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Chapter 1: Electrochromic Metal Oxides: An

Introduction to Materials and Devices

Figure 1.1 Generic five-layer electrochromic device

design. Arrows indicate movement of ions in an

applied electric field. From Ref. [1].

Figure 1.2 Periodic system of the elements (except

the lanthanides and actinides). Differently shaded

boxes indicate transition metals with oxides capable

of giving cathodic and anodic electrochromism. From

Ref. [1].

Figure 1.3 Schematic band structures for different

types of electrochromic oxides, as discussed in the

main text. Shaded regions signify filled states and E

denotes energy. From Ref. [1].

Figure 1.4 Spectral absorption coefficient for W oxide

films with different intercalation levels, where x

denotes the Li+/W ratio. From Ref. [65].



Figure 1.5 Spectral absorption as measured (cf.

Figure 1.4) and calculated from two theories of

polaron absorption at two intercalation levels, where

x denotes Li+/W ratio. From Ref. [65].

Figure 1.6 Panel (a) shows spectral absorption

coefficient α for a slightly sub-stoichiometric W oxide

film intercalated to the shown Li+/W ratios x, and

panel (b) shows corresponding absorption α+ when

the absorption of the unintercalated film in panel (a)

has been subtracted. From Ref. [71].

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].

Figure 1.8 Relative number of transitions of the types

W6+ ↔ W5+, W5+ ↔ W4+ and W6+ ↔ W4+ as a function

of Li+/W ratio x. From Ref. [71].

Figure 1.9 Schematic image of corner-sharing and

edge-sharing octahedra in slightly sub-stoichiometric

crystalline W oxide. From Ref. [1].

Figure 1.10 W oxide with cubic (a), tetragonal (b) and

hexagonal (c) structure. Dots signify sites for ion

insertion in spaces between the WO6 octahedra.

Dashed lines show extents of the unit cells. From Ref.

[1].

Figure 1.11 Structural models for WO6 octahedra in

W oxide films prepared by evaporation onto

substrates at the shown temperatures (RT denotes

room temperature). Arrows in the x and y directions

are 2 nm in length. After Ref. [75].

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 temperature of the

material is denoted Tm. From Ref. [76].

Figure 1.13 Lowest-energy structures of (WO3)q

clusters with 2 ≤ q ≤ 12 and metastable isomers

(denoted 5b, 6b and 10b). Crystallographic symmetry

designations are indicated at the various clusters.

From Ref. [82].

Figure 1.14 Cyclic voltammograms for sputter-

deposited TiO2-based film in a Li+-conducting

electrolyte. Film deposition took place at the pressure

p and oxygen/argon ratio γ onto substrates at

temperature τs. Data in panels (a) and (b) refer to the

effects of varying p and τs, respectively. From Ref.

[85].

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 H2O in the sputter gas. From Ref.

[87].

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].

Figure 1.17 Deposition rate, oxygen/tungsten

stoichiometry and density of thin films of

electrochromic W oxide prepared by reactive-gas-flow

sputtering at different oxygen gas flows. The total gas

pressure was 70 Pa, and for two of the data sets also

90 Pa. From Ref. [91].



Figure 1.18 Mid-luminous absorption coefficient as a

function of composition for electrochromic thin films

of W–Ni oxide. Filled and open symbols denote fully

coloured and bleached states, respectively. From Ref.

[95].

Figure 1.19 Mid-luminous coloration efficiency as a

function of composition for electrochromic thin films

of W–Ni oxide. From Ref. [95].

Figure 1.20 Spectral coloration efficiency for W–Ni

oxide films with the shown compositions. From Ref.

[94].

Figure 1.21 Spectral transmittance T and reflectance

from the front (coated) side (Rf) and the back side

(Rb) for commercial FTO-coated glass. The luminous

transmittance is 83% and the solar energy

transmittance is 71%. From Ref. [102].

Figure 1.22 Experimental and computed spectral

transmittance for Au and TiO2/Au/TiO2 films. Film

thicknesses were 8 nm for Au and 55 nm for TiO2.

From Ref. [113].

Figure 1.23 Spectral transmittance T and reflectance

from the front (coated) side (Rf) and the back side

(Rb) for a commercial glass with an Ag-based coating.

The luminous transmittance is 80% and the solar

energy transmittance is 41%. From Ref. [102].

Figure 1.24 Diffusion coefficient for Ta oxide films

with different amounts of Li+. After Ref. [126].

Chapter 2: Electrochromic Materials Based on Prussian

Blue and Other Metal Metallohexacyanates

Figure 2.1 Cyclic voltammograms (see monographs

[3–5]) in KCl solution of PB deposited (a) some few



nanometres thick and (b) a thicker sample with KCl

incorporated in PB, described in the main text. In (a),

a single oxidative peak encompasses the steps of blue

through (a visible) green to yellow PY, while in (b)

there are two distinct peaks, one for blue/green and

the second for green/yellow [3–5]. Reproduced with

the permission of The Electrochemical Society [10].

Chapter 3: Electrochromic Materials and Devices Based

on Viologens

Figure 3.1 Schematic representation of an ECD

operating by a type-2 electro-coloration mechanism,

with colourless CPQ2+ in solution being electro-

reduced to form a coloured film of radical-cation salt.

Figure redrawn after an original in Ref. [56].

Figure 3.2 Schematic representation of the redox

cycles occurring within the Gentex Night-Vision

System NVS®. Coloration occurs electrochemically

at both electrodes; bleaching occurs chemically

midway between the two parallel electrodes by a

process of radical annihilation.

Chapter 4: Electrochromic Devices Based on Metal

Hexacyanometallate/Viologen Pairings

Figure 4.1 (a) Absorbance spectra of the PB thin film

measured at different oxidising potentials. (b)

Absorbance spectra of 0.01 M HV(BF4)2 measured at

different reducing potentials (ITO-glass subtracted).

(From Ref. [49].)

Figure 4.2 Three-electrode cyclic voltammogram for

PB and HV(BF4)2 in isopropanol and H2O with 1.0 M

KCl (pH 2.5), ν = 50 mV s−1 (From Ref. [49].)

Figure 4.3 The chemical structure of polymerised

PBV thin film (excluding counter ions).



Figure 4.4 Equilibrium absorbance spectra of PBV

thin film at different potential stepping from 0 to

−0.8 V with 0.1 V decrement, measured in 0.5 M KCl

aqueous solution. The inset shows the spectra of

continuing the applied potential from −0.8 to −1.3 V.

(From Ref. [58].)

Figure 4.5 Exploded view of a thin-film

nanocrystalline TiO2 electrode modified with an

electrochromophore, R: 1(a) glass, 1(b) F-doped SnO2

layer, 1(c) nanocrystalline TiO2 film (5 µm, roughness

factor: 100 µm−1); (2) TiO2 nanoparticle (about 20

nm) and (3) electrochromophore, R (about 1–2 nm)

adsorbed via an anchoring group (An) on a TiO2

coordination site. The nanoparticles are

schematically drawn as closely packed spheres.

However, in reality they represent an accidental,

porous structure. (From Ref. [56].)

Figure 4.6 Construction of an ECD based on viologen

anchored on TiO2 nanoparticles as cathodic electrode

and PB/ATO-nanocomposites as anodic electrode.

(From Ref. [60].)

Figure 4.7 Monomer structure of viologen polymer

derivative, BPQ dichloride.

Figure 4.8 The ECD on top of a white sheet of paper

with the letters typed on it. (a) EApp. = −0.9 V and (b)

EApp. = +0.8 V. (From Ref. [55].)

Figure 4.9 Photographs of the flexible PEDOT-

viologen (1.8) |IL gel| PB device in (a) coloured (EApp.

= −1.5 V) and (b) bleached (EApp. = +1.5 V) state.

(From Ref. [59].)



Figure 4.10 Photographs of a ruthenium

purple/methyl viologen ((a, b) 5 mM, (b, d) 10 mM)

ECD in their colourless (off, (a, c)) and coloured (on,

(b, d)) states. Both devices have the dimensions 25 ×

25 × 2.3 mm. (From Ref. [51].)

Chapter 5: Conjugated Electrochromic Polymers:

Structure-Driven Colour and Processing Control

Figure 5.1 (a) Representative polyheterocycle repeat

unit (octamer shown for clarity) structure for neutral

(top), radical cation (centre) and dication (bottom)

redox states. (b) Cyclic voltammogram, for example,

polymer (ECP-Red) showing approximate locations of

oxidation onset potential (Eonset, ox), peak oxidation

potential (Ep, ox), peak potential for reduction to the

neutral state (Ep, red) and half-wave potential (E1/2).

Adapted from Ref. [7].

Figure 5.2 (a) Allowed electronic transitions for

neutral, radical-cation (polaron) and dication

(bipolaron) states in conjugated polymers. (b)

Example spectroelectrochemistry for ECP-Red

showing absorptions as progression from neutral to

fully oxidised state. Inset photographs show the

colour of ECP-Red in the neutral (left) and fully

oxidised (right) state as a thin film on a transparent

electrode. Adapted from Ref. [7].

Figure 5.3 How colour and oxidation potentials are

tuned using simple heterocycles as an example.

Figure 5.4 Donor–acceptor concept using donor

heterocycles and BTD acceptor as an example.

Figure 5.5 Demonstration of D–A concept using

oligomers. (a) Evolution of colours achieved by

varying donor and acceptor strengths. (b) Solution

spectra of two donor–acceptor oligomers showing



evolution of spectra with variation in donor and

acceptor units. Adapted from Ref. [21].

Figure 5.6 Repeat unit structures for ECP-Orange

(top, 1) and ECP-Red (bottom, 2). Structures to the

right illustrate the steric repulsions occurring

between side chains and resulting backbone twisting.

Photographs show the polymer films in their neutral

(left) and oxidised (right) states. Reproduced from

Ref. [7].

Figure 5.7 Structures of thiophene dimers substituted

at the 3-position showing variations in regioregularity

possible with head-to-tail (HT), head-to-head (HH)

and tail-to-tail (TT) arrangement.

Figure 5.8 Repeat unit structures (top) for a series of

cathodically colouring conjugated polymers.

Photographs (centre) of the polymer films (on

ITO/glass) in their neutral (left) and oxidised (right)

states. Absorption spectra of the polymer films in

their fully neutralised states. Reproduced from Ref.

[44].

Figure 5.9 Photographs of acrylate-functionalised

oligomer in the pristine neutral (far left), patterned

and neutral (second from left), patterned monocation

(second from right) and patterned dication (far right),

states on ITO/glass. Oligomer structure at top.

Adapted from Ref. [49].

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].



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].

Figure 5.12 Spectroelectrochemistry of PEDOT at

various oxidising voltages (provided in legend)

between −0.9 and +1.0 V versus Ag/Ag+. Inset shows

photographs of PEDOT films at various levels of

oxidation from fully neutralised (top) through to fully

oxidised (bottom). Reproduced from Ref. [62].

Figure 5.13 (a) Repeat unit structure for PProDOT-

Bz2 (left) and X-ray crystal structure (right) for the

ProDOT-Bz2 monomer showing the benzyl groups

orthogonal to, and on the opposite sides of, the

thiophene ring. (b) Optical switching of a PProDOT-

Bz2 film on a transparent electrode monitored at 632

nm when switched between fully neutralised (−1.0 V)

and fully oxidised (+1.0 V) states (vs Ag/Ag+). The

Δ%T is 89% and a switch speed of 0.4 s to reach 95%

of the full contrast. Reproduced from Ref. [68].

Figure 5.14 Spectroelectrochemistry for the hexyl

derivative of PEDOS (PEDOS-C6) when switched

between fully neutralised −0.9 V and fully oxidised

+0.5 V versus Ag/AgCl. Inset photographs show the

fully neutralised (right) and fully oxidised states

(left). Reproduced from Ref. [77].

Figure 5.15 Photographs of 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-EDOT (top left), ProDOT-benzotriazole-



ProDOT (top right) and ProDOT-benzothiadiazole

(bottom). Reproduced from Ref. [6].

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].

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 D–A varied. (P1 = 6 : 1, P2

= 4 : 1, P3 = 2 : 1 and P4 = 1 : 1). Inset photograph

of polymer solutions. (b) Photographs of polymer

films in their neutral state. Polymer repeat unit

structures provided. Reproduced from Refs. [83] and

[103].

Figure 5.18 Structures of bisEDOT-quinoxaline-based

polymers and photographs of polymer films in their

neutral (left) and oxidised (right) states. Reproduced

from Ref.[6].

Figure 5.19 (a) Solution spectra and photographs of

D–A–D polymers (1–3) based on ProDOT and BTD in

varying ratios and PProDOT-(CH2OEtHx)2 (4). (b)

Film spectra in the neutral state for ECP-black 1 and

ECP-Random black with polymer structures. Adapted

from Refs. [101] and [112].

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].

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].

Figure 5.23 Structure of a starburst polymer with

tris(oxadiazole)-phenylene core, bridged by a

spirofluorene unit with terminal triphenylamine and

carbazole units through which electropolymerisation

occurs. Photographs (right) of the polymer film in the

neutral (far left) and oxidised states (two right) with

voltages indicated versus Fc/Fc+. Reproduced from

Ref. [129].

Figure 5.24 Geometric representation for N‐H

ProDOP dimer (a) and N-Gly ProDOP dimer (b). The

value of the angle θ indicates the degree of twisting

between the two pyrrole rings. Reproduced with

permission from Ref. [129].

Figure 5.25 Spectroelectrochemistry for the neutral

(black line) and oxidised (blue line) states of

PProDOP-N-C18 (a) and P(ProDOP-N-C12-EDOT-

ProDOP-N-C12) (b) copolymer. Inset photographs

show the neutral (left) and oxidised (right) states.

Reproduced from Refs. [134] and [135].

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.

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.



Figure 5.28 Cyclic voltammetry and accessible colour

states for polyaniline cycled in 1 M aqueous HCl

demonstrating multi-colour nature with various redox

states. Adapted from Ref. [144].

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].

Figure 5.30 Repeat unit structures for coumarine

(PTTCo) and fluorescein (Flo) functionalised poly(ter-

thiophenes) along with photographic and colorimetric

depictions of their accessible colour states. Adapted

from Ref. [154].

Figure 5.31 Repeat unit structure for the

polyazomethine prepared from condensation of 2,5-

diaminothiophene with 4,4-triphenylamine

dialdehyde, along with photographs and a*b* colour

representation for various charged states of the

polymer. Adapted from Ref. [155].

Figure 5.32 Repeat unit structures of

electropolymerised bisEDOT pyridine and

pyridopyrazine-biphenyl.

Figure 5.33 PEDOT/PABTS composite polymer repeat

unit structures, along with three colour states made

possible by utilisation of three electrochromes.

Adapted from Ref. [163].

Figure 5.34 Typical cyclic voltammetry

polymerisation/deposition of polypyrrole in 0.1 M

TBAPF6/acetonitrile (+1% water) at a scan rate of

100 mV s−1 and at 298 K. Reproduced from Ref.

[164].



Figure 5.35 Scanning electron microscope images for

a series of PEDOT polymer films on ITO/glass

electropolymerized using cyclic voltammetry (a, b, e,

f, i, j, m, n) and using potentiostatic polymerization

(c, d, g, h, k, l, o, p) in acetonitrile (left image in each

pair) and PC (right imagine in each pair). The

supporting electrolytes are LiBF4 (a–d), TBABF4 (i–l),

and TBAClO4 (m–p). Magnification ∼1000, scale bar

10 µm, working distance is 3 mm. Reproduced from

Ref. [166].

Figure 5.36 Electrochromic devices fabricated by

first dissolving the monomer of the ECP in a

precursor electrolyte and sandwiching between two

substrates (1) and (2), followed by curing the

electrolyte (3) and (4), and applying a potential to

polymerise the monomer and achieve the ECP in its

fully oxidised (5) and fully neutralised state (6).

Reproduced from Ref. [175].

Figure 5.37 Repeat unit structures for several

ProDOTs functionalised with various solubilising

groups, and photographs of spray-cast films of

PProDOT-(CH2OEtHx)2 (left) and PProDOT-(C18)2

(right). Reproduced from Ref. [73].

Figure 5.38 Photographs (left), optical microscope

images (centre) and AFM images (two far right)

illustrating the differences in the film morphology

between PProDOTs with linear (top) and branched

(bottom) chains [73]. The top images are for dihexyl-

substituted PProDOT and the bottom images are for

the branched, methylbutyl-substituted PProDOT

spray-cast films. Reproduced from Ref. [184].

Figure 5.39 Synthesis and structure of PEDOT:PSS.



Figure 5.40 Addressable pixels (896) in a PEDOT:PSS

passive display. Reproduced from Ref. [194].

Figure 5.41 Repeat unit, for example, water-soluble

ECPs achieved through electropolymerisation.

Figure 5.42 Repeat unit structures, for example,

water-soluble ECPs achieved through chemical

polymerisation.

Figure 5.43 (a) Repeat unit structure and steps used

to convert an organic-soluble PProDOT into a water-

processable version, followed by conversion to a film

insoluble in aqueous and non-aqueous solvents (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. Reproduced from Ref. [222]. (b)

Chemical defunctionalisation 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].

Figure 5.44 Reaction scheme for chemically amplified

photolithography route to pattern polythiophene film.

Figure 5.45 Direct photo-patterning of methacrylate-

substituted ECP-Magenta. (a) Polymer-coated

ITO/glass. (b) Application of photomask followed by

irradiation. (c,f) Patterned film in neutral state. (d,e)

Patterned film on oxidised state. Bottom left shows

measured colorimetry of the polymer film before and

after cross-linking. Reproduced from Ref. [234].

Chapter 6: Electrochromism within Transition-Metal

Coordination Complexes and Polymers

Figure 6.1 (a) Schematic molecular orbital diagram

and electronic transitions for an octahedral



monometallic complex. (b) Potential energy surfaces

of mixed-valence compounds with MMCT transitions.

Dashed curves are diabatic states; solid curves are

adiabatic states.

Figure 6.2 Polypyridyl ligands for reductive

electropolymerisation. Tol is the p-tolyl group.

Figure 6.3 Electrochromism of (a) poly-

[(dvtpy)Ru(dpb)]2+ and (b) poly-[(dvtpy)Ru(Mebip)]2+.

Figure 6.4 Polymers for spatial electrochromism.

Figure 6.5 (a) Polymerisation of [Ru2(vtpy)2(tpb)]2+.

(b,c) Absorption spectral changes of the film upon

stepwise applying potential from (b) +0.01 to +0.4 V

and (c) +0.4 to +1.0 V versus Ag/AgCl, respectively.

Figure 6.6 (a) Poly-[(dvtpy)Ru(dpba)]+. (b) Logic

circuit for a Set/Reset flip-flop. In1 = +0.55 V; In2 =

+1.05 V; Out1 = 700 nm; Out2 = 1070 nm. (c–f)

Electrochromism at two wavelengths.

Figure 6.7 [M(NH2-ttpy)2]2+ and [Fe(bis-anilbpy)3]2+

for oxidative electropolymerisation.

Figure 6.8 (a) Electropolymerisation of [Ru(bis-NPh3-

phen)(Phen)2]2+. (b) CV recorded during

electropolymerisation. (c) Absorption spectra of the

film at (A) 0, (B) +0.9 and (C) +1.3 V versus Ag/AgCl.

Figure 6.9 (a) Poly-[(Nptpy)2Ru2(tppyr)]2+, (b) CV of

poly-[(Nptpy)2Ru2(tppyr)]2+ and (c) absorption

spectra of the film at five different redox stages as

shown in (b).

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.

Figure 6.11 Complexes with bithiophene groups for

oxidative electropolymerisation.

Figure 6.12 (a) Schematic diagram of layer-by-layer

assembly. (b) Molecular structures of

polyiminoarylenes with terpyridine substituent

groups. (c,d) Different electrochemical oxidation

states and colours of complex films with P1 and

different metal ions.

Figure 6.13 [Os(pybpy)3]2+ and H2NDI-X for

multilayer assembly.

Figure 6.14 Binuclear complexes with carboxylic or

phosphonic acid groups.

Figure 6.15 Ruthenium dioxolene with carboxylic acid

groups.

Figure 6.16 Multinuclear ruthenium dioxolene

complexes.

Figure 6.17 Ditopic ligands for preparations of

coordination polymers.

Figure 6.18 Acrylate-containing [Ru(bpy)3]-type

complexes.

Figure 6.19 Cross-linked polymer film formation.

Chapter 7: Organic Near-Infrared Electrochromic

Materials

Figure 7.1 Chemical structures of quinone derivatives

1–7.

Figure 7.1 Absorption spectra for 1− (–) and 2− (--) in

N-dimethylformamide (DMF).



Figure 7.2 Chemical structures of 14–16 and vis-NIR

spectra of 15− (–) and 16− (--) in DMF.

Figure Scheme 7.1 Corresponding polymers 17a–d

based on pentacenediquinone.

Figure 7.3 UV/vis/NIR spectra of polymer 17c in

DMF containing tetrabutylammonium perchlorate

(TBAP) in its neutral, anionic and dianionic states.

The inset showed the NIR absorptions in solution and

in the solid state.

Figure 7.2 Chemical structures of NDIs, PDIs, AQIs,

18 and 19.

Figure 7.4 CD spectra of films of gels of 19 in its

neutral, radical anionic and dianionic states.

Figure 7.3 NIR electrochromic polymers 20–22 based

on NDI and PDI.

Figure Scheme 7.2 A novel synthetic route of

substituted AQIs.

Figure 7.5 UV/vis/NIR spectra of 23b (a) and 24 (b)

in different states in CH2Cl2 solution.

Figure 7.6 Selected frontier molecular orbitals of

unsubstituted and six-substituted AQIs in their

neutral and radical anionic states obtained at the

UB3LYP/6-31G+(d, p) level.

Figure 7.7 CD spectra of 25a film at 0.0, −0.6 and

−1.0 V with stepping potentials between −2 and 0 V.

Figure 7.8 Optical attenuation of 26a film at 810 nm.

Figure 7.9 (a) Reaction sequence shows redox

transitions between LB, emeraldine salt (ES) and PB

(pernigraniline base) states, where A− represents the

counter ion. (b) DCA-treated PANI-PAAMPSA films on



bisphosphonic-acid-modified indium tin oxide (ITO) to

series of switching potentials.

Figure Scheme 7.3 Examples of poly(triarylamine)s

by means of Suzuki coupling, Yamamoto coupling and

oxidative coupling.

Figure 7.4 Chemical structures of polymers 31–33.

Figure 7.11 (a) Electrochromic behaviour of

polyimide 31a thin film at a (0.00 V), b (0.65 V), c

(0.70 V), d (0.75 V), e (0.79 V), f (0.83 V), g (0.88 V),

h (0.92 V) and i (0.98 V). (b) Potential step

absorptiometry of polyimide 31a by applying a

potential step between 0.00 and 0.98 V.

Figure Scheme 7.4 Schematic diagram of the

dimerisation of radical cations of TPAs.

Figure 7.5 Examples of poly(triarylamine)s with

different functional groups.

Figure 7.6 Examples of poly(triarylamine)s with

starburst triarylamine.

Figure 7.12 Molecular design and electrochromic

switching between 0.00 and 0.55 V of 38a thin film

on ITO-coated glass substrate.

Figure Scheme 7.5 Examples of polymers from TPA-

based diacids and TPA-based diamines.

Figure 7.7 Copolymer of poly(triarylamine)s from TPB

and TPPA.

Figure 7.8 Chemical structures of the electrochromic

thermosetting epoxies.

Figure 7.13 Spectroelectrochemistry of a PEDOT thin

film in different oxidation states with inset pictures of

variation in the blue colour at different oxidation

levels.



Figure 7.9 Modifications of the side chains of

polythiophene and polypyrrole.

Figure 7.14 (a) Percentage transmittance for a 500

nm thick film of PProDOT-(CH2OEtHx)2 on ITO|glass

as a function of applied potential at 1.55 µm ( ) and

550 nm (•). (b) Percentage total reflectance for a 500-

nm-thick PProDOT-(CH2OEtHx)2 reflective

electrochromic device (ECD) as a function of applied

potential at 1.55 µm ( ) and 550 nm (•).

Figure 7.10 Examples of copolymers of different

electron-donating monomers.

Figure 7.11 Common acceptor units in D-A type

electrochromic conjugated polymers.

Figure 7.12 Structures of both p- and n-dopable D-A

polymers 58–61.

Figure 7.15 (a) p- and n-dopable 58 film in monomer-

free electrolyte solution. (b) Spectroelectrochemistry

of 58 film in three different states: neutral, n-dopable

and p-dopable.

Figure 7.13 Chemical structures of D-A conjugated

polymers 62–65.

Figure 7.16 (a) Optical transmittance changes of 62

monitored at 1310 nm while switching the potentials

between its oxidised and reduced states. (b)

Electrochromic switching, optical absorbance change

monitored of at 1550 nm for 63 between oxidised and

neutral states.

Figure 7.14 Examples of polymers based on

selenophene derivatives.

Figure 7.15 Structures of LuPc2(70) and azulene-

based compounds 71 and 72.



Figure Scheme 7.6 Redox-system of azulene-

substituted enediynes 71.

Chapter 8: Metal Hydrides for Smart-Window

Applications

Figure 8.1 Basic structure (a) and cross-sectional

TEM image of switchable-mirror thin film (b).

Figure 8.2 Transmittance change of Mg–Ni alloy

switchable mirrors with different compositions

following gasochromic switching.

Figure 8.3 Mirror and transparent states of

switchable mirror and its transmittance and

reflection spectra.

Figure 8.4 Switching durability of Mg–Ni switchable

mirror (a) and Mg–Y switchable mirror (b).

Figure 8.5 Transmittance spectra of Pd/Mg–Ni,

Pd/Mg–Ti and Pd/Ta/Mg–Y thin films.

Figure 8.6 Structure of all-solid-state switchable-

mirror device and its mirror and transparent states.

Figure 8.7 Structure of switchable-mirror window of

practical size and its mirror and transparent states.

Chapter 9: Nanostructures in Electrochromic Materials

Figure 9.1 Operation principle of a typical

complementary electrochromic device.

Figure 9.2 Schematic illustration of (a) EDL at the

interface between TMO and electrolyte [36]. IHP and

OHP are Helmholtz planes (see Section 9.2). (b) The

proposed model of EDL [37]. Adopted from Refs [36,

37].

Figure 9.3 (a) Low-magnification TEM image, (b)

higher-magnification TEM image showing the coarse



surface of WO3 nanorods and (c) High resolution

transmission electron microscopy (HRTEM) images of

the as-synthesised WO3 nanorods. The inset shows

the selected area electron diffraction pattern (SAED)

takes from the single nanorods. Reproduced from

Ref. [30] by Ma, J. with permission from American

Chemical Society.

Figure 9.4 Field emission scanning electron

microscope (FESEM) images of the WO3 nanorod film

at (a) low magnification and (b) higher magnification.

The inset shows a high-magnification FESEM image

of the highly oriented compact assembly of WO3

nanorods. Reproduced from Ref. [30] by Ma, J. with

permission from American Chemical Society.

Figure 9.5 Colour changes of the WO3 nanorod film at

different voltages with 1.0 M lithium perchlorate

(LiClO4) in propylene carbonate (PC) as the

electrolyte: (a) the as-prepared film, (b) coloured at

−1.0 V, (c) coloured at −2.0 V, (d) coloured at −3.0 V,

(e) bleached at 3.0 V, (f) corresponding UV-vis spectra

and (g) switching time characteristics between the

coloured and bleached states for the WO3 nanorod

film measured at ±3.0 V with an absorbance

wavelength of 632.8 nm. Reproduced from Ref. [30]

by Ma, J. with permission from American Chemical

Society.

Figure 9.6 Cyclic voltammograms of the macroporous

and non-porous WO3 film at 100 mV s−1 scan rate.

(Electrolyte: 1 M LiClO4/PC)

Figure 9.7 (a) Schematic diagram of the synthesis of

PEDOT nanotubes in porous alumina structures on an

ITO/glass substrate. (b) Electrochromic device with


