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A new functional material with nonzero microwave absorp-
tion ability at zero applied magnetic field results from
loading MCM-41 to a high percentage by weight with ferric
oxide.

Ferric oxide (Fe2O3) is a technologically important substance
with wide utility in the semiconductor, pigment, magnetic
storage, nonlinear optics, catalyst and gas-sensor arenas.1
Enhanced interest, of late, has centered on nanostructural
Fe2O3, whose electronic and optoelectronic properties—as a
result of both quantum confinement and the greater influence of
surface states—may differ substantially from those of the bulk
material.2

Synthetic approaches for forming nanostructural Fe2O3 have
been varied. And with the discovery of the M-41S mesoporous
materials family, research efforts have aimed to encapsulate
Fe2O3 within, in particular, MCM-41, in order to develop
“green” catalyst and semiconductor nanoparticles.2–4 In the
present paper, we report the development of a new functional
nanocomposite material (MCM-41 loaded at a high level with
Fe2O3), whose functionality involves an enhanced absorption of
microwave energy, even in the absence of an applied magnetic
field.

We prepared nanocomposite samples with different amounts
of Fe2O3 loaded into the channels. The overall method involved,
typically, synthesizing MCM-41 (by a method reported in the
literature),5† but not calcining it, thus allowing the organic
template to remain in the mesoporous channels. The external
surface was then passivated with phenyltrimethoxysilane (i.e.,
C6H5Si(OCH3)3).6 The organic template within the pores was
then extracted with ethanol and the internal surface of the
MCM-41 functionalized using 3-(2-aminoethylamino)propyl-
tri-methoxysilane (i.e., (CH3O)3Si(CH2)3NH(CH2)2NH2).7–8

Ferric ions from a ferric nitrate ethanolic solution (0.1 M) were
next incorporated into the channels of the above modified
MCM-41 using two methods to control the levels of loading of
the guest within the host MCM-41. For the low-load sample, the
“incipient wetness” method was used, in which Fe3+ ions
simply exchanged with the functionalizing agent. The sample
was then centrifuged, and the supernatant solution was
decanted. The precipitate was washed and then heated at 180 °C
for 24 h. In the case of the high-load sample, the mixture of
MCM-41 and ethanolic ferric nitrate was vigorously stirred and
evaporated to remove ethanol. The sample was then washed and
heated at 180 °C for ca. 24 h. The net effect is to enhance the
amount of Fe2O3 formed within the channels of MCM-41.‡

X-ray diffraction spectra were acquired to examine the effect
of encapsulation of Fe2O3 on the ordered structure of MCM-41.
For the uncalcined as well as the functionalized MCM-41, three
peaks are found (see Figure 1; spectra A and B) that can be
indexed to (100), (110) and (200). For uncalcined MCM-41, the
d100 spacing is calculated (using the Bragg equation) to be ca.
33 Å. After functionalization, the structure of the mesoporous
material is found to be maintained, and the pore size is
determined by N2 adsorption/desorption to be ca. 24 Å.

Upon loading with Fe2O3, the XRD spectra of the composite
exhibit changes. When the loading is high, the intensity of (100)

peak is significantly decreased and broadened compared to that
of low-load sample (see Figure 1, spectrum D). This suggests
that with increased loading the structure of MCM-41 is
distorted. From the large angle XRD pattern of the high-load
composite (see inset in Figure 1), the guest inside MCM-41 is
identified as being a-Fe2O3. The low-load composite does not
support a large angle XRD spectrum, consonant with the idea
that the nanoparticles formed are of extremely small diame-
ters.4

By comparing the IR spectrum of MCM-41 samples (see
Figure 2) before (A) and after encapsulation of Fe2O3 (B) and
(C), we find that the spectra become simpler after encapsula-
tion. IR bands at 1630, 1378, 790, 560, and 460 cm21, are
essentially unchanged upon occlusion of Fe2O3. These bands
are likely associated with the external passivating agent and
surface vibrations of the mesoporous lattice. Some bands are
observed to shift, such as 1074 cm21 to 1090 cm21, attributed
to the Si–O–Si vibration, and 976 cm21 to 959 cm21, attributed
to the Si–OH group; some bands exhibit lowered intensity upon
formation of the composite, i.e., the 2854 and 2918 cm21 bands;
while still other bands, in the case of the high-load sample,
disappear: the bands at 1569, 1484, 1316, 1225, 698, and 666
cm21 in spectrum A of Figure 2 vanish. These latter bands are

Fig. 1 XRD of (A) uncalcined MCM-41, (B) uncalcined and functionalized
MCM-41, (C) low-load composite Fe2O3/MCM-41, and (D) high-load
composite Fe2O3/MCM-41. Inset shows the large angle XRD of the high
load sample.

Fig. 2 IR spectrum of (a) functionalized MCM-41; (b) low-load MCM-
41/Fe2O3; (c) high-load MCM-41/Fe2O3.
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attributable by us to the stretching vibrations of C–H, Si–C, C–
N, and the bending vibration for –NH2. In the case of the low-
load sample, some of the aforementioned bands, such as 1569,
1484 and 666 cm21 remain, although with lowered in-
tensities.

The above IR measurements are interpreted as indicating that
with the treatments discussed, Fe2O3 is incorporated inside the
mesoporous channels of MCM-41, resulting in constricted
motion associated with the limit space. However, when the
loading is low, the size of particles is sufficiently small that the
vibrations are largely unimpeded.

Diffuse reflectance (DR) UV-Vis spectra of the low-load and
high-load samples, as well as that of a ferric nitrate solution are
shown in Figure 3. Both composite samples exhibit blue shifts
in their band edges, when compared to the bulk Fe2O3, which
has a band edge at ca. 560 nm.4 For the low-load sample, the
absorption spectrum mimics that of the ferric nitrate solution,
and has a band edge near 350 nm. The high-load sample, on the
other hand, exhibits a strong absorption peak at 392 nm. The
large blue shifts in band edge position as referenced to the band
edge of bulk Fe2O3 are associated with formation of nano-
dimensioned entities within the mesoporous material. We
further note that the high-load composite possesses a band at ca.
530 nm (shoulder) that likely indicates the presence of
elongated structures.

Lastly, we describe the first-derivative EPR spectra for the
composite system (see Figure 4). A broad EPR first-derivative
signals of g value ~ 2.1 is observed for both samples. The low-
load sample also exhibits a distinct signal at g ~ 4.3,
corresponding to Fe3+ that is located at either strongly distorted
rhombic sites located on the surface or isolated and dispersed in
the pores.9 We observed, further, that the high-load sample
shows significant absorption at a magnetic field of ~ 99 G, and
even extrapolates to non-zero absorption at zero applied field;
this non-zero absorption phenomenon is not observed for the
low-load sample. Moreover, the microwave absorption by the
high-load sample was indicated by the decrease of the Q factor
by 50% (at 99 G) compared with the control, and this decrease

in Q was substantially less for the low-load composite. Thus,
Fe2O3 encapsulated in MCM-41 was demonstrated to show
strong microwave absorption ability in the absence of an
external magnetic field. We suspect some degree of alignment
of the magnetic dipole moments within the nanosized, one-
dimensional pores in the high-load sample, the result of the
directed growth, under nano-dimensioned confinement, even in
the absence of an external magnetic field. The origin of the zero-
field absorption can be attributed to the high local field due to
this alignment; a conclusion consistent with our observation of
an increase in the g value of the absorption (near g ~ 2.1) with
decrease in temperature, i.e., an increase in the local field due to
a higher order of alignment at a lower level of thermal
randomization.

We have also undertaken preliminary investigation of the
microwave spectrum that gives rise to the measured absorption.
These latter studies have indicated that the peak absorption
occurs in the 30 GHz region.

Further exploration of the structure/properties relationship in
these materials may result in fundamental understanding of
nanomagnets with high aspect ratio in spatially confined one-
dimensional systems, and contribute to the technology of
microwave shielding, including stealth technology. Apparently,
the high aspect ratio is an important factor, since Fe2O3
nanoparticles with low aspect ratios do not show zero-field
microwave absorption.10

In summary, Fe2O3 was encapsulated by two methods inside
MCM-41, which has a one-dimensional, uniform pore structure
of nano-dimensioned scale. Composite samples were charac-
terized by UV-Vis, IR, EPR and X-ray diffraction. We have
found, in general, that the pore size of MCM-41 and the loading
level of Fe2O3 significantly affect the spectral properties of
encapsulated ferric oxide. EPR indicates that for sufficient
loading with Fe2O3, the composite material exhibits non-zero
absorption at zero applied magnetic field and a substantial
microwave absorption capability.
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Notes and references
† MCM-41 was synthesized with reagents in the concentration ratio
SiO2:0.085Na2O:0.16CTAB:63H2O. The silicon source was TMOS. The
mixture was stirred for more than 1 h and heated at 100 °C in an autoclave
for one day. The final precipitate was filtered and washed using distilled
water.
‡ Ferric oxide in the low-load sample had a concentration at the level of ca.
3 wt%, and in the high-load sample ca. 56 wt%, as determined by atomic
absorption elemental analysis.
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Fig. 3 (A) UV-Vis spectra of Fe(NO3)3 in ethanol solvent; (B) DR UV-Vis
of low-load composite of Fe2O3 occluded within MCM-41; and (C) same as
(B) except for high-load composite.

Fig. 4 Single scan first-derivative EPR spectra from 99.15 G to 7099.15 G
of: (A) high-load composite of Fe2O3 occluded within MCM-41, and (B)
low-load composite sample same composite.
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