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A sol—gel approach for the synthesis of hybrid nanocomposites of iron oxide and bridged
polysilsesquioxanes has been established. The procedures allow for the simultaneous formation of iron
oxide and polysilsesquioxane networks in monolithic xerogels and aerogels. These hybrid nanocomposites
are synthesized from Fe$H,O and functionalized silsesquioxane monomers in a one-pot reaction using
epoxides as a gelation agent. The porosity and microstructure of the materials have been determined by
nitrogen porosimetry, electron microscopy, and ultra small-angle X-ray scattering. The hybrid nanocom-
posites exhibit a uniform dispersion of both components with no evidence for phase separation at length
scales>5 nm. At this limit of resolution, it is not possible to distinguish between two independent
interpenetrating networks integrated at molecular length scales or a random copolymer or mixtures of
both.

Introduction can be used to induce organization and/or long-range order,
The integration of inorganic oxides with organics at o m(_)d_ulate the r_nec_hanical properties,_or to enhance more

. specialized applications, such as their use as energetic
hanometer length scales can extend the range of IOhySICalrnaterials. For these as well as other applications, it is

m’?r? h"?‘”'cla" qntd cher‘?mal pr%per;;s th?ﬁ can pe_ Obtet"’]eddesirable that both the inorganic and the organic components
with simple mixtures of pure phasé3.o achieve mixing a be “mixed” at nanometer length scales.

these length scales, several strategies may be employed. One T d thi d tth thesi dch e
method involves the formation of interpenetrating netwdrks. . oward this end, we report the syntnesis and characteriza-
tion of hybrid monoliths comprised of iron oxide and

Interpenetrating networks (IPNs) may be assembled either i ioxanes. Two b il iOXANe DIecUrSor

sequentially or simultaneously, as depicted in Figure 1. The polys s:esdqudo' a tﬁ.s' tod ypes o Is sesquio fa efp ecll.J Scé s

simultaneous formation of two or more interpenetrating are inciuded in this study, simpie orgaho-iunctionalize
triethoxysilanes and organo-bridged bistriethoxysilanes. These

networks is the most efficiedtHowever, the challenge is i ) h diff t network formi
to develop conditions where the rates of formation of two sfisesquioxane precursors have difierent network forming
efficiencies, so their relative ability to generate hybrid

networks are approximately equal and the reaction conditions _ o . .
anocomposites with iron oxides was also of interest. As

are compatible. There are several examples where this had' . . . ;
been achieve such, this study establishes the compositional boundaries of

The objective of this research is to develop methods for the iron OXId.e a_nd ponsHsesqwoxgne com_ponent_s. Fmal!y,
. : ) . . . several applications of these materials require the integration
preparing monoliths of iron oxide and silsesquioxane net-

. of perfluoroalkyl groups into the final hybrid material.
works that incorporate hydrocarbon or fluorocarbon groups . . . . .
. . . Perfluoroalkyl group incorporation and dispersal in the matrix
as an integral part of the matrix. The organic component

has also been accomplished.
Gash and co-workers have developed-g#@l procedures
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E-mail: kjshea@uci.edu. for preparing iron oxide xerogel and aerogel monoliths by
T University of California, Irvine. i P ; i
+ Lawrence Livermore National Laboratory. the addition of epoxides to ethanol sgluuons of iron salts
§ University of Cincinnati. (FeCk-6H,0 or Fe(NQ)z-9H,0) 58 In this system, the use
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Figure 1. lllustration of independent and simultaneous network formation of two monomers.
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Figure 2. The structure of organic functionalized silsesquioxane monomers used in this study.
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Their work was extended to the sajel synthesis of mixed  oxide (PO), and trimethylene oxide (TMO) were purchased from
Fe—Si oxide nanocomposite materials in which the iron oxide Aldrich and used without further purification. (1-Triethoxysilyl-
was the major componehThese composite oxide materials ~ 1,1,2,2-tetrahydrojtridecafluorooctan#/X), (1-triethoxysilyl-
were prepared in ethanol by inducing gelation of a mixture 1.1.2.2-tetrahydro)heptadecafluorodecand2), and bis(1,8-tri-

of FeCl-6H,0 and either TEOS or TMOS through the ethoxysily)octaneNi3) were purchased from Gelest Inc. and used
addition of ;n epoxide. The composition of the resulting without further purification. Potassium bromide was purchased from

terial ied f Fe/Si " 1-5 VWR Scientific. Zinc powder was activated from commercially
materials was varie . rom ,e | (mol/meh) 7 . available zinc dust prior to useEthanol was distilled from a
Here, we expand this technique to form hybrid iron oxide  efiyxed solution of magnesium turnings/magnesium ethoxide.

polysilsesquioxane nanocomposites. These procedures alloverric chloride (lump, FeGi6H,0) was purchased from Fisher
the introduction of organic groups into the iresilicon oxide Scientific and used without further purification. Volatile solvents
matrix. A variety of organic functionalized silsesquioxane were removed under reduced pressure using a rotary evaporator,
monomers, shown in Figure 2L —M5), and Fe(d-6H,0 referred to as “removing solvent in vacuo”. The abbreviations of
were gelled simultaneously in ethanol using the epoxide chemical compounds and materials used in this paper are reported
method just described. As with all complex multicomponent as follows: M = monomer,X = xerogel,XFe = iron(lll) oxide
materials, control of domain size is important for tailoring *€rogel,HG = hybrid gel, PO= propylene oxide, and TMG=

and optimizing properties. The degree of integration of these trimethylene oxide. All of the numbers after the abbreviations

two components was established by electron microscopy and” orrespond to the monomer number.
P - y Py Synthesis of Silsesquioxane Monomers (M4 and M5},10-
ultra small-angle X-ray scattering (USAXS).

Bis(triethoxysilyl)decaneNl4) was synthesized via hydrosilylation
. . of 1,10-decadiene with triethoxysilane usingPtCk as the catalyst,
Experimental Section as described previoust. Similarly, 1,10-bis(triethoxysilyl)-
4,4,5,5,6,6,7,7-octafluorodecandy) was synthesized via a three-

Materials. 1,4-Diiodo-perfluorobutane, allyl acetate, dibenzoyl g ) . = "
step reaction using slightly modified literature proceddfe®

peroxide (BPO), 1,10-decadiene, triethoxysilang? &k, propylene

(8) Amarego, W. L. F.; Perrin, D. DRurification of Laboratory Chemicals
(7) Clapsaddle, B. J.; Gash, A. E.; Satcher, J. H., Jr.; Simpson, R. L. 4th ed.; Butterworth: Oxford, 1996.
Sasamtae 003 331, 190. (9) Oviatt, H. W.; Shea, K. J.; Small, J. isiaitabdaier1993 5, 943.
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Preparation of Polysilsesquioxane Xerogels (X4 and X5) from
M4 and M5. Synthesis of neat polysilsesquioxane xerogels has
been previously reportetl* Briefly, decamethylene-bridged pol-
ysilsesquioxane xerogelX4) were synthesized from a solution of
M4 (0.466 g, 1 mmol) in THF (0.95 mL) to which was added HCI
(0.112 mL, 1 N) in THF (0.95 mL). After the vial was capped tightly,
the resulting mixture was shaken for a few seconds, at which time

the reaction became homogeneous. Gelation took place in ap-

proximately 1 min. After aging for at least 2 days, the wet gel was
soaked in water. The water was exchanged three times over a perio
of 3 days. The gel was then dried in the fume hood at room
temperature for at least 15 days and°&for 24 h to afford the
xerogel K4). Octafluorodecamethlene-bridged polysilsesquioxane
xerogels X5) from M5 (0.305 g, 0.5 mmol) in THF (0.50 mL)
and HCI (54uL, 1 N) in THF (0.50 mL) were synthesized and
processed using the same procedures described4foterogels.

Preparation of Iron(lll) Oxide Xerogels (XFe) from FeCl 3
6H,0. Iron(lll) oxide xerogels were prepared via a modified
literature procedure® To a glass vial containing a fresh solution
of FeCk-6H,0 (0.840 mg, 3 mmol) in absolute ethanol (2.5 mL)
at 0 °C was gradually added PO (1.45 mL, 21 mmol) in three
aliquots over a period of 5 minCAUTION: Addition of PO to
an FeC}-6H,0 solution is accompanied by significant heat genera-
tion, which in some cases leads to flash boiling of the solution.
The reaction should be carried out in a well-ventilated hood. We
recommend the careful addition of PO to the Fe&H,O solution
in two or three aliquots, allowing for cooling time between
additions.) After the complete addition of PO, the color of the
solution changed from a clear yellow to an intense reddish-brown.
The reaction mixture was briefly stirred, and the stir bar was then
removed. After the gel set in5 min, the glass vial was sealed
with a cap and allowed to age for at least 24 h.

Preparation of Hybrid Gels (HG1 and HG2) from FeCls:
6H,0 and M1 or M2. In a typical reaction, Fe@i6H,0O (0.84 g,
3 mmol) was dissolved with stirring in absolute ethanol (4.8 mL)
in a polyethylene vial to give a yellow-brown solution. Once the
FeCl-6H,O was dissolved, the desired amount of ndator M2
(0.6-0.1 mmol) was added to the Fe@H,O solution to achieve
an Fe/Si molar ratio of 35. The resulting mixture was then allowed
to stir for a minimum of 10 min prior to the addition of the epoxide
gelation agent. For gels made withl, TMO was used as the
gelation agent and was added in a single aliquot (1.6 g, 28 mmol).
For gels made wittM2, PO was the gelation agent and was added

(10) Crkva, V.; Gaboyard, M.; Paleta, Guiliummniismn 2000 102,
349.

(11) Manseri, A.; Ameduri, B.; Boutevin, B.; Kotora, M.; Hajek, M;
Caporiccio, G ] 1995 73, 151.

(12) Ameduri, B.; Boutevin, B.; Moreau, J. J. E.; Moutaabbid, H.; Man,
M. W. C. - 200Q 104, 185.

(13) Knochel, P.; Chang, M.; Yeh, P.; Berk, S. C.; Talberfiuiitamima
1988 53, 2390.

(14) Shea, K. J.; Loy, D. A.; Webster, Gl d.992 114
6700.

in three aliquots (0.4 g (7 mmol)/aliquot, 21 mmol total) ap-
proximately 15-20 min apart. After addition of each aliquot, the
solution was briefly stirred to ensure thorough mixing. Following
the addition of the final aliquot of epoxide, the stir bar was removed,
the reaction vial was covered, and the solution was allowed to gel.

Preparation of Hybrid Gels (HG3) from FeCl36H,0 and M3.
FeCk-6H,O (0.840 g, 3 mmol) was dissolved while stirring in
absolute ethanol (3.10 mL) in a polyethylene vial. Simultaneously,
he desired amount &3 needed to achieve an Fe/Si atomic molar
atio of 0.5-5 (0.6-6.0 mmol) was dissolved in absolute ethanol
(3.10 mL) in a separate vial. Once the Fg6H,O was dissolved,
the two solutions were combined and stirred for a minimum of 10
min. PO (1.60 g, 28 mmol) was then added to the mixture in two
0.8 g aliquots, allowing sufficient time for cooling between
additions. Following the addition of the final aliquot of PO, the
stir bar was removed, the reaction vial was covered, and the solution
was allowed to gel.

Preparation of Hybrid Gels (HG4 and HG5) from FeCls-
6H,O and M4 or M5. FeCk-6H,O (0.840 g, 3 mmol) was
dissolved in absolute ethanol (2.50 mL) in a glass vial with a stir
bar at 0°C. After simultaneous addition of nelst4 or M5 (Fe/Si
atomic molar ratio of 3-6) and a portion of PO (0.50 mL), the
reaction mixture was stirred, and the remaining PO was added in
two aliquots (0.50 and 0.45 mL) over a period of 3 min. The
resulting mixture was briefly stirred for 1 min, and the stir bar was
then removed. The glass vial was sealed with a cap, and the sol
was allowed to gel.

Processing of Iron(lll) Oxide and Hybrid Gels. All gels were
covered and aged for at least 24 h at room temperature after the
initial gelation. Each gel was then subjected to a pore-washing/
solvent exchange step in absolute ethanol fe53ays. During
this time, the wash solution was replaced with fresh ethanol at least
three times. For aerogel preparation, the solvent-exchanged gels
were processed in a Polaron supercritical point dryer. The ethanol
in the wet gels was exchanged with gpover 3—4 days at~12
°C, after which the temperature of the vessel was ramped4®
°C while maintaining a pressure of100 bar. The vessel was then
depressurized at a rate of7 bar/h. For xerogel preparation, the
wet gels were covered with perforated aluminum foil and allowed
to dry in a fume hood for 1530 days at room temperature. The
resulting xerogel monoliths were then placed in a vacuum-({D
mTorr) for 24 h to complete the drying process.

Physical Characterization. Surface area and pore volume and
size analyses were performed using an ASAP 2000 porosimeter
(Micromeritics Instrument Corp.). Sample amounts of-+880 mg
were used for analysis. Prior to analysis, the glassy, brittle xerogels
were coarsely ground and degassed under vacuum (below 5 mTorr).
Surface area determination and pore size and volume analysis were
performed by BET (BrunauetEmmett-Teller) and BJH (Barrett
Joyner-Halenda) methods, respectivéié
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Scanning electron microscopy (SEM) was carried out using a oxysilyl)-4,4,5,5,6,6,7,7-octafluorodecamés, was synthe-
Hitachi S-4500 cold field emission microscope. Typical accelerating sized using a BPtCl (0.3 mol %)-catalyzed hydrosilylation
voltages used for xerogel samples ranged from 1 to 10 Kv reaction between triethoxysilane and 4,4,5,5,6,6,7,7-0c-
depending on magnificatipn. Coating of samples with a conductive tafluoro-1,10-decadiene, the latter being prepared via a two-
layer Au was necessary in some cases. step reaction involving acetylation of 1,4-diiodoperfluorob-

For sampleHG5, transmission electron microscopy (TEM) was utane followed by elimination of diacetate13
performed on a Philips CM20 microscope with a liquid nitrogen ] ] ) i
holder. Powered samples were dispersed in acetone, and drops of Material Synthesis.Pure iron oxide xerogelXFe, were
the resulting mixture were deposited on a plasma-etched amorphougrepared from solutions of FegbH,O in ethanol using PO
carbon substrate-supported copper grid using a pipet. TEM for as an acid scavenger following the method of Gash et. al as
samples ofHG1, HG2, and HG3 was performed on a Philips illustrated above in Scheme®2.The gel time {ge) for XFe
CM300FEG microscope operating at 300 keV using zero loss materials was approximately 5 min. Following gelation, the
energy filtering with a Gatan energy imaging filter (GIF) to remove  material was aged and then processed by washing in ethanol
inelastic scattering. The images were taken under bright field 5, 3—5 days followed by ambient drying. The two pol-
conditions and slightly defocused to increase contrast. The imagesysilsesquioxane xerogel¥4 and X5, were synthesized via

were also recorded on a 2K 2K CCD camera. Energy filtered acid-catalyzed seigel polymerization from solutions &4
TEM (EFTEM) element maps were obtained by electron energy- ; . .
loss spectroscopy (EELS) in tandem with the Philips CM300FEG or M5 in THF usirg 1 M HCl as the cgtalyst, as shown in
TEM microscope. All EELS measurements were made with a Gatan Scheme 3:1* At a monomer concentration of 0.4 M, thg
model 607-electron energy-loss spectrometer attached to thevalue for both materials was less than 10 min. After aging

microscope. Measurements were made at thelizg, O—K, and for 48 h, the materials were processed by water washing
Si—L,3 edges. Images were processed using Digital Micrograph followed by ambient drying to produce xerogels. Although
3.3.1 software from Gatan, Inc. monomersM1 and M2 readily undergo hydrolysis and

Fourrier transform infrared spectroscopy (FTIR) was performed condensation under the conditions employed here, they do
on either a ThermoNicolet Nexus 4000 FTIR spectrometer or a not independently form gels. The three xerogXBe, X4,
Perkin Elmer FTIR system. Samples were prepared by grinding andX5, were used as reference materials for comparison to
together 1 mg of the organic/inorganic nanocomposite with 100 o organic/inorganic hybrid systems.
mg of dry potassium bromide with a mortar and pestle. The mixture

was pressed into a pellet using a standard bolt press prior to analysis, 10 €stablish optimal conditions for the simultaneous
The spectra were collected in transmission mode at 5icm formation of the iron oxide and silsesquioxane networks in

resolution for 32 scans. the synthesis of the hybrid materialge values for the
Ultra small-angle X-ray scattering (USAXS) was performed using individual networks under conditions of varying pH were
the Bonse-Hart camera at the UNICAT beam line at the Advanced noted. Although the pH of an ethanolic solution of FaCl
Photon Source, Argonne National Laboratory. Samples were 6H,O increases uniformly from~1.0 to ~5.2 upon the
prepared by placing Scotch magic tape over the bottle containing addition of PO, the strongly acidic solution during initial

the sampleXFe, HG4, andHGS) and turning the bottle to allow  stages of the reaction is conducive to rapid silsesquioxane

the powder to stick to the tape. A barely visible layer of powder natwork formatiorf:17-18 The tye values of FeGF6H,O

on the.tape was then 9overed with a second piece of magic tape.solutions in ethanol with PCk() were comparable to thg,
Two pieces of tape with no sample were used as a background

. values of bridged monomefd4 and M5 solutions in the
that is subtracted from all data reported here. The data were de- . . o
smeared using routines provided by UNICAT. concentration range of 0:10.4 M under acidic conditions

(k2), suggesting that the simultaneous formation of the two
networks could be achieved under these conditions (Scheme
4). Concentrations of the silsesquioxane monomers were

Monomer Synthesis.The synthesis of botM4 andM5 chosen on the basis of values that were anticipated for their
is illustrated in Scheme 2. The monomer 1,10-bis(triethox- incorporation into the iron(lll) oxide matrix. The ratios and
ysilyl)decaneM4, was synthesized from 1,10-decadiene and concentrations used corresponded to sintijarvalues for
triethoxysilane via hydrosilylation using,AtCk (0.03 mol the independent systems. The hybrid materials were prepared
%) as catalys?. The fluorinated monomer 1,10-bis(trieth-

Results and Discussion

(17) Loy, D. A,; Straumanis, A._Schneider. D_A_ Mather_B_ Sanchez,

(15) (a) Brunauer, S.; Emmett, P. H.; Teller, Ejisinuniimmmmi ¢ 933 A.; Baugher, C. R.; Shea, _I

60, 309. (b) Gregg, S. J.; Sing, K. S. dsorption, Surface Area, Bahdaimagin. 004 45, 591.
and Porosity 2nd ed.; Academic Press: London, 1982. (18) (a) Loy, D. A.; Mather, B.; Straumanis, A. R.; Baugher, C.; Schneider,
(16) Barrett, E. P.; Joyner, L. G.; Halenda, P jiiuiiiio 4951 D. A.; Sanchez, A.; Shea, {uuilissusidaigr 2004 16, 2041. (b)

73, 373. Jolivet, J. P.; Charee, C.; Tronc, Efissinaaess 2004 481.
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Scheme 4
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from ethanol solutions of FegbH,O and silsesquioxane Table 1. Summary of Preparation Conditions for HG1 and HG2
monomersM1—M5 using epoxides as acid scavengers to _ calc. Fe/Si _
establish pH gradients and induce gelation. This process is_Maeral__monomer (mol/imol) epoxidé geltype  tgel
depicted in Scheme 5 along with an illustration of the HG1-1 M1 4 TMO aero  20h
ting hvbrid | HG1-2 M1 4 TMO xero  20h
resu tm_g ybor xerqge. HG2-2 M2 5 PO aero 6 min
Hybrid gel materials,HG1 and HG2, prepared from HG2-2 M2 5 PO xero  6min
monotriethoxy silsesquioxanes, were prepared from ethanol HG2-3 M2 3 PO aero 18 min
solutions of FeGt6H,O andM1 or M2. Gelation of these aFor materials prepared with TMO, TMO/ffe= 9.3 (mol/mol); for

materials was achieved through the use of two different Materials prepared with PO, POFe= 7.

epoxides, PO or TMO (Table 1). The use of the different to 4 using TMO to preparélG1l. As can be seen in Table
epoxides depended on the composition desired in the variousl, the use of TMO as a gelation agent greatly increased the
HG1 or HG2 materials within the boundaries for maintaining tge value for these materials due to the slower proton
a homogeneous solution up to gelation. Compositional scavenging reaction of the four-membered oxetane ring
studies with different Fe/Si ratios revealed that Fe/Si atomic (TMO) versus the three-membered epoxide ring (POThe
molar ratios less than 5 resulted in the formation of slowerty allowed for a slight decrease in the Fe/Si ratio
precipitates wheiM1 was the silsesquioxane and PO was when using monomeM1. TheHG2 materials could be made
the gelation agent. However, Fe/Si ratios could be lowered with both PO and TMO in ratios as low as Fe#SB. Efforts

Scheme 5
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Table 2. Summary? of Preparation Conditions for HG3, HG4, be useful for evaluating the degree of interpenetration of the
and HG5 iron(ll) oxide and polysilsesquioxane networks. Table 3
, calc. Fe/Si _ contains the surface area, pore volume, and average pore
material monomer (mol/mol) gel type tger (Min)

diameter for selected dried hybrid materials. The hybrid

ize m”e 0 Xf‘;go N15 materials are largely mesoporous with the surface areas
X5 M5 0 Xero <10 ranging from 70 to 350 Ag. All xerogels have lower surface
HG3-1 M3 2 aero 40 areas, pore volumes, and pore diameters than aerogels, as
:gg% mg (1).5 aero Z,?, expected for the denser, glasslike structure of the ambiently
HG3-4 M3 25 Xero 40 dried xerogel materials. Analysis of these materials displayed
HG3-5 M3 1 Xero 75 the classic type IV isotherm, indicative of a mesporous
o " ° xero > material (pore diameters-50 nm), and narrow pore size
HG4-3 M4 1 Xero 1 distributions!516
:g;‘:‘l" "'\’}I‘é % xero >1205 Comparison of materials prepared with similar composition
HG5-2 M5 5 Xero 7 and structure, but prepared with monosilsesquioxanes versus
HG5-3 M5 3 Xero 8 bissilsesquioxanes, leads to some interesting observations.
a Al gels were prepared using PO as the epoxide. PO/Ee7 (mol/ For hybrid aerogels, surface areas ranged from 121 to 352
mol) for all materials exceftlG3 materials andHG4-4 (PO/Fé* = 9.3). m?/g. Interestingly, the surface area and pore diameter of

bInitial concentration of FeGi6H,O andM4 is one-half of that used for

the otherHG4 materials ([FeGH6H0] ~ 0.6 [M4] ~ 0.25). aerogelHG3-1, prepared using the bissilsesquioxavid,

were larger than any of the aerogels, made with monosils-

to synthesize hybrid gels with Fe/Si 3 using eitheM1 or esquioxaned12 or M1, despite having a greater fraction of
M2 resulted in separation of the reaction solution into two &lkyl group functionality in the final material. The larger
distinct phases accompanied by formation of precipitates. Surface area and pore diameteiHfs3-1 may be indicative

Materials prepared from bistriethoxy silsesquioxanes, of thg: bridging nature of the alkyl functionality versus the
HG3, HG4, andHG5, were synthesized in a manner similar terminal nature of the alkyl groups. The smaller surface area
to that of HG1 and HG2. The conditions are summarized and pore volume observed in monosilsesquioxane materials
in Table 2. A neat silsesquioxane monomer and an aliquot MaY be a result of the alkyl groups protruding into and
of PO were simultaneously added to a solution of geCl Partially filling the mesopores. Such a phenomenon would
6H,0 (1.2 M) in ethanol at ®C. For all gels, after the be less likely fqr mgte_nals w!th similar alkyl fgncﬂonahty,
addition of the epoxide, the homogeneous solution changedbUt prepargd W|.th t_mssﬂsesqwoxanes that can incorporate the
color from red-orange to dark red-brown, and then turned @ky! functionality into the networks at both ends.
into a monolithic red-brown gel within 10 min. Hybrids of ~ In general, the same trend can be noted for xerogel
HG3 were processed to both xerogels and aerogels andmaterials. With the exception 6fG4-2, the surface area of
remained monolithic following processing. As compared to all hybrid materials prepared with bissilsesquioxanes is higher
HG1 and HG2, the synthesis oHG3, HG4, and HG5 than similar compositional materials made with monosils-
materials could be achieved even when the Fe/Si ratios wereesquioxanes. In fact, comparison of xerog&5-2 (prepared
as low as 0.5. This could be due to the increased solubility With bissilsequioxanév5) with xerogelHG2-2 (prepared
of the bissilsesquioxanes as compared/tb and M2. with monosilsesquioxan®?2) shows that the surface area

It is interesting to compare materials prepared from and pore volumes of the two materials are very different,
monomersM1 and M2 (HG1, HG2) with those from the =~ With HG5-2 having significantly larger values for both
difunctional monomers13, M4, andM5 (HG3, HG4, and parameters. The effect on the pore diameter is not as
HGS5). As can be seen in Tables 1 and 2, the organosilica noticeable as in the aerogel materials due to the much smaller
content of the materials can be significantly increased when pore size of the dense, glasslike xerogel materials. Perhaps
using the bissilsesquioxane starting materials. Phase separad better comparison is that BG5-3 to HG2-2. Even though
tion and precipitation were not observed for the bissilses- HG5-3 has approximately twice as much Si H&2-2, it
quioxane systems for Fe/Si 3, presumably due to the has a similar number of alkyl groups. Its pore volume and
increased solubility of the bissilsesquioxanes in the ethanol surface area, however, only decrease slightly from those of
synthesis solution. In fact, materials in which organosilica HG5-2 and remain well above the values 18G2-2. In this
was the dominant phase (FefSil) could be achieved when ~case, doubling the silsesquioxane content only slightly
using the bissilsesquioxane starting materials. Hybrids perturbs the pore properties, suggesting a higher level of
prepared with bissilsesquioxane monomers can achieveintegration into the network than that observed for monosils-
higher loadings of organic. However, these hybrids will have €squioxanes with the same alkyl chain length.
a higher silicon content in the final material than those  Another trend that further elucidates the nature of the
prepared with monosilsesquioxane precursors, a consequenceetwork interpenetration is the decrease of the surface area
that can have an effect on the properties of the final materials.and pore volume of both hybrid xerogels and aerogels as

Materials Characterization. Nitrogen Adsorption/De- the Fe/Si ratio decreases. For example, surface areas and pore
sorption Analysis. The surface area, pore volume, and volumes of xerogel$dG4-1 and HG4-2 are smaller than
average pore diameter were obtained by analysis of thethe reference pure iron(lll) oxide xerogeFe, but larger
nitrogen adsorption/desorption isotherms (Table 3). Com- than the pure bissilsesquioxane xerojdl. As compared
parison of the results for reference and hybrid materials canto xerogelHG4-2, HG4-1 shows an even larger surface area
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Table 3. Summary of Surface Area

Zhao et al.

and Porosities of Hybrid Gels

calc. Fe/Si

materials monomer epoxide (mol/mol)

gel type

pore volumé
(mL/g)

surface area
(m?lg)

pore
diametef (nm)

XFe
XFe-2A
X4¢
HG1-1
HG1-2
HG2-1
HG2-2
HG2-3
HG3-1
HG3-3
HG4-1
HG4-2
HG5-2
HG5-3

PO
PO

N/A
N/A

Xe!

ae

wouwooNwaad PO

aero
Xero
aero

Xero

aero
Xero
aero
aero

Xero
Xero
Xero
Xero

378
390
5.60
328
73
238
91
184
351
121
184
37
201
230

0.27
3.75

ro 26

3.42
0.04
1.44
0.04
1.22
3.02
0.59
0.07
0.03
0.15
0.11

ro

aBET surface areg BJH cumulative adsorption pore volunfeBJH average pore diametérValue taken from ref 5¢ Value taken from ref 9.

and pore volume. The same trend is also noted for xerogels

HG5-2 andHG5-3. AerogelHG3-3 also shows this signifi-

cant decrease in surface area and pore size, which is expecte
as the hybrid becomes more enriched with bissilsequioxane

instead of iron(lll) oxide. These differences can be attributed
to the degree of interpenetration between the two networks

as the Fe/Si ratio approaches the two extremes of pure iron-

(1) oxide materials or pure silsesquioxane materials.
Infrared Spectroscopy. Infrared spectra of xerogels
HG4-2 and HG5-3 are shown in Figure 3. The spectra of
the hybrid gels show an absorption at ca. 68040 cm'*
corresponding tov,{Si—O—Si) from the silsesquioxane
groups’!® Due to the presence of alkyl groups in the

processed hybrid materials, these spectra also show theg

characteristic ©H absorptions (ca. 28668100 cn?) for
HG3, HG4, and HG5 gels and the €F absorptions (ca.
1166-1200 cm?) for the HG5 gels. Features in the spectra
that occur lower than 800 crh are assigned to FeO

absorptions due to their presence in the spectra of the pure

iron oxide xerogelXFe. The bands at ca. 680 and 470¢m
are common in the IR spectra of ferrihydrite, a common
amorphous polymorph of iron oxide that typically exhibits
poor crystallinity%2.20

The hybrid gels also show a weak, broad feature in the
range of 916-940 cm’. Metal oxide-silica composites
often show a single broad band between 900 and 1000 cm
that is commonly attributed to the presence of-6i-M
bonding in the mixed oxide materidi¥?1-22This shift is often

hard to assign, however, due to the presence of hydrogen-

bonded Si-OH absorptions also present in the region. Often,
a shift to lower energies is noted for-8D—M absorptions

in the metal silica composites as compared to theCsil
absorptions in the native silica materidl$? The shift to

X-5

=

2400 1400

wavenumber (cm-1)

3400

HG4-2

| Ll

2400 1400

Wavenumber (cm-1)

3400

HGS-3

2400 1400

wavenumber (cm-1)

3400

lower energies is used as a means to characterize th
incorporation of the heavy metal atom into a8—M bond.

(19) Maxim, N.; Overweg, A.; Kooyman, P. J.; van Wolput, J. H. M;
Hanssen, R. W. J. M,; van Santen, R. A.; Abbenhuis, H. QBhys.
Chem.2002 106, 2203.

(20) (a) Cornell, R. M.; Schwertmann, Whe Iron OxidesVCH Publish-
ers: Weinheim, 1996. (b) Schwertmann, U.; Cornell, R. Ikbn
Oxides in the LaboratoryVCH Publishers: New York, 1991.

(21) Fabrizioli, P.; Burgi, T.; Bergener, M.; van Doorslaer, S.; Baiker, A.

2002 12, 619.

(22) Gao, X.; Bre, S. R,; Fierro, J. L. G.; Banares, M. A.; Wachs, U.E.

Bk F1 998 102 5653.

Figure 3. IR spectra ofX5, HG4-2, andHG5-3.

In the present case, the hybrid materials do show a shift in
this band (916-940 cn1?) that is lower than the commonly
accepted shift 0f~960-990 cn1? for Si—OH bands. This
assignment, however, is made difficult by the absence of
Si—OH bands in spectra of the native! (not shown) and
X5 polysilsesquioxane materials, as well as the broad nature
of the peaks due to the amorphous character of the hybrids.
Furthermore, this region is partially obscured by the broad
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(a) XFe (b) X4 (c)HG4-3
Figure 4. SEM images of (a) iron(lll) oxide xerogeKfe), (b) polysilsesquioxane xerogeX4), and (c) hybrid xerogelHG4-3).
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(a) (b) (o

Figure 5. TEM and EFTEM micrographs of hybrid gels: (a) aerobi1, (b) aerogeHG3, and (c) xerogeHG5-3.
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Figure 6. USAXS data for xerogelXFe, HG4-2, andHG5-3. Data are not directly comparable in intensity because the amount of sample in the beam is
unknown. (a) USAXS data with intense power-law scattering at sqsailbtracted. (b) USAXS data scaled to match at 073, Ahe Ry value reported is
the Guinier radius, which is the radius of gyration of the scattering domains.

absorption and shift to lower energies of thgSi—O—Si) Figure 4 contains SEM images of three xeroged$e, X4,
band as the iron content increases in the §é&iflthough andHG4-3. The images reveal the highly porous nature of
some spectroscopic evidence for the existence ol05tFe these materials, which was also established pgdsorption/
bonding is present in these hybrid materials, in the absencedesorption analysis. Although the SEM image H&4-3
of quantitative information the data at present indicate that exhibits differences in the surface texture from the iron oxide
the amount of SiO—Fe bonding® may be minor. If this is XFe and bridged polysilsesquioxa&t gels, the surface
the case, the presence of two distinctly separate, interpen-morphology appears uniform without obvious phase separa-
etrating oxide networks is indicated. tion between the two networks. No difference in morphology
Electron Microscopy. Microscopy further supports the was noted between the surfaces of IPN materials prepared
presence of two polymer networks that are simultaneously with monosilsesquioxanesHG1 and HG2; images not
formed and highly interpenetrated with each other to generateshown) and bissilsesquioxanes.
these hybrid nanocomposites. The surface morphology and The nanostructure of the hybrid gels using HRTEM and
microstructure of selected hybrid gels was evaluated with EFTEM was probed to evaluate the hybrid gels’ architecture
SEM. The pure, single network control xerogeXs;e and on smaller length scales. Figure 5 contains HRTEM and
X4, were used for comparison to the hybrid, IPN xerogels. EFTEM images of areogdiG2 (Fe/Si= 5), HG3 (Fe/Si
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Table 4. Guinier Radius Values Ry) of Iron Xerogel and Hybrid absence of a silica related component. However, it cannot
Xerogel Materials be ruled out that this feature arises from a sitig@n(lll)
sample level Ry (A) level 2Ry (A) oxide-like mixed phase.
XFe 26.5 In summary, the USAXS data provide no evidence of
:gg:g g:g g?:g large-scale (5 nm) phase separation consistent with the

HRTEM and EFTEM results discussed above. At best, tiny
= 2), and xerogeHG5-3 (Fe/Si= 3). According to these 6 A silica domains may exist, as evidenced by the presence

images, these materials are a collection of nanoparticles®f @ second feature abbé A in radius-of-gyration also

interconnected to form an amorphous, mesoporous structurePresent in the hybrid materials. Alternativelyetd A feature
The size of the particles appears to be fairly uniform May be the strut size (average distance of bridging alkyl or

throughout the gels, with particles sizes ranging from 2 to 5 perﬂuoroal_kyl group) of an interpenetrating silsesquioxane
nm in diameter. No evidence exists for distinct phase N€twork. Finally, tie 6 A feature could be a broadened Bragg

separation between Fe- and Si-oxide domains at length scale@&ak corresponding to organization of the organic groups of
>5 nm, further supporting the conclusions drawn from the polysilsesquioxane component. In this case, the periodicity

SEM images. Furthermore, the observed uniformity is Would be approximately (20.2)> 30 A. However, there
confirmed by the element maps BG2 (fluorine map) and 'S NO corro_boratlng evlld'ence for thls_ at present. These results
HG3 (Fe, Si, and C maps), as shown in the insets of Figure call at'tentlon to the difficulty in distinguishing between the
4a and b, respectively. All element maps show a high degree'PNs integrated at molecular length scales and copolymers.
of mixing between the iron oxide and polysilsesquioxane Conclusions
phases on the nanoscale as well as the microscale. Micros- We have established a sajel approach for the synthesis
copy data further support the formation of two polymer of organic/inorganic hybrid nanocomposites containing iron
networks that are simultaneously formed and highly inter- oxide and polysilsesquioxanes. The synthetic procedure
penetrated with each other. allowed for the simultaneous formation of iron(Ill) oxide

Ultra Small-Angle X-ray Scattering (USAXS). Ultra and bridged polysilsesquioxane networks from RetH,0
small-angle X-ray scattering (USAXS) is a technique used and functionalized silsesquioxane monomers in a one-pot
for microstructural characterization. Many complex materials reaction. The resulting interpenetrating networks resulted in
are built up by hierarchical assembly. USAXS extends the monolithic hybrid xerogels or aerogels when using organic
observable length scale of features of these hybrid materialsePoxides as gelation agents. The two components were highly
from 2 to 10 000 A (Figure 6a, 138 USAXS is primarily or even molecularly interpenetrated to provide the integrated
sensitive to the iron atoms because the scattering power ischemical systems. According to the characterization results
proportional to atomic number. The data are dominated by for the nanostructures, as well as the physical properties of
intense scattering at small scattering vectajs which is materials, the hybrid nanocomposites exhibited a uniform
pure power-law in form. This intense scattering is due to dispersion of both components with no evidence for phase
the powder granules and could be masking morphological Separation on length scale$s nm. This method provides a
features in the 10010 000 A range. In addition to the general synthetic method for the synthesis of a variety of
scattering from the powder itself, additional scattering is seen Organic/inorganic hybrid nanocomposites using a common
atq > 0.01 A%, corresponding to scattering from structures metal salt and functionalized silane monomers. We believe
that are smaller than 100 A. Such scattering is characteristicthat this methodology is general for the preparation of a large
of dried gels as previously seen for bridged-silsesquioxane-variety of transition and main group metal hybrid compos-
derived aerogels and xerogéfs. ites?®
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