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Nuclear magnetic resonance (NMR) and total neutron scattering
techniques are established methods for the characterisation of
liquid phases in confined pore spaces during chemical reactions.
Herein, we describe the first combined total neutron scattering —
NMR setup as a probe for the catalytic heterogeneous reduction of
benzene-dg with D, in 3 wt% Pt/MCM-41.

Catalytic processes play significant roles in the pharmaceutical,
bulk and fine chemical industries as well as in food processing
and emission control. In the majority of these applications
heterogeneous catalysts are used.' Despite their frequent use, a
full understanding of the underlying microscopic and macro-
scopic processes is limited due to the complex nature of these
reactions. Besides the reactivity of the active catalytic centre,
other processes including adsorption and desorption, interactions
of reactants and products with the surface or mass transport to
the active centre are often rate limiting steps of these systems.
Over the past decades, multidisciplinary research has helped to
understand individual components of heterogeneous processes.
Analytical diffraction and spectroscopy techniques have been used
to examine in detail the properties of the catalyst material
or processes that occur during heterogeneously -catalysed
reactions.>” Total neutron scattering has recently been shown to
be able to probe the arrangement of liquid reagent molecules
within the pores of a catalyst support.* This technique can also be
used to monitor changes on a molecular and nanometric length
scale during chemical reactions within catalyst pores, and thus to
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give insight into kinetics of heterogeneously catalysed processes.>®
The kinetic information can be obtained directly from experi-
mentally measured neutron scattering data without any numerical
modelling. However, in order to investigate the interactions
between molecules, detailed modelling of the data is required.
Empirical Potential Structure Refinement (EPSR)”® enables the
generation of a three-dimensional model of a system of interest
and optimizes it by comparing the generated structures to the
experimental neutron diffraction data. Modelling of reacting
mixtures requires detailed compositional information at a given
point in time, which cannot be obtained from total neutron
scattering or ex situ sampling methods due to sensitivity, radia-
tion and experimental setup restrictions. Recently, in situ NMR
techniques have not only delivered insights into spatial and
chemical resolved changes in heterogeneous reactors at operando
conditions,”'® but have also been demonstrated to be able to
examine solvent effects,'" explain reactivity trends and adsorption
strength via T; and T, relaxation'® and measure the diffusion of
reactants and products in porous materials.'® In most of the
examples, these investigations deliver only a small piece of an
often more complicated puzzle. The interpretation of data for
heterogeneous systems from individual analytical techniques, for
nominally the same reaction, can be challenging as one usually has
to examine the system under slightly different conditions due to
the different experimental setups. Thus it can be advantageous
to incorporate modalities in one experimental setup. For example,
NMR has recently been combined with other spectroscopic
techniques, such as UV-Vis-'* or Raman-Spectroscopy'* in a
single apparatus.

Inspired by these advances, this paper describes the devel-
opment of a coupled total neutron scattering - NMR (NeuNMR)
setup that enables a better understanding of the liquid phase of
heterogeneously catalysed systems by combining the informa-
tion from both techniques.

Previous research on the hydrogenation of aromatic systems
using total neutron scattering revealed different rates of physico-
chemical processes involving liquid and D, rearrangements
within the pore structure of the supported metal catalyst as well
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as changes at a molecular level.>® However, it is important to
note that the information contained within the neutron scattering
data relating to chemical changes, mass transport and surface
adsorption is frequently non-trivial to extract, as the signals of
interest make overlapping contributions to the measured structure
factors. Furthermore the technique is limited in its temporal
resolution by the radiation fluxes that can be delivered to the
samples from the source. With the widespread availability of
inexpensive, portable, medium-ield high resolution NMR
hardware'>'® a natural choice is to merge the structural informa-
tion available from neutron scattering with the aforementioned
quantitative information available from NMR. A schematic drawing
of a combined total neutron scattering - NMR setup, that was
implemented at the Near and InterMediate Range Order Diffracto-
meter (NIMROD)" at the ISIS Pulsed Neutron and Muon Source is
shown in Fig. 1. Due to the requirements of the neutron scattering
data acquisition, the NeuNMR setup had to be contained within a
vacuum (0.1 mbar) chamber. As a consequence, some changes had
to be made to the commercial NMR System (see ESIt for further
information). During the experiment, two concurrently prepared
samples from the same batch of catalyst are placed into two
separate sampling regions; these are directly connected and are,
therefore, under the same environment in terms of pressure and
temperature. The neutron measurements are conducted in a
6 mm 0.d./5.7 mm i.d. vanadium tube, which has a low scattering
background. In contrast to the previous experiments,>® the sample
container has been changed from a flat plate cell to a cylindrical
cell in order to mimic the sample geometry of the NMR sample,
which uses a 5 mm thin wall NMR tube.
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Fig.1 Schematic drawing of the combined total neutron scattering —
NMR setup in the Near and Intermediate Range Order Diffractometer at
the ISIS Pulsed Neutron and Muon Source.
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The hydrogenation of benzene in mesoporous Pt/MCM-41
has been shown previously to be a good benchmark system for
following reaction kinetics by total neutron scattering.’ This is
due to the high contrast between the local intermolecular
ordering of molecules in the final product (cyclohexane-d;,)
and starting reagent (benzene-ds) as well as intramolecular
differences between those two compounds.® Therefore, this
reaction was chosen to test the NeuNMR setup. To obtain the
optimal signal-to-noise ratio from the neutron measurements
and to prevent H/D-exchange processes, benzene-ds and D,
instead of their protiated analogues were used as reagents. The
initial deposition of benzene-d, from the gas phase via capillary
condensation into the pores was monitored by *H NMR and
total neutron scattering; this pore-filling process and was
completed in approx. 15 min (see ESIT). Due to this procedure,
the bulk signal detected in both NMR and neutron measure-
ments arises solely from liquid residing within the pore space
of the catalyst. Fig. 2a shows the changes in the *H NMR
spectrum at different time points during the hydrogenation
of benzene-d, under an atmosphere of 250 mbar D, in 3 wt%
Pt/MCM-41 at 21.5 °C. The NMR signals of liquids confined in
mesoporous materials are, in general, broader than NMR
signals in pure liquids due to differences in magnetic susceptibility
of the different material phases present. Dynamic exchange
between the bulk liquid phase and the solid surface of the
porous catalyst reduces the T; and T, relaxation rates of the
liquid reactants and further depends on the pore size distribu-
tion and the strength of interaction between the surface and
the molecule.®° After an initial reduction period, which led to
a slight loss of benzene (025 = 7.3 ppm) due to sample heating,
the formation of cyclohexane-d;, (024 ~ 1.0 ppm), is observed
over a time of 17 h. The ?H NMR signal of benzene-d, is broader
compared to the signal of cyclohexane-d;, for two reasons:
(i) the enhanced OD-r interaction with the aromatic ring and
the Si-OH groups enhances the average residence time on the
surface; (ii) C¢D¢ has a faster quadrupolar relaxation rate
than C¢D;,. This process is more effective than the dipolar
mechanism in the protiated analogue and therefore is easier to
observe and results in a broader NMR linewidth. The potential
reaction intermediates cyclohexene and cyclohexadiene were
not observed during the reaction. The region of total structure
factors presented in Fig. 2b represent correlations between
nanoscale structural features in the sample, ie. pore-pore
correlations expressed by three Bragg peaks: (100), (110) and
(200). The intensity of these peaks is related to the scattering
contrast between the pore content and its walls. When pores
are filled with benzene-dg, the scattering contrast between the
initial reagent and silica walls is ASLD = 1.93 x 10~® A~ whereas
when they are filled with the final product (cyclohexane-d,,) the
contrast increases to ASLD = 3.24 x 10~° A2 This is indicated by a
higher intensity of Bragg peaks from the catalyst filled with
cyclohexane-d,;, than when it is filled with benzene-ds, thereby an
increase of these features is observed during the course of the
reaction. Intermolecular correlations in the sample are represented
by total structure factor features shown in Fig. 2c. Strong n-n
interactions cause benzene molecules to approach closer to one
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Fig. 2 The hydrogenation of benzene-dg by D, investigated by an integrated total neutron scattering — NMR approach: (a) 2H NMR spectra taken at
different time points during the reaction; (b) and (c) structure factors measured at different time points during the reaction; the colour change from
yellow to black as presented in the colour bar indicates the peak evolution as time increases (d) direct Fourier transform of data shown in (c) and (d);
(e) time dependent change of integral extracted from 2H NMR spectra, the (100) Bragg peak intensity the C—D bond peak intensity and the molecular
peak intensity (Q = 1.23 A7) are obtained total neutron scattering data, as indicated in (b—d); (f) initial rates extracted from (e).

another than cyclohexane molecules do,® which can be seen as a
shift of the peak from 1.35 A~* corresponding to benzene-benzene
correlation to 1.23 A™' for cyclohexane-cyclohexane correlation
during the course of reaction (note that as the total structure factor
is a function of inverse distance, higher values in Q-space represent
shorter separations between molecules). The Fourier transform
of the total structure factors is presented in Fig. 2d, and reveals
the changing intramolecular correlations in the measured
sample during the hydrogenation reaction. An increase of a peak
at 1.05 A during the course of reaction corresponds to an
increased number of C-D bonds in the sample, and thereby
confirms the product formation. This is also manifested by a
disappearance of the peak corresponding to C—=C bond at 1.46 A
and simultaneous increase of peak corresponding to C-C bond.

The increase of the >H NMR signal is dominated by the
conversion of starting material, whereas the absolute changes
of signal intensity in the total structure factors obtained from
total neutron scattering data are not as simple to interpret. In
order to compare the kinetic data obtained from the individual
methods, the measured NMR integral and the total neutron
scattering peak intensities were normalised. Therefore, the
integral of the first NMR spectrum was set to 0% and the signal
when no further conversion was observed to 100%. The total
neutron scattering data were normalised to the same values at
identical time points. Measurements of pressure and tempera-
ture changes during the reaction support the assumption that
the reaction was completed after approx. 16 h (see ESIt for
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further information). The normalised signal evolution for both
datasets is shown in Fig. 2e. The evolution of the ’H NMR
integral, the (100) Bragg peak intensity and the molecular peak
at 1.23 A~ show very similar trends. Data obtained from the
C-D bond peak intensity which is directly connected to the
product formation is very noisy, but the data is consistent with
the other datasets shown. Previous kinetic studies on benzene
hydrogenation reactions showed a dependence of the partial
hydrogen pressure on the reaction rate.”® In our experiment, a
drop of deuterium pressure and therefore a decrease of reaction
rate was also observed at higher conversion (see ESIt). Since the
mass transport of benzene becomes increasingly rate limiting
as the reaction proceeds, to compare the kinetic results from
the different techniques, we therefore determined initial rates
of the signal evolution as this is not rate limiting in starting
material availability.>* The results are presented in Fig. 2f. The
evolution of the Bragg peak is expressed by a rate constant of
0.094 h™'. The previous study® showed that changes in the
Bragg peak regions can be assigned to the processes associated
with D, sorption as well as confined liquid reorganisation,
including diffusion. The former process was described by a
rate constant of 2.146 h™" and the latter by a rate constant of
0.136 h™'. In the current study, these processes were slower.
Furthermore, only one linear rate constant, instead of two
exponentials, was required to characterise the reaction during
the initial time period. This suggests that the two processes
identified have become too similar in terms of their rate
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constant to be able to differentiate them. A similar issue was
observed for toluene hydrogenation studied by total neutron
scattering when changing the D, pressure from 150 mbar to
250 mbar.” In the data presented here, the cyclohexane for-
mation obtained from the NMR data occurs at an initial rate of
0.083 h™', whereas changes in the intensity of molecular peak
in neutron data are described by a rate of 0.083 h™'. Both
rates have very similar values, and this shows the excellent
agreement between the NMR and neutron data. The C-D bond
evolution, obtained from direct Fourier transform of total
structure factor, grows with a rate of 0.096 h™" and is within
the error range of the other rates. The rate constant for benzene
hydrogenation obtained previously,” namely 0.35 h™" indicates
that the formation of cyclohexane in the current study was
almost 4 times slower due to different metal loadings and a
catalyst preparation procedure.

In summary, this communication describes the first com-
bined total neutron scattering - NMR setup to investigate a
liquid phase heterogeneous hydrogenation reaction. The hydro-
genation of benzene over 3 wt% Pt/MCM-41 was used as the
benchmark reaction and resulted in complementary kinetic
data from both techniques. The obtained information can be
used as input variables for EPSR simulations of the structuring
in the liquid phase at different points of the reaction. This will
enable a better understanding of structural changes during
these processes and can help to understand the relationship
between structural changes in confined environments and
reactivity. These results suggest that the NeuNMR methods
can be applied to measure more complex multi-pathway
reactions to better understand the influence of confinement,
selectivity and reactivity, which can help to develop new catalyst
materials with better selectivity. The use of NMR to probe these
more complex reactions is crucial, as otherwise it is not
possible to assign the structural changes observed by neutron
scattering to formation of intermediate products. These have
often very similar structure and may be indistinguishable in the
neutron dataset on its own. Further advances of the technique
will include carrying out reactions in continuous flow, which is
of great importance in the industrial research and develop-
ment. >H NMR can limit the information obtained from this
new technique as the chemical shift dispersion is smaller
compared to 'H. When H/D exchange processes are not a
problem, the use of partially protiated analogues could help
overcome these issues in the future and could also enable the
use pulsed field gradient NMR techniques to study mass
transport changes during the reaction.
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