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droxyl groups on the backbones of polyimides is an important strategy to enhance the solubility and provide re-
active sites for organic-inorganic bonding. Composites prepared from organic polymer binder and inorganic
fillers have recently attracted considerable interests due to their enhanced mechanical, thermal, optical and elec-
trical properties compared to the corresponding polymer or inorganic component. Moreover, the inorganic com-

I;Zﬁ/gizse' ponents in hybrid films can also serve as electron acceptors for stabilizing the charge transfer complex thus result
Hybrid material in electrically programmable digital memory properties. In addition, the high performance polyimides can fur-
TiO, ther served as substrate and protector for the AgNWSs-polyimide conductive hybrid films, exhibiting good adhe-
Zr0, sive property, high bendability, and excellent thermal stability. Owing to the high glass transition temperature
silver nanowire (Tg) of polyimides, the resulted AgNWs-polyimide electrode can maintain its conducting performance at high
temperature operation. Thus, the hybrid electrode provided extremely high potential to operate at harsh working
environment or further post processing. By the excellent combination of transparent polyimides and inorganic
materials, the resulting polyimide hybrids showing promising potential are indispensable to optical and electrical

applications.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. High performance polymers

Materials science is an interdisciplinary and fundamental field of en-
gineering that focuses on designing the most suitable materials for ap-
propriate applications. Ceramics, metals, and polymers are three main
categories of materials till now. Among of these materials, polymer is
the most common material that is always applied in daily essentials,
such as desks, chairs, packages, containers, clothes and so on. However,
polymer science was unobtrusive and developed relatively late until
Hermann Staudinger proposed a landmark paper in 1920 that rubber
and other natural substances such as starch, cellulose, and proteins are
long chains of short repeating molecular units linked by covalent bonds
[1], which won him the 1953 Nobel Prize in Chemistry. In next two de-
cades, polyamide (nylon), polyethylene (PE), polytetrafluoroethylene
(Teflon) and silicon epoxy resin (silicone) had been successfully synthe-
sized and largely utilized in several applications due to the advantages of
low cost and lightweight. Furthermore, high-performance polymers
were then developed in late 1950s in order to satisfy the demands on
military, aerospace, buildings, and industrial applications. Owing to the
great combination of extraordinary chemical, physical and thermo-
mechanical properties, high performance-polymers have drawn many
scientists' attention that make all-out effort on macromolecular design
and polymer chemistry.

High-performance polymers were even developed much rapider in
next decade of 1960. During that time, the introduction of aromatic seg-
ments into polymers was first pointed out by Hill and Walker [2] and

mainly focused on enhancing their thermal stability. According to the
theory mentioned above, many scientists selected aromatic units or het-
erocyclic rings to prepare functional high-performance polymers.
Therefore, several commercialized high-performance polymers have
been developed, such as Kapton®, Kevlar®, Lexan®, and other hetero-
cyclic polymers (Scheme 1.1), which also demonstrate the useful infor-
mation and importance for the molecularly structural design of new
high-performance polymers.

1.1.1. Preparation of aromatic polyimides (PIs)

Among the polymeric materials, aromatic polyimides (PIs) have
been recognized as one of the important high-performance polymers
for industrial applications such as electronic packaging or flexible sub-
strates due to the outstanding thermal stability and mechanical proper-
ties. In 1956, Endrey worked on his research assignment to find a
solution processable method of aromatic PIs. Thus, he evaluated several
organic solvents such as N,N-dimethylformamide (DMF) for poly(amic
acid) (PAA, precursor of PI) and synthesized the first PAA film based
on oxydianiline-pyromellitic dianhydride (ODA-PMDA). Next ten
years, the production line of aromatic PI named as Kapton was set up
successfully [3]. Kapton is a useful material that served as insulated
layer of transformer and capacitor. In addition, other outstanding aro-
matic PIs have also been synthesized, such as Upilex, LARC-TPI, and
Ultem. Therefore, the kingdom of high-performance PIs was built up
step by step and used widely for many applications. The aromatic PIs
were typically prepared by two synthetic routes: one-step and two-
step polymerization methods which started from monomers of diamine
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Scheme 1.1. Structures of several commercially available high-performance polymers.
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and dianhydride.
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Two-step polymerization is the most widely utilized procedure to prepare
aromatic PL. An aromatic tetracarboxylic dianhydride is added to a solution of
aromatic diamine in a polar aprotic solvent such as N,N-dimethylacetamide
(DMAC). After reacted for a while, the formed viscous PAA precursor are proc-
essed into shaped products, and then the cyclodehydration procedure is con-
ducted by heating (thermal imidization) or treatment of chemical
dehydrating agents (chemical imidization) [4].

The typical heating process is indicated as following: heating the
PAA precursor from room temperature to 100 °C, 200 °C, then 300 °C,
and hold for an hour for each step [5]. However, it is important to
know that there are several complicated factors involved in these seem-
ingly simple thermal imidization processes, which would determine the
degree of imidization. The imidization reactions take place in a concen-
trated viscous solution (during initial and intermediate PAA stages), and
the presence of residual solvent plays an important role during
imidization at the later stages of the reaction. The chemical imidization
is normally promoted by addition of organic bases such as pyridine and
dehydrating agents, which is more susceptible to nucleophilic attack.
Although the cyclodehydration reaction is allowed to proceed at
100 °C, the chemical imidization technique requires a final heat treat-
ment (~200 °C) in order to remove the residual solvent completely
[6]. Despite low energy requirements during the reaction, it is rarely
used for applications due to the hazardous reagents involved.

One-step polymerization, as the name suggests, the intermediary
PAA and PI are formed at the same time during reaction. This process in-
volves a stoichiometric mixture of monomers in a high boiling solvent
or in a mixture of solvents and reacts at 180-220 °C [7]. The imidization
proceeds rapidly at high temperatures because of the azeotrope of

generated water and solvent. In addition, the acidic catalyst such as
benzoic acid is added in the first step to promote the formation of
trans-isoimide. It has been proposed that a basic catalyst such as
isoquinoline is necessary for converting the trans-isoimide into PI.
Therefore, one-step polymerization process is especially useful for poly-
merization involving unreactive dianhydrides and diamines [8].

1.1.2. Modification of aromatic Pls

Even though the PIs have great potential for industrial applications
owing to the outstanding thermal and mechanical properties, the utili-
zation of aromatic Pls are restricted by the poor solubility due to the
high crystallinity and stiffness of the polymer backbones, strong inter-
molecular interaction through m-m interaction, and charge transfer com-
plex formation. For practical application, processability of plastics is the
most important parameter in process engineering. Therefore, many sci-
entists have strived on this project to prepare the organic soluble or
thermoplastic Pls without sacrificing the desired thermal and mechani-
cal properties. Various approaches of the chemical structure modifica-
tion have been applied to improve the solubility and processability.
Among these methods, the introduction of polar and kinked groups
into the polymer chains is an effective method, such as aryl ether
(—0—), ketone (—CO—), ester (—COO—), methylene (—CH,—),
and isopropylidene [—C(CH3),—] into the polymer chains. In addition,
the kinked groups not only form bent bonds but also lower the internal
rotation energy of polymer chain, the packing effect of aromatic Pls has
been weaken thus improve the solubility to organic solvents. Another
approach is the replacement of symmetrical aromatic rings by asym-
metrical structures, which will also decrease the packing efficiency
and crystallinity between the polymer chains [9]. Moreover, the intro-
duction of bulky pendant substituent along the polymer skeleton and
kinked/non-coplanar structures into the polymer backbones can also
reduce the packing order of chain, enhance the solubility, and disrupt
crystallinity due to the random arrangement of substituent [ 10]. In sum-
mary, the aromatic PIs modified from the above mentioned approaches
exhibit good solubility to organic solvents and amorphous property.
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Scheme 1.2. Some High Optical Transparency Polyimides.
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Scheme 1.3. Preparation of fluorinated polyimides (P1).
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1.2. High optical transparency PIs resistance [11]. However, one of the great disadvantages of the aromatic
PI films for optoelectronic application is their yellowish nature. It is fully

Aromatic PIs are well-known high performance polymers and good recognized that the commercial aromatic PI films, such as Kapton, give
candidates for microelectronics and optoelectronic applications owing strong coloration from deep yellow to dark brown, which greatly limits
to their excellent properties, such as high thermal stability, good me- the widespread application in areas where transparency and colorless-
chanical property, low dielectric constant and excellent chemical ness are the basic needs [12]. In recent years, many efforts have been
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Scheme 1.4. Preparation of bulky triptycene-containing polyimides.
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Scheme 1.6. Preparation of ortho- phenylene units and the tert-butyl group containing PIs.
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made to develop highly optical transparent and colorless PI films along
with high thermal stability and excellent mechanical properties for ap-
plications in prospective flexible electronic or micro-optical devices in
the fields of displays, memory, lighting, solar cells, sensors, and wave-
guides [13]. In addition, optically transparent PI films also have potential
uses in optoelectronic devices, flexible display substrates, and semicon-
ductor applications [14].

It has been demonstrated that the original coloration in aromatic Pls
is caused by the intra-/inter-molecular charge transfer complex (CTC)
formation between the alternating electron-acceptor (dianhydride)
and electron-donor (diamine) moieties. In this regard, the effective
strategy for obtaining transparent and less-colored or colorless PIs is
to use weak electron accepting dianhydrides or weak electron-
donating diamines to suppress the charge transfer (CT) interactions
[15]. In the past decades, many attempts have been made to improve
the optical properties of PIs by incorporation of fluorine, chlorine, sul-
fone groups, or unsymmetrical and bulky pendent units, as well as
adopting the alicyclic moieties in the polymer structure [16]. Some
high optical transparency PIs are listed in Scheme 1.2 [17-21].

1.2.1. PIs containing unsymmetrical and bulky pendent units

Regarding the interlayer dielectrics, dielectric constant is a critical
factor in minimizing electrical power loss and delay of signal transmis-
sion in thin-film insulators. Therefore, PIs with trifluoromethyl (—CF3)
or hexafluoroisopropylidene (6F) groups are of special interests,
which will effectively increase the free volume and reduce the number
of polarizable groups in a unit volume of the prepared PIs, thereby im-
proves various properties such as solubility [22], optical transparency
[23], and electrical insulating [14e].

A series of novel fluorinated PIs containing trifluoromethyl and
tetramethyl substituents have been reported (Scheme 1.3) [24]. These
PIs (P1) exhibited excellent solubility in organic solvents as well as
high thermal stability and mechanical properties. The PI films also
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showed excellent mechanical properties, high optical transparency,
and low dielectric constants. These characteristics indicated that
fluorine-containing Pls are promising materials for optical applications.

Fluorinated PIs, in which fluorine atoms or —CF; groups are intro-
duced into the polymer main chain or side chain, have been extensively
investigated due to their unique characteristics. And previous research
on fluorinated aromatic PIs demonstrated that the incorporation of
bulky fluorine atoms or —CF3 groups into the polymer structures result-
ed in an enhanced solubility and a lowered dielectric constant, as well as
an improved optical transparency [25], which is attributed to their large
free volume, low polarization of C—F bond and the high electron nega-
tivity [26]. Ando and Ha [19] developed the chlorine-containing aromat-
ic PIs based on chlorinated diamines and found that the PIs exhibited
good transparency, high refractive index and low birefringence due to
the high polarizability of chlorine and the bulky molecular structure of
the prepared chlorinated PIs.

St. Clair reported the aromatic Pls incorporated with bulky electron-
withdrawing sulfonyl groups and indicated that the highly transparent
PI films could be obtained because of the reduction of the inter-chain
and intra-chain CTC formation [27]. The aromatic PIs with non-
coplanar biphenyl structures and meta-substituted phenyl groups in
the backbone, as well as the bulky pendant phenyl groups in the side
chain have been studied by some researchers [28]. Hsiao's group also
used the bulky triptycene pedant to decrease the charge transfer of
the polymer chain (Scheme 1.4) [21]. It is also suggested that these PI
(P2, P3) films have good solubility combined with high transparency,
which can be attributed to the expanded free volumes and the weak-
ened CTC formation. However, these aromatic polyimide films still
have slight coloration due to the presence of CT interactions caused by
the electron-donors and electron-acceptors from aromatic backbones.

The poly(ether-imide)s, having ortho-linked aromatic units in the
main chain, have been reported that exhibit excellent properties includ-
ing processability, either by solution or melt processing [29]. Recently,
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Scheme 1.7. Preparation of semi-aromatic polyimides.
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Scheme 1.8. Molecular structures of the diamines and dianhydrides.

Hsiao et al. have demonstrated that the combination of ortho-
phenylene units and the tert-butyl group could further improve pro-
cessability and film toughness in polyamides [30] (Scheme 1.5) and
PIs [31] (Scheme 1.6).

1.2.2. PIs containing alicyclic monomers
Non-aromatic Pls derived from dianhydrides and/or diamines with
alicyclic structures have been developed by Matsumoto [32] and other

researchers [33]. It is suggested that the non-aromatic PIs displayed
good solubility, low dielectric constant and high transparency, which
is due to their relatively lower molecular density and polarity, especially
the absence or inhibition of intra- and/or inter-molecular CT interac-
tions [34]. Therefore, the incorporation of alicyclic units in PIs is consid-
ered as one of the effective ways to enhance the transparency in the UV-
visible region and other desired properties. Unfortunately, the fully ali-
cyclic Pls prepared from alicyclic dianhydrides and diamines possess
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Scheme 1.9. Preparation of polyaspartimides.
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much lower thermal stability than the corresponding fully aromatic PIs,
which is a major drawback for practical application. In order to improve
thermal stability of alicyclic PIs, the semi-aromatic PIs derived from ar-
omatic dianhydrides/alicyclic diamines or alicyclic dianhydrides/aro-
matic diamines were then developed (Scheme 1.7) [35].

Recently, the semi-aromatic PIs prepared from alicyclic dianhydrides
and aromatic diamines have more attracted due to their highly transpar-
ency without sacrificing thermal stability and mechanical toughness,
which make them good candidates for applied as colorless and transpar-
ent substrates.

Ueda's group have succeeded the synthesis of semi-alicyclic PI with
a high molecular weight based on aliphatic diamine (trans-1.4-
cyclohexanediamine, t-CHDA) and aromatic dianhydride by the addi-
tion of acetic acid [36]. After that, Hasegawa's group has developed a se-
ries of high molecular weights semi-alicyclic PIs based on aliphatic
diamines and dianhydrides (Scheme 1.8) [18]. Thus, the salts formed
from aliphatic or alicyclic diamines and monocarboxylic acids have
higher solubility in organic solvents than those salts formed from ali-
phatic or alicyclic diamines and PAAs [36,37].

1.2.3. Bismaleimide-type Pls

It is also well known that thermosetting Pls derived from
bismaleimides (BMIs) exhibit excellent thermal and mechanical prop-
erties, thus making them extremely popular for advanced composite
and electronics. BMIs can be self-polymerized through their reactive
maleic double bonds to give highly cross-linked, rigid, and brittle PIs.
On the other hand, nucleophilic difunctional reagents such as diamines
and dithiols could react with the strongly electrophilic maleic double
bonds to afford linear and high-molecular-weight PIs. In particular, di-
amines have been used to extend BMIs, resulting in polyaspartimides

and polyimidothioethers (PITEs). Crivello [38] reported a detailed in-
vestigation of the condensation of aromatic amines and maleimide in
1973 (Scheme 1.9). White and Snider [39] then compared the reactions
of the secondary diamines with BMIs via Michael polyaddition. Recent-
ly, new linear polyaspartimides were obtained via Michael addition
from several functional diamine-based BMIs with various aromatic di-
amines in m-cresol [40]. These polymers exhibited an amorphous mor-
phology with good solubility, high T, values, and good thermal stability,
which could be considered to be new processable polymeric materials.

Through the Michael addition, thermally stable nonlinear optical
(NLO) hyperbranched systems consisting of azobenzene dyes have
been successfully synthesized (Scheme 1.10) [41]. All of the obtained
polymers were soluble in DMF, DMAc, and DMSO. The thermal stability
was greatly enhanced by incorporating the polyaspartimide structure
into the NLO-active hyperbranched polymers. All the hyperbranched
polymers exhibited better NLO properties than their corresponding lin-
ear analogues due to the presence of a spherical shape and site isolation
effect. Moreover, waveguide properties could be also achieved for all the
NLO polymers.

Table 1.1
Electronegativity ()), Coordination Number (N), and Degree of Unsaturation (N-Z) of
Some Metals (Z = 4).

Alkoxides % N N-Z
Si(OPr') 4 1.74 4 0
Sn(OPri)4 1.89 6 2
Ti(OPr')4 1.32 6 2
Zr(OPri)4 1.29 7 3
Ce(OPr')4 1.17 8 4
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Scheme 1.15. Forming frameworks of metal oxide by hydrolysis and condensation
reactions.

The condensation of maleimide compounds with hydrogen sulfide
and bisthiols was studied in several model systems by Crivello [42] in
1976 (Scheme 1.11). BMI compounds undergo rapid, exothermic poly-
merization with thiol-containing compounds in m-cresol and basic cat-
alyst to give linear PITEs with high viscosity. PITE copolymers can
readily be prepared by mixing two BMI monomers together in solution
and then adding a catalyst and hydrogen sulfide. Random copolymers
were obtained in this manner and revealed properties as a combination
of those of the two homopolymers; they exhibited only one glass tran-
sition temperature and one melting point.

Liou's group [43], therefore, used this facile approach to prepare a series
of thermoplastic PITEs (Scheme 1.12), which were highly soluble in various
organic solvents and showed useful thermal stability associated with high
glass transition temperatures. These optically isotropic thermoplastic
PITEs exhibiting well-balanced optical properties are promising candidates
for optical waveguide or encapsulant materials in advanced optical
applications for both solution casting and injection molding techniques.

1.3. Functional organic-inorganic hybrid nanocomposites

Organic-inorganic hybrid materials have attracted considerable
attention in recent years due to their novel physical and chemical

Table 1.2

The reaction constant K of tetralkoxysilane hydrolysis in acid.
R k102 (1mol~'s~ 1 [HF]™ 1)
CoHs 5.1
C4Ho 1.9
CeHi3 0.83
(CH3)CH(CH,)3CH(CH3)CH, 0.30

MONOMER
DIMER
cveLie
PH7ORPH7-10  PARTICLE -
PRESENT \S‘;\T}gABSENT
P 1onm B

100nm

THREE-DIMENSIONAL

GEL NETWORKS soLs

Fig 1.1. Reaction behavior of metal alkoxides.

properties. The sol-gel process in preparing inorganic/organic hybrid
materials has been used by several researchers. The various characteris-
tics of the sol-gel process, such as metal-organic precursors, organic sol-
vents, low processing temperature, and the processing versatility of
colloidal states, allow the mixing of inorganic and organic components
at the scales ranging from Angstrom to nanometer. By tailing the organ-
ic and inorganic moieties into nanosized domains, they can produce
nanostructured materials with novel physical and chemical properties.
Therefore, the presented advantages for designing materials lead to
the so-called “functional hybrid organic-inorganic nanocomposites”
[44]. The nature of the interface between organic and inorganic compo-
nents has been used recently to classify these hybrids into two different
classes [45]. Class I corresponds to all the systems in which there are no
covalent or ionic covalent bonds between the organic and inorganic
components. There are only Van der Waals forces, hydrogen bonds, or
electrostatic forces between them. In contrast, some of the organic
and inorganic components are linked through strong chemical bonds
(covalent or ionic-covalent), which are defined as class Il materials.
The construction of the hybrid networks depends on the relative stabil-
ity of the chemical links that associate the different components. The in-
terfacial force between organic and inorganic phases plays a major role
in controlling the microstructure and properties of composite materials
[46]. The most obvious advantages of organic-inorganic hybrids are that
they can favorably combine the unique properties of organic and inor-
ganic components in one material. Briefly, the organic components
allow easy shaping and better processing. The inorganic components
can provide mechanical, thermal stability, implement or improve elec-
tronic, magnetic and redox properties, density, refractive index, etc.

1.3.1. PI containing hydroxyl groups

The hydroxyl-containing Pls were expected to result in interesting and
potentially useful properties, e.g., high glass transition temperatures (Tg),
the thermal stability for photoresist [47], and nonlinear optical (NLO) ap-
plications [48]. The pendant hydroxyl groups on the backbones of the
imidized PIs were important to ensure the solubility and the reactive
sites for subsequent condensation reactions. Marks and co-workers [49]
achieved a second-order NLO material system of polyfunctional epoxide
and diisocyanate cross-linked chromophoric poly(hydroxystyrene)s
with high T,. Takeichi et al. (Scheme 1.13) [50] developed the hydroxyl-
containing side-chain PIs can be used as reactive Pls and cross-linked
with polyurethane prepolymers or epoxy resins to improve the mechan-
ical properties, solvent resistance, and thermal stability of the materials.
Tullos et al. [51] reported that aromatic Pls containing hydroxyl groups

(2016), http://dx.doi.org/10.1016/j.reactfunctpolym.2016.04.021
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Scheme 1.16. Schematic representation of mechanism to fabricate the nanocomposites via UV-induced crosslinking polymerization.

at the ortho-position to the imide nitrogen could undergo thermal conver-
sion to polybenzoxazoles upon heating between 350 and 500 °C under ni-
trogen or vacuum accompanied by loss of carbon dioxide (Scheme 1.14).

1.3.2. Sol-gel chemistry

Considering the key role in the preparation of organic-inorganic hy-
brid materials, sol-gel chemistry has greater flexibility in process tech-
nology with excellent thermal stability and optical transparency.

The sol-gel method was first developed by Ebelmen [52], who pre-
pared the metal alkyloxide from ethanol and SiCl4. About a century
later, Geffcken manufactured the oxide film from alkoxyphenyl materials,

this material was caught extensively the world's attention [53]. Hurd
pointed out that the network structure was polymerized from the back-
bone of silica acid around the continuous liquid phase, the consideration
makes the concept of network structure accepted [54]. In 1990, McGrath
and coworkers connected the low molecular weight PI to the network
[55], and generated sol-gel organic-inorganic composite materials, lead-
ing sol-gel chemistry as multifunctional materials for future application
[56].

Sol-gel process is based on nucleophilic reactions, involving hydroly-
sis and condensation reactions. The hydrolysis reaction is due to the
higher electronegative alkoxy groups with the combination of electron-

a o
GHa Sl C=CH
Ho i Ho I , 2
HaC—O C. _O_ ,C=CH, ~CHsOH HO C. _O_ _C=CH, o=c{
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Scheme 1.17. Reaction route for preparing (a) 3-(methacryloxy)propyl-trimethoxysilane (MPTS)-modified zirconium oxide nanocrystals (ZrO2-NCs) as macromonomers and

(b) poly(methyl methacrylate) (PMMA)/ZrO2-NC hybrid materials.
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Table 1.3
Examples for AgNWs-high performance polymer hybrid systems.
Substrate type Aspect ratio of AgNWs Rs (Q/sq) Tss50 nm (%) FoM Notes Ref
Commercial PI* 1000 15 90 230 Transferring [78a]
Heater
Commercial PI® 500 12 85 180 Hybrid with ITO [78f]
Brush coating
Solar cell
Commercial PI 375 21 85 105 Spin coating [78¢g]
Solar cell
Commercial PI 350 30 89 105 Rod casting [78h]
Pulse light sintering
MDPB-FGEEDR copolymer 300 9.5 50 50 Drop casting [78b]
Transferring
6FOH-ODPA PI 250 =€ - - Spray coating [78e]
Commercial PI¢ 150 - - - Drop coating [78c]
TFMBCH PI 215 5.6 58 105 Spin coating [78i]

Transferring

2 Product model of commercial PI: VTEC-080051.

5 The commercial Pl is supplied by Kolon Industry, LTD.
¢ Not mentioned.

9 The commercial Pl is supplied by Evonik, Germany.

withdrawing metal ions, leading to metal ions into the electrophilic-
center for nucleophilic attack. The chemical reactivity of the metal alkox-
ide in the hydrolysis step is determined by both the nature of the metal,
M, and the steric hindrance of the alkoxy groups. The major parameters
appear to be the electrophilic character of the metal atom (electronega-
tivity, x) and its ability to increase the coordination number (N). The
unsaturation degree of the metal coordination can be expressed by the
difference N-Z, (oxidation state, Z). Table 1.1 lists the values for various
metal alkoxides [57]. This process starts with molecular precursors at
ambient temperatures, forming metal oxide frameworks by hydrolysis
and condensation reactions (Scheme 1.15).

Where R is an alkyl group, C,H;,, 1, which will be the obstacles to
the hydrolysis and condensation reactions. R-based branched-chain
and the longer main chain show the slower the hydrolysis rate as
depicted in Table 1.2 [58], and subsequent condensation reactions in-
volving the M-OH produce M-0-M and alcohol (ROH) or water. Because
water is produced as a by-product of the condensation reaction, and y
value (H,O0: M molar ratio) of 2 is theoretically sufficient for complete
hydrolysis and condensation to yield anhydrous silica. The chemistry
of metal alkoxides, the catalysts, the H,O: M ratio, the solvent effects,
the reaction temperature are the main factors to control the resulting
structures [59].

For the common metal alkoxides, the reaction rate depends strongly
upon the catalysts. In an alkaline environment (pH = 7-10), the con-
densation reaction rate is faster than hydrolysis, according to Ostwald
ripening mechanism, the particles grow, prepared by the system of
mass fractal dimension is greater; on the contrary, under acidic condi-
tions, condensation rate is slower than the hydrolysis, and the particle
growth results in aggregation of small particles which will create a
mass fractal dimension product of relatively small structures as shown
in Fig. 1.1 [60].

1.3.3. Titania-based hybrid nanocomposites
Titanium alkoxides Ti(OR),4 are in general very reactive due to the
presence of highly electronegative —OR groups that stabilize titanium

Table 2.1
Comparisons of Organic and inorganic Materials.

Materials Advantages Disadvantages
Organic Low density (1.0-1.5) Low RI

Easy to fabricate Low Abbe number

Low cost Relatively thermally unstable
Inorganic High RI High density (2.2-3.0)

High Abbe number Brittle

Good thermal properties Expensive

inits highest oxidation state and render titanium very susceptible to nu-
cleophilic attack. It is a non-toxic, wide band gap semiconductor and can
be categorized to three crystal structures, anatase, rutile and brookite.
Experimental results have shown that the prepared TiO, photocatalyst
thin film can overcome the disadvantages of its powder shape and to ex-
tend the industrial applications, such as, used as antibacterial ceramic
tile and self-cleaning glass [61]. It is due to the excellent photocatalytic
properties as well as the high transparency, excellent mechanical and
chemical durability of TiO, films in the visible and near-infrared region
of the spectrum. Among these properties, the most interesting object is
mainly focusing on the high-refractive-index property of titania. There-
fore, many kinds of polymers such as poly(methyl methacrylate) [62],
polyimide [63], poly(silsesquioxanes) [64], and others [65] have been
incorporated with titania.

1.3.4. Zirconia-based hybrid nanocomposites

Transparent inorganic oxides such as TiO, and ZrO, (zirconia) pos-
sess refractive indices higher than 2 in the visible (e.g., bulk refractive
indices of 2.55 and 2.10 for TiO, and ZrO, (at 589 nm), respectively),
which are much higher than those of available monomer and polymeric
binder materials. In an attempt to produce the inorganic-organic nano-
composites having high refractive index, high transparency and good
mechanical properties, Nakayama and Hayashi carried out the following
approach. First, the TiO,-ZrO, nanoparticles were synthesized by using
ZrO, as an outer layer of TiO, nanoparticles to depress the photocatalyt-
ic activity of TiO, [66]. Then, the surface of the nanoparticles was
modified by acrylic acids to control the aggregation between the nano-
particles, and the nanocomposites could be obtained with photo-
crosslinkable materials by UV curing methods (Scheme 1.16).

ZrO, is an important material due to its superior hardness, high re-
fractive index, and high transparency in the visible and near-infrared re-
gion, chemical stability and low thermal conductivity. Especially, ZrO,
has a low dispersion of refractive index due to its large band gap energy.
These unique properties of ZrO, have led to their widespread applica-
tions in the field of optical, structural materials and thermal barrier coat-
ings [67].

Otsuka and Chujo prepared high transparent and homogeneous hy-
brids containing a single nano-sized inorganic oxide domain, which
were synthesized from poly(methyl methacrylate) (PMMA) and aque-
ous dispersed zirconium oxide nanocrystals (ZrO,-NCs) in the presence
of a coupling agent, 3-(methacryloxy)propyl-trimethoxysilane (MPTS),
which was grafted onto the surface of ZrO,-NCs by zirconium hydroxide
(Zr-OH) surface groups [68]. The surface-functionalized ZrO,-NCs were
used as macromonomers in the process of grafting from polymerization
of methyl methacrylate (MMA). The densities of surface Zr-OH groups

(2016), http://dx.doi.org/10.1016/j.reactfunctpolym.2016.04.021
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Fig 2.1. Decreasing the size of inorganic particles allows for the functionalization of transparent polymers without significant loss of transparency if the particles are isolated from each

other inside the polymer matrix.

and MPTS surface modifications were determined using thermogravi-
metric analysis. Hybrid films retained good optical transparency be-
cause of the formation of nanometer miscibility and good affinity
between PMMA and ZrO,-NCs compared with that of PMMA/ZrO,-NC
blend composites. Owing to their excellent optical properties and high
thermal stability, PMMA/ZrO,-NC hybrids have great potential for appli-
cation in optical and mechanical fields (Scheme 1.17).

1.3.5. AgNws/polymers Nanocomposites

Although ITO has occupied most of the market of transparent elec-
trode for its excellent properties in electric and optical behavior, howev-
er, high cost and brittle property are the crucial problems need to face
with. Owing to the advance in technology, the requirements of trans-
parent electrode such as stretchability, flexibility, and bendability have
been taken into considerations. Thus, ITO system is no longer the most
popular material in this field due to the brittleness even coated on flex-
ible substrates.

Metallic nanowire is a good candidate of transparent and conducting
materials. Among the metal nanowires, silver nanowire (AgNWs) are
the most popular materials and exhibits a great potential to enhance
the conductivity of transparent film by tuning the aspect ratios and con-
taining concentration due to the highest electrical conductivity. For ex-
ample, the loading of silver in polymeric composites could be greatly
reduced if nanoparticles were replaced by nanowires with higher aspect
ratios [69].

To highlight the advantages of AgNWs, the first AgNWs-polymer
(PET) hybrid flexible electrode has been prepared by Coleman's group
[70]. However, the poor adhesion property of AgNWs between sub-
strate is a crucial problem and became a primary issue that many scien-
tists tried to solve it. For example, the introduction of additional
encapsulation material or changing suitable substrate is a good ap-
proach that presented by Zhou's and Cui's groups [71].

Table 2.2
Refractive Indices of Polymers from Sulfur-Containing Aliphatic and Alicyclic
Methacrylate.

Monomer Refractive ~ Abbe Entire light
index number transmittance
(%)
(I:H3 1.582 38.6 91
HZC:C797$CH3
o
(MTMA)
CH3 1.557 47.4 91
HC= - OCHchzs@j
O
(DTEMA)
CHq Br 1.612 31.0 90
H,C=C— ¢ OCHZCHZS—(XC(
o Br
(Br,DTEMA)
CHs 1.580 50.0 90

|
HzCZC~ﬁ~OCH2CHZS* TSCH;
o

Furthermore, another polymeric substrate such as polydimethylsi-
loxane (PDMS) [72], polyacrylate [73], polyurethane (PU) [74],
poly(methyl methacrylate) (PMMA) [75], polycarbonate (PC) [76],
and polyvinyl alcohol (PVA) [77] have joined the family of AgNWs hy-
brid electrode and provided all kinds of impressive properties. For ex-
ample, the stretchable AgNWs electrode was prepared by introducing
PDMS as the substrate owing to their excellent stretchability, toughness,
and flexibility as well as the stronger adhesion to AgNWs than other
flexible substrate. Moreover, the advantages of AgNWs such as mechan-
ical properties (ductility, bendability) have been also highlighted. Most
of the AgNWs are buried in the PMDS by transferring or pasting method
from glass substrate, and the low sheet resistance and surface rough-
ness is a strong indication that diffusion of electrons in AgNWs coating
layers did not interrupt by polymer matrix.

Although many researches of AgNWs-polymer electrode mentioned
above have reached high performance on optical and electrical proper-
ties, the thermal stability of theses polymers are still not good enough
for practical usages to endure higher temperature processing or long-
term harsh environments. It is good approach to introduce high perfor-
mance PI or other thermal setting polymer into AgNWSs systems, but
just few researches focus on this method due to the difficult synthetic
steps (Table 1.3) [78].

The requirement of thermal stability on AgNWs flexible electrode
was first mentioned by Kim's group and applied in solar cell devices
till 2012 [78g]. They also investigated the mechanical properties of the
AgNWs network electrodes coated on colorless PI by outer/inner, twist-
ing and stretching test system. Moreover, higher FoM value (180) of
AgNWs-PI film was achieved by same group in 2013 [78f]. Owing to
the combination of ITO layer and AgNWs networks, the brittleness ITO
layers have been improved. However, it is a pity that the optical and
thermal properties of AgNWs-PI haven't been investigated completely.
The cut-off wavelength of PI substrate adopted in AgNWs system is
still high due to the coloration by CTC formation. Therefore, it is neces-
sary to highlight the advantages of high performance polymer by
advanced structural design and preparation of AgNws/polymers
nanocomposites.

Table 2.3
Structure and Refractive Index of Episulfide Monomer and Diisocyanate.

Structure of episulfide monomer and diisocyanate Refractive index

c<12CHCstCHchzsCHchzsCHzc\H?z 1.635
(BEPTES)
161
HoC— HCHch—OCOOCHZCHS/CHQ
(ESDGEBA)
CH, 1567
NCO
NCO
(TDI)
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Scheme 2.1. Generic structures of prepared thiourethane acrylates. Y stands for aromatic group, R stands for alkyl.

2. Highly transparent PI hybrids for optical applications
2.1. High optically transparent and refractive hybrid materials

High refractive index (RI) polymers have been developed in recent
years due to the increasing demands for advanced optical applications
[79]. It has been well accepted that the performance of the optical de-
vices can be improved by utilizing high RI materials, such as high perfor-
mance substrates for advanced display devices [80], optical adhesives or
encapsulants for organic light-emitting diode devices (OLED) [81],

antireflective coatings for advanced optical applications [82], and
micro-lens components for charge-coupled devices (CCD) [83].
Inorganic materials usually have a high RI (in the range of 2.0-5.0)
[84]. However, they have disadvantages including higher densities and
lower flexibility. Particularly, for the fabrication of antireflective coat-
ings, the RI of inorganic materials cannot be tuned continuously and
the fabrication procedures are becoming more complex and expensive.
Organic-inorganic hybrid materials can be potential candidates for
high RI materials, which combine the advantages of the organic
polymers (lightweight, flexibility, good impact resistance, and good
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Scheme 2.2. Synthesis of Pls.
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Fig 2.2. The refractive index increased with increasing sulfur content of the Pls by Ueda group.

processability) and inorganic materials (good chemical resistance, high
thermal stability, and high brittleness) (Table 2.1) [85].

Inorganics can be integrated into organic matrices to increase the RI
of materials by a suitable method. As of now, the most frequently
employed inorganic materials in the literature reporting high RI
organic-inorganic nanocomposites are TiO, (n = 2.7 at 500 nm as its ru-
tile form), ZrO, (n = 2.2 at 589 nm), ZnO (n = 2.0 at 550 nm), CeO,
(n = 2.18 at 500 nm) and ZnS (n = 2.4 at 500 nm). These high RI inor-
ganic materials are mostly used as nanoscale building blocks because
they can be readily obtained both in the laboratory and commercial pur-
chase. Moreover, some inorganic materials such as ZnO, TiO, and CeO,
are also widely used as UV-shielding pigments in the field of optical re-
search and in the polymer industry [86].

2.1.1. Optical effect of nanocomposites

Optical materials are expected to play a key role in future optoelec-
tronic and information fields. The research on high RI organic-
inorganic nanomaterials with excellent mechanical properties and
processability is driven by various optical applications, including antire-
flection coatings, ophthalmic lenses, prisms, optical waveguides, non-
linear optical materials, and adhesives for optical components.

Nanocomposites show promise as they can provide the necessary sta-
bility and processability. The general principles in the construction of
optical nanocomposites involve the intimate mixing of optically func-
tional materials with a processing matrix. By incorporating different in-
organic nanoparticles into polymers, many of their interesting optical
properties may be enhanced, and the optical films are of great interest
as the final form. The major requirement for nanoparticles to be used
as fillers for transparent polymers is a small size. Particle diameters
below 40 nm are essential to obtain transparent nanocomposites. The
reason is the steeply increasing intensity of scattered light with increas-
ing particle diameter as described by Eq. (2.1) (Rayleigh's law):

(1))

with intensity I of the transmitted and Iy of the incident light, radius r of
the spherical particles, refractive index n,, of the particles and refractive
index ny, of the matrix. N is the wavelength of the light, &, the volume
fraction of the particles and y the optical path length. A high scattering
intensity of visible light is associated with a turbid appearance of the
nanocomposite, limiting optical application (Fig. 2.1).
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Scheme 2.3. Synthesis of optically transparent TiO,-PI nanocomposites.
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However, decreasing the particle size further allows a much more
homogeneous distribution of a material and leads to a drastic increase
of the polymer/particle interfacial area. The high specific surface area
of small nanoparticles may induce their aggregation. Aggregates also
lower the homogeneity of particle distribution. A homogenous disper-
sion of the inorganic filler on the nanoscale is important for many appli-
cations, especially when it comes to structure in thin film [87].

2.1.2. High refractive index Pls
It has been well established that the RI values of the conventional
polymers (such as poly(methyl methacrylate) (PMMA), polystyrene

(PS), polycarbonate (PC)) are often in the range of 1.3-1.6, which are
not high enough for co-operative incentive scheme (CIS) applications
(n>1.8). Although some special polymer materials, such as wholly aro-
matic polyamides and aromatic heterocyclic ring backbone polymers
(n=1.7-2.0) [88], poly(thiophene) (n = 2.12) [89], and aromatic con-
jugated polymers (n = 2.7) [90], can exhibit an RI greater than 1.7, but
these polymers usually possess high optical dispersion and large bire-
fringence due to their highly conjugated, aromatic-type, m-electron
structures, which, particularly, also tend to be insoluble, poor transpar-
ent and deep coloration in the visible region thus restricts their practical
application in the field of optics.
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Scheme 2.5. The structure of PI-nanocrystalline titania hybrid material.
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Fig 2.3. Variation of the reflectance with wavelength: BK7 optical glass and the three-layer
anti-reflection coating. The insert figure shows the structure of the three-layer anti-
reflection coating with P7/TiO, hybrid films.

Lorentz-Lorenz Eq. (2.2), which described the RI of a material, is relat-
ed to the molar volume (Vy), polarizability (o) and Avogadro's number
(Na) of the material. The equation also give reliable predictions of the RI
of polymers from the group-contribution calculations based on the
molar refractions (Ry) of functional groups and the backbone repeating
unit of the polymer.

n*—1M  n?*-1
2420 n2+42

Ru (2.2)

According to the Lorentz-Lorenz equation, the introduction of sub-
stituents with high molar refractions and low molar volumes can effi-
ciently increase the RIs of polymers [91]. It has been well-established
that aromatic ring, halogen atoms except fluorine [92], sulfur atoms
[93], and metal atoms are effective in increasing the Rls. In particular,
the sulfur group might be one of the most promising candidates,
which is considered an especially effective way to fabricate high RI poly-
mers with lower dispersion (higher Abbe number).

Recently, many sulfur-containing linear thioether and sulfone, cyclic
thiophene, thiadiazole, and thianthrene are the most commonly used
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Fig 2.4. Variation of the reflectance with wavelength: BK7 optical glass and the three-layer
anti-reflection coating. The insert figure shows the structure of the three-layer anti-
reflection coating with P8/TiO, hybrid films.
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Fig 2.5. Variation of the reflectance with wavelength: BK7 optical glass and the three-layer
anti-reflection coating. The insert figure shows the structure of the three-layer anti-
reflection coating with P9/TiO, hybrid films.

moieties for increasing RI of polymers based on conventional
poly(methacrylates) (Table 2.2) [93], poly(ethylene glycol) (Table 2.3)
[94], polyurethanes (Scheme 2.1) [95], and PIs (Scheme 2.2) [96],
which have been developed for advanced integrated optical applica-
tions. Among the above mentioned high RI polymers, Pls possess good
combined properties, such as excellent thermal stability, high chemical
resistance, and high mechanical properties. Quite recently, sulfur-
containing new PIs have been prepared for optical application in Ueda's
laboratory (P4) [89,97]. As summarized in Fig. 2.2, the more the sulfur
content, the higher the RI, which can be further proven that sulfur-
atom can effectively enhance the RI of the prepared polymers as well
as the optical transparency due to its large atomic refraction [79b]. All
of them exhibited excellent thermal stability, high RI, good transparen-
cy, and low birefringence.

2.1.3. Pl/titania hybrids

Aromatic PIs prepared from various starting monomers by conven-
tional synthesis routes are promising candidate to incorporate some in-
organic nano-clusters, such as titania, into the PI matrix for obtaining
hybrid materials. The high glass transition temperature (T) of PIs is ex-
pected to stabilize the nano-particles by decreasing their mobility, thus
could prevent their aggregation to large clusters. However, when the
content of titania increases to critical amount, the obtained hybrid
films became opaque due to the aggregation of titania into large parti-
cles. Therefore, controlling of morphology and domain size of the hybrid
materials is important in the preparation of transparent PI/TiO, hybrid

1

films [98].
I | |
Resistor-type Transistor-type

Capacitor-type
1

[ |
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I—I_II—;I

\ Flash [DRAM |  [SRAM |

Polymer memory device

Fig 3.1. Classification of electronic memory devices.
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Scheme 3.1. Chemical structure of the PIs P11, P12 and P13.

Several PI/TiO, hybrid materials with high RI, including the blending
method and sol-gel method, have been explored. For the blending
method, Ueda lab has developed the optically transparent TiO,-PI nano-
composites (P5) with RI of 1.81 at 633 nm from semi-alicyclic sulfur-
containing PAA and silica-modified (provide site isolation) anatase
TiO, particles with a diameter of 10 nm (n = 2.0 at 589 nm) by the di-
rect blending route (Scheme 2.3) [99].

For the sol-gel method, chemical bonding between the PI and pre-
cursor of titania could be produced by using the coupling agents such
as aminopropyltrimethoxysilane, and PI/TiO, hybrid optical thin films
could be prepared via a sol-gel process chelating agent (Scheme 2.4)
[98c]. The PI/TiO, hybrid thin films also could be successfully fabricated
from 2,5-bis(4-aminophenyl)-1,3,4-oxadiazole (BAO) and 4,4'-
oxydiphthalic anhydride (ODPA) by an in situ sol-gel process using
acetylacetone (acac) as chelating agent. The acac is the most used che-
lating agent to stabilize the titanium alkoxide because it can reduce the
reaction rate through the formation of an acetylacetate complex. How-
ever, additional coupling or chelating agent remaining in the hybrid
materials might affect important thermal/mechanical/optical proper-
ties, and the RIs of such hybrid materials are limited to be around
1.80, which is only slightly higher than recently developed high RI or-
ganic polymers. Hence, the development of PI/TiO, hybrid optical mate-
rials with a higher titania content is necessary. Instead of using
poly(amic acid) to prepare their titania hybrid materials, a soluble PI
with carboxylic acid end groups (6FDA-6FpDA-COOH) has been synthe-
sized from 4,4’-(hexafluoroisopropylidene)diphthalic anhydride (6FDA),

4,4'-(hexafluoroisopropylidene)dianiline (6FpDA), and 4-aminobenzoic
acid (4ABA), as shown in Scheme 2.5. The carboxylic acid end groups
can undergo esterification reaction with titanium butoxide (Ti(OBu),4)
and provide an organic-inorganic bonding (P6), and PI-nanocrystalline ti-
tania hybrid materials with high titania content (up to 90 wt%) and RI up
to 1.943 could be successfully achieved [100]. However, molecular weight
of the polymer is not enough to prepare free-standing PI-TiO, hybrid film
with higher thickness (20-30 pm) and inorganic content.

Recently, Liou et al. [101] successfully synthesized highly transpar-
ent and tunable RI PI-titania and BMI type polyimidothioether (PITE)-ti-
tania hybrid optical films from hydroxy-containing organosoluble Pls
(P7, P8) and PITEs (P9) with titanium butoxide, respectively, by con-
trolling the organic/inorganic mole ratio (Schemes 2.6, 2.7, 2.8). The hy-
brid thin films had good surface planarity, high thermal stability,
tunable refractive indices, and high optical transparency in the visible
range. Moreover, the thick titania hybrid films could also be achieved
even with a relatively high titania content. The RI (up to 1.92) and tita-
nia content (50 wt.%) are the highest among the highly optical transpar-
ent polymer-titania hybrid thick films (15-20 pm thick). The three-
layer antireflective coating based on the hybrid films exhibited a reflec-
tance of less than 1.0% in the visible range. It suggests potential optical
applications of the novel PI-titania hybrid optical films.

2.14. Pl/zirconia hybrids
Recently, polymer-inorganic hybrid materials have attracted a great
deal of attentions owing to the outstanding combinations of mechanical,
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Scheme 3.2. Chemical structure of the PIs P14, P15 and P16.
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thermal, magnetic, optical, electronic, and optoelectronic properties
when compared with individual polymer or inorganic components
[102]. Chemical bonding approaches based on in-situ sol-gel reaction
made it possible to overcome the agglomeration phenomenon of inor-
ganic nanoparticles by manipulating the organic/inorganic interactions
at various molecular and nanometer length scales, and the PI/TiO, hy-
brids with high RI could be achieved by increasing TiO, content, which
is reported Liou's lab [101]. However, the optical transparency of the ob-
tained PI/TiO, hybrid films reduced dramatically at wavelength around
400 nm due to the low band gap of TiO, (3.2 eV), resulting in pale yellow
color of the hybrid films. Besides, Abbe number of the PI/TiO, hybrid
films also decreased with increasing TiO, content. Thus, by choosing spe-
cies of inorganic materials in the hybrid system for enhancing the RI
without sacrificing Abbe number and optical transparency in visible
light region is an important issue.

Therefore, Liou reported highly transparent and flexible Pl/Zirconia
(ZrO,) nanocomposite optical films with tunable RI and Abbe number
(Scheme 2.9) [103]. Because ZrO, has excellent combination of optical
properties, such as high RI, Abbe number, and transparency on a
broad spectral range due to the large band gap of ZrO, in the range
5.0-5.85 eV [104]. Therefore, a facile in-situ sol-gel approach for
obtaining optically transparent PI/ZrO, hybrids was used, and the pen-
dent hydroxyl groups in PIs (P10) prepared from the fluorene-
containing diamine with commercial dianhydrides 6FDA and CHDA, re-
spectively, could provide the organic-inorganic bonding sites with zir-
conium butoxide (Zr(OBu),) to obtain PI/ZrO, hybrid films with
different ZrO, contents for advanced optical applications. Moreover,
these PI/ZrO, hybrid films also revealed much higher optical transpar-
ency than the corresponding PI/TiO, system due to the large band gap
of ZrO, resulting in much shorter absorption wavelength edge of ZrO,

Blending

(230 nm) than that of TiO, (400 nm). In addition, the 100 wt% ZrO,
thin film also exhibited superior optical transparency (96%) at 450 nm
of wavelength than 100 wt% TiO-, thin film (88%). Besides, the RI and
Abbe number of the resulting PI/ZrO, hybrid system are tunable and
up to 1.804 and 32.18, respectively, by increasing zirconia content.
These results demonstrate that PI/ZrO, hybrid system is an excellent al-
ternative for high-performance optical materials.

2.2. Multilayer antireflection coatings

Optical materials are expected to play a key role in the optical, opto-
electronic, and information fields. The researches on high RI organic-
inorganic hybrid materials with excellent mechanical properties and
processability is driven by various optical applications, including antire-
flection coatings, ophthalmic lenses, prisms, optical waveguides, non-
linear optical materials, and adhesives for optical components, etc.

Antireflective (AR) coatings were applied to diminish the reflection
loss at the surface of an optical component and obtain a clear view
through the glazing by increasing light transmittance and avoiding neg-
ative effects on the visual observation, like double image, reflection of
light sources, etc. [105]. The high RI hybrid materials may play a more
important role in the design of gradient-index AR coatings for higher
RI substrates or device surfaces due to their tunable RI. Recently, Liou
et al. [101] prepared the three-layer anti-reflective coating on the BK7
glass substrate (Figs. 2.3, 2.4, 2.5). The BK7 optical glass hasa Rl (n =
1.518) higher than air (n = 1.0) and leads to an average reflectance of
about 5% in the visible range. The reflectance could be reduced signifi-
cantly via a three-layer anti-reflection coating consisting of polymethyl
silsesquioxane (PMSSQ) and two PI hybrid films with different TiO,
content as the first, second, and third layers, respectively. In order to

Covalent Bonding

Scheme 3.4. Polymer hybrids with PCBM by blending and covalent bonding.
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Scheme 3.5. PI/TiO, hybrids with covalent bonding by in situ sol-gel reaction.

reduce reflection through adjusting the phase of light, the optical thick-
ness (physical thickness x refractive index) is designed to be 0.25 Ny, 0.5
No, and 0.25 \g (Ao = 550 nm) for the three-layer structure. By applying
the three-layer anti-reflection coating, an average reflectance of less
than 0.5% in the visible range can be obtained, which is significantly
smaller than that of BK7 with 5%. The result suggests the potential appli-
cation of the prepared PI/TiO, hybrid films in optical devices.

3. Highly transparent PI hybrids for electrical applications
3.1. Resistive type switching memory devices

Devices incorporating switchable resistive materials are generically
classified as resistor-type memory, or resistive random access memory
(RRAM). Based on retention time after removing power, electronic
memories can be divided into two primary classifications: volatile and
non-volatile memories. Volatile type could erase the stored data as
soon as the system is turned off, and the constant power supply is nec-
essary for keeping information stored. However, non-volatile type can
retain the stored information even when the electrical power supply
has been removed. The non-volatile type can be further divided into
sub-categories, as shown in Fig. 3.1, with the write-once-read-many
times (WORM) memory and non-volatile rewritable (flash) memory.

Block copolymer

X Y

E A
N~ Hydroben
bonding

The difference between these two is that WORM type can keep data per-
manently and not allow erasing the data (once it has written as CD-R,
DVD + R). Flash type memory stored state can be electrically
reprogrammed and it has the ability to write, read, erase and retain
the stored data, and it have been used in many portable electronic sys-
tems, such as mobile computer, PDA, cell-phone, and digital camera etc.
On the contrary, volatile type includes the dynamic random access
memory (DRAM) and the static random access memory (SRAM).
DRAM exhibits ability to write, read, erase and refresh the electric
states; and SRAM possess longer storage time after removing the elec-
trical field. Nowadays, DRAM is used commonly as memory devices in
computer.

Resistive switching behavior has been primarily studied in amor-
phous silicon-based materials for the past 30 years. It was found that
the digital data could be stored by applying or discharging electrical
charges through a simple device configuration consisting of two elec-
trode layers sandwiching the storage medium. As compared to the tra-
ditional inorganic semiconductor-based memories, polymeric memory
devices are extensively attractive because of the advantages of low
cost, solution processability, miniaturized dimensions and three-
dimensional stacking capability, and structural flexibility through mo-
lecular design and chemical synthesis. The recently investigated poly-
meric systems exhibit memory switching characteristics, including
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Fig 3.2. (a) -V characteristics of 7 wt% GO/Block copolymer composite device. The inset shows the switching behavior in different memory cells. (b) Current density vs. voltage plots for
ITO/PCBM:P(St-Fl)-b-P2VP/Al composites devices. (¢) Current-voltage (—V) characteristics of the ITO/hybrid material (3STP-10)/Al memory devices.
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conjugated polymers, functional PIs, polymers with specific pendant
chromophores, and polymer nanocomposites (metal nanoparticle and
fullerene embedded), are promising candidates for future molecular-
scale memory applications. The electrical switching phenomena in
polymers and the corresponding polymer electronic memories as an
emerging area in organic electronics have been reviewed by Kang
et al. [106].

3.1.1. PI-based memory devices

Pls are promising candidates for memory device applications be-
cause of their excellent physical and chemical properties in addition to
the electrical switching behavior [107]. Functional Pls containing both
electron donor and acceptor moieties within a repeating unit contribute
to electronic transition between the ground and excited states, which
could be manipulated by the induced charge transfer (CT) from donor
(D) to acceptor (A) under applied electric fields. Among the reported
functional PIs, the triphenylamine (TPA)-based PIs reported by Liou
et al. [108] have attracted significant attentions. For example, the mem-
ory device derived from TPA-containing PI (P11) [109] exhibited dy-
namic random access memory (DRAM) behavior, whereas a device
based on P12 [110] showed the improved DRAM performance as re-
ported by Kang and coworkers (Scheme 3.1), and an oxadiazole-
containing PI (P13) [111] was found to reveal a static random access

Al

Semlconductor

SiO, (300nm)
Si (Gate)

@J
/ '? BPE—PTCDI

memory (SRAM) behavior. Meanwhile, Ree and Liou et al. [112] also
proposed a series of TPA-based PIs for memory characteristics. They
found that P14 (two connected TPA units) (Scheme 3.2) showed digital
WORM and volatile DRAM memory characteristics depending on film
thickness. Moreover, a flash type memory of P15 [113] bearing two pen-
dant TPA groups and a unipolar WORM memory of P16 [114] having an
attached hydroxyl group on TPA were also reported recently. Ueda and
Chen [115] prepared sulfur-containing Pls (P17, P18) (Scheme 3.3), and
demonstrated that the relatively high dipole moments of the sulfur-
containing PIs provided a stable CT complex for the flash memory de-
vice with nonvolatile memory characteristics and low turn-on thresh-
old voltages. They further synthesized two functional PIs (P19 and
P20) consisting of electron-donating TPA with single and double isolat-
ed ether linkage, respectively, and electron-accepting phthalimide moi-
eties. The memory devices with the configuration of P19/Al or ITO/P20
exhibited distinct volatile memory characteristics of DRAM and SRAM,
respectively. The result provides the strategy for the design of functional
Pls in advanced memory device applications.

3.1.2. PI/TiO»-based memory devices

Recently, the hybrid composites were extensively prepared for
memory device applications. CT complex formation could be further en-
hanced by the introduction of supplementary components such as
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Fig. 3.4. Schematic structure of the BPE-PTCDI thin film based OFET memory device.
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organic molecules or metallic particles serving as electron donors or
electron acceptors in polymer matrix [ 116]. As compared to the polymer
memory devices with organic molecules or metallic particles, relatively
few studies have been conducted on the polymer memory devices con-
taining semiconducting particles [117].

Very recently, memory devices were fabricated by blending PCBM, as
the acceptor, with donor-containing poly(4-methoxytriphenylamine)
(P21) (Scheme 3.4) [118] in Liou's group. The memory devices with the
configuration of ITO/PCBM:P21/Al exhibited both DRAM and WORM
properties controlled by the concentration of PCBM. The strong interac-
tion between PCBM and TPA could be a result of well-dispersed PCBM
clusters within PCBM:P21 hybrid films. The obtained hybrid films re-
vealed bistable WORM behavior at higher concentration up to 10 wt%
PCBM. However, when compared with the high ON/OFF contrast ratio
of 5 wt% PCBM:P21, the memory device using 10 wt% PCBM:P21 showed
much lower contrast ratio. While, by introducing 10 wt% PCBM into P22
via covalent bonding [119], the polymer hybrids with covalent bonding
between PCBM and polymer chain could improve the dispersion of
PCBM in polymer matrix, resulting in WORM memory device with
lower switching-ON voltage and much higher ON/OFF ratio than that of

Dielectric Layer

Si0, (300nm)

Polyimide

corresponding blending hybrids. Besides, the memory behavior remained
very well under the heating condition up to 100 °C. This is crucial for
maintaining device stability in computer applications even other compo-
nents produce heat.

Furthermore, the PI P23/TiO, hybrids with covalent bonding by in
situ sol-gel reaction (Scheme 3.5) [120] were also used to investigate
the feasibility for memory application. Because of the low LUMO energy
level (4.2 eV) [121], TiO, could serve as an electron acceptor in hybrid
system to facilitate and stabilize CT complex formation for increasing re-
tention time of memory characteristic in device application. Comparing
with conducting supplementary components such as PCBM, CNT,
graphene, and metallic particles [118,122], the introduction of TiO,
could also prevent the detriment of decreasing ON/OFF ratio at high
TiO, content, resulting in the lower conductivity in the OFF state
(Fig. 3.2) [120b].

These PI/TiO, hybrid films with different TiO, concentration from
0 wt% to 50 wt% showed very small domain size of TiO, around 3-
5 nm, and the obtained memory properties could be tuneable from
DRAM, SRAM, to WROM with high ON/OFF current ratio by adjusting
different hybrid amount of TiO, [123]. Furthermore, the [—V
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Fig 3.6. The structures of P25-P27.
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Fig. 3.7. Schematic structure of the BPE-PTCDI thin film based OFET memory device with Pls P28 and P29.

characteristic indicates that the memory devices based on amorphous
TiO, hybrids have shorter retention time at the ON state comparing to
crystalline TiO, hybrid system [124].

3.2. Transistor memory device

Organic field effect transistor (OFET) type memories have attracted a
great deal of attentions due to easily integrated structure, non-
destructive reading, and multiple-bit storage in a single transistor
[125]. The device configuration for conventional transistors consisted
an additional polymer dielectric layer (refer to as polymer electret) be-
tween a semiconductor layer and gate contact. Polymer electrets are di-
electric materials which exhibit a long-term charge storing ability or
electrostatic polarization, including the chargeable polymer electret
[126], organic ferroelectric oriented-dipole dielectric materials [127],
and nanoparticles (NPs) embedded or nanostructured gate dielectrics
[128]. Kim and his coworkers described that the charge trapping ability
of poly(o-methyl styrene) electret could induce memory characteristics
of the pentacene-based OFET device [126b], and also demonstrated that
the hydrophilicity and dielectric polarity of polymer electrets signifi-
cantly affected the device performance (Fig. 3.3) [129]. Recently, the
nonvolatile flash memory characteristics of N,N’-bis(2-phenylethyl)-
perylene-3,4:9,10-tetracarboxylic diimide (BPE-PTCDI) based transis-
tors containing different pendent conjugation length were also reported
(Fig. 3.4) [130].

Recently, Chen's and Liou's groups reported that the intensity of
charge transfer in D-A PI electrets, P24a and P24b, which could signifi-
cantly affect the memory window of n-type BPE-PTCDI-based OFET
memory devices (Fig. 3.5) [131]. Furthermore, the OFET devices derived

from TPA-based PI electrets with higher dielectric constant (k) were
also fabricated and demonstrated the enhanced capability for storing
the charges (P25-P27) (Fig. 3.6) [132].

In fact, one of the major challenges in the development of OFETS is
that rather high voltage needs to operate devices when using organic
gate dielectrics, making these devices impractical for low-priced appli-
cations. The key to low-voltage application resides in the reduction of
the threshold voltage and the inverse sub-threshold slope. Both param-
eters are basically controlled by the gate insulator. Therefore, using
high-k hybrid electrets might be a promising approach to conduct the
devices at lower voltage. Manipulation of the dielectric layer could be
accomplished by using inorganic/organic hybrid dielectric materials be-
cause of their robust insulating property and ease of processing. By in-
troducing PI into the hybrid materials not only could obtain tough and
good quality electrets films via solution-casting but also preserve the
advantages and characteristics of high permittivity of the inorganic in-
clusions, and high breakdown strength, flexibility, high mechanical
strength of PI in this hybrid materials. Lee et al. [133] reported that
the performance OFET device could be improved significantly when a
high-k PI hybrid was used as a gate dielectric by blending different con-
centration of polyester-modified TiO, nanoparticles into a PI matrix.
However, one of the critical drawbacks for these hybrid films is high
leakage current that limits their use in OFETs. Therefore, sol-gel tech-
nique might be a good approach for the preparation of TiO, particles
to suppress the leakage current of devices because the obtained TiO,
particles have nano-scale domain size, narrow particle distribution,
and excellent dispersion over the polymer matrix. Liou and Chen groups
reported that the BPE-PTCDI OFET memory device based on the P28
electret with conjugated fluorene moiety exhibited the larger memory

Table 3.1
Examples for AgNWs transparent heaters.
Substrate Rs (Q/sq) Ts50 nm (%) FoM Max temp./applying voltage Note Ref.
PET 10 75 120 47 °C/4V Spray coating [136a]
Glass 27 80 60 225 °C/15V Hybrid with graphene oxide [135a]
Filter transferring
Polyacrylate 25 85 90 160 °C/11V Heat-resistance polyacrylate [135b]
Transferring coating
PEDOT:PSS 4 70 240 110 °C/6V Rod casting [136b]
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Fig 3.8. (a) The defogging device fabricated from PI/AgNWs hybrids was put in a refrigerator and then subjected to an applied potential of 6 V, the water on the surface was removed after
only one minute. (b) The temperature plotted against time at various applied potentials. (¢) UV-vis spectra for the defogging device without any applied potential. (d) UV-vis spectra for

the defogging device with an applied potential of 6 V.

window compared to P29 (Fig. 3.7) [134]. In addition, BPE-PTCDI-based
OFET nonvolatile memory devices using PI/TiO, hybrids with higher di-
electric constant as electrets revealed not only reducing the operating
voltage but also increasing memory window, ON/OFF ratio, and the sta-
bility at ON or OFF states over 10*s. Thus, the novel PI/TiO, hybrids with
high dielectric constant as electrets have potential for high performance
nonvolatile OFET memory devices.

3.3. Defogging device based on transparent PI/AgNW electrode heater

Transparent electrodes based on AgNWs network also could be used
as heater according to Joule's law shown in Eq. (3.1), where Qg is abbre-
viation of generated heat, V is the applied voltage, t is the heating time,
and R s the resistance of the film heater over which the voltage is applied.
The heat generated by electrode is estimated in fixed sheet resistance and
applying voltages. Therefore, AgNWs network also selected as a candi-
date for applying in defogging device of windshield. In order to determine
saturation temperature of heater, the estimation of heat dissipation (Qq)
is an important factor needed to be concerned. Q4 involves thermal con-
duction (through the substrate and air), radiation, and convection. For
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most of studies in PI/AgNWSs hybrid heaters, thermal conduction is
neglected due to the thermal insulator properties of hybrid film (or sub-
strate). Regarding heat radiation, studies had given two different estima-
tions of its contribution to the heat dissipation of heaters. Some
researchers neglected it by considering the low temperature of heaters
(<150 °C) [135], while others deemed as an important contribution on
it [136]. According to Stefan-Boltzmann law, the radiation dissipation
(Quq) is expressed as Eq. (3.2), where Ty is surrounding temperature, T
is heater's temperature, A is the surface area, ¢ is the surface emissivity,
s is the Stefan-Boltzmann constant (5.67 x 1078 W m~2 K~*%), and hg
is the temperature-related radiation heat transfer coefficient. The surface
emissivity of polymer substrate has a value close to 0.9 hy varies from 5.4
t0 9.8 W m~2 K~ ! when the temperature increases from 25 to 150 °C. In
the other hand, the surface emissivity of silver is about 0.2 hg changing
from 1.2 to 2.2 W m~—2 K~ ! in the same temperature variation [136b].
Thus, the total heat transfer coefficient hy (hy = hc + hg) could be
substituted into Eq. (3.1) and heat capacity equation. The derivative
equation is shown in Eq. (3.3). After solving the Eq. (3.3), the saturated
temperature of the AgNWs heater could be estimated (Eq. (3.4)) which
showed much more precise than Eq. (3.1). Similarly, the cooling equation
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Scheme 3.6. The synthetic scheme for the colorless polyimides.
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Fig 3.9. (a) The scheme of the procedure for the transparent PI/AgNWs hybrid electrodes. Two kinds of PI were used as both the binder and substrate. (b) The ITO coated PEN lost
conductivity immediately after folding, thus the LED lamps no longer worked. (c) The PI/AgNWs hybrid electrode connected to a LED array. The LED lamps kept working even under
continuous folding conditions. (d) The change in resistance after folding for the ITO coated PEN electrodes. The Y-axis represents the change in resistance divided by the original
resistance. (d) The change of resistance after 1000 folding cycles for the PI/AgNWs hybrid electrodes.

also derived as shown in Egs. (3.5) and (3.6) that only consider heat dis-
sipation. Another factor (such as size effect of AgNWs with different tem-
perature) has been added into equations by some groups to achieve more
precise temperature value. However, the effect is neglected for most of
researches due to the lack of influence.

The examples of AgNWs transparent heater are summarized in
Table 3.1. Most of AgNWs hybrid heaters based on PET substrate are
limited due to the lack of thermal stability. Thus, maximum saturated
temperature of heater only reached to about 110 °C. While, AgNWs-
glass heater could stand up to the temperature up to 225 °C, implying
high potential of the AgNWs heaters [135a]. Thus, higher thermal-
resistant polymers such as high performance polyimides are introduced
in hybrid system for enduring heat generated from AgNWs [135b].
However, the maximum temperatures, organic-soluble behavior, and
deep coloration of these polymers still resulted in insufficient to endure
high temperature or post film-processing for practical application.

V2t
Q=1 (3.1)
Qu = ssA(T4—T04) - asA(T2 + TOZ) (T + To)(T—To)
— Ahg(T—Ty) (3.2)
V2
CdT = - de—hA(T—To)dt (3.3)

2

— 14 o
T=To+ prs (1—¢ %) (3.4)
CdT = —hA(T—To)dt (3.5)
T = To + (Top—To)e €(ttar) (3.6)

Recently, Liou et al. reported the defogging devices fabricated by the
PI/AgNWs hybrid electrodes which defog effectively within one minute
at applied potential of 6 V [137]. The higher the applied potential on the
device, the higher temperature could be reached. As the applied poten-
tial was increased to 7 V, temperature higher than 130 °C could be ob-
tained (Fig. 3.8). Therefore, the thermal stability of both the substrates
and binders should be good enough to withstand such high tempera-
tures, and that will not be an issue when using PI as substrates and
binders. For the application of windshields in automobiles, the occur-
rence probability of an accident may be reduced by removing con-
densed water on the windshield more effectively. Moreover, this
approach can also replace the traditional defogger on a vehicle's rear
windshield, which consists of a series of parallel linear resistive conduc-
tors. Without the parallel linear resistive conductors on the back glass, it
would be more pleasing to the eyes.

(2016), http://dx.doi.org/10.1016/j.reactfunctpolym.2016.04.021

Please cite this article as: C.-L. Tsai, et al., Highly transparent polyimide hybrids for optoelectronic applications, Reactive and Functional Polymers



http://dx.doi.org/10.1016/j.reactfunctpolym.2016.04.021

C.-L. Tsai et al. / Reactive and Functional Polymers xxx (2016) xXX-Xxx 27

3.4. Electrochromic devices based on PI/AgNWs electrode

With the technology advancing, all kinds of electronic products de-
veloped rapidly. Especially for monitor devices, large requirements
and phenomenal development speed revealed the importance of trans-
parent electrode. Although the family of metallic oxides such as indium
tin oxide (ITO) has occupied most of the market due to the excellent
properties in electrical and optical behavior, brittle property and high
cost are the crucial problems need to face with [138]. Therefore, the
novel replacements have attracted great attention such as carbon nano-
tubes (CNTs) [139], graphenes [140], and metallic nanowires [141].
Among of these conductive nano-materials, 1D metallic nanowire espe-
cially silver nanowires (AgNWSs) has been considered as the most po-
tential candidate in field of transparent conductive materials since
2002 prepared by Xia's group [69]. In order to highlight the advantages
of AgNWs, the first AgNWs-polymer (PET) flexible transparent elec-
trode has been prepared by Coleman's group [70]. However, the adhe-
sion property and thermal stability of substrate is too weak to endure
higher temperature processing or long-term harsh environments.
Until 2012, the requirement of thermal stability on PI/AgNWs flexible
electrode was first indicated by Kim's group and applied in solar cell de-
vices [78g]. Thus, some publications popped up for its advancing ther-
mal stability [78,142]. Moreover, higher FoM value (180) of AgNWs-PI
film was achieved in 2013 [78f]. However, the cut-off wavelength of
polyimide substrate adopted in AgNWs system was still too high due
to the coloration by CTC formation. The colorless AgNWs-PI hybrid elec-
trode have been prepared and published by Liou's group [137]. Howev-
er, highly transparent and flexible electrodes with the highest thermal
stability were successfully prepared from PI/AgNWSs hybrid solutions.
The prepared highly flexible PI/AgNWs electrodes exhibited a low resis-
tance of 25 Q sq' and high transmittance up to 86% at a wavelength of
550 nm. Thus, by introducing high performance PI P30 as a binder
(Scheme 3.6), the obtained colorless PI/AgNWs electrodes showed
much enhanced adhesion properties between the AgNWs and the sub-
strate P31 as well as thermal stability. Furthermore, the resulting PI/
AgNWs hybrid colorless electrodes could maintain the conductivity
even after folding more than 1000 times (Fig. 3.9). Thus, these transpar-
ent PI/AgNWs hybrid electrodes have highly potential to operate at high
temperatures working environment or post processing.

4. Conclusions

The high-performance polyimides exhibit excellent thermal stability
and mechanical properties. The optical transparency of PI could be im-
proved by the introduction of bulky moieties or pendant substituents
such as fluorine group. In addition, the functional PI hybrids with inor-
ganic materials could enhance refractive index or dielectric property,
and the introduction of TiO, served as acceptor revealed memory be-
havior with tunable retention time by controlling different hybrid
amounts. Furthermore, the transparent and flexible conductive elec-
trodes also could be fabricated by the combination of AgNWs and PIs.
In summary, by the excellent combination of transparent Pls and inor-
ganic materials, the resulting PI hybrids reveal interesting characteris-
tics which are indispensable in optical and electrical applications.
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