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ABSTRACT

Understanding the role of diffusion in catalysis is essential in the design of highly active,
selective and stable industrial heterogeneous catalysts. By using a combination of advanced in
situ spectroscopic characterisation tools, particularly quasi-elastic and inelastic neutron
scattering, we outline the crucial differences in diffusion modes and molecular interactions of
active sites within solid-acid catalysts. This, coupled with 2D solid-state NMR and probe-based
FTIR spectroscopy, reveals the nature of the active site in our SAPO-37 catalyst and affords
detailed information on the evolution of solid-acid catalysts that can operate at temperatures as
low as 130 °C, for the Beckmann rearrangement of cyclohexanone oxime to e-caprolactam
(precursor for Nylon-6). The versatility of this approach leads to structure-property correlations
that contrast the dynamics of the diffusion process in the different materials studied. Our results
illustrate the power of these techniques in unravelling the interplay between active site and
molecular diffusion in single-site heterogeneous catalysts, which can play a vital role in

designing low-temperature, sustainable catalytic processes.
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INTRODUCTION

The ability to mimic the catalytic function of natural enzymes and tailor a robust structural
environment, akin to the protein tertiary structure, to overcome complex mass-transport and
diffusion limitations, has long been a goal of synthetic chemists.'? Microporous zeotype
architectures have proved particularly effective in facilitating diffusion in catalysts, where
molecular transport can be controlled through a range of interconnecting channels and cages.™* It
is further possible to devise synthetic procedures to target the formation of active sites that
deliver a specific catalytic function (analogous to enzyrnes).S'10 This has enabled Brensted and

11-13

Lewis sites to be engineered within these frameworks, making them efficient and versatile

solid acid catalysts within the petrochemical industry.”'*"

Despite the range of zeotype
frameworks known, only a few are industrially exploited (MFI (ZSM-5), FAU (Zeolite-Y), CHA
(SAPO-34), etc.). Unlike enzymes that operate at ambient to low-temperatures, these inorganic
analogues require higher temperatures, often in excess of 350 °C, to overcome mass-transport
limitations and yield higher activity (potentially compromising selectivity, atom efficiency and
catalyst stability).16’17 The scope therefore for designing low-temperature, solid-acid catalysts for
the Nylon-6 industry (predicted to be valued at 14 billion USD in 2019), that can catalyse the

Beckmann rearrangement of cyclohexanone oxime to g-caprolactam (global production of 4.9

million tonnes in 2014) with high activities and selectivities is highly desirable.'®
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Despite the importance of diffusion processes in controlling reaction pathways and mechanisms,
the role of diffusion and transport in nanoporous solids is typically studied to a lesser extent than
the active site.'” The dynamic behaviour of cyclohexanone oxime within the channels of zeotype
architectures in the Beckmann rearrangement is not clearly understood. Studies on ZSM-5
suggest the restrictive framework forces the reaction to occur on the catalyst’s surface and in the
periphery of the pore mouth,”*? while the constricting micropores promote the formation of
ring-opening by-products.**** Conversely, others have employed in situ infrared techniques to

2425 Therefore,

emphasise that the internal acid sites predominantly yield the lactam.
unsurprisingly, it is challenging to understand a reaction process while separating the influences
of molecular diffusion and the nature of the active site. To facilitate a more holistic
understanding, we present a combined catalytic and multi-technique characterisation study
(employing in situ techniques) investigating the catalysed, liquid-phase Beckmann

rearrangement of cyclohexanone oxime using a tailored SAPO-37 (aluminophosphate analogue

of the zeotype FAU) architecture, with controlled acid site concentration.'
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Scheme 1. Typical mechanistic pathway for the acid-catalysed Beckmann rearrangement of

cyclohexanone oxime.
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To ensure meaningful comparisons, parallel studies were also performed on Zeolite-Y (FAU), to
facilitate detailed structure-property correlations and explore the interplay between active-site
structure and molecular diffusion within the same FAU architecture. For the sake of

20.26 i the

completeness, we also probed the efficacy of the (conventionally used) ZSM-5 catalyst
liquid-phase Beckmann rearrangement of cyclohexanone oxime to contrast the influence of pore
aperture with our SAPO-37 analogue. In particular, we present the use of quasi-elastic neutron
scattering (QENS), which has been shown to effectively characterise and quantify diffusion of

27,28
confined hydrocarbons,””

and was recently used in tandem with vibrational spectroscopy to
gain insight into key steps of the zeolite-catalysed methanol-to-hydrocarbons process in
commercial catalysts.”” Here we directly study the dynamics of the reactant, cyclohexanone
oxime to determine the nature of the diffusion in the liquid-phase Beckmann rearrangement
which, coupled with inelastic neutron scattering (INS), solid-state 2D NMR, and probe-based
FTIR spectroscopy, offers valuable insights into the specific role played by solid-acid sites in the
mechanistic and reaction pathways (Scheme 1).2' The QENS study further supports our design
rationale of combining a specific active site with a specific framework topology to create an

effective catalyst, which affords near quantitative yields of e-caprolactam at temperatures as low

as 130 °C.
EXPERIMENTAL METHODS
QENS Methodology

All QENS measurements were performed using the high resolution time-of-flight (TOF)
instrument OSIRIS at the ISIS neutron source, Chilton, Oxfordshire. The analyzer crystals used

were cooled pyrolytic graphite (PG002) with the energy transfers measured in a window of

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis

+0.61 meV. The energy resolution of this instrument with this configuration in near back-
scattering geometry is 24.5 peV. The samples (4.5 grams each in total) were transferred inside a
glove box, after drying, to cylindrical aluminium containers of annular geometry. The cells were
placed in a CCR cryostat so that a resolution measurement could be taken at 30 K. The
measurements were then taken at 373 K. The signal taken from an empty zeolite was taken pre-
loading and then subtracted from the signal of the loaded zeolite so that only the signal from the

oxime was measured.

Inelastic Neutron Scattering Spectroscopy

The SAPO-37 was dried under a flow of He gas at 550 °C for 2 hours. A 1:10 solid-state mixture
of cyclohexanone oxime and SAPO-37 was prepared in a glove box, under argon atmosphere.
The mixture was transferred to an aluminium-foil sachet, which was sealed in an aluminium can.
The experiments were carried out using the high resolution, INS spectrometer MAPS at the ISIS
Pulsed Neutron and Muon Source (Oxfordshire, UK). The cans were placed in a top-loading,
closed cycle refrigerator cryostat, all spectra were collected at < 30 K in order to minimize the
Debye-Waller factor. Measurements were taken at neutron incident energies of 650 meV (‘A’
chopper speed 600 Hz), 250 meV (‘A’ chopper speed 400 Hz) and 100 meV (‘A’ chopper speed

200 Hz).

RESULTS AND DISCUSSION
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The framework integrity of the SAPO-37, Zeolite-Y and ZSM-5 was determined via a range of
techniques. Powder XRD patterns of the three samples (Figure S1) show that all materials are
highly crystalline and phase-pure, suggesting an ordered structure with minimal defects. The
crystallinities were compared with respect to a potassium iodide standard and showed that
Zeolite-Y and SAPO-37 have very similar levels of crystallinity (Figure S1). Particle size is also
known to influence diffusion in porous materials and scanning electron microscopy (SEM,
Figure S2) revealed the presence of uniform particles (1 pm in size), in all three catalysts. The
exterior of the particles appeared smooth and regular in all cases, suggesting similar levels of
surface defects (Figure S2). Finally, N, physisorption isotherms showed good agreement
between the Zeolite-Y and SAPO-37 frameworks for surface area and micropore volume, (Table

S1), which was in good agreement with the literature values.”°

It is important to note that
similar levels of dopant species (Al for zeolites, Si for SAPO-37) were deliberately introduced in

all three catalysts (Table S1), to ensure meaningful comparisons can be established for

contrasting the influence of the dopant substitution on active-site formation.

Quasi-elastic neutron scattering (QENS) was used to monitor the molecular motion of
cyclohexanone oxime within the inorganic zeotypes, at temperatures (373 K) akin to the liquid-
phase catalytic experiments (experimental limitations restrict the use of higher temperatures). A
more rigorous discussion of QENS theory can be found in the ESI, and is summarised below.
Hydrogen has the largest incoherent scattering cross-section of any element,’ so is the primary
contributor to the experimentally-measured incoherent scattering function; S(Q,), allowing the
oxime to be observed in the presence of the prominent inorganic matrix. Molecular motions
perturb elastic neutron-matter interactions, causing quasi-elastic deviations that result in a

quantifiable broadening of the elastic line. For isotropic diffusion, the broadening of S(Q,w), is
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described as a Lorentzian function, linking the half-width half-maximum (HWHM) of the quasi-
elastic component, Aw(Q), to the self-diffusion coefficient D5, and momentum transfer vector Q

(A™) between the incident and scattered neutron, where © is neutron energy transfer (meV).*'

Aw(Q) = DsQ? (Eq. 1)

Different models are needed for non-Fickian behaviour, such as the Chudley-Elliot model,33

where a molecule is temporarily immobilised before jumping to the next site. These models
include derivable parameters such as residence time and jump distance.”® The QENS spectra of
cyclohexanone oxime in ZSM-5 (Figure S3) closely match the Gaussian instrument resolution
function at lower Q values, with no observable quasi-elastic component, indicating no long range
translational diffusion is observable over the time and length scales accessible to the
spectrometer at these temperatures.”* A minimal Lorentzian component is observed at the
higher O values,”>*® As we cannot detect any broadening at low momentum transfers, it is
difficult to say whether these broadenings may be associated with rotational motion, or indeed
conform to the higher O behavior of a jump diffusion model. Regardless, this component is too
small for reliable analysis, and a spectrometer of higher resolution, able to detect motion over
longer timescales, would be necessary to characterize or quantify any mobility in this system.
However, the minimal quasi-elastic component indicates that any translational diffusion
occurring would be much slower than can be detected here.’” It is plausible that the channel
dimensions (5.5 A) are too small to allow significant diffusion of the cyclohexanone oxime
(sorbate) at these temperatures, thus internal active sites cannot be accessed for this catalyst
under these conditions. (It has been shown that such sites may be accessible under vapour-phase

conditions (> 300 °C),**** which is outside the scope of the current study).
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Spectra obtained for the sorbate in both Zeolite-Y and SAPO-37 for four Q values are depicted
in Figure S4 and Figure 1, respectively. The error in the neutron data points in Figures 1, S3 and
S4 are assigned based on Poisson statistics. All spectra were fit with a resolution function, a
single Lorentzian function describing the quasi-elastic component and a flat background,
suggesting one dominant motion is present on the instrument timescale. The Lorentzian
component obtained for Zeolite-Y (Figure S4) showed continuous broadening, whereas SAPO-
37 only showed broadening up to a O value of ~ 1.2 A (Figure 1). The error in the Lorentzian
HWHM fits are assigned using a Monte Carlo method, where data sets are generated virtually

within the neutron data point error bars and then fitted.

0=0.43A1 0=0.84A1
1 1 L i " i 1 i i L L " 4 e '} i . .
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
Energy Transfer / meV Energy Transfer / meV
0=129A1 0=157A1

. L L ) .
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
Energy Transfer / meV Energy Transfer / meV

Figure 1. QENS spectra obtained for cyclohexanone oxime diffusing in SAPO-37 at four
different Q values at 373 K, showing the total fit (blue), the constituent resolution; Lorentzian

and flat background functions (red).
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The HWHM broadening in Zeolite-Y shows a DQ’ dependence, consistent with Fickian
diffusion (Figure 2a), indicating the oxime moves freely through the microporous framework
(diffusion coefficient of 2x107"° (+ 0.18 x 10"%) m*s™).*® The SAPO-37 O dependence is not
linear (Figure 2b), but follows the Chudley-Elliot model for jump diffusion (a jump mechanism
was previously observed for benzene in Na-Y)* with a jump distance of 4.5 A and a residence
time of 50 ps (Figure 2). This leads to an extrapolated diffusion coefficient of 6.5 x 10™° (+ 2.7 x
10%). We note that while the higher D approximated from the jump model is an interesting
observation, the different mechanisms from which these values are calculated, and the
significantly higher errors associated with the jump model mean that a direct comparison of the
two values must be treated with caution. The observed jump distance (4.5 A) matches the length
of a window region within the faujasite structure, showing the sorbate residing in one supercage
before jumping into a neighbouring cage; this result suggests that the oxime is able to diffuse
through the internal pores (at these low temperatures), accessing the internal acid sites. The
tendency of the oxime to reside in certain areas of the SAPO-37 framework derives from the
interactions with the internal acid sites. These interactions would potentially yield a greater
production of lactam than in Zeolite-Y, which allows Fickian diffusion of the reactant,
(suggesting minimal interactions between the oxime and acid sites). The constrained nature of
the motion may also be attributed to pore-occlusion. Acid sites which are located at the pore
mouths may interact with the oxime molecule, preventing it from accessing the pores. These
findings were also independently verified by carrying out separate catalytic tests that mimic the
experimental conditions and setup as outlined in Figure 2 (90% catalyst, 10% oxime, 373 K, 8
hours, solvent-free, under nitrogen environment) for all three catalysts. We did not observe any

appreciable (< 5 mol%) conversion at 373 K in all three cases, which vindicates our conclusion
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that any QENS signal is predominantly due to the cyclohexanone oxime. The reactant has
therefore a differing diffusion mechanism at this temperature via jump-diffusion but does not

react.
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Figure 2 (a) The Q-dependence of the HWHM of the Lorentzian for Zeolite-Y (left) and SAPO-
37 (right) at 373 K. (b) Contrasting diffusion modes of cyclohexanone oxime flowing through a
pore with active sites (red): the oxime moves straight through the pore when there is a smooth
Fickian diffusion (left with Zeolite-Y) and the oxime shifts between active sites with a specific

residence time during jump diffusion (right with SAPO-37).

To understand better the change in diffusional behaviour, an inelastic neutron spectroscopy
study (INS) was performed. INS spectra are similarly dominated by modes involving hydrogen
motion; therefore the spectra largely reflect the hydrogenous component present. Figure 3a
shows the O—H stretching region of SAPO-37 (4000 — 2000 cm™), before and after introduction
of the oxime. Interestingly, the O—H stretch of the framework hydroxyls (3650 cm™) has been

severely reduced. This demonstrates a significant interaction between the SAPO-37 and the

ACS Paragon Plus Environment
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oxime, in keeping with the observed jump diffusion in the QENS. Focussing on a lower energy
range (1600 — 800 cm™, Figure 3b) provides more detailed insights into the oxime-SAPO-37
interactions. Contrasting pure cyclohexanone oxime (black line, Figure 3b) with cyclohexanone
oxime combined with SAPO-37 (pink line, Figure 3b), several peaks recede. Most notably this
occurs in the 1600 — 1500 cm™ region and the 1050 — 950 cm™ region. These peaks are assigned
as O-H vibrations from DFT based CASTEP calculations.>”*® The other peaks (attributed to C-H
vibrations through the same calculations) remain comparatively constant. The SAPO-37 O-H
bend at 1060 cm™ has receded, most likely upshifted due to hydrogen-bonding interactions with
the oxime, and may be enveloped by the intense ring deformation modes surrounding it. This
observation suggests that the oxime is indeed interacting with the acid sites of the SAPO-37 via
the OH group of the oxime (as seen by the disappearance of both signals in the INS, Figures 3a

and 3b), in keeping with the suggested mechanism (Scheme 1).
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29 Figure 3 INS vibrational spectra showing the influence of oxime binding to SAPO-37. (a) Ei=
31 650 meV, the Bronsted acid peak in SAPO-37 (3650 cm™) is removed on addition of the oxime
34 showing the interactions between the two. (b) E; = 250 meV, shows the reduction in the O-H

36 vibration bands relative to the ring deformation modes.

The combined INS and QENS data reveal fascinating contrasts between the three catalysts. In
42 ZSM-5, the reactant is unable to access the internal pores under these timescales, while in
44 Zeolite-Y, the molecules diffuse freely through the pore, and therefore do not interact with the
47 solid-acid sites at 373 K. In SAPO-37, the enhanced interaction, as seen through INS, (facilitated
49 by the nature, type and strength of acid centres within the internal pores, as discussed later) with
these sites results in jump diffusion at lower temperatures, which is crucial for the enhanced

54 selectivity of this catalyst, in the liquid-phase Beckmann rearrangement.
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Figure 4 2D MAS *’Al and *’Si NMR spectra for the zeotypes.

Solid-state MAS NMR spectroscopy probes the local structural environment of framework
atoms. The bulk AIPO matrix of SAPO-37 was affirmed through *'P (Figure S5) and ’Al MAS
NMR (Figures 4 and S6, Table S2). >'P MAS NMR showed one well resolved peak at -27 ppm,
attributed to P(OAl),. The 1D ’Al MAS NMR of SAPO-37 shows a broad peak at 33 ppm, with
limited evidence of octahedral aluminium species at ~ 0 ppm. The *’Si nuclei shows a broad
signal, with an apex at -91 ppm (Figure S7), suggesting that the majority of silicon has formed
Si(OAl); species, confirming the incorporation of silicon into the material,"' via type II
substitution (Si replacing P).” 2D homonuclear MAS NMR (Figure 4) provides further resolution

on the ’Al and *’Si NMR spectra.*? The broad 1D *’Al peak is a combination of two signals,
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attributed to AI(OP); and AI(OP);(OSi), which arises from the isomorphous substitution of
silicon into the framework.* The additional sharp peak in the 3QMAS spectrum is small and is
compatible with a tetrahedrally-coordinated Al, possibly a surface defect site, such as
Al(OP);(OH) (Figure 4 and Table S2). Similarly the *’Si spectra were deconvoluted into two
peaks at -91 and -98 ppm, attributable to Si(OAl)s and Si(OAl);(OSi), respectively, providing
evidence for the formation of small silicon islands (Table S2). The **Si spectra of Zeolite-Y and
ZSM-5 show two different environments, confirmed by 2D MAS NMR (Figure 4). The lower
signal (-111 ppm in ZSM-5 and -106 ppm in Zeolite-Y) can be attributed to bulk Si(OSi),

different framework topologies.***

The second signal (-105 ppm in ZSM-5 and -101 ppm in
Zeolite-Y) is due to the presence of Si(OSi);(OH) and Si(OAI)(OSi); species. The latter confirms
that aluminium has undergone isomorphous substitution and resides within the framework.** Al
incorporation is further demonstrated through 2’ Al NMR spectra for ZSM-5 and Zeolite-Y. Both
species show a large fraction of framework-incorporated Al atoms, as evidenced by signals in the
region of 54 - 62 ppm, which are attributed to AI(OSi)s species, with a further signal at 0 ppm,
attributed to extra-framework octahedral Al sites (Figure 4), both in good agreement with
published literature.***” The acid sites were investigated using NH3-TPD (Figure S8 and Table
S3) and low-temperature, CO probe FT-IR (Figures 5 and Figures S9-S13 and Table S4). Both
zeolites show significant quantities of defect silanol species (3750 cm™, Figure S9), which
induce weak acidity,”* as confirmed from the NH;-TPD spectra of Zeolite-Y and ZSM-5
(silanol signal at 270 °C Figure S8). SAPO-37 does not have a Si-OH feature, though minor
amounts of AI-OH/P-OH defect species are present (Figure $9).°° In agreement with the NMR,

Al-OH species are present to a small extent in Zeolite-Y and ZSM-5, though are unlikely to

influence the reactivity of the catalysts. FT-IR further confirms the presence of Si-OH-Al

ACS Paragon Plus Environment
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Bronsted acid species, from incorporation of the dopant atoms into the framework. The signal
from Zeolite-Y and SAPO-37 is split into two characteristic bands, assigned to protons residing
in supercages and sodalite cages of the faujasite system. Protons in ZSM-5 only occupy the 1-
dimensional channel, thus a single Si-OH-Al band is observed. These findings indicate that the
SAPO-37 catalyst is distinct from its zeolitic counterparts, in possessing a higher fraction of
isolated Bronsted acid sites, owing to the lack of silicon island formation, and is conspicuous for

its lack of defect silanols, resulting in uniform acidity.

SAPO-37 —Zeolite-Y —ZSM-5 r 1.5
Hydroxyl region CO region 1.2
- 0.9
- 0.6
*\ - 03 8
c
©
r : -0 2
o
4000 3750{)/ 3500 3250 3000 2250 2200 2150 2100 03 4
L .03 2
- -0.6
- -0.9
- -1.2
Wavelength/cm™ L -15

Figure 5 FT-IR difference spectra for low-temperature CO adsorbed on: SAPO-37 (green),
Zeolite-Y (red) and ZSM-5 (blue), showing the decline of hydroxyl groups, and a shift to lower
wavenumbers in the hydroxyl region, with an increase in the CO stretching region showing the

binding to the Bronsted acid species.

The proton band (hydroxyls) shifted on adsorption of CO (Figures S10 and S11), where the
magnitude of the shift correlates with acid site strength. Both zeolites possess stronger acid sites
than SAPO-37, which was independently verified with NH;-TPD (Figure S8).>' The CO

stretching region (2250-2100 cm™, Figure 5, S12 and S13) reveals that the zeolites possess some

ACS Paragon Plus Environment
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51,52 .
~“ These sites have

moderate and strong Lewis acidity (2200 cm™ and 2230 cm™, respectively).
been shown to induce cyclohexanone formation in the Beckmann rearrangement.” Quantifying

the values from the CO stretching peaks (Table S4) and from the area values in the NH3;-TPD

©CoO~NOUTA,WNPE

(Table S3), show that the total quantity of acid sites follows the trend: SAPO-37 > ZSM-5 >

13 Zeolite-Y, despite similar dopant levels.

Table 1 Integrated peak areas and calculated acidity for the collidine-probed FT-IR.

20 Integrated peak areas/(au/mg) Total acidity/(mmol/g)

23 System Weak Medium Strong Total Weak Medium Strong Total

SAPO-37 | 0913 2.845 1.609  5.367 0.070 0.219 0.124  0.413

30 Zeolite-Y | 0.625 0.806 1.259  2.690 0.048 0.062 0.097  0.207

33 ZSM-5 0.100 0.083 0.039  0.222 0.008 0.006 0.003  0.017
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Figure 6 Summary of collidine FT-IR data for zeotype materials, highlighting the accessibility
of the faujasite frameworks, with SAPO-37 possessing a high fraction of medium strength acid
sites, whereas Zeolite-Y has a greater proportion of strong acid sites. The collidine probe is

unable to access the ZSM-5 micropores leading to significantly fewer acid sites.

The QENS study has already shown that cyclohexanone oxime is able to access the internal
sites of SAPO-37 and Zeolite-Y, but not ZSM-5. Although CO-probed FT-IR is able to probe the
total acidity, a bulkier probe such as collidine was subsequently employed to identify selectively
the acid sites that are accessible to the oxime. The latter should correspond to the vast majority of
acid sites in the SAPO-37 and Zeolite-Y catalysts, but interaction can also be envisaged with
acid sites located at the pore-mouth and extremities of ZSM-5 (Figures S14-S19). Both hydroxyl
peaks in SAPO-37 and Zeolite-Y decrease on collidine adsorption, confirming that both
supercage and sodalite cage protons are accessible: proton migration occurs at elevated
temperatures (Figures S14, S16 and S18), or as collidine interacts with protons in the windows of
the sodalite cages (most likely a through-space interaction since collidine is too large to occupy
these cages). Integrating the area of the collidine doublet at 1637 and 1652 cm’ quantifies the
number of accessible sites (Figures S15, S17 and S19 and Table 1).°* Despite ZSM-5 possessing
a higher quantity of acid sites than Zeolite-Y (TPD and FTIR), the framework topology impedes
access of the collidine probe and consequently, only surface silanol species and those in the
vicinity of the pore-mouths are available for catalysis in ZSM-5 (Figure S15, S17 and S19).
SAPO-37 and Zeolite-Y possess more accessible sites and it was observed that, although SAPO-
37 has a greater overall acidity (Table 1 and Figure 6), Zeolite-Y has distinctly stronger acid
sites, in agreement with NH3-TPD and low-temperature, CO probed FT-IR findings."”> The

collidine results were in relatively good agreement with those obtained by NH3-TPD and those
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expected from the dopant loading (Table S5). The total acidity from collidine FTIR were
generally lower than those found experimentally through NH;-TPD, however this is likely due to

the difference in size between the probes, with the bulkier collidine probe blocking neighbouring

©CoO~NOUTA,WNPE

11 acid sites from other collidine molecules.”® The NH;-TPD for SAPO-37 is in excellent
13 agreement with that predicted from the Si dopant loading (Table S5).>"* The ZSM-5 and
15 Zeolite-Y NH;3-TPD values are significantly lower than those predicted from Al dopant loading.

18 This is likely due to aluminium islanding and the formation of non-isolated sites.
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48 Figure 7 Liquid-phase Beckmann rearrangement data of cyclohexanone oxime. a) Highlighting
30 the interplay between framework topology, active-site engineering and molecular diffusion. b)
Showing consistent caprolactam yields from SAPO-37 on multiple regenerations, vindicating the

55 reusability of the catalyst. See supporting information for experimental details.
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The spectroscopic data reinforces the importance of combining the desired active site with the
appropriate framework topology, which is further exemplified in the observed catalytic trends for
the liquid-phase Beckmann rearrangement. The catalytic data (Figures 7a and 7b) shows notable
trends that reflect the importance of the framework topology and acid-site strength,
notwithstanding the critical role of diffusion and interaction of the substrate with the desired
active-site. The faujasitic frameworks (SAPO-37 and Zeolite-Y) show equivalent levels of
conversion, which vastly exceed that of ZSM-5 (47 mol%, Figure 7a). This trend is not
commensurate with the total (measured) acidity (Figure S8 and Table S3), and therefore other

factors are responsible for this remarkable finding.
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Figure 8 Liquid-phase Beckmann rearrangement data of cyclohexanone oxime showing the
kinetic behaviour of a) conversion, and b) selectivity. See supporting information for

experimental details.

Despite having fewer acid sites than both ZSM-5 and SAPO-37, kinetic studies have shown
that Zeolite-Y displays a superior rate of conversion of the cyclohexanone oxime substrate
(Figures 8a and 8b), although selectivity for caprolactam is low (Figure 8b). These findings are
noteworthy and justify our hypothesis that the ‘jump diffusion’ observed in SAPO-37 originates
from favourable catalyst-substrate interactions that are intrinsic to a specific acid site and
independent of total acidity. The minimal Lewis acidity in the SAPO-37 species may also be a
contributing factor, however, this does not contradict the QENS observations.”** The QENS
results (Figures 2 and S3) unequivocally reveal that, unlike the faujasitic systems, cyclohexanone
oxime cannot permeate into the micropores of ZSM-5 over the timescales investigated, further
substantiating that catalytic selectivity to the desired product, caprolactam, relies primarily on

accessible internal acid sites. ZSM-5 has accessible acid sites only on the surface and at the pore
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mouths, which impede both reactivity (because of hindered diffusion) and selectivity for &-
caprolactam (Scheme 1). As Zeolite-Y possesses a greater proportion of ‘stronger’ acid sites
(Table 1 and Figure 6) than SAPO-37, the formation of undesired side-products is favoured,” in
stark contrast to the (desired) weaker sites in SAPO-37. It is therefore remarkable that, while
both Zeolite-Y and SAPO-37 display high conversions in the liquid-phase process (Figure 7a and
8a), we did not observe any notable interactions with the oxime molecule in the QENS
experiments for Zeolite-Y (Figure 2a and Figure S4). These combined findings are therefore
crucial in highlighting the importance of the favourable interactions of the internal acid sites in
the SAPO-37 catalyst with the cyclohexanone oxime substrate, which lead to the highly selective
formation of caprolactam in the liquid-phase at low temperatures (Figures 7a and 8b). These
internal acid sites are very stable and can be regenerated to deliver consistent caprolactam yields
over several cycles, thereby confirming the recyclability and heterogeneity of the SAPO-37
catalyst (Figure 7b). The stability of the SAPO-37 catalyst was also evaluated post-catalysis.
Powder XRD showed the faujasitic crystalline structure was retained post-catalysis and on
reactivation (Figure S20). Similarly N, physisorption confirmed that the total pore volume of the
material could be recovered on reactivation, with the micropore volume being completely
retained (Table S6). Finally 1D 2’Al MAS NMR spectra (Figure S21) showed no variation
between fresh, post-catalysis and reactivated SAPO-37 catalysts, either under nitrogen or on
exposure to air for 12 hours. These findings, coupled with the catalytic data (multiple recycle

tests, Figure 7b) demonstrate the stability of the SAPO-37 catalyst for this reaction.

These fundamental studies are of paramount importance in understanding the complex nature
of the interplay between active-site, framework topology, and reaction pathways. Understanding

these subtle structure-activity relationships and associated diffusion pathways will pave the way
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for the industrial exploitation of the liquid-phase Beckmann rearrangement process, using

115
heterogeneous solids.

©CoO~NOUTA,WNPE

13 CONCLUSIONS

16 The ability to control precisely the nature and strength of solid-acid sites, combined with
significant insights into molecular diffusion behaviour within nanoporous architectures, has led
21 to important new insights into a novel catalytic system for the low-temperature, liquid-phase
23 production of e-caprolactam (precursor to Nylon-6). Neutron scattering (QENS and INS), in
combination with aligned spectroscopic techniques, offers unique insights into the distinct role of
28 surface and internal acid sites and their mechanistic influence in the liquid-phase Beckmann
30 rearrangement of cyclohexanone oxime with FAU and MFI catalysts. This study further
33 elucidates the contrasting diffusion and catalytic pathways that are prevalent within these
35 heterogeneous solids, and highlights the interplay of framework topology and active site design

37 in sustainable catalysis.
a1 ASSOCIATED CONTENT

44 Supporting Information. Full synthesis, characterization and catalytic methodologies available.
Also basic QENS background theory and further textural, neutron scattering, NMR, TPD and
49 FT-IR data available are available in the supporting information. This material is available free

51 of charge via the Internet at http://pubs.acs.org.
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