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Chemicals 

DMPO, PBN, MoO3, Cr2O3, WO3 and other chemicals were purchased from Aldrich 

and used without further purification. 

 

 

Spin trapping reactor 

 

The spin trapping reactor was made of a stainless steel tube with internal diameter of 

4.83 mm with the catalytic bed of the metal oxide (20 mg) placed above a silica wool 

layer at the bottom. The silica wool layer was placed on a metal grid in order to avoid 

any transfer or the metal oxide to the spin trapping solution. The thickness of the 

metal oxide layer was ca. 1 mm. The reactor was fed from the top via a saturator 

containing the substrate under N2 flow. The reactor was heated up to 180 °C via 

heating tape. The bottom of the catalytic bed was monolithically joined to a tube of an 

internal diameter of 2.23 mm in order to increase the linear velocity of the effluents, 

and cooled using a brass heat exchanger fed with cold water. This allowed cooling the 

reactor effluents from 180 °C to 22 °C. The reactor outlet was then joined to a PTFE 

tube (the standard tests were carried out on a Swagelock OD 1/8”, ID 2.23 mm which 

has the same dimensional values of the stainless steel) immersed in a toluene/DMPO 

solution. The solution was then concentrated and analysed via X-band EPR 

spectroscopy. 

 

Using these reactor dimensions, it is possible to calculate the time of flight of the 

radical species (50 to 25 ms moving from 500 to 1000 mL/min inlet flow) and the 

time of contact of the substrate with the catalytic bed (2.2 to 1.2 ms moving  from 500 

to 1000 mL/min). It should be noted that an inlet flow of 1000 mL/min lead to a gas 

hourly space velocity (GHSV) of ca. 3.3×109 h-1, which is 104 - 106 times higher than 

the typical values used in gas phase microreactors to evaluate conversion and 

selectivity of an heterogeneous catalyst. However, this high value is needed to ensure 

fast transport of the radicals into trapping solution which is essential for detected. The 

lifetime of the radicals in gas phase was evaluated as ca. 20-80 ms depending on the 

species trapped (see figure S3). 



Supplementary Material (ESI) for Chemical Communications 
This journal is (c) The Royal Society of Chemistry 2010 

 4

 

 

GC analysis of the reactor effluents 

 

To emulate the spin trapping reaction conditions, MoO3 (20 mg) was used at 180 °C 

with an air inlet flow of 1000 mL/min. The saturator was fed with 4 mL of 

cyclohexane heated to 40 °C. The reactor effluents were condensed and collected in a 

cold trap at 0 °C. The reaction mixture was analysed by gas chromatography using a 

Shimadzu instrument with an initial column temperature of 50 °C and a final column 

temperature of 350 °C. The temperature ramp was 5 °C/min and the final temperature 

was held for 20 min. Injector and detector temperatures were both 350 °C. The 

column used to carry out the separation was a Zebron ZB-5 w/guardian, (30m length, 

0.25 mm internal diameter and 0.25 μm film thickness). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1: GC analysis of the reactor effluents for the oxidation of cyclohexane over 

MoO3 at 180 °C in air. The peak at 2.9 min is cyclohexane and the peaks at 3-4 min 

are cyclohexane impurities. Cyclohexanol and cyclohexanone were identified in trace 

amount (ca. 0.5%) at 5.9 and 6.1 min respectively. The identification of 

cyclohexanone and cyclohexanol was carried out using standard mixture containing a 

10% v/v of cyclohexanol and cyclohexanone in cyclohexane. 
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EPR and spin trapping experiments 

 

X-band EPR spectra were recorded at room temperature in deoxygenated toluene, 

using a Bruker ESP-300E spectrometer. The typical instrument parameters were as 

follows: centre field 3485 G, sweep width 100 G, sweep time 82 s, time constant 20 

ms, power 5 mW, modulation frequency 100 kHz, modulation width 0.97 G. 

Quantitative spectral analysis was carried out using WinSim software.1 

 

The spin trapping experiments were performed as follows: the reactor effluents were 

collected in a DMPO/toluene solution (50 μL of DMPO in 2 mL of toluene). The 

collection was carried out up to total consumption of the substrate in the saturator (23 

min were required when cyclohexane was used, saturator heated at 40 °C at inlet flow 

of air or N2 of 1000 mL/min). The resulting solution was then concentrated using a 

rotary evaporator to a final volume of 200 μL, transferred into a glass tube and 

deoxygenated by bubbling nitrogen for ca. 1 min before recording the EPR spectra. 
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Spin trapping under aerobic conditions 
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Figure S2: EPR spectrum deconvolution of the spin adducts obtained during 

cyclohexane oxidation over MoO3 at 180 °C in aerobic conditions. (a) experimental 

spectra and (b) simulated spectra. Several species can be identified:  

(e) DMPO-O-C6H11 spin adduct (aN=12.85, aH(β)=7.24, aH(γ)=1.82 G)2, (f) DMPO-OO-

C6H11 adduct (aN=13.70, aH=10.70 G)3, (g) DMPO-OH (aN=14.90, aH=12.31 G)4, (h) 

unidentified carbon centred radical adduct (aN=14.82, aH=16.08 G) and (i) DMPO-

C6H11 adduct (aN=13.98, aH=21.39 G)5. 

 

Two further species were observed: (c) a species with aN = 14.03 G, which is a di-tert-

butyl-nitroxide derivative, that can form by oxidation of DMPO 6 and a second 

species (d) with coupling constant aN = 14.42, aH = 2.76 G. Both of these could arise 

from the high amount of peroxyl radicals present in solution. 
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Figure S3: EPR spin trapping control experiments, using feeding the reactor with (─) 

cyclohexanol, (─) cyclohexanone and (─) reactor with no catalyst. In all cases a small 

amount of radicals is detected, containing mainly peroxyl species. 
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Lifetime of the radicals in gas phase 

 

Evaluation of the lifetime of the trapped radicals is possible by evaluation of the spin 

adduct intensities measured under the same experimental conditions, but using reactor 

outlet of different length/diameter in order to increase the time of flight from the 

catalytic bed to the spin trapping solution. The following extension outlets were used: 

(a) 5 cm x 2.23 mm (ID), (b) 25 cm x 2.23 mm (ID) and (c) 10 cm x 10 mm (ID). This 

led to the increase of the time of flight from (a) 24.6 to (b) 61.5 and (c) 483.6 ms 

respectively. Evaluation of the intensities for C6H11-OO·, C6H11-O· and C6H11· spin 

adducts with DMPO, made it possible to obtain the following decays: 
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Figure S4: spin trapping intensity decay for (■) ROO·, (●) RO· and (▲) C6H11· 

DMPO spin adduct moving from 24.6 to 483.6 ms of time of flight. The first order 

interpolation decay of the signal led to the following radical life time, expressed as 

t1/2: ROO· 98 ms, RO· 17 ms and C6H11· 20ms. 
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Figure S5: EPR spectrum deconvolution of the spin adducts obtained during 

cyclohexane oxidation over MoO3 at 180 °C in anaerobic conditions. (a) experimental 

spectrum and (b) simulated spectrum. (e) DMPO-O-C6H11 adduct (aN= 12.85, aHβ= 

7.30, aHγ=1.85 G), (f) DMPO-OO-C6H11 adduct (aN=13.83, aH=10.87 G), (g) DMPO-

OH adduct (aN=14.11, aH=12.74 G) and (h) DMPO-C6H11(aN=13.95, aH=21.4 G). 

 

Also in this case DMPO derivative adducts are identified: (c) species aN = 14.02 G 6 

and (d) aN = 14.42, aH = 2.02 G. 
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Figure S6: spin adducts spectra for the cyclohexane oxidation in air at 180 °C over: 

(─) MoO3, (─) Cr2O3 and (─) WO3, using DMPO as spin trap. As long as the oxygen 

lattice mobility of the metal oxide decrease, a simplified spin adduct spectrum 

appears, up to disappearance of carbon and alkoxyl adduct and traces of peroxyl 

adduct (the latter compatible with empty reactor) 
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Figure S7: spin adducts spectra for the cyclohexane oxidation in air at 180 °C over: 

(─) MoO3, (─) Cr2O3 and (─) WO3, using PBN as spin trap. Also in this case, as long 

as the oxygen lattice mobility of the metal oxide decrease, a lower spin adduct 

formation is detected. PBN allow to identify: peroxyl species (aN=13.69 aH=1.83 G)8 

and adducts of carbon-centred radicals (aN=14.14, aH=3.60 G)9 
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Figure S8: spin adducts spectra for the n-hexane oxidation in air at 180 °C over: (─) 

MoO3, (─) Cr2O3 and (─) WO3, using DMPO as spin trap. Similarities with the 

species detected using cyclohexane as substrate are present: a ROO· adduct 

(aN=13.67, aH=10.78 G)2, a RO· adduct (aN=13.11, aH(β)=8.24, aH(γ)=1.72 G)3, ·OH 

(aN=13.71, aH=12.33 G)4, a carbon centred adduct characteristic of C6H11· (aN=14.49, 

aH=20.30 G)5 and unidentified carbon centred radical adduct (aN=14.19, aH=16.76 G). 

 

Also in this case DMPO derivative adducts are identified as in the case of 

cyclohexane: species aN = 13.90 G 6 and aN = 14.22, aH = 2.34 G. 

 

However, it should be noted that investigation of the oxidation of n-alkyl species are 

much more challenging and beyond the current applicability of the spin traps used. In 

fact, in such case primary and secondary carbon centred radicals can easily be 

obtained with a wide series of products formation as well as decarboxylation of the 

substrate. Nevertheless, it is possible to observe a decrease in complexity of the spin 

adducts formation moving from MoO3 to WO3 thus supporting a general behaviour of 

these metal oxide versus alkanes oxidation with the common feature of incorporation 

of oxygen from the metal oxide lattice to the radicals involved in the oxidation 

reaction.  
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Figure S9: EPR spectrum deconvolution of the spin adducts obtained during 

cyclohexane oxidation over MoO3 at 180 °C for the spectra in Figure 2a of the 

manuscript main body. (a) experimental spectrum and (b) simulated spectrum. Several 

species can be identified:  

(e) DMPO-O-C6H11 spin adduct (aN=12.85, aH(β)=7.24, aH(γ)=1.64 G), (f) DMPO-OO-

C6H11 adduct (aN=13.70, aH=10.70 G), (g) DMPO-OH (aN=14.90, aH=12.31 G), and 

(h) DMPO-C6H11 adduct (aN=13.95, aH=21.40 G). 

 

Two further species are deconvoluted: (c) a species with aN = 14.0 G, which is a di-

tert-butyl-nitroxide derivative, that can occur by oxidation of DMPO 6 and a second 

species (d) with coupling constant aN = 14.40, aH = 2.70 G.  

 

 



Supplementary Material (ESI) for Chemical Communications 
This journal is (c) The Royal Society of Chemistry 2010 

 14

References 

 

1) WinSim software is available trough: http://epr.niehs.nih.gov/pest.html. 

2) S. L. Baum, I. G.M. Anderson, R. R. Baker, D. M. Murphy and C. C. 

Rowlands, Anal. Chim. Acta, 2003, 481, 1. 

3) M. J. Davies and T. F. Slater, Biochem. J., 1986, 240, 789. 

4) B. Kalyanaraman, C. Mottley and R. P. Mason, J. Biochem. Biophys. 

Methods, 1984, 9, 27. 

5) E. G. Janzen, C. A. Evans and J.-P. Liu, J. Magn. Reson., 1973, 9, 513. 

6) A. G. Jantzen and B. J. Blackburn, J. Am. Chem. Soc., 1969, 91, 4481. 

7) G. R. Buettner, Free Rad. Biol. Med., 1987, 3, 259. 

8) N. Ohto, E. Niki, Y. Kamiya, J. Chem. Soc., Perkin Trans. 2, 1977, 1770. 

9) W. A. Pryor, M. Tamura and D.  F. Church, J. Am. Chem. Soc., 1984, 106, 

5073. 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


