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1. Introduction

1. Introduction

If we imagine aveekday, we will recognize that we look at displays the whole day through. It can
start in the morning with the digital clock, theffee machinefollowing with the electric
toothbrush. On the way to our work we meet displays at the bus stop and displays in the tramway. If
we go by car, we are informed of speed, fuel gauge, fuel consumption, mileage, temperature, anc
we useour GFS. At work we operate computers, maybe measunsgguments. Washingachine,

tumble drier, electric cooker, dishwashercrowavehelp us with our houseworl big deal in our

life is entertainment electronics such as TV, DXdgorder, hifi system, mp3 player, atebook,
gaming console, digital camereic.

Nearly everybody is lost withow mobile phoneThe capabilities of smart phones are far beyond
making just a phone call.

So every day humansome in contact with consumer gopdgich communicate with human by
visual effects.In these casesisual effects work as interface between human and machine. An
electrical signal can be transformed in a visual signal, which can be noticed by human and then
recorced as visual information. Symbols, figures, icons, writing, and so on are used fer man
machineinteraction. Depending on the rate of complexity there is a need of black and white images
or of colour images. With colour images very complex picture alterations are possible and so
compkex information can be visualizedhe change of colo can also beised as an element of
design.For simple information, e.g. function display on/off, black and white images ocaloorr

images are satisfactory.

Many consumer goods described above have indicators for the operating status, state of charge
ready to receig status, etcSuch controlindicators can be realized by simple displays, which
change colour and/or shapestead of usingnulticolouredhigh resolution display$lectrochromic
devices are a good choice, since they can change between different cetateg@nd persist in the
wanted state with nearly no further input of power (memory effect).



2. Fundamentals electrochromism

2. Fundamentals electrochromism

Crystals with imperfections can show colour centres, induced for exampiéugnce of radiation.
Przibram reported the migration of the colour centresd the coloui in a coloured potassium
bromide crystal under the influence of an electric field toward the point of lowest potential. With
this movement a welllefinededge @the colour was visibl€l].

Based on this observation Dreyer filed a p:
empl oying a scotophoric |ight valveo.

AThis invention relates to devices andtomet hc
relates to light modulation devices and methods employing a scotophor as a light valve, and to suct
light valves.

A scotophor, as the term is used herein, is a material which is tenebrescent. Tenebrescence is tf
property possessed by certain natarad synthetic materials of reversibly darkening and bleaching
under suitable irradiation (cf. H. Leverence
York, 1950).0 [ 2]

However the nomination HfAel ectrochr osoiptemand wa s
emission spectra of certain dyes may be shifted by hundreds of angstroms upon application of &
strong el ectric field. Thi s ef fect coul d
At hermochromi smo and @phot oc boloroprodusethioy hemthandcbirn d
I i g[B]t . O

2.1.Electrochromic effect

If the colour of a substance changes with electrochemical oxidation and reduction, it is a matter of
electrochromismThis means there is an electrochromic substance with an intrasgmittance at

a given wavelength. Over electrical contrédr example upon application of a voltagie
transmittance gets changed. If this change in transmittance occurs in the visible region (400 nm to
800 nm) human can observe it as a change oucol

T,(0) « » T,()

electrical control

T... Transmittance

RyfA) « »  R(A)

electrical control

R...Reflectance

Fig. 2.1. lllustration of the electrochromic effect: change in transmittance antbr reflectance in an electrochromic substance
over electrical control
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Fig. 2.2. Eye sensitivity function, V(8), (left ordinate) and luminous efficacy, measured in lumens per Watt of optical power
(right ordinate). V(8) is greatest at 555 nm. Also given is a polynomial approximation for(e) (after 1978 CIE data).

The change in transmittance and in colour ofetectrochromic substands usually due to a
Aredox 0 thirtoeeleckaxchromic substardé.

For t hi procdsgwitlrdagcompanied change of the transmittance and/or reflectance, only a
small electric current at low D@otentials of the ordeof a fraction of volts to a few volts is
requredWhen t he col our has changed, then this n:
effecto with theor et i.meeblitygmalhreesHing charges are necaspanyt

[5,6].

2.1.1.Electrical properties

Eledrical properties can be dividedtmintrinsic properties anextrinsic orforced properties.

2.1.1.1.Intrinsic properties

Every electrochromic substandeas a characteristic band structurdts neutral state. The energy
gap E between its highestccupied molecular orbital (HOMO) known as valencband,and its
lowest unoccupiednolecular orbital (LWO), known as conduction band responsible for the
absorbance/transmittancd herefore it determines thmtrinsic optical propertiesand colour
impressio7].
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L
mosE-ir mpr g I tﬁr
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héef requency

I..speed of light® chwwx wcep or@Ti)
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E

LUMO

s

—= B

HOMO

Fig. 2.3. lllustration of a band gap transition between the valence band (VB HOMO and the conduction band (CB)1
LUMO

2.1.1.2 Extrinsic and forced properties (oxidation-reduction)

As mentioned before arelectrochromic substancean change its transmittance at a given
wavelength over electrical control and this happens du¢ toe edox 0 process
electrochromicsubstanceDepending on applied walge the electrochromic substamysts reduced

or oxidised. Reduction describes the gain of electrons or a decrease in oxidation number and
oxidation describes the loss of electrons or an increase in oxidation number. Z#gsinews the

three redox states of viologefispyridiliums).

Fig. 2.4. The three common redox states of viologens, showing the two sucoesglectron transfer reactions (Mortimer, R. J.;
Dyer, A. L.; Reynolds, J. R.Displays27 (2006 2)

Oxidation or reduction of aelectrochromicsubstances usually accompanied by an inflow and
outflow of counterionsy hi ¢ h we dopaht$[4].n a me 0
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H
7\ N 7\ . yellow-green
(insulating)
N N TR
H H
undoping || p-doping
B
U NC [ o blue-violet
N e 0 (conductive)
Xl = X

Fig. 2.5. Electrochromism in polypyrrole thin films. The yellow-green (undoped) form undergoes reversible oxidation to the
blue-violet (conductive) form, with insertion of chargecompensating anions (8 (Mortimer, R. J.; Dyer, A. L. ; Reynolds, J.
R. Displays27 (2006)2)

Upon el ectrochedndmian g & dfo@ri ndxipd @dgpioord oand edn c
structure of the neutradlectrochromic substands modified, generating lower energytraband
transitions[6]. Figure 2.6shows the band structures apdssible energetitransitions for an
Aundopedo st atig-dapetdstateshfa conjugated] padymet

CB CB
(@) (b)

)

W1

undoped polaron bipolaron

Fig. 2.6. Band structures and energy transitions for an undoped state (a) and the oxidisédp-dopedi states (b, c) of a
conjugated polymer( VBéval ence band; CBiélgA b.dlegert J M.nCarter $. 4.)J. Chem. Phys.123
(2009 044704)

Initial oxidationT p-dopingi generatepolaronsalong the polymer chain. Thmlaroncreates two
energy levels inside the band gap dhds new transitions are possible. Upon complete electro
chemical oxidatiorbipolaronsare created, with localized eggrstates further from the band edges
than thepolaronstated6,8].

A polaron is a quasiparticle: It describes the appearance of a crystal electron and the deformation
which is produced from the crystal electron, in the crylstiéice. If electrons areoving through a

lattice, they will generate a poisation in their neighbourhoddecause of their electrical charge.

The neighbouring electrons will be forced aside and the atomic cores will be attracted. This
polarisation cloude will be carried alongtlwthe electronElectron holepolarons fhole-polarons)

were also found [9].

A bipolaron is a bound pair of two polarons.
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2.1.1.2.1 Cyclovoltammetry

An important measurement method for invesima of electrochromic substancess
cyclovoltammetry. By cyclovoltammetry voltage cycling accompanied by current measurement is
done.

As already mentioned oxidation or reduction of arelectrochromic substances usually
accompanied by an inflow and outflow obunterions So there is an ion transposithin the
electrochromic celland t hi s f $slrespersible fotbecchasasteristic appearance of
cyclovoltammogrens from electrochromic substanc@$e current contains an ionic component
and an electronic comporten

Figure 27 shows an examelfor a measurement resultayclvoltammetry.

0.66 V
200

T
S

!\:J
-
A\

=200 . fl."f
Rﬂ. /
400 L \/
W
. . 0.23 V. . . .
02 00 02 04 06 08 1.0
E/V vs.SCE

Fig.2.7. Cyclic voltammogram of the carbon paste electrode modified withN,N-ethylenebis(salicylideneiminato)
oxovanadium(lV) complex in 0.10 mol [* KCI solution, at a potential scan rate of 25 mV $ between-0.15 and 0.95 Ws
SCE. (Teixeira, M. F. S.; Cavalheio, E. T. G.; J.Braz. Chem. Soc15 (2004)803)

By following the curveshape clockwise, starting aM) a very small increase of tloairrert can be
recognised until ~0,49 are reachedand then a steep increase follows. This steep increase
indicates the start of the oxidation of the electrochromic substarttéhe stdrof the ion transport.

At 0,66V the maximal current is reacheddawith increasing voltage the current decreases. This is
a sign that nearly the whodectrochromisubstance is oxidised. Following the curve further it can
be seen thabn the way back at aboQi425V a steep decrease of the current starts. This dexrea
indicates the start of the reduction of the electrochromic substance and again the start of the ior
transport in opposite direction. When the whelectrochromicsubstance is reduced tlearrent
approaches © Aagain. Going on the curve ledasckto the starting point (&).

The flow of the ions is responsible for the curve shape of the cyclovoltammadditiie curveis
closedthe reversibility of the process proofed



2. Fundamentals electrochromism

2.1.2.0ptical properties

Every electrochrom substance has in its neutral aoxidised and reduced state characteristic
transmission spectra and reflection spectra. 3pectraof the neutral stateesult from eleabn
transitions between the valee band (HOMO) and the conduction band (LUM®3. mentioned
before upon electrochemical doping (oxidation or reduction), the band structure of the neutral
electrochromic substanige modified, generating lower energyrabandtransitions which resulh

new transmission and reflection spectra.

Figure2.8 shows absorbance spectra of PProBEMat different applieghotentials.

Wavelength (nm)

1240 827 620 496 413 354 310
1 ¢ ‘— 580 nm
{ N
0or AT
0.8 % % ,“ / l'V\ |
PProDOT-Et, 1\
0.7 04 ; I \\ Doped Neutral
]
£ 05 {0\ % I
2 04 " 3 "
0.3 .““ ///‘ \.
> il / NN
0.1 \___\dw”
/
0 al = <— Visible Region ———
0.5 1 1.5 2 2.5 3 3.5 4 4.5
Energy (eV)

Fig. 2.8. Spectroelectrochemistry of a PProDOTEL, film on ITO/glass at applied potentials between (a)0.1 V and (o) +0.9 V

vs Ag/Ag" with 50 mV increments. The inset shows photographs of the polymer film in its doped and neutral states. Below the
photographs are shown the CIE 1931 Yxy color swatches of the corresponding states measured by in situ colorimetry.
(Argun, A. A.; Aubert, P. H.; Reynolds, J.R. Chem.Mat. 16 (2004 4401)

The diagram offers a peak in the visible region for the neutral state. Initial oxidapalopingi

results in a new peak in the near infrared at the cost of the peak in the visible region. This
absorption peak in the near infrared is attributedodtaions Upon complete electrochemical
oxidationbipolaronsare created and this results in a peak in the-iedreyond the range of the
spectrophotometelheabsorption peak in the visible region disapp&éyH]).

So the absorption peak shifts to lovegrergy parts of the spectrum during oxidatiop-doping. If

the electrochromic substance has in its nelitrhdopedi state a band gapgEreater than 8V
(~400nm), it is colourless and transparent in the undoped form, and it is coloured in the doped
form, since the absorption peak shifts from the-&8¢torto the visible region. An energy gag E

equal to or lesshan1,5eV (~800nm) leadsto absorption in the visible region and therefore the
electrochromic substance is coloured in its neutral form and gets bleached and colourless during
oxidationi p-doping, as the absorption peak is transferred to the near infrared. Electrochromic
substanes withintermediateenergyband gapg1,5eV < E; < 3eV) possess a coloured undoped
stateand a dishct coloured pdoped state [7].
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For examplePProDOTFETL,, the electrochromic substanepresented ifigure 2.8 is bluecoloured

in its neutral st at e atotally oxidised (pdpped) stateBesidefiie| e a ¢
electrochromic substangeshich changéetween a coloured and a bleached state, there are also
examples, which change between two coddustates antack atransparent statdR?olyelectro
chromic or mulicolour-electrochromic substancpsssess more than two redox states and therefore
exhibit more than two colouf$,6].

2.2.Electrochromic systems

There ardlifferent sysems ofelectrochromic substancdsirst the organic systems, where it can be
distinguished between conjugated molecules, conjugated oligomers and conjugated polymers.
Second the inorganic siems, especially metal oxides.

Furthermore there are the intermediatsteymns (hydrocarbon metal complexes.g. phthale
cyanines), and the hybrid systemich will not be explained closer here.

2.2.1.0rganic systems

Organic chemistry is defined as the chemistry of togdrbons and their derivatives |11

Examples for electrochromic conjugated molecules are bipyridiliums (viologens), carbazoles,
quinones.Representatives of electrochromic conjugated oligomers are several oligothiophenes
Derivatives of poly(thiophendPTh), poly(pyrroleYPPy) and poly(atine) (PANI) are widely used

as electrochromic conjugated polymggsl2).

2.2.1.1.Electrochromic (conjugated) polymers

All conjugated polymergan beelectrochemical oxidised and/or reduced. This redox process is
accompanied by a change of ttransmissionspectra and therefore all conjugated polymers are
electrochromic.

A huge number of conjugated polymers are availablel by changing the side chains the
properties can be modified. So there are many options to create conjugated polymers with different
electrochromicbehaviour

Most conjugated polymers have specific colours in their neutral statase 2.9shows structural
formulas of conjugated polymers and below the formulas the colours of the conjugated polymers in
their neutral states and next to that the colours of the reduatmpéu) states and/or the colours of

the oxidised (ploped) states. In s@ncases an intermediate colour lies between the neutral and
oxidised (pdoped) stateandfew polymers have-gdoped and-doped state There is a wide range

of colours available.
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Fig. 2.9. Structural formulas and colours of conjugated polymers in their neutral (0), oxidized (pdoped) (+), reduced (n
doped) ¢, --) and intermediate () state (adapted from: Argun, A. A.; Aubert, P. H.; Reynolds, J R. Chem. Mater. 16 (20049
4401 Thompson, B. C.; Schottland, P.; Zong, K.; Reynolds, R. Chem. Mater. 12 (2000 1563)

2.2.1.2. Applications

Organic electrochromisubstance are used in electrochromic displays.
Another application obrganic electrochromic substascare electrochromgunglasses.

2.2.2.Inorganic systems

The most well known example faninorganic electrochromic substarnisgungsten trioxide. The
Afedox o0 reacti on i.sTungstem trioxideiisrveryf palg yellow in s.nduBal state
and the oxidation number is siBy the inflow of electrons andhetal or hydrogen cations the
tungsten gets reduced. The oxidation number of several tungsten atomsfigeovihe reduced
stateis blue [13.

Tungsten trioxide is aathodically colouring substansece it forms colouwhen it is reduced at a
cathode [1P



2. Fundamentals electrochromism

e VI \%
+
WO3 +x(Mt+e ) — wa(l—x) W, O3
(very pale yellow) (blue)
Fig. 2.10. fiRedox> reaction of tungsten trioxide WO;; xéfractional insertion coefficien

hydrogen (iElectrochromismi Funda ment al s a nby P. MpSpMonks R . MortimerpD. R. Rosseinsky, VCH,
Weinheim, 1995

An example for an inorganic anodically colourisgbstace, which forms colour when it is
oxidised at an anodas nickel oxide. Nickel oxide is colourless in its neutral state and gets
brown/ bl ack after o w»nigdshovniofigure 2Tk Ar edox 0 r e a(

! I it _
Nle Hy - [Nl(l_Z)le ]Ox H(y ~27) +zH* + ze
(colourless) (brown/black)

Fig.211 AiRedox 0 reactian xgfy, ziéd kalct 0 » n d EEldctroshemism i d-ondacnentals ndc i e n t
Appl i c &R M. S.dMonk; R. J. Mortimer; D. R. Rosseinsky, VCH, Weinheim, 1996

There are many other metal oxides with electrochromipepties available: cobalt oxide, iridium
oxide, molybdenum trioxide, etc []L.2

Another example for an arganic electrochromic substanapart from metal oxides prussian
blue (PB, ferric ferrocyanide or irofi()hexacyanoferraté() [5,12].

2.2.2.1 Applications

High volume applications of inorganic systems are aliboming rearview mirrors.
Inorganic electrochromic substas@@e used in smart windows.
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3. Electrochromic Devices (ECD)

3. ElectrochromicDevices (ECD)

There are two different types of electrochromic devices: Reflective ECDs and transmittive ECDs.
Figure 31 shows the basic operating principle for a reflective electrochromic device (a) and for a
transmittive electrochromic device (b).

Xt

/” \ /\

Sl S B
E (a) (b)

Fig. 3.1. Basic operating principle for a reflective ECD (a) and for a transmittive ECD(b)

Both electrochromic device types consist of two electrodes, an ionically conductive electrolyte as
well asanelectrochromic layer.
Figure 3.2 presents a scheme of the sstform of an (electrochemical) electrochromic setup.

Power
Electrode

.\ Supply Electrode

\

Electrochromic \
layer Electrolyte

Fig. 3.2. Scheme of an electrochromic setup

There is a beaker with electrolyte and two electrodes, which are immersed in the electrolyte. The
two electrodes are connected to a power supply. One electrode is coated with an electrochromic
layer. Depending on the applied voltage the electrochromicasudes gets reduced or oxidised.
Therefore the transmission and reflection spectra change.

Electrochromic devices, transmittive or reflective respectively, are usually fabricated in a sandwich
form, where the electrolyte (gel or solid) enclosed betweethe two electrodes. Ofterboth
electrodes are coated with electrochromic lay&vg electrochromic layers offer more options to
intensify or to vary the colour effeof the electrochromidevice or to improve the functionality.

In the next subchapterstematic diagrams of a transmittive and a reflective ECslaogvn and
described.

11



3. Electrochromic Devices (ECD)

3.1. Transmittive ECD

In figure 3.3a schematic diagram of a transmittive electrochromic device is shown.

.

hv

_ZF AR

Glass OTE Secondary lonically Primary  OTE Glass
Substrate Electrochromic ~ Conductive  Electrochromic Support/
Layer (Solid) Electrolyte Layer (Solid) Window

Fig. 3.3 Schematic diagram of a transmittive ECD(fiElectrochromismi Fundament al s a rbdP. MpSpMonkc at i on
R. J. Mortimer; D. R. Rosseinsky, VCH, Weinheim, 1995

For transmittive electrochromic devices optically transparent elect(@dés), for example indium

tin oxide (ITO), on transparent supports, for exbarglass slides, are used. The light beanersnt

the electrochromic device ane side and first passes a transparent support and an optically
transparent electrode. Then it goes through an electrochromic layer, passes an ionically conductive
electrolyte ad arrives at the next electrochromic layer. Before the beam of light comes out of the
electrochromic device it again crosses an optically transparent ele(@d@g and a transparent
support.

As mentioned before two electrochromic layers improve theatipeal sequence.

3.1.1.Examples and applications
Applications of transmittive electrochromic devices are electrochromic windéause 3.4 shows

elctrochromic windows from SAGE: left in their clear state and rightheir tinted state to block
the glare and the heat.

—mr

|

.SAGE

Sage ,Glass'

Bridge Street skylights in their clear state Bridge Street skylights tinted to block the glare and heat

Fig. 3.4. Electrochromic windows from SAGE in their clear state (left) and in their tinted state (right)

12



3. Electrochromic Devices (ECD)

Electrochromic sunglasses are another example for transmittive electrochromic devimgsgeln
3.5electrochromic sunglasses from ASHWIN in different electrochromic states are shown.

I Sunglass in different electrochromic states l

Dark State (+1.8V) Light State (-2.1V)

sdge research since 1992

I Al pictures are row data and are not modified in ary way. l

Fig. 3.5. Electrochromic sunglasses from ASHWIN in different electrochromic states

3.2.Reflective ECD

A schematic diagram of a reflective electrochromic device is shotiguire 3.6.

NN NN

AR

Reflective Secondary lonically Primary ~ OTE Glass
Counter Electrochromic  Conductive Electrochromic Support/
Electrode Layer (Solid)  Electrolyte Layer (Solid) Window

Fig. 3.6. Schematic diagram of a reflective ECO(fiElectrochromismi Fundament al s a nbgP. MpSpNonkcRt i ons
J. Mortimer; D. R. Rosseinsky, VCH, Weinheim, 1995

The beam of light first passes a transparent support, for example a glass window, and an optically
transparent electrod@OTE), for example indium tin oxide (ITO). Then there is the primary
electrochromic layer. Nexthe light beam goes through the ionically conductive electrolyte and the
secondary electrochromic layer. At the surface of the reflective counter electrode the light beam is
reflected and crosses all layers in opposite direction.

As mentioned before twdeetrochromic layers improve the operational sequence.

13



3. Electrochromic Devices (ECD)

3.2.1.Examples and applications

High volume applications of reflective electrochromic devices are-diaiming rearview mirrors.
For the construction of audimmingrearview mirrors inorganic electrochrarsystems are used
Figure3.7 showsan autodimming rearview mirror from GENTEX.

GENTEX

IBORATION

Fig. 3.7. Auto-dimming rearview mirror from GENTEX

Another example foran application ofreflective electrochromic devices are reflective electro
chromicdisplays.Figure3.8 showsa flexible reflective electrochromic display from Siemens.

\\
‘ \ ASIEMENS

Fig. 3.8 Flexible reflective electrochromic display from SIEMENS

14



4. Laboratory samples of electrochromic devices

4. Laboratory samples of electrochromic devices
Two laboratory samples of transmittive electrochromic devices and two laboratory samples of

reflective elechtrochromic devices were provided@iga (now part of BASF). dithermore the
essentiatomponents of the electrochromic devices were received, again providgaideby

4.1. Transmittive ECD

One transmittive ECD arrived at austriamicrosystems on the 29.7.2009. So it was termed:
ATransmittive Digweadde (29.7.2009)0 (f

7,5cm

I+ Transmittive device
~—
\\

Gold-mirror

Fig.4lATransmitt i v.2009pwith & gold miro? & batkground and with white paper as background

The second transmittive ECD arrived at austriamicrosystems on the 5.8.2009. So it was termed:
ATransmittive DgredZe (5.8.2009)0 (f

7,5cm

R . Tr ansmiittive device
e
\\A

Gold-mirror

Fig. 4.2 ATransmittive Device (5.8.2009) with a gold mirror as background and with white paper as background

15



4. Laboratory samples of electrochromic devices

The structure of these transmviét devices is shown in figure 4.3

Fig. 4.3 Schematic longitudinal sectionof the transmittive ECDs f r om Ci ba (now part olfO BASF)
(indium tin oxide) layer; 3¢ Cat h o d colwihgl pglymer; 4 é Ge | el ebé Pobygseebé Nomacceorl;our ir
polymer

The gel electrolyte is ecoposed of Apropyhpokeycmebbyhtdene 6 h
Al oni 4 1-butylBmed hyl i mi dazol ium trifluoromethane:

In the following subchapters the essential components of the transmittive electrochromic devices,
gratefully provided by Ciba (now part of BASEYe presented.

4.1.1.1TO coated glass slides

Figure 4.4shows the packed ITO coated glass slides and a singl€length: 76mm, width:

26 mm). The thickness of the ITO coated glass slides was medsuth a micrometer (digitrid,
0-25mm, 0,001 mm): 1,096nm. It is allowed ¢ equal it with the thickness of the glass slides,
since the order of magnitude of the ITO layer thickness is nanometre. The resistance of the ITO
layer wasmeasuredor 1 cm measuring distandg@hmmeterFLUKE 12 Multimeter): Ro = 28q

Fig. 4.4. ITO coated glass slidegthickness: 1,096mm; R;1o =28q )packed (left) and a single one unpacked (right)

4.1.2.Magenta polymer (cathodically colouring polymer)

Figure 4.5shows the magenta polymer in a small bottle with screw cap, as receive@ibariihe
magenta polymer was weighed with ancaodtic weighingmachine: 0,216¢

16



4. Laboratory samples of electrochromic devices

Fig. 45. Magenta Polymer (0,2167)

4.1.3.Clear polymer (non colouring polymer)

The clear polymer in a small bottle with screw cap is showigurd 4.6 The clear polymer was
weighed with an aomatic weighingmachine: 0,1928

Fig. 4.6. Clear Polymer (0,1923y)

4.1.4.Gel electrolyte

Figure 4.7showsPoly Methyl Methacrylate (MMA) in a bottle with screw cap.MMA was
provided byCibafor the production of the gel electrolyte.

Fig. 4.7. Poly Methyl Methacrylate (PMMA)

17



4. Laboratory samples of electrochromic devices

4.1.5.Clear polyester panels (polyester spacer)

Figure 4.8shows the packed polyester panfgsthe production of the polyester spacer.

The thickness of a polyester panel was measured at five different measunmg wih a
micrometer (digitrixil, 0-25 mm, 0,00Imm). The average thidess was (166 2) ¢ m.

In addition thethickness ofix further polyester panels was measured, each at one measuring point
close to a corner, with the sammécrometer (digitrixil, 0-25mm, 0,00Imm). Average thickness of

all measured panelgl66+ 5) € m

Fig. 4.8. Packed polyesteipanels(thickness: (L66+5)¢ m)

4.1.6.Cu tape

A coil of Cu tape, which is used for the contacting of the trattisen devices, is shown in figure
4.9

Fig. 4.9. Coil of Cu tape

4.2.Reflective ECD
Both laboratory samples of reflective electrochromic devices arrived at austriamicrosystems on the

13.7.20009. They were ter meidNr .filRyecd 4.0d teit and De
ARef | ect (1372000 NV i. @gure 4.10 / right

18



4. Laboratory samples of electrochromic devices

Fig. 4.10. fiReflective Device (13.7.2000Nr.1)0  ( knel fiReflective Device (13.7.2000Nr.2)0 (r i ght )

The structure of these reflaee devices is shown in figure 4.11

3. Counter Electrode Electroactive Polymer

4. Gel electrolyte/separator

7o)
Oy
> CE
%
Yo
m,ef
%,7 | | 2. Counter Electrode
o, Au (300 hm) on Kapton
fG/}
%, B
2o,
() 5. Working Electrode (porous)
Au (~50 nm) on Polycarbonate membrane
R~7 ohms
6. Electrochromic Polymer

Fig. 4.11. Schematic structure ofthe reflective ECDs fromCiba (now part of BASF) (Graphic by Ece Unur)

The gel electrolyte is composed of fpolypyime
met haciykarabutyl ammonium tetrafluoroborateo

In the following subchapters the essential components of the reflective electrochromic devices,
gratefully provided by Ciba (now part of BASREYe presented.
4.2.1.Polyester transparent support

Figure 4.8shows the packed polyester panels, which are used for the transparent support of the
reflective electrochromic devices.
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4. Laboratory samples of electrochromic devices

4.2.2.Au (300 nm) on kapton (counter electrode)

As counter electrode a piece of Au coated kapton is used. On top of the Au layer tthere is
polymerlayer.

Ciba sent two pieces of Au coated kapton with magenta polymer layer on top of the Au layer. A
piece of Cu tape igttached for the connecting. (Figure 4.12

(b) (d)

Fig. 4.12. Two pieces ofAu coated kapton with magenta polymer layer:1.piece (ab): magenta polymer layer on top (a),
kapton layer on top (b) 2.piece (cd): magenta polymer layer on top (c), kapton layer on top (d)

4.2.3.Counter electrode electroactive polymer (magenta polymer)

Figure 4.5shows the magenta polymer in a small bottle with screw cap, as receive@ifrarithe
magenta polymer was weighed with ancawiatic weighingmachine: 0,216¢

4.2.4.Gel electrolyte / separator

Figure 4.7shows Poly Methyl Methacrylate (poly MMA) in a bottle with screw cap. Poly MMA
was provided byiba for the production of the gel electrolyte.

As separator two pieces of coffee filters are used.

4.2.5.Au (~50 nm) on polycarbonate membrane (working electrode)

As working electrode a piece of Au coated polycarbonate membrane is used. On top of the Au layer
there is the polymer layer.

20



4. Laboratory samples of electrochromic devices

Cibasent two pieces of Au coated polycarbonate membrane with magenta polymer on top of the Au
layer. A piece of Cu tape #&tached for the connecting. (Figure 4.13

(b) (d)

Fig. 4.13. Two pieces of Au coated polycarbonate membraneith magenta polymer layer: 1piece (a, b): magenta polymer
layer on top (a), polycarbonae membrane layer on top (b); 2.piece (d): magenta polymerlayer on top (c), polycarbonate
membrane layer on top (d)

From the Au coated polycarbonate membrane two small triangles wer# antl then attached to
a SEMbholder with corductive silver. Figure 4.14 shows the SHidlder with the two fixed
triangles. e triangle on the left side isx&d with the Auayer on top, and the triangle on the right
side is fixed with the polycarbonate membrane on top.

Fig. 4.14. Two triangles of Au coated polycarbonatenembrane fixed on a SEMholder with conductive silver: Triangle on the
left sidei Au layer on top; triangle on the right sidei polycarbonate layer on top

These triangle®iave been investigated firstithv an optical microscope(Olympus BX51) (figure
4.195 and second with a scannietgctron microscop8EM (FEI Quanta 200{figure 4.16.
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4. Laboratory samples of electrochromic devices

- -
100 um

(d)

Fig. 4.15. Au coated polycarbonate membrane investigated withraoptical microscope (Olymps BX51): Au layer on top
(a, b); polycarbonate membrane layer on top (cgl)

(b)

Fig. 4.16. Au coated polycarbonate membrane investigated with a SEM (FEI Quda 200): Au layer on top (a,b);
polycarbonate membrane layer on top (cd)
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4.Laboratory samples of electrochromic devices

4.2.6.Electrochromic polymer (magenta polymer)

Figure 4.5shows the magenta polymer in a small bottle with screw cap, as receive@ifrarithe
magenta polymer was weighed with an automatic weighiaghine: 0,2169

4.2.7.Cu tape

Cu tape is used for the contacting of the counter electrode and the weldatigpde of reflectie
electrochromic devices. Figure 4Bows a coil of Cu tape, gratefully provided@ya
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5. Experimental part

5. Experimental part

There are different ways for investigation BICDs. In the following subchapters different
measuement methods are described amehsurement results are presented.

The two reflective electrochromic devicdgsRe f | ect i ve Ddlwi.cle o( 1a.d7 .iA2R0
Device (13.7.2009 Nr . P ¥ee chapter 4.2) and the two transmittive electrochromic devices
ATransmittive hediiTcanEMdt 7i 2@0 D& dhapter 4(1)Sron8 . 2 C
Ciba (now part of BASF) haveeen investigated.

Magenta polymeis acathodically colouringubstanceince it forms colouwhen it is reduced at a
cathode (see chapter 2.2.2).

In most of the following experiments the magenta polymer coated electrode of the transmittive
devices andhe working electrode of reflective devices respectively veermected to the minus
output of the voltage source. So the ECDs got coloured, whenever the voltage source displayed ¢
positive voltageand bleached, whenever the voltage source displayed a negative voltage. If they
were connected to the plus output of tl@tage source, the ECDs got bleached, whenever the
voltage source displayed a positive voltaged coloured, whenever the voltage soutisplayed a
negative voltage.

5.1. Cyclovoltammograms (Cyclovoltammetry)

Cyclovoltammetry is an important measuremenéthod for investigtion of electrochromic
substance The process of voltage cycling accompanied by current measurement is described in
detail in chapter 2.1.1.2.1.

During cyclovoltammetry investigations of the optical properties of the electroahrdevces

were done. On the one hand photos were made, on the other hand reflpetita were measured,

both atdifferent voltagevalues.

5.1.1.Setup for measurements

The setup is composed of an electrical assembly and a setup for optical measurements.

5.1.1.1.Circuit diagram

Figure 5.1shows a schematic circuit diagram for cyclovoltammelhe electrochromic device is
connected to the source measure unit (Keithley 236 source measure unit). The source measure ur
does voltage cycling and current measurema@nphoto of the source measure unit is shown in
figure5.1
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5. Experimental part

Keithley 236
Source
Measure
Unit

Device

w 2 ey e -

Fig. 5.1. Schematic circuit diagram for cyclovoltammetry (a) KEITHLEY 236 source measure unit (b)

The source measure unit is connected to a computer in ordeortwol the run of the
cyclovollammetry by an installed progrgmi Ul _ measur e _vers40, create
In our case thecyclovoltammograms started atVO At first the voltage was increased (or
decreased) unt il a s el ectenhHeevoltafe wag lecréased €or O
increasedd unt i | a ¢ hos en batkthewoltdge weet thdughMD n Fir tosn w dye
|l evel 0 the voltage wai uniilthe statiagspeidt (0] veas readhedto e a s
finish one cycle.

Inadd t i on td etvied onfaingth Al ow | evel 06 al so the #fAs
set. The voltage didnEt change continuously
steps. The nAdel ay t i mevoltage step.tLasebutma keastahd nuonber daf i m
the cycles (Aloopso) had to be set.

5.1.1.2.Setup for optical measurements

During cyclovoltammetry optical investigations with a CCD spectrometer and visual investigations
with a camera were made. The tagtups arelescribed in the followingubchapters.

5.1.1.2.1Investigation with a CCD spectrometer

Figure 5.2shows a photo of the setup for optical measurements. The construction in the centre,
which was termed nRef | ect platee & eshifter, andia 20degreemp o0 s
reflectionbase plate.

Organic electrochromic devices were placed on the base plgtd mirror served as background

for the transmittivadevices. With the-ghifter it is possible to change the distance betwesihaise

plate and the 28egeereflectionbase plate to adjust the device in reflection position (figure 5.2).
The 20 degreeeflectionbase plate has two drilled holes, where a mini lamp with lens and a
focusing lens are attached. As light soesapply a constant curresbur@ (Voltcraft 4005; set to
0,400A) is used The light beam from the mini lamp is reflected at the electrochromic device and
goes through the focusing lens and the optical fibea S1000CCD spectrometerwhere the
reflected intensity at each wavelength is measured
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5. Experimental part

Optical fiber { to S1000

Light source-supply: CCD spectrometer)
constant current source

Mini-lamp

- Focusing lens
with lens

Fig. 5.2. Setup for investigation with a CCD spectrometer during cyclovoltammetry

5.1.1.2.2Investigation with a camera

A photo of the setup for visual investigationtlwa camera is shown in figure 5.Bhe reflective
electrochromic device liesinsucweay on t he b aesfel epcltaotnee toefr ot,h et hhi
the 20 degreereflectionbase plate is visible on the photos. To archive, tthatreflective devicés

lying in a planar positigra small piece of metal is put under the device next to the base plate. At
the front of the photo is the camera tripod.

Fig. 5.3. Setup for visual investigation with a camera duringcyclovoltammetry
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5. Experimental part

5.1.2.Photos

During cyclovoltammetry at different voltage values photos of the electrochromic devices were

made.

In the first cyclovoltammetry experiments with the two reflective electrochromic devices it was
noticed, that after storage of the devices for ald@ubours the devices didn’t bleach completely
during the first cyclovoltammogr am.
after storage to reach the complete bleaching of the device.

It was decided to run as many cyclovoltammograms the maximum colouration and bleaching
was reached. Immediately after thanhother cyclovoltammogram was started in order to take
photos at different voltage values.

So it w a

l nvestigation of the iNRefll)écfroe DBGuce 613.°

On the 28.8.2009 cyclovoltammograms withih® e f | ect i ve Devi.

(see figure 5.4).

dieyednfade3 . 7 .

The working electrode of the reflective electrochromic device was connectedniintieoutput of
the source measure urand therefore thECD got coloured if the source measure unit displayed a
positive voltageand bleachedf the sourcaneasure unit displayed a negative voltage.

For all cyclovoltammograms in figure 5.4 thkame settingger e used.
as Al o5V wereehbsenThe stepsize was 0,0V andthe delay time was set to 1006.
With each cyclovoltammogram one cycle was run and took about 10 minutes.

0,0006 —

0,0004 -

0,0002

/A

0,0000

-0,0002 ~

-0,0004 -

—— 3RD1M (Current [A] (Ke 236))
—— 3RD2M (Current [A] (Ke 236))
3RD3M (Current [A] (Ke 236))
— 3RD4M (Current [A] (Ke 236))
3RD5M (Current [A] (Ke 236))
—— 3RD6M (Current [A] (Ke 236))
3RD7M (Current [A] (Ke 236))
—— 3RD8M (Current [A] (Ke 236))

delay_s: 1000 ms
step size: 0,01V
loops: 1

-1,5 -1,0 -0,5 0,0 0,5
ursv

28.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.1)

Fig. 54. Cyclovoltammograms ofthe fiReflective Device (13.7.2009 Nr.1)0

T T T
1,0 1,5

me a ®ruthee&l8.2009

Ak5Vardi g h
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5. Experimental part

The interval betweethe end of a cycovoltammogram and the start of the following:

1% (3RD1M) to 2¢ (3RD2M): 2 min 1 sec
2" (3RD2M)to 3¢ (3RD3M): 55 sec

39 (3RD3M) to 4" (3RD4M): 35 sec

4" (3RDAM) to 5" (3RD5M): 4 min 1 sec
5" (3RD5M) to 8" (3RD6M): 35 min 35 sec
6" (3RD6M) to 7" (3RD7M): 50 sec

7" (3RD7M) to 8" (3RD8M): 5 min 20 sec

= =4 4 -4 4 A8 A

At the fourth (3RD4M), the fifth (3RD5M) and the seventh (SRD7M) cyclovoltammogram photos
were madeA photo series taken during the seventh cyclovoltammogggresented in figure 5.6
Figure 55 shows the positions the cyclovoltommogramwhere the photoseretaken.

[ ——3RD7M (Current [A] (Ke 236)) |

0,0003

0,0002 /

0,0001 \\w/

0,0000

-0,0001 / /
-0,0002 A /

/A

-0,0003 ~ delay_s: 1000 ms
4 step size: 0,01V
-0,0004 - loops: 1
T T T T T T T T T T T v T
-1.5 -1,0 -0,5 0,0 05 1,0 1,5
u/v

28.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.1)

Fig.55. Cyclov ol t ammo g r a mo fii 3tRID& M Peeide [(18.2.2009vNer . 1) 0 noa the 288 2ADI voltage
positionsare marked, where the photos shown in figure 5.6 have been taken
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5. Experimental part

-0,3V

-1V -0,1V ov

Fig.56. Phot o series of t he fAReNrl.elc)tdi vtea kDeenv i a&te dilf3f. &r. 0t09vol t a
voltammogram iI3RD7Mo on the 28.8.2009
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5. Experimental part

l nvestigation of the iNReR)eécfroem Deguce 613.

’

Figure 5.7 show cyclovoltammograms of tife R ledtive Device (13.7.2000Nr.2) . 0 A Hi gh | e

was set to +1,%

and

Al o-5Vl.e vAe Ifice eteopYEalfd0a fAdel amy ti

were chosenWith each cyclovoltammograme cycle was run and toalbout 10 minutes
The reflective electrochromic deviceoloured if the source measure unit displayed a positive
voltage and bleachedf the sourcameasure unit displayed a negative voltage.

/A

-0,0002 -

-0,0004 -

-0,0006

0,0006 -

——4RD_310809_1M (Current [A] (Ke 236))
—— 4RD_310809_2M (Current [A] (Ke 236))
4RD_310809_3M (Current [A] (Ke 236))
——4RD_310809_4M (Current [A] (Ke 236))
4RD_310809_5M (Current [A] (Ke 236))
4RD_310809_6M (Current [A] (Ke 236))
4RD 310809 7M (Current [A] (Ke 236))

0,0004 -

0,0002 -

0,0000

delay_s: 1000 ms
step size: 0,01V
loops: 1

u/v

31.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.2)

Fig.57.Cycl ovol t ammograms of theiNrRé Dl enebristhedl8B®W¥i ce (13.7.20009

The intervalbetween the end of a cycovoltammogram and the start of the following:

= =4 4 -4 A 4

15" (4RD_3108091M) to 2 (4RD_310809_®): 35sec

B W) to B B min 10sec
2" (4RD_310809_®) to 3¢ (4RD_310809_3Nt 1 min 10

B  3Nlto B - M1): 2 min 10sec
39 (4RD_310809 3Mto 4" (4RD_310809 M): 2 min 10

B M) to B BI1): 3 min 35sec
4" (ARD_310809 M) to 5" (4RD_310809_H1): 3 min 35

B  Bl) to B B1): 4 min 40sec
5" (4ARD_310809 _Bl) to 6" (4RD_310809_K1): 4 min 40
6" (4RD_310809 _Kl) to 7" (4RD_310809_W): 1 min
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5. Experimental part

During the thirdcyclovoltammogram of the 31.8.2009 (4RD_310809_3M) photos were faken
figure 5.9. The corresponding voltage positions in the cyclovoltammogranmarked in figure
5.8.

] ——4RD 310809 3M (Current [A] (Ke 236)) |
0,0004 -
0,0002
< 0,0000 —
-0,0002 -
-0,0004 delay_s: 1000 ms
step size: 0,01V
| loops: 1
'0,0006 T T T T T T T T T T T T T 1
-1,5 -1,0 -0,5 0,0 0,5 1,0 1.5
u/v

31.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.2)

Fig. 5.8. Cyclovoltammogramfi4 RD_310809 _3Mo of the AR&FI| &e¢adiredan th® 81\B200%
voltage positionsare marked, where the photoshown in figure 59 have beertaken
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5. Experimental part

Fig.5.9. Photo serieso f tReflectivA Device(13.7.20097 Nr . 2) 06 taken at di fferent - volta
voltammogram i4RD_310809 3 M0 on the 31.8.20009
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5. Experimental part

l nvestigation of the ATransmittive Device (5.

On the 1.9.2009 cyclovoltommograms ofthd r ans mi t t i ve Device (5. 8.
5.10). The settings forthesey c | ov ol t a mmabigg ha mse Weel r 6él | sodd, H\O
Astep sV,zefdd &l, Oylmg. Orma eyele Wwad ) with each cyclovoltammogram and
took about 10minutes.

The magenta polymer coated electrode of the transmittive device was connected to the minus outpu
of the source measure unit and therefore the ECealotired if the source measure unit displayed

a positive voltageand bleachedf the sourcemeasure unit displayed a negative voltage.

——3WD_010909_1M (Current [A] (Ke 236))
—— 3WD_010909_2M (Current [A] (Ke 236))

3WD_010909_3M (Current [A] (Ke 236))
—— 3WD_010909 _4M (Current [A] (Ke 236))

0,00015

0,00010

0,00005

/A

0,00000

-0,00005

delay_s: 1000 ms
-0,00010

step size: 0,01V
loops: 1

-0,00015 T Y T v T ' T ' T v T J T
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

u/v
1.9.2009: Ke 236 SMU: Transmittive Device (5.8.2009)

Fig. 5.10. Cyclovoltammog ams of the ATransmittiventhBex2008e (5.8.2009)0 mea

The interval betweethe end of a cycovoltammogram and the start of the following:

T 1%(3WD_0109091M) to 2 (3WD_0109092M): 1 min 10 sec
T 2" (3WD_0109092M) to 3 (3WD_0109093M): 1 min 20sec
T 39(3WD_0109093M) to 4" (3WD_0109094M): 3 min 28sec

Photos were taken during the third cyclovoltammograw® 0109093M).
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5. Experimental part

0,00015 -
—— 3WD_010909_3M (Current [A] (Ke 236)) |
0,00010 +
0,00005 +
<
Sy
~  0,00000 -
-0,00005
delay_s: 1000 ms
step size: 0,01V
-0,00010 loops: 1
T T T v T T T T T T T v T 1
-15 -1,0 -0,5 0,0 0,5 1,0 19

u/v
1.9.2009: Ke 236 SMU: Transmittive Device (5.8.2009)

Fig.511. Cycl ovol t a BWDh@@@&9In_3fiMO  olfansrittive Deivice (5.8.2009 dmeasured on the 1.2009;
voltage positions are maked, where the photoshown in figure 512 have beeriaken

0,2V L 03V -0,5

-0,7V -1V -1,5V

0,2V -0,1V ov

Fig.5. 12. Photo serieso f t he ATransmittive dbdifferentevoltage vaBies 2d0ridgdthedcycld- a k e n
voltammogram Ai3WD_0109093 M6 on the 1.9. 20009
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5. Experimental part

l nvestigation of the ATransmittive Device (2

Figure 5.13shows y cl ovol t ammogr ams of 29{7.8009 Gi.Tr BEme ms & it t
these five cycl owviogh almenwglrd@memlyE pe B epV,si ze
Adel ay t manWith eath) ¢ydovoltammogram one cycle was run and took tabhOu
minutes.

The transmittive electrochromic deviceloured if the source measure unit displayed a positive
voltage and bleachedf the sourcameasure unit displayed a negative voltage.

——4WD_010909_1M (Current [A] (Ke 236))
——4WD_010909_2M (Current [A] (Ke 236))

000015 — 4WD_010909_3M (Current [A] (Ke 236))
: ——4WD_010909_4M (Current [A] (Ke 236))
4WD_010909_5M (Current [A] (Ke 236))
0,00010
0,00005
<
= 0,00000
-0,00005
delay_s: 1000 ms
-0,00010 + step size: 0,01 V
loops: 1
-0,00015 T T T T T T T T T T T T T
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

u/v
1.9.2009: Ke 236 SMU: Transmittive Device (29.7.2009)

Fig.513Cycl ovol t ammo grraannssmiotft itvhee DieTvi c e on(ti®2.9.20092009) 0 measur ed

The interval between the end of a cycovoltammogram and the start of the following:

15 (4WD_01099_1M) to 2'Y (4WD_01099 2M): 45sec
2" (4WD_01099 2M) to 3¢ (4WD_01099 3M): 26 sec
39 (4WD_01099 3M) to 4" (4WD_01099 4M): 45sec
4" (AWD_01099 4M) to 5" (4WD_01099 5M): 3 min 31sec

= =4 =4 4

Photos were taken during the fourth cyclovoltammogrami§4010909 4M).
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5. Experimental part

. ——4WD_010909_4M (Current [A] (Ke 236))
0,00010

0,00008

0,00006

0,00004

0,00002

0,00000

-0,00002

-0,00004
i delay_s: 1000 ms

-0,00006 — step size: 0,01V

/A

loops: 1
-0,00008

T Y I Y I Y I K I L I ¥ I !

-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

1.9.2009: Ke 236 SMU: Transmittive Device (29.7.2009)

Fig.514. Cycl ovol t a aWio@L09@9mMofi of the ATran29m™mi 200 90 Dméha £ 220600
voltage positions are maked, where the photoshown in figure 5.5 have beertaken

-1,2V

smit200@) oDevaken (29 . di fferent -

Fig.5.15. Photo serieso f t he ATr an
n the 1.9.20009

voltammogram i4WD_0109094 Mo o
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5. Experimental part

5.1.3.Reflection spectra (CCD spectrometer)

During cyclovoltammetry at different voltage values reflection spectra of the electrochromic
devices wereneasured with the CCD spectrometer

Fig. 5.16. Investigation of the electrochromic devices with the CCD spectrometer during cyclovoltammetry

Measurement results of tilNe . AR&f Ifeotm ¥e ghewvi &¢

On the 11.8.2009 cyclovoltammograms withth® e f | e vide (18.2200@F N r . Weyemade

(see figure 5.17, 5.18) after storage for a few days.

For the two cyclovoltammograms in figure 5.17 theme settingsver e used. As A
+1,5V and as -fi,%Voweredhasen&he step size was 0,8Landthe delay time was set

to 1000ms. With each cyclovoltammogram one cycle was run and took about 10 minutes.

With the cyclovoltammogram shown in figure 5.18 two cycles were run for about 10 minutes, and
the settings werefhi gh | e vVl of l+olw-15IVe v efilsot ep Vs i zZiede | @y 0 2
1000ms.

The working electrode of the reflective electrochromic device was connectedniintisoutput of
thesource measure urand therefore thECD got coloured if the source measure unit displayed a
positive voltageand bleachedf the sourcaneasure unit displayed a negative voltage.
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5. Experimental part

/A

0,0006
0,0005 -
0,0004 —
0,0003 —
0,0002 —
0,0001 -
0,0000 —
-0,0001 -
-0,0002 -
-0,0003 :

-0,0004 -

-0,0005

—— 3RD1M (Current [A] (Ke 236))
—— 3RD2M (Current [A] (Ke 236))

delay_s: 1000 ms
step size: 0,01V

loops: 1

-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

u/v

11.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.1)

Fig.517.Cycl ovol t ammogr ams of

<

0,0008
0,0006 -
0,0004 —
0,0002 —
0,0000 -
-0,0002 -
-0,0004 -
-0,0006 -

-0,0008

thei MrRel) G croathedd8D60& i ce (13.7.20009

—— 3RD3M (Current [A] (Ke 236)) |

delay_s: 1000 ms

step size: 0,02V
loops: 2

T T T T T T T T T T T T T 1

-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

ursv

11.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.1)

Fig. 5.18. Cyclovoltammogramo f t h e

fRefl ectiiWe. Dgoi meablBed. 60O he 11.8. 2C

The interval betweethe end of a cycovoltammogram and the start of the following:

1 15(3RD1M) to 2 (3RD2M): 35sec
1 2"(3RD2M)to 3% (3RD3M): 40sec
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5. Experimental part

During the first (3RDM) and the second (3R cyclovoltammogram reflection spectra were
measured (see figure 5.20, 5.ZPhe corresponding voltage positions in the cyclovoltammogram
aremarked in figure 5.19, 512

—— 3RD1M (Current [A] (Ke 236)) |

0,0006 ~
0,0005 —
0,0004 —
0,0003 -
0,0002 -

0,0001

/A

0,0000 —
-0,0001 -
-0,0002 -
-0,0003 - delay_s: 1000 ms

step size: 0,01V

-0,0004
loops: 1

-0,0005 T v T T T v T v T T T T T
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5
u/v
11.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.1)

Fig.519.Cyclov ol t ammogr ®Mon 6B RDhe fARefl ectiiNve 1D év inmmé¢hs (LR 20097 voltageO 9
positions are maked, where the reflection spectra shown in figure 5.28ave beermeasured

— ttues2 (0 V)
— ttues4 (1,5 V)
000~ | e ttues6 (0 V)
1 ttues7 (-0,4 V)
900 ~ ttues8 (-1,5 V)
1 —— ttues9 (-1V)
800 ttues10 (0 V)
700
@ 600
£ |
3 500-
o |
400
300
200
100 +
0 1 ¥ 1 L 1 L 1 ¥ 1 L 1 L 1
300 400 500 600 700 800 900
r/nm

11.8.2009: Toshiba CCD Spektr.: Reflective Device (13.7.2009 - Nr.1)

Fig. 5.20. Reflection spectrao f the fARefl ectiivhr.l)De vmecaed diffetedd.valtagd Galués duringthe
cycl ovol t a3RDAM@gan thenl1.8.2009
Vertical lines: chosen wavelengths for thealculation of colour modulation (table 5.1)
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5. Experimental part

Reflection spectra measured with the CCD spectrometer:
X T axis: unit nm; calibrated and controlled using mercury line spectrum EENLAMP, B-
73818; LOTORIEL GROUP)
y T axis: raw spectra in arbitrary units; to get absohaection spectra the raw reflection
spectra had to be corrected. As alterations were releaanspectra were sufficient.

To express colour modulation the colouring range between a spectrum with maximum counts value
and a spectrum with minimum coumalue at wavelengths with a high difference of counts values
IS given in percent.

To calculate the colour modulation either the spectrum with maximum counts value or minimum
counts value at ahosen wavelength was set to P80 Two suitable wavelengths veechosen.

For example in figure 5.2the chosen wavelengths are 6086 and 6651m. The maximum counts
values and the minimum counts values were read out:

605nmY maxi mum: 646 counts (fAttues90), mini mum:
665 nmY maximum:895counts it t ues40), mMini mum: 651 count s
The reflection spectrum Attues90 was set to

Table 5.1. Colour modulation at 605 nm and 665 nm calculated from the reflection spectrdat t ues 906 aofthe it t ue
iRefl ecti ve Die\vi dseafigue’s.20). 2009

ttues9 ttues4 Colou_r
modulation
counts % counts % %
605 nm 646 £ 5 100 414 +5 64+1 36+1
665 nm 6515 100 895+ 5 137 +1 37+1
| ——3RD2M (Current [A] (Ke 236)) |
0,0005 -
0,0004 -
0,0003 -
0,0002 -
0,0001 -
< -
=~  0,0000
-0,0001
-0,0002
-0,0003 ~ delay_s: 1000 ms
-0,0004 - step size: 0,01V
4 loops: 1
-0,0005 T v T ¥ T v T r T X T " T
-1,5 -1,0 0,5 0,0 0,5 1,0 1,5

u/v
11.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.1)

Fig.521. Cycl ovol t amm2vpr soni fit3hRD fiRef | ectiiNve 1Dpévimeast@d7o0a0QQ%he 1
positions are marked, where the reflection spectra shown in figure R2have been measured
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5. Experimental part

ttues11 (0 V)
ttues12 (0,4 V)
1000 ~ —— ttues13 (1,5 V)
Y I N BETTEE ttues15 (0 V)
900 ttues16 (-0,4 V)
1 ttues17 (-1,5 V)
800-_ ——ttues18 (-1 V)
700 - ttues19 (0 V)
g  600-
2 J
3 500 -
o 4
400 -
300
200 -
100
0 1 > 1 v 1 ¥ 1 . 1 ¥ 1 ¥ 1
300 400 500 600 700 800 900

r/nm
11.8.2009: Toshiba CCD Spektr.: Reflective Device (13.7.2009 - Nr.1)

Fig. 5.22. Reflection spectrac f t h e 0 Deeidel(18.2.2009vNer . 1) 0 measured at different
cyclovoltammogrami3RD2Mo on the 11.8.2009
Vertical lines: chosen wavelengths for thealculation of colour modulation (table 5.2)

Table 5.2. Colour modulation at 605 nm and 665 nm calculated from the reflection spectrt t ues 18 0 aafthe At t ue
iRef | eavitei(B.2000Nr . 1) 0 (see figure 5.22

ftues18 ttues13 Colou_r
modulation
counts % counts % %
605 nm 667+ 5 100 401+5 60+ 1 40+1
665 nm 655+ 5 100 860+ 5 131+1 31+1

On the28.8.2009 reflection spectra of theRe f | ect i v e DieNri.clereohebsured? . 2 C
during the eighth (SRD8M) cyclovoltammogram (see figure 5.4).
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5. Experimental part

—— 3RD8M (Current [A] (Ke 236)) |

0,0003 ~

0,0002

0,0001

0,0000 ~

-0,0001

/A

-0,0002 -

-0,0003

-0,0004 -

delay_s: 1000 ms
step size: 0,01V
loops: 1

u/v
28.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.1)

Fig.523. Cycl ovol t amm@8vpr aoni f3RD ARef

|l ectiiNve 1Deévimeea s488 2097 volaged % e

positions are marked, where the reflection spectra shown in figure 54have been measured

— frida3 (0 V)
frida6 (0,5 V)

900 — frida8 (1,5 V)
1 frida12 (0,1 V)
800 frida13 (0 V)
. frida16 (-0,4 V)
700 - frida19 (-1 V)
. frida22 (0 V)
600
[}
£ 500 -
3 4
o
© 4004
300
200
100
0 T T T T T T T T T ¥ T ¥ 1
300 400 500 600 700 800 900
A/ nm
28.8.2009: Toshiba CCD Spektr.: Reflective Device (13.7.2009 - Nr.1)

Fig.524 Ref |l ecti on
cyclovoltammogrami3RD8M o

spectra of t hieN

on the 28. 8.

ri.Rle)fd eme a syier eDde va tc ed i( f1f3e r7e t0 O
20009

Vertical lines: chosen wavelengths for thealculation of colour modulation (table 5.3)

42
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Table 5.3. Colour modulation at 605 nm and 665 nm calculated from the reflection spectra f r i dal190 ahtlle Af r i

ifRefl ect (18.220@eNwri.cle) 0 (see figure 5.24
fridal9 frida8 Colour
modulation
counts % counts % %
605 nm 617+5 100 400+ 5 65+ 1 35+1
665 nm 614+5 100 809+ 5 132+ 1 32+1
Measurement results of tilNe . RRe&fIfeotm ve ghe i &«

Cyclovoltammograms with thé R ledtive Device (13.7.2000 Nr.2) were made (see figure 5.25,
5.26) after storage for a few days e 11.8.2009.

The settings for the two cyci ool €é&weemdidg ©avms e
-1,5V, fssitzeepd/, 0 ,A@E | A0Pms Witmeach cytlovoltammogram one cycle was run
and took about 10 minutes.

With the cyclovoltammogram shown in figure 5.26 two cycles were run andettiegs were:
Ahigh | &velid omliVev @lsdbe@Vsi adel &y Mg Agaireittookt 0 0 0
about 10minutes.

The reflective electrochromic deviceoloured if the source measure unit displayed a positive
voltage and bleachedf the sourcaneasure unit displayed a negative voltage.

—— 4RD1M (Current [A] (Ke 236))

0,0007 - —— 4RD2M (Current [A] (Ke 236))

0,0006 Y
0,0005 J
0,0004 g
0,0003 ]
0,0002 ]

/A

0,0001
0,0000
-0,0001 y

-0,0002 -
delay_s: 1000 ms

-0,0003 —
4 step size: 0,01V

-0,0004 + loops: 1

-0,0005 ~A——y——r—————————————————————
1,5 -1,0 -0,5 0,0 05 1,0 1,5

u/v
11.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.2)

Fig.525.Cy cl ovol t a mmo g rleatiwesDevicé (13.7I12@00 NirRled measured on the 11.8. 200"
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0,0006 — ——4RD3M (Current [A] (Ke 236)) I
0,0004
0,0002
0,0000
<
-~
-0,0002
-0,0004
o delay_s: 1000 ms
-0,0006 - step size: 0,02V
loops: 2
-0,0008 T T T T T T T T T T T T T
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,9

u/v
11.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.2)

Fig. 5.26. Cyclovoltammogramo f t hlectivé Begide (13.7.2000Nr.2) 6 measured on the 11.8.20009

The interval betweethe end of &ycovoltammogram and the start of the following:

1 1°(4RD1M) to 2 (4RD2M): 40sec
1 2" (4RD2M) to 3% (4RD3M): 50sec

Reflection spectra measured during the first (4Rl and the second (4RDP
cyclovoltammogram are presented in figure 5.28, 5.30. Figure 5.27 and 5.2%hghpuositionsn
the cyclovoltommograms, where the reflection spegtee measured.

——4RD1M (Current [A] (Ke 236)) |

0,0007
0,0006 N
0,0005 J
0,0004 ]
0,0003 d
0,0002 5

/A

0,0001
0,0000
-0,0001

-0,0002 -
-0,0003 — delay_s: 1000 ms
step size: 0,01V

-0,0004 ~ loops: 1

-0,0005 T T T T T v T T T T T T T
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5
u/v
11.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.2)

Fig.527.Cy cl ovol t a4rRDOVr aonh fildctve Device (13.7.2009 Nr.2) 6 measured on the 11.
positions are marked, where the reflection spectra shown in figure 8have been measured
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1000

900

800
700
600 -

500

counts

400 -
300

200

100

T T T T T T

I | | 1 I I I
300 400 500 600 700 800 900
Alnm

11.8.2009: Toshiba CCD Spektr.: Reflective Device (13.7.2009 - Nr.2)

Fig.528 Ref |l ecti on s p &dierDaviceo(13.7.200% Nr.#) Ryeefisured at different voltage values during the
cyclovoltammogramit RDIMO on t he 11.8.20009
Vertical lines: chosen wavelengths for thealculation of colour modulation (table 5.4)

Table 5.4. Colour modulation at 605 nm and 665 nm calculated from the reflection spectrt t ues 44 0 aafthe At t ue

ARef | ect (18.220@eNv i. cg@edigure 5.8)

ttues44 ttues39 Colou_r
modulation
counts % counts % %
605 nm 587+ 5 100 434+5 74+ 1 26+ 1
665 nm 606+ 5 100 883+ 5 146+ 1 46+ 1
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—— 4RD2M (Current [A] (Ke 236)) |

0,0005 -
0,0004 -
0,0003 —
0,0002 —

0,0001 +

/A

0,0000 —
-0,0001 -
-0,0002 -
-0,0003 -

-0,0004

delay_s: 1000 ms
step size: 0,01V
loops: 1

-1,5 -1,0 -0,5 0,0 0,5 1,0

u/v
11.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.2)

Fig.529.Cycl ovol t amm2vipr soni ft4hRD A Ref | ectiiNve 2Dévimeas(t@d7020Q%e

positions are marked, where the reflectin spectrashown in figure 5.30have been measured

counts
133
o
o
)

——ttues46 (0 V)
ttues47 (0,4 V)
— ttues48 (1,5 V)
------ ttues50 (0 V)
ttues51 (-0,4 V)
— ttues53 (-1 V)
- ttues54 (0 V)

I I I I |
300 400 500 600 700
X/ nm
11.8.2009: Toshiba CCD Spektr.: Reflective Device (13.7.2009 - Nr.2)

T 1
800 900

1

Fig.530.Ref |l ecti on spectra of t hieNri.Re)fd ermnd d syier eDde va tc ed i(f1f3e r7e 2t0 O

cyclovoltammogrami4RD2MO6 on t he 11.8. 20009
Vertical lines: chosen wavelengths for thealculation of colour modulation (table 5.5)
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Table 5.5. Colour modulation at 605 nm and 665 nm calculated from the reflection spectra t t ue s 53 0 ehtlle At t u
AfRefl ect (18.220Me\v.2) ®e (see )figure 5.30

ttues53 ttues48 CoIour
modulation
counts % counts % %
605 nm 605+ 5 100 436+ 5 72+1 28+ 1
665 nm 6005 100 878+ 5 146+ 1 46+ 1

Another reflection spectrum seriethei Ref | ect i ve DeNwi.@®asmé¢aduBed ah. 2 0 (
the31.8.2009 during the seventh (4RD_310809_ 7M) cyclovoltammogram (see figure 5.7).

——4RD_310809_7M (Current [A] (Ke 236)) |
0,0004 ~
0,0002 ~
<
~  0,0000 -
-0,0002
delay_s: 1000 ms
step size: 0,01V
-0,0004
loops: 1
T T T T T T T T T T T T T 1
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

u/v
31.8.2009: Ke 236 SMU: Reflective Device (13.7.2009 - Nr.2)

Fig. 5.31. Cyclovoltammogram i RD_310809_7M o f tldctve DeRee {13.7.2009 Nr.2) 6 me a s ur34.820@n t he
voltage positions are marked, where the refléon spectra shown in figure 5.3Zhave been measured
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—— monda22 (0 V)
800 monda25 (0,5 V)
] —— monda27 (1,5 V)
,a\ monda31 (0,1 V)
700 + M ----monda32 (0 V)
f,-g\\ monda33 (-0,1 V)
600 — A Ia""'l ‘\ '\\ —— monda38 (-1 V)
RN S monda41 (0 V)
500
)
S
3 400
(&)
300 -
200 -
100
0 I ' | Y I . I ! 1 " I . 1
300 400 500 600 700 800 900
rlnm

31.8.2009: Toshiba CCD Spektr.: Reflective Device (13.7.2009 - Nr.2)

Fig.5.32 Ref | ecti on s pec teDaviceo(13.7.200%Nr.2) e fmeeacstuirve d a't d isfddriegrttent v o
cycl ovol t ammogram 64&D_B8HE€88B9. gM2009
Vertical lines: chosen wavelengths for thealculation of colour modulation (table 5.6)

Table 5.6. Colour modulation at 605 nm and 665 nm calculated from the reflection specttimonda 38 0 an dftitemonda
fiRef | ect (18.220@¥eNv.2) asee figure 5.2)

monda38 monda27 Colou_r
modulation
counts % counts % %
605 nm 6075 100 425+ 5 70+ 1 30+1
665 nm 581+5 100 729+5 125+1 25+1

Measurementresultsofh e A Transmi ttive Device (5.8.20009)

On the 1.82009cycl ovol t ommogr ams of the ATransmitt
figure 533, 5.34) after storage forfew days.
For the two cyclovoltammograms in figure 5.33 themme settingsver e used. As i
+15V and as -fi,5Vowsredhasen&hle step size vea0,01V and the delay time was set

to 1000ms. With each cyclovoltammogram one cycle was run andabolat 10 minutes.

With the cyclovoltammogram shown in figure 5.34 two cycles were run for about 10 minutes, and
the settings werefhi g h | e v\e, |l odiw+ 1l -&&\Ve, | 0fist ep Vsi Zae!| ayo0 2

1000ms.
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The magenta polymer coated electrod¢hef transmittive dvice was connected to the plustput
of the source measure unitcatherefore the ECD gtlleachedif the source measure unit displayed
a positive voltageand colouredif the sourcaneasure unit displayed a negative voltage.

—— 3WD1M (Current [A] (Ke 236))
—— 3WD2M (Current [A] (Ke 236))

0,00010 -

0,00005

0,00000

/A

-0,00005

-0,00010

0.00015 delay_s: 1000 ms
- | step size: 0,01V

loops: 1

-0,00020 T T T ’ T Y T T T : T - T
-1,5 -1,0 -0,5 0,0 05 1,0 1,5

u/v
11.8.2009: Ke 236 SMU: Transmittive Device (5.8.2009)

Fig.533Cycl ovol tammograms of the dTmaasmi ¢di oe Deei te. 85280200

[ ——3wWD3M (Current [A] (Ke 236)) |

0,0002
0,0001
<C 0,0000
-
-0,0001
delay_s: 1000 ms
-0,0002 + step size: 0,02V
loops: 2
-0,0003 T i T T T T T ) T T T ) T
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

u/v
11.8.2009: Ke 236 SMU: Transmittive Device (5.8.2009)

Fig. 5.34. Cyclovoltammogramo f t he fATransmit}ovmedeuvied ¢BH.8hQO0ODD. 8.2009
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5. Experimental part

The interval baveenthe end of a cycovoltammogram and the start of the following:
1 1°(3WD1M) to 2" (3WD2M): 43sec
1 2" (3wWD2M) to 39 (3WD3M): 1 min 5sec

Reflection spectra were measured during the first (3¥WPand the second (3WDP cyclo
voltammogram.

—— 3WD1M (Current [A] (Ke 236)) |

0,00010
0,00005
< 0,00000

-0,00005 —

-0,00010 delay_s: 1000 ms
step size: 0,01V
loops: 1

-0,00015 T v T v T T T v T T T v T

-1,56 -1,0 -0,5 0,0 05 1,0 1.5

usv
11.8.2009: Ke 236 SMU: Transmittive Device (5.8.2009)

Fig.535.Cycl ovol t aBWwildds amf Athe ATransmi )i vieeabaviede of5.t8.e2010D.
positions are marked, where the refletion spectra shown in figure 5.3thave been measured
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5. Experimental part

—tuesd2 (0 V)
2500 tuesd3 (0,4 V)
i tuesd4 (1,5 V)
o 1 —— tuesd5 (1V)
T 0 M| |- tuesd6 (0 V)
S 1 tuesd7 (-0,4 V)
1 tuesd10 (0 V)
1750 -
P 1500
£ |
3 1250
(&) 4
1000
750 -
500 -
250 -
0 I S 1 ) I S 1 ol I » I ) 1
300 400 500 600 700 800 900
r/nm

11.8.2009: Toshiba CCD Spektr.: Transmittive Device (5.8.2009)

Fig.536. Ref |l ection spectra of the)oh Tmaasumiedi ae Devifeeerft. 8o0bP
cyclovolt a3whb yoaomnfithe 11.8.2009
Vertical lines: chosen wavelengths for thealculation of colour modulation (table 5.7)

Table 5.7. Colour modulation at 610 nmand 740n m cal cul at ed fr om tudsd® amelf |fiet cofeheodn7 0s p ¢
ATransmittive DOeafigwesB8)( 5. 8. 2009) 0

Colour
tuesdb tuesd?7 modulation
counts % counts % %
610nm 1515+ 12 100 508 +12 34+1 66+1
740 nm 1214 + 12 100 1529 + 12 126 +1 26 +1
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5. Experimental part

—— 3WD2M (Current [A] (Ke 236)) |

0,00010 +

0,00005 —

0,00000 -

/A

-0,00005 -

-0,00010

0.00015 delay_s: 1000 ms
- ) step size: 0,01V

loops: 1

-0,00020 +————————————————
1,5 1,0 -0,5 0,0 0,5 1,0 15

u/v
11.8.2009: Ke 236 SMU: Transmittive Device (5.8.2009)

Fig.537. Cycl ovol t amni2idd amf Ai8We ATransmittive Device (5.8.2009)
positionsare marked, where the reflecion spectra shown in figure 5.3&ave been measured

tuesd11 (0 V)
tuesd12 (0,4 V)
2250 - tuesd14 (1 V)
[ (A N BEEE tuesd15 (0 V)
2000 + tuesd16 (-0,4 V)
1 tuesd19 (0 V)
1750
1500
" g
£ 1250~
3 4
(@]
© 1000 1
750
500
250
0 1 N I M 1 v 1 N 1 M 1 M 1
300 400 500 600 700 800 900
A/l nm

11.8.2009: Toshiba CCD Spektr.: Transmittive Device (5.8.2009)

Fig.538 Ref |l ection spectra of the ATransmittive Device (5.8.2
cyclovolt ammgr @ahmlli8.200D
Vertical lines: chosen wavelengths for thealculation of colour modulation (table 5.8)

52



5. Experimental part

Table58.Col our modul ati on at 610 nm and 740 n md4ocaadiid wiktstded & hern
ATransmittive Device8(5.8.2009)0 (see figure 5.3
tuesd14 tuesd16 CoIour
modulation
counts % counts % %
610nm 1588+ 12 100 496+ 12 31+1 69+ 1
740 nm 1094+ 12 100 1458+ 12 133+ 1 33+1

More reflection spectra of the Tr ans mi t t{ i5v & . RdddBepsaredn thel.9.2009
during the fourth (3WD_010909 4M) cyclovoltammogram (see figure 5.10).

0,00015 ~ —— 3WD_010909_4M (Current [A] (Ke 236)) |
0,00010
0,00005
<<
~
0,00000
-0,00005 delay_s: 1000 ms
step size: 0,01V
loops: 1
-0,00010 T T T T T T T T T T T T T
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,9

u/v
1.9.2009: Ke 236 SMU: Transmittive Device (5.8.2009)

Fig.539. Cycl ovol t ammo@l09Q9aon 3aMD t he A Tr ansmi ) tOi viee aBev ied200®NS5 .t8h. e
voltage positions are marked, where the reflean spectra shown in figure 5.4have been measured
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5. Experimental part

tuesda3 (0 V)
— tuesdab (1 V)
i ----tuesdal1 (0 V)
1 tuesda13 (-0,3 V)
2000 + —— tuesda15 (-0,5 V)
A —— tuesda19 (-1,2 V)
1750 tuesda24 (-0,1V)
l [ W | | tuesda25 (0 V)
1500
o .
€ 1250
=
3 .
1000
750
500
250 +
0 I

¥ T L) I ' I Y I LS I ¥ I
300 400 500 600 700 800 900
Al nm
1.9.2009: Toshiba CCD Spektr.: Transmittive Device (5.8.2009)

Fig.540. Ref |l ection spectra of the ATransmittive Device (5.8.2
cyclovol t amm®dye0a_d o n3he/D92009
Vertical lines: chosen wavelengths for thealculation of colour modulation (table 5.9)

Table59.Col our modul ati on at 610 nm and 740 nml9% abdondlagdadb it be
ATransmittive Deviced( 5.8.2009)06 (see figure 5.

tuesdal9 tuesdab Colou_r
modulation
counts % counts % %
610nm 1775+ 12 100 692+ 12 39+1 61+1
740 nm 1098+ 12 100 1455+ 12 133+1 33+1

Measur ement results of the ATransmittive Devi

Cyclovol tammograms with the @ATr an(semfigure Bll, e De
5.42) after storage forfaw days on the 11.8.200®o0.

The settings for the two cyclovoltammograms infiggg 5. 41 wer e:V,Aihiilghwl lees
-15V, fAstepVsifteadl &ynistlWitneash cycOwditammogram ooycle was run

and took about 10 minutes.

With the cyclovoltammogram shown in figure 5.42 two cycles were run andethirgs were:
Ahigh | &velid owll5VevédbbdbepVsiiaeel &y Asmellat todk0 O 0
about 10minutes.

The transmittive electrochromic devicbleached if the source measure unit displayed a positive
voltage and colouredif the sourcemeasure unit displayed a negative voltage.
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5. Experimental part

—— 4WD1M (Current [A] (Ke 236))
—— 4WD2M (Current [A] (Ke 236))

0,00015

0,00010

0,00005

/A

0,00000

-0,00005

-0,00010 delay_s: 1000 ms

step size: 0,01V

loops: 1

-6,00015 4—————————————————————————
1,5 1,0 05 00 05 1,0 15

ur/v
11.8.2009: Ke 236 SMU: Transmittive Device (29.7.2009)

Fig. 541 Cyclovoltammograms of the ATr a@%/m2@0@9Nve Measwcred on the 11.8.20

[ —— 4WD3M (Current [A] (Ke 236)) |

0,00015
0,00010
0,00005
< 0,00000
™~ g
-0,00005
-0,00010

-0,00015 A delay_s: 1000 ms

step size: 0,02V

-0,00020 - i

T y T y T v T v T v T v T
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

u/v
11.8.2009: Ke 236 SMU: Transmittive Device (29.7.2009)

Fig. 542 Cyclovoltammogramo f t he fATr ansmi 20i0VYe 0Deneiacar @29 on the 11.8.20C¢C

The interval betweethe end of a cycovoltammogram and the start of the following:

1 15(4WD1M) to 2" (AWD2M): 40sec
1 2" (awD2M) to 3% (4WD3M): 55sec
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5. Experimental part

Reflection spectra series taken during the first (4WPland the second (4WD2) cyclo
voltammogram are presented in figure 5.44, 57Be corresponding voltage positions in the
cyclovoltammograrmmaremarked in figure 5.43, 5.45.

0,00015 - | ——4WD1M (Current [A] (Ke 236)) I
0,00010
0,00005
<
~  0,00000 -
-0,00005 -
delay_s: 1000 ms
step size: 0,01V
-0,00010
loops: 1
T T T T T v T v T g T T T
-1,5 -1,0 -0,5 0,0 0,5 1,0 15

ur/v
11.8.2009: Ke 236 SMU: Transmittive Device (29.7.2009)

Fig.543. Cycl ovol t aAawibdgd aonf At he ATr ans mi2t0t0i9v)ed Deevaiscue e@d2 d.n7 t he
positions are marked, where the refledbn spectra shown infigure 5.44have been measured

2500 ——tuesd37 (0 V)
] —tuesd39 (1,5V)
2250 - ——tuesd40 (1 V)
. tuesd41 (0 V)
2000 tuesd42 (-0,4 V)
- tuesd45 (0 V)
1750 4
P 1500 -
% ]
o 1250+
o .
1000
750 4
500
250 +
0 T T T v T v T T T v T T 1
300 400 500 600 700 800 900
r/nm

11.8.2009: Toshiba CCD Spektr.: Transmittive Device (29.7.2009)

Fig.544 Ref |l ecti on spectra of 2987h2009Mraanmemas i edé devidecd f érent
cyclovolt Wb §ioaonfithe 11.8.20009
Vertical lines: chosen wavelengths for thealculation of colour modulation (table 5.10)
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5. Experimental part

Table510.Col our modul ati on at 610 nm and 740 nmMOb@aldc Wit adetisedl 4 2100 n
ATransmi ta(29ve2 ODe9v)ioc ( hee figure 5.4
tuesd40 tuesd42 CoIour
modulation
counts % counts % %
610nm 1400+ 12 100 511+ 12 37+ 1 63+ 1
740 nm 1202+ 12 100 1564+ 12 130+ 1 30+1
—— 4WD2M (Current [A] (Ke 236)) |
0,00010 ~
0,00005 ~
< 0,00000 —
-0,00005 —
-0,00010 - delay_s: 1000 ms
step size: 0,01V
loops: 1
-0,00015 T y T v T ¥ T T T ¥ T v T
-1,5 -1,0 -0,5 0,0 0,5 1,0 1.5
u/v
11.8.2009: Ke 236 SMU: Transmittive Device (29.7.2009)
Fig.545.Cycl ovol t amn@gd a of ifiTdrkéeen s mi t ti ve Device (29.7.2009)0 me

positions are marked, where the reflection spectra shown in figure S5have been measured
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5. Experimental part

2500 -
2250 -
2000 —
1750 -
1500 -

1250

counts

1000
750
500

250

——tuesd46 (0 V)

——tuesd49 (1V)
-- tuesdS50 (0 V)
——tuesd51 (-0,4 V)
-~ tuesd54 (0 V)

tuesd47 (0,4 V)

Fig.546. Ref | ecti on

cyclovoltammMgpr @am fiodwD11. 8.

T
300

T
400

spectra

T
500

T T
600 700

r/nm
11.8.2009: Toshiba CCD Spektr.: Transmittive Device (29.7.2009)

of

t he
20009

T
800

ATransmittive

Vertical lines: chosen wavelengths for thealculation of colour modulation (table 5.11)

1
900

Device (29.7.

Table511. Col our modul ati on at 610 nm and 740 nmeaadhc¢ukladefl f hen
ATransmi tctei (@ 9D&vi2009) 0 (see figure 5.46
tuesd49 tuesd51 Colou_r
modulation
counts % counts % %
610nm 1459+ 12 100 503+ 12 34+1 66+ 1
740 nm 1170+ 12 100 1527+ 12 131+1 31+1

On thel1.9.2009 reflection spectra of theTr ans mi t t i v e
the fifth (4WD_010909 5M) cyclovoltammogram (see figure 5.13).

Dvere measured darthg 7 . -
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5. Experimental part

1 ——4WD_010909_5M (Current [A] (Ke 236))
0,00010 +
0,00008 —
0,00006 —
0,00004 —
< 0,00002
0,00000 —
-0,00002
-0,00004 - delay_s: 1000 ms
1 step size: 0,01V
-0,00006 — loops: 1
-0,00008 I x T r T r T r T - T x T )
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

u/v
1.9.2009: Ke 236 SMU: Transmittive Device (29.7.2009)

Fig.547. Cy cl ovol t a AwbDo@0989BMof o f the ATrans mi2t0t0i9v)ed Deevaiscua ed2 D.n7
voltage positions are marked, where the reflection spectra shown in figure Bfave been measured

— tuesda26 (0 V)
2500 —— tuesda29 (1V)
4 ----tuesda34 (0 V)
2250 tuesda35 (-0,2 V)
. tuesda40 (-1 V)
2000 A — tuesda42 (-1,2 V)
4 ! tuesda47 (-0,1 V)
1750 o) ‘::L """ tuesda48 (0 )
@ 1500
E ]
o 1250 4
o H
1000
750
500
250
0 —_— : , : : . ; . ; T 0
300 400 500 600 700 800 900

r/nm
1.9.2009: Toshiba CCD Spektr.: Transmittive Device (29.7.2009)

Fig.548 Ref |l ecti on spectra of 2937h2009Mraanmemasui e devidcdé f érent
cyclovol t aADh®e085MOA on the 1.9.20009
Vertical lines: chosen wavelengths for thealculation of colour modulation (table 5.12)
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5. Experimental part

Table512.Col our modul ati on at 610 nm and 740 nnmd2aland!| a@P eicd §fdr o
theA Tr ansmi tctei @ 9D&vi2009) 0 (see figure 5.48
tuesda4?2 tuesda29 Colour
modulation
counts % counts % %
610nm 1644+ 12 100 634+ 12 39+ 1 61+1
740 nm 1140+ 12 100 1521+ 12 133+ 1 33+1

5.2.DC voltagepulse-operation

Another way to investigatelectrochromic devices is to observe their behaviour during ®@ge
pulseoperation. For ita cefined positive voltage value arddefined negative voltage valuere
setalternatively, eacfor the same period of time

5.2.1.Setup for measurements

The setup is composed of an electrical assemntdya setup for optical measurements.

5.2.1.1.Circuit diagram

A schematic cirgit diagram is shown in figure 5.4Fhe electrochromic device is connected to a
programmable pulseegerator (OORX; Model 5507 50 MHZ; Programmable Pulse Generator).
For countingthe pulsesa universalcounter (TTi; TRB30; 1.3GHz; Universal Counter), which is
connected o t he A syn @ progmmmable puise generator, tishused. An oscilloscope
(GW Cursor Readout Oscilloscope GO26) isintegrated in the electrical setup display the
voltage.

Universal Programmable
Counter Pulse Generator

Device Oszilloskop

Fig. 5.49. Schematic circuit diagramfor DC-voltage pulse operation
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5. Experimental part

5.2.1.2.Setup for optical measurements

For the case of DC voltagailseoperation two ways of optical investigation were used: Fisstal
investigation with photos andecond investigation with a -hotodiode. The twacsetups are
described in the followingubchapters.

5.2.1.2.1Investigation with a camera

The setup for visual investigation with a camerdesdame as described in chaftérl.2.2

5.2.1.2.2Investigation with a Siphotodiode

Figure 5.50 showghe seup for investigation with a §photodiodeln the centre of the photo is the
ARefl|l eot d mdrta@n e r h abtrarbmitlive Aevide Jyingawon the base platéh a gold
mirror as background)rhe fowsing lens is connected to af@iotodiode, whichs connected t@a
voltmeter(Keithley 175 Autoranging/ultimeter).

As light sourcesupply a constant current source (Voltcrd&f08; set to 0,328\ is used.

Si-Photodiode

Mini-lamp Focusing lens
with lens

Fig. 5.50. Setup for investigationwith a Si-photodiode during DC voltagepulse-operation
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5. Experimental part

Keithley 175 Autoran-

ging Multimeter

Programmable Pulse

Generator OOR-X

Universal Counter TTi

Light source-supply:

constant current source

Fig. 5.51. Instruments usedfor DC voltage-pulse-operation

5.2.2.Influence of the pulse history for theelectrochromic effect

During DC voltagepulseoperation atifferent pulse numbers photos of the electrochromic devices
were made on the one hand, the intensity of the light reflected by the electrochromic device were
measuredvith a Siphotodiodeon the other hand. In both cases #tectrochromic devices had
been in storage fane or more days before the experiments were carried out.

For all experiments the samsettings of the programmalpelse generator were used:

[Period: 800 ms, Width: 4@0.0ms, Delay: 0.(hs duty cycle off, LEE=TRE: 10.fs,
LEE=TRE: 10.0ms, EDGES EQ ON, HLEV: +0,75V, LO-LEV: -0,75V, PREDEF: USER,
Mode: Cont, Pulse: Signal.]

During each pulse the voltage was first set to ¥1f6r 4000ms andsecondto -1,5V for again
4000ms. The voltagevas increased/decreased to H/5L,5V within 10ms and then épt the
samne for the remaining time (3990s). Sothe duratiorof one pulse was 800@s.

Pulse histories of about hundreds or more consecutive pulses were cartrigteanfluence of the
pulse history on the electrochromic effect waserved.

5.2.2.1.Photos
During DC voltagepulseoperation at different pulse numbers photos of the electrochromic devices

in the coloured and the bleached states were madeel@tteochromic devices had been in storage
for one or moraelays before.
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5. Experimental part

On the 7.9.2009 photos at different pNiskE) ndL
were made (see figure 5.52).

The working electrode of the reflective electrochromic device was connectedniintieoutput of

the programmable pulse generasoidtherefore the ECD got coloured the programmable pulse
generator supplied a positive voltaged bleachedf the programmable pulse generator supplied a
negativevoltage.

Pulse-No.1 Pulse-No.1 Pulse-No.18 Pulse-No0.18

Pulse-No.2 Pulse-No.30 Pulse-No.30

Pulse-No.2

Pulse-No.3 Pulse-No.3 Pulse-No.50 Pulse-No.50

Pulse-No.4 Pulse-No.4 Pulse-No.70 Pulse-No.70

Pulse-No.10 Pulse-No.10 Pulse-No.125 Pulse-No.125

Fig.552Phot o series of the fARMr.Ik)ditvekeervatc ed iditifBeth@dO@Rtdltagu | se n
pulse-operation on the 7.9.2009

left: coloured state

right: bleached state
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5. Experimental part

The bl eaching of the TfNRrefll)ectiiver dased es|(dABIl Yy
but didn’t reach the maximum bleaching observed during cyclovoltammetry on the 28.8.2009 (see

figure 5.6).
The colouration became less intensive and also didn’t reach the maximum colouration observed

during cyclovoltammetry on the 28.8.2009.

Figure 5.53 shows a photo seriNrs. D)o tthaek einRed
pulse numbers during DOitage pulseoperation on the 7.9.20009.

The reflective electrochromic device colouredl the programmable pulsgenerator supplied a
positive voltageand bleachedf the programmable pulse generator supplied a negabivage.
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5. Experimental part

Pulse-No.1

Pulse-No.2

Pulse-No.3

Pulse-No.5

Pulse-No.13

Fig.553 Phot o

Pulse-No.1

Pulse-No.2

Pulse-No.3

Pulse-No.5

Pulse-No.13

pulse-operation on the 7.9.2009

left: coloured state
right: bleached state

The bleaching of thé R ledtive Device (13.7.2009 Nr.2) dncreasedclearly over the first 50
pulses and then stayed almts¢ sameThe bleached state didn’t reach the maximum bleaching

Pulse-No.20

Pulse-No.30

Pulse-No.50

Pulse-No.70

Pulse-No.125

s er i destivedbvice (h3e7.200RNerf . 2 ) 0

taken at

Pulse-No.20

Pulse-No.30

Pulse-No.50

Pulse-No.70

Pulse-No.125

observed during cyclovoltammetry on the 31.8.203&® figure 5.9).

The colouration stayed almostet same during the whole pulse history and was as intensive as on
the 31.8.2009 during cyclovoltammetry.

d idérihgethre @ voltageu | s e
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5. Experimental part

On the 10.9.2009 photos of adtdifeereri guseanumbersetet i v e
taken (see figure 5.54).

The magenta polymer coatelictrode of the transmittive device was connected to the minus output
of the programmable pulse generator and therefore the ECD got coldutieel programmable
pulse generator supplied a positive voltaged bleachedif the programmable pulse generator
supplied a negative voltage

Fig.554Phot o series of the fTroan sanifiementimise nudleersdudng theg CBC.v@tagd fulSe9
operation on the 109.2009

left: coloured state

right: bleached state

The bleaching of th@T r ans mi t t i ve De v i csewlyoger tBe pllge Gistgrydandi n c
was by far not as strong &se maximum bleaching observed during cyclovoltammetry on the
1.9.2009 (see figure 5.12).

The coloured state was for the first few pulses as intense as the maximum colouration observed
during cyclovoltammetry on the 1.9.2Q0fut became weaker and weaker over the remaining pulse
history.

In figure 5.54 an air bubble in the right hand lower corner ofithe ans mi t ti ve Devi
is visible. This air bubble came into being only after photos had been taken on the 1.9.2009 (see
figure 5.12, cyclovoltammetry: no air bubble noticeable).

Maybe the electrochromic device wasn’t hermetically sealed.
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