociates at a rate of 8.7 x 10° s~1, while that with chloride
dissociates faster with k = 26.3 X 10° s~. The anion may thus also influence the
speed of electrochromic coloration, as discussed more fully as follows [57].

3.3.2.5 The Use of Electron Mediators and the Formation of Electro-Inactive Oils
Sometimes a film of HV*" salt will not electro-erase. The reasons are many and
complicated. The first way to prevent non-erasure is to add an auxiliary redox
couple (i.e. an electron mediator) to the dication-containing electrolyte solution.
The most commonly used mediators include cerous ion [58, 59], ferrocyanide [56,
60, 61], ferrous ion [56] and hydroquinones [62]. (Ferrocene in acetonitrile has
also been used in a type-1 device [63, 64].)
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The mediator works in this way. During electro-coloration, bipm?* ion is
reduced to form coloured bipm™* but during re-oxidation at a positive potential it
is the mediator (e.g. ferrocyanide, [Fe' (CN),]*") that is oxidised at the electrode.
The oxidised form of the mediator (in this example, ferricyanide [Fel''(CN)4]37)
enables chemical oxidation of the radical-cation film, to re-form the dication.
Such oxidation is always extremely rapid [16]. Mediators are generally added to
solutions of heptyl viologen to facilitate electro-oxidation of the radical cation.
For aryl viologens in aqueous solution, a mediator is always necessary to ensure
complete colour removal on re-oxidation [6]. As ferrocyanide is known to form
a charge-transfer complex with methyl viologen dication [65, 66] and also with
the dications of CPQ [6, 13, 67] and HV [60], it will be the free-anion equilibrium
fraction of the species that can be assumed to act.

Despite the use of mediators such as ferrocyanide, unsightly yellow—brown
stains still persist on the electrode, even with the HV** and CPQ?* systems
[56, 61]. Some workers find that adding a complexing sugar such as f-cyclodextrin
to the voltammetry solution will impede the formation of yellow—brown stains
[60], probably by encapsulating the dication within the cavity of its cyclodextrin
structure in a form of guest—host relationship. Because complexed dications

2+ cations in solution [39] is

cannot juxtapose in this way, association of bipm
largely prevented and so alignment of bipm** species within the solid deposit
becomes impossible. However, ICI found that such ‘oiling’ still occurred
‘ultimately” especially for aryl viologens despite the use of complexing sugars
(MrJ. G. Allen, ICI Ltd., personal communication, 1987).

Other attempts to stop the ageing phenomenon have used different, modified
bipyridilium compounds [68—70]. For example, Bruinink et al. [68] prepared the
compound (III) in which the two pyridinium rings are separated by methylene
linkages; to a similar end, Barna and Fish [69] prepared asymmetric bipyridilium
salts with R; #R, (cf. I). These new structures, for example a compound with
R, =C,H;; and R, =C,gH,,, do apparently inhibit the crystallisation process.
With similar reasoning, Barltrop and Jackson [70] prepared asymmetric viologens
and the diquaternised 3,8-phenanthroline salt (IV) and a series of species in
which substituents are directly bonded to carbon in the pyridine rings — the
so-called nuclear-substituted bipyridyls. Again, films with superior write—erase
properties were formed.

CH3CHy, —N (CHZ)@N_ CH,CHgy
\_/ Ny
1]

®/— =\ ©
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3.3.2.6 The Effect of Dimerised Radical Cations
There is a further complication in the speciation of aqueous viologen species prior
to the transfer of an electron.

Fresh films of HV** are amorphous, visually even [51] and smooth [71], yet
the films appear patchy as ageing process occurs. The change is rapid, occur-
ring soon after deposition (<10s) [53] and probably involves ordering (crystalli-
sation) of the radical moieties. Re-oxidation of the film to bleach the colour is
rapid for fresh HV*" films, but patchy films that show that these signs of ageing
are more difficult to oxidise, that is, they require a higher potential or a longer
re-oxidation time.

Secondly, as stated earlier, after prolonged cycling between the coloured and
bleached states, bipyridilium ECD devices form an unsightly yellow—brown stain
on the electrode. Some evidence now suggests that this stain is a form of crystalline
radical-cation salt [30] containing spin-paired radical-cation dimer or interva-
lence species comprising both bipm?* and bipm*'. For example, SERS study
[72] of a disulfide-containing dimeric viologen adsorbed on rough silver implies
the presence of a ‘liquid-like’ environment at the electrode surface following
reduction to form dimerised radical (bipm)?.

As discussed earlier, almost certainly some form of reordering of the radical
species (‘recrystallisation’) occurs within the electro-precipitated viologen
deposit soon after it forms. In order to understand these processes, thin films
of HV* salt have been studied by many techniques including UV -vis spec-
troelectrochemistry [55, 73—75], ESR [76], Raman spectroscopy [61, 77, 78],
photoacoustic spectroscopy [79, 80], photothermal spectroscopy [81] and the
electrochemical quartz-crystal microbalance (EQCM) [71].

Golden and Przyluski [82] looked at phase changes within radical-cation salt
deposits of HV*", and Scharifker and Wehrmann [83] investigated solid deposits
of both HV*" and benzyl viologen radical cation. The separate groups assigned
the ageing phenomenon, in part at least, to the dimerisation of radical cation in
solution prior to precipitation.

Belinko [32] investigated the write—erase efficiency of HV* films by cyclic
voltammetry, making the lower scanning limit progressively more nega-
tive to deliberately generate bipm®. He found a clear correlation between
device failure and the production of di-reduced bipyridilium (bipm?®) as
a minor electrode product. In common with Michaelis in 1933 [3, 4],
Belinko discerned how electrochemical oxidation of bipm® is slow in aque-
ous solution, so formation of HV® (at largely negative potentials) should
be avoided because viologen species can undergo comproportionation, as
follows.

After bipm® forms, it may react with bipm?* from the solution according to
Eq. (3.5):

bipm®* + bipm® — (bipm**), — 2 bipm™* (3.5)

where the immediate product of Eq. (3.5) is the radical-cation dimer. Solution-
phase dimer will dissociate soon after formation to form monomeric radical
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cations [84], but in the solid state, deposits of ‘bipm* often exhibit often
spectroscopic IR bands attributable to the spin-paired (bipm**), dimer long after
formation [85]. The spin-paired dimer is effectively ‘locked’ into solid deposits of
viologen radical cation.

At best, the radical-cation dimer is electrochemically quasi-reversible, that is,
its oxidation at an electrode is slow within a realistic timescale [3, 4, 84, 86], hence
in that way ECDs containing traces of dimer soon fail. That comproportionation
occurs in the solid state has been confirmed conclusively for CPQ (II), where the
CPQ?* precursor was initially in aqueous solution [30].

The review by Monk [6] demonstrates how widely comproportionation pro-
cesses occur in viologen redox chemistry. Its fast rate constant and moderate equi-
librium constant make it virtually certain that comproportionation processes will
occur whenever bipm® is formed at an electrode. In fact, invoking the participa-
tion of Eq. (3.5) can greatly simplify Belinko’s otherwise complicated mechanistic
observations. (In this context, see also the way comproportionation can simplify
mechanistic observations in Ref. [87].)

Engelman and Evans have also published [88] studies of potentiostatically
deposited MV?, EtV?, BzV® and HV?; each was formed at a glassy-carbon rotated
ring—disc electrode (RRDE) from solutions containing the respective dications.
The reductions represent a concerted two-electron process. To summarise their
findings, deposition is initiated by nucleation of supersaturated bipm® close to
the electrode; the rate of deposition decreases as the bulk of the deposit increases,
that is, as the surface of the disc becomes ‘blocked’. Comproportionation of
bipm?*(aq) from the solution with bipm®(s) on the disc becomes increasingly
important with time, so the total amount of bipm® on the disc decreases until the
amount reaches a steady state.

The mechanism of comproportionation differs when ferrocyanide is involved.
This result may be important because this ion is a popular choice for electron
mediator [89].

Benzyl viologen has also been investigated extensively in this context because it
too forms an insoluble film of radical-cation salt following one-electron reduction
[53, 74, 83, 90].

333
Type-3 Viologen Electrochromes

A different way of improving the write—erase efficiency of bipyridilium-based
ECDs is either to retard the rate at which the radical-cation product of electron
transfer diffuses away from the electrode and into the solution bulk or to stop
that diffusion altogether. The former approach is best achieved by immobilising
the viologen species within a semi-solid electrolyte. The latter approach is best
achieved either by immobilising the viologen, for example, by tethering the dica-
tion to the surface of an electrode, thereby forming a chemically modified (‘deriva-
tised’) electrode (Section 3.3.3).



3.3 Physicochemical Considerations for Including Bipyridilium Species in ECDs

3.3.3.1 Immobilising Viologen Electrochromes
The first way of creating a type-3 electrochrome is to embed the bipyridilium salt
within a matrix of viscous or nearly solid electrolyte. The matrix cannot be entirely
rigid because the electrochrome needs to move through it. The rates of coloration
and bleaching of such devices are generally rather sluggish because ionic diffusion
through the matrix is itself intrinsically slow.

Several workers have fabricated ECDs by incorporating a viologen in the
water-based electrolyte poly(2-acrylamido-2-methylpropanesulfonic  acid)
‘poly(AMPS)’. Sammells and Pujaru [58, 59] were probably the first when they
suspended heptyl viologen (HV) in polyAMPS, while Calvert et al. [91] used
methyl viologen. Both groups reported excellent long-term write—erase efficien-
cies and a good electrochromic memory. Different carboxylate polymers are also
available for ECD usage [92].

Viologen species readily form ionic complexes in which the electrochrome is
held electrostatically inside the columnar structure of a liquid crystal. Kominami
and coworkers [93] prepared the first liquid-crystalline viologen complex having
electrochromic properties; Asaftei et al. [94] prepared complexes that were both
thermochromic and electrochromic. The latter study analysed several viologens.
With methyl viologen, for example, the thermochromic transition was yellow to
blue—green on heating above 75 °C with an absorption maximum at 600 nm. The
electrochromic response was unremarkable. Also, germane is Kato’s [95] study of
viologen-based redox-active ionic liquid crystals.

Viologen monomers have been incorporated into a matrix of styrene that
was photopolymerised by UV irradiation [96, 97] and semi-crystalline succino-
nitrile [98].

Another means to a similar end is to employ a normally liquid solvent containing
a gelling agent such as silica [99], which is just as effective in immobilising violo-
gens. In much the same way, Kubo [100] prepared a ‘paper-like’ ECD in which the
viologen was dissolved in a glycol-based electrolyte.

3.3.3.2 Derivatised Electrodes

The second way of increasing the write—erase efficiency is by derivatising an elec-
trode surface with a viologen. This method is generally superior and is more truly
type 3.

Wrighton [101, 102] was one of the first to derivatise an electrode with viologen-
based electrochromes. His first choice of substituent consisted of a short alkyl
chain terminating in the trimethoxysilyl group, which can bond to the oxide lat-
tice on the surface of an optically transparent electrode such as ITO on glass. With
chemical tethering of this type, Bookbinder and Wrighton [101] attached the vio-
logen (V) and benzyl viologen [103] species to electrode surfaces.

MeO OMe
\ ) ®
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Wrighton also diquaternised a bipyridilium nucleus with a short alkyl chain ter-
minating in pyrrole (which was bonded to the alkyl chain attached to the nitrogen
[102]) — see (VI); anodic polymerisation of the pyrrole formed an adherent film of
the linked poly(pyrrole) to derivatise the electrode surface [102], thereby attaching
the bipyridilium units.

®/— —\®
Q(CHz)e—N\ / 7\ /N—CHs
2X
Vi

An identical analogue has been prepared with thiophene as the polymerisable
heterocycle [104]. The electroactivity of the poly(thiophene) backbone in this lat-
ter polymer degraded rapidly after only a few doping/de-doping cycles, but the
electroactivity of the viologen moiety remained high.

Itaya [105] used polymeric electrolytes, but with an electrochromic salt in which
the bipyridilium electrochrome was bonded electrostatically to a poly(styrene sul-
fonate) electrolyte. A bipyridilium salt of poly(p- or m-xylyl)-4,4’-bipyridilium
bromide (VII, shown here as the p-form) was employed in this manner: the inter-
action is coulombic between the cationic bipyridilium nucleus and the sulfonyl
group. The electrode was prepared by dipping the conducting substrate into solu-
tions of electrochrome-containing polymer which, after drying, is insoluble in
aqueous solution. Polymeric bipyridilium salts have also been prepared by Berlin
et al. [106], Factor and Heisolm [107], Lieder [108], Sato and Tamamura [109] and
Willman and Murray [110].

ECDs can be constructed by means of a Langmuir—Blodgett type of structure
that accumulates following layer-by-layer deposition. For example, Moon [111]
fabricated a device in which the viologen—perylenediimide hybrid (VIII) alter-
nated with layers of poly(3,4-ethylenedioxythiophene)—poly(styrenesulfonate)
(PEDOT:PSS). This ECD exhibited a sharp colour change between deep red and
dark blue as the applied potential was switched from +2.0 to —2.0 V.
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3.3 Physicochemical Considerations for Including Bipyridilium Species in ECDs

Other viologen ECDs have been fabricated by LB methods such as Heflin’s
poly(silsesquioxane) nanoparticles, which use viologen bridges [112].

Other workers have preferred to make mixed organic—inorganic systems. Fitz-
maurice et al. were probably the first to use a viologen adsorbed onto layers of
transition metal oxide [113]. Fitzmaurice’s work was followed up by NTera of Eire,
who devised a so-called NanoChromics™ device with the viologen (IX) bonded
via a strong chemisorptive interaction to the surface of metal oxide. NTera chose
nanostructured titanium dioxide (in the anatase allotrope) as their oxide owing
to the ease of making it as a thin film of high surface area. The amount of (IX)
adsorbed was therefore high, leading to a good CR. The electrochromism of (IX)
is discussed at more length in Section 3.4.
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Peter and coworkers [114] adsorbed a similar viologen on anatase and studied
its electrochromism while the viologen film was immersed in y-butyrolactone.

Corr et al. [115] (of NTera) also studied the electrochromic properties of an
analogue of (V), in which the phosphonate substituent was replaced with a sim-
ple alkyl chain to make a ‘paper-like’ device. Viologens with similar phosphorus-
containing substituents have also been prepared and adsorbed on TiO,, but the
bipyridyl core is nuclear substituted [116].

By contrast, Sun and Wang [117] used a viologen adsorbed on a thin film of zinc
oxide (a ‘nanowire array’) grown on ITO glass. Their ECD had switching times
of 170 and 142 ms for coloration and bleaching, respectively; the coloration effi-
ciency was 196 cm? C~1.

Hoshino [118] prepared an ECD in which a viologen electrochrome (1,1’-
didodecyl-4,4’-bipyridinium) was dispersed within a composite of ITO
nanoparticles. The reductive electrochromic colour change was off-white to
violet. The response time was 500 ms for coloration and 380 ms for bleaching,
and the coloration efficiency was 140 cm? C~!. They report a long-term stability
of >500 test cycles and an open-circuit memory of >24 h.

Finally, Diamond [119] prepared a similar-looking viologen, (X) in which the
phosphonyl chain cannot actually bond to an oxide surface. By remaining liquid,
the layer of viologen acts also as its own viscous electrolyte. The coloration effi-
ciency is low at 10.7 cm? C7!, and the response time is minutes in duration.
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3.4
Exemplar Bipyridilium ECDs

The exemplar devices are described in more or less the order of their appearance
in patents or as marketable products.

3.4.1
The Philips Device

The Philips device The first ECD using bipyridilium salts was reported in 1973 by
Schoot et al. [120] (of Philips in the Netherlands), although Philips seem to have
started work on electrochromic devices at some time during the mid-1960s. Their
first patent was Dutch and submitted in 1970 [62] for heptyl viologen (HV =1,1'-
diheptyl-4,4’-bipyridilium, as the dibromide salt). The HV?** dication is soluble
in water but forms an insoluble film of crimson-coloured radical-cation salt that
adheres strongly to an electrode surface following a one-electron reduction. The
Philips ECD had a CR of 20:1, an erase time of 10—50 ms [120] and cycle life of
more than 10° cycles. Philips chose heptyl viologen for their ECD rather than a
viologen with a shorter chain, because reduction of the HV?* dication formed a
durable film on the electrode, whereas shorter alkyl chains yield somewhat soluble
radical-cation salts. The Philips device was never marketed.

34.2
The ICI Device

The ICI device In 1971, ICI patented the use of an aryl-substituted viologen 1,1’-
bis(p-cyanophenyl)-4,4’-bipyridilium (CPQ, (II)) [56]. This electrochrome elec-
troprecipitates according to Eq. (3.4) to form a green electrochrome. ICI preferred
CPQ to the simpler, cheaper HV owing to its greater extinction coefficient (and
hence a device of higher coloration efficiency 7), and therefore its faster response
time. It is also more resistant to aerial oxidation.

Figure 3.1 shows a schematic of ICI’s simple ECD cell. The conducting layer
of the ITO (of fairly high resistance, ~80 & per square) acts as the working elec-
trode that displays the colour. A strip of insulating cellulose acetate is placed near
opposing edges of the base, and a stripe of conducting silver paint is applied to
its upper surface to facilitate an ohmic contact with the electrode surface. The
electrolyte layer is gelled with agar (5%) to improve its stability, containing the
electrochrome in a concentration of 10~ moldm™2 in sulphuric acid or potas-
sium chloride (either of concentration 0.1 mol dm~2). The layer is applied over the
platinum wire counter electrode, which is positioned over the insulatory layer. The
device is completed by encapsulating the electrolyte layer, so a sheet of plain non-
conducting glass covers the device. Electrical connection is made to the counter
electrode and the exposed end of the silver paint (Figure 3.1).

A potential of —0.2 V (relative to a small internal silver/silver chloride electrode)
is applied to the silver paint to effect electrochromic coloration (cf. Eq. 3.1), to form
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Conducting silver-paint contact

| Insulating strip of cellulose
Top elevation “ Acetate over working electrode

Platinum contact to
counter electrode

Electrical lead to working electrode, touching silver paint

Side elevation Gelled electrolyte containing electrochrome

Electrical contact, N % 777777777 e Platinum contact
held in place with \ Cellulose layer
conducting silver paint Glass sheet (not conductive)

Optically-transparent electrode, conducting sides innermost

Figure 3.1 Schematic representation of an ECD operating by a type-2 electro-coloration
mechanism, with colourless CPQ?* in solution being electro-reduced to form a coloured film
of radical-cation salt. Figure redrawn after an original in Ref. [56].

a thin, even layer of insoluble, green (II) radical-cation salt:
CPQ**(soln.) + e~ — CPQ™"'(s) (3.6)

It is best to prevent the formation of a further reduction product, the pale-red
species CPQ (oxidation of which is electrochemically slow), so the reducing
potential should not exceed —0.4V.

The intense olive-green colour of the CPQ™" radical is stable on open circuit with
the colour persisting for many tens of hours. Reversing the polarity and apply-
ing a potential of +1.0 V (measured vs. silver/silver chloride electrode) oxidatively
removes the electro-generated colour. The bleaching time is about 1 min.

The Pt counter electrode in Figure 3.1 is pre-coated with solid CPQ*" and under-
goes the reverse of Eq. (3.6) during coloration on the ITO. Then for bleaching at
the ITO (i.e. the reverse of reaction (3.6)), the reaction (3.6) takes place at the
Pt counter electrode in a confined, invisible volume. This pre-coating procedure
represents an ingenious resolution of the often problematic choice of counter elec-
trode. (In demonstration devices, often electrolysis of solvent is allowed to take
place at the counter electrode, which in progressively destroying solvent will of
course not serve in long-term use.)

A less-anodic potential of +0.4V (vs. AgCl-Ag) can be used if the electrolyte is
gelled and also contains sodium ferrocyanide (0.1 mol dm~3) as an electron medi-
ator to facilitate electro-bleaching.

The ICI ECD was first marketed as a data-display device in the early 1970s after
extensive and successful field trials, but liquid-crystal displays (LCDs) entered the
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market for displays at about the same time. LCDs had faster response times = and
rapidly captured an unassailable market share. The slow kinetic response of the ICI
type-2 cell was the result of gelling the electrochrome-containing electrolyte with
agar. Removing the agar allows for considerable improvements in device response
times (to seconds or tenths of a second), but the electrochromic image is generally
streaky and uneven. A yellow-brown ‘oil’ eventually stains the electrode surface
after many write—erase cycles. Yasuda et al. [60] (of the Sony Corporation) added
encapsulating sugars such as f-cyclodextrin to aqueous heptyl viologen to circum-
vent the problem of ‘oil’ formation; but ICI believed that this molecular encapsu-
lant failed to improve the long-term write—erase efficiency of the different violo-
gen CPQ (J.G. Allen, ICI Ltd., personal communication, 1987). The origin of oiling
is a result of dimer formation by the radicals.

343
The IBM Device

The IBM device In 1970, IBM laboratories [121, 122] manufactured an impressive
device using heptyl viologen on a 64 X 64 pixel device. The 1-in. square silicon chip
had eight levels of grey tone capable of detailed images. These devices were not
exploited further owing to competition from LCDs.

344
The Gentex Device

The Gentex device To date, the best-selling electrochromic mirror is the Gentex
night-vision system [123, 124] (NVS®), of which many millions have been sold if
not hundreds of millions — indeed, probably 90—95% of all self-darkening mirror
sales [125]. The Gentex device is described in greater detail in Chapter 14.

At heart, each NVS® mirror incorporates a front electrode of ITO-coated glass
and a metallic rear electrode having a highly reflective surface. A sub-millimetre
gap separates these two parallel electrodes and thus forms the basis of the cell. (In
a similar device containing heptyl viologen and TMPD in PC, the cell would only
function when the gap was narrower than 0.28 mm [36].)
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The Gentex mirror uses two solution-phase electrochromes: a viologen species

and 9,10-dimethylphenazine (DMP, XI) [123, 124]. The solution containing both
electrochromes is injected into the cavity between the electrodes.

The primary electrochrome is the substituted viologen species ‘bipm’,
undoubtedly in solution as the bipm?* dication. Reductive coloration occurs at
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the cathode, Eq. (3.1). The electrolyte in the Gentex mirror is free of additional
swamping electrolyte, so mass transport occurs by ohmic migration when the
mirror is switched on as the positive charge of the uncoloured precursor propels
the viologen towards the cathode.

The other, secondary, electrochrome is molecular DMP (XI), which is initially
present in its neutral, reduced form. Electro-oxidation of (XI) at an anode evokes
a second, different, colour to the viologen, Eq. (3.7):

(XI)(soln.) — (XD*(soln.) + e~ (3.7)

Electro-oxidation of (XI)° depletes the solution of uncharged species, so mass
transport of (XI) ensues by diffusion alone.

The terminology of electro-bleaching here is borrowed from the dyestuffs indus-
try. The Greek descriptor leucos (‘white’) is used to describe the colourless form
of a redox dye, so charged, oxidised (XI) is green-blue but colourless following
reduction to form the neutral radical — the so-called leuco-DMP.

In operation, the colour in a commercially available NVS® mirror is an intense
blue-green. The colour-forming reduction process, bipm®* + e~ — bipm™, and
the complementary oxidation reaction, (XI) — (XI)*' + e~, occur in tandem in
a dual electro-coloration process. Both coloured species then diffuse away from
the respective electrodes and meet in the intervening solution where their mutual
reaction (‘radical annihilation’) ensues, Eq. (3.8)

(XI)*(soln.) + bipm™ (soln.) — (XI)(soln.) + bipm**(soln.) (3.8)

This reaction regenerates both the original uncoloured species. These reactions
are depicted schematically in Figure 3.2.

Positive Negative

(Xn° bipm™**

75

Reflective Transparent

back front
electrode electrode

(X1y* bipm?*

Figure 3.2 Schematic representation electrodes; bleaching occurs chemically mid-
of the redox cycles occurring within way between the two parallel electrodes by
the Gentex Night-Vision System NVS®. a process of radical annihilation.

Coloration occurs electrochemically at both
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The radical annihilation in Eq. (3.8) represents a divergence from one of the
benefits of electrochromism since the ‘memory effect’ is lost. In consequence,
maintaining the colour requires the passage of a continuous (albeit minute) cur-
rent to replenish the coloured electrochromes lost by this annihilation process.
Conversely, the solution-phase reaction (3.8) obviates any need to electro-bleach
the Gentex NVS® mirror since colour fades spontaneously following the cessation
of current, when the device is switched ‘off’. For this reason, the Gentex NVS® is
sometimes described as a self-erasing mirror. US law requires the ‘failure mode’,
on loss of current, to be the clear condition, with which these mirrors comply.

345
The NTERA Device

The NTERA device This device was originally designed as a spin-off from
the Gritzel cell and was devised in 1997 by Fitzmaurice and co-workers at the
Dublin-based NTERA Ltd. They fabricated nanostructured electrodes by spread-
ing a concentrated colloidal suspension over a conducting substrate and firing the
resulting gel film at 450 °C [126]. Such electrodes have been widely investigated
for use in dye-sensitised photoelectrochemical cells [126, 127]. The rough surface
of the porous titanium dioxide film consists of a network of interconnected
semi-conducting or conducting metal oxide nanocrystals. Because the oxide
crystals are so small, such films have an extraordinarily high internal surface area.

The ratio between the internal surface area and the electrode’s smooth geomet-
rical area (its ‘roughness factor’) approaches 1000 for a film that is only 4 pm thick
[128]. This means that a high number of electrochromic viologen molecules can
be contained in a relatively small area, leading to a high coloration efficiency #.
Furthermore, as they are surface-confined, the viologen molecules do not need to
diffuse to the electrode surface, which leads to shorter switching times. Nanos-
tructured titanium dioxide in its anatase form can be deposited as a thin film of
high surface area. Viologens are readily adsorbed strongly on its surface owing to
their electron deficiency. Such systems have long been investigated in the context
of dye-sensitised solar-cell research, for example, in Gritzel’s photoelectrochem-
ical cell [127, 128].

3.4.6
The NanoChromics Cell

The NanoChromics cell. Fitzmaurice et al. [129] later developed a ‘next-
generation display technology’ called NanoChromics.™ [115, 129-131] with
manufacturing facilities in Ireland and Taiwan.

NTera described their ECD as a ‘paper quality’ electrochromic display, that is,
an ECD of very high definition. An assembled NanoChromics™ electrochromic
device uses two metal oxide films — one at the negative electrode and, unusually,
the other at the positive electrode. In a typical construction [131, 132], the neg-
ative F-doped tin-oxide conducting glass electrode (the cathode on coloration)
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is coated with a wide band-gap titanium dioxide film of 4 um thick, followed by
a monolayer of self-assembled, chemisorbed phosphonated viologen molecules.
The positive F-doped tin-oxide conducting glass counter electrode (the anode on
coloration) carries a film of heavily doped antimony tin oxide (SnO,:Sb) of 3 pm
thick, followed by a monolayer of self-assembled, chemisorbed phosphonated
phenothiazine molecules. The TiO, film is further modified with an adsorbed
monolayer of viologen (IX), bis(2-phosphonoethyl)-4,4’-bipyridilium dichloride.
The electrolyte was y-butyrolactone containing LiClO, (0.2moldm™3) and
ferrocene (0.05moldm™3) [130, 131]. In trials, their device had a coloration
efficiency 5 of 170cm? C~! at 608 nm [131] and was said to be stable over 10*
‘standard’ test cycles.

The counter electrode has a high capacitance which assists charge storage dur-
ing coloration. The ECD is sealed with a thermoplastic gasket and a UV-curable
epoxy resin. Application of a potential of 1.2V reduces the dicationic viologen
to its blue radical cation and oxidises the phenothiazine from its weak yellow
colour to red. The overall colour change is therefore from virtually colourless to
a blue-red purple.

Placing a diffuse reflector between the electrodes, for example, a layer of an ion-
permeable nanostructured solid film of titanium dioxide, gives on coloration the
visual effect of ink on pure white paper. Without the intermediate TiO, layer, the
display is transparent while retaining readability. Different colours can be achieved
in ECDs depending on the nature of the substituent(s) on the viologen molecule
[130]. In such devices, many thousands of switches are possible before there is
significant degradation of performance. Some open-circuit memory persists, with
the colour remaining for more than 10 min after the voltage is switched off, but
readily regenerated. Electrodes can be micro-patterned for display applications.

Fitzmaurice described his display as ‘ultra-fast’, although the criterion behind
his claim is wholly unclear, since the switching time is 1s for a change in
absorbance of only 0.60 [130]. But this switching time is certainly faster than
that of most of the other viologen-based devices, since the anchored viologen
electrochrome avoids the diffusion delay before electron transfer. Fitzmaurice
notes that charge compensation within the viologen layer is also fast because
many counter-ions are also adsorbed on the TiO, layer.

If the counter electrode is covered with a secondary electrochrome such as a
phenothiazine, the value of # increases to about 270 cm? C~! and the response
time is decreased to 250 ms [132]. Published spectra suggest an OD change of
about 0.55, again at 608 nm.

NTera demonstrated a NanoChromics™ display operating in a converted iPod
[133], and their website [129] provides ‘consumer product reference designs’ for
digital clocks and an eight-digit calculator.

NTera also stated that their flexible display prototype can, in principle, be
applied to all the product types: dimmable window laminates; applications in toys
and games; flexible electronic paper displays and displays; windows and mirrors,
giving rise to products such as ‘smart card’ displays (here ‘smart’ means ‘clever’
rather than the traditional English, ‘neat, tidy, ordered’). NTera noted how signs
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using NanoChromics™ display technology are ideal for sports-player substitution
boards. They claim that the current LED boards can become bleached out and
difficult to read in bright daylight in sports stadia and that NanoChromics™
display signs are perfect for this application as they are easy to read in bright
daylight and at all angles.

3.4.7
The Gratzel Device

The Gritzel device Gritzel et al. [134, 135] prepared devices with a series
of viologens having aryl as well as alkyl substituents. In each case, the
anchored group attaching the viologen to the titania was benzoate, salicy-
late or phosphonate (as in (IX)). Electrochromic devices constructed included
shutters and displays. Their shutter device had the geometry, OTE|TiO,-
poly(viologen)|glutaronitrile-LiN(SO, CF;), |Prussian blue|OTE, and exhibited
an optical density change of about 2, and the colour changes on reduction
were transparent to blue, or yellowish to green, and (at higher potentials) to
red—brown. They report switching times in the range of 1-3s. Higher optical
density changes are possible if the switching times are slower [134, 135]. Gritzel
also obtained a variety of cell geometries for ECDs operating in a reflective
sense. The viologens in such devices were generally oligomers rather than
polymers.

In a similar way, Boehlen et al. [136] prepared a salt of 2,2'-bipyridine (XII)
but calling it a ‘viologen’ and generated a pink colour on reduction (which could
indicate that a proportion of the viologen exists as radical-cation dimer).
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Edwards et al. [137-141] prepared many similar systems for devices, with vio-
logen electrochromes adsorbed on titania and named them ‘electric paint’. They
generally employed the viologen (IX), to produce images of amazing clarity with
a typical response time of about 0.5s.

3.5
Elaborations

The majority of the new developments reported here aim to enhance the rate of
coloration in bipyridilium-based ECDs.



3.5 Elaborations

3.5.1
The Use of Pulsed Potentials

Pulses of current have been shown to enhance the rate at which electrochromic
colour is formed, relative to coloration with a continuous potential [142]. It has
been called a ‘hammer drill’ effect. The procedure relies on the solution-phase
redox reaction between bipm?* (from the bulk solution) and bipm® electro-
generated during the current pulse. The reaction is comproportionation, Eq.
(3.5), so a sufficiently cathodic potential must be applied at the working electrode.

The amounts of bipm?* and bipm® at the electrode and in the region around
the electrode depleted of bipm?* will govern the rate of comproportionation and
hence the rate of product colour formation. Thus, for a given concentration of
bipm?* and bipm? in such a region, the most intense colour will ensue when the
two species are in equal concentration. It is envisaged that the pulse procedure
possibly favours this equality.

3.5.2
Electropolychromism

Bipyridilium salts may typically possess three colours, one for each oxidation
state in (I) although the dication in solution is essentially colourless. Viologen
electrochromes comprising n-bipyridilium units may thus, in principle, exhibit
2n+ 1 colours. Several such approaches have employed a number of bipyridilium
units connected with either alkyl linkages [143, 144] or benzylic moieties [145].
A further useful combination, the juxtaposition of bipyridilium and Prussian blue
electrochromes, allows the fabrication of a five-colour ECD [146].

353
Viologen Electrochemiluminescence

‘Electrochemiluminescence’ is the phenomenon whereby the product of an
electron-transfer process is luminescent. The literature on systems is vast,
and even that concerning methyl viologen and ruthenium ¢ris(2,2’-bipyridyl),
Ru(bipy);** is too great to cite in full [147-149].

Santa-Nokki et al. [150] adapted Fitzmaurice’s cell to fabricate an ECD that
doubles as a dye-sensitized solar cell. The sensitiser of choice was ruthenium
tris(2,2'-bipyridyl). Applying a potential of 1.0V to an ECD varied the transmit-
tance between 39% (bleached) and 16% (coloured), with a response time of less
than a second. The device therefore acts as both an electrochromic display and a
solar cell.

Materials in which an intrinsic photoluminescence is modulated by redox
processes are known as ‘electrofluorochromic’. The application to viable elec-
trochromic devices is obvious, provided the fluorescence quantum yield is high
for at least one of the redox states. The idea is not new: Wrighton patented
devices relying on these ideas in 1990 [151].
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Viologen-based displays have been fabricated in which the colours generated
are due to emission rather than absorption, thereby producing a display with a
significantly higher brilliance [152]. For example, Beneduci et al. [153] reduced a
thienoviologen electrochrome to yield a fast and reversible electrofluorochromic
response in both columnar and smectic phases of liquid crystals.

Kobayashi [154] demonstrated a device capable of both electro-coloration and
emission. The active material was a composite containing a luminescent com-
plex of europium(III) and heptyl viologen. The photoluminescence of the Eu(III)
complex was controlled by the electrochemical coloration of HV?* via an inter-
molecular energy transfer mechanism. The fluorescent europium complex emits
light in a straightforward enough manner, hence the device acts as a fluorescent
display. Electroreduction of the viologen yields the blue radical HV*" which, by
an intermolecular process, reduces the europium complex and thereby quenches
the emission completely. The emission is therefore modulated simply by applying
areductive potential. When acting as a passive (non-emissive) device, the electro-
generated colour of the viologen was sufficiently intense to hide the colour of the
europium complex. The contrast and switch rate were improved by incorporating
a complementary electrochrome, in their case, Prussian blue.

Park et al. [155] devised a similar system with the electrochrome loaded into
the perfluorinated polymer Nafion®.

354
Viologens Incorporated within Paper

Viologen electrochromes have been incorporated within paper, to effect elec-
trochromic writing. These include methyl viologen [156—159], heptyl viologen
[159] and the asymmetric system, methyl—benzyl paraquat (XIII) [157]. The
adsorption of methyl viologen onto the carbohydrate structures of paper follows
Langmuir adsorption isotherms that imply chemisorptive behaviour [156].

Xil

While MV in paper is electrochromic [156, 158], its response time is pro-
hibitively slow. The speed is faster if the paper is layered with the polyelectrolyte
poly(AMPS), presumably because it provides an additional source of suitable
counter ions. With MV?*, the speed of response depends critically on the
paper’s relative moisture. To summarise the results, provided the paper retains a
modicum of humidity, the solution-phase electrochemistry of viologens can be
reproduced as though in a standard electrochemical cell.

Alternatively, incorporation within Nafion® has been shown to produce good
results. Several viologen electrochromes have been incorporated into Nafion® as a
host matrix [160, 161] in which the viologen cation is immobilised by electrostatic
interactions. Coloration is faster than bleaching. Mortimer fabricated an ECD
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evincing five-colour electropolychromism, comprising a bi-layer structure with
a film of Prussian blue beneath a film of Nafion® containing a viologen [146, 161].

However, commercial utilisation of the processes just outlined seems at
present somewhat questionable, as colour printing in, say, newsprint is now
commonplace.
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4
Electrochromic Devices Based on Metal

Hexacyanometallate/Viologen Pairings
Kuo-Chuan Ho, Chih-Wei Hu, and Thomas S. Varley

4.1
Introduction

Electrochromic devices (ECDs) are examples of electrochemical cells, that
is, devices that perform electrochemical reactions when sufficient electrical
potential is applied. Typically, ECDs have a two-electrode configuration, where
at least one electrode is optically transparent and the electrodes are separated
by a layer of supporting electrolyte. The physical properties of a device, such as
its colour and switching time, are predominantly dictated by the electrochromic
materials used in construction. It is common to create an ECD with materials
that are complementary with respect to their coloration redox chemistry, that
is, where one material is oxidised at an electrode’s surface the second material is
reduced at the opposite electrode’s surface.

Prussian blue (PB, iron(III) hexacyanoferrate(II)) as a material was first synthe-
sised in 1704 and primarily used as a bright blue colour pigment [1]. Only in 1978
were its electrochromic properties first recognised by Neff [2]. It is now renowned
for its electrochromic properties (covered in Chapter 2) [3, 4]. PB belongs to a class
of materials called metal hexacyanometallates, M, [M"(CN);], where M’ and M"
are transition metals and in the case of PB both are Fe. PB as an electrochromic
material is typically deployed as a thin film that possesses multi-electrochromism
through its four independent redox states: PB itself is blue (Fe!!/Fe'!) and can
be reduced to colourless Everitt’s salt (Fe!'/Fe!!), oxidised to Berlin green (pos-
sibly [Fe!'/Fe''],[Fe!/Fe!"']) and subsequently further oxidised to Prussian yel-
low (Fe'l/Fe!!) [5-7]. Therefore, when in its colourless state, PB is an anodically
colouring material, which has previously been coupled with cathodically colouring
electrochromic materials such as WO, [8—23], conducting polymers [24—32] and
viologens [33], to form complementary ECDs with high transmittance changes.
M’ and M” can be other transition metals (e.g. M’ = Fe and M”” = Ru is ruthenium
purple), which exhibit different redox chemistry and associated chromophores
depending on the metals used [34].

In contrast, viologens (1,1’-disubstituted-4,4’-bipyridinium salts) are classic
organic electrochromic materials that have three redox states; these are the

Electrochromic Materials and Devices, First Edition.
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dication (V?*), radical-cation (V**) and di-reduced (V°) states [35—39]. The
reduction of dissolved methyl viologen (MV) dication to the radical cation
shows an obvious colour change from transparency to deep blue with high
reversibility [40]. This redox transformation is reversible and can be cycled
many times without suffering from significant side reactions. However, further
reduction to the di-reduced state is much less reversible as this species can
undergo several complex reactions with other species present in solution (e.g.
comproportionation reactions with the radical-cation species). The colour of
the viologen radical cation is dependent on the nitrogen-atom substituents. For
example, the radical cation for n-heptyl viologen (HV) is blue-purple, whilst the
same redox state for cyanophenyl viologen is green [41]. Coupling the anodically
colouring viologen with the cathodically colouring metal hexacyanometallates
and by tailoring the substituents attached to the viologen’s bipyridinium core
and the transition metals used in metal hexacyanometallates, a wide variety of
ECDs can be fabricated. A review of the viologens as electrochromic materials is
provided in Chapter 3.

In this chapter, complementary ECDs based on the classical combination of PB
and viologen, an inorganic/organic ECD, are reviewed. Depending on the forma-
tion of both materials, film-type and hybrid-type devices can be fabricated. The
PB thin film can be obtained by electrochemical deposition [35—39] or chemical
synthesis [42—48], while viologens exist in solution or as solid thin films.

411
Overview of Prussian Blue and Viologen Electrochromic Devices

Table 4.1 summarises ECDs based on solid-with-solution (or ‘hybrid’) PB and
viologen pairings reported in the literature. Hybrid ECDs have one electrode mod-
ified with a PB thin film, whilst the other electrode is left as a bare transparent

Table 4.1 A list of Prussian blue with viologen hybrid-type ECDs reported in the literature.
Viologen?)  Electrolyte® Colour® Ve (V) %AT (Ty/T ) or 74/, (¥ 7n(cm2C-") References
AAat i,
HV 1.0M I(Cl(aq‘)/IPA C-B +1.0/0 59 (20/79) 8/100 N/A [49]
MV 0.5M KCl(aq') C-B +1.5/-1.0 AA~1.8 10/10 170 [50]
MV 0.5M I(Cl(aq‘) C-P +1.5/-0.5 AA ~0.42 4/10 N/A [51]
IL, N/A LY-DB +42.0/-2.0 30.5(35/65.5) 2/3 725 [52]

a) HV: heptyl viologen, MV: methyl viologen and IL:
1,1'-bis[4-(5,6-dimethyl-1H-benzimidazole-1-yl)butyl]-4,4’ -bipyridinium dibromide.

b)

IPA: isopropyl alcohol.

c) C: colourless, B: blue, P: purple, LY: light yellow and DB: deep blue.

d)

%AT: percentage change in transmittance, T ;: transmittance at darken state, T',: transmittance at bleach state
and AA: absorbance change.

e) 7, response time for coloration and 7: response time for bleaching measured at the wavelength which the
maximum transmittance or absorbance change occurs.
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Table 4.2 A list of Prussian blue with viologen solid-solid ECDs (thin-film type) reported in
the literature.

Viologena) Electrolyteb) Colours® Ve (V)  %AT (Td/Tb) T4/Ty (s) m(cm?C-") References
orAAati, ..

MV Nafion® Y-G-B-C—P +1.0/-0.9 N/A N/A  N/A (53]
MVand HV  Nafion® B-G-Y +1.0/-0.2 N/A N/A  N/A [54]
BV PVPI/K2504 C-B +0.8/-09 AA~1.3 3.0/3.0 634 [55]
TiO,/PV GTN- W-B +1.5/0  N/A 7/N.A - N/A [56]
LiN(SO,CF,),

TiOzlPhV 0.1M ACN W-B +2.0/0 68(11/79) 1.0/1.0 270 [57]
PBV 0.1M LiBF4/SN C-B +0.7/-1.0 65(8/73) 2.0/9.4 163 [58]
Viologen/ IL, LB-DB +1.5/-1.5 AA~0.8 N/A 187 [59]
PEDOT

TiOZ/PhV 0.1M LiClO4 W-B +2.0/-3.0 64.7(0.1/64.8) 6.2/10.3 912 [60]

a) MV: methyl viologen, HV: heptyl viologen, BV: benzyl viologen, PV: poly(viologen), PBV:
poly(butyl viologen), PEDOT: poly(3,4-ethylenedioxythiophene) and PhV: viologens modified
with phosphate.

b) PVPL poly(vinylpyrrolidone), GTN: glutaronitrile, CH,CN: acetonitrile, SN: succinonitrile and
IL,: 1-butyl-1-methylpyrrolidiniumtrifluoromethanesulfonate.

c) Y:yellow, G: green, B: blue, C: colourless, P: purple, W: white, LB: light blue and DB: deep blue.
Comments made in Table 4.1 also apply here.

conducting substrate, in direct contact with a solution containing the dissolved
viologen species. Table 4.2 summarises solid—solid-type ECDs consisting of PB
and viologen thin films. The construction of a viologen thin film is achieved by
several different methods. The most common techniques employed are (1) elec-
tropolymerisation of the viologens via cyclic voltammetry or constant current; (2)
incorporation of the viologens into a gel-type electrolyte, such as Nafion®, to fab-
ricate a stand-alone thin film; (3) electrostatic attraction, whereby viologens serve
as counter ions to conducting-ionic polymers and (4) viologens are functionalised
with anchoring groups that are adsorbed or covalently attached to electrode mate-
rials such as titanium oxide (TiO,). In the following sections, the construction and
properties of these devices are discussed.

4.2
Hybrid (Solid-with-Solution) Electrochromic Devices

4.2.1
Prussian Blue and Heptyl Viologen Solid-with-Solution-Type ECD

Lin et al. [49] reported a hybrid-type complementary ECD based on a PB thin
film and a HV(BE,), solution. An equal mixture (v/v) of deionised water and iso-
propanol solution containing potassium chloride (0.1 M) was used as the elec-
trolyte solution. A PB-HV(BE,),-based ECD (abbreviated to PHECD) formulated
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as ITO-glass|PBIHV(BF4),(,q /1pa) KCliaq /1pa) [ITO-glass (where ITO is Indium-Tin
Oxide) can be switched reversibly between blue and colourless states. The time
required to darken the device was found to be dependent on the applied potential
and the charge capacity of the PB film. A blue film was formed evenly on the clean
ITO-glass surface by deposition of the radical-cation salt, HV**, during darkening
of the PHECD. The device exhibited slow discoloration due to the re-oxidation of
the HV** species being under diffusion control.

4.2.1.1 Preparation and Characterisation of PB Thin Film and HV(BF,),

The PB films were prepared by electrochemical deposition method from a solution
containing 10 mM FeCl;, 10 mM K;Fe(CN),, 0.1 M KCI and 0.1 M HCI [3, 25].
A constant cathodic current density of 20 pA cm™2 was applied to the ITO-glass
substrate for 5 min. In order to prepare the HV?*-containing solution, HV(BE,),
powder was obtained according to the following equation:

HVBry,q, +2NaBF,,, — HV(BEF,),, + 2NaBr,, (4.1)

Saturated HVBr, and NaBF, aqueous solutions each 100 ml were mixed for
10 min, and the precipitate was filtered out and recrystallised using ethanol. After
ethanol was evaporated by heating the solution to 70 °C, a light-yellow HV(BE,),
powder was obtained. The HV(BF,), solution, used to fabricate the ECD, was
prepared as follows: HV(BE,), powder was dissolved in an equal-volume mixture
of deionised water and isopropanol solution with 1.0 M KCI to form a solution
of 0.05M HV(BF,), adjusted to pH 2.5 by adding HCI. Finally, the solution was
filtered to remove any remaining precipitant.

4.2.1.2 Redox Behaviours and Visible Spectra of the PB Film and HV(BF,), Solution
The as-deposited PB thin film is blue and can be reduced to form colourless
Everitt’s salt in a K*-containing environment (Eq. (4.2)). The colour of the PB film
was reversibly changed from a colourless state at 0.0V (vs. Ag/AgCl) to a blue
state at +0.5 V. The redox reactions of the PB thin film and dissolved HV(BEF,),
can be expressed as follows:

KFe'[Fe'(CN)g] i, + K* + e7 =—= K,Fe"[Fe'(CN)(],,
(blue) (colourless) (4.2)

HV +e” == HV
(di-cations, colourless) (radical-cation, blue) (4.3)

The absorbance in the visible wavelength for both the PB film and the HV(BF,),
solution under different applied potentials are shown in Figure 4.1a,b, respectively.
From Figure 4.1a, an absorbance peak at around 690 nm can be observed under an
applied potential of +0.5V, and the absorbance peak decreases to near zero when
the applied potential drops to 0V. The absorbance of 0.01 M HV(BE,), increases
as the reductive applied potential becomes more negative, as shown in Figure 4.1b.
Three distinguishable absorbance peaks can be observed at 605, 664 and 735 nm.
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Figure 4.1 (a) Absorbance spectra of the PB thin film measured at different oxidising
potentials. (b) Absorbance spectra of 0.01 M HV(BF,), measured at different reducing poten-
tials (ITO-glass subtracted). (From Ref. [49].)

4.2.1.3 Operating Parameters and Properties of PHECD

An appropriate operating potential of this, or any, ECD needs to be determined
when considering long-term operation. At extreme potentials, undesired side
reactions can occur, decreasing the long-term stability of an ECD. Figure 4.2
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Figure 4.2 Three-electrode cyclic voltammogram for PB and HV(BF,), in isopropanol and
H,0 with 1.0M KCl (pH2.5), v=50mV s~ (From Ref. [49].)
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shows the cyclic voltammograms for a PB film and the HV(BE,), solution, when
the ITO-glass working electrode is coated with a thin film of Everitt’s salt and
a clean ITO-glass counter electrode is in contact with the solution. A positive
applied potential to this setup oxidises the Everitt’s salt to PB and reduces the
HV?* in the solution to HV**, producing a dark-blue-coloured film. Conse-
quently, if a potential difference of about 1.0V is applied, the device will colour
without the occurrence of any side reactions. The device returns to its colourless
state when a potential difference of 0V is applied. For a complementary ECD,
the reactions at each electrode must be balanced, that is, device performance is
greatly affected by the charge capacity ratio of two electrodes. Theoretically, the
transmittance window and the coloration efficiency of a complementary ECD will
reach maximum values if the charge capacity ratio is equal to unity [23]. Unlike
thin-film ECDs, in which the charge capacities for both electrodes can be prede-
termined, the charge capacity of PHECD (and similar hybrid solid-with-solution
devices) is time dependent with the viologen being under diffusion control. Subse-
quently, the charge capacity is increased with increasing time whilst a potential is
applied. For such devices, in order to keep the charge capacity ratio equal to unity
during darkening, a limit on the application time for the darkening potential is
required.

When 1.0V was applied to darken and 0.0V to bleach, the PHECD produced
highly reversible, colourless-to-blue electrochromism. The transmittance window
at 609 nm was 59%.

4.2.1.4 Analogous Devices

Mortimer and Varley [50] constructed a device similar to that of Lin et al.
[49] instead replacing HV with the solution-phase MV. Key differences in the
design and performance of the device are that Mortimer and Varley used a solely
aqueous solvent-electrolyte system (potassium chloride, 0.5 M) and the colour
of the MV is a deep purple (a result of the radical-cation presence as both a
monomer and a dimer) [61]. The final colour of this device would differ from
that of Lin et al., which would be quantifiable through colour space analysis
[62]. The structure of a PB-MV(Cl), ECD is (ITO glass|PB |PB—MV(C1)2(aq‘),
KCl,q,| 1TO-glass). The device switching time was reported as about 10s
for both coloration and bleaching. The total change in transmission and col-
oration efficiency between on and off states was found to be a function of
viologen concentration. The respective values of 83.0% and 170 cm? C™! were
found for 5mM MV, which became 93.1% and 86cm?C~! when operating
at 10 mM.

Finally, it is worth mentioning that in 1989 Rosseinsky and Monk published a
paper using the same electrochromic pairing of PB and MV, but within a paper
matrix. This paper demonstrates not only the possibility of electrochromic print-
ing but also the construction of a reflective-type ECD [63]. This work was fur-
thered by Mortimer and Warren in 1999 [54].



4.3 All-Solid Electrochromic Devices

4.2.2
PB Thin Film and Viologen in lonic Liquid-Based ECD

Sydam et al. [52] synthesised the novel viologen 1,1’-bis-[4-(5,6-dimethyl-1H-
benzimidazole-1-yl)-butyl]-4,4’-bipyridinium dibromide (IBV) salt and dissolved
it in the ionic liquid (1-ethyl-3-methylimidazolium dicyanamide). The liquid
functioned as both solvent and electrolyte with a relatively high ionic conductivity
(0.25 mS cm™!). Additionally, the liquid has a thermal decomposition temperature
>200°C, has a voltage window of +4V and is colourless. All of these features
are desirable properties for a model ECD. A PB thin film was used to create an
ECD with the ionic liquid containing IBV. The device has reversible transitions
between transparent and deep blue, with good optical contrast (30.5% at 605 nm),
high coloration efficiency of 725cm? C~! at 605nm and moderate switching
times of 2—3s.

4.3
All-Solid Electrochromic Devices

4.3.1
Prussian Blue and Poly(butyl viologen) Thin-Film ECD

Kuo et al. [58] fabricated an all-solid-state ECD using PB and poly(butyl viologen)
(PBV) as the electrochromic materials with a solid-state succinonitrile (SN)-based
electrolyte (ITO-glass|PBV |LiBF, in SN| PB|ITO-glass). PBV can be deposited
onto an electrode by electropolymerisation of its respective viologen monomer
[64]. PBV has three redox states similar to its parent viologen counterpart, the
dication PBV2* that is colourless and the most stable, the purple radical-cation
PBV** and the di-reduced species PBV?, which is yellowish-brown. Succinonitrile
is a plastic crystal that is a solid in ambient conditions with a melting temperature
of 58 °C. In its plastic-crystalline phase, SN is highly polar, allowing various salts
to be dissolved producing solid electrolytes with high ionic conductivities over a
wide temperature range [65]. The use of solid-state electrolytes instead of con-
ventional liquid electrolytes in electrochemical systems improves the operational
safety through reducing vapour pressure and eliminating electrolyte leakage and
improves device manufacture.

43.1.1 Preparation of Poly(butyl viologen) Thin Film

PBV thin films were electropolymerised from bis(4-cyano-1-pyridino)butane
dibromide (BVBr,). The deposition solution was composed of BVBr, (20 mM),
KH,PO, (10mM), K,HPO, (90 mM) and K,Fe(CN), (100 mM). The viologen
monomer was reduced to the radical-cation state at —0.75 V. The electropolymeri-
sation then proceeds by the attack of PBV** onto a CN group of another BVBr,
molecule. The chemical structure of polymerised PBV is shown in Figure 4.3.

97
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_[_ﬁ/ \ f\j/\/\/h Figure 43 The chemical structure of poly-
_ \ / merised PBV thin film (excluding counter ions).

4.3.1.2 Electrochemical and Optical Properties of Poly(butyl viologen) Thin Films

There are three pairs of redox peaks observed during potential cycling of
PBV films. For the reduction process, peaks are found at about —0.70V
(PBV2* — PBV**, colourless to purple), about —1.2V (PBV** — PBV?, purple to
yellowish-brown) and a third peak not associated with any electrochromism at
+0.20 V. The equilibrium absorbance spectra in the visible region for the PBV
thin film are shown in Figure 4.4. The absorbance peak becomes more prominent
as the potential is decreased from 0.0 to —0.8 V (measured at intervals of 0.1 V).
The absorbance spectra showed no change between 0 and —0.4V. However,
above this and up to —0.8'V, the absorbance increased, with the wavelength of
maximum absorbance found at about 550 nm, a wavelength the human eye is
especially susceptible to. When the applied potential was more negative than
—0.8V, the intensity of the absorbance peak centred at 550 nm decreased and
almost vanished at —1.0V (Figure 4.4 insert). This was due to the onset of the
second reduction process, generating the yellowish-brown PBV? species. As a
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Figure 4.4 Equilibrium absorbance spectra  inset shows the spectra of continuing the
of PBV thin film at different potential step- applied potential from —0.8 to —1.3V. (From
ping from 0 to —0.8V with 0.1V decrement,  Ref. [58].)

measured in 0.5 M KCI aqueous solution. The
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result, the operating potential for complementary ECDs employing this material
is limited to the potentials of first redox couple (PBV2+/PBV*™).

4.3.1.3 Electrochromic Performance of PBV-PB ECD
The redox reactions that occur in an ECD consisting of PB and PBV in the solid-
state electrolyte, SN, containing LiBF, are illustrated by Eqs. (4.4) and (4.5):

(IPBVI**[BF,];) + e === ([PBV]"* [BF,]") +[BF,]” (4.4)

Li,Fe"[Fe'(CN),] == LiFe"[Fe(CN)¢] + Li* + e~ (4.5)

Thus, the overall device (electrochemical cell) reaction of the complementary ECD
is

([PBVI**[BE,];) + Li,Fe" [Fe' (CN)] =——=
([PBV]** [BF,]7) + LiFe™[Fe''(CN),] + Li* + [BE,]~ (4.6)

A two-stage reaction of the ECD was observed from the cyclic voltammogram:
the first between —1.0 and —0.2 V and the second between —0.2 and +0.7 V. PBV
accounted for most of the observed current in the first stage, with PB being the
most dominant during the second stage. These observations were verified by the
reported absorbance spectra and electrochemically, whereby a reversible cyclic
voltammogram was shown for the PBV-PB ECD between —1.0 and 0.7 V. When
the voltage reached about —0.2 V, PB absorbance features appear (a peak at about
690 nm). As the applied voltage was increased in the negative direction from
—0.2 to —1.3V, a second peak at about 550 nm appears due to contributions from
the PBV.

The coloration efficiency of the device was calculated as 183 cm? C~1. Switch-
ing times for the bleaching and darkening processes were reported to be 9.4 and
2.0, respectively. Consecutive operation for 4000 cycles of the device resulted
in transmittance attenuation decreasing from 65% to 56%, which is considered to
demonstrate good electrochemical cycling stability.

432
Prussian Blue and Viologen Anchored TiO,-Based ECD

Bonhote et al. [56] and Campus et al. [57] proposed an ECD based on PB
functionalised viologens that were covalently attached to a TiO,-coated elec-
trode. TiO, electrodes consist of a nanocrystalline TiO, thin film on top of a
transparent conductive substrate (TCS). The viologens were synthesised with
benzoate, salicylate or phosphonate functional groups. An illustration of the
TiO, and viologen electrode is shown in Figure 4.5. Filters and displays were
constructed whereby the filter devices ranged from 12 to 100 cm? and were
typically setup as TCS|TiO,-poly-viologen|glutaronitrile| LIN(SO, CEF,), |spacer|
PB|TCS. These devices demonstrate a high optical density change, up to 2, within
a short switching time of 1-3s.
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Figure 4.5 Exploded view of a thin-film (3) electrochromophore, R (about 1-2 nm)
nanocrystalline TiO, electrode modified with adsorbed via an anchoring group (An) on

an electrochromophore, R: 1(a) glass, 1(b) a TiO, coordination site. The nanoparticles
F-doped SnO, layer, 1(c) nanocrystalline are schematically drawn as closely packed
TiO, film (5 pm, roughness factor: 100pm="); ~ spheres. However, in reality they represent an
(2) TiO, nanoparticle (about 20 nm) and accidental, porous structure. (From Ref. [56].)

The design of these devices was modified in 2011 by Rong et al. [60], who
reported an ECD constructed of a PB thin film coated on antimony tin oxide
(ATO) nanocomposites and viologen molecules anchored onto TiO, nanopar-
ticles. A polymer gel electrolyte was used between the PB and viologen layers
as the ionic transport layer. The constructed 2.5cm X 2.5cm ECD exhibited a
high contrast, 64.8%, at 600 nm between on and off states, with very low trans-
mittance of 0.1%, at 600 nm, when coloured. The ECD also had comparatively
fast switching times of 0.6 and 0.7 s, for coloration and bleaching, respectively,
and a high coloration efficiency of 912 cm? C~! at 600 nm. The configuration of
the device is shown in Figure 4.6. As yet no one has attempted to mimic this
setup, but replacing the ATO nanoparticles with TiO,. The enhanced surface area
should lead to a greater optical density change (two to four) but also offer a more
cost-effective substrate.

433
Polypyrrole-Prussian Blue Composite Film and Benzylviologen Polymer-Based
Thin-Film-Type ECD

Leventis and Chung [55] reported a complementary ECD based on polypyrrole-
Prussian blue (PP-PB) composite film, which was employed as the anodically
colouring material, and a viologen polymer derivative, pBPQ (Figure 4.7), was
used as the cathodically colouring material. A viscous aqueous solution of
poly(vinylpyrrolidone) (PVP)/K,SO, was used as the electrolyte.
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TiO, nanoparticles Prussian blue
viologen monomer

ATO nanoparticles

Electrolyte

/ Sealant \
Glass

1 Glass
|
FTO ! FTO

Figure 4.6 Construction of an ECD based on viologen anchored on TiO, nanoparticles as
cathodic electrode and PB/ATO-nanocomposites as anodic electrode. (From Ref. [60].)

MeO — — oMe
AN H, + H S
MeO —Si—< >— C—N N—C Si—oMe
MeO/ \ / \ / \oMe
2CI~
Figure 4.7 Monomer structure of viologen polymer derivative, BPQ dichloride.

4.3.3.1 Preparation of PP-PB Thin-Film

First, polypyrrole was electrodeposited from a solution of pyrrole (0.2 M) in
NaClO,/CH;CN solution (1.0 M). PB was then subsequently electrodeposited
onto the polypyrrole-coated electrode from an aqueous K,SO, solution (0.5 M)
containing K;[Fe(CN)4] (5 mM) and FeCl; (5 mM), by cycling the applied poten-
tial between 0.60 and 0.35 V at 50 mV s~!, until the desired coverage was obtained
(achieved by monitoring the amount of charge passed).

43.3.2 Performance of the PP-PB Thin-Film and pBPQ-Based Electrochromic Device
Two devices were constructed, one of transmissive design and the other reflective
(only one transparent electrode). The devices were 4 x 4in.? and able to switch
from colourless (Abs.,q_gg0 & 0.15—0.25) to blue (Abs.45, = 1.35) in about 3-55,
upon the application of 0.8 V across the two electrodes (Figure 4.8).
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MDI
electrochromics

Figure 4.8 The ECD on top of a white sheet of paper with the letters typed on it. (a)

Eppp. =09V and (b) E,,,.=+0.8V. (From Ref. [55])

434
PB Thin-Film and Viologen-Doped Poly(3,4-ethylenedioxythiopene) Polymer-Based
ECD

Bhandari et al. [59] reported an electrochromic zwitterion viologen, N,N’-
bis(3-sulfonatopropyl)-4-4/-bipyridinium, for doping in poly(3,4-ethylenedioxy-
thiophene) (PEDOT) films during electropolymerisation at +1.2 and +1.8V,
respectively. The PEDOT-viologen thin film formed at +1.8V showed higher
coloration efficiency, larger electrochemical charge capacity and better redox
activity in comparison to its analogue grown at +1.2V.

A PEDOT-viologen film grown at +1.8V was coupled with PB to create
an ECD. The ionic liquid, 1-butyl-1-methylpyrrolidinium trifluoromethane-
sulfonate was used as the supporting electrolyte solution. Flexible electrodes
were transparent polyethylene terephthalate sheets coated with a trans-
parent conductive layer of PEDOT-polystyrene sulfonate, which created a
flexible ECD showing reversible coloration between pale and dark purple as
depicted in Figure 4.9.

(a) (b)

Figure 4.9 Photographs of the flexible PEDOT-viologen (1.8) |IL gel| PB device in (a)
coloured (EApp' =-1.5V) and (b) bleached (EApp. =+1.5V) state. (From Ref. [59].)
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435
Other Solid-State Viologens

In addition to those mentioned in the previous subsection, other methods of
designing viologens to be used as solid-state or thin-film systems have been
reported, but not yet utilised in ECDs coupled with PB. In this section, we briefly
mention some of these and their associated electrochromic properties.

Methods similar to those developed by Bonhote et al. [56] and Campus et al.
[57] have been proposed for tethering viologens onto the surface of particles, with
particular focus on utilising TiO, and exhibiting switching times down to 250 ms.
[66-69]. Ryu et al. [70] attached viologens to polymeric microspheres that had
a chlorine functionalised surface, to permit attachment of the viologen species.
They went on to employ their technology in an ECD consisting of only viologen
species [71]. Similar material derivatisation using viologens has been employed
on carbon nanotubes [72, 73] and by direct surface modification [74], the latter of
which reports switching speeds as fast as 5ms. These are just a few examples of
published research on the covalent attachment of viologen species to electrodes in
order to improve properties such as switching times and energy efficiency (ensur-
ing that the materials exhibit the memory effect). Although these publications do
not describe pairing with PB, they focus on improving on one-half of this impor-
tant electrochromic material pairing.

Dominey et al. [75] prepared the electrochromic dibenzyl viologen poly-
mer N,N’-bis[p-(trimethoxysilyl)benzyl]-4,4'-bipyridium dichloride, which
upon reduction forms an insoluble thin-film polymer via cross-linking of the
methoxysilyl groups. The thin film can undergo a one-electron reduction,
resulting in a colourless-to-blue-violet transition. Later, Leventis and Chung [76]
prepared a novel bilayer electrochromic electrode using WO, and dibenzyl
viologen that exhibited a colourless-to-blue transition upon reduction in several
stages.

In 1991 Mortimer [53] showed that a single electrode could exhibit five
different colours, through the use of two different electrochromes, PB and MV.
This was achieved by electrodepositing the PB, onto which a layer of Nafion®
was drop-cast. The negatively charged perfluorinated ionomer allowed the
formation of a trapped, concentrated thin layer of the positively charged viologen
molecules in close proximity to the electrode’s surface. This technique was
originally pioneered by Anson et al. [77]. This method of creating a trapped thin
layer of viologen material close to the electrode surface is yet to be utilised in
a complete ECD; its elegance means a solid-with-solution hybrid device can be
easily transformed into an all-solid-type device via the appropriate pretreatment
of the viologen associated ITO-glass electrode with Nafion®. Similar ‘dual
electrochrome’ electrodes have been fabricated using a layer-by-layer approach
that was developed by Decher and Hong [78] and subsequently by other research
groups who took into account various viologen systems (polybutylviologen
[79, 80], polyhexylviologen [81] and polyoctylviologen [82]). This straightforward
method involves exposing a surface to alternating materials of opposite charge,
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thus producing a multilayer. Good electrochromic properties have been reported
that include switching times of 1-4s and transmittance changes of about 82%.
[81] As yet, these dual electrochromes or layer-by-layer viologen electrodes have
not been paired with PB to produce an ECD, neither as a single electrode com-
posed of alternating layers of PB and viologen species, both exciting prospective
systems.

The majority of the work presented in this chapter focuses on PB and the violo-
gens separately (with the exception of the previous paragraph). However, in 2001
Kostina et al. [83] reacted ethyl viologen (EV) with metal hexacyanometallates
to create the ion pair EV, ; K[M(CN)(]-12H,O (where M =Fe or Ru). Despite
performing extensive characterisation of this new compound, its electrochromic
properties were not investigated, an omission considering it consists of two well-
known and established electrochromic materials.

4.4
Other Metal Hexacyanometallate-Viologen-Based ECDs

The majority of this chapter has focused on the various ways by which scientists
have coupled viologens with PB thin films, with the majority of the research being
incorporated into the viologen aspect of this pairing. However, there have been
several publications that focus on changing the transition metals within the metal
hexacyanometallate to create new ECDs.

Mortimer and Varley [51] reported the first colour reinforcing ECD that paired
MV with ruthenium purple, iron(IIl) hexacyanoruthenate(Il). At —0.5V, the
device was colourless but became purple by applying +1.5 V. The device exhibited
a complementary wavelength of 565 nm, almost identical to the wavelength of
maximum absorbance for the individual components. The device was constructed
as a solid-with-solution system and exhibited coloration and bleaching switching
times of 4 and 10s, respectively. Devices were constructed using two different
viologen concentrations and are shown in their coloured (on) and bleached (off)
state in Figure 4.10.

In a follow-on publication [84], Mortimer and Varley again showed the
construction of a ruthenium purple/viologen device, this time utilizing di-n-
HV, which created a hybrid solid-with-solution/solid—solid device due to the
decreased solubility of the di-n-heptyl radical cation. This device exhibited a
complementary wavelength of 555 nm, with switching times for coloration and
bleaching of 33 and 3 s, respectively.

As for the viologens, research away from devices and focusing solely on improv-
ing the material’s properties is prevalent. A good example is that of Leventis and
Chung [85], who improved the electrochemical stability and electrode adherence
of PB by co-depositing PB with the conducting polymer polyaniline, the latter
itself an electrochromic material (an overview of electrochromic conjugated con-
ducting polymers is contained in Chapter 5). It is thought that the performance
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(b)

() (d)

Figure 4.10 Photographs of a ruthenium purple/methyl viologen ((a, b) 5mM, (b, d)
10 mM) ECD in their colourless (off, (a, ¢)) and coloured (on, (b, d)) states. Both devices have
the dimensions 25 x 25 x 2.3 mm. (From Ref. [51].)

enhancement occurs by utilising the fast switching speed of the polyaniline and
the intense colour of PB.

4.5
Prospects for Metal Hexacyanometallate-Viologen-Based ECDs

For PB materials: PB thin film can be obtained from nano-PB particles [86—88] or
mesoporous particles [89, 90]. The electrochromic properties for nanoarchitec-
tured PB film are improved from tradition thin-film preparations, thus are more
suitable for use in ECDs [91-93]. Furthermore, the effect on the colour made by
replacing one, or both, of the iron atoms within PB with another transition metals
(e.g. ruthenium, resulting in a purple material) allows new colours to be formed.
Coupling this adaptability with the expansive array of colours already available for
viologens (via changing the functional groups attached to the pyridinium nitro-
gen) provides opportunities for the discovery of new pairings of between these
two materials groups.

For viologens: viologen molecules functionalised with conducting polymeric
monomers should create multicolour thin films with fast optical switch-
ing time attributable to the solid-state nature of such polymeric materials
[94-97]. Additionally, new methods of attaching viologen, and PB-type,
electrochromes to electrodes will improve existing device properties.
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For electrolytes: gel and solid-transparent electrolytes [98—102] and ionic liq-
uids [103—-106] are potential candidates for assembling PB-viologen ECDs
for longer cycle lifetimes and offer safer device construction over solution-

type devices.
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5

Conjugated Electrochromic Polymers: Structure-Driven
Colour and Processing Control

Aubrey L. Dyer, Anna M. Osterholm, D. Eric Shen, Keith E. Johnson, and John R. Reynolds

5.1
Introduction and Background

The field of electrochromics spans a large and diverse class of materials, as is
demonstrated by the breadth of those covered in this book. Here, conjugated
polymers have the advantage that key properties can usually be readily tuned
through synthetic methods. Being organic materials, they allow wide possi-
bilities of altering and controlling redox, electronic, optical, mechanical, and
processing properties. The extensive and successful effort over the past several
decades in utilising synthetic methods to alter electrochromic properties is
demonstrated by the number of reviews in the area [1-6]. This chapter covers
the structure—property relationships that control electrochemical properties
(redox potentials), optical/colorimetric properties (electronic absorptions in the
various redox states) and solubility/processability. Only polymers that are thin
electrode-supported films are considered here, rather than polymers in devices,
because the largest influencing factors — device architecture and components
(electrodes, electrolyte, sealant, etc.) —are highly variable from one research
group to another. Similarly, precise quantifications of electrochromic properties
(switching speed, coloration efficiency, lifetime, etc.) are highly dependent on
film thickness, processing method, electrolyte system, electrochemical cell geom-
etry, and many other factors. Thus, discussions are limited to those properties
most influenced by repeat unit structure alone: oxidation potentials and colour
properties, along with solubility and processability.

5.1.1
Source of Electrochromism in Conjugated Polymers

Conjugated electrochromic polymers (ECPs) are conducting polymers able to
conduct charge via their alternating single and double bonds along the polymer
backbone, resulting in unique electronic properties. This widely extended
conjugated macromolecular structure, allowing for delocalisation of charges
induced on oxidation or reduction, distinguishes them from other molecular

Electrochromic Materials and Devices, First Edition.
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Figure 5.1 (a) Representative polyhete- approximate locations of oxidation onset
rocycle repeat unit (octamer shown for potential (E ... o) Peak oxidation potential
clarity) structure for neutral (top), radi- (Ep, ox)r Peak potential for reduction to the
cal cation (centre) and dication (bottom) neutral state (E, 4) and half-wave potential
redox states. (b) Cyclic voltammogram, (E,/,). Adapted from Ref. [7].

for example, polymer (ECP-Red) showing

conjugated systems (e.g. viologens, porphyrins, phthalocyanines) discussed in
this book. Figure 5.1 depicts the process that occurs on oxidation of a conjugated
polymer (for clarity, a generic five-membered heterocyclic ring is provided
where X represents a heteroatom), with Figure 5.1a showing a representative
structure and Figure 5.1b an example cyclic voltammogram. For a large majority
of conjugated polymers in this chapter, the oxidation is of an electrode-supported
polymer film, prepared as discussed in Section 5.3. The two-electron oxidation
proceeds with the first electron removal producing a radical cation (a ‘polaron’, in
semiconductor terminology), and a dication (‘bipolaron’) resulting from removal
of a second electron. However, only rarely can two separate redox peaks be
observed: most cyclic voltammograms are broad and ill-defined as shown in
Figure 5.1b. The values of importance are the onset of oxidation (E,
the potential at peak current for oxidation (E
discernible, especially at higher scan rates.
Electrochromic optical changes from such electron processes are as shown
in Figure 5.2 for ECP-Red which is a copolymer of an acyclic branched alkoxy
thiophene (3,4-OEtHx-Th) with a dimethoxy thiophene (3,4-OMe-Th). The
electronic structure of these conjugated polymers, via the high level of n-orbital
overlap, uniquely results in the evolution of accessible electronic energy bands.
The highest occupied molecular orbital (HOMO) forms the valence band, and
the lowest unoccupied molecular orbital (LUMO) provides the conduction band,
in semiconductor terminology. The optical ‘bandgap energy’, or E,, comprises
an electronic transition from the top of the valence band to the bottom of the
conduction band — see the left panel of Figure 5.2a. The bandgap is determined
by the onset of absorption from the low-energy side of the spectrum as shown
for the example polymer in Figure 5.2b. The polymer neutral state has a single,
broad peak in the visible region centred at 525nm, giving it a red colour as

onset, ox) and

), the latter often not clearly

P, 0X



5.1 Introduction and Background

Wavelength (nm)
1240 827 620 496 413 354

14
12 F Epp £R ¢y Amax=525nm
A L I l
‘ X — 10 f* |
} ' . i R=2-EthylHexyl '
Eg i . © m=n=1 \ ‘ |
‘ ‘ S o8 !
- - , S 06f: | W\ Neutral Oxidised
2 A\
. :
. 0.4
Neutral Polaron Bipolaron
polymer states states 02
0.0 Ia Eg =~2eV
10 15 20 25 30 35 40
(a) (b) Energy (eV)
Figure 5.2 (a) Allowed electronic transi- progression from neutral to fully oxidised
tions for neutral, radical-cation (polaron) and state. Inset photographs show the colour of
dication (bipolaron) states in conjugated ECP-Red in the neutral (left) and fully oxi-
polymers. (b) Example spectroelectrochem-  dised (right) state as a thin film on a trans-
istry for ECP-Red showing absorptions as parent electrode. Adapted from Ref. [7].

shown in the inset photograph. During oxidation to the radical cation (Polaron
States in Figure 5.2a centre panel), mid-gap states are formed, resulting in lower
energy electronic transitions seen as absorptions emerging at longer wavelengths
and growing in intensity with successively higher potentials. At intermediate
oxidation states, the spectra will exhibit contributions from both the neutral
material and the oxidized form. As the polymer is further oxidised, the dication
is formed and the only allowed electronic transition is from the top of the valence
band to a mid-gap state with the bandgap transition no longer allowed (Bipolaron
States in Figure 5.2a right panel). This is seen as a broad absorption extending
from the near-infrared (NIR) with little absorbance in the visible region, and
the polymer becomes a highly transmissive light blue. This process is quite
reversible with the coloured state regenerated by applying a voltage low enough
to reduce the polymer back to the neutral state. This chapter covers the oxidative
process, also called p-doping. There is a very small subset of polymers [2, 5, 6]
that exhibit reductive electrochromic behaviour via n-doping: for details, see the
cited references.

Electronic transitions involving valence-band and conduction-band energies
and those of mid-gap states therefore determine material colour, adjustments of
which contribute to their versatility. Clearly, these are not the only factors that
dictate redox and optical properties. Other factors include polymer backbone
planarity (and hence conjugation length), varying the amount of electron-rich
and -poor building blocks incorporated, integration of fused heterocycles that
reduce the polymer bond-length alternation and tuning properties through
copolymerisation of differing monomer units. Other strategies have been to
utilise blends, laminates and composites with various conjugated polymers or
other electrochromic materials, to tune colour properties. More details can be
found in many reviews of the field [2, 5, 6, 8].
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The most common synthetic strategies involve the use of electron-rich poly-
heterocycles as building blocks in homopolymers and copolymers designed for
electrochromic applications. A recent strategy to control polymer optical prop-
erties is the use of alternating donor and acceptor units — see Section 5.1.1.2.
Additionally, there are two methods commonly used to control the extent of con-
jugation — steric interactions and fused ring systems: — see limited representative
examples in Sections 5.2 and 5.3. In covering these methods, it is the intention of
this chapter to introduce an understanding of how properties of conjugated poly-
mers applicable to electrochromics are manifested and altered.

It should be noted that in order to avoid conflict with formal electrochemical
terminology (which has a tangled history), ‘oxidation potential here is the plain
English term meaning just the positive potential applied to the substrate in order
to effect the oxidation being referred to.

5.1.1.1 Common Polyheterocycles

Even though linear polyacetylene is the simplest structure, it fails as an elec-
trochrome due to its high oxidation potential and lack of solubility. Likewise,
high oxidation potentials explain why poly(p-phenylene) and poly(p-phenylene
vinylene), and their derivatives, are less viable in electrochromics while succeed-
ing as organic transistors, photovoltaics and light-emitting devices. To overcome
the high oxidation potential observed in the conjugated polymers previously
mentioned, electron-rich conjugated five-membered ring polyheterocycles are
commonly used and can include thiophenes, pyrroles, selenophenes and furans.
These systems are highly synthetically flexible in regard to altering repeat unit
structure to elicit desired properties, as shown schematically in Figure 5.3. The
identity of the heteroatom (depicted in red in Figure 5.3) strongly influences
both the oxidation potential (via the HOMO energy level) and the bandgap (via
the HOMO/LUMO energy level difference). Substituting the heteroatom alters
the polymer oxidation potential, bandgap, and colour properties. An example is
the differences between poly(3,4-ethylenedioxythiophene) (PEDOT, E, of 1.6 eV,
allowing a blue to transmissive switch), poly(3,4-ethylenedioxyselenophene)

Processability

R_ R
« Fine band gap tuning ho « Inhibit cross-linking
+ Regiosymmetric A + Lower Egy
X

Coarse band
gap tuning

Figure 5.3 How colour and oxidation potentials are tuned using simple heterocycles as an
example.
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(PEDOS, Eg of 1.4 eV, allowing a deep blue to transmissive switch), and poly(3,4-
ethylenedioxypyrrole) (PEDOP, E, of 2.0eV, allowing a red to transmissive
switch), the polymer oxidation potential of PEDOP being lower than that of
PEDOS, which is lower than that of PEDOT.

An additional synthetic route to altering the electrochromic properties of
common polyheterocycles is through substitution at the 3- and/or 4-position
of the heterocycles (shown in green in Figure 5.3), the identity and placement
of these substituents being widely variable. For example, one can choose to
utilise electron-withdrawing substituents such as fluorine to lower the HOMO
energy level, (raising the oxidation potential) or electron-donating substituents,
such as methyl groups, to raise the HOMO energy level (lowering the oxida-
tion potential). For example, substitution at the 3-position of thiophene with
fluoromethyl groups raises the oxidation potential and shifts the neutral-state
absorption to higher energies compared to the 3-methyl-substituted thiophene
[9]. An added benefit of substitution at the 3- and 4-position of the heterocycle
is that it inhibits polymerisation or cross-linking at these reactive positions when
oxidative polymerisation conditions are employed, which can result in loss of
processability and induce conjugation breaks.

The selection of substituents at these positions can furthermore influence steric
interactions (Section 5.1.1.3) and solubility (Section 5.3). The 3,4-substitution can
be acyclic, such as is shown for the example ECP-Red polymer given in Figure 5.2,
or rendered cyclic using bridging alkyl units as shown in the schematic in
Figure 5.3. The bridging alkyl units are typically ethylene, propylene or butylene.
For poly(3,4-alkylenedioxythiophene) derivatives, a comparison of the influence
of ring size has shown that as the ring size increases, so does the optical contrast
[6, 10]. One of the most common substitution patterns is that of ethylenedioxy
units, such as with PEDOT - one of the most successful commercially available
conjugated polymers — as will be discussed in later sections. The propylene
bridging unit allows for synthetic flexibility in imparting processability through
addition of solubilising substituents at the 2-position of the ring as shown by
the R-groups in blue in Figure 5.3, further discussed in Section 5.3. Additionally,
interchain separation can result from introducing branched and bulky units,
enhancing optical contrast as well [6, 10].

While substitutions at the 3- and 4-position are most common, an additional
option for substitution, and subsequent influence on optoelectronic properties,
involves the electron-rich pyrrole heterocycle via N-functionalisation [11].
Pyrroles have lower oxidation potentials than their thiophene, selenophene, and
furan analogues due to their high electron density, which results in a higher
HOMO. With the addition of electron-donating substituents at the 3,4-position,
such as with the poly(3,4-alkylenedioxypyrrole)s or PXDODPs, the electron density
is further increased and the oxidation potential is further lowered [12—14]. Func-
tionalisation at the nitrogen can allow for further tuning of electron density in
addition to inducing twisting along the polymer backbone via steric interactions
as is shown in Section 5.2.2. This added torsional strain results in a lowering of
n-orbital overlap along the polymer chain, increasing the bandgap. How much
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torsional strain, and energy level adjustment occurs depends highly on the
nature of the substituent and can be quite dramatic. For example, the unsubsti-
tuted poly(3,4-propylenedioxypyrrole) (PProDOP) has a bandgap of 2.2 eV and is
orange in the neutral state, while the N-alkyl-substituted PProDOP has a bandgap
ranging from 3.0 eV for the N-methyl PProDOP to 3.4eV for the N-propyl and
N-octyl PProDOP with the neutral-state absorption now in the ultraviolet region
of the spectrum. This results in a colourless neutral state, and the polymers are
anodically colouring while maintaining a low oxidation potential [2, 5, 11].

The most straightforward approach to control optoelectronic properties is
through homopolymerisation of an electron-rich heterocycle, tuning optical and
electronic properties through substituents as outlined earlier; specific polymer
structures will be covered later. Material properties can be further controlled
by copolymerisation with a variety of electron-rich monomer units through a
combination of electronic and steric effects. Such electron-rich monomers cho-
sen are often based on thiophenes, pyrroles, and carbazoles. However, the use of
electron-poor co-monomers provides yet another method to tune optoelectronic
properties.

5.1.1.2 Donor-Acceptor Approach — The Push-Pull of Electrons

Another approach to optoelectronic property control is via copolymerisation
of electron-rich units with those that are electron-poor. The electron-rich units
(heterocycles such as thiophene or pyrrole) can be considered electron donors;
the electron-poor units (such as cyanovinylene (CNV) or heterocycles such as
benzothiadiazole or benzobisthiadiazole) are then electron acceptors, as is shown
schematically in Figure 5.4. This approach was first aimed at developing systems
that can be both electrochemically oxidised and reduced within a stable potential
range [15, 16]. Electron-poor units in the polymer backbone lower the LUMO,
thereby lowering the bottom of the conduction band. The polymer bandgap is
lowered, and the polymer absorption is red-shifted as a result. One commonly
chosen acceptor unit is an sp? nitrogen such as in pyridine. Copolymerising the
donor thiophene with acceptors of increasing nitrogen content (i.e. proceeding
from pyridine to pyridazine to tetrazine) further red-shifts the optical absorption
in the neutral state [2, 17, 18]. Rather than using pyridine-based acceptors,
further bandgap lowering can be achieved by introducing fused heterocycles
like the aforementioned pyridopyrazine, 2,1,3-benzothiadiazole (BTD) or
benzobisthiadiazole [2].

Donor Figure 5.4 Donor-acceptor concept using donor
R R heterocycles and BTD acceptor as an example.
S
7N
O, O N
\N/
X

Acceptor
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On incorporating these donor and acceptor units in an alternating copolymeri-
sation, not only is the bandgap lowered, but also an absorption profile containing
two distinct absorption peaks, rather than a single broad absorption, is observed.
These two absorption peaks are theoretically predicted to result from the forma-
tion of low-lying unoccupied energy bands within the bandgap of the conjugated
polymer in its neutral state [19, 20]. Such a new unoccupied energy band lies below
the conduction band, allowing a new electronic transition from the top of the
valence band to this new mid-gap band in addition to the usual bandgap tran-
sition from the top of the valence band to the conduction band. It is thought that
the position of this mid-gap band is determined by the electron-poor acceptor
unit. The absorbance spectrum of this donor—acceptor polymer in the neutral
state has two absorptions: the true bandgap transition occurring at shorter wave-
lengths, with that from the valence band to the mid-gap band occurring at longer
wavelengths.

Through judicious selection of the donor and acceptor units (electron-donating
strength and electron-accepting strength) and relative concentration, the location,
width and separation of these two peaks, relative to one another, can be controlled
with impressive results. This is demonstrated by the photograph in Figure 5.5: a
series of solutions of conjugated oligomers differing by the choice of donor and
acceptor units, and their placement relative to one another along the oligomer
backbone, is shown [21]. Two specific examples are highlighted for an oligomer
containing benzothiadiazole, flanked by two thiophenes on either side and capped
with phenylene units, which is a pink-red in solution (PTT-BTD-TTP), and a
benzobisthiadiazole flanked by two ethylenedioxythiophenes, capped with alkyl
groups, which is green in colour (EE-BBT -EE).

While these are conjugated oligomers, not conjugated polymers, the concept
is demonstrated and can be routinely extended to polymeric systems with
closely similar outcomes. The result of varying donor/acceptor strength (e.g.
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electron-rich/-poor character, number of units, placement) can be clearly seen
in the solution spectra of the two example oligomers discussed in Figure 5.5b.
The oligomer PTT-BTD-TTP has two relatively narrow absorptions; one
centred at ~400 nm and the other at 528 nm. On use of the stronger donor (more
electron-rich) EDOT (3,4-ethylenedioxythiophene) in place of thiophene, and a
stronger acceptor (more electron-poor) benzo[1,2-c,3,4-c’]bis[1,2,5]thiadiazole
(BBT) in place of benzodithiophene (BDT) for EE-BBT —EE, the high-energy
absorption peak is in a similar position, but the lower energy peak is broadened
and substantially red-shifted to 846 nm. This concept has been utilised with
relative reliability to generate a large spectrum of colours of conjugated polymers,
from vibrant blues and greens, to broadly absorbing inky blues and blacks [2].
While the resulting spectral properties can be tailored using this molecular-
engineering approach, secondary interactions, such as between neighbouring
units, have to be taken into consideration; they cannot always be predicted.

5.1.1.3 Steric Interactions

Yet another approach to controlling optoelectronic properties in conjugated poly-
mers is to take advantage of steric interactions within a polymer chain. Referring
back to the ECP-Red example, judicious choice of substituents on the heterocycle
can either induce interactions, resulting in torsional strain or twisting of the main
chain, or reduce interactions, relieving strain and causing a relaxation of the main
chain. By incorporation of bulky substituents, adjacent units can twist out of plane
from one another. If the twist is sufficient, n-orbital overlap is affected and the
extent of conjugation can be decreased or broken all together. This causes a blue-
shift of the neutral-state absorption, resulting in dramatic shifts in colour, as can
be seen for the ECP-Orange polymer in Figure 5.6 with bulky bis(ethylhexyloxy)
substituents. Alternatively, the substitution pattern can be chosen such that there
is little to no interaction between adjacent units, causing planarisation of the back-
bone and extension of conjugation, red-shifting the absorption, as can be seen for
the ECP-Red in Figure 5.6 where there is random incorporation of dimethoxythio-
phene units, relieving strain. Not only does ‘bulk’ have to be considered, but other
secondary effects, such as sulfur—oxygen electronic interactions as is observed
in dioxythiophenes or hydrogen bonding as has been observed in dioxypyrroles,
come into play. These types of interactions can result in a stronger driving force
for planarity and extended conjugation.

An added interaction to consider when designing these organic systems is regio-
chemistry and influence on steric distortion of the conjugated chain. For example,
in mono-substituted thiophenes (at the 3-position), the length of the alkyl chain
does not have a strong influence on the electrochromic properties, but can allow
for increased solubility using alkyl chains of sufficient length. However, when the
regioregularity is controlled, there can be large changes in electrochromic prop-
erties. The regiorandom poly(3-alkylthiophene) has an orange-red neutral state,
switching to blue on oxidation [22, 23]. When regioregularity is designed into
the synthesis, as is shown in Figure 5.7, the substitution pattern can have strong
effects on the steric result [24]. For those alkylthiophenes that have a head-to-head
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Figure 5.7 Structures of thiophene dimers substituted at the 3-position showing varia-
tions in regioregularity possible with head-to-tail (HT), head-to-head (HH) and tail-to-tail (TT)
arrangement.

(HH) or tail-to-tail (TT) arrangement, the steric interactions between adjacent
units can shorten the conjugation length as was previously shown in the literature
for electropolymerised methyl-substituted bithiophenes [22, 25]. The TT example
switches from orange to blue-purple on oxidation, while the HH example is yel-
low when neutral and blue-purple on oxidation. When regioregularity is designed,
as with the head-to-tail (HT) arrangement, steric interactions are lessened and
the polymer exhibits red to blue-purple switching. Further examples containing
longer alkyl chains have shown similar results [22].

Another approach to relieving steric congestion is through the use of
unsubstituted conjugated spacers. These are typically placed between two
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heterocycles that would, if placed next to one another, interact and increase
torsional strain. The conjugated spacer relieves that strain, allowing relaxation
of the structure and extension of the conjugation length. One example includes
thienylenevinylene copolymers where the neutral-state colour is a deep blue
with a lowering of the bandgap to 1.5-1.7eV [26-29]. Further, by using the
same approach, a copolymer of two EDOTs for every single vinylene spacer
was reported to have a lower bandgap (1.4—1.5eV) compared to the EDOT
polymer (1.6 eV) with a deep purple neutral state [30, 31]. Thus, sterics have many
influences on the optical properties with large or subtle variations in polymer
bandgap.

5.1.1.4 Fused Aromatics

Yet another method to lower the energy gap in conjugated polymers is through
the use of building blocks that reduce the extent of bond-length alternation
by stabilising the quinoidal resonance geometry, or promote planarisation.
These building blocks are fused aromatic systems with high resonance ener-
gies [32]. This was first achieved in poly(isothianaphthene) homopolymers
that yielded the first reported cathodically colouring conjugated polymers,
switching from a blue neutral state to a highly transmissive green-yellow on
oxidation with a 1eV bandgap [33-35]. Various groups then took advan-
tage of the high resonance energies and ability to increase the backbone
planarity, narrowing the energy gap via homopolymerisation of a vari-
ety of fused ring heterocycles or copolymers containing those as building
blocks. Examples include thieno[3,4-b]thiophenes [36, 37], thieno[3,4-b]furans
[38, 39], cyclopentadithiophenes [40, 41], N-substituted dithienopyrroles [42]
and diphenyl-substituted dithienothiophenes [43]. There resulted a large variety
of neutral-state colours with bandgaps that range from 0.85 eV for the thieno[3,4-
b]thiophene to 2.18 eV for the diphenyl-substituted dithienothiophene, in systems
covered in more detail in Section 5.2.1.3.

While the interactions discussed can be designed into the polymer repeat unit
to affect the neutral-state colour quite reliably, such control is more complicated
when considering the oxidised state colours. In fact, while a molecular design
approach has successfully resulted in the completion of a neutral-state colour
palette in ECPs, the major aim still remains out of reach with regard to control-
ling both the neutral state and oxidised state optical properties simultaneously
[44]. While multicoloured systems can switch from a coloured state when neutral
to another coloured state when oxidised, many applications require polymers that
switch from highly absorptive in the one oxidisation state (e.g. neutral) to colour-
less and transmissive in the other state (e.g. fully oxidised), such as for display and
window applications. The following section discusses representative examples of
polymers that switch between coloured and transmissive states (anodically colour-
ing or cathodically colouring), those that switch between multiple coloured states,
and those that take advantage of long-wavelength optical changes. This is followed
by Section 5.3, which details how solubility and processability are designed in
these materials.
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5.2
Representative Systems

There is a large body of work towards developing conjugated polymers for elec-
trochromics that cannot be effectively covered here. This chapter is a starting point
for understanding how chemists utilise synthetic design principles to tailor opti-
cal and electrochemical properties. One can delve deeper into the literature for
further understanding of systems not covered here. The names of the polymers
used are as they were originally represented in the literature.

5.2.1
Coloured-to-Transmissive Polymers

The large majority of electrochromes are those that switch between an absorptive
coloured state and a highly transmissive, near-colourless state. Many applications,
such as those for electrochromic windows, glasses, mirrors, and displays, require
the device to alternate between absorptive and transmissive or reflective; hence,
at least one transmissive state is required. Some researchers suggest that polymers
exhibiting multiple coloured states can be useful in vibrantly coloured displays or
that multiple colours demonstrated by a single material can be practical. However,
it remains that most often the displays/devices are desired to switch to an ‘off’ state
(i.e. not coloured) and besides, multiple colours in a single display can be achieved
via colour mixing as in the emissive (light-emitting displays, liquid crystal displays)
and static-print (newspapers, magazines, etc.) displays that currently dominate
the market. In this section, examples of those polymers that switch between at
least one coloured state and a non-coloured (or near-colourless) state are pre-
sented.

As with the other electrochromic materials, coloration can be achieved by
cathodic colouring (colouring on reduction/switching to transmissive on oxida-
tion) or anodic colouring (colouring on oxidation/switching to transmissive on
reduction). As most conjugated polymers are neutral in their native state and lack
stable reductive electrochemistry, the cycling is between a neutral state and an
oxidised state with re-neutralisation on reduction (see Figure 5.1b for an example
cyclic voltammogram). On oxidation, those that are cathodically colouring are
absorptive in the visible region in their reduced state and become colourless
on oxidation; those that are anodically colouring are colourless when neutral
and become absorptive in the visible region on oxidation. Many of the polymers
reported in the literature are cathodically colouring, as in this subsection.

In order of progression of the colours in the neutral state, polymers start from
those that absorb at the high-energy end of the spectrum (yellow) and proceed
across the spectrum to orange/red, blue/purple and finishing with those that are
green (requiring two absorptions) and black (those requiring a broad absorption).
To demonstrate the large number of hues that are available in cathodically
colouring electrochromic polymers, Figure 5.8 shows the absorption spectra (in
the neutral state) of a number of dioxythiophene-based conjugated polymers,
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Figure 5.8 Repeat unit structures (top) for  and oxidised (right) states. Absorption spec-
a series of cathodically colouring conjugated tra of the polymer films in their fully neu-
polymers. Photographs (centre) of the poly-  tralised states. Reproduced from Ref. [44].
mer films (on ITO/glass) in their neutral (left)

with photographs of the polymer films in their neutral (left) and oxidised (right)
states, and repeat unit structures.

5.2.1.1 Yellow
To date, there have been a few yellow-to-transmissive switching conjugated poly-
mers, owing to the difficulty in achieving a polymer with sufficiently high bandgap
to shift the neutral-state absorption to the blue region of the spectrum, yet have
the polaron and bipolaron absorptions exclusively in the NIR, having also a low
oxidation potential. There are several examples of neutral-state yellow polymers,
such as those based on EDOTs, thiophenes, and 3,4-propylenedioxythiophenes
(ProDOTSs) combined with pyrenes and naphthalenes or PProDOT substituted at
the 1,3-position with t-butyl groups [45—-48]. However, each of these examples
switches from yellow to either blue or green oxidised states. Even with this diffi-
culty, yellow-to-transmissive switching polymers remain highly important, as they
are one of the key components in achieving the full palette of subtractive primaries
of red—yellow—blue or cyan—magenta—yellow.

An early system that comes close to displaying this yellow-to-transmissive
switch is a conjugated oligomer with sufficient solubility that films could be spray-
cast from organic solvents, then UV-cross-linked through acrylate functionality
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to achieve insoluble films [49]. As shown in Figure 5.9, the yellow films were
oxidised to a dark blue cation-radical state and to a transmissive neutral grey
dication state.

Three years later, the first fully conjugated polymer was reported (Figures 5.10
and 5.8), which could both exhibit both a yellow neutral state, and switch to a
highly transmissive, near-colourless oxidised state, as in the inset photographs
[50]. The polymer is formed via copolymerisation of a ProDOT unit with a
phenylene unit. Upon reporting of this yellow cathodically colouring polymer, the
way has been paved for full colour displays by colour mixing via blends, stacked
layers, or pixelated devices as this polymer allows completion of the subtractive
primary colour palette. Notably, this polymer is highly soluble in common
organic solvents (tetrahydrofuran (THF), toluene, etc.) and can be processed
from solution as discussed in Section 5.3. More recent efforts have extended
the available yellow-to-transmissive family of polymers to include ProDOT
copolymerised with a variety of arylene units such as fluorene, carbazole,
bis(ProDOT)-phenylene and a dimethoxy-substituted phenylene [51].

5.2.1.2 Orange and Red

As for yellow-to-transmissive polymers, the difficulty in achieving an orange-to-
transmissive switch is due to the relatively high bandgap necessary for the neutral
state. While achieving an orange neutral state on its own is not difficult, doing so
with a transmissive oxidised state together with an accompanying stable switching
potential is where the difficulties lie. Only two examples of conjugated electroac-
tive polymers that achieve a stable orange-to-transmissive switch as thin films are

Figure 5.9 Photographs of acrylate- from right) and patterned dication (far right),
functionalised oligomer in the pristine neu-  states on ITO/glass. Oligomer structure at
tral (far left), patterned and neutral (second  top. Adapted from Ref. [49].

from left), patterned monocation (second
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Figure 5.10 Transmittance spectroelectrochemistry for a yellow-to-transmissive switching
conjugated polymer. Inset shows photographs of the polymer film in the neutral (left) and
oxidised (right) states along with the repeat unit structure. Reproduced from Ref. [50].

reported. The first is 3,4-propylenedioxypyrrole (ProDOP) — an electrochemically
polymerisable material shown in Figure 5.11. This polymer exhibits a bandgap of
2.2 eV and a high transmittance difference at 4,,, (~70%) on oxidation to a trans-
missive state, exhibiting also a brown intermediate state [13, 14, 53]. The second
orange-to-transmissive example is a solution-processable thiophene homopoly-
mer — ECP-Orange [7]. This earlier-noted polymer (see Figure 5.6) has sufficient
torsional strain, owing to the bulky branched 3,4-substitution, to blue-shift the
neutral-state absorption compared to an unsubstituted thiophene.

There are several examples of electrochromic polymers with red neutral
states (polythiophene is one example), but few that switch to a highly trans-
missive oxidised state as explained earlier. Regarding multicoloured ECPs (see
Section 5.2.3), red-to-blue electrochromism is quite common. Another pyrrole
analogue — PEDOP - is an early example of a red-to-transmissive switching
ECP that is electrochemically polymerisable. Like PProDOP, it exhibits a high
valence band energy, resulting in a low oxidation potential and a relatively
wide bandgap of ~2.0eV [12-14, 54, 55]. On electrochemical oxidation, a red
neutral state switches to a highly transmissive blue-grey fully oxidised state as
is shown in Figure 5.11 [13]. A solution-processable red polymer is ECP-Red
(Figure 5.6), as already discussed. As mentioned, the red neutral state is achieved
by releasing steric strain induced by the pendant chains in ECP-Orange by
random incorporation of relatively small dimethoxythiophene units. The ease in
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Figure 5.11 Neutral state colours (left) and oxidised state colours (right) for the conjugated
electrochromic polymers shown. Repeat unit structures are to the right. Adapted from Refs.
[7] and [52].

backbone twisting is sufficient to red-shift the neutral-state absorption, allowing
for a red-to-transmissive switching polymer with a bandgap of 2.0 eV [7].

5.2.1.3 Blue and Purple

Thiophene-Based Homopolymers The most well-known, and commercially suc-
cessful, conjugated polymer is PEDOT. First developed by researchers at Bayer
AG in the late 1980s, it was found to possess a highly conductive, transparent and
stable oxidised state, owing to its low bandgap, making PEDOT a breakthrough
material for the field of intrinsically conductive polymers [5, 56—60]. Since the
initial development, this polymer is used in wide ranging applications including
antistatic coatings, transparent conductive coatings and electrodes, electronic
components and displays, and is commercially available in multi-ton quantities
under various trade names.

The polymer can be prepared in situ by oxidative polymerisation (electrochem-
ically or chemically) of EDOT to form an insoluble film. The water-processable
dispersion of the oxidised PEDOT with the polyelectrolyte poly(styrene sul-
fonate) (PSS), to form the complex PEDOT:PSS, has led to the marked success
of this conjugated polymer. Detailed in Section 5.3, films of PEDOT:PSS can be
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Figure 5.12 Spectroelectrochemistry of of PEDOT films at various levels of oxida-
PEDOT at various oxidising voltages (pro- tion from fully neutralised (top) through to
vided in legend) between —0.9 and +1.0V fully oxidised (bottom). Reproduced from
versus Ag/Ag*. Inset shows photographs Ref. [62].

prepared via spin coating and doctor blade coating [61]. Neutral films of PEDOT
exhibit a bandgap of 1.6 eV, switching from a dark blue to a highly transmissive
oxidised state at low potentials — see Figure 5.12. The absorption begins in
the NIR and peaks around 600 nm. On oxidation, there is a small amount of
residual absorbance in the visible region due to the tailing from the NIR of the
polaron/bipolaron transitions resulting in a highly transmissive, albeit light blue,
oxidised state.

Efforts at producing organic-soluble/processable neutral states of PEDOT
have focused on the introduction of solubilising side chains on the alkylenedioxy
bridge [10, 27, 63-66]. Comparing the electrochromic performance of these
polymers to the unsubstituted PEDOT shows a shift in the bandgap to higher
energies (1.75-1.8 eV depending on the bulkiness of the side chains) resulting in
a blue/purple neutral state [63]. However, similar to the ECP-Orange/ECP-Red
example discussed in the previous section, the solubilising side chains in the
regiorandom PEDOTs can induce significant repulsion between adjacent units,
reducing the conjugation length in the neutral state, yielding a purple colour
compared to the blue hue for the unsubstituted PEDOT. In addition to the shift
in neutral-state colour, the addition of side chains influences the switching speed
and contrast of these PEDOT derivatives. For example, the tetradecyl-substituted
PEDOT switched between the fully neutralised state and the fully oxidised state
in 5s compared to 10s for the unsubstituted PEDOT (both in 0.1 M tetrabutyl-
ammonium perchlorate (TBAP)/acetonitrile (ACN)) [10, 63, 64]. Also, slightly
improved bleached-state transmissivities were observed with highly transmissive
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faint green to light grey oxidised states, showing a transmittance difference at
Amax ranging from 44% to 63%, attributed to the bulkiness of the side chains
causing a higher interchain separation. This allows higher levels of doping as
more charge balancing ions are able to diffuse into the polymer film.

A study (thiophene-based homopolymers) of the influence of the size of the
bridging ring on the electrochromic properties, compared ethylene with propy-
lene (PProDOT) and butylene (PBuDOT) [10, 67]. As noted previously, increasing
ring size increases contrast [6, 10]. The propylene bridging unit can allow further
increases in contrast as the tetrahedral substitution pattern at the central carbon
provides for two substituents to be present orthogonal to the main chain, increas-
ing interchain separation and enhancing optical contrast as well [6, 10]. Hence, the
electrochemically polymerised dibenzyl-substituted ProDOT derivative exhibited
a high transmittance difference at 4, of 89% with switching times as fast as 0.4 s
[68], as seen in Figure 5.13a. Here the X-ray crystal structure of ProDOT-Bz,
shows the benzyl groups nearly orthogonal to the thiophene ring, and Figure 5.13b
shows the change in transmittance (monitored at a single wavelength) when the
polymer film is switched between the fully neutral and fully oxidised states, illus-
trating the rapid switch and high contrast.

Further research on disubstituted ProDOTs also showed high optical contrasts
with dimethyl and diethyl derivatives showing 78% and 75% A%T, respectively
[69, 70]. Increasing the substituent chain length to butyl, producing PProDOT-
Bu,, aids in solubilising the polymer for solution casting. However, for this poly-
mer, the electrochemically synthesised films exhibited a higher transmittance dif-
ference at A, (transmittance difference A%T of 75%) than those prepared by
solution casting the chemically polymerised polymer (A%T of 45%) [71]. Soluble
and processable PProDOTs were subsequently developed with the utilisation of
sufficiently long side chains (n-hexyl, 2-ethylhexyloxy and n-octadecyloxy) with
the 2-ethylhexyloxy derivative providing a high transmittance difference at 4,
of 80% and switching rate of 0.6 s (at 95% of full switching). Similar to the diben-
zyl derivative, the branched side chains appear to increase inter-chain separa-
tion, opening up the polymer film morphology to allow charge-balancing ions
more rapid access through the film [72, 73]. The ProDOT-based polymers exhibit
dark blue to purple neutral states (depending on substitution and film prepara-
tion method) and highly transmissive, near-colourless oxidised states. Solubility
and processing of these polymers are discussed in Section 5.3.

Selenophene-Based Homopolymers A selenium-based analogue of EDOT (EDOS)
was reported in 2001 to produce a polymer film with a dark blue neutral state
and transmissive oxidised state when prepared electrochemically or chemically
[74]. As selenophene is more electron-rich than thiophene, EDOS has a lower
bandgap (1.4 eV) and lower oxidation potential than EDOT. In electrochemical
studies of PEDOS, conductivities up to 30 Scm™! were found in pressed pellets
[75]. The electrochromic properties of PEDOS have shown it to be a promising
material with a highly transmissive oxidised state, a high transmittance difference
at A, of 55%, and bleaching and colouring times measured as 0.4 and 0.6s,
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Figure 5.13 (a) Repeat unit structure for film on a transparent electrode monitored at
PProDOT-Bz, (left) and X-ray crystal struc- 632 nm when switched between fully neu-
ture (right) for the ProDOT-Bz, monomer tralised (—1.0V) and fully oxidised (+1.0V)

showing the benzyl groups orthogonal to, states (vs Ag/Ag™). The A%T is 89% and a
and on the opposite sides of, the thiophene  switch speed of 0.4s to reach 95% of the full
ring. (b) Optical switching of a PProDOT-Bz,  contrast. Reproduced from Ref. [68].

respectively [76, 77]. On substitution with a hexyl chain, PEDOS-C6, though not
soluble, reached a A%T of 89% and a switch speed of 0.7 s (at 95% of the full
contrast). The spectroelectrochemical series and photographs for this polymer in
Figure 5.14 show that the polymer achieves a highly transmissive bleached state
with little absorption in the visible region, which is nearly colourless.

Similar to alkylenedioxythiophene polymers, work towards examining the
electrochromic properties of selenophene derivatives increasing the size of
alkylene bridge was performed. The derivative PProDOS-(decyl), shows a
blue neutral state and highly transmissive oxidised state. Unlike the ProDOT
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Figure 5.14 Spectroelectrochemistry for the Inset photographs show the fully neutralised
hexyl derivative of PEDOS (PEDOS-C6) when  (right) and fully oxidised states (left). Repro-
switched between fully neutralised —0.9V duced from Ref. [77].

and fully oxidised +0.5V versus Ag/AgCl.

derivatives, the contrast for this polymer is lower than PEDOS-C6, but similar to
the unsubstituted parent polymer, PEDOS with a A%T of 56% [78].

Donor-Acceptor Polymers As already noted, one of the first known structures
using the donor—acceptor approach towards electrochromic polymers was the
electropolymerisation of the bis(thienyl)cyanovinylene donor—acceptor—donor
precursor [79]. The electron-withdrawing CNV unit was utilised to further
lower the bandgap of the bis(thienyl)vinylene polymer. Poly(trans-1,2-
bis(thienyl)vinylene) is deep purple in the neutral state, switching to transmissive
on oxidation while the bis(thienyl)cyanovinylene polymer is blue-to-transmissive
switching. This approach was further extended to include EDOT, EDOP and
thiophene units as the donors with CNV as the acceptor. In this work, the effect
of the electron-rich thiophene-based donor on the resulting polymer bandgap
was studied. While the bandgaps varied from 1.1 to 1.6€V, the polymers all
exhibited similar electrochromic properties, switching from a neutral blue state
to a light blue transparent oxidised state [80]. Moving on from electropolymeri-
sation of macromonomer precursors, this concept was extended to a family of
solution-processable analogues utilising dialkyl ProDOT and dialkoxybenzene as
the donor units [81, 82]. These polymers exhibited bandgaps ranging from 1.8 to
2.3 €V, and absorption maxima in the 610-620 nm range, switching from blue
or purple neutral state to transmissive light blue grey on oxidation. While the
colour property alterations were subtle, the voltages required to cause oxidation
increased (0 to +0.5 V vs Fc/Fct) compared to that for PEDOT (—0.4V vs Fc/Fc*)
[10]. This allows for an air-stable neutral state as the polymer valence-band
energy levels are deeper than the air oxidation threshold (5.2-5.3 eV).
Expanding on the donor—acceptor approach to achieve improvements over
PEDOT (deeper blue neutral state, higher contrast, colourless oxidised state,
faster switch speed and solution processability), several researchers have explored
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the use of fused ring acceptors in combination with EDOT and ProDOT units
of varying ratios. One approach utilised an alternating copolymer of dialkyl-
ProDOT and BTD, yielding a soluble blue-to-transmissive polymer with a A%T
at A, of 52% and sub-second switching speeds [83]. At about the same time,
other researchers explored the donor—acceptor—donor approach using either
EDOT or dialkyl-ProDOT as the donor and benzotriazole as the acceptor to
provide blue-to-transmissive switching polymers. Benzotriazole is a weaker
acceptor than BTD, yielding a slight red-shift from PEDOT and a deeper blue
neutral state, as can be seen in Figure 5.15. An advantage of the benzotriazole
acceptor is the additional site for functionalisation with solubilising groups at
the central nitrogen, further improving solubility. The bisEDOT-benzotriazole
polymer has a bandgap identical to PEDOT (1.6 eV) with a higher A%T at 4,,, of
53% and faster switch speed of 1.1 s. Following on that work, solution-processable
polymers based on bisProDOT-benzotriazole and a bisEDOT-benzotriazole
incorporating a dialkoxythiophene unit have been reported [84, 85]. Other
donor—acceptor systems explored include those with meta-phenyl-substituted
quinoxaline units [86] of substituted benzimidazoles [87] as the acceptor
with thiophene-based donor polymers produced with blue to blue/purple
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Figure 5.15 Photographs of benzotriazole-EDOT (top left), ProDOT-

donor-acceptor and donor-acceptor-donor
polymer films in their neutral (left) and
oxidised (right) states along with repeat
unit structures. Polymers include EDOT-

benzotriazole-ProDOT (top right) and
ProDOT-benzothiadiazole (bottom).
Reproduced from Ref. [6].
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neutral states and highly transmissive oxidised states with contrasts comparable
to PEDOT.

Fused Ring Systems As already noted, the use of fused ring systems also allows
a lower polymer bandgap. This has allowed shifting the colour of soluble
thiophene homopolymers (e.g. poly(3-hexylthiophene)), which are red in the
neutral state, to lower energies yielding blue electrochromic polymers. One
such example is the cyclopentadithiophene (CPDT) polymer, poly(4,4-dioctyl-
cyclopenta-dithiophene), which is a soluble polymer switching from blue to
highly transmissive with a 60% A%T at 4,,,, [88]. The fused CPDT ring has a
lower bandgap than bithiophene as the effective conjugation length is extended
due to the ring fusion that planarises the conjugated backbone. The substitution
of the alkyl chains at the quaternary carbon bridge also allows for higher doping
levels, and hence higher contrast, because interchain interactions are reduced as
in the disubstituted ProDOTs mentioned previously [89].

For blue-to-transmissive switching polymers comprising fused rings,
homopolymers of thieno[3,4-b]thiophene [36, 37, 90], thieno[3,4-b]furan
[38, 39] and thieno-[3,2-b]thiophene were employed, all switching from various
hues of blue to highly transmissive oxidised states [91].

5.2.14 Cyan/Green

A green/cyan-to-transmissive switching electrochromic polymer has been a
valuable recent target, as combinations of green with red and blue and com-
binations of cyan with magenta and yellow would complete both the additive
and subtractive primaries, respectively. A green neutral-state polyheterocycle
proved difficult to synthesize as the polymer needs to absorb two wavelengths
simultaneously — one in the red and the other in the blue spectrum region, with
light transmission around 550 nm. Early work achieved a neutral-state green
polymer through use of an electropolymerised donor—acceptor macromonomer
containing two thiophene units flanking a dithienothienylpyrazine (DTP). It had
a distinct green neutral state, fast switching times and a good cycling stability.
However, it showed a low A%T at A, (12—23%) due to the yellow-brown oxi-
dised state. This is attributed to the appended thiophene units that contributed
to the high-energy absorption, as they are not in conjugation with the main
chain, leaving an incomplete bleaching of these units and a persistent hue in
the oxidised state [92]. Prior to this, it was demonstrated that poly(bis-EDOT
pyridopyrazines) exhibited strong green neutral colours, but could not bleach
upon oxidation, so were discounted for practical electrochromism [93, 94].
Varying combinations of donor and acceptor moieties were thus explored to
provide a neutral-state green, but the two absorption bands would need to be
depleted simultaneously to yield a highly transmissive oxidised state.

The first reported green-to-transmissive switching electrochromic polymer
was a previously reported electrochemically polymerised bisEDOT-BTD polymer
[95-98]. It was found to switch rapidly from a saturated green neutral state to a
transmissive light blue oxidised state (see Figure 5.16). Extensive efforts followed
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Reduction

n

Oxidation

Figure 5.16 Photographs of bis(EDOT)-BTD polymer films on ITO/glass in the neutral (left)
and oxidised (right) states. Repeat unit structure on the right. Reproduced from Refs. [6]
and [99].
in establishing the role that the donor and acceptor units and relative ratios
had on the placement of these two absorption bands [83, 84, 92, 100—102]. It
was found was that the two absorption bands could be tuned to yield polymers
with hues that ranged from green to cyan to blue (as discussed earlier). As
shown in Figure 5.17a, increasing the ratio of donor (ProDOT) to acceptor
(BTD) heterocycles shifts the short wavelength peak to lower energies [101].
The colour of the neutral polymer can then be tuned from blue (a 1:1 ratio of
donor:acceptor) through to various shades of green based on the position and
intensity of the high energy peak. In addition to varying the ratio of donor to
BTD, the nature of the donor (unsubstituted thiophene, acyclic thiophene or
ProDOT), and introduction of vinylene spacers, was explored with a large family
of green-to-transmissive solution-processable polymers prepared as shown
in Figure 5.17b [100, 103]. These polymers exhibited transmittance contrasts
(measured as A%T) up to 53%, measured at the long-wavelength absorption
maxima and maintained the high contrast even at switch speeds as fast as 1s.
Thus, it became evident that a strong donor —acceptor interaction can constrain
the two absorption peaks in the visible region of the spectra while simultaneously
keeping an absorption minimum in the green light region (~550 nm). Continued
efforts in exploring various donors and acceptors included substituting the sulfur
in BTD with selenium in 2,1,3-benzoselenadiazole (BSD) [84, 104]. The resulting
polymers also exhibited varied hues of green in the neutral state, depending on
the donor strength. The bisProDOT-BSD analogue exhibited a red-shifted absorp-
tion, resulting in a saturated green neutral colour, when compared to the turquoise
bisProDOT-BTD. The soluble polymer demonstrated similar contrast and switch-
ing speed values on the order of 42% (again, measured at the longer wavelength
peak) and sub-second switching.
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Figure 5.17 (a) Solution spectra for a series

of soluble D-A polymers based on ProDOT
donors and BTD acceptors with the ratio of

(b)

solutions. (b) Photographs of polymer films
in their neutral state. Polymer repeat unit
structures provided. Reproduced from Refs.

D-A varied. (P1=6:1,P2=4:1,P3=2:1
and P4=1:1). Inset photograph of polymer

[83] and [103].

Another donor—acceptor derivative yielding polymers with saturated green
states of varying hues can be seen in Figure 5.18. This family of bisEDOT-
quinoxaline polymers differed not on the donor—acceptor strength previously
demonstrated, but on the nature of the functionality of the quinoxaline acceptor
[99]. The electropolymerised macromonomer containing thiophene pendant
groups exhibited a saturated green neutral state, but a coloured oxidised state.
This is attributed to the shorter conjugation length thiophene-based chro-
mophore appended on each acceptor, as with DTP (above). On substitution
with phenyl-based units on the quinoxaline acceptor, the resulting polymers
exhibited more transmissive oxidised states, as shown in Figure 5.18 [102, 105].
The bulkier tert-butyl phenyl polymer exhibited higher contrasts on switching
(43% at 711nm) than the phenyl-substituted polymer (29% at 732nm). As
thought earlier, diffusion of counter ions within the polymer film could be
facilitated by the bulkier pendant group, allowing for a higher level of oxidation,
and depletion of residual colour, in the doped state. Addition of two alkoxy
solubilising chains at the pendant phenyl allowed for chemical polymerisation of
bisEDOT-quinoxaline, affording spray-processable polymer films with similar
contrasts and colours in both coloured and bleached states.

Additional attempts towards green-to-transmissive switching polymers tested
a variety of donor and acceptor units, like CPDT donors combined with BTD
acceptors [88], thiophene donors and thienopyrazine acceptors [106], EDOT
donors and ferrocene-functionalised quinoxaline acceptors, [107] and pyrrole
donors with quinoxaline acceptors [108], to name a few.

5.2.1.5 Black
Similar extensive effort has gone towards achieving black electrochromic poly-
mers, with limited success. A saturated black-to-colourless polymer would find
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many applications ranging from smart windows to information displays and
e-readers. However, the difficulty lies in developing a single material that can
absorb evenly across the entire visible spectrum, then switch to colourless with
film thicknesses that can provide a high level of saturation when coloured, but
none when bleached. An ideal case would not exhibit intermediate colours, but
achromatic degrees of grey at transitional voltages [2, 44]. Blending or colour
mixing has been tried to achieve such a film or device [109-111], making
use of a combination of chromophores. It was the successes in developing the
green-to-transmissive electrochromic polymers that laid the groundwork for
black electrochromic polymers [101] as demonstrated in Figure 5.19a, where the
solution spectra for three green electrochromic polymers (based on copolymers
of BTD with varying amounts of ProDOT) are overlaid with that of the magenta
polymer, PProDOT-(CH,OEtHx), (Section 5.2.1.3). The green/cyan polymers
provide the low- and high-energy spectral absorbances while the magenta
polymer fills the trough in absorbance centred at 550 nm. In addition, as each
of these polymers switches to highly transmissive oxidised states individually,
their combination would ideally achieve the same. The first example of a black-
to-transmissive switching electrochromic polymer utilised this concept via
copolymerisation of a bis(ProDOT)-BTD trimer with the ProDOT monomer
(labelled as ECP-black 1) as shown in Figure 5.19b [101]. This first example of
a black-to-transmissive switching electrochromic polymer was also solution
processable from common organic solvents (toluene, THF, etc.). The polymer
was spray-cast onto indium—tin oxide (ITO)/glass electrodes and exhibited a
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Figure 5.19 (a) Solution spectra and pho- in the neutral state for ECP-black 1 and

tographs of D-A-D polymers (1-3) based ECP-Random black with polymer structures.
on ProDOT and BTD in varying ratios and Adapted from Refs. [101] and [112].
PProDOT-(CH, OEtHx), (4). (b) Film spectra

transmittance change (A%T) of 50% at 592 nm with a relative luminance (A%Y)
change up to 52%, on oxidation.

Further improvement by utilising a polymerisation route of single-ring hetero-
cycles allowed for a higher degree of Tandomness’ in incorporating the donor and
acceptor units [112]. This random incorporation of ProDOT and BTD units gave
a broadening of the absorbance, especially on the high-energy end of the spec-
trum (Figure 5.19b), and a more straightforward synthesis, as the preparation of
the ProDOT-BTD-ProDOT trimer is avoided. The spray-processed polymer films
(Figure 5.20) exhibit broad absorption across the visible region, with drop-off at
the extremes, switching to a highly transmissive oxidised state; insets show pho-
tographs of a polymer film on ITO.

Similar concepts of copolymerisation of blue/green polymer chromophores
with those that would broaden the visible region absorption had varying
degrees of success: see three of these examples in Figure 5.21. One random
copolymerisation of a quinoxaline derivative, a benzotriazole derivative and
thiophene to yield a polymer (top left) exhibits a black neutral state, with the
idea that D—A copolymers of quinoxaline and thiophene are green in their
neutral state and benzotriazole copolymerised with thiophenes is red [114]. The
resulting polymer films achieved a 23% change in transmittance at 600 nm with
a transmissive, yet grey oxidised state. Another black neutral-state polymer is,
again, a random copolymer of ProDOT, BSD, and benzotriazole (bottom left)
to yield a polymer with a relatively colour neutral absorbing state (L*=14.3,
and a*, b* values less than 1), switching to transmissive grey on oxidation with
a 15% change in transmittance at 522 nm [115]. The final example shown here
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Figure 5.20 Spectroelectrochemistry of ECP-Random Black and inset photographs showing
neutral (left) and oxidised (right) states. Reproduced Ref. [112].

Figure 5.21 Photographs of polymer films on ITO in their neutral and oxidised states with
polymer structures. Adapted from Refs. [6] and [113].
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uses two EDOT monomers bridged by a naphthalenediimide unit (right) to
achieve an electropolymerised film switching between highly transmissive and
dark blue/black states (with an intermediate blue) and a change in transmittance
at 600nm of approximately 70% [113]. Other efforts have revolved around
colour combinations, and/or appending small molecule chromophores on a
conjugated polymer backbone, plus the multilayer and polymer blending efforts
(as mentioned earlier), with varying successes [116, 117].

5.2.2
Anodically Colouring

Anodically colouring systems show several advantages, while showing several
challenges. As these materials are high bandgap (typically >3.0 eV), their neutral-
state absorption occurs in the UV, and they appear nearly colourless. However, a
high HOMO level is needed to maintain a low oxidation potential, and control
over the colour attained in the oxidised state is difficult to achieve with multiple
colours and poor saturation often the result. But several examples show effective
switching from colourless to a variety of coloured states, and there are those that
exclusively switch outside the visible region (UV to NIR electrochromism).

Unusually, polycarbazoles and polyfluorenes have been utilised as elec-
trochromes with specific examples showing anodic colouring, like the
N-substituted polycarbazoles, such as the N-butyl- and N-dodecyl-substituted
carbazoles that are organic soluble and the N-oligoether and N-alkylsulfonate
examples that are water soluble [118-121]. The unsubstituted polycarbazole
exhibits a yellow transmissive neutral state, switching to green on oxidation [122].
The N-alkyl substitution results in a blue-shift with those polymers exhibiting
colourless neutral states, green partially oxidised and blue fully oxidised states,
while the water-soluble analogues switch from colourless to dark green. Similar
to polycarbazoles, polyfluorenes are not commonly used as electrochromes
but are employed as blue emitters in polymer light-emitting devices and as
hole-transport materials [123]. Limited examples of anodically colouring ana-
logue of both polymers exist. One such example is poly(9-fluorenecarboxylic
acid) prepared via electropolymerisation under highly specific conditions to
achieve a clear-to-brown-orange switching polymer film [124]. Another is a
dispirofluorene-indenofluorene polymer prepared via electropolymerisation to
achieve a clear-to-purple switch on oxidation [125].

A class of anodically colouring polymers includes the large set based on triary-
lamines [126]. The electron-rich triarylamine can be easily oxidised at the nitrogen
centre, and when the para-position on the phenyl is blocked, a stable radical cation
forms with a distinct colour change. The bulky propeller shape of the tripheny-
lamine moiety allows for a polymer with thermal stability, amorphous character,
and solubility in aprotic solvents with the ability to form films on casting from
solution without the need to rely on added functional groups such as long alkyl
chains. Triphenylamine polymers are also unique compared to the fully conju-
gated systems discussed so far. They are considered as mixed-valence materials
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with one or more redox centres to allow multiple redox stages. This affords sev-
eral colours on oxidation, as in Figure 5.22 where triphenylamine-based polymers
with increasing complexity, and triarylamine centres, are shown along with pho-
tographs of the polymer films in their colourless neutral states and coloured oxi-
dised states. More triphenylamine centres increase the number of coloured states.
The examples shown here are polyamides with triphenylamine redox centres, all
blocked at the para-position to curb coupling during oxidation. Of several aryl
linkages explored, those based on a flexible ether gave the best anodic colour-
ing electrochromic properties, as shown here. The polymer containing one triph-
enylamine centre switches from colourless to green on oxidation to the radical
cation. The polymer containing two centres has an added blue state on oxida-
tion of the second redox centre. The polymer containing three centres switches
from colourless to yellow, followed by dark purple and dark blue, and the poly-
mer containing four redox centres has a colourless to yellow, to purple, to light
blue, to dark blue switch [126—-128]. Another interesting example incorporates
the triarylamine, spirobifluorene and carbazole moieties in one polymer as shown
in Figure 5.23. Electropolymerisation occurs first through the triarylamine func-
tionalities at low oxidation potentials with further cross-linking occurring through
the carbazole functionality at higher oxidation potentials to afford thin polymer
films that switch from transparent through lime green to blue-green when fully
oxidised [129].

As mentioned previously, not only is a high bandgap (to attain a transmissive
neutral state) desired, but also a high HOMO to allow for stable and repeated
oxidative cycling, for example, those based on N-substituted ProDOP [11].
Figure 5.24 shows the geometric structure of an N-H ProDOP dimer where
the torsion angle between pyrrole rings is 0°. The resulting N-H ProDOP
polymer has a bandgap of 2.2 €V, yielding the aforementioned orange neutral
state [5]. However, substitution at the nitrogen, as shown in the bottom image in
Figure 5.24, increases steric hindrance, which decreases planarity and decreases
the effective conjugation length. The example provided here, a ProDOP dimer
with an N-oligoether substituent, has a torsion angle of over 70°, resulting in a
decrease in m-orbital overlap and a lowering of conjugation in the resulting poly-
mer. This ultimately results in a shifting of the A, into the UV as the polymer
has a bandgap of 3.4 €V and a colourless neutral state. This route has successfully
been utilised to achieve a number of anodically colouring polymers, with a variety
of N-substituents [14, 130—132]. These include N-methyl, N-propyl, N-octyl,
N-glycol, and N-propane sulfonate PProDOPs with bandgaps that range from
3.0eV for the short chain alkyl and propane sulfonate-derivatised polymers to
as high as 3.4 eV for the aforementioned N-glycol and those containing longer
alkyl chains. While the bandgap transition occurs in the UV region, the relatively
broad polaron absorption occurs in the visible and the bipolaron occurs in the
NIR with some tailing into the visible. This results in polymers that have oxidised
states with low colour saturation. Many of the N-substituted PProDOPs have pale
blue or grey blue oxidised states that, while not vibrant or saturated as desired for
window and display applications, are complementary to many of the saturated
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Figure 5.22 A series of triphenylamine-containing polyamide polymers along with photographs of films on transparent electrodes in the neutral
state (far left) and states at increasing oxidising potentials with voltages (vs Ag/AgCl) indicated. Reproduced from Ref. [126].
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E<050V E=050-09V E>0.90V

Figure 5.23 Structure of a starburst poly- Photographs (right) of the polymer film in

mer with tris(oxadiazole)-phenylene core, the neutral (far left) and oxidised states (two
bridged by a spirofluorene unit with ter- right) with voltages indicated versus Fc/Fct.
minal triphenylamine and carbazole units Reproduced from Ref. [129].

through which electropolymerisation occurs.

ProDOP
torsion angle = 0°
Eg=2.2¢eV

N-Gly ProDOP
torsion angle = 71.6°
Eg= 3.4eV

Figure 5.24 Geometric representation for N-H ProDOP dimer (a) and N-Gly ProDOP dimer
(b). The value of the angle ¢ indicates the degree of twisting between the two pyrrole rings.
Reproduced with permission from Ref. [129].



143

5.2 Representative Systems

——-0.10V (Neutral film)
——+0.18V (Oxidised film)

I s T3y,
D

Ha5C12 a_p CigHas

Transmittance (%)
% Transmittance
(44
o
1

i 40
: 30

20 - - 20 1
| Visible 104
i 010V +0.18V

0 - T g T T T 1 0 T T T T T T T
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
(a) Wavelength (nm) (b) A (nm)

Figure 5.25 Spectroelectrochemistry for the Inset photographs show the neutral (left)
neutral (black line) and oxidised (blue line) and oxidised (right) states. Reproduced from
states of PProDOP-N-C18 (a) and P(ProDOP-  Refs. [134] and [135].
N-C12-EDOT-ProDOP-N-C12) (b) copolymer.

cathodically colouring polymers previously mentioned and are utilised as the
counter electrode material in dual polymer devices [133].

In some examples, the polaron absorption in the visible can be rather weak,
with barely noticeable colour, and the bipolaron absorption shifted entirely into
the NIR such that the polymer exhibits a minimal colour in both the neutral
and oxidised states. This is the case for the N-octadecyl-substituted PProDOP
shown in Figure 5.25a, also called minimally colour changing polymer or MCCP,
and is solution-processable from organic solvents due to the long alkyl chain
[134]. Another polymer that exhibits a colourless to colourless switch is the
bis(N-dodecyl ProDOP)-EDOT copolymer shown in Figure 5.25b [135]. For both
polymers, it is the high torsional strain that results in a neutral-state absorption in
the UV region of the spectrum. It is thought that on oxidation, the strain relaxes
and the polymer planarises, shifting the bipolaron absorption into the NIR. As
with the previous anodically colouring N-substituted PProDOP examples, these
polymers have found utilisation as transparent counter electrode materials in
dual polymer electrochromic devices (ECDs) with higher contrasts and the ability
to fabricate devices without loss of colour purity [134, 136, 137].

523
Inducing Multicoloured States in ECPs

It is evident from the results and photographs shown in Figures 5.5 and 5.8
that conjugated oligomers and polymers can attain a full palette of colours with
essentially any hue accessible in the neutral state by using specific repeat unit
structures and by blending separate polymers for colour mixing. The anodically
and cathodically colouring polymer systems illustrated demonstrate how appro-
priately designed polymers can be made to switch from the vibrant coloured
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Figure 5.26 CIE 1931 colour track illustrating the change in hue along with neutral/doped
state structures and colours, for poly(3-methylthiophene) during oxidation.

state to a highly transmissive form. This is because the optical absorption of
the neutral polymer located in the visible region of the spectrum is transferred
sufficiently far into the NIR to be outside of the wavelength limit of human eye
sensitivity. In many instances though, the low-energy carrier transitions are not
moved into the NIR but appear instead in the visible spectrum. With this, the
polymer can express two, or more, distinct colours in the extreme neutral and
various doped states, as illustrated in Figure 5.26 for poly(3-methyl thiophene)
(P3MT) [138]. This is in contrast to the continuous loss in colour saturation of the
anodically and cathodically colouring materials and is best termed multicoloured
electrochromism. Illustrated by the CIE 1931 colour track in Figure 5.26, P3MT
expresses a vibrant red-orange colour in its neutral form. As it is oxidised, and
the intensity of the interband transition is depleted, an intermediate polaron state
is induced in the visible, ultimately transitioning to a long-wavelength absorption
that tails into the visible, absorbing a strong portion of the red spectrum causing
the polymer to appear blue to the human eye. This red-to-blue electrochromism
is common for many intermediate-gap conjugated polymers and is, in fact,
more the norm for polymers not specifically designed to be especially anodically
or cathodically colouring. The charge carrier bands also tend to be especially
broad in character relative to the neutral n-to-n* transition leading to colours
having a low saturation and a pastel-like appearance. In early work examining the
colorimetric properties of a series of electrochromic polymers, Thompson et al.
[52] used XY colour coordinates measured with a colorimeter and Photoshop™
to create colour swatches that illustrated the electrochromic switching properties
of a broad family of polymers. This is shown in Figure 5.27 for the electro-
chemically prepared PBEDOT-NMeCz and PBEDOT-BP, along with the soluble
polymer linear poly(3,4-ethylenedioxythiophene)-2,5-didodecyloxybenzene
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Figure 5.27 Repeat unit structures for the ECPs PBEDOT-NMeCz, PBEDOT-BP and LPEB

showing colorimetrically determined colour swatches for neutral (N), intermediate (I) and
fully doped (D) forms.

(LPEB). Examining the repeat unit structures, it can be seen that PBEDOT-BP
is a fully conjugated polymer while PBEDOT-NMeCz has broken conjugation
due to the bonding pattern at the 3,6-positions of the carbazole unit. The
EC properties of the PBEDOT-BP are similar in concept to those of P3MT,
transitioning from a neutral orange [30] form to a distinctly purple-doped
state. PBEDOT-NMeCz, on the other hand, shows three distinct colour states
due to the presence of the neutral form, along with discrete cation-radical and
dication forms causing the polymer to attain yellow, green, and blue forms that
can be stably accessed. Intermediate colours can also be found in a number
of other fully conjugated polymers [128, 139—-141] as evident by the colours
accessed by LPEB. Here, an orange-red form similar to P3MT and PBEDOT-BP
is seen for the neutral material. Oxidation leads to depletion of the interband
transition, while a polaron state, having a relatively discrete peak, at 708 nm
grows in. At an intermediate oxidising potential, the remaining interband
absorption at 502 nm, coupled with this polaron absorption, leads to a trans-
mission window at 570 nm giving the film a distinct green appearance. Further
oxidation leads to complete bleaching of the inter-band transition, growth of
long-wavelength transitions in the NIR that tail into the visible yielding the final
blue oxidised state as seen for many of these other multicoloured electrochromic
polymers.

In a fundamental sense, it is difficult to finely control the colour states in these
multicoloured ECPs a priori as design of a material where one can predict the
spectra for the neutral and the doped polaron and bipolaron states is complicated.
In essence, multicoloured ECPs tend to give colour states that are unique for each
polymer system, but it is difficult to simultaneously tune both the neutral and
doped states in the structures to attain desired colours. At the same time, there
are some logical structural handles that the chemist can work with in designing
these material types as illustrated in the next five sections.
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5.2.3.1 Polyaniline: A Model ECP with Multiple Redox States

The a priori establishment of a set of accessible redox states along a polymer back-
bone is a straightforward way of creating a multicolour ECP. This is exemplified
by what is likely the oldest, and one of the most well-known, of the conducting
and electrochromic polymers; PANI [5, 142, 143]. PANI has been studied exten-
sively as an ECP due to its ease of synthesis via both chemical and electrochemical
polymerisation routes, yielding highly electroactive films. Beginning with the leu-
coemeraldine form, which is in essence poly(phenyl amine), a yellow-toned film
can be formed at low potential between —0.2 and 0.0V, as shown in Figure 5.28
[144—146]. Partial oxidation to the emeraldine form, particularly the emeraldine
salt (ES) form, which can be seen as the cation radical form of the polymer, leads
to a green colour of the polymer near 0.4 V. Further oxidation through the sec-
ond redox process between 0.6 and 0.9V leads to the blue and ultimately violet
pernigraniline form of the polymer.

PANI can be derivatised at both the nitrogen atom via N-alkylation
[147, 148] and the phenylene ring [149, 150] of the main chain where the
derivatives provide similar yellow to green to blue electrochromism as seen for
the parent polymer. Self-doped PANIs [151] and template-synthesised PANI with
polyelectrolyte dopants such as poly(2-acrylamido-2-methyl-1-propanesulfonic
acid) (PAMPSA) [152] provide distinctly different physical and electrochemical
properties, including water solubility and aqueous electrolyte compatibility, but
only minor effects on the electrochromism.
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Figure 5.28 Cyclic voltammetry and accessible colour states for polyaniline cycled in 1M
aqueous HCl demonstrating multi-colour nature with various redox states. Adapted from
Ref. [144].
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5.2.3.2 Colour Control via Copolymerisation

Copolymerisation of multiple monomers into a single polymer chain is a well-
known, and often exploited, method for controlling the mechanical and physi-
cal properties of macromolecular systems. Similar concepts have been utilised
in conjugated and electrochromic polymers, as illustrated by conversion of the
homopolymer ECP-orange to the random copolymer ECP-red discussed earlier
[7]. As one example for developing a family of multicolour ECPs using copolymeri-
sation, BEDOT-NMeCz was reacted with the dimer of EDOT (BiEDOT) under
oxidative polymerisation conditions [153]. Given the close match of the oxidation
potentials of the two monomers, it is expected that the copolymer composition
will approximately mirror the feed composition. This provides a copolymer having
the nominal repeat unit structure illustrated in Figure 5.29 where the conjugation
breaking 3,6-linked carbazoles are separated by varying lengths of EDOT moieties
as a function of their composition in the polymerisation feed. As shown by the
photograph, copolymers with neutral purple, red, and orange colours were acces-
sible as the spectral properties ranged from the deep blue 100% BiEDOT polymer
to the yellow 100% BEDOT-NMeCz polymer. It should be noted that each of these
copolymers then expresses a set of colours as they can be converted into the inter-
mediate cation-radical and subsequently dication forms as was illustrated for the
BEDOT-NMeCz homopolymer in Figure 5.27. As such, with the compositionally

100% 100%

147

BIEDOT 90:10 80:20 70:30 50:50 30:70 20:80 10:90 BEDOT-NMeCz

Figure 5.29 Nominal repeat unit structure for the polymers obtained via copolymerisation
of BEDOT-NMeCz and BiEDOT, along with photographs of the homopolymers and a range of
copolymers in their charge neutral forms. Adapted from Ref. [153].
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continuous tuning of the colour of the neutral form, a broad colour palette was
accessible.

5.2.3.3 Appended Electrochromes on ECPs

Another route to multicolour electrochromic polymers involves systems where
the conjugated backbone provides one set of spectral changes and cova-
lently attached chromophores provide a second response. As the potential at
which these redox processes occur is controlled by the nature of the separate
electrochromes, colour control can be quite specific.

An example of covalent attachment of molecular electrochromes to ECPs is pro-
vided in the work of Toppare and co-authors [154], who appended azobenzene
(Az), coumarine (Co) and fluorescein (Flo) derivatives onto electropolymerisable
terthiophene (PTT) scaffolds. As shown in Figure 5.30, distinct colour differences
are observed as a function of the appended electrochrome. PTTCo shows the
extreme states expected in a polythiophene, again the red-orange (a* =43, b* =48)
to blue (a*=-12, b*=-19) transition, with subtle earth-tone brown and grey
intermediate states. PTTFlo, on the other hand, switches from a yellow-orange
(a*=7, b*=46) neutral form to a pale yellow-green (a* =—22, b* =42) oxidised
form with a more distinct yellow (a* = —4, b* = 60) intermediate. Examination of
the spectroelectrochemical series for these polymers shows a unique narrowing of
the n-to-n* transition in PTTFlo with oxidation, lowering the absorption of light

02V | 065V | 075V 095V [ 45V
L:51036 | L:51152 L:50.804 L:49.496 | L:51.267
a: 43.326 a:19.995 a:2.528 a:-11.874 a:-12.371
b:47621 | _b:47838 b:29.293 | _b:12.080 | b:-18.559 |
PTTCo

00V 12V 15V

L:70.525 L:73.481 L:72.561

a:6.967 a:-4.502 a:—22.442

b: 45.556 b: 59.602 b:41.983

PTTFlo

Figure 5.30 Repeat unit structures for coumarine (PTTCo) and fluorescein (Flo) function-
alised poly(ter-thiophenes) along with photographic and colorimetric depictions of their
accessible colour states. Adapted from Ref. [154].
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in the 500—-800 nm region of the visible spectrum and causing the perception of
the yellow colour.

5.2.3.4 Surface-Confined Polymerisation

In addition to the direct film formation methods of electrochemical polymerisa-
tion, along with solution processing of soluble polymers as will be discussed for
the formation of ECP films, Skene and co-authors [155] have developed a unique
electrode confined chemical polymerisation condensing amine and aldehyde
functional groups to prepare polymeric imines (the so-called Sken-imines), which
provide multicolour electrochromic properties. This is nicely illustrated by the
polymerisation of 2,5-diaminothiophene with 4,4-triphenylamine dialdehyde to
form a fully conjugated polyazomethine having the repeat unit structure shown
in Figure 5.31. Solution spray coating of mixtures of these monomer solutions
followed by heating on the substrate at 120°C provided polymeric films in
30 min. As shown in Figure 5.31, the polyazomethine formed is bright red in
its as-prepared state due to the highly conjugated nature of the backbone as
illustrated by the a*b* coordinates and photograph I. Electrochemical oxidation
of this polymer at 1.1V vyielded the oxidised form of the material with a deep
blue colour (photograph II), interestingly bringing the red-blue colour change so
often seen in multicolour systems. Cyclic voltammetry showed this material to
switch reproducibly between neutral and oxidised forms. Neutralisation of form
II via electrochemical reduction leads to a transmissive sky blue form III when
—0.7V was applied. While this deep blue-to-transmissive blue electrochromism
could be accessed repeatedly, the original deep red state was not re-accessible
even at large negative potentials. Application of an especially negative potential
(—1.9V) leads to the yellow form IV, which could subsequently be reconverted to
forms II and III upon oxidation. This is an excellent example of how multi-vibrant
coloured states can be induced in electrochromic polymers, albeit without a
priori control of colour. Due to the high level of flexibility possible in diaminoaryl
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and dialdehyde-functionalised compounds, there is much promise in these
polyazomethines as ECPs as new systems are investigated.

5.2.3.5 Combining Redox States — Oxidation and Reduction in a Single Material

Up to this point, the EC conversions that have been discussed involve oxidis-
ing a neutral conjugated polymer in one colour state to the p-type doped state,
which provides another colour or possibly a high level of transmissivity. The abil-
ity to incorporate not only electron-rich donor units into the backbone but also
electron-poor acceptor units provides another opportunity for electrochromism
as reduced, n-type doped states can be made accessible. By designing polymer
systems with a combination of donor and acceptor units with accessible oxida-
tions and reductions, multicolour ECPs can be generated due to the multiple redox
states available. This concept is illustrated by the work of DuBois et al. [93, 94, 156]
via the electropolymerisation of bisEDOT pyridines and pyridopyrazines shown
in Figure 5.32 where the terminal EDOT units provide BIEDOT linkages along the
backbone separated by the heterocycle acceptor units.

These polymers are multicolour electrochromics having three or more distinct
states. Poly(bisEDOT pyridine) has a red neutral state, an oxidised blue-purple
state and a reduced sky blue state. In addition, due to the basicity of the pyri-
dine unit, protonation of the neutral polymer leads to a separate navy blue state.
Poly(bisEDOT pyridopyrazine-biphenyl) is also multi-chromic having a neutral
lime green state, an oxidised light grey state and a reduced burgundy red state.
The pyridopyrazine heterocycle is a sufficiently strong electron acceptor that it
can stabilise a further reduced (dianionic) dark grey state. In a further example,
Camurlu and Karagoren [157] have explored the use of Naphthaleneimides as
reducible species appended onto p-dopable 2,5-dithienylpyrrole (SNS) backbones
[158—-161] using copolymerisation with EDOT as a method of providing neutral-
state colour control as illustrated earlier. All of the polymers exhibited ambipolar
redox behaviour with reversible n- and p-type doping observed. The homopoly-
mer displayed yellow-blue colour changes upon doping, while the copolymers
displayed multi-chromic behaviour. While a wide variety of colours can be made
available with electro-reducible species, n-type systems tend to be more reactive
to ambient conditions providing less switching stability than their p-type coun-
terparts — certainly an area worth further exploration.

Poly(1) O O Poly(2)

Figure 5.32 Repeat unit structures of electropolymerised bisEDOT pyridine and
pyridopyrazine-biphenyl.
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5.2.3.6 Composite Formation with Electrochrome Dopants

In one final approach to multicolour ECPs, the ability to combine the conjugated
polymer with electroactive and electrochromic dopant systems allows multi-
coloured states to be introduced based on the separate EC properties of the two
components in the system. This is illustrated by the work of Song et al. [162], who
used 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) as a molecular
electrochrome in polypyrrole. Palmore and co-authors [163] capitalised on
this by preparing a polymeric ABTS derivative that served as the dopant ion
for electrochemical polymerisation of EDOT. The resultant PEDOT/PABTS
(poly(2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid))) composite material
thus contains two distinct electrochromes having the structures shown in
Figure 5.33. Initially, both PEDOT and PABTS are relatively transmissive and
colour neutral when held at 0V. At this potential, PEDOT is in its oxidised form
charge-balanced by the pendant sulfonate ion of the charge-neutral PABTS.
Reduction of this composite at —0.8 V leads to introduction of a vibrant blue
colour (see photographs in Figure 5.33), as the PEDOT is neutralised and a
cation from the electrolyte penetrates into the composite film to charge-balance
the sulfonate. This reversible blue-to-colour-neutral electrochromism is then
complimentary with subsequent oxidation +0.8 V causing the ABTS to oxidise
to the cation radical form. At this point, while the doped PEDOT remains
transmissive, the PABTS converts into a vibrant green. One important benefit
of these conjugated polymer/electrochromic dopant ion composites is that both
electrochromes are embedded and entrapped in the material and do not diffuse
out with switching. As such, the electrochromic switching is quite stable.

Figure 5.33 PEDOT/PABTS composite poly-
n mer repeat unit structures, along with three
colour states made possible by utilisation
of three electrochromes. Adapted from
Ref. [163].
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53
Processability of Electrochromic Polymers

ECPs possess two characteristics that advantageously impact their processability.
First, owing to the ease with which synthetic modifications can be made to the
structure of the polymer through the addition of polar or non-polar substituents,
a wide range of solubilities in various solvents can be achieved. Second, polymers
readily form robust and high-quality thin films on a variety of substrates. In this
section, we describe a number of synthetic strategies that can be utilised to make
ECPs processable from both organic and aqueous solutions.

5.3.1
Electrochemical Polymerisation

Despite the fact that electrochemical deposition of ECPs is unlikely to be the
method of choice for industrial production, it is still an important technique for
fundamental studies on conjugated monomers and polymers. It is also the depo-
sition method of choice for many ECPs that are not soluble in their polymeric
form, such as P3MT and PEDOT. Electrochemical deposition is typically
performed in a three-electrode electrochemical cell containing monomer and
electrolyte dissolved in an unreactive solvent. Monomers that can be successfully
electropolymerised are those with oxidation potentials that are accessible in
the electrolyte-solvent system, and that form radical-ion intermediates with
stabilities suitable for further coupling reactions [5, 164]. The exact mechanism is
not fully understood and of continuing debate, but there are several reviews that
discuss the various theories in great detail [164, 165].

It is understood that the electropolymerisation process is highly dependent on
conditions (electrochemical method, electrolyte, solvent, temperature, electrode
material, etc.) and monomer identity. During electrochemical polymerisation,
the electrolyte is incorporated in the film, resulting in an as-deposited film
morphology that is templated to incorporate the counter ions and solvent
molecules necessary for subsequent switching of the film. The various poly-
merisation conditions significantly influence the structure and morphology of
the film, and these, in turn, influence the electrochemical and electrochromic
properties. Of the parameters listed, the polymerisation method has a large
influence with examples of these techniques being cyclic voltammetry, poten-
tiostatic, and galvanostatic polymerisation. The cyclic voltammetry method can
provide a large amount of information including monomer oxidation poten-
tial, rate of polymer growth/deposition, and polymer redox potentials during
polymerisation. An example cyclic voltammogram for electropolymerisation
of polypyrrole is shown in Figure 5.34. As can be seen in the repeated voltage
cycling, the monomer oxidation potential (Egg"“) and resulting polymer peak
oxidation potential (Eggl) can be determined. The first cycle shows oxidation
of the monomer. This is followed by a series of coupling reactions, resulting
in deposition of oxidised polymer. During the reverse scan the as-deposited
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Figure 5.34 Typical cyclic voltammetry polymerisation/deposition of polypyrrole in 0.1 M
TBAPF/acetonitrile (+1% water) at a scan rate of 100 mV s~1 and at 298 K. Reproduced
from Ref. [164].

oxidised polymer is reduced to its neutral state. Subsequent oxidative cycles
cause further oxidation and coupling reactions to occur with polymer growth
and deposition monitored by the increase in polymer oxidation current den-
sity. The driving force for polymerisation is different for each method (cyclic
voltammetry, constant potential or constant current), and thus, the film
quality and morphology will be highly dependent on the deposition method
employed.

The choice of solvent affects the solubility of oligomers created during the ini-
tial stages of polymerisation, which can ultimately affect the chain length of the
polymer as the material precipitates on the electrode surface. This, in turn, affects
spectral properties such as 4., spectral bandwidth, and electrochromic contrast,
as well as physical properties such as film roughness [166]. The distribution of
chain lengths and morphology also impacts the doping level, which is known to
influence contrast ratio and coloration efficiency [167, 168]. It has been shown
that the choice of electrolyte used during polymerisation, in comparison to other
parameters, has a moderate effect on electrochemical and electrochromic prop-
erties of the film [166, 169, 170]. For example, an evaluation of the polymerisation
solvent and electrolyte showed these parameters had a strong influence on the
resulting polymer film morphology during electropolymerisation of PEDOT films
as is shown in Figure 5.35 for the scanning electron microscope images for a series
of films. It was found that the smoother morphology accessible by use of propylene
carbonate, rather than acetonitrile, provided improved electrochromic properties
such as higher transmittance contrast and higher coloration efficiency.
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Cyclic voltammetry (-1 to 1.4 V vs SCE) Constant potential (1.2 V vs SCE)

acetonitrile PC acetonitrile

Figure 5.35 Scanning electron microscope  and PC (right imagine in each pair). The sup-
images for a series of PEDOT polymer films  porting electrolytes are LiBF, (a-d), TBABF,

on ITO/glass electropolymerized using cyclic  (i-1), and TBACIO, (m-p). Magnification
voltammetry (a, b, e, f, i, j m, n) and using ~1000, scale bar 10 um, working distance is
potentiostatic polymerization (c, d, g, h, k, I, 3 mm. Reproduced from Ref. [166].

o, p) in acetonitrile (left image in each pair)

A major advantage of electrochemical polymerisation is that only a small
amount of monomer is required (concentrations typically in the millimolar
range), and there is no need for isolation and additional purification of the
product as there is for chemically polymerised materials given that the polymer
film is prepared directly on the electrode surface. A caveat however is that
much of the monomer is not incorporated into the electropolymerised film
and is therefore wasted. Another advantage is the accuracy and precision of
electropolymerisation; even and relatively homogeneous polymer deposition can
be achieved on intricately patterned electrodes as the deposition is limited to
just the conducting portions of the substrate. Electrochemical polymerisation
typically results in well-adhering films on a wide range of electrode substrates.

Some of the challenges related to electrochemically polymerised ECP films are
limitations related to substrate material and substrate size. Many applications
require the use of optically transparent electrodes and traditionally, ITO coated
glass or plastic has been the substrate of choice. However, PEDOT:PSS has also
become a popular electrode material for developing all organic ECDs due to the
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high conductivity and high level of transparency attainable in many formulations
[59, 171]. Both ITO and its organic alternatives have lower conductivity and are
more prone to defects than metal electrodes, and this invokes challenges for
electrochemical deposition of ECPs, especially on larger surfaces. When using
large area electrodes there will be a drop in electric field across the electrode
which is likely to result in uneven films. This issue is even more pronounced when
using electrodes with higher resistance than ITO, such as PEDOT:PSS. As such,
special care must be taken to ensure that proper electrical contacts are made to
avoid significant drops in potential across the electrode [172]. For these reasons,
electrochemical polymerisation is better suited to fabricating small area films.

Through appropriate choice of starting conjugated monomer (or set of
monomers), virtually any colour polymer can be realised using electrochemical
polymerisation. There has been a significant body of work published and reviewed
on the electrochromism of derivatives of thiophenes, pyrroles, anilines and dif-
ferent donor—acceptor materials that can be electrochemically polymerised [2, 5,
6, 173]. Electropolymerisation offers a simple route towards tuning the coloration
of a film through copolymerisation of different monomers and varying their feed
ratio or use of monomers with incorporated small molecule chromophores, as
was discussed in Section 5.2.3 [153, 174].

Recent advances in electrochemically polymerised systems have focused
on conquering some of the shortcomings in using electropolymerisation. For
example, one approach for reducing the amount of precursor waste is to
spray-coat the monomer or monomer blends followed by a surface-confined
electrochemical polymerisation where all of the monomer is converted into
its corresponding polymer. This also allows for tuning of the resulting film
colour through the use of monomer blends in differing ratios [175—178]. It was
also demonstrated that this method can be used to fabricate an electrochromic
polymer by in situ polymerisation as shown in Figure 5.36. A precursor electrolyte

SUBSTRATE

ELECTROLYTE + MONOMER

SUBSTRATE

| Apply potential I

SUBSTRATE

GEL ELECTROLYTE

SUBSTRATE
Figure 5.36 Electrochromic devices fab- and applying a potential to polymerise the
ricated by first dissolving the monomer of monomer and achieve the ECP in its fully

the ECP in a precursor electrolyte and sand-  oxidised (5) and fully neutralised state (6).
wiching between two substrates (1) and (2), Reproduced from Ref. [175].
followed by curing the electrolyte (3) and (4),
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containing the conjugated monomer is prepared and sandwiched between two
transparent electrodes. Photo or thermal cross-linking of the electrolyte is then
induced, followed by application of a potential bias that induces polymerisation of
the monomer. While it is unlikely that electropolymerisation is a technique that
will be able to fabricate large area films, on a smaller scale, these recent advances
make this technique suitable for fabricating electrochemically polymerised films
on patterned substrates.

53.2
Functionalisation of ECPs for Achieving Organic Solubility

Functionalisation of the polymer repeat unit with solubilising groups is the most
commonly employed strategy to develop soluble electrochromic polymers. The
insolubility of most unfunctionalised conjugated polymers derives from the
rigidity of the backbone, lack of conformational freedom in solution and strong
intermolecular interactions that induce =n-stacking between polymer chains.
To overcome these factors, solubilising groups often take the form of long or
branched alkyl or alkoxy chains, which serve to introduce more conformational
freedom and sterically hinder aggregation. The synthetic routes towards func-
tionalised systems are well-developed and understood, and the synthesis in
many cases is straightforward and inexpensive. Furthermore, side chains can
be introduced or tuned to promote or inhibit solubility with only minor effects
on the colour properties of the material. Side chain modification can also be
used to achieve more pronounced colour properties if so desired, as discussed
in Section 5.1. The addition of functional groups not only improves solubility
but also often has the added benefit of improving the electrochromic switching
behaviour.

Functionalisation is typically carried out during monomer synthesis. Chemi-
cal polymerisation is then performed in solution, and the presence of solubilising
groups allows the growing chain to remain dissolved up to molecular weights of
at least tens of kilodaltons. Larger molecular weights are typically correlated with
improved film-formation quality and robustness. The polymer is typically isolated
from the reaction by precipitation, filtering, washing (often via Soxhlet extraction)
and then drying to remove residual solvent. Many electrochromic polymers can
be stored for prolonged periods of time in the dark, to be dissolved when ready to
be processed. While attaching longer and greater numbers of solubilising chains
aids in inducing solubility [102], most examples of linear alkyl chains in the lit-
erature have between 6 and 18 carbons [42, 88, 134, 179]. Typically, chains of at
least six carbons are necessary to induce enough solubility to achieve sufficient
molecular weights to cast high-quality films [73, 86, 132].

The first thiophene-based soluble polymers were reported almost simultane-
ously by Elsenbaumer and co-workers [180, 181], as well as by Heeger and Wudl
and co-workers [182]. In these instances, solubility was obtained through alkyl
functionalisation of the thiophene unit in the 3-position. The solubility of the
chemically polymerised PThs was investigated as a function of the alkyl chain
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length, and it was found that butyl chains were sufficient to obtain molecular
weights of 2.5kDa [180]. These polymers were found to be soluble in a variety
of organic solvents, including THE, toluene and anisole, to name a few.

The effects of attaching functional groups on the electrochromic properties are
diverse, but fairly well understood. In many cases, it is desired to attach func-
tional groups without drastically changing the colour of the material. Because
PEDOTs and PProDOTs can be functionalised on the alkylenedioxy ring separated
from the conjugated backbone, these are good examples of this. The first solution-
processable coloured-to-transmissive polymer electrochrome was a purple-to-
colourless PEDOT derivative that was tetradecyl-substituted (PEDOT-C14) on
the ethylene bridge [63]. PEDOT-C14 was synthesised through oxidative poly-
merisation with an M,, of 8.2kDa. While unsubstituted PEDOT is insoluble in
organic solvents, PEDOT-C14 is soluble in chloroform and THEF. The C14-chain,
located on an sp® hybridised carbon, protrudes out of the plane of the conjugated
backbone, hindering n-stacking, while the extended chain length provides solu-
bility through adding more degrees of conformational freedom. Finally, polymeri-
sation proceeds in a regiorandom fashion, leading to an atactic polymer, which
also disturbs the packing of the material. Presence of the alkyl chains gives rise to
steric-induced changes in the intra- and intermolecular interactions of the poly-
mer compared to the unsubstituted polymer. In spite of the steric bulk of the C14
chains, there is only a slight change in the colorimetric properties between the two
with a difference in 4,,,, around 20 nm. This shifts the spectra from a blue colour
in PEDOT to an purple colour in PEDOT-C14. While early work focused on sys-
tems such as alkylated-EDOTs, these compounds are rarely employed nowadays
as their polymerisation leads to a regiorandom polymer. As shown in Section 5.1,
solubilising groups are typically placed in locations that maintain the regioregu-
larity or regiosymmetry of the polymer [183].

Capitalising on the high contrast found in the alkylated PEDOT derivatives,
regiosymmetric polymers based on PProDOTs where functionalisation at the
2-position of the propylene bridge only minimally alters the electrochromic prop-
erties were developed. To study the effects of functionalising with various soluble
groups, PProDOTs were disubstituted with butyl, hexyl, ethylhexyl, ethylhexyloxy
and octadecyl chains, as shown in Figure 5.37 [73]. With the exception of the
butyl functionalised compound, the polymers attained M, molecular weights
>33kDa and were readily soluble in THF, CHCI; and toluene. Examining the
spectra of the films, in spite of the differences in steric bulk and chain length
of the substituents, the 4, were all within 30 nm of each other, and their
electrochemical half-wave potentials closely ranged from 0.07 to 0.20 V. However,
the switching speeds, as well as the contrast, differed between the branched
and linear derivatives. The linear polymers displayed switching times of seconds
and transmittance differences of 51% at A,,.. In comparison, the branched
polymers afforded switching times on the order of tens of milliseconds, with full
transmittance differences at 4, of 80%. Optical microscope and atomic force
microscopy (AFM) images, shown in Figure 5.38, comparing 2-methylbutyl and
hexyl substituted PProDOT illustrate the underlying differences between films
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Figure 5.37 Repeat unit structures for several ProDOTs functionalised with various sol-
ubilising groups, and photographs of spray-cast films of PProDOT-(CH,OEtHx), (left) and
PProDOT-(C18), (right). Reproduced from Ref. [73].

formed from branched and linear derivatives [184]. Films from hexyl-substituted
PProDOTs possessed a relatively smoother morphology, while films from
methylbutyl-substituted PProDOTs were far rougher. This study also showed that
the evolution of the colour of the two films as a function of the applied voltage
upon oxidation and reduction was different. This is believed to be due to the more
porous morphologies arising from the branched systems that allow electrolyte
ions to readily migrate through the bulk of the film, while smooth morphologies
from linear systems form denser films that can possibly impede ion diffusion. The
negligible colour change observed for PProDOTs functionalised at the 2-position
is due to the substituents protruding out of the plane of the main chain and
not interfering with the conjugation. In contrast, by attaching substituents that
affect the conjugated backbone, either sterically or electronically, there are large
changes in the coloration, as discussed in Section 5.1.

533
Aqueous Processability and Compatibility

The ability to dissolve conjugated electrochromic polymers in aqueous solutions
or alcohols can allow lower cost and more environmentally benign processing
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Figure 5.38 Photographs (left), optical chains [73]. The top images are for dihexyl-
microscope images (centre) and AFM images substituted PProDOT and the bottom images
(two far right) illustrating the differences are for the branched, methylbutyl-substituted
in the film morphology between PProDOTs PProDOT spray-cast films. Reproduced from
with linear (top) and branched (bottom) Ref. [184].

methods to be adopted. However, with the exception of PEDOT:PSS and PANI,
examples of such ECPs and devices have been few [185-187]. This is due to not
only the challenges related to obtaining such solubility but also the challenges
in high-quality film formation from polar solvents with low vapour pressure. In
the next section, the three main routes to achieve water processable and/or com-
patible ECPs are detailed and examples of their deposition and performance in
devices are highlighted. With these approaches, it should be apparent that, while
such materials are not currently widespread and challenges persist, the capability
to synthesise and process such materials has been developed and could be appli-
cable for a variety of systems.

5.3.3.1 Use of Charged Polymers

One successful strategy towards achieving water- or alcohol-soluble materials
is by polymerising the electrochromic polymer in the presence of a water-
soluble polyelectrolyte host, giving rise to a dispersion. Next, we illustrate
the fundamental principles of this technique using PEDOT:PSS as the main
example, one of the first and most successful examples of a water-dispersible
conjugated electrochromic polymer. While PEDOT itself is an insoluble material
that was developed in the late 1980s at Bayer [57, 58, 188], polymerising in the
presence of water-soluble PSS gives rise to a polyelectrolyte complex that is
dispersible in water and can readily be cast into thin films [189—-191]. In addition
to electrochromics, PEDOT:PSS has been used for a variety of applications,
ranging from electrode materials to antistatic coatings for photographic film.
Dispersions of PEDOT:PSS are commercially available with a range of molecular
weights and molecular weight dispersities, as well as in varying weight ratios
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Figure 5.39 Synthesis and structure of PEDOT:PSS.

of PEDOT to PSS giving rise to materials with varying conductivities and
viscosities.

The reaction to form PEDOT:PSS is shown in Figure 5.39 and begins with the
polymerisation of EDOT in water using a combination of peroxydisulfates with
Fe(III) in the presence of PSS~ [59] resulting in a colloidal solution where PEDOT
is doped with one charge per 3—4 repeat units. While PEDOT is normally insol-
uble in water, the presence of excess PSS (typically 1-3 equiv.) as the host poly-
electrolyte complexes with the PEDOT polycation, giving rise to a dispersion that
is directly suitable for aqueous processing [190, 191].

In spite of the challenges related to processing from water, PEDOT:PSS has
been successfully deposited using a variety of techniques and incorporated into
displays. While many of the techniques developed are in other areas of organic
electronics, the conditions established can be readily applied to PEDOT:PSS as
an ECP. Research into its use as a patterned electrode in thin-film transistors has
led to the development of suitable formulations for inkjet printing fine structures
[192]. On a larger scale, PEDOT:PSS has been roll-to-roll coated using a slot-die
coater for its use as an electrode layer in an all solution-processed organic solar cell
[193]. Recently, PEDOT:PSS was used as the active material in a passive matrix dis-
play with 896 individually addressable EC pixels, as shown in Figure 5.40 [194]. It
has also been used as a transparent electrode material for ECDs [171] and impreg-
nated into spandex with the goal of developing smart textiles [195].

While PEDOT:PSS demonstrates that the use of a host polyelectrolyte is a
successful strategy towards water-dispersible materials, few other noteworthy
systems have employed this technique for electrochromics. Poly(thieno[3,4-b]
thiophene) (PT34bT):PSS is one example that forms water-dispersible films
that switch readily outside of the visible region [196]. This makes the system
attractive either as an IR-switching material or as a transparent counter elec-
trode material for an ECD. Alternatively, the polyanion species can be altered
to introduce improved properties or additional functionalities. For instance,
one drawback to PEDOT:PSS is related to its relatively low thermal stability
above 200°C. To improve upon this, PSS has been replaced with sulfonated
polyimide (SPI), a material known for its high thermal performance. Although
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Figure 5.40 Addressable pixels (896) in a PEDOT:PSS passive display. Reproduced from
Ref. [194].

electrochromic properties were not evaluated, PEDOT:SPI, PANLSPI and
PPy:SPI were all observed to have improved thermal properties compared with
their PSS analogues [197]. As an example where additional functionality can
be introduced through the host polyelectrolyte, DNA has been used as the
polyelectrolyte in conjunction with PEDOT to introduce a non-acidic host as well
as biocompatibility, while preserving the electrochromic properties of PEDOT
[198]. While the polyelectrolyte in PEDOT:PSS serves to tune the processability
of the polymer, in the case of PANI, polyelectrolytes that are typically also
polyacids serve the additional purpose of making it possible to access the full
polyelectrochromism of the polymer within stable operational voltages without
resorting to low pH, as is required when small dopant acids are used. For example,
when poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS) is used
as the counterion, PANI switches reversibly between the fully reduced and
transparent leucoemeraldine base (LB) state, the partially oxidised, green ES state
and the fully oxidised, violet PB state (pernigraniline base) [199]. Subsequent
solvent annealing with dichloroacetic acid further improves PANI-PAMPS
electrochromic properties, for example, by enhancing its switching speeds, as
well as improving the electrical conductivity by 2 orders of magnitude [199].

5.3.3.2 lon Functionalised Polymers

Utilising the same strategy employed to solubilise ECPs in organic solvents, ECPs
can be rendered water or alcohol soluble by appropriate functionalisation of
the polymer repeat unit (pre- or post-polymerisation). Given the high dielectric
constants of polar media, functionalities are often designed to have ionic pendant
groups, such as —SOj, -CO;, POy and —NR;r to result in water-soluble
polymers such as those shown in Figure 5.41 [200—204]. The earliest examples
utilising this design approach proceeded by first functionalising the monomers
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Figure 5.41 Repeat unit, for example, water-soluble ECPs achieved through electropoly-
merisation.

and then electrochemically polymerising them into their corresponding polymer.
Water-soluble PThs were first introduced by Heeger, Wudl and co-workers,
who obtained sulfonated PThs [205, 206] around the same time that sulfonated
polypyrroles (PPys) were reported by Reynolds ez al. [207, 208]. These polymers
possess an ionic group covalently attached to the repeat unit, which is capable of
self-doping the polymer. The self-doped nature of sulfonate functionalised poly(3-
butylsulfonate pyrrole) and of sulfonated terthiophene was unequivocally proved
by Havinga et al. [209], who electrochemically polymerised these sulfonated
monomers in ACN without any additional electrolyte salt. The corresponding
polymers were deposited on a Pt electrode in ACN and could then be dissolved
in water or methanol, albeit to a limited extent (<0.5gl™!). The stability of a
self-doped PProDOP was evaluated under repeated potential cycling in propylene
carbonate (PC), where after 10 000 cycles, the film retained over 70% of its initial
charge. While electropolymerisation is an effective and understood process for
forming water-soluble ECPs, limited amounts of the polymer can be generated
in this fashion.

Ion functionalised polymers can also be chemically synthesised, most typically
through polymerisation of the ion functionalised monomer. In the conjugated
polymer literature, there are numerous examples of chemically synthesised ion
functionalised polymers [201, 203]; however, there are few examples specifically
designed for electrochromic applications. Some of the examples that do exist
are shown in Figure 5.42 and serve to illustrate the feasibility of these materials
as ECPs.

While the examples illustrated here demonstrate the ability to synthesise
water-processable polymers, films of these polymers cannot be switched in water
due to their solubility, which still necessitates the use of non-aqueous switching
and device electrolytes. One approach towards an ionic polymer that retains the
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Figure 5.42 Repeat unit structures, for example, water-soluble ECPs achieved through
chemical polymerisation.
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benefit of water processability with the additional benefit of water switchability
is to electrochemically copolymerise EDOT and EDOT-S (see middle structure
Figure 5.42) which yield, a water insoluble polymer [210].

Another strategy revolves around using a layer-by-layer (LbL) technique to
convert water-soluble polyelectrolytes to water-switchable polyelectrolytes.
This approach can be used not only to obtain aqueous switching but also as
a strategy for colour mixing. The earliest papers on for polyelectrolytes were
reported by Decher et al. [211-213] LbL deposition proceeds by casting alter-
nating layers of charged materials with wash steps in between. In these earliest
examples, alternating layers of an anionic PSS and a cationic tetraalkylammonium
polystyrene (PS) analogue were adsorbed to over 100 layers, demonstrating the
use of this technology to fabricate films with a large range of thicknesses. One
example of LbL deposition for electrochromics utilised alternating layers of
PEDOT:PSS and linear poly(ethylene imine) (LPEI) as the cathodically colouring
material. It was then used in a device setup where PANI:.PAMPS was used as
the anodically colouring system to afford a colour-mixed device that switched
from a blue green to a yellow state [214]. In another example, PEDOT-S and
polyallylamine hydrochloride (PAH) were deposited using LbL on unmodified
ITO glass [215, 216]. This example illustrated the trade-off between coloration
of the film and the switching times. Utilising fewer numbers of layers gave rise
to faster switching times, but lower contrasts. Larger numbers of layers gave
rise to improved contrast, but slower switching times. In contrast, utilising
PProDOT-S and PAH, the switching times were found to be almost independent
of the number of layers, giving high contrast within 1 s switching times, which the
authors attributed to the improved regiosymmetry of functionalised PProDOTSs
compared with functionalised PEDOTs [217]. A final example utilised alternating
layers of PANI:polyhedral oligomeric silsesquioxane (POSS) with PANI-S where,
in contrast to the systems described so far, both layers are electrochromic. Having
two electrochromic layers improved the electrochemical properties as well as
coloration of the material, giving rise to high contrast devices [218].

5.3.3.3 Organic Processing to Achieve Water Solubility and Water Switchability
A final route towards water-soluble polymers is to first synthesise organic-soluble
polymers bearing pendant groups that can readily be functionalised or defunc-
tionalised to afford water-processable analogues of the polymer. This route com-
bines the advantages of organic-soluble (ease of synthesis, purification and char-
acterisation) and water-processable systems (environmentally benign processing
conditions). While this technique has not seen widespread use in electrochromics,
this strategy is commonly employed in the synthesis of conjugated polymers for
sensors and other optoelectronic applications, and the syntheses developed there
can be readily adopted for the design of electrochromic materials [204, 219].
Several examples include synthetic strategies to convert from organic- to water-
soluble polymers such as pendant amine groups that are readily quaternised [220]
post-polymerisation functionalisation via click chemistry [221] or conversion
of an organic-soluble ester into an ionic carboxylate salt under basic conditions
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Figure 5.43 (a) Repeat unit structure and
steps used to convert an organic-soluble
PProDOQT into a water-processable version,
followed by conversion to a film insol-

uble in aqueous and non-aqueous sol-
vents (top). Solution spectra of the organic-
soluble and aqueous-soluble versions (left)
and chronoabsorptometry experiment

demonstrating the rapid switching possible
for the polymer film when switched in an
aqueous electrolyte. (b) Chemical defunc-
tionalisation of an organic-soluble alkyl-ester
PProDOT-BTD to an insoluble polyanion and
photographs of the films on submersion in
chloroform. Reproduced from Ref. [83].
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[83, 200, 222]. In this latter example, an organic-soluble/processable PProDOT-
ester is treated with potassium hydroxide and the ester groups are cleaved,
leaving the potassium carboxylate that is soluble in water [100]. The resulting
ionic polymer can then be spray-cast from aqueous solution with little change in
the polymer optical properties on conversion from the organic-soluble version as
shown by the solution spectra in Figure 5.43a. Further treatment of the polymer
film with an acid (p-toluene sulfonic acid in this case) converts the carboxylate
salt into carboxylic acid groups, leaving the polymer insoluble in both organic and
aqueous solvents. The advantage is that the polymer can be processed from water,
then treated with acid, allowing electrochromic switching in aqueous electrolyte
solutions. The aqueous electrolytes offer the ability for faster switching speeds as
the ionic conductivities of these electrolytes are often higher than those of non-
aqueous electrolytes. This can be seen by the chronoabsorptometry experiment
in Figure 5.43a (lower right) where there is only a 4.2% drop in transmittance
difference for the polymer film, switched in KNO; aqueous solution, when
the switching time was decreased from 10 to 0.25s (there was a 15.7% drop
in transmittance difference for the film switched in non-aqueous electrolyte).
However, it was found that there is a limit in water solubility and a minimum in
the number of ionic groups per repeat unit is required [83]. For example, utilising
the same approach, a D—A polymer of ProDOT-BTD functionalised with
ester groups can be spray-processed from chloroform as shown in Figure 5.43b.
However, treatment of the film with base renders the polymer film insoluble in
chloroform, but there is insufficient ionic content to allow solubility in water.
Additional efforts by the same group circumvented this issue by attachment of
multiple reactive pendant groups onto the ProDOT unit [200].

534
Methods for Patterning

The processing of electrochromic polymers differs from the processing methods
of other electrochromic materials, such as their inorganic counterparts. Due to the
ease with which polymers can be made to dissolve in a wide range of solvents, and
their ability to form films with desired mechanical properties, these materials can
take full advantage of the wide range of solution processing techniques available.
This in turn allows them to be cast onto substrates of all shapes, sizes and flexibility.
Without the need to deposit under ultrahigh vacuum, or to use high-temperature
annealing for performance enhancement, the processing of electrochromic poly-
mers is relatively inexpensive and can be divided into two sub-categories: coat-
ing and printing. Coating techniques are typically used for full-layer depositions
with minimal direct patterning possibilities, whereas printing methods allows for
intricate, high-resolution patterning. Coating methods can include spin, spray,
blade, slot die and rod coating, while printing methods can include inkjet, screen,
flexo, gravure and offset printing. For more detailed discussion on the techniques
listed, the reader is referred to comprehensive reviews written by Krebs et al.
and Berggren et al. and references therein [5, 223, 224]. Coating and printing
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Figure 5.44 Reaction scheme for chemically amplified photolithography route to pattern
polythiophene film.

methods specifically explored for preparation of electrochromic polymer films
include spray coating [73, 184], slot die coating [225], inkjet printing [226, 227]
and screen printing [186, 228, 229].

In many of the examples of selective patterning of ECPs, functionalisation of the
polymer is required to allow for selective patterning with the ultimate goal of the
polymer colour and electrochemical properties being unchanged after pattern-
ing has taken place. One of the most common routes to achieve intricate patterns
is photolithography. In one example, as shown in Figure 5.44, a film of tetrahy-
dropyranyl (THP) functionalised polythiophene (PTh) is cast in the presence of a
photoacid generator [230]. When irradiated with UV —Vis light through a mask,
an acid-catalysed deprotection of the functionalised polythiophene occurs, ren-
dering the exposed areas insoluble to common organic solvents. Rinsing the film
with THF removed the unradiated portions, and line widths as small as 15 pum
were fabricated. This photolithographic technique takes advantage of the chemi-
cally amplified nature of the acid catalysed reaction, and low doses of 65 mJ cm~2
were sufficient to pattern the film with minimal photobleaching of the polymer.
The aforementioned THP-protected PTh can also be deprotected at high tempera-
tures [231]. Thermal treatment was employed onto confined regions using an NIR
laser with doses of 600 mJ cm~2 to deprotect the underlying film and render the
treated areas insoluble. After washing, the patterned lines were exposed with res-
olutions as fine as 10 pm. Because laser scan speeds can reach 0.6 m s, relatively
large areas and high throughput can be afforded with this method.

It has also been demonstrated that alkyl-functionalised PTh’s themselves
undergo cross-linking upon irradiation to alter their solubility, without the need
for further additives [232]. A drawback to this method, however, is that the
conductivity, as well as colour properties, of the polymer is sensitive to irradiation
time. Nevertheless, irradiation times of 15s (with a 150 W mercury lamp) were
sufficient to render the film insoluble to toluene with minimal decrease in
conductivity and coloration. After irradiating through a mask and washing away
the unexposed areas, P3HT was still able to switch between its red neutral and
blue oxidised states.
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To reduce the irradiation intensity required, several examples exist whereby
electrochromic polymers bearing a pendant methacrylate group are synthesised.
The polymer film is typically blended with a photoinitiator and irradiated through
a mask. In one example, no photoinitiator was added but either singlet oxygen
or residual iron trichloride from the polymerisation synthesis acted in that role
[233]. Upon irradiation, the methacrylate functionality cross-links, rendering the
exposed areas insoluble. A similar strategy was employed whereby PProDOT
functionalised with methacrylate groups was synthesised. An azobisisobutyro-
nitrile (AIBN) photoinitiator was added to solutions of the polymer, which were
then spray-cast to form continuous films. Irradiation through a mask was then
performed at low doses, and the resulting film washed with toluene to remove
un-cross-linked material as shown in Figure 5.45. The electrochromic properties
were compared before and after cross-linking with no change observed as can be
seen by the colorimetry provided in Figure 5.45.

The methacrylate functionality has also been used to polymerise patterned
films, rather than perform a post-polymerisation cross-linking as described
earlier. Methylacrylate-functionalised EDOT and ProDOT monomers have been
synthesised and films prepared in the presence of iron(III) tosylate catalyst onto
flexible substrates. Oxidative polymerisation was initiated thermally to afford
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polymer films, which were then patterned via cross-linking under UV irradiation
through a photomask [235]. The irradiation through a mask and washing afforded
submicron line widths and high contrast films. As shown in Figure 5.9, photo-
lithographic patterning via polymerisation of acrylate functionalities has also
been utilised for conjugated oligomers [49]. Films of the functionalised acrylates
were spray-cast in the presence of a photoinitiator and then irradiated through
a photomask with UV light. The films were rinsed, leaving a patterned layer on
ITO, which could be switched between various coloured states.

Fine patterning of films can also be physically induced through imprint lithog-
raphy. In this method, a stamp with patterned gratings is pressed into a film, which
then adopts the same patterning. This concept was demonstrated using a film of a
precursor polymer containing acetate and terthiophene functionalised with nor-
bornylene. The polymer was heated above its glass transition temperature, and
a mould patterned with 20 nm wide and 80 nm deep channels was pressed into
the film. After cooling, the mould was removed, and AFM images of the result-
ing film demonstrated lines of the precursor polymer were formed with aver-
age widths of 20nm and heights of 80 nm. After electrochemically converting
from the precursor polymer to a polythiophene, the resulting electrochromic lines
switched readily between a coloured and a bleached state [236]. While the afore-
mentioned examples utilise electrochromic polymers, or conjugated precursors,
appended with a functionality to allow for printing and an initiated patterning
method to create intricate active polymer layers, there of course exist examples of
patterning polymers without the need for an added synthetic step or functionality.
Such examples include imprint lithography of PEDOT:PSS layers [237], multilayer
printing of active matrix displays using PEDOT:PSS as the transparent conductor
and active electrochrome [238] and patterning PEDOT:PSS layers with selective
over-oxidation to define inactive and active portions of a film [239].

One of the many advantages of conjugated electrochromic polymers is the syn-
thetic flexibility to tune solubility and processability. As we have listed earlier,
there are a large number of possibilities to deposit, print and pattern these poly-
mers as thin films on a variety of conductors (rigid, flexible, transparent and/or
reflective). While electropolymerisation is one of the earliest examples of prepara-
tion of thin films of conjugated polymers for electrochromics, the field has grown
substantially with possibilities being demonstrated for films prepared via high-
throughput roll-to-roll methods in addition to intricate patterning techniques to
achieve desired properties. The possibilities remain endless as these are polymeric
materials and any number of polymer processing methods can be adopted.

54
Summary and Perspective

An immense amount of organic and polymer chemistry has been employed in
the development of ECPs as these materials have evolved from electrochemically
polymerised lab curiosities to soluble and processable materials on the verge
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of commercialisation. The ability to control the colour, the so-called Com-
pletion of the Colour Palette, in a full family of polymers switching from
vibrant hues to highly transmissive forms paves the way for applications in
both absorptive/transmissive (window-type) and reflective (mirror and display)
devices. The extensive fundamental synthetic, electrochemical, spectroscopic
and colorimetric studies reported throughout the literature allow the elec-
trochromic polymer scientist to create a system of essentially any colour.
Structural modifications through copolymerisation, side-chain incorporation,
pendant ion effects, cross-linking and composite formation (to name just a
few of the available structural variables that can be adjusted) lead to a broad
class of materials that can be processed by a variety of technologically useful
methods. Considering these materials in the greater context of electrochromism
in general, the colour versatility and ambient solution processability, com-
bined with electrochromic memory and thermo- and photo-oxidative stability
when correctly handled, now allow useful implementation for commercial
applications.
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6
Electrochromism within Transition-Metal Coordination

Complexes and Polymers
Yu-Wu Zhong

6.1
Electronic Transitions and Redox Properties of Transition-Metal Complexes

Transition-metal complexes are made of metal ions and ligands. They often
possess very rich electronic transitions, including the metal-localised transitions,
the ligand-localised transitions and those resulting from the mutual interaction
of metal and ligands. Figure 6.1a shows a schematic molecular orbital diagram for
an octahedral monometallic complex. Such a picture is very useful for the under-
standing of the various natures of the electronic transitions of transition-metal
complexes [1]. The o}, (M stands for metal) molecular orbital is mainly from the
p and s atomic orbitals of the metal ion. The a;‘/[(eg) and ﬂM(tzg) orbitals are from
the d orbital splitting of the metal ion with an octahedral configuration. The z; (L
stands for ligand) and #; molecular orbitals have major contributions from the
ligand 7 orbital, and the o, molecular orbital mainly originates from the ligand ¢
orbital. In the ground state, the 7 and o orbitals are usually filled, and the #,
oyi(e;) and o} orbitals are usually empty. The m(£,,) orbital is partially or fully
filled. Three kinds of electronic transitions can be classified from these orbitals,
including the metal-centred (MC) transitions (also called d-d transitions), the
ligand-centred (LC) transitions (also called intraligand, IL, transitions) and the
charge-transfer transitions (CT) between metal and ligand. The latter transition
can be further distinguished into ligand-to-metal charge-transfer (LMCT) and
metal-to-ligand charge-transfer (MLCT) transitions. In addition to these tran-
sitions, ligand-to-ligand charge-transfer (LLCT) between two different ligands
is possible. Transition-metal complexes-based electrochromism usually involves
the MLCT absorption spectral changes in the visible region. However, it should
be kept in mind that the d orbital splitting and energy orderings of different
complexes could differ significantly and these complexes should be treated on a
case-by-case basis.

In addition to monometallic complexes, dimetallic mixed-valence complexes [2,
3] with moderate-to-strong metal—metal electronic coupling have been used as
the active components for electrochromism. This kind of complex can be repre-
sented by a general formula [M — L — MZ“], where M, and M, stand for two
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Figure 6.1 (a) Schematic molecular orbital diagram and electronic transitions for an octa-

hedral monometallic complex. (b) Potential energy surfaces of mixed-valence compounds
with MMCT transitions. Dashed curves are diabatic states; solid curves are adiabatic states.

metal centres and L for the bridging ligand. Because of the presence of strong
coupling between metal centres, they display two well-separated redox waves. In
the mixed-valence state, a strong metal-to-metal charge-transfer (MMCT) transi-
tion (or intervalence charge-transfer, IVCT) is often observed in the near-infrared
(NIR) region. However, the MMCT band is not present in the low or high homova-
lent states, [M; — L — M] and M+ — L — MZ“], which forms the basis for the
uses of these complexes in electrochromism [4]. Figure 6.1b shows a schematic
diagram of the adiabatic free energy surfaces (solid lines) of a mixed-valence com-
plex, according to the classical two-state Marcus—Hush theory [5, 6]. The interac-
tion of two localised diabatic states (dashed curves), [M — L — MZ“] and [M/+! —
L — MJ], gives rise to two new adiabatic potential energy surfaces (solid curves)
along the electron transfer (ET) coordinate. The optically induced vertical transi-
tion from the energy minimum of the adiabatic ground state surface to the excited-
state potential surface is the MMCT transition.

Transition-metal complexes often possess multiple well-defined redox pro-
cesses and the electronic absorptions are largely dependent on the redox states.
This is one of the main reasons why transition-metal complexes are appealing for
electrochromism. The redox processes of coordination complexes can localise
largely on either the metal centre or the surrounding ligands. For instance,
the prototype polypyridyl complex, [Ru(tpy),]*" (tpy=2,2":6',2"-terpyridine),
exhibits a metal-localised redox couple (Ru"") at +1.32V and two ligand-
localised redox couple (tpy”~) at —1.22 and —-1.46V versus Ag/AgCl [7].
However, in some special complexes, the oxidation state is unclear and the
redox reactions are either metal- or ligand-localised, or both metal and ligand are
responsible for a single redox process. These ligands are thus redox non-innocent,
which is largely caused by the strong orbital overlap between metal and ligand.
Two types of non-innocent ligands are well known. One class is 1,2-dioxolene,
1,2-dithiolene, o-phenylenediamine and other electronically similar ligands [8].
The other is the anionic carbon ligand, such as phenylacetylene, phenylvinylene
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or phenyl group, when connected to a metal centre with M—C bond [9]. These
complexes are very useful in electrochromism, owing to the low redox potentials
and strong absorptions in the visible and NIR regions. This will be discussed later
in this chapter.

In order to develop solid-state devices for practical use, electrochromic
materials must be deposited onto electrodes as thin films. The following sections
are thus arranged according to the difference in film-forming methods. The
electrochromism of complexes as small molecules dissolved in solution will be
briefly mentioned, if necessary. Electropolymerisation is a very useful means for
preparing thin films, which will be the topic of Sections 6.2 and 6.3. The differ-
ence between them is the mechanism of the electropolymerisation: reductively
versus oxidatively initiated. Multilayer films simply prepared by self-assembly
on electrode surfaces or adsorbing on semiconductor surfaces are discussed in
Section 6.4. Section 6.5 is devoted to the electrochromism in thin films prepared
by spin coating or drop casting. Finally, a comparison of these film-forming
methods for electrochromism will be discussed.

6.2
Electrochromism in Reductively Electropolymerised Films of Polypyridyl Complexes

The reductive electropolymerisation of vinyl-substituted polypyridyl complexes
was pioneered by Murray, Meyer and Abruia in the 1980s [10, 11]. To date, a
large number of transition-metal complexes with vinyl-substituted ligands have
been synthesised and used for the preparations of electropolymerised films. These
films are useful in many applications such as electrode coatings, electrocataly-
sis, electrogenerated chemiluminescence and electrochromism [12]. The mecha-
nism of the reductive polymerisation of vinyl-substituted polypyridyl complexes is
believed to be anionically initiated, followed by radical —radical chain propagation
[13]. The metal coordination sphere remains essentially intact upon polymeri-
sation. In general, at least two vinyl groups are needed to effect highly efficient
polymerisation, reflecting the importance of cross-linking afforded by multiple
vinyl groups.

Figure 6.2 shows some vinyl-substituted polypyridyl ligands, which have been
frequently used in electropolymerisation, including 4-vinylpyridine (vpy) [10],
4-methyl-4/-vinyl-2,2’-bipyridine (vbpy) [11], 4/-vinyl-2,2":6',2”-terpyridine
(vtpy) [14], 5,5'-divinyl-2,2’-bipyridine (dvbpy) [15] and 5,5"-divinyl-4’-tolyl-
2,2":6',2" -terpyridine (dvtpy) [16]. The Ligand vpy is commercially available at
a reasonable price. However, other ligands need to be synthesised at individual
laboratories. A common synthesis of these vinyl-substituted compounds is via a
Wittig reaction from corresponding aldehydes [12]. A more convenient method is
via the Suzuki coupling between potassium vinyltrifluoroborate and correspond-
ing bromo-substituted polypyridines [17]. In addition to the vinyl-substituted
polypyridines, ligands with internal C—C double bonds, such as 4,4’-distyryl-
2,2'-bipyridine (DSB) [18] and 4,4’-di(3,4-dimethoxystyryl)-2,2’-bipyridine
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vbpy vtpy dvbpy
Figure 6.2 Polypyridyl ligands for reductive electropolymerisation. Tol is the p-tolyl group.

(MeODSB) [19, 20], have been used for the reductive electropolymerisation. The
polymeric films of the ruthenium complexes of these ligands have been studied
for electrochromism, where a switch between the colour and bleached states can
be realised by manipulating the MLCT absorptions [16, 19, 21].

Depending on the nature of the MLCT absorptions and redox properties, the
operating wavelengths, potentials and colours of the films will differ significantly.
For instance, poly-[(dvtpy)Ru(dpb)]* (dpb, that is, 1,3-di(pyrid-2-yl)benzene)
displays broad MLCT absorptions around 460-660nm (Figure 6.3). This
absorption decreased upon varying the potential from +0.1 to +0.8V versus
Ag/AgCl. Accordingly, the purple colour of the ITO film was bleached. In
contrast, the MLCT transitions of poly-[(dvtpy)Ru(Mebip)]>* (Mebip is bis(N-
methylbenzimidazolyl)pyridine) film are sharper and blue-shifted with respect
to poly-[(dvtpy)Ru(dpb)]*. The ruthenium ion of poly-[(dvtpy)Ru(Mebip)]** was
oxidised when the applied potential was increased from +0.7 to +1.2'V, and the
orange colour of the film was bleached. The shallow absorptions between 680 and
900 nm are LMCT transitions [16]. The difference between these two polymers
is caused by the presence of a Ru—C bond in [(dvtpy)Ru(dpb)]* (the so-called
cyclometalated ruthenium complex), which significantly decreases the Ru(III/II)
potential and the energy of the MLCT transition.

Spatial electrochromism in metallopolymeric films has been reported by Meyer
and co-workers [22]. Thin films of poly-[Ru(vbpy),(py),]** (py =pyridine) were
prepared on Pt disc electrodes by reductive electropolymerisation. Approxi-
mately half of the electrode surface was covered with an optical mask. Photolysis
of the films in the presence of chloride ion led to photochemical substitution
of the pyridine ligands by Cl atoms in the region without optical mask. The
resulting film thus consists of spatially segregated poly-[Ru(vbpy),(py),]** and
poly-[Ru(vbpy),(py)Cl]*. These two components display significantly different
absorption spectra and redox potentials (Figure 6.4), which provides a basis for
the fabrication of bicomponent spatial electrochromism.

The reductive electropolymerisation of tridentate bisruthenium complexes
[Ru, (vtpy), (tpb)]** (tpb=1,3,4,6-tetra(pyrid-2-yl)benzene) has recently been
reported by Zhong and co-workers [23, 24] (Figure 6.5). The resulting metal-
lopolymeric films exhibit three-step electrochromism in the NIR region. These
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Figure 6.5 (a) Polymerisation of [Ruz(vtpy)z(tpb)]2+. (b,c) Absorption spectral changes of
the film upon stepwise applying potential from (b) +0.01 to +0.4V and (c) +0.4 to +1.0V
versus Ag/AgCl, respectively.

polymers have two consecutive Ru(III/II) redox couples at +0.15 and +0.56 V
versus Ag/AgCl. When the applied potential was gradually increased to +0.4V
to transform the uniform-valence dimetallic unit into the mixed-valence state,
the MMCT transitions in the NIR region (centred at 1165 nm) increased and the
deep blue colour of the original film changed to pink. Upon further increasing
the potential to +1.0V, the MMCT band at 1165 nm decreased. As a result, the
film changed from pink to green. This tricolour change (blue — pink — green) is
fully reversible when the applied potential was reversed. In the single-oxidation
step, a contrast ratio (AT %) of 40% and coloration efficiency of 250 cm? C~! were
achieved at 1165 nm. The response time for the contrast ratio to reach over 90%
of its maximum is around 5 s. These films exhibit good electrochemical stability.
Well-defined redox couples retain most of their redox ability when the potential
is scanned for over 1000 cycles, the peak current dropping to 76% of its original
state. Notably, these films exhibit promising optical memory effect (the ability to
retain the transmittance after the applied potential is turned off). The pink colour
of the film after single oxidation lasts at least for several days, which means that
these materials are virtually bistable.

When the ligand was changed from tpb to 1,3,6,8-tetra(2-pyridyl)pyrene
(tppyr) with a pyrene backbone, the resulting poly-[Ru,(vtpy),(tppyr)]** films
show similar three-step electrochromic behaviour [25, 26]. However, the Ru!/!
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redox potentials and the absorption maximum of the MMCT band are different.
A typical poly-[Ru,(vtpy),(tppyr)]** film on ITO/glass displays two Ru(III/II)
waves at +0.47 and +0.67 V versus Ag/AgCl. The MMCT band in the mixed-
valence state shows an absorption maximum at 1900 nm. The appearance and
disappearance of the MMCT band can be observed by applying potentials to
stepwise oxidise two ruthenium sites. The colour of the film changed from blue
to brown and then to orange during this two-step process.

NIR electrochromic materials are useful in optical telecommunications as
variable optical attenuators, since the glass optical fibre has the lowest energy
loss in the NIR window [27, 28]. The use of NIR electrochromic materials in
other fields is rare. Zhong and co-workers have recently reported on the use of
the NIR electrochromism of poly-[(dvtpy)Ru(dpba)]* (dpba = 3,5-di(pydi-2-yl)-
di-p-anisylaminobenzene, Figure 6.6) for optical information storage [29]. The
metallopolymer film undergoes two well-defined redox processes at +0.32 and
+0.68 V versus Ag/AgCl, leading to three well-separated redox states. The singly
and doubly oxidised states of the film possess intense absorption at 1070 and
700 nm, respectively. These polymeric films exhibit promising three-stage NIR
electrochromism and the best contrast ratios (AT%) of 52% at 1070 nm and 76%
at 700 nm have been achieved. The colours of the film at three redox stages are
purple, brown and sky blue, respectively. The electrochromic states have long
retention times at all three stages (infinity at —0.20 V, 4 h at +0.55 V and 30 min at
+1.05V, respectively). The singly and doubly oxidised states of a film about 10 nm
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9 60
[ =
©
2
2
2 40 A
0.0 . . - - ] ————————
600 900 1200 1500 1800 0 80 160 2{4/0 320 400
() 1 (hm) (e) N
10 1 700 nm
80
05 | H +1.05V
El 55V
& 06 +085 60 1 700 nm
@ g . AT% =76%
S 04 1070 nm 2 40 4
2
2
2 02
< 20 4
0.0 . . ; —————————
@_ 4 600 900 1200 1500 1800 0 80 160 240 320 400
t/s
(b) (d) 2 (nm) ()

Figure 6.6 (a) Poly-[(dvtpy)Ru(dpba)l*. (b) Logic circuit for a Set/Reset flip-flop.
In1=+0.55V; In2=+1.05V; Out1 =700 nm; Out2 = 1070 nm. (c-f) Electrochromism at two
wavelengths.
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thick have been used to build a surface-confined Set/Reset flip-flop memory
with two electrochemical inputs and two NIR optical outputs. By using another
intermediate state between the singly and doubly oxidised states, a multi-valued
logic system has been demonstrated.

In addition to vinyl- or olefin-substituted polypyridine complexes, complexes
with chlorophenanthroline or related halogen-substituted polypyridines have
been reported to be reductively polymerised [30, 31]. This chemistry relies
upon the electrochemically initiated carbon—halide bond cleavage and radical
generation, and the resulting films show electrochromism based on the MLCT
transitions.

6.3
Electrochromism in Oxidatively Electropolymerised Films of Transition-Metal
Complexes

Compared to reductive electropolymerisation, preparation of thin films by
oxidative electropolymerisation has received much more attention. Metal com-
plexes substituted with aniline [32], phenol [33], pyrrole [34], carbazole [35],
triphenylamine [36] and thiophene derivatives [37] have long been known to
undergo oxidative electropolymerisation with retention of the coordination
sphere, as has been discussed in a recent review article [38]. Some representative
examples with various polymerisable monomers and recent progresses focusing
on the electrochromism of the resulting metallopolymeric films are presented in
this section.

Aniline has been used for oxidative electropolymerisation in many organic
materials and metal complexes. For instance, polypyridyl complexes [M(NH,-
ttpy),]** (NH,-ttpy, that is, 4’-m-anilinyl-2,2":6',2"-terpyridine, M =Fe, Ry,
Figure 6.7) have been polymerised, and the resulting filmed show MLCT-based
electrochromism [33, 39]. In addition, the polymeric film of [Fe(bis-anilbpy);]**
(bis-anilbpy, that is, 4,4’-bis(pheynylaminomethylene)-2,2’-bipyridine) exhibited
multi-stage electrochromism [40]. Oxidation of the film by a series of potential
steps to +0.85V versus SCE resulted in generation of an absorption band at
720 nm, which was ascribed to the radical cation of a para-diaminobenzene
structural motif formed during electropolymerisation. Application of further
positive potentials where the metal centre was oxidised resulted in the decrease
of the MLCT band.

Compared to aniline, triphenylamine has received much less attention in
electropolymerisation. Triphenylamine usually undergoes dimerisation upon
oxidation, but not polymerisation. After dimeric coupling, a tetraphenylbenzidine
unit is generated, which is very difficult for further electrochemical coupling
because of charge delocalisation. However, if a molecule contains two tripheny-
lamines on distal positions and there is little electronic coupling between them,
the formation of polymeric films through the head-to-tail electropolymerisation is
possible. For instance, Leung and co-workers have demonstrated that the complex
[Ru(bis-NPh,phen)(phen),]** (phen=1,10-phenanthroline, Figure 6.8) can be
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[M(NHy-ttpy),]2+, M = Ru, Fe

Figure 6.7 [M(NHz—ttpy)2]2+ and [Fe(bis—anilbpy)3]2+ for oxidative electropolymerisation.

smoothly polymerised by oxidation [36]. Figure 6.8b shows the cyclic voltam-
mogram (CV) recorded during electropolymerisation. The appearance of two
new redox waves between 100 and 700 mV versus Fc*/? is from the tetraphenyl-
benzidine unit generated during electropolymerisation. Electrochromism of the
resulting film on ITO/glass has been examined. In the neutral state, the orange
polymer shows an intense absorption at 452 nm. On oxidation, the film gives a
new absorption signal in the NIR region, ranging from 1000 to 2000 nm. Further
oxidation of the film leads to absorption at around 800 nm, and the film turns
a deep blue—green colour. In addition to this progress, bistridentate complex
[Ru(NPh,tpy),]?* (NPh,tpy is 4’-triphenylamino-2,2":6',2"-terpyridine) has
been reported to undergo oxidative electropolymerisation [41]. However, no
electrochromism has been examined.

By using a similar strategy, Zhong and co-workers have recently performed
the oxidative electropolymerisation of the cyclometalated bisruthenium
complex [(Nptpy),Ru,(tppyr)]** (Figure 6.9), where Nptpy is 4’-(p-N,N-
diphenylamino)phenyl-2,2":6/,2" -terpyridine [42]. The resulting polymer is
composed of two types of alternating constituent units: tppyr-bridged cyclomet-
alated bisruthenium units and biphenyl-bridged bis-triarylamine segments.
These films exhibited four well-defined anodic redox couples as a result of
the stepwise oxidations of these two units. By manipulating the IVCT transi-
tions of mixed-valent bisruthenium and bis-triarylamine units, five-stage NIR
electrochromism with stepwise colour changes accompanied by good contrast
ratio and coloration efficiency has been realised in these films. Similarly, the
complex [(Nptpy),Ru,(tpb)]** has been polymerised to yield five-stage NIR
electrochromism.

The carbazole group has been used for oxidative electropolymerisation of a
number of organic materials, as pioneered by Ma and co-workers [43]. However,
little work has been devoted to electropolymerisation of metal complexes
with carbazole [35]. Shi and co-workers have recently reported that the
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Figure 6.8 (a) Electropolymerisation of [Ru(bis-NPh3-phen)(Phen)z]“, (b) CV recorded during electropolymerisation. (c) Absorp-
tion spectra of the film at (A) 0, (B) +0.9 and (C) +1.3V versus Ag/AgCl.
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Figure 6.10 (a) [(CN-pbp)Pt(CCPh)] and (b) Absorption spectral changes of poly-[(CN-
pbp)Pt(CCPh)] film upon stepwise oxidation versus SCE.

cyclometalated platinum complex [(CN-pbp)Pt(CCPh)] could be polymerised by
oxidation (Figure 6.10), where CN-pbp was the NNC-type ligand 4-{p-[N-(4-(9-
carbazole)butyl)-N-phenyl]aniline}-6-phenyl-2,2’-bipyridine [44]. The resulting
film underwent a colour change from orange to bluish-black after oxidation.
A contrast ratio of 67% around 600 nm has been achieved. The response time is
3.1, which is shorter relative to the poly-CN-pbp film without platinum. This is
ascribed to the enhanced conductance by the presence of the metal site and the
planar configuration of the [Pt-NNC] moieties in the metallopolymers.

Another useful polymerisable functional group is thiophene and its derivatives,
and they have been used for the oxidative electropolymerisation of many organic
materials and metal complexes [45, 46]. In particular, ethylenedioxythiophene
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Figure 6.11 Complexes with bithiophene groups for oxidative electropolymerisation.

(EDOT) and bithiophene-based monomers are often employed because
they can be polymerised at relative low potentials. Figure 6.11 shows some
representative monomers for oxidative electropolymerisation. Farrell and co-
workers have prepared the rhenium complex [Re(btpy),(CO);Cl], where btpy is
4-bithiophenylpyridine [47]. This complex could be polymerised and the result-
ing polymeric film showed interesting multi-stage electrochromism. In the
neutral state, the film is orange. It turns green upon reduction at —2.0 V versus
Fc*/0 (Fc=ferrocene). When held at +1.0V, the film is purple. This polyelec-
trochromism is likely to represent cooperative behaviour between the organic
conjugated system and the rhenium metal centres in the metallopolymers.
Where bt-NHC is a bithiophene-substituted N-heterocyclic carbene ligand,
as shown in the centre of Figure 6.11, Cowley and co-workers have found that
polymeric films of [Ir(bt-NHC)(CO),Cl] show significant absorption at 692 and
1092 nm upon oxidation [48]. These two bands are ascribed to the formation
of polarons and bipolarons along the quaterthiophene chains of the polymers,
respectively. These films have a high degree of electrochromic reversibility, and
they are promising for NIR electrochromism. However, the bipolaron absorption
at 1092 nm has not been observed for films of gold and silver complexes with the
same NHC ligand. In a similar way, the polymeric films of [Pt(bt-dpib)(PhNC)]*
exhibit electrochromism of the polaron- and bipolaron-based absorptions,
where bt-dpib is 4,6-bis(2,2'-bithiophen-5-yl)-1,3-di((N-phenyl)imino)benzene
[49]. Owing to the synthetic feasibility and well-established electrochemistry,
the oxidative electropolymerisation of monomers with thiophene derivatives is
expected to produce more metallopolymeric films for electrochromism [50, 51].

6.4
Electrochromism in Self-Assembled or Self-Adsorbed Multilayer Films of
Transition-Metal Complexes

Self-assembled monolayers (SAMs) of transition-metal complexes are well
known. However, the change of absorbance and colour is quite small to see by
the naked eye. Two methods are often used to enhance the absorptivity. One is
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by forming self-assembled multilayer films. The other one is by self-adsorbing
the molecules onto films of nanocrystalline metal oxides which are pre-coated
on electrode surfaces. Both methods generally need molecules with functional
anchoring groups. Films prepared by these two methods have received much
attention in electrochromism.

In 2003, Haga et al. reported on the SAMs or multilayers of diruthenium
complexes with phosphonate groups immobilised on ITO/glass electrodes [52].
The electrochromic response at 550 nm of these films has been examined. Two
years later, Kurth and co-workers prepared electrochromic films by sequential
electrostatic deposition of polystyrenesulfonate and a pre-formed Co(II)-
metalloviologen-based coordination polyelectrolyte [53]. The films showed
electrochromic response at 643 nm during double-potential steps between 0 and
—1.1V versus Ag/AgCl.

Tieke and co-workers have reported on multilayer films of coordination poly-
mer network structures which are built by using alternate layer-by-layer assem-
bly of polyiminoarylenes P1-P3 with terpyridine substituent groups (acting as
polytopic ligands (containing at least two coordination sites)) and various metal
ions (Figure 6.12) [54]. The stepwise oxidations of nitrogen atoms in the poly-
meric backbone lead to the absorption spectral and colour changes of the films
(Figure 6.12¢,d). However, the colours at different redox states are strongly depen-
dent on the polytopic ligand (P1-P3) and metal ions [55]. A contrast ratio of 18%
at 800 nm and switching time of 450 ms have been achieved for the film with
P1 and Zn ions [54]. The same authors have recently reported that, when elec-
trochromic anions, such as poly((4-sulfonatophenyl)iminofluorene), are used, the
films exhibit faster response times and higher contrast [56].

A good film-formation method is very important for electrochromism. In 2009,
van der Boom and co-workers reported multilayer molecular networks based on
polypyridyl osmium complexes [Os(pybpy);]** (pybpy = 4-((pyrid-4-yl)vinyl)-
4/-methyl- 2,2-bipyridine) cross-linked via PdCl, (Figure 6.13) [57]. Formation
of this porous film involves inward and outward diffusion of PdCl, and the
films grows in an exponential manner. The low oxidation potential (+0.89V vs
Ag/AgCl) of the Os™'™ process and the strong MLCT absorption of this film are
advantageous for electrochromic studies. A contrast ratio of 35% at 510 nm has
been achieved for these films. Only 5% signal loss was observed in the contrast
ratio after 1000 redox cycles.

In recent years, metal-organic framework (MOF) materials have received
tremendous interest in various fields. In general, MOF are obtained as bulk mate-
rials. The preparations of MOF films on electrode surfaces have been reported
very recently. For instance, Dinca and co-workers described the solvother-
mal deposition of porous, micron-thick Zn-pyrazolate MOF films containing
redox-active naphthalene diimide (NDI) linkers, H,NDI-X (X=H, SEt, NHEt,
Figure 6.13) [58]. These films exhibit fast and reversible colour switching based on
the redox chemistry of the NDI component and the switching wavelength can be
tuned by the X substituents. In addition, Hupp and co-workers prepared uniform
and crack-free MOF thin film of pyrenetetrabenzoic acid (Figure 6.13) and Zn

197
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Figure 6.14 Binuclear complexes with carboxylic or phosphonic acid groups.

ions [59]. The film exhibits electrochromic switching between yellow and deep
blue by means of a one-electron redox reaction at the pyrene-based linkers. The
rigid MOF stabilises the radical cations of the pyrene linkers at positive applied
potential, resulting in reversible colour change of the MOF film. The use of MOF
materials for electrochromic purposes has remained relatively underdeveloped.
Research in this area is expected to grow in the near future, as long as good film
formation method has been established for MOF.

In addition to self-assembled multilayers, electrochromic materials can be
adsorbed on films of nanocrystalline metal oxides such as TiO, or Sn-doped TiO,
in order to gain absorptivity [60]. A similar method has been successfully used in
dye-sensitized solar cells to increase the dye loadings. In 2003, Bignozzi reported
a series of cyano-bridged binuclear mixed-valence complexes of the general
formula [M—Ru(NHj,),(py-COOH)] (py-COOH is isonicotinic acid; M stands for
various metal components as shown in Figure 6.14) [61]. These complexes exhibit
reversible electrochromic behaviour in the range of applied potential from —0.5 to
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Ru(dcb),-dioxolene-quinone Ru(dcb),-Cl,dioxolene

Figure 6.15 Ruthenium dioxolene with carboxylic acid groups.

+0.5V versus SCE. The MLCT and MMCT transitions can be tuned through the
changes of the metal moiety M. Analogous spectral changes were observed when
these complexes were anchored through the carboxylic function to nanocrys-
talline TiO, or SnO, electrodes. When phosphonic acid groups were used as
the anchor groups, for example, in complexes K[(NC);Ru(CN)Ru(NH,),(py-
PO(OH),)] and K[(NC);Ru(CN)Ru(NH,),(py-CH,PO(OH),)] [62], the stability
could be further enhanced. In addition, electrochromic devices based on semi-
conductors functionalised with mononuclear charge transfer compounds or
triruthenium clusters have been reported [63, 64].

The redox processes in the aforementioned materials are associated with the
metal ions. Redox non-innocent complexes have been adsorbed onto semicon-
ductor films for electrochromic studies. A series of Ru(dcb),-dioxolene (dcb,
that is, 2,2'-bipyridine-4,4’-dicarboxylic acid) complexes with carboxylic acid
anchor groups have been prepared by Schwab et al. [65]. These complexes show
reversible electrochemical behaviour accompanied by a strong NIR absorption in
their semiquinone forms due to a MLCT band. The NIR absorption is completely
absent upon oxidation to the quinone form and upon reduction to the catechol
form. The colour of the systems can be tuned by using a wide range of ligands.
Complex Ru(dcb),-dioxolene-quinone (Figure 6.15) has been adsorbed on
SbO, films and it exhibits reversibly switchable electrochromic behaviour in
the NIR region. Similarly, Peter, Ward and co-workers have reported the NIR
electrochromism based on complex Ru(dcb),Cl, dioxolene [66].

6.5
Electrochromism in Spin-Coated or Drop-Cast Thin Films of Transition-Metal Complexes

The simplest method to obtain a thin film is by spin coating or drop casting of
a solution of the materials under study and allowing the solvent to evaporate.
However, since most electrochromic studies are carried out by immersing the film
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into an electrolyte solution, the film must be insoluble in the solvent tested. Two
methods have been used to deal with the solubility issue. One is to form films by
using a good solvent and perform the measurement in a film-preserving solution.
Another is first to synthesise materials with polymerisable groups and form films
by spin coating or drop casting, which are then subjected to chemical polymeri-
sation by a physical method (e.g. by heating) to form a cross-linked network. The
resulting film has thus limited solubility in most solvents.

Metal dioxolene complexes are well-known redox non-innocent electrochromic
materials [8]. They display significantly different visible and NIR absorptions
in different oxidation states. The electrochromism of ruthenium dioxolene
complexes in solution has been discussed in a review article by Ward [67]. In
the previous section, the adsorption of ruthenium dioxolene complexes onto
semiconductor films for electrochromic studies was discussed. Alternatively, the
preparation of the electrochromic films could be simply achieved by drop casting
of a solution of the dinuclear or trinuclear ruthenium dioxolene complexes,
[Ru, (bpy),(bis-dioxlene)]* (bpy = 2,2’-bipyridine), [Ru,(dtbpy),(bis-dioxlene)],
[Ru, (bpy),(tris-dioxlene)]** and [Ru,(dtbpy),(tris-dioxlene)]®* (dtbpy, that is,
4,4’ -di-tert-butyl-2,2'-bipyridine, Figure 6.16), in CH;CN onto ITO/glass elec-
trodes and letting the solution evaporate evenly [68, 69]. The NIR electrochromic
studies were then performed by immersing the film into aqueous KPF, solution.
These films are reasonably stable in aqueous solutions, especially for complexes
with peripheral hydrophobic tert-butyl groups.

The aforementioned films are composed of small-molecule materials. Spin-
coated films of coordination polymers have been used for electrochromic

R = H: [Ruy(bpy)4(bis-dioxolene)]* R=H: [Ru3(bpy)6(tris-dioxolene)]3+
R = t-Bu: [Ru,(dtbpy),(bis-dioxolene)]* R =t-Bu: [Rus(dtbpy)e(tris-dioxolene)]‘?"‘

Figure 6.16 Multinuclear ruthenium dioxolene complexes.
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studies [70, 71]. In particular, Higuchi, Kurth and co-workers have carried out
systematic studies on metallo-supramolecular polymers based on function-
alised ditopic ligands (ligands capable of coordination at two separate sites) as
electrochromic materials [72, 73]. Coordination polymers have been prepared
from the bis-terpyridine ligands tpy-linker-tpy (Figure 6.17) with Fe(OAc),,
Co(OAc), or RuCl,(DMSO),. The resulting polymers exhibit moderate-to-good
solubility in H,O, MeOH, EtOH and HOAc. Thin films of these polymers were
prepared by spin coating from a methanol solution. The resulting films were
typically measured in an acetonitrile solution of n-Bu,ClO,. These films have
good stability owing to the limited solubility of these polymers in acetonitrile.
Reversible electrochromism of the MLCT absorptions has been achieved for all
films. Polymeric films assembled from the OMe-modified ligands exhibit higher
switching reversibility and stability and show a lower switching potential with
respect to the unsubstituted and Br-substituted analogues. Optical memory of
15 min has been achieved with a Fe polymer. By using polymer gel electrolyte,
electrochromic solid-state devices with these coordination polymers have been
reported [74]. Very recently, Higuchi prepared a green coordination polymer
from the bisphenanthroline ligand phen-linker-phen (Figure 6.17) and Cu(ClO,),
[75]. A spin-coated film of this polymer showed electrochromic switching
between the green and bleached state in #-Bu,ClO,/CH;CN.

The success of the aforementioned film formation and electrochromic studies
relies heavily on the solubility of the materials. For instance, the coordination poly-
mers with tpy-linker-tpy are soluble in MeOH but not in CH;CN. Thus, MeOH is
used for the film formation step and CH;CN is used for the electrochromic study
step. However, when the counter anions OAc™ or CI~ are replaced by PF,~, these

Bisterpyridine ligands tpy-linker-tpy
R =H, Me, OMe, Br;n=1,2

Bisphenanthroline ligands phen-linker-phen

ﬂFe(OAc)g, Co(OAc),, RuCl,(DMSO), Cu(CIO,),

Coordination polymers: soluble in MeOH, but insoluble in CH3CN.

Figure 6.17 Ditopic ligands for preparations of coordination polymers.
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[Flu(bpy)2(4,4’—di—acrylate—bpy)]2+ [Flu(bpy)2(5,5’—di—acrylate—bpy)]2+

Figure 6.18 Acrylate-containing [Ru(bpy);]-type complexes.

polymers are basically insoluble in most organic solvents and thus not possible for
forming a solution for spin coating [73].

Another strategy to deal with the solubility issue is first to make films of
polymerisable monomers. For instance, Elliott and co-workers prepared a
[Ru(bpy);]-type complex with vinyl substituents on the bpy ligand [76]. A spin-
coated film of this complex was thermally polymerised to form an electroactive
film which was stable under a variety of conditions. Using the same strategy,
Reynolds and co-workers recently reported a family of acrylate-containing
[Ru(bpy);]-type complexes [77] (Figure 6.18). The thermally cross-linked films
of these complexes exhibit dual electrogenerated chemiluminescence and
multicolour electrochromism. Films of [Ru(bpy),(4,4’-di-acrylate-bpy)]** and
[Ru(bpy), (5,5 -di-acrylate-bpy)]>*, having different substitution positions of the
acrylate groups, show similar MLCT bleaching upon oxidation. However, upon
reduction of the 2+ state, spectral changes for each of the complexes became
significantly different. Poly-[Ru(bpy), (4,4’ -di-acrylate-bpy)]** demonstrated only
a small increase in absorption intensity as well as a 10 nm red shift for 4,,, at
the 1+ oxidation state, resulting in a dark red-orange colour. Poly-[Ru(bpy),(5,5'-
di-acrylate-bpy)]** exhibited an additional absorption band with the maximum
at A, =675nm in addition to substantially pronounced absorption increase at
each reduced state, resulting in corresponding dark blue-green and subsequent
dark orange colours for the 1+ and 0 oxidation states, respectively. A blend of
two complexes has also been examined for multi-stage electrochromism.

One of the classical examples of cross-linked electrochromic films prepared
by spin coating followed by chemical polymerisation is shown in Figure 6.19.
The early work by Kaim and co-workers has shown that ruthenium-dicarbonyl-
hydrazido complexes are electrochromic in the NIR region [78] and these
complexes received much interest in electrochromism [79, 80]. Wang and
co-workers prepared a ruthenium dendrimer containing three diruthenium-
dicarbonyl-hydrazido units and three phenol groups (Figure 6.19) [27, 28].
A spin-coated film of the ruthenium dendrimer and a tri-isocyanate compound
was heated to form a tightly bound cross-linked polymer network. This film is

203



204

I
(e}
T-Z,
c Z
\
o=
":
N
\Z
] \
Z\ /O
20
":
N
/Z
4
9]
7
O

6 Electrochromism within Transition-Metal Coordination Complexes and Polymers

OH
(0}
»N
G o H
(LAY =N" 0 o H
Oy N—Ru(L O_N . cross-linked
(L)2 u( )2 + O%NH \[C])/ N m polymer

film

.y
c
O=

(O F‘“\o/)\@ ’ N
Ruthenium dendrimer OH Jf tri-isocyanate

L = 2,2"-bipyridine 0

Figure 6.19 Cross-linked polymer film formation.

insoluble in most organic solvents, and it shows promising electrochromism at
1550 nm. An optical attenuation of 5.4 dB p~*m™! with a switching time of 2 s has
been achieved [81].

6.6
Conclusion and Outlook

Transition-metal complexes possess well-defined redox processes and rich
absorption spectra spanning from UV to NIR region. They are excellent elec-
trochromic materials. In conjugation with good film-formation methods,
promising electrochromic devices can be built. These devices are useful in
electronic display, smart window, optical telecommunication and information
storage, among other uses. The electrochromic behaviour of these films in
many cases arises from the redox state changes of metal ions, for example, in
polypyridyl complexes. However, it is also common for the organic ligands to be
mainly associated with the redox reactions involved, for example, in redox non-
innocent complexes. Another example is the metallopolymeric films prepared
by the oxidative electropolymerisation of complexes containing bithiophene
units. The NIR bands arise from the polaron and bipolaron absorptions in the
tetrathiophene segments of the polymers [48, 49]. The function of the metal
ions is to regulate (either enhance or attenuate) these absorptions, in addition to
behaving as linkers of the polymer backbones.

Some main film-formation methods for electrochromic studies have been
introduced in the previous sections. These methods all have pros and cons.
Electropolymerisation (either reductive or oxidative) is a well-established
method, with the in situ polymer formation and film deposition. The thickness
can be well controlled. However, the morphology of the film is difficult to control
and the composition of the film is not fixed as a result of the ion exchange
with electrolyte solution. Another disadvantage is that it requires the material
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molecules to be functionalised with appropriate polymerisable substituents.
This point also applies to the films prepared by chemical polymerisation. Self-
assembled multilayers possess better morphology. However, preparation is a
rather time-consuming procedure, since it needs repetitive adsorption in differ-
ent solutions of individual composition. Self-adsorbed films on semiconductor
surfaces are well established for solar cell studies. Some common features are
shared by solar cell and electrochromism studies, including the strong adhesion
of the dye and the control of dye loadings. The scattering of light at longer
wavelengths by the metal oxide particles is disadvantageous, which reduces the
transparency of the window. Spin coating is a very simple method for making thin
films, if the solubility is not a problem for the materials under study. However,
the reproducibility of the electrochromic behaviour needs to be tested.

In addition to the aforementioned film formation methods, vacuum-sublimed
thin films [82, 83] and Langmuir—Blodgett films [84, 85] of phthalocyanine com-
pounds have been reported for electrochromism studies. This topic was discussed
previously [86]. In addition, some excellent studies on electrochromism in solu-
tion have been reported, including square-planar bis-dithiolene complexes [87,
88] and Ward’s oxomolybdenum complexes [89, 90]. Incorporation of these com-
plexes into films or conducting solids has yet to be exploited.
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