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ABSTRACT: Our objectives are to provide a comprehensive review solely concerning the synthesis and
chemistries of polyhedral phenylsilsesquioxanes. The review covers the basic efforts to synthesize and characterize
the compounds [PhSiO; s]g, [PhSiO; ]9, and [PhSiO; s];,. Thereafter, we discuss general methods of functiona-
lizing these compounds with emphasis on electrophilic substitution to produce, for example, [NO,PhSiO; s]s,
[N02Phsi01_5]]2, [p-IPhSiOl_S]g, [p-IPhSiOl_S]lo, [p-IPhSiOI_S]lz, [O-BrPhSi01_5]g, [2,5Br2PhSiO]_5]8, and [BI’3Ph-
SiO; s]g as well as Friedel—Crafts alkylation products. Second-generation compounds and nanocomposite
materials derived from these intermediates are also discussed in detail. The review ends with a discussion of the
apparent 3-D photophysical properties of third-generation functionalized phenylsilsesquioxanes.

Introduction

In principle, control of a material’s global properties through
nanometer-by-nanometer (nm x nm) assembly of structure-precise
nanobuilding blocks (NBs) offers an optimal mechanism for tai-
loring and refining such properties.'~’ Here global properties
encompass mechanical, photonic, and/or electronic properties, to
name just a few.®° In practice, multiple problems must be overcome
for such an assembly process to be successful. NBs themselves must
be carefully tailored to enable the desired assembly. In particular,
NBs will require

1. High symmetry to minimize the number of TAS in-
duced defects and facilitate removal of misalignment
defects in assembly by annealing

2. Functionality that can be introduced or altered

a. To direct assembly

b. To change the spacing between NBs to control for
example micro (nano)porosity

c. To vary the degree and mechanical character of
the connectivity

d. To provide electronic conjugation or insulation

e. To alter optical activities and absorption or emis-
sion properties for photonic applications

3. High thermal and chemical stability
4. Easy syntheses with high yields and simple purification

On a first principles basis, one would like NBs that fill space to
minimize incurring defects during assembly. Given that the seven
Bravais lattices are all spacing filling, it seems reasonable to expect
that NBs that have structures similar to Bravais lattice unit cells
would satisfy this requirement. Furthermore, among the seven crys-
tal systems, cubic symmetry should offer the best opportunity to ful-
fill the minimum defect requirement. The rationale is that misaligned
cubic NBs would require the least energy to reali§n (maximum 45°
movement) based simply on their high symmetry.'’ One can envision
NB derived 3-D nanostructures as suggested in Figure 1a,b.

The Escher-like image on the left (a) offers an excellent per-
spective of what a nanostructured material might look like at the
smallest length scales. Realistically, bonding constraints limit the
types of cubic bonding structures one might generate to Eaton’s
idealized (b) polycubane structure.'® ' Eaton notes in his review,
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Figure 1. Cubic nanostructure models: (a) NBs connected through
faces; (b) connected at corners (ref 12).

“Fortunately, any good student, having gone through the pro-
cedure once to become familiar with its details, can easily make 10
grams of (cubane) in a month or so.” It appears, for practical pur-
poses, that 3-D materials assembly using cubane NBs is limited
by the time-consuming syntheses.

In contrast, silsesquioxanes (SQs, Scheme 1) with cubic sym-
metry are easily synthesized using several well-defined methods in
kilogram quantities with good-to-excellent yields in days.'*~*
They are easy to make and (after functionalization) often quite
soluble, making them easy to purify.

Furthermore, a wide variety of functional groups can be intro-
duced." % The SQ cores [SiO; s]s for the Tg (three Si—O bonds)
and the [OSIO; 5]g Qg systems (four Si—O bonds) represent the
smallest single crystal of silica (cristobalite).”' As such, most SQs
offer thermal stabilities up to 100 °C higher than carbon analogues
because of the heat capacity of the silica core.

SQs have been used successfully to model catalytic surfaces,”’
develop new catalysts,”** prepare novel porous media,” serve as
NMR standards,” and act as enca%)sulants31 and as building
blocks for nanocomposite materials.**~** This interest has gener-
ated 14 full reviews covering many aspects concerning the synth-
esis, chemistry, and properties of silsesquioxanes.'>~** With some
exceptions, these reviews tend to be relatively broad.

Given the exceptional recent interest in silsesquioxanes in
general and polyhedral silsesquioxanes (SQs) in particular, it is
now pertinent to review one specific class of these polyhedral
silsesquioxanes, the phenyl derivatives. Readers interested in the
other families of silsesquioxane materials including those used as
nanobuilding blocks are directed to the many excellent reviews cited
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above.'* % These SQs, although of great interest because of their
high thermal stabilities ( > 400 °C/air), have not received the atten-
tion related SQs have, mostly because the most common phenylSQ,
[PhSiO; s]s, exhibits very poor solubility;44750 only ~200 mg of
[PhSiO; s]g dissolves in 1 L of boiling CH,Cl,. The THF solvate of
[PhSiO s> has a solubility of 600 mg/L of THF at 28 °C.** Little is
known about Z[PhSiOu]m, but it appears to be more soluble than
the other two.* It is therefore difficult to isolate and has only been
produced in hundred milligram quantities.™
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In the following sections we first discuss the synthesis of the
three phenylISQs, [PhSiOy 5], where n = 8, 10, and 12, and several
related compounds. Thereafter, we discuss the synthesis of
functionalized phenylSQs primarily via electrophilic substitution.
These discussions are followed by studies on efforts to further
functionalize the electrophilically functionalized phenylSQs.

Synthesis of PhenylSQ Polyhedra

The various [PhSiO 5], polyhedra have been synthesized from
a variety of starting materials using both acid and base catalysis.
Base-catalyzed syntheses usually offer better yields.**°

The earliest studies on the synthesis of [PhSiO s, were reported
by Barry et al. in 1955.% This group used base-catalyzed rearrange-
ment of polySQs to isolate the # = 6 product, later reformulated as
the n = 8 compound. Thereafter, Sprung and Guenther described
the synthesis of [PhSiO s]g from a high [PhSiO; 5], polymer prod-
uced from a mixture of phenyltriethoxysilane, water, tetraethylam-
monium hydroxide, and methyl isobutyl ketone.** Olsson et al ***/
and Brown et al. prepared [PhSiO; s]g_» by base-catalyzed equili-
bration of polyphenylsilsesquioxane at reflux.*$~>

Brown and co-workers were the first to explore hydrolysis of
PhSiCl; to produce PhSi(OH); as an intermediate in the acid-
catalyzed synthesis of phenylSQs, as generally illustrated in
Scheme 2.%7°° Initial efforts focused on developing soluble,
processable “T” resin systems; however, cage compounds were
found to form simultaneously.

Coincidentally, Brown characterized one set of isolated materials
as the ladder compounds suggested in Scheme 2, going so far as to
publish a detailed paper on the theory and expected properties of
silsesquioxane ladder polymers.® A follow on paper by Frye and
Koslowski disputed the existence of silsesquioxane ladder poly-
mers.”' To date there are no detailed reports supporting the exis-
tence of high molecular weight ladder silsesquioxanes, although sev-
eral groups have successfully made and isolated oligomeric SQ
ladders, suggesting that these materials would be difficult to make
as long chain, high molecular weight polymers.=**~*

The acid-catalyzed synthesis of [phenylSiO; s]s 101> proceeds from
initial hydrolysis of the trichlorosilane monomer to form the triol,
PhSi(OH);, which must first condense to form dimer. The dimer in
turn preferentially forms the all cis-isomer of reaction 1 possibly via
a linear tetramer.> Several groups have isolated the all-cis-tetra-
mer,* % with Feher et al. reporting the crystal structure shown in
Figure 2.°° The half-cage slowly transforms in the solid state into
[phenylSiO; 5] most likely driven by the cofacial hydrogen bonds.
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Although numerous groups have now studied the synthesis of
[PhSiO; s]g, we found it necessary to develop a reliable scaled reaction
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Scheme 1. (a, b) Cubic Ts'>'” and (¢) Qs SQ>' NBs with Multiple Types of Functionality
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to reproducibly prepare this compound from PhSiCl;. We have
identified two general paths to [PhSiO; s]g as seen in Scheme 3.

Ladder Oligomer (Exists?)

Polyhedral Cages (T,,, n=3,4,6...)

As noted just above, multiple methods of forming [PhSiO s]g
have been described. In our experience these are typically complex,
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Figure 2. Single crystal X-ray diffraction study of the all-cis-half-cage.®

multistep, and often low yield. Scheme 3 illustrates the two path-
ways we have explored.*® The process begins with the conversion of
PhSiCl; into phenyltriethoxysilane (PTES) by reaction in ethanol.
Surprisingly, depending on the reaction conditions (reflux for 2 h vs
4—6 h), the product is either the liquid monomer PTES or a poly-
meric version (polymeric PTES), both of which provide [PhSiO; s]g
with some polymeric material [PhSiO; 5], by reaction with catalytic
amounts of KOH and minimal amounts of water, as specified below.
Both products are easily separated and purified.

[PhSi0; 5] produced by hydrolysis of PhSiCl; forms more read-
ily in benzene, nitrobenzene, benzyl alcohol, pyridine, and ethylene
glycol dimethyl ether, whereas the dodecamer, [PhSiO; s];,,
forms preferentially in tetrahydrofuran.*® Hydrolysis of
PhSiCl; in acetonitrile, diglyme, acetone, and methyl iso-
butyl ketone gives high-MW [PhSiO; s],..*® Many [PhSiO; s]s
syntheses use benzene as a solvent which is now known
to be carcinogenic; thus, toluene is now often used as a
substitute.**47-48

Key to the synthesis of [PhSiO; s]g in high yields is the use
of scarce water conditions. Water must be added dropwise over
about 30 min in our standard reaction. Thus, 0.125—1.5 mL (6.9—
83.3 mmol) is added slowly to solutions containing 7 g of PTES
(29.1 mmol) and 50 mL of solvent. The amount of water to be
added must be calculated exactly to ensure optimal yield, 27.8 mmol
(29.1 theory), of [PhSiO; sls. The water concentration should be just
slightly less than the equivalents of PTES or polymeric PTES used.
Optimal water concentration for Figure 3 reaction is 0.5 mL. Some
adventitious water, present in the reaction system, makes up the
difference. Polymeric PTES always gives better yields of [PhSiO; s]g
than PTES probably because some of the cage structure is pre-
formed in the polymer (Scheme 3).

The yields of [PhSiO; s]g and PPS are also affected by concen-
trations of KOH, water, reaction time, and solvents. Figure 3
illustrates the rate of formation of [PhSiO; s]g, as a function of
reaction time under a standard set of conditions.™ It appears that an
equilibrium is reached after 4—50 min of reaction time. As can be
seen, the equilibrium yields appear to be 90:10 in favor of [PhSiO; s]s,
recalling that it is mostly insoluble in the reaction solution.™

The synthesis of dodecaphenylsilsesquioxane, [PhSiO; s],, in
our experience is relatively facile using a simple modification of
Brown et al.’s original procedure*®**>” that begins with the syn-
thesis and isolation of an oligomer of PhSi(OH); produced by
hydrolysis of PhSiCl; in ethyl acetate at 0 °C with the addition of
excess water. This oligomer is then carefully heated with Me,.
NOH in a 3:1 THF:ethanol to reflux for 7 days. After ~24 h,
white powder begins to precipitate. Following filtration and puri-
fication, the [PhSiO; s];, can be isolated in 60% yields.

Laine and Roll
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Figure 3. Yield of [PhSiO 5]y (OPS) and [PhSiO; s],, (PPS) formed by
reflux with polymeric PTES under water scarce conditions: 7 g, 29.1 mmol
of PTES, water (0.5 mL, 10 wt %), and KOH (0.5 g, 7.5 wt %) in 50 mL of
toluene.g8

Figure 4. 50% thermal ellipsoid plots of decaphenylsilsesquioxane-
toluene. H atoms and toluene solvate are omitted for clarity.*

In contrast, there are no concise methods of preparing the
decameric [PhSiO 5], despite its isolation by Brown et al. almost
50 years ago. We have now learned to prepare it in isolable yields
using a set of unusual conditions.®® We find that anhydrous base-
catalyzed (BaO/18-crown-6) equilibration of [PhSiO; 5], in m-xylene
at high dilution (3 g [PhSiO; s];,/100 mL m-xylene) permits isolation
of [PhSIO; 5,0 albeit in 15% yield, after repeated recrystallization.®’

Crystals grown from toluene permit a single crystal X-ray anal-
ysis as seen in Figure 4. This very unusual molecule has 5-fold
symmetry, and consequently it or uniform derivatives such as the
para-iodo derivative discussed below may offer some unusual
packing properties as well as novel electronic properties.

The base-catalyzed route most likely passes through multiple
species similar to those suggested in Scheme 2. Indeed, by using
stoichiometric concentrations of base, it is possible to isolate spe-
cies that may be intermediates involved in the formation of the
complete polyhedral species. For example, Shchegolikhina et al.
report a second route to the half-cage of reaction 1 using stoi-
chiometric amounts of NaOH in nBuOH, reaction 2.5'7% This
approach can be used to make full cages with mixed functional
groups by silylating cis-[PhSi(ONa)0],.' ¢
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Scheme 3. General Pathways for Formation of [PhSiO 5]g and [PhSiOLs],,SS’”
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for the cis compound and 360 °C for the trans compound.
Reported M, values range from 5K to 50K Da.

Most important, films of these compounds are air stable to
>450 °C and transparent in the visible range.®’ These values are
superior to those of simple polydimethylsiloxane polymers offer-
ing the potential to make new types of reinforced polysiloxane
materials. Kakimoto et al. made related polymers by hydrosily-
lating the methyl vinyl derivative with the same Si—H capped
tetramer with essentially identical results.®®
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/
P
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H-[Me,SiO];Me,SiH / \s.
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Catalytic (CoFs)3B/60 °C/-H, |—\o/ '\
\o/s'
cis and trans (5) 67

Kakimoto et al. also prepared the methylsilyl analogue and
hydrosﬂéylated alkynes and dialkynes to produce linear poly-
mers. Thus, using 1,4-diphenylethynylbenzene in reaction
6 produces a polymer with M, ~ 29K Da, a polydispersity of 4, a
T,~150°C,and a Ty > 500 °C in N,.

No evidence was found for hydrosilylation of the internal
double bonds most probably because of the large steric interac-
tions involved. Unfortunately, no further characterization of the
resulting polymers for example their photonic properties is re-
ported. Imides made from the norbornene anhydride, reaction 7,
offer processability and high temperature stability, but only
selected derivatives (with meta substituents) are processable.®®

Given the simplicity of the syntheses, they appear to be easy to
scale; we anticipate that many new materials will arise based on
these well-defined double-decker materials in the future. As dis-
cussed below, such polymer materials may show electron delo-
calization through the cage.

Laine and Roll
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One remaining example of a cage opened derivative has been
described following the synthetic route shown in reactions 8 and 9.%
The ring-opened triflate intermediate undergoes nucleophilic displace-
ment, providing difunctionality along one edge of the original cage.

The resulting dianilino material of reaction 9 can be used to
produce polyimides with good processability, high-temperature
stability, and also good resistance to atomic oxygen. The latter
studies were run emulating conditions experienced by satellites in
low-Earth orbit.%
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+ -H,O
HoN —— > Polyimides
2 NH, ©)

The above reactions summarize efforts to produce function-
alized cages and partial cages through manipulations of the core.
The next sections cover efforts to functionalize complete cages
starting with the electrophilic functionalization of the aromatic
rings themselves.

Nitration and Reduction to AminophenylSQs

The first example of electrophilic substitution was nitration of
[PhSiO; jlg, reported by Olssen and Gronwallin 1961 in Arkiv fur
Chemie.*” These researchers found that [PhSiO; s]s (OPS) dis-
solves completely in fuming nitric acid at 0 °C, leading to nitra-
tion of each phenyl ring just once over a very short reaction period
to give [(NO,)PhSIO; s]s.*” The product is isolated in 80" % yield
by precipitation into ice water. Given the ease with which trim-
ethylsilyl aromatics undergo protodesilylation,” this observation
seems quite surprising. Of note is that the authors reported that
efforts to reduce the nitro groups to amines were unsuccessful,
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Figure 5. TGA/DTA data of [(NO,),PhSiO; s]s.

describing the nitro groups as “inert”.*” This paper went un-
noticed for some 38 years.

Given that nitro groups are rarely inert, we revisited this
reaction and discovered that they are easily reduced using formic
acid/Et;N as the reducing agent with Pd/C as catalyst. This
reduction method works effectively providing [NH,PhSiO s]g or
octaaminophenylsilsesquioxane (OAPS). The nitration pattern
and hence the amine substitution pattern indicate that nitration
occurs at both the meta and para positions in the approximate
ratio of 65:25 m.p; which can be inferred from the substitution
pattern of [(NO,),PhSiO; s]s (see Table 1).” This ratio can vary
depending on reaction conditions.

It is also possible to dinitrate [PhSiO; s]g (OPS) to produce the
[(NO,),PhSiO; 5]g heating the initial reaction mixture to tem-
peratures ~50 °C (reaction 10).”* It is also possible to dinitrate the
dodecamer, [PhSiO; s];».” One of the more interesting results of
dinitration is the observation that HDNPS decomposes explo-
sively (Figure 5) at 400 °C, sug%estlng that it is an unusually
stable, albeit explosive, mdterlal
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Table 1. NH,F Cleavage of [(NO,),PhSiO; sJs 'H NMR Data (*£2%)

'H-NMR Assignment Mol %" Isomer on HDNPS
NO, 0N
8.92 1,3-dinitrobenzene 90% + SiQNoz + m@
N02 °2N 02N
NO,
8.38 1,2-dinitrobenzene 10% Si
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Since our original report on the reduction of the [(NO,)Ph-
SiO, sJs to OAPS,”! and more recently the [(NOzzPhSiOLS]lz
to dodecaaminophenylsilsesquioxane (DDAPS),”* a number
of groups have followed up on this reaction using the result-
ing OAPS as a synthetic building block to make a wide
number of hybrid nanocomopposite materials.”>~** All of
these researchers produced OAPS using the formic acid/Et;N
method except for Zhang et al.,”® who report the use of FeCls/
active carbon and hydrazine hydrate at 60 °C. The advan-
tage of this method is that Pd/C is an expensive catalyst.
The disadvantage may be that hydrazine hydrate can be
quite reactive and caution should be employed if one chooses
to use it.

The OAPS and the dodecamer analogue DDAPS offer the
potential to synthesize a wide variety of derivatives for numerous
potential applications as suggested by Scheme 5. Among the
more interesting compounds are OMIPS, the OLED compounds,
and the luminescent chelates.

OMIPS is an octamaleimide that could be used with other
maleimides (see ref 78) to produce stable, high-temperature imide
materials without the need to process the imide component coin-
cidentally with the formation of the composite. This has the
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advantage of avoiding the need for high-temperature curing often
required to force complete imidization. It also avoids the elim-
ination of water during this step, which can degrade imide pro-
perties. Zhang et al.”® describe what appears to be a very simple
method of producing these materials compared to the original
preparation with the highest reported synthesis temperature being
60 °C.

The condensation of 2-pyridinecarboxyaldehyde with OAPS,
Scheme 4vi, provides a novel imine, solutions of which emit green
under UV light.** This compound was synthesized with the idea
of providing sites for binding metals for trace metal analyses
because of its novel luminescent properties and for a wide variety
of display applications.*® To date, this compound has not been
studied for such applications.

As noted in the Introduction, the 3-D nature of SQs cou-
pled with the fact that they offer multiple functional sites and
exceptional thermal stability has prompted numerous efforts
to use OAPS and DDAPS as replacements for aromatic amines in
epoxy resins, polyimides, and related materials.** %72 In the
following sections, we provide a brief overview of epoxy resin
materials and polyimides. Some aspects of Qg silsesquioxane epoxy

Scheme 4. Reactions of OAPS*
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“Reactants and conditions: (i) 1:8.4 OAPS:phthalic anhydride in NMP 350 °C/N,/4 h; (ii) 1:8 OAPS:maleic anhydride in DMA 60 °C/N»/3 h
with acetic anhydride and Et3N; (iii) 1:8 OAPS:pyromellitic anhydride in NMP 350 °C/N,/3 h; (iv) 1:8 OAPS:epoxy neat at 200 °C/6 h/N,;
(v) 1:8.8 OAPS:2-bromo-9,9-dimethylfluorene, Pd,(dba)z, (dcbp)P, glyme 100 °C/N,/5.5 h; (vi) 1:8 OAPS:2-pyridinecarboxaldehyde Na,SOy4/

THF/RT/N,/22 h.
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Scheme 5. Epoxy Curing Reactions as a F unction of Amine:Epoxy Ratios

Amine:Epoxy = 1:1
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Amine:Epoxy = 1:2

resin synthesis, processing, and properties were covered in an earlier
23
review.

Amino-SQ Epoxy Resins

Traditional epoxy resin chemistry involves the reaction of NH,
groups with epoxy groups to form aminols of the type shown in
Scheme 5 and reaction 11. The aminol functional groups form
hydrogen bonds easily; hence, epoxy resins exhibit a great pro-
pensity to imbibe moisture, swell, and degrade, reducing their
utility in humid environments. In addition, the aminols decom-
pose easily limiting their thermal stability. The 1:2 ratio materials
of Scheme 5 will exhibit much higher cross-link densities than the
1:1 ratio materials.
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The type of product obtained depends on both the initial ratio
used and also the steric congestion at either the epoxy or the
amine; thus, some epoxy systems may not cure fully even with
stoichiometrically correct ratios.***® Furthermore, as curing with
polyfunctional amines will always lead to cross-linking, as the
reaction proceeds, the viscosity of the reaction mixture increases
to the point (gel point) where further cross-linking is greatly
hindered even with increases in reaction temperature. This leads
to defects in the epoxy resin system that can greatly influence
mechanical properties.

Traditional epoxy resins with at most four epoxy units per
molecule and common aromatic amine curing agents with two
amines per molecule, 1:2 ratios, are practiced commercially. The
resulting cured resins are commonly brittle but offer good tensile
strengths and hardnesses. Furthermore, by tailoring the linkages
between the epoxy groups, one can introduce toughness and con-
trol curing temperatures and also 7,s. However, with the use of
OAPS, with eight amine groups one can achieve very high cross-
link densities using amine:epoxy ratios of 1:1 or 1:2. The latter
systems can be expected to be extremely brittle.

Thus, it is possible by both changing the stoichiometry and the
type of epoxy resin to tailor the coefficients of thermal expansion,

OWO/W

\ /NHW
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Table 2. CTEs of OAPS Cured at 200 °C with Selected Amine:Epoxy
Molar Ratios of 1:1 (1) or 1:2 (0.5)%*

T, .
O\ S|/0\5|
7 Sl
O
/

CTE (ppm/°C)
epoxy molar ratio + 3 ppm

TGMX* 0.5 55
TGMX 1 25
TGMX 1 wt % AlLO; 22
ECHX" 0.5 91
ECHX 1 55
diglycidyl ether 0.5 80
bisphenol A (DGEBA)

DGEBA 1 72
[glycidylSiMe,SiO; s]g 0.5 196
[glycidylSiMe,SiO; s]g 1 141
[cyclohexenylepoxyethylSiMe,SiO, 5]s 0.5 185
[cyclohexenylepoxyethylSiMe,SiO; 5]g 1 217

“TGMX = tetraglycidyl ether m-xylene diamine. PECHX =
3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate.

the mechanical properties, and also the barrier properties of
OAPS epoxy resin systems. Table 5 taken from ref 82 (Table 2 in
that work) shows that it is possible to produce epoxy resins with
CTEs that vary over an order of magnitude from 25 to 220 ppm/°
C. An important point is that these systems can offer relatively
low processing viscosities (e.g., 1000 mPa-s).

CTEs in the range of 22—25 ppm/°C are very desirable in “flip-
chip” applications where integrated circuits (CTE ~ 4—6 ppm/°C)
and printed circuit boards (CTE = 40 ppm/°C) are bonded
together. Otherwise, the addition of silica filler is necessary, which
can raise processing viscosities to 10K mPa-s and interfere with
solder bumps contacting the PCB prior to soldering.®*

Note that in Table 2 the best properties are exhibited for the 1:1
amine:epoxy ratios rather than the traditional 1:2 ratios. There
are several possible explanations for this. First, the total volume
fraction of OAPS is higher in the 1:1 case, limiting the amount of
the flexible TGMX component. Alternately, this results in a
higher concentration of the rigid OAPS cage, thereby limiting the
potential for thermal expansion. The other explanation might be
that at a 1:2 ratio curing is incomplete, for the reasons noted
above, leading to unreacted chain ends that allow defects in the
resin system that cannot resist thermal expansion. Both explana-
tions are likely operative. This same set of explanations may be
used to justify observations concerning the barrier properties of
these materials.

Whereas siloxane-based polymer membranes often exhibit
high oxygen permeabilities, OAPS epoxy and polyimide mem-
branes can be tailored to offer oxygen permeabilities compar-
able to commercial oxygen barrier membranes.** Table 3 com-
pares oxygen transport properties of a set of solvent-cast
OAPS epoxy and imide membranes cured under various
conditions.

In contrast to the CTE values given in Table 2, the best barrier
properties are obtained at 1:2 molar ratios, perhaps because of
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Table 3. Oxygen Transmission Rates (OTR) of Cast Silsesquioxane Films [at 20 °C and 65% RH; cm®-20 gm/m?- day - atm-O,, i.e., Standardized

to 20 gm Thickness]*
sample N NHj:epoxy initial curing curing with pressure OTR (£0.5) (cm?-20 4m/m?-day-atm)
OAPS/DGEBA 0.5 120°C/4 h 200 °C/10 h at 0.690 MPa 7
OAPS/DGEBA 0.5 120°C/4 h 200 °C/10 h at 0.862 MPa 5
OAPS/DGEBA 0.5 120 °C/4 h 200 °C/10 h at 1.03 MPa 3.9
OAPS/TGMX 0.5 100 °C/1 h, 130 °C/4 h 200 °C/4 h at 1.03 MPa 3.2
OAPS/ECHX 0.5 100 °C/1 h, 130 °C/4 h 200 °C/4 h at 1.03 MPa 5.2
OAPS/TGMX 0.5 100 °C/1 h, 130 °C/4 h 200 °C/4 h at 1.03 MPa 1.2
OAPS/ECHX (i) bilayer 0.5 i. 100 °C/1 h, 130 °C/4 h iii. 200 °C/4 h at 1.03 MPa 0.8
OAPS/TGMX (ii) bilayer 0.5 ii. 100 °C/1 h, 130 °C/4 h 0.8
50%OAPS/PMDA? 120°C/4 h 240 °C/8 h at 1.03 MPa 17
50% OAPS/ODPA® 120 °C/4 h 240 °C/8 h at 1.03 MPa 12
EVAL F grade® <1.0
“Pyromellitic dianhydride.  oxidiphthalic anhydride. ¢ Eval F is 32% ethylene—vinyl alcohol copolymer biaxially orientated (3 x 3) and heat treated
to 140 °C.
i e » DGEBA:DDM:0%AL, 04
09 DDM 5 . = DGEBA:DDM:10%Al, Oy
i# R\-—\* & 0G:DDM:0% Al 0
OAPS o »® H # OG:DDM:10%A1,04
07 — @ x OG:DETA:0%A1,0;
g 06 \ \Q \ : = OG:DETA:10%AL O,
2 & _ w 0G:OAPS:0% A L0
.E 05 2 . © \ ‘&‘-l ; T =0G:0APS: 10%A1,04
< 04 — L) i ] X = POG:CHA0%A1,03
o ® =" K § 0 x B * POGICHA:10%AL,04
’ * 5" e , X W o, - 8 POG:OAPS:0%ALO
LY | B N L v
N R R s DDM:% AL 03
g b # "e @ OGm:DDM:10%Al, 04
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Growth of photeoxidation product carbonyl band at 1720 ¢m™!

Figure 6. Effects of irradiation as determined by appearance of acidic carbonyl at 1720 cm™ "% CHA = di(amino)dicyclohexylmethane, OG =
octaglycidyldimethylsiloxyoctasilsesquioxane, POG = polyglycidyldimethylsiloxysilsesquioxane, and OGm:DDM should read as OG:mDDM.

Scheme 6. Reaction of OAPS with PMDA To Form a Nanocomposite with Completely Rigid Components Were First Cast Prior to Heating
To Minimize Gel Formation; Thereafter, Complete Curing Obtained Only at Temperatures above 300 °C

the much higher cross-link densities achieved. The use of bilayer
systems and curing with pressure improves barrier properties
likely because of removal of bubbles within the cured films and
also by generating an interface between the layers. Table 3 also
provides data for selected polyimide films whose properties are
discussed in the next section.

An additional advantage to using OAPS rather than aro-
matic amines is demonstrated in Figure 6 where epoxy resin
samples of standard thickness were irradiated 40 hat 4 > 300
nm, 60 °C (medium acceleration test) in the presence of oxy-
gen.® The chemical evolution of the polymer matrices was

A/-H,O

Ratiets

followed by infrared and UV—vis spectrometries in trans-
mission. The samples are divided into two groups: aromatic
and nonaromatic. For nonaromatic samples, the oxidation is
controlled only by O, diffusion into the polymer. Thus, for
the thickness analyzed, the O, diffusion is similar for all
samples, and the oxidation is relatively homogeneous
throughout the sample thickness. Aromatic samples absorb
A > at 300 nm; thus, their degradation is limited by the
penetration of light (Beer—Lambert law). Sharp oxidation
profiles are observed only for the first 10—30 um, depending
on the structure of the material.
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Scheme 7. Imide Tether Formation from OAPS and PDMA (Amine:Anhydride = 1:1)
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Scheme 8. Tmide Extremes: (a) 100% vs (b) OAPS in OAPS/ODPA/ODA Nanocomposites Offer Maximum/Minimum Cross-Link Densities”

OAPS gj’ \@:\( -HQO

NH,
NH,

= 2.3 nm

ODPA

—O~g o 0—i
““2‘@ T Ol 7=
s"o/o/o\s"o oD I N ] o Lo—sf e
—~ —GTY
'\/'\< |

C?s.\o/,aﬂ 7
@/ ~o— @ Ny

NH, NH,

ODPA

o o
0. O
N N
b o} b} n

“0% OAPS gives a thermoplastic imide (7, ~ 270°C).>°

Perhaps the most telling is the change in oxidative stability
observed that, as might be expected, corresponds directly to the
number of benzyl hydrogens with the 4,4’-diamino-3,3'-dimethyl-
diphenylmethane (mDDM) having eight compared to only two for
4 4 -diaminodiphenylmethane (DDM) and zero for OAPS.® Thus,
the photostability of the former is much less than that of the latter.

The nonaromatic amine curing agents are the most stable
because they do not absorb UV light. Given that DGEBA:DDM
is a common primer for aluminum alloys including aircraft frames,
these data are important in understanding the mechanisms where-
by such coatings degrade and/or can be repaired or replaced with
better materials, including those based on OAPS.

Nagendiran et al.®' described efforts to create materials with
controlled dielectric behavior wherein mixtures of OAPS/4,
4'-diaminodiphenyl sulfone (DDS) are reacted with DGEBA
and/or tetraglymdyldlamlnodlphenylmethane (TGDDM) to
form resin systems with improved T,s and thermal stability.®!
In these systems 7, improvements were seen at loadings up to 3 wt %,

reaching 210 °C from 199 °C for OAPS/DGEBA and 275 °C
from 260 °C for OAPS/TGDDM. Thereafter the T,s dropped by
>20 °C likely because of incomplete curing.®

In contrast, the thermal stabilities in both epoxy systems in-
crease with increased OAPS loading up to the point where pure
OAPS was used in place of DDS. In part, this must reflect the
overall higher cross-link densities. The dielectric constants also
decreased with increases in OAPS content from 3.6 for the DDS/
DEGBA to 2.6 for the 20 wt % OAPS system. Similar decreases
were observed for the TGDDM system as well. Again the changes
are ascribed to incomplete curing that results in more free vol-
ume, which in turn suggests the possibility of some micro-
porosity; although as noted above, although no microporosity
was observed.

SQ-Polyimides

As with epoxy resins, polyimides also are susceptible to
UV, oxygen, and hydrolytlc degradation.®®%%%% Thus, efforts to
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Figure 7. TGA (N,/10 °C/min) of OAPS/ODPA4ODA nanocompo-
sites with various OAPS loadings cured at 330 °C.

improve their properties suggest that OAPS materials with silica
cores might offer superior behavior. Indeed, SQ epox1es are much
less sensitive to moisture than regular epoxy resins.”* The down-
side to using OAPS and DDAPS for polyimide syntheses is the
obvious very high cross-link densities that would result if these
materials could actually be made to fully imidize. A further issue
is that processing of traditional linear polyimides proceeds via an
intermediate polyamic acid, reaction 12, which is often soluble
and/or melts under the operating conditions of traditional
polymer processing methods.

o O
HzNNHz ’ OMO
o e}

pyromellitic dianhydride, PMDA

o] o)
HO
A u-""’
o) o

Polyamic Acid

o o
A-H,0 -
—_—
o

° (1)

In contrast, the use of OAPS or DDAPS to form imides will first
produce highly cross-linked polyamic acids that are likely only to gel
and provide very poor processability. However, one can envision
processing OAPS and DDAPS derived imides by codissolution with
dianhydrides such as PMDA or oxidiphthalic anhydride (ODPA)
in high boiling polar solvents and thereafter processing the resulting
viscous solutions prior to driving formation of the corresponding
amic acid. Indeed, this is possible; however the resulting imides are
highly cross-linked and quite brittle.*!

One might anticipate that such properties are unattractive for
any type of application, but in fact this is far from correct. First,
one must recognize that fiberglass is basically a highly cross-
linked flexible inorganic polymer. These and other ceramic fibers
resist catastrophic failure because the fiber diameters are small
enough that the energy required to induce a surface flaw needed
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Figure 8. Storage moduli of 20 mol % OAPS/ODPA/ODA nanocom-
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Figure 9. Storage moduli of OAPS/ODPA/ODA nanocomposnes with
varying OAPS concentrations cured at 330 °C, 3 h/N,.*’

for catastrophic failure to propagate is beyond the energy one
can apply mechanically. Indeed, it is possible to make crystalline
ceramic fibers that offer exceptional mechanical properties.’#®

This same argument holds true for thin films, typically <1 um.
However, unlike processing ceramic fibers at temperatures up to
1800 °C, thermally stable, highly cross-linked polyimide fibers
should be processable at temperatures <600 °C. Therefore, they
should be much easier to process and will be much lower density
than ceramic fibers; however, they should offer almost equivalent
mechanical properties of considerable value in aerospace appli-
cations.*” Furthermore, the electronics industry needs materials
with good high temperature stability (>400 °C) with very low
CTE:s for substrates for electronic and barrier materials.****

These issues represent some of the motivation for developing routes
to OAPS- and DDAPS-derived polyimides. Still another motivation
was to determine if the use of very short cross-linking components
could introduce microporosity. Thus, a series of studies were conducted
to identify conditions for qprocessing PMDA/OAPS (Scheme 6) and
ODPA/OAPS materials.*’ To this end, it was determined that NMP
was a good processing solvent for forming films of the starting imide
tethers. Full curing requires temperatures > 300 °C.

In this system the tether length is estimated to be 1.8 nm,
Scheme 7 (Si—C: ~0.16 nm, Ph: ~0.25 nm, Ph—N: ~0.14 nm; and
PMDA imide segment: ~0.67 nm), vs 0.53 nm for the cube body
diagonal.* Although we can obtain highly cross; hnked SQs with
surface areas of 400— 1200 m?/g with other systems™ (see below), the
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Scheme 9. Reaction of OAPS/ODA and Bismaliemide (BMI) To Form Tys, Nanocomposites’®
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imide materials showed no evidence of microporosity. The PMDA
films proved too brittle to work with, and efforts were made to
introduce some flexibility by replacing PMDA with ODPA, which is
slightly longer (Scheme 8a). In a further effort to explore the effects of
high cross-link densities in these polyimides, sets of materials were made
diluting OAPS with the diamine oxidianiline or alternatively diluting
oxidianiline with incremental amounts of OAPS (Scheme 8b).

Figure 7 indicates that the resulting materials show the anti-
cipated increases in thermal stability as Tyse, for these materials
increases by 60 °C on going from 0 to 100% OAPS. However,
DMA studies seen in Figure 8 reveal unusual storage moduli for
samples cured at 330 °C.

Basically, it appears that at 330 °C curing is incomplete, as
higher temperatures lead to higher storage moduli. The argument
presented above, stating that high cross-link densities should lead
to much higher viscosities, seems to be correct. What is perhaps
surprising compared with most organic imidization reactions is
that the amic acid intermediates remain sufficiently stable as to
permit curing at higher temperatures.

Figure 9 shows that changing ODA to OAPS ratios increases the
storage moduli of these materials up to ~60% OAPS. Thus, the
60% OAPS material offers a storage modulus that is almost
constant at 1 GPA up to 500 °C suggesting excellent thermal
stabilities.*” The very high cross-link densities lead to quite good
mechanical properties per Figure 10 even at 540 °C.

Unfortunately, all efforts to find microporosity in these mat-
erials failed, perhaps because of the lack of open porosity. Fur-
thermore, except as thin films, these materials are quite brittle.
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However, evidence of microporosity is demonstrated in OAPS-
derived materials below.

Maleimides

A number of other groups have explored the development of
OAPS based maleimide materials including Zhang et al.,”® who
used it as a reactant with the organic maleimide BMI as seen in
Scheme 9. Krisnan and He”> used OMIPS produced via an
alternate route to one we described.”! The advantage to devel-
oping maleimide-based polymers is in the fact that the imidiza-
tion process occurs before polymerization; consequently, there
are no problems with the formation of water which can lead to
pores in the cured polymer, and also the possibility of incomplete
curing is at least partially avoided.

Zhang et al. simply reacted OAPS/ODA mixtures with BMI
via Michael addition per Scheme 9 at 280 °C for an unspecified
time to produce amorphous nanocomposites that exhibited in-
creases in T, of 60 °Cin the 400 °Cregion as the amount of OAPS
increased from 0to 33wt %.”® Atamounts up to 15wt %, T, was
observed to increase ~35 °C and then fall off. Again, thls phe-
nomenon is likely a consequence of incomplete curing, suggesting
perhaps the use of higher curing temperatures. Unfortunately, no
mechanical properties are reported, but this area seems rich in
potential for future development.

Krishnan and He report a simplified synthesis of OMIPS.">
They use acetic anhydride coincident with maleic anhydride
which allows them to produce the octamaleimide at 60 °C
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Scheme 10. Synthesis of Octacinnamide (OCINPS) from OAPS’*
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following reaction in ethyl acetate for just 2 h.”> This is a
considerable improvement over our own method.”

Krishnan and He also report that OMIPS cures exother-
mically at temperatures above 100 °C. They produced co-
polymers with N,N'-p-phenylenedimaleimide (PPMI) and ur-
ethane methacrylate, demonstrating that incremental addition
of OMIPS increases the thermal stability of the copolymers
with the highest loadings giving thermal stabilities (7q;90)
greater than 450 °C.”> They also see shifts in the T, of the
resulting copolymers as a function of added OMIPS. What is
surprising is that they see a 7, for 100% OMIPS cured
at 280 °C, which may suggest that these materials are only
partially cured at this temperature, since they should be
so highly cross-linked as to show no T, as discussed above.
Unfortunately, no mechanical properties are reported for
these materials.”

Ni and Zheng”? developed an approach that escapes in situ
imidization by using OAPS as a building block to make photo-
polymerizable imides by reaction with cinnamoyl chloride as
shown in Scheme 10. Photopolymerization offers a cross-linking
mechanism that is potentially reversible.

Their studies focused on using the octacinnamide (OCINPS)
as a cross-linker for co-photopolymerization with poly(vinyl
cinnamate) (PVCIN) at contents up to 40 wt % of the cage
compound. Thus, solutions of PVICN with OCINPS in THF
(5wt %) were cast into Petri dishes, dried, and then subjected to a
high-pressure mercury lamp (500 W) at a distance of 15 cm from
lamp without photoinitiator for periods up to 10 h, where photo-
cross-linking was found to be 90% complete. No further cross-
linking was observed even for photolysis times up to 50 h. All of
the result films were transparent, indicating no phase separation.

They observed slight increases in T, (78 to 85 °C £ 3 °C) with
increasing OCINPS contents but not monotonically which might
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be attributed to aggregation of the cages. The thermal stability of
these materials showed only slight increases above the 185 °C
Ty4s0, at all loadings, suggesting again that segregation of the
cages occurred to some extent, but certainly not macroscopically
given the transparent nature of the samples. This behavior is hard
to explain decisively without mechanical properties studies that
might offer more information about nanocomposite properties.
To date, only one example of the use of OAPS in the synthesis of
phenolic resins has been reported.’® In this work, Hitco 134A, a
commercial resin, was used. This resin is reported to consist of
63—67 wt % oligomeric phenolic components, 13—17 wt %
isopropanol, 10 wt % phenol, 3—7 wt % bis(2-hydroxyethyl)-
amine, 2—6 wt % water, and 1.1 wt % formaldehyde. Following
removal of the water and isopropanol, the resin was dissolved in
THF, and 1, 3, 6, or 12 wt % OAPS was added. The solution was
cast into containers and solvent removed at 80 °C at 300—350
mmHg. The resulting resin mixtures were then heated to cure the
resin, generating a cross-linked product as suggested by reaction 13.
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XRD analyses showed a mostly amorphous resin with a small
peak appearing at 5.8° 20, corresponding to the OAPS component.
The intensity of this peak increases with initial OAPS concentration as
well as a typical amorphous hump centered roughly at 20° 26. SEM
analyses showed fracture surfaces typical of amorphous materials.”

DMA studies are as expected for increasing cross-link densities
with increasing OAPS contents; values at ambient are just below
1 GPaexcept for the 12 wt % sample, where it appears that OAPS
aggregation within the phenolic resin reduces the mechanical
properties. This is confirmed by the XRD results.”® Thermal
stabilities increase only slightly with the addition of OAPS.
Indeed at 12 wt % the thermal stability decreases by a small
amount from the pure polymer.”® The tan ¢ data indicate
decreases in T, from Ty, at 227 °C for the pure resin to 175
°C for the 12% OAPS, suggesting that the OAPS does not readily
form highly cross-linked materials as might be assumed from
reaction 13.7° Alternately, it may be that the OAPS increases the
free volume, thereby reducing 7,. This latter conclusion might be
supported by the decrease in thermal stability at the higher
loadings. Further work will be required to clarify these issues.

OAPS/Polyaniline (PANTI)

One of the more exciting possible uses of OAPS is as an
initiator for the synthesis of star polyaniline. It is now known that
conductivity similar to that seen in polyanilines can be observed in
oligomers containing as few as nine or ten aniline units.”" Thus, one
might envision making OAPS-based stars by growing oligoaniline
units out from the silsesquioxane core. The potential advantage is that
the normal insolubility of rigid PANI chains might be overcome
because the star configuration places the chains in a 3-D configuration.

Several papers have now apgeared on this subject®®!" with the
carliest work from Xiong et al.® These researchers used traditional
methods of polymerizing aniline in the presence of OAPS per reaction
14 and then doped the resulting material with either dodecylbenze-
nesulfonic acid (DBSA) or poly(4-styrenesulfonic acid) (PSS).

3
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In their approach, OAPS and aniline were copolymerized as an
emulsion in aqueous media by oxidative with ammonium peroxy-
disulfate (APS) in the presence of DBSA or PSS, respectively, as
shown in reaction 14. Molar feed ratios of OAPS to aniline were set
at 0.5/95.5 and 1.0/99.0, respectively. The resulting emulsion solu-
tions were then spin-cast onto ITO-coated poly(ethylene terephtha-
late) (PET) substrates for properties characterization. The DBSA
and PSS serve coincidentally as dopants and surfactants.*

As expected, the 3-D starlike nature of the products prevents
close packing of these materials facilitating ion transport through
the films. Because some PANI is coproduced in the process, it
is still possible for this material to align with arms of the star
materials, leading to some crystallization.*® Thus, XRD studies
reveal the presence of PANI crystallites. TEM studies suggest that
the OAPS stars are excluded from these PANI crystallites.®

For 0.5% OAPS star/PANI/DBSA composites, the electrical
conductivity drops by an order of magnitude from the pure PANI
from 2.2 x 107> to 1.9 x 10~ S/cm while the ionic conductivity

Macromolecules, Vol. 44, No. 5, 2011 1087

increases by an order of magnitude from 2.5 x 107 ¢t03.0 x 107°
S/ecm.® In contrast, the 0.5% OAPS star/PANI/PSS composite
electrical conductivities remain relatively the same with and
without OAPS star at (5—6) x 102, whereas the ionic conduc-
tivity increases from 1.7 x 107> to 8.5 x 107> S/cm.*°

Cyclic voltametry studies reveal only slight changes in behav-
ior, which were ascribed to the looser packing for the star com-
posite materials. However, the electrochromic behavior of 230 nm
cast films was superior for the composite materials. Thus, absorp-
tion changes on scanning from —2.0 to +2.0 V; 0.5% star/PSS has
atotal change in absorbance (AA4) of 0.66 at its A,,,,,, Whereas AA4 for
PANI/PSS is only 0.4 at its Apay.*’ This is a significant enhance-
ment in optical contrast at relatively small doping levels. At applied
voltages of 0, 1.0, 1.5, and 2.0 V, A4« values are 770, 750, 700, and
635 nm—shorter wavelengths than those for PANI/PSS, i.e., 775,
755, 715, and 670 nm at the same potentials.80 The authors ascribe
the small blue shift at 0 V to the presence of relatively short PANI
chains on the cages. An alternate explanation may be an electronic
interaction through the cage itself as discussed below.

These authors also used a three-electrode system to assess the
electrochemical stability of the electrochromic thin films in a 0.1 M
LiClO,/acetonitrile solution. CV studies under these conditions show
the OAPS star systems have significantly higher electrochemical
stability than simple PANI/PSS systems prepared the same way.*

More recently, this same group conducted similar poly-
merization studies, using aqueous HCI rather than PSS or
DBSA to produce the protonated emeraldine salt, OAPS
Star/PANI ES. Triethylamine was used to deprotonate the
salt to form the base, OAPS Star/PANI EB. The resulting
material could, for the most part, be dissolved in dimethy-
lacetamide (DMAc) with particulates being removed by cen-
trifugation followed by filtration. Thus, 1% solutions of OAPS
Star-PANI/poly(2-acrylamidomethane-2-propanesulfonic ~ acid)
(PAMPS) were used to process multilayer thin films in DMAc
using Langmuir— Blodgett (LB) techniques to create multilayer films.
Films up to 50 layers were prepared and then characterized.*

The surface morphologies of the multilayer films with the
electrochromic layer on top were examined via FESEM.
Figure 11a shows densely packed (bright) small islands. In
Figure 11b, the islands are surrounded by dark regions tens of
nanometers wide, which the authors interpret to mean an inter-
digitated morphology for 1% OAPS Star/PAMPS multilayer films.

CV studies show sharper peaks for 1% OAPS Star/PAMP
than for PANI/PAMPS, suggesting that the introduction of the
cage component creates more open pathways allowing more
rapid dedoping. This translates to faster color changes, making
these types of materials more attractive for practical applications.
Complete color change occurs in 4 s for the star system while it
takes 6 s for the PANI/PAMP system. However, the LBL films
showed somewhat better behavior in part because of the use of a
different dopant and in part because the LBL films are made from
dilute solutions. In such solutions, it is suggested that the mol-
ecules unfold giving greater linearity, which in turn gives more
uniformity in the multilayer films. Unfortunately, from a practical
standpoint, LB processing cannot be used in commercial applications.

Octa-azide

A recent paper by Ak et al.”® describes the diazotization of

OAPS followed by nucleophilic displacement to form the
octa-azide, OAZPS, as shown in reaction 15. As with many of
these reactions it is hard to assess the degree to which all of the
eight functional groups have been modified, that is, to obtain
100% conversion. Given that the dinitro compound noted above
is explosive, OAZPS might also be expected to be explosive. The
chemical analysis shows the compound to have slightly lower
than expected carbon contents and higher than expected hydro-
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Figure 11. FSEM studies with (a) PANI/PAMPS and (b) 1% OAPS Star/PAMP.

gen contents. One simple explanation is that water is contam-
inating the products. Other interpretations are possible.
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With OAZPS in hand, these researchers explored its reactions
with an alkyne modified thiophene per reaction 16. The next step in
this effort was to electropolymerize this 3-D polythiophene,
THOPS. Electrochemical polymerization was effected on an ITO-
coated glass slide in 10 mL of Py inTBAFB (0.1 M)/CH,Cl, at —0.8
to 1. 1 V at 40 mV/s scan rate. The thiophene derivative, THOPS,
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exhibits electroactivity (Eox 1/41.35 V) in TBAFB/DCM; unfortu-
nately, the current decreases upon repeated cyclin ng perhaps as a
consequence of forming an insoluble 3-D polymer.

The addition of pyrrole to the initial polymerization solution
greatly changes the properties. As expected, high concentrations
of pyrrole relative to THOPS lead to polymers with properties
resembling polypyrrole.” At lower concentrations, different
results are obtained. Thus, for a polymer derived from 50 mg
of THOPS and 10 uL of pyrrole, the spectroelectrochemical and
electrochromic properties at potentials between —0.8 and 1.1 Vin
CH,Cl,/TBAFB (0.1 M) medium were evaluated. In the neutral state
Amax due to m—s* transitions for polypyrrole and THOPS/pyrrole
copolymer were 351 and 390 nm, respectively. Band-gap transitions
were calculated to be 2.35 eV for polypyrrole and 2.25 eV for the
THOPS/pyrrole copolymer. Incorporation of THOPS into the poly-

pyrrole backbone, with coincident formation of a 3-D porous and
cross-linked structure, greatly improves ion mobilities as seen above
with the 1% OAPS Star/PANI/PAMP materials.”

For example, the optical contrast at all wavelengths measured
showed increases in the transmittance, with AT going from 17% to
30% at 730 nm. Again as above, switching times were improved from
1.1 s for polypyrrole to 0.4 s for THOPS—polypyrrole. In addition,
the THOPS—polypyrrole films exhibited four different colors in
neutral and oxidized states as given in Table 4 compared to poly-
pyrrole. The authors suggest that the introduction of other chromo-
phores could allow still a greater range of colors to be accessed.”

Thus, several of the above examples suggest that the incorpora-
tion of OAPS or its derivatives into electrochromic films intro-
duces microporosity, which aids in ion transport allowing more
rapid color development and switching but also improvements in
contrast as well. None of the reports to date discuss lifetimes,
which is an important, but as yet unexplored, parameter.

Halogenation

As discussed above, electrophilic aromatic substitution offers an
effective route to functionalizing OPS. Furthermore, the nitration
studies discussed above show that the inorganic core and the linking
C—Si bond are remarkably stable in the presence of strong electro-
philes.*” In this section we discuss the use of electrophiles that allow
the selective introduction of Br and I onto the OPS phenyl groups.

Traditionally, halogenation reactions rely on Lewis acid (LA)
catalysts to polarize a diatomic halogen, X,. For example, benzene
will not react with bromine without a catalyst.”>** Polarization
generates electrophlhc halogens “X™” of sufficient reactivity to
attack aromatic rings.”>** However, phenols and other activated
aromatic systems halogenate without a LA catalyst.”> One might
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Table 4. Comparison of Colors for THOPS—Polypyrrole vs
Polypyrrole”
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Table 5. Bromination Pattern for Brs 30PS Based on F /H,0,
Cleavage To Produce Phenols

polymer potential (V) color major isomers mole fraction” (%)
THOPS—polypyrrole —-1.0 yellow 4-bromo 39
10.5 red phenyl 37
+0.2 green-gray 3-bromo 15
+1.0 blue 2-bromo 6
polypyrrole -1.0 gray dibrominated 3
1.0 light blue “43%,.

expect SQ cages to deactivate aromatic substituents with respect
to electrophilic attack given Feher et al.’s observation that the
cage offers electron-withdrawing character similar to a CF3
group based on analysis of Hammett constant correlations.”
Such a substituent can be expected to substantially reduce elec-
trophilic substitution rates.”

Thus, LAs (e.g., iron or iron trichloride) will complex with Br»,
generatln% cationic B equivalents that react readily with aromatic
groups. - Iron-catalyzed bromination of [PhSiO, s]s or OPS was
described by Laine et al. (reaction 17), % by Heetal.,” and by Brick et
al.”® The bromination of OPS by IBr was reported by Erben et al.”

Br

BrofFe ot/ \ )g;r

. T\

CH,Cly/3 h/20;C Br o&g Lo Br
i 0 __si /
Srarie®

Br a7

The substitution pattern for iron-catalyzed bromination was
established by Brick et al. using F~/H»0, to oxidatively cleave
Si—C bonds producing a mixture of phenols.”” GC-MS was used
to determine the ratio of ortho, meta, and para isomers. Table 5
contains data obtained for Brs ;OPS, suggesting initial bromina-
tion was para.

As a complication to the LA-catalyzed monobromination
studies, we also observed formation of higher bromination pro-
ducts including Br;OPS, where the apparent substitution pattern
was 2,5.”® Most recently, we developed a more definitive route to
monobromination with some surprising results.'”

In contrast to published methods, we find that OPS will
react directly with bromine in the absence of LA catalyst.'?
Thus, the careful addition of Br, to a suspension of OPS in
methylene chloride (I g OPS/5 mL CH,Cl,) at a Br:Ph ratio
of 1.65:1, followed by heating to reflux, provides octa-
brominated OPS with a narrow distribution in substitution
number, reaction 18.1%°

If the silsesquioxane cage is an electron-withdrawing sub-
stituent, as proposed by Feher et al., significant meta substi-

Figure 12. Prog)osed complexation/polarization of Br, at silsesquiox-
ane cage face.”

tution should occur due to deactivation of the ortho and para
" 95 . . . . .

positions.”” However in this case, oxidative Si—C cleavage of the

isolated octa(bromophenyl)silsesquioxane shows no meta-sub-

stituted phenols."® Most surprisingly, ortho substitution is pre-

ferred to substitution at the more sterically available para-posi-

tion 85% to 15%.'"

Q0
0

Br2/80 %

CHZCI2/24 h/reflux /
/ / \0 /Sl

©ES'\°/S'©

This unexpected result can be rationalized in light of recent
calculations by Park et al., who report that halide ion complexation
to cubic silsesquioxanes faces is favored energetically by
10—60 kcal/mol.'" Thus, in solution at room temperature, we
suggest that diatomic bromine spontaneously polarizes at the
cage face generating a Br' equivalent adjacent to the ortho
position, as depicted in Figure 12. In other words, it appears that
the cage itself drives bromination, acting as a LA.
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During work-up of octa(bromophenyl)silsesquioxane, an ethyl
acetate insoluble fraction may be isolated comprising up to 40%
of the total mass. Recrystallization from o-dichlorobenzene gives
large colorless, orthorhombic crystals of 0-BrgOPS. The remain-
ing soluble material (~85% of the total) is precipitated into cold
methanol and isolated as a fine white powder and is determined to
be on average BrgOPS.

X-ray quality crystals of 0-BrgOPS were grown by slow cooling
of hot, saturated m-xylene solutions. Single crystal X-ray diffraction
analysis revealed that 0-BrgOPS crystallizes in the tetragonal space
group I4(1)/a (Figure 13). The unit cell contains eight molecules with
a total volume of 15348.5 A. The 2.5 m-xylene solvent molecules are
disordered. Two of the solvent molecules were modeled by partial
occupancy, while one-half of one m-xylene per unit cell was modeled
using the SQUEEZE subroutine of the PLATON program suite.'”

It is possible to further increase the degree of substitution, in
this process simply by adding more bromine; however, experi-
mentally that the average degree of bromination does not exceed
14. Given that iron powder used as a LA catalyst dramatically
accelerates the reaction, it can be used to increase the average
substitution to 16.%% As the degree of substitution number reaches
16, the product precipitates from the reaction solution, allowing it
to be isolated in near-quantitative yields.”®

However, once isolated, the product is insoluble in most tra-
ditional laboratory solvents, including ethyl acetate, toluene,
THF, and acetone. Fortunately, Olson and Gronwall reported
bromination of the octathiophenesilsesquioxane some 40 years
earlier and found it to be soluble in carbon disulfide.'®* Br;;OPS
is also soluble in carbon disulfide.

Optimization studies determined that slow addition of Br, to a
stirring suspension of OPS and FeBr; (used as a homogeneous
LA) in methylene chloride at 0 °C leads to an instantaneous,
vigorous reaction (19).'

X-ray quality crystals of 2,5-Br;4OPS-CS, can be grown
by slow evaporation of a 1:1:1 carbon disulfide/dichloro-
methane/dodecane solution. Single crystal X-ray diffraction ana-
lysis reveals a triclinic space group P-1 (Figure 14) The unit cell
contains one molecule with a total volume of 1699.3 A* and a density
of 2.318 g/em?®. This is an unusually high density for a compound
containing no metal atoms. The single CS, solvent is disordered.'®
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The addition of the FeBr; catalyst after an initial stage of
bromination without catalyst increases the degree of bromination
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beyond 16, reaction 20, providing highly insoluble white pow-
ders. Attempts to increase the degree of bromination to 24 led
to significant Si—C cleavage as a side reaction, leaving a silanol
functionalized corner, as detected in the crude reaction products
by MALDI-TOF. %% It appears that the tribrominated corners are
readily cleaved'®under the highly acidic (due to HBr produced),
oxidizing (due to excess Bry) conditions. Repeated recrystalliza-
tion of the reaction product from hot o-dichlorobenzene removes
the cleaved products and allows isolation of crystalline material

in low yields, <10%.%
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Single crystals suitable for X-ray diffraction were grown
from dilute solutions of hot o-dichlorobenzene. The refined
crystal structure shows a solid solution, with multiple sub-
stitution patterns (Figure 15). The partial filling factors
indicate an average of 24 bromines. The crystal structure
is relatively open, hosting disordered o-dichlorobenzene
solvents, and having a lower density (2.0 g/cm?) than the
Br|6OPS.

DSC analysis shows melting points range from 250 to 400 °C.
While the as-prepared BrgOPS melts at ca. 260 °C, the crystalline
octa-ortho-brominated OPS melts at ca. 360 °C, almost 100 deg
higher.'®" This is presumably due to the higher degree of
crystallinity. The hexadecabrominated OPS melts at ca.
375 °C.'%° Together, these melting points are below or far
below where mass losses are observed in the TGA.'" The
tetraicosa-brominated OPS has a melting point close to the
decomposition temperature. Under nitrogen, the octa-
brominated compound shows a mass loss akin to a boiling/
sublimation at ca. 450 °C. The TGA traces of the hexa-
deca- and tetraicosa-brominated compounds show > 500 °C
stability in air. The TGA trace of Br;sOPS under nitrogen
does not show evidence of sublimation.'®

Functionalization of Brs5 ;0PS

Initial efforts to functionalize the Brs;OPS produced via re-
action 17, where the substituent distribution of Br groups on the
phenyls was well understood, were undertaken to demonstrate
the utility of these species for generating a wide variety of 3-D
functionalized SQs. Scheme 11 provides a list of functionalization
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Figure 13. 50% thermal ellipsoid plots of octa(o-bromophenyl)-
silsesquioxane- 2. Sm-xylene Hydrogen atoms and m-xylene solvates
are omitted for clarity.'®

Figure 14. 50% thermal ellipsoid plots of octa(2,5-dibromophe-
nyl)silsesquioxane carbon disulfide solvate. H gdrogen atoms and car-
bon disulfide solvates are omitted for clarity.'

reactions surveyed. The yields and analytical data for each
compound are found in Table 6.

Of note is the fact that in the alkyne and amine heterocoupling
reactions significant amounts of aryl bromide are retained in the
final product. In part, this is because heterocoupling is inefficient
in these reactions. In part, this is a consequence of the product
containing some portion of ortho-bromo groups, which are
difficult to functionalize as discussed just below.

Alkyne and Alkene Syntheses (Sonogashira and Heck Reactions)

In the case of the alkyne reactions, we frequently observed double
alkynation.'"® The most reasonable explanation for this result is via
the back-reaction of the HBr byproduct with the alkyne, as suggested
in reaction 21.""® For this reason, plus the complications that arise
because of the mix of substituent sites and the presence of 3—5%
dibromo products, the iodo compounds proved to more useful for
alkyne coupling studies, as discussed below.''®
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2
> 2
Br18
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Figure 15. 50% thermal ellipsoid plots of tetraicosabrominated
OPS- So-dichlorobenzene (R-factor of 6.3%). Hydrogen atoms and o-
dichlorobenzene solvates are omitted for clarity. Dashed bonds indicate
partially occupied bromine sites.'?
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Polyaromatic Syntheses (Suzuki Reactions)' '

As noted throughout this review, the 3-D nature of these
molecules allows one to attach oligomeric groups that are poorly
soluble or insoluble by themselves. However, by forcing the
individual units to be symmetrically disposed on the cage surface,
their ability to order for example by extended 77—z interactions
can be diminished and their solubility and ease of purification
much improved."" This is particularly problematic for polyaro-
matics. Given our continuing interest in making materials for
organic electronic applications, we sought to explore use of the
Suzuki coupling to produce polyaromatics. Thus, we chose to
synthesize a series of compounds according to Scheme 12 with
analytical data contained in Table 7. Note that Brs 3 represents
the average degree of substitution,

While in the course of running these studies, another group
published a paper making several of the same compounds pre-
pared using a Br,OPS with a poorly defined number of bro-
mines.”” This work”” reports finding that these compounds exhibit
organic quantum dot like properties.
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Scheme 11. Functionalization of Brs;OPS via (i, iv) Heck, (ii) Songashira—Miura, (iii) Suzuki, and (v) Amine Heterocoupling Reactions”®
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Table 6. Characterization Data for Brs;OPS (Average Degree of Substitution) Derivatives’®
GPC TGA MALDI-TOF (Ag" adduct)
cmpd conv (%)* M, M, PDI found % calc % most common isotope found calc
Brs ;OPS 921 928 1.01 324 33.1 BrsSigO1,CagHsy 1614.1 1614
i 99 1669 1786 1.07 27.0 29.2 Sig01>CysH34(CoHo)s 1839.4 1838
il 51 1118 1194 1.07 30.3 31.1 Sig01,CysH34(CoH7)4Br, 1754.8 1755
iii 99 1983 2027 1.02 32.6 33.5 Sig01,CysH34(CsHs)s 1597.3 1597
iv 99 2450 3015 1.23 28.3 30.8 Sig01,CysH34(CsH70,)6 1728.8 1729
v 63 1591 1862 1.17 28.5 31.2 Sig01,CysH34(C7HgN),4Br, 1718.0 1718
“Conversion represents the fraction of aryl bromides reacted in the final product.
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Figure 16. (a) UV—yvis and (b) PL emission spectra (dilute THF) of Ars;OPS.

The emission spectra appear to be very narrow. The same
paper also claimed that Suzuki coupling did not work, and thus
an Ar—Br coupling reaction was effected using a palladium
catalyst. Both results were surprising to us, given that we got
reasonable, unoptimized yields from Suzuki coupling per
Table 7. In addition, we see emission peaks that are typical
of polyaromatics as shown in Figure 16 with no apparent
emission narrowing. Finally, both efforts find that these
compounds are highly soluble, air-stable to >400 °C, and
emission quantum efficiencies, ®p;, can be up to 98% (Table
8). Of particular importance is the fact that the 9,9-dimethyl-
fluorene derivative is very soluble. There is no need to attach
long chain branched alkyl groups for solubility. Such groups
are excellent points for oxidative degradation at the branch
point.

Alkenes via Heck Coupling

The recent discovery of methods of obtaining quite pure
bromination products, as shown above, has allowed us to revisit
some of these reactions especially given that we can make pure
ortho derivatives and compare them with pure para derivatives as
discussed in the next section.

To this end, we recently began a series of efforts to functionalize
the 0-BrgOPS, [2,5-Br,PhSiO; s]g, and [BrsPhSiOj s]g systems with
the objective of assessing their photophysical properties for
reasons discussed below.'™ Scheme 13 provides an overview of
all of the reaction chemistries assessed for these three compounds.'®

As implied above, Heck coupling at the ortho site is relatively
slow, and as a consequence, most of the reactions were run at
70°C/24 h,'%* in contrast to our earlier studies where the reactions
were run at room temperature (48 h).”® The acetoxy derivatives
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Table 7. Mass Spectroscopy, GPC, and TGA Data for Ar,OPS Compounds (x ~ 6—8)'"’

MALDI Ar¢POS (Ag") GPC TGA
molecule yield (%) found calc M, M, PDI Tas0s CcY“ calc
F,OPS 59 2295.0 2294.5 1521 1594 1.05 480 22.8 25.0
B,OPS 49 1597.2 1597.2 904 920 1.02 440 35.2 33.5
T,OPS 38 2054.0 2054.3 1231 1256 1.02 440 334 26.1
BBOPS 41 1934.2 1934.5 1312 1412 1.08 400 29.1 27.8
NP,OPS 28 1896.8 1898.3 1181 1256 1.06 450 38.9 28.3
TP,OPS 52 1632.7 1632.9 987 1018 1.03 510 26.4 32.8

“CY = ceramic yield.

are potentially quite interesting as they offer, via hydrolysis,
access to phenolic species per reaction 22. These compounds in
turn offer many opportunities for further functionalization for
diverse applications.

N g
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HOAc / 8,16,24
/o
8, 16,24 /0

Likewise, removal of the BOC protecting group will produce a
polyamine as suggested in reaction 23. However, in our preliminary
studies, we find the resulting free amines to be quite susceptible to
oxidation. Furthermore, the resulting cage compound is expected
to be highly hygroscopic as noted above for the hexadecaanilino
SQ and also quite basic. In the latter case, hydroxide generated
from trace amounts of water may cause cage Si—O bond scission.
Thus, we suggest the use of alkyl-functionalized aminostyrene in
reactions such as those shown in Scheme 13. Given their novel
photophysical properties, we believe this is a worthwhile area to
pursue, as discussed below.

= “ o
A\
”ww Tﬁ
/o/
H*/H,0 O\SIW

8,16, 24

8,16,24

/ (23)!™

Iodination

As with bromination, the halogen cation electrophile is the
dCthC species. An oxidizing agent is typically used to generate I in
situ.”? 7 Vogel suggests usmg nitric acid as an oxidant in benzene
jodination.”® The expensive hypervalent iodine reagent bis-
(trifluoroacetoxy)iodobenzene was used as an oxidant in the
synthesis of tetra -iodophenyl)adamantane'® and hexa(p-iodo-
phenyl)benzene In contrast, the less expensive iodine mono-
chloride (ICI) is permanently polarized due to the higher electro-
negativity of chlorine, acting effectively as a stable I'* source.®*!"
ICl is commercially available in methylene chloride solution, the

Scheme 12. Synthesis of Arylated Phenyloctasilsesquioxanes from
Bl’5.3OPS (Al’ssOPS)

Br,

N Br ArsNy N
Q. 0 O%f:?ﬁ )
|

@%,sl \:%a @Ar
U 0

N,OPS

B’@ % ° e PA[P(Ph))
0 Si—, Si 4>
UQCP

@ B,OPS

Ar = TxOPS _Q\/\ BB,OPS
Q'Q FXOPS v TP,OPS

best solvent for OPS, which reduces the heterogeneity of the
reaction.!”’

As described previously,*®!%” for operational simplicity, initial
reactions of OPS with ICl in methylene chloride (reaction 24)
were conducted at room temperature, but we were surprised to
discover that iodination of OPS with ICl at —40 to —60 °C
followed by recrystallization from ethyl acetate provided 30—
40 mol % colorless crystals of (IPhSiO; s5)g (or [gOPS) and I;OPS
and following filtration, based on octa-substitution. The remain-
ing noncrystalline fraction (70—60%) is recovered by precipita-
tion into methanol.

ICI/-40 to -60°C/24h
SiOyp | ————3 I sio
321 GH,CI,/80-90% 32

n n
n=8,10,12 (24)105

Though initial NMR data suggested para substitution, oxida-
tive cleavage using fluoride was used to produce the iodophenols,
allowing the substitution patterns of the crystalline and oil frac-
tions to be quantified.'’” Recrystallization, giving 30—40% of the
theoretical yield by mass, is found to remove the IyOPS isomer
and GC/MS analysis of the resulting iodophenols shows f—lodo-
phenol and only traces of phenol or other iodophenols.'”” Coin-
cidentally, the same approach permits iodination of (PhSiO; s);o and
(PhSIO; 5);, per reaction 22.% Single crystals suitable for diffraction
studies were grown by slow cooling of hot, saturated ethyl acetate.
Figure 17 depicts the single crystal X-ray structure.”’

(IPhSiOy 5)10, (or I;,dPS), because of its high solubility, is
difficult to isolate.®” Analogous to the high solubility of the (PhS-
10y 5)10 in toluene/methanol solutions, precipitation of I;,dPS
into methanol leads to somewhat lower yields. Recrystallization
from ethyl acetate gives deca(p-iodophenyl)silsesquioxane as
single crystals suitable for X-ray diffraction (Figure 18).%

(para-1PhSiO 5)1, (or 1;,DPS) is recovered in 90% yield, and
the symmetrically substituted material is obtained by recrystalli-
zation from m-xylene in 20% yield.** The remaining ~70% of the
reaction product is isolated as a white powder after precipitation
into methanol, shown by MALDI-TOF to be a mixture of
I,,DPS—1;;DPS isomers.*” Single crystals of the dodecamer,
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Table 8. Photophysical Data for Ars 30PS and Related Materials

compound ext coeff” UV max (nm) PL max (nm) Dpp (%)
F,OPS 1.17 x 10° 312 377 98
B,OPS 3.43 x 10* 250 342 10
T,OPS 5.46 x 10* 285 349 23
BB,OPS 3.06 x 10* 263 348 35
N,OPS 2.13 % 10° 291 362 38
TP,OPS 3.81 x 10* 271 350 9

“Measured at maximum absorption wavelength in THF.

Table 9. Characterization Data for Selected RStilbene, OS'**

m/z (Agt adduct) GPC ceramic yield (%)

R group X MALDI M, M, PDI actual calc Tas, (°C)
Me 8 2068.6 1212 225 1.011 24.6 24.5 367

16 2890.4 2032 2057 1.012 17.2 16.6 417

23 3812 2522 2565 1.011 13.5 13 386
acetoxy 8 2422.2 1535 1570 1.023 20.3 20.8 397

16 3702.7 2542 2614 1.029 13 13.4 359

23 3593 3893 1.083 5.7 10.2 344

& R

Clla S
C5a ‘G2
T T

Figure 19. 50% thermal ellipsoid plots of dodeca(p-iodophenyl)-
Figure 17. 50% thermal ellipsoid plots of IgOPS. Hydrogen atoms are silsesquioxane. Hydrogen atoms and m-xylene solvents are omitted
omitted for clarity.%1%8 for clarity.®

Table 10. Characterization Data for NBocStilbene, OS'*

m/z (Ag* adduct)” GPC
X MALDI M, M, PDI
8 1969.2° 2382 2431 1.021
16 3013.9 3749 3809 1.016
23 4290 4390 1.023
ceramic yield (%) Boc group mass loss %
X actual calc Tas, (°C) actual theoretical
8 154 17.3 177/~400 29 29.2
16 11.5 10.2 190/~440 35 359
23 7 8 184/~450 38 38.6

“ As deprotected species (NH,Stilbene,OS). ® H* adduct.

prepared identically to the other iodophenyl cages, were grown
from hot m-xylene. The single crystal structure is presented in
Figure 19. Table 11 compares the crystallographic data for all
three (para-IPhSiO; s5),,—s.10.12 structures. Note that the octamer
unit cell is tetragonal but quite close to cubic symmetry as might

Figure 18. 50% thermal ellipsoid plots of I;,dPS. Hydrogen atoms are be expected given its high symmetry. This also indicates that its
omitted for clarity.* crystal packing is almost cubic. In the Introduction, we argue that
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Figure 20. TGA of the homologous iodophenylsilsesquioxanes.*

this kind of packing is needed to obtain nearly perfect assembly in
3-D at much larger length scales. In contrast, the symmetry of
other two crystal structures is far from cubic. These differences
explain observations made below on the thermolysis of these
compounds.

In and of themselves, the IgOPS, I,,dPS, and I1;,DPS com-
pounds exhibit novel thermal behavior that is not evident by
simply examining the TGA ceramic yields of these compounds.
TGA studies in air and nitrogen indicate that these compounds
all undergo an ~50% mass loss on heating above 420 °C, as seen
in Figure 20. These equivalent mass losses occur with the evo-
lution of I, (49 wt % theory) as evidenced by the formation of I,
crystals as bulk samples are heated to this temperature. This likely
suggests the reaction shown in (25).

|
o /O/
s — s

ra
7
/
o
425{C-l, o — /
- - \ i s~
\o//s"m N
0 o
4 (25

The FTIR of the starting and heat-treated materials (Figure 21)
suggests retention of the cage structure as well as the aromatic ring
structure. Unfortunately, whether this is simply a highly cross-
linked aromatic char or an ordered materials arising out of reaction
25 is not obvious. However, more detailed studies do suggest that
reaction 25 has occurred. The thermolysis products are labeled as
T-T8 for IgOPS, T-T10 for I;,dPS, and T-T12 for I;,DPS.

The Tg compound alone crystallizes in_a tetragonal space
group with @ = b = 20 A and ¢ = 21.5 A, nearly cubic with
four molecules per unit cell. If reaction 25 is operative, then we
might expect this crystal structure to be close to the desired
perfect 3-D NB packing. If packing is preserved in the thermolysis
products, it should produce a nanostructured material with cubic
symmetry. Figure 22 strongly suggests that this has happened.
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In addition, one might anticipate that the high symmetry would
lead to microporosity.

This is indeed the case. Table 13 provides both the TGA and
the microporosity data for the individually thermolyzed materi-
als, indicating that the most symmetrical nanobuilding block
gives the highest surface area. This seems to be indicative of the
highest 3-D order at larger length scales compared to the other
two thermolysis products as supported by the XRD studies
of Figure 23 wherein T-Tg offers the most ordered struc-
ture at larger length scales. This is one of the first examples where
ordered molecular packing at nanometer length scales leads to
nanostuctured materials were this order is retained.

IgOPS Derivatives

The [p-IPhSiO; sg 10,12 compounds offer the potential to build
3-D nanostructures with a variety of symmetries allowing novel
structure—property relationships at nanometer length scales. As
noted above, [PhSiO; 5], is difficult to isolate in large quantities,
whereas the [p-IPhSiO; s]s 1> compounds are not. In this section,
we concentrate primarily on [p-IPhSiO; s]g, IgOPS.

Iodinated aromatics, including IgOPS, tetra(p-iodophenyl)-
adamantane'® and the hexa(p-iodophenyl)benzene,'® can be ex-
pected to be quite useful 3-D precursors for the synthesis of
complex molecular and supramolecular systems, like our targeted
nanobuilding blocks. One reason is the extensive development of
catalytic C—C and C—heteroatom bond forming reactions via
cross-coupling over the past few decades which has multiplied the
types of functionality that can be incorporated.'*!"”

Some examples of C—C bond formation based on
C—halogen functionalization include the Sonogashira,'®®
Suzuki,'®” Heck,'”® and Stille'"* coupling reactions. The incor-
poration of heteroatoms, multiplying the accessible functiona-
lity, can be accomplished through amination,'"'">!"'® pho-
sphonation,1 14 etherﬁcation,' 3 and thioetherification.'”> We
have previously discussed examples of such reactions, as shown
in Scheme 14. It is worth noting we have found the Suzuki
coupling conditions described for the bromo derivatives
(Scheme 11)'? may also be extended to the iodo derivatives.
Here we focus on two particular areas: the alkyne-function-
alized materials and their derivatives and the stilbene-function-
alized materials.
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Scheme 13. Heck Coupling Studies on 0-BrgOPS, 2,5-Br;sOPS, and Br,4OPS; Preparation of Selected Functionalized Stilbenes for Comparison of
Photophysical Properties'**
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In the former case, we are interested in using the octa-alkynes

Pd catalyst

Heck coupling

8 Functional groups

16 Functional groups

as building blocks for larger scale compounds and also for { \

. . x o~ =L o 7
microporous materials. B i

Asnoted above, our original efforts to synthesize alkyne deriv- P /OZO\ &/ N\,
atives using Brs;OPS were fraught with complications arising / L +8 — R
from what appears to be addition of HBr byproduct to the pro- ﬁ)‘\/,,,/s. ) /s’.\\ /\\
duct alkynes leading to reaction 21 with the formation of an X/\/\é’/ ¢0
enyne. In these new efforts, a modified catalyst system, composed @/ 0N A
of the commercially available bis(tri-zerz-butylphosphine)Pd(0) X o /‘\
and Cul(PPhs);, was used to improve yields and purity of the X=8r,| X
final products.''® Table 14 compares the analytical data for these
two substrates. Figure 24 provides the single crystal structure of R R
the octa-diphenylacetylene. N\ \ - 7

Thermolysis of these compounds (N,) appears to induce alkyne
polymerization,''® analogous to processes observed in the thermo-
lysis of alkynyl-functionalized tetraphenyladamantanes.'*® Table
15 provides Tyse, for the compounds synthesized via reaction 26.

Continuing with efforts to build 3-D structures, a collaborative
effort was undertaken to use the trimethylsilylalkyne compound
of reaction 26 as a starting point for oxidative homocoupling of the
demasked alkyne as suggested in reaction 27."*' Note that this would
be a silsesquioxane analogue of the cubane structure illustrated in
Figure 1b. In theory, if perfect coupling were achieved, then a 3-D
structure as shown in Figure 25 would arise. This structure was
calculated to offer a specific surface area of 6400 m?/g.

Pd catalyst, Cul/NR's

R = SiMe,

COoMe

CFy

Q@

/ 0
SNl o A
L L o7 o/ )
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jenme

W

(26)118
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(27)121

This approach, while not fully ideal in that it does not allow for
bond equilibration during homocoupling, still provides materials
with quite high surface areas for simple covalent organic frame-
works. Thus, surface areas approaching 1100 m*/g were obtained
when small amounts (5 mol %) of end-capping trimethysilylethy-
nylbenzene are added. These materials, because of the inherent
thermal stability of the cage, exhlblt essentially no mass loss on
heating to 500 °C in nitrogen.'?' Finally, extensive exposure to
water did not have any effect on the surface areas, again pointing
to the robust nature of these materials compared to metal organic
framework materials.'?

We have also taken advantage of these alkynyl-functiona-
lized silsesquioxanes to prepare much larger single structures
via Diels—Alder condensation with tetraarylcyclopentadie-
nones to generate the octa(hexaarylbenzene)silsesquioxanes
(Figure 26)."%* The reader is directed to the original reference
for more details on the Diels—Alder reaction. The octa-
(hexaphenylbenzene)silsesquioxane (MW 4685 Da) crystal-
lizes readily from hot, saturated solutions of m-xylene giving
an approximately triclinic unit cell with edge lengths of ~2 nm
and Z = 1."* In addition, the crystal structure is found
to contain a network of voids comprising 55% of the unit
cell, occupied by disordered solvent molecules and connected
by a 2-D network of infinite channels in the ab plane.'*
Subsequent dehydrogenative cyclization reactions in the
manner of Miillen et al. were used to convert the hexaphe-
nylbenzene groups to hexa-peri-benzocoronene moieties as
suggested by Figure 27.'*? The 15 A spacing noted below is
seen in the powder X-ray diffraction data for these products
given in ref 122.

Acylation and Alkylation

In this final section on electrophilic substitution, we briefly
address the acylation reaction and focus on alkylation
studies. In efforts to effect acylation, it was possible to obtain
good acyldtlon in only one case, using acetyl chloride as
suggested in reaction 28.'** Efforts to acylate with other
simple acyl compounds failed under the same conditions.
Given the success with the alkylation discussed below, per-
haps this area should be revisited.
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(29)*

In contrast to the acylation studies, it was quite easy to
alkylate OPS using similar reaction condmons per reaction 29,
which shows a generalized reaction.'”* As ant1c1pated from
traditional Friedel—Crafts chemistry, a primary cation is
generated initially that can either effect electrophilic substitu-
tion or first rearrange to the more stable secondary cation
which then reacts.

Alkylation is less discriminating than acylation leading to
mixtures of ortho, meta, and para that are difficult to distinguish
analytically. Thus, alkylation leads to a plethora of products
for each linear alkyl bromide used. Furthermore, degrees of
substitution vary distinctly with the amounts and size of the
alkyl chain. Figure 28 provides examples from MALDI-ToF
analyses of separate alkylation experiments. Table 16 provides
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Table 11. Crystal Structure Data for the Iodophenylsilsesquioxanes®

I;OPS 1,,dPS 1,,DPS

space group 14/, tetragonal C2/c, monoclinic C2/c, monoclinic
unit cell dimensions a = 20.0403(11) A A = 28.054(2) A | a = 32.082(9) A

b = 20.0403(11) A b = 15.6168(11) A b = 14.704(4) A

¢ = 21.4606(12) A ¢ = 22.3246(16) A ¢ = 28.755(8) A

a, B,y = 90° a,y = 90; b = 108.859(1)° a,y = 90; B = 118.438(4)°
unit cell volume 8618.9 A* 9255.7 A* 11927.9 A3
z 4,1.641 mg/m’ 4,1.831 mg/m’ 4,1.941 mg/m’
R-factor 7.4% (9.7%)" 4.6% (6.6%)" 9.2

“Before use of SQUEEZE to account for disordered solvent.®®

Table 12. Characterization of the Homologous Iodophenylsilsesquioxanes

compound yield (%) GPC M, (Da) GPC PDI CY calc CY* found MALDI calc (Da) MALDI found (Da)
1;OPS 90 1159 1.01 23.5 22 2148.6 (Agh) 2148
1,,DPS 90 23.5 24 3168.9 3167.3
1,0dPS 80 23.5 23 2658.72 2657

“CY = ceramic yield in air/10 °C/min.

1130
22t 501
i |gOPS = -
187 l1odPS = 743 s

H @ —
16! 11,DPS = 1006 g T-IBOPS
1,4-§ §
142‘2 g

i 1574 N —T-110dPS

—T-112DPS
Tae T meo T w0 T TEw T k0 4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1) Wavenumber (cm™)

Figure 21. FTIRs of (a) homologous and (b) 425 °C thermolyzed iodophenylsilsesquioxanes T-Tg, T-T o, and T-T;,. Note that both the aromatic
vC—H and vSi—O—Si peaks remain.*’

GPC data for alkylation under standard conditions for set state as determined by the XRD data. This also explains the
reaction times. These data are captured in the GPCs shown in increase in Ty, as more alkyl groups are added. Indeed, modeling
Figure 29. studies suggest that both the butyl and hexyl materials are
The dimers come from small amounts of solvent (CH,Cl,) interdigitated whereas the longer chain compounds act more like
alkylation. The melting points of all of these materials after simple alkanes, exhibiting typical chain—chain interactions and
purification were recorded and are plotted in Figure 30. Several packing as seen in Figure 33.
novel results are revealed by the data in Figure 30. First, in most The apparent interdigitation in the solid and especially the
instances, the addition of greater amounts of alkyl groups at first liquid states suggests that more carefully designed analogues
lowers T, but in several instances thereafter the T, actually rises. might be expected to act as nanogears in some form of nano-
As might be expected, the greater the chain length, the more machine.
difficult it is to alkylate beyond a certain limit most likely due to Alternately, when fixed to a surface, one might envision
steric factors inhibiting the approach of the cationic species. Still these types of interdigitated formats to offer “Velcro”-like
more interesting are the results obtained for the Tys0, and after properties, allowing one to fix an object to a surface and by
12 h shown in Figure 31. The most important point is that the raising the temperature to a point where the object can be
butyl and hexyl compounds are air stable to >400 °C for the shifted on the surface without ever leaving and then cooled to
most of the products isolated. In contrast, most of the octyl re-establish a fixed position.

and decyl compounds exhibit Tyse, values closer to 325 °C on

average. This disparity is greater in the 12 h/250 °C oxidation studies Properties of StilbeneSQs

of Figure 31b. Initial functionalization studies with Brs;OPS targeted the

We know from Figure 30 that these temperatures are well introduction of aromatic groups in an effort to create luminescent
above the melting temperatures of these molecules. Additionally, centers especially for organic light-emitting diode com-
DSC studies show almost no obvious phase transitions occur on ponents.”®!"%!1%5 For reasons justified here, these studies were
heating or cooling, suggesting that these materials are perhaps extended to iodo-derived materials. The original intent was to
amorphous. However, detailed XRD studies show that these develop standard routes to luminescent materials that take
materials are reasonably well ordered as seen in Figure 32. These advantage of the robustness of the SQ core. In addition, the
data strongly suggest that at least for the butyl and hexyl 3-D nature of the system and the relative ease of synthesis and
compounds these materials are interdigitated both in the liquid high solubility offered the potential for rapid purification of the

state (hence the improved oxidation resistance) and in the solid resulting compounds.
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Figure 22. SEMs of T-Ty suggesting retention of the original crystal morphology.*’
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Table 13. Characterization Data for T-Tg, T-T;y, and T-T;, (CY = Ceramic Yield)

compound mass yield (%) CY calc (%) CY found (%) SA (m?/g) Langmuir SA (m?/g) BET pore volume (cm*/g)
T-Tg 55 47 45 830 555 0.31
T-Ti» 56 47 45 670 455 0.26
T-Tio 52 47 44 740 500 0.27

Table 14. Alkyne Product Yields, Conversions, and GPC Data from Brs ;0PS and IOPS'!®

Brs ;OPS I3OPS
yield % conv” GPC  ceramic yield yield Y% GPC  ceramicyield  ceramic yield (%)
acetylene (%)“ (NMR) PDI (%) (%)"  conv’(NMR) PDI (%) (theory)

phenylacetylene 90 n/a 1.14 25.4 90 n/a 1.02 26.4 27.0
4-ethynyltoluene 86 130 1.09 22.5 89 >99 1.01 24.5 25.4
4-ethynylanisole 87 130 1.15 21.2 90 >99 1.01 22.6 23.8
4-ethynyl-o,a,0- 64 120 1.21 22.5 70 >99 1.15 21.1 20.7
trifluorotoluene

trimethylsilylacetylene 80 110 1.23 17.8 81 >99 1.02 27.6 27.5
methylpropiolate 56 110 1.23 17.8 67 >99 1.02 29.3 29.3

“Isolated yield calculated relative to complete conversion of aryl halide. ® Conversion calculated as ratio of aromatic to nonaromatic protons in

"H NMR compared to the theoretical ratio.

To this end, we investigated the synthesis of stilbene systems
via Heck coupling and polyaromatic systems relying on Suzuki

coupling.'"” The reason for starting with the stilbene compounds
(Scheme 11, Table 17) is that the photophysics of stilbene is well
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Figure 23. XRD Powder patterns of T-Tg, T-T;o, and T-T)5: (a) full scale; (b) expanded.*

Scheme 14. Functionalization of IsOPS Using Standard Heterocoupling Chemistries'’’
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Table 15. Tys0, for Octa-alkynes from IgOPS (in Air)1 18
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- £ KR 18.°" In this instance, we used BrssOPS, [p-IsPhSiO; s]s, and
css £ [p-16.5PhSiO, s]g substrates. The reason for this latter material will

become evident shortly. The respective UV—vis absorption and
) . o ) emission data for the Brs (OPS are shown in Figure 34.'%
F.ig“re 24. 50% thelrmal e}hptsouil p(i(’ts of ?Cta(dlpléenylacftylene)l' The key features observed are that all of the stilbene deriva-
srsesquioxane - m-xylence solvate. Hydrogen atoms and m-xylene sot- tives absorb at wavelengths typical of both trans-stilbene and
vates are omitted for clarity. . g

para-substituted trans-stilbenes. In the latter case, electron-

studied, and it represents the monomer unit for polyphenylene- donating groups red shift both the absorptions and emissions
Vlnylene (PPV). PPV is noted to be an outstdndmg blue emitter equally by 10—20 nm. However, the most surprising discovery
but suffers from the fact that it is quite insoluble." was that the emissions are red-shifted compared to trans-stilbene

With this in mind, we were able to synthesize a wide variety of or the model compound p-trimethoxysilylstilbene by 60—80 or

[p-RstilbeneSiO; 5]y compounds as suggested in Tables 17 and 40—60 nm."?’



Perspective

Figure 25. Idealized model structure of the homocoupling of
[alkynylPhSiO; sJs."'

Figure 26. 50% thermal ellipsoid plots of S6aryl- 18toluene. Labels and
hydrogen atoms not shown for clarity.

Figure 27. Schematic of octagraphene packing.'??

Such red shifts are normally obtained by extending the con-
jugation in stilbene for example by adding a second styrenyl
group. An additional finding for the Brs ;OPS-derived materials
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Figure 28. Representative MALDI-TOF spectra of selected alkylated
OPS (Ag" ions).'*

Table 16. GPC Data for Alkylated OPS at Various Reaction

Times'>
R time (h) M, M, PDI
butyl 1 852 913 1.07
5 1035 1058 1.02
10 1116 1196 1.07
24 1215 1288 1.06
hexyl 1 1021 1102 1.08
5 1184 1204 1.02
10 1298 1394 1.07
24 1416 1574 1.11
octyl 1 950 1002 1.05
5 1063 1120 1.05
10 1253 1302 1.04
24 1592 1775 1.11
decyl 1 911 952 1.05
5 1414 1516 1.07
10 1649 1738 1.05
24 2160 2459 1.14

Increasing Reaction Time

Dimer 24h 1h
\ Decyl
Octyl
Hexyl
Dimer
\ BUW'
27 28 29 30 31 32 33 34 35

Retention Time (min)

Figure 29. GPCs of alkylated OPS as a function of reaction time and
alkyl chain length after 1, 5, 10, and 24 h of reaction time.'**

was that the ®py values for these compounds were 5—10 times
higher than those normally seen for frans-stilbenes, which
typically run 5—7%.'** Recognizing that these compounds
contained 3—5% dibromo groups, it seemed likely that a
significant fraction of the molecules would contain at least
one divinylbenzene substitutent. As we show below, Heck
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Figure 30. Melting points of alkylphenylsilsesquioxanes as a function of the (a) number of chains/cage and (b) number of carbons/cage.'*
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Figure 31. (a) Tysv, vs alkyl chain number. (b) Mass loss in air (12 h/250 °C).'*?
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Figure 32. XRD of (a) butyl  OPS, (b) expanded XRD of butyl (OPS, and (c) XRD of hexyl  OPS showing peak shifts as a function of reaction times.
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Figure 33. Molecular modeling of R,OPS [R = Bu (a), decyl (b), x = 8]. Simulations run at 150 °C to capture liquid state behavior.'*®

Table 17. GPC, TGA, and MALDI-TOF Data for Br.OPS and RStil OS Compounds'*’

Br,OPS Stil,OS MeStil,OS MeOStil, OS CIStil,0S
GPC M, 1009 1330 1669 1667 1756
M, 1040 1404 1786 1771 1864
PDI 1.03 1.06 1.07 1.06 1.06
TGA ceramic yield (%) 31.0 29.2 27.0 27.0 24.0
theory (%) 31.9 29.1 27.8 26.3 26.0
Tys0, (°C) 460 414 404 401 420
MALDI-ToF mass (X = 6) 1499.5 1644.3 1728.4 1824.4 1848.1
Xave 5.7 6.0 5.8 5.9 5.5
Table 18. GPC, TGA, and MALDI-TOF Data for p-I,OPS, 0-BrgOPS, Selected p-RStil,OS Compounds, and 0-MeStilgOS '’
1, 4,OPS StilgOS MeStilgOS 0-MeStil;0S Me,NStilgOS Me,NStilg ;08
GPC M, 918 1609 1852 1201 2010 1797
M, 929 1641 2007 1217 2048 1873
PDI 1.01 1.02 1.08 1.01 1.02 1.04
TGA ceramic yield (%) 24.0 26.3 26.3 25.9 21.5 24.1
theory (%) 25.1 26.0 24.5 24.5 21.9 23.4
Tys0, (°C) 429 410 429 404 325 318
MALDI-ToF mass 2022 1958 2071 2069 2193 2050
X =23 (Agh,x=17) (Agh (Ag") (Ag") (HY) H . x=17)
Xave 6.4 8 8 8 8 6.3
—SHIOS
e MeStilos
—MeOStiloS
CIStIOS
g E e frans-Stilbene
"E_ [ —— p-MesStilbeneSi(OEt),
5 €
2 w
<
270 320 370 0 270 320 370 420 470 520
Wavelength Wavelength (nm)

Figure 34. RStils;Ph;;0S and rrans-stilbene: (a) UV—vis and (b) emission spectra (THF). Absorptions normalized to

coupling of [2,5-Br,PhSiO; s]s leads to significant red shifts
and significant improvements in ®p; . Consequently, we first
ascribed the significant red shift to the presence of one
divinylbenzene per cage or less.'?” This led to the conclusion
that in these systems, rapid energy transfer occurs between
moieties on the cage such that energy absorbed by simple
stilbene units is rapidly transferred to the single divinylben-
zene and then emitted.

1.127

The synthesis of essentially pure [p-IPhSiO s]g allowed us to
test the source of this red shift. Thus, efforts were made to prepare
both pure [p-MeStilbeneSiO; s]s {(p-MeStil)sOS} and also [p-Me-
StilbeneSi01'5]6,8[PhenyISiOl‘5]1,2 {(p-MeStll)X(Ph)g_XOS} to de-
termine if the red shift was derived from small quantities of
divinylbenzene units or from some other source. Figure 35 shows
that the emission red shift is still observed for (p-MeStil)sOS
whereas the emission structure changes for (p-MeStil)g g(Ph); ,OS.
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For both these compounds, ®@p; is reduced to ~0.05, indicating
that efficient energy transfer to the small quantities of divinyl-
benzene moieties was the reason for the high ®p; values observed
in the earlier work.!”” This has implications for use of these
materials as antennae for light harvesting.

Nonetheless, the large red shift still remains to be explained.
Studies at increasingly greater dilutions did not change the shift,
indicating that exciplexes were not involved. The fact that the
emission band is structured indicates that emission was not from
a charge-transfer transition. This was also supported by solvent
studies that showed no dependence on solvent polarity.'

A potential explanation was identified based on theore-
tical studies. Silsesquioxanes in general have been the subject
of a large number of theoretical studies.'*™'* Most of the
studies find that the highest occupied molecular orbital
(HOMO) involves 2p lone pair states of A,, symmetry on
the oxygen atoms which is not surprising. However, these
same studies find that the lowest unoccupied molecular orbital
(LUMO) has 4A; symmetry and involves contributions from
all Si and oxygen atoms and the organic substituents, is
spherical, and resides in the core center.

These states are depicted in Figure 36, and some exemplary
DFT calculations are provided in Table 19. This LUMO is
considered to be highly electrophilic and is the reason that it is
possible to encapsulate F~ ions in a wide variety of these
compounds providing that the organic substituents are at least

v - - MeStil7OS Abs.

c F - - MoSti8OS Abs.
2 I ——MeStil70S Em.
° g s ——MeStil8OS Em.
£ § 4
) H H
= € 3
] Y
3 H
8 H
g
3 i
8 i
N §
5 J
E
£
=

250 300 350 400 450 500 550

Wavelength (nm)

Figure 35. UV—vis absorption and PL spectra of (p-MeStil) (Ph)s ,OS
in THF."’

LUMO -

LUMO

6.777 eV 2774V

HOMO
HOMO

Figure 36. LUMO and HOMO of [XSiO; s]s.'*’
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mildly electron withdrawing.'* Indeed, it is also likely that this
electrophilic character is responsible for the ortho bromination
pattern discussed above.

It is not uncommon for DFT-calculated band gaps to over-
estimate experimental results. Thus, Marsmann et al. 31 demon-
strated that band gap calculations on the [RSiO; 5]s cages are
high, reporting that [XSiO; s]g where X = CH3;—, CH3CH,, ...,
decyl) absorb 3.8 eV (325 nm) light and emit at ~2.8—3.5 eV
(330—370 nm). Their calculations suggest a 6.0 eV band gap
for [HSIO; s]g, but the experimental value was 4.4 eV, which is
1.6 eV lower.

In our calculations, we see that the energy differences bet-
ween the HOMO and the core (core gap) drop to ~4.23 eV for
[p-MeStilSiO; s]g from a calculated value of 7.0 eV for [HSiO; s]s.
This drop alone is significant and points to some form of interac-
tion between the stilbene groups and the cage. If our calculated
gaps are also high by 1.6 eV as in Marsmann et al.’s calculations,
then the actual core-based band gap is close to 2.6 eV, roughly the
same as that calculated for the m—x* transition for stilbene
(Figure 36). Thus, one can suggest that in the excited state the
cage-centered or “core” orbital is the same energy as the 7*-state
of stilbene. The implication is the existence of 3-D conjugation
through the core.

This leads to the potential for many exciting opportunities
including the development of SQ-based single molecule
transistors,'?’ the use of SQs with both donor and acceptor
groups on the same cage as moieties that allow for charge
separation from absorbed photons, and also for electron and
hole transport.

Indeed, it is possible to demonstrate that in some SQs, excita-
tion generates strong and stable charge transfer (CT) transitions.
Thus, solvatochromism studies of [p-NH,StilSiO s]g (Figure 37)
indicate that while absorption is not affected by changes in
solvent polarity, emissions are indeed stabilized, and red shifts
of 30—40 nm can be observed on going from THF to acetonitrile.

Perhaps the most important observation here is that the quan-
tum efficiencies of [p-NH,StilSiO; s]g for fluorescence are quite
low, as would be associated with C-T behavior. Proof of CT in the
excited state comes from two-photon (TPA) cross-section studies

- - Abs. in CH2CI2

- = Abs. in THF
Abs. in 20%THF/80%CH3CN
Abs. in CH3CN

——Em. in CH2CI2

——Em. in THF
Em. in 20%THF/80%CH3CN
Em. in CH3CN

i

. ‘ P “/~

250 300 350 400 450 500 550 600 650
Wavelength (nm)

Normalized absorption or emission

Figureu?ﬂ. Solvatochromism of [p-NH,StilSiO, s]s in selected sol-
vents.

Table 19. DFT HOMO—LUMO Calculations for Various [XSiO 5] (all Values in eV)'*’

[HSIO 5]s [FSiO; sls [HOSIO, s]s [NH,SiO, Jg OPS StiSi(OSiMe;); Stili[SiO sls StilgOS
HOMO —7.52(0) —8.79(0) —7.38 (Ocube) —5.75(N) —5.53 —5.165 —5.47 —4.52
core/LUMO —0.54 (H,Si) —2.33(F) —1.218 (H,Si) —0.56 (H) —0.035 —0.213(Si03) —0.41 —0.29
organic/LUMO —0.86 —2.46 =2.77 -1.91
core gap 6.978 6.46 6.166 5.18 5.56 4.95 5.06 4.79
organic gap 4.66 2.70 2.70 2.61
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Table 20. TPA Properties of Silsesquioxane Derivatives'>’

sample 0 (GM)  oO/moiety (GM) A, nm
[p-MeStilSiO; s]g 11 1.2 735
[p-NH,StilSiO| s]g 211 26 755
[StiICH=CHSIO, sJs 25 3 705
[p-MeOStiICH=CHSIO, s]g 110 14 705
[p-NH,StICH=CHSIO), s 810 101 720

/1/ 13 \"\\‘<>)///
\n i3 M

SN PN

Figure 38. Coplanar [p-IPhSiO; s]s molecules coordinated via I1---13
short contacts (3.802 A).

listed in Table 20. Para NH, groups in both the stilbene and vinyl
stilbene systems, [NH,StiICH=CHSIiO; 5], lead to quite high
cross sections with higher cross sections obtaining where con-
jugation is extended by a vinyl group. These numbers are greater
than the TPA values listed above for the 8, 16, and 23 derivatives,
especially the NBoC (N-fert-butylcarbamate) system. As noted
above, this protecting group is quite electron withdrawing, and as
such, further studies with deprotected NH, or NR, substituents
are warranted vis-a-vis controlling charge transport in these
systems and charge separation. There appears to be great poten-
tial for new compounds for use in OLEDs and organic photo-
voltaics.

Crystal Packing Structures for [p-IPhSiOy ss, [0-BrPhSiO; s]s,
and [2,5-Br2PhSi01.5]8

We will now discuss some features of the crystal structures of
the halogenated phenylsilsesquioxanes. These molecular systems
show a number of halogen—halogen short contacts, or halogen
bonding motifs, which are as short or shorter than published
examples from small molecule systems. While a paper documenting
these results is in preparation,'** we present here some important
examples.

The crystal structure of [p-IPhSiO; 5] reveals a continuous
network of channels, comprising ~40 vol % of the unit cell,
occupied b%/ disordered ethyl acetate solvates as calculated by
PLATON.'! The para-substituted iodine bonds strongly to
other halogens.'*> One might anticipate any halogen bonding
interactions would be intermolecular, minimizing the poten-
tial for m—x* driven interdigitation of the aromatic rings. This
in turn can be anticipated to result in accessible voids close to
cage faces. Lastly, such coordination might also serve as
“host” crystal structures, which could be infiltrated with a
desired “guest”. This then represents a novel area for future
research.

The crystal structure of [p-IPhSiO; s5]g shows examples of I+ - -1
motifs as well as C---I short contacts. The iodine van der
Waals radius given by Bondi is 2.04 A, so an I---I short
contact would be <4.08 A 131 Flgure 38 shows two pairs
of type II contacts (3.8 A) found in the IgOPS structure.
Though there are three coordinating iodines, the 90° coordina-
tion angles are best described by a type II contact, not an I3
motif. In Figure 39, the combination of four one-dimensional
ArC- - -I short contacts in IgOPS forms a square pore between
adjacent molecules.
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Figure 39. Four coplanar C16- - - 13 short contacts (3.349 A) as seen in

[p-IPhSIO), s)s.

Br1
/
4.050A /7

4
Br1

Figure 40. Intramolecular bromine short contacts in o-BrgOPS.

Figure 41. Br--

- Br short contact pairs in Br;OPS.

Figure 40 shows the octa(o-bromophenyl)silsesquioxane crys-
tal structure, which has several unique intramolecular coordina-
tion features due to the ortho substitution pattern. Type I
coordination is found in two pairs of bromophenyls on
opposite sides of the molecule. One of these Br- - - Br interactions
is a short-contact using the van der Waals radius (3.7 A) while the
other is shorter than the sum of the n-polar radius (4.08 A) 132
Each molecule is paired with a second through a tetrahedral
“Bry” synthon. Along orthogonal axes, there are additional
contacts. Figure 41 shows coplanar aromatic rings with multiple
coordinating Br---Br short contacts. Though the type II
Brl:--Br6 contacts are below the sum of the vdW radii,
the Br5---Br6 contacts are only shorter than the sum of the
“n-polar” radii.

These findings are important in that these compounds have the
unique ability to demonstrate intra- and intermolecular coordi-
nation structures with very high symmetry.'**'** Such coordina-
tion can be used to coordinate reactive species in addition to the
formation of guest—host species.'* For instance, porous crystal
structures could be used as models to examine the dynamics of
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enclosed probe species. Given the transparency of these crystals,
correlation of colored tracer diffusion rates could be possible or
the trapping of polymer species.

Future Directions

We have attempted to note some possible areas of future study
above but believe that the recent development of methods of
controlled halogenation of PhenylSQs discussed above will allow
a great many new compounds to be made and nanostructured
materials from them
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This review is by no means complete, and other sections are
now being created in multiple laboratories around the world. As
an example of this, we recently reported the synthesis of mixed
functional phenylSQs as illustrated in reaction 30.'*® The F~-
catalyzed exchange provides access to phenyl compounds with
other functionality in the same cage and also access to Tyoand T/,
cages that have hitherto been quite difficult to form. We anticipate
this type of reaction creating a whole new chapter in silsesquioxane
chemistry and in nanocomposite materials made therefrom.
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