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Abstract: Intense para-hydrogen-enhanced NMR signals are
observed in the hydrogenation of propene and propyne over
ceria nanocubes, nano-octahedra, and nanorods. The well-
defined ceria shapes, synthesized by a hydrothermal method,
expose different crystalline facets with various oxygen vacancy
densities, which are known to play a role in hydrogenation and
oxidation catalysis. While the catalytic activity of the hydro-
genation of propene over ceria is strongly facet-dependent, the
pairwise selectivity is low (2.4 % at 375°C), which is consistent
with stepwise H atom transfer, and it is the same for all three
nanocrystal shapes. Selective semi-hydrogenation of propyne
over ceria nanocubes yields hyperpolarized propene with
a similar pairwise selectivity of (2.7 % at 300°C), indicating
product formation predominantly by a non-pairwise addition.
Ceria is also shown to be an efficient pairwise replacement
catalyst for propene.

P ara-hydrogen-induced polarization (PHIP)'* is an inex-
pensive and scalable method for the bulk production of
nuclear-spin-hyperpolarized fluids for NMR spectroscopy
and imaging. Spin polarization of order unity is attainable
but only if H, is added to the substrate in a pairwise fashion.
PHIP NMR spectroscopy has been employed to study
mechanisms of both homogeneous and heterogeneous hydro-
genation catalysis.”'”! Recent innovations have broadened
the applicability of the technique.'"™" Impurity-free hyper-
polarized gases and liquids, with potential biomedical appli-
cations, can be prepared using supported metals and metal
oxide catalysts (hetPHIP).”**"! However, the reported low
pairwise addition selectivity and limited generality remain as
major obstacles to further development of the hetPHIP
method.

Herein, a para-hydrogen-enhanced NMR study of the
hydrogenation of propene (PE) and propyne (PY) over CeO,
nanocrystals with three different shapes (Figure 1) is pre-
sented. Ceria has been the subject of numerous catalytic
studies. The metal oxide is a highly active and selective
catalyst of the hydrogenation of alkynes to alkenes,”! and
the activity with respect to PE hydrogenation is highly
dependent on the CeQ, surface structure.’'! Hyperpolarized
alkenes produced by selective semi-hydrogenation can serve
as precursors for the synthesis of other hyperpolarized
species.*"

Well-defined shapes are useful in catalysis studies as they
facilitate investigations of the surface structure sensitivity.>!
Nanorods are terminated predominantly by (100) and (110)
facets,"®! nanocubes by (100) facets, and octahedra by (111)
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Figure 1. TEM images of CeO, a) nano-octahedra, b) nanocubes, and
¢) nanorods. Structural models of a CeO, d) nano-octahedron, e) nano-
cube, and f) nanorod simulated by CrystalMaker.

terraces (see Figure 1d-f). The synthesis of nanocrystals with
these three shapes allows for investigations of the facet
dependence of the pairwise addition and replacement pro-
cesses. Polycrystalline CeO, nanoparticles, which expose
mainly (111) terraces, are significantly more active than
CeO, nanocubes with (100) surfaces.®"! This is attributed to
differences in the oxygen vacancy densities on the various
CeO, facets. High-energy CeO, (100) and (110) surfaces (rods
and cubes) have more oxygen vacancies, which promote
oxidation reactions, whereas low-energy, low-vacancy (111)
surfaces favor hydrogenation.

Ceria is one of several polycrystalline metal oxides that
have been reported to yield PHIP signals when PE is used as
the substrate, although a temperature of 600°C was appa-
rently required.” Kovtunov et al. briefly mentioned a PHIP
effect for ceria, but did not include any PHIP spectra in their
report, and the hydrogenation of PY was not studied with this
catalyst. An investigation of PE and PY hydrogenation over
CeO, nanocrystals with well-defined surface facets using
PHIP NMR has never been reported.

In a recent DFT study, the hydrogenation of PE and PY
over a CeO,(111) surface was investigated.’® The high
selectivity of the semi-hydrogenation of PY to PE was
explained by the exothermic adsorption of PY and endother-
mic adsorption of PE on this surface as well as the different
reactivities of intermediate species. Only the stepwise transfer
of H atoms, similar to a Horiuti—Polanyi-type mechanism,””!
was considered in this study, which would not favor the
preservation of the proton spin correlation in para-hydrogen.
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In another DFT study, the reaction thermodynamics of PE
and PY hydrogenation on a fully hydroxylated (111) termi-
nated CeO, surface were investigated for large H,/alkyne
reactant ratios.”! The calculations indicated that on this
surface, hydrogenation of PY occurs through a low-energy six-
membered-ring transition state involving the H—H bond, the
adsorbed alkyne, and an adjacent hydroxy group. Whereas
this transition state does not result in pairwise addition, as one
H atom is transferred to the substrate from H, and the other
from OH, pairwise addition can occur through a four-
membered-ring transition state, even though its activation
energy was predicted to be significantly higher on the fully
hydroxylated surface.”™ Distinguishing the pairwise and non-
pairwise addition pathways is readily achieved by PHIP NMR
spectroscopy and is the focus of this paper.

Shaped CeO, nanocrystals with surfactant-free surfaces
were synthesized by the hydrothermal method™ ! (see the
Supporting Information). Transmission electron micrographs
(TEMs) are presented in Figure 1 and in the Supporting
Information, Figure S1, and the crystallinity of the nano-
particles was confirmed by X-ray diffraction (XRD; Fig-
ure S2). All three shapes feature a cubic fluorite struc-
ture.*] The measured Brunauer-Emmett-Teller (BET)
surface areas of the nanorods, nanocubes, and nano-octahe-
dra are 60m?g!, 21 m*g"!, and 4 m?’g"!, respectively. The
specific surface areas estimated from the nanocrystal size
distributions obtained from an analysis of the TEM images
are 71 m*g !, 30 m?g !, and 2.3 m*g !, respectively (see the
Supporting Information), in reasonable agreement with the
BET surface areas. Reaction rates were normalized to the
BET surface area to facilitate comparison of the activities of
different surface facets. This approach was established in
previous studies of the facet dependence of oxidation and
hydrogenation over ceria.®'*>*! The reactant gases, H,
(normal or para-enriched) and PE (or PY) were fed into
the reactor at flow rates of 600 mLmin~" and 20 mLmin~",
respectively. The PHIP experiments were performed in
ALTADENAM™ mode, where hydrogenation products
formed at 5mT are transported adiabatically to 9.4 T for
NMR detection. The setup and reaction conditions are fully
described in the Supporting Information and Ref. [19].

In the hydrogenation of PE with 50% para-enriched
hydrogen (p-H,) at temperatures ranging from 150 to 300°C,
all three shapes produced intense ALTADENA-enhanced PA
NMR signals (Figures 2 and S3). The signal enhancement and
the rate of conversion of PE into PA (Figure 3) were
calculated from the fully relaxed, thermally polarized NMR
spectra that were acquired on aliquots of reactor effluent (see
Figure S4). The 256 signal transients were accumulated using
a recycle delay of 5 s.

In agreement with a recent report®! we observed
superior activity for the nano-octahedra, followed by the
nanocubes and then the nanorods at all reaction temper-
atures. This trend is attributed to the higher density of
hydroxy species on the (111) facets (fewer oxygen vacan-
cies).”! Experimental ALTADENA signal enhancements
(per proton) were calculated from the ratios of the hyper-
polarized and thermally polarized signals [Eq. (S5)]. The
pairwise selectivity was estimated from the ratio of the
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Figure 2. 400 MHz 'H NMR spectra (90° RF pulse flip angle) acquired
on the flowing reactor effluent gas resulting from a reactant gas
mixture of PE and p-H, at a reactor temperature of 375°C over a) CeO,
nano-octahedra, b) CeO, nanocubes, or c) CeO, nanorods. The 32
signal transients were acquired with a 2 s recycle delay. Inset:
Expansion of the PE CH, (H* and H¢) spectral region.
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Figure 3. a) Temperature dependence of the rate of PE hydrogenation,
calculated from the PA and PE CH, peak integrations, normalized to
the BET surface areas. b) ALTADENA NMR signal enhancement and
pairwise selectivity for the hydrogenation of PE to PA based on the
ratio of the ALTADENA and thermally polarized H* NMR integrals. @:
nano-octahedra; A: nanorods; m: nanocubes.

experimental and theoretical enhancement factors
[Eq. (S12)]. The temperature dependence of the signal
enhancement and the pairwise selectivity for PE hydrogena-
tion for each catalyst shape is plotted in Figure 3b.

At all temperatures, the enhancement factors for the rods,
cubes, and octahedra were found to be the same, within
experimental uncertainty. For example, at 375°C, all shapes
yielded an enhancement factor of approximately 40, corre-
sponding to a pairwise selectivity of about 2.4%. This is
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comparable to the value observed for PE hydrogenation over
supported Pt and Ir catalysts, where hydrogenation occurs
mainly by a stepwise (Horiuti-Polanyi) mechanism. Hence,
despite substantial differences in the overall catalytic activity,
no significant facet dependence of the signal enhancement/
pairwise selectivity was observed. The enhancement
remained nearly temperature-independent between 150 and
300°C and then increased abruptly from approximately 5 to
about 40 at 375°C, indicating that pairwise addition is
a thermally activated process. In contrast, the total reaction
rate exhibited the opposite trend over the same temperature
interval (300-375°C), indicating that pairwise and random
addition to the alkene occur through different reaction
pathways.

Aside from the PA signal enhancements stemming from
pairwise addition to PE, all three CeO, shapes also produced
intense ALTADENA signals on all protons of PE (Figure 2).
These signals are attributed to a pairwise replacement (PR)
process, where two protons of the substrate are replaced with
two protons from the same para-hydrogen molecule.!*?!! PR-
PHIP is akin to signal amplification by reversible exchange
(SABRE),™ in which the para-hydrogen spin order is
incorporated into the substrate molecule with no net change
in molecular structure. Figure S6 presents the ratios of the H'
multiplet of PE (resulting from PR-PHIP) to the H* multiplet
of PA (resulting from pairwise addition). For all three
nanocrystal shapes, the PE/PA signal ratio is seen to increase
monotonically with temperature. The signal ratio of approx-
imately 0.7, which was achieved for nanorods and nano-
octahedra at 375 °C, is approximately three times greater than
the highest ratio observed for supported metal nanoparti-
cles.)

In the hydrogenation of PY, intense PE ALTADENA
signals were also observed for all catalyst shapes. However, no
trace of PA formation is evident in the ALTADENA or
thermally polarized NMR spectra (Figures 4 and S7). This
finding is due to the well-known selectivity of the semi-
hydrogenation of PY to PE over CeO,.”!l The spectrum of
thermally polarized PE formed by the reaction of PY with
normal hydrogen (n-H,) over cube-shaped ceria nanocrystals
at 300°C is shown in Figure 4a. At 300°C and 50% para
enrichment, we obtained an enhancement factor of 150 +7
based on three independent measurements using the ceria
cubes. The enhancement factors for the other two shapes were
not determined owing to insufficient signal-to-noise ratios of
the thermally polarized PE resonances (because of the
smaller surface area of the ceria octahedra and the lower
activity of the ceria rods compared with the ceria cubes).

Insights into the mechanism of the pairwise addition to
PY and the pairwise replacement in PE could be gleaned from
the stereoselectivity of these processes, because the ALTA-
DENA spectrum of PE is sensitive to the stereoselectivity of
the addition/replacement.”” Based on the geometry of the
transition state, the concerted addition to PY was predicted to
occur in a syn fashion.® By comparing the experimental
spectrum to the spectral simulations for the cis and trans
dispositions of the para-hydrogen spin order (Figure S8), the
stereoselectivity could be determined. The experimental
spectra obtained for all three shapes (Figures2 and 4)
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Figure 4. 400 MHz "H NMR spectra (90° RF pulse flip angle) of
products resulting from PY hydrogenation over shaped ceria nano-
crystals. a) Thermally polarized spectrum of the products of hydro-
genation over ceria nanocubes with n-H, at 300°C. Note the eightfold
amplification of the vertical scale relative to the other spectra in this
Figure. Peak i was assigned to an alkadiene, as reported previously.”
b) ALTADENA spectrum (32 scans) resulting from hydrogenation over
nanocubes at 300°C using p-H,. c—e) ALTADENA spectra acquired for
the hydrogenation over nanocubes (c), nano-octahedra (d), or nano-
rods (e) at 375°C with p-H,. Inset: Expansion of the PE CH, (H® and
H®) region exhibiting syn addition stereoselectivity.

indicate syn addition to PY and syn pairwise replacement in
PE. The stereoselectivity of the pairwise replacement process
and the temperature dependence of the PE/PA ratio are
consistent with the two-step dehydrogenation-rehydrogena-
tion mechanism reported for supported metal nanoparti-
cles."

Calculations of the pairwise selectivity of PY hydro-
genation must account for the reduction in the ALTADENA
polarization that is due to sharing of the spin order with
ancillary protons not originating from H,. The reduction,
which is different for the cis and trans dispositions of the
bilinear spin order, was determined by numerical density
operator calculation (see the Supporting Information). Based
on an estimated 90 % syn addition stereoselectivity, the signal
enhancement factor on PE at 300 °C corresponds to a pairwise
selectivity of 2.7 +0.1% (see the Supporting Information).

In summary, intense ALTADENA PHIP signals have
been observed for the hydrogenation of PE and PY using
octahedral, cubic, or rod-shaped CeO, nanocrystals. For PY as
the reactant, hyperpolarized PE was produced by stereose-
lective semi-hydrogenation, with no detectable formation of
PA. The pairwise selectivities for alkene and alkyne hydro-
genation over CeO, nanocubes at 300 °C are similar. By using
99 % para enrichment and eliminating sharing of the para-
hydrogen spin order with ancillary spins (e.g., by perdeutera-
tion of PY), we project a signal enhancement of 850 with this
catalyst relative to the thermally polarized signal at 298 K and
9.4 T, corresponding to a nuclear spin polarization of approx-
imately 2.7 % on the PE CH proton.

The low pairwise selectivity of PY hydrogenation is
consistent with the Horiuti—Polanyi mechanism or the DFT-
predicted concerted addition involving the PY triple bond,
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a hydroxy group, and H, in a six-membered ring.”*! The low
pairwise selectivity of PE hydrogenation is the same for all
three shapes and is similar to that observed on supported
metal nanoparticles.”?”! All shapes were also found to
efficiently catalyze pairwise replacement on PE. The syn
replacement stereoselectivity points to a two-step pairwise
replacement process like the one that was reported for
supported Pt and Ir catalysts.['")

We have presented the first investigation of a facet effect
on the pairwise selectivity of alkene hydrogenation over
a crystalline heterogeneous catalyst. Given that the rate of
hydrogenation over ceria is strongly facet-dependent, it
seemed plausible that the (100), (110), and (111) surfaces
would lead to different pairwise addition selectivities towards
PE, but this is not the case. Both random and pairwise
addition pathways exhibit the same dependence on the
oxygen vacancy density. However, the different temperature
dependences for random and pairwise addition are indicative
of distinct roles of the oxygen vacancies in these processes.
Clearly, para-hydrogen-enhanced NMR spectroscopy can
serve as a unique method to explore concerted hydrogenation
and pairwise replacement reactions in these catalytic systems.
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