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Location of Mn in MNnAPO-11: influence of synthesis from
agueous and non-agueous media
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MnAPO-11 samples were synthesized from agueous (MnAPO-11(A)) and ethylene glycol (MnAPO-11(NA)) media. The crystallinity
of the samples was more when the synthesis was carried out in ethylene glycol. Chemical and thermogravimetric analyses reveal greater
incorporation of Mn in the framework of MNAPO-11(NA) than in MnAPO-11(A). At least five different types of Mn(ll) species are
detected in the samples by ESR. The studies suggest that Mn is more homogeneously distributed in MnAPO-11(NA) than in MnAPO-

11(A).
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1. Introduction

Aluminophosphate (AIPO4-n) molecular sieves are made
up of aregular ateration of AIO, and POJ tetrahedra and
possess an overal neutral framework without ion-exchange
capacity or strong acidity. They can be transformed into
catalytically useful materials by introducing Bregnsted acid-
ity through the incorporation of lower valent metal (Me)
ions in place of AI*t (MeAPO; Me = Mg, Co, Mn, Zn,
Fe, etc) or by Si*T in place of P°* in the framework
[1-6]. When Me?t ions replace Al they are expected to
be present in regular tetrahedral positionsin the framework.
However, a part of these ions can also be present in other
locations such as defect sites, ion-exchange sites and ex-
traframework positions. Besides, the distribution of the Me
in the framework may be homogeneous or heterogeneous
with “Me-rich” areas. From the angle of catalytic useful-
ness, the most desired locations are the isolated framework
positions. The extent of incorporation, its location and dis-
tribution depend on the metal, the structural features of the
AIPO,4 and preparation methods.

In the case of MNAPO-5, most of the Mn(l1) ions were
found to be in extraframework positions and inhomoge-
neoudy distributed even at low Mn contents [7]. On the
other hand, Mn was incorporated mainly in framework po-
sitions in MnAPO-11 and MnAPSO-11 a low Mn con-
tents, the extraframework component increasing with Mn
content [8,9]. In MnAPSO-44, only 15% of the Mn was
distributed homogeneously in the framework, the rest being
situated in Mn-rich areas [10].

Earlier studies by us have revealed that the incorpora-
tion of Si*t in SAPOs was dependent on the method of
preparation of the samples [11,12]. For example, in the
case of many structures, more Si was incorporated homo-
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geneoudly as isolated species when the synthesis was car-
ried out in ethylene glycol (hon-aqueous medium) than in
water [11,12]. In the present paper, we will examine the
influence of the medium of synthesis (agueous (A) or non-
aqueous (NA)) on the location and distribution of Mn in
MnAPO-11.

2. Experimental

MnAPO-11 samples A(0.05) and A(0.3) were hydrother-
mally synthesized from an agueous medium following
the method described by Messina et a. [2] and taking
a gel composition of 1.0Al1,03: MnO: 1.0P,0s5 : 1.0DPA :
50H,0 (z = 0.05, 0.3). Samples NA(0.1) and NA(0.3)
were synthesized by making slight modifications in the
above procedure, using ethylene glycol (EG) as the
non-agueous medium and taking a gel composition of
1.0Al,03: 2Mn0:1.8P,05: 5.0DPA : 60EG (x = 0.1, 0.3).
The values in parentheses denote the molar ratio of MnO
in theinitial gel. Aluminium isopropoxide (98%, Aldrich),
orthophosphoric acid (85%, S.D. Fine-chem Ltd., India),
dipropylamine (DPA, 99%, Aldrich) and Mn(CH3CQOO)-
4H,0 (99%, LOBA Chemie, India) were used in the syn-
theses.

In atypical synthesis from non-agueous medium, au-
minium isopropoxide (11.6 g) was added sowly to ethyl-
ene glycol (109.7 g) and the mixture was stirred for 1 h.
Dipropylamine (14.2 g) was added dropwise to the mixture
and further stirred for 1/2 h. Then, 11.5 g of orthophos-
phoric acid was added dropwise and stirred for another
1/2 h. Finaly, 0.34 g of manganese(ll) acetate (for 0.05
molar ratio) was added and the final mixture was stirred for
2 h moreto get ahomogeneous gel. Thiswas transferred to
a stainless-steel autoclave and heated at 473 K for 144 h.
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The synthesis products were washed with water, dried at
393 K for 6 h and calcined at 823 K for 8 hin air by grad-
ualy raising the temperature (2 K/min). One gram of the
calcined sample was stirred in 100 ml of 1 M NaCl solu-
tion at 343 K for 5 h to exchange Nat for extraframework
manganese.

The samples were characterized by X-ray powder dif-
fraction (Rigaku model D/Max-VC, Cu K, radiation, Ni
filter, A = 1.5404 A), scanning electron microscopy (M/S
Leica Cambridge Ltd., UK), and thermal analysis (Setaram,
TG-DTA 92). Chemical composition was determined by
atomic absorption spectroscopy (AAS for Al and Mn, Var-
ian Spectr SF-220) and inductively coupled plasma with
atomic emission spectroscopy (ICP-AES for P, Perkin—
Elmer PE-1000). ESR experiments were performed on a
Bruker EMX X-band (v = 9.75 GHz) spectrometer with a
100 kHz field modulation. Samples were taken in suprasil
quartz tubes and the spectra were recorded at 298 and
77 K. Measurements at 77 K were done using a quartz
insert Dewar. Spectral simulations and deconvolution were
performed using Bruker WINEPR and Simfonia software
packages.

3. Results and discussion

The XRD patterns of as-synthesized and calcined sam-
ples of MNAPO-11 prepared from both agueous (A) and
non-aqueous (NA) media were similar and crystallographic
d values matched well with those reported earlier [2].
The crystallinity of the samples synthesized from the non-
aqueous medium (NA) was higher than those from the
aqueous medium (A). Chemical compositions of the cal-
cined samples are listed in table 1. The analyses (table 1)
revedled a lower Al content than P which is expected if
Mn(I1) replaces the Al sites within the framework.

Carbon and nitrogen analyses of the as-synthesized sam-
ples (table 1) indicate that the C/N ratiosin the samples syn-
thesized from agueous and non-agueous media are nearly
the same, implying that ethylene glycol used in the syn-
thesis (as non-aqueous medium) is not present inside the
pores. Also the organic content of the non-aqueous sam-
ples is more than that of agueous samples, indicating that
more template is present inside the pores of the samples
from non-agueous medium than from the aqueous medium.
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This is in agreement with the higher surface area for the
former than the latter samples.

3.1. Thermogravimetric analysis

The TGA/DTA profiles of the as-synthesized samples
A(0.3) and NA(0.3) are presented in figure 1. Four stages
of weight loss at ~363, ~513, ~753 and ~873 K are ob-
served in the thermograms of the samples carried out in
flowing air. The first stage of weight loss is due to the
desorption of physically adsorbed water. The other weight
losses are probably due to the decomposition and combus-
tion of the organic templating agent, dipropylamine. The
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Figure 1. TGA/DTA profiles of as-synthesized MnNAPO-11 samples.
(A) MNAPO-11-A(0.3) and (B) MNAPO-11-NA(0.3).

Table 1
Physicochemical properties of MNAPO-11 samples.

Sample®  Composition? Organics® (Wt%)  Sger? TGA loss in stages® (wt%) (at temp. (K))
C N (m?g1 1 2 3 4
A0.05) AlgaoiPosorMnoooe 438  0.76 183 59(382) 18(513) 58(644) 3.4 (818)
A0.3)  Alg.agPo.4sMno.oa 429 074 176 37(363) 34(503) 29 (743) 2.7 (853)
NA(0.1) Al 44Po.5sMno o1 594 101 222 35(373) 33(505) 4.4(707) 2.8 (886)
NA(0.3) Alg 43Po.54MNo.03 581 097 218 32(371) 36(513) 40 (766) 2.9 (895)

2 Values in parentheses refer to molar ratio of Mn in the synthesis gel.

b Of calcined sample.
¢ In as-synthesized sample.
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peak in the range 503-513 K is probably due to the physi-
cally adsorbed free dipropylamine and the subsequent peaks
are due to the decomposition/combustion of the dipropyl-
amine. The last two peaks are found to occur at higher
temperatures for the non-aqueous (NA) samples compared
to the aqueous (A) samples. This could be due to more
Mn(11) substitution (for Al(111)) resulting in alarger charge
buildup of the framework and stronger adsorption of the
organic molecules in the non-aqueous samples (NA).

3.2. Scanning electron microscopy

Figure 2 showsthe SEM photographs of two MnAPO-11
samples. While the crystals of A(0.3) are composed of mi-
crocrystallites aggregated into irregular shaped (cauliflower
like) particles, the crystals of NA(0.3) are well defined
spheroids. The SEM pictures confirm the XRD observa-
tions of the samples NA being more crystalline than the
samples A.

(b)

Figure 2. Scanning electron micrographs of (a) MnAPO-11-A(0.3) and
(b) MNAPO-11-NA(0.3).
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3.3. ESR studies

When Mn(1l) isincorporated in AIPO4 molecular sieves,
its possible locations are as follows:

(i) isolated Mn(ll) in regular or defect (broken) frame-
work Al sites,

(i) isolated extraframework Mn(l1) in exchange locations,

(iii) patches containing two or more Mn(l1) ions occupying
the nearby or adjacent Al positions, and

(iv) small clusters of bulk MnO in the extraframework |o-
cations.

In fact, Mn(1l) ions are present in all these locations in
our samples, though the proportions of the various species
depend on the method of preparation (agueous or non-
aqueous) and the amount of Mn(l1) incorporated.

The ESR spectrum of Mn(l1) ion in an octahedral or
tetrahedral environment (3d°:t3 ;€5 electronic configura-
tion) can be described by the following generalized spin
Hamiltonian [13]:

H =gBSBo+ AunlS + D[5% — 35/12]
+ E(S2 - 52) + (1/6)a[Ss + S + S2— 707/16]
+ (1/180)F [355% — (475/2)S? + (3255/16)],

where 3 is the Bohr magneton, D and E are axial and
rhombic zero-field parameters which are senditive to the
distortions and site geometry, a« and F are cubic field
parameters and Ayn is the hyperfine coupling constant
due to interaction of the nuclear spin and electron spins
(I =5/2, S =5/2) of manganese. For a perfect octahe-
dral or tetrahedral geometry, D and E are equal to zero.
But for a lower symmetry, these zero-field terms are non-
vanishing and the spectrum consists of five sets of six hy-
perfine features corresponding to ms = |+5/2) < |+3/2),
[+3/2) « |+1/2), |[+1/2) < |-1/2), |-1/2) < |-3/2)
and |-3/2) « |-5/2) fine structure transitions. How-
ever, in a disordered (powder or polycrystalline) state the
spectrum mainly consists of the central six lines due to
the ms = |+1/2) « |—1/2) transition, while the signals
for |£5/2) < |£3/2) and |+£3/2) < |+1/2) transitions
are usually not resolved due to the presence of more than
one magnetically inequivalent Mn(ll) site with different
zero-field distortion parameters (D and E) and contribute
only to the background upon which the central sextet pat-
tern (ms = |+1/2) < |—1/2)) is superimposed [15,16].
Manganese being an S-state ion, the sextet pattern centers
around the free spin g value (2.0023). ESR spectra for the
samples under consideration are sensitive to the method of
preparation, Mn content and treatment conditions. Experi-
ments were performed on three Mn concentrations (molar
ratios of 0.05, 0.1 and 0.3) to derive meaningful information
about the site locations of Mn(Il) in MNAPO-11 samples
prepared from agueous (A) or non-aqueous (NA) media.
As-synthesized samples of MNnAPO-11(A and NA) at
298 K showed spectra consisting of six hyperfine features
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Figure 3. X-band ESR spectra of MNAPO-11-A(0.05) at 298 K. (a) As

synthesized, (b) calcined, and (c) Na't-exchanged sample. Corresponding

signals due to species | and Il (isolated octahedral Mn(ll) in framework

and exchange positions) and species Il (spin—spin coupled Mn(l1)) are
indicated.

centred at ¢ = 2.0039. The separation between the adjacent
hyperfine features is unequal, as shown in figure 3(a), for
A(0.05) and increasesfrom 72 to 112 G, whilethe linewidth
(AH{yp) changes from 37.5 to 75.5 G in the direction of in-
creasing field. The average manganese hyperfine coupling
constant (Amn) and linewidth (AHp,) were estimated to
be 92 and 59 G, respectively. These hyperfine features are
well resolved for samples with lower Mn content. More-
over, the spectra in second-derivative mode indicated addi-
tional splitting on each hyperfine feature probably dueto the
presence of more than one type of isolated Mn(l1) centers
(say, eg., framework-substituted and exchange locations)
with different crystal field environments. The g and Awn
values match very well with those reported by Kevan et
a. [8,9] for framework-substituted MnAPO-11. The value
of 92 G for Awmn corresponds to octahedral coordination
for Mn(I1). It is to be noted that octahedral coordination of
Al locations in many AlIPOys including AIPO,4-11 [18] is
known. Although the value of Ay, fallsin the range of val-
ues reported for isolated Mn(1l) species, the peak-to-peak
linewidth is larger than that reported for octahedral Mn(11)
in extraframework positions of MNMCM-41 [19] and zeo-
lites X and Y [20]. Measurements at 77 K did not provide
any additional information. At higher Mn content the hy-
perfine features are rel atively less resolved (figures4 and 5).
Spectral simulationsreveal the presence of two types of sig-
nals, a broad signal with a peak-to-peak linewidth of about
500 G over which the major central sextet pattern is su-
perimposed. The intensity of the broad signal is more for
the high Mn content samples (A/NA(0.3)) than for the low
Mn content samples (A(0.05) and NA(0.1)). While the sig-
nals with a sextet pattern are attributed to isolated Mn(ll)
centres in framework (species |) and exchange positions
(species 1), the broad signal is assigned to Mn(l1) ions in

4000
Gauss
Figure 4. X-band ESR spectra of MnAPO-11-A(0.3) at 298 K. (a) As
synthesized, (b) calcined, (c) Nat-exchanged and dried at 473 K, and

(d) after rehydration of (c). Signals due to species IV (distorted framework
sites) and species V (bulk MnO,;) are indicated.
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Figure 5. X-band ESR spectra of MNAPO-11-NA(0.3) a 298 K. (a) As-

synthesized, (b) calcined, (c) Nat-exchanged and calcined at 473 K, and

(d) rehydrated samples of (c). Signals due to isolated substituted sites (d)

are more clearly seen for samples prepared from non-agueous than from
aqueous medium.

adjacent framework locations forming patches (species I11)
and exhibiting nearest neighbour spin—spin interactions.
Calcined samples of MnAPO(A) and MnAPO(NA)
show, in contrast, a major broad signal (AHp, = 500 G for
sample A and 550 G for sample NA) at g = 2.004 and weak
signals at 1650 G (ger = 4.27) and 2850 G (gert = 2.42).
Wesak signals (sextet) attributable to isolated Mn(1l) loca-
tions are aso seen, but these became broader upon cal-
cination (AHy, = 84.5 G) and submerged by the major
broad signal (figures 3(b), 4(b) and 5(b)). Similar broad
signals have also been observed for Mn-containing MCM-
41 [19], MnAPO-5 [7] and MnNAPSO-44 [10]. The origin
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Table 2
EPR parameters and assignments for different Mn(ll) species.

Species g AHyn? Amn2 Assignment and location
©) ©)
I, 1l 2.0039 59 (60) 92 (95)  Octahedra framework (I)/exchange sites (I1)
I 2.004 500 (550) - Interacting Mn(l1) ions as patches in framework
v 427,242, 1.47 - - Distorted tetrahedral framework sites
\% ~15 - - Interacting MnO,; type extraframework sites

2 Vaues in parentheses are for non-aqueous samples.

of the broad signal could be as follows. On calcination
the water of hydration and template molecules are lost and
Mn(I1) ionsin exchange positions come closer to each other
and to the framework ions. This migration of paramagnetic
centres towards the framework results in extraframework—
framework Mn(ll) interactions and, hence, a broad ESR
signal. In other words, the dominating broad signa in
calcined samples corresponds to both Mn(l1) framework
patches (species 1) as well as interacting extraframework—
framework Mn(l1) centers. The signals at 1650 and 2850 G
are due to zero-field splitting contributions (D and E # 0)
for some isolated Mn(l1) sites in distorted framework loca-
tions (species1V) [19,21,22]. The normalized overall signal
intensity obtained by double integration of the ESR spec-
trum is more (four times for sample A and nine times for
sample NA) for calcined than for as-synthesized samples.
This could be because of the differencesin the nature of the
paramagnetic species in calcined and as-synthesized sam-
ples. In the latter, the major species are the isolated Mn(l1)
centres exhibiting narrower signals, whilein the former they
are the interacting Mn(I1) species showing broad signals.

Upon Nat' ion exchange, sample A(0.05) shows a well
resolved hyperfine sextet pattern with average Awn being
89.7 G. Forbidden transitions (AM; = +1) are also visible
in between the six allowed (AM; = 0) transitions (fig-
ure 3(c)). The enhanced resolution of the spectra could
be due to the removal of the extraframework Mn(l1) (by
Na*) which had broadened the signals through Mn(l1)—
Mn(ll) interactions. The sextet pattern observed for Nat-
exchanged samples may be attributed mainly to framework
substituted manganese (species 1). No major difference in
the spectra was observed for samples with high Mn content
(figures 4(c) and 5(c)). The broad signa corresponding to
species |11 and moderately intense signals at ger = 4.22,
2.68 and 1.47 corresponding to species |V are the main
features of these spectra. The signals due to species IV,
though weakly observed in calcined samples, became more
prominent after Na* exchange and drying.

Upon exposure to water vapour (ambient atmosphere,
relative humidity ~80%), the samples exhibit a resolved
six-line pattern corresponding to species | with an average
line width of 64 G and Ayn of 96 G (figures 4(d) and 5(d)).
The six-line pattern is more intense and better resolved in
MnAPO-11(NA) than in MnAPO-11(A) probably due to a
more homogeneous distribution of the isolated Mn(1l) sites
(species 1) in the former sample. Sample A(0.3) shows
an additional broad signal at g ~ 15, which cannot be

attributed to monomeric Mn(11) ion but can be associated
with the exchange-coupled Mn(Il) oxide clusters in extra-
framework positions (figure 4(d)). This signa disappeared
upon dehydration at 423 K for 16 h. This low field signa
was not observed for samples prepared from non-agueous
medium. ESR parameters and assignments of different Mn
species in MNAPO-11(A and NA) are listed in table 2.
The above studies suggest that the distribution of Mn is
more homogeneous in samples synthesized from ethylene
glycol, with a larger proportion of isolated Mn(I1) species
than in the samples synthesized from aqueous medium.
Bulk MnO type species was present in MNAPO-11(A) sam-
ples having high Mn content. This was notably absent in
the MNAPO-11(NA) samples. The ESR studies confirm the
observations made based on the composition and TGA/DTA
studies of the samplethat Mn(11) incorporation in the frame-
work is more in MNAPO-11(NA) than in MnAPO-11(A).

4. Conclusions

MnAPO-11 samples with three Mn contents were syn-
thesized from aqueous and non-aqueous media and charac-
terized. MnAPO-11 samples prepared from ethylene gly-
col (non-agueous medium) result in more crystalline mate-
rial than those by conventional procedures in an agueous
medium. Thermogravimetric studies suggest that more Mn
is incorporated in the framework when synthesized from
ethylene glycol. X-band ESR spectra reveal that Mn(I1) in
MnAPO-11 is present as five types of species, viz. isolated
framework and extraframework sites with octahedral co-
ordination and reversible hydration/dehydration behaviour,
small patches containing two or three nearby framework
Mn(11) ions, isolated framework sites with distorted geom-
etry and bulk manganese oxide species. The Mn ions are
more homogeneously distributed in the samples prepared
from ethylene glycol (with a larger proportion of Mn in
isolated framework sites) than those from agueous medium.
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