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Abstract: The properties of 1-octene adsorbed in zeolite ZSM-5 at 293 K are studied by
means of inelastic and quasielastic neutron scattering (INS and QENS) in order to
investigate interactions relevant to the zeolite solid acid catalysis of fluidised catalytic
cracking reactions. The INS spectrum is compared to that recorded for the solid alkene
and reveals significant changes of bonding on adsorption at ambient temperatures; the
changes are attributed to the oligomerization of the adsorbed 1-octene to form a
medium chain n-alkane or n-alkane cation. QENS analysis shows that these oligomers
are immobilised within the zeolite pore structure but a temperature-dependant fraction

is able to rotate around their long axis within the pore channels.



1 Introduction

ZSM-5 is an MFl-structured zeolite which is widely used in commercial Fluidised
Catalytic Cracking (FCC) operations as an additive catalyst in combination with
conventional Zeolite Y.! When first commercialised, ZSM-5 was used primarily as an
octane-boosting isomerisation additive but more recent interest is due to its ability to
enhance the yield of light olefins in the FCC product stream by selective cracking of
gasoline range n-olefins.’3 Liquid Petroleum Gas-range olefins are important chemical
precursors for both polymer and industrial chemical production and, while demand for
them is increasing globally, production of hydrocarbons in this class, other than ethene,
actually decreased from 2005-2010 and continues to be lower than demand due to
changes in the international petrochemical supply chain.? Increasing olefin yields from
FCC cracking of gasoline through more selective catalysts is a technology well placed to

fill this gap in the market.? 4®

The selectivity of ZSM-5 towards light olefin production is attributed to a shape-
selective effect due to the confined volume within the zeolite pore structure. Cracking
proceeds via the protonation of the C=C bond by a zeolite Brgnsted site, followed by
B-scission and isomerisation to form shorter chain alkenes.” The confined volume of the
2.75 A ZSM-5 pore radius means that this reaction occurs through solely
monomolecular mechanisms and prevents the oligomerization of larger molecules or
isomerisation to branched structures that can occur in less confining structures like
zeolite Y (pore radius 3.7 A).2 Branched olefin fractions of the feedstock are similarly
excluded from the cracking reaction by their inability to access the pore interior and its

acid sites.> 7 The catalytic activity of the zeolite is also affected by its acidity; it is



noted that in commercial use the catalyst undergoes steaming which reduces the
overall Brgnsted acidity, which in turn results in the commercial catalyst selectively
cracking olefins which can still take place with the lower acidic strength, while the
untreated catalyst is capable of cracking both olefin and paraffin substrates.® The
steaming process is also found to result in structural changes in the zeolite due to de-

alumination and the generation of extra-framework alumina sites.!?

Due to the influence of these structural factors, understanding how cracking substrate
species interact with, and diffuse within, the zeolite structure are important factors in
understanding the zeolite’s catalytic activity. Neutron spectroscopy techniques
represent a particularly powerful tool for the study of these interactions. The use of
guasielastic neutron scattering (QENS) to study the diffusion of hydrocarbons in zeolites
is well established across a variety of hydrocarbon and zeolite catalyst systems.1216
QENS technigues cover a range of timescales similar to that observed for hydrocarbon
diffusion in zeolites, have high sensitivity to hydrocarbon sorbate species due to the

scattering properties of hydrogen, and are amenable to comparison with results

obtained from molecular dynamics simulations.*

For study of the zeolite-hydrocarbon interactions, conventional spectroscopic
techniques have historically been hindered by the location of the sites of interest within
the zeolite pore structure and the presence of strong zeolite framework vibrations in
the infrared below 1500 cm™ obscuring vibrational bands of interest. Raman
spectroscopy is hindered by sample fluorescence. NMR studies have achieved some
success, including the suggestion that n-olefins adsorbed in ZSM-5 may be present as

carbocations even at temperatures where B-scission and cracking does not occur.’



Inelastic neutron scattering (INS) can provide information on the vibrational motions in
a zeolite catalyst while sidestepping the issue of framework masking due to the
exceptionally high inelastic incoherent scattering cross section of hydrogen, meaning
that modes of relevance to the catalyst-hydrocarbon interactions dominate the
spectrum.'® The ability of INS to detect hydrocarbon changes in zeolite catalysed
systems has been recently proven for an investigation of the Methanol-to-
Hydrocarbons reaction,'®2? and the technique appears equally suitable for application

to FCC connected reaction systems.

Given the potential of INS to provide additional insight into the catalyst-hydrocarbon
reactions in FCC systems, we report here the results of a combined INS and QENS study
of the interactions of 1-octene with an unsteamed ZSM-5 catalyst at 293 K. 1-octene
was chosen as a representative compound for the type of gasoline-range olefin which
forms the reactive fraction in FCC feedstocks over ZSM-5. Investigations were
performed with the 1-octene at low temperatures compared to typical FCC reaction
conditions in order to establish the pre-reaction behaviour of the reactant species. The
ability of ZSM-5 to oligomerize short-chain olefins at low temperatures is well reported,
however, 1-octene lies within the range of olefin chain lengths which are generally
reported as terminal species for this reaction at temperatures < 473 K.17-21-22 The use of
INS to provide insight into the interactions of an olefin with a cracking catalyst is a
novel application of this technique. As mentioned above, the industrial operation
utilises a steamed ZSM-5 catalyst. However, in order to understand the surface
chemistry of the ZSM-5/1-octene reaction system, this study will concentrate on how
the adsorbate reacts with an activated ZSM-5 sample at relatively low temperatures

with the sample experiencing no prior steam treatment. Against this background,



future studies can then examine steamed ZSM-5 samples with moderated Brgnsted

acidity that more closely connects with the industrial scenario.

2 Experimental

The ZSM-5 zeolite used was a commercial catalyst grade supplied in powder form by
Johnson Matthey. From this point on it will be referred to as the catalyst. Previous
studies using the same zeolite batch have established it as possessing a Si:Al ratio of
~30.2° The catalyst as supplied was heated in static air at 10 K min™* to 773 K and held
for 12 hours to remove residual template material through calcination. BET analysis was
performed on the calcined material to establish the pore surface area, yielding an

average value of 370 m?gt.

2.1 Inelastic Neutron Scattering

A quantity of calcined catalyst suitable for INS measurements (10.78g) was loaded into
an Inconel reactor of 35mm internal diameter and mounted on a gas handling
apparatus at the ISIS Facility which is described in detail elsewhere.?® This was heated
at 10 K min'! to 623 K under a continuous flow of helium (1000 sccm, BOC, 99.999%)
and held for 3 hours to dry the catalyst. The reactor was allowed to cool under He flow
to ambient temperature and isolated for transfer to an argon filled glove box (MBraun
UniLab MB-20-G, [H20] < 1 ppm, [02] < 1 ppm) where the dried catalyst was loaded into
an aluminium INS sample can equipped with gas handling fittings. The design of this can
is similar to that of the steel sample environment previously reported by Warringham,
et al.23 with the exception of the replacement of the copper CF flange seals with

compressed indium wire gaskets; the sample volume exposed to the neutron beam



remains a flat 50 x 50 x 10 mm plate. The sample was moved to the INS spectrometers
to acquire background vibrational spectra of the clean, activated zeolite, as described
below. Following background acquisition the catalyst was dosed ex situ with 1-octene
using flowing helium at 200 sccm passed through a bubbler arrangement at 293 K;
gravimetric analysis indicated a final 1-octene loading of 1.03 x 103 mol gl.t, equating
to 5.96 octene molecules per ZSM-5 unit cell. The dosed sample was returned to the
spectrometers and the spectra of the loaded catalyst taken. Finally, the spectra of a
3.81g sample of 1-octene was taken for comparison purposes using a flat, indium-
sealed aluminium sample can optimised for the measurement of pure liquids with a

sample volume of 20 x 30 x 1 mm.

All INS measurements were performed at <30 K using two INS spectrometers. Initial
measurements were performed on MAPS, a direct-geometry inelastic spectrometer
which provides access to the C-H and O-H stretching region of the vibrational
spectrum.'® All spectra were recorded using the high resolution A-chopper package at
incident energies of 5244 and 2017 cm!, with frequencies of 600 and 400 Hz
respectively. The MAPS spectra reproduced in

Figure 1 were integrated over a momentum transfer (Q) range of 0< Q<10 Alto
eliminate overtone contributions present at higher Q values. For greater spectral
resolution below 1200 cm™, all samples were also measured on the indirect geometry
spectrometer TOSCA.2* Time-of-flight data for both sets of measurements were reduced
to spectra using the Mantid software package,?> while integration of the MAPS data

made use of the analysis tool MSlice.?®

2.2 Quasielastic Neutron Scattering
QENS measurements are performed with smaller sample sizes in order to avoid multiple
scattering; 2.27g of calcined ZSM-5 was loaded into a 2 mm annular niobium sample

can equipped with gas handling fittings and copper-gasketed CF seals, the design of



which has been previously described by Silverwood and Sakai?’. This was mounted on
the gas handling apparatus and dried in the same manner as the INS sample. Once cool,
the sample was transferred directly to the OSIRIS low-energy backscattering
spectrometer to record background spectra. All measurements were performed using
the (002) reflection of the graphite analyser crystal which offers an energy resolution of
25.4 peV and a momentum transfer range of 0.18-1.8 A-1.28 Spectra were recorded at 6
K to provide an instrument resolution function and at 273, 323 and 373 K. The sample
was allowed to cool to room temperature then dosed ex situ with 1.06 x 103 mol glcat,
equating to 6.49 1-octene molecules per unit cell, using the method described above.
The dosed sample was returned to OSIRIS and a set of spectra recorded at identical
conditions to the background measurement. The background spectra previously
recorded were subtracted from these dosed spectra to remove the contributions to the
scattering function from coherent scattering from the zeolite framework, leaving only
the contributions from the adsorbed hydrocarbon: this simplifies the process of
deriving an accurate fit for the quasielastic data. Time-of-flight datasets were again
reduced using Mantid while baseline subtraction, peak fitting and other data analysis

operations were carried out using the data analysis software suite DAVE.?°



3 Results and Discussion
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Figure 1: INS spectra of clean ZSM-5 (black), pure 1-octene (blue) and 1-octene in ZSM-5
(red) recorded on the MAPS spectrometer at incident energies of 2017 (/eft) and 5244
(right) cm™. Spectra integrated over the momentum transfer range 0<Q<10 A, Intensities

are scaled to correct for the different sample sizes and the spectra are offset in y-axis for

clarity.
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Figure 2: 0-1600 cm™ region of the TOSCA INS spectra for clean ZSM-5 (black), pure 1-octene
(blue) and 1-octene in ZSM-5 (red). Intensities are scaled to correct for different sample

sizes.

3.1 Inelastic Neutron Scattering

The collected INS spectra are presented in

Figure 1 (MAPS) and

Figure 2 (TOSCA). The increased resolution of TOSCA at low energies is readily apparent,
as are the advantages exhibited by MAPS above ~1200 cm™. The greatly increased
scattering intensity resulting from the increased number of hydrogen scattering centres
in the 1-octene containing samples is also clear. Although weak in comparison, the
clean ZSM-5 spectrum exhibits features at 3590, 1186-1123, 816 and 457 cm™. These
correspond to the (O-H) stretch of the internal hydroxyl groups and various (O-H)
deformations that match the results observed for previous measurements of this
catalyst.?® An additional feature at 308 cm™is also likely to be an (O-H) deformation and
is visible but not assigned in reference 18. The broad peaks below 200 cm™ are the
hydrogen motions resulting from various lattice modes. Thus, importantly, INS is
providing direct information on the form and nature of the Brgnsted acid sites of this
class of industrially relevant heterogeneous catalyst.

The vibrational assignment of the peaks in the 1-octene spectra was assisted by
computational modelling of the 1-octene system. Multiple potential conformations of
1-octene were optimised through DFT (B3LYP functional, 6-311-G* basis set) and the

normal modes of the resulting optimised geometries calculated using GAUSSIAN for
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both stages.3° The calculated normal modes from these models were then used to
generate simulated INS spectra using the aCLIMAX software package which were
compared with the experimental data from TOSCA.3! The results providing the closest
fit are reproduced in Figure 3, corresponding to the low energy conformer reported by
Fraser, et al.32: in this conformation the alkyl chain assumes the usual anti-periplanar
zig-zag conformation, but the (C=C-C-C) dihedral angle is oriented at £1202 instead of
1809, resulting in the (C=C) bond being staggered out of the plane of the (C-C) bonds.3?
Simulations of conformers where the (C=C) bond is not staggered in this fashion
introduce an additional (C=C) torsion mode in the 500 — 600 cm™* region, while those
involving a bend in the methylene chain introduce splitting of the peak at 728 cm™2.
Since neither of these features is observed in the experimental spectrum it can be

accepted that the solid 1-octene is in the conformation shown in the Figure 3 inset.

LA L L L L L BN R Y BN B B BN
—— 1-octene (experimental
------- 1-octene (simulated)

S(Q,w) ! Arb. units

200' . 460 s IGCI)OI I IBCI)O' I ‘IIOIO(I) I_jZIOCI) I ‘II4IO(I.) ' iGOO
Wavenumber / cm
Figure 3: Observed INS spectrum on TOSCA for 1-octene (blue) together with the aCLIMAX-

calculated INS spectrum (purple dashed line) for a 1-octene molecule in a partially staggered

conformation (inset).

The application of these results allows the assignment of the peaks in the 1-octene

reference spectra. The slightly broadened peak observed at 1456 cm™ in Figure 2 is



12

assigned to the overlap of the asymmetric methyl deformation with the two methyl
scissors modes, with the narrower peak at 1298 cm™ representing a combination of
multiple -CH;- twisting modes which occur along the axis of the alkyl chain. A smaller
peak corresponding to the symmetric methyl deformation is just visible between these
peaks at 1371 cm™. The other peaks of interest are the CHs rocking mode at 1118 cm'?,
the (C=C) torsion at 639 cm™?, the distinctive peak of the terminal methyl torsion at 245
cm™ and the two transverse acoustic modes located at 167 and 178 cm™. The alkyl CH;
rock modes at 728 and 739 cm™ are also of interest since it is known from infrared
studies of alkane systems that the frequency of the methylene rocking modes is
dependent on the number of consecutive CH; groups, n, making the position of these
peaks a marker for the length of the alkyl chain.33 In alkanes the frequency is observed
to vary from a maximum of 815 cm™ for n = 1 to a final value of 722 cm™* for all n > 5.33
The fact that the frequency of the 1-octene peak is shifted to a slightly higher value
than its chain length would suggest from this series is tentatively attributed to the

effect of the adjacent sp? carbon on the final methylene group in the chain.

The high energy portion of the MAPS spectrum (

Figure 1) clearly shows the splitting of the 1-octene (C-H) stretch region into a peak at
2884 cm™* with a shoulder at 3046 cm™. The simplest assignment is to attribute these to
the (C-H) stretching modes of the sp® and sp? carbons respectively, however
comparison of the relative peak areas above and below 3000 cm™ show that they do
not correspond to the 13:3 ratio expected given the number of hydrogens in each
environment. Additionally, this hypothesis fails to account for the additional tail in the
peak observed at ~3200 cm™. Deconvolution of the 2400-3600 cm™ region of the 1-

octene spectrum by peak fitting indicates the presence of an additional contribution in
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this region caused by the combination of the sp3 (C-H) stretching modes with the
transverse acoustic mode at 178 cm™. The results of the peak fitting are shown as
Figure S1 in the Supporting Information section. Other peaks represent various internal
modes and wags and are assigned as detailed in Table 1, with assignments guided by

references 33-35 and the DFT calculation described above.

Frequency
Peak Assignment
(em)
i 0-150 Multiple overlapping lattice
modes
1 167 Transverse acoustic -CH;- wag
2 178 Transverse acoustic -CH;- wag
3 245 -CHs torsion
4 283 Longitudinal acoustic C-C stretch
5 350 First overtone of peak 1
6 384 Longitudinal acoustic C-C stretch
7 442 Longitudinal acoustic C-C stretch
8 472 C=C-C scissors
9 639 =CH; torsion
10 728 -(CH2)n- in-phase rock, n > 4
11 739 -(CH2)n- out-of-phase rock, n > 4
12 789 Mixed -(CHa)- rock/twist
13 875 -CHs in-plane rock
14 911 =CH, wag
15 967 =CH2 rock
16 997 =CH- rock
17 1052 -CHa- twist
18 1118 -CHs in-plane rock
19 1217 =CH- rock
20 1298 Multiple -CH»- twist/wag.modes
along molecular axis
21 1371 -CH3 symmetric deformation
-CH;- wag
22 1438 -CH>- scissors
23 1456 -CHs asymmetri.c deformation
-CHs scissors
24 2917 sp3 C-H stretches
25 3071 sp? C-H stretches
26 3095 Combination of peaks 2 + 24

Table 1: Vibrational assignments for the INS spectrum of solid 1-octene at <30 K.
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On addition of the 1-octene to the zeolite, Figures 1 and 2 show the observed spectrum
differs significantly from the spectra of the individual components, indicating
chemisorption involving a degree of molecular rearrangement to be occurring. The
intensity of the (C-H) stretch region above 3000 cm is reduced relative to that
observed for pure 1-octene. Peak fitting of this region (Supporting Information, Figure
S2) shows the complete elimination of the sp? (C-H) stretch component, with the 2400-
3600 cm™* region of the ZSM-5/1-octene spectrum only showing contributions from the
sp3 (C-H) stretch modes and their combination with the transverse acoustic mode,

which has undergone a reduction in energy and is visible as a shoulder at 143 cm " in

Figure 2. The sp3 v(C-H) peak has undergone a minor upward shift of 10 cm™ in the
position of the peak maximum, however this is too close to the resolution limit of MAPS
at this level of energy transfer to draw meaningful conclusions from this difference.
Together with the complete disappearance of the (=CH3)-associated peaks at 639, 911
and 967 cm™ this indicates that this change involves the carbocation-forming
protonation of the octene.” This conclusion is further supported by the absence of any
peaks corresponding to zeolite (O-H) groups in the loaded spectrum. The lack of an
increase in the relative size of the methyl torsion peak supports the assertion by
Stepanov, et al.'” that steric hindrance from the zeolite pores means that adsorbed
octene within ZSM-5 is mainly present as a linear secondary carbocation with the
normally preferred branched tertiary carbocations forming minority species. Further
evidence of this is provided by the presence of the -(CH3)- rocking modes at 727 cmtin
the combined system; due to the frequency of this mode being dependant on

methylene chain length as mentioned above, the fact that it has not shifted significantly
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relative to its position in the free 1-octene spectrum indicates that the average
methylene chain length in the system remains > 5 adjacent CH; units and that the

octene is not branching to any significant degree.

Previous literature suggests that 8-carbon molecules like 1-octene are stable species
over ZSM-5 at room temperature and although protonation occurs the resulting
carbocations do not react further.'’”-21-22 However, the extremely broadened nature of
the peaks in the 690-1140 cm™ region (Figure 2) does not appear consistent with the
expected results from a simple molecule such as an octene derivative. This was
confirmed through DFT modelling of a secondary octene carbocation, which results in a
spectrum with peaks at the correct energies but which do not exhibit the necessary
broadening to match the experimental spectrum as shown in Figure 4. Expansion of the
secondary cation simulation to incorporate contributions from the 14 conformer
species which were detected experimentally by Fraser, et al.3? produces a spectrum
which still exhibits individually defined peaks and shows splitting of the 728 cm™ peak
due to disruption of the in-phase wag motion in conformers where the methylene chain
is bent. Making the assumption that the cation charge has migrated to the third or
fourth carbon in the octene chain produces simulated spectra which exhibit
fundamental modes in the 600-700 cm™ region which have no experimental
counterpart. The results of these further simulations are included as Figure S3 in the
Supporting Information section. Taken together, these results indicate that the product
species cannot be solely a Cs carbocation. Further DFT modelling presented in Figure 4
reveals that the experimental spectrum more closely resembles the predicted spectra
for longer linear alkanes in the C4-Css range, indicating that the protonated 1-octene

does in fact undergo oligomerization to longer chain lengths. The pair of peaks which
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are visible in the 788-896 cm region of the simulated Cgs4 spectrum which does not
have an experimental counterpart are due to overtone contributions from the
simulation’s phonon modes; since the simulation is based on a single molecule which is
not constrained by the zeolite micropore the contributions from these modes is
overestimated, resulting in the excessive contribution from the overtone peaks in the
region reproduced in Figure 4. Based on the lack of evidence for chain branching as
detailed above, it appears that the oligomerization proceeds via a linear end-to-end
polymerization reaction due to restriction by the zeolite pore disfavouring branching
reactions. The optimised geometry for all the long-chain alkanes modelled is linear

suggesting that the oligomers lie in the straight pore channels.
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Figure 4: Observed INS spectrum on TOSCA for 1-octene in ZSM-5 (red) together with the
aCLIMAX-calculated INS spectra for a secondary octane cation (magenta dashed line) and

tetrahexacontane (orange dashed line).

3.2 Quasielastic Neutron Scattering
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Visualisation of the QENS spectra of the unloaded zeolite revealed that no significant
changes in the width of the elastic peak occur across the temperature range
investigated, so any motion of the zeolite cage occurs outside the dynamic window of
the spectrometer at these temperatures and the zeolite can be treated as though it is
static. In contrast, the spectra of the 1-octene loaded sample exhibit a degree of
quasielastic broadening that increases with temperature, indicating that motion is
occurring on timescales visible to the OSIRIS spectrometer (~2-50 ps).?® The positioning
of this accessible energy range is such that any motions observed are likely to be due to
molecular rotations or the translation of confined hydrocarbon molecules, with any
translational movements of internally or externally physisorbed species being too slow

to be resolved by this instrument.

For systems undergoing such motion, the shape of the recorded overall scattering
function, S(Q,w), is given by a combination of an elastic component representing the
static scattering species and a quasielastic component representing the mobile
species.3® Due to the extremely large incoherent scattering cross section of hydrogen,
the incoherent scattering contribution of other atoms in the system is negligible and
the quasielastic scattering function may be taken to be entirely dominated by the
uncorrelated motions of hydrogen. The elastic component is a delta function
convoluted with an instrument resolution function, which can be provided by a
spectrum measured at <10 K where motions are minimal. This will be composed of both
incoherent contributions from the static hydrogen atoms and coherent scattering from
the zeolite framework. The quasielastic component comprises one or more Lorentzian
functions whose broadening describes the motion of the mobile hydrogens.'* 36 Since

the resolution function is provided for the system under investigation by the spectrum
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measured at 6 K the contribution from the quasielastic functions may be determined by
fitting of the experimental data. The variance of the spectrum with respect to Q is
complicated by contributions due to coherent Bragg scattering from the zeolite
framework and sample environment but, nevertheless, these contributions can be
eliminated by subtracting the recorded spectra of the empty zeolite from the loaded
spectra at the same temperature leaving just the incoherent scattering contribution
from the adsorbed species. This was done and the resulting spectra fitted using the

DAVE QENS analysis software suite.?®

The first fitting was carried out using the resolution function convoluted with a single
Lorentzian function; the resulting overall function matched closely in shape but
exhibited an offset from the experimental data which was compensated by the addition
of a flat background function. This resulted in an overall fit function closely matching
the experimental data for all three temperatures studied (273, 323 and 373 K). The
single Lorentzian present indicates that the QENS spectra are observing a single motion
of mobile hydrogens in the adsorbed species. The existence of a flat background implies
an additional motion which falls outside the OSIRIS time window and which is therefore

inaccessible to analysis using this data set.
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Figure 5: QENS spectra at selected Q values for 1-octene in ZSM-5 at 373 K following
subtraction of the immobile zeolite contributions (black). The Lorentzian fit component

modelling the quasielastic contribution at each Q value is also shown (red).

Figure 5 shows the scattering function and the corresponding Lorentzian fit component
for the 373 K spectrum at several points across the Q range recorded. It is immediately
apparent that the Lorentzian function only contributes significantly to the overall
scattering function at higher Q values: the same pattern is also observed for the spectra
at 273 and 323 K. Since Q is inversely related to distance,3® this suggests that the
movement of the octene is restricted to localised motions and it does not exhibit the
long-range translations reported for linear alkanes in ZSM-5.1>37 Localised motions in a
QENS spectrum may be characterised by deriving the Elastic Incoherent Structure
Factor (EISF, Ao(Q)) which is the fraction of the total scattering intensity that is elastic,

given by:

Ielastic (Q)
A = 1
O(Q) Ielastic(Q) + Iquasielastic(Q) ( )
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The quasielastic contribution is always zero at Q = 0 giving Ao(Q) = 1 and for completely
immobile systems this will remain the case at all Q values. Where there is motion, the
EISF will initially decrease with increasing Q and the exact shape of the EISF vs Q curve

is determined by the geometry of motion.3®

] ¢ 273K
323K
069 o 373k ]
120° methyl recrientation
05 T--- Continuous methyl rotation
. T T T T T ‘ T T L] T T T T T T T T T T
0.0 05 1.5 2.0

10
Q (1/A)
Figure 6: Experimental EISF values for 1-octene in ZSM-5 at 273 K (blue), 323 K (orange) and
373 K (brown) compared to the predicted EISF values for jump (solid black line) and

continuous methyl rotation (dashed black line) using the models described in the text.

The EISF values of the loaded zeolite QENS spectra are reproduced in Figure 6 for 273, 323
and 373 K; it can be seen that the overall reduction in EISF magnitude is small at all
temperatures and that the motion of the molecules within the zeolite is therefore highly
hindered. The fluctuation observed for all three temperatures in the 1.5-1.75 Al region is a
residual effect of the Bragg peak in that region of Q; expansion of the zeolite structure due
to the adsorbed 1-octene results in a shift in the position of the Bragg peaks and results in

incomplete cancellation by the baseline subtraction process.

The identification of the exact motion responsible for the quasielastic intensity observed is
simplified by the results of the vibrational analysis completed above. Since the hydrocarbon

is a long chain constrained within zeolite pores whose diameter is less than the chain length,
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only a few types of rotation are physically possible; namely the reorientation of the terminal
methyl groups around their C-C bond, either continuously or as a series of 120° jumps
between equivalent orientations, or the uniaxial rotation of the entire alkyl chain.
Distinguishing between these possibilities can be accomplished through fitting of the EISF
curves. Each possible rotation produces a characteristic autocorrelation function for the
moving hydrogens that can be converted to an equation for the resulting inelastic neutron
scattering law by means of a time Fourier transform.3® This scattering law can be separated
into equations for the elastic and quasielastic contributions which can be used to model the
expected EISF values.* 36 In the case of a rotation, the generalised scattering law for

rotation between N equivalent sites on a circle yields the following equation for the EISF:

N
40@) =1 o [20rsin ()] @)
n=1

where ris the radius of rotation, and jo is the spherical Bessel function of order zero.3¢ In the
continuous rotation case the scattering law for true continuous rotation requires knowledge
of the angle between the scattering vector and the rotational axis and modelling it is
therefore only possible for single crystals. However a sufficiently accurate approximation for
powder samples for Q values < '/, may be obtained using Equation (2) provided the value

of N is sufficiently large.3®

For the methyl rotations the value of ris 1.02 A, the radius of the circle circumscribed by the
methyl hydrogens, which can be calculated from the C-H and C-C bond lengths and angles
given by our computational results as shown in Figure S4 in the Supporting Information.
Since in both cases the rotation only involves the terminal methyl hydrogens the other

hydrogens in the molecule do not contribute to the elastic intensity and it is therefore
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necessary to include a correction factor to reflect this. This can be done by splitting the EISF
into mobile (m) and immobile (i) contributions, and weighting each by the proportion in
each state (p;m) where p; + pm = 1). The total EISF would then be the sum of each

contribution, and since the Ao(Q); is always 1:

Ay eff(Q) = piAO(Q)i + pmAO(Q)m
p; + pmAO(Q)m (3)

The maximum mobility possible for these rotations will occur with protonation of the
adsorbed 1-octene at the terminal carbon but no oligomerization, giving six methyl
hydrogens out of seventeen and so pm = 0.353. The predictions from the model for r = 1.02
A and pm = 0.353 are reproduced in Figure 6 as the solid grey line for the jump rotation using
N = 3 and the broken black line for continuous rotation using N = 50; it is apparent that the
influence of N on the EISF is small at the length scales involved with methyl rotation. It can
be seen that both models fail to reach the degree of mobility observed experimentally at
373 K across the Q range investigated. Oligomerization of the 1-octene molecules as
deduced from the INS data means that the actual proportion of methyl hydrogens in the
sample must be lower than the limiting case modelled here, which would result in even
higher EISF values than these predictions. The observed elastic intensity therefore cannot be

solely due to methyl rotation.

In the case of uniaxial rotation of the alkyl chain, the motion of the CH, hydrogens occurs on
a circle of 1.40 A (also shown in Figure S4). Modelling continuous rotation on this radius
while assuming that all hydrogens participate, corresponding to the limiting case of a chain
of infinite length, produces the EISF plot shown as the black line in Figure 7: it can be seen

that in this case the maximum mobility case predicts lower-than-observed EISF values across
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the Q range. Close fits for the experimental data can be obtained by assuming partial
sample immobility and fitting the model to the experimental data with respect to pm, shown
as the broken lines in Figure 7: the final pm values used to generate these fits are
reproduced in Table 2 and indicate that the mobile fraction of the hydrogens is temperature
dependant, varying from 18.0 % at 273 K to 35.8 % at 373 K. This degree of immobility is too
high to be entirely due to non-participation by the terminal hydrogens in the alkyl chain and
indicates that a majority of the oligomers remain completely immobile at these
temperatures. This high degree of immobility is likely due to strong hydrocarbon-zeolite
interactions due to the short distances between the methylene hydrogens and the pore
walls in the zeolite channels. Experimental adsorption enthalpies as high as — 79 kJ/mol
have been reported for short-chain (Cs) alkanes in zeolite, with computational studies
indicating that the effect of hydrogen bonding will lead to even stronger interactions in
H-ZSM5.38-3 Given these high energies, it is possible that at the temperatures investigated
the mobile fraction represents those oligomers which terminate within a pore intersection
and therefore have a proportion of the chain which is further from the zeolite pore walls,
reducing the overall binding energy which hinders the rotation. Increased temperatures
result in a more tightly bound portion of the oligomers, residing within the pore channels,
gaining sufficient energy to break the framework-sorbate interactions and participate in
rotational movement. Since the temperature range investigated does not reach a point
where all CH2 groups are participating in the rotation and pm attains a plateau value, it is
therefore not possible to use pm to estimate the average chain length in the sample. While
the alteration of the shape of the EISF plot due to the large scaling factor from the low pm
means that the possibility of secondary contributions from methyl rotations to the overall

shape cannot be ruled out with complete certainty (as changes to the plot shape due to the
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addition of a 3-site rotational model would be too insignificant to be noticeable due to the
pm scaling), the close fit of the uniaxial rotation model to the experimental data indicates
that it is responsible for the majority of this quasielastic character and the contributions of

other modes are likely to be negligible.

] ¢ 273K
] 323K
] o 373K ]
Continuous uniaxial rotation =
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Figure 7: Experimental EISF values for 1-octene in ZSM-5 at 273 K (blue), 323 K (orange) and
373 K (brown). The solid black line represents the calculated EISF resulting from continuous
uniaxial rotation of the alkyl chain, assuming all hydrogens participate. The dotted lines
represent the results of a partially-immobile modification of this rotation as described in the

text using the pm values in Table 2.

A property of continuous rotations of this form is that the degree of quasielastic broadening
remains constant with respect to Q and that the half-width at half-maximum (HWHM, I) of
the Lorentzian corresponds to the inverse of the time constant of the rotation (t) and

therefore is the same as the rotational constant (D).

D, =

-t @
T

Figure 8 shows that this Q-independent relationship holds true at all three temperatures

within the limits of experimental accuracy and allows the extraction of D, values for the
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rotation at each temperature, reproduced in Table 2. Over the temperature range studied,
these values follow an Arrhenius relationship, leading to a calculated activation energy for
the rotation of 5.1 kJ molL. This is approximately 27% of the activation energy previously
reported for similar oligomer motions in bulk polyethylene.*® We consider that that the
reduction in activation energy is due to the isolated nature of the oligomer chains within the
zeolite, with pore wall-oligomer interactions offering a lower barrier to rotation than chain-
chain interactions, particularly when the population of oligomers in the pore intersections is

considered.
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Figure 8: Lorentzian HWHM vs Q plots for 1-octene in ZSM-5 at 273 (blue), 323 (orange) and
373 K (brown). Dotted lines represent linear fits to the data used to derive the HWHM

values reported in Table 2.

Table 2: Summary of dynamical parameters derived from QENS data fitting for the

combined ZSM-5 / 1-octene system.

T r D,
(k) Pm uev) (s

273 0.180 29.3 4.45x10%

323 0.291 38.7 5.89x10%
373 0.358 54.0 8.21x10%
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From these combined results it appears that the 1-octene / ZSM-5 system consists of
long-chain linear hydrocarbons formed by the catalytic oligomerization of the 1-octene, as
observed in the INS spectrum, which are large enough to be immobilised within the zeolite
pores. A temperature-dependant fraction of the oligomers are able to break the forces
holding them to the pore wall sufficiently to undergo localised rotation; the fact that this
rotation is either partially or completely due to free rotation of the alkyl chain around its
long axis implies that the mobile hydrocarbons are located along the length of the straight

pore channels in the zeolite.

4. Conclusions

The properties and dynamics of 1-octene adsorbed in ZSM-5 at 293 K have been
investigated via INS and QENS. The inelastic results are in close agreement with
predicted spectra from DFT simulations and match predictions derived from literature
reports of INS investigations of related alkene and alkane species,343> and general
trends observed for vibrational spectroscopy of alkyl chains.3® Moreover, the INS data
together with the complete absence of translational mobility visible on QENS timescales
indicates that the oligomerization reaction proceeds to completion on addition to the
activated zeolite even at 293 K. Steric hindrance by the zeolite pore structure means
that oligomerization proceeds via an end-to-end mechanism to give linear products.
Chain growth proceeds until the size of the molecule renders it immobile within the
pore channel in terms of long range movement: mobility in the form of localised
rotations of the alkyl chain is still possible and observed for chains located in the

straight pore channels with rotational constants in the range 4.48-8.21 x 10'° 5%, The
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percentage of mobile hydrocarbon increases with temperature (Table 2), while the
presence of movement on QENS timescales (ps) supports the identification of the
sorbate as a carbocation rather than a bonded silyl ether. The ability of the INS
technique to provide information on the hydrocarbon-zeolite interaction in FCC
catalysts means that it can provide valuable insight both in explaining the results of
QENS-derived dynamical measurements and in investigating the role played by
structural changes in the zeolite in affecting the cracking reaction. Thus, this study
provides an awareness of how a reagent such as 1-octene chemisorbs and interacts
with an activated ZSM-5 catalyst. This then provides a platform where reagent/product
interactions can be further investigated as a function of certain catalyst pre-treatments,
e.g. the examination of ZSM-5 catalyst samples that have experienced steaming
regimes that mimic the FCC industrial scenario. The latter activity presently represents

‘work in progress’.
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spectrum of 1-octene into its component modes; Figure S2, showing the fitted curves for
deconvolution of the (C-H) stretch region of the INS spectrum of 1-octene exposed to
activated ZSM-5 at 293 K into its component modes; Figure S3, comparing the measured INS
spectrum for 1-octene exposed to activated ZSM-5 at 293 K with a number of octene
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Figure S1: 2600-3600 cm™ region of the INS spectrum on MAPS for 1-octene (blue) showing the
(C-H) stretching bands and the results of peak fitting analysis to deconvolute them into
separate modes. This analysis identifies contributions from (C-H) stretches involving sp® carbon
centres (orange dashed line), sp? carbon (C-H) stretches (green dashed line) and modes
involving the simultaneous excitement of a sp? (C-H) stretch and the methylene transverse
acoustic mode located at 178 cm™ (purple dashed line). The non-flat baseline (grey dashed line)
is due to the effect of noise from multiple scattering in the dense 1-octene sample as the energy

approaches the incident neutron energy used for this measurement (5244 cm™).
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Figure S2: 2600-3600 cm™ region of the INS spectrum on MAPS for 1-octene in ZSM-5 (red)
showing the (C-H) stretching bands and the results of peak fitting analysis to deconvolute them
into separate modes. This analysis identifies contributions from (C-H) stretches involving sp?
carbon centres (orange dashed line) and modes involving the simultaneous excitement of a sp?
(C-H) stretch and the methylene transverse acoustic mode located at 143 cm™ (purple dashed

line). No vibrations involving sp? carbons are visible at this resolution.
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Figure S3: Observed INS spectrum on TOSCA for 1-octene in ZSM-5 together with the aCLIMAX-
calculated spectra for a number of alternative Cs species to those presented in Figure 4,
showing that none of these species provide a close match to the experimental spectrum. The
‘all conformers’ simulation is derived by modelling all 14 experimentally observed conformers

reported by Fraser, et al. [32] and combining the resulting spectra.
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Figure S4: Trigonometric derivations of the radii of rotation for the CHs; and CH; hydrogens in an alkyl

chain from bond lengths and angles obtained from DFT structural optimisations.
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