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Synthesis of Hierarchically Porous Hydrogen 
Silsesquioxane Monoliths and Embedding 
of Metal Nanoparticles by On-Site Reduction
 A facile synthesis of a new class of reactive porous materials is reported: hier-
archically porous hydrogen silsesquioxane (HSiO 1.5 , HSQ) monoliths with 
well-defi ned macropores and mesopores. The HSQ monoliths are prepared 
via sol-gel accompanied by phase separation in a mild condition, and contain 
micrometer-sized co-continuous macropores and high specifi c surface area 
reaching up to 800 m 2  g  − 1  because of the small mesopores. A total preserva-
tion of Si–H, which is always an issue of HSQ materials, is confi rmed by  29 Si 
solid-state NMR. The HSQ monolith has then been subjected to reduction 
of noble metal ions to their corresponding metal nanoparticles in simple 
aqueous solutions under an ambient condition. The nanoparticles produced 
in this manner are immobilized on the HSQ monolith and are character-
ized by X-ray diffraction (XRD) and high angle annular dark-fi eld scanning 
transmission electron microscopy (HAADF-STEM). Both the bare HSQ and 
nanoparticles-embedded HSQ are promising as heterogeneous catalysts, 
exhibiting reusability and recyclability. 
  1. Introduction 

 Silsesquioxane (RSiO 1.5 ) materials consisting of random 
siloxane networks or polyhedral oligomeric silsesquioxane 
(POSS)-type cage structures have been attracting a great deal 
of attention from material chemists for many years, because of 
their wide applications in optics, [  1  ]  catalysis, [  2  ]  drug delivery, [  3  ]  
and separation science. [  4  ]  The general synthetic route involves 
sol-gel technique applied to organoalkoxysilane precursors. [  5  ]  
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It can be synthesized in different forms 
such as particles, [  6  ]  monoliths, [  7  ]  and thin 
fi lms. [  8  ]  After the discovery of template-
directed synthesis of periodic meso-
porous silicas (PMSs), [  9  ]  many bridged 
polysilsesquioxane materials containing 
periodic mesopores have been synthe-
sized, which are called as periodic mesopo-
rous organosilicas (PMOs). [  6  ,  10  ]  Monolithic 
macroporous silsesquioxanes have also 
been synthesized by sol-gel accompanied 
by phase separation, [  7  ,  11  ]  which is a reli-
able way to tailor tunable macropores in 
monoliths. In most cases, the reported 
polysilsesquioxane materials are bridged 
polysilsesquioxanes because these are 
easily synthesized from polysilylated 
organic precursors (bridged alkoxysi-
lanes), and those prepared from organot-
rialkoxysilanes are relatively uncommon. 
Since the sol-gel process of simple orga-
notrialkoxysilanes containing bulky organic moiety often suf-
fers from the formation of segregated low-molecular-weight 
oligomers or poly mers, uniform gelation based on the random 
network formation is hampered. [  5a  ,  12  ]  In this context, we and 
Dong et al. have reported that macroporous monolithic meth-
ylsilsesquioxane (MSQ) can be synthesized using the phase 
separation-assisted sol-gel process directly from the molecular 
precursor, methyltrimethoxysilane (MTMS). [  4c  ,  7  ,  11  ,  13  ]  

 Another contending material in this category is hydrogen 
silsesquioxanes (HSQ, HSiO 1.5 ), or sometimes termed as 
hydridosilica or hydridosilsesquioxane, due to the presence 
of less bulky hydrogen attached to silicon. However, in spite 
of the comparable bond dissociation energies, the reactivity of 
Si–H in aqueous media is higher than Si–C probably due to 
the orbital overlap, [  14  ]  which makes it more vulnerable toward 
hydrolysis during the sol-gel process using the molecular pre-
cursors such as trialkoxysilane (HSi(OR) 3 ). [  15  ]  Under basic and/
or nucleophilic conditions, attack of anion/nucleophile on the 
silicon of HSQ or trialkoxysilane precursor results in total or 
partial cleavage of Si–H moiety. This restricts the sol-gel route 
for HSQ to neutral of weakly acidic paths. Thus, only a few 
sol-gel-derived HSQ products have been reported in the form 
of fi lm. [  16  ]  Recently, the group of Ozin has made a consider-
able progress for the preparation of periodically mesoporous 
particles from triethoxysilane. [  17  ]  However, to the best of our 
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   Table  1.     Starting compositions for monoliths preparation with different 
amounts of PEO. 

Sample name HTMS 
[mL]

PEO ( M  n   =  35000) 
[mg]

50 m M  HNO 3  
[mL]

MeOH 
[mL]

HY0 2.1 0 2.5 2.5

HY90 2.1 90 2.5 2.5

HY120 2.1 120 2.5 2.5

HY150 2.1 150 2.5 2.5

HY210 2.1 210 2.5 2.5

HY260 2.1 260 2.5 2.5
knowledge, no monolithic materials with regulated porosity 
have been reported in spite of the advantage in building con-
tact devices including, for example, catalytic reaction-separa-
tion devices. The high reactivity of trialkoxysilane precursors 
and the probability of Si–H decomposition during the sol-gel 
process are two major challenges that need to be overcome to 
synthesize HSQ macroporous monolith. 

 The usefulness of HSQ materials actually lies in the reactivity 
of Si–H bonds. Although the reduction behavior of Si–H moiety 
had long been confi rmed, their activity and utility as the reac-
tive sites on porous materials remained unexplored for many 
years. Brook and co-workers found that reduction of Karstedt’s 
catalyst occurs on the Si–H-modifi ed silica surfaces to give plat-
inum nanoparticles which are active toward hydrosilylation. [  18  ]  
Ozin and coworkers more recently reported the formation of 
silver nanoparticles in mesoporous HSQ microspheres by the 
reduction of silver(I) salt by a host-guest redox process. [  19  ]  In 
addition, Yanishpolskii et al. reported the formation of pal-
ladium nanoparticles on silane modifi ed silica surface by the 
reduction of Pd(NO 3 ) 2 . [  20  ]  These results demonstrate the activity 
of Si–H moiety for reduction of noble metal salts. 

 Herein, we present for the fi rst time the synthesis of hier-
archically porous HSQ monolith directly from a molecular 
precursor, trimethoxysilane (HTMS), by using sol-gel tech-
nique accompanied by phase separation processed under an 
ambient condition. The obtained monoliths retain well-defi ned 
micron-sized macropores and nanometer-sized mesopores with 
high surface area of  ≈ 800 m 2  g  − 1  integrated in a hierarchical 
manner. A reasonable control of hydrolysis-polycondensation 
kinetics of HTMS and the preservation of the Si–H moiety in 
the fi nal material is demonstrated. In addition, the reduction 
behavior by the Si–H moiety is exploited with noble metal salts 
(AgNO 3 , HAuCl 4 , Pd(NO 3 ) 2  and H 2 PtCl 6 ) to corresponding 
metal nanoparticles. The redox chemistry between HSQ and 
metal salts and the size dependence of the metal nanoparticles 
are discussed.   

 2. Results and Discussion  

 2.1. Macropore Formation in HSQ Monoliths 

 The synthesis of HSQ monolith was performed under an acidic 
condition for catalyzing the hydrolysis-polycondensation of 
HTMS and to minimize the simultaneous hydrolysis of deli-
cate Si–H bonds. The reaction of HTMS with 50 m M  HNO 3  
at room temperature results in the immediate formation of 
opaque precipitates. This is due to a high rate of hydrolysis and 
polycondensation of HTMS and to the occurrence of inhomo-
geneous segregation. Addition of solvent like methanol to the 
reaction mixture is one of the methods to adequately control 
the hydrolysis and condensation rates. Formation of mono-
lithic gel was observed when methanol is used in the sol-gel 
reaction mixture containing HTMS. An increase in gelation 
time was observed with increasing amount of methanol. The 
gelation time of 15 min was obtained by mixing 2.5 mL of 
50 m M  HNO 3  and MeOH for hydrolysis of 2.1 mL (16.5 mmol) 
of HTMS. As concentration of acid and methanol amount 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2714–2722
in the reaction mixture infl uence the gelation time, the 
molar ratio of these components were fi xed for convenience, 
HTMS:MeOH:H 2 O:HNO 3 :  =  1:3.7:8.4:7.6  ×  10  − 3 . See  Table    1   
for detailed starting compositions.  

 The gels produced in this manner were transparent and con-
tained no obvious macropores (denoted as “nanoporous struc-
ture”) ( Figure    1  a). The sol-gel process accompanied by phase 
separation is one of the most important methods for the facile 
formation of macropores and we have used this technique here. 
The phase separation inducer we have used for our system is 
poly(ethylene oxide) (PEO) with number average molecular 
weight of 35 000 Da, and increasing amount of PEO in the sol-
gel reaction mixture results in a decrease in transparency in the 
resulting gels, indicating the macroporous structure is induced 
by phase separation. This can be verifi ed from the scanning 
electron microscopy (SEM) images of the dried gels as shown 
in Figure  1 a–e prepared by using increasing amount of PEO 
(Table  1 ). The increasing PEO changes the phase separation 
tendency to induce the morphological transformations from 
“nanoporous” to “particle aggregates” and then to “co-contin-
uous”. These changes of morphology in the gels are similar to 
the silica-PEO system as reported previously. [  21  ]  Therefore, the 
mechanism for phase separation should be analogous to the 
silica-PEO system and can be described by the adsorption of 
PEO on alkoxy-derived condensates, forming HSQ-PEO com-
plexes by hydrogen bonding between silanol and ether oxygens 
of PEO. These complexes render the condensates more hydro-
phobic, which cause phase separation from the polar solvent by 
increasing enthalpic repulsive interaction. The silica-like phase 
separation tendency governed by hydrogen bonding in aqueous 
media in the present study agrees with that observed in the 
mesoporous HSQ formation driven by hydrogen bonding inter-
action with poly(ethylene oxide)- block -poly(propylene oxide)-
 block -poly(ethylene oxide) surfactant. [  17  ]  The phase separation 
tendency shows a maximum with a relatively small amount of 
PEO, and the tendency lowers with increasing PEO because 
of the weaker enthalpic repulsion between HSQ-PEO and the 
solvent phase containing excess PEO. At optimum amounts of 
PEO, the phase-separated structure shows co-continuous struc-
ture with well-defi ned macropores. Samples HY150 and HY210 
show the co-continuous macroporous structure (Figure  1 c,d, 
respectively) in the materials. An increasing amount of PEO 
from HY210 to HY260 in the reaction mixture leads to nano-
porous structure without distinct macropores because phase 
separation tendency is lower. Indeed, a transparent gel-like HY0 
was obtained in the case of HY260.  
2715wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  1 .     Scanning electron micrographs of dried HSQ monoliths prepared with different amounts of PEO, showing the varied phase-separating 
behavior. Changes in the gel morphology can be observed from a) HY0 nanoporous, to b) HY90 particle agreegate, c) HY150, and d) HY210 macro-
porous co-continuous structure, and then to e) HY280 nanoporous. f) Typical appearance of a column-shaped HY210 monolith.  
 The detailed characterization of macropores present in these 
samples was carried out by mercury porosimetry ( Figure    2  ). The 
cumulative pore volume curves of HY150 and HY210 display 
the dependence of pore size and pore volume on the amount of 
PEO. An increase in the amount of PEO from HY150 to HY210 
results in the decrease in macropore size but increase in pore 
volume. Moreover, the macropore size distribution curves 
show sharp distributions in the macropore region. In the case 
of HY150 and HY210, the peak pore diameters are 3.3 and 
1.2  μ m, respectively.  

 The presence of meso- and micropores in the material was 
revealed by nitrogen adsorption-desorption measurements 
( Figure    3  ). The adsorption–desorption isotherms of HY150 and 
HY210 show hysteresis of type IV, [  22  ]  evidencing the presence 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  2 .     Pore size distributions of HSQ monoliths prepared with different amou
and HY210). Increase in macropore size can be observed with a decrease in P
of mesopores in the material. In addition, high BET surface 
areas are observed for both HY150 (630 m 2  g  − 1 ) and HY210 
(800 m 2  g  − 1 ) predominantly because of the small mesopores 
less than 10 nm as shown by the BJH pore size distribution 
curves obtained using adsorption branch (inset). The most 
dominant mesopore diameter of 3.2 nm is observed for HY210 
which is decreased to  ≈ 2 nm in the case of HY150.    

 2.2. Spectroscopic and Thermal Studies 

 Spectroscopic characterizations such as Fourier transform-IR 
(FT-IR), Raman and  29 Si solid-state cross-polarization/magic 
angle spinning (CP/MAS) NMR of HY210 were carried out 
mbH & Co. KGaA, Wein

nts of PEO (HY150 
EO content.  
to assess the molecular-level structure and 
preservation of Si–H bonds. The FT-IR 
( Figure    4  (a)) and Raman (Figure S1) spectra 
of HY210 show a sharp Si–H stretching vibra-
tion at 2250 cm  − 1 . It also displays a strong 
Si–O–Si vibration at 1000–1250 cm  − 1  and 
O–Si–H vibration at 800–925 cm  − 1  in FT-IR. 
Since the absorption by Si-OH at around 
930 cm  − 1  is negligible, a high crosslinking 
density and a complete preservation of Si–H 
in the siloxane-based network are suggested. 
The small amount of remaining phase sepa-
ration inducer (PEO) in the resulting gel is 
observed by the broad peak of ether oxygen 
at around 1750 cm  − 1 . Further insight in the 
skeletal structure of HSQ monolith can be 
realized by carefully observing the peaks of 
FT-IR spectrum. The Si–O–Si and H–Si–O 
vibrations appearing at 1150 and 875 cm  − 1  
are attributed to the cyclic structure whereas 
Si–O–Si and H–Si–O vibrations at 1070 and 
830 cm  − 1  correspond to the random net-
works of HSQ. [  23  ]  Therefore, from the FT-IR 
heim Adv. Funct. Mater. 2013, 23, 2714–2722
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     Figure  3 .     Nitrogen adsorption-desorption isotherms and BJH mesopore 
size distributions (inset) of HSQ monoliths (HY150 and HY210), showing 
the presence of small mesopores.  
spectrum it can be concluded that the skeletons of HY210 
monolith mainly consist of random networks and cyclic struc-
tures with preserved Si–H groups. In order to examine the 
© 2013 WILEY-VCH Verlag Gm

     Figure  4 .     Spectroscopic and thermal characterizations of HSQ monolith HY
O–Si (1000 − 1250 cm  − 1 ) and O-Si–H (800–925 cm  − 1 ) vibrations, b) TG-DTA 
oxidation of HSQ (360 − 500  ° C), and c)  29 Si solid-state CP/MAS NMR reve
after the sol-gel process.  

Adv. Funct. Mater. 2013, 23, 2714–2722
thermal stability of HSQ monolith, thermogravimetry-differ-
ential thermal analysis (TG-DTA) of HY210 was performed 
(Figure  4 b) under air with a heating rate of 5  ° C min  − 1 . The TG 
and DTA curves show a major weight loss from 150 to 200  ° C 
and a weight gain from 350 to 500  ° C. The weight loss mainly 
corresponds to the combustion of PEO present in the dried 
HSQ sample. The weight gain is attributed to the thermal oxi-
dation of Si–H to Si–O–Si and Si–OH. [  24  ]  This thermal decom-
position temperature of Si–H moiety in HY210 is comparable 
to the thermal behavior reported for HSQ xerogels reported 
previously. [  16  ,  17  ]  It can be concluded from TG-DTA analysis that 
the Si–H moiety present in HY210 is stable up to 350  ° C.  

 The quantitative investigation of Si–H moiety present in 
HY210 can be determined by  29 Si solid-state CP/MAS NMR 
(Figure  4 c). The “T” signal appearing in the NMR spectrum 
corresponds to the Si species consisting of HSiX 3  (X corre-
sponds to OSi, OCH 3  or OH) units. [  25  ]  If hydrolysis of Si–H 
occurs, the “Q” species appear because of the SiX 4  units. In 
the spectrum, the T 3  peak is much larger than T 2  (94.5% T 3  vs 
5.5% T 2  by peak areas) which indicates a high degree of con-
densation of HTMS in HY210. In addition, any Q signals are 
not observed, evidencing the complete preservation of Si–H in 
2717wileyonlinelibrary.combH & Co. KGaA, Weinheim

210; a) FT-IR spectrum showing the appearance of Si–H (2250 cm  − 1 ), Si–
curve of HSQ showing the combustion of PEO (150 − 200  ° C) and thermal 
aling high condensation of HTMS and total preservation of Si–H bonds 
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   Table  2.     Ratios of noble metal salts and dried HSQ monoliths reacted 
under aqueous ambient conditions. 

Sample Name HY210 [g] 0.1  M  AgNO 3  [mL]

Ag 1/100 0.20 0.37

Ag 1/50 0.21 0.75

Ag 1/10 0.21 3.70

Sample Name HY210 [g] 0.1  M  HAuCl 4  [mL]

Au 1/100 0.19 0.37

Au 1/50 0.20 0.75

Au 1/10 0.21 3.70

Sample Name HY210 [g] 0.1  M  Pd(NO 3 ) 2  [mL]

Pd 1/100 0.20 0.37

Pd 1/50 0.21 0.75

Pd 1/10 0.20 3.70

Sample Name HY210 [g] 0.1  M  H 2 PtCl 6  [mL]

Pt 1/100 0.20 0.37

Pt 1/50 0.20 0.75

Pt 1/10 0.21 3.70

     Figure  5 .     FT-IR spectra of HY210 after being treated with different 
amounts of AgNO 3 . Decrease in Si–H and O-Si–H and increase in Si–OH 
vibrations can be observed with increasing amount of AgNO 3 .  
HY210 presumably because of the use of limited amount of 
water compared to the previous study. [  17  ]  Therefore, according 
to  29 Si solid-state NMR of HY210, a total preservation of Si–H 
moiety in the material is confi rmed in addition to the FT-IR 
and Raman results.   

 2.3. Redox Chemistry of HSQ Monoliths 

 These spectroscopic and thermal analyses of HY210 con-
fi rm the preservation and thermal stability of Si–H bonds. 
The Si–H bonds present in HSQ monolith are known to be 
stable toward hydrolysis under acidic and neutral aqueous 
conditions, and are active for reduction reactions. For 
example, reduction with mono mers or polymethylhydrosi-
loxane (PMHS) containing Si–H is often used in organic 
synthesis. [  26  ]  In order to validate the redox property of HSQ 
monolith, HY210 was soaked in aqueous solutions containing 
noble metal salts with different concentrations as listed in 
 Table    2  . This procedure was carried out under ambient con-
ditions. The addition of noble metal salt solutions to HY210 
results in an immediate formation of hydrogen gas and 
simultaneous color change in the monolith. The oxidation 
of Si–H to Si–OH or Si–O–Si species simultaneously occurs 
with the reduction of noble metal salt and hydrogen forma-
tion, as described in  Equation 1 . [  19  ]

  

nO1.5Si − H + Mn+ + nH2O → nO1.5Si − OH

+ M(0)+ n/2H2+ nH+,
where Mn+ = Ag+, Pd2+, Au3+, and Pt4+   (1)     

 The formed nanoparticles may further catalyze the oxida-
tion of Si–H to Si-OH. [  27  ]  According to  Equation 1 , the amount 
of Si–H remaining in the material is inversely proportional to 
the amount of metal salts reacted. This can be verifi ed from 
the FT-IR spectra of HY210 after being treated with different 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
amounts of AgNO 3  ( Figure    5  , see also Supporting Informa-
tion Figure S2–4 for other metal species). As the amount of 
Ag  +   increases from Ag 1/100  to Ag 1/10 , the intensity of Si–H and 
O–Si–H vibration bands becomes lower, indicating oxidation 
of Si–H to Si–O. It can also be described from the increase 
in intensity of Si–OH stretching vibration (3300–3700 and 
950 cm  − 1 ) from Ag 1/100  to Ag 1/10 . As the concentration of Ag  +   
increases, the intensity of the Si–OH vibration also increases 
accordingly, proving the oxidation of Si–H to Si–OH. Further-
more, a partial demolition of cage like structure in the resulting 
material was observed by the decrease in intensities of cyclic Si–
O–Si 1150 and 875 cm  − 1  with increasing amount of Ag  +  , which 
needs more detailed study to be clarifi ed though. The XRD pat-
terns of resulting monoliths after being treated with AgNO 3 , 
HAuCl 4 , Pd(NO 3 ) 2 , and H 2 PtCl 6  confi rm the formation of pure 
corresponding noble metal particles by their characteristic 
Bragg diffraction peaks ( Figure    6  a). The intensity of diffraction 
peaks is proportional to the amount of noble metal salt used. 
As the amount of the noble metal salts increases, the intensity 
of the diffractions of the monolith also increases accordingly, 
indicating a higher loading of the particles with increasing 
amount of metal salts (Figure  6 b, see also Supporting Informa-
tion Figure S5–7 for other metal species).   

 The metal particle sizes can be estimated from XRD by 
employing the Scherrer’s equation. [  28  ]  The average size of all 
metal particles (Ag, Au, Pd, and Pt) produced in the monolith 
are in the range of nanometers ( Table    3  ). The silver and gold 
nanoparticles formed in the monolith have the largest average 
particle size followed by palladium and then platinum. It is 
noteworthy that the average particle sizes calculated from the 
Scherrer’s equation are not dependent on the concentration of 
the noble metal salt solution, but on the type of the metal. The 
standard electrode potential values ( E  0  vs standard hydrogen 
electrode (SHE)) of the metal cations are directly related to the 
average size of nanoparticles, whereas the charge in the metal 
ions (oxidation number,  n ) is inversely related. Note that oxi-
dation of Si–H to Si–O  −   in water occurs at  − 1.23 V, [  29  ]  which 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2714–2722
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     Figure  6 .     XRD patterns of HY210 after being treated with a) 1/50 equiva-
lent of noble metal salts, showing the appearance of characteristic Bragg 
peaks of metal particles and b) different amounts of AgNO 3 , showing 
increasing intensity with increasing amount of Ag  +  .  
is enough lower than the  E  0  values of metal ions. This relation 
becomes clear when we compare the size of the metal nanopar-
ticles with standard electrode potential and charge of the metal 
salts. As the ratio of  E  0 / n  increases for any metal salt, the average 
size of nanoparticles also increases accordingly ( Figure    7  ).     

 2.4. Characterization by HAADF-STEM 

 In order to analyze the microstructure of the nanoparticles 
produced in the monolith, HAADF-STEM was employed. [  30  ]  
 Figure    8   shows the typical HAADF-STEM images of the 
monoliths with distributed metal nanoparticles (Ag, Au, Pd, 
and Pt). In HAADF-STEM, the image contrast is roughly 
proportional to the square of the atomic number  Z . [  31  ]  Con-
sequently, dispersed metal nanoparticles (Ag ( Z   =  47), Au 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2714–2722
( Z   =  79), Pd ( Z   =  46) and Pt ( Z   =  78)) display brighter con-
trasts in the HSQ monoliths consisting of H ( Z   =  1), O ( Z   =  
8) and Si ( Z   =  14) in Figure  8 . The high resolution HAADF-
STEM images reveal that the metal nanoparticles are not only 
located on the macropore skeletons, but also embedded inside 
the skeletons (inset). The metal salt solution diffused inside 
the skeletons through the mesopores, forming metal nano-
particles by being reduced there. The particles growth may be 
spatially restricted inside the skeletons, resulting in smaller 
particles compared to those on the macropore skeletons. In 
the case of Ag 1/10 , Au 1/10 , Pd 1/10  and Pt 1/10 , a wide size range 
of particles was observed. For Ag 1/10 , the particle size varied 
from 1 to 200 nm. Comparable result was obtained for Au 1/10  
where the particle size ranged from 5 to 150 nm. However, an 
apparent decrease in the range of particle size was observed for 
both Pd 1/10  and Pt 1/10  where the particle size ranged from 5 to 
50 nm and 1 to 50 nm, respectively. The observed size ranges 
agree well with the average sizes calculated by the Scherrer’s 
equation as listed in Table  3 .  

 After the reduction of metal salts, the dried monoliths did 
not have any cracks. The SEM images of the Ag 1/10 , Au 1/10 , 
Pd 1/10  and Pt 1/10  monoliths show the preservation of the co-
continuous macroporous structure like original HY210 (Sup-
porting Information Figure S8). These results demonstrate the 
high stability of macroporous structure in the HSQ monoliths 
toward reduction of noble metal salts. 

 While a small number of the metal nanoparticles are located 
on the macropore surface without a strong interaction, most of 
them are immobilized within the macropore skeletons of HSQ 
predominantly by physical confi nement. Indeed, washing of 
the monolith with water, alcohol (methanol and ethanol), and 
hexane shows no indication of leaching. The HSQ monolith 
therefore acts not only as a reducing agent for noble metal salts 
but also as a host for produced nanoparticles after the reduction. 
The nitrogen adsorption-desorption measurements on Ag 1/100 , 
Ag 1/50  and Ag 1/10  monoliths confi rm the preservation of the 
high specifi c surface areas (Supporting Information Table S1). 
The adsorption-desorption isotherms of these treated mono-
liths also show type IV, revealing the presence of open meso-
pores as displayed in Supporting Information Figures S9,S10. 
A slight decrease of specifi c surface area is observed from 
Ag 1/100  to Ag 1/10 . This can be ascribed to the partial blocking of 
meso- and micropores of HY210 by increasing amount of Ag 
nanoparticles. 

 The metal nanoparticle-supported porous monoliths can 
be further used as highly effi cient heterogeneous catalysts for 
organic synthesis such as the Suzuki–Miyaura coupling and 
Mizoroki–Heck reaction, which we will report in the near 
future. Different from the fact that most metal nanoparticles 
are supported or stabilized by ligands such as hydroxyl, thiol 
and amino groups, [  32  ]  these nanoparticles formed on HSQ are 
supported with no ligands, which is advantageous to the cata-
lytic activity of the nanoparticles.    

 3. Conclusions 

 Herein, we have successfully demonstrated the synthesis of hier-
archically porous HSQ monoliths with well-defi ned macropores 
2719wileyonlinelibrary.combH & Co. KGaA, Weinheim
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   Table  3.     Comparison of metal particle sizes with standard electrode potential and oxidation state. 

Sample 
Name

Standard electrode potential-oxidation number ratio, 
 E  0  n  −    1  [V]

Average particle size from XRD 
[nm]

Particle size range from HAADF-STEM 
[nm]

Ag 1/10 0.80 45.9 1-200

Ag 1/50 0.80 46.2  N/A 

Ag 1/100 0.80 45.5  N/A 

Au 1/10 0.51 36.1 5−150

Au 1/50 0.51 35.9  N/A 

Au 1/100 0.51 36.0  N/A 

Pd 1/10 0.46 22.6 5−50

Pd 1/50 0.46 22.7  N/A 

Pd 1/100 0.46 21.5  N/A 

Pt 1/10 0.18 6.3 1−50

Pt 1/50 0.18 6.7  N/A 

Pt 1/10 0.18 6.9  N/A 
by the sol-gel process accompanied by phase separation. The 
dependence of gel morphology on the concentration of phase 
separation inducer PEO is also discussed. Precise control of the 
macropore size in the material is achieved just by changing the 
amount of PEO within a particular range. A complete preserva-
tion of Si–H is revealed by spectroscopic characterizations such 
as  29 Si solid-state NMR. The FT-IR spectra show the molecular-
level structures of HSQ monoliths, which reveals the presence 
of random network and cage structures. High thermal stability 
of Si–H bond is verifi ed from the thermogravimetric analysis. 

 The reductive ability of this monolith has successfully been 
demonstrated by reduction of noble metal salts under ambient 
aqueous conditions. It is noteworthy that Si–H groups present 
inside the skeletons as well as on the macropore surfaces con-
tribute to the reduction, which leads to the formation of cor-
responding metal nanoparticles not only on the macropore 
skeletons but also inside the skeletons. These nanoparticles 
20 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 

     Figure  7 .     Decrease in average metal nanoparticle sizes calculated by 
using the Scherrer’s equation with decrease in the ratio of standard elec-
trode potential ( E  0 ) and oxidation number ( n ) of metal salt.  
have relatively broad size distributions. The particle sizes are 
also verifi ed from HAADF-STEM images of the nanoparticle-
embedded monoliths. 

 These fi ndings of host–guest redox chemistry on hierarchi-
cally porous HSQ monoliths will open a path for a new type of 
chemically-active monolithic macroporous materials, and both 
bare HSQ monoliths and nanoparticles-embedded monoliths 
would provide a highly effi cient tool as the heterogeneous cata-
lyst. The reaction between Si–H and metal precursors should 
be comprehensively explored in order to precisely control the 
size and shape of the nanoparticles. Our future report will 
explore the catalytic behavior of these materials. Furthermore, 
the possibility of formation of alloy metal nanoparticles by co-
reduction of multiple metal precursors will also be investigated 
for applications such as to continuous fl ow reactors and separa-
tion media. [  33  ]    

 4. Experimental Section 
  Materials : Trimethoxysilane (HTMS) ( > 90%, Tokyo Chemical Industry 

Co., Ltd. (Japan)), poly(ethylene oxide) with the number average 
molecular weight of 35 000 Da (PEO) (Sigma-Aldrich Co. LLC (USA)), 
methanol (MeOH) (Kishida Chemical Co., Ltd. (Japan)), nitric acid 
(65 wt%, Kishida Chemical Co., Ltd. (Japan)), distilled water (Hayashi 
Pure Chemical Industry, Ltd. (Japan)), silver nitrate (Sigma-Aldrich Co. 
LLC (USA)), chloroauric acid tetrahydrate (Kishida Chemical Co., Ltd. 
(Japan)), palladium nitrate (Wako Pure Chemical Industries, Ltd. (Japan)] 
and chloroplatinic acid hexahydrate (Tokyo Chemical Industry Co., Ltd. 
(Japan)) were used as received. 

  Characterization : The observation of microstructures of the fractured 
surfaces of the samples was conducted under a scanning electron 
microscope (SEM, JSM-6060S, JEOL Ltd. (Japan)). Macropores in the 
samples were characterized by using a mercury porosimeter (Pore Master 
60-GT, Quantachrome Instruments (USA)). The meso- and micropores 
present in the sample were analyzed by nitrogen adsorption-desorption 
measurements (BELSORP-mini II, BEL Japan, Inc. (Japan)). The samples 
were degassed at 200  ° C for 6 h before each measurement. The Fourier 
transform-IR (FT-IR) spectra of the samples were recorded on an FT-IR 
spectrometer (IRAffi nity-1, Shimadzu Corp. (Japan)) using ground 
samples that were mixed with KBr, and Raman spectra were recorded 
using a confocal Raman spectrometer (Xplora, Horiba, Ltd. (Japan)). 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2714–2722
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     Figure  8 .     HAADF-STEM images of a) Ag 1/10  b) Au 1/10  c) Pd 1/10 , and d) Pt 1/10 , showing the immobilized nanoparticles on the macropore surface and 
formation of small nanoparticles inside the mesopores present in the material (inset).  
Solid-state  29 Si cross-polarization/magic angle spinning (CP/MAS) NMR 
experiment was performed at room temperature in a magnetic fi eld of 7 T 
on an OPENCORE NMR spectrometer [  34  ]  operating at 299.52 MHz (for 
 1 H) and 59.507 MHz (for  29 Si) using a 5-mm MAS probe. The sample 
spinning frequency was 5 kHz and the contact time was 10 ms. We found 
no appreciable change in the resonance-line shape between the spectra 
obtained by the CP and single-pulse techniques. Thermogravimery-
differential thermal analysis (TG-DTA) measurements were performed 
on Thermo Plus TG 8120 (Rigaku Corp. (Japan)) at a heating rate of 
5  ° C min  − 1  while continuously supplying air at 100 mL min  − 1 . The X-ray 
diffraction (XRD) of noble metal nanoparticles immobilized in the 
monoliths was recorded by a powder X-ray diffractometer (RINT Ultima 
III, Rigaku Corp. (Japan)) using Cu K α  (  λ    =  0.154 nm) as an incident 
beam. To characterize the size of the nanoparticles and their spatial 
distribution within the monoliths, high angle annular dark-fi eld scanning 
transmission electron microscopy (HAADF-STEM) was employed. The 
obtained composite samples were crushed into powders and then 
deposited on micro-grids covered by carbon fi lms for HAADF-STEM 
observation. The high-resolution TEM observations were performed 
using a 200 kV JEM-2100F (JEOL Ltd. (Japan)) microscope with an 
STEM unit equipped with a spherical-aberration corrector (CEOS GmbH 
(Germany)), which provides a minimum probe of about 0.1 nm in 
diameter. During HAADF-STEM imaging, a probe convergence angle of 
25 mrad and an annular dark-fi eld detector with an inner angle greater 
than 52 mrad were used. 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2714–2722
  Synthesis of Hydrogen Silsesquioxane Monolith : In a typical synthetic 
procedure, a given amount of PEO (Table  1 ) was dissolved in 1:1 (in 
volume) mixture of 50 m M  HNO 3  aq. (2.5 mL) and methanol (2.5 mL). 
This mixture was stirred at room temperature for 30 min. To this solution 
HTMS (2.1 mL) was added. This mixture was stirred for 2 min, and then 
the stirring was stopped and left at room temperature. Gelation occurs 
within 15 min. This gel was aged at room temperature for 2 days, followed 
by washing with methanol and then it was dried at 40  ° C for 2 days. 

  Noble Metal Nanoparticle Formations : A piece of HY210 ( ≈ 0.20 g, 
 ≈ 3.8 mmol) was soaked in 20 mL of distilled water and left at room 
temperature for 3 h for water to diffuse through the macropores. A given 
amount of metal salt solution was then added as described in Table  2 , 
and the whole mixture was left at room temperature for 3 h. Change in 
color of monolith and hydrogen evolution were immediately observed. 
After 3 h, the hydrogen evolution was stopped. The supernatant solution 
was decanted and monolith was washed 3 times with methanol (20 mL). 
This monolith was dried under air for 2 days at 40  ° C. Each sample name 
denotes the kind of metal followed by metal/HY210 molar ratio.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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