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Abstract

Manganese-incorporated aluminophosphate molecular sieves, MnAPO-11, MnAPO-41 and MnSAPO-41, were
prepared by hydrothermal methods. The samples were characterized by the techniques of X-ray diffraction (XRD),
scanning electron microscopy (SEM), thermogravimetric/differential thermal analysis (TGA/DTA), magic-angle
spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy (*!P and 2’Al) and electron spin resonance (ESR)
spectroscopy. Thermal analysis data reveal that complete oxidation of the template takes place at higher temperatures
in the manganese-containing samples than in the AIPO,s. The greater difficulty in template removal from manganese-
containing samples is attributed to the presence of protonated template ions compensating the negative charge created
by manganese present in the framework. ESR studies reveal that a larger fraction of the manganese in AIPO,-11 is
present in the framework than in AIPO4-41. At least four different Mn2* species in both framework and extra-

framework positions could be identified in the samples. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Aluminophosphate (AIPO,-n) molecular sieves
possess an overall framework neutrality owing to
the regular alteration of AI** and P>* tetrahedra
in their structure and consequently little acidity.
Bronsted acidity can be generated in these materials
by replacing P>* in the framework by Si** (SAPOs)
[1-4] or AlI** by divalent cations (Me?") such as
Mg?*, Co?*, Mn?* and Zn?>* (MeAPOs) [5-8].
These isomorphous substituents (Si**, Me?*) are
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usually added to the synthesis gel during the prepa-
ration of the SAPOs and MeAPOs, and can be
present in different framework and extra-framework
locations in the crystalline solids. For example,
Si** ions have been reported to be present in the
framework in isolated locations, in patches as
‘Si0,” and as ‘SiO,-AlO,’ islands, and in extra-
framework positions as isolated ions or amorphous
material [ 5]. The nature of the silicon species present
in SAPOs has been found to depend on many
parameters such as the silicon content, the method
of preparation, the structure of the microporous
material and the SiO, source used [9]. Although
SAPOs have been the most studied and are better
understood than MeAPOs, information on the loca-
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tion of metal ions in many MeAPOs is also available
[10-15].

In the case of MnAPO-5, most of the Mn?"
ions were found to be present in extra-framework
positions and inhomogeneously distributed even
at low manganese contents [11]. On the other
hand, manganese was incorporated mainly in
the framework position in MnAPO-11 and
MnAPSO-11 at low manganese levels, the extra-
framework component increasing with manganese
content [12,13]. In MnAPSO-44, only 15% of the
manganese was distributed homogeneously in the
framework, the rest being situated in manganese-
rich areas at a manganese content of 0.9 at.% [14].
It thus appears that the incorporation of manga-
nese in the framework is related to both the
structural aspects of the AIPO, system, the manga-
nese loading and probably the preparation pro-
cedure. In this paper, we examine the location of
manganese in MnAPO-41 and MnAPO-11 and its
incorporation from the precursor gels using mainly
electron spin resonance (ESR) spectroscopic tech-
niques. Other characterization techniques, such as
nuclear magnetic resonance (NMR) spectroscopy,
thermogravimetric/differential thermal analysis
(TGA/DTA) and X-ray diffraction (XRD), have
also been used in the study.

2. Experimental
2.1. Synthesis

Chemicals used for synthesis were orthophos-
phoric acid (85%, sd fine chem, India), di-n-propyl-
amine (DPA, Aldrich), fumed silica (Aerosil-200,
Sigma) and manganese acetate tetrahydrate
(Aldrich). Aluminium isopropoxide (Aldrich) was
the aluminium source for the synthesis of
MnAPO-11, whereas pseudoboehmite (Catapal-B,
Vista, 74% Al,O;) was used for the MnAPO-41
structure. Syntheses were carried out in 120 cm?
stainless steel autoclaves lined with polytetrafluo-
roethylene liners under autogeneous pressure with-
out any agitation.

Hydrothermal syntheses of AIPO,41 and
MnAPO-41 were carried out based on the method
described by Prakash et al. [16], and AIPO,-11

and MnAPO-11 were synthesized following the
procedure of Messina et al. [17]. The molar com-
positions of the gels used for the synthesis of
various substituted AIPO,s are given in Table 1.
To synthesize MnAPO-11, aluminium isoprop-
oxide (11.6 g) was added slowly to 13.0 g of dis-
tilled water and the mixture was stirred for 45 min
with a mechanical stirrer (REMI, India;
500—600 rev min~1). To this solution dilute ortho-
phosphoric acid (6.0 g in 6.5 g of water) was added
dropwise and stirred for 1.5 h. Manganese acetate
(2.04 g) was added to this solution and stirred for
a further 30 min. Finally, 4.3 g of DPA was added
and the mixture was stirred for another 2 h to get
a homogeneous gel. This was transferred to an
autoclave and heated at 473 K for 24 h. The pro-
ducts were washed with distilled water, dried at
393 K for 12 h, and calcined at 823 K for 16 h by
gradually raising the temperature (2 K min™1).
Then, 1g of the calcined sample was stirred in
100 cm?® of 1 M NaCl solution at 343 K for 5h to
exchange Na™ for extra-framework manganese.
In a typical synthesis of MnAPO-41, 6.82 g of
pseudoboehmite was added slowly to dilute phos-
phoric acid (15.56 g of H3;PO, diluted with 38 g of
water) while stirring with a mechanical stirrer
(REMI, India; 500-600 rev min~'). The resulting
mixture was stirred for 2 h prior to the addition
of manganese acetate solution. Subsequently,
20.24 g of DPA was added dropwise under vigor-
ous stirring. After stirring for 2 h, the pH was
adjusted to ~ 7.7, if required, by the addition of a
few drops of dilute phosphoric acid. Seed crystals
of AIPO,-41 (0.5 wt.% of Al,O;) were added to
the resulting gel and stirred for few minutes. The
material was then transferred to an autoclave, and
heated for 24 h at 473 K. The preparation pro-
cedure for MnSAPO-41 was similiar except that
silica was added prior to the addition of the
template. The product crystals were separated from
the mother liquor, washed with water, and dried
at 373 K for 12 h. The as-synthesized samples were
calcined with a slow rise of temperatue to 793 K
in nitrogen atmosphere, followed by heating the
sample for 16h in air to remove the template.
Four samples of MnAPO-41 (i-iv) with different
manganese contents, two samples of MnSAPO-41
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Table 1

473

Synthesis gel ratios and chemical compositions of calcined, manganese-incorporated AIPO,s

Sample Synthesis gel ratios (mole) pH Chemical composition, crystalline phase
MnO ALO; P,0; SiO, DPA H,0 |Initial Final Mn Al P Si
MnAPO-41(i) 0.003  0.998 1.4 - 4.0 55.0 7.72 9.80 0.001 0.491 0.508 -
MnAPO-41(ii) 0.008  0.995 1.4 - 4.0 55.0 774 9.70 0.002 0.495 0.503 -
MnAPO-41(iii)  0.030  0.985 1.4 - 4.0 55.0 7.5 9.84 0.006 0.482 0.514 -
MnAPO-41(iv) 0.050  0.975 1.4 - 4.0 55.0  7.70 9.75 0.009 0.479 0.512 -
MnSAPO-41(i)  0.008 0.995 1.4 0.1 4.0 55.0 7.5 9.60 0.005 0.469 0.476 0.052
MnSAPO-41(ii))  0.030  0.985 1.4 0.1 4.0 55.0 774 9.86 0.006 0.456 0.496 0.044
MnAPO-11 0.300 1.0 1.0 - 1.0 50.0 5.3 9.1 0.029 0.480 0.491 -

(1 and ii) and a sample of MnAPO-11 were used
in these studies (Table 1).

2.2. Chemical composition

For determining the chemical composition,
calcined samples were dissolved in aqua regia,
diluted in water and used for the estimation of
phosphorus and aluminium. The undissolved resi-
due in the case of MnSAPOs was fused with
lithium metaborate, dissolved in dilute nitric acid
and used for the estimation of silicon by atomic
absorption spectrophotometry (AAS; Varian
Spectr SF-220). Analysis of phosphorus was car-
ried out by means of inductively coupled plasma-—
atomic emission spectroscopy (ICP-AES; Perkin—
Elmer PE-1000), whereas aluminium was analysed
by AAS.

2.3. Measurements

X-ray powder diffraction patterns of the
samples were recorded (Rigaku D/Max-Vc
diffractometer) using nickel-filtered Cu Ko radia-
tion. Thermogravimetric and differential thermal
analyses (TGA and DTA) were carried out
(Setaram, TG-DTA 92) in an air flow at a heating
rate of 10 K min~!. High-resolution magic-angle
spinning (MAS) NMR studies were carried out
on a Bruker DRX-500 MHz spectrometer using a
single pulse excitation technique. Pulses of /2 for
3P and n/12 for ?’Al with acquisition delays of 10
and 1 s, respectively, were used. Standard 7 mm
zirconia rotors with spinning speeds of 5-5.5 kHz
were employed.

ESR experiments were performed at 298 and
77 K with a Bruker EMX X-band (v~9.75 GHz)
spectrometer using 100 kHz field modulation. The
microwave frequency was measured with a fre-
quency counter built into the Bruker ER 041
XG-D microwave bridge, with a Gun diode as the
source of radiation. DPPH was used as a field
marker (g=2.0036). Spectral simulations and
manipulations were carried out using Bruker
WINEPR and SIMFONIA software packages. The
spectra were acquired using multiple scan mode
whenever required and relative intensities were
calculated by double integration of the recorded
ESR signal. Measurements at 77 K were done with
a finger-type quartz inserting dewar. Spectra of
solutions were recorded in an aqueous cell.

Samples were dehydrated by evacuating for
8-9 h at 623 K in suitable home-made EPR cells.
Rehydration was done by keeping the calcined
samples in a desiccator containing water. All the
as-synthesized samples were white while the
calcined/hydrated  samples, in  particular
MnAPO-11, MnSAPO-41 and MnAPO-41, con-
taining more manganese, turned pink, indicating
the presence of hexa-coordinated manganese
attached presumably to some H,O ligands.

3. Results and discussion

The as-synthesized as well as calcined samples
of manganese-substituted -11 and -41 structures
were subjected to X-ray diffraction analysis to
determine their crystallinity and phase purity. All
the samples were found to be highly crystalline
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pure phases (Fig. 1), the d-values of which match
very well those reported. Although it is common
to find small amounts of -11 and -39 structures in
the -41 samples, these impurities were not detected
(by XRD) in our samples.

Chemical compositions of all the calcined
samples, obtained through wet chemical methods,
are given in Table 1. Analysis of the results shows
that the amount of manganese incorporated in the
crystalline material increases with higher amounts
of manganese in the gel.

3.1. Thermogravimetric analysis

The TGA/DTA results of the as-synthesized

AIPO,-11, MnAPO-11, AIPO,-41, and
AlPO4 -4I
a5 35 25 5 5
20
MnAPO-4l (iii)
a5 35 25 15 5
20

Fig. 1. XRD patterns of (a) AIPO,-41 and (b) MnAPO-41(iii).

MnAPO-41(iii) and MnSAPO-41(ii) are presented
in Fig. 2 and Table 2. Three stages of weight loss
are noticed in the AIPO,s: an endothermic stage I
in the range 473-573 K (5.5% for AIPO,-11 and
6.8% for AIPO,-41) and exothermic stages I (1.5%
for AIPO,-11 and 1.8% for AIPO,-41) and III
(< 1.2% for AIPO4-11 and -41) in the ranges 573—
723 K and 723-873 K, respectively. Similar
TGA/DTA patterns have also been reported by
earlier workers for AIPO, molecular sieves [18].

In the case of MnAPO samples, additional
stages of weight loss, IV and V, in the temperature
range 773-973 K are also noticed. Besides, there
is a significant reduction in the loss of template in
stages I and II and an increase in loss in stage III.
This is more noticeable in MnAPO-11 and
MnSAPO-41. The studies suggest that the template
is removed at a higher temperature from
MnAPO-11 and MnSAPO-41 than from
MnAPO-41 or the aluminophosphates. The weight
loss in stages III to V is associated with strongly
interacting, charge-compensating, protonated tem-
plate species. The Sypr values measured for the
calcined samples are in the expected range of
180-200 m? g~ !, suggesting the absence of pore
blockage after calcination.

3.2. MAS NMR

High-resolution solid-state *'P and ’Al MAS
NMR spectra of the as-synthesized AIPO,-41 and
MnAPO-41(iv) samples are given in Fig. 3. The
phosphorus spectrum of AIPO,-41 shows at least
six clearly discernible phosphorus enviroments at
o=-—115, —19.5, —23.8, —27.5, —30.4 and
—36.1 ppm. On substitution of manganese, only
two enviroments can be clearly seen. Prakash et al.
[19,20] investigated the presence of various crystal-
lographically distinct environments in AIPO,-41
and its cobalt-, manganese- and silicon-substituted
variants. They observed similar chemical shifts in
their investigation on AIPO,-41 samples as well
and assigned the peaks between 6= —24 and
—31.5 ppm to crystallographically distinct T sites.
The peaks at 6=—11.5 and —19.5 ppm were
attributed to defect sites based on 'H—>'P cross-
polarization experiments. Although they did not
observe any perceptible changes in the 3'P MAS
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Fig. 2. TGA (a) and DTA (b) profiles of AIPO,-41 (

NMR spectra upon cobalt and manganese incor-
poration, substitution of silicon led to a coalesc-
ence of different phosphorus peaks into a single
peak at 6= —31.5 ppm. This change in the phos-
phorus NMR spectrum was interpreted to imply
a change of symmetry in the lattice leading to
single phosphorus environments (not resolved by
MAS NMR). Our 3P NMR spectrum of
MnAPO-41 differs from that reported by Prakash
et al. [19], as not all the phosphorus peaks detected
in AIPO,-41 are retained on manganese incorpora-
tion. In the case of 2?’Al MAS NMR spectra two
peaks are observed for AIPO,-41 at §=42.5 and
38.7 ppm, whereas only one peak is observed for
MnAPO-41.

), MnAPO-41(iii) (- - -) and MnSAPO-41(ii) (...).

3.3. ESR studies

The X-band ESR spectrum of an Mn?* ion
(S=5/2, I=5/2) in a disordered state consists of
six major lines due to the mg=|—1/2>—|+1/2>
transition, which is split into six lines due to
hyperfine interaction with the manganese nucleus.
The other transitions corresponding to
|+5/2>|+3/2> and |+ 3/2) |+ 1/2) are usually
not resolved due to a large anisotropy and they
contribute to the background upon which the six
major hyperfine lines are superimposed. Further,
two small forbidden transitions due to Am;= +1
appear between the adjacent hyperfine features
[21,22]. These signals, which reduce the resolution
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Table 2

TGA/DTA analysis of AIPO, and MnAPO, samples; weight loss and decomposition temperatures (K)

Sample Weight loss (%) in stages®
I® II 111 v \%
AlIPO,-41 6.8 1.8 tr - -
[538]° [653] [773] - -
(437-583)¢ (583-703) (703-873) - -
MnAPO-41(iii) 6.0 2.5 tr tr tr
[533] [631] [757] [880] [933] (sh)
(433-606) (606-715) (715-823) (823-903) (903-983)
MnSAPO-41(ii) 3.0 0.5 1.9 2.4 tr
[499] [622] [733] [840] [903] (sh)
(423-607) (607-673) (673-785) (785-1003)
AlIPO,-11 5.5 1.3 1.2 - -
[527] [631] [771] - -
(441-595) (595-713) (713-883) - -
MnAPO-11 34 tr 2.9 2.7 tr
[513] [643] [743] [853] [903] (sh)
(423-573) (573-673) (673-773) (773-973)

2 tr=trace; sh=shoulder.

® Endothermic; other stages are exothermic.
¢ Peak position, temperature (K).

4 Weight loss range, temperature (K).

of the overall spectrum, are noticeable when the
zero-field splitting is non-negligible. The observed
ESR spectra of MnAPO(n) consist of a broad
signal with characteristic Mn>* hyperfine features
superimposed on it. In general, the possible loca-
tions of Mn?"* in metal aluminophosphate molecu-
lar sieves are as follows:

(a) isolated Mn?* ions in regular and defect

(broken framework) aluminium sites;

(b) isolated Mn?* ions in extra-framework

locations;

(c) patches containing two or more Mn?* ions

occupying the nearby or adjacent aluminium posi-

tions; and

(d) small clusters of bulk MnO, in the extra-

framework locations.

While species (a) and (b) show ESR spectra
with six major hyperfine lines typical for Mn?™*
ions, the other two exhibit broad resonance fea-
tures. The present study reveals the presence of all
these possible species in MnAPO-11, MnAPO-41
and MnSAPO-41, their proportion depending on
the type of aluminophosphate (11 or 41), the pH

of the gel used in synthesis (MnAPO-11, pH =5.3;
MnAPO-41, pH=7.7) and the manganese content.

3.3.1. MnAPO-11

Fig. 4 shows the ESR spectra for the gel and
powder samples of MnAPO-11. MnAPO-11(gel)
shows six resolved hyperfine features at g=2.003
corresponding to isolated Mn>" ions. The separa-
tion between the adjacent hyperfine lines is not
equal and increases from 90 to 103 G, while the
peak-to-peak line width (AH,,) for individual
hyperfine lines changes from 19.7 to 34.4 G in the
direction of increasing field. The average hyperfine
coupling constant (4, and peak-to-peak line
width (AH,;) are 96.7 G and 20.4 G, respectively.
The as-synthesized sample of MnAPO-11 shows a
spectrum similar to that of the gel, characteristic
of isolated Mn?* ions with g;, =2.004. But distinct
changes in hyperfine coupling constants and line
widths are noticed for the crystalline samples com-
pared with the gel. The gap between the adjacent
hyperfine features increases from 72 to 110 G,
while the line widths of individual hyperfine signals



A.K. Sinha et al. | Microporous and Mesoporous Materials 35-36 (2000) 471-481 477

A
7

@0 AIPO, -4
I

NN
o

31,

0 -0 -20 30 40 50 80
ppm

-30.8

-26.5

3lp MnAPO-41(iv)

0 S0 20 -30 -40 -50 -&0
ppm

]
@©
2]

27, AIPO4-4l

00 80 60 40 20 0 -20

386

27 MnAPO-4I (iv)

00 80 60 40 20 O -20
ppm

Fig. 3. 27Al and 3P MAS NMR spectra of AIPO,-41 and MnAPO-41(iv).

are broad and change from 37.5 to 75.5 G in the
direction of increasing field. Ay, and AH, for the
as-synthesized sample are 90 G and 50 G, respec-
tively. While intense, forbidden transitions are
observed for the gel, the as-synthesized samples
do not show these signals, indicating negligible
zero-field splitting. Although the 4, values fall
within the range reported for isolated Mn?" ions,
the larger line width (compared with extra-frame-
work Mn?* ions with O, symmetry, 12-20 G for
MnMCM-41 [23] and zeolites X and Y [24], as
well as for the Mn?* in the gel) suggests the
location of the majority of Mn?" in the
as-synthesized sample to be the framework alumin-
ium site, which is represented hereafter as species
Ia".

Calcined samples of MnAPO-11 showed a
broad signal (AH,,=500 G) at g=2.004 (species
IT) and weak signals at g..,;=4.27 and 2.42 (species
IIT). The overall normalized signal intensity mea-
sured by double integration for the calcined sample

is four times larger than that of the as-synthesized
sample. The broad signal for species II is due to
spin—spin interactions from the nearest neighbours.
Although the signals due to isolated framework
sites (species Ia) are not obvious from the
spectrum, the second derivative spectral mode
revealed their presence with a reduced hyperfine
coupling constant of 85.4 G, probably due to
dehydration and the lowering of symmetry to Tj.
Similar observations on calcination were also
reported by others for MnAPO-5 [11],
MnAPSO-44 [14] and MnMCM-41[23]. The addi-
tional broad signals at g=4.27 and 2.42 are attrib-
uted to isolated distorted tetrahedral framework
sites (species II1). Measurements at 77 K did not
provide any additional information.

Exchanging the calcined sample with Na™* ions
and drying at 373 K did not change the ESR
spectrum. The broad signal corresponding to
species Il and the moderately intense signals at
g=4.22, 2.68 and 1.47 for species III are still the



478 A.K. Sinha et al. | Microporous and Mesoporous Materials 35-36 (2000) 471-481

1000 2000 3000 4000 5000 6000

Magnetic field (G)

Fig. 4. X-band ESR spectra of MnAPO-11 gel (77 K) and the
crystalline material (298 K) after various treatments: (a) gel,
(b) as-synthesized, (c) calcined, (d) Na'-exchanged and
calcined and (e) Na*-exchanged and hydrated samples. Species
I-1III are indicated in the figures.

main features of the spectra of the exchanged
samples. The weak signal due to species III in the
calcined sample becomes more dominant after
Na™ exchange. Only a small fraction (7.4%) of
the total manganese present in the calcined samples
was removed on exchange with Na* ions.
Rehydration of the Na*-exchanged sample
(ambient atmosphere, relative humidity ~ 80%)
regenerates partially the resolved sextet pattern
corresponding to isolated framework substituted
species I (AH,,=64 G and 4y, =96 G). Moreover,
the rehydrated samples showed a weak broad
signal at g~15 attributed to exchange-coupled
Mn?* hydrated clusters in the aluminophosphate
structure (species IV), and these were not removed
by Na*-ion exchange. This signal disappeared
upon dehydration at 423 K for 16 h, suggesting an
increase in spin—lattice relaxation of Mn?* clusters

due to removal of the water. The ESR parameters
and assignments for different Mn?* species in
MnAPO-11 are listed in Table 3. The values for
species I and II agree well with those reported by
Brouet et al. [13].

3.3.2. MnAPO-41

Typical spectra for MnAPO-41 gel and powder
samples at various conditions are shown in Fig. 5
(sample MnAPO-41). While the MnAPO-11 gel
shows a resolved sextet spectrum corresponding to
isolated species, the MnAPO-41 gel, on the other
hand, presents a broad signal at g=2.004 with a
peak-to-peak line width of 540 G and a weak set
of six hyperfine features (4y,~90 G) superim-
posed on the broad signal. As-synthesized samples
of MnAPO-41 with 0.3 to 3% manganese in the
initial gel exhibit similar ESR spectra to that of
the gel sample. The second derivative spectrum for
the sample with the lowest manganese content
(0.3%) shows the presence of three isolated
Mn?" species (Ia, Ia’ and Ib). Species Ib is charac-
terized by the manganese hyperfine pattern with
the separation between the adjacent lines increas-
ing from 91 to 99 G, and an average Ay, of 94.2
G. But for species Ia and Ia’, this increase in
separation with increasing field is from 60 to 111 G
(average Ay,=84.6G) and from 67 to 108 G
(average Ay,=88.6 G), respectively. The g,
values for these three species are 2.002, 2.002 and
2.004, respectively (Table 3). The values for species
Ib match those of isolated Mn?* with O, symmetry
in the extra-framework location [23,24] and
Mn2" ions in frozen solutions, whereas those of
Ia and Ia’ are similar to those of framework
Mn?* sites. At higher manganese contents, the
spectra due to Ia, Ia’ and Ib could not be resolved
even in the second derivative mode probably
because of larger Mn—Mn interactions broadening
the signals.

It is to be noted that an aqueous solution of
manganese acetate and dipropylamine above
pH 7.0 shows a broad signal at g~2.0 similar to
that observed for the synthesis gel and crystalline
sample of MnAPO-41. The origin of this broad
signal in MnAPO-41 is therefore attributed to
Mn(II)-template complexes occluded inside the
pores.
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Table 3

ESR parameters and assignments for different Mn?* species in MnAPO-11, MnAPO-41 and MnSAPO-41 samples

Sample Species  gisoav AH,, (G) Aun(G) Assignment and location
MnAPO-11 1 2.004 59 91 Distorted octahedral, framework
I 2.004 500 Not resolved Interacting Mn?* ions in framework
11 427,242,147 - - Distorted tetrahedral framework
v ~15 - - Extra-framework
MnAPO-41 Ta 2.002 - 94.2 Isolated octahedral extra-framework
Ia’ 2.002 - 84.6 Isolated hexa-coordinated framework
Ib 2.004 - 88.6 Isolated hexa-coordinated framework
I 2.004 540 Not resolved Interacting Mn ions; mostly Mn-template complexes
in cavities; extra-framework
111 4.24, 2.54 — — Distorted tetrahedral framework
MnSAPO-41 Ia 2.002 - 95 Isolated Mn octahedral framework
Ib 2.003 — 86 Isolated penta/hexa-coordinated, framework
I 2.004 522 - Patches and Mn-template complexes; framework/

extra-framework

:

(f)

<RE

2000 4000 6000 3000 3500 4000

Magnetic field (G) Magnetic fleld (G)

Fig. 5. ESR spectra of MnAPO-41(ii) gel with 0.3% manganese
(77 K) and the crystalline material (298 K) after different treat-
ments: (a) gel, (b) as-synthesized, (c¢) calcined and (d) calcined
and rehydrated sample; (e), (f'), (g) and (h) are the spectra in
the second derivative mode for (a), (b), (c) and (d), respectively,
revealing the presence of type I [isolated Mn(II)] species.

MnAPO-41 shows dehydration and rehydration
behaviour similar to that of MnAPO-11. Calcined
and dehydrated samples of MnAPO-41 reveal a
major broad signal (species II) at g=2.008 and
weak signals (species IIT) at g.=4.24 and 2.54.
Unlike MnAPO-11, the line width of the broad
signal reduces considerably from 520 G for the
as-synthesized sample to 290 G for the calcined
and dehydrated sample. The overall intensity of
the spectrum increased by about 2.5 times on
calcination. The signals due to species Ia/a’ and Ib
are present even in calcined samples [Fig. 5(c)] but
are broadened due to loss of hydrated water and
changes in spin—lattice relaxation times. An addi-
tional sharp signal is seen in calcined samples at
g=2.0. This is a paramagnetic carbon impurity
from the burnt template.

Hydration of the calcined samples produces
almost similar spectra to those of the
as-synthesized samples, with the line width of the
broad signal being 520 G. The signals at
g.r=4.23 and 5.24 attributed to distorted tetrahe-
dral framework species are present even on
rehydration.

3.3.3. MnSAPO-41

The overall intensity of manganese signals in
the silicoaluminophosphate molecular sieve
MnSAPO-41 is higher than in the corresponding
MnAPO-41. A similar increase in manganese
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content has also been reported for MnSAPO-5
[11], MnSAPO-44 [14] and MnAIMCM-41 [23].
Although the spectral features resemble that of
MnAPO-41, the signals due to isolated Mn?* ions
are relatively more intense in MnSAPO-41 than in
MnAPO-41. Two types of isolated Mn?* species
with g;., =2.0018, Ay, =95 G attributable to extra-
framework sites (species Ib) and g;,,=2.003,
Aun =86 G attributable to framework sites (species
Ia) are present. The higher overall intensity of the
ESR signal suggests that silicon enhances frame-
work Mn?" substitution in aluminophosphate type
41 structures. Similar framework substitutional
effects by silicon were also observed by others in
aluminophosphates of type 34 and 44 [8,14].
Rehydration of the calcined samples of
MnSAPO-41 yields ESR spectra similar to those
of the as-synthesized samples with well-resolved
hyperfine pattern. Fig. 6 shows the spectra for

(a) (d)

(b) (e)

(c) (f)

2000 4000 6000 3000 3500 4000

Magnetic field (G) Magnetic field (G)

Fig. 6. ESR spectra of MnSAPO-41(ii) at 298 K. First deriva-
tive mode spectra for (a) as-synthesized, (b) calcined and (c)
calcined and rehydrated samples. (d), (e) and (f') are the second
derivative spectra of (a), (b) and (c), respectively, revealing the
presence of type I [isolated Mn(1I)] species.

as-synthesized, dehydrated and hydrated forms of
the MnSAPO-41(ii) sample. The assignment of
various Mn?* species in MnAPO-41 and
MnSAPO-41 is given in Table 3.

Finally, ESR studies can only reveal Mn(II)
species. The calcined samples possess larger ESR
intensities than the as-synthesized samples, sug-
gesting that significant transformation of Mn(II)
into the (under the conditions of the ESR measure-
ments) ESR-inactive Mn(III) species is unlikely.
Nevertheless, it is possible that some Mn(IIT)
species are formed during calcination.

4. Conclusions

Highly crystalline samples of MnAPO-11,
MnAPO-41 and MnSAPO-41 could be synthesized
using the same template, dipropylamine, and
different hydrothermal synthesis conditions.
TGA/DTA and ESR studies point to a greater
framework substitution of manganese in the pres-
ence of silicon. The various Mn?* species in the
samples were identified as: (1) isolated Mn?" in
framework positions with both O, and T, symmet-
ries, (2) patches of Mn?" in the framework exhibit-
ing Mn-Mn interactions, (3) isolated Mn?* in
extra-framework locations with O, symmetry and
(4) bulk MnO,-type species outside the frame-
work. The isolated framework Mn?* species were
present in larger amounts in MnAPO-11 than in
MnAPO-41.
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