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ABSTRACT: Mesoporous silicon nitride (SisN4) is a non-traditional support for the chemisorption of organometallic
complexes with the potential for enhancing catalytic activity through features such as the increased Lewis basicity of nitrogen
for heterolytic bond activation, increased ligand donor strength, and metal-ligand orbital overlap. Here, tetrabenzyl zirconium
(ZrBns) was chemisorbed on SisNs, and the resulting supported organometallic species was characterized by Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS), Dynamic Nuclear Polarization-enhanced Solid State Nuclear
Magnetic Resonance (DNP-SSNMR), and X-ray Absorption Spectroscopy (XAS). Based on the hypothesis that the nitride might
enable facile heterolytic C-H bond activation along the Zr-N bond, this material was found to be a highly active (1.53 molpropene
molz* h'tat 450 °C) and selective (99%) catalyst for propane dehydrogenation. In contrast, the homologous silica supported

complex exhibited negligible activity under these conditions.

Surface organometallic chemistry (SOMC) is a valuable
strategy for the generation of well-defined supported
precatalyst structures, both as model complexes to gain
insights into industrially relevant processes, and for the
generation of highly active and selective catalysts in their
own right. 2 Key features of this approach include the
ability to perform the rational design of surface species
through structure-activity studies, generation of highly
reactive and often undercoordinated or distorted surface
species that are inaccessible with traditional molecular
synthesis techniques, and site isolation preventing multi-
nuclear deactivation or passivation.? 3 Traditionally, SOMC
catalysts have employed predominantly metal oxide
surfaces (e.g. Si02* 5, Ti02,% 7Al203,% ‘MgO0,10. 11 etc.), which
each promote differing chemistries based on the relative
abundance and strength of Lewis and Brgnsted acid and
base sites; however, the breadth of accessible chemical
space within the oxides is limited." 12 Expanding the field of
SOMC catalysis beyond traditional oxides has the potential
to provide powerful tools for modulation of catalyst
behavior and expand the accessible repertoire of reaction
mechanism and reaction conditions.

Propane dehydrogenation has drawn considerable
interest in the SOMC research community due to the high
industrial demand of propene for the manufacturing of
polymers, and this approach has proven capable of
generating well-defined active sites for dehydrogenation,
providing a wealth of mechanistic insights.1314 The growing
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Figure 1. Previous PDH catalysts prepared by a SOMC
approach and the catalyst employed in this work for PDH.

demand for polypropylene has created a gap in propene
production.

This gap can be addressed by catalytic oxidative (OPDH)
and non-oxidative propane dehydrogenation (PDH,
including the Catofin and Oleflex processes).!3 PDH systems
comprised of isolated metal ions (e.g. Crl5 16, Gal7, V18 19,
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Figure 2. (A) Grafting of ZrBna on SisN4. (B) DRIFTS spectra of SisN4 and Zr/SisNs, with difference inset. (C) EXAFS spectra (k3-
weighted, k = 3 - 11 A1) Zr/Si3Na, Zr/SiOz, and ZrBns with tabulated Zr-ligand coordination number (N) and bond distance (R). (D)
DNP-enhanced 15N CPMAS NMR spectrum of SisNsand Zr/SizNa. (E) DNP-enhanced CPMAS 29Si NMR spectra of SisN4 and Zr/SisNa.
(F) DNP-enhanced 13C{1H} HETCOR spectrum of Zr/SizN4. *Residual solvent (Figure S21).

Fe?0, Co?!) grafted on metal oxide surfaces have also been
developed using SOMC (Figure 1).14 Mechanistic studies of
these SOMC systems have revealed that the dominant
pathway for these PDH systems involves heterolytic C-H
bond cleavage across the metal oxide bond as the rate
limiting-step.!

Based on this mechanistic insight, it may be advantageous
to utilize nitrogen-based supports for this catalytic process,
with the hypothesis that the increased basicity of the
nitrogen ligand will lower the barrier to heterolytic C-H
activation. The metal nitride-supported active site
environment may also stabilize the isolated sites with
increased covalency and orbital overlap, increase active site
electron density, and enable the possibility of alternative
bond activation mechanisms involving heterolytic cleavage
ata M=N imido group.?? The value of incorporating nitrogen
into SOMC supports was highlighted by Bassett and
coworkers by treating a silica support with ammonia,
resulting in amine functional groups,??* 24 which effected a
significant enhancement in C-H and C-C bond activation via
a o-bond metathesis mechanism for supported
organozirconium species.2>27 While this work underscored
the potential benefits of nitrogen donors in SOMC catalysts,
these materials offer only a metastable nitrogen
coordination sphere, with ligand transfer to the surface
generating new oxygen donors, precluding application to
certain catalytic processes at elevated temperatures or
under relatively harsh conditions. Further, the bulk nitride
surface potentially presents a range of otherwise
inaccessible active site geometries coordination
environments. Herein, we report the synthesis and
characterization of an organozirconium complex supported

on Si3N4 and compare its performance in PDH against its
silica supported homologue.

High surface area, amorphous silicon nitride was
synthesized in a protocol adapted from Kaskel and
coworkers (486 m?/g, average mesopore diameter ~90 A)
(SI Pages S6-S11, Figure S1).28 2% Titration of the surface
Brgnsted acids using BnMg(THF): indicated the presence
of ~3.8 reactive acid sites per nm? (Figure S5-S6). Surface
functionality was assessed using diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) (Figure
2B). A broad asymmetric feature appeared at 3370 cm'!
with a shoulder at 3488 cm which are consistent with
prior observations of N-H vibrations of -NHz symmetric
stretching, vs(NHz2), at 3535 cm™ and -NHz asymmetric
stretching, vas(NHz), at 3445 cm-! overlapping with the
=NH, v(NH), stretching feature at 3350 cm-1.25> Additionally,
a sharp signal was present at 1545 cm-! which is consistent
with the -NHz bending mode, 3(NHz) (Figure 2B). Dynamic
nuclear polarization (DNP) surface-enhanced solid state
nuclear magnetic resonance (NMR) analysis was performed
to further characterize the support surface. The 2°Si cross
polarization magic angle spinning (CPMAS) NMR analysis of
the prepared SisNs, revealed a dominant, featureless line at
-43 ppm consistent with a SiN4 site in proximity to a surface
amine (Figure 2E).3° The DNP-surface enhanced 1SN CPMAS
NMR spectrum exhibited two resonances at 57 and 32 ppm
from surface SisN and amino (Si2NH and SiNH2) sites,
respectively (Figure 2D), as confirmed by the latter’s faster
cross-polarization (Figure S7).31

Tetrabenzylzirconium was selected as exemplar for
organometallic reactivity to perform exploratory studies on
the SisNs surface.3? Previous studies have reported that a



zirconium modified silica exhibits negligible activity
towards PDH.33 It was hypothesized that employing a
nitride support may enhance the isolated zirconium active
site towards C-H bond cleavage and enable PDH activity.
Chemisorption of ZrBn4 on SizN4 was conducted in benzene-
dsatroom temperature and monitored over 72 h by 'H NMR
spectroscopy (Figure S8, S9). The evolution of toluene over
time suggests that approximately two benzyl ligands per Zr
are cleaved in a two- step process, with the first
protonolysis occurring rapidly, followed by a slower
intramolecular second protonolysis from metastable ZrBns
fragment. Preparative scale grafting afforded Zr/SizNs with
a Zr loading of 7.6 wt% determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES; Table S1)
corresponding to 1.3 Zr/nm?2 Analysis of Zr/SizNs4 by
DRIFTS revealed an attenuation of the 3(NH:z) bending
mode at 1545 cm™ and the presence of aromatic C-C
stretching features, v(C=C, 1592 cm,1569 cm'?, 1481 cmt,
and 1448 cm) and C-H stretching features, v(Csp?-H, 3084
cmt and 3063 cm) consistent with those of a zirconium
bound benzyl ligand (Figure 2B and Figure S10).
Comparison of contributions from NH and NH2 to the N-H
stretching region before and after grafting indicated a
decrease in NH: relative to NH after grafting, which
suggested a preference for protonolysis at the NH: sites
(Figure 2B, S11-S14).

Solid state 'H, 13C, 15N, and 2°Si NMR analysis was then
performed to probe the structure of Zr/SizN4. A shift was
observed in the surface 2°Si NMR resonance to -47 ppm
(Figure 2E), closer to that expected from bulk SizNs sites (-
49 ppm) due to the consumption of the NH2SiNs sites (-43
ppm).3% 31 The DNP-enhanced >N CPMAS NMR spectrum
(Figure 2D) revealed the consumption and shifting of the
amino resonance. Zr metal-induced 5N shifts in
Zr(NMez)n/SiO2 have been reported to be +9 ppm,3* which
suggests that the >N signal from the N3Si-*N-Zr should
appear around 40 ppm. This agrees with the apparent
maximum of the observed low-frequency shoulder,
although it likely also contains a contribution from
unreacted amino nitrogens. A DNP-enhanced 13C{'H}
HETCOR spectrum (Figure 2F) of Zr/SizN4 was collected to
assess the nature of residual benzyl ligands on the surface.
A signal at 131 ppm correlated with aromatic protons
consistent with those from benzyl ligands. The 13C NMR
signal at 68 ppm correlates to 1H spins resonating at 2.4
ppm, consistent with the methylene -CHz in a Zr-benzyl
group.3®

X-ray absorption spectroscopy (XAS) analysis was also
employed to assess the structure of the supported Zr on
silicon nitride as well as a homologue on silica (Zr/SiOz)
(Figure 2C, S16-S20, Zr/SiO:is spectroscopically consistent
with the previously reported material3?). Qualitative
comparison of the Zr K-edge with ZrBns and ZrO: was
consistent with a Zr(IV) oxidation state of Zr/SisNs and
Zr/Si0Oz (Figure S17). Fitting of the extended X-ray
absorption fine structure (EXAFS) of Zr/SisNs was
described by a first shell Zr-N coordination number of 3.0
1.1 and a Zr-C coordination number of 2.3 + 0.8 at distances
of roughly 2.06 A and 2.30 A, respectively (Figure 2C, S19-
S20 and Table S2). The elongated radial component (Zr-C)
of the first coordination shell gives rise to the scattering
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Figure 3. (A) Zr/SisN4 PDH conversion (blue) and selectivity
(orange), vs Zr/SiOz conversion (red). 2.0 mol% propane in
argon, 5 mL/min (WHSV = 0.24 h-1). (B) Proposed C-H
energetics for Zr/SisN4 and Zr/SiO2 C-H activation of propane.
feature near 2.1 A in the EXAFS of both supported Zr species
(Figure 2C).32 For Zr on both supports, there was no
indication of neighboring Zr atoms suggesting that Zr forms
atomically dispersed species on the surface of both SizN4
and SiOz2.

The performance of Zr/SisNs+ for PDH was initially
assessed in a plug flow reactor at 450 °C with a flow rate of
5 mL/min of 2 mol% propane in argon. Under these
conditions an initial burst of reactivity with low selectivity
was observed, likely associated with formation of transient
reactive species, followed by gradual deactivation and high
selectivity approaching >99% for the generation of propene
over 72 hours on stream (conversion and selectivity of 25%
and 95% at 2 h, 10% and 99% at 24h, and 5% and 99% at
72h) (Figure 3A and S22-23), and selectivity did not
decrease with increasing WHSV (Figure S24). The reaction
also proceeds with a high carbon balance (0.98 at 1.0 h and
>0.99 at 72 h, Figure S25). In contrast, under similar
conditions, Zr/Si0: did not generate significant quantities of
propene (conversion < 0.1 %) (Figure 3A). At 550 °C a



similar reaction profile was observed with an initial activity
of 2.96 molpropenemolzrth! and selectivity for propene
reaching > 97% for the duration of 68 hours on stream
(Figure S27).%* While coke is detected by Raman
spectroscopy (Figure S28) on the catalyst recovered after
catalysis at 550 °C (~0.6% of the total carbon balance of the
reaction over the course of the 68 h on stream, which
correspond to a ~23% mass increase in the recovered post-
catalysis solid from carbon deposition versus ~21% carbon
detected by temperature-programmed oxidation analysis,
TPO, Figure S33), there is no detectable coke after catalysis
450 °C, and so coking is not likely to be the dominant
mechanism of deactivation. Unmetallated SizNs support
exhibits low conversion of propane (<2.5% with ~53%
selectivity) at 550 °C (Figure S29). When the silica
supported zirconium catalyst was evaluated at 550 °C, a
maximum conversion of 0.27% was observed with 78%
selectivity  (Figure S30), further confirming the
enhancement in activity and selectivity engendered by the
nitride support. Comparison with other SOMC PDH
catalysts can be performed by calculating the forward rate
constant for the dehydrogenation, k7, which eliminates some
variables in experimental conditions and the effect of the
reverse reaction.3® 37 In order of descending activity,
previously reported SOMC Ga, Cr, Co, and V catalysts on
silica have kf values of 52.7, 45.3, 33.8, and 11.2
mOlpropenemolmetaith-tbar-! respectively at 550 °C.1517.19-21 [
contrast, kr for Zr/SisNs is 234 molpropenemoOlmeta th-1bar-! at
550 °C, surpassing the most active SOMC catalyst on silica
by four-fold, with comparable or greater selectivity (Figure
1). The kris also comparable to that of a recently reported
PDH system catalyzed by Zn grafted on dealuminated beta-
zeolite (kr= 173 molpropenemo0lmetar th-1bar-1 at 500 °C).38

Having observed a significant catalytic enhancement of
the silicon nitride supported organozirconium relative to
the silica supported analogue, a preliminary computational
analysis by density functional theory (DFT) was performed
to investigate differences in energetics of the putative key
C-H activation mechanism between the two systems (Figure
S§35-S36). This investigation evaluated two potential
structures on the silicon nitride surface (Figure 3B),
hypothesized to form after ligand transfer to the surface
following the transient initial phase of catalysis.l* One
structure features a distorted Zr structure with four X-type
nitrogen donors, and one elongated L-type lattice nitrogen
donor, while the other features a Zr=N metal imido motif.
Analysis of Zr/SisN4 post-catalysis at 450 and 550 °C by
DNP-enhanced 13C and 2°Si NMR revealed the loss of the
signal associated with Zr-bound benzyl species (68 ppm,
Figure S34), consistent these hypotheses intermediates.
The barrier to heterolytic bond activation across the Zr-N
single bond was found to be 37.6 kcal/mol, and was
exergonic (AG = -6.5 kcal/mol). Isomerization of the Zr on
SisN4 model to the Zr=N imido structure was found to be
slightly favored (AG = -2.3 kcal/mol), and the barrier for
heterolytic C-H activation across the Zr=N double bond was
found to be 40.4 kcal/mol. Thus, there is a net difference in
the simulated barriers for C-H activation between the Zr-N
amido and imido groups (AAG¥) of 0.5 kcal/mol. Based on
this value, both pathways are potentially catalytically
relevant. In contrast, heterolytic bond activation at a similar

Zr/SiO2 site was calculated to have a significantly higher
barrier (AG#= 60.0 kcal/mol) and was highly endergonic
(AG = 44.6 kcal/mol).

These results indicate that high surface area
amorphous silicon nitride is suitable for chemisorption of
organometallic precursors, and the nitride surface is indeed
capable of significantly enhancing catalytic activity as
demonstrated in the case of Zr catalyzed propane
dehydrogenation. The silicon nitride supported
organozirconium catalyst outperforms the silica supported
analogue in propane dehydrogenation with a dramatic
improvement in conversion and selectivity, observed both
at 550 °C and the relatively mild temperature of 450 °C. The
improved performance of the silicon nitride supported
catalyst may plausibly be attributed to improved heterolytic
C-H bond cleavage through increased Lewis basicity of the
inner sphere metal amide ligand relative to the siloxide
donor on silica.
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