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ABSTRACT

Electrochromic Materials are of intst as fundamental componentsimart windows,
displays, and fabrics. A new class of organic arylamioéecularelectrochromes (both ionic
and neutral) has been developed to afford optimal optical and electrochemical switching
properties in th@bsorptive/transmissive electrochrordevice state. By controlling the number
of redox active units, structuring their internal electronic coupling and alternating the charge
state of the electrochrome, a range of optical states are affofdedN", N-Tetraanisyll,4-
phenylenediame (TAPDis optimized for use as multioloredelectrochromic molecular dye in
thetype | (solution) device state.

Anionic polyarylamines are prepared and tested in transmissive singular type |
electrochromic devices. The application of a small biag (o leadsto highly colored stable
radical zwitterions. Lack of formal net charge in the oxidized form of the molecule influences its
mass transport in the device to yield faster switching times. Devices with these anionic
electrochromealsoexhibit fasteopen circuit bleachinginetics in comast to neutratlevices.

In addition totheir device studies, stable radical zwitterions have been synthesized (via
chemical oxidation), and characterized ustgglic voltammetry electronparamagnetic
resonance (EPR) spectroscopy and optical spectroscopy. Information gained from these studies

has led to an improved understanding of the rational design of isolable radical zwitterions.



The phenomenon of eleothromism is further demonstrated in a novel redox auxiliary
(RA) photoelectrochromic switch. An amino substituted norbornadi®AeN-Ts) undergoes
photochemical rearrangement toagtdorlessquadricyclane isomgAA-Q-Ts), which can be
reversibly tranformed back to the yellow AMN-Ts upon oxidative catalysis at an electrode in
solution.Similarly, amino substituted azobenzeaterivativesisomerize betweethe contracted
(2) form and the expandd&) form as a result of photochemical and electrochemical stimuli,
respectivelyUsing the technology of type | electrochromic devices, the photoelectrochromic
switching of these systemsdemonstrateavith large duty cycles (~1000 cycle3he
photoelectrochrongidevice (PECDalso provides an analytical platform for the study of redox
auxiliary catalysis. A new photoelectrochromic switching media has been developed for cycling
aromatic photoelectrochromic systems. The general utility of this media in the

photcelectrochromic cycling redoxuailiary systems is established
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Chapter 1

Type | Multi -Electrochromic Switching Devices based on
p-Phenylenediamine (PD) Redox Chemistry

i éthe ability to survive depends on the ability to adapt to climate change and to the reduction
of the sustenance resources, caused by an increase in population, and the impoverishment of
natur al resour ces,iCharkes Datvin mrae Quginafl Spegiesobyg meanss . 0

of Natural Selectioh

1.1 Electrochromism: Applications from Environmental Sustainability to Wearable

Display Technology

Electrochromiq EC) technology aims to exploitinctionalmaterials that modulate

electromagnetic radiation in responsatmpplied electrical bias>* ElectrochromiqSmart)

! Darwin, C.The Origin of Species, by Means of Natural Selegtiohn Murray: London, 1859.
2 Monk, P.M.S.; Mortimer, R. J.; Rosseinsky, D.EBectrochromism and Electrochromic
Devices;Cambridge: UK, 2007.

¥ Monk, P.M.S.; Mortimer, R. J.; Rosseinsky, D.Eectrochromism: Fundamental and
Applications;VCH: Weihein, 1995.

* Mortimer, R. J. Elecbchromic MaterialsAnnual Review of Materials Resea@®il1,41,241-
268.



windowsfor buildings(Figure 1.1.1)are currently a fairly lucrative commodity, lowering

architectural energy cost in comparisoritte standard lovemittance coatings.
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Figure 1.1.1.Electrochromic windows in use at Chabot College in Hayward, CA. Taken from
www.sageglass.com

Figure 1.1.2has been reproduced from a study carried out by Madison Gas and Electric
Companyof Madison, W°Whi | e ther mochromic materials redu
coolingby transmitting and absorbing heat, photoc

lighting energy by responding to sunlight. Modulation of electrochromic windows occur

® Roberts, D. RPreliminary Assessment of the Ene@gving Potential of Electrochromic
Windows in Residential BuildingSIREL/TP-550-46916; National Renewable Energy Labs:
December 2009, 2009; pplR.

® http://www.mge.com/savingnergy/business/bea/_escrc_0013000000DP22YAAT
2 _BEA1_PA_PA_ BuildingEnvelope_PR86.html



independently ofamperature or exposure to light, placing electrochromic technalilgythe
operational advatageo f bei ng abl e to modul ate both heat
result, electrochromic smart windows performed suplgriorboth photochromic and

thermochromic windows by lowerirgpthcooling and electric lighting energy.

40

w
o

Tinted glass

Reflective
glass

Electro-
20 40 60

Electric lighting energy (KWh/m2)®

Notes: kWh/m2 = kilowatt-hours per square meter. © E Source
a. Lighting savings assume the use of a switched
or dimmable electric lighting control.

Cooling energy (KWh/m2)
N
o

-t
o

0

0 80

Figure 1.1.2.Cooling energy vs. Electric Lighting energy per unit of floor area for different
types of chromogenic and n@hromogenic windows. Takdrom ref. 6

There is also opportunity for commercialization in the areas of electrochromic displays
and textilesRecent accounts have demonsttathat electrochromi@brics can belatained by
simply coating aonducting fabric substrate wietmelectrochromic material. Semiconducting
fabric substrates have beprepared by soaking commerdciaicra spandex, cotton, or stainless

steel mesh in a condting polymer, namely PEDOT:PSSonductivities range from ca. 0.1



S/cm to 9800 S/crfor the Lycra ad stainless steel, respectivéfy. Metalplated conducting

fabrics have also been used in literature accounts as substrates for electrochromic fabric studies
Nickel, copper or silverplatedmaterialsareavailablecommercially (LessEMF, Inc.)tis in

theseareas thabhew electrochromic materials as developed by our researchfoallglevance.

The ability of an electrochromic systémexhibit multiple colors with respect to applied voltage

is particularly desirefbr aesthetic electrochromic applicatiswch as electrochromic fabrics.

In parallel to more mature disciplines like photovoltaics, lgmitting diodes, or
semiconductors, electrochromic dev{€& D) materials have a range of chemical compositions
(metal oxides, organometallic complexes, conjugated polymersyéth.Jhe organic based
materials gainingtéention more recently. @anic EC mateals have the benefits of
compatibility with flexible substrates, preparatioom relatively cheap matials, and synthetic

tunability.

1.2 Metrics of Electrochromic Materials and Their Devices

Materials that exhibit electrochromiiehavior are classified based on the solubditygl

phase statef their various redox staté$'*? A type | electrochrome is characterizasibeing

" Iverndale, M.A.; Ding, Y.; Sotzing, G. A. All Organic Electrochromic Spané&S Appl.
Mater. Inter.2010,2, 296-300.

®Ding, Y.; Inverndale, M.A.; Sotzing, G. A. Conductivity Trends of PEBRSS Impregnated
Fabric and the Effect of Conductivity on Electrochromic TexAleéS Appl. Mater. Intei2010,
2,15881593.

° Beaupre’, S.; Dumas, J.; Leclerc, M. Todétte Development of New Textile/Plastic
Electrochromic Cells Using TriphenylamiiBased Copolymer€hem. Mater2006 18, 401t
4018.

19Monk, P.M.S.; Mortimer, R. J.; Rosseinsky, D.Eectrochromism and Electrochromic
Devices;Cambridge: UK, 2007.



soluble ineachopticalstate forming electrochromic liquid state# type Il electrochrome has
mixed solubility,existing as both an electrochromic solution and as an electrochromic film
deposited onto #helectrode. In type Il electrochromisthe color switching material exists
solely as an insoluble thin film on an electrode surfaable 1.2.1 gives examples of

electrochromes of each type with their respective patented applicattgis.

Type of Application(s)
Electrochrome

| == Gentex Night Vision
+ + X /
—NQ;_@N— /N@N\ System (NVS®) Mirror

Methyl Viologen (MV) Tetramethylphenylenediamine (TMPD)

Il c7H15—ﬁD—@N’—C7H,5 Electrochromic Paper

2X
Heptyl Viologen (HV)

[ WO, o 0 Electrochromic Aircraft

@_} Windows (Boeing 757)
n

poly(3,4-ethylenedioxythiophene) (PEDOT)

Table 1.2.1.Classification of electrochromic materials with example systems and applications.
While parameters forlectrochromiamaterials and devices aapplication dependent,

they are generallghaacterized by several criterid 2

Description of Cadr - The color of an electrochromic system is described by its optical

spectraof associated redox stat@sterms of absorption, transmission, or reflectance at various

' Monk, P.M.S.; Mortimer, R. J.; Rosseinsky, D.BRectrochromism: Fundamental and
Applications;VCH: Weihein, 1995.

12 Mortimer, R. J. Electrochromic Materialsnnual Review of Materials Resea2®11,41,
241-268.

B Byker, H. J. Single&CompartmentSelferasing, SolutiofPhase Electrochromic Devices,
solutions for use therein and uses thereof. U.S. Patent 5751467, 1987.

“Mortimer, R.J.; Warren, C. P. Cyclic Voltammetric Studies of Prussian Blue and Viologens
within a Paper Matrix for ElectrochromRrinting ApplicationsJ. Electroanal. Chenml999,
460,263-266.

>www.gentex.com/aerospace/aircrafindows
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wavelengthsln addition, systems are qualitatively described by their appearartee tarmhan
eye.In-situ colorimetric analysifias recently been develop@dnumerically describthe color

of electrochromic materials in termstufe, saturation, and brightng&s81°

Optical Contrast The optical contragor contrast ratiopf an electrochromic system
describes the changes in calutensitybetween optical statell is expressed as a change in
percent tr anasaparscslden.lrhe(ammadt jatio (CRf an electrochromic
system is the ratio of thteansmittance or reflectance in the bleached state to the transmittance or

reflectance in the colored state(s).

ElectrochromicSwitching Time With respect tanapplied voltagetheelectrochromic
switching time is defined aké amout of time requiredo generat®0%of an optical state after

which time, the color change is no longer detectable by the eye.

Device Cycle Life (Duty Cycle)The cycle life of an electrochromic system is reported as
a number otlectrochromiswitching cycles under a sdtspecific conditionsvith a specified
retention of optical contrasfdditionally, anydegradation of the optical contrast is reporteat.

display applications, about 16ycles with a deteriorationopT % 50 % i s acceptabl

1.3The Application of Phenylenaliamine Redox Chemistryto Electrochromic Materials

8 Thompson, B. C.; Schottland, P.; Zong, K.; Reynolds, J.R. In Situ Colorimetric Analysis of
Electrochromic Polymers and Devic€&hem. Mater2000,12,15631571.

Y Thompson, B. C.; Schottland, P., Sonmez, G.; Reynolds, J. R. In Situ Colorimetric Analysis of
Electrochromic Polymers and Devic&gynthetic Metal2001,119,333-334.

“Sonmez, G.:; Meng, H.: Wudl, F. Organic Polym
with Very High Coloration EfficiencyChem. Mater2004,16,574580.

¥Mortimer, R. J.; Reynolds, J. R-Isitu Colorimetric and Composite Coloration Efficiency
Measuemerts for Electrochromic Prussiarit®. J. Mater. Chem2005,15,22262233.
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Arylamine redox chemistry has gained considerable notoriety for its application in the
development of organic electronic devices (kghtitting diodes, field effect transistors, bulk
heterojunction solar cells, ett)PhenylenediaminePD) derivatives have drawn interest due to
their robust anodic electrochemistry leading to stable, often isolable, amminium cation
salts??22%242526 T ynderstandharge dynamicand distribution in the positively charged

oxidation states, optical spectroscopy is employld an emphasis on evaluation of any rigar

bands resulting from low energy intervalembectronictransitions>"?*%3° A notable feature of

(@) Grimsdale, A. C.; Chan, K. L.; Martin, R. E.; Jokisz, P. G.; Holmes, 8yBthesis of

Light-Emitting Conjugated Polymers for Applications in Electroluminescent Dev@ie=m.

Rev.2009,1 09, 89711091. (b) Brabec, C.; Scherf, uU.
Materials, Device Physics, and Manufacturing Technologies; Wileli: Weinheim, Germany,

2008. (c) Allard, S.; Forster, M.; Souharce, B.; Thiem, H.; Sche@rganic Semiconductors

for SolutionProcessable Fielliffect TransistorsAngew. Chem., Int. E@008,47, 407 071 409 8.
(d) Borsenberger, P. M.; Weiss, D. S. Organic Photoreceptors for Xerography; Marcel Dekker

Inc.: New York, 1998.

2L Selby, T. D.Blackstock, S. C. Preparation of a Redox Gradient Dendrimer. Polyamines

Designed for On&Vay Electron Transfer and Charge CaptdréAm. Chem. Sot998,120

12155.

?2Kim, K.-Y. Polyarylamino Redox Arrays for Control of Charge Transport and Chargeg8tora

Ph.D. Dissertation, The University of Alabama, Tuscaloosa, AL, 2003.

2 Selby, T. D.; Kim, K-Y.; Blackstock, S. C. Patterned Redox Arrays of Polyarylamines |.
Synthesis and Electrochemistry gi-#henylenediamine and Arylami#ppendedp-
Phenylenediaine Arrays Chem. Mater2002,14, 1685.

24 Kim, K.-Y.; Hassenzahl, J. D.; Selby, T. D.; Szulczewski, G. J.; Blackstock, S. C. Patterned
Redox Arrays of Polyarylamines Il. Growth of Thin Films and Their Electrochemical Behavior.
Chem. Mater2004,14, 1691

21, J. C.; Kim, K-Y.; Blackstock, S. C.; Szulczewski, G.Ratterned Redox Arrays of
Polyarylamines lll. Effect of Molecular Structure and Oxidation Potential on Film Morphology
and Holelnjection in SingleLayer Organic Diode€Chem. Mater2004,16, 4711.

6 Gray, L.T. The Application of Arylamines as Redox Auxiliaries, Polar Crystals and Organic
Semiconductors. Ph.D Dissertation, The University of Alabama, Tuscaloosa, AL, 2012.

2 Nelsen, S. F.; Tran, H. Q.; Nagy, M. A. Comparison of V ValueStome Nitrogenand

MetatC e n t eBriégdd MixedValence Compounds. Am. Chem. So0&998,120,298304.

8 Lambert, C.; Nll, G. The Class II/lll Transition in Triarylamine Redox SysterdsAm.
Chem. So0cl999,121,84348442.

2 Ito, A.; Sakamaki, D.;dhikawa, Y.; Tanaka, K. SpiBelocalization in Charge State péra-
Phenylene.inked Dendritic Oligoarlamine€£Chem. Mater2011,23, 841-850.
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these systems that while the neutral arylamine is often colorless (absorbing mainly in the UV
region), each oxidation stats characterized by an interes®or (figure 1.3.1) It is this
reversiblemodulationof optical absorptiom the visible region of the electrograetic spectrum

as a result of changes in electron cong&mmg with the robust stability of the redox states of
these systemthat makes phenylenegnines especially attractive componentmofti-colored

electrochromic materials

S — o - \ o — o -
MO/ M -e # AR M -e Y e N

;:_N 4\ _;;I-‘** |\J|Jf Pa—— :Nr(”;’_—NﬂH Pa— ith—"‘\ ,:;_N,.:';"
+e° - +e° o=
Neutral Radical Cation Dication
Colorless Colored Colored
Absorptive in UV Broad absorption in NIR Weak absorption in NIR
Transmissive in NIR

Figure 1.3.1.Redoxchemistryof phenylenediamines (Wurster dyes) with general description of
optical behavior in each redox state.

Multielectrochromic thin films have been prepared basepgobyamides with
phenylenediamin@PD) pendant group3:*2% As figure 13.2 shows Jinkages varywith thep-
phenoxy linkage producing polymeric electrochrsraéle to switch up to 10,000 cycf8§he
colorlessgreenblue multielectrochromism in the filsiis directly attributable to

phenylenediamine redox chemistry, which is descrtiethree distinct reddeptical states

%0 Hankache, J.; Wenger, O. Organic Mixed Valei@igem. Rev2011,111,51385178.

31 Hsiao, SH.; Liou, G-S.;Kung, Y-C.; Yen, HJ.High Contrast Ratio and Rapid Switching
Electrochromic Polymeri€ilms Based on+4Dimethylamino)triphenylamin€&unctionalized
Aromatic Polyamidesvlacromolecules2008,41,28002808.

% Liou, G-S.; Chang, GN. Highly Stable Anodic Ectrochromic Aromatic Polyamides
ContainingN,N,N",N"- Tetrapheny p- Phenylenediamine Moieties: Synthesis, Electrochemical,
and Electrochromic Propertiddacromolecules2008,41,16671674.

% Yen, HJ.; Liou, GS. SolutionProcessable Novel Ne#rfared Electrochromic Aromatic
Polyamides Based on Electroactive Tetraphgryhenylenediamine Moietie€hem. Mater.
2009,21,40624070.



(figure 1.3.3. We seek to expoit this multielectrochromiafiere ofmolecular

phenylenediamineas liquidsin eledrochromic devices
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Figure 1.3.2 Representative structures of electrochromic PD polyanfrégsences 29, 30, 31).
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Figure 1.3.3 Multielectrochromic spectroelectrochemical profile of PD polyamide. Optical
contrast values at 835 nm and 1080 nm are shown as well as the photographs of the polymer
films at 0.0 V, 0.75 V, and 1.10 s Ag/AgCl).Figure taken from reference 30.

To aur knowledge, there are only tyablished examples of aryl amines beusgd as
electrochromic molecular dy&s solution basedype | electrochromic device®ne cell by K.
C. Ho and another by N. Leviis®***>% In both examples, N,N, N, Netramethyil,4-
phenylenedaminéTMPD) was used as a charge balancswutionphasecounter
electrochromeAs the primary electrochrome, both studies useddilEptly-4,4-bipyridium
(heptyl viologen; HV) Theelectiochromic cell (shown in figure 1.3.45 only capable of

undergoing one color change reversibly, the one electron reduction of fiahtl/subsequent

one electron oxidation of TMP[Zolorless) yielding HV™* and TMPD' (blue), respectively

3 Ho, K. C.; Fang, YW.; Hsu, Y-C; Chen, LC. The Influences of Operating Voltaged Cell

Gap on the Performance of a Soluti®hase Electrochromic Device Containing HV and TMPD.
Solid State lonic2003,165,279-287.

% Ho, K. C.; Fang, YW.; Hsu, Y-C; Yu, F-C. A Study on the Electr@ptical Properties of HV

and TMPD with Their Apptation in Electrochromic DeviceBroc. Electrochem. Sd003,
200317,266-278.

% Leventis, N.; Chem, M.; Liapis, A. I.; Johnson, J. W.; Jain, A. Characterization of 3 x 3 Matrix
Arrays of SolutioAPhase Electrochromic Cells. Electrochem. S0¢998,145,L55-L58.
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RN/ — - / N 7 N\ > _ N
CrHi5—N D" N-CyHis =—— [C7His=N < N=CrHisl =— CHis N\_‘):c\ N-CrHss Prlmary
= € — — * o — Cathodic
HV** Hv-* HV

Coloration

Figure 1.3.4.TMPD/HV electrochromic devicéeference 3%

A secondredox process produces Piend TMPD™*, bothmaterialsexhibit no
absorbance in the visible region of the electromagnetic speatndrtead to a colorless state
While these processes alectroctemically reversibleHo et al.note the appearance afi
insoluble yellowbrown film on the electrode of the electrochromic devicehis is he result of
dimerizationbetween the neutral H\and the dication HY, yielding the radical catiodimer,
(HV ),.3" Using theHV/TMPD based electrochromic devidgo et al addressed issasuch as
cycle life, cell operating voltage, optical contrast and cell spacer thicknds® v e wdrk, s 6
patterned ITO electrodes were used to fabricate 3 X Ixraatays ofpixels based on
HV/TMPD dual electrochromisn Table1.31 summarizes the results of these studies. In our

work, we aim to add to this rather limited pool wfarmation by usin@nN- arylatedphenylene

37 Compton, R.G.; Monk, P.M.S.; Rosseinsky, D.R.; Waller, A.M. Electron Paramagnetic
Resonance Spectroscopy of EIl ect-hisgpdeposited Sp
cyanophenyb4 | -BipMiidilium (cyanophenyl paraquat, CPQ). Chem. Sad-araday Trans.

1990, 86, 2583.
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diamine(PD) based electrochmeas the primary color changing species in a device settfieg.
seek to explor& APD as a functional electrochromic molecular dye for application in EC device
technology. Shown ifigure 1.35, we expecT APD to be a particularly interesting
electrochromea@mpared tarMPD because of the extra stability of its redox states and the richer
colors afforded (as a result of more extended pi conjugatismg TAPD, we are able to

exploit multrelectrochromisma quality that has yet to be demonstrated in thissadh materials.

Electrochromg Cell
Anodic Cathodic | Concentration| Gap Operating | 3’z ¢
Material Material (M) (um) Solution Phase Voltage (%) _c(S) b(8) Cycle Life| ref.
TMPD HV(CIQ), 0.05M 190.0 MeCN 0.6V 84 N/A N/A N/A 34
TMPD HV(BE), 0.05M 140.0 | TBABFPMMA/PC| 0.8V 75.5 2.5 8 102 32,33

Table 13.1. Summary of selected data taken from literatg#éT represents percent
transmissionld and{ represent coloration and bleaching times, respectively.

o/ \o
\N—Q—N/ :\< :
/ \ fNONE

TAPD
0 o)
\ /
Figure 1.3.5.Structures of MPD andTAPD.
1.4 Results and DiscussionTAPD as Anodically Coloring Dichromic Electrochromic
Molecular Dye
1.4.1 Synthesis of TAPD
Tetraanisylphenylenediamin@APD) was first reported by our group 1998 as a

product of the coupling gi-diiodobenzene withigp-anisylamine under Ullman

conditions!****83 The synthesis has since been reported on numerous occasianding

3 Ulimann, F. Ueber eine neue Bildungsweise von Diphenylauiémivaten Ber. Dtsch. Chem..
Ges.1903,5, 559.
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replacing the Ullman reaction wifPd catalysis(i.e. HartwigBuchwad N-arylation}®442
conditions.**** Recently, Bender et al. reped a yield of 86% using tphenylendiamine and
4-bromoansole as the reacting substrate$he conditions included usingdiumtert-butoxide
(1.5 molar equivalent with respect to reactivaN bis(dibenzylideneacetone)palladium (0.50
mol% with respet to reactive NH), and tritert-butylphosphine (0.83 molar equivalent with
respect to palladiuntp catalytically facilitate the coupling of the two substrakesur lab,
TAPD was prepared bRr. Lester T. Graysing the same conditions with the excapif
significantly less bis(dibenzylideneacetone) palladium (0.20 mol% with respect to reactive N
H).*® Shown in scheme 1.4.he optimized method netted a purified yield of 80%s
important to note that even after the most vigorous wqk coupled productanstill contain
some residudPd Reducing the amount of Pd usedhe coupling reactiohelps ensure the

compositional integrity of thproductanalyte in subsequerk@eriments (UWvis spectroscopy,

3 Selby, T. D. Polyamino Redox Arrays for Control of Spin Alignment and Charge Transport.
Ph.D. Dissertation, Theniversity of Alabama, Tuscaloosa, AL, 2001.

0 Hartwig, John F.; Kawatsura, Motoi; Hauck, Sheila I.; Shaughnessy, Kevin H.; Alcazar
Roman, Luis M. RoorTemperature Palladiw@atalyzed Amination of Aryl Bromides and
Chlorides and Extended Scope of Arom&i® Bond Formation with a Commercial LiganH.

Org. Chem1999 64, 55755580.

“! Hartwig, John F. Transition Metal Catalyzed Synthesis of Arylamines and Aryl Ethers from
Aryl Halides and Triflates: Scope and Mechanigmgewandte Chemie, International Edition

1998 37, 20462067.

“2\Wolfe, John P.; Wagaw, Seble; Marcoux, J€aancois; Buchwald, Stephen L. Rational
Development of Practical Catalysts for Aromatic Carbltnogen Bond FormatiomAcc. Chem.
Res.199§ 31, 805-818.

3 Kim, K.-Y. Polyarylamino Redox Arrays for Control of Charge Transport and Charge Storage.
Ph.D. Dissertation, The University of Alabama, Tuscaloosa, AL,.2003

“Gray, L.T. The Application of Arylamines as Redox Auxiliaries, Polar Crystals andhiorga
Semiconductors. Ph.D Dissertation, The University of Alabama, Tuscaloosa, AL, 2012.
“Kamino, B. A.; Mills, B.; Reali, C.; Gretton M. J.; Brook, M. A.; Bender, T. P. Liquid
Triarylamines: The Scope and Li mi btaning ons of
Triaryl aminel Sil oXerg&€her30b277 1663Ma4 er i al s .

“Gray, L.T. The Application of Arylamines as Redox Auxiliaries, Polar Crystals and Organic
Semiconductors. Ph.D Dissertation, Thaiversity of Alabama, Tuscaloosa, AL, 2012.
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etc). h our lab,minimal amounts of Pd cataly&1%) are preferred itarget compound
synthesis and producsecharacterized byH- and**C- NMR andsubjectedo CHN
combustion analysis faonfirmation ofanalytical puity.

\

l Pd(dba)z, P(I-Bu)3 - E ;
) + M NaO7Bu, Toluene (s)
B 60 °C for 20 Hours
NH2 r 80°
4eq. % TAPD

Schemel.4.1Synthesis oTAPD. \

NH, o)

1.4.2 Optical and Electrochenical Properties of TAPD in Solution State

When exposed to an anodic potensigdn TAPD undergoes two orelectronoxidation
processe¢scheme X1.2). Due t o T/ Bdodatizedniyep\alence charactethe
two oxidation occur at significantly different potentiadd=(= 0.46 V). The redox chemistry is
both chemically and electrochemically reversible, characteristics that are depitted in

symmetrical peaks of the/dic voltammogram in Figure 1.4

14



N
w

E°’(1)= 0.46 V vs. SCE
T Epp(1)= 0.082 V

E°"(2)= 0.92 V vs. SCE

I {nA)

Epp(2)= 0.084 V

w

0 02 0.4 0.6 03 1 12
E vs SCE (V)
Figure 1.4.1.Cyclic voltammogram of 1.0 mMAPD at Pt disc electrode in GBI, (0.1 M

BusNBF,) at 100mVs™ scan rate.

O/ \ / \ / \
E°= 0.46 V Q E'=0.92 V@ @
—>
3@;%5 g & O
TAPD TAPD TAPD*™
\ / / /

Scheme 1.£2. TAPD redox chemistry

Interestingly,each cationic redox staitecharacterized by an intense color. The-\d¥ optical
absorbance profitefor TAPD, TAPD *NOs , andTAPD " (NO3),* are shown irFigures 14.2,
1.4.3, 1.44, respectivelyThe nitrate salts were prepared in solutiorchgmical oxidatiornwith
the inorganic oxidamn ceric ammonium nitrate (CAN)(NH,). Ce(NG;)s. As an oxidant, CANs

desiralte dueto its high oxidation potentia(E° a 1.06 V vs. SCE;, inert counteiion, andlong

shelf-life.
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Figure 1.42 UV-vis optical absorption spectra for TAPD (1.03 X’ in acetonitrile).
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Figure 1.43 UV-vis optical absorption spectruior TAPD *NO3 (1.03 x 10° M in
acetonitrile).
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Figure 1.44 UV-vis absorption spectrurior TAPD?* (NO3),* (1.03 x 10° M in acetonitrile).
1.4.3 Chemical Stability of TAPD in Solution State

An important feature adnelectochromic molecular dyes solutionstatechemicalstability. Dr.
Les Graystudied the stability 6TAPD " (PFg), and TAPD ™™ (PF¢), in commercial HPLE&rade
acetonitrile (purchased fromdrich Chemical Company’ Theresults are shown in Figuge
14.5, 1.4.6, and 1.4. TAPD “(PF) exhibitedonly a negligible amount of dempositionover
the couse of an hour in acetonitrile. Within 20 minut€&PD ™ (PFs), began to reduce
TAPD " (PFs) and required the addition of trifluoroacetic anhydritiEAA (2.5 v/v%) to

optimize its solution stability.

“"Gray, L.T. The Application of Arylamines as Redox Auxiliaries, Polar Crystals and Organic
Semiconductors. Ph.D Dissertation, The University of Alabama, Tuscaloosa, AL, 2012.
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Figure 1.45. Time-resolvedUV-vis absorption spectra falAPD * (PF) (1.29 x 10° M) in
HPLC-grade acetonitrilepver 60 minutes
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Figure 1.46. Time-resolvedUV-vis absorption spectra fatAPD** (PFe), (1.29 x 10° M in
HPLC-grade acetonitriledpver 105 minutes
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Figure 1.47. Time-resolvedUV-vis spectra foTAPD ™ (PFe), (1.29 x 10° M in HPLC-grade
acetonitrile with 2.5 v/v% TFAApver 105 minutes
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1.4.4 Application of TAPD to Singular Type | Absorptive/TransmissiveElectrochromic
Device

TAPD is a viable candidate as a primary eledtrome based on several criteria

1. TAPD undergoes two (chemically and electrochemically) reversiblgpfioeesses at a Pt
disc electrode.

2. TAPD "andTAPD™ salts absorb strongly in the visible region of the electromagnetic
spectrum leading to intense coloring.

3. TAPD "andTAPD'" salts are chemically stable in HPigEade acetonitrile which is
advantageous since many solutgiate gel electrolytes employednC D éres

acetonitrile based
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Optically Transparent Electrode (OTE)

Electrical Contact

OTE

Inert Plastic Spacer

Figure 1.4.8. Genericoperation ofType | Absorptive/Transmissive Electrochromic Device

In a windowtype electrochromic device, there are generally two modes: absorptive and
transmissive. If the objective is to modulatsibie light, then the absorptive mode will be
colored while the transmissive phase is colorless. Switcletwden the two occues a result of
an applied potential. Figure 1.2.8 depicts such a delisea sandwich type configuration with
commerciallypurchased indium tin oxide (ITO) as the optically transparent semiconducting
electrodg OTE). Generally, ITO is purchased on a borosilicate glass stdagto efficient
contact between the ITO electroaled thespring clip of the potentiostat, aluminum tape is used.
Commercially available painter 6s Bgchugesttanc i s e
be purchased imultiple thicknesseshe cell gap can beasily \aried. A small square-1 cnf)

is marually cut from the plastic to form the active area of the dewittention is paid to making
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sure the active area of the device is larger than the size of the beam from the lamp of the
spectrophotometefyringed into the active area is the electrochrameclia, which is composed
of the electrochromef interestdissolved in a gel electrolyte. The electrolyte is made by
dissolving a polymer (polymethylmethacrylate), a plasticizer (propylene carbonate), and a
lithium salt LiCIOy) into a volatile organic deent (acetonitrile)Leclerc etal. give a detailed
account of the preparation of this electralytiedium?®

Insteadof a sealant, which is commonly employed in literature accounts, the device
components are held together by two metal Hoffman clamps.clampgprovide a platform for
the window to sit up independently in front of the spectrophotometer for measuf€igent
1.4.9). More importantly, amping the device instead of chemically sealing it allows for the
componentsa be taken apart and d a useful quality in a research settiiigpe setup for the
spectroelectrochemical analysis of the switghilevice is shown in Figure 119. The U\vis
spectrophotometer and poterstiat are used in tandemgdeneratehe electrochemical and

optical data necessary to effectively charactealsztrochromic switching.

“Beaupre’, S.; Dumas, J.; Leclekd. Toward the Development of New Textile/Plastic
Electrochromic Cells Using TriphenylamiiBased Copolymer€hem. Mater2006 18, 401t
4018
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Figure 1.410.ECD Spectroelectrochemistrypparatus
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1.44.1 ITO as a @unter Electrode Material for Singular Electrochromic Devices

In order to efficiently incorporatanodically coloring EC molecular dyes into a device, a
suitable cathodic process must be considered. This process is expected to occur at the counter
electrode of the device. A precise understanding of this cathodic electrochemical process is not
only essatial to the overall performance of the device but also to the referencing of potentials. It
should be noted that in a tvadectrode set up, like in Figure41l1, the counter electrode and

reference electrode are coupled.

ITO Coated Glass

Inert Plastic Spacer
Spring Clip to
Working Electrode

Spring Clip to

Counter Electrode
Spring Clip to
Reference Electrode

Active
Electrochromic
Area

Figure 1.4.11 Generakchematic of an electrochromic device with telectrode setip.

Incorporating a counter electrode material that modulates electromagnetic radidtewisilile
region of the spectrunvould hinder our ability to adequately exploit the type of multi
electrochromism that TAPD and PTe uniquely exhibit. Thus, in the case ofculdtied

electrochromes, an optically passive cathodic process at the counter electrode is ideal.

A counter electrode for an ECD must meet the following criteffon:

“9Golden, S. J.; Steele, B. C.H. Thin Film Iboped Indium oxide CountdElectrode For
Electrochromic Applicatins.Solid State lonic4987,28-30,17331737.
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1. Reversible ectrochemical insertion of electroactive species.

2. Appreciable optical transmission while acting as source of the electroactive species.

3. Low cost and ease of fabrication into thin films.
Metal oxides are the predominatifym of optically passive EC matals. Recently developed
examples include 305:2CeQ, CeQ:ZrO,, and In05:V.05.>*>*? However, a practical option is
ITO. Besides meeting the criterion listed above for counter electrode materials, it is accessible as
a commercially available produttA drawback to ITO is itsack oflong-term electrochemical
stability which has prevented it from being incorporated into commercial EC applications as a
counter electrode materi#i>>°°Since the primary purpose of this project is to demonstrate
multi-electro©iromism and not to engineer a commercially applicable cell, ITO does suffice.

In the presence of Li cations (of HNa") and a cathodic potential, lithium ion insertion

occurs accompanied by a reduction of ITO. It is still a debate whether Sni®b#ing reduced.

*YMalini, D. R.; Sanjeeviraja, C. Hntercalation Electrochemical/Electrochromic Properties of
V-Ce Mixed Oxide Thin Filmdnt. J. Electrochem. Sc2013,8, 13491365.

1 Bhosale, A.K.; Shinde, P. S.; TaalyN.L.; Pawar, R.C.; Kadam, P.M.; Patil, P.S. Synthesis
and Characterization of Highly Stable Optically Passive £&0, Counter Electrode.
Electrochimica Act&2010,55,1900-1906.

>2 Artuso, F.; Decker, F.; Krasilnikova, A.; Liberatore, M.; Loureco, A.; Masetti, E.; Pennisi, A.;
Simone, F. IndiurVanadium Ovides Deposited by Radio Grequency Sputtering: New Thin
Film Transparent Materials for lnsertion Electrochemical DeviceShem Mater.2002,14,
636-642.

°3|TO for dissertation research was purchased from Delta TechnologieSOGBL111).

>4 Radhakrisnan, S.; Unde, S.; Madale, A.B. Spurce of Instability in Solid State Polymeric
Electrochromic Cells: the Deterioration if Indium Taxides Electrodedviat. Chem. Phys.
1997,48,268271.

>>Meulenkamp, E. A.; Bressers, P. M. M. C. The Electrochromic Behavior of Indium Tin Oxide
in Propylene Carbonate Solutiods Electrochem. S04998,145,22252230.

*6 Brotherson, I.D.; Cao, Z.; Thomas, G.; Weglicki, P.; Owen, J. R. Counterelectrode Films for
Electrochromic WindowsSol.Ener. Mater1995,39, 257-270.
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An occasionally observed brown color has been attributed to the reductior’&dsi.4.1

shows the equation for the process, assuming Sn is being reduced.

ITO (s) + x(M" +e) =—==2M_Sn™1O,(In,0;) (s)

M=Li", H', Na*

E*=-1.5 Vvs. Li/Li
Eq. 1.4.1Reduction of ITO.

Another area of controversy is the existence and nature of ITO electrashrghl985
paper by Svensson a@fangvistsuggested that electrochromism in ITO was not an intrinsic
property, but one that depends on the structure of the ITO saffeicrire1.4.12 (), published
almost simultaneousishows a reversible change in samssion in an ITO glass upon what was
descri b'é @ nas nil Enhieopticabaontrast is minimal, with darkening occurring only
as a result of higlevels of lithiation. Figure 1.42 [), a study published in 198% Golden and
Steele, demonstrated this loss of transparency. They concluded that above a charge density of 15
mC/cnt (x&0.15 in Eq. 14.1) the ITO film was no longer highly transmissive in the visible
region® This feature was later demonstrated in liaaSnQ films, providing further evidence

that Sn not In undergoes reduction at the counter electtode.

>"Monk, P. M. S.; Mortimer, R. J.; Rosseinsky, D.Hectrochromism ans Electrochromic
Devices;Cambrdge University Press: New York, 2007.

*8 Svensson, J. S. E. M.; Granqvist, C. G. No Visible Electrochromism in®ligtity ebeam
Evaporated I503:Sn Films.Applied Opticsl985,24,22842285.

9 Goldner, R. B.; Foley, G.; Golder, E.L.; Norton, P.; Wong,Haas, T.; Seward, G.;
Chapman, R. Electrochromic behavior in ITO and Related Oxfgesied Opticsl985,24,
22832284.

0 Golden, S. J.; Steele, B. C.H. Thin Film Ibwped Indium oxide CountéElectrode For
Electrochromic ApplicationsSolid Statdonics1987,28-30,17331737.

%! Isidorsson, J.; Grangvist, C. G.; Haggstrém, L.; Nordstrém, E. Electrochromism in Lithiated
Sn Oxide: Mdssbauer Spectroscopy data on Valence State Changgesl. Phys1996,80,
2367-2371.
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Mastragostino et al. published a cyclic voltammagram of an ITO electrode in 1M4LICIO
propylene carbonate (Figure41l3) which agreed witlCogan egl. in their study on the
electrochromism of ITO in a nemqueous medi¥. They assign the process occurring at 1.5 V
vs. Li*/Li to lithium ion insertion/extraction. In the same study they demonstrated that it was
possible to use commercial ITO glass stdiss (200& thickness and 2q resistance) in an
electrochromic device as an optically passive charge balancing electrode in the presence of
LiClIO4 dissolved in propylene carbonate. This studyddition to many othergrovide

indication that lithiumintercalation into ITO would be suitable counter process for our aryl

ami ne ba$EPOEEDs s .

%2 Corradini, A.; Marinangeli, AVl.; Mastragostino, M. ITO as CountEtectrode in a Polymer
based electrochromic Devidelectrochimica Actd 990, 35,17571760.

®3Golden, S. J.; Steele, B. C.H. Thin Film Thoped Indium oxide CounteElectrode For
Electrochromic ApplicationsSolid Sate lonics1987,28-30,17331737

% Corradini, A.; Marinangeli, A.M.; Mastragostino, M. ITO as Coustézctrode in a Polymer
based electrochromic Devidélectrochimica Actd 990, 35,1757%1760

% Cogan, S. F.; Anderson, E. J.; Plante, T.D., RaulEl&trochemical Investigation of

Electrochromism in Transparent Conductive Oxidgsplied Opticsl985,24,22822283.

% Steele, B. C. H.; Golden, S. J. Variable Transmission Electrochromic Windows Utilizing Tin
Doped Indium Oxide Counterelectrodésqpl. Phys. Lett1991,59,2357%2359.

®"Benkhelifa, F.; Ashrit, P. V.; Girouard, F. E.; TruongW Near Room Temperature
Deposited Indium Tin Oxide Films as Transparent Conductors and Counterelectrodes in
Electrochromic SystemBhin Solid Films1993,232,83-86.

%8 Ingram, M. D.; Duffy, J. A.; Monk, P. M. S. Chronoamperometric Response of the Cell ITO
|H\WO3 |[PEOH3POy(MeCN) |ITO.J. Electroanalytical Chen1995,380,77-82.

% Mastragostino, M.; Zanelli, A.; CasalbeMicele, G.; Geri, A. An Electrochromic Wil
Based on Poly{-methyt10,10dimethylphenazsiline) and ITO Electrod&yn. Metald 995,68,
157-160.
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Figure 1.412 (a) visNIR transmissivity of ITO glass substrate (340 nm thickness). Two
reversible state are shows: colored with ~15 mC/cfof Li* delivered to the ITO; bleached
with ~ 15 mC/crhof Li*removed. Figure is from ré&7. (b) vis-NIR % transmission spérum

of ITO glass substrate (340 nm thickness) after varied amounts of lith&emtion. Figure is
from ref58.
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Figure 1.4.13 Cyclic Voltammetry at 50 mV/s of ITO electrode in 1M LiGI@ propylene carbone.
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1.4.4.2 Electrochromic Profile of TAPD in Singular Device State

When 3 V is applied foB0 s the TAPD ECD transitions through three opticsthtes as depicted

in Figure 1.414.

Absorbance

750

05 3N

Figure 1.4.14. 3D optical profile of TAPD in thedevicestateafterthe application of 3 V for 30
S.

A comparison of each optical state in the device wighUV-vis profiles of TAPD and
its cation salts (prepared in solution by chemical oxidation) retieat the expected
electrochemistry does occUihe amax Valuesof eachcolored state in the ECD agree with known
values forTAPD ™ andto TAPD**(Figures 1.43, 14.4). Since the ITO coated glass substrate
absorbs at wavelengths below 300 nm, only wavelengtthe visible region are comparable.
In the first anodic transitio, APD loses an electroto form TAPD ™. The active area of the

device goes from colorless to brownisd (Figure 1.415). The third and final optical state of
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the deviceoccurs asTAPD " is oxidized toTAPD ™. A brownishred to blue colo change is

observed (Figure 1.46).

1.4 -

0.8 - . —> lsosbestic pt: 354 nm

0.6 -

Absorbance

04 -

250 350 450 550 650 750

Figure 1.415.Time-resolvedUV-vis absorption spectra of the first color transition
corresponding to the formatiaAPD *(brownishred)from TAPD (colorless)Spectra taken
every 1 s oveR0 s.

30



15 7

1.3 1

1.1 1

09 -

0.7 A

Absorbance

0.5 -

03 A

0.1 | Isosbestic pt: 452 nm

T T T

0.1 250 350 450 550 650 750
Wavelength (nm)

A\ 4

AN

Figure 1.416. Time-resolvedUV-vis absorption spectra of the second color transition,

corresponding to the formatiaPAPD ™" (blue) from TAPD " (brownishred). Spectra taken

every 1 s over 18.

1.4.4.3A Demonstration of Multi-Electrochromism: Control of Color by Varying Potential
The previous section described the optical states exhibited BAfPB device at

a single applied voltage of 3V. This sectoumntitatively investigates whethttiose mulple

coloredstates can be turned on and sgoeatlyoff as a function of the applied potentighis
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qualityis a key principle in describing a material as a redtored electrochromic molecular
dye.

The spectroelectrochemical response offA€D ECD is demonstrated in Figure 114.
At an applied voltage of 1.0 V until 1.7, Y¥rownishred TAPD ”, is generated and dominates the
color of the device. At more positive voltages, 2.0 V to 3.0IMe TAPD™ forms, reaching a
maximum intensityat 2.5 V. Fom this information, we chose three operating voltages for the
device, each designed to deliver a different optical state during electrochromic switching. To
generate the colorless transmissive state, a voltage of 0.0 V could be applied, for the fiirst colo
transition, 1.5 V and for the second color transition, 2.5 V is sufficient. Pictures of the multiple

colored states ithe device are shown in figure 1.4.18

2 - 1 1
1.8 4 0 I I 1
\ 1 1y FAv 30
16 - T
=2
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3 ——0.0V
12 -
8 : -4 . JA — 1.0V
& \ Time (sec)
2 1. m — 15V
[=] ="
2 =\ / 17V
<08 - '
—— 20V
0.6 - /\‘ . ——25V
& .-’/
0.4 - \ ' // —3.0V
0.2 - S~
0 T T T T T
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Figure 1.4.17. Spectroelectrochemical responsel&fPD in ECD. Each voltage is held for 30 s,
until steady state current is reacl{gtset)
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0.0V 1.5V

Figure 1.2.18 Picturesof TAPD ECD at chosen operating voltages.

1.4.4.40pen Circuit Stability: Self Bleaching Feature
Type 1 ECDG6s gener al | y ,Hdieachieg wheo voltagegsena ci r c u
longer applied. This selfleaching feature is a useful attribute in EC applicatsimse no
electrical power is needed affect the loss in cdioFigure 1.419, t he device is tur
applying a potential of 3.9 to inducea series bcolor chames (sedigures 1.4.15 and 1.16).
Figurel.4.20depictsthe optical profile of FZAPDECD i n i tTAPDA Isthteivader o r
open circuit conditions. Over the course of several minutes, the cell undergoes cathodic
transitions fronTAPD™ (blue) toTAPD™ (reddishbrown) toTAPD (colorless) This bleaching
occurs as a result of recombination between the oxidimedinium salts and a reduced species
(most likely SH). It is important to note that isosbestic poi(as354 nm and 452 nm for the first
and ®cond transitions, respectivele maintained tiough each transition indicati mass
conservation and chemicabsility. After the device is bleached, it becomes colored again when
an anodic potential is applied. This reversibility is further demaiesteand discusseth section

1.445
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Figure 1.4.19. Time-resolvedUV-vis absorption spectr&o T AP D
V)-(a) first anodic transition, (b) second anoansiion
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(@) Wavelength (nm)
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E_
_&_
250 350 450 550 650 750
(b) Wavelength (nm)

Figure 1.420. Time-resolvedUV-visabsor pti on spectra of ,TAPD in
(open circuitconditiong- (a) first cathodic transition, (b) second cathodic tramsit

The time it takes for the device to blegbkeaching timellepends on mass transport
related factors such as cell gap and solution viscosftyin chapter 2, we explore the effect that
the formal charge of aglectochromehas on bleaching and coloration kineticsan 88.9um
device (with MeCN/PMMA/PC/Li gel electrolyte), bleaching from the blue, dicationic state to
the completely reduced, neutral colorless state occuirgeiminutes. Figure 14.21 shows that
bleaching of the reddish brown radical monocationic s&ig$ 414nm) occurs considerapl
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more slowly than the decoloratiof the blue dicationic stater.x= 766 nm)with bleaching

times of 250 s and 50 s, respectiv@\PD™ has a less positive’Ealuethan TAPD™ (0.46 V

vs 0.92 \J which contributes to the difference in bleaching time
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= : =
© \ - 0.46 =
~ 0.45 L 045 =
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E 03 \ \ - 042 E
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Figure 1.421B|l eachi ng

ti

me ¢ o nepridance BandA66 onf) andthee A bl ue o
reddish brown absorbance band (414 nm).

Self-bleaching occurs asresult of reembination electrontransfer between the reduced

and oxdized species in theell. The amount of time it takdéor recombination to occur is

controlled by mass transport, namely diffusfdfigure1.4.22 demonstrate this processn the

fof fo state of

t he

devi ce, there i

S

no voltag

fully reducedelectrochrome is evenly dispersed in the gel electrolyte between the two ITO

electrodes. When an anodic potential isligglp oxidation occurs at the anode, generating

positively chargel ions in solution. At the cathode, a solid state reduction takes place as ITO

(presumably SM) accepts electrons. These electrochemical redox processes are accompanied by

the detectableolor changes discussed previously. When open iticcunditions arepplied,the

electron deficient positively charged muiffuseto the reduced IT@SH') of the cathodand are

neutralized, returninthe devicd o

t

s original
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ECD at Open Circuit, during Recombination Process

Figure 1.4.22 Schematiaepresentation of recombination process in TAPD based singular ECD.

1.4.4.5Electrochromic Device Switchingin Singular Device State

The most important characteristic of an electrochromic molecular dye is its ability to
switch between coled states in the device state. THUSPD is electrochromically switched at
766 nm (blue to colorless and vice versa). Over eleven cycles, the optical capftragt) of

the device remains near 6J%igure 1.423).
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Figure 1.4.23. Electrochromicswitching of TAPD at 766 nr(il0 s at 2.5 V, 10 s at 0.0 V)

The most ideal way to demonstrate the multielectrochromism of a molecular dye is to
apply it to singulatype ECD. In a singular type configuration, there is only one active
electrochrome contouting color in the device. The counter material is optically passive or
minimally coloring. ITO is the most practical material to use in this fashion however its use
directly decreases the cycle life of the EQDe use of ITO reductiof--1.7 V vs. SCERs the
counter/cathodic process with the oxidatiom&fD (0.46 V and 0.92 vs. SCB} the
working/anodic processauses higleperating voltages to induce coloration in the degicg.5
V). This, in turn, decreases the stability of the counter electhoadeder to improve the cycle
life of the TAPD based ECD, a more suitable counter electrochrome would have to be
incorporated into the device. Heptyl viologét\) is a common cathodically coloring
electrochrome that has been proven compatible withyireediamine baseelectrochrome&®

20 Compared to ITOHV undergoes electrochemical reductions at significantly less cathodic
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voltages(-0.95 V and-0.44 vs SCE) In the dualtype device, this should decrease the operating

voltage and hinder irreversébegradation of the ITO electrode surface.

1.4.5 Electrochromic Device Switching in Complementary Dual Device State

We incorporate TAPD into a dual electrochromic system with heptyl violdgiénas a
robust counter electrochromic materi&dV (BF,), is used to prepare an ECD similar to Ho et al.
usingTAPD in place ofTMPD.*® In theory,HV (BF4), undergoes two reversible 1 e
reductions, shown in scheried 3. A cyclic voltammograngfigure 1.424) shows one cathodic
wave at-0.448 V for the reductionf the colorles$iV (BF)2 to form the blueHV *(BF,),. For
the CV scan, voltages are kept abe®® V to avoid formindHV°. Reaction oHV® with the

HV(BF ), in the bulk solutiorleadsto an irreversible dimerizatiofequation 1.4).”

CrH1s CrH1s C/H1s
N+ N+ '
]
N ror
2X 3
/ -
| -
S
Y y
CsH1s C7H1s

Scheme 14.3. Redox scheme for heptyl viologedV).

0 Compton, R.G.; Monk, P.M.S.; Rosseinsky, D.R.; Waller, A.M. Electron Paramagnetic
Resonance Spectroscopy of Electrodeposited Species from Selutionf-bis-{p; 1 Nj
cyanophenyb4 |, -BipMiidilium (cyanophenyl paraquat, CPQ). Chem. Sad-araday Trans.
1990, 86,2583.
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Figure 1.4.24. Cyclic voltammogram of 1.0 mMIV(BF 4), at Pt disc electrode in propylene
carbonate (0.1 M BiNBF,) at 200 mV3 scan rate.

HV?* + HV? — (HV ™),

Eq. 1.42. Dimerization ofHV "

HV (BF,), is used to prepare an ECD similathhat ofHo, etal. usingTAPD in place of
TMPD.*® Figure 1.425shows a CV of th& APD/ HV(BF 4), ECD as potential is scanned from
0.5V to2.5V. There are four redox processes observdde dxidations forTAPD and 21€
reductions forHV (BF,).. There is 0.4 V difference between the first redox process@abD
andHV (BF4),(0.42 V and 0.00 Vrespectively) This difference representse minimum
amount of voltage required to tuom the ECD. Figuré.4.26 shows that at an applied voltage of
0.4 V the device begins to change colors. While not entirely noticeable to the eye, it is noted by a

small change in absorbance in the visiblaae®f the spetrum
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Figure 1.4.25. Cyclic voltammogram oTAPD/HV (BF,); ECD at 100 mVs.

EM |6V BV [B(V)
1| -0.449 -0.371 -0.509  0.13§
2l 0004 0.076 -0.077 0.153
3| 0417 0493 0340  0.153
4 1214 1.304 112§  0.18C

Table 14.1. Summary of redox couple data for th&PD/HV (BF,), ECD.
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Figure 1.4.26. Spectroelectrochemicedsponse of APD/HV(BF ,), dualtype ECD at low
potentials (0.6.6 V). Each potential was held for 30 s.
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The spectroelectrochemical response of the dual ECD is depicted in Fy@iahd
1.4.28 There are primarily two colored states, browsnsth and blue, similarly to tiEAPD
singular ECD. This indicates th&APD electrochromism dominates the device and is in fact the
primary electrochrome, in contrast to previous studies wierenylenedaminebased

electrochrome$éTMPD) are labeled secondary to the catleadly coloring viologen species.

2 3 -
2 .
1.8 -
1 _k —— .
1.6 - T 0 7
£ 10 20 30
141 -2 1 —0.0V
3 —— 0.5V
1.2 -
o
§ Time (sec) 08V
2 1 ——1.0V
3
g —13V
08 — 15V
— 1.8V
0.6
2.1V
0.4 2.5V
0.2
0 T T T T T
250 350 450 550 650 750
Wavelength (nm)

Figure 1.4.27. TAPD/HV(BF 4), duaktype ECD at \arious applied potentials, 0.02/5 V. Each
potential was held 30 s, until steady state cumegnthed (see inset).

0.0V 1.5V
Figure 1.428 TAPD/HV(BF,), duakltype ECD at various applied voltages.
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Our configuration leads to a higher optical contrag6T-es = 99.7%)"* due to the enhanced

optical properties of TAPD cation salt§,= 10100 M'cmi?, G = 72500 M'cm™) compared

to TMPD cation salts(f;s= 9210 M*cm™). Figure 14.29 shows >4Glectrochromic cycless(s
switches). Coloration times for th& APD/HV(BF 4), ECD were comparable to the

TMPD/HV(BF,), system at 2.0 s however, the bleaching time (0.0 V applied) was much faster in
the TAPD/HV(BF 4);system (1.0 s vs. 8.0 s in the TMPD/HV{BHECD). Thisis due in part to

the smaller cell gap of the device (8%u® vs 140um in the TMPD/HV(BFR), ECD) Tablel.4.2

summarizes the comparison of spectroelectrochemical charactéfistics.

Electrochrome
Anodic Cathodic Concentration |Cell Gap
Material Material (M) (um) Electrolyte Operating Voltage |A%T (%) T.(s) |w(s) [CyclelLife ref.

TMPD HV(CIO.), 00sM|  190.0[MecN 0.6V 84l N/A| N/A N/A 34
TMPD HV(BF.), 005M[  140.0{TBABF./PMMA/PC 0.8V 755 25 8 10 32,33

TAPD HV(BF.), 00tM  89.9|Liclo./PMMA/PC/MeCN 0.8V|64.9(adj: 99.7) | <2.0s| <1.0s 10°(This Work

Table 1.42. Comparison of results obtainedthiswork with selected data taken from
literature®®

"L The optical contrast value of 99.7% in fh&PD/HV ECD refers to an ECD with a
concentration of 0.05 M and a cell gap of £40.

2Selby, T. D.; Kim, K:Y.; Blackstock, S. C. Patterned Redox Arrays of Polyarylamines I.
Synthesis and Electrochemistry gb-#henylenediamine and Arylami#ppendedp-
Phenylenediamine Array&hem. Mater2002 14, 1685.

#Kim, K.-Y.; Hassenzahl, J. D.; Selby, T. D.; Szulczewski, G. J.; Blackstock, S. C. Patterned
Redox Arrays of Polyarylamines Il. Growth of Thin Films and Their Electrochemical Behavior.
Chem. Mater2004 14, 1691

"Li, J. C.; Kim, K-Y.; Blackstock, S. G.Szulczewski, G. Patterned Redox Arrays of
Polyarylamines lll. Effect of Molecular Structure and Oxidation Potential on Film Morphology
and Holelnjection in SingleLayer Organic Diodes<Chem. Mater2004 16, 4711
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Figure 1.4.29. Electrochromic switching of APD/HV(BF 4), duattype ECD (On= 0.8 V for 4
s, Off= 0.0 V for 4s) at 766 nm (a), 414 nm (b), and 600 nm (b).

There was a noticeable effect of operating voltage on cycle life. It was possible to achieve
over 1000 cycles at an operating voltage of 0.8 V wédligible change in optical contrast
(Figure 1.430b only shows 88s cycles) This is an order of magnitude higher than the
TMPD/HV(BF,), configuration. At an operating voltage of 2.5 V, while significantly more
colored, theTAPD/HV(BF 4), ECD was only able to undergo 16 cycles before experiencing a

degradation in optical contrast of over 60%. This lack of toleration of higher operating voltages
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is due to the electrochemical instability of ITO and could be avoided by replacing the OTE
materal with a more electrochemically robust matefagure 14.30depicts the cycle life

dependence on operating voltage.

2.5
On: 2.5V for10s, Off: 0.0V for 10 s
£ 2 . " e
g rnrr "F‘F"Hr I W Ww
.. (e Lll
£ 1
g J = . J )
> ruuguuuuturt o
0 T T T T T 1
0 100 200 300 400 500 600
€) Time (sec)
2.5
On:0.8Vfor4s, Off:0.0Vfords
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F@; 1.5
e
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Figure 1.4.30. Electrochromic cyclinggf TAPD/HV(BF 4), duakttype ECD using operating
voltages of 2.5V (a) and 0.8 V (b).

The electroactive material APD, is a multicolored electrochromic molecular dye,
owing its multiple hues to the astable amminium cationic salts that are formed upon

electrochemical oxidation. Argjulartype ECD effectivelyexploits the multiple colors
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exhibited byTAPD at specific applied voltageSAPD can also be employed as a primary
electrochrome in a dudype solution state configuration with heptyl viologen as the cathodically
coloring cobr-reinforcing material. TAPD- based devices exhibit improved electrochromic
switching characteristics (i. e. optical contrast, bleaching time, cycle life) compared to previously
studiedp-phenylenediaminbased electrochromic dyes and could be highlyulige

applications such as electrochromic fabriasture work involves further developing arylamino
based electrochromes that possess more intricate electronic structures, allowing more color

combinations to be electrochemically switched.
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1.5Experimental
Experimental

General Methods andMaterials. N, N, N, N -tetra1,4-anisyt1,4-phenylenediaminé[APD,
was synthesized by Lester Grayi,1 - diheptyt4,4 -bipyridimium dibromide was purchased
from TCI America and used without furtheurification (purity confirmed by NMR)Propylene
carbonat€PC) and polymethylmethacrylate (PMMA) wegrerchased from Alfa Aesar
Dichloromethane was obtained from VWR and distilled over Galdccordance with a known
purification proceduré® HPLC gradeAcetonitrile (MeCN) was purchasedfn EMD Millipore
Chemicals Lithium perchlorate (LICIG) was purchased from AldricN-Tetrabutylammonium
tetrafluoroborate{BABF,), a supporting electrolyte, was purchased fiicd Americaor
OakWood Chemicaland wagurified by recrystallization from 30 % ethanol three times then
dried in a vacuum oven (10€, 0.1 Torr) for 30 R®Inorganic oxidant, ceric ammonium nitrate
(CAN), was purchased from Fishél materials weraised without further purificatioanless

otherwise noted

ITO glass (ITO thickness: 1260 nm, sheet resistancel5 W/sq, nominal
transmittance: >85%, glass thickness: 1.1 nmas purchased from Delta Technologies {CB
50IN-1111) and subjected to the following cleaning procedure: The id&nas determined
using multimeter resistance measurement. The slide was rinsed and soaked in ACS grade acetone

(Aldrich Chemicals¥or 5.0 min. It was then sonicatééisher Scientific FEL0) for 10 min ina

*Gray, L.T. The Application oArylamines as Redox Aukxiliaries, Polar Crystals and Organic
Semiconductors. Ph.D Dissertation, The University of Alabama, Tuscaloosa, AL, 2012

® perrin, D. D. and Armarego, W. L. F., Purification of Laboratory Chemicals, Pergamon Press:
Oxford, 1988.
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dilute aqueous soap solution. After sonicatior, $fide was rinsed thoroughly with distilled

water,acetone, and dichlorometharfine surface was then dried using stream ojas.

Electrochemistry. (Figures 1.4.1, 1.4.24 Cyclic voltammetry (CV) and chronoamperometry
were performed on a PAR 2é8ctrochemical potentiotstat (EG&G Instrumemdpur-necked

CV cell (10 mL) equipped with a stir bar, Pt disc (1.6 mm diameter) working electrode, a Pt wire
counter electrode, and a saturated calomel electrode (SCE) reference was used for routine
(soluion state) CV measurement®8BABF, (0.1 M) was used as supporting electrolyte for
electrochemical experiments unless otherwise noted. A capacitui)).¢onnected between

the reference electrode and counter electrode, was used to reduce background noise

In each case, TBABF4 (0.823 g, 2.50 mmol) was dissolved in freshly distilled methylene
chloride to 25.0 mL in a volumetric flask to give a 0.100 M solution. An amount (8.0 mL) of this
solution was placed in a fomeck electrochemical cell with a magmettir bar. A blaniCV
scan (0.0 to 1.2 V vs SCE, BWV/s) was measured to ensure that no trace impurities existed in
the solution as prepared. An amounTéD (4.3 mg, 8.0 x 163 mmol) orHV(BF 4)2 (4.2mg,

8.0 x 166 mol) which would give a 1.0 migolution was added to and thoroughly dissolved in
the electrolyte solution. The potential was scanned fronoQl® V vs SCE at a rate of 100

mV/sand-0.7 to 0 V at 200 mV/s foFAPD andHV(BF ,)..

Chemical Oxidation. (Figures 1.4.2, 1.4.31.4.4 A solution of TAPD, 1.03x10° M , was
prepared by dissolvin§APD (1.5 mg, 0.00281 mmoih 10 mL of MeCN. A small aliquot of
the solution (366 e€L) was diluted to 10 mL

(1.03x10°) subjected to redox titration withand 2 molar equivalents of CAN afford
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TAPD *andTAPD#* as nitrate (N@) salts respectivelyFor UV-vis spectroscopy, an HP8452A

Diode Array Spectrophotometequipped with a 1 cm path length quartz cell (Stawee) used.

Preparation of Gel Electrdyte.”” Thegel electrolyte is composed of Acetonitrile (MeCN),
Propylene Carbonate (PC), Polymethylmethacrylate (PMMA), and Lithium Perchlorate {LiCIO
in a weight ratio of 70:20:7:3 of each component, respectively. PMMA (.547 g) was dissolved in
7 mL of MeCN. The mixture was stirred and heated until homogeneous. PC (1.31 mL, 1.564 g)
and LiCIQy (.235¢, 2.21 mmolvere then added and the mixture stirred for 15 min at room

temperature.

Construction of Singular ECD. (Hgures1.4.14, 1.4.15, 1.4.16, 1.4.1174.19,1.4.20,1.4.21,
1.4.23)TAPD (1.33 mg ,2.50x1®mol) was dissolved in 0.25 mL of gel electrolyte. e

electrolyte solution was applied tiee ITO glass anode (equipped with spacer), the ITO glass
cathode was then added to compiesandwichit y pe devi ce. For 88.9 &m
Plastic Sheeting (Husky Brand) was used. The ITO sandwich was held together with metal
clamps for the duration of the experiment. Aluminum foil tape (Shurtap&08iF was used for

efficient contact btween ITO and metal spring clips. See figure 1.2.9 for a photograph of ECD.

Synthesis of HV(BR),.”® 1,1 - diheptyt4,4 -bipyridimium tetrafluoroborateHV(BF 4),, was
prepared from 1,1 diheptyt4,4 -bipyridimium dibromide by a salt exchange reactiort AL

of a saturated aqueous solution of the dibromide salt was added to 5 mL of saturated aqueous

"Beaupre’, S.; Dumas, J.; Leclerc, M. Toward the Development of New Textile/Plastic
Electrochromic Cells Using TriphenylamuBased Copolymer&€hem. Mater2006 18, 4011
4018

Ho, K. C.; Fang, YW.; Hsu, Y-C; Chen, LC. The Influences of Operating Voleagnd Cell

Gap on the Performance of a Soluti®hase Electrochromic Device Containing HV and TMPD.
Solid State Ionic2003,165,279-287
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lithium tetrafluoroborate solution. The white precipitate was filtered and recrystallized from

warm ethanol.

Construction of Dual ECD. (Figuresl1.4.25, 1.4.8, 1.4.271.4.29, 1.4.3pPTAPD (2.66 mg

,5.00x10° mol) andHV/(BF ), (2.64 mg, 5.00x18 mol) were dissolved in 0.50 mL of gel

electrolyte. Thayd electrolyte solution was applied tioe ITO glass anode (equipped with

spacer), the ITO glass cathode wasn added to complete sandwicty pe devi ce. For
spacing, Polyethylene Plastic Sheeting (Husky Brand) was used. The ITO sandwich was held
together with metal clamps for the duration of the experiment. Aluminum foil tape (Shurtape

AF-100) was usedof efficient contact between ITO and metal spring clips (figure 1.2.9).

Spectroelectrochemistry (and electrochromic switching)Spectroelectrochemical data were
recorded using a PAR 2&ectrochemical potentstat (EG&G Instruments) ardiP8452A
Diode Array Spectrophotometeperating concurrently (appendix 1fgure 3).The clamped
ECD was placed in front of the spectrophotometer bhieasnder to perform optical
measurerents. For electrochemicaheasurements, ITO glass was used as wgrand counter
electrode material. Voltages were referenced to the counter electrodesdd€donand

HV " (BF4), reductionfor the singular and dual ECD, respectively. A plgoaphof the
spectroelectrochemical sep can be found in chapter 1 (figur@.10).Cyclic voltammetry of

the TAPD/HV dual ECD was performed at a scan rate of 100 Vs
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Chapter 2

The Synthesis and Study of Anionic Arylamines as New Radical Zwitterions

and Electrochromic Molecular Switches
2.1 Introduction

2.1.1Motivation #1: Investigating the Effect of Formal Molecular Charge on

Electrochromic Switching Kinetics

Since an electrochromic device (ECD) is fundamentally an electrochemical cell,

switching kinetics are governed by three rdtes:

1. The rate of electron tnsport through the electrode material

2. The rate of electron movement through the heterogeneous bulk saldairode
interface

3. The rate at which the electrochrome travels through the bulk solution to reach the

electrode

Monk, P.M.S.; Mortimer, R. J.; Rosseinsky, D.Bectrochromism and Electrochromic
Devices;Cambridge: UK, 2007
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Of the three, rat#3 is the limiting process thus, electrochromic switching kinetics are a function
of mass transport. Mathematically, mass transport is described by the-Rlamsktequation

(Equation 2.1§°

n

0 —® ® o0 0 —

Migration Convection  Diffusion

Equation 2.1.NernstPlank equation

The equation combines three mechanisms of mass transport: migration, convection, and
diffusion. The modes interconnect in an additive fashion. The first term refers to migration,
movement resulting from the ohmic conduction of current. The second tehm edtation is
convection, the physical movement of the solution. The final term is for diffusion, movement as
a result of concentration gradients in solutigs the flux, the amount of iong,reaching the
solutionelectrode interface per unit timén electrochromic devices, convection is neglected as
there is only a negligible amount of physical movement in the solution. Thus, only diffusion and
migration are considered effective modes of transport in electrochromic devices. Variables

effecting difusion include the diffusion coefficient for the speciess well as the change in
concentration per unit distanece—. In the migration portion of the equation, variables include

the strength of the electric fieltl, w along thex-axis, the oncentration of the specieas, the
temperature of the solution, T, and the valence of the ionic spgcieshe casef
phenylenediamindased molecular dyes, lIRRAPD or TMPD, coloration kinetics are a result
of only diffusion. Because they are mel, the valenceg, is 0 making the contribution of

migration to the solution mass transport kinetics also 0.

8% Bard A. J.; Faulkner, L. RElectrochemical Method&Viley: US, 2001.
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In Chapter 2, we aim to effect faster coloration and bleadimmas by synthetidly
altering an electrochromegding formal charge without changing the redox state of the
chromophore. In doing so, impe tomaintain the optical and electrochemical chaastics of
the electrochrome while effecting the valence of the molecular spgcids expectation is #t
by incorporating a formal charge, we increase the contribution that migration makes to the mass

transport kinetics, thereby affecting the electrochromic switching dynamics.

Our rationale wasispired in part by the viologen family of electrochromic roolar
dyes (Scheme 2.1.1parguably, the most developed class of electrochromic molecular dyes,
they commonly exhibit three redox states: dicationic, monocationic, and nédtfdh ECD's
they are incorporateid their dicdionic form, as quaternizdaipyridilium saltssince it is the
most stable form of the redox systeWhile it has not been formally studigtie effect that a
positive molecular chardeas orncathodic electrochromiswitchingkinetics has been alluded
to.1® Thus, using a new anionghenylenediaminéased aodic electrahrome, PBsulfonate
we intend to investigate the effect of formal charge on electrochromic switchartype |

solutionstate ECD (2.1.1).

8 Monk, P.M.S.The Viologens: Physicochemical Properties, Synthesis and Applications of the
salts of 4,4Bipyridine Wiley: US, 1998.

8 Monk, P.M.S.; Mortimer, R. J.; Rosseinsky, D.Bectrochromism: Fundamenteénd
Applications;VCH: Weihein, 1995.

8 Byker, H.J. Single&Compartment , Seferasing, SolutiorPhase Electrochromic Devices,
Solutions for Use Therein and Uses Thereof. U.S. Patent 4,902,108,1990.
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Figure 2.1.1. Pictorialdemonstration of rationale behind the design of the anionic PD
electrochrome.

2.1.2 Motivation #2: Electrochromic Switching Studies as a Platform for the Isolation of

New Stable Radicals

A question rarely asked i n cifchllg sthe matareaoftheni ¢ | i t
species giving rise to the color (s) displaye
demonstrating the utility of a system as an electroactive molecular switch, it seems intuitive (at

least from a physical organic standpdtat attempt to isolate and characterize the structure and

chemical properties of the colored redox intermediates. Thus, we perforrt@atko
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investigation. While synthesizing and characterizing new anionic arylamines as electrochromic
materials, we takadvantage of the intrinsic opportunity to isolate and characterize the new

stable radical systems.

2.2  Synthesisand Characterization of Anionic Aryl Amines: A New Class of Radical
Based Internal Salts

2.2.1 Synthesis of AASO; Na' via Indole Sulfonamide Protectng Group

The preparation of the sodium s&##\ -Sulfonate (7), was accomplished in four steps.
Commercially available indole is used to generate the sulfonamide protected aryl be#mide (
that is then coupled with dianisyl amir {o generate tharylamino sulfonamidedA -
Sulfonamide (6) in moderate yield. The sulfonamide is then hydrolyzed under rigorous basic

conditions to yield the sodium arylaminosulfonate sajt, (
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Scheme2.2.1.Synthesis oAA -Sulfonate (7) andAA-Zwitterion (8).
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2.2.2 Characterization of New Triarylamine Radical Zwitterion: Electrochemistry, Optical
Spectroscopy, and Electron Paramagnetic Resonance (EPR) Studies

The electrochemistry AAA-Sulfonate (7) is comparable to that of neutral triarylamines,
undergoing a 1 eeversibleanodic redox process @706 V vs SCE (Scheme 2.2.3). This
potential is a slightly more cathodic potential thanAlde Sulfonamide precursor §) which has
an oxidation potentlaof 0.937 V vs. SCE (Scheme 2.2.2) or dianisylphenylarfoheme
2.2.4)which has an oxidation potential of 0.80 V vs. S€Eable 22.1 gives a summary of the

electrochemical data for the triarylamines.

Iy LY
N E° = 0.937V i

O:\S:O -e" o o =0
0 Q = +e’ Q
4 N
AA-Sulfonamide o AA-Sulfonamide™
/
Scheme 2.2.2Electrochemistry oAA-Sulfonamide
3 O:\S:O
oy
Q =0,708V / N
+e”
0
AA-Sulfonate s AA-Zwitterion

Scheme 2.2.3Electrochemistry oAA-Sulfonate.

8 Kim, K.-Y. PolyarylaminoRedox Arrays for Control of Charge Transport and Charge Storage.
Ph.D. Dissertation, The University of Alabama, Tuscaloosa, AL, 2003.
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Figure 2.2.1 Cyclic voltammogram of 1.0 mMA-Sulfonate (4) (blue line)and 1.0 mM 8)
(red dashed line) at Pt disc electrode in MgON M BwNBF,) at 50mVs* scan rate.

E Boa Boc B
AA-Sulfonamide | 093 096 0.89  0.064
AA-Sulfonate 0704 074 0679  0.07§

Table 22.1. Summary of electrochemical data f@tA-Sulfonate and AA-Sulfonamide
Potentials are given in volts (V) vs. SCE.

We investigated the optical properties AA-Sulfonamide (6). Upon chemical oxidation
with 1 equivalent CRET (Fige 2.2.2), it undergoes a color change from colorless to purple with
a maj or absor ba nree=el37b0aMicth’).#\$ expge@ed due tmits(dégree of
conjugation, the radical cation (Scheme 2.2.2) is chemically stable. Figure 2.2.3 showsrthat ove

15 hours, there is negligible change in the optical absorbancewpetthe radical cationd(").
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Figure 2.2.2 Structure and oxidation potential of Orange CRET (CRET).

To assess the optical properties and solution state chemical stabilityradited
zwitterion 6), UV-vis scale (18 M) chemical oxidation was employed using CRET as an
oxidant(figure 2.2.2) As figure 2.2.4 shows, upon losing an electdf;Sulfonate (7)
undergoes a noticeable color change from colorless to blue. In thie vegion of the
electromagnetic spectrum, this blue color is characterized by absorbances at 588 nm and 750 nm
with mol ar ab s o'crpiard 81200 Wions', resdectivel§. 2.ike thelstable
radical cation of the sulfonamide precur@®t), The internal salt§) exhibits good chemical

stability with no degradation in optical properties over the course of 15 hrs.

% Rathore, R.; Kochi, J. K. Isolation of Novel Radical Cations from Hydroquinone Ethers.
Conformational Transition of thiethoxy Group upon Electron Transfér.Org. Chem1995,
60, 43994411

59



2 :. Neutral AA-Sulfonamide N\
18 1 | |
i N

16 1 ! Radical Cation after O=g5-
14 | Oxidation with 1 eq CRET =0
@ |
E 12 1 After 15 hrs
8 | )
5’ N
-& 0.8 -
0.6 - 6
0.4 - A
0.2 /O
0 T T T T T T _e' +e
200 300 400 500 600 700 800
Wavelength (nm)
(@) B
Y
N
O:S:o
€ > O -+Q
4 N
P
< A
+e- 6
O
/

5
Figure 2.2.3.Chemical stability o . 8 4 ¥ AM-Sulfonamideradical cation§™).i n 2((2£H

60
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Figure 2.2.4Chemical stability o6 . 8 T M AA-Zwitterion(8)i n 2C(2I2H

For Electron Paramagnetic Resonance (EPR) Spectrqgéppyas prepared via
oxidation with the inorganic oxidant NORH he blue material was isolated as an oxygen stable
solid and dissolved in DCM prior to the measurement. The room temperature EPR spectrum is
shown infigure 2.2.5with its avalue® The avalue measures the amawri spin density that the
radical electron has on a nucleus. The thireespectrunhas an a value of 2.5.Ghe resllt is

in agreement with spectruat triarylamineradical cations where there is a nitrogen centered

8 EPR measurement taken by Alex Cruce.
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radical present. This suggests thihough the internal salf7), has a neutral formal charge

state, the nature of the radical in the molecule remains unchanged.

Splitting: a(1N) =5.7%5
O=g 5G

53 -

Figure 2.2.5 EPR spectim of AA-Zwitterion @) in CH,Cl, (0.05 mM)at 22 C.

The preparation and characterization of this new stable arylamino intern&) salt (
provides evidence that synthesizing a phenylenediamine derivative for electrochromic
applications should be facile. The electrochemicalaptital properties of an anionic
phenylenediamine and its oxidized salts are expected to be similar to neutral phenylenediamines

such asTAPD, studied in Chapter 1.

2.2.3 Synthesis of PBSOs;” Na' via Indole Sulfonamide Protecting Group

The preparation dhe anionic electrochromPD-Sulfonate (11), shown in Scheme
2.2.2, was affected similarly to A8ulfonate 7). The indole sulfonamide appended aryl bromide
(1) was coupled with the trianisylphenylenediam@gvia Hartwig Budwald amination

conditions.PD-Sulfonamide (10) was then hydrolyzed to yield the sodium sulfonate(44)t
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Scheme 2.2.55ynthesis andhemical oxidation oPD-Sulfonate (11).
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2.2.4 Characterization of NewPhenylenediamine Radical Zwitterion: Electrochemistry,
Optical Spectroscopy, and Electron Paramagnetic Resonance (EPR) Studies

Cyclic voltammetry ofPD-Indole (10) andPD-Sulfonate (11) demonstrate the electrochemical
and chemical stability of the systems (Figure 2.2.7 and 2.2.8). The scans closely resemble that of
TAPD (figurel.2.1).Table 2.2.Zummarizes the electrochemical data for the

phenylenediamines.

e a2 .

o ! O:\S:O

S=p
o +
0.0 0l ol
E° =0.443v
_e_ -

E° = 0.896 V \
-e' -
- \+

SO g g

)
\ \

Scheme 2.2.6Electrochemistry oPD-Indole.

64



-3.5 +

-2.5

-1.5 -

1(pA)

-0.5 -

0.5 A

14 = PD-indole
15 T T T T T T 1
0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3

E vs. SCE (mV)

Figure 2.2.7 Cyclic voltammogram of 1.0 mNPD-Indole at Pt disc electrode in MeC(0.1 M
BusNBF,) at 50mVs* scan rate.
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Scheme 2.2.7Electrochemistry oPD-Sulfonate
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====TAPD
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E vs. SCE (mV)

Figure 2.2.8 Cyclic voltammogram of 1.0 mNPD-Sulfonate (purple solid) and APD at Pt
disc electrode in MeCKD.1 M ByNBF,) at 50mVs* scan rate.

E° Boa1 Bt Bop B’ Boa2 Boc2 Bop2
TAPD 0.443  0.484 0404 0.087 0.89% 093§ 0.854 0.084
PD-Indole 0.619  0.652 058 0.06§ 0.937 097§ 0.898  0.07§
PD-Sulfonate  0.449  0.498 040  0.09§  0.855 0.814 0.894  0.07§

Table 2.2.2Electrochemical data f&?D-Sulfonate PD-Indole, andTAPD

Before oxidationPD-Sulfonateis colorless, with an absorbance in the UV region of the
el ectromagneti c spec temt).MheaadicaBirdedal sathand dation 2 1 3 0 0
formed by the 1 and 2 electron oxidatiorP@d-Sulfonate bear optical resemblance T&PD ™
andTAPD™. Figure 2.2.1&hows the absorbance spectf#D-Sulfonateduring a chemical
oxidation of with 1 equivalent afh"CIO4 . PD-Zwitterion exhibits an absorbanoeaximum at
422 nm. This is characterized by a molar absorptivity of 19606nt. This absorptivity value
is almost twice that GTAPD ™ ( 4= 10900), indicating thahe PD-Zwitterion is a more

stronglyabsorbingchromophore.
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Figure 2.2.9 Structure and oxidation potential of T&IO, .2’
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Figure 2.210. (a) UV-vis scaleredox titration ofPD-Sulfonate (5.46x10° M in CH,Cl,) with
Th™ClOy4 (in 20% increments)tgield PD-Zwitterion . (b) Photographs d®D-Sulfonateand
PD-Zwitterion solutions.

8 Murata, Y. Shine, H. J. lon Radicals. XVIIl. Reactions of Thianthrenium Perchlorate and
Thianthrenium Trichlorodiiodidel. Org. Chem1969,34,1603.
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The chemical stability oPD-Zwitterion is shown in Figure 2.2.10. After oxidation of
PD-Sulfonatewith 1 eq. of the organic oxidar@RET, PD-Zwitterion maintains its optal

features even after 7 days in ambient conditions (25 °C in air).

2.5 +
. PD-Sulfonate (as
prepared)
7 After oxidation with 1
eq. CRET
After 15 hrs
215 -
] ——— After 5 days
= /
8 | ‘\ ’-’
a2 1 - £~ - After 7 days
<
0.5
0 T T T I- T
250 350 450 550 650 750
Wavelength (nm)

Figure 2.211. Timeresolved Optical Spectra 8D-Zwitterion after oxidatiorof PD-
Sulfonate (1.12x10* M in CH.Cl,) with 1 eq.CRET.

The second anodic transitionBD-Sulfonate forms the doubly oxidized?D-Cation.
With a maximum absorbance at 780 nm and a molar absorptivity of 33t6@Mit exhibits a
bright blue color. In the transition from the brownish Rl Zwitterion (12) to the bluePD-
Cation (13), the absorbance band at 422 nm bleaches completely while a broad band at 780 nm

forms. The isosbestic point at 466 nm suggests a clean transition from one species to another.
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Figure 2.2.12 UV-vis scale titration oPD-Zwitterion (5.46x10° M in CH,Cl,) with Th™*
CIO, yielding PD-Cation.

Previous studies witfAPD have shown that the twiaexidized, dication, is chemically
less stable in solution than the once oxidized, monocation. The caBeSiflfonateis no
different. PDCation was prepared via chemical oxidation with" THO,". The chemical stability
of PD-Cation was monitored via UWis absorbance spectroscopy. Within 30 minuRgs,

Cation slowly begins to undergo a reductive decayZwitterion . By 24 hours, there is
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optically no sign oPD-Cation. More studies are needed to determine the exact nature of this

reductive decay.

2 ——— PD-sulfonate
1.8 1 After oxidation with 2 eq. Th+ClO4-
1.6 1 After 30 min
1.4 7 After 15 hrs
e I (N — After 24 hrs

Absorbance
[y

250 350 450 550 650 750
Wavelength (nm)

Figure 2.2.13 UV-vis scale titration oPD-Zwitterion (5.46x10° M in CH,Cl,) with Th™* ClO4
yielding PD*-S 0.

Electron Paramagnetic Resonance (EPR) Spectroscopy is appliedP-Awveitter ion
internal salt to study electron distribution of the radfadlhe fiveline spectrum (figure 2.2.12)
shows an &N) value of 5.75 G. The value is consistent with phenylenediacentered
radicals, indicating similar spiiensities. The fivdine spectrunfor TAPD ™ is shown in Figure
2.2.13.In the case oPD-Zwitterion , the radical is indeed shared evenly betwtaertwo

nitrogens.

8 EPR measurement taken by Alex Cruce.
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Figure 2.2.14 EPR spectrunof PD-Zwitterionin CH,Cl, (0.05 mM)at 22 C. The dashed line
represents the measured spectrum and the straight line is the simulated spectrum.

Q @ Splitting: a(N) =5.75G |  5G
o }—{
; TAPD 2

Figure 2.2.15 Electon spin resonance (ESR) spectrom0.05 mMTAPD * ClIO, at22 C.%°

/

8 Selby, T. D. Polyamino Redox Arrays for Control of Spin Alignment and Charge Transport.
Ph.D. Dissertation, The University of Alabama, Tuscaloosa, AL, 2001.
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2.3 Electrochromic Switching of PD-SO; Na' vs TAPD: The Effect of Molecular
Charge on Switching Kinetics in Type | Electrochromic Device State

2.3.1 Spectroelectrochemical Response of RBulfonate in ECD State: Turn-on and
Operating Voltages

To investigate the electrochromic switching characterigdiBsSulfonatewas applied to
a singular electrochromic device. Figure 2.3.1 shows a general schematic of the séymkvich
device components. As the optically transparent electrode materi@ isnd aluminum tape is
used as the electrical contact. The ECD apparatus is identical to what was used to characterize
TAPD in chapter 1 (figures 1.2.9 and 1.2.1BD-Sulfonateis dissolved in the gel electrolyte
As stated in Chapter 1, the gel is compbsEMeCN, propylene carbonate,

polymethylmethacrylate (PMMA), and lithium perchlorate (LiGIO

Optically Transparent Electrode (OTE)
= Electrical Contact

OTE

Inert Plastic Spacer
Electrochromic Electrolyte Gel

Figure 2.31. General Schematic of Type | ECD.

The spectroelectrochemical response ofRBeSulfonate ECD is shown in figure 2.3.2
Between the appliedoltages of 0 V and 3 YD-Sulfonate exhibitsthree distinct optical states,
resembling the transitions ®APD. The colors can be described as colorless, reduiivn,

and blue. This is the expected result and provides additional evidence that tliagpperthe
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anionic sulfonate moiety does not noticeably affect the properties of the phenylenediamine

chromophore.
1 - 1 W
0.3 - 1 f? 15 25
0.8 - -2
3
0.7 -
4 —0V
g 06 7 > —— 08V
& 6
-.g 05 - Time (sec) 1.5V
(%]
£
204 . 24V
25V
03 -
—27V
0.2 - 3.0V
0.1 -
0 T T T T T
250 350 450 550 650 750
Wavelength (nm)

Figure 2.3.2.Spectroelectrochemical responséP@f-Sulfonatein ECD singular device state.

Turn-on and operating voltages of the ECD are also determined from the
spectroelectrochemical response. As figure 2.3.4 shows, at an applied voltage of 0.8 V, an
increase in absorbance at 414 nm occuRaSulfonate begins to undergo oxidation to the
PD-Zwitterion (scheme 2.2.5). The twon voltage oPD-Sulfonate (0.8 V)is less than that of
TAPD (1.0 V), although according to CV measurements, the redox potential for the oxidations
are equivalent (Figure 2.2.8). A reasonable explanation of this result would be that the
appendage of the anionic sulfonate group leads to a higher concentr&iorsaffonate at the

anode of the ECD. The voltage at whigD-Sulfonate begins to oxidize t®D-Cation is noted
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by an increase in absorbance at 780 nm. Figure 2.3.5 is a plot of absorbance at 780 nm at varied
voltages from 2 to 3 V (applied until steady state &hed, 30 s). The twon voltage for the

second anodic transition BD-Sulfonate is 2.4 V. This value is comparable to thafféPD.

The operating voltage of an ECD is a value chosen by the user. In the context of our
work, it is the voltage at which tration reaches a maximum for a given redox state. Like the
turn-on voltage of an ECD, it can be determined from the spectroelectrochemical response data.
An applied voltage of 1.5 V is sufficient to generate the redolielvn PD-Zwitterion and 2.7 V
yields the blud®D-Cation (figure 2.3.4, figure 2.3.5). Figure 2.34 and Figure 2.3.5 show the
measured absorbance at 422 nm and 780 nm after a voltage30/Yfor 30 s, until a steady

state is reached.

ot
=)
1

f

Operating

et
i
1

&
w

Absorbance @ 422 nm
o o
[ N

f

Turn-on

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Applied Voltage (V)

=
=
1

o

Figure 2.3.4.Absorbance at 422 nm as a resultgbleed voltages betweenr@V. The black
marker denotes the chosen operating voltage to affect electrochromic switching from colorless to
brownishred.
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Figure 2.3.5.Absorbance at 780 nm as a result of applied voltages betw2&h The black
marker dentes the chosen operating voltage to affect electrochromic switching from colorless to
brownishred.

2.3.2. Electrochemical Coloration/ Open Circuit Bleaching Comparative Study

Elo EZO Am.sn((']-e_) Exmax Amax (-28_) Exmax
TAPD 0.46 0.92|414 (reddish brown) 10100766 (blue) 72500
PD-SO; 0.45 0.86|422 (reddish brown) 19600(780 (blue) 33100

Table 22.3. Summary of optical and electrochemical datd APD andPD-Sulfonate (PD-
SO3).

To prove the effect that the formal charge has on an electrochrome in a singular solution
state ECD, the electrochromic switching of the ani®&ieSulfonatewill be compared to the
neutralTAPD. Since the electrochemical and optigeoperties of the two molecules are similar
(Table 22.3), the differences in EC switching can be attributed to the difference in formal
charge. Figure 2.3.6 shows the time resolved response DA ECD when 3 V is applied.

In 10 s, the device tranigins from the colorles§APD to TAPD ™ as determined from the
increase in the absorbance at 414 nm. Within the next 20 s, the final anodic tranJi#dtDof

to TAPD™ occurs. When open circuit conditions are applied, the devicklsaithes returning
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to its resting colorless state (Figure 2.3.7). Over 5 min, There is a reversal in optical absorbance

activity as the ECD turns form blue to reddIsiown to colorless. Open circuit bleaching in an

ECD is a result of the diffusiecontrolled recombination b&ten oxidized and reduced species

in solution. The redox chemistry of TAPD is shown in Scheme 1.2.2.
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Figure 2.3.6Electrochemical coloration GfAPD (.00754M in gelelectrolyte) in ECD state.

Spectruntaken every 1 s.
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Figure 2.3.70pen circit bleaching ofTAPD (.00754M in gel ekctrolyte) in ECD state.
Spectruntaken every 2 s.

In the case dPD-Sulfonate full coloration to the blu®D-cation state occursin 3 s
when 2.7 V is applied to the singular device (Figure 2.3.8). The negative charge on the

electrochrome attracts it to the anode. Surprisingly, under open circuit conditions, complete

bl eaching occurs i n doblviguslyxlear whyD-Eulfopaier e 2. 3.

undergoes open circuit bleaching more quickly thARD. It is necessary to take a closer look
at the chemical speciesd that are present
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Figure 2.3.8Electrochemicatoloration ofPD-Sulfonate (.00934 M in gel ekctrolyte) in ECD
state. Spectrurtaken every 1 s.
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Figure 2.3.90pen circuit bleaching d?D-Sulfonate (.00931 M in gel ekctrolyte) in ECD state.
Spectruntaken every 1 s.

When steadystate coloration issiached after the application of 2.7 V (figure 2.38);
Cation is present as it is generated at the anode. At the cathode, we propose a solid state
reduction process involving ITO (see chapter 1 for discussion of the counter electrode process).

A notablefact is that only 20% oPD-Cation is actually present (as determined using the Beer
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Lambert law equation using 88.9 pm as the cell pathlength and 3316@\as the molar
absorption coefficient at 780 nm). The presence of an absorbance band at 422 nm signifies the
presence oPD-Zwitterion . BeerLambert analysis (molar absorption coefficient of 19600 M
lem?) of this band indicates a 22% presencPBiZwitter ion. This leaves a significant amount

of PD-Sulfonatein the ECD when it is maximally colored. When the voltage is removed from
the system, open circuit conditions are applied. This system initially undergoes a
disproportionation reaction occurs betwédnSulfonateandPD-Cation to generaté’D-

Zwitterion . The disproportionation, shown in scheme 2.2.6, occurs more quickly than it would
in theTAPD system since the reactants are oppositely charged. The internal salt then diffuses
and recombines with the reckd ITO to generateD-Sulfonate (see figure 1.2.22). t i s n ot

why PD-Zwitterion undergoes open circuit bleaching faster thAPD ™.

Na Q o O
2 O=g. =S=
O=5-¢ Y=8=0 -0
= /= /T
Ve — / \ \\ \
—— Q\ ,\,‘ o/ .\:\'\ //I‘ (@) /r “\‘\ \L //j/
O—7 \ I~ /O — \\& +/ o 1\ \'>‘ - N/ )
/ \ \X‘ -N \ A N =/ ol
P d_,/ — \\\ f' 3
S AT - 7\
A\ ( W \ )
( \ ) s /
\‘. / + \ / =/
| — \ s
.{". - \\+ x = \rlq / =3 -\
N N\ AER
N— , o N e e ~C N\ o
/= _—%\ \\'.\ /0 // = \ P O r‘\/ ‘-.. 7
\ G i\ ) N\
\\ Vi ,I'\— _/ J\ ___/
4 /
0 0]
9 \

—_ - — +
| |

PD-Sulfonate PD-Cation PD-Zwitterion

Scheme 2.2.8Disproportionation reaction ¢¥D-SulfonateandPD-Cation.
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2.3.2Multielectrochromic Switching of PD-Sulfonate

PD-Sulfonatereversibly switches to 2 colored states as a resajpplied voltage. Figure 2.3.10
shows electrochromic cycling froRD-Sulfonateto PD-Zwitterion in the device state. In the
figure, modulationn absorbance is monitored at 2 visible region wavelendg#tsnm and 780

nm. In figure 2.3.10, cycling conditions are 1.5 V for 3 s to generate color (reddish brown) and
0.0 V for 3 s to remove color. Only 50 cycles are shown although up to 250 cyekebden

measured. Future work includes more in depth testing of the cycle life in the singular ECD state.

0.7 0.7

0.6 0.6
N 05 lﬂﬂﬂﬂm‘muu"u"um u" “I “ I I l I I | os 2
=+ M~
® ®
o 04 04
(=] o
s s
S03 03 £
S AAAAAMAMAMAMAMMAMMMAAMAMAANA, 5
(%] vl
2 02 02 2

0.1 0.1
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Figure 2.3.10.Electrochromic switching d?D-Sulfonate (.0116 M in gel electrolyte) in
singular ECD from reddish brown to colorless.

To affect eéctrochromic switching to blueD-Cation state, 2.7 V was applied for 3 s for
coloration followed by 0.0 V for 3 s for bleaching. The electrochromic cycliRPsSulfonate

to generaté®D-Cation is shown in figure 2.3.11(a). An interesting feature of the cycle data is the
inverse modulation of absorbance at 776 nm and 422 nm (figure 2.3.11(b)). When 2.7 V is
applied to the ECD, absorbance at 776 nm increases aBbIGation is generate while

albsorbance at 422 nm decreasePBsZwitterion oxidizes to generateD-Cation. When the
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cathodic potential of 0.0 V is applied the reverse occurs indicating reductiRin-Ghtion to

yield PD-Zwitterion .

Figure 2.3.11 Electrochromic switching d?D-Sulfonate (.0116 M in gel electrolyte) in

singular ECD to blue colored state.



2.4

Perspectives on Future Work: Additional Synthetic Adjustments to Electrochrome
Charge State
“.- -.,.. R1
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Figure 2.4.1.Generic illustration of potentidD-based cationic/anionic electrochromes.

Additional studiesnclude investigating the effect of meothan one anionic appendage

(SOs) onthe switching kinetics of aanodically coloring electrochrom8imilar studies

involving positively charged phenylediamines are also of interest as future work (Figure
2.4.1).
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2.5Experimental

General Methods and Materials. 1H-NMR spectra were recorded on Bruker /@0 or AM-
360 instruments witlkhemical shifts reported relative to the deuteratdeesit or TMS. All
CHN analyses wereompleted by Atlantic MicrolaEPR spectravererecorded ora Briker
ELEX SYSE680 spectrometef ATR IR spectra were obtained arBruker ALPHA

Spectrometer

p - Anisidinewas purchased fromldrich and purified via gblimation according to a known
proceduré€ N, N, Ntri-1,4-anisyt1,4phenylenediaminéd) was provided by Dr. Les Gray and
synthesized according to know procedifrpii bromoanisole, palladium dibenzylideneacetone
(Pd(dbay), tri tert-butylphosphineR {-Bu)s), sodiumtert-butoxide NaCQt-Bu), p-
bromobenzenesulfonylchloridgenhydrous toluene, and anhydrous tetrahydrofuran (THF) were
purchased from Aldrich and used without further purification. Basic alumina Ill was prepared by
adding 6 wt% distilled KD to basic alumina | (purchased from Aldrich). Tetrabutylammonium
hydrogensulfateTBAHSO,) andindole was purchased from Alfa Aesar and used without
further purification. Sodium Hydroxide (NaOH) was purchased from Fisher in pellet form and
crushed using a camic mortar and pestle to form powder. Methanol (MeOH) was purchased
from VWR and used without further purificatiddichloromethane was obtained from VWR

was predried bystirring oversulfuric acid H.SOy), washedneutralized, and filly distilled

% All EPR spectra taken by Alex Cruce.

%L perrin,D. D. and Armarego, W. L. F., Purification of Laboratory Chemicals, Pergamon Press:
Oxford, 1988.

2Gray, L.T. The Application of Arylamines as Redox Auxiliaries, Polar Crystals and Organic
Semiconductors. Ph.D Dissertation, The University of Alabama;alossa, AL, 2012.
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from Calcium Hydride (Cal) undemitrogen atmosphere according to standard literature

procedures

General methods and materials for spectroelectrochemistry and electrochromic switching can be

found in chapter 1 experimental

Electrochemistry (Figures 2.21, 2.2.7,2.2.8. See chapter 1 experiment@lyclic voltammetry
of AA-Sulfonate AA-Sulfonamide, PD-Indole, andPD-Sulfonatewas performed at a scan

rate of 50 mVg,
Chemical Oxidation.

AA-Sulfonamide (Figure 2.2.3) A solution ofAA-Sulfonamide, 7.84x10° M, was
prepared by dissolvingA-Sulfonamide (1.52 mg,0.00314mmol)in 1.0 mL of dry CHCI,
(0.00314M)An al i quot of the sol ut iTbedilutéddduioneat ) wa s
subjected to redox titration with 1 molar equivalent of CRET to a#akd Sulfonamide™. For
UV-vis spectroscopy, an HP8452A Diode Array Spectrophotometer equipped with a 1 cm path

length quartz cell (Starna) was used.

AA-Sulfonate (Figure 2.2.4) A solution ofAA-Sulfonate, 6.87x10° M, was prepared
by dissolvingAA -Sulfonate (1.11 mg,0.0027#o0l) in 1.0 mL ofdry CH,CI, (0.00272 M) An
aliquot of the solution (250 L) was diluted
redox titration with 1 molar equivalent of CRET to aff@é -Zwitterion . For UV-vis
spectroscopy, an HP8452A Diode Array Spectrophotometer equipped with adttt length

quartz cell (Starna) was used.
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PD-Sulfonate (Figure 2.2.1Q 2.2.12 2.2.13- A solution of PD-Sulfonate, 5.46x10° M,

was prepared by dissolviRD-Sulfonate (1.32 mg, 0.00218 mmoin 1 mL dry CH,Cl, (.00218

M). An aliquot of the solutiof 250 e€L) was diluted to 10 mL. Th

to redox titration with 1 and 2 molar equivalents of CRET to afRiddZwitterion andPD-
Cation, respectively. For UMWis spectroscopy, an HP8452A Diode Array Spectrophotometer

equipped witha 1 cm path length quartz cell (Starna) was used.

PD-Sulfonate (Figure 2.2.13- A solution ofPD-Sulfonate, 1.12x10" M in dry CH,Cl,
was subjected to redox titration wittequivalent ofCRETto afford PD-Zwitterion . For UV-vis
spectroscopy, an HP8452A Diode Array Spectrophotometer equipped with a 1 cm path length

quartz cell (Starna) was used.
Preparation of Electrochromic Gel Electrolyte - See chapter 1 experimehta

Construction of PD-Sulfonate ECD. (Figures2.3.2 2.3.4, 2.3.5, 2.3,2.3.7, 2.3.8, 2.3.9,

2.3.10, 2.3.11pPD-Sulfonate (3.02mg 0.005 mmol) was dissolved in 0.56L of gel

electrolyte. The gel electrolyte solution was applied to ITO glass anode (equipped with spacer),
the ITO glass cathode was then added to complea@dwicht y pe devi ce. For 88.
Polyethylene Plastic Sheeting (Husky Brand) was used. The ITO sandwich was held together
with metal clamps for the duration of the experiment. Aluminum foil {§beirtape AFLOO)

was used for efficient contact between ITO and metal spring clips. See figurerffigige

2.3.1 for a picture oECD.

Spectroelectrochemistryand electrochromic switting. See chapter 1 experimental
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Preparation of Dianisylamine (5)

p-anisidne (2.00 g, 16.2 mmol) arbromoanisole

\©\N/©/ (3.049, 16.2 mmol) were added into a flame dried
H
5

round bottom flals. The mixture was transportedo a

nitrogen purged drydx where the 50 ml of toluene,

Pddba) (46.6mg, .081mmol) .5 % mole, R{Bu); (16.7mg, .081mmol), NaQ-Bu (1.87 g,
19.5mmol) were addedThe mixture was cappeasith arubber septunandremoved from the
dry box. The reaction mixturgirred under nitrogen for eight hours at roomperature.The
reaction wasnonitored via TLC (ethyl acetate:hexanes)1util both starting materials were no
longer present and the product became visible. Aftedif@pearance of the startinmaterials,
the mixture was filtered through basiluimina Il and vashed with ethyl acetat€hecrude
product was concentrated in vacd recrystallized from EtOl yied 2.71 g of AA9 as a

pink solid.
Yield: 73% MW = 229.2@nol* mp = 98100 °C
1H NMR (360 MHz, CDCI3 , 25 °C):

i 6.93 (d, J 8.90, 4H), 6.81 (d, J 8.86,
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Preparation of 1-(4-Bromophenylsulfonyl)-1H-indole (4)*®

B | |
@ To a solution of TBAHS®(72.5 mg, .214 mmol) in 20 mL
of anhydrous methylene chloride was added finely

Br powdered NaOH (.512 g, 12.8 mmol) at 0°C under

4 nitrogen atmosphe. After stirring for 10 min, indol€500

g, 4.27 mmol) was dissolved in the heterogeneous solution.
After strring 5 min, a saltion of p-bromobenzersulfonyl chloride(1.20 mg, 4.69 mmol)

dissdved in 12 mL dichloromethangas added drop wise to the reaction mixture over 10 min.
The reaction mixture was then allowed to warm to 25°C and stir for 3 hrs underismyen

gas purgeThereaction wasnonitored va TLC (ethyl acetate:hexanes 1:5) until the limiting
reagent was nlmnger present and the product became visiblee pale yellow mixture was
filtered and the white residue was washeamtdiighly with dichoromethaneThe filtrate was
concentrated under vacuum at 50 °C. The white solid was recrystallized from 50% EtOH/

distilled HO to yield colorlss crystals (1.18 g, 4.27 mmol).
Yield: 82% MW 336.20gmor* mp = 7274°C
1H NMR (360 MHz, CDCI3 , 25 °C):

~

G0 7. 9 6J=8.28,Hz)17H3 (d, 2H= 8.64 Hz), 7.56 (d, 2Hl= 9 Hz),7.53 (1H,)= 3.6 Hz),

7.33 (t, 1H,J= 7.2 Hz), 7.246 (t, 1H]= 7.2 Hz), 6.68 (d, 1H]= 3.6 Hz)

% Kwak, K. W.; Lee, I-S.; Ramalingan, C. Novel Furanylarylene
Arylsulfonylindolesulfonamides: Synthesis and Their Antibacterial Evalu&leem. Pharm.
Bull. 2009,57,591-591.
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Preparatiorof 4-((1H-indol-1-yl)-N,N-bis(4-methoxyphenyl)aniline (AA-Sulfonamide, 6)

In adrybox (purged with B, 5 (.454 g, 1.98 mmol) and

A\
@ (.667 g, 1.98 mmol) were dissolved in 10 mL anhydrous
O:\S:O

toluene in 25 mL RB flask equipped with magnetic stir
/O\Q\NQ bar . Once the solution was
M tri-tert-butylphosphine in toluene (.0594 mmol) was
O added. This was followed by the atiloi of Pd(dba)

(34.2 mg, .0594 mmol) then sodiuert-butoxide (.285 g,

2.97 mmol). The reaction mixture was capped w&ith

rubber septum, brought out of the drybox and stirred at room temperature for 90 min under slow
N purge. Thereaction wasnonitared via TLC (ethyl acetate:hexanes 1:5) until the starting
materials were ntonger present and the product became visitie. reddish brown mixture was
then taken up in 20 mL EtOAc and filtered through 7 mm basic alumina, activity lll. The

solvent was eaporated under vacuum at 50 °C. The residue hasrecrystallized from 40%

THF in hexanes to yieldouresolid (.699 g, 1.44 mmol).
Yield: 73% MW 484.57gmol™* mp =119121°C
1H NMR (360 MHz, CDCI3 25 °C):

O 7. 96J=(6d Hz),7.57,(d, 2H] = 6.8 Hz), 7.53 (m, 2H), 7.28 (t, 18= 5.4 Hz), 7.21
(t, 1H,J = 5.4 Hz), 7.03 (d, 4H] = 6.1 Hz), 6.83 (d, 4Hl= 6.1 Hz), 6.67 (d, 2H] = 6.8 Hz),

6.62 (d, 1HJ = 2.5 Hz), 3.78 (s, 6H)

13C NMR (125 MHz, CDC}, 25 °C)
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«a 158.0, 153.9, 151.1, 139.0, 135.5, 131. 4,

116.0, 114.5, 109.1, 56.8
ESI HRMSm/zcalcd for GgH24N204S [M-H]* 484.1457, found 484.14309.

Preparation oSodium 4 (bis(4-methoxyphenyl)amino)benzenesulfonat¢AA-Sulfonate, 7)

In 50 mL thick walled Shlenk flaskquipped with a stir
bar,AA-Sulfonamide (.200 g, .413 mmol) was

Q dissolved in 20 mL THF/MeOH (1:1). NaOH.b N,
/O\Q\N .991 mL, 4.95 mmolyvas then added and the reaction
mixture was heated to 13&1in oil bath)for 16 hrs.
O The reaction mixture was allowed to cool to room

7 temperature and concentrated to a brownish residue and

taken up in @ mL of anhydrougther. The original
reaction vesdavas rinsed with 20 mL distilled water into a separatory funnel with the ether
solution and extracted 3 times with 10 mL ether. The aqueous layer was allowed to sit at room

temperature until crystals formed and filtexea vacuum filtration (.123 g)
Yield: 73% MW 407.42gmol* mp =47-49°C
1H NMR (360 MHz, DMS@d6, 25 °C):

GO 7. 37J=(6d Hz), .99,(d, 4H] = 6.5 Hz), 6.89 (d, 4H]=6.5), 6.66 (d, 2H) = 6.1 Hz),

3.73 (s, 6H)
13C NMR (125 MHz,DMSO-d6, 25 °C)

U154.6, 147.4, 139.6, 139.3, 125.8, 117.4, 114.3
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IR (neat, crit):
2965 (w), 2836 (w), 1590 (s), 1508 (s) 1234 (s), 1167 (s), 1029 (s), 827 (s), 641.5 (S), 525.3 (S)
ESI MSm/zcalcd for GoH1gNOsS [M-H]™ 384.43, found384.1.

Preparation oN-(4-((1H-indol-1-yl)sulfonyl)phenyl)-N* N* N*-tris(4-

methoxyphenyl)benzenel ,4-diamine (PD-Sulfonamide, 10)

In adrybox (purged with B, 9 (.500 g, 1.17 mmol) and

A\
©|\/,\> 4 (.394 g, 1.17 mmol) were dissolved in 10 mL

anhydrous toluene in 25 mL RB flask equipped with

/O\Q\NS : magnetic stir bar. Once the solution was homogeneous,

58. 5 ¢ L otért-butylpho8phiik inttaluene
N\@\ , (.0585 mmol) was added. This was followed by the

Q © addtion of P@(dba) (33.6 mg, .0585 mmol) then sodium

\ tert-butoxide (.169 g, 1.76 mmol). The reaction mixture

10 was capped with rubber septum, brought out of the

drybox and stirred at room temperature for 3 hrs under
slow N,. Thereaction wasnonitored va TLC (ethyl acetate:hexanes 1:5) until the starting
materials were ntonger present and the product became visithe. reddish brown mixture was
then taken up in 20 mL EtOAc and filtered through 7 mm basic alumina, activity Ill. The
solvent wa removed enacua Thecruderesidue was then recrystalliz&dm 40%

THF/hexanes to yielgure solid (.668 g

Yield: 91% MW 681.80 mp119-122°C
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1H NMR (360 MHz, CDCI3, 25 °C):

U 7. 96J=6d Hz), T5M (d, 2H,J = 9.0 Hz), 7.52 (m, 2H), 7.27 (t, 1= 7.2 Hz), 7.19
(t, 1H,J = 7.56 Hz), 7.03 (m, 6H), 6.82 (m, 10H), 6.69 (d, 2H,9.0 Hz), 6.61 (d, 1H] = 3.6

Hz), 3.78 (m, 9H)
13C NMR (125 MHz, CDGJ, 25 °C)

0158.5, 156.9, 154.4, 147.841.0, 138.6, 137.7, 135.2, 131.5, 130.0, 129.9, 129.3, 128.1, 128.0,

125.6, 124.3, 122.7, 121.3, 116.7, 116.3, 115.9, 114.4, 109.9, 80.6, 57.1, 57.0

ESI HRMSm/zcalcd for GiH3sN30sS [M-H]* 681.2297, found 681.2321.

Preparation ofodium 4((4-(bis(4-methoxyphenyl)amino)phenyl)(4

methoxyphenyl)amino)benzenesulfonat@D-Sulfonate, 11)

. In a10 mL thick walled Shlenk flask equipped with
Na O
=5= stir bar,N*-(4-((1H-indol-1-yl)sulfonyl)phenyl)-
/OO\ N* N* N*-tris(4-methoxyphenyl)benzenel 4
N

diamine (50.0 mg, .0733 mmol) was dissolved in 2.8
mL THF/MeOH (1:1). NaOH (.176 mL, 0.880 mmol)

QN\QO/ was then added and the reaction mixture was heated
0 to 135 °C (in oil bath) for 16 hrs. The reaction

1 mixture was allowed toaol to room temperature and
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concentrated to a brownish residue and taken up in 3 mL of anhydrous ether. The original
reaction vessel was rinsed with 5 mL distilled water into a separatory funnel with the ether
solution and extracted 3 times with 3 mL ethEhe aqueous layer was allowed to sit at room

temperature until crystals formed and filtered via vacuum filtration (h2))0
Yield: 27% MW 604.65gmol* mp 190-192°C
1H NMR (360 MHz, DMSQd6, 25 °C):

07.44 (d, 2H,) = 8.6 Hz), 7.05 (m, 6H), 6.94 (m, 8H), 6.80 (d, 2H 6.84 Hz), 6.77 (d, 2H] =

6.84), 3.79 (s, 3H), 3.77 (s, 6H)
¥C NMR (125 MHz,DMSO-d6, 25 °C)

0156.9, 156.4, 149.3, 145.2, 141.6, 141.3, 141.0, 128.1, 127.9, 127.2, 126.712@D7116.3,

116.2,57.0
IR (neat, crif):
3034 (w), 2830 (), 1590 (m), 1495 (s), 1240 (s), 1029 (s), 824 (s), 523 (M)

ESI MSm/zcalcd forCssHogN2O6S [M-H] 581.2, found 581.3.
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Chapter 3

Development ofPhotoelectrochromicSwitching Devices based on Redox
Auxiliary C atalysis

3.1 Introduction

The term photoelectrochromism has several meanings in literatugkdimochromism
and Electrochromic Deviced refers to systesthatpossesa photosensitiveelectrochroms
property?*®> One such system is the metal oxide\iO. When sputtered onto an ITO
electrode and incorporated into an ECD configuration, the film exhibits electrochromic switching
characteristicspecifically when irradiated with UNight at 365 nm These types of systems are
considerediphotoactivateddo More re@ntly the definition has expandeddescribe
electrochromic systems that are powered by a photovoltaic SBif¢BA| s o t eselfmed a
powered ECD 0 t he d e devieeeontaingng aphdtoyoliaic ieldctricalstgm

coupled to an electrochromic electrotfecontrast to photactivated photoelectrochromic

*Monk, P.M.S.; Mortimer, R. J.; Rosseinsky, D.Bectrochromism and Electrochromic
Devices;Cambridge: UK, 2007.

® De Paoli, M-A.; Noguiera, A. F.; Machado, D. A.; Longa, C. Ablymeric Electrochromic
and Photoelectrochemical Devices: New AdvanEésctrochim. Acta2001,46,42434249.
%Malara, F, Cannavale, A.; Carallo, S.; Gigle, Smart Windows for Building Integration: a
New Architecture for Photovoltachromicelices ACS Applied Materials & Interface2014,
Ahead of print.

Leftherotis, G.; Syrrokostas, G.; Yianoulis, P. Photocolordiifficiency and Stability of
Photoelectrochromic &vices Solid State lonic2013,231,30-36.

% Jiao, Z.; Song, J.; Sun, X. W.; Liu, X. W&t al.A FastSwitching LightWritable and Electric
Erasable Negative Photoelectrochromic Cell Based on PrussiarbiBhs. Solar Energy
Materials & Solar Cells2012,98,154-160.
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devices, these are phetioiven.In both types of photoelectrochromisngystem
exhibits electrochromism only during irradiatigfthird descriptionof photoelectrochromism
refers toasystem thathromogenically resposdo alternatingelectrochemical and
photochemical stimulu§ hus, the system Isoth electrochromic and gtochromic.There are
few examples of such materiaoneyama, et al. developed a photoelmdtromic system
based on polyaniline/TigITO thin films ***®®When irradiated in a neutral aqueous solution
(with 20% methano))the blue film turns yellow as pdnyiline is photoreduced by TiOWhen
an anodic potential is applied (0.5 V vs SCE), the film returns to its blue state. Chidichimo, et al.
used the organic dye, methylene blue as a photoelectrochitbifé® Like polyaniline,
methylene blue undergoes a photoreduction when irradiated (with red light) in the presence of an
electron donorttiethylamine) which bleaches the molecule. The blue color returns when 0.4 V
DC is applied as methylene blue is oxidizede Wesent the first photoelectrochromic system

based on a reversibtdiemical reaction. Unlike previously studied photoelectrochromic systems,

there is no change in oxidation state betweerctoel or ed and bl eaclTheed ¢ he mi

photoelectrochromiswitch is betweetwo optically distinct isomers in contrast to redox states

We have developed new molecular switches that funbtyasm novel mechanism that we

have termed redeauxiliary (RA) catalysis'®* In redoxauxiliary caglysis, the activation beer

“Yoneyama, H.; Takahashi, N.; Kuwabata, S. Formation of a Light Image in a Polyaniline Film
Containing Titanium (IV) Oxide Particleg. Chem. Soc.,Chem. Commui892,716-717.
19YoneyamaH. Writing with Light on Polyaniline FilmsAdv. Mater.1993,5, 394-396.

%1De Filpo, G.; Nicoletta, F.P.; Chidichimo, G. Flexible N&PlaoteElectrochromic Film.

Chem. Mater2006,18, 46624666.

12Macchione, M.; DeFilpo, G.; Nicoletta, F.; Chindichima, I@Gprovement of Response Times
in Photoelectrochromic Organic Fill@hem. Mater2004,16.14001401.

1% Macchione, M.; DeFilpo, G.; Nicoletta, F.; Chindichimo, G. Lad#itable Electrically
Eraseable Photoelectrochromic Organic Fidy. Mater.2003,15,327-329

“Gray, L.T. The Application of Arylamines as Redox Auxiliaries, Polar Crystals and Organic
Semiconductors. Ph.D Dissertation, The University of Alabama, Tuscaloosa, AL, 2012.
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of a chemical transformation is loweredthg ekctronic influencef a synthetically appended
stableredox cente(figure 3.1.1) When the RAoses an electron, a reaction is triggered at the
reactive function causing a color change. The pmstrinsically catalytic wherthe

reversilility of the RA redox chemistrallows it(RA™) to be reduced bigs neutral form (RA).

Reactive rate Reactive
Function enhancement Function

Redox Redoxy, Redoxg,
Auxiliary Auxiliary Auxiliary

Figure 3.1.1.Figurativerepresentatioof the redox auxiliary effect. Taken from reference 82.

Reactive

Function

A majority of the work pesented uses the 2+2 photoisomerization of norbornaigne
to yield quadricyclanéQ) as the reactive functiofscheme 3.1)1 It is a good candidate in that
the process is thihermally reversibleSynthetically altering the N/Qarent system to
incorpaate a redox auxiliary allows for the electrochemical cycloreversion of Q$chéme

3.1.2)

o~

A

N

M Q

Scheme3.1.1. Photoconversioonf N to Q and the thermal back conversion.
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A==

RA-N RA-Q

Scheme 3.2. Photoconversion of the RA appended N to Q and the electrochdraatal

conversion.

The redox auxiliary appendage is defined as an attached redox group that acts as a stable radical
carrier.We chose the triarylamine (AA) group for this function due to its reversible redox
chemistry and oxygen stable radical catidshene 3.1.3 is theedox auxiliary catalytic cycle

for the N/Q systeniThe RA-N photoconverts to RA, a voltage is applied to generate R®

which then quickly isomerizes to RAN. In a catalytic fashion, theectron hole is transferred

to a new moleculef RA-Q, starting the cycle again.

® ®
X

Scheme3.13. Redox aixiliary mediated chain reaction mechanissingthe
norbornadiene/quadricyclaiid/Q) photoisomerization as the reactive function.

Y
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AA-N-Tsis shownin scheme 3.1.4.es Gray synthesized and inugatedthe material as a

photoelectrochromicedoxauxiliary system. Th&ey results of his studies were:

1. AA-N-Tsis a yellow amorphous sold that bleaches upon irradiation with UV/vis light
( Hos=0.60)

2. AA-Q-Tsis thermally stable with a halife (t.,) of 237 hours at 20 °C in benzene.

3. AA-N/Q-Ts system exhibits reversibdectrochemistry

4. In bulk solution AA-Q-Ts quantitatively converts tAA-N-Ts in the presence of a

catalytic amount of the chemical oxidant, CRET.

Aspects of the system not thorougkdlgmonstratedre theelectrochemical conversion of

AA-Q-Tsto AA-N-Ts and subsagent photoelectrochromic cycling in the device state.

T =" N\
2 ,LII / [ O .'I [l
\ W 2 | \ - i
N ST N A A ST~
ey hv "%
y/B N/ O - rgus / O
e ~( e
! ‘.‘ \
\ \
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P78 € yV/2ER\)
{4 \\,\. ‘\/ Y
e S \
— e
) S— Y W
N____‘ / Y (/’ \ 7
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//T - :_—(\/ N\ ) O P —ﬂ< \::\ /. O
s \ T /I’ \ —
N\ N
N7 A
& s
@] @]
AA-N-Ts ‘ AA-Q-Ts
(Yellow) (Colorless)

Scheme 3.1.4Photoelectrochemical cycling betwe&A-N.-Ts andAA-Q-Ts.

3.2 Results andDiscussion: Photoelectrochromic Cycling of RedaAuxiliary Appended

Photosystems
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3.2.1 (TolyTBABF, as a Gel Electrolyte for Photoelectrochromic Cycling

For effective photoelectrochromic cycling to take place, a suitable Aredihich both
optimal photochemistry and electrochemistry could cosuld need to be developed. Les
Grayos wor k de madA-N-Tsthasta eeldtivelyight quantiim yigldios) of
0.60 (in benzene), the photochemistry is highly dependent on the solvent environment. In
aromatic solvents, such as toluene or benz&AelN-Ts quantitatively converts tAA-Q-Ts in
5 s under arc lamp irradiatidff In order to ensure that onliget application of electrochemical
energy, as opposed to thermal energy, leads to the back conver8ibrA{Ts to AA-N-Ts, the
chosen photoelectrochromic media would have to exABHQ-Ts thermal stability. In benzene
at 25 °CAA-Q-Ts has a haHife (ty2) of 237 hours indicating that in terms of both

photochemistry and AZ-Ts thermal stability, aromatic solvent systems are ideal.

In polar aprotic solvents (tetrahydrofuran, acetoAd);N-Ts photoreacts more slowly
and conversion tAA-Q-Ts is notquantitative as detectable amounA#f-N-Ts are present. In
acetonitrile, irradiation oAA-N-Ts leads to a photostationary state and further irradiation
actually causes an increase in the concentratidé®eN-Ts. These results suggest that standard
solvent systems used in organic electrochemistry (tetrahydrofuran, acetone, acetonitrile,

propylene carbonate etc.) wondét be AApNpPd i cabl e

The ideal photoelectrochromic medium would have to accouMA4eN-T s 0
photosensitivity while also being able to effectively pass a current. For device studies, qualities

like viscosity and chemicaitability are also important

1% Gray, L.T. The Application of Arylamines as Redox Auxiliaries,a@P@rystals and Organic
Semiconductors. Ph.D Dissertation, The University of Alabama, Tuscaloosa, AL, 2012.
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We came across an aromatic electrolytic system developed in 1985 by C. J. Picket. It not
onyppossessed aromaticity, a wide anodic electro
CP, 28 °C), it could be prepared easily from readily available (and cheap) matékdten the
common electrolyteTBABF,, is mixed with toluene, the salt dissohsesd the transparent
solution partitions into two clear layers (Figure 3.2.1). The top layer is toluene only while the
syrupy bottom layer is a 3:1 toluene: TBABRixture (also denoted &®I);TBABF,0r 1.4 M
TBABF, in toluene). Table3.2.1 summarizesie physical properties of (tel)BABF,or 1.4 M
TBABF,in toluene? The electrochemical window of (tgl)lBABF4is shown inigure 3.2.2 The
potential range is from-2.8 V to 1.2 V (vs ferrocene redox couple)®13 V to 1.7 V (vs SCE).

For purely arylanine electrochromic applications, an anodic potential limit of 1.7 V is too small
(see chapters 1 and 2). We expect the switching A8rQ-Ts to AA-N-Ts to be a reaction
catalyzed by the formation of a miniscule amounAAEN/Q-Ts™ (scheme 3.1.1) thus requiring

only a small applied voltage (<1.5 V vs SCE).

pjicket, C. J. NnA simple Hydr oc-aandleoSeriekEl ect r ol
€4 0J. em. o0 .
[FesSu(SPh)]*#"**5 3. Chem. Sod 985 323326
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toluene only

(tol), TBABF,

Figure 3.2.1.Photograph oftol)sTBABF,/toluene heterogeneous mixture.

Specific

Viscosity|Conductance |Electrochemical

MP €C) |Density (g/mL}(CP)  [|10% "cm®  |Window (V)
(tol);TBABEF | 22 0.98 1501 | 1201 4

Table 3.2.1.Physical properties of (tol)BABF,.

6

Current / L A

-2.8 0.0 1.2

Potential / Vvs [F. 1*/¢

Figure 3.2.2.Cyclic voltammogram of @)sTBABF, with scan rate of 100 mV/s at Pt disc
electrode (area: 0.034 émTaken from reference 2.
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3.2.2Irradiation of AA -N-Ts and Chemical Stability of AA-Q-Ts in (tol)sTBABF 4 Bulk

Solution State

In figure 3.2.3, a concentrated solutionA#-N-Ts (0.97 mM) in (bl)sTBABF,was

irradiated using an arc lamp. Within 1 minud\ -N-Ts underwent complete photoreaction to

yield AA-Q-Ts as determined from the bleaching of the absorbance band at 388 nm (19100 M

'em™). This modulation in the visible regiai the electromagnetic spectrum is accompanied by

a color change from yellow to colorless (figure 3.2MA-N-Ts has the unique characteristic of

being a negative photochromic system. It is also worth notingAthe®-Ts was chemically

stable after 15 miin (tol)sTBABF,. This result shows that thermal conversio®&f-Q-Ts to

AA-N-Tswonot be a
(< 2 min).
I,;ﬁ‘-‘\\\ -
| 'If'
\ Qt ,Ji\\\ II|I
8T hs
s n? @]
-
V4 \\\\
{7 A\
— -
\ o
N— \
/——__,;/ ’ \\\‘\ ,’:) ___O
,/. B -
{3 .\\
\‘:‘\ //
O
' AA-N-Ts

Y

cont r i b uscalemfg pHotastettrochromva stitch n

AA-Q-Ts

Scheme 3.2.1Photochemical conversion 8A-N-Tsto AA-Q-Ts.
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Dog o= 308 11
c=23200 M-lem!
Pogg o= 388 11111

N w— AN -Ts (as prepared
e=19100M-em! (as prepared)

w— A A-Q-Ts, after 1 min

Absorbance
=
v

e arclamp irradiation
= AA-Q-Ts, after 15 min
0.5 atRT
0 T ' . .
250 350 450 550 650 750

Wavelength (nm)

Figure 3.23. Irradiation 0f0.97 mM AAN-Ts in (bl)sTBABF, using an arc lamp equipped
with 385 nm filter, yielding AAQ-TSs.

- -
e

Figure 3.24. Photograph showing the negative photochromis®AfN-Ts/AA-Q-Ts system.
3.2.3 Electrochemistry of AAN-Ts in (Tol)sTBABF 4 Bulk Solution State

To demonstrate th#{A -N-Ts was capable of undergoing a reversible dlectrochemical
oxidationat a Pt disc electrod8A-N-Ts (1.0 mM) was subjected to a cyclic voltammetry scan.

Figure 3.2.5 shows the scan betweend@nd 1.3 V vs SCE. At 0.891 YWA-N-Ts is oxidized to
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AA-N-Ts™. This redox potential corresponds favorably to previous measurements (0.859 V in

CH2C|2 VS SCE).
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Figure 3.25. Cyclic Voltammetry (CV)of 0.97 mMAA-N-Ts (N) in (tol)sTBABF, Bulk
Solution StateScan Rate: 50 mV/s

Figure 3.2.6 shows an overlay of cyclic voltammograms. The red scan is &ratN{
Ts while the green scan was taken after photoconversidAt®-Ts. The fact that the two
scans overlap shows that b&tA-N-Ts andAA-Q-Ts have equivalent oxidation potentials. To
further prove that the green CV scan is in fact th&/AfQ-Ts and notAA-N-Ts, optical spectra
were taken after several CVO06s to dAaANTsstr at e

and that tke solution was predominate®A-Q-Ts (Figure 3.2.7).
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Figure 3.2.6.Cyclic Voltammograms of 1.0 mMA-N-Ts (N) (red dash) and 1.0 mMA-Q-

Ts (Q) (green dot). Scan Rate: 50 mV/s

3 - ====N (as prepared)
e (), (@ft 20 min irr.)
2.5 A
| /e aftcv 1
2 - /\ aft Cv 2
o~
8 ' \ \
Eas oSN aftcv3
2 v AftCV 4
2 1| v/ \
2 “ h ‘I‘ after 1.0 V for 20s
05 - \ “ aft. 1.1V for 2 min
\
: N aft 1.1V for 2 min
0 T U T I e H
250 350 450 550 650 750
-0.5 -
Wavelength (nm)

Figure 3.27. Electrochemical response AA-Q-Ts (0.97 mM in(Tol)sTBABF,) at Pt disc
electrode.

3.2.4 Oxidative Catalysis of AAQ-Ts to AA-N-Ts via Chemical Oxidation in(Tol)sTBABF 4

The result shown in figure 3.2.7 was discouraging, prompting the question of WhAH@TS
can undergo an oxidative reversion to gened@eN-Ts. More importantly, would the reversion

be catalytic? To answer these questions, a solution eNA in (bl)sTBABF, was irradiated
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to yield AA-Q-Ts. The colorless solution was then subjected to catalytic amount of the organic
oxidant, CRET. Figure 3.8 shows the result of the experiment as an overlay of optical
absorbance spectra. Upon addition of 1 mol % CRET and 10 minutes of sAifQ;Ts

converts quantitatively back ®A-N-Ts. The conversion is also clean as noted by the isosbestic

point at 38 nm.

0 /©/
\\
S
\\
o}
CRET
15V
A
o}
O\ AA-Q-Ts O\ AA-N-Ts

Scheme 3.2.20xidative back conversion &A-Q-Tsto AA-N-Ts with CRET.
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=]
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------- Aft 10 min stirring
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0 1 1 1
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Figure 3.28. Catalytic conversion oAA-Q-Ts (1.0 mM) toAA-N-Ts after addition of 1 mol%
CRET

3.2.5 PhotoelectrochromicSwitching of AA-N-Ts in Device State

105



After demonstrating the facile photochemistry, stable electrochemistry, and catalytic back
conversion of thé\A-N-Ts/AA-Q-Ts system, the photoelectrochromic system is applied an ITO
sandwich type device sap (figure 32.9). In the photoelectrochromic\dee (PECD)

yellow/clear coloswitching is expected to occur readily as a result of two stimuli: (1) irradiation

and (2) applied voltage (figure 3.2.10).

Plastic Spacer (88.9 um)

ITO Glass

hv

Photoelectrochromic

Area
Al Tape

Figure 3.2.9.Genericrepresentationf photoelectrochromic device with labeled components.

hv

\ 4

A

Figure 3.2.10.Picture ofAA-N-TS/AA-Q-Ts negative photochromism in the device state.
Figure 3.2.11 shows a photograph of the PECD switching apparatus. A 380 nm LED
flashlight is clamped to the UVis Spectrophotometer and used for irradiation. The PECD

stands in front of both the spectrophotometer beam and the beam of the LED light. Because the
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380 nm LED Ilight is positioned at an angl e,
beam andboth can operate simultaneously. Electrical leads are attached to the anode and cathode
of the PECD. As with the singular ECDs presented in Chapters 1 and 2, the reference and
cathode are coupled with the counter electrochemical process being that etilican

(Section1.2.4.1

;’,

| & ) :‘ o S -4
LED flashlight.

Figure 3.2.11.Photograph of PECD apparatus equipped Wih 380 nm

Using an arc lamp (equipped with 385 nm filté&X-N-Ts is converted tAAA-Q-Ts in
the PECD within 90 s of irradiation (scheme 3.2.1 / figure 3.2.12). Interestingly, when a 380 nm
LED flashlight is used instead, irradiationAd -Q-Ts occurs within 15 s (figure 3.2.13) even

though the concentration 8fA-N-Ts is considerably highet@ M vs .00765 M). The 380 nm
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LED direct! y' ' ban @d(3% nm)sf AANiTs, making the photoreaction
more facile.

O\ AA-N-Ts

AA-Q-Ts
Scheme 3.2.3Photoconversion oAA-N-Ts to AA-Q-Ts with arc lamp irradiation

14 W AA-N-Ts (as
0.9 - :\ prepared)
0.8 - | —— After45s
A arclampirr.
0.7 S
S 0.6 - X A After 90 s
¢ 0. ¥ ,‘ ;
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205 \7- '._.
_‘z 0.4 - \ ¢ ——— After 10
% e KX min at RT
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Figure 3.2.12.Irradiation of .00765 MAA-N-Ts to AA-Q-Ts with arc lamp in PECD state.
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s hv=380nm for 15 s
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Figure 3.2.13.Irradiation of .01 MAA-N-Ts to AA-Q-Ts with 380 nm LED in PECD state. A
spectrunis taken every 1 s.

To effect the electrochemical back conversioAAFQ-Ts to AA-N-Ts, a voltage of 1.5 V of

was applied to the PECD for 23$A-Q-Ts converts quantitatively and cleanlyA@\ -N-Ts with

an isosbestic point at 340 nm within 25 s (scheme 3.2.2 / figure 3.2.14). The presence of an
isosbestic point is an imp@ant feature of the results as it ensures clean conversion between only
the two species. Presencefd-N/Q-Ts ™ in a significant amounwould also be etectable in

the optical spectruras a characteristic intense long wavelength absorbance band. These fac
suggest a catalytic electrochemical mechanism behind the transformafiénMN{Ts to AA-Q-

Ts.
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Scheme 3.2. Electrochemical back conversionAA-Q-Ts to AA-N-Tswith 1.5 V.
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Figure 3.2.14 Electrochemical back conversionAA-Q-Tsto AA-N-Tsin PECD state. A
spectruntaken every 5 s.

3.2.5.1 Turn -On Voltage of AA-N-Ts PECD

The turron potential of the PECD is an important parameter that tells the user the
specific voltage at whicAA-Q-Ts begins to convert to AAN-Ts. Figure 3.2.15 shows the
absor banc enspdsvoBagel fromi.0 Y 8 2.0 V are applied. At the application of
1.4V, absorbance at 388 nm begins to increase indicating the formafénrNfTs. The turn

on voltage of 1.4 V also indicates the voltage at wAiBhN/Q-Ts™ begins to formThis value
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for the turnon voltage is expected since only a small amount (< 1 mol %Rel/Q-Ts™ is

actuallyneededo convertAA-Q-Ts to AA-N-Ts.

1.4

1.2 -

1 -

Turn-on Voltage : 1.4 V

0.8 -

0.6

0.4

Absorbance @ 388 nm

0.2 -

0 T T T

Applied Voltage (V)

Figure 3.2.15.Absorbance vs applied voltage data for .0093AMN-Ts in PECD. Each
potential is applied for 30 s.

3.2.5.2Photoelectrochromic Cycling of AAN-Ts in PECD

To demonstrate the reversibility of tAé -N-Ts/AA-Q-Ts photoelectrochromic
switching, several (~15) cycles are shown if figure 3.2.16. The details of the cyclifspecta

taken every 30 s)

OFF: 2 min irradiation with 380 nm LED
Q Hold: 1 min no irradiation, no applied voltage
ON: 15V for20s

N Hold: 1 min no irradiation, no applied voltage
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Figure 3.2.16.Photoelectrochromic cycling of 0.00798 AA-N-Ts in PECD. (a) A single cycle
with labeled segments.

To demonstrate sample integrity throughout the cycles, optical absorbance spectra are overlaid

from cycles 2, 5, 8, 11, 14, and 17 and an isosbestic point is shown at 339 nm (Figure 3.2.17).
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Figure 3.2.17.0Overlay (a) and blovup (b) of optical spectra from cycles 2, 5, 8, 11, 14, and 17
of figure 3.2.16.

A noticeable feature of the cycling data in figure 3.2.16 is that the photosensitivity of
AA-N-Tsdecreases as cycl i ngassp0.220)rthe sradmationfddBN- cycl e
Tsl ead to 60% | ess phot oo05478 The acoumuldtion#®f- i n cyc

N-Ts™ as potential is regularly applied to the PECD is the reason for this effect. Eventually, the

113



radical cation is reduced via recombination with the cedumaterial in the cell. To prove that
the inability of AA-N-Ts to photoisomerize as it cycled is due to an increase in radical cation
concentration, seeral experiments were carried out

The first set of experiments was a cell gap study (figure 3.ZTh&eAA-N-TSPE CD 06 s
of differing cell gaps were subjected to identical cycling conditions. Concentrations were also
adjustedso that there was roughilye same amount of material being switched in each device.
The expectation would be that in the PECEhvthe smaller cell gap, the decreas@&M+-N-Ts
photosensitivity would be less pronounced since the cathode is closer. The assumption is that
recombination which is controlled by mass transport would be more favorable if the reduced
material (assumed telreduced ITO), is closer in proximity to the anode. The results, shown in
figure 3.2.18, are precisely the opposite. At a cell gap of 25.2 um, the smallest gap in the study,
the degradation A -N-Ts photochemistry was much more pronounced than in the 50.4 um or
88.9 um studies. Because the concentratiohofN-Ts was increased to accommodate the
decrease in cell gap, this may have caused evenAwomd-Ts* to be formedat the anode,
making the featre even more dramatic.
The system was cycled as folloygpectra taken every 30 S)
OFF: 1 min irradiation with 380 nm LED
Q Hold: 1 min no irradiation, no applied voltage
ON: 1.6 Vfor20s
N Hold: 1 min no irradiation, no applied voltage

There is als@ noticeable difference BMA-Q-Ts thermal stability between the three

studies, with the 25.2 um cycles exhibiting sofe-Q-Ts thermal conversion t8A-N-Ts
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during the 1 minute Q hold (figure 3.2.18). This result is also consistent with the presence of

AA-N-Ts™
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Figure 3.2.18.Photoelectrochromicycling of AA-N-TSPECD6s wi th various ce
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The AA-N-Ts PECD was subjected to an extended N Hold time in between a set of cycles. The

expectation is that during the extended N hold time, the radical cation reduces back to the neutral

AA-N-Ts thereby restoring photosensitivity aAé-Q-Ts thermal stability. Bythe 10 th

photoelectrochromic cycle, 1 min of irradiat:.

This is just over half of the optical contrast from irradiation during cycle 1 (~26 %). Aftera 1
hour hold time, optical contrast is restored to 25. A% an the PECD is irradiated for 1 min.

This result is further proof that an accumulation of redox auxiliary (RA) radical cation can lead

to the photochemical instability of PECDOS
1.1 1 hr AA-N-Ts Hold
1 1 "': :.---
£ 1 : :
€ 0.9 -
©0 :
m . , ,
& 0.8 = A%T=14.9 %
207 4 P A%T=25.7 %
-E - L]
206
<
0.5 -
0.4 - . . . .
0 2000 4000 6000 8000

Time (sec)

Figure 3.2.19.Photoelectrochromic cycling of 0.00750AA-N-Ts PECD with an extended
AA-N-Ts hold time.

3.2.6. Photoelectrochromic Cycling of AAN-Ts in PECD: Evidence of Redox Auxilliary
Catalysis

To demonstrate redox auxiliary catalysis is indeed the mechanisndlibin
electrochemical back conversion®A-Q-Ts to AA-N-Ts, a PECD was irradiated (figure

3.2.20) for 30 s (figure 3.2.21), subjected to an applied voltage for a short period of time (5 s),

and then monitored under open circuit conditions. The PECD c@stichanging colors that is,
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generatingAA-N-Ts even during the absence applied potential indicating a catalytic process

(figure 3.2.21 and figure 3.2.22).
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Figure 3.2.20.Time resolved optical spectraAA-N-Ts PECD irradiation. Spectra taken every
5s

Figure 3.2.21.Time resolved optical spectraAA-Q-Ts PECD as 1.5 V is applied for 5 s.
Spectra taken every 1 s.
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