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Isomorphous incorporation of transition metal ions
(TMI) in the framework of porous materials such as
zeolites and aluminophosphate (AIPO) molecular sieves
has attracted considerable attention!2 because metal-
incorporated molecular sieves contain atomically dis-
persed metal species that may impart novel catalytic
and adsorptive properties.? However, for metal-incor-
porated AIPO molecular sieves (MeAPO-n), it has been
difficult to verify metal incorporation into the frame-
work by typical characterization methods. Despite
significant differences in bond length between TMI-O
and Al—-0O or P—O, the amount of incorporated transi-
tion metal ions is normally insufficient? to change the
unit cell (UC) dimensions beyond experimental error.
Despite a few studies verifying the metal substitution
by XAS/XRD* and ESEM,? it is still debated whether
the substitution site for TMI is at the Al or P sites in
certain MeAPO-n materials.?

We recently discovered two different nanoporous
nickel(II) phosphates, VSB-1 and VSB-5, with interest-
ing catalytic and adsorption properties.%” The structure
of VSB-1 is based on a 3D network of octahedral (Oy)
Ni and tetrahedral (T;) P defining a large, unidimen-
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sional channel.b It is important to note that the frame-
work nickel atoms have octahedral coordination in the
VSB-1 structure, and are thus different from those
incorporated into AIPO and SAPO molecular sieves
which are tetrahedrally coordinated (for example, Ni—
SAPO-348). In this communication, we report the iso-
morphous substitution of various TMIs into the VSB-1
framework, as confirmed by the change of UC dimen-
sions and chemical and spectroscopic analysis. We have
also investigated the preferred coordination geometries
of the TMIs substituted into VSB-1.

The VSB-1 and transition metal ion-incorporated
VSB-1 (TMI-VSB-1) materials were synthesized under
microwave irradiation using the apparatus described
previously.? We adopted microwave synthesis because
it has been applied to the fast crystallization of inorganic
porous materials so that various reaction parameters
can be easily examined.®19 The synthesis was carried
out at 180 °C for 1 h in acidic conditions without any
organic template.!! The reactant composition was x:1.0:
1.0:2.5:100 TMI/HsPO4/NiCle/NH4F/H50. The atomic
concentration of added or incorporated TMI is reported
in atomic % based on total concentration of TMI, Ni,
and P. The precursors for Fe, V, Zn, and Co were FeCly*
4H50, VOS044H20, Zn(NOs3)2:6H20, and Co(OAc)s-
4H,0, respectively. The UC dimensions were calculated
using a standard least squares refinement program?!?
and a-alumina was used as an internal standard. The
UV/Vis diffuse reflectance spectra (UV/Vis-DRS) were
recorded under ambient condition using an UV/Vis
spectrophometer equipped with a quartz cell. The
chemical compositions of the as-synthesized materials
were determined by ICP analysis. Mossbauer experi-
ments for iron were performed at both 300 and 77 K
using a constant acceleration mode spectrometer and a
57Co source diffused into a Rh matrix. The values of
isomer shift are quoted relative to o-Fe at 300 K.

The synthesized VSB-1 and TMI-VSB-1 molecular
sieves are highly crystalline and have homogeneous
morphologies as shown by the XRD patterns (data not
shown) and SEM images (Supporting Information Fig-
ure 1). The aspect ratio increases substantially with the
incorporation of TMIs such as iron, vanadium, and
cobalt. The chemical compositions of Fe—VSB-1 are
summarized in Table 1.
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Figure 1. Changes of (a) UC volume and (b) the length of a-axis of the TMI—VSB-1 materials according to the type of TMI and
concentration of TMI incorporated. The size of symbol corresponds approximately to the experimental error.

Table 1. Chemical Compositions of Reaction Mixtures
and the As-Synthesized Fe—VSB-1 Materials

relative composition
of reaction mixture for
Fe—VSB-1 (atomic %)*

normalized compositions
of as-synthesized
Fe—VSB-1 (atomic %, + 0.3)*

sample Fe Ni P Fe Ni P
A 0.0 50.0 50.0 0.0 56.2 43.8
B 50 475 47.5 6.5 50.1 43.4
C 10.0 450 45.0 11.7 45.1 43.2
D 15.0 425 42.5 17.3 39.3 43.4
E 20.0 40.0 40.0 20.9 36.3 42.8

@ Based only on the concentration of Fe, Ni, and P.

The change of UC parameters upon metal incorpora-
tion without changing crystal symmetry of the host
structure provides direct evidence of the isomorphous
substitution. As expected, the incorporation of TMIs into
the VSB-1 framework leads to an increase or decrease
in UC volumes of the crystal structure depending on
the identity of the TMI. UC volumes and a-axis lengths
of TMI-VSB-1 increase due to substitution for all
elements studied except Fe—VSB-1, where the UC
parameters contract with increasing iron substitution
(Figure 1). However, the change of c-axis length upon
metal incorporation depends on the type of metal ions
(Supporting Information Figure 2). Interestingly, the
c-axis does not change with V concentration in V-VSB-1
similar to the result of VAPO-5.13 It is not yet clear why
a change of the c-axis length is not sensitive to V
concentration in V—=VSB-1, but it is thought that the
peculiarity of vanadium is probably related to the
presence of vanadyl groups in the framework that are
usually observed in VAPO-n.12 Detailed study is neces-
sary to understand effects of type of TMIs on c-axis
length.

It has already been pointed out®!* that the formal
charge and ionic radius of the TMI are very important
factors in determining the level of isomorphous substi-
tution of the TMI into a molecular sieve. Based on the
data of Shannon,'® the observed increases of UC
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Figure 2. Mossbauer spectrum of Fe—VSB-1 (Sample E) at
300 K fitted with four quadrupolar doublets. The two contribu-
tions of both O, Fe3* and O, Fe?t are shown. The relative
contents of Fe?" and Fe?" in Fe—VSB-1 (Sample E) can be
assigned to 87% and 13%, respectively, according to this
spectrum.

(UCza-vse-1 and UCc¢o-vsp-1 > UCysp-1) (Figure 1) are
consistent with the ionic radii of these TMI in 6-fold
coordination (Rz,2" > Rni?t and Rco2t > Rni2™). On the
contrary, the variations of UC for Fe—VSB-1 and
V—VSB-1 are not in agreement with these expectations.
Indeed, the volume decreases with Fe whereas Rp 2" >
Rni2t and increases with vanadium whereas Ry4t <
RNi2+.

Concerning Fe—VSB-1, it is well-known that in acidic
medium, Fe2™ (Rp.2" = 0.78 A in O), coordination) tends
to be oxidized into Fe3* (Rp.3* = 0.645 A in the same
coordination).>16 As the synthesis conditions correspond
to acidic conditions, such a process could explain the
corresponding decrease of the cell volume. Our Moss-
bauer results confirm the oxidation of about 90% of the
Fe2* to Fe3* and the coordination of iron to be octahe-
dral. Figure 2 illustrates the Mossbauer spectrum
recorded at 300 K on Fe—VSB-5 (Sample E), while Table
2 summarizes the refined values of the Mossbauer
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Figure 3. UV/Vis-DRS spectra of (a) Fe—VSB-1 and (b)
V—VSB-1 according to the concentration of incorporated metal
ions. The concentration of TMI increases from bottom to top.
The lowest spectra correspond to that of VSB-1 without any
TMI.

Table 2. Refined Fitting Parameters for the Mdssbauer
Spectra of Fe—VSB-1 (Sample E)*

IS r A
(mm/s) (mm/s) (mm/s) assigned proportion

temp. +£0.01 +£0.01 £0.02 species (%) +£1
300 K 0.42 0.33 0.54 Fe?t (Op) 44

0.43 0.32 0.92 Fe3t (On) 43

1.17 0.24 2.74 Fe?* (Op) 6

1.17 0.24 2.11 Fe?" (Op) 7
77K 0.53 0.32 0.54 Fe3t (0n) 45

0.54 0.36 0.90 Fe3t (On) 41

1.36 0.34 3.06 Fe? (Op) 14

@IS, T, and A correspond to isomer shift quoted relative to that
of a-Fe at 300 K, linewidth at half-height, and quadrupolar
splitting, respectively.

parameters from the spectra at 77 and 300 K. One
clearly observes a prevailing quadrupolar doublet with
a small asymmetry, located at the low velocity range
and a single line at about 3 mm/s. The spectrum can be
refined with three quadrupolar doublets and four qua-
drupolar doublets at 77 and 300 K, respectively.l”
Thanks to the values of isomer shift, the first two
quadrupolar doublets are unambiguously attributed to
high-spin Fe3* located in FeOg octahedral units, while
the third quadrupolar doublet at 77 K and the last two
ones at 300 K are clearly attributed to high-spin Fe2*
ions with octahedral coordination. In addition, this
study provides the content of both Fe?" and Fe?* in this
mixed valence compound as listed in Table 2. One has
to note that the values at 300 K are similar to those at
77 K. Moreover, other Fe—VSB-1s with lower iron
contents consist of approximately 90% Fe 3" and 10%
Fe 2+ (data not shown).1”

The mean radius (0.659 A) corresponding to this
occupancy (90% Fe?™ and 10% Fe?") is then consistent
with the observed decrease in UC volume (Ry;*" = 0.69
A). The substitution mechanism is also confirmed by the
UV/Vis-DRS analysis (Figure 3). The UV absorption
bands due to charge transfer of octahedral Fe3' are
known to occur around 278 nm for isolated Fe3*, 333

(17) Greneche, J.-M.; Jhung, S. H.; Chang, J.-S.; et al. Manuscript
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nm for small clusters, and 427 nm for Fe;Os, compared
with around 215 (t; — t2) and 241 nm (t; — e transition)
for tetrahedral Fe3".18 The UV/Vis-DRS spectra of Fe—
VSB-1 show very broad bands in the range 200—400 nm,
quite different from those of Fe3™(T,) present in Fe—
ZSM-5, which exhibit a maximum of absorption below
225 nm. These results strongly suggest that the Fe3"
ions in Fe—VSB-1 principally substitute at the octahe-
dral nickel sites.

The substitution site for Fe can also be verified by
chemical analysis (ICP), as shown in Table 1. The
chemical compositions of the Fe—VSB-1 materials ex-
hibit a steady decrease of Ni concentration with increas-
ing Fe concentration, demonstrating that the Fe ions
are isomorphously incorporated into the Ni sites in VSB-
1. However, a small amount of extraframework iron
species may exist considering the slight decrease of
phosphorus concentration with increasing iron concen-
tration.

On the basis of the same interpretation as above, an
increase of UC volume with increasing vanadium con-
centration in VSB-1 cannot be explained by the substi-
tution of nickel with V4t because Rv*" < Ry;i2". Indeed,
the increase of UC of V—VSB-1 may be explained with
the replacement of P>" by V4 because Ry*" > Rp®". It
is also noticeable that the dependences of the UC
volume with the incorporation of TMI (slope of Figure
1) rely on the difference of ionic radii: (Ry*"™ — Rp®") >
(Rzn?" — RNi®") > (Reo®™ — Rni?Y) > (RpPH2" — Rni?h).

Moreover, the substitution of phosphorus with vana-
dium may be confirmed by the T; symmetry of the
vanadium species in V=VSB-1. The UV absorptions for
vanadium are reported to bel319 250—286 nm for
V4H(T,), 286—333 nm for V57(Ty), and 330—500 nm for
V57(0y). The experimental absorption spectra (Figure
3) are mainly in favor of the major existence of tetra-
hedral V4" though we cannot rule out the presence of
tetrahedral V®, which is also larger than P°". This
means that vanadium principally substitutes for tetra-
hedral phosphorus sites in the framework of VSB-1, in
agreement with the increase of UC volume. However,
the substitution mechanism cannot be confirmed by the
ICP results to show a steady decrease of nickel and
phosphorus concentrations with increasing vanadium
concentration. This inconsistency may come from a low
level of V incorporation and the contribution of non-
framework V species that may exist in small concentra-
tion.

For Zn— and Co—VSB-1, chemical analysis results
indicate that Zn and Co ions might be incorporated in
the Ni sites in VSB-1 (data not shown), in agreement
with the UC volume changes (Rni?" < Rz,?" and
Rni** < Reo?™).

In summary, the isomorphous substitution of various
transition metal ions with not only tetrahedral (in the
P sites) but also octahedral symmetry (in the Ni sites)
in VSB-1 is clearly confirmed by UC parameters, and
spectroscopic and chemical analysis. This work demon-
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strates that nanoporous VSB-1 has an unusually ver-
satile framework that will accommodate high concen-
trations (up to 21% for Fe) of various TMIs in comparison
with other known zeolitic materials.
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