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Employing electron spin resonance (ESR) and electron spin echo modulation (ESEM)
spectroscopy, five Mn(II) species are found in three kinds of Mn-containing MCM-48
materials: ion-exchanged Mn-MCM-48, synthesized MnMCM-48, and synthesized MnMCM-
48(Ca) with subsequent CaCl2 exchange. Mn(II) species I with a well-resolved sextet centered
at g ) 2.00 has distorted octahedral symmetry and is observed in hydrated ion-exchanged
Mn-MCM-48 and in synthesized calcined MnMCM-48. Mn(II) species II with a group of
single peaks between g ) 11.32 and 2.62 with possible distorted tetrahedral symmetry and
a significant zero field contribution is observed in dehydrated Mn-MCM-48 and in MnMCM-
48. Mn(II) species III with a symmetric line at g ) 2.00 and a line width around 410 G is
assigned to tetrahedral symmetry and is observed in MnMCM-48(Ca) and in MnAlMCM-
48(Ca). Mn(II) species IV with a sextet centered from 4.11 to 4.34 also has distorted octahedral
symmetry and is obtained in partially dehydrated Mn-MCM-48 and Mn-AlMCM-48. Mn(II)
species V with a peak at g ) 5.70 has distorted tetrahedral symmetry and is produced in
dehydrated or hydrogen reduced MnMCM-48. Mn(II) species I, II and IV correspond to
extraframework Mn(II), and Mn(II) species III and V are assigned to framework sites.
Extraframework Mn(II) species I and II coordinate with four D2O molecules and are accessible
to water, but framework Mn(II) species III coordinates with only three D2O molecules and
is less accessible to water. Similar results are also obtained for Mn-containing AlMCM-48
materials.

Introduction

The discovery of ordered M41S-type mesoporous mo-
lecular sieves has been an active research area in recent
years.1,2 This novel family of materials possesses uni-
form hexagonal (MCM-41) and cubic (MCM-48) pore
systems ranging from 10 to more than 100 Å.3,4 To
generate potential catalysts, several transition-metal-
modified MCM-41 materials have been synthesized,5-13

andsomearemoreactivethanmicroporouscatalysts.5-8,12

However, transition-metal-modified MCM-48 materials
have been less studied, probably due to the difficulty of
reliable synthesis.14-16 For catalytic applications, MCM-
48 with its three-dimensional channel system seems to
be more advantageous than MCM-41 with one-dimen-
sional channels, because MCM-48 is more resistant to
pore blocking and allows faster diffusion.

In this work, manganese-modified MCM-48 materials
were synthesized and studied by electron spin resonance
(ESR) coupled with electron spin echo modulation
(ESEM). ESR spectroscopic data give information about
the coordination symmetry of Mn(II) ions. ESEM probes
the local environment of Mn(II) species and yields
information on the coordination number and interaction
distance of adsorbate molecules.17 Manganese ion is a
useful probe because Mn(II) and Mn(IV) ions have ESR
spectra that are very sensitive to the local environ-
ment.18-21 Manganese ions in zeolites or oxide materials
are also effective for catalyzing ethylene hydrogena-
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tion,22 oxidative coupling of methane,23 and oxidation
of NO.24 ESR and ESEM techniques have been success-
fully applied in our previous work on Mn-containing
MCM-41 materials.11

Three classes of Mn-containing MCM-48 samples are
studied in this work. One is liquid phase Mn(II) ion-
exchanged MCM-48, denoted Mn-MCM-48 or Mn-
AlMCM-48-(n), where n is the Si/Al ratio. The second
is synthesized material, denoted MnMCM-48 or MnAlM-
CM-48, where the Mn(II) salt is added to the synthesis
gel. The third is CaCl2-exchanged, synthesized MCM-
48, in which the residual extraframework Mn(II) ions
are ion-exchanged by Ca(II) ions,19 denoted by MnMCM-
48(Ca) or MnAlMCM-48(Ca). ESR and ESEM studies
show differences among these samples for dehydration,
oxidation, reduction, and rehydration treatments. The
results are explained in terms of partial incorporation
of Mn(II) into the framework of synthesized MnMCM-
48 or MnAlMCM-48 materials.

Experimental Section

Synthesis. Pure silicate MCM-48 materials were synthe-
sized as described previously.25 Mn-containing MCM-48 samples
are obtained by adding manganese acetate, Mn(OAc)2 (Allied
Chemical) to the gel during the synthesis.

Tetraethyl orthosilicate from Aldrich Chemical (10 mL) was
added to an aqueous solution containing 88 g of 10 wt %
cetyltrimethylammonium bromide solution (CTAB, Aldrich
Chemical) and 10 mL of 2 M NaOH (EM Industries). After
being stirred for several minutes, the mixture becomes cloudy,
indicating the onset of some silica precipitation, and then,
different amounts of Mn(OAc)2 were added and coprecipitated
with the silica. After being stirred for 0.5 h, the homogeneous
gel was transferred to a Teflon bottle and crystallized under
static hydrothermal conditions at 373 K for 72 h. The molar
composition of the final gel mixture was SiO2 (0-0.005):Mn
(0.23):Na2O (0.55):CTAB (112):H2O. The product was filtered,
thoroughly washed with deionized water, and dried at 353 K
overnight. The as-synthesized samples were then calcined at
823 K first in flowing nitrogen for 1 h and then in flowing
oxygen for 14 h to remove the CTAB. The color of the
manganese-containing samples is light pink. The resulting
samples are denoted as MnMCM-48.

Al-containing MCM-48 samples were also synthesized by
this procedure. Aluminum is introduced together with the
tetraethyl orthosilicate. The molar composition of the final gel
mixture was SiO2 (0-0.005):Mn (0.002-0.0125): Al2O3 (0.23-
0.43):Na2O (0.55): CTAB (154): H2O. These samples are
labeled AlMCM-48-(n) or MnAlMCM-48-(n), where n indicates
the Si/Al ratio.

Liquid-state Mn(II) ion-exchanged samples were prepared
by stirring 1 g of calcined MCM-48 or AlMCM-48 in 100 mL
of 0.002 M Mn(OAc)2 solution for 6 h. The material was then
filtered and washed at 343 K by deionized water in order to
remove any ions adsorbed on the external surface. These ion-
exchanged samples are denoted as Mn-MCM-48 or Mn-
AlMCM-48.

The CaCl2-exchanged samples were obtained by stirring 1
g of calcined MnMCM-48 or MnAlMCM-48 in 100 mL of a 0.05
M CaCl2 solution at 333 K for 4 h to attempt to exchange Ca(II)

for some extraframework Mn(II).11,19 The resulting samples
are denoted MnMCM-48(Ca) or MnAlMCM-48(Ca) to distin-
guish them from the original synthesized samples. This process
was repeated if necessary.

Characterization. Powder X-ray diffraction (XRD) pat-
terns were collected using a Philips 1840 powder diffractome-
ter with Cu KR radiation (40 kV, 25 mA) at 0.025° step size
and 1 s step time over a 1.5° < 2θ < 15° range. The samples
were prepared as thin layers on metal slides.

N2 adsorption isotherms were measured at 77 K using a
Micromeritics Gemini 2375 analyzer. The volume of adsorbed
N2 was normalized to standard temperature and pressure.
Prior to adsorption, the samples were dehydrated at 573 K
for 5 h. The specific surface area, ABET, was determined from
the linear part of the BET equation. The pore size distribution
was calculated from the desorption branches of the N2 adsorp-
tion isotherm using the Barrett-Joyner-Halenda (BJH)
formula.26-28

27Al magic-angle-spinning (MAS) NMR spectra were re-
corded at 104.3 MHz with 0.5 s recycle delays. External Al-
(H2O)6

3+ was used as a reference. Thermogravimetric analysis
(TGA) was carried out in air on a TA Instruments thermal
analyzer at a heating rate of 3 K/min. The elemental composi-
tion was analyzed by electron probe microanalysis using a
JEOL JXA-8600 spectrometer.

For ESR and ESEM measurements, calcined and hydrated
samples were loaded into 3 mm o.d. by 2 mm i.d. Suprasil
quartz tubes. Completely dehydrated samples are obtained by
first evacuating in a vacuum (P < 10-4 Torr) at 293 K for 14
h, then gradually heating to 393 K in a vacuum and maintain-
ing at this temperature for another 14 h, and finally, heating
at 623 K for 4 h in a vacuum. Oxidized or reduced samples
were obtained by heating dehydrated samples under oxygen
or hydrogen atmosphere (50-100 Torr) at 623 K for 4-14 h.
Adsorption was done by exposing dehydrated samples to D2O
(Aldrich), CH3OD, or CD3OH (Stohler Isotope Chemicals) at
their room-temperature vapor pressures for 14 h. ND3 (Stohler
Isotope Chemicals) was adsorbed at 100 Torr for 1 day, and
C2D4 (Cambridge Isotope Laboratories) was adsorbed at 50
Torr for 3-21 days.

X-band (9 GHz) ESR spectra were recorded at 77 K on a
Bruker ESP 300 spectrometer. The relative ESR intensities
were calculated by double integration of the ESR signals. The
ESEM modulation were recorded at 4 K on an ESP 380 Bruker
FT ESR spectrometer using a π/2-τ-π/2-T-π/2 pulse se-
quence as a function of T.29 Different values of τ in a three-
pulse experiment were selected to minimize the 27Al modula-
tion.29 The time-domain deuterium ESEM modulation was
analyzed by a spherical approximation for powder samples in
terms of N nuclei at distance R with an isotropic hyperfine
coupling Aiso, where the modulation function is simulated and
fitted to the experimental data by a least-squares procedure.30

Results

XRD. An XRD pattern characteristic of the MCM-48
structure3,4 is observed for as-synthesized and calcined
MCM-48, MnMCM-48 (Si/Mn ) 200), AlMCM-48-(50)
and MnAlMCM-48-(50) (Si/Mn ) 500). The eight XRD
reflection peaks from 2 to 6° 2θ are all reasonably well
resolved and in good agreement with reported patterns
from MCM-48 materials.2,31,32 The peak resolution is
worse after a larger amount of aluminum or manganese
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is added to the synthesis gel. No MCM-48 structure can
be produced at Si/Al ratios lower than 30 or Si/Mn ratios
lower than 200 under these synthesis conditions. After
calcination, the XRD reflections increase in intensity
and move to a lower angle. This corresponds to further
silicon condensation and contraction of the MCM-48
framework during calcination.

N2 Adsorption Isotherms. Low-temperature nitro-
gen adsorption isotherms enable the calculation of the
specific surface area and the mesopore size distribution.
All calcined samples show a typical reversible type IV
adsorption isotherm as defined by IUPAC.33 The sharp
inflection between relative pressure P/P0 ) 0.2 and 0.3
in these isotherms corresponds to capillary condensation
within uniform mesopores. The sharpness of this step
reflects the uniform pore size in these materials.34 The
corresponding BJH plots of the derivative of the pore
volume per unit weight with respect to the pore diam-
eter (dV/dD) versus the pore diameter are calculated.
A very narrow pore size distribution is observed in these
four samples. The BET surface areas were calculated34

with a 16.2 Å cross-sectional area of nitrogen and are
larger than 1500 m2/g for all samples. Therefore, these
four samples possess a very uniform pore structure and
high surface area.

27Al MAS NMR. To study the aluminum environ-
ment, both as-synthesized and calcined Al-containing
MCM-48 materials were measured by 27Al MAS NMR.
Only a single peak around 54 ppm relative to Al(H2O)6

3+

is observed in as-synthesized AlMCM-48-(50), calcined
AlMCM-48-(50), and calcined MnAlMCM-48-(50) (Si/Mn
) 500). This indicates that all of the aluminum is in
tetrahedral coordination even after calcination.11,35

Thermogravimetric Analysis. The thermogravi-
metric analysis (TGA) curves of as-synthesized MCM-
48 and MnMCM-48 where the Si/Mn ratio is 200 are
shown in Figure 1a,b. The initial small weight loss
around 373 K is due to the desorption of physically
adsorbed water. The removal of organic surfactants is
completed in two steps (at 513 and 573 K) in MCM-48
(Figure 1a) and in three steps (at 513, 573, and 727 K)
in MnMCM-48 (Figure 1b). This high-temperature
weight loss (727 K) is also observed in the TGA
measurement of as-synthesized AlMCM-48-(50) (Figure
1c) where the aluminum is tetrahedrally incorporated
into framework sites as indicated by 27Al MAS NMR.
The low-temperature weight loss around 513 and 573
K in those samples is assigned to the decomposition of
CTAB surfactant occluded inside the channels. The
high-temperature weight loss at 727 K observed in
MnMCM-48 and AlMCM-48-(50) is assigned to the
decomposition of protonated amines balancing the frame-

work negative charge resulting from the incorporation
of manganese or aluminum into MCM-48.36

ESR after Dehydration, Oxygen and Hydrogen
Treatments. All three types of Mn-containing MCMM-
48 materials, Mn(II) ion-exchanged, synthesized, and
CaCl2-exchanged synthesized samples, were studied
after dehydration, oxygen oxidation, and hydrogen-
reduction treatments. To obtain well-resolved ESR
spectra, the manganese concentrations were controlled
to a Si/Mn ratio of around 1000 for both synthesized
and ion-exchanged Mn-containing samples. In addition,
the silicon-to-aluminum ratio was fixed to 50.

The 77 K ESR spectra of Mn(II) ion-exchanged Mn-
MCM-48 (Si/Mn ≈ 1000) after dehydration, oxidation,
and reduction treatments are shown in Figure 2. The
Mn(II) ions are at extraframework sites. In a fresh
sample, only a typical sextet from 55Mn (I ) 5/2)
interaction with a g value of 2.00 and an averaged
hyperfine parameter A of 97 G is observed (Figure 2a).
This signal is also observed in Mn-MCM-41 materi-
als10,11 and in many zeolites.18-20 It is an octahedrally
symmetric Mn(II) species and is assigned to Mn(II)
species I. Under gradual dehydration from 293 to 623
K, many new ESR peaks around g values of 11.32, 5.20,
3 0.20, and 2.62 (Figure 2b,c) appear and are assigned
to Mn(II) species II. After heating to 623 K for 4 h, the
sample is considered to be dehydrated completely. The
original Mn(II) species I now is replaced by a new broad
symmetric peak with a peak-to-peak line width of about
410 G (Figure 2c). This new peak is assigned to Mn(II)
species III. Subsequent oxidation produces a very broad
peak around g ) 2.62 with peak-to-peak line width of
around 832 G (Figure 2d). This broad peak is probably
due to oxygen directly coordinated to Mn(II) ions.
Hydrogen reduction recovers Mn(II) species III as shown
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Figure 1. TGA curves of as-synthesized samples: (a) MCM-
48, (b) MnMCM-48, and (c) AlMCM-48. The Si/Al ratio is 50
and the Si/Mn ratio is 200 in the synthesis gel.
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in Figure 2e. Oxidation also causes a decrease in the
overall ESR intensity, although the relative intensity
of species II to III remains the same (Figure 2d). In
addition, hyperfine structures are observed for partially
dehydrated Mn-MCM-48 at g ) 4.15 (Figure 2b), which
is assigned to Mn(II) species IV and will be discussed
in detail later.

The ion-exchanged sample Mn-AlMCM-48-(50) (Si/
Mn ≈ 1000), which is shown in Figure 3, shows
dehydration behavior quite different from that of Mn-
MCM-48. For a fresh sample, the sextet of Mn(II)
species I with g ) 2.00 and Aiso ) 97 G is also observed
(Figure 3a). However, Mn(II) species I in Mn-AlMCM-
48 does not disappear after dehydration at 623 K for 4
h (Figure 3c) or at a temperature as high as 723 K. In
addition, subsequent oxidation by oxygen does not
produce any new peaks or decrease its overall intensity
(Figure 3d,e), and completely dehydrated Mn-AlMCM-
48 only shows two peaks around g ) 5.20 and 3.20,
which are attributed to Mn(II) species II (Figure 3c).

As seen in the amplified part in Figure 3b, hyperfine
lines are also present around g ) 4.23 in partially
dehydrated Mn-AlMCM-48 and are assigned to Mn(II)
species IV. The ESR lines of Mn(II) species IV in
partially dehydrated Mn-MCM-48 and Mn-AlMCM-
48 are shown in Figure 4. Clearly, one set of sextets
centered at g ) 4.15 with A ) 81.1 G can be identified
in partially dehydrated Mn-MCM-48 (Figure 4a). Un-
der the same treatment, partially dehydrated Mn-
AlMCM-48 shows three sextets with g and A values as
indicated in Figure 4b. Note that the average A value
for Mn(II) species IV in Mn-MCM-48 (Figure 4a) is
smaller than that in Mn-AlMCM-48 (Figure 4b). Simi-
lar Mn(II) ESR species were also observed by Schreurs
in oxide glasses.21

Synthesized MnMCM-48 materials, where manga-
nese is introduced during synthesis, show dehydration
behaviors different from those of Mn(II) ion-exchanged
samples. Figure 5 shows the ESR spectra of synthesized
MnMCM-48 (Si/Mn ) 1000) under the same dehydra-
tion treatment. Before treatment, only Mn(II) species I

Figure 2. ESR spectra at 77 K of ion-exchanged Mn-MCM-
48: (a) fresh, (b) evacuation at 293 K, (c) thermal dehydration
at 623 K, (d) oxygen oxidation at 623 K, and (e) hydrogen
reduction at 623 K.

Figure 3. ESR spectra at 77 K of ion-exchanged Mn-AlMCM-
48: (a) fresh, (b) evacuation at 293 K, (c) thermal dehydration
at 623 K, (d) oxygen oxidation at 623 K, and (e) hydrogen
reduction at 623 K. The Si/Al ratio is 50 in the synthesis gel.

Figure 4. ESR spectra at 77 K of ion-exchanged samples after
partial dehydration at 293 K: (a) Mn-MCM-48 and (b) Mn-
AlMCM-48.
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with g ) 2.00 and A ) 97 G is observed in calcined and
hydrated MnMCM-48 (Figure 5a). After dehydration,
Mn(II) species II at g ) 4.97 and 3.20 and Mn(II) species
III at g ) 2.00 with a line width of 410 G are observed
(Figure 5b-d). However, unlike Mn-MCM-48, thermal
dehydration of MnMCM-48 at 473 and 623 K produces
a new peak at g ) 5.70 (Figure 5c,d). This new peak
disappears upon oxidation (Figure 5e) and is recovered
again by hydrogen reduction, but this process is not
completely reversible (Figure 5f). This behavior is
different from that of Mn(II) species II and therefore is
assigned to Mn(II) species V. Upon oxidation, the overall
ESR intensity also decreases, and the relative intensity
of species II is now much higher than that of Mn(II)
species III (Figure 5e). In addition, the broad peak seen
at g ) 2.62 in oxidized Mn-MCM-48 is not observed.

Calcined, synthesized, and hydrated MnAlMCM-48-
(50) (Si/Mn ≈ 1000) shows behavior similar to that of
Mn-AlMCM-48-(50). The 77 K ESR spectrum of com-
pletely dehydrated MnAlMCM-48 is shown in Figure
6a. The sextet hyperfine lines of Mn(II) species I are
still visible after 4 h dehydration at 623 K and are
probably overlapped by a broad peak from Mn(II)
species III. However, after the majority of extraframe-
work Mn(II) ions in MnAlMCM-48 is removed by CaCl2
exchange, Mn(II) species I cannot be observed under the
same dehydration condition (Figure 6b). Only a weak
broad peak with peak-to-peak line width of 442 G is
detected in MnAlMCM-48(Ca), which is Mn(II) species
III. This suggests that Mn(II) species III is likely due
to framework manganese (II) ions. Note that a weak
Mn(II) species III signal is also observed in dehydrated
MnAlMCM-48(Ca) due to residual extraframework ions
that are not replaced by Ca(II).

The relative overall ESR intensities of ion-exchanged
and synthesized Mn-containing MCM-48 samples ver-
sus various treatments are shown in Figure 7. The
overall ESR intensities of Mn-MCM-48 and MnMCM-
48 vary (Figure 7a,b), whereas those of Mn-AlMCM-
48 and MnAlMCM-48 change smoothly (Figure 7c,d).
Except for MnMCM-48, the other samples show a
decrease of the ESR intensity upon dehydration at 623
K (see the vertical dotted line in Figure 7). After further
oxidation, the overall ESR intensities of Mn-MCM-48

Figure 5. ESR spectra at 77 K of calcined synthesized
MnMCM-48: (a) fresh, (b) evacuation at 293 K, (c) thermal
dehydration at 623 K, (d) oxygen oxidation at 623 K, and (e)
hydrogen reduction at 623 K. The Si/Mn ratio is 1000 in the
synthesis gel.

Figure 6. ESR spectra at 77 K obtained after dehydration at
623 K: (a) calcined synthesized MnAlMCM-48 and (b) CaCl2-
exchanged MnAlMCM-48(Ca), where a trace of species II
marked as (*) exists. The Si/Mn and Si/Al ratios are 1000 and
50, respectively.

Figure 7. Relative ESR intensities vs various sample treat-
ments: (a) Mn-MCM-48, (b) MnMCM-48, (c) Mn-AlMCM-
48, and (d) MnAlMCM-48. The Si/Mn and Si/Al ratios are 1000
and 50, respectively.
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and MnMCM-48 decrease (Figure 7a,b), but those of
Mn-AlMCM-48 and MnAlMCM-48 do not (Figure 7c,d).
In addition, after subsequent hydrogen reduction and
rehydration, all samples show an increase of the overall
ESR intensity. The ESR intensities of Mn-MCM-48 and
Mn-AlMCM-48 increase to a level similar to that of
fresh samples (Figure 7a,c), but the ESR intensities of
synthesized MnMCM-48 and MnAlMCM-48 increase
more (Figure 7b,d).

Adsorbate Interactions. After the adsorption of
D2O, methanol, and ND3 on completely dehydrated Mn-
MCM-48 for 14 h, the original octahedral sextet Mn(II)
ESR spectra are recovered (same as Figure 2a). How-
ever, at early adsorption stages, the adsorption kinetics
are different depending on the sample.

The adsorption kinetics of Mn-MCM-48 and Mn-
MCM-48(Ca) are compared by their 77 K ESR spectra
in Figure 8. As soon as completely dehydrated Mn-
MCM-48 (Figure 8a), where only extraframework Mn(II)
exists, adsorbs D2O for 1 min (Figure 8b), the hyperfine
sextet of Mn(II) species I is seen clearly. In addition,
the sextet is seen after adsorbing ND3 for 5 min (Figure
8c). However, for completely dehydrated MnMCM-48-
(Ca) (Figure 8a′), where most of extraframework Mn(II)
ions are removed by CaCl2 exchange, adsorption of D2O
and ND3 for the same time does not produce Mn(II)
species I (Figure 8b′,c′). The adsorption of CH3OD or
CD3OH on dehydrated samples for 1 min shows spectra
similar to parts b and b′ of Figure 8, respectively. So,
the Mn(II) ions in MnMCM-48(Ca) are less accessible
to adsorbates than those in Mn-MCM-48. In addition,
no hyperfine structure is observed after Mn-MCM-48
or MnMCM-48(Ca) adsorbs C2D4 for 3 days (Figure
8d,d′). This is probably due to only weak interactions

between C2D4 and the Mn(II) ions.
ESEM. ESEM measurements of deuterium modula-

tion of Mn(II) ions were performed to identify the
probable cation locations in the three types of Mn-
containing MCM-48 materials. The three-pulse ESEM
spectrum of Mn-MCM-48 with adsorbed D2O is shown
in Figure 9a. The simulation shows one set of eight
deuteriums interacting at a distance of 0.29 nm. This
indicates that four water molecules are directly coordi-
nated to Mn(II) in Mn-MCM-48. The three-pulse ESEM
spectra of Mn-MCM-48 with adsorbed CH3OD and CD3-
OH are shown in parts b and c of Figure 9, respectively.
Simulations of the deuterium modulation also indicate
that four CH3OD or CD3OH molecules directly interact
with Mn-MCM-48 in one shell. This is consistent with
the simulation for adsorbed D2O molecules.

Three-pulse ESEM spectra of CaCl2-exchanged Mn-
MCM-48(Ca) with adsorbed D2O, CH3OD, and CD3OH
are shown in Figure 10. A two-shell model is necessary
to simulate the deuterium modulation in this system.
For adsorbed D2O in Figure 10a, the simulation shows
two deuteriums and four deuteriums interacting with
Mn(II) in two shells at different distances. This indicates
that one nearest-neighbor water molecule is directly
coordinated to the Mn(II) at a distance of 0.27 nm and
two more next-nearest-neighbor water molecules inter-
act at a longer distance of 0.32 nm. The same result is
obtained from the simulations of three-pulse ESEM
spectra of MnMCM-48(Ca) with adsorbed CH3OD or
CD3OH (Figure 10b,c). One nearest-neighbor CH3OD
molecule is directly coordinated to Mn(II) at a distance
of 0.28 nm and two more next-nearest-neighbor CH3-
OD molecules interact at a distance of 0.32 nm.

The ESEM simulation parameters for Mn-containing
silicate MCM-48 are summarized in Table 1. It indicates

Figure 8. ESR spectra at 77 K of completely dehydrated (a)
MnAlMCM-48-(50) and (a′) MnAlMCM-48-(50)(Ca) with 0.1
mol % Mn(II) in the synthesis gel after subsequent adsorption
of (b,b′) D2O for 1 min, (c,c′) ND3 for 5 min, and (d,d′) C2D4 for
3 days.

Figure 9. Experimental (s) and simulated (- - -) deuterium
three-pulse ESEM at 4 K of Mn(II) ion-exchanged Mn-MCM-
48 with adsorbed (a) D2O, (b) CH3OD, and (c) CD3OH (τ ) 256
ns).
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that four water molecules interact with Mn(II) in
synthesized MnMCM-48: Two nearest-neighbor water
molecules interact at a distance of 0.28 nm, and the
other two next-nearest-neighbor water molecules inter-
act at a distance of 0.34 nm. In addition, deuterium
modulation simulations also indicate that Mn(II) in
Mn-MCM-48 and MnMCM-48 shows similar weak
interactions with one C2D4 molecule, but no interaction
is observed between Mn(II) in MnMCM-48(Ca) and
adsorbed C2D4. These findings are consistent with the
ESR result that Mn(II) in MnMCM-48(Ca) is less
accessible to adsorbates than when it is in Mn-MCM-
48.

For Al-containing MCM-48 samples, similar ESEM
simulation results are obtained. Figure 11 shows the
three-pulse ESEM spectra of ion-exchanged Mn-
AlMCM-48 (Figure 11a) and CaCl2-exchanged synthe-
sized MnMCM-48(Ca) (Figure 11b) with adsorbed CH3-
OD. The simulation parameters are given in Table 2.
The deuterium simulations indicate that four methanol
molecules are coordinated to the Mn(II) in Mn-AlMCM-
48 in one shell but one less methanol molecule interacts
with the Mn(II) in MnAlMCM-48(Ca). This is consistent
with the deuterium modulations in Mn-MCM-48 and
MnMCM-48(Ca). Similar to synthesized MnMCM-48,
the Mn(II) ions in MnAlMCM-48 also interact with four
water molecules in two shells as shown in Table 2.

Figure 10. Experimental (s) and simulated (- - -) deuterium
three-pulse ESEM at 4 K of synthesized MnMCM-48 with
adsorbed (a) D2O, (b) CH3OD, and (c) CD3OH (τ ) 256 ns).

Table 1. Simulation Parameters for Three-Pulse ESEM
of Mn(II) in Mn-Containing MCM-48 Materials with

Adsorbates

samples adsorbates shell Na
R

(nm)b
Aiso

(MHz)c
no. of

molecules

Mn-MCM-48 D2O 1 8 0.29 0.21 4
CH3OD 1 4 0.29 0.20 4
CD3OH 1 12 0.35 0.02 4
C2D4 1 4 0.37 0.01 1

MnMCM-48 D2O 1 4 0.28 0.20 2
2 4 0.34 0.02 2

CH3OD 1 2 0.29 0.19 2
2 2 0.32 0.02 2

CD3OH 1 6 0.35 0.01 2
2 6 0.36 0.00 2

C2D4 1 4 0.45 0.01 1
MnMCM-48(Ca) D2O 1 2 0.27 0.21 1

2 4 0.32 0.02 2
CH3OD 1 1 0.28 0.18 1

2 2 0.31 0.02 2
CD3OH 1 3 0.32 0.09 1

2 6 0.37 0.00 2
a Number of 2D nuclei to the nearest integer. b Mn(II)-2D

distance to (0.01 nm. c Isotropic hyperfine coupling of 2D nuclei
to (10%.

Figure 11. Experimental (s) and simulated (- - -) deuterium
three-pulse ESEM at 4 K of (a) Mn(II) ion-exchanged Mn-
AlMCM-48-(50) and (b) CaCl2-exchanged MnAlMCM-48-(50)-
(Ca) with adsorbed CH3OD (τ ) 256 ns).

Table 2. Simulation Parameters for Three-Pulse ESEM
of Mn(II) in Mn-Containing AlMCM-48 Materials with

Adsorbates

samplesa adsorbates shell Nb
R

(nm)c
Aiso

(MHz)d
no. of

molecules

Mn-AlMCM-48 D2O 1 8 0.29 0.30 4
CH3OD 1 4 0.28 0.20 4
CD3OH 1 12 0.36 0.01 4

MnAlMCM-48 D2O 1 4 0.27 0.20 2
2 4 0.33 0.02 2

CH3OD 1 2 0.28 0.20 2
2 2 0.32 0.02 2

CD3OH 1 6 0.35 0.01 2
2 6 0.36 0.00 2

MnAlMCM-48(Ca) D2O 1 2 0.28 0.22 1
2 4 0.30 0.02 2

CH3OD 1 1 0.29 0.21 1
2 2 0.30 0.02 2

CD3OH 1 3 0.34 0.02 1
2 6 0.35 0.00 2

a All Si/Al ratios are 50 ( 3. b Number of 2D nuclei to the nearest
integer. c Mn((II)-2D distance to (0.01 nm. d Isotropic hyperfine
coupling of 2D nuclei to (10%.
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Discussion

Well-defined cubic MnMCM-48 and MnAlMCM-48-
(50) molecular sieves have successfully been synthe-
sized. The ESR signals observed in the Mn-containing
MCM-48 materials are attributed to Mn(II) ions.10-11,18-20

The identical ESR spectra observed for ion-exchanged
Mn-MCM-48 (Figure 2a) and for calcined, hydrated
MnMCM-48 (Figure 5a) further confirm this assignment
for Mn(II) species I because Mn-MCM-48 contains only
Mn(II). Other Mn species produced by dehydration are
also logically Mn(II) because Mn(II) is relatively stable
to the reduction that often accompanies dehydration.
However, Mn(III) may also exist in synthesized Mn-
MCM-48 materials because its ESR signal is not ob-
servable due to its large zero field splitting.37,38 This is
supported by the fact that some extra Mn(II) ions are
produced from ESR silent manganese in MnMCM-48
(Figure 7b) or MnAlMCM-48 (Figure 7d). The existence
of some Mn(III) has also been suggested in calcined
synthesized MnMCM-41.10,11

Mn(II) ESR Species. Five Mn(II) species have been
observed. Species I can be assigned to octahedral Mn(II)
at extraframework sites based on similar ESR param-
eters obtained in Mn-containing MCM-4110,11 and in
many zeolite materials.18-20

Mn(II) peaks similar to those of species II are ob-
served in oxide glasses39 and manganese complexes,40

and are usually assigned to zero-field splitting contribu-
tions39,40 with the Mn(II) in a distorted tetrahedral
environment, although this symmetry seems specula-
tive. The number of peaks for species II differs among
the sample types, suggesting that the zero-field splitting
magnitudes also differ. Species II is thus assigned to
extraframework Mn(II) with substantial zero-field split-
ting and possible tetrahedral symmetry.

Species III is a broad singlet obtained in completely
dehydrated samples. The coordination is difficult to
assign due to its structureless ESR signal. However,
species III is more likely to be tetrahedrally coordinated
because it is only found in a completely dehydrated
system (Figures 2c and 5c) and its total line width is
always less than the total line width of octahedral
Mn(II). In a similar chemical environment, the Mn(II)
hyperfine splitting is greater for six-coordination com-
pared to that of four-coordination.37,38 Species III is also
observed in MnMCM-41 systems, where it was assigned
to Mn(II) in a tetrahedral framework site.11 The same
assignment is made here.

Species IV is produced after evacuating Mn-MCM-
48 and Mn-AlMCM-48 at 293 K. The peak positions
indicate zero field splitting. So, species IV is assigned
to distorted octahedral Mn(II) with significant zero field
splitting in an extraframework site.

Species V is also a singlet and is produced in Mn-
MCM-48 after dehydration. It is also assigned to
distorted tetrahedral Mn(II) with significant zero field
splitting, but it is different from species II. Species V

in MnMCM-48 disappears upon oxidation (Figure 5e),
but species II does not, although the overall spectral
intensity decreases. Furthermore, species V does not
totally recover by reduction treatments (Figure 5f).
Therefore, species V behaves differently from extraframe-
work species II and hence is considered to be framework
manganese in a tetrahedral site. The various species
and their assignments are summarized in Table 3.

Manganese Locations. In Mn(II) ion-exchanged
samples, Mn-MCM-48 or Mn-AlMCM-48, only ex-
traframework manganese exists. However, in synthe-
sized samples, MnMCM-48 or MnAlMCM-48, both
extraframework and framework manganese may exist,
as indicated in a previous study on Mn-containing
MCM-41 materials.11 Framework Mn(II) is envisaged
as replacing tetrahedrally coordinated Si in the MCM-
48 framework.

The dehydration behaviors are different between
Mn-MCM-48 and MnMCM-48. In dehydrated Mn-
MCM-48 (Figure 3c), species II has four peaks at g )
11.32, 5.20, 3.20, and 2.62. After oxidation, some Mn(II)
ions directly coordinate to oxygen to form a broad peak
at g ) 2.62, some Mn(II) ions are likely oxidized to
Mn(III), resulting in a decrease of the overall ESR
intensity, and some Mn(II) give species III. In contrast,
in dehydrated MnMCM-48, species II contains only two
peaks at g ) 4.97 and 3.20. After oxidation, the broad
peak at g ) 2.62 observed in Mn-MCM-48 is not
produced, indicating that Mn(II) ions in MnMCM-48 do
not directly coordinate to oxygen. In addition, a new
species V is observed in dehydrated MnMCM-48. These
differences suggest that the manganese locations are
different in synthesized and ion-exchanged samples.
Therefore, Mn(II) in MnMCM-48 may be in a framework
site because in dehydrated, ion-exchanged Mn-MCM-
41 only extraframework Mn(II) ions exist.

The adsorbate kinetics are also different between ion-
exchanged Mn-MCM-48 and synthesized, Ca(II)-ex-
changed MnMCM-48(Ca). The Mn(II) ions in dehy-
drated Mn-MCM-48 quickly react with adsorbates to
form octahedral species, as evident from sextet ESR
signals. After adsorption of water or methanol, a sextet
splitting is observed after 1 min, and after ammonia
adsorption, it takes 5 min to observe a sextet splitting.
However, the Mn(II) ions in dehydrated MnMCM-48-
(Ca), where most extraframework Mn(II) ions are
replaced by Ca(II), do not interact with water, methanol,
or ammonia to form a sextet splitting within the same
time after adsorption. This supports the idea that the
Mn(II) ions in MnMCM-48(Ca) exist in framework
positions where they are less accessible to adsorbates
than they would be in extraframework sites.

(37) Kurshev, V.; Kevan, L.; Parillo, D. J.; Pereira, C.; Kokotailo,
G. T.; Gorte, R. J. J. Phy. Chem. 1994, 98, 10160.

(38) Kijlstra, W. S.; Poels, E. K.; Bliek, A.; Weckhuysen, B. M.;
Shoonheydt, R. A. J. Phys. Chem. B 1997, 101, 309.

(39) Kliava, J. Phys. Status Solidi B 1986, 134, 411.
(40) Dowsing, R. D.; Gibson, J. F.; Goodgame, D. M. L.; Goodgame,

M.; Hayward, P. J. Nature 1968, 219, 1037.

Table 3. Observed ESR Species and Their Assignments

sp.
ESR parameter

g values (A or ∆Hpp)a assignments locations

i 2.00 (97.0 g) octahed. extraframework
ii 11.32, 5.20, 4.97, 3.20, 2.62 poss. tetrahed. extraframework
iii 2.00 (222-433 g) tetrahed. framework
iv 4.15 (81.1 g) tetrahed.? extraframework

4.11 (95.6 g) octahed.
4.23 (94.3 g) octahed.
4.34 (96.2 g) octahed.

v 5.70 tetrahed. framework
a A is the hyperfine splitting constant, and ∆Hpp is the peak-

to-peak line width
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ESEM simulations also indicate that the number of
interacting molecules with Mn(II) ions are different for
these two samples (Table 1). After adsorption of water
or methanol, Mn(II) in dehydrated Mn-MCM-48 can
coordinate four water or methanol molecules in one
shell. However, Mn(II) in dehydrated MnMCM-48(Ca)
can only coordinate one water or methanol molecule and
more weakly interacts with two other molecules. There-
fore, there is at least one less adsorbate molecule
interacting with possible framework Mn(II). In addition,
the ESEM simulations of Mn-AlMCM-48 and MnAlM-
CM-48(Ca) with various adsorbates also give the same
conclusion (Table 2).

TGA measurements also support that manganese is
possibly incorporated into the MnMCM-48 framework.
In as-synthesized MCM-48, all surfactant molecules are
removed completely below 600 K (Figure 1a). However,
in as-synthesized MnMCM-48, some surfactant mol-
ecules are only removed above 727 K (Figure 1b), which
is similar to the case of as-synthesized AlMCM-48
(Figure 1c). A completely condensed silicate framework
is nominally neutral, but the incorporation of aluminum
or manganese into the framework will create a nega-
tively charged framework.35,36 This will cause stronger
interactions between the surfactants and the frame-
work.

Conclusions

From ESR and ESEM studies on different Mn-
containing MCM-48 materials, five Mn(II) species are

found and assigned to extraframework and framework
positions. Species I at g ) 2.00 is assigned to ex-
traframework positions with distorted octahedral sym-
metry. Species II at g ) 11.3, 5.20, 3.20, and 2.62 is
assigned to extraframework Mn(II) ions with zero-field
interactions with possible distorted tetrahedral sym-
metry. Species IV at g ) 4.11-4.34 is assigned to
distorted octahedral extraframework Mn(II) produced
upon partial dehydration. Species III and species V are
formed during dehydration and are assigned to frame-
work positions with tetrahedral symmetry. The substi-
tution of manganese into the framework is also sup-
ported by TGA measurements.

Different properties are observed for extraframework
versus framework Mn(II) ions. Framework Mn(II) spe-
cies V is produced in synthesized MnMCM-48 during
dehydration and hydrogen reduction treatment, but it
is not observed in ion-exchanged Mn-MCM-48. Frame-
work Mn(II) rehydrates more slowly than does ex-
traframework Mn(II). In addition, framework Mn(II)
interacts with fewer adsorbate molecules than does
extraframework Mn(II) based on ESEM data.
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