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From single-site tantalum complexes to
nanoparticles of Ta,N, and TaO,N, supported on
silica: elucidation of synthesis chemistry by
dynamic nuclear polarization surface enhanced
NMR spectroscopy and X-ray absorption
spectroscopyT

Janet C. Mohandas, (2% Edy Abou-Hamad,1* Emmanuel Callens, = {2
Manoja K. Samantaray, 2@ David Gajan,” Andrei Gurinov, {22 Tao Ma, {2 ¢ Samy Ould-
Chikh, @22 Adam S. Hoffman,® Bruce C. Gates 2 * and Jean-Marie Basset (2 *?

Air-stable catalysts consisting of tantalum nitride nanoparticles represented as a mixture of Ta,N, and TaO,N,,
with diameters in the range of 0.5 to 3 nm supported on highly dehydroxylated silica were synthesized from
TaMes (Me = methyl) and dimeric Ta,(OMe);o with guidance by the principles of surface organometallic
chemistry (SOMC). Characterization of the supported precursors and the supported nanoparticles formed
from them was carried out by IR, NMR, UV-Vis, extended X-ray absorption fine structure, and X-ray
photoelectron spectroscopies complemented with XRD and high-resolution TEM, with dynamic nuclear
polarization surface enhanced NMR spectroscopy being especially helpful by providing enhanced
intensities of the signals of 'H, *C, 2°Si, and *N at their natural abundances. The characterization data
provide details of the synthesis chemistry, including evidence of (a) O, insertion into Ta—CH=z species on
the support and (b) a binuclear to mononuclear transformation of species formed from Ta(OMe);o on the
support. A catalytic test reaction, cyclooctene epoxidation, was used to probe the supported nanoparticles,
with 30% H,O, serving as the oxidant. The catalysts gave selectivities up to 98% for the epoxide at
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Introduction

Dispersed species ranging from single-metal-atom complexes to
clusters and nanoparticles (NPs) of metals and metal oxides are
materials that find many applications, especially in catalysis.”
Numerous methods have been used to synthesize such NPs,
often involving colloidal, solution-based, or chemical or phys-
ical vapour-deposition techniques.** Solution-based methods
often suffer from the need for capping agents or surfactants to
stabilize the clusters or NPs, and deposition methods lack fine
control and typically lead to highly nonhomogeneous
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conversions as high as 99% with a 3.4 wt% loading of Ta present as Ta,N,/TaO,N,..

materials.®” In typical catalytic applications, NPs are dispersed
on high-area porous supports such as silica, alumina, and
zeolites.*® The supported NPs are often unstable, undergoing
agglomeration or sintering during operation.*®

A foundation for the synthesis of NPs from molecular
building blocks on supports is provided by surface organome-
tallic chemistry. Thus, the supported species can be made
without the need for templates, capping agents, or surfactants,
and the syntheses thereby offer good prospects for control of the
compositions and sizes of the dispersed species. Essential
reactant species in such syntheses are the support surface
functional groups, exemplified by the -OH groups on silica.
Control of the sizes of NPs synthesized from single-metal-atom
precursors on supports may be facilitated by the initial bonding
of the precursor species to the support to minimize agglomer-
ation. Thus, for instance, surface organometallic chemistry has
guided the synthesis of monometallic (Pt) and bimetallic (Pt—
Sn) clusters on silica, giving catalysts with high activities and
selectivities for catalytic hydrogenolysis, isomerization, and
dehydrogenation reactions."** However, only little work has
been done to extend the concepts to non-metal NPs including

This journal is © The Royal Society of Chemistry 2017
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semiconductors, and herein we demonstrate their use to guide
the synthesis of silica-supported metal nitride semiconductor
NPs.™ Such materials offer prospects as new catalysts, and they
could also offer unique optoelectronic properties of potential
value in displays, or photovoltaic
devices.***?

Unsupported nanocrystalline samples consisting of TaON
and TazNs were used by Gao et al.'’ to catalyze cyclooctene
epoxidation, an industrially important reaction. Epoxidation
reactions are sensitive to catalyst surface acidity or basicity, and
by incorporating nitrogen in place of oxygen in the framework
of Ta,0s, these authors tuned the catalyst basicity and improved
its properties.

Syntheses of metal nitrides often lead to mixed phases or
non-stoichiometric compositions. Strategies to control metal
nitride synthesis have been developed, some involving the
application of various nitriding agents such as gaseous or liquid
NH;, urea, cyanamide, etc.>** A traditional method involving
gaseous NH; is convenient for the synthesis of impurity-free
metal nitrides, because the high treatment temperatures lead
to the release of N, and H,, which react with oxides and form
water,”"**** which can be removed as a gas. Hence, we reasoned
that it would be of interest to attempt analogous syntheses to
make dispersed metal nitrides on a support, being guided by
surface organometallic chemistry and starting with molecular
metal complexes anchored to the support. We chose silica as
the support because its surface chemistry is well understood
and the principles of surface of organometallic chemistry are
a powerful guide to manipulating syntheses on it. We chose
tantalum as a precursor metal to allow a comparison of our
results with those of Gao et al. for the performance of tantalum
nitride catalysts for cyclooctene epoxidation.

Understanding the chemistry of species dispersed on solid
surfaces emerges best when a battery of complementary char-
acterization techniques is applied to allow elucidation of
elementary reactions. Dynamic nuclear polarization surface
enhanced NMR spectroscopy (DNP SENS) is especially powerful
for elucidation of dispersed surface species and their
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transformations. The technique requires a simple impregna-
tion of the sample with a stable free radical such as bi-radical
nitroxide (TEKPol).>* The effective polarization transfer of free
electrons of the radical to the surrounding nuclei (usually 'H)
induced by microwave radiation and subsequent cross polari-
zation to the nuclei of interest (**C, °N, 2°Si, 170, etc.) are
essential for the success of this recently developed technique. It
allows NMR measurements with signal enhancements, leading
to well-resolved spectra of any nuclei of interest.”**

Taking advantage of this technique, we now report two
strategies for the synthesis of air-stable, supported NPs of Ta,N,
and TaO,N,, with sizes in the range of 0.5-3 nm, from well-
defined molecular precursors without using any capping
agents or surfactants. Such syntheses of finely sized NPs of
tantalum nitride have not yet been known. The precursors,
TaMes, 1, and the dimeric Ta(OMe)s, 2, were first grafted onto
silica (Aerosil SiO,-700-dehydroxylated at 973 K (700 °C)).
Subsequent treatments led to the formation of Ta,N,/TaO,N,
NPs, which were tested as catalysts for epoxidation of cyclo-
octene. Conventional characterization techniques were suffi-
cient to demonstrate the formation of the NPs, but
understanding of the elementary steps of the surface chemistry
required the application of DNP SENS.***° Further details of the
surface tantalum species, including interatomic distances and
coordination numbers, were obtained from extended X-ray
absorption fine structure (EXAFS) spectra.* -

Results and discussion

Summary of synthesis chemistry of silica-supported tantalum
nitride nanoparticles from silica-supported tantalum
complexes

To begin, we provide a summary roadmap, Scheme 1, illus-
trating the two synthetic strategies used to prepare the NPs
referred to as Ta,N,/TaO;N,. These were prepared from TaMes,
1, and Ta(OMe)s, 2 (which exists as a dimer). The evidence for
this chemistry is presented in the paragraphs that follow. The
spectroscopic data show that 1 and 2, upon grafting onto SiO,-
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Scheme 1 Two different strategies used for the synthesis of Ta,N,/TaO,N, NPs (1C and 2B were handled in open air for all the characterizations

except for the elemental analysis).
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700, resulted in the formation of the supported species 1A and
2A, respectively, as shown in Scheme 1. 1A is formed as
predominantly a monopodal species*” that underwent treat-
ment with O, to form the corresponding tantalum alkoxide 1B
(Scheme 1). A tentative pathway corresponding to the O,
insertion is given in Scheme S1 (in the ESI{).*** 1B and 2A are
mixtures of monopodal and bipodal species, predominantly the
former. A schematic representation of the associated surface
reactions that occur during the grafting of 2 is provided in
Scheme S2 (ESIf). The precursor 2 exists as a dimer in solution as
well as in the solid-state.***! A binuclear-to-mononuclear transi-
tion was observed on the silica surface during the grafting, as
shown in Scheme S2.} Nitriding of 1B and 2A at 1173 K for 15 h
resulted in the formation of the corresponding tantalum nitrides/
oxynitrides that are depicted as 1C and 2B, respectively.

Characterization of silica-supported tantalum complexes:
evidence from IR spectroscopy

IR spectra of SiO,-700, 1A, 1B, 2A, and 2 are given in Fig. 1(A).
The spectrum of the support (SiO,-700) alone includes two
prominent, well-known vibrations representing the O-H
stretching of isolated silanols, at 3746 cm ™', and lattice vibra-
tions corresponding to Si-O-Si bridges, at 1985, 1864, and 1635
ecm ', The IR spectrum of 1A includes bands corresponding to
the stretching vibrations of C-H bonds (v_cy) of grafted
Ta(CH;)s at 2985 and 2932 cm ' (vasy) and at 2900 and 2855
ecm ' (vy). Bending vibrations of C-H groups (6_cu) were
observed at approximately 1397 ecm ™.

Treatment with 1 bar of O, resulted in the insertion of oxygen
atoms into Ta-Me bonds (Scheme S1, ESIf). Corresponding
changes in the C-H stretching vibrations are evident in the
spectrum of 1B. Bands corresponding to the C-H stretching
vibrations of Ta-O-CHj at 2960 and 2936 cm ™' (v,) and 2854
and 2840 cm ™' (v,) are evident in the spectrum; v_cy stretching
vibrations corresponding to [(=Si-O-CHj;)] (this notation
represents methoxide groups bonded to the silica surface) were
observed at 2992 (v,s,) and 2856 cm™ " (v,).*>%* Corresponding
bending vibrations of C-H in Ta-O-CH; and =Si-O-CH; were
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The spectrum of 2A includes vibrational features similar to
those of 1B, which are assigned to the C-H stretching of Ta-O-
CH; and =Si-O-CHj; species. This comparison suggests the
presence of similar types of surface species in the samples made
from the two precursors. A magnified view of the spectra of 1B,
2A, and 2, Fig. S1 (ESIY), is in line with the suggestion, with the
spectrum of 2 supporting the assignments as it shows the
stretching and bending vibrations of the precursor complex
Ta(OMe)s at approximately 2919, 2890, and 2823 cm .
However, grafting resulted in ~10-30 cm ™" shifts in the vibra-
tional frequencies of Ta-O-CH; for the complexes 1B and 2A.

Because the grafting of 2 was accompanied by the release of
methanol, we suggest that it might have opened up a nearby Si-
O-Si bridge, resulting in the formation of =Si-OH and =Si-O-
CH; moieties. Some of the released methanol might also have
become adsorbed on the silica. Such adsorbed methanol would
likely have been hydrogen bonded with remaining silanols—
a possible explanation for the appearance of the broad band in
the region of approximately 3400 cm ™" in the spectrum of 2A.

Silica-supported tantalum complexes: further evidence from
elemental analyses

Elemental analysis data presented in Table S2 (ESIt) (samples
for elemental analysis were handled under controlled atmo-
spheres) show that the C/Ta value obtained for 1B is 3.6 £ 0.3,
which suggests that the major species formed was monopodal
(theoretical C/Ta = 4). 2A has a C/Ta value of 4.6 + 0.3, which
accounts for the major fraction of monopodal species, with Ta-
(O-CHy), formed, along with neighbouring =Si-OCH; groups
formed as a result of the reaction of methanol with the strained
siloxane bridges (theoretical C/Ta = 5). The elemental analysis
data match the expected values for the structures of 1B and 2A
given in Scheme 1.

Characterization of supported tantalum nitride NPs

X-ray diffraction patterns of supported tantalum nitride NPs.
The XRD patterns of 1C and 2B include a broad peak corre-
sponding to amorphous silica (Fig. S2, (ESIT)). No peaks rep-

observed at 1454 and 1436 cm ™', respectively. resenting Ta,N,/TaO,N,, are evident, probably a consequence of
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Fig. 1 (A) IR spectra of SiO,-700, 1A, 1B, 2A, and 2; (B) of 1C and 2B.
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the too low loading, amorphous nature, and/or the very small
size of the particles.**

Transmission electron microscopic analyses of supported
tantalum nitride NPs. In order to understand the size,
morphology, and crystalline nature of supported tantalum
nitride (1C and 2B), TEM analyses were performed. The images
provide evidence that very fine NPs were formed on the silica
surface as a result of the nitridation treatment (Fig. 2(A)-(F)).
Fig. 2(B) of 1C shows NPs with diameters in the range between
0.5 and 3 nm. The relatively large particle in the image of
Fig. 2(B) is inferred to have formed by coalescence of smaller
NPs under the influence of the high-energy electron beam.
Fig. 2(B) and (C) show that the NPs are well dispersed on the
support surface. Fig. 2(D) is a high-magnification image of 2B
showing the NPs with diameters up to 3.5 nm (Fig. S3, (ESIT)).
The slightly greater sizes of the NPs in sample 2B as compared
with 1C suggest aggregation associated with the greater density
of tantalum species in the former sample. Particle size distri-
butions and additional images, determined by HRTEM and
STEM, of 1C and 2B, are given in Fig. S3-S5 (ESIt). The average
particle sizes of 1C and 2B samples are respectively 1.6 and
1.9 nm with a standard deviation of +0.2 nm. These confirm the
rather narrow size distribution of the NPs mentioned above,
which we suggest may be associated with the preparation
strategy. Thus, TEM analysis complements the observations from
XRD analysis. Note that some micrographs acquired by HRTEM
as shown for 1C in Fig. 2(A) were sufficient to resolve atomic
planes with a d-spacing of 0.23 nm, which would possibly match
with the {024} plane family of crystalline Ta;Ns (Cmcm (63)).2*

IR spectroscopy and elemental analyses of supported
tantalum nitride NPs. IR spectra of 1C and 2B (Fig. 1(B)) include
a broad band centred at about 3300 cm ' corresponding to
adsorbed water and a strong band at 1630 cm ™" corresponding
to the bending vibrations of adsorbed water. A very weak band
assigned to Si-NH, is also present, at 1550 cm ™', in the spec-
trum of 2B, and this decreased in intensity upon prolonged

Fig.2 TEM images of 1C and 2B. (A) Lattice-resolved image of one of
the particles of 1C; (B) distribution of Ta,N, NPs onssilica in 1C; (C) dark
field STEM image showing the dispersion of the NPs in 1C; (D) high-
magnification dark field STEM image of 2B showing the NPs; (E) NPs in
2B; and (F) low magnification dark-field STEM image of 2B.

This journal is © The Royal Society of Chemistry 2017
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exposure of the sample to air.** Traces of isolated silanols were
also present in both 1C and 2B as indicated by the weak band at
3746 cm™ ", Elemental analysis data presented in Table S2 (ESI)
show that 1C and 2B contained 4.2 £ 0.2 and 4.8 + 0.2 wt% of
Ta, respectively.

Textural properties of support and supported tantalum
nitride NPs. BET surface area measurements were carried out to
provide evidence of the textural properties of 1C, 2B, and SiO,-
700 (Table S3 (ESIT)). Dehydroxylation, grafting of the metal
complexes, and subsequent nitriding at 1173 K to form NPs
resulted in a reduction of the surface area by 15-20% (Sggr: 200
m” g !). Nitrogen adsorption-desorption isotherms of the
samples 1C, 2B, and SiO,-700 are presented in Fig. S6 (ESIT).

Evidence of tantalum oxidation states of supported NPs. X-
ray photoelectron spectroscopic (XPS) analyses were per-
formed to probe the nature of the surface composition and the
oxidation state of Ta. XPS data corresponding to Ta 4f and N 1s
of 1C and 2B are given in Fig. 3(A)-(D). The Ta 4f spectrum of 1C
shown in Fig. 3(A) is composed of two sets of Ta 4f doublets. As
for the doublet in the low energy region, the binding energy
values from the Ta 4f spectrum (Ta 4f7/2 = 24.9 eV and Ta 4f5/2
= 26.8 eV) are in good agreement with the Ta 4f of the Ta;N5
phase (~83%).% Another set of doublets observed in the high-
energy region (Ta 4f7/2 = 27.7 eV and Ta 4f5/2 = 29.6 eV) most
probably should be attributed to the TaO,N, phase (~17%).
This phase might have arisen from oxidation of the Ta;Nj5 that
formed. Hence, it is concluded that 1C (Fig. 3(A)) is predomi-
nantly composed of tantalum nitride (TazNs) NPs.*” In the case
of 2B, the Ta 4f spectrum consists of three separate doublets
(Fig. 3(B)) consisting of a weak low energy doublet, similar to
the one observed for the TaN phase (Ta 4f7/2 = 23.3 eV and Ta
4f5/2 = 25.2 eV).*® Another doublet at Ta 4f7/2 = 24.5 eV and Ta
4f5/2 = 26.35 eV and a high-energy doublet at Ta 4f7/2 = 26.5 eV
and Ta 4f5/2 = 28.3 eV match well with the Ta;Ns- and TaON-
like phases, respectively.* The spin orbit splitting constants in
all the cases are ~1.9 eV, consistent with the literature.*

Ta af (A)

Intensity (a.u.)
Intensity (a.u.)

30 28 26 24 22
Binding energy (eV)
N1S ©)

N1S (D)

Intensity (a.u.)
Intensity (a.u.)

——— 2 Y i/ R R
402 401 400 399 398 397 396 395 394 400 399 398 397 396 395 394
Binding energy (eV) Binding energy (eV)

Fig. 3 X-ray photoelectron spectra corresponding to Ta 4f of (A) 1C
(B) 2B and N 1s of (C) 1C and (D) 2B.
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XPS data corresponding to the N 1s of 1C are given in
Fig. 3(C). N 1s spectrum shows contributions from three
different types of nitrogen environments with their corre-
sponding binding energies at 396.3, 398.5, and 400 eV, similar
to the reported values for TaN, Ta,N,/TazNs, and TaO,N, pha-
ses, respectively. Slightly different contributions at 396, 397.7,
and 398.5 eV were obtained for 2B as shown in Fig. 3(D).**> For
1C the main core-level is located at 398.5 eV (~83%) whereas for
2B the nitrogen core-levels are more evenly distributed among
the three binding energies (396, 397.7, and 398.5 eV). The data
suggest that the preparation method has a strong impact on the
homogeneity of the final synthesized tantalum nitride NPs:
starting from the Ta(Me)s precursor allows one to form the most
homogenous tantalum nitride NPs. More spectra (C 1s, O 1s,
and Si 2p) are provided for samples 1C and 2B in Fig. S7-S9,
(ESIt). On the basis of the XPS analyses, we designate samples
1C and 2B as a mixture of Ta,N, and TaO,N, phases.

UV-visible spectroscopy of supported tantalum nitride NPs.
Fig. 4(A) shows the UV-visible diffuse reflectance spectra of the
supported tantalum nitrides 1C and 2B. Spectrum (a) shows
a red shift of the onset of the absorption at about 636 nm, and
the corresponding Tauc plot (Fig. 4(B)b) shows a direct band
gap of 2.15 eV. On the other hand, the onset of absorption of the
tantalum nitride 2B is at about 596 nm (Fig. 4(A)b) with a direct
band gap of 2.29 eV (Fig. 4(B)b).”® Bulk Ta;Nj; is characterized by
a band gap of 2.1 eV, whereas our as-synthesized Ta,N,/TaO,N,,
is characterized by band gaps of 2.15 and 2.29 eV for 1C and 2B,
respectively, indicating a blue shift probably due to the presence
of TaO;N,.>

Details of the molecular surface organotantalum chemistry

A more detailed characterization of the surface species depicted
in Scheme 1 required spectroscopic evidence beyond that
accessible from the results presented heretofore. NMR and
EXAFS spectroscopies provide the further insights summarized
in the following paragraphs.

Evidence from MAS DNP SENS. Although alkoxides of tran-
sition metals have been used extensively as precursors for the
preparation of a wide variety of materials, the available crys-
tallographic information characterizing such alkoxides is
limited. Correspondingly, there is little such information about
precursor 2. A comparison of the liquid and solid-state NMR

3 3
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Fig.4 (A) UV-visible diffuse reflectance spectra of (a) 1C and (b) 2B. (B)
Tauc plot showing direct band gap of (a) 1C and (b) 2B.

5654 | Chem. Sci., 2017, 8, 5650-5661

View Article Online

Edge Article

spectra of 2 is also missing from the literature. Consequently,
we recorded variable-temperature "H and >C NMR spectra of
Ta(OMe)s, 2, in deuterated dichloromethane, with the results
summarized in Fig. S10 and S11 (ESIt), respectively.

The "H NMR spectrum of dimeric tantalum pentamethoxide
2 in CD,Cl, solution at 300 K includes two major resonances, at
4.31 ppm (corresponding to terminal OCH;(a)) and at 4.05 ppm
(corresponding to bridging O-CHj(c)), and these indicate
a rapid intermolecular exchange of terminal and bridging
methoxy groups. The low-temperature '"H NMR spectra include
three signals with intensity ratios of 2 : 2 : 1, consistent with
a dimeric bi-octahedral structure with two bridging methoxy
groups. Significantly, the temperature dependence of the
spectra indicates that the exchange of terminal methoxide
groups occurs faster than the exchange of bridging and
terminal methoxide groups.

When the temperature was decreased, the signal at approx-
imately 4.31 ppm split into two distinct singlets, at ¢ 4.35 and
4.22 ppm, showing that two types of terminal OCH; groups
exist, which are of type (a) and (b), respectively. A weak signal at
about 3.33 ppm (CH;-OH), corresponding to traces of methanol
in the sample, is also evident in the spectra. We surmise that
some of the methanol used in the preparation of 2 remained in
the samples. A very weak signal at about 5.3 ppm corresponding
to trace amounts of CH,Cl, (from solvent CD,Cl,) is also
evident.

Fig. $11 (ESIt) shows the corresponding **C NMR spectra of
2 at 300 and 193 K. The intensity ratio of terminal carbons to
bridging carbons was found to be 2:2:1, as expected for
a dimer. The "H-">C HSQC spectra of Ta(OMe)s; at 193 K
(Fig. S12 (ESIT)) show that the signals corresponding to (a) and
(b), representing the terminal methoxides, correlate with the
carbon signals at 61 and 58 ppm, whereas the bridging meth-
oxide correlates with the carbon signal at 60 ppm. Furthermore,
as expected, the 'H signal at 3.33 ppm, attributed to methanol,
correlates with the carbon at 50 ppm. The weak 'H signal at
5.3 ppm correlates with the **C signal of CH,Cl,-D, (solvent),
which appears at 54 ppm.

Fig. 5(A) and (B) is a representation of the solid-state **C CP
MAS NMR spectrum of 2 at room temperature and its corre-
sponding two-dimensional "H-"*C correlation (HETCOR) spec-
trum. The "*C signals include resonances at 60.4, 58.2, 57.1, and
55.1 ppm, corresponding to a-terminal (a), c-bridging (c), b-
terminal (b) methoxides and traces of adsorbed methanol,
respectively. Fig. 5(B) confirms these assignments and also
indicates the direct correlation with the corresponding protons
of various types of methoxides and methanol.

The "H MAS and "*C CP MAS NMR spectra of 1A show major
peaks at 0.8 and 73 ppm, respectively, corresponding to methyl
groups of Ta-CHj (Fig. S13(a) and (b) (ESI{)). The *C CP MAS
NMR spectra of 1B and 2A (Fig. S14(a) and (b) (ESI{)) show two
prominent signals at about 60 and 49 ppm corresponding to
Ta-OCH; and =Si-OCHj3, respectively (we emphasize that the
acquisition time for each of the corresponding spectra was 4-5
days with poor signal-to-noise ratios).

It is thus clear that conventional NMR spectroscopy is
limited for characterization of the surface chemistry involved in

This journal is © The Royal Society of Chemistry 2017
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Fig.5 (A) *C CP MAS NMR spectrum of 2 (acquired at 400 MHz, with
a 10 kHz MAS frequency, 5000 scans, a 4 s repetition delay, and a 2 ms
contact time at room temperature). (B) 2D *H-*C CP MAS HETCOR
spectrum of 2 (acquired at 9.4 T with 10 kHz MAS frequency, 1000
scans per t; increment, a 4 s repetition delay, 64 individual t; incre-
ments and a 0.2 ms contact time).

the preparation of Ta,N, NPs. Hence, we turned to DNP surface-
enhanced NMR spectroscopy (SENS) for improved sensitivity.
SENS has been used by means of dynamic nuclear polarization
(DNP), a technique that allows short acquisition times and is of
particular value for samples incorporating species at low
concentrations on surfaces.”® DNP SENS measurements were
acquired at about 100 K, with TEKPol (stable radical) as the
polarizing agent and 1,1,2,2-tetrachloroethane (TCE) and 1,2-
dichlorobenzene (DCB) as the solvents.*

The "H MAS DNP SENS spectrum of 1B in TCE (Fig. S15(a)
(ESIYT)) gave a very good proton enhancement (ey) of 112. The
'3C CP MAS DNP SENS spectrum of 1B shows carbon signals
corresponding to the solvent TCE, which overlaps the expected
13C chemical shifts of Ta-OCH; and =Si-OCHj; (Fig. S15(b)
(ESIY)). Hence, another solvent, DCB, was used to disperse the
TEKPol, showing a proton enhancement of ey = 59 (Fig. S15(c)
(ESIT)). The "*C CP MAS DNP SENS spectrum of 1B in DCB
(Fig. 6(A)) shows the carbon signals corresponding to Ta-OCH;
and =Si-OCH; at 60 and 49 ppm, respectively, without any
interference from the solvent.>® The spectra were recorded for
the sample including **C in natural abundance. We were also
able to acquire a DNP SENS 2D "H-">C HETCOR NMR spectrum
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Fig. 6 Schematic representation of 1B followed by (A) C CP MAS
DNP SENS spectra (100 K, 400 MHz/263 GHz gyrotron) of 1B
impregnated with 16 mM of TEKPol in DCB solution. The spectra were
recorded using 128 scans, recycle delay of 3 s, contact time of 3 ms,
and MAS frequency at 8 kHz. (* indicates the sidebands) (B). Two-
dimensional *H-'*C heteronuclear correlation (HETCOR) DNP SENS
spectrum of 1B acquired with 2048 scans per t; increment, 96 indi-
vidual increments, and 0.2 ms contact time. During t;, e-DUMBO-1
homonuclear *H decoupling was applied and proton chemical shifts
were corrected by applying a scaling factor of 0.57 (Table S1 (ESI{)).

of 1B (Fig. 6(B)), which shows correlations of the '*C signal at
60 ppm with the "H signal at 4.1 ppm of Ta-OCHj; and the *C
signal at 49 ppm with the "H signal at 3.4 ppm of =Si-O-CHj.

The MAS DNP SENS spectrum of 2A in TCE shows a proton
and carbon signal enhancement ey = 147 and & = 62,
respectively (Fig. S16(a) & (b) (ESIT)). Here, for the suppression
of TCE solvent signals, we used a CP MAS NMR with echo. The
corresponding *C CP MAS echo DNP spectrum (Fig. 7(A))
clearly shows two peaks for the sample, at 60 and 49 ppm,
corresponding to Ta-O-CH; and =Si-O-CHj3;, respectively. As
in the case of 1B, the 2D '"H-"*C HETCOR with echo spectrum

Chem. Sci., 2017, 8, 5650-5661 | 5655
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Fig. 7 Schematic representation of 2A followed by (A) *C CP MAS
with echo DNP SENS spectra (100 K, 400 MHz/263 GHz gyrotron) of
2A impregnated with 16 mM TEKPOL in TCE solution. The spectra
were recorded using 128 scans under microwave irradiation, recycle
delay of 3 s, contact time of 3 ms, and MAS frequency at 8 kHz (B) 2D
H-13C HETCOR DNP SENS spectrum with an echo of 2A acquired
with 2048 scans per t; increment, 96 individual increments and 0.2 ms
contact time. During t;, e-DUMBO-1 homonuclear *H decoupling was
applied, and proton chemical shifts were corrected by applying
a scaling factor of 0.57 (Table S1 (ESIY)).

(Fig. 7(B)) of 2A shows that the *C of TaOCH; and =Si-O-CHj,
correlated with the corresponding 'H signals. A weak tail at
60 ppm correlating with the 'H at about 5.5 ppm might be
evidence of a contribution from the solvent TCE.

The *°Si MAS DNP SENS spectrum of 2A in TCE was acquired
with only 1024 scans and showed the presence of Q and D type
silicon at —100 and —16 ppm, respectively, attributed to the
support Aerosil silica. The nature of the different Q-type Si and
the D-type Si signals is explained in Fig. 8(A). The D-type signals
are attributed mainly to Si atoms in (-O-Si(R,)-O-), structures
(This might be due to the contamination from grease used in
the storage tubes). The two-dimensional "H->°Si HETCOR DNP-
SENS spectrum of 2A, Fig. 8(B), gives evidence of various Q types
correlated with various surroundings of protons, namely, (a)
that resulting from the interaction of Q3 with a corresponding
OH proton (1.8 ppm); (b) that resulting from the direct
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Fig. 8 (A) 2°Si CP MAS DNP SENS spectra (100 K, 400 MHz/263 GHz
gyrotron) of 2A impregnated with 16 mM TEKPOL in TCE solution. The
spectra were recorded with 1024 scans, recycle delay of 3 s, contact
time of 5 ms, and MAS frequency at 8 kHz. Separate Q and D type Si
species are represented for clarity. (B). 2D *H-2°Si HETCOR DNP SENS
spectrum of 2A acquired with 2048 scans per t; increment, 96 indi-
vidual increments, and 0.2 ms contact time. During t;, e-DUMBO-1
homonuclear *H decoupling was applied, and proton chemical shifts
were corrected by applying a scaling factor of 0.57 (Table S1 (ESIt)).

interaction of Si of =Si-OCHj; with the corresponding OCHj;
proton (3.2 ppm); and (c) that resulting from the Si of $i-O-Ta-
OCHj; with the respective proton (4.4 ppm).

Ta,N,/TaO,N, NPs obtained from both precursors 1B and 2A
were subjected to DNP SENS analysis. The MAS DNP SENS
spectra of 1C and 2B in TCE show proton enhancements of 119
and 101, respectively (Fig. S17 (ESI{)). The "’N CP MAS DNP
SENS spectra of 1C and 2B were recorded with only 3072 scans
(Fig. 9). In the case of 1C, the spectrum shows an intense signal
at about 24 ppm that is attributed to Ta,N, (Fig. 9(A)). For 2B, in
addition to the peak at 24 ppm, a signal at 10 ppm is clearly
visible that can be assigned to TaO,N, (Fig. 9(C)). There is only
one report that describes a similar type of NMR observation for
such small clusters of tantalum nitride;” Wolczansky et al.
demonstrated that similar types of alkylidene precursors
generated clusters/oligomers of amorphous tantalum nitride at

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 !°N CP MAS DNP SENS spectrum (100 K, 400 MHz/263 GHz
gyrotron) of (A) 1C and (C) 2B impregnated with 16 mM TEKPol in TCE
solution. The spectra were recorded with 3072 scans under micro-
wave irradiation, recycle delay of 3 s, contact time of 4 ms, and MAS
frequency at 8 kHz. (B) and (D) Two-dimensional *H-">N HETCOR
DNP SENS spectrum of 1C and 2B acquired with 2048 scans per t;
increment, 96 individual increments, and 4 ms contact time. During t,
e-DUMBO-1 homonuclear *H decoupling was applied, and proton
chemical shifts were corrected by applying a scaling factor of 0.57. See
Table S1t for the details.

temperatures below 673 K and crystalline cubic tantalum
nitride at temperatures above 1023 K. They also observed that
the '°N signal corresponding to Ta,N, shifted upfield in the case
of small partially amorphous clusters.

In general, the "°N signal for a bulk transition metal nitride
is expected as a broad band at ~400 ppm.*® For NPs of metal
nitrides, the corresponding signal is shifted up field to 24 ppm
(Fig. 9(A)). Moreover, as the coordinating nitrogen is replaced by
oxygen, the '°N signal corresponding to TaO,N, is further
shifted to 10 ppm (Fig. 9(C)). The "H-">N HETCOR DNP SENS
spectra of 1C and 2B (Fig. 9(B) & (D)) recorded with the long
contact time of 5 ms show a distant correlation with the "H of
the solvent, which appears at about 5 ppm. Thus, the >N DNP
SENS results complement the XPS results.

Evidence from EXAFS spectroscopy. X-ray absorption spec-
troscopy (XAS) provides detailed information about the local
electronic and geometric structure of an absorber atom and its
near surroundings. XAS experiments characterizing SiO,-700-
supported tantalum complexes, namely, 1A, 1B, 2, and 2A were
carried out at the Ta Ly; edge (9881 eV), in a specially designed
cell with the samples at liquid nitrogen temperature, under
high vacuum to prevent exposure to air or moisture.>

EXAFS data analysis was carried out with the software
packages ATHENA and XDAP.**** Reference files used for phase
shift and backscattering amplitude corrections were calculated
with the FEFF 7.0 code.®® A summary of the results is presented
in Table 1, and the details of the fitting and analyses are pre-
sented in Fig. S18-S30 and Tables S6-S9 (ESIT).

The best-fit model for 1A is consistent with the expectation of
methyl groups and support oxygen atoms bonded to the

This journal is © The Royal Society of Chemistry 2017
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Table 1 Summary of results of XAS characterizing SiO,-700-sup-
ported Ta complexes®

Sample Shell N R(A) Ac® x 10° (A%)  AE, (eV)
1A Ta-C,, 40 220 3.0 ~10.0
Ta-Og 1.5 1.90 1.0 -9.7
1BModel]  Ta-Opos 2.0 1.86 3.7 3.2
Ta-C 2.3 2.57 1.1 14.4
Ta-Cpo 3.5 3.18 6.2 —14.7
Ta-0, 5.2 3.76 10.4 —6.6
1BModel T  Ta-Opgs 2.0 1.85 3.6 4.6
Ta-O 1.6 2.55 1.4 7.5
Ta-Cpo 42  3.20 8.2 —14.7
Ta-0y 3.7 3.75 6.4 —5.8
2 Ta-Opme 2.0  1.88 4.7 3.8
TaOpme 2.0 2.20 3.4 2.7
TaCpo, 4.0 3.15 9.9 —13.6
Ta-Ta 1.2 3.40 4.5 —-11.2
24 Ta-Omeis 3.3  1.88 6.3 1.5
Ta-Cppe 3.3 3.11 0.1 ~16.6
Ta-Sig 2.8 3.33 5.2 3.7
Ta-0, 5.8 3.78 10.9 —8.3

% Notation: N, coordination number; R, absorber-backscatterer distance;
Ac?, disorder term (Debye-Waller factor); AE,, inner potential
correction; m, methyl; s, support; mo, methoxy; 1, long; t-mo, terminal
methoxy; b-mo, bridging methoxy. Estimated error bounds for each
parameter are as follows: N £ 20%; R £ 0.02 A; Ac? + 20%; AE, + 20%.

tantalum. The model thus gives evidence of a Ta-C contribution
and a Ta-O contribution. The non-integer Ta-O coordination
number (Table 1) could be an indication of the presence of
some bipodal species, possibly formed under the influence of
the X-ray beam during the measurement, as was observed for
a silica-supported tungsten complex.®® The results are none-
theless consistent with the expectation that the sample con-
sisted of predominantly of monopodal species, [(=SiO-)
Ta(CHj),).

In fitting the data characterizing sample 1B, two different
models were considered to resolve O in the support and O in the
methoxy groups. They are Models I and II, consisting of four
shells, the maximum number justified by the data: (1) a Ta-O
contribution (where O represents unresolved methoxy and
support O atoms), (2) a Ta-C contribution, (3) another Ta-O
contribution to represent the interaction of Ta with O atoms of
the support at a distance greater than a bonding distance, and
(4) another Ta-light atom contribution. In Model I, the light
atom is C; in Model II, it is O. These models provided satis-
factory fits of the data, with Model II giving a slightly better fit
than the other. The important point is the confirmation of the
presence of methoxy groups on the Ta, with Ta-O and a Ta-C
contributions at appropriate distances for tantalum methoxy
species (Table 1). But the results are less than quantitative,
failing to resolve all of the Ta-C and Ta-O contributions, and
thus reflecting the limitations of EXAFS spectroscopy for
structures such as ours.

EXAFS spectroscopy was also used to characterize the
dimeric precursor 2, for which there is no known crystal
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structure. The results (Table 1) demonstrate a Ta-Ta contribu-
tion, with a coordination number of 1 (within error) at
a distance of 3.34 A, consistent with a dimer. The EXAFS data
also give evidence of methoxy groups (Table 1), but the C/Ta and
O/Ta ratio suggested from the Ta-O and Ta-C coordination
numbers is about 3, rather than the value of 5 expected for
Ta(OMe)s. Thus, the data are less than sufficient for a structure
determination, and we postulate that the sample was degraded
under the influence of the X-ray beam in the experiment,
consistent with our observation that the second and third scans
were different from the first (the third scan was used in the data
analysis, because the data quality was higher than that of the
earlier scans).

An approach similar to that described above for sample 1B
was used in fitting the data characterizing the supported sample
prepared from precursor 2, that is, 2A. Again, it was found that
resolution of the various Ta-O contributions was not justified by
the data, and so a simplified model was used (Table 1). The best-
fit model leads to the important result that there is no EXAFS
evidence of a Ta-Ta contribution, and thus there is support for
the above-stated inference that the dimers broke and gave
single-site species.

Thus, although EXAFS data were not sufficient to provide
conclusive evidence of the exact structures of 1B and 2, the best-
fit models support the following hypothesis: (a) transformation
of 1 to 1B takes place by oxygen insertion (Ta-C to Ta-O-C), (b) 2
is a dimer with two bridging methoxide ligands with a Ta-Ta
contribution, (c) 2A is a single-site species with no Ta-Ta
contribution, and (d) 1B and 2A are similar types of surface
species.

Catalytic properties of silica-supported tantalum nitride NPs

Ta,N, and TaO,N, NPs (1C and 2B) were tested as catalysts for
cyclooctene epoxidation with liquid-phase reactants including
30 wt% H,0, as the oxidant. Dilute hydrogen peroxide is one of
the most convenient oxidants for epoxide formation because of
its ease of handling and high oxygen content, and the relative
lack of by-products in the reactions.*** The reaction conditions
were as follows: a volume of 0.92 mL of cyclooctene in 4 mL of
methanol with 4-70 mg of catalyst was used in a batch reactor; 3
mL of H,0, was used as the oxidant. The epoxidation reaction
was carried out at 333 K for 18 h under refluxing conditions.
Blank experiments were conducted in the absence of either
a catalyst or H,O, to assess the activity. No conversion was
observed in the absence of the peroxide. In contrast, 8%
conversion and approximately 98% selectivity were observed in
the presence of H,O, but in the absence of a catalyst. The
catalyst performance data are presented in Fig. 10 and Table
S4(a) (ESIt).

Turnover numbers as high as 1395 were observed with 0.2
wt% of Ta in the catalyst. With an increase in Ta content,
a gradual decrease of TON values was observed.®® In contrast,
conversion increased with increasing catalyst Ta content. The
product formed was mainly cyclooctene epoxide with traces of
cyclooctene diol. The observed selectivities were between 98 and
99% for the lower catalyst Ta loadings. A reaction with Aerosil
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Fig. 10 Catalytic activities of 2B and 1C for cyclooctene epoxidation.
(Black-conversion; blue-TON; red-selectivity) [reaction conditions:
0.92 mL of cyclooctene; 4-70 mg of catalyst; 4 mL of methanoland 3
mL of H,O, (30 wt%); @ 333 K for 18 h].

silica but without NPs was conducted to provide evidence of the
effect of the support. Results were similar to that of the blank
reaction (performed with H,0, but no catalyst) showing
a conversion of ~10% and a relatively low selectivity of ~87%.
Thus, silica is not just an innocent spectator in this partial
oxidation reaction, but its effect under our reaction conditions
was minimal, corresponding to its weak Brgnsted acidity.®” The
catalyst performance data indicate that 1C (Ta content ~0.7
wt%) shows only slightly better performance than 2B, which
might be attributed to the smaller particles of 1C. For Ta
contents below 3.4 wt%, the observed selectivities were ~98%.
Yet, similar selectivities were observed for various Ta contents.
However, a further increase in Ta content resulted in a decline
in the selectivity. A significant improvement in the conversion,
from 23 to 99% or more, was achievable with increasing Ta
content.

On the basis of reported'” mechanisms, we suggest that only
surface Ta sites, which are either oxo or bis-hydroxide, could be
the active sites (Scheme S3 (ESI})). Because the surface to
volume ratio of the NPs is high, they have more Ta sites than the
corresponding masses of bulk tantalum nitrides and are
evidently more efficient catalysts. Gao et al.'” reported that pure
TazNs has a higher basicity than TaON. High basicity might
induce the decomposition of H,0O,. As a result, the effective
amount of H,0, available in the reaction medium may not be
sufficient for the formation of tantalum hydroperoxide active
sites. Their study has shown that TaON with controlled basicity
influences the epoxidation activity positively. The surface of
tantalum nitride NPs undergoes oxidation to form a similar
surface layer of TaO,N, which probably generates the active
sites during the reaction, and this might be the reason for the
observed similarities in activities of 1C and 2B. XPS results show
the presence of TaO,N, phase in 1C.

Gao et al.’” used unsupported TazN5/TaON NPs (~20 nm in
average diameter) for the same reaction. They found approxi-
mately 57% conversion with Ta,0s, whereas TazNs or TaON
showed higher conversions, including, for example, 97%

This journal is © The Royal Society of Chemistry 2017
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conversion with 96% selectivity with TaON nanoclusters being
the best. By making use of supported NPs (0.5-3 nm in diam-
eter) for the same reaction under similar reaction conditions,
we observed conversions approaching 100% without loss of
selectivity with a catalyst Ta content as low as ~3.4 wt%.
Notably, we did not observe any leaching of the active species
from the surface. The substrate scope of the Ta,N, supported
catalyst was probed with other substrates such as styrene,
cyclohexene, and 1-octene and the results are presented in
Table S4(b) (ESIt).

We compared the observed activities with literature values
(shown for catalysts incorporating transition metals and sup-
ported on silica) for the catalytic cyclooctene epoxidation (Table
S4(a) and S5 (ESIT)). Although a direct comparison of our data
with literature data is not possible, we have sufficient data to
infer that the activities reported in the literature are lower than
that of the supported nitride/oxynitride catalyst reported here.
At all of the Ta loadings tested, high selectivities were obtained
for cyclooctene epoxide, both with samples 1C and 2B. These
observations and the comparisons with the literature suggest
that our metal nitride or metal oxynitride/silica samples could
be promising alternatives to metal/silica catalysts for the
cyclooctene epoxidation reaction. On the basis of the literature,
we suggest a tentative mechanism for the cyclooctene epoxi-
dation catalyzed by Ta,N,/TaO,N,, NPs on silica, as summarized
in Scheme S3.117%%7

Conclusions

Highly dispersed Ta,N,/TaO,N, NPs with diameters in the range
of 0.5 to 3 nm supported on silica were synthesized from sup-
ported tantalum complexes according to the strategy of surface
organometallic chemistry. Characterization of the surface
species at various stages of the synthesis by a range of spec-
troscopic and microscopic methods gave evidence of the
chemistry. Especially helpful was solid-state NMR spectroscopy,
specifically, DNP SENS, for understanding this chemistry—this
technique enabled the sensitive detection of hetero nuclei
including *C, °N, and >°Si with the aid of the polarizing agent
TEKPol. The results indicate oxygen insertion into supported
tantalum alkyl complexes to form tantalum alkoxides at room
temperature. NMR and EXAFS data provide evidence of a binu-
clear to mononuclear transformation of Ta,(OMe);, upon
grafting to the support. Irrespective of whether the precursor
was mono- or binuclear, nitriding resulted in the formation of
a mixture of Ta,N, and TaO,N, NPs from the molecular
precursors, with the sizes depending on the precursor. The NPs
catalyse cyclooctene epoxidation with selectivities of ~98% at
conversions of ~99%.
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