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Micro- to Macroscopic Observations of MnAIPO-5 Nanocrystal Growth

in Ionic-Liquid Media

Eng-Poh Ng,/ Y Lama Itani,” Satpal Singh Sekhon,'! and Svetlana Mintova*!!

Abstract: Micro- and macroscopic
studies of nucleation and growth pro-
cesses of MnAIPO-5 nanosized crystals
under ionothermal synthesis conditions
are reported herein. The samples treat-
ed at 150°C were extracted from the
reaction mixture at various stages of
crystallization, and characterized by
XRD; SEM; thermogravimetric analy-
sis (TGA); *'P and *Al solid-state
magic angle spinning (MAS) NMR,

formed into an amorphous solid after
S5h of ionothermal treatment. This
amorphous solid then undergoes struc-
tural changes over the following 5-
25 h, which result in an intermediate
phase that consists of octahedral Al
species linked to the manganese and
phosphate species. The first MnAIPO-5
nuclei on the surface of the intermedi-
ate can be observed after 50h iono-
heating. These nuclei further grow, as

the surface of the intermediate is in
full contact with the ionic liquid, to
give crystalline MnAIPO-5 nanoparti-
cles with a mean diameter of 80 nm.
The crystals become fully detached
from the intermediate and are then li-
berated as discrete particles after 90 h
heating. The transformation process
from amorphous to intermediate and
then to the crystalline MnAIPO-5
nanoparticles shows that nucleation

Raman, UV/Vis, and X-ray fluores-
cence spectroscopy (XRF). The start-
ing raw materials (alumina, manganese,
and phosphorous) were dissolved com-
pletely in the ionic liquid and trans-

Introduction

Zeolite and zeotype-based molecular sieves represent one of
the most significant groups of inorganic materials, largely
because of their importance in industrial applications such
as sorption, green chemistry, ion-exchange, and, catalysis.!"
In general, these materials are prepared by hydrothermal
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starts at the solid-liquid interface and
continues through surface-to-core re-
versed-growth until the entire amor-
phous solid is transformed into discrete
nanocrystals.

ionic

treatment under autogenous pressure from highly alkaline
reaction mixtures.>? In many cases the synthesis of molecu-
lar sieves requires the presence of organic agents (quater-
nary ammonium salts, amines, etc.), which may play the role
of pore fillers or templates to direct the crystallization to-
wards the formation of a specific structure.”

Ionothermal synthesis based on ionic liquids (ILs) as both
solvent and template has been recently applied in the prepa-
ration of micron-sized porous materials. This approach uti-
lizes the unique chemical properties of the ILs, such as their
extremely low vapor pressure, high ionic conductivity, and
strong ability to dissolve organic and inorganic com-
pounds.®® However, the preparation of molecular sieves in
ILs has so far not been exploited to its full potential, be-
cause crystallization proceeds in a different manner from
the hydrothermal synthesis pathway. During the ionother-
mal synthesis, the reaction takes place in an ionic environ-
ment (only cations and anions); this is different from the hy-
drothermal technique, in which the solvent is predominantly
molecular. Therefore, new insight into the crystallization of
porous nanomaterials in ionothermal systems is necessary to
achieve better control over the crystallization, and for the
design of new crystalline phases.
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Pure aluminophosphate (AIPO-n) with AEL-, AFI-,
ATV-, and SOD-type structures have previously been syn-
thesized by using various types of ILs."® Tetravalent and/or
transition metals (Si, Co, Fe, etc.) have been incorporated in
the AIPO-n framework, which has led to redox and catalytic
activities.” ' Moreover, ILs are excellent solvents for the
initial inorganic species, thus enabling them to be used as an
alternative to the tetraalkylammonium cations in the prepa-
ration of microporous materials.

Herein, nanosized, manganese-containing aluminophos-
phate number 5 (MnAIPO-5 with AFI topology) was syn-
thesized in the presence of 1-ethyl-2,3-dimethylimidazolium
bromide ([edmim]Br) IL!'"? under ambient conditions. The
entire process, from the formation of amorphous solids
through transformation into intermediates and crystalliza-
tion of the discrete nanosized MnAIPO-5 material, was ob-
served on micro- and macroscopic levels.

Results and Discussion

Observation of macroscopic growth of MnAIPO-5 nanocrys-
tals in IL media: The growth of MnAIPO-5 nanocrystals in
an ionic environment at 150°C was interrupted at various
intervals, and the solids were extracted and subjected to
characterization. Partial dissolution of the starting chemical
reagents in the IL was observed during the first 5 min of
heating; complete dissolution was achieved after 5 h. About
94.7 and 15.5 wt % of solids were separated from the reac-
tion suspensions after S min and 5 h, respectively (Table 1).

Table 1. Synthesis conditions for MnAIPO-5 nanocrystals.
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Figure 1. Powder XRD patterns of samples after ionothermal treatment
at 150°C for a) Smin, b) 5h, ¢)25h, d) 50 h, ) 70 h, f) 80 h, and g) 90 h.
h) reference AIPO-5.

to 90 h."! The diffraction patterns of the MnAIPO-5 sam-
ples contain broader reflections than those of the micron-
sized AFI material (Figure 1h), which indicates the forma-
tion of small crystals. The degree of crystallinity of the sam-
ples is calculated from the change in intensity of the three
peaks at 260 =7.47, 19.85, and 22.46° relative to the reference
sample, and the results are summarized in Table 1. About
90 % crystallinity has been achieved for the sample heated
for 80 h, while a completely crystalline (100 %) sample is ob-
tained after 90 h of ionothermal treatment (Figure 1g).

The change in morphology of the samples on heating was
followed by SEM. For each sample two micrographs at dif-
ferent magnifications are de-
picted in Figure 2. After 5 min
of heating, an amorphous solid

Phase Heating time Mass of solid Mass of solid ~ Mn/P ratio Crystallinity can be seen. The morphology
[h] [mg] [wt%] (10°%) [%]" of the solid starts to change
amorphous 0.083 1475 94.7 76.8 - after 5 h of heating, when inter-
intermediate 5 24.1 15.5 L4 0 mediates with more pro-
2 309 19.8 31 0 nounced structural features can
intermediate & crystalline 50 343 22.0 3.8 6 .
solids 70 45.5 202 42 23 be seen on the top of the isolat-
talline solid 80 62.1 39.9 53 90 ed solids (Figure 2e, f). The
crystafiine solies 90 613 393 53 100

morphology of the intermedi-

[a] Reference sample: crystalline MnAIPO-5 after 90 h heating at 150°C.

On increasing the reaction time from 5 to 25 h, the amount
of solids extracted from the reaction mixture increases to
19.8 wt %; however, the samples were amorphous according
to the XRD data (Figure 1a, b, and c). A broad amorphous
band in the region of 20=17-27° in the X-ray patterns im-
plies that no crystalline structure is formed in the reaction
mixture during the first 25h of heating. Further heating
from 50 to 70 h results in an increase in the amount of solids
recovered from 22 to 29.2 wt%: a constant mass of solid
sample (about 39 wt %) is recovered after 80 h of heating
(see Table 1). The first Bragg peak at 20=7.47° appears in
spectrum after 50 h of heating (Figure 1d). All other Bragg
peaks characteristic of the AFI-type structure appear over
the following 20 h, and their intensity increases gradually up
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ates changes visibly after 50 h

of heating (Figure2g, h). At

this stage, the sample contains
crystalline phase, which can also be detected by XRD (see
Figure 1d). After 70 h, the formation of long waferlike parti-
cles containing both the intermediate and the crystalline
solids can seen (Figure 2i, j). Finally, the amorphous solids
are transformed into discrete MnAIPO-5 nanocrystals after
80 h treatment (see Figure 2k, 1). The average size of the
nanocrystals in this sample is about 60-80 nm, and the parti-
cles are strongly attached to the intermediate. A progressive
liberation of discrete crystalline nanoparticles with a mono-
modal particle size distribution is observed after 90 h of
heating (Figure 2m, n). The nanosized MnAIPO-5 crystals
prepared by ionothermal pathway for 90 h are spheroidal
rather than needle-shaped, which is the more common mor-
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Figure 2. SEM images of samples recovered after heating at 150°C for a),b)5min, c),d)5h, e),f)25h,
2),h) 50 h, i),j) 70 h, k),1) 80 h, and m),n) 90 h. Scale bar left: 2 um, right: 500 nm.

Microscopic  observation of
growth of MnAIPO-5 nanocrys-
tals in IL media: The micro-
scopic properties of the frame-
work are directly related to the
macroscopic properties of the
crystalline material. Therefore,
an intensive investigation into
the changes in the ionic liquid,
Al, P, and Mn components
during the crystallization of
MnAIPO-5 nanocrystals was
carried out. *'P and ¥Al MAS
NMR spectra characterize the
local environments of P and Al
in the solids at various stages of
heating (see Figure 3). A non-
symmetric broad signal at 6=
55ppm is observed in the
sample after S min heating,
which is attributed to the low-
symmetry six-coordination of
aluminum in prehydrolyzed Al
species (Al—OiPr) (Figure 3a).
The hydrolyzation of Al alkox-
ide species in the IL is almost
complete after 5h, and the
signal at 0 =5.5 ppm has almost
disappeared (see Figure 3b).
This indicates that the Al spe-
cies from the alkoxides has
been completely liberated (dis-
solved) in the IL. Two new sig-
nals at 6=40.6 and —11.6 ppm
appear in the spectrum of the
sample treated for 5 h. The first
signal is assigned to tetrahedral
aluminum in an amorphous
MnAIPO matrix, while the
second signal is in the region
where the octahedral aluminum
due to AIl(PO),(OH,), species
appears (Figure 3b).°1  After
the ionothermal heating for
25 h, the signal at  =40.6 ppm
has disappeared and the octa-
hedral Al signal has shifted up-
field to 6=-13.2 ppm, which
corresponds to Al coordinated
with six PO, tetrahedra in Al-
(H,PO,) (Figure 3c).'! This in-
dicates that the coordination
environment of Al has changed

phology for AIPO-5 crystals synthesized under conventional on heating, and an increasing number of PO, tetrahedra are
hydrothermal heating."™! Separate, fully crystalline particles linked to octahedral Al atoms in favor of OH groups or
make up about 39 wt% of the reaction mixture at 80 and water molecules."”) As a result, a new intermediate (still
90 h. amorphous) phase with different morphology is formed. The
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Figure 3. Al MAS NMR spectra of solid samples heated at 150°C for
a) 5min, b) 5h, ¢)25h, d) 50 h, e) 70 h, f) 80 h, and g) 90 h.

changes in the A1 MAS NMR spectra are in a good agree-
ment with the changes observed by the SEM and XRD
analyses on the macroscopic level (Figures 1 and 2). On in-
creasing the duration of ionothermal treatment to 50 h, a
new weak signal in the region for tetrahedral aluminum ap-
pears at 0=40.1 ppm (Figure 3d). The YAl MAS NMR
spectra of the samples after 70, 80, and 90 h of ionothermal
treatment contain a signal at about 6=40.0 ppm that in-
creases gradually and becomes dominant after 80 h (Fig-
ure 3e). The signal also shifts gradually to d=38.8 ppm,
which suggests that the tetrahedral Al is in a different chem-
ical environment in the fully crystalline MnAIPO-5."")

On the other hand, the octahedral Al signal shifts upfield
from 0 =—-13.4 to —14.3 ppm after 70 h heating (Figure 3e).
This shift is due to the different chemical environments
around the octahedral Al atoms in the amorphous and crys-
talline parts of the solid samples, as observed by XRD and
SEM on the macroscopic level. Meanwhile, a new signal at
0=6.8 ppm was detected after 70 h, which was assigned to
pentacoordinated aluminum, formed upon water adsorp-
tion.?” Furthermore, the line widths of the tetrahedral (6=
38.8 ppm), pentahedral (6=6.4 ppm), and octahedral (6=
—14.3 ppm) aluminum signals decrease with increasing heat-
ing time, which indicates greater ordering and a higher
degree of crystallinity in the material (Figure 3g).

The development of the P MAS NMR spectra of the
samples over the heating period is shown in Figure 4. No
signal is observed in the sample heated for 5 min, which in-
dicates that the P is still present in the liquid phase, and that
no amorphous aluminophosphate has yet been formed (Fig-
ure 4a). A broad signal is detected at 6=—19.1 ppm after
5 h, which shows that an amorphous manganoaluminophos-
phate composed of tetrahedrally coordinated P sites of
P(OH),(OAl,,), and P(OH),(OAl,)(OAl,) is formed (Fig-
ure 4b)."®1 Upon ionothermal treatment for 25 h, these local
environments have fully evolved to become P(OH)(OAl,,)s,
which results in an upfield shift to 6=-19.6 ppm (Fig-
ure 4c). The signal remains broad, which suggests the mate-
rial is amorphous. After heating for 50 h, a signal at 0=
—20.4 ppm, along with a shoulder at 6 =—-27.1 ppm, begins
to emerge in the spectrum (Figure 4d). These signals are as-

Chem. Eur. J. 2010, 16, 12890 -12897

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

.—-28.6

S BN ©
04,8277
1 J\ (d)
196,
VRN (c)
1 9.1,

(a)
100 50 0 -50 4100 -150
*'P Chemical shift (ppm)

Intensity (a.u.)

Figure 4. *'P MAS NMR spectra of samples heated at 150°C for a) 5 min,
b)5h, ¢)25h, d)50h, e) 70 h, f) 80 h, and g) 90 h. * indicates spinning
sidebands.

cribed to P sites connected with both tetrahedral and octa-
hedral Al sites, which are present in both the amorphous or
crystalline solids."®! This sample contains intermediates and
crystalline solids as stated from the SEM and XRD observa-
tions (see Figures 1 and 2).

The *'P MAS NMR spectra of the samples after 70, 80,
and 90 h are shown in Figure 4e-g). Two bands at 6=-16.9
and —27.1 ppm can be seen for the signal assigned to tetra-
hedral P sites after 70 h. After 80 h the signal has split; the
intensity of the first signal has decreased, but the latter
signal has increased. This indicates that the amorphous or
disordered material has been transformed into crystalline
MnAIPO-5. This result is consistent with the increase in in-
tensity of the Bragg diffraction peaks in the XRD patterns
(Figure 1), and with the appearance of the signal corre-
sponding to the tetrahedral Al sites in the ¥ Al MAS NMR
spectra (Figure 3). The signal at 0=-16.9 ppm decreases
with increasing crystallization time, and after 90 h a strong
line at 6 =—28.6 ppm characteristic of the unique tetrahe-
dral environment of phosphorus can be observed.?!l

The various amorphous, intermediate, and crystalline sam-
ples were also studied by diffuse reflectance UV/Vis spec-
troscopy. The spectra are depicted in Figure 5. The spectrum
for pure AIPO-5 reference sample (Figure 5h) is also provid-
ed for comparison. After heating for 5 min the spectrum ex-
hibits three bands at 220, 264, and 308 nm. The peak at
220 nm can be assigned to Al-O charge transfer.?>*! The in-
tensity and position of this peak varies, depending on sever-
al factors such as aluminum and oxygen charge density, Al—
O distance, the crystallographic positions of the aluminum
atoms in the framework, and the surroundings (H,O and or-
ganics give rise to different wavelengths and intensities for
the charge-transfer peak).” The second signal at 264 nm is
characteristic of bulk manganese oxide, while the third
signal at 308 nm is assigned to an O* —Mn** charge trans-
fer at an octahedrally coordinated site (Figure 5a).”’! The
peak at 264 nm disappears from the spectrum after Sh,
whereas the peak at 308 nm shifts to 312 nm with increasing
heating time. After 25 h, two new signals at 240 and 288 nm
appear in the spectrum. These bands can be assigned to
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Figure 5. UV/Vis spectra of samples heated at 150°C for a) 5 min, b) 5 h,
¢)25h,d)50h, e)70h, f) 80 h, and g) 90 h. h) reference AIPO-5.

O* —Mn?t and O*” —Mn’" charge transfers for manganese
atoms in tetrahedral oxygen coordination environments;
thus, the bands confirm the presence of Mn in the inter-
mediate.?>?*! More importantly, the intensity of these signals
rises gradually with an increasing Mn/P ratio in the solids
during heating (Table 1), and becomes constant after 80 h of
heating (Figure 5f and Table 1). No signal was observed at
500 nm (not shown), which is consistent with the absence of
either MnO or Mn;O, as separate phases in the sam-
ples.[25*29]

ILs are known as effective solvents for both organic and
inorganic species due to their high hydrophilicity and ionic
characteristics, which are generally not available with con-
ventional solvents.!”! [edmim]Br provides an ionic instead of
molecular environment for the crystallization of MnAIPO-
5.5% The effect of [edmim]|Br was studied by thermogravi-
metric analysis (TGA) and Raman spectroscopy (Figures 6
and 7). As was observed previously, the aluminum isoprop-
oxide is mixed with the Mn and P sources (Mn(OAc), and
H;PO,), and they are jointly hydrolyzed and co-condensed.

712
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Figure 6. Raman spectra of samples heated at 150°C for a) 5 min, b) 5 h,

c)25h, d)50h, e)70h, f)80h, and g) 90 h. The spectra of reference
AIPO-5 (h) and pure [edmim|Br ionic salt (i) are also provided.
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Figure 7. TGA curves of samples heated at 150°C for a) 5 min, b) 5 h,
¢)25h,d)50h, e) 70 h, f) 80, and g) 90 h.

The co-condensation reaction between the hydrolyzed inter-
mediates leads to the formation of a tetrahedral active spe-
cies (as revealed by *'P and Al MAS NMR spectroscopy),
and then to the formation of manganoaluminophosphate
(MnAIPO) oligomers. The Raman spectrum of the sample
treated for only 5 h contains very weak signals at 1510, 727,
and 712 cm™! due to C—H vibrations from the [edmim]* cat-
ions, which indicates negligible chemical interaction with the
MnAIPO amorphous material. This observation is supported
by TGA, in which a single-step weight loss is measured (Fig-
ure 7b).

The [edmim]* content of the solid samples increases with
heating time, according to the Raman spectra (Figure 6).
The characteristic bands of the AFI framework at 500, 1098,
and 1238 cm ™' are not detected in the sample even after
25 h treatment, which indicates that no crystalline MnAIPO-
5 phase is formed at that stage (see Figure 6¢)."! After 50 h,
the above three bands appear in the spectrum (Figure 6d),
thus indicating the formation of secondary building units
(SBU) characteristic of the AFI structure. The AFI struc-
ture contains alternating Al and P atoms, which form four-
and six-membered rings. The resulting framework structure
is composed of nonconnected parallel channels of 12-mem-
bered rings. A change from a single- to a three-step weight-
loss curve is observed for the sample by TGA (see Fig-
ure 7d). The multistep weight-loss process reveals that the
[edmim]* is either in the pores of the AFI crystals (410-
600°C) or is weakly bound to the intermediates (200-
410°C)."™! The weight loss for both regions becomes more
pronounced for the samples with a high degree of crystallin-
ity. After 70 h, the presence of crystalline AFI phase is indi-
cated by both Raman and TGA data. The three characteris-
tic bands for the AFI structure (500, 1098, and 1238 cm™')
together with the bands assigned to the C—H vibrations of
encapsulated [edmim]*t cations are clearly present in the
spectrum of the sample heated for 70 h. The intensity of
these signals is constant after 90 h heating. Several vibration
bands assigned to C—H bending modes at 1468, 1440, and
1420 cm ™! in the pure IL are not observed in the crystalline
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MnAIPO-5. This infers that the

Table 2. TGA data of MnAIPO-5 samples synthesized under ionothermal conditions.

FULL PAPER

[edmim]™* is tightly held in the Phase Heating Step of Weight loss [wt %] Total weight
pores of the AFI nanocrystals, time [h] weight loss [%] <200°C 200-410°C 410-600°C loss [wt %]
so that its C—H bond move- amorphous 0.083 1 28.5 28.5
ments are constrained.?!! intermediate 5 1 24.1 24.1

The Raman bands of the ?(5) ; 2o 112‘0 04 12‘8
Mn A]PO-? sample are broafd intermediate & crystalline solids 70 3 141 04 14 179
and redshifted, as observed in all i 80 3 12.6 5.9 2.1 20.6

. . crystalline solids

our previous work.™ For in- 90 3 8.0 33 75 188

stance, the band at 1513 cm™,
which corresponds to the C—H
bending mode of pure [edmim]Br, shifts to 1510 cm ™" (50 h)
and then to 1507 cm™' (90 h), along with a broadening due
to the presence of nanocrystals. Similar results have been re-
ported and attributed to phonon confinement effects and an
increasing interaction of the IL molecules with the AlI-O—P
units.”¥ Further, a progressive change in the relative in-
tensities of the two bands at 727 and 712cm™ for [ed-
mim|Br in the MnAIPO-5 matrix is observed. These two
bands are assigned to the CHj;
rocking mode from the alkyl
groups, and can be used to de-
termine the rotational isomer-
ism of the trans (727 cm™") or
gauche (712cm™)  conform-
ers.” The trans/gauche ratio
is 60:40 for the pure [edmim]|Br
IL, which shows that more

Homogenization
5 min

ysis shows an increase in the weight loss for the fully crystal-
line MnAIPO-5 sample after 90 h heating over the tempera-
ture interval of 410-600°C, which is in full agreement with
the NMR and XRD results.

Growth mechanism for MnAIPO-5 nanocrystals in ILs: The

formation of nanocrystalline MnAIPO-5 during ionothermal
synthesis is shown in Scheme 1. During the initial 5 min of

IL
AIC, %P o
ILr\/wno Aéa;‘\nhm,p,un
IL PO," &0 y8=
sy L o ~
TN :
" -,

AR <° H "'7’7& Alo, IL

IL s S5a0®
AlO; po |L
4
IL IL
Dissolution Formation of intermediates
5h 25h

stable trans conformer is spon- [ Mixing

Induction

taneously favored in nature
(Figure 6i). However, the non-
stable gauche configuration be-
comes dominant when the [ed-
mim|Br IL acts as a template
for the crystallization of
MnAIPO-5. The trans/gauche
ratio was 50:50 for the sample

Liberation of

Nucleation of MnAIPO-5  Crystal growthat  Additional crystal growth ~ discrete
50 h Intermediate surface  from surface to core  nanocrystals
70h 80h %0 h
Crystallization >

heated for 25h, but the ratio

changed to 45:55 for purely
crystalline MnAIPO-5 after
heating for 90 h. The change to
the nonfavored gauche configuration can be explained by
the occlusion of the [edmim]* in the AFI pores, because
this results in close packing and, consequently, steric and
torsional strains of the [edmim]* are observed.

As discussed above, the weight loss from 200-410°C cor-
responds to the [edmim]* cations weakly bound to the
amorphous or partially crystalline MnAIPO-5 particles. On
increasing the heating time from 50 to 80 h, an increment of
the weight loss from 1.4 to 5.9 wt% for that region is ob-
served. It reaches 3.3 wt % after 90 h (Table 2). A significant
increase in the weight loss from 0.4 to 7.5 wt% over the
temperature interval of 410-600°C has been measured for
the same sample. This reveals that an increasing amount of
[edmim]™* is located in the pores of the MnAIPO-5 crystals.
Therefore, the IL molecules require higher temperatures to
be released from the MnAIPO-5 pores.'”) The thermal anal-
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Scheme 1. The crystallization pathway of MnAIPO-5 nanocrystals under ionothermal conditions.

heating, the raw Al, P, and Mn materials are mixed with the
IL, followed by successive dissolution, which takes place be-
tween 5 min and 5 h of heating. The species formed during
this stage hydrolyze and condense, thus forming the inter-
mediates containing mono- or oligomeric species. The inter-
mediates are composed of P—-O—Al, P-O—Mn, and Mn—O—
Al units; free phosphate and manganese species are also
present. The intermediates undergo reorganization during
ionoheating from 5 to 25 h, during which time most of the
tetrahedral Al is converted to octahedral Al, which prefers
to interact with the manganese and phosphate tetrahedra
rather than with OH groups or water molecules.'”) No reac-
tive tetrahedral Al species are formed at this stage of iono-
thermal treatment, and no evidence for a strong interaction
between [edmim]T and the intermediate is observed. The
crystallization of MnAIPO-5 nanocrystals requires further
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heating to promote nucleation and crystal growth. During
nucleation, an extensive exchange of species between the
solid and liquid components of the system takes place.

The appearance of the first AFI crystalline phase is ob-
served after 50 h heating. At this stage, the [edmim]* cat-
ions are surrounded by the anionic species, and form a bulk
solid containing partially crystalline AFI. The morphology
changes after heating for 70 h. According to the macroscop-
ic observations, the amorphous aggregates are transformed
into crystalline particles after 70 h. At the microscopic level,
the anionic tetrahedral MnAIPO active species enclose the
[edmim]* cations through van der Waals interactions to
form the initial SBU and cavities, which confine the
[edmim]*. An abrupt transformation of bulk amorphous
into MnAIPO-5 nanocrystals takes place after 80 h. The
nanocrystals (mean size of 60-80 nm) grow from the surface
and remain attached to the amorphous matter and are not
liberated as discrete nanoparticles at this stage. This obser-
vation reveals that nucleation takes place at the solid-liquid
interface, which is also observed for zeolites with LTA- and
FAU-type structures synthesized under hydrothermal treat-
ment.38%1 After 90 h of heating, crystallization through a
surface-to-core reversed-growth mechanism becomes in-
creasingly apparent once the exchange of species between
the solid and liquid components of the system reaches equi-
librium.®  Discrete nanosized MnAIPO-5 crystals are
formed through consumption of the large, amorphous enti-
ties as nutrients, whereas the solid mass is constant during
the whole crystallization process. Finally the MnAIPO-5
nanoparticles are liberated as single crystals once the amor-
phous solid has been completely consumed. The resulting
crystalline particles have a mean size of 80 nm and do not
grow significantly after 90 h of heating.

Conclusion

Micro- to macroscopic aspects of the crystallization process
of nanosized MnAIPO-5 under ionothermal conditions have
been observed. The results demonstrate that, on initial ho-
mogenization and dissolution of Al, P, and Mn sources in
[edmim]Br IL, an amorphous manganoaluminophosphate
(MnAIPO) is formed after 5h of heating. Further heating
(25 h) results in the hydrolyzation and condensation of the
inorganic species, which leads to the formation of oligomers
with an increased number of manganate and phosphate tet-
rahedra linked to octahedral aluminum species. During this
phase, the 12-membered rings of the AFI structure start to
form in the manganoaluminophosphate matrix, and confine-
ment of the IL cations [edmim]* by the anionic MnAIPO
species takes place preferably on the surface of the amor-
phous intermediate. The MnAIPO-5 nanocrystals grow by
consuming soluble species. The resulting nanoparticles are
not liberated from the amorphous surface during the first
70 h heating. Up to 90 h heating, large amorphous entities
are consumed as nutrients. Fully crystalline, discrete nano-
sized MnAIPO-5 particles grow through a surface-to-core
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reversed-growth mechanism, and the single nanocrystals are
finally liberated.

Experimental Section

Crystal growth of MnAIPO-5 nanocrystals in IL media: A series of sam-
ples were prepared under dry, ambient conditions with a molar composi-
tion of 1:3.84:0.59:8.56:98.6 Al,O;/P,05/MnO,/H,0/[edmim]Br.""*) Alumi-
num isopropoxide (0.084 g, Aldrich) and manganese(II) acetate dihydrate
(0.025 g, Strem Chemicals) were placed in a round-bottomed flask
(50 mL) and then mixed with [edmim]Br (4.062 g) for 1 min. Phosphoric
acid (0.178 g, Riedel-de Hden) was added with stirring (250 rpm). The
ionothermal treatment of the final reaction mixture was carried out at
150°C. The solids were isolated by filtration and subjected to characteri-
zation after treatment for 5 min, 5 h, 25 h, 50 h, 70 h, 80 h, and 90 h.

Characterization

Macroscopic characterization of MnAIPO-5 nanocrystals in IL media:
The crystallinity of the samples was determined by recording the XRD
patterns with a Philips PW1140/90 diffractometer (step size 0.02°, Cug,
radiation). The degree of crystallinity was calculated based on the ratio
of the areas of the three most intense Bragg diffraction peaks at 26 of
7.47, 19.85, and 22.46° for each sample, in comparison to a reference
sample (MnAIPO-5 heated at 150°C for 90 h). Additionally, the crystalli-
zation process of MnAIPO-5 was also followed by TGA or differential
thermal analysis recorded with a SETARAM setsys 16MS analyzer under
ambient conditions with a heating rate of 5°Cmin~' from 25 to 800°C.

The crystal size and morphology of the samples were determined by
using a Philips XL-30 SEM, while the chemical composition was analyzed
with a MagiX PHILIPS PW2540 X-ray fluorescence spectrometer.

Microscopic characterization of MnAIPO-5 nanocrystals in IL media:
The UV/Vis and Raman spectra of amorphous, intermediate, and crystal-
line samples were recorded with a Perkin—-Elmer Lambda-35 UV/Vis
spectrometer and a Bruker Equinox 55 (2000 scans, resolution of 4 cm ™),
respectively.

The *'P and YAl MAS NMR spectra of the samples were recorded on a
Bruker Ultrashield 400 spectrometer at MAS frequencies between 5 and
15kHz. The Al and P MAS NMR spectra were obtained with
8000 scans by single pulse excitation with 7/12 (0.6 us) and 7/2 (3 ps)
pulses, respectively.
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