Chapter 1

Introduction

This dissertation is based on research on two topics; (1) silsesquioxanes (SQs) based
organic/inorganic hybrid beads on a chain (BoC) type polymers with SQ cages in the polymer
backbones and (2) modification of silsesquioxane cages to offer semiconducting properties for
optoelectronic devices and microporous materials. Section 1.1 provides basic background
information about silsesquioxanes, including prior work related to studies described in this
dissertation. Section 1.2 describes palladium catalyzed coupling reactions used in this work.
Section 1.3 reviews the historical development, and fundamental aspects of organic photovoltaic
(OPV) cells, while section 1.4 provides an overview of the research objectives and motivations
for this work.

1.1. Silsesquioxanes (SQs)

The term silsesquioxanes refers to all structures with the empirical formulas (RSiOqs)n,
where R is hydrogen or any alkyl, alkenyl, aryl groups. These compounds are extremely useful
as platforms for assembling organic/inorganic hybrid materials with properties intermediate
between those of ceramics and organics because these materials possess an ideal combination of
a rigid, thermally stable silica core and more flexible, modifiable organic groups.'™ Recently,
SQ derivatives have found uses in a variety of applications including in nanocomposites
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materials, catalysts, biomedical materials, and semiconducting materials for

optoelectronic devices.***

1.1.1. Nomenclatures and structures of polyhedral silsesquioxanes

The name “silsesquioxane” derives from the terms ‘sil” (silicon), ‘sesqui’ (one and a
half), and ‘oxane’ (oxygen), which indicate that the ratio of silicon: oxygen atoms is 1:1.5. The
full IUPAC naming of silsesquioxane is complicated and burdensome, for example, the full
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name of (HSiOys)s is pentacyclo[9.5.1.1%°.1>%° 1743

]octasiloxane. Therefore, the compounds are
more conveniently named using systematic nomenclature that gives the number of
silsesquioxane links, (SiO;5), in the molecule and the substituents attached to the silicon atom.
Accordingly, (HSiOx 5)s is named as octasilsesquioxane or octa(hydridosilsesquioxane).*

The most commonly used alternative shorthand notations come from siloxane chemistry.
The letters “D”, “M”, “T” and “Q” refer to silicon atoms with one to four oxygen bonds
respectively (Figure 1.1) followed by numerical subscripts describing the number of silicon
atoms in the molecule. These labels are often followed by numerical superscripts denoting the
number of oxygen atoms that are further connected to other silicon atoms.”*® For example,
(HSiO15)s is referred to as (HT®)g or simply HgTs, having an octameric cage structure with each

silicon atom connected to three oxygen atoms and H.
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Figure 1.1. Silsesquioxane nomenclature.

Silsesquioxanes are generally prepared by hydrolysis and condensation of trifunctional
silanes, RSiX3, where X is normally a halide or alkoxide group. Depending on the reaction
conditions, different silsesquioxanes are formed; random polymeric networks without long-range
order (Figure 1.2 a), ladder polymers (Figure 1.2 b), incompletely condensed polyhedral species

(Figure 1.2 c) and fully condensed polyhedral species (Figure 1.2 d).
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Figure 1.2. Different structures of silsesquioxanes (RSiO1s)n."



Generally, high concentrations of RSiX; monomer favor formation of silsesquioxane
polymers, while intramolecular condensation dominates in dilute reaction conditions favoring
polyhedral silsesquioxanes. It is possible to manipulate the reaction to favor the formation of
polyhedral clusters containing six, eight, ten or twelve silicon atoms (Figure 1.3).%%* Typically,
the most common and well-studied polyhedral SQs are octahedral clusters of the formula
(RSIO15)s or Tg. Octameric silsesquioxanes are unique molecules consisting of rigid silica cores
(body diagonal = 0.53 nm) with eight organic functional groups anchored to the vertices of the
silica core. Moreover, the silica core and the organic groups create sphere like molecules 1-2 nm
in diameter with volumes less than 2 nm?®. This defined size and structure offers opportunities as

nanometer scale building blocks for a wide range of polymer nanocomposite materials.**
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Figure 1.3. Various completely condensed polyhedral silsesquioxane cage structures.®

1.1.2. Synthesis of polyhedral oligosilsesquioxanes

Polyhedral oligosilsesquioxanes are formed by the following reactions; (1) Hydrolytic
condensation of trifunctional monomers, RSiX3 (X = alkoxy or chloride), (2) condensation of Si-
functional cyclosiloxanes, [RXSiO],, (3) co-condensation of organosilicon monomers and/or
oligomers of different structures and compositions, and (4) thermolysis of polysilsesquioxanes.
Among these reactions, the most common method used is hydrolytic condensation of

trifunctional monomers.*



The formation of oligosilsesquioxanes in the course of hydrolytic condensation of RSiX3
is presented by the general equation (1), however, it is in reality multistep and rather complicated

as seen in Scheme 1.1.5%°

N RSiXs + 1.50 H,0 — (RSiOys)y + 3nHY (1)
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Scheme 1.1. Hydrolytic condensation reaction of RSiXs.™

The trifunctional monomers are reactive; therefore, the synthesis of the most important
oligomers is carried out in an organic solvent with the addition of water and in the presence of an
appropriate acid or base catalyst. Hydrolytic condensation of trifunctional monomers leads to
cross-linked three-dimensional networks, (RSiOjs),. With increasing amounts of solvent,
however, the corresponding condensed polycyclosiloxanes, polyhedral oligosilsesquioxanes and

their derivatives form (Scheme 1.1). The reaction rate, the degree of oligomerization, and the
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yield of the polyhedral compounds depend on a host of reaction conditions such as concentration
of the initial monomer, nature of solvent, character of substituent R and X groups, type of
catalyst, water addition, and solubility of the polyhedral oligomers formed.>#"** The synthesis of
octaphenylsilsesquioxane (OPS, PhgTg), which is a basic SQ molecule in this dissertation, will

be discussed below for a specific example of hydrolytic condensation reaction.
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Scheme 1.2. General pathway for the synthesis of OPS.*

The OPS was first synthesized by Olsson in 1958 through base-catalyzed equilibration
of phenyl(triethoxy)silane and its hydrolyzed oligomer at reflux.*> Since then various efforts
have been made to optimize the synthesis of OPS by modifying the reaction conditions.**°

However, these methods were still complex, multi-step and low-yield (9 %) process. Our group
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reported simple, two-step route to high yield (> 90%) of OPS by adaptation of Brown’s method*
(Scheme 1.2).%*

In the first step, phenyltrichlorosilane, (PTCS, PhSIiCls), is reacted with ethanol to form
either the liquid monomer phenyl(triethoxy)silane, (PTES, PhSi(OEt)3), or a polymeric version
(polymeric PTES) depending of the reaction condition (reflux for 2 h vs. 4-6 h). Condensation of
either type of PTES with catalytic amounts of KOH and minimal amounts of water in toluene
provides up to 90 % yields of OPS and a polymeric phenylsilsesquioxane [(PhSiO15)n, PPS] with
a molecular weight of approximately 3,000 Da. The driving force for the exclusive production of
OPS is its relative insolubility in toluene because equilibria exist between PTES and its
condensation products. As OPS precipitates out from toluene, the system re-equilibrates to
produce more OPS.
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Scheme 1.3. Synthesis of ONPS and OAPS.*

OPS can be functionalized by electrophilic substitution to improve solubility and
reactivity via various electrophilic aromatic substitution reactions, such as nitration and reduction
to prepare octa(nitrophenyl)SQ (ONPS) and octa(aminophenyl)SQ (OAPS) (Scheme 1.3)*! and



bromination to give octa(bromophenyl)SQ (Br,OPS) (Scheme 1.4)** and iodination (IsOPS,
Scheme 1.5). The OAPS, Br,OPS, Is0PS are basic starting materials for this dissertation.
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1.1.3. Organic/inorganic hybrid polymers containing SQs.

Organic/inorganic hybrid materials play a major role in developing high performance
and high functional materials. In particular, considerable attention has concentrated on the
preparation of hybrid nanocomposites using the well defined nanoscale inorganic modified
agents such as clays, carbon nanotubes, graphene and polyhedral oligosilsesquioxanes (SQs).>*®
Among these inorganic agents, SQs demonstrate unique characteristics in the construction of SQ
containing hybrid polymers. SQ molecules have a definite size and structure and they can be well
dispersed in a polymer even at the molecular level. In addition, the SQs’ functional groups can
be specifically designed to prepare one or more covalently bonded reactive functionalities
suitable for polymerization, grafting, blending or other transformation.®®®® The incorporation of
SQ molecules into polymeric materials can dramatically improve their mechanical properties,
thermal resistance, and surface hardening as well as reduce flammability, and viscosity during
process. ¢

Depending on the number of SQ functional groups, three main SQ architectures can
result; (a) star-like polymer, (b) cross-linked network and (c) polymers with pendant SQ cages

(Figure 1.4).140062
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Figure 1.4. The three main types of SQ-based hybrid polymers.®?



Star-like hybrids with SQ cores are generally prepared using functional SQs as the
micro-initiator. For example, the amphiphilic star-like organic/inorganic hybrid cationic polymer
was synthesized via atom transfer radical polymerization (ATRP).%® Hydroxy functionalized
silsesquioxane (octa(dimethyl-1-propanolsiloxy)silsesquioxane, SQ-OH) was first modified with
2-bromoisobutyryl bromide, which functions as a micro-initiator to initiate the polymerization of
2-(dimethyl-amino)ethylmethacrylate (DMAEMA) and give star-like polymer of SQ-g-
PDMAEMA (Scheme 1.6). This SQ based amphiphilic polymer is promising candidate for drug

and gene delivery to cells.
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Multi-functional SQs are used as nano fillers or monomers to polymerize with organic
monomers or polymers forming cross-linked hybrid networks with enhanced mechanical strength
and thermal stability. Our group reported cross-linked hybrid imide and epoxy resin from
octaaminophenylSQ (OAPS) (Scheme 1.7).5°"°
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Scheme 1.7. Polyimide resin produced by the reaction of OAPS and PMDA.%

Another major approach to incorporating SQs into hybrid polymers is to copolymerize
mono-functional SQs to attach them to the polymer backbone as pendant or end groups. Various
mono-functional SQ derivatives, such as mono-methacrylate, vinyl, epoxy, and norbornyl SQs
have been prepared and polymerized through many different polymerization methods including
radical, condensation, ring opening polymerization.” "

There are three main strategies in the preparation of monofunctional SQ molecules: (1)
direct condensation of trifunctional organosilane bearing different groups; (2) substitution or
addition reactions of one corner group on SQ molecules; (3) corner-capping reactions of
incompletely condensed R;T;(OH)s; molecules. Among these three approaches, corner-capping
are commonly used to prepare various monofunctional SQ molecules. Scheme 1.8 provides an
example of corner-capping reaction to prepare mono-methacrylate SQs and their radical

polymerization.”
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Scheme 1.8. Synthesis of mono-methacrylate by corner-capping reaction
and its polymer by radical polymerization.”™

Lastly, “beads on a chain” (BoC) polymers, SQ cages along the chain backbone,
prepared via polymerization of difunctional SQs are another type of SQs incorporated
organic/inorganic hybrid polymers (Scheme 1.9). Relatively few polymers have been reported
because the synthetic methods to prepare reactive difunctional SQs are rare;’®"® however, our
group recently developed a route to di- and trifunctional T1o and T, silsesquioxane cages using
F catalyzed exchange of functional groups between two different polysilsesquioxanes.®

Pd Catalyst
1.4 Dioxane/RT/72 h

Scheme 1.9. Heck coupling of vinyl,Phy T1o12 SQs with BrStyroPhy T1o2 SQs (x = 8, 10).%°
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1.1.4. Electron delocalization involving SQ core (3-D conjugation)

Conventionally, silsesquioxanes have been considered as insulators due to their silica
core. Theoretical modeling studies of the cubic SQs with simple tethers such as H and alkyl
groups predicted that energy gap between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) to be approximately 6-7 eV, which suggests
that these SQs are insulators.®#3

However, a series of papers recently published by several research groups have shown
unique photophysical properties of SQ molecules having conjugation with organic chromo-
phores.?*®> The absorption spectra of these molecules are similar to the small unbound molecules,
but the photoluminescence spectra are red-shifted compared to the small chromophores by a
significant amount. For example, Vantravers et al. reported the absorption and emission spectra
of 4-vinylbiphenyl-3,5-dimethanol and SQ molecules with same molecules at their corner
(Figure 1.5). They discovered that the absorption spectrum of SQ molecules is slightly red-
shifted (~ 7 nm) compared to its small molecule analogs, however, photoluminescence spectra

show that the emission of SQ molecule is red-shifted by 60 nm compared with small molecule.®®
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Figure 1.5. Normalized absorption (empty symbols) and photoluminescence (full symbols)
spectra of 4-vinylbiphenyl-3,5-dimethanol (square) and SQ molecules (triangle).®®

Our group has also described similar photophysical behavior for cubic SQ molecules
with functionalized stilbene and vinylstilbene tethers.*>®¢®" Figure 1.6 shows that the Uv-Vis
absorptions for o- or p-methylstiloeneOPSs are nearly identical to trans-methylstilbene as

expected given the assumed insulating nature of the SQ cage.?” However, the emission of the SQ
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cages are red-shifted 60-75 nm from trans-methylstilbene (Figure 1.6). This large red shift
implies that the SQ molecules have longer conjugation than just the individual organic

substituent on each corner.

A

;foA

R

0.8 4 d 1N
i

I 1

L

p-MeStilbene Abs.
2 T p-MeStilbene Em. R R
g W - - 0-MeStyr8OPS Abs. R R
2061 i — 0-MeStyr8OPS Em. &
= i i - = p-MeStyr8OPS Abs. _si— O
g i i — p-MeStyr8OPS Em. \Q ol ,o R
®04 171 N R Si—A-Si
£ / ' [0
2 v R/Q\z,g/ /O,o/ \Q\R
0.2 1 B éO/Si R

0 T T 1 R R

T T T T T
250 300 350 400 450 500 550 600 650 -

Wavelength (nm) R = /—Qﬁ

Figure 1.6. UV-Vis absorption and emission spectra of methylstilbeneOPS and
trans-methylstilbene for comparison.®’

Computational modeling of cubic SQs by multiple groups led to the Table 1.1 data and
Figure 1.7.883 8789 These studies indicate that the HOMO consist of atomic orbitals of lone pair
electrons of the bridging oxygens and the LUMO is a combination of atomic orbitals of the
silicon, oxygen, and their substituents. Furthermore, LUMO is located in the center of SQ core
with 4A; symmetry (Figure 1.7). This observation suggests that the red shift might result from
extended conjugation through this 3-D LUMO.
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6.0ev 2.6eV
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Figure 1.7. LUMO and HOMO of [XSiO1 5] and stilbene.™ &’
13



Table 1.1. DFT HOMO-LUMO calculations for various [XSiOys].%" (all values in eV).
"Measured.®

[HSIO; 5] OPS StilSi(OSiMes); | Stil;[SiO1s]s | StilsOS
HOMO -7.52 (O) -5.53 -5.16 -5.47 -4.52
Core/LUMO -0.54 (H,Si) | -0.04 -0.21 (SiOy) -0.41 -0.29
Organic/LUMO -0.86 -2.46 -2.77 -1.91
Core gap 6.98 (4.4)" | 5.56 4.95 5.06 4.23
Organic gap 4.66 2.70 2.70 2.61

Theoretical modeling studies on stilbene functionalized SQs show that the HOMO of
StilgOS is the n-state of the stilbene tethers and the LUMO includes interactions between the
silicon atoms and the m*-state of the stilbene tethers. The HOMO-LUMO gap for StilgOS is
estimated to be 2.6 eV (organic gap in Table 1.1), and the gap between the HOMO and the
molecular orbital inside the SQ core (core gap in Table 1.1) is estimated to be 4.2 eV. If we
consider the energy difference between calculated and measured HOMO-LUMO bandgap of
HgTs (4.4 eV measured vs. 6.0 eV calculated),?® ®° then the core gap of StilsOS could be closer to
the organic tether based bandgap (organic gap). This offers another argument for electron
delocalization involving the SQ core to the extent that there is a possibility of 3-D conjugation
through the SQ core.

Another important observation comes from the photophysical property studies of
dimethylaminostilbene functionalized siloxane (corner), cyclosiloxane (half) and cubic SQ
(cubic).®” Figure 1.8 provides chemical structures of these molecules and Table 1.2 summarize
TPA and quantum efficiency data. The low photoluminescence quantum yields and structureless
emission spectra of the “corner”, “half” and “cubic” molecules indicate charge transfer (CT)
processes, and solvatochromism studies support this behavior.®’

Two photon absorption (TPA) studies of these molecules found that the TPA cross-
section of the “corner” is 12 GM/moiety, the “half” is 8 GM/moiety and the “cubic” is 26
GM/moiety (Table 1.2). If the charge transfer characteristics of these molecules are identical,
their TPA cross-section/moiety should be identical. The fact that “cubic” molecule has the lowest
photoluminescence quantum vyield (@) and the highest TPA cross-section/moiety suggests that

this system exhibits more efficient CT character than the fragments. The influence of the SQ core
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as a whole on the photophysical behavior of the molecules is more than just a sum of the
influence of the fragments.
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Figure 1.8. (2) Me,NStil-corner, (b) Me,NStil-half, and (c) Me,NStils0S.*’

Table 1.2. TPA properties of silsesquioxane derivatives and quantum efficiencies.®’

Sample 0 (GM) d/moiety (GM) Amax (nM) @5
Me,NStil-corner 12 12 780 0.08
Me,NStil-half 30 8 790 0.09
Me,NStilgOS (cubic) 211 26 755 0.03

Furthermore, our group reported the photophysical properties of beads on a chain (BoC)
type oligomers having divinylbenzene linkers between deca- and dodecameric SQ molecules as
mentioned.®® Their absorption and emission spectra were compared with the vinylSi(OEt)s end

capped model compounds (Figure 1.9). Figure 1.9 shows that absorption maxima for the BoC
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oligomers and model compounds are similar (~260 nm). However, the emission maximum for
the BoC oligomers is red-shifted by ~60 nm from the emission maxima of the model compounds.

These results suggest that the conjugation lengths of the BoC oligomers is increased by
connecting the SQs through conjugated linkers and that electronic communication occurs along
the polymer chains and through the cages through the oligomer backbone. These interesting
findings lead to the potential for new SQ based compounds for use in optoelectronic applications

such as OLED and organic photovoltaics.
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Figure 1.9. (a) SQ-based BoC oligomers, (b) Si(OEt)3 end-capped model compounds and
(c) Absorption and emission spectra of SQ-based BoC oligomers and model compounds.®
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1.2. Pd catalyzed cross coupling reactions

Palladium compounds are used as a catalyst in many coupling reactions including the

Heck reaction between alkenes and aryl halides,”***

92,93

the Suzuki reaction between aryl halides and

boronic acids,”*° the Sonogashira coupling between aryl halides and alkynes with copper iodide

as a co-catalyst,***° %97 1h

the Stille reaction between organohalides and organotin compounds, e
Negishi coupling between organohalides and organozinc compounds.*®* Among them, Heck
and Sonogashira coupling reactions are discussed below because these reactions are used to

prepare conjugated SQ compounds in this dissertation.

1.2.1. Heck coupling

The Palladium catalyzed Heck reaction is the most efficient route for the vinylation of
aryl or vinyl halides or triflates to form new C-C bonds by replacing a hydrogen atom in the
alkene with a carbon substituent (Scheme 1.10). Since the independent discovery by Mizoroki
and Heck in the early 1970s,%! this reaction has been intensively evolved from synthetic and
mechanistic points of view. Recent developments involve the generation of chiral centers with a
high degree of enantiocontrol for certain substrates using chiral ligands on palladium and the
replacement of the halide with an organoboron reagent in the presence of stoichiometric

reoxidant.%

R1
Pd g )
RiX + ##~R2 + base —» ~AF R2 *t /’J\HE + baseH™X

R'= aryl, vinyl
X =1, Br, Cl, OTf

Scheme 1.10. General scheme of Heck coupling.*™
The mechanism of Heck cross coupling is represented in Figure 1.10.2°2% As in most

cases, the catalyst used is generated in situ, which effectively means that the first step must be

reduction of the Pd (I1) precursor to provide the active Pd (0) catalytic species.
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Figure 1.10. General mechanism of Heck coupling.'®®

The Pd (0) species 1 undergoing oxidative addition to generate a Pd (1) species 2, which
reacts with the olefin component 3, possibly following initial n?-coordination to the Pd atom.
This results in a carbometallation reaction to generate Pd (11) alkyl complex 4. Elimination of Pd
hydride from complex 4 furnishes the product 5 and base assisted elimination of HX from Pd (1)

complex 6 regenerates the active Pd (0) catalyst 1.

1.2.2. Sonogashira coupling

Pd catalyzed sp-sp coupling between aryl or alkenyl halides or triflates and terminal
alkynes has become an important method of preparing arylalkynes and conjugated enynes which
are precursors for natural products, pharmaceuticals, and molecular organic materials. (Scheme
1.11).2941% The two earlier studies on this topic were reported independently be Heck™®® and
Cassar'” in 1975. Both methods generally required high temperature (up to 100 °C). In the same
year, Sonogashira reported that addition of a catalytic amount of copper (I) iodide greatly
accelerates the reaction thus enabling alkynylation at room temperature.”* Therefore,
Sonogashira coupling became the most popular procedure for the alkynylation of aryl or alkenyl
halides.

Pd cat., (Cu™ cat.)
base

R'-X + H—R?

R = aryl, hetaryl, vinyl
R2 = aryl, hetaryl, alkenyl, alkyl, SiR3
X =1, Br, Cl, OTf

Scheme 1.11. General scheme of Sonogashira coupling.****%
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The copper cocatalyzed Sonogashira reaction is believed to take place through two
independent catalytic cycles as shown in Figure 1.11.2°*!% The generally accepted catalytic
cycle of the Pd catalysis (the Pd-cycle) is based on an oxidation addition of R1-X (R; = aryl,
hetaryl, vinyl; X = |, Br, Cl, OTf) to the 14-electron Pd(0)L, formed by reduction of different Pd
(1) complexes. The next step in the Pd-cycle would connect with the cycle of the copper
cocatalyst (the Cu-cycle). Thus, transmetalation from the copper acetylide formed in the Cu-
cycle would generate an R*Pd(-C=CR?)L, species, which gives the final coupled alkyne after
trans/cis isomerization and reductive elimination with regeneration of the catalyst.

In the Cu-cycle, the base, generally an amine, is supposed to abstract the acetylenic
proton of the terminal alkyne, then forming a copper acetylide in the presence of the copper (1)
salt. The copper acetylide continues to react with Pd intermediate during transmetalation to

regenerate of the copper (I) halide.

R‘1 —_— 2
PdDLQ\( R'-X
!
L b
R'-Pd——R? R'-Pd-X

——R?

/H&\ RaNH X
— —_— 2

RN

Cu* X
L = phosphane, base,
solvent or alkyne

Figure 1.11. Catalytic cycle for the Sonogashira coupling.***1%°

1.3. Organic photovoltaic (OPV) cells

Photovoltaics (PVs) harvest energy from sunlight and convert it into electrical power.
This technology is one of the key solutions to the world’s future global energy needs. The big
drawback to current PV technologies based on inorganic materials is their high production cost.

Organic photovoltaics (OPVs) are promising alternatives due to the fact that there is a potential
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to fabricate them onto large areas of lightweight flexible substrates by solution processing such
as spin coating, roll-to-roll printing, ink-jet printing at a low cost.**®**** We present brief history

of the development of OPV cells and their principles of operation below.

1.3.1. Brief history

The origin for organic photovoltaic (OPV) cells was the finding of dark conductivity in
halogen doped organic compounds in 1954.** In the following years, considerable systematic
research was undertaken on charge transport properties of small molecules. The first OPV cells
were based on an active layer made of a single material, sandwiched between two electrodes of
different work functions. Strongly coulomb bound electron-hole pairs (singlet excitons) are
created by the absorption of light. As their binding energies in organic semiconductors are
usually between 0.5 and 1.0 eV, the excitons must be separated to finally generate a photocurrent.
To overcome the exciton binding energy, one has either to rely on the thermal energy, or
dissociate the exciton at the contacts.*** However, both processes have rather low efficiencies
because temperatures are not high enough under normal operating conditions and sample
thicknesses are much higher than exciton diffusion lengths. Consequently, the single layer OPV
cells had power conversion efficiencies (PCE) far below 1 % for the solar spectrum.™*

The introduction of a second organic semiconductor layer increased power conversion
efficiencies of OPV cells. The first organic bilayer OPV cell was implemented by Tang.'** The
typical device configuration is shown in Figure 1.12 a. The light is absorbed in the donor
material, a hole conducting small molecule such as copper phthalocyanine. In bilayer devices,
the photogenerated singlet excitons can diffuse within the donor towards the planar interface to a
second layer containing the acceptor, which is usually chosen to be strongly electronegative. The
acceptor material provides the energy needed for the singlet exciton to separate, as the electron
goes to a state of much lower energy within the acceptor. This charge transfer dissociates the
exciton, the electron moves to the acceptor material, whereas the hole remains on the donor. A
prominent example for the electron acceptor material is the buckminsterfullerene (Cgo).**®

The difference between the electron energy of the donor and the corresponding acceptor
level has to be larger than the exciton binding energy to initiate charge transfer. If the exciton

reaches this donor-acceptor interface by diffusion, it is energetically favorable for the electron to
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be transferred to the acceptor molecule. Because this charge transfer is very fast, within less than
50 fs in polymer-fullerene systems, compared with alternative loss mechanisms, the exciton is
dissociated and the resulting charge carriers are spatially separated.**” The bilayer OPV cells
invented by Tang achieved a PCE of about 1 %.'*°

The limiting factor in this concept is that for full absorption of incident light, the layer
thickness of the absorbing material must be of the order of the absorption length, approximately
100 nm. This is much more than the diffusion length of the excitons, about 10 nm. In this
example, even though 100 % of incoming photons can be absorbed within the absorption layer,
only 10 % reach the donor-acceptor interface and dissociate into charge carrier pairs.

To overcome this difficulty, the novel concept of bulk heterojunctions (BHJ) was
introduced by Yu et al.**® By blending donor and acceptor materials together, an interpenetrating
network with a large donor-acceptor interfacial area can be achieved by controlling phase
separation between the two components (Figure 1.12 b). Bulk hetero-junctions have the
advantage of being able to dissociate excitons very efficiently over the whole extent of the solar

cells, thus generating electrons-hole pairs throughout in the film.

a
Bilayer

°— Cathode Dorior

T Active |ayer / g m
Anode p %, Bulk

Heterojunction

Substrate /
/

Donor’ Acceptor

Figure 1.12. Schematic diagram of (a) a bilayer and (b) a bulk heterojunction OPVs.**°

Good control of the morphology is important for BHJ efficiencies. The choice of
solvents as well as the annealing of the OPV cells leads to a more favorable internal structure in
view of the dissociation of bound electron-hole pairs and the subsequent charge transport.***!%
Through tremendous research efforts to create novel conjugated polymers, device performance in

BHJ OPV cells has increased steadily over the past decade. PCEs of over 5 % have been
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achieved for the well known regioregular poly(3-hexylthiophene) (P3HT) and also for many

newly developed low band gap conjugated polymers.*?* %

1.3.2. Operation principle of OPV cells

OPV cells typically consist of a thin active organic layers sandwiched between a high
work function anode, typically transparent indium tin oxide (ITO) layer and a relatively low
work function metal cathode such as aluminum and gold. The active layer is made up of two
light absorbing organic semiconductors, one with an electron donating character (donor) and the
other with an electron accepting character (acceptor). These semiconductors could be deposited
either as two distinct layers where the donor-acceptor interface resides only between the two
layers (bilayer, Figure 1.12 a) or blended as an almost homogeneous mixture where interfacial
interactions between the donor and acceptor exist throughout the blended bulk layer (bulk
heterojunction, Figure 1.12 b).109110

Basically the underlying principle of a light harvesting process of OPV cells is the
reverse of light emitting diodes (LEDs) and the development of the two are related. In LEDs an
electron is introduced at the low-work function electrode (cathode) with the balanced
introduction of a hole at the high-work function electrode (anode). At some point, the electron
and the hole meet and recombine to omit light."?*** The reverse happens in an OPV device.

When light is absorbed in the donor, an electron is excited from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) forming
excitons bound electron-hole pairs (Figure 1.13 i). The excitons diffuse within the active layer
and may decay back to their ground state beyond the lifetime of the exciton. Alternatively, if the
exciton reaches a donor-acceptor interface within the exciton’s lifetime (Figure 1.13 ii), electrons
can transfer from the LUMO of the donor to that of the acceptor and holes can transfer from the
HOMO of the acceptor to that of the donor (Figure 1.13 iii). In this state, the electron and hole on
the acceptor and donor remain Coulombically bound, forming a germinated donor/acceptor

pair 126-128
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Figure 1.13. From light absorption to photocurrent in a BHJ OPV cell.
Left: from a kinetic point of view, right: simplified energy diagram.*?

This photoinduced charge transfer between donor and acceptor takes place within less
than 50 fs.*? Since all competing processes like photoluminescence (~ ns) and back transfer and

thus recombination of the charge (~ ps) take place on a much larger timescale,*?**®

the charge
separation process is high efficient and metastable. These possible pathways for decay of the
system after excitation are compared in Figure 1.14. As a result, photoinduced charge transfer is
accompanied by strong photoluminescence quenching of the otherwise highly luminescent

organic donors.*

a) ~50fs E, b) ~ns E.C) ~ps E.

Evgc Evgc EVQC
4 N 4 4 N
ook | © "WQ MR ©
LUMO ( LLUMO LUMO
HOM HOM: HOM
HOMO HOMO HOMO
charge separated state photoluminescence back transfer-recombination

Figure 1.14. Photoinduced processes in the donor-acceptor system. (a) charge transfer,
(b) photoluminescence and (c) recombination.**’
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The electron-hole pair dissociate into free hole and electron charges with the assistance
of the built-in electric field that exists between the two electrodes of different work functions
(Figure 1.13 iv), then the separated charges move in opposite directions (Figure 1.13 v) and get

collected at the electrodes to drive the external circuit (Figure 1.13 iv).

1.3.3. OPV cell parameters

The followings are important terminology for photovoltaic devices.****4% At first, it is
useful to review what happens to an OPV cell in the dark and upon exposure to illumination. A
graph of current (I) versus voltage (V) is a common way to illustrate the properties of solar cells
(Figure 1.15). In the dark, the 1-V curve passes through the origin, with no potential, no current

flows. However, the I-V curve shifts downward when the device is exposed to light.

light max power

output
(Vueps Ivep)

I Isc

Figure 1.15. Current-voltage characteristics of an OPV cell under illumination (red)
and in the dark (blue).

Air mass (AM): The path length which light takes through the atmosphere normalized to
the shortest possible path length. This is denoted as ‘AM(X)’, where X is the inverse of the cosine
of the zenith angle of the sun. Because the efficiency of a solar cell is sensitive to variation in
both the power and the spectrum of the incident light, a standard spectrum and power density has
been defined to facilitate an accurate comparison between solar cells measured at different times
and location. The standard spectrum at the Earth’s surface is AM 1.5, which means that the sun

is at an angle of about 48°and the intensity is commonly fixed at 100 kW/m?.
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Open circuit voltage (Voc): The maximum voltage available from a solar cell and this
occurs at zero current. The open-circuit voltage corresponds to the amount of forward bias on the
solar cell due to the bias of the solar cell junction with the light-generated current.

Short circuit current (lsc): This is the current through the solar cell when the voltage
across the solar cell is zero (i.e., when the solar cell is short circuited). The short circuit current is
the maximum current that a device is able to produce.

Maximum power point: The point (Impp, Vmpp) 0N the 1-V curve where the area of the
resulting rectangle is largest as illustrated as the green rectangle in the Figure 1.15.

Fill factor (FF): This is defined as the ratio of a photovoltaic cell’s actual maximum
power output to its theoretical power output if both current and voltage were at their maxima, I

and V. respectively. The formula for FF in terms of the above quantities is:

Imppvmpp
ISCVoc

Power conversion efficiency (PCE or ne): The ratio of energy output from the solar cell

FF =

to energy input from the sun (Pj,). Pin is the sum over all wavelengths and is generally fixed at

100 kW/m? when solar simulators are used. The formula for PCE is defined as below:

Pout _ Impp Vinpp _ FF Isc Vo

"e=p "= 7 p P

Quantum efficiency (QE): The ratio of the number of carriers collected by the solar cell
to the number of photons of incident light on the solar cell. If all photons of a certain wavelength
are absorbed and the resulting minority carriers are collected, then the quantum efficiency at that
particular wavelength is unity. The "external” quantum efficiency of a silicon solar cell includes
the effect of optical losses such as transmission and reflection. "Internal” quantum efficiency
refers to the efficiency with which photons that are not reflected or transmitted out of the cell can
generate collectable carriers. By measuring the reflection and transmission of a device, the
external quantum efficiency can be corrected to obtain the internal quantum efficiency.

1.4. Project goals and objectives

The objectives of the work described in this dissertation are the synthesis of organic-
/inorganic hybrid BoC polymers with incorporated SQs in their polymer backbone, and

functionalized SQs for optoelectronic devices and nanoporous materials.
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1.

In Chapter 3, we discuss the synthetic routes to difunctional SQs via fluoride ion

catalyzed rearrangement reaction, and polymerization to prepare BoC polymers. Chapter 4
details the synthesis and photophysical properties of conjugated BoC polymers from
octaiodophenylsilsesquioxane (IsOPS). Chapter 5 describes the functionalization of deca- and
dodecavinylsilsesquioxane to produce second generation compounds via cross-metathesis, and
Heck coupling and its unique photophysical properties. In Chapter 6, we describe modification
of Br1g0OPS by Heck coupling for organic photovoltaic applications. Chapter 7 gives a discussion
on the synthesis of hydroxyphenyl-terminated SQs and initial studies on their use in the
formation of highly cross linked polyesters. In Chapter 8, we present an outline of potential

future work based on results discussed in this dissertation.
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Chapter 2

Experimental Techniques and Syntheses

2.1. Materials

Octaphenylsilsesquioxane  [(C¢HsSiO15)s, OPS], octaaminophenylsilsesquioxane
[(NH,CsH,4SiO15)s, OAPS], octaiodophenylsilsesquioxane (IsOPS), Octavinylsilsesquioxane
(OVS) and polyvinylsilsesquioxane (PVS) were prepared using literature methods'> or
received as gifts from Mayaterials Inc. Octa(2,5-dibromophenyl)silsesquioxane (BrigOPS) was
synthesized by bromination of octaphenylsilsesquioxane (OPS) using previously reported
methods.®

Diglycidyl ether of bisphenol A (DGEBA) (DER 331, MW 372) was purchased from
Dow Chemical Corp. (Midland, MI). Tris(triphenylphosphine)Cul was prepared using literature
method.’

Methylene chloride (CH,Cl,) was purchased from Fisher and distilled from CaH, under
N2 prior to use. Tetrahydrofuran (THF) and 1,4-dioxane was distilled from sodium
benzophenone ketyl under N, prior to use. All other chemicals were purchased from Fisher or
Aldrich and used as received. All other chemicals were purchased from Aldrich or Fisher and

used as received. All manipulations were performed under nitrogen unless otherwise stated.

2.2. Analytical Techniques
Gel permeation chromatography (GPC)

All GPC analyses were done on a Waters 440 system equipped with Waters Styragel
columns (7.8 x 300, HT 0.5, 2, 3, 4) with RI detection using Optilab DSP interferometric
refractometer and THF as solvent. The system was calibrated using polystyrene standards and
toluene as reference. Analyses were performed using PL Caliber 7.04 software (Polymer Labs,
Shropshire UK).
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Matrix-assisted laser desorption/time-of-flight spectrometry

MALDI-ToF was done on a Micromass TofSpec-2E equipped with a 337 nm nitrogen
laser in positive-ion reflection mode using poly(ethylene glycol) as calibration standard,
dithranol as matrix, and AgNQOj3 as ion source. Sample was prepared by mixing solution of 5
parts matrix (10 mg/mL in THF), 5 parts sample (1 mg/mL in THF), and 1 part of AgNO; (2.5
mg/mL in water) and blotting the mixture on the target plate.

NMR analyses
All *H were run in DMSO on a Varian INOVA 500 spectrometer. *H-NMR spectra were

collected at 500 MHz using a 7998.4 Hz spectral width, a relaxation delay of 0.5s, a pulse width
of 45°, 65 k data points, and TMS (0.00ppm) as an internal reference.

Diffuse reflectance Fourier-transform infrared spectroscopy (DRIFTS)

IR spectra were recorded on a Nicolet 6700 Series FTIR spectrometer (Thermo Fisher
Scientific, Inc., Madison, WI). Optical grade, random cuttings of KBr (International Crystal
Laboratories, Garfield, NJ) were ground, with 1.0 wt % of the sample to be analyzed. For DRIFT
analyses, samples were packed firmly and leveled off at the upper edge to provide a smooth
surface. The FTIR sample chamber was flushed continuously with N prior to data acquisition in
the range 4000-400 cm™ with a precision of + 4 cm™.

Thermalgravimetric analyses (TGA)

Thermal stabilities of materials under N, or air were examined using a 2960
simultaneous DTA-TGA (TA Instruments, Inc., New Castle, DE). Samples (5-10 mg) were
loaded in alumina pans and ramped to 1000 °C while heating at 5 °C/min in N, or air flow rates
of 60 mL/min.

UV-Vis spectrometry

UV-vis measurements were recorded on an Agilent (model 8341) spectrophotometer
using spectrophotometric grade dried THF as solvent. Concentrations were typically 10°-107 M,

to give absorption maxima of approximately 50% for a 0.5 cm path length.
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Photoluminescence spectrometry

Photoluminescence measurements were obtained on a Horiba Fluoromax-2 fluorimeter
in THF. The compounds were studied at their respective maximum absorption wavelengths.
Samples from UV-vis measurements were diluted to ~10” M, in order to reduce the likelihood of

excimer formation and fluorimeter detector saturation.

Photoluminescence quantum yields (®p|)

®p_ Was determined by comparison between a standard and the sample.? Each sample
was compared for ®p; with Bis-MSB (1,4-bis(2-methylstyryl)benzene) at different wavelengths,
in order to account for the most similar concentration between standard and sample. The
solutions were diluted to provide three sets of concentrations with absorptions ranging from
0.01-0.04, to reduce fluorimeter saturation and excimer formation. The total area of emission for
each sample and the standard was calculated by first subtracting out the background signal, and
then calculating the area. The experiments were repeated at least two times, and averaged. To
obtain the best accuracy, the slope of a plot of emission versus absorption was determined and

calculated according to the equation;

Ppp (x) = (j—i) (%) (%)2 Dpp(S)

where ®p_ is the quantum vyield, A is the absorption at the excitation wavelength, F is the total
integrated emission, and n is the refractive index of the solution, which due to low concentration,
can be approximated as the refractive index of the solvent. Subscripts x and s refer to the sample
and reference respectively. These measurements may have some error (x1%) due to the

sensitivity of the fluorescence spectrophotometer and other environmental conditions.

Two-photon studies

Two-Photon Excited Fluorescence Measurements
To measure the TPA cross sections, we followed the two-photon excited fluorescence
(TPEF) method.? A 10° M solution of Coumarin-307 in methanol or Bis-MSB in cyclohexane

was used as reference. The laser used for the study was a SpectraPhysics Mai Tai diode-pumped
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mode-locked Ti: sapphire laser. The laser wavelength was varied from 760 nm to 820 nm, with
an average band-width of ~30 nm, with a ~100 fs pulse, with 650 nm wavelengths achieved by
using a SpectraPhysics OPAL and beam-doubling system pumped at 775 nm. The input power
from the laser was varied by using a polarizer. An iris was placed prior to the polarizer in order to
ensure a circular beam. The beam from the polarizer was focused on the sample cell (quartz
cuvette, 0.5 cm path length) using a lens with a focal length of 11.5 cm. The fluorescence was
collected in a direction perpendicular to the incident beam. A 2.54 cm focal length plano-convex
lens was used to direct the collected fluorescence into a monochromator. The output from the
monochromator was coupled to a photomultiplier tube. The photons were converted into counts
by a photon-counting unit. A logarithmic plot between collected fluorescence photons and input
intensity gave a slope of 2, ensuring a quadratic dependence between the same.™® The intercept
enabled us to calculate the TPA cross-section from the action cross-section by multiplying by the

fluorescence quantum yield of the sample.

2.3. Syntheses
2.3.1. Beads on a Chain (BoC) polymers formed from [NH,PhSiO4 5]x[PhSiO; 5]10x and
[NH2PhSiOlls]X[PhSi01,5]12_X mixtures (X = 2-4)

Synthesis of [NH,PhSiO; 5]x[PhSiO1 5]10/12-x (X = 2-4)

To an oven-dried, 100 ml Schlenk flask under N, equipped with a magnetic bar was
added 0.27 g (0.24 mmol) of OAPS and 0.73 g (0.47 mmol) of OPS. THF (20 ml) was added by
syringe followed by 0.036 mL (0.036 mmol, 5.0 mol % OPS and OAPS) of 95 % tetra-n-butyl
ammonium fluoride (TBAF) solution (1.0 M in THF). The mixture was stirred at room

temperature for 72 h and any unreacted OPS was removed by filtration in N,. Calcium chloride
powder (CaCl,, 0.6 g) was added to the filterate and the mixture stirred at room temperature for 2
h. After filtering again, solvent was dried in vacuo providing 0.85 g of a dark brown solid equal
to an 85 % yield. This solid was purified by column chromatography on silica. The product was
eluted using an 8:2 ratio of methylene chloride:hexane followed by THF (column yield: 30 %).
Characterization data: *H-NMR (DMSO, ¢ ppm): 4.5-5.5 (br, -NH,), 6.5-8.0 (br, Ar-H). FTIR
(cm™): 3380 (VN-H), 3230-2840 (vC-H, aromatic), 1594, 1430 (vC=C, aromatic), 1131 (vSi-O).
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MALDI-ToF: m/z= 1171 [AgSigO12(CsHs)s(NH2CsHa)z], 1324 [Si10015(CeHs)s(NH2CeHa)-l,
1340 [Si10015(CeHs)7(NH2CsHs)s], 1430 [AgSiinO015(CeHs)s(NH2CeHa)2], 1444 [AgSiynOss-
(CeHs)7(NH2C6Hy)3], 1583 [Si;2018(CsHs)10(NH2CsHy)2], 1599 [Si12018(CeHs)o(NH2CsH4)3],
1171 [AgSi12015(CeHs)10(NH2C6H4)2] amu (Table 3.5). GPC(found): M, = 1250; M,, = 1290;
PDI = 1.04. TGA (air, 1000 °C): found = 45.1 %; Ts0= 450 °C.

Polymerization of [NH,PhSiO; 5]4[PhSiO1 s]1012-x (X = 2-4) with DGEBA

To a dry 25 mL round bottom flask equipped with magnetic stirrer [NH,PhSiO; 5]x-
[PhSiO15]10/12-x (X = 2-4) were added (1.0 g, 2.0 mmol of NH,PH) and DGEBA (0.30 g, 0.81
mmol, 1.6 mmol of epoxy group). The flask was evacuated and flushed three times with N,. 1,4-

dioxane (10 mL) was added via syringe. The reaction mixture was stirred at 90 °C for 24 h and
monitored by GPC. Thereafter the reaction mixture was precipitated into 150 mL MeOH. The
precipitated products were collected and dried in vacuo to give a brown powder (0.95 g, 73 %).
The product was further purified by selective dissolution in THF. Thus, 0.5 g of product was
added to 10 ml THF and stirred 2 h at room temperature. The solution was filtered and filtrate
was precipitated in 100 ml of methanol (low molecular weight polymer, 0.21 g, 40 %). The
insoluble polymer was collected and 10 ml of THF was again added. This solution was sonicated
for 6 h at 60 °C then filtered and the filtrate precipitated in 100 ml of methanol (high molecular
weight polymer, 0.15 g, 30 %). Note that to avoid formation of highly crosslinked products only
80 mol % epoxy is added. Characterization data: *H-NMR (DMSO, ¢ ppm): 1.2 (br, -CH3), 3.5-
4.3 (br, ArCH,CH,CHOHCHS,), 4.7-5.6 (br, -NH), 6.0-7.9 (br, Ar-H). FTIR (cm™): 3500 (vN-H),
3100-2800 (vC-H, aromatic), 1595 (vC=C, aromatic), 1250 (vC-0), 1131 (vSi-O). GPC (found):
M, = 9,000; M,, = 74,000,000; PDI = 8,000. TGA (air, 1000 °C): found = 33.0 %; Tgss = 280°C.

2.3.2. Synthesis and characterization of conjugated BoC polymers from octaiodophenyl-
silsesquioxane (IsOPS)
Polymerization of I1sOPS and divinylbenzene (DVB) (Polymer 1)
To an oven dried 100 mL Schlenk flask under N, was added 1.0 g (0.49 mmol) of IsOPS,
40 mg (0.08 mmol) of Pd[P(t-Bu)s], and 36 mg (0.04 mmol) of Pd,(dba)s. 1,4-dioxane (20 mL)
was added by syringe, followed by 0.9 mL (4.3 mmol) of NCy,Me and 20 pL (0.14 mmol) of
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DVB. The mixture was heated with stirring at 60 °C under N,. After 24 h, an additional 5 pL
(0.04 mmol) of DVB was added and stirring was continued for another 24 h, followed by cooling
to ambient. The reaction mixture was then filtered through 1 cm Celite and precipitate into 150
mL of methanol.

The resulting solid was filtered off, redissolved in 10 mL THF, filtered through another 1
cm Celite column to remove remaining Pd particles and reprecipitated into 150 mL methanol.
The product was further purified by column chromatography (silica, THF). The resulting solid
was vacuum dried for 6 h at 80 °C, giving 0.65 g (65 % yield). Characterization data: *H-NMR
(DMSO, ¢ ppm): 8.2-6.5 (br, Ar-H), FTIR (cm™): 3028 (vC-H, aromatics), 1598 (vC=C), 1134
(vSi-O), GPC: Mn =9 K, Mw = 27 K, PDI = 2.9. TGA (air, 1000 °C): found = 27.4 %, calc. =
25.1 %, Tgse = 300 °C.

General Heck reaction of Polymer | (Polymers 11-1V)

To a oven dried 100 mL Schlenk flask under N, was added 1.0 g of Polymer I, 30 mg
(0.06 mmol) of Pd[P(t-Bu)s]. and 27 mg (0.03 mmol) of Pd,(dba);. 1,4-dioxane (20 mL) was
added by syringe, followed by 0.6 mL (2.9 mmol) of NCy,Me and 9.0 mmol of R-styrene. The
mixture was heated with stirring at 60 °C under N, for 72 h and then quenched by filtering
through a 1 cm Celite. The solution was precipitated into 150 mL methanol and filtered. The
solid was further purified by column chromatography to remove low molecular weight

monomeric SQs as above.

Heck reaction of Polymer | and styrene (Polymer I1)

Polymer | and styrene (1.1 mL) were allowed to react according to the above general
procedure. The solid was further purified by column chromatography (silica, 1:1 of methylene
chloride:hexane). The resulting solid was vacuum dried for 4 h and was obtained as a white solid
(0.7 g, 54 % vyield). Characterization data: *H-NMR (DMSO, ¢ ppm): 8.2-6.5 (br, Ar-H), FTIR
(cm™): 3024 (vC-H, aromatic), 1600 (vC=C), 1131 (vSi-O), GPC: Mn = 17 K, Mw = 37 K, PDI
= 2.2. TGA (air, 1000 °C): found = 29.4 %, calc. = 27.1 %, Tgs9 = 300 °C.
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Heck reaction of Polymer | and vinylanisole (Polymer 111)

Polymer I and p-vinylanisole (1.2 mL) were allowed to react according to the above
general procedure. The solid was further purified by column chromatography (silica, 2:1 of
methylene chloride:hexane). The resulting solid was vacuum dried for 4 h and was obtained as a
white solid (0.68 g, 48 % yield). Characterization data: *H-NMR (DMSO, ¢ ppm): 8.2-6.5 (br,
Ar-H), 3.7 (s, CHs). FTIR (cm™): 3023 (vC-H, aromatic), 2931 (vC-H, alkane), 1597 (vC=C),
1250 (vC-0), 1131 (vSi-0), GPC: Mn =24 K, Mw = 54 K, PDI = 2.2. TGA (air, 1000 °C): found
=25.7 %, calc. = 24.6 %, Tgs0, = 355 °C.

Heck reaction of Polymer | and vinylaniline (Polymer V)

Polymer I and p-vinylaniline (1.0 mL) were allowed to react according to the above
general procedure. The solid was further purified by column chromatography (silica, 5:1 of
THF:hexane). The resulting solid was vacuum dried for 4 h and was obtained as a yellowish
solid (0.62 g, 48 % yield). Characterization data: *H-NMR (DMSO, & ppm): 8.2-6.5 (br, Ar-H),
5.3 (br, NH,). FTIR (cm™): 3381 (vN-H), 3023 (vC-H aromatic), 2929 (vC-H, alkane), 1618
(vC=C), 1130 (vSi-0), GPC: M, = 21 K, M,, = 31 K, PDI = 1.5. TGA (air, 1000 °C): found =
27.4 %, calc. = 25.8 %, Tgyse, = 370 °C.

General procedure for the preparation of diiodophenyl SQs (Monomers A, B and C)

To an oven dried 100 mL Schlenk flask under N, was added 1.0 g (0.49 mmol) of IgOPS,
40 mg (0.08 mmol) of Pd[P(t-Bu)sz], and 36 mg (0.04 mmol) of Pd,(dba)sz. 1,4-dioxane (20 mL)
was added by syringe, followed by 0.9 mL (4.3 mmol) of NCy,Me and 2.9 mmol (6 eq.) of p-R-

styrene. The mixture was heated with stirring at 60 °C under N, for 72 h and then quenched by
filtering through 1 cm Celite. The solution was precipitated into 150 mL methanol and filtered.

The solid was used for polymerization without further purification.

(1-Ph),(stilbene)s T SQ (Monomer A)

IsOPS and styrene (0.4 mL) were allowed to react according to the above general

procedure. The resulting solid was vacuum dried for 4 h and was obtained as a white solid (1.22
g, 87 % yield). Characterization data: *H-NMR (DMSO, & ppm): 8.0-6.5 (br, Ar-H, -CH=CH-),
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FTIR (cm™): 3024 (vC-H, aromatic), 1574 (vC=C), 1132 (vSi-O), GPC: M, = 1,870, M,, = 1,900,
PDI = 1.01, TGA (air, 1000 °C): found = 25.5 %, calc. = 25.3 %, Tgse, = 390 °C.

(1-Ph),(methoxystilbene)s Ts SQ (Monomer B)

IsOPS and p-vinylanisole (0.4 mL) were allowed to react according to the above general

procedure. The resulting solid was vacuum dried for 4 h and was obtained as a white solid (1.13
g, 81 % yield). Characterization data: *H-NMR (DMSO, & ppm): 8.2-6.5 (br, Ar-H, -CH=CH-),
3.7 (s, -OCHs). FTIR (cm™): 3029 (vC-H, aromatic), 2931 (vC-H, alkane), 1596 (vC=C), 1251
(vC-0), 1132 (vSi-0). GPC: M, = 2,050, M, = 2,090, PDI = 1.02, TGA (air, 1000 °C): found =
23.2 %, calc. = 23.1 %, Tgse = 315 °C.

(1-Ph),(aminostilbene)s Ts SQ (Monomer C)

IsOPS and p-vinylaniline (0.35 mL) were allowed to react according to the above

general procedure. The resulting solid was vacuum dried for 4 h providing a yellow solid (1.05 g,
78 % vyield). Characterization data: *H-NMR (DMSO, & ppm): 8.0-6.8 (br, Ar-H), 6.6 (br, -
CH=CH-), 5.4 (br, NH,). FTIR (cm™): 3383 (vN-H), 3025 (vC-H, aromatic), 1594 (vC=C), 1131
(vSi-0), GPC: M, = 2,190, M\, = 2,260, PDI = 1.03, TGA (air, 1000 °C): found = 24.6 %, calc. =
24.2 %, Tyse = 395 °C.

General Polymerization of diiodophenyl SQ and divinylbenzene (DVB) (Polymers V-VII1)

To an oven dried 100 mL Schlenk flask under N, was added 1.0 g diiodophenyl SQ, 10
mg (0.02 mmol) of Pd[P(t-Bu)s], and 10 mg (0.01 mmol) of Pd,(dba)s. 1,4-dioxane (20 mL) was
added by syringe, followed by 0.2 mL (1.0 mmol) of NCy,Me and 35 pL (0.25 mmol) of DVB.
The mixture was heated with stirring at 60 °C under N,. After 24 h, an additional 15 pL (0.12

mmol) of DVB was added and stirring was continued for another 24 h, followed by cooling to
ambient. The reaction mixture was then filtered through a 1 cm Celite and precipitate into 150
mL of methanol. The resulting solid was filtered off, redissolved in 10 mL THF, filtered through
another 1 cm Celite column to remove remaining Pd particles and reprecipitated into 150 mL

methanol. The product was further purified by column chromatography.
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Polymerization of (I-Ph),(stilbene)s Ts SQ and DVB (Polymer V)

(I-Ph),(stilbene)s Tg SQ was allowed to react according to the above general procedure.

The solid was further purified by column chromatography (silica, 2:1 of methylene
chloride:hexane). The resulting solid was vacuum dried for 4 h and was obtained as a white solid
(0.52 g, 51 % yield). Characterization data: *H-NMR (DMSO, § ppm): 8.2-6.5 (br, Ar-H, -
CH=CH-). FTIR (cm™): 3024 (vC-H), 1600 (vC=C), 1132 (vSi-O), GPC: Mn = 12 K, Mw = 20
K, PDI =1.7. TGA (air, 1000 °C): found = 28.2 %, calc. = 27.1 %, Tgs0, = 370 °C.

Polymerization of (I-Ph),(methoxystilbene)s Tg SQ and DVB (Polymer V1)

(I-Ph)2(methoxystilbene)s Tg SQ was allowed to react according to the above general
procedure. The solid was further purified by column chromatography (silica, 2:1 of methylene
chloride:hexane). The resulting solid was vacuum dried for 4 h and was obtained as a white solid
(0.55 g, 56 % yield). Characterization data: ‘H-NMR (DMSO, & ppm): 8.2-6.5 (br, Ar-H, -
CH=CH-), 3.7 (s, -OCHs). FTIR (cm™): 3022 (vC-H, aromatic), 2931 (vC-H, alkane), 1597
(vC=C), 1251 (vC-0), 1130 (vSi-0), GPC: M, = 30 K, My, = 72 K, PDI = 2.4. TGA (air,
1000 °C): found = 25.6 %, calc. = 24.6 %, Tgs9 = 320 °C.

Polymerization of (I-Ph),(aminostilbene)s Ts SQ and DVB (Polymer V1)

(I-Ph)2(aminostilbene)s Tg SQ was allowed to react according to the above general
procedure. The solid was further purified by column chromatography (silica, 1:5 of hexane: THF).
The resulting solid was vacuum dried for 4 h giving a white solid (0.43, 44 % yield).
Characterization data: *H-NMR (DMSO, ¢ ppm): 8.0-6.6 (br, Ar-H, -CH=CH-), 5.3 (br, NH,).
FTIR (cm™): 3383 (vN-H), 3021 (vC-H, aromatic), 2961 (vC-H, alkane), 1595 (vC=C), 1130
(vSi-0), GPC: M, =22 K, M, = 30 K, PDI = 1.4. TGA (air, 1000 °C): found = 26.7 %, calc =
25.8 %, Tgse = 300 °C.

Copolymerization of (I-Ph),(methoxystilbene)s Ts SQ and (I-Ph),(aminostilbene)s Ts SQ and
DVB (Polymer VIII)
0.5 g of (I-Ph),(methoxystilbene)s Tg SQ and 0.5 g of (I-Ph),(aminostilbene)s Tg SQ

were allowed to react according to the above general procedure. The solid was further purified
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by column chromatography (silica, 1:2 of hexane:THF). The resulting solid was vacuum dried
for 4 h giving a white solid (0.47 g, 48 % yield). Characterization data: *H-NMR (DMSO, ¢
ppm): 8.0-6.6 (br, Ar-H, -CH=CH-), 5.3 (br, NH,), 3.7 (s, -OCH3). FTIR (cm™): 3383 (vN-H),
3022 (vC-H, aromatic), 1596 (vC=C), 1251 (vC-0), 1131 (vSi-O), GPC: Mn =8 K, Mw = 21 K,
PDI = 2.7. TGA (air, 1000 °C): found = 25.8 %, calc. = 25.2 %, Tgs9 = 310 °C.

General Polymerization of diiodophenyl SQ and 1,4-diethynyl benzene (DEB) (Polymers IX-
Xl

To an oven dried 100 mL Schlenk flask under N, was added 1.0 g diiodophenyl SQ, 10
mg (0.02 mmol) of Pd[P(t-Bu)sz],, 10 mg (0.01 mmol) of Pd,(dba); and 68 mg (0.07 mmol) of
Tris(triphenylphosphine)Cul. 1,4-dioxane (20 mL) was added by syringe, followed by 0.2 mL
(1.0 mmol) of NCy,Me and 50 pL (0.50 mmol) of DEB solution in 1,4-dioxane (0.1 g/mL). The
mixture was heated with stirring at 60 °C under N,. After 24 h, an additional 20 pL (0.20 mmol)
of DEB solution was added and stirring was continued for another 24 h, followed by cooling to
ambient. The reaction mixture was then filtered through a 1 cm Celite and precipitate into 150
mL of methanol then the resulting solid was filtered off. The product was further purified by

column chromatography.

Polymerization of (I-Ph),(stilbene)s Ts SQ and DEB (Polymer 1X)

(I-Ph),(stilbene)s Tg SQ was allowed to react according to the above general procedure.

The solid was further purified by column chromatography (silica, 2:1 of methylene chloride:
hexane). The resulting solid was vacuum dried for 4 h and was obtained as a white solid (0.52 g,
51 % vyield). Characterization data: *H-NMR (DMSO, § ppm): 8.2-6.5 (br, Ar-H, -CH=CH-).
FTIR (cm™): 3024 (vC-H, aromatic), 1599 (vC=C), 1130 (vSi-O), GPC: M, = 16 K, M, = 27 K,
PDI = 1.7. TGA (air, 1000 °C): found = 28.1 %, calc. = 27.2 %, Tgse = 370 °C.

Polymerization of (I-Ph),(methoxystilbene)s Ts SQ and DEB (Polymer X)

(1-Ph)2(methoxy-stilbene)s Tg SQ was allowed to react according to the above general
procedure. The solid was further purified by column chromatography (silica, 2:1 of methylene

chloride:hexane). The resulting solid was vacuum dried for 4 h and was obtained as a white solid
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(0.55 g, 54 % yield). Characterization data: *H-NMR (DMSO, § ppm): 8.2-6.5 (br, Ar-H, -
CH=CH-), 3.7 (s, -OCHj3). FTIR (cm™): 3024 (vC-H, aromatic), 2931 (vC-H, alkane), 1597
(vC=C), 1251 (vC-0), 1130 (vSi-0), GPC: Mn = 16 K, Mw = 20 K, PDI = 1.3. TGA (air,
1000 °C): found = 24.3 %, calc. = 24.7 %, Tgs9 = 300 °C.

Polymerization of (I-Ph),(aminostilbene)s Ts SQ and DEB (Polymer XI)

(I-Ph),(p-aminostilbene)s Tg SQ was reacted according to the above general procedure.
The solid was further purified by column chromatography (silica, 1:5 of hexane:THF). The
resulting solid was vacuum dried for 4 h and was obtained as a white solid (0.40, 39 % vyield).
Characterization data: *H-NMR (DMSO, § ppm): 8.0-6.3 (br, Ar-H, -CH=CH-), 5.3 (br, NH,).
FTIR (cm™): 3381 (vN-H), 3022 (vC-H, aromatic), 2961 (vC-H, alkane), 1595 (vC=C), 1131
(vSi-0), GPC: M, = 10 K, M, = 19 K, PDI = 1.9. TGA (air, 1000 °C): found = 26.7 %, calc. =
25.9 %, Tyse = 330 °C.

Copolymerization of (I-Ph),(methoxystilbene)s Ts SQ and (I-Ph),(aminostilbene)s Ts SQ and
DEB (Polymer XII)

0.5 g of (I-Ph),(methoxystilbene)s Ts SQ and 0.5 g of (I-Ph),(amino-stilbene)s Ts SQ
was reacted according to the above general procedure. The solid was further purified by column

chromatography (silica, 1:2 of hexane:THF). The resulting solid was vacuum dried for 4 h giving
a white solid (0.47 g, 48 % vield). Characterization data: *H-NMR (DMSO, § ppm): 8.0-6.6 (br,
Ar-H, -CH=CH-), 5.3 (br, NH,), 3.7 (s, -OCHs). FTIR (cm™): 3381 (vN-H), 3027 (vC-H,
aromatic), 1595 (vC=C), 1250 (vC-0), 1130 (vSi-0), GPC: M, = 9 K, M,, = 22 K, PDI = 25.
TGA (air, 1000 °C): found = 25.5 %, calc. = 25.3 %, Tgs9 = 340 °C.

2.3.3. Synthesis and characterization of second generation (GEN2) derivatives by

functionalization of vinyl T/, silsesquioxanes

Synthesis of Vinyl, (x =10, 12 and 14) T;0, T12 and T14 SQs
PVS (95 g, 1.2 mol) was placed in a 5 L round bottom flask equipped with magnetic
stirrer. 4.0 L THF was added to the flask. PVS was insoluble in THF at this stage. To the
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suspension of PVS in THF, 2.0 mL of 1.0 M TBAF (2.0 mmol) was added dropwise. PVS started
to dissolve to THF and became a homogeneous solution in a few hours. The solution was stirred
further 72 h at room temperature. To quench the reaction, CaCl, (100 g, 0.9 mol) was added and
stirred an additional 5 h. CaCl, was then filtered off and THF was removed from the filtrate
under reduced pressure. The solid residue was washed with 100 mL deionized water for three
times until the chloride ion was not detected by the AgNO3 test. The product was collected and
dried in vacuo to give a white powder (93g, 98% with respect to the initial mass of PVS).
Characterization data: MALDI-ToF: m/z (Ag" adduct) = 829 [AgSigO14H1(CoH3)s], 899
[AgSi10015(C2H3)10], 988 [AgSi11017H1(CoH3)11], 1057 [AgSii2018(CoH3)12], 1216 [AgSiigOai-
(C2H3)14] amu. GPC (found): M, =790; M,, = 828; PDI = 1.05.

Gen 1 via Heck Chemistry
General reaction of vinyl, (x = 10, 12 and 14) Ty, T1p and T34 SQs
A dry 50 mL round bottom Schlenk flask under N, was charged with Pd[P(t-Bus)], (194

mg, 0.38 mmol). 1,4-Dioxane (10 mL) was added and the mixture was stirred at room
temperature, resulting in a homogeneous orange solution. Bromo-compounds (14.3 mmol),
NCy,;Me (4.0 mL, 19.0 mmol) and vinylT1¢/T12 (1.0 g, 12.7 mmol vinyl group, solution in 2 mL
of dioxane) were then added successively via syringe. The resulting solution was allowed to stir
at room temperature for 72 h. The solution became light-brown in color, and white amine
hydrochloride salt precipitates were observed. The solution was stirred further at 60 °C for 48 h
to complete the reaction. The reaction mixture was cooled to ambient and filtered through 2 cm
Celite to remove precipitates. The catalyst was quenched and product coincidentally precipitated
into 200 mL of methanol. The products were isolated by filtration and dried in vacuo to give a
powder characterized by methods described below. Tabulated characterization data are presented
in the text (Table 5.1).

Double Heck addition reactions of vinyli0/12SQs
A dry 50 mL round bottom Schlenk flask under N, was charged with Pd[P(t-Bus)]. (97
mg, 0.19 mmol). 1,4-Dioxane (10 mL) was added and the mixture stirred at room temperature,

resulting in a homogeneous orange solution. Bromo-compounds (14.3 mmol), NCy,Me (4.0 mL,
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19.0 mmol) and vinyl Tig2-silsesquioxane (0.5 g, 6.3 mmol vinyl group, solution in 2 mL of
dioxane) were then added successively via syringe. The resulting solution was allowed to stir at
90 °C for 24 h. The solution turned canary-yellow, and white amine hydrochloride salt
precipitates formed. The catalyst was quenched and product coincidentally precipitated into 200
mL of methanol. The products were filtered off and dried in vacuo to give a powder
characterized by the methods described below. Tabulated characterization data are presented in
the text (Table 5.1).

Genl via Metathesis

To a dry 25 mL Schlenk flask under N, was added 0.40 g (5.1 mmol of vinyl group) of
vinylT1012 and 21.0 mg (0.026 mmol, 0.5 mol %) of first generation Grubbs catalyst. Dry
CH.Cl, (6 mL) was added by syringe followed by p-R-styrene (7.56 mmol). The mixture was
stirred at 40 °C for 72 h and then quenched in 200 mL of methanol. The solution was filtered and
the powder was further purified by column chromatography (THF/hexane eluent mixtures

system). Tabulated characterization data are presented in the text (Table 5.2).

General Heck reaction of p-BrStyrenyl T10/12 SQs (GEN2 compounds)

To a dry 50 mL Schlenk flask under N, was added 0.50 g (2.1 mmol of Br) of p-
BrStyrenylT1g/12, 19 mg (0.04 mmol, 2 mol %) of Pd[P(t-Bu)s]., and 18 mg (0.02 mmol, 1 mol %)
of Pd,(dba)sz. Dry 1,4-dioxane (10 mL) was added by syringe, followed by NCy,Me (2.11 mmol,

0.45 mL) and p-R-styrene (6.4 mmol). The resulting solution was allowed to stir at room

temperature for 72 h. The reaction mixture was filtered through 1 cm Celite to remove
ammonium chloride precipitate. The solution was then quenched by precipitation into 200 mL of
methanol and filtered. The isolated solid was redissolved in 10 mL of THF and filtered again
through a 2 cm Celite to remove any remaining Pd particles and reprecipitated into 200 mL of
methanol. The solution was filtered and the powder was further purified by column
chromatography. The characterization data are presented in tabular form in the text (Table 5.3).
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2.3.4. Functionalization of BrigOPS for bulk heterojunction (BHJ) organic photovoltaics
General Heck coupling of Br;sOPS

To a dry 25 mL Schlenk flask under N, was added 1.0 g of Br;sOPS (7.0 mmol of Br),
71 mg (0.14 mmol) of Pd[P(t-Bu)s]., 64 mg (0.07 mmol) of Pd,(dba)s. 1,4-dioxane (10 ml) was
then added by syringe followed by NCy,Me (1.6 ml, 7.7 mmol) and R-styrene (20.9 mmol, 3 eq.

of Br). The mixture was stirred at 70 °C for 48 h and then quenched by filtering through 1 cm
Celite. The solution was then precipitated into 200 mL of methanol and filtered. The isolated
solid was redissolved in 10 mL of THF and filtered again through a 1 cm Celite to remove any
remaining Pd particles and reprecipitated into 200 mL of methanol. The solution was filtered and

the powder was dried in vacuo at 60 °C for 4 h.

5FStyr160PS (I): pentafluoro(5F)styrene = 2.9 mL; Yield = 90 %; GPC: M, = 3310, M,, = 3380,
PDI = 1.02; TGA (air, 1000 °C): Found = 0 %, Calculated = 11.7 %, Tgsg = 285 °C.

CNStyr160PS (11): 4-cyanostyrene = 2.7 mL; Yield = 90 %; GPC: M, = 3490, M,, = 3600, PDI =
1.03; TGA (air, 1000 °C): Found = 15.4 %, Calculated = 15.7 %, Tgs = 270 °C.

General 2" Heck coupling of 5FStyr;s0PS with 4-bromotriphenylamine (111)

To a dry 25 mL Schlenk flask under N, was added 0.50 g (1.0 mmol) of 5FStyr;0PS, 60
mg (0.12 mmol) of Pd[P(t-Bu)s]2, 54 mg (0.06 mmol) of Pd,(dba)sand 1.9 g (5.8 mmol, 6 eq. of
SQs) of 4-bromotriphenylamine. 1,4-dioxane (5 ml) was then added by syringe followed by
NCy,Me (1.4 ml, 6.4 mmol). The mixture was stirred at 70 °C for 48 h and then quenched by

filtering through 1 cm Celite. The solution was then precipitated into 200 mL of methanol and
filtered. The isolated solid was redissolved in 10 mL of THF and filtered again through a 1 cm
Celite to remove any remaining Pd particles and reprecipitated into 200 mL of methanol. The
solution was filtered and the powder was dried in vacuo at 60 °C for 4 h. Characterization data:
Yield = 90 %; GPC: M, = 4220, M,, = 4430, PDI = 1.05; TGA (air, 1000 °C): Found = 6.9 %,
Calculated = 6.8 %, Tgs9 = 280 °C.
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General 2" Heck coupling of CNStyr;s0PS with 4-bromotriphenylamine (1V)

To a dry 25 mL Schlenk flask under N, was added 0.50 g (1.3 mmol) of CNStyr;60PS,
80 mg (0.16 mmol) of Pd[P(t-Bu)sz],, 72 mg (0.08 mmol) of Pd,(dba)s and 2.5 g (7.8 mmol, 6 eq.
of SQs) of 4-bromotriphenylamine. 1,4-dioxane (5 ml) was then added by syringe followed by
NCy,Me (1.8 ml, 8.6 mmol). The mixture was stirred at 70 °C for 48 h and then quenched by
filtering through 1 cm Celite. The solution was then precipitated into 200 mL of methanol and

filtered. The isolated solid was redissolved in 10 mL of THF and filtered again through a 1 cm
Celite to remove any remaining Pd particles and reprecipitated into 200 mL of methanol. The
solution was filtered and the powder was dried in vacuo at 60 °C for 4 h. Characterization data:
Yield = 90 %; GPC: M, = 4400, M,, = 4490, PDI = 1.02; TGA (air, 1000 °C): Found = 9.9 %,
Calculated = 9.6 %, Tgs0 = 270 °C.

2.3.5. Synthesis and characterization of hydroxyl terminated silsesquioxanes and their use
for cross-linked polyesters
General metathesis reactions of vinyl Tg (OVS) and T10/12 SQs

To a dry 250 mL Schlenk flask under N, was added 4.0 g (9.60 mmol) of vinyl SQ and
63.0 mg (0.08 mmol) of first generation Grubbs catalyst. Dry CH,Cl, (60 mL) was added by
syringe followed by 11.6 g (113 mmol) of p-acetoxystyrene. The mixture was stirred for 168 h at

40°C and conversion of starting materials was monitored via MALDI-ToF. The solution was
quenched by precipitation into 500 mL of hexane and then filtered. The resulting solid was
vacuum dried for 4 h and was obtained as a white solid. The product was further purified by

column chromatography to remove residual catalyst. (silica, 1:4 hexane:THF).

Metathesis reactions of OVS (GEN1 p-acetoxy Tg SQ)

OVS and p-acetoxystyrene were allowed to react according to the above general
procedure (8.3 g, 80.0 % vyield). Characterization data: *H-NMR (DMSO, & ppm): 2.3 (s, 3H, -
CHs), 6.4 (d, H, J = 20 Hz, Si-CH=CH-), 7.1 (d, 2H, J = 26 Hz, Ar-H), 7.3 (t, H, J = 20 Hz, Si-
CH=CH-), 7.5 (d, 2H, J = 48 Hz, Ar-H). **C-NMR (CDCls, 6 ppm): 21.2 (-CHs), 119.1 (Si-C=C-
), 121.9 (Ar -CH), 128.0 (Ar -CH), 135.1 (Si-C=C-), 147.6 (Ar C-C), 151.2 (Ar C-O), 169.4
(C=0). MALDI-ToF: m/z (Ag" adduct) = 1813.47 [Ag(SiO15)s(CsHe)s(CoH30,)s]. FTIR (cm™):
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1096 (vSi-0), 1203 (vC-0), 1603 (vC=C), 1505 (vSi-C), 1763 (vC=0), GPC: Mn = 2070, Mw =
2150, PDI = 1.04. TGA (air, 1000 °C): found = 27.9 %, calc. = 28.2 %, Tase = 345 °C.

Metathesis reactions of vinyl T1o/12 SO (GEN1 p-acetoxy T1o/12 SQ)

Vinyl Tig12 SQ and p-acetoxystyrene were allowed to react according to the above
general procedure using 6.0 g of vinyl T1g12 SQ, 94.5 mg of first generation Grubbs catalyst, and
17.4 mL of p-acetoxystyrene (13.6 g, 84.1 % vyield). Characterization data: *H-NMR (DMSO, &
ppm): 2.3 (s, 3H, -CHg), 6.4 (d, H, J = 20 Hz, Si-CH=CH-), 7.1 (d, 2H, J = 8 Hz, Ar-H), 7.3 (d, H,
J = 20 Hz, Si-CH=CH-), 7.5 (d, 2H, J = 8 Hz, Ar-H). **C-NMR (CDCls, § ppm): 21.2 (-CHs),
117.5 (Si-C=C-), 121.9 (Ar -CH), 128.0 (Ar -CH), 135.1 (Si-C=C-), 148.2 (Ar C-C), 151.2 (Ar
C-0), 169.4 (C=0). MALDI-ToF: m/z (Ag" adduct) = 2240.37 [Ag(SiO15)10(CsHs)10(C2H302)10],
2666.67 [Ag(SiO15)12(CeHs)12(C2H302)12]. FTIR (cm™): 1117 (vSi-O), 1205 (vC-O), 1505 (vSi-
C), 1603 (vC=C), 1763 (vC=0), GPC: Mn = 2500, Mw = 2560, PDI = 1.02. TGA (air, 1000 °C):
found = 28.4 %, calc. = 28.2 %, Tgse, = 345 °C.

General Heck reaction converting p-BrStyrenyl Tg and Tig12 SQ to p-acetoxy GEN2
To a dry 50 mL Schlenk flask under N, was added 1.0 g (4.28 mmol of Br) of p-
BrStyrenylSQ, 43.70 mg bis(tri-tert-butylphosphine) palladium catalyst, and 39.15 mg

tris(dibenzylideneacetone)-dipalladium catalyst. Dry 1, 4-dioxane (20 mL) was added via syringe
followed by 0.61 mL (2.24 mmol) of N-methyldicyclohexylamine, and 1.96 mL (8.88 mmol) of
p-acetoxystyrene. The mixture was stirred at room temperature for 72 hours and then quenched
by filtering through 1 cm Celite. The solution was then precipitated into 200 mL methanol and
filtered. The resulting solid was vacuum dried for 4 h and was obtained as a yellow solid. The
product was further purified by column chromatography to remove residual Pd catalyst. (silica,
1:2 of hexane:THF).

Heck coupling reactions of p-BrStyrenyl Tg SQ (GEN2 p-acetoxy Tg SQ)

p-BrStyrenyl Tg SQ and p-acetoxystyrene were allowed to react according to the above
general procedure (1.25 g, 93 % vyield). Characterization data: *H-NMR (DMSO, & ppm): 2.3 (s,
3H, -CHj3), 6.5 (d, H, J = 20 Hz, Si-CH=CH-), 7.3-7.6 (m, 11H, Ar-H, Si-CH=CH-, Ar-CH=CH-
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Ar). C-NMR (CDCls, § ppm): 21.2 (-CHs), 117.2 (Si-C=C-), 121.9 (Ar -CH), 126.9 (Ar -CH),
127.5 (Ar -CH), 128.3 (Ar —-CH=CH-Ar), 135.1 (Si-C=C-), 136.7 (Ar C-C), 138.0 (Ar C-C),
148.9 (Ar C-C), 150.2 (Ar C-0), 169.5 (C=0). MALDI-ToF: m/z (Ag+ adduct) = 2629.59
[Ag(SiO1.5)s(CsHg)16(C2H302)g]. FTIR (cm™): 1095 (vSi-O), 1202 (vC-0), 1510 (vSi-C), 1598
(vC=C), 1760 (vC=0), GPC: Mn = 4080, Mw = 4240, PDI = 1.04. TGA (air, 1000 °C): found =
19.2 %, calc. = 19.1 %, Tgse = 335 °C.

Heck coupling reactions of p-BrStyrenyl T1o/12 SQ (GEN2 p-acetoxy T10/12. SQ)

p-BrStyrenyl T10/T1, SQ and p-acetoxystyrene were allowed to react according to the
above general procedure (1.2 g, 89 % vyield). Characterization data: *H-NMR (DMSO, ¢ ppm):
2.3 (s, 3H, -CHs), 6.5 (m, H, Si-CH=CH-), 7.0-7.6 (m, 11H, Ar-H, Si-CH=CH-, Ar-CH=CH-AXr).
3C-NMR (CDCls, § ppm): 21.2 (-CH3), 117.2 (Si-C=C-), 121.9 (Ar -CH), 126.9 (Ar -CH), 127.5
(Ar -CH), 128.3 (Ar —CH=CH-Ar), 135.1 (Si-C=C-), 136.7 (Ar C-C), 138.0 (Ar C-C), 148.9 (Ar
C-C), 150.2 (Ar C-0), 1695 (C=0). MALDI-ToF: m/z (Ag" adduct) = 3261.0
[Ag(SiO15)10(CsHe)20(C2H302)10], 3891.3 [Ag(SiO15)12(CsHe)24-(CoH305)12]. FTIR (cm™): 1009
(vSi-0), 1202 (vC-0), 1510 (vSi-C), 1598 (vC=C), 1759 (vC=0), GPC: Mn = 4130, Mw = 4270,
PDI = 1.03. TGA (air, 1000 °C): found = 19.5 %, calc. = 19.1 %, Tgse = 305 °C.

General hydrolysis reaction to prepare p-hydroxySQs
To a dry 50 mL Schlenk Flask under N, was added 0.50 g (2.34 mmol for GEN1
compounds and 1.59 mmol for GEN2 compounds) p-acetoxy SQ and 12.5 mL of THF. 0.2 mL

of 37 % HCI Solution and 0.5 mL of deionized water was added to the reaction by syringe and
the reaction flask was wrapped in aluminum foil to limit light promoted oxidation. The reaction
was stirred at room temperature and monitored by disappearance of the C=0 peak using FTIR.
The reaction was neutralized using saturated NaHCO3; and the product was extracted using
methylene chloride. The solution was then dried over Na,SO, and evaporated by vacuum to give
a white solid as product and stored in the refrigerator.
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Hydrolysis reactions of GEN1 p-acetoxy Tg SQ (GEN1 p-hydroxy Tg SQ)
GEN1 p-acetoxy Tg SQ was allowed to react according to the above general procedure.

The resulting solid was vacuum dried for 4 h and was obtained as a white solid (0.33 g, 82.2 %
yield). Characterization data: *H-NMR (DMSO, § ppm): 6.2 (d, H, J = 20 Hz, Si-CH=CH-), 6.7
(d, 2H, J = 26 Hz, Ar-H), 7.1 (t, H, J = 20 Hz, Si-CH=CH-), 7.3 (d, 2H, J = 48 Hz, Ar-H), 9.8 (s,
H, -OH). MALDI-ToF: m/z (Ag+ adduct) = 1477.47 [Ag(SiO15)s(CsHe)s(OH)s], 1519.48
[Ag(SiO1.5)s(CsHg)s(OH)7-(C2H302)1]. FTIR (cm™): 1112 (vSi-0), 1510 (vSi-C), 1606 (vC=C),
3326 (vO-H), GPC: Mn = 2000, Mw = 2030, PDI = 1.01. TGA (air, 1000 °C): found = 34.6 %,
calc. = 35.1 %, Tgse = 235 °C.

Hydrolysis reactions of GEN1 p-acetoxy T10/12. SQ (GEN1 p-hydroxy T1o/12 SQ)

GEN1 acetoxy T1012 SQ was allowed to react according to the above general procedure.
The resulting solid was vacuum dried for 4 h and was obtained as a white solid (0.32 g, 79.7 %
yield). Characterization data: *H-NMR (DMSO, J ppm): 6.2 (d, H, J = 20 Hz, Si-CH=CH-), 6.7
(d, 2H, J =8 Hz, Ar-H), 7.1 (d, H, J = 20 Hz, Si-CH=CH-), 7.3 (d, 2H, J = 8 Hz, Ar-H), 9.7 (s, H,
-OH). MALDI-ToF: m/z (Ag" adduct) = 1819.44 [Ag(SiO15)10(CsHe)10(OH)10], 2162.48
[Ag(SiO1.5)12(CsHg)12(OH)12]. FTIR (cm™): 1115 (vSi-0), 1511 (vSi-C), 1605 (vC=C), 3328 (vO-
H), GPC: Mn = 2240, Mw = 2300, PDI = 1.03. TGA (air, 1000 °C): found = 34.4 %, calc. =
35.1 %, Tgse = 280 °C.

Hydrolysis reactions of GEN2 p-acetoxy Tg SQ (GEN2 p-hydroxy Tg SQ)
GENZ2 p-acetoxy Tg SQ was allowed to react according to the above general procedure.

The resulting solid was vacuum dried for 4 h and was obtained as a white solid (0.35 g, 80.8 %
yield). Characterization data: *H-NMR (DMSO, ¢ ppm) 6.7-7.6 (m, 12H, Si-CH=CH-, Ar-H, Si-
CH=CH-, Ar-CH=CH-Ar), 9.6 (s, H, -OH). MALDI-ToF: m/z (Ag+ adduct) = 2293.10
[Ag(SiO15)s(CsHe)16(OH)s]. FTIR (cm™): 1097 (vSi-0), 1513 (vSi-C), 1597 (vC=C), 2962 (vO-
H), GPC: Mn = 3410, Mw = 3560, PDI = 1.04. TGA (air, 1000 °C): found = 22.2 %, calc. =
22.0 %, Tgse, = 360 °C.
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Hydrolysis reactions of GEN2 p-acetoxy Tig12 SQ (GEN2 p-hydroxy Tig12 SQ)
GENZ2 acetoxy Ti012 SQ was allowed to react according to the above general procedure.

The resulting solid was vacuum dried for 4 h and was obtained as a white solid (0.36 g, 83.1 %
yield). Characterization data: *H-NMR (DMSO, & ppm): 6.5-7.8 (m, 12H, Si-CH=CH-, Ar-H, Si-
CH=CH-, Ar-CH=CH-Ar), 9.6 (s, H, -OH). FTIR (cm™): 1115 (vSi-0), 1514 (vSi-C), 1597
(vC=C), 3022 (vO-H), GPC: Mn = 3490, Mw = 3590, PDI = 1.03. TGA (air, 1000 °C): found =
22.3 %, calc. = 22.0 %, Tgse = 345 °C.

General polyesterification reaction of p-hydroxySQs and adipoyl chloride
To a dry 10 mL Schlenk flask under N, was added 0.50 g (2.92 mmol for GEN1
compounds and 1.83 for GEN2 compounds) of p-hydroxySQ, 3 mL of 1,4-dioxane, and 0.42 mL

(3.07 mmol for GEN1 compounds, 1.92 mmol for GEN2 compounds) of adipoyl chloride. 0.81
mL (5.8 mmol) of triethylamine diluted in 3 mL of 1,4-dioxane was added dropwise to the
reaction, which formed a white-yellow precipitate. The reaction was stirred at 40 °C for 1 hour
and was then filtered. The solid was then stirred with deionized water for 1 hour at room

temperature to dissolve any remaining acid and filtered again.

Polyesterification reactions of GEN1 p-hydroxy Tg SQ (GEN1 Tg polymer SQ)

GENL1 hydroxy Tg SQ was allowed to react according to the above general procedure
with a yield of 0.36 g, 72.0 % yield. Characterization data: FTIR (cm™): 1119 (vSi-O), 1504
(vSi-C), 1602 (vC=C), 1758 (vC=0), 1292, 1361, 2947 (C-H). TGA (air, 1000 °C): found =
19.4%, Tgs0, = 230 °C.

Polyesterification reactions of GEN1 p-hydroxy T10.12 SQ (GEN1 T1g/12 polymer SQ)

GENL1 hydroxy T10112 SQ was allowed to react according to the above general procedure
with a yield of 0.33 g, 66.0 % vyield. Characterization data: FTIR (cm™): 1119 (vSi-O), 1505
(vSi-C), 1603 (vC=C), 1758 (vC=0), 1360, 2954 (C-H). TGA (air, 1000 °C): found = 20.6%, Tgs%
=240 °C.
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Polyesterification reactions of GEN2 p-hydroxy Tg SQ (GEN2 Tg polymer SQ)

GENZ2 hydroxy Tg SQ was allowed to react according to the above general procedure
with a yield of 0.37 g, 74.0 % vyield. Characterization data: FTIR (cm™): 1116 (vSi-O), 1511
(vSi-C), 1598 (vC=C), 1738 (vC=0), 1261, 1359, 2961 (C-H). TGA (air, 1000 °C): found =
22.0 %, Tgse, = 210 °C.

Polyesterification reactions of GEN2 p-hydroxy T1o/12 SO (GEN2 T1¢/12 polymer SQ)

GENZ2 hydroxy Tig/12 SQ was allowed to react according to the above general procedure
using 0.15 g (0.55 mmol) of GEN2 hydroxy Tig/12 SQ, 0.13 mL (0.55 mmol) of adipoyl chloride,
and 0.24 mL (x mmol) of triethylamine with a yield of 0.16 g, 106.7 % yield. Characterization
data: FTIR (cm™): 1122 (vSi-O), 1511 (vSi-C), 1598 (vC=C), 1755 (vC=0), 1358 (vC-H). TGA
(air, 1000 °C): found = 10.1 %, Tgsy = 230 °C.

References Cited:

1. Kim, S.-G.; Sulaiman, S.; Fargier, D.; Laine, R. M.; “Octaphenyloctasilsesquioxane and
Polyphenylsilsesquioxane for Nanocomposite,” In Materials Syntheses. A Practical Guide;
Schubert, U.; Husing, N.; Laine, R. M.; Eds.,; Springer-Verlag: Wien, 2008, pp. 179-191.

2. Tamaki, R.; Tanaka, Y.; Asuncion, M. Z.; Choi, J.; Laine, R. M.; “Octa(aminophenyl)-
silsesquioxane as a Nanoconstruction Site,” J. Am. Chem. Soc., 2001, 123, 12416-12417.

3. Roll, M.F.; Asuncion, M.Z.; Kampf, J.; Laine, R.M.; “para-Octaiodophenylsilsesquioxane,
[p-1CsH4SiO; 5]s, a Nearly perfect Nono-building block.” ACS Nano, 2008, 2, 320-326.

4. Ronchi, M.; Sulaiman, S.; Boston, N. R.; Laine, R. M.; “Fluoride catalyzed rearrangements
of polysilsesquioxanes, mixed Me,Vinyl Tg, Me, Vinyl Ty, and Ti, cages,” Applied
Organometallic Chemistry, 2010, 24, 551-557.

5. Harrison, P. G.; Hall, C.; “Preparation and characterization of octasilsesquioxane cage
monomers,” Main Group Met. Chem., 1997, 8, 515-529.

6. Roll, M. F.; Mathur, P.; Takahashi, K.; Kampf, J. W.; Laine, R. M.; “[PhSiO;5]s promotes
self-bromination to produce [0-BrPhSiO;s]s: further bromination gives crystalline [2,5-
Br,PhSiO; s]s with a density of 2.32 g cm™ and a calculated refractive index of 1.7 or the
tetraicosa bromo compound [BrzPhSiO; 5]s,” J. Mater. Chem., 2011, 21, 11167-11176.

57



10.

Fife, D.J.; Moore, W.M.; Morse, K.W.; “Solution equilibria of tertiary phosphine
complexes of copper(l) halides,” Inorg. Chem., 1984, 23, 1684-1691.

Maciejewski, A.; Steer, R. P. “Spectral and photophysical properties of 9,10-
diphenylanthracene in perfluoro-n-hexane: the influence of solute—solvent interactions,” J.
Photochem.1986, 35, 59-609.

Xu, C.; Webb, W. W. “Measurement of two-photon excitation cross sections of molecular
fluorophores with data from 690 to 1050 nm.” J. Opt. Soc. Am. B. 1996, 13, 481-491.
Bhaskar, A.; Ramakrishna, G.; Lu, Z.; Twieg, R.; Hales, J. M.; Hagan, D. J.; Van Stryland,
E.; Goodson, T. “Investigation of Two-Photon Absorption Properties in Branched Alkene
and Alkyne Chromophores.” J. Am. Chem. Soc. 2006, 128, 11840-111849.

58


http://pubs.acs.org/doi/abs/10.1021/ic00180a011
http://pubs.acs.org/doi/abs/10.1021/ic00180a011

Chapter 3
Beads on a Chain (BoC) polymers formed from
[NH2PhSIOy 5]x[PhSiOy 5]10.x and [NH2PhSIO; 5] [PhSIOy 5]12

mixtures (x = 2-4)

Published in Macromolecules, 2011, 44, pp. 7263-7272

Abstract

We recently reported that catalytic amounts of F cause rapid rearrangement of
silsesquioxane (SQ) Tg cages in THF at room temperature. These rearrangements lead primarily
to the Ty and Ty, cages as long as the F is trapped for example using CaCl, to form insoluble
CaF; in situ. In this report, we use this approach to make di- and tri-aminophenyl, phenyl
silsesquioxane Tip and Ty, mixtures; (NH2Ph)xPhiow12x(SiO15)10112. Thereafter, we isolate the
fraction that consists primarily of x = 2-4 via column chromatography. We then explore the
reaction of this fraction (fraction 3) with the diglycidyl ether of bisphenol A (DGEBA) to form a
soluble epoxy resin wherein the cage SQs is contained in the chain backbone. We call these
products beads on a chain (BoC) polymers. The use of 1:1 mole ratios of [epoxide]:[NH,Ph] of
DGEBA and [NH,PhSiO1 5]x[PhSiO1 5]1012x (X = 2-4) leads to insoluble products. However, the
reaction of 0.8:1 mole ratio of [epoxide]:[NH,Ph] provides a soluble but bimodal distribution of
products (after 24 h reaction at 90°C in THF). The low MW component is much more soluble in
THF than the higher MW component allowing simple separation. The low MW polymer has a
M, of 6k Da with a PDI of 1.6. The higher MW material has a M,, of 21m Da with a PDI of 21.

Both components offer similar ceramic yields (to SiO;) of 32+1% indicating that the

relative content of cages is identical. They also exhibit very similar FTIR spectra suggesting that
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they are the same material. Two explanations are possible for the bimodal size distribution. One
is that the positioning of the NH, groups on the cage leads to cyclic trimers given that the
average monomer unit will mass =~ 1700-1900 Da, which represents the low MW fraction.
Alternately and more likely, the higher molecular weight component consists of di- and triamino
functionalities such that in the growing chain, once the first two amine groups on the cage react,
the third group is likely sterically protected. Thus, only late in the reaction will the quantities of
the third group exceed those of the diamino components allowing a slow tertiary
functionalization and likely some degree of cross-linking to occur. That this happens is suggested
by the much poorer solubility of the higher MW materials as well as the very large PDI. These
studies serve as a model for other possible studies targeting BoC polymers.

3.1. Introduction

There is recent, intense interest in the use of silsesquioxane (SQ) cages as nanobuilding
blocks for the synthesis and processing of nanocomposite materials and as sites for attaching
multiple types of functionalities for diverse applications as witnessed by the publication of 17
reviews over the past 30 years, with the majority published in the last 10 years."™” Despite the
now thousands of articles and patents concerning SQs, the number of papers that describe the
synthesis and properties of SQs as part of a polymer backbone is limited to just a few studies.*®**
Some examples of difunctional silsesquioxane monomers and what we propose to call “beads on
a chain” (BoC) polymers are those shown in Schemes 3.1 and 3.2.%

In part, this problem arises because until now it has been difficult to synthesize SQs with
just two or three functional groups on the cage that would permit their copolymerization with
other monomer units. Most SQs or POSS compounds currently described in the literature either
have only one or 8, 16 or even 24 functional groups or functional group equivalents attached to
the cage vertices.*"?>%" However, the opportunity to synthesize di- and tri-functional SQs,

especially in Ty and T2 cages and BoC polymers therefrom now exists.?®
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We recently described using F in the form of tBusNF to catalyze the rapid equilibration

of functional groups between two types of polysilsesquioxanes or from SQ resins in THF at room

. : : 28-30
temperature to form Ty and Ty, mixed functional SQs as suggested in Scheme 3.
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Scheme 3.3. F catalyzed formation of Ty and T1, SQs from polymeric SQ resins or Tg cages.

We report here an extension of this method to the synthesis of di- and triarylamine cages
targeting the synthesis of BoC polymers that represent new classes of curing agents for epoxy
resins, and possible comonomers for the synthesis of polyamides and polyimides. One key
objective is to take advantage of the robust nature of SQs to develop families of high temperature

stable, soluble and processable BoC polymer systems.

3.2. Results and Discussion
Based on our experience with the Scheme 3.3 vinyl/phenyl SQ equilibration studies, we
began with efforts to identify an OPS:OAPS ratio that would provide statistically controllable

mixtures of cages, as seen in Scheme 3.4.
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Scheme 3.4. Synthesis of [NH,PhSiO1 5]x[PhSiO1 5]10/12-x (X = 2-4) from OAPS and OPS.
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In the following sections, we first discuss the synthesis of mixtures of di- and tri
functional Tyo and T, aminophenyl SQs and their characterization. We then describe their
reactions with the diglycidyl ether of bisphenol A (DGEBA) and the characterization of the
resulting polymer. We present here studies designed to provide a basic aromatic amine model for

BoC syntheses of related epoxy resins systems and for future amidation and imidation studies.

3.2.1. Synthesis of [NH2PhSi01_5]X[PhSi01,5]10/12.X (X = 2-4)

Based on our first two studies,?®?°

we explored the catalytic rearrangement of
OPS/OAPS mixtures with TBAF targeting di- and tri-amino SQs per Scheme 3.4. Figure 3.1 and

Table 3.1 provide MALDI-ToF data for a 3:1 mole ratio following 72 h of reaction.

Tio + Ag”
A,Phg
A Phg
A5Ph;
LET)
Ts + Ag” {_k_\ Tz Tyt Ag*
—— A,Phg
AsPhe l A;Phyo A,Phy,
‘ I&‘“‘I\ l.‘ ‘HLI ‘ || .\IL\“\\I nJ”"I
1100 1200 1300 1400 1500 1600 1700 1800
m/z Ag*

Figure 3.1. MALDI-ToF spectrum of 3:1 OPS:OAPS reaction with TBAF (RT/72 h).

The Figure 3.1 spectrum shows a mixture of the Tg, T1o and Ty, cages (major product is
Ti0) with aminophenyl group contents ranging from 0 ~ 5 but with = 20 % quantities of
unsubstituted SQs. The OPS:OAPS ratios were varied to optimize diaminophenyl contents, per
Table 3.2. In the case of 4:1 of OPS:OAPS reaction, the main products are monoaminophenyl
SQ compounds. Although the 2.5:1 of OPS:OAPS reaction shows diaminophenyl SQ
compounds as the main product like the 3:1 of OPS:OAPS reaction, the relative peak intensities
of triaminophenyl SQ compounds in the MALDI are higher than for 3:1 of OPS:OAPS. Given

that triaminophenyl SQ compounds could form cross link points during the polymerization that
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would be difficult to separate from diaminophenyl SQ compounds by column chromatography

due to their very similar chemical structures and properties (e.g. polarity, solubility). Thus, we
decided to use the 3:1 of OPS:OAPS ratio as an optimum.

Table 3.1. MALDI-ToF data for 3:1 of OPS:OAPS reaction with TBAF. '

Relative Peak

Most Common Isotope Found (Da) | Calc. (Da) N
Intensities (%)

(CsHs)s(SiO15)s (+ AQY) 1140.8 1141.4 5
(NH,CgH4)1(CsHs)7(SiO1.5)s (+ AgY) 1155.9 1156.5 17
(NH,CgH4)2(CsHs)s(SiO1.5)s (+ AgY) 1170.8 1171.5 18
(NH,CgHa4)3(CsHs)s(SiO1 5)s (+ AgY) 1185.9 1186.5 12
(CsHs)10(SiO15)10 1292.7 1291.8 7
(NH,CgH4)1(CsHs)o(SiO1.5)10 1308.7 1307.8 21
(NH,CgHa)2(CsHs)s(SiO1.5)10 1323.7 1323.8 28
(NH,CgH4)3(CsHs)7(SiO1.5)10 1338.7 1339.9 18
(CeHs)10(SiO15)10 (+ Ag™) 1398.6 1399.8 25
(NH,CgH4)1(CsHs)o(SiO1 5)s (+ AgY) 1413.6 1414.8 81
(NH,CgHa)2(CsHs)s(SiO1 5)s (+ AgY) 1428.6 1429.8 100
(NH,CsH.)3(CsHs)s(SiO1s)7 (+ Ag) 1443.6 1444.8 69
(CeHs)12(SiO1 5)12 1551.5 1551.2 4
(NH,CgH,)1(CeHs)11(SiO1 5)12 1566.5 1566.2
(NH,CgH4)2(CsHs)10(SiO15)12 1581.5 1582.2 13
(NH»C6Ha)3(CsHs)o(SiO15) 12 1598.4 1598.2
(CeHs)12(SiO15)12 (+ AQ) 1567.4 1568.2 3
(NH»C6H1)1(CeHs)11(SiO15)12 (+ Ag) 1672.3 1673.2 11
(NH,CgH4)2(CsHs)10(SiO15)12 (+ Ag®) 1687.4 1688.2 12
(NH,CgHa4)3(CsHs)o(SiO1 5)12 (+ AgY) 1702.4 1703.2 8

"Error in reported intensities is + 5%

Because the unsubstituted SQs are relatively insoluble, we chose to recover the soluble

products via column chromatography (see Experimental) and thereafter isolate the mono- and

diamino components as a prelude to synthesizing a “linear” polymer. Because we have no way of
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knowing the exact placement of the amino groups on the phenyl rings (p:m:o ratios are 1:1:0'°)
and the amino group positions on the Ty and T, cages are unknown, the concept of linear is not

really correct but offers the simplest descriptor.

Table 3.2. MALDI-ToF peak intensities for several ratio of OPS:OAPS reaction with TBAF."

Most Common Isotope 25:1| 3:1 | 4:1
(CeHs)s(SiO15)s (+ AgY) 4 5 20
(NH,C¢H,)1(CeHs)7(SiO15)s (+ AgY) 16 17 17
(NH,C6H,)2(CeHs)s(SiO15)s (+ AgY) 22 18 13
(NH2C6H4)3(CeHs)s(SiO1 5)s (+ AgY) 14 12 S
(C6Hs)10(SiO1.5)10 9 7 18
(NH2CoHa)1(CaHs)s(SiO1 )10 31 | 21 | 19
(NH>CoH2)2(CoHa)a(S101.2)10 50 | 28 | 40
(NH»CgH4)3(CgH5)7(SiO15)10 40 18 15
(CeHs)10(SiO15)10 (+ AG") 17 25 70
(NH2C¢H,)1(CeHs)o(SiO15)10 (+ Ag™) 69 81 100
(NH,C6H.,)2(CeHs)s(SiO15)10 (+ Ag™) 100 100 91
(NH,CgH4)3(CeHs)7(SiO1 5)10 (+ AgY) 87 69 42
(CeHs)12(SiOy5)12 11 4 5
(NH2CsH4)1(CeH5)11(SiO1.5)12 18 8 20
(NH»CgH4)2(CgHs)10(SiO1.5) 10 17 13 16
(NH2C6Ha)3(CeHs)o(SiO1.5)12 7 8 3
(CeHs)12(SiO15)12 (+ Ag”) - 3 2
(NH3C¢Ha)1(CeHs)11(SiO1 5)12 (+ AgY) 7 11 7
(NH2C¢Ha)2(CeHs)10(SiO15)12 (+ AgY) 11 12 7
(NH2C¢Ha)3(CeHs)o(SiO1.5)12 (+ AgY) 12 8 3

"Error in reported intensities is + 5%
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Figure 3.2. MALDI-ToF of Fraction 1.

Elution using dichloromethane:hexane (8:2) gave fractions 1 (Rf value: 0.9) and 2 (Rt
value: 0.6) separate from the original crude, dark brown mixture. After Fraction 2 eluted, the
elution solvent was changed to THF to obtain Fraction 3. The MALDI-ToF of Fractions 1, 2 and

3 are shown in Figures 3.2-3.4 respectively.

Table 3.3. MALDI-ToF data (Ag* Adduct) for Fraction 1.7

Most Common Isotope | Found (Da) | Calculated (Da) | Relative Peak Intensity (%)
(CeHs)s(SiO15)s 1141.0 1141.4 24
(CeHs)10(SiO1.5)10 1399.1 1399.8 100
(CeHs)12(SiO1.5)12 1657.6 1658.2 4
"Error in reported intensities is + 5%
Tio+ A"
{_1_\
A Phg
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Figure 3.3. MALDI-ToF of Fraction 2.
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Table 3.4. MALDI-ToF data (Ag* Adduct) for Fraction 2.}

Found Calculated Relative Peak Intensity
Most Common Isotope

(Da) (Da) (%)
(NH2CgH4)1(CgHs)7(SiO15)s (+ AgY) 1156.9 1156.5 11
(NH>CeH4)1(CsHs)o(SiO1.5)10 1308.0 1307.8 45
(NH>CeH4)2(CsHs)s(SiO1.5)10 1323.1 1323.8 17
(NH,C6Hy)1(CeHs)o(SiO1.5)10 (+ Ag¥) 1414.9 1414.8 100
(NH,C¢Hy)1(CHs)11(SiO15)12 (+ Ag™) 1672.9 1673.2 7

"Error in reported intensities is + 5%
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m/z Ag"

Figure 3.4. MALDI-ToF of Fraction 3.

MALDI-ToF spectra show that Fraction 1 consists of a mixture of OPS and dPS
(decaphenyl SQ). Fraction 2 is mostly mono-aminophenyl SQ (T10) whereas Fraction 3 is a
mixture of the desired di-aminophenyl SQs (T and Ti2) and Tri-aminophenyl SQ (Ts). It is
important to note that MALDI intensity data often does not provide a direct quantification of the
species present as the intensities relate to the facility with which the individual components
ionize. Thus, these data are best considered as being qualitatively similar to the actual isomer

compositions.
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Table 3.5. MALDI-ToF data (Ag* Adduct) for Fraction 3.

Most Common Isotope Found (Da) Calculated Relativ? Peak
(Da) Intensity (%)
(NH,CgH4)2(CsHs)s(SiO1s)s (+ Ag™) 1170.8 1171.5 13
(NH2CgH4)2(CeHs)s(SiO1.5)10 1323.6 1323.8 38
(NH,CgH4)3(CeHs)7(SiO1.5)10 1339.6 1339.9 9
(NH2C6H.)2(CHs)s(SiO15)10 (+ Ag?) 1429.5 1429.8 100
(NH2CgH4)3(CsHs)7(SiO1.5)10 (+ Ag”) 1443.6 1444.8 40
(NH,CgH4)2(CsHs)10(SiO15) 12 1582.5 1582.2 22
(NH2C6H4)3(CeHs)o(SiO15)12 1598.5 1598.2 29
(NH,CsH4)2(CsHs)10(SiO15)12 (+ Ag) 1687.4 1688.2 9

"Error in reported intensities is + 5%

The TGAs of fraction 3, OPS and OAPS in air are shown in Figure 3.5. The TGA of
fraction 3 reveals high thermal stability (Tq= 450 °C) and a ceramic yield to SiO, of 45.2 %

(Table 3.6). The ceramic yield indicates that the ratio of aminophenyl to phenyl groups is 27:73.

This ratio can be used to calculate an 8.8:1 phenyl:amine proton ratio matching the 8.3:1

integration of Figure 3.6.

100
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40 -

—OPS
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Figure 3.5. TGA of [NH,PhSiO 5]x[PhSiOy 5]1012x (X = 2-4) (Fraction 3) and OPS, OAPS
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Table 3.6. Decomposition temperatures (Tgse) and ceramic yields of [NH,PhSiOq s]x-
[PhSiO1s]10112x (X = 2-4) (Fraction 3) and starting materials for comparison. (air/10 °C/min to
1000 °C). Theoretical ceramic yields for compounds detected by MALDI are given for reference.

Compound | Tgse (°C) | Ceramic Yield (%) | Theoretical Ceramic Yield (%)
OPS 465 47.1 46.5

OAPS 360 42.0 41.7

Fraction 3 450 45.2

\

N : \N-\/j \\ — A}\\\

L7 L T D B AL R S AN AN B [VBL AN A M) AT B M s s s e el e e TV

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 ppm

Figure 3.6. 'H-NMR of [NH,PhSiO; 5], [PhSiO1 5]10112x (X = 2-4) (Fraction 3) in DMSO-ds.

Figure 3.7 provides GPC data (THF) for the starting compounds, the crude reaction
mixture and Fraction 3. Table 3.5 provides relevant molecular weights and polydispersities for
the same materials. The molecular weights are measured against polystyrene standards and are
always lower than the estimated values because of the spherical nature of the SQs.

——OPS
—— OAPS
31 OPS:0OAPS
——Fraction 3
25 30 35 40

Time (min)
Figure 3.7. GPC (THF) of the starting compounds, the crude reaction mixture and Fraction 3.
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Table 3.7. GPC determined molecular weights and polydispersities of Figure 7 components.

tg (min) M, M,, PDI

OPS 33.3 940 945 1.01

OAPS 31.9 1450 1490 1.03

3:1 OPS:0OAPS reaction product 32.3 1330 1410 1.06
Fraction 3 325 1250 1290 1.04

3.2.2. Polymerization of [NH,PhSiO1 5]x[PhSiO1 5]10112x (X = 2-4) and DGEBA
Fraction 3 consisting primarily of [NH,PhSiO; 5]x[PhSiO15]10112-x (X = 2-4) was reacted
with DGEBA in effort to form a BoC polymer per Scheme 3.5.

Ha Y *’” O - -
S OO O+ g o 3
) ~_ -’7 oy oH T O
NS\ — )
gy AV Q. 9~ 9
C 0 o %o
A D 1,4 dioxane/90°C/24 h VY

Scheme 3.5. BoC polymerization of [NH2PhSiO; 5]x[PhSiO1 5]10112-x (X = 2-4) with DGEBA.

In this polymerization, when DGEBA was added at 1:1 mole ratio of [epoxy]:[amine],
insoluble cross-linked polymer was observed to form as might be expected given that fraction 3
includes tri-amino functionalized cages. Therefore, the amount of DGEBA and reaction time
were adjusted eliminate formation of insoluble. By trial and error, we found that a 0.8:1 ratio of
[epoxy]:[amine] provided a soluble high molecular weight polymer. Thus Figure 3.8 provides
GPC traces following the polymerization process with time. Initially, only low MW oligomers
are observed until the last 3 h of reaction.

At 24 h of reaction time, the synthesized BoC polymers are soluble in THF and exhibit a
bimodal molecular weight distribution by GPC as seen in Figures 3.8 and 3.9. The bimodal
components can be purified by precipitation using solubility differences. The low molecular
weight (MW) polymers dissolve easily in THF on stirring for 2 h at ambient. In contrast, the high
MW polymers must be sonicated dissolve. Figure 3.9 records the GPC traces for the mixture of
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fraction 3 and DGEBA, the as-formed BoC polymer, and its fractional dissolution products (see
Experimental).

DGEBA

—0h
—3h Fraction 3
—6 h

12 h \
—21h

24 h

10 15 20 25 30 35 40
Time (min)

Figure 3.8. Progress of fraction 3 and DGEBA polymerization, monitored by GPC.

Fraction 3 + DGEBA
BoC Polymer

Low Mw BoC Polymer
—— High Mw BoC Polymer]

10 ' 20 ' 30 ' 10

Time (min)

Figure 3.9. GPC trace of fraction 3 and DGEBA mixture, BoC polymer after 24 h, separated low
and high molecular weight BoC polymers.

Table 3.8. GPC determined molecular weights and polydispersities of Figure 3.9 components.

Mp My PDI
BoC polymer 9k 74m 8000
Low Mw polymer 6k 10k 1.6
High Mw polymer 12.6m 270m 21
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The formation of a bimodal size distribution can be explained in several ways. First it
IS important to note that although fraction 3 consists of both di- and triamino- cages, the exact
position of amino groups on the “spherical” surface of the cages is unknown. It is possible that
some of these groups are adjacent to each other. Thus, one could envision that epoxy reactions
will lead to compounds wherein it is possible to form cyclomers. If the average MW of the
monomer unit is of the order of 1700-1900 Da, then one can envision a cyclic with three repeat

units in it.

Figure 3.10. General Epoxy coupling reaction.

Alternately, the epoxy reaction of Figure 3.10 will first produce “linear” oligomers
where some of the cages will have a third NH,- group. One can envision that after two epoxy
linkages form, this third NH2- may be sufficiently sterically encumbered as to be much less
reactive. At some point, as amine functionalities react, those left will be these encumbered sites.
Eventually, they can be expected to react. This process will produce branches and or cross-links
between shorter chains leading to very non-linear but higher MW species and/or species with
several links between shorter chains. One might then suggest that the “interior” of these species
will be less accessible to solvent resulting in quite different behavior to a common solvent. This
seems most likely given the propensity to form insoluble materials at a 1:1 mole ratio of epoxy to
amine as used traditionally.

While all species are soluble in the original reaction solution at 90 °C, on precipitation
only the low MW species are readily soluble in cold THF. The higher MW polymer only
dissolved when heated to = 60 °C and encouraged to dissolve via sonication. These aspects

suggest difficult in solvating “interior” components supporting the above speculation.
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In efforts to understand the structure of the BoC products, we briefly explored *H NMR
characterization. Thus Figure 3.11 provides the NMR of BoC polymer, the starting DGEBA
oligomer. The integration ratio of amino to phenyl proton of fraction 3 and BoC polymer
changes from 1:10.8 to 1:11.9. Also, the alkyl proton (Ha, Hd) peaks broadened, as might be
expected, after polymerization. These mean the DGEBAs are incorporated in the BoC polymers.

e
b o )
(@) e IOTO 10O

n=1.1
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Figure 3.11. *H-NMR for (a) DGEBA, and (b) BoC polymer in DMSO-d.

Complementary IR studies are presented in Figure 3.12. In general, the FTIR of the high
MW and low MW fractions are quite similar with a slight broadening in the High MW materials
at 1050 cm™ in a region attributable to vC-O. Otherwise the FTIRs are as expected for these

compounds based on our previous work.*!
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Figure 3.12. IR spectra of monomers and synthesized polymers for comparison.
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Figure 3.13 shows TGAs of BoC polymer and starting materials. Table 3.9 shows Ts,
for the high and low MW polymers to be 320-330°C in air as expected from previously
published studies on OAP/DEGBA nanocomposites.** The ceramic yields for both systems are

32+1 % respectively.

The lower ceramic yield found for the BoC polymer compared to fraction 3 arises

because the polymer incorporates DGEBA which dilutes the total silica mass.

Weight (%)

Figure 3.13. TGA of the synthesized polymer and starting materials for comparison in air
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Table 3.9. Decomposition temperatures (Tgsv%, Tasos) and ceramic yields of synthesized
polymers and starting materials for comparison (air, 10 °C/min to 1000 °C).

Compound | Tys%(°C) | Taso% (°C) | Ceramic Yield (%) Theoretical(g/:;ramic Vield
DGEBA 295 370 0.0
Fraction 3 450 670 45.2
BoC Polymer 300 595 31.6 34.7
High Mw part 320 645 31.0
Low Mw part 330 635 33.2

DSC studies shown in Figure 3.14 suggest an initial Tg for both the low and high MW

components at = 125 °C which disappear in the second cycle likely as a result of extended cross-

linking.
(a) b)
o BoC polymer ( ) BoC polymer,
= oW Mw part Low Mw part
— High Mw part 04 High Mw part
N 3 \_/
E T /
é 0 E ) \\‘{_,_/
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Figure 3.14. (a) First (b) Second DSC of BoC polymer, high Mw part and low Mw part.

3.3. Conclusions

We find that it is quite possible to develop routes to BoC epoxy resin systems that are
soluble and processable if one is careful to control the amine:epoxy ratios. The accompanying
paper provides a parallel approach wherein an alkyl amine group is used in place of an aromatic
amine, extending the generality of this approach. In future papers, we plan to present mechanical
properties data as shown in the accompanying paper and also to extend the current studies to
amides and imides. Finally, it is important to recognize that the insolubles from this system may
be redissolved by addition of more OPS and a catalytic amount of fluoride ion making these

systems recyclable.
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Chapter 4
Synthesis and characterization of conjugated BoC polymers from

Octaiodophenylsilsesquioxane (IgOPS)

Published in Macromolecules, vol. 46, pp 7580-7590, 2013

Abstract

The general objectives of the work reported here and in accompanying papers are to
identify optimal tools for the synthesis of silsesquioxane (SQ) based BoC oligomers and
polymers; especially those that show 3-D, through chain (cage) conjugation in the excited state.
Here we first examine the utility of polymerizing octa(iodophenyl)silsesquioxane (IsOPS) with
divinylbenzene (DVB) using Heck catalytic cross coupling as baseline systems for BoCs with
model dendrons. Thereafter, we functionalize the remaining IPh groups by cross coupling with
4-MeOC¢H4CH=CH; or 4-NH,CsH,CH=CH,. As an alternate approach, we first functionalize
(p-1PhSiO; 5)s with 4-MeOC¢H,CH=CH, or 4-NH,CsH,CH=CH, by catalytic cross coupling
such that only an average of two iodophenyls remain and then polymerized with DVB or 1,4-
diethynylbenzne (DEB). This latter approach permits synthesis of copolymers as demonstrated
using 1:1 mixtures of the two SQs with R = NH, or OMe.

Here we assess the utility of two different routes to conjugated BoC polymers.
Investigation of the UV-vis absorption and emission properties of these BoCs indicates the DVB
polymers exhibit no emission red-shifts because a significant portion of the DVB used is the 1,3
isomer. However, the DEB polymers reveal ~40 nm red-shifts and charge transfer (CT) behavior,
suggesting electronic interactions between SQ cages through the conjugated, bridging moieties.
DEB copolymers with R = NH,- and MeOStilbene functional groups on the cages show red
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shifts intermediate between the red shifts of the simple homopolymeric materials, rather than
independent emissions from both units as would obtain with a physical mixture again supporting
electronic communication along the polymer chains and through the cages via the conjugated

linkers.

4.1. Introduction

Polyhedral silsesquioxanes (SQs), [RSiO15]s1012 (R = alkyl, alkenyl, alkynyl, aryl,
R’Me,SiO, etc) have received considerable recent attention because of their: (1) robust nature
due in part to the silica core; (2) potential to be functionalized up to 24 times in one or two steps;
(3) ease of purification, (4) potential to be assembled nanometer by nanometer into 3-D
nanostructures (nanocomposites) because of their high symmetry and small size (1.2-1.6 nm dia.),
(5) ability to undergo functional group exchange under mild conditions promoted by F°, and (6)
potential to offer 3-D conjugation in the excited state.>??

We recently developed a route to di- and trifunctional Ty and T;, silsesquioxane cages
using F~ catalyzed exchange of functional groups between two different polysilsesquioxanes (1)
and/or Tg systems (2).2 We have used this approach to synthesize the first “beads on a chain” or
BoC oligomers finding that the use of conjugated linkers resulted in large red shifts in emission
compared to model compounds leading to the conclusion that some form of 3-D conjugation
occurs in the excited state that involves both the cages and the conjugated linker.

Y 1 mol % TBAF
¢ Yesiogg| o+
ot

/—SiO.j]

X x THF

4-5 mol % TBAF

THF/RT
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Electron delocalization through SQ cores and via conjugated linkers could offer
potentially new organic/inorganic hybrid semiconducting materials and or systems that could
serve as components in OLEDs and photovoltaic devices. This then provides the motivation to
develop sets of synthetic tools for the synthesis of other BoC oligomers and polymers.
Additional motivation arises because of the recent interest in the synthesis of dendronized
polymer systems.?*%°

A number of other groups have used ring opening methods to produce difunctional SQs
and then gone on to produce polymeric systems with the cage in the backbone leading to several
brief examples of BoC polymers.?”?® In these previous efforts, the resulting BoC polymers were
unfunctionalized.

In this paper, we concentrate on the use of Heck and Sonogashira catalytic cross
coupling to access a variety of conjugated BoC systems starting from octa(iodophenyl)SQ
(1s0PS), [p-1PhSiO1 5]s. In a complementary study reported coincidentally, we explore the use of
ADMET metathesis and “reverse” Heck cross coupling with brominated organic linkers as
additional synthetic routes to BoC systems.?®

The first step in our efforts began with exploration of routes to BoCs with the potential
to serve as a basis set for making highly functionalized BoC systems for multiple applications
per reaction (3). A further objective was to generate more examples of BoCs that offer 3-D

conjugation in the excited state to probe the general nature of these unusual systems.

o
\SI

0 - Qw\ Hon
& O::i;@ o7 ) HeckCataIyst @ SI\O//SI\Q\ O \ |
S\O/E/E)Q;Q\ J@S\o/ 'Q

17 : Rl I
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4.2. Results and Discussion
The objectives of this study were to develop synthetic tools that can be used to make
highly functionalized or dendronized BoC oligomers and polymers. We are particularly

interested in exploring how the introduction of conjugated linkers affects the emissive behavior
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of these materials with the idea of finding multiple new examples that offer what we believe is 3-
D conjugation in the excited state.

In the following sections, we describe two different synthetic routes to conjugated
silsesquioxane BoC oligomers and polymers. A complementary paper discusses two additional
synthetic routes to the same materials.”® First, we explore the polymerization of 1sOPS via Heck
coupling with divinylbenzene (DVB) and its further functionalization with p-R-styrene
compounds via a second Heck coupling. Next, we discuss the synthesis of di- and triiodophenyl
SQs through partial Heck coupling of IsOPS with p-R-styrene, followed by polymerization with
DVB and 1,4-diethynylbenzene (DEB) using Heck and Sonogashira coupling methods.
Thereafter we discuss the photophysical properties of synthesized BoC polymers, the di- and
trilodophenyl SQs and their copolymers with DVB and DEB. These systems represent the first
models mapping structure-property relationships in highly dendronized BoCs. In a second
complementary paper we describe one example of a more extensively conjugated linker and
other approaches to BoC systems.”

4.2.1. Synthesis of BoC polymers from IgOPS and DVB

Our initial work centered on reacting 1sOPS with DVB using Heck coupling to form
BoC polymers per reaction (3). We find that the amount and method of addition of DVB are
critical to preparing soluble polymers because all eight iodide groups can react to form
crosslinked, insoluble polymers. After trial and error, we found that high molecular weight,
soluble polymers were obtained when 0.7 eq. of DVB was added incrementally (see Chapter 2).
The synthesized polymers include low molecular weight SQs, therefore, these polymers were
further purified via column chromatography prior to model dendronization studies. Also, these
polymers show very broad molecular weight distributions (Figure 4.1) as might be expected
because single IsOPS molecules are statistically likely to react with more than one DVB as
discussed just below.

Even though the polymer I in reaction (3) and Scheme 4.1 described as a linear polymer,
however, the actual chemical structure we expect is branch polymer with kink points because
more than one DVB can coupled with IgOPS and the coupling position is not controllable (Figure
4.2).
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Heck coupling of polymer I and p-R-styrene was attempted in initial efforts to

demonstrate their potential to be modified via traditional Heck, Sonogashira, Stille, and Suzuki

coupling chemistries (Scheme 4.1). As mentioned earlier, the general structure of synthesized

polymer I1-1V is not linear but the structure described in Figure 4.2. The chemical structure of

polymers in Scheme 4.1 is simplified for clarity.

Figure 4.3 provides the GPC traces of polymers I-1V after purification via column

chromatography. The GPC results show, as expected, that the introduction of styrenyl groups in

polymer I increases the molecular weight.

——Polymer | (After reaction)
——Polymer | (After column)
I8OPS

f

20 35

30

25

Figure 4.1. GPC trace of IgOPS and polymer | before and after purification for comparison.
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Scheme 4.1. Heck coupling of polymer I.
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Figure 4.3. GPC traces for polymers I-1V after purification.

Polymers 11-1V were characterized by FTIR (Figure S-4), *H-NMR (Figure S-5), and
TGA (Figure S-6, Table 1). Polymers Il and IV showed characteristic methoxy (vC-O, 1250
cm™) and amino (vN-H, 3381 cm™) bands in FTIR. *H-NMR spectra also exhibit characteristic
peaks at 3.7 (OCHjs, polymer 111) and 5.3 (NH;, polymer 1V) ppm.

The found ceramic yields (CYs) for polymers I-1V that are about 1 wt % higher than the
theoretical value; calculated based on perfectly linear polymer structures as illustrated in reaction
(3) and Scheme 4.1 (Table 4.1). The more iodo groups replace by DVB, the higher the ceramic
yield because the molar mass of two iodine atoms is higher than one linking DVB (254 vs. 130).
It is important at this juncture to note that CYs vary by +0.2 % in repeated runs; although the
resulting ceramic is white indicating complete oxidation of organics. Given that the Table 4.1
found CYs are about 1 wt % higher means that some fraction of the remaining iodo groups may
also have reacted with DVB.

One reasonable alternative is that during Heck coupling, in the catalytic cycle, some
“Pd-H” species is generated that reduces C-l aromatic bonds to C-H bonds leading to higher than
calculated ceramic yields. This is a well-known side reaction in Heck cross coupling studies
especially with iodo species.®**! We view this as a more reasonable explanation for the higher
ceramic yields observed in this system rather than the above suggested reaction with additional
DVB.

These results prompted our efforts to develop routes to BoCs with more regular
structures as discussed just below. Nonetheless it is worthwhile noting that the TGA data

indicate that these compounds have good to excellent thermal stabilities (> 300 °C) in air.
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Table 4.1. Characterization data for polymers | - V.

GPC TGA
C.Y.

My | M C.Y (Wt %) o

(kDa) | (kDa) | PP'| PP “(Found) é"r‘,’teoo/‘;g,) Taso (C)
Polymerl | 9 | 27 |29 | 6~18 | 264 25.1 300
Polymerll | 17 | 37 |22 | 9~-19 | 281 27.1 300
Polymerill | 24 | 54 |22 |11~26| 255 24.6 355
PolymerivV| 21 | 31 |15 |10~14| 269 25.8 370

4.2.2. Synthesis of BoC polymers from diiodophenyl SQ monomers

As noted just above, the direct Heck coupling of IgOPS with DVB is sensitive to the
amount and method of addition of DVB. Moreover, the modification of the remaining iodo
groups of synthesized BoC polymers (polymer 1) is anticipated to be somewhat more difficult as
coupling can be anticipated to be hindered in the polymer compared with the starting 1sOPS.
Therefore, we assessed an alternate route that is initiated by first preparing di- and tri-iodo

monomers via partial Heck coupling of 1sOPS with p-R-styrene.

4.2.2.1. Preparation of di- and triiodophenyl SQ

The title compounds were synthesized as illustrated in Scheme 2. The chemical structure
of monomer A, B and C in Scheme 2 provided one of isomers of diiodophenyl SQs for clarity.
As discussed below, actual chemical composition of monomers are mixture of mono-, di- and
triiodophenyl SQs. Moreover, di-, and triiodophenyl SQs are mixture of structural isomers

because the substitution pattern of p-R-styrene around the SQ cube is random.

OMe (Monomer B)
NH, (Monomer C)

Scheme 4.2. Synthesis of monomers A, B and C.
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The monomers were characterized by GPC (Figure Al1.1), TGA (Figure 4.4, Table 4.2),
MALDI-ToF (Figure 4.5, Table 4.3), *H-NMR and IR (Figure A1.2, A1.3). Figure 4.4 shows the

TGAs of IgOPS and monomers A, B and C in air. The theoretical ceramic yields for each

monomer were calculated assuming perfect di-iodophenyl SQs. The found CYs match the

theoretical values indicating that the average number of iodo groups per SQ cages is two (Table

4.2). This means that it is possible to control the average degree of functionalization.

These results are supported by *H-NMR (Figure S-3). The calculated ratio of phenyl and

vinyl protons to methyl protons in monomer B is 34:9 which corresponds to the integration,

33.2:9. For monomer C, the expected phenyl:vinyl:amino proton ratios (14:3:3) matches well

with the measured peak ratios of 15:3:3.

Table 4.2. Characterization data for monomers A — C and IgOPS.

Figure 4.4. TGA of monomers A, B and C and IgOPS for comparison (air, 10°C/min).

temperature (°C)

GPC TGA
Mn Mw CY (%) | CY (%) o
(Da) (Da) PDI (Found) | (Theory) Tasw) (C)
1sOPS 1,450 1,490 1.01 23.6 23.6 400
Monomer A 1,870 1,900 1.01 255 25.3 390
Monomer B 2,050 2,090 1.02 23.2 23.1 315
Monomer C 2,190 2,260 1.03 24.6 24.2 395
——1,0PS
—— Monomer A
90 + —— Monomer B|
—— Monomer C|
S
% 60
(0]
=
30 -
460 8(I)O

86



The MALDI-ToF data (Figure 4.4, Table 4

.3) show that monomers A and B consist of a

mixture of the desired di-iodophenyl SQ and mono and tri-iodophenyl SQs. Monomer C does

not ionize under the experimental conditions used. Because these monomers include trifunctional

SQs, DVB and/or DEB were added incrementally to prevent formation of insoluble, highly

crosslinked polymers (see Chapter 2). It is important to note that MALDI intensity data often

does not provide a direct quantification of the species present because the intensities relate to the

facility with which the individual components ionize. Thus, these data are best considered as

qualitatively similar to the actual isomer compositions (see reference 29 where MALDI data vs.

CY are compared).

@) (IPh),(Stilbene)

(IPh)s(Stilbene)s

/

(IPh),(Stilbene),

N

(b)

(IPh)s(methoxyStilbene),

(IPh);(methoxy-
Stilbene)s

/

(IPh);(methoxy-
Stilbene),

N

2100

2150

1800 1900 2000 2100 2200

Figure 4.5. MALDI-ToF for (a) Monomer A and (b) B.

Table 4.3. MALDI-ToF data for Monomer A and B."

Most Common Isotope Found (Da) | Calculated (Da) Relativ-e Peak
Intensity (%)
(I-CgH,)1(stilbene);(SiO1 5)s 1981.7 1982.2 52
(I-CgHa)o(stilbene)s(SiOy 5)s 2005.8 2006.0 100
(I-CgHa)s(stilbene)s(SiOy 5)s 2029.4 2029.7 87
(I-CeH,)1(OMestilbene);(SiOy5)s | 2154.3 2154.8 39
(I-CgH,)(OMestilbene)g(SiO15)s |  2160.6 2161.1 100
(I-CgH,)s(OMestilbene)s(SiOys)s |  2166.7 2167.3 82

"Error in reported intensities is + 5%




4.2.2.2. Polymerization of diiodophenyl SQs with DVB

The di- and trilodophenyl SQs (monomers A, B and C) were reacted with DVB using
Heck coupling per Scheme 4.3. One advantage of this approach is its potential for forming
copolymers. To demonstrate this potential, a copolymer of monomers B and C (1:1 ratio) was
synthesized (polymer VII11). As mentioned already, the synthesized polymer V-VII1 is not linear
polymer as shown in scheme 4.3 but the structure could be a branch polymer as described in
Figure 4.2 because the monomers are mixture of di- and triiodophenyl SQs. The chemical
structure of polymers in Scheme 4.3 is simplified for clarity.

Figure 4.6 and Table 4.4 provide characterization data for the synthesized polymers. The
CYs are well matched with the theoretical values unlike the polymers 11 — IV even though in
principle these polymers have same chemical structure. This approach allows us to also escape

the process that leads to loss of iodo groups as noted above.

1 O o
O 7 Q Heck catalyst O Sci%s‘;/\os
& S\@ e W) — RO ’d\sa\o%’;da ) —

ke
O — R=H(Polymerv) —"

R =H (Monomer A) R
OMe (Monomer B) OMe (Polymer VI)
NH, (Monomer C) NH; (Polymer VII)

OMe and NH, (Polymer VIII)

Scheme 4.3. Polymerization of diiodophenyl SQs and DVB via Heck coupling.

——PolymerV

——Polymer VI
Polymer VII

——Polymer VI

15 20 25 30 35
Time (min)
Figure 4.6. GPC traces for Polymers V-VIII.
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Table 4.4. Characterization data for polymers V - VIII.

GPC TGA
Mn Mw CY (%) | CY (%) .
PDI| DP T (C)
(KDa) | (KDa) (Found) | (Theory)

Polymer V 12 20 1.7 | 6~10 27.4 27.1 370

Polymer VI 30 72 24 | 14~34 25.0 24.6 320
Polymer VII 22 30 14 | 10~13 26.1 25.8 300
Polymer VIII 8 21 27 | 4~10 255 25.2 310

Polymers VI-V111 exhibit characteristic FTIR and *H-NMR spectra (Figure Al.4, A1.5).
In particular, polymer VIII exhibits both methoxy and amino peaks indicating successful
copolymerization. The photophysical properties of these polymers support this contention and

are discussed below.

4.2.2.3. Polymerization of diiodophenyl SQs with 1,4-diethynylbenzene (DEB)

As discussed below, the absence of an emission red shift in the DVB polymers observed
when using a starting material that was 75 % 1,3-DVB prompted us to explore the use of 1,4-
diethynylbenzene, DEB. Conjugated BoC polymers were synthesized via Sonogashira cross
coupling of monomers A-C with DEB per Scheme 4.4. A copolymer of monomers B and C (1:1
ratio) was also synthesized (polymer XII). As mentioned already, the chemical structure of
synthesized polymer IX-XI1 is not linear as provided in scheme 4.4 but the actual structure could
be a branch polymer (Figure 4.2). The chemical structure of polymers in Scheme 4.4 is

simplified for clarity.

O R R R R ]
()
/ \ , ’X.
O Ojoi/oo\/Si | Sonogashira O Q,SOi/O’
R Q { O\\S\I / +07 = = Couping R SI O\S.\S}i, s
f == didin,
i, i o
oo IEES GRS I
| . _
0 Q
R =H (Monomer A) R L R = H (Polymer IX) R _In

OMe (Monomer B)
NH, (Monomer C)

Scheme 4.4. Polymerization of diiodophenylSQs and DEB via Sonogashira coupling.

OMe (Polymer X)
NH, (Polymer XI)
OMe and NH, (Polymer XII)
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The Figure 4.7 and Table 4.5 characterization data indicate that the DEB polymers have
lower molecular weights than the DVB polymers. This likely arises because the triple bonds of
the linker allow fewer degrees of freedom thereby reducing the solubility of the resulting DEB
oligomers and polymers.

In general, the FTIR, *H-NMR, TGA spectra (Figure Al.4, A1.5, A1.6) are all in
agreement with those expected for the isolated polymers. Their photophysical properties are

discussed below.

—Polymer IX

—Polymer X

—Polymer XI
Polymer XII

20 25 30 35
Time (min)

Figure 4.7. GPC traces for Polymers IX-XI1.

Table 4.5. Characterization data for polymers I1X - XII.

GPC TGA
Mn Mw CY (%) | CY (%) o
PDI DP Taew (C)
(KDa) | (KDa) (Found) | (Theory)
Polymer IX 16 27 17 |8~14| 281 27.2 370
Polymer X 16 20 1.3 |8~10 24.3 24.7 300
Polymer XI 10 19 19| 5~8 26.7 25.9 330
Polymer XII 9 22 25 |4-~10 25.5 25.3 340

4.2.3. Photophysical properties.

Figure 4.8 depicts the general structures of the DVB and DEB polymers. Figure 4.9
provides their UV-vis absorption and emission spectra and those for the corresponding
monomers (THF). Their spectral data are summarized in Table 4.6. The UV-vis absorption
maxima of all the polymers are identical to the corresponding monomers and are very similar to

our previous reports for the Tg"*? or T1o/1,°* or BoC SQs.*
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Figure 4.8. Proposed structures of (a) monomers, (b) DVB polymers and (c) DEV polymers.
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Figure 4.9. UV-vis and emission spectra of monomer, DVB polymer, DEB polymer in THF for
comparison. (a) R=H, (b) R=OMe, (c¢) R=NH..
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Table 4.6. Spectral data for monomers, DVB and DEB polymers.

UV A nm) | PL A nm
R max ( ) max ( ) q)PL (%)
(£ 2 nm) (£ 2 nm)
Monomer A (H)* 315 359, 391 11
Monomers Monomer B (OMe)® 327 409 12
Monomer C (NH,)? 353 446 6
Polymer V (H)? 315 375, 397 23
Polymer VI (OMe)? 321 422 19
DVB polymers -
Polymer VII (NH,) 350 443
Polymer VIII (OMe, NH,)® 324 425 4
Polymer IX (H)® 315 400, 423 12
Polymer X (OMe)? 327 447 5
Polymer XI (NHy)? 350 484 1
DEB polymers 5
Polymer XI (NH,) 351 497
Polymer XII (OMe, NH,)? 327 464 1
Polymer XII (OMe, NH,)" 330 479

%in THF, ® in Acetonitrile.

The DVB polymer emission spectra show less than 10 nm red shifts (R = H, OMe) or no
shift (R = NH,) compared with their respective monomers. This result indicates that there is no
or very little electronic interaction between the SQ cages as might be anticipated because our
source of DVB consists of a mixture of 1,3- (75 %) and 1,4-DVB (25 %) isomers.

Because 1,3-DVB does not offer conjugation in either the ground or excited states and
presence of just 25 % 1,4-DVB greatly limits the opportunity to extend conjugation. These
results support the fact that the red shifts observed previously®? require conjugation through the
linkers between the cages. Furthermore, overall, it seems that all forms of cages studied to date
exhibit what we term 3-D excited state conjugation through cages via the conjugated linkers.

In contrast, the DEB polymer emission spectra show significant (~40 nm) red shifts
compared with their respective monomers. This suggests 3-D electron delocalization in the
excited state and conjugation that extends through the SQ cages and through the conjugated
linker as seen in previously and in the two accompanying papers.”®

Figure 4.10 provides the UV-vis and emission spectra for the copolymer of monomer B

(methoxystilbene) and monomer C (aminostilbene), and their homopolymers for comparison. In
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the case of the DVB polymers, the copolymer spectrum looks like a physical mixture of each
homopolymer. As mentioned just above, conjugation in the DVB polymers is severely limited
due to the high proportion of the 1,3-DVB isomer used in their syntheses. However, the
maximum emission of the DEB copolymer (Amax: 46412 nm) is between that of the two
homopolymers (Amax: 44712 and 48412 nm). This suggests that the lowest unoccupied molecular
orbital (LUMO) of the copolymer reflects communication between each type of SQ through the
conjugated tether.

----- Polymer VI Abs. (b) ---=-Polymer X Abs.

7 e
;'::' \ —— Polymer VI Em. ,,’7 \ NN ~—— Polymer X Em.
! (I} [/ \
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Figure 4.10. UV-vis and emission spectra of methoxystilbene polymers, aminostilbene polymers
and their copolymers in THF for comparison. (a) DVB polymers, (b) DEB polymers.
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Figure 4.11. UV-vis and emission spectra of (a) Polymer XI, (b) Polymer XII
in two good solvents (THF, AN).

To investigate the potential for charge transfer (CT) behavior in the DEB aminostilbeneSQ
polymers, as seen in simple aminostilbenevinyl SQ compounds,'®*?! the solvent polarity effects

on emission of polymers XI (homopolymer) and XII (copolymer) were explored. Figure 4.11
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provides the UV-vis and PL spectra for Polymers X1 and XI11 in THF and acetonitrile (AN). Both
polymers show ~ 15 nm red shifts in the more polar solvent, AN, than in the THF. Even though
the red shift is less than in the 4-aminostilbenevinylTg (25 nm) and T10/12 (30 nm) SQs, ?** DEB
polymers having 4-aminostilbene groups also show CT stabilization. As a final comment, the
emission quantum yields seen in Table 4.6 are in line with what we have seen previously and are

typical of stilbene moieties on and off SQ cages.’**

4.3. Conclusions

This report details the synthesis and characterization of sets of non-conjugated (DVB)
and conjugated (DEB) BoC polymers and copolymers derived from IsOPS. We have explored
two different synthetic routes, changing the reaction sequence of IgOPS functionalization and
linking each SQ via Heck or Sonogashira cross coupling with DVB or DEB. We have begun to
explore the photophysical properties of these BoC polymers. Even though DVB polymers show
no or very little conjugation because of the high density of 1,3-DVB linkers, the DEB polymers
exhibit significant red shifts (~40 nm) in emission spectra compared with their corresponding
monomers suggesting electron delocalization through the conjugated SQ cages.

Thus the DVB polymers and copolymers that do not offer conjugation between SQ
cages, offer a negative proof for our continuing argument that when conjugation exists the
observed red shifts support the presence of delocalization within and between cages. Moreover,
the fact that the emission spectra of the DEB copolymers are an average of each homopolymer
rather than a sum of the two individual homopolymers indicates communication between the two
different SQ cages. Furthermore, BoC polymers having p-aminostilbene group exhibit charge
transfer (CT) stabilization. These unique photophysical properties offer potential for new
organic/inorganic hybrid semiconducting materials.

Finally, it is important to note that the compounds, oligomers and polymers prepared
here do not offer conjugation in the ground state and should not be compared with typical
organic polymers where m-m interactions in the ground state can greatly affect the HOMO
energies. Consequently, these new materials will differ quite significantly from all organic

systems and should not be compared with them. However, we do find that the introduction of
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9,9’-dimethylfluorene linkers does offer a first example where there appears to be conjugation in

the ground state as discussed in a complementary paper.”®
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Chapter 5

Synthesis and characterization of second generation (GEN2)

derivatives by functionalization of vinyl T, silsesquioxanes

Published in Chemistry of Materials, 2012, 24, pp. 1883-1895

Abstract

Fluoride ion catalyzed rearrangement of —[vinylSiO; s],- oligomers and polymers in THF
provides essentially quantitative conversion to mixtures of the 3-D cage compounds
[vinylSiO1 5]10 and [vinylSiO; s]12 with small amounts of the [vinylSiO; s]14 cage. These mixtures
are easily transformed into their respective styrenyl analogs by metathesis with p-R-styrene to
give 100 % conversion to the Generation 1 (GEN1) compounds [p-R-styrenylSiO; s]1012. The R
= Br compounds are then easily modified by Heck coupling with p-R-styrene in > 90 % yields
and ~ 100 % conversion to the Generation 2 (GEN2) compounds [p-R-stilbenevinylSiO; 5]10/12.
These studies were designed to map structure-photophysical properties in these 3-D molecules
with the goal of finding replacements for Cgy and Cyo electron acceptor compounds currently in
use in most organic photovoltaics. Photophysical characterization indicates that the GEN2
compounds have average band gaps that are slightly smaller than their Tg analogs. However, the
CsFs derivative offers blue shifted absorption with a very red shifted emission in contrast to the
blue emission shift that was expected coincident with the absorption blue shift.

Initial cyclic voltammetry studies suggest that the GEN2 CgFs derivative has HOMO-
LUMO energies that may, through further modification, provide energy levels that meet our
target objectives. In addition, solvent studies targeting absorption and emission behavior find
emission behavior in poor solvents for R = H, Me, MeO that suggests some form of aggregation.
This aggregation red-shift of emission perhaps arises from partial interdigitation of p-R-

stilbenevinyl groups. Because these molecules are three dimensional; moieties opposite the
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points of interdigitation emit as they do in good solvents leading to emissions that broadened
greatly. Furthermore, because we have previously observed what appears to be 3-D conjugation
in the excited state, these results suggest the potential to promote charge transport in three
dimensions perhaps similar to Cgo/C7o. Alternately, these same materials may serve as novel

emitters for light emitting diodes.

5.1. Introduction

Silsesquioxane (SQ) cage chemistry has recently received a great deal of attention
because of the many benefits that can be derived from SQs’ potential to offer high degrees of
functionalization coupled with thermal stabilities improved by the heat capacity inherent in their
silica cores and their high solubility in multiple organic solvents allowing ease of purification.
To date this area of research has been the subject of some 17 reviews.™ " Most of these reviews
focus on the chemistry of the octahedral compounds [RSiOy5]s (where R = R’SiMe,O and R/R’
= alkyl, aryl, alkenyl, alkynyl, etc.).

Research by Bassindale et al.,'®?° Rikowski et al.,”* and Mabry, Bowers et al.??
described the influence of various bases on the formation of SQ cages with some evidence
suggesting F catalytically scrambles the R groups. In recent work, we demonstrated that this
route provides an excellent method of making mixed functional cages; not mixed functional
[R'SiO15]sx[R?SiO15]x but [R'SiO15]10x[R?SiO15]x and [R'SiO15]12x[R?SiO15]x cages almost
exclusively.”% Most recently we learned to make large quantities of [vinylSiO1 s]10:12 Mixtures
from the T resin, [vinylSiOy s],.**

Previously, we reported using [vinylSiO s]s to synthesize [p-RStrylSiO; 5]s where R = H,
Me, MeO, Br, NH, and the corresponding stilbenevinylSQs, [RStiIICH=CH,SiO1 5]s.%*?’ We also
characterized their photophysical properties in detail as these materials appear to exhibit some
form of conjugation in the excited state.?*?® A further motivation comes from work of Sellinger

et al.,?®

who describe Heck cross-coupling of [vinylSiO; s]s with organic moieties conjugated to
the SQ silica cage. The resulting compounds offer exceptional improvements in their electron
and hole transport properties when used as components in organic light emitting diodes (OLED)

compared with simple organics as reviewed recently.**
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In this report, we continue efforts to expand our knowledge of the photophysical
properties of these systems as potential new components in the development of OLEDs but also
as highly stable, easily modified and robust components for hybrid photovoltaics. In particular,
our long term goal is to find materials that can replace components such as the Cg and Cyy
fullerenes (e.g. PCBM) currently used in many hybrid photovoltaics given their very high cost
and potential toxicity especially as singlet oxygen generators.”>* In this vein, we report here
efforts to functionalize [vinylSiOy s]10/12 Via reaction scheme 5.1, 5.2 and 5.3.

More specifically, our objective in the current studies is to map the photophysical
properties especially of the GEN2 compounds of reaction scheme 5.3 to compare the effects (if
any) of the larger cage sizes on emissive behavior, two photon cross-sections and also on their
HOMO-LUMO energies via cyclic voltammetry for the reasons mentioned just above. We use
the term “map” because the properties of these types of 3-D molecules are for the most part
unknown and consequently, we must develop a detailed understanding of many of their
properties as a prelude to learning to tailor their properties to meet our stated objectives.

As we will see below, for some types of functionalization, the photophysical behavior
observed differs very little from the Tg compounds; however, for others there is a considerable

difference. Indeed the CgF5 derivatives offer novel behavior that for the present is inexplicable.

5.2. Results and Discussion

In the following sections we first discuss our synthetic approaches to generating Tig/12
compounds with very high degrees of functionalization and thereafter their photophysical
properties. Because both sets of compounds have very similar chemical and physical properties
we have not found simple methods of separating the T1o from the T1, compounds. Thus, at the
outset it is important to realize that these compounds can be considered to be relatively well-
defined oligomers rather than discrete molecular species although the distinction may seem small.
Consequently, we are exploring average properties though the differences may not be
particularly great. Also note that in the current studies we see small amounts of T4 compounds.
The exact structure of this component is unknown but sees Baney and Itoh.2

As seen with the Tg compounds, we are able to install layers of organic functionality

starting from the silica cage out. In a future paper, we will develop routes to the further
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functionalization of the GEN2 compounds developed here, to produce GEN3 compounds that
come closer to meeting our stated objectives. Because our starting points for the compounds
made here are vinyl functionalized species, two pathways can be explored for further
modification; Heck or metathesis cross-coupling. Sellinger et al.**?® report using Heck coupling
to mono- and partially di-functionalize [vinylSiO; s]s. Using their work as the starting point, we
explored the use of Heck coupling to synthesize mono- (S) and di- (D) functionalized vinylT1g/12
(Scheme 5.1).
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Scheme 5.1. Heck coupling reaction of vinyl T2 (GEN1).
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Table 5.1 summarizes our findings indicating that with the exception of anthracene,
functionalization, even with efforts to limit coupling to mono-functionalization, gave significant

di-functionalization. Furthermore, under the conditions used, it was not possible to obtain

|.28

complete di-functionalization as also reported by Sellinger et al.“" albeit for the vinylTg.

Table 5.1. Characterization of GEN 1 Mono (S) and Double (D) Heck coupling compounds
(NP = Naphthalene, An = Anthracene).

TGA m/z (Ag" adduct) GPC
R Ceramic yield (%) | Ave. | Tusw T1o T,
. ° M, PDI
group | found Calc. | Substit. | "C | MALDI MALDI
Vinyl 75.4 75.9 - 240 | 900.0 | 899.2 | 1056.0 | 1057.5 | 950 1.03

S-Ph 34.8 38.7 1.2 420 | 1890.4 | Phyz | 2124.4 | Phy, | 1550 | 1.05

D-Ph 29.7 26.0 1.6 385 | 2350.0 | Phyy | 2660.4 | Phy, | 1590 | 1.07

S-NP 27.3 29.3 11 480 | 2286.3 | NPy; | 2696.4 | NP;3 | 1620 | 1.07
D-NP 21.4 18.1 1.6 455 | 3050.8 | NPy7 | 3460.2 | NP, | 1700 | 1.08
S-AN 231 235 1.0 445 | 2661.5 | ANy | 3171.3 | AN, | 1820 | 1.08
D-AN 23.6 14.7 1.0 445 | 2661.8 | ANy | 3171.8 | AN, | 1890 | 1.17

In contrast to the Heck coupling reactions, the metathesis products give analyses (Table
5.2) expected for 100 % cross-coupling and mono-functionalization (Scheme 5.2). As such, and
in particular, the p-bromophenyl derivative was scaled to 10 g quantities to serve as the starting
point for all GEN2 compounds (Scheme 5.3).
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Scheme 5.2. Metathesis reaction of vinylT1012 (GEN1).
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Table 5.2. Characterization of GEN1 materials produced by metathesis (NP = naphthalene).

TGA m/z (Ag” adduct) GPC
Ceramic yield (%) | Ave. | Tgsw Tio T
R group o M, PDI
actual calc | Subst. C | MALDI | Calc. MALDI | Calc.
Ph 38.8 38.7 1.0 430 | 1659.0 | 1660.7 | 1970.0 | 1971.3 | 1540 | 1.06
NP 28.7 29.3 1.0 415 | 2164.0 | 2161.3 | 2574.8 | 2572.0 | 1650 | 1.05

PhMe 35.8 35.5 1.0 330 | 1800.9 | 1801.0 | 2140.0 | 2139.6 | 1600 | 1.04
PhOMe 31.9 32.4 1.0 395 | 1960.4 | 1961.0 | 2332.0 | 2331.6 | 1630 | 1.03
PhCH,CI 30.7 29.5 1.0 340 | 2144.7 | 2145.4 | 2552.0 | 2552.9 | 1860 | 1.04

BrPh 25.0 25.7 1.0 335 | 2452.0 | 2449.7 | 2920.3 | 2918.1 | 1830 | 1.06

BiPh 254 26.0 1.0 340 | 2422.1 | 2421.7 | 2885.7 | 2884.5 | 2150 | 1.04

FF R= { »  p—  )ome
rava (H) (Me)  (MeO)
FF FoF
=\ C y—F
Vel I
\ 4 A
(NHz)  (5F)

Scheme 5.3. Heck coupling reaction of p-BrStyrenylTip12 (GEN2).

Table 5.3. Characterization of GEN2 compounds.

TGA m/z (Ag" adduct) GPC
CY (%) Ave. o Tio Ti2
R’ Tas C M, PDI
Found | Calc. | Subst. MALDI | Calc. MALDI | Calc.

H 23.3 | 234 1.0 390 | 2680.7 | 2681.5 | 3195.1 | 3196.2 | 3200 | 1.04
Me 215 | 221 1.0 385 | 2820.1 | 2821.7 | 3362.8 | 3364.5 | 3500 | 1.03
MeO | 20.9 | 20.9 1.0 350 | 2981.0 | 2981.7 | 3555.2 | 3556.5 | 3530 | 1.04
NH, | 22.1 | 22.6 1.0 390 | 2832.3 | 2831.6 | 3376.9 | 3376.4 | 4100 | 1.03
5F 170 | 17.3 1.0 345 | 3581.6 | 3581.0 | 4276.4 | 4275.6 | 4140 | 1.05
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In general the TGA, MALDI and GPC data are all in agreement with those expected for
the compounds isolated. It should be noted that the calculated ceramic yields (CY) in Table 5.1,
are those calculated for the average degree of substitution as determined by the MALDI data and
not theoretical values for single and di-substitution.

It is also important to note that the MALDI intensity data used to calculate the average
degree of substitution depend on the ease of ionization of each particular species. While these are
not necessarily the same for given degrees of substitution, they are viewed as being qualitatively
the same. Consequently, there may be some error in the average degree of substitution observed
which may account for some slight discrepancies in the CY data.

It should also be noted that because all the SQ compounds described here are three
dimensional and are roughly spherical in nature compared with 2-D molecules, they occupy
different hydrodynamic volumes than what might be expected for oligomers of similar atomic
mass. Therefore, the polystyrene standards used to calibrate the GPC, will not give calculated M,
values representative of the actual SQ molecular masses.

Figure 5.1 provides two representative spectra for GEN1 p-MeOStyrenylSQ and GEN2
for CgFsstilbenevinylSQ. The cage structure is maintained throughout the syntheses as witnessed
by the strong vSi-O bands near 1100 cm™, aside from this specific band, the remaining IR bands
are typical of those found in aromatic compounds. As such, Tables A2.1 and A2.2 list all of the

respective IR bands of the compounds synthesized as described in the experimental.

——GEN1 (MeOPh)
——GEN2 (CF,)

Figure 5.1. Representative FTIR for GEN1 p-MeOStyrenylSQ and GEN2 CgFs stilbenevinylSQ.
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GPC data for GEN1 and GEN2 SQs are given in Tables 5.1-3. Figure 5.2 provides
representative GPC chromatograms for vinylSQ, styrenylSQs (GEN1) made by different
methods and stilbenevinylSQ (GENZ2). These materials show narrow molecular weight
distributions, indicating that they retain their cage structures. Note that the three different
styrenylSQs show the same retention times, even though they have different numbers of phenyl
groups, because SQ cages are rigid and spherical molecules of approximately the same
hydrodynamic radii.

—Vinyl SQ

——Styrenyl SQ(S_Heck)
Styrenyl SQ(D_Heck)

——Styrenyl SQ (Metathesis)

Stilbenevinyl SQ

25 35 40

Figure 5.2.GPC traces of vinylSQ and styrenylSQs (different reaction conditions) and
stilbenevinylSQ (GEN2).
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Figure 5.3. DSC traces of selected styrenylSQs and stilbenevinylSQ (GENZ2), second scan.

Figure 5.3 shows representative DSC traces of GEN1 StyrenylSQs and GENZ2
stilbenevinylSQs. As seen in Figure 5.3, GEN1 compounds present endotherms indicative of

melting near 100 °C for the second scan. Hot stage optical microscopy also shows that these
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materials melt over a 100-120 °C range as might be expected for Tyo12 mixtures. However, the
GEN2 compounds do not show melting behavior in the DSC and decompose at temperatures
>200 °C. Table A2.3 lists the melting points of the GEN1 compounds synthesized as described in

the experimental.

Photophysical studies

The following work is divided into two sections, steady state spectroscopy and two-

photon absorption measurements.

Steady-State Spectroscopy

Figures 5.4-6 provide absorption and emission spectra (THF) for selected GEN1
compounds with the data shown in Tables 5.4 and 5.5. The absorption spectra for both the single
and double Heck phenyl and naphthalene compounds exhibit distinct band structure, with
absorption maxima being nearly the same for both single and double Heck derivatives. These
values are Amax = 25442 vs. 258+2 nm for the phenyls respectively, and Amax = 302+2 nm for
both naphthalenes. Furthermore, the doubly functionalized compound emission spectra are
slightly red-shifted as might be expected for cross-conjugated moieties due to slightly extended
excited state conjugation. Both the single and double Heck phenyl and naphthalene compounds
give similar spectra respectively.
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Figure 5.4. UV-vis absorption and PL spectra for GEN1 T2 R = S-Ph, and D-Ph (THF).
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o =
o] = N
f ‘ )

Absorption/Emission
o o
S o

N S
\, na %
N\ L8
\ N,
\ \\
\\ "\
\ ™,
\ N,
\ .
% N
\,
\
N

N,

\,

\

\,
\\\
\\\\
T —
400 450

Wavelength (nm)

.
See

—Ti10/12 S-An Absorption
= Ti0/12 S-An Emission
—T10/12 D-An Absorption
=-T10/12 D-An Emission

~.
NS

Figure 5.6. UV-vis absorption and PL spectra of GEN1 T;912 R = S-An and D-An (THF).
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Table 5.4. Absorption and Emission Maxima for GEN1 compounds.

Absorption(nm) | Emission(nm) | Stokes Shift (cm™)
T1012 R=S-Ph 254 310, 364 7112
T1012 R = D-Ph 258 311, 362 6501
Tion2 R =S-NP 302 384 7071
Ti0n2 R =D-NP 302 386 7206
Ti012 R =S-An 374 465 4135
T1012 R =D-An 374 455 3663
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Table 5.5. Photophysical data for GEN1 compounds.

Cross-section per Chromophore

@
PHe 5(GM) at 795 nm

Ti012 R=S-Ph | 0.03

T1012 R=S-NP | 0.03 ~0.01

Ti0n2 R=S-An | 0.13 ~0.001

In contrast, while mono functionalized anthracene offers the most red-shifted absorption
at ~374+2 nm and emission at Amax = 465+2 nm. Its emission is featureless possibly resulting
from charge transfer or from an averaging of the emission signals. All of the absorption and
emission spectra were taken at concentrations of 10° to 107 molar where formation of
excimers/exciplexes between two cages is unlikely. However, it is possible that internal excimers
form. Zhang et al. report formation of T-type excimers on zinc (II) acetate w/N,N’-
Bis(anthracen-9-ylmethyl)propane-1,3-diamine ligands, which give broad emission bands similar
to those found here, suggesting the possibility of internal T-type excimer formation on the
cages.*® We believe this is not occurring as the individual moieties are almost 90 ° apart on the
surface of the cage and even with some rotation are unlikely to be able to approach each other.

A comparison between the molar extinction coefficients of S-anthracene and D-
anthracene, of 4.2x10* M'em™ and 4.8x10* M™cm™ respectively reveals just a slight increase in
absorption efficiency of the doubly substituted versus the singly substituted. This is consistent
with the double and single species both being approximately only singly substituted. As a
comparison, the D-naphthalene showed an increase in molar extinction coefficient compared to
that of S-naphthalene, 9.6x10* M™cm™ and 1.0x10* M™*cm™ respectively, evidence of increased
substitution as seen in Table 5.1, which gives a substitution of 1.2 for the S-and 1.6 for the D-
naphthalene.

The calculated fluorescent quantum vyield (QY) was 13% for S-anthracene. This
contrasts with a literature QY for vinylanthracene linked to aliphatic carbons of 80%.% The
lower than expected QY for the S-anthracene system may arise because of a photoinduced

electron transfer (PET) fluorescence quenching process, which may also be evident in the solvent

108



study of the S-anthraceneSQ.* The S-anthracene QY is =~ 2% in acetonitrile, likely arising from
non-radiative decay enhanced by the smaller, more polar acetonitrile solvent.

In general the Stokes shift differences between the mono- and di-substituted compounds are
small, with no general trends observed for the GEN1 compounds.

The lack of structure in the anthracene systems prompted us to examine the effects of
solvent polarity on emission behavior with the intent of enhancing CT behavior if it existed.
Thereafter we decided that it would be wise to explore the effects of good, bad and polar or
nonpolar solvents on the photophysical behavior of several of our GEN2 compounds.

For the anthracene moieties, there is a noticeable solvent effect for emission on going
from 95:5% of acetonitrile:THF to the less polar THF solvent. This was studied by dilution with
THF from the 95% acetonitrile sample, with a 25% reduction in concentration and amount of
acetonitrile per measurement as shown in Figure 5.7. The emission spectrum shifts from Amax =
492+2 nm in acetonitrile to Amax = 465+2 nm in THF, with ~25% reduction in intensity with each
dilution of THF.

——S-AnEm 95:5 CH,CN:THF

492 —— S-An Em 75:25 CH,CN: THF

1.04 S-An Em 50:50 CH,CN:THF
——S-An Em 25:75 CH,CN:THF

0.8 4

0.6 4

0.4

Normalized Emission

0.2+

0.0

T T T T T T
400 450 500 550 600 650 700

Wavelength (nm)

Figure 5.7. Solvent study of GEN1 Tyg/12 R = S-An by sequential dilution with THF to reduce
the amount of acetonitrile and the overall concentration.

In contrast, samples prepared with equimolar concentrations with different ratios of
acetonitrile:THF evinced no shifts at all; although fluorescence quenching was notable with a
decrease in intensity on going from THF to acetonitrile. We suggest that this arises due to

differences in solvent interactions with the chromophore (Figure 5.8), as noted just above. As
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acetonitrile concentration increases, a second band appears Amax = 415+2 nm and the emission

becomes more structured as was originally expected. This emission is similar to that expected for

vinylanthracene.®
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Figure 5.8. GEN1 Tyg112 R = S-An emission spectra at different acetonitrile: THF ratios (1 uM).

Further analysis in hexane:THF mixtures shows a similar trend, with higher hexane

concentrations giving the lowest intensities, and THF the highest (Figure Al.1). The spectra

show slight blue shifts with increased hexane concentration, attributable to poorer solvation,

though the general shape and intensity trends are similar to those of acetonitrile.

Figures 5.9 and 5.10 show GEN2 compound absorption and emission behavior (THF)

with the data tabulated in Table 5.6. In keeping with what is generally expected, aromatic rings

with more polar substituents, (e.g. R = NH,, OMe), are red-shifted compared to less polar

substituents, (e.g. R = H, Me). In part this arises from a switch from n-n* transitions dominating

the photophysical properties to charge transfer (CT) behavior as seen in the Tg GEN2

systems.?®%’
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Figure 5.9. UV-vis absorption spectra of selected GEN2 R-stilbenevinylSQs in THF.
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Figure 5.10. PL emission spectra of selected GEN2 R-stilbenevinylSQ compounds in THF.

Table 5.6. Absorption and Emission Maxima for GEN2 compounds.

Absorption | Emission | Stokes Shift
Tion2R = 1 Dpx
(£2 nm) (x2 nm) (cm™)

H 333 387 3988 0.2
Me 333 393 4316 0.1
OMe 343 418 5402 0.07
NH, 363 483 7056 0.07
CeFs 316 445 9173 0.01
TgCeFs 317 434 8504 0.03
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The UV/Vis and PL spectra for 4-aminostilbenevinyl T1o/12 SQ were also examined as a
function of the solvents acetonitrile, THF and cyclohexane as seen in Figure 5.11 and Table 5.7.
As expected, acetonitrile with 5% THF added to improve solubility leads to a 32 nm red-shift
compared to THF alone because of CT stabilization in the more polar solvent. The absorption
spectra for all three solvents are essentially the same, with cyclohexane with 5% THF and THF
samples having identical emissions.
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Figure 5.11. UV/vis absorption and PL spectrum of Tyg/1, 4-aminostilbenevinylSQ.

Table 5.7. UV/vis absorption and PL for T0/12 4-aminostilbenevinylSQ as a function of solvent.

Absorption (x 2 nm)

Emission (x 2 nm)

Acetonitrile (5% THF) 363 516
Cyclohexane (5% THF) 365 483
THF 363 483

The absorption of 4-aminostilbenevinyl Tip12, SQ in THF, acetonitrile and cyclohexane
reveals a Amax = 36342 nm within error limits the same as the Amax =360+2 nm seen for the Tg
analog.?®?" In THF, both the Tg and T10/12 Systems exhibit featureless emissions at Amax ~ 486+2
nm. In acetonitrile, the Tg analog exhibits a structureless emission at Amax~ 507 £2 nm, whereas
the T1o/12 System emits at 517+2 nm. We believe that this slight red-shift for the T2 System is
real compared to the emissions in THF. One possible interpretation is that the average band gap

for the mixture is slightly lower in energy than that for the Tg compound. One might expect some
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change in band gap if the cages interact electronically with the organic functional groups as we
have suggested elsewhere.?®%" In this instance, this behavior would suggest the larger GEN2
cages have slightly smaller band gaps.

The most unusual compound, however, is the GEN2 Ti012 R = CgFs derivative. This
compound exhibits a Amax Of absorption that is blue-shifted from 333 + 2 nmforR=H to 316 + 2
nm, see Table 5.6 and Figure 5.9. This shift is anticipated based on the electron withdrawing
character of C¢Fs. However, the emission is red-shifted to a Amax Of 443 £ 2nm which is even
greater than the R = OMe analog with (Figure 5.10). This is surprising since one would expect
that the emission would also be blue-shifted. The Stokes shift at 9173 cmis the largest of any
GEN2 compounds. The source of this exceptional red-shift is unclear at present, but clearly
indicative of the unusual photophysical properties in these systems.

Another important difference between the Tgand Tig12 amino systems resides in the
emission quantum efficiencies (®p ) compared against the standard Bis-MSB [1,4-bis(2-
methylstyryl)benzene] (®@p = 95%). The ®p, 0f the GEN2 Tg R = NH; is somewhat lower ®p ()
than the GEN2 Ty012 R = NH, compounds, 5% vs. 7% respectively, which is significant in the
calculation of the two-photon cross-section discussed below. All GEN2 T2, compounds except
the R = NH; have slightly lower ®p () than their Tg counterparts.

The molar extinction coefficients (¢)/chromophore for these compounds are Tg 3.43x10*
M7 em™ and Tion 3.64x10* M™*ecm™, suggesting that increasing the chromophore density in the
same volume does not influence overall absorption. The somewhat lower ®p| () probably arises
from some self-absorption but this again is not particularly significant. The molar extinction
coefficients are all listed in Table A2.4.

The effects of solvation on the UV/vis and PL spectra for Tio;12 StilbenevinylSQ were
assessed in THF, acetonitrile, and hexane, with spectra shown in Figure 5.12, 5.13 and A2.2
respectively, with emission Amax data given in Table 5.8. This study compared the effects of

solvent on both solubility and potential charge transfer properties.
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Figure 5.12. Emission studies of Ty stilbenevinylSQ in acetonitrile/THF mixtures
(serial dilution study)
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Figure 5.13. Emission studies of T2 stilbenevinylSQ in hexane/THF
at constant 0.86 uM concentration.
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Table 5.8. Emission (hm) of Tg and Tyg/12 StilbenevinylSQs (+ 2 nm) in acetonitrile: THF.

Acetonitrile: THF 95:5 75:25 50:50 25:75 0:100
Tione R=H® 444 410 410 387 387
Tion2 R = Me® 402 - 398 394 393
TgR=H® 386 - 384 - 385
Tg stilbene® 357 - 358 358 358
Tion2 R=H" 387

(S) = Serial Dilution study, (C) = Constant concentration study.

A comparison of Amax for Tign2 stilbenevinylSQ in 95:5 of acetonitrile: THF vs. THF
shows a 57-nm red shift (444 + 2 nm) from THF (387 = 2 nm) as a function of acetonitrile
content, Figure 5.12. In these studies, a single concentration was made (0.86 pM) in 95:5
acetonitrile:THF, which was successively diluted with acetonitrile, eventually to ~0 %
acetonitrile. The fluorescence intensity diminishes on moving to pure THF as expected with
dilution. One possible explanation for this shift in emission is that acetonitrile promotes CT
behavior; however, the band structure is retained contradicting this explanation. Additional
solvent effect studies were then run to further explore this effect.

In the first one, Tio12 StilbenevinylSQ at constant 0.86 uM concentration provides a
somewhat different trend. Figure A2.2 shows that at constant concentrations, the lowest
intensities are observed in 95:5 of acetonitrile:THF and the most intense in THF. However, there
are no changes in Amax, sugg