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Abstract

Molybdenum blue (MB), is a polyoxometalate with a nanoring structure comprising®4o

Mo®* bridges, which is active for the catalytic oxidation of cyclohexane to cyclohexanol and
cyclohexanone. However, little is known about the mechanistic features responsible of this
catalytic activity. In the present work, the Rl€-Mo®" moieties embedded in the MB
nanoring structure were characterized using diffuse reflectdWe¥isible spectroscopy and

solid state EPR spectroscopy. The amountMof* centres was then varied by thermal
treatment of the polyoxometalate in the absence of oxygen, and the resultant effect on the
catalytic activity was investigated. It was observed that, an increased amount' afevimes
preserved the conversion of cyclohexane (ca. 6%) but led to a loss of selectivity to
cyclohexanol giving cyclohexanone as the major product, and the simultaneous formation of
adipic acid. To rationalise these results the catalysts were studied using EPR spin trapping to
investigate the decomposition of cyclohexyl hydroperoxide (CHHP), a key intermediate in
the oxidation process of cyclohexane. This analysis showed that CHHP has to be bound to the

MB surface in order to explain its catalytic activity and product distribution.

Keywords: molybdenum blue, cyclohexane oxidation, DN-Vis spectroscopy, EPR

spectroscopy.
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1 Introduction

Molybdenum blue (MB) is a polyoxometalate with a nanoring structure often used for
colorimetric or quantification assays, particularly for phosphates, Si, V and W oxides, and
sugars [1, 2]. Its structural characterization during thig-1990s [3, 4], unveiled a
stoichiometry comprising 154 Mo atoms forming a {f4eMo" »6046H14(H-0)7¢)"*~ anion,
arranged in nanowheels of ca. 2 nm of internal diameter. This material gathered considerable
attention in recent years as a model system for self-assembling inorganic structures [5, 6]. In
fact, regular nanorings or clusters comprising 150 or 36 Mo units can be obtained from
NaMoO, precursors [7].

A further feature of interest in this material is the presence Sf&@eMo®" units embedded

into the nanoring structure [8], a property that we exploited showing that MB can be an
efficient catalyst for the oxidation of cyclohexane [9]. In particular, MB had the interesting
property to bds selective towards the formation of cyclohexanol rather than cyclohexanone
and with minimal formation of adipic acid (the three major products of cyclohexane
oxidation) [9]. Furthermore, this was achieved under reaction conditions (T%€140d P =

3 bar of Q) that are similar to those industrially employed for the oxidation of cyclohexane
using a cobalt naphthenate initiator [10]. As the conversion (ca. 6%) is also similar to that
obtained from current industrial processes [11, 12], this makes MB a promising catalytic
system for the oxidation of cyclohexane. Indeed, this is a crucial step for the manufacture of
nylon fibres, with cylohexanol used as precursor for nylon-6,6 and cylohexanone as precursor
for nylon-6. [13]

Current data suggest that for the oxidation of cyclohexane, MB is able to activate a true
catalytic reaction pathway [9], rather than a promoted autoxidation as in the case of Co salts
[14]. This prompted us to investigate the mechanistic features of this reaction in presence of
MB and as a function of the amount of M®-Mo®* bridges. In fact, by treating some metal
oxides like MoQ, WGQ;, and Cs0s and high temperature (T > 18Q) in the absence of
oxygen, it is possible to remove lattice oxygen and this can affect their reactivity [15]. This
procedure was also successfully employed in the gas phase oxidation of cyclohexane using
MoO;3 without collapse of the metal oxide framework [16]. Therefore, this approach has been
extended to remove lattice oxygen from MB and increase the amount®5f e effect of

this structural modification has been investigated in detail and a reaction mechanism for this
catalyst, involving the decomposition of cyclohexyl hydroperoxide intermedigk® {O-H)

is proposed.



2 Experimental

2.1 Synthesis of molybdenum blue

Molybdenum blue (MB) was prepared following with the procedure reported in [9] and
references therein. Molybdenum metal powder (Sigma, assay 99.99% wt) was mixed with
diluted hydrogen peroxide (Aldrich 30 wt%, trace metals < 10 ppm) and the suspension was
stirred for 8 h at room temperature. The suspension was then filtered and the blue solid
formed was dried using a rotary evaporator at room temperature in order to obtain a fine blue
powder. Using such procedure, nanorings of ca. 3.8 nm external diameter [9] were obtained.
Unlike other protocols, this procedure was deliberately used to minimize the presence of
impurities and to have Has counter ion rather than alkali metals.

2.2 Catalytic tests

Solvent-free oxidation of cyclohexane (Alfa Aesar, 8.5 g, HPLC grade) was carried out in a
glass bench reactor using the desired amount of catalyst (6 mg). It should be noted that while
MB is soluble in water, it is insoluble in cyclohexane; therefore we consider molybdenum as
a heterogeneous catalyst under our reaction conditions. The reaction mixture was
magnetically stirred at 140°C and 3 bar fOr 17 h. The reaction mixture was analysed by

gas chromatography using a Varian 3200 gas chromatographer equipped with a CP-Wax 42
column. Acid products, such as adipic acid, were converted to their corresponding ester for
guantification purposes [14]. An experimentairor of 5% was determined for the
guantification of the species in the reaction mixture, and this value as been used to compare
the different catalytic tests in statistical terms.

2.3 Characterization of the catalyst

2.3.1 Diffuse reflectance spectroscopy

UV-Vis diffuse reflectance spectra were collected using a Harrick Praying Mantis cell
mounted on a Varian Cary 4000 spectrophotometer. The spectra were collected from 850 to
200 nm at a scan speed of 60 nm thiBackground correction was carried out using Teflon
powder (Spectralon). The sample was mounted on a 3 mm diameter diffuse reflectance
sampling cup. Deconvolution analysis was carried out in the region 400-800 nm by means of

Gaussian peaks [17]. The spectra were normalized to 1 unit of absorbance for comparison
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purposes. The fitting of the spectra and their deconvolution was carried out using two
procedures in order to provide a statistically univocal deconvolution set. A simplex algorithm
[18] was used first to obtain an initial set of peak positions and peak widths, by a least
absolute deviation analysis. This has the possible drawback of multiple solutions but it is
more robust on outliers. The solution obtained by this regression was then used as input for a
Levenberg-Marquardt algorithm [L9vhich operates on a least square curve fitting and
provides a single fitting output. The fitting of the spectra was accepted when the fittings
obtained using least absolute deviation analysis and least square fitting coincided within an

error of the peak positions within 2 nm.

2.3.2 Solid State EPR

X-band continuous wave (CW) EPR spectra were recorded at room temperature in
deoxygenated cyclohexane, using a Bruker EMX spectrometer. Typical instrument
parameters were: centre field 3600 G, sweep width 800 G, sweep time 600 s, time constant
20 ms, power 1 mW, modulation frequency 100 kHz, and modulation width 5 G. EPR solid
state spectra were collected-483°C (140 K) in a sealed quartz EPR tube.

A fresh MB sample for’O, adsorption for solid state EPR was prepared in the following
manner: the sample was inserted in a quartz EPR tube and treated under vacuum (40 mbar)
for 8 h at 80°C. This procedure was followed to remove oxygen from the gas phase before
recording the spectrum at low temperature, in order to avoid dipolar broadening of the EPR
line of the surface paramagnetic species caused by interaction with physisorbed molecular
oxygen. The sample was then exposet@s at room temperature and then the sample was
further evacuated for 1.5h. The sample was then cooled at 140 K after this absorption for
spectra recording.

2.4 EPR spin trapping

X-band continuous wave (CW) EPR spectra were recorded at room temperature in
deoxygenated cyclohexane, using a Bruker EMX spectrometer. The typical instrument
parameters were: centre field 3487 G, sweep width 100 G, sweep time 55 s, time constant 10
ms, power 5 mW, modulation frequency 100 kHz, and modulation width 1 G. Quantitative
spectral analysis was carried out using WinSim software [20]. The spin trapping experiments
were performed using the following procedure: 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
(0.1 mL of 0.1 M solution in cyclohexane) was added to the substrate (0.1 mL of 2.5 molar %

solution of CHHP in cyclohexane), in an EPR sampling tube. The mixture was deoxygenated
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by bubbling N for 1 min prior to recording the EPR spectrum in order to enhance the signal

[21]. Deoxygenation was carried out at room temperature 5 min after the mixing of the

catalyst with the reaction mixture.

Cyclohexyl hydroperoxide (CHHP), was synthesized by a Grignard reagent-oxygen reaction,

[22] and a solution of 2.5 mol% cyclohexyl hydroperoxide in cyclohexane was obtained.

3 Results and discussion

3.1 Thermal treatment of Molybdenum Blue

It was found that treating MaQOat temperatures above 180 in the absence of oxygen,
removed oxygen from the lattice and this can affect its reactivity towards oxidation reactions
involving hydrocarbons [16, 23]. The same procedure has been applied to MB with the aim to
investigate the role of Mé centres in the catalytic activity, as well as to prove the existence
of an intermediate bound to the catalyst surface.

A thermally treated MB sample (here denoted as T-MB) was obtained from a fresh MB
sample and treated at 180 for 48 h under flow of He (20 mL nifi). Catalytic data for the

oxidation of cyclohexane for a fresh a thermally treated MB samples are reported in table 1.

Table 1 Conversion and selectivity for a fresh (MB) and thermally treated MBIB) sample for the oxidation
of cyclohexane. Experimental conditions: catalysts 6 mg, cycloheX&ng, T = 14°C and P = 3 bar
reaction time = 17h. CHHP = cyclohexyl hydroperoxide.

Catalyst Conversion  Cyclohexanol Cyclohexanone CHHP Adipic Selectivity
(%) Acid (%) *

MB 6.0 52 40 0 1 93

T-MB 5.5 28 49 0 20 97

(*) total observed

Previous characterization of these materials by means of XRPD and HRTEM showed that the
thermal treatment left the three-dimensional structure of the nanoring unaltered [9]. However,
XPS data showed a change in the’Mdo®* ratio from 0.28 for MB, to 0.42 for T-MB, [9]

thus presenting an increase in Maentres i.e. a reduction of the polyoxometalate as a
consequence of oxygen removal from the MB lattice. This leads to a conversion that is
statistically the same (that is within the experimental error of the GC method we used for the
analysis of the reaction mixture) for the two materials, i.e. 6% conversion.), but the loss of

selectivity to cyclohexanol (from 52 to 28%) from MB to T-MB.



3.1.1 DRUV spectroscopy of Molyba&num Blue
In view of these characterization data, this prompted us to explore these two materials by

means of other spectroscopic tools like diffuse reflectaivefis spectroscopy (DRJV-
Vis) and solid state EPR (SS-EPR). This with the aim to gather information on the electron
hopping between Mdand MJ* centreg24], as well as the local structure of these materials

and possible binding modes of the oxygen to the MB nanoring (SS-EPR, section 3.1.2) [25].

UV-Vis spectra in the region between 400 and 800 nm for a fresh MB sampl&)(Fsows
the clear presence of two bands at 611 and 659 nm, which are assigned to intervalence charge

transfer (IVCT) bands [26], and the presence of a distinct shoulder at 450 nm.

Absorbance

- 400 500 600 700 800
Wavelength (nm)

Fig. 1 DR-UV-Vis spectrum of: (a) fresh MB and (b) thermally treated T-MB samplean@ Q refer to the
offset for MB and T-MB respectively. A mettd-bridge charge transfer (MBCT) band is detected at ca. 610 nm

and a metate-metal charge transfer band is detected at ca. 650 nm (see table 3 for details).

Deconvolution of the MB UV-Vis spectrum using Gaussian peaks [1¢] @ilead to a

fitting profile presenting six species (table 2). As MB presents a oxo-bridge system this gives
rise to two intervalence banfs7], a band at high energy (low wavelength) due to a nietal-
bridge charge transfer (MBCT) [28] and a band at lower energy due to htmetatal

charge transfer (MMCT). This phenomenon has been observed in oxo-bridged Ru complexes
[29], and we tentatively assign the peak at 611 nm to a MBCT band and the peak at 654 nm



to a MMCT band. For the shoulder at 450 nm instead, this leads to an offset of 410 nn and in
turn a band gap [30] of 3.02 eV, a value very similar to the band gap of thin films of MoO
(3.04 eV) [31]. For the other three peaks/shoulders detected in figure 2, a full analysis of this
spectrum would require a study of the excited states of MB [32], which is beyond the scope
of the current manuscript. We do not consider the presence of six deconvolution peaks as a
sign of a non-pure MB sample. In fact, XRPD [3] and SS-EPR (see section 3.1.2) show
consistency with one MB species o\t present we can tentatively assign the bands at 494,
575 and 721 nnto localized oxygen ion vacancies [33] as observed for relatively known
substoichiometric Mog [34]. However, this tentatively explanation is under debate [34]
even for these materials, therefore much more work would be needed to determine and assign
in full the several features that we are observing for MB. Yet this shows that MB is a highly

complex system with several non-obvious features.

Absorbance

- T T T T T T T 1
400 500 600 700 800
Wavelength (nm)

Fig. 2 Gaussian deconvolution for the DR#-Vis spectrum of fresh MB; (grey thick line) experimental
spectrum; (black dotted line) simulated spectrum; six species labelledfydm (6) are identified (see table 3

for detalils).

For T-MB instead the DRJV-Vis spectrum shows that the shoulder at 450 nm is lost, and
the region at 600-660 nm now appears as two nearly unresolved bands with the peak at 611
nm almost disappearing, (figure 1 and 3) thus showing the disruption of tHeCMdo®*

moiety as a consequence of an incréaddo’" centres. By deconvolution of the T-MB UV-

Vis spectrum, the most interesting feature is a strong reduction in the intensity of the signal at

612 nm (originally at 611 nm for the untreated sample, and with these two experimental
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values identical within experimental error). This supports that our assignment for this band is
indeed the due to a metaHbridge charge transfer process. In fact, as oxygen is removed

from the lattice the bridge is disrupted and in turn the intensity of its signal.

1.0

Absorbance

T T T T T T T 1
400 500 600 700 800
Wavelength (nm)

Fig. 3 Gaussian deconvolution for the DR¢-Vis spectrum of T-MB; (grey thick line) experimental spectrum;
(black dotted line) simulated spectrum; five species are identified, a nugbfesm (2) to (5) is used to

preserve the labelling of the species reported in Fig. 2 (see table 3 for details).

Furthermore, the loss of the shoulder at 450 nm leads now to an offset of ca. 430 nm i.e. a
band gap of 2.88 eV. This is a lower value compared to fresh MB and further consistent with
oxygen removal from the lattici85], yet without a collapse of the 3D framework of the

nanoring structure [9].

Table 2 Band position summary for MB and T-MB after gaussian deconvolufiba.labelling from (1) to (6)
refers to figures 2 and 3.

Band from MB Amax (NM)  T-MB Apax (NM)
deconvolution

Q) 450 n.d.

(2 494 498

) 575 577

(4) 611 612

(5) 659 651

(6) 721 691

3.1.2 Solid state EPR spectroscopy of MB and V1B
Due the presence of Mbcentres in MB, and to gather additional structural information on
this material, we considered the use of solid state EPR (SS-EPRJ.iM&PR active

(electron configuration [Kr] 49 and with an expected hyperfine structure presenting six EPR



signals due to the interaction between the unpaired electron and the nuclear spin (I = 5/2) of
the isotopes®Mo and®'Mo [36]. However, a solid state EPR spectrum of MB collected at
140 K (Fig. 4) showed four peaks only. This is a consequence of the large amount of Mo
centres in our sample, which are also constrained in a nanoring of external diameter of ca. 3.8
nm [3, 9]. The combination of these two factors make thé"Ndaramagnetic centres not
isolated each other, thus leading to dipolar coupling interaction [37] and in turn to line

broadening and unresolved spectra.

Intensity (a.u.)

T T T T 7 T T T T T
3200 3300 3400 3500 3600 3700
B (Gauss)

Fig. 4 Solid state EPR spectrum at 140K of: (a) fresh MB sample, and (b) thetrealled T-MB sample, (the
spectra have been scaled to the same intensity in order to better apphecidifeerence in line broadening
between these two samples).

SSEPR spectroscopy for a T-MB sample was also carried out, but the resulting spectrum
was even broader and with less features than fresh MB. Considering the results obtained by
DR-UV-Vis, (section 3.1.1) and previous XPS data [9] we conclude that the broadening
effect that we observe in this EPR spectrum, is due to an increase‘indvioentration only;

and not by an extensive antiferromagnetic coupling followed by collisions of the

paramagnetic centres with oxygen].38

Despite this non-informative result, and yet the role of oxygen in driving the selectivity to a
desired oxidation product as a function of the MB electronic structure, we collected EPR
spectra of MB in presence bf0,. In fact, the binding mode of Qo a Mo centre could in
principle be detected by SS-EPR at low temperature [39], with discrimination between O
adsorption modes to a metal centre. For example just one oxygen atom bound to a metal, or
binding mode via both the O atoms to a metal centre. To promaaegorption, a fresh MB
sample was treated under vacuum overnight aC4énd then exposed td' 4, atmosphere

(figure 5). However, also in this case no signal frf@, was detected (expected signal
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between 3400 and 3500 G, with our centre field, for adsori@d and between 3600-3700

G for changes in coordination of Mo [25]). Eviérthe catalytic properties of MB originate
from the presence of Mb centres, it appears that is precisely the large amount of these
species that prevents also the identification of H@p hyperfine structure over the MB
surface. This further shows, as for R-Vis, that MB is a challenging system to study due

to the inner complexity of its electronic structure.

5

S

Py

7

c

2

£

3200 3300 3400 3500 3600 3700
B (Gauss)

Fig. 5 Solid state EPR spectrum at 140 K of: (a) fresh MB and (b) MB after exgptwstiO,.

3.2 Nature of the oxidation reaction of cyclohexane in presence of MB, and CHHP

decomposition

As a consequence of the results we have observed in this study, and with the aim o&finding
correlation between a change in electronic properties of MB and the product distribution, the
oxidation reaction of cyclohexane was investigated using EPR spin trapping methodology
(see section 3.2)1

However, in our case these experiments were not directly carried out for the oxidation of
cyclohexane, but rather for the decomposition of cyclohexyl hydroperoxide (CHHP). This for
two reasons: (i) CHHP is considered a key intermediate of the oxidation process (vide infra
and (ii) intrinsic pressure and temperature limitations to carry out spin trapping experiments
at 140°C and 3 bar. Despite these apparent constraints, useful information can obtained in
order to gather information on the reaction mechanism for the oxidation of cyclohexane
catalysed by MB (section 3.3). In fact, there is a crucial point that emerges from the analysis

of the product distribution. Liquid phase oxidations may occur via a true catalytic process, or
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by means of autoxidation [40] that is an unselective oxidation route where the selectivity is
purely dictated by the reactivity of free radicals in solution and not by the catalyst.

Due to its importance for our study, the accepted reaction pathway for autoxidation is
reported here, as well as how MB can modify it. The classical scheme of homolytic oxygen
activation for the autoxidation of hydrocarbons is given in equations 1-4 [41], where I* is any

species capable to abstract an H atom from the reagi}.C

I* + CgH11-H —1*-H + CeH1r- (eq. 1)
CeHirr + O; > CsH110~ (eq. 2)
CeH1102 + GeH11-H — CgH11-OoH +CeHyr- (eq. 3)
CeH11-O2H + GeH11-O2H — CeH16=0 + GH11-OH + G, (eq. 4)

This scheme is usually subdivided in: initiation (eq. 1), propagation (eqs. 2-3) and
termination (eq. 4). In this schemegHz10-- is the chain carrier of this free radical pathway
process (eq. 3), and CHHPG;-O-H) is involved in the propagation and formation of the
products (eqgs. 3-4) [411t should be noted that if this mechanism is operating without any
selectivity control by a catalytic surface, or even radical scavengers, the expected ratio of
ketone to alcohol should be 1:1 (eq. 4).

However, the ketone can also be obtained vjal$traction by the chain carriegi; ;02 in

a pathway that is still operating via a pure free radical pathway [38] (egs. 5-6):

CeH11-O2 + CsH11-O2H — CgH11-O2H + CeH1o-)-O2H (eq. 5)
CeH1o(-)-OoH — CeH1=O +-OH (eq. 6)

On the other hand, by thermal effect, or by the presence of an active metal centre, CHHP

decomposition may also occur [43]:

CeH11-OH — CgH11-O- + -OH (eq 7)

with the alkoxyl radical reacting with a cyclohexane molecule to form the alcohol:

CeH11-O- + GH12— CeH11-OH + GH11- (eq. 8)

12



In this case, if equations 7-8 are kinetically dominant with respect to equations 5-6, this
would lead to an excess of alcohol with respect to the ketone instead. That is why the
investigation of the decomposition of CHHP is important in the current study.

It does also worth noting, that CHHP decomposition is also at the centre of the cyclohexane
oxidation by cobalt salts, as carried out in industrial context [10]. In this case, it is accepted

that a Haber-Weiss cycle is operating in agreement with the scheme [44

R-OH + Cd' - Cd"-OH + RO (eq. 9)
Co"-OH + R-QH — C0o" + ROy + H,O (eq. 10)

Net equation:
2 R-OH — RO, + RO +H,0 (eq. 11)

However, systems operating on the principle of cobalt salts, usually have a ketone to alcohol
ratio (K/A ratio) in the range of 1.5, [14, 45], whereas in our case it is the alcohol to be in
excess, (K/A = 0.8 for fresh MB), thus suggesting a dominance of equations 7 anc38, i.e.
fast homolytic CHHP decomposition by MB.

Therefore we consider CHHP a key intermediate in our catalytic process, and more in detail
with CHHP adsorbed over MB surface during the oxidation reaction. In fact, in our case the
thermal treatment of the catalyst removes oxygen at the expenses of'the-Mo°* moiety

to increase the amount of Maentres (but still preserving the nanoring structure). As shown

in sections 3.1 the conversion is preserved, but the selectivity to the alcohol is lost, thus
showing that the selectivity we observe is a consequence of the chemical nature of the
catalyst. In fact, if this should not be the case, and the reaction to be a pure liquid phase
autoxidation process, i.e. without any adsorbed intermediate species, we should then detect
the same selectivity for MB and T-MB, with the product distribution dictated by a pure free
radical chain autoxidation process only. In contrast, because the selectivity is different for
fresh MB and thermally treated T-MB, this means that one of the intermediates of the
reaction has to be bound to surface ofNti&, and thus the reaction is truly heterogeneously
catalysed. A similar effect has been recently observed for cobalt silicates, whereraednha
selectivity to the ketone was observed instead as a function of the amourft' afeGwes

[46]. Due to our experimental conditions we cannot yet directly detect CHHP adsorbed over

MB (i.e. a very dispersed catalyst in liquid phase, and at high temperature and pressure). Still
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CHHP is an intermediate that can drive the selectivity to the al¢dBpland it is for these
combined reasons that we carried out spin trapping experiments on this species in order to

identify the mechanism for this reaction.

3.2.1 EPR Spin trapping for the CHHP decomposition by fresh and thermally treated
MB

The principle of the spin-trapping methodology relies on the fast selective addition, i.e.
trapping, of short-lived radicals to a diamagnetic spin trap, usually a nitrone or a nitroso
compound, such as 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). The result of this addition,
known as spin adduct, is a persistent free nitroxide radical with a sufficiently long lifetime to
enable detection by conventional EPR spectroscopy [47]. Hyperfine coupling constants
between the unpaired electron in the spin adduct and the hydrogen in the beta position of
DMPO (Fig. 6, top) where calculated. Thus it was possible to assign the structure of the
original short-lived radicals [48]. Spin trapping spectra, and their deconvolution, for the
decomposition of CHHP by MB and T-MB are reported in figures 6 and 7 respectively. The
simulation of the spectra led to assign the following species: a di-tert-butyl-nitroxide
derivative [49], a DMPO-O-gH;; [50], and a DMPO-@CgH3; spin adduct [51] a DMPO-
CeH11 carbon-centred adduct characteristic of the parent radig#d,<C[52] and a carbon
centred adduct which is possibly a DMPO-C(OH|53].

Intensity (a.u.)
G

3300 3320 3340 3360 3380 3400
B (Gauss)
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Fig. 6 (top) DMPO structure and coupling constants for simulation of therapébottom) deconvoluted EPR
spectra of DMPO spin adducts obtained during the decomposition of @HejRlohexane in the presence of
MB: (a) experimental spectrum and (b) simulated spectrum; (c) di-taftfitroxide derivative, (d) DMPO-O-
CeH1; spin adduct, (e) DMPO-ECeH;; adduct, (f) DMPO-gH;; carbon centred adduct, and (g) carbon centred
adduct, which is possibly a DMPO-C(OH)Bpecies.

Intensity (a.u.)

A\ — A— A A—"—A—(f)

3300 | 3?;20 | 33I40 | 33:60 | 33:80 | 34IOO

B (Gauss)
Fig. 7. Deconvoluted EPR spectra of DMPO spin adducts obtained during the deitiompof CHHP in
cyclohexane in the presence of thermally treated T-MB: (a) experiment&duspemnd (b) simulated spectrum;
(c) di-tert-butyl-nitroxide derivative, (d) DMPO-0Og8,; spin adduct, (e) DMPO-EC¢H;; adduct, and (f)
carbon centred adduct, which is possibly a DMPO-C(QIJicies.

Spectra simulation for MB and T-MB, led to the spin Hamiltonian parameters reported in
table 3. Moreover, as the line broadening of the two EPR spin trapping spectra for MB and
T-MB is the same, this allows a comparison of the relative amounts of species that have been
trapped. However, it should be underlined that the spin trapping technique only allows for
semi-quantitative determination of the detected adducts. This is a consequence of the life-
time of the spin adduct, the nature of the solvent, the temperature as well as the efficiency of
the capture reaction which is different for each radicd)l. [84t considering these limitations,

a quantification of the relative amount of spin adducts is possible and was carried out (table
3) with the aim to estimate differences in peroxyl and alkoxyl radicals concentration for MB
and T-MB.

Table 3. Coupling constants of DMPO spin adducts for the CHHP decompositizytiohexane by MB and

T-MB at room temperature (thermally treated values in bracket, n.d. = notedtec

Radical ay (G) an) (G) ang) (G) Amount of adducts (%)
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MB T-MB MB T-MB MB T-MB MB T-MB

nitroxide 1420 14.22 2.2 0.9
derivative

CeH11-0+ 13.36 13.40 6.02 6.01 1.90  1.90 83 71
CeH11-00¢ 1423 14.44 10927 11.46° 6.2 21
CeHize 1456  n.d. 20.46 n.d. 4.1 n.d.
R,(OH)C» 15.75 15.67 2561  25.67 4.5 7.1

(*) this difference in coupling constant is not considered significantlativo adducts can be considered the

same in both cases.

From these data T-MB presents a lesser amount (ca. 71%) of alkoxyl spin adduct radical if
compared to fresh MB (ca. 83%), and it also exhibits a much larger amount of peroxyl adduct
(by a factor of ca. 3) compared to fresh MB. These data well match with the reduced
selectivity to cyclohexanol that is observed for T-MB, and in turn confirm the pivotal role of
CHHP as intermediate for the formation of cyclohexanol for fresh MB. By comparison,
studies on the sole autoxidation of cyclohexane in the absence of any catalysts showed an
amount of DMPO-0-gH;; radical adductsfo50% and peroxyl radical adducts of DMPO-
0O,-CgH1; of ca. 43% [55] and a K/A ratio close to 1. Assuming a similar efficiency for the
spin trapping reaction from DMPO between these studies, the current set of dataashows
higher amount of gH11-O¢ species in solution when MB is used together with more alcohol.

Two further interesting features for the relative amount of spin adducts are observed when T-
MB is used: (i) a total disappearance @Hge parent radical, and (ii) an increased amount of
R2(OH)Ce adduct. As the latter species §OH)Ce) is likely to be a ring opening product

[56], this could link to adipic acid formation [57]. It is interesting to observe how the amount
of adipic acid is much higher for the thermally treated sample T-MB (ca. 20%) (table 1), and
nearly absent for fresh MB. This would provide a further match for the data we collected,
thus allowing to correlate spin trapping tests and the catalytic results. This is an important
aspect as the catalytic tests were carried out at®C4énd 3 bar of @ whereas the EPR

experiments were carried out at room temperature and atmospheric pressure.

3.3 Proposed reaction scheme for the oxidation of cyclohexane by MB

In view of these results, i.e. : (i) decomposition of CHHP by MB, (ii) existence of"4®to
Mo®* moiety as a centre of the catalytic activity, and an (iii) enhanced selectivi}B
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towards cyclohexanol; we propose a reaction scheme for the cyclohexanol formation
(Scheme 1):

H T
ROOH / \
\ (‘ R-\‘ /"0 \ | "\
[ " H [ 0 \\
. 0O S ! | —_— - | O _ —>~a  + RO
Mo Mo \, 0L | N, Mo Mo
AN \ Mo~ Mo / YO N
\ 3
\\ :‘ /, Hzo

Scheme 1Postulated reaction mechanism for the formation of cyclohexanlbé ioxidation of cyclohexane via
a CHHP intermediate catalysed by MB (for simplicity a fragment of MB mnépnsidered in this scheme, and

charges are also neglected)

It should also be noted that in this scheme we make explicit use ‘ofenkte (for simplicity
charges are omitted). This becausespecies are present in the stoichiometry of the MB that
we synthesised as counter ion of the Mo nanowheel-IMB"'1,gM0" 56046:H14(H20)70) .

In this scheme CHHP (ROOH) adsorbs over a Mo-O-Mo moiety or over a MoO(H)Mo unit.
This results in the cleavage of the O-O bond of CHHP and elimination of a water molecule.
An alkoxy radical (R®) remains adsorbed to a Mo centre, then by the presence of a proximal
CsH12 molecule (please note the reaction is carried out under solvent-free conditions) a H-
abstraction reaction occurs, with the formation of cyclohexanol and a parent ragtigal C

This parent radical then reacts with molecular oxygen under diffusion limitation control [60
to form a GH11-O,¢ species, which by further reaction witgHz, will form CHHP and so

on, to be a chain carrier for the catalytic cycle.

We would also like to stress the analogies of this mechanism with the cyclohexane oxidation
by Mn-AIPO-5 catalysts developed by Iglesia and co-workers [61], where these materials
showed enhanced selectivity to the alcohol, as well as decomposition of CHHP as a key
intermediate for the oxidation process. In our case though we do not consider the adsorption
of O, to MB as a possible reaction pathway (either as parallel or predominant route), like
proposed for AIPO catalysts. In fact, if we compare the adsorption rate wf & MoQ
surface in solution, to the reaction rate @Hge with molecular Q in solution, the latter is
basically a energetically barrierless process limited by diffusion only [60]. This fact, @dded
the minimal amount of MB used in our catalytic tests (metal to substrate molar ratio

1: 5.4-10), lead us to conclude that in our case molecugad3orbed over MB (if any) is

most likely not responsible for the catalytic cycle. And it is the molecular oxygen that is in

solution that takes part to the reaction instead.
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4. Conclusions

MB is a polyoxometalate capable of catalytic oxidation of cyclohexane to cyclohexanol as
major product. A key feature of the catalytic activity of MB is its electronic structure
comprising a M3"-O-Mo®" moiety. DRUV-Vis data analysis revealed a complex electronic
structure, with electron hopping between Wand MJ* centres via the oxygen bridge. By
removing lattice oxygen from MB via thermal treatment (T-MB), this increased the amount
of Mo®" into the catalyst, disrupting the NMeO-Mo®* linkage, but leaving the framework of

the nano-ring structure basically unmodified. If T-MB was used for the oxidation of
cyclohexane and compared with a fresh (thermally untreated) MB sample, the conversion
was basically the same for both of these materials; however the selectivity was substantially
altered. T-MB decreased the selectivity to the alcohol (the major product for fresh MB), and
led to a large formation of adipic acid (which was nearly absent for fresh MB).

The presence of a high amount of Moentres in both MB and T-MB appears to be at the
heart of the catalytic activity for these materials, yet it precluded the analysis of oxygen
species over the catalyst surface, and in turn the direct detection of an intermediate over the
catalyst surface. Nevertheless, we can deduce that an intermediate (CHHP in our case), has to
be bound over the MB surface. In fact, if this should not happen, the reaction would just be a
liquid phase autoxidation initiated by any Mo centre, and the product selectivity would be
expected to be the same for both MB and T-MB. However, the catalytic tests show otherwise.
In addition, by using EPR spin trapping experiments we showed that CHHP is involved in the
oxidation process of cyclohexane, and it is possible to correlate this intermediate to the
formation of cyclohexanol when MB is used. This allowed us to propose a reaction
mechanism in which CHHP is adsorbed over the catalyst surface in analogy with AIPO
catalysts [55], but with molecular oxygen that reacts wigH;@ radicals in liquid phase via

a diffusion limited route, rather than to be adsorbed over the catalyst surface.
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