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Abstract

Layered niobates have been found to be strong solid-acid catalysts and have high surface areas while maintaining their crystalline structure. These
materials can serve as model compounds for the metal environments at the surface of amorphous solid-acid niobates. The niobium environment
in KCa,;Nb3; Oy and its acid exchanged version were studied using **Nb solid-state NMR. As **Nb is a quadrupolar nucleus, both the electric field
gradient (EFG) and chemical shift anisotropy (CSA) for a given site can yield information about the symmetry of the local structure and relate its
influence on the acid site. The change in the local environment of surface niobium sites upon acid exchange is observed via NMR and attributed

to changes in the terminal niobium—oxygen bonds.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The local structure at the surface of oxides can change in
response to species present at the surface. These perturbations
in structure can affect the acidity of the oxygen atoms at the
surface [1,2] and potentially affect the reactivity of the material.
Recent developments in solid-state NMR methodology to study
quadrupolar nuclei permit the examination of elements in highly
anisotropic environments at the oxide surface and the discrim-
ination of different types of environments that may be present
at the surface. Following this approach, the local structures of
niobium atoms in a layered niobate have been determined and
a change in local structure at the interface has been observed
when the cations in the interlayer gallery are altered. The meth-
ods applied to examine the >>Nb nucleus are applicable to other
quadrupolar nuclei and are not dependent on long-range order
being present in the material. With this strategy, the structure and
structural changes at the surface of metal oxides can be studied
in detail and add to the understanding of how the material surface
plays a role in its properties.

Layered transitional metal oxides have garnered some interest
as potential solid-acid catalysts [3-5]. Acid exchange of alkali
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cation forms of these layered oxides can produce potentially
strong acids but are limited due to the small interlayer distances.
Exfoliation via soft chemical methods has been pursued as a
strategy to increase the available surface area of the materials.
While the overall structure of the layers is maintained through
these soft chemical procedures, small variations in the structure
of the surface are possible.

One such layered niobate is KCapNb3zOjg, which can be
easily acid exchanged [6]. KCa;Nb3zOjg is a member of the
Dion-Jacobson family of layered perovskites. The structure con-
sists of triple perovskite layers separated by a single layer of
potassium cations [7]. The perovskite layer consists of niobia
octahedra that share vertices and calcium cations nested between
the connected polyhedra in 12-coordinate sites (Fig. 1). In this
structure, there are two distinct octahedral sites for the niobium
cations, one site, designated Nb(1), in the interior of the lay-
ers and one at the interface of the layers, designated Nb(2).
A 1:2 ratio exists between the population of sites in the cen-
ter of the layers and sites at the interface. The niobium cations
in the interface site sit in distorted environments with termi-
nal Nb-O bonds that have a length of 1.75A for the bonds
that point away from the layer and 2.39 A for the bonds that
point toward the layer. The remaining four bonds have lengths
in the range of 1.97-2.02 A. As a result the niobium site at the
interface could almost be considered five-coordinate if the long
Nb-O bond is ignored. The site in the center of the layer is more
isotropic than the interface site. Six Nb—O bonds that range in
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Fig. 1. KCa;Nb3 01 structure with the NbOg octahedra shown as filled poly-
hdedra and the two niobium sites designated by dark (Nb(1)) and light (Nb(2))
shades. The calcium cations are shown as light spheres and the potassium cations
as dark spheres.

length from 1.91 to 2.02 A surround the niobium cation at this
site.

NMR can describe the nature of the niobium environment
in this oxide. The niobium nucleus is perturbed by magnetic
interactions with surrounding bonding electrons and adjacent
nuclei and by electric interactions with the gradient created
by local charges. The resulting > Nb solid-state spectrum can
be substantially broadened as all possible angular orientations
in a powdered sample are observed. Broad static solid-state
spectra have reduced resolution and identification of different
environments in the sample becomes difficult due to substan-
tial overlap of the spectral patterns. Sample spinning at a fixed
angle with reference to the magnetic field, the “magic angle”,
reduces the broadening of observed NMR transitions in solidi-
fied systems such that high-resolution experiments are possible.
Interactions with the bonding electrons and variations in the
local bond environment are manifested through the chemical
shift anisotropy (CSA) and magic angle spinning averages this
interaction to an isotropic chemical shift. Non-spinning exper-
iments permit the measurement of the tensor that describes
the CSA, which can be described in terms of a span (largest
width of the CSA powder pattern) and a skew (describing the
symmetry of the tensor) [8]. As the components of the CSA
depend primarily on the local bonding environment, the inter-
action effectively probes the influence of the nearest neighbors
only.

Interactions with the electric field gradient (EFG) surround-
ing an atom due to the distribution of charges in the material
perturb the observed solid-state NMR spectrum only if the nuclei
are quadrupolar (having a nuclear spin number greater than one-
half), which is the case for approximately 75% of the periodic
table. “>Nb is a quadrupolar nucleus with a spin number of 9/2

and a natural abundance of 100%. The magnitude and symmetry
of the EFG surrounding the observed atom in the NMR exper-
iment will determine the size of the perturbation. Measurement
of the magnitude of the anisotropy of the EFG, known as the
quadrupolar coupling (Cq), can give explicit information about
the local environment since it measures the largest component
(Vz2) of the EFG tensor. The symmetry of the tensor can be
determined from the asymmetry parameter calculated from the
tensor components ((Vxx — Vyy)/Vzz) when the tensor compo-
nents are defined as |Vzz|>|Vyy|>|Vxx]| [9], as will be the case
in this paper.

When the quadrupolar coupling is large enough that the
broadening of the spectrum is much larger in frequency than
the spinning rate, MAS is no longer sufficient to reduce the
broadening. This is often the case with niobium based oxides
[10-13]. Line narrowing of resonances with extremely large
quadrupolar coupling values can be achieved via the Quadrupo-
lar Phase Adjusted Sideband Suppression (QPASS) method
which yields an “infinite” spinning rate line shape from data
collected at conventional spinning rates [14]. The result is a
simplified pattern yielding a line shape only dependent on the
quadrupolar interaction from which EFG information can be
extracted. One difficulty with the QPASS method is that the
resulting signals have low intensity with long data acquisition
times of up to several days. Signal enhancement methods for
quadrupolar nuclei such as Rotor Assisted Population Transfer
(RAPT) [15-17] can substantially decrease the data acquisition
time and can selectively enhance signals based on the mag-
nitude of the quadrupolar coupling allowing for the selective
examination of metal sites based on their local symmetry. An
experiment to remove the signal of small EFG sites while retain-
ing large EFG site information in the final QPASS spectrum,
the m/2-RAPT-QPASS pulse sequence, has been developed
[18].

The correlation between pairs of different elements in a sam-
ple based on their relative proximity is possible with solid-state
NMR through the dipolar interaction between the nuclear mag-
netic moments of a pair of atoms. Cross polarization (CP) can
transfer signal polarization from hydrogen nuclei to an adja-
cent atom within a distance of 0.1-1 nanometers [19]. Distance
based correlations can be obtained through the transfer of signal
polarization between adjacent atoms using this method. Typ-
ically, CP is coupled with MAS to improve the resolution of
the resulting signal. However, for quadrupolar nuclei CPMAS
is often ineffective with little or no polarization transfer occur-
ring for systems with large quadrupolar coupling values [20].
Non-spinning CP experiments can still yield structural infor-
mation despite the low resolution due to the broad spectrum
[21].

In this paper, we demonstrate approaches for determining the
structural information for quadrupolar nuclei, such as *>Nb, in
oxide materials. Through a combination of MAS based meth-
ods, such as QPASS and RAPT, and non-spinning experiments,
such as CP, the local structure NMR information for the two nio-
bium sites in KCa;Nb3zOjq and its acid exchanged form were
determined. A modification in the structure of the niobium site
at the interface of the layers in the oxide upon ion exchange
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was observed and is explained as a result of changes in the bond
length of the Nb—O terminal bond.

2. Experimental

The KCap;Nb3Ojg was prepared via microwave synthesis.
A mixture of K»SOy4, CaSOy4, and Nb,Os5 was pressed into a
pellet with the mole ratio of 10:2:3 for K:Ca:Nb. The pellet was
heated in a bed of activated charcoal (Darco-G60) in a porcelain
crucible, which in turn was placed in a sand bed to absorb the
emitted heat from the crucible. The materials were irradiated in
a 1200 W domestic microwave oven for 5—10 min at 90% power
to produce the desired phase. The samples were then washed
with distilled water and allowed to dry at room temperature.
To produce the acid form, KCap;Nb3z Oy was treated with 6 M
HNO3 for 1 week at 80 °C [22]. After acid treatment, the product
was filtered and washed with distilled water and dried at 110 °C.
Phase identity was determined using X-ray powder diffraction
on a Bruker AXS D8 Focus diffractometer and the reflections
were compared to the literature [6,7].

All NMR data were collected using 200 MHz Mercury and
400 MHz Unity Inova spectrometers with >Nb resonance fre-
quencies of 48.94 and 97.74 MHz, respectively. Variable offset
cumulative spectra (VOCS) [23] echo data were constructed
from 7 Hahn echo spectra collected with an offset difference of
78.125 kHz and with a radio frequency field strength of 20 kHz.
MAS and QPASS data were collected on the 400 MHz Unity
INOVA spectrometer using a Chemagnetics 2.5 mm double-
resonance MAS probe with a spinning rate of 20 kHz. Selective
pulses used in all experiments had a radio frequency field
strength of 20kHz yielding selective w/2 and 7 pulses of 2.5
and 5.0 s, respectively. For both the non-selective QPASS
and the w/2-RAPT-QPASS sequences, a multiple-rotor cycle
version of QPASS [24] was used and utilized 8 sets of tim-
ings. RAPT enhancements used a variable offset Gaussian pulse
train with a radio frequency strength of 83kHz and a Gaus-
sian pulse shape consisting of a pulse length of 12 us with a
o of 2.975 ps, such that the full width at half maximum of
the pulse shape is 2.350. Frequency offsets of 700kHz and
1.6 MHz were used for the non-selective and selective RAPT-
based experiments. The non-spinning CP experiments were
collected using the 400 MHz Unity INOVA spectrometer with
a 'H resonance frequency of 399.76 MHz and used the VOCS
method to construct the final spectrum with an offset differ-
ence of 39.0625 kHz and utilized radio frequency strengths of
13kHz for *>Nb and 65kHz for 'H with a contact time of
2 ms.

All spectra are referenced to NbCls in acetonitrile (O ppm).
All data were processed using the RMN processing program [25]
for the Macintosh. The QPASS data were fit using DMFIT2006
[26] with the errors for the parameters calculated by the software.
Simulations of the static patterns were achieved through iterative
fitting using WSOLIDS [27]. Errors for the NMR parameters
determined using the WSOLIDS programs were estimated based
both on visual inspection and on the change in the parameter that
yielded a doubling in the sum of the squares of the deviation of
the observed data from the model.

(a)

-1000 -1200 -1400
8 (ppm)

(b)

-1000 -1200 -1400
8 (ppm)

Fig. 2. (a) “>Nb mw/2-RAPT-QPASS spectrum and fit of KCa;Nb3O1¢ and (b)
93Nb QPASS spectrum and fit (solid line: data, open circles: fit, dashed line:
individual site line shapes).

3. Results and discussion

93Nb QPASS experiments coupled with the RAPT excitation
were collected on KCapNb3Oqq to determine the information
on the isotropic chemical shift and the EFG information for
the two niobium sites in the material. The w/2-RAPT-QPASS
experiment yielded information on the more anisotropic site
with a Cqg value of 31.2 0.6 MHz, an asymmetry parameter
of 0.30 £ 0.02 and an isotropic chemical shift of —976 + 5 ppm
(Fig. 2a). With the information on the large Cq site, the spec-
tra from non-selective RAPT-QPASS experiment (Fig. 2b) was
analyzed to yield information on the smaller Cq niobium site
in the material. The more isotropic site had a Cqg value of
21.5+£0.5MHz, an asymmetry parameter of 0.75 4 0.05, and
an isotropic chemical shift of —998 &+ 3 ppm. Using the inten-
sity ratio of 20:80 for isotropic to anisotropic site, the more
anisotropic site was assigned to the niobium atom located at the
interface between the layers, Nb(2), while the less anisotropic
site was assigned to the niobium located in the interior of the
layer, Nb(1) [18]. The population ratios follow the observed
trend based on the crystal structure but does not match the ratio.
Since a non-selective RAPT-QPASS experiment was used to
compare the intensities of the two sites, the ratio of intensities
must be used with caution. The RAPT enhancement will be
affected by the magnitude of the Cq values for the two sites.
The choice of frequency offset in the RAPT based experiment is
dependent on the Cq values and affects the maximum possible
enhancement for a particular site. Due to the large difference in
Cq values for the two sites, no frequency offset could result in
similar enhancements for the sites.

Examination of the KCa;Nb3zO1p sample under static con-
ditions permits the determination of the CSA parameters for a
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Fig. 3. 93Nb VOCS static spectrum and fit of KCayNb3Ojg (a) at 48.94 MHz
and (b) at 97.74 MHz (solid line: data, open circles: fit, dashed line: individual
site line shapes).

complete description of the niobium environment. Non-spinning
93Nb spectra were collected and combined following the VOCS
method to produce a single broad spectrum (Fig. 3a and b).
Fitting of the spectrum was possible using the EFG informa-
tion derived from the QPASS experiments. The fit yielded for
the interface site, Nb(2), a span of 910 & 80 ppm and a skew
of 0.6 £0.2 to describe the CSA tensor with the Euler angles
describing the relative orientation of the EFG and CSA tensors
as a=75+15° B=0=£9° and y =504 25°. The CSA tensor
values for the isotropic site, Nb(1), were determined to be a span
of 380 £ 40 ppm and a skew of —0.7 £ 0.2 with Euler angles of
a=5+20° B=0+£25°and y =5 £ 30°. As was observed with
the QPASS data, the niobium site at the interface appears to
have a substantially larger anisotropic interaction than the inte-
rior site despite the fact that the interior niobium is adjacent to
the interface. The large anisotropy of the interface is expected,
as one of the oxygen atoms is coordinated to only one niobium
with a short bond length. Such vast differences in the EFG and
CSA values can be utilized to discriminate between the interface
region of the material and the niobium sites removed from that
interface.

Using the EFG and CSA information derived for the
KCayNb3O1g sample, the static 93Nb VOCS final spectrum was
collected and fit for the acid exchanged version (Fig. 4a and
b). From the width of the signal it is clear that a decrease in
some of the anisotropies has occurred upon the exchange of
K* with H*. The isotropic chemical shift of the interface and
interior sites were found to have changed to —1180 420 and
—1160 =+ 35 ppm, respectively. The EFG for the interior site
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Fig. 4. 93Nb VOCS static spectrum and fit of acid exchanged KCa;Nb3Oj (a)
at 48.94 MHz and (b) at 97.74 MHz (solid line: data, open circles: fit, dashed
line: individual site line shapes), (c) *>Nb static CP spectrum of acid exchanged
KCayNb3 O (solid line) and powder pattern simulation using surface niobium
site parameters (open circles).

was essentially the same as in the K* version with a Cq of
21.54+1.0MHz and an asymmetry parameter of 0.75 % 0.15.
The CSA for the interior site did change with a span of
720 £ 80 ppm and a skew of 0.0+ 0.3 with Euler angles of
a=12435° B8=7+30°and y =25 £ 45° for the relative orien-
tation of the two tensors. For the interface site, a decrease in the
size of the EFG anisotropy was observed with anew Cq value of
26.9 & 1.3 MHz while the asymmetry parameter changed only
slightly to 0.3 & 0.1. The CSA decreased as well with values for
the span and skew of 640 £ 60 ppm and 0.5 + 0.2, respectively,
with Euler angles of « =85 £+ 15°, 8=5+£10° and y =20 4 20°.

A CP experiment was conducted on a static sample to transfer
polarization from the hydrogen to neighboring niobium atoms.
The resulting spectrum (Fig. 4c) differed from the VOCS spec-
trum for the acid form. Intensity was lost from the center of the
spectrum. However, the CP spectrum could be fit solely with the
EFG and CSA parameters for the interfacial niobium site. The
loss in intensity in the center corresponds to the loss of the sig-
nal from the interior site. The CP experiment allowed only the
interface site to be viewed and further confirmed the assignment
of the large EFG to the surface site.
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The results of the CP experiment show that the local structure
of the interface site, Nb(2), has changed in response to protona-
tion. The change in the EFG and CSA was limited primarily to
the size of the anisotropies, Cq and span, while the symmetries
of the tensors remained essentially unchanged. The decrease in
the sizes of the EFG and CSA for the Nb(2) site points to a
reduction in the distortion of the niobium octahedra at the inter-
face. Protonation of the terminal oxygen, which points toward
the interlayer gallery, would cause the bond between niobium
and this oxygen atom to weaken and lengthen as electron den-
sity from the oxygen atom is donated to the hydrogen atom
present at the surface. The redistribution of the electron den-
sity surrounding the niobium nucleus most likely also alters
the bond to the bridging oxygen shared with the interior octa-
hedra. The bond would be shorter and would result in the
niobium atom shifting closer to the center of the octahedron.
The change in bond lengths along the direction of the short
and long Nb-O bonds would not change the square pyrami-
dal symmetry of the site much but could reduce the EFG and
CSA.

The change in the bonding in the interface site, Nb(2),
would in turn alter the bonding of the interior site, Nb(1). The
strengthening of the Nb—O bond between Nb(2) and the oxy-
gen atom shared with Nb(1) would in turn weaken the bond
between Nb(1) and this bridging oxygen atom. This change
in bonding for the interior site would distort the local sym-
metry. This distortion may account for the observed increase
in the CSA for the Nb(1) site. Without additional informa-
tion, only qualitative arguments can be made to link the NMR
parameters to the changes in the crystallographic structure. Fur-
ther elaboration of the relationship between the change in the
EFG and the change in bond length is possible through ab
initio quantum calculations [28], which are currently being pur-
sued.

4. Conclusion

Using 93Nb NMR, the sites in a layered niobate,
KCa;Nb3 O, were characterized in terms of the EFG and chem-
ical shift anisotropy. Ion exchange from the potassium form to
an acidic form resulted in a change in the local environments
of the two niobium sites. Using cross polarization techniques,
the information for the niobium environment at the surface was
isolated and the reduction in the distortion of the interfacial nio-
bium site was more clearly observed. The decrease of the EFG
and chemical shift anisotropy points to an increase in the bond
length of the terminal Nb—O bond at the surface and a relax-
ation in the distortion of the NbOg octahedron in response to the
protonation of the surface.
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