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Abstract: 3-(Methylamino)propylamine (MPA) was studied as a structure-
directing agent (template) in the synthesis of open-framework phosphate-based
materials. The influence of temperature, mole ratio of reactants, crystallization
time and presence of fluoride ions on the crystallization of aluminophosphate,
transition metal-substituted aluminophosphate (transition metal — Mn(II),
Cr(I1T) and Co(II)) and zincophosphate was also investigated. MPA exhibited a
templating role and in all the as-synthesized crystalline products, it is entrapped
in an inorganic lattice interacting with the framework via hydrogen or/and elec-
trostatic interactions. According to detailed thermal analysis, the type of inter-
actions seems to be crucial for the thermal behavior of MPA and for the ther-
mal stability of the organic—inorganic crystal system. Structural analysis sug-
gested that the formed crystalline structures had no mutual structural analogy.
This indicates that the precise role of the organic (guest) component in nuc-
leation process for the open-framework phosphates (host) is very complex as is
the nucleation process itself.

Keywords: microporous; aluminophosphates; MAPO; zinc phosphate; open
framework.

INTRODUCTION

Phosphate-based inorganic materials are mainly crystalline solids with well-
defined crystal structures. The crystal structure is built from tetrahedral phos-
phate building units that are connected in 1-, 2- or 3-dimensions via oxygen
atoms to metal oxide units possessing different geometries (tetrahedral, pyrami-
dal or octahedral). The typical metal cation in these materials is aluminum,
although zinc and gallium also readily form porous metallophosphates. Metallo-
phoshates typically crystallize from a reactive gel containing inorganic reactants
and an organic reactant that plays the role of a structure-directing agent (temp-
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late). Usually, different amines and/or quaternary ammonium cations exhibit
template ability in the synthesis of metallophosphates.! It should be added that
the relationship between the template and the crystal type of the formed metallo-
phosphate has not yet been well established.! It is known that the organic temp-
late itself is not the sole factor involved in the structure-directing role. Namely,
various other parameters also influence the crystallization process, such as the
source of the inorganic components, pH, conditions of crystallization, etc. How-
ever, the presence of organic species in the crystallization process is crucial.
Without the organics, a metallophosphate cannot be formed.

The template species remain after crystallization in the lattice pores and their
removal from the channels and cages is necessary in order to achieve lattice
porosity.2 The removal of the template is performed by a thermal treatment (cal-
cination), usually in an air atmosphere at about 500 °C. The calcined product
usually possesses molecular sieving, catalytic and/or adsorptive properties.3-4

Moreover, in order to obtain novel materials with catalytic properties for
specific reaction systems, as well as to obtain materials of desired selectivity,
various investigations were directed towards transition metal substituted alumi-
nophosphates.’ Incorporation of transition metal cations in an aluminophosphate
lattice at the aluminum or phosphorous crystallographic sites brings a charge into
neutral aluminophosphate skeleton and greatly affects its catalytic and adsorptive
properties. In addition, the use of fluoride ions in the synthesis of porous alu-
minophosphates led to the emergence of novel and zeolite-like aluminophosphate
structures. As an example, an open-framework aluminophosphate with a chaba-
zite structure can be obtained only if fluoride ions are present in the reactive gel.®

Different organic species were studied as templates in the synthesis of
porous phosphates. For some of them (such as di-n-propylamine), a structural
specifity is conspicuous: di-n-propylamine directs the crystallization of different
framework structures by slightly changing the synthesis parameters. On the other
hand, the formation of one structure type (AIPO4—5) can be realized using more
than twenty different amines and quaternary amine cations.!

In this work, the structure-directing role of one simple amine, 3-(methylami-
no)propylamine (MPA), which has not been studied so far in the synthesis of
open-framework phosphates, was investigated. The influence of temperature,
mole ratio of reactants, crystallization time and the presence of fluoride in the
crystallization of several metallophosphate was examined using MPA as a temp-
late. Moreover, crystallization under two heating regimes, hydrothermal and mic-
rowave heating, was studied.

EXPERIMENTAL
Preparation of fluoride-free reaction mixtures

Aluminophosphates, zincophosphates and transition metal-substituted aluminophos-
phates were obtained under hydrothermal conditions using the mole ratio of the reactants
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given in Table I. The sources of zinc, aluminum, cobalt(Il) and chromium (III) were
Zn(CH3COO0), 2H,0 (Fluka), AI(OH); (Sigma-Aldrich), Co(CH;COO),-4H,0 (Sigma-Al-
drich), Mn(CH;COO), 4H,0 (Sigma-Aldrich) and CrO; (Fluka), respectively. To enhance the
chromium reactivity, chromium(IIl) was obtained in situ by reduction of CrO5 using ethanol
(Sigma-Aldrich).” Orthophosphoric acid, H;POy4 (85 wt. % Sigma-Aldrich), was used as the
phosphorous source. MPA was used as a 98 wt. % solution (Sigma-Aldrich).

TABLE I. Composition of the reaction mixtures and the crystallization conditions

o . . llizati llizati 1li
Product  Composition of the reaction mlxturecrySta ization Crystallization ~ Crystalline

time, days temperature, °C phase
ZnPO-A Zn0:2.75P,05:2MPA:100H,0 6-12 120 Hopeite
6 160 Novel phase
ZnPO-B Zn0:1.5P,05:2MPA:100H,0 6 120 Novel phase
2-6 160 Novel phase
AIPO 0.5A1,05:0.5P,05:0.5MPA: 7-10 160 AlPO,-21
:100H,O
CoAPO 0.4A1,05:0.2C00:0.5P,Os: 6-10 160 CoAPO-21
:0.5MPA:100H,0
CrAPO 0.4A1,05:0.1Cr,05:0.5P,05: 7-10 190 CrAPO-21
:0.5MPA:100H,0
MnAPO 0.4A1,05:0.2Mn0:0.5P,05: 4-7 190 MnAPO-12

:0.5SMPA:100H,0

Reaction gels were prepared by intensive stirring of the reactants using an ULTRA-
-TURRAX®, IKA® T18 stirrer. The synthesis proceeds in several steps. First, an aqueous
suspension of metal salts or AI(OH); and 85 wt. % H3PO,4 was prepared by vigorous stirring.
The obtained mixture was stirred until homogeneity (about 30 min) and finally, MPA was
added dropwise. The resulting gel was intensively stirred for another 30 min and then
transferred into a Teflon-lined stainless steel autoclave and left to crystallize at 160—190 °C in
an oven or under microwave radiation (Milestone, Ethos TC).

Preparation of fluoride-containing reaction mixtures

Fluoride-containing reactive mixtures were prepared in a manner similar to that des-
cribed above. Hydrofluoric acid (40 wt. %, Fluka) was used as the source of fluoride and it
was added in the first step of the reactive mixture preparation. The employed mole ratios of
the reactants are given in Table II.

Characterization

The crystallinty of the products was studied by XRD analysis using a PANalytical X'Pert
PRO diffractometer and CuK, radiation. The data obtained at room temperature were col-
lected in the 26 range from 5 to 75° in steps of 0.017° with a total measurement time of 4 h.
The high temperature X-ray diffraction (HTXRD) patterns were recorded at four different
temperatures, i.e., room temperature and at 573, 623 and 673 K.

The size and morphology of the crystals as well as the elemental analyses were studied
by a scanning electron microscope Zeiss Supra 35VP. Carbon, hydrogen and nitrogen were
determined using a standard C—H—N analyzer. Fourier transformed infrared (FTIR) spectra
were recorded in the 4000 to 400 cm™! range on a Digilab-FTS-80 spectrophotometer, using
the KBr wafer technique. Thermal decomposition was performed using an SDT Q-600 simul-
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taneous DSC-TGA instrument (TA Instruments). The samples (mass =10 mg) were heated in
standard alumina 90-pl sample pans. All experiments were performed under synthetic air at a
flow rate of 0.1 dm3 min!.

TABLE II. Composition of the fluoride-containing reaction mixtures

Composition of the reaction Crystallization Crystallization Crystalline
Product . .
mixture time, days  temperature, °C phase
APOF 0.5A1,05:0.5P,05:0.5MPA: 1HF: 4-7 160
:100H,0 ULM-3
CoAPOF 0.4A1,05:0.2C00:0.5P,05: 4-7 160 ULM-3 and
:0.5MPA:1HF:100H,O amorphous
solids
CrAPOF 0.4A1,05:0.1Cr,05:0.5P,0s5: 4-7 160 ULM-3 and
:0.5SMPA:1HF:100H,O amorphous
solids
MnAPOF 0.4A1,05:0.2Mn0:0.5P,05: 4-7 130 Mixture
:0.5SMPA:1HF:100H,0O different
crystalline
phases
4-7 160 Mixture
different
crystalline
phases
RESULTS AND DISCUSSION

SEM analysis of the obtained products

The use of MPA vyielded crystalline products with different morphologies
depending on the crystallization conditions and composition of reactive mixtures.
The SEM photographs of the products obtained by hydrothermal crystallization
are shown in Fig. 1. The crystals appear as monocrystals or crystalline aggre-
gates. Microwave-assisted heating yielded crystalline products mainly in the
form of aggregates (not shown).

ZnPO, AIPO, CrAPO, CoAPO and CoAPOF were plate-like crystals of
about 100—140 um in length. APOF and MnAPOF crystallized as ball aggregates
of about 50 um in diameter. On closer inspection of the aggregates, it could be
seen that they were in the form of plate conglomerates. CrAPOF appeared in the
form of irregular aggregates of about 200 pm in length.

Structural analysis of the products obtained under hydrothermal conditions from
fluoride-free reaction mixtures

Zincophosphates. For the preparation of the ZnPO products, two reaction
mixtures (A and B) were found to be optimal in order to obtain crystalline pro-
ducts. Depending on the crystallization temperature, mixture A (with the Zn/P
molar ratio of 1/5) yielded two crystalline phases: a dense ZnPOy4 phase — hopeite
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3-(METHYLAMINO)PROPYLAMINE AS A TEMPLATING AGENT 1 8 97
(at 120 °C) and a novel crystalline product at 160 °C. From mixture B (with the

Zn/P molar ratio of 1/3), the same novel phase was formed at both temperatures.
Its XRD pattern is given in Fig. 2.

(@)

(b)
Fig. 1. SEM photograph of a) metallophosphates obtained under hydrothermal crystallization
and b) the products obtained from fluoride-containing reactive mixtures.
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Single crystal structure determination of the novel zincophosphate phase
showed that the =zincophosphate was built of macro-anionic
[Zny(PO4)(HPO4)(HyPO4)]? layers, which were intercalated by doubly proton-
ated MPA cations (Fig. 3). The layers were built of ZnO4 and PO4/HPO4/H,POy4
tetrahedra. Within the layers, small channels of an approximate diameter 3.7 A
were present. The inorganic framework and MPA interact via the template-to-
framework N—H---O hydrogen bonds, which are important for stabilization of
the structure.$.9

Fig. 2. XRD pattern of the novel zincophosphate phase.

Fig. 3. A view of the novel zinco-
phosphate, showing zincophosphate
layers (dark gray tetrahedra — ZnOy,
light gray tetrahedra — phosphate
building units) and intercalated doubly
protonated MPA cations.
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Aluminophosphates and metal-substituted aluminophosphates. Two types of
reaction mixtures were studied: 1) the reaction mixture containing an alumino-
phosphate and 2) the reaction mixture containing an aluminophosphate and some
transition metal ions. Crystallization of both types of mixtures yielded crystalline
products with the aluminophosphate topology denoted as the structure type 21.10
Representative XRD patterns are given in Fig. 4. Hitherto, three different amines

(@)

(b)
Fig. 4. XRD patterns of a) AIPO4-21 and b) the metal-containing aluminophosphates
[MAPO, M = Co(1I), Cr(III), Mn(ID)].
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have been reported as templates for AIPOg4-21: 1,2-diaminopropane, pyrroli-
dine!! and N,N,N',N'-tetramethyl-1,3-diaminopropane.!® X-ray single crystal
structure analysis of the aluminophosphate product showed that the AIPO4-21
framework was built of corrugated aluminophosphates sheets, which were cross-
linked by Al-O-P chains to form a network of straight eight-membered-ring
channels extending along the ¢ crystallographic axis. The MPA appeared to be
disordered and positioned in the eight-membered-ring channels. It was held
within the channels through strong hydrogen bonds: MPA forms two such bonds,
the N---O distances being 2.914 and 2.985 A.12

From the transition metal-containing aluminophosphate reaction mixtures,
different crystalline products (MAPQO) were obtained depending on the type of
the transition metal cation (Table I). The XRD patterns (Fig. 4) revealed that
from the Co(Il)- and Cr(Ill)-containing mixtures, CoAPO and CrAPO products
belonging to the structure type 21 crystallized, whereas the MnAPO obtained
from the Mn(II)-containing reaction mixture belonged to the structural type 12.13
The lattice of AIPO4-12 is rather complex and is based on an interrupted net in
which one of the P atoms is linked to only 3 Al atoms and one of the Al atoms is
linked to only 3 P atoms.

The results of elemental analysis of the obtained products are given in Table
IIL. It is evident that the metal content depended on the metal type, indicating that
not only MPA but also transition metal cations influence the crystallization pro-
cess. Moreover, the preparation of the transition metal-substituted aluminophos-
phates (MAPOs) is important considering their catalytic application.! In a MAPO
crystalline lattice, transition metal ions generally occupy aluminum crystallo-
graphic sites, thereby generating different types of acid sites (Brensted or Lewis)
important for catalytic activity. Based on the results of the elemental analyses, it
could be concluded that Co(Il), Cr(III) and Mn(II) substitute aluminum in the
parent aluminophosphate lattice. The (Al+M)/P molar ratio is approximately one
in all the prepared samples.

TABLE III. Results of the energy-dispersive x-ray spectroscopy (EDS) analysis

Sample Zn Al P Co Cr Mn
ZnPO 259 - 16.6 - - -
AIPO - 16.8 19.3 - - -
CoAPO - 15.8 20.6 3.1 - -
CrAPO - 22.1 26.4 - 1.0 -
MnAPO — 18.1 24.2 — — 6.8

Microwave-assisted heating. In order to study the influence of microwave
radiation on the crystallization of the investigated reaction mixtures, microwave-
assisted heating was also employed. Namely, it has been reported that the micro-
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wave technique enables a more rapid crystallization than the conventional hydro-
thermal method and leads to an improved crystal quality.14

Microwave radiation showed differing effects on the studied reaction sys-
tems. Crystallization of the novel ZnPO and AIPO4-21 proceeded more rapidly
under microwave-assisted heating: the crystalline products formed in the course
of 2 h. However, for the MAPO products, the microwave radiation had a negative
effect on the crystallization. For all the studied transition metal-containing reac-
tion mixtures, no crystalline products were obtained.

Structural analysis of the products obtained under hydrothermal conditions from
fluoride-containing reaction mixtures

Taking into account that the presence of fluoride ions in an aluminophos-
phate reaction mixture could lead to novel structures, !> experiments with MPA in
a fluoride-containing medium were performed. It is known that aluminum ions
readily form complex species with fluoride ions, which increases the solubility of
the aluminum source and accordingly influences the crystallization process. In
the fluorinated aluminophosphate structures, the fluorine atoms usually bridge
the aluminum-building units and typically occupy one or two vertices of the alu-
minum octahedral. 16

The presence of fluoride in the aluminophosphate reaction mixture led to the
formation of a crystalline product (APOF), the diffractogram (given in Fig. 5a) of
which corresponded to that of the open-framework gallophosphate ULM-3.17.18

The single crystal X-ray structure analysis revealed an open-framework built
up of hexa-nuclear units formed by three POy tetrahedra, two AlO4F trigonal
bipyramids and one AlO4F, octahedron. The three-dimensional framework was
negatively charged and had two interconnected channel systems: 10-membered-
ring channels running along the [101] direction and 8-membered-ring channels
running along the [10-1] direction. The negative charge is compensated by
doubly protonated MPA located in the 10-membered-ring channels (Fig. 6).1°

The XRD patterns of CoAPOF and CrAPOF also showed the presence of the
ULM-3 crystalline phase (Fig. 5b). However, a detailed EDS analysis did not
confirm the presence of Co(Il)- or Cr(Ill)-substituted products in the crystals
found in the obtained products. It seems that the transition metal cations only
contribute to nucleation of single crystals of the fluorinated aluminophosphate
and do not become a part of the framework. Namely, the fluorinated
aluminophosphate obtained from the Co(Il)- and Cr(III)-free mixture appeared in
the form of ball aggregates, in contrast to the single crystals formed in the
presence of the metals (Fig. 1). The MnAPOF product seems to have consisted of
different crystalline phases for which no structural analogs have been found.
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(a)

(b)
Fig. 5. XRD patterns of (a) the fluorinated aluminophosphate product (APOF) and (b) Co(II)-,
Cr(IIT)- and Mn(II)-containing fluorinated aluminophosphates (CoAPOF, CrAPOF and
MnAPOF, respectively).
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Fig. 6. Protonated MPA species in the 10-membered-ring channel of the fluorinated
aluminophosphate framework.

Study of the organic/inorganic interactions

FTIR analysis. Figure 7 shows the FTIR spectra of the ZnPO, AIPO4-21,
CoAPO-21 and the fluorinated aluminophosphate (APOF). All the samples dis-
played vibrations that clearly show the vibrational features of the entrapped orga-

ZnPO

CoAPO

3064

: i i o ! i ! | 1
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm’ Wavenumber, cm’’

Fig. 7. FTIR spectra of the novel zincophosphate (ZnPO), AIPO,4-21, Co(Il)-containing
AlPO4-21 (CoAPO-21) and the fluorinated aluminophosphate (APOF).
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nic species. Vibrations displayed in the range 32002000 cm! correspond to
amine groups,20 and the bands appearing in the 16001350 cm! region are due
to C—H bonds2!. Strong bands at 3450 and 1620 cm™! can be attributed to the
water molecules present in the crystalline lattice.22 All spectra except that of
AlIPOy4-21 display a strong band at about 1540 cm~! which is attributed to NH3™,
suggesting that the MPA species was protonated,® while the inorganic frame-
works of ZnPO, CoAPO-21 and APOF were negatively charged.

TGA/DTG studies. To gain an insight into the strength of the organic/inorg-
anic interactions, the thermal behavior of ZnPO, AIPO4-21, MAPO-21 (M =
Co(I), Cr(III), Mn(II)) and APOF were studied. The obtained results are shown
in Fig. 8. All the samples exhibit a strong DTG maximum that could be attributed
to the decomposition of MPA, according to the corresponding mass loss and the
results of C-H—N analysis. The position of the maximum differs with the type of
solid. This indicates that the entrapped MPA interacts in different ways with the
inorganic frameworks. This was confirmed by detailed kinetics analyses.$:12
Thus, MPA entrapped in ZnPO decomposes in a three-step process with the first
step having the highest activation energy (343 kJ mol-!). This is attributed to the
strong hydrogen bonds and to electrostatic bonds, which hold the protonated
MPA and zincophosphate layers together. The decomposition of MPA in AIPOg-
-21 proceeded in a single-step reaction, with the activation energy lying in the
range 173-151 kJ mol-1.12 In this solid, MPA interacts with the aluminophos-
phate framework only via hydrogen bonds. The MPA decomposition in APOF
was a multi-step reaction with an average activation energy of 209 kJ mol~!. In
this solid, the anionic fluoro-aluminophosphate framework interacts with doubly
protonated MPA via hydrogen and electrostatic bonds.23

The crystallinity of the calcined products was investigated by high tempe-
rature X-ray diffraction analysis. The patterns of AIPO4-21 and APOF, being
representative, are presented in Fig. 9. As can be seen, the decomposition of the
MPA in AIPO4-21 (as well as in MAPO-21) resulted in a crystal structure trans-
formation. The XRD patterns of calcined AIPO4-21 and MAPO-21 entirely cor-
responded to the aluminophosphate of structure type 25.24 The decomposition of
MPA in APOF resulted in a gradual loss of crystallinity and the formation of a
dense trydimite aluminum phosphate. Similarly, ZnPO lost crystallinity during
the decomposition of MPA and was converted into the dense hoppeite zinc phos-
phate (not shown).
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Fig. 9. The high temperature XRD patterns of a) AIPO4-21 and b) the fluorinated
aluminophosphate (APOF).
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CONCLUSIONS

The results show that MPA, which has not been hitherto studied, as the structure-
directing agent in the synthesis of open-framework phosphate-based materials
played a structure-directing role. The presence of the diamine in a zinc phosphate
reaction mixture led to crystallization of a layered zincophosphate with a novel
structure. The layered zincophosphate crystallized not only underhydrothermal
but also under microwave conditions. The microwave-assisted heating
significantly decreases the crystallization time from 10 days to 2 h.

MPA has also the templating role in two types of reaction mixtures: 1) con-
sisting of an aluminophosphate and 2) consisting of aluminophosphate and tran-
sition metal cations (Co(Il), Cr(Ill) and Mn(Il)). From mixture 1) and reaction
mixture 2) containing Co and Cr, the same crystalline phase formed, correspond-
ing to aluminophosphate of the structure type 21. From the Mn-containing mix-
ture, a crystalline material of structure type 12 was obtained. This indicates that
not only 3-(methylamino)propylamine, but also the type of the transition metal
cation influenced the nucleation process. Microwave-assisted heating can also
significantly decrease the crystallization time.

MPA exhibits the templating role in the fluoride-containing reaction mix-
tures. From an aluminophosphate reaction mixture, an open-framework alumino-
phosphate forms, having the structure of the gallophosphate ULM-3. The product
from this reaction system is also a confirmation that not only the organic species
but also the fluoride and transition metal ions affect the nucleation process. The
presence of Co(Il), Cr(Ill) and Mn(Il) in fluoride-containing reaction mixtures
resulted in either the formation of several unknown crystalline phases (Cr and
Mn) or the fluorinated aluminophosphate with a ULM-3 structure.

In all obtained crystalline products, MPA was entrapped in the inorganic
lattice interacting with the host framework via hydrogen and/or electrostatic
interactions. The type of interactions affected not only its thermal stability but
also the thermal stability of the organic—inorganic system. Finally, the formed
structures have no mutual structural analogy, suggesting complexity of the nuc-
leation process for the open-framework phosphates as well as complexity regard-
ing the precise role of the organic (guest) component.
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H3BOJ

3-(METUJIAMHWHO)ITPOITUJIAMUH KAO CTPYKTYPHU ATEHC Y CUHTE3HU
HEOPI'AHCKHX ITIOJIMUMEPA HA BA3HU ®OCPATA

CAMbA 0. JEBTUR', HEBEHKA 3. PAJUR' u VENCESLAV V. KAUCIC?

1 Yuueep3suitieii y beoipagy, Texnonowxo—metmanypuxu ¢axynieid, Kapneiujesa 4, 11000 Beoipag u
2National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana, Slovenia

3-(MernamuHo)nponwiamuH (MITA) W3yuaBaH je Kao CTPYKTYpHH areHC (TemIuiar) y
CHHTE3UW TIOPO3HMX MarepHjana Ha 0a3u docdata. YTulaj Temreparype, MOJICKOT OLHOCA
peakTaHaTa, BpEMEHa M MpHUCycTBa (IyOpHI-joOHAa Ha KpHCTanusauujy amymodocdara,
anymodocdara Koju y peuIeTKU Caip)ke joHe IpelasHuX ejleMeHara (MIpeasHU eeMEHT —
Mn(II), Cr(I1I) u Co(II)) Takohe cy usyuaBanu. MIIA ucrnospaBa CBOjCTBA TEMIIATA U y CBUM
CHUHTETHCAaHUM KPHUCTAJTHUM ITPOU3BOAMMA 3apO0/beH je Yy HEeOPraHCKOj peuIeTKH ca KOjoM
OCTBapyje BOZOHWYHE W/WIM eNeKTPOCTaTHUYKe HHTepakuuje. IIpemMa neTasbHOj TEPMHUKO]j
aHaJM3K BPCTa WHTepaKiHja je O MpecynHOr 3Havaja 3a TepMHuka cBojcTBa MIIA kao u
TEPMHUYKY CTaDWITHOCT YHUTABOT OPraHCKO-HEOPTaHCKOT KPHUCTANHOr cucrema. CTpyKTypHa
aHanM3a je ykasana ga mMehy HacTaaMM KPUCTaJHHMM CTpPyKTypama HeMa CIMYHOCTH. OBO
yKa3yje na je ynora opraHcke (,rocryjyhe“) KOMIOHEHTe y Ipolecy HyKiealuje MOpO3HUX
docdara cmokeHa Kao U caM TIpollec HyKjealuje.

(ITpumibeHo 9. okTOOpa, peBuaupaHo 17. okrodpa 2013)
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