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INTRODUCTION

The development of large area electrochromic windows is being actively pursued by a number of
companies®™ and research organisations®®. An extensive review of major contributors and potential
markets for electrochromic windows has been presented in a report by SRI®. Interest on EC materials has
grown during the last decades, especially because of their application in building automation as smart
windows®®. The energy savings using them in smart buildings has been established in around 20%®?, but
it could reach 50% in cold climates®. The promising results in some buildings impel not only their
fabrication, but also the research for new materials and drivers, as well as efforts of their electro-optical
characterization for new applications like smart glasses or displays “*? Electrochromic anti-glare car
rear-view mirrors have already been commercialized. The electrochromic materials can be used still in
controllable light-reflective or light-transmissive devices for optical information and storage, sunglasses,
protective eyewear for the military, controllable aircraft canopies, glare-reduction systems for offices
31419 ‘More recently they have been used as electroactive layers to modify electrode surfaces*®*” and as
electrode materials for batteries. Generally, there are two kinds of the EC devices: (1) coloration due to
the intercalation of small ions into the thin oxide films such as WO3, NiO and V,05"®, and (2) coloration
due to reduction or oxidation of redox chromophores including some organic dye molecules. Since the
time for inserting or deinserting small ions into the EC materials is relatively long, type 1 devices are not
suitable for application in displays. For type 2 devices, though, a monolayer of redox chromophore can be
colored/decolored with relatively rapid switching time is still not sufficient for practical applications?.
Our device is different from type 1 and 2, it is based on self-standing materials. A new kind of solid

plastic EC film has been prepared, were the EC molecules and plasticizers are introduced into preformed
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solid thermoplastic polymers. These substances are exposed to a sample thermal blending process. After
the mixture is cooled at room temperature, a homogeneous solid film, with EC properties and great
adhesion ability to a glassy support, is obtained. This preparation has allowed a particularly easy
preparation of ECD suitable for large-scale applications, by simple lamination of the film between
conductive glasses. The main purpose of this thesis has been to study this new electrochromic films. In
the first chapter will discuss the chemical and physical-chemical properties of the electrochromic
molecules in particular bipyridilium systems and will analyze the mechanisms that affect the internal
systems electrochromic.

In the second chapter the characterization of the electro optical properties of new ECD is presented. In
particularly it will be described the research that has been devoted to analyze the effect of the
concentration of the different components and the effect of the thickness on the films EC under object of
study. Then chap. 3 will concern about the kinetic study, performed in order to understand the
mechanisms underlying the coloration process of the device. The kinetic processes occurring in the EC
film is analyzed deriving the equations which describe the coloration processes in the bulk of the film and
in the neighbouring of the electrodes.

The coloration and the bleaching of large area electrochromic devices is a complex process, involving
electrochemical processes at two electrodes®”’ and voltage drops along the transparent conducting
electrodes which change the device potential at each point along the device®?. This results in different
coloration voltages at each point of the device, whether the device is switched using a constant voltage or
a constant current waveform. In chapter 4 the characterization of a large area device, from the electrical
point of view, is presented. It is described the schematic electric model compatible with the experimental
results, that we have built up with the purpose of finding out the changes in the parameters of the film or
the conductive glasses that can minimize the differences of the local potential and allow the film to keep a

uniform coloration throughout its extension at any time.
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CHAPTER |

Electrochromism

Introduction

An electroactive species often exhibits new optical absorption bands in accompaniment

with an electron-transfer or redox reaction in which it either gains or loses an electron. Such

: : : (1] . .
colouration was first termed “electrochromism” in 1961 by Platt whose discussions were

amongst the first published. Byker has discussed the historical development of

o[
electrochromism

Many simple species exhibit electrochromism. To take a laboratory example, the ferrocyanide ion

in aqueous solution is pale yellow in colour, but on electrochemical oxidation:

[Fe™(CN), [~ — [Fe™(ON), [ + € atcsoae (1.1)
(pale) (vellow)

a pool brilliant yellow forms around the electrode, and thence diffuses into the bulk. The change
in colour is directly attributable to the oxidation of iron(ll) to iron(lll) in the complex. A

somewhat different case is ferrous ion in aqueous solution , in the presence of thiocyanate with



2+
which Fe is only weakly complexed. Initially the solution is colourless, but a brilliant blood-red
colour appears after oxidation on the formation of electro-generated iron (I11). In this case, the

colour may not be directly electro-generated, but is possibly due to interaction between electro-

+

generated Fe3 and the electro-inactive CNS ion in solution: it is the iron(l111) thiocyanate charge-
transfer complex that ultimately provides the colour. In this context, a “charge-transfer” species is
one in which a photo-effected transfer of charge within the species, sometimes between species,
evokes colour, by “optical charge-transfer”.

The simplest electrochromic light modulators have two electrodes directely in the path of the
light beam. If both electrodes bear an electrochromic layer, then the colour formation within the

two must operate in a complementary sense, which can be illustrated here with the example of

WO3 and vanadium pentoxide: WO3 becomes strongly coloured (blue) when oxidised. By
contrast, VZO5 is a rich brown/yellow colour when oxidised, yet faintly coloured (blue) when

reduced. In an electrochromic device (ECD) constructed with these materials, one oxide layer is

present in its reduced form while the other is oxidised; thus the operation of the device is

bleached coloured
WO, + M, V,0. - M_WO, +V,0. (12)
(pale yellow)  (pale blue) (blue) (brown)

The tungsten-oxide is termed the primary electrochrome since it is the more strongly coloured

. . . [3]
species and, in this example, VZO5 acts as the secondary .



1.1 Electrochromic parameters

Visible light can be viewed as electromagnetic waves of wavelength 420 nm (violet) to

[4] -19 -19
700 nm (red) or equivalently as particulate photons of energy 4.7 x 10  J (violet) to 2.8 x 10

J (red). The colors cited refer to light directly entering the eye. However, color is a subjective
visual impression involving retinal responses of the eye to particular wavelengths of the
impinging light (table 1.1). Light comprising all visible wavelengths appears white. Reflected
colors result from absorption by the reflecting material of some of these wavelengths, that is,
from subtraction from the full wavelength range comprising incident white light. In with light,

the perceived color of a material is the complementary color of the light it absorbs (figure

1.1)[5'6]. A single wavelength of absorption is encountered only with single-atom or single-ion
photon absorption, the photon energy being transformed into internal electronic energy by the
excitation of an electron between precise energy levels associated with the two orbitals
accommodating the electron before and after the photon absorption, or “transition” as it is
termed. In molecules the energy levels involved are somewhat broadened by contributory
vibrational (and to a lesser extent, rotational) energies. Thus, on light absorption, transitions
occur between two “spreads” of energy levels, (of, however, narrow spread) allowing the
absorption of photons with a restricted range of energies, that is, of light a restricted range of
wavelengths, giving an absorption band. The maximum absorption, roughly in the centre of such
a band, corresponds to the “average” transition.

The target molecule here is called a chromophore, and when the color resulting from absorption
is evoked electrochemically, an electrochromophore or more briefly, an electrochrome. The
absorption spectrum of a substance represents the relative intensity (relative number of photons)

absorbed at each wavelength.



Amm 3lem™ 10t hv/eV 105/ T LindeTmel
730 13,300 400 1.65 2635 139
Eed
633 15,800 472 195 ERE] 1.88
Orange
06 16,300 303 208 333 200
Vellow
580 17,200 317 214 342 206
Green
52 19,200 377 238 382 230
Blue
470 21,300 6.38 164 423 255
Indigo
440 22700 6.81 282 4351 272
Violet
300 23,600 769 318 3.09 307
uv
Table 1.1 Wavelength and energy ranges for perceived colours af emitted

light. The numbers above and below each colour represent its

range.



490

- 620
430

400 800

Fig. 1.1 Approximate wavelength (in nm) of reflected colours. Colours in

directly opposite segments are called complementary.

7 . .
The Beer-Lambert law for optical absorption relates the absorbance, expressed as log of the
ratio of the intensities, to the concentration ¢ of chromophore and optical path length I through

the sample:

_ I _
A= log[T] =¢ecl (13)

The proportionality factor ¢ is the molar extinction coefficient or molar absorptivity of the
absorbing species. From the preceding account, it should be clear that ¢ will vary with

wavelength A since A does, and it is the parameter quantifying the strength of the optical



absorption at each wavelength. () (the value at wavelength 1) and g (the value at the

maximum, often written without subscript) will depend on solvent, or solid matrix, to a greater or

(8] I
lesser extent. When the absorption results from optical CT, Kosower’s parameter Z , which is

the energy (inverse wavelength) for the maximum absorption of a particular chromophore in a
given solvent, varies with solvent in a manner followed proportionately by other similar
chromophores, Z is a useful indicator of solvation in the chromophore-solvent system involved,
which will clearly determine the transition energy, that is, where the absorption maximum occurs.
The absorption can thus arise from photo-excitation of an electron from a lower (or ground-state)
energy level to a higher one either in the same molecule, which is an intramolecular excitation,
or within a neighboring moiety, which involves an intermolecular interaction termed optical
charge-transfer. The redistribution on photon absorption of electron density in the absorbing
species is more or less exactly depends on the transition moment M. M is measured from the area
of the absorption band; the molar absorptivity at the maximum is commonly taken as being
proportional to M.

The most intense optical absorptions are often a consequence of optical CT, since like
intramolecular electronic transitions these are processes “allowed” by wave mechanical selection
rules for spectral transitions. In any electrochromic system, a quantitative measure of the intensity

of the color change is required. That commonly used is the contrast ratio CR:

) (1.4)

10



where RX is the intensity of light diffusely reflected through the colored state of the display, and

R0 is the intensity of light diffusely reflected from the bleached (uncolored) state from a (diffuse)

white black plate[g].

In transmission mode, the optical absorption of an electrochromic film is related to the injected
per unit area Q (assuming no side reactions) by an expression akin to the Berr-Lambert law, since
Q is proportional to the number of color centers:

.f"]: ™

i)
o

A =log
I

=nQ (1

where 7 is the “coloration efficiency” of the film. A CR of less than 2 or 3 is not easily perceived
by eye, and as high a value as possible is desirable. Commonly CR is expressed as ratio, and is
best measured at the wavelength of maximum absorption by the colored state.
Where there is a great difference in color between the two redox states, but both are highly
colored, then the contrast is not perceived to be great. In this case, the CR is highly wavelength
dependent.

The coloration efficiency # is related to an optical absorbance change 4A via equation

(1.5), and to the linear absorption coefficient a, film thickness d and charge injected Q per unit

. _ [10]
area, by the relationship

Q (1.6)

11



In the use of these equations, it is assumed that all optical effects are absorptive, that only a single
absorbing species is effective at the wavelength chosen for monitoring, and that the Lambert-
Beer law is obeyed. # may be regarded as that electrode area which may be colored to unit
absorbance by unit change. # is designated as positive for cathodically induced coloration (by
electron gain, or reduction) and negative for anodic color formation (by electron loss, i.e.
oxidation).

If A is the coloration efficiency of the primary electrochromophore, and . that of the secondary,
then the coloration efficiency n, of the complete ECD device is obtained as nO:( - "s)' For the

most intense electrochromism, the parenthesized entity should be maximized, that is, a large
change in A is required for injection of a small charge. This may be achieved in two ways, either

by using a large n together with an n, of the opposite sign (i.e. complementary electrochromism),
or by using a combination of large n and small n, both of the same sign. In other words, both

electrodes colorize simultaneously or unwanted color in one electrode is feeble.

In general, organic electrochromes exhibit a greater n than do inorganic species because the
molar absorbivities of the former are usually higher.

The write-erase efficiency is the percentage of the originally formed coloration that may be
subsequently electro-bleached; it can be conveniently be expressed as a ratio of absorbance
changes. For a successful display, the efficiency should closely approach 100%. Species
remaining in solution in both colored and uncolored states, such as methyl viologen, diffuse from
the electrode surface after electro-coloration. Since bleaching of such an ECD requires all the
colored materials to diffuse back to the electrode for electrooxidation, which relatively slow

process, the write-erase efficiency on a practical time-scale is poor for all-solution systems.

12



The time required for an ECD to color from its bleached state to (or vice versa) is termed its
response time z. For most devices, z values are of the order of few seconds. For ECDs in general,
7 is slower than for either LCDs or CRTs, usually because of the necessity for diffusion, either of
charged species through the electrode film or, for all-solution systems, of the electrochrome to
the electrode. In applications such as electrochromic windows or mirrors, response times of
seconds can be tolerated, but if devices such as optical switches or television screen are
envisaged, then very fast response times will be necessary.

Unfortunately, there is no consistency in the criteria employed for determining z: it may be the
time necessary for some fraction (arbitrary or defined) of the color to form, such as indicated by a
particular increment of optical density, or the time for all or part of the charge to be injected.
Another important electrochromic parameter of ECD is its stability. When an ECD is continually
cycled between its colored and bleached states, device failure will eventually occur resulting
from physical changes in solid phases or from chemical side reactions. The cycle life is a measure
of its stability, being the number of cycles possible before such failure. The cycle life is a
complicated function of the coloration required in the cycle: the cycle life generally decreases if
wide changes in composition are required, that is if the quantity of charge injected or removed is

large.

13



1.2 Electrochemistry and mechanism of electrochromic systems

The electron-transfer process during coloration is denoted by anodic or cathodic:
cathodically coloring materials form color when reduced at an electrode made negative, a
cathode, and anodically coloring electrochromes are colored at an anode, or positive electrode.
The electrode potential for the electrochromic redox couple is related to the ratio of their

respective concentrations by a form of Nerst equation:

D*{] )
[Re d] (1.7)

Eoxred = EoxRrea T 111‘

where concentrations are denoted by square brackets, R is the gas constant, F the Faraday

constant, T the thermodynamic temperature and n is the number of electrons involved in the

0
electron transfer reaction. E is the standard electrode potential, and is defined as the electrode

potential measured at standard pressure and temperature, with both Ox and Red present at unit

. i R Y
concentration (or formally and more accurately, at unit activity ).

In an electrochromic cell current flows when appropriate ranges of potentials are applied. Such
current will comprise two components, faradaic and non-faradaic. The former current is directly
linked with the sum of the electron-transfer reactions effected, and the charge (current-time
integrated) indicates directly the extent of the cell reaction, since faradaic current involves that
charge which yields product.

Electrochromic operation involves the quantity of electrochrome that changes redox state on

passage of current, as governed by Faraday’s laws, which are as follows.
14



1. The number of moles of species formed at an electrode during electrode reaction is
proportional to the charge passed,

2. A given charge liberates (or deposits) masses of different species in the ratio of
their “equivalent weights” (relative molar masses divided by the number of electrons
involved in the electrode reaction).

Non-faradaic current is caused by processes such as charging of the electric double layer
at the electrode-solution interface (a local separation of unreactive-solute ions into layers of anion
and cation partly governed by application of potential, which results in excess accumulation of
ions of one particular charge sign at interfaces). In precise mechanistic descriptions of electrode
processes, double layer effects need to be taken into account; this may be complicated.

The rate of electron-transfer at an electrode is a function of the gradient of electric

o [1112] .
potential applied to the electrode, and follows the Butler-Volmer equation which, for a
reduction reaction Ox + ne = Red is
i = nFAk,c, (exp(— a,n0n))-nFAk, ¢, (exp(a,nOn)) (1.8)

where, for brevity, @ = F/RT, C, is the concentration of the oxidised form of the electroactive
species (starting material) and C. that of the reduced form; « is a fraction termed the transfer
coefficient (subscripted f and b for forward and back reaction respectively), itself a measure of

[1 . .
the symmetry of the energy barrier to the electron transfer ; # is the overpotential, (E — EOC),

15



where E is the potential applied to the electrode and EOC is the zero-current electrode potential. kf

and kb are the rate constants of electron transfer for the forward and back processes.

1.2.1 Semiconducting electrodes

In the construction of electrochromic display devices, the substrate most commonly used
as the optically transparent electrode (OTE) is indium tin oxide (ITO) as a thin film on glass. The

thickness of the ITO layer is typically 0.3 um. Indium(I11) oxide, when doped whit ca. 8% tin(1V)

[13] -4 -1
oxide, is a semiconductor ~ of conductivity ca. 8 x 10 Scm , so the thickness and exact
conductivity of the ITO layer will affect the ECD response time. The rate of supply (flux j) of
electrons through the conductor and corresponding current i are obtained from the general

applicable equations:

1 =nAve and j=nv (1.9)

where n is the number density of charge carriers, A the cross-sectional area of the conductor, v the
electronic velocity and e the electronic charge. In thin-film indium tin oxide (ITO), the number of
charge carriers is relatively small, restricting the rate of charge uptake or loss of the
ITO/electrochrome interface. However, some authors believe that the response time of an ECD

device with very thin films of ITO depends rather on the rate of electron transport, that is, v,

[14,15]
through the ITO

16



1.2.2 Mass transport

Before the electron-transfer reaction can occur, of necessity material must move from the
solution bulk and approach close to an electrode. This movement is “mass transport”, and
proceeds via three separate mechanisms: migration, convection and diffusion. Mass transport is

formally defined as the flux ji of electroactive species i to an electrode, as defined in the Nerst-

Planck equation:
- b - A
. o — [ Oc,
Ji = G T‘+ijj_Dj[ : (1.10)
\ OX \ OX :
migration convenction diffusion

where 3 is the ionic mobility of the species i; @ is the strength of the electric field, iv is the
velocity of solution, and Di and c are respectively the diffusion coefficient and concentration of

species i. Convection will not concern us further since it is irrelevant for solid electrolytes and
otherwise uncontrolled in other ECDs.

Migration is the movement of ions through solution or solid in response to an electric field, an
anode attracting any negatively charged anions, the cathode attracting the cations. For liquid
electrolytes containing an excess of unreactive ionic salt, migration may be neglected since the
transport number of the electroactive material becomes negligibly small. Migration is an
important form of mass transport for ionic movement within solid polymer electrolytes or solid-

solution electrochromic layers since transport numbers of the electroactive species become

17



appreciable[lsl. The phenomenon of electrode “polarization” by excess unreactive electrolyte (the
buildup of concentration of oppositely-charged electrolyte ions at an electrode) brings about
diminution then suppression of migration; diffusion is the only remaining means of approach to
the electrode available to a possibly electroactive species, as follows.

Of particular interest to any kinetic study is the diffusion coefficient D of the diffusing species,

. . . : T . . [11.12]
being representative of its spontaneous motion. Diffusive behavior obeys Fick’s laws , the

first being for the flux ji,

ji — _Dilr 5'!':,- j

ox (1.11)

(Bc; fox)

where is the concentration gradient, the change in concentration of species i per unit

Se; [
i H o |
distance. In electrochemical processes, (Gc; fex)

arises (i.e. is non-zero) because some of the
electroactive species is consumed around the electrode; diffusion is evoked by subsequent
concentration gradient.

Fick’s second law describes the time dependence of diffusion:

AL i a A
( 'C‘J:D oc,
i - 2
\ Ot L OX (1.12)

18



The required integration of the second order differential equations often leads to difficulty in the
accurate modeling of diffusive systems. However, a useful approximate solution to Fick’s second

law gives

1=/Dt (1.13)

where Di is the diffusion coefficient of species i, and t is the time required for species i to move a

distance |. Another indicator of the rate of ionic movement is the ionic mobility x (velocity v

divided by driving field), which is related to the diffusion coefficient D by the Nernst-Einstein

equation
D kT
I_ ze (1.14)

where symbols have their usual electrochemical meanings and kB is the Boltzmann constant.

When the impressed potential of an electrode is stepped from a value giving zero current to one at
which the current can reach a maximum, then all the electroactive material at the electrode-
solution interface will undergo electrochemical change “instantly”. Electroactive material from
the solution bulk then diffuses toward the electrode, coming (diffusing) from successively further

distances from the electrode. The flux at the electrode therefore decreases with time. The Cottrell

. [18] . . .
equation  describes this current/time response as

19



. . ID
1= 111:4‘53.,\, ; (1_15)

The Cottrell equation is a convenient means of determining diffusion coefficients of solution-

oy
phase species

1.2.3 Voltammetry

In electrochemistry of equilibrium (zero-current) the prospect of transfer of electron
remains latent and the amounts of electrochrome present do not change, and thus study of the
actual electrochromic coloration reaction is precluded. To allow these studies, dynamic
electrochemistry is used, in which current is passed in a controlled way, by applying a potential E

to a particular electrode that is different from the steady value, which we know re-label EOC. The
subscript OC means “open circuit” (implying conjunction only to a voltmeter); EceII is

equivalently an open-circuit or zero-current value.

Voltammetry is the most common of these dynamic techniques and is useful for discerning rates
0
and mechanism, in addition to the thermodynamic data related to EceII and E usually obtained at

zero current or open circuit. Processes occurring at one electrode are monitored by observing the
current change when the potential applied to that electrode (actually between the electrode and
the counter-electrode) is varied steadily through a range which evokes an electron-transfer

process. The current is recorded as a function of the potential impressed on the electrode. The

20



potential is varied steadily, the rate dE/dt being kept constant know a either the scan rate or the
sweep rate, v.

The electrode at which the electrochemical changes of interest occur is called the working
electrode, WE. In order that the potential at the WE be known, the potential difference E between
the WE and a third reference electrode, RE, is taken. The saturated calomel electrode (SCE) is
usually employed as reference. The scan rate is of course referred to the RE.

In equilibrium (zero-current) electrochemical experiments, voltages between the WE and RE are
measured via a voltmeter, and the potential recorded as a function of the externally varied
concentration of the electroactive species present, according to the Nernst equation (1.7). by
contrast, during voltammetry, compositions at electrodes are perturbed by the passage of charge
at electrolyte/working electrode interface when electrode reactions occur; while minimum
perturbation occurs in electro-analytical experiments, quite substantial changes generally occur in
electrochromic processes. If current were to pass through the RE, then the electrode composition
would alter and the electrode potential of the RE would change to give inaccurate potential
measurement; in addition, the simple passage of current itself shifts the potential of the electrode.
For these reasons, no charge can be allowed to flow through the RE. A third electrode, the
counter electrode, CE, is therefore used to complete the current-flow circuit, to obviate the
apparent paradox of requiring current passage at the WE while using a zero-current RE. As the
third electrode is needed only because current must flow at the WE, the nature and composition
of the counter electrode are largely irrelevant to the operation of a voltammetric cell. The
potential of the CE is not monitored although electrode reactions must clearly take place at the
CE if current is to flow; if oxidation occurs at the WE then reduction occurs at the CE, and vice

versa, hence current. Figure 1.2 illustrate the connections.
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The control of voltage across the working-electrode/counter-electrode pair is achieved using a
potentiostat. This device adjusts the voltage in order to maintain the potential difference across
the working and reference electrodes (sensed using a high impedance feedback loop). The
potential is varied in a pre-programmed manner via a function generator. The potentiostat forces
current trough the working electrode to achieve the potential desired.

In voltammetric experiment, an electro-inactive electrolyte is required in excess of the reactant
species, in order to carry current trough the cell. Its role at the WE is to affect a kind of charge
saturation which forces electroactive species to approach this electrode by diffusion rather than
any field-effected conduction process (migration). In voltammetric experiments, electroactive

species depleted by electrode prior to the electron-transfer reaction. Product if soluble diffuses
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back to the bulk after the electron-transfer  reaction is  complete.

potentiostat

-
1
L]
1
" L
1 OWE = CE
™0 z |
[ E
: b ™
i
' sinter
! RE
)
Ay
Fig. 1.2 Schematic representation af a three-electrode cell for valtammertric

use. Here the voltmater V iz in practice part of the control circuitry

of the potentiostat, as is implied by the dotted line.

(EE,)

Fig. 1.3 Typical cyclic voltammogram (CV) obtained for a simple, reversible redox couple in
solution, illustrating the key quantities.
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The flux of material at the electrode dictates the shape of the current-voltage curve

(voltammogram) obtained.

We shall be concerned only with the equation for the peak current ip as derived by Randles and
6]

L
Sevcik

B
i, = 0.4463AnH nE ke,

| RT (1.16)

where A is the area of the electrode and c is the bulk concentration of the electroactive species. Di

is its diffusion coefficient. This equation is applicable to “reversible” all-solution systems (those

undergoing rapid electron-transfer at the electrode). Commonly iIOC refers to the peak for a
cathodic process, while ipal refers to an anodic process.
The peak in the voltammetrically monitored current iIO here is thus proportional to the

concentration of the electroactive species, and to the square root of the scan rate. In cyclic

voltammetry, the potential is ramped twice: the potential of the WE starts at an initial value Ein
and is ramped to a limit, E; known as the switch potential, and is then swept back to Ein. A plot of

current against this potential E is then recorded as a cyclic voltammogram or CV. A typical CV
for a one electron process is shown in Fig. 1.4. The peak potentials for the anodic and cathodic
electron-transfer processes are labeled Epa and Epc respectively. The peak separation is 58/n mV

. : . .M :
for reversible (i.e. rapid) n-electron reactions . The same general shape but with peak

separation greater than 58/n mV indicates “quasi-reversibility” resulting from somewhat slow
electron-transfer at the electrode, or from intrusive resistance of electrolyte in a cell comprising

less than ideal compositions for voltammetry. Conventionally the sign of v is cited as a positive
24



number and the range of scan rates commonly employed in cyclic voltammetry is 1< v<500 mVs

1

1.3 Classification of electrochrome type

The type of electrochrome used in ECD governs the kinetic behavior evinced. A

classification is presented here, borrowed largely from an earlier treatment by Chang et al.[m

For “Always is solution” electrochromes, the electrochemical electron-transfer reaction occurs at
the solid-liquid interface. The electroactive species in solution encounters the solid electrode,
undergoes an electron-transfer reaction, be it reduction at a cathode or anodic oxidation, and then
in its new form moves away from the electrode, returning to the solution bulk. The electrochrome

changes color on undergoing the electron-transfer reaction. A simple example of this kind of

2+
electrochrome is methyl viologen dication in water. MV in the initial solution is colorless (or

4*

faint yellow in the presence of some anions), a bright blue radical cation MV when the

electrode is made cathodic (negative). The rate-limiting process during the (reductive) electron-
+

2
transfer reaction is the rate at which MV  dication reaches (diffuse toward) the electrode from

2+
the solution bulk, the rate of electron acquisition when MV reaches the electrode interface being
much faster.

In electrochromic devices on methyl viologen, if a fixed potential, substantially more negative
2+

than the (zero-current) electrode potential for MV  reduction, is applied to the working

[18] _ _

electrode, then the observed current follows the Cottrell  time dependence, 21—cti. This
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dependence follows from the laws diffusion. Hence the absorbance 21+«tA if the current flow is

wholly faradaic, that is, if each electron-transferred generates a color centre. The t exponent

N
follows because the amount of MV  generated depends on the integral of | with time.
In “Solution-to-solid” systems the electrochromes are initially soluble and colorless but,

following electron-transfer, they form a colored solid film on the surface of the electrode. An

2+
example of this kind of electrochrome is heptyl viologen (HV). HV dication dibromide is pale

yellow is pale yellow in aqueous solution but form a layer of deeply coloured radical cation salt

: L . (19l . e
on reduction. The reduction is, in fact, a two-step process (possibly concerted ) involving first

an electron-transfer reaction

HV> +e” 5> HV™ (1.17)

and subsequent precipitation

HV™ +X™ > HV™X (1.18)

e . . [20]
The deposit is initially amorphous but becomes more crystalline soon after formation . The

morphology, solubility and color of such radical-cation salts depend on the accompanying

[20]
counter anion

The Cottrell current-time relationship of 21—oti together with 21+«tA is followed fairly closely
i i 2+ [21] i
during short times as soluble HV  diffuses toward the electrode . At longer times, however, the

+eo -
kinetic response becomes more complicated: HV X is a solid dielectric of relatively poor

conductivity, and further coloration involving generation of additional colored product must
26



proceed via slow electron transport trough the solid deposit at the solution/electrode interface.
Again, during electro-oxidative color erasure of the radical cation salt achieved by the reversal of
reactions (1.17) + (1.18), complications, in this system become apparent, which necessitate the

presence in the electrochemical deposition solution of electron mediators such ferrocyanide ion

. . . [22,23]
which acts catalitically to facilitate electron transfer

The most commonly used electrochromes for “All-Solid” systems are Rare-earth
phthalocyanines, Prussian blue, and metal oxides, for example, of tungsten, molybdenum, nickel
or vanadium. For metal oxides and Prussian blue, the electrogenerated color appears as a
consequence of an optical charge-transfer transition between metal centers in the solid-state
lattice.

The rate-limiting process usually encountered with this type of electrochromes is the ionic charge
transport the solid electrochrome. The diffusing species, enters the electrochrome via the
electrolyte-film interface and then moves through the film although it does not reach the metal-
conductor substrate at the other side of the electrochrome.

Two separate diffusion processes will occur within the solid: both the ion diffusion from the
electrolyte/solid interface, and electron from the electrode-electrochrome interface. Only the
slowest, rate limiting, of these diffusion processes will be measurable in systems in fast electron-

transfer in the redox processes.

1.4 Electrochromic devices
Many ECDs comprise a sandwich structure of thin layers, the number and nature of which

depend on the intended use. The construction of ECDs will be the same whether a large area cell

. . . .24
or one small element (pixel) of a multi-electrode array is required .
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Electrochromism is used in one of two modes: in adjustment of either reflected or transmitted

intensity, Fig. 1.4.

ECD
hv
= trasmittance mode ECD
reflector layer ECD hv
reflectance mode ECD
Fig 1.4 Schematic diagram showing the different modes of ECD operation.

1.4.1 All-solid cells with reflective operation
For all-solid systems, reflective cells may be assembled according to the schematic diagram in
Fig. 1.5. The front panel is an optically transparent electrode (OTE), that is, a solid support, for

example glass bearing a thin transparent but conductive film on its solution-facing side. Tin-

doped indium oxide (ITO) is commonly employed[ZS]. Typically about 0.3 um thick. The glass of
chosen thickness may be reinforced to give structural strength. The OTE acts as the conductor of
the electrons necessary for the required electron-transfer to take place in the electrochromic
material. If the latter is the primary electrochrome, a secondary electrochrome may be deposited

on the counter electrode. The layers are deposited by electro deposition,
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Reflective

Counter Sﬁ;fusrt
electrode
| | ..—""f’ -~
‘ | 4 hv
-
Secondary lonically anar',r
Electrochromic Conductive Electrochromic
Layer (Solid) Electrolyte Layer (Solid)
Fig. 1.5 Schematic diagram of an EC mbrror operating in reflectance mode

(with the reflector as counter electrode).

evaporation or some other method directly on to the OTE surface to minimize contact resistances.

[26]
The use of OTEs for electrochromic applications has been reviewed by Lyman  and

[27]
Granquist . ECDs operating in a reflective mode (Fig. 1.5) employ a reflective material in the

path of the light-beam, both the primary and secondary electrochromes being positioned before it.

Example of reflector include polished platinum[ZB] and rhodium aIon[Zg]. The potential is applied
between the front OTE and rear electrode/reflector. Displays may have a metallic (e.g. gold)
working electrode on which the electrochrome acts, with transparent ITO as counter electrode
and window.

Diffusion is usually the predominant mode of mass transport of counter ions in the

electrochromic layer while migration is the transport mechanism in the electrolyte.
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ECDs in which a separate reflector is placed before the secondary layer have been described at

[28, 30-32] ] ) )
length by Baucke . Although this arrangement this has practical advantages, the counter

electrode need not to be electrochromic since it is never in the path of the light beam, the reflector
must be ion permeable if charge is to pass across the cell, requiring a porosity which diminishes

its reflectivity.

1.4.2 All-solid cells with transmissive operation

Transmissive cells are assembled according to the schematic diagram in Fig. 1.6. Such

ECDs are very similar to reflective devices except

Glass
Glass Support

N e

hv
Secondary lonically Primary
Electrochromic Conductive Electrochromic mo
o Layer (Solid) Elecirolyte Layer (Solid)
Fig. 1.6 Schematic diagram of an all-solid ECD operating in transmittance
mode.
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that the rear electrode obviously cannot be opaque: all layers must fully transparent in the visible
spectral range. The apparent intensity change in a transmissive device is only half that of an
otherwise identical ECD acting in a reflective mode. This follows since light passes through the
primary electrochrome twice in a reflective device, before and after reflection, but only once in a

transmissive cell in which the optical path length is thus, in effect, halved.

1.5 Bipyridilium systems

One of the major group of electrochromes are the bipyridilium species formed by the
diquaternising of 4,4’-bipyridil to form 1,1’-disubstituted-4,4’-bipyridilium salts (Fig. 1.7). The
positive charge shown localized on N is in general delocalized over the rings. The compounds are

formally named as 1,1’-di-substituent-4,4’-bipyridilium if the two substituent at nitrogen are the

same, and as 1-substituent-1’-substituent’-4,4’-bipyridilium should they differ. The anion X in
Fig. 1.7 need not be monovalent and can be part of a polymer. A convenient abbreviation for any
bipyridyl unit regardless of its redox state is “bipm” with its charge indicated. The most common

name for these salts is viologen which is the color formed when 1,1’-dimethyl-4,4’-bipyridilium
i i . [33,34]
undergoes a one-electron reduction to form a radical cation

2+ o+
There are three common bipyridilium redox states: a dication (bipm ), a radical cation (bipm )

0
and a di-reduced neutral compound (bipm ). The dication is the most stable of the three and is the
species purchased or first prepared in the laboratory. It is colorless when pure unless optical

charge-transfer with the counter anion occurs. Such absorbencies are feeble for anions like
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. . : : : . [39]
chloride but are stronger for CT-interactive anions like iodide .

H—@\@—@?—H {bipm=*)
\_/ \_7/

A ©
@/ T .
R—N \ / . N—~R {Bipm™*)
X ©
R—N N—~R {bipm")
Fig. 1.7 Bipyridilivm salt redox states.

Reductive electron-transfer to the dication forms a radical cation (equation 1.19). Bipyridilium

radical cations are amongst the most stable organic radicals, and may be prepared as air-stable

. [3637] - . . : . .
solids . The stability of the radical cation is attributable to the delocalization of the radical

electron throughout the n-framework of the bipyridyl nucleus, the 1 e 1’ substituent commonly

bearing some of the charge.

bipm*>™ + e~ — bipm™ (1.19)

(colourless) (intense colour)

Electrochromism occurs in bipyridilium species because, in contrast to the bipyridilium dications,
radical cations are intensely colored owing to optical charge-transfer between the (formally) +1

and zero valent nitrogens, in a simplified view of the phenomenon (in fact, because of the
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delocalization referred to, the source of the color is probably better viewed as an internal photo-
effected electronic excitation). The colors of radical cations depend on the substituent on the
nitrogen. Simple alkyl groups, for example, promote a blue/violet color whereas aryl groups
generally impart a green hue to the radical cation. Manipulation of the substituent at N to attain
the appropriate molecular orbital energy levels can, in principle, tailor the color as desired.

Comparatively little is known about the third redox form of the bipyridilium series, the di-

[38] _ )
reduced or so called “di-hydro” compounds formed by one-electron reduction of respective

radical cation (reaction 1.20)

bipm™ +e~ — bipm’ (1.20)

(intense colour) (colourless)

The same species is formed by a two-electron reduction of the dication. The intensity of the color

exhibited by bipmO species is low since no optical charge-transfer or internal transition
corresponding to visible wavelengths is accessible.

Bipyridilium salts are some of the few organic species that undergo the comproportionation
reaction in solution, in which two redox states of the same compound react to form an

intermediate redox state, equation 1.21:

bipm** + bipm® — 2bipm** (1.21)

33



L N : : . [39]
the first product of the comproportionation reaction is in fact spin-paired radical-cation dimer

The transition state of reaction 1.21 is thus assumed to have the two redox states lying face to

face in a “sandwich”—type configuration.

1.6 The charge transfer equilibrium of bipyridilium species

The bipyridilium dication is a relatively weak electrolyte and almost always evinces some
forms of ion association. The association takes the form of ion pairing if the interaction is
predominantly ionic, or as charge-transfer complexation if a significant extent of orbital overlap
can occur.

The term charge-transfer is used in some of the literature to imply that a discrete electronic
charge has transferred from donor to acceptor, i.e. that the wave function for the excited system
describes the quantity of charge which transfers as being that of an integral electron. The fraction
of electronic charge actually transferred in a ground-state configuration can be small for
viologen-donor complexes.

Typically, a charge-transfer complex is detected in UV-visible spectrophotometry. When two
compounds in solution are brought together and a new optical absorption band is formed that was
not present in the spectrum of either component, then it is likely that a CT complex has been

formed:

A+D <« AD (1.22)

colourless coloured
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The viologens are all excellent electron acceptors (that is, have a high electron affinity E): for

example, White[40] cites an electron affinity of 120 kj mol-l for methyl viologen.

During complex formation, the orbitals of the approaching molecules overlap, and the resultant
distortion causes a movement of charge from the donor to the unoccupied orbitals of the acceptor
molecule, this attractive charge-transfer interaction occurs in tandem with the other low-energy

interactions always present; a stable complex forms if the attractive interactions outweigh the

. . [40]
repulsive energetic forces

CT bands tend to be rather intense owing to the electronic transition being wholly allowed

[41]
quantum mechanically . The CT band is also quite wide because both acceptor and donor

species can have a range of energies and bond separations following a Boltzmann-type

o . . . . . [41]
distribution. For this reason, the spectroscopic CT band is essentially gaussian ~ when drawn
with an energy-related abscissa.

The energy for the electron-transfer reaction is supplied by a photon:
AD+hv > AD" (1.23)

The CT complex is colored because of the uptake of this photon; and the color seen in the
laboratory is the complementary color to that absorbed.

In addition to collision between acceptor and donor followed by photon absorption, equation
1.23, there is also an extensive literature on the formation of CT complexes via redox reactions,

as represented here by electron-transfer within an ion pair
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[bipm_'D”_] - [bip111‘j'+D':n+1\"_} (1.24)

Photon absorption by the product of equation 1.24 yields the familiar color of a CT complex.

Since the viologen dication is almost always involved in some form of CT equilibrium, electro-

2+
reduction will involve electron transfer to a bipm moiety that is complexed. In fact, complexes

of methyl viologen can be relatively electro-inert at solid electrodes and the rate determining step
during electro-reduction is the prior dissociation of the complex before electron-transfer: it is thus
a CE reaction. This CE reaction (that is, a chemical reaction followed by an electrochemical

reaction) is demonstrated in figure 1.8, where the rates of electron-transfer ket and of complex

dissociation are plotted together: the correlation is seen to be more than coincidental, which
would surely have been the case in the absence of a CE-type process.

The inorganic ion to have received most attention as a CT donor to methyl viologen is
[42-46] i i i [47]
hexacyanoferrate(ll) . The CT of aqueous methyl viologen with ferrocyanide depends on
-1
pressure, € increasing by 35% and kmax shifting by ~ 1700 cm when the pressure was increased

from 0.001 kBar 10 kBar. The spectral peak width did not alter, although the peak is slightly non-

gaussian (too wide) on the low-energy side on the band.

. L. A . . [42, 48, 49] R XA
Nitrogen-containing species are represented by amines such as aniline , p-toluidine , p-

. . [50] . U 4 R ¥4 . .
phenylenediamine , N,N-dimethyl-aniline , benzidine . In passing, it should be noted

pyridine or 4,4’-bipyridine also acts as a donor (particularly in organic solution) owing to the
lone pairs at nitrogen: when conditions are opposite, the quaternization of 4,4’-bipyridine will

proceed with a faintly colored solution since the unreacted bipyridine forms a weak complex with
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the newly formed viologen product. No quantitative measurements of association between

pyridine or 4,4’-bipyridine and viologens are extant.

42 2]

[42] [4
The best oxygen-containing donors are the phenols such as p-cresol , p-methoxyphenol , and

pyrogallol[42]. There is some evidence that a few aliphatic alcohols[51] (such as propan-1-ol and
propan-2-ol) can also effect CT with viologens.

Another type of CT is seen when the donor is an aromatic species. Here, it is the n-orbitals of the
arene which donates charge to viologens. In this case, it is the (charge) centroid of the arene

which is directed toward the nitrogens of the bipyridilium salt acceptor, rather from a specific
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donor

[52-57]
atom

=5.2 7 chilanics
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v
= =72
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hydroguingns
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Fig. 1.8

Plot aof ke (fer=rate constant of electron-transfar to the metipviologen

dication,) agaist Mg, (fa—rate constant of the dissociation of metind

viologen chavge-transfer complex). Both rates relate to solution-phase

compleves i water at 208 K The lower line relates fo a straightforward

correlation between Igand lge the upper line represents anomalous kanetiks,

with adsorption-catahsed lectron-transfer (CT), slow ka([Fe(CN)J*) and

ion pairs without CT (CIOy and SOy ). ( Electrochim, Acta 1995, vol. 43,
P M.S. Mowik and Hodglanson, page 243).

The energy of the charge-transfer band in the solid state usually relates to the energy necessary

for photo-excitation across the band gap between the valence and conduction bands, although it

could still refer to the energy required for electron hopping between acceptor and donor.

The viologen radical cation is comparatively electron rich and can, in the solid state, act as

a modest donor. When acting as donor to a viologen dication, the formal oxidation state per

. o . L . [58]
viologen moiety is non-integral and the solid is thus deemed to be “mixed valent” . These
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mixed-valence species are well-conducting semiconductors or even have metallic electrical
properties. It should be recognized that anions are also present in a non-interactive capacity. (The
magnitude of anion interactions, hitherto the sole interactions of interest, are probably much
smaller here than the other forces in the solid state, so anions can be ignored except insofar as
they may influence the resultant crystal structure).

Samples of solid solid-state viologen are held together in a highly stereospecific

conformation by charge-transfer-type associatives forces.
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CHAPTER Il

Solid thermoplastic laminable electrochromic film

Introduction

Electrochromic (EC) technology and EC device are drawing attention for their high
potentiality in relation to solar control and display applications. The working principle of EC
systems is very simple and is linked to the use of EC molecules which exhibits new optical
absorption bands when an electron is gained or lost in a redox process™?. In the most simple EC
devices, EC active molecules are dissolved in the some medium interposed, as a single film,
between the conductive inner surfaces of two transparent supports ( generally glass slabs). The
first examples of these EC films are those obtained dissolving anodic and cathodic EC molecules
in a fluid electrolyte solvent. In this case the performance of the system is controlled by
molecular diffusion of the EC molecules. During the coloration step, when a potential difference
between the electrode layers is applied, the EC molecules need to diffuse toward the conductive
electrodes, where they are reduced (cathodic process) and oxidized (anodic process). Color across
the film is generated by the change of the optical absorption of the cathodic or anodic (or both of
these) species®®). When the electric potential is removed, cathodic and anodic molecules diffuse
across the medium and the electron-transfer process, between the oxidized and reduced species,
takes place. EC molecules will then return to their zero-potential equilibrium state, and the color
disappears. The electrochromic fluid film has the advantage of being reasonably fast (operational

time less than 1 second) but cannot be used in large solar control window or large display for
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several reasons. First of all, it must be mentioned that materials forming the fluid film are
subjected to natural convection or to a process known as aggregation® or segregation ), due to
the variation of the solvent organization around the EC molecules when they undergo redox
processes. Near the anode the solution density increases with respect to the bulk, owing to the
oxidation of cathodic material. Polar organic solvents used in EC devices in fact yield a better
solvatation of cathions and oxidized species. The motion of solvatation sphere surrounding the
anodic material towards the newly formed oxidized species allows the solution to become more
dense. At the cathode the effect is reversed. In this way severe color inhomogeneity in large area
devices can occur. Other drawbacks phenomena encountered in large EC device where fluid film
are sandwiched between glass slabs are due to the onset hydrostatic pressure of the fluid layer
which can break or separate from the glass supports. To eliminate the disadvantages of the fluid
film EC devices, polymer thickeners have been introduced into the EC fluid solution. Examples
of these systems are those described by Tsutsumi et al.®*® which contain organic EC redox
materials, solvents, and some percentage of a cross-linked polymer, formed by in situ
polymerization of some fluid monomers added to the formulation. Other kinds of EC devices
involve conducting polymers in which redox molecules are immobilized by providing reactant
pendants(“'l3). Our research work is different from EC gelled mobile systems and immobilized
systems was devoted to the development of an easy technology based on self-standing materials
where redox centre mobility is reduced but not suppressed. Recently we have published a study
concerning a new thermoplastic self supported EC film®**®. There the preparation of this film,
containing wt.40% PVF (poly vinyl formal), 5wt.% ethyl viologen diperchlorate (EV), 1wt.%
hydroquinone (HQ) and 55 wt.% propylene carbonate (PC), is described. The absorption data of
the device at different pulse voltages are presented as a function of time. The active molecules we

have used as cathodic components belong to the class of bipyridinium salts (viologens), which
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are a well-known class of EC compounds displaying different colors in dependence of their
oxidation state and the nature of the substituents at the nitrogen atoms @2V In this chapter our
scope is to study the effect of the concentration of different components and the effect of the

thickness on the films EC under object of study.

2.1 Experimental section

2.1.1 Chemicals

All chemical reagents were commercially available and were used as purchased without
further purification. Poly(vinyl formal) (PVF), propylene carbonate (PC), hydroquinone (HQ),

ethyl viologen diperchlorate (EV) were purchased from Aldrich Chemical.

2.1.2 Samples preparation

Different electrochromic samples with different compositions and different thickness
were prepared in order to study their electrooptical parameters and properties. Here we describe
the general preparation procedure of an electrochromic solid film; in the following paragraphs the
details of the amount of each component will be supplied. Ethyl viologen diperchlorate,
hydroguinone and propylene carbonate are mixed in a proper amount, the obtained
electrochromic solution is stirred at 100°C for approximately 10 minutes for good
homogenization. All solid electrochromic films are produced mixing at 150°C PVF and the

electrochromic solution, until an homogeneous perfectly transparent film are obtained ( thermal
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blending process). After cooling the mixture at room temperature, an homogenous solid film,
with EC properties and great adhesion ability to a glass support is obtained. The all solid ECD is
then very easily manifactured, by simply heating the electrochromic film to the temperature of
softening of the plasticized thermoplastic polymer (100-150 °C), this molted mixture is laminated
between two ITO coated conductive glasses. No spacer needed to be added to control the
thickness of the cell, because, the control of parameters of the lamination process, as the
temperature and the pressure applied to the conductive glasses, allowed us to get an
electrochromic cell of the desired homogeneous thickness. This preparation gives the possibility
to obtain in a very easy way ECD suitable for large-scale applications, by simple lamination of
the film between conductive glasses.
The advantage are:
1) No evaporation of solvent
Some electrochromic films are obtained dissolving each component of the mixture in a
solvent, and then evaporating the solvent to obtain the film. It is not optimal because the
production of large area device would ask the disposal of great quantities of harmful
solvent.
2) No curing after device obtain
In some gelled system with the diacrylate monomers it’s necessary UV curing of the
device after the assemblage to get a self-supported film
3) Mono-layer system
4) Self-consistent

5) Self-supported
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2.1.3 Experimental setup

The electro-optical properties of ECD were measured with a YASCO V550 UV-VIS
spectrometer. The light intensity with no sample in place was assumed to be the full-scale
intensity. Measurements was performed at 25°C, under the application of square voltage pulses.
An AMEL 2049 model potentiostat/galvanostat and an AMEL 568 programmable function

generator were used to apply a square potential during electrochromic measurements.

2.2 Results and discussion

In order to study the effect of the concentration of the different components and the effect
of the thickness on the films EC under object of study, we have prepared six different mixtures

containing different amounts of polymer and solvent.

sample name 35% | 37% | 40% | 43% | 45% | 50%

PVF (poly(vinil formal) 35% | 37% | 40% | 43% | 45% | 50%

Ev (ethyl viologen diperchlorate) | 4% (4% |4% 4% |4% | 4%

HQ (hydroquinone) 2% 2% (2% |2% | 2% | 2%
PC (propylen carbonate) 59% | 57% | 54% | 51% | 49% | 44%
TABLE N.1
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Each mixture has been used for the preparation of films with different thickness

As we can see from the table, in each sample the relative amount of anodic substance (HQ) and
cathodic substance (EV) is constant as a study carried out in our laboratory has suggested. This
study has shown that the percentage of EC and HQ, published on the table, satisfy the preparation
of efficient ECD demands.

The mixture has been prepared mixing and warming the component (PVF, HQ,EV.PC) at 100-
150°C. After it was cooled at room temperature, and an homogeneous plastic mixture, with EC
properties, has been obtained. The EC film was prepared by laminating the mixture between two
glass supports coated with indium tin oxide, in order to apply the dc voltage needed to colour the
electrochromic film. Any efforts to delaminate the glass supports at room temperature without
breaking the cell was unsuccessful. The system could be delaminated only at 80°C. The film
reveals an homogeneous and continuous structure without visible phase separation as reveals the
SEM analysis carried out in our laboratory. A complete absence of porosity and channels greatly
restricts the migration of the molecules inside the film. In literature ECDs in which redox
materials are mixed with a solid polymeric matrix are known @2, but in such systems anodic and
cathodic ionic chromospheres are able to migrate in solution phase towards the electrodes when a
voltage is applied, because the morphological analysis show the presence of high porosity which

contains solvent. EC systems with similar compositions are described as “free-standing gels” %

3

% A “free-standing gel” is described as “ a system of polymer matrix with interspersed EC
solution.....”. Once again the EC layers are formed by filling devices with a relatively low
viscosity solution of monomers, followed by in situ reaction to give a cross linked polymer

matrix. A preferred polymer or cross link forming reaction is that of isocyanates with alcohols

These gels can be thought as a two phase system in which a continuous phase is interdispersed in
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a Three-dimensional matrix formed by a polymer phase. The solution portion of gel is open
enough to allow relatively large molecules and ions to diffuse and/or migrate throughout the
phase, to and from the electrodes. The morphology of a gelled solution phase EC system is very
different from that of our electrochromic solid film which has a continuous structure without
visible phase separation, and redox materials are not free to migrate.

The absorption spectrum of the coloured and uncoloured electrochromic cells carried out in our
laboratory by another work, reveals at 606 and 413 nm the maximum wavelength of absorption
related to the cation of ethyl viologen (bipm™), the resulting colour of the film is blue. This
radicalic viologen specie is intensely coloured owing to the presence of the single electron
acquired on reduction, which is delocalized extensively over the bipyridilium core. From the
spectrum there is no evidence for dimer formation. When viologen is reduced, the colour of
radical cation can change from blue to purple, this change in colour of the absorbing molecules
being due to formation of viologenic dimeric species. Monomer-dimer equilibration was

proposed by Schwarz ?% in 1962, and is outlined in equation 2.1

2bipm™ = (bipm),?* 2.1

The associated changes in UV-visible spectra are quite marked with absorption bands shifting to

lower wavelengths and new bands appearing at right wavelengths for the dimer form how we

can see in figure 2.1.
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Fig. 21 A comparison[?f the UV-visible spectra of methyl viologen radical cation as monomer
9
and as dimer

The shape of the spectrum in the range 400-600 nm (the band for both the monomer and the
dimer of the radical cation) does not change, suggesting that the bands arising from the monomer
and dimer transitions fall in the same spectral region and exhibit only minimal structural
differences. Then we can argue that the dimer is not a complex of dication and di-reduced
bipyridilium redox states®®. The new spectral band at high wavelength (at c. 900nm) is best
regarded as an allowed transition within the dimer according the energy scheme of Kosower®,
The new band is not a charge-transfer transition, which would be forbidden. Since both dimer

and monomer absorb in approximately the same region, and both have similar extinction
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coefficients, the colour of the radical cation is not directly attributable to the unpaired radical
electron. Comparing the UV-visible spectrum obtained for the ethyl viologen in the solid
electrochromic film, with UV-visible spectra of radical cationic methyl viologen and dimer in
water reported in work of Kosower and Cotter (Fig.2.1), as said before there is no evidence for
dimeric specie existence, in fact spectral profiles of ethyl viologen in our solid polymeric matrix,
in range 400-600 nm, 3250-450 nm and 900 nm are very different from that of the dimeric form
in the same range of wavelength. In particular the absorption maximum of the dimer was
observed at around 530 nm and the colour was violet, while, for the monomeric radical cation the
absorption maximum appeared at 606 nm and the colour was blu. Then all alkyl-substituted
viologen radical cations in solution have the similar spectra, because the electron resides within
the bipyridine core and the electronic interactions beyond the first carbon of the alkyl chain are
minimal. The spatial orientation postulated for the dimer®® is one in which the two radial cations
lie face to face in a sandwich-type structure, linked by the two m-clouds overlapping to form a

n—mt' bond.
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Fig.2.2: head to head structure of the ethyl viologen dimer with two monomeric molecules having
a z-interaction
Such a dimer would be expected to be unstable with respect to coulombic repulsion as caused by
the close proximity of the two positive charges, implying that the spin-pairing of dimer formation
is greater than the instability engendered by coulombic repulsion. For our solid film the energy of
solvation, in the non aqueous polymeric plasticized system, is probably not great enough to
balance the Coulomb repulsion, and so the monomeric species is stabilized, or in other terms the
ethyl viologen prefers to interact with some species present in the mixture giving a stable
interaction avoiding the formation of dimers. Alternatively another reason which prevents
dimerisation could be the strongly limited freedom of motion of bipyridilium molecule inside the
polymer matrix of the electrochromic film. Viologen molecules are dissolved in the polymer
when they are in the dicationic form, no tendency to dimer formation exists because there is no
unpaired electron and molecules are arranged apart because of the Coulomb repulsion. When the
coloured radical cation is generated by a suitable voltage, molecules motion is prevented by the

hindrance of polymeric chains, thus monomers cannot approach in order to overlap to two 7-

clouds and to form a n—nx' bond making a dimer, this behaviour is outlined in figure 2.3.
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Fig. 2.3: Dicationic bipyridilium molecules (yellow spheres) and radicalic bipyridilium (blue
spheres) inside the plasticized solid matrix. The polymeric chains avoid bipm™ radical
cations move to each other to form a dimer.

We have chosen to follow the absorption band centred at 606 nm as a function of the applied

voltages and as a function of time to characterize the response of the ECD. A DC square pulse

has been applied to the cell.

We have performed measures of transmittance as function of the dc pulse voltage amplitude, for

a fixed pulse length of 5 seconds, and then we measured transmittance as function of time for a

fixed pulse voltage amplitude.

In figure 2.4 we report the transmittance as a function of time and dc pulse voltage amplitude

applied to a cell 90 micron thick, containing 35% of PVF, at a fixed pulse voltage length of 5 sec.
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Fig2.4: Transmittance at 606 nm obtained from an ECD 90um thick subject to different
voltage pulses 5 sec long, as function of time. The EC film has the composition: 35
wt%PVF, 4 wt% ethyl viologen diperchlorate, 2 wt% hydroquinone and 59 wt%
propylene carbonate.

We can observe that the EC response doesn’t occur below 1.4 Volt, and it becomes more and
more enhanced by increasing the voltage. The transmittance decreases during the dc pulse

application since the population of the absorbing bipm™ radical cation gradually increases

(eq.2.2), during the electrode charge injection.

bipm?*+e” —  bipm" 2.2

When the voltage applied reaches sufficient values, the second reduction of bipyridinium can

occur, according to the following reaction:

bipm*+e” —  bipm° 2.3
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so the bipm® not coloured species start to form. This clearly reduces the population of the red-
absorbing bipm+. Once the pulse is removed, two processes must be taken into account: the
conversion of the neutral back into the monocation species and the conversion of the latter into

the dication form.

bipm*+e ——» bipm™ 2.4
bipm-* — bipm?*+e” 25

If the rate of the first reaction (2.4) is greater than that of the second one (2.5), the population of
the absorbing species keeps increasing for a while. In other words, the absorption does not
decrease immediately after the removal of the pulse and some increase of coloration can be
appreciated instead of the bleaching expected immediately after the voltage removal.

The decade of the neutral species into the monocation form, after the voltage removal, can
occur by chemical processes different from that described by eq. 2.4. One of these process is the

reaction with the oxidized (1,4-benzoquinone) form of the anodic compound (hydroquinone):

+ 2 bimp™
2bipm® + +2H" ——

0 OH

Fig 2.5 : Redox reduction of neutral bipyridilium to radical cationic form the reducing species
is the 1,4 benzoquinone formed at the anode during the charge injection
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Another possible process for the conversion of bipm® into bipm®™ is given by the

comproportionation reaction 2.6 132

bipm?*+bipm®=2bipm™ 2.6

This latter mechanism needs more discussions. In fact, evidence for the dimer being the
intermediate product of comproportion comes from RRDE (rotated ring-disc electrode)
analyses® and in situ spectroelectrochemistry ®¥. The dimer is thought to have a sandwich-type

structure, with two radical cations lying face to face and linked by a n—='-bond

¢ ) — 2
.
> .:.
O
Y :
R ﬁ' +

Fig.2.6: Schematic diagram showing the mechanism of bipyridilium comproportionation:
intramolecular electron-transfer yields a radical cation dimer, which dissociates
to form monomer units

The transition state complex (TS) for comproportionation is thought to have the same structure
as the dimer (above), with bipm®* and bipm® moieties being parallel to promote the electron

transferring through the n—mn-bonds. Comproportionation reaction is strictly related to the
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dimerization equilibrium. Our results indicate that the dimer is not a stable product in the

electrochromic solid film object of this study, but we suppose that factors which prevent the

formation of the dimer can also avoid comproportionatin reaction.

This is more evident in Fig. 2.7.
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amplitudes, when voltage pulses having the same pulse length of 5 s have been
applied to an EC cell 30 um thick, containing 45 wt% PVF, 4 wt% ethyl viologen
diperchlorate, 2 wt% hydroquinone and 49 wt% propylene carbonate.
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In this figure the transmittance is reported as function of the time and voltage pulse amplitudes,
when voltage pulses 5 s long are applied to an EC cell containing 45% PVF and having a
thickness of 30 micron. From this figure we can draw that during the dc pulse application the
transmittance decreases. After the removal of the pulse the transmittance keep decreasing and we
can see the formation of the flex.

In order to analyze the effect of the thickness of the film and the amount of polymer on the
operation of our electrochromic device, we have brought back in the diagrams reported in Fig.s
2.8-2.12 the transmittance obtained from different thick devices, where the content of PVF, and
then the “hardness”, has been progressively increased. In fig. 2.8 we report the response to
voltage pulses of various amplitudes (1.8V, 2.2V, 2.4V, 2.6V) and the same pulse length of 5 sec.
The voltages have been applied to the cells containing 35% of PVF, 4 wt% ethyl viologen
diperchlorate, 2 wt% hydroquinone and 59 wt% propylene carbonate with cell thickness of 30

um (black line), 60 um (red line), 90 wm (green line).
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Fig. 2.8: Transmittance measured at 606 nm as a function of time at different voltage pulse
amplitudes (a) 1.8V, (b) 2.2V, (c) 2.4V, 2.6V (d); values obtained for the same
pulse length from samples containing 35% of PVF, 4 wt% ethyl viologen
diperchlorate, 2 wt% hydroquinone and 59 wt% propylene carbonate, having cell
thicknesses of 30um (black line), 60um (red line), 90um (green line). The dashed
vertical line indicates the application time of the voltage.
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From figure 2.8 we can observe that the transmittance decreases during the dc pulse application,
due to gradual increase of the population of radical cation (bipm™). At 1.8 V (Fig.2.8 a) and 2.2V
(fig.2.8 b) the absorption decreases (increased transmittance) immediately after the pulse voltage
has been removed (right side of the dotted line). Increasing the pulse voltage to 2.4V (Fig. 2.8 ¢)
the absorption doesn’t decrease immediately, after the pulse voltage has been removed, but keeps
increasing for a while. This is more evident for the sample with thickness of 30um. Increasing the
pulse voltage to 2.6V (Fig.2.8 d) the decreasing of transmittance is evident, not only in the
sample with thickness of 30um, but still in the sample with thickness of 60um. The thicker film
(90um), even going to 2.6V, does not exhibit (if not slightly) an increase of absorption (decreased
transmittance) after removing the electric pulse.

In figure 2.9 the same experiment presented in Fig. 2.8 is reported, but in this case the voltages
have been applied to a cell containing 37% of PVF, 4 wt% ethyl viologen diperchlorate, 2 wt%

hydroquinone and 57 wt% propylene carbonate.
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Fig. 2.9: Transmittance measured at 606 nm as a function of time at different voltage pulse
amplitudes (a) 1.8V, (b) 2.2V, (c) 2.4V, 2.6V (d); values obtained for the same
pulse length from samples containing 37% of PVF, 4 wt% ethyl viologen
diperchlorate, 2 wt% hydroquinone and 57 wt% propylene carbonate, having cell
thicknesses of 30um (black line), 604m (red line), 90um (green line). The dashed
vertical line indicates the application time of the voltage.
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An inspection of figure 2.9 evidences that the sample containing 37% PVF behaves as the
sample containing 35% PVF. Up to 1.8V (fig.2.9a) and 2.2V (fig.2.9b) transmittance increases
(bleaching of the EC film) immediately after removing the electric pulse (at right of the dotted
line). Increasing the applied voltage up to 2.4V (Fig. 2.9c) and 2.6V (Fig. 2.9d), the film
continues to colour even after the electrical pulse has been removed, as shown by the decrease of
transmittance at right of the dotted line in figures 2.9 ¢ and 2.9 d. This is less evident in thicker
films (60pm and 90um).

In the figure 2.10 it is shown the behaviour of the sample containing 40% of PVF, 4 wt% ethyl

viologen diperchlorate, 2 wt% hydroguinone and 54 wt% propylene carbonate.
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Fig. 2.10: Transmittance measured at 606 nm as a function of time at different voltage pulse

amplitudes (a) 1.8V, (b) 2.2V, (c) 2.4V, 2.6V (d); values obtained for the same

pulse length from

samples containing 40% of PVF, 4 wt% ethyl viologen

diperchlorate, 2 wt% hydroquinone and 54 wt% propylene carbonate, having cell
thicknesses of 30um (black line), 604m (red line), 90um (green line). The dashed
vertical line indicates the application time of the voltage.
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The increase in coloration of ECD, after having turned off the electrical pulse, occurs at lower
voltages than those at which the same phenomenon occurs in softer films (35% and 37% of PVF).
From the graphs in figure 2.10 it is evident that at 1.8 V (fig. 2.10a) the sample turns colorless
immediately after the electrical pulse has been turned off (increase in transmittance at the right
side of dotted line), while already at 2.2V (fig.2.10b), it is evident the increase in coloration
(decrease in transmittance) of the film even after the electrical pulse has been removed. This
effect is more pronounced in the thinner (30um) film and is less pronounced in thicker films
(60pm, 90um); it becomes more intense by increasing the applied voltage (fig. 2.10c,d).

For the harder samples, containing 43% of PVF( fig. 2.11) and 45% of PVF (fig.2.12) this trend
is confirmed. While at 1.8V, after removing the electrical pulse, the EC film turns colorless
immediately, at 2.2 V it keeps a further coloration when the electrical pulse has been switched off
(fig.2.11b, 2.12b), as well as we had seen in the sample containing 40% PVF. This phenomenon

is even more pronounced at higher voltages: 2.4 V (fig.2.11c, 2.12c) and 2.6V (fig.2.11d, 2.12d).
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Fig. 2.11: Transmittance measured at 606 nm as a function of time at different voltage pulse
amplitudes (a) 1.8V, (b) 2.2V, (c) 2.4V, 2.6V (d); values obtained for the same
pulse length from samples containing 43% of PVF, 4 wt% ethyl viologen
diperchlorate, 2 wt% hydroquinone and 51 wt% propylene carbonate, having cell
thicknesses of 30um (black line), 60xm (red line), 90um (green line). The dashed
vertical line indicates the application time of the voltage.
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Fig. 2.12: Transmittance measured at 606 nm as a function of time at different voltage pulse
amplitudes (a) 1.8V, (b) 2.2V, (c) 2.4V, 2.6V (d); values obtained for the same
pulse length from samples containing 45% of PVF, 4 wt% ethyl viologen
diperchlorate, 2 wt% hydroquinone and 49 wt% propylene carbonate, having cell
thicknesses of 30um (black line), 60xm (red line), 90um (green line). The dashed
vertical line indicates the application time of the voltage.

The analysis of the graphs presented in Figures 2.8/9/10/11/12, allows us to conclude that the

application of voltages greater than 1.8V causes some change in the functioning of the ECD.
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In fact at high voltages the ethyl viologen neutral no colored species (bipm°® eq.2.3) is formed.
The further increase in staining of the EC film after switching off electrical pulse can be ascribed
to the reoxidization (eq. 2.4) of the neutral species into the radical monocation bipm * colored
species, whose population gives rise to an additional film coloration. The bleaching of the film
occurs through the oxidization of the radical monocation which is transformed into the not
colored dication (bipm?* eq. 2.5).

If our interpretation is correct, transmittance data presented in Fig.s 8-12 will indicate that in our
ECD second reduction (eq. 2.3) doesn’t occur at voltages lower than 1.8 V, either for the hardest
samples. So we have decided to follow the trend over time of the curves of transmittance when
voltage pulses of this amplitude have been applied, measuring the transmittance using
progressively longer driving times. The figure below (Fig.2.13) shows the results obtained for
the sample containing 43% of PVF and cell thicknesses 30-60-90um. The thinner sample
(Fig.2.13a) reaches steady state, where the concentration of the species bipm * does not change
over time, after about 7 seconds. In thicker samples (Fig.2.13b,c) we can see that no stationary
region appears, even during the colouring process up to 25-30 sec. of driving time, the absorption

keeps increasing only in connection of an increasing of the charging time.
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fig2.13: EC response to different time long voltages. Transmittance of EC cell at 606 nm, as
function of time and applied voltage dc pulse of 1.8V. Voltages have been applied to
devices containing 43 wt%PVF, 4 wt% ethyl viologen diperchlorate, 2 wt%

hydroquinone and 51 wt% propylene carbonate with cell thicknesses of 30um,
60m, 90um.

The contrast ratio CR is an important parameter to characterize the behaviour of an ECD.

We have defined this parameter in Chap. 1,
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Ro is the transmittance value before pulse application, Ry is the transmittance value at the end of

pulse; their values are experimentally measured. To study the effect of the second reduction of
the bipyridinium ion on the behaviour of CR we have reported this parameter, calculated when
voltage pulses of a fixed 5s pulse length are applied to different thick cells, as function of the
voltage pulse amplitude. Then we have reported CR as function of the pulse length, for a fixed

voltage pulse amplitude of 1.8 V.

We have performed our calculations on samples with a different content of PVF, that is to say a
different softness. Fig. 2.14 refers to the softer sample, containing 35% of PVF, while next
figures show the behaviour of CR obtained for the ECD based on films presenting a progressive
increase in the content of PVF, that is a progressively increase in the hardness: 40% (Fig.2.15),

43% (Fig. 2.16), 45% (Fig.2.17), 50% (Fig 2.18).
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Fig.2.14: CR ratio as function of pulse voltage, for a fixed application time of 5 sec (a) and as

function of the pulse length, for a fixed voltage pulse amplitude of 1.8V (b).
Voltage pulses have been applied to devices 30u (black line), 60 p (red line), 90 p
(green line) thick. containing 35% PVF, 4% ethyl viologen diperchlorate, 2%
hydroquinone , 59% propylene carbonate.

Paying a deep attention to observing Fig. 2.14a, we can say:

1) The values of CR are enough high (at least for the samples with thickness of 60 and 90

2)

3)

micron) that can allow the human eye to perceive the colour variation induced by
application of the voltage pulse.

The contrast ratio, under the same voltage pulse, becomes more and more enhanced by
increasing the thickness, probably since increasing the thickness the number per surface
of active electrochromic molecules increases.

For the same thickness, the contrast ratio becomes more and more enhanced by increasing

the voltage pulse amplitude up to 3.0-3.5 volt. If the voltage pulse amplitude is greater
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than 3-3.5 volt the CR values decrease. This is probably due to the formation of the not
coloured bipm® species, occurring at high voltages, which reduces the coloured radical
monocation concentration. The formation of the neutral species, according to the
observation of Fig. 2.8, already starts at 2.4 V, but its effect on the CR ratio, which is
directly connected to the human eye perception, is observed at higher voltages, when the
population of bipm® has reached considerable values.
From the analysis of the figure 2.14b we can argue that:

1) for pulse lengths higher than 5 sec. (Fig.2.14b) the thicker samples have the better CR ratio

2) the increase of the charging time allows the enhancement of the number of coloured
molecules per surface unit. This effect is more evident for the thicker sample, in with CR

drastically increases in time.

0,
16 40 /0 PVF 40 - 40% PVF

12 4 30

CR
C
3

m 40%-30um
u— 40%-60um
40%-90pm

— W 40%-30um
®— 40%-60um

. 40%-90um

X L]
' = = -

T T T T T T 1
aQ 5 10 15 20 25 30 35

T T T T T T T T T T 1
00 05 10 15 20 25 30 35 40 45 50 55 Time (s)

Voltage amplitude (V)

(@) (b)

Fig.2.15: CR ratio as function of pulse voltage, for a fixed application time of 5 sec (a) and as
function of the pulse length, for a fixed voltage pulse amplitude of 1.8V (b).
Voltage pulses have been applied to devices 30u (black line), 60 p (red line), 90
(green line) thick. containing 40% PVF, 4% ethyl viologen diperchlorate, 2%
hydroquinone , 54% propylene carbonate.
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From the qualitative analysis of graphics presented in Fig. 2.15-2.18 we obtain the same results
of precedent sample containing 35% PVF. In Fig. 2.15 CR data obtained from ECD device
containing 40% PVF can be inspected. It is possible to notice that the CR values are smaller than
the values of the sample containing 35% PVF. The number per surface of coloured molecules
decreases, probably owing to the greater amount of polymer The film is very hard, with respect to
previous one, and hinders both the mass transport to the electrode and the redox hopping,(process
probably involved in the coloration kinetic).

Moreover the pulse voltage corresponding to maximum CR (2.5-3.0V) is smaller than the pulse
voltage corresponding to maximum CR of sample containing 35%PVF. Indeed from the analysis
of Figure 2.10, we deduced that at 2.2V is formed species bipm® not colored. Probably, its
quantity increases with the applied field

Figures 2.16 reports CR data obtained from the sample containing 43% PVF.
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Fig.2.16: CR ratio as function of pulse voltage, for a fixed application time of 5 sec (a) and as
function of the pulse length, for a fixed voltage pulse amplitude of 1.8V (b).
Voltage pulses have been applied to devices 30u (black line), 60 p (red line), 90 p
(green line) thick. containing 43% PVF, 4% ethyl viologen diperchlorate, 2%
hydroquinone , 51% propylene carbonate.
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Looking at the graph reported in Fig. 2.16a, we can draw out these conclusions:

1)

2)

Under the same pulse voltage, the behaviour of the sample with thickness of 30 and 60
um is the same of that seen for the previous concentrations 35-40% of PVF, but the
thicker sample has CR values lower than the less thick samples, probably owing to the
higher stiffness of this sample with respect to the stiffness of the previous one. The reason
of this effect can probably ascribed to the greater amount of polymer which slows down
the injected charge diffusion towards the inner layers of the film. This slowing down
causes the lowering of CR values , with respect to sample containing 35% and 40% PVF,
and, besides a certain thickness there is an inversion of the curve trend: the values of CR
corresponding to the 90 p thick sample are lower than those for the 60 pu sample.
Probably by increasing the thickness of the film, for the same stiffness (quantity of PVF),
the charge injected spreads with greater difficulties to the inner layers and then the display
is colored less intensely.

The curve trend is the same to that previously seen when samples having the same
thickness are considered. In this case the values of CR increase with the voltage applied,

reaching the maximum at about 2.5-3.0 V

From the analysis of the figure 2.16b we can tell:

1)

When samples having the same thickness are compared considering their behaviour as a
function of the charging time, it must be noticed that the CR value of the 90 p thick
sample increases very quickly when the charging time is increased, with respect to the
CR value of the 30 p thick one. This confirms that the increasing of pulse voltage dc and

increasing the time of charge have different effect on the ECD.

Figures 2.17 and 2.18 report the CR values of the samples containing 45% PVF (fig.2.17) and

50%PVF (Fig.2.18) with the cells of different thickness. Increased rigidity of the film causes a
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drastic decrease of the values of CR, in particular those corresponding to the thicker films. The

curves for the three different thicknesses are gathering to the point that it isn’t possible to

distinguish from each other.

CR

45 %PVF

= 45%-13um
W 45%-34um
45%-77um

T
00 05

T T T T T T T T T T T T T T 1
10 15 20 25 30 35 40 45 50 55
Voltage amplitude (V)

(a)

45 4

40 4

35 4

30

% PVF
45%
—m— 45%-14um
®— 45%-34um
45%-77,m
2 "  —— ] . .
| B —a R ———8 -— &
T T T T T
10 20 30

Time (s)

Fig.2.17: CR ratio as function of pulse voltage, for a fixed application time of 5 sec (a) and as
function of the pulse length, for a fixed voltage pulse amplitude of 1.8V (b).
Voltage pulses have been applied to devices 30u (black line), 60 i (red line), 90 p
(green line) thick. containing 45% PVF, 4% ethyl viologen diperchlorate, 2%
hydroquinone , 49% propylene carbonate.
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Ffig.2.18: CR ratio as function of pulse voltage, for a fixed application time of 5 sec (a) and
as function of the pulse length, for a fixed voltage pulse amplitude of 1.8V (b).
Voltage pulses have been applied to devices 30u (black line), 60 i (red line), 90 p
(green line) thick. containing 40% PVF, 4% ethyl viologen diperchlorate, 2%
hydroquinone , 44% propylene carbonate.

Another important parameter that must be considered in order to understand the operation of the
ECD is the response time.

- Ton IS the time required for an ECD to achieve 95% of the colour

- Tof IS the time required for on ECD to achieve 95% of the maximum transmittance value
starting from the minimum transmittance value. This minimum was not always reached as the
pulse was turned off, because for high voltage values reaction 2.5 was occurring.

In this figure we report To, and To as a function of voltage pulse amplitude, for samples

containing 35%PVF (Fig.2.18a), 40% PVF (Fig.2.18b) and 45% PVF (Fig.2.18c).
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Fig.2.19: Ton (line black, red, green) and Tof (line blue, cyan, magenta) value as function of
different voltages dc pulse of 5 sec. applied to the films containing: 35% of PVF (a), 40% of
PVF (b), 45% of PVF (c); and cells thickness of: 30zm , 60m , 90um .
From the analysis of the above figures we can argue that:
» The values of T, are not dependent on the thickness of the film and the applied voltage; they
fall within a range of values between 3 and 5 seconds for whatever content of PVF.
The values of Ty increase with the thickness of the film and the applied voltage. This
increase is even more evident by increasing the hardness of the film EC (higher
concentration of PVF). Probably the reduced mobility of the EC molecules produces a

negative effect on the process of bleaching, but also the amount of bipm® in the EC mixture

can influence the rate of the spontaneous discoloration of the device.
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CHAPTER I

KINETIC

Introduction

In our device (presented in previous chapter) the operational times required for maximize
the optical contrast of the order of 5-10 sec, considerably longer than those required for
applicative aims. We suppose that that the shortening of these times can be achieved through a
deeper analysis of the kinetic mechanisms acting on the film during the colouration and bleaching
steps.

The introduction of anodic compounds that can act as donors, shorten the bleaching time of the
presented EC films, as it was expected. The shortening is more marked for particular anodic
molecules, such as hydroquinone. Without these molecules it has been observed that the film
works as a memory device (ref. 15b cap2) The role of the anodic substances will be elucidated in
a future publication where the kinetics of the bleaching process will be analysed.

In the present study the chemical reactions occurring in the bulk of the film and in the
neighbouring of the electrodes during the colouration process are written and the Kinetic
equations are derived. Two important points have supported us in tackling the problem of
Kinetics. The first one has been the observation that a satisfactory colouration of the film can be
reached only when samples are exposed to the air. When oxygen is removed our device gains a

poor colouration in very long times. Another important point is connected to the fitting of the
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experimental absorption curves obtained at different amplitudes of the voltage pulses for a
sample of well defined composition and thickness. We observed that the fitting of the data is
given by a single exponential equation when the voltage is kept under a threshold value, while it

is necessary to add a quadratic exponential term when the voltage exceeds this value.

3.1 Fit of the experimental data

In order to define the kinetic mechanism acting on our film during the stage of coloration,
we decided to analyze, for reasons to be discussed below, the one containing 35% PVF and
thickness of 90 microns. On this sample we performed kinetic studies, and later electrical studies
as will be discussed in the next chapter, disregarding the second reduction, to which are subject
bipyridilium species. It was possible because for this particular sample (see chapter 2, Fig.2.7),
the second reduction doesn’t occur if the voltage is not sufficiently high. This allowed us to
simplify the kinetic treatment and is therefore one of the reasons that led us to choose a sample
with the above composition.

Indeed, as discussed in chapter 1 (eq. 1.19-1.20) and in chapter 2 (eq. 2.3-2.4), the bipyridilium

species follow the following redox process:

A r < oA O o
\ 7/ \ v . 7/ \— o _ _

V ™ colourless V ™ coloured,blue \/ ° colourless

Fig. 3.1: Redox processes determining colour changes of the viologen dication.
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In the sample containing 35% PVF and thickness 90 micron, as it can be seen in Fig. 2.8 chapter
2, still at 2.6 volts it is not observed an increase in staining of the EC film after turning off the
electrical pulse. This means that neutral ethyl viologen, coming from the second reduction, is not
formed or at least its quantity is so small that it cannot be detected by our measures. Having used
voltages not higher than 2.6 Volt during our Kinetic studies, we assume that only the first
reduction of the viologen species can be considered. One other reason that led us to choose the
film to 35% PVF for our Kkinetic studies is the high values of contrast ratio (Fig. 2.14 chapter 2),
compared to those of other samples, which allowed us to see by unaided eye color changes of the
film due to the application of different electric fields.

In Fig. 3.2 and Fig. 3.3 the absorbance data of a sample containing percentage of polymer (PVF)
equal to 35% and a thickness of 90 micron are presented as a function of the pulse length. Data
of Fig. 3.2 have been collected when the device was being opened to air, while those presented
in Fig. 3.3 have been obtained when oxygen had been removed. It is possible to distinguish
between two different behaviours: data recorded at applied voltages lower than 1.8 V
(Fig.3.2a,3.3a) and data recorded at applied voltages higher than 1.8 V (Fig.3.2b, 3.3b). For the
data related to the aerated sample it is possible to point out that at high voltages (Fig. 3.2b), the
absorbance increases with pulse length more rapidly than it was observed at low voltages (Fig.
3.2a). The initial slope of the curve presented in Fig. 3.2b is considerably higher than that

observable in Fig.3.2a.
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Absorbance at 606 nm
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Fig.3.3(a),(b): Absorbance data obtained for deoxygenated sample at various voltage amplitude
as a function pulse length. a) behaviour of low voltages: 1.4 V (black squares),1.5
V (red rhombs ),1.6 V (green triangles),1.7 V(blue triangles), 1.8 V turquoise
rhombs ; b)high voltages: 2.0 V (black squares),2.2 V (red rhombs ),2.4 V (green

triangles),2.6 V(blue triangles)
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It is evident that the absorption (corresponding to a more intense blue coloration) is noticeably
increased in presence of oxygen. Moreover, while the aerated sample shows a more intense
colouration correspondingly to the voltage increase, either beneath or above the threshold value,
in the degassed sample the voltage effect is very poor or almost absent, especially for VV>1.8 volt.
In Fig.3.4 the contrast ratio (CR) obtained from the device at air and in absence of oxygen is
reported at various voltages (Fig.3.4a) and different pulse lengths (Fig.3.4b). As it can be seen,
the CR exhibited by the degassed device is very poor when compared to that obtained from the
device exposed to oxygen. The set of the experimental data presented in Fig.s 3.2-3.4 allowed us
to hypothesize that the reduction of oxygen is a relevant step for the kinetic mechanism

associated to the operative cycle of the device.
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Fig.3.4 a),b): Comparison between contrast ratios (CR) obtained for aerated (red) and
deoxygenated (green) sample as a function of a) Voltage; b) Time.

Taking into account the experimental data presented, our aim was to study the kinetic processes
underlying the functioning of the EC films during the coloring process. For this purpose a fitting

procedure was performed on the experimental data presented in Fig. 3.2. We didn’t perform the
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fitting of the data taken from the degassed sample, which have been shown in Fig. 3.3, because
the dependence exhibited by this sample on the applied voltage was very poor and resulted inside
the limits of the experimental error. The fitting procedure on the aerated sample gave different
results depending on the value of the applied voltage and the equations giving the best fit are
different for applied voltages lower than 1.8V and higher than 1.8 V. In the figure 3.5 we
presented the fitting performed on experimental data obtained at 1.6 V, presented in fig. 3.2, for
the device containing 35% of PVF and thickness 90 um. For values lower than or equal to 1.8 V,
as it is shown on Fig. 3.5, which is obtained at an applied voltage of 1.6 V, the equation giving

the best fit was a single exponential equation:

kgt

y,=Yy,+C-e*_ 3.1

0,30

0,25

0,20

Absorbance at 606 nm

0,15

0,10

time/s

Fig. 3.5: Fitting of the absorbance data obtained from a sample subjected to a pulse amplitude
of 1.6V and pulse length progressively increasing until 5 sec. The black squares
describe the experimental data curve, while the red continuous line is the single
exponential fitting curve expressed by eq.3.1.
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Table 3.1 presents the values of the parameters governing the single exponential equation (eq.
3.1) giving the best fit of the experimental data shown in fig. 3.2a

The constant term y, represents the fraction of absorbance which is present in all the devices and
that cannot be related to any active redox species. The term C, which doesn’t considerably vary
when voltage is increased, is in some way the “weight” of the single exponential mechanism
governed by the time constant k;. In the Kinetics section we will give an interpretation of this
parameter kj in terms of kinetic mechanisms describing the coloring process occurring inside the
film. Table 3.1 shows that this parameter (having the dimension of a time), increases with the
applied voltage.

Table 3.1

Values of single exponential curve fitting parameters for various voltages. The percentage error
for k; kinetic constant ranges from 2 to 7 %. For the lower voltage (1.4V) the presence of a

certain amount of noise in the electrooptical measurements didn’t allow to get the determination
of k; by the fitting of the adsorbance data with an error less than 13%.

Vv Yo C |k1
1.4V 0.09 0.53 0.029
1.5V 0.09 0.59 0.054
1.6V 0.09 0.55 0.095
1.7V 0.09 0.59 0.123
1.8V 0.09 0.60 0.159
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For values of the electric potential higher than 1.8 V (data of Fig. 3.6 refer to a potential of 2.4V)
the fitting requires the addition of another term. The results obtained employing only a single
exponential equation, on experimental data obtained at 2.4 V, are shown on Fig. 3.6a, while on
Fig. 3.6b it is possible to appreciate the visible improvement of the fit reached through the

addiction of a quadratic exponential term.

359 - 90um
0.6 4 . 24V

0.5 - , ML-,,

0.4
0.3

0.2

Absorbance at 606 nm

0.1

0 1 2 3 4 5

time/s

Fig. 3.6a : Fitting of absorbance data obtained from a sample subjected to a pulse amplitude of
2.4V and a pulse length progressively increasing from 0 to 5 sec. The black squares
identify the experimental data points, while the red continuous line is the single
exponential fitting curve obeying to eq.3.1
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Fig. 3.6b: Fitting of absorbance data obtained for a sample subjected to a pulse amplitude of
2.4V and a pulse length of 5 sec. The black squares represent the experimental data,
while the red continuous line is the fitting curve described by eq.3.2( single
exponential function combined with a quadratic exponential term) .

So the final fitting equation for voltages higher than 1.8 V is:

y,=Y,+C€—e" FB{-e"" 3.2)

Table 3.2 presents the values of the parameters governing the y, equation (eq. 3.2) giving the best
fit of the experimental data presented in Fig. 3.2b. The constant term yy, as it was expected, has
the same magnitude that in the case of the fit presented in Fig.3.5. Also C and k; have values and
behaviours similar to those obtained from the fit performed by eq.3.1. The parameter B,
measuring the weight of the quadratic exponential term, is almost an order of magnitude smaller
than C, and is slowly decreasing while the applied voltage is increased. When we are concerned
with time constant k, it is possible to notice that it exhibits an increase with the higher voltages

that is more sensitive when compared to that undergone by the single exponential time constant
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k1. The meaning of k, will be given in the Kinetics Section, where this constant will be connected

to a particular kinetic mechanism acting on our system.

Table 3.2

Values of single exponential (C,k;) and quadratic exponential (B,k;) curves fitting parameters
for various voltages. The percentage errors for the k; and for the k; kinetic constants range
respectively from 4 to 7% and from 5 to 10%.

vV Yo C < B Ik,

2.0V 0.09 0.45 0.203 0.074 0.542

2.2V 0.08 0.49 0.224 0.075 1.188

2.4V 0.08 0.52 0.259 0.064 1.780

2.6V 0.08 0.51 0.322 0.055 2.215
3.2 Kinetics

In the followings, we will derive the kinetic equations describing the coloration processes
in the bulk of the film and in the neighbouring. We will use the letter A to indicate the anodic
substance (in this specific case we have used the hydroquinone molecule), V** and V™ to indicate
the viologen dication and radical cation respectively. As we have seen from the experimental
data presented in the previous paragraph, the oxygen plays an important role in the functioning of
the EC film. We assume that at the cathode, near the electrode, the oxygen is reduced and carries
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the charge acquired in the EC film where reduces both viologeno that hydroquinone. In both
redox reactions the oxygen is transformed into its neutral form by acting as a charge carrier.

We assume that the reduction reactions in our system are:

0, +e —>0, at catode (3.3)
O, +V™ L v 10, in the bulk of the film (3.4)
not coloured coloured

Eqg.s 3.3 and 3.4 allow us to write the kinetic equation for V" as:

P
=k b (35)

The oxidation reactions are:

A— S A e at anode (3.6)
A" +0, —>A+0, in the bulk of the film (3.7)

According to eq.s 3.3-3.7 the diffusion equation for the O, molecule can be written as :

b op 3t B Ik B Ivab @9

dt

The first term at the right-hand of eq. 3.8 has be written in the hypothesis that application of the

pulsed voltage supplies a constant electronic distribution on the surface of the device, and then a
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constant electronic concentration (included in the constant k,). The last term at the right-hand
side has added to take into account the diffusion of the small (O, ) reduced oxygen molecule.

From the experimental data and from the procedure for fitting these data presented in the
previous section, we know that the EC film which is object of study behaves differently
depending on the applied voltage. So to solve the equations 3.5 and 3.8 we distinguish two cases:
casel ¢ <¢.(1.8Volt), casell o> ¢ (1.8Volt).

Case1: ® <dc

Absorbance measurements have been performed under the application of square pulsed voltages
of various amplitudes. In the followings, we will use the term voltage and the symbol ® referring
to the amplitude of the pulses.

The usage of low voltages prevents any accumulation of the species undergoing reduction (OZ’),

for any pulse length.

In the particular case in which the applied voltage is less than a critical value (®< dc), which
has been found to be 1.8 V, the fitting curve for the absorbance data is a single exponential
function (fig.3.3). According to our findings eq. 3.8 must be drastically simplified; so we assume

that O, concentration reaches a stationary state across the whole sample:

ab: L 89
dt

l)z‘ } const=a,® (3.10)
Eg. 3.10 has been written assuming a proportional relation, expressed through the constant a,

between the amount of the reduced oxygen and the applied voltage ®.

Then, eq. 3.5 can be rewritten:
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d E: l K, ‘.+. } {.++ J (3.11-a)

Where l’ o ;is the value of the initial concentration of V ™ inside the film and k; is related to
the voltage:

k, = k,a,® (311-)
The integration of eq. (3.11-a) leads to

i+o (:} {++ J(_ e—klt : (312)

Case 2: @ >®c¢

When the potential exceeds the critical value ®c¢ of 1.8 V, eq. (3.12) cannot give a satisfactory fit
of our experimental data (fig.3.6a,b), so we hypothesized that in our samples two regions, where
different potentials and different reduction mechanisms are acting, can be identified (fig.3.7).

The applied voltage is given by the sum of the two potentials acting on regions | (@) and Il
(@y).

(see Fig. 3.7)

O=P +O, (3.13)
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regionll

du

Fig. 3.7: Subdivision of the voltage inside a device: region | (bulk) where is acting a voltage @,
region Il (neighbouring of the electrode) undergoes a voltage @,

Region | is the region in the bulk of the film and is characterized by a stationary concentration of

OZ‘. The behaviour of the system resembles that already described as Case 1:

: glt+ l —k, {'|++ goq)l (3.14)

where kl = kva0¢|

b e (3.15)

In region Il, that is in the neighbouring of the cathode, the concentration of the reduced oxygen

varies with a linear dependence in time:
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d £ L const—a,0, (3.16)

Where 3.2 Is a constant, allowing us to rewrite eq. (3.3) as:

b B Tk 2o @)

Integrating eq. (3.17) and making the substitution:
1
K, :Ekvazq)u (3.18)

the expression that gives the concentration of the coloured species in the bulk is derived:

LG JGe (3.19)

Then the equation that describes the kinetics of coloration is:

A AR SR I JGe (3.20)

3.3 Test of the model

Here we propose a test to check the consistency of our model. More precisely, we want to
show that our assumptions have not only a consistency on a simply numerical basis (evidenced

by the numerical fit of our data), but also on a physical point of view.
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Starting from Case 1, which has been defined for ® < d¢, and identified with one Kinetic

mechanism acting in the whole sample, we have found a linear equation connecting the kinetic

constant k; and the applied voltage ®. It cannot be done in the particular situation described as

Case 2, characterized by an applied voltage subdivided into two contributions not determinable

“a priori”.

Fig. 3.8 reports k; data presented in Table I as a function of the applied voltage.

. . ; . ; . .
1.2 1.6 2.0 24 2.8 3.2
Voltage / V

Fig. 3.8: kj kinetic constant determined values as a function of the applied voltage.

The linear fit made to these data allows us to write the equation

k, = —0.4344 +0.3290 (3.21)

Here ¢ <1.8V
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The constant -0.4344, determined by a linear fitting procedure with a % error of + 4.6, represents
a “shift term”, while the angular coefficient 0.329, reminding eq. (3.11-b) and taking into account
the error affecting the fitting, can be expressed as:

k,a, =0.329+ 0.013 (3.22)
Eq. 3.21 is still valid in Case 2 (® > dc), but only for the bulk region, where the concentration of
the reduced oxygen doesn’t change in time, and where the voltage is equal to @,

We have supposed a linear variation of the voltage across the thickness of the film. In the figure
3.9 we show the subdivision of the voltage inside a device of thickness I, d is the thickness of
region | (bulk) where is acting ¢; voltage. The region Il (in the neighbouring of the electrode)

undergoes a voltage ¢ ; and its thickness is AX.

I
>

—_ d

- 1 [ +
1 1 1
1 AX | 1
—> 1
1 1 1
1 1 l
O BN

Fig. 8: Subdivision of the voltage inside a device of thickness I= d+Ax. d is the thickness of
region | (bulk) where is acting a voltage @, varying across this portion of the film
according to 3.23-b.. Region Il (neighbouring of the electrode) undergoes a voltage @y,
related to its thickness Ax by eq. 3.23-c.

Here:

| =Ax+d (3.23-a)

(3.23-b)

o
Il
S
_|Q_
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®, =q>-1g =q>(1—%j (3.23-¢)

Now the equation 3.21 becomes:

K, =-0.4344 + o.329¢% (3.24)

Applying eq. (3.24) to the particular case of a sample with a thickness 1=90 um subjected to an
applied voltage ® =2.4 V and taking into account the data reported in Table II, it is possible to
write:

0.259 =-0.4344 +0.329-2.4 CII— (3.25)

Straightforward calculations lead to:

d =79um (3.26-3)
Substituting this value in equation 3.23a we get:

AX =11um (26-b)
If we repeat this calculations for the other values of the applied voltages we find that the
extension of the region Ax near the electrodes is strictly connected to the value of the voltage. For
low values of the applied voltage the extension of the zone in which reduced oxygen is
accumulated is quite restricted (Ax is ~ 3 p, in the case of ® =2.0 V). When the voltage is
increased, the concentration of reduced oxygen gets higher values and it is possible to find this
species accumulating in a zone which extends from the cathode to 11 p inside the film.
Correspondingly, the bulk of the film, where the reduced oxygen concentration keeps a constant

value, reduces its extension with the voltage increase.

97



CHAPTER IV

Electrical characterization of electrochromic films extended

Introduction

The coloration and bleaching of large area electrochromic devices is a complex process,
involving electrochemical processes at two electrodes™ and voltage drops along the transparent
conducting electrodes which change the device potential at each point along the device®®. This
results in different coloration voltages at each point of the device, whether the device is switched
using a constant voltage or constant current waveform. If we could know the potential actually
“experienced” in the different positions of the sample, we might try, when possible, to make
some change to one or more parameters of the film or of the glass conductive to minimize the
difference of the local potential and then the film keep a uniform coloration throughout its
extension. Consequently, it is important in large devices to understand the factors in order to
optimise device design and develop control strategies which will lead to optimum performance®.
In the present we study the electrical characterization of our system leading to the experimental
curve potential according to the position. Our research activity was then addressed to the study of
an electrical model that could supply an interpretation of the inner potential curve and to build a
schematic model in agreement with the experimental results. The novelty lies in the fact that the
electric information was obtained using measurements of optical transmittance through the film.

Indeed in literature are present many publications having the aim to describe the kinetics of the
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studied systems in by analyzing the electrical information obtained from experiments of

impedance spectroscopy. 2

4.1 Electrical characterization

When the films are confined within large electrochromic conductive glass plates, the
transition from colorless to colored state occurs with modes that strongly depend on the spatial
location of the electrodes. In particular, in qualitative terms, it is noted that the staining is more
intense at the edges (or small areas close to the regions where the electrodes are applied) and is
attenuated as we proceed into the internal (and therefore more distant from the electrodes) areas.
Moreover, the intensity of staining in any particular region of the film reaches its maximum value
over time according to the kinetic laws previously studied (cap. 3). Analyzing the phenomenon
from another point of view, we could say that parts of the sample with different geometric
coordinates “do not feel” the same potential applied.

It’s obvious that if we could know the potential actually "tested™ in the different positions of the
sample, we might try, when possible, to change one or more parameters of the film or of the
conductive glass to minimize the differences in the local potential and then we could color the
film in a more uniform way throughout its extension, with the same T,.

With this goal in mind, we sought to characterize from an electrical point of view our system and
to study the propagation of the color. We made two samples of different sizes, but containing the
same electrochromic mixture (35% PVF, 4%EV, 2%HQ, 59%PC) and having the same thickness
(90 um). The surface of the first sample (sample A) was equal to cm1 x cml while that of the

second (sample B) was equal to cm20 x cm1 (fig.4.1).
99



» Thermoplastic polymer

/ Electrochromic film 35% wt polyvinilformal

» Plasticizer
- Conductive glass

60%wt propylencarbonate
» Electrochromic
4%wt ethylviologendiperchlorate

1%wt hydroquinone
I em

&

N sample A
- A

sample B

Fig.4.1: composition of the film under objet of study and sizes of samples A and B

It wasn’t possible to make measurements of transmittance on sample B using the spectrometer, as
described in chapter 2 section 2.2.3, because its dimensions were such that we couldn’t place the
sample inside the instrument itself, so we decided to get the optical information needed through

the use of optical line following this schema:
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Fig. 4.2: schema of optical line used for measuring of trasmittance

The beam of bright light emerging from a He-Ne laser passes through a chopper, whose rotation
frequency controls the reference signal of the lock-in. The light leaving the chopper through a slit
which avoids any reflections. The presence of a beam-expander, increasing the size of the beam,
and a slit, reducing the size of the beam, produces a perfectly collimated beam of light, which
reaches the sample on which an electric field is applied through a power generator. The sample is
placed on a device that allows us to move it along the direction perpendicular to that of incidence
of light, so measurements of transmittance as a function of distance from the point of application
of the electric field can be made. The light leaving the sample is incident on a detector: a
photodiode that collects light and converts it into an electrical signal. The signal is then directed
to a lock-in amplifier, sent to a reader, digital oscilloscope, and recorded on a PC. The software
for recording and processing the optical data has been made in our laboratory.

To have comparable data, both samples A and B underwent transmittance measurements through

the same optical line above schematized.
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All the measures of reference were made on sample A, which turns on almost uniformly.
Figure 4.3 shows the transmittance of sample A after applying voltage pulses with a duration of

5 seconds and amplitudes varying between 1.2 and 3.0 Volts.
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Fig. 4.3: EC response to different pulse voltages. Transmittance of the sample A as function of
the time for pulse voltages of various amplitudes and a fixed pulse length of 5s.

Transmittance data of sample B, to whose ends a pulse of 3 V has been applied, were recorded
at various distances from the point of application of the electric voltage.

Assuming x = 0 at one end of the sample, the transmittance was recorded at positions x = 0.1 cm,
1cm, 2cm, 3cm, 4cm, 5¢cm, 7cm, 10cm, 11cm, 14cm, 16cm, 17cm, 18cm, 19cm. Before taking
each new measurement we waited until the sample returned to the not colored state. Only the
value of the transmittance recorded in the immediate vicinity of the electrode (0.1cm) was
comparable with that recorded on the sample A, when the same pulse (3.0 V for 5sec ) was

applied.
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For the other positions the values given in figure 3 were obtained. In this figure we have reported
only the curves obtained from the first half sample, having verified that the other half part has a

specular behavior.

—e—1cm

110 - —e—2cm
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40 -

304

Time (s)

Fig. 4.4: EC response to different distances from the point of application of pulse voltage.
Transmittance of the sample B as function of the time using voltage pulses of 3V
and a fixed pulse length of 5 s.
A comparison of the value of transmittance at the time (arbitrarily chosen) of 4 seconds, obtained
for both samples, allowed us to obtain, indirectly, the potential actually experienced at the various
positions of sample B. The comparison was done by overlaying each curve in Figure 4.4
(transmittance of the sample B) to the curves of Figure 4.3 (transmittance of sample A). Figure

4.4 shows the comparison between the curves of transmittance of sample A and the transmittance

of sample B at 2 cm from the point of application of electric voltage.
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Fig. 4.5: Comparison of the transmittance curves of sample A and the transmittance curve of
sample B (20cm) determined at 2 cm from the point of application of the electric
voltage. At the ends of sample B a 5 sec long pulse of 3 V has been applied.

Fig.4.5 shows that after 4 sec the value of the transmittance of sample B falls between the values

obtained at 1.6 and 1.7 volts for sample A. A linear fit (fig. 4.6) of the latter ones allows us to

determine the value of the voltage acting, after 4 sec, on the portion of sample B which is 2 cm

distant from the point of application of electrical voltage.
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Fig. 4.6: linear fit of the values determined 4 sec after 5 sec of application of electric field of 1.6
and 1.7 volts for 5 sec to the sample A,

Repeating the operation of interpolation for all the curves of transmittance of sample B we have
been able to provide the value of the inner potential at each position and to built, indirectly, the

experimental curve of the potential along the film (Figure 4.7).
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Fig. 4.7: Potential inside the sample B as a function of the distance from the point of
application of electrical voltage

It is important to notice that the internal potential does not exceed the value of 1.8Volt

4.2 Electric schematic model

The experimental potential curve reported in Fig. 4.7 on the one hand gives us the
possibility of tuning the voltage to be applied to our system, on the other hand suggests an
electric schematic model consistent with our experimental results. Since our measures were at
taken at 1 cm interdistant positions, while reference cell extension was equal to 1 cm?, it seemed
useful and convenient to build a model comprising up to 20 cells, each one associated with a 1

cm? of film. The schema we have adopted is the following one:
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Fig. 4.8: Schema of 20 cells model, used for calculation the potential at different points along
the extension of the large area device

Here Rc is the resistance of the conductive glass, Rs is the impedance in the region of contact

between the glass and the film, Rp is the resistance of the film while Cp is the capacity of the

double layer. The study was carried out through a simulation step (commercial program. PSIM

7.1-Powersim Inc.- Simulation Softwer). VVoltmeters were also placed inside each cell and a DDP

of 3 V was applied for 5 seconds. In the adopted simulation program the values of the electric

parameters could be varied at will and the best fit was obtained for the following values:

e Rc=55Q
e Rs=100Q
e Rp=15kQ
e C=50uF
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Figure 4.9 : The elementary cell used to build the 20 cells model

This is basically a Randles cell. Moreover Vergaz and al. © have shown, through impedance
spectroscopy techniques, applied directly on our system, that the device acts as a cell Randles up
to 1.8 V, avalue in perfect agreement with the results of our fit (Fig.4.7).

With these values, the DDP calculated during the pulse at the heads of the cells numbered from 1

to 10 follow this pattern (there is also symmetry in the middle of the circuit) :
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Figure 4.10: DDP calculated during the application of 5 sec long voltage pulses of 3 V, at the

heads of the cells numbered from 1 to 10

Figure 4.11 shows the values of equilibrium (asymptotic) of DDP at the heads of individual

cells according to the sequence number of the cell. For comparison, the same figure shows the

experimentally obtained data. Each cell is associated with a portion of linear dimension equal to 1

cm. And therefore the number of cells corresponds to the distance from the electrodes in cm.

Thus we see that within an error of 5% of the potential curve is tested in good agreement with

that produced by our model.
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Figure 4.11: Comparison between the experimental (fig. 4.7) and calculated data (fig.4.10),
taken 4 s after the application of a 5 s long electric pulse of 3 V.

The comparison exhibited in Fig. 4.11 is the final confirm that an electrochromic film placed
between two plates of conductive glass, a portion having a size of 1 cm x 1 cm and a thickness of

90 microns, can be treated by an electrical point of view, as the circuit represented in figure 4.9.
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CONCLUSION

In the first part of this research the characterization of the electrooptical properties of a new kind
of solid electrochromic film was performed. This film is obtainable by simply doping preformed
solid thermoplastic polymers with electrochromic molecules and plasticizers. Some innovations
in the preparation process and in properties make this film particularly suitable for the production
of large-area devices. The effect of the concentration of the different components and the effect
of the thickness of the cell on the absorption properties of the ECD under object of study was
studied in order to explore and to optimize the electrochromic parameters.
Colouration/decolouration processes were complicated by the presence of a second redox step.
The graphs where the transmittance values obtained at 5 sec long voltage pulses of various
amplitudes, show that the second reduction of viologen becomes important for lower values of
the cell thickness, when the applied voltage pulse exceeds 1.8 V. Even if this value of pulse
amplitude is applied for a time longer than 5 sec, transmittance data show that the second
reduction of viologen doesn’t occur, so colored neutral viologen is not formed. This behavior is
not dependent on the hardness, that is the content of polymer, of the EC film.

The intensity of coloration reached by our device is expressed by the contrast ratio CR. The
values of this parameter are high enough to allow the naked eye perception of the color changes
occurring when the voltage is applied. We have obtained CR values that decrease when the
hardness of the film is increased, at a fixed thickness of the cell, and increase when the thickness

is increased, for a fixed value of hardness. For the harder devices (content of PVF equal to 45-
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50%) it has been noticed a critical reduction of CR ratio, with values that don’t exhibit a sensible
variation when the thickness is changed.

Another important parameter that we have studied to better understand and characterize the
operating functions of our ECD is the response time to the application and the switching off of an
electric field (Ton, Torr). We have calculated both T, and Tes at various voltage pulse amplitudes
and for various cell thicknesses. Experimental data show that while T, doesn’t depend on the
thickness of the EC film and on its hardness, Tof increases for more rigid and more thick films.
In the second part of this thesis the kinetic and the electric model which allowed us to interpret
the experimental data are presented.

The model for the kinetic mechanism underlying the colouration process of a laminable
electrochromic film, has been built up under the assumption that only the first step of the
viologen reduction, producing the radical cation V", occurs. This condition is experimentally
fulfilled for pulse lengths less than 5 sec and voltage pulse amplitudes lower than 2.6V. The
solutions of the kinetic equations have been given in terms of a single exponential function in the
bulk of the film at any voltage pulse amplitude. In the environment of the cathode a quadratic
exponential term has had to be added for voltage pulse amplitudes equal or higher than 2.0V.
These solutions have been found considering the important role of oxygen molecule as an
intermediate agent for the electronic exchanges between the cathode and the viologen

electrochromic species. Constant concentration of o, across the whole sample accomplishes
the single exponential behaviour at voltages lower than 2.0 V. For higher voltages o,

accumulates in the neighbouring of cathode with a concentration directly proportional to the
duration of the pulse, and leading to a quadratic exponential contribution to the Kinetic

mechanism. Moreover it has been possible to measure the extension of the zone where the o,
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species accumulates at high voltages, analysing the colouration of a sample with a thickness
[=90 p. It has been found to vary from 3 to 11 p.

To find out under what restrictions, if any, our ECD device can be suitable for applications
which require the employment of large electrochromic surfaces, a large EC device was studied by
an electrical point of view from measurements of optical transmittance. A comparison of the
transmittance measures of a small size sample (sample A: 1cm * 1cm) with those of the large
size sample (sample B: 20cm * 1cm), but composed of the same EC mixture and having the
same thickness, allowed us to obtain the trend of potential as a function of distance from the point
of application of the same potential. By comparing these values with those obtained by a
simulation process, in which the EC device was regarded as an electric circuit consisting of
several elementary cells, they are found in agreement within an error of 5% . The elementary cell
is a Randles circuit which has to be added to the resistance of the conductive glass. The studies
by Vergaz et al. on our EC film support our conclusions. They confirm that our device behave as
a Randles circuit up to voltages near 1.8V. Our experimental data show that the inner potential
doesn’t exceed the value of 1.8 Volt. The simulation process has provided a value of resistance of
the conductive glass (Rc) of the same order of magnitude as the experimental one, certified by the
manufacturer. The difference between the two values could be due to impurities that may be
present or on the conductive glass, used for the construction of the device, or within the
components of the EC mixture. These results can be used as inputs in future simulations of the
operation of these devices in order to optimize the pulsed voltage signals that could enhance the
uniformity of coloration as well as reduce the power consumption.

After all, what comes out from the kinetic and electric models adopted to interpret the
experimental data, is that a critical value of the electric potential exists. When the applied voltage

pulse amplitude exceeds this value, the operational functions of our ECD change. This value is
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1.8 V and coincides with the value of the potential at which the second reduction of viologen
starts to become important. From a kinetic point of view, when this value is exceeded an
accumulation of oxygen in the neighbouring of the electrodes occurs. From an electrical point of
view 1.8 V is the inner voltage (value of the potential inside the film) that doesn’t have to be
exceeded to allow the large area device to be represented as a circuit whose elementary cell is a

Randless circuit.
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