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Abstract: Sonogashira cross-coupling
of bromophenylethenyl-terminated
cubic, double four-ring, siloxane cages
with di-/triethynyl compounds results
in microporous poly(ethynylene ary-
leneethenylene silsesquioxane) net-
works, simply termed as polyorganosi-
loxane networks (PSNs). In compari-

ing on the length and the connectable
sites of the ethynyl compounds. Analy-
ses of pore size distribution revealed
bimodal micropores with relatively
narrow distribution. The degree of
cross-linking affects the degree of
cleavage of the siloxane bonds, and this
suggests that partial cleavage of the si-

loxane cages is mainly a result of cage
distortion. Hydrogen adsorption was
performed to evaluate potential of the
PSNs as hydrogen storage media. Up-
takes of up to 1.19wt% at 77K and
760 Torr and initial isosteric heats of
adsorption as high as 8.0 kJmol ' were
observed. These materials have been

son with porous organic polymers re-
ported previously, these PSNs show rel-
atively high surface area and
comparable thermal stability. Their ap-
parent BET specific surface areas vary
in the range of 850-1040 m”*g ' depend-

gen storage

Introduction

Zeolite and sol-gel-derived silica are representative classes
of silica-based nanoporous materials with practical use for
catalysis and separation in the chemical industry.?! In par-
ticular, crystalline zeolites having molecular-sieve properties
show great performance as shape-selective catalysts and sep-
aration membranes. Utilization of zeolites in emerging ap-
plications such as enantioselective catalysis and optoelec-
tronics, however, has been constrained by difficulties in
functionalization of their inorganic frameworks.">? De-
signed synthesis of zeolites with tailored microporosity and
functionality has been impossible, partly due to a lack of un-
derstanding of their crystallization mechanisms.”! In addi-
tion, although they are formed as thermodynamically meta-
stable phases, their phase selection occurs under kinetic con-
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obtained by a combination of structur-
al, synthetic organic, and materials
chemistry, which can exploited to syn-
thesize porous hybrid materials with
specifically designed structures and
functions.

trol. Thus, the products that crystallize under particular con-
ditions are hardly predictable.”! On the contrary, the surfac-
tant-directed self-assembly process has been well studied as
a route to control mesostructures of sol-gel-derived meso-
porous silica, which can be achieved under both thermody-
namic and kinetic control.’! Sol-gel-derived silica can be
functionalized by introduction of organosilanes containing
organic moieties with desired functionality.”! However,
there are still difficulties in controlling local or atomic struc-
tures of sol-gel-derived silica networks, because such amor-
phous networks are formed randomly on the hydrolysis and
polycondensation of the precursors. Progress toward locally
ordered structures has been made in recent years, mainly by
self-assembly of well-defined oligomers as molecular build-
ing units.®1?!

Among oligomeric siloxane units, the cubic octameric si-
loxane cage SigO;,, commonly termed double four-ring
(D4R), is of particular interest as an ideal molecular build-
ing unit because of its rigidity, hyperbranched architecture,
high symmetry, and ease of functionalization.”) D4R moiet-
ies bearing specific functional groups such as aldehyde, car-
boxyl, and epoxy have been used in diverse forms as model
catalysts, components for polymer blends, organic light-emit-
ting diodes, and so on.'" Early attempts to construct silica-
based micro- and/or mesoporous materials with molecular
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homogeneity from predefined D4R units involved surfac-
tant-directed co-assembly of D4R cages,””! cross-linking of
D4R units by hydrosilylation,"” polycondensation of alkoxy-
silylated cages,"!! and self-assembly of well-designed amphi-
philic molecules containing D4R cages."?! Although claims
were made that D4R units were retained in the siloxane net-
works, control over the microscopic arrangement of the
cages and subsequent micropore size distribution remains to
be achieved.

Recently, synthesis of microporous covalent organic poly-
mers has advanced very rapidly, partly due to the urgent
need for low-density porous materials for hydrogen and
methane storage.'"??! Such polymers, consisting solely of
light elements (H, B, C, N, O, etc.), can be constructed by a
wide variety of standard synthetic strategies in organic
chemistry. In extreme cases, covalent organic frameworks
(COFs) with crystalline structures and high surface area can
be constructed under thermodynamic control."® The COFs
are obtained by carefully selecting the building blocks and
the conditions of their synthesis, which is carried out in a
closed system to ensure reversibility of the condensation re-
actions; the choice of solvent appears to be very important
to slow down the reversible process.'>!% In general, howev-
er, solidification of organic polymer chains results in dense,
nonporous solids because such highly flexible and transla-
tionally and conformationally mobile macromolecules tend
to minimize their own void volume by efficiently packing in
the solid state.™ In addition, such polymers are mostly
formed under Kkinetic control and irreversible conditions;
hence, the formed bonds hardly rearrange into the ideal po-
sitions to achieve highly porous and ordered structures. Con-
sequently, molecules with high rigidity and symmetry, non-
planarity, and high connectivity have been considered as
suitable monomers that can frustrate the packing of the re-
sulting polymers, and thus afford loosely packed, porous
solids. Polymers of intrinsic microporosity (PIMs) formed by
means of dioxane-forming reactions exhibit apparent Bruna-
uer—-Emmet-Teller (BET) specific surface areas of 500-
1000 m?g~" depending on the structure of the monomers.['”!
Hyper-cross-linked polymers are another example of porous
organic polymers that can display permanent porosity be-
cause of extensive chemical cross-links that prevent the
polymer chains collapsing into dense solids.'® The simplest
networks constructed from styrenic monomers have a wide
range of BET surface areas (100-2000 m*>g~') that depend
mainly on the degree of cross-linking and the monomers.
Amorphous conjugated microporous polymers can be syn-
thesized with BET surface areas in the range 500-
1200 m*g™" by means of Pd%Cu'-catalyzed Sonogashira
cross-coupling.'”) Micropore distributions of these conjugat-
ed poly(arylene ethynylene) materials could be controlled
by means of the rigid node-strut topology, in particular by
the average strut length,['**® and this implies that order and
crystallinity are not prerequisites for precise control over
porosity of materials. These previous reports strongly sug-
gest that selection of the right monomer is a critical factor
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to achieve synthetic porous organic polymers with high sur-
face area and narrow pore size distribution.

As pores in solid polymers can be constructed by exten-
sively cross-linking rigid and nonplanar monomers, D4R
units were selected as starting building blocks for synthesiz-
ing porous hybrid polymers due to their rigidity, cubic
shape, and highly connectable terminal groups. Moreover,
the presence of D4R units in the porous networks can pro-
vide thermal stability and opportunities for further function-
alization by post-synthetic methods. In contrast to the for-
mation of siloxane networks as in sol-gel-derived silica, di-
rectly connecting the D4R siloxane cages through rigid or-
ganic linkers was considered as an alternative way to ach-
ieve porous siloxane-based materials with high surface area.
We report herein inorganic—organic hybrid microporous ma-
terials synthesized by cross-coupling or copolymerization of
D4R cages and rigid organic linkers. In particular, poly(e-
thynylene aryleneethenylene silsesquioxane) networks,
simply termed polyorganosiloxane networks (PSNs), have
been synthesized by Sonogashira cross-coupling of bromo-
phenylethenyl-terminated cubic D4R siloxane cages (BrPh-
D4R) with di/triethynyl compounds 1-3 (see Figure 1). The
obtained PSN hybrids exhibit comparatively high thermal
stability and surface area. We also found that the length and
the connectivity of the ethynyl compounds affect surface
areas of the PSN materials (850-1040 m*’g~' BET). Utiliza-
tion of these materials as potential media for hydrogen stor-
age has also been examined.

Results and Discussion

Our attempts at targeted design of networks started with
the choice of suitable building units and a coupling reaction
with an effective catalyst. Figure 1 summarizes general as-
pects of our design: D4R cages with haloaryl terminal
groups are versatile, highly connectable units for formation
of inorganic—organic hybrid polymers by means of well-de-
veloped cross-coupling reactions, for example, Heck reac-
tion, Suzuki coupling, and Sonogashira coupling.””! Com-
pound BrPh-D4R was chosen because it can be synthesized
on a practical scale with high regio- and stereoselectivity by
state-of-the-art cross-metathesis.*! As D4R cages resemble
the secondary building units of several crystalline zeolite
frameworks, linker molecules were selected by considering
the default three-periodic nets that have practically been
used to design crystalline framework materials including
COFs.”! As mentioned above, however, it is nearly impossi-
ble to achieve polymer networks with long-range order,
since most of them are formed under kinetic control. As a
result, the three-periodic nets serve as merely qualitative
guides to ideal structures. Three zeolite topologies (ACO,
AFY, and LTA) can be built from D4R cages as the sole
secondary building units. In their frameworks, the D4R
cages are connected through two-coordinate linear linkers;
the only difference is the orientation of the D4R cages. Con-
sidering the periodic arrangement of the discrete cages in
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PSN-3

Figure 1. Design principle of poly(organosiloxane) networks (PSNs). The networks are formed by Sonogashira
cross-coupling reaction with Na,PdCl,/[tBu;PH|BF,/Cul catalyst. Linking eight-coordinate cubes with two-co-
ordinate linkers and three-coordinate triangles affords ACO topology and the-a net, respectively, as ideal

structures.

such frameworks, the maximum symmetry of the ACO top-
ology can be constructed from 180° linear linkers without
the need to rotate the D4R cages, and thus ACO appears to
be the default topology. Accordingly, one can expect con-
nection of the D4R cages with rigid, linear molecules (e.g.,
1 and 2) to lead networks with local ACO-like structure.
Linkage of the cubes with shapes other than the linear di-
topic linker can be described as the edge-transitive bimodal
nets.”™ If the D4R cages are regarded as cubelike vertices,
connecting them through three-coordinate triangles, four-co-
ordinate squares, four-coordinate tetrahedra, and eight-coor-
dinate octahedra results in augmentation of the edge-transi-
tive nets the; scu and sqc; flu; and ocu, respectively. Among
them, the augmented form of the net (denoted the-a) is of
particular interest to us because it has the lowest density,”
and rigid three-coordinate triangular molecules such as 3
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are commercially available.
Considering the developed
active catalysts, the scope and
availability of reactants, the ri-
gidity of the resulting bonds,
and the need for inorganic and/
or organic bases, we selected
Sonogashira  coupling from
among Pd-catalyzed cross-cou-
pling reactions. The Sonoga-
shira coupling reaction can be
described as the reaction of ter-
minal acetylenes with aryl or
vinyl halides to produce inter-
nal alkynes (formation of car-
bon(sp)-carbon(sp?) bonds)."!
The most commonly used
precatalysts for the Sonogashira
reaction include [PdCL,(PPh;),],
PdCl,/PPh;, and [Pd(PPh;),]
with Cul as cocatalyst, which
are effective for very reactive
organic halides (e.g., vinyl and
aryl iodides).! We first utilized
the [Pd(PPh;),]/Cul catalyst to
synthesize PSNs, and obtained
PSN-1 to PSN-3 from the cross-
coupling of BrPh-D4R with 1-
3, respectively. Progress of the
reaction was evaluated by
means of the residual amount
of bromine. Energy-dispersive
X-ray fluorescence spectroscop-
ic data revealed that the Br/Si
molar ratio of the obtained
the-a PSNs (after 48 h of the reac-
tion; see details in the Experi-
mental Section) was about 0.55,
which corresponds to 45 % con-
version of phenyl bromides. As
aryl bromides are less reactive
electrophiles in Sonogashira coupling, a more active catalyst
is needed. Palladium catalysts incorporating sterically de-
manding, electron-rich phosphines can furnish unusually
high reactivity in a wide spectrum of coupling reac-
tions.”2**4l Tn particular, PfBu; and bis(1-adamantyl)ben-
zylphosphine ((1-Ad),PBn) have proved to be exceptionally
effective ligands for the Sonogashira reaction.”*®! There-
fore, we tested Na,PdCL,/[tBu;PH]BF,/Cul as precatalyst for
our system.”™ The phosphonium salt was used as a ligand
precursor because it is insensitive toward oxidation and
hence easily handled.® The Br/Si molar ratios of PSN-1 to
PSN-3 obtained with the Na,PdCl,/[rBu;PH]|BF,/Cul preca-
talyst were 0.13, 0.09, and 0.08, respectively, which suggests
that less than one phenyl bromide moiety per D4R cage was
left in the polymer networks. Thus, the present catalytic
system was effective enough for constructing the PSNs. To
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investigate the effects of the length and connection points of
the ethynyl compounds on physicochemical properties of
the resulting PSN, all reactions were carried out under the
same conditions (concentration of the D4R compound, cata-
lyst loading, reaction temperature and time, and molar ratio
of ethynyl to aryl bromide groups).

Success in the cross-coupling reaction was also confirmed
by solid-state '"H-"C cross-polarization magic-angle spinning
(CP/MAS) NMR analysis (Figure 2). The signals arising
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Figure 2. Solid-state '"H-"C CP/MAS NMR spectra of a) PSN-1, b) PSN-
2, and c¢) PSN-3. Asterisks denote spinning side bands.

from sp-hybridized C,rC=CC,y carbon atoms are observed
at 0~90 ppm, and thus confirm formation of internal
carbon—carbon triple bonds. A further two small signals at
0=76.3 and 81.3 ppm are ascribed to unchanged ethynyl
groups (C,gC=CH and C,zC=CH, respectively). Note that
the molar ratio of ethynyl to phenyl bromide groups was
fixed at 1.5. Due to the low intensity of these signals, it is
difficult to estimate the degree of homocoupling of the eth-
ynyl compounds; the resonances attributed to the butadi-
ynylene carbon atoms (C=C—C=C) overlap somewhat with
those originating from the unconverted ethynyl end
groups.”’! The signals around 6=119 and 149 ppm can be
assigned to ethenylene carbon atoms (SiCH=CH and SiCH=
CH, respectively). The resonances arising from sp® phenyl-
ene carbon atoms can be ascribed as shown in Figure 2.
Solid-state ?Si MAS NMR analysis gave us information
about the molecular structure of the D4R cages. The *Si
MAS NMR spectra of the PSNs are shown in Figure 3. The
spectra of all of the PSNs reveal three signals at 6 =—61,
—68, and —76 ppm that can be assigned to T!, T% and T®
units, respectively (T": CSi(OSi),(OH);_,). Compared with
the solution-state ?Si NMR spectrum of BrPh-D4R, which
shows a sharp resonance at 0 =—78.49 ppm (Figure 3a), the
appearance of T' and T? units indicates that parts of the
D4R cages collapsed during synthesis. The relative intensity
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Figure 3. a) Liquid-state ’Si NMR spectrum of BrPh-D4R. Solid-state
#Si MAS NMR spectra of b) PSN-1, ¢) PSN-2, d) PSN-3 synthesized with
Na,PdCl/[tBu;PH|BF,/Cul catalyst, and ¢) PSN-3 synthesized with [Pd-
(PPh;),)/Cul catalyst.

ratios of the T° signal, T%/(T'+T*4T°), are summarized in
Figure 3. The fractions of cleaved siloxane bonds of PSN-1,
PSN-2, and PSN-3 were calculated from the intensity of the
signals to be 15.7, 13.0, and 18.2 %, respectively. Quantita-
tive determination of the amount of D4R units remaining in
the PSNs based on only spectroscopic results is very diffi-
cult; however, the degree of siloxane cleavage qualitatively
suggests that statistically D4R units remain in the final prod-
ucts. The amounts of the remaining D4R units can be pre-
cisely evaluated by advanced X-ray analysis together with
calculation of the pair distance distribution function. Al-
though amine must be added as base in the Sonogashira re-
action, special care was taken to minimize contamination
with water (and also oxygen), which can cause the cleavage
of siloxane bonds. Previous reports on the functionalization
of D4R molecules by several cross-coupling reactions claim-
ed that D4R cages were retained during the reac-
tions. 1341144291 Qince the arylene ethynylene groups are
rigid and straight moieties, random connection of the rigid
D4R cages with such groups could cause structural con-
straints or stresses. Hence, distortion of the D4R cages pre-
sumably occurred to relax the whole networks. This specula-
tion is supported by the fact that the PSN samples synthe-
sized by the less effective [Pd(PPh;),]/Cul cross-coupling
catalyst show less cleavage of siloxane bonds (only 5.8 % for
PSN-3; Figure 3e). We reasoned that less effective cross-
coupling resulted in less distortion of the siloxane cages, and
thus a lower degree of cleavage of siloxane bonds. Also, the
atomistic optimization of PSN-1, as illustrated in Figure S1
in the Supporting Information, substantiates our speculation.
The phenyleneethynylene groups present in the structure of
PSN-1 must bend somewhat to connect the cages together.
To reduce such bending, the D4R cages would be distorted,
and partial cleavage of the siloxane bonds subsequently re-
sults. Distortion of the siloxane cages was also experimental-
ly observed both in molecular crystals and in extended crys-
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talline frameworks.”®! In zeolite frameworks, for instance, to
realize the topology with desired symmetry, the Si-O-Si
bond angles must be limited to a (narrow) specific range
that occasionally results in the distorted cages. In other
words, to keep the Si-O-Si bond angles within the possible
range, the structure must rearrange to lower symmetry.?!
Accordingly, we anticipated that partial cleavage of the si-
loxane bonds is mainly due to the distortion of the D4R
cages gradually occurring as the polymerization reaction
proceeds.

Thermal behavior and stability of the PSN materials were
examined by thermogravimetric/differential thermal analy-
ses (TG-DTA) in the presence and absence of gaseous
oxygen. The TG-DTA curves of all of the PSN samples dis-
played in Figure 4 are very similar. In the presence of
oxygen (10% O,/90% He atmosphere), slight increases in

in Figure 5a, PSN-1 has an irregular shape with a size of 50—
80 um. PSN-2 and PSN-3 exhibit similar morphology and
particle size (see Figure S3 in the Supporting Information).
Further investigations on texture and ordering of the PSNs
were performed by transmission electron microscopy
(TEM). The PSN samples were very stable under the elec-
tron beam. High-resolution TEM images of the PSNs are
shown in Figure 5b—d. The translucent TEM images are in-
dicative of porous, not dense, structures of the materials. No
evidence of ordering is observed; however, pore diameters
are relatively uniform.

To directly prove the porous character of the PSNs, nitro-
gen adsorption was performed. Figure 6 a shows nitrogen ad-
sorption—desorption isotherms of the PSN samples measured
at 77 K. The samples show IUPAC typel isotherms with
sharp uptakes at low relative pressure (P/P,<0.1) and grad-

ual uptakes at higher relative
pressure (P/P,>0.1), which in-

a b . .
) 100 ) 250 dicate that they are in general
< Z e 200 2 microporous materials  with
S 80 3 .
= z = = wide meso- and macropores.
S 60 5 5 150 § .
2 £ 3§ = The small hysteresis observed
PR : 1008 in PSN-2 may be attributed to
F 20 5 F 50 & the diffusion constraints and its
o= 0 0 framework flexibility.”! The ap-
100 ?gr[:]p. /Ogoo 700 100 -?gg]p_ /Ogoo 700 parent BET specific surface
g areas of PSN-1, PSN-2, and
o ) PSN-1 PSN-3 were calculated to be
100 S 100 = o 84641, 1042+35, and 982+
R > . e PSN3 . ;
S 80 Z < 80 PSN-2 70m-g~", respectively. Total
£ 60 é 5 60 pore volumes (at P/P,=0.99)
£ L 3 2 4 were 0.79+0.04, 0.87£0.09,
° 2 E © 20 and 0.86+0.06 cm®g™!, respec-
o 0 0 tively. Note that these values
100 300 500 700 100 300 500 700 are averages of at least three
Temp. / °C Temp. /°C

Figure 4. TG/DTA curves measured in the presence of oxygen of a) PSN-1, b) PSN-2, and c) PSN-3. d) TG

curves recorded under pure He atmosphere.

TG weights starting around 260°C are observed before a
drastic decrease. In the pure He atmosphere, on the contra-
ry, TG weights are constant until about 360°C, where de-
creases in TG weights are observed. Since no increases in
TG weight occur in the pure He atmosphere, these events
are presumably due to oxidation of the PSNs, particularly
the unsaturated carbon—carbon bonds. The PSNs are stable
up to around 360°C, which is comparable to porous organic
polymers reported thus far.'"”?! The ceramic yields of the
PSN samples (23.2, 24.8, and 18.3% for PSN-1, PSN-2, and
PSN-3, respectively) are also consistent with the amounts of
inorganic siloxane cages present in the networks.

As expected, the PSNs were amorphous; no long-range
crystallographic order was observed in powder X-ray dif-
fraction patterns (see Figure S2 in the Supporting Informa-
tion). Particle size and morphology were observed by a field
emission scanning electron microscope (FESEM). As shown
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different samples synthesized
from different batches under
exactly the same conditions,

Figure 5. a) FESEM image of PSN-1 (scale bar: 50 pm). High-resolution
TEM images of b) PSN-1, ¢) PSN-2, and d) PSN-3 (scale bar: 50 nm).
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Figure 6. a) Nitrogen adsorption-desorption isotherms of PSN-1
(bottom), PSN-2 (middle), and PSN-3 (top). Filled and empty symbols
denote adsorption and desorption branches, respectively. For clarity the
isotherms of PSN-2 and PSN-3 are shifted vertically by 600 and
1200 cm®g !, respectively. b) NLDFT pore size distribution (left axis) and
cumulative pore volume (right axis) of PSN-1 (bottom), PSN-2 (middle),
and PSN-3 (top).

whereby each sample was measured twice. The PSN samples
synthesized with the [Pd(PPh;),]/Cul catalyst, which results
in less effective cross-coupling, exhibit lower BET surface
areas (about 70-80% of those synthesized with the
Na,PdCl,/[tBu;PH|BF,/Cul catalyst). These results con-
firmed that the efficiency in cross-linking strongly influences
the surface area of the resulting networks.

Due to the disordered nature of the PSNs, accurate deter-
mination of the pore size distributions of the samples is very
difficult; calculations by different methods give different
values. However, the calculated results can give us qualita-
tive information, and allow comparison of materials synthe-
sized from different monomers. Nonlocal density functional
theory (NLDFT) was employed to evaluate the pore size
distributions of the materials (Figure 6b). PSN-1 and PSN-3
exhibit bimodal pore diameters of about 7 and 12 A, where-
as PSN-2 has a pore diameter of about 12 A. For materials
built from ditopic ethynyl molecules of different lengths,
that is, PSN-1 and PSN-2, the pore size distribution tends to
be shifted to larger pore diameter with increasing length of
the linker molecules. As PSN-3 has a more uniform pore
size distribution than PSN-1, the three-connecting linkers lo-
cally connect the D4R cages more rigidly and orderly than
the two-connecting ones. The calculated pore sizes of PSN-1
were about one-half and one-third of the ideal diameter
modeled on the basis of the ACO topology by atomistic sim-
ulation (see the Supporting Information), which suggests
that the PSNs are catenation-like networks. As is often ob-
served in crystalline frameworks,” interpenetration or in-
terweaving of two or more independent and identical frame-
works occurs when the length of strut or ligand is too long,
as such catenated structures form to minimize void space or
to maximize packing efficiency. In the case of amorphous
polymeric materials, catenation-like frameworks are likely a
result of interpenetration of nonidentical but similar net-
works.[
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Low-density organic microporous materials such as
PIMs, '™ hyper-cross-linked polymers,"® and conjugated
microporous polymers!'™ have been studied as potential
media for hydrogen storage. The PSNs are also of interest
for this application. To evaluate their potential, hydrogen
adsorption was performed by a volumetric method at 77 and
87 K. Figure 7 shows hydrogen adsorption isotherms of the
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Figure 7. Hydrogen adsorption isotherms measured at 77 (black) and
87 K (gray) of a) PSN-1, b) PSN-2, and c¢) PSN-3. d) Isosteric heats of hy-
drogen adsorption.

PSN samples and their corresponding isosteric heats of ad-
sorption. Hydrogen uptakes by PSN-1, PSN-2, and PSN-3 at
77 K and 760 Torr are 0.89, 1.00, and 1.19 wt %, respectively.
Thus, the PSNs outperform inorganic mesoporous silicas,!!
and are comparable to microporous zeolites™ and porous
organic polymers.l7>18-41%] The jsosteric heats of adsorption
at low hydrogen coverage for PSN-1, PSN-2, and PSN-3
were calculated to be 7.7, 8.0, and 7.7 kJ mol ', respectively.
Their isosteric heats of adsorption decrease monotonically
with increasing surface coverage of hydrogen, and this sug-
gests that the surface, or more specifically the interaction,
available for hydrogen adsorption is rather heterogeneous.
The relatively high isosteric heats of adsorption for the
PSNs are comparable to those of several good candidates
for hydrogen storage media, including porous organic poly-
mers!7*1%41%] and metal-organic frameworks.”” The pri-
mary binding sites are likely organic aromatic and ethynyl
groups, since m-electron systems can exhibit relatively high
interaction energies with hydrogen molecules.'®>1**3 Sjla-
nol and siloxane groups are responsible for adsorption at
higher loading. Because the presence of palladium in porous
materials has a positive impact on hydrogen storage through
a spillover mechanism,”’ effects of residual palladium (the
residual amount could not be detected by an energy-disper-
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sive X-ray fluorescence spectrometer) on such high enthal-
pies of adsorption must be considered. As previously report-
ed for porous polymers synthesized by palladium-catalyzed
reactions, no clear relation between residual amounts of pal-
ladium and heats of adsorption was observed.!'>!*! In addi-
tion, spillover is not expected to be responsible for adsorp-
tion at low pressure and cryogenic temperatures.’”! We thus
consider that the observed heats of adsorption arise directly
from the chemical functionality of the PSN materials.

With regard to achieving the U.S. Department of Energy
targets for hydrogen storage systems (revised targets:
0.045 kg H,/kg system by 2010; 0.055 kg H,/kg system by
2015),5% the PSNs must be engineered to increase accessible
surface areas while keeping relatively uniform micropores.
Also, design and functionalization of the networks are of
vital importance to gain higher heats of adsorption. Organic
parts of the PSNs can be functionalized with electron-donat-
ing groups to increase the strength of hydrogen-PSN inter-
actions.”™ Although the siloxane bonds were partially
cleaved during synthesis, we consider, based on the degree
of cleavage, that the D4R cages are at least partly retained
in the PSNs. The presence of the D4R cages and the silanol
groups in the PSNs can offer unique properties for these hy-
brids over organic polymers. Hydroxyl groups can serve as
selective sites for metal complexation and cation addition to
enhance hydrogen adsorption.””! In addition, as the D4R
cages can trap very small species such as atomic hydrogen
and fluoride ion,*! post-synthetic incorporation of fluoride
ions into the PSNs would lead to anionic porous polymeric
hybrids.** Specific metal cations can further be incorporat-
ed selectively into the resulting anionic PSN hybrids. Investi-
gations on such post-synthetic modifications and their ef-
fects on hydrogen adsorption are underway.

Conclusion

Porous inorganic-organic hybrid materials have been syn-
thesized by directly linking bromophenylethenyl-terminated
cubic siloxane cages with ethynyl compounds by Sonoga-
shira cross-coupling. In comparison with porous organic
polymers reported previously, the resulting hybrid materials
exhibit relatively high surface areas and comparable thermal
stability. The length and connectable sites of the ethynyl
compounds strongly influence the BET surface areas and
the micropore size distribution. The degree of cross-linking
affects the BET surface area of the obtained samples and,
more importantly, the degree of cleavage of the siloxane
bonds. Partial collapse of the D4R cages is considered to be
mainly due to distortion of the cages. These novel materials
also show comparably high hydrogen uptakes and relatively
high isosteric heats of hydrogen adsorption. The presence of
sp- and sp*-carbon atoms, silanol groups, and D4R siloxane
cages in these hybrid materials can be useful for further
post-synthetic modifications, especially incorporation of
metal complexes and cations to enhance gas adsorption.
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Experimental Section

General: All reactions were carried out under nitrogen atmosphere by
standard Schlenk techniques. All organic solvents were purchased from
Wako Pure Chemical Industries in dehydrated grade and used as re-
ceived, unless otherwise noted. Other chemicals were obtained from
Wako Pure Chemical Industries, Tokyo Chemical Industry, or Sigma-Al-
drich, and used without further purification. Syntheses of BrPh-D4R and
2 are described in the Supporting Information.

Synthesis of porous siloxane networks (PSN-n): An oven-dried Schlenk
flask was charged with BrPh-D4R (0.3 g, 0.16 mmol), ethynyl compound
(0.96 mmol for 1 and 2; 0.64 mmol for 3), sodium tetrachloropalladate(II)
(11 mg, 0.038 mmol), tri-tert-butylphosphonium tetrafluoroborate (22 mg,
0.77 mmol), and copper(I) iodide (5 mg, 0.026 mmol). When [Pd(PPhs),]/
Cul was used as catalyst, tetrakis(triphenylphosphine)palladium(0)
(18 mg, 0.016 mmol) and copper(I) iodide (6 mg, 0.032 mmol) were
added instead. The flask was equipped with a condenser and a magnetic
stirring bar, evacuated and re-filled with nitrogen (at least five evacua-
tion/refilling cycles). THF (35 mL) and triethylamine (5 mL) were inject-
ed by syringe into the flask under nitrogen. The resulting solution was
vigorously stirred at room temperature for 1 h to ensure in situ genera-
tion of phosphine; then the temperature was raised to 70°C. After stir-
ring at this temperature for 48 h, the mixture was cooled to room temper-
ature. The polymer network was isolated by filtration and washed with
THEF, hexane, acetone, methanol, and dichloromethane to remove any
amine salts, unconsumed monomers, and catalyst residues. Further purifi-
cation of the sample was carried out by extraction with THF at 60°C.
The product was recovered by filtration, and dried under reduced pres-
sure at 60°C.

Atomistic simulation: Molecular models for the PSNs were generated
out by creating fragments of networks based on the ACO topology or
the-a net with Materials Studio 4.4 (Accelrys Software Inc.). All models
were optimized by using the Discovery module with the cvff force field.

Characterization: Solution-state NMR spectra were recorded on a Jeol
JNM-EX-270 spectrometer at 270.0 MHz for 'H, 67.80 MHz for *C, and
53.45 MHz for *Si. Chemical shifts are reported in ppm downfield from
SiMe,. Solid-state NMR spectra were obtained on a Chemagnetics CMS-
300 spectrometer. Si MAS NMR spectra were recorded at 59.7 MHz
with a pulse width of 2.0 ps and a recycle delay of 80 s, while '"H-"*C CP
MAS NMR spectra were recorded at 75.6 MHz with a contact time of
1.5 ms and a recycle delay of 5s. Residual amounts of bromine and palla-
dium were determined by energy-dispersive X-ray fluorescence spectros-
copy (Jeol JSX-3400RII). TG/DTA was performed on a PU 4K (Rigaku)
at a heating rate of 10 Kmin ' with 10% 0,/90 % He or pure He as carri-
er gas. Powder XRD patterns were collected on an MO3X-HF (Bruker
AXS) with Cug, radiation (40 kV, 30 mA). Size and morphology of the
samples were observed under a field-emission scanning electron micro-
scope (Hitachi S-4800). Transmission electron microscopy (TEM) was
carried out on a Jeol JEM 2000EXII operated at 200 kV. Volumetric gas
adsorption was performed on an Autosorb-1 instrument (Quantachrome).
Nitrogen and hydrogen adsorption isotherms at 77 K were measured in
liquid-nitrogen baths, while hydrogen adsorption isotherms at 87 K were
measured in liquid-argon baths. Research or special grades of gases
(99.9995% for H,, 99.99995% for N, and He) were used throughout the
adsorption experiments. Before the measurement, the samples were de-
gassed at 120°C and 10 Pa for at least 8 h. Pore size distribution was cal-
culated by a nonlocal density functional theory (NLDFT) by using the
carbon slit/cylindrical pore model.
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