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ABSTRACT: The investigation of V—Mo—W mixed oxide catalysts by *“vmasonp '
'V DNP MAS NMR is reported. It is shown that the *'V NMR signal Eque = 50 ;Né\ ﬁg\ s:;tizaﬁon
o/\ﬁw

from surface near vanadium nuclei was enhanced by a factor of ~50 by
direct polarization transfer from unpaired electrons to *'V nuclei. The
dependency of the DNP enhancement of the samples on different
polarizing mixtures is investigated and complemented by EPR studies. V—
Mo—W mixed oxide catalysts with different stoichiometry (V,MogW,, sOy,

) catalyst surface

sty SV Sly 51y

MW off

V,MogW,0,, and V,MogW; 5O, ) are compared, and a suitable assignment 2o o 200 40 600 800 -1600 -1200 sty

of 'V 51gnals to different phases that are present near to the catalysts

5C'V) /ppm

surfaces is given. Finally, the applicability of DNP solid-state NMR for the
characterization of V—Mo—W mixed oxide catalysts is discussed in terms of the synthesis conditions (i.e., pH-value).

1. INTRODUCTION

Heterogeneous V—Mo—W mixed oxide catalysts are important
technical catalzrsts used for the partial oxidation of acrolein to
acrylic acid." ™" Acrylic acid is employed as a basic chemical for
the synthesis of polymers which have widespread applications
as super absorbing materials, disposable diapers, and low-
phosphorus detergents. Because of their high catalytic activity
and selectivity, these catalysts are used in industry for several
years.3"5

It is known that various metal—oxygen compositions with
different structures and different types of oxygen vacancies can
exist on the surfaces of V—Mo—W mixed oxides, and the
potential three metal redox centers Mo, V, and W, the local
metal—oxygen stoichiometry and the defect structure of V—
Mo-oxides play an important role in selective partial oxidation.’
Tungsten is the crucial structural promoter in the formation
and stabilization of these oxides, and vanadium is responsible
for their high catalytic activity. Despite their economic
importance, the nature and role of these structures are still
not completely understood. Hence, in academia and industry,
there is a high interest in obtaining the detailed structural
information and the chemical composition of vanadium species
on the surface of V—_Mo—W mixed oxides. Techniques like
nuclear magnetic resonance (NMR), electron paramagnetic
resonance (EPR), Raman and IR spectroscopy, or the
combination of these techniques with X-ray diffraction
(XRD) or absorption techniques such as extended X-ray
absorption fine structure (EXAFS) and X-ray absorption near
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edge structure spectroscopy (XANES) are suitable for such
studies and were applied to characterize the structure and
structural modifications of V—Mo—W mixed oxides.””"*

The synthesis of V—Mo—W mixed oxides with a
stoichiometry of V,;MogW, 0, with 0 < x < S by spray drying
and crystallization methods have previously been reported, as
well as the characterization of the resulting catalysts by X-ray
absorption spectroscopy and scanning electron microscopy
(SEM)."*'* The structural changes and phase transitions of
these catalysts during the selective oxidation of acrolein to
acrylic acid were studied by XRD.'> However, the interpreta-
tion of XRD spectra of V,MogW,0, catalysts is challenging
since these catalysts contain mostly disordered structures.
Moreover, XRD techniques are not able to reveal structural
details, e.g,, of surface sites of the material, which are, however,
necessary to understand its catalytic properties.

Solid-state NMR (ssNMR) provides structural information
on the local environments of NMR active nuclei, which makes
it extremely useful for characterizing complex or disordered
systems. As example, solid-state 'V NMR spectroscopy has
been used to determine the electronic structure and active sites
of vanadium containing systems like metallo proteins,'®
bioinorganic solids'’~'” and inorganic catalysts.”’"* Nowa-
days, the main focus of 'V NMR spectroscopy is the study of
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vanadates having catalytic )properties, and of supported
vanadium oxide catalysts.”*~* Since ssNMR spectroscopy is
appropriate to characterize the molecular structure and
dynamics of metal oxides, its application for the analysis of
the vanadium oxide phases is the focus of the present study.

Despite this tremendous application potential, ssNMR suffers
from its low intrinsic sensitivity, especially when characterizing
systems with low specific surface areas or low density of spins as
in the case of V=Mo—W mixed oxide catalysts, for which the
specific surface areas are typically in the range between 1—40
m?/g depending on the preparation method.'* Currently, the
most efficient method to increase the sensitivity of ssNMR
experiments is high field dynamic nuclear polarization (DNP)
NMR combined with magic angle spinning (MAS).**~** With
this technique, the nuclear spin polarization is enhanced by
transferring polarization from unpaired electrons to nearby
nuclei induced by microwave (uw) irradiation near the EPR
transition frequency.

In the past few years, DNP has been successfully applied to
biology and chemistry.”>~>° In parallel, the potential of high-
field DNP ssNMR has been demonstrated for structure
determination in materials science, for example in microcrystal-
line organic solids or on surfaces and subsurfaces of silicates,
aluminates, nanomaterials, metal—organic frameworks (MOFs)
and cellulose materials.”*"* Recently, the first application of
SV DNP NMR was demonstrated on vanadyl sulfate samples
doped with TOTAPOL under MAS conditions.*® However, to
the best of our knowledge *'V DNP studies of vanadium oxide
catalysts or other vanadium containing technical catalysts have
not yet been reported.

In the present paper, we applied high field DNP-enhanced
'V MAS ssNMR spectroscopy to V—Mo—W mixed oxide
technical catalysts, synthesized by a hydrothermal synthesis
route. 'V NMR was used to obtain information on the
environment of different vanadium species and in particular to
observe the vanadium ions near to the surface of the material.

The vanadium composition V,MogW, 0, (sample 1) was
investigated and compared with the data of two systems
containing the same V—Mo ratios (V,MogW,0, (sample 2)
and V,MogW;, 5O, (sample 3)) but different tungsten contents
(W,). In the first step, different polarizing agents and solutions
were evaluated on sample 1, to find the optimal conditions for
the DNP enhancement. These experiments were then
complemented by EPR studies to support the interpretation
of the observations from the DNP experiments. Finally, the
efficiency of DNP in the characterization of frozen solutions of
V—Mo—W mixed oxide catalysts with different tungsten
contents was investigated, and the applicability of DNP for
the characterization of technical V—Mo—W mixed oxide
catalysts with respect to parameters of their preparation are
discussed.

2. MATERIALS AND METHODS

2.1. Sample Preparation: Synthesis of V—Mo—W. The
V—Mo—W mixed oxide catalysts (samples 1—3) with different
tungsten contents were prepared by a hydrothermal route.*” An
aqueous solution (240 mL) of ammonium heptamolybdate
(Acros Organics), vanadyl sulfate hydrate (Fisher Scientific)
and ammonium meta-tungstate (Sigma-Aldrich) with a desired
metal ratio of the solid catalyst was taken in an autoclave. The
pH-value for the preparation of sample 1 was adjusted to
approximately 1.7, 2.0, 2.3, or 2.6 (sample 1 — pH x; x = 1.7,

2.0, 2.3 or 2.6), respectively, by adding dilute sulfuric acid. For
the preparation of sample 2 (sample 2 — pH 2.6) and sample 3
(sample 3 — pH 2.6), only a pH-value of approximately 2.6 was
employed. The reaction mixture was stirred and heated up to
448 K with § K min~' and maintained this temperature for 24
h. After cooling, the obtained crude product was filtered,
washed with water, and mixed with 120 mL of a 0.4 M oxalic
acid solution. The obtained suspension was stirred for 1 h at
353—363 K. The precipitated solid was filtered, washed with
water and dried overnight at 353 K. The dried precursor was
calcined from room temperature to 773 K with 2 K min™"
under nitrogen atmosphere (N,-flow: 100 mL min™') and
maintained at 773 K for 2 h. N,-physisorption was measured on
a Quantachrome Quadrasorb at —196 °C. Prior to the
measurement, the samples were degassed at 300 °C until a
stable vacuum of approximately 1.3 Pa was reached. The BET
specific surface area was calculated in a relative pressure range
of 0.1 to 0.3.

2.2. Sample Preparation for DNP Measurements. For
DNP measurements, a series of samples were prepared with
different polarizing agents and solutions to compare the
enhancements for sample 1 — pH 2.6 (Table 1). The polarizing

Table 1. *'V Signal Enhancements Obtained for Sample 1 —
pH 2.6 Impregnated with Different Polarizing Agents and
Solutions

enhancement of surface

absolute 'V signal
SV nuclei (esyre)

polarizing mixture used for
enhancement (&,5s)

impregnation
1S mM TEKPol in EtCl,
15 mM bTbK in EtCl,

no detectable signal no detectable signal

no Enhancement no Enhancement

15 mM TOTAPOL in S 50
D,0/H,0 (90:10 w/w)

16 mM TOTAPOL in H,O 3 30

15 mM AMUPol in D,0/ 1S 15
H,0

10 mM bcTol in D,O/H,0 no Enhancement no Enhancement

agents TEKPol and AMUPol were purchased from Aix
Marseille University. bTbK, TOTAPOL and bcTol were
synthesized according to literature procedures.**™>" Sample 1
— pH 2.6 was impregnated with different radical matrices
namely (a) 15 mM TEKPol in ethylene tetrachloride (EtCl,),
(b) 15 mM bTbK in EtCl,, (c) 16 mM TOTAPOL in H,O, (d)
15 mM TOTAPOL in D,0/H,0 (90:10) (w/w), (e) 15 mM
AMUPol in D,0/H,0 (90:10) (w/w), and (f) 10 mM bcTol
in D,0/H,0 (90:10) (w/w). An aliquot of 15 uL of the radical
solution was added to cover about 30 mg of V—Mo—W mixed
oxide. Sample 2 — pH 2.6 and sample 3 — pH 2.6 were
impregnated with 1S mM TOTAPOL in D,0/H,O (90:10)
(w/w), and prepared similar to sample 1 — pH 2.6, for
comparison of DNP experiments.

2.3. DNP-Enhanced ssNMR Spectroscopy. The DNP
ssNMR experiments were performed on a commercial Bruker
BioSpin Avance III 400 MHz DNP NMR spectrometer
equipped with a gyrotron system generating a continuous
microwave (uw) of 263 GHz and a 3.2 mm triple resonance
'H/X/Y low temperature MAS probe. The Sy MAS NMR
spectra with (MW on) and without microwave (MW off)
irradiation were acquired with spinning speeds of 8 and 10 kHz
and a sample temperature of nominally 110 K, which was
stabilized by a Bruker BioSpin low-temperature MAS cooling
system. The impregnated samples were packed into 3.2 mm
sapphire rotors, sealed with a Teflon insert and a ZrO, drive

DOI: 10.1021/acs.jpcc.7b06761
J. Phys. Chem. C 2017, 121, 20857—-20864


http://dx.doi.org/10.1021/acs.jpcc.7b06761

The Journal of Physical Chemistry C

cap for DNP measurements. >'V MAS experiments were
performed at 9.4 T corresponding to a frequency of 104.5 MHz
for *'V. 'V MAS NMR signals were recorded with a 30°
excitation pulse of 1.8 us length with a recycle delay of 1 s. The
resulting spectra with (all samples) and without (only for
sample 1 as a reference to determine enhancement factors)
microwave irradiation were obtained from the accumulation of
30000—49000 transients corresponding to an experimental
time of 8—14 h. The 'V relaxation time (T,) was measured
with a saturation recovery experiment. Absolute DNP enhance-
ment factors (£455) were calculated by comparing the integrals
of the signals on the same sample at identical conditions with
and without microwave irradiation. The typical experimental
error of the calculated enhancement factors is 0.5.

The *'V chemical shifts were referenced with respect to
VOCl;, by employing V,05 (=615 ppm) as an external
standard. The analysis of the 'V MAS DNP spectra was
performed by the deconvolution of spectra using the DMFIT
software.”’ As fitting function a Lorentzian—Gaussian shape of
the form LG(x) = n*L(x) + (1 — n)*G(x) (0 < n < 1) was
used, where L(x) is a Lorentzian function, G(x) a Gaussian
function and » the Lorentzian/Gaussian ratio. Since the line
widths of the signal in each spectrum is only 120 kHz, effects of
second-order quadrupolar interactions can be neglected in the
interpretation of the 'V spectra.

2.4. EPR Spectroscopy. The EPR spectra for all samples
were measured on an EPR Miniscope MS-400 (Magnettech,
Germany) equipped with a rectangular TE102 resonator
operating at 9.43 GHz at room temperature. A TC HO3
temperature controller was connected to the resonator for
measuring and stabilizing the sample temperature. All EPR
spectra were recorded with a modulation amplitude of 0.2 mT
and a modulation frequency of 100 kHz. Spectra were taken
under 4—20 dB of microwave attenuation with a sweep time of
30 s and 4096 data points.

3. RESULTS AND DISCUSSION

3.1.°'V MAS DNP Spectra of Sample 1 — pH 2.6. Figure
la,b shows the 'V MAS NMR spectra of sample 1 — pH 2.6
impregnated with 15 mM TOTAPOL in D,0/H,0 (90:10 w/

b) MW off
c) difference
1 v 1 v 1 M 1 v 1 M 1 M T M 1
200 0 -200 -400 -600 -800 -1000 -1200
5C'V) Ippm

Figure 1. 'V MAS DNP of V,MogW, 50, (sample 1 — pH 2.6)
impregnated with 15 mM TOTAPOL in H,0/D,0 at a spinning
speed of 10 kHz, ns = 30000, recycle delay 1 s, experimental time 8 h:
(a) Spectrum measured with microwave (MW on), (b) Spectrum
measured without microwave (MW off) and (c) difference spectrum
of spectra a and b representing only the surface near *'V.

w) recorded with (MW on) and without microwave (MW off)
irradiation. The maximum signal intensity in the *'V spectrum
is observed at ca. —535 ppm. Comparing the intensities of the
hyperpolarized signal to the intensities of the thermally
polarized signal gives an absolute DNP enhancement factor
€xps & 5. In contrast to spin-1/2 X-nuclei, where spin-diftusion
can be an eflicient tool to transfer polarization away from the
paramagnetic center, as was recently shown by Pinon et al,>”
for quadrupolar nuclei in the presence of strong quadrupolar
interactions, spin diffusion is in general very inefficient, owing
to the lack of energy conserving flip-flop transitions.”*~> For
noninteger spins, a possible exception is polarization transfer
between the central levels, which are in first order not affected
by the quadrupolar interaction. However, such an effect would
lead to a strong enhancement of the central transition
compared to the satellite transitions, visible in the spinning-
sidebands. As such an enhanced central transition in the DNP
spectra is not observed (see Figure 1), we conclude that spin-
diftusion is no efficient mechanism for the polarization transfer
among the SV nuclei in our samples. Thus, it can be assumed
that DNP hyperpolarizes only those nuclei, which are close to
the surface of the material. From the density and specific
surface area of the material, a quantitative estimation of their
relative number (see Supporting Information (SI) for details)
reveals that they account for ca. 10% of the overall number of
SV nuclei. Thus, the enhancement factor of the surface near
SWenuclei is egupp & SO.

This interpretation is corroborated by the differences in the
line shape of the 'V NMR spectra recorded with and without
micro wave (Figure 2a, b). The *'V signal obtained with MW

T T T T T T T T T T T T T |
250 275 300 325 350 375 400 425

B, Field/ (mT)

Figure 2. Continuous wave EPR spectrum of sample 1 — pH 2.6,
impregnated with D,0/H,0 (90:10 w/w) at room temperature.

on was broader by Afwhm ~ 2 kHz (full wide at half-
maximum) compared to that with MW off. This broader *'V
signal in the MW on spectrum refers to >'V nuclei that are near
to the unpaired electrons and are experiencing large hyperfine
interactions. Hence, in 'V MAS DNP, the polarization of the
1V nuclei close to TOTAPOL molecules is much higher than
that of distant 'V nuclei. Similar observations have been
reported for *C and »Si direct DNP earlier.”*”

To investigate the influence of the polarizing mixture on the
enhancement, we compared the *'V DNP spectra of sample 1
— pH 2.6 with different polarizing agents and solutions.
Absolute DNP enhancements of >'V (g,55) and enhancements
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of surface near *'V nuclei (egygp) for all samples are given in
Table 1. No significant signal enhancement or even no signal in
the >'V DNP spectrum was obtained for sample 1 — pH 2.6
impregnated with 15 mM TEKPol in EtCl,, 15 mM bTbK in
EtCl,, respectively. This is not very surprising because they are
hydrophobic and the V—Mo—W mixed oxide catalyst surface is
hydrophilic so that an efficient interaction between the radical
and the vanadium is not feasible.

Conversely, sample 1 — pH 2.6 impregnated with 15 mM
TOTAPOL in D,0O/H,0, and with 16 mM TOTAPOL in H,O
allow good enhancement of the *'V signal of sample 1 — pH
2.6. egurp values obtained with these solutions were up to 50
and 30, respectively (Table 1). The *'V spin—lattice relaxation
time measured with DNP was 800 ms. Somewhat surprisingly,
lower enhancement (egupg ~ 15) was obtained for 15 mM
AMUPol in D,0/H,0. For DNP ssNMR applications with
AMUPol, better enhancements are expected than for
TOTAPOL since the shorter DNP buildup time (Tpyp) for
AMUPol allows faster signal averaging.58 Thus, the lower value
of 15 obtained for the AMUPol may refer to a different factor
which is not fully understood and requires further inves-
tigations that are beyond the scope of paper. Most probably,
paramagnetic quenching of AMUPol which is more severe than
that of TOTAPOL™ plays a relevant role. Furthermore, the fast
relaxation times of vanadium and the hyperfine couplings of
nearby V°* nuclei with both V* and the biradical centers may
lead to the loss of the signal intensity, ie., by bleaching/
quenching. This would make the enhancement lower or
completely quench the signal.

3.2. EPR Results. To shed more light on our hypotheses,
additional EPR measurements were performed. Figure 2 shows
the EPR spectrum of sample 1 — pH 2.6 impregnated with
D,0/H,0 (90:10) solution recorded at room temperature.
The spectrum consists of an octet, which is assigned to the axial
hyperfine interaction between the unpaired electron spin (S =
1/2) from V* and the *'V nuclear spin (I = 7/2) with a g-
factor of 2.1000.” Such a spectral line shape® clearly indicates
the presence of vanadyl ions (VO?*) in sample 1 — pH 2.6
impregnated with D,0/H,O (90:10) solution. Interestingly,
sample 1 — pH 2.6 in its solid form after drying the D,O/H,0
impregnated sample, shows no EPR signals in the same region
(see SI Figure Slc), which means that the aqueous solution
influences the sample in a reversible way. This may be
explained by the presence of water-soluble VO** species in the
sample.”' " These VO?* species dissolve into solution while
impregnating the sample with the water-containing DNP
matrix. Thus, the resolved EPR spectrum observed with
D,0/H,0 is mostly determined by a fast molecular tumbling
of VO*', which makes the hyperfine interactions visible. To
confirm this, the EPR of the filtered solution after impregnating
sample 1 — pH 2.6 with D,0/H,O solution was measured (see
SI Figure S2). The presence of an octet in the spectrum of this
filtered solution supports the hypothesis that VO** present in
the sample was dissolved into the solution.

Figure 3 shows the EPR spectra of sample 1 — pH 2.6
impregnated with different biradical mixtures at room temper-
ature. The central signals at around 335 mT differ strongly from
the EPR signals of the binitroxide radicals in isotropic solution,
which consist of a resolved triplet splitting produced by the
isotropic hgrgerﬁne coupling with the "N nucleus in these
radicals.””>*** This difference clearly shows that the motions of
the radical moieties are restricted in sample 1 — pH 2.6 and the
nitroxide radicals are interacting with sample 1 — pH 2.6.

(a) 15 mM TEKPol in EtCI,

(b) 15 mM bTbK in EtCI,

16 mM TOTAPOL in H,0

15 mM AMUPol in D,O/H,0

(d) J\/ 15 mM TOTAPOL in D,0/H,0

) A, 10mMbeTolin DOMO

I M 1 M I ' 1 M 1 v I ' 1
250 275 300 325 350 375 400
B, Field/ (mT)

1
425

Figure 3. Continuous wave EPR spectra of sample 1 — pH 2.6
impregnated with (a) 15 mM TEKPol in EtCl,, (b) 15 mM bTbK in
EtCl, (c) 16 mM TOTAPOL in H,0, (d) 15 mM TOTAPOL in
D,0/H,0 (90:10 w/w), (e) 15 mM AMUPol in D,0/H,0, and (f)
10 mM bcTol in D,O/H,0 recorded at room temperature.

There are further differences between the EPR spectra of
sample 1 — pH 2.6 impregnated with various polarizing
matrices. The EPR spectra shown in Figure 3a,b have a similar
line shape as they show only the doublet in the middle at 335
mT, which refers to the anisotropic hyperfine interaction of the
biradicals. In contrary, there is a change in the EPR spectra
observed for Figure 3c—f, which shows an intense doublet with
additional eight less intense resonances. The doublet indeed
stems from the biradicals whereas the splitting in eight
resonances (two are merged by the central resonances of the
biradical) results from the anisotropic hyperfine coupling of the
unpaired electron spin (S = 1/2) from V** with the vanadium
nucleus of nuclear spin I = 7/2.°°

A more detailed comparison of the EPR spectrum of sample
1 — pH 2.6 in D,O/H,0 with sample 1 — pH 2.6 in mixtures
of biradicals in aqueous solution (see SI Figure S3) shows that
there is a slight shift between the eight lines. This indicates that
vanadium is coordinated to the biradicals, which is possible
through the nitrogen or nitroxide group of the radicals.”>®°
From Figure 3c—f, the strongest intensity of the eight
resonances was found for sample 1 — pH 2.6 impregnated
with a 10 mM bcTol solution (Figure 3f). This strong signal
intensity indicates that larger amounts of VO®' are present in
the bcTol system than in the case of TOTAPOL which may
lead to the complete quenching of the signal. The nature of
these differences in VO®' concentration is not clear at the
present point but is assumed to be related to the hydrophilicity
of the aqueous DNP matrix which seems to be influenced by
the polarity of the employed radical.

3.3. Structure Analysis by >'V DNP NMR. Figure 4 shows
the DNP-enhanced 'V MAS spectra of V,;MogW, 50, (sample
1 — pH 26), V,MogW,0, (sample 2 — pH 2.6) and
VoMogW, 50, (sample 3 — pH 2.6) impregnated with 15
mM TOTAPOL in D,0/H,0, and the deconvolution of the
isotropic part of these spectra. The 3'V spectrum of sample 1 —
pH 2.6 (Figure 4a) is dominated by an isotropic signal at ca.
—535 ppm. This 'V signal is asymmetric and can be
deconvoluted into two lines (centered at —535 ppm and
—522 ppm), which represent this line-shape in a good manner
as shown in Figure 4d. Since >'V reference chemical shift values
of pure vanadium containing phases are not accessible, these
signals were assigned with care to triclinic (VMo),05 and
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-534 ppm

(e) Sample 2
(a) * Sample 1 *
-519 ppm
AN
(b) * Sample2 *
() * Sample 3 *
450 500 550 600 -650 48 500 520 540 560 580
5(*'V)/ ppm 5(*'V)  ppm
-534 ppm
(d) Sample 1 -535 ppm (f) Sample 3
-522 ppm -520 ppm
Pz N

48 500  -520  -540 560  -580
5(5'V)Ippm

480  -500 520  -540  -560  -580
5('V) I ppm

Figure 4. Comparison of the >'V MAS DNP of (a) V,MogW, 50, (sample 1 — pH 2.6), (b) V,MogW, 0, (sample 2 — pH 2.6) and (c) V,MogW, 50,
(sample 3 — pH 2.6) impregnated with 15 mM TOTAPOL in D,0/H,0. Deconvoluted *'V DNP MAS NMR spectra of sample 1 — pH 2.6 (d),
sample 2 — pH 2.6 (e), and sample 3 — pH 2.6 (f) impregnated with 15 mM TOTAPOL in D,0/H,0. Note: Measurements were performed with
microwave (MW ON) at a spinning speed of 8 kHz, number of scans 45 000—49 000, according to an experimental time of ca. 14 h. Signals marked

with * are spinning sidebands. The catalysts were synthesized at pH = 2.6.

hexagonal (VMo)O; phases. This assignment is based on ref
15, where it was reported that the two dominating phases of the
crystallized and spray-dried V,MogW,O, type of catalysts are
hexagonal (VMo)O; and triclinic (VMOSZOS.

Figure 4b presents the DNP enhanced *'V MAS spectrum of
sample 2 — pH 2.6 which shows a very broad signal. The
deconvolution of the signal (Figure 4e) reveals three peaks at
—519, —534, and —540 ppm. The signals at —519 ppm and
—534 ppm again most probably assign to hexagonal (VMo)O,
and triclinic (VMo),0¢ phases while the third peak at —540
ppm seems to represent V,MoOyg units (according to ref 27) in
which the crystal structure is closely related to octahedrally
coordinated vanadium in V,04.%

Finally, Figure 4c displays the *'V DNP spectrum of sample
3 — pH 2.6, and Figure 4f is the fitted spectrum which shows
three distinct vanadium peaks similar to sample 2 — pH 2.6.
While the signals at —520 ppm and at —534 ppm most
probably correspond to hexagonal (VMo)O; and triclinic
(VMo),0;, the third peak at —541 ppm is again attributed to
V,Mo0Og units. When comparing the spectra of the three
samples, significant differences in the line-shapes were obtained
which seem to be related to the tungsten content in the
samples. Possibly, segregation of WO, that can occur with
increasing tungsten content influences the phase composition
of the catalyst and thus cause the obtained differences.

3.4. Applicability of DNP ssNMR. To verify the
reproducibility of the DNP ssNMR results, exemplarily the
DNP experiments with sample 1 — pH 2.6 were repeated three
times. Employing the same sample, similar signal enhancements
were obtained, which demonstrates that such experiments are
generally reproducible. Interestingly, when employing a sample
from a different batch but with the same composition as sample

20861

1, the enhancements obtained from the measurements varied
drastically. This led us to the assumption that the parameters
employed for the preparation of the V,MogW,O, type catalysts
have a strong influence on their surface state which is detected
by ssNMR combined with DNP. One very important
parameter in this context is the pH value at which the catalyst
is prepared. This pH value has to be adjusted with a precision
of 0.1 to avoid significant differences of the catalyst structure.
Here, it was found that between pH = 1.7 and pH = 2.6 a
strong decrease of the concentration of V** species occurred,
which is indicated by an optical color change of the washing
solution of the catalysts and by preliminary EPR measurements.
Furthermore, the pH-value employed for the catalyst
preparation influences the obtained specific surface area. The
specific surface areas of the catalysts sample 1 — pH 1.7, sample
1 — pH 2.0, sample 1 — pH 2.3 and sample 1 — pH 2.6 are 10,
41, 44, and 49 mz/g, respectively. Consequently, the specific
surface area drastically increases from 10 m?*/g to 49 m’/g in
the investigated pH range.

Both these observations are in line with results from DNP
ssNMR measurements on samples prepared at slightly different
pH-value (SI Figure S4). While for sample 1 — pH 1.7 no
signals were obtained (SI Figure S4a), for sample 1 — pH 2.3
signals are obtained, which are enhanced (SI Figure S4b). This
enhancement is even more pronounced for sample 1 — pH 2.6
(Figure 1). This observation is in agreement with the amount
of V* species that seem to quench the signal enhancement due
to paramagnetic relaxation. The obtained signals at high pH-
value are also in line with the BET surface area which is a factor
of 5 higher at pH = 2.6 compared to pH = 1.7. Thus, at pH =
2.6 a much larger quantity of surface vanadium nuclei is
available that can by hyperpolarized by DNP.
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4. CONCLUSION

'V MAS DNP enhanced ssNMR spectroscopy is employed to
investigate surface near vanadium sites in V—Mo—W mixed
oxide catalysts. The optimization of the enhancement on
different polarizing mixtures on V,MogW, 0, showed that the
best enhancement of surface near *'V nuclei with a factor of 50
is observed with TOTAPOL in D,0/H,O solution. The
interpretation of the 'V DNP enhancement for different
polarization matrices is corroborated by EPR measurements,
which showed that the observed enhancements strongly
depend on the polarity of the solvent matrix as well as on
the ability of the radical forming complexes with soluble VO**.
In addition, the analysis of the 'V DNP MAS NMR allowed
the distinguishing of different vanadium containing phases
present near the surface of the mixed oxide catalysts. Finally,
the influence of the pH-value employed for the preparation of
the catalyst is discussed in terms of the observed signal/signal
enhancement. This analysis showed that a precise adjustment of
the pH by 0.1 is necessary to produce catalysts with appropriate
high surface area and low amount of V*" species to enable the
detection of signals/signal enhancement by ssNMR in
combination with DNP.
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