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The incorporation processes of Mn2+ and Co2+ into the framework of aluminophosphate molecular sieve
AlPO4-5, at the onset of crystallization, were investigated by in situ synchrotron X-ray absorption spectroscopy
(XAS) and density functional theory (DFT) computation. The results indicated that the syntheses of MnAPO-5
and CoAPO-5 were different in the incorporation mechanism of metal ions. For the synthesis of CoAPO-5,
Co2+ transferred from an octahedral into tetrahedral structure with crystal formation, while, for MnAPO-5,
the Mn2+ transition to the tetrahedral structure was much more difficult and it occurred after the appearance
of long-range ordered microporous structure. The DFT computations of model intermediates involved in the
synthesis process suggested that much higher transformation energy of [Mn(OP(OH)3)4]2+ than that of [Co-
(OP(OH)3)4]2+ was responsible for the diversity of the incorporation behaviors.

Introduction

AlPO4-5, an aluminophosphate molecular sieve with the
topological structure of AFI, owns a unidirectional cylindrical
channel of 12-membered rings with uniform cross sections of
0.73 nm along thec-axis. Such a channel opening, comparable
to the molecule size of aromatics, suggests a potential application
in catalysis. However, the neutral framework and lack of proper
acidic/basic properties prohibit it from further applications. The
isomorphous substitution of metal ions, such as Co2+, Mn2+,
Fe3+, Cr3+, and Ti4+, into the framework of aluminophosphate
molecular sieves (AlPO4-n, where n denotes a particular
structure type) may generate highly isolated active sites and
unique regioselectivity and shape-selectivity and exhibit poten-
tial catalytic applications in the selective oxidation of alkanes
and conversion of methanol to olefins.1-3 Metal-substituted
aluminophosphate-based microporous materials (MeAPOs) are
generally hydrothermally synthesized from precursors containing
metal ions and organic template molecules. To obtain MeAPOs
with desired location of active sites and well-defined atomic
environment, it is crucial to get insights into the transition
process of metal ion from the precursor gel into the frame-
work.4,5

Considerable efforts have been devoted to understanding the
transformation of amorphous precursor to crystal with mi-
croporous structures in the hydrothermal process. Ex situ studies,
by sampling the crystallization at regular intervals and subjecting
the samples to various physical characterizations, have provided
certain useful information. Arieli et al.6 explored the process
of Mn2+ incorporation into AlPO4-5 and AlPO4-11 by combined
electron-nuclear double resonance (ENDOR) spectroscopy and
DFT calculation and suggested that the aluminophosphate

network was formed prior to the detection of an X-ray diffraction
(XRD) pattern and gradually transformed to the three-
dimensional crystalline structures. Tan et al.7 investigated the
incorporation of Si into SAPO-34 by means of XRD, scan
electron microscopy (SEM), X-ray fluorescence spectroscopy
(XRF), infrared spectroscopy (IR), and nuclear magnetic
resonance spectroscopy (NMR); they proposed that Si was
incorporated via a direct participation mechanism in the early
stage and then a substitution mechanism in the later stages.
However, it is inevitable that lots of clues may be lost upon the
quenching, washing, and drying for the ex situ study. More
detailed and reliable information can be obtained by performing
in situ measurements.

In situ XRD,8-12 X-ray absorption spectroscopy (XAS),13-15

small-angle/wide-angle X-ray scattering (SAXS/WAXS),15-17

neutron diffraction,18,19 ultraviolet/visible spectrometry (UV/
vis),20 NMR,21 Raman spectroscopy,15,22 and FT-IR spectros-
copy23 have been proved to be effective in tracking the
hydrothermal crystallization of molecular sieves. Various in-
formation of nucleation, kinetics of growth, nature of molecular
species, and identification of intermediate phases has been
obtained depending on the special in situ techniques used.24

Christensen et al.8,9,11 investigated the crystallization of mi-
croporous aluminophosphates and Mg2+-, Mn2+-, Co2+-, and
Zn2+-substituted aluminophosphates by in situ synchrotron
XRD. The kinetic analysis based on the isothermal XRD
suggested that the nature of the transition metal cations has
significant influence on the crystallization rate and mechanism.
Furthermore, the amounts of metal ions in the precursor gel
also decide the formation of crystal with AFI, AEI, and CHA
structures in a competitive way and affect the properties of the
synthesized molecular sieves.25,26 In situ XRD can identify the
species with long-range ordered structure but give little informa-
tion on the amorphous materials related to the hydrolysis,
aggregation, oligomerization, and nucleation in a hydrothermal
process.27,28On the other hand, SAXS can provide information

* Author to whom correspondence should be addressed. E-mail:
iccjgw@sxicc.ac.cn. Tel:+86-351-4046092. Fax:+86-351-4041153.

† Institute of Coal Chemistry, Chinese Academy of Sciences.
‡ Institute of High Energy, Chinese Academy of Sciences.
§ Leibniz-Institut für Katalyse e.V. an der Universita¨t Rostock.

1515J. Phys. Chem. A2007,111,1515-1522

10.1021/jp066408l CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/02/2007



about the dimension, shape, and number of small species that
are sensitive to the structure of nuclei formed during the
induction period. It has been observed that the nuclei particles
in the precursor gel have broad size distribution from several
to decades nanometers dimension before the onset of crystal-
lization.15-17 Other in situ techniques, such as Raman and FT-
IR can also provide information related to the intermediate
species formed during the crystallization. XAS, both X-ray
absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS), hold promise for studying
the synthesis of molecular sieves in situ, which is possible to
detect a specific chemical constitute in the synthesis system
selectively, even as it is highly diluted, and to probe its site
environment in terms of bond distance and coordination number.
XAS is easy to perform with the aid of synchrotron radiation
sources, which provide a broad-band, tunable source of radiation
with uniform intensity in the X-ray region. When compared to
conventionally generated X-rays, the high brightness of syn-
chrotron radiation makes it possible to collect high-resolution
data in a short time. The in situ synchrotron XAS during
CoAPO-5 crystallization reveals that the incorporation of Co2+

is prior to the crystal formation.13,15

Although a large number of studies referred to the synthesis
of MeAPOs, only a small part of them concerned the detailed
process of metal incorporation into the aluminophosphate
framework during the hydrothermal synthesis. There is little
knowledge of the transient of active ion from the precursor gel
to the templated solid microporous materials; this makes it
difficult to synthesize these microporous materials designedly
with desired location of active sites and well-defined atomic
environment. It has been suggested that the heteroatom species
have vital influence not only on the crystallization rate and
mechanism but also on the crystal structure formed. For
example, the apparent activation energies for the hydrothermal
nucleation of MnAPO-5 (AFI) and ZnAPO-47 (CHA) have been
determined as 161 and 113 kJ/mol, respectively, by the kinetic
analysis of the isothermal in situ synchrotron XRD data in
crystallization.11 However, the intrinsical influence of metal ions
on the crystallization is still unclear.

In this work, in situ synchrotron XAS was applied to
investigate the hydrothermal crystallization process of Co2+-
and Mn2+-substituted AlPO4-5. The detailed transformation
processes of these two metal ions from the amorphous precursor
gel to the crystal were described. To get insight into the
intrinsical difference of the metal ions, DFT computations were
performed on the Co2+ and Mn2+ intermediates formed in the
synthesis process.

Experimental Section

The precursor gels of aluminophosphate-containing metal ions
(Co2+ or Mn2+) were synthesized according to the verified
method.29,30 Chemicals involved in the synthesis are H3PO4

(Tianjin Tianda Chemical Co., 85%), pseudoboehmite Al2O3

(Shandong aluminum Co., 77%), triethylamine (TriEA, Tianjin
Fuchen Chemical Co.,>99%), Mn(CH3COO)2‚4H2O (Beijing
Chemical Co.,>99%), and Co(NO3)2‚6H2O (Sinopharm Chemi-
cal Reagent Co.,>99%). In a typical synthesis process, TriEA
as the template was added into the mixture of orthophosphoric
acid, pseudoboehmite alumina, and Co(NO3)2‚6H2O or Mn(CH3-
COO)2‚4H2O under intensive stirring. This mixture was stirred
continuously and aged for a further 60 min, and the precursor
gels with the molar ratio of MeO:Al2O3:P2O5:TriEA:H2O being
0.12:0.44:0.6:0.84:22, where Me) Co or Mn, were obtained.

A special synthesis cell as shown in Figure 1 was designed
to meet the demands of both the hydrothermal process and the
in situ XAS measurement. Beryllium windows with a thickness
of 0.5 mm were used in both sides of the synthesis cell, and
the length of X-ray light route in the cell was set at 3 mm. A
heating component was mounted around the synthesis cell, and
a thermocouple was inserted into the cell. The temperature of
synthesis system was monitored and programmed with a
temperature controller.

XAS measurements were carried out at the 1W1B beam line
of Beijing Synchrotron Radiation Facility (BSRF). The precursor
gel was sealed in the in situ cell and then subjected to
synchrotron X-ray. It was then heated from ambient temperature
to 200 °C at a heating rate of 5°C/min. During this process,
the environmental change of metal ions during the crystallization
of MeAPOs was monitored by quick EXAFS (QEXAFS)
technique in the transmission mode with an acquisition time of
80-90 s.31,32

The X-ray absorption spectra obtained were analyzed with
the program WinXAS.33,34 The background correction and
normalization were carried out by fitting a linear polynomial
to the preedge region and square polynomial to the postedge
region of the absorption spectrum. TheE0 value was determined
by the maximum in the first derivative in the edge region.
Fourier transformations were performed onk3-weighted EXAFS
oscillations in the range 3-11 Å-1, employing Gaussian
windows. For the fitting of the first coordination shell, the phase
shifts and backscattering magnitudes were derived from a
theoretical calculation from a standard using the FEFF6 code.35

The crystallographic data on CoO and MnO served as a basis
for the atomic configurations. The uncertainties of the obtained
Debye-Waller factor, Me-O (Me ) Co, Mn) coordination

Figure 1. Synthesis cell for in situ XAS (left) and that with Be windows and heating component mounted (right).
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number, and bond distance are estimated within(3 × 10-5

Å2, (0.01, and( 0.002 Å, respectively.
In addition, to monitor the formation of crystal with long-

range ordered structure, the content in the synthesis cell was
sampled at various periods and the samples were subjected to
the ex situ XRD characterization. The same synthesis cell as
described above, acting as an autoclave, was adopted considering
the consistency of the in situ and ex situ measurements. For
the sampling, the cell was quenched in a water bath right after
the content inside reached a given temperature (140, 150, 170,
190, and 200°C); then the powder samples were recovered by
filtrating, washing, and drying at 120°C overnight. XRD was
preformed on a Rigaku D/max-2500 X-ray diffraction spec-
trometer with Cu KR radiation (0.154 18 nm, 40 kV, and 100

mA) in the range of 2θ between 5 and 40°. Because of the low
crystallinity of the samples and bad resolution of the patterns
involved, the analysis of the cell parameters of as-synthesized
products is neglected in the work.

Computational Details

All calculations were done with the Dmol3 program as
implemented in the Material Studio 2.2 package of Accelrys
Inc.36-39 The doubled numerical basis set with polarization
functions (DNP) and generalized gradient approximation (GGA)
functional by Becke exchange plus Lee-Yang-Parr correlation
(BLYP)40,41was used. The tolerances of energies, gradient, and
displacement convergence were 1× 10-5 au, 2× 10-3 au/Å,

Figure 2. XRD patterns of MnAPO-5 (left) and CoAPO-5 (right) with the crystallization temperature: (a) 140°C; (b) 150°C; (c) 170°C; (d) 190
°C; (e) 200°C; (f) 200 °C kept for 60 min.

Figure 3. Three-dimensional stack plots of the background-subtracted and normalized XANES spectra at the Co K edge and Mn K edge recorded
in situ during crystallization of (a) CoAPO-5 and (b) MnAPO-5 (b), respectively, starting from the precursor gel. Also shown are the integrated
intensity of the white line feature (O) and differential preedge feature (0) as a function of crystallization temperature for (c) CoAPO-5 and (d)
MnAPO-5.
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and 5× 10-3 Å, respectively. The real space cutoff of atomic
orbitals was set at 4.5 Å.

Results and Discussion

Experimental Results. XRD patterns of MnAPO-5 and
CoAPO-5 samples withdrawn at various crystallization stages
are shown in Figure 2. The crystalline aluminophosphates have
the structure of AFI, characterized by the diffraction peaks at
2θ of 7.4, 19.6, 21.0, and 22.3°. It indicated that the samples
obtained at 140°C are amorphous, while the diffraction peaks
appeared in the samples obtained at a crystallization temperature
above 150°C, for both MnAPO-5 and CoAPO-5. This was
consistent with that from the in situ XRD studies, which
demonstrated that the crystallization of aluminophosphate
containing Co2+ and Mn2+ starts at the elevated temperature of
130-150°C.10,11On the other hand, MnAPO-5 and CoAPO-5
exhibit little difference in the crystallinity and starting temper-
ature for crystallization, as revealed by the XRD patterns.

The background-subtracted and normalized XANES at the
Co and Mn K edge recorded in situ during the crystallization
of CoAPO-5 and MnAPO-5, as well as the simultaneous
variation of the absorption intensity and the differential preedge
feature, as a function of the crystallization temperature are
presented in Figure 3. The white line, i.e., electron transition
of 1s to 4p, is sensitive to the local structure of metal ions.
With the increase of temperature, the intensity of the white line
decreases monotonously, while the peak width broadens con-
siderably. This observation could be explained by the change
of coordination environment (the local coordination environment

of Me2+ becomes more covalent with the crystallization) rather
than by the change of ligand number and oxidation state of
Me2+.15 When absorbing atoms exist in the environment with
strong electrovalent bond, the dense electron cloud around Me2+

results in high potential barrier for electron capturing, which
leads to a sharp absorption peak. However, the diluted electron
cloud in the case of covalent environment brings on the electron
capturing in wider range and a broader absorption peak. On
the other hand, it is notable that the decrease in intensity for
MnAPO-5 with increasing temperature is much less than that
for CoAPO-5, indicating the difference in the coordination
number changes.

The preedge feature at 7.708 and 6.538 keV for CoAPO-5
and MnAPO-5, respectively, originated from a 1s to 3d trans-
ition, is forbidden in centrosymmetric structures but is allowed
in noncentrosymmetric ones such as tetrahedral or deformed
octahedral structures. The Co preedge feature increases by about
3-fold upon crystallization, indicating Co2+ transformation
from 6-fold to 4-fold coordination. However, the change in the
Mn preedge is much less, suggesting a quadruple transition in
the pseudooctahedral intermediates [Mn(H2O)x(OP(OH)3)6-x]2+

from the reaction of Mn(H2O)62+ with H3PO4 or H2PO4
-.15

Figure 4 shows thek3-weighted XAFS oscillations and
corresponding three-dimensional stack plots of the Fourier
transforms of the EXAFS spectra (k3 weighted overk range
from 3 to 11 Å-1) during the crystallization of AlPO4-5
containing Co2+ and Mn2+. An intense peak, corresponding to
the first coordination shell of oxygen, reduces monotonously
with the crystallization from room temperature to 200°C.

Figure 4. (a, c)k3-weighted XAFS oscillations and (b, d) corresponding three-dimensional stack plots of the Fourier transforms of EXAFS data
(k3-weighted overk range from 3 to 11 Å-1) recorded in situ during the crystallization of (a, b) CoAPO-5 and (c, d) MnAPO-5 obtained at different
crystallization temperature; for XAFS oscillations, from bottom to top: 40°C; 70 °C; 100°C; 150°C; 200°C.
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Figure 5 depicts the evolution of Debye-Waller term 2σ2,
coordination distance, and coordination number of Me-O
coordination shell with the crystallization of CoAPO-5 and
MnAPO-5. For the crystallization of CoAPO-5, results similar
to those by Grandjean et al.15 are obtained. It reveals that the
transition of Co2+ into the tetrahedral framework is via three
stages: (i) a tiny but gradual decrease in the Co-O length from
2.09 Å to 2.07 Å with a Co2+ coordination number of 6 (up to
120°C); (ii) a sharp decrease in the Co-O length to 1.92 Å, at
the same time the Co2+ coordination number decreasing to 4
(120-150 °C); (iii) the Co-O length maintained at ca. 1.90-
1.92 Å with a Co2+ coordination number of 4 (150-200 °C).
On the other hand, the Debye-Waller factors associated with
the Co-O shell increase with crystallization temperature and
reach the highest value at 150°C. The relatively high Debye-
Waller factors for CoAPO-5 suggest that the coordination
geometries of Co2+ are largely distorted, owing to the incor-
poration of Co2+ from the disordered reactant mixture into rigid
microporous aluminophosphate.

However, the evolution of Mn-O exhibited obvious differ-
ences from that of Co-O in AlPO4-5. As shown in Figure 5,
the Mn-O length reduces from 2.18 Å in the precursor gel
(corresponding to octahedral coordination) to 2.16 Å up to 100
°C and then to 2.08 Å at 200°C, while the coordination number
of Mn2+ changes from 6 to 5. The coordination distance and
coordination number decrease further to 2.04 Å and 4, respec-
tively, after crystallization for 30 min at 200°C. It is obvious
that the transformation of Mn2+ from 6-fold to 4-fold coordina-

tion is more difficult than that of Co2+. This is consistent with
the order of apparent activation energies for the crystallization
of MnAPO-5 (94 kJ/mol) and CoAPO-5 (61 kJ/mol) as
determined by in situ XRD.42

DFT Computations. Metal ions, introduced into the reactant
mixture with a pH value of 2-3, are in the hydrated form of
[Me(H2O)6]2+, where Me) Co2+ or Mn2+. Water ligands are
gradually replaced by H3PO4 or H2PO4

- to form the intermedi-
ates in 6-, 5-, and 4-fold coordination. Thus, a simple transfor-
mation model of metal ions from octahedral to tetrahedral
structure, through the replacement of water in [Me(H2O)6]2+

by H3PO4, was proposed.6,20As shown in Figure 6, the structures
of the model intermediates start with the optimized [Me-
(H2O)6]2+ (Me ) Co, Mn, Figure 6-1). The structures of
intermediates [Me(H2O)6-x(OP(OH)3)x]2+ (x ) 1-4) (Figure
6-2 to 6-5) are constructed by replacing H2O ligands in [Me-
(H2O)6]2+ gradually with [OP(OH)3] group. The structure of
intermediates [Me(H2O)x(OP(OH)3)4]2+ (x ) 0-1) (Figure 6-6
to 6-7) comes from cutting off one or two H2O molecules in
the optimized [Me(H2O)2(OP(OH)3)4]2+. It should be noted that
phosphorus may exist as the oligomers of aluminophosphate in
the actual synthesis process,27 while large clusters with long
aluminophosphate chains are unpractical for the DFT optimiza-
tion. Therefore, the hydroxyl instead was used for phosphorus
saturation in the present computation.43

The calculated Me-O coordination distances in the optimized
intermediates and those based on the Shannon’s crystal radii

Figure 5. Evolution of Debye-Waller term 2σ2 (4), coordination distanceR (O), and coordination numberN (0) of metal to oxygen coordination
shell in the crystallization of CoAPO-5 (left) and MnAPO-5 (right) with temperature.

TABLE 1: Calculated Coordination Number and Me-O Distance in the Intermediates during the Synthesis of MeAPO-5 (Me
) Co, Mn)

Me-O coord dist (Å)

compd series CNa Me-O(H) Me-O(P) av value refb

CoAPO-5 1 6(6,0) 2.15(4), 2.14(2) 2.15 2.11
2 6(5,1) 2.17(2), 2.16, 2.15, 2.14 2.060 2.14
3 6(4,2) 2.14, 2.15, 2.16, 2.19 2.11, 2.09 2.14
4 6(3,3) 2.18(2), 2.17 2.16, 2.10, 2.06 2.14
5 6(2,4) 2.20, 2.16 2.15, 2.07, 2.18, 2.11 2.14
6 5(1,4) 2.20 2.07, 2.03, 2.07, 2.04 2.08 2.03
7 4(0,4) 2.01, 1.97, 1.97, 2.00 1.99 1.94

MnAPO-5 1 6(6,0) 2.23(6) 2.23 2.19
2 6(5,1) 2.24(3), 2.26, 2.27 2.10 2.22
3 6(4,2) 2.24, 2.25(2), 2.27 2.16(2) 2.22
4 6(3,3) 2.30, 2.28, 2.26 2.20, 2.16, 2.11 2.22
5 6(2,4) 2.31, 2.28 2.20, 2.13, 2.22, 2.18 2.22
6 5(1,4) 2.19 2.14(2), 2.06, 2.18 2.14 2.11
7 4(0,4) 2.03(2), 2.08, 2.09 2.06 2.02

a Coordination number inc(x,y), wherex is the coordinated-oxygen number in the H2O ligand,y is the coordinated-oxygen number in the H3PO4

ligand, andc is the overall coordinated-oxygen number.b Based on Shannon crystal radii and oxide radius of 1.22 Å.44,45
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(oxide radius of 1.22 Å)44,45are listed in Table 1. A comparison
of the Co-O and Mn-O coordination distances as a function
of the coordination number obtained from the in situ EXAFS,
theoretical computation, and Shannon’s crystal radii are il-
lustrated in Figure 7. In the theoretical optimized intermediates,
the Co-O and Mn-O lengths in the octahedral [Me(H2O)6]2+

are 2.15 and 2.23 Å, respectively; with one water molecule
replaced by H3PO4, they decrease slightly to 2.14 Å (Co-O)
and 2.22 Å (Mn-O), respectively, and then keep constant for
further substitution in the intermediates with 6-fold coordination.
Exclusion of H2O from the intermediates, corresponding to the
change in the coordination number of Co2+ and Mn2+ from 6

to 5 and 4, results in the shrinking of Me-O distance. This
trend agrees well with the changes in Me-O length obtained
from the experimental results in this work and the calculated
ones from the crystal radii,44 although the absolute values may
be some overestimated (Figure 7). Furthermore, Mn-O distance
is longer than Co-O distance, also suggesting that the incor-
poration of Mn2+ into the Al-O-P network is much more
difficult than that of Co2+.

The total energies of optimized intermediates are listed in
Table 2. It indicates that the exchange reaction of H3PO4 with
water in the hydrated metal ions results in a decrease in the
total energy.

Figure 6. Optimized structure of the cluster model of intermediates in the synthesis of MeAPO-5 (orange, P atom; blue, Co or Mn, red, O; gray,
H).

Figure 7. Co-O (left) and Mn-O (right) coordination distances as a function of the coordination number obtained from the in situ EXAFS (O),
theoretical computation (b), and Shannon’s crystal radii (2).
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The energy changes (∆E) for the stepwise transformation of
the intermediates described in Figure 8 are calculated by

whereE1 denotes the energy of cluster [Me(H2O)6]2+, E2-E5

denote the energies of clusters [Me(H2O)6-x(OP(OH)3)x]2+ (x
) 1-4), and E6 and E7 denote the energies of clusters [Me-
(H2O)x(OP(OH)3)4]2+ (x ) 0, 1).

The first stage shows the energy change of the stepwise
substitution of H2O by H3PO4 with the formation of [Me(H2O)6-x-
(OP(OH)3)x]2+ (Me ) Co, Mn, x ) 1-4). The stepwise
substitution of H2O by H3PO4 is exothermic, but the reaction
energies decrease in magnitude. However, no large difference
in energy change between Mn2+ and Co2+ can be found in this
stage. The second stage of energy changes correspond to the
exclusion of water and the formation of [Me(H2O)x(OP-
(OH)3)4]2+ (Me ) Co, Mn; x ) 1, 0). Significant differences
between Mn2+ and Co2+ were found; for example, [Me(H2O)-
(OP(OH)3)4]2+ is formed endothermally by 34.8 and 54.7 kJ/

mol for Me ) Co2+ and Mn2+, respectively. Even large energy
difference is found between the formation of [Co(OP(OH)3)4]2+

and [Mn(OP(OH)3)4]2+ (8.5 vs 69.5 kJ/mol). Therefore, a total
energy difference (ca 81 kJ/mol) for the exclusion of two water
molecules from the coordination sphere in [Me(H2O)2(OP-
(OH)3)4]2+ (Me ) Co, Mn) may explain the difficulty of Mn2+

incorporation into the tetrahedral network.

Conclusions

The in situ XAS was employed in probing the incorporation
of Mn2+ and Co2+ from the precursor gel to AlPO4-5 mi-
croporous framework in hydrothermal synthesis process. XRD
suggests that the long-range ordered crystal structure for both
MnAPO-5 and CoAPO-5 appeared at 150°C. However, Mn2+

and Co2+ are different in the incorporation behaviors for
transformation from 6-fold to 4-fold structure, as unraveled by
the in situ XAS investigation. The transition of Co2+ into the
tetrahedral framework is via three stages and completed at 120-
150 °C, while Mn2+ transfers to the pentacoordination at 200
°C and gets to the tetrahedral structure after crystallization for
30 min at 200°C. The incorporation of Mn2+ is more difficult
than that of Co2+.

On the basis of the experimental results, the metal ions
transformation process was proposed and DFT computations
at the BLYP/GGA-DNP level were carried out on the interme-
diates [Me(H2O)x(OP(OH)3)y]2+ (Me ) Co or Mn;x + y ) 6,
5, or 4). The structure parameters for the optimized Co2+ and
Mn2+ intermediates are in good agreement with the experimental
data. On the other hand, the energy analysis suggests that the
exchange reaction of H3PO4 with water in the hydrated metal
ions is favorable on energy, while the exclusion of water from
the intermediate results in an energy increase. Furthermore, the
transformation energy of [Mn(OP(OH)3)4]2+ is much higher than
that of [Co(OP(OH)3)4]2+, which rationally explains the diversi-
ties of Co2+ and Mn2+ in incorporation behaviors.
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