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Isocyanurate-containing silsesquioxane-bridged periodic mesoporous organosilicaPKICS) were
synthesized by self-assembly of the nonionic surfactant P123,FEREO,,, and trimethoxysilyl-
functionalized isocyanurate (ICS5i) under acidic conditions in the presence of inorganic additives. The
ICS—PMOs have been modified by an alkyl-bridged organosilane (i.e:SEtEt = —CH,CH,—) by
substituting ICS-Si with Et—Si in the precursors, at various molar ratios, resulting in bifunctionalized
PMOs exhibiting two types of bridged groups (IEBEt—PMOSs). The obtained bifunctionalized IES
Et—PMOs have been characterized by X-ray diffraction, transmission electron microscopy, nitrogen
physical sorption, and solid-statéSi and*3C magic angle spinning NMR spectroscopy. Experiments
show that the ICSEt—PMOs exhibit hexagonal mesoscopic structures. Increasing the content of the
Et—Si functionality in the precursors is found to significantly improve the mesostructural ordering of the
product. It is suggested that fluoride anions as additives play an important role in the formation of well-
ordered ICS-PMOs and as well the bifunctionalized IEEt—PMOs in the presented experiments. The
ICS—PMO materials were used to chemically adsodPt€k, and Pt nanoparticles were subsequently
prepared within the mesopores of IEBMO by NaBH, reduction in solution, highlighting the simplicity

in exploiting the application of such PMOs in nanomaterials fabrication.

Introduction
First introduced in 1999,periodic mesoporous organo-

incorporated trimethoxysilyl-functionalized isocyanurate
(ICS—Si) into mesoporous silicas using IESI and tetra-

silicas (PMOs) have gained increasing interest because of€thyl orthosilicate (TEOS) as coprecur;b?s’l?he highest
their highly tunable properties by varying the R group in content of the ICS groups incorporated is less than 25 mol

the bridged organosilane precursors'@R—Si—R—Si—

%, and the frameworks of such hybrid materials mainly

(OR)3.2 To date, PMOs with simple bridging groups derived consisted of Si@ Prominently, Jaroniec’s ICS-containing

from methané, ethane’, ethylené’, acetylené, phenyl and
its derivatives;® and thiophen® have been developed.

mesoporous materials show a strong ability to adsorb Hg
making ICS-based PMOs very attractive. More recently,

PMOs were also prepared from a three-membered cyclic these researchers have incorporated+SBinto the frame-

organosiloxane, [(EtQ$i(CH,)]s*t and alkoxysilyl-func-
tionalized dendrimer¥® Recently, Jaroniec et al. have
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works of so-called ethane-bridged PMOs by diluting
ICS—Si in 1,2-bis(triethoxysilyl)ethane (BTSE), resulting in
bifunctionalized PMOs consisting of two types of bridged
silsesquioxane group$éThe content of ICS Si was reported

to be less than 25 mol % to obtain well-ordered mesostru-

Zhang et al.

by using PMOs as nanotemplat@sThis is very likely due

to the fact that the pore surfaces of PMOs are comparably
inert, making their surface functionalization difficult. The
lower thermal stability of PMOs, compared to mesoporous
silicas, is another important factor to limit their application.

tured materials. Ozin et al. efficiently used the postsynthesis Nevertheless, it has very recently been shown that PMOs
approach to prepare PMOs containing different bridged are superior to mesoporous silicas as nanotemplates in the

silsesquioxane®¥. However, the procedure used in this
method is complex; hence, it is not trivial to reproduce the
products.

Although significant advances in the synthesis of PMOs

formation of highly crystalline Ge nanocrystdkTherefore,

it is desirable to further exploit the nanochemistry of PMOs.
The present study has a 3-fold objective: (i) synthesis of

ICS-bridged PMOs (ICSPMO) using pure ICSSi as the

have been made, not all bridged silsesquioxane precursorsOrganosilica precursor, which is a very large functional group

especially those exhibiting large volumes, are able to self-

assemble into well-ordered mesostructures by the surfactant

with the ability to adsorb metal ions; (ii) exploration of an
efficient approach to prepare bifunctionalized PMOs with

silicate assembly fashion. It is thus necessary to dilute them™WO types of bridged silsesquioxanes; (iii) exploitation of

with another silica source, e.g., TEOS, to manufacture well-

ordered mesostructurés!*16 Moreover, very few studies

application for the ICSPMO in nanomaterials fabricatiéh?
Our experiments discussed below show that well-ordered

have been reported on the synthesis of bifunctionalized |CS-based PMO materials have been prepared using pure
PMOs using different bridged silsesquioxanes as coprecur-'CS—Si as the organosilica source, BPO,EG0 (P123)

sors*17 Although successful in specific cases, it is difficult
to extend them into a generally efficient synthetic strategy

as the template, and NH and NaCl as additives. We have
also demonstrated that the bifunctionalized PMOs, consisting

to synthesize bifunctionalized PMOs. It is expected that an Of ICS—Si and Et-Si with various component ratios (IES

efficient approach to prepare well-ordered PMOs using

Et—PMO), can be synthesized with well-ordered hexagonal

different bridged silsesquioxanes as coprecursors couldPOre structures. Itis suggested thausrﬁ)lays the key factor
greatly broaden the scopes, tailor the properties, and exploitl© form well-ordered ICSEt—PMOs: NHF significantly

the potential applications of multifunctionalized PMOs. The

accelerates the hydrolysis rate of£3i, to match the rate

direct synthesis has been demonstrated to be an efficientf ICS—Si* Experiments also revealed that IEBMOs can

approach to introduce functional groups into the relatively
inert frameworks of PMOs, resulting in materials with one
bridging group within the frameworks and one functional
group protruding into the mesopor@g®18 Although it is
possible to efficiently functionalize the surfaces of PMOs
by a grafting reaction via a supercritical fluid technidbe,
the postsynthesis functionalization is not suitable to modify
the PMOs with specific functional groups conveniently,

chemically adsorb bPtCk, without further surface func-
tionalization. Pt nanoparticles were subsequently formed
within the mesopores of ICSPMO by solution reduction.

Experimental Section

(1) Chemicals.Tris[3-(trimethoxysilyl)propyllisocyanurate (ICS
Si) (Gelest) and 1,2-bis(trimethoxysilyl)ethane (i) (Aldrich)
were used as the bridged organosilica sources. Pluronic P123

limiting their use as catalysts and templates for nanomaterials(EQ20POrEOz0) (Aldrich), HCI (aqueous, 37%), and NA and

fabrication.

NaCl were used as the structure-directing agent, acid source, and
inorganic additives, respectively ,PitCl-2H,O (Acros) was used

Despite the remarkable progress in the nanochemistry ofiy prepare Pt nanocrystals. All chemicals were used as received.

mesoporous silica¥, very few successes have been made
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(2) Synthesis.(a) Synthesis of ICSPMO in the Presence/
Absence of NiF in 0.1 M HCI Solution The synthetic procedure
is mainly based on the previous report on the synthesis of the
methane-bridged PMG%.Typically, 1.25 g of P123 and 3.5 g of
NaCl were dissolved in 40 mL of 0.1 M HCI solution in the
absence/presence of WHat room temperature. The molar ratio
of NH4F to ICS-Si was kept at 10% (namely, molar ratio/Bi =
3.3%) if NHsF was used. The solution was stirred at°&for at
leag 5 h before the addition of 2.2 mL of ICSSi, followed by
vigorous stirring for 20 h. The resultant gels were then aged
statically at 60°C for 48 h. The powders were filtered, washed
with distilled water, and dried at 69 for 20 h. Removal of the
surfactants was accomplished by extraction using acidified etBanol.
The final products prepared in the presence/absence qF NiH
the synthetic media were named [EBMO(F) and
ICS—PMO(no F), respectively.
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(b) Synthesis of ICSPMO under Various Acid Concentrations
This procedure is similar to that for IC?MO(F) except that the
concentration of HCI solution used was 0.50, 0.25, 0.10, and 0.05
M in each preparation, respectively. The products are correspond-
ingly designated as ICSPMO(Kx M) (x = 0.50, 0.25, 0.10, and
0.05). It should be noted that IG®MO(0.10 M) is the same as
ICS—PMO(F).

(c) Synthesis of Bifunctionalized PMOs Consisting of 4S8
and Et-Si. For the synthesis of PMOs bridged by I€Si and
Et—Si, a 0.25 M HCI solution was used, and the overall amount of
Si was unchanged for all samples. The molar composition oHHCS
Si and Et-Si in the synthesis gel was (1:0 X)ICS—Si:[(3/2)X]-
Et—Si (x = 0.0, 0.25, 0.50, 0.75, and 1.0), and the products were
correspondingly nhamed ICEt—PMO(1 — x). [Note: the sample
ICS—Et—PMO(1.0) is the same as IC$MO(0.25 M), and Et
PMO is the ICS-Et—PMO(0.0).] All other synthetic conditions
and template removal methods are identical to those of-RX30-

().

(d) Synthesis of Pt Nanocrystals within IEBMO(0.10 M).A
0.1 g sample of EPtCk-2H,0 was dissolved in 50 mL of absolute
ethanol, and then 0.5 g of IGMO(0.1 M) was added to this
solution. After the solution was stirred for 30 min and filtered and

the filtrate washed with ethanol, the color of the sample changed

from white to yellow, indicating that HPtCk had been adsorbed
by the ICS-PMO(0.10 M). To remove the JPtCk that was
physically adsorbed by the ICMO, the yellow powder was
added to 100 mL of ethanol, the resulting solution was stirred for
30 min, and then the powder was separated from the solution by
filtration and washed with ethanol. The resultaaPkCk-containing
ICS—PMO(0.10 M) was reduced using NaBk0.1 M, 100 mL of
ethanol solution) for 30 min. The color of the powder changed from
yellow to pale gray. After the powder was separated, washed with
ethanol, and dried at room temperature, Pt-containingdR&0
(Pt=ICS—PMO) was obtained.

(3) Characterization. X-ray diffraction (XRD) analysis was
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Figure 1. Small-angle XRD patterns of ICSPMO(F) and ICS-PMO(no
F).
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—

Figure 2. TEM image of ICS-PMO(F). (a) The electron beam is parallel
to the pore direction. (b) The electron beam is perpendicular to the pore
direction.

are the three most typical reflections for highly ordered
hexagonal mesoporous materials. The lack of the (200)
reflection for ICS-PMO(F) may be indicative of some sort

of structure transformation. To obtain more information on

carried out on a Bruker-D8 Advance X-ray diffractometer, using the structures of ICSPMO(F), TEM was performed, as
Cu Ka radiation, operated at 40 kV and 30 mA using capillary illustrated in Figure 2. The hexagonally patterned periodicity
mode. Transmission electron microscopy (TEM) was carried out of the mesopores was observed if the electron beam was
on a JEOL 2010 microscope operating at 200 k\4. 9rption parallel to the pore direction. Moreover, the linelike periodic-
isotherms were obtained on a Micrometrics Tristar analyzer. The ity of the pores and frameworks was imaged if the electron
samples were degassed at 280under nitrogen flow fo6 h before  heam was perpendicular to the pore direction. These results
mgasurement. The pore size distributions (PSDs) were calculatedpresent direct evidence that IEBMO(F) exhibits hexagonal
using the BarretJoyner-Halenda (BJH) method based on the qqqqircture, similar to that of mesoporous silica SBA-15.
adsorption branches of the sorption isotherms, and the pore sizeq) .\ act |cS PMO(no F) shows only one sharp reflection
were estimated from the positions of the maxima in the PSDs. Solid- ) .
state?°Si magic angle spinning (MAS) NMR artldC MAS NMR alorlg ,Wlth a broad shoulder at a higher angle range,
were conducted on a Bruker OSX400 WB NMR spectrometer. The indicating poor mesostructural ordering compared to that of
295 MAS NMR spectra were recorded & 4 mm ZrQ rotor at ICS—PMO(F). The above comparison shows that the pres-
79.4 MHz, with a pulse time of 500@s, an MAS rate of 10 kHz, ~ ence of F can significantly improve the quality of the
and an acquisition time of 17 ms. TR CP MAS NMR spectra  resulting ICS-PMOs. The absence of the (200) reflection
were measured at 100.6 MHz, with a pulse time of 3@80an for ICS—PMO(F) may be correlated with its highly con-
MAS rate of 10 kHz, and an acquisition time of 35 ms. densed framework structufé To obtain further evidence,
solid-state?’Si MAS NMR was recorded for both samples,
as shown in Figure 3. Two strong signals-#i9.2 and—67.7
ppm, which can be attributed to the resonances ®f T
[RSi(OSiyOH] and T [RSi(OSi}] Si atoms, are well-
resolved®¢23The intensity of the Tsignal for ICS-PMO-
(F) is apparently more pronounced than that for 4CS

Results and Discussion

(1) Synthesis of ICS-PMO. Figure 1 shows the XRD
patterns of the ICSPMO samples prepared in 0.10 M HCI
solution in the presence/absence of J8H The X-ray
diffraction pattern of the sample ICFPMO(F) exhibits a
sharp reflection accompanied by two reflections with lower
intensities at higher angle ranges, which can be indexed a
(100), (110) and (210) diffractions of hexagonal structures, : _
indicating that ICS-PMO(F) is a well-ordered mesoporous Ece)bl/'lg,';sgi?h' B. L Riley, A E.; Tolbert, S. HChem. Mater.
material. However, the reflections of (100), (110), and (200) (23) zhou, Z.; Bao, X.; Zhao, X. SChem. Commur20041376.

(22) (a) Linde, M.; Blanchard, J.; Schacht, S.; Schunk, S. A.; Schueth, F.
S Chem. Mater1999 11, 3002. (b) Impeor-Clerc, M.; Davidson, P.;
Davidson, A.J. Am. Chem. So00Q 122 11925. (c) Gross, A. F.;
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Figure 4. XRD patterns of ICSPMOs prepared under different acidic
solutions.

PMO(no F), confirming that the framework of IEC®MO(F)
is more condensed than that of IEBMO(no F).

To optimize synthetic conditions, a series of ICS-bridged
PMOs were prepared in HCI solutions with varying con-
centrations. The XRD patterns of these KIMO materials

Zhang et al.

Table 1. Structural Parameters for the ICS—PMOs Prepared under
Different Acidic Conditions

BET pore pore
d]_oo d110 dgoo d210 surface diam vol
(nm) (nm) (nm) (nm) area (M/g) (nm) (mL/g)

ICS—PMO(0.05 M) 12.35 7.25 4.68 198.0 54 0.25
ICS—PMO(0.10 M) 12.65 7.38 4.86 198.8 57 027
ICS—PMO(0.25 M) 13.35 6.87 205.7 6.2 0.27
ICS—PMO(0.50 M) 13.34 97.1 72 0.14

ordered mesostructures. This is due to the fact that the bulky
functional groups could significantly reduce the self-as-
sembling ability of the surfactant micelles and organosilicates
(resulting from the hydrolysis of the organosilica precursors)
by limiting their accommodation into the pore walls, resulting
in materials with poor mesostructures or with a low content
of the bulky groups. The hydrolysis and condensation of
silsesquioxanes is a very complex process. Inductive effects,
steric effects, and the polarization properties of the silses-
guioxanes impose significant impacts on their hydrolysis and
polymerization. A polarized, electron-donating group ac-
celerates the hydrolysis and condensation, while a bulky
group always hinders the hydrolysis and polymerization of
silsesquioxane¥.In the case of ICSSi, its inductive effect

on the Si atom is similar to that of the moiety-StH,CH,—

Si. However, its very large volume apparently hinders its
hydrolysis and condensation, which is detrimental to the
formation of well-ordered mesostructures. Therefore, the
polarization effect may play a critical role in the fast
hydrolysis and polymerization of the ICSi and subsequent
formation of well-ordered ICSPMO materials. The very
fast hydrolysis of ICS Si is unfavorable for the assembly
of the surfactant micelles and organosilicates produced at
higher acidic conditions. This is why good ordered products
are desirable under reactively weak acidic media for the
ICS—PMO in the present experiment. This result is in line
with the formation of methylene-bridged PMOs under acidic
conditions®® Considering the effect of NiF on the quality

of the ICS-PMO discussed in the above section, B

are shown in Figure 4. It can be observed that decreasingexpected to play a key role in formation of well-ordered

the acidity of the solution resulted in the improvement of
both the XRD reflection intensities and the resolution: only
one reflection with the lowest intensity was detected for
ICS—PMO(0.50 M), indicative of poor mesostructural order-
ing. In contrast, two XRD reflections are resolved for the
ICS—PMO(0.25 M), and three well-resolved reflections for
ICS—-PMO(0.10 M) and ICSPMO(0.05 M) have been

obtained, indicating well-ordered ICMOs under these

ICS—PMO materials. In fact, previous studies have suggested
that the existence of small concentrations ofig-beneficial
to the formation of highly ordered siliceous SBA-3%>
Figure 5 shows the Nadsorption/desorption isotherms and
PSDs for the ICSPMO(®X M) samples. Structure parameters
for these materials are presented in Table 1. All isotherms
measured were type IV, with capillary condensation at
relative pressures of 0.4%.78, indicating that these materi-

less acidic conditions. We have found that white precipitates als exhibit a mesoporous structidfddowever, the capillary

were immediately produced once IESi was added to the
0.5 M HCl solution. However, it took approximately 15 min

condensation/evaporation steps are significantly less sharp
in comparison with those of high-quality SBA-15-like

to observe the white precipitates if 0.05 M HCl was used as mesoporous materials, suggesting that a certain deterioration
the synthetic medium. Hence, it is expected that the lower of the mesostructures has occurred for these4ERBO

hydrolysis rate of ICSSi in the weaker acidic solution is

materials. In addition, all the adsorption isotherms rise slowly

favorable for the assembly of the P123 surfactant micelles at relative pressure above 0.76, implying that textural porosity
and the organosilicates (resulting from the hydrolysis of has been gradually forméé2s Taking into account the N

ICS—Si). Previous attempts to synthesize PMOs with a large

bridged group, such as ICS grous’tetraazacyclotetrade-
canetfa Schiff base complexg$§®cand alkoxysilyl-function-
alized dendrimer& have afforded materials (either) with a

(24) Hook, R. JJ. Non-Cryst. Solid4996 195 1.

(25) (a) Kim, J. M.; Han, Y.-J.; Chmelka, B. F.; Stucky, G. Dhem.
Commun200Q 2437. (b) Schmidt-Winkel, P.; Yang, P.; Margolese,
D. L.; Chmelka, B. F.; Stucky, G. DAdv. Mater.1999 11, 303.

small percentage of the bridged groups (or) and poorly (26) Kruk, M.; Jaroniec, MChem. Mater2001, 13, 3169.
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Figure 5. (a) Ny sortion isotherms and (b) PSDs of the E€BMO samples prepared under different acidic conditions.
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(0.50) synthesized at different acidic conditions. Synthetic parameters: ICS Figure 7. Small-angle XRD patterns for the bifunctionalized FeBt—

Si/Et=Si = 0.5/[(3/2)0.5], F/Si= 3.3%. PMOs prepared with different IGSSI/Et—Si ratios in the synthesis
mixtures.

adsorption/desorption properties and the XRD patterns, we

conclude that large ICS-group-bridged PMOs with rather Figure 7 presents the XRD patterns of the bifunctionalized
well-ordered mesostructures have been prepared. HoweverICS—Et—PMO prepared with different contents of IES]
thelz_messgztrfgtqrrﬁl order|:;1% Is notas pde:jfect as :]ha;f of h'r?h' and EtSi in the synthetic precursors. It is obvious that the
quality ~15. This could be expected due to the fact that higher contents of ICSSi resulted in larger cell dimensions

the bulky ICS groups are geometrically limited to accom- of the mesostructured products, indicative of the simultaneous
modate_ the mesopare walls. . ) incorporation of ICS-Si and Et-Si in each preparation. This
(2) _B|functona||zed PMOs Con_5|st|ng of I_CS_S' and is due to the fact that the volume of IESi is much larger
Et—Si. To prepare we_ll-orde_rgd blfunc_t|0naI|z_ed_ IEBt— than that of Et Si. E=PMO [namely, ICS-Et—PMO(0.0)]
PMO materials, solution acidity was first optimized under and ICS-Et—PMO(0.25) show four reflections, indexed as
the conditions that the ratio of ICSSi to Et—Si was kept at (100), (110), (200), and (210), confirming thatERMO and
0.5/[(3/2)0.5]. Two samples were prepared in 0.25 and 0.10 ICS—Et—PMO(0.25) are highly ordered mesoporous materi-

M HCI s.cﬁlutionsdvyith .the aid f\f NahCI indb_l;UH. XRDl q als with typically two-dimensional hexagonal mesostructures
patterns illustrated in Figure 6 show that the bifunctionalize (P6mM).2” Increasing the concentrations of IESi in the

I_CS,_,Et_PMQ prepared'i'n 0.25 M HCl solution.exhibits precursors reduces the structural ordering of the products.
significantly higher intensities than the corresponding sample Only three reflections can be resolved for KEBt—PMO-
pr_epared in 0‘1.0 M HCI solut@on. It took approximately 2 (0.50) and ICS Et—PMO(0.75). These reflections could be
min for ICS_S.' 0 hy_dr_olyze in 0.10 M HCl solution to assigned either to (100), (200), and (210) of the hexagonal
prpduce a \{vr_ute. preC|p|tate.. In contrast, it tpok almost 24 structure P6mm) or to (110), (200), and (321) of the cubic
min for precipitation to occur in the case of-Esi. However, structure [4,32). The lack of the (110) diffraction charac-

IC.:S—.Si_ produ_ceq a white precipitate W,ithin 1 min and-Et teristic of PBmmhas been suggested to be evidence that the
S_lflethln 7.m|r;] |nha(§).2|5 M HCl s?(lqun. The éiecrea_sed structure is cubié? To ascertain the structure, TEM was
ifference in the hydrolysis rates for ICSi and EtSi performed on the sample ICEt—PMO(0.50), as shown in

under higher acidic conditions is likely to be rgsponsible for Figure 8. The image in Figure 8a, which was taken with the
the significantly better mesostructural ordering of the ob-

tained products. Therefore, the 0.25 M HCl solution was used (,7) zna0, b. v.: Feng, J. L. Huo, Q. S.: Melosh, N.: Fredrickson, G. H.:
for further study. Chmelka, B. F.; Stucky, G. DSciencel998 279, 548.
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Figure 10. Solid-state’3C MAS NMR spectra for the bifunctionalized
S ICS—Et—PMO prepared with different ICSSI/Et—Si ratios in the synthesis
—_— mixtures. An asterisk indicates a peak arising from the carbon in the surface

Figure 8. TEM images of (a, b) the bifunctionalized IEEt—PMO(0.50) ethoxy groups-OCH,CHs.
and (c, d) ICS-Et—PMO(1.0). (a, c) The electron beam is parallel to the . . 5 . _
pore direction. The inset in (a) is the corresponding diffraction patterns [Si(OSi}(OH)s—n, n = 2—4] between—90 and—120 ppm

made by Fourier transform. (b, d) The electron beam is perpendicular to confirms that all Si atoms are connected to C atoms, and no

the pore direction. Si—C bond cleavage occurred during the synthesis and
solvent extractiont3C MAS NMR spectra for the ICSEt—

s T PMOs are depicted in Figure 10. The signal at 150.7 ppm is

z[ assigned to the carbons in the isocyanurate rings (inset of

Figure 10)® The bands at 11.1, 22.0, and 45.8 ppm are
attributed to C3, C2, and C1 in the propyl groups bridged to
the isocyanurate rings and Si atoms in the ¥ (inset in

ICS-Et-PMO(1.0)

[ 1c5-E-PMO(0.75)

n o

) S Figure 10%° The resonance at 5.1 ppm arises from carbons
E " [ ies-Ecemoso) in Et—Si. Both the signals of ICSSi and Et-Si are clearly

g observed for the three bifunctionalized samples +HES-

= < [csEermonas PMO(0.75), ICS-Et—PMO(0.50), and ICSEt—PMO(0.25).

The signal intensities of ICSSi are steadily reduced with a
steady decrease its contents, which is accompanied by the
‘ . A steady enhancement of the signal intensity of &t These
50 0 50 -100  -150 results strongly suggest that the bifunctionalized HE5-
Chemical shift (ppm) PMOS have i.nde.ed been obta_lined using the mixtgrg oHCS
Figure 9. Solid-state?®Si MAS NMR spectra for the bifunctionalized ICS Si and Et-Si, Wlth, _a very wide compongnt variation, as
Et—PMO prepared with different ICSSi/Et—Si ratios in the synthesis ~ coprecursors. Additionally, the two weak signals at 17.5 and
mixtures. 58.6 ppm are assigned to the carbons in the surface ethoxy
o ] groups (SOCH,CHs, marked by asterisks in Figure 10),
electron beam parallel to the pore directisnows highly  \yhich were formed during surfactant extraction by acidified
ordered, hexagonal arrays of mesopores, and the image insthanopb4acAlso, these signals could originate from phy-
Figure 8b, which was taken with the electron beam perpen- sisorped/chemisorbed ethanol as well, especially if the
dicular to the pore direction, presents the linelike image of samples were not dried well. The intensities of both signals
the pores. Fourier transform diffractions for image a (inset tand to be enhanced with rising content of&Bi, which may
in Figure 8a) provides direct evidence that the pore arrayspe attributable to the fact that a higher content of &t in
of ICS—Et=PMO(0.50) are hexagonally symmetrical. These the precursors resulted in materials with less condensed pore
results clearly demonstrate that, despite the absence of thgya|is namely, a higher density o Bi atoms that can be
(110) reflection in the XRD patterns, ICEt—PMO(0.50) anchored by the-OCH,CH; groups (seé°Si MAS NMR
exhibits two-dimensional hexagonal mesostructures. Similar i, Figure 9). Considering the big difference in volumes of
results were also obtained for IE&t—PMO(1.0) (in Figure  the |CS- group and Et groups, and the big difference in
802,;1): ) the hydrolysis rates between IESi and EtSi, it is
Si MAS NMR spectra for ICSEt—PMO are shownin  gynected that a number of bifunctionalized PMOs, consisting

Figure 9. The resonances of TRSi(OSi)OH] and T of different bridged organosilanes, could be prepared by
[RSi(OSi)] Si atoms were well-resolved. Decreasing the

content of ICS-Si in the synthetic precursors resulted in the (28) pamodaran, K.; Sanjayan, G. J.; Rajamohanan, P. R.; Ganapathy, S.;
steady reduction of the ®Tsignals, indicating that the Ganesh, K. NOrg. Lett. 2001, 3, 1921.

framework condensation of the IEEt—PMOs was reduced (2% (&) Cestaric, A. R; Airoldi, .angmuir1997 13, 2681, (b) Huh, S.;

] - - Wiench, J. W.; Yoo, J.-C.; Pruski, M.; Lin, V. S.-XChem. Mater.
upon decreasing the ICSi contents. The lack of Gignals 2003 15, 4247.
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Figure 11. N, sorption isotherms (a) and pore size distributions (b) for the bifunctionalized EESPMO prepared with different ICSSI/Et—Si ratios in
the synthesis mixtures.

Table 2. Structural Parameters for the ICS—Et—PMOs Prepared with Different Contents of ICS—Si/Et—Si in the Precursors

dioo di10 d200 d210 BET surface pore diam pore vol

(nm) (nm) (nm) (nm) area (nd/g) (nm) (mL/g)
ICS—Et—PMO(1.0) 13.35 6.87 205.7 6.2 0.27
ICS—Et—PMO(0.75) 11.8 6.00 4.53 3313 5.9 0.35
ICS—Et—PMO(0.50) 10.76 5.45 4.12 544.2 5.6 0.49
ICS—Et—PMO(0.25) 10.17 5.87 5.09 3.87 738.4 6.1 0.63
Et—PMO 10.07 5.85 5.05 3.86 940.6 6.6 0.72

Table 3. Elemental Analysis of the ICS-Et—PMOs

N content (wt %) C content (wt %) Nacs—siy/NE-si?
measd calcd measd calcd measd calcd
ICS—Et—PMO(1.0) 9.93 10.29 34.86 35.29 1.0/0.0 1.0/0.0
ICS—Et—PMO(0.75) 8.60 9.29 32.97 33.63 1.4/1.0 2.0/1.0
ICS—Et—PMO(0.50) 6.42 7.78 29.95 31.11 0.46/1.0 0.67/1.0
ICS—Et—PMO(0.25) 3.36 5.22 25.61 26.87 0.14/1.0 0.22/1.0
Et—PMO 20.29 18.18 0.0/1.0 0.0/1.0

anics-silNer-si = (1 — x)/[(3/2)X] (x = 0.25, 0.50, 0.75) for the three biofunctionalized samples.

drawing the hydrolysis rates of the organosilica precursors nitrogen contents is that theOCH,CHjs groups, formed on

to match each other in a surfactant environment. the pore surfaces of PMOs during the surfactant extraction,
Figure 11 displays Nsorption isotherms and PSDs for contribute to higher carbon contents than the theoretic values

the ICS-Et—PMOs. The corresponding structural parameters estimated from the precursor compositions, resulting in the

are presented in Table 2. All the isotherms for the-&it lower estimation of the incorporation of ICSi in the

containing samples are type 1V in classificatfSmlisplaying bifunctionalized product.

sharp capillary condensation at relative pressures 0f-0.45  (3) Application of ICS—PMOs for Embedding Metal

0.75. The hysteresis loop, with parallel and nearly vertical Nanoparticles We have recently demonstrated that PMOs

branches in all of the isotherms except for KE—PMO- as host materials are advantageous over mesoporous silica

(1.0), is type H1 hysteresis, characteristic of materials with jn formation of highly crystalline Ge nanocrystasThe ICS-

a high degree of pore size uniformity. The capillary containing mesoporous silica has been demonstrated to

condensation/evaporation steps became sharper with increasexhibit a high capacity to adsorb g2 Because of the

ing content of EtSi, reflecting an improvement of the  importance of Pt nanocrystals in the nanochemistry of OMMs

mesopore orderingf. The BET surface areas and mesopore and their application in catalysi,we have tested the

volumes steadily increase with increasing content of &t possibility of using ICS-PMO(0.10 M) as a hostyithout

demonstrating again that both IE€Si and Et-Si were  suyrface modification by other specific functional grogps

proportionately accommodated into the frameworks of the tg adsorb HPtCk and then to prepare Pt nanocrystals within
materials in this study. Therefore, bifunctionalized HE—

PMOs have been successfully prepared with a wide range

(30) (a) Song, H.; Rioux, R. M.; Hoefelmeyer, J. D.; Komor, R.; Niesz,

of component variation of ICSSi and Et-Si. K.; Grass, M.; Yang, P.; Somorjai, G.” A. Am. Chem. So2006
i _ i 128 3027. (b) Yang, C.-M.; Liu, P.-H.; Ho, Y.-F.; Chiu, C.-Y.; Chao,
Elemental analysis qf the IC—Et' PMOs further confirms K3 Chem. Mater2003 15, 275. () Zhang, L. Shi. JL.; Yo,
the presence of ICSSi and Et-Si in them. It seems that

J.; Hua, Z.-L.; Zhao. X.-G.; Ruan. M.-lAdv. Mater.2002 14, 1510.
not all of the ICS-Si in the mixed precursors (of ICSSi (1dz) \{Zggkc).é\(l.; Sh;U.I\;L 2 Ch?_|o, E A?vi Funct. S\/Iager.sooz o

P . . . , . (e) Rioux, R. M.; Song, H.; Hoefelmeyer, J. D.; Yang, P.;
and Et-Si) has indeed been incorporated into the frameworks Somorjai, G. AJ. Phys. Chem. 2005 109, 2192. (f) Wakayama,
of ICS—Et—PMOs (see Table 3). One reason for the lower H.; Setoyama, N.; Fukushima, YAdv. Mater. 2003 15, 742.
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30000 Energy dispersive spectroscopy (EDS) analysis showed an
atom ratio of Si to Pt of 52.01/1.23. Considering the fact
that three Si atoms correspond to one ICS group, the molar
ratio of ICS to Pt groups is-14/1, indicating that only a
small portion of the ICS groups have adsorbe@t€k. This
may be because of the fact that most of the ICS groups in
the present experiment are located inside the pore walls, and
it is not easy for these ICS groups to be accessible to the
H,PtCk in the solution. In addition, the negative charging
of the PtC}~ anion may also be disadvantageous for the
I adsorption process compared with that of typical aqua
10 20 30 40 50 60 70 complexes of metal cations, which are positively charged.
Two theta (degree) Preliminary tests of the adsorption of Zrby the ICS-PMO
gave a molar ratio of ICS to 2n of approximately 9/1.
Expectedly the content of Zn is indeed higher than that of
Pt. A more detailed comparison of the adsorption properties
of our ICS-PMO materials with similar systems is under
way.
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Figure 12. Wide-angle XRD pattern of the sample-R€S—PMO.

Conclusion

An efficient approach to synthesize 1€E8MOs and
bifunctionalized PMOs consisting of two types of bridged
organosilane groups, ICEt—PMOs, has been exploited
using surfactant P123 as a template under acidic conditions
in the presence of inorganic additives. It is suggested that
F~ ions play an important role in the synthesis of bifunc-
tionalized ICS-Et—PMQOs: they can significantly accelerate
their mesopores by NaBHeduction as described in the the hydrolysis rate of EtSi to match that of ICSSi,
Experimental Section. resulting in highly ordered PMOs with two types of bridged

The Pt-containing sample PICS—PMO reveals a very  groups. HPtCk was adsorbed by the ICSMOs, and Pt
similar small-angle XRD pattern as compared with the host nanocrystals were subsequently prepared within the pores
ICS—PMO(0.10 M). The wide-angle XRD pattern of-Pt  of the ICS-PMO materials. We have presented a simple
ICS—PMO is presented in Figure 12. The three reflections but efficient scheme to prepare bifunctionalized PMOs with
centered at 397746.1°, and 67.4 can be attributed to (111),  different bridged groups. We believe the present strategy
(200), and (200) diffractions of the facet-centered cubic could be extended into preparing a large number of PMOs
lattice of metallic Pt. The broadening of XRD reflections with multifunctional bridged groups.
indicates that the Pt particles fabricated inside +&310
are nanodimensional, and the average size is estimated to Acknowledgment. W.-H.Z. thanks the Alexander von Hum-
be less than 5 nm, consistent with the pore size of 5.7 nm boldt Foundation for a fellowship. F.S. is grateful for a stipend
for ICS—PMO(0.10 M). To gain insight into the existence from the German National Academic Foundation. The work was
of Pt within the ICS-PMO host, Figure 13 shows a TEM further supported by the German Research Foundation (DFG)
image of P+ICS—PMO. A number of Pt nanoparticles were ~Within the framework of the Research Centre on Metal Support
directly imaged as black dots within the channels and within ntéraction in Heterogeneous Catalysis (Grant SFB-558) at the
the frameworks. Only a few large particles were also Ruhr-University Bochum.
observed on the external surfaces of the +&310 host. CM061922P

Figure 13. TEM image of the sample PICS—PMO.



