
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Chemical
Science

www.rsc.org/chemicalscience

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Rationalising the role of solid-acid sites in the design of versatile single-

site heterogeneous catalysts for targeted acid-catalysed transformations 

Enrica Gianotti
a
, Maela Manzoli

b
, Matthew E. Potter

c
, Vasudev N. Shetti

d
, Danni Sun

c
, James Paterson

c
, 

Thomas M. Mezza
e
, Alan Levy

f
 and Robert Raja

c* 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 5 

DOI: 10.1039/b000000x 

A versatile design strategy for rationalising the role of well-defined and isolated multifunctional solid-

acid active centres, employing Mg(II)Si(IV)AlPO-5 nanoporous architectures has been demonstrated, 

with a view to affording structure-property correlations compared to its corresponding mono-substituted 

analogues (Mg(II)AlPO-5 and Si(IV)AlPO-5).  The simultaneous incorporation of Mg(II) and Si(IV) 10 

ions, as isomorphous replacements for Al(III) and P(V) ions in the microporous architecture, plays an 

important role in modulating the nature and strength of the solid-acid active sites in the industrially-

important, vapour-phase Beckmann rearrangement of cyclohexanone oxime to produce ε-caprolactam 

(the precursor for renewable nylon-6) and in the isopropylation of benzene to cumene. The structural 

integrity, coordination geometry and local environment of the active (Brønsted -acid) sites could be 15 

rationalized at the molecular level, using in situ spectroscopic techniques, for tailoring the catalytic 

synergy by adroit design of the framework architecture.    

Introduction 

Engineering multifunctional active sites in nanoporous solids is 
an intriguing area of research that exploits the fundamental 20 

principles of solid-state chemistry. Aluminophosphates 
(AlPOs) are a class of nanomaterials, where single-site 
catalytic entities can be judiciously designed, to create novel 
nano-architectures.1 In fact, isolated active centres (discrete 
single-sites) in AlPOs can be meticulously engineered via the 25 

isomorphous substitution of metal-ions into the alternating 
AlO4 and PO4 framework tetrahedra during synthesis.2 By 
adopting this method it is possible to generate a diverse range 
of active sites (solid-acid and/or redox centres) within the 
microporous AlPO framework. In particular, tailored Brønsted 30 

acid centres can be designed in AlPOs, wherein a charge-
compensating proton can instigate the accommodation of small 
quantities of divalent transition-metal-ions, such as Mg(II), 
Zn(II), etc., as isomorphous replacements for the trivalent 
framework Al(III) ions; or by analogously introducing 35 

tetravalent Si(IV) ions to isomorphously substitute the P(V)  
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ions in the neighbouring PO4 tetrahedra. Through this design 
strategy, it is also possible to expediently bestow multi-
functionality within the same catalyst, through the concomitant 
introduction of redox-active and Brønsted acid centres, adroitly 55 

creating a bifunctional catalyst, for the ‘one-pot’ synthesis of ε-
caprolactam directly from cyclohexanone.3-8 More recently, we 
have demonstrated the ability to engineer synergistic 
interactions between specific metal-sites by designing redox-
active centres in close proximity to oxophilic entities (e.g. 60 

VVTiIVAlPO-5 and CoIIITiIVAlPO-5),9,10 thereby creating 
functional bimetallic solid catalysts for enhancing the activity 
and selectivity in acid-catalysed and redox processes.9-11 

Fig 1. Graphical representation of the Mg(II)Si(IV)AlPO-5 catalyst 

highlighting the role of strong and weak Brønsted acid sites. 65 
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Owing to the availability of a large-range of metal dopants that 
could be effectively incorporated (using the above 
strategies)3,4,9-11 into a diverse-range of nanoporous 
architectures containing  wide-range of pore apertures, it is 
possible to adroitly amalgamate a specific active site, with an 5 

appropriate framework, to yield a targeted catalyst capable of 
efficiently catalysing the industrially-important, acid-catalysed 
Beckmann rearrangement of cyclohexanone oxime to ε-
caprolactam. ε-caprolactam is a vital commodity for the bulk 
chemical industry, with production exceeding 4 million metric 10 

tons per annum,12 the vast majority of which is used as a 
precursor for the production of Nylon-6. In the polymer and 
fibre industry, Nylon-6 is generated from the reversible ring-
opening polymerization of the monomer, ε-caprolactam; 
whereas Nylon-6,6 is formed by the irreversible dehydration 15 

polymerization of adipic acid and hexamethylene diamine.12,13 
Notwithstanding the minor physical attributes in terms of the 
durability and stability of these polymers, the use of the 
monomer, ε-caprolactam, in the synthesis of Nylon-6, facilities 
the effective recovery and recycle15 of carpet and other fibres 20 

that are derived from Nylon-6, in stark contrast to Nylon-6,6, 
which predominantly ends up in landfill sites.  
 Despite the environmentally conscious age fuelling a 
demand for cleaner technologies, the industrial production of 
the ε-caprolactam poses a number of challenges to the 25 

environment5,14,15 and there is adequate scope for research 
tailored at mitigating some of these effects. Classically, ε-
caprolactam is exclusively produced through the modified 
Raschig process (Scheme 1); a method which utilises 
hydroxylamine sulphate and stoichiometric quantities of 30 

oleum, to yield ε-caprolactam from cyclohexanone via a 
cyclohexanone oxime intermediate. Whilst the chemical yields 
and selectivities are noteworthy,15 the overall atom efficiencies 
(and E-factor) are much inferior, as 4.4 tons of ammonium 
sulphate waste is generated for every ton of ε-caprolactam 35 

produced. Industrial methods that mitigate the production of 
ammonium sulphate to 2.6 and 1.6 tons have been reported,16,17 
but a more fundamental understanding of the precise nature of 
the active sites at the molecular level and its associated 
mechanistic implications will be required for modulating the 40 

intrinsic activity and selectivity, using benign reagents under 
energy-efficient conditions.6-8,18 

Scheme 1 Classical Raschig process 

 
The use of heterogeneous solid-acid catalysts for the 45 

vapour-phase Beckmann rearrangement of cyclohexanone 
oxime is a highly desirable alternative, as it generates minimal 
waste and utilises benign reagents.19,20 Furthermore, the 
heterogeneous nature of the solid-acid catalysts is an added 

advantage from the view point of costly separations associated 50 

with the Raschig method, and circumvents the need for the 
neutralisation step in the work-up process. In light of this, a 
wide-range of materials such as TiO2,

21 B2O3,
22 Nb oxides,19 

tungsten oxides23 and rare earth pyrophosphates24 have been 
reported as effective catalysts for this important transformation.  55 

In particular, the use of porous zeolitic materials has been 
prolific, as the combination of the crystalline structure and 
defect silanol groups render these materials as highly active 
catalysts for this process.25-28 The attractive features of 
zeotypes29 and related mesoporous solids30 stimulated a great 60 

deal of research into understanding the nature of the active 
site,31 the role of organic solvents,32 the importance of 
particular framework types,33-36 influence of metal dopants37 
and diffusion properties linked to deactivation and lifetime of 
the catalyst.38 These fundamental studies have led to the 65 

development and establishment of an industrial process that 
utilises a high silica MFI catalyst34 for the commercial 
production of ε- caprolactam.     

Despite being structurally similar, transition-metal-
substituted AlPOs have not been thoroughly investigated for 70 

this reaction (part B, Scheme 1); with a majority of reports in 
the literature, to the best of our knowledge, confined to the use 
of silicon substituted AlPOs (SAPOs).29,39 Unlike zeolites, our 
recent studies9,10,20,40 have indicated that the location, proximity 
and nature of catalytically active centers in AlPOs can be 75 

rationally designed and judiciously controlled, in stark contrast 
to those of related zeolites, where post-synthetic modification 
methods lead to the creation of surface defects, that are the loci 
of the intrinsic active sites.31 Earlier studies have indicated that 
strong Brønsted acid sites in zeolites play a crucial role in 80 

catalyzing the Beckmann rearrangement, by protonating the 
oxime.15,41-43 However, parallel studies44 have indicated that 
the presence of these strong-acid sites favor the formation of 
by-products, thereby decreasing the overall yield of ε-
caprolactam.45 In more recent studies, it has been suggested 85 

that weaker Brønsted acid sites and silanol groups or silanol 
nests play a pivotal role in modulating the selectivity in the 
Beckmann rearrangement of cyclohexanone oxime.33,46 The 
degree of synthetic control afforded by AlPOs for introducing a 
diverse range of strong and weak Brønsted acid centers is 90 

therefore highly beneficial for gaining a deeper mechanistic 
insight into solid-acid catalysed transformations. The 
complementary catalytic tests that have been outlined in this 
study (e.g. the Beckmann rearrangement of cyclohexanone 
oxime and isopropylation of benzene) along with the detailed 95 

spectroscopic measurements with appropriate molecular probes 
have helped to discriminate the nature and strength of solid-
acid sites required for a particular catalytic transformation.  

In the present study, mono-substituted and bi-substituted 
Mg- and Si-containing AlPO-5 molecular sieves (MgAlPO-5, 100 

SiAlPO-5 and MgSiAlPO-5) have been devised and used as 
solid-acid catalysts in the vapour-phase Beckmann 
rearrangement of cyclohexanone oxime to produce ε-
caprolactam and in the isopropylation of benzene to form 
cumene. Moreover, we detail how the creation of isolated 105 

active (acid) sites, through the dual (simultaneous) 
incorporation of Mg2+ and Si4+ metal ions, can trigger 
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synergistic interactions within the AlPO-5 framework 
architecture (see Figure 1), to enhance the catalytic activity and 
selectivity for the transformations shown in Figure 1. The 
above metals were specifically chosen due to the relative ease 
with which they could be isomorphoulsy incorporated into 5 

AlPO framework, to generate a diverse range of Brønsted acid 
sites. However, it is believed that the subtle differences in the 
degree of acidity typically achieved on incorporation, during 
synthesis, and the contrasting substitution mechanisms (Mg(II) 
undergoes type I substitution replacing Al(III), whereas Si(IV) 10 

undergoes type II and III substitutions to replace P(V), see 
Figure S1) will modulate the nature and strength of the ensuing 
solid-acid sites, provoking differences in catalytic behaviour. 
This combined with concomitant use of FTIR spectroscopy, 
employing both strong and weak molecular probes (2,6-15 

dimethylpyridine and CO), further amplifies the intrinsic 
synergistic interactions at the molecular level, facilitating 
structure-property correlations to be established. 

Results and discussions 

Structural and textural properties of the AlPO-5 catalysts 20 

In order to confirm the phase-purity of the AlPO-5 architecture, 
a meticulous X-ray diffraction (XRD) analysis was performed 
on the calcined catalysts (Figure 2). It was noted that in all 
three catalysts, all the observable peaks in the XRD pattern 
could be attributed to the AFI framework type, suggesting no 25 

significant secondary phases or metal aggregates were present 
either in the fresh or post-catalysis samples (Figure S2). It was 
also noteworthy that the XRD results for the isomorphously-
substituted analogues were in good agreement with that of the 
undoped AlPO-5 catalyst. Rietveld analysis (Table 1) further 30 

supports the structurally consistency between the samples; 
confirming that the unit cell parameters of all four catalysts are 
within permitted levels of experimental deviation.47 These 
observations are fairly consistent, given the relatively low level 
of metal incorporation in the metal-substituted systems, as 35 

revealed by ICP analysis (see Table 1 and Table S2). In 
addition, the particle size of the samples has been evaluated 
(Table 1) by applying the Scherrer’s equation to the (100) XRD 
peak, which reveals that the particle size for all four catalysts 
falls within a narrow 4 nm range. Volumetric analyses 40 

confirmed the microporous nature of the materials (Table 1; 
see also Figures S3-S8 and Table S3): the specific surface areas 
of the calcined metal-substituted catalysts are in good 
agreement with values reported in the literature for analogous 
systems.48 Scanning electron microscopy (SEM) reveals 45 

spherical particles (see Figure S9-S11), with typical particle 
diameters ranging between 10 and 35 µm. 

 

Fig. 2. Powder X-Ray diffraction patterns for calcined 
Mg(II)Si(IV)AlPO-5, Si(IV)AlPO-5, Mg(II)AlPO-5 and undoped 50 

AlPO-5. 

Table 1: Metal composition (ICP), BET surface area, particle size and 
unit cell parameters of the calcined AlPO-5 catalysts. 

Samples Mg 
wt% 

Si 
wt% 

SSA 
m2g-1 

Particle 
size/nm 

a/Å c/Å 

AlPO-5 - - 295 56.5 13.69 8.43 

MgAlPO-5 0.85 - 193 55.5 13.71 8.40 

SiAlPO-5 - 1.69 182 54.8 13.70 8.39 

MgSiAlPO-5 0.89 1.70 168 52.6 13.68 8.39 

 

In situ vibrational FTIR spectroscopy with molecular 55 

probes for investigating the nature of active (acid) sites   

FTIR spectroscopy was used to probe the nature of the acid 
sites by carefully examining the O-H stretching region in the 
microporous AlPO-5 catalysts, as shown in Figure 3. All four 
catalysts display a band at 3680 cm-1, which is assigned to the 60 

O-H stretching mode of free P-OH defects.49 In addition, a 
pronounced band at 3745 cm-1 is observed exclusively in the 
Si-containing catalysts, which is attributed to the presence of 
available Si-OH groups. This band is particularly distinct in the 
MgSiAlPO-5 catalyst, indicating the availability of a higher 65 

fraction of these sites, despite the fact that the Si-loadings are 
analogous when compared with the SiAlPO-5 catalyst (Table 
1). 

Fig. 3. FTIR spectra highlighting the OH stretching region of the Mg-, 
Si-, and MgSiAlPO-5. Un-doped AlPO-5 is also shown for comparison 70 
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 Due to the high scattering profile of the AlPO-5 catalysts in 
the characteristic Brønsted acid site region (typically 3600-
3500 cm-1 in the IR spectrum), the use of probe molecules is 
necessary in order to gain a more detailed understanding of the 
Brønsted acid sites present in metal-substituted AlPO-5 5 

catalysts. In addition, it has to be noted that, in the Si-
substituted AlPO-5 catalysts, the band due to Si-OH groups 
(3745 cm-1) is prominently discernible; indicating that the 
isomorphous incorporation of Si, during synthesis, generates 
defects in the AFI framework. Hence in this study, a weak base 10 

(typically CO) and a strong base such as 2,6-dimethylpyridine 
(2,6-DMP) were employed as a contrasting probe molecules, in 
order to elucidate the acidity of the OH groups present in the 
AlPO-5 catalysts.  
 CO was adsorbed at 80 K on all four nanoporous catalysts, 15 

in order to specifically observe and decipher its interaction 
with the OH groups (Figure 4). (Note that CO is only able to 
interact, via H-bonding with hydroxyl groups, at low 
temperatures). The hydrogen-bonded C-O stretching mode 
emerges in the 2155-2175 cm-1 range, whereas the peak at 20 

2138 cm-1 is attributed to liquid-like CO,50 with the latter being 
particularly pronounced on adsorption of 5 mbar of CO. The 
spectrum of undoped AlPO-5 exhibits a band at 2165 cm-1, 
which increases with increased CO pressure (red curve); and in 
conjunction with the band at 2138 cm-1 that has been 25 

previously attributed to liquid-like CO. The band at 2165 cm-1 
is assigned to CO interacting exclusively with P-OH groups,51 
as these are the only hydroxyl groups present in the undoped 
AlPO-5 catalyst. In the spectra of the Si-containing analogues, 
the band at 2165 cm-1 displays a shoulder (particularly visible 30 

upon adsorption of 5 mbar of CO) at ca. 2156 cm-1, which can 
be associated with the interaction of CO with the pendant 
surface silanol groups52 present on these catalysts. The metal-
substituted AlPO-5 catalysts reveal a further component at 
2171 cm-1, which can be assigned to the stretching mode of the 35 

CO, interacting via H-bonding, with the more acidic hydroxyl 
groups that can be attributed to the Si-OH-Al or the Mg-OH-P 
Brønsted acid centres.53-56 It is indeed noteworthy that the 
feature at 2171 cm-1 provides strong evidence for framework 
incorporation of the Mg2+ and Si4+ ions into the AlPO-5 40 

architecture, as is evidenced from the creation of its associated 
Brønsted acid site (Figure 4). As such, through the use of CO 
as a molecular probe, it was possible to identify three separate 
hydroxyl groups, which due to the high scattering profile of the 
AlPO-5 catalysts were not visible in the O-H stretching region 45 

(c.f. Figure 3). Nevertheless, it should be pointed out that CO is 
unable to discriminate between Brønsted sites of different acid 
strengths (see later). 
 
 50 

 
 
 
 

 55 

 
 
 

 
 60 
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 75 

Fig. 4. FTIR spectra of CO adsorbed at 80K on the AlPO-5 catalysts; 
black curve: 1 mbar, red curve: 5 mbar of CO.  

In order to further elucidate the nature and the strength of 
the Brønsted acid sites, a stronger base such as 2,6- DMP is 
required. Compared to pyridine, 2,6-DMP yields the protonated 80 

species more readily, due to its stronger basicity57,58 and its 
weaker affinity for Lewis acid sites, owing to the steric 
hindrance induced by the methyl groups.59 In Scheme 2, the IR 
active modes of liquid and adsorbed 2,6-DMP are highlighted.  
In particular, the ν8a mode, which in the liquid-phase appears at 85 

1594 cm-1, is very sensitive and allows the identification of 
different types of 2,6-DMP adsorption on solid catalysts.  It is 
also striking that when the ν8a wavenumber is higher than 1625 
cm-1, it characterises the presence of protonated species (2,6-

DMPH+), whereas lower wavenumber correspond to 90 

coordinated or H-bonded species (DMPL).  

Scheme 2 IR active modes highlighting the different types of 2,6-DMP 
/surface interactions with the catalyst 
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 In Figure 5A, the FTIR spectra collected after adsorption of 
2,6-DMP at 4 mbar at different contact times on the 
nanoporous AlPO-5 catalysts are presented.  At the shorter 
contact times (2 minutes; black curves), bands at 1595 and 
1582 cm-1, due to the ν8a and ν8b of liquid-like 2,6-DMP are 5 

visible, together with complex bands in the 1650-1600 cm-1 
range, assigned to the ν8a and ν8b modes of coordinated, 
protonated and H-bonded 2,6-DMP species (as shown in 
Scheme 2). Bands in the 1500-1450 cm-1 range are also 
present: these are due to the ν19a and ν19b modes (as illustrated 10 

in Scheme 2) and can also be attributed to the bending modes 
of the –CH3 groups.  It should however be noted that the peaks 
in this region (1500-1450 cm-1) are quite insensitive to the 
different coordination environments and yield very little in 
terms of valuable information pertaining to the nature of acid 15 

sites present in our catalysts. After prolonged contact times (90 
minutes; red curves), the bands in the 1650-1600 cm-1 range 
increase in intensity and the bands due to the liquid-like 
molecule decrease. In the un-doped AlPO-5 catalyst, in which 
only P-OH groups are present (as evidenced earlier by CO 20 

adsorption studies; Figure 4), the bands in the 1650-1600 cm-1 
range can be assigned to 2,6-DMP, interacting via H-bonding, 
with the P-OH sites that are generated immediately after short 
exposure (2 minutes); and as expected, do not increase after 
prolonged contact times. 25 

 The ν8a mode of the protonated 2,6-DMP is present in all 
four catalysts (1655-1640 cm-1 range) and, from the analysis of 
their relative peak positions, it is possible to deduce 
information on the nature and strength of the Brønsted acid 
sites60: the stronger the Brønsted acidity, the lower is the 30 

position of the ν8a band. With a view to clarifying further the 
position of this ν8a band, the FTIR spectra of the catalysts, 
outgassed at 298 K after 2,6-DMP adsorption, have been 
examined (Figure 5B).  It was noted that by outgassing the 
catalysts, the spectra shows only spectroscopic features of the 35 

irreversibly adsorbed 2,6-DMP species. In particular, it was 
noted that the position of the peak maxima of the ν8a band was 
markedly different (Table 2) in the four catalysts used in this 
study and this could be used to differentiate the nature and 
strength of their Brønsted acid sites. By combining the 40 

spectroscopic information outlined in Figure 5 and Table 2, it 
has been possible to contrast the relative acid strengths of the 
undoped, mono-substituted and bi-substituted catalysts and 
categorise the degree of their Brønsted acidity in the following 
order: MgAlPO-5 > MgSiAlPO-5 > SiAlPO-5 > AlPO-5; with 45 

MgAlPO-5 possessing a greater fraction of the strong Brønsted 
acid sites, whilst the undoped and mono-substituted Si-
analogues exhibit a greater proclivity for weak Brønsted acid 
sites. 

NH3-TPD measurements were also performed in order to 50 

gain a better insight into the acid-site density (Table S4). The 
data shows that the MgAlPO-5 catalyst possesses a 
significantly larger fraction of strong acid sites compared to the 
MgSiAlPO-5 and SiAlPO-5 catalysts; in good agreement with 
the FTIR findings on the position of the  ν8a(CC)  bands (Table 55 

2). The NH3-TPD data, however, shows only subtle differences 
between the MgSiAlPO-5 and SiAlPO-5 catalysts. Given the 
similarity in size between the reagents used in this study 
(cyclohexanone oxime and benzene), it is more appropriate to 
use 2,6-DMP (instead as NH3) as a molecular probe for 60 

accentuating these subtle differences and for selectively 
probing the specific nature of the catalytically active species, in 
greater depth, by quantifying the FTIR signals of the 
protonated  (2,6-DMPH+) molecules. By further resolving and 
fitting the peaks associated with the ν8a(CC) band (Figure S12), 65 

it is possible to estimate the total number of OH sites in the all 
samples using the Lambert-Beer law in the form A = εNρ; 
where A is the intensity of the band (integrated area, cm-l), ε is 
the molar extinction coefficient (cm µmol-1) of the ν8a(CC) band 
of 2,6-DMPH+ species, N is the concentration of the vibrating 70 

species (mmol g-1) and ρ is the density of the disk (mass/area 
ratio of the pellet, mg cm-2)55.  For the calculations, a value of 4 
cm µmol-1 was used for ε.60  By using this approach, we found 
that the amount of OH sites in the MgSiAlPO-5 catalyst is 
actually higher than that calculated for the SiAlPO-5 catalyst.  75 

We therefore believe that the quantification of the number and 
strength of acid sites using 2,6-DMP as a probe is invaluable in 
determining the difference in acidic density; with the TPD 
providing complementary evidence for these species.   

Fig.5. A) FTIR spectra of 2,6-DMP (4 mbar) adsorbed at 298K on 80 

mono- and bi-substituted AlPO-5 catalysts; black curve: 2 min contact, 

red curve: 90 min contact. B) Corresponding FTIR spectra of outgassed 

2,6-DMP at 298K on mono- and bi-substituted AlPO-5 catalysts. 

 

Table 2. IR position and integrated area (A) of the ν8a(CC) band and 85 

concentration of vibrating species (N) of the mono- and bi-substituted 
AlPO-5 catalysts. 

Catalysts ν8a (CC) /  
cm-1 

A / 
cm-1 

N / 
mmol g-1 

AlPO-5 1650 0.35 87 
SiAlPO-5 1648 0.37 92 

MgSiAlPO-5 1645 0.92 230 
MgAlPO-5 1642 0.74 185 

 

Catalysis 

The varying degrees of Brønsted acid strength (as outlined 90 

from this spectroscopic study so far), which have been 
categorised on the basis of the interaction of 2,6-DMP with 
Brønsted acid centres in porous solids, prompted us to 
investigate the catalytic potential of these materials for solid-
acid catalysed transformations.  Given the intrinsic nature and 95 

strength of these solid-acid sites, we devised a series of 
complementary catalytic tests that would precisely implicate 
the role of strong, weak and intermediate Brønsted acid 
centres, thereby facilitating structure-property correlations to 
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be established.  With a view to achieving this goal, we 
investigated the Beckmann rearrangement of cyclohexanone 
oxime and the isopropylation of benzene to cumene, employing 
the mono-substituted, bi-substituted and undoped AlPO-5 
catalysts. 5 

Catalytic tests for the vapour-phase Beckmann 
rearrangement of cyclohexanone oxime reveal that the SiAlPO-
5 and MgSiAlPO-5 catalysts were significantly superior to 
MgAlPO-5, over a wide-range of temperatures (Figure 6). In 
order to rationalise the differences in catalytic activity observed 10 

for the mono- and bi-substituted AlPO-5 catalysts, it would be 
prudent to consider the reaction mechanism. The reaction 
mechanism for the Beckmann rearrangement of cyclohexanone 
oxime has been extensively studied35,45,61-63 and is outlined in 
scheme 3. 15 

Scheme 3. Reaction mechanism for the Beckmann rearrangement of 

cyclohexanone oxime. 

 
 The first step is the protonation of the oxime molecule at the 
nitrogen atom (II); then the hydrogen is transferred from the 20 

nitrogen to the oxygen atom of the oxime (III), followed by 
migration of an R group (R = alkyl, aryl or hydrogen) trans to 
the hydroxyl group (IV), resulting in the liberation of water. 
Subsequently, the displaced water hydrolyses the cation (IV) to 
give compound (V), which finally tautomerizes to the 25 

corresponding amide (VI). Theoretical and experimental 
studies35,46,63 on the interaction of the oxime molecule with the 
acid sites (Brønsted sites or silanols), have shown that when 
only silanol groups are present, no hydrogen-atom transfer 
occurs from the catalyst surface and consequently the oxime is 30 

not protonated.  On the other hand, when Brønsted acid sites 
are present, there is a complete transfer of the proton leading to 
the formation of the N-protonated oxime. These studies35,46,61-63 
demonstrate that the protonation of the oxime, the first step in 
the Beckmann rearrangement pathway, strongly depends on the 35 

acid strength of the OH groups present on the catalyst surface; 
and in particular, suggests that Brønsted acid sites are the most 
active for this step.35,46,63 These observations strongly support 
the belief that the pendant silanol groups, observed during the 
spectroscopic FTIR characterisation, are not the active sites for 40 

this reaction; rather it is the Brønsted acid sites, resulting from 
the framework substitution of the heteroatoms, that initiate this 
reaction.  
 The discernible inactivity of the MgAlPO-5 catalyst further 
suggests that, neither the strongly acidic Mg-OH-P sites nor the 45 

weakly acidic P-OH groups observed by FTIR are the active 
centres for this reaction (Figure 6A). The latter of these acid 

sites are too weak to facilitate a reaction, whilst the former is 
strongly acidic and, as such, shows a greater propensity for 
interacting with the solvent molecules, thereby hindering any 50 

favourable interaction between the oxime and the acid site; 
which hinders the production of the desired ε-caprolactam.27 
This effect would be particularly pronounced within a 
microporous architecture, where the solvent molecules would 
line the pore-walls. In this scenario, the 7.3 Å cylindrical pore 55 

aperture of the AlPO-5 framework would be significantly 
diminished, hindering the diffusion of the bulky oxime 
molecule through the channels, preventing it from accessing 
the active sites inside the pore. It is believed that it is a 
combination of these factors that are responsible for the lower 60 

activity of the MgAlPO-5 catalyst.   
 In general it was found that the conversions increased with 
temperature: this behaviour can be attributed to an improved 
rate of diffusion of the oxime through the constrained pores 
and enhanced desorption of methanol with increasing 65 

temperature, resulting in a two-fold increase in the number of 
available active sites, which leads to the increase in catalytic 
efficiency. In contrast, the selectivity of the MgAlPO-5 is 
found to decrease with increasing temperature: this can be 
rationalised on the basis that the strong Brønsted acid sites 70 

facilitate the enhanced production of side-products, which can 
often lead to coking and deactivation of the active site.45,64 

Furthermore, the stronger Brønsted acid sites present in 
MgAlPO-5 will anchor the ε-caprolactam product to the 
catalyst surface, and as such increasing the temperature will 75 

promote the formation of dimers, oligomers and ring-opening 
products through its prolonged exposure to the active site.26 

Fig. 6. Influence of temperature on the activity (A) and selectivity (B) 
in the Beckmann rearrangement of cyclohexanone oxime using 80 

SiAlPO-5, MgAlPO-5 and MgSiAlPO-5.  Reaction conditions: Feed ≅ 

0

10

20

30

40

50

60

70

80

90

100

563 583 603 623 643 663 683

S
e
le
ct
iv
it
y
/m
o
l%

Temperature/K

MgSiAlPO-5

SiAlPO-5

MgAlPO-5

0

10

20

30

40

50

60

70

80

90

100

563 583 603 623 643 663 683

C
o
n
v
e
rs
io
n
/m
o
l%

Temperature/K

MgSiAlPO-5
SiAlPO-5
MgAlPO-5

A

B

 

Page 6 of 10Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  7 

300 g/l cyclohexanone oxime in methanol, catalyst = 0.25 g, WHSV = 
3.3 hr-1, helium flow rate = 20 ml/min. 

 It is observed that the MgSiAlPO-5 and SiAlPO-5 catalysts 
show almost an identical activity profile over a wide-range of 
temperatures (Figure 6A); yet, the MgSiAlPO-5 consistently 5 

demonstrates a greater specificity for the ε-caprolactam product 
(Figure 6B). These observations can be rationalised by 
considering the nature and type of hydroxyl groups present in 
the two catalysts. By employing in situ FTIR spectroscopy, it 
was found that both catalysts possessed a range of Brønsted 10 

acid sites, as a result of metal-incorporation, in addition to the 
silanol groups. As previously discussed, it is believed that it is 
the isolated Brønsted acid sites that are active for this reaction, 
and not the silanol groups. We also observed (through the 
adsorption of 2,6-DMP) that the Brønsted acid sites present in 15 

MgSiAlPO-5 are unique to that present in the MgAlPO-5 and 
SiAlPO-5 catalysts. Specifically, it was found that strength of 
the Brønsted acid centres present in the MgSiAlPO-5 catalyst 
is intermediary between that of the MgAlPO-5 and SiAlPO-5 
catalysts.  20 

 It has been shown that in the MgAlPO-5 catalysts only 
strong Brønsted acid sites (Mg-OH-P) were present. Such sites 
appear to have a significant detrimental effect on the catalytic 
performance of the material, as evidenced by the significantly 
low conversions achieved. In the SiAlPO-5 catalyst, the 25 

silanols and Brønsted sites, Si-OH-Al, are both considerably 
weaker acid sites compared to Mg-OH-P, which vindicates its 
superior performance over that of MgAlPO-5 catalyst. In subtle 
contrast, the MgSiAlPO-5 catalyst contains both types of 
Brønsted acid sites (Mg-OH-P and Si-OH-Al) and silanol 30 

species. The catalytic results from above (Figure 6) coupled 
with the findings from the FTIR spectroscopy using 2,6-DMP 
as a molecular probe, lead us to believe that the presence of 
both types of Brønsted of acid centres prompts a synergistic 
cooperation between the two sites, which manifests in the 35 

MgSiAlPO-5 catalyst possessing an acid strength that is 
intermediary between that of MgAlPO-5 and SiAlPO-5. This 
results in the MgSiAlPO-5 catalyst retaining an activity profile 
that is comparable to that of the SiAlPO-5 catalyst, though 
boasting a markedly superior selectivity. Despite the 40 

MgSiAlPO-5 having a consistently higher specificity for ε-
caprolactam, the selectivity of the SiAlPO-5 progressively 
increased with temperature.  This can be attributed to 
thermodynamic factors, whereby the increased temperature 
would allow the bound ε-caprolactam to overcome the 45 

desorption energy-barrier, thereby enhancing the desorption of 
ε-caprolactam from the surface of the catalyst. In doing so, this 
would minimise the contact time between the product and the 
active acid sites and hence there would be a considerably lower 
concentration of surface-bound ε-caprolactam to partake in by-50 

product formation; thus lowering the rates and kinetics for the 
formation of higher molecular weight condensation products 
derived from ε-caprolactam.  
 The influence of WHSV (weight hourly space velocity) at 
673 K (the best results were obtained at this temperature – see 55 

Figure 6) was also investigated (Figure 7 & S13), with a view 
to probing the influence of contact time on the activity and 
selectivity of the mono-substituted and bi-substituted catalysts. 

The increase in catalytic activity at lower WHSV can be 
attributed to the increased contact times of the substrate to the 60 

loci of the solid acid active centres at the expense of fewer 
solvent molecules that are in the vicinity, which play a 
detrimental role in blocking access to these active centres.  We 
further note that by decreasing the WHSV (Figure 7A & 7B), 
significant differences start to manifest, which translates to a 65 

large (> 10 mol%) difference in caprolactam yield (see Figure 
S13) between the SiAlPO-5 and MgSiAlPO-5 catalysts, which 
is quite revealing. These results further vindicate our earlier 
findings that, in addition to process variables, the nature and 
strength of the isolated, Brønsted acid active centres play a far 70 

more critical role in influencing the activity and selectivity of 
solid catalysts, in the Beckmann rearrangement of 
cyclohexanone oxime to ε-caprolactam. 

 

75 

Fig. 7. Influence of WHSV on activity (A) and selectivity (B) in the 
Beckmann rearrangement of cyclohexanone oxime using Mg and Si 

containing catalysts. Reaction conditions: Feed ≅ 300 g/l 
cyclohexanone oxime in methanol, catalyst = 0.25 g, WHSV = 3.3 hr-1; 

T = 673 K, helium flow rate = 20 ml/min. 80 

 
Given the diverse array of strong, intermediate and weak 

Brønsted acid centres that are present in our mono-substituted 
and bi-substituted catalysts, we devised a complementary 
catalytic test, which has been well-established in the 85 

literature,65-67 to involve strong Brønsted acid centres.  The 
isopropylation of benzene to cumene is catalysed by strong 
Brønsted acid centres65-67 and MgAlPO-5 is known to be 
highly active for this reaction.68 The high activity of this 
catalyst has been attributed to the fact that the framework 90 

incorporation of magnesium is known to produce one of the 
strongest Brønsted acid sites within an AlPO architecture.69 We 
observed that our MgAlPO-5, which was fairly inactive for the 
Beckmann rearrangement of cyclohexanone oxime, was 
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reasonably active and selective (Figure 8) for the 
isopropylation of benzene, justifying our rationale from the 
FTIR spectroscopic observations, that this catalyst contains an 
overwhelming majority of strong Brønsted acid active 
centres.20 Consistent with the above arguments, it was noted 5 

that the SiAlPO-5 catalyst, which contains a higher proportion 
of weak acid sites, displays an inferior catalytic performance 
(Figure 8), when compared with the MgAlPO-5.  It was, 
however, rather surprising that the MgSiAlPO-5 again 
demonstrates a much higher catalytic activity, particularly 10 

when compared to MgAlPO-5.   

Fig. 8. Catalytic results for the isopropylation of benzene with 
isopropanol using Mg and Si containing catalysts. Reaction conditions: 

WHSV = 3.3 hr-1; T = 323 K; benzene:isopropanol feed ratio =  6:1 
mol; He flow rate ≅ 10ml/min.   15 

 Given the nature of the acid sites and on the basis of the 
relative acid strengths (as summarised in Table 2), it was to be 
expected that MgAlPO-5, containing an overwhelming 
majority of strong Brønsted acid sites, was more active than the 
SiAlPO-5 analogue. Contrary to expectations, the MgSiAlPO-20 

5, that possesses intermediate strength Brønsted acid centres, 
displays superior catalytic properties when compared to its 
mono-substituted counterparts. In line with our earlier 
observations, this synergistic enhancement in catalytic activity 
can be attributed to the presence of both the Mg(II) and Si(IV) 25 

ions, the loci of the Mg-OH-P and Si-OH-Al Brønsted acid 
centres, within the same AlPO framework, and this can be 
further substantiated by considering the reaction mechanism. 
The isopropylation reaction is known65-67 to proceed via a 
multi-step pathway, comprising of the dehydration of the 2-30 

propanol and subsequent alkylation of benzene. An efficient 
catalyst should therefore comprise of the requisite active 
centres that are able to successfully catalyse these individual 
steps.  It has recently emerged11,70 that Si-containing AlPOs are 
efficient catalysts for the dehydration of alcohols and we 35 

believe that the Si-OH-Al Brønsted acid centres in the 
MgSiAlPO-5 catalyst trigger the dehydration of 2-propanol.  
The subsequent protonation of the olefin requires strong 
Brønsted acid centres and the ready availability of the Mg-OH-
P sites, in close proximity to the Si-OH-Al centres, we believe, 40 

is critical for the enhanced performance observed with the 
MgSiAlPO-5 catalyst.  The overall effectiveness in catalysing 
these tandem reactions is fundamental to the rate-determining 
step that involves the electrophilic attack of the protonated 
olefin and benzene.   45 

Conclusions 

A resourceful strategy for the design and creation of a novel bi-
substituted heterogeneous catalyst has been developed, wherein 
a unique array of multifunctional solid-acid Brønsted acid 
centres (comprising of Mg-OH-P and Si-OH-Al) and silanol 50 

species have been introduced through simultaneous 
isomorphous substitution of the AlO4 and PO4 framework 
tetrahedra.  The precise location, geometry, nature and strength 
of these active centres has been probed and characterised using 
a combination of structural, physico-chemical, and in situ 55 

spectroscopic techniques using molecular probes, with a view 
to affording structure-property correlations, in two contrasting 
acid-catalysed transformations that require distinct Brønsted 
acid centres.  In particular, synergistic enhancements in 
catalytic behaviour have been observed with the MgSiAlPO-5 60 

catalyst in the industrially significant Beckmann rearrangement 
of cyclohexanone oxime to ε-caprolactam and in the 
isopropylation of benzene to cumene.   These findings have 
been rationalised in terms of the loci of the active sites and 
their specific role in tailoring the Brønsted acid strength for 65 

influencing the desired reaction pathway, from a mechanistic 
perspective, at the molecular level.  By gaining a thorough 
understanding of the precise nature and strength of the solid-
acid active centres, it has been possible to predict the type of 
substitution mechanism that leads to the creation of isolated 70 

single-sites for targeted catalysis.  We believe that this 
represents the genesis of predictively designing multifunctional 
sites for enhancing the synergy in catalytic transformations and 
emphasises the importance of using a multidisciplinary 
approach that is allied with operando spectroscopy.  75 
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Graphical abstract 

 
Probing multifunctional acid centres in 
nanoporous architectures through in situ 
spectroscopy affords a strategy for predictive 5 

design of novel catalysts.   
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