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Solid-State NMR Study of Dehydration of Layered a-Niobium Phosphate
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The dehydration of a representative layered o-niobium phosphate (o-NbP) was studied by ®*Nb solid state wide-line
NMR in combination with several other techniques including X-ray diffraction, thermogravimetric analysis, and *'P
MAS NMR. Four niobium phosphate species associated with dehydration including tri-, di-, and monohydrate phases,
as well as a completely dehydrated phase, are identified by **Nb NMR. The tri- and dihydrate phases coexist in the
as-made o-NbP sample. The monohydrate phase formed after heating the sample at 70 °C, and an additional
anhydrous phase was produced when further dehydrated at 140 °C. The dehydration at 250 °C resulted in a
completely anhydrous phase. The ®*Nb NMR parameters extracted from the wide-line NMR spectra acquired at
different magnetic fields are highly sensitive to the dehydration process.

Introduction

Layered metal phosphates, MPs (M = Zr, Ti, Mo, Nb, V,
Mg, Hf) are important materials with several applications
in ion-exchange, intercalation, catalysis, sorption, protonic
conductors, solar energy storage, and crystal engineer-
ing.' > a-NbOPO, - 3H,0 (a-NbP)* is the most well-known
example of niobium phosphates (NbPs). The structure of
o-NDbP, although not determined, is widely accepted to be
isostructural with a-VOPO,-2H,0 (a-VP).* Figure 1 illus-
trates the structure of the a-NbP proposed based on that of
a-VP.%7 Each layer contains NbOg octahedra, and each
NbOg octahedron is connected to four PO, tetrahedra in
the equatorial plane. One of the axial groups in the octahe-
dron is an Nb=0 double bond, and the other axial ligand is a
water molecule directly bonded to the metal center. The
layers are electrically neutral and held together by hydrogen
bonding involving the Nb=0 group, the coordinated water
molecule, as well as the water molecules occluded in the
interlayer space. Since the interactions holding the layers
together are weak, guest species readily intercalate into the
interlayer galleries. The intercalations of organic compounds
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such as amines®® and alcohols'®'! into a-NbP have been

studied previously using thermogravimetric analysis (TGA)
and vibrational spectroscopy.

The layered structure and its intercalation properties make
niobium phosphates good candidates for catalysts.">”'* For
example, it has been shown that NbPs are able to promote
several acid-catalyzed reactions.' In recent years, a family of
mixed VP-NbP catalysts have been prepared to selectively
oxidize n-butane or n-butene to maleic anhydride.'®'” To
better understand the applications and to design new NbP-
based materials, detailed structure information on these
layered materials is needed. However, as is the case for most
MPs, it is usually difficult to obtain suitable NbP crystals for
single-crystal X-ray diffraction (XRD) studies. Solving the
structure by powder XRD is also not straightforward be-
cause there are often few diffraction lines for analxysis. As a
result, only the structure of the anhydrous o-NbP'® has been
determined. It is intriguing to note that the dehydrated phase
has a three-dimensional framework rather than the layered
structure of the parent material. Therefore, the dehydration
process has been an interesting topic and studied by powder
XRD,** infrared (IR) and 'H NMR." In general, it is the
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Figure 1. Structure of o-NbOPO,4-3H,O showing (A) the layered
structure; (B) the detailed coordination within a layer. The hydrogens
are omitted for clarity.

dehydrated phases that are involved in catalysis while the
hydrated materials are usually the precursors.

Solid-state NMR is a complementary technique to XRD.
However, only one 'H NMR study'® has been performed for
characterization of NbPs. **Nb solid-state NMR has never
been used to directly probe the local environments around
Nb in these materials. *>Nb is a quadrupolar nucleus with
a spin / = 9/2. It has a relative high gyromagnetic ratio
comparable to '*C and a high natural abundance (100%).
But it also has a relatively large nuclear quadrupole moment
(Q = —3.2 x 10~* m?),*® which interacts with any electric
field gradients (EFG) at the nucleus, leading to the broad
3N spectral lines. In recent years, **Nb solid-state NMR is
increasingly becoming a powerful tool for materials charac-
terization?** and has been used to study different systems
including various niobates,?' ™2 ferroelectrics,zz’%’27 nio-
bium silicates,”® niobium phosphates,”* niobium oxyfluo-
rides,**" and half-sandwich niobium cyclopentadienyl com-
plexes.*

In the present study, the local environments of the niobium
centers in o-NbP and its dehydrated phases were investigated
by wide-line “*Nb NMR. The chemical shift (CS) and the
electric field gradient (EFG) tensor parameters including the
isotropic CS (dis,), the span (Q), skew (x), quadrupolar
coupling constant (Cq), and the EFG tensor asymmetry
parameter (1q) were extracted by analyzing the P*Nb static
spectra. To obtain reliable NMR parameters, the **Nb
spectra were acquired at three different fields, 9.4, 14.1,
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and 21.1 T. One of the goals of this study is to explore
the sensitivity of **Nb static spectra to the dehydration.
*'P magic angle spinning (MAS) NMR, powder XRD,
and TGA have also been applied to investigate the dehydra-
tion.

Experimental Section

The o-NbP was synthesized by the following procedure:>'°
6 g of Nb,Os was refluxed in42 mL of HF (40%) for 2 daysin
a Teflon container; 24.6 mL of H;PO, was added to this
solution, and the mixture was heated in a steam bath until a
crystalline precipitate formed and the solids were then recov-
ered by centrifugation. The precipitate was washed with 5 M
HNO;, then water, and dried at room temperature. This
sample is hereafter referred to as the as-made a-NbP. The
dehydrated samples were obtained by heating as-made
o-NDbP in an oven at 70 °C for 2 h, 140 °C for 2 h, and
250 °C for 20 h. The dehydrated samples were kept in sealed
tubes for NMR and TGA analysis.

The identity of the synthesized materials was confirmed by
comparing the powder XRD patterns with those reported in
the literature.® '! Powder XRD measurements were per-
formed on a Rigaku Rotating Anode diffractometer (45
kV/160 mA) using graphite-monochromated Co Ka radia-
tion with a wavelength of 1.7902 A. The powder XRD
patterns were recorded within the range 5° < 26 < 65° with
10°/min step width and 6 min count time. The dehydration of
a-NbP was also followed by TGA, which was performed on a
Mettler Toledo TGA/SDTAS851 analyzer. TGA measure-
ments were carried out in a temperature range of 25—
550 °C at a heating rate of 10 °C/min. The flow rate of
nitrogen gas was 25 mL/min.

?*Nb static NMR experiments were performed at three
different fields: 9.4 (97.73 MHz), 14.1 T (147.67 MHz), and
21.1 T (220.23 MHz). The experiments at 9.4 T were per-
formed on a Varian Infinityplus 400 WB spectrometer, using
a horizontal 5 mm static probe. The static spectra were
acquired by using the spin—echo se%]uence with the phase
cycling developed by Oldfield et al.>* and a 90° refocusing
pulse [77/2 — 7 — /2 — T- acq]. A non-selective ;r/2 pulse width
of 4.5 us, corresponding to a selective 7z/2 pulse width of 0.9 us
for >>Nb central transition, was calibrated ona 0.4 M NbCls/
CH;CN solution. A recycle delay of 2.0 s was applied. The
93N static spectra at 14.1 T were acquired on a Varian Inova
600 spectrometer, using a 3.2-mm MAS probe. The experi-
ments at 21.1 T were performed on a 900 MHz Bruker
Avance II spectrometer at the National Ultrahigh-field
NMR Facility for Solids in Ottawa, Canada, using a 4 mm
MAS probe. 9Nb CSs were referenced to a 0.4 M NbCls/
CH;CN solution (i5, = 0 ppm).

The *'P NMR experiments were performed on the same
Varian Infinityplus 400 WB spectrometer. A 5 mm MAS
probe was used, and the samples were spun at 10 kHz. A /6
pulse (1.5 us) and a recycle delay of 60 s were applied.

All spectral simulations were carried out by using the
WSOLIDSI software package.>* The experimental error for
each measured parameter was determined by visual compar-
ison of experimental spectra with simulations. The parameter
of concern was varied bidirectionally starting from the best fit
value, and all other parameters were kept constant, until
noticeable differences between the spectra were observed.

The calculations of the CS and EFG tensors of “>Nb in the
dehydrated NbP phases were performed using the Gaussian
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03 program® on SHARCNET (www.sharcnet.ca).>® The
calculations were carried out with simplified molecular clus-
ters containing the structural units of interest, specifically
Nb(PO4)4(Nb06)2H133_ (1) for the dehydrate phase and
Nb(PO,4)4sO(H,O)Hg ™ (2) for the monohydrate phase. Clus-
ter 1 was truncated from the periodic lattice of anhydrous
o-NbP'® and terminated with OH groups, an approach
widely used in ab initio calculations of >’Al EFG tensors in
periodic solids such as zeolites.>” *' The H atoms used to
terminate the cluster were placed in the fourth coordination
sphere of the central Nb atom replacing either the P or the Nb
atoms connected to the O atoms. No further optimization
was performed. Cluster 2 was constructed by replacing the
two axial NbOg units in cluster 1 with O and H,O group. The
NMR parameters were then calculated by systematically
varying the Nb=0 and Nb—OH, bond distances. The calcu-
lations were carried out using the restricted Hartree—Fock
(RHF) method. Two expanded all-electron basis sets,*
4F(43333/433/43) and 6D(43333/433/43) correspondin
valence shell electron configurations of 4d35s% and 4d*ss!,
respectively, were applied for Nb. Basis set of 6-311G** was
applied to all the atoms other than Nb.

The calculated EFGs (Vyy, Vyy, Vzz) were converted to
the quadrupole coupling constant (C) and asymmetry para-
meter (17q) according to the following definition: |Vyy| < |
Vyyl =1Vl Co = (eV77Q/h) % 9.71736 x 10°! (Hz); nQ =
(Vyxy — Vyy)/Vzz, where e is the electric charge; Q is the
nuclear quadrupole moment [Q(**Nb) = —3.2 x 10~ m?];*°
h is Planck’s constant. The constant of 9.71736 x 102] in
the equation is due to V', being calculated in atomic units
(1 au = 9.71736 x 10*! V-m~?). For Gaussian calculations,
the above conversion can be obtained automatically by using
the EFGShield program.* The calculated chemical shielding,
o, was converted to CS using NbCls ™ (J;so = 0.0 ppm) as the
primary reference,* according to the equation: & (ppm) =
Orer (PPM) — Ogample (Ppm). The absolute shielding of the
reference compound was obtained from a geometry-opti-
mized NbClgs ™ ion, using the same method and basis set as
for the clusters. The three principal components of the CS
tensor are defined as [0;;] = [025] = [033]. The span Q
and skew « are defined as follows: Q = 0;; — dsz3and x = 3
(622 - 6iso)/9'

Results and Discussion

The as-made o-NbP was dehydrated at different tempera-
tures under the literature conditions,” and the resulting
powder XRD patterns are consistent with those reported in
the literature (Supporting Information, Figure S1A-D). The
parent, as-made o-NbP has an interlayer distance of 8.1 A
obtained from the XRD pattern which is in good agreement
with the literature value.* After dehydration at 70 °C for 2h,a
new layered structure with an interlayer distance of 6.9 A was
formed. When as-made o-NbP was heated at 140 °C for 2 h,
a layered structure with an interlayer spacing of 6.1 A was
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Figure 2. (A) TGA and (B) DTA curves of as-made a-NbP samples
dehydrated at different temperatures.

obtained. After heating at 250 °C for 20 h, anhydrous NbP
was produced as indicated by the XRD pattern.

To obtain further information about the dehydrated
phases, TGA experiments were performed (Figure 2A).
The TGA curve of as-made a-NbP shows two steps of weight
loss, indicating the existence of two different types of water
molecules. Taking the derivative of the TGA curve yields the
corresponding differential thermal analysis (DTA) curve
(Figure 2B). The DTA curve of as-made o-NbP shows two
peaks at around 70 and 200 °C. The peak at around 70 °C is
due to the loss of the water molecules occluded between the
layers, and the peak at 200 °C originates from the removal of
the water molecules directly coordinated to the Nb. The
weight loss in the TGA suggests that there are about 1.3
interlayer water molecules and one coordinated water mole-
cule; therefore, instead of 3, a total of 2.3 water molecules per
formula exist in the structure. The results indicate that the as-
made o-NbP is a mixture of trihydrate (30%) and dihydrate
(70%) phases. However, the XRD pattern (Supporting
Information, Figure S1A) is identical to those reported for
a-NbOPOy - 3H,0, suggesting that partially losing one water
molecule to become the dihydrate phase does not change the
layered structure significantly. This is probably due to the
high mobility of the interlayer water molecules. A snmlar
situation was observed in a previous 'H and IR study."”

The TGA and DTA curves of the sample dehydrated at
70 °C for 2 h show mainly one peak at about 200 °C
corresponding to the weight loss of the water molecules
directly bonded to the Nb centers. This suggests that the
70 °C sample is a pure monohydrate phase. The TGA and
DTA curves of the 140 °C sample are very similar to those of
the 70 °C sample. The weight loss corresponds to the removal
of 0.69 water molecules per formula, suggesting this sample is
amixture of monohydrate phase (69%) and anhydrous phase
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Figure 3. “*Nb static NMR spectra of as-made o-NbP and its dehy-
drated phases at the magnetic fields of (A) 9.4, (B) 14.1, and (C) 21.1 T.
The very broad signals near the baseline in the spectra are due to a small
amount of unreacted Nb,Os.

(31%). Itis noted that although the samples dehydrated at 70
and 140 °C both have the monohydrate phases, their inter-
layer distances are slightly different (6.9 A for the 70 °C
sample and 6.1 A for the 140 °C samgle). These phenomena
were also reported by other groups.®'” It appears that the
interlayer spacing of the monohydrate phase depends on
the thermal history. The sample dehydrated at 250 °C is the
anhydrous phase. A very small amount of weight loss (less
than 2%) in the TGA curve is due to the residual mono-
hydrate phase as shown by *'P MAS NMR spectrum (see
discussion later).

The **Nb static NMR spectra of as-made a-NbP and its
dehydrated phases (Figure 3) were obtained to probe the
effect of dehydration on the environment of the Nb centers.
Since there is only one crystallographic Nb site in o-NbP,
there should be only one **Nb resonance in the spectrum.
However, the *>Nb NMR spectra at 14.1 and 21.1 T both
clearly exhibit two signals. This confirms the TGA results
that the as-made NbP sample is a mixture of tri- and
dihydrate phases. Indeed, the spectra at 3 different fields
can be well fitted by two Nb sites, and their NMR parameters
were given in Table 1. A comparison of the NMR intensity
with the TGA weight loss ratio of the tri- and dihydrate
phases allows one to assign the *>Nb resonance with an
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isotropic shift, d;,, at —1160 ppm to the trihydrate phase and
the single with a d;;, = —1130 ppm to the dihydrate phase.
The signals became broader with increasing field strengths
from ~150(at9.4 T) to 190 (at 14.1 T) to 260 kHz (at 21.1 T),
indicating that the spectra are dominated by the CS aniso-
tropy (CSA). The values of skew « are 0.93 and 1.0 for di-
and trihydrate phases, respectively, which indicates approxi-
mately axial CS tensors for both materials. Indeed, the large
CSA values were obtained from spectral simulations
(Table 1), confirming the dominance of the CSA. The Cq
values of tri- and dihydrate phases are 45 and 30 MHz,
respectively. Slmlldl‘ Cq values have been regorted for dif-
ferent niobates**> and niobium phosphates.”* The value
of nq for both tri- and dihydrate phases are equal to zero,
implying that the ;> component is the unique component of
the EFG tensor. The Euler angles of (0, 0, 0) suggest that the
two axis systems describing the CS and the EFG tensors
coincide with each other. These results imply that there is an
approximate local C, axis along the axial O=Nb—OH,
direction. The very broad weak signal near baseline is due
to the unreacted Nb,Os.

The **Nb static NMR spectra of the sample dehydrated at
70 °C (Figure 3) were also acquired at three different
magnetic fields. They exhibit only one signal, consistent with
the TGA result that this sample is a pure phase of mono-
hydrate NbP. Again, the broader resonance at higher field
suggests predominate contribution from the CSA. Simulat-
ing the spectra yields the following CS and EFG parameters:
Oiso = —1180 ppm, Q = 1068 ppm, x = 0.93, Co = 28 MHz,
1o = 0.00. Figure 4 illustrates the simulated spectra empha-
sizing the individual contributions from the CS and the
quadrupolar interactions at different fields, and they clearly
demonstrate the dominance of the CSA in the spectra,
especially at 21.1 T. It is also noted that a large Cq value of
28 MHz only produces a relatively narrow signal less than
100 kHz. This is because for a half-integer spin nucleus at
static condition the second-order quadrupolar broadening of
the central transition is proportional to vo*/vy, Where vq
is the quadrupolar freguency, 3Cq/[21(21 — 1)], and vy is the
Larmor frequency.”’* Therefore, the broadenmg corre-
sponding to a given Cq value decreases as the spin quantum
number / increases.

The **Nb static NMR spectra of the sample dehydrated at
140 °C show two signals (Figure 3): one is the same as that of
the 70 °C sample and the other one is slightly narrower but
with a similar line-shape. The former can be assigned to the
Nb in the monohydrate phase; the latter must be due to the
Nbin the anhydrous material. For each Nb site, the spectra at
three fields can be well simulated by usmg a smgle set of CS
and EFG parameters which are listed in Table 1. The **Nb
static NMR spectra of the sample dehydrated at 250 °C were
also acquired (Figure 3). The spectra taken at different fields
can be well simulated with a single **Nb resonance, which
agrees well with the crystal structure determined by single
crystal X-ray diffraction'® showing that the completely
dehydrated o-NbP has only a single Nb site. The value of
k = 0.93 is very close to 1, suggesting a CS tensor with an
approximate axial symmetry. The value of asymmetry para-
meter (7o = 0.0) indicates an axial EFG tensor. The X-ray
structure shows that the Nb atom is slightly above the plane

(44) Duer, M. J. Solid-State NM R Spectroscopy: Principles and Applica-
tions; Blackwell Science: Oxford, 2002.
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Table 1. Parameters Used to Fit **Nb Static Spectra of As-Made a-NbP and Its Dehydrated Phases
compounds Oiso(ppm) Q (ppm) K Co(MHz) ) intensity
RT site 1 —1130 £ 10 1150 £ 20 0.93 £ 0.05 45+£2 0.00 = 0.02 23%
site 2 —1160 £ 10 1100 £ 20 1.00 + 0.05 30£2 0.00 4+ 0.02 77%
70 °C —1180 £ 10 1068 £ 20 0.93 + 0.05 28 +2 0.00 4+ 0.02
140 °C site 1 —1180 &+ 10 1068 + 20 0.93 £0.05 28+2 0.00 £ 0.02 67%
site 2 —1300 £ 10 1017 £ 20 0.93 £0.05 202 0.00 + 0.02 33%
250 °C —1300 £ 10 1017 £ 20 0.93 + 0.05 20+ 2 0.00 4+ 0.02
“For all the simulations, the Euler angles (a, f3, ) are (0, 0, 0).
(A)
(A) -18 pp{’
Cp only experimental (a) o-NbP
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Figure 4. Observed and simulated *>Nb static spectra of the sample
dehydrated at 70 °C at the magnetic fields of (A) 9.4, (B) 14.1, and
(C) 21.1 T, showing the contributions of the CSA and the EFG to the
observed spectra.

defined by 4 equatorial oxygen atoms. Although the true
crystallographic site symmetry of Nb is merely C,, the facts
that 4 Nb—O bonds perpendicular to the C> have identical
bond distances and that the distortion of the NbOg octahe-
dron is mainly along the crystallographic C, render an
approximate local C, collinear with the true C,, which
explains the observed tensor symmetry. The CS and EFG
parameters extracted from spectral simulation are identical
to the second signal seen in the spectra of the 140 °C sample
discussed earlier, confirming the existence of anhydrous
phase in the sample dehydrated at 140 °C.

The **Nb CS values of all four phases fall in the region of
NbOg octahedra reported in the literature.”? An inspection of
Table 1 reveals that the dehydration induces a downfield CS,
a decrease in the CSA, and a reduction of Cgq. These results
indicate that the dehydration leads to a more symmetric Nb
local environment in NbOg octahedra because (1) the water
molecules are gradually removed from the lattice and (2) the
Nb=O0 double bond is gradually lengthened and eventually
transforms to a Nb—O single bond. Supporting Information,
Figures S2A—C show approximate linear relationships bet-
ween the “>Nb NMR parameters (including dis,, €2, and Cq)
and the number of water molecules in the lattice. These
correlations indicate that the *?Nb NMR parameters are
sensitive to the dehydration.

=20.3 ppm
18 PKJ\’/\ (c) NbP at 140°C

-5 ppm ‘-ﬁs ppm
N (d) NbP at 250°C

160 100 ) 0 -50 -100
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3 2 1 0
Number of water molecules

Figure 5. (A) *'P MAS spectra of as-made o-NbP and its dehydrated
phases. (B) The relationship between the number of water molecules in the
lattice of o-NbP and *'P isotropic CS.

3P MAS spectra, on the other hand, appear not very
sensitive to the number of the water molecule in the lattice.
Figure 5A shows that the as-made a-NbP only has a single
broad *'P peak at —1.8 ppm. This su%§ests only one P
environment, which is different from the “"Nb NMR result.
The sample dehydrated at 70 °C shows essentially the same
3P signal. It appears that the tri-, di-, and monohydrate
phase all exhibit the same *'P peak. The sample dehydrated
at 140 °C exhibits two 'P signals: one is the same as that
observed in the 70 °C sample and the other one at —20.3 ppm
is similar to that seen in the 250 °C sample, confirming that
the 140 °C sample is a mixture of the monohydrate phase and
the anhydrous phase. In addition to the signal at —23.3 ppm
originating from P in the anhydrous phase, the *'P MAS
spectrum of the 250 °C sample also has a very small signal,
indicating the existence of a very small amount of residual
monohydrate phase present in the 250 °C sample, which is
consistent with the TGA results. The results show that overall
the *'P isotropic CSs are less sensitive to the dehydration until
the anhydrous phase is formed (Figure 5B). The possible
reason is that the occluded interlayer water molecules are
hydrogen bonded to the oxygen atom in Nb=0 group as well
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Figure 6. Schematic illustration of the dehydration process.

as the water molecule directly coordinated to Nb, but not to
the oxygen atoms bridging the Nb and the PO, groups
(Figure 6A). Consequently, the departure of the occluded
water molecules from the lattice affects the Nb local structure
more than the P environment. It is interesting to notice that
the 1o and skew « remain essentially unchanged during the
dehydration process (Table 1 and Supporting Information,
Figure S2D), suggesting that during the dehydration the C,
local symmetry is preserved.

To confirm this argument, theoretical calculations of the
NMR tensor properties were carried out since a recent study
showed that the *Nb CS and EFG tensor parameters,
especially the latter, can be predicted reasonably well with
the RHF method.?? Therefore, we performed RHF calcula-
tions on two model clusters representing the monohydrate
and completely dehydrate phases. For dehydrate phase, a
cluster of Nb(PO,)4(NbOg),H s>~ (1) was truncated from its
periodic lattice (Figure 7A). The cluster adopts the same
geometry of the anhydrous o-NbP, and no further optimiza-
tion was performed. Our previous work on layered ZrP* and
TiP* has shown that the clusters with similar sizes are
adequate for the calculations of metal center NMR para-
meters in layered metal phosphates. The **Nb CS and EFG
tensor parameters were calculated by using two basis sets:
4F(43333/433/43) and 6D(43333/433/43) and the results are
give in Table 2. The calculations using both basis sets predict
a symmetric CS (k ~ 1) and EFG tensor (1o ~ 0), confirming
the existence of an approximate 4-fold axis. The calcula-
tions show that the directions of V.. (the largest EFG tensor
component) and ds;3 (the most shielded CS tensor
component) are indeed along the axial direction (Figure 7).

(45) Yan, Z.; Kirby, C. W.; Huang, Y. J. Phys. Chem. C 2008, 112, 8575.
(46) Zhu, J.; Trefiak, N.; Woo, T. K.; Huang, Y. J. Phys. Chem. C 2009,
113, 10029.
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Figure 7. Structures of the model clusters (A) Nb(PO,)4(NbOg),H s>~
and (B) Nb(PO4),O(H,O)Hg™ representing completely anhydrous and
mono-hydrate a-NbP, respectively. The directions of V.. and d33 obtained
via RHF calculations using a 4F(43333/433/43) basis set for Nb are
indicated on the clusters. The H atoms are omitted for clarity except those
of the water molecule directly bonded to the Nb.

Table 2. Calculated NMR Parameters of the Cluster Nb(PO,)4(NbOg),H 5>~
Representing Anhydrous Phase

samples  basissets Oio (ppm) Q(ppm) «  Cq(MHz) 1nq
anhydrous 4F —1354 2315 1.00 20.3 0.00
6D —1201 2160 1.00 30.4 0.00

expt. —1300 1017 0.93 20 0.00

4F(43333/433/43) basis set yields a Cq value close to
the experimental value, but 6D(43333/433/43) basis set
overestimates the quadrupolar coupling constant. The CSA
are not well predicted due probably to that the relativistic
effect,*’ which is very important for heavy elements, is not
included in the calculations for Nb. The crystal structure of
monohydrated phase is not known. We constructed a cluster
by taking the coordinates of the Nb and 4 PO, within the
layer from the anhydrous phase (Figure 7B) and calculated
the NMR parameters by varying the distances between
niobium and oxygens corresponding to the axial Nb—OH,
and the Nb=0 bonds. The results are summarized in Figure 8
and Supporting Information, Table S1. For a given basis set,
the Cq and € values change significantly with changing bond
lengths, but the skew and asymmetry parameters remain very
close to unity and zero, respectively. This result clearly
confirms that the elongation of the two axial Nb—O bonds
occurring during dehydration has little effect on the NbOy
unit and the 4 PO, groups in the second coordination sphere.
Supporting Information, Table S1 shows that when the
Nb=O0 is in the range of 1.57—1.65 A and the Nb—OH, is
2.4 A, the calculated Cq and Q are closer to the observed
values with 4F(43333/433/43) basis set yielding better results.
The best C and Q values were obtained using 4F(43333/433/
43) basis set when Nb=0 and Nb—O distances are 1.60 A
and 2.4 A. It is noted that the above-mentioned Nb—O
distances are typical of those Nb—O double and single bond
lengths.**~>° The corresponding V=0 and V—O distances in
a-VP are 1.567 and 2.233 A% The approach of combining
theoretical calculation on molecular model and solid-state
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Figure 8. Calculated *Nb Cq vs Nb—OH, (A) and Nb=O0 (B) distances. For (A), the Nb=0 distance is fixed at 1.6 A; for (B), the Nb—OH, distance is

fixed at 2.4 A.

NMR measurement has been widely applied to understand
the local environments around various metal centers in
periodic solids containing Mg,5 1 Ca 2 Ti,% v 3354 7p 4551
Mo,> Ag,56 Bi,>” and K.®

On the basis of the XRD, TGA, and, in particular %Nb
NMR results, the dehydration process of a-NbP can be
described as follows (Figure 6). Treating the as-made
o-NbP at 70 °C drives the interlayer water molecules off
the lattice, leading to the formation of the monohydrate
phase. When further heating at 140 °C, the NbP loses its last
water molecule directly attached to the Nb center, and at the
same time the Nb=0 double bond opens up and this oxygen
will coordinate to the Nb in the adjacent layer by occupying
the coordination site vacated because of the departure of the
water molecule. As a result, the layers join together to form
the three-dimensional framework of the anhydrous phase.
The transformation is complete at 250 °C.

Summary

The dehydration of a-NbP was studied by **Nb solid-state
NMR in combination with other techniques such as XRD
and TGA. Four NbP species associated with the dehydration
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491.

were clearly identified by analyzing **Nb wide-line spectra
acquired at different magnetic fields. The **Nb CS and EFG
parameters are highly sensitive to the number of water
molecules in the lattice. The high-resolution *'P MAS spec-
tra, on the other hand, seem to be insensitive to the dehydra-
tion. For this series of closely related NbP materials, chemical
shielding interaction appears to be dominating the **Nb
spectra.
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