Chapter 7
Polyhedral Oligomeric Silsesquioxanes in
Electronics and Energy Applications

Claire Hartmann-Thompson

Introduction

This chapter is of broad scope and and covers the use of hybrid polyhedral
oligomeric silsesquioxane (POS) materials to enhance performance in various
electronics, optical and energy-related applications. It reviews the liquid crystal
phase behavior of SijO,, compounds and their use in LC devices, their use as
electroluminescent (EL) materials in light-emitting devices (with a particular focus
upon the problematic area of blue emission), their use as lithographic resists in the
fabrication of electronic and optical devices, their use in diverse sensor systems,
and their use in fuel cell membranes, battery electrolytes and lubricants. Si O,
materials have also been successfully employed as coatings and adhesives in space
photovoltaic solar cells, and this topic is reviewed in Chapter 8, along with various
other space material-related applications.

7.1  Polyhedral Oligomeric Silsesquioxanes in Liquid
Crystal Systems

Liquid crystalline (LC) phases [1] are phases intermediate between the disordered
liquid state and the highly ordered crystalline solid state, and are an important
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example of the phenomenon of self-assembly. LC phases may be either nematic
(N), chiral nematic (N*, also termed cholesteric) or smectic (S, ), Fig. 7.1. Nematic
phases have long-range orientational order and short-range positional order.
Chiral nematic phases are periodically twisted about an axis perpendicular to the
direction of molecular orientation (termed the director), and are associated with
mesogens containing chiral centers. Smectic phases have layered structures, and
possess long-range orientational order and a degree of long-range positional order.
In the smectic A phase (S A), the director is perpendicular to the layers, and in
the smectic C phase (S_C), the director is inclined at an angle to the perpendicular
(Fig. 7.1). Chiral groups (denoted by *) cause nematic and tilted smectic phases to
form twisted helical structures. Nematic or chiral tilted smectic phases in materials
containing rod-like mesogens can display ferroelectric effects. The nematic phase is
of the greatest interest for commercial display technologies. The crystalline phase is
denoted as C and the isotropic phase is denoted as I.

Polarized optical microscopy (POM) is used to identify textures and phase
transition temperatures associated with the various mesophases. Different
mesophases have distinctive textures, e.g., a Schlieren (threaded marble-type)
texture is characteristic of nematic phases, a streaky oily texture is characteristic of
cholesteric phases, a focal-conic fan texture is characteristic of smectic A phases,
and a granulated texture is characteristic of smectic C phases. Differential scanning
calorimetry (DSC) may also be used to determine transition temperatures, and X-ray
diffraction may be used to characterize liquid crystalline phases. At the isotropization
temperature (also referred to as the clearing temperature) the final transition from a
mesophase to a normal liquid phase with no positional or orientational order occurs.
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Fig. 7.1 Illustration of various liquid crystalline phases, where n denotes the direction of molecular
orientation (i.e., the director)

Main chain LC polymers have rigid aromatic groups in their backbones, and
form LC phases in solution or in the melt. Examples include aromatic polyamide
fibers such as Dupont Kevlar® (the first commercial LC polymer, developed in the
1960s), and aromatic polyesters such as Ticona Vectra®, Dupont Zenite® and Solvay
Xydar®. Side chain LC polymers are comprised of rigid rod mesogenic side-chains
attached to polymer backbones. The first liquid crystal displays (LCDs), based on
cyanobiphenyl materials, were developed in the early 1970s, and in order to obtain
processible materials for commercial LCD applications, side-chain LC polymers
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were developed. It was found that a spacer between the backbone and the mesogen
was necessary in order to decouple the mesogen from the backbone, and to enable
the mesogens to align to form mesophases. The majority of electroluminescent (EL)
polymers are also liquid crystalline (see Section 7.2), and LC POS materials and EL
POS materials have been reviewed together [2]. Any rigid anisotropically-shaped
molecule (e.g., rods or discs) has the potential to form mesophases. Discotic liquid
crystals form either nematic phases (denoted N)) or columnar phases (denoted D,
the discotic analog of the smectic phase). In non-emissive thermotropic LC displays
(attractive for large area display technologies), scattering occurs either from nematic
liquid crystals in a continuous polymer phase, or from solid particles in a continuous
nematic LC phase.

Inthissection, various categories of LC Si O, , materials arereviewed. Si O, cores
partially or fully functionalized with a range of mesogens (standard cyanobiphenyl,
metallomesogen, end-on, side-on lateral, chiral or bent-core) constitute the largest
body of work, but Si O, ,-mesogen dyads, main chain LC polymers end-capped with
Si,0,,, Si,0, cores functionalized with side-chain jacketed LC polymers, and linear
polymers carrying both pendant Si O , and pendant mesogens are also reviewed. In
addition, the use of Si,O,, compounds at interfaces in LC devices in order to induce
spontaneous vertical alignment and to improve device performance is discussed.

In the 1990s, hydrosilylation of polymethylhydridosiloxanes, (SiMeHO), , by
vinyl-functionalized mesogens was the method of choice for creating a vast range
of side-chain liquid crystalline polysiloxanes [3], although it is interesting to note
that some polysiloxanes are able to form LC phases without carrying mesogens
(e.g., di-n-alkylpolysiloxanes). The flexibility of the siloxane backbone was an
advantage in enabling the mesogens to align. The structure-property relationships
of these compounds were studied intensively; structure variables included calamitic
versus discotic mesogens, the length and composition of the spacer, the fraction of
siloxane repeat units carrying a mesogen and the distribution of the mesogen along
the backbone, and property variables included the category of mesophase and the
transition temperature. This approach was then extended beyond linear siloxanes
[4,5,6] to include cyclic siloxanes, polysilsesquioxanes [7,8] and polyhedral
oligomeric silsesquioxanes [9] as variables, where some or all of the silicon atoms
inthe Si O, cage were substituted with mesogenic LC moieties. The attachment of a

8§12
mesogen to an Si,0 . core is also of interest because the mesogen is immobilized on

a substrate, but is8 st]iil free to align in an externally applied field [10]. Because most
liquid crystalline side-chain polysiloxanes were synthesized by hydrosilylation,
this also became the synthetic route of choice for silsesquioxane analogues [11]
(although metal-containing mesogens [12] can create difficulties in conventional
metal-catalyzed hydrosilylation chemistry). Si O ,(H), and Si,O(OSiMe,H),
undergo clean o-hydrosilylation with most alkenes, while oxyallyl compounds
give some [-silylated side-products. Since platinum catalyst residues can affect LC
transition temperatures [ 13], deactivation of the catalyst (e.g., by using a phosphorus

compound) and removal of the catalyst (e.g., by use of a silica column) is important

[9].
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The first study of LC Si O,, compounds was carried out in 1991 by Kreuzer
and co-workers at Wacker-Chemie GmbH in Germany [9]. Si,O,, (OSiMe,H), was
reacted with an alkene-functionalized mesogen in a dicyclopentadienyl platinum
dichloride-catalyzed hydrosilylation, and platinum residues were removed using a
short silica gel column. All of the products displayed smectic phases (Table 7.1)
with the associated focal conic textures. When a mesogen was linked laterally
(side-on) to a T, core (Fig. 7.2), a nematic texture was observed at 23 °C. The
lateral attachment of mesogens had previously been demonstrated for side-chain LC
polysiloxanes [14].

(CH2)7CHy

(o]
6.0, O>S\/(CH2)EO§ O;—OCN
8

Fig 7.2 Cyanobiphenyl mesogen laterally attached to an Si,0,, core [9]

Table 7.1 Phase transitions for various mesogen-functionalized polyhedral oligomeric silsesquioxanes
where C denotes crystalline, G denotes glassy, I denotes isotropic, S A denotes smectic A and Chol
denotes cholesteryl [9]

Substituent Phase transitions (°C)
T, [(CH,),,LCOO0-Chol], C128(G46)S A 1571
T, [OSiMe,(CH,),,COO-Chol], G30S,37S Al1421
T, [OSiMe,(CH,),,COO-Chol], C108S _A1601
T, [OSiMe,(CH,),0-Ph-COO-Ph-CN], C119S Al461
T, [OSiMe,(CH,),0-Ph-COO-Ph-Ph-CN], G 1028, 127S A>3001
T, [OSiMe,(CH,),,COO-Chol],, C122(G51)S Al641
T, [OSiMe,(CH,),0-Ph-COO-Chol],, C115(G87)S A2621
T, [OSiMe,(CH,),,COO-Chol] [Me], G35S8,63S A1481
T, [OSiMe (CH,),,COO-Chol],[OSiMe,(CH,), -COO-Ph-Ph], G17S8,60S A1071
T, E:?)S(i)l\_/;%fggj)sO—Ph—COO—Chol]S[OSiMeZ(CHZ)JO—Ph— S, 1148, A2131

Three years later, the Laine group at the University of Michigan synthesized
various allyl-terminated aromatic diester compounds [15] using an earlier reported
method [16]. Some were isotropic and some showed nematic phases and C-LC
onset temperatures in the range 160 to 188 °C. Temperature cycling studies were
not possible because the compounds underwent Claisen rearrangements upon
heating. When one of LC allyl compounds, 4-(4-allyloxybenzoyloxy)biphenyl, was
reacted with octahydrido-SiO,,, both the ratio of the reagents and the **Si NMR

12°



7  Polyhedral Oligomeric Silsesquioxanes in Electronics and Energy Applications 251

analysis suggested that a symmetrical tetra-substituted compound may have been
formed. This was based on the observation of SiC signals at -67 ppm and -69 ppm,
but only one SiH signal at -84 ppm. The size exclusion chromatography (SEC)
data were broadly consistent with this. Upon heating, the compound flowed at 90
°C, transitioned to a coarse nematic texture with inversion walls at 133 °C , and
showed a clearing point at 184 °C. Upon cooling, the compound transitioned to a
nematic Schlieren texture at 178 °C, and transitioned to an inversion wall texture
at 134 °C. The remainder of this study concerned model hydrosilylation reactions
between silanes and allyl-functionalized small molecule aromatic LC esters, and
the various side products formed when different platinum or palladium catalysts
were used (see also Section 1.6.2, Chapter 1). Platinum 1,3-divinyltetramethyldisil
oxane (Karstedt’s catalyst) gave the fewest side-products under the mildest reaction
conditions, and an SiO,,(H), >> Et,SiH > HMe,SiOSiMe,H > Ph,SiH, order of
reactivity was observed. The use of palladium dibenzylideneacetone-Ph,P catalyst
resulted in oxysilylation with loss of propene.

The same group [17] reported a liquid crystalline methacrylate SiO,,
(H),[(CH,),0PhCOO-biphenyl], in 1994 (Fig. 7.3). This material was prepared
with the aim of combining the properties of Si,O , compounds (i.e., good adhesion
to surfaces, hardness and thermal stability) with those of rigid rod liquid crystalline
(LC) polymers (i.e., toughness, low coefficient of thermal expansion (CTE), good
oxidative and photochemical stability) for application as a curable dental composite,
where abrasion resistance is achieved at lower filler loadings, and in more easily
processed and less viscous materials (see also Section 9.4.2, Chapter 9).
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Fig. 7.3 A tetra-substituted LC Si O, , species [17]
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The first Si,O,, species functionalized with a metallomesogen [10] was
synthesized by Saez and co-workers at the University of Hull (UK) in 1996. Most
metallomesogens are bifunctional and carry two identical functionalized ligands,

and are therefore potential cross-linkers; however, a high degree of cross-linking can
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cause a loss of liquid crystallinity in polymeric systems. In an attempt to avoid this,
a mono-functional (asymmetric) square planar diamagnetic nickel(Il) complex (Fig.
7.4) was prepared and reacted with Si O ,(OSiMe H), in order to synthesize a free
oligomeric LC compound. This hydrosilylation was catalyzed by Karstedt’s catalyst
and the product was confirmed by elemental analysis. The same compound was also
reacted with 1,3,5,7-tetramethyl-cyclotetrahydridosiloxane (D,H,). The free Ni(II)
complex (Fig. 7.4) melt-transitions to a smectic A phase at 181 °C and clears to the
isotropic liquid at 190 °C, and the D, cyclic Ni(II) compound melt-transitions to a
smectic A phase at 196 °C and clears to the isotropic liquid at 296 °C with some
decomposition. Unfortunately, the Ni(II)-functionalized Si O,, compound was
found to be non-mesomorphic, and simply melted with decomposition at 219 °C.
A year later, the same group [18] reported a copper analog of the monofunctional
nickel mesogen shown in Fig. 7.4.

S A
=0 © 0—(CHy)g—#

Fig. 7.4 Monofunctional nickel(II) metallomesogen [10]

In 1996, Mehl and Goodby at Hull [19] attached eight cyanobiphenyl units
to an SiO,, core to form the compound SiO,, [OSiMe,(CH,) O-biphenyl-CN]
where n = 4, 6 or 11 for the spacer (Fig. 7.5, middle). A lamellar smectic A phase
formed, and transition temperatures were observed at 94, 117 and 129 °C for n = 4,
6 and 11, respectively. X-ray diffraction and molecular simulation suggested that
the mesogens were packing in two groups of four (Fig. 7.5, top), were forming
a rod-like (rather than star-like) molecular shape, and that the rods were packed
in disordered layers. Such ABCCBA arrangements (where A is a mesogen, B is a
spacer and C is an Si O ,core) are very common for mesogen-functionalized Si O,
compounds [19,20,21]. In a later study by Saez and Goodby at Hull in 1999 [22],
an analogous n = 11 Si,O , compound functionalized with 16 cyanobiphenyl units
was prepared (Fig. 7.5, bottom) in a convergent synthesis that required five separate
hydrosilylation, Grignard or SiCl substitution steps. Interestingly, despite the dense
packing of the mesogens around the Si,O , core, a lamellar mesophase was still
preferred over a cubic or a columnar phase, and enantiotropic smectic A and smectic
C phases were observed (G-18 °C, S_ C 63 °C, S_ A 92 °C). This compound had a
lower clearing point and a lower S C to S_A transition temperature than its linear

polysiloxane analog.
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Fig. 7.5 LC Si,O,, compounds carrying cyanobiphenyl mesogens [19,22]
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The LC Si,O,,systems discussed above (Fig. 7.5) are useful model compounds
because they are monodisperse [11]. Hence they can be used as scaffolds to study
the behavior of mesogens without having to consider the variables of polydispersity
and tacticity that are unavoidable in studies of side-chain LC polymers. For side-
chain LC polymers carrying a given mesogen, phase transition temperatures
increase and then plateau out with increasing numbers of repeat units, with the
plateau commonly occurring between 12 and 30 repeat units [13]. An Si O,, core
carrying cyanobiphenyl mesogens was compared with tetrakis(dimethylsiloxane)
(Si(OSiMe,),) star cores, D, and D, cyclic cores, and a T, polyhedral oligomeric
silsesquioxane core. For the standard cyanobiphenyl mesogen on Si,O,,, four or
more methylene spacers between mesogen and Si O, are required for LC behavior
to occur, and a smectic A phase is observed at high temperatures. As the number
of methylene spacers increases from four to eleven, the smectic A to isotropization
transition temperature increases [19,20]. Analogous compounds with polysiloxane
backbones, tetrahedral Si(OSiMe,), star cores and D, cyclic cores show the same
trend in the transition temperature from smectic A to isotropic. The glass transition
temperature of the mesogen-functionalized SiO, compounds decreases with
increasing spacer length owing to the plasticizing effect of the methylene segments
[11]. Isotropization enthalpy and entropy values suggest that the systems become
increasingly ordered as spacer length increases. The transition temperatures to
smectic A, and also from smectic A to the isotropic phase, increase with the stiffness
or the mesogen [9]. Transitioning from smaller to larger polyhedral oligomeric
silsesquioxane cores (T, Ty, T, ) results in an increase in isotropization temperature
[9].

Following on from these structure-property studies [9,11], in a much later 2007
study by Kawakami and co-workers at the Japan Advanced Institute of Science
and Technology [23], the range of core architectures was extended to include the
structures in Fig. 7.6. These were functionalized with 4-allyloxy-4’cyanobiphenyl
(somewhat misleadingly classified by the authors as a ‘nematic mesogen’ C 52 °C,
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N 70 °C, I) or cholesteryl-10-undecanoate (classified as a ‘cholesteric mesogen’ C
52 °C, S 65 °C, cholesteric phase 82 °C, I) by Karstedt-catalyzed hydrosilylation.

The compounds were fully characterized by elemental analysis, MALDI-TOF
MS and ¥Si NMR. The LC phase behavior was found to be largely independent
of the structure of the siloxane core, although the authors did not cite the earlier
structure-property studies where core architecture was varied [9,11]. The double-
decker compound tetra(dimethylsilanyloxy)octaphenyltetracyclooctasilsesquioxa
ne (DDODMS, Fig. 7.6, bottom right) was an interesting choice of core, since its
structure was intermediate between a cyclic siloxane and an open-cage polyhedral
oligomeric silsesquioxane. Little work on open-cage cores functionalized with
mesogens has been carried out, and the vast majority of work reviewed in this section
concerns closed-cage Si,O , cores. When carrying the cyanobiphenyl mesogen, the
DDODMS core gave a T, of 10 °C, but no mesophases were observed, possibly
because of the short spacer, and because of steric hindrance from the phenyl groups
interfering with mesogen alignment. When carrying the cholesteryl mesogen,
DDODMS showed a cholesteric to isotropic transition at 94 °C, whereas all of the
other cholesteryl-carrying cores in Fig. 7.6 showed smectic to isotropic transitions
instead. Interestingly D, (Fig. 7.6, top right) carrying cyanobiphenyl was reported to
have a nematic to isotropic transition at 118 °C, in contrast to earlier studies that had
reported smectic mesophases for cyanobiphenyl-functionalized cyclic siloxanes
(albeit with longer spacers) [11].
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Fig. 7.6 Structures of various cores used to carry cyanobiphenyl or cholesteryl mesogens [23]

In a 2000 University of Hull study [24], two mesogen-functionalized Si O,,
compounds with siloxane (rather than methylene) spacer groups were synthesized,
and compared with the starting mesogens, and with related model compounds.
(Fig. 7.7) They had lateral rather than end-on functional groups (Fig. 7.7) and
were reacted with octavinyl- Si O, ,. These mesogens required multi-step syntheses
and were successfully purified by flash column chromatography. The SiO,, core
functionalized with the upper mesogen (Fig. 7.7) showed C 59.5 °C [S_X 33.1 °C]

S, C111.3 °C, N 145.8, 1, notable for the thermal stability of its mesomorphic state,
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with an isotropization temperature ~20 °C higher than that of the free mesogen. The
Si,O,, core functionalized with the lower mesogen (Fig. 7.7) showed T, -19.3 °C,
S _X37.6 °C,N 50.5 °C, L. In a later 2007 collaboration between the University of
Patras (Greece) and the group at Hull University [25], Si O,, was functionalized
with the vinyl analogue of the mesogen [24] shown in the top part of Fig. 7.7 and
characterized by XRD, an extension of the earlier POM study [24] of the mesophases.
The pure mesogen, the pure mesogen-substituted Si O, compound, and mixtures of
these two materials at 1:1, 3:1 and 7:1 w/w were studied. The free mesogen formed
a nematic phase while the Si O , compound and the free mesogen/ Si,O , mixtures
transitioned from a columnar rectangular phase, to a columnar hexagonal phase, to a
nematic phase as temperature increased. The columnar phases were destabilized as
the amount of free mesogen in the mixture increased. The XRD data suggested that
for the columnar hexagonal phase, some free mesogens were located in the inter-
columnar space and others were located within the columnar structure (causing an
increase in both lattice constant and stacking periodicity), whereas for the columnar
rectangular phase all of the mesogens were withinin the columnar structure (causing
no significant change in the lattice constant but an increase in stacking periodicity).
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Fig. 7.7 Mesogens for lateral attachment to SlSO12 cores via siloxane spacers [24]

In the 1990s, Saez, Mehl and Goodby at the University of Hull had generally
focused upon fully substituted octa-functional LC Si O , materials, while the Laine
group at the University of Michigan had focused upon partially substituted LC Si,O ,
materials [15,26]. In a 2001 University of Michigan study [27], Si,O,, compounds
carrying an average of five mesogens per Si O, were synthesized in platinum
dicyclopentadienyl dichloride-catalyzed hydrosilylation reactions between Si O ,
(OSiMe,H), and allyloxy-functionalized mesogens, following on from an earlier
study where a tetra-substituted LC Si O,, compound had been prepared [15]. The
aim of this work was to lower the phase transition temperatures to levels suitable
for biological applications (e.g., dental composites, see also Chapter 9). Allyloxy-R
mesogens with various spacers were synthesized, where R = (CH,),0-Ph-COO-
biphenyl (no mesophase), R = (CH,),0-Ph-COO-biphenyl-OCH, (nematic),
(CH,),0(CH,),0-Ph-COO-biphenyl (no mesophase), or R= (CH,),O(CH,),O-Ph-
COO-biphenyl-OCH, (no mesophase). Elemental analysis was used to demonstrate
the presence of five mesogens per SiO .. Interestingly when the latter three
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mesogens were attached to Si,O, cores, the resulting compounds all showed
S A and N phases, despite the non-mesomorphic nature of some of the starting
mesogens. Side-chain LC polysiloxanes show similar behavior, and this has been
rationalized in terms of rigid groups being more densely packed and more easily
aligned when immobilized on a linear polymer than when free. The Si O, , materials
carrying mesogens with flexible CH,CH,O spacers had lower melting and clearing
temperatures than the Si,O , materials carrying mesogens with CH,CH,CH,O
spacers. The introduction of OCH, end-groups resulted in a general increase in the
various phase transition temperatures.

In a 2000 University of Kyoto study [28], the following three mesogens were
attached to Si O, in hexachloroplatinic acid-catalyzed hydrosilylations between the
vinyl-functionalized mesogen and octahydrido- SiO ,: (CH,),O-biphenyl-OCH,,
(CH,),0-biphenyl-CN and (CH,),-Ph-N=N-Ph-CN. Reaction stoichiometry was set
to achieve full mesogen substitution. No mass or elemental analysis data were given
for the products; however, the absence of an SiH peak in the '"H NMR spectrum
suggested that highly substituted products had probably been obtained. The
three starting mesogens and the three mesogen-functionalized Si,O,, compounds
all showed nematic phases by DSC and POM (where the Schlieren texture was
observed), but no smectic phase. The nematic phase existed over a much wider
temperature range in the Si O , compounds than in the starting mesogens. These
compounds (synthesized from Si O ,(H),) are very closely related to the University
of Michigan and University of Hull compounds discussed above (albeit synthesized
from SiO,, (OSiMe,H),), although these earlier studies are not cited. Si O,
[OSiMe,(CH,) O-Biphenyl-CN], where n= 4, 6 or 11 shows a smectic phase [19]
and SiO [(CH,),0(CH,),0-Ph-COO-biphenyl-OCH,], shows both smectic and
nematic phases [27]. Nematic phases for mesogen-functionalized POS compounds
had only previously been observed at partial substitution [27] or for laterally
attached mesogens [9,24] so it is possible that full substitution may not have been
achieved in this study.

In 2001, workers at the University of Hull functionalized Si O,, cores with
chiral mesogens to achieve enantiotropic chiral nematic phases that were stable
over a wide temperature range [29]. The two chiral alkene-functionalized mesogens
shown in Fig. 7.8 (C 111.3 °C, N* 153.5 °C, I and C 101.1 °C, N* 109.2 °C,
I respectively) were reacted with Si O, (OSiMe,H), in a Karstedt-catalyzed
hydrosilylation to give compounds showing G 23.7 °C, N* 116.9 °C, I, and G
11.2°C, N* 72.0 °C, I respectively. POM showed that the chiral nematic phase of
the first compound was blue and iridescent in texture (the blue color suggesting a
helix with a 0.2 to 0.3 um pitch). The second compound showed a non-iridescent
Schlieren texture. In contrast to the majority of the mesogens reviewed above
(where the reactive group was at the ‘end’ of the rod), in these mesogens ‘side-on’
or lateral attachment was achieved. A Si O, core carrying sixteen laterally attached
chiral mesogens [30] was synthesized in a Karstedt-catlyzed hydrosilylation
between Si O, [CH,CH,SiMe(vinyl),], and the SiH-laterally functionalized
mesogen shown in Fig. 7.8. This compound may also be considered as a first
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generation dendrimer with an Si,O , core. Upon cooling, DSC and POM showed an
I to N* transition at 107.7 °C, and an N* to Col, , (hexagonal columnar) transition
at 102.3 °C. The hexagonal columnar phase had a characteristic fan-like texture.
Upon further cooling, POM showed a texture change that was tentatively assigned
as a rectangular columnar phase, although no associated thermal transition was
observed by DSC. The columnar phases suggested the molecules had a disc-like
shape, and the structural organization of the mesogens was further investigated by
molecular modeling. In the earlier study discussed above [22], sixteen ‘end-on’
cyanobiphenyl groups had been attached to an Si,O , core (Fig. 7.5) and had formed
S Aand S _C phases. Columnar phases for mesogens laterally attached to Si,O ,
cores were also observed in later studies [25].

O
_\_\:

° /
_\_\—\/SI_O‘Si—H
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Fig. 7.8 Chiral mesogens used to functionalize Si,O,, cores and create chiral nematic phases [29] and
hexagonal columnar phases [30]

The effect of attaching a bent-core mesogen (Fig. 7.9) to an Si O, core by
hydrosilylation (Karstedt catalyst) at various substitution levels (3.5, 5 and 8
mesogens per Si O ) was studied [31] by Fan, Shen, Zhou and co-workers at
Beijing National Laboratory in 2008, with the aim of tailoring ferroelectric and
antiferroelectric behavior. In bent-core systems, the symmetry is broken using an
achiral molecule with a bent-core structure instead of using a mesogen with a chiral
center (as in Fig. 7.8) [29,30,32]. Characterization by DSC and one-dimensional
WAXD showed that the product carrying 8 mesogens formed two bilayer smectic C
phases, while the products carrying 3.5 mesogens and 5 mesogens formed a single
monolayer antiferroelectric smectic C phase.
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Fig. 7.9 Bent-core mesogen [31]

The discussion above covers SiO,, cores either partially or fully substituted

by mesogens. When the substitution level is very low and the SiO , core carries
only one mesogen (Fig. 7.10), it may also be considered as an asymmetric
molecular dyad, i.e., a dumbbell-shaped molecule in which two different entities
are linked by a spacer. Dyads are of particular interest when the two components
have complementary properties, e.g., they may be electron-donor acceptor pairs.
In 2006 and 2007 University of Connecticut studies [33,34], the behavior of an
Si,O,,-discotic mesogen dyad was investigated (Fig. 7.10). This was synthesized
by reaction between Si O, (i-Bu).(CH,),OH and a carboxylic acid-functionalized
triphenylene (in an interesting departure from hydrosilylation chemistry), and the
pure material and its 1:1 mol/mol mixture with POS were studied by DSC, two-
dimensional XRD and TEM. Both compositions were nanophase-separated. The
discotic triphenylene groups formed a bilayer LC lamella sandwiched between Si O,
lamellar crystals in the pure dyad, and in the 1:1 blend, the discotic triphenylene
groups were interdigitated. No evidence of columnar mesophases was observed.
The isotropization of the LCs and the melting of the Si O, both occurred at 66 °C.

8§12

In a more recent University of Connecticut study [35], analogous Si O , compounds

carrying eight triphenylene groups were synthesized via amidation. A number of
variants were studied, with triphenylene alkyl groups of either 5 or 12 carbons,
and with spacers of either 2, 6 or 10 carbons, and various columnar phases were
characterized by XRD and TEM.
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Fig. 7.10 An Si O, -discotic mesogen dyad [33]

The materials reviewed above all have architectures where an SlgO12 core

carried one or more mesogens, but in an alternate approach, an Si O , core carrying
LC polymer arms was studied [36]. Atom transfer radical polymerization (ATRP)
was used to grow eight arm star poly{2,5-bis[(4-methoxyphenyl)oxycarbonyl]

styrene} (PMPCS) from an octafunctional Si O,, core, and the liquid crystalline
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phase behavior of the star polymers was studied. Si,O,, (OSiMe,(CH,),0(C=0)
CMe,Br), was used as an initiator, and 2,5-bis-4-methoxyphenyloxycarbonylstyrene
(MPCS) was used as monomer in the presence of copper(I) bromide, an amine and
chlorobenzene. This monomer was the precursor to a lateral jacketed LC polymer
(Fig. 7.11). Products with PMPCS arms of various lengths (and various total
molecular masses) were prepared and characterized by GPC, DSC, one-dimensional
WAXD and POM. In addition, the Si O,, core was destroyed using hydrofluoric
acid in order to release and characterize the arms, and to gain insight into what had
occurred during the ATRP reaction (e.g., intramolecular coupling of arms and/or
intermolecular coupling of stars). The T, of the star increased with molecular mass,
and plateaued at 116 °C when M_ exceeded 38,000. At M_< 45,000, only amorphous
phases were observed, but above this mass, columnar hexagonally packed nematic
phases with star-like textures were observed. Relative to their linear analogs, the
star polymers required fewer repeat units per arm to stabilize the LC phase.

MeO—@—O O—@—OMe

Fig. 7.11 Structure of lateral jacketed LC polystyrene derivative [36]
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In contrast to the various Si O, , core species discussed above, an alternate class
of LC Si,O , materials [37] are based on an architecture where conventional linear
main-chain LC polymers are end-capped with Si O, (Fig. 7.12). These materials
were studied in an attempt to overcome the poor adhesion of LC polymers to metal
surfaces, to other polymers and to themselves. In a 1996 study [37], a US Air Force
Research Laboratory (AFRL) group reacted an Si,O,,(cyclohexyl),Cl end-capper
with carboxylic acid-terminated LC polymer to give the structure shown in Fig. 7.12.
DSC showed that both the starting LC polymer and the Si O ,-terminated LC variant
hada T . of ~95 °C and a nematic to isotropic transition at ~235 °C. In a 2004 Case
Western Reserve University (USA) study by Schiraldi and co-workers, side-chain
and main-chain LC species were combined by formulating 2.5 wt % cyanobiphenyl-
functionalized Si O , nano-additive into several main-chain LC polyesters [38]. The
aim of this work was to improve the performance of the polyesters in fiber and high
barrier packaging applications. Main-chain LC polymers with Si O, fillers have
also been patented as improved dielectric materials for electronic circuits [39].
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Fig. 7.12 An Si,O,, end-capped main chain LC polymer [37]
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In a further example of an unusual SiO,, LC architecture [40], a Kyoto
University group prepared linear polymethacrylates carrying various levels of
pendant Si O , and pendant cyanobiphenyl mesogen. These polymers were prepared
from mixtures of Si O, ,-functionalized methacrylate monomers and cyanobiphenyl-
functionalized monomers in an azobisisobutyronitrile (AIBN)-initiated free radical
polymerization. The materials did not show any LC behavior until a composition of
90% cyanobiphenyl /10% POS was reached, and a smectic phase was observed by
POM and DSC. Relative to the 100% pendant cyanobiphenyl polymethacrylate, the
90% cyanobiphenyl material showed improved thermal stability, and an LC phase
that was stable over a wide temperature range. For cyanobiphenyl levels below
90%, no glass transitions or LC transitions were observed.

Most recently Si O,, species have been used to induce spontaneous vertical
alignment in liquid crystal cells [41], thus eliminating the need for a conventional
vertical alignment layer [42,43,44]. Many kinds of commercial LC display require
that a nematic LC be aligned at an intermediate pre-tilt angle. A desirable decrease
in switching time occurs as pre-tilt alignment angle increases from 0° to near 90°,
and extremely fast response times of less than 1 ms have been achieved for some
displays (e.g., no bias bend (NBB) displays). Cells were made from indium tin oxide
(ITO)-coated substrates with a polyimide layer that could induce a near-horizontal
pre-tilt angle of 2° for nematic LC molecules. When aminoalkyl-functionalized
Si,O,, was added to the LC molecule and injected into the cell, it was found that the
pre-tilt angle could be controlled from 0° to 90° by varying the loading of Si O,
compound from 0 to 2 wt % [41]. This resulted from the contributions from the
polyimide (imposing a pretilt angle of 2°) and from the Si,O,, compound (imposing
spontaneous vertical alignment after its adsorption on the inner surface of the ITO
substrate). Alignment can also be achieved by doping the LC material with an azo-
dye (e.g., methyl red) that adsorbs to the substrate surface when irradiated with light
of an appropriate wavelength and intensity. When this approach was combined with
the Si O , approach, and both Si O,, compound and methyl red were added to the
LC compound, homogenous alignments were achieved [45].

Si,O,,compounds were also used to improve the response time of a holographic
polymer dispersed liquid crystal (HPDLC) system [46], of importance in applications
such as switchable windows, shutters and displays. HPDLCs have a periodic
structure of alternating LC-rich and polymer-rich layers analogous to a diffraction
grating, and can thus display volume holographic properties. They are fabricated by
irradiating a mixture of LC and photosensitive monomer. A periodic composition
is achieved because monomers are consumed in the irradiated areas while LCs are
driven into the dark areas. Diffraction efficiency increases as the difference between
the refractive index (RI) of the polymer and the LC increases, and also as the phase
separation between the LC and the polymer improves. Octavinyl- Si,O , was added
to a HPDLC system to obtain a fast response time, a low driving voltage, a high
diffraction efficiency and a low shrinkage. SEM and AFM showed that Si O,

moieties were located at the LC-polymer interfaces.
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7.2 Polyhedral Oligomeric Silsesquioxanes in
Electroluminescent (EL) Materials and Light
Emitting Devices (LEDs)

In 1962, blue light emission was demonstrated when anthracene was subjected
to high voltages (>400 V) [47], and in 1990, a group at Cambridge [48] reported
n-conjugated green light-emitting poly-p-phenylene-vinylene (PPV) polymers (Fig.
7.13). Some conjugated polymers were found to have electroluminescent properties
[49], i.e., they emit light in the presence of an applied electric field or current, and
LEDs based on low molecular mass organics (OLEDs) and polymers (PLEDs) have
been widely studied [50]. Such devices comprise a cathode, an electron transport
layer (ETL), an emissive layer, a hole injection layer (HIL) and an anode. Typical
cathodic materials are aluminum or calcium, having suitably low work functions
and low susceptiblities to oxidation. Typical anodic materials are ITO-coated glass
with an ultra-high quality surface, PANI (polyaniline) and PEDOT (poly-2,3-
ethylenedioxythiophene), Fig. 7.13. ITO is an important material because it is both
transparent and electrically conducting. In addition, 2-(4’-t-butylphenyl)-5-(4’-
diphenyl)-1,3,4-oxadiazole (PBD) is often used as an electron transport material
and poly-N-vinylcarbazole (PVK) is often used to raise the highest occupied
molecular orbital (HOMO) level in order to achieve a closer match to the HOMO
level of PEDOT. Electrons come from the cathode, holes come from the anode, and
electron-hole pairs form (excitons) in the emissive layer. Excitons create excited
states that decay by emission of a photon. The emissive layer is of key interest, and
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Fig. 7.13 Polymers commonly used in light emitting devices
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the use of Si,O , hybrid materials to improve its performance, lifetime, stability
and color balance is covered in this section [51]. Common EL polymers used in the
emissive layer include poly(9,9’-dihexylfluorenyl-2,7-diyl (polyfluorene, PFO, a
blue emitter [52] and poly-2-methoxy-5-[2-ethylhexyloxy]-1,4-phenylenevinylene
(MEH-PPV, a yellow emitter) (Fig. 7.13). EL polymer architectures may include
Si,O,, as an endcapping group, as a pendant group and as a star core, and Si O ,
compounds have also been introduced into these polymers as physical additives.

LEDs are currently being applied in flat display panels, and in flexible and
rollable screens, leading to concepts such as ‘electronic paper’ (since LEDs do not
require backlighting); however, coating large areas without defects in the fabrication
of larger displays remains a challenge. In contrast to LCD devices, LEDs have far
higher image quality, resolution and brightness (>2000 cd m?), plus better viewing
angles (approaching 180°) and faster switching speeds (0.01 ms and 10 kHz refresh
rate). LEDs are also used as low-power white light sources, where the emissions of
two or more materials that emit at different wavelengths are combined to produce
white light. White light emitting diodes are of interest for full-color displays (via
color filters), as backlights for liquid crystal displays, and as light-emitting sources.
Some white light emitting devices require complex fabrication one layer (i.e., one
color) at a time. OLED performance parameters include wavelength (color of
light emitted), luminance (a brightness greater than 10,000 cd m? is desirable),
EQE (external quantum efficiency, probability that one electron will result in the
emission of one photon, greater than 10% is desirable), Commision International de
I’Eclairage (CIE) coordinates (relative intensities of red, green and blue emission),
turn-on voltage, drive voltage and luminescence half life (greater than 10,000 hours
is desirable).

Semi-conducting polymers have been widely studied for use in
electroluminescent displays, solar cells, photovoltaics, sensors, thin film organic
transistors, lasers and light-emitting electrochemical cells. However, the formation
of aggregates, excimers and polaron pairs can degrade performance in these
applications. Strategies to address this include increasing the molecular mass of the
polymer, decreasing its polydispersity, introducing asymmetry (e.g., cis- or meta-
linkages), or end-capping with a bulky group such as Si O . The introduction of

812"
Si,0,, is known to stabilize color at high temperatures [53,54,55]. This is important

siricelzdevice temperatures can go up to 90 °C. Blue light emission has been the
most problematic area in conjugated polymer organic light emitting device (OLED)
research. PFO (Fig. 7.13) and its derivatives are widely used as blue light emitters
because they have high solid-state quantum yields, good solubility, and good
chemical and thermal stability. However PFO also has low energy emission bands
resulting in the emission of undesirable blue-green light, and in quenching. Blue-
green emission is caused by chain aggregation and formation of lower wavelength
emitting excimers, and also by fluorenone defects. Many attempts have been made
to stabilize PFO, and one approach has been to introduce Si O, into the structure,
where the enhanced thermal stability conferred by the presence of SiO,, reduces
the tendency of fluorenone defects to form at higher temperatures.
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7.2.1 Polyhedral Oligomeric Silsesquioxane End-capped
EL Polymers

Heeger and co-workers [56] at the University of California (Santa Barbara) first
introduced SiO,, onto the chain ends of PFO and MEH-PPV, two well-established
EL polymers (Fig. 7.13), in 2003. Si,O ,-endcapped MEH-PPV (DP=2000) and
Si O, ,-endcapped PFO (DP=500) were prepared with molecular masses in the
region of 100,000, determined by both elemental analysis for silicon and by size
exclusion chromatography (SEC). The Si O, -MEH-PPV polymer was prepared by
reaction between aryl chloride monomer and aryl chloride-functionalized Si O , in
the presence of potassium #-butoxide, and the Si O, -PFO polymer was prepared
in a Yamamoto coupling reaction between aryl bromide PFO monomer and aryl
chloride functionalized Si O , in the presence of bis(1,5-cyclooctadiene)-nickel(0)
catalyst. Thermogravimetric analysis (TGA) showed that the presence of Si O,
end groups improved thermal stability by 50 °C. Solubility in organic solvents was
also improved. The Si O , end-capped materials and their Si O ,-free analogs had
identical EL spectra. At 100 mA cm? in an ITO/PEDOT/polymer/Ca/Ag device,
MEH-PPV- Si O, gave a luminance of 1320 cd m* while MEH-PPV alone gave
a luminance of 230 cd m™. These performances were rationalized in terms of
better injection and transport of charge carriers. The Si O , materials had improved
coating quality, fewer pinholes and showed better adhesion to the substrate. The
PFO - Si,0,, polymer gave reduced excimer emission (i.e., the undesired blue-green
color at 525 nm) relative to PFO itself. The same group filed a 2003 American Dye
Sources, Inc. patent of broad scope that covered conjugated optoelectronic polymers
(e.g., polypyrroles, polyacetylenes, polyphenylenes, polyphenylenevinylenes,
polythiophenes, polyfluorenes and polyanilines) with bulky groups (organic or
inorganic) in the polymer backbone or pendant to the backbone, with at least one
silsesquioxane moiety serving as an anchor for the polymer [57].

Blue-emitting devices based on an SiO,, end-capped PFO (poly-9,9’-
dioctylfluorene variant) were also reported by another group four years later [58].
The devices had an ITO/PEDOT:PSS/PVK/PFO-Si O, /LiF/Al structure. The effect
of plasma treatment and/or heat treatment upon the ITO surface was studied by
atomic force microscopy (AFM). The best luminance and current density values
were obtained when both plasma treatment and heat treatment were carried out
(486 c¢d m? and 0.55 c¢d A"), and plasma treatment was shown to contribute
more to performance than heat treatment. The presence of a PVK hole injection
and transport layer resulted in a reduction of the intensity of undesirable PFO
excimer emission. The ITO substrate is commonly treated with hydrogen peroxide-
ammonium hydroxide-water (1:1:5 v/v) followed by ultrasonic cleaning with
isopropanol and water, and polymer layers are applied by spin-coating and inorganic
layers are applied by chemical vapor deposition. Further work [59] was reported on
Si,O,,-endcapped poly(9,9’-dioctylfluorenyl-2,7-diyl) in a study of current-voltage
and luminance current characteristics of devices in which aluminum(III) tris(8-
hydroxyquinoline) (Alg3) was assessed as an electron transport layer directly below
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an uppermost Mg:Ag/Ag layer.

7.2.2 EL Polymers with Pendant Polyhedral Oligomeric
Silsesquioxane Groups

The first example of a conjugated polymer carrying a pendant Si O , group [60]
was reported in 2004 by Shim and co-workers at the Korea Advanced Institute of
Science and Technology. A PFO carrying pendant Si O, groups was synthesized
in a nickel(0)-mediated Yamamoto coupling reaction using a Si,O ,-functionalized
monomer (Fig. 7.14, monomer 1). The Si,O -functionalized monomer was
itself prepared in a hydrosilylation reaction between Si O, (cyclopentyl).H and a
diallyl-functionalized aryl bromide monomer. Poly-9,9’-dihexylfluorene-poly-
9,9°-di- Si O, -fluorene copolymers of various compositions (1, 2, 5, 10 and 20%
Si O, units) were then prepared. They have good solubility in organic solvents
and could be readily spin-coated into high quality thin films. Photoluminescene
spectroscopy on polymer-coated quartz substrates showed reduced aggregation and
excimer formation, resulting from the large Si,O , group causing steric hindrance
and reducing inter-chain interactions. Higher quantum yields and improved stability
after thermal annealing (up to 150 °C) relative to PFO were also observed. A stable
blue-emitting device was fabricated with the layer structure: ITO/PEDOT-PSS
(40 nm)/pendant Si O ,-polyfluorene 20% (80 nm)/Ca(500 nm)/Al(800 nm). No
green emission (500-600 nm) was observed. The HOMO and LUMO energy levels
of the polymers were determined by cyclic voltammetry, and it was shown that
the presence of Si O , did not affect the redox properties of the polymers. In this
study [60] each C9 position carried two Si,O,, groups (Fig. 7.14). In a study by
the same group published the following year, PFOs with one Si O, group and
one hexyl group at the C9 position were synthesized using an analogous synthetic
route, and copolymers containing 5, 10 and 20% Si O ,-carrying repeat units
were prepared [50]. In another 2005 study [61], the Shim group attached pendant
Si O,, groups to photoluminescent blue-emitting poly-9,9’-dioctyl-2,7-fluorene-
alt-2,5-bis(octyloxy)-1,4-phenylene (PFDOP) and poly-9,9’-dioctylfluorene-alt-
bithiophene (PFT2) polymers (Fig. 7.13) in palladium-catalyzed Suzuki coupling
reactions using Si,O ,-functionalized aryl bromide monomers [61]. Once again,
chain aggregation decreased, quantum yields were enhanced, thermal color stability

increased and brighter devices were fabricated.
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Fig. 7.14 PFO- Si O , monomer 1 [60] and PFO- Si O , monomer 2 [55]

Six months after the 2004 Shim study discussed above, an alternative PFO with
C9-pendant SiO,, groups (Fig. 7.14, monomer 2) was reported by Wei and co-
workers [55] at National Chiao Tung University (Taiwan); hence both the Shim

and Wei materials have been claimed as the first pendant- Si O, PFOs. The Wei

polymer was prepared in a palladium-catalyzed Suzuki coupling, where Pd(PPh,),

and Si,O ,-functionalized aryl bromide monomers were used. Once again, the

presence of Si O , reduced inter-chain aggregation and prevented the formation of

keto defects. In PFO, the C9 position is most readily modified to enhance solubility

in organic solvents. In this structure (Fig. 7.14), undesirable C9-benzyl- Si,O , links

prone to photoxidation are avoided. Molecular mass decreased as the proportion
of POS-functionalized monomer in the polymer increased (M, = 27,000 for PFO
versus M =12,000 at 10% pendant- Si,O , PFO copolymer). This was attributed

8§12
to steric hindrance during polymerization. PFO had a T of 62 °C while no T , was

observed for the 10% pendant- Si O,, copolymer. The photoluminescence maxima

for PFO and 10% pendant- Si,O . PFO copolymer were the same, but the quantum

yield for 10% Si O, copolymser lvi/as 54% higher than that of pure PFO.

The following year, Wei and co-workers carried out a second study [54]
comparing a pendant- Si O,, EL polymer with the Si O, ,-free EL polymer. In this
case, pure MEH-PPV (Fig. 7.13) was compared with pendant-POS-PPV-co-MEH-
PPV, a copolymer of poly-p-phenylenevinylene with pendant Si O, units and
MEH-PPV. The former had a quantum yield of 0.19 while the latter had a quantum
yield of 0.85. With 10% Si O, ,-PPV content, an ITO/PEDOT/polymer/Ca/Al device
was five times brighter than the MEH-PPV control device (2196 c¢d m? versus
473 cd m?). As before, Si O,, was introduced by using an Si O ,-functionalized
monomer, but on this occasion a Gilch polymerization route was followed, using
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benzyl bromide monomers and potassium #-butoxide. Introduction of 10% Si O,
units lowered M_from 61,000 (pure MEH-PPV) to 39,000. Both MEH-PPV and the
10% pendant- Si O, copolymer resulted in devices with a yellow EL emission peak
at 590 nm.

In 2005, Takagi and co-workers (Nagoya Institute of Technology, Japan)
reported another PFO variant carrying pendant Si O, groups [62], where the
C9 position carried two Ph-O-Ph-CH,CH.- Si,O ,(cyclopentyl), groups, and the
polymer was prepared in another palladium-catalyzed Suzuki coupling reaction.
These polymers were compared to PFO variants carrying C9 trimethylsilyl groups.
The Si O, polymers maintained strong blue emission even after thermal annealing,
whereas the trimethylsilyl polymers showed an undesirable green emission that
became stronger after annealing. In 2006, Fan, Huang and co-workers (Fudan
University, Shanghai) made hybrid Si O ,-tethered polyfluorenylene-ethynylene
(PFE) materials [63] in Sonagashira coupling reactions using di-bromo-fluorene
monomers carrying two pendant Si O , groups (as per Fig. 7.14). WAXD showed

that introduction of Si,O , increased the interchain distance, and quantum yields and

thermal stability were improved relative to the Si O, -free PFE analog.

Recently, the introduction of Si,O , into ahyperbranched EL polymer architecture
[64] has also been reported to improve electroluminescence, photoluminescence
quantum yield and thermal stability relative to a linear Si O ,-free EL polymer
analog. Iron(III) chloride oxidative polymerization was used to combine 4,7-bis(3-
ethylhexyl-2-thienyl)-2,1,3-benzothiadiazole and octa(3-ethylhexyl-2-thienyl-
phenyl)- Si O, monomers to give a hyperbranched architecture, and both the linear
and HB polymers in this study gave an EL maxiumum at 660 nm.

In many of the nickel (Yamamoto) and palladium (Heck or Suzuki) coupling
chemistries above, it is worth noting the importance of removing any residual
metal catalyst, since metal residues are detrimental to OLED performance; in this
respect, small organics that can be purified by flash column chromatography are

advantageous (see later sections).

7.2.3 EL Star Architectures with Polyhedral Oligomeric
Silsesquioxane Cores

A number of electroluminescent star species with Si O, cores have been described
in the literature, and the use of this architceutre in EL, optoelectronic and
photovoltaic applications has recently been reviewed [65]. In 2001 the Laine group
at the University of Michigan filed a patent claiming hybrid LED materials where
hole transport groups, electron transport groups or emissive moieties were attached
to an Si O, core [66], and in 2004 Jabbour (Arizona State University) and co-
inventors filed a patent [67] claiming one or more luminophores (e.g., 2,7-bis-(2,2-
diphenylvinyl)fluorene for blue emission or pyran-4-ylidene malononitrile for red

emission) attached to a nanoparticle core (e.g., Si,O,,) for the purpose of achieving
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white light-emitting devices. In this section, Si O, cores functionalized with EL

polymers and Si O, cores functionalized with small aromatics are reviewed.

In 2004, Chen and co-workers at National Taiwan University (Taipei) synthesized
a star polymer with an Si O, core and PFO arms in an attempt to produce an EL
material with higher Si O, , content than a Si O, end-capped linear EL polymer [53].
High molecular mass is desirable in a linear EL polymer, but such polymers only
have 1 wt % POS content [56]. However, when PFO is attached to the eight corners
of POS in a star architecture, 3.8 wt % content is possible. Another Yamamoto
bis-1,5-cyclooctadiene-nickel(0)-catalyzed coupling reaction was used, this time
between octa(2-(4-bromophenyl)ethyl)octasilsesquioxane (POS(CH,CH,PhBr),)
and aryl bromide-terminated polydioctylfluorene [53]. When used in a device, the
star polymer had a quantum yield and a maximum luminescence intensity twice as
large as the pure PFO control (5430 cd m™ versus 2510 cd m™). Since both the linear
polyfluorene and the octa-functional Si O, carried aryl bromide functionality, the
structure of the resulting material was ambiguous (i.e., the number of arms per Si,O ,
and the molecular mass of the arms were undefined); however approximately 75%
of the crude product was soluble, making it possible for devices to be fabricated by
spin-coating the EL layer from xylene.

In 2008, a University of Nantes (France) group made green-emitting hybrid
Si O ,-DP-PPV  materials [68]. An ITO/PEDOT:PSS/Si O -DP-PPV/Ca/Al

8§12

device was fabricated [69], where Si O ,-DP-PPV was poly-2,3-diphenyl-1,4-
phenylenevinylene (Fig. 7.13) grown from an Si, O, core. This was then studied by
charge-based deep-level transient spectroscopy (Q-DLTS), a technique for observing
defect states and traps in LED devices. Traps associated with the inorganic or the
organic parts of the hybrid Si O ,-DP-PPV material were assigned on the basis of
their capture cross sections.

However, the majority of Si,O , star species are comprised of an Si O,, core
functionalized with small organic emitters rather than polymeric arms [53]. Since
free aromatics have a tendency to assemble into nt-stacks (causing excimer emission,
and impacting electronic and photonic performance), the original rationale for
producing Si O, ,-aromatic stars was to keep the aromatics apart, and to prevent
aggregation [70,71,72]. In 2004, He and co-workers (Institute of Materials Research
and Engineering, Singapore) [70] claimed the synthesis of the first luminescent
organic clusters displaying the same properties as inorganic quantum dots (Fig. 7.15,
top left and top right), but without the disadvantage of dot size distribution resulting
in line-broadening. These were synthesized from Si,O ,(PhBr), and the appropriate
brominated aromatics in palladium-catalyzed coupling reactions, and thin films of
the Si,O,, compounds showed enhanced photoluminescence (PL) quantum yields

relativ?e tlcz) the analogous free aromatics. SiO,, was selected as a scaffold because
of its thermal stability, low dielectric constant (~2.7) and its high band gap (6.0 eV
absorption and 4.2 eV emission). Later quantum dot compounds [73] incorporating
longer sequences of phenyl groups (Fig. 7.15, bottom left) also showed enhanced
PL quantum efficiency and improved film forming properties. In 2005, the Laine

group at University of Michigan reacted bromophenyl- Si,O , with various aryl-
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boronic acids, (HO),B-Ar, in Pd(PPh,),-catalyzed coupling reactions [71]. In
this way, phenyl, biphenyl, naphthyl, thiophene and 9,9-dimethylfluorene were
attached to SiO,, cores. MALDI-TOF spectra showed that these compounds had a
distrubtion of compositions corresponding to the distribution (varying numbers of
bromine atoms) in the bromophenyl- Si,O , starting materials. The absorption and
emission spectra of these materials showed them to behave as conventional organic
aromatics rather than quantum dots [70], and this was attributed to the distribution
of compositions, although the distribution of compositions of Si,O ,(PhBr),, or
possible lack thereof, was not reported in He’s 2004 study [70]. The effect of an
Si,O,, substituent on the absorption and emission wavelengths of the aromatic was
unclear in the 2005 University of Michigan study [72], with a red shift being reported
for the aromatics above, but a blue shift being reported for stilbene. Recently a
Korean group synthesized an EL Si O , material carrying eight anthracenenaphthyl

groups via hydrosilylation between Si,O ,(OSiMe,H), and the allyl-functionalized
aromatic, and used the material to fabricate a blue-emitting device [74].
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Fig. 7.15 First Si,O , ‘quantum dot’ compounds (top) [70], a later dot (bottom left) [73], and a carbazole-
functionalized Si,O,, (bottom right) [75]
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Another early example of a small molecule star species with an Si O , core
[76] was synthesized by the Laine group at the University of Michigan in 2005.
In contrast to the Si O ,-PFO star species above [53] that carried oligomeric PFO
arms, in this material a small organic aromatic hole transport compound, FL03
(NV4-(9,9-dimethyl-9H-fluoren-7-yl)-N4’-(9,9-dimethyl-9 H-fluoren-2-yl)-N4,N4’-
diphenylbiphenyl-4,4’-diamine), was coupled to octavinyl- Si,O, in a Heck
reaction with a monobromo-FLO03 derivative and a Pd(P(¢-Bu),) catalyst (Fig. 7.16,
top). Small organics can be obtained with greater purity than polymers, but require
vacuum deposition techniques to fabricate displays. Vacuum deposition is expensive
and is only practical for small displays. Polymers can be deposited from solution
using efficient and industrially scalable techniques such as ink-jet printing to form
large surface area displays, but are less pure than small organics. Hence the rationale
of this study was to achieve a solution-processable but high purity (monodisperse)
OLED material by attaching a small organic OLED entity to an Si O, core via a
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rigid link. Flexible links have been used to attach mesogens to Si,O,, cores in liquid

crystalline materials [15,27,30] (as discussed in the previous section) but crystalline
domains are undesirable in OLED materials because they result in charge trapping.
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The resulting Si,O ,-FLO3 star carried 3 to 10 FLO3 units per Si O, (i.e., some
double Heck reactions took place), and exhibited intense blue photoluminescent
emission at ~430 nm. When devices fabricated using Si O, ,-FL03 were compared
to devices fabricated using pure FLO3, the Si O, -FL03 devices were brighter and
had higher external quantum efficiencies. In another 2005 study [75] by Kawakami
and Imae (Japan Advanced Institute of Science and Technology, Ishikawa), SiO,,
was functionalized with carbazole (a photoactive and electroactive t-chromophore,
Fig. 7.15, bottom right) in a hydrosilylation reaction between octahydrido- Si O,
and N-vinyl carbazole. Elemental analysis showed it to be a pure octa-substituted
compound, in contrast to the mixed compositions above [76]. The Si O, -carbazole
compound showed a single strong emission peak in the solid state, and no excimer

emission.

Terfluorene chromophore

Fig. 7.16 FLO03 reagent [76] and terfluorene chromophore [77] used to prepare POS-cored star species

In 2006, Shim and co-workers [77] at the Korea Advanced Institute of
Science and Technology synthesized a blue-emitting Si,O , with terfluorene (FL3)
chromophores on each of the eight corners (Fig. 7.16, bottom). This Si O, -FL3
star was then doped into PFO. Si,O ,-FL3 was prepared in a platinum-catalyzed
hydrosilylation reaction between octakis(dimethylsiloxy)- SiO,, and allyl-
functionalized terfluorene (Fig. 7.16, bottom) which itself required a six step
synthesis [77]. This compound also showed good solubility and thin film-forming
abilities. The maximum blue emission wavelength of Si O, -FL3 (394 nm in THF
solution) overlaps well with the maximum absorption wavelength of PFO (391 nm
in THF solution), making it suitable for use as a dopant for blue light emitting
polymers, and increasing quantum efficiency via energy transfer. This also applies
in the solid state. EL devices (analogous to those described above) fabricated from
Si,0,,-FL3-doped polyfluorenes showed a four- to eight-fold increase in quantum
efficiency relative to the non-doped PFO EL device. This was explained in terms
of Si O, disruption of terfluorene aggregation in this system. It is notable that
an energy transfer from a shorter-wavelength blue emissive material to a longer-
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wavelength blue emissive material is being reported.

By 2007, a light-emitting pyrene-functionalized Si,O , had been reported with
an external quantum efficiency (EQE) of 2.6% [78]. In addition an Si,O , core had
been functionalized with two different emitters in a controlled ratio, and multiple-
wavelength emitting Si O , materials had been synthesized [79]. Si,O,, cores
functionalized with a combination of hole transport groups, electron transport groups
and at least one cross-linkable group, and light-emitting devices incorporating these

Si,O,, compounds were also claimed in a 2007 patent [80].

7.2.4 Polyhedral Oligomeric Silsesquioxane Iridium
Complexes

An important subset of EL Si O, -cored star species are those functionalized with
iridium complex emitters. Heavy metal ions such as osmium, iridium and platinum
are used in phosphorescent LEDs because they facilitate singlet to triplet intersystem
crossing (ISC) via spin-orbit coupling, and can harvest singlet and triplet excited
states. Cyclometalated iridium complexes have been used to produce high efficiency
systems where wavelength tunability across the visible spectrum has been achieved
by varying the cyclometalating ligand.

In 2009, Jabbour (Arizona State University), Mochizuki (Nitto Denko
Corporation) and co-workers reported a system where carbazole hole transporters
and iridium complexes (Fig. 7.17) were attached to the same SiO,, scaffold in
hydrosilylation reactions between vinyl-functionalized iridium complexes and SiH-
functionalized Si O, species [81]. Two series of materials were prepared. In the
first series, monochromatic emitters were based on an Si,O , core carrying seven
cyclopentyl groups and one iridium complex (Fig. 7.17). White-emitting devices
were then fabricated by combining three Si,O , (cyclopentyl). (iridium) compounds
of this type, carrying the three different iridium complexes, Ir-(fppy),- SiO,, (blue,
470 nm), Ir-(ppy),- Si,0 , (green, 500 nm) and Ir-(pq),- Si,O,, (red, 587 nm). In the
second series, emitters based on an Si O, core carrying one iridium complex and
seven carbazole groups were prepared by stepwise stoichiometric hydrosilylation
with a one equivalent of vinyl-functionalized iridium complex followed by seven
equivalents of N-allylcarbazole. A distribution of products was obtained, but these
could be separated chromatographically. The mononchromatic OLEDs had EQEs
of 5 to 9% and the white light-emitting OLEDs had EQE’s of 8%. In 2009, the
same group [82] synthesized an electroluminescent Si O, star compound carrying
an iridium complex (Fig. 7.18) and used it in an ink-jet fabrication of an LED device
that had a peak luminance of 10,000 cd m? and a peak quantum efficiency of 2.5%.
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Fig. 7.18 Iridium-based Si O, star dye used in ink-jet fabrication process [82]

In an earlier 2006 study, Hsu and co-workers (National Chiao Tung
University, Taiwan) reported an Si O, core functionalized with iridium(III) bis(2-
phenylpyridine-C2-N’)(13-terdecenylacetonate) had been added to CBP (4,4-N,N’-
dicarbazole-biphenyl) and TPBI (1,3,5-tris-2-N-phenylbenzimidazoylbenzene), and
used in an OLED device [83]. Three Si O ,-cored star light-emitting materials were
prepared by reacting octasilane-POS with three allyl-functionalized conjugated
light-emitting moieties (Fig. 7.19) in hydrosilylation reactions. SEC data suggested
that five to eight chromophores were attached to the Si,O , core. All three materials
had good solubility in organic solvents and could be spin-coated to form high
quality films, and to fabricate devices (Table 7.2). The triplet Si,O ,-3 material (Fig.
7.19) was blended with a 4,4-N,N’-dicarbazole-biphenyl (CBP) host to prevent
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quenching.

Table 7.2 Characteristics of various devices incorporating Si,O, -star EL species [83]

. Maximum
Maximum current
Device Color / A*-_ (nm) brightness sl
(cd m?) (dA™)
ITO/PEDOT/ Si O, ,-1/Ca/Al 496 (Green) 115 0.07
ITO/PEDOT/ Si,O,,-1, 0.8 wt % PBD/Ca/Al 496 1469 0.8
Si0,,-2 476 (Blue-green) 70 0.02
Si0,,-2 + 0.8 wt % PBD 476 1102 0.88
Si0,,-3 524 (Green) 1008 1.04
Si0,,-3 + 18 wt % CBP 524 1172 3.99

(CHZ)B g
N
D - hQ O
HyC(HC)s0

SigO45-1 Precursor

q

(CHz)g

SigO4,-2 Precursor k

Sig042-3 Precursor

Fig. 7.19 Allyl precursors used to prepare Si,O,,-cored stars [83]
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In 2005, Peng and co-workers at South China University of Technology
(Guangzhou) co-doped a blue emitting Si O ,-terminated PFO host (EL at 424 nm)
with two phosphorescent iridium complex guests, green-emitting Ir(Bu-ppy), (EL
at 510 nm, where Bu-ppy denotes 2-4’-t-butylphenylpyridine) and red-emitting
(Pig),Ir(acaF) (EL at 610 nm, where acaF denotes 1-trifluoro acetylacetonate)
in order to fabricate a white light-emitting diode [84]. The EL peaks appeared
at slightly different wavelengths than those observed in the EL spectra of the
individual emitters. In 2006, in another South China University of Technology
study [85], the iridium complex Ir(1-piq),pt was synthesized, where 1-piq denotes
1-phenylisoquinoline and pt denotes 3-(pyridin-2’-yl)-1H-1,2,4-triazole. This
complex was added to an Si,O -terminated PFO host polymer, and an ITO/PEDOT/
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PVK72% Ir complex-PFO- Si O ,-PBD/Ba/Al electrophosphorescent device was
fabricated that had red emission at 605 nm, a quantum efficiency of 10.4% and a
luminous efficiency of 9.4 cd A" at 10.8 mA cm™.

It is also interesting to note that luminescent iridium-Si O , compounds have
been used in oxygen sensing (see also discussion of sensor applications in Section
7.5). An Si O, core carrying eight Ir(ppy),(cs-acac) groups was synthesized
via reaction of the cs-acac (non-8-ene-2,4-dione) alkene groups, and different

luminescent responses in the presence of nitrogen and oxygen were observed [86].

7.2.5 Physical Blending of Polyhedral Oligomeric
Silsesquioxanes into EL Polymers

Si,0,, has also been introduced into the EL layers of devices by physical blending
(rather than by chemical attachment to EL materials, as per Sections 7.2.1 to 7.2.4),
following work where silica or titanium dioxide nanoparticles were introduced
into PPV films in OLEDs [87,88,89]. Physical blending has the advantage of being
simple relative to the chemical introduction of Si,O ,, where multistep synthetic
and purification procedures are often required. In a 2006 study by Gong and co-
workers at the University of California at Santa Barbara [90], Si,O,, carrying one
chloro group and seven cyclohexyl groups was physically blended into MEH-PPV
at 0.5 wt %, and the resulting ITO/PEDOT:PSS/MEH-PPV:POS/Al device had a
luminous efficiency of 1 c¢d A”'. The improvement in performance was attributed
to enhanced electron injection into the emissive layer associated with ionic
conductivity contributed by Si,O ,, although the identity of the ions and mechanism
of conduction were not clearly defined. An ITO/PEDOT:PSS/MEH-PPV- Si O /Al
device was used as a control, where Si O,, was present as a chemically bound end
group on MEH-PPV rather than as a physical additive.

In a later 2007 study [91] by Lee and Lai at National Yunlin University
(Taiwan), Si,O ,(OSiMe,CH,CH,Ph), was physically blended with MEH-PPV at
5, 10 and 30 wt % Si O , to fabricate composite films that were characterized by
AFM and evaluated in devices (Table 7.3). It was shown that POS and MEH-PPV
were highly compatible, and that surface roughness increased with increasing Si O,
content. Thus the interfacial area between the light-emitting layer and the cathode
was increased, resulting in enhanced electron injection from the cathode, increased
electron-current density and improved current efficiency. The presence of Si O,
also resulted in deceased hole-current density, showing that SiO , compounds
functioned as hole-trappers. The EL emission wavelength at 590 nm remained
constant with varying Si O , content, but intensity decreased with increasing Si O,
content. The intensity of excimer emission at 630 nm decreased with increasing
Si,O,, content. At high Si O,, contents thickness decreased and current leakage

i 8712
increased.
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Table 7.3 Characteristics of various devices incorporating physically blended Si O , species in the EL
layer [91]

. ; Maximum Maximum
. Color / At . e
Device ( max brightness current yield
el (cd m?) (cdA™M)

ITO/PEDOT/MEH-PPV 0% Si 0, ,/Ca/Al 593 2946 0.78
MEH-PPV 5% Si,O , 592 2376 0.83
MEH-PPV 10% SiO,, 592 1962 1.06
MEH-PPV-30% Si O, 590 1693 1.10

Hence the use of SiO,, to improve the stability and electroluminescent
properties of LEDs has become so well established that Si O,, materials are used
as the default when other materials and variables associated with LED performance
are being studied [59,69,85], and Si O, -terminated PFO is now so successful as a
blue EL material that it is commercially available from companies such as American
Dye Sources, Inc. (Quebec, Canada).

7.3 Polyhedral Oligomeric Silsesquioxanes in
Non-linear Optic (NLO), Optical Limiting
(OL) and Laser Applications

Despite the extensive work done on Si O, in LC and EL applications (Sections
7.1 and 7.2), very little work has been done in the related area of non-linear optical
(NLO) materials. Sol-gel techniques have been used to prepare NLO hybrid
materials comprised of an NLO component, e.g., an azo dye [92,93], a Disperse
Orange 3 chromophore [94,95], nitroanilines [96] or N-4-nitrophenol-L-prolinol
[97], and either a silsesquioxane or TEOS-derived silica component [98,99], with
the aim of maintaining NLO properties while improving thermal post-poling
orientation stability. Poling is carried out by exposing the material to an electric
field (2-5 kV cm™), and the dipoles of the chromophores align in the direction of
the field. In hybrid silsesquioxane-organic materials, refractive index and optical
loss can be reduced with increasing silsesquioxane content [100]. A ladderlike
polysilsesquioxane carrying stilbene chromophores (Me,N-Ph-CH=CH-Ph-NO,)
was poled in-situ during film formation, and the film was found to have more stable
poling-induced orientation than the analogous linear polysiloxane [101]. Stilbene
chromophores were attached side-on (at a C=C group) or end-on by hydrosilylation
with polyhydridosilsesquioxane. The less mobile the orientated NLO groups are,
the greater the thermal stability of the second order non-linear response will be.
This has been achieved by poling before or during cross-linking and then stabilizing
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the orientation after complete cross-linking has occurred. Hence sol-gel chemistry
offers one route to cross-linking and ‘fixing’ chromophores in position.

Another area of increasing importance is that of optical limiting (OL) materials
[102,103], a class of NLO materials that are transparent under normal conditions,
but become opaque in response to high energy laser pulses. These materials are
useful for protecting the human eye, and also various optical sensors, from laser
damage, and exhibit a decrease in transmission when the energy of an incident laser
pulse increases above a certain threshold. The ideal OL material responds rapidly
over a wide range of wavelengths and has a high damage threshold. Structures
with m-conjgation (e.g., carbon nanotubes, fullerenes, porphyrins, phthalocyanines,
various organic dyes, chromophores and organometallics) may be used as optical
limiting (OL) materials [104]. However many such materials have poor solubility,
processability and low thermal stability, issues that are also encountered in the EL
polymer field (as discussed in Section 7.2). A series of inorganic Si,O ,-organic
(azobenzene) hybrid materials was prepared in order to achieve good OL properties
in combination with improved solubility in organic solvents and thermal stability
[105]. Three different target material architectures were prepared in hydrosilylation
reactions between the di-functional azobenzene monomer and octahydrido- Si,O ,.
The monomer was prepared in a four-step convergent synthesis. The first was a
dumbbell molecule prepared by reaction between two equivalents of Si O, (H), and
one equivalent of monomer. The second was a linear ‘bead’ polymer with POS units
(‘beads’) within the backbone and pendant azobenzene groups, prepared using a one
to one molar ratio of Si O ,(H), and monomer. The third was a network of Si O,
units connected by spacers with pendant azobenzene groups, prepared using a two to
one molar ratio of monomer to Si O ,(H),. Platinum dicyclopentadiene catalyst gave
soluble products in moderate yields, while platinum divinyltetramethyldisiloxane
catalyst (Karstedt’s catalyst) gave cross-linked gels. For all products, mixtures of
a- and B-adducts were obtained, and the highest proportions of B-adducts were
observed for the highest monomer molar ratios. The products were characterized
by GPC, IR, 'H and *Si NMR. Incorporation of the chromophores into the various
Si,O,, architectures did not change their UV-visible spectra or impact their OL
performance. TGA showed that the hybrids decomposed at temperatures 65 to
85 °C higher than the free chromophores (5 wt % loss). Interestingly the ‘bead’
materials had higher thermal stability than the dumbbells or the networks, and
this was attributed to their more ordered structures. OL performance was studied
using 13 ns optical pulses at 532 nm with a repetition of 1 Hz from a frequency
doubled Q-switched mode locked ns/ps Nd:YAG laser, and incident and transmitted
laser pulses from samples in solution in a quartz cell were monitored. Non-linear
optical properties were measured using a Z-scan technique and the same laser
system and sample solutions. This showed that the nitro materials had non-linear
absorption and non-linear refraction, while the H and methoxy materials only had
non-linear refraction. Recently the same Donghua University (Shanghai) group
reported an Si O, core functionalized with eight stilbene groups that was prepared

in a hydrosilylation of octahydrido- Si,O,, [106]. When compared with stilbene
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control OL materials, the hybrid material had comparable OL performance, but had
improved thermal stability, with thermal decompositions temperatures 20 to 60 °C
higher than the stilbenes.

Another example of a covalently bonded Si O, -conjugated aromatic system
used to make improved OL materials is Si,O -metallophthalocyanine, with
either cobalt(Il), copper(Il) or zinc(I) [107]. Two equivalents of mercaptopropyl-
Si,0,,(i-Bu), were reacted with 4,5-dichloro-1,2-dicyanobenzene in the presence of
potassium carbonate as base, in a nucleophilic aromatic substitution at the two aryl
chloride sites. The product was used to synthesize the three metallophthalocyanines.
Tetramerization to form the planar phthalocyanines resulted in structures carrying
eight peripheral Si,O , units. The copper phthalocyanine showed significant non-
linear absorption in a Z-scan measurement and promising OL performance, while
the cobalt and zinc phthalocyanines showed no non-linear absorption.

Polyhedral oligomeric silsesquioxane compounds have also been used to
improve the performance of laser dyes. When Si,O ,(methylmethacryl), was added
to an ethyl acetate solution of the laser dye PM567, the laser action was significantly
enhanced [108].This was attributed to weak optical scattering from the Si O,
compound (despite its nanometer dimensions), resulting in a phenomenon known as
‘lasing with intensity feedback’. Hence the addition of the Si O,, compound at 1 wt
% was reported to improve the dye laser efficiency by 65%. Similar enhancements
in laser performance were seen when the same Si,O , structure was present in
PM567-doped polymethyl methacrylate (PMMA) with no degradation in laser
output after 100,000 pump pulses [109]. Si O ,(methylmethactyl), and Si O, ,(i-Bu),
were also found to enhance the laser action of other laser dyes such as Rhodamine
6G, Rhodamine 640, Sulforhodamine B and Perilene Red.

7.4 Polyhedral Oligomeric Silsesquioxanes in
Lithographic Applications

Lithography has much in common with photography; a pattern is formed by
exposing a chemically reactive surface to radiation, and then the pattern is fixed
and stabilized in a series of additional processes [110]. The use of a polymeric
resist is the most important method for the fabrication of patterns on the nano-
scale, although other approaches besides nanolithography have been reviewed (e.g.,
imprinting and self-assembly) [111,112]. Lithography is also the method preferred
by industrial fabricators of electronic and optical devices. Resists have played
a key role in the steady decrease in feature size, and in the increase in memory
capacity predicted by Moore’s law. In a typical process, a substrate is coated with
a continuous layer of resist material, and the resist is exposed to radiation through
a mask having transparent and opaque regions that confer the desired pattern. The
regions of the resist that are irradiated (corresponding to the transparent regions of
the mask) undergo a chemical change, while the regions of the resist that are not
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irradiated (corresponding to the opaque regions of the mask) remain unchanged.
The unexposed regions of the resist may then be removed (in a positive process)
or the exposed regions may then be removed (in a negative process). The removal
of the resist is termed the development stage, as in the processing of photographic
film. The surface-patterned resist may be irradiated by exposure to UV-visible
wavelengths in the range 13 to 436 nm, or by exposure to X-rays, electron beams,
ion beams or plasma. Hence resists must be polymeric, in order to be spin-coated
into films, although film-forming molecular glasses based on lower mass species
have been reported [113]. Resists must also be thermally stable, and have suitable
photochemical properties such that they change their solubility upon exposure to
radiation. In the chemical amplification method, exposure generates the formation
of a catalyst (normally a protic acid resulting from a photoacid generator, PAG,
precursor) which then catalyzes the post-exposure bake (PEB) reaction resulting in
the solubility change of the resist polymer. Important parameters associated with
lithographic processes include sensitivity, that is inversely related to the mJ cm?
dose of radiation required to achieve exposure without loss of resolution, and line
edge roughness (LER), where low LERs are desirable and are associated with good
quality pattern transfer.

The irradiation wavelength favored by the semiconductor industry has gradually
decreased from 436 nm, to 365 nm, to 248 nm, to 193 nm, where 90 nm resolution
could be achieved at 193 nm in 2006, and 65 nm resolution could be achieved
in 2009. Each new wavelength required the development of new resists with
appropriate transparency at the wavelength of interest. For example, conventional
aromatic polymers are unsuitable for 193 nm applications despite their chemical
and thermal stability, although polyaromatics have not been ruled out owing to the
lower wavelength (red shift) of their absorbance. Currently devices with 65 nm
critical dimensions are being produced, and new technologies with target critical
dimensions of 45, 32 and 22 nm are in development. These targets will require
thinner resist films (50-100 nm) in order to maintain reasonable aspect ratios;
however, thinner films have higher defect densities, and different glass transition
temperatures and LERs than bulk films of the same chemical composition [110].
157 nm lithography and 193 nm immersion lithography were both considered as the
successors of 193 nm lithography in the next step toward increased resolution and
ever smaller features, but 193 nm has emerged as the front runner for 45 nm and
32 nm features because of technical obstacles encountered during the development
of 157 nm resists. For 22 nm features, the current favored technology is EUV (13
nm) using polycarbocyclic organic resists. In immersion lithography, an immersion
fluid is used between the lens and the photoresist layer, where the immersion fluid
medium confers higher resolution than air. The drawback of immersion lithography
is that components of the resist may leach out into the immersion fluid, or that the
immersion fluid may contaminate the photoresist.

Lithographic resist materials used for the fabrication of sub-100 nm features
(e.g., 193 nm, 157 nm, 13 nm for EUV) must meet very demanding performance
requirements [110]. Fluoropolymers and siloxane polymers are useful in 157 nm
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systems because of their high transparency and low absorbance at this wavelength,
although siloxane polymers are prone to fragmentation and to undesirable
outgassing that can damage the lens. Hence polyhedral oligomeric silsesquioxanes
are promising resist materials because of their transparency and increased chemical
stability relative to polysiloxanes. An Si O, cage architecture is also preferable to a

polysilsesquioxane architecture because of the Si O,, monodispersity and precisely

defined structure. In addition, polysilsesquioxanes carry residual SiOH functionality
that can undergo condensation reactions, decrease shelf life and result in negative
tone chemistry, whereas Si,O , does not. The Shipley Company (Marlborough,

USA) studied the effect of 8pollzymer architecture on silicon outgassing in bilayer
silicone resists in ArF and F, lithography [114], and it was found that an SiO,,
moiety in the silicone backbone gave a high silicon content for superior etch
resistance, no outgassing, and successful pattern resolution below 100 nm.

The use of Si O, compounds as lithographic resists was originally suggested in
a 1985 Russian report by Korchkov and Martynova [115], particularly as negative
resists for electron and X-ray lithography. From 2000 onward [116], various resists
comprised of Si O -acrylate copolymers (see for example Fig. 7.20) have been
studied, primarily by groups at the University of Connecticut (USA) and at the
Institute of Microelectronics (Athens, Greece) [116-125]. Structures and monomer
ratios have been varied in order to achieve optimum properties for lithographic resists,
and in some cases a combinatorial approach has been used [116]. Such copolymers

have the potential disadvantage that incorporation of an Si O, moiety changes the

morphology (i.e., Si,0 , domains form and phase separation occurs) relative to the
Si O -free acrylate polymer (see Chapter 4), and thus the physical properties of the
resist are affected [126]. An x-ray photoelectron spectroscopy (XPS) study showed

that a 1.5 nm layer at the surface of an Si,O ,-acrylate copolymer resist was rich in

Si O, relative to the bulk material below [127], and when an Si,O , copolymer was

treated with oxygen plasma, ellipsometry and XPS showed that a silicon oxide layer
formed at the surface [128]. This concept is further explored in Chapter 8, where
Si O, copolymers are used in space applications requiring resistance to atomic
oxygen (instead of oxygen plasma).
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Fig. 7.20 An Si O, -acrylate terpolymer evaluated as a resist for 193 nm bilayer lithography [129]

In a 2004 Greek-French collaboration by Argitis and co-workers [130],
positive tone Si O ,-functionalized methacrylate photoresists were prepared from
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acrylate-Si O, monomers copolymerized with various combinations of other
acrylate monomers (methacrylic acid, MAA, #-butylmethacrylate, TBMA, ¢-butyl
trifluoromethylacrylate, TBTFMA, itaconic anhydride, IA and 2-(trifluoromethyl)
acrylic acid, TFMAA). TBMA and TBTFMA undergo acid catalyzed deprotection
reactions (where acid comes from a perfluorooctylsulfonate photoacid generator
PAG) to form the carboxylic acids that undergo positive tone lithography and
dissolve in basic solution, while MA and IA are hydrophilic and enhance adhesion
and solubility in base. TFMAA was also selected to decrease absorbance at 157
nm. Thin films of Si,O , copolymer were spin coated from MIBK (methyl isobutyl
ketone) or PGME (propylene glycol methyl ether) onto a novolac epoxy resin
substrate and etched by oxygen plasma. XPS showed that undesirable aggregation
of 8i,0,, at the surface occurred most with the Si,O ,-TBMA copolymers. The best
copolymers (comprised of the multiple copolymers above) were found to have high
sensitivity at 157 nm (less than 10 mJ cm™), no silicon outgassing, and sub-100 nm
resolution.

In a 2006 study by the same group from Athens and collaborators at
Interuniversity Microelectronic Center (Leuven, Belgium), similar SiO -
methacrylate resists were assessed in 193 nm bilayer lithography [129]. These were
terpolymers prepared from methacrylate POS, TFMAA or MAA (to control degree
of fluorination), and TBMA (Fig. 7.20). IA was not used as a monomer because
its tendency to hydrolyze was detrimental to shelf life. Although TFMAA was not
required to reduce absorbance at 193 nm (in contrast to the 157 nm case above
[130]), it was found that terpolymers with high TFMAA content gave resists with
the best homogeneity. A partially fluorinated terpolymer was the first example of an
Si O, resist that could be directly incorporated into the standard industrial process
using tetramethyl ammonium hydroxide developer. In some cases cyclopentyl
groups were used as the other (blocking) groups on Si O, [117,121] but in this
study ethyl groups were used to confer higher etch resistance and lower surface
roughness [120,131]. The best homogeneity was obtained when a hydrophobic PAG
anion with a long fluorinated tail was used in order to achieve the best compatibility
with the terpolymer matrix. The best-performing resists had a sensitivity of 10 mJ
cm?, and the most suitable substrate was found to be a novolac resin.

In a 2006 Korean study by Kim and co-workers [132], an Si,O , molecular resist
carrying diazoketo groups (Fig. 7.21) was reported for use in deep UV lithographic
processes. This work was carried out to avoid the use of chemically amplified resists
and the associated PAGs, since PAGs are environmentally unfriendly aromatic
compounds, and have poor compatibility with photoresist polymers, resulting in poor
resolution. Diazoketo groups were selected to achieve deep UV photobleaching and
polarity change upon exposure (where a Wolff rearrangement occurs and carboxylic
acid groups are generated), and once again Si O,, was selected for its thermal and
chemical stability. The polycyclic cholate moiety (Fig. 7.21) was selected because
its amphilicity conferred good film-forming ability. The Si O, molecular resist was
evaluated in a single layer (positive tone) process and in a bilayer process. Spin-

coating of silicon wafers was carried out from propylene glycol methyl ether, and
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the exposed regions of the resist film were developed using industry standard 2.38
wt % tetramethylammonium hydroxide solution.

OH o o
|
_ Si-0 © o™
S|3012 | fe} N2
OH 8

Fig. 7.21 Diazoketo SiO , molecular resist for use in lithographic processes without photoacid
generators (PAGs) [132]

In an attempt to avoid the post-exposure bake (PEB) step in conventional
lithographic processes, a molecular resist comprised of Si O, functionalized with
trimethoxysilyl groups was designed [133], taking advantage of the fact that acid-
catalyzed cross-linking of Si(OMe), occurs readily at room temperature.

As well as the resist itself, SiO , has also been used in topcoat materials
for resists. A 2006 IBM Corporation patent claimed T,, T, and T,, polyhedral
oligomeric silsesquioxane cores functionalized with groups soluble in aqueous
bases (e.g., COOH, SO,H, amides, ureas and so on) as topcoats for photoresists used
in photolithography or immersion lithography [134]. The function of the topcoat
was to prevent interactions between the photoresist material and the immersion
fluid (see description of immersion lithography above), while being soluble in
base developer and transparent at the irradiation wavelength. The materials were
prepared in hydrosilylation reactions between hydrido- Si O, species and various
unsaturated cyclic aliphatics.

In a 2007 University of Texas (Austin) study [135], Si O, , functionalized with a
mixture of photosensitive acrylate groups and thermally curable benzocyclobutane
(BCB) groups (Fig. 7.22) was used in a step and flash imprint lithography reverse
tone (SFIL-R) process. SFIL was developed in order to reduce the number of steps
in the dual damascene process used to fabricate copper interconnects, where SFIL
was an alternative to optical lithography [136]. In SFIL-R [137], a topcoat is applied
on top of an organic imprinted layer. The topcoat must be a low viscosity and non-
volatile liquid (for efficient ‘filling’ of the imprinted layer beneath) with a high
silicon content for etch resistance, and must carry curable functional groups. In
addition, in order to be compatible with a low-k manufacturing process, the imprint
material must have a low dielectric constant, thermal stability at 400 °C, high
modulus, low shrinkage upon cure and low coefficient of thermal expansion (CTE).

In 1996, Laine and co-workers (University of Michigan) had reported that
liquid Si,O,, compounds functionalized with epoxy groups could be used as
photochemically curable materials [138], and thus had potential for use in an SFIL
process. In the 2007 Texas work [135], an Si O, , starting material was synthesized
with long flexible arms that conferred liquid character, Si O ,(OSiMe,OSiMe,H),.
This compound is an interesting variant of the more commonly used, SiO,,
(OSiMe,H), mentioned elsewhere in this chapter, and is synthesized as shown in
Fig. 7.22. The octasilanol-Si O, intermediate (Fig. 7.22, top center) is a surprisingly
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stable white solid that can be stored long-term without self-condensation of the
silanol groups, and that maintains its solubility over time [139]. In the final product
(Fig. 7.22, bottom), a ratio of 5:3 BCB to acrylate was shown to give the optimum
combination of properties for SFIL.

Pd/C HSiMe,ClI
Sig04,(0SiMe,OH) Sig04,(0SiMe,0SiMe;H)g

S

0
SigO1z| OSMe,0SiMe, 0SiMe,0SiMe, fo—%

SigO45(0SiMe;H)

n 8-n
Fig. 7.22 Synthesis of a long-arm POS material for an SFIL process [135]

Recently four-beam interference lithography was used to fabricate three-
dimensional porous Si O,, microstructures with high periodicity that could be used
as templates for fabrication of various photonic crystals, phononic crystals, micro-
and opto-fluidic devices and sensors [140]. Multibeam interference lithography is
the most widely used technique for the fabrication of large-area 0.3 to 6 micron
periodic structures, although this can only be used to create periodic structures from
photosensitive materials. However, if a 3D periodic material is used as a template,
it can be back-filled with an almost unlimited range of other (non-photosensitive)
materials, and then the template can be removed by decomposition or dissolution
to obtain an inverse 3D periodic structure. In some cases this structure is then used
itself as a template in a second templating process. SiO,, is a good 3D template
material because it is compatible with photolithographic processes (see earlier
discussion), thermally and dimensionally stable above 400 °C and soluble (i.e.,
removable by dissolution) at room temperature. An epoxycyclohexyl polyhedral
oligomeric silsesquioxane cage mix (T, T,,, T,,) was used as the negative-tone
resist precursor [141], and exposed in the presence of 1 wt % PAG to form a 3D
silica-like structure. This was then calcined, either by heating in argon to 500°C, or
by exposure to oxygen plasma. Cracking was found to occur upon thermal treatment
in oxygen, and crack resistance was associated with the presence of residual carbon
in the calcined material. The 3D structure was stable when heated up to 1100
°C, and when oxygen plasma was used for calcinations, the volume fraction of
pores could be controlled by varying the plasma etch time and power. Because
Si O,, is transparent at UV-visible wavelengths, thicknesses of 30 micron were
possible, in contrast to less transparent substrates used for multibeam lithography,
where thicknesses of 5 micron are obtained [142]. The 3D structures were filled
with elastomeric polydimethylsiloxane (PDMS) and then the Si O, component
was removed using hydrofluoric acid at room temperature. This resulted in a high
fidelity PDMS replica of the periodic 3D structure that could be used as a flexible
photonic crystal. Because PDMS has a low modulus and is easily deformed, it is
possible to use it to fabricate tunable photonic crystals [142]. Hence the color of
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the PDMS photonic film in this study was a function of strain, and its behavior was
reversible, i.e., the same color changes were observed as strain values were varied
over multiple cycles between 0 and 23%.

7.5 Polyhedral Oligomeric Silsesquioxanes in
Sensor Systems

Sensors have a transducer element that converts one stimulus or form of energy
(input) into another form of energy (output signal). Inputs may be physical (e.g.,
temperature, pressure) or chemical (e.g., vapors, liquids). A sensor behaves
reversibly, i.e., it should return to its original state after the sensing event (stimulus)
has occurred. Sensors should not be confused with assays, which are irreversible,
nor with actuators, which convert energy into motion (e.g., muscles). In this section,
the use of Si O, materials in sensor systems that change their fluorescent, optical,
piezoelectric, resistive or electrochemical properties in response to an analyte in the
vapor or liquid phase is reviewed. In some cases, single sensors are used, and in
other cases arrays of sensors are used (Fig. 7.23). Sensor arrays for vapor detection
are often termed ‘electronic noses’ and their liquid phase counterparts are termed
‘electronic tongues’. Sensors may function according to a lock-and-key model, or
according to a cross-reactive array model. Array systems are ‘cross-reactive’ when
one component in the array responds to multiple analytes, and a particular analyte
causes a number of components in the array to respond. This is in contrast to lock-
and-key sensor arrays where each component is specific to a given analyte or to a
class of analytes. The cross-reactive array-based vapor sensor systems incorporating
Si,O,, that are covered in this section include chemically responsive dyes (giving
on-off fluoresence intensity changes, or wavelength changes in absorption or
fluorescence emission), surface acoustic wave (SAW) sensors (giving changes in
acoustic frequency) and carbon-polymer composite sensors (giving changes in
volume and in resistivity).

INPUT

OUTPUT
n-Component
array T (X X Xg Xy )

‘Fingerprint’

Fig. 7.23 Response of an n-component sensor array to a vapor input. Output x may be a set (‘fingerprint”)
of n resistance, conductivity, frequency, wavelength or other values

Interestingly, in the light of the earlier discussion of predominantly aromatic
liquid crystal Si O, , materials (Section 7.1) and electroluminescent Si O , materials
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(Section 7.2), many of the sensor materials reviewed in this section are also based
on architectures where an Si O, core is functionalized with aromatic groups.
Most of these aromatic groups are fluorophoric. Apart from sensors, the other
main application of fluorophore-functionalized Si O,, compounds is as fluorescent
colorants for plastics or inks, e.g., a 2008 Ciba patent reports that POS has been
functionalized with the  N-(2’-ethylhexyl)-3,4,9,10-perylenetetracarboxylic
monoimide monoanhydride chromophore to make fluorescent colorants for addition
to thermoplastic or thermoset polymer formulations, or to formulate fluoresecent
inks [143].

7.5.1 Fluorophore-Functionalized Polyhedral
Oligomeric Silsesquioxanes as Sensors

In 2008, the use of fluorophore-functionalized Si,O , cores in various sensor
applications was reported in three separate studies [144-146]. In the first 2008
study by Hartmann-Thompson and co-workers at Michigan Molecular Institute
[144], a set of polyhedral oligosilsesquioxane nanosensors designed to change their
wavelength of fluorescence emission upon interaction with analytes was synthesized,
characterized and assessed in a remote detection application (Fig. 7.24). In remote
detection, information may be obtained from a remote location either by passive
detection of waves emitted from remote objects (e.g., passive FTIR), by actively
sending a wave to a remote object, and obtaining information by analyzing the
wave(s) returning from the object (e.g., Laser Detection and Ranging, LIDAR) or
by introducing a sensor at the remote location that can send back information (e.g.,
use of metal nanoparticles on a remote surface to send back enhanced Raman data).
In this study, the nanosensors deployed at the remote location were based upon
Si O,, cores carrying various wavelength-shifting fluorophores more commonly
used in the life sciences field (e.g., for multiphoton excitation microscopy and for
fluorescence labeling of cells and tissues), where the wavelength of fluorescence
emission is a function of the polarity of the chemical environment around the
fluorophore. The Si O, nanosensors were easily synthesized from commercially
available fluorescent labels that had been designed to react readily with amino
groups in amino acids; hence the labels were also able to react with amino- Si O,
compounds under mild conditions. A four-component cross-reactive array of
nanosensors was used to generate fluorescence data sets (fingerprints) for a number
of analytes including chemical warfare agent (CWA) simulants and toxic industrial
chemicals (TICs) by measuring the one-photon fluorescence spectra of nanosensor-
analyte pairs in solution (Fig. 7.24). The feasibility of using the nanosensor array for
the remote detection of analytes in clouds and on surfaces was then demonstrated
in collaboration with the Dantus laser research group at Michigan State University.
A femtosecond laser was used to interrogate the array and induce two-photon
fluorescence in the nanosensors, and a remote fluorescence probe was used to record
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Fig. 7.24 An array of fluorophore-functionalized Si O, compounds and the response of the array to

various analytes [144]

the responses of the nanosensors [144].

It is interesting to note that the environmentally sensitive NBD (7-nitrobenz-
2-oxa-1,3-diazole-4-yl) fluorophore (Fig. 7.24) has also been used in bridged
silsesquioxane sensors, as well as in the discrete Si,O , nanosensors discussed
above. These bridged silsesquioxane sensors were described in a 2006 study by
Edmiston and co-workers at the College of Wooster (Ohio), and were based on
molecularly imprinted sol-gels originating from bis(trimethoxysilylethyl)benzene
and an additional fluorene-functionalized trimethoxysilyl compound (Fig. 7.25).
The fluorene groups were removed from the sol-gel matrix via carbamate cleavage
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leaving fluorene-shaped voids (i.e., fluorene-specific binding sites) and an NBD
fluorophore was placed in the void by reacting a free amino group with NBD chloride
[147]. The aim of this study was to fabricate a chemical fluorescence sensor specific
to fluorene. Molecular imprinting of polymeric substrates is an established way to
achieve such specificity. Sol-gel films on glass slides were tested by immersion in
0.5 to 100 ppb aqueous fluorene solutions or by exposure to solid fluorene (and
resultant vapor). Non-imprinted sol-gels were used as controls [148]. In this study
changes in fluorescence intensity at a given wavelength (540 nm) were monitored
rather than changes in fluorescence wavelength [144]. For the NBD fluorophore,
both wavelength and intensity of fluorescence are highly solvent-dependent, and
quantum yield is particularly low in water. Fluorescence intensity was found to
increase with concentration of fluorene test solutions, and this was rationalized in
terms of displacement of water by fluorene near NBD rather than direct interaction
between fluorene and NBD fluorophore. Response times were less than 1 minute
and the limit of detection was estimated to be 1 ppt, but the responses were not
reversible, and rinsing with water or non-polar solvents (or flushing with air or
nitrogen) failed to remove fluorene from the matrix, or to decrease the fluorescence
intensity to its baseline value. The system successfully distinguished fluorene from
naphthalene, fluoranthene and anthracene.

—NH (MeO) 35' Si(OMe);
-~ ‘ QJ
SOL-GEL

HN—\_/SI OMe),

Fig. 7.25 Synthesis of fluorene-functionalized sol-gel [147]

In a second 2008 study [145] by Shi and co-workers (Tsinghua University,
Beijing), a fluorescent pyrene- Si O ,(i-propyl), vapor sensor was synthezied in
an esterification reaction between 1-pyrenebutyric acid (PBA) and a hydroxyl-
functionalized Si O, reagent (Fig. 7.26). Pyrene has a 380 nm emission in the UV
region and a visible excimer emission at 450 to 500 nm, and is another example of
an environmentally sensitive fluorophore having an emission wavelength dependent
upon its immediate chemical environment. It can give either an on-off fluorescence
sensor response (fluorescing or quenched), or a wavelength shift sensor response.
The excimer emission results from mn-stacking of the planar pyrene aromatic
rings and is visible to the naked eye, making it suitable for sensing applications.
Crystalline pyrene has strong excimer emission owing to its highly ordered
structure, but spin-coated pyrene films show weak excimer emission because of
their more random structure. Crystalline structures are disadvantageous in vapor
sensing applications because it is difficult for the vapor to diffuse into the film and
elicit a sensor response, especially in the case of low vapor pressure vapors such
as nitroaromatics (explosives) and phosphonates (nerve agents and pesticides). In
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order to overcome this problem, Si O,, was used to carry the pyrene fluorophores
(Fig. 7.26). This resulted in a spin-coated thin film with a highly ordered structure
for strong excimer emission, but also with some degree of porosity for good vapor
diffusion. A strong blue pyrene excimer emission at 475 nm was observed that was
rapidly quenched in the presence of trinitrotoluene (TNT), 2,4-dinitrotoluene (2,4-
DNT) and nitrobenzene vapors, with a response time of one minute, faster than
that of a film of pure pyrene. In a physical blend of PBA and the pyrene-Si O,
compound, pyrene monomer emission dominated excimer emission, showing a
disordered distribution of pyrene in the thin film. Response time increased as film
thickness increased from 4.5 nm to 21 nm, as measured by ellipsometry. The 4.5 nm
film was estimated to consist of four layers of pyrene-Si O,, molecules, and had a
response time of 10 seconds. Interestingly, pyrene was evaluated in the Michigan
Molecular Institute study [144] in which Si O , was functionalized with a range
of fluorophores (Fig. 7.24), but was excluded from the final sensor array precisely
because of its pair of emission bands, making it unsuitable for a system where it was
necessary that each array component generate a single output at a single emission

wavelength.
A /\/\O o I I
Si—0—Si O‘
oL ol o

Fig. 7.26 On-off fluorescence sensor based on pyrene-functionalized Si,O ,[145]

In a third 2008 study [146] by Chujo and co-workers (Kyoto University, Japan),
Si,0,, cores carrying multiple functional groups were used as ratiometric multimodal
chemical sensors for monitoring solvent polarity via fluorescence spectroscopy
and ""F NMR spectroscopy. A multimodal imaging agent is a single probe that is
able to generate two or more different kinds of information. The combination of
fluorescence and '°F magnetic resonance imaging (MRI) information is particularly
useful for in-vivo small animal studies, and requires a probe that carries a
fluorophore and a fluorinated contrast agent. Probes that respond to a stimulus by
generating one signal of increased intensity, and a second corresponding signal of
decreased intensity are termed ratiometric probes. Si O , was selected as a scaffold
for a ratiometric fluorescence/?F MRI multimodal chemosensor because it is
multifunctional, and has good biocompatibility and low toxicity (see Chapter 9).
An Si O , core carrying five trifluoroacetyl groups (for '°F - MRI), two phosphoryl
groups for enzyme interaction (e.g., with alkaline phosphatase, AP) and one
CCV] fluorophore (for fluorescence) was synthesized in several steps from octa-
ammonium POS, and the desired molecular ions were observed by MALDI-TOF
MS after each synthetic step. (Fig. 7.27, top). CCVJ (9-(2-carboxy-2-cyanovinyl)
julolidine) is a molecular rotor fluorophore that increases its emission intensity in a
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high viscosity environment, and decreases its emission intensity in a low viscosity
environment, where internal molecular rotations occur more easily and suppress
emission [149]. In polar conditions, the Si O, probes formed a cluster resulting in
high fluorescence intensity (500 nm in methanol, inhibited molecular rotation) but a
low intensity '°F NMR signal (little tumbling). In non-polar conditions, the probes
were widely dispersed, resulting in suppressed fluorescence (unhindered molecular
rotation) and enhanced 'F NMR signals (tumbling possible). The probe was used
to monitor solvent polarity changes occurring during enzymatic reactions.
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Fig. 7.27 Si O, carrying a molecular rotor fluorophore (CCVJ), trifluoroacetyl groups and phosphoryl
groups (top) [146], and Si O, carrying a BODIPY fluorophore and ammonium groups (bottom) [150]

In another earlier example [150] of a fluorophore-carrying Si O, , core in a life
sciences study (Rotello and co-workers, University of Massachusetts Amherst,
2005), SiO,, was functionalized with ammonium groups (~90%) and a BODIPY
fluorophore (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, ~10%), see Fig. 7.27,
bottom. It was evaluated as a drug carrier and drug delivery agent (see also Section
9.4.1, Chapter 9). Si,O , is biocompatible, stable, highly water-soluble with suitable
functionalization, and has high cellular uptake and low toxicity (see Chapter 9).
Water solubility means that the drug can be taken orally, and the small size and
high charge density of octa-ammonium-Si O,, means that the unit may easily be
transferred through vascular pores. The monodisperse nature of Si O,, compounds
also eliminates the problems associated with polydisperse linear polymers and
the complex syntheses associated with dendrimers. Octa-ammonium-Si O,
was neutralized with triethylamine and then reacted with the succinimidyl ester
of BODIPY in order to attach the fluorophore. An amine terminated BODIPY
compound (i.e., with no Si O, content) was used as a control. Cos-1 cell cultures
were exposed to Si O, -BODIPY and control BODIPY. Live fluorescence confocal
microscopy showed cell uptake of Si O ,-BODIPY in the cytosol (rather than the
nucleus), but no uptake of the control. Hence it was shown that an Si O, , carrier has
the potential to deliver drugs either with low water solubility or with poor tissue
uptake. The BODIPY family of fluorophores [151] are widely used long-wavelength
fluorescent labels that are comparatively non-polar and a have a high fluorescence
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intensity and a wide multiphoton excitation cross section.

In a 2007 study by Wu and co-workers, Fudan University, Shanghai [152]
another catioinc SiO , species, (octa-aminophenyl hydrochloride salt) was used
as a probe for DNA via resonance light scattering (RLS), see also Section 9.4.3,
Chapter 9. In this application, cationic Si,O , had the advantage of water solubility
and stability across a wide pH range. Electrostatic interaction and complexation
between cationic POS and DNA polyanion in aqueous solution enhanced the RLS
signal, and the enhancement was proportional to nucleic acid concentration. Foreign
species such as metal ions and amino acids did not affect signal enhancement.
Complexation was shown by various band shifts in the FTIR spectrum, and cationic
Si,O,, was prepared from octaphenyl Si O, by nitration with nitric acid followed
by reduction to the amine over palladium-carbon.

7.5.2 Polyhedral Oligomeric Silsesquioxane Sensors for Gas
and Vapor Detection

Si,O,,-based materials have been used to improve the performance of optical
waveguides, optical fibers and surface acoustic wave sensors for the detection of
gases and vapors, and the use of luminescent compounds for oxygen sensing [86]
has already been alluded to in Section 7.2.4.

Optical transducers are attractive for the sensing of flammables such as jet fuel
and hydrogen because the electronics are at a remote location, reducing the risk
of electrical sparking. An ideal coating for such a transducer must be robust, and
must have high surface area and allow fast diffusion of vapors for rapid sensor
response. In a 2008 study by Sirbuly, Ratto and co-workers (Lawrence Livermore
National Laboratory, California), single crystalline tin dioxide (SnO,) nanowire
subwavelength optical waveguides decorated with octapropylammonium- Si O .-
stabilized palladium nanoparticles were used to detect hydrogen [153]. Palladium
has an ultra-high affinity for hydrogen gas, and its optical properties change when
it adsorbs hydrogen, making it a suitable coating for a fiber optic hydrogen sensor.
Si,O,,-stabilized nanoparticles were found to have a number of advantages over
conventional palladium nanocrystal coatings including higher affinity for the tin
dioxide surface, a better match between the palladium species absorbance spectrum
and the tin dioxide waveguide fluorescence spectrum, shorter path lengths (50
micron vs. 2 mm for other optical fiber gas detectors) that could achieve reasonable
sensitivity (0.5%), and higher porosity resulting in response times as fast as 1-2
seconds for hydrogen in solution. The Si O, -Pd nanoparticles were attached to the
waveguide by injecting a POS-Pd colloid in methanol into a sensing microchannel.
This was subsequently dried with air, and then hydrogen-argon mixtures were
introduced via the same microchannel. This system also has the potential to be
extended into an array or electronic nose by coating a number of waveguides with
a variety of chemo-responsive nanoparticles. The Si O, -Pd nanoparticles could be
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washed off the waveguide using aqua regia, while conventional palladium coatings
cannot be removed from the wave guide without damaging it and preventing its re-
use.

In a related application, a 2007 Ocean Optics, Inc. patent [154] described a
system in which an optical sensing molecule (capable of a change in absorbance or
emission in response to an analyte) is encapsulated in a transparent silsesquioxane
matrix, coated onto an optical fiber and used to detect oxygen in a jet fuel tank
environment. One benefit is that the matrix is resistant to hydrocarbons (particularly
jet fuels) but still permeable to oxygen. A mixture of fluorescent organoruthenium
molecular oxygen sensor and 3,3,3-trifluoropropyl triethoxysilane and
methyltrimethoxysilane sol-gel monomer was coated onto the tip of the fiber, which
was designed to monitor dissolved oxygen in fuels, and headspace oxygen in fuel
tanks. Tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) perchlorate absorbs at
460 nm (blue) and emits at 620 nm (orange-red), and the fluorescence is quenched
as a function of the concentration of oxygen (a triplet species capable of dynamic
fluorescence quenching). Similar compounds are used as temperature sensors, but
in these cases the luminophores must be sealed in order to prevent exposure to
oxygen in the environment.

Surface acoustic wave (SAW) sensors are piezoelectric quartz systems where
the frequency of the surface acoustic wave is a function of mass [155]. Hence if the
sensors are coated with a material that can interact reversibly with a given vapor,
a mass change and a response to that vapor may be recorded. SAW sensors are
normally used in cross-reactive arrays [156], where each SAW in the array carries
a different coating, and each SAW in the array gives a different mass change and
frequency value in response to a given vapor (see Fig. 7.23), thus generating a
“fingerprint’ of frequencies for that vapor. The collection of coatings must cover
the full range of solubility interactions (dispersion, dipole-dipole and hydrogen-
bonding), and needs to include non-polar, polarizable, dipolar, hydrogen-bond basic
and hydrogen-bond acidic polymers. Almost all polymers exhibiting these types
of interactions are commercially available, with the key exception of hydrogen-
bond acidic polymers carrying phenol or fluorinated alcohol functionality, which
are of particular importance in the detection of hydrogen-bond basic entities such
as nerve agents (Fig. 7.28) and nitroaromatic explosives in security and defense
applications [157,158]. Given the hazards of chemical warfare agents, hydrogen-
bond acidic SAW polymers are normally tested against nerve agent simulants
such as dimethyl methylphosphonate (DMMP, Fig. 7.28) [157-160]. In addition
to carrying the desired hydrogen-bond acidic sensor groups and having good
initial sensitivity to species such as DMMP and nitroaromatics, hydrogen-bond
acidic SAW sensor polymers must be robust enough to withstand multiple vapor
challenges and maintain their sensitivity over time. However, it is non-trivial to
achieve a combination of good sensor properties and robust coating properties in
a single polymeric material, although some attempt has been made to address this
issue by cross-linking polysiloxane SAW coatings [161].

An alternative approach was taken by Hartmann-Thompson and co-workers



290 C. Hartmann-Thompson

at Michigan Molecular Institute in 2007, where a series of SiO,, nanofiller
compounds functionalized with hydrogen-bond acidic sensor groups was prepared,
characterized by IR, 'H, '*C and *Si NMR and MALDI-TOF MS, and formulated
into polycarbosilane coatings for 500 MHz SAW sensor platforms [162,163]. Sensor
responses to the explosives simulant dinitrotoluene (DNT) and to the nerve agent
simulant DMMP were studied, and the performances of the SiO , formulations
were compared to those of conventional hydrogen-bond acidic linear SAW sensor
polymers carrying the same sensor groups (Fig. 7.28). The SiO,, formulations
gave good initial responses to the simulants, maintained 40 to 65% of their original
response over a period of six months (Fig. 7.29) and maintained their sensitivity
down to a simulant vapor concentration of 1 ppb v. The surface compositions of
the SAW sensor coatings were characterized by sum frequency generation (SFG)
spectroscopy. SFG is a comparatively novel technique for obtaining surface-specific
vibrational spectra, and can be used to study chemical groups at interfaces to a depth
of 10 nm or less. Unlike XPS, it does not require high vacuum conditions, and is thus
of particular interest in life sciences studies. SFG spectra are generated by a non-
linear optical phenomenon that occurs when two pulsed laser beams (one of fixed
visible wavelength and one of variable IR wavelength) hit a point on an interface at
the same time [164]. Highly ordered isobutyl surfaces dominated in SXFA Si O,
(Fig. 7.28) while highly ordered polycarbosilane surfaces (with contributions from
silicon-methyl and silicon-phenyl groups) dominated in the FPOL Si O, (Fig.
7.28). Another technique that has been used to look at the surface of Si O, ,-polymer
composites is time-of-flight secondary ion mass spectrometry (ToF-SIMS), which
has been used to study the surfaces of octabenzyl- Si O, ,-polycarbonate systems
[165].

Inanother example of a hydrogen-bond acidic Si O , species [166], Esker and co-
workers at Virginia Polytechnic Institute (USA, 2005) described Langmuir-Blodgett
(LB) films of open-cage trisilanolphenyl polyhedral oligomeric silsesquioxane
that were found to bind strongly with the nerve agent simulant DMMP, probably
owing to its acidic character when compared to the open-cage trisilanolisobutyl
analogue, and also to conventional untreated silica (SiOH) surfaces. DMMP did
not adsorb to silica, but heating to 150 °C was required to desorb DMMP from
the trisilanolphenyl polyhedral oligomeric silsesquioxane surface. The ability of a
material to interact selectively, rapidly and reversibly with a given vapor can also
be important in the preconcentrator component of a sensor device (as well as in
the transducer component of the device that actually performs the ‘sensing’). In
cases where a vapor has a very low concentration or a very low vapor pressure,
it is necessary to pre-concentrate it before it reaches the transducer. This enables
the transducer to encounter a high enough concentration of analyte to register a
response. Insufficiently high concentrations of analyte are a problem across a range
of sensing techniques including SAW sensors and ion mobility spectroscopy (IMS),
especially for low vapor pressure species such as nitroaromatics (i.e., explosives).
Molecularly imprinted nanoporous organosilicas have been used as preconcentrators
in systems for the detection of TNT in an electrochemical cell by square-wave
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voltammetry [167]. Benzene and diethylbenzene-bridged organic-inorganic species
were used, templating was achieved using decylaminetrinitrobenzene during the
bistrialkoxyorganosilane sol-gel reaction, and pore size was controlled through use
of surfactants.

The idea of dispersing a sensing silsesquioxane agent in a non-sensing matrix
[162,163]is unusual in the sensor field, and it is far more common for a silsesquioxane
to be used as a non-sensing matrix to carry some other sensor species. In one
case sodium iodide or potassium iodide was used as the ozone sensitive material
in a continuous polymethylsilsesquioxane matrix [168]. In another example, a
silicone ladder (silsesquioxane) polymer was mixed with a quaternary ammonium
salt, cast onto the gate of a field-effect transistor and polymerized, and the ion-
sensitive field-effect transistor showed a linear response to nitrate ions [169]. In a
third example bromocresol green was adsorbed onto a polymethylsilsesquioxane
surface and its colorimteric indicator responses to ammonia and to sulfur dioxide
in air were studied [170]. In a final example [171], a polysilsesquioxane matrix
was used to carry nanostructured silicon powder luminophores. These materials
were used to make pressure sensitive paints for use in wind tunnel testing. Pressure
sensitive paints are generally based upon oxygen permeable polymers carrying
photoluminescent fillers (e.g., ruthenium(II) complexes or various metal porphyrins)
whose photoluminescence is quenched by oxygen, and quenching is a function of
pressure, enabling pressure mapping of surfaces.
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the polycarbosilane polymer used to carry the Si,O , sensors, and hydrogen bond-basic nerve agents and
DMMP simulant [162]
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Fig. 7.29 Changes in SAW DMMP responses with time for systems containing BSP3-type sensor groups
[162]

7.5.3 Polyhedral Oligomeric Silsesquioxanes in Conducting
Composite and Electrochemical Sensors

One variety of electronic nose [172] may be fabricated by assembling many different
polymers, each carrying carbon black, into an array of conducting carbon-polymer
composites [173,174]. Each component of the array has a different gas-polymer
partition coefficient for a given vapor, and gives a different degree of swelling and
a different change in resistivity in response to that vapor (since resistivity increases
as the conducting carbon structures move apart upon swelling). Thus the vapor
generates a ‘fingerprint’ comprised of a unique set of n resistance changes for an n
component array (Fig. 7.23). These polymer composite arrays have the advantage
of operating at room temperature, in contrast to metal oxide systems that require
high temperatures [175]. In several studies by Castaldo, Massera and co-workers
(ENEA Centro Di Ricerche Di Portici, Naples, Italy, 2007-2008), a polymer
carrying pendant Si O, groups, poly[(propylmethacryl-heptaisobutyl- Si O ,)-
co-(n-butylmethacrylate)] (Fig. 7.30, left), plus 20 wt % additional filler (carbon,
silicon, zinc, copper and carbon alloys of the three latter components) was evaluated
in an array of this type [176-178]. The alkyl components of this copolymer impart
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weak dipolar character, and the methacryl groups impart hydrogen bond-basic
character [179].
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Fig. 7.30 Si,0,, copolymer used as matrix in conducting composite sensor (left) [178], and as a
component of three-dimensional Si O ,-ferrocenyl network used as a mediator on a glucose detection
electrode (right) [180]

Instead of an array of different polymer-carbon black composites (where
the polymer was varied and the filler did not change), this array was created by
combining the single pendant SiO,, polymer (Fig. 7.30, left) with a range of
fillers, where the filler was varied and the polymer did not change. Since noise
varies with polymer in a conventional electronic nose, the authors speculated that
using the same polymer throughout the array should enable the question of noise
to be treated as a simple systematic error. A relative humidity sensor with a rapid
response and complete reversibility was fabricated. However, the response could
not be explained by the conventional polymer matrix-carbon swelling model. The
sensor had an unexpectedly high sensitivity, and its conductivity varied by several
orders of magnitude over the 0 to 100% relative humidity (RH) range. When the
composite was tested with water and with hexane, the material did not swell, and
conductivity increased (rather than decreased as would be expected in a polymer-
carbon composite that was swelling in the presence of an analyte). Furthermore, a
control film of pendant Si O, polymer without additional filler behaved in the same
way. The fillers were prepared using a planetary ball-milling technique and had
particle sizes of 500 nm or less, and Raman spectroscopy was used to show that
the two-component systems were true alloys, and that no chemical reaction had
taken place between carbon and either silicon, zinc or copper. Composite films with
a thickness of ~500 nm were prepared by spin-coating from particle suspensions
in THF- Si,O , copolymer solutions. Gold interdigitated contacts were deposited
on the films by electron-gun evaporation. Poly[(propylmethacryl-heptaisobutyl-
Si O,,)-co-(n-butylmethacrylate)] with 15 wt % Si O , and with 25 wt % Si,O,,
contents were compared in the absence of additional filler, and their ac electrical
frequency response properties were investigated over a range of temperatures in
order to understand the sensing mechanism [178]. Glass transition temperature
was measured in-situ in films and devices using this ac electrical technique rather
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than the usual techniques for measuring T . (e.g., DSC), and the T . values were
found to increase with increasing ac field frequency. The authors suggest a porosity
model in which water molecules create a hydrogen bond network that allows
charge transfer between the Si O, cages, although this does not fully explain the
earlier observation of increased conductivity in the presence of hexane, albeit a
smaller increase than that observed for water [176]. The 15 wt % Si O, system
performed better than the 25 wt % Si O,, system, and the authors attributed this
to differences in Si,O , cage mobility and differences in water content in the pore
structure [177]. Capacitance-temperature measurements (for permittivity) and
conductivity-temperature measurements suggest that water is unable to crystallize
at 273 K within the confinement of the pores, and that a super-cooled water phase is
present below 230 K. The 15% copolymer was studied with and without additional
filler at 20 wt %, and the responses to water, hexane and ammonia were studied
[177]. The filled systems showed a 35% improvement in sensitivity relative to the
unfilled system, and the filled systems all behaved similarly, further confirming that
the fillers themselves did not directly contribute to conductivity, but did influence
the pore structure, thus contributing to the conductivity and sensing mechanism.

In another array-based ‘electronic nose’ system, micromachined capacitors
were used to detect changes in the dielectric constants of an array of chemoselective
polymers in the presence of various analytes [181] (in contrast to the changes in
resistivity in composites discussed above [176-178]), and the changes in frequency
in the SAW sensors discussed in Section 7.5.2). Aminopropyl-polysilsesquioxane
was a vital component in an array designed for the selective detection of hypergolic
fuels, e.g., the nitrogen tetroxide oxidizer and various hydrazine compounds,
associated with ballistic missiles.

Most of the earlier discussion has covered the detection of species in the gas
or vapor phase, but some work has also been done on the detection of species
in the liquid phase. In this area, electrodes carrying various smart coatings are
used widely. In another example of silsesquioxane composites with conducting
fillers, trimethoxysilanes with additional amino functionality were used to make
silsesquioxanes with graphite present during the sol-gel process, where the
amino groups acted as basic catalysts [182]. The resulting electrically conducting
silsesquioxane-graphite composites were used as electrochemical sensors for the
potentiometric detection of various anions in aqueous solution via amino acid-
base chemistry at the electrode surface. In a second example, Losada, Armada
and co-workers at Universidad Politécnica de Madrid (Spain, 2004) used Si O ,-
ferrocenyl and Si O, -permethylferrocenyl polymers (Fig. 7.30, right) as mediators
in amperometric electrodes for the detection of glucose [180]. Such electrodes
carry glucose oxidase enzyme, and generate information either by monitoring
hydrogen peroxide generation (a mediator-less system) or by monitoring the
oxidation state of a mediator affected by the enzyme reaction (a mediated system).
Electron accepting materials such as ferrocene make excellent mediators, and hence
much work on immobilizing ferrocene on electrode surfaces has been carried out
(e.g., by addition of ferrocene to polymers, or by binding of ferrocene to carbon
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or platinum). Electron-accepting polycationic polymers are also good mediators,
adsorb well to graphite, and readily bind enzymes. Methylated ferrocenes are
known to have different redox properties and different enzyme interactions to non-
methylated ferrocenes, and were found to be better mediators (requiring lower
working potentials) for glucose detection. Analogous three-dimensional materials
based on cyclotetrasiloxanes instead of Si O, were also studied. The networks were
synthesized in hydrosilylation reactions between octahydrido Si,O , and divinyl-
ferrocene species. A platinum electrode carried both the Si,O -ferrocene material
(applied by solution casting) and the glucose oxidase (applied by electrostatic
immobilization), and the performance of the electrodes was studied by cyclic
voltammetry.

7.6 Polyhedral Oligomeric Silsesquioxanes in Fuel
Cell Applications

Fuel cells are electrochemical cells that convert hydrogen, methanol or related fuels
into electrical energy, and are a widely researched area of the alternative energy
field. The two most important categories of fuel cells are solid oxide (SOFC) and
polymer electrolyte membrane (PEMFC, Fig. 7.31). The former tend to be used
in stationary power and co-generation applications, while the latter tend to be
used in automotive and portable electronic power applications [183]. The high
operating temperatures of SOFCs (>600 °C) rule out the use of polymers, but many
polymer material challenges may be found in the PEMFC area. Fuel cell proton
exchange membranes (PEMs) need to have high proton conductivity across a wide
temperature and humidity range, low fuel permeability (to prevent fuel crossover),
good mechanical strength and dimensional stability, good resistance to oxidative
and acidic conditions (i.e., peroxides at the cathode, and protons respectively),
good catalyst compatibility, and the ability to operate above 80 °C (to increase
catalyst efficiency and to minimize the size of automotive radiators). The current
industry standard material for hydrogen or methanol fuel cell PEM is Dupont’s
Nafion® sulfonated fluoropolymer (Fig. 7.32). Nafion® has a hydrophilic phase and
a hydrophobic phase, and proton conduction occurs in the hydrophilic channels.
Sulfonated aromatic polymers of various compositions and architectures have
also been extensively studied as proton exchange membranes [184]. There have
been many attempts to improve fuel cell performance by adding microscale or
nanoscale particles to these PEM polymers, or by forming particle-like domains
in the membranes in-situ. Examples include zirconium phosphate [185-187],
calcium phosphate [ 188], titanium dioxide nanoparticles [189], silica [190-197] and
nanosilica [198-200]. Hydrophilic particles are used to improve membrane water
retention, leading to improved conductivity in low humidity conditions, but water-
soluble hydrophilic particles can be at risk of being leached out of the membrane.
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Particles also improve the physical properties of the membrane and reduce methanol
permeability, but often decrease the conductivity because they interfere with the
paths and mechanisms of proton conduction. One way to circumvent this trade-off
is to use particles functionalized with proton conducting groups, e.g., silica carrying
sulfonic acid groups [201-209] or zeolites carrying sulfonic acid groups [210]. Such
groups also improve compatibility between the reinforcing filler and the sulfonated
matrix that carries the filler. The use of sulfonated SiO,, (S-SiO,,) fillers and

8712
related silsesquioxane materials will be reviewed in this section.
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Fig. 7.31 Processes occurring within a polymer electrolyte membrane hydrogen fuel cell
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Fig. 7.32 Structure of Dupont Nafion® polymer

A 1992 French patent described a silsesquioxane electrolyte for ion exchange
resin, battery or fuel cell applications [211,212] where benzyltriethoxysilane
(PhCH,Si(OEt),) was used to prepare a silsesquioxane that was subsequently
sulfonated to give a material with a conductivity in the range 2 x 10® S cm™ to
7 x 10* S cm™! at room temperature. As the membrane was heated, conductivity
decreased as water content decreased. The membrane was evaluated as an
electrolyte in a Zn/MnO, battery system, and also in a hydrogen fuel cell system.
The silsesquioxane was prepared using triflic acid in water at room temperature, and
an M_of 3600 was determined by SEC. The primary composition of matter claim
covered polyorganosiloxane of the form O, Si-R in which R was a sulfonated benzyl
group (-CH,PhSO,H) imparting conductivity, or in which R was some other organic
group deployed to tailor the mechanical properties of the membrane, and in which
at least 10% of the R groups were sulfonated benzyls. The preferred sulfonating
agent was chlorosulfonic acid (CISO,H), and the sulfonation was carried out in
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carbon tetrachloride solution for 30 minutes at room temperature. The sulfonated
product precipitated out and was characterized by IR, where a band at 1730 cm™!
was assigned to SO,H.H,O. In the two decades since this patent was published, the
use of silsesquioxanes in fuel cells has expanded dramatically.

The sulfonation of octaphenyl- Si. O, to make S- Si,O , S-POS (Fig. 7.33) has
two non-trivial aspects, and it is suggestive that sulfonated phenyl groups bonded
directly to silicon (in which R = PhSO,H, and the phenyl group is not separated
from silicon by a methylene spacer) were not claimed in the 1992 patent [211,212].
The first is that a phenyl group directly bonded to silicon (SiPh) is less activated to
electrophilic aromatic substitution than a benzyl group bonded to silicon (SiCH,Ph).
However, methylene units such as those found in the benzyl group (CH,Ph) are
undesirable in fuel cell membranes where chemical stability in both acid and oxidizing
conditions is required. The second is that ipso electrophilic attack at silicon (PhSi)
competes with the desired electrophilic attack at hydrogen (PhH) positions [213],
and in a phenyl-Si O, system this would result in cleavage of the phenyl groups
from the Si,O , cage. Hence S- Si O , materials require full characterization by IR,
"H NMR, “C NMR, #Si NMR and ion exchange capacity (IEC). IR will show that
sulfonic acid groups are present, with four bands corresponding to SO, (symmetric
and asymmetric) and SO, (symmetric and asymmetric) [214,215], and IEC will
determine the number of sulfonic acid groups per unit mass (mmol g'). 'H NMR
will give information on the ratio of meta-substituted to unsubstituted phenyl rings,
but neither [EC nor '"H NMR will reveal whether the phenyl groups are attached to
the Si,0 , cage [215,216]. Hence ?Si NMR is essential to determine which phenyl

8§12

groups are still attached to Si O, (O,SiPh, -60 to -70 ppm), and which Si O , silicon

8§12
atoms have lost their phenyl groups in an ipso attack and been converted to O,SiOH

groups (-120 ppm). A 2006 study [217] mentions the use of sulfonated Si O, and

8§12
alkyltrimethylammonium bromide surfactant to make lamellar organic-inorganic
nanocomposites, but the octaphenyl-Si O ./ chlorosulfonic acid reaction conditions
(Fig. 7.33) are not described, and no characterization data are given for the S- Si,O ,

product.
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Fig. 7.33 Sulfonation of octaphenyl- Si O, to obtain S- Si,0,, (S-POS) [216]

In a 2008 Michigan Molecular Institute study, an almost fully-sulfonated Si O, ,
was prepared by reaction of octaphenyl-Si O , with neat chlorosulfonic acid at room
temperature (Fig. 7.33) and fully characterized [216,218]. This material had an IEC
value of 3.5 mmol g' SO,H, corresponding to mono-sulfonation of 74% of the
phenyl rings, and *Si NMR showed that an aryl-substituted POS structure had been
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retained [219]. S-Si O, was formulated into single layer [216] and multilayer [214]
sulfonated polyphenylsulfone (S-PPSU) membranes (Fig. 7.34) by Chemsultants,
Inc. (Mentor, Ohio, USA). S-PPSU was prepared by sulfonating Solvay Radel
R5000 to a level of 1.5 mmol g SO,H. Multilayer membranes were fabricated
with the aim of improving water retention and reducing brittleness. S-Si,O /S-
PPSU membranes cast from a mixed NMP/DMAc/DMSO solvent system had
100 nm Si, O, domains, and optimum conductivity was achieved with an S-Si O,
mass loading of 20 wt %. Loadings of S-Si O, below 20 wt % resulted in lower
overall IEC values for the membranes, and loadings of S-Si O, above 20 wt %
resulted in particle aggregation that impeded proton conductivity. Casting from
NMP resulted in larger Si,O , domains. In low humidity conditions (25% RH) the
three-layer membrane shown in Fig. 7.34 had superior proton conductivity to a
Nafion® membrane, a pure S-PPSU membrane and a single layer 20% S-Si O,,/80%
S-PPSU membrane (Fig. 7.35). Across all humidity conditions, both single-layer
and multilayer S-Si O,,/S-PPSU membranes showed superior dimensional stability
and less swelling when compared with Nafion®. No evidence of loss of additive
was observed in water leaching experiments upon the single-layer S-Si O, /S-PPSU
membranes, and in the multilayer membranes, the water soluble S-Si O , resided in
a central layer protected from water leaching by the two pure S-PPSU outer layers
(Fig. 7.34).

100% S-PPSU—>

o 20% S-POS
O O O O
oo © 0 o o o [* 80% S-PPSU

100% S-PPSU—>

Fig. 7.34 Structures of sulfonated polyphenylsulfone (S-PPSU) repeat unit and of three-layer fuel cell
membrane [214]
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Conductivity at 90°C vs different RH
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Fig. 7.35 Conductivity for different membranes. The conductivity data were collected at 90 °C at various
% RH (a) Nafion® 112 (b) three-layered membrane (¢) single-layered membrane with 20% S-POS and
80% S-PPSU (d) S-PPSU [214]

In this study [216], two other variants of octaphenyl-Si O, carrying proton-
conducting groups were also synthesized and evaluated in S-PPSU membranes. The
first variant was an octaphenyl-Si O , carrying both sulfonic acid groups and R,
alkyl groups, where the R groups were introduced in a Friedel Crafts alkylation of
octaphenyl-Si O ,, and the product was subsequently sulfonated with sulfuric acid.
Owing to the activating effect of the alkyl groups, mild sulfonation conditions could
be used (in contrast to the more forcing chlorosulfonic acid sulfonation conditions
necessary for octaphenyl-Si O ). The second variant was an octaphenyl-Si O,
carrying phosphonic acid groups, where octaphenyl-POS was brominated and
reacted with (PhO),POCI in the presence of butyl lithium. The phosphonic ester
was then hydrolyzed to the half ester.

In a later University of South Australia study [215], a partially sulfonated S-
Si,O,, with lower water solubility was prepared in order to reduce the likelihood of
the additive being leached out of the membrane by water. A material with an IEC
value in the range 2 to 2.5 mmol g, corresponding to sulfonation of ~40% of the
phenyl rings, was prepared by reaction of octaphenyl-Si, O , with chorosulfonic acid
in chloroform at 0 °C for 4 hours. This S-Si,O , material was incorporated into a
Nafion® 117 membrane, and also into a three-component membrane with Nafion®
117 and the ionic liquid 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide (BMI-BTSI). BMI-BTSI was introduced to act as a charge carrier in low
humidity conditions, and S-SiO,, was used as a reinforcing filler to offset the
plasticizing effect of BMI-BTSI upon the physical properties of the Nafion® 117
membrane. S-Si,O , was introduced at low levels (~1%) by immersing a swollen

Nafion® 117 membrane into an alkaline aqueous solution of S-Si, O, ,, and BMI-BTSI



300 C. Hartmann-Thompson

was introduced by immersion of the membrane in a methanol solution of BMI-BTSI.
S-Si,0,, aggregates of 20 to 200 nm in size were observed by TEM throughout
the membrane. At 100% RH and 80 °C the S-Si,O,, / Nafion® membrane had a
conductivity slightly higher than that of Nafion® (0.11 S cm™ versus 0.09 S cm™),
but a lower water uptake than Nafion®. In anhydrous conditions the conductivity
of the S-Si, O, / Nafion” membranes increased as temperature increased, and was
much higher than the Nafion® membrane. This was attributed to the ability of
S-Si 0, to facilitate proton hopping between ionic Nafion® clusters. The addition
of the ionic liquid to the S-Si O , / Nafion® membrane increased conductivity under
anhydrous and low humidity conditions.

In contrast to the closed-cage S-Si O, species and to the composite membranes
discussed above [214-218], a 2007 US-Korean collaboration [220] between Case
Western Reserve University and Hanyang University describes a cross-linked
membrane incorporating open-cage species (Fig. 7.36). An open-cage compound
carrying three glycidyl epoxy groups was reacted with 4-hydroxybenzenesulfonic
acid, and the resulting product (Fig. 7.36) was blended with polyvinylalcohol
(PVA). As well as proton-conducting sulfonic acid groups, the compound also
carried hydroxyl groups for PVA compatibility. The blend was cross-linked using
ethylenediaminetetraacetic dianhydride (EDTAD). Membranes with various open
cage to PVA ratios were prepared by mixing the two components with EDTAD in
DMSO for 30 minutes at room temperature and then casting from DMSO solution.
Unreacted (i.e., non-crosslinked) PVA and open cage compound were removed by
immersion in DMSO. Proton conductivity increased with increasing sulfonated
cage content, and was comparable with Nafion® at 20 wt % loading, and superior
to Nafion® at 50 wt % loading. The membranes also had desirably low methanol
permeability (an order of magnitude less than Nafion®) that decreased with
increasing cage content. Related polysilsesquioxane composite membranes [221]
based on (3-glycidoxypropyl)trimethoxysilane and oxidized (3-mercaptopropyl)
trimethoxysilane have also been reported to have good conductivity (~0.1 S cm™ at
70 °C in fully hydrated conditions).
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Fig. 7.36 Open-cage polyhedral oligomeric silsesquioxane functionalized with sulfonic acid and
hydroxyl groups [220]
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Instead of using perfluoro polymers carrying sulfonic acid groups (e.g.,
Nafion®) or sulfonated aromatic polymers [184], and attempting to manipulate
their morphologies and create proton-conducting channels, e.g., block copolymers
[223-225], or by fabricating composite membranes (such as the Si O , composite
membranes discussed earlier in this section), an entirely different approach
[222,226] to fuel cell membrane design has been taken by Pintauro and co-workers
at Vanderbilt and Case Western Reserve Universities in the US. In this approach
proton-conducting channels were created by fabricating a three-dimensional
network of interconnected polyelectrolyte nanofibers in an inert non-conducting
matrix, where the nanofibers were made in an electrospinning process. Performance
could be optimized by varying the composition of the nanofiber, the nanofiber
diameter, the nanofiber volume fraction and the composition of the inert matrix.
Performance was found to improve when the fully sulfonated variant of S-Si O,
(Fig. 7.33) [214,216,218] was added to the nanofibers [226]. The inert matrix,
being entirely free of hydrophilic functionality (e.g., SO,H) had no tendency to
swell, and had excellent mechanical properties. In the initial 2008 study [222], a
polyphenylene ethersulfone (PES) with 58% repeat units sulfonated was used as
the nanofiber. A nanofiber mat was electrospun from DMAc solution, and then
compressed to increase the density of nanofibers. Intersecting fibers were then
interconnected to form proton-conducting paths by exposing the mat to DMF vapor.
The mats were observed by SEM at various stages of fabrication and it was shown
that the diameter of the nanofibers remained constant. The nanofiber mat was then
impregnated with a UV-curable urethane adhesive to form the inert matrix. When in-
plane conductivity versus nanofiber volume fraction was measured, no percolation
threshold was observed, demonstrating the interconnectedness of the structure even
at low nanofiber volume fractions. Conductivity increased linearly with nanofiber
volume fraction as expected, and a 0.8 volume fraction nanofiber membrane had a
conductivity of ~0.12 S cm™ at 25 °C, versus 0.09 S cm for Nafion® 117 under the
same conditions. In a later study [226], conductivity was shown to increase with
increasing IEC (SO,H content) of the PES nanofiber material, and hence S-Si,O ,
(with its high density of SO,H functionality) was introduced into the nanofiber in
order to further increase its IEC. Nanofibers with 40 wt % S-Si O , content were
slightly thicker than those made from pure PES (400 nm versus 300 nm) and some
precipitation of S-Si O , outside the fiber was apparent. At 30 °C and 80% RH the

8§12
40 wt % S-Si,0,, nanofiber membrane had a conductivity of 0.094 S cm™ while the

Nafion® 212 i:ogtrol membrane had a conductivity of 0.037 S cm™'. The S-Si O,
nanofiber membrane retained its mechanical integrity at high relative humidity
(>80%), while conventional composite membranes cast from PES/S-Si O , mixtures
lost their mechanical strength.

The introduction of polar nitrile groups [227] into sulfonated aromatic polymer
PEMs is known to increase their affinity for inorganic fillers and to decrease their
water uptake and swelling [228]. In a 2009 National University of Singapore study
[227], polyacrylonitrile (PAN) chains were grafted to the corners of a mixture of
T,, T,,and T, methacryl-substituted cages via atom transfer radical polymerization
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(ATRP) (Fig. 7.37). The Si O, -ATRP initiator was synthesized by reaction of the
methacryl groups with bromine, and then polymerization with acrylonitrile was
carried out using 2,2’-bipyridyl and copper(I) bromide. SEC showed that chain
length was largely independent of reaction time (6 hours versus 20 hours) but M_
increased from 11,300 to 33,700 as the acrylonitrile-CuBr molar ratio increased
from 200 to 600. No further mass increase was observed above the 600 ratio, but a
decrease in the rate of polymerization was observed. This was rationalized in terms
of steric hindrance occurring after comparatively short chains had grown from the
vertices of the Si,O,, cages [229]. The resulting starburst Si O, product was added
to Nafion® to fabricate composite membranes with low methanol permeability for
direct methanol fuel cells (DMFC). Membranes carrying 5, 15 and 25 wt % Si O,
were cast from solutions of Nafion® 117 and Si,O,, compound in DMAc. FTIR
for hydrogen bonding between nitrile (CN) and sulfonic acid groups, intrinsic
viscosity measurements and DSC studies all showed that the Si,O , additive had
an affinity for the hydrophilic sulfonic acid regions of Nafion®, and was repelled
from the hydrophobic perfluoro regions owing to the polar nitrile groups in PAN.
This caused a severe disruption to the normal two-phase Nafion® morphology and
its proton conducting channels. At 5 wt % loading, the Si O, , additive improved the
power output of a DMFC by 122% at 80 °C. The 5% membrane left enough proton-
conducting channels unperturbed for efficient conduction, but enough hydrophilic
regions were perturbed by nitrile groups (repelling water and methanol) to give
low methanol permeability. Performance also improved with the length of the PAN
chains, although the nature of the Si O ,-initiated ATRP process limits the length
of the chains, and keeps the overall size of the starburst structure below 20 nm in

diameter.
o Bra/ CH4Cl o
Siso1z/\/\oJH.r Siso12/\/\OJH<g:| o

/ Initiator

Acrylonitrile / CuBr
(0] CN 2,2'-Bipyridyl

Sig017” > 0 n Br
n T Br
CN CN

Fig. 7.37 Preparation of starburst polyacrylonitrile (PAN)-grafted SiO , via atom transfer radical
polymerization (ATRP) [227]

In an earlier study [230] carried out by the same group at the National University
of Singapore, a hydrophobic octavinyl-Si O , was added to Nafion® 117 at 5, 15 and
25 wt % loadings and used as a membrane in direct methanol fuel cells in order
to reduce methanol crossover. The vinyl groups were polymerized in-situ in the
membrane in the presence of UV light and a 2,2-dimethoxy-2-phenylacetophenone

(DMPA) initiator, and nanosilica domains were generated and observed by SEM.
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When DMAc-recast Nafion® membranes were compared with recast Nafion®-Si,O

812
membranes, the Nafion® membrane had a random matrix while the Nafion®-Si O ,
membrane had a non-random matrix. The Nafion®-Si O , membranes displayed

lower methanol permeation, higher power density, lower activation energy to
proton conduction and lower thermal stability than the pristine Nafion® membrane.
A 2008 Chinese study by Zhao and Huang [231] describes the addition of Si O, , to
a sulfonated polyphthalazinone ether ketone membrane that was solvent cast from
a mixture of the two components. A conductivity comparable to that of Nafion® 117
was reported.

A number of studies of polysilsesquioxane fuel cell membranes [221,232-
235], hybrid Nafion®-polysilsesquioxane membranes [236-238] and hybrid
sulfonated polyetheretherketone (S-PEEK)-polysilsesquioxane [239,240] have also
been carried out, especially in methanol fuel cells where reduction of methanol
permeability is vital. In these hybrid membranes, polysilsesquioxanes are either
formed in-situ [236,240] or else introduced as additives [237-239]. The structure,
proton conductivity and chemical, thermal and mechanical stability can be optimized
by controlling the sol-gel reaction conditions, e.g., pH, solvent, silicon to water
ratio, catalyst and drying. Polysilsesquioxanes with either pendant propylsulfonic
acid functionality or pendant ethylphosphonic acid functionality were prepared
in sol-gel hydrolysis and condensation reactions using 3-(trihydroxysilyl)-1-
propanesulfonic acid and trihydroxysilylethane phosphonic acid, respectively, and
clear and colorless membranes were prepared by further reaction with various di-
functional cross-linking agents [234]. The propylsulfonic acid membrane had a
through-plane conductivity of 0.04 S cm™ at 80 °C temperature and 100% RH,
while the ethyl phosphonic acid membrane had lower conductivity (0.01 S cm™ at
80° C and 100% RH) but higher thermal stability. Sulfonated polysilsesquioxane
membranes prepared in nitric acid oxidations of disulfide-bridged polysilsesquioxane
membranes had conductivities of 0.0062 S cm™ under full humidification [232,233].

In another study, a Nafion® 117 membrane, pre-treated to generate the
Nafion® sodium salt, was immersed in a TEOS-alkoxysilane mixture, and the
sol-gel reaction proceeded inside the swollen Nafion® to give a hybrid Nafion®-
ORMOSIL (organically modified silica) membrane [236]. The alkoxysilanes
included vinyltriethoxysilane, diethoxydimethylsilane and diethoxydiphenylsilane.
In another example of hybrid Nafion®-polysilsesquioxane membranes, a Nafion®/
polyphenylmethylsilsesquioxane(PPSQ) / calcium hydroxyphosphate membrane
and a Nafion®/PPSQ membrane were fabricated by dispersive mixing and sonication
in DMF followed by solvent casting [237,238]. The membranes were then evaluated
for application in direct dimethylether (DME) fuel cells above 100 °C. SEM showed
that the PPSQ powder was 10 to 200 micron in size, but the domains in Nafion®
were smaller than 1 micron in diameter and good dispersion was achieved. DME is
a high energy density fuel with comparable performance to methanol, but in order
to overcome slow oxidation kinetics at the electrode it is necessary to run DME
fuel cells at temperatures above 100 °C. Both the crystallinity and the temperature
of onset of thermal decomposition increase as the PPSQ content increases. The
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composite membranes appeared to have superior conductivity at high temperatures
and high RH, and better single cell performance than Nafion® 115 at 100-120
°C and 1-2 atm pressure. A hybrid fuel cell membrane based on phosphonated
polysilsesquioxane and S-PEEK has been reported, and a conductivity of 0.142 S
cm was measured at 120 °C, 100% RH and 40 wt % polysilsesquioxane loading
[239]. An imidazole-functionalized polysilsesquioxane-S-PEEK membrane has
also been reported [240]. Polysilsesquioxanes carrying sulfonic acid groups have
also been used as hollow particle additives with holes on the surface [241] and have
been added to membranes to decrease swelling. The work reviewed above concerns
acidic membranes for proton conduction, but polysilsesquioxanes have also been
used in alkaline membranes [242].

7.7 Polyhedral Oligomeric Silsesquioxanes in
Battery Applications

In battery applications, polyhedral oligosilsesquioxanes have primarily been used
in the electrolyte component of secondary (i.e., rechargeable) lithium ion batteries,
although an early patent [211,212] suggested a sulfonated silsesquioxane electrolyte
for a Zn/MnO, battery application as discussed in the previous section. Of all classes
of battery, lithium has the highest energy density (Wh kg') for electrochemical
reasons associated with its high charge density in cationic form and its low atomic
mass. Today’s ubiquitous lithium ion battery is comprised of a carbon anode, a
lithium salt cathode (e.g., LiCoO,) and one of two major classes of electrolyte. The
first class are liquids comprised of a lithium salt, e.g., LiPF, LiAsF,, or LiCF,SO,,
and an aprotic liquid, e.g., ethylene carbonate (EC), propylene carbonate (PC), ethyl
methyl carbonate (EMC), dioxolane (DN), or fluorinated variants [243]. These
systems have good conductivity (0.001 to 0.02 S cm™ at 20 °C) and good lithium
transport numbers, but do not function well at higher temperatures. In addition,
liquid systems must be carefully sealed to prevent leaking, and may be flammable
or explosive under certain conditions. The second class comprises the polymer
electrolytes used in lithium-ion-polymer batteries, often referred to as ‘lithium-
polymer’ batteries. These are safer and can be used at higher temperatures (60 to
100 °C). They can be used as both electrolyte and separator (enabling lightweight
packaging and much greater flexibility in battery shape, design and aspect ratio), but
they have low ionic conductivities and lithium transport numbers. Since electrolytes
must have low reactivity with lithium, polymer electrolyte systems are usually based
on polyethylene oxide (PEO, also known as polyethylene glycol, PEG), poly(methyl
methacrylate) (PMMA), polyurethane, polyacrylonitrile (PAN) or fluoropolymers
such as poly(vinylidene fluoride) (PVDF). Polymers may be used either alone, or as
gelled polymer electrolytes (GPEs) in combination with a liquid and/or plasticizer.
GPEs may be either homogenous and single phase, or else consist of a solvent phase
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in a porous polymer matrix. PEO alone with lithium salt has a very low conductivity
(10 S cm™ at 20 °C) whereas GPEs have conductivities as high as 0.009 S cm™' at
20 °C [243]. Polymer-lithium salt electrolytes and GPEs have different mechanisms
of lithium ion transport, and the GPE mechanism is dominated by diffusion of the
liquid component [243].

Many strategies have been employed to improve conductivity without
compromising the other beneficial properties of polymer electrolytes. High viscosity,
high crystallinity, high glass transition temperature (7' g) and high cross-link density
are all severely detrimental to ionic conductivity in linear polymer electrolytes.
Hence, liquid plasticizers such as polypropylene carbonate have been added to
improve conductivity, and gel electrolytes in which lithium salt/aprotic liquid
electrolytes are trapped in polymer matrices have been developed [244]. However
both of these approaches have some of the same drawbacks as the lithium salt/
aprotic liquid electrolytes themselves. One way to obtain a system with a decreased
glass transition temperature is to switch from a linear polymer architecture to a
hyperbranched polymer architecture [245-252], and another approach has been to
add micro- or nanooxide fillers (e.g., TiO,, SiO, or AL,O,) in order to disrupt or
suppress crystallinity, to lower 7, and hence to improve conductivity [253,254].

Extensive studies of the effect of Si O, filler addition upon the properties of
lithium battery polymer electrolytes have been carried out by the Wunder research
group at Temple University (Philadelphia, USA). In the first reports in 2002 and
2003, a study of PEO-grafted silicas for battery and pharmaceutical applications
was extended to include Si,O, [255,256]. Two trimethoxy-PEO silanes (PEO-
Si(OMe),, M, 460 and 5000) were grafted onto untreated fumed silica, and several
allyl-terminated PEO species were grafted onto octakis(hydridodimethylsiloxy)-
Si 0, (Fig. 7.38) [255]. Allyl-terminated PEO variants with 2, 4, 8 and 12.5 repeat
units were prepared in allylation reactions using allyl bromide and base. The glass
transition temperatures of the starting allyl materials and the PEO-functionalized
Si O,, materials (Fig. 7.38) were measured (Table 7.4). These results show that
grafting to Si O, has the potential to suppress the crystallinty of PEO, e.g., in the
n = 4 case, the free PEO is completely crystalline while the Si O, -grafted PEO is
an amorphous liquid with a T, of -85 °C. An elimination of crystallinity was also

observed for PEO grafted to 5111ca [257].

o
HMe,Si0~ s-02s—20siMe,H  * \‘/\o{’\/ogﬁ
ezslo — Slcl)oo SI‘OSIMEQH

HMe,Sio” "0SiMe,H Pt

SigO1s O;Sii\/\o{’\/ 09?1

Fig. 7.38 Preparation of PEO-functionalized Si O, , [255]
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Table 7.4 Glass transition temperatures (T) and melting points (7' ) measured by DSC for various free
PEO(n = x) species and PEO(n = x) grafted onto Si O, [255]

812

Material T, (°C) T (°C)

Allyl PEO (n=2) -126 Completely amorphous
Allyl PEO (n=4) None -28

Allyl PEO (n=28) None -5

Allyl PEO (n = 12.5) None 22

Si 0, ,-PEO (n=2) -89 None

Si 0 ,-PEO (n=4) -85 None
Si0,,-PEO (n = 8) -80 -4

Si O -PEO (n=12.5) -69 19

Binary mixtures of lithium salts and Si O, -PEO (n = x), compounds of the
type above (with the range of compositions extended to include n = 2, 4, 6, 8 and
12.5) were used to form viscous electrolyte solutions, and their conductivities were
measured by ac impedance spectroscopy [258]. T . increased with increasing chain
length n, and the tendency of the chains to crystallize increased with increasing n.
The lithium salts lithium chlorate (LiClO,) and lithium bis(perfluoroethylsulfonyl)
imide (LiBETI, LiN(CF,CF,S0,),) were evaluated at oxygen to lithium (O/Li) ratios
in the range 8/1 to 32/1. The conductivities of the Si,O,,-PEO (n = x), / lithium salt
mixtures increased with decreasing T . of the PEO component at low temperatures
(close to the T L) At high temperatures, conductivity increased with increasing
PEO content, con51stent with the lack of contribution of the Si,O , component to
conductivity. Si,O ,-PEO (n = 4), with an O/Li ratio of 32/1 gave a conductivity
of 2 x10* S ecm™ at 90 °C. Binary mixtures of Si;O ,-PEO (n = x), compounds
and LiCIO, had conductivities of 10° S cm™ at 50 °C and 10* S ¢cm™ at room
temperature comparable to oligomeric PEO (M 300-500). The T, values for these
mixtures were between -60 and -70 °C [259]. In a later study [260] the same set of
Si,0,,-PEO (n = x), compounds was formulated with a wider range of lithium salts
including the original pair plus LiN(CF,SO,),, LiPF, LiAsF, and LiBF,. The glass
transition temperature increased with increasing salt concentration and PEO chain
length. When comparing lithium salts at high temperatures and low viscosities,
the less associative salts (LiCIO,, LiN(CF,CF,SO,),, LiN(CF,SO,),, LiPF, and
LiAsF,) contributed more charge carriers and gave higher conductivities than the
more associative salts (LiBF, and LiCF,SO,). When comparing lithium salts at low
temperatures and high viscosities, the low 7 , Systems gave higher conductivity than
the high 7' , Systems. Lithium salts either lower the 7 through the plasticizing effects
of large organic anions (e.g., LiIN(CF,CF,SO,),) or affect the T, . by complexation
with PEO, where the less associative salts have a greater tendency to complex with
PEO and raise the T’ o The highest conductivity obtained in this system was 1.1 x
10* S ecm for SiO,,-PEO (n = 4), and LiN(CF,CF,SO,), with an oxygen to lithium
(O/Li) ratio of 16/1.
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This work on viscous liquid electrolytes formed a basis for the design of solid
polymer electrolytes that were prepared by blending Si O, -PEO (n = 4), with high
molecular weight PEO (M 600,000) and LiClO, at various ratios [261]. The O/Li
= 8/1 and 12/1 compositions had a tendency to microphase-separate into a high 7 .
amorphous phase (dominated by PEO) and a low T . amorphous phase dominated
by Si,O ,-PEO (n=4),. The O/Li = 16/1 compositions had the same two amorphous
phases plus a third crystalline phase comprised entirely of PEO. As expected
the conductivities were dictated by the nature of the continuous phase, where a
continuous low 7 amorphous phase gave the highest values and a continuous
crystalline phase gave the lowest values. The highest conductivity obtained was 8 x
106 S cm™ at room temperature versus 2 x 10 S cm™ for PEO itself at the same O/
Li= 12/1 ratio.

Beyond closed-cage Si O, itself, several other attempts have been made to use
sol-gel derived materials to improve electrolyte conductivity. In one example, PEO
chains of approximately 40 repeat units were grafted to a sol-gel derived siliceous
framework via urea linkages, and a conductivity value of 6 x 10° S cm™ at room
temperature was recorded [262]. In a second, highly successful study, conductivity
was increased by two orders of magnitude, and values in the region of 10* S cm
were obtained [263]. This was achieved by performing in situ sol-gel chemistry in
PEO using 3-glycidopropyltrimethoxysilane (GLYMO) to produce a solid single-
ion conducting (SIC) composite electrolyte with a three-dimensional network
structure, where the glycidyl groups were selected to enhance compatibility with the
PEO. Silicate particles with a diameter of 15 nm were prepared by reacting the three
sol-gel reagents (GLYMO, tetramethoxysilane (TMOS) and the sodium salt of trihy
droxysilylpropylmethylphosphonate) to give a system with immobile phosphonate
anions and mobile sodium cations. Owing to the SIC nature of the system, near-
unity cation transferance values were obtained, in contrast to conventional PEO
electrolytes where ion mobility is associated with aggregates of ions; hence there is
less of a contribution from single ions, and transfer numbers are significantly less
than one.

Other examples of silsesquioxanes in battery technology include a Samsung
patent [264] reporting that a hydrogen silsesquioxane was sintered and used in an
anode for a lithium battery with improved charge and discharge performance, and
a German patent [265] reporting that oligomeric silicon-oxygen clusters improved
the chemical and thermal stability of lithium battery separators. The separator was
made from a porous non-conducting polymer support coated with a ceramic, and
Si 0,,(OSiR,), was incorporated into the polymer support. The function of a battery
porous separator is to separate cathode and anode, to be permeable to electrolyte
under normal operating conditions, but to close its pores and shut down the battery
in the event of a thermal runaway.
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7.8 Polyhedral Oligomeric Silsesquioxanes as
Lubricants

In 1982, a Russian group [266] first suggested that alkyl oligosilsesquioxanes
with aliphatic chain lengths up to 6 carbons in length (i.e., hexyl) might be useful
as lubricants, and more recently, Si O, compounds have been patented [267] as
lubricants and as additives to lubricant materials for control of viscosity, wear and
thermal performance, where Si O, chemical and thermal stability and tailorable
properties have proved to be an advantage. These Si O,, compounds, functionalized
with various octyl and hexyl groups, have been described as ‘molecular ball-
bearings’. In the patent examples they were formulated with a polyester lubricant,
MIL-L-7808, and enabled the lubricant to avoid mass loss for longer at a given
temperature, and to reduce the wear of metal components in a three-ball disc test.
This patent also covered the use of Si O , compounds in place of conventional
mold-release agents (i.e., mineral oils, silicones or fluorinated polysiloxanes, as
also alluded to in Chapter 5). Since mechanical systems must function from low
temperatures up to extremely high temperatures (e.g., 500 °C and above in jet
engines), the key materials challenges are to achieve stability at high temperatures,
and to achieve lubricating properties across a wide temperature range. In addition,
lubricants should be non-volatile, non-corrosive and should not decompose to form
solid deposits that can impede mechanical functions. Next-generation automotive
engines are expected to be smaller, and to function at higher temperatures in order
to maximize fuel efficiency; hence this could be beyond the abilities of existing
hydrocarbon mineral oil-based lubricants. Various high temperature lubricants
based upon complex formulations of silicones, carboxylic acids or polyhydroxyl
esters with antioxidants have been proposed. When used as an additive, the size of
the Si,O,, compound (0.7 to 3.0 nm) enables it to occupy sites within the lubricant,
and to alter its free volume. The additive may be physically mixed or reactively
blended with the lubricant. Si O, ,-based lubricants resemble conventional lubricants
in that they behave in a Newtonian manner, and their viscosity decreases at higher
temperatures.

A Nigerian study by Dare [268] showed that the hydraulic fluid properties of
SiO,, compounds were comparable with the commercial hydraulic fluids Mobil®
EAL 224H (vegetable oil-based), Super-V® (AP) (petroleum-based) and Puroil®
SHO (synthetic siloxane-based). Several alkyl-functionalized Si,O,, compounds
were prepared in hexachloroplatinic acid-catalyzed hydrosilylation reactions of
Si,O,,(H), with 7-bromo-1-heptene, 8-bromo-1-octene, allyltrichlorosilane and
2-methyl-3-butyn-2-ol, respectively. The three colorless liquids in Table 7.5 showed
the greatest promise as lubricants, as did the compound Si O, (CH,Ph), that had
been prepared in a Friedel Crafts alkylation of octavinyl-Si O,, with benzene and
aluminum chloride. Typical industrial Iubricants have kinematic viscosities (kv) in

the range 5 to 15 ¢St at 100 °C, and pour points from -40 to +6 °C.
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Table 7.5 Some properties of Si O, -based lubricants versus commercial lubricants [268]

e Ano kv (cSt) Onset of Pour point
(@) elRe 100°C s il (4T ©C)
$i,0,,[(CH,).Br], 35 6 0
$i,0,,[(CH,),Br], 38 6 8
$i,0,,[(CH,),CI], 40 7 -5 38
$i,0,,(CH,Ph), 48 1 -20 25
Mobil® EAL 35 8
Super-V* 22 15
Puroil® SHO 42 7 -- -

In addition, methylsilsesquioxane particles (0.3 micron) prepared by emulsion
polymerization were proposed as anti-wear lubricants for magnetic memory
devices [269]. The use of Si O, materials as lubricants during the processing of
polypropylene [270-272] or nylon 6 [273] has also been studied in depth (see also
Section 5.5.2, Chapter 5).
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