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Abstract:

A range of hierarchically porous AIPO-5 catalysts, with isomorphously
substituted transition metal ions, have been synthesised using an organosilane
as a soft template. By employing a range of structural and spectroscopic
characterisation protocols, the properties of the dopant substituted species
within the hierarchically porous architectures, has been carefully evaluated. The
resulting nature of the active site is shown to have a direct impact on the ensuing
catalytic properties in the liquid-phase Beckmann rearrangement of cyclic
ketones.
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Introduction and design strategy

The rational design of isolated active centres within porous architectures affords
a viable strategy for the production of sustainable catalysts. Precise design of
discrete active centres is widely recognised as being the cornerstone in the
development of a single-site heterogeneous catalyst (SSHC).(1) SSHC can be
composed of isolated individual atoms or complexes, which are spatially-
separated without interaction, so each active site will have an equivalent
energetic interaction with incoming reagents. This results in the generation of
highly active and selective active sites, which have proved effective for catalysing
a wide-range of chemical transformations that have benefited both industry and
society. (2-7)

Researchers have long explored the development of such isolated active sites
through isomorphous substitution within aluminosilicates (zeolites) and
aluminophosphates (AlIPOs), since their conception in 1982.(8) The introduction
of a range of transition-metal dopants was explored within zeolites for a wide-
variety of oxidation and acid-catalysed transformations.(9-12) One of the most
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striking examples was the discovery of titanosilicate-1 (TS-1), where
isomorphous replacements of Si(IV) with small quantities (c.a. 2 atom percent)
of tetrahedral Ti(IV) species, catalysed a range of industrially-significant,
selective oxidation reactions (e.g. oxidation of benzene, phenol, epoxidation of
propylene, etc), using hydrogen peroxide (H202) as the oxidant.(10, 13-16)
Similarly, the introduction Fe(III) in MFI architectures (Fe-ZSM-5) proved
effective in the singlet-oxygen catalysed oxidation of benzene to phenol, which
was an important milestone in the C-H activation of hydrocarbons and
aromatics.(2, 17, 18) AIPOs consist of repeating Al(III) and P(V) tetrahedra, and
often form analogous frameworks to zeolites. The Al-O-P bonds in the AIPO
architecture are more ionic in character than the bonds found within zeolites,
and hence these materials are far more amenable to a wider-range of
isomorphous substitution than zeolites. AlPOs, indeed, have proved themselves
to be extremely compositionally diverse with more than 20 different transition-
metals being substituted into the framework (in a tetrahedral geometry) with
various oxidation states.(19, 20) Hence these frameworks have the potential to
combine a specific coordination geometry, with isolated catalytically active sites,
in order to create novel, robust, superior catalyst with high activities and
selectivities.

There are three different substitution mechanisms available for isomorphous
substitution (Figure 1) within AIPOs. The dopant oxidation state and the
framework atom that is to be replaced determine the substitution mechanism
followed. Dextrous choice of dopants can result in the creation of active sites
within the AIPO catalysts, which are highly active for specific reactions. For
example it is possible to create a Brgnsted acid site within an AIPO framework
through substituting Al(III) with Co (II), via type I substitution, which leads to
the formation of negatively charged framework. During the synthesis the net
negative charge will be quenched by a combination of structure directing agent
(protonated amines) and water located within the framework. (21) Upon
calcination, protons attached to the Co-O-P bridges will balance the negative
charge associated with the framework, and this will result in the creation of
Brgnsted acid centres. Likewise a substitution of Ti(IV) for phosphorous (P(V)),
labelled a type II substitution, is another possible mechanisms to generate solid-
acid sites in the framework. If a heteroatom can cycle between various oxidation
states, for example Co(II/III) or Fe (II/IlI), then these sites can operate as
isolated redox centres for oxidation reactions.(22-25) Simultaneous substitution
of both AI(III) and P(V) centres can also occur with Si(IV), particularly in the AFI
frameworks(26, 27) via a type-III substitution, to create acid sites. Alternatively,
these Al(IIT) and P(V) sites can be replaced with Co(II/IIl) and Ti(IV), by using a
combination of substitution mechanisms, with the location and proximity of
these individual dopants suitably tailored for synergistic catalytic
transformations.(22, 28)



The local structure of the active sites in AIPOs determines the nature of the
active site. In the case of acidic active centres, the acidity of the framework can
greatly vary depending on the bond angles, bond lengths and electrostatic
potential around the acid centres.(29) Advances in in-situ and operando
spectroscopic techniques, as well as computational studies, have enabled the
relationship between substitution pathway and nature of the active site to be
revealed.(28, 30-32) It is now possible to use that information to design
catalytically active centres at the molecular and atomic level with particular local
structural environments in order to afford highly active catalysts.

Despite these advantages in tailoring targeted active sites, coupled with the high
stability afforded by the microporous framework architecture, they can suffer
from poor diffusion due to their interconnecting microporous network. This can
have the consequence of reduced substrate scope, inferior turnovers and
diminished longevity. In the 1990s, mesoporous materials were developed as an
alternative to overcome the mass-transport and diffusion restraints that is
prevalent in microporous catalysts. However, despite some successes in the
functionalisation of bulky active sites, the overall stability and limitations in
scope for a wider integration of transition-metals, restricted their industrial
applicability. For example, tetrahedral Ti(IV) ions were incorporated into the
framework of Ti-MCM-41 (mesopore aperture 30 A), but the resulting material
did not evoke the same catalytic potential of its microporous analogue, TS-1.(33,
34) This shortcoming inspired a generation to try to combine the advantages of
design in a microporous systems, with the improved diffusion offered by ordered
mesoporous networks, to create novel hierarchically porous (HP) catalysts
(Figure 1).(35-40)

Ryoo and co-workers successfully pioneered a direct hydrothermal assembly
approach for the synthesis of dual porosity within zeolites(41) and AlPOs.(42).
This process involves utilising an amphiphilic organosilane surfactant that can
self-assemble during the hydrothermal synthesis to form micelles, with the
concomitant generation of the microporous framework. Upon calcination, the
microporous SDA and micelles are removed and a hierarchically porous catalyst
was created, which has silanols lining the mesopores (Figure 1). This
methodology has proved versatile and has been used to create HP AIPO-n
catalysts, with a range of dopants (Co(42), Cr(43), Fe(44), Si(40, 45)), with a
large majority focussed on the creation of selective oxidation catalysts. As of yet
the relationship between the nature and type of dopant species, which lead to
different substitution mechanisms resulting in the creation of diverse active sites
for catalysis, has not been fully explored. Herein, we will present the successful
synthesis and in-depth characterisation of hierarchically porous Me AIPO-5 with
varying metal dopants (Co, Ti and Si). We will further outline how the
substitution mechanism alters the nature of the active site and hence their
catalytic profiles in the industrially significant Beckmann rearrangement. (46)
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Figure 1: Graphical representation of the HP Me AIPO-5 catalyst and the
substitution mechanisms available for the introduction of cobalt, titanium and
silicon into the framework.

Experimental

HP Me AIPO-5 Synthesis. The synthetic protocol for the isomorphous
substitution of the metals into the hierarchically porous AFI framework is
described below. Gel ratios can be found in Table 1.

Aluminium isopropoxide (6.807g, Aldrich) was added to a Teflon beaker
with phosphoric acid (2.28ml, 85% in Hz20, Aldrich) and water (10ml), which was
vigorously stirred for 1.5 hours until a homogeneous solution was formed.
DMOD (dimethyloctadecyl [3(trimethoxylsilyl)propyl] ammonium chloride,
1.2ml, 72% in H20, Aldrich) was added drop wise, followed immediately by the



gradual addition of triethylamine (3.7ml, Aldrich) and water (20ml). The
resulting (dense) solution was stirred for one hour. The metal precursors (in
solution) were added drop wise and the gel was stirred for a further 1.5hours.
The contents of the gel were transferred to a 23 ml Teflon-lined stainless-steel
autoclave, which was allowed to crystallise in a pre-heated, fan-assisted oven
(WF-30 Lenton) at 200°C for 24 hours. The solid product from the autoclave was
collected via filtration and washed with 500ml of deionised water. The product
was left to dry at 80°C overnight. The as-synthesised catalyst was calcined in a
tube furnace under a flow of air at 550°C for 16 hours to produce the desired

solid.

Table 1: Gel composition and ICP experimental metal loading in the HP Me AIPO-

5 catalysts.

Catalyst Gel Composition ICP experimental metal
loading/wt%

HP Co 1 Al: 1 P: 0.8 SDA: 0.05 DMOD: Al 23.5%; P 24%; Co 1.5%j;

AIPO-5 50 H20: 0.03 Co Si1.7%

HP Ti 1 Al: 1 P: 0.8 SDA: 0.05 DMOD: Al 19.9%; P 20.6%; Ti 1.1%;

AIPO-5 50 H20: 0.03 Ti Si1.7%

HP Si 1 Al: 1 P: 0.8 SDA: 0.05 DMOD: Al 20.6%; P 20.2%); Si 6.63%

AIPO-5 50 H20: 0.15 Si

Characterisation. Powder X-ray diffraction patterns were collected with
a Bruker D2 diffractometer. A micrometrics Gemini 2375 surface area analyser
was utilised for BET surface area measurements. FTIR spectra of the pelletized
calcined catalysts were recorded using a Nicolet Nexus 870 IR Spectrometer for
128 scans using a cooled MCT detector. The resulting spectra were processed
using the GRAMS/AI 9 software (Thermo Scientific). Low temperature CO
adsorption involved sequentially adding 0.02cc of CO and, after equilibration for
2 minutes, the spectra was recorded. Collidine adsorption was performed by
flowing helium saturated with collidine at 7°C over the sample for 1 hour at
150°C. The stepwise desorption at 150, 300 and 450°C was then performed in
flowing helium for 1 hour at each temperature. TPD measurements were
collected with a custom-built system using TCD detectors to monitor ammonia
concentration. Samples were pretreated by heating at 10 °C/min to 550 °C in a
20% 072/helium mixture for 2 h. The samples were exposed to ammonia and

allowed to equilibrate at 150 °C for 8 h. Desorption was performed in flowing
helium at 10 °C/min to 600 °C and held for 40 min at 600 °°C. Scanning electron
microscopy images were collected with a JSM-5900 LV SEM.

Liquid Phase Beckmann Rearrangement. The Beckmann
rearrangement of cyclohexanone oxime to caprolactam was performed in a



glass-reactor under nitrogen. Benzonitrile (20ml) was added to the flask with
0.1g of cyclohexanone oxime (0.88 mmol), 0.1g of chlorobenzene (internal
standard) and 0.1g of catalyst (e.g. 0.025 mmol for HP Co AlIPO-5). The reaction
was performed at 130°C and aliquots were taken frequently in order to monitor
the course of the reaction. The solutions were centrifuged and analysed by
Perkin Elmer Clarus 480 GC using an Elite-5 column and Flame lonisation
Detector. The products were identified and quantified using chlorobenzene as an
internal standard and employing the calibration method. Reproducibility and
mass balances were all within acceptable limits.

Structural Characterisation

The HP catalysts were synthesised by utilising a soft-templating bottom
up approach. (40) The surfactant, DMOD, was added to the synthesis gel with the
microporous structure-directing agent, triethylamine. The Al(III), P(V) and
dopant T sites were then able to self assemble around and incorporate the silicon
containing surfactant into the microporous framework, thereby creating a truly
hierarchically porous framework upon calcination. The calcination process
revealed the silanol sites line the mesopores, and the various active sites created
by the substitution mechanisms are located within the micropores. Co(II) will be
substituted in the framework via type [ substitution and Ti (IV) via type Il
substitution. Both will result in the formation of a charge imbalance that will be
balanced by a proton. In the case of the Si(IV) dopant, clustering of this active
site often occurs within the AFI framework (as confirmed previously by 29Si
NMR(40)), resulting in Al(III) and P(V) being substituted simultaneously via type
[1I substitution.

The effect of the incorporation of the dopant metals (Co, Si and Ti) in the
hierarchically porous framework, via the various substitution pathways, was
investigated through various characterisation techniques in order to formulate
structure property relationships. The structural integrity of the targeted HP Me
AlPO-5 was confirmed via powder XRD (Figure 2 A). All catalysts exhibited the
intended phase pure AFI framework, despite the metal incorporation. Scanning
electron microscopy of the catalysts revealed the expected spherical particles
that are usually observed with the AFI framework (Figure 2B-D).(22) The
particle sizes were found to be between 5 and 30 um. Therefore it can be
concluded that the dopant metals did not impede the formation of the AFI
framework.
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Figure 2: Powder XRD pattern of hierarchically porous Ti AIPO-5 (red), HP Si
AlPO-5 (blue) and HP Co AIPO-5 (green) (A). Structural HR SEM evidence
substantiating the structure integrity of (B) HP Co AIPO-5, (C) HP Si AlPO-5 and
(D) HP Ti AIPO-5.

BET measurements confirmed that the design strategy successfully
resulted in the generation of hierarchically porous catalysts regardless of dopant
metal and substitution mechanism(Figure 3). All the catalyst exhibited a type IV
isotherm, which is indicative of mesoporosity (Figure 3 A). The BJH adsorption
pore distribution curves revealed that all the HP catalysts contained mesopores
that are approximately 40 A in diameter (Figure 3B). Encouragingly all the HP
catalyst had similar BET surface areas (316-308.1m2/g) and pore volumes
indicating that the inclusion of a transition metal did not obstruct the formation
of the HP framework (Table 2).
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Figure 3: Nitrogen adosrption isotherm (A) and BJH pore distribution curve (B)
of HP Co AIPO-5 (green), HP Si AIPO-5 (blue) and HP Ti AIPO-5 (red) providing
evidence of the presence of mesopores within the hierahically (dually) porous
catalyts.

Table 2: BET parameters of the HP catalysts.

Catalyst | BET Mesopore Micropore | Mesopore | Micropore
surface | and Surface Volume Volume
area External Area (cm3/g) (cm3/g)
(m?/g) | Surface (mz/g)

Area (m?/g)

HP Co 308.1 111.8 194.4 0.30 0.08

AIPO-5

HP Ti 315.0 106.3 205.9 0.23 0.09

AlIPO-5

HP Si 315.8 121.7 194.1 0.29 0.08

AlIPO-5

Despite the very different properties of the dopant metals, their inclusion
into the HP AIPO-5 framework via either type I, type II or type III substitution
mechanism did not greatly impact their structural properties. All catalysts were
found to be phase pure and to be formed of spherical particles. The frameworks
were also all found to be hierarchically porous in nature with mesopores of 40A
in diameter. In order to evaluate the effect of the dopant substitution on the
nature of the active site, a combination of spectroscopic characterisation
techniques were utilised.



Nature of the Acid sites

In this study, HP catalysts were designed for the liquid-phase Beckmann
rearrangement of cylcohexanone oxime. In order for the catalyst to be effective
in this reaction it is imperative that it contains acid sites. Caution should,
however, be applied in the design strategy, to take into consideration the
strength of these acids sites. If the acid sites are very weak, the reaction will not
occur. If the sites are too strong, the basic lactam product will not be able to
desorb from the active site, leading to catalyst deactivation and secondary
unwanted reactions. In order to characterise the acidity of the HP catalysts, and
the effect of the different substitution mechanism on the nature of the active
sites, a range of spectroscopic techniques were utilised.

In order to elucidate the nature and strength of the acidic sites FT-IR
spectroscopy and temperature programme desorption was utilised. Direct
observation of the O-H stretching region of the pre-treated hierarchically porous
catalysts revealed that all three catalysts had evidence of bridging Si-OH-Al sites,
P-OH/AIl-OH defect sites and Si-OH sites, as well as H bonded OH sites to varying
degrees (

Figure 4). Interestingly, the HP Si AIPO-5 and HP Co AIPO-5 contained similar
levels of bridging Si-OH-Al and Si-OH sites, whereas HP Ti AIPO-5 contained
significantly fewer. This could have an impact on the resulting catalytic activity,
as both Si-OH sites and bridging Si-OH-Al have been documented to be active
sites for the Beckmann rearrangement.(47, 48)
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Figure 4: FTIR spectra of the hydroxyl region of calcined HP Co AIPO-5, HP Si
AlIPO-5 and HP Ti AIPO-5.

The ensuing acid strength of the HP materials will be intimately related to
their ensuing catalytic properties. Therefore, the relative quantities of acidity
within the HP catalysts was assessed first by temperature programmed
desorption with ammonia (Figure 5). The integrated area under the curves
can give information regarding the total acidity of the framework and the
peak maxima reveals the most prominent acid strength of the catalyst. All
three catalysts, irrespective of dopant, have peak maxima of about 280°C.
However, HP Co AIPO-5 has a shoulder peak at about 370°C indicating it contains
additional stronger acid sites. HP Co AIPO-5 had the largest quantity of acid sites
(0.187mmol/g), HP SAPO-5 had intermediate acidity (0.148mmol/g) and HP Ti
AlIPO-5 had the smallest quantity (0.110mmol/g).
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Figure 5: TPD- NH3 adsorption data of HP Co AIPO-5 (green), HP Si AIPO-5
(blue) and HP Ti AIPO-5 (red).

Temperature programmed desorption does enable the acidity of the
catalysts to be assessed indirectly by the strength of the interaction between the
adsorbed basic ammonia and the catalyst. However, it is unable to distinguish
between Brgnsted and Lewis acidic sites and the resolution can be poor.
Therefore to gain additional insights into the location and strength of the acid

sites within the catalysts, FTIR spectroscopy with probe molecules was utilised.

By using carbon monoxide as a probe molecule with FTIR it is possible to gain an insight into the
types of acidity that are present, as well as quantify its strength (

Figure 6). The weakly basic CO is able to adsorb and interact with the proton sites within the
catalysts, and these OH...CO adducts will result in perturbed O-H and C-O stretches. CO was able to
titrate both the Al/P-OH and bridging OH bands in the HP catalysts (

Figure 6A). The weakly acidic silanol sites, however, only interacted very
weakly with the basic CO probe at high CO coverage. The H bonded bands at
3510 cm1 do not interact with CO at the dosing levels indicating that they have
much weaker acidity compared to the P-OH and Si-OH-Al groups.

The shifts in frequencies of the bridging OH groups directly relate to the
acid site strength. (Table 3). The larger the shift, the greater the acid site
strength. All three catalyst had a shift between 273 and 275 cm-1, this shift is
quite typical for SAPO catalysts.(26, 40) HP Co AIPO-5 also had an additional
stronger acid site, which is associated with a shift of 408cm-1. In the case of the
tetravalent dopants, a trend between bond angle and acid site strength in
microporous Me AIPO-5 has been observed. The bond angles of the microporous
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catalyst increase in the following order Ti-0-Al=119.4< Si-0-Al=132.9, and the
acidity of the framework follows the same trend.(49) It is therefore envisaged
that the Ti and Si Brgnsted acid sites will be found in the micropores of the HP
catalyst, hence similar bond angles would be expected. Encouragingly, a similar
trend in acidity is observed with the HP Me AIPO-5 catalysts as was observed
with the microporous analogues.

Table 3: Position of the maxima of the OH stretching frequency of the Brgnsted
acid sites and their shifts (von) and quantity of acid sites upon CO adsorption at
100K on HP Co AIPO-5, HP Si AIPO-5 and HP Ti AIPO-5.

Catalyst Bridging OH CO Area
(AU)

voH (cm~ | VoH-co VoH (cm~ | VoH-co A von (0.18cc
D) (cm) D) (cm) (cm) add)

HP Co 3644 3366 278 3236 408 2.082

AlIPO-5

HP Si 3641 3368 273 N/A N/A 1.065

AIPO-5

HP Ti 3641 3366 275 N/A N/A 0.586

AlIPO-5

The C-O stretching region (2200-2100cm-1) (

Figure 6B) revealed absorption at 2170cm-! for all of the HP catalysts
indicating the presence of Brgnsted acid sites. HP Co AIPO-5 also had significant
absorption at 2190cm-1, this band can be attributed to Lewis acidity.
Microporous Co AIPO-5 is well documented containing Lewis acid and Brgnsted
acid centres.(50-52) The nature of bonding between divalent dopants and the
neighbouring oxygens is considered to be more ionic in nature than M(IV)-0
bonds, hence this explains the Lewis acidity of the Me (II) dopants. (53) (49) HP
Ti AIPO-5 also had minimal absorption in this region, where as HP Si AIPO-5 had
no evidence of Lewis acidity being present in the catalyst. Deconvolution of the
FTIR-CO data revealed the distribution of Lewis and Brgnsted acidity within the
catalysts (Figure 7). HP Si AIPO-5 was found to have the highest contribution of
weak Brgnsted acid sites and lowest quantity of Lewis acid sites, whereas HP Co
AIPO-5 had the lowest quantity of Brgnsted acidity and highest quantity of Lewis
acidity. Hence the type of substitution mechanism is very important in
determining the type of acidity in the resulting catalyst.

12
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Figure 6: FTIR-spectra of CO adsobred (0.18 cm3 at 100K) at low temperatures
on calcined HP Co AIPO-5 (green), HP Si AIPO-5 (blue) and HP Ti AIPO-5 (red).
Hydroxyl region of FTIR-CO (A) and CO region of FTIR-CO (B).
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Figure 7: Proportion of Lewis and weak Brgnsted acidity of the HP Me AIPO-5
catalysts as determined from deconvoluted FTIR-CO data.
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The nature and accessibility of the acid sites within the HP Me AIPO-5
catalyst was further explored by utilising another complementary probe,
collidine, 2,3,5-Trimethylpyridine, with FTIR. This molecule was chosen as it has
a strong propensity to interact with Brgnsted acid sites and it is more bulky than
ammonia and CO. Therefore, it would enable the accessibility of the Brgnsted
acid sites to be investigated. Collidine vapour was first permitted to saturate the
pre-treated catalysts, and then the stepwise desorption at 150, 300 and 450°C
was recorded. The collidine was observed to interact with all of the hydroxyl
groups on all three catalysts. As the temperature was increased collidine was
desorbed and very little remained after 450°C. All three catalysts largely
consisted of weak to moderate strength acid sites, with HP Co AIPO-5 containing
the additional stronger acid sites (Figure 8). These results are very similar to the
TPD-NH3 observations. The relative strength of acid sites is very important
within heterogeneous catalysts, as variations in acid-site density and strength
favour different reactions. For example, the MTO process favours strong acid
sites, whereas the Beckmann rearrangement favours weaker acid sites. The
inclusion of the inappropriate strength acid sites within the catalyst can lead to
the catalyst being less selective for the reaction.
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Figure 8: FTIR collidine data for the HP Me AIPO-5 catalysts quantifying the
strength of the various Brgnsted acid sites within each dopant category.
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Influence of substitution pathway on catalytic profile

Regardless of the dopant metal, all the HP Me AlPO-5 catalysts in this
study were found to be hierarchically porous in nature and phase pure. They all
contain mesopores of approximately 404 in diameter as well as the microporous

14



AFI framework. Additionally, by utilising a combination of spectroscopic acid
characterisation techniques, the HP Me AlIPO-5s have all been found to contain
silanol sites as well as the isolated Brgnsted acid sites; both are known to be
active in the Beckmann rearrangement.(54) Interestingly the type I substituted
HP Co AIPO-5 also had a significant quantity of Lewis acidity, type II substituted
HP Ti AIPO-5 had minimal Lewis acidity, while HP Si AIPO-5 had no observable
Lewis acidity. Given the contrasting nature of the acid active sites found within
the HP Me AIPO-5 catalysts, the liquid-phase Beckmann rearrangement was
devised as a means to catalytically probe the nature of these sites further.

The Beckmann rearrangement of cyclohexanone oxime is industrially
relevant, as it is used to produce 3 million tonnes of e-caprolactam (the
precursor to Nylon-6) every year.(55) It is traditionally carried out in the gas-
phase (47, 56-58) (with temperatures in excess of 350 °C), that result in the
formation of condensation by-products, that can impede the selectivity of the
reaction. Most liquid-phase process with microporous catalysts undergo mass-
transfer and diffusion limitations. Mineral acids and oleum (55, 59) have been
used as homogeneous catalysts for the liquid-phase Beckmann rearrangement,
but these have environmental implications. Hence, by utilising a solid-acid
catalyst the process is far more benign and it offers additional advantages from a
catalyst recycle perspective.(60-62) The liquid phase Beckmann rearrangement
is known to require weak Brgnsted acid sites (Figure 9A). (47)The presence of
Lewis acid sites is well documented to favour the hydrolysis product
cyclohexanone (Figure 9B).(62, 63) The three HP catalysts used in this study
possess Brgnsted acidity with varying degrees of Lewis acidity. By assessing the
performance of these catalysts in this reaction, structure property relationships

in the context of substitution mechanisms, can be formulated.
Interestingly, all three HP catalysts were active in the liquid-phase Beckmann rearrangement of

cyclohexanone (Figure 9), at temperatures as low as 130 °C. HP Co AIPO-5 had the highest level of
conversion at 44% and HP Ti AIPO-5 had the lowest at 30%. Furthermore, the magnitude of
catalytic activity can be directly related to the quantity of acid sites, as determined from TPD-NH3:

HP Co AIPO-5 > HP Si AIPO-5 > HP Ti AIPO-5. (Figure 5). Analysis of the selectivity of the catalysts
was extremely revealing. The type I substituted HP Co AIPO-5 favoured the formation of the
hydrolysis product, cyclohexanone. HP Co AIPO-5 afforded just 47% selectivity to the desired &-
caprolactam, whereas the type II and type III substituted HP Ti AIPO-5 and HP Si AIPO-5 had 100%
selectivity to the caprolactam. This can be duly rationalised if the nature and type of acid sites are
considered. Type I substitution of cobalt into the HP AIPO-5 framework resulted in the formation of
both Lewis acid and Brgnsted acid sites (

Figure 6 and Figure 7). The type III substitution of Si into the framework
resulted in just Brgnsted acidity, while type Il substitution resulted in very
minimal Lewis acidity. The inclusion of a significant quantity of Lewis acidity
resulted in the generation of the appropriate acid site for the unwanted side
reaction, the formation of ketone. The ideal active site for the Beckmann
rearrangement is a weak Brgnsted acid centre, which is present in HP Ti AIPO-5
and HP Si AIPO-5. The spectroscopic revelations from TPD-NHs, FTIR-CO and
FTIR-Collidine further vindicate the structure-property correlations to the
dopant substitution mechanism.
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Figure 9: Schematic detailing the mechanistic pathways for the conversion of
cyclohexanone oxime to e-caprolactam using Bronsted acid sites (A) and Lewis
acid sites (B). The catalytic activity and selectivity of the HP Me AIPO-5 for the
liquid-phase Beckmann rearrangement is shown in (C). Conditions are detailed
in the experimental section.

Future Outlooks

Microporous Me AlPOs and SAPOs have been shown by us and others to
be highly effective catalysts for a range of selective oxidation and acid-catalysed
processes. Careful consideration of framework topology and composition has
lead to a new generation of versatile catalysts that can be subtly tailored for an
array of catalytic transformations. However, despite these advantages these
catalysts do have shortcomings due to their microporous nature. The micropores
which house the active sites can be easily blocked, leading to mass-transport and
diffusional constraints and be inaccessible to reagents, therefore reducing their
activity and applicability for certain reactions. We have shown that by utilising a
soft templating technique it is possible to synthesise a range of hierarchically
porous AIPO-5 catalysts, with dopants introduced via the three available
substitution mechanisms.

Regardless of the dopant species, all the catalysts were found to be phase
pure and microporous in nature, although they did have different active sites,

16



owing to the substitution pathway of the dopants. HP Co AIPO-5 was found to
have a considerable Lewis acid nature, whereas HP Si AIPO-5 acid sites were
purely Brgnsted in nature. These differences in the nature and strength of the
acid sites impacted the selectivity of the catalyst, in the liquid phase Beckmann
rearrangement. The Lewis acidic HP Co AIPO-5 suffered from poor selectivity,
whereas the preferred Brgnsted acidic HP Si AIPO-5 was 100% selective to the
desired e-caprolactam product.

These preliminary findings highlight the potential that these
hierarchically porous catalysts offer. It can be envisaged that the hierarchically
porous catalysts will be able to host a plethora of different types of active sites,
found traditionally within the microporous Me AlPOs, for a range of catalytic
reactions. These hierarchically porous materials with their dual porosity
represent a new class of catalysts that have the potential to build upon the
advantages of their microporous counterparts for a range of industrially-
significant catalytic transformations.
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Figure and Table Captions

Figure 1

Graphical representation of the HP Me AIPO-5 catalyst and the
substitution mechanisms available for the introduction of
cobalt, titanium and silicon into the framework.

Figure 2

Powder XRD pattern of hierarchically porous Ti AIPO-5 (red),
HP Si AIPO-5 (blue) and HP Co AIPO-5 (green) (A). Structural
HR SEM evidence substantiating the structure integrity of (B)
HP Co AIPO-5, (C) HP Si AIPO-5 and (D) HP Ti AIPO-5.

Figure 3

Nitrogen adosrption isotherm (A) and BJH pore distribution
curve (B) of HP Co AIPO-5 (green), HP Si AIPO-5 (blue) and
HP Ti AIPO-5 (red) providing evidence of the presence of
mesopores within the hierahically (dually) porous catalyts.

Figure 4

FTIR spectra of the hydroxyl region of calcined HP Co AIPO-5,
HP Si AIPO-5 and HP Ti AIPO-5.

Figure 5

TPD- NH3s adsorption data of HP Co AIPO-5 (green), HP Si
AIPO-5 (blue) and HP Ti AIPO-5 (red).

Figure 6

FTIR-spectra of CO adsobred (0.18 cm3 at 100K) at low
temperatures on calcined HP Co AIPO-5 (green), HP Si AIPO-5
(blue) and HP Ti AIPO-5 (red). Hydroxyl region of FTIR-CO
(A) and CO region of FTIR-CO (B).

Figure 7

Proportion of Lewis and weak Brgnsted acidity of the HP Me
AlPO-5 catalysts as determined from deconvoluted FTIR-CO
data.

Figure 8

FTIR collidine data for the HP Me AIPO-5 catalysts quantifying
the strength of the various Brgnsted acid sites within each
dopant category.

Figure 9

Schematic detailing the mechanistic pathways for the
conversion of cyclohexanone oxime to e-caprolactam using
Bronsted acid sites (A) and Lewis acid sites (B). The catalytic
activity and selectivity of the HP Me AIPO-5 for the liquid-
phase Beckmann rearrangement is shown in (C). Conditions
are detailed in the experimental section.

Table 1

Gel composition and ICP experimental metal loading in the
HP Me AIPO-5 catalysts.

Table 2

BET parameters of the HP catalysts.

Table 3

Position of the maxima of the OH stretching frequency of the
Brgnsted acid sites and their shifts (von) and quantity of acid
sites upon CO adsorption at 100K on HP Co AlPO-5, HP Si
AIPO-5 and HP Ti AIPO-5.
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