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ABSTRACT The cubic symmetry of octafunctional octaphenylsilsesquioxanes [ROPS, (RC;H,Si0, 5),] coupled
with a 1 nm diameter offers exceptional potential to assemble materials in three dimensions with perfect control
of periodicity and the potential to tailor global properties at nanometer length scales. OPS itself is very inert and
insoluble and can only be functionalized via electrophilic reactions with difficulty and with poor substitutional
selectivity. However, functionalized OPS products are robust and highly soluble, offering easy purification and
processing. In contrast to previous studies, we report here that OPS reacts with ICl at sub-ambient temperatures
to provide (following recrystallization) [p-IC;H,Si0; sl,, or I;0PS, in good yields and with excellent selectivity:
>99% mono-iodo substitution with >93% para substitution as determined by H,0,/F~ cleavage of the Si—C
bonds to produce iodophenols. I;0PS in turn can be functionalized using conventional catalytic coupling reactions
to provide sets of >93% para-substituted, functionalized compounds (alkynes, alkenes, aryl amines,
phosphonates, aryl amines, polyaromatics, etc.), suggesting the potential to develop diverse nano-building blocks

for the assembly of a wide variety of materials, some with novel photonic, electronic, and structural properties.

KEYWORDS: nano-building blocks - silsesquioxanes - 3-D cubic
symmetry - octafunctional - octaiodophenylsilsesquioxane

he perfect assembly of two- and

three-dimensional (2-D and 3-D)

structures from molecular compo-
nents or nano-building blocks is of im-
mense current interest because of the po-
tential to realize novel properties in
nanosized materials and to tailor global
properties perfectly by manipulation of
component organization at the finest
length scales. Such assembly requires com-
ponents that fulfill the mathematical rela-
tionships found for Bravais lattices. The
higher the component symmetry, the
higher the probability of minimizing de-
fects in assembled 2- and 3-D structures,
given that misaligned but highly symmetri-
cal components would require the least en-
ergy (associated with the least movement)
to reorient, aligning with adjacent as-
sembled components.’

In this light, there is great need for highly
symmetrical nano-building blocks that of-
fer diverse and easily modified functional-
ity, permitting selective assembly with the
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objective of tailoring global properties
through manipulation of features at nano-
meter length scales. While there are numer-
ous literature examples of highly symmetri-
cal 2-D molecules, a much smaller number
of molecules offer highly symmetrical 3-D
functionality, including tetrahedranes, cu-
banes, and star molecules.’® Recent work
by Hawthorne et al. describes access to
dodeca-functional 3-D carborane
derivatives.”'® However, to our knowledge,
few molecular structures offer perfect (cu-
bic) symmetry in three dimensions and oc-
tafunctionality such that each octant in Car-
tesian space contains one functional group.
These structures include the very difficult
to prepare cubane family of compounds'~
and the easily prepared cubic silsesquiox-
anes (SQs), Qg [RMe,SiOSIO, s]g and Ty
[RCcH,SIO; (g, or polyhedral oligomeric sils-
esquioxane (POSS) materials."' 2 In prin-
ciple, these compounds offer the potential
to assemble macroscopic structures
nanometer-by-nanometer in two or three
dimensions.

We and others are exploring the utility
of SQs as novel materials in their own right
and for nanometer-by-nanometer assembly
of macroscopic shapes. Thus, SQs based on
[RMe,SiOSiO; slg, Wwhere R = H, vinyl, or ep-
oxy groups, permit nanometer tailoring in
nanocomposities.'' 2 Several groups have
also examined [vinylSiO, sl as a starting
point for highly symmetrical
molecules,>*®° but only a few examples
have been directed toward materials
synthesis.>*™>* In an effort to develop ro-
bust octafunctional nano-building blocks,
we initiated studies on the related Ty sys-
tems, (RPhenylSiO, 5)s, where R = NH,
(from R = NO,) and Br, produced by electro-
philic substitution of octaphenylsilsesquiox-
ane (OPS), or (HPhenylSiO, 5)g."®>%°>°7 Un-
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Figure 1. Recrystallized I;OPS: (a) MALDI-TOF sprectrum and (b) single-crystal structure. Note that MALDI uses a 370 nm laser
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that ionizes C—I bonds, cleaving them and leading to spurious peaks at 2021-2027 Da.

fortunately, electrophilic substitution often gives
limited substitutional selectivity.

For example, OPS nitration in fuming nitric acid
gives a 65:20:15 meta:ortho:para mixture of
(NO,phenylSiO, 5)g, whereas bromination gives a 65:
20:15 para:ortho:meta mixture. Thus, the opportu-
nity to elaborate on these materials to give perfectly
symmetrical functionality appears impossible. Al-
though it is possible to successfully tailor global
properties at nanometer length scales with these
symmetrically defective nano-building blocks
through careful choice of the assembly
chemistries,*”~>° it is still highly desirable to avoid
introducing defects at the earliest stage of function-
alization. Thus, we were surprised to discover that io-
dination of OPS with ICl at —40 °C (see Experimen-
tal Section) gives a product that is 90% IzOPS.
Subsequent recrystallization from hot ethyl acetate
to remove the |y isomer gives product that is =99%
octa-substituted and =93% para-substituted (see
Figure 1, Table 1, and Supporting Information) in
30-40% yield. We report here initial efforts to de-
velop diverse functionality (tools) for eventual use

in producing stars, core-shell materials, novel den-
drimers, and low-defect-density nanocomposites
(subject to the effects of TAS).

Given that haloaromatics are well-known starting
points for further modification of aromatic rings using
traditional Heck, Songashira, Stille, and Suzuki
chemistries,®®°7 efforts were made to modify I;OPS us-
ing these traditional coupling methods. Scheme 1 illus-
trates a basic set of reactions undertaken to demon-
strate the versatility of I;0PS as a starting point for the
production of 3-D nano-building blocks. The resulting
compounds were characterized using a variety of tech-
niques, with the results summarized in Table 1.

Although the yields and conversions are quite high,
there is still room for improvement. The ability to ef-
fect 100% conversion of all eight aryl iodides to the
functional groups shown is necessary to develop
minimal-defect 3-D nanostructures by covalent, electro-
static, or dative bonding.

Only the alkynes and stilbenes are obtained easily
with 100% conversion. We believe it will also be pos-
sible to obtain 100% conversions for the other com-
pounds shown in Scheme 1 with further refinement of

TABLE 1. Product Yields, Conversions, GPC, and MALDI-TOF Data for Scheme 1 Compounds

GPC

compound yield” (%) % conv H,0,/F~* M, (Da)
1s0PS 20 99¢ 159
4-biphenyl 83 93 1052
4-(4-cyanobiphenyl) 64 88 1556
4-4(-MeOPh ethyne) 85 99 1327
4-stilbene 91 99+ 1609
4-(methyl stilbene) 87 99 1620
4-N-carbazole 76 92 2516
4-(4-vinylpyridyl) 48 90 1454
4-(2-vinylpyridyl) 50 91 1513
4-diethyl phosphonate 81 1086

o (%) MALDI (Da)
PDI ald found ald 0 o‘y:"i:'t':mity
101 235 18.8 2148.57 (Ag ) 2148 (100%)
101 254 2% 1750.19 (Ag™) 1749 (100%)
1.08 26.0 26
101 26 238
1.02 260 by, 1958.49 (Ag*) 1958 (100%)
1.04 214 by, 207069 (Ag™) 2071 (100%)
12 204 23
1.02 259 by, 1858.5 (+) 1858 (100%)
1.02 259 2 1858.5 (+) 1858 (100%)
101 49,47 56 21282 (LiY) 2128 (100%)

“Isolated yield calculated relative to complete conversion of aryl iodide. *Conversion calculated relative to unreacted aryl iodide. Ceramic yield in air/10 °C/min. “Conver-

sion assumes product is Si0, - 0.5P,0, phosphosilicate glass. “Conversion to aryl iodide.
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synthetic procedures, given that only unreacted iodide
remains.®® Even with 100% conversion, assembly in
three dimensions will generate defect structures when
the substitution patterns are not perfect.

Efforts to determine the extent of para-substitution fo-
cused on H,O,/F~ cleave of the Si—C bonds to produce
phenolic cleavage products.>>®°~"" Thus, for example,
cleavage of the octastilbene derivative provides a prod-
uct that is >95% 4-hydroxystilbene, 2-3%
3-hydroxystilbene, and <1% 2-hydroxystilbene as deter-
mined by GC/MS. This is in accord with the H,O,/F~ phe-
nolic products obtained from I;OPS and the pyridine de-
rivatives.”? Given that the crystallization process is well-
known to self-select for purity,”® we believe that assembly
of low-defect-density 3-D structures is accessible using
the types of compounds that can be synthesized from
IsOPS. Thus, these materials and related analogues may
still serve as “perfect” 3-D nano-building blocks.

Brief comments about the ceramic yields (CY) given
in Table 1 are warranted. First, the CY (to SiO,) for I;OPS
in air is expected to be 23.5%. However, the CY is found
to be only 18.8%. This suggests that there is some com-
petitive sublimation of the compound during heating,
which may explain the low CYs found for most of the
compounds. An alternative perspective suggests that
these compounds may be suitable for vapor deposition
processing. Three exceptions are the alkyne, phospho-
nate, and carbazole compounds. As we will report else-
where, the alkyne systems polymerize to give 3-D car-
bon networks that are air stable to temperatures >550
°C and may not completely oxidize in the time frame of
the thermogravimetric analysis (TGA), as evidenced by
dark residues after the TGA runs rather than white
Si0,.°® The phosphonate system can be expected to de-
compose to give phosphosilicate glasses that encapsu-
late residual carbon, leading to the much higher CYs
than expected.”” Finally, the carbazole system, which
has the poorest conversion, retains the highest aryl io-
dide content, and the decomposition process(es) may
lead to more char that also limits oxidation at the heat-
ing rates used for our standard TGA runs.
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2 or 4 vinyl pyridine

Scheme 1. Functionalization of I;0PS using traditional coupling chemistries (see Experimental Section).®%¢”

All of these materials are highly soluble and of-
fer oxidative stabilities >400 °C (TGA), especially
the alkyne complexes, as noted above.®® Of particu-
lar interest are the cyano and 4-vinylpyridine moi-
eties, which offer the potential for 3-D dative bond-
ing.”* The 2-vinylpyridine system may provide access
to octairidium systems that are of potential use in
light-emitting diodes, light harvesting, and novel
photovoltaics.”*~”? Finally, while the UV-vis absorp-
tions of the stilbene derivatives are essentially the
same as those of the parent organic molecules, the
emission characteristics of the derivatives are very
different, being red-shifted up to 80 nm (0.75 eV), as
will be discussed elsewhere [M. Neurock, J.-S. Filhol,
C.-Y. Lee, R. M. Laine, C. Brick, and M. Roll, unpub-
lished work].

CONCLUSIONS

lodinated OPS, showing eight or nine iodines per
molecule, may be synthesized in 100 g quantities with
>90% yields. Subsequent, careful recrystallization al-
lows isolation of highly crystalline, octaiodinated OPS,
which shows =93% selectivity for para substitution, in
~30-40% overall yield. This compound offers nearly
perfect cubic symmetry and allows the addition of di-
verse functional groups. In their own right, these nano-
sized molecules show novel properties that are more
than the sum of the individual components. The high
degree of symmetry, coupled with the ability to tailor
the functionality at the points of highest symmetry,
suggests that these molecules also offer potential to
create 3-D network structures with a minimum num-
bers of defects. Viewed from another perspective, their
assembly offers the potential to create organic/inor-
ganic nanocomposites with complete tailoring of glo-
bal properties at nanometer length scales. From an-
other vantage point, they might also offer novel
opportunities to modify the surfaces of other struc-
tures with similar goals in mind. Future publications
will address these possibilities.

www.acsnano.org



EXPERIMENTAL SECTION

Materials. OPS was prepared using literature methods® or
was a gift from Mayaterials.com. Cyanophenylboronic acid was
prepared using the method of Li et al.®" ICl, 1.0 M in dichlo-
romethane, N-methyldicyclohexylamine, tri-o-tolylphosphine,
phenylboronic acid, and other synthetic reagents were pur-
chased from Sigma-Aldrich and used as received. Silver oxide
was purchased from F&M Scientific and was ground and oven
dried and cooled under nitrogen prior to use. Pd,dba; was pur-
chased from Strem Chemicals. Dichloromethane was purchased
from Burdick-Jackson. Solvents were dried over 4 A molecular
sieves. Dioxane and tetrahydrofuran (THF) were distilled from so-
dium benzophenone ketyl under nitrogen.

Analytical Methods. Gel Permeation Chromatography. All GPC analyses
were run on a Waters 440 system equipped with Waters Styra-
gel columns (7.8 X 300, HT 0.5, 2, 3, 4) with refractive index de-
tection using an Optilab DSP interferometric refractometer and
THF as solvent. The system was calibrated using polystyrene
standards and toluene as a reference.

Nuclear Magnetic Resonance. All "H NMR spectra were obtained in
CDCl; and recorded on a Varian INOVA 400 MHz spectrometer.
"H spectra were collected at 400 MHz using a 6000 Hz spectral
width, a relaxation delay of 3.5 s, 30K data points, a pulse width
of 38° and CHCI; (7.27 ppm) as the internal reference.

Thermogravimetric Analyses. All thermogravimetric/differential
thermal analyses were run on a simultaneous DTA—TGA instru-
ment (model 2960, TA Instruments, Inc., New Castle, DE).
Samples (15-25 mg) were loaded in alumina pans and ramped
at 10 °C/min to 1000 °C in dry air at a flow rate of 60 mL/min.

Matrix-Assisted Laser Desorption/lonization Time-of-Flight Spectrometry.
MALDI-TOF studies were done on a Micromass TofSpec-2E in-
strument equipped with a 337 nm nitrogen laser in positive-ion
reflectron mode using poly(ethylene glycol) as a calibration stan-
dard, dithranol as the matrix, and AgNO; as the ion source.
Samples were prepared by mixing solutions of 5 parts matrix
(10 mg/mL in THF), 5 parts sample (1 mg/mL in THF), or option-
ally 1 part AgNO; (2.5 mg/mL in water) or 1 part LiOTf (2.5
mg/mL in water) and blotting the mixture on the target plate.

Gas Chromatography/Mass Spectroscopy. GC/MS data were recorded
on a Thermo/electron TraceMS instrument using splitless injec-
tion. This was accomplished by the reaction of 0.8 mL of MeOH/
H,O/NH,F solution with 10 mg of sample in 1.5 mL of THF at 60
°C/2 h. The resulting reaction mixture was quenched by the ad-
dition of 5 mL of saturated brine. The organic layer was ex-
tracted, dried with sodium sulfate, and subsequently injected
into the instrument.

UV-Vis Spectroscopy. Absorption and emission spectra were ob-
tained using a Fluoromax-2 fluorimeter at an excitation wave-
length of 320 nm. Samples for UV-vis spectroscopy were typi-
cally made at concentrations of 10 °—10~° M to avoid exciplex
formation and fluorimeter detector saturation.

Synthetic Methods. Synthesis of Octaiodophenylsilsesquioxane. To an
oven-dried, single-neck 1 L flask under flowing N, was added
290 mL of 1.0 M ICI/CH,Cl, solution. The solution was cooled to
—40 °C using a dry ice/ethanol/ethylene glycol bath, and 26.7 g
(25.8 mmol) of powdered OPS was added at an approximate rate
of 5 g/min with stirring. HCl evolution began within 1T min of
OPS addition. Flowing N, flushed the HCI from the reaction sys-
tem. Residual OPS, sticking to the sides of the flask, was washed
into the reaction solution with 40 mL of CH,Cl,. The reaction was
stirred for 24 h at —40 °C, allowed to warm to room tempera-
ture with stirring over another 24 h, and quenched with 300 mL
of ~1 M sodium metabisulfite.

When all the ICl was consumed and quenched, the organic
layer was extracted, washed three times with water, filtered,
and dried over anhydrous sodium sulfate. The volume was sub-
sequently reduced by rotary evaporation to produce a white
solid. This solid was further dried under vacuum and then redis-
solved in 400 mL of THF. This clear solution was then precipitated
into 3 L of cold methanol, providing a white powder that was
then vaccuum-dried to give 47 g (23 mmol, 90% vyield). The as-
precipitated material could then be recrystallized from hot ethyl
acetate to give colorless crystals (~30-40% yield). Material was
subsequently characterized as described in Table 1 and Support-
ing Information. Single crystals suitable for X-ray diffraction were
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grown in using the same recrystallization procedures on a
smaller scale.

General Heck Reaction Conditions.** To an oven-dried 50 mL Schlenk
flask under N, was added 1.00 g (0.48 mmol, 3.9 mmol phenyl)
of recrystallized I;0PS, followed by 108 mg (0.175 mmol) of
Pd,dba; and 288 mg (0.788 mmol) of tri-o-tolylphosphine, and
then 2.00 g (29.8 mmol) of granular copper metal.
N-Methyldicyclohexylamine (3 mL, 14 mmol), 4-methylstyrene
(2.8 mL, 22 mmol), and 15 mL of dioxane were added sequen-
tially by syringe. The reaction mixture was then heated at 95 °C
for 18 h with stirring under nitrogen. Thereafter, the cooled mix-
ture was filtered through a 1 cm Celite column and precipitated
into 75 mL of cold methanol. The resulting solid was filtered off,
redissolved in 7.5 mL of ethyl acetate, filtered through another 1
c¢m Celite column, and precipitated into 75 mL of cold metha-
nol. The resulting white solid was vacuum-dried for 4 h, yield-
ing 0.84 g (0.45 mmol, 87% yield) of white material. Material was
subsequently characterized as described in Table 1 and Support-
ing Information.

General Suzuki Reaction Conditions.” To an oven-dried 50 mL Schlenk
flask under N, was added 1.00 g (0.48 mmol, 3.9 mmol phenyl)
of recrystallized I;OPS, followed by 70 mg (0.069 mmol) of
Pd,dba; and 168 mg (0.46 mmol) of tri-o-tolyl phosphine, phe-
nylboronic acid (970 mg, 7.8 mmol), and silver(l) oxide (1.6 g, 0.46
mmol). Distilled THF (15 mL) was added by syringe, and the re-
action was stirred under N, at ambient for 18 h. Thereafter, the
mixture was filtered under vacuum to remove the Ag,0 particles
and subsequently precipitated into 75 mL of methanol. The re-
sulting off-white solid was then recovered by filtration, redis-
solved in 7.5 mL of ethyl acetate, filtered through another 1 cm
Celite column, reprecipitated into 75 mL of cold methanol, and
vacuum-dried for 4 h, giving 0.67 g (0.4 mmol) of white powder
with an 83% yield.

General Carbazole Amination Conditions.*> To an oven-dried 50 mL
Schlenk flask under N, was added 0.50 g (0.24 mmol, 1.95 mmol
phenyl) of recrystallized 1;0PS, followed by 360 mg (2.1 mmol)
of carbazole, copper(l) oxide (420 mg, 0.46 mmol), and 5 mL of
N,N-dimethylacetimide. The mixture was heated with stirring at
150 °C under N,. After 6 h, an additional 360 mg of carbazole and
420 mg of Cu(l) oxide were added, and stirring was continued
for another 14 h, followed by cooling to ambient. The reaction
mixture was then filtered through a 1 cm Celite column and pre-
cipitated into 75 mL of cold methanol. The resulting solid was fil-
tered off, redissolved in 7.5 mL of ethyl acetate, filtered a sec-
ond time through Celite, and reprecipitated using 75 mL of cold
methanol. After vacuum drying, 0.44 g (0.345 mmol) of powder
was obtained, consisting of a mixed substitution product. Mate-
rial was subsequently characterized as described in Table 1 and
Supporting Information.

General Vinylpyridine Reaction Conditions.*” To an oven-dried 50 mL
Schlenk flask under N, was added 1.00 g (0.48 mmol, 3.9 mmol
phenyl) of recrystallized I;0PS, followed by 72 mg (0.156 mmol)
of Pd,dba;, 192 mg (0.627 mmol) of tri-o-tolylphosphine, and
300 mg (1.63 mmol) of copper/tin alloy (H,CuSn). Thereafter,
Et;N (2.2 mL, 14.1 mmol), 2-vinylpyridine (2.5 mL, 22 mmol), and
30 mL of dioxane (60 mL for 4-vinylpyridine) were added by
syringe.

The reaction mixture was heated to 90 °C under N, for 18 h
and then allowed to cool to room temperature. The reaction mix-
ture was filtered through 1 cm of Celite and precipitated into
75 mL of hexane/cyclohexane (50:50 v/v). The resulting solid was
recovered by filtration, redissolved in 25 mL of THF/toluene,
and washed successively with 25 mL portions of saturated brine,
0.1 M NaHSO;, 0.1 M NaHCO,, and water. The organic layer was
dried over sodium sulfate, and solvent was removed by rotary
evaporation. Thereafter, the recovered solid was dissolved in 7.5
mL of ethyl acetate and precipitated into 75 mL of hexane/
cyclohexane (50:50 v/v), providing 440 mg (0.236 mmol, 49%
yield) of off-white powder. Material was subsequently character-
ized as described in Table 1 and Supporting Information.

Phosphonation of ,0PS.** To an oven-dried 50 mL Schlenk flask
equipped with a reflux condenser under N, was added 1.00 g
(0.48 mmol, 3.9 mmol phenyl) of recrystallized I;OPS, followed
by 28 mg (0.039 mmol) of tetrakis(triethylphosphite) Ni(0) and 8
mL of m-xylene. Triethylphosphite (1.0 mL, 6.25 mmol) was then
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added by syringe. The mixture was heated to reflux with stir-
ring for 24 h. After cooling, the reaction mixture was added to
150 mL of cold hexane to precipitate the product. The precipi-
tate was filtered off, redissolved in 7.5 mL of toluene, and repre-
cipitated into 100 mL of cold hexane. The precipitate was fil-
tered to give 720 mg (0.33 mmol, 68% yield) of white product.
Material was subsequently characterized as described in Table 1
and Supporting Information.

General Sonogashira Reaction Conditions from 1,0PS.%* To a dry 50 mL
Schlenk flask under N,, equipped with a magnetic stir bar, were
added 0.5 g (2.4 mmol) of I;0PS, 0.29 mL (2.6 mmol) of pheny-
lacetylene, 18.2 mg (0.096 mmol, 4%) of Cul, 194 mg (0.168
mmol, 7%) of tetrakis(triphenylphosphine)palladium(0), 5.0 mL
of 1,4-dioxane (previously distilled and degassed), and 0.808 mL
(4.9 mmol) of triethylamine. The solution was stirred at 60 °C for
24 h. The solution turned dark gray-brown. The mixture was
passed through a short Celite column and poured into an ex-
cess of methanol to deactivate the catalyst. The resulting precipi-
tate was collected by filtration. The residue was redissolved in
5.0 mL of ethyl acetate and precipitated into 100 mL of metha-
nol. The light brown-orange powder was collected by filtration
and dried in vacuo for 5 h, giving 0.50 g (90% yield) of product.
Material was subsequently characterized as described in Table 1
and Supporting Information.
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