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Abstract

Abstract

Two electrochemical reactieinduced chromic phenomenalectrochromism
and electrofluorochromisnexhibited by some conjugated polymers (CRaye
been attracting much attention from researchers in recent years. Electrochromism
is defined as the reversible change in absorption or transmission of a material due
to redox processes induced by an extewwdtage. Electrofluorochromism is
known as reversible change in fluorescemroeissioninduced by applying an
electric potential. The electrochromic (EC) and electrofluorochromic (EFC)
propertiesare both related to the redox process of CPs induced by external
potential, albeit thegre two different types of chromic properties in terms of their
work mechanism. The motivation of this work is to explore the structure design of
CPs to tune their el@ochromic and electrofluorochromic properties, and

investigate the underlying mechanism.

Firstly, a series of carbazaf 1,3benzothiadiazole (BTDizulenebased
donorsacceptor (D) conjugated terpolymers were designed and synthesized.
These terpolymes exhibit high EC contrast in high energy band region of the
visible spectrum.BTD (A) facilitates electron removal from carbazole and
azulene units (D) upon oxidation, leading to a reduction in oxidation potentials of
the terpolymers and hence enhanced dé@Gtrasts at relatively low potentials.
This enablesthe terpolymers being used as anodically coloring materials to

complement cathodically coloringoly(3,4-ethylenedioxythiophenedoped with

Xl



Abstract

poly(styrenesulfonate) (PEDOT:PSS), which covers low energy lbegion of
the visible spectrum at colored state, in EC devices (ECBshlackto-
transmissive complementary ECD was successfully demonstrated using such a

terpolymerand PEDOT:PSS dke twoEC layers.

Secondly, a novel carbazole (@)D 8-hexylthiophene (HTFpased
conjugated copolymeEFPc: was designed and synthesized, which has alternating
structure,-C BTD £ HT £ HT-, and exhibits both EC and EFC properties. A
cyanide anion (CN detection system was designed usifPc spincoated on
indium tin oxide coated poly(ethylene terephthaldteffPc /ITO/PET) as the
detection electrode in EFC tests. It is observed that the oxidative quenching
induced reduction in fluorescence intensigy significantly weakened in the
presence of CN DV ORZ DV 0 D Q@céntratiomiehd& tb stronger
weakening effect. In addition to high sensitivity, this detection approach also
exhibits selectivity towards CNover many other anions, inclimg highly
nucleophilic OH and F- The recovered fluorescence intensity induced by* CN
may be attributed to the partial reductionediPc at the oxidized state, which is
probably caused by the interaction between the nucleophilita@dl electron
deficiert BTD at oxidized state. This interaction is noncovalent and reversible,
possibly a type ofanion+@nteraction. The triple bond of CNnay provide
electronULFK &E V\V We¢bdralehR loter@dBdp with electre®G HILFLH QW
system of BTD, leading to charge transfer betw&@X* DQG % 7*+E E

interaction) and hence weakening the oxidative quenching.
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Abstract

Thirdly, another carbazoBTD #HT-basedconjugated copolymeEFPe was
designed and synthesized via electrochemical polymerization. It has alternating
structure-HT-C-BTD-C-HT-, and also exhibits both EC and EFC properties. The
electropolymerization bringEFPe film with nanoporous morphologynd the
redox reactions in LiClglacetonitrile ACN)-based elecblyte are nearly nen
diffusion-controlled.Sensitive and selective EFC detection of GiNth EFPt is
also demonstrated. The EFC detection results were further verified by the change
of peak xidation potentialgpresenting ircyclic voltammogramsvith electrolytes
of different CN" concentrations showing high reliability of the method.
FurthermoreEFPe could be used for detection of Ch partially aqueous media.

On one hand, the nanoporous structur&BPe creates short diffusion distance

for H,O as well as dissolved Chhto the film. On the other handhe formation

of radical cations and dications on the conjugated chains at oxidized state may
bring some hydrophilicity t&FPg, facilitating the swelling of nanoporols-Pe

film to some extent with the help of ACN.
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Chapter 1

1.Introduction

1.1Background

Conjugated polymer<CP9 are organic semiconductdisat possesthe optical
and electrical properties of semiconductiorg€ombination withthe lightweight,
mechanical and processing advantages of organic polymers. This unique
combination of properties mak&Psvery attractive formodernoptoelectronic
devices, of which two important categories ardectrochrom¢ (EC) and

electrofludochronic (EFC)devices

EC propertiesof a materialrefers to the capabilityo changeits optical
absorption/transmission under an applied voltage within the wiraderegion of
electromagnetic spectrum, such aaultravioletwvisible (UV vis), nearinfrared
(NIR) or mid-infraredregion! NowadaysEC materials have already been used in
various industrial products, sucks smart windows, ardglare car reaview
mirror and displaysin comparison with other types of smart windows or displays,
a significantadvantage oEC devices (ECDsis thattheycan be switched at very
low potentials and have bistable states with long optical memory (in principle,
power is only needed to switch from one state to angtlesling tosignificant
energy savingFor example, ECDbRave great potential f@nergysavingdigital
displays The demands for such simple displagdJRPRWH WKH VWXGLHV RI 3

EC materials which could appear black at one redox state and transmissive at
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another redox statef KH SEODFN"~ UHVXOWYV IURP WKH HYHQ DEVRL

visible wavelength range (4@G000 nm).

There are many different types &C materials. The mostocnmon ones
include Prussian blue, transitiometal oxides (TMOSs), viologens an@Ps
Among thesd&=C materials CPshave beemxtersivdy studiedowingto ther high
contrast, fast switchingpeed high coloratio efficiency, ease of processability
and advantage in cokeuning® 3 Almost all ®lors have been achieved by tuning
molecular structures ofCPs Electrochromic transition metal oxides such as
oxides ofiridium, molybdenumand nickel, have been studiéar black ECD.
However, such metal oxides often exhibit long switching time, éoloration
efficiencies and contrast, Q 5H\Q R O umi§hdd it XirSt report cen
donorsacceptor (D#A) conjugated polymer that exhibits blattktransmissive
electrochromism.Since then, DA type of CPsprevail in black ECDapplications
owing to the facile color tuning as well as fast switching, high contrast and color

efficiency.

Besides singlactive-layer (singlelayer for short) black ECDs fabricated using
D A CPs complementary ECDis an alternative approach to black ECDs. In a
complementary ECDiwo EC layers (one anodically coloringand the other
cathodically colang) on anodic and cathodic electrode, respectively, coeld
simultaneously switadd between colored and transmissive st&ech a dual
activelayer (duallayer for short) ECDOmnay DFKLHYH WKH EURDGO\ DEVRUEL
state if the absorption bands of theot®C materials are complementary to each

other in covering the entire visible regiandera certain potentialn addition to

2
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extending theabsorption wavelength range, complementary ECDs may exhibit
better longterm switching stability than singlelayer ECDs, as the oxidation of

the anod EC layer would create an internal driving force for the diffusion of
dopants towards cathodic EC layer and vice versa, thus reducing the potential
required for the redox processes and prolonging cycling life. Howbrding a
suitable pair of EC matls that fulfill the requirements foboth absorption
wavelemgth range and redox potentidisr building a complementaryplack ECD

is still a challenge.

Different from electrochromism thais associated withtransmission or
absorption spectra, electrofluorochromismaishromic phenomenoassociated
with fluorescence spectra, i.ethe fluorescence emission from a material
undergoes reversible change upon an applied potential. Different from the EC
materialsthat have been intensively studied in the past few decades (sincé, 1969)
electrofluorochromismwvas rarely studieéor very long. Only till 2004, Levillain
et al published the first report ae fluorescence gquenching and recovefyan
intrinsically electroactive fluorophorinduced by external potentidlLater on,
$ X GHEHUW feportédutieXfBst example of etgrofluorochromic (EFC)
devic€ and thisgroup has published some pioneering works on EFC matttials
13 Commonly studied EFC materials include intrinsically switchable fluorophores,
molecular dyads and switchatflaorescentCPs™® Compared with the other two
types of EFC materials, tHeEFC CPsexhibit efficient electronic delocalization
DQG UDSLG WUDQV SR U WcoRjugatgd- tchairi@evindgtieR ¢hé WKH &

capability of amplifying the sensitivity inresponseo fluorescencehange***’
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Some ofthe EFCCPscan beeasilysolutionprocessedr electropolymerizethto

thin films, and thereforéhey are good candidates for fabrication of EFC devices
EFC materialshavegreatpotentialsfor various applications, such as chemosensor,
bio-analysis, fluorescence imaging and signaling recognifian. examplethe
detection of a proteir(electrochenual) redox state based on the tryptophan
fluorescence emissiorwas reported® which provides dual detection of
electrochemical and fluorescence signals andldcomprove the biesensing

accuracyHowever, so far the functionality of ERCPshas hardly been explored.
1.2 Motivation, Hypothesesand Objectives

The motivation of this work is to explore the structural design of CPs to tune
their electrochromic and electrofluorochromic properties for the functions

mentioned belowandinvestigate the underlying mechanism.

Firstly, in a complementary ECDtypically the anodically coloring EC layer
covers the high energyand (short wavelength) region while the cathodically
coloring EC layer covers the low energgnd (long wavelength) region.
Commercidly available PEDOT:PSS isa good cadidate for cathodically
coloring EC layer because of itgood processability, high electrical conductivity
andrelatively narrow band gap. However, up to now, PEDOT:B&®d black
to-transmissive complementary ECDs hanst been reported due to the lack o
suitable complementarigC material Poly(3,6-carbazolg has been demonstrated
to be electrochromit> exhibiting an absorption peathat can potentially

complement that of PEDOT:PSS to cover the whole visible redfidrowever,
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has higher oxidation potentiald® which do not match well with the potential
window of PEDOT:PSSIt was hypothesized thdahe potentials required fohé
coloration and bleaching of th@lgcarbazolenay be reduatby coplymerizing
3,6-carbazole (electron donowith 2,1,3benzothiadiazoldBTD), a commonly
used electron acceptdr®? Thus the first objective ofhe PhD study was to
synthesize and characterize a series cafbazoleBTD-based conjugated
copolymers study theEC properties of the copolymeasnd explore the possibility
to achieveblack ECDsusing the copolymeras anodic layeand FEDOT:PSS as

complementary layer

Secondly, although EFC CPs have drawn some attention in past few years, the
possibilities of utilizing their EFC functions for applications like sensing have not
been exploredNowadays, cyanide detection has attracted much attention because
of public health and environment conceoasised by toxicity o€yanide.Various
methods that utilize colorimetric and fluorometric techniques have been
developed forthe detection oftyanideanion (CN?. Free cyanide anioform
complexes with transition metd®, CdSe quantum dof¢, boronic acid
derivatives’® or gold nanoclusters, providing a common approach to
chemosensors. Nucleophilic attackQifl “that possesses strong nucledipty to
electrondeficient compounds, such as benzothiadiaZbl@yrylium salt®
oxazine® triazene® trifluoroacetophenon® dipyrrole  carboxamidé
acridinium® salicylaldehyd®’ and squarain& offers an alternative approach.
Enlightened by the aforementioned cyanide detection methods that utilize the

strong nucleophilicity of cyanide, whypothesized thatarbazoleBTD-based
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conjugated copolymensiay also be used as EFC polymfnsdetection ofCN*

as the electroneficient BTD unit may interact withCN™ strongly, especially

upon oxidation The use of an EFC conjugated copolymer for cyanide detection
allows adjusting electronic structure of the chromophore, and hence may lead to
more sensitive detection than that offered byiti@tbal chemosensordhus, the
second objective of this PhD study waslesign and synthesize nowalrbazolet
BTD-based conjugated copolymers that exhil#FC properties, explore the
possibility of employing these conjugated copolymers for cyanide deteeind

understand the underlying mechanism.

1.3 Organization of this thesis

After this brief introduction chaptera literature review on ECD and
applications, ECD performance parameter§C materials, EFC materials,
characterization of electrochemic&C and EFC propertiesyill be given in
Chapter 2. Synthesis, characterization and EC properties of carti2izDldased
donor#acceptorconjugatedcopolymers, as well as black ECD, are discussed in
Chapter 3. Synthesis, characterization and EFC propeftiascarbazoleBTD-
basedconjugatedcopolymer, as well as its application in cyanide detection, are
present in Chapter 4. Chapter 5 shows electropolymerization and characterization
of another EFC carbazolBTD-based conjugatedcopolymer as well as its
application in cyanide detection. The conclusions and recommendations are given

in Chapter 6.
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2.Literature Review
2.1 Introduction

Electrochromism is commonly defined as eeversible change in
absorbanc#fansmittance or reflectance, resulting from reduction or oxidation
induced by an external voltage® ** “° In 1961, Platt suggested the name
SHOHFWURFKURPLVP" WR GHILQ Hffetd*Kk BebHeO HFWURFKURP L
demonstrated the first example of electrochromic device (ECD) using tungsten
trioxide (WQ) in 1969/ The wlor change of the EC material is usually between
the colored state and the bleached state. Some EC materials possess two or more

colored states; such electrochromism is termed as-glatttrochromism.

Nowadays, electrochromic systems are widely usedsamie examples are
given as follows. Smart windows can be switched between opaque and
transparent or different colors with potential change, and -gierte
electrochromic car rearnew mirror can adjust the brightness so that strong light
from carsattheE DFN ZLOO QRW GD]]OH WKH GULYHUfV H\HV %
has also been industrially applied in displays, printing, apdper, etc. Figure
2.1 showstwo examples of EC applicationan electrochromic car rearew

mirror and epaper.
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Figure 2.1 (a) Anti-glare EC car reaview mirror dimming after strong light from
back has been sensed (right) and-B@hrearview mirror for comparison (left),
DQG E 30DV Wphper,/&laht€d] withHoermission from Plastic Logic,

http://mww.plasticlogic.com Copyright2009 Plastic Logic.

Electrofluorochromism, known as the reversible change in fluorescence
emission induced by aexternalelectric potential, is similar to electrochromism
that corresponds to reversible change in transmission or reflectqoce au
potential bias. Electrofluorochromic (EFC) materials, which exhibit
electrochemically switchable fluorescence, have attracted much attewéotie
pastfew years™® %2°2 They are promising candidates for various applications
such as displays, ssors and fluorescence imaging. Figure 2.2 shows an example
of an EFC device fabricated using an EFC conjugated pol{nie detailed
introduction of ECDs andEC materials will be given in the next two sections,

followed by theEFC materials and devices.
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Figure 2.2 Fluorescence quenching of an EFC device at different potentials.

Reproduced fromef. [47] with permission from The Royal Society of Chemistry.

2.2 Electrochromic devices

An electrochromic device (ECD) is an electrochemical dewitle a sandwich
structure: the electrochromic electrode (working electrod®)d the charge
balancing counter electrode aseparated by solifor semisolid) or liquid (or
semtliquid) electrolyte. The color changes occur in the redox process of the
electrochrome, which is induced Ipositive or negative potentiaégpliedto the

electrochemical cell.

2.2.1 Configuration of ECDs

2.2.1.1 Components

Electrochromic layer
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Electrochromic layer is the key component that directly determines the
performance of the ECD. It is usually formég the electrochromic material
using techniques such as electrodeposition-spating, spraying and dipoating.

The detailed introduction of EC materials will be given in section 2.3.

Transparent electrodes

A true potentiostatic measurement of ECDsuiess three electrodes, so an
approximation to potentiostatic control with two electrodes is commonly used.
The work electrde of ECDs refers to the EC material layer coatedaon
transparent anatonductive substrate, such as ITO glass and ITO/RPEHQr
single-layer ECDs the counter electrodplays the role otharge balancing. For
duatayer ECDs, the counter electrode is also coated with an EC layer which
complements the EC layem work electrode, leading to different absorption

spectra.

Electrolytes

The electrolyte between the electrodes is normally of high ionic conductivity,
and it should be electronically an insulator at the same time.-S#ithiorganic
electrolytesincluding polymer electrolytes and polyelectrolytéi®e commonly
used Polymer electslytes contain neutral macromolecules suclpag(ethylene
oxide) (PEO),poly(methyl methacrylate) (PMMA), and poly(ethylene glycol)
(PEG). Inert salt such as lithium perchlorate (Lig)lOs added into such
macromolecules, forming the inorganic electrelytayer. Polyelectrolytes

sometimes calledolysalts are polymersn which eaclhrepeating unit bearing an

10
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electrolyte groupalong the backboneand show similar properties to both
electrolytes and polymers A typical example is polyfacrylamide2-
methylpopanesulfonic acid) (poly(AMPS)). Different from sesalid organic
electrolytes, ionic liquids are another type of electrolytes, which usually consist of
nitrogen containing organic cations and inorganic anions. As ionic liquids are
nonvolatile, nonflamrable, highly thermally stable and relatively inexpeasi
they are now widely used in ECDSwo ionic liquids, 31butyl-3-methyl
imidazolium cation (BMIM) with the tetrafluoroborate (BF or
hexafluorophosphate (R¥ anion were reported as electrolyties ECDs by Lu

et al>®

2.2.1.2 Transmissive ECDs

Based on the optical transmission, ECDs could be divided into two types:
transmissive ECDs and reflective ECDs. The following section will focus on
transmissive ECDs. A transmissive ECD swaslhreversibly betweenolored
state and a transmissive statender external potentialsAccording to the
configuration, transmissive ECDs could be categorized into saugieelayer
(singlelayer) and duahctivelayer (duallayer) ECDs. Singkayer EC» are
most commonly used, consisting of only one EC layer, as illustrated in Figure
2.3a. To enhance the coloration performances, -ldyat ECDs, i.e.,
complementary ECDs, which consist of two EC layers on work electrode and
counter electrode, respectiyehave been developed, as illustrated in Figure 2.3b.
The two EC layers couldimultaneously switch betweerolored to bleached

statesthrough opposite redokehavior Common examples of complementary

11
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ECDs are composed of PANI as primary electrochronyierland PEDOT as the
complementary layef:>° In regard taredox stability the switchingof such ECDs

can perform wellonly whenthe counter electrodés stable withinthe potential
window of both the working electrode and electrolyte. Thus, the pair of
complematary EC materials for a complementary ECD must match each other,
in not only meeting the color requirements but also balancing the redox processes
at both electrodes to enhance its cycle life. In most cases, one EC layer is
anodically coloringmaterial wiile the second is cathodically coloririggn counter
electrode). Hence, such an ECD could exhibit simultaneously colored to
transmissive switches and vice versa. For some complementary ECDs, only one
layer is electrochromic, while the layer of material edadn the other electrode is
nonelectrochromic yet electroactive, playing the role of charge storage layer that
helps to eliminate the contrast limitations for common complementary ECDs and

improve the stability’

Figure 2.3 Schematic illustrations of (a) a singeeyer ECD and (b) a duddhyer

(complementary) ECD (side view, not to scale).

12
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2.2.2 Types of ECDs
2.2.2.1 Visible and VI€fNIR ECDs

Most ECDs focus on optical changevisible region, in which the coloration
and bleaching could be observed by naked eyesveMer, some ECDs have
extendedhe wavelength range of absorption to ne&ared (R) and IR region.
An application of this type of ECD is electrochromic smartdews, which could
absorb or transmit visible light and infrared heat energy to reduce the energy
needed to cool and heat a building while providing good quality day light through
adjusting the redox state of the EC layer inside the windows. Figure @vé sim

example of smart windows.

S
N
by
N
g

1E
=

Figure 24 7KH VPDUW ZLQGRZV DW D pup21lY VWDWH FRORU

(blue).
2.2.2.2 Black ECDs

In the past few years, great interest has b8dL G W R 3E &DFERthas 'V’
appear black dor with very lov transmittanceat one redox state and

WUDQVPLVVLYH DW D Q Rrésultsftdmuiveg erwirel visible HegidhO D F N~
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coverage of the absorption spectrum (43D nm). Black ECDs include single
layer black ECDs and duddyer (compementary) black ECDsA singlelayer

black ECD utilizes only one EC material that could switch between black and
transmissive states. An example is @Dconjugated EC copolymer that appears
black at neutral state and transmissive upon oxidation, reported by Regholds
al.” However, the molecular design of such conjugated EC polymers is often a
challenge. As mentioned previously,#® approach provides a versatile method
for spectral engineering, and such polymers could be obtained via tuning the two
absorption bands towards full coverage of visible region by functionalization and
changing feed ratio of monomers. For a complementary black ECD, the two EC
layers switch simultanesly to achieve an absorption spectrum that extends to
the entire visible region from their respective absorption bands. However, this
type of ECD was seldom investigated. Kiet al reported amulti-layer
complementary black ECE, as shown in Figure 2.5. PANBSDHFA and
PEDOT/P3HT EC layer pair are deposited onto the two electrodes (Figure 2.5a),
respectively, via either spicoating or electrchemi@l polymerization. Figure
2.5b showsthe transition from transmissive state to CIE black (Figure 2.5c)
which is attributed to the color combination of multidlC conjugated polymer

layers.

14
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Figure 2.5 (a) Schematic diagram of the complementary ECD (from top to

bottom): ITO glass, PANBS, PDHFA, electrolyte, PEDOT VPP, P3HT, and ITO

glass. (b) Transmittance spectra (inset: the photographs of colored state and

bleached state), and (c) C{(Eommission INnHUQDWLRQDOHhdagin® f(FODLUDJ}
of the ECD (RGBY). Reprinted with permission fraef. [60]. Copyright (2012)

American Chemical Society.

2.2.3 Keyperformance parameters

The key parameters for characterizing the performance of ECDs are listed below.

Contrast: An essential parameter to evaluateE&hmaterial. The EC contrast
is a quantitative parametardicatingthe color intensitychange ofan ECD.It is

oftenrepresentedsingaSHUFHQW WUD Q YV P MWWiEh@sFoHtair&dD Q J H

)

at a specified wavelength where th€ material exhibits the highestchange in
transmittanceSometimesthe contrast over a specifieslavelengthrangeis also

used.

15
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Switching time: Often reported as theesponse timdéor an EC material to
switchbetween colored and bleached states. It is a very important characteristic of
ECDs, especially for applicationthat require fast switching speesdich as
dynamicdisplays. The switching time of electrochromic materials depemnd
factors such as ththickness, morphology and ionic conductivity of the thin EC
film, ionic conductivity of theelectrolyte and themagnitude of theoading

potential

Coloration efficiency ( : Used for measuring the power requirements of the
EC layer and compare the efficiency of different EC materialsm?/C) refers to
WKH RSWLFDO GHQVLW\ FKDQJH (e3'a fihttioofReHUWDLQ ZDY

amount of injectef@jectedchargeper unit area®), given by Eq. 2.
DL: ; L>Z‘'%: .;? (Eq. 21)

Ty and T, are the transmittancealues at bleached state and colored state,
respectively.Organic materials generally exhibit higheslaration efficiencies

compared with inorganic due tioeir higher molar absorptions.

Colorimetric coordinates: Precisely defininghe color states of an ECD and
usually obtained from measuring with a spectrophotonie®E (Commission
,(QWHUQDWLRQDOH HK) an§i CFEL @b I(taTh3)Hare twocommon
standards to describe a color state, and Figure 2.6 shows the chromaticity
diagrams of the two color spaces. In comparison with CIE 1931s (the
luminance andky arethe coordinates defining the hue and saturation), CIELab

color space provides merintuitive color coordinatesl*,a*,b*, where L*

16
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represents the lightness (L* = O indicates black, 100 indicates white)u
JUHHQ p § bUH® PQXH p § theéG& RfEvo-dinkehkional
coordinates definingD F R @l Afdvsaturation. In addition, the coordinates of

the two systems could eterconverted.

L* = 100 White

L* =0 Black

Figure 2.6 Diagrams of (a) CIE 1931 color space and (b) CIE Lab color space

(inset: a*b* twodimensional coordinate plane)

Stability : Usually associated with electrochemical stahilitige degradation of
the redox couplef the EC materialvill lead to reduction in ECcontrast and
depress its E@erformanceln addition,the magnitude oppliedpotentialsand
environmental conditions aedsoresponsibleghe stability of ECDsHowever,the
inherent stability of the EC material is the most important factor affecting the

stability of the device.

Optical memory: Defined as the timér an EC materiato retainits colored

state with external potentialremoved. The solutionbased ECDs (such as

17
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viologensbased) usually quickly switch to bleached stdter current removals
the soluble electrochromes would immediately diffaseay from theworking
electrode In solidstate ECDs, the electrochromes aoated onelectrodesas

solid film, resulting in a much longer optiaalemory(days or weeks
2.3 Electrochromic materials

2.3.1 Overview

Electrochromic materials, which are the active components in an ECD, can be
categorized into two main groups: inorganic EC materials and organic EC
materials. Transition metal oxides (TMOs) areost studied inorganic EC
materials, such as oxides of iridiutangsten, cobalt, manganese, nickel, rhodium,
ruthenium, titanium and molybdendth’* Besides TMOs, other inorganic
electrochromic materials such as Prussian ‘Bfiehave also been studied.
Organic EC materials include violagg® ® which are organic small molecules,
and conducting polymers. In the recent years, conducting electrochromic
polymers such as polyaniline (PARAF* and PEDOY"® have been studied
extensively. Based on the conjugation of main chain, conducting polymers could
EH GLY L Gé¢dguda@icBndiicting polymers and rammjugated conducting
polymers. Suzuki coupling as well as Stille coupliagction is often used foreh

synthesis of@onjugated polymer

Thin films of TMOs can be switched to a natoichiometric state
electrochemically, which exhibits an EC absorption bandas a result of

intervalence charge transf&r®® Among the TMOs, tungsten trioxide (WQhas

18
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received extensive attention in the past 30 years and become one of the most

widely industrially usedEC materials nowadays:>* The tungsten oxides consist

of WOs octahedra arranged in various corsbaring or edgesharing

configurations, which create empty space inside the cubes, prowadiagge

number of interstitial sites where the guest ions can be insértéd@hin film of

WO; is transparein (appearing palgellow color), with all tungsten sitesit

oxidized state (W"'). Upon electrochemical reduction, some sites of e

reduced to W, which change the color of the film from transparent to bitne

injection and extraction of electrons and metal cations (e.g.Na’, H', etc)is

generally believed tglay the keyrole in the ECprocess As a cathodic ion

insertion material, WV EOXH FRORUDWLRQ FDQ EH UHYHUVHG
oxidation. A generalized equation is given as E§. 2ZKHUH pu[Yf LQ LQGLFDWHYV

fractional number of sites which are filled in the Wd@ttice.
JES TES\ & 4 (Eq. 22)

Polymerization (chemical or electrochemicalpf the organic aromatic
molecules such asaniline, carbazole, azulene, thiophemsyrole, furan and
indole, produFHYFEEQMXJDWHG SRO\PHUV S3SFRQMGREDWHG SRO\F
for abbreviatioh. Polyaniline (PANI), polythiphene (PTh), poly(3,4
ethelynedioxythiophene) (PEDOT), polycarbazole (PCz), and their derivatives are
among the most widely studied EC CPs. Sch@neshows repeating units of
some common CPs. The electrochromism of such polymers is closely related to
the doping processes. For CPs, electrochronmssults fromredox processes

which are accompanied by ion insertion/extraction (doping/dedoping)nte&ali
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color change of the polymers. Most CPs undergo anodic doping with anion
insertion (pdoping), while only a few experienecedoping, i.e.,cathodic doping
with cation insertion. Thyghe following introductions will take qloping as an

example to ilistrate the doping process.

v A R g

R R = CnHan+1

Scheme 2.1 Repeating units of some common CPs. From right to left: N

alkylcarbazoles, azulene, thiophene andedi/lenedioxythiophene (EDOT).

TKH &3V WRSHAS ™ ZL Whon DXx@atRMQ G IRUP D GHORFDOL]JHG
electron band structure with lowenergy intraband transitions. Reductiontlodé
3 SG R S EBWith concurrent aniorextractionremoves the@onjugation and
thenreturns tathe 3 X Q G R S H GfigiaNdamd btructur€)”® The band gap (F
between the valance baaddconduction bandletermines& 3 Viffrinsic optical
properties. The-doping (oxdation) forms charge carriers such as polarons and
bipolarons, introdudng new states to the band gap, which is theork

mechanism of EC properties exhibited by CPs.

In the recent years, CPs haattractedmuch attentionin ECD studiesdue to
their fast response speed, high optical contrast, and ease of processability, in
comparison with inorganic EC materidls’*® Besides, color tailorabilityis

another advantage for CPwhich is achievedoy monomer functionalization,
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copolymerizatiorandpolymerblends, laminates, and composit&s% Table 2.1

gives the comparison between inorganic EC materials and conjugated EC
polymers®* % H V L @HsVsofie norconjugated conducting polymers, such as
polyamides and polyimide§>*'” have also been explored in electrochromic area
during the recent years. These amide or inlidsed no+fCPs exhibit high
flexibility (thin film form) and multielectrochromism, and two examples are

given in Figure 2.7.

Table 2.1 Comparison between inorganic EC materials and conjugated EC

polymers.
Inorganic materials Conjugated polymers
Sophisticated Synthesized via
techniques chemical
such polymerization (film
Preparation as vacuum obtained by spin
evaporation, coating), or
spray electrochemical
pyrolysis, polymerization (film
sputtering, etc. could be directlyused)
Processbility Poor Good
Cost High Low
Col Limited
olor number of Large number of colors
colors
Contrast Moderate High
Switching speed Low Fast
Life time 10* A0°cycles 10* A0° cycles

21



Chapter 2

o g @, (b)
£ s,
R: =7 '\,va,(\ k’C{\

Q . —

Figure 2.7 (a) Flexible films of electrochromic aromatic polyamides. Reproduced
from ref. [115 with permission from The Royal Society of Chemistry. (b)
Electrochromism exhibited by triphenylamisabstituted derivative polyimides.
Adapted with permission fromef. [117]. Copyright (2011) American Chemical

Society.
2.3.2 Anodically coloring conjugated polymers
2.3.2.1 Polyaniline

Polyaniline (PANI) is a most widely studied anodically colorindgeC
polymer®®®* As a pdyelectrochromic material, PANI can exhibit four different
colors (yellowsgreenblueblack) during its redox processes. The color transition
between yellow and green is repetitive even though the leucoemeraldine form
(yellow) is not conjugated. Four typesf PANI are shown in Scheme 2.2.
Leucoemeraldingthe fully reduced PANI)s an insulator because all rings are in
benzenoid form and separated HYH- or -NH,"- groups, which break the
conjugation. Emeraldine is either salt (ES) or base (EB) form, wigli@ of one

guinoidal ring to three benzenoid rings and elealiycconductive. Pernigraniline
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(the fully oxidized PANI) has equal proportions of quinoid and benzenoid
moieties and exhibits metallic conductivity. Pernigranilagpearsntense blue

andturns to blackatvery high positive potentials.

H i
N N
\©\ /©/ \©\ yellow (leucoemeraldine)
N N
H H/ N
H H
N NX
@ ~ _
K green (emeraldine salt)
) Ve
H H n

H
N N
N
/Q@ \©\ /©/ \©\\ 9/ blue (emeraldine base)
N N
I n
H
N N
N N
\©\ /©/ \©\ black (pernigraniline)
NS NS
N N
n

Scheme2.2 Four forms of PANI from the fully reduced (leucoemeraldine) to the

fully oxidized (pernigraniline) forms. Xrepresents the doping anion.
2.3.2.2 Carbazolbased conjugated polymers

In the past two decades, carbazioésedconjugatedpolymers have attracted
increasing interests in electrochrofft?® and electroluminescent&®?’ areas
due to their good holgansporting abilityand optical propertiefdditionally, the
nitrogen atomfrom carbazoleis easily functioalized to improve polymer

solubility as well agune theelectrical and opticagbroperties?®'*° Mengoli et al.

first reported electrochromic phenomenon of polycarbazole that was synthesized
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through electrochemical polymerizatibhVergheseet al. showed the detailed
studies of electrochromic properties of polycarbazole fffln&" Faid et al.
investigated electrochromism of poly@kylcarbazoles) and found that these
polymers appear colorless at neutral state, and green aipasitive potential

over 0.7 V (vs SCEmndsubsequentllue over 1.0 \/?

Based on substituted positions, carbazole could be categorized ifiiok8db
carbazole (3&arbazole) and 2;linked carbazole (2;¢arbazole). Different from
2,7-carbazole, 36FDUED]ROH FRXOG SOD\ D UROH RI 3 FRQMXJDW
chain of pdymers. Owing to the conjugation breakBeir optical properties or
redox processes are not affectedtbg molecular weightsi-or 3,6carbazole
based CPs, radicaigould form in the main chain upon oxidatioB,6-Carbazole
units as he conjugation breakseparatethe radicals from one another and
preventing their combination, leading a relatively stable radicalation state.
Dications will form with further oxidatio at higher potentials. Radiczdtion and
dication states are typical redox charactiessof 3,6carbazole based CPS.An

example of such redox process is shown in Scheme 2.3.
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Scheme?2.3 An illustration of neutral state, radicalation and dicatiorstate of

poly(carbazoleco-phenylene)

2.3.2.3 Azulendased conjugated polymers

Owing to the unusual electronic character and anomaipestral behaviors,
azulene and its derivatives have received much attention during the past decades
Kihara et al. reported the first poly(azulenem /IDLTV JURXShighHSRUWHG

molecularweight poly (1,3azu|enemfollowed by a series dfighly conductive

azulenethiophene CRS*™1 ; XTV JURXS UHS Rubwnd GPsivjtK @ H Q H

remarkably reduced bandap (~1.60 eV) compared witthat of poly(9,9
dihexylfluorene) (2.86 e\)-]Wanget al reported azulenthiophene base@Ps

that exhbit electrochromism in near IR region (~1500 .

Azulene can beegarded abD Q DURPDWLF & HOHFWURQ WURS\OLX|

D & HOHFWURQ F\F OBRS kbHeeRGdnHd \opcldpeadiayl
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anion,azulenecaneasily undergo electrophilic substitution al@r G3 in the 5
membered ringand form a very stable aB D W L-&lect@&n azuleniuntation

(tropylium catior). Such tropylium cation fornation would lead tointeresting

electrochemicaf | ~land ECbehaviofs™ " In addition to the unique properties

such as the dipolar structure with dipole moment of around 1.0 D and ungsual S
S fluorescence, aulene is more easily oxidized than most common aromatic
moleculem Thus, the azulene units in azulegentaining CPs are expected
experiencea redox reactiontowards forming azulenium radical catiormsd

therefore lead to promising E@roperties for thes€Ps
2.3.2.4 Others

Polythiophene and its derivatives exhibit advantage in the eapelyher
synthesis(via chemical or electrochemical polymerizatiopypcessabilityand
environmental stability Electrochromic properties othose polymersare
summarized in table 2.2. Polypyrrole is anotheodically coloring EC polymer,

which appears yellowgreen color at neutral statadabluetviolet upon oxidation.

Table 2.2 Coloration of polythiophene and its derivat TJ -

3R O\ P Kland color

Monomer Oxidized state Reduced state
Thiophene 730 (blue) 470 (red)
3-Methylthiophene 750 (deep blue) 530 (red)
3-Hexylthiohene 750 (pale blue) 520 (red)

Bithiophene 680 (bluegrey) 520 (redorange)

26



Chapter 2

2.3.3 Cathodically coloring conjugated polymers
2.3.3.1 PEDOT

In the recent years, numerous poly (substitutedphenes), especially 3,4
dialkoxy substituted, have been synthesized and studied. Different from
polythiophenes, the poly (3dialkoxy substituted thiophege belong to
cathodically coloring EC materials. Among them PXDO({ghere X is an
alkylene bridg, such as ethylene and propyleaee typical example?EDOT
(where X = ethylene) has a lower bagab (E= 1.61.7 V) than polythiophene
and its alkyl-substituted derivatives attributed to the two electratonating
oxygen atoms adjacent to the thiopaeunit. It appears sky blue at neutral state,
and dark blue upon reduction. The spectroelectrochemical behavior of PEDOT is
shown in Figure 2.8a. In comparison with other substituted polythiophenes,

PEDOT exhibits excellent stabilignd high conductivityn the doped state.

As PEDOT is not easy for processing due to its insolubility, the veatable
poly(styrene sulfonate) (PSS) is used as the counter ion to dope PEDOT, yielding
the commercially available (Bayer AG) PEDOT:PSS (Figure 2.8b) which could
form a dispersion in water and be easily processed (e.g-csaimg). For
PXDOT, changesn nature of the substituents on the alkyl bridge as wethas
size of the alkylenedioxy ring may lead ligher EC contrastdaster switching

speed and betterrcpx:essabilit[’_‘fi‘i It is worth noting that PEDOT and its

analogues as cathodically colorid materials arejuite suitable for fabrication
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of dual ECDs complemented with anodically coloring CPs. Further introduction

of complementary ECDs will bgivenin later introductions.

(@) (b)

Figure 2.8 (a) Spectroelectrochemistry d?EDOT thin film. Adapted with

permission fronref. [148. Copyright (2004) WILE¥VCH Verlag GmbH & Co.

KGaA, Weinheim. (b) Structure demonstration of PEDOT:.PSS
2.3.3.2 Others

Besides PXDOTs, some other poly (8j4lkoxy substituted thiophenes) and

poly (3 (or 4)alkoxy substituted thiophenes) have also been st@ For

example, Leclercet al. reported electrochemical polymers ofbGtoxy-4-
methylthiophene and -8ctyloxy-4-methylthiophene, Wwich both could switch

from redviolet at neutral state to blt®ack upon dopiﬁ
2.3.4 Donor#Acceptorconjugatedpolymers

Electrochromism of most CPs dependent on oxidative dopinthus the

stability of the doped state igery important tothe ECDs The oxidized
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conjugated backbones are often unstafslder high potentialgesulting inpoor
electrochemical stabilitieand degradation of polymer chaigdthereforeshort
life cycle of the correspondingCDs To address #habovdssue, recentesearch

on CPsfocuses orthe engineering of the barghps to improveheir longterm

stability in ECDs Donor#acceptor (D) approach prevails these few yegfs”

29145y 19517

Scheme 2 .4llustrates the chemical structures of some reported D

A CPs. A typical DA CP consiss of alternatingelectronrich group (D) and
electrondeficient one (A) on the backbone In comparison with the
homopolymers containing eith& or A units alone, thes A type of CPs may
exhibitsmallerband gaps and wider bandwidtf$is is probably attributed the

regular alternation of donor andcceptor groupswhich would broadenthe

valence and conduction bands and heleeel toa reduction in bandjap. The
lower potentials requiredor the redox process owing to 8 effect probably
reduce the possibility aegradation during the redox switchirgpme CFbased

ECDswith good longterm stabilities using BA approachhas been demonstrated.

91oy 1641/ 1]
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Scheme2.4 Some examples of electrochroniicA CPs: ﬂ

1]

(0§

29| :1.4 171 and

Spectral engineering of CPs also mmkse ofD A approacﬁle dual

bandof absorptionn the visible spectrurns often shown by BA CPs including

a short and a longavelength bar@A balance of shortand longwavelength

absorption bandsvhich canbe achieved through adifying of structureor ratio

of D and A moieties may offer a highdegree of color tailorability. Wudkt al.

reported the first neutral green CP that was synthesized ﬂaabproacHD +

A type of CPs that could switch between transmissive and saturated ¢(sois

as green and blyievere also reported by Reynolds aI.’_ZT“

109

Toppareet al.

reporteda processable BA green polymewith a transmissive oxidized stﬁ.
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2.3.5 Synthesis of conjugated polymers via Suzuki coupling

First repored byAkira Suzukiin 197ﬁ|j Suzuki coupling reaction is
known asa palladiumcatalyzed crossoupling reaction between organoboron
compounds and organic halides or triflatéds a very versatile methodfor
formation of carbonearbon bonds,Suzuki coupling iswidely used in
synthesizing pohplefins, styrenes and substituted bipHerig the past decades.

It is also popularly usedn the syntheses of conjugatgablymers for EC

1ZU 1598 15068 1

~

applicationsin the recent year'S‘. Stille coupling,which isanother

versatile coupling method towds carboncarbon bond generationth palladium

as catalyst is similar to Suzuki coupling but occurs between organotin
compoundsnd oganic halides or triflatesCompared with Stille coupling,
Suzukicouplinginvolves less toxic organoboron reagents enthereforemore
environmentally friendlyThe catalytic cycle for Suzuki coupling reactimminly
includesthree steps: oxidative addition, transmetalation and reductive elimination
process and a schematidlustration is shownin Scheme 2.5. Oxidative
addition of palladium catalydtto the halide2 forms the organmalladium species

3, which reacts with the base (NaOR) givitig intermediate4. Then4 reacts
with the boronate comple® (transmetalation), forming the organopalladium
species8. The following eductive elimination leads to the produ&twhile

restoreghe original palladium cataly4t
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Scheme2.5 An example of the catalytic cycle for Suzuki coupling reaction of

organic halides and organoboranes (using NaOR as the base, g£3§);)Na

2.4 Electrofluorochromic materials and devices

2.4.1Fluorescence from conjugated polymers

2.4.1.1 Principles

Upon photeexcitation, a conjugated molecule will be excited from a
vibrational level in the electronic ground state to one of the many vibrational
levels in the electronic excited state, as shown in Scheme 2.6. The malegule
higher vibrational levelin the excited state will quickly relax to the lowest
vibrational level of theexcited state by transferring energy to other molecules
through collision. A photon will be emitted Wwen the molecule returns from the
excited state to ground state, asdch afluorescence process is also called

photoluminescence (PL). This process is also called radiative energy transfer.
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There are many other ways for molecules to release absorbed energy non
emissively, secalled nonrradiative energy transfer. An example of Iswicnon
radiative energy transfeprocessis the electrochemical potential induced
oxidative quenching of fluorescence, which is the work mechanism of

electrofluorochromism.

Scheme 2.6 A schematicillustration of the fluorescence process from a

conjugaed molecule.

2.4.1.2 Fluorescent conjugated polymers for sensor application and cyanide

detection

Fluorescent CPshave the capabilities of converting analytereceptor
interactionsinto observable (or transducible) responsesb@sed sensoshow a
significant advantageover small moleculébased one due to thecollective
propertiesof CPswhich offer such sensors high sensitivitywardsvery minor

perturbations. Particulaty, owing to the transport properties, electrical

33



Chapter 2

conductivity or rate of eneygmigration, the fluorescent CRghibit the ability to
produce signal gain in response to interactions with andigtesensingand thus

lead toamplified sensitivity.’| Thesefluorescent CPgolymers are oftercalled
amplifying fluorescent polymers (AFPs), and this gain isoahamed
SVXSHUTX mg FKUr Q ddmmon  types of CP-based sensors are
conductometric, potentiometric, colorimetric and fluorometric seﬁors.
Conductomeic sensorgprovidechanges in electrical conductivity in response to
the interactionwith analyte Potentiometric sensot¥ KRZ WKH VA\VWHPY{V FKHPL
potentialchangesnduced by analyteColorimetric sensorsely on thechanges in
absorptioftransmissioruponinteraction with analyteFluorometric sensors make

use of fluorescence change, offering inherent sensitivity, and diverse transduction
signalsbased orthe changes ifluorescencentensity,wavelength (excitatioand

emission), energy transfand lifetime.

Cyanide exhibits extreme toxicity in physiological systems, and
environmental concerns due to its continued and widely industrial use, and thus it
has attracted intensive researiaterestsin development ofcyanide detection
methods A variety of methodshave been usetb detectcyanide employing
titrimetry, voltammetry potentionetry, amperometry,etc. Optical sensors
(colorimetric or fluorometric) folCN*detectionhave been studiegixtensivéy in
the pastdecadedue to the ease of operation, low castd fastdetectiorm As
mentioned m Chapter 1, free CNforming complexes with compounds such as
boronic acid derivatives and nucleophilic attack of nucleophiNt"to electron

deficient compounds such as benzothiadiazole, offer two common approaches to
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cyanide chemosensors. Compared with the above two types of chemosensors
using small molecules, ClPased sensors potentially offer higher (amplified)
sensitivity resulting from the collective properties of CPs. Thus, fluorescent CPs
have been investigatddr applications in optical cyanide sensors in the recent
years. Two examples would be given below. Zenhgl. "“|reported an imidazole
IXQFWLRQDOL]JHG SRO\DRIQW \\DH@\HL QANSWRhEHIYH SW X U Q
sensitivity and selectivity. Soret a reported a polymer containing
benzodiazaborole moieties and sulfonate groups for recognitio€NoT in

aqueous solutiorwhich exhibits visible fluorescence quenc@iJ *VWRAUQ XSRQ

exposure taCN* FRQFHQWUDWLRQV DV ORZ DV a CN) DQG VHOHF

over other anions.

2.4.2 EFC materials

Commonly studied EFC materials could be divided into three groups:
switchable molecular dyads, intrinsicaiwitchable fluorophores, and switchable

fluorescent CPs, which will be briefly introduced in the following paragraphs.

Switchable molecular dyads

The EFC dyads are made of a fluorophore, linked through a conjugated or a
nonconjugated spacer to a redox etgi The redox moiety provides the
electroactive character and the fluorescence switches through photoinduced
electron transfer or energy transfer between the excited state of fluorophore and
the redox functionality in one state only, as describeHadhnene 2.7 According

WR WKH R[LGL]JLQJ RU UHGXFLQJ FKDUDFWHU RI WKH
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electron transfer is allowed or not, and therefore the fluorescence is switched off
when the electron transfer is allowed to produce the quenching specieméS

2.7a). Another situatioms based on a redox controlléidorescence resonance
energy transfer (FRET) that changes according to the overlap between absorption
of the redox part and emission of theorophore (Scheme 2.7b). In tldase, an
electrochront reaction is responsible for the light emission switch. Iéina‘j
reported such an examplkhat an intrinsically redox activeaphthalimide

tetrazine dyad was demonstrated to exhibit radtor electrofluorochromism.

Scheme2.7 Switchable dyad systems through (a) electron transfer or (b) energy
transfer. Reproduced fromef. with permission from ThdRoyal Society of

Chemistry.
Intrinsically switchable fluorophores

A very straightforward way to switch on and off the fluorescence is to simply

convert the fluorophore tiss corresponding iocmadical(as shown in Scheme 2.8).
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However, few fluorophores givstable iorradicals. Although there is a common

belief that neutral radicals should be (b XRUHVFHQW EHFDOXWHOR!I WKHLU
structure, a few fluorescent radicals are repﬁﬁ Very recenly, some

researchers have beguto study fluorescence in combination with
electrochemistry, i.e., monitoring the fluorescence of a thin solution layer near the

electrode under electrocheral cycles. This possibly allows a demonstration of

the response of an ieadical, through the appearance of isosbestic points in the
UHFRUGLQJ RI IOXRUHVFHQFH VSHFWUD DV D IXQFWLRQ
group investigated the electrofluorochmsm of small electroactive fluorophores,

providing indepth analysis of the fluorescence decay of tetrazines, particularly

demonstrating the occurrence of smlienching of the neutral fluorophore

11117

through electron transfer with its electrogenerated aradical

Scheme2.8 Electrochemical switdhg of the fluorescencé&Reproduced fromef.

with permission from The Royal Society of Chemistry.
Switchable fluorescent conjugated polymers

Some CPs are fluorescent in the neutral state, but lose fluorescence (quenched)
upon oxidation or reductios mentioned in Chapter fhe CPsexhibit efficient

electronic delocalization that offers them the capability of amplifying the
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sensitivity in regard to fluorescence change, facilitated by rapid transport of

HI[FLWRQV m&m@mdm&ivﬁ:

Furthermore, most of the CPs can be processed into thin films (via
electrodeposition or spicoating) on the electrode, which is an advantage over the
solution based materials with regard to the electrochemical redox process. The
first report onelectrochemically switchable intrinsic electroactive fluorophore
appeared in 2004A few years later, Montillaet al. reported EFC properties of
phenylenevinylene and fluorenphenylene copolymeﬁ More recently,
dynamtally controllable electrofluorochromism of a series of electropolymerized
poly(N-alkyl-2,7-di(2-thienyl)carbazole) was demonstrated by GettamLeung

et al reported that by blending two EFC CPs in a device, their fluorescence in
yellow and blue regions could be simultaneously quenched under a low potential,

achieving whiteslark state of quorescerﬁ.
2.4.3 EFC devices

The configuration of EFC devices (EFCDSs) is a sandwich structure, similar to
single layer transmissive ECDs, as introduced in sectidi.2. ITO glass and
ITO/PET are often used as the electrode, and polymeelgetrolytes such as
LICIO4/ACN/PC/PMMA are commonly used electrolytes. Epoxy resin is usually
used for sealing the device. Figure 2.9 shows a schematic diagram of an EFC

device.

38



Chapter 2

Figure 2.9 Schematic diagram of an EFC device. Reproduced fai with

permission from The Roy&ociety of Chemistry
2.4.4 Applications of EFC materials

EFC materials have been investigd actively in the very recent years.
However, the applications of EFC materials are still explored and not many have
been developed up to today. The current EFC applications are mainly in displays
and sensors, and some examples are shown as followsartirAudeberet a
|i3|first demonstrated tetrazifmsedEFC windows that exhibited switching of
emission under UV light during the redox process and they also realized multi
color switching (whiteblueblack) for the EFC deviﬁSuch EFC windows are
potentially applied in large size display panels. Kobayesmm made use of
EFC europium(lll) complex and viologen derivatives to build a smart dual mode
display cell, allowing the user to benefit from reflectance display under bright

illumination (like reading outside on a sunny day) and emissive display under
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dark illumination. Loée et a|™" developedan optical pH sensor by coupling
Total Internal Reflection Fluorescence (TIRF) microscopy with an electrolysis
flow cell, and used it to measure the local pH variations associated with corrosion

issues in an occluded electrochemical cell.
2.5 Characterizaion of electrochemical, EC and EFC properties

2.5.1 Threeelectrode electrochemical cell

Other than EC or ECF device, the spectroelectrochemical parameters of EC
and EFC materials can also be characterized in a-#heetrode electrochemical
cell: a quartz cuvette is used as container filled with electrolyte in which the
reference electrodee (., Ag/AgCI) is insertedThis threeelectrode cell usethe
thin film of EC or EFC materiag{coated on ITO glassr ITO/PET)asthe work
electrode (WE), a platinum wire as the counter electrode @f),a silver wire
as the pseudceference electrodéRE). The pseud®E is usually calibrated by
adding into the electrolgtsolution a little amount aéversible redox species such
as Fc (ferrocene)/Fcouple (for noraqueous solutions). Figure 2.10 shows the
configuration of a typical threelectrode edctrochemical cell. In comparison with
the EC or EFC device, such a three electrochemical cell is less complicated and
easy to set up, therefore it has been a common tool for spectroelectrochemical

characterizations for EC or EFC materials.
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Figure 2.10 Configuration of a threelectrode electrochemical cell (cute for

spectroelectrochemical characterization

2.5.2 Main characterization methods

2.5.2.1 Cyclic voltammetry

Cyclic voltammetry (CV) isa basic toofor studyingthe electroactivity of CPs.
It is often usedto identify the potentials at which oxidation and reduction
processes take place, the degree of reversibility of the electrode reactions and the
potential range in which the electroaetimaterial coated on the electrode is
stable. Thus, important parameters obtained fromctlaéic voltammogram®f
electroactive polymers include the potential value ofakidation and reduction

peaks andhe peak current densitiesditferent scan ras.
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2.5.2.2 Spectroelectrochemistry

Spectroelectrochemistry is aery useful technique that combines the
electrochemical and spectroscopic (absorption/transmission and fluorescence)
signals, in examining the optical changes induced by the redox processes for an
EC or EFC film. This technique can be used to probe structheaiges and
provide the information about electronic band modifications during the redox
processes. Measurements wereonducted using a UVaisdNIR
spectrophotometer (for E€tudy) or fluorescence spectrometer (for EBtdy)
and a potentiostat. Generallyhet EC (or EFC) device or thretectrode
electiochemical cell is positioned inta UV vis NIR spectrophotometer (or
fluorescence spectrometer) and connected to a potentiostat that outputs potentials
while the transmission/absorption (or fluorescence) spast being monitored
and recorded. Common spectroelectrochemical tests include static test and
dynamic test. In the static test, waiting time is enough to allow the EC (or EFC)
film to achieve its stable redox state at each poterdtaded and the
corresponding spectra are then recorded. The dynamic test gives the time
absorption/transmission (dmme #luorescence intensity) profiles of the EC (or
EFC) film through periodical switching between two redox potentials. Static tests
together with dynamic onesuld provide important parameters such as contrast,
switching time and stability, which are very important for characterization of both

EC and EFC materials.
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3.Black-to-Transmissive Electrochromism of
CarbazoleiBenzothiadiazoledAzulene
Based DonoriAcceptor Conjugated
Polymers Complemented byPEDOT:PSS

3.1Introduction

As introduced in Chapter 2, a complementary EiSDpossible to achieve
blackto-transmissive electrochromismby switching the twoEC materials
simultaneouslyif the absorption bands of the tM&€ layers are complementary
to each other to cover the whole visible regiohe potentials required for the
coloration and bleaching of the anodically arihg EC material should match
well with those required for the cathodically coloE@ material. PEDOT:PSS is
a good candidate for cathodically coloring EC layer because of its good
processability, high electrical conductivity and relatively narrow baag. g
However, anodically coloring CPs that could cover the {gigérgy end of visible
spectrum upon oxidation usually have relatively high oxidation potentials, which

do not match well with the potential window of PEDOT:PSS.

Poly(3,6-carbazole) (PCzhas lkeen demonstrated to be electrochrgmic,
exhibiting an absorptiofandat ~430 nm at neutral state and ~530 nm upon
oxidatior];"|as mentioned in Chapter. At oxidized statePCz coves the high
energy band of visible regipmo it can bepotentially used to fabricate simple

dualactivelayer blackECD complemented byPEDOT:PSS which covers the
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low energy band uporeduction.However,the oxidationpotential of PCz needs
to be reduced in order to lessen the gap with the reduction potential of

PEDOT:PSS. As a resul,1,3benzothiadiazole (BTD), a commonly used

electron acceptﬁI,TT:’ *Jwasintroduced into the system to form#® type of

CPs

To achieve a better matching PEDOT:PSS in absorption band covérage,
band gap (B of PCz needs to be reduced in ordeextend its absorption band
towards low energy bandly tuning the electronic structure. Azulene has a
relatively low oxidation potential and can be more easily oxidized than most
common aromatic carbocycles and hetgcles, giving it the potential to reduce
the band gap of azulereontaining CPs. In addition, poly(teé&ulene) film
shows absorption bands at around 446 nm at neutral state and 480 nm upon
oxidation in visible region, which is close to the absorptiamdbaf PCﬁThus,

azuleneis incorporatedo reduce band gap of P@rthis work

It was expected thathe copolymerization of carbazqleBTD and azulene
potentially leads to aCP with relatively low oxidation potential andband gap,
which could cover the high energy region of the visible spectairoxidized state,
and potentially complement PEDOT:PS® form a black ECDIn this chapter,
the synthesis and structures of tbharbazoleBTD iazulene copolymers are
reported. The effects of the 8 approach on electrochemical and electrochromic
properties of the copolymers are illustrated, and a Hatkansmissive

complementary ECD is demonstrated.
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3.2 Experimental

3.2.1 Materials

Azulene, 3,6-dibromocarbazole, n-butyl lithium, 2isopropoxy4,4,5,5
tetramethyll,3,2dioxaborolane, 2,1,3benzothiadiazold,7-bis(boronic  acid
pinacol ester)Aliquat® 336, p-xylene, lithium perchlorate (LiCI§), acetonitrile
(ACN, anhydrous), polypropylenearbonate (PC), poly(methyl methacrylate)
(PMMA, M,, = 120,000 g/mol), PEDOT:PSSand ferrocene (98%) were
purchased from Aldrich and used as received.
Tetrakis(triphenylphosphine)palladium(0) (Pd(REhwas purchased from Strem
Chemical Inc. and used asceived 1-Bromooctane was purchased from
Lancaster andused as receivedl,3-Dibromoazule and 3,6bis(4,4,5,5
tetramethytl,3,2dioxaborolar2-yl)-9-octylcarbazo were synthesized

according to the literatures.
3.2.2 Chemical characterization

'H and **C nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker DRX 406MHz NMR spectrometer in deuterated chloroform (CEGit
room temperature using tetramdgilane (TMS) as an internal standard.
Operating frequencies of the NMR spectrometer were 400.13 MHig gnd
100.61 MHz ¥C). Size exclusion chromatography (SEdalyses were carried
out on a Waters 2690 system using THF as eluent and polystyrene standatds. UV
vis absorption spectra of the copolymers dissolved in chloroform were measured

using an Agilent Cary 5000 U¥isi#NIR spectrophotometerDifferential
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scanniig calorimetry (DSCYhermogrars of the copolymersvererecorded on a

TA Instruments DSC Q10 usingMds a purge gas at a heating rate 10 € thin
3.2.3 Synthesis afopolymers
Poly[(3,6-(9-octylcarbazol)) 1 -a%ulenyl)](Po)

To a dissolved mixture of,3-dibromoazuleng286.0 mg, 1.00 mmol)3,6-
bis(4,4,5,5tetramethyll,3,2dioxaborolar2-yl)-9-octylcarbazol€531.3 mg, 1.00
mmol), Aliquaf® 336 (0.11 g) in dry toluenelQ mL) were added andegassed,
followed by a degasseda,CO; solution(aq.2 M, 8 mL). Then, Pd(PP#), (5.8
mg, 0.005 mmolwas addedAfter further degassinghé mixture was stirred and
refluxed under N at 123°C for 4 days. The mixture waseparated and the
organic layer waghen poured intcexcessmethanol (200 mL) with vigorous
stirring. The obtained precipitate was filtered, washed with water, and dried under
vacuum. The crude product was dissolved in chloroform and filtered. The green
filtrate was evaporated to dryness, and was dissolved in a minimum volume of
toluene. Sufficieh methanol was then added topecipitate the product. The
green precipitate was finally washed with acetone using a Soxhlet extractor for 2
days and dried in a vacuum oven at°@0for 2 days. Then the final product was
obtained!+ 105 / B, 8.42 (m, 2H), 8.32 (m, 1H), 7.80 (m, 2H),
7.54 (m, 3H), 7.05 (m, 2H), 4.39 (m, 2H), 1.97 (m, 2H), 110% (m, 13H)ppm
“C NMR: /

109.4, 43.8, 32.2, 29.8, 29.6, 27.8, 23.0, phrh

46



Chapter 3

Poly[(3,6-(9-octylcarbazoly g9, 0.97, 095 090 T -a%ulenyl)(2,1,3benzothiadiazol)

0.01, 0.03, 0.05, 0.30(P1, P3, Ps, P20)

The synthesis route &f;, Ps, Ps, and Py is similar toPy. The feedatio of 1,3
dibromoazulene was set as 100 mol%, while thad,64bis(4,4,5,5tetramethy
1,3,2dioxaborolar2-yl)-9-octylcarbazole and 2,1,3benzothiadiazold,7-
bis(boronic acid pinacol ester) varied from 99 mol% and 1 mol%, 97 mol% and 3
mol%, 95 mol% and 5mol%, and 80 mol% and 20 mol%, fét; to Py,
respectively’H and**C NMR spectra of the terpolymers are listeglow. P;: *H
105 / -1.45ppm *°C NMR:

/ 136.7, 136.3, 131.9, 128.6, 128.5,
123.9, 123.2, 122.0, 117.7, 109.4, 43.8, 32.2, 29.8, 29.6, 27.8, 26.7, 23.0, 14.5
ppm P '+ 105 / -1.45

ppm C NMR: / 137.0, 136.9, 136.7,
136.3, 131.9, 128.6, 126.0, 123.9, 123.2, 123.0, 122.0, 117.7, 109.4, 43.8, 32.2,
30.1, 29.8, 29.6, 27.8, 23.0, 14pm Ps: 1+ 105 /

7.55, 7.03, 4.38, 1.97, 1.4545ppm *C NMR: / 139.2,

138.5, 138.1, 137.8, 137.5, 137.0, 136.9, 136.7, 136.3, 131.9, 128.6, 126.0, 123.9,
123.2, 123.0, 122.0, 117.7, 109.4, 43.8, 32.2, 30.1, 29.9, 29.6, 27.8, 23.0, 14.4
ppm Poo: '+ 105 / -1.45

ppm °C NMR: /

137.5, 136.9, 136.7, 136.3, 135.7, 132.8, 131.9, 128.8, 128.6, 126.1, 124.4, 123.9,

123.2,122.0, 117.7, 109.4, 43.8, 32.2, 30.1, 29.8, 29.6, 27.8, 23.ppid .4
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3.2.4 Cyclicvoltammetry and spectroelectrochemical characterization

The solutions of polymers rxylene (20 mg/mL) were spicoated (1000 rpm)
onto indium tin oxide (ITO) electrodes laminated on poly(ethylene terephthalate)
(PET) substrates (IT(B (7 VT WR IRUP HoOIHEMayYeR FKURPLF
(ECP) on ITOPET (EQYITO/PET). The thickness of the spioated film was
controlled at~150 nm, which was measured Bypha-Step 1Q surface profiler
The cyclic voltammetry of ER/ITO/PET was carried oun a threeelectrode cell,
with platinum (Pt) foil as counter electrode, silver (Ag) wire as reference
electrode, and 0.1 M LIiCIPACN as electrolyte using an Autolab PGSTAR30
electrochemical  workstation, respectively. For  spectroelectrochemical
characterization, ERITO/PET was placed in a threectrode cellsingPt wire
as counter and silver wire as reference electrode, respectively, and 0.1 M
LICIOJ/ACN as electrolyte ina cuvette, and tested using the same Autolab
electrochemical workstation and a Shimadzu ¥ 2501 spectrophotometer.

For both electrochemical and spectroelectrochemical characterization, the-pseudo
reference silver wire was calibrated vs. F¢/By dissdving ferrocene in the

electrolyte solution and determining the-Bf the Fc/FE against the silver wire.
3.2.5 ECD fabrication and characterization

The gel electrolyte was prepared by mixing poly(methyl methacrylate)
(PMMA, M,, = 120,000 g/mol), LiCI@ and PC in dry ACN according to the
literatur ECDs with a sandwich structure of PHEIO/ECL/gel

polyelectrolyte/PEDOT:PSS/IT®®ET were then fabricated, where IE@fers to
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spin-coated thin film ofPy or Ps. The in situspectroelectrochemical properties of

the ECDs were also tested using the same Autolab electrochemical workstation
and Shimadzu UWis 2501 spectrophotometer.Colorimetry of the
complementary ECDwas measured using a color reader-X0BA (Konica

Minolta).
3.3 Results anddiscussion

3.3.1 Synthesis and structure verification

The synthesis rout®f carbazoleazulene alternating copolymer Rp) and

carbazoleBTD fazulengerpolymergP;, Ps, Ps andP,g) is shown in Scheme 3.1.

Scheme3.1 Synthesis route of the terpolymei, P3;, Ps and P, (with Py as

reference).

'H NMR spectra ofP, and the terpolymers are given Figure 3.1a As

revealed byFigure 3.la the interactions between neighboring azulene and
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carbazole units iy lead to shift and overlapping of H peaks, compared with the
'H NMR spectra of the monomers ibromoazule and 3,6-bis(4,4,5,5
tetramethy-ll,3,2—dioxaboro|an2—yl)-9-octylcarbazol This verifies the
formation of thecarbazoleazulenealternating copolymes expectedp, is very

soluble in common solvents such as chloroform, toluene, xylene, etc.

(a) (b)

Figure 3.1 (a) H NMR spectra ofPy P1, P3, Ps and Py in CDChk (* indicates
CDCls, # indicates KHO). The molar ratios of carbazole to BTD uni®s was here
taken as an example) were estimated by integration of peak a+b+c+d+e +f
(all aromatic protons) to peak g (protons frorCML). (b) *C NMR spectra oP,,

Ps andP5gin CDCls.

Different from P, that has a regular conjugated structure composed of
alternating azulene and carbazole uritg, Ps, Ps and P, are terpolymers that
contain 1, 3, 5 and 20 mol% BTD unitatfo obtained from BTD over azulene
that is set ad00 mol%), respectively. In comparisorithvP, several new peaks

appear in aromatic region of th&C NMR spectrdor these terpolymers, such as
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the ones at 140.9, 138.5, 137.8, 137.5, 136.3, and 117.7 ppm, indicating the
existence of BTD moieties in the chains. In particular, a new peak can be seen at
155.8 ppm forPs and obviously for P,y (as circledin Figure 3.1b), whichs
attributed to the Gitoms that are bonded to N ato(@N) in BTD. The other
new peaks are difficult to be assigned to various carbons of BTD due to random

distribution of BTD units along the terpolymer chains.

Table 3.1 shows the theoretical molar ratios of carbazole to Bils
calculated based on feed compositions and the ratios estimated from integrations
of 'H NMR spectra 0P, and the terpolymers. It isoticedthat the estimated ratio

[T\ REWDLQHG I|UR PHNRRpdaksiBcréasBsQ@s Rk BTR Feed
content increases, which is consistent with the trenthebretical ratios (X:y)
obtained from the feed compositions of the terpolymers. This further proves the

inclusion of BTD uni$ into the copolymer backbone.

Table 3.1 Theoretical molar ratios of carbazole to BTD units calculated from feed
compositions (x:y) and the corresponding ratios estimated from integratidids of

105 VSHFW U D Pfid\thie téRdlymers.

Polymer Theoretical ratio (Xx:y) Estimated ratio [T \{
Po 1.00:0.00 1.00:0.00
P2 0.99:0.01 0.99:0.01
P 0.97:0.03 0.97:0.03
Ps 0.95:0.05 0.93:0.07
P2o 0.80:0.20 0.75:0.25

51



Chapter 3

Table 3.2 shows the apparent molecular weights of the copolymers measured
using SEC. It is noticed th#tte molecular weights decreaséh increasingeed
ratio of BTDfor the copolymersBTD content couple with azulene units and form
BTD sazulene moietiesn the copolymer backbone. However, BE2ulene
moieties have no side chairss a resultwith increasing feed ratio of BTD, the
more BTDiazulene moietieformed lead to reductionin solubility of the
copolymer chains in the reaction medium (mixture toluene and 2 M
NaCOs/H,0). The lower solubility would limit the growth of copolymer chains
and therefore result in copolymers with reduced molecular weigbtertheless,
it is estimated that each terpolymer chain contains on average about thirty
aromaic rings on the backbone, basedtba apparent numb@verage molecular
weights Indeed the molecular weights are high enough for making egmaality

thin films for electrochemical and electrochromic characterizations.

Table 3.2 Molecular weights and polydispersitiesRfand the terpolymers.

Polymer Mp My Mw/Mq
Po 5200 7200 1.38
P1 4400 5900 1.34
Ps 4000 5300 1.33
Ps 4000 4600 1.15
P2o 3700 4200 1.14

From the DSC thermograms &%, Pi, P3, Ps and Py (page B5#37 in
Appendix), it is observed there are some indications of melting peak (for example,
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at ~180°C for Pg). However, they are not obvious. It may suggest that most of
thesecopolymers Ro-P,g) are largely amorphougrystallization ofpolymers is
affected by their chemical structures, including structure regularity and chain
conformationP;, P;, Ps andPyare random polymers containing 1, 3, 5 and 20%
of BTD-containing repeat units, respectively. The random sequence distribution
of the backbone leads to their amorphous structilgss a regular alternating
copolymer but it is likely to have highly kinked conformation owing to the
combination of the 3:inkage of carbazole and llidkage of azulene moieties.
This probably hinderslase packing of the main chains and hence makes it
amorphous. From the DSC thermograms, it is observed that the glass transition
temperatures ( of these copolymers are all higher than 100High rigidity of

their conjugated main chains should bertgeson for the highgl

Figure 3.2 shows the visible spectralRaf Ps and Py (dissolved inchloroform
8 x10°M eacl). It is observed tha®, shows a weak shoulder band at about 470
nm while Ps exhibits a stronger absorption band at about 480 nnPgygives a
distinctive strong band at 506 nithered shift from 470 nm foP, to 480 nm for
Ps and 506 nm foiP, clearly indicates the effect of the inclusion of BTD units
into and thus again verifies the formation of the terpolymers. This also intipdies
donoriacceptor interactions between acceptor BTD and neighboring azulene and
carbazole donor units. It is noticed that the weak absorption band at around 650
nm is reduced fronPy to P,o. This band is probably from carbazole «Iﬂtand

the intensity reduction is consistent with the increase of BTD content, i.e., the
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decrease of carbazole content in the backbone, which further verifies the inclusion

of BTD units n the copolymers.

Figure 3.2 Visible spectra oPy, PsandP,ydissolved in chloroforn{8 x 10°M™m
for each solution) The inset shows UWisNIR absorptionspectra of the

copolymers.

Spectroelectrochemical studiesveal that Ps exhibits highest EC contrast
among thecarbazoleBTD #azuleneterpolymers (Figure 3.3he EC contrast is
highly influenced by redox charge den@At very low BTD content Ry, Ps
andPs), the increasing BTD content leadshgher EC contrast due tbe DA
effect. Howevertoo high a BTD contentR) would reduce the optical contrast.
In this circumstancenore azuleneBTD dazulene (ABTD #A) and less azulene
carbazoleazulene (A€ #A) units form with increasing BTD content the
polymer chains, while ABTD A units are likely to possess lower redox charge

density than AC A units (Scheme 3.2and thus would lead tdecreasedEC
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contrast Hence the discussion in the following sections will focus Bg with Py
as the reference, to illustrate the effect of th&\@xpproach on electrochemical

and electrochromic properties of the copolymers.

(@) (b)

() (d)

(e)

Figure 3.3 Visible spectra of spitoated (aPo, (b) Py, (¢) P, (d) Ps and ()P0
on ITOPET under different potentials (0, +0.6, +0.8, +1.0, +1.2V) in 0.1 M

LICIO4/ACN.
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Scheme3.2 Possible redox processes of (aJBAD A and (b) AL A.
3.3.2 Cyclic voltammetry

Voltammetry sweeps dPy and Ps are compared in Figure 3.By exhibits a
distinct peak at 1.03 V and a shoulder at around 0.75 V. In typical cyclic
voltammograms of 3;®olycarbazole(including N-alkyl substitutedoneg, two
pairs of redox peakssuallyappear corresponihg to radical cation and dication
states, respectiv However, the oxidation potential of polyazulesgeported
to be at around 0.8 (vs. Fc/Fé)Thus, the peakttributed tathe oxidation of
azulene units (Scheme 3.8bm Py is probably partially overlapped with the
shoulder peak from the carbazole unAspossibleredox mechanism foP, is

proposed in Scheme 3.3
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Figure 3.4 Cyclic voltammograms of spinoated (aPPo and (b)Ps on ITO/PET in

0.1 M LICIO4/ACN at a scan rate 10 mV/s.

Initially, the electron removal is likely to occur at the electriwh
cyclopentadiene part of the azulene ring to form a cationic radical, which
probably further rearranges to form a closed shell structure. Then an electron is
removed from the carbazoleit and the radical cation is formed upon further
oxidation. In most cases, these radicals are unstable and would combine to give
dications. However, as the conjugation breaks present due to HoarBgole
units, the radical cations separate from eatlier and do not combine. With
higher potentials, another electron is removed from carbazole units upon further

oxidation, leading to dications.

Ps also shows a main oxidation peak and a shoulder, which is simiRy. to
However, the shoulder peak becomeasre distinct, and the main peak apps at

0.98 V, which is 0.05 Mower than that oP,, implying easieformation ofthe

57



Chapter 3

radical cation and dicatiofor Ps, in comparison withP,. The lower oxidation
potential for the main peak and more distisisbulder peak could be attributed to

the electronic interactions between the units of carbazole, azulene and BTD, i.e.,
the electron loss of carbazole and azulene units is facilitated by the strong

electronwithdrawing effect of BTD units.

Scheme3.3 A proposed redox mechanism féy.
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3.3.3 Spectroelectrochemical behavior

Figure 33a and d showhe \isible spectra oPy andPs thin film under various
potentials. It is observed thBRp appeardransmissive green at neutsthte while
it turns to grey upon oxiditiarSlightly different fromPy, Ps shows yellowxreen
at neutral state. It is striking to see that with a small amount of BTD Uaits,
exhibitsmuch higher absption thanPy at relatively low positive potentials. For
example, fromOVto10Ws JLYHVY D WRWDO FKDQJH LQ DEVRUEDQF
L W QP ZKLOH WKH RQIRU maxIBBO iy, Ve., the
RSWLFDO FR QRAI&ELYW \MghérdhartRat of Py. It can be attributed to
the lower oxidation potentials &% induced bythe BTD units When the applied
potentialreachesdl.2 V, well above the second oxidation potential of dtland
Ps (098 V and 1.03 V, respectivelypbtained the previaus cyclic
voltammogram}y their difference in optical contrast diminishes, confirming that
the significant enhancementHBC contrast at lower potentiais indeed due to the
reduced oxidation potentials, albeit the reduction is srbk. reduced oxidatio
potential could helpPs to reduce the possibility of owexidation when it is

switchedsimultaneouslyith PEDOT:PSS in a complementary BEC

The optical switching behaviors of the films are examined at wavelengths
corresponding to their maximum changeQ D EV R W5kD 86 ) using a
UV vis spectrophotometer with the applied potential stepped bet#eéry and
1.0 V at 80 s per cycle. The dynamic switching curves of the electrochromic films
are shown in Figure B. It is observed thal®s exhibits slightly faster switching

kinetics for both the coloration and bleaching thHayp The faster switching
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kinetics ofPsis likely to be caused by its lower oxidation potential because under
the same potential more azulene and carbazole units candidy oxidized inPs
than in Po. In addition, the conformational change of the polymer backbone
caused byhe random inclusion of BTD units may also playolein facilitating
motion of ions due to the sligkdrge inter-chain distances at some loaats For

the same reasonB; also exhibits higher dynamEC contrasthanPy.

Figure 3.5 Absorptiontime profiles( max= 550 nm)of spin-coatedP, (dash line)
and Ps (solid line) on ITOPET switched between®©.4 and 1.0 V in 0.1 M

LICIO4/ACN.

3.3.4 Blackto-transmissive ECD

PEDOT:PSS exhibits cathodic coloration from transmisskseblue to dark
blue, whilePs exhibits anodic coloration from transmissive yellggreen to grey.
As shown bythe visible absorption spectra in Figurée3.the absorption band of
PEDOT:PSS covers 55900 nm of the visible region upon reduction, withat

of Ps covers 408600 nm upon oxidationAs shown in Figure 8b, usingPs as
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working electrode and PEDOT:PS& counter electrodehe complementary

ECD exhibits transmissive light greeyellow at bleached state with transmittance

of about 65% at 600 nm, while it exhibits transmittantdess than 10% for
almost the whole visible spectnuduring colorationlt indicates that PEDOT:PSS
andPs could be simultaneously switched between oxidized state and reduced state
for coloration and bleachingvith external potentials appliedin addition, he
complementary ECD exhibits near CIE black at colored state with L’aradt b*
values of 22.06.3, and 7.5, respectively; while at bleached state the values of L*,

a* and b* are 76.0;8.0 and 30.2, respectively (Figur&d.

Figure 3.6 Visible spectra of spitoated (aPsand PEDOT:PSS on ITOET in

0.1 M LICIO4/ACN under various potentials, (b) complementary ECD of
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Ps/PEDOT:PSS under different potentials (0, + 0.5, + 1.0, + 1.5 V). The insets
show the color of spieoated films (picturdaken after placing the ECD on a
white paper backgroungy (I) neutral state before electrochemical switching; (ll)
electrochemically oxidized; (lIl) neutral after electrochemical switching. (c) CIE

GLDJUDP RI WKH FRPSOHPHQWDU\ (& DW x EOHDFKHG V

3.4 Conclwsions

A series ofcarbazoleBTD #azulenecopolymerswith BTD molar ratio from 0
to 20mol% were synthesized via Suzuki coupling reactions. These polymers
exhibit relatively highEC contrasts and wide absorption in the visible reghm.
electron acceptoiBTD facilitates electron removal from azulene and carbazole
units upon oxidation due to 8\ effect and thus leads slightly lower oxidation
potentials of thecopolymers than that of thearbazoleazulene alternating
copolymer. The reduced oxidation potehtizads to enhanceBC contrasts at
relatively low potentials. In addition, the switchisgeedof the terpolymelPs is
also faster than that of the alternating copoly®gmwhich is possibly due to the
conformational change of polymer backbatibutedto the random inclusion of
BTD. A complementary ECD was fabricated usigas anodic coloring layer
and PEDOT:PSS as cathodmoloring layer, exhibits blacto-transmissive

electrochromism, as well as high contrast.
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4.Electrofluorochromic Detection of Cyanide
Anion Using A Benzothiadiazole
Containing Conjugated Copolymer

4.1 Introduction

As introduced in Chapter 1 and 2, the EFC conjugated polymkws/
DGMXVWLQJ WKH IOXRURSKRUHVY HOHFWURQLF VWUXFW
by electrochemical potentiarhus, the EFC CPare god candidates for sensors,
in which active component (receptarjediates with an analytesuch as a specific
type d ions, givingrespamses that indicate the presemighe analyteas well as
its concentration By adjusting electronic structures of the fluorophores, the

responses may be magnified to achieve more sensitive detection.

Due to the extreme toxicity ofyanide anion (CNj, CN* detection has

attracted much attention and varieties of deteati@thodshave been developgd

including titrimetric°"| electrochemica(potentiometric and amperometiic) -

optical (colorimetric and fluormetric) methodm etc. Among them optical
methods, which monitor the change in color (absorption intensity or wavelength
colorimetric methoyl and/or fluorescence intensity (or emission wavelength
fluorometric method, have been studied activetijpue to the ease and low cost.
For these conventionalcyanide sensoyghe detection results are obtained via
chemical reaction or interaction of receptor witN*, The hypothesis is to design

an EFC detection method which combines batiptical and electrochemical
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methods, and thus provides dual signals that may provide more accurate and
reliable resultsHence, gossible approach is tnakeuseof EFC CPs as receptor

for EFC detection of cyanide.

As mentioned in theChapter 1 the nucleophilic attackof CN*to electron
deficient compoundssuch as benzothiadiazple offers an effective detection
approactthat makesise of the strong nucleophilicity of CNEnlightened by the
CN* detection methodutilizing electrondeficient compounds, as well as
promising sensing ability of EFC CPsa this work, we designeand synthesized
a novel conjugated copolymeEFPc) that contains benzothiadiazole (BTBS
receptor The EFC properties &FPc and its capability for sensitive yet selective
detection of CN'were demonstrated. To the best of our knowledge, this isrge fi
demonstration of EFC detection of GNand EFC detection of other chemicals

was also rarely reported.
4.2 Experimental

4.2 1Materials

3-Bromocarbazole were purchased from TCl and used as recebved.
Hexylthiophene2-boronic acid pinacol ester, 1, 9
Bis(diphenylphosphino)ferrocene]dichloropallawh(ll)  (Pd(dppf)C}), and
bis(pinacolato)diboraneere purchased from Aldrich and used as receiVée.
other chemicalare the same as that reported in the previous ch&gBromo-9-

octylcarbazoﬁwassynhesized according to literature
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4 .2.2 Chemical characterization

NMR spectra(*H and**C) andsize exclusiorchromatography (SEQkesuls

were obtained using the same equipment and conditions as reported in the
previous chapter Mass spectroscopy of the compounds was measured by
Finnigan LCQ Mass SpectrometeElemental analysis of the polymer was
conducted on ak&lementar Vario Micro Cubér C, H, N and S determination.
Absorption (ABS) spectra of the polymer were measured using a Shimadzu UV
3600 UVwis NIR spectrophotometer. Photoluminescence (PL) spectra of the
polymer were recorded using a Perkin Elmer35fluorescence spectrometer.
Differential scanning calorimetry (DSChermogram of the copolymer was
recorded on a TA Instruments DSC Q10 usingbla purge gas at a heating rate

10 € min %,
4.2.3Synthesis

Compoundl. To a 50 mLSchlenk tube3-broma9-octylcarbzole (716.6 mg,
2.00 mmol),2,1,3benzothiadiazold,7-bis(boronic acid pinacol ester) (388.1 mg,
1.00 mmol),Aliquat® 336 (0.15 g) and toluene (8 mL) were added. After all the
monomers were dissolved, }&0O; aqueous solution (2 M, 6 mL) was added.
Followed by degassing of the mixture, Pd(RPPK11.6 mg, 0.01 mmol) was
added and then the tube was sealsthg a rubber stopper bound by a cable
stripper.The mixture was stirred and refluxed at 110 € for 24Alfiter reaction,
the organic layer was separated and then the solvent was removed under reduced

pressure. The crude product was purified over silica gel column chromatography
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using hexane/dichloromethane (DCM)\, 3:2) as eluent. The final product was
obtained as brightly orange solid (95%)} 105 SSP / vV o+

2H), 8.15 (d, 2H), 7.93 (s, 2H), 7.58 (d, 2H), 7.51 (t, 2H), 7.46 (d, 2H), 7.28 (t,
2H), 4.37 (t, 4H), 1.94 (m, 4H), 1.2746 (m, 20H), 0.88 (t, 6H}*C NMR (ppm):

/ 141.4, 140.9, 133.8, 128.9, 128.3, 127.5, 126.2, 123.7, 123.6, 121.6,
121.0, 119.4, 109.3, 109.1, 43.7, 32.2, 30.1, 29.8, 29.6, 29.4, 27.7, 23.0, 14.4. MS

(ESI) m/z for GeHsoN4S: caled, 690.4; found, 690.4.

Compound2. NBS (373.8 mg, 2.1 mmol) was addettoi the solution of
compoundl (689.0 mg, 1.00 mmol) dissolved in DCM (20 mL), and the mixture
was stirred overnight at room temperature. After reaction, the solvent was
removed under reduced pressure and the crude produgiunified over silica
gel colunn chromatographysing hexan®CM (3:2) as eluent. The final product
was obtained as brightly orange solid (85%). 105 SSP / Vv +
8.31 (s, 2H), 8.16 (d, 2H), 7.91 (s, 2H), 7.57 (d, 4H), 7.32 (d, 2H), 4.33 (t, 4H),
1.91 (m, 4H), 1.271.46 (m, 20H), 0.87 (t, 6H}°C NMR (ppm): /

140.0, 133.6, 129.3, 128.9, 128.3, 128.2, 125.3, 123.7/1P21.8, 112.3, 110.7,
109.4, 43.8, 32.2, 30.1, 29.7, 29.5, 29.4, 27.8, 23.0, 14.4. MS (ESI) m/z for

C16H4sN4SB1: calcd, 848.2; found, 848.2.

Compound 3. A mixture of compound2 (848.8 mg, 1.00 mmol),
bis(pinacolato)diborane (533.3 mg, 2.10 mmol), patassacetate (KOAc) (588.8
mg, 6.00 mmol), and Pd(dppf)C(73.2 mg, 0.10 mmol) in degassed DMF (20
mL) was stirred overnight at 8@ under nitrogen atmosphere. After cooled to

room temperature, water and chloroform (Ckj@ere added to the mixture, and
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the separated organic layer was washed with brine and water and dried over
anhydrous MgS@ After the removal of the solvent under reduced pressure, the
residue was purified over silica gel column chromatography ustxgneDCM
(vlv, 3:2) as eluent to give compouridas a brightly orange solid (65%H NMR

SspP |/ vV oo+ vV o+ G + G +
(d, 2H), 7.44 (d, 2H), 4.36 (t, 4H), 1.93 (m, 4H), 1247 (m, 44H), 0.88 (t, 6H).
3C NMR (ppm): /
125.9, 124.0, 123.3, 121.9, 109.2, 108.7, 43.7, 32.2, 30.1, 29.8, 29.6, 29.4, 27.7,

25.3, 23.0, 14.4. MS (ESI) m/z fosg17:N4,SQB;: calcd, 942.5; found, 942.5.

Compound4. To a 50 mLSdlenk tube3,6-dibromo9-octylcarbzole (437.2
mg, 1.00 mmol) 3-hexylthiophene2-boronic acid pinacol ester (588.5 mg, 2.00
mmol), Aliquat® 336 (0.15 g) and toluene (8 mL) were added. After all the
monomers were dissolved, }&0O; agueous solution (2 M, 6 mL) was added.
Followed by degassing of the mixture, Pd(PP11.6 mg, 0.01 mmol) was
added and then the tube was sealsohg a rubber stopper bound by a cable
stripper.The mixture was stirred and refluxed at P@for 24 h.After reaction,
the organic layer was separated and then the solvent was removed under reduced
pressure. The crude product was purified over silica gel column chromatography
using hexane as eluent. The final product was obtained as colorless oil {82%).
105 SSP / G + \% + G +
2H), 4.31 (t, 2H), 2.75 (t, 4H), 1.90 (m, 2H), 1.68 (m, 4H), 128 (M, 22H),

0.85 (t, 9H).2*C NMR (ppm): /
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121.3, 120.6110.0, 43.7, 32.2, 32.1, 31.5, 30.1, 29.8, 29.7, 29.6, 29.4, 29.3, 27.8,

27.3, 23.0, 14.4. MS (ESI) m/z fouElssNS;: caled, 611.4; found, 611.3.

Compoundb. NBS (373.8 mg. 2.1 mmol) was added in portions to the solution
of compound4 (612.0 mg, 1.00 mmpin CHCly/acetic acid (5 mL / 5 mL) at
0°Cin 1 h. The mixture was then stirred &®for 1 more hour and then at room
temperature overnight. Then water and C{as added into the mixture. The
organic layer were separated and washed with NaOH asg|isedution, and then
dried over magnesium sulfate. After the solvent was removed under reduced
pressure, the crude product wasified over silica gel column chromatography
using hexane as eluefthe final product was obtained as colorless oil (72%4).
105 SSP / \ + G + G +
2H), 2.63 (t, 4H), 1.91 (m, 2H), 1.62 (m, 4H), 1284 (m, 22H), 0.86 (t, 9H).
3¢ NMR (ppm): /

109.3, 43.832.2, 32.0, 31.3, 30.1, 29.7, 29.6, 29.5, 29.4, 29.0, 27.7, 27.3, 23.0,

14.4. MS (ESI) m/z for ¢Hs:NS,Br,: calcd, 769.2; found, 769.2.

PolymerEFPc. To a 25 mLSchlenk tubeeompound3 (471.5 mg, 0.50 mmol),
compounds (384.9 mg, 0.50 mmol)liquat® 336 (0.10 g) and toluene (4 mL)
were added. After all the monomers were dissolvedCRaaqueous solution (2
M, 3 mL) was added. Followed by degassing of the mixture, P[P8 mg,

0.005 mmol) was added and then the tube was semiag a rubber epper
bound by a cable strippeFhe mixture was stirred and refluxed at 110 € for 72 h.
After reaction, the organic layer was separated and then the solvent was removed

under reduced pressure. The crude product was dissolved in a very small amount
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of chloroform and then dropped into excess methanol (100 mL) for precipitation.
The obtained precipitate was filtered and dried under vacuum. The precipitate was
finally washed with acetone using a Soxhlet extractor for 2 days and dried in a
vacuum oven at 40 @or 2 days. Then the final produd&KPc) was obtained as
orange solid (87%).+ 105 / P+ P+ P+
(m, 2H), 7.91 (m, 2H), 7.81 (m, 2H), 7-3364 (m, 10H), 4.32 (m, 6H), 2.79 (m,

4H), 1.92 (m, 6H), 1.61 (m, 4H), 1.26, 42H), 0.89 (m, 15HY)pm °C NMR: /

= 143.2, 141.3, 140.8, 140.5, 139.5, 133.7, 129.7, 129.2, 128.4, 127.9, 126.7,
126.3, 125.9, 125.0, 124.6, 124.0, 123.7, 123.4, 121.8, 121.6, 118.0, 109.5, 109.3,
109.1, 43.8, 32.2, 32.1, 31.5, 29.8, 29.7, 29.6,,28051, 27.7, 23.0, 14.4pm

Anal Calcd for GgHogNsSs: C, 79.5; H, 7.7; N, 5.4; S, 7.4. Found: C, 78.8; H, 7.4;

N, 5.3; S, 7.4.
4.2.4Cyclic voltammetry and spectroelectrochemical characterization

Polymer EFPc was dissolved ip-xylene (20 mg/mL) and then spaoated

(1000 rpm) onto indium tin oxide (ITO) electrodes laminated on poly(ethylene
WHUHSKWKDODWH 3(7 VXEVWUDWHER/TG/REZ (7 VT
The thickness of the spitpated film was controlled at around 100 nm, which was

measured using afllpha-Step 1Q surface profilerThe cyclic voltammetry (CV)

of EFPc/ITO/PET was carried out in a thregéectrode cell, with platinum (Pt)

wire as ounter electrode, silver (Ag) wire as reference electrode, and 0.1 M
LICIOJ/ACN as electrolyte, respectively, using an Autolab PGSTAT302
electrochemical workstation. In spectroelectrochemical characterizatin,

EFPc/ITO/PET was placed in a threectrale cellusingPt wire as counter and
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Ag wire as reference electrode, respectively, and 0.1 M LIBICN as
electrolyte in a quartz cuvetteWith the same Autolab electrochemical
workstation the Shimadzu UMB600 UVwvis NIR spectrophotometavas used to
acquire absorption spectra, and the Perkin EImef35Sluorescence spectrometer

to acquire PL spectra. For both electrochemical and spectroelectrochemical
characterization, the pseudeference silver wire was calibrated vs. F&/By

dissolving ferrocene ithe electrolyte solution.
4.3 Results and discussion

4.3.1 Synthesis and structural characterization

Scheme 4.1 shows the chemical structure of compountls 5 and the
synthesis routef copolymerEFPc. It can be seen that besides BTHEP: also
containsN-octyl-3,6-carbazole (C) and-Bexylthiophene (HT) units. Carbazole is
a common electron donor, which is often used as a fluorophore in conjugated
copolymers due to its ease in functionalization on N position for improving
solubility as wel as its good holetransport abilitﬁ 3-Hexylthiophene is
incorporated toact asfluorophore separator and to enhance solubility as well.
Both monomers are of 8 #A type and thus give an alternating copolymer,
poly(C-BTD-C-co-HT-C-HT), via Suzuki coupling. The structures of the
compounds were verified BYMR and mass spectroscopy. The structurgreiPc
was characterized by NMR spectroscopy and elemental analysis. iH MR
spectrum oEFP¢ (Figure 4.1), the peak at 4.32 ppm corresponds to the H atoms

that are bonded to N atom in carbazole£0l,), while the peak at 2.79 ppm
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corresponds to the H atoms from £Hat is directly bonded to the thiophene ring
(C £Hy). The integration ratio of thtwo peaks is 3/2, which is highly consistent
with that calculated from the repeating unit structuréEBPc, confirming the

successful synthesis of the copolymer.

SEC measurement dEFPc gives the apparent numbaverage molecular
weight M, = 13,400Da, with polydispersity index (PDI) of 1.10. Thus, based on
the calculated repeating unit weight (3A0 Da), each polymer chain contains ca.
10 repeating unitsEFPc shows good solubility icommon solvents such as
chloroform, DCM, toluene andp-xylene, which is attributedo the alkyl side
chainsfrom carbazole and thiophene unisn obvious melting peak at around
135°C is observed in the DSC thermogran=6Pc (see page 37 in Appendix),
indicating it is semcrystalline. The serirystallinenature of the copolymer can
be attributed to its regular alternating structure. Thef EFPc is around 106C
as obtained from the DSC thermogram. Thus, the work temperature of this
copolymer (room temperature) is well beloy during the electrofluorochromic

detection of CN
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Scheme4.1 Structure of compoundl to 5 and the gnthesis route of copolymer

EFPc.

Figure 4.1 'H NMR spectra of copolyméEFP¢ in CDCl
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4.3.2 Optical and electrochemical properties

Figure 4.2 shows UWis absorption and photoluminescence (PL) spectra of
EFPc in solution and thin film form, respectively. The solutionEfPc exhibits
an absorption band at 315 nm, a shoulder at 350 nm and another band at 450 nm.
Similarly, theEFP¢ thin film shows a slightly weaker absorption band at 315 nm
and a shoulder at 85nm. The band at 450 nm for the solution is, however, red
shifted to 465 nm for the thin film, which is probably due to meK D LHE E
stacking in the thin film caused by its more densely packed structure. The
absorption band at 315 nm corresponds tbaasle segments for both thin film

and solution, while the band at 465 nm for thin film (450 nm for solution) can

SUREDEO\ EH MWWMED)QMBIBDWi@T‘“ “4The shoulder

at 350 nm possibly arises due to the interactions between HT and carbazole units.
Despite the slight red shift for the absorption band corresponding to BTD, the PL
peaks obtained by exciting at 450 nm for the solution and 465 nm for tharélim

at the same wavelength of 580 nm. It is worth noting that the thin film is still
highly fluorescent, i.e., the quenching caused by {cb&in interactions is
insignificant. As mentioned previously, HT uni$ay the role ofseparators for
fluorophores which not only separate 8TD £ moieties in the main chain, but
DOVR S UWHEY M Y\het@ideQadljacent chains using its alkyl side chains.
Furthermore, the alkyl side chaifrem carbazole units also help to reduce the

chance of interF KD @ ®&EWHD F N
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Figure 4.2 Absorption and PL spectra &FPc dissolved in CHG and spin

FRDWHG WKLQ ILOR 43@nnsforBdalw@od end 468 nm for film)

Cyclic voltammograms of théeFPc thin film spincoated onITO/PET
(EFPC/ITO/PET) in 0.1 M LiClQ/acetonitrile (ACN)are shown in Figure 4.3. It
is observed thaEFP: shows an oxidation peak at 0.94 V and a shoulder peak at
1.10 V, and two reduction peaks at 0.52 and 0.80 V, respectinety.pairs of
redox peaks are typical in cyclic voltammogramsG®s containingN-alkyl
substituted 3, &arbazole, correspomd) to the radical cation and dication states,
respectivelmlt is interesting to note that the two oxidation (shoulder) peaks are
fairly close to each other, inghting a relatively easy transition from the state of
radical cation to dication. This phenomenon can be attributed to the electron
deficient BTD that plays the role of electron acceptor, facilitating electron

removal from electromich carbazole and redimg its oxidation potentiaf
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Figure 4.3 Cyclic voltammograms oEFP:/ITO/PET in 0.1 M LiCIQ/ACN at

different scan rates (25, 50, 75 and 100 mV/s)

4.3.3 Electrochromic anetlectrofluorochromicproperties

EFP¢ exhibits both electrochromism and electrofluorochromism. The intensity
of the absorption peak at 465 nm increases with positive potential owing to
oxidation (Figure 4.4a), and it can be repeatedly switched by applying an
oscillating potential (Figure 4.4b Upon increasing positive potential, the PL
intensity of EFP¢ is gradually reduced due to oxidative quenching, as shown in
Figure 4.4c. The PL intensity starts to reduce at 0.6 V, and falls to as low as about
20% of the maximum value at 1.0 V. This @nesistent with previously discussed
CV results that the oxidation becomes significant when the potential exceeds the
first oxidation peak at 0.94 V. The fluorescence could recover when a negative
potential is applied, and the switching is repeatable (Eigdrdd). The

fluorescence quenching ®&FPc is due to electrochemical oxidation as when
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photoexcited, the oxidized chains would undergo -nadiative exciton decay,
rather than energy relaxation via a radiative pathBy.exciting at 465 nnthe
CBTD £ moiety is likely to be the main fluorophore that determines the
fluorescence intensity at different states, whertrees carbazole unit located
between the two HT units is believed to play the role of fluorophore separator

(together with the two HT unitsather than a fluorophore in the EFC process.

(a) (b)

(© (d)

Figure 4.4 (a) Absorption spdta under different potentialgh) absorptiortime
profiles ( monitor = 465 nm switchingbetween 1.4 V andd.0 V), (c) PL intensity

changes xc = 465 nn) under potentialglifferent potential&and (d) PL intensity
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time profiles (exc = 465 NM, monitor = 580 Nm;switching between 1.2 V andd..0

V with 80 s per cycle), dEFP/ITO/PET in 0.1M LICIO4/ACN
4.34 Cyanide detection

Detection ofCN *by fluorescent polymers is commonly conducted in solutions.
In this work, we developed a different cyanide detection approach. Firstly, a
EFP:/ITO/PET electrode was inserted into a thedéectrodeelectrochemical cell:
a quartz cuvette filled with 0.1 M LICKUDACN (reference electrolytdR) with Pt
wire as counter electrode and Ag wire as reference electrode, and a fluorescence
spectromete(Perkin Elmer LS55) was used to record PL intensitieg,{ = 465
nMm, monior = 580 Nm) under a series of positive potentials provided by an
electrochemical workstatiofAutolab PGSTAT302 When the system reached
equilibrium state at zero potential, the stabilized PL intensity was recorded as |
For a certairpotential, the ratio of the PL intensity detected at equilibrium state, |,
to lp is defined as normalized intensity.qlfbtained at different potentials were
SORWWHG DJDLQVW SRWHQWLDO ( DV VKRZQ E\ WKH EO
the EFP./ITO/PET electrode was inserted into another cell that contained R with
a certain concentration of tetrabutylammonium cyanide (TBACN), and the
stabilized PL intensities were recorded under the same series of potentials. The
normalized intensities were calculdtand plotted against E again. Threg 48
curves corresponding to cyanide concentrations of, 100° and 10* M,

respectively, are shown in Figuteba.
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(a) (b)

Figure 4.5 Normalized PLintensities (exc = 465 nm and monitor = 580 nm) of
EFPc/ITO/PET as a function of potential, E. The curves in (a) were obtained with
the reference electrolytdR] containing different concentrations of TBACN (0,
10®, 10® and 10* M), and that in (b) were obtained frafwith 10* M TBACN

as well aR + 10* M TBACN with/without 8 types of TBAbased anions (OH

F* CI* Br® I* AcO* NO;*and HSQ* 10® M each).

It can be seen that witR only, the normalized intensity decreases with
increasing positive potential due to oxidative quenching. However, Riith
TBACN, the normalized intensities are higher than that without TBACHIla
positive potentials (0.7 td.0 V), indicating that the »adative quenching is
significantly weakened in the presence of TBACN. In particular, it is striking to
see that when the potential is above 0.9 V, eveM1TBACN can induce a
significant change in normalized PL intensity. This phenomenon probably results
from the partial reduction dFPc owing to the interaction between nucleophilic

CN*and éectron deficient BTD. From Figurd.5a it is also observed that the
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higher the TBACN concentration, the higher the normalized PL intensity, i.e., the
effect ofoxidative quenching is weakened more at higher TBACN concentration.
Thus, the 14 &£ curves corresponding to different cyanide concentrations may be
used as calibration curves to determine cyanide concentrations of veamelyss.

Like in the referencelectrolyte, the PL intensity oEFPc in the electrolytes
containing TBACN could also be completely recovewneder negative potentials
(Figure4.6a). In addition, after cycling in the electrolyte containing TBACN {10
M), the EFPc/ITO/PET electrode wasvashed in ACN, and then put into the
reference electrolyte again. It could exhibit the original EFC switching curve
correspondig to reference electrolyte (Figude6b), indicating thatCN* can be
easily removed from the electrode and the interaction legtwganide and BTD

is a physical interaction.

(a) (b)

Figure 4.6 PL intensitytime profiles (exc = 465 nM, monitor = 580 nn) of (a)
EFP/ITO/PET switched between 1.0 V andl.0 Vin R + 10* M TBACN, and

(b) EFP./ITO/PET that had been taken out from Re+ 10% M TBACN after
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cycling and washed with ACN before this test. The switching time used was 80 s

per cycle.

To check whetheCN* could be selectively detected by this system, other
anions including tetrabutylammonium (TBRAjsed hydroxide (OB, fluoride (F*
), chloride (CF, bromide (Br), iodide (I, acetate (AcQ, nitrate (NQY and
bisulfate (HSQ% (10® M for each type of mion) were added together into the
reference electrolyte. As shown in Fig. 4.5b, the PL intensity changes upon
oxidative quenching are almost the same for the electrolytes with and without
these anions. This confirms that itG&* rather than TBA catiorthat dominates
the PL intensity ofEFPc upon oxidative quenching-urthermore, by adding
higher concentrations of Otand F*(10* M for each) intoR, still no significant
change in I4 & curves could be observed (Figuré)4This demonstrates that the
detection is selective towards CNver other common nucleophilic aniorgo
further verify cyanide selectivity of the system, TBACN {1M1) was added into
the electrolyte containing the eight types of other anions. It is observed that in this
electrolyte the normalized PL intensities &FPc under various potentials are
similar to that in the reference electrolyte containing® 3 TBACN, further
confirming the selectivity of the system towai@sl* The specific interaction of
CN*with EFPc is probably atype of aniot@E LQWHUDFWLRQV 6XFK HQHU
favorable norcovalent interactions could exist between an electropositive
aromatic ring and a nucleophilic anﬁli’IAt oxidized state, BTD ring would
be highly electrondeficient. Although OH and F" are alsovery nucleophilic,

only CN*undergoessignificant interaction with oxidizedEFP: based on our
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results This may be attributed to the stronger nucleophilicit¢bfand itstriple

bond. The triple bond may provide electdhL FK & V\V WedalenRU QRQ
interaction with electroorGHILFLHQW & V\VWHP RI %7 OHDGLQJ WHF
betweenCN* DQ G % 7x(Eiffferaction) and hence weakening the oxidative

qguenching.

Figure 4.7 Normalized PL intensities . = 465 nm and monitor = 580 nm) of
EFPC/ITO/PET as a function of potential, E. The two curves were obtained using
the reference electrolyt®) as well aR + TBA-based anions (Ofand F: 10*

M each).
4 4 Conclusiors

In summary, we have synthesized a new conjugated copolymer that exhibits
electrochromic and electrofluorochromic properties. Electrochemical oxidation of

the copolymer induces severe fluorescence quenching when the potential is above
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0.9 V. Moreover, the lfiorescence intensity reduction caused by oxidative
guenching becomes significantly smaller when TBACN is added into the
electrolyte owing tothe strong interactions between nucleophiN* and
electron deficient BTDThe detection oCN*using this system is sensitive and
selective offeringa promising route fo€N*sensing. The approach may also be

extended to otheEPsfor detection of other ions or molecules.
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5.Nanoporous CarbazoleBenzothiadiazole
Based Copolymer Electrode for
Electrofluorochromic Detection of Cyanide
Anion

5.1 Introduction

Conjugated polymergCPs) have been extensively investigated in the past
twenty years.Compared withchemical syntheticmethods, electrochemical
polymerization (electropolymerization) israelatively easymethodtowardsthe
prepaation ofthin films of CPs As a noncatalytic reaction, electropolymerization
offers good reproducibilityas the electrodepositiorprocess can beonveniently
controlled by thecurrent, potential, CV scan ratdaccumulatec¢hargeacross
the work electrodes well For electrochemical polymerization, no modification
for chemical structure of amomersis requiredto produce reactive sites, such as
halogen {Cl, -Br, -I), organotin {SnR;), and organoboronic acid or ester (
B(OR),). In addition, the electropolymerized polymer requires no further
purification process and could be directly under electrochemical and
spectroelectrochemical characterization. Other than convenient synthesis and
processing, electropolymerization leads to various morphologies of the polymer
thin film, either compact or loose structure, depending on the electrodeposition
conditionsuch as scarates and electrolyte formulations used, whereas solution
processed polymer thin filmsuch as casted or spooated films, usually exhibit

flat surfaceand compact structure. F&@&Ps loosely packed structure possibly
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facilitates ions insertion and eattion during redox processes and thmgy

enhancehe response speed upon external potential loaded.

As introducedoreviously cyanide is highly toxic for physiological systems and
brings serious environmental concerr@yanide containing salts are widespread
chemicals found irsurface waternot only from industrial waste baiso from
biological sourcesThus, freeCN* existing in aqueous solutions is the most
common state for cyanide pollutants. To make the detectiore mseful and
effective, the cyanide sensors should be designed to work in agueous environment.
In Chapter 4 we reported &arbazoleBTD basedEFC conjugated polymer that
was demonstrated for use @N* detection utilizingits EFC propertiesThe
detecton was conducted in electrolytes composed of organic solvent (0.1 M
LICIO4/ACN) and the detection systeoffers high sensitivity and selectivity
towardsCN* over other anions. Howevethis EFC polymer does not swell in
water due to its high hydrophobicity, and thus limits its cyanide sensing

application in aqueous solutions.

To address this issuéy this chapterwe reportedanother carbazoleBTD
basedconjugated copolymehat was sgthesizedvia electropolymerizationThis
copolymerwas designed for sensing towai@sl “in partialy aqueous solutionsa
electropolymerization of CPs may lead to nanoporous morphologlioaters
the diffusion distance fowater (and dissolvedCN? diffusing into the polymer
film with the help of ACN that could swell the polym&urthermoreat oxidized
state, the polymer may contain radical cagiand dicatios along the backbone

which could help to pull the nucleophilicCN* into the polymer. The EFC
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properties of this electrodepositgdlymer were studiedand its capability for
sensitive and selective detection ©N* was demonstratedin the electrolytes
using organic solvent (ACN) and mixed solvent ACAZHin different volume

ratios)
5.2. Experimental

5.2.1 Materials

Tetrabutylammonium hexafluorophosphate (TBAPB9%) was purchased
from Aldrich and used as receivetlhe otherchemicalsand solvenusedare the
same aseported in the previoushaptes. 4,7-Bis(6-bromo9-octylcarbazol3-yl)-
2,1,3benzothiadiazole Br £ BTD £ Br) was synthesizedusing the same

procedureasreported inChapter4.
5.2.2 Chemical and morphological characterization

'H and ®*C NMR spectra were recordedsing the sameBruker NMR
spectrometeand the same conditisras reportedn Chapter 4High Resolution
Mass Spectroscopy(HRMS) of the monomerwas measured by Finnigan LCQ
Mass Spectrometegize exclusion chromatography (SE&)alyses were carried
out on a Waters 2@9system using THF as eluent and polystyrene standards.
Absorption (ABS)and photoluminescence (PL) spectfthe polymer were
measured usindgilent Cary 5000 U\vis IR spectrophotometer and Perkin
Elmer LS55 fluorescence spectrometer, respectivBlyface morphology of &
electrodeposited polymer thin filnwvas examined using &dl JSM6340F field-

emission scanning electron microscope (FESEM).
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5.2.3 Monomer synthesis

To a 50 mL Schlenk tube,Br £ iBTD £ iBr (848.8 mg, 1.00 mmol)3-
hexylthiophene2-boronic acid pinacol ester (588.5 mg, 2.00 mmaliguat® 336
(0.15 g) and toluene (8 mL) were added. After all the compounds were dissolved,
NaCOs; aqueous solution (2 M, 6 mL) was added. Followed by degassing of the
mixture, Pd(PP})4 (11.6 mg, 0.01 mmol) was added and then the tube was sealed
using a rubber stoppebound by a cable strippeThe mixture was stirred and
refluxed at 110 € for 24 h. After reaction, the organic layer was separated and
then the solvent was removed undeduced pressure. The crude product was
purified over silica gel colmn chromatography using hexab&M (v/v, 3:2) as
eluent. Then monomer (HIC BTD £ HT) was obtained as orange solid (94%).
'+ 105 sspP |/ (VAR V  + s, 2H), G57 (&
4H), 7.47 (d, 2H), 7.24 (d, 2H), 7.02 (d, 2H), 4.39 (t, 4H), 2.73 (t, 4H), 1.96 (m,
4H), 1.66 (m, 4H), 1.24..30 (m, 32H), 0.88 (t, 6H), 0.81 (t, 6HJC NMR (ppm):
/ .3, 138.6, 133.7, 129.7, 129.128.4, 128.0, 127.8,
126.1, 123.6, 123.5, 122.0, 121.8, 109.3, 109.1, 43.8, 32.2, 32.1, 31.5, 29.8, 29.6,
29.1, 27.8, 23.0, 14.5. HRMS (ESI) m/z fogsH7sN4Ss: caled, 1022.5389; found,

1022.5388.

5.2.4 Electropolymerization,cyclic voltammetry and speacelectrochemical

characterization

The electrochemical polymerization was catrait in a threelectrode cella

beaker filled with 0.1 M tetrabutylammonium hexafluorophosphate
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(TBAPFgs)/propylene carbonate (PC) as electrolyte (with a small amount of
chloroform for fully dissolving the monomengsing indium tin oxide coated glass
(ITO glass,7 /sg as work electrodeRt foil as counter electrodédg wire as
reference and an Autolab PGSTAT302 as potentiostat. The monomes{HT
BTD £ HT) was dissolvedn the electrolyte at a concentration of 0.5 mM, and
then electropolymerized vi@V method. The CV scan was between 0 and 1.1 V
for 50 cycles at the scan rate 100 mV@yclic voltammogramsof the
electralepositecdpolymer film wasthenconductedn a thre-electrode cell using

0.1 M LiCIO4 dissolved in ACN (and ACN/ED in different volume ratiosas
electrolyte, the same counter and reference electrodes uaed for
electropolymerization, and the same potentiostat. The-upsetfor
spectroelectrochemical characterization is simdahat for CVtestsexcept that
quartz cuvetteand Pt wirevereusedto replacehe bakerland Pt foil, respectively
Absorption andPL spectra were recorded using the same Agilent Cary 5006 UV
vis NIR spectrophotometer and Perkin Elmer-&% fluorescence spectrometer,
respectively, under varying potentials provided by the same potentiostat. For both
electrochemical and spectroelectiemical characterization, the psecgderence
silver wire was calibrated vs. Fc/Fby dissolving ferrocene in the electrolyte

solution.

5.3. Results anddiscussion

5.3.1 Synthesis and structural verification
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The monomer HBC BBTD £ HT was obtained via Suzuki coupling reaction,

as shown in Schentel.

Schemeb.1 Synthesis route leading to the copolyniefPe.

The structure of the monomer has been verifiedHHyMNR spectrum and
HRMS. In the®H NMR spectrum (Figure 5.1a), the peak at 4.38 ppm corresponds
to the H atoms that are bonded to N atom in carbazo¥€K®), while the peak at
2.73 ppm corresponds to the atoms from CH that is directly bonded to the
thiophene ring (GCH,). The integration ratio of the two peaks is 1:1, which

coincides with the ratio calculated from the molecular structure o¥HBTD +
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C T, proving that the compound obtained is the moroneeded. In addition,

the HRMS result (as shown in section 5.2.3) further confirms the successful
synthesis. This compound shows good solubility in common organic solvents
such as chloroform, DCM and toluene. However, its solubility in PC and ACN is
not good. Thus, chloroform was added into the electrolyte (OIBMPFs/PC) at

a certain volume ratio to completely dissolve the monomer for

electropolymerization.

(@)
(b)

Figure 5.1 'H NMR spectra of(a) monomer (HBCBTD £ HT) and (b)
electrodepositeccopolymer EFPg, dissolved in CDGl Asterisk indicates the

peak of CDC.

The electrochemical oxidative coupling reaction between the monomers
creates linkageat 5position between thiophene ringigading to a conjugated
copolymer EFPg, which iscomposed ofHT £ 8BTD £ HT- repeating units, as
shown in Schemé.1. Broadened proton peaks il NMR spectrum ofEFPg

(Figure 5.1b), rather than sharp ones of monomer (Figure 5.1a), supports the
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successful coupling between monomer units as the broadened peaks are
characteristics of polymerdrigure 5.2 shows cyclic voltammogramsf the
electropolymerizationFor the first cycle, the oxidation peak appear at around
0.95 V corresponds to the oxidati of HT-C-BTD-C-HT at 5postion of 3
hexylthiophene units. In the subsequent cycles, increasing current densities
indicate the oxidative polymerization progress of the monomers that were coupled
WR | Redjugdied copolymers on the ITO glass. Reduatibthe oxidation

and reduction current densities onsets with increasing number of cycles reveals
the extension of effective conjugation length in the polymer bacKbphes
observed from the inset of Figure2&.that a shoulder peak at about 0.85 V
emerges since the second cycle. This shoulder should correspond to the radical
cation of the newly formed oligomer/polymer as it agrees with characteristic of
conjucated polymers containing 3c&rbazo|ﬂ and thus further confirms the
successful coupling of monomerattributed to the side alkyl chains from
carbazole ad HT units, the electropolymerized copolyni#tPe can be dissolved

in organic solvents such as chloroform, DCM, and toluene.

90



Chapter 5

Figure 5.2 Cyclic voltammograms fathe electrodeposition difO glassHT £ +
BTD £ iHT (0.5 mM) was dissolved in the electrolyte of 0.1 M TBAIPE, and

the scan rate was 100 mV/s.

It is important to note that the peak at 7.24 ppm (doublet, circled in Figure 5.1a)
that corresponds to H atom frompbsition of 3-hexylthiophene is weakened to
one with very low intensityas indicated by the ellipsén Figure 5.1b) for the
electrodeposited film. This directly indicates the successful coupling of monomers,
i.e., linkages are created apbsition between-Bexylthiophene rings. However,
it is worth roting that the peak at 7.02 ppfas indicated by the rectangle in
Figure 51b) that corresponds to-gosition of 3hexylthiophene is strongly
weakened, in comparison with the corresponding one in Fi§ura. This
phenorHQRQ LPSOLHV WKH HOHFWURFKHPLFDG SRO\PHUL]I

positony -SRVLWLRQ FRXSOLQJ UDauplhglwick gy H[FOXVLYH
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lead to crosslinked polymer chaﬁ. I"jl SEC measurement of the
electrodeposited copolymer gives the apparentberaverage molecular weight
Mn = 7,000 Da, with polydispersity index (PDI) 1.3&he SEC resultseveal that

on average a polymer chain contains around seven repeating units.

Figure5.3 shows UVwis absorptio{ABS) spectra oEFPt (solution and thin
film) andmonomer AT £ NSN A iHT) solution The polymer solution exhibits
a strong absorption band at 310 nm, a shoulder at 365 nm and another band at 440
nm. For the monomer solution, two absorption bands present at 310 nm and 440
nm, respectivelyAlso, the emergence of two absorption bands at 350 nm and 365
nm, respectively, is observed, albeit very wek.discussed irChapter 4, the
band at 350 nm is possibly due to the carba#tle interaction, for both
monomer and polymer solutia. And the band at 365 nm may also be attributed
to HT units, as this band f@&FPg is very strongprobably attributed to HHT
interaction wherethe HT units from the monomer, HEC BTD £ HT, are
bonded to one another. This further confirms the sucdeadsfttropolymerization

of EFPe.

Similarly, the thin film of EFPg shows anabsorption band at 315 nm, a
shoulder at 365 nm and another band at 450 nm. The absorption bands at 315 nm
for the thin film and 310 nm for the solut®rof polymer and monomer
correspond to carbazole segments, while the bands at 450 nm fiémtaad 440
nm for solutios are SUREDEO\ DWWHLEBEXWHGY WRDRE Rl &
moietﬁ The shoulder at 365 nm for thin film possibly asigecause of the

interactions between HT and carbazole yrassdiscussedn the last paragraph
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The thin film exhibits a obvious10 nmredshift for the band at 450 nfnom 440
nm (for the solution) toin comparison with the band at 440 nm for the solution,
probably due tdheinter- F KD @ &W D F NBTD X Rnbiycauseé by the

denser packing of fpgmer chains in the thin film.

Figure 5.3 Absorption spectra of the eleattepositedEFPe film, and the solution

of thatpolymer and monometissolved irchloroform respectively.

5.3.2 Effect of morphology on electrochemical properties

The surface morphology de copolymer filmselectrodeposited o O glass
electrodewas observed usinGfESEM. As shown in Figuré.4a and b, the
obtainedpolymer film exhibits granular and porous surface morphology. The
surfacemorphology ispossiblyaffected bythe electrolytesolvent To study the
effect of electrolyteo electropolymerization0.1 M TBAPFs/ACN (with a very
small amount of chloroforirE-ACN) wasprepared and usead compae with 0.1
M TBAPF¢/PC {with a very small amount of chloroforng-PC) and FESEM
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images (Figure5.4c and d) shows theurfacemorphology ofthe corresponding
polymer film obtained using this electrolyte Figure5.4, it is observed thahe
electrodeposited polymer film obtained fronrPE exhibits smoother surface with
more uniformgranules of smaller size (ca.1®&50 nm),compared with that
obtained from EACN (granule size: ca. 34800 nm) Thus, this result proves
that the surface morphology of the electrodeposited polymer film could be
affected by the electrolyte solventds the granuleformation is due to the
nucleationgrowth of polymer chais, the larger granule size for&CN indicates

that ACN is likely more faorable for polymer chain nucleati@md growth than

PC.

Figure 5.4 FESEM imagedor the surface oEFPg film electrodepositedisingE-

PC with magnification of (a) 10k and (b) 50k, and for th&ing E-ACN with
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magnification of (c) 10k and (d) 50kThe scan rate was 100 mVfer the

electrodepositioim each electrolyte.

Such nanoporous structure potentially facilities insertion and extraction of ions
across the polymer film, in particular, duritige redox process. However, in the
electrochemical test, the electrodeposited polymer film obtained fréh@CNE
could easily swell in the electrolyte (e.g., LIGIACN), followed by cleavage
and peeling off from the KD glass after a short time. Thestablity makes such
film not suitable for sensing applications. iFhs the reason why PC was
chosen for electrodeposition instead 6AEN. Furthermore, too large granule
would lead to a small surface to volume ratio, and therefore possibly reduce its
surface contact with analyte for cyanide detection. As a result, the sensitivity of

cyanide detection would be reduced.

Cyclic voltammograms of the polyméhin film electrodepositedn ITO glass
are shown in Figur®&.5a. It is observed thd&FP: shows an oxidation peak at
0.88 V, aweakshoulder at 0.76 V, and a reduction peak at 0.60Wb pairs of
redox peakgorresponding to the radiceation and dication states, respectively,
usually presenin cyclic voltammograms of CPs containingaikyl substituted
3,6-carbazole ™| For EFPg, only one pair of two redox peaks is obvious, while
the other pair is not, the second oxidation peak appears as a weak shoulder and
another reduction peak could not be observed which is probably too weak and
therefore overlapped by the main ofidwe shoubler oxidation peak is ~0.12 V
lower than the main one. Thiry smalldifference indicategn easy transition

from radical cation to dicatiostate It could be attributed to the electron acceptor
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BTD which is between two carbazole units and facilgadectron removal from
electronrich carbazole and thus reduces the oxidation potﬂmlhe anodic and
cathodic peak current densities agathstscan rate andquare root of scan rate
are extracted and plotted as Fig&:&b and c, respectivelyThe nearly linear
relationshipbetween the peak current densities and scan aaidnonlinear
relationship between the peak current densities squire root of scan rate
indicate that the redox behavior of the polymer is close to a-diffusion
controlled processThis is possibly attributed to the nanoporaisucture(as
revealed by Figureb.4) that probably facilitates mobility of ions acrogse

surface oEFPg film.

(@) (b) ©

Figure 5.5 (a) Cyclic voltammograms d&FPg film at different scan rates (10, 25,
50, 75 and 100 mV/s), diagram (@) peak current density versasan rate and (c)

peak current density versasan rat&?
5.3.3 Electrochromic and electrofluorochromic properties
Figure 5.6 shows theUV wvis NIR absorption spectra of the polymer under

various potentials and absorptitime profile of EFPe switched between two
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redox potentials. Upon oxidation, the absorption bands at 315 nm and 365 nm are
reduced, while the band at 450 nm remains almost the same intensity. Meanwhile,
two new bands arise at 660 nm and 900 nm, respectively. The dyalasoigion
spectrum(Figure 56b) reveals fast coloratio*4 s) and bleachind~1 s)in the

redox process. Thifast switchingmay result from thenangorous structure of
EFPe film (Figure 5.4), as such structure could facilitate ions insertion into and

extracton from the film and thus enhance the switchiegponse

(a) (b)

Figure 5.6 (a) UVwisdNIR absorption spectra oEFPg film in 0.1 M
LICIO4/ACN under different potentials and (b) absorptiime S U R | lh&bd=
900 nm) ofEFPg in 0.1 M LICIO4/ACN, switching between +0.9 V and.4 V

with 20 s per cycle.

EFPe is highly fluorescent, and the PL peak obtained by exciting at 450 nm for
thin film is located at 580 nmat neutral stategs presented by the black curve in
Figure5.7g. CBTD £ moieties are believed to play the role of fluorophores,
while HT units act as separators between these segmfamdsthe side alkyl
chains from carbazole and HT units probably help to reduce theelwdnnter
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FKD L@ @EW DRghNre%¥a and b showhe PL intensitiesof the polymer film
under increasing positive potential andecreasing negative potentials,
respectively as well as the dynamiswitching fluorescencespectra The PL
intensity of EFPg is gradually reducewith increasing positive potenti@Figure
5.78). This reduction startat 0.4 V, and reaches the maximanO0.7 V. It is
consistent with the CV results (Figuseba) that the oxidation becomes obvious
when the potential is over the onset oxidation potential at ~0.6 V. The
fluorescence could recover when negative potentials are loaded (Egbje
indicating the oxidative quenching is reversible. Additionafligure 5.7¢c shows
the repeatabilityof the quenching andecoveryof fluorescenceAs interpreted in
Chapter 4, thefluorescence quenchingf this polymer owes to the
electrochemical oxidation induced by external positive potefdjan oxidation
the photoexcited polymer chains undergo naadiative exciton decawyhich is
attribued to the formation of radicalation and dication in the conjugated main
chain, rather than radiative energy relaxatimading to thedepressionof PL

intensity.
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(a) (b) ©)

Figure 5.7 3/ L QW H&Q-¥ BW hhm) changef EFPE film with (a) quenching
and (b) recovery under different potentials; (c) PL intensitye profile of

switching between +0.7 V an#).8 V with 80 s per cycle.
5.3.4 Cyanide detection and possible mechanism

The cyanide sensing tests were performed with the spp®achasthatused
in Chapter 4The setup of the detection system is the same atubkad in the
previous chapterexcept the detection electrode. In this worthe as
electrodeposite@&FPg film on ITO glasswas used adetection electrodand0.1
M LICIO4/ACN was still used ageference electrolyt€R). The experiment
procedure of the cyanide detection tastwell as the rule of plotting normalized
intensity against potentigian be refeedto section 4.3.4 ilChapter 4In Figure

5.8, four normalized intensityl{l o) Potential(E) curves (symbolsy, ” x and z)
are obtained using reference electroly®e &ndR with differentconcentrationsf

CNZ 10%, 10® and 10* M, respectively
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(@) (b)

Figure 5.8 Normalized PL intensities fonitor = 580 nm) ofelectrodeposited
EFPe film as a function opotential, E. The curves in (a) were obtained with the
reference electrolyteR) containing different concentrations of TBACN (0,90
10® and 10* M), and that in (b) were obtained froRmiwith 10* M TBACN as
well asR + 10° M TBACN with/without 8 types of other TBAased anions

I S br 1T, ACOS, —an 5 eacn).
(OH® F* CI% Br® I£ AcO* NOs*and HSQ® 10° M each)

From Figure5.8a, it can be seen thasingreference electrolyteR) only, the
normalized intensity decreases with increasing positivenpiatedue to oxidative
guenching. However, witiR + TBACN, the normalized intensities are higher
than that without TBACN at all positive potentials (0.4, 0.5, 0.6 and 0.7 V),
indicating that the oxidative quenching is significantly weakened in the presence
of TBACN. When the potential is above 0.6 V, as low asvLTBACN could
induce an obviouseductionin normalized PL intensityAs discussed in Chapter
4, it probably results from the partial reduction caused by the interaction between

nucleophilic CN* and electron deficient BTD. It is also observed that the
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normalized PL intensity is highet higher TBACN concentratiofor the same
positive potential, i.e., higher concentration of TBACN leads to stronger
weakening effectowardsthe oxidative quenchig. Hence these I/lo £ curves
corresponding to different cyanide concentratioas be used as calibrations to
determine cyanide concentrations of otaealytes Similar to polymelEFPc, the

PL intensity ofEFPg film in the electrolytes containing TBACN could also be
completely recovered under negative potentials (Figu®a). Also, taken out
from R + TBACN (10* M) after cycling,washed in ACN, and inserted in®
again, the detection electrode exhibitesty smilar dynamic PLspectra(Figure
5.9b) to that obtainedinitially using R. It indicatesthat theCN* could be easily
removed from thaletectionelectrode and the interaction between cyanide and

BTD is anoncovalentghysica) and reversible process.

(a) (b)

Figure 5.9 PL intensitytime profiles (exc = 450 NM, monitor = 580 nm; switching

between 0.7 V and0.8 V with 80 s per cycle) dB) thedetection electrode iR
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+10* M TBACN, and (b)the detection electrode that had been taken out Rom

+10% M TBACN after cyclingand washed with ACN before this switching test.

As explained in Chapter 4, the cyanide detection performed by this system is
possibly attributed to theyanideBBTD interaction that is believed to be a
noncovalent (physical) and reversible procesfich are confirmed by
experimentsThus, this interaction is probakdytype of aniodE LQWHUDFWLRQV L |
energetically favorable necovalent interaction could exist beteen an
electropositive aromatic rinBTD) and a nucleophilic aniofCN?. The selective
detection towards cyanide may be attributed to the strong nucleophilic@iX of
and itstriple bond(compared with other anions such asaRd OH). The triple
bond may provide electre LFK & V\V W-ebPalehR nter@d®ad with
electrtoaGHILFLHQW & V\VWHP Rl %7' OHDG&INJahdWR FKDUJH

% 7' *@Einteraction) and hence weakening the oxidative quenching.

To verify theabovemechanism proposed, cyclic voltanetny of EFPg film
(Figure 5.10 was measured in the electrolytes used for cyanide detection. As
illustrated in Figures.10a, the peak oxidation potentiacreases with theyanide
concentrationThe oxidation potential OEFPg increaseswith the concentration
of cyanide probablydueto the partial reductiorinduced byCN**E LQWHUDFWLRQV
during the oxidation It is consistent with the fact that higher TBACN
concentration leads to higher PL intensity as previously discugsediding

some indirect evidende supporthe proposednechanism.
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The diagram combiningV KH S R @drihalizefl Whtensities obtainedhde
loaded potential a0.6 V as well as peak oxidation potentials (extracted from
cyclic voltammogramys as a function otyanide concentrations R + TBACN,
is shown as Figure 0b. It can be clearlyseenthat at the same oxidation
potential (0.6 V)used for cyanide detectiphigher cyanide concentratigives
higher normalizedntensity. Also,the peak oxidation potentiabtained from the
cyclic voltammogranalsoincreases with cyanide concentratidhus, in addition
to the EFC signals, CWffersanother signal to indicate the concentratioChf"

This could help to further improweliability of theCN *detection system.

(a) (b)

Figure 5.10 (a) Cyclic voltammograms dEFPg film in the electrolyteR andR

+ TBACN. The concentrations of TBACN used are®100° and 10* M,
respectively. (b) Plot of normalized intensities of the detection electrode under 0.6
V external potential in the electrolytes containing TBACN, against TBACN
concentration, and the peak oxidation potentials obtained from the cyclic

voltammograms at acan rate 25mV/s. The electrolytes ®f+ TBACN were
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used and the concentrations of TBACN were 0°1a0° and 10% M,

respectively.
5.3.5 Detection of cyanide ipartially agueousmedia

Since the EC copolymer has hydrophobic molecular structure, its thin film
does not swell in pure water at neutral state. As a result, it is unable to be
electrochemically switched to different redox states owing to the poor ionic
conductivity of the film. In additionthe CN* also could not diffuse into the
copolymerfilm and interact with théluorophore wherEFPe film is inserted into
an aqueous electrolyte. The polymer thus cannot be used for cyanide detection in
fully agueous media. However, at oxidized state fohmation of radical cation
and dication on the conjugated chains may provide the copolwitlersome
hydrophilicity, facilitating the swelling of the film to some extent. Thus, unlike
common hydrophobic€CPs that can only be used for fluorescent detectdn
cyanide in organic solvents, tHi$C conjugated polymeEFPe may provide the

possibility to detect cyanide artially aqueousolutions.

To verify thishypothesis, the electrolytes with mixed ACN angDHwhich are
miscible in whole concentration range, were attempted for cyanide det&dten.
electrolyte was prepared by dissolving 0.1 M LiCIOACN/H,0 with ACN/H,0O
volume ratios of 1:1 and 1:2, respectively, and the corresponding electrolytes
denotedas R* and R*2. R, R* and R*? were compared in the detection tests
and the results are shown in Figlrdl. It can be seen that at a certayanide

corcentration, similar PL intensitiesvere detected when using different
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electrolytes, implying tha®, R** andR'?could swell the polymer film talmost

the same extent. It is believed that ACN in the mixed electrolyte swells the
polymer and thus facttites CN* diffuse into the polymer film, while the
oxidation stateof the polymer also help to pulLN*inside Additionally, the
nanoporous structure of the polymer filmay createshort diffusion distance for
H,O as well as dissolve@N~ as discussed irestion 5.3.2 The above results
indicate that theconcentration ofcyanide from an aqueousanalyte can be
determined by mixing that analywgth a certain amount of reference electrolyte
and then using the mixed solution as the electrolyt&RC tests. Since the
amount of ACN required igelativelysmall (asrevealed byFigure 5.1 as well as

the previous discussipnthe detection limit would not be significantly affected.
Although the polymer still cannot be used for cyanide detection in fully aqueous
solution, it could perform the cyanide sensing6irf aqueous solutio (in the

presence of a small amount of ACN).

(@) (b) (©)

Figure 5.11 Normalized PL intensities fonitor = 580 nm) ofEFPe film as a
function of potential, EThe curves were obtained usitige electrolyte of 0.1 M

LiCIO4 in (@) ACN R), R + TBACN; (b) ACN/H,O (viv = 1:1,R*), R™ +
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TBACN; and (c) ACN/H,O (viv = 1:2,R*?), R'? + TBACN. The TBACN

concentrationsised ard.0®, 10° and 10* M, respectively

The cyclic voltammogramef the detection electrode in the mixed electrolyte
R*2 with different concentrations of TBACN were also measyfédure 5.2a).
Figure 5.12a shows that the peak oxidation potemtiaéleases with cyanide
concentration, which is similar to the phenomerabserved inR + TBACN
(Figure 5.10) and also revealedkigure5.13. Figure 5.13b also illustratdke
SRO\PHUTV QRUPDOL]J]HG LQWHQVLWLHY REWDLQHG XQGH
cyanide concentrations R'? + TBACN. As previously discussethe oxidation
potential of EPP increasesvith the cyanide concentration, which sobably due
to the partial reduction induced by BBEyanide interaction occurring during the

oxidation.

(@) (b)

Figure 5.12 (a) Cyclic voltammograms dEFPe film in the electrolyte®R*? and
RY2 + TBACN. The concentrations of TBACN used are®1a0® and 10* M,

respectively. (b) Plot of normalized intensities of the detection electrode under 0.6
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V external potential in the electrolytes containing TBACN, against TBACN
concentration, and the peak oxidation potentials obtained from the cyclic
voltammograms at acan rate 25mV/s. The electrolytesRif* + TBACN were
used and the concentrations of TBACN were 0,°100° and 1C0* M,

respectively.

To examine the limit of volume ratio of ;B in the partidy aqueous
electrolyte, he electrochemical properties BFPe in the electrolyte prepared by
dissolving 0.1 M LiCIQ in ACN/H,O with ACN/H,O volume ratio of 1:3 was
also characterizedrhe results show that the potential needed for the oxidizing
EFPe is very high, as revealed by the cyclic voltammogram in Figure 5.13. It may
be attributed to the much reduced ionic conductivity of Efée film, which
possibly results from the depressed swelling effect caused by the lower volume
ratio of ACN. Thus, tts detection system would not perform well towa@is*
detection.The higher oxidation potential may also lead to ewadation and

subsequent degradationEfPg.
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Figure 5.13 Cyclic voltammograms oEFPe film in the electrolyte 0f0.1 M

LiClO4in ACN/H,O with ACN/H,O volume ratio of 1:&t a scan rate 25mV/s.
54. Conclusiors

In summary, we have synthesized a novel conjugated copolymer via
electrochemical polymerization and this polynséows both electrochromic and
electrofluorochromic propertielt.exhibits high EC contrast at 900 nm, as well as
fast switching speed. Electioemical oxidation of the polymer leads to
significant fluorescence quenching when the potential is above 0.Bh¥.
reduction inPL intensity caused by oxidative quenchirig weakenedy CN*
added into the electrolyte, which is probably duethe strong interactions
between nucleophili€N*and electron deficient BTDUsing our designedCN*
detection sgtem, fluorescence intensities amgenching potentials providdual
signals,further supported by the change of peak oxidation potentialsirfedta

from cyclic voltammograms)ffering high sensitivityselectivityandreliability.
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More importantly, tis electrodeposited polymer could be used for detection of
CN*in largdy aqueousmedia.On one hand, itan be attributed to thEFPg

I L O Rdndporousstructure which may create short diffusion distance foiCH
(and dissolved CN. On the other handindthe formation of radical cation and
dication at oxidized stateon the conjugated chainthat may provide the
copolymer some hydrophilicityfacilitating the swelling ofEFPe film to some

extentwith the help of ACN
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6.Conclusions and Recommendations

6.1 Conclusions

In this work, three systems of novelarbazolebenzothiadiazokased
conjugated copolymers were synthesized with structures verified. The
electrochemical, EC and EFC properties of the copolymers were examined and
correlated to their structures. In addition, cyanide detection using the EFC
copolymers as the electrodes were demonstrated and the underlying mechanism
was investigated. In this chapter, the majadihgs of this work, as well as the
important contributions that this work has made in the field of electrochromism

and electrofluoroatomism of conjugated polymers will be reviewed.
6.1.1 Dualactivelayer complementary black ECD

The carbazolazuleneBTD conjugated terpolymersynthesized via Suzuki
coupling are found to exhibit high EC contrast in high energy band region of the
visible spectrum Electron deficient BTD facilitates electron removal from
polymer chain upon oxidation due to#® effect and thus results in slightly lower
oxidation potentials. The reduced oxidation potential leads to enhanced
electrochromic contrasts at reladly low potentials. A complementary blatix
trarsmissive ECD fabricated using one of the terpolymétg @s the anodic
coloring layer and PEDOT:PSS as the cathodic coloring layer could achieve CIE

black (CIELab coordinates: L* = 22.0, a*6=3, b* = 7.5) upon oxidation.
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As far as we know, this is the first reported daetivelayer complementary
black ECD. Moreover, the work may be extended to other electrochromic CPs

towards the fabrication of simple black ECDs.
6.1.2Electrofluorochromicsensor towards cyanide detection

The carbazoleBTD-based conjugated copolymerEFPc, synthesized via
Suzuki coupling is found to exhibit both EC and EFC properaé&$: was used
as the active component in EFC detection of*@Nthe electrolyte of 0.1 M
LICIOJ/ACN. The presence of CN DV ORZ DV 0 LQ WKH
significantly weakens oxidative fluorescence quenching and a higher CN
concentration leads to stronger weakening effiacaddition to high sensitivity,
EFPc also exhibits selectivity toward3N *over other anions such @H*and F:
Although OH® and F are also fairly nucleophilic, onfCN* has significant
interaction with oxidizedEFPc, based on our results. This may be attributed to

the stronger nucleophilicity &N *and itstriple bond.

A mechanism is proposed for this cyanide detection system. The recovered
fluorescence intensity induced by GiNay be attributed to the partial retioa of
EFPc at the oxidized state, which is probably caused by the interaction between
the nucleophilic CNand electredeficient BTD. This interaction is noncovalent
DQG UHYHUVLEOH S RAOv LiEedacti@h. AukiBaimdreheEiple

bondof CN*may provide electrorlJ LFK E V \V Wadv&entRnteragivowith

HOHFW

electronGHILFLHQW & V\VWHP RI %7' OHDGINJahdWR FKDUJH °

% 7' *@Finteraction) and hence weakening the oxidative quenching.
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To the best of our knowledge, thissthe first demonstration of Chetection
employing the EFC properties of a conjugated polym&a€C detection allows the
detection to be conducted at different redox states of the CP, and hence has the
potential to achieve higher sensitivity than thaffered by traditional
chemosensors. Thus, this EFC sensing approach offers a promising route*for CN
detection Moreover, it may also bextended to other CPs for detection of other

ions or molecules.
6.13 Electrofluorochromic cyanide detection ipartially aqueous media

Another EFC carbazoleBTD-based conjugated copolymer EFPg)
synthesized via electropolymerization is found to exhibit good EC properties,
VXFK DV KLJK FRQWUDVW DW EFRF EFPGs IDVW VZLWEF
also used as detection electrode for cyanide detection in the saraguenus
media (0.1 M LIiCIQ/ACN) and exhibits high sensitivity as well as €N
selectivity. In addition to dual EFC signals, the detection results are further
verified by the cycliovoltammograms which present the change of peak oxidation

potentials correlated to different concentrations of"CN

Different fromEFPc, the electrodepositeEFPg could perform CNdetection
well in partialy aqueous media, 0.1 M LiClQlissolved in HO/ACN (up to 2:1,
v/v). This may be attributed to the nanoporstrsicture of polymer filnbrought
by electrodepositiorgreating shortiffusion distance for HO and dissolve@N*

In addition,the formation of radicatations and dications along the conjugated

chains ofEFPe upon oxidationmay bring some hydrophilicity and hence also
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facilitate swelling of theEFPg film to some extent, leading to more interactions

betweerEFPg andCN*

This demonstration of EFC CNetction has been extended from the one in
norraqueous medium to partiialaqueous media with high fraction of water,

offering the possibility to determine Cisloncentation in fully aqueous media.
6.2 Recommendationgor further research

Nowadays, fluorescer@Psare commonly used for sensing. However, mostly
the detection isconducted in polymer solutions. The substance containing a
specific kind of ion is added and dissolved in the polymer solution and then this
ion would interact or red with the polymer, resulting in a certain change in
fluorescence intensity that signifies a certain concentration of that ahis.
thesis has demonstrated a new detection method @dt) that combines
fluorescence signals and electrochemical signals and could signify a certain
concentration of ion to be detected, offering a more convenient and reliable
approach. | believe that this detection approach couldkssextended to other
electofluorochromic CPs for detection of other ions or moleculeSome

recommendations for future research are present as follows:

(1) To investigate whether the introductionhgfdraphilic groups into the polymer

could help the sensing @ *in aqueous media.

The two EFC copolymerdiscussed in this thesis, which weaehievedvia
either chemical or electrochemical polymerization, are both hydrophobic. The

presence of ACN in the electrolyte would swell the polymer thin film and

113



Chapter 6

facilitate ions insertion and extraction duringgdox process. Heever, the
polymess donot work well for cyanide detection in pure aqueous environment, as
H,O could not swell it due to itsigh hydrophobicity. Our results show thide
detection process oEN™ could only be performed when the volume ratio of
ACN/water is higher than 1:2 in the mixed solution of ACN an@.HAs a result,

a possible approach is to synthesize an EFC copolymer that contains some
hydrophilic groups such asulfonate {SO;%, which couldfacilitate sweling of

the polymerin H,O. At the same time, the number of hydrophilic groups should
be controlled relatively smallOtherwisethe polymer maydissohe or partialy
dissole in H,0O, and thudose the sensingapability Schemes.1 demonstrates a

possible example of such EFC copolymer.

Scheme6.1 The structure of a proposed carbazBl€D-based EFC copolymer

(containing sulfonate group) which is possibly partially hydrophilic.

(2) To explorenovel EFC CPs witlncorporation ofother types of fluorophores

and their functionalities.
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The functionalfluorescent molecules which show specific interactions with
some certain ions, molecules, or dawlecules, could be incorporated to form
novel EFC conjugated copolymers to extend the EFC detection approach to the
many other areasn other words, the EF@etection system would amplify the
sensitivity offluorescentsmall molecules (often used chemosensorsprovide
both electrochemical and fluorometric signals, and thus lead to more sensitive and

reliable sensing.

For example, benzf,2-c;4,5cbis[1,2,5]thiadiazole (BBT) as a strong
electron acceptor, is often used to synthesiz#\ CPs that usually exhibit

fluorescence in NIR region. Therefore, BBT can be used to synthesize CPs that

exhibit electrofluorochromism in NIR regi@ EY With very similar

structure to BTD, BBT units in conjugated polymer chains are believed to be able
to interact withCN* as well and hence provide these CPs poteimiaEFC

cyanide detectiom NIR region.

Furthermore, most of the reported fluorometric chemosensors operate in the

IR° K U/

visible region and few examples work in the NIR regioff. '| The fluorometric

sensor with NIR response are probably useful in systems containingitablog
specie as the NIR electromagnetic waves may be less harmful to some
biomoleculesn comparison with UV or visible light due to its lower energlus,
such BBTFcontainingCPsthat exhibit EFCproperties in NIR region would be
promising materials for various applications, suxh ion detection andbio-

Sensors.
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