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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF CONJUGATED POLYMERS
WITH POLYHEDRAL OLIGOMERIC SILSESQUIOXANE PENDANT
GROUPS

Ertan, Salih
Ph.D., Department of Polymer Science and Technology
Supervisor: Prof. Dr. Cevdet Kaynak
Co-Supervisor: Prof. Dr. Atilla Cihaner

December 2017, 151 pages

In this thesis, a series of monomers covalently bonded to polyhedral oligomeric
silsesquioxane (POSS) pendant group was designed and synthesized. POSS group is
a hybrid organic-inorganic nanostructure with 1 to 3 nm diameter. POSS which has a
cage structure is mainly composed of silicon (Si) (at vertices) and oxygen (O) (in the
middle of the edge). POSS nanostructure can be modified through the vertices with
organic functional groups. POSS groups provide different properties, such as thermal
robustness, mechanical endurance, electrochemical stability etc. to the matrices in
which they are added. These groups are attached to the monomers chemically and the
possible effects of the POSS units on electrochemical and optical behaviors, thermal

stability and solubility of the polymers have been investigated.

Alkyl-substituted POSS cage is combined with 3,4-ethylenedioxythiophene (EDOT-
POSS), 3,4-propylenedioxythiophene (ProDOT-POSS) and 3,4-
ethylenedioxyselenophene  (EDOS-POSS). Chemical and electrochemical
polymerizations of EDOT-POSS monomer were achieved successfully and the
resulting polymers (PEDOT-POSS) were found to be soluble. Both chemically and

electrochemically obtained polymers are soluble in common organic solvents like
v



dichloromethane, chloroform, tetrahydrofuran etc. PEDOT-POSS has somewhat
higher band gap (1.71 eV with Ama= 618 nm) than its parent PEDOT (1.60 eV with
Amax= 627 nm) and as expected PEDOT-POSS exhibits higher optical contrast (74%
at 618 nm) and coloration efficiency (582 cm?C for 100% switching), lower
switching time (0.9 s), higher electrochemical stability (93% of its electroactivity
retains after 5000 cycles under ambient conditions) when compared to PEDOT.
Photocatalytic activity of PEDOT-POSS polymer on dye removal was also
investigated. When compared to parent PEDOT polymer, PEDOT-POSS showed
better performance on removal of dye in shorter exposure time to UV light. While
PEDOT can remove 95% of the dye in an hour, PEDOT-POSS can remove nearly all

the dye in the same period of time.

In addition, ProDOT-POSS was also polymerized chemically and electrochemically
resulting in soluble polymers (PProDOT-POSS). Both chemically and
electrochemically obtained polymers were completely soluble in common organic
solvents like toluene, dichloromethane, chloroform, tetrahydrofuran, etc. It is
possible to dope and dedope the polymers successfully in film and solution forms via
both chemical and electrochemical methods. Electroactive polymer film has a band
gap of 1.95 eV with a maximum absorption band at 555 nm. Also, soluble polymers
have a reddish orange emission centered at 605 nm in toluene solution. Furthermore,
PProDOT-POSS polymers have a percent transmittance change of 55% at 555 nm,
high transparency at oxidized state, low switching time (~1.0 s) and high coloration
efficiency (504 cm?/C for 95% switching).

Finally, electroactive EDOS-POSS monomer was successfully polymerized via both
chemical and electrochemical methods. The obtained polymer called PEDOS-POSS
was solution-processable and soluble in common organic solvents like
tetrahydrofuran, toluene, dichloromethane, chloroform, etc. PEDOS-POSS polymer

exhibited electrochromic behavior: pure blue when neutralized and highly

Vi



transparent when oxidized. When compared to the parent PEDOS (1.40 eV with
Amax= 673 nm), the polymer film has a somewhat higher band gap (1.50 eV with
Amax= 668 nm and 724 nm). Also, PEDOS-POSS exhibited high optical contrast ratio
(59%) and coloration efficiency (593 cm?/C for 95% switching) with a low switching
time (0.9 s) due to the presence of POSS cage in the polymer backbone. Furthermore,
the polymers exhibited fluorescent properties and exhibited a pinkish orange

emission centered about at 640 nm.

Keywords: Conjugated polymers, conductive polymers, Polyhedral oligomeric
silsesquioxane, POSS, 3,4-ethylenedioxthiophene, EDOT, poly(3,4-
ethylenedioxythiophene), PEDOT, poly(3,4-propylenedioxythiophene), PProDOT,
3,4-ethylenedioxyselenophene, EDOS, poly(3,4-ethylenedioxyselenophene),
PEDOS, electrochromism, electrochromic device, photocatalysis, dye removal.
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POLIiHEDRAL OLIGOMERIK SILSESKUOKZAN GRUPLARI ASILI
KONJUGE POLIMERLERIN SENTEZi VE KARAKTERIZASYONU

Ertan, Salih
Doktora, Polimer Bilim ve Teknolojisi Boliimii
Tez Yoneticisi: Prof. Dr. Cevdet Kaynak
Es Danisman: Prof. Dr. Atilla Cihaner

Aralik 2017, 151 sayfa

Bu tezde, kovalent bag ile bagli polihedral oligomerik silseskuokzan (POSS) sarkit
gruplar1 asili monomerler tasarlanmis ve sentezlenmistir. POSS grubu Inm’den 3
nm’ye kadar capa sahip hibrit organik-anorganik bir yapidir. Kafes yapisina sahip
POSS genellikle koselerinde silicon (Si) ve kenar ortalarinda oksijen (O)
atomlarindan olugmaktadir. POSS yapilarin koselerinden baglanabilen organik
fonksiyonel gruplar ile gesitlendirilebilir. POSS yapilar1 katildiklar1 matrise termal
dayaniklilik, mekanik dayanim, elektrokimyasal kararlilik gibi farkli 6zellikler
sunarlar. Bu gruplar monomerlere kimyasal olarak baglanmig ve POSS biriminin
polimerlerin elektrokimyasal ve optiksel davranimina, termal kararliligma ve

¢Oziiniirliige olan olas1 etkileri incelenmistir.

Alkil siibstitiieli POSS kafes yapis1 3,4-etilendioksitiyofen (EDOT-POSS), 3,4-
propilendioksitiyofen (ProDOT-POSS) ve 3,4-etilendioksiselenofen (PEDOS-POSS)
ile birlestirilmistir. EDOT-POSS monomerinin kimyasal ve de elektrokimyasal
yollarla polimeri (PEDOT-POSS) elde edilmis ve ilgili polimelerin ¢6ziiniir oldugu
bulunmustur. Hem kimyasal hem de elektrokimyasal olarak elde edilen polimerlerin
diklorometan, kloroform, tetrahidrofuran gibi genel organik ¢oziiciilerde ¢6ziiniir
oldugu goriilmiistiir. PEDOT-POSS (1.71 eV, Amaks= 618 nm) PEDOT’a gore (1.60
eV, Amaks= 627 nm) bir miktar yliksek bant araligina sahip ¢ikmistir ve PEDOT-
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POSS, PEDOT ile kiyaslandiginda beklenildigi gibi daha yiiksek optik zithik (618
nm’de 74%) ve renklenme etkinligi (582 cm?/C, 100% anahtarlanmada), daha diisiik
anahtarlanma siiresi (0,9 saniye), daha yiiksek elektrokimyasal kararlilik (normal
cevre kosullarinda 5000 dongii sonrasi elektroaktivitesinin %93’{inii korumustur.
Bunlara ek olarak PEDOT-POSS polimerinin fotokatalitik aktivitesi de
arastirtlmistir. Boya giderimi ¢alismasinda daha kisa siire mor Gtesi 1s18a maruz
birakilarak PEDOT ana polimerine kiyasla daha iyi sonug¢ verdigi gozlenmistir.
PEDOT polimeri 1 saat igerisinde %95 giderim saglarken PEDOT-POSS polimeri

boyanin neredeyse tamamini gidermistir.

Ayrica, ProDOT-POSS kimyasal ve elektrokimyasal olarak polimerlestirilmis ve
elde edilen polimerlerin ¢6ziiniir olduklari goriilmiistiir. Kimyasal ve elektrokimyasal
olarak elde edilen polimerler toliien, diklorometan ve kloroform vb. gibi genel
organik ¢oziiciilerde tamamen ¢oziiniirdiirler. Polimerlerin film halinde ya da ¢ozelti
halinde hem elektrokimyasal hem de kimyasal olarak katkilanmasi ve
katkilanmamas1 miimkiindiir. Elekroaktif polimer 555 nm maksimum sogurma band1
ile 1.95 eV bant araligina sahiptir. Coziiniir polimer toliien igerisinde 605 nm’de
merkezlenmis kirmizimsi turuncu emisyona sahiptir. Bunlara ek olarak PProDOT-
POSS polimeri 555 nm’de %55 yiizde gegirgenlik degerine, yiikseltgen halde yiiksek
saydamliga, diisiik anahtarlanma siiresine (~1.0 s) ve yiiksek renklenme etkinligine

(504 cm?/C, 95% anahtarlanma) sahiptir.

Son olarak, elektroaktif EDOS-POSS monomeri kimyasal ve elektrokimyasal
yontemler ile basarili bir sekilde polimerlestirilmistir. Hem kimyasal hem de
elektrokimyasal polimerlerin tetrahidrofuran, toliien, diklorometan ve kloroform vb.
gibi genel organik ¢o6ziiciilerde ¢6ziiniir oldugu gozlemlenmistir. PEDOS-POSS
polimeri nétr halde saf mavi, yiikseltgen halde ise oldukca saydam elektrokromik
davranim gostermistir. Ana PEDOS polimeri (Amaks= 673 nm’de 1,40 eV) ile
kiyaslandiginda PEDOS-POSS polimeri (Amaks= 668 nm and 724 nm’de 1,50 eV) bir
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miktar yiiksek bant araligmna sahip oldugu gozlemlenmistir. Polimer iskeletinde
bulundurdugu POSS kafes yapilar1 sayesinde PEDOS-POSS %59 optik zitlik, %95
anahtarlanmada 593 cm?/C renklenme etkinligi ve 0,7 saniye anahtarlanma siiresine
sahiptir. Ayrica polimer pembemsi turuncu emisyon ile floresan Ozellik de

gostermistir.

Anahtar Kelimeler: Konjiige polimer, Iletken Polimer, Polihedral oligomerik
silseskuokzan, POSS, 3,4-etilendioksitiyofen, EDOT, poli(3,4-etilendioksitiyofen),
PEDOT, poli(3,4-propilendioksitiyofen), PProPOT, 3,4-etilendioksiselenofen,
EDOS, poli(3,4-etilendioksiselenofen), PEDOS, elektrokromizm, elektrokromik

cihaz, foto-kataliz, boya giderimi.
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CHAPTER1

INTRODUCTION

Organic polymers or plastics had been known as poor electronic conductors and
excellent insulators so that they have been used as insulators in any electrical and
electronical applications. After a discovery demonstrates that the electrical
conductivity of organic conjugated polymers can be increased in significant order
through oxidation and reduction, an interesting phenomenon uprose that the idea of
possibility of producing plastics as conductive as metals is not a dream anymore [1-
4]. A material, called as a synthetic metal [5], with flexible character and metal
conductivity created a new field of application named as “Organic Electronics”
which contain electrochromic devices, organic photovoltaics, organic and polymer
light emitting diodes and sensor, etc. [6-12].

1.1 Conjugated Polymers

The interest on conjugated polymers showed a sharp peak after the discovery of
Nobel Laureates Heeger, MacDiarmid and Shirakawa [13, 14] but to construct a
solid background, it is necessary to mention about the forerunners of the field.
Letheby accomplished to produce polyaniline electrochemically and showed that the
powder polyaniline is colorless at reduced state and blue at its oxidized state [15].

After Letheby, Buvet and Jozefowicz carried out detailed studies and succeded to



produce polyaniline in emeraldine form by chemical oxidative polymerization [16,
17]. Besides polyaniline, polypyrrole was introduced to literature by Donald Weiss
as it is synthesized from its halogenated form [18]. Poypyrrole products were
insoluble black powder with good conductivity and resistivity [19]. In the same
period, Natta managed to produce polyacetylene, using a coordination catalyst which
is used to polymerize ethylene and propylene. In 1960s, semiconductor behavior of
polyacetylene was revealed by treating it with different dopants such as boron

trifluoride and ammonia [20-22].

In 1970’s, Shirakawa, Heeger and MacDiarmid studied concurrently on improving
the conductivity of polyacetylene film by the halogen vapor exposure resulting in an
increase over a 12 order of magnitude [23]. There are some different oxidizing and
reducing agents introduced by other research groups to get highly conductive
polyacetylene films [24,25]. However, troubles stemming from high reactivity and
handling problem of the chemical dopants made these methods not applicable for
polyacetylene polymers. After a short time, Diaz et al. succeeded to produce
polypyrrole film electrochemically and showed that the film is air stable with the
conductivity of 100 Q'em™ [26, 27] by benefiting from Dall’Olio’s findings. On the
contrary to Dall’Olio’s powdery in soluble precipitate, the film could be peeled off
from the surface of the platinum electrode [28]. This method also showed not only
the electrochemical polymerization of pyrrole onto electrode surface is achievable
but also the electrochemical characterization of the film (switch between neutral and

oxidized states) is possible on the electrode.

In today’s knowledge, creating a conducting polymer having desired band gaps,
soluble, stable and high performance is possible. Chemical architecture can be
designed according to the need for the applications like electrochromic devices,
polymer light emitting diodes, organic photovoltaics, organic field effect transistors
and sensors etc. [1, 4, 6-12, 29-32].
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Figure 1.1. Common and mostly used conjugated polymers from the literature.

1.2 Band Gap Theory

Conduction characteristics of insulators, semiconductors and metals have been
described by band gap theory. Theory defines the band gap (Eg) as the difference
between Lowest Unoccupied Molecular Orbital (LUMO) which is named as the
conduction band and Highest Occupied Molecular Orbital (HOMO) which is named
as the valence band. Metals have excellent electrical conductivity since band gap or
energy gap in metals is very low (E4~0) or they have extra electrons in valence band.
The band gap in semi-conductors is close enough to get reasonable conductivity (Eg<
3.0 eV) with a small push for electrons to reach valence band. However, in insulator
case the energy gap is large (Eg> 3.0 eV) and due to that electron movement from

conduction band to valence band is not possible. [33]



In organic semi-conductors band gap depends on effective conjugation length. While
the conjugation length increases which means addition of repeating units to polymer
backbone, the difference between HOMO and LUMO level decreases due to the
formation of new energy levels (m-n* orbitals). Figure 1.2 shows newly formed
molecular orbitals by monomer addition to the backbone and hence the emerging of

valence and conduction bands.
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Figure 1.2. Molecular orbital and band formation during polymerization.

The gap between energy bands can generally be determined in two different ways via

electrochemically or optically. In electrochemical way, the potentials for removal of

an electron from HOMO and the arrival to LUMO level are determined [34-36].

Another and more common method for the band gap calculation is through
4



determining electro-optical behavior of the neutral state of the conducting polymer.
In electronic absorption spectra, the energy gap between HOMO and LUMO is

specified as the onset point for the w-* transition [37].

The population of electrons in the empty conduction band can be increased by
exciting the electrons with thermal or photochemical interventions to overcome the
band gap. In order to do this, chemical or electrochemical doping can be applied to
semiconductors and hence better conductivity can be achieved. During doping

process, charge carriers, which are named as holes and electrons, are generated [38].

1.3 Doping Process

Doping process occurs by injection and ejection of charges upon disturbing the
structure of conducting polymers (CPs) resulting in creation of a hole and an
electron. If there is a removal of an electron from the material, it is called as p-type
doping and if there is an addition of an electron, it is called as n-type doping (Figure
1.3).
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Figure 1.3. Cyclic voltammograms of n- and p-doped Poly(4,7-di-2,3
dihydrothieno[3,4-b][1,4]dioxin-5-yl-2,1,3-benzoselenadiazole) film in
tetrabutylammonium hexafluorophosphate in dichloro methane solution at different

scan rates [39].

The study on conductivity of polyacetylene by exposure to iodine proved that the
conductivity of conjugated polymers can be increased in significant orders upon
chemical doping. Chemical doping can be achieved by the exposure to 15, Br,, SbFs
[40] etc. and the rate of doping can be kept under control by changing the parameters
like concentration of dopant or exposure time to dopant. On the other hand, after a
time chemical doping started to seem as a problematic method in utilizing the
conducting polymers due to the high reactivity and handling problems of dopants.
These problems drove scientists to find a better way to dope conducting polymers

and finally Nigrey and coworkers showed that reversible electrochemical doping of
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polyacetylene is achievable. [41] In addition to that, Diaz et al. performed an
experiment and accomplished not only the reversible switch between the neutral and
oxidized state of the polymer, but also electrochemical polymerization of a

heterocyclic polymer “polypyrrole” [26, 27].

Figure 1.4 shows the allowed electronic transition states in poly(3,4-
ethylenedioxythiophene) (PEDOT) occurring during doping. When the polymer is
oxidized, electron movement starts from valence band of the conjugated polymer
resulting in a formation of a radical cation (polaron). This process induces the
creation of half-filled polaron levels between valence and conduction bands.
Oxidation of the conjugated polymer by doping causes changes in the molecular
structure at the same time due to facilitated charge transfer along the backbone, and
the resulting geometry is called as quinoid-like structure. In order to preserve the
electroneutrality, anions start to diffuse into conjugated polymer film. Further doping
causes more electron ejection from the polymer chain and hence dications
(bipolaron) are formed. While polaron formation continues upon doping, the

generation of new energy levels between valence and conduction bands increases.
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Figure 1.4. Doping mechanism and polaron and bipolaron formation on poly(3,4-

ethylenedioxythiophene).

During doping process, optical changes in the polymer film accompany the chemical
changes as well. As shown in Figure 1.5, when oxidation starts, a significant
decrease is observed from 400 nm to 700 nm, which corresponds to the creation of
charge carriers (polarons) in PEDOT polymer chain, and by further oxidation a peak
arises beyond 800 nm, which is related to the creation of low-energy charge carriers
(bipolarons). PEDOT exhibits dark blue color at neutral state with a band gap of 1.65

electron volts (eV) and starts to bleach upon oxidation to give sky blue color.
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Figure 1.5. UV-Vis spectra of PEDOT polymer film under applied external potential

in 0.1 M tetrabutylammonium hexafluorophosphate /acetonitrile.

1.4 Band Gap Engineering

The band gap of conjugated polymers depends on certain parameters involving
intramolecular and intermolecular interactions. While intramolecular parameters
stem from substituents composing polymer chain and the stereochemistry of the
functional groups on the chain, intermolecular parameters are the result of
interactions between chains. In a nut shell, these parameters are the manifestations
resulting from interchain interactions, aromatic resonance energy, substituents, bond

alternation and coplanarity deviation [42].

Bond length alteration arises from the difference in the length of single and double

bond. It can also be defined as the density of aromatic and quinoid character in the
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conjugated polymer chain. When compared to aromatic form, quinoidal form
exhibits lower band gap [43,44]. More specifically, heterocyclic conjugated
polymers such as polypyrrole and polythiophene have nondegenerate ground state

forms including both aromatic and quinoid structure.

Coplanarity deviation results from the twist of the single bond connecting the
aromatic rings. The rotation around the single bond bridging the aromatic rings
prevents the m orbitals from overlapping which causes a decrease in the effective
conjugation length. A decrease in the effective conjugation length is fundamentally a
reason for an increase in the band gap [45-49]. In order to overcome this, to an
aromatic monomer like polythiophene a flexible side chain groups can be attached
[50]. However, if the regioregularity trough the polymer chain cannot be obtained,
the deviation in the planarity increases due to the steric interaction resulting in an

increase in the band gap.

Resonance energy of the monomer is another key point especially in the case of
poly(aromatics). The changes in the aromaticity originating from resonance are the
challenge between m-electron delocalization through the polymer chain and their
confinement in the aromatic ring. Consequently, an increase will be observed when
the resonance stabilization energy increases which causes a decrease in the

delocalization of n-electro [51].

It also known that electrochemical and optical properties of conjugated polymers
depend on the interactions between polymer chains. The band gap can shift
significantly when strong m-Stacking interactions are observed regarding the relative

orientations of the neighboring polymer chains [52,53].

One of the most important parameters is the inductive and mesomeric effect of
substituents for band gap engineering. As it seen in Figure 1.6, introduction of
electron withdrawing substituents decreases the LUMO level energy and hence

causes a reduction in the band gap energy. In addition to that, electron donating
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groups increase the HOMO level energy, which causes a decrease in the band gap as

well.

LUMO LUMO
A
LUMO
Eg e-donating e-withdrawing
- E. — >
substituents 9 substituents Eg
HOMO
\
HOMO HOMO

Figure 1.6. Substituents effects on the HOMO and LUMO level energies.

The substituent effect allows scientist to tune the band gap of conjugated polymers
by playing the HOMO and LUMO level energies. One of the best examples showing
donor substituents effect is poly(alkylenedioxythiophenes) (PXDOTs). By
introducing oxygens on thiphene ring from 3- and 4- positions with an alkyl bridge
on top, lone pair electrons can start flowing to thiophene ring. Consequently, a
decrease is observed in the band gap following the raise in the HOMO level. In
addition to that, oxidation onset potential of PXDOTs compared to thiophene shifts
to lower potentials. For example, for neutral PEDOT, HOMO level energy is at -4.1

eV and band gap energy is around 1.65 eV.

PEDOT is one of the most important and mostly used polymers in the conducting
polymer family. PEDOT exhibits superior properties when compared to thiophene

and most of its derivatives. PEDOT has high conductivity, relatively low HOMO
11



level and band gap energy, optical reversibility, high stability at doped state,
remarkable stability against air humidity and durability over multiple switches, etc.
However, PEDOT polymer is not soluble in organic solvents and water and this
problem limits its use in industrial application like spray coating ink printing and
spin coating [54].

In order to overcome solubility problem of PEDOT, there are some methods utilized
like functionalization of the ethylene bridge with alkyl chain and facilitating different
surfactants and dispersants (e.g. polystyrenesulfonate (PSS’)). [55-58]
Functionalization through the bridge causes some changes in the electrochemical and
optical properties of the obtained polymers [55,58]. Moreover, PSS™ containing
PEDOT which is water-soluble may contain excess immobilized counterion
preventing PEDOT from reducing fully to its neutral form. This limits utilization of

PEDOT as an active material in electrochemical devices.

1.5 A Different Type of Heterocyclic Polymers; Polyselenophenes

As it is stated above, the band gap of the polymers can be tuned by different
approaches. One of these approaches is the replacement of the heteroatom in the
heterocyclic polymer backbone. EDOT and its derivatives were discussed in the
previous section. The sulfur in the heterocyclic thiophene group can be replaced with

different atoms such as selenium [59-62] and tellurium [63-66].

Selenium atom provides some different properties when compared to sulfur.

Selenium with more-metallic character has larger atomic radius and lower

electronegativity and shows greater polarizability. These properties created an
12



expectation that the possibility of producing a superior heterocyclic monomer and as
a result production of a new class of conjugated polymers [67]. After the obstacles in
producing selenophene derivatives were overcome, different types of
polyselenophenes were synthesized and used in different applications. Results
showed that the replacement of sulfur with selenium atom caused electrochemical
and optical changes in the corresponding polymers. Polyselenophene derivatives
provide better interchain charge transfer because of Se-Se interactions which allows
more charge accommodation during doping. As a result the band gap is lowered and
due to this reason the optical properties of polyselenophenes differ from
polythiophenes. In addition to that, the quinoid structure is favored in
polyselenophenes which have shorter distance (C-C bond length) between
selenophene rings resulting in greater twisting energy when compared to
polythiophenes. Furthermore, due to the lower aromaticity of selenophene ring,
polyselenophenes have a tendency to show lower redox potential than
polythiophenes [68-73].

As mentioned above, like PEDOT, poly(3,4-ethylenedioxyselenophene) (PEDQS)
has a solubility problem. It is found that electrochemically synthesized PEDOS is not
soluble in common solvents. Agad et al. showed that chemically synthesized PEDOS
is moderately soluble in common organic solvents which indicates that resulting
product contains relatively short oligomers [74]. To overcome this insolubility
problem of PEDOS, Bendikov et al. produced a series of EDOS derivatives (EDOS-
Cn where n=2, 4, 6, 8, 12) by integrating alkyl chains with different chain lengths
(Figure 1.6). They investigated the effect of chain length on electrochemical and
optical properties of the resulting polymers. PEDOS-C¢ showed the best results with
high optical contrast (AT= 89%), high coloration efficiency (CE= 715 cm?%C) and
highly promising optical stability (60% after 10000 cycles) [75,76]. Unfortunately,
they couldn’t successfully synthesized soluble polymers.

13
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Figure 1.7. Synthesis and polymerization of EDOS-Cn derivatives [75,76].

1.6 Conducting Polymer Nanocomposites

Due to the promising results obtained from nanotechnology applications,
nanomaterials gained the attention of polymer scientists. Polymer nanocomposites
consisting of polymer matrix and the nano-sized filler can show superior properties
when they compared to their neat analogues. Conducting polymer nanocomposites
can be prepared by direct blending or in situ synthesis of polymer. They contain
nano-fillers such as single or multi-walled carbon nanotubes, fullerene, graphene,
metal or ceramic nanoparticles. By addition of these nano-fillers, these novel
polymer nanocomposites have gained great attention since they exhibit advantages
like good electroactivity, tunable band gaps and good processability [77-79].

One of the most studied nano-fillers is carbon nanotube which is known as one-
dimensional filler. Addition of carbon nanotubes to conducting polymers for example
polyanilines, polythiophenes and polypyrroles has been found to show quite good
enhancements due to electronic interactions among the components. Polyaniline
prepared by in situ polymerization [80,81] and polythiophene analogue attached
covalently to carbon nanotubes [82] exhibited higher conductivities. In addition,
polypyrrole coated carbon nanotubes [83,84] showed enhanced charge capacity
which allows them to be used as capacitors and high performance electrodes for

rechargeable batteries.
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Fullerenes are nano-fillers with different incorporation on conducting polymers such
as side-chain, main-chain, star-shaped, crosslinked and so on [85]. One of the most
important usages of fullerenes is utilization as acceptor unit in bulk-heterojunction
solar cells. Yu et al. showed that by blending fullerene, as an accepetor unit, with
(poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene  vinylene)), the incident
photon to electron conversion efficiency achieved to raise 10 fold when it is

compared to conventional donor—acceptor bilayer devices [86].

Graphene is a two-dimensional carbon nanofiller with a thickness of an atom.
Graphene has been used as nano-filler for conducting polymers in various
applications such as energy storage, sensors, high temperature electrodes and organic
photovoltaic applications like solar cells [87]. Zhao and his collogue showed that
graphene containing PEDOT, polyaniline and polypyrrole exhibited superior
capacitive performance [88].

Metal nanoparticles with one dimensional character have been used to add different
properties for conducting polymers. Ti, Ni, W and Ir as oxides and Ag and Au as in
metallic form were utilized as metal nano-fillers in electrochromic conductive
polymers. For example, Au-CdSe nanoparticle containing PEDOT nanocomposite

exhibited higher coloration efficiency and faster kinetic response [89].

Another nano-filler is polyhedral oligomeric silsesquioxane (POSS) which has been
used in different applications of conducting polymers. The thesis is about POSS
containing conducting polymer so it is a necessity to open a new sub-chapter for this
topic.

1.6.1 POSS Containing Conjugated Polymeric Nanocomposites

Silsesquioxanes are nano-size materials with RSiO; 5 simple formula where R can be
hydrogen atom, alkyl, alkylene, acrylate, hydroxyl, epoxy etc. functional groups.

Silsesquioxanes are named as random, ladder, incomplete and complete cages
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(Figure 1.8) according to the number of Si atoms and the arrangement of these atoms
in space [90-94].

Inorganic POSSs with silicon-oxygen inner-center have 1 to 3 nm sizes and
modifiable organic side groups. Due to these properties, they are accepted as one of
the most suitable nano-fillers. The side functional groups on POSS unit can be
modified according to any purpose. Moreover, by these functional groups the
compatibility with the matrix that they are intended to mix can be increased. POSS
units can be added directly to the matrix or can be attached to the structure by the
help of covalent bonds [90,93,94]. Figure 1.8 represents the possible architectures of
POSS with different functionalities. As it is mentioned above, POSS can be used as it
is in the network or polymer chain matrix without any bound. It can be modified to
have one functional side and it can be used as an endcap group and also it can be a
pendant group attached to a polymer chain. Moreover, POSS can have two functional
side groups which enable it to be used like bead on a polymer chain. Furthermore,
POSS can be modified from all its corners to have a star-like geometry and from

those points it can be polymerized in network structure [90,93,95,96].
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Figure 1.8. Different arrangements of POSS units: a) Random, b) Incomplete cage, ¢)

Ladder and d) Complete cage.
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Figure 1.9. POSS functionalities used in polymer matrix.

POSS units introduced into the polymer matrix with physical or chemical
interactions have abilities to enhance varieties of properties. For nearly all polymer
matrices, they can affect thermal behavior like increased glass transition [97] and
decomposition temperature [98], reduce viscosity [99], change mechanical behaviors
like modulus and strength [100], reduce flammability [101], increase gas
permeability [102], increase oxidation resistance [103], provide hydrophobic
property [104], etc. Specific to conducting polymers, there are many studies showed
that the incorporation of POSS wunits exhibits improvements in thermal,

electrochemical and optical stability [90, 93, 97, 105, 106].
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There are lots of studies conducted on conjugated polymers due to their potential
high fluorescence quantum efficiency on light emitting diodes applications.
However, there is a tendency of aggregation and/or excimer formation between
chains during device applications for some soluble conjugated polymers. As it
known, although polyfluorene type polymers have been used for blue light source in
light emitting diodes, they exhibit undesired green light emission (keto effect)
because of the oxidation occurring on thermally unstable polyfluorene backbone. In
order to overcome this problem, Chen and Shim realized the integration of POSS
unit on polyfluorene backbone resulting in reducing the formation of aggregates and
increasing the thermal stability. Resulting POSS/Polyfluorene (Figure 1.10(a)) based
electroluminescent devices showed twice better performance when compared to neat
polyfluorene containing devices [107]. In this study, it is concluded that the
integration of POSS groups on polymer backbone is not only significantly reducing
the aggregation but also increasing the thermal stability. As in Chen’s study, Shim et
al. showed that the presence of bulky POSS units (Figure 1.10(b)) reduced the

aggregate/excimer formation since they prevented the interactions between chains.

sy ©

(a)

H3C=Si=CHy

O,
n *POSS POSS

(b)

Figure 1.10. POSS containing polyfluorene derivatives synthesized by Chen et al.
and Shim et al. [107]
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In literature, there are some studies related with the effects of POSS units on
polyaniline. polyaniline copolymers (Figure 1.9) obtained in star-like structure by
facilitating each corner of POSS unit showed higher ionic conductivity than that of
polyaniline because POSS units among the copolymer chains allows faster ionic
diffusion by increasing the distance between the chains [108,109]. Also, it is found
that these copolymers exhibited 40% enhancement in optical contrast when
compared to polyaniline. In addition to those, POSS units in the center of star-like

polyaniline copolymers showed improvement in the electrochemical stability.

Polyaniline—
Mﬂrﬂ"
(NH),S,05 ™, A --0-5-|:m‘-| % z

POSS-Polyaniline copolymer

Figure 1.11. Star-like POSS based polyaniline copolymer synthesized by chemical

polymerization, POSS-Polyaniline.

In another study, Toppare et al. synthesized a hybrid monomer containing POSS unit
and thiophene containing organic functional groups (Figure 1.12) but they could not
achieved to polymerize it [110]. The copolymer of this material with pyrrole was
synthesized and this copolymer showed higher optical contrast ratio and faster

switching time when compared to polypyrrole.

19



N -
N 3 N =N
:©5i/°\S|g N0
/ N o. / @ 5
‘3@?5&— o—>si 0N 0 CuBr, m \o \%r—J
" i N, o/ ? N + 88z 0 N N o X s;. —S|R
3 —_—
S 7 S THF (dry) , 25°C, 41 h. 0 °
/@SI\ SI\O /
N. o A R
2 \Si\o/& RS o
@ @ 50\0/51
N3 N3 Ry

Figure 1.12. Synthesis of POSS and thiophene containing hybrid monomer.

Heeger et al. used POSS units as end-capping reagents in two different polymers
poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) and poly(9,9-
dihexylfluorenyl-2,7diyl) (Figure 1.11) [106]. Device application results showed that
POSS containing polymers have better thermal stabilities without showing any
difference in absorption, photoluminescent and electroluminescent spectra when
compared to parent polymers.  poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene) polymer exhibited higher brightness and external quantum
efficiency. poly(9,9-dihexylfluorenyl-2,7diyl) also showed higher external quantum

efficiency and improved blue electroluminescent emission.

Figure 1.13. Structural appearances polymers (a) poly(2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene) and  (b)  poly(9,9-dihexylfluorenyl-
2,7diyl)end-capped with POSS units.
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In a recent study, octa-ProDOT-POSS (Figure 1.14) unit was synthesized and its
PEDOT copolymer was characterized and studied [111]. Homopolymer of this unit
could not be achieved. It was shown that PEDOT-co-ProDOT-POSS copolymer
exhibited slightly increased impedance and significantly increased electrochemical
stability on metal electrodes even with a quite low octa-ProDOT-POSS molar ratio.
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Figure 1.14. Synthesis of octa-ProDOT-POSS unit as crosslinking agent [111].

1.7 Photo-Catalysis Application of Conjugated Polymers

Heterogeneous photo-catalysis is one of the attractive methods when their promising
potential in energy and environment issues is taken into account. Among the many
others, it can be stated that photocatalytic process is one of the effective mechanisms
for organic pollutants elimination. This process has an ability to yield good results
under ambient conditions such as room temperature by using sunlight as energy

source and due to these reasons photocatalysis can be considered as a good choice
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[112]. Up to now, metallic precursors like Ga, In, Nb, Ta, W and Bi have been used
with or without TiO, support [113-115].

Due to the potential application areas and the promising results, the search for a
cheap and sustainable photocatalyst has been going on. Besides metallic ones, there
are many studies to develop an organic photocatalyst due to their advantages such as
low production costs, availability of resources, and the capability of absorbing light
[116].

Conjugated polymers have ability to absorb both visible and ultraviolet light due to
presence of unsaturated bonds on their backbone. In addition to that linear
conjugated polymers having band gap values ranging from 2.0 eV to 5 eV depending
on the conjugation length can be good candidates for ultra violet and visible light

photocatalytic applications [117].

22



1.8 Aim of Study

Because of its properties and promising applications like organic light-emitting
diodes, organic photovoltaic devices, electrochromic displays and devices,
transistors, chemical sensors, PEDOT has attracted the interest of many scientists.
Today, many research papers and patents have been published on the synthesis and
applications of PEDOT and its derivatives. It can be easy to understand its
importance in chemistry and material science areas by searching on ‘PEDOT’ in the
search engine Web of Science (date: December 14th, 2017). There were more than
10000 published works cited more than 200.000 in 2017.

PR T T N SO T VAN N SO S S|

Figure 1.15. The growth in the annual numbers of research publications on poly(3,4-
ethylenedioxythiophene) (PEDOT) (left-hand graph), and the number of citations to
papers (right-hand graph), as obtained by searching on ‘PEDOT” in the search engine
Web of Science (date: December, 2017).

On the other hand, in this study, as it is mentioned above in order to remove
insolubility problem, to make PEDOS polymer more advantageous than PEDOT and
to favor the research on PEDOS to be able to make it a real competitor to take the

place of PEDOT, PEDOS must be soluble in common organic solvents.
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With the help of alkyl substituted POSS units, chemically and electrochemically
synthesized polymers called PEDOT-POSS, PProDOT-POSS and PEDOS-POSS
(Schemes 1.1 and 1.2) will not only be soluble but also will be possible to create
some gaps between polymer chains due to the presence of nano sized POSS cages.
By the help of these gaps it will be easier to enter counter ions in the polymer
structure. Therefore, when compared to the parent aromatic rings, it will be possible
to get the polymers with higher optical contrast and coloration efficiency as well as
shorter switching time since ion injection into the polymer structure will be much

easier during doping process.
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Scheme 1.1. Chemical structures of the target monomers.
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Scheme 1.2. Chemical structures of the target polymers.
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CHAPTER 2

EXPERIMENTAL

2.1 Materials

3,4-dimethoxythiophene, 3,4-ethylenedioxythiophene, Se powder, sulfuryl chloride,
anhydrous sodium acetate (NaOAc), p-toluenesulfonic acid, tetrabutylammonium
hexafluorophosphate (TBAH), Tetraethyl orthosilicate and (3-
Aminopropyltrimethoxysilane and all the solvents were obtained from Sigma
Aldrich and used as received. Iron(lll)chloride was obtained from Riedel-de Haén
and Cobalt(ll) chloride 6-hydrate was obtained from Surechem. 1,2-
propanediolisobutyl Polyhedral Oligomeric Silsesquioxane (POSS),
aminopropylisobutyl POSS and TMP diolisobutyl POSS were bought from Hybrid
Plastics and used without further purification. Toluene and dichloromethane were
dried over CaH; and freshly distilled before they are used in any chemical or

electrochemical experiments.

Gel electrolyte used for electrochromic device fabrication was prepared by mixing
tetrabutylammonium tetrafluoroborate — poly(methyl methacrylate) (PMMA) —
propylene carbonate — acetonitrile in the following ratio 3:7:20:70 by mass,

respectively.
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2.2 Equipments

Structural characterizations of the synthesized materials were performed by Bruker
Spectrospin Avance DPX-400 Spectrometer. The samples were prepared in CDCl3 in
order to be used in *H and *C NMR analysis and chemical shift interpretations were
given relative to tetramethylsilane as the internal standard. The molecular weights of
the prepared monomers were obtained by using A Water, Synapt HRMS.

Gamry PCI4/300 and Gamry Reference 600 potentiostat—galvanostat were used to
record all the electrochemistry studies at room temperature. Specord S600
Spectrometer was used to carry out spectroelectrochemical studies. The
optoelectrochemical spectra of the film were noted in-situ under applied different
potentials. In order to determine the electrochemical stability and switching behavior
of the polymer films square wave potential method by applying constant potential
between neutral and oxidized states was utilized and then by using cyclic
voltammetry the electroactivity of the polymer films were compared to their initial
values. During electrochemistry studies, the electrolyte solutions were prepared with
TBAH in two different organic solvents, dichloromethane and acetonitrile. Three-
electrode system containing a platinum disc (0.0314 cm?) as a working electrode, a
Ag/AgCl electrode as a reference electrode, and platinum wire as a counter electrode,
was utilized during the electrochemical studies. Reference electrode was calibrated
by using 10 mM of ferrocene solution before it is used in any electrochemistry

studies.

Specord S600 (standard illuminator D65, field of width 10° observer) was also used
to record colorimetric measurements and color space was interpreted according to the
International Commission of Illumination with luminance (L), hue (a), and intensity
(b). Platinum cobalt DIN ISO 621, iodine DIN EN 1557, and Gardner DIN ISO 6430
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are the references of colorimetric measurements. Emission measurements were
recorded on a Thermo Lumina Fluorescence Spectrometer. FTIR spectroscopy
studies were performed with a Bruker Vertex 70 Spectrophotometer. SEM images
were recorded by using QUANTA 400F Field Emission High Resolution Scanning
Electron Microscope. Molecular weights of the polymers were determined with using
Polymer Laboratories PL-GPC 220 Gel Permeation Chromatography device by
dissolving in tetrahydrofuran. Thermogravimetric analyses of the polymers were

performed by utilizing Perkin Elmer Pyris 1Thermogravimetric analysis instrument.

2.3 Methods and Techniques

2.3.1 Electrochemical Polymerization

All electrochemistry studies were performed by using a Gamry PC14/300 and Gamry
Reference 600 potentiostat—galvanostat. Electrochemical polymerization experiments
were carried out electrochemically by applying constant potential electrolysis on
both platinum disc electrode and indium-tin oxide (ITO, Delta. Tech. 8-12 Q,
0.7x5.0 cm?). The combination of spectrometer and potentiostat-galvanostat was
utilized to record switching time and percent transmittance studies in situ by using
three-electrode system (an ITO as a working electrode, a platinum wire as a counter
electrode and a silver wire as a reference electrode) in a UV cuvette. The reference

silver wire was calibrated vs. Fc/Fc* by dissolving ferrocene in the electrolyte.
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2.3.2 Chemical Polymerization

Chemical polymerization of the monomers was carried out by direct oxidation of the
monomers using FeCl; [118,119]. Pre-dissolved four equivalent molar concentration
of FeClj in chloroform and nitromethane was added dropwise to 0.1 M of monomer
dissolved in chloroform at 0 °C. The reaction mixture was left to stir at room
temperature for 24 h. The resulting mixture was concentrated to 5 mL and poured
onto methanol. The solution was refrigerated to get precipitation. The precipitated
polymer was filtered and the product was left to wash by using Soxhlet apparatus
with methanol and hexane for at least 12 h, respectively. Then, the product was
collected by using dichloromethane. Final product was dried at room temperature.

2.3.3 Cyclic Voltammetry

Cyclic voltammetry is the most common electroanalytical method for investigation
of the electroactive polymers. Cyclic voltammetry, which can be used to obtain both
qualitative and quantitative data, allows measuring the current flow occurring at the
working electrode as a function of applied potential [120]. Conjugated polymers can
show p- or n-type doping under applied oxidation or reduction potentials. It is easy to
determine these oxidation and reduction potentials of the polymers by scanning in
the proper potential range. In addition to that, it is used to determine the

electrochemical stability of conjugated polymers by repeating cycling.
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Cyclic voltammetry is an essential technique to determine important parameters of
polymer such as peak current (ip), diffusion coefficient (D), and scan rate (v)
dependence. Randles & Sevcik equation (Equation 2.1.) [121] summarizes these

parameters in way that:

ip = (2.69x10°) n*? A D2 C v'2 Equation 2.1

Where 2.69x10° is a constant to be able to use at 25 °C, n represents the number of
electrons transferred, A represents the area of the electrode and C represents the
concentration. Equation clearly states that peak current depends on concentration and
scan rate. The reversible redox change can be observed in redox behavior of
ferrocene where reactant and the product are soluble in electrolyte solution.
Reversible redox peaks increase while concentration and the scan rate increase. This
proves that there is a diffusion controlled process. However, it is different in
electropolymerization process due to the concentration change in the monomer and

the polymer formed on electrode surface.

Monomers in the electrolyte solution, which undergo a chemical change, have a
tendency to stick on to electroactive surface under applied potential. During
repetitive scanning of monomer solution, peak current increases while the monomer
concentration decreases. This increase stems from the oligomers, if they are long
enough polymers precipitated on to electrode which are insoluble in the electrolytic

medium used.
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While scanning of the conducting polymer film formed on the electrode in a
monomer-free electrolyte solution, the difference in the peak current behavior can be
seen when compared to that of diffusion controlled system. The peak current of the
conducting polymer film coated on electrode can be calculated by the following
equation (Equation 2.2);

ip=n°Fyv/4RT Equation 2.2

where, y represents the amount of electroactive material coated on the electrode
surface. By looking at this formula, there is a clear dependency of peak current to
scan rate and hence scanning of the polymer film coated on the electrode surface can

be called as a non-diffusion controlled process.

2.3.4 Spectroelectrochemistry

Spectroelectrochemistry is another key technique to characterize optical properties of
the polymer films. As mentioned above three-electrode cell is used with an ITO
working electrode. Optical data obtained from UV-Vis spectrometer is recorded
while certain potential is applied. During this process, optical changes upon doping
and dedoping occurring on the polymer film coated on the surface of ITO glass can
be recorded. The changes represent the formation of polaron and bipolaron upon p-

type or n-type doping processes.

32



Counter Electrode — 3 <« Reference Electrode

Working Electrode L
ng «— UV cuvette

Figure 2.1. Representative set up for potentiostatic technique in optical studies
(Counter electrode is Pt wire, reference electrode is a Ag wire and working electrode
isan ITO.)

From the UV-VIS spectrum, the maximum absorption wavelength can be determined
and the optical band gap (Eg) of the neutral state polymer film can be calculated by

using the onset value of the longer wavelength in the absorption spectrum.

2.3.5 Chronoabsorptometry

Similar to spectroelectrochemistry study, chronoabsorptometry is an important
technique to investigate the optical properties of the polymer films. Unlike static
spectroelectrochemistry, chronoabsorptometry is a dynamic method to record
electrochromic shifts occurring during sharp changes in the applied potentials
between redox states. While spectroelectrochemistry measures optical changes in the

the complete spectrum chronoabsorptometry uses a single wavelength to measure
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absorbance/transmittance change regarding the optical behavior of the polymer film.
The key parameter measured by chronoabsorptometry is “switching time” required to

shift from fully oxidized states to fully reduced state.

During this method, like spectroelectrochemistry, spectrometer and potentiostat work
together to record both electrochemical and optical changes during redox shifts.
Square-wave method is applied at different potentials from potentiostat and during
this spectrometer records the percent transmittance change on film with respect to
time. Square-wave method can be fixed to varying time intervals like 10, 5, 3, 2 and
1.

2.3.6 Stability Experiments

Stability studies can be held in two ways by using potentiostat. In one technique,
cyclic voltammetry is utilized to scan between the redox potentials of the polymer
film by certain amount of cycles. After a certain number of cycles, electrochemical
behavior is investigated and compared to initial behavior of the polymer film. In
another method, the square-wave method is used to switch between the two redox
states of the polymer at the certain number of switch. Like the first method, the
electrochemical properties of the polymer are compared to initial behavior of that

polymer.

2.3.7 Electrochromic Device Construction

As well as the spectroelectrochemical properties, electrochromic device applicability

of the synthesized polymers was investigated. Electrochromic devices having an
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ability to change the optical contrast under applied potentials provide a wide
application area for conjugated polymers. Electro chromic devices prepared by using
polymer films allow scientist to modulate some parameters like emission,
transmittance, absorbance and reflectance. By adjusting these parameters
electrochromic devices can be used in different fields such as electrochromic

displays, windows and mirrors [122, 123].

Device architecture basically contains two electrodes coated with two different
polymers. These electrodes are combined with gel electrolyte which allows electron
movement in the device. While one polymer is doped oxidatively, the other is in its

neutral state (Scheme 2.2).

The gel electrolyte used in the electrochromic devices was prepared by mixing
TBAH/ PMMA/ PC/ ACN in a ratio of 3:7:20:70 by weight. Supporting electrolyte
TBAH previously dissolved in PC and PMMA were mixed and dissolved in ACN
and left to evaporate slowly at around 70 °C to reach honey-like viscous solution

yielding a highly conducting transparent gel [124].

ITO GLASS

Gel Electolyte
Polymer Film

ITO GLASS

Figure 2.2. Schematic representation of an electrochromic device.
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2.3.8 Colorimetry

Electrochromic polymers have a tendency to change their color as a response to
change in the applied potential. In order to clarify the change in the color more
scientifically, there are some approaches developed by institutions. One of these
approaches was stated by The Commission Internationale de I’Eclairge (CIE system).
CIE system defines colors in three dimensional coordinates, L*a*b*. L* represents
luminescence, the white-black balance, a* represents the red-green balance and b*

represents the yellow-blue balance.

L=0
(White)

L=100
(Black)

Figure 2.3. Representation of CIE color space coordinates (L*a*b*) (Adopted from
[125]).

36



L*a*b* values are used to calculate the color saturation of the polymer films. Color
saturation is a parameter to describe the difference between chromatic color and total
color sensation and can be scaled from 0 (grey) to 100 (a pure color) [100]. Color

saturation can be calculated by the following equation (Equation 2.3);

a*?+b*? 12
a*? + b*2 +1*2

Sab:( Equation 2.3

In order to show the difference between the colors of the copolymers, color
difference can be calculated quantitatively. It is hard to differentiate the copolymers
from each other by naked eye since their colors are close to one another. Color
difference can be calculated by using L*a*b* values from the following equation

(Equation 2.4);

AE"3 = [(AL*)? + (Aa*)? + (Ab*)?] 2 Equation 2.4
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2.3.9 Coloration Efficiency

Coloration efficiency is another important parameter to describe the performance
electrochromic polymers. It can be defined as the measure of the change in
absorbance behavior of a polymer film at a certain wavelength (Optical density
(OD)) with respect to charge injected/ejected. The optical density of the film can be
determined for full color switch or in different percentages such as 90% or 95%. It

can be calculated by the following equation (Equation 2.5);

where Qq represents the charge density (injected/ejected charge) during a redox step;
Teolored @Nd Tpieached are the percent transmittance values in the oxidized and neutral

states, respectively.

2.4 Monomer Synthesis

2.4.1 Synthesis of EDOT-POSS

In 80 mL freshly distilled dry toluene, 3,4-dimethoxythiophene (0.50 g, 3.47 mmol,
1.0 equiv), 1,2-propanediolisobutyl POSS (4.94 g, 5.2 mmol, 1.5 equiv) and p-
toluenesulfonic acid (PTSA, 66 mg, 0.35 mmol, 0.1 equiv) were dissolved under
argon atmosphere (Scheme 2.1). The reaction mixture was left to reflux for 48 h.
After cooling to room temperature, the solvent was removed under reduced pressure.
The residue subjected to column chromatography (Hexane-EtAc 12:1) to afford a
light brown solid (1.94 g, 54%).
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Scheme 2.1. Synthesis of EDOT-POSS monomer.

'H NMR (400 MHz, CDCls, 3(ppm)): 6.32 (s, 2H; ArH), 4.27 (m, 1H, CH), 4.05 (m,
2H; CHy), 3.62 (dd, J= 5.54-28.34 Hz, 2H; CH,), 3.46 (t, , J= 6.80 Hz, 2H; CH,),
1.80 (M, 7H; CH,), 1.65 (m, 2H; CH5), 0.90 (d, J= 6.62 Hz, 42H; CH5), 0.60 (t, 2H;
CHj), 0.60 (d, J= 7.02 Hz, 14H; CH,).

13C NMR (100 MHz, CDCls, 8(ppm)): 141.61, 99.57, 73.95, 72.62, 68.97, 66.27,
29.69, 25.69, 23.88, 22.50, 8.20.

IR (KBr): v (cm™) = 3125 (s; w(=C-H in thiophene ring)), 2850-2950 (w; (alkyl
units)), 1400-1500 (w; (C=C stretching)), 1230 (s; (Si-C)), 1080 (w; v(Si-O-Si and
C-0-C), 836 and 680 (s; v(C-S in thiophene ring)), 742 (w; (Si-C)).

HRMS (ESI) m/z: calcd for C3gH76015 Sig, 1029.31; found 1029.32. (Appendix C)
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2.4.2 Synthesis of ProDOT-POSS

3,4-dimethoxythiophene (0.50 g, 3.47 mmol, 1.0 equiv), TMP diolisobutyl POSS
(5.4 g, 5.2 mmol, 1.5 equiv) and PTSA (66 mg, 0.35 mmol, 0.1 equiv) were
dissolved in 80 mL of freshly distilled dry toluene under argon atmosphere (Scheme
2.2). The reaction mixture was left to reflux for 36 hours. After cooling to room
temperature, the solvent was removed under reduced pressure. The residue subjected
to column chromatography (Hexane-EtAc 10:1) to afford a light brown solid (2.10 g,

52%).

R POSS
R= isobutyl
O
Q + H:CQ OCH, PTSA/Toluene
/Pé !\ 110 °C/ reflux
S
OH OH

O O

8
S

ProDOT-POSS

Scheme 2.2. Synthesis of ProDOT-POSS monomer.
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'H NMR (400 MHz, CDCls, (ppm)): 6.31 (s, 2H; ArH), 3.79 (dd, J= 18.50-30.05
Hz, 4H, CH,), 3.29 (s, 2H; CH,), 3.25 (t, 2H; CH,), 1.75 (d, 7TH; CHa), 1.46 (m, 2H;
CH), 1.39 (m, 2H; CH,), 1.14 (d, 2H; CH,),0.85 (d, 42H; CH,), 0.79 (s, 3H, CHs),
0.51 (t, 14H; CH,), 0.46 (s, 6H, CHs)

13C NMR (100 MHz, CDCls, 8(ppm)): 150.05, 105.09, 75.48, 74.72, 70.76, 46.01,
30.05, 26.17, 24.18, 23.63, 23.43, 22.85, 14.02, 7.86.

IR (KBr): v(cm™) = 3120 (s; v(=C-H in thiophene ring)), 2850-2950 (w; (alkyl
units)), 1400-1500 (w; (C=C stretching)), 1230 (s; (Si-C)), 1080 (w; v(Si-O-Si and
C-0-C), 836 and 680 (s; v(C-S in thiophene ring)), 742 (w; (Si-C))

HRMS (ESI) m/z: calcd for C43HggO16 Sig, 1044.37; found 1067.37. It might capture

a Na ion from the solvent. (Appendix C)

2.4.3 Synthesis of EDOS-POSS

2.4.3.1 Synthesis of 3,4-dimethoxy selenophene

3,4-dimethoxyselenophene was synthesized according to literature [59]. Selenium
powder (3.00 g, 38 mmol) was dissolved in sulfuryl dichloride (SO.Cl,) (5.13 g, 38
mmol) at 10 °C to get selenium dichloride (SeCl,). After stirring 30 minutes, 11 mL
of freshly distilled hexane was added to the mixture and the solution was brought to
room temperature to stir for 12 hours. Then, formation of SeCl, was observed in the

clear reddish brown solution.

In another flask the solution of 2,3-dimethoxy-1,3-butadiene (3.61 g, 32.0 mmol) and

sodium acetate (7.41 g, 90.4 mmol) was prepared in 300 mL of anhydrous hexane at
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-78 °C under argon atmosphere. The solution of SeCl, was added to this solution and
left to stir for 1 hour at -78 °C. After that, the reaction mixture was removed from
cooling bath and left to stir at room temperature. After 4 hours, the final mixture was
poured into water and worked up. Organic part was dried over MgSO, and the
solvent was evaporated by vacuum to 30 mL. Column was prepared by using 1%
trimethylamine hexane mixture and product (3,4-dimethoxy selenophene, 2,30 g,

38%) was filtered through that column.

O O /N
SO,Cl, NaOAc, Hexane 0 0]
Se —— > SeCl, + >
Hexane 78 oC, to RT /N
Se

Scheme 2.3. Synthesis of 3,4-dimethoxyselenophene.

2.4.3.2 Synthesis of EDOS-POSS

In 80 mL freshly distilled dry toluene, 3,4-dimethoxyselenophene (0.67 g, 3.47
mmol, 1.0 equiv), 1,2-propanediolisobutyl POSS (4.94 g, 5.2 mmol, 1.5 equiv) and
PTSA (66 mg, 0.35 mmol, 0.1 equiv) were dissolved under argon atmosphere
(Scheme 2.4). The reaction mixture was left to reflux for 48 h. After cooling to room
temperature, the solvent was removed under reduced pressure. The residue subjected
to column chromatography (Hexane-EtAc 10:1) to afford a dark yellow solid (2.80 g,
56%).
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Scheme 2.4. Synthesis of EDOS-POSS monomer.

'H NMR (400 MHz, CDCls, 8(ppm)): 6.78 (s, 2H; ArH), 4.28 (m, 1H, CH), 4.11 (dd,
J=56.9-3.6 Hz, 2H; CH5), 3.62 (dd, J= 5.50-28.1 Hz, 2H; CH,), 3.47 (t, J= 6.4 Hz,
2H: CH5), 1.85 (m, 7H; CH), 1.66 (m, 2H; CH,), 0.95 (d, J= 6.6 Hz, 42H; CH3), 0.61
(t, 2H; CH,), 0.61 (d, J= 5.3, 14H; CH,).

3C NMR (100 MHz, CDCls, &(ppm)): 142.65, 101.68, 73.97, 99, 65.98, 31.41,
25.68, 23.47, 22,51, 8.19.

IR (KBr): vcm™) = 3120 (s; v(=C-H in thiophene ring)), 2850-2950 (w; (alkyl
units)), 1460 (w; (N-H stretching)), 1400-1500 (w; (C=C stretching)), 1230 (s; (Si-
C)), 1202 (s, (C-N stretching)), 1080 (w; v(Si-O-Si)),836 and 680 (s; v(C-S in
thiophene ring)), 742 (w; (Si-C)).
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2.4.4 Synthesis of Magnetic Nanoparticle Loaded PEDOT-POSS

2.4.4.1 Preparation of Magnetic Nanoparticle

(i) Cobalt Ferrite Magnetic Nanoparticles

1.08 g FeCls.6H,0, 0.476 g CoCl,.6H,O and 20 mL of deionized water were
vortexed in a tube and then placed in a beaker. After 20 mL 3 M NaOH and 10 mL
of 1.5 M NaCl added dropwise under constant stirring. When the solution turned
orange color the solution was left to stir at 80 °C for 1 h. When the solution was
cooled to room temperature, the black precipitates were collected with a magnet. In
order to remove the supernatant, particles were washed three times with deionized

water.

(ii) Silica Coating on Cobalt Ferrite Magnetic Nanoparticles

Sol-gel method was utilized to coat the cobalt ferrite magnetic nanoparticles with
silica shell. First of all 160 mL ethanol, 338 uL Tetraethyl orthosilicate and 28.8 uLL
(3-Aminopropyl)trimethoxysilane were mixed in a beaker. 20 mL cobalt ferrite
colloid was added to that solution and stirred for 3 hours at room temperature. After
the formation of core shell particles, these particles were collected with the magnet

and washed three times with deionized water.

2.4.4.2 Preparation of MNP loaded PEDOT-POSS

EDOT-POSS (100 mg, 0.097 mmol, 1 equiv.), MNP (100 mg) and FeCl; (0.079 g,

0.486 mmol, 5 equiv.) were dissolved in CH,Cl, at room temperature. Solution was

left to stir at room temperature for 24 hours. The mixture was concentrated under

vacuum and poured into methanol to get precipitate. The precipitate of the resulting
44



polymer was filtrated and washed with methanol and hexane in Soxhlet apparatus.
After drying MNP loaded PEDOT-POSS was collected to give 160 mg blackish

solid.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Electrochemical and Electro-optical Characterization of EDOT-POSS and
Its Polymer PEDOT-POSS

3.1.1 Electrochemistry of EDOT-POSS

In order to understand the effect of incorporation of POSS unit on EDOT monomer
cyclic voltammetry results were compared. Cyclic voltammetry studies showed that
EDOT-POSS monomer has a similar electrochemical behavior when compared to the
parent EDOT. Figure 3.1 shows the comparison of electrochemical behaviors of
EDOT-POSS and EDOT monomers. Both monomers exhibited one irreversible
oxidation peak at 1.45 V vs. Ag/AgCI which is responsible from the electrochemical
polymerization. It can be concluded that the presence of POSS unit substituted onto
the ethylenedioxy bridge of EDOT did not result in a shift in the oxidation potential
of EDOT unit.
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Figure 3.1. Electrochemical behaviors of EDOT and EDOT-POSS monomers in 0.1
M TBAH dissolved in dichloromethane at a scan rate of 100 mV/s on a Pt electrode.

3.1.2 Electropolymerization of EDOT-POSS

Figure 3.2 looks like a fingerprint of the formation of an electroactive polymer film
on the electrode surface, which is confirmed by the appearance of a new redox
couple between -0.2 V and 0.6 V during scanning and also by an increase in its

current density after each successive cycle.
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Figure 3.2. Potentiodynamic polymerization of EDOT-POSS (5.0x10° M) to get
PEDOT-POSS in 0.1 M TBAH dissolved in a mixture of dichloromethane and
acetonitrile (1/2.5 by v/v) between -0.30 V and 1.55 V at a scan rate of 100 mV/s on

a Pt electrode vs. Ag/AgCI reference electrode.

As shown in Figure 3.2, the monomer EDOT-POSS can easily be polymerized via
potentiodynamic polymerization between -0.30 V and 155 V to get the
corresponding polymer called as PEDOT-POSS (Scheme 3.1).
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Scheme 3.1. Chemical structures of the EDOT-POSS and its corresponding polymer
PEDOT-POSS.

3.1.3 Characterization of PEDOT-POSS

The presence of POSS unit in PEDOT-POSS polymer was verified by using FTIR
spectroscopy and it is found that PEDOT-POSS spectra in Figure 3.3 show the
specific peaks at around 2900 cm™ and 1100 cm™ belonged to aliphatic groups and
Si-O-Si bonds, respectively. Moreover, the peak around 3100 cm™ responsible for C-
H vibrations of thiophene ring was not observed due to the polymerization through
a-hydrogens of thiophene ring (Appendix B). In addition to that, "H NMR spectrum
of PEDOT-POSS was compared to understand better that if the aromatic hydrogens
in the thiophene ring can still be observed. The results showed that the signals

belonged to these hydrogens are disappeared (Figure 3.4 and Appendix A).
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Figure 3.3. FTIR spectra of EDOT-POSS monomer and chemically obtained
PEDOT-POSS.
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Figure 3.4 'H NMR spectra of (a) EDOT-POSS and (b) chemically obtained

PEDOT-POSS in d-CHCls.
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3.1.4 Electrochemistry of PEDOT-POSS

As shown in Figure 3.5, PEDOT has a very broad redox couple between -0.8 V and
1.0 V, which can be attributed to the slow doping process due to the well-packed
polymer backbone. On the other hand, as expected, PEDOT-POSS has a well-
defined and sharp redox couple with a half-wave potential of 0.30 V, which showed
that the movement of counter ions inside/outside of polymer backbone will be easier
since the presence of POSS units will lead to gaps among the polymer chains

(Scheme 3.1).
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Figure 3.5 Comparison of the redox behaviors of the PEDOT (solid line, 160
mC/cm?) and the PEDOT-POSS (dash dot line, 160 mC/cm?) polymers coated on the
Pt electrode in 0.1 M TBAH dissolved in acetonitrile at a scan rate of 50 mV/s vs.

Ag/AgCl reference electrode.

Also, the scan rate dependence of PEDOT-POSS polymer film was investigated. The

linear increase in the redox currents of the polymer film with increasing scan rate is

52



an indication of a well-adhered polymer film on the working electrode. PEDOT-
POSS polymer film coated both on Pt electrode and ITO glass electrode and the scan
rate dependence of the films was investigated for each polymer. It is found that the
linear dependence of peak currents and scan rate indicated a non-diffusional redox

process of a well-adhered polymer film on the electrode surface.
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Figure 3.6. (a) Scan rate dependence of PEDOT-POSS film on Pt disc electrode in
0.1 M TBAH dissolved in acetonitrile at a scan rate of (a) 50, (b) 75, (c) 100, (d) 125,
(e) 150, (f) 175, (g) 200 mV/s between -0.5 V and 1.25 V (b) The current vs. scan

rate plot of the polymer film with increasing scan rate.

54



454 ()

3.0
| (@)

| (L)

1.5

0.0

i/ mAcm?
A\

-1.54

-3.0 -

—T—r—T——T—T———T———
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0 1.2
E/V

4]

—a—

—0— |
red

i,/ mAcm?

-4 L] v ) L) L) v ) ) 1 v 1 v 1 v L] % ) v
40 60 80 100 120 140 160 180 200 220

Scan rate / mVs™”

Figure 3.7. (a) Scan rate dependence of PEDOT-POSS film on ITO electrode in 0.1
M TBAMH dissolved in acetonitrile at a scan rate (a) 50, (b) 75, (c) 100, (d) 125, (e)
150, (f) 175, (g) 200 mV/s between -0.5 V and 1.25 V (b) The current vs. scan rate

plot of the polymer film with increasing scan rate.
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The stability test under ambient conditions in the presence of oxygen is crucially
important for the materials since they can be amenable to use in industrial
applications when passed this test. The test showed that PEDOT-POSS is more
robust and stable than PEDOT since no appreciable change was observed in the
redox behavior of PEDOT-POSS even after thousands of cycles (Figure 3.8). For
example, after 5.000 cycles, whereas the PEDOT lost its all electroactivity, PEDOT-
POSS lost only 7% of its electroactivity.
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Figure 3.8. Stability test for electrochemically obtained PEDOT-POSS film in 0.1 M

TBAH/CH3CN at a scan rate of 50 mV/s under ambient conditions by cyclic

voltammetry as a function of the number of cycles: A: 1, B: 3000, C: 5000, D: 10000

cycles; Q. (anodic charge stored), Q. (cathodic discharge), (b) i, (anodic peak

current), (c) i¢ (cathodic peak current).

Besides electrochemical stability, PEDOT-POSS, as expected, represented somewhat
better thermal stability. While PEDOT has a maximum decompose temperature at
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373 °C, this temperature is 394 °C for PEDOT-POSS. (Appendix D) Also, the
molecular weight of PEDOT-POSS was determined by GPC using polystyrene as a
standard. As the average molecular weight, the measurement of chemically and
electrochemically obtained PEDOT-POSS samples yielded 60100 (PDI=2.75) and
8223 (PDI= 2.46), respectively (Appendix E).

3.1.5 Optical and Electrochromic Behavior of PEDOT-POSS

When compared to PEDOT (1.60 eV with a maximum wavelength of 627 nm),
PEDOT-POSS coated on ITO electrode has somewhat a higher band gap of 1.71 eV
with a maximum wavelength of 618 nm. The neutral state PEDOT-POSS exhibited a
narrower absorption band than PEDOT (Figure 3.9 and Figure 3.10 (a)). Due to this
narrow absorption band, the absorbance between 400 and 500 nm become lower and
the PEDOT-POSS film exhibited nearly a pure blue color [65,67,128,129], which is
one of the legs in RGB color pallet. This promising property combined with its
solubility in common organic solvent (chloroform, dichloromethane, tetrahydrofuran,
etc.) makes it a strong competitor against the PEDOT and a promising candidate for
opto-electronic applications. The presence of POSS unit in the polymer backbone
overcame the insolubility problem of the PEDOT which is one of the most important

materials in chemistry and material science.
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Figure 3.9. Absorption spectra of (a) chemically and (b) electrochemically obtained
PEDOT-POSS polymer in CH,Cl,, electrochemically obtained (¢) PEDOT-POSS
film and (d) PEDOT film on ITO electrode.

The electro-optical properties of PEDOT-POSS film were investigated by monitoring
the changes in electronic absorption spectra under applied external potentials. As
shown in Figure 3.10 (b), the intensity of the absorption band at 618 nm attributed to
the m-* transition band started to decrease simultaneously upon oxidation and a new
absorption band beyond 700 nm started to intensify and received a maximum value
due to the formation of polaron charge carriers. Upon further oxidation, the m-m*
transition band reached the minimum intensity and due to the formation of bipolaron
charge carriers, the polaron absorption band diminished. All these changes in the
optical absorption spectrum can be followed by color changes of the films: blue (L=
53.4; a=-0.6; b= -48.0;) at neutral state and highly transparent (L= 92.6; a=-2.6; b= -
2.0;) at oxidized state (see inset of Figure 3.10 (b)).
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Figure 3.10. (a) Absorption spectra of the neutral state PEDOT and PEDOT-POSS
films on ITO and (b) Electronic absorption spectra of the PEDOT-POSS film on ITO
in 0.1 M TBAH/CH3CN at various applied potentials between -1.0 V and 1.0 V.
Inset: The colors of PEDOT-POSS at neutral and oxidized states and the polymer
dissolved in dichloromethane.
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The percentage transmittance change (optical contrast ratio, A%T) of PEDOT-POSS
was calculated as 74% at 618 nm, which is higher than that of PEDOT (61% at 627
nm) (Figure 3.11). This difference can be attributed to the presence of POSS units
due to easier ion injection into the polymer structure during doping process. As
shown in Table 3.1, PEDOT-POSS demonstrated higher coloration efficiency (582
cm?/C at 95% of the full contrast) and faster switching time (0.9 s) when compared

to its parent PEDOT analogue.
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Figure 3.11. Chronoabsorptometry experiments for PEDOT (at 627 nm, 17 mC/cm?)

and PEDOT-POSS (at 618 nm, 17 mC/cm?) films on ITO in 0.1 M TBAH/CHsCN

while the polymer films were switched with an interval time of 10 s between -0.5 and

0.9 V.
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On the other hand, as expected from a soluble and conjugated polymer, the
corresponding PEDOT-POSS polymer has a fluorescence property. As shown in
Figure 3.12, both chemically and electrochemically obtained polymers exhibited
similar emission band. For example, chemically obtained PEDOT-POSS polymer
showed broad emission bands centered at 651 nm and 698 nm, which corresponds to
reddish orange emission. Under the light of this finding, it can be safely concluded
that unlike PEDOT, the soluble and fluorescent PEDOT-POSS polymer can find a
number of applications like organic lasers or an active emitter in light emitting
diodes. Also, the reddish orange emission can make it amenable to use in bio-

applications like imaging the cancer cells.
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Figure 3.12. Absorbance (red) and emission (black) spectra of chemically (line) and
electrochemically (dash line) obtained PEDOT-POSS in CH,Cl,. Inset: Colors of the
PEDOT-POSS polymer in CH,Cl, under ambient light (left) and handheld UV lamp
(right) at 365 nm.
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Table 3.1. Optical properties of electrochemically obtained PEDOT (17 mC/cm? )
and PEDOT-POSS (17 mC/cm?) films.

Polymers ﬁ? 0

PEDOT-POSS PEDOT

Amax (NM) 618 627
E, (eV)* 1.71 1.60
HOMO

-4.64 -4.17
(eV)*
LUMO

-2.93 -2.57
(eV)*
A%T 74 % 61 %
tox (5) 0.9 1.2
CE (cm?/C) 582 350

*The optical Eq values were calculated from the onset of the low energy end of n-n*
transition band of the polymer films at their neutral states Eq= 1240 nm/Aonset. HOMO
values were calculated from the cyclic voltammetry according to the following
equation [130,131]: Exomo = -(Ejonset,ox vs Fe+/re) + 4.80)(eV). Finally, by using the E4=
Enomo - ELumo formula, E umo Vvalues were calculated. 2.50 mM solution of
ferrocene/ferrocenium (Fc/Fc+) couple in CH,CI, has a reversible redox couple at a

half wave of 0.48 mV with an onset oxidation value at 0.40 V vs Ag/AgCI.
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3.1.6 Electrochromic Device Application of PEDOT-POSS Polymer

Based on the foregoing results, a representative application of PEDOT-POSS
polymer will be more meaningful in order to think this polymer as a promising
candidate for opto-electronic applications instead of PEDOT. Therefore, a dual type
PEDOT-POSS/poly(4,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)benzo[c]
[1,2,5]selenadiazole) (PESeE) [39] (Figure 1.13) based electrochromic device was
constructed and its optical behavior was investigated under applied external
potential. Figure 3.14 showed the change in optical absorbance spectra of the device
at different applied potentials from -2.2 V to 1.85 V. While the color of the device at
-2.2 V was dark blue (L: 55.2, a: -0.55, b: -36.0), it was changed to light green (L:
80.5, a: -17.9, c: 7.39) at 1.85 V with a switching time of 1.1 s. Upon moving from -
2.2 V to 1.85 V, the broad band bearing two maximum wavelengths at 580 nm and
624 nm between 400 nm and 700 nm, which is attributed to the neutral state of
PEDOT-POSS film (Figure 3.18.(b)), starts to lose its intensity and new peaks start
to appear and intensify at 430 nm and 783 nm due to the neutral state of PESeE film
(Figure 3.14) [39]. On the other hand, the electrochromic device showed a reversible
and robust behavior when switched between its redox states. The device retained its
electroactivity without significant loss in its performance even after hundreds of
cycles. For instance, 57% of its electroactivity remained after 750 cycles (Figure
3.15).

PESeE

Figure 3.13. Chemical structure of the polymer PESeE.
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Figure 3.14. Electronic absorption spectra of PEDOT-POSS/PESeE based

electrochromic device at various applied potentials between -2.2 VV and 1.85 V.
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Figure 3.15. Stability test for PEDOT-POSS/PESeE based electrochromic device

after a certain number of switching under an applied square voltage signal with an

interval of 3 s between -2.2 V and 1.85 V film under ambient conditions: Q, (anodic

charge stored), Q. (cathodic discharge), (b) i (anodic peak current), (c) i. (cathodic

peak current).
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3.1.7 Photocatalytic Application of PEDOT-POSS Polymer

The photocatalytic activities of PEDOT [132] and PEDOT-POSS were investigated
for decolorization of methylene blue (MB) dye under UV light. For this purpose 15
mg of the polymer was added to 10 mL of MB aqueous solution and stirred in the
dark until the concentration of MB solution became constant. Then, the mixture was
exposured with a UV light at constant magnetic stirring to obtain good mixing of
photocatalyst and MB solution.

In order to find the catalytic activity of the polymers under UV exposure,
decoloration of MB was checked at every 10 min by taking 2 mL of sample with a
syringe. Removal of the MB dye was revealed by using a UV-Vis
spectrophotometer. To calculate the amount of MB removed, the absorbance
maximum at 660 nm was followed. The results revealed that PEDOT-POSS polymer
Is a promising candidate for dye removal. PEDOT-POSS itself removed 65.6% of the
dye in 10 minutes and in one hour it removed nearly all of the dye (Figure 3.16,
Figure 3.17, Table 3.2 and Table 3.3).
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Figure 3.16. UV-Vis spectra of MB solution processed with 15 mg of PEDOT-POSS

under UV light illumination.

Table 3.2. Percent MB removal results of PEDOT-POSS under UV light exposure

for different durations.

Time (min) % Removal
(PEDOT-POSS)

0

10 65.6
20 85.1
30 94.5
40 97.4
50 98.6
60 99.5
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Figure 3.17. UV-Vis spectra of MB solution processed with 15 mg of PEDOT under
UV light illumination.

Table 3.3. Percent MB removal results of PEDOT under UV light exposure for

different durations.

Time (min) % Removal
(PEDOT)
10 39.4
20 50.4
30 88.1
60 95.0
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Reusability is one of the most important parameters in heterogenous catalysis. In
order to make it easier, magnetic nanoparticles have been utilized to recover the
catalyst easily. PEDOT-POSS polymer was mixed with MNPs for easy recovery and
the result showed that MNP loaded polymer responded faster than neat polymer
(Figure 3.18 and Table 3.4)).
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Figure 3.18. UV-Vis spectra of the MB solution processed with 10 mg of MNP
loaded PEDOT-POSS under UV light illumination.
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Table 3.4. Percent MB removal results of MNP loaded PEDOT-POSS under UV

light exposure for different durations.

Time (min) % Removal
(MNP-PEDOT-
POSS)

0

10 76.0
20 79.2
30 82.1
40 83.4
50 84.1
60 86.0
70 86.3
80 86.4

The results mentioned above showed that conjugated polymers are good candidates
for photocatalytic applications. When we compare the results it can easily be seen
that PEDOT-POSS exhibited better performance on removal of MB dye and it can be
attributed to the presence of the POSS unit on the polymer backbone because POSS
unit does not let polymer chains to get closer to each other and this allows better

contact with the dye molecules.
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3.2 Synthesis and Electrochemical and Electro-optical Characterization of
Poly(EDOT-co-EDOT-POSS)

3.2.1 Comparison of the Electrochemistry of EDOT and EDOT-POSS
Monomers and Their Copolymerization

The redox behaviors of EDOT and EDOT-POSS monomers were investigated by
using a cyclic voltammetry technique since the oxidation values of the co-monomers
must be appropriate to each other in order to get reasonable copolymers via constant
potential or potentiodynamic electrolysis. As shown in Figure 3.19(a), both
monomers exhibited an irreversible oxidation peak at 1.46 V vs Ag/AgCl, which
indicates that the electrochemical copolymerization of EDOT and EDOT-POSS was

feasible.
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Figure 3.19. (a) Cyclic voltammograms of EDOT (6.67 mM) and EDOT-POSS (6.67
mM) and (b) cyclic voltammogram of the repeated scan electropolymerization of a
mixture of EDOT (6.67 mM) and EDOT-POSS (0.67 mM) with 10:1 monomer feed
ratio to give poly(EDOT-co-EDOT-POSS) in an electrolyte solution of 0.1 M TBAH
dissolved in a mixture of dichloromethane and acetonitrile (1/3, v/v) on Pt disk

working electrode at a scan rate of 100 mV/s vs. Ag/AgCI.
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The monomer EDOT-POSS and its corresponding polymer were soluble in
dichloromethane and insoluble in  acetonitrile, which  hinders the
electropolymerization on the electrode surface. Therefore, the copolymerization was
carried out by using the solvent mixture in order to hinder the solubility of the
polymer film formed on the electrode surface by cosolvent effects.

As seen in Figure 3.19(b), the cyclic voltammogram obtained after a certain number
of potentiodynamic scans looks like a fingerprint of the formation of a conjugated
polymer film. The repetitive scans between -0.8 V and 1.6 V resulted in a formation
of an insoluble copolymer film called poly(EDOT-co-EDOT-POSS) (CP-n, where
n= 1, 5, 10, 15 defines the percentage of EDOT-POSS in co-monomer mixture)
(Table 3.5 and Scheme 3.2) on the electrode surface since upon successive scan a
new redox couple appeared between -0.1 V and 1.5 V and intensified as a function of

scan numbers.
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Scheme 3.2. Chemical structures of EDOT, EDOT-POSS and their corresponding
copolymer poly(EDOT-co-EDOT-POSS).
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Table 3.5. Optical properties of PEDOT, PEDOT-POSS and their corresponding
copolymers on ITO in 0.1 M TBAH/CH3CN.

o
= SWp B8 EE S| (WS | £
3 358065%|< 985 0% 2°
o L A &) +
w L
PEDOT 1:0 0 621 161 |54 | 352 1.2
CP-1 100:1 1 620 162 |58 |323 11
CP-5 100:5 5 620 162 |60 |354 11
CP-10 100:10 |9 621 162 |65 | 463 1.0
CP-15 100:15 13 621 163 |65 | 493 1.0
PEDOT-POSS | 0:1 100 619 171 |74 | 582 0.9

%optical band gap, 100% of full switch from colored to bleached states.

FTIR spectroscopy can be a useful method to clarify the presence of POSS cages in
the copolymer structure by proving the presence of Si-O-Si stretching band. As
shown in Figure 3.20, the comparison of the FTIR spectra of PEDOT-POSS and the
copolymer CP-10 is given and like PEDOT-POSS spectrum, Si-O-Si stretching band
was observed at around 1073 cm™ as well as CH stretching of aliphatic groups
appearing at 2850 and 2929 cm™. These findings clearly prove the presence of POSS
cages in the copolymer structure.
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Figure 3.20. FTIR spectra of chemically obtained PEDOT-POSS and Poly(EDOT-

co-EDOT-POSS) obtained via constant potential electrolysis at 1.5 V in an

electrolyte solution of 0.1 M TBAH dissolved in the mixture of dichloromethane and

acetonitrile (1/3: v/v) on ITO electrode.

Also, the insertion of EDOT-POSS monomers into PEDOT polymer backbone can
easily be seen in comparison of the cyclic voltammograms of the copolymers with
the parent PEDOT and PEDOT-POSS polymers. As seen in Figure 3.21(a), the
presence of EDOT-POSS units was confirmed by the appearance of a new oxidation
peak at nearly -0.10 V, which intensified as a function of increasing ratio of EDOT-
POSS in a co-monomer mixture. Also, whereas the copolymers and PEDOT
exhibited their redox behavior in the range of -0.8 V to 1.1 V, PEDOT-POSS
polymer represented its redox behavior at higher positive potential. It was also shown
that the peak current intensities of the copolymers’ redox couples changed linearly as
a function of scan rates during p-doping (Figure 3.21(b)), which confirmed that the
redox process of the copolymer firmly coated on Pt electrode is not-diffusion

controlled.
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Figure 3.21. Cyclic voltammograms of the polymers coated on Pt electrode with a
charge of 3.0 mC/cm? via constant potential electrolysis at 1.55 V vs. Ag/AgCl:
PEDOT, PEDOT-POSS and their copolymers obtained from a co-monomer feed
ratio of 100:1, 100:5, 100:10 and 100:15 in an electrolyte solution of 0.1 M TBAH
dissolved in the mixture of dichloromethane (1/3, v/v) acetonitrile at a scan rate of
100 mV/s, and (b) scan rate dependence of the copolymer CP-10 film in 0.1 M
TBAH/CH3CN at different scan rates (mV/s): (a) 40, (b) 60, (c) 80, (d) 100), (e) 120,
(f) 140, (g) 160, (h) 180 and (i) 200.
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The stability test was performed by switching the polymer film between its neutral
and oxidized states by using a square wave potential method. The tests showed that
while the copolymer CP-10 retained 86 % of its electroactivity (Figure 3.22(a)) after
1750 switching, PEDOT is completely lost its electroactivity (Figure 3.22(b)). As a
result, it can be safely concluded that EDOT-POSS units in PEDOT backbone
improved the electrochemical stability of the copolymer film and these units gave
more stability and environmental robustness under ambient conditions. Also it can be
conjectured that this higher electroactivity can be due to the presence of POSS units
which makes the ion exchange easier by increasing the distance between chains.
[107, 108, 133-136]
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Figure 3.22. Stability tests for (a) the copolymer CP-10 and (b) PEDOT films (3
mC/cm?) in 0.1 M TBAH/CH3CN by using a square wave potential method at -0.8 V/
and at 0.6 V with an increment of 3 s under ambient conditions at a scan rate of 100
mV/s; (a) Qa (anodic charge stored), (b) lpa (anodic peak current), (c) I, (cathodic
peak current).
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3.2.2  Optical and Electrochromic Behaviors of Poly(EDOT-co-EDOT-POSS)

The main purpose of this study is to improve the optical properties (percent
transmittance change, switching time, coloration efficiency, etc.) of PEDOT polymer
without changing its redox and electrochromic behaviors, so the neutral state
absorption spectra of the copolymers were compared with those of PEDOT and
PEDOT-POSS. As shown in Figure 3.23(a), the presence of EDOT-POSS units in
the PEDOT polymer backbone does not cause any appreciable change in the
PEDOT’s absorption bands since the neutral state copolymer films represented

nearly the same absorption bands of PEDOT.
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Figure 3.23. (a) Neutral state absorption spectra of PEDOT, PEDOT-POSS and the
copolymers CP-1, CP-5, CP-10, CP-15 obtained via constant potential electrolysis at
1.5 V in an electrolyte solution of 0.1 M TBAH dissolved in the mixture of
dichloromethane and acetonitrile (1/3: v/v) on ITO electrode with a charge of 12
mC/cm?. (b) Electronic absorption spectra of the copolymer CP-10 film coated on
ITO electrode at various applied potentials between -0.8 V and +1.1 V in 0.1 M
TBAH/CH3CN.
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The copolymer CP-10 obtained electrochemically from a monomer feed ratio of 10:1
exhibited a broad absorption band centered at 620 nm with two shoulders at 580 nm
and 671 nm attributed to the m-n* transition band. From the commencement of the
low energy end of the m-n* transition band, the optical band gaps of the copolymers
were calculated as 1.62 eV with a maximum wavelength of 620 nm similar to that of
PEDOT (1.61 eV with a maximum wavelength of 621 nm) (Table 3.5). Upon
moving from —0.8 V to +1.1 V, the intensity of the n-n* transition band started to
decrease simultaneously as expected from a homogenous conjugated polymer rather
than a heterogeneous/bilayer one (Figure 3.23 (b)). During the decrease in the
intensity of the band, a concomitant absorption band was appeared at 900 nm and
intensified during oxidation due to the formation of charge carriers called polarons.
Further oxidation converted polaron charge carriers into bipolaron charge carriers
and this conversion can be monitored by decreasing intensity of the polaron band and
by appearing and intensifying a new band beyond 1000 nm. During this observation,
the n-m* transition band diminished completely. These observed changes in
absorption spectra of the copolymers can directly be followed by a color change:
while the neutral state copolymers just as PEDOT film are dark blue/violet, their
oxidized forms are more transparent than PEDOT film. Therefore, the copolymer
films represented higher percent transmittance change (from 58 % to 65 %) than
PEDOT (54%) on account of the presence of EDOT-POSS units in the copolymer
structure (Figure 3.24 and Table 3.5).
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Figure 3.24. (a) Transmittance spectra of PEDOT and CP-10 on ITO in their neutral
and oxidized states in 0.1 M TBAH/CH3;CN. (b) chronoabsoptometry experiments
for the PEDOT and the copolymers when the polymers were switched for 10 s
intervals between redox states in 0.1 M TBAH/CH3;CN. The polymers were obtained
via constant potential electrolysis at 1.5 V in an electrolyte solution of 0.1 M TBAH
dissolved in the mixture of dichloromethane and acetonitrile (1/3: v/v) on ITO

electrode with a charge of 12 mC/cm?.
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Color changes can also be defined more scientifically by using L*a*b* coordinates,

where L* is the luminescence (the white-black balance), a* and b* are the red-green

balance and yellow-blue balance of the corresponding color, respectively. As shown

in Figure 3.26, PEDOT and the corresponding copolymer represent the similar

behaviors when switched between their redox states.
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Figure 3.25. a*b* coordinate of the color change of the polymers upon moving from
-0.8 Vto 1.1 V with 0.1 V increments.
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Also, L*a*b* coordinates can be used to determine the degree of color saturation,
San, defined as the ratio of chromatic color. Its value has a range from 0 to 100,
where 0 is gray and 100 is a pure color. It can be calculated according to Equation
2.3 [137]. All polymer films represented color saturation between 60 and 67 (Table
3.6). The copolymer films showed very similar color purity with PEDOT (60). These
findings can also be confirmed by comparing the color difference AE s, given in
Equation 2.4 [137].

*2 *2
Sab=($)” ? Equation 2.3

a*? + b*2 +1*?

AE"3 = [(AL*)? + (Aa*)? + (Ab*)?] 2 Equation 2.4

The AE , values vary from 2.3 to 6.8 versus PEDOT and the colors of the polymers

are nearly indistinguishable by naked eye since the AE 4, values are lower than 2.3.
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Table 3.6. Colorimetry and optical comparisons of PEDOT, PEDOT-POSS and the

copolymers.
g g~ ©
2 g & 5
s | g5 85| £ =
s | 25| £ 828 E |
Polymers pR= ’&s% % SE’ 83 § '-g
SE | 58 | 5 £9 |28 = 3
S |Bw| B0 S 5
© | sx| 20| 3 =
-xﬁ *EE O U
L: 56 L:90.2
PEDOT |a:6 a:-2.5 60 0 9.0
b:-42 | Db:-7.6
L:53.2 | L:86.1
CP-1 a: 5.2 a-1.7 62 | 2.7 | 8.7
b:-41.6 | b:-7.2
L:575 |L:914
CP-5 a: 4.2 a:-1.9 60 | 2.3 | 8.1 ' '
b:-42.9 | b: -6.1
L:53.3 | L:91.9
CP-10 a: 3.5 a: -2.4 67 | 6.8 | 4.1 . !
b: -47.7 | b: -5.0
L: 555 | L:92.7
CP-15 a: 2.0 a-1.9 64 | 5.8 | 3.7
b:-46.6 | b: -4.7
L:53.4 | L:92.6
PEDOT- | _. .
POSS a-06 |a-2.6 67 | 9.0 0
b: -48 h:-2.0
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The presence of bulky POSS units prevents the interactions and increases the
distance between chains; therefore, the entrance of counter ions in the polymer
structure will be easier [109,138]. As a result, while the percent transmittance change
(optical contrast ratio) increases, the switching time will be shorter. In order to prove
this suggestion, the effect of switching time on the percent transmittance changes
was monitored via a square-wave potential method between -0.8 V and +1.1 V with
switching times of 10, 5, 3, 2 and 1 s. As seen in Figure 3.26, the copolymer CP-10
film has a very short switching time since it preserved its percent transmittance
change even when switched in 1 s. The optical contrast value for CP-10 decreased
3.1% (dropping from 65% to 63%) when switching time was decreased from 10 s to
1 s and this value is 7.5% for PEDOT polymer (dropping from 54% to 50%).
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Figure 3.26. Chronoabsoptometry experiments for the copolymer CP-10 film on ITO
in 0.1 M TBAH/CH3CN while the polymer were switched between its redox states in
different time intervals (10, 5, 3, 2, and 1 s).
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One of the optical properties of the electrochromic materials is the coloration
efficiency (CE), which is defined as the power efficiency of the material to change its
color from neutral state to oxidized state or vice versa. By using Equation2.5, the CE
of the copolymer CP-10 was calculated as 463 cm?/C, which is greater than PEDOT
(352 cm?/C) (Table 3.5).

3.3 Electrochemical and Electro-optical Characterization of ProDOT-POSS

and Its Polymer

3.3.1 Electrochemical Behaviour of ProDOT-POSS

Redox behavior of ProDOT-POSS was investigated by using cyclic voltammetry in
an electrolyte solution of 0.1 M TBAH dissolved in dichloromethane. The monomer
has one irreversible oxidation peak, which is responsible from its
electropolymerization at 1.65 V vs Ag/AgCl reference electrode. When compared to
aromatic and alkyl substituted ProDOT derivatives [61,62], the oxidation peak is
somewhat higher. It can be conjectured that there is an insignificant effect of POSS

cage on the oxidation value of ProDOT unit [133].

Electropolymerization was performed in a mixture of dichloromethane and
acetonitrile since the corresponding product is soluble in dichloromethane and the
monomer is insoluble in acetonitrile. Based on this information, the solvent ratios
were adjusted as 1:3 by v:v for dichloromethane and acetonitrile, respectively. As
shown in Figure 3.27, ProDOT monomer represented an irreversible oxidation peak
at 1.65 V in this electrolyte medium containing 0.1 M TBAH. During reverse scan, a
nucleation loop was observed, which confirms the formation of electroactive species
like oligomers on the electrode surface [141]. Also, during second scan, a new redox
couple with a half wave of 0.32 V was appeared and its intensity increases after each
successive scan. After a certain number of scans, the redox couple responsible from
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the formation of an electroactive polymer called as PProDOT-POSS (Scheme 3.3) on
the electrode surface starts to shift higher potential values. This shift can be due to a
decrease in the electroactivity of the polymer film on the electrode surface or an
increase in the polymer thickness which makes the insertion of ions into the polymer
backbone difficult [142].
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Figure 3.27. Potentiodynamic polymerization of ProDOT-POSS (5.0x10° M) to get
PProDOT-POSS in 0.1 M TBAH dissolved in a mixture of dichloromethane and
acetonitrile (1/2.5 by v/v) between -0.30 V and 1.70 V at a scan rate of 100 mV/s on
a Pt electrode vs. Ag/AgCI reference electrode.

87



R\ . _oR
O’S'I-OO-'S'I
2~ 0L 70
R=-Si—1'Si-R} -
C')R‘Si6 =Si., =
v/ 50 R %
,Si=0-Si
R % POSS
%L R= isobutyl %L
/O /O
—Si —Si—
o Electrochemical / Chemical Of
% Polymerization ?<
O O O O
s g
S S ’n
ProDOT-POSS PProDOT-POSS

Scheme 3.3. Chemical structures of ProDOT-POSS and its corresponding polymer
PProDOT-POSS.

3.3.2 Characterization of PProDOT-POSS Polymer

One of the useful ways to clarify the presence of POSS cages in the polymer
backbone is to confirm the presence of Si-O-Si stretching band by using FTIR
spectroscopy. As shown in Figure 3.28, Si-O-Si stretching band at around 1073 cm™
as well as CH stretching of aliphatic groups at 2850 and 2929 cm™ in the monomer
spectrum was remained unaltered upon polymerization and was observed in the
polymer spectrum, which unambiguously indicates the presence of POSS cages in
the structure. In addition, the disappearance of the band at 3098 cm™ (for alpha-

hydrogens of thiophene ring) confirms the coupling at 2,5-position of the thiophene
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ring, which confirms that the corresponding polymer has linear chains due to the

proceeding polymerization via 2,5 linkages.
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Figure 3.28. FTIR spectra of ProDOT-POSS monomer and chemically obtained
PProDOT-POSS.

NMR spectroscopy is also a useful method to prove the existence of POSS cages in
the polymer structure. The alkyl groups on POSS cages clearly confirmed by the
peaks appeared at around 0.60, 0.90 and 1.80 ppm in both the spectra of the
monomer and its polymer (Figure 3.29). Also, the peak at 6.32 ppm responsible from
H atoms of 2,5 position in the monomer disappears in the polymer spectrum, which
confirmed the formation of a linear polymer backbone via 2,5-coupling (Appendix
A).
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Figure 3.29. 'H NMR spectra of (a) ProDOT-POSS and (b) chemically obtained
PProDOT-POSS in d-CHCls.

3.3.3 Electrochemical Behaviour of PProDOT-POSS Polymer

Eelectrochemical behavior of PProDOT-POSS film was performed in a monomer
free electrolyte solution of 0.1 TBAH dissolved in acetonitrile. The polymer film has
a quasi-reversible redox couple with a half wave of 0.21 V (see Figure 3.30(a)) and
the current intensity of this redox couple changes linearly as a function of scan rate,
confirming a non-diffusional redox process and the presence of a well adhered

polymer film on the electrode surface.
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Figure 3.30. (a) Scan rate dependence of PProDOT-POSS film on a Pt electrode in
0.1 M TBAH dissolved in acetonitrile at different scan rates between a:40,b:60, ¢:80,
d:100, e:120, f:140, g:160, h:180 and i:200 mV/s. (b) The current vs. scan rate plot of

the polymer film with increasing scan rate.
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3.3.4 Optical and Electrochromic Behavior of PProDOT-POSS polymer

In order to find the optical band gap of PProDOT-POSS, the polymer film was
coated on the electrode surface electrochemically and then the film was neutralized
in a monomer free electrolyte solution at -1.0 V vs Ag wire. The spectrum of the
neutral state polymer represented a very well developed vibronic coupling as a
fingerprint of a linear polymer backbone [141,142]. For example, PProDOT-POSS
film has a broad n-n* transition band containing two well-resolved absorption bands
at 555 nm (2.23 eV) and 598 nm (2.07 eV) with a shoulder at 517 nm (2.40 eV)
(Figure 3.31). From the commencement on the low energy end of the n-n* transition
band, the band gap of the polymer was calculated as 1.95 eV, which is comparable
with those of aromatic and alkyl substituted PProDOT derivatives [61,62] (Table
3.7). When compared to the parent PProDOT, substituted PProDOT derivatives have
higher E4 values due to the presence of substituents, the kind of which does not have
significant effect on the Eg values of the corresponding polymers.
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Figure 3.31. Electronic absorption spectra of the PProDOT-POSS film on ITO in 0.1
M TBAH/CH3CN at various applied potentials between -1.0 V and 1.0 V. Inset: The
colors of the PProDOT-POSS at neutral and oxidized states and the polymer

dissolved in toluene solution.

The changes in electro-optical properties of PProDOT-POSS film were investigated
under applied external potentials. As shown in Figure 3.31, upon moving from -1.0 V
to 1.0 V, the n-n* transition band started to lose its intensity and the absorption band
centered at 900 nm started to intensify and received a maximum value due to an
increase in the density of polaron charge carriers during p-doping. Upon further
oxidation, the m-m* transition band diminished completely and due to the
combination of polaron charge carriers and the formation of bipolaron charge carriers
the intensity of the broad absorption band beyond 650 nm began to decrease and

reach a minimum level.
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Table 3.7. Optoelectronic properties of some alykyl and aromatic PProDOT

derivatives. (See Appendix F for the chemical structures)

;‘fmax E 2 Py CE tswi chin b
Polymers (nm) (e\g/) A%T (cm?C) ES) 9 Ref
PProDOT-Me, | 578 | yoivieq | 78 | 200 | 0.3-0.8 | [143]
PProDOT-Et, 580 1.75 75 505 <0.5 [144]
632,
573, 1.86 76 1365 0.45 [145]
PProDOT-Bu, >17
582 1.83 68.1 850 1.2 [62]
634,
584 1.80 71 1270 0.43 [145]
PProDOT-Hex, 572 1.88 64.7 514 1.0 [62]
Not Not
627 reported 4 reported 1.0 [146]
623,
PProbOT- 567, | 196 | 53 | 1204 | 05 | [4]
EtHex, 517
PProDOT-Dec, 2;2’ 1.82 73 306 0.6 [61]
PProDOT- Not Not
Dodec, 604 reported & reported 1.0 [146]
PProDOT-Bz, 632 rer!\tln?:ed 89 550-600 | 0.4-0.6 [7]
PProDOT-POSS 5225’ 1.95 55 504 1.0 This
Study
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Also, PProDOT-POSS film has an electrochromic property; therefore, all these
changes in the optical absorption spectrum occuring during doping (or vice versa)
can be followed by color changes: violet (L= 53.21, a= 23.29, b= -35.61) when
neutralized and highly transparent (L= 87.45, a= -0,29, b= -2,13) when oxidized (see
the inset of Figure 3.31).

On the other hand, keep in mind that due to the presence of POSS cages the polymer
is completely soluble in common organic solvents such as toluene, chloroform,
dichloromethane, tetrahydrofuran, etc (see the inset of Figure 3.31). Without doubt,
this property makes it a good candidate for bio- and opto-electronic applications. By
the help of this property, chromic properties of PProDOT-POSS polymer can also be
controlled chemically. For this aim, SbCls and N,HsOH solutions can be used as
oxidizing and reducing agents, respectively; therefore, chemically obtained polymer
can be doped and dedoped reversibly. As shown in Figure 3.32, different redox states
of the polymer as well as the changes in absorption spectra can be monitored after
the addition of various amounts of SbCls. Like electrochemically p-doping, the m-n*
transition band at 595 nm started to lose its intensity with a concomitant absorption
band appeared and intensified at 900 nm by the addition of SbCls solution.
Increasing doping ratio by further addition of SbCls resulted in the disappearence of
the m-n* transition band and a bathocromic shift for the polaron carriers from 900 nm
to 750 nm. Also, the appearence of the band responsible from the formation of

bipolaron charge carriers beyond 850 nm was observed.

In addition, the polymer exhibited chemochromic properties during this process and
the color changes could be nicely observed upon chemical switching (the inset of
Figure 3.32): reddish orange (L= 60.71, a= 44.73, b= 31.73) at neutral state and
transparent sky blue (L= 71.28, a= -8.30, b= -1.66) at oxidized state.
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Figure 3.32. Changes in the absorption spectra of chemically obtained PProDOT-
POSS dissolved in toluene during chemical oxidation by using 10* M SbCls oxidant.

Inset: Colors of PProDOT-POSS dissolved in toluene at neutral and oxidized states.

Electrochemically obtained PProDOT-POSS film on ITO has a percentage
transmittance change (A%T) of 55 at 555 nm, which is lower than that of the parent
PProDOT (71.5% at 571 nm) [62]. Also, PProDOT-POSS has a coloration efficiency
of 502 cm?/C at 95% of the full contrast with a switching time of 1.0 s. Switching
time is one of the most important parameters for electrochromic materials to be a
candidate for electro-optical applications. The color change of the polymer film was
tested by recording the percent transmittance changes as a function of applied
switching time at a constant potential via a square-wave potential method. The
polymer film was switched between -1.0 V and 1.0 V with switching times of 10, 5,

and 3 s (Figure 3.33). The polymer film has a very short response time and it
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preserved the percent transmittance change without any appreciable changes upon
moving from 10 s to 3 s. For example, only about 7% optical contrast change (from

55.0 to 50.9) was observed when the switching time was decreased to 3 s.
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Figure 3.33. Chronoabsorptometry experiment for PProDOT-POSS (at 618 nm, 17
mC/cm?) films on ITO in 0.1 M TBAH/CH5CN while the polymer film was switched

with an interval time of 10 s, 5 s and 3 s between -0.5 and 0.9 V.

On the other hand, chemically and electrochemically obtained soluble and
conjugated PProDOT-POSS polymer samples, as expexted, exhibited a reddish
orange emission centered about at 605 nm when excited at 500 nm (Figure 3.34).
Both chemically and electrochemically obtained polymers exhibited similar emission

band between 500 nm and 800 nm. To the best of our knowledge, unlike aromatic
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and alkyl substituted PProDOT derivatives [61,62], PProDOT-POSS polymers are
the first fluorescent examples of PProDOT derivatives. Under the light of this
finding, it can be safely concluded that PProDOT-POSS can certainly find some
various applications in opto-electronics like an active emitter in light emitting diodes
or organic lasers and also can be used in bio-applications like imaging the cancer

cells.
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Figure 3.34. Absorbance (black) and emission (red) spectra of chemically (line) and

electrochemically (dash line) obtained PProDOT-POSS in toluene. Inset: Colors of

the PProDOT-POSS polymer in toluene under ambient light (left) and handheld UV

lamp (right) at 365 nm
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Table 3.8. Optical properties of some polyalkylenedioxythiophene derivatives.

Q

~

o o d % o O OAO
Polymers PEDOT-POSS PEDOT PProDOT-POSS PProDOT
Amax (NM) 618 627 555 590
E, (8V) 1.71 1.60 1.95 1.70
HOMO (eV) 4.64 4.17 4,55 -
LUMO (eV) 2.93 2.57 2.60 -
A%T 74 % 61 % 55 % 54 %
tox (5) 0.9 1.2 1.0 2.2
CE (cm?/C) 582 350 504 -

3.4 Electrochemical and Electro-optical Characterization of EDOS-POSS and

Its Polymer

3.4.1 Electrochemical Behaviour of EDOS-POSS

First of all, the redox behavior of EDOS-POSS monomer was investigated by using

cyclic voltammetry in an electrolyte solution of 0.1 M tetrabutylammonium

perchlorate/propylene carbonate solution. Upon moving from 0.0 V to 1.5 V, the

monomer exhibited a well-defined irreversible oxidation peak at 0.90 V vs. Fc/Fc,

which is somewhat higher than its parent EDOS monomer (0.88 V vs. Fc/Fc” in

tetrabutylamminum perchlorate/propylene carbonate electrolyte/solvent couple) [59].

This result showed that the presence of POSS bulky group on the ethylenedioxy
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bridge of EDOS does not affect the electron donating abilities of the oxygen atoms
and therefore it is possible to get almost the same oxidation potential values for the

monomers.

On the other hand, while the product obtained during polymerization was soluble in
dichloromethane, it is insoluble in acetonitrile. Due to this reason, the
electropolymerization of EDOS-POSS monomer was performed potentiodynamically
in a mixture of dichloromethane and acetonitrile (1/3, v/v) containing 0.1 M TBAH.
As shown in Figure 3.35(a), after first cycle, a new redox couple responsible from
the electrolpolymerization started to appear between -0.2 V and 0.3 V, and the
current intensity of this redox couple increased as a function of repetitive anodic
scan. Figure 3.35(a) represented the fingerprint of the formation of an electroactive
polymer film called PEDOS-POSS on the electrode surface (Scheme 3.4).
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Figure 3.35. (a) Potentiodynamic polymerization of EDOS-POSS (5.0x10° M) to get
PEDOS-POSS in 0.1 M TBAH dissolved in a mixture of dichloromethane and
acetonitrile (1/2.5 by v/v) between 0.30 V and 1.55 V at a scan rate of 100 mV/s on a
Pt electrode vs. Ag/AgCI reference electrode. (b) Scan rate dependence of PEDOS-
POSS film on a Pt disk electrode in 0.1 M TBAH/acetonitrile at different scan rates,
a: 40 mV/s, b: 60 mV/s, c: 80 mV/s, d: 100 mV/s, e: 120 mV/s, f: 140 mV/s, g: 160
mV/s, h: 180 mV/s, and i: 200 mV/s.
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Scheme 3.4. Electrochemical and Chemical polymerization of EDOS-POSS to get
PEDOS-POSS polymer.

3.4.2 Characterization of PEDOS-POSS

FTIR spectroscopy can be used as one of the efficient ways to verify the presence of
POSS cages in the polymer backbone. As shown in Figure 3.36, Si-O-Si stretching
band at around 1073 cm™ as well as CH stretching of aliphatic groups at 2850 and
2929 cm™ in the monomer spectrum was remained unaltered in the polymer
spectrum, which absolutely confirming the presence of POSS cages in the polymer
backbone. Also, the disappearance of the band at 3098 cm™, which is responsible
from alpha-hydrogens of thiophene ring at 2,5-positions, clarifies the formation of a

linear polymer chain due to the proceeding polymerization via 2,5 linkages.
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Figure 3.36. FTIR spectra of (a) EDOS-POSS and (b) chemically obtained PEDOS-
POSS.

Like FTIR spectroscopy, NMR spectroscopy can also confirm the existence of POSS
cages in the polymer structure. The alkyl groups on POSS cages in polymer structure
showed themselves clearly at around 0.61, 0.95 and 1.85 ppm (Figure 3.37 (b)).
Also, the peak at 6.78 ppm responsible from H atoms of 2,5 position in the monomer
spectrum (Figure 3.37(a)), responsible from the formation of a linear polymer chain

via 2,5-coupling, disappears after polymerization.
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Figure 3.37 *H NMR spectrum of (a) EDOS-POSS and (b) chemically obtained
PEDOS-POSS in d-CHCls.

3.4.3 Electrochemical Behaviour of PEDOS-POSS

The cyclic voltammogram of electroactive PEDOS-POSS film showed a well-
defined and reversible redox couple with a half wave of 0.10 V vs. Ag/AgClI (Figure
3.35(b)). The current intensity of redox couple as a function of scan rate increases
linearly and as expected from a conjugated electroactive film, the polymer film

represents a non-diffusional redox process.

It is noteworthy to mention that PEDOS-POSS film exhibited a characteristic feature
of electrochemical capacitors in the shape of cyclic voltammogram since the
voltammogram looks like nearly a rectangle with a wide potential window between

0.15 V and 1.1 V (Figure 3.38(a)). The rectangle shape has remained unchanged
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even at high scan rates. As shown in Figure 3.38(b), the intensity and
charge/discharge of the flat current response increased linearly as a function of scan
rates, which indicates a fast charge (doping)/discharge (dedoping) process even at
high scan rates (Figure 3.39). It can be easily concluded that this capacitive behavior
makes the polymer PEDOS-POSS a promising candidate for battery and
supercapacitor.

105



020] (@
0.15
0.10
0.05-

0.00

i,/ mAcm?

-0.05

-0.10 4

-0.15-

06 -04 -02 00 02 04 06 08 1.0 1.2
E/V

1 (b
0.2 . (M)

0.1 1

) (a)
0.0

i, / mAcm™

-0.1

-0.2 1

-0.3

0.0 0.2 0.4 0.6 0.8 1.0 1.2
E/V

Figure 3.38 Cyclic voltammograms of PEDOS-POSS film coated on Pt electrode in
0.1 M TBAH/acetonitrile solution between -0.5 V and 1.1 V, and between 0.15 V
and 1.1 V at a scan rate of 100 mV/s. (b) Capacitance effect of PEDOS-POSS film
by cyclic voltammetry at scan rates of a) 40, b) 60, c¢) 80, d) 100, e) 120, f) 140, g)
160, h) 180, and i) 200 mV/s.
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Figure 3.39. (a) Relationship of charge/discharge values of the redox couple of
PEDOS-POSS as a function of scan rate in 0.1 M TBAHY/acetonitrile solution
between -0.3 V and 1.1 V, (b) Relationship of anodic/cathodic current values of the
redox couple of PEDOS-POSS as a function of scan rate in 0.1 M TBAH/acetonitrile
solution between -0.3V and 1.1 V.
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The stability test under ambient conditions in the presence of oxygen is crucially
important for the materials since they can be amenable to use in industrial
applications when passed this test. The test showed that PEDOS-POSS polymer
exhibited a stability performance (retaining 76% of its electroactivity after 5000
cycles) close to PEDOS analogue (retaining 83% of its elecroactivity after 5000
cycles) (Figure 3.40). PEDOS also managed to retain 68% of its electroactivity even
after 9000 cycles.
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Figure 3.40 Stability test for electrochemically obtained PEDOT-POSS film in 0.1 M
TBAH/CH3CN at a scan rate of 100 mV/s under ambient conditions by cyclic
voltammetry as a function of the number of cycles: Q, (anodic charge stored), Q.

(cathodic discharge), (b) i, (anodic peak current), (c) ic (cathodic peak current).
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3.4.4 Optical and Electrochromic Behavior of PEDOS-POSS polymer

The neutral state PEDOS-POSS polymer film coated on ITO has two maximum
wavelengths of 668 nm and 724 nm attributed to the n-n* transition band (see Figure
3.41). Also, when compared to the parent PEDOS (1.40 eV with Ama= 666 nm), it
has a narrow band gap of 1.50 eV calculated from the onset of the low energy end of
the n-* transition. Moreover, the polymer film has a pure blue color (L= 64.82, a= -
10.0, b=-13,05) at its neutral state due to nearly the absence of absorbance between
400 nm and 500 nm. This property makes the polymer a good candidate for
electrochromic windows and monitors since blue is one of the legs in RGB color
pallet [61,62,133].

From the viewpoint of opto-electronic applications, the electro-optical properties of
the polymer film were studied under applied external potentials during p-doping
moving from -0.5 V to 1.1 V. Upon oxidation, due to the formation of charge carriers
on the polymer backbone the m-n* transition band started to lost its intensity
simultaneously. Upon further oxidation, the polymer film exhibited no absorption
band in the visible region and these changes were accompanied with color changes
from pure blue (L= 64.82, a= -10.0, b= -13,05) to highly transparent state (L= 81.25,
a= -3.23, b= 6.35) (see inset of Figure 3.41). Based on the foregoing findings, it can
be concluded that PEDOS-POSS can be a promising material for optical devices and
displays by the help of its switchable visible window under applied external voltages.
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Figure 3.41 Optical absorption spectra of the PEDOS-POSS film (17 mC/cm?)
coated on ITO in 0.1 M TBAH/acetonitrile at various applied potentials between -1.0

V and 1.0 V. Inset: Colors of the polymer at neutral and oxidized states.

In order to find any application in industrial area, the solubility is also one of the
most important properties since it will be possible to coat the polymer on any
surface. Chemically and electrochemically synthesized PEDOS-POSS polymer
samples are completely soluble in common organic solvents like toluene,
tetraheydrofuran, dichloromethane and chloroform. To the best of our knowledge,
PEDOS-POSS is the first soluble example of PEDOS analogues [67,129]. This
property makes it a promising candidate for industrial applications since it is possible
to coat polymer samples on any surface via spray coating method (Figure 3.42(a)).
Therefore, chromic properties PEDOT-POSS polymer samples can also be controlled

chemically in both solution and film forms. For example, chemically obtained
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polymer can be doped and dedoped by using SbCls and N,HsOH as oxidizing and
reducing agents, respectively. Different redox states of the polymer samples in
solution and film forms can be followed by monitoring the changes in the absorption
spectra during the addition of various amounts of SbCls. (see Figure 3.42(b) and (c)).
During chemical oxidation, the n-n* transition bands started to lose their intensities
and as a result of doping process the charge carriers are formed and they can be
monitored by the appearance of a new band beyond 600 nm by the addition of SbCls
solution. Doping and dedoping processes can be performed reversibly and the
corresponding polymer showed a chemochromic properties during this reversible
process: reddish orange (L= 44.30, a= 24.63, b= -32.40) at neutral state and
transparent sky blue (L= 82.52, a= -1.13, b=4.10) at oxidized state for solution form
and pinkish orange (L= 78.02, a= 1.78, b= -15.92) when neutralized and transparent
sky blue (L=90.92, b=0.67, b=-1.09) when oxidized for film form.
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Figure 3.42. (a) Spray coating of PEDOS-POSS dissolved in toluene on ITO
electrodes, (b) Changes in the absorption spectra of chemically obtained PProDOT-
POSS dissolved in toluene during chemical oxidation by using 10* M SbCls oxidant
and (c) Changes in the absorption spectra of chemically obtained PProDOT-POSS
coated on ITO electrode under applied external potentials between -0.5 V and 2.0 V
in 0.1 M TBAH/CH3CN.
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The percentage transmittance change (A%T) of PEDOS-POSS was calculated higher
than that of PEDOS (55% at 666 nm). Upon moving from — 0.5V to 1.1 V, the A%T
of the PEDOS-POSS was found as 59% at 668 nm. Also, the presence of POSS
cages was improved some electro-optical properties. For example, when compared to
PEDOS (212 cm?/C at 95% of the full contrast), electrochemically obtained PEDOT-
POSS has higher coloration efficiency (593 cm?/C at 95% of the full contrast) and
nearly same switching time (0.7 s) (Table 3.9).

On the other hand, to the best of our knowledge, chemically and electrochemically
obtained soluble and conjugated PEDOS-POSS polymer samples are the first
fluorescent example of polyalkylenedioxyselenophene derivatives [67,129]. When
PEDOS-POSS dissolved in toluene excited at 500 nm, it exhibited a reddish orange
emission centered about at 620 nm (Figure 3.43). Both chemically and
electrochemically obtained polymers exhibited similar behavior. Based on the
foregoing results like solubility and fluorescence property, PEDOS-POSS can be a
promising material for opto-electronic applications. Also, the reddish orange
emission can make it amenable to use in bio-applications like imaging the cancer

cells.
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Figure 3.43 Absorbance (black) and emission (red) spectra of chemically (line) and

electrochemically (dash line) obtained PProDOT-POSS in toluene. Inset: Colors of

PEDOS-POSS dissolved in toluene under ambient light (left) and handheld UV lamp

(right) at 365 nm.
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Table 3.9 Optical properties of some polyalkylenedioxythiophene and

polyalkylenedioxyselenophene derivatives.

(e} o

g )

o5 O o o
Polymers PEDOT-POSS PEDOT PEDOS-POSS PEDOS
Amax (NM) 618 627 668 666
Eq (eV) 1.71 1.60 1.50 1.42
A%T 74 % 61 % 59 % 55 %
tox (5) 0.9 1.2 0.7 0.6
CE (cm?/C) 582 350 593 212
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CHAPTER 4

CONCLUSION

A highly soluble PEDOT analogue was synthesized without using any surfactants
and dispersants. The PEDOT analogue bearing alkyl substituted POSS cages showed
much better electrochemical and optical properties than PEDOT. Soluble PEDOT-
POSS exhibited electrochromic behavior: blue at neutral state and highly transparent

when oxidized.

On the other hand, the bridge center on ProDOT unit was functionalized with alkyl
substituted POSS cage and the hybrid monomer was polymerized successfully via
both chemical and electrochemical polymerization techniques. The findings showed
that the soluble corresponding polymers exhibited both electrochromic (violet when
neutralized and transparent sky blue when oxidized) and fluorescent (a reddish

orange emission centered about at 605 nm) properties.

Also, a highly solution processable and fluorescent neutral state pure blue PEDOS
analogue called PEDOS-POSS was synthesized firstly. The presence of alkyl
substituted POSS cages improved the electrochemical and optical properties when
compared to the parent PEDOS. Also, PEDOT-POSS samples can be doped
chemically in both solution and film and electrochemically in film. In addition,
soluble PEDOT-POSS also exhibited electrochromic behavior such as pure blue

when neutralized and highly transparent when oxidized.

All these properties (Table 4.10) make these polymers (PEDOT-POSS, PProDOT-
POSS, and PEDOS-POSS) promising materials to be use in various applications like
electrochromic devices and displays, solar cells, transistors, capacitors, etc. In

addition, these properties make them promising candidates for bio-applications like
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imaging the cancer cells as well as electro-optic and photocatalytic applications.

Further work in the application line is currently underway in our laboratories and the

results will be reported in due time.

Table 4.10. Optical

properties

of some polyalkylenedioxythiophene and

polyalkylenedioxyselenophene derivatives with and without POSS units.

o

~

(o}

~

—Si—

3

(o] [e] (o) o O, o]
PEDOT- ‘M pEpos- Mt pproboT- A%

Polymers POSS PEDOT POSS PEDQOS POSS PProDOT
Amax (NM) 618 627 668 666 555 590
Eq (eV) 1.71 1.60 1.50 1.42 1.95 1.70
A%T 74 % 61 % 59 % 55 % 55 % 54 %
tox (S) 0.9 1.2 0.7 0.6 1.00 2.2
CE

582 350 593 212 504 -
(cm?/C)
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APPENDIX A

NMR DATA OF MONOMERS
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Figure A.1 *H NMR spectrum of EDOT-POSS in d-CHCls.
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Figure A.2 *C NMR spectrum of EDOT-POSS in d-CHCls.
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Figure A.3 *H NMR spectrum of ProDOT-POSS in d-CHCls.
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Figure A.4 *C NMR spectrum of ProDOT-POSS in d-CHCls.
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Figure A.5 *H NMR spectrum of 3,4-dimethoxy selenophene in d-CHCls.
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Figure A.6 *C NMR spectrum of 3,4-dimethoxy selenophene in d-CHCls.
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Figure A.7 *H NMR spectrum of EDOS-POSS in d-CHCl.
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Figure A.8 *C NMR spectrum of EDOS-POSS in d-CHCls.
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APPENDIX B

FTIR SPECTRA OF MONOMERS
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Figure B.1 FTIR spectrum of EDOT-POSS.
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Figure B.2 FTIR spectrum of ProDOT-POSS.
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Figure B.3 FTIR spectrum of EDOS-POSS.
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Figure B.4. FTIR spectrum of PEDOT-POSS obtained via constant potential
electrolysis at 1.5 V in an electrolyte solution of 0.1 M TBAH dissolved in the
mixture of dichloromethane and acetonitrile (1/3: v/v) on ITO electrode.
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Figure B.5. FTIR spectrum of chemically obtained PEDOT-POSS.
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Figure B.6. FTIR spectrum of electrochemically obtained Poly(EDOT-POSS-co-
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Figure B.7. FTIR spectrum of chemically obtained PProDOT-POSS.

138



Transmittance, %

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm-1

Figure B.8. FTIR spectrum of chemically obtained PEDOS-POSS.
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APPENDIX C

HRMS DATA OF MONOMERS
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Figure C.1. HRMS data of EDOT-POSS monomer (ESI) m/z: calcd for C3gH76015
Sig, 1029.31; found 1029.32
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Figure C.2. HRMS data of ProDOT-POSS monomer (ESI) m/z: calcd for C43HggO16
Sig, 1044.37; found 1067.37. It might capture a Na ion from the solvent.
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APPENDIX D

TGA DATA OF POLYMERS
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Figure D.1. TGA analysis of chemically obtained PEDOT-POSS.
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Figure D.2. TGA analysis of chemically obtained PEDOT.
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Figure D.3. TGA analysis of chemically obtained ProDOT-POSS.
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Figure D.4. TGA analysis of chemically obtained PEDOS-POSS.
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APPENDIX E

GPC DATA OF POLYMERS
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Figure E.1. GPC chromatogram of chemically obtained PEDOT-POSS in
tetrahydrofuran.
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Figure E.2. GPC chromatogram of electrochemically obtained PEDOT-POSS in
tetrahydrofuran.
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APPENDIX F

CHEMICAL STRUCTURES OF PRODOT DERIVATIVES
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