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ABSTRACT

We show that the electronic environment around active Mo centers supported on mesoporous
silicates can be tuned by the addition of transition metals creating highly dispersed bimetallic
catalysts that display enhanced activity for ethylene + 2-butene metathesis to propylene. The
bimetallic catalysts are prepared by incorporating electrophilic Lewis acid metals (M) such as Nb,
Ta, Zr or Hf as dopant promoters into mesoporous KIT-6 supports using a one-pot sol-gel
technique followed by impregnation of the Mo species. All the prepared bimetallic Mo/M-KIT-6
catalysts display activity with (Mo/Nb-KIT-6) catalysts exhibiting maximum propylene formation
rates (54.2 + 0.5 mmol (molmo s)!') compared to monometallic Mo/KIT-6 catalyst (28.7 + 1.1
mmol (molm, s)™!) with an identical Mo loading suggesting that Mo is better utilized in the presence
of dopant promoter. Comprehensive catalyst characterization results (deploying HAADF-STEM,
DR UV-Vis, XPS, and XAS) qualitatively show an increased population of the four-coordinated
Mo-sites in the promoted Mo catalysts, while Raman reveals the presence of Mo dioxo species
(O=Mo0=0) on both the monometallic and promoted bimetallic catalysts. These results suggest that
the addition of transition metals alters Mo coordination yielding isolated bimetallic precursors
[(O=)2Mo(-O-M)(-O-Si1)] in addition to the conventional ((O=)Mo(-O-Si)2) species. Further, the
intrinsic propylene formation rates on the bimetallic formulations follow a linear correlation with
the Lewis acid strengths exhibited by the Mo dioxo species (O=Mo=0) revealing that catalyst
activity can be enhanced by incorporating a second metal with increasing electrophilic character.
Complementary >N pyridine solid-state NMR spectra display different chemical shifts associated
with the metal centers suggesting that four-coordinated dioxo MoOx species with varying
geometric and electronic configurations exist, depending on the added metal. A similar linear
correlation was also observed between the average chemical shifts of the adsorbed >N pyridine
and the Lewis acid strengths (AHagspyridine), providing informative descriptors regarding the
molecular origins of the electronic effects influencing olefin metathesis on Mo-based catalysts.
Our results demonstrate that simple synthetic methods can be harnessed in general for tuning the
electronic environment around metal centers in heterogeneous catalysts for enhancing activity and
selectivity.

KEYWORDS: olefin metathesis, bimetallic molybdenum catalysts, metal dopants, niobium,
mesoporous silicate supports



1 INTRODUCTION

Propylene is an important precursor for making commodity chemicals such as polypropylene,
and propylene glycol. Declining refining capacity in the U.S., caused mainly by the energy
transition in the transportation sector, will decrease naphtha output resulting in decreased ethane
and propane supply as chemical feedstocks. Ethane sourced from shale gas can bridge the ethane
gap in the U.S. However, the propane gap poses a substantial challenge that requires propylene
production from other sources." 2 Various on-demand propylene technologies are therefore
receiving attention.* In one scenario, ethylene sourced from either shale gas or biogenic sources
may be converted to propylene via cross-metathesis with 2-butene (derived from the dimer of
ethylene).® Among transition metals, supported Mo and W are the commonly used industrial
catalysts for upgrading light olefins via metathesis.” ® While W-based catalysts are active at >400
°C, Mo-based catalysts have been reported to be active at lower temperatures (25-200 °C).
However, both catalysts experience selectivity loss due to competing isomerization and cracking

side reactions.’13

Further, supported Mo catalysts possess ill-defined surface structures that
contain only a very small fraction of active sites (ca. 2-5%), limiting the overall catalytic
performance.® !! This also renders identifying and understanding the nature of the active sites a
challenging task.

The choice of supports significantly influences the catalytic activity of the supported metal
oxides (W, Mo, or Re). For example, Mo-incorporated mesoporous silicates such as Mo-EISA!*
and Mo-TUD-1!° demonstrate 3-4 fold higher metathesis activity compared to Mo/SiO>. The
higher activity was attributed to increased population of the isolated dioxo species (O=Mo=0) in

the precatalysts. Recently, Skoda et al. reported that the porous molybdenum silicate nanospheres

catalyst shows twofold greater propylene metathesis activity compared to supported MoOx



prepared by incipient wetness technique,'® The higher activity is attributed to increased dispersion
of MoOx species. Further, MoOx-based metathesis catalysts supported on Si02-Al,O3 mixed oxide
materials perform better than those supported on Al>O3 or SiO».!% 121718 Hahn et al. reported that
the Si02-Al203 supported MoOx catalyst shows high initial metathesis activity at relatively low
temperature (~150 °C). This is attributed to an increased population of Brensted acid sites that
favor the in situ formation of active Mo-carbene species (Mo=CHR).!? It has also been reported
that on supported MoOx catalysts, the Bronsted acid sites favor isomerization and oligomerization
reactions leading to the formation of heavier hydrocarbons that deactivate the catalysts.® % 13
Several pretreatment procedures have been reported to increase the metathesis activity of Mo/SiO»
catalysts. Photoreduction in CO followed by chemisorption in cyclopropane,'® activation with

21,22

organosilicon reductants®® and co-feeding electron-rich promoters are reported to create more

active Mo=CHR species. High-temperature (~550-650 °C) pretreatment in methane, propylene or
pure H> has also been reported to facilitate metal carbene formation (Mo=CHR).!3 2324

Another approach to enhance catalytic activity and stability is to introduce metal promoters.
While bimetallic catalysts have been investigated in a wide variety of reactions,?>’ they are less
explored for olefin metathesis. Recently, the Subramaniam group showed that doping W-based
catalysts with small amounts of promoters, such as Nb, significantly enhanced the metathesis
activity.?® This was attributed to the formation of new W-based dioxo species ((0=)W(-O-Nb)(-
O-Si)) on the precatalysts, where the promoter metal in the support framework of silica tunes the
electronic environment surrounding the active W center, akin to ligand effects in organometallic
chemistry. Density Functional Theory (DFT) calculations showed a linear correlation of the

variation in the predicted bond angle (O=W=0) with the observed propylene yield. Zhang et al.

reported that anchoring MoOx species on the most acidic hydroxyl group of Ta-modified Al,O3



supports results in a greater number of active sites, facilitating in situ formation of Mo=CHR
species.?’ Ostroshchenko and coworkers reported similar activity enhancements by introducing
inorganic promoters in the silica supports or using modified mixed supports.’® 3! To better
understand the reported promotional effects in bimetallic metathesis catalysts, a detailed
understanding of the structure of the active site precursors (i.e., precatalysts) including the role of
metals and their oxidation states in promoting catalyst activity is required.

In this work, we seek to explain fundamental electronic and structural effects of Mo-sites in
dopant-mediated bimetallic precatalysts by combining intrinsic rate measurements with advanced
spectroscopic tools to gain insights into the structure-activity correlations. Toward this end, we
investigated the metathesis activity of Mo-based bimetallic catalysts with different promoter
metals such as M = Nb, Ta, Zr, or Hf synthesized using a one-pot sol-gel technique. These
transition metals were chosen based on the differences in electronegativity and Lewis acid strength
among them. We demonstrate that, as reported previously with promoted W/KIT-6 catalysts,?®
enhancements in metathesis activity are also observed in Mo-based bimetallic catalysts when
doped with metals such as Nb, Ta, Zr, or Hf. Comprehensive catalyst characterization results
deploying a suite of spectroscopic techniques (including HAADF-STEM, DR UV-Vis, XPS, and
XANES) show an increased abundance of the isolated four-coordinated Mo-sites, while Raman
reveals the presence of structurally similar Mo dioxo species (O=Mo=0) on the monometallic and
bimetallic precatalysts. Additionally, we demonstrate that the enhanced propylene formation rates
on bimetallic Mo-based mesoporous silicates correlate with increasing strength of the Lewis acid
sites in these catalysts as inferred from the adsorption enthalpies (AHags, py) of pyridine and the N
average chemical shifts (6avg) of the pyridine coordinated to Lewis acid metal centers from ssNMR

spectroscopy. Complementary >N NMR spectra for the bimetallic catalysts show distinct



spectroscopic shifts in the Lewis acid range, suggesting that the electronic environments around
the Mo-sites of the precatalysts are tuned by the addition of the second metal. These findings reveal
general design principles and techniques that can be harnessed to favorably tune the activity of

isolated sites on supported catalysts.

2 EXPERIMENTAL

2.1 Materials

Triblock copolymer Pluronic P123 (EO20-PO70EO20, average molecular weight MW=5800),
tetracthyl orthosilicate (TEOS, 98%), and zirconyl chloride octahydrate (ZrOCl, - 8H>0, 98%
reagent grade) were purchased from Sigma Aldrich. Hydrochloric acid (certified ACS plus grade),
I-butanol (>99.5%), water (HPLC grade distilled water, 0.2 micron filtered, niobium(V) chloride
(NbCls, 99.95%), tantalum(V) chloride (TaCls, anhydrous 95.0+%, TCI America), hafnium (IV)
bromide (HfBrs, anhydrous, 98%, Stream Chemicals), and sodium sulfate anhydrous (Na»SOs,
>99%) were purchased from Fisher Scientific. Ammonium heptamolybdate tetrahydrate (>99%,
(NH4)6Mo07024-4H>0) was purchased from Acros Organics. Pyridine (>99.8%) for in situ pyridine
DRIFTS measurements was purchased from EMD millipore. For ssNMR experiments, deuterated
pyridine-ds (>99.5 atom% D) and pyridine-'>N (98 atom% '’N) were purchased from Sigma
Aldrich. (Ethylene (CP grade, >99.5%), 2-butene (>95.5 wt.%, 39% cis-2-butene and 61% trans-
2-butene), 1-butene (CP grade, >99.5%), 10% O2/N2 (HP, 99.9%), nitrogen (N2) (UHP, 99.99%),
argon (Ar) (UHP, 99.99%), 10% H/Ar hydrogen (UHP, 99.99%), helium (He) (UHP, 99.99%),
and air (UHP, 99.99%) were all purchased from Matheson Tri-Gas Inc. All the chemicals were
used as received. The ethylene and 2-butene feed gases were purified over anhydrous sodium

sulfate (Fischer scientific) traps to remove moisture traces that can inhibit the metathesis activity.



All the other gases were purified over a molecular sieve (3 A) moisture trap prior to entering the
reactor.
2.2 Catalyst synthesis

We synthesized a series of monometallic Mox/KIT-6 and the bimetallic Mox/My-KIT-6
(Mox/My) catalysts with various Mo and dopant metal (M = Nb, Ta, Zr, or Hf) loadings (‘x’
represents Mo loading and ‘y’ represents dopant promoter metal loading in wt%). The transition
dopant promoters were chosen based on the differences in electronegativity and Lewis acid
strengths. We employed a one-pot sol-gel technique?® to synthesize highly dispersed and isolated
M-O-Si framework (My-KIT-6), followed by simple impregnation of Mo on My-KIT-6 materials
using ammonium heptamolybdate as Mo precursor. In a typical synthesis, 4 g of Pluronic P123
copolymer was dissolved in 140 ml water and 6.1 g of hydrochloric acid (HCI, 35 wt%) under
stirring at a constant temperature of 35.0 + 2 °C for 24 h. Later, 4 g of 1-butanol were added to the
solution and stirred for another 4 h. At this time, 8.7 g of tetracthylorthosilicate (TEOS) and
appropriate amounts of metal (M) precursor (to yield 0.5, 1, 1.5, and 2.5 wt% metal in the synthesis
gel) were added simultaneously to the solution with vigorous stirring at the same temperature for
another 24 h. The resulting sol-gel mixture was transferred to a Teflon-lined autoclave for
hydrothermal treatment at 100 °C for 24 h. After this treatment, the reactor was cooled to room
temperature, and the contents were vacuum filtered without any further washing. The wet solid

layer was dried in an oven at 100 °C for 12 h. Finally, the organic contents (template) in the dried
solids were removed by calcination in flowing air (100 std cm?/min or sccm) at 550 °C (heating
rate of 1 °C/min) for 10 h. The synthesized samples are designated as M,-KIT-6 where M

represents Nb, Ta, Zr, or Hf, and y represents the wt% loadings (y = 0.5, 1, 1.5, and 2.5 wt%) of

the respective M in the synthesis gel.



The monometallic Mox/KIT-6 and the bimetallic Mox/My-KIT-6 (Mox/My) catalysts with
various Mo loadings (x = 2, 3, 5, and 7 wt%) were synthesized using a previously reported wet
impregnation technique.!> The impregnated slurry solution is dried in a rotavap evaporator at ca.
45 °C and later in an oven at 100 °C for 12 h. Finally, the dried solids are ground gently and
calcined in flowing air (100 sccm) at 550 °C (heating rate of 1 °C/min) for 5 h. The elemental
compositions in all the catalyst samples were determined using X-ray Fluorescence (XRF)
technique.

2.3 Catalyst textural characterization

Characterizations were performed on the freshly calcined and spent catalyst samples. The
physicochemical properties of the catalyst samples were examined using XRD, XRF, BET and
HAADF-STEM techniques (see Supporting Information Secs. SB1.1-SB1.3, Figures S1-S3).
Wide-angle x-ray diffraction (XRD) patterns were collected using a Malvern Panalytical
Empyrean instrument with Cu Ka radiation (45kV, 40mA, A = 0.154 nm). The XRD data were
recorded between 20 values of 5 — 80° and a total scan time of 20 min. The elemental compositions
were measured using XRF (Malvern Panalytical Zetium instrument). The total surface area (meso
and micro-pore areas), pore volume and pore size distribution were measured using nitrogen
adsorption-desorption experiments at liquid N> (77 K) using the Brunauer-Emmett-Teller (BET)

and Barrett-Joyner-Halenda (BJH) theories.

3 RESULTS AND DISCUSSION

3.1 Physiochemical characterization

All the catalyst samples displayed type IV isotherm and H1 hysteresis loop indicative of

ordered mesoporous silicates with high uniformity in pore size (Figure S2, Sec SB1.2)*, also



evident in HR-TEM and the STEM-HAADF images (Figure S3 (a, b), Sec SB1.3), The textural
properties are summarized in Table S1.

For the Mo02/Nb; 5-KIT-6 catalyst, the HAADF-STEM image and the elemental mapping show
higher dispersion of the MoOx species on the catalyst surface along with highly dispersed NbOx
species (elemental mapping) yielding subnanometer Mo particles (dp = 0.7 + 0.2 nm). In contrast,
the Mo2/KIT-6 catalyst revealed a slightly broader particle size distribution of Mo nanoclusters
(dp ~1.1 £ 0.4 nm). This suggests enhanced Mo dispersion in the case of Nb-incorporated
bimetallic catalyst.

XPS measurements were performed to probe the oxidation states and the distribution of the
surface MoOx species on the fresh Mo2/KIT-6 and the bimetallic Mo2/M15-KIT-6 catalysts. All
the bimetallic M02/M; s-KIT-6 catalysts show a dominant presence of MoV species (Figure S4 (a-
e)). The presence of reduced MoOx species (Mo" and Mo'V) is evident in all the catalyst samples,
being the highest in the unpromoted Mo,/KIT-6 sample (68%), followed by Mo>/Tais5 (~52%),
and Moo/Hf1 5 = Moo/Zr15 (41%) (Figure S4g). The Mo 3d doublet (3ds» and 3d3) spectrum is
especially well resolved in Mo2/Nb s-KIT-6 catalyst (Figure S4b) and exclusively contained Mo"!
species, consistent with the results from DR UV-Vis and TEM analyses. The BE for the Nb 3ds.
shell in the case of Nb-KIT-6 (208.1 eV) was found to be higher than the corresponding Nb>Os
oxide (207.3 eV).3* Moreover, the oxidation state of the Nb in the bimetallic Mo/Nb sample yielded
a single Nb 3d doublet at ~207.8 eV (3ds2) and ~210.4 eV (3d32) (Figure S4f). These features are
characteristic of a Nb (+5) oxidation state in a surrounding oxide, similar to pure NbyOs.?
Additionally, the BE values of the Nb 3ds); in the bimetallic Mo/Nb the BE was found to increase
with decreasing Nb content (207.1 to 208.5 eV) (Table S2). Such a shift towards higher BE values

is an indication of increased dispersion of the Nb species on the silica support, likely due a change



in the coordination environment of the Nb through the formation of highly dispersed Nb-O-Si
species. In other words, the surface niobia species (NbOx) are highly isolated (Nb-O-Si) with no
Nb-O-Nb interaction as also evident via TEM and DR UV-Vis (E; = 5.5 eV, Table S6) results.
Further, the metal dispersion on various catalysts was estimated from the surface atomic
concentrations (%) of the Mo species and the dopant metals based on the XPS intensity ratios
(Table S3). Despite identical Mo loadings in Mo2/KIT-6 and Mo2/Nb; 5-KIT-6 catalysts, Mo is
almost two times more abundant on the surface of the MoNb catalyst (~1.5) compared to the
unpromoted catalyst (~0.8). These results are consistent with TEM results, confirming that Nb
addition leads to the increased dispersion of the Mo species compared to other dopant promoter

metals (MoNb > MoTa >MoZr > MoHf > Mo).

3.2 Comparative metathesis activity of monometallic and bimetallic catalysts

3.2.1 Rate measurements at differential conditions

For similar Mo (~2 wt%) loadings, the catalytic performances of monometallic Mo,/KIT-6
(WI), as well as the bimetallic Mo2/M;5-KIT-6 (Mo2/Mi5) catalysts, are compared under
differential (X2-butene <10%) conditions (Figure 1a). The initial propylene formation rates on the
catalyst samples were measured at various space velocities [WHSV =4 - 18.2 molfecd/(molmo s)]
under similar reaction conditions [n(ethylene)/n(2-butene)/Argon in feed = 3/1/4 molar ratio, 1
atm, 450 °C, X2-putene <10%]. The Mo0o/KIT-6 catalyst provided initial propylene formation rates of
28.7 + 1.1 mmol (molwv, s)™!. In contrast, incorporating ~1.5 wt% of the second metal (Nb, Ta, Zr
or Hf) increases the propylene formation rates to 54.2 + 0.5 mmol (molw, s)! with Nb, followed
by 48.2 + 0.6% with Ta, 43.5 + 1.2 mmol (molm, s)! with Zr, and 37.6 + 0.9 mmol (molm, s)™!
with Hf (Figure 1a, Table S4). Thus, all the tested group IV and V metals promote the metathesis

activity. The propylene formation rates over Moo/KIT-6 and Mo2/Nb;s-KIT-6 (Mo2/Nb s)

10



catalysts showed steady activity even after 24 h time on stream (TOS) (Figure S5). Note that the
2-butene to 1-butene isomerization rates are significantly faster on both these catalysts compared

to the propylene formation rates (Figure S6 (a,b)).
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Figure 1. (a) Initial propylene formation rates for Mo2/KIT-6 and Mo2/M1.5s KIT-6 catalysts, (b)
Effect of Nb loadings on the initial propylene formation rates of the Mo2/Nbx-KIT-6 catalysts.
Reaction conditions: T= 450 °C, P = 1 atm, WHSV (ethylene+2-butene+Argon) = 4-18.2
molseed/(molwvo S), n(ethylene)/n(2-butene)/Argon in feed = 3/1/4 molar ratio, catalyst amount = 50
mg, , SiC =2 g, particle size = 300 pm, with ethylene and 2-butene conversion <10%.

We also evaluated the catalytic performances of the supports (M.5-KIT-6) as well as physical
admixtures of M1 5-KIT-6 and Mo2/KIT-6 (Table S4). While the M1.5-KIT-6 supports show some
activity for 2-butene to 1-butene isomerization, they do not exhibit metathesis activity in the
absence of Mo species. Further, physical admixtures yielded propylene formation rates identical

to those afforded by the Mo./KIT-6 catalysts alone. These results suggest that the dopant metal

(M), support and the Mo metal act in synergy to create additional active metathesis precatalytic
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sites. We hypothesize that the observed activity on the bimetallic formulation stems from reactions
occurring on two types of sites: the traditional Mo dioxo species prevalent on the monometallic
precatalyst, viz, (O=)2Mo(-O-Si), species as well as the newly formed bimetallic precatalysts
(O=)2Mo(-O-M)(-O-Si) where the metal center is coordinated to the M-O-Si framework as isolated
metal sites (Scheme 1). It must be noted that while the concentrations of the promoter metal (Nb)
and active metal (Mo) are similar (ca. 1.5-2 wt%), only a small fraction of the promoter metal sites
within the silica framework are accessible for the formation of adjacent, precatalytic sites

((0=)2Mo(-O-Nb)(-O-Si)). Hence, we also refer to the metal promoters as dopants in this study.

Conventional Precatalytic Site Proposed Bimetallic Precatalytic Site
O‘I‘vl 0 0. ,0 O. 0
Mo, MG, MG,
@) O S o
7 Q ) oo o0
.Si.__Si. Sic M Si Si,
Mo-0O-Si M = Nb, Ta, Zr, or Hf

Scheme 1. Proposed dioxo surface Mo pre-catalyst present on Mo»/M; 5-KIT-6 support.

We also investigated the effect of Nb loadings on the metathesis activity of Mo2/Nby-KIT-6 (y
=(0.5-2.5 wt%) under identical reaction conditions (Figure 1b). The Mo2/Nb1 5s-KIT-6 catalyst with
a Nb loading of ~1.5 wt% provides the highest propylene formation rates [54.2 £ 0.5 mmol (molwmo
s)']. At higher Nb loadings (~2.5 wt%), these values decrease [33.9 + 1.9 mmol (molmo s)!'] and
are closer to those observed for the monometallic Mo,-KIT-6 catalyst [28.7 + 1.1 mmol (molwo s)
11. At the lower Nb loadings (~0.5 wt%), the metathesis activity of the bimetallic catalyst did not
show appreciable improvement [38.6 = 0.6 mmol (molwm, s)!]. These observations suggest the
existence of an optimum Nb loading at which the number of adjacent Mo-O-Si and Mo-O-Nb sites

required to form the new precatalytic sites is maximized.
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3.2.2 Integral conversion data

The effects of reactor residence time on product formation rates were investigated under
integral reaction conditions [WHSV = 0.8-6 h™!, n(ethylene)/n(2-butene) = 3/1, 1 atm, 450 °C]. We
conducted catalytic tests employing pure 2-butene as the feed. The 2-butene conversion (~65%)
and the 1-butene yield (~11%) remained constant at all space velocities (0.8-6 h™') (Figure S7
(a,b)). Further, the isomerization activity when co-feeding ethylene and 2-butene (molar ratio =
3:1) was nearly constant (1-butene yield ~16%) at all residence times (0.2-1 h gmo Zfeed'!),
suggesting that the 2-butene isomerization attends equilibrium rapidly on Mo-supported
monometallic catalysts (Figure S8 (a,b)). However, upon Nb addition (M02/Nb; 5), the 2-butene
conversion increased from 56% to 62% and propylene selectivity increased from 66% to 74%,
while the 1-butene selectivity decreased from 30% to 22% (Figure S8c, Table S5). We postulate
that mixed MoO4, MoOs, and MoOs species are responsible for isomerization activity while the
conventional precatalyst (O=)2Mo(-O-Si): species and the additional bimetallic Mo/M-KIT-6
((0=)2Mo(-O-M)(-O-Si) species are responsible for the metathesis activity (see Sec. SC1, Scheme
S1).

3.3 Catalyst stability and regenerability

To test the catalyst stability under integral conditions, the apparent propylene formation rates
(molepropylene/MolMo h), also expressed as the space-time yield (STY, h'!) evaluated at the steady-
state values calculated between 0.3 h and 7 h, indicate that the Mo2/Nbi1.5 catalyst is the most active.
The reactivity order is as follows: Mo2/Nbi.5 (32.7 h'!) > Mo2/Zr1.5 (28.2 h'') > Mo2/Ta15 (27.2 h
" > Mo2/Hf1s (25.7 h'') > Mo2/KIT-6 (22.9 h'!) (Figure S9). Similar enhancement was also
observed with Mo02/Nb1.5-KIT-6 catalyst prepared in a different batch (Figure S10), confirming

reproducibility. Post-reaction analysis of the spent catalyst suggests that the minor deactivation is
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reversible and is likely due to coke formation and some adsorbed olefins that participate during
the reaction cycle, as evidenced by XPS, TGA, and '3C ssNMR analysis (Figures S11-S13).
Further, the metathesis activity of the spent Mo2/Nbi s-KIT-6 catalyst is restored by regeneration
in flowing air (100 sccm) at 550 °C for 5 h (Figure S14). The observed propylene formation rate
on the Mo2/Nby 5 catalyst is significantly higher (~5-10 fold) than those reported for the Mo-based
catalysts on modified supports,!® 3% 3! but similar to those reported on Siral supports** at 50 °C. It
is unclear if the reported rates on Siral supports are steady. It must be noted that the foregoing
comparisons are to be treated with due caution as the reaction conditions, and therefore the intrinsic
reaction and catalyst deactivation mechanisms, are different for the various catalysts. We
confirmed that the Mo2/KIT-6, Mo2/Nb; 5-KIT-6, and Mo7/Nb;.5-KIT-6 catalysts do not show any
appreciable activity for propylene formation at ~50 °C. In general, our observations from in situ
DRIFTS experiments suggest that a higher temperature is needed to activate the Mo-carbene
species and to ensure either no or only weak participation of the surface hydroxyl silanols,
allowing facile product desorption during the metathesis reaction (Section SD1.4, Figure S15
(a,b)). To corroborate this, we investigated the effect of reaction temperature (300-450 °C) on the
metathesis activity (Figure S16 (a,b)). As expected, the overall 2-butene conversion decreases at
lower temperatures. However, the selectivity towards 1-butene becomes comparable to propylene
formation at lower temperatures wherein the 2-Butene <> 1-Butene equilibrium conversion is
favored relative to higher temperatures. Hence, we chose to operate at 450 °C wherein the
metathesis precatalytic sites (O=Mo=0, dioxo Mo sites) are more active compared to other surface

Mo species (oligomers, bulk).
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3.4 Coordination environment of Mo sites

The nature and the identity of the surface Mo species were investigated by several
characterization techniques. The local coordination environment of the surface MoOx species on
the supported catalysts was probed with DR UV-Vis spectroscopy as shown in (Figures 2a and

S17). Under hydrated conditions, both the Mo,/KIT-6 and the bimetallic Mo,/M; 5-KIT-6 catalysts

possess two ligand-to-metal charge transfer (LMCT) transition (O* — Mo®") with a band maxima

at ~250 nm attributed to isolated monomeric Mo species, and another band at ~310 nm attributed
to oligomeric species (Mo-O-Mo) are consistent with those reported by previous researchers
studying metal oxide supported Mo catalysts, including for metathesis applications.>**® The
absence of d-d band around ~360-400 nm (present in Moo/KIT-6, Figure 2a) in the case of
bimetallic Mo02/M; s-KIT-6 catalysts suggests that the MoOx species (Mo"!) on the promoted
catalysts are highly dispersed, consistent with the findings from the wide-angle XRD (Figure S1)
and TEM analysis (Figure S3). The broad nature of the absorption bands and the significant overlap
in the spectral regions resulting from several excitations®® %* have been interpreted employing
theoretical approaches such as time-dependent density functional theory (TD-DFT) calculations.*!"
42 Sanchez et al.** employed TD-DFT for Ti-zeolite (TS-1) and Ti-containing silica (Ti/SiO2)
catalysts to demonstrate agreement between calculated electronic transitions and the experimental
UV-Vis spectra. Their calculations demonstrate that an increase in the coordination number of Ti-
sites leads to peak broadening, showing clear demarcations between isolated tetrahedral and
octahedral Ti sites. To our knowledge, similar theoretical calculations are not available for Mo-
supported catalysts. Nevertheless, by comparison with standard molybdenum compounds (such as
sodium molybdate, ammonium heptamolybdate and molybdenum oxide), a generalized

interpretation can be made. The DR UV-Vis spectra for all the Mo-supported catalysts under
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hydrated conditions reveal an additional peak maxima at higher wavelengths (>300 nm) as
compared to the spectrum of NaxMoO4 (~250 nm and 260 nm for isolated four-coordinated
monomeric species),*” ** suggesting the presence of an additional species, possibly oligomeric
MoOx species. Moreover, the centers of the two absorption bands (250 and 310 nm, corresponding
to 4.96 and 4.00 eV, respectively) are separated by about ~1 eV. This gap appears significant
enough to be the difference between the split energy levels of the metal center's d bands suggesting
that the absorption bands are associated with different species.*> Further, the bimetallic catalysts
(Mo02/M1.5-KIT-6) show higher edge energy (Eg) values (~3.8-3.9 eV) compared to Mo./KIT-6
catalysts (~3.2 eV) consistent with the LMCT deconvolution results showing qualitatively a higher
proportion of isolated four-coordinated monomeric species upon the addition of dopant metals
(Table S6, Figure S18 (a-€)).**° We also employed XANES and EXAFS to gain additional

insights into the local Mo structures in the catalysts.
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Figure 2. (a) Diffuse reflectance UV-Vis spectra of the fresh Moo/KIT-6, Mo2/M;.5-KIT-6

catalysts with dopants (M = Nb, Zr, Ta, Hf), with reference compounds Na;MoO4, (NH4)sM07024,
and at MoQOs3 at ambient temperature (25 °C), (b) Normalized fluorescence yield (FY) Mo Ls-edge
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XANES spectra of the hydrated supported monometallic and bimetallic Mo-based catalysts, with
reference compounds NaMoO4 and MoOs (inset) at ambient temperature (25 °C).

Mo Ls-edge XANES was employed to investigate the difference in the local site symmetry of
MoOx species arising from the metal-support interactions on monometallic and bimetallic
catalysts. Mo Ls-edge XANES is sensitive to the coordination environment of Mo center, as it
involves the dipole-allowed 2p — 4d transition, and thus the edge position reflects the local

oxidation state.’? 3!

All the samples show a double featured white line peaks (Figure 2b)
originating from the ligand field splitting of 1.8-2.1 eV for the d orbitals of the Mo.>% 52 33
Compared to monometallic Mo,/KIT-6 catalyst, for all the bimetallic catalysts (Mo2/M; 5-KIT-6),
the relative intensity ratios between the two white lines are consistent and higher for all the
bimetallic catalysts (Mo2/Mi5-KIT-6), suggesting that more MoOyx species exist in four
coordinated tetrahedral rather than octahedral coordination.#!-4? This is consistent with DR UV-
Vis spectroscopy results. On the other hand, in Mo K-edge XANES, since the octahedral Mo in
MoO; exists in off-centered asymmetric locations, both octahedral and tetrahedral Mo allow 1s-
to-4d transition that results in the pre-edge feature.** * Therefore, the pre-edge feature exists in
the K-edge XANES of all samples, monometallic or bimetallic, as well as that of bulk MoO;

(Figure 3a). For all samples, the Mo K-edge energies at the first maximum is close to that of MoO3

standard, suggesting the Mo oxidation state of around +6 on the samples.**

3.5 Molecular structure of the surface MoOx species

The molecular structure and speciation of the supported MoOy species on different oxide
supports have been extensively studied using in situ Raman and XAS spectroscopies, with their
structural assignments facilitated by theoretical calculations.'® 3% 3:5° The in situ Raman spectra

of supported Mo»/KIT-6 and the Mo,/M; 5-KIT-6 catalysts under dehydrated conditions (He flow
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of 40 sccm, 450 °C) are presented in Figure 3b. All the supported catalysts exhibit a broad peak
centered around 957-965 cm™! assigned to the asymmetric stretch of the isolated dioxo surface
species (Vas(0=)2Mo00>). 3638 The shifts observed from 947 c¢cm! under hydrated conditions
(Figure S19) to 965 cm™ under dehydrated conditions (Figure 3b) suggest that isolated monomeric
Mo dioxo (O=)2Mo(-O-Si), species are favored over polymolybdate species on the bimetallic
catalysts. In addition, a very weak band at 1020-1030 cm™ for the dehydrated Mo,/KIT-6 is
attributed to the formation of isolated monoxo Mo species O=Mo(-O-Si)s which coexists in
equilibrium with isolated dioxo species (~957 cm™). These observations are consistent with DFT
calculations reported for the formation of surface monoxo MoOs species on amorphous silica
supports.’” > The weak and broad bands observed between 825-878 c¢cm™ in Mo./KIT-6 and
Mo>/M5-KIT-6 (M = Nb, Zr, Hf, or Ta) materials are assigned to the bridging Mo-O-Mo and/or
Mo-O-M bonds.’> © Under dehydrated conditions, a small band at ~818 cm!, attributed to
crystalline MoOj3 NPs, is observed in the case of Mo,/KIT-6 materials consistent with results from
DR UV-Vis spectra (ambient conditions, E, = 3.2 eV, Table S6) for this material. However, this
band is not as well defined in the bimetallic catalysts suggesting that the surface MoOx species in
these materials are so well dispersed that they avoid sensitive detection. Thus, the results from
Raman spectroscopy are generally in agreement with the DR UV Vis spectra while providing more

insights into the nature of the major surface species on the bimetallic catalysts.
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Figure 3. (a) Comparison of Mo K-edge normalized XANES spectra of the hydrated supported
monometallic, bimetallic Mo-based catalyst, and MoO3 standard compound with Mo foil as
reference. All the measurements are performed under ambient conditions (25 °C); (b) Raman
spectra of the supported Mo,/KIT-6 and bimetallic Mo,/M; 5-KIT-6 catalysts under dehydrated
conditions, 450 °C.

The k*-weighted Mo K-edge EXAFS of hydrated Mo./KIT-6 and Mo,/Nb; s-KIT-6 samples
are shown in Figure S20 (k-space and R-space magnitude, collected at 25 °C), with the fitting
shown in dashed lines and the fitting parameters shown as Table S7. The best model to describe
the EXAFS of both samples includes three types of Mo—O scattering paths in the crystal structure
of MoOs (R~ 1.70, 1.98, and 2.30 A, respectively), the Mo—Si and Mo—Mo non-bonding scattering
paths (R ~ 3.35 and 3.79 A, respectively), as well as all multiple scattering paths associated with
them (refer to SI, Section SE1.3 after Table S7 for detailed description). Such a model is consistent
with a mixture of Mo four-coordinated monomers, oligomers and/or small clusters supported on
Si0,%* %7 the proposed structure based on UV-Vis, XANES and Raman results. We note that

EXAFS analysis cannot effectively differentiate between the two types of Mo species because the



shortest two Mo-O bonds in octahedral environment has similar length (e.g., 1.76 A in MoOs) with
the two Mo=0 bonds in tetrahedral environment (~1.72 A in the literature®® 37 ©1). It cannot
differentiate Mo-O-Nb from Mo-O-Mo structures either due to the close atomic number of Mo
(42) and Nb (41). As a result, the EXAFS of the two samples and fitting parameters are highly
similar despite the structural difference suggested by UV-Vis and Raman. For the same reason,

the EXAFS of other bimetallic catalysts (Figure S21) does not vary significantly either.

Thus, Raman spectroscopy, DR UV-Vis, XANES, and EXAFS results together provide a better
understanding of the structure of the surface MoOx species suggesting that majority of the Mo sites
exist as isolated monomeric four-cordinated Mo dioxo species on Mo2/Nb1 5-KIT-6 catalyst. The
extracted (Mo=0) bond distances are consistent with the structure of dioxo molybdates (O=)Mo(-
0Si),°% 37 with a minor concentration of oligomeric MoOx species. Similar dioxo molybdates
species were observed for the supported Mo catalysts prepared using two different synthesis
techniques adding credence to our findings.®? Although the proposed bimetallic structures have
similar Mo dioxo surface sites, the marked difference in the metathesis activity with different
dopant metal (MoNb > MoTa > MoZr > MoHf > Mo), further led us to investigate the electronic
structure and strength of the Lewis acidic metal center in the bimetallic catalysts. Such
investigations reveal that, depending on the dopant, different types of active site precatalysts are

distinguishable on the catalyst surface, each giving rise to different extent of activity enhancement.

3.6 Strength of Lewis and Brensted Acid Sites

The in situ diffuse reflectance FTIR (DRIFTS) spectra of the M; 5-KIT-6, Moy/KIT-6, and
Mo>/M; 5-KIT-6 catalysts obtained during temperature programmed desorption (TPD) of adsorbed
pyridine in flowing He (~0.1 kPa pyridine, 40 sccm) between 150-300 °C are shown in Figures 4

and S22. Both the support and the Mo doped catalyst contain predominantly Lewis acid sites, as
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inferred from the strong peak at ~1448 cm™! and 1608 cm™! respectively, with one additional band
at 1595 cm!.1> 1¢ Interestingly, this latter band was more prominent and well resolved in the bare
transition supports (M-KIT-6) and its intensity decreased upon Mo incorporation with a
simultaneous increase in the intensity of the vibrational band at 1608 ¢cm™! (Figure S22). Such an
interaction could be possibly due to the presence of different strengths of electrophilic Lewis acid
sites which are characteristic of transition metals (Group IV and V). Additionally, the peak around
1540 cm!, corresponding to Brensted acid sites, is relatively small for the Mo,/M, s-KIT-6
catalyst.!"> Coordinatively unsaturated monomeric Mo"! di-oxo species have been reported to be

8,9,11,13

the precatalytic active sites for carbene formation in metathesis and exhibit Lewis acidity

while the surface silanols in close proximity to the monomeric MoV! metal centers exhibit Brensted
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Figure 4. In situ Py-IR of Mo2/KIT-6 and Mo2/M15-KIT-6 samples at 150 °C. The plots are

obtained after subtraction of desorbed pyridine spectra at 150 °C from the dehydrated sample
spectra prior to pyridine absorption at 150 °C; L- Lewis and B- Brensted acid sites.
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Additionally, these catalysts possess acid sites of moderate strength as indicated by the
desorption occurring in the temperature range of 200-300 °C, consistent with NH3-TPD results
(Figure S23). The TPD-pyridine spectra (Figure S24 (a-d)) show that the normalized Lewis acid
band areas at ~1448 cm™! on the doped silicate materials (M; s-KIT-6) are nearly identical to those
observed in the presence of Mo (Mo2/M; 5-KIT-6). While the Lewis acid sites in the M 5-KIT-6
and the corresponding Mo0>/M 5-KIT-6 materials are of similar strength, they vary with different
dopant metals (Figure S25 (a,b)). As inferred from NH3-TPD acidity values (Table S1), the
addition of Mo species to the Mo,/M.5-KIT-6 catalyst affects only the density of acid sites. Thus,
the pyridine band areas calculated for the M 5-KIT-6 supports, and the Mo2/M; 5-KIT-6 catalysts
are appropriate to quantify the relative strengths of Lewis acid sites on the various bimetallic
catalysts.

The enthalpy of pyridine adsorption (AHags,py), @ measure of the relative strengths of the acid
site, has been widely reported.®>%” The adsorption enthalpies (AHads,py) are determined from the
pyridine adsorption isobars (0.1 kPa, 175-300 °C) at steady-state conditions by evaluating the
normalized Lewis acid band areas of the pyridine (at v=1448 cm™') and regressing these values to
the van’t Hoff equation (Figure S25b). The values of the adsorption enthalpies (AHagspy),
summarized in Table S8, indicate that the interaction of pyridine with isolated NbY is the most
exothermic and strongest among M sites, with the Lewis acid strength decreasing in the order Nb

> Ta > Zr > Hf.

3.7 'H MAS ssNMR of adsorbed pyridine-ds

The '"H MAS ssNMR spectra provide information on the presence of different surface hydroxyl
groups and their accessibility to the guest molecules, adsorbed moisture and proton exchange

processes occurring on the silica surfaces.®® ¢° The 'H NMR spectra of the fresh and dehydrated
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Mo2/M15-KIT-6 catalysts (Figure S26a) consist of an intense signal resonating at ~2.4 ppm
assigned to isolated silanol groups.?> 7 Compared to the Mo/KIT-6 catalyst, the bimetallic
Mo>/M; 5-KIT-6 catalysts show a weak shoulder peak at ~3.2-3.5 ppm assigned to the hydrogen-
bonded silanols at ambient conditions. Deuterated pyridine (Py-ds) was employed as a probe
molecule to determine the nature and strength of newly formed surface acidic sites resulting from
the interaction with different metal (M) sites. In the presence of deuterated pyridine (pyridine-ds),
shown in Figure 5a, the 'H MAS NMR of the isolated silanol signal at ~2.4 ppm shifts to ~10.1
ppm, indicating the formation of a hydrogen bond between the pyridine and the non-acidic silanols,
similar to those observed in zeolites and mesoporous silica.”’» 7> The new chemical shifts at ca.
7.5,7.9, 8.2, and 9 ppm are assigned to the residual aromatic protons of the pyridine (Figure 5a).%
In particular, the shift of signals to a lower field (7-9 ppm) in all the catalysts suggests that the
strength of the acidic OH sites are weak, perhaps similar to those on M1 .5-KIT-6 (Figure S26b) and

not adequate to protonate the pyridine molecule (hydrogen-bonded pyridines).”
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3.8 ISN CP MAS ssNMR of adsorbed *N-pyridine

5N solid-state NMR of the adsorbed '"N-pyridine is a useful technique to probe the acid
character of metal-substituted mesoporous silicates and zeolites.?> % 72 7475 In particular, both
Lewis and Brensted acid sites are distinguishable using Py-IR and "N ssNMR techniques. The
Py-IR technique cannot distinguish between the pyridine coordinated to the metal center, weak
Bronsted acid site or metal coordinated to the surface hydroxyl groups (MOH). In contrast, N
ssNMR can differentiate different metal centers or structures from weak Bronsted acid sites. The
chemical shift (8) of the free pyridine is observed at around 320 ppm. The peak moves up by 10-
50 ppm when the nitrogen of the pyridine molecule is coordinated to the Lewis acid site (230 —
280 ppm) and attains a value of ~200 - 210 ppm when interacting with Brensted acid site®> 76,
yielding a 110 ppm chemical shift range that can be used to distinguish the type and strength of
acid sites.” 76

The SN CP MAS ssNMR spectra of the fresh and dehydrated M, s-KIT-6, Mo»/KIT-6 and
Mo2/M; 5-KIT-6 catalysts adsorbed with '"N-pyridine, shown in Figure S27 and Figure 5b, reveal
the absence of weakly physisorbed pyridine at around 315-325 ppm’® 77 In the case of Si-KIT-6,
the chemical shift at ~298 and 288 ppm are assigned to isolated silanols and weakly interacting
hydrogen bonded silanols?> 7® 7 (Figure S27), consistent with the observations from 'H MAS
NMR spectra (Figure S26a). For the transition metal supports (Mi5-KIT-6), the signal for the
isolated silanols at ~298 ppm is shifted to ~290-288 ppm due to the interaction of the silanols with
pyridine (H-bonded pyridine).®?> The chemical shifts (8) of the adsorbed !*N-pyridine on Nb and
Ta show intermediate chemical shifts at 276 and 268 ppm assigned to pyridine coordinated to the

Lewis acid site (coordinated to metal centers). Zr and Hf also show similar resonances at 277 and

278 ppm associated with the pyridine adsorbed on Lewis acid sites.?> 7 80 The Zr-KIT-6 sample
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also exhibited a small resonance shift at ~205 ppm associated with strong Brensted acidity similar
to those observed in sulfated zirconia catalysts.3! The introduction of the Mo species in the
Mo>/M; 5-KIT-6 catalysts further shifted, albeit slightly, the values to ~291 ppm suggesting even
stronger interaction with the silanol species (Figure 5b). Further, some Bronsted acidity was also
induced in all the Mo2/M; 5-KIT-6 catalysts, as evidenced by a resonance shift for the protonated
pyridine at ~202 ppm, with the intensity corresponding to the MoHf catalysts being the highest.
The chemical shifts observed at 257, 259, 264 and 265 ppm for the Mo,/M;.5-KIT-6 catalysts are
not observed either on the bare supports or Mo2/KIT-6 catalyst suggesting the formation of Lewis
acid sites (coordinated to Mo centers) with different strengths on the Mo2/M.5-KIT-6 catalysts.
Thus, the observed variations in the >N chemical shift (3) are attributed to the different geometric
and coordination environments of structurally similar Mo dioxo sites (precatalysts) which in turn
tune the metathesis activity. The coordination of the Mo metal with the M-O-Si framework during
the one-pot synthesis aids the formation of new Mo-O-M active site pre-catalyst that we
hypothesize as being responsible for enhancing the olefin metathesis activity. Similar cooperative
catalysis effect has been observed with the formation of W-O-Zr species in WZr-KIT-6 catalyst®®

and W-O-Sn species in WSn-KIT-6 catalyst.?®

3.9 Relationship of Reactivity to Molecular and Electronic Structures

The in situ FTIR experiments of the adsorbed pyridine combined with temperature-
programmed desorption reveals the presence of dominant Lewis acid in all the supports and
bimetallic supported catalysts. The pyridine adsorption enthalpies (AHads py) associated with Lewis
acid sites (M) thus provides a direct and quantitative measure of the strength for all the M 5-KIT-
6 catalysts. The values of the adsorption enthalpies (AHads,py) sSummarized in Table S8 indicate

that the interaction of pyridine with isolated Nb" is the most exothermic and strongest among M
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sites, with the Lewis acidic strength decreasing in the order (Nb > Ta > Zr > Hf). The positive
correlation between the propylene formation rates and the (AHagspy) values suggests greater
stabilization of the adsorbed olefins as the Lewis acid strength increases (Figure 6a). Additionally,
the experimentally determined adsorption enthalpy also appears to correlate linearly with the
Pauling’s electronegativity values (EN). Strong Lewis acids such as niobium (Nb) possess the
ability to extract the electrons from the nearest -(Mo-O)- moiety creating a charge imbalance and
making the active Mo centers more electrophilic and reactive. This causes the electron density to
change around the central Mo atom rendering the surface species (Mo=0) more reactive towards
the electron rich species (C=C). Moreover, the presence of the Nb-O-Si ligand could introduce
steric effects around the Mo=0O bonds. These steric effects can influence the geometry of the
Mo=0 bonds, potentially affecting their electronic properties and reactivity.

We also investigated these electronic effects by taking a closer look at the binding energy
values of Si 2p, O 1s and Nb 3d for the Nb-KIT-6 modified silica supports after Mo doping. Such
an exercise provides valuable information on the coordination environment and molecular
structure of the molybdenum species on these supports (Figures S28 and S29, Table S2). On
bimetallic Mo2/Nb s catalysts, the Si 2p and the O1s core-shell BE values shift to lower side (102.9
eV and 532.4 eV) compared to the bare Nb; s-KIT-6 support (103.5 eV and 532.9 eV ) (Figure S29
(a,b)). This observation is explained by a slight decrease in the positive charge on the Si®" cation
and a higher electron density on the oxygen atom, indicating a stronger covalency of the Si-O (EN
difference = 1.54) bond in the oxide matrix. In comparsion, Nb®" is more electropositive (EN
difference of Nb-O = 1.84), which makes the Nb-O bond more ionic. This leads to an excess
positive charge on higher valent Nb®") and induces Lewis acidity in the Nb-KIT-6 support. As Nb®*

is more electron deficient, there will be coordination by the Mo-O-terminal of Mo(VI). Moreover,
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the surface hydroxyls are more abundant on the niobia compared to silica and coordinate through

the Nb-O and the adjacent Si-O to the Mo center of the Mo(VI). The latter (Si-O) represents a

silanol group in close proximity to the metal site (silyl oxonium) such that the O is partially

coordinated to the metal center, thus stabilizing the oxygen partial negative charge. A similar

bidentate ligand model has also been reported for MoO3/A1>03-Si02, Mo/Ti02-ZrO> and W/AI-Ti

catalyst systems.??5 In the proposed model (Scheme 1), the four coordinated monomeric dioxo

Mo species interact with the adjacent surface hydroxyl group to form the new bidentate species.
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Figure 6. (a) Initial propylene formation rates for Mo2/KIT-6 and Mo2/M1.5s KIT-6 catalysts and
activity correlation with the pyridine adsorption enthalpies (AHagspy) on the M-KIT-6 catalysts;
(b) Correlation between the pyridine adsorption enthalpies (AHadspy) and >N chemical shift (8ave)
of the Py adsorbed to Nb, Ta, Zr, and Hf Lewis acidic metal centers.

Further, the average !N chemical shifts (8.vs) determined for the various catalysts based on

the averages of the chemical shifts observed over the 278 — 250 ppm range due to pyridine

interaction with Lewis acid centers are sensitive to different electronic structure and coordination

environments.®%-3 The Mo/Nb catalysts showed the highest frequency shift, i.e., most intense Lewis
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acid character, with N average chemical shift (3ave) of 264 ppm, followed by Mo/Ta (265.7 ppm),
Mo/Zr (269 ppm), Mo/Hf (270.5 ppm), and Mo/KIT-6 (~272 ppm). The observed trends are
significant as they arise from the interaction of pyridine with the metal centers exhibiting distinct
electronic states (Figure 5b). As such, with different support ligands, the occurrence of geometric
strain affects the electronic properties of the Mo metal centers which could be linked to the
reactivity.?”> 8 We show that a similar linear correlation also exists between the >N average
chemical shifts (8avg) of the bimetallic catalysts (Mo2/M;s-KIT-6) from the "N MAS NMR
experiments and the Lewis acid strengths (AHags py) (Figure 6b). Previous studies involving different
Lewis acid centers incorporated into zeolites and alumina supports showed similar linear
correlations between the AHadspy, and the average chemical shifts of the ’N adsorbed pyridine.”: 76
Thus, the >N average chemical shifts help correlate the experimental activity measurements with
the geometry, electronic structure and the metathesis activity of the Lewis acid metal centers in the
precatalysts. However, in the case of weak Brgnsted acid sites (OH sites) that are not strong enough
to protonate the pyridine (as shown in 'H NMR of Mo2/M;s-KIT-6 catalysts adsorbed with

pyridine-ds, Figure 5a), the acidic strength has little influence on >N pyridine chemical shift. Hence

the shift due to the pyridinium does not follow the same correlation.

4 CONCLUSIONS

We successfully demonstrated the incorporation of dopant promoter metals (Nb, Zr, Ta, Hf)
into the framework of Mo2/KIT-6 catalysts by using a simple wet impregnation technique. The
Mo2/Nb1.5-KIT-6 catalyst displayed enhanced and relatively stable propylene formation rate (54.2
+ 0.5 mmol (molmo s)') when compared to monometallic Mo2/KIT-6 (28.7 + 1.1 mmol (molmo )
1) catalysts under identical reaction conditions. The addition of Nb is hypothesized to not only

enhance the Mo dispersion but also create additional bimetallic active sites [(O=)2Mo(-O-Nb)(-O-
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Si)]. DR UV-Vis, Raman, and XAS analysis results collectively reveal that isolated monomeric

di-oxo MoV!

species (O=Mo=0) are the majority species followed by the presence of either
oligomeric or polymerized MoOx species in minor quantities. Raman analysis revealed that
isolated Mo-dioxo precatalytic species exist on the fresh monometallic and bimetallic Mo-based
formulations. The coordinatively unsaturated monomeric Mo"! di-oxo species have been reported
to be the precatalytic active sites for carbene formation in metathesis and exhibit Lewis acidity as
inferred from in situ Py-FTIR experiments. Interestingly, pyridine adsorption energies on the
Lewis acid metal centers on the monometallic and bimetallic catalysts are different. The
correlation between the propylene formation rates and the adsorption enthalpies of pyridine reveals
that Lewis acid metal centers with stronger electrophilic character likely aid in greater stabilization
of the adsorbed olefins (by varying the O=M=0 bond angle) yielding higher rates and selectivity
for olefin metathesis. The study also highlights the significance of the '°N average chemical shifts
(0ave) of the metal substituted Py-M that are sensitive to site structure and allows us to discern
different types of surface MoOx species with differing electronic and coordination environments.
The selective enhancement of metathesis activity of Mo-based catalysts upon the addition of a
second metal such as Nb, Ta, or Zr is a significant result. It opens up a relatively simple technique
for creating more active precatalytic sites and tuning catalyst activity, most likely by varying the
O=M=0O bond angle with the added metal. The insights and correlations developed by this
technique provide an opportunity to explore the NMR signatures for transition metals and their
relationships to electronic structure and reactivity. They also help facilitate catalyst design to
optimize metal reactant binding energy to guide the redesign of active and durable bimetallic

catalysts in general.
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