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Molybdenum blue nano-rings: an effective catalyst
for the partial oxidation of cyclohexaney

Xi Liu,® Marco Conté;” Weihao Wend,Qian He® Robert L. Jenkin Masashi
Watanabé,David Morgan? David W. Knight? Damien Murphy, Keith
Whiston? Christopher J. Kiel{yand Graham J. Hutchinys

Molybdenum blue (MB), a multivalent molybdenum ogidvith a nano-ring morphology is
well-known in analytical chemistry but, to date litas been largely ignored in other
applications. In the present work, MB has been abi@rized by STEM-HAADF imaging for
the first time, showing the nano-ring morphologytbis complex molybdenum oxide and the
ordered super-molecular framework crystals thatresmult from the self-assembly of these MB
nano-ring units. The potential of MB as an oxidatatalyst has also been investigated, where
it is shown to have excellent catalytic activitydastability in the selective oxidation of
cyclohexane to cyclohexanol and cyclohexanone whdch important intermediates in the
production of nylon.
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1. Introduction strong blue colouration, thereby suggesting the possible
formation of MB-like species during their preparatfoR.

In the present paper, we demonstrate that a material dsat Gonsequently, we reasoned that MB, which exhibits significant
been known for centuries, but which until now has been largékgctron hopping between Mand Md" sites via Md-O-Mo"!
ignored for catalyst applications, possesses exciting catal&fédging bonds, might represent a material that could be highly
properties. The material in question is molybdenum blue dMBjctive for selective redox chemisfty. In particular, we
which is well-known in colorimetric and quantification assay§onsidered that MB should be active for the oxy-
particularly for phosphoru®® It was first synthesized over 200functionalization of alkanes to selective oxidation products
years agéihowever, its structure has been enigmatic, with tﬁélCh as alcohols, ketones and acids, and additionally that this
first convincing models of its atomic arrangement emerging process should be feasible under mild reaction conditions.
1995° The classic X-ray diffraction studies of MB by Miiller etdentification of new catalysts for this type of chemistry is of
al. unveiled the linkage of [(M@Mo""),,O], units into giant considerable interest to both academia and inddstf?’ A
wheel-shaped clusters by hydrogen bondingore recently, key reaction in this class is the selective oxidation of
Zhong et al. have used scanning tunnelling microscopy (STR¥clohexane, as this is of great importance as an intermediate
to directly image individual isolated MB ringsbut to date Step in nylon manufacture which has an annual production of
there have been no direct observations of the MB narfyer 3M tonnes and is therefore a reaction of immense practical
structure using transmission electron microscopy. MB @&d commercial significancé. The current industrial process
considered to be comprised of complex assemblies of whéel- cyclohexane oxidation uses radical autoxidation promoted
shaped mixed-valence: M polyoxomolybdate, by cobaltions which significantly impedes selectivity contfol.
M0 "' 1,M0Y»80u6sH14(H:0)7d ™ anion  cluster&”® we > **¥' In this paper, we show that MB can provide a novel
reasoned that MB nano-ring structures and their complestalytic oxygenation of cyclohexane giving high selectivity to
assemblies should in principle be observable using high ang@tial oxidation products and we discuss this catalysis in
annular dark field (HAADF) imaging in the scannind€lation to the unique structure of this fascinating material.
transmission electron microscope (STEM). To date there has

been limited progress in the characterization of the 2. Experimental Methods

microstructure  of these mixed-valency molybdenum

compounds by electron microscopy. Nevertheless, high1 synthesis of molybdenum blue

resolution TEM images acquired in these previous studies show

poor correlation with the STM images obtained by Zhong giolybdenum blue (MB) was prepared via a facile synthesis
al.? as no discrete nano-ring structures were observed. Whilethod. Powdered metallic molybdenum (Sigma, assay
there has been considerable interest in the structure of ng%) was mixed with diluted hydrogen peroxide (Aldrich
nano-rings and their molecular assemblies, its use as a catajigsfytos, trace metals < 10 ppm) and afterwards the suspension
has not been considered in any great detail. In this paper, W¢& stirred overnight at room temperature. After filtration, the
present the first clear HAADF-STEM images of MB nano-ringjye solution formed was evaporated to dryness using & rotar
structures. — In addition, we demonstrate that th&aporator at room temperature in order to obtain a fine blue
[(Mo*/Mo™)nO]n units present within the nano-ring structurgowder. Compared to other preparation protocols for Mige
can be highly active for the catalysis of hydrocarbon oxidatiofyain advantage of the method employed in this work, is that
Selective oxidation is an important process for thge mMB prepareds relatively free from impurities.
functionalization of chemical feedstocks and there is a

continual need to identify new catalysts particularly if they > characterization of the catalyst

demonstrate interesting selectivity to desirable partial oxidation

products. Catalysts have been formulated based on mixesl1 Scanning transmission electron microscopy
oxides and supported metals for a wide range of such

reactions. There has been particular interest in utilisingl.

. S . ’ h angle annular dark field (HAADF) and bright field (BF)
molybdenum oxide containing catalysts, including the use iﬂt%ging experiments were carried out in an aberration corrected

:440,11,12 P
heteropolyacm_jé. In the majorltyl of these reports theJEOL JEM-2200FS scanning transmission electron microscope
molybdenum is usually present as W@pecies. However, it

has been demonstrated that an activating pre-treatment ste SLEM). This instrument is equipped with a field emission gun
an b or a hydrocarbon atmosphere ig F\)/ery important Igb) and was operated at a 200 kV accelerating voltage.
establishing the activity and selectivity of oxidize amples for STEM characterization were prepared by putting a

. . .~ ~~drop of an aqueous solution of MB onto a holey carbon TEM
molybdenum carbidelit was noted that this type of ac‘uvatlongric| and allowing the water to evaporate. Additiohgintle’

i |
pre-treatment generates some Mspecies as well_as Mo TEM experiments at 80kV were carried out in an aberration
which results in materials with strong blue colorations due Orrected JEOL JEM-200F ARM

electron exchanges between nearby'Mmd MJ" cations in
the structuré:®® We also note that in many previous studies of
other molybdenum-based materials, including molybdenum
sulfides and molybdenum oxides, there have been reports of a
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2.2.2 Diffuse reflectance spectroscopy Liquid sample analysis: after reaction, the liquid and solid

products were carefully isolated. A known concentration of
UV-Vis diffuse reflectance spectra were collected using chlorobenzene (internal standard) was added to the liquid
Harrick Praying Mantis cell mounted on a Varian Cary 40Gample prior to analysis by GC-FID (Varian 3200 with a CP-
spectrophotometer. The spectra were collected from 850 to 28¥ax 42 column). Cyclohexane conversion and selectivities to
nm at a scan speed of 60 nm mirBackground correction wasthe products, e.g. cyclohexanol and cyclohexanone, were
carried out using Teflon powder (Spectralon). The sample wadculated on the GC response relative to that genergtdueb
mounted on a 3 mm diameter diffuse reflectance sampling cughlorobenzene internal standard.

Solid sample analysis: After removal of the liquid sample,

2.2.3  X-ray powder diffraction the reactor interior and solid deposit (solid products and

catalyst mixture) were carefully washed with cyclohexane to
X-ray powder diffraction (XRPD) patterns of MB weraemove any products that are soluble in cyclohexane. As
collected using arX’Pert Panalytical diffractometer operatingdescribed in the literature, polar products, including formic
at 40 kV and 40 mA with CuKradiation, with the sample fixed acid, glutaric acid, succinic acid, hydroxyl caproic acid and
to a Macor sample holder mounted in a XRK900 Anton Paadipic acid, would remain in the sofitl Afterwards, the reactor

in-situ XRD cell. was washed several times with methanol (15 mL batches) to
collect all the polar products in the methanol solutions. In the
2.2.4  X-ray photoelectron spectroscopy present work, very small amounts of catalyst material (6 mg)

were used, implying that the amount of product that remains
X-ray photoelectron spectroscopy (XPS) was performed witldasorbed on the catalysts will be negligible. Those acid
Kratos Axis Ultra DLD spectrometer using a monochromatisggdoducts present in the methanol solution cannot be directly
AlK, X-ray source (120 W) with an analyser pass energy affalysed by GC due to strong absorbance and high boiling
160 eV for survey scans and 40 eV for detailed elemental scgnt. To overcome this problem, derivatization of OH-
Binding energies are referenced to the C(1s) binding energycofitaining compounds into trimethylsilyl or alkyl esters prior to

carbon, taken to be 284.7 eV. analysis is necessary, making the acidic by-products less polar,
more volatile, and hence more thermally stable - therefore
2.3 Catalyst testing enabling quantification by G&: ? In the present work, all the

acid products were converted into their corresponding methyl
Standard reaction conditions for the oxidation of cyclohexaderivatives with an excess B methanol (14%) prior to GC-
were as follows. Cyclohexane (Alfa Aesar, 8.5 g, HPLC grade)D analysis’? Adipic acid concentration and thus selectivity
was reacted in a glass bench reactor with catalysts (6 mg).wise determined relative to the chlorobenzene internal st@ndar
control accurately the amount of the MB catalyst we usedgce@ncentration. After analysis, we found almost all the solid
dilute aqueous solution of MB with a known concentration gfoduct is adipic acid (Figures?). No glutaric acid, succinic
MB was prepared. The desired volume of the MB solution wasid, hydroxyl caproic acid was identified. Additionally, we
dispensed as a drop into the glass reactor which was thtso derivatized the liquid sample to account for trace amounts
evaporated to dryness at 30 °C. It should be noted that whifeacids dissolved in cyclohexane. The selectivities to adipic
MB is soluble in water, it is insoluble in cyclohexane and saeid presented in our various tables of results cover the
using our reaction conditions we consider that the molybdengmesence of adipic acid in both solid and liquid samples.
blue is present as a heterogeneous catalyst. The reactiofas sample analysis: In the literature, significant
mixture was magnetically stirred at 140°C and 3 bafd® 17 production of gaseous products has been obséfvEdus, an
h. The reaction mixture was analysed by gas chromatograpgimalysis of gaseous products generated was deemed to be
(Varian 3200) with a CP-Wax 42 column. It should also l&ssential. After reaction, the headspace above the reaction
noted that acid products, such as adipic acid, were convertedthieture was analysed for CO/GQsing a GC-FID equipped
their corresponding ester for quantification purpdéeFor a with a methaniser. However, we did not identify any COLCO
comparison with the industrial process, the oxidation reactiag®rsCH, products in our experiments.
were also performed by using promoters (6 mg) comprising Finally, GC/MS analysis was employed to identify any
cobalt naphthenate and ferric acetylacetonate, at 140°C anmaligor reaction by-products and their detailed quantification is
bar G for 17 h. listed in Tables S1 anf2 GC/MS analysis was carried out on
Re-usability testing was also performed in an identical glags Waters GCT premier system using an Agilent DB-5MS
reactor. Cyclohexane (8.5 g) and MB (60 mg) were reactedcapillary column [30m (L) x 0.25mm (OD) x 0.25n (film)].
140 °C and 3 bar £for 17 h. After reaction, the ‘used’ catalyst The oven temperature profile employed to achieve the refuire
was washed with cyclohexane and dried. The catalytic activitgparation was 4G held for 5 min followed by a temperature
of the used MB wagetested under the standard reactioramp of 8C min* ramp up to 28%C, with this final temperature
conditions) and the products were analysed by dbsing held for 5 min. The injector temperature employed was
chromatography. Subsequent re-usability tests were carried 200°C. Because the total conversion is calculated from the
on the same material using another iteration of the proceduremolar amount of cyclohexane which decreases during the
reaction, the total selectivity is equal to the mass balanab of
2.4 Characterization of the reaction products by GC/MS the observed products which means that our quoted conversion
and NMR values may possibly be very slightly over-estimated.
Product screening was also performed using a Bruker
In the present work, we conducted a very careful analytidavance Ill 600 MHz NMR spectrometer equipped with a QCI
procedure, in order to ensure that we collected all the possitrigo-probe. The extracted solid product in the MB-catalysed
products and give both a reliable analysis and a compley&lohexane oxidation was also analysed by NMR. Bsth
carbon mass balance. NMR spectra are presented in Figure S1 and these show that we
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have not missed any higher molecular weight products that gyelohexane (Figure 5:- the catalysis experiments areidescr
not amenable to GC analysis. In the case of (i) MB catalysgdsection 3.2). It was not possible to discern any significant

cyclohexane 0>§ida.ti0n and (i.i). cobalt naphthenate catalys(% erence between the pre- and post- use structures, confirming
cyclohexane oxidation, no additional products were detected. . . o
that the Mgs,4 ring morphologies are robust and remain intact

under the mild reaction conditions employed (section 3.2).

When more concentrated solutions of MB were drop-cast
3.1 Characterization of the structure of MB using scanning onto the carbon support films, we found evidence that the
transmission electron microscopy [Mo"'1,6M0Y 24046H14(H,0) 701+ anion clusters were prone to

re-assemble under the influence of hydrogen bonding into

We have applied STEM-HAADF imaging for the first time tgeriodic layered super-structures typically containing 20 nm-
examine the nanostructure of MB samples. The first convincisgale mesopores (see Figures 5 and®)e ring spacings and
structural models of MB, published by Mduller et al. in 199%eparation in Fig. 6(a) are broadly consistent with the structure
were primarily based on powder X-ray diffraction and thgigure 6(b)) of the NalMoY'1,,M0Y,80,,43-
evidence suggested that the material was comprised of comgbgyH, ,(H,0)es Jc.a2.300HO  ({Mois})  compound  as
assemblies of wheel-shaped mixed-valence polyoxomolybdgtgermined previously by XRD, although the counter-ion
[M0"'1,gM0" 26046H14(H,0) 70]'* anion clusters® In our present in our case is more likely to b&3 % It should be
work, samples for STEM characterization were prepared Ayted that such self-assembled superstructures could not be
putting a drop of a very dilute aqueous solution of MB ontodirectly imaged in a previous STM study of Zhong et al., where
continuous carbon TEM grid and allowing the water tge individual Mgs, moieties had to be well separated on flat
evaporate. Using this methodology any pre-existing sedfarface in order to acquire an ima&g&The mixed Md'/Mo"
assembled superstructures of rings are not retained at ghis Ralence state, coupled with a high effective surface area (240
level of dilution and this method aids the study of the individugi? g) should in principle should make this a highly attractive
nano-rings rather than the superstructures. The MB riggd effective catalyst morphology for the oxidation of
structures are essentially invisible against the carbon supportdylohexane.
conventional bright field phase contrast imaging (Figure.la),
but are clearly visible in the HAADF image (Figure 1b) bg.2 Cyclohexane oxidation using MB as a catalyst
virtue of the strong atomic mass (z-) contrast generated by the
Mo atoms in relation the other elements in the ring molecwge noted that there are abundant electron transitions between
and the C atoms in the underlying support film. neighbouring M&'/Mo" cations in MB and that it has a redox

In very dilute samples the individual W2 wheel shaped potential that is very similar to FéFd' in Keggin
clusters became well dispersed and can be imaged as sep@@igxoanions® 2’ This suggests that MB could be a good
entities (Figure 2a), whereas in specimens generated from mgyfdidate as a catalyst in some challenging selective oxidation
concentrated MB solutions, the rings overlap giving a mofgactions. For this reason we have explored whether or not the
confused picture due to their agglomeration into nemoV-O-Mo"' bridging structure in MB is active for selective
superstructures as the solvent evaporates during the digdox chemistry ®°by testing it for the oxy-functionalization
casting process (Figures 2b%d).ow pass filtered HAADF of cyclohexane
images of individual MB units were obtained in which the ring |n this work the activity of MB as a catalyst for cyclohexane
structure can now be clearly observed (Fig. 3a). The rings grgH,,) oxidation has been contrasted with that of cobalt
observed to have external and internal diameters of ~3.6 Aphthenate which is currently used as a homogeneous catalyst
and ~2.0 nm respectively which matches well with the expectigdcommercial processes. We also compare the activity of MB
dimensions of the Mg, model structure (inset of Figure 3a). Ityith that of Fe(acag) which is widely used as an iron resource
should be noted that these ring structures are highly sensitivgsithe aerobic oxidation of cyclohexatfeFor the experiments
prolonged electron irradiation damage at 200kV and withinygth MB, as we were investigating the use of very low amounts
minute of exposure to the electron beam will collapse agflthe material as a catalyst, we first made a significantly dilute
transform into dense crystallites of Mg@r even MoQ as aqueous solution of MB and put a small drop of this with
shown in Figure sequence 3(a)-{&)This observation is in desired volume into the glass reaction vessel to give the
good agreement with previous HRTEM studies of reducesuired amount of MB. The solution was then evaporated and
molybdenum oxides and molybdenum-blue-like species whigBnce this pre-treatment is analogous to that used in the
have noted the propensity of these materials to exhibit electiyBparation of the STEM samples and we know that for dilute
beam modificatiof. Aberration corrected STEM-HAADF MB samples that this results in the formation of discrete nano-
imaging at 80kV has also been performed on our MB materigilsg structures. Hence this permits us to study the catalytic
(Figure 4), and although the lower accelerating voltage wgsrformance of the individual nano-ring structures without the
found to reduce the rate of electron beam damage somewhapffiplication of the presence of the more complex self-
did not eliminate the damage effects completely. We hiee aassembled super-structures. In our initial experiments with MB
performed comparisons of the MB structure before and after {ag observed a marked catalytic activity of 6% conversion with
materials have been used as a catalyst for the oxidationggés selectivity to oxygenated products for this reaction (Table

3. Results and discussion
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1, and ESt Table S1, Figs S1(a)-(b) and Fig. S2). At this leveindesirable parallel reaction pathways existing in these radical
of cyclohexane conversion the performance is similar to thatqfenching experiments.
the cobalt naphthenate commercial catalyst and ferric In the presence of CBrglwe observed that the activity of
acetylacetonate (Table 1 and ESTable S2, Figs S1(c)-(d)). MB remains basically unaltered by the addition of the
We analysed the reaction mixtures in detail using a rangesovenger, whereas the activity of Co-naphthenate and
analytical techniques to ensure that all products were corrediifacac} is severely suppressed, with their conversions
identified (see section 2). The major products detected weeduced by about one order of magnitude (Table 3). Even more
cyclohexanol, cyclohexanone and adipic acid. Traces amouitgificant, in presence of the scavenger the selectivity fer Co
of hexyl esters were also detected. Furthermore, we haaphthenate and Fe(acac)is now shifted towards
ensured that the mass balance was closed and that eygfohexanone as the major product (ca. 10%), whereas, in case
differences observed in selectivity between MB and cobalt MB the selectivity is shifted even motewards the more
naphthenate were reproducible and statistically significant. desirable cyclohexanol ( i.e from 52% to 58%), which would
These catalytic data show that MB can be a promisisgggest a real catalytic control exists in k& system.
material for the oxidation of this organic substrate, but it was
also important to determine if catalysts used in batch react®2.2 Control tests for solubilized Mo species
conditions can be effectively re-used. From the results shown in
Table 2, it is apparent that the MB catalyst is fully re-usabie view of these data, control tests combining a hot filtration
based upon the measurements taken over four sequential ustage witha lower reaction temperature were carried out. The
cycles.Moreover, HAADF images of the MB before and aftaéim here was two-fold: (i) to further discriminate between a
use in the oxidation of cyclohexane (Figures 5a and bBhtalytic route induced by MB, and a pure autoxidation
respectively) show that the characteristic pMaing structure pathway; and (ii)to rule out any activity by oligomer
has been retained even after the material has been used mslgbdenum species if present. In this experiment, the catalytic
catalyst. The oxidation state of the metal also did not charmedation of cyclohexane was performed at a lower reaction
during the reaction. In fact, XPS experiments (Figure 8) shd@mperature (i.e. 120°C instead of 140°C) in order to suppress
that no remarkable differences were observed between the XiRSautoxidation component. As expected the yield of products
profiles of the fresh and used MB material, with the ratio @fas significantly lower (ca. 0.4 %glthough it was observed
Mo" : Mo"! cations remaining at about 1:4, which is consistetiitat cyclohexanolwas the sole product over a 30 h reaction
with the previously reported molar ratio of 1:4 as confirmed hiyne at the lower temperature (Figure 9). This result confirms
the cerimetric titration method. that catalytic oxidation is occurring in the presence of,MB
since with an autoxidation pathway both the alcohol and ketone
would be observed. For comparison, a blank experiment was
3.2.1 Catalytic tests in presence of CBrGl also conducted using the same reaction conditions, which
showed negligible activity even after 24 h of reaction (Figure
To appreciate the full significance ofthe MB catalytic ddta, 9c). After this time both cyclohexanol and cyclohexanone were
should be noted that cyclohexane oxidation by Co-naphtherfarmed, which is in good agreement with the occurrence of
and Fe(acag)operates via an autoxidation pathway promoteditoxidation. Hot filtration was performed after 12 h reaction of
by the metal centre. As a consequence, for these -cataflgstinitial reaction in order to remove the MB catalyst frown t
materials, no selectivity control is allowed, and in turn it igaction mixture. Following this, the reaction was continued
difficult to control the final product distribution. Thereforeunder the same reaction conditions. After a further 12 h
considering the similarities in the catalytic activity betweereaction in the absence of MB (Figure 9b), no significant
these metal promoters and MB, we were prompted dbange in catalytic activity was observeddahe conversion
investigate whether or not B1also carries out cyclohexaneremained unmodified at ca. 0.08%. The hot filtration
oxidation by means of a pure autoxidation pathway, as MRBperiment therefore provides further evidence that the
contains the M6-O-Mo"' motif, which is absent in the case opresence of MB plays a key role in the catalytic oxidation of
Co-naphthenate and Fe(acawhich only have isolated mono-cyclohexane. As no further reaction was observed in the
oxidation centres. In order to gather information on th&bsence of the MB catalyst, it is clear that MB is required to
important aspect, test were carried out (Table 3) in the preseobserve conversion, and hence the reaction that is observed is
of CBrCl;, as radical scavenger which can quench carboot due to an underlying homogeneously catalysed pathway
centred radicals by means of bromo-hydrocarbon form&tionfrom any solubilised Mo specieOn the other hand the
%01t should be noted that the use of dialkyl nitroxides for trepparent similarities between oxidation tests in present or
capture of carbon centered radicals was deliberately avoideddiosence of MB (Figure 9d), i.e. an increase in activity after ca
this particular reaction. This is becmthe reaction conditions 25 h reaction time, are to be ascribed to autoxidation processes
(i.e. solvent-free at a reaction temperaturecaf 140C), and which are invariably operating for these class of reaction. In
the presence of metal centres can trigger hydrogen abstractaan, for our tests, in presence of MB the increase in conversion
reactioné' as well as the oxidation of the alcohol to thafter 25 h reaction time is due to an increase of alcohol.
ketone®? and we wanted to minimize the possibility of of
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Whereas in absence of MB the increase in activity is due to anA comparison of the XRD patterns before and after thermal

increase of cyclohexanone. treatment shows that these two patterns are nearly identical
(ESH, Fig. S3 and Fig S4). This suggests that the overall MB
3.2.3. Tests on fresh and thermally treated MB structure (both the nanoring and super-structure) remained

intact, and if any changes took place, this was related to O

The inference from the body of experimental evidenecemoval only, which can be accommodated without any large
presented so far (i.e. conversion in presence of scavengeale collapse of the structure. It should be stressed that the
reusability, selectivity effect, and hot filtration) is that MBbowder X-ray patterns that we collected for our MB samples
operates the oxidation of cyclohexane via a different pathifvayESH Fig. S3 are in full agreement with the XRD
compared to Fe(acacpnd Co-naphthenate. In particular, Fecharacterization carried out by Mdller et al. on dry powders of
and Co- based materials are promoters of the autoxidatB,® i.e. diffuse scattering maxima at ca’289.%, 20 and a
route, whereas MB would appear to create a new reactlmoad set at 5120 degrees. In addition, by STEM we still see
pathway by means of a real catalytic process enhancingohlcaings of similar dimension after the heat treatment in He(ESI
formation. This could have important consequences flig S5a)-(d)). However, with respect to the ratiodd6"/Mo"'
obtaining a catalyst capable of introduciageal selectivity units present we do see a measurable difference. In the fresh
control to such an important reaction. sample, by XPS analysis (10) we observe that th& idolar

In order to identify the underlying source of this behaviouiraction is 20%, whereas after thermal treatmentHig it
we have systematically studied the reactivity of MB nanoringacreases to 30%. Hence a clear increase in' Mad
especially considering the specific structure of MB describeddorresponding decrease in Nospecies is observed in the
section 3.1. The first comparison was a control reaction usitgrmally-treated MB sample, the other XPS parameters, such
molybdate silicate blue (SiMgD,q) which is stable in our as peak position and number of species present, remain
reaction environment and also exhibits a mixed valencé-Mainchanged, implying that the MB ring structure remains intact
O-Mo"" structure®® The first observation is that this compoundnd that the change in Mvo"' ratio is due to some removal
also shows similar conversion values of MB and also is maft oxygen from the backbone of the ring lattice during the
quenched by adding CBr{(see Tables 1 and 3). Moreoverthermal treatment in He.
the SiMq,O, is also capable of creating a higher selectivity Additional evidencerbm DR-UV spectra (el) provides
towards the alcohol, unlike Co-naphthenate and Fe(ndhoys further important indication to what has happened to the MB
suggesting that the structural motif of mixed valence’Ms material during this detrimental thermal treatment. The dnter
Mo"' is important for the catalysisAlthough it should be valence charge transfer (IVCT) bands at 600-700%hm,
stressed that this effect for SiM@,, is fully evident in characteristic finger-print region for molybdenum-blue
presence of radical scavenger only (table 3). In fact, it isrundempounds® have merged into one band, confirming that a
these conditions that it is possible to discriminate betweelange in electronic properties has occurred. As these inter-
autoxidation pathways and the activity induced by Si@g,. valence bands are due to K6G-Mo“' entities, their

On the other hand, the presence of oxygen in the MB lattioedification can be attributed to either loss of lattice oxygen,
could also play a role in the process to explain this reactivity.dnbreaking of some of the MeD-Mo"' linkages.
other words, if oxygen is removed from the lattice during the All this data suggests that the thermal treatment in He left
reaction that in turn disrupts the M@Mio¥' moiety, which the ring structure intact, but disrupted the WM®-Mo"' centres
could alter the catalytic activity, possibly in terms of botthus providing us with the opportunity torther assess the role
conversion and selectivity. Therefore, to demonstrate that tife these MoY-O-Mo"' moieties on the catalytic activity
oxygen from the MB structure is playing a role in the catalytiatalytic testing for the MB thermally treated in He showed
activity, we have carried out one further set of experiments. Itlst the conversion was basically unmodified (ca. 6%), whereas
known that treating Mo@at temperatures above 190 under the selectivity to the alcohol was markedly decreased from 52%
anaerobic conditions can deplete some of the lattice oxygen tmé@2%, (compare entries 1 and 6 in Table 1) and the selectivity
thus affect its reactivity*. These effects have been investigateid now shifted towardsyclohexanone and adipic acid (at ~
for a temperature of 18%C and this did not disrupt the three49% and. 20% respectivélyhe latter of which was initially
dimensional lattice framework of the metal oxide.absent. This selectivity change is a key experimental
Consequently, we thermally treated some MB aCg0r 48 h observation, because if MB were functioning solely as an
under a flow of Hewith the aim to achieve the same resultgitiator, i.e. a promoter of autoxidation pathways like Fe(acac)
observed for Mo@ i.e. alteration of the M@Mo"' moiety or Co-naphthenate, then the selectivities would remain the
without collapse of the three dimensional MB framew®rk.same, which is not observed. This experiment also serves to
The material was then examined by means of XRD and STEKow that the number &floV-O-Mo"' moieties present is a key
in order to determine if the ring structures and molecular crysfattor for determining the amount of alcohol formation. In fact,
framework superstructure were left intact after heating. far Co-naphthenate or Fe(acacthe reaction has been
addition, it was further characterized by means of XPS and Dé&tablished to proceed by means of a Haber-Weiss gylle
UV to assess if the M@Mo"' motif was disrupted or not, andwhich involves homolytic cleavage of the cyclohexyl
tested again as a catalyst afterwards. hydroperoxide intermediate. In contrast, for MB, the reaction
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could conceivably take place via an oxo-metal species arsd th

proceed via a different mechanism to the autoxidati@®ur results show that MB, a material that has largely been
pathway'®?2 On this particular aspect, we should note that imeglected as a catalyst to date, is a selective catalyst For C-
this work solvent-free conditions have been employed andbemsd oxo-functionalisation, which has direct relevance for a
such we have not explored the kinetics of the reaction whaumimmber of important industrial processes. In addition we have
using diluted cyclohexane. The use of a solvent has not beeovided the first scanning transmission electron microscopy
attempted in this study, as it is known that solvents can havienages of MB which show that the structure stays intact during
strong unintended effect on the final product distribufitff, use and that the catalysis we observe is associated with the
and we wanted to avoid further collateral complexity arsdructural motif of mixed valence MeO-Mo"' entities which
undesired autoxidation reactions. However, we have studiedahe present in MB nanorings and related structures.
catalytic activity of MB as a function of reaction temperatudéurthermore, a remarkable difference between the catalytic
(Figure 12a), and this shows a fascinating mono-hydroxylatibehaviour of MB and commercialCo-naphthenate and

of cyclohexane when using MB as a catalyst, which is cleafg(acac) catalysts was observed that allows some degree of
different from the autoxidation pathway which gives botprodict selectivity control when using MB. We consider that
alcohol and ketone as primary produ@tddence we consider these observations will spur the design of a new generation of
that this also indicates that MB is a real catalyst in the partddB based catalysts with enhanced performance for alkane
oxidation of cyclohexane. The activation energy of this processtivation.

in the presence of MB is determined to be ~95 kJ/mol (Figure

12b). Moreover, MB does not seem to be affected by oxygen

diffusion limitations observed for some metal oxide basdycknowledgements
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Figure 1. Comparison of the same area of an MB catalyst deposited ortiaumus C film when imaged in (a) bright field (BF)-
STEM mode and (b) HAADF-STEM mode.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7
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Figure 2. Low-pass filtered HAADF images of samples prepared by drop castingowsolutions with increasing MB
concentration (a)-(e) onto a holey carbon TEM grid. Low concenmisatshow more isolated ring structures, whereas at higher
concentration the rings interact and overlap to form mesoporous setftdsdestructures.

Figure 3. (a-d) A set of HAADF-STEM micrographs (low-pass filtered) of a pair afagngs (circled in (a)) showing the effect of electron
beam irradiation on the MB material at 200kV. The images (a-c) wepgrad sequentially, using a 17 s total exposure time (~ 50 pA,
200kV, 512 x 512, 64 us/pixel) for each micrograph. Image (d)taken under the same conditions, but after 3 minutes total exposere ti
A dense crystalline phase is seen to develop from the ring stugtitheincreasing exposure time. The crossed fringe structure iarf{dec

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9
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ascribed to the [#84] projection of a-MoO; (PDF# 04-008-4311) in which th@1 1) and (711) lattice planes are resolved with an

intersection angle of ~83.4 °. Inset in (a) is a schematic diagfaa single [MJ';,6M0"2g0464H-0)70]**  ring-type molecule (after
reference [5]).
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Figure 4. Representative images of MB catalysts imaged in HAADF ‘gentle’ STEM mode at 80kV using an aberration corrected JEOL JEM
ARM 200F instrument. Mo atom positions can be discriminated witlinnitividual rings. However, even at 80kV, there is still evidaice
electron beam damage with increasing exposure time.

Figure 5. Low pass filtered HAADF images of the MB catalyst (a) before and () mfaction showing that the characteristic ring structure
has been retained. Both these images were obtained at an accel®itdig of 200kV.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 11
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Figure 6. (a) A high magnification HAADF image of a MB sample which was prepf@t a more concentrated MB solution, the f¥o
rings have assembled into a more ordered layered superstructurbol&bpacings and separation in (a) are broadly consistent with the
structure (b) of the as self-assembled superstructure determined previo¥&Dkgfter references [5] and [7]).
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Figure 7. Catalytic performance of MB-catalysing cyclohexane oxidatie a function of reaction time (data for a hot-filtration
experiment following this reaction is shown in Figure 9). Reactiodlitions 8.5 g cyclohexane, 6 mg MB, 120°C, 3 bay gdass
reactor. Alcohol, ketoneAA and CHHP represent cyclohexanol, cyclohexanone, adipic acid coldeyyl hydroperoxide,
respectively.
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Figure 8. XPS profiles of fresh and used MB material; different Mo contributtmadabelled with different colours. The relative fraction of
MoV cations present in the fresh and used MB remains constant at ~20%.
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Figure 9. a) Catalytic performance of MB-catalysed cyclohexane oxidaoa function of reaction time, (reaction conditidkG:

mL cyclohexane, 6 mg MB, 120°C, 3 bas,@lass reactor); b) Oxidation of cyclohexane as function of readtiendfter MB
catalyst removal by hot filtration. In this experiment, the sameiozaatere employed as described above, but after 12 hours, the
MB was filtered out and the filtrate was place into another cléass geactor for continued reaction under the same reactio
conditions; c) A blank experiment as a function of reaction tid)eA direct comparison of (cyclohexanol + cyclohexanone)
product yield versus reaction time for the catalytic oxidation, hot filmadiod blank experiments.
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Figure 11. DR-UV/vis spectroscopy of (a) a fresh MB sample, and (b) thermally trééBesample.
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Figure 12. a) Catalytic performance of cyclohexane oxidation as aifimaf reaction temperature; b) Corresponding Arrhenius
plot from 100°C to 120°C. Reaction conditions: 6 mg MB, 8.5 g cyclohexane,3,b24 h.
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Table 1. Comparison of cyclohexane oxidation using MB and a variety of athégrials as catalysts.

Catalyst Conversion Selectivity (%)
(%) A K CHHP AA Total”
1 MB 6.0 52 40 0 1 93
2 Co-naphthanate 9.0 45 37 0 2 85
3 Fe(acaq 7.7 35 48 0 0 82
4 SiM015049 6.0 30 50 0 9 90
5 Blank 1.1 22 19 57 0 98
6 MB™ 5.5 28 49 0 20 98

"Reaction conditions, unless otherwise specified: cyclohexane (8.3ajyst#6 mg), 140 °C, 3 bar, 017 h reaction time.

In the shorthand notation used, Fe(ag&c)-e(lll) acetylacetonatd, K, CHHP, andAA represent cyclohexanol, cyclohexanone,
cyclohexyl hydroperoxide and adipic acid respectively.

™ By-products include long chain carbons and esters (seg ESbles S1 and S2).

™ MB sample after thermal treatment (see section 3.2).

Table 2 Re-usability of MB in the oxidation of cyclohexane.

Number of Conversion Selectivity (%)

usage cycles (%)* A K CHHP AA Total”
15t 6.0 52 40 0 1 93
2nd 6.5 50 42 0 0 92
3d 6.3 53 42 0 2 97
4 6.3 52 42 0 1 95

*Reaction conditions, cyclohexane (8.5 g), catalyst (6 mg), 140 °C, 3;ba7@ reaction time. In the shorthand notation used, A,
K CHHP andAA represent cyclohexanol, cyclohexanone, cyclohexyl hydroperaridedipic acid respectively.
By-products include long chain carbons and esters.

Table 3. Catalytic performance characteristics of cyclohexane oxidatienavariety of different catalyst materials in the
presence of a radical scavenger (CByCl

Catalyst Conversion Selectivity (%)

(%)* A K CHHP BCH AA Total
MB 7 58 26 - 9 - 93
Co naphthenate 0.9 3 12 - 75 - 90
Fe(acaq 0.8 5 7 - 35 - 47
SiM015040 6.7 50 35 - 10 - 95

*Reaction conditions: 8.5 g cyclohexane, catalyst (6 mg), 140 °C, 3 ba7®our; Fe(acagyepresents Fe(l|l) acetylacetonpte.
In the shorthand notation used, A K, CHHP, AA and BCH represent cycloheggolohexanone, cyclohexyl hydroperoxide,
adipic acid and bromocyclohexane respectively.
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