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Superparamagnetic Aluminosilicates

Mesoporous Aluminosilicate Materials with
Superparamagnetic y-Fe,0; Particles Embedded
in the Walls**
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Ulrich Wiesner*

Silica-based mesostructured and mesoporous materials have
sparked much interest among researchers over the last
decadel'] expanding their functionality by the incorporation
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of functional organic compounds,®*! substitution or addition
of other inorganic materials,”) or templating into carbon-
based materials." Here we will focus on magnetic mesopo-
rous materials. Although research has been performed on
surfactant-based templating and sonochemical approaches to
layered iron oxide/oxyhydroxide mesophases,!':'?l polymer-
derived magnetic bulk ceramics,”! and bulk iron oxide
silicates prepared through sol-gel techniques,'*'" research
on mesostructured iron-containing silicates is scarce and
limited to surfactant-based systems where the iron compound
was loaded after synthesis.'>'"] Backfilling the pores is a
common technique to functionalize mesoporous materials,]
but it requires more synthesis and characterization steps and,
more importantly, risks clogging the pore structure. We
present a simple block-copolymer-based “one-pot” self-
assembly approach to multifunctional y-iron oxide alumino-
silicates that are mesoporous and exhibit superparamagnetic
behavior. Nanoscopic iron oxide particles are incorporated in
the walls of the aluminosilicate matrix. Therefore, the block-
ing of the pores, as observed in earlier studies on backfilled
materials, is overcome, even for high iron loadings.'”l We
anticipate that this simple and versatile block-copolymer-
directed approach to large-pore structures will lead to new
techniques for the separation of magnetically labeled bio-
logical macromolecules that combine size exclusion as well as
magnetic interactions. Also, the robust matrix has thick walls
(>10 nm) which give the material good thermal stability (as
high as 800°C) allowing for catalytic applications at elevated
temperatures.

The synthesis is unique in allowing for precise control over
the structure and composition of the final materials. Although
only the inverse-hexagonal cylinder morphology is described
(cylindrical pores in a aluminosilicate matrix), several mor-
phologies were observed in our laboratories, similar to those
seen for diblock copolymers and their mixtures with homo-
polymers.?:22l These morphologies include the hexagonal
cylinder (inorganic cylinders in a polymer matrix) and the
lamellar phases. The approach can also be extended to other
transition-metal oxide systems. Iron oxide was used in our
study for its potential magnetic properties, but also serves as
an example of what should be possible from a wide range of
commercially available metal alkoxides. The actual composi-
tion of the resulting materials can be tailored according to the
application, which becomes particularly important in catalyst
technology.

The amphiphilic diblock copolymer, poly(isoprene-block-
ethylene oxide) (PI-b-PEQ), served as a structure-directing
agent. Two polymers of different molecular weight and PEO
fraction were used (P5: My =22400, 15 wt % PEO; P7: My, =
38600, 32 wt % PEQO). The polymers had a low molecular-
weight distribution with a polydispersity index of less than
1.05. A sol was prepared using (3-glycidoxypropyl)trimeth-
oxysilane (Sigma-Aldrich) and aluminum-sec-butoxide
(Sigma-Aldrich), which was mixed with a solution of the
polymer and iron(r) ethoxide powder (Gelest, Inc.) to
prepare polymer—inorganic composites with 25 mol% Fe,
based on the cation. The ratio of inorganic material to
polymer was 2.37 for the composite made with P5 (designated
as C5) and 2.25 for the composite made with P7 (designated
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Figure 1. a) SAXS analysis of the pure block-copolymer P7 (trace 1), the as-prepared 25 mol % Fe-containing polymer—inorganic composites C5
and C7 (traces 2 and 3, respectively), and C7 calcined to 750°C (trace 4). Positions of the higher order peaks suggest a hexagonal structure in all
cases; b) XRD analysis of the bulk ceramics (prepared without block copolymer) calcined to 550°C. Pure Fe(OH); and 50 mol % Fe-containing alu-
minosilicate (diffractograms 1 and 2, respectively) prepared using the same sol-gel synthesis procedure as for the composites. Symbols indicate
expected peaks from a-Fe,O; (m) and y-Fe,O; (0), respectively. SAXS experiments were performed on a Bruker-AXS Nanostar diffractometer (Cuy,,
1.54 A) operated at 40 kV, 40 mA in transmission. Data were recorded using a 2D Hi-Star aerial detector with a sample to detector distance of
62.5 cm. Integration of the images was performed over all azimuthal angles and resulting profiles smoothed using an FFT filter. XRD data was
obtained from powdered samples using a Scintag Inc. 60 diffractometer (Cuy,, 1.54 A).

as C7). This ratio was based on the amount of inorganic
material remaining after evaporation of all the volatile
components (experimentally found to be 55% of initial
weight of the sol).

Figure 1a shows small-angle X-ray scattering (SAXS)
data for the pure diblock copolymer P7 and the two as-
prepared polymer—inorganic composites C5 and C7 (traces 1-
3, respectively). The scattering data exhibit higher order
peaks for both the polymer and the composites, indicative of
cylinders in a hexagonal array. Transmission electron micro-
scopy (TEM) corroborates these assignments. Figure 2
depicts representative TEM micrographs of the as-prepared
composite C5 (Figure 2a,b) showing a well-defined inverse-
hexagonal morphology. The absence of large-angle X-ray
diffraction (XRD) peaks (data not shown) demonstrates that
the inorganic and polymer components of the composites are
amorphous.

For the production of a crystalline magnetic iron oxide
phase, the as-prepared composites were calcined at elevated
temperatures in air. To elucidate the effect of our alumino-
silicate matrix on the iron oxide formation, XRD experiments
were performed on two test samples made from only the
inorganic precursors (that is, without block copolymer) and
heated to 550°C in air. The results of these measurements are
shown in Figure 1b. The first sample was made by heating
fully hydrolyzed iron ethoxide, and was shown to be
crystalline non-magnetic a-Fe,O; (Figure 1b, upper diffracto-
gram). The second sample was made from an iron-containing
aluminosilicate (50 mol% Fe) and showed a poorly crystal-
line y-Fe,O; phase (Figure 1b, lower diffractogram). These
results on model materials suggest that in a bulk aluminosi-
licate matrix, y-Fe,O; is the only detected crystalline phase
after heat treatment at elevated temperatures (550°C). It
should be noted that comparable results, that is, the formation
of only y-Fe,O; in iron-containing silicate materials prepared
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by similar means, were also obtained by other groups.['+!7.23]
Although pure y-Fe,O; usually decomposes to nonmagnetic
a-Fe,O; at approximately 350°C, the remaining amorphous
aluminosilicate matrix apparently hinders the transformation,
thus stabilizing the y-phase, even when heated to 750°C.07
This is fortunate since one can now exploit the magnetic
behavior of y-Fe,0;.

Small-angle X-ray data for composite C7 after calcination
at 750°C is shown in Figure 1a (trace 4). Compared to the as-
prepared material (Figure 1a, trace 3) the diffractogram is
shifted to significantly higher g values, as expected from the
considerable weight loss (approximately 70 %, as given by
thermogravimetric analysis) during heat treatment.?:24 This
weight loss results from the oxidation of all organic constit-
uents to volatile products. The diffractogram clearly shows
higher order reflections suggesting that the mesoscopic order
has been preserved. Assuming retention of the hexagonal
structure, the (10) interplane distance after calcination at
750°C was reduced by 36 % from the as-prepared composite
owing to the shrinkage of the matrix. XRD experiments on
this material did not generate any identifiable diffraction
peaks from iron oxide particles. This is most likely because of
the small size of the iron oxide crystallite domains (see
below).

The magnetic properties of C7 before and after calcina-
tion at different temperatures were investigated using a
SQUID magnetometer (Figure 3). As expected, the magnet-
ization of the as-prepared composite exhibits paramagnetic
behavior. However, after calcination at 550 °C, the onset of an
inflection point and the absence of residual magnetization at
zero applied field in the field (H) versus magnetization (M)
plot indicates superparamagnetic behavior. As the calcination
temperatures were increased above 550°C, the measured
magnetization also increased. At the same time, the sigmoidal
nature of the superparamagnetic response became more
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Figure 2. a,b) Bright-field TEM images of the as-made C5 sample at
two different magnifications revealing the inverse-hexagonal morphol-
ogy; ¢,d) bright-field TEM images of C7 after calcination to 750°C at
two different magnifications. Hexagonal order is shown (c) to be pre-
served after calcination, while at higher magnification (d), the iron
oxide precipitates show up as dark spots within the matrix of the
inverse-hexagonal morphology; e,f) annular dark-field STEM images of
C7 calcined to 750°C (e), together with the corresponding energy-
filtered iron distribution map (f). Samples were cut into ultrathin
sections with a Leica Ultracut UCT microtome at 300 K. Bright-field
TEM micrographs were taken on a Jeol 1200EX operating at 120 kV. A
VG HB-501UX dedicated STEM was used to acquire images €) and f)
operating at 100 keV with a cold field emission source to produce
high-resolution bright-field (resolution ~0.3 nm) and annular dark-field
(resolution ~0.2 nm) images. A single-crystal YAP scintillator/PMT
combination was used for serial EELS and energy-filtered imaging with
resolution of less than 1 eV obtained in the 0-2 keV range.

apparent, and was most developed for the composite calcined
at 750°C. The magnetic response of the ceramic material
suggests the nucleation and growth of small y-Fe,Oj; particles.

To quantitatively determine the iron oxide precipitate
size, zero-field-cooling (ZFC) and field-cooling (FC) experi-
ments were performed on C7 calcined to 750°C. The data in
the inset of Figure 3 indicates a blocking temperature of 25 K
and a collapse temperature (the temperature where the two
curves deviate from each other) of 35 K. Both the narrowness
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of the ZFC curve around the maximum and the low collapse
temperature are strong indications of a narrow size distribu-
tion of the particles within the matrix.’®) According to
superparamagnetic theory,? the particle volume can be
determined from the blocking temperature based on the
Arrhenius relationship:

KV
Tw =T exp(m) 1)

where 7, is the experimental measurement time (100 s for
the SQUID magnetometer), 7, is a time constant character-
istic to the material, K is the anisotropy constant, V is the
volume of the magnetic particle, kg is the Boltzmann constant,
and Ty is the blocking temperature. Detailed analysis of the
magnetic properties of small magnetic domains based on -
Fe,05 have been performed by several research groups.['32527]
From these studies, the anisotropy constant K was estimated
to be 1x10°Jm=3 and 7, to be 10~'°s, which results in a
calculated average y-Fe,Oj; particle size of 5.6 nm. Fitting the
magnetization curve (M versus H) of sample C7 (750°C
calcination) at 60 K, that is, 35 K above Tj, to the Langevin
function from the classical theory of paramagnetism indicates
approximately 350 spins per particle.®!

To corroborate the scattering and SQUID results, TEM
was performed on C7 calcined to 750°C. The TEM micro-
graph in Figure 2¢ demonstrates that upon calcination the
inverse-hexagonal morphology of the material is preserved,
as suggested by the SAXS data in Figure 1. From the TEM
micrograph the (10) interplane distance was measured to be
25 nm, which is in good agreement with the value of 24.5 nm
calculated from SAXS. Furthermore, the higher resolution
image in Figure 2d shows homogeneously distributed dark
spots within the matrix. A histogram of the size distribution of
these precipitates reveals an average particle diameter of
approximately 5nm. Considering that TEM is a local
technique, this number is in excellent agreement with the
calculated y-Fe,O; particle size of 5.6 nm determined by the
SQUID data, which represents measurements integrated over
macroscopic sample dimensions. This remarkable result
indicates that the particle-size distribution reflected from
the TEM micrograph in Figure 2d is representative of the
entire sample, and suggests the amazing structural control of
the present approach. To directly show that these precipitates
contain iron, we performed elemental mapping on a scanning
transmission electron microscope (STEM) using electron
energy loss spectroscopy (EELS).?) The dark-field image of
C7 calcined to 750°C and the corresponding elemental iron
map are shown in Figure 2 e and f, respectively. Iron is clearly
abundant and clustered together, which is consistent with iron
oxide precipitates.

These data demonstrate that, first, a ceramic with ordered
mesoscale pores is obtained upon calcination to temperatures
as high as 750°C and, secondly, that nucleation and growth of
v-Fe,O; precipitates occurs inside the amorphous aluminosi-
licate matrix walls. This latter result is consistent with the
phase separation of Fe,O; and SiO, observed in their bulk
phase diagram.”l The result is a mesoporous material with
open and accessible pores and superparamagnetic properties.
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750°C In this paper we have presented a simple
block-copolymer-based one-pot self-assembly
approach to superparamagnetic mesoporous
materials with large pores, thick walls, and well-
defined magnetic iron oxide particles within the
walls of the matrix. Blocking of the pores as
observed in earlier studies on backfilled materials
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Figure 3. Field dependence of the magnetic properties of C7, both as-prepared and
calcined to different temperatures, as indicated in the figure. Inset: zero-field cooling
(ZFC) and field cooling (FC) curves for sample P7-C25 calcined to 750°C. Data were
collected on a Quantum Design MPMS SQUID magnetometer at 300 K for the H
versus M curves and a 200 Oe field was used for the ZFC/FC experiments.

Indeed, the calcined materials exhibit a nitrogen sorption
isotherm of type IV according to BDDT classification, with a
specific surface area of 310 m?g~! according to the Brunna-
uer-Emmett-Teller (BET) method, and a pore-size distribu-
tion with an average pore diameter according to Barrett—
Joyner-Halenda (BJH) of 8.3 nm (data not shown)..3
These values are in excellent agreement with measurements
on similar PI-b-PEO block-copolymer-derived mesoporous
aluminosilicate materials prepared without the addition of
iron and show that the present self-assembly approach does
not lead to clogging of the pore structure,?l even for
significant iron loadings. In contrast, previous studies on
mesoporous materials backfilled with iron oxide in a post-
synthesis step showed significant pore clogging with as little as
6 wt % iron incorporation.l'”) It is interesting to note from the
TEM micrograph in Figure 2 d that the iron oxide precipitates
extend to the surface of the pores in the mesoporous
aluminosilicate matrix. For applications in catalysis this is a
particularly important feature and originates from the present
one-pot synthesis without additional synthesis steps. Further-
more, with the wall thickness easily exceeding 10 nm, the
materials are unusually stable to high temperatures.

Completely novel applications can also be envisioned for
such multifunctional materials, for example, the separation of
magnetically labeled biomolecules. In the presence of an
external magnetic field, diffusion of these labeled molecules
through the pores would be retarded through multiple
interactions with the fringe magnetic fields of the y-Fe,O; at
the pore surfaces. After unlabeled material passes through,
the magnetic field could be switched off to release the labeled
molecules from the medium, thus leading to efficient
separation of labeled and unlabeled species. The present
materials have not been optimized for any of these applica-
tions, but clearly engineering the pore and precipitate sizes, as
well as particle distribution towards these goals, is now
possible.

Angew. Chem. 2003, 115, 1564 —1568

www.angewandte.de

7 multifunctional nanostructured materials open
up access to novel biopolymer separation tech-
nologies combining size-exclusion principles with
separation of magnetically labeled materials.
Furthermore, they should enable potential cata-
lytic applications at elevated temperatures.

Experimental Section

Each polymer was dissolved in a dry THF/chloroform
mixture (1:1 w/w) to form a 5 wt% solution. Iron(ir)
ethoxide powder (Gelest, Inc.) was added to this
solution in the desired amounts. A separate solution
of (3-glycidoxypropyl)trimethoxysilane (GLYMO) and
aluminum-sec-butoxide (9:1 molar ratio) was prepared
following a two-step acid-catalyzed hydrolysis proce-
dure described previously.[! Potassium chloride was
added (0.3 wt %) to shield surface charges for improved cross-linking
of the sol. This sol was then added in varying amounts to the
polymer—iron(ir1) ethoxide solution and stirred for one hour. It is
important to note that the iron ethoxide was not added to the
aluminosilicate sol-gel precursor solution since the rapid hydrolysis
and condensation kinetics of this compound in the presence of water
and an acid catalyst leads to premature precipitation of an iron oxide
phase. Films were cast by evaporation of the solvents and byproducts
on a hotplate at 50°C and then at 130°C in a vacuum oven for one
hour.

Heat treatment was performed in a tube furnace under aerobic
conditions by ramping up the temperature in 1°Cmin~! increments to
the final calcination temperatures. Each ramp was held at 350°C for
three hours and then for another six hours at the final calcination
temperature.
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