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Project Objectives
This research seeks to understand the nature of catalytic active sites and
intermediate species during olefin metathesis. The main objectives
include the use of in situ and operando FTIR, Raman, and UV-visible
spectroscopies with kinetics and acid site titration with probe molecules
to determine reaction intermediates (e.g., metal carbenes), WOx nature
and acidity on SiO2 and TiO2/SiO2 supported WOx catalysts during
metathesis of ethylene and 2-butene to propylene. Scheme 1 shows the
proposed active site and catalytic cycle that will be probed.
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Research Progress and Impact of Research
During this first report period, several SiO2 (~50 m2/g) and TiO2
(anatase, ~50 m2/g) supported WOx with different surface loading (0.56 W/nm2) were prepared by incipient impregnation. As expected, WOx
nature varied with W loading and support nature. Raman spectroscopy
at 400 oC in Ar showed formation of WOx clusters and WOx dioxo
species on SiO2 and WOx mono-oxo on TiO2 (Figure 1) [1, 2]. We
hypothesized that WOx differences of these materials and their
modification will allow us to probe the nature of olefin metathesis active
sites at reaction conditions.
While in situ spectroscopic studies have been reported at dilute (<5
kPa) olefin conditions [2], our preliminary operando spectroscopic and Scheme 1. A) Proposed olefin metathesis
fixed bed reactor tests showed that at 450 oC, 3.9 kPa ethylene and 1.3 metal carbene active site on WOx/SiO2
kPa 2-butene in He, olefin conversion was insignificant on most with neighboring silanol groups. B)
catalysts. This prompted us to re-evaluate our original experimental plan Chauvin’s mechanism for metathesis of
and focus on conditions where metathesis occurs at measurable ethylene and 2-butene to propylene or
conversion rates. For simplicity and due to the reversibility of the propylene to ethylene and 2-butene
ethylene and 2-butene metathesis (Scheme 1), we screened new (counterclockwise)
experimental conditions in propylene metathesis varying partial
pressures (10-100 kPa), temperatures (380-480 oC), and space velocities (<3000 cm3/min/gcat) and on SiO2 supported
MoOx (e.g., ~7Mo/nm2 Mo-TUD) which is expected to be more active (but less stable) than commercial tungsten
based catalysts. We found that pure olefin, temperatures over 400 oC, space velocities below 2000 cm3/min/gcat, and
high surface area supports are required to obtain a
significant olefin conversion. These conditions will be
used in further in situ/operando spectroscopic tests.
We also evaluated the flow dynamics of a new lowvolume in situ cell for dynamic spectroscopic experiments
and found mean residence times (τ) of ~1.2 s at typical gas
flow rates (45 cm3/min). This cell enabled us to
implement novel feed modulation excitation (ME)–
DRIFTS experiments [3] with phase sensitive detection
(PSD) via a Fourier transform (FT)/signal frequency
selection/Inverse Fourier transform (IFT) procedure
(Figure 2). This method allowed us to analyze rapid
periodic changes in spectroscopic experiments to obtain
spectra that reflect surface species that respond to the
frequency of feed modulation eliminating background
signal and abundant and interfering surface spectator
species.

Figure 1. Raman spectra (Senterra, Bruker, 532 nm) of
WOx/SiO2 and WOx/TiO2 at 400 oC in Ar flow

To date, IR evidence of
metathesis
metal
carbene
intermediates has not been
reported due to experimental
difficulties with detecting small
population of active sites and
intermediate species [2, 4].
ME-DRIFTS on Mo-TUD at
410 oC during propylene (101 Figure 2. Schematics of ME-DRIFTS and PSD procedure. The in situ cell (τ~1 s)
kPa) metathesis allowed us to allows IR experiments of matching sampling time (~1 s/averaged spectra)
isolate species that respond to
periodic (0.011 Hz) propylene modulation (from 90 to 101 kPa). The obtained spectra showed significant propylene
gas phase contributions that overlapped with expected metal carbene IR signatures (Figure 3A). They were removed
in the phase domain (PD) by subtraction of spectra at identical reaction conditions on an inert low surface area SiO2
(Figure 3B), allowing us to obtain reproducible spectra at 380 and 410 oC with bands due to Mo ethylidene (2855,
2882, 2921, and 2933 cm-1) and molybdacyclobutane (2973, 3010, 3077, 3092, and 3106 cm-1) [5]. To the best of our
knowledge, this is the first experimental evidence at reaction conditions of metal carbenes formation and possible
involvement as true reaction intermediates (Scheme 1B). The
A
evolution of a broad band at 3600 cm-1 due to H-bonded OH and the
decrease of a band at 3736 cm-1 due to silanols [6] also suggests their
possible interactions with active sites during reaction (Scheme 1A).
Over the next year, we will continue our in situ characterization
of active sites and intermediates species on various supported SiO2,
TiO2, and TiO2/SiO2 catalysts via in situ MES-DRIFTS, ME-UVvisible, and Raman spectroscopies while trying to prove their true
catalytic relevance via concomitant kinetic measurements.
Impact on Career and Participating Students
A Ph.D. student is funded through this award. She has been
instrumental in the development of novel in situ spectroscopic
techniques for detection of surface intermediates with high
sensitivity. The research has been transformative in allowing her to
explore and lead efforts in methods development impactful to
catalysis. Two chemical engineering undergraduates also joined our
research efforts. Under the PI and graduate student guidance, they
have been mastering the techniques, supporting modelling
calculations, and participating in the results interpretation. The
research has provided them with opportunities to be exposed to
advanced spectroscopic techniques and chemistries relevant to
industry while participating in the development of advanced
methods and tools in heterogeneous catalysis. The ACS-PRF
funding has allowed the PI to establish and further develop leading
in situ/operando techniques while exploring new applications of
relevance to catalysis. A manuscript is in preparation to describe the
design, modelling, and application of the new in situ cell.
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Figure 3. A) ME-DRIFTS in PD of ~7MoTUD during propylene metathesis at 410 oC,
700 cm3/min/gcat, olefin modulation of 1
cycle/90 s. B) PD spectra of Mo-TUD (top
trace) and PD difference spectra at 27 s of MoTUD from same spectra on SiO2 sand

