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Abstract: The incorporation of Mn(ll) into the mesoporous material MCM-41, synthesized under acidic
conditions with [Si]/[H"] in the range of 0.£0.4 was investigated. Tetraethyl-orthosilicon (TEOS) was used

as the silica source and cetyltrimethylammonium chloride or bromide (CTAC/CTAB) as the structure-directing
agent. The Mn(ll) sites in the final product were characterized by high-field (W-band, 95 GHz) pulsed EPR
and electror-nuclear double resonance (ENDOR) spectroscopies that provided highly resolved EPR spectra
and detailed information concerning the Mn(lIl) coordination sphere. These measurements were complemented
with X-band continuous wave (CW) EPR and electron-sgicho envelope modulation (ESEEM) spectroscopies.

In addition, the bulk properties of the final products were characterized by X-ray diffractioR°anMAS

NMR, while in situ X-band CW EPR measurements on reaction mixtures containing the spin probe 5-doxyl
stearic acid (5DSA) were carried out to follow the reaction kinetics and the degree of silica condensation.
These bulk properties were then correlated with the formation of the different Mn(ll) sites. The final product
consists of a mixture of two hexagonal phasgs=(38, 43 A), the relative amounts of which depend on the
[Sil/[H™] in the starting gel. Two Mn(ll) sites, which exhibit unresolved overlapping signal in the X-band
EPR spectra, were easily distinguished in the low-temperature field-sweep (FS) echo-detected (ED) W-band
spectra due to their significantly differet®Mn hyperfine couplings. One Mn(ll) sit@, is characterized by a
hyperfine splitting of 97 G, and the secorig,by 82 G. The relative amount d&f increases with increased
acidity. Sitea is assigned to a hexa-coordinated Mn(lIl) with water ligands that is anchored to the internal pore
surface of the silica either by one coordination site or through hydrogen bond(s). The Mn(ll) nisite a
distorted tetrahedral coordination, located within the first few layers of the silica wall. When the water content
of the final products increases, sii@ssumes characteristics that are very similar tossigeiggesting that the

silica wall is “soft” and not fully condensed. The NMR and in situ EPR measurements show that incomplete
TEOS hydrolysis and slow silica polymerization, which occurs for [Sifl[# 0.1, favors the formation of

sitea, whereas complete hydrolysis and fast polymerization, generating enough aei@¢iQjroups, favors

the formation of sitdh. The incomplete hydrolysis also accounts for the generation of two hexagonal phases.

Introduction first, the active species are incorporated into the silica during
the synthesis;* whereas in the second, functional groups are
anchored to the silica surface after synthésis.

Incorporation of transition metal ions is a common method
for introducing active sites in zeolites and zeotype matefials.
There are numerous reports of doping MCM-41 with a variety
of metal elements, including Al, Ti, Fe, Mn, B, Zr, Cr, Ga, V,
Sn, Co, and Nb, as recently reviewed by Ying et &l. many
applications the metal-containing MCM-41 materials have been
found to be better acid catalysts than the original silicious MCM-
419711 Doped MCM-41 materials are usually prepared by

The M41S mesoporous materialsave drawn considerable
attention due to their unique physical properties, namely large
pore size, narrow pore size distribution, high specific surface
area, and long-range ordering of the pore packing, which are
important for potential applications in the field of catalysis. This
has stimulated rapid developments in synthetic routes producing
new mesostructural materials, and in surface modification of
the final products. The most extensively studied member of the
mesoporous materials family has been MCM-41, which exhibits
an hexagonal array of pores. In terms of catalytic activity,
however, MCM-41 is not as active in processing bu|ky (3) Corma, A.; Camblor, M. A.; Esteve, P.; Martiz, A.; Peez-Pariente,

. . J.J. Catal. 1994 151, 151-158.
molecu_les as de.swéd:onsquently, many studlgs have f.O.Cl.Jsed (4) Reddy, K. M. Mondrakovski, I.; Sayari, AL Chem. Soc., Chem.
on the introduction of catalytically active species into silicious Commun1994 1059-1060.

MCM-41.134Two general approaches were employed: inthe  (5) Moller, K.; Bein, T.Chem. Mater1998 10, 2950-2963.
(6) Luan, Z.; Xu, J.; Kevan, LChem. Mater1998 10, 3699-3706.
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adding the metal salts to the reaction mixture under basic In this work we explore the synthesis of MNMCM-41 under
conditionst?13although several preparations under acidic condi- acidic conditions ([Si]/[H] = 0.1-0.4) where Mn(ll) is not
tions were reported as wél:4 The successful incorporation  oxidized to Mn(lll) during the synthesid. Two groups of

of the metal elements into the silica is, however, not predictable techniques were applied; the first includes X-ray diffraction and
and is highly dependent on the preparation method and the pH2°Si MAS NMR used for the characterization of the final
of the synthesis mixture. Moreover, the incorporated metal ions products, and in situ X-band EPR measurements of a spin-probe
often leach from the silica during calcinatidhese shortcom-  added to the reaction mixture designed to explore the rate of
ings led to the design of post-synthesis metal incorporation silicate polymerization. The second group consists of methods
methods>16There, the metal ions are grafted onto the siliceous aimed at the characterization of the Mn(ll) sites formed under
wall after synthesis using various nonagueous solutions of metalacidic conditions. These include X-band (9 GHz) continuous
salts. In addition, a template-ion exchange method has beenwave (CW) EPR and electron-spiecho envelope modulation
proposed where the template ions in the final product are (ESEEM) spectroscopies, and high-field (W-band, 95 GHz) EPR

exchanged for metal ions in aqueous solufibn.

and ENDOR measurements. The latter provided unusually

The different approaches for metal ion incorporation men- resolved EPR spectra that allowed the identification and

tioned above were employed to introduce Mn(ll) into MCM-
41127141617 and its location was explored primarily by EPR

characterization of two types of Mn(ll) centers. One center was
assigned to tetrahedrally coordinated Mn(ll) located within the

spectroscopy and/or by comparison of the ion exchange capacitysilica, though close to the internal pore surface, whereas the

and catalytic activity with those of silicious MCM-4%14Most

other is hexa-coordinated hydrated Mn(ll) attached to the

of these studies, however, are ambiguous in terms of the Mn- internal surface of the silica. The relative amounts of the two

(1) location and coordination staté. The majority of the EPR

Mn(ll) centers in samples prepared with different [SiJf[Hn

measurements on Mn(Il) in MCM-41 have been carried out at the starting gel were then correlated with the bulk properties of

conventional X-band~9.5 GHz) frequencies and a few at
Q-band (35 GHz) frequencie¥1* The X-band spectra often
suffer from low resolution, preventing the detection of Mn(ll)

centers with different hyperfine couplings, which are charac-
teristic of the metal oxidation and coordination state. Conse-

quently, the local environment of the Mn(ll) is not well

the materials, providing insight into the factors that control the
incorporation of Mn(ll) into the silica network under the
conditions used.

Experimental Section

Synthesis. Manganese-containing MCM-41 (MnMCM-41) was

determined and centers with different properties cannot be gynthesized as described previodslysing tetraethyl-orthosilicon

distinguished.

The recent developments of high-field EPRX 75 GHz,
Bo > 2.5 T)*®and electror-nuclear double resonance (ENDOR)
spectroscopié&2°offer new opportunities for high-spin systems
such as Mn(ll) 8= 5, | = 5/,) due to the improved spectral
resolution in orientationally disordered sampié#? This is
primarily due to the reduction of the high-order effects of the
zero field splitting (ZFS) and the hyperfine interaction on the

spectrum. Consequently, the inhomogeneous broadening of th

allowed central EPR transition;/,, m(— |Y/,, m[] decrease
and the intensity of the forbidden transitions,/,, m— |5,

m = 1[Jis considerably reduced.The higher resolution of the
high-field EPR spectrum facilitates significantly ENDOR

(TEOS, Aldrich 98%) as the silica source and cetyltrimethylammonium
chloride (CTAC, 25 wt % aqueous solution, Aldrich) or cetyltrimethyl-
ammonium bromide (CTAB, Aldrich) as the structure-directing agent.
CTAB deuterated at the-position was synthesized as described in
the literaturé* In a typical preparation, 6 mL of HCI (2 N, 12 mmol)
are combined, under stirring, with 10 mL of an aqueous solution with
0.55 mmol CTAC and 0.56 mmol MnSOThe mixture is stirred for

10 additional minutes, followed by the addition of 1.02 mL (4.6 mmol)
TEOS. The resulting mixture is left under stirring for 24 h at room

Qemperature (298 K). The solid precipitate is recovered by filtration,

washed with distilled water several times, and dried in air at an ambient
temperature. The molar compositions of the synthesis gels were as
follows: TEOS: 0.12CTAC: (2.610.4)HCI: 174HO: 0.12Mn(ll).
Chemical analysis showed that for [Si]/[H= 0.1 and 0.4 only 4%

measurements, which provide details on the coordination sphereand 9%, respectively, of the total Mn(ll) added to the reaction mixture

of the metal ior??

(10) Corma, A.; Martinez, A.; Martinez-Soria, V.; Monton, J.B Catal.
1995 153 25-31.
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1995 156, 65-74.

(12) Zhang, W.; Wang, J.; Tanev, P. T.; Pinnavaia, T.Lhem. Soc.,
Chem. Commuril996 979-980.

(13) Xu, J.; Luan, Z.; Wasowicz, T.; Kevan, Microporous Mesoporous
Mater. 1998 22, 179-191.

(14) Zhao, D.; Goldfarb, DJ. Chem. Soc., Chem. Comm@f95 875~
876.

(15) Mokaya, R.; Jones, W. Chem. Soc., Chem. Comm@97, 2185~
2186.

(16) Ryoo, R.; Jun, S.; Kim, J. M.; Kim, M. J. Chem. Soc., Chem.
Commun.1997, 2225-2226.

(17) Yonemitsu, M.; Tanaka, Y.; lwamoto, NChem. Mater1997, 9,
2679-2681.

(18) Lebedev, Ya. SAppl. Magn. Resonl994 7, 339-362.

(19) Disselhorst, J. A. J. M.; Vandermeer, H.; Poluektov, O. G.; Schmidt,
J.J. Magn. Reson1995 115 183-188

(20) Prisner, T. F.; Rohrer, M.; Mzus, K. Appl. Magn. Resonl994
7, 167-183.

(21) Bellew, B. F.; Halkides, C. J.; Gerfen, G. J.; Griffin, R. G.; Singel,
D. J. Biochemistry1996 35, 12186-12193.

(22) Arieli, D.; Vaughan, D. E. W.; Strohmaier, K. G.; D. Goldfarb D.
J. Am. Chem. S0d.999 121, 6028-6032.

(23) Reed, G. H.; Markham, G. [Biological Magnetic Resonangce

are incorporated into the final products. Calcination was carried out at
813 K for 1 h inflowing nitrogen, followed ly 6 h in flowing air. In
some preparations the template was removed by solvent extraction
where the as-synthesized MCM-41 sample was mixeld it M HCI
solution in ethanol (liquid:solid= 300 mL/g) at 343 K for 30 &>

MnMCM-41 was also prepared by the template-ion exchange method
as described by Yonemitsu ettaMn(ll) ion implantation was obtained
by stirring as-synthesized hydrothermally stable MCM-41 (0% ig)

8 mL of an aqueous solution of manganese acetate (0.04 M) at an
ambient temperature for 1 h. The mixture was kept at 353 K in a water
bath for 20 h without stirring. The resulting solid was filtered, washed
with deionized water, and dried at 353 K for 1 h. Calcination was carried
out as described above.

The spin probe 5-doxyl stearic acid (5DSA) was employed in the in
situ X-band EPR measurements. The reaction mixture was prepared
as described above with the exception that 1.0 mg 21~ mol) of
5DSA was added to the surfactant solution and the Mn843 omitted.

Characterization. X-ray diffraction (XRD) patterns of the products
were obtained from thin layers of sample on glass slides and
measurements were carried out on a Rigaku D/Max-B diffractometer,

(24) Firouzi, A.; Atef, F.; Oertli, A. G.; Stucky, G. D.; Chmelka., B. F.
J. Am. Chem. S0d.997, 119, 3596-3610.
(25) Chen, C.; Li, H.; Davis, M. EMicroporous Mater.1993 2, 17—

Berliner, L., Reuben, J., Eds.; Plenum Press:New York, 1984; Vol. 6, pp 26.

73—142.

(26) Ryoo, R.; Jun, SJ. Phys. Chem1997 101, 317—-320.



7036 J. Am. Chem. Soc., Vol. 122, No. 29, 2000

using Cu Ku radiation. Transmission electron microscopy (TEM)
images were obtained on a Phillips CM120 transmission electron
microscope operating at 120 kV. The samples were prepared by placing
a MnMCM-41 powder on Callodion-carbon 400 mesh electron
microscope grids from a sonicated 1:1 watethanol suspension that
was blotted after 30 s. The Si and Mn contents of the final product
were determined by inductively coupled plasma atomic emission
spectrometry (ICP). The samples (125 mg) were dissolved in concen-
trated nitric acid and measured versus standards from Merck. Carbon,
nitrogen, and hydrogen were analyzed with a Carlo Erba EA-1108
Elemental analyzer.

X-band CW-EPR spectra were recorded using a VariarnlE
spectrometer. Electron-spiecho envelope modulation measurements
(ESEEM) were carried out@ K on ahome-built X-band pulsed EPR
spectrometér-2 employing the three-pulse sequenc&2(-7—m/2—
T—n/2—t—echo) with the appropriate phase cycl#ghe pulse length
was 0.02us and ther values were selected to optimize the modulation
from “N and?H nuclei3® W-band field-sweep echo-detected (FS-ED)
EPR and ENDOR spectra were recorded at 4.5 K on a home-built
spectrometer operating at 94.9 GHzlThe FS-ED EPR spectra were
recorded using the two-pulse echo sequence with microwave (MW)
pulse durations of 0.04 and 0.06, respectively, and = 0.25us.

ENDOR spectra were measured using the Davies-ENDOR sequence

(m—T—nl2—7—n—7—echo with a radio frequency (RR)pulse applied
during the time interval). The MW pulse durations were 0.2, 0.1, 0.2
us, respectively, and the RF pulse length wasu$9 The magnetic
field in the W-band measurements was calibrated usingHHearmor
frequency determined from the ENDOR experiments.

In situ X-band EPR experiments were done as described else-
wheré?32and?°Si MAS NMR spectra were recorded on Bruker CXP
300 MHz spectrometer. Seven millimeter rotors spinning at 3 kHz were
employed, and for each spectrum 1200 FID’s, obtained after a single
7/2 pulse (3us) at intervals of 80 s, were collected.

Results

We first present the results obtained from methods character-
izing the bulk properties of the MCM-41 materials obtained
with different [Si]/[HT] in the starting gel and then proceed with
the characterization methods of the Mn(ll) sites.

Characterization of the MCM-41 Products. (a) Powder
X-ray Diffraction. The XRD patterns of as-synthesized Mn-
MCM-41 materials, prepared with different amounts of HCI,
are shown in Figure 1. When [Si]/[H = 0.4, the final product
is a hexagonal phase with= 43 A, referred to as phase A.
Upon decreasing [Si]/[H] to 0.21, a new additional hexagonal
phase, B, witld = 38 A appeared (Figure 1). A further increase
in [H*] causes an increase in the relative amount of phase B,
and at [Si]/[H] = 0.1 the final product contains exclusively
phase B. Calcination does not alter significantly the relative
amounts of the two phases, although all reflections are shifted
to lower angles (see Figure 1). This is consistent with earlier
reports of structure contraction upon calcinatichhe persis-
tence of the ordered structure after calcination supports the
assignment of the two phases to hexagonal structures. TEM
images (not shown), obtained from samples consisting of either

(27) Goldfarb, D.; Fauth, J. M.; Tor, Y.; Shanzer, A.Am. Chem. Soc.
1991, 113 1941-1948.

(28) Shane, J. J.; Gromov, |.; Vega, S.; GoldfarbRav. Sci. Instrum.
1998 69, 33573364.

(29) Fauth, J. M.; Schweiger, A.; Braunschweiler, L.; Forrer J.; Ernst,
R. R.J. Magn. Reson1986 66, 74—85.

(30) Kevan, L.Time Domain Electron Spin Resonand¢evan, L.,
Schwartz, R. N., Eds.; Wiley: New York, 1979; pp 27%41.

(31) Gromoyv, |.; Krymov, V.; Manikandan, P.; Arieli, D.; Goldfarb, D.
J. Magn. Reson1999 139 8—17.

(32) Zhang, J.; Luz, Z.; Goldfarb, . Phys. Chem. B997, 101, 7087
7094.

(33) Zhang, J.; Luz, Z.; Goldfarb, 3. Phys. Chem. B00Q 104, 279—
285
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calcined

20
Figure 1. Powder XRD patterns of as-synthesized and calcined
MnMCM-41 samples prepared with different [Si]/{Hratios as noted
on the figure.

phase A or B, exhibit hexagonal structures with a hole-to-hole
distance larger for phase A, consistent with the XRD data.

(b) 2°Si MAS NMR Measurements.The final products were
also characterized by°Si MAS NMR to understand the
differences between phases A and B. The spectra of as-
synthesized MCM-41 prepared with [Si]/fi = 0.4 and 0.1
are shown in Figure 2. The spectrum of the [SiJfjH= 0.1
sample exhibits three peaks assigned $p@, and Q, similar
to earlier reportg® In contrast, the spectrum of as-synthesized
MCM-41 prepared with [Si]/[H] = 0.4 shows in addition to
the @ and Q signals (100 and—110 ppm, respectively) two
narrower peaks at90 and—97 ppm. The latter are attributed
to organo-silicon species that are intermediates in the hydrolysis
process of TEOS. The 90 ppm signal corresponds to Si©)
O—Si(OEty,3* and that at-97 ppm is due to the middle group
of linear trisilicic ester (EtQ)5i—O—Si(OEtp—O—Si(EtO).3
The sample prepared with [Si]/[Hl = 0.4 was also measured
after calcination and solvent extraction, as shown in Figure 2c,d.
The two narrow peaks disappeared after both treatments, and
the relative intensity @ and Q has also changed. The
calcination process decomposes these species and the further
dehydroxylation leads to broadening of thg Qs and Q peaks
as reported earli€®. Interestingly, the extraction process also
causes dehydroxylation, as evident from the increase/LQ
without inducing broadening caused by calcination.

(c) In Situ EPR Measurements.Additional insight into the
differences between the materials obtained with different [Si]/
[H*] can be obtained by exploring reaction kinetics and the
rate of silicate polymerization as obtained from in situ EPR
measurements of spin-probes introduced into the reaction
mixture 3233 Such experiments were carried out for the synthesis
with [Si]/[H*] = 0.1 and 0.4 using the spin-probe 5DSA. In
these preparations the Mn(ll) was not added to avoid overlap
with the 5DSA EPR signal. Since the amount of Mn(ll) in

(34) Pouxviel, J. C.; Boilot, J. Rl. Noncryst. Solid4986 89, 345-
360.
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a SifH'=0.1 b SilH'=0.4 c SilH'=0.4 d SilH'=0.4

as-synthesised as-synthesised caicined solvent extracted
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Figure 2. 2°Si MAS NMR spectra (298 K) of the as-synthesized MCM-41 prepared with [Si]/[8) 0.1, (b) 0.4, (c) same as (b) after calcination,
and (d) same as (b) after solvent extraction.

A Si/H*=0.1 B Si/H'=0.4
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Figure 3. The time evolution of the X-band CW EPR spectrum Field, T Field, T
(recorded at 298 K) of the spin-probe 5DSA during the course of the Figure 4. (a) CW X-band EPR spectra of as-synthesized MnMCM-
synthesis of MCM-41 prepared with [Si]/{ = 0.1 (A) and [Si]/[H"] 41 prepared with different [Si]/[H], recorded at (a) 296 and (b) 150
= 0.4 (B). K (v = 9.162 GHz).

MnMCM-41 is small, its elimination is not expected to affect {races in Figure 3A,B). This suggests that the presence of water
the course of the reaction. The nitroxide radical is located near «softens” the silica wall, permitting a higher mobility of the

the interface of the organic and inorganic phases, and thereforegrfactant molecules.
its motional characteristics are very sensitive to the ordering of Characterization of the Mn(Il) Sites. (a) EPR Measure-

the organic phase and to the polymerization of the inorganic ments. The first method employed to characterize the Mn(ll)
phase’® The time evolution qf the spectrym of 5D.SA .durlng sites was standard X-band CW EPR spectroscopy. The RT
the formation O.f MCM-41 ([SiJ/[H] = 0'.1) 1S _shown InFigure — » pand EPR spectra of as-synthesized MNnMCM-41 prepared
3A, where the timé = 0 corresponds to initiation of the reaction with different [Si)/[H*] are presented in Figure 4a. All spectra

by the addition of TEOS. With time, the spectra exhibit gpq, "y major signal centered @t= 2 with a poorly resolved
increasing anisotropy, which is characteristic of decreased 55\Mn hyperfine splitting assigned to the Mn(I])-Y,, mO—

rotational diffusion rate and increasing ord_érT_he spectra |1, MCEPR transition€3 This signal is superimposed on a broad
recorded_ after Ei anéi 2'4h'h grﬁ Ithe same, |rr1]d|c_at|ng thlatt_thesignal corresponding to the other EPR transitiong} A —4.3
process is completed within 8 h. In contrast, the time evolution signal, characteristic of Fe(lll) impurities, appeared in some of
of Erhe EPR spectrum O.f SDSA n thg reaction mixture with [SI)/ the samples as welb. The spectra recorded at 150 K are better
[H]=04, sh_own in Figure 3B, indicates a slgnlflcantly Slower resolved (Figure 4b) and show clear shoulders characteristic of
rate of formation. Spectral changes are evident also after 22 hthe forbidden transitions. The differences between the room

and the Iltne-sha}pteh of the 22 hd.spectlru_lr_r;Tls .S'(T"atr totthhet %r?o temperature and low-temperature spectra indicate that some
min spectrum ot the more acidic gel. This indicates hat e, 505 averaging takes place at the Mn(ll) site at room

silica polymerlz_a!tmn_, Wh'ch S the main fa_ctor that_hmlts the temperature. Unfortunately, the X-band spectra do not allow a
surfactant mobility, is significantly faster in the [Si]/ft} =

0.1 gel mixture. The line-shape of SDSA in the final productis ™ (35)pe vos, D. E.; Weckhuysen, B. M.; Bein, 3. Am. Chem. Soc.
sensitive to the water content in both samples (see the two lower1996 118 9615-9622.
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as-synthesized calcined

(a)

345 3.35 3.45

Field, T

Figure 5. FS-ED EPR W-band spectra of MNMCM-41 prepared with
different [Si)/[H'] recorded at 4.5 K: (a) as-synthesized and (b)
calcined. ThéMn hyperfine components of sitesandb are indicated
on the figure.

3.35 3.40

straightforward determination of tHf@Mn hyperfine coupling
without the application of spectral simulations.

In contrast to the X-band spectra, the W-band FS-ED EPR
spectra, shown in Figure 5, are significantly simpler and highly
resolved. The W-band FS-ED EPR spectrum of MNMCM-41,
prepared with the [Si]/[F]] = 0.4, shows a single well-resolved
sextet with a splitting of 97 G andgvalue of 2.003, assigned
to Mn(ll) in site a. The spectra of the samples prepared with
lower [Si]/[H], 0.1-0.21, exhibit two superimposed sextets,
due to the existence of two types of Mn(ll) centers (Figure 5a).
The first has the same EPR parameters asasitehereas the
parameters of the second, referred to aslsitere A = 82 G,
andg = 2.014. After calcination all samples exhibit a single,
well-resolved sextet witlh = 97 G, superimposed on a broad
peak centered @~ 2. The relative intensity of the broad signal
increases with [H] and it correlates with the relative amounts
of site b in the as-synthesized materials, suggesting that it is
associated with site.

The EPR spectra of as-synthesized MNnMCM-41 are highly

sensitive to the water content of the sample. For example, the
room temperature X-band spectrum of as-synthesized MNMCM-

41 ([SiJ/[H'] = 0.1), which has not been completely dried (see
Figure 6A), shows a well-resolved sextet without fine structure.
Upon cooling to 150 K, each of the lines within the sextet
exhibits a typical powder pattern characteristic of Mn(lIl) with
a significant ZF%® (see Figure 6A,a). This indicates that the

Zhang and Goldfarb

0.300 0.325 0.350 0.375 3.350 3.375 3.400 3.425 3.450

Field, T
Figure 6. (A) X-band EPR spectra of (a) a wet sample of as-
synthesized MNnMCM-41 ([Si}/[H] = 0.1) recorded at 296 (dotted line)
and 150 K (solid line) (b) after drying for 2 weeks at room temperature.
(B) The corresponding FS-ED EPR W-band spectra (4.5 K) of the wet
(a) and dry samples (b). TH&Mn hyperfine components of sites
andb are indicated on the figure.

during the calcination process. The X-band spectrum of this
sample exhibits the same sensitivity to water as as-synthesized
MnMCM-41, and the FS-ED W-band spectrum of the calcined
sample shows only one type of Mn(ll), with the same hyperfine
coupling constant as in sit@

(b) ENDOR Measurements.Further distinction between the
two Mn(ll) centers was obtained from ENDOR experiments that
provide the hyperfine interaction of nearby nuclear spins coupled
to Mn(ll). Figure 7a shows théH W-band Davies ENDOR
spectrum of MNMCM-41 ([Si]/[H] = 0.4), which corresponds
to sitea. The spectrum was recorded at a magnetic field set to
the high-field>*Mn hyperfine component of the central EPR
transitions, marked witl in the inset in Figure 7. At the field
(~3.4 T) and the low temperature (4.5 K) at which the
experiments were performed, the intensities of [ffg mCO—

[3/2, mCand|3/,, m— |%/,, mOEPR transitions are significantly
diminished compared to the other transitions. Consequently, the
ENDOR spectrum should exhibit signals arising primarily from
the Ms = =55, =%/, —1/,, %/, manifolds at
v(Mg = |~y + MA| ()
where vy is the nuclear Larmor frequency aAds the hyperfine
coupling. For an axially symmetric tensor, the valuesAcdt
the canonical orientationg) = 0, 9C°, are Ay, and An. These
can be decomposed into an isotropic pé&gt, and an anisotropic

presence of excess water facilitates motional averaging at rooMpart, A, according to:

temperature, which, in turn, reduces the contribution of the ZFS

to the spectrum. Letting the sample dry for 2 weeks at room
temperature yields a significantly broader signal (Figure 6A,b)

due to the reduced mobility. The FS-ED W-band spectra of the

A1I:Aiso+2Ad A= Ag A (2)

The ENDOR spectrum presented in Figure 7a exhibits several

dry and wet samples recorded at 4.5 K are presented in Figurefeatures centered about thid Larmor frequency: a doublet
6B. The spectrum of the wet sample shows the presence of onlywith a splitting of 0.7 MHz, attributed to weakly coupled

one type of Mn(ll) center withA = 97 G, similar to sitea,
whereas in the dry sample sitaeindb coexist. These changes

protons, and a powder pattern wih(*H)| = 7.1 MHz and
|Ag(*H)| = 2.6 MHz. The asymmetric appearance of the

are reversible, namely, adding a few drops of water to the dried singularities is due to a superposition with thé&,Ag singularity
sample restores the narrower X-band EPR spectrum. The XRDof the Ms = —3/, manifold, originating from thé—3/,, m—

patterns of the wet and dry samples are the same.

Mn(Il) was also introduced into hydrothermally stable MCM-
41 using the postsynthesis template-ion exchanged méthod.
This method was reported to introduce the Mn(ll) into the silica

|—1/, mJEPR transitions. Using eq 1 and the position of this
signal the signs ofy(*H) andAg(*H) were determined, yielding
Aiso = 0.6 = 0.2 MHz, Ay = 3.2+ 0.2 MHz. Applying the
point-dipole approximation wher; = g.8-g5/hr3, a Mn(l1)—H
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Figure 7. H W-band Davies ENDOR spectra of (a) as-synthesized
MnMCM-41 ([Si)/[H"] = 0.4) recorded at a field position marked with
ain the inset (3.413 T), (b) as-synthesized MNMCM-41 ([Si]TH=
0.17) recorded at positioh, (c) same as (b) recorded at position
(3.406 T), and (d) calcined MnMCM-41 ([Si]/[H = 0.17) recorded

at positiona. The doublets corresponding to tAgandA singularities

of the water protons are indicated on the top spectrum.

distance of 2.9 A is obtained, which is in good agreement with
water ligand(sy%38

ENDOR spectra of MNMCM-41 ([SiJ/[H] = 0.17), which
consists of both sitea andb, are shown in Figure 7b,c. The

J. Am. Chem. Soc., Vol. 122, No. 29, Z060
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Figure 8. (A) X-band three-pulse ESEEM waveforms of as-synthesized
MnNMCM-41 ([Si]/[H*] = 0.1) and MNnMCM-41 ([Si}/[H] = 0.4)
recorded 84 K andB, = 0.3 T, corresponding to maximum echo
intensity. Ther values were 0.541 and 0.23 optimized for**N and

2H modulation, respectively. (B) The corresponding magnitude Fourier
transforms. The asterisks in A indicate interferences from unwanted
echoes that were not completely removed by the phase cycle.

(c) ESEEM MeasurementsUsing W-band ENDOR, it was
possible to determine the state of water coordination of the Mn-
() in sites a and b. Additional information regarding the
environment of the Mn(ll) was obtained from X-band ESEEM
experiments designed to probe its location with respect to the
surfactant molecules. This was achieved by the modulation
induced by thé*N nucleus in the polar head of the surfactant
molecules. The three-pulse ESEEM waveforms of MNMCM-
41 ([SiJ/[H*] = 0.4), with Mn(ll) in site a only, and of
MnMCM-41 ([Si)/[HT] = 0.1) ,where siteb dominates, are
depicted in Figure 8A. The corresponding FT-ESEEM spectra
are shown in Figure 8B. ThEN modulations are clear in both
samples and the FT-ESEEM spectra show thattNd_armor
frequency peak is somewhat more intense in the sample
consisting of only sitea. Since the modulation depth is a

spectrum recorded at a field position selecting primarily a central fnction of the unpaired electremucleus distance and the num-

transition of sitea (Figure 7b) is similar to that of MNMCM-41

ber of nuclei around i this modulation depth difference indi-

([SJ/[H "] = 0.4) (Figure 7a). In contrast, the spectrum measured ¢ates that in site the Mn(ll) is located closer to the polar head

at a field position set to a central transition of ditexhibits a
doublet with a small coupling of 0.7 MHz (Figure 7c). The

of surfactant molecules. The fact tHé4X modulation is observed
at the Larmor frequency indicates that thN quadrupole

powder pattern typical of water coordination appears with very interaction is very small due to the symmetric (tetrahedral) envi-

low intensity and is probably due to minor contributions from
a | =Y, mOd— |Y,, mOtransition of sitea at this field. The
ENDOR spectrum of calcined MNnMCM-41 ([Si]/[H = 0.17),
depicted in Figure 7d, is similar to that of sig in the

as-synthesized material, showing that the Mn(ll) is coordinated

to water. All samples, after calcination, independent of their
[Si)/[H "], showed the same ENDOR spectrum.

(36) Tan, X.; Bernardo, M.; Thomann, H.; Scholes, CJRChem. Phys.
1993 98, 5147-5157.

(37) Manikandan, P.; Carmieli, R.; Shane, T.; Calb (Gilboa), A. J.;
Goldfarb, D.J. Am. Chem. So@00Q 122, 3488-3494.

(38) Sham, T. K.; Hastings, J. M.; Perlman, M. L.Am. Chem. Soc.
1980 102 5904-5906.

ronment of the nitrogen. ESEEM measurements were carried
out also on samples synthesized witld,CTAB ([Si]/[H "] =

0.4 and 0.1). Both samples exhiBii modulations (Figure 8)
that are in agreement with tHéN modulation experiments.

Discussion

In this section we first discuss the effect of fHon the
reaction kinetics and the properties of the MCM-41 product as
determined from the XRD, NMR, and in situ EPR measure-
ments. We then proceed with the description of the Mn(ll) sites
as determined from the various EPR/ENDOR techniques
applied, and finally correlate the bulk properties of the final
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product and the reaction kinetics with the factors that control site a oo~

the incorporation of the Mn(ll) into the silica wall. P >s i\o >s|\ Ob//
The final product of the [Si]/[H] = 0.1 gel mixture consists 90 ;?H v OHH AR

of a single hexagonal phase, phase A, with 38 A. A decrease Sy Heo H,iofo S “ M0

in [H*] results in the appearance of a second hexagonal phase, T

phase B, withd = 43 A, and this phase becomes dominant at

[Si]/[HT] = 0.4. The?°Si NMR spectra show that when [Si]/

[HT] = 0.4, the hydrolysis is relatively slow and silicate
condensation, forming the silica wall, occurs prior to the
completion of the TEOS hydrolysis. Under these conditions, H20
organo-silica intermediates are trapped in the organic phase and

P\ e '/o\ i/o Ve
act as “swelling” agents leading to the largespacing. The in s j) >\0/M l\oﬁ" - \gJO \ 5 l\o\ésliq\oo/&" -

—~0

site b

) e —0 X
situ EPR measurements showed that under these conditions theo’ s Hz0 §f H20 Np,0 o HO o e ,%Hzo I
silicate condensation is considerably slower than for [Sifj[H Mo == H0 V10

= 0.1. We therefore conclude that the increased acidity leads
to a faster TEOS hydrolysis and silicate condensation. Hence,
for [Si)/[H™] = 0.1 a larger number of silicate species with the

following decreasing acidity are present during the reactfon: Figure 9. A schematic representation of the Mn(ll) sites in MNMCM-

Si(OH), < —Si—O—Si(OH), < (—Si—0),Si(OH), < 41: (a) sitea and (b) siteb and its response to the water.
(—Si—0),Si(OH) hyperfine coupling to 97 G and induces significant local
moations. This behavior suggests that the water causes hydroxy-

The appearance of relatively large amounts pB@d Q in the lation of the surface releasing several coordination sites of the
NMR spectra shows that the degree of the silica condensationMn(ll) allowing them to coordinate water molecules, thereby
is incomplete for both [Si]/[H] = 0.1 and 0.4. reducing the local distortions, changing the hyperfine coupling

The application of high-field EPR/ENDOR has allowed us @nd allowing water ligand rotation or exchange. A schematic
to distinguish between two types of Mn(ll) centers in as- |II_ustrat|on of this site and its response to water is deplcteo_l in
synthesized MnMCM-41, sites andb. The relative amounts Figure 9. ppon calcmathn, the spec'gral features character!stlc
of the Mn(ll) in the two sites depend on the TB[H*] of the pf a well-dispersed sitb dlsgppear. It is not clear, however, if
starting gel, where the final product of the [SiJ/fH= 0.4 gel it is re_leased from the §|I!ca wall and assumes the same
mixture consists of sita only. The5Mn hyperfine coupling properties as sita where it is anchored to the silica sn_Jrface
of 97 G and the ENDOR results show unambiguously that in and coordinated to water molecules, or if it is responsible for
this site the Mn(ll) is in an octahedral symmetry and has water e abroad unresolved spectrum that may represent Mn(ll)
ligands. Furthermore, the Mn(ll) is situated in the vicinity of Ce€Nnters with a large distribution of Hamiltonian parameters or
template molecules as evident from # and2H modulations ~ Small Mn(ll) or Mn(IV) oxide clusters. The latter option is,
in the ESEEM traces. In addition, the X-band CW-EPR spectra however,. less likely, as §|gnals of clusters are usually hard to
recorded at room temperature and 150 K show that the Mn(ll) OPServe in pulsed experiments due to the fast echo decays.
center experiences some motional averaging which is facilitated "€ possibility that sité is due to Mn(IV) rather than Mn-
by the presence of water. Since the Mn(ll) cannot be washed (I!) has been considered as well. Mn(1V) exhibgsalues less
away and it is situated in the vicinity of the surfactant molecules, than 2.0, with hyperfine coupling values smaller than 72'G,
it has to be anchored to the inner silica surface either through Which are not too far from the parameters of $ité\ssignment
a silica oxygen ligand, as schematically represented in Figure {0 Mn(IV) would imply that the reversible changes it undergoes
9, or by hydrogen bonds. The mobility induced by excess water UPON water exposure involve oxidation/reduction accordmg to
is probably due to the softening effect of the water on the silica the following: Mn(IV) + H = Mn(ll) + %20, + 2H". Itis

wall which in turn facilitates local motions of both the template V€'Y unlikely that such a process takes place reversibly under
molecules and the Mn(ll) complex/ligands. very mild conditions. Moreover, MNMCM-41 was prepared

As the [SiJ/[H] of the reaction mixture decreases to 0.21, under acidic conglitions to avoid i_ts oxidation to .Mn(III) that
site b appears, and its relative amount increases with further ©cCurs under basic conditions. It is therefore unlikely that the
increase of [H]. The characteristics of this site are significantly réduction in the pH, which prevents the oxidation of the Mn-
different from those of sita. It has a smallePMn hyperfine (1) to Mn(lll), will generate Mn(lV).
coupling, 82 G, and no water ligands, although the presence of Although the relative amount of Mn(ll) in sitesandb seems
one water or OH ligand cannot be ruled out due to the weak 0 correlate with the different hexagonal phases A and B, it is

broad background in the ENDOR spectrum (see Figure 7). The improbable that the dif_ferent pore sizg is responsible f_or the
Mn(ll) in this site is also in the vicinity of the surfactant different Mn(il) properties. The formation of sitesandb is
molecules, but somewhat further away than in ait&his, and determined by the structural and surface characteristics of the

the smaller5sMn hyperfine coupling, suggests that site silica wall and the degree of silicate condensations. Some of
corresponds to Mn(ll) in a tetrahedrally distorted §iituated ~ (hese properties also determine the relative amount of phase A
within the silica wall, close to the internal surface. The properties ©F B, thereby explaining the above correlation. The Mn(ll) can
of this site are highly sensitive to the water content of the Pind to one or more silicate species according to
sample. Adding a small amount of water (3 wt %) changes the . .

P g (3 wt %) chang MN(H,0)2" + (—Si—0):Si(OH)—

(39) ller, R. K.The Chemistry of Silica Solubility, Polymerization, Colliod

1+ ; ; +
and Surface Properties, and Biochemistighn Wiley & Sons: New York, Mn(H,0)s™"[(—Si—0),SiO] + H;0
1979; pp 172-304.
(40) Olender, Z.; Goldfarb, D.; Batista, J. Am. Chem. S0d993 115 (41) Kijlstra, W. S.; Poles, E. K.; Bliek, Al. Phys. Chem. B997, 101,

1106-1114. 309-316.
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This process can continue until the Mn(ll) loses most of its two different Mn(ll) sitesa andb, the relative amounts of which
water ligands and becomes fully trapped in the silica wall with depend on the [Si]/[H] in the reaction mixture. In site, which
tetrahedral coordination, forming sibe Accordingly, the larger predominates for gels with [Si[/[H = 0.4, the Mn(ll) is
the concentration of silicate species, such-aSi-0);Si(OH), octahedrally coordinated by water ligands, and is anchored via
the higher is the probability to incorporate Mn(ll) into the silica one ligand position or hydrogen bonds to the channel surface.
network. Hence, when the TEOS hydrolysis is incomplete, as Siteb has a distorted tetrahedral geometry and it predominates
for the reaction mixture with [Si]/[F]] = 0.1, the probability when [Si]/[H"] = 0.1. It has no water ligands and is located
for the formation of sitéd is reduced, hence sitepredominates. within the silica close to the internal surface. In wet samples
Nevertheless, the above process is not highly favorable, sincethe addition of water “relaxes” the site, allows water coordina-
only 4% of the Mn(ll) added to the synthesis gel remains in tion, and changes to octahedral symmetry. The formation of
the final product. site b is favored under conditions of complete hydrolysis and
X-band EPR and ESEEM studies on Mn-containing materials faster silicate condensation which occurs at lower pH. Upon
prepared under basic conditions showed that as-synthesizectalcination the Mn(ll) in siteb is forced away from the silica
MnMCM-41 exhibits no EPR signal whereas after a calcination, and transforms into site.
hydration ,and dehydration, three Mn(ll) species were ob- The application of high-field EPR and ENDOR offers unique
servedt® Two were attributed to extraframework sites and the new opportunities for characterizing Mn(ll) sites in porous
assignment of the third remains ambiguous, although it exhibits materials. Further combination with in situ EPR spectroscopy
no hyperfine structure, possibly due to spin exchange. This of spin probes and®Si MAS NMR spectroscopy provides
indicates Mn(ll) migration upon dehydration/hydratitn. insight into the incorporation mechanism that allows optimiza-
Our results show that Mn(ll) introduced into MCM-41 by tion and controls Mn(ll) incorporation.
the template-ion exchange method, followed by calcination,

generates sita, and not siteb, showing that Mn(ll) ions are Acknowledgment. This work was supported by a grant from

not incorporated into the bulk silica. the Israeli Ministry of Science and Technology. We thank Dr.
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MnMCM-41 has been prepared under acidic conditions, and
using high-field EPR/ENDOR it has been possible to distinguish JA994165N



