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Abstract

Silsesquioxanes with conjugated organic tethers (chromophores) offer high orders of
functionality (> 8 tethers), unusual enhanced absorption, emission and charge separation
over free chromophores, excited state electron delocalization, and high thermal stability.
This dissertation presents the synthesis and characterization of organic functionalized T
and T, [RSiO; s]10.12 molecules, with emphasis on their synthesis by fluoride catalyzed
rearrangement from [RSiO;s], and an understanding of their unique photophysical
properties targeting components in optoelectronic devices.

Initial discussion focuses on the synthesis of silsesquioxanes from silica via
conversion of rice hull ash (RHA) silica to spirosiloxanes [i.e. Si(2-methyl-2,4-pentane-
diolato),] by reaction with 2-Me-2,4-pentanediol and catalytic NaOH. The resulting
spirosiloxane reacts with selected arylLi reagents to form mono-aryl-spirosiloxane,
suggesting a pentacoordinate silicon based mechanism. These aryl-spirosiloxanes are
then converted through fluoride catalysis to novel aryl-silsesquioxanes [RSi0 s]s.10.12.

Thereafter we detail the development of [RSiO; s]i10,12 materials by fluoride catalyzed
rearrangement and its mechanisms. F'-catalyzed rearrangement of polymeric and
octameric SQs is indispensable to the synthesis of [RSiO;s]io12, and mixed
[R1R2S10 5]10,12 molecules in up to 95% yield. [PhSiO; 5] is synthesized in the highest
reported yield to date (~50%), and is used as a model system for mechanism studies. The
likely mechanistic paths taken to form T;¢ and T, SQs are analyzed by experiment with
MALDI/NMR to identify intermediates and computational modeling for the most likely
pathways. The most favorable pathway to Tjo from Tg involves coincidental participation
of fluoride and water with a net enthalpy of ~-24 kcal/mol.

We also present an extensive analysis of the photophysical properties of phenyl,
stilbene, and stilbenevinylsilsesquioxanes [RSiO;s]io12 (R = phenyl, stilbene,
stilbenvinyl) to map them for potential uses in optoelectronic devices. A comparison of
[PhSiO; 5]s,10,12 emission properties show excimer formation and emission red shifts of 40

nm in the larger cages, showing cage size influences photophysical properties.
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We also explore in detail the photophysical properties of [StilbenevinylSiO; s]s 10,12,
which show similar absorption and emission in solution, but decreasing fluorescence
quantum efficiencies with increasing cage size, suggesting more chromophore
interactions and non-radiative decay. [StilbenevinylSiO;s];o shows the highest two-
photon absorption cross-section of this series (5.7 GM/chromophore), offering the best
polarization and charge transfer character. Fluorescence upconversion fluorescence
lifetime studies on [StilbenevinylSiO; s5]s 10,12 find ultrafast charge transfer dynamics (<1
ps) indicative of chromophore-chromophore interactions in the excited state, unobserved
for stilbenvinylSi(OEt)s, suggesting excited state charge delocalization.

Lastly, reverse Heck cross coupling is used to link ([Phyvinyl,SiO s]10/12 with 1,4-
dibromobenzene, 2,7-dibromo-9,9-dimethylfluorene and 4,4’-dibromostilbene to form
beads on a chain (BoC) polymers. All polymers show red shifts in emission, however the
9,9-dimethylfluorene linked system shows shifts from the model bis-triethoxysilyl-
divinyl-9,9-dimethylfluorene of 50 nm and 70 nm in absorption and emission

respectively, suggesting ground state conjugation similar to conjugated organic polymers.
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Chapter 1

Introduction

1.1 History and Background

Silicon based materials have their origins in the Stone Age, when people used quartz
and other silica based stones to make tools." Then in ancient Rome, sand was used to
make glass bowls and vases, the beginning of silicon technologies. However, it wasn't
until the 1800’s that silicon (as an element) was first isolated by J.J. von Berzelius, and
finally in the mid 1800’s Sainte-Claire Deville developed the process carbothermal
reduction to synthesize pure silicon metal'

During the 1890°s Frederick Kipping began studying the interactions of silicon and
carbon, pioneering the development of organosilicon chemistry and coining the term
silicone.>” In the early 1900’s Kipping and others were in search of a silicon-based
derivative of carboxylic acids (siloxylic acid). However, their efforts were thwarted and
instead found a new class of materials that became known as silsesquioxanes [RSiO 5],.”

The real push for research in silsesquioxanes (SQs) began in the 1930’s when
Andrianov hydrolyzed alkyltriethoxysilanes in water; followed by the hydrolysis of
phenyltrichlorosilane to make the first isolated phenylSQ derivatives as a white solid.*”

The need for natural rubber alternatives during World War II made research into
silicon chemistry even more important, where such materials as silsesquioxane/silicone
hybrid materials were found to offer ideal natural rubber replacement properties as well
as fortunate pitfalls leading to the development of Silly Putty.®’

In the mid 1940’s Scott discovered from high temperature hydrolysis polymerization
of methyltrichlorosilane and silicon tetrachloride that cyclomers were formed.*'® This
then led to an early patent by Barry and Gilkey, which finally gave credence to
silsesquioxanes by defining the molecular formula of polycyclic hydrolysis products as

[RSiO;5]s, where R = propyl, ethyl, and butyl, produced from heating



alkyltrichlorosilanes with powdered alkali salts.'' However these materials were not
isolated as single structures.

In 1946 Scott isolated the first SQs (low yield) with a defined structure [CH3Si0O; s]s,
from the hydrolysis and condensation of methyltrichlorosilane, with yields increased and
reaction times decreased by employing hydroxide or amine catalysts.® In the 1950’s the
development of new characterization techniques such as infrared analysis and advances
in X-ray techniques further developed work in this area, with Sprung and Guenther in
1955 developing methods for the identification and isolation of [CH3SiO; 5]z in yields >
1%."

Of particular importance to the development of this dissertation are phenylSQs, which
were first synthesized in the 1950’s by Barry et al,”> followed by Brown et al. who
developed a high yield (>90%) route to [PhSiO; s]s."*

These developments were the beginning of what has become a burgeoning field of
scientific and engineering research. This has led to the development of high performing
and novel SQs for applications as diverse as coatings for satelites,'”'® light emitting
diodes (OLEDs),''® oil water separation,'® and polymerization catalysts.*

The goal of this dissertation is to understand the synthetic methods, physical and
photophysical properties and potential applications (i.e. photovoltaic materials) of Tjo,
T, and oligomeric organic functionalized silsesquioxanes. The main questions we have
set out to answer are as follows: 1. Can we find the optimized reaction conditions and the
mechanism of converting PhTg to PhTo by fluoride catalysis? 2. Can PhT;o SQs be made
in high isolated yields from waste materials such as rice hull ash derived Ph-
spirosiloxanes and polyphenylsilsequioxanes through TBAF (fluoride) catalyzed
rearrangement? 3. Can we determine the intramolecular interactions present in
chromophore functionalized SQs by two-photon absorption and fluorescence
upconversion? 4. Can chromophore functionalized SQs be used as components in

photovoltaic devices (i.e. replacements for electron acceptors)?

The following sections of this introduction give background into previously
developed materials and their properties toward answering the questions above, and
inspiration for the work of this dissertation. Section 1.2 discusses the development of

functionalized alkoxysilanes with developments from biogenic silica (rice hull ash) to
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silsesquioxanes. Section 1.3 gives an introduction to silsesquioxanes, what they are, how
they are made, and what they are used for. Section 1.4 is an overview of the interactions
of fluoride and silsesquioxanes, with emphasis on the importance of fluoride as a catalyst
for making silsesquioxanes. Section 1.5 describes the synthesis, properties and
applications of polymers containing silsesquioxanes. Section 1.6 gives an overview of the
important optical/electronic properties of silsesquioxanes and the various advanced
spectroscopic techniques used to determine their structure-property relationships. Finally,
an overview of the subsequent chapters of important findings of this dissertation is given

in Section 1.7.

1.2 Routes to Functionalized Alkoxysilanes

1.2.1 Commercial Methods

Alkoxysilanes and/or chlorosilanes are used as the building components for nearly
all silicon containing materials, which includes solar grade silicon, silicones, and
silsesquioxanes (SQs). These materials are used in applications ranging from toothpaste
abrasives to photovoltaic devices for energy conversion.”' The most common method of
making functionalized silicon is to convert silica (i.e. sand) into metallurgical grade

silicon (Sipet) through a carbothermal reduction process (Reaction 1).

Si0, + 2C %> 2CO0 + Sipe (met = metallurgical grade, ~ 98 % purity) (1)
Simer + HC] Sw/sneaalyst300°C > Hgi 015 + SiCly )
Simet + EtOH (MeOH) 2> Sj(OEt), [Si(OMe),] + Ha (3)
Sime+ Me(C] SSeatahyst300°C © 16GiC1; + Me,SiCly (silicone/polysiloxane precursor) (4)
4HSi(C]; disproportionaton catalyst , Gipy, 4 3GiCl, (5)
H, + HSiCly/SiCly (or SiHg) ™™l S /Si . (6-9 9s purity) + HCI (recycled) (6)
SiCls + 2H/0, ~22%C> Sj0, (fumed silica) + 4HCI (7)

This is an expensive and energy intensive process that requires heating silica to
>1900 °C with carbon in an electric arc furnace, and generation of CO as a byproduct.

Simet provides the basis for most silicon-containing materials, reactions (1-7).> >

The reason for such extreme conditions is the strength of the silicon-oxygen bond
(534 KJ/mol), one of the strongest bonds found in nature. Silicon for photovoltaics must

be further purified through the Siemens process (Reactions 5 and 6), where HCI is
3



recycled. Since chlorosilanes and HClg) are corrosive, and toxic, the production of these
materials require expensive and extensive safeguards, which add to the overall cost of the

final products.

HClg) is combined with Siye over a Cu/Sn catalyst to make chlorosilanes (Reaction
2). This process makes both HSiCl; and SiCls. SiCly could then be converted to Sip,, and
fumed silica (Reactions 6-7). One method of making hybrid organic/inorganic materials
starts by taking an alkyl/aryl halide and reacting it with H,SiCly in a gas phase
condensation reactor.’’ Another method is that shown in Reaction 4, where Sime 1S
reacted directly with alkyl/aryl halides over a catalyst. The resulting products are R,SiCly
and HCI.

Functional materials can be made directly from R-chlorosilane derivatives (i.e.
silicones, silsesquioxanes), or R-chlorosilanes are functionalized further to their
alkoxysilane derivatives. This process may be achieved through refluxing R-chlorosilanes
in ethanol/methanol often with an RO'Na" base catalyst, which through displacement of

the chloride results in R-alkoxysilanes.”*’

R-alkoxysilanes are then used in applications
such as sol-gel synthesis, silicones, and silsesquioxanes.’ R-alkoxysilanes are more
desirable than their R-chlorosilane precursors due to their increased stability to

. .. . . 31-33
hydrolysis, decreased toxicity, and decreased corrosive properties.

Another route to alkoxysilanes is through Reaction (3), where Sime is combined with
ethanol/methanol over a catalyst to make tetra-alkoxysilanes. These can then be further
functionalized through organo-Grignard/Lithium reagents, or potentially used to make

. 2634
materials such as fumed silica.”™

Overall, the energy intensive and environmentally unfriendly processes involved in
deriving useful silicon materials are counterintuitive. The process starts with oxidized
silicon in the form of SiO,, which is then converted to Siye, Wwhich is often converted
back to fully oxidized materials such as fumed silica and alkoxysilanes. Because of this
long seemingly illogical process, many researchers have looked at methods to “shortcut”

the synthesis of useful silicon based materials directly from SiO,.



1.2.2  Other Routes to Alkoxysilanes

Researchers as early as the 1930’°s have sought silicon-containing materials per the
low temperature depolymerization of silica. Scheme 1.1 illustrates this idea, in which
catalysts are used to lower the activation energy to break open Si-O bonds, resulting in a
alkoxysilane functionalized material, which by alkoxy group choice may result in

distillable materials.

R\
Catalyst/-2H,0 0o R
SiO, + 4ROH , VAR
O0—Si—0 Distills
< 200°C /
R 9
AN
R

Scheme 1.1. Depolymerization of silica by alcohol.

Rosenheim (1931) was the first to describe silica depolymerization using catechol

and stoichiometric KOH to form a hexacoordinated triscatecholato silicate (Scheme

35
1.2).
0,
-4H,0/200°C .
Si0, + 2 KOH +3 _ TREm S K Si
HO OH (o) 3

Scheme 1.2. Depolymerization of silica with catechol and KOH.

The importance of this study is evidenced by Weiss et al (1961),°® Frye (1964),”
Boer and Flynn (1968),”**° Barnum (1970),***' and Corriu (1986)* continuing to explore
SiO, depolymerization, using Rosenheim et als methods, but with various silica

feedstocks.

The success of this reaction arises because unlike carbon, SiO, expands its
coordination sphere to form five and six bonds, so the Si-O bond strength is diminished.
Though this process works well for depolymerizing silica at lower temperatures, the
resulting hexacoordinated triscatecholato silicate was extremely stable and water-soluble.
Also, the stoichiometry compromised the utility of this process, since equivalent base,
and equivalent amounts of a diol (catechol) made its conversion to any useful products

such as silica unattractive.



In 1991 Laine et al. published an alternative route to diolato silicates.” This method
relied on depolymerizing silica with ethylene glycol rather than catechol (Scheme 1.3 and
Scheme 1.4). More recently Laine et al. demonstrated that this process could be driven
catalytically, and is first order in base and surface area. The activation energy is ~60
kJ/mol and the reaction works best with high surface area, amorphous silicas (Scheme
1.5)."** The product of the catalytically driven reaction could not be distilled and was

not easily purified.

(0)
-3H,0/200°C ® o
Si0,+MOH+xs / \ ————» M [ § XOH
HO oH
02
M =Li, Na, K, etc

Scheme 1.3. Depolymerization of silica with ethylene glycol to form glycolatosilicate.

HO ol
M = Mg, Ca, Sr, Ba 3

o
-H,0/200°C
SiO, + MO +3 / N ————— M [ sie-
H
o

Scheme 1.4. Depolymerization of silica with ethylene glycol to form glycolatosilicate.

HOH O/—/
+ EGH,/-H,0/200°C |

SiO, > |

Catalytic, 1 mol % MOH, M =i, Na, K, etc © Si(egH)4
j GS

HO

Scheme 1.5. Depolymerization of silica with ethylene glycol to form glycolatosilicate.

Later Kinrade et al. suggested that plants use similar pentacoordinated silicates to
import and transport silica throughout their systems as a basis for biosilification, or the
process by which plants such as Rice takeup silica from the soil and store it in their stalks

for structural support.*®

Most recently, Laine et al. has proposed using rice hull ash (RHA) as a starting

7% First, it is agricultural waste product.

material for silicon containing materials.
Second, it contains >90 % silica with surface areas as high as 230 m?*/g. Third, since it

comes from rice husks, no heavy or toxic metals are present in the mixture since they do



not takeup heavy metals from the soil, which are common in mineral sources. All of the

above processes are possible using RHA as an alternative to other silica sources.

To improve upon the ethylene glycol synthetic methods, other diols were used to
develop distillable spirosiloxanes. Sterically hindered diols showed the best conversion
to spirosiloxanes.”” Of the commercially available hindered diols, 2-methyl-2,4-
pentanediol, the hydrogenated product of base catalyzed acetone condensation, is the
lowest cost, sterically hindered diol available and showed the best conversions to

tetrahedral alkoxysilanes (Scheme 1.6).”°

OH -H,0 © 0
+Si0) — = N
OH catalytic NaOH o/ \O

2-Methyl-2,4 pentanediol

Scheme 1.6. Depolymerization of silica with 2-methyl-2,4-pentandiol and catalytic
NaOH.

This diol offered >98% conversion of fumed silica and >60% conversion of high
surface area RHA to Si(2-methyl-2,4-pentanediolato),. This product is easily distilled
from the reaction pot and can be separated from residual diol by dissolving the mixture in
hexanes and then washing with water to remove the diol. We have also found that this
material can be easily converted to tetracthoxy or tetramethoxysilane through a
trifluoroacetic acid catalyzed exchange of diol with ethanol/methanol under anhydrous

51,52

conditions. The simple formation and purification processes led to the exploration of

its applications as a starting material to R-alkoxysilane derivatives as discussed above.

1.2.3 R-alkoxysilanes from Spirosiloxanes
Efforts have also been undertaken for low temperature routes to Si-C bonds that do
not require the use of Sime. Thus, a first step in this direction would be to establish

synthetic routes to Si-C containing compounds.

Surprisingly, very few researchers have sought out to tackle this goal. Most work in
this area has been carried out by Corriu et al, who explored the potential to react
alkoxysilanes (hexacoordinated triscatecholato silicate) with nucleophiles to form Si-C

bonds directly. This is illustrated in Scheme 1.7.*>%7
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9 o,
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RMgX or RLi
Si(OR)4 — >

SiR;0R
50 % Et, 60 % nBu

Scheme 1.7. Typical reactions of triscatecholato silicate or tetralkoxysilanes with
Grignard and lithium reagents,42’53—58

Corriu et al. report reasonable yields for these types of reactions; however, the only
products are tri- and tetrasubstituted silanes, as opposed to the much more useful mono-
or di-substituted derivatives. The latter compounds offer potential as monomer units for
the synthesis of novel siloxanes and silsesquioxanes (SQs, See Section 1.3). The Corriu
group concluded from their efforts that the pentacoordinated/hexacoordinated
intermediates formed are much more reactive than the tetracoordinated species, giving
this as the reason tri- and tetra-substituted silanes are the products from their efforts

rather than mono- and di-functionalized compounds.*>**%%

Given our considerable interest in finding new ways to make specialty

. . 29,61-63
silsesquioxanes,””

we initiated studies using stoichiometric R-Li/Et,0/-78 °C (R= Ph,
thiophene, anthracene, 9,9-dimethylfluorene, etc.) to functionalize Si(2-methyl-2,4-
pentanediolato), (I), finding it easy to make mono-substituted products (reaction 17) if
the reaction is quenched with Mel or Me;SiCl before warming. The resulting product can
be hydrolyzed in the presence of catalytic amounts of F~ to produce [PhSiO; s]s 10,12 in
good yields.®* An outline of the process of going from RHA to silsesquioxanes is shown

in Scheme 1.8, and as is discussed in more detail in Chapter 3.
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Scheme 1.8. Outline of a synthetic process for converting silica to silsesquioxanes.**

1.3 Introduction to Silsesquioxanes

Polyhedral silsesquioxanes and materials based on them are of increasing research
interest over the past 25 years, with nearly 400 publications in 2014 alone. There are also

. 29,30,47,10,66-71,20,72-77
18 reviews, 1 book and many book chapters.®>*%#7-10
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Figure 1.1. Silsesquioxane publications per year (1988-2014)."



Silsesquioxanes (SQs) are a group of compounds with the general molecular formula
[RSiO; 5]n, where R = H or alkyl, aryl, alkenyl, or siloxy groups. Their name stems from
latin, where “sil-" (silicon), “-sesqui-” (one and a half), and “-oxane” (oxygen) refer to
the 1.5 oxygen atoms shared by each silicon. They are a form of hybrid materials
(organic/inorganic) with properties intermediate those of organic materials and inorganic

materials due to their organic side chains and inorganic silica core.

Their popularity stems from their ease of synthesis and purification, their robust
nature compared to typical organic molecules, and the ease with which their
functionalities can be modified to sets of target properties in many applications. In
particular, they have more silica like properties than those of silicone polymers (R>SiO),.
Silsesquioxane-based materials have found use as components in polymer
nanocomposites, catalysts, models for silica surfaces and heterogeneous catalysts, low-k
dielectrics, antimicrobial agents, emitting layers in organic light-emitting diodes

(OLEDs), and coatings.””’

Silsesquioxanes are generally synthesized through the hydrolytic cleavage and

condensation of R-trichloro- or R-trialkoxysilanes (Scheme 1.9).

n RSiCl, . 3 HCI
or + 1.5nH,0 (RSiO;), + or
n RSi(OR')3 PPT Product 3 HOR'

Scheme 1.9. Example synthetic method to R-silsesquioxanes.

Many silsesquioxane structures are known to exist. The most common of which are the
fully condensed polyhedral oligomeric silsesquioxane structures, (Figure 1.2a) all of
which possess unique three-dimensional orientation and symmetries; alternatively they
are known as “POSS,” a trademark of Hybrid Plastics inc., but will be referred to here as
SQs; incompletely condensed polyhedral cage structures (Figure 1.2b), and random
structured polymeric materials (T-resins) with no long-range order, which are loosely
comprised of open caged and linear chains (Figure 1.2¢).”%**'*'% A fourth type of
structure (ladder polymer) is theorized to exist (Figure 1.2d), though examples of
oligomers have been made, as of yet its existence in polymeric form remains to be proven

by either characterization or isolation.®® The formation of random structures tends to

10



occur preferentially at high concentrations, while the formation of polyhedral cage
structures is usually favored under dilute conditions. This is generally problematic in that
slow hydrolysis and condensation reactions result causing synthesis times to relatively
slow (weeks to months). Many factors influence their formation and resulting structures,
including the type of starting material used (i.e. R-alkoxysilane vs. R-trichlorosilane),

solvent, reaction concentration, reaction time, quantity of water, product solubility, etc.”’

Sl =Si- Si =Si- o_.0 ‘o 7 j= P ~gi—0-—qa. 0.
lO\ 0\ R, OIOH HO\ % S si’R S/' SII si—O~s;
omy L Fooeo 4L 7
~gi” TSIl o o]

ory_ od S o W Ye 17§
‘ Q R ‘ Q " R “gi” %, ~Sl— 5~ \O/SI\O’SI‘
Siee Si” -0 Sie Sl’o (. ! | ! \
RS~0~> RSI~0-S1 L R R R L

A B (o] D

Figure 1.2. Silsesquioxane structural motifs.

There are a few naming conventions for silsesquioxanes. They are sometimes called
spherosiloxanes because their polyhedral structures are considered to be topologically
equivalent to a sphere.” More commonly silsesquioxane structures are typically named
using systematic nomenclature (similar to polymer repeat units).”* For example, the
molecular formula [PhSiO; s]s would be translated to octaphenylsilsesquioxane, which
would be a completely condensed octameric cage structure with phenyl groups on each of
the silicon corners. SQs may also be named by shorthand methods developed for siloxane
chemistry,66 as shown in Figure 1.3, or M = 10, D =20, T = 30, Q = 40. For example,
the octaphenylsilsesquioxane would be denoted PhTs, with the R-group substitution
given before the description letter. In this case, each silicon is attached to phenyl and

three oxygen atoms.

R LE RS LS
_si R—Si” “o—si” “o—si”
R OR | | |

R ~0 ~0 ~0

M D T Q

Figure 1.3. Siloxane nomenclature methodology.
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1.3.1 Completely Condensed Silsesquioxanes

Ts cubic silsesquioxanes (SQs, Figure 1.4a) are the most studied form of all of the
SQs due to their high degree of symmetry (O;) with functional groups in each octant in
Cartesian space, numerous preparation routes to reasonable quantities of material, and

017193 Though cubic SQs are extensively studied, little work has

their nanometer size.
been done with any of the other sizes of condensed cages, especially SQs composed of 10
and 12 silicon atoms (n=10, 12). This is due mainly to the lack of synthetic routes and/or
separation strategies to obtain reasonable quantities for further study/functionalization.”
They are most often found as minimal byproducts in the synthesis of Tg cages. Table 1.1

shows several published synthetic routes to T;¢ and T, with various functionalities.

Table 1.1. Example synthetic parameters to various Tjo and T} silsesquioxanes.’*

Size R- Starting materials and conditions Yield% | *°Si NMR
T1o -H HSICl; + c-CgH12/PhMe + H,SO, 3.6 -86.25
Cp | CpSiCly + H,0, THF + (NH4),COs, 7 days 67 71,50
-CH=CH, | [CH,=CHSI(OE),],O + H,O, TBAF, 26 -81.48

THF/CH2C|2, 2 dayS

-CgHs PhSiCl; + H,0, toluene, KOH, 9 h, then - -
recrystallization from benzene/hexane

Ty -H HSICl; + H,0, H,SOy4, cyclohexane/toluene, 6 h 3.5 -85.78, -
87.76
-CH=CH, | [CH,=CHSI(OEt),],0 + H,0O, TBAF, 15 -81.34, -
THF/CH,CI,, 2 days 83.35
-CeHs PhSiCl; + H,O, KOH, THF, reflux, 3 days 50-70 -

These structures offer further property modification over Tg SQs since they permit
greater functionalization at similar length scales and may offer increased solubility and

0163.10% The structure of [RSiOys]io (T10) is made up of two distorted

processability.
pentagonal faces, and four distorted square faces with D5, symmetry (Figure 1.4b). The
dodecasilsesquioxane is made up of four distorted pentagonal faces and four distorted
square faces (Figure 1.4c). Multiple symmetry orientations are possible for [RSiO; s]i2

(T12) (i-e. D24, Dén), but Dy, appears to be the most common by crystallographic analysis.

12
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Figure 1.4. Examples of SQ cage structures and their simplified structures.

Completely condensed SQs are very useful as nanobuilding blocks due to their
perfectly defined 3D structures and the ability to uniformly functionalize them at all
corners, minimizing defects. SQs are also unique in that they are spherical hybrid
organic/inorganic molecules with rigid silica cores, with each vertex containing an
organic group. They are 1-2 nm in diameter, with volumes of < 2 nm’, and in the case of
the T, separate each organic group into different quadrants in Cartesian space (Figure
1.5). This positioning allows access to polyfunctional nano-materials in 1-, 2-, or 3-
dimensions, nanometer by nanometer (building blocks). Their rigid silica core also makes

these materials more robust than conventional organic only materials.*

|
L
]
|

0.5nm

Figure 1.5. Typical sizes and volumes of silsesquioxane molecules; SQ with R-groups in
different octants of Cartesian space.

Our recent work and this dissertation focus on the direct synthesis and properties of

Tipand T, cages with vinyl, phenyl and mixed vinyl/phenyl functionalities.
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1.3.2 General Mechanism of Formation for Silsesquioxanes

Synthesis typically proceeds by hydrolysis and condensation of [R-SiX3], x=Cl,
OMe, OEt and is a complex acid or base catalyzed multi-step process. The process is
very sensitive to experimental conditions due to the wide range of possible structures that
may form including oligomers, polymers, gels, and partially or completely condensed

cages. However, the mechanistic pathways to each of these materials are similar.

Consequently, it is difficult to develop suitable kinetic rate laws for many of the
steps in this synthetic process, due to the complexity of intermediates forming under
equilibrium conditions.”” While, there are no set of universal methods to making SQs.

However, many procedures permit control of the formation of specific SQs.®*’"!%

To this end Kudo and Gordon et al used computational methods to establish
parameters for plausible mechanistic pathways for hydrolysis and condensation reactions

106-109

leading to cubic SQs. The first step was to extablish energies for each intermediate,
transition states and final product. They find that the reaction depends very strongly on
catalytic water, which lowers activation energies by ~10 kcal/mol in most instances. They
also find that the spatial orientation of the intermediates greatly influences formation of
final products, and that multiple equilibria exist between these intermediates. They also
report the enthalpy difference going from the starting trisilanol [RSi(OH)s] to cubic SQ is
-11.5 kcal/mol, which is only slightly favorable over the starting materials, showing why

the reactions of making cubic SQs are often low yielding and result in many polymeric

byproducts.

In general three major factors influence the structure and rate of SQ formation.''? (1)
water is essential for hydrolysis and cyclization, but excess water leads to polymeric SQs;
(2) higher pH also favors polymeric SQs, while lower or near neutral pH favors
cyclization; (3) lower concentrations of starting materials [R-SiX3] favor intramolecular
condensations (cyclization), whereas higher concentrations favor intermolecular
condensation to form polymeric structures. Even though the rates of hydrolysis and
condensation are controlled by varying the pH, and concentration, the mechanism is

likely similar in each case (Figure 1.6).
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Figure 1.6. Mechanisms of acid and base catalyzed reactions to form SQs.

The mechanism of silsesquioxane growth from R-trialkoxysilanes by acid catalyzed
hydrolysis and condensation initiates with protonation of an alkoxy, causing the silicon
atom to become more electrophilic, which makes it more susceptible to nucleophilic
attack by water. The first step has the fastest rate of hydrolysis as the penta-coordinated
transition state is strongly stabilized by the alkoxy donating groups.''’ Each additional
hydrolysis occurs more slowly as alkoxy groups are displaced to form the trisilanol. It is
also expected that condensation occurs most rapidly for the mono-hydroxylated species,

which is also supported by modeling.'”

In the base catalyzed mechanism, the rates are
reversed, with the initial attack being the slower step due to alkoxy electron density
repelling hydroxide interactions with silicon. Thereafter, each subsequent hydrolysis
becomes faster due to the lower electron density stabilization of the hydroxyl groups.
Condensation occurs fastest for the hydrolyzed species, since they are more prone to

attack. ''°

1.3.3 Examples of Post-Synthetic Functionalization

The literature offers many examples of post functionalization of silsesquioxanes,
especially for Ts. Phenyl and vinyl substituted SQs are the most common SQs used in
post functionalization since they can be easily modified by standard methods known for

organic molecules (Scheme 1.10 and Scheme 1.11). These include electrophilic aromatic

102,103,111-113

substitution (i.e. bromination, iodination, nitration, etc.), olefin metathesis,'"*

16 “and catalytic cross-coupling reactions including Heck, Sonagashira and

. 117,29,101,118-124
Suzuki.
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Our group has focused recently on incorporating model light harvesting/light
emitting chromophores onto cage corners, especially stilbene derivatives, which are
models for poly(phenylenevinylene). Stilbene derivatives are easily synthesized by a
combination of the above reactions making them ideal candidates as models for more
complex chromophores. Scheme 1.12 provides examples of functionalizing [p-Br-Styr-
Si0; 5]g with various R-styrenes to synthesize [p-R-stilbenevinyl-SiO; s]s. This method is

also used to functionalize T} and T, vinylSQs discussed in Chapters 5 and 6.

O__Si_ Qsi
=" = — _
Br’O/\;‘O %% R = Br, Heck Catalyst, RT O_Si- s
i o—Si . O Q O Yo o

= = g R=H sovs 7 _Sily-si O _
=Me MOVS O O
o = OMe 0SOVS O _ R

Br = NH, NOVS —

Scheme 1.12. Heck cross-coupling to form stilbeneoctavinylSQs.

These functionalization methods are indispensible in developing SQs as advanced
functional materials for applications ranging from hybrid electronics (i.e. OLEDs,
photovoltaics, dielectrics) to catalyst ligands/anchors to gas storage materials.®>%'>*!3
Since SQs are rigid 3D structures that can be functionalized with organic chromophores
in all dimensions, they can be imagined as tunable highly absorbing/emitting, light

harvesting materials.

Materials applications and properties are discussed in Section 1.6.

1.4 Silsesquioxanes and Fluoride

Rikowski et al, in 1997, conducted the first studies on the interactions of
silsesquioxanes and the fluoride ion finding that Ty and T, halo-propylSQs form by
partial rearrangement of Ts in acetonitrile using ~40 equivalents of NaF + 18-crown-6 as

P! The conversion of Ty chloropropylSQ as determined by HPLC was 28% Ts,

catalyst.
61% Tip and 11% T),. Due to the low solubility of the catalysts in acetonitrile, the large
excess of catalyst required for rearrangement to take place, and the tedious separation by

HPLC this was not a viable method for making T;o and T, SQs. However they did find
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at this time that in polar solvents partial cage rearrangement could be achieved with

. 132,133
nearly any weak base (i.e. acetates, cyanates, carbonates, etc.). ~~

The use of F* in SQ synthesis/rearrangement was largely ignored until 2003, when
Bassindale et al explored the use of stoichiometric F* as TBAF (tetra-n-butylammonium
fluoride) as a method to improve yields and reaction time for the synthesis of various Tg

SQs in chloroform."**

Yields of up to 95% were obtained for Ts cyclopentylSQ within 24
h. Multiple groups have since explored synthesis of SQs or gels using F~ catalysts
including: Mabry and Bowers et al, 13136 Kozelj et al,"”’ Kawakami et al,'"*"*® Laine et

al 01021397142 Pope et al,'* Bassindale et al,'"**'*® and Marsmann et al.""

Bassindale et al. and then Mabry and Bowers et al. found that F° becomes
encapsulated in the SQ cage (Figure 1.7).°>%1**!1%7 I these studies TBAF, or tetra-
methylammonium fluoride [MesNF or TMAF] were used in anhydrous solution (THF)
under slightly basic conditions (pKa F™ 3.2 in water). Mabry and Bowers et al. also used
F encapsulation to gain mass spectral ionization enhancements with an end goal of being

able to ionize SQ based polymers.

Bassindale et al. found that direct encapsulation to Ts phenylSQ (F'@[Ph(Si0); s]s)
occurred on slow solvent removal following hydrolysis-condensation of
phenyltriethoxysilane with stoichiometric TBAF. They verified F @][vinyl(SiO); s]s and
F @[p-tolyl(SiO), 5]s, by *’Si NMR, ""F NMR and single-crystal X-ray diffraction. Only
small changes in Si-O bond angles and distances were observed on F°

P7I0147 The F NMR spectrum shows a single peak at -26.4 ppm,

encapsulation.
suggesting that the encapsulated F~ behaves like a naked fluoride ion with little

coordination to the silicon atoms.

Mabry and Bowers et al. synthesized F'@[R(S10); s]s cubes, where R = vinyl, phenyl
styrenyl, trifluoropropyl, nonafluorohexyl and tridecafluorohexyl using TMAF, starting
from the [R(SiO), s]s cage.*® Both Bassindale et al. and Mabry and Bowers et al. found
that F~ encapsulation works well for electron-withdrawing groups (aryl, vinyl, CF3, etc.),
while the lack of electronic stabilization from electron-donating groups (ethyl, propyl,

cyclohexyl, etc.) prevents encapsulation.
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Lastly, Mabry and Bowers et al found by *’Si NMR (Figure 1.7) that if two cages
([vinyl(SiO);s]s and [Ph(SiO);s]s) are mixed together with TMAF in THF, cage

scrambling occurs (See Section 1.5)."*°

Figure 1.7 shows sharp peaks of the equivalent
silicons on the starting F~ (@ cages at -81.5 and -82.5 ppm become a broad peak centered
between where the two sharp peaks were. This suggests the gerneration of multiple mixed

compounds containing vinyl and phenyl substituents.

2 MeyNF | THF

-78 -80 -82 ppm -78 -80 -82 ppm

Figure 1.7. a. ’Si NMR of mixed F @[vinyl(SiO)1.s]s and F @[phenyl(SiO); 5]z, b. ’Si
NMR of [phenyl(SiO); s5]s and [vinyl(Si0O), s]s equivalent MesNF, both in THF, 136140

The mechanism of the F~ catalyzed cage formation or rearrangement processes are
not reported in the literature, though multiple conjectures have been made,'>®"*14%14?
The process is thought to be strongly dependent on water, since in dry THF, cage
formation and/or rearrangement is not observed.'* It is suggested that F~ “activates” a
molecule of water through hydrogen bonding for nucleophilic attack, which is then
analogous to the Kudo mechanism discussed above. Alternatively, F* may act as a

template to assemble cages around it, but see Chapter 4.'*

Our group has since elaborated on F~ promoted cage scrambling methods by using
catalytic TBAF (<5 mol%) to make statistical distributions of mixed functional SQ cage

62,139-141
systems.

The first example used TBAF to transform insoluble “T” resins of
polyvinyl- and polymethylSQs into mixed vinyl/Me functionalized Tyo and T}, cages."’

This was followed by a series of methods to make mixed Ph/vinyl silsesquioxanes to
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produce beads on a chain (BoC) polymers, as discussed in Section 1.5 and Chapter
7.14%15% Einally, we developed routes to mono-functionalized Tio1, vinylSQs, and Ty
phenylSQs (Chapters 4 and 5). These are some of the first effective methods of

synthesizing T and T, with any respectable yields, in many cases >98%.

1.4.1 Theoretical Investigations of Fluoride Encapsulation/Catalysis
Modeling studies on the stabilization energies of [R(Si0);s]s (R = H, F, OH, alkyl,

151,117,152-154
etc.) have been done by many groups.””"'!"

These studies generally agree that the
HOMO consists of the 2p lone pair on the oxygen atoms, with contributions from the R-
groups and lies on the edges of the cube, while the LUMO involves the silicon atoms and
oxygen atoms, is spherical and resides in the middle of the cage. Bassindale et al. suggest
that the fluoride interacts with the electrophilic cage LUMO, adding stabilization to the

entrapped naked F~ ion.'**

The mechanism of F~ entrapment is unknown experimentally, and it is likely that it is
far more complicated than simple insertion through the cage face. To delineate this,
Hagelberg et al modeled possible routes to F~ (and other ions: CI', Br’, Li", Na, etc)
encapsulation and also gave inference on how cage formation occurs using F.'* They
find that an SQ structure with fluoride encapsulated is 70 kcal/mol lower in energy than
an SQ with free fluoride. They also find that the entrapped F~ is about 10 kcal/mol lower
in energy than a pentacoordinated SQ with F attached to the cage corner (Figure 1.8).
They also find that the

F + (HSiO3,)g
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Figure 1.8. Theoretical energy diagram of fluoride encapsulation within an HSQ core.'*
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activation energy barrier for F™ insertion is 51 kcal and removal is 64 kcal/mol, showing

the stability of the encapsulated cage.

These results are of interest in the context of a conjecture by Bassindale et al
concerning the F'@[vinyl(SiO); 5s]s complex for the synthesis of SQs: “the fluoride ion
must be acting as a template for formation of the cage and once inside it, it can only

29147

escape when the cage is broken down. This conjecture was made because refluxing

the fluoride-encapsulated cage did not remove fluoride, suggesting its stability.

Hagelberg et al also find that F~ is the only ion that easily (by energy) penetrates the
cage without opening the cage face, while every other ion would require breaking open
the cage. No other ions were stable within the cage interior.'* Further studies by
Hagelberg and Saebo et al looked at encapsulation of ionic species within larger cages
such as Tjo."”> They find (computationally), fluoride encapsulation within the T;o HSQ is
~25 kcal/mol lower in energy than that of Tg HSQ.

1.5 Silsesquioxane Based Polymers

Silsesquioxanes in polymers are of increasing recent interest due to their enhanced
thermal stability (>200 °C), high compatibility with organic materials, and increased
processability over cage molecules on their own.”” Hundreds of papers have been
published using silsesquioxanes as pendant/end groups on organic polymers (i.e.
methacrylates) because they imbue additional thermal and oxidative stabilization

properties to these materials,®'>%1>7-1¢

As an example, Lichtenhan et al synthesized a series of methacrylate based SQs with
cyclohexyl- and cyclopenyl- R-group functionalities, and a propyl methacrylate monomer
substituted on one corner (Monomers X (R=cyclohexyl) and Y (R=cyclopentyl), Scheme
1.13).%"7 Solubility differences were observed between the starting monomers in THF
and toluene, with the cyclohexylSQ having approximately 2x the solubility of the
cyclopentyllSQ. Their thermal decomposition temperatures (7;s¢;) are roughly the same
at ~190 °C. After polymerization, only the cyclohexylSQ based polymer remained
soluble. Both polymers showed thermal decomposition (7,s5¢;) improvements to ~390 °C

due to the high heat capacity of the SQ core, compared to PMMA, which decomposes at
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~200 °C. The SQ based polymers also showed an ~9-fold improvement in O;
permeability over PMMA. Therefore, polymers with SQ incorporation show increased

thermal stability and oxygen permeability possibly due to phase separation.

0" O O
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R = cyclohexyl (X) or cyclopentyl (Y)

Scheme 1.13. Synthesis of propylmethacrylate silsesquioxane polymers.

There is also increasing interest in generating star polymers from SQs."”*'® For
example, Kim et al used an octa-methacrylateSQ as an initiator in ATRP synthesis to
grow methacrylate based polymers in a star fashion off of the SQ core for applications in

Lithium battery separator materials.'®

However, few papers focus on using silsesquioxanes as part of the backbone in the

main chain of a polymer. The first clear example was given by Lichtenhan et al,'°

using
dihydroxy T cyclohexylSQ cage (Figure 1.9) polymerized with dimethyl-dichlorosilane,
to make a hybrid silsesquioxane-silicone polymer, we have designated polymers with

SQs in the main chain as “beads on a chain” (BoC) polymers.

R (0]
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\,O Q 0 R
Si Si~
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Figure 1.9. Hybrid silsesquioxane-silicone polymer, R = cyclohexyl.

A majority of these materials rely on amino-containing (-NH;) SQs to make

69,72,97,16

polyimide based polymers. The starting SQs are either fully aminated (i.e. octa-3-
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164 95,102

aminopropylSQ, ™" or octa-aminophenylSQ ), or partially aminated as in Scheme
1.14.'° SQs with eight or more reactive groups have been examined in epoxy resins,
polyimides, cyanate esters, and polyurethane thermosetting resins. SQs are mainly added

to improve the thermo-oxidative stability of resin systems.

Further work by Kawakami, °*'%” Kakimoto,'?*'**'®* and others,'® have synthesized
aminated SQs with only two reactive groups. These difunctional compounds have well
defined structures and stereochemistries and offer improved the properties in thermosets,
but also the properties of thermoplastics as they offer limited cross-linking. Polyimides
with alternating SQs in the main chain are shown in Scheme 1.14. In general polyimide
based materials offer moderate increases in thermal stability ~50 °C, while T, is
depressed by ~60 °C or more. As expected, the elasticity of the materials decreases as
more SQ is added. Mabry et al, have also demonstrated through ground tests and tests on
the International Space Station, that SQ based polyimides show excellent resistance to

erosion by atomic oxygen compared to Kapton, a commercially available material."’
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Scheme 1.14. Polymerization of difunctional SQs to form BoC polyimides.'®’

Our group has looked at using the F° rearrangement to “scramble” SQs into

statistically mixed T and Ty, structures to form BoC polymers."**'* Our first example
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used polyphenylsilsesquioxane (PPS) and polyvinylsilsesquioxane (PVS) in a
stoichiometry of 4.4:1 to make mixed T,o12 with an average of 2 vinyl groups per cage
[(vinyl)2(Ph)x-2SQ]x=10/12 through TBAF catalyzed rearrangement. The vinyl groups were
then functionalized through a metathesis reaction with 4-bromostyrene to generate [(4-
BrStyr)2(Ph)x-2SQlx=10/12, and verified by MALDI-ToF, TGA and NMR. This material
was then coupled to [(vinyl)2(Ph)x2SQ]x=10/12 with 1:1 stoichiometry to generate the BOC

polymer shown in Scheme 1.15.

This polymer showed thermal stabilities up to (7ys+) 325 °C in air, and My, of 3716
Da by GPC suggesting ~4-5 monomer units per chain. Since this polymer (oligomer) had
a conjugated organic linker between cages, absorption and emission studies were

conducted offering novel properties discussed in Section 1.6 and Chapter 7.

Pd Catalyst
1,4 Dioxane/RT/72 h \f

Scheme 1.15. Heck cross-coupling reaction to form BoC polymers,
(phenyl/divinylbenzene).'”’

Our group has extended the work on polyimides by synthesizing [(NH,Ph),(Ph)y-
2SQJx=10112 using TBAF rearrangement with the mixed isomer (o,m,p) of octa-
aminophenylSQ.102 [(NH2Ph),(Ph)x2SQ]x=10/12 Was then coupled (1:1) with the diglycidyl
ether of bisphenol A (DGEBA) to form an epoxy resin (Figure 1.10).'® The low
molecular weight portion of this material showed 750, of ~320 °C in air, My, of 10 kDa
and reasonable solubility in THF. The high molecular weights (>100 kDa for high
molecular weight fraction) suggest that the coupling of the aminophenyl groups with

DGEBA is very facile since the reaction times were only 24 h.
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n=1.1

Figure 1.10. Epoxy coupling reaction to BoC polymers.'®

We have since extended our methodologies to include other mixed functional cages
such as 4-iodophenyl/vinyl and other organic linkers including divinylbenzene (DVB),
4,4’-dibromostilbene, 1,4-dibromobenzene and l,4-di-ethyny1benzene.141’170 The
synthesis, characterization and the unique photophysical properties of these are discussed

further in Chapter 7.

1.6 Optical/Electronic Properties of Silsesquioxanes

In general, fluorescence measurements can be used to characterize the electronic
transitions, intermolecular interactions and dynamic properties of silsesquioxanes on the
molecular scale; while absorption and excitation spectra give additional information
about the structure of electronically excited states, minimal energy gaps between ground
and excited states, and the influence of energy transfer processes.'” Further information
can be obtained about transition dipole moments, polarizability, excited state energy
transfer, and fluorescence lifetimes through two photo absorption and fluorescence
upconversion techniques discussed in more detail below. Many studies have used these
techniques to analyze functionalized SQs for applications in photonics, photovoltaics and

light emitting diodes.

The absorption and emission properties of Ty silsesquioxane cores [Rg(SiO; s)s] and

also a few [Ri0/12(SiO15)10/12] where R = H or alkyl have been studied extensively by

152 153
1. 1.

Ossadnik et a and Azinovic et a It is expected that SQs with no conjugated
organic functionality would have minimal absorption and emission due to their silica-like

properties.
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These reports find that SQs give both absorption and emission properties in the blue
spectral region for all R-groups. They also find that fluorescence intensity depends on the
cage size and ligand electronegativity, with larger cage sizes and more electron rich
ligands showing higher fluorescence efficiencies. Figure 1.11 compares [Cl-propyl-
Si0; 5]s.10.12, With absorption and emission at ~4.8 eV (260 nm), and ~3.2 eV (387 nm)

respectively.

Azinovic et al. proposed that photoluminescence from SQs with alkyl substituents
must arise from charge transfer between the cage and ligands, a form of 3D conjugation,
as previously shown in carborane cages.'”' Lastly, they found that the optical band gaps
for SQs were 1.6 eV lower than predicted, 4.4 vs 6.0 eV likely due to the negative

Coulomb integral.
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Figure 1.11. Absorption and emission of Tg 0,12 Cl-propylSQs.'>

Silsesquioxanes with conjugated organic substituents would be expected to lower the
HOMO-LUMO band-gaps even further, since their conjugation to the cage should allow
for interaction between them and the SQ, extending the conjugation length. However, an
alternate theory is that the cage simply acts as an anchor for the organic groups, meaning
all electronic transitions would be centralized on the organics. If this were true, then the
photophysical behavior should be nearly identical to the free chromophores. Numerous

studies on organic substituents conjugated and anchored to the silsesquioxane core have
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targeted applications such as OLEDs,” with varying effects on their absorption and

emission properties as discussed below.' >

Extensive studies have targeted the use of SQs in OLEDS,® however Morgan et al

report the use of octaphenylSQ as a phase separation agent in P3HT:PCBM solar devices.

'7* Their studies show extensive aggregation of the SQ species as shown by AFM (Figure

1.12). They find that thermal annealing devices with 1 wt% phenylSQ increases power
conversion efficiency (PCE) from 5.8 to 9% attributed to the phase separation and

174

increased scattering within the films. ™ In our own studies we observe similar findings,

in which aggregated pentafluorostilbeneSQs show PCE increases of ~.1%.'"

Figure 1.12. AFM image of an [PhSiO; s]s :P3HT:PCBM film (100-150 nm
aggregates).'

Most work on the photophysical properties of SQs has focused on the development
of solution processed SQs as hole transport materials for OLEDS, as pioneered by
Canon/Laine et al starting in 2003. Canon were in search of materials that allowed for
enhanced brightness and efficiencies compared to devices made with traditional hole
transport materials. Heeger et al also reported using cyclopentylSQs as capping agents for
conjugated organic polymers [polyfluorene (PFO) and polyphenylenevinylene (PPV)].'”
Thus devices made with MEH-PPV-POSS exhibit higher brightness (1320 cd m*? at 3.5
V) and higher external quantum efficiencies (gey = 2.2 %) than MEH-PPV (230 cd m** at

35 Vand g, = 1.5 %), with no effect on the absorption or emission spectra (Figure

1.13).
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Figure 1.13. a. Structure and b. absorption and fluorescence of SQ anchored poly(2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene.'”

SQs have also been used as pendant groups (off the side chain) in common polymers
such as polyfluorene derivatives because they offer increased stability and prevent
aggregation of the conjugated polymers, increasing fluorescence yield.”'” Shim et al
synthesized a Poly-9,9’-dihexylfluorene-poly-9.9’-di-cyclopentyl,SQ copolymer.'”> They
found that bulky SQs, reduced aggregation in photoluminescence spectroscopy by
hindering excimer formation. They also found increased fluorescence quantum efficiency

and no effect on the redox properties of the polymers by cyclic voltammetry (CV).

Since the early polymeric side chain studies, many groups have used SQs as
dendridic cores for light emitting organics (i.e. [RSiO,]s) without organic polymer
backbones. This is ideal since one of the main drawbacks of using conjugated polymers
for light emitting applications is their propensity to 7-7t aggregations, thereby quenching
fluorescence. Many examples of these types of materials have been studied over the years

with light emitting or photovoltaic applications in mind.”’

Sellenger et al developed a strategy for attaching various conjugated organic systems
(Br- phenanthrene, anthracene, dimethylflourene, etc.) to an octavinylsilsesquioxane core
using catalyzed Heck cross coupling."*'”” All compounds showed violet-blue emission in
solution as expected for vinyl-aryl derivatives (360-380 nm emission), or blue-green
emission for vinyl-anthracene/vinylphenanthrene derivatives. The fluorescence quantum

yields for these materials were moderate, ~20-55%, and OLED external quantum
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efficiency maxima at 2.6%. These materials also offer good-to-excellent improvements in
electron and hole transport properties when used as components in OLED applications

compared with simple organics.

As stated above, the addition of conjugated organic groups on SQs should lower
their HOMO-LUMO band gaps. This could be by coupling of the organic groups to the
SQ, making them electronically homogenous, or by centralizing electronic transitions
onto the organics only. If electronic transitions were only on the organics, the
photophysical properties would be expected to be similar for chromophores (light
absorbing/emitting groups) on and off of the SQ cage. Many of the published studies
show similar photophysical behavior for bound and unbound chromophores, with only
increased quantum yields observed for the cage bound species.” This results from the SQ
cores spreading the chromophores out in 3D thereby preventing n-m stacking

(aggregates), which quench fluorescence. '’>'"

The first studies by our group of SQs for photonic type applications were [o-
BrsPhSiO; 5]s derived compounds, followed by the introduction of [p-IPhSiO; s]s derived
compounds.'” Section 1.3.3 discusses examples of materials made by catalytic cross-
coupling reactions. Particular focus was given to R-stilbeneSQ derivatives due to their
robustness, ease of synthesis, and also because phenylene-vinylene polymers are known
to be excellent blue emitters, but exhibit poor solubility.'” Figure 1.14 compares the
absorption and emission spectra of the [BryPhSiO; s]s and [p-IPhSiO; s]s derived o- and
p-methylstilbeneSQs to that of p-methylstilbene.
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Figure 1.14. Absorption and emission comparison of ortho and para (o/p)-
MeStilbeneSQs to p-MeStilbene in THF.

The key features observed are that all the stilbene derivatives absorb at wavelengths
typical of both trans- and para substituted trans-stilbenes.''” Electron donating groups red
shift both the absorptions and emissions equally by 10-20 nm (i.e. -OMe, -NR,, etc).
However, the most surprising discovery was that the emissions are red shifted compared
to trans-stilbene or the model compound p-trimethoxysilylstilbene by 60-80 or 40-60 nm
respectively.''” In terms of MeStilbeneSQs, the p-MeStilbeneSi(OEt); model compound
emission is red-shifted 20 nm from trans-stilbene and the cages are red-shifted 60-75 nm.
Given the many possible explanations for this observation, our group carefully attempted

to identify the true source of these red shifts.

A few other groups have also observed similar photophysical behavior.'””'*! Andre
et al, have investigated the absorption and emission properties of various R-octa-
biphenyl-vinylSQs. They find that the absorption and fluorescence spectra (Figure 1.15)
of the biphenyl cage derivatives are only slightly red shifted from their small molecule
analogs (~10 nm for absorption, and ~15 nm for emission). In another study, the same
group looked at the photophysical behavior of 4’-vinylbiphenyl-3,5-dimethylalcohol
functionalized SQs and observed a 60 nm red shift in emission when going from the free

diol anolog to the diolSQ (Figure 1.15), a similar observation to our studies.'®’
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R = biphenyl-dihydroxy

Figure 1.15. a. Normalized absorption (empty symbols) and emission (closed symbols)
of 4’-vinylbiphenyl-3,5-dimethylalcohol functionalized SQ (Blue) and 4’-vinylbiphenyl-
3,5-dimethylalcohol (Red).'®

Feher and Budzichowski suggest that the SQ core is simply an electron-withdrawing

group comparable to —CF3.'*

If this were true, then blue shifts in absorption and
emission spectra should be observed conjugated organics are attached to the SQ core, due
to decreased electron density. The red shifts on the other-hand suggest the opposite;
chromophores on the cage offer “longer” conjugation lengths than free chromophores.
Andre et al. attributed their red shifts to some sort of electron delocalization involving the
SQ,"®! with backing from their theoretical studies on biphenyl derivatives. This theory
was also explored using a new set of stilbenevinylSQ derivatives and will also be

explored further throughout this dissertation.

Our group has since looked at [vinylSiO; 5] to synthesize [p-RStrylSiO; 5]s where R
= H, Me, MeO, Br, NH,, C¢Fs and the corresponding vinylstilbenes,
[RStiICH=CH,Si0, 5]s.”'"® In general, the photophysical properties of these materials
did not exhibit the same large red shifts in emission observed for the stilbeneSQs
discussed above (Figure 1.16). In general, they showed similar absorption and emission
to their corresponding off cage analogs. However, they did offer good two photon
absorption properties, as discussed below in Section 1.6.1. The development and
properties of the corresponding Ty and T;, analogs of these materials are discussed in

Chapters 5 and 6.
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Figure 1.16. Absorption and emission of stilbeneoctavinylSQs.**''°

Our group has also extensively explored the photophysical properties (steady state,
two photon absorption and fluorescence upconversion lifetimes) of a set of model
compounds developed by Ugo et al.'''® These include dimethylaminostilbene-
functionalized siloxane and cyclosiloxane molecules that are equivalent to corner units
and halves of the cubic silsesquioxane molecules, respectively (Figure 1.17).""” These
property comparisons allow us to assess the extent of conjugation between the organic

tethers and different degrees of silsesquioxane units.
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Figure 1.17. (a) Me,NStil-corner, (b) Me,;NStil-half, and (c) Me,NStilOS.""”

The absorption and fluorescence spectra of the “corner” and “half’ molecules are
nearly identical, while those of the full cage molecules are slightly red-shifted (~5 nm for
absorption and ~10 nm for emission). The low photoluminescence quantum yields and

structure-less emission point to charge-transfer (CT) processes. The fluorescence
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quantum yields for these molecules are 6%, 8%, and 3% for the “corner”, “half” and full
cage respectively. The two-photon absorption fluorescence lifetime kinetics of these

materials are discussed in detail in Section 1.6.2 and 1.6.3 respectively.

We have also developed routes to “beads on a chain” polymers (BoC) as discussed
above. Comparison of the photophysical properties of 1,4-divinylbenzene linked cages
vs. unlinked model compounds show emission red shifts of >50 nm, suggesting “3-D
excited state conjugation” effects through the cages and conjugated bridges (Figure
1.18).14°

Coughlin et al. have also shown similar effects for ortho-linked carborane-
polyfluorene copolymers with significant red shifts in their emission spectra from a
fluorene dimer, however these shifts are unobserved in para-carborane copolymers.'** %
This suggests that interactions occur on the cage face, which is a potential charge transfer
theory discussed above for SQs. This unique photophysical observation and the ease of
synthesis of linked SQs by fluoride catalysis has opened up a whole new class of

materials of which are discussed in Chapter 7.
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Figure 1.18. Absorption and emission of T}, divinylbenzene linked oligomer (BoC).'*’

1.6.1 Theoretical Investigations

Theoretical investigations of the stilbene-functionalized silsesquioxanes show that
the HOMO of Tg p-stilbeneSQ lies on the n-state of the stilbene moiety, with the LUMO
made up of interactions between the silicon atoms and ©n" of the stilbenes. The HOMO-
LUMO band gap for p-stilbeneSQ is 2.6 eV, while the HOMO-SQ Core (MO) gap is 4.2

eV. If we consider the 1.6 eV difference found for Ts HSQ between experiment and
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calculation,”""""1**"15% then the HOMO-SQ Core (MO) gap could be reduced to 2.6 eV,
allowing for the possibility of cage-chromophore interactions. Calzaferri et al also
suggest similar interactions in theoretical studies with naphthyl and biphenyl groups
bound to octavinylsilsesquioxanes, in which they observe SQs ranging from insulating to
conducting.'' "% It was also suggested that the conjugation could be “3-D” along the
edges of the cage rather than through the cage. Evidence of this is given in our studies of
Forster resonance energy transfer on stilbenevinylSQs (Chapter 6). These studies offer an
argument for charge delocalization throughout the cage system, which is a possible

explanation for the red-shifts observed in emission.

Time-dependent density functional theoretical (TDDFT) studies were also conducted
to study two possible energy transfer states, CT1 (chromophore-to-cage) and CT2
(chromophore-to-chromophore) on R-stilbenevinyl-, R-stilbene and other vinylSQs,
which show variation to results in previous studies on R-stilbeneSQ (Figure 1.19).'8%!%
Phillips et al. similarly found that the excitations are mainly localized on the
chromophores, except for vinylsilsesquioxanes, but found that emission is exclusively
from the chromophore and not from a combination of cage-chromophore interactions.'®*
Note that the calculated band gaps are overestimated by these theoretical methods, with
the T stilbeneSQ showing 4.0 eV theoretical and 3.1 eV measured. Zheng et al. suggest
that the emissive state of these octahedral silsesquioxanes is ligand-to-ligand (CT2),

189
However, as stated above these

rather than ligand- to-silsesquioxane (CTI).
interactions likely depend on the distance between the chromophores (Forster resonance

energy transfer), which is dependent on cage size.
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Figure 1.19. Comparison of HOMO and LUMO of silsesquioxane systems, and their
charge transfer mechanisms.

1.6.2 Non-Linear Optical Properties of Silsesquioxanes
Few studies on the non-linear optical properties of SQs exist outside of our own
group, however a few materials have been studied as optical limiting (OL) materials, and

as performance enhancers for laser dyes.'’

In terms of optical limiting, which are
materials that with transparency under normal conditions, but become opaque under
response to high energy laser pulses, a metallophthalocyanine;-isobutyl;-SQ with Co (II),
Cu (II) and Zn (II) were synthesized and analyzed for optical limiting by a Z-scan
technique.'”® The Cu-phthalocyanine showed significant non-linear absorption, while the
other two did not. Another example used an octastilbeneSQ derivative made by
hydrosilylation of stilbene with octahydridoSQ showed similar OL to stilbene, but
thermal stabilities increased by 20-60 °C."" For enhancing the performance of optically
pumped laser dyes, Garcia-Moreno et al. used a 1% solution of octamethylmethacrylSQ

with laser dye PM567 in ethyl acetate, and found a 65% enhancement in dye efficiency

and no degradation in laser output after 100,000 pump pulses.'**

Our group has been motivated by the two-photon absorption properties of various
organic and inorganic materials, including functionalized silsesquioxanes.''”!!®121193-197
Two-photon absorption analysis is useful for understanding the underlying physical
properties of materials that make them optimal performers in photovoltaics, light

emitting, optical limiting and imaging applications.
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1.6.2.1 Two Photon Absorption
Two-photon absorption (TPA) is a phenomenon first proposed my Maria Gdppert-
Mayer in 1931, in which two simultaneous photons are absorbed by a molecule and

198

promoted into the excited state. ~ The first publication on the experimental use of TPA

by Kaiser et al was done in 1961, soon after the invention of the first laser device, in
which they found two photon-induced fluorescence of europium-doped CayF crystals.'”’
Since the development of sub-picosecond pulsed lasers (particularly the Ti:sapphire laser)
and increasing commercial availability during the 1990’s has led to a great increase in the

studies of two-photon absorbing molecules.*”’

TPA increases with the square (quadratic
dependence) of the light intensity, since it involves the simultaneous interaction of two
photons (Equation 4); therefore, investigating TPA requires intense and focused laser
beams, particularly from pulsed lasers, which generate very high instantaneous photon
flux (~80 fs pulses). TPA is an efficient and less invasive method of accessing an excited
state by using photons of half the energy (or twice the wavelength) of the corresponding

one-photon transition (Figure 1.20).
Al = al} Equation 4

Two-photon absorption can be modeled theoretically as a two-step event, even
though the two photons interact simultaneously. In the first step, the molecule absorbs the
energy of one photon and is excited from its ground state to the virtual intermediate state,
which only exists while the molecule experiences the field of the first photon (~ 5 fs)."
2% In the second step, the molecule absorbs the energy of another photon and completes
the transition from the intermediate state to the excited state. Since the lifetime of the
intermediate state is infinitely short compared to the final excited state, the two-step

process of TPA is considered simultaneous.

Excited —_— —_—
state Ef 'y Ef 'y ’
hv Intermediate
hv Y state
hv’
Ground g —— E —
state X g

One-photon  Two-photon
absorption absorption

Figure 1.20. Comparison of one and two-photon excitation pathways.
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The sensitivity of a molecule towards TPA is quantified by its TPA cross-section,
which is reported in Goppert-Mayer (GM) units (1 GM = 10" cm*s photon™). The TPA
cross-section is an intrinsic property as it is controlled by the molecular structure. There
is a strong relationship between intramolecular charge transfer processes and two-photon
absorptivity, as the absorption of photons induces polarization of the molecule.
Therefore, molecules with permanent ground-state dipole moments or transitional dipole
moments connected with either the ground or excited states are of great interest in two-

photon spectroscopy.

Experimentally TPA cross-sections of new materials are measured by a two-photon
excited fluorescence (TPEF) through a comparative process using a standard of known
absolute cross-section.””” This process relies on the two-photon induced fluorescence
from a sample, which is then compared to the fluorescence and cross-section of the
standard at a given concentration. The intercept from plots of log(photon counts) vs. log
(power) of slope = 2 (quadratic dependence from intensity squared relationship) is then
compared with the standard. The relationship for finding the TPA cross-section (9) for a
sample is given by the following equation, where b are the intercepts of the sample and
standard, 1 are the fluorescence quantum yields, [c] are the concentrations, and » are the

refractive indices of solutions.

b -b
_ 10 sample Stdnstd5std[c]stdnstd

6samp le = Equation 5

Nsample [C]samplensample

TPA studies provide information about the inherent polarizability (i.e. efficiency of
charge separation) of molecules. A higher TPA cross-section signifies larger charge
separation and also stronger donor/acceptor coupling. The design of high cross-section
TPA chromophores is driven by concerns of intramolecular charge-transfer processes.
There are three essential requirements for simple highly active conjugated organic TPA
materials: a strong m -electron donor (D), a polarizable n-bridge (w), and a strong -
electron acceptor (A). Three main structural motifs exist for TPA active chromophores
(Figure 1.21):*""2% Type I chromophores are symmetrical and consists of two terminal
donor or acceptor groups separated by a m -bridge, respectively (D- n -D and A- & -A).

Type II chromophores are asymmetrical and made up of an electron-rich n-bridge with a
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donor part on one side and an acceptor part on the other (D- m -A). Type III
chromophores consists of multi-armed or branched organic molecules with two or more
Type II chromophores bound through multiple n-bridges for extended conjugation. In
type three chromophores the intramolecular charge transfer/polarization can be from the
molecule centers to the terminus or from terminus to center. The donor and acceptor

groups in TPA chromophores can function as end groups or as part of the  -bridge.
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Figure 1.21. Examples of structural motifs in two-photon absorbing organic systems.

The most widely used donor groups in TPA materials are dialkyl or diaryl amino
groups, because of their availability, oxidative stability and electron-donating
capabilities. Hydroxy and alkoxy groups are also common and are found in many

chromophores designed for biological applications. Commonly used electron-

207,208
L,

withdrawing groups include: electron-deficient heterocycles such as pyridy and

210,211 212214

quinolone,*” nitro, trifluoromethyl,*'**" aldehydes,**** cyano, and sulfonyl

208,215
groups.”

Phenylene-vinylene, 2,7-fluorenyl, and phenylene-ethynyl are common organic w —
bridges due to their high efficiency in transferring charges.”®' It was found that adding
electron- withdrawing groups to the center of a w -bridge in D- n -D-type chromophores
leads to an increase in the TPA cross-sections.””> However, adding electron deficiencies

to the center destabilizes the system and makes it more susceptible to oxidation.
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Increasing the conjugation length of the n -bridge extends the charge separation and often

200,214,216

leads to a higher TPA cross-section. Electron delocalization is optimized when a

T -system assumes a planar geometry, with maximum 7 -orbital overlap, and therefore

TPA cross-section values are dependent on the conformation of the © —bridge.zm’202

Recently however, materials without a conjugated n —bridge (meta substituted or alkyl)
have shown reasonable two-photon activity by charge “hopping” from one side of the

molecule to the other.?!”!8

There are two major advantages of two-photon spectroscopy over one-photon
spectroscopy: (1) the coherent laser light used in two-photon spectroscopy has much
longer wavelengths (lower energy), which causes less photochemical damage to samples
(important for biological samples), with a better penetration depth, and (2) since the
absorption increases with the square of the light intensity at a sharp focal point and falls
off rapidly away from focus, this provides much sharper resolution and prevents
unwanted emission, high thermal buildup throughout sample, and photochemical

conversions outside the focal area. There are many important applications/potential

219-222

applications of two-photon spectroscopy including: biological probes, activated

223,224 225-228

surface imaging and microscopy, microfabrication,*’ optical

193,230-232

drug delivery,

193,233,234

data storage, and optical limiting.

TPA studies done previously in our group have looked at a series of functionalized

117,63,116,121
76316121 The two-

silsesquioxanes with stilbene- and stilbenevinyl- functionalization.
photon cross-sections of a few of these species are compared in Table 1.2. The best
overall cross-section found for any SQ species to date is for the [p-NH,StilvinylSiO; s]s,
which has a total molecule cross-section of 810 GM, or 110 GM per chromophore,
suggesting a large transition dipole moment (polarization) and high ability to separate
charges. This is expected from a strong donor (-NH;) component and the SQ acceptor

component.

TPA studies of the “corner”, “half’, and “cube” mentioned above found cross-
sections of the “corner” molecule are 12 GM/moiety, the “half” are 8 GM/moiety, and the
“cube” are 26 GM/moiety.''” In theory, if the charge-transfer characteristics are identical

for these molecules, then their TPA cross-section/moiety should also be identical.
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However, since they give different cross-sections, their polarization dynamics must be
different. Since the “cube” has the lowest fluorescence quantum yield and the highest
TPA cross- section/moiety, it would be suggestive that this molecule has the highest
charge-transfer characteristics among the “corner”, “half” and “cube” molecules. In all
SQ TPA studies, it has been found that the SQ core as a whole enhances the TPA cross-

section/moiety more than expected based on a sum of corner fragments.

Table 1.2. TPA properties of silsesquioxane derivatives and quantum efficiencies
((D) 117,63,116,121

Sample 0 (GM) | d/moiety (GM) | Amax NM O}

MeStilsOS 11 1.2 735 0.06
Me,NStil-corner 12 12 780 0.08
Me,NStil-half 30 7.5 790 0.09
Me,NStil;0S 211 26 755 0.03
[StilvinyISiO4 5]s 25 3 705 0.36
[p-MeOStilvinylSiO 5]s 110 14 705 0.12
[p-NH,StilvinyISiO 5]s 810 101 720 0.05
[StilvinylSiO+ s]10/12 8 1 770 0.15
[p-MeOStilvinylSiO1 511012 33 3 650 0.07
[p-NH,StilvinylSiO1 5]10/12 750 68 770 0.07

1.6.3 Fluorescence Lifetime Kinetics

Within fluorescent molecules, many electronic processes occur on the ultrafast time-
scale (fs-ps) including inter/intra-molecular interactions, fluorescence lifetimes (related to
quantum efficiencies) and charge-transfer processes, thus making time-resolved
fluorescence upconversion spectroscopy a very valuable technique for delineating these
processes. Fluorescence upconversion takes advantage of the pulse widths of picosecond
and femtosecond pulsed lasers, with femtosecond lasers usually having pulse widths

<120 fs. Along with the capability to measure fs and ps fluorescence lifetimes, typical
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upconversion setups provide for the ability to control the excitation beam polarization,
which allows for measuring the fluorescence of analyzed molecules of the same transition
dipole orientation. In solution, these dipoles would be oriented randomly and through
excitation with selective polarization, only molecules oriented parallel to the field of
excitation will have a distinct orientation in the excited state. Depolarization of the
excited states during emission results in the measurement of fluorescence anisotropy,
which results from changing the excitation beam polarization (parallel/perpendicular).
Such studies can give detailed information about charge transfer and energy migration in

235-23
molecules/polymers. 7

Since the excitation beam is polarized, the emission is then polarized either parallel
(Ipar) or perpendicular (Iper) to that beam. The observed fluorescence anisotropy is
related to the relative intensities of the parallel and perpendicular signals through the
following relationship,**®

_ Ipar—GXlper

= Equation 6
Ipar+2GXxIper

where r is the anisotropy value and G is the g factor, a correction factor for the sensitivity
of the detection system for the two forms of polarized light. Anisotropy is a
dimensionless quantity that relates the ratio of the difference in polarized intensity with
that of the overall intensity.”® For one-photon processes, the maximum possible
anisotropy value is 0.4, which corresponds to a molecule that shows no depolarization
from excitation to emission, or an angle of 0° between the two dipoles. Multiphoton
excitation may also be performed with an added benefit of having a larger dynamic

range, with a maximum initial value of 0.57 in the case of two-photon excitation.” I

na
sense combining the advantages of two-photon spectroscopy mentioned above with time

resolved fluorescence studies.

As an example of the usefulness of fluorescence upconversion, it can be used to
study resonance energy-transfer (RET) processes (i.e. Forster energy transfer).”*’
Equation 7 shows the relationship between two different molecules undergoing a Forster

energy transfer,
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1 (R,\® .

ky(r) = - (T") Equation 7

where kT is the rate of energy transfer, tp is the fluorescence lifetime of the donor
molecule on its own; R, is the Forster radius, the distance of separation between
molecules where RET is 50% efficient; and r is the center-to-center distance between the
donor and acceptor molecules. A detailed analysis of Forster energy relationships as well
as fluorescence upconversion studies and their importance in silsesquioxanes will be
discussed in Chapter 6, with calculations shown in Appendix C. Much of the research in
the Goodson group is focused on examining energy transfer effects in macromolecular

. . . . . . 235,237,241-244
systems including functionalized silsesquioxanes.>**"

Fluorescence upconversion studies were done on the “corner”, “half”, and “cube”

1.172% In brief, the fluorescence lifetimes of the half and cube were

systems by Zhang et a
nearly identical (73 and 75 ps), suggesting similar energy transfer dynamics, while the
corner showed a lifetime twice as long (146 ps). This relationship is believed to be from
twisting of the chromophores in a cis-trans transition, with a more rigid backbone
allowing for faster isomerization. For anisotropy, the cube and half show similar
dynamics with values decaying to ~2.5, while the corner shows no anisotropic decay.
This shows that the cube and half have polarization dependence, whereas the free
chromophore does not. This is expected since the cube and half have chromophores
oriented in 3D space (multiple polarizations), whereas the corner only shows a single

polarization down the molecule. Charge transfer characteristics were found to be similar

in all cases, suggesting chromophore-chromophore interactions.

1.7 Overview of Subsequent Chapters

The remaining chapters of this dissertation are organized as follows.

Chapter 2 describes the relevant synthetic and experimental techniques used in this
dissertation including: fluoride catalyzed rearrangement of SQs, Heck cross-coupling,
Grubbs metathesis; various characterization tools including: *’Si and '°F NMR (nuclear
magnetic resonance spectroscopy), MALDI-ToF (Matrix Assisted Laser Desorption
Ionization Time of Flight Mass Spectrometry), TGA (thermal gravimetric analysis), etc.

Lastly, photophysical property analysis techniques will be described using steady state
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absorption spectroscopy, two-photon excited fluorescence spectroscopy and time

resolved fluorescence upconversion spectroscopy.

Chapter 3 describes the functionalization and characterization of alkoxysilanes (i.e.
Si(2-methyl-2,4-pentanediolato),) using R-Li reagents, where R- is any aryl or alkynyl
substituted system. Mono-functionalized R-trialkoxysilanes are then made, followed by

their conversion to silsesquioxanes by fluoride catalyzed cage formation.

Chapter 4 describes the synthesis, mechanistic studies and photophysical properties
of phenylsilsesquioxanes, in particular Tio. Tio phenylSQ was made in the highest
reported yield to date (~50%) by fluoride-catalyzed reactions. The fluoride catalyzed
rearrangement mechanism will then be discussed in detail from a combination of
experimental and computational analyses. This is followed by the functionalization of Tg
and T, phenylSQs by bromination and then styrene to form stilbeneSQs, and finally an
analysis of photophysical properties.

Chapter 5 describes the synthesis of To12 R-stilbenevinylSQs, their unique steady
state photophysical properties, and two-photon absorption properties. An extensive
analysis of their solubility and fluorescence properties will be discussed. This is followed

by a study of the HOMO and LUMO energy levels of these SQ systems.

Chapter 6 describes the separation of Tio1. H-stilbenevinylSQs and detailed
photophysical property analysis of the separated Tjo and T, H-stilbenevinylSQs. Two-
photon absorption, time resolved fluorescence upconversion, and Forster energy transfer

calculations give insight into the energy transfer processes involved in SQs.

Chapter 7 describes the synthesis of beads on a chain (BoC) polymers based on
mixed Tjoi2 phenyl/vinylSQ systems with 1,4-divinylbenzene and 4,4’-divinylstilbene
linkers. This is followed by a discussion of the characterization and finally photophysical

properties of these systems.

Chapter 8 gives the overall summary and conclusions of this work followed by a

discussion of future work.
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Chapter 2
Experimental Methods

2.1 Analytical Methods

2.1.1 Standard Characterization

The following procedures were used as a standard set of characterization methods for
silsesquioxane materials synthesized in this dissertation. These techniques were used to
distinguish extent of reaction, structure, purity, and thermal and electronic properties. Gel
permeation chromatography (GPC) gives information about the molecular weights and
distributions of polymers; matrix assisted laser desorption time of flight mass
spectrometry (MALDI-ToF), electron impact mass spectrometry (EI) and electrospray
ionization mass spectrometry (ESI) give information about the purity, extent of
functionalization and exact molecular weights of materials; nuclear magnetic resonance
spectroscopy (NMR) gives information on the magnetic environments for molecular
structure and atomic bonding for atoms including Si, H, C, and F; fourier transform
infrared spectroscopy (FTIR) gives information on the bending, stretching and vibrational
modes of molecular bonds as well as functional group analysis; differential scanning
calorimetry (DSC) and thermal gravimetric analysis (TGA) are thermal analysis
techniques which give information on the melting points, phase transitions and thermal
stabilities of materials; cyclic voltammetry (CV) is a technique used to analyzed the

redox potential and stabilities of materials.

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 a Waters 2410 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 mass spectrometry. MALDI-ToF was done

on a Micromass TofSpec-2E equipped with a 337 nm nitrogen laser in positive-ion
reflectron mode using poly(ethylene glycol) as calibration standard, dithranol as matrix,
and AgNO; 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

methanol) and blotting the mixture on the target plate.

Electron Impact Mass Spectrometry (EI). Analyses were conducted using a VG 70-250-S

magnetic sector instrument (Waters) by electron impact ionization (EI). The instrument
was calibrated with perfluorokerosene-H. The samples were run in EI mode at 70 eV
electron energy with an ion source temperature of 240 °C. The mass range was scanned

from m/z 1000 to 35. Hi-Res mass spec analysis was conducted on the same instrument.

Electrospray Ionization Mass Spectrometry (ESI). Analyses were performed on an

Agilent Q-TOF system with a dual ESI ion source. The mobile phase consisted of a 9:1
mixture of acetonitrile:water with 0.1% formic acid. Lockmass correction was used to

obtain mass accuracy.

Nuclear Magnetic Resonance (NMR). All 'H and *C NMR were run in acetone-d, or
CDClI, on a Varian MR400 spectrometer. 'H-NMR spectra were collected at 500 MHz

using a 7998.4 Hz spectral width, a relaxation delay of 0.5 s, a pulse width of 45°, 65k
data points, and TMS (0.00ppm) as an internal reference. "C-NMR spectra were
collected at 100 MHz using a 25000 Hz spectral width, a relaxation delay of 1.5 s, 75k
data points, a pulse width of 40°, and TMS (0.00 ppm) as the internal reference. *Si-
NMR spectra were obtained on a Varian vomrs 500 MHz and were collected at 99.35
MHz using a 4960 Hz spectral width, a relaxation delay of 20 s, 4k data points, a pulse
width of 7°, and TMS (0.00 ppm) as an external reference. '’F NMR were run in
methylene chloride-d, on a Varian vamrs 500 MHz and were collected at 470.55 MHz
using a 108.7 kHz spectral width, a relaxation delay of 1 s, and a pulse width of 30°.

Fourier-transform infrared spectroscopy (FTIR). Diffuse reflectance Fourier transform

(DRIFT) spectra were recorded on a Nicolet 6700 Series FTIR spectrometer (Thermo

Fisher Scientific, Inc., Madison, WI). Optical grade, random cuttings of KBr
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(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™.

Differential scanning calorimetry (DSC). Calorimetry was performed on materials using
a DSC 2910 (TA Instruments, Inc., New Castle, DE). The N, flow rate was 60 mL/min.
Samples (10-15 mg) were placed in a pan and ramped to 400 °C (5 °C/min/N,) without

capping.

Thermal gravimetric 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 10 °C/min. The N; or air-flow at 60 mL/min.

Cyclic Voltammetry (CV) was used in combination with optical absorption onset to
calculate  HOMO and LUMO energy levels for chromophore functionalized
silsesquioxanes. Cyclic voltammograms were obtained from a CHI 600C electrochemical
analyzer using a three-electrode setup. A glassy carbon working electrode was used in
conjunction with a platinum wire counter electrode and a silver/silver nitrate reference
electrode. All scans were taken in 0.1 M tetrabutyl ammonium hexafluorophosphate in
acetonitrile at a rate of 0.1 V/s. Samples were dropcast onto the working electrode from
THF for each scan polarity because reversible redox behavior was not observed. The
ferrocene/ferrocenium redox pair was used as an external reference with a HOMO of -
471 eV. Finally, the LUMO/HOMO levels were inferred from the onset of
reduction/oxidation (the intercept of the two slopes slope and baseline (Figure 2.1)) for
each sample (i.e. for HOMO of pentafluorophenylstilbenevinylSQ = -[1.45 eV (intercept)
+4.71 eV (Ag)] =-6.2 eV).
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Figure 2.1. Redox example curve of pentafluorophenylstilbenevinylSQ; reduction used
for calculation of LUMO, oxidation used for calculation of HOMO.

2.1.2 Photophysical Characterization

The following techniques were used to analyze the photophysical properties of
chromophore-functionalized silsesquioxanes shown in this dissertation, which is
important for determining the charge/energy transfer/harvesting characteristics in these
materials for optoelectronic applications such as OLEDs and photovoltaics. Ultraviolet-
visible spectrometry (UV-Vis) gives information about the photon absorption
wavelengths and absorptivity (amount of absorption) of our materials;
photoluminescence spectroscopy gives information about the fluorescence wavelength
and fluorescence efficiency of materials upon excitation with a photon of specified
wavelength; two photon absorption spectroscopy is an advanced laser spectroscopy
technique which gives information about the intramolecular interactions present in
materials, including charge separation, transition dipoles and chromophore interactions;
fluorescence upconversion spectroscopy is another advanced laser spectroscopy
technique which gives information about the excited state dynamics in materials,
including fluorescence lifetime, charge transfer, and molecular orientational (i.e.

polarization) effects on fluorescence.
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UV-Vis spectrometry. UV-Vis measurements were recorded on an Agilent (model 8341)

spectrophotometer in spectrophotometric grade dried THF as solvent. Concentrations
were on the order of (10°-107 M), to give absorption maximum for absorption studies to
about 50% for a 0.5 cm path length. Molar extinction coefficients (¢ M'cm™) were

determined by plotting a standard curve with concentrations ranging from 10° to 10”7 M.

Photoluminescence spectrometry. Photoluminescence measurements were obtained on a

Horiba Fluoromax-2 fluorimeter in THF. The R-stilbenevinylSQs were studied at their
respective maximum absorption wavelengths, R= (H, 332 nm), (Me, 336 nm), (OMe 341
nm), (NH,, 363 nm), and (C.Fs, 316 nm). 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 (®y,). @, was determined by a
comparison method between a standard and the sample.' Each sample was compared for
®,, 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 three sets of concentrations with absorption ranging from 0.02-0.08, to
reduce fluorimeter saturation and excimer formation. The total area of emission for each
sample and standard was calculated by first subtracting out the background signal, and
then calculating the area. The experiments were repeated at least two times, and were
averaged. To obtain the best accuracy, the slope of a plot of emission versus absorption

was determined and calculated according to the equation;

2
AVYF \n
q"’L("):(AiXFZXn_ﬁ) Prel)

where @, is the quantum yield, 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 due to the sensitivity of the fluorescence spectrophotometer and other

environmental conditions.
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Solvent comparison studies. Samples of the R-stilbenevinyl SQs were prepared as

concentrations of ~20 uM in THF. Then 50 uL. was added to 4 mL vials and diluted to 2
mL, with various ratios of either hexanes or methanol with THF to give final
concentrations of ~1 uM. The photoluminescence was then measured for these samples

and compared.

Two-Photon Excited Fluorescence Measurements. To use this technique for our SQ

materials we had to develop methods of specific wavelength tuning for effective
excitation and analysis as most of our materials absorb in the 300 to 350 nm region. This
was challenging because the standard laser setup gives an output of 800 nm (two photon
excitation), which corresponds to a 400 nm excitation wavelength. This meant we had to
use a combination of down conversion (OPAL) and upconversion (Dbl) to gain access to
ideal two photon excitation wavelengths (650 nm). This is extremely tricky since each
time the laser beam is converted to a new wavelength it loses at least 50% of its energy.
Idealy 100 mw of power would be used for an effective excitation at 800 nm, however
after multiple conversions we were left with less than 20 mw for analysis at 650 nm. This
meant that very careful optics tuning and focusing was necessary for successful two-
photon analysis at 650 nm, our ideal wavelength. Without this careful experiment we

could not have determined the full spectrum of TPA properties for our materials.

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 were used as references. The laser used for the study was a
SpectraPhysics Mai Tai diode-pumped mode-locked Ti:sapphire laser (Figure 2.2). 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 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 1-in. focal length

plano-convex lens was used to direct the collected fluorescence into a monochromator.
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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.

rM= removable mirror

Figure 2.2. Two-photon excited fluorescence setup, dash dot line for wavelengths 720-
820 nm, dashed line for wavelength of 650 nm from beam doubled system.

Fluorescence Upconversion Kinetics. To use this technique for our chromophore

functionalized samples we once again had to tune the wavelengths very carefully. The
fluorescence upconversion setup typically uses a 400 nm laser excitation wavelength
from 2™ harmonic generation, however as mentioned above for the TPA studies our
molecules absorb between 300 and 350 nm. In order to analyze our molecules we had to
convert our setup to 3" harmonic generation, which is very tricky to setup with procedure
given in Appendix B. We were able to get this technique working, which gives us an
laser excitation wavelength of 286 nm, much closer to the absorption bands present in
chromophore functionalized SQs. Note: since the wavelength is lower (higher energy)
than the main absorption of our functionalized SQs, excitation to higher energy bands is
possible, whereas with 400 nm there is not sufficient energy for effective excitation to the

LUMO. This technique was used for extensive analysis of stilbenevinylSQs for
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comparison of their intramolecular interactions.

The fluorescence upconversion system used in our time-resolved experiments has
been described previously.*® To excite our samples, a FOG-100 system (CDP, Figure
2.3) generates second harmonic light (400 nm) or third harmonic light (286 nm, described
in Appendix B) from a mode-locked Ti-sapphire laser. Polarization of the excitation
beam for anisotropy measurements was controlled with a Berek compensator. All
samples were held in a 1 mm thick rotating sample cuvette (S). Horizontally polarized
fluorescence emitted from the sample was up-converted in a nonlinear crystal of [3-
barium borate using a pump beam at 800 nm (NC-2), which first passed through a
variable delay line. The instrument response function (IRF) was determined from the
Raman signal of water for 400 nm excitation, and standards comparison (no rise time) at
286 nm. Lifetimes were obtained by convoluting the decay profile with the instrument
response function. Spectral resolution was achieved by using a monochromator and
photomultiplier tube. Under the experimental conditions, the stilbenevinylSQ structures
investigated were relatively stable and little photodegradation observed. MATLAB and
Origin 7 were used to model the fluorescence decay profile and to calculate fluorescence

lifetime kinetics.
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Figure 2.3. Fluorescence upconversion setup for 400 nm sample excitation.

Computational Methods. One of the many challenges in chemistry is being able to

experimentally characterize materials to their full extent. This can come into play when
trying to determine the reasons for photophysical/electronic properties or trying to
determine reaction mechanisms. We have just started gaining experience in using the
GAMESS computational software package in order to look at the energies involved in the
mechanism of fluoride catalyzed rearrangement of SQs, of which we have been
successful at determining reasonable reaction pathways because of it. We have also
successfully looked at the orbitals involved in the HOMO and LUMO of SQs. A set of

stepwise instructions for Gamess calculations is given in Appendix A.

The Gamess computational package (Build: May 2013 (R1)) was used for all
modeling studies, including geometry optimization, double differenced Hessian
frequency and energy calculations at the B3LYP and MP2 6-31G(d) level in both solvent
and the gas phase.”® Excited state CIS calculations were also performed at the 6-31G(d,p)

level.

2.2 Materials

Dichloromethane (CH,Cl,) and acetonitrile (CH3CN) were purchased from Fisher
and distilled from CaH, under N, prior to use. Tetrahydrofuran (THF) and 1,4-dioxane
were purchased from Fisher and distilled under N, from Na/benzophenone prior to use.
Anhydrous diethylether was purchased from Fisher and used as received. Grubbs 1*
generation catalyst [RuCly(=ChPh)(PCys;),], Pdx(dba); and tetrabutylammonium fluoride
(TBAF, 1 M in THF) were purchased from Sigma Aldrich and used as received. Pd(P-

tBus), was purchased from Acros Chemical and used as received.

Spirosiloxane I was synthesized as described elsewhere.” Phenyllithium, n-
butyllithium, thienyllithium, and lithium phenylacetylide solutions were purchased from
Sigma Aldrich and used as received. 2-bromo-9,9-dimethylfluorene, 9-bromoanthacene,
2-(bromomethyl)naphthalene, and 3-bromothianaphthene where purchased from Sigma

Aldrich and used as received.
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Polyphenylsilsesquioxane and octaphenylsilsesquioxane were synthesized as

previously described.'® Phenyltriethoxysilane was purchased from Gelest Inc.

Polyvinylsilsesquioxane (PVS) was synthesized using previously described

11,12

methods. Decavinyl and dodecavinylsilsesquioxanes (vinylT,,,,) were synthesized

using previously described methods or supplied by Mayaterials Inc."

Octaphenylsilsesquioxane (OPS), octavinylsilsesquioxane (OVS), octaiodophenyl
silsesquioxane (I,OPS), divinyl(x-phenyl)SQ (x=8,10), and 1,4-bis-
vinyltriethoxysilylbenzene were prepared using literature methods or were a gift from

Mayaterials Inc.'*"®

2.3 Synthetic Methods

The following sections describe the synthetic rational and methods for
silsesquioxane precursors and functionalized silsesquioxanes. In general we set out to
develop new synthetic methods to previously unknown or difficult to make
functionalized silsesquioxanes (i.e. [PhenylSiO; s]i9), make chromophore functionalized
SQs as models to determine how cage size effects the photophysical/electronic properties
and the influence this may have on solar materials, and finally the development of a new

class of conjugated polymers (BoC) based on silsesequioxanes.

2.3.1 Nucleophilic Substitution of Alkoxysilanes

In this section we describe the synthesis of R-spirosiloxanes, which are made from
the nucleophilic substitution of R-Li at spirosiloxane. Spirosiloxanes are developed from
the catalytic conversion of the agricultural waste product rice hull ash (silica), offering a
new greener route to silsesquioxanes that bypasses the energy intensive carbothermal

reduction processes typically used to make silsesquioxane precursors (i.e. R-SiCl3).

Spirosiloxane:phenyllithium Reaction. To a flame dried and argon purged 100 mL

Schlenk flask was added 2.5 g (0.01 mol) of spirosiloxane I and magnetic stir bar. The
flask was then evacuated under vacuum 3 times and purged with argon. The flask was
then cooled to -78 °C in a dry ice/acetone bath for 10 min under argon. Then 75 mL of
dry argon purged diethyl ether was added to the reaction and allowed to cool for another

10 min. Then 10.5 mL (0.01 mol) of 1.8 M phenyl lithium solution in diethylether was
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added dropwise by syringe to the reaction mixture, at which time the reaction became a
yellow color. The reaction was run till the yellow color subsided and was then quenched
with excess Me;SiCl or Mel and allowed to stir cold for >30 min before warming up. The
reaction was then worked up by a quick water wash (2x) to remove salts and then dried
over MgSO,. The reaction was then filtered through Celite to remove salts and solvent
removed in-vacuo. A clear semi-viscous oil was obtained. Further purification on select

samples was achieved by bulb-to-bulb distillation under reduced pressure.

Tetraethoxysilane:R-Li Reaction. To a flame dried, 3x evacuated and argon purged 25
mL Schlenk flask was added 1.07 mL (0.0048 mol) of TEOS and a magnetic stir bar. The
flask was then cooled to either -40 [dry ice/ethylene glycol (0.6):ethanol (0.4)] or -78 °C

(dry ice/acetone bath for 10 min under argon. Then 15 mL of dry argon purged diethyl
ether was added to the reaction and allowed to cool for another 10 min. Then 60 mol%,
(0.0029 mol) of a Ph-Li solution was added dropwise by syringe to the reaction mixture,
which became yellow in color. The reaction was run till the yellow color subsided and
was then quenched with excess Mes;SiCl or Mel and allowed to stir cold for >30 min
before warming up. The reaction was then worked up by a quick water wash (2x) to
remove salts and then dried over MgSQO,4. The mixture was then filtered and the solvent

removed in-vacuo. A clear semi-viscous oil was obtained.

Phenylsilsesquioxane synthesis. Briefly, 150 mg of oligomeric monophenyl-I were added

to a 50 mL round bottom flask with magnetic stirrer. Then 30 mL of CH,Cl, was added
to the reaction, followed by 20 puL of water and 25 pL. of 1 M TBAF solution in THF.
The reaction was left to stir for 16 hours, and was then quenched with 50 mg of CaCl, to
remove fluoride. The reaction was then filtered through Celite, and solvent removed in-
vacuo. The product was then dissolved in a small amount of CH,Cl, and precipitated into
methanol to remove partial cage byproducts. The precipitate was then filtered, giving 62

mg of isolated PhSQ products in a mixture of cage sizes (Ts, T1o, T12).

2.3.2 Decaphenylsilsesquioxane [PhSiO1s]10
Tyo silsesquioxanes are one of the more difficult classes of silsesquioxanes to
synthesize, but offer unique properties over the more prevalent Tg class of SQs, including

Dsh symmetry, higher solubility, and ability to achieve higher functionalization. Due to
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the low yields typically achieved in the synthesis of [PhSiO; s5];0 (<15%) we developed a
new method of synthesis that could easily achieve yields of >50% using fluoride catalysis

as described below.

[PhSiO; 5]10 from PhSi(OEt);. To an oven dried 2 L round bottom flask under N, was
added 20 mL (0.08 mol) phenyltriethoxysilane, 1.75 L of methylene chloride, 5.2 mL
(0.0052 mol) of TBAF, and 2.5 mL of H,O and magnetic stirrer. The reaction was stirred

for 2-3 days. The reaction was then worked up by one of two methods: a. Aqueous
workup: 5x wash with H,O in a separatory funnel, of which the organic layer was then
dried over Na,SOs, and filtered. b. The reaction was quenched with 50 g of powdered
CaCl, and stirred for 1 day to remove the fluoride ion and then filtered through Celite.
The solvent was then removed by rotary evaporation. The resulting white solid was then
partially dissolved in 50 mL of a 1:1 THF:acetonitrile to selectively precipitate Tg and T},
PhSQ. The resulting suspension of Tg and T;, PhSQ was then filtered and reused in a
subsequent synthesis. The solvent was then removed in-vacuo from the resulting solution
containing Tjo and partial cage PhSQ. It was then redissolved in a minimum amount of
THF, precipitated into methanol to remove partial cages, filtered and dried under
vacuum. [PhSiO; s]yo: white solid, 7.8 g, 49%. Characterization Data: '"H NMR (400
MHz, acetone-d6): & 7.31 (t, Ar-H), 7.43 (t, Ar-H), 7.67 (t, Ar-H) ppm; °C NMR: §

126.11, 126.53, 126.69, 127.29, 128.10, 128.66 ppm; ’Si NMR (99 MHz, chloroform-d):
79.60 ppm; FTIR: 3066-2917 (v C-H), 1591( v C=C, Ar ring), 1429( v C=C, Ar ring),
1132 (v Si-0), 729 (v Si-C) em”. MALDI-TOF: m/z (Ag" adduct) = 1398.9 [Ag-
Si10015(CeHs)10]. GPC (found): Mn = 1.5 kDa, Mw = 2.3 kDa, PDI = 1.06. TGA (air, 10
°C/min 1000 °C): found 45.8%, calc 46.4%, Tgs,: 420 °C.

[PhSiO; 5]10 from [PhSiO;s].. To a 2 L round bottom flask under N, was added 16 g
(0.12 mol) [PhSiO; 5]y, 1.75 L of methylene chloride, 5.2 mL (0.0052 mol) of TBAF and
magnetic stirrer. The reaction was stirred for 2-3 days, or until the reaction mixture
became transparent. The reaction was quenched with 50 g of powdered CaCl, and stirred
for 1 day to remove the fluoride ion and then filtered through Celite. The solvent was
then removed by rotary evaporation. The resulting white solid was then partially

dissolved in 50 mL of a 1:1 THF:acetonitrile to selectively precipitate Tg and T1, PhSQ.
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The resulting suspension of Tg and T, PhSQ was then filtered and reused in a subsequent
synthesis. The solvent was then removed in-vacuo from the resulting solution containing
Tio and partial cage PhSQ. It was then redissolved in a minimum amount of THF,
precipitated into methanol to remove partial cages, filtered and dried under vacuum.
[PhSiO; s5]10: white solid, 8.2 g, 52%. Characterization Data: '"H NMR (400 MHz,
acetone-d6): 6 7.31 (t, Ar-H), 7.43 (t, Ar-H), 7.67 (t, Ar-H) ppm; °C NMR: § 126.11,
126.53, 126.69, 127.29, 128.10, 128.66 ppm; *’Si NMR (99 MHz, chloroform-d): 79.60
ppm; FTIR: 3066-2917 (v C-H), 1591( v C=C, Ar ring), 1429( v C=C, Ar ring), 1132 (
v 8i-0), 729 (v Si-C) cm’. MALDI-TOF: m/z (Ag" adduct) = 1399.1 [Ag-
Si10015(CgHs)10]. GPC (found): Mn = 1.5 kDa, Mw = 2.4 kDa, PDI = 1.05. TGA (air, 10
°C/min 1000 °C): found 45.9%, calc 46.4%, Tgs,: 489 °C.

2.3.3 Tion: Stilbenevinylsilsesquioxanes, [stilbenevinylSiOj 51,12

The following R-stilbenevinylSQs were developed as model systems to map the
photophysical and electronic properties of silsesquioxanes for their potential use in
hybrid/organic photovoltaic devices. Stilbenevinyl was the chromophore of choice due to
its simplicity both in synthesis and photophysics as well as it being an analog of a
reasonable photovoltaic material poly(phenylenevinylene) (PPV). Our rationale was to
use the R-group on stilbenevinylSQs to try and tune their optical and electronic properties
toward replacement materials for electron accepting materials in photovoltaics. This idea
was based on previous experimental observations and calculations showing the
electrophilic nature of the silsesquioxane core, which should act as an electronic acceptor.
Though the SQ energy level as an acceptor is much two high on its own, we considered
that tuning the R-groups should allow for energy level adjustment. Our synthetic

procedures for making these materials are shown below.

Synthesis of Vinyl, (x = 10, 12 and 14) Tjo, T1» and T4 SQs. PVS (95 g, 1.2 mol) was
placed in a 5 L round bottom flask equipped with magnetic stirrer. 4.0 L THF (4.0 L)
was added to the flask. PVS was insoluble to THF at this stage. To the suspension of
PVS in THF, 2.0mL of 1.0 M TBAF (2.0mmol) 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)
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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 [AgSis014H;(C2H3)9], 899 [AgSi0015(CaH3)10], 988 [AgSi;017H 1(C2H3)11], 1057
[AgSi;,013(CaH3)12], 1216 [AgSi14021(C2H3)14] amu. GPC (found): M, = 790; M, = 828;
PDI = 1.05.

General Heck reaction of vinyl, (x = 10, 12 and 14) T, Ti, and Ti4 Genl SQs. A dry 50
mL round bottom Schlenk flask under N, was charged with Pd[P(z-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 vinylT;¢/T2 (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

above, with the tabulated data presented in the text.

Double Heck addition reactions vinyl;12SQs. A dry 50 mL round bottom Schlenk flask
under N, was charged with Pd[P(¢-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, 19.0 mmol) and vinyl
Tion2-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
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powder characterized by the methods described above. Tabulated data are presented

below in the text.

Genl via Metathesis. To a dry 25 mL Schlenk flask under N, was added 0.40 g (5.1

mmol of vinyl group) of vinylT;¢12 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 eluant mixtures system). Tabulated

characterization data are presented in the text.

General Heck reaction of bromostyrenyl Tjo/12 SQs. To a dry 50 mL Schlenk flask under

N, was added 0.50 g (2.1 mmol of Br) of bromostyrenylTio12, 19 mg (0.04 mmol, 2
mol %) of Pd[P(t-Bu)s],, and 18 mg (0.02 mmol, 1 mol %) of Pdy(dba);. 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 2 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.

2.3.4 Separation and Photophysical Properties of To and T, StilbenevinylSQs

One of the big challenges in the synthesis of SQs by F~ catalyzed rearrangement is
that the product is typically a mixture of cage sizes. Though this is not a problem for
many applications, it makes characterization of individual properties difficult. Therefore
we developed a technique for the effective separation of Ty and T, stilbenevinylSQs so
that their individual photophysical properties could be determined. This is outlined

below.

General T, cage separation procedure. The stilbenevinylSQ cage mixture (25 mg) was

added to a 5 mL test tube and dissolved with 1 mL of ethyl acetate. Acetonitrile was then
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added dropwise until precipitation occurred. The precipitate was then filtered using a 0.22
pum pore size syringe filter, and the solution phase was added to a new 5 mL test tube (A).
The solid phase was then redissolved with THF and added to another test tube (B). To
test tube (A) was added acetonitrile until precipitation occurred, and the process was
repeated until the solution contained only stilbenevinylT,, (3-4 iterations). Test tube (B)
was dried out and redissolved in ethyl acetate, and the same procedure as that with (A)
was repeated to enrich the solid in stilbenevinylT,,. Further purification of the T,, was
carried out using gel permeation chromatography (GPC) to give pure T,, for
spectroscopic studies. The purity was verified by MALDI-ToF spectroscopy and silicon
NMR. T,, stilbenevinylSQ: MALDI-TOF: m/z (Ag"® adduct) = 2681
[AgSi,i0,5(CisH}5)10]; GPC (found): M, = 3367; M,, = 3450; PDI = 1.02; 'H NMR (500
MHz, CDCly): 6066.3-6.4 (m, -CH=CH2),7.0-7.1 (m, -CH=CH?2),7.2-7.3 (m, Ar-H), 7.3-
7.6 (m, Ar-H) ppm. "C NMR (500 MHz, CDCl,): §100.05, 115.00, 126.11, 126.53,
126.69, 127.29, 128.10, 128.66, 135.50, 136.63, 137.14, 138.01 ppm; *Si NMR (99.35
MHz, CDCl,): 6-78.85 ppm. T,, stilbenevinylSQ: 3196 [AgSi,,0,4(C,cH,3),,] amu; GPC
(found): M, =3758; M,, =3871; PDI = 1.03; '"H NMR (500 MHz, CDCl,): 86.3-6.4 (m, -
CH=CH?2),7.0-7.1 (m, -CH=CH?2), 7.2-7.3 (m, Ar-H), 7.3-7.6 (m, Ar-H) ppm. "C NMR
(500 MHz, CDCl,): 8125.20, 126.54, 126.67, 127.27, 127.36, 127.70, 128.09, 128.67,
129.02, 136.68, 137.10, 137.76, 137.84 ppm; *’Si NMR (99.35 MHz, CDCl,): 8-78.69, -
80.44 ppm.

2.3.5 Beads on a Chain (BoC) Polymers Based on Mixed Phenyl-vinylSQs
Silsesquioxane containing organic polymers are of increasing interest due to their
increased thermal and oxidative stability. Most of these studies however have been with
SQs as pendant groups on the polymer as opposed to being part of the main chain. We
have set out to develop new methods of making polymers with alternating organic-
silsesquioxane units (BoCs). Our goal is to use F catalyzed rearrangement techniques to
make mixed functional SQs, which can be polymerized with a conjugated organic linker.
The rationale is that these materials can behave in a similar manner to conjugated organic
polymers typically used in organic photovoltaic and light emitting diode applications. We

have observed ground and excited state charge transfer processes in these materials
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suggestive of the 3D conjugation effects offered by the silsesquioxanes. The synthesis of

these materials and their model compounds is described below.

Synthesis of [(vinyl),(p-IPh),,SiO, ], (n = 10, 12). OPS (4.76 g, 18.6 mmol) and OVS

(350 mg, 4.25 mmol) were placed in a 100 mL round-bottom flask equipped with a
magnetic stirrer. THF (50 mL) and 0.25 mL (1.0 M in THF, 0.25 mmol) of 95% TBAF
were added via syringe under N,. The reaction mixture was stirred at room temperature

for 48 h. CaCl, (0.2 g, 1.8 mmol) was added to the reaction mixture and stirred an
additional 6 h. Insolubles (~0.25 g) were then removed by filtration, and the solvent

removed by rotary evaporation. The solid residue was dissolved in ~10 mL of THF and
precipitated into 200 mL of MeOH. The precipitated products were collected and dried in
vacuo to give a white powder (4.67 g, 90% with respect to total initial mass of reactants).
'H NMR (400 MHz, DMSO-d,): 6 5.5-6.5 (br, -CH=CH,), 6.9-8.1 (br, Ar-H); "C NMR:
0 130.0 (-Si-CH=CH2), 130.7 (Ar-C), 133.8 (Ar-C), 136.3 (-CH=CH,); FTIR: 3066-2917
(vC-H), 1591(vC=C, Ar ring), 1429(vC=C, Ar ring), 1132 (vSi-O), 729 (vSi-C) cm™.
MALDI-TOF: m/z (Ag" adduct) = 2104.3 [Si,0,4(C,H;),(IC¢Hs)s(CeHs),], 2230.1
[S1,,0,4(C,H;),dCH;),(CcHs),],  2280.1 [S1,,0,4(C,H;);(ICH;s),(CcHs),]l, 23559
[S1,,0,4(C,H;),dCHs)s], 24059 [S1,,0,4(C,H;);(I1CH;)4(CcHs), ], 25327
[S1,,0,4(C,H;);(IC.H5),], amu. GPC (found): Mn = 2.4 kDa, Mw = 1.5 kDa, PDI = 1.05.
TGA (air, 1000 °C): found 27.2%, calc 27.4%, T s, 412 °C.

Metathesis polymerization of [(vinyl),(p-IPh), ,SiO, s, and [(vinyl),(Ph), ,SiO, 5], (n =10,
12) with divinylbenzene (DVB) to make polymers A and B. To a dry 100 mL Schlenk
flask under N, was added 3.5 g (14 mmol) of [(vinyl),(p-IPh),,SiO, ], and 100 mg (0.28

mmol) of first generation Grubbs catalyst. Dry CH,Cl, (70 mL) was added by syringe
followed by divinylbenzene 29.75 pL (0.21 mmol, added in equal parts over 3 days). The
mixture was stirred at reflux at 40 °C for 72 h and then precipitated into 200 mL of
methanol. The solution was then filtered and the solid collected. The solid was then
redissolved in toluene and n-acetyl-L-cysteine was added to complex the catalyst for
removal. The resulting solid was purified by a silica plug (1:10 CH,Cl,:hexanes, 5 cm
diameter, 7 cm silica) and the collected sample was vacuum dried for 6 h. Polymer A:
(3.2 g, 89%), 'H NMR (400 MHz, CD,Cl,): 8 5.2-6.3 (br, -CH=CH), 6.6-8.1 (br, Ar-H);
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FTIR: 3066-2917 (vC-H), 1591(vC=C, Ar ring), 1429(vC=C, Ar ring), 1132 (vSi-O), 729
(vSi-C) ecm™; GPC: Mn = 18 kDa, Mw = 31 kDa, PDI = 1.7; TGA (air, 1000 °C): found
28.6 %, calc 27.7 %, T, = 378 °C. Polymer B: (34 g, 95%), 'H NMR (400 MHz,
CDCL,): 6 5.2-6.3 (br, -CH=CH), 6.6-8.1 (br, Ar-H). FTIR: 3066-2917 (vC-H),
1591(vC=C, Ar ring), 1429(vC=C, Ar ring), 1132 (vSi-0), 729 (vSi-C) cm'; GPC: Mn =
8.2 kDa, Mw = 13 kDa, PDI = 1.6; TGA (air, 1000 °C): found 45.3 %, calc 44.6 %, T,
=402 °C.

Heck reaction of Polymer A and styrene to make (Polymer C). To an oven dried 10 mL
Schlenk flask under N, was added 200 mg (0.53 mmol) of (Polymer A), 5 mg (0.01
mmol) of Pd[P(z-Bu),], and 4.75 mg (0.005 mmol) of Pd,(dba),. 1,4-dioxane (5 mL) was
added by syringe, followed by 100 pL (0.50 mmol) of NCy,Me and 54.5 mg (0.53 mmol)

of styrene, and left to run to completion as monitored by GPC. The solution was then
filtered and the solid collected. The solid was then redissolved in toluene and n-acetyl-L-
cysteine was added to complex the catalyst for removal. The mixture was then filtered
through 5 cm of Celite and then precipitated into 100 mL of methanol and filtered again.
The solid was then vacuum dried for 4 h, which gave a white solid (160 mg, 67 % yield).
'H-NMR (CHCl;, 6 ppm): 5.3-6.4 (br, -CH=CH), 6.5-7.9 (br, Ar-H); FTIR (cm™): 3024
(v C-H, aromatic), 1600 (v C=C), 1130 (v Si-O); GPC: Mn = 9.5 kDa, Mw = 17 kDa,
PDI = 1.8; TGA (air, 1000 °C): found 29.5 wt %, calc 28.7 wt %, Ty, = 348 °C.

Heck reaction of Polymer A and p-OMe-styrene to make (Polymer D) To a oven dried
10 mL Schlenk flask under N, was added 500 mg (1.31 mmol) of Polymer A, 12.5 mg
(0.025 mmol) of Pd[P(z-Bu);], and 11.9 mg (0.0125 mmol) of Pd,(dba),. 1,4-dioxane
(12.5 mL) was added by syringe, followed by 250 pL (1.25 mmol) of NCy,Me and 176

pL (1.31 mmol) of p-OMe-styrene, and left to run to completion as monitored by GPC.
The solid was then redissolved in toluene and n-acetyl-L-cysteine was added to complex
the catalyst for removal. The mixture was then filtered through 5 cm of Celite and then
precipitated into 100 mL of methanol and filtered again. It was then vacuum dried for 4 h
and was obtained as a white solid (0.43 g, 66 % yield). 'H-NMR (CDCl,, 6 ppm): 5.3-6.4
(br, -CH=CH), 6.5-7.9 (br, Ar-H), 3.84 (s, -OCH.,); FTIR (cm): 3024 (vC-H, aromatic),
1600 (vC=C), 1131 (¥Si-0), 1037 (vC-O); GPC: Mn = 12 kDa, Mw = 45 kDa, PDI = 3.7.
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General Heck reaction to Polymer E and Polymer F. To a dry 50 mL Schlenk flask
under N, was added 1 g (7.69 mmol) of divinyl(x-phenylSQ), (0.168 mmol) of 1.4-
dibromobenzene (E) or 4.4’-dibromostilbene (F), 38 mg (0.084 mmol) of Pd[P(t-Bu),],,
and 36 mg (0.04 mmol) of Pd,(dba);. Dry 1,4-dioxane (20 mL) was added by syringe,

followed by NCy,Me (0.9 mL, 4.35 mmol). The resulting solution was allowed to stir at
room temperature for 72 h. The reaction mixture was filtered through 5 cm of Celite to
remove catalyst. The solution was then quenched by precipitation into 200 mL of
methanol and filtered. The solid was then redissolved in toluene and purified by n-acetyl-
L-cysteine to further remove the catalyst. Then column chromatography was used to
remove the catalyst complex and unreacted starting material (CH,Cl,:hexanes 1:2, 3 cm
diameter, 10 cm of silica). Polymer E: (0.86 g, 83%); 'H-NMR (CDCl,, d ppm): 5.6-6.2
(br, -CH=CH), 6.7-8.0 (br, Ar-H); FTIR (cm™): 3066-2917 (vC-H), 1591(vC=C, Ar ring),
1429(vC=C, Ar ring), 1132 (vSi-0), 729 (vSi-C) cm™'; GPC: Mn = 6 kDa, Mw = 11 kDa,
PDI = 1.8; TGA (air, 1000 °C): found 44.7 %, calc 44.6 %, T4, = 300 °C. Polymer F:
(092 g, 86%); 'H-NMR (acetone-d,, 6 ppm): 5.6-6.2 (br, -CH=CH), 6.7-8.0 (br, Ar-H);
FTIR (cm™): 3066-2917 (vC-H), 1591(vC=C, Ar ring), 1429(vC=C, Ar ring), 1132 (vSi-
0), 729 (vSi-C) cm™; GPC: Mn = 5.3 kDa, Mw = 12 kDa, PDI = 2.3; TGA (air, 1000
°C): found 46.1 %, calc 42.9 %, Ty, = 395 °C.

Synthesis of 4,4’-dibromostilbene. Metathesis: To a dry 50 mL Schlenk flask under N,

was added 1 g (5.5 mmol) of 4-bromostyrene and 50 mg (0.14 mmol) of first generation
Grubbs catalyst. Dry CH,Cl, (30 mL) was then added by syringe. The reaction was
refluxed at 40 °C for 2 d. The reaction was then concentrated and precipitated into 100
mL methanol. The solid was then filtered and dried under vacuum (930 mg, 97% of 4,4’-
dibromostilbene). 'H-NMR (acetone-d, & ppm): 7.33 (s, -CH=CH), 7.56 (d, Ar-H), 7.60
(d, Ar-H); GPC: M, =253 Da, M,, = 256 Da, PDI = 1.01.

Heck coupling of vinyltriethoxysilane with 4.4’-dibromostilbene to make 4,4’-bis-

vinyltriethoxysilylstilbene (Model 2): To a dry 10 mL Schlenk flask under N, was
added 100 mg (0.295 mmol) of 4.4’-dibromostilbene, 10 mg (0.02 mmol) of Pd[P(t-
Bu);],, and 8 mg (0.01 mmol) of Pd,(dba),. Distilled vinyltriethoxysilane (0.5 mL,

excess) was added by syringe, followed by NCy,Me (0.3 mL, 1.4 mmol). The resulting
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solution was allowed to stir at room temperature for 72 h. The reaction mixture was
filtered through Celite to remove catalyst. The resulting yellow oil was then fractionally
distilled to remove excess vinyltriethoxysilane (134 mg, 82%). 'H-NMR (acetone-d,, O
ppm): 1.21 (m, -O-CH,-CH,), 3.87 (m, -O-CH,-CH,), 6.28 (d, Si-CH=CH-Ar), 7.18 (d,
Si-CH=CH-Ar), 7.30 (d, Ar-CH=CH-Ar), 7.57 (d, Ar-H), 7.61 (d, Ar-H); FTIR (cm):
3066-2917 (vC-H), 1607 (vC=C, Ar ring), 1455 (vC=C, Ar ring), 1100 (vSi-O), 1080
(vSi-O) cm™; GPC: Mn = 1440 Da, Mw = 1512 Da, PDI = 1.05.

Table 2.1. Synthesized SQ materials and their chemical makeup.

Polymer Description

A Made from metathesis of [(vinyl)2(p-
IPh),2SiO+ 5], with divinylbenzene

B Made from metathesis of
[(vinyl)2(Ph),2SiO1 5], with

divinylbenzene

C Made from Heck coupling of styrene

with oligomer A

D Made from Heck coupling of p-OMe

styrene with oligomer A

E Made from Heck coupling of
[(Vinyl)g(Ph)n.23i01,5]n with 1 ,4-

dibromobenzene

F Made from Heck coupling of
[(vinyl)2(Ph)n.2SiO1 5], with 4,4’-

dibromostilbene

Model 1 1,4-bis-vinyltriethoxysilylbenzene

Model 2 4,4’-bis-vinyltriethoxysilylstilbene

General Heck reaction to Phenyl-fluorene polymer. To a dry 20 mL Schlenk flask under
N2 was added 1 g (7.69 mmol) of divinyl(x-phenylSQ), (0.168 mmol) of 2,7-dibromo-
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9,9-dimethylfluorene, 38 mg (0.084 mmol) of Pd[P(t-Bu);],, and 36 mg (0.04 mmol) of
Pd,(dba);. Dry 1,4-dioxane (15 mL) was added by syringe, followed by NCy.Me (1.6
mL, 8.5 mmol). The resulting solution was allowed to stir at room temperature for 72 h.
The reaction mixture was filtered through 5 cm of Celite to remove catalyst. The solution
was then quenched by precipitation into 200 mL of methanol and filtered. The solid was
then redissolved in toluene and purified by n-acetyl-L-cysteine to further remove the
catalyst. Then column chromatography was used to remove the catalyst complex and
unreacted starting material (CH,Cl:hexanes 1:2, 3 cm diameter, 10 cm of silica). Phenyl-
fluorene polymer: (0.67 g, 65%); 'H-NMR (CDCls, 6 ppm): 1.5 (s, CH3), 5.6-6.2 (br, -
CH=CH), 6.7-8.0 (br, Ar-H); FTIR (cm™): 3066-2917 (v C-H), 1591( v C=C, Ar ring),
1429( v C=C, Ar ring), 1132 (v Si-0), 729 (v Si-C) cm™; GPC: Mn = 3.9 kDa, Mw =
6.4 kDa, PDI = 1.6; TGA (air, 1000 °C): found 38.6 %, calc 40.4 %, T4ss, = 210 °C.

Heck coupling of vinyltriethoxysilane with 2.7-dibromo-9,9-dimethylfluorene to make

2,7-bis-vinyltriethoxysilyl-9,9-dimethylfluorene (Fluorene Model): To a dry 10 mL
Schlenk flask under N, was added 300 mg (0.85 mmol) of 2,7-dibromo-9,9-
dimethylfluorene, 10 mg (0.02 mmol) of Pd[P(t-Bu);],, and 8 mg (0.01 mmol) of

Pd,(dba);. Distilled vinyltriethoxysilane (5 mL, excess) was added by syringe, followed
by NCy:Me (0.3 mL, 1.4 mmol). The resulting solution was allowed to stir at room
temperature for 72 h. The reaction mixture was filtered through Celite to remove catalyst.
The resulting yellow oil was then fractionally distilled to remove excess
vinyltriethoxysilane (311 mg, 84%). FTIR (cm™): 3066-2917 (v C-H), 1607 (v C=C, Ar
ring), 1455 (v C=C, Ar ring), 1100 (v Si-O), 1080 (v Si-0) cm™; GPC: Mn = 771 Da,
Mw = 802 Da, PDI = 1.04.
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Chapter 3.
Silsesquioxanes from the Ground Up: Nucleophilic Attack of R-lithium at

Tetrahedral Silicon in Alkoxysilanes

3.1 Abstract

The currently accepted mechanism for nucleophilic attack at silicon in
tetraalkoxysilanes, e.g. Si(OEt), is suggested to involve formation of penta- and then
hexacoordinated intermediates as supported by the apparent exclusive formation of
R3SiOR’ and R4Si from nucleophilic attack by RLi and RMgX. Our recent discovery of a
direct route from biogenic silica to tetraalkoxy-spirosiloxanes prompted us to revisit this
reaction as a potential route to diverse silicon containing species with single Si-C bonds
as early studies demonstrate that spirosiloxanes form quite stable pentacoordinated
alkoxysilane compounds. As anticipated, Si(2-methyl-2,4-pentane-diolato), (SP) reacts
with RLi (R = Ph, anthracene, phenylacetylene, etc.) at — 78 °C to form pentacoordinated
Si, e.g. LiPhSP equilibrates with the starting reagents even at 3:1 ratios of PhLi:SP with
no evidence for formation of hexacoordinated species by mass spectral, NMR and
quenching studies. Thus, quenching with Mel or Me;SiCl allows isolation of
monosubstituted products from RLi:SP; RSi(OR’); including some ring opened
oligomers. Comparative studies of reactions of PhLi with Si(OEt), allows isolation of
mono- and di-substituted products again even at 1:1 ratios of PhLi:Si(OEt)4. However, on
standing at -78 °C for long periods of time or on warming to 0°C, the primary product for
both reactions is Ph4Si even with 0.5 equivalents of PhLi. At reaction temperatures > 0 °C
the primary product is again PhsSi. These results suggest that hexacoordinated
intermediates are not part of the substitution mechanism and may suggest that the higher
substituted compounds arise from disproportionation processes. We also briefly describe

the conversion of the anthracenyl- and phenylethynylSP to silsesquioxanes.
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3.2 Introduction

Silicon chemistry is dominated by compounds made starting from the products of the
direct process, reaction (1)." Other products can be made from PhSiCl; available via
reaction (2).” Finally, hydrosilylation as exemplified by reaction (3), provides access to

other types of monofunctional silanes.”*

Simet + MeCl S¥5neaB300°C MeSiCly + Me,SiCl, + MeHSiCl, (polysiloxane precursors) (1)
Ph-H + SiCl, B9, %35°C phsiCl, )
HSiCl;+ CH,=CH-R —* > R-CH,CH,SiCl; (3)

However, if one wants to make organosilicon compounds starting from organic
compounds that do not contain an accessible double bond or compounds without phenyl
or methyl groups, very few synthetic avenues remain. These typically involve reactions

of nucleophiles with chloro- or alkoxy-silanes as illustrated in reactions (4) and (5).
SiCl, + RLi (RMgBr) *2¥> R, SiCl, + (x = 0-3) + LiCl (MgBrCl) (4)
Si(OR), + R°Li (RMgBr) *¥> R*, Si(OR), (x = 0-3) + LiOR (MgBrOR) (5)

Reaction (4) proceeds reasonably well but one must contend with chlorosilanes
before and after reaction and their hydrolysis products, which require extra care and often
afford unwanted complications including the formation of intractable polymers.
Consequently, multiple groups have explored nucleophilic attack at Si(OEt), (TEOS) in
particular using strong nucleophiles, however no others have targeted the synthesis of
silsesquioxane precursors [RSi(OR’);] and more importantly difunctional siloxanes [-

R,SiO- or R|R,Si0-] where R # methyl.

Reaction (5) also suffers from an important complication because nucleophilic
substitution often does not stop at the monofunctional silane but rather commonly
continues to the tri- and tetra-functional products even when the alkoxysilane is used in
excess, as suggested in Scheme 1.”'' Thus, nucleophilic attack at tetrahedral

alkoxysilanes differs considerably from that of carbon containing compounds.

This surprising result has prompted multiple studies on nucleophilic attack at

tetrahedral silicon. Extensive studies by the Corriu group provide considerable evidence
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that nucleophilic attack occurs much faster at penta- and hexacoordinated rather than

12-16

tetrahedral silanes. They have proposed a general mechanism as illustrated in Scheme

2.1>1% Here F~ or RCO, would be a catalyst for reactions not involving Grignard or Li
reagents.
1. 4 RMgX
@ Ij 2 LA SiRgH
Et,0 Reflux 50 % Et, 60 % nBu
RMgX or RLi SIROR

SiOR)y ~————> 50 % Et, 60 % nBu

Scheme 3.1. Typical reactions of triscatecholatosilicate or tetralkoxysilanes with
Grignard and lithium reagents.”

R38|X—> R3Si—Nu + X-

C;x\ / Nu/-Cat

Sl—R
Cat
Cat =F-, RCO,", HMPA, etc

Scheme 3.2. Proposed mechanism for nucleophilic substitution at Si via pentacoordinate
intermediates.'>'°

This mechanism seems to provide an explanation for many of the results reported to
date.”™" Corriu et al argue that in the absence of catalyst, the nucleophile takes the
position “Cat” in Scheme 1; thus, double and triple functionalization can be expected.
Many of the Corriu et al studies were run in ether at or near reflux temperatures (= 30

°C).

Tour et al demonstrated that it was possible to get two of the same R groups to add to
Si using alkyl/aryl lithium reagents and thereafter add a different R’Li group to produce
R,R’SiOEt.” They could never obtain RR’Si(OR),, again supporting the likelihood that
pentacoordinate species react faster than tetracoordinate ones. Although their reactions
were initiated at -78 °C, they were allowed to warm to room temperature prior to

quenching with water.
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In relatively recent work, Manoso et al'’ and later Jung et al'' found that -78°C aryl
lithium and -30°C Grignard reagents react with TEOS or Si(OMe)s (TMOS) to produce
monofunctional alkoxysilanes, RSi(OR);. In these studies it was found that low
temperature reaction conditions, excess TEOS (> 2 equiv) and low temperature
quenching are key aspects in obtaining monofunctional products. Manoso et al also found
that nucleophilic substitution reactions worked best with electron poor as opposed to
electron rich aryl reagents, which are more reactive and tended to form R,Si, R3Si and
R4Si as found by Corriu.. They also reported that reaction time has little influence on
reaction products and yields, regardless of temperature and RLi(MgBr):TEOS
stoichiometries (e.g. even at 1:3 ratios) always providing some quantities of di- and tri-
alkoxysilanes. In contrast to the work of Tour, these researchers quenched with water at —
78 °C prior to allowing the reactions to warm to room temperature. It appears that

warming before quenching makes quite a difference in the spectrum of products.

Our interest in this area is driven by the need to develop new ways to make

. . . . . . 17-22
arylsilsesquioxanes given our extensive work on their properties.'’

We have previously
reported the facile synthesis of pentacoordinated spirosilicates from any silica source in
ethylene glycol.”> The glycolato silicate of reaction (6) can be isolated in quantitative
yield and appears to be quite stable suggesting that spirosiloxanes might be better

candidates for stabilizing the mono-functionalized species as suggested by reaction (7).

O,

-3H,0/200°C ® o)
Si0,+MOH+xs / \ —————— M [ & XOH
HO OH
Ol2
M =Li, Na, K, etc (6)20

0
o PhLi <
>Si< T, O—si—o
o o 78 °CIEL,0 5 e \o
Li®

Thus, our recent discovery of the direct depolymerization of biogenic silica sources

(7)

such as rice hull ash (RHA) to produce spirosiloxanes per reactions (8) and (9) offered an

exceptional opportunity to develop greener routes to special mono- and di-functional
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silicon containing compounds. We report here our first successful efforts to develop such

routes.

OH o
RHA + 10 mol % NaOH + H0 SN —0
OH catalytic NaOH o/ o
2-Methyl-2,4 pentanediol 1 (8)
H
o/
200 °C/-H,0 Q
RHA + 10 mol % NaOH + S \Si/
(o] / N\
N 0o o

)

3.3 Experimental Methods

Synthetic methods and characterization procedures are given above in Chapter 2.

3.4 Results and Discussion

In the following sections we first discuss the substitution reactions of PhLi with I,
and analyze the effects of temperature and quenching on the final structures. This is
followed by studies on the stoichiometric reactions of various other RLi reagents (i.e.
phenylacetylenyl, anthracenyl, etc.) with I and characterization studies. The reactions of
PhLi with tetracthoxysilane (TEOS) are also discussed. Lastly, several examples are

given using R-I to synthesize novel silsesquioxanes by fluoride catalyzed cage formation.

3.4.1 Reactions with Spirosiloxane I

Our first steps in these efforts were to extend the work of Manoso et al and Jung et al
to our system to compare the reactions of TEOS with those of I produced per reaction
(8).""!" As such, studies were initiated using stoichiometric PhLi/Et,0/-78 °C to arylate I
resulting in facile formation of mono-substituted PhILi (reaction 10). Figure 3.1 presents
the MALDI-ToF spectrum taken by spotting the -78 °C unquenched reaction mixture

directly on a sample plate just prior to analysis.
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(e}
-~ 0.5 or 1 equiv. PhLi ~
N -Si

~
Si
o/ o -78 °C, Et,0

o
7N\

o0

' (10)

100
3444
c~-/
- o -

S |
‘0/ \O - 0\5 /Oh'/
i
-\
e

279.8

2824 345.4

2923 3175

0 miz
250 255 260 265 270 275 280 285 290 295 300 305 310 315 320 326 330 335 340 345 350 355 360 365

Figure 3.1. MALDI-ToF of 1:1 Spirosiloxane (I):PhLi (-78 °C), m/z = 344.4 is the parent
ion for LiPhSi(2-methyl-2,4-diolato),, which loses PhLi to give I at m/z = 259.

In contrast, if the above reaction of I with PhLi (1:1 ratio) is allowed to warm to ambient
without quenching then a quite different product appears, which precipitates out of
diethyl ether allowing easy separation from remaining I. The *’Si NMR (Figure 3.2) of
this product gives a single peak at & = -14.4 ppm, the literature value,” typical for
tetraarylsilanes. The EI mass spec (Figure 3.3) provides further evidence showing the
tetraphenyl product peak at 336.0 m/z. If the same reaction is run with a ratio of 0.5:1

similar peak distributions are observed in the EI mass spec.

This product distribution is truly unique, since it tells us something about the
reaction itself. Since only monophenyl products are observed at low temperature (Figure
1), it suggests that PhLi reacts with I to form a stable pentacoordinated species. On
warming this complex then must transfer the phenyl group perhaps by disproportionation
or via a “Corriu” proposed intermediate. But this process must occur multiple times to
form Phy4Si as the final product. The sequence is easily avoided by running reactions at

low temperatures and quenching with an electrophile before warming, see below.

Another aspect of these studies that seems to have been overlooked previously arises

from the fact that Corriu et al. reported that hexacoordinated catecholato spirosiloxane
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reacts with PhMgBr at 35 °C (Scheme I) to give only PhsSi. One can envision this

. I : . e 11,12,21,26,2
reaction sequence to be initiated via a 7 coordinate transition state. =~ 7

-14.4

ooy

- ! ; :
2 4 6 8

WWWWWW

T
20 22 -4
ppm

Figure 3.2. *Si NMR of synthesized tetraphenylsilane, -14.4 ppm, isolated from a 1:1
PhLi:I reaction run at -78 °C then warmed to room temperature without quenching, and
then rinsed with diethyl ether to remove excess 1.

100% 259.0 _2.7E6
95] f2.6E6
90 E2.aE6
asj F2.3E6
803 182.0 £2.1E6
2s] E2.0E6
70 E1.986
553 E1.786
60 F1.6E6
ssj F1.5E6
50] F1.3E6
45] F1.2E6
401 £1.186
336.0
35] Eo.ams
30] Fg.1E5
25] £6.785
20 Es.4E5
15] 4.0E5
10] 2,785
51 59,0 L £1.385
ol | 839 1540 fliss.o  flars.o JLﬁ _ 412.0440.0 _Fo.omo
50 100 150 200 250 360 380 400 40 n/z

Figure 3.3. EI mass spectrum of tetraphenylsilane isolated from a 1:1 PhLi:I reaction run
at -78 °C then warmed to room temperature without quenching, and then rinsed with
diethyl ether to remove excess I. Tetraphenylsilane is at 336 m/z. The peak at m/z = 259
is Ph3Si and the peak at m/z = 182 is Ph,Si.
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On quenching the 1:1 PhLi:I reaction with Mel at -78 °C, the resulting products
include ring-opened oligomers per the Figure 3.4 negative ion ESI mass spectrum. The
352.9 m/z peak is of the targeted quenched product II (Reaction 11), while the other
peaks can be ascribed to ring-opened oligomers with structures suggested in Figure 3.4.
Byproducts of the substitution reaction such as dimer III are also observed in EI-MS at

457.9 m/z (Figure 3.5).

The Figure 3.6 *’Si NMR shows product peaks at —57 ppm likely corresponding to
PhSi(OR); [see PhSi(OEt); Table 1] and at -63 to -67 ppm likely peaks from

; ° O
oL
e ./ \S i !
And/Or \o + Higher Oligomers
O 78 °C, Et,0
Quench: Mel

=
232.9856 o \\
O~g” V4
/ ° Pal 1047.9030
o OH L\
/ 0 /5
o
352.9859 o
o /
» (o] Si
/ o
o

779.0437

Lo

50 60 65 0 750 800 850 900 950 1000 1050
Counts vs.q\ﬂass to gharge Zm?z)

[h

200 250 300 350 400

|

Figure 3.4. Negative ion ESI mass spectrum of 1:1 PhLi:I after quenching with Mel.
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100% 244.9 _5.5E6
953 £5.2E6
903 f4.9E6
851 F4.6E6
801 f4.4E6
754 £4.1E6 |
703 £3.8E6
65 £3.5E6
60] £3.3E6
55] 3.0E6
501 f2.7E6
453 £2.5E6
404 £2.2E6

£1.9E6

353 198.8 3
1.6E6

304 k57,
253 - 1.4E6
282.8
201 £1.1E6
15 442.8 8.2ES
10 302.8 _5.SES
258 58.8 2.7ES
o | 7 PTSebs, s [TTares Ln
oifL) : ‘ . , -8 1 1476.8 _Fo.oEo
50 100 150 200 250 300 350 400 450 500 m/z

Figure 3.5. EI-MS of 1:1 PhLi:I (3 h, -78 °C) quenched with Mel, peak at 457.9 m/z is
111, and peak at 442.8 m/z is IlI-Me.

6
5698
5823

_~6535
6569

30 -40

-s5
(ppm)

Figure 3.6. ’Si NMR spectrum of the Mel quenched -78 °C 1:1 PhLi:I.
dimeric/oligomeric species containing Si-O-Si linkages (i.e. [Ph(RO),Si-O-Si(OR),Ph])
analogous to T, species observed in the synthesis of silsesquioxanes.”**’ The upfield
peaks correspond to Si(OR)s species, including residual I. Table 3.1 shows literature

values for 2Si NMR of various alkoxysilanes.
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Table 3.1. Literature *’Si NMR chemical shifts of selected alkoxysilanes in CDCl5.*

Formula “’Si NMR (ppm)
Ph,Si*’ -14.0
Me;SiOEt 14.5
Me,Si(OEt), -4.3
Ph,Si(OEt), -32.4
MeSi(OEt)s -43.3
MeSi(OPr); -43.3
EtSi(OEt); -44.6
CH,=CHSI(OEt); -58.7
CH=CSI(OEt); -74.7
PhSi(OEt); -57.9
4-MePhSi(OEt); -57.2
Ph(OEt),SiOSi(EtO),Ph*"=* -64.9

A small peak at -30 ppm likely corresponds to Ph,Si(OR), [see Ph,Si(OEt), in Table
1]. Note that even at a 1:1 reaction ratio, small quantities of unreacted I remain. This is
more prevalent in the TMSCI quenched samples discussed below. Though Manoso et al
and Jung et al both found good yields (>50%) by quenching the TEOS systems with
water; we find that H,O quenching gives multiple ring opened by-products. To overcome
these drawbacks we switched to TMSCI and Mel, reaction (12). Table 3.2 summarizes
the PhLi:I reaction conditions, % conversions, ’Si NMR, and mass spec results.

Table 3.2. Reaction conditions and observed characterization data for PhenylLi reactions
with spirosiloxane, all reactions were conducted at -78 °C for 2 h. (I = spirosiloxane).

Rxn ratio Structures Observed Si NMR | Quenched 3 NMR
Mass Spec (ppm) Percent
(m/z) Conversion
1:1 PhLi:l ﬂ/\ B 336.0 -14.4 N 100
(-78 °C) \%Q
ohe
1:1 PhLi:l 352.9 -57.0 Mel 100
(-78 °C) 0 Ph,l +
gl PSI(O),
°

92




Q 457.9 -65
iks /i
O/ \\\\\
=
| *
(" 678.9 ~(-65)
X{i‘/g
O
Q N/A -30.6
jZae
Q 344.4 N/A
XL
0.5:1 @ D 336.1 N/A Mel N/A
PhLil 7
(-78 °C) e
o 260.1,243.2
o o (M*-Me)
Q 337.1
Jaes
0.5:1 “A\A S 336.1 N/A N N/A
PhLi:l X7
(-78 °C) 0
O\S‘/O 2601,
o o 243.2 (M*-
Me)

0.6:1 410.1 18.1,-58.9 | MesSiCl 36
PhLil Phyl +
(-40 °C) > PhSi(O)x

2\
\
io\s/i 260.1 -82.1
o/ \O
N/A -64 to -68
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1:1 PhLil 410.1 -58.9 Me;SiCl 46
(-40 °C, 30 Phql +
min) o~ PhSi(O)x
vy
\
—;0\5/1 260.1 -82.1
o/ \0
B N/A ~ -64
Z
i[\s /;i
o/ o7 [T~o
Oligomers
N/A -4.8
/Sl'\
1:1 PhLil 410.1 18, -57 Me;SiCl 47
(-78 °C, 3 Ph4l +
h) o~u* PhSi(O)x
vy
\
io\s/i 259.1 -82
o/ \O
S N/A ~ -65
Z
iks /i
)
Oligomers
Q N/A -4.8
/5“\
1:1 PhLil 310.1 9.2, -65 Me;SiCl 88
(-78 °C, PhSi(O)x
4.5h) E‘;&/ ~{
o, P 2451 (M*- -82
o o Me)
N/A -66, -69
i(}\s /i
0/ o ™o
=
\I
Oligomers
Q N/A -4.8
/5“\
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1:1 PhLil 310.1 -65 Me;SiCl 73
(-78 °C, 6 y PhSi(O)y
h) °\si/°\s\ 13
;O/ / Ph,|
o, ° 2451 (M*- -82
o o Me)
Q N/A -66, -69
Z
iks /i
0/ \\\\\
Oligomers
Q N/A -4.8
/S“\
C15H2506Si5 357.1 ~ -66
3:1 PhLi:l 310.1 -65 Me;SiCl 68
(-78 °C, 3 y PhSi(O)y
h) D>Si/0\7i\ 8
0 Phol
io\'/i 2451 (M™- -82
o/ \0
Me)
Q N/A -65, -69
iO\S /i
Oligomers
© N/A -4.8
/S“\
C15H2506Si; 357.1 ~ -66
/@ N/A ~-32
0

TMSCI quenching is complete in half the time needed for Mel (<30 min) vs Mel (>1
h). Figure 3.7 provides an EI MS for a 3 h reaction quenched with TMSCI . The desired
quenched product appears at 410 m/z (IV) with the representative *’Si NMR seen in
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Figure 3.8. The peak at -58 ppm corresponds to a PhSi(OR); product (IV) per Table 3.1,
the peak at -82 ppm is remaining I and the peak at -4.8 ppm is TMS-benzene, from
quenching PhLi. A TMS-O- signal would appear at ~18 ppm but is not seen.

To examine the influence of reaction times; we ran 1:1 PhLi:I reactions for 3, 4.5,
and 6 h. GPC of this set of reactions show similar peak retention times and shapes for the
first two samples, while the 6 h reaction shows a broader peak, perhaps indicative of

more extensive ring opening polymerization.

Ph'—' O\ / And/Or O\ / s + Higher Oligomers
B
Quench: Me3SiCl o] \/
‘Sl

(12)
100% 135.0 _3.1E5
953 £3.0E5
90] Ez.sEs
85] F2.6E5
80] F2.5E5
753 f2.3E5
703 197.1 E2.285
653 730 £2.0E5
soé £1.9E5
ssé _ £1.7Es
504 E1.6E5
45; F1.4E5
403 1 F1.2E5
ELE F1.1E5
259.1 .
E7.8E4
F6.2E4
v 4.784
MJ 317.1 4103 5530 o0 g 3-1E4
64 1.6E4
MLM il Mdﬁ#u h LLLA EL—JL i 84# 933.1 _ [o.0m0
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Figure 3.7. EI MS of 1:1 PhLi:I after quenching with TMSCI; peaks: 410.3 m/z is IV,
259.11s L.
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Figure 3.8. *Si NMR spectrum of the TMSCI quenched -78 °C 1:1 PhLi:I. Peaks: -4.8
ppm, TMS-benzene; -59 ppm PhSi(RO)s; -65 ppm Ph-Si-OSiMe;(OR)s.

Mass spectral analysis reveals two new peaks at 310 m/z (V, -Me peak at 295 m/z)
and 357 m/z (high resolution mass spectral analysis indicates a formula of C;sH,5S1,0s,
however we are unable to assign a structure for this formula). The 357 m/z peak is also
more intense after 6 h vs the 4.5 h reaction. Figure 3.9 shows an exemplary EI mass
spectrum of the 4.5 h sample. The Figure 3.10 *’Si NMR for the 4.5 h reaction presents
strong peaks in the ~ -65 ppm region, suggesting oligomers similar to those found in the

Mel quenching studies.

One possible explanation for the formation of V and the Si-O-Si linkages in
oligomeric derivatives is through cleavage of C-O bonds on the diol subunits during
quenching. This would produce Si-O" or Si-OH, which thereafter reacts with an
electrophile (TMS), and a chloro-substituted alkyl (from diol) is made as a byproduct.
Such reactions are observed for Michaelis-Arbuzov rearrangement reactions with
phosphorus,” and as suggested in the synthesis of phenylsilsesquioxane from

phenyltrichlorosilane.*
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Figure 3.9. EI mass spectrum of 1:1 PhLi:I (4.5 h, -78 °C), quenched with TMSCI; I-Me
at 245.1 m/z, V at 310.1 m/z, and V-Me at 295.1 m/z.
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Figure 3.10. ’Si NMR spectrum of 1:1 PhLi:I (4.5 h, -78 °C) quenched with TMSCI,
Peaks = 55-65 ppm are PhSi(O)x units, peak at 9.17 ppm is Si—O-SiMes, peak at -82 ppm
is L.
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A general observation that can be made from all of our studies (see SI for more
details) is that there is little change in the product distribution and starting materials no
matter what the reaction conditions are chosen (see below) as long as low temperature is
maintained. These results suggest equilibration between starting materials and products,
contrasting greatly with the discussions present in the reports by Corriu et al, Manoso et

al and Jung et al.'>"

In all reaction studies done at -40 °C or below, 1:1 PhLi:I reactions always contain I
in a nearly 1:1 PhI:I ratio by *’Si NMR . This is especially evident for TMSCI quenched
samples. To better understand this relationship; non-stoichiometric PhLi:I, reactions were
run at 0.5 and 3.0 equivalents of PhLi. At ratios of 0.5:1 and 1:1, nearly identical product
distributions are found for TMSCI quenched samples. At 3 PhLi equivalents, the main
product while still only monofunctionalized is now V, where one diol subunit is displaced
by an —OSiMes unit as detailed above. Though the nature of the monosubstituted
products differ, the ratio of products to starting materials changes only slightly and
significant amounts of I and TMS-benzene are found in the *Si NMR. This further
suggests that a very large excess of PhLi is needed to push the equilibrium toward

monosubstituted products. The EI MS is similar to that for 1:1 samples.

Given that Corriu et al suggest that these types of reactions must take place through
hexacoordinated intermediates, which may still be true at ambient; our ability to generate
only monophenyl substituted products strongly suggests that the primary reaction
intermediates generated at low temperatures are pentacoordinated. Reactions run at -60°,
- 40°, 0° and 20 °C. Those run at < -40 °C gave monophenyl products at different

reaction times, whereas warmer temperatures gave, tetraphenyl or triphenylalkoxysilanes.

3.4.2 Other Nucleophiles

Based on our desire to generate novel silsesquioxanes, we sought to extend these
mechanistic studies to other nucleophiles, including: MeLi, n-butylLi, 3-pyridinylLi, Li-
TMS-acetylide, Li-acetylide (ethylene diamine complex), thianaphthenylLi, 2-thienylLi,
Li-phenylacetylide, 9-anthracenylLi, 9,9-dimethylfluorenylLi and Me-naphthalenylLi.
Trial reactions were run with 1.2:1 RLi:I stoichiometry, are un-optimized and are in

support of the utility of these reactions. The first five [(MeLi, n-butylLi, 3-pyridinylLi,

99



Li-TMS-aceytylide, Li-acetylide (ethylene di-amine complex)], do not provide
observable/isolable monomeric products. Only starting material I, ROP byproducts and
TMS substituted starting materials are observed by mass spectral analysis and/or *’Si
NMR. Grignard reagents were also explored; however either no reaction or unidentifiable
products were observed likely resulting from formation of stable pentacoordinated

complexes with 1.7

In contrast, 2-thienylLi, Li-phenylacetylide, anthracenylLi, 9,9-dimethylfluorenylLi
and Me-naphthalenylLi] all gave products that could be characterized by both *’Si NMR
and EI mass spec (Table 3.3). Most reactions were run using methods akin to those of
Monaso et al,10 Jung et al,11 and those for PhLi above, in which an arylbromide is first
converted to a lithium reagent via exchange with n-butylLi, followed by addition of I
(structures VIII-X). The *’Si NMR and EI mass spec for each of these compounds are
presented in Appendix C, Figures C1-C7.

Table 3.3. Reaction conditions and observed characterization data for RLi reactions with

L, all reactions were conducted at -78 °C for 3h and quenched with Me;SiCl unless
otherwise noted.

Rxn Structures Observed 2Si NMR ~%
ratio/Conditions Mass Spec (ppm) Conversion
(m/z) (*°Si NMR)
1.2:1 2-thienylLi:l ? 316.2 6.66, -62.58 18
(V1) ol N\
? 416.8 13.24, -62.06

[% SSSSS 156.3 7.2

o 2451 (M*- -82
o o Me)

1.2:1 Li- W 334.0 -78.8 100
phenylacetylide:l N/
(vin =
25°C /\s\/

\A{/ 4341 -78.3

100




= 2451 (M*- -82
o o Me)
1.2:1 O N 272.3 57.9 100
anthracenylLi:l 7
(V1IN i;s\o/s\/
OOO 250.1 2.9
“ AN
T
T
1.2:19,0- 334.0 N/A 16
dimethylfluorenylLi:l O.
() ®
2:0\5 \s./
0/ \0/ \
= 4341 -52.6
\/
o
v
\
Dimer/Oligomers N/A -65.8
251.0 (M*- 4.8
oy | e
o | 245.1 (M- 824
o o Me)
1.2:1 Me- 402.2 14.7, -57.5 23
naphthalenylLi:l OO
(X) e
i/m
402.2 -46.1
ij;&;
- 5.8
| A
F
- -82
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The nucleophilic reactions with the best conversions from I were (~100%) for the
anthracenylLi:I (Reaction 13) and Li-phenylacetylide:I reactions; no I remained in either
case by ’Si NMR. The 2-thienyILi:I (VI) shows ~18% conversion of I by *’Si NMR and
two types of products as discussed above for PhI reactions (13.2, 6.2, -62 ppm), in which
the TMS quenching group is either attached to the diol, or directly attached to the central
Si atom (Si-O-TMS), see Table 3.3. The Li-phenylacetylide:I (VII) reaction with I at
room temperature gives ~100% conversion by *’Si NMR (-78 ppm), with no remaining
spirosiloxane observed, and with product peaks in EI-MS at 334.0 and 434.1 m/z for the
two monomeric structure types respectively (Table 3.3). The 9,9-dimethylfluorenylLi:I
(IX) reaction shows ~15% conversion of I by *’Si NMR (-52.6 and -65.0 ppm) and a
clear peak in EI mass spec at 426.1 m/z for an Si-O-TMS structured monomeric product

(Table 3).

Lastly, Me-naphthalenylLi:I (X) shows ~29% conversion of I to Me-naphthyl
products by *Si NMR (-46.1, -57.5 ppm). The peak at -57.5 ppm corresponds to the
expected structure formed by lithium-bromide exchange on 1-bromo-4-
methylnaphthalene starting material, followed by direct attack of I (see Table 3.1 for
examples). The peak at -46.1 ppm, is attributed to the product from deprotonation of the
methyl- group by either n-butylLi or 4-methylnaphthalenylLi (due to its lower pKa), and
attack by the methylenylLi group on I.

Alkyl-triethoxysilanes typically give *’Si NMR peaks in the -45 ppm region (Table
3.1). By El-mass spec only one product mass is observed at 402.2 m/z. This peak could
correspond to both products observed by *’Si NMR since they would have the same
molecular formula. Note also that the observed mass is for a proton-quenched derivative,
instead of being quenched with TMS (Table 3.3). This transfer may have occurred during

the aqueous workup used to remove salts or is a result from incomplete quenching.

As an example, Figure 3.11 shows the EI mass spec for anthracenyll (VIII)
quenched with Me;SiCl, with the product peak [M] at 410.2 m/z and [M-TMS] at 338.1
m/z. Figure 3.12 shows the ’Si NMR of VIII, with the product peaks at 10.0, and -57.4
ppm, and TMS-anthracene at -2.87 ppm. Silsesquioxanes of VIII will be discussed in that

section.
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Figure 3.11. EI mass spectrum of anthracenylLi:I (3 h, -78 °C), quenched with TMSCI;
VIII at 410.2 m/z, VIII-Me at 395.2 m/z, VIII-TMS at 338.1 m/z, 438.2 is VIII without
TMS group.
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Figure 3.12. »Si NMR of 1:1 anthracenylLi:I (3 h, -78 °C, VIII) quenched with TMSCI,
peak at 57.4 ppm is R-Si(OR);3, peak at 10.0 ppm is Si—O-SiMejs, peak at -2.8 is TMS-
anthracene, I is unobserved at -82 ppm.
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As with the Phl derivatives, no simple method was found to isolate monomeric
products from I. For example bulb-to-bulb distillation led to distillation of I and
functionalized products simultaneously. This is also similarly observed in distilling I

from diol.?*

The reactions that give low conversions also tend to show TMS-R
byproducts from quenching, likely due to equilibration between I and RLi as found with
PhLi. Future work will look at developing effective separation techniques and/or

optimizing reaction conditions to make separation unnecessary.

3.4.3 Nucleophilic Substitution at TEOS

For comparative purposes, we also used Si(OEt), in place of I. These reactions gave
slightly different product distributions that were also highly temperature dependent. For
example, Ph:I reactions favor mono- or tetra-functionalization with little di- or
trifunctionalization regardless of starting material ratio at temperatures below -40 °C.
Ph:TEOS reactions result in a mixture of mono and difunctional products, with unreacted
TEOS also remaining in 1:1 PhLi:TEOS systems at -78 °C. In general, reactions run < -
40 °C favor mono- and di-functionalization, At 0 °C di- and trifunctionalizaton are
favored, and above 0 °C Ph4Si is favored. As with Ph:I, Ph:TEOS reactions were
quenched with Mel or TMSCI before warming per conditions listed in Table 3.4. Thus, a
-78 °C 1:1 PhLi:Si(OEt)s reaction quenched with Mel after 4 h gives the EI mass

spectrum shown in Figure 3.13.
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Figure 3.13. EI mass spectrum of 1:1 PhLi:TEOS after quenching with Mel at — 78 °C.
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As seen in Figure 3.13, the PhSi(OEt); parent ion appears at m/z = 240, Ph,Si(OEt),
appears at m/z = 272.3 and PhSi(OEt), at m/z = 194 after losing ethoxy and the peak at
m/z = 227 corresponds to the diphenyl species missing an EtO group. Unfortunately,
peak intensities in mass spectra do not permit quantification of the individual species.
However, the *Si NMR provides a somewhat more accurate estimation of the species
present. Thus, Figure 3.14 indicates that at -78 °C, at a 1:1 ratio of Si(OEt)4:PhLi, the
products are PhSi(OEt); (-58 ppm), Ph,Si(OEt), (-32 ppm) and Si(OEt)4 (-82 ppm). The
diphenyl product seems to form in smaller amounts at this temperature compared to -40
°C. The ratio of species can be controlled to some degree. Thus, 0 °C favors formation of

Ph;SiOEt. At -78 °C/4 h quenching with Mel (30 min) or TMSCI gives similar results.

One might argue based on Corriu’s work that we should not see any mono or
diphenyl products, yet that is all that is seen. However, Monaso et al’s work suggests we
might expect to see the monophenyl products. Note that Monaso et al used excess
Si(OEt)4 at -78 °C as such, we also explored the use of excess alkoxysilanes discussed

further below.

il A Al e itk i e A S R tidi i s - i i A A Rt & A A A A A

Figure 3.14. *’Si NMR of 1:1 Ph:TEOS, -32.2 (18% Ph,TE), -57.9 (Ph,TE), -81.6
(TEOS) after quenching with Mel.
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Table 3.4. Reaction conditions and observed characterization data for PhenylLi reactions
with TEOS, all reactions were conducted at -78 °C or -40 °C for 30 min — 2 h. (TE =

TEOS).
Rxn Structures Observed | *SiNMR | Quenched ~%
ratio/Conditions Mass Spec (ppm) Conversion
(m/z) (*°Si NMR)
1:1 Ph:TE / 239.9 -57.9 Mel 45% PhTE,
(-78 °C) o} [ 18% Ph,TE
< 271.9 -32.2
\/o\ZQ
< K N/A -81.6
\/O\Z/D
|
0.5:1 Ph:TE 240.1 -57.9 Mel 34% Ph4TE,
(-78 °C) A [ 12% Ph,TE
4 208.1 -81.6
\/O\I/O(
\
|
0.5:1 Ph:TE < 272.3 N/A No N/A
(78 °C) \/O\IQ
0
|
4 208.1
\/O\Z/O
\
0.6:1 Ph:TE 4 240.1 -58.7 Me;SiCl 26% Ph4TE,
(-40 °C) UATE 18% Ph,TE
< N/A -32.8
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208.1 -82.4

\/O\Z/
|
|
1:1 Ph:TE ( 2401 -58.7 MesSiCl | 49% PhyTE,
- ° o) 0,
(-78 °C) NS 15% Ph,TE
P N/A -32.8
\/0\‘ N |

4 K 208.1 -82.4

Figure 3.15 shows the EI spectrum of 0.5:1 PhLi:TEOS at -78 °C, with the peak at
240.1 m/z corresponding to PhSi(OEt); and the peak at 208.1 m/z corresponding to
unreacted TEOS. The peak heights suggest that the ratios are =~ 1:1, which is expected for
a 0.5:1 reaction of PhLi:TEOS. Figure 3.16 shows the *Si NMR spectrum of the above
reaction, in which PhSi(OEt); is observed at -58 ppm, TEOS at -82 PPM, and
Ph,Si(OEt), at -33 ppm. If this reaction is not quenched with Mel or TMSCI before
warming up (Figure 3.16), the mass spectrum shows Ph,Si(OEt), at 272.3 m/z as the
main phenyl product, as well as unreacted TEOS at 208 m/z. This shows the importance
of quenching the reaction at low temperature before workup. But it also suggests a
mechanism to make difunctional compounds that was not clear from previous work but

was suggested by the work of Tour et al.”

We also explored 0.6:1 PhLi:TEOS systems at -40 °C, the results of which are
similar to those at -78 °C, but at a fraction of the reaction time (30 min vs. 4 h). We see
Ph,Si(OEt),:PhSi(OEt);: TEOS distributions similar to those for the 1:1 reaction at -78 °C
in the *’Si NMR spectra.
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Furthermore, at 0.5:1 PhLi:TEOS at 0 °C we observe Ph;Si(OEt) as the dominant
species by EI mass spec. This is expected, as higher temperatures favor further

functionalization in the spirosiloxane studies.

The most important observation is that even at low temperatures and sub-
stoichiometric PhLi:TEOS ratios, the reaction products still contain Ph,Si(OEt), in
considerable quantities, as found by Monaso et al.'’ These results seem to at least
partially support a hexacoordinated silicon mechanism of nucleophilic attack. However,
PhSi(OEt)s is still present so there likely exists an equilibrium between the three species
(Ph,Si(OEt),:PhSi(OEt);:TEOS), involving pentacoordinated intermediates through the
transfer of PhLi.
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Figure 3.15. EI mass spectrum of 0.5:1 PhLi:TEOS at -78 °C (2h) after quenching with
Mel. PhSi(OEt); is at 240.1 m/z, TEOS is at 208.1 m/z, both of ~equal peak height.
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Figure 3.16. EI mass spectrum of 0.5:1 PhLi:TEOS at -78 °C (2h) without quenching,
272.3 m/z is Ph,Si(OEt),.

3.4.4 Summary of Findings

In these studies on nucleophilic substitution of I and TEOS, we find that reaction
temperature, and low temperature quenching are extremely important to acheive
monosubstitution. However, contrary to previous studies, we find that I reacts with
excess (3 equiv) of RLi still generates monofunctional products. We also find that at low
temperatures, monofunctional-alkoxysilanes form exclusively, and then on warming PhLi
must transfer to the other monofunctional-alkoxysilanes and then to difunctional-, etc.
until only PhsSi and I remain. This suggests that temperature influences the nature of
attack on I; at < -40 °C unsubstituted I is more most reactive, and at > -40 °C R-I is most

reactive toward nucleophilic attack. A change in mechanism is likely around this point.

3.4.5 Silsesquioxane Synthesis

To verify the utility of the materials made by nucleophilic substitution of I, we
explored the synthesis of phenylSQs and anthracenylSQs (Reaction 14). The first step
was to learn to purify the products. I and IV can be recovered in a mixture after vacuum
distillation, but are very difficult to separate further. However, if the 1:1 PhLi:I reaction
is run longer than 3 h/-78 °C then oligomeric materials result that do not distill. Treating

these oligomeric materials with catalytic TBAF (see experimental) provides cage
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compounds. *'** Thus GPC (Figure 3.17) and MALDI-ToF (Figure 3.18) analyses verify

the formation of a mixture of PhTs,10,12 and some partial cages, which could be separated

by selective solubility.

+ Partials

3 ! 1 mol% TBAF
i —_———
0/\5_0 CH20|2/H20
=Si
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—— Oligomers from Distillation Pot
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Figure 3.17. GPC trace comparison of oligomeric materials from 1:1 PhLi:I (6 h)
compared with an overnight TBAF catalyzed PhSQ synthesis.
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Figure 3.18. MALDI-ToF spectrum of PhSQs made by TBAF catalyzed reaction of Phl

oligomers; all peaks are Ag" ions.
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AnthracenylSQs were made by the same method described for phenylSQs. These are
exciting systems since no known anthracenylSQs have been reported. The isolated cage
yield was ~58%. Figure 3.19 shows the MALDI-ToF spectrum of the anthraceneSQ cage
mixture. The size of anthracene leads to formation of many partial cages, with T;-OH as
the predominant compound, with some Ts. Note the formation of the TMS derivative as a
byproduct from the quenching process (1525.6 m/z); alternative-quenching methods such

as Mel would prevent these byproducts.
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Figure 3.19. MALDI-ToF spectrum of anthraceneSQs made by TBAF catalyzed reaction
of Anthracenel (VIII).

Since anthraceneSQ is a new compound with potentially interesting photophysical
properties, we explored the absorption and emission behavior, see Figure 3.20. The
absorption and emission are both red-shifted from the parent anthracene by 10 and 25 nm
respectively.” This and other exciting new cage systems derived from these studies will

be explored in the future.
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Figure 3.20. Absorption and emission spectra of anthraceneSQ.

3.5 Conclusion

We have illustrated an important development in siloxane chemistry, in which we
can go from a biosourced silica (RHA) to functional alkoxysilanes. Our method uses R-Li
nucleophiles at low temperatures to functionalize spirosiloxanes made from RHA, which
when quenched with an electrophile such as Mel or Me;SiCl give mono-R-alkoxysilanes;
and unquenched give tetra-R-silanes with reasonable conversions. We propose that the
mechanism of nucleophilic substitution takes place through a pentacoordinate
intermediate below -40 °C, which if unquenched and warmed to room temperature is
capable of transferring PhLi. We find that aryl halides can be easily converted to Li
reagents, which can then undergo nucleophilic substitution on spirosiloxanes, while
alkylLi reagents and Grignard reagents do not give clear substitution. Alkynyl derivatives
such as phenylacetylene also show clean substitution with ~100% conversion of the
spirosiloxane to a mono functional derivative. We have further demonstrated that
silsesquioxanes can be made from mono-functional spirosiloxanes, with a never before

observed anthraceneSQ.

With this class of materials, we can envision making new functionalized
silsesquioxanes directly from most any arylhalide, as well as the possibility for other

hybrid polymeric materials. Control to achieve di-substituted (mono and di-functional)

112



materials selectively can also be imagined for making new classes of siloxane polymers,

all this while avoiding the use of chlorosilanes.
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Chapter 4
Dsy [PhSiOq.5]10 Synthesis via F~ catalyzed rearrangement of [PhSiO; 5],. An
Experimental/Computational Analysis of Likely Reaction Pathways, Photophysical
Properties and Post Synthetic Functionalization
This chapter is based on the work of two manuscripts in preparation and one submitted

manuscript with contributions from Mozhgan Bahrami.

4.1 Abstract

We describe here the synthesis and analysis of the reaction pathways leading to
formation of the rare Ds, decaphenylsilsesquioxane (SQ) [PhSiO,s]o via F~ catalyzed
rearrangement of [PhSiO;s], n = 8, 12, and oligomers initially synthesized from
PhSi(OEt)s. Isolated yields of ~50% [PhSiO; s]io are obtained via rearrangement of all
starting materials. The recovered starting materials can be re-equilibrated using catalytic
F" to generate similar yields in second batches. These yields arise because [PhSiO;s]io
exhibits higher solubility and better energy stabilization (10 kcal/mol theory) in CH,Cl,
compared to [PhSiO;s]s or [PhSiO;s];2. Reaction intermediates were identified using
time dependent '’F NMR and MALDI-ToF mass spectrometry eventually equilibrating to
form the 8:10:12 cages in a 1:3:1.3 equilibrium in CH,Cl,.

Experimental results coupled with modeling using the Gamess computational
package provide multiple reasonable pathways for SQ rearrangements to [RSiO; ],
starting from [RSiO; 5]s. Heats of reaction for interconversion of the model intermediates
[HSiO; 5]« determined computationally, were used to select the most reasonable reaction
pathways. The findings support a mechanism involving activation and cleavage of a Tg
cage corner by F  attachment, followed by the corners stepwise removal as [i.e.
RSi(OH);], followed thereafter by reinsertion forming [RSiO;s]o-OH followed by,
insertion of another corner to form [RSiO;s];0-(OH), and finally condensation to give
[RSi0; 5]10. The most enthalpically favorable path (-24 kcal/mol) involves a hybrid

mechanism.
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4.2 Introduction

Silsesquioxanes (SQs) are of considerable recent interest due to their potential to
offer high degrees of functionalization, high thermal stability, and simple purification. To
date there have been some 18 reviews on silsesquioxane based materials, with most
focusing on Ts (Oy) compounds.'® However, higher order SQs such as T (Dsy) and Ty,
(D2q) are of increasing interest, since they offer new geometries, higher potential degrees

of functionalization, and in many cases superior solubilities. '>'7'*!

They also offer
similar but not identical thermal stabilities and physical properties to Ts.

Most SQ syntheses rely on hydrolysis and condensation of R;SiCl; or R;Si(OR’);.?
These reactions often suffer from low yields, < 30%, can take weeks to months to reach
completion, and coincidentally produce [RSiO;s], byproducts that until recently were
simply discarded. The [PhSiO;s]y,,n = 8,10,12, systems are particularly amenable for
post synthetic modification using traditional electrophilic aromatic substitution
methods.'"**

[PhSi0; s]s or OPS, the most frequently studied, was first synthesized by Barry et al.
in 1955.2 Multiple synthetic routes to [PhSiO, s]s have been reported,'>'”**** whereas
only a couple of reports describe the synthesis of [PhSiO;s]i2.2'** A typical route to Tg
involves refluxing PhSi(OEt); in toluene with KOH under water scarce conditions for <
48 h to give 90" % yields.”’24 [PhSi0; 5]i2 can be made similarly, with THF instead of
toluene (~50% yield)."***

Unfortunately, there are no simple, high yield routes to pure five-fold symmetric
[PhSiO; 5]10.2**7, Brown et al. first isolated [PhSiO 5]} in 1963 with an unreported yield,
as the most soluble component after fractionation of crude [PhSiO,s]s by refluxing in
benzene/hexane.”* We previously synthesized [PhSiO,s]io using 18-crown-6/BaO to
catalytically equilibrate 3 g of [PhSiO; s];2 in m-xylene, giving only 500 mg [15% yield]
after repeated recrystallization.”® This method provided crystals suitable for single crystal
x-ray diffraction.

Our recent synthetic efforts have explored the utility of using fluoride as nBusNF
(TBAF) to catalyze the synthesis of SQs containing electron withdrawing R-groups (i.e.

27-32

phenyl, vinyl), with recovered yields as high as 99%. For example we have made

mixed functional SQ intermediates for “beads on a chain” (BoC) polymers; SQ cages
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connected with organic linkers, with mixed Tjo;2 vinyl/Me and mixed Tigq2 vinyl

containing SQs.*’*!?

Motivation for our initial work comes from studies by
Bassindale et al. and Mabry and Bowers et al. who found that SQs will react with
stoichiometric TBAF (or MesNF, TMAF) forming cages that encapsulate F (F
@[RSiO 5]5) on slow evaporation of dry THF solution.”®**

Bassindale et al. also explored F~ catalyzed syntheses of T cages from RSi(OR”);.”
They compared the activity of anhydrous F~ with F~ + '®O labeled water, finding that cage
formation depends strongly on water concentration, similar to what is observed in
standard hydrolysis/condensation conditions using strong acids/bases. This is expected
since RSi(OR); hydrolysis is a necessary first step before condensation.

Further motivation comes from Kawakami et al. who used TBAF to catalyze
formation of 4-TMS-PhSiO; 5]z 10,12 derivatives from 4-TMS-PhSi(OEt);.” The [4-TMS-
PhSiO; 5]s10,12 cages were then nitrated forming [4-NO»-PhSiO;s]si012 and the
individual cages isolated by selective crystallization.

Our objectives in the studies reported here are to develop a mechanistic picture of the
processes that occur in F~ catalyzed rearrangement of [PhSiO; 5]s/12, PhSi(OEt)s, and the
[PhSiO; 5], by-products with the goal of optimizing the synthesis of [PhSiO; s]io.
Optimization was necessary to generate [PhSiO;s];o in sufficient quantities to permit
further functionalization e.g. bromination, iodination, acylation, sulfonylation, alkylation,

etc.'?%*** Scheme 4.1 depicts the general conditions for F~ catalyzed synthesis of

[PhSiO; 5]s.10,12-

(EtO)3Si—® <) O

or

4.-Ph 5mol% TBAF Y7 QK

B 5
050 Osi’hn ~ CHCI/H0 = 2? ®
04980 RT
S Spn ®
Ph' 040 W,
0 Ts
Ph

Scheme 4.1. Synthesis of [PhSiO; 5]s 10,12 by fluoride catalyzed rearrangement.

The mechanism(s) of SQ cage formation even for the widely studied [RSiO; s]s
compounds is(are) largely unknown, however Kudo and Gordon in a comprehensive
modeling study developed a detailed picture of “reasonable” routes to Tg cage formation

via hydrolysis/condensation reactions of HSiO(OH);. Their studies suggest a very
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complex set of equilibria including more than 25 possible intermediates.***’ In short,
cage formation is initiated by formation of D4 rings that then self-condense. Experimental
support for this path finds that all cis [PhSi(O)OH]4 rings form easily from PhSi(OH)s.
On standing at ambient, these rings self-condense to form OPS.***

Kudo and Gordon find that the presence of water promotes condensation of
HSi(OH); to [HSi0, s5]s with a net heat of formation of -11.5 kcal/mol. In complementary
work, Mashmeyer et al. also explored the cage formation mechanisms with the synthesis
of incompletely condensed [(c-CsHo)SiO;s]7-(OH)s.”® Reaction progress monitored via
ESI mass spec and time dependent ATR-FTIR studies also suggest condensation
mechanisms similar to those of Kudo and Gordon suggesting that [(c-CsHg)SiO; s]7-
(OH)s is a kinetic product. These studies provide the background for the work presented
here.

The following sections discuss optimization of [PhSiO; s]io synthesis via a detailed
analysis of the effects of variations in reaction conditions (i.e. concentration, solvent,
catalyst, etc.), intermediates involved, and kinetic analyses of the synthetic process. This
is followed by computational enthalpic/energy analysis of analogous [HSiO; 5]
intermediates for the development of a potential mechanism for fluoride-catalyzed

rearrangement of SQs.

4.3 Experimental

Synthetic methods and characterization procedures are given above in Chapter 2.

4.4 Results and Discussion

In the following sections, we first discuss optimization of [PhSiO; s5];o synthesis by F°
catalyzed rearrangement of [PhSiO, 5], via variations in experimental conditions and its
characterization by MALDI-ToF, NMR, and TGA. This is followed by computational
analyses of reaction intermediates (enthalpies). Lastly, we identify the multiple potential
mechanistic pathways for the F~ catalyzed rearrangement of SQs and suggest the most

likely reaction paths.

4.4.1 Optimized Synthesis of [PhSiO1s]10
[PhSiO; s]10 can be synthesized in high yield by F* rearrangement of [PhSiO; 5], in
dilute (~60 mM) CH,Cl,. This solvent system and concentration provides the highest
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selectivities/solubility for [PhSiO;s];o in the mixture of [PhSiO;s]s 10,12 formed under
these conditions. Reactions were typically run for 48 h to ensure full conversion of partial
cages to completely condensed cages, starting from PhSi(OEt)s, [PhSiO; 5]y, [PhSiO; s]12
or [PhSiO;s]g. Since this reaction results in a mixture of products, several steps are
necessary to isolate pure [PhSiO; s]o.

First, F” must be removed as CaF, by treating the reaction solution with CaCl, or by
washing with water as it will re-equilibrate all the cages if the isolated products are re-
dissolved. Reactions were worked up using two methods. Aqueous extraction does work,
but produces a higher proportion of hydroxyl containing partial cages that complicate
further purification.>>* CaCl, quenching requires 24 h of stirring, but insoluble CaF, is
removed easily by filtering and partial cage byproducts are minimal. This workup is the
method of choice (Scheme 4.2). The crude product mixture (before isolation) has a cage
ratio: Tg:Tyo:Ti2 of ~1:3:1.3 by MALDI-ToF analysis (Figure 4.1). Tis2022 cage sizes

were also observed and isolated as discussed below.

O 0 Eos (;Q o O
' g-Ph 5 mol% TBAF :
Q ?a f s OSIOOSig'Ph CEZCIZIHZO Q p ?Q > *
0« Osi
O O Ph ’SOI Sié)ih O ) O
Ph ;

w/Fluoride (F~)
Partial cages account for remaining percentage

Quench w/CaCl,

Scheme 4.2. Synthesis and separation of phenylSQs by the CaCl, quenching method.
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Figure 4.1. MALDI-ToF of crude phenylSQ reaction product mixture, [PhSiO; s];¢ at
1400.2 m/z.

Kawakami et al. reported that the individual cages could be separated from the
mixture [4-TMS-PhSiO;s]s10,12 using selective solubility/crystallization providing the
point of entrée for our studies. We explored single and double component solvent
systems (i.e. acetonitrile, ethyl-acetate, etc) finding that mixtures of THF/acetonitrile or
ethyl-acetate/acetonitrile permit effecttive separation.”>”> A 1:1 or 1:1.2 mixture of
THF:acetonitrile solubilizes the Ty cage to the exclusion of the Ts and T, cages, which
can be filtered off as white powder. The 1:1.2 solvent mixture gives purer T, but at a
lower yield (~40 %). Note that the Ts and T, mixture can be recycled through re-
equilibration to give more [PhSiO; s]io.

The dissolved Ty is then concentrated, precipitated into methanol and isolated by
filtration. This reaction system typically gives T yields of 45-60%, with the remaining
products made up of partial cages, Ts, T12, and <1% larger cage, at scales achieving 8.2 g
(see experimental). A short silica column (2:1 hexanes:methylene chloride) allows
removal of small amounts of partial cage byproducts (~2-5%).

Figure 4.2 shows the MALDI-ToF of [PhSiO,s];o after purification [1398.9 m/z
Ag-Si10015(CsHs)10]. Figure 4.3 provides the ’Si NMR showing a single peak at -79.61
ppm. TGA of [PhSiO; 5] gives a ceramic yield of 45.9%, vs. 46.1% (theory) per Figure
4.4 and a Ty4se, 0f 490 °C.
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Figure 4.2. MALDI-ToF spectrum of [PhSiO s]io (Phenyl Tyo), Ag' peak at 1398.9 m/z
[Ag-Si10015(CeHs)10].

- —7961

Figure 4.3. *Si NMR of [PhSiO; s]10, peak at -79.61 ppm corresponding to a Ty
compound.
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Figure 4.4. TGA of [PhSiO 5] in air (10°C/min), actual and theoretical ceramic yields
are 45.9% and 46.4%, with Tg4s, of 490 °C.

The larger cages [PhSiO; s5]15.2022, also likely equilibration products, can be separated
in small quantities from [PhSiO;s]io using a 2:1 hexane:methylene chloride solvent
system eluted through a silica column. Thus, 1 g of Tjo provides 30 — 50 mg of the larger
cages (~4%). Figure 4.5 shows the MALDI-ToF of the isolated [PhSiO; 5]152022 mixture.
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Figure 4.5. MALDI-ToF of [PhSiO; 5]i52022 mixture.
4.4.2 Reaction Mechanism Studies
As noted above, one objective of these studies was to decipher, at least qualitatively,
the equilibria involved in F~ promoted rearrangement reactions. The PhSQ system is used
for this analysis due to its facile rearrangement with F’, isolable products, and ease of

ionization in MALDI-ToF of full and partial cages.
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[PhSiO; s]s, octaphenylsilsesquioxane (OPS) was chosen as the model starting

material as it is a well defined structure. Note [PhSiO; 5];o or [PhSiO; 5];> could also have

been used since equilibration of these cages results in similar product ratios (Figures 4.6

and 4.7), but since we are interested in forming [PhSiO; s];¢ it makes more sense to study

the equilibria involved starting from readily available [PhSiO; s]s.
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Figure 4.6. MALDI-ToF analysis of [PhSiO s]io equilibration with F~ after 3 days, ratio

8:10:12 of 1:3:1.3.
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Figure 4.7. MALDI-ToF analysis of [PhSiO s]i» equilibration with F~ after 3 days, ratio

8:10:12 of 1:3:1.3.

Reaction progress was monitored using MALDI-ToF and 'F NMR. MALDI-ToF

allows rapid identification of reaction intermediates and relative compositions (assuming

intensities are close to quantitative), because it gives a clear indication by the mass of

each species present, with intensities being proportional to its solution concentration.>®

MALDI-ToF is particularly useful for time dependent studies, since the rearrangement

reactions cease in the solid state after spotting on a MALDI analysis plate. Our data
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suggests that similarly functionalized species exhibit similar degrees of ionization; thus
the peak intensities permit qualitatively if not quantitative characterization of the ratios of

32 19

individual species. F NMR permits observation of Si-F species in the reaction

mixture.

In the Figure 4.8 '°F NMR study at 0 °C (standard 60 mM OPS in DCM/5 mol% F")
only one peak, at -130 ppm, changes intensity. We suggest that this peak corresponds to a
free corner possibly Ph-O,Si-F, or PhSiF; both of which are observed at -135 to -140
ppm (Table 4.1).°%% Slight shifts of < 10 ppm arise as a function of solvent and/or the
exchange of F with O atoms. The peak at -111 ppm is one of several possible species,
including pentacoordinate silicates (e.g. PhSiF, literature at -118.7 ppm) or
fluorobenzene arising via cleavage of the Si-C bond (-113.15 ppm),”" or possibly F’
@[PhSi0; 5]10. F@[RSi10;5]10 has never been observed experimentally, but the
computationally determined chemical shift is -112.6 ppm.®* This value is close to the -
111 ppm peak observed, however the calculated value for F@[PhSiO; s]g is -26 vs -38
ppm found, thus, we must be cautious in assigning this value as suggested (Figure 4.9).
The -123 ppm peak is from the TBAF (F’). The peak at -155 ppm is attributed to HF,™ (-
149.5 ppm literature),’” known to exist in TBAF mixtures due to deprotonation of water,
coincidentally forming "OH. This species is in relatively small quantity to the TBAF F
ion at -123.11 ppm.”

In another "F NMR study we looked at the reaction mixture 5 min after F
introduction at -20 °C. Two additional peaks are observed at -145.1 and -64.8 ppm likely
corresponding to a PhSiO,F derivative (Table 4.1) and [PhSiO; s];0[F’] or [PhSiO; 5]s[F]
derivatives respectively, as suggested from MALDI results discussed below. Though this
technique seemed promising, the absence of definitive changes in the reaction over time

limit the utility of ’F NMR.
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Figure 4.8. ’F NMR reaction analysis of Reaction 3 conditions (OPS F rearrangement)
over a 55 min time frame at 0 °C.

Table 4.1. Literature "’F NMR data for select Si-F species.

Structure "F NMR (ppm)
PhSiF;>* -140.94
(PhSiF,)0,” -136.9
PhSi(OEt)F, > -140.90
PhSi(OEt),F ** -142.36
PhSiF, > -118.7
HF, > -149.4
TBAF >’ -125.3
Fluorobenzene *° -113.15
F" @[HSiO4.5]1o (calc) ™ -112.6
F  @[PhSiO+.]s *° -26, -38 (calc)
F" @[HSiO4 2 (calc) -170.8
[HSiO1 5]10-[F] (calc) > -54.2
[HSiO1 5]1,-[F] (calc) > -68.7
Ph\ Ph

si—O—~gi-Ph

§i— O =—gi-Ph

Ph_ O
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Figure 4.9. Structures of exo and endo fluoroTs, [PhSiO; 5s]s[F] and F* @[PhSiO; s]s
respectively.
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A *°Si NMR study at -20 °C (12 h collection time) shows two silicon environments
at -72.6 and -80.5 ppm (Figure 4.10) that could correspond to PhSiF; and [PhSiO; s]i0
respectively. The breadth and side bands of the peak at -80 ppm suggest that multiple
species could be present. The literature value for PhSiF; in DCM is -72.6 ppm.”*
Attempts to use *’Si NMR as an analytical tool for kinetics were thwarted by the low
concentrations needed to maintain complete solution as the rearrangement reactions take
place (~60 mM), resulting in long acquisition times. Therefore, MALDI-ToF remains the
most reliable analytical tool. Appendix E shows all the masses found in the MALDI

studies and their proposed formulas.

—-7269
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|
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Figure 4.10. ’Si NMR of OPS+5 mol% TBAF in DCM at -20 °C after 12 h acquisition
time.

Table 4.2 shows the set of conditions used to study [PhSiO; 5]z rearrangements via
MALDI-ToF analysis in dichloromethane (DCM). Reaction (3) offers the best overall
conditions, with MALDI-ToF yields of 68% Ty and isolated yields of 52% T, after 48
h.
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Table 4.2. Reaction condition studies in DCM MALDI taken at 5 min intervals up to 25
min, and then taken at 24 h for final relative %T;o (108 mg OPS).

Rxn [OPS] | TBAF | Temp. | MALDI
(mM) | (mol%) | (°C) | ~%T1o
1 60 10 20 <1
2 60 2.5 20 32
3 60 5 20 54
4 60 1 20 21
5 120 5 20 43
6 30 5 20 25
7 15 5 20 <1
8 60 7 20 21
9 180 5 20 5
10 60 5 35 4
11 60 5 0 10
12 60 5 -35 N/A
13 60 5 -78 N/A

* Fluoride becomes nearly unreactive below 0 °C due to insolubility.

Figures 4.11 and 4.12 show MALDI-ToF spectra for reaction (3) at 2 and 45 min.
Table 4.3 shows the predominant species and their proposed formulae. T, is observed in
small amounts with various partial and fluoride intermediate cages within 2 min after
initiation at RT. These intermediates appear and show reasonable intensities at the start of
the reaction, followed by further distribution into more partial cages. At 45 min, Ty is
already the dominant product at 42% relative composition by MALDI Intensities, with
the next most abundant species being [PhSiO; 5]o(OH), T missing a corner (Table 4.2).
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11424 F @
11394 % 12793
12803
" @ or %

1143

10395 @r} 1277.3)12814
1160.4
1037.5 10405 12823

9556 10225 [ 1162.3 1283.3 1400.11417.2 1537 1
" T | J L

1007 O: OH

74000 1050 | 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700

o0

Figure 4.11. MALDI-ToF showing Tg to Tjo rearrangement reaction taken after 2 min at
RT, with 1141.4 m/z Tg and 1400.1 m/z Ty, Ag" ion peaks.
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Figure 4.12. MALDI-ToF showing Tg to T}y rearrangement reaction taken after 45 min
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at RT, with 1141.9 m/z Tg, 1399.4 Ty, and 1658 T, all of which are Ag+ ion peaks.

Table 4.3. Observed MALDI-ToF peaks from Reaction (3), predicted formulae and
relative peak intensities.

Peak Ag”
(m/z)

Predicted formula

Proposed
Structure(s)

Relative
Intensity % (2
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Figure 4.13 plots the relative composition of T;o from MALDI peak intensities over
36 h per Reaction (3) conditions. After 45 min, the relative composition of Ty compared
to other species remains fairly constant at ~42%, increasing slightly to 46% at 36 h
suggesting the reaction to form T is actually complete within 45 min; however, during
this 36 h period, the partial cages keep equilibrating until they are converted to full cages,

giving a final ~1:3:1.3, ratio of Tg, T1o, T12, with ~2-5% partials remaining.

Given that MALDI-ToF provides effective analysis of intermediate formation and
products, we ran time dependent studies using Table 4.2 reaction conditions. Note that
reactions (1) and (7) give less than 1% T,y by MALDI-ToF even after 24 h. Figure 14
compares Tjp composition vs time in the first 1500 seconds of reactions (2-6 and 9, in

Table 4.2).
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Figure 4.13. [PhSiO; s]10 (1400 m/z) composition (relative intensity vs. time) over 36 h
under Reaction (3) conditions (60 mM OPS in DCM, 5 mol% F").

Though the peak intensities from MALDI-ToF are not ideal, clear trends are
observed. First, reactions at concentrations above 120 mM or below 30 mM show
decreases in Ty formation. Literature suggests that higher concentrations of starting
materials in SQ cage formation reactions typically result in polymeric/open cages,'™
while lower concentrations slow intermolecular interactions decreasing reaction rates.

An alternate explanation is that increased solvation stabilizes OPS against
rearrangement. Second, the addition of F~ above 10 mol% significantly hinders the
rearrangement efficiency, likely due to increase in water concentration from added
TBAF, favoring partial over fully condensed cages (see below). From this analysis, the
best reaction concentrations to form Tjo range from 30 to 120 mM, with F catalyst in the
range of 1.5 — 7 mol%.

Figure 15 plots Tjo formation at 0°, 20° and 35 °C over the first 1500 sec. Ty forms
faster at 35 °C; however, the T;o composition falls from ~11% at 120 sec to ~1% by 1500
sec. Two explanations are possible; one is that higher temperatures stabilize partial cage
intermediates, supported by the predominance of partial cages in MALDI-ToF after 10
min (Figure 16). Alternately, F~ is known to cleave Si-C bonds at > 50 °C resulting in

loss of R-groups.®***
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Figure 4.14. Comparison of [PhSiO; s5];9o composition within the first 25 min of reactions
(2-6 and 9).

At <0 °C, TBAF solubility drops and ice forms on the reaction surface reducing the
solution water content and coincidentally rates of reaction. This results in less than 1%
conversion to Ty within 1500 sec, and only 10% conversion after 24 h. It is likely that

water solvation of F~ contributes to its catalytic activity.
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Figure 4.15. T, composition at 0, 20 and 35 °C for F" catalyzed rearrangement of OPS
over the first 25 min of reaction.
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Figure 4.16. MALDI-ToF of 35 °C OPS rearrangement Reaction 10.
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We also examined solvent effects on OPS-F™ rearrangement reactions (Table 4.4).
Likewise, reactions (14-17) explore the influence of water. In contrast, reactions (14) and
(15) were run under anhydrous conditions (dry DCM, dry TBAF). The reaction (14)
solution without OPS was dried for 3 h with molecular sieves to remove water from
TBAF before adding OPS. After 24 h, the predominant product was unexpectedly
[PhSiO; s]10. This is surprising since both Bassindale et al.’® and Mabry and Bowers et
al.*? suggest water is necessary for rearrangement. Reaction (15) used drying conditions
analogous to Bassindale et al,’® with TBAF and distilled DCM stirred over molecular
sieves/N»/3 d, before adding oven dried OPS. The Figure 4.17 MALDI-ToF of this
reaction shows only unreacted OPS as the predominant peak (1142.1 m/z) indicating that
extensive drying is needed to remove most of the water. At this point TBAF is no longer

solvated and precipitates out of solution.
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Figure 4.17. MALDI-ToF OPS + TBAF in DCM under anhydrous Reaction (3)
conditions (3 days drying with 4A molecular sieves), showing OPS Ag ion at 1142.1
m/z.
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Reaction (15) with the 5 vol % water present in commercial 1M TBAF solutions
gave the best isolated yields of [PhSiO,s]io of 54% (Table 4.2, Reaction 3). Reaction
(16), with 1 equivalent of water per cage oxygen also provided [PhSiO;s]io as the
predominant species. Excess water [1 mL, Reaction (17)], favors partial cages, with
[PhSiO; 5]o-[OH];-[F]; or [PhSiO;s]o-[OH]; as the predominant species by MALDI at
1297.6 m/z. Both possible intermediates are within 1 amu of each other.

Table 4.4. OPS rearrangement studies in selected solvents without F~ removal. [60 mM
concentration (108 mg of OPS in 15 mL of solvent), 20 °C/45uL-1M TBAF DCM/24 h.

Predominant Species by

Rxn Solvent Water MALDI 24 h (m/z)
— [PhSiO1 4]
14 DCM 0 (1400.21n51/120)
- [PhSiO1 5l
15 DCM 0 (1142.2 m/z)
_ c [PhSiO15]10
15 DCM 2.25 pL (1400.2 m/z)
36 pL (~1 [PhSiO1 s]10
16 DCM equiv) (1400.4 m/z)
TmL [PhSiO1 s]s-[OH]4-[F14
17 DCM (excess) (1297.6 m/z)
2.25 il [PhSiO; ]
18 DCM Hfso (1142.2 miz)
19 Acetone ~2.25 uL [PhSiO1'5]8_([f‘]| G(EJrgDh/Si)C)1'E)]S_[C)H]2
6 miz
20 Acetonitrile ~2.25 uL [P?182|g6j52]9r_1£2|)—”1
” OME ~2.25 4L [PhSi01,5]1o—([i]1 1%r ([)Ph/Si)OLs]m'[OH]Z
. .Um/z
_ [PhSiO15]s
22 Methanol 2.25 uL (1142.4 m/z)
. [PhSiO; 5]o-[OH]
23 THF 2.25 L (1286.529m/z) 1
24 Toluene ~2.25 L [PhSiO1'5]8_([f‘]| G(EJrgDh/Si)C)1'E)]S_[C)H]2
6 miz
o5 1:1 ~2.25 ul [PhSiO; 5]s-[OH]4

THF:Acetonitrile (1280.2 m/z)
*Reaction mixture dried over 4A molecular sieves and Na,SO, for 3 h to remove water from TBAF, which
was then filtered and added to a mixture of 4A molecular sieves and OPS. "Reaction mixture dried over 4A
molecular sieves for 3 days under N, to remove water from TBAF before adding vacuum oven dried OPS.
°IM TBAF solution contains ~5 % water

To fully understand the influence of water, H,'*O was added in place of the ~2.25 yL
H,0 in TBAF [Reaction (18)] by drying the solution for 3 days as above then adding 2.25
uL of H>'®0. The MALDI-ToF was taken after 24 h, finding that B0 was incorporated
into Tyo and partial cage intermediates by their isotope patterns (1 to 14 '*O atoms are
observed for T, Figure 4.18). The use of H>'®O slowed reaction rates, with Ty still

predominating after 24 h, however incorporation of '*O into Ty shows that water is
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involved in the reaction mechanism, even though all required Si-O bonds are already

present.
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Figure 4.18. MALDI-ToF of H,'*0 isotope study under pseudo reaction (3) conditions;
T1o region shown at 1414.5 m/z, suggesting seven '°O are incorporated on average.

Reactions 19-25 (Table 4.4) reveal solvent effects that are likely a consequence of
poor OPS solubility and only soluble species are observed by MALDI-ToF.

Similar peaks are observed in most of the reactions regardless of solvent. Reaction
(19) in acetone generates either [PhSiO; s]s-[F] or [PhSiO; s]s-[OH], (1160.6 m/z) as the
major species. [PhSiO;s];-[OH]-[F] or [PhSiO;s]o-[OH]s, [PhSiO;s]o-[OH]; and
[PhSiO; 5]10-[F] or [PhSiO; s]10-[OH], are also observed at m/z = 1040.4, 1280.2 and
1418.6 respectively. Multiple cage structures are possible for each peak as the difference
between F and OH containing structures is one proton (see Table 3). Similar peaks are
also observed in toluene and acetonitrile.

In THF, [PhSiO;s]o-[OH]; (1280.2 m/z) is the major species (see Table 4.3 for
structures), with [PhSiO;s]io (1400.2 m/z) as the second most predominant species. In
DMF, [PhSiO;s]io[F]/[PhSiO;s]i0-[OH], are the predominant species and the only
solvent to show [PhSiO;s]i2[F]/[PhSiO;s]i2-[OH], (Figure 4.19). OPS dissolves
completely in 2 min in DMF, the fastest of any solvent. In methanol, no F~ interactions
were observed, and only starting OPS was seen by MALDI-ToF due to the insolubility of
OPS. However, as mentioned above, no fluoride-encapsulated Ts species were observed
in the '’F NMR analysis (-26 ppm). Therefore, we propose that fluoride would have to

form bonds exo to the cage, initially as a pentacoordinated corner (Figure 4.9). The
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solvent studies did not reveal any special solvent effects that could not be attributed to

poor solubility.
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Figure 4.19. MALDI-ToF spectrum of OPS + TBAF in DMF after 24 h (Reaction 20).

As part of our studies, we also attempted to characterize cage fragments to gain
insight into the reaction mechanism(s). EI mass spec was taken of Reaction (3) at 2 and 5
min. Figure 4.20a shows an EI mass spectrum 2 min after initiation. Both PhSi(OH); and
PhSiF; (free corners) are observed at 156.1 and 161.9 m/z respectively. Free corners
[Ag ' PhSi(OH),F, 266.2 m/z] were also observed in MALDI-ToF 60 sec after adding F~
(Figure 4.20b). This peak is consistent across solvent studies and has been compared to
the MALDI-ToF of TBAF to verify that it is not a component of the catalyst mixture.
This supports the likelihood of free cage corner transfer mechanisms theorized by Mabry

and Bowers et al.*
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Figure 4.20. EI mass spectrum showing fluoride functionalized free corners (185.1 m/z =
tributylammonium), Reaction (3) after 2 min. b. MALDI-ToF showing Ag' PhSi(OH),F
at 266.2 m/z, Reaction (3) after 1 min.

Mabry and Bowers et al. previously demonstrated the efficacy of TMAF
(tetramethylammonium fluoride) in rearrangement.** Efforts to use nBuyNX (X = CI', Br’

4285 However, the introduction of 5 mol% TBAOH w/5 vol% water

) gave no reaction.
using Reaction (3) conditions, promoted rearrangements forming partial cages but little
T1o (1400 m/z) (Figure 4.21), These partial cages are similar to those seen with F~ and in
polar solvent studies.

The primary products observed are [PhSiO; 5]s-[OH], and [PhSiO; s5]10-[OH], 1160
and 1418 m/z respectively, which show edge opening of both the Tg and T cages as also
seen in TBAF studies, suggesting that partial cages with -OH are more likely than —F
functionalized cages in those studies. Other previously observed partial cage peaks
present include [PhSiO;s];-[OH]s at 1040 m/z and [PhSiO; s5]o-[OH] at 1280 m/z. The
peak at 1175 m/z is [PhSiO; 5]s-[OH]4, a likely intermediate just prior to loss of a corner

in the rearrangement process.
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Figure 4.21. MALDI-ToF spectrum of OPS + TBAOH in DCM under pseudo Reaction

(3) conditions.

We also followed changes in concentration of various reaction intermediates over

time using Reaction (3) conditions (20 °C) plotting time vs intensities for Tjo, Ts and

reaction intermediates per Figures 4.22 and 4.23.

Figure 4.22 plots [Ts] over the first 50 min of reaction revealing an exponential

decay suggesting a first order dependence in [Ts].°*®” Assuming that Ts is the sole

monomer, a plot of In[Tg] vs. time (Figure 4.23a), gives a slope of (5.2x107 s™) equal to

the rate of Tg consumption.

0.000060
00000854 4 = [PhT ]
0.000050 - e [PhT]
0.000045 ® .
1 7
0.000040 - o
Fatm) 4 -
2 00000354 ./-
s 4
-2 0.000030 - i
© 4 /
:,E, 0.000025 | * e
§ 0.000020 ~ P /
1 "
O 0.000015 P -
0.000010 ] L Y // ® °
4 N N ’// L]
0.000005 — ra .
4 l/// Y : ° [ ]
0.000000 n
T = T T T T T T T T T T T T N
0 500 1000 1500 2000 2500 3000
Time (s)

Figure 4.22. Tg and T concentration vs time for Reaction (3) monitored by MALDI-
ToF over the first 50 min of reaction.
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The most likely first step as suggested above is attack of F~ on the Tg cage and is
supported by this plot. Tg consumption at 35°, 0° and -35 °C can be plotted to give an
activation energy (Figure 4.23b, Table 4.5) of ~5+1 kcal/mol for this presumed first step.
The formation of pentacoordinate intermediates for both F~ and "OH at silicon are
reported in the literature to be ~5-6 kcal/mol.®*”® The Figure 4.22 plot of [Tio]
concentration over the first 50 min is linear, suggesting the reaction is not influenced by
the T concentration and T formation is not directly proportional to the consumption of
Ts. This is not unreasonable if the E, found is similar to that for formation of a

pentacoordinated intermediate as a first and slow step in the rearrangement process.
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Figure 4.23. a. Natural log plot of Tg concentration over the first 600 sec giving a slope
of -5.2x107 s™. b. Arrhenius plot from Ty concentrations at 35°, 20°, 0°, and -35 °C, Ea
~5+1 kcal/mol.

Table 4.5. Rate constants from Tg consumption at different temperatures.

Temperature k(s
°C
35 6.7x107
20 5.2x10°
0 1.8x107
-35 7x107*

*After 25 min induction period.

Partial cage intermediates predominate after the first 600 sec of reaction. Figure 4.24
uses MALDI-ToF to plot four dominant intermediates throughout the reaction. The

intermediates tracked over time were inconsistent and do not permit kinetics analyses.
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These studies provide a critical analysis of the rearrangement mechanism(s). First,
fluoride encapsulation is not observed in '’F NMR. Second, large cages (Ti¢+) do not
appear early, thus they must form late in the process perhaps because of their higher
energies (5 hartrees/Si > Tg). Third, cage fragments of 2 - 5 Si units are not seen in
MALDI-ToF or EI-MS studies. Fourth, free cage corners containing both F and OH were
observed early on in EI and MALDI-ToF MS, suggesting their mechanistic involvement.
Fifth, TBAF solutions are known to contain four main species: ‘OH, HF,", and H,O, each
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Figure 4.24. Reaction (3) intermediate concentrations by MALDI-ToF over the first 25
min and then after 24 h.

of these components or a combination of them could contribute to the reaction
mechanism(s). Sixth, H,'*O studies show that '*O readily incorporates into the Tjo and
partial cages, indicating at a minimum that free Si-OH forms and readily exchanges with
water present. Given the results with TBAOH, hydroxyl groups may also participate in
cage/ring-opening processes. Seventh, solvent choice greatly influences the final product
ratio and composition, likely due to the difference in solubilities and stabilities of reaction
intermediates. We find that dichloromethane gives the highest ratio of T,y and the fewest
partial cages after equilibration. Eighth, [MeSiO; 5], and [PhSiO; 5], scramble with F- to
form mixed functional cages, but [MeSiO; 5], does not rearrange on its own, suggesting
units from [PhSiO; s],, such as a free corner, must attack [MeSiO; 5], to insert PhSiO; 5 to
make mixed functional cages.” Lastly, the quenching step with CaCl, serves to remove

fluoride ions to halt equilibration.
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From the mass spec and NMR studies above we have proposed the structures of
reaction intermediates, but we were not able to follow the changes in concentration of
reaction intermediates to determine a proposed mechanism based solely on experiment.

In order to determine the most likely pathways we now turn to computational analysis.

4.4.3 Modeling Studies
[HSiO; 5], was used to model the [PhSiO,s], systems within the Gamess

>33 We determine the energies of the analogous [HSiO:s],

computational package.
intermediates proposed above from mass spec by adapting the methods of Kudo et al who
modeled Ts cage formation from HSi(OH);.**

The gas phase B3LYP-6-31G(d) method was used to generate: 1. geometry
optimized structures (Figure 4.25); 2. thermal analysis using a double difference Hessian
frequency calculations; and 3. single point energy calculations, for formation of Tg from
T10. MP2 energy calculations were also performed on select systems. Table 4.6 compiles
energy calculations for several cage/partial cage species. In gas phase computation, T
and T, are both lower in total energy than Ts by 1 and 1.5 kcal/mol/Si unit respectively,
which is reasonable when compared to literature (-0.3 and -0.5 kcal/mol respectively by
Hartree Fock (HF) methods*”’""” These energy values, combined with the thermal

analyses were used to determine heats of reaction for conversions between intermediates

(Figure 26).

Figure 4.25a-d. B3LYP optimized structures: a) To-OH; b) T7-OHj3, ¢) Ty, d) T1a.
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Table 4.6. MP2 and B3LYP (6-31G(d)) total energies in Hartrees (gas and DCM),
solvent stabilization energies in kcal/mol and ZPC corrected electronic+thermal
enthalpies (Hartrees) of some HSQ structures.

SQ MP2 Energy B3LYP AE [gas phase | B3LYP ZPC
(Hartrees) Energy to solvent] corrected
(Hartrees) (kcal/mol) Electronic +
Thermal
Enthalpy
(Hartrees)
To-OHj -3734.982 -3741.369 -5.62 N/A
To-OHjy -3658.839 -3664.958 -3.87 -3664.573
T7-OHj -2930.217 -2935.274 -5.81 -2935.037
Tg-OH,4 N/A -3376.601 -10.87 -3376.124
To-OHs N/A -3817.765 -10.21 N/A
T10-OH4 N/A -4182.537 -10.35 N/A
T11-OH;4 N/A -4470.896 -4.80 N/A
T1o -4022.793 -4009.551 -9.71 -4009.139
T12 -4827.580 -4811.468 -2.71 -4810.983
Ts -2413.816 -2417.839 -3.20 N/A
Ts -3215.6 -3207.6204 -1.71 -3207.299
T1e -6447.571 -6447.578 -4.60 N/A
T1s -7253.547 -7253.547 -4.70 N/A
Tao -8059.500 -8059.500 -4.96 N/A
Ts F exo N/A -3323.522 -33.58 -3323.301
Ts F  endo N/A -3323.728 -33.73
Tg-(OH)10 N/A -3605.73 -17.22 N/A
Linear
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Figure 4.26. Potential mechanism from observed reaction intermediates and their model
[HSiO; 5], heats of reaction, AH (kcal/mol).

AH are given on the side of the forward reaction arrow, spheres represent hydroxide
capped corners, corners represent H-Si units, and lines represent oxygen bridges. Orange
corresponds to F~ catalyzed pathway with net energy of 8.5 kcal/mol; Green corresponds

to an "OH-catalyzed pathway with net energy -21.2 kcal/mol; Purple corresponds to a
hybrid system F/(OH/H,O) with net energy of -24 kcal/mol.

*Enthalpies were used to ensure the most precise analysis, since free energies, which depend on entropies

can be inconsistent due to the many vibrational modes present in these molecules.

Figure 4.26 depicts a non-exhaustive set of potential intermediates and reaction
pathways for rearrangements of Ts to T, with formation of T, likely being similar. The
formation and rearrangements of SQs most certainly involve complex multiple step and
multiple intermediate processes leading to complex equilibria. We describe here three
reasonable pathways based on experimental analysis. The first, shown in orange, is the
pure F catalyzed system, with minimal involvement of water. The first step involving the

formation of F-pentacoordinated Ts [Ts (A) to (B)] is favored enthalpically by 8 kcal/mol.
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Thereafter three endothermic processes are observed in reactions (B-E), in which
multiple F~ react to remove a cage corner. The biggest barrier (28 kcal/mol) is found for
reaction (E+D to F+QG); considerable energy is needed to remove F~ followed by
replacement with "OH before condensation occurs. The net reaction enthalpy for the
orange pathway is 8.5 kcal/mol. If we assume structure J instead of D for this conversion,
the net reaction enthalpy drops dramatically to -19.5 kcal/mol.

The green pathway depends on strong ‘OH and H,O interactions. The first step could
consist of two possible reactions; 1. (A to B) activation of the cage by F~ coordination (-
8.0 kcal/mol) or 2. direct attack of hydroxide (A to I). Surprisingly, both pathways are
favored by the same -5.2 kcal/mol, so both are plausible. In going from (J+K to F+G to
O+A) multiple intermediate steps and potential structures are possible, however few of
these were repeatedly observed in our experimental studies. The net enthalpic
contribution is -21.2 kcal/mol for the green pathway, which is ~30 kcal/mol lower than
the orange pathway. The TBAOH catalyzed reaction studies support this pathway.

A hybrid mechanism using F~ with water can be proposed starting with the orange
pathway (A to B to C), then following the purple arrows across (L to M) for corner
removal, and then M+J through F+G to T,o (O). This pathway is favored by -24 kcal/mol.
If the F to Q to Ty (O) transition is considered, the net reaction enthalpy rises to 4.5
kcal/mol. Our experimental analysis with TBAF supports the hybrid theory, since we
observe mixed fluoro and hydroxyl species and 'O incorporation by mass spectrum
analysis, and Si-F bonds in F and #’Si NMR. Therefore we consider this (-24 kcal/mol)
one of the most reasonable pathways.

Other possible but less likely mechanisms may also be considered. For example HF,
may act as a transient catalyst in these systems, even though it is not observed by
MALDI-ToF. As mentioned above, large cage structures (Tis and larger) may act as
intermediates in these reactions so that Ty would disproportionate to two To’s. However,
they are only observed late in the reaction and seem to be end products rather than
intermediates.

One factor not accounted for above is the influence of solvent; in that we find that
using two different solvents (THF and DCM) for Reaction (3) conditions give different

equilibrium product distributions of Ts, Tip and Ti, after 3 days. The explanation for
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changes in equilibrium may simply be attributed to the difference in solubilities of the
products in different solvents. Alternately this can be thought of in terms of solvent
stabilization energies. Table 4.7 compares the computationally modeled solvent
stabilization energies for Ts, Tip and T, and the corresponding experimental MALDI-
ToF ratios for each solvent. Though speculative, the solvent stabilization energies trend
with the peak intensity ratios observed in MALDI-ToF for Ts, Tjo and T;,, showing that
solvent would likely influence the mechanistic pathway, stabilizing some intermediates,
while destabilizing others. Verification of this will be considered in future studies.

Table 4.7. Comparison of cage solvent stabilization energy and their corresponding

MALDI ratios.

T8 T1O T12
Comp Estab -1.6 (-0.2/Si) -2.7 (-0.3/Si) -2.6 (-0.2/Si)
(kcal/mol) THF
~MALDI ratio THF 1 1 1
Comp Estab -1.7 (-0.2/Si) -9.7 (-1.0/Si) -2.7 (-0.2/Si)
(kcal/mol) DCM
~MALDI ratio DCM 1 3 1.3

4.4.4 Photophysical Properties of [PhenylSiO; 5]«

We have previously reported on the novel photophysical properties offered by
stilbene functionalized SQs. We recently realized that we had not characterized the same
properties for the base systems, the phenyl cages [PhSiO; s]s.10.12. > While these cages
all exhibit the same absorption properties; to our surprise they exhibit quite different
emission behavior. Thus, Figure 4.27 compares the UV/vis and PL properties of the
Ts.10,12 and larger cage phenylSQ systems isolated in small quantities from the synthesis

of Ptho.

Thus, all of the cages exhibit absorption Amax at 223 and 264 nm typical of simply
phenyl compounds (see Table 4.8). However, with increasing cage sizes up to Tz, the
emission Amax shifts to red (lower energy). The PhTg Amax = 285 nm, which is also typical
of simple phenyl compounds; however, for all the larger cages two emission are seen

with Amax at 287 nm as a shoulder on a new Agax at 324-328 nm.
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Figure 4.27. Absorption and emission spectra for [PhSiO1 5]s.10,12,[18,20,22]) in THF and
acetonitrile.

It is important to note that the larger cages (Tis2022) show similar spectra to those
observed for the Ty and T}, cages, suggesting they are likely combinations of the smaller
cages. The absorption spectra of all cages are nearly identical with Amax = 223, 264 nm.

Table 4.8 shows the absorption and emission maxima for all the [PhSiO 5]« systems.

Table 4.8. Absorption and emission Amax for [PhSiO s]s,10,12 and Tig 2022 in THF.

Cage Abs. Abs. Ayax (Nnm) Em. Amax (NM)
(hm)
[PhSiO5]s 223 264 287
[PhSiO5]10 223 264 324
[PhSiO5]12 223 264 328
[PhSiO1 5]18.20.22 223 264 327

Given that phenyl excimers typically emit at ~328 nm, as found in cyclic polystyrene

76-78

and phenylsiloxane absorption and emission studies; "~ we can suggest that the observed

emission Amax arises from formation of phenyl excimers.

Perhaps one of the more important observations is that the extent of excimer
formation can be directly related to the centroid distance between adjacent phenyl rings
on the cages. Thus, Figure 4.28 and Table 4.9 relate the effects centroid distance and

“bite angle” or angle between phenyl groups.”® The distance between phenyl groups was
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found by analysis of previously determined crystal structures.’® As might be expected
from the cage structures, the centroid distances and angles between the phenyl groups

decrease with increasing cage size.

Si/O\Si\ Si’O\Si\
ATy AT

VAR NN
Figure 4.28. Proposed interaction orientations between phenyl groups.

This suggests that the phenyl groups’ Forster radius for energy transfer is met when
going to the T,y cage size and gives even more orbital overlap in the larger cages. Though
we have not calculated the Forster radius for the phenyl compounds, our previous

calculations for stilbene

Table 4.9. Phenyl-phenyl distances for different cage sizes.

ad) | bA) | c(A) Ce(”/;r)md
[PhSiO:ss | 820 | 515 | 4.74 6.76
[PhSiO1slo | 7.43 | 494 | 4.68 6.21
[PhSiO1sl, | 7.14 | 490 | 4.42 6.02

systems suggest that the radius for energy transfer to be =~ 7 A, which is on the same
order for what we observe here.” If we assume using the average centroid distance for
comparison, the Forster radius for the phenyl systems would be on the order of ~6.5 A,
allowing for orbital overlap in the T;¢ and larger cages, but not in the Ts. This supports
the spectral observations. An alternative explanation from theoretical calculations suggest
that this may also result from phenyl-cage interactions through overlapping orbitals with

the cage face as discussed further below.”

One of the more interesting set of conclusions that might be drawn from the data
begins with the fact that the Ama.x emission at 287 nm in Tg must be exclusively from the
individual phenyl groups. In contrast, tWwo Amax are observed in T at 287 and 324 nm.

This means that an excited state must be partitioning between two emitting states. Thus,
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some phenyls can emit without the formation of an eximer despite the obvious lower

energy of the 324 nm emitting state.

Finally for the T, system, there is a very slight shoulder at 287 nm with the major
emission at Amax = 327. Despite the larger cage size and extra numbers of phenyl groups,
emission is almost completely from the excimer. The same observations can be made for
the larger cages. One possible conclusion from these observations is that the excimer is
actually delocalized over the cage surface basically overcoming any emission from

individual phenyls.

If this were true, then one might argue that all of the shifts seen to date in the stilbene
functionalized cages are from delocalized states over cage faces rather than from
interactions with the cage LUMOS as proposed in several papers. However, the
bromination studies described in the manuscript and reported previously strongly support
LUMO interactions. Thus, at this time, it may be fair to state that both types of processes
may occur. But one final study was done wherein the solvent was changed from THF to

acetonitrile.

Basically, the introduction of a more polar solvent was used to ascertain if there were
a polarized state formed with the excimer that would lead to red shifts in emission. As
can be seen, this is not the case and as such the excimer does not exhibit CT behavior as
expected for a traditional Forster energy transfer process. Consequently, the basic
[PhSi0 s]s.10,12 photophysical property analyses provides partial support for the claims of

internal excimers in these cage systems.

Further computational studies were conducted within our lab using the Gamess
computational package with Configuration Interactions (CI) singles in order to determine
the electronic interactions between the chromophore and the cage. Below in Figure 4.29,
Figure 4.30 and Figure 4.31 we show the calculated HOMO and LUMO orbitals of the
[PhSiO; 5]s,10,12 cage systems, with HOMO and LUMO energies +1 given in Table 7. The
energy values given are much smaller than would be realistically possible, but are given

here for comparison between the cage sizes and their properties.
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Figure 4.29. CIS-6-31G(d,p) calculated a. HOMO (-0.3272 eV) and b. LUMO (0.1062
GV) of [PhSiol,s]g.

Figure 4.30. CIS-6-31G(d,p) calculated a. HOMO (-0.3221 eV) and b. LUMO (0.1087
GV) of [PhSiO1.5]1o.
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Figure 4.31. CIS-6-31G(d,p) calculated a. HOMO (-0.3174 eV) and b. LUMO (0.1180
GV) of [PhSiOLs]lz.

Table 4.10. CIS-6-31G(d,p) calculated HOMO and LUMO energy levels for [PhSiO; s].

[PhSiO1 5] [PhSiO1 5] [PhSiO1 51
HOMO-1 (eV) -0.3272 -0.3228 -0.3174
HOMO (eV) -0.3272 -0.3221 -0.3173
LUMO (eV) 0.1062 0.1087 0.1180
LUMO+1 (eV) 0.1237* 0.1218* 0.1207*

*Note: LUMO+1 orbitals oriented on the phenyls and the relative distance between LUMO and LUMO+1
gets smaller with larger cages.

The above calculations may also give a reasonable explanation for why we observe
changes in the emission spectra for the various cage sizes. If we compare the LUMO
orbital interactions for each cage size, we see for the Ts, the LUMO is near completely
centered on the cage core and cage faces, with little to no interaction with the phenyl
substituents. This would likely give rise to a single peak emission on returning to the
ground state. In the T;p LUMO, we observe slightly more interaction between the cage
and phenyl orbitals, which may give rise to a slight 3D excimer involving the cage and
phenyls resulting in the combined emission observed in Figure 4.27. The T;, LUMO on
the other hand completely involves both the phenyls and the cage. This suggests a strong
ability to delocalize the charge over the whole molecule in the excited state, giving rise to

a strong excimer emission upon relaxation.

The HOMO calculations are also quite interesting. For the Tg there is a degenerate
HOMO, involving a symmetric set of phenyls, which may be expected for such a
symmetric molecule. The other HOMO orbital set involves the orbitals not shown in
Figure 4. When going to larger cages this degeneracy is lost. A further interesting
observation is the number of orbitals contributing to the HOMO in each cage size. In the
Ts, Tio and Tj, there are 6, 4, and 2 sets of orbitals respectively contributing to the
HOMO, which may have some bearing on the previously observed quantum yields for
different cage sizes, in which we observe a strong decrease in quantum yields on going to
larger cages. If there are fewer electrons contributing to the HOMO-LUMO transition,

then we would expect lower quantum efficiencies.
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4.4.5 Functionalization of [PhenylSiOs]10,12

We have also explored the synthesis and properties of [0-4-RstilbeneSiO; s5]10.12, [0-4-
RstilbeneSiO; 5]3.[PhSiO; 5]7 and [0-4-RstilbeneSiO; 5]6[PhSi0; s]¢ for cage size, geometry
and partial substitution effects on photophysical properties.®” All compounds were
characterized by traditional methods including solution spectroscpy and two photon
absorption (TPA) cross-sections and except R = NBoc offer Tqso, > 400°C/air. All exhibit
absorption and emission spectra similar to the Tg cages, but with some important
differences. The R-stilbenes appear to interact in the excited state through the cage,
exhibiting emissions spectra red-shifted from the parent stilbenes. TPA studies show novel
behavior that is functional group, geometry and substitution number dependant. Thus NBoc
TPA cross-sections/moiety increase, with decreasing numbers of functional groups from 8
to 3 for PhTyy and 10 to 6 for PhT;, where [NBocstilbeneSiO; s]s TPA/moiety = 0. In
contrast, CN cages offer TPA/moiety values slightly greater on going from 3 to 8 (PhT))
and 6 to 10 (PhT»).

NBoc TPA data are best explained if bromination occurs asymmetrically leading to
asymmetric functionalization and exceptional polarization in partially substituted cages as
symmetrically substituted cages exhibit opposing polarizations. The molecular sum of the
individual induced transition dipoles on excitation self-cancel. In contrast both the cage
and CN are strongly electron withdrawing such that no significant polarization is
observed/expected when asymmetrically functionalized. Both NBoC and CN substituents
offer red shifts greater than Me and MeO T ;2 suggesting extended conjugation without
polarization. Asymmetric bromination is supported by DFT modelling studies where initial

0-Br/o-H bonding stabilize incoming Br, by 300 mEv.

4.5 Conclusions

We have developed a simple F catalyzed synthetic method to [PhSiO;s]i, a
molecule with the rarely observed Ds, structural motif. [PhSiO; s]io can be synthesized
from any [PhSiO; 5], or PhSi(OR); in yields up to 50% on multigram scales in CH,Cl.
[PhSiO; 5]10 offers a highly soluble, easily functionalized and stable 5-fold symmetric
building block. We have shown in previous publications that the unique structure of

stilbene/stilbenevinyl functionalized T cages offer enhanced photophysical properties
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such as two-photon absorption over Ts and Tj». A property directly related to the
polarization and charge separating ability of a system.

We have used F~ catalyzed rearrangement to make many SQ systems over the years,
including vinyl and mixed phenyl/vinylSQs, however the process by which this occurs
has eluded us. In this report we set out to solve at least qualitatively the processes
involved in this rearrangement process, specifically for the conversion of [PhSiO; s]s to
[PhSiO; 5]10. We have shown that the mechanism by which F~ catalyzed rearrangement
occurs is highly complicated and involves the equilibration of many intermediates.
MALDI-ToF was the most effective method for experimentally analyzing reaction
progress and kinetics. We find that the activation energy for the formation of
pentacoordinated F-[PhSiO;s]s is 5+1 kcal/mol, a barrier readily overcome at room
temperature, and that trace water is necessary for rearrangement to occur. With the
assistance of computational modeling we proposed the three most plausible reaction
pathways, finding that F° catalyzed rearrangement most likely follows a hybrid
mechanism involving F~ and water with a net enthalpic favorability of -24 kcal/mol. The
mechanistic studies described here will help in the design of F catalyzed reaction
conditions for favoring specific cage sizes and synthesizing other [RSiO; 5] derivatives.

Photophysical property analysis of [PhSiO;s]s 10,12 show that with increasing cage
size the extent of excimer formation in fluorescence also increases from 287 nm for
[PhSiO; s]s to 328 nm for [PhSiO; s5]12. This is indicative of greater charge delocalization

in the larger cages.
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Chapter 5
Modification of 3-D molecular mixtures of [vinylSiOj s]10/[vinyl-SiO1 s]12,

Functionalization to [R-stilbenevinylSiOj s]10/12, and Photophysical Properties

5.1 Original Publication Information

Jung, J.H.; Furgal, J.C.; Goodson, III, T.; Mizumo, T.; Schwartz, M.; Chou, K.; Vonet,
J.F.; Laine, R.M.; Chem. Mater. 2012, 24 (10), 1883-1895, DOI: 10.1021/cm300587s.

Modifications have been made to the original document in order to adapt the content
to the proper format. It should also be noted that the lead author contributed the synthesis
and characterization of these materials, with my contribution attributed to the detailed
photophysical property analysis (i.e. two photon absorption and steady state absorption

and fluorescence).

5.2 Abstract

Fluoride ion catalyzed rearrangement of —[vinylSiO; s5],- oligomers and polymers in
THF provides essentially quantitative conversion to mixtures of the 3-D cage compounds
[vinylSiO; s5]10 and [vinylSiO; 5] with small amounts of the [vinylSiO; s]i4 cage. These
mixtures are easily transformed into their respective styrenyl analogs by metathesis with
p-R-stryene to give 100 % conversion to the Generation 1 (GEN1) compounds [p-R-
styrenylSiOj s]i0/12. The R = Br compounds are then easily modified by Heck coupling
with p-R-stryene in > 90 % yields and = 100 % conversion to the Generation 2 (GEN2)
compounds [p-R-stilbenevinylSiO; s]10/12. These studies were designed to map structure-
photophysical properties in these 3-D molecules with the goal of finding replacements for
Ceo and Cyo electron acceptor compounds currently in use in most hybrid organic
photovoltaics. Photophysical characterization indicates that the GEN2 compounds have
average band gaps that are slightly smaller than their Ts analogs. However, the CgFs
derivative offers blue shifted absorption with very red shifted emission belying what

might be expected for this type of moiety.
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Initial cyclic volammetry studies suggest that the GEN2 C¢Fs 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-shifts emission perhaps arising from partial interdigitation of p-R-
stilbenevinyl groups. Because these molecules are three dimensional; moieties opposite
the 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/Cro. Alternately, these same

materials may serve as novel emitters for light emitting diodes.

5.3 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 [RSiO; 5]z (where R = R’SiMe,O and R/R’ = alkyl, aryl, alkenyl, alkynyl,
etc.).

Research by Bassindale et al.,lg'20 Rikowski et al.,21 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'SiO; 5]s«[R*Si0; 5]x but [R'SiO) 5]104[R*SiO; 5] and

23-25

[R'SiO} 5]124x[R?Si0; 5]« cages almost exclusively. Most recently we learned to make

large quantities of [vinylSiO} s]10/12 mixtures from the T resin, [vinylSiO; s]y.>*
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Previously, we reported using [vinylSiO; s]s to synthesize [p-RStrylSiO; 5s]s where R
= H, Me, MeO, Br, NH, and the -corresponding vinylstilbenes,
[RStiICH=CH,SiO 5]3.°**” 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

. . . . 14
with simple organics as reviewed recently.

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 Cgp and C;¢ fullerenes (e.g. PCBM) currently used in many hybrid photovoltaics
given their very high cost and potential toxicity especially as singlet oxygen

29,30

generators. In this vein, we report here efforts to functionalize [vinylSiOj s]ig/12 via

reactions (1) and (2).
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More specifically, our objective in the current studies is to map the photophysical
properties especially of the GEN2 compounds of reaction (2) 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 Ts compounds; however, for others there is
a considerable difference. Indeed the C¢F5 derivatives offer novel behavior that for the

present is inexplicable.

5.4 Experimental Procedures

Synthetic methods and characterization procedures are given above in Chapter 2.

5.5 Results and Discussion

In the following sections we first discuss our synthetic approaches to generating
Tion2 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 T;o from the
T2 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
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current studies we see small amounts of T4 compounds. The exact structure of this

component is unknown but see Baney and Itoh.”

As seen with the Ts 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
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 vinylT;¢/12 (Scheme

5.1).

1eq. of C=C R ] “
. . A R R
(Single Heck reaction) L' '- . R .
R p~
R R R
R R R R
R=
3 sl (S-Ph)  (S-NP) (S-AN)
| Mono-functionalized GEN1
R R R
RH R
R ? R R R
I R R I
— R s T R R
—_— . ! R Ry R
2 eq. of C=C & L = R R
(Double Heck reaction) R R R R

R=
(D-Ph)  (D-NP) (D-AN)
Di-functionalized GEN1

Scheme 5.1. Heck coupling reactions of vinylT;¢/12 (GENTI).

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 complete di-functionalization as also reported by Sellinger et al.”®

albeit for the vinylTs.
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Table 5.1. Characterization of T,,,, GEN 1 Mono (S) and Double (D) Heck
coupling compounds.

TGA m/z (Ag” adduct) GPC
R Cerangic yield Ave. | Tss, Tio T,
group ) M, | PDI
found | Calc. | Substit | "C AL 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 | Phys | 21244 | Phy | 1550 | 1.05
D-Ph 297 26.0 1.6 385 | 2350.0 | Phyg | 2660.4 | Phy; | 1590 | 1.07
S-NP | 27.3 293 1.1 480 | 2286.3 | NP4y | 2696.4 | NP4 | 1620 | 1.07
D-NP | 214 18.1 1.6 455 | 3050.8 | NP4; | 3460.2 | NP4 | 1700 | 1.08
S-AN 23.1 235 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 | ANy, | 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).

—owe ;) R=C) [ l\J e
(Ph) (NP)  (PhMe)
/ \/ B/ g’ \ 7 "./j,—OMe (Y e

\ /
/ N\ / \ \_/
— Cl !

(F;hOMe) (PhCH,CI) (PhBr)  (BiPh)

Scheme 5.2. Metathesis reactions of vinylT;¢/12 (GENTI).
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Table 5.2. Characterization of To12 GEN1 materials produced by metathesis.

TGA m/z (Ag™ adduct) GPC
Ceramic yield (%) | Ave. | Tase Tio T2
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 35.8 355 1.0 330 | 1800.9 | 1801.0 | 2140.0 | 2139.6 | 1600 | 1.04

PhOMe 31.9 324 1.0 395 | 1960.4 | 1961.0 | 2332.0 | 2331.6 | 1630 | 1.03

PhCH,CI 30.7 295 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

= R=() ()— ( pome
F F ) e ’

- H) (Me) (MeO)

F F NH, F

F

" F
(NHz)  (5F)

Scheme 5.3. Heck coupling reaction of p-Br-Styrenylvinyl T2 (GEN2).

Table 5.3. Characterization of T2 stilbenevinylSQ (GEN2) compounds.

TGA m/z (Ag™ adduct) GPC
C.Y. (%) Ave. T1o Ti2
R’ Tas%"C M, PDI
Found | Calc. | Subst. MALDI | Calc. MALDI | Calc.

H 233 | 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 | 209 | 20.9 1.0 350 | 2981.0 | 2981.7 | 3555.2 | 3556.5 | 3530 | 1.04

NH, | 221 | 22.6 1.0 390 | 2832.3 | 2831.6 | 3376.9 | 3376.4 | 4100 | 1.03

5F 17.0 | 173 1.0 345 | 3581.6 | 3581.0 | 4276.4 | 4275.6 | 4140 | 1.05

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 (C.Y.) in
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Table 5.3, 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 SQ cages are spherical, 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.

5.5.1 FTIR Studies

Figure 5.1 provides two representative spectra for GEN1 p-MeOStrySQ and GEN2
for C¢FsstilbenevinylSQ. 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.

—— GEN1 (MeOPh)
—— GEN2 (C_F,)

T T T T
4000 3000 2000 1000

Wave length (cm")

Figure 5.1. Representative FTIR for GEN1 p-MeOStrySQ and GEN2 C,F;
stilbenevinylSQ.
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5.5.2 GPC studies

GPC data for GEN1 and GEN2 SQs are given in Table 5.1 and Table 5.3. Figure 5.1
provides representative GPC chromatograms for vinylSQ, styrenylSQs (GEN1) made by
different methods and stilbenevinylSQ (GEN2). 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.

===\/inyl SQ

==Styrenyl SQ (S_Heck)
Styrenyl SQ (D_Heck)

—Styrenyl SQ (Metathesis)
Vinylstilbene SQ

25 35 40
Figure 5.2. GPC traces of vinylSQs and styrenylSQs and stilbenevinylSQ (GEN2).
5.5.3 DSC Studies
Figure 5.3 shows representative DSC traces of GENI StyrenylSQs and GEN2
stilbenevinylSQs. As seen in Figure 5.3, GENI1 compounds present endotherms
indicative of melting near 100 °C for the second scan. Hot stage optical microscopy also
shows that these materials melt over a 100-120 °C range as might be expected for Tjo/12

mixtures. However, the GEN2 compounds do not show melting behavior in the DSC and

decompose at temperatures >200 °C.
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Figure 5.3. DSC traces of selected stryrenylSQs and stilbenevinylSQ (GEN2), second
scan.

5.5.4 Photophysical Studies

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

photon absorption measurements.

5.5.4.1 Steady-State Spectroscopy

Figure 5.4-Figure 5.6 provide absorption and emission spectra (THF) for selected
GENI1 compounds with the data shown in Table 5.4 and Table 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 = 254+2 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.

In contrast, while mono functionalized anthracene offers the most red-shifted
absorption at ~374+2 nm and emission at Amax = 4652 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
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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'cm™ and 4.8x10* M'em™ 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'em™ and 1.0x10* M~
'em™ 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 yield (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 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.
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Figure 5.4. UV-vis absorption and PL spectra for GEN1 T,y;12 R = S-Ph, and D-Ph in
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Figure 5.5. UV-vis absorption and PL spectra of GEN1 Tjg/12 R = S-NP and D-NP
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Figure 5.6. UV-vis absorption and PL spectra of GEN1 Tj¢/12 R = S-An and D-NP
(THF).
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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.

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
T1i012 R = S-NP 302 384 7071
T1012 R = D-NP 302 386 7206
T1012 R = S-An 374 465 4135
T1012 R =D-An 374 455 3663

Table 5.5. Photophysical data for GEN1 compounds.

Cross-section per Chromophore
0(GM) at 795 nm

Tio12 R=8-Ph | 0.03 -

Tio12 R=S-NP | 0.03 ~0.01

Tio12 R=S-An | 0.13 ~0.001

Dpy(x)

For the anthracene moieties, there is a noticeable solvent effect for emission on
going from 95:5% 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 Apax = 492+2 nm in acetonitrile to Apax = 4652 nm in

THF, with ~25% reduction in intensity with each dilution of THF.
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Figure 5.7. Solvent study of GEN1 T2 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, Table 5.6), as
noted just above. As 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.*

Further analysis in hexane:THF mixtures shows a similar trend, with higher hexane
concentrations giving the lowest intensities, and THF the highest. 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.
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Figure 5.8. GENI1 Tj¢/12 R = An emission spectra at different acetonitrile: THF ratios (1

uM).
Table 5.6. Emission solvent study comparing GEN1 T,g/12 R = S-An in acetonitrile,
hexanes and THF.
Acetonitrile:THF 95:5 75:25 50:50 25:75 0:100
Tio12 S-An® 492 480 475 471 465
T1o12 S-An™® 465
Hexane:THF 20:1 15:5 5:15 0:100
Tior2 S-An™® 452 456 458 465

(S)= Serial dilution study, (C)= Constant concentration studies.

Figure 5.9 and Figure 5.10 show Gen2 compound absorption and emission behavior
(THF) with the data tabulated in Table 5.7. 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 m-m* transitions dominating the photophysical properties to charge transfer (CT)

. . . 26.2
behavior as seen in the Ts vinyl systems.***’

The UV/Vis and PL spectra for Tio12 R = NH, were also examined as a function of
the solvents acetonitrile, THF and cyclohexane as seen in Figure 5.11 and Table 5.8. 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
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absorption spectra for all three solvents are essentially the same, with cyclohexane with

5% THF and THF samples having identical emissions.

The absorption of T;12 R = NH; in THF, acetonitrile and cyclohexane reveals a Amax
~ 363+2 nm within error limits the same as the Agnax ~360+2 nm seen for the Ty
analog.m27 In THF, both the Tg and To/12 systems exhibit featureless emissions at Amax =
486+2 nm. In acetonitrile, the Tg analog exhibits a structureless emission at Apax= 507 +2
nm, whereas the T2 system emits at 51742 nm. We believe that this slight red-shift for
the Tio/12 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 change in band gap if the cages interact electronically

26,27

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 T2 R = C¢Fs derivative. This
compound exhibits a Ap,x of absorption that is blue-shifted from 333+2 nm for R = H to
31642 nm, see Table 5.7 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 cm''is 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 Ts and Tjo/12 amino systems resides in the
emission quantum efficiencies (®p ) compared against the standard Bis-MSB (1,4-bis(2-
methylstyryl)benzene) (®pi= 95%). The ®p, of the Tg R = NH; is somewhat lower ®p
than the Tjo12 R = NH, compounds, 5% vs. 7% respectively, which is significant in the
calculation of the two-photon cross-section discussed below. All GEN2 T}/, compounds
except the R = NH; have slightly lower ®p () than their Ts counterparts. The molar
extinction coefficients (g)/chromophore for these compounds are Tg 3.43x10* M'cm™
and Tyo12 3.64x10* M'em™’, suggesting that increasing the chromophore density in the

same volume does not influence overall absorption. This indicates absorption is linearly
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additive. 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 5.7.

Table 5.7. Absorption and Emission Maxima for GEN2 compounds.

TR = Absorption Emission | Stokes Shift e(M"cm
o2 = (+2nm) | (x2nm) (emh | Pex] T
H 333 387 3988 0.2 | 3.94x10°
Me 333 393 4316 0.1 | 3.77 x10°
OMe 343 418 5402 0.07 | 4.01 x10°
NH, 363 483 7056 0.07 | 4.00 x10°
CeFs 316 445 9173 0.01 | 4.84 x10°
TsCoFs 317 434 8504 0.03 | 2.44 x10°
1 p T N
\\\ — T1o/12 (CéFs)
c Ts (CeFs)
Eos
3
0

250 300 350 T Ta00 T as0
Wavelength (nm)

Figure 5.9. UV-vis absorption spectra of selected GEN2 vinylstilbene compounds in
THF.
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Figure 5.10. PL emission spectra of selected GEN2 vinylstilbene compounds in THF.
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Table 5.8. UV/vis absorption and PL for 4-aminovinylstilbene Gen2 SQ as a function of

solvent.
Absorption (+ 2 nm) | Emission (+ 2 nm)
Acetonitrile (5% THF) 363 516
Cyclohexane (5% THF) 365 483
THF 363 483
363 nm 483 nm 516 nm -
1- o et~ — Acetonitrile
c YN — Cyclohexane
o JA SN Tetrahydrofuran
0 0.8 /o
R / \
£
w Y \
< 0.6 Y
c \ \
c . \
So0.4
2 y
0.2 A
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<
0 - i . B . I m———
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Wavelength (nm)

Figure 5.11. UV/vis absorption and PL spectrum of GEN2 T¢/12 R = NH,.

The effects of solvation on the UV/Vis and PL spectra for Tjo12 R = H were assessed

in THF, acetonitrile, and hexane, with spectra shown in Figure 5.12 and Figure 5.13

respectively, with emission A, data given in Table 5.9. This study compared the effects

of solvent on both solubility and potential charge transfer properties.

A comparison of Amax for Tio12 R = H in 95:5 acetonitrile: THF vs acetonitrile 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 uM) in 95:5

acetonitrile:THF, which was successively diluted with acetonitrile, eventually to ~0 %

acetonitrile.
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Figure 5.12. Emission studies of Tj¢/12 R = H in acetonitrile/THF mixtures at constant
0.86 uM concentration.

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, R = H samples at constant 0.86 uM concentration provide a
somewhat different trend, in which the lowest intensities are observed in 95:5
acetonitrile:THF and the most intense in THF. However, there are no changes in Amax,

suggesting that the Figure 5.12 shifts arise as a result of poorer solvent interactions.

Consequently, we decided to move to emission studies with poorer solvents as seen
in Figure 5.13 and Figure 5.14. Figure 5.13 shows that at 20:1 hexanes:THF a new peak
appears at 477=2 nm. The breadth of the peak suggests aggregation.’” However, at higher
THF concentrations this “aggregate peak” disappears as solubility improves. It is

important to note that the original emission
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Figure 5.13. Emission studies of T;o12 R=H in hexane/THF at constant 0.86 uM
concentration.

band is still present but slightly blue-shifted compared with the THF sample. An
explanation for this blue shift is discussed below. While intriguing, the Figure 5.13 data
represent a single data point. Thus, additional studies were run at different hexane: THF
ratios closer to the 20:1 value in Figure 5.13. Thus at 10:1, 20:1 and 30:1 ratios of
hexane:THF at three concentrations, 0.85, 0.43 and 0.28 uM respectively, we again see
(Figure 5.14) the apparent formation of aggregates with a Amax = 492 nm. The original

THF emission centered at Amax = 379 nm appears to be of almost equal intensity.

1400000 - — T,,(H) 10:1 Hexane:THF 0.85 uM
1 379 — T,01,(H) 20:1 Hexane:THF 0.43 uM
1200000 T. ..(H) 30:1 Hexane:THF 0.28 uM
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Figure 5.14. T¢/12 R = H emission in 10:1, 20:1 and 30:1 hexane:THF at various
concentrations, suggesting “aggregate” formation.
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A final study, run in MeOH (Figure 5.15), shows the same behavior, although the
ratio of intensities now favors the 492 nm peak. The fact that two poor solvents at both
ends of the “spectrum,” hexane and MeOH, bring about formation of the same red

shifted, featureless emission.

—T H) 10:1 Methanol: THF 0.85 uM

1012 (

300000 — — Tm/12 (H) 20:1 Methanol:THF 0.43 uM
280000 T, 41, (H) 30:1 Methanol:THF 0.28 uM
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Figure 5.15. Emission spectra of Tyo12 R=H in 10:1, 20:1 and 30:1 MeOH:THF at
various concentrations, showing “aggregate” formation.

The simplest explanation is that an interdigitated excimer forms such as suggested in
Figure 5.16, though the interdigitation may be more complex and involve multiple cages.
It can be seen that the 3-D nature of the compounds will greatly limit the degree of
overlap between two cages. Given that the same emissions are exhibited in two very
different but poor solvents seems to support this conclusion. A further conclusion can be

drawn based on the observation of emission from the original moieties, albeit blue

shifted.

The fact that interdigitation is first likely to occur between two cages only across a
narrow set of moieties in a “face-to-face” conformation; thus, moieties opposite the
point(s) of interdigitation will retain their emissive behavior. If we then suggest that there
is a real electronic interaction between the moieties on the original cages and the cage
itself as we have described elsewhere;*****’ then removing the interdigitated moieties

from the overall electronic structure would diminish this interaction leading to the

observed blue shift.
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Figure 5.16. Possible aggregation or exciplex formation between two GEN2
stilbenevinylSQs.

While this behavior is reminiscent of emissions from solid state aggregate
materials,” there is an aspect of these emissions that may have some import with respect
to our above stated objectives. One possible benefit from this type of interaction is that
emission now extends from approximately 350 nm out to 550 nm suggesting the potential
for a single system to become a white light emitter with further functionalization and
optimization of processing. It is important to add that we have seen evidence that
suggests 3-D conjugation in the excited state.”****” As such, it may be that some types of
aggregates will offer hole and electron transport properties that are superior to 2-D

aromatics.>”**

The potential for such behavior may already exist as reviewed recently by
Sellinger et al.'* Clearly more work needs to be done here, but the potential appears to

exist for some very novel materials and photophysics.

As a further extension of the above studies, we examined the effects of solvents on
the emissive behavior of Tz stilbenevinylSQs finding no effect in acetonitrile: THF
mixtures, see Table 5.9. We also extended our studies to Tg/Tio12 mixtures in
MeOH:THF finding that some interactions are observed as noted in Table 5.10 with
much reduced red shifts for Ts vs Tjo/12 which suggests weaker aggregation. This can be
anticipated from the fact that the T2 cages are slightly larger, and offer smaller angles

between chromophores (~72° T, ~60° T, vs. ~90° Ts) allowing better interdigitation.
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Table 5.9. Emission (nm) of Tg and T2 stilbenevinylSQs (+ 2 nm) in

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

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

Table 5.10. Emission (nm) of T and T2 stilbenevinylSQs (= 2 nm) in hexane:THF or
MeOH:THF of varying concentrations.

Hexane:THF 10:1 20:1 30:1 Aggregate Amax

Concentration (uM) 0.85 0.43 0.28 --

T1o/12 R=H 379 492

TgR=H° 380 N

Methanol:THF

Concentration (uM) 1.1 0.55 0.36 --
T1o/12 R=H 381 492
TeR=H 384 420/442

Finally, we also explored the effects of solvents on the emissive behavior of other
T1o/12 p-stilbenevinylSQs as seen in Table 5.11. The only clear cases for aggregation are
for the R = Me and R = OMe compounds which exhibit shifts from an average Amax =390
nm +5 nm (Me) 405+£5 nm R = OMe in hexane:THF mixtures to Am.x =~ 460/454 R =
Me/OMe nm in MeOH:THF at 20:1, see Note that no temperature dependence was
observed for R = Me emission and no evidence of excimer formation was observed for

the anthracene derivatives.
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Table 5.11. Emission of Tg and T}/, vinylstilbene molecules (= 2 nm) in hexane:THF or
MeOH:THF at constant concentrations, (*)= “Aggregate”.

Hexane:THF 20:1 15:5 5:15 0:100
Ti012 R=H 380 (477)* 382 384 386
T1012 R = Me 385 390 393 395
T1012 R = OMe 402 396 406 413
TsR=H 380 381 384 385
T1012 R = S-An 452 456 458 464
Methanol:THF 20:1

Tion2 R=H 379 (492)*

Tion2 R=Me 460

T10112 R = OMe 454

TsR=H 384 (420/442)*

T1012 R = S-An 456

It is now well recognized that ordering of molecules in n-n stacking ensembles (e.g. J
and H aggregates) provide structures that allow control and fine tuning of electron and/or
hole (exciton) transport properties. In turn, this control permits their employ in multiple
important applications ranging from dye sensitization in photography to electrochromic

and electroluminescent to organic photovoltaic to non-linear optical devices, etc.”***

In general, most molecules that exhibit strong n-m stacking interactions are relatively
planar and aromatic. To the best of our knowledge, no one has explored the effects of
such interactions in 3-D molecules. We believe that the above results may be of value in
developing new components for both OLEDs and/or organic photovoltaics if properly

explored.

5.5.4.2 Two-Photon Absorption Measurements (TPA)
TPA cross-sections were determined for selected GEN1 and GEN2 compounds. The

GENI1 compounds do not exhibit any TPA properties (Table 5.5) as might be expected
since they do not contain polarizable groups necessary to obtaining high TPA cross-

sections. The double Heck and the phenyl compounds were not studied since the double
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Heck had similar functionalization to the single products, and the phenyl absorption band

at 254 nm made it difficult to study by our TPEF method.

TPA cross-sections for selected GEN2 compounds are plotted as a function of
wavelength and are shown in Figure 5.17, with results given in Table 5.12. The cross-
section values per chromophore are given in Table 5.13. TPA values can provide a
measure of the degree of enhanced absorption per chromophore and coupling between
donor and acceptor regions,”** leading to some measure of understanding of the
potential photocurrent of photovoltaic devices that might incorporate these compounds as

components. **’

The data presented here suggest that the TPA cross-sections for the GEN2 T2
increase with conjugation and electron donating ability of the R-substituent on the
chromophore. Thus on changing from R=H to NH; results in an 800 fold increase in
cross-section per cage. It is important to note that measured TPA cross-sections depend
on the fluorescence quantum efficiency (¢pr) as these values are part of the cross-section
calculation, which uses an “action cross-section” (based on fluorescence comparison with
a standard), which is then multiplied by the quantum yield to give the corrected value
based on the fluorescence efficiency.’'”> A 1 % difference in ¢pp can affect the cross-
section by as much as 100 GM. This is particularly evident when comparing the
difference between the previously published results on the Tg cages and these new larger

26,2
cages.”**’

If the Tg and T2 R = NH; substituted cages are compared (those with the highest
cross sections), it is interesting to note that due to the lower quantum yield of the Tg
species, the cross-section at 770 nm is higher than that for T2, 100 GM vs 68 GM
respectively per chromophore. These values may arise as a consequence of different cage
geometries, which orient the chromophores differently by angle and proximity to one
another leading to changes in fluorescence efficiency. Interestingly, the maximum cross-
section arises from a lower energy excitation (770 nm) than expected from the single

photon absorption (363 nm), suggesting that we are accessing a lower energy state.
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The maximum TPA would be expected to exist around 725 nm or double the one
photon absorption, which may be the case, but do to limits in instrumentally accessible
wavelengths, was not explored. Since a lower energy state can be accessed, this may
explain the large Stokes shift in the single photon fluorescence through relaxation before
emission. Since the Tg cage is more symmetrical than the Tji2 cages, it can be
rationalized that the chromophore orientations may change fluorescence properties.”**’
SQs in general give enhanced TPA cross-sections compared to single chromophores due

to the enhanced dipole-moment term from the electrophilic nature of the cage.****’

The TPA analyses for the R = CgFs species are not as expected. Table 5.12 compares
the cross-sections between the Ts and Tio12 R = C¢Fs compounds. The per chromophore
values are 9 GM for the Tg and 17 GM for the Tj¢/12. These findings are surprising given
the strong electron withdrawing character of the substituent.”**’ If we assume that for the
R = NH; compounds the cage acts as a strong electron withdrawing center enabling CT
behavior in these systems, the introduction of R = C¢Fs should provide two withdrawing
sites competing for the electron populating the excited state. Such a situation should
reduce the CT behavior significantly leading to lower TPA cross-sections, which is
contrary to what is found. Recognizing that the TPA data for the R = C¢Fs moiety is well
below that of the R = NH; substituted GEN2 compounds it is still surprising to see any
TPA cross-section values at all. This again may relate to the emission red shift for which

we have no explanation as yet.
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Figure 5.17. Two-photon absorption spectra of selected GEN2 vinylstilbene compounds
in THF.
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Table 5.12. Two-photon studies of GEN2 compounds with respective cross-sections
given.

Two-photon cross section in & (GM) (10™°° cm* s photon™")

SQ 650 760 770 780 790 800 810 820
Tion2 R=H 4 - 8 7 5 6 4 3
Ti012 R=Me 12 - 10 9 6 7 5 8
Ti012 R =0OMe 33 - 18 21 19 23 16 5
Tio12 R =NH; 80 360 750 370 390 400 330 170
Tio12 R=CgFs 110 108 190 180 110 150 93 40
Ts R = NH, - 430 790 390 400 510 300 260
Ts R = CgFs - 34 47 43 48 70 19 7

Table 5.13. Two-photon laser wavelengths studied and respective cross-section per
chromophore on GEN2 SQs.

Wavelength | Cross-section/Chromophore
5Q (£ 2 nm) 3(GM)

Tio12 R=H 770 ~1
Tio12 R=Me 650 ~1
Ti0n2 R =OMe 650 3

Tg R = NH, 770 100
Tion2 R =NH; 770 68
Ts R = CgFs 800 9

Tion2 R =CeFs 770 17

5.5.5 SQs as Electron Acceptors in Photovoltaics

The design rationale of the above materials for photovoltaic applications as electron
accepting materials is based on the knowledge that SQs in their unfunctionalized state
(H-SQ) contain an electrophilic core (equivalent to CF3) and a centralized core LUMO;
suggesting that SQs should be capable of accepting electrons. The challenge with bare
SQs is that their band gaps and HOMO-LUMO energy levels are much too high (~ 6 eV)
for use in photovoltaic devices, unless they were designed to work in the deep UV.

Therefore we proposed that organic functionalization could be used to tune the electronic
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properties of these materials to align with the desired energy levels for use in functional
devices. Our efforts started from the basic set of mappable R-stilbenevinylSQs mentioned
above, since they are effective models of Poly(phenylenevinylene) PPV based materials
and we could easily tune the absorption spectra and TPA properties also important for

efficient photovoltaic materials.

In order to probe the HOMO-LUMO levels in this first set of GEN2 compounds, we
conducted cyclic voltammetry studies in films cast from dichlorobenzene as discussed in
Chapter 2. These studies are viewed as a qualitative analysis of the redox behavior of

these molecules. Figure 5.18 provides an overview of the data measured.

A
-2 — 2.2
: LUMO
a 26 26 25 -2.6
3 — -3.2
%‘ _ NH,
w4 — 4.2
w P3HT — H Me OMe
— 5F
-5 — PCBM 49
| -5.2 I ? HOMO
_5 7 '56 .
-5 — N :
-6 6.2

Figure 5.18. Cyclic Voltammetry studies of selected GEN2 compounds, with published
data for P3HT and PCBM added.
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Figure 5.19. Cyclic Voltammetry oxidation and reduction curves of
pentafluorostilbenevinylSQ (5F).

The literature suggests that a potential replacement for PCBM derivatives should
have a LUMO that is actually somewhat higher than -4.2 eV, preferably in the -3.8 to -3.4
eV in order to optimize Vo..”*>° The HOMO and LUMO of Cy are given in Figure 5.20

with their respective reversible redox potentials given in Figure 5.21 for comparison.

(a) LUMO(LUMO+1) (b) HOMO

Figure 5.20. LUMO and HOMO orbitals of Cg.”'
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Figure 5.21. Cyclic voltammogram of oxidation and reduction of Cg.>*

Though our materials may be tunable as replacements for photovoltaics, a further
pitfall is that our materials to date do not exibit the important reversible redox behavior
present in PCBM and necessary for efficient solar devices. Thus, in view of our current
efforts, we must reduce the LUMO of one of the above compounds and develop an
understanding of why these materials do not exhibit reversible redox behavior.
Furthermore, we find that incorporating low energy organics onto the the SQ core
effectively moves the redox behavior to the organic components as opposed to simply
adjusting the energy levels of the cage itself. This is notwithstanding the obvious need to

learn to process good devices with these new compounds, which still may be a difficult

task.>

5.6 Conclusions

Our stated objective in this work was to synthesize and then map the photophysical
properties of sets of three-dimensional molecules derived from vinylT;(SQ and
vinylT2SQ mixtures as GEN1 and GEN2 compounds. These mapping studies are
considered as a first step in exploring their potential utility as components on organic
electronic and photonic materials. As we anticipated, based on early studies of the
vinylTsSQs the synthesized compounds were all quite soluble in multiple organic
solvents and easily purified by traditional methods. Although a mixture is used, the
analytical results indicate that it is possible to obtain 100 % conversions to target GENI

and then GEN2 products.

The photophysical behavior of these compounds is mostly similar to that of the Tg

compounds with some clear exceptions. In particular the Tjo12 systems are able to
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interdigitate in poor solvents exhibiting behavior that appears to indicate aggregation.
Given their 3-D structures, this aggregation appears to be 3-D in nature and most likely

differs considerable from aggregates formed from traditional organic molecules.

The photophysical data suggest that the mixed Tig/2 systems have slightly smaller
band gaps than those measured for the Tg analogs. Furthermore, they show a higher
propensity to interdigitate perhaps because of the slightly larger cage sizes. However,
TPA data suggest slightly lower cross-sections except for the C¢Fs compounds, which

offer very unexpected properties.

Given our previous finding of the existence of conjugation through the center of the
cage for these types of systems in the excited state, the aggregation data suggest some
novel potential for 3-D hole/electron transport properties perhaps reminiscent of fullerene
type compounds and with further modification allowing their use in place of fullerene

PCBM derivatives in photovoltaic devices.
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Chapter 6
Analyzing Structure-Photophysical Property Relationships for Isolated Ts, T1o and

T, Stilbenevinyl Silsesquioxanes

6.1 Original Publication Information

Furgal, J.C.; Jung, J.H.; Goodson, T.; Laine, R.M. J. Am. Chem. Soc., 2013, 135, 12259-
12269, DOI: 10.1021/ja4043092.

6.2 Abstract

Silsesquioxanes (SQs) are of considerable interest for hybrid electronic and photonic
materials. However, to date, their photophysical properties have not been studied
extensively, thus their potential remains conjecture. Here we describe the first known
efforts to map structure-photophysical properties as a function of cage symmetry and size

by comparing identically functionalized systems.

Our focus here is on the solution photophysical properties of the title
stilbenevinylSQs, which were characterized using single photon absorption, two-photon
absorption, fluorescence emission and fluorescence lifetime kinetics. We offer here the
first detailed photophysical study of the larger pure T, and T, silsesquioxanes and show
photophysical properties that differ as a function of size; especially in their fluorescence
behavior, indicating that cage size and/or symmetry can strongly affect photophysical
properties We also find that they offer excitation dependent emission (evidence of rare
“red-edge” effects). The T, stilbenevinylSQ offers up to a 10-fold increase in two-photon
absorption cross-section per chromophore over a free chromophore, signifying increased
electronic coupling. The SQ cage compounds show “rise times” of 700 — 1000 fs and low
anisotropy (~ 0.1) in fluorescence lifetime kinetic studies. These results indicate excited
state energy transfer, unobserved for the free chromophores, and unexpected for systems

with “inert” silica cores, and for 3-D hybrid molecular species.
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These findings provide the first detailed photophysical study of chromophore
functionalized T,, and T,, silsesquioxanes, and show that SQs may be considered a
separate class of compounds/materials for anticipated novel properties of value in

developing new components for electronic and photonic applications.

6.3 Introduction

Silsesquioxanes (SQs) are of considerable interest for hybrid electronic and photonic
materials applications." They have gained recent attention due to their unique 3-D
oriented functional groups,™ potential for high degrees of functionalization,”" and high
thermal stabilities deriving from the heat capacity of the silica core.”'® SQs
functionalized with conjugated organic groups offer high absorption, unexpected
emissive properties, tunable band gaps, and charge delocalization.***'”'® Until recently
most work on SQs has focused on the Ty compounds, with more than 17 reviews on the
subject, with minimal emphasis given to the T,, and T,, compounds described

herein 3,12,14,19-32

To date, very little work has targeted mapping the photophysical properties of SQs as
a function of structure and symmetry, let alone cage sizes. In part, this is because the
synthetic tools and separation methods that allow the synthesis and isolation of well-
defined compounds were not sufficiently refined. We report here the development of both
synthesis and separation methods that provide access to the pure, individual,
stilbenevinylSQ cage compounds.*”'>'7** Strong motivation for the current work arises
because their photophysical behaviors often differ considerably from pure organics. Thus,
there is considerable potential to develop SQs with entirely different photonic/electronic
properties of potential value for multiple applications as alternatives to organic

components currently in commercial use or being considered for commercial use.

Most review articles to date give little attention to the larger cages. Indeed very few
studies of the larger cage systems have been reported.”'*'**** Recent, facile access to the
T,, and T}, cages was occasioned by the discovery of F catalyzed rearrangement of T,
cages, T-resins or directly from RSi(OEt),.”*** This method allows isolation in high
purity of the higher cage compounds after a simple two day reaction, though usually as a

mixture of cage sizes.
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F catalysis offers a distinct advantage over the slow syntheses (weeks) and low

3,12,23.30,

yields (5-30%) reported for many Ty cages. *%37 Thus, our current efforts focused on

isolating larger cage sizes and thereafter mapping their respective properties.’”

The few reports that discuss the separation of T,, and T,, SQs typically discuss their
removal (as by-products) during the purification of Ty SQs.>'***** Thus, we report here
the synthesis, purification and detailed studies of the photophysical properties of the
model systems, p-Rstilbenevinyl Tg, T,, and T,, SQs. The first paper in this series
developed a synthetic approach to mixed T,,,, p-RstilbenevinylSQs and mapped their
basic photophysical properties in solution. Since our previous study looked at cage
mixtures, we sought to ascertain the properties of the pure T,, and T,, p-
RstilbenevinylSQs, since the mixture offered properties that often differed from those of
the p-Rstilbenevinyl Ty SQs.”!” Figure 6.1 depicts stilbenevinylSQs prepared and purified
in the current studies. These compounds serve as models for beads on a chain (BoC)
oligomer and polymer systems explored briefly below and in accompanying papers.
These same models can be considered a first step in characterizing the photophysical
properties of dendronized BoCs, see accompanying papers.””* Finally they also serve to

provide baseline properties for the design of next generation cage systems.

R
Tg stilbenevinylSQ Ty stilbenevinylSQ Ty stilbenevinylSQ

Figure 6.1. StilbenevinylSQ cages, R = stilbenevinyl, R = H.

The photophysical mapping efforts encompassed emissive behavior, two photon
absorption cross-sections, fluorescence lifetime kinetics and initial solid-state (film)

studies.*"* These properties have not been studied extensively for any hybrid 3-D
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molecules, let alone SQs. In-depth studies have been done on fullerenes;*> however,
only simple steady state spectroscopic studies of hybrid molecules such as carboranes,
are reported and show lessening conjugation on going from o to m to p as evidenced by a

blue shifting emission.***

A further objective of the work reported here was to identify properties that allow
selected compounds to be designed and synthesized as possible components for hybrid
photovoltaic and related photonic and electronic applications. One outcome of our design
efforts is reported in a coincidentally submitted paper where we find that rigid organic

linkers provide improved 3-D conjugation.*’

The first step in these studies used tetrabutylammonium fluoride (TBAF) catalyzed
rearrangement to generate vinylT,,,, mixtures. Thereafter metathesis with p-Brstyrene
followed by Heck cross-coupling with p-Rstyrene provided high yields of the T, and T,,
stilbenevinylSQs. Only at this juncture were the mixtures amenable to separation via a

combination of selective precipitation and/or GPC, as discussed just below.

The isolated compounds were then characterized by MALDI-ToF, »¥Si NMR, steady
state spectroscopy, two-photon absorption (TPA) spectroscopy, and fluorescence lifetime
kinetics. We also offer some comparison to theoretical calculations in regards to the types
of interactions possible with the chromophore and cage. This overall analysis offers the
first in-depth study of the photophysical properties of T, and T, silsesquioxanes, which
can offer significant value in photonic and electronic applications due to their robust

nature, absorption efficiencies, and unique 3D-symmetries.

6.4 Experimental Procedures

Synthetic methods and characterization procedures are given above in Chapter 2.

6.5 Results and Discussion

In the following sections, we begin by discussing the synthesis of Ty,
stilbenevinylSQs via metathesis and Heck cross-coupling reactions. F catalyzed
rearrangement generates an approximately 1:1 equilibrium mixture of T,, and T,.”> We
then discuss separating T,, and T,, stilbenevinylSQs by GPC and/or selective

precipitation. Thereafter we detail the solution-based photophysical properties of the pure
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SQs as compared to p-triethoxysilylvinylstilbene, p-vinylstilbene and the T, analog."
These studies include determining steady state absorptions and emissions, TPA and
fluorescence lifetime kinetics. Solid state photophysical properties will be the subject of

future paper, where we will report on novel aggregation.”

6.5.1 Synthesis and Separations
Scheme 6.1 illustrates the general synthesis of the T, stilbenevinylSQ mixtures, see

the experimental section for details.

Pd cat.
Dioxane|
NCy,M

Ty stilbenevinylSQ Ty, stilbenevinylSQ
Scheme 6.1. Synthesis of T, stilbenevinylSQs.

Separation of SQs with different cage sizes is in general an unexplored area given
previous difficulties in synthesizing the larger cages, especially the T,, SQs. Thus, to date
only a few research groups have explored the larger SQ cages.’”'*****%7 Ag noted
above, our motivation for the current studies came from unexpected differences observed

in the photophysical properties of the stilbenevinyl T,,,,, compared to the T, analogs.
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To this end, our separation efforts extend original work of Kawakami et al** Our
first attempts assessed direct separation of the vinylT,;,, mixed starting materials,
however such separations proved difficult due to their high solubility in most solvents
combined with oil formation on precipitation into water. We also attempted to separate
the individual cages at the 4-bromostyrenyl T,,,, stage. While partially successful,
separation was not easily reproduced and offered < 90% purities. Thus successful,
reproducible separations at purities >95% (MALDI-ToF) came only at the
stilbenevinylSQ stage.

Our separation method (see experimental Chapter 2) takes advantage of solubility
differences likely due symmetry differences. Both the T, stilbenevinylSQs and the
PhenylSQs,*** are more soluble than the Ty and T,, compounds and can be separated
selectively in high purity but only at 5 mg scales (~5% purified recovery). This follows
efforts to separate these compounds via silica gel column chromatography, affinity
chromatography using dodecaphenylSQ as the column media, gel permeation
chromatography (GPC), and selective solubility. Only GPC and selective solubility
approaches work well with the latter providing better separation of T,,, due to its higher
solubility. Thus, GPC was better for purifying T,, after T,, removal. Up to eight iterations
were necessary to purify T,, without GPC. Only two iterations were necessary to purify

T,,- Figure 6.2 provides a schematic of solubility-based separations.

o

@& CH3;CN
Some solvent system trials
«  THF:CH,CN
1 *  THE:MeOH
o e »  CH,CICH,CN
o *  Acetone:CH,CN
o *+ EtOAc:CH,CN
EtOAc:MeOH

Tio12 in EtOAc  © Tqp#T4q Tyg solution
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Figure 6.2. Solvent study and MALDI-ToF analysis of separated mixed
stilbenevinylSQs.

The separated materials were characterized as described below and in the
experimental. The most notable verifications of purity are MALDI-TOF mass spectral
analysis and *’Si NMR. Figure 6.3a and b compare the T,, and T,, stilbenevinylSQs
MALDI-TOF spectra showing successful separation. Table 6.1 shows the *Si NMR ppm
shift for selected species, with the spectra shown in Figure 6.4 and Figure 6.5 offering

corroborative proof of the separation efficiency.

: 26816
100
| 3196.3
TIOVS 6835 —
26806
2684.5
%
2679.6)
26786
a. b.
50016 3100 3200 3300
N Y ) 1

2500 2600 2700 2800 2300 3000 3100 3200 3300 3400mvz

Figure 6.3a and b. MALDI-ToF Comparison of the separated T,, and T,,
stilbenevinylSQ compounds.
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Table 6.1. *Si NMR for separated stilbenevinylSQ cages.

Compound Chemical Shift
(ppm)
Tg stilbenevinylSQ -78.17
T stilbenevinylSQ -78.85
T4, stilbenevinylSQ | -78.69, -80.44

ssssssss

mmmmmmmmmmmmmm

Figure 6.4. ”Si NMR of T stilbenevinylSQ in CDCls.

-80.44

A

Figure 6.5. ”’Si NMR of T, stilbenevinylSQ in CDCls.
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6.5.2 Photophysical Characterization
6.5.2.1 Steady State Spectroscopy

Successful separation allowed us to map the photophysical properties. The first step
was to compare the absorption (Figure 6.6a) and emission spectra (Figure 6.6b) of the
individual T,, and T,, compounds.” The absorption spectra show similar band structures
and maxima for all the cage species (Ty,,) with absorption peaks at 320, 333, and 352
nm. Figure 6.6b shows the emission spectra of the stilbenevinylSQs normalized to the

same absorption value (A, = 0.6).

Surprisingly, stilbenevinylT,, gives the lowest emission intensities with ®, = 11%,
despite having the greatest number of chromophores. This suggests that there is more
non-radiative decay through self absorption with the greater number of chromophores.”
Indeed, this would be expected if we also recall that the “bite” angle for this molecule
averages 60° (vs. 72° T, and 90° T,) placing the functional groups in closer proximity to
each other improving the opportunity for self-absorption.”’ The p-
triethoxylsilylvinylstilbene shows the highest quantum yield at 38%. Table 6.2 shows the

molar extinction coefficients, absorption and emission maxima and quantum yields.

Photophysical characterization at different excitation wavelengths suggests the
existence of two emissive states in stilbenevinylSQs at low concentrations (< 1 pM in
THF). Figure 6.7a compares the excitation spectra for the T,, and T,, stilbenevinylSQs
for two different emission wavelengths, which is of importance in our two-photon
absorption study below (450, 387 nm). Both give similar excitation spectra, with only the
450 nm excitation spectrum showing a slight shoulder between 380 — 420 nm. This is

initial evidence of the existence of multiple emissive states in these molecules.
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Figure 6.6a. Absorption spectra of stilbenevinylSQs, b. Emission spectra (THF, ~3x10”
M).

Table 6.2. Comparison of T, (H)-stilbenevinylSQ steady state properties in THF.

ABS. Amax om) | EM. Amaxom) | € (M7 cm™) | @pL %
Ts (H) 335 385 286000 36
T1o (H) 333 383 358000 19
T12 (H) 333 386 430000 11
Tor2 (H) 333 387 394000 15
p-triethoxylsilyl-VS 329 380 38200 38
p-vinylstilbene 328 373 35800 28
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The shoulder seen in the excitation spectrum may give rise to the red shifted
emissive state in the 436 to 450 nm range, since Figure 6.7b shows that the relative

intensities of the fluorescence
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Figure 6.7a. Comparison of excitation spectra for T,, and T,, stilbenevinylSQ with
emission held at 387 and 450 nm, b. Comparison of emission of T, stilbenevinylSQ with
excitation at 333 or 400 nm, (THF, ~2x107 M).

spectra correlate well with the amplitude of the shoulder. This figure compares the
emission spectra from different excitation bands (333 and 400 nm). Note that a red shift
is observed on shifting the excitation wavelength to higher values. Excitation at <375 nm

provides emission A, = 385 nm. In contrast, excitation at >375 nm red shifts the

max

emission to A, =450 nm. This excitation based spectral shift is found in all cages, and

slightly observable in the p-triethoxylsilylvinylstilbene (<1%), however it is not seen in
the p-vinylstilbene. These spectral shifts are unusual for organic systems, but since we
are dealing with rigid 3-D hybrid materials, with chromophores oriented in space, various
excited state energy transfer processes are possible, allowing access to red shifted

emissive states.

This red shift can potentially be attributed to a “red-edge” effect, typically observed
for locked fluorophores with a well-defined dipole moment in highly viscous solvents,
however it has also been observed for fluorophores attached to rigid substrates, and often
results from lower rotational diffusion.”" Since SQs are very rigid substrates that would

force fluorophores into certain conformations based on a structure that may be thought of
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as a nearly solvent free environment, and that also show dipolar effects (see TPA), what

is observed appears to be a novel example of the “red-edge” effect.

The 450 nm emission is close to the emission maximum found in solid state
analyses, discussed further below.”® but due to the low concentrations used it is unlikely
that molecules are in close enough proximity to interact as if they were in the solid state
(i.e. aggregates). However theoretical calculations and kinetic studies suggest
chromophore-chromophore interactions may still be possible.”*** Another explanation
could be that the organic group emissions in the solid state and in any aggregates that
form are quenched, so that the 450 nm emission dominates the 387 nm band. The low
energy-tailing present in the 387 nm emission suggests that the 450 nm emission is
present regardless of excitation wavelength, but is masked by the higher @, of the 387

nm emission.

6.5.2.2  Two Photon Absorption

Two-photon spectroscopy was used to compare the polarization and non-linear
absorption properties of the separated cages, p-triethoxylsilylvinylstilbene and those of p-
vinylstilbene. Table 6.3 and Table 6.4 compare the two-photon cross-sections at three
laser excitation wavelengths (650, 740 and 800 nm). The 800 nm excitation shows the
greatest differences between cross-sections, with T, giving the largest cross-section at
~42 GM/mol. This suggests the T,, cage has the largest change in dipole moment on
excitation.** Due to their different symmetries, the two structural formats will have
different two-photon selection rules based on orbital geometry, and thus different

polarization dynamics, likely accounting for the different TPA cross-section values.”’

Table 6.3. Comparison of TPA data for Ty, ,, (H)-stilbenevinylSQs (cross-sections

GM/mol).

Sample Conc. (M) 800 nmd | 740 nm & | 650 nm &

(GM) (GM) (GM)
T1on2 (H) 1.94E-06 30 52 41
T2 (H) 1.42E-06 7 40 63
T1o0 (H) 1.57E-06 42 55 57
Tg (H) 2.35E-06 2.0 16 26
p-triethoxylsilyl-VS 1.03E-05 0.2 1.1 N/A
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p-vinylstilbene 1.04E-05 N/A 0.5 2

Table 6.4. TPA data for Ty, , (H)-stilbenevinylSQs (cross-sections GM/chromophore).

800 nm/chrom & | 740 nm/chrom & | 650 nm/chrom &
Sample
(GM) (GM) (GM)
T10112 (H) 2.7 47 3.8
T12 (H) 0.6 3.3 5.3
T1o0 (H) 4.2 55 57
Tg (H) 0.3 2.0 3.3

This then represents a relatively novel observation given that few 3-D molecular
species are available with identical moieties and overall compositions that also offer
quite different geometries. Thus, our results are the first examples for such classes of

compounds.

Figure 6.8 shows the two-photon excited fluorescence (TPEF) spectra at 800 nm,
with T,, showing the highest fluorescence intensity at equal concentrations. The
interesting observation is that with 740 and 800 nm excitation, the emission wavelength
is ~450 nm, which is similar to the one photon emission band from excitation at 370 and
400 nm (Table 6.5). Figure 6.9 shows the log- log plot for cross-section calculations at

740 nm, with a slope of two guaranteeing a quadratic dependence on excitation energy.
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Figure 6.8. TPEF plot comparing Ty, ;, stilbenevinylSQs at 800 nm excitation.
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Figure 6.9. Log-Log plot for TPA cross-sections at 740 nm (SI).

Table 6.5. TPEF emission maxima at different two-photon excitation wavelengths.

Sample 800 nm | 740 nm | 650 nm
Tor2 (H) 455 466 410
T12 (H) 453 473 411
T1o (H) 458 461 415
Ts (H) 452 464 407
p-triethoxylsilyl-VS 439 432 -
p-vinylstilbene - 395 395

Two-photon spectroscopy at 650 nm shows emission maxima between 407 and 415
nm for the single cage SQs, most consistent with one photon emission from excitation at
335 nm, with only a 20 nm red shift as opposed to 60 nm for the other excitations (Table
6.3 and Table 6.4). The TPA cross-sections are comparable to those found at 740 nm
excitation. The p-triethoxysilylvinylstilbene gives a cross-section at 800 nm and 740 nm
of 0.2 and 1.1 GM respectively, however data at 650 nm is unavailable at this time. Also
note that the cross-sections of this compound are smaller than the per chromophore
values for the cages. A further important observation is that p-vinylstilbene itself does not
show a TPA excitation or cross-section at 800 nm, and only a small cross-section at 740
nm of 0.5 GM. A cross-section of 2 GM is reasonable for excitation at 650 nm, however
it is still nearly half that of the per chromophore values for the cage compounds.

Therefore, depending on the wavelength (i.e. 740 nm), the cages offer at least a ten-fold
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TPA enhancement over their organic counterparts and at least two-fold over their hybrid

model. TPA enhancements of the SQs at 650 nm are only double that of organic alone.

This TPA observation suggests that the SQs offer greater electronic coupling,
especially at longer wavelengths, which is important for efficient energy transfer
processes, such as electron/hole pair separation. This polarization is 3D in nature, and
thus is likely highly symmetry dependent. A larger two-photon cross-section also scales
with a higher absorption efficiency at low excitation intensity, which is related to the
large density of chromophores surrounding the core, which is contained in a small unit
volume with spherical diameter of ~1.5 nm. This allows for molecules to more efficiently

absorb light over a broad range of light intensity and give enhanced cross-sections.

Since these molecules have two emission states dependent on the excitation
wavelength, it is necessary to take into account the quantum yield differences between
the emission bands for an accurate TPA cross-section calculation. Table 6.6 shows the
QYs for the two emission bands, in which the red-shifted emission band (450 nm) is =

10% of the 386 nm emission band.

Table 6.6. T; , ,, StilbenevinylSQ quantum yield values for 387 and 450 nm emission

bands.
Sample QY3s7 | QY450
Tor2 (H) 0.15 | 0.012
T12 (H) 0.11 | 0.011
T1o (H) 0.19 | 0.018
Ts (H) 0.36 | 0.039
p-triethoxylsilyl-VS | 0.38 -
p-vinylstilbene 0.24 -

6.5.2.3 Fluorescence Lifetime Kinetics

Fluorescence upconversion measurement analyses were carried out in THF.
Analyses were done at excitation wavelengths of 286 and 400 nm, and then collected at

385 and/or 450 nm to measure the fluorescence kinetics for each of the two states
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described above, and to investigate the potential for charge transfer.””' The long

component lifetimes were run for hundreds of ps for each compound.

Table 6.7, Figure 6.10 and Figure 6.11 compare lifetimes for the stilbenevinylSQs as
compared to p-triethoxylsilylvinylstilbene and p-vinylstilbene with an excitation at 286
nm and an emission collection at 450 nm. These studies were done to probe the red
shifted fluorescence band shown above and show that within error,

Table 6.7. Fluorescence lifetime data for Ty, ;, StilbenevinyISQ at 286 nm excitation
and 450 nm collection (isotropy).

Ti(fs) | A4 To(ps) | Az | Ts(ps) | As
Ts 760 |-0.36 | 1612 | 0.33 | 209447 | 0.46
T1o 840 |-0.29 | 154 | 0.39 | 167147 | 0.54
T12 950 |-0.29 | 114 | 0.18 | 155+20 | 0.62
T1oi12 900 |-0.21| 1746 | 0.14 | 170435 | 0.55
p-triethoxylsilyl-VS 0 0 6.1£0.9 | 0.16 | 252+6 | 0.98
p-vinylstilbene 0 0 29+0.5| 0.37 | 4945 | 0.38

—T,VS
—— p-triethoxysilyl-VS
p-vinylstilbene
—IRF

Normalized Flourescence Intensity

-1 0 1 2 3 4 5

Time (min)

Figure 6.10. Comparsion of short fluorescence liftetime components of Ty,
stilbenevinylSQs with the instrument response function at 286 nm.
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Figure 6.11. Comparison of long decay fluorescence lifetime components of
stilbenevinylSQs.

all the cages give similar lifetimes for their short (T,) and long (T;) components. Note
that in Figure 6.11, the T, stilbenevinylSQ shows a stronger T, component, which results
in its long decay being below, but parallel to those of the other stilbenevinylSQs. This
can be attributed to the symmetry differences in the T,, system, which likely also
contribute to its enhanced TPA cross-section over the other cage sizes. The p-
triethoxylsilylvinylstilbene gives a lifetime that is just slightly longer than those for the
SQ cages (~252 ps), which can be attributed to the higher QY.

The outlier in this study was p-vinylstilbene (free chromophore), which shows much
shorter lifetimes of 2.9 and 49 ps respectively. This is expected since the degree of
rotational diffusion should be largest in the free chromophore.” This may also suggest a

shorter-lived excited state than the hybrid systems, likely due to the influence of silicon.

The “rise time” (T,) was determined for these compounds, which is the onset time
for fluorescence to occur from the probed state and often indicative of an excited state
process.””®7'"” Excitation at 286 nm and emission collection at 450 nm gave a rise time
of a few hundred femto seconds, suggesting the 450 nm comes from a lower energy

excited state.

This suggests that it takes time after the molecule is excited to fluoresce from that

state, giving evidence for an energy transfer process.” Two compounds shown in Table
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6.7 and Figure 6.10 that did not show a rise time were the free chromophore systems (p-
triethoxylsilylvinylstilbene and p-vinylstilbene). Our analysis shows that the shortest rise
times are observed for the Ty stilbenevinyl system at 760 fs, while the T, gives a rise

time of 840 fs and the T, a rise time of 950 fs, suggestive of Forster energy transfer.”*”

There are two primary charge transfer mechanisms that may be expected in these
molecules, but may or may not be related to these rise times, as other solvent and

symmetry effects are plausible.”

The first is a Dexter energy transfer from the
stilbenevinyl groups to the cage. The second is Forster type hopping between
chromophores, which could occur on the same cage, or between cages. Our rise times
discussed above are on the time scale where Forster energy transfer (FRET) takes place,
which would suggest it as an energy transfer mechanism for these systems.”*”® This
however does not rule out the possibility of a Dexter type energy transfer from
chromophore to cage, as this transfer would be faster than the instrument response

function (650 fs) and could not be observed by our methods. Therefore, it is possible that

both mechanisms proceed, but further analysis and computational modeling is necessary.

In order to gain a better understanding of the FRET system, we calculated the Forster
radii for the compounds.*’* For the calculation, we used the assumption that the dipolar
angles would scale with the angles between the chromophores discussed above, and the
integral of the overlap between absorption and emission spectra Appendix C. We
calculate the Forster radius R, to be ~12 A for Tg, 10 A for T,,, and 8.6 A for T,,. If we
then approximate the distance between chromophores from a combination of similar
crystal structures and computational modeling, we get values for the centroid-centroid
distance of two adjacent chromophores to be ~12, 14, 16 A respectively.'?> Back
calculation of the expected lifetimes can then be calculated to be on the order of a few
hundred femtoseconds to a few ps, depending on the exact distance (r) chosen between
chromophores. From our analysis, the best energy transfer would likely occur within the
first few carbons on the cage side of the chromophores (~7-9 A between chromophores),
which are within the Forster radii discussed above, and may involve the face of the cage.
Forster energy transfer between the outside ends of the chromophores (> 20 A) is

unlikely for these systems.
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Early theoretical modeling attempts suggest that Forster hopping between

6263 which would

chromophores on the same cage is most likely at 107 M concentrations,
also be expected for the solid state, and is observed in its emission data. Their
calculations show that charge transfer by this method is solvent stabilized. However,
unpublished experimental analyses of single chromophore (mono-stilbenevinylSQ)
systems suggests that if this is true, it is not necessarily between chromophores on the
same cage, since similar steady state spectra are observed for the fully functionalized
systems.’® In order to fully understand the mechanisms by which this rise time occurs, we

are assessing the photophysical properties of single chromophore SQs, allowing for

simplification of the energy transfer possibilities.”

Table 6.8 shows the fluorescence lifetimes of T, stilbenevinylSQ taken previously.
This compound was excited at 286 nm and probed at 385 nm, the main fluorescence
band. The T,,,;, compound shows lifetimes of 20 and 140 ps respectively, which is within
error for that found in the study above. No rise time was observed for this excitation-
probe pair, suggesting that this fluorescence is directly from the chromophore emission.

Table 6.8. Fluorescence lifetimes of selected T,,,, StilbenevinylSQ components excited
at 286 nm with fluorescence collection at 385 nm.

Ti(ps) | Ay | Ta(ps) | Az
Tio12 | 205 | 0.27 | 140+82 | 0.39

Figure 6.12 and Table 6.9 show the fluorescence lifetimes of the stilbenevinylSQs
with excitation at 400 nm and emission probing at 450 nm. As this was our first kinetic
analysis of stilbenevinylSQ based materials, a more careful analysis is needed for the 400

nm excitation data, since this is an off band wavelength.”
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Figure 6.12. Fluorescence decay of T2 (H) at 400 nm excitation, and 450 nm
collection.

Table 6.9. Fluorescence lifetimes of the Ty, ;, StilbenevinylSQ systems using
fluorescence upconversion spectroscopy from excitation at 400 nm and collection at 450
nm.

Ti(ps) | A1 | T2(ps) | Az
Tsg 361 3.5 - -
T1o 11+3 | 0.14 | 4194120 | 0.64
Tz 1.2+0.2 | 0.18 8619 0.23
Tionz | 2046 | 0.28 | 140180 | 0.39

Polarized excitation measurements for these materials give fluorescence anisotropy
for the stilbenevinylSQs. The anisotropy shows the directionality of the materials, such
that a more symmetrical and less freely moving material gives a higher anisotropy value
(max of 0.4).”*” The anisotropy was measured for the 286 nm excitation and 450 nm
collection. The Ty compound shows higher anisotropy (0.3/0.4) than the T,, (0.1) or T},
(0.15). This means that the highest symmetry and lowest directional dependence is
observed for the Ty system (Figure 6.13). The p-triethoxylsilylvinylstilbene also shows

medium anisotropy that decays from 0.2 to nearly zero in 250 ps.

The T, stilbenevinylSQ mixture also shows low anisotropy similar to the T,,. The
anisotropy does not decay significantly during the 250 ps measurement time. The

decrease in anisotropy for regular organic systems can be attributed to two factors
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including: increased rotational diffusion, and/or increased energy transfer processes.”
The likelihood of radiationless energy transfer likely increases in the larger cage systems
due to the closer proximity of the chromophores even under uM concentrations.”** The
only extensively studied 3-D systems are those of fullerenes, which offer excellent charge
delocalization and show even lower anisotropy values of ~0.5 % Therefore, we can
speculate that the larger SQs also show charge delocalization in 3-D based on a

combination of known properties of organic systems and observations from fullerenes.
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Figure 6.13. Fluorescence anisotropy measured at 286 nm excitation and 450 nm
fluorescence collection for stilbenevinylSQs.

6.5.3 Summary of Findings

In the above studies we:

(1) Developed novel methods for separating T,, and T,, stilbenevinylSQs by selective

solubility/precipitation methods by exploiting the geometric differences between the

cages.
(2) Find that higher chromophore densities per cage decrease fluorescence quantum yields,

contrary to expectations, but likely due enhanced self-absorption leading to non-radiative

decay processes.

(3) Find single-photon and two-photon excitation dependent emissions that can be attributed

to “red edge” effects.
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(4) Find that of the three cage sizes and symmetries studied; theT,, stilbenevinylSQs offer
the highest TPA cross-sections, indicative of the strongest electronic coupling and
polarization.

(5) Find that SQ cage compounds show “rise times” of 700 — 1000 fs and low anisotropies
(~0.1) in fluorescence upconversion lifetime kinetic studies, indicative of excited state
energy transfer process, (Internal delocalization or FRET type energy transfer), which is
unobserved for the free chromophore, unexpected for a system with an “inert” silica core,

and unexpected for 3-D hybrid molecular species.
6.5.4 Additions and Future Work
Figure 6.14 provide SEM micrographs of the Ty, stilbenevinylSQ systems in the
solid state. Compounds were cast from toluene onto a copper foil surface and air dried to
form spherulitic structures. The largest spherulites are ~30 um in diameter, and are
clearly made up of smaller spheres of 500 nm to 2 um, which would be anticipated from

interdigitation of 3-D structures.

Figure 6.14. a and b. SEM images of T} stilbenevinylSQ aggregates.

Atomic force microscopy and near-field scanning optical microscopy (AFM/NSOM)
of the T stilbenevinylSQ was also undertaken as an early attempt to image the change in
fluorescence spectrum based on cluster size. Figure 6.15 shows an AFM image of a 2 pm
sized aggregate. Figure 6.16 shows an image of the fluorescence intensity given off the
same aggregate using NSOM with a two-photon excitation of 810 nm. Figure 6.17 shows
the fluorescence spectrum obtained from NSOM analysis. This fluorescence spectrum
was fit with a Gaussian curve and shows a Amax = 450 nm, similar to that obtained in two-
photon solvent studies, and also single photon solid-state fluorescence studies for the

stilbenevinylSQ compounds. This suggests that in both single-photon and two-photon
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excited films, the solid-state interactions are similar. The AFM and NSOM images

reinforce our interdigitation theory, in that one could imagine we are probing one of the

small spheres that make up the spherulite shown in the SEM image above. Future work

should continue to look at the aggregates of other cage sizes, as well as going toward

single molecule imaging of the stilbenevinylSQ system.

Figure 6.16. NSOM image of T} stilbenevinylSQ aggregates on mica (nm).

800

Fluorescence Intensity

200

600

400

NSOM TPEF T 2 um Agg
452 nm

T T T T
350 400 450 500
Wavelegth (nm)

Figure 6.17. NSOM-TPEF spectrum of T} stilbenevinylSQ taken on a USB-2000 Ocean
Optics Spectrophotometer, with Gaussian fit.
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6.6 Conclusions

The separated T,, and T, stilbenevinylSQs show properties that are unique to their
cage sizes and symmetries. First, we see decreases in fluorescence quantum yield with
increasing cage sizes, indicative of self-quenching effects likely due to cage symmetry
and/or chromophores proximity. Second, stilbenevinylSQs show excitation dependent
emission in both one-photon and two-photon absorption studies, evident of a “red edge”
effect, an unusual result normally observed for fluorophores attached to 2-D rigid

substrates.

The current studies represent observation of red-edge effects in 3-D molecular
structures and suggest a new class of hybrid materials offering switchable emissions.
Third, the T, stilbenevinylSQ exhibits the highest enhanced TPA cross-section, implying
the highest polarizability (charge separation), which can be attributed directly to its
symmetry. This is again a first example of the effects of symmetry in a class of 3-D
molecules that are essentially identical in all other aspects. Lastly, fluorescence lifetime
kinetics and anisotropy measurements show that stilbenevinylSQs offer charge
delocalization in the excited state through a likely combination of Forster and Dexter
energy transfer processes, while the free chromophores do not. The process by which this
transfer occurs will be under further investigation, but can be described as through cage
(cage-chromophore), through space (chromophore-chromophore) or by both processes

simultaneously.

The observation of 3D charge delocalization, high absorption efficiency and high
cross-sections show that we can potentially tailor SQs for use in electronic and photonic
applications. This is the first study mapping the detailed photophysical properties of T,
and T, silsesquioxanes and the first evidence of quite different photophysical properties

based solely on cage size and symmetry.
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Chapter 7
Beads on a Chain (BoC), Phenylsilsesquioxane (SQ), Polymers Via F Catalyzed
Rearrangements and ADMET or Reverse Heck Cross-coupling Reactions; through

chain, extended conjugation in 3-D with potential for dendronization.

7.1 Original Publication Information

Furgal, J.C.; Jung, J.H.; Clark, S.C.; Goodson III, T.; Laine, R.M. Macromolecules
2013, 46, 7591-7604, DOI: 10.1021/ma401423f

7.2 Abstract

In this paper, we assess the utility of complementary routes to silsesquioxane based
compounds using F~ catalyzed coupling to synthesize [vinylSiO;s]xPhSiO; s]io-x/12x
mixtures followed by co-polymerization with divinylbenzene (via ADMET), or using
reverse Heck coupling with 1,4-dibromobenzene and 4,4’-dibromo-stilbene to prepare
lightly branched, non-linear BOC systems. In an accompanying paper, we describe the
use of Heck and Suzuki coupling to synthesize model conjugated p-R-stilbeneSQ BOCs
starting from [p-IPhgSiO;s]s and coupling with divinylbenzene (DVB) and 1,4-
diethynylbenzene (DEB) finding extended 3-D conjugation in the DEB polymers.

We find that the reverse Heck coupling (where the linker contains the bromo
moieties) works best for these systems giving BoC oligomers with M, of ~ 6 kDa, in
which extended excited state conjugation is observed for 1,4-dibromobenzene linked
systems through ~50+ nm red shifts in the emission spectra compared with DVB linked

systems and model compounds.

We compare and contrast the photophysical properties of the two sets of BOCs and
the system where the conjugation length of the linker changes from divinylbenzene to
divinylstilbene. We find that for a linker with a longer conjugation length, a red shifted
absorption and emission is observed, however the difference in emission is much larger

for the 1,4-dibromobenzene linked system as compared to the model compounds,
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suggesting that a more rigid linker contributes to better orbital overlap with the cage

and/or phenyl groups, increasing excited state conjugation interactions.

7.3 Introduction
Polyhedral silsesquioxanes (SQs) [RSiO, 5], (x = 8, 10, 12) are a versatile class of
organosilicon compounds that offer 3-D symmetry in nano-scale structures. As noted in

1-17

the 17 reviews on these materials, "' they have found applications in multiple areas

including: components in polymer nanocomposites," homogeneous and heterogeneous

19-21 3

catalysis,"”?' models for silica surfaces,” low-k dielectrics,” antimicrobials,** emitting
layers in organic light-emitting diodes (OLEDs),”** omniphobic films,”” and coatings.”®
The basis for all of these studies arises because of their advantageous properties. For
example, SQ based materials often offer thermal stabilities >350 °C, high resistance to
oxidation, high functional group densities (up to 24) groups on a 0.5 nm dia. SQ cage,
with a total diameter of ~1.5 nm and facile purification because they are typically highly

soluble.”

Our discovery of 3-D excited state communication between conjugated moieties on
[-SiO, 55, [-S10, 51,9, and [-SiO, 5],, cage systems prompted an exploration of the potential
to introduce conjugated tethers between cages to prepare BoC oligomers and polymers

that also exhibit conjugation through the tethers. Our initial study provides the first

example of conjugation between SQ cages via a conjugate linker, Figure 7.1:

Figure 7.1. Heck cross-coupling synthesis of a BoC oligomer with 1,4-divinyl bridges
between phenylT,, and phenylT,, SQs.”

Given that oligomeric and polymeric systems that show extended conjugation are
now in use or being contemplated for use in multiple applications in organic electronics
and photonics; the development of BoC counterparts might provide a completely new

approach to materials with similar or quite different but useful properties. To this end, we
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are exploring the development of synthetic tools targeting the optimization of synthetic

routes to BoC systems and their photophysical properties.

One particular focus of the photophysical properties efforts targets mapping their
electronic and photonic properties for OLED and photovoltaic applications. Motivation
for this work comes from work by Sellinger et al, who describe Heck cross-coupling of
[vinylSiO, 5] with organic moieties conjugated to the SQ silica cage and Jabbour et al.

who describe multifunctional SQ emitter based OLED components.>***!

We have previously reported using [vinylSiO, ] to synthesize [p-RStrylSiO, ],
where R = H, Me, MeO, Br, NH,, C,F; and the corresponding stilbenevinyls,
[RStiICH=CH,SiO, 5];.**** We coincidentally detailed their photophysical properties, as

these compounds also exhibit some form of 3-D conjugation in the excited state.**

More recent work has targeted using the T,, and T,, cages that recently became
available through our discovery of facile, high yield routes that use F to catalytically
exchange RSiO, s units between different [RSiO, ], cages and/or T resins, Scheme 7.1.
This discovery was prompted by studies by Bassindale et al,””’ and Mabry, Bowers et

al.®

1 mol % TBAF
+

X

SiOq 5
7 x THF

Scheme 7.1. Synthesis of vinyl/phenyl mixed functional SQ compounds by F~ catalysis.

Thus F catalysis provides an excellent route to mixed functional cages [R'SiO 5],0/12.
[R?SiO, 5], almost exclusively.”* This method also provides access to [vinylSiO, 5],o/12»
to [p-RStrylSiO,s],,, and then (where R = Br) to [p-RStilCH=CH,Si0O,],,,,.- These
compounds permit us to map (for the first time) their photophysical properties to explore
the potential differences that may arise as a consequence of different cage sizes and
symmetries compared with the Ty compounds we explored previously.”* A primary

focus in these studies was to continue to explore their potential to exhibit 3D-excited state
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conjugation.” A further opportunity presents itself given that by controlling the number
of reactive groups on the cage, we have now devised routes to oligomeric and polymeric
versions of the same cages; the immediate objective of the work reported here and in

accompanying papers.*'*

To date, most polymer studies have explored the effects of introducing
monofunctional SQs as endcaps and/or pendant groups on polymer backbones or the use
of polyfunctional SQs to make 3-D highly crosslinked nanocomposites.””' In contrast,
only a few groups including Kawakami et al. and Kakimoto et al. have used partially
condensed cages to generate SQ based polymer systems with cages in the backbone.’>®
Thus the literature offers only a few, brief examples of the general class of polymers
wherein the SQ cage is part of the polymer backbone, herein termed “beads on a chain”

(BoC) polymers.'”

SQs are not the only 3-D molecules that offer unique photophysical properties.
Coughlin et al. compare the effects of ortho and para carborane cages linked with
fluorene units.*®" They find that ortho substituted cages show extended conjugation in
the excited state with fluorescence red shifts from monomer units of ~30 nm, with only
slight changes in the absorption spectrum. However, they find that para substituted
carboranes show minimal emission red shifts, suggesting minimal extended conjugation
from this orientation. This suggests that similar orientational effects may be in place for

SQ derived polymers.

We now find that F catalyzed cage rearrangements provide a facile route to di and
tri-functional SQs {e.g. [vinylSiO,],PhSiO, ], 1.} that are thereafter amenable to
copolymerization. In these studies and those in two complementary papers submitted

4142

coincidentally” "~ we have sought to develop efficient synthetic tools that provide access

to related types of BoC polymers.

The first route to BoCs, described by Asuncion et al. is presented in Scheme 7.1.%

This initial example compared the absorption and emission behavior of the resulting 1,4-
divinylbenzene linked BoCs with unlinked model compounds showing nearly identical

absorptions but emission red shifts of >50 nm for the BoCs, suggesting 3-D excited state
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conjugation through the cages and through the conjugated bridges. This surprising result
is the basis for all the current studies as it suggests the potential to perhaps make
semiconducting polymers. A further example by Jung et al. used F catalyzed cage
rearrangement to make [(NH,Ph),;(Ph)SiO, ],y ;.3 SQs and then react them DGEBA
(diglycidylether bisphenol A) to make “linear” epoxy resins.” Here we assess additional
copolymerization routes to BoCs using ADMET and reverse Heck coupling with
4 4’dibromobenzene and 4,4’dibromostilbene as the cross-coupling components. The

latter allows us to extend the conjugation of the linker.

7.4 Experimental Procedures

Synthetic methods and characterization procedures are given above in Chapter 2.

7.5 Results and Discussion

As noted above, we are attempting to develop optimal synthetic tools that allow the
facile synthesis of conjugated BoC oligomers and polymers using catalytic
copolymerization methods. Here we explore the potential utility of ADMET and reverse
Heck catalytic crosscoupling as additional routes to BoCs and in particular to materials
with novel photophysical properties. An additional and equally important goal is to assess
the effects of increasing the conjugation length of the linker between SQ cages as a
means of probing the potential for extended conjugation in [(vinyl),(Ph), ,SiO,;], or
[(vinyl),(p-1Ph),,Si0O, ], (n = 10, 12) BOC oligomers and polymers. Further, this work
extends earlier efforts to delineate the nature of excited state, electronic communication
between SQ cages as seen previously in the form of significant emission red-shifts, and
also in accompanying papers where the linker is divinylbenzene (DVB) or 14-

diethynylbenzene (DEB).

In the following sections, we describe ADMET copolymerization of divinyl(x-
pheny)SQ (x = 8,10) and divinyl(x-iodophenyl)SQ with divinylbenzene (mixture of
isomers). We then discuss further functionalization of the IPh groups by Heck cross-
coupling with styrene and methoxystyrene. As in the accompanying paper, this step
represents a model for the dendronization of BoC oligomers and polymers. Finally we

describe the reverse Heck cross-coupling co-polymerization of divinyl(x-phenyl)SQ with
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dibromobenzene and 4,4’-dibromostilbene as still a fourth alternative to BoC polymers.”

Thereafter we delineate the photophysical properties of these BOC systems.*'*

7.5.1 Syntheses of [(vinyl)2(Ph),-2SiO1.s]n and [(vinyl)2(p-1Ph),,SiO; 5], (n = 10, 12)
The first step was to develop a basic route to the starting materials via F (tBu,NF,

TBAF) catalyzed exchange of [PhSiO,s]; (OPS) or [p-IPhSiOl]; (IjOPS) with

[vinylSiO, 5] (OVS) using methods reported previously (Scheme 7.2).* These reactions

were run at a 4.4:1 ratio to favor formation of = two vinyl groups/cage.

b o
5o Al
| oo o "0~gP
Qsl ,?o\Si\o \ I /\S/I/O\ SI\//OJ 1 mol% TBAF
_ / + 0 Si— Q-5 THF
Q Rs.\qasu©\ V3™ O5 rt. 24h
o 0 | SicH-Si
SI\O/SI <\ 0"

Scheme 7.2. F catalyzed rearrangement reaction of I;OPS and OVS.

Figure 7.2 and Figure 7.3 show the MALDI spectra of [(vinyl),(Ph),,SiO, ], and
[(vinyl),(p-1Ph),,Si0O,5], (n = 10, 12). The spectra show equilibrium mixtures of
compounds, (both cage sizes and functionalities). Table 7.1 and Table 7.2 show the
expected and actual masses for the different MALDI species. Note that in the phenyl
system, T,, cages tend to form preferentially by rearrangement, whereas the iodophenyl
system seems to favor T,, cages per the Figure 7.2 MALDI. It is important to note that
Figure 7.3 shows peaks missing iodo groups, which may result from the ionization

process.”
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Figure 7.2. MALDI-ToF spectrum of [(vinyl),(Ph),,SiO, 5], (n = 10, 12).
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Figure 7.3. MALDI-ToF spectrum of [(vinyl),(IPh),,SiO, 5], (n = 10, 12).
Table 7.1. MALDI-ToF data for [(vinyl),(Ph),,SiO, 5], (n = 10, 12) w/Ag" ion.’

Relative Peak
Peak Found (Da) | Calculated (Da)
Intensities (%)
[Si10015(C2H3)5(CeHs)s) 1149.6 1148.8 37
[[Si10015(C2H3)4(CsHs)s] 1199.6 1198.8 75
[Si10015(C2H3)3(CeHs)7] 1249.6 1248.8 100
[Si10015(C2H3)2(CsHs)s] 1299.6 1298.8 100
[Si10045(C2H3)1(CsHs)o] 1349.6 1348.9 73
[Si10045(CsHs)10] 1399.6 1398.9 40
[Si12018(C2H3)4(CeHs)s) 1457.6 1456.2 5
[Si12045(C2H3)3(CsHs)o] 1507.5 1506.1 4
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[Si12015(C2H3)2(CeHs)1o] | 1557.5 1556.1 3
[Si12015(C2H3)1(CeHs)11] | 1607.5 1606.0 2
[Si10015(CeHs)12] 1657.5 1657.1 3

"Error in reported intensities is + 5%

Table 7.2. MALDI-ToF data for [(vinyl),(IPh), ,SiO, ], (n = 10, 12) without Ag* ion.

Found | Calculated | Relative Peak
Peak

(Da) (Da) Intensities (%)
[Si12015(C2H3)4(ICsHs5)s(CeHs)2] | 2104.3 2103.3 78
[Si12045(C2H3)4(ICsHs)7(CeHs)4] | 2230.1 2229.3 97
[Si12045(C2H3)3(ICsHs)7(CeHs)2] | 2280.1 2279.1 82
[Si12015(C2H3)4(1CeHs)s] 2355.9 2356.2 78
[Si12045(C2H3)3(ICsHs)s(CeHs)1] | 2405.9 2405.2 100
[Si12015(C2H3)3(ICsHS5)s] 2532.7 2532.2 75

"Error in reported intensities is + 5%

Table 7.3 records the TGA data showing reasonable agreement with theory, where
the theoretical ceramic yields (CY%) for the phenyl system were calculated from an
average molecular weight. The average molecular weight was in turn found using the
compositions and peak intensities in the MALDI spectra suggesting an average vinyl
functionality of 2.5 for the combined cage sizes. If we instead calculate the average vinyl
functionality based on the found CY of 52.6%, it comes out to be 3.1 vinyl groups per

cage on average.

Table 7.3. GPC and TGA data for difunctional SQ monomers for polymerization.

GPC TGA
Ceramic yield Avg.
M, My Ceramic yield Tase | vinyl

PDI (wt %,
(kDa) | (kDa) (wt %, Found) (°C) | Func.

Theory MALDI)

[(vinyl)2(Ph),2SiO1s], | 1.4 | 1.5 | 1.06 52.6 51.4 372 | 3.1
[(vinyl)o(IPh),2SiOs], | 2.4 | 25 |1.05 28.4 29.7° 404 | 22

*Calculated based on the MALDI-ToF spectrum given in the supporting information.
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Therefore, we calculated an average molecular weight of 1176.6 g/mol for
[(vinyl),(Ph), ,Si0, 5], mixture, which then gave a CY of 51.4 wt %. This value is 1.2 %
lower than the found value of 52.6 wt %, suggesting that the weighted average method of
calculating the molecular weights favors a monomer with greater organic functionality,

but is a reasonable estimate for determining the average functionality by MALDI.

The CY for the IPh system was calculated using the same method and found to be
29.7 wt %°, with an average molecular weight of 2121.2 g/mol and average vinyl
functionality of 2.7. The actual CY % for the IPh system is 1.3 % lower than the
calculated value, suggesting a slightly higher organic component (i.e. more Iphenyl) than
used to calculate the actual value. The biggest challenge with MALDI-ToF analysis of
the IPh derivative is that up to three iodo groups are missing in some cage species upon
ionization. Therefore it is anticipated that there would be error in the calculated ceramic
yield. As above, the average functionality was also calculated based on the actual CY of

29.7%, which gave an average vinyl functionality of 2.9 per cage.

Basically the CY calculations allow us to suggest that the resulting BoCs are likely
to be highly branched. Furthermore, because the functional groups are also likely to be
randomly distributed on the cage, the most reasonable perspective is that these polymers
are closer to being globular in shape rather than linear which may have some implications

for electron and hole transport processes.

Figure 7.4 and Table 7.3 compare the GPCs of both divinylSQs, with analyses
showing a low PDI for both rearranged products. The MWs determined by GPC are not
exact as GPC calibration uses polystyrene standards, and the BoC systems have quite
different hydrodynamic volumes and the cages themselves offer very similar
hydrodynamic volumes as they can be considered to be decorated spheres joined by short
linkers. Thus, we assume that there is a consistent error in the GPC derived MWs and

PDIs.
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Figure 7.4. GPC analysis of [(vinyl),(Ph),,SiO, 5], and [(vinyl),(IPh),,SiO,s],, (n = 10,
12).

7.5.2 Synthesis of Polymers by Metathesis

The [(vinyl),(p-1Ph), ,SiO,], and [(vinyl),(Ph),,SiO,s], (n = 10, 12) compounds
were copolymerized with divinylbenzene (DVB using a Grubb’s type I catalyst,
ADMET) (Scheme 7.3, polymers A and B). The DVB used was a mixture of 1,3- and
1,4- isomers in a 2:1 ratio. As found in an accompanying paper, the conjugation length of
the resulting copolymers is found to be short given that the 1,3-isomer does not imbue
extended conjugation. This has a direct result on the resulting photophysical properties as
we discuss in the accompanying paper and below. An additional influence will be on the
solubility of the resulting copolymer, which in turn can affect the observed molecular

weights.

S
Grubbs |

CH,Cl,
40 °C, Reflux

S
Grubbs |

CH,Cl,
40 °C, Reflux

Scheme 7.3. ADMET coupling of DVB with phenyl and iodophenyl vinyl SQs
generating BoC polymers A and B.
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Table 7.4 gives the GPC and TGA data for polymers A and B. By GPC (Figure 7.5),
both sets of oligomers have DPs of 6-10 units with PDIs of 1.6 and 1.7 respectively,
typical for ADMET

Polymer A
Polymer B

0.8

0.6

0.4

Normalized Intensity

0.2

0.0

24 26 28 30 32 34
Time (min)

Figure 7.5. GPC analysis of polymers A and B, see

copolymerizations.”® The DPs can be calculated via three methods, the first uses the
average repeat unit MW found from MALDI-ToF analysis, the second uses the TGA
determined functionalization, and the third uses the GPC determined Mn of the starting
cages, [(vinyl),(Ph),,SiO, s],. The first values were calculated based on the average repeat
units for each polymer by the MALDI-ToF analysis above (1176.6 g/mol phenyl, and
2121.2 g/mol IPh, DP = 6-10 units). The other methods give similar results. Note that the
resulting copolymers are certainly not linear compared to the polystyrene standards and

thus the DPs are likely underestimated.
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Table 7.4. Characterization of BOC polymers synthesized by ADMET.

GPC TGA
Mn Mw Ceramic yield (%) | Ceramic yield (%)
PDI Tas) (°C)
(KDa) | (KDa) (Experimental) (Theoretical)
Polymer A 18 31 1.7 28.7 28.9 374
PolymerB | 8.2 13 1.6 45.3 46.4 350

The theoretical ceramic yields were also calculated using the above repeat units and
are 46.4 and 28.9% respectively. The actual values are within the error of the method of
analysis and the uncertainty of the DP, and are 45.3 wt % for the phenyl and 28.7 wt %
for the IPh monomer. In both cases, the theoretical values underestimate the amount of
organic functionalization in the polymer systems. If we calculate the CY with two
organic end-capped units instead, the calculated theoretical CY is 45.6 wt %, which most
closely resembles the found value for polymer B. A similar calculation for polymer A CY
gives 28.7 wt %, which is also closer to the found value with T,s, (air) are 380" and

400 “C respectively.

The monomers for these reactions are formed by thermodynamic equilibration of SQ
cages with two different functionalities in solution, so it should be noted that the position
of the vinyl groups on each of the mixed cages must vary again pointing to the BoC
oligomers being far from linear. In principle this may increase their solubility. It also may

mean that some fraction of the oligomers are actually cyclics. All of the resulting
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materials are soluble in THF, CH,Cl,, toluene, ethyl acetate and acetone. The IPh

polymers tend to be more soluble.

7.5.3 Functionalization of Polymer A with R-stryene

Polymer A was further functionalized with either styrene, or p-methoxystyrene via
Heck cross-coupling (Scheme 7.4) as a model for future dendronization studies and to
probe/map the changes in photophysical properties as discussed below. All reactions

were run at ambient under N, in dry 1.4-dioxane.

Dioxane

Scheme 7.4. Synthesis of R-styrene functionalized oligomers from polymer A.

Table 7.5 gives the GPC and CY wt % data for polymers C and D. The GPC (Figure
7.6) of the styrene functionalized oligomer (Polymer C) has a PDI similar to the
unfunctionalized starting material of 1.8, but shows an M, value that is = half (Figure
7.6), while the PDI of polymer D, is much larger at 3.2. This is potentially a consequence
of the significant differences in hydrodynamic volumes of polymers A and C and points
to the issues we note above about observed MWs. The GPC traces of both polymers C
and D are very similar in shape suggesting that they offer similar amounts of
functionality. This would infer that double Heck coupling is not observed for linking

chains together in either polymerization product, (see photophysical analysis).*****"*

The difference between actual and theoretical ceramic yields is similar to that
found in the starting material, which suggests that complete or nearly complete
conversion of “I” to styrene results. 'H NMR analyses give complex peak patterns in the

aromatic regions that make it difficult to establish the extent of reaction.
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Figure 7.6. GPC analysis of polymers C and D, with characterization data given in Table
7.5.

Table 7.5. GPC and TGA characterization of Polymers C and D.

GPC TGA
Mn Mw Ceramic yield (%) | Ceramic yield (%) .
PDI _ . Tas%) (C)
(kDa) | (kDa) (Experimental) (Theoretical)
PolymerC | 9.5 17 1.8 29.5 28.7 333
Polymer D 8 26 3.2 27.5 26.0 272

7.5.4 Synthesis of Polymers by Reverse Heck Cross-oupling

The approach used here, Heck cross-coupling with 1.,4-dibromobenzene or 4.4’-
dibromostilbene (Scheme 7.5), generates fully conjugated BoCs with 1,4-DVB and 4.4’-
divinylstilbene linkers in contrast to the metathesis approach used above, polymers E and
F. This method reduces the overall synthesis to two steps vs the three step approach of

Ascuncion et al.*

Table 7.6 gives the GPC and TGA data for these compounds. The GPCs exhibit
PDIs expected for step-growth type polymerization (Figure 7.7) with average DPs of 5-7,
calculated as discussed above for the DVB system. Since this polymerization uses reverse
Heck coupling, the possibility of double functionalization at one vinyl group always

exists, as found by Sellinger et al.** However, from our TGA analysis of polymer E, it
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appears as if there are no double-Heck reactions taking place, since the actual and
theoretical CY are 45.8 and 46.4 wt % respectively. If we in fact consider end capping of
the polymer chain with monovinyl functionalized material, the theoretical CY becomes

46.1%.

A further argument against double Heck reactions is that these reactions were run at
room temperature, where double Heck reactions have not been observed.””’ The found
and theoretical CYs for polymer F are 43.7 and 41.8 wt % respectively, suggesting that
on average they are fully functionalized without double Heck coupling. The shorter than
anticipated chain lengths are likely a result of end capping the polymer chains with

monofunctional units [(vinyl),(Ph),,SiO, ], (n = 10, 12) as observed in the MALDI-ToF

spectrum above.

Br: Br

Pd,(dba);, Pd[P(tbug)]»

NCy,Me
1,4-Dioxane
rt. Ny

Pd,(dba)z, Pd[P(tbus)],

NCy,Me
1,4-Dioxane
rt. Ny

Scheme 7.5. Synthesis of BoC polymers E and F through Heck cross-coupling with 14-
dibromobenzene and 4 ,4’-dibromostilbene.

Table 7.6. GPC and TGA characterization of polymers E and F.

GPC TGA
Mn Mw Ceramic yield (%) | Ceramic yield (%) .
PDI _ . Tas%) (C)
(kDa) | (kDa) (Experimental) (Theoretical)
Polymer E | 6.0 11 1.8 45.8 46.4 489
Polymer F 5.3 12 2.3 43.7 41.8 162
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Figure 7.7. GPC of polymers E and F, with 1,4-dibromobenzene and 4 ,4°-
dibromostilbene linkers.

7.5.5 Model Compound Syntheses

A set of model compounds were synthesized, Scheme 7.6, as standards enabling
comparison of photophysical properties with those of oligomers E and F. Thus, bis-
vinyltriethoxysilylbenzene (DVB model) was synthesized using literature methods.”’
4 4’-bis-vinyltriethoxysilylstilbene (model 2) was synthesized by self-metathesis of 4-
bromostyrene followed by Heck coupling with vinyltriethoxysilane, see experimental
section. Both model compounds were purified by vacuum distillation and characterized

by NMR and GPC.

OEt

EtO oFt Pd,(dba)s, PA[P(tbug)], . SE*OEI
~Si _—»

EO-5 * B'O-Bf NCy,Me Eto\q).Et\)Q/V OEt
2 NEAT ST

rt N, OEt

OEt

L EQ oe: A\ _ Pdy(dba)s, PA[P(tbus)l, E‘O\S/‘.’f‘ N 8|08t
S + <X\ ¥ B NopMe Etél N\ OEt
// NEAT

rt. N

Scheme 7.6. Synthesis of bis-vinyltriethoxysilylbenzene and 4,4’-bis-
vinyltriethoxysilylstilbene model compounds 1 and 2.

7.5.6 Photophysical Studies

The steady state absorption and emission properties of the model compounds and
oligomers are shown in Figure 7.8, Figure 7.9 and Table 7.7 and compared with data
from the oligomers made by metathesis. The photophysical properties of Polymer A

show an absorption 1, = 298 nm and fluorescence 1,,, at 347 nm, only slightly red

max
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shifted from Model 1. Polymer B shows the same maxima. The R-stilbene derivatives of
the metathesis oligomers (polymers C and D), offer photophysical properties similar to
single cages functionalized with stilbene or p-methoxystilbene as expected given the
preponderance of 1,3 divinylbenzene used as the linker, surprisingly however, polymer D
gives a quite high quantum yield of 39%, which is higher than that recorded for a
methoxysilbene cage on its own of 4%.” These results are a negative proof in that
without conjugation through the linker, extended conjugation between cages is

impossible and one observes only the photophysical properties of the isolated SQs.

Figure 7.9a and b and Table 7.7 compare the absorption and emission properties of
the reverse Heck based polymers (E and F) and model compounds. Figure 7.9a shows the
absorption and emission of the 1,4-DVB linked oligomer (E) and model 1. Note the 60"
nm red shift in emission between the two. This differs considerably from the metathesis
generated oligomers, but is identical to our first paper in this area, where the BoC

oligomers were made using a different synthetic method.”

1.2
374 nm 393 nm — DVB I8Divinyl SQ Met. Poly

257 nm 3330m oM " styrene functionalized
methoxystyrene functionalized

/’\
So.s / / \
. / \
§ 1 / \
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° | A
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< | // \
\\ / \\
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/ S
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Figure 7.8. Steady-state absorption and emission comparison of ADMET linked BoC
polymers.
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Table 7.7. Steady-state absorption and emission properties of the BoC polymers
(excitation at A

mux) *

Polymers Amax PLmax o eM'ecm” | 5(GM)

A 298 347 0.09 86000 -

B 298 348 0.01 54662 -

C 315 374 0.07 104000 -

D 333 393 0.39 494375 -

E 297 410 0.02 15150 1.8

F 356 426 0.18 74700 12
Model 1 285, 297 344 0.04 - -
Model 2 353 406 0.69 - -

Model 1 and Polymer E both offer absorption 1, = 298 nm, while their emissive 1,
=~ 344 and 410 nm respectively (Figure 7.9a). This observation is further evidence for
excited state 3-D conjugation in systems containing conjugated organic bridges. We term
this excited state conjugation because not shift is seen in the absorption spectra for these
compounds given that we do not observe ground state conjugation as observed in
traditional st-conjugated polymers. It is also important to note that this shift in absorption
is observed for the same polymer synthesized by an alternate approach,” as well as an
unpublished method which incorporates Model 1 into the polymer backbone through
TBAF catalyzed polymerization,” which further reinforces the fact that these

observations are not a consequence of impurities or side-products in any particular

synthetic approach.

One reasonable explanation is that excited state conformational changes allow better
orbital overlap in the excited state, and thus lower the system LUMO and its apparent
band-gap. This in turn leads to emission red shifts. The fluorescence quantum yield for

this compound was 2%, whereas that of the model compound was 4%.

Figure 7.9b shows the absorption and emission of the 4,4 -stilbene linked polymer F
and Model 2. Again, the absorptions of the model compound and oligomer are quite

similar, with
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Figure 7.9. Absorption and emission comparison of a. polymer F and model 1, and b.
polymer E and model 2.

only a slight change in band structure. The red shift between them is ~20 nm, which is
smaller than found for the shorter linker. This may be due to increased torsional
flexibility with the vinyl groups in the longer linker that decreases orbital overlap and
thus the excited state conjugation length.”! The QY for polymer F is 18%, while the
linker, e.g. Model 2, has a QY of 69%.
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In support of this conjecture, we have now made the 9.9-dimethylfluorene linked
system and find much better overlap, greater red shifts and higher emission quantum

efficiences as discussed further below and data presented in Table 7.8.”

7.5.7 Two-photon Spectroscopy

Our objective is to develop optimal synthetic tools and map the photophysical
properties of the resulting conjugated BoCs. Thus, the systems studied here represent the
first steps in developing better BoC systems, as noted just above with the 99-
dimethylfluorene compounds. Thus, we did not anticipate nor did we find TPA properties
that were particular noteworthy in contrast to several simple aminostilbeneSQ systems

reported elsewere.'>'>*

The two-photon absorption (TPA) cross-sections were determined for polymers E
and F at 650 nm. TPA cross-sections are a measure of the compounds polarizability or
separation of charge within a molecular species. Therefore compounds with clear donor-
acceptor separation have a higher (>300 GM) TPA cross-sections.®*’>”> These materials
were expected to have low cross-sections (<10 GM) because there are no donor-acceptor

interactions.

The cross-sections were determined by comparison with 1,4-bis(2-
methylstyryl)benzene as a standard using the TPEF method discussed above. The TPA
cross-sections were calculated to be 1.8 GM for polymer E and 12 GM for polymer F at
650 nm excitation. These values indicate (as expected) low polarizability and were not
explored further. Of notable mention however, is that the TPEF emission spectra show

of TPEF emission for

max

red shifts in emission from those of single photon. The A
polymers E and F are 439+2 and 451+2 nm respectively. This would suggest the
presence of an excited state that is “dark™ or not allowed in single photon excitation. A

further explanation of this effect will be presented in future papers.

7.5.8 Comparison of Steady State Spectroscopy for BoC Polymers
To better explain the emission spectral shifts observed for BoC polymers, we
compare the absorption and emission maxima for the polymers in this paper, an

accompanying paper and recent, unpublished materials. Table 7.8 shows the absorption,
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emission and quantum yields for each model system and the corresponding oligomers.
Note that the DVB polymers consisting of mixed 1,3- and 1,4- divinylbenzene linkers
show absorption and emission maxima similar to their combined monomer species and
organic linker, while 1,4-divinylbenzene and 1,4-diethynylbenzene linkers show > 30 and
< 60 nm red-shifts in their emission spectra. However, the absorption spectra remain
consistent regardless of linker. This is also true for a [vinyl,(stilbenevinyl), ,]SQ (n = 8,
10) linked BOC system, which shows an absorption similar to its parent stilbenevinylSQ

compounds at 336 nm, but a shift in emission maximum from 387+2 nm, to 440+2 nm.”

More recently, we have explored the use of 2,7-dibromo-9,9-dimethylfluorene as the
linker for [(vinyl),(Ph),,SiO,;], (n = 10, 12) based BOC polymers (Scheme 7.7), and
using bis-triethoxysilyl-9,9-dimethylfluorene as the model compound. This polymer
exhibits the first example with a meaningful red shift in the absorption spectrum (Figure
7.10).”° The absorption M, shifts to 410+2 nm compared to the model system and the
fluorene-OVS coupled system (if the phenyl band is ignored). The emission spectrum of
the dimethylfluorene linked polymer also red shifts by nearly 70 nm from the model
compound. These linker trends are presented in Table 7.8. Thus, the above argument

about flexibility seems to be valid of our first example with a rigid linker holds for other

systems.

szr(dba)s, Pd[P(tbus)]>
NCy,Me

1,4-Dioxane
rt. Ny

Scheme 7.7. Synthesis of phenyl-fluoreneSQ BoC polymer.
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Figure 7.10. Absorption and emission of dimethylfluorene polymer derivatives.

Still another aspect of the photophysical properties comes from the effects of
introducing model dendrons, which will be discussed in a subsequent publication. As
mentioned in the accompanying paper, the lowest occupied molecular orbital (LUMO) of

the polymer systems, suggests communication through the conjugated tethers.
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Table 7.8. Spectral data for T iodophenyl based monomers with divinylbenzene or
diethynylbenzene linkers, A-F and 2,7-dibromo-9,9-dimethylfluorene linked polymers in

THF.
UV Anax (nmM PL Amax (nmM
R (£ 2 nr(n) ) (4 2 nr(n) | oe (%)
Monomer A (H)? 315 359, 391 11
Monomers Monomer B (OMe)? 327 409 12
Monomer C (NH,)* 353 446 6
Polymer IX (H)* 315 400, 423 12
DEB Polymer X (OMe)? 327 447 5
polymers Polymer X1 (NH,)* 350 484 1
Polymer XIl (OMe, NH,)® 327 464 1
Polymer V (H)? 315 375, 397 23
Polymer VI (OMe)® 321 422 19
Polymer VII (NH,)® 350 443 2
DVB Polymer VIII (OMe, NH,)? 324 425 4
polymers A 298 347 9
B 298 348 1
C 315 374 7
D 333 393 -
E 297 410 2
F 356 426 18
;6?3;3\42 Model 1 285 344 :
Model 2 353 406 -
Tg10 stilbenevinyl polymer 336 409, 440 3
Flourene Fluorene model 336 381
Systems Fluorene-OVS-polymer 336 381 -
Phenyl-fluorene polymer | 371, 389, 410 422, 448 19

* See reference for further polymer information.*'

7.6 Conclusions

As part of our objectives in developing optimal synthetic tools for the synthesis of 3-
D conjugated BoCs, we have determined that the reverse Heck coupling of dibromo
linkers to [vinylSiO,],PhSiO, ]y, mixtures provides a very facile route to 3-D
conjugated BoCs that are easily purified and offer a basic starting point for the synthesis

of more complex BoC systems with easily tuned properties.

We note that in particular, the use of F catalyzed rearrangement of two types of SQs
provides a simple route to mixed functional cages that provide potential access to an
exceptional number of new SQs that can be used to probe a wide variety of photonic and

electronic properties.

These systems mark an important new ability to synthesize 3-D materials through

multifunctional SQs with differing functionality on demand. We have clearly shown the
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difference in fluorescence spectral effects that come from systems with 1,3-,1-4- mixed
divinylbenzene and 1,4-dibromobenzene, with 1,4-dibromobenzene showing 40-50 nm
red shifts compared with divinylbenzene, giving evidence to excited state energy transfer
dynamics we refer to as 3-D excited state conjugation. These effects are less prominent in
systems with longer organic conjugated linkers, likely due to weaker orbital overlap from
inherent flexibility, and limiting the proximity of phenyl-phenyl interactions. The
stilbenefunctionalized DVB linked polymers show absorption and emission
characteristics inherent to non-polymeric systems. Due to our understanding and ability
to make multiply functionalized SQ cages, more complex systems are imagined, which

could offer ideal properties for electronic applications such as photovoltaic devices.

Indeed, our initial studies in the current set of papers mapping the relationships
between cage structure, symmetry and linker structure on photophysical properties
provide the basis for making important advances in absorption, emission and quantum
efficiencies in these systems with the initial results from the 9,9-dimethylfluorene system

providing next generation properties.’"
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Chapter 8

Summary and Future Work

8.1 Summary and Insights

In this dissertation, we have demonstrated new routes to functionalized
silsesquioxanes starting from rice hull ash, the synthesis of decaphenylsilsesquioxanes in
high yields, the mechanism of fluoride-catalyzed rearrangement, the functionalization
and photophysical properties of Tjoand T, stilbene and stilbenevinylSQs, and finally the

development of beads on a chain (BoC) polymers with unique photophysical properties.

In Chapter 1 we proposed four questions to answer throughout the work of this
dissertation. The findings of these questions are summarized here. The first question
asked was could we find the optimized reaction conditions and the mechanism of
converting PhTg to PhT;( by fluoride catalysis (Chapter 4)? We find that the mechanism
of TBAF catalyzed rearrangement is very complex, but we have gained strong insight
into its pathways through experiment and computation. The reaction outcome depends on
solvent, catalyst, water, concentration of starting materials, time, and temperature; of
which we have found optimal conditions to favor the Ty cage being 60 mM PhTs in
dichloromethane with 5 mol% TBAF at room temperature for 24 h. Modeling studies of
this reaction show that a hybrid fluoride catalyst with water pathway is the most
thermodynamically favorable by up to 24 kcal/mol, and that solvent choice plays a role in

the final product equilibrium.

The second question proposed was whether PhT o SQs can be made in high isolated
yields from waste/byproduct materials such as rice hull ash (RHA) derived Ph-
spirosiloxanes and polyphenylsilsequioxanes through TBAF (F") catalyzed rearrangement
(Chapters 3 and 4)? We demonstrated a simple method to make mono-Ph-spirosiloxanes
[PhSi(OR);] from RHA derived spirosiloxane by nucleophilic substitution at low
temperature, a new “greener” method to R-alkoxysilanes. We also find that using the

above optimized reaction conditions for F rearrangement that we can convert any
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[PhSiO; 5], or [PhSi(OR)s] to PhT;p SQs in >50% isolated yield, the highest ever reported
and that PhT;¢ offers much higher solubility over PhTs and PhT;, making it a highly

desirable alternative for further functionalization and processing.

The third question proposed was whether we could determine the intramolecular
interactions present in chromophore functionalized SQs by two photon absorption and
fluorescence upconversion (Chapters 5 and 6)? The first step was to synthesize and
develop separation methods for T;o and T, R-stilbenevinylSQs so that mapping studies
could be done. We find that higher chromophore densities per cage show a decrease in
fluorescence quantum yields (36, 19, 11% for T, T,, and T,, respectively), likely due
enhanced self-absorption through chromophore interactions leading to non-radiative
decay processes. We also find that of the three cage sizes and symmetries studied, the T,
stilbenevinylSQs offer the highest TPA cross-sections of 5.5 GM per chromophore,
indicative of strong intramolecular electronic coupling (i.e. charge separation) and
polarization. Lastly, we find that SQ cage compounds show “rise times” of 700 — 1000 fs
and low anisotropies (~0.1) in fluorescence upconversion lifetime kinetic studies,
indicative of an excited state energy transfer process, (Internal delocalization or FRET
type energy transfer), which is unobserved for the free chromophore, unexpected for a

system with an “inert” silica core, and unexpected for 3-D hybrid molecular species.

The final question was whether we could make chromophore-functionalized
silsesquioxanes that are suitable replacements for electron accepting materials
(i.e.PCBM) in organic photovoltaics (Chapters 5 and 7)? The rationale for using SQs in
photovoltaic applications as electron accepting materials stems from the knowledge that
SQs in their unfunctionalized state (H-SQ) contain an electrophilic core (equivalent to
CF3) and a centralized core LUMO; suggesting that SQs should be capable of accepting
electrons, as discussed in Section 1.6. The challenge with bare SQs is that their band gaps
and HOMO-LUMO energy levels are much too high (~ 6 eV) for use in photovoltaic
devices, unless they were designed to work in the deep UV. Therefore, we used a series
of Tion2 R-stilbenevinylSQs, where R = H, Me, OMe, NH, and 5F to map the
photophysical and electronic properties of SQs for potential use in hybrid/organic

photovoltaic devices. Stilbenevinyl was chosen due to its simplicity both in synthesis and
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photophysics as well as it being an analog of a common photovoltaic material
poly(phenylenevinylene) (PPV). We used the R-group to control their absorption and
fluorescence wavelengths, and TPA cross-sections. The most interesting compound was
the C¢Fs, which showed a reasonable TPA cross section of 17 GM per chromophore, and
unexpected red shifts in fluorescence of 50 nm from R = H. Though we were not
successful in showing that SQs could be used as a replacement for PCBM, our results
show that they should be capable of accepting electrons, and that the band gap and
HOMO-LUMO energy level of SQs can be tuned through their organic groups, with CgFs

showing the most promising results toward PCBM replacement.

8.2 Future Work

In Chapter 3 we showed that we could synthesize R-spirosiloxanes from the
agricultural waste product rice hull ash. This was achieved through the nucleophilic
substitution of R-Li at spirosiloxane, which occurs at low temperature (-78 °C) through a
pentacoordinated intermediate that must be quenched by an electrophile to maintain a
mono-substituted product. The trouble with this reaction is that it often results in an
equilibrium mixture of product and starting material that are difficult to separate. Future
work in this area must look at novel methods to separate these materials or adjust the
reaction conditions to push the equilibrium toward the products. One method could be to
use bi-phasic reaction conditions for in-situ separation, in which the product is soluble in

one solvent, and the starting materials soluble in another.

In our study, we found that alkylLi reagents did not result in nucleophilic
substitution at spirosiloxane. The reasons for this are not clear, but could be due to the
basicity of alkyl groups favoring removal of protons over reacting nucleophilicly. Future
work should look at whether changing the reaction solvent or conditions such as

concentration would allow for the synthesis of alkyl-spirosiloxane derivatives.

In Chapter 4 we showed potential mechanistic pathways for the F~ catalyzed
rearrangement of silsesquioxanes. However, further work is necessary to make our
analysis more concrete. Future work in the area of mechanistic development should look
extensively at the influence of solvent on the product equilibria and energy stabilization

of intermediates by both experimental and computational methods. We are also missing
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reaction transition states, which would allow us to better judge which of the three
reaction pathways proposed offers the most favorable kinetics. Modeling studies or
alternative mass spec techniques such as ion mobility could be used to follow reaction
intermediates. Since we modeled reaction enthalpies instead of free energies the entropic
component of these studies is missing, therefore developing reliable computational
methods to analyze free energies would be ideal. The use of other fluoride sources should
also be explored (i.e. N,N,N-Trimethyl-1-adamantylammonium fluoride) to get an
understanding of how different salts influence the mechanism.' Lastly, the methods
developed in Chapter 4 should be extended to other systems such as [vinylSiO; 5] to see if
reaction conditions can be developed to favor specific cage sizes (i.e. [vinylSiO; s];0) and

whether its mechanism of formation is consistent.

In Chapters S5 and 6 we compared the photophysical properties of Tg, T,, and T,,
stilbenevinylSQs in solution, finding that they interdigitated/aggregate in “poor” solvents,
similar to what we would expect to find in the solid state. Future work in this area should
look at the solid state dynamics of these systems (i.e. films with near field scanning
optical microscopy, NSOM), continuing our efforts mentioned at the end of Chapter 6.
This would allow for a better understanding of the way these molecules aggregate on

surfaces and how this changes their photophysical properties.

In Chapter 7 we showed the development of conjugated organic linked BoC
polymers. Future work should look further into the development of BoCs with rigid
conjugated linkers for possible applications in photonic applications, since we find that
the more rigid dimethylfluorene structure shows both ground state and excited state
conjugation. We should also look at the synthesis of BoCs by direct rearrangement of SQ
cages with bis-triethoxysily-R linkers, removing the cross coupling step for
polymerization, and allowing for easier manipulation of polymer chain length. Lastly, as
mentioned below, future work should look at the development of alternating donor

acceptor BoC polymers for photovoltaic applications.

In expanding our work done in Chapters 5 and 7, our group has done preliminary
studies using SQs as additives and/or replacements for components in photovoltaic

devices.” These SQs were developed to compliment PCBM as acceptor materials in a
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P3HT:PCBM BJH system. One of the most promising of these materials was di-styryl-
pentafluorophenylgSQ (Scheme 8.1), which has HOMO-LUMO energy levels
intermediate those of P3HT and PCBM (Scheme 8.1 and Figure 5.18), allowing it to act
as a cascade component aiding in electron transfer. We find that up to 30 wt.% SQ
offered a slight increase in power conversion efficiency (PCE) of 4.1 to 4.2%, Figure 8.1
and a 3-fold improvement in the photocurrent (Figure 8.2). Using this SQ on its own as a

replacement for PCBM resulted in low PCE of ~0.004%.

-3.6

G234
5F

-6.1

Scheme 8.1. Synthesis of di-styryl-pentafluorophenylsSQ and its HOMO-LUMO energy
levels.
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Figure 8.1. J-V curves of OPV devices fabricated with a mixture of P3HT, PCBM, and
di-styryl-pentafluorophenylsSQ, with device configuration of glass/ITO/PEIE/active
layer/MoOs/Ag.
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Figure 8.2. a. Photocurrent histogram showing an increase in photocurrent up to 15 wt.%
SQ, b. Conductive AFM measurement of the mixed P3HT:PCBM:SQ film with SQs
theorized to be in black.

In order to further the development of SQs for energy harvesting applications, we
must focus our efforts on making materials that offer higher absorption potential, ideal
band gaps, and efficient charge transfer through exciton diffusion. One of the ways that
researchers have been improving energy harvesting polymers is through the incorporation
of donor and acceptor units within a polymer backbone.’ Using donor-acceptor polymers
within one polymeric backbone enables broad spectrum absorption since each subunit
would likely absorb in separate regions, efficient charge transfer since the materials
would have stronger intrinsic dipoles, and also better interfacial interactions due to their

ability to have better phase interactions in multi-component systems.

One could imagine that SQs could also be functionalized in a way that enables them
to function as donor-acceptor materials. The first method would incorporate a donor (p-
type) chromophore at one or more corners on the SQ cage, and acceptors (n-type)
chromophores on the remaining corners. This can be achieved by F catalyzed scrambling
of donor and acceptor SQs (Scheme 8.2), resulting in a statistical distribution of

functionality, controlled by the initial ratio of the two cages.

A\ o) D
A o A s~ gD
\Si//(ﬁo S ‘A\o ° si 9(4 O—s D\o TBAF
A A \ L
O\ g‘SI\O/gO'Si\A O\ %j\Sl\ /g/s'/D Solvent
A—Si\o/S‘(A D_Si/\O/Si\/DO

Scheme 8.2. Synthesis of mixed donor-acceptor SQs through F~ catalyzed rearrangement.
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Though the rearrangement is effective at making difunctional cages, the statistical
distributions may not be desired, our group has recently shown that bromination of
phenylSQ cages by Br; is quite selective. In that after one ortho-bromine is attached, the
second bromine is selectively added to the ortho-carbon on the neighboring phenyl ring.*
These two bromines could then be functionalized with a chromophore group with ideal
characteristics. After functionalization the remaining phenyl groups can be iodinated in
the para-position and then functionalized through cross coupling reactions with a
different chromophore group (Scheme 8.3). This sort of control would allow for an
intrinsic dipole to be formed through the core of the SQ, similar to those observed in

conjugated polymers.
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Scheme 8.3. Controlled functionalization of SQs with donor and acceptor moieties.’

The second major adaptation of donor-acceptor polymer type SQs would be
developing them as beads on a chain (BoC) polymers/oligomers, which should allow for
behavior and processability similar to organic systems. This could be achieved by
methods analogous to those in Chapter 7. We would first use the F catalyzed
rearrangement to scramble two sets of silsesquioxanes; for example a p-type SQ could be
scrambled with a bromostyrene functionalized silsesquioxane and an n-type SQ could be
scrambled with a vinylSQ. To obtain a “linear” polymer, the ratio should be controlled to
give only two cross-linkable groups per cage (4.4:1). The n-type and p-type cages with
their respective cross-linkable groups can then be reacted through Heck cross-coupling to
form BoCs (Scheme 8.4). The reason for the two different functionalities is so that truly
alternating donor-acceptor BoCs can be made, whereas if we made both cages with the
same functionality a random copolymer would be obtained. After these donor-acceptor
materials have been made, an in-depth analysis of their photophysical and electronic

properties (i.e. absorption, emission, TPA, CV, etc) is necessary.
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Scheme 8.4. Synthesis of donor-acceptor BoC polymers.

Another area that SQs could be developed is for dye sensitized solar cells. These
devices typically use a thin layer of organic or inorganic dye on an oxide surface (TiO,),
with ion transfer taking place through a liquid or plasma electrolyte, much like the inner
workings of a liquid electrolyte battery.® These devices have been able to achieve PCE’s
of >11%, but have limited lifetimes, and typically poor utilization of the solar spectrum.’
Scheme 8.5 shows how squaraines may be used in conjunction with SQs to give dye
materials that absorb over a large portion of the visible and near IR spectral range (450-
800 nm). The stability of the cage, and conjugation to the cage should allow for further

stability of the already robust squaraine molecules.*"'
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Scheme 8.5. Example synthetic methodology for developing squaraine functionalized

SQs.
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Polymeric materials with high surface areas (>750 m*/g) and microporosity (average
pore sizes < 2 nm) have been driven by their potential applications including gas storage,

. . 12,13
catalysis, separations, and nano-reactors.

The techniques described here can also be
extended to the use of SQs for high surface area materials, since their unique 3D structure
allows functionalization at each corner in a well-defined manner, hyper-branched
polymer systems with uniform pore diameters can be imagined. In recent work our group
reported that the B(C¢Fs); catalyzed Piers-Rubinsztajn (oxysilylation) reaction of a cubic
symmetry Q-cage [(HMe,SiOSiO; 5)s] with ethoxysilanes in hexane form irreversible
microporous 3-D networks with surface areas > 700 m*/g and micropore sizes of ~0.6
nm."* One of the limitations of this method is its sensitivity to water. Though we find that
the above method works well to give high surface area materials, we set out to develop a

method that could achieve higher surface areas, still be microporous and be insensitive to

water.

Scheme 8.6 shows how high surface area hyper-branched co-polymer SQ systems
are made through F° catalyzed cage formation using the in-situ cage formability of
methyltriethoxysilane and bis-triethoxysilylethane.'> The advantages to this method are
that it depends on water for hydrolysis and condensation reactions to occur, gels form
within 24 h and can be simply filtered off and dried in-vacuo. Initial results have shown
surface areas as high as 1300 m?/g, which is about 900 m*/g higher than an average
zeolyte and with average pore sizes of ~0.8 nm. They offer low bulk densities (0.06

g/mL), stabilities > 250 °C, and solvent uptake (THF) of up to 600 % by mass.

Scheme 8.6. Synthesis of high surface area materials based with methyl functionality by
fluoride catalyzed cage formation.
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One important application of high surface area materials is for chiral separation
columns. Many drug molecules are synthesized as a mixture of isomers and though
strong effort is given to synthesizing single enantiomers, often the most cost effective
method of separation is through chiral columns. This is important since one isomer of a
drug may be an active pharmaceutical with therapeutic value, while the other isomer may
be detrimental to ones health (i.e. thalidomide). Many chiral functionalized column
materials have been developed over the years, but they are often costly and specialized
for the separation of certain molecules.'® Effective separations are best achieved with
chiral stationary phase materials that offer a minimum of three simultaneous inter-
molecular interactions with the chiral molecule, including hydrogen bonding, n-bond to
n-bond interactions, dipole stacking, inclusion complexing, and the interactions caused

by steric bulk. '"'*

High surface area SQs offer potential functionalization to chiral stationary phase
materials. One method could employ amino acid functionalized silsesquioxanes, since
amino acids are inherently chiral and SQs can be made with high surface areas,
increasing intermolecular interactions with the molecules being separated. Scheme 8.7
below shows a proposed synthetic pathway to high surface area materials encompassing
the amino acid methodology (with N-acetyl-L-cysteine).'” These materials could then be

packed in a standard HPLC column and used for separation of various chiral molecules.
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Scheme 8.7. High surface chiral separation polymers based on N-acetyl-L-cysteine
functionalized silsesquioxanes by thiol-ene functionalization followed by fluoride

catalyzed polymer formation.
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Appendices

Appendix A. Guide to geometry optimization, single point energy, and excited state
energy calculations in the Gamess software Package

Building Your Molecule (Chemdraw, Avogadro, or Import Crystal Structure)

AW N =

Open Chemdraw

Draw your molecule

Optimize your structure (Structure = cleanup structure)

Save structure as (cml) format (File = save as = scroll to .cml)

(you may also prefer to build your 3D structure directly in Avogadro, or import a crystal
structure)

Working in Avogadro (rough geometry optimization and making input files)

1. Open Avogadro
2. Draw your molecule, or import .cml file from Chemdraw (File - Open)
3. [If desired go to (Extensions = optimize geometry) for rough optimization
Input files
1. To generate an input file go to (Extensions = Gamess = Input Generator), this will open
a Games Input screen
2. Decide type of information to calculate in the basic menu, if it is not listed it may be
selected in the advanced setup menu.
8 0 0 GAMESS Input
Advanced Setup |
Calculate Single Point Energy
With: RHF 4| [ STO-3G
In: Gas |
Multiplicity: | Singlet iy
Charge: Neutral al
$SBASIS SEND
SCONTRL $END
SDATA
6.0 -0.73862 1.13184 0.09662
6.0 -1.37090 -0.08569 -0.05416
6.0 -0.63382 -1.22081 -0.05051
6.0 0.73708 -1.13119 0.10082
6.0 1.36543 0.09064 -0.05043
6.0 0.63411 1.21352 -0.04748
1.0 -1.20388 201538 0.30564
1.0 -2.44849 -0.15239 -0.16002
1.0 -1.12043 -2.18264 -0.15379
[ ResetAll | | Defaults Compute... Generate... Close
Figure A.1. Example basic input for benzene single point energy.
3. Decide the method of calculation/basis set (i.e. BALYP, MP2, RHF..., and 6-31G(d,p)...)
4. Gas Phase or Solvent (select water and change later (iv))?
5. Charge of molecule?
6. Once selected go to the advanced setup menu

a. If Geometry optimization
i. For small molecules select (Data = and pick the point group of the
molecule) “For most large molecules the point group can be left as C1” It
may also be possible to calculate this (i.e. benzene C6h)
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ii. Select (System = and input your desired time and memory (typically 60
min, and 1000 megawords of memory works for medium sized
molecules)

iii. If gas phase, select (Generate in the bottom right corner, and save as a
filename containing no spaces)

iv. If solution phase, you will need to change water in your input file box
given at the bottom of the display to the solvent code you would like to
use (i.e. methylene chloride is CH2CI2), this uses a PCM or dielectric
constant based solvation method. Then select (Generate in the bottom
right corner, and save as a filename containing no spaces)

8 00 GAMESS Input

Basis

v Control Time Limit: 60.00 ) [ Minutes
[ Memory: 1000 4 MegaWords 2l
System . v +
MO Guess
Misc MemDDI: 0.00 & MegaWords 4 |

Diagonalization Method: | Default al

Force Parallel Methods Produce "core" file upon abort
Parallel Load Balance Type
(s) Loop () Next Value

Use External Data Representation for Messages

SBASIS SEND
SCONTRL $END
SSYSTEM SEND

SDATA

-0.73862 1.13184 0.09662
-1.37090 -0.08569 -0.05416
-0.63382 -1.22081 -0.05051
-1.13119  0.10082

129388 2.01538  0.30564
-2.44849 -0.15239 -0.16002

sonono00
oooooooo

o

3

@

N

=

®

Reset All Defaults Compute... Generate... Close

Figure A.2. Setting up time and memory requirements.
b. If Single Point Energy
i. Follow same steps as above for Geometry Optimization
ii. You may wish to import a geometry optimized file for this calculation

c. If Configuration Interactions (excited state...)
i. After basic setup, go to the advanced tab
ii. Go to (Control)
1. Select (Runtype = Energy)
2. SCF Type (None (CI))
3. CI: (CI Singles) for CIS calculations
iii. Data tab same as mentioned above for Geo Opt
iv. Go to (System)
1. Time: 60 min
2. Mem: 1000 megawords
3. MemDDI: 500 megawords (or what is needed)
v. If gas phase, select (Generate in the bottom right corner, and save as a
filename containing no spaces)
vi. If solution phase see iv of Geo Opt
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e 00 GAMESS Input

| Basic Setup [TEUIENEZT]
| Basis | S

Data

System " “None (CI)
MO Guess SCRVR: \7None ©h <)
Misc e
Localization Method: | None &
Exec Type: | Normal Run 2] Molecule Charge: [0 |(%]
Max SCF lterations: |32 [2] Multiplicity: [1 |[*]
Cl: | CISingles D
CC: None
Use MP2 Use DFT
SBASIS
SPCM S
SCONTRI
SSYSTEM

SDATA
CNH6

-0.73862 1.13184 0.09662
-1.37090 -0.08569 -0.05416
-0.63382 -1.22081 -0.05051
0.73708 -1.13119  0.10082
1.36543  0.09064 -0.05043

20000
Soooo

| Defaults | Compute... | | Generate... | | Close |

Figure A.3. Example for setting up CIS calculations.

Open input file in Gamess

1. Open Gamess

2. Select (Add+)

3. Select your input file

4. When the processor dialog box pops up, select (2 processors)

5. Wait for your file to complete

6. Then right click on the file once complete to visualize in MacMolPlIt, or open the log file

to view the output, you may also wish to use Gabedit (discussed later)

e 00 GamessQ
+ =0 mw D 8 %
Add Remove Cancel Pause Resume Refresh Clean Up
Name 4 Processors Status
T9pentahydroxyDCMOPT 2 Done
T8tetrahydroxyDCMOPT 2 Done
T8FEXODCMOPT 2 Done
T8-diphenylDCMOPT 2 Done
ch2_EOM 2 Done
ch2_EOM 1 Done
ch2_EOM 1 Done
ch2_EOM1 1 Done
T8-diphenylDCMOPT_3 2 Done

Figure A 4. GamessQ file que GUI interface.
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Appendix B. Third Harmonic Generation Fluorescence Upconversion Setup:

(Laser Safety Glasses Must be Worn Throughout Process)

1. Optimize the FOG 100 system in 2" harmonic mode using C-30 at 480 nm
collection; ~70,000+ cps and ~350 mw power after BBO should be obtained
before attempting 3" harmonic mode (record all optics positions carefully)

2. Block laser beam at Tsunami

Place the 3" harmonic generation optics set on the table markings
a. The mirror directing the laser beam into the 2™ harmonic optics set will

need to be carefully removed, noting its position
b. The mirror directing the beam into 3™ harmonic optics set should already
be in place

4. Move the mirror (M1) at the output of the Tsunami to the position noted on the
table for 3" harmonic generation

(98]

Figure B.1. 3" harmonic upconversion table setup.

5. Set all optics as follows for initial startup
a. Replace the standard 2" harmonic BBO with 3™ harmonic BBO crystal
b. 3™ harmonic delay line barek (8.85, DL1), Focusing lense into sample
(6.55, 11.30 for 2™ harmonic), 3" harmonic BBO (5.95), 2™ harmonic
BBO (5.40), move sample cell position from -1.5 (2™ to + 2.5 (3"
6. Unblock laser beam and adjust the beam into the iris (PH) on the 3™ harmonics
optics set (note do this at low power, this is very tedius and takes time)
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7. Turn up power and adjust 2™ harmonic crystal until the most intense blue beam is
obtained (>170 mW), the beam then hits a wavelength selective splitter (BS1),
separating 2" harmonic (blue) and the incedent (red) beams

a. The optics should be reasonably aligned, if not, shifting of the 3™
harmonic box, M1 or the mirros in the optics set may be necessary

b. Check the input power (~700 mw), blue after BS1 ~ 200 mw, red after
BS1 ~380 mw, red after DL1 ~362 mw, blue at UPC setup 172 mw, red
359 mw

8. Adjust the 3™ harmonic BBO angle so that the back reflection lines up with the
markings on the inside panel of the standard UPC setup

Back reflection angle for
3rd Har BBO

Figure B.2. 3" harmonic upconversion reflection angle.

9. Adjust the delay line
a. Very carefully remove the side panels between the 3 harmonic
generation optics set and the standard UPC setup
i. Check the distance between the beams directly at the 3™ harmonic
BBO, they should be ~0.4 cm apart with blue on left (see template)
ii. Remove the iris before the 3™ harmonic generation crystal and
replace with mirror tM 1 (usually loose in the box)

iii. Carefully direct this mirror so that the beam hits the two spots
marked on the wall, one corresponding to the red beam, one for the
blue (see below)

iv. Make adjustments accordingly to the optics to be sure the beams
are in proper positioning
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Figure B.3. 3" harmonic upconversion wall spot positions.

b. Use a 1 mm sample cuvette filled with a saturated solution of Rh6G in
methanol to observe feature changes (i.e. while adjusting delay line watch
for a “flash” or quick change in brightness (start with 8.85 mm then slowly
move +/- 2 mm)

i. If the optimal spot is found (“flash’’) then move on to step 10.

ii. If flash is not found adjustments have to be made to the horizontal
spacing and possibly vertical alignment between the two beams,
and then repeating the above steps

10. Remove the mirror added in step 7 and adjust the 3 harmonic crystal slightly
until the maximum output is achieved (~12 mW)

a. Check that the beam is going through the beam splitter and then to the
optical delay line and sample holder (following the same path as 2™
harmonic, this is very important)

i. Insert pinhole before the sample holder (see below) to block off

residual 400 nm, otherwise your sample will be excited with both
wavelengths

Figure B.4. 3" harmonic upconversion pinhole position.
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ii. Ifitis not in relatively the same positions as those first achieved in
2" harmonic optimization, then the 3" harmonics optics set will
need to be adjusted to compensate for the difference, try not to
adjust the main system as it will be very difficult to go back to 2™
harmonic after doing so
iii. If necessary only adjust (slightly) the mirror directing 3" harmonic
beam into the sample holder, but do not change the path for the red
beam
11. Adjust the main system as usual to get fluorescence counts (i.e. 2" harmonic
mode) with C-30, or stilbene which has better absorption at 286 nm
a. The overlap between the delay line beam and fluorescence beam will be
slightly different than for 2™ harmonic (see card) and will need to be
adjusted with the end mirror after the sample holder
b. Adjust the sum frequency crystal until counts are obtained on the system
i. Max with C-30 ~1500 cps
c. Note: to obtain collection wavelengths below 400 nm, a standard such as
exalite should be used (i.e. ~370 nm); however it is difficult to jump over
the 400 nm collection region due to beam leakage so be patient
12. Run scans as usual

Removing 3™ Harmonic Optics Set

Move 3" harmonic optics set back to the end of the table

Replace 3™ harmonic BBO crystal with 2*! harmonic BBO crystal
Replace iris in front of BBO crystal

Replace beam elevation change mirror in front of the iris

Replace M1 to its previous position in from of the Tsunami

Set all optics to their recorded 2" harmonic positions

Adjust input beam into the iris and verify it is following the correct path

Nk =

Note: for further information/tricks consult Dr. Oleg Varnavski and/or his notebooks
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Appendix C. Supplemental Reaction Schemes, Mass Spec and NMR Data for Chapter 3:
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Figure C.1. *’Si NMR of 1:1.2 2-thienylLi:I (IX) quenched with Me;SiCl at -78 °C.
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Figure C.2. EI MS of 1:1.2 9,9-dimethylfluorenylLi:I (IX) quenched with Me;SiCl at -
78 °C.
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Figure C.3. ”Si NMR of 1:1.2 9,9-dimethylfluorenylLi:I (IX) quenched with Me;SiCl at
-78 °C.
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Figure C.4. EI MS of 1:1.2 Li-phenylacetylide:I (VII) quenched with Me;SiCl at -78
°C.
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Figure C.5. ’Si NMR of 1:1.2 Li-phenylacetylide:I (VII) quenched with MesSiCl at -78
°C.
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Figure C.6. EI MS of 1:1.2 methylnaphthalenylLi:I (X) quenched with Me;SiCl at -78
°C.
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Figure C.7. *Si NMR of 1:1.2 methylnaphthalenylLi:I (X) quenched with Me;SiCl at -
78 °C.
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Appendix D. Forster radius determination from Chapter 6:

k = dipole orientation in radians, n = refractive index of solvent, Qp = fluorescence

quantum yield, J is the overlap integral between absorption and emission.

Absorption T10 VS
1.0 Emission T10 VS

0.8+

0.6+

Normalized Absorption and Emission

0.2 4

0.0

T T = 7|7 & T T T
300 350 400 450 500 550
Wavelength (nm)

Figure D.1. Absorption and emission of T stilbenevinylSQ.

p 9000(ln10)K2QDJ()L)
Ry = Snr 4
1287° Nn

R, =0211[k*n"Q, /(1))

V6

(in angstroms)

)}
=0.21 1[(1 24%)(1.4047)(0.19)(1.5x10" M™'cm™'nm"* )]A

=10 A for T
=8.6A T,
=12A Ty
=9.9A T,
Calculations of theoretical Rise Times:
Ro1°
Thop = Ter = Ip [7]

Where typ is the expected rise time, Tp is the lifetime of the free donor system, Ry is the
FRET radius and r is the distance between chromophores.
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Table D.1. Approximate distances for (r) in A and hopping time estimate based on (r)
value given.

Distance Chrom-

between ophore (n A used

first Phenyl Centroid in Thop Thop (fS)

carbons Centroid Distances calculation
T8 5.2 6.6 16 9.5 720
T10 5.1 6.4 14 8.2 880
T12 4.9 5.9 12 7.3 1080
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Appendix E. MALDI-ToF data for Chapter 4.

Table E.1. Possible peak orientations and formulas for OPS rearrangement. Peaks in bold

and italics are those observed in MALDI-ToF spectrometry, (PhSiO; 5).(H20)o sp.

Ph Ph+108 Ph+Ag+F-
a (PhSiO1.5) | b (H200.5) | Ph Ph+108 Ph+Ag+F-
1 3 156.06 265.06 284.06
2 0 258.08 367.08 386.08
2 2 276.1 385.1 404.1
2 4 294.11 403.11 42211
3 3 414.14 523.14 542.14
3 5 432.16 541.16 560.16
4 0 516.16 625.16 644.16
4 2 534.17 643.17 662.17
4 4 552.19 661.19 680.19
4 6 570.21 679.21 698.21
5 3 672.22 781.22 800.22
5 5 690.24 799.24 818.24
5 7 708.25 817.25 836.25
6 0 774.24 883.24 902.24
6 2 792.25 901.25 920.25
6 4 810.27 919.27 938.27
6 6 828.29 937.29 956.29
6 8 846.3 955.3 974.3
7 1 912.29 1021.29 1040.29
7 3 930.3 1039.3 1058.3
7 5 948.32 1057.32 1076.32
7 7 966.33 1075.33 1094.33
7 9 984.35 1093.35 1112.35
8 0 1032.32 1141.32 1160.32
8 2 1050.33 1159.33 1178.33
8 4 1068.35 1177.35 1196.35
8 6 1086.37 1195.37 1214.37
8 8 1104.38 1213.38 1232.38
8 10 1122.4 1231.4 1250.4
9 1 1170.9 1279.9 1298.9
9 3 1188.9 1297.9 1316.9
9 5 1206.9 1315.9 1334.9
9 7 1224.9 1333.9 1352.9
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9 9 1242.9 1351.9 1370.9
9 11 1260.9 1369.9 1388.9
10 0 1291 1400 1419
10 2 1309 1418 1437
10 4 1327 1436 1455
10 6 1345 1454 1473
10 8 1363 1472 1491
10 10 1381 1490 1509
10 12 1399 1508 1527
11 1 1429.1 1538.1 1557.1
11 3 14471 1556.1 1575.1
11 5 1465.1 1574 .1 1593.1
11 7 1483.1 1592.1 1611.1
11 9 1501.1 1610.1 1629.1
11 11 1519.1 1628.1 1647.1
11 13 1537.1 1646.1 1665.1
12 0 1549.2 1658.2 1677.2
12 2 1567.2 1676.2 1695.2
12 4 1585.2 1694.2 1713.2
12 6 1603.2 1712.2 1731.2
12 8 1621.2 1730.2 1749.2
12 10 1639.2 1748.2 1767.2
12 12 1657.2 1766.2 1785.2
12 14 1675.2 1784.2 1803.2
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