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XAFS (X-Ray Absorption Fine Structure) 

 

Pu L3 XAFS measurements were performed at the INE-Beamline for actinide researchS1 at 

the Ångströmquelle Karlsruhe, ANKA. The ANKA storage ring is operated at 2.5 GeV 

electron energy with a mean electron current of 120 mA. A pair of Ge(422) crystals (2d = 

2.310 Å) is used in the double crystal monochromator (DCM). Higher harmonic radiation in 

the incident beam was suppressed by the two mirrors in the optics of the INE-Beamline and 

by detuning the parallel alignment of the DCM crystals to 70% of maximum photon flux 

intensity at the beginning of each scan. The incident intensity is measured by an Ar-filled 

ionization chamber at ambient pressure and held constant by a digital MOSTAB feedback 

unit. Spectra were recorded in standard fluorescence detection mode at room temperature 

using a 5-pixel low-E solid-state Ge detector and recording windowed Pu Lα fluorescence 

intensity as a function of incident energy. 

 For the XAFS measurements in solution, 0.4 ml of the blue-green THF solution of 6 

were filled into 0.4 ml capped polyethylene vials and mounted in a special air tight sample 

holder. The holder was loaded and sealed in an inert gas glove box, transported under Ar to 

the INE-Beamline and connected to an Ar supply line to guarantee constant inert gas flow 

during data acquisition. For the solid sample, 5 to 10 mg of the green-blue precipitate of 6 

were re-crystallized from acetonitrile/diethylether. The resulting green-blue crystals were 

crushed to a fine powder, then filled into a 0.4 capped polyethylene vial and mounted into the 

same holder. 

 Pu L3 spectra photon energies were calibrated by assigning the first inflection point of 

the Zr K-XANES for a Zr metal foil simultaneously measured with the samples to 17998 eV. 

Three to four scans were recorded in transmission and fluorescence mode using a five-

element Ge solid-state detector (Canberra LEGe type) and then averaged for subsequent 

analysis. 

 EXAFS oscillations were extracted and Fourier transformed (FT) using the Athena 

routine of the IFEFFIT software package (version 1.2.11).S2 Metric parameters describing the 

first coordination shell surrounding the Pu cation were obtained: coordination numbers 

(C.N.), interatomic distances (R), mean square radial displacements or EXAFS Debye-Waller 

factors (σ2), and relative shifts in ionization energy (∆E0). All fitting operations to data were 

performed in R space after Fourier transformation (k ranges: 1.84 - 12.08 Å-1 (solid-state) and 

1.93 - 10.16 Å-1 (solution); R range: 1.27 - 2.51 Å (solid state), 1.22 - 2.73 Å (solution)) using 

k weightings of 1, 2, and 3 and using symmetric square windows with dk = 0.2 Å-1 “Hanning 
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sills”. The amplitude reduction factor S0
2 was held constant at 1 during fits; E0 and Debye-

Waller factors were varied. Theoretically calculated scattering phase-shifts and backscattering 

amplitude functions were used in the fits. These were calculated with the ab initio multiple-

scattering code feff8.S3 A cluster composed of 81 atoms (e.g., the Pu cation, the ligand and all 

three triflate counter anions) with cartesian coordinates of the molecular structure of 6 (see 

main article) were used for the calculation. The EXCHANGE 3 2 1 control card in feff8 was 

specified (defines a Dirac-Hara local-density approximation for the real part of the 

photoelectron self-energy, a 2 eV real and 1 eV imaginary shift of the electron-gas estimated 

Fermi level), and muffin tins were automatically overlapped by default. The FT data was 

initially fit to the EXAFS equation using a model of one coordination shell containing N and 

O. Because these are Z + 1 elements, EXAFS cannot differentiate between them as 

backscattering nearest neighbors. Fits using N and those using O yielded essentially the same 

results. For all performed fits, the obtained r factor (overall goodness of fit) was 0.03 or 

smaller, which means that data and fit agree within 3% or better. 
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Table S1. Selected bond lengths [pm] and angles [°] of the compounds 1,a 2,a 3, 4, and 6.  

 1 (ligand)a 2 (Y)a 3 (La) 4 (Sm) 6 (Pu) 

M−NPy n.a. 2.544(4) 2.664(5) 2.582(6) 2.611(2) 

M−NPy n.a. 2.548(4) 2.695(5) 2.592(7) 2.622(2) 

M−NPy n.a. 2.549(4) 2.693(5) 2.592(6) 2.628(3) 

Av. M−NPy
b  n.a.  2.547(2) 2.68(1) 2.590(7) 2.620(7) 

M−NIm n.a. 2.539(4) 2.688(5) 2.585(6) 2.639(2) 

M−NIm n.a. 2.608(4) 2.707(5) 2.614(6) 2.646(2) 

M−NIm n.a. 2.672(4) 2.787(5) 2.706(6) 2.754(2) 

Av. M−NIm
b n.a. 2.61(5) 2.76(5) 2.64(5) 2.68(6) 

M−O n.a. 2.311(3) 2.437(4) 2.368(5) 2.411(2) 

M−O n.a. 2.320(4) 2.461(4) 2.382(5) 2.429(2) 

M−O n.a. 232(4)/237(2)* 2.48(1)/2.52(2)* 2.43(5)/2.45(3)* 2.541(2) 

P−NMe 1.668(3) 1.650(4) 1.658(5) 1.653(6) 1.673(2) 

P−NMe 1.674(3) 1.681(4) 1.693(5) 1.676(7) 1.678(3) 

P−NMe 1.676(4) 1.690(4) 1.695(5) 1.684(7) 1.679(3) 

P−S 1.912(2) 1.909(2) 1.906(2) 1.909(3) 1.917(1) 

NPy−M−NPy n.a. 73.8(1) 73.8(2) 73.6(2) 72.82(7) 

NPy−M−NPy n.a. 125.3(1) 129.0(2) 127.0(2) 131.93(7)

NPy−M−NPy n.a. 139.7(1) 143.9(2) 140.5(2) 138.07(8)

a M. W. Löble, M. Casimiro, D. T. Thielemann, P. Oña-Burgos, I. Fernández,  P. W. Roesky 
and F. Breher, Chem. Eur. J., 2012, 18, 5325. 
b The error in the average bond lengths is equal to the standard deviation in the three 
experimental values. 

* Disordered OTf positions. 
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Figure S2. Molecular structures of compounds 2-4; Anisotropic displacement parameters at 
the 30% probability level. Solvent molecules and disordered anion positions have been 
omitted for clarity. For selected bond lengths and angles see Table S1. 
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Figure S3. UV/Vis spectrum of 6 (black) and [Pu(H2O)9](OTf)3 (red, for comparison) in 
acetonitrile solution.
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Figure S4. UV/Vis spectrum of 6 in solid state (black) and in acetonitrile solution (red). 
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Figure S5. k2-weighted χ(k)-function (left panel, black data, red: back-transformed fit) and 

Fourier-transform (FT) (right panel, solid line: FT magnitude, thin solid line: FT imaginary 

part, black: data, re: R-space fit) for the Pu(III) compound [Pu(1)(OTf)3] (6) in the solid state 

(top) and in THF solution (bottom). 
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Table S3. Diffusion coefficients (D) and hydrodynamic radii (rH) for 2−6 at room 

temperature in d3-acetonitrile. 

 

Compound c [Mol/L] Nucleus Δ(ms) D (10-10 m2 s-1)a DC/DA
b

 rH (Å)c rX-ray 

3 (La)d 0.061 
1H 68-118 9.324 0.877 6.3 6.9 
19F 68.5-118.5 10.637 5.6 

2 (Y)e 0.061 
1H 68-118 9.022 0.788 6.6 6.4 
19F 68-118 11.455 5.2 

3 (La)d 0.030 
1H 68-117.5 10.015 0.852 6.2 6.9 
19F 67.5-117 11.748 5.3 

4 (Sm) 0.030 
1H 68-93 9.987 0.789 6.2 6.4 
19F 67.5-92.5 12.655 4.9 

5 (Lu) 0.030 
1H 68-93 9.704 0.725 6.4 n.a. 
19F 67.5-67.75 13.376 4.6 

6 (Pu) ~0.030 
1H 67.5-117.75 9.334 0.655 6.3 6.5 
19F 67.5-117.75 14.245 4.2 

a Error in experimental D value: ± 2 %.  

b For “perfect” ion pairing one would expect a DC/DA value of 1. For the Pu complex 6, a rH 

value for the cationic part of the complex of 6.3 Å was detected, which is very similar to the 

ones observed for the rare earth complexes (6.2 – 6.6 Å). However, the smallest rH value for 

the anionic part (4.2 Å) was observed for 6 furnishing a DC/DA value of 0.66 and, thus, the 

strongest tendency to form solvent-separated ion pairs within this series of complexes. In 

methanol, a solvent where ion pairing is minimal, the sizes (rH) of solvated [PF6]
− and [BF4]

− 

anions were estimated to be about 2.5 - 2.8 Å, whereas for the solvated [OTf]− anion the value 

is ca. 3.0 - 3.3 Å.S4 Assuming that the rH value of the cation remains at ca. 6.3 Å (which 

would imply the coordination of solvent molecules instead of [OTf]−), one can roughly 

estimate that the DC/DA value for “perfectly” separated ion pair approaches ca. 0.5. 

c Viscosity η = 0.363 x 10−3 kg m2 s−2 was taken from www.knovel.com.  

d The first entry for 3 was used for Figure 4 of the main article.  

e M. W. Löble, M. Casimiro, D. T. Thielemann, P. Oña-Burgos, I. Fernández, P. W. Roesky 

and F. Breher, Chem. Eur. J., 2012, 18, 5325. 

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013



Supporting Information 

Page S12 
 

References of the ESI 

                                                            
S1  J. Rothe, S. Butorin, K. Dardenne, M. A. Denecke, B. Kienzler, M. Löble, V. Metz, A. 

Seibert, M. Steppert, T. Vitova, C. Walther and H. Geckeis, Rev. Sci. Instrum., 2012, 

83, 043105. 

S2  M. Newville, J. Synchrotron Rad., 2001, 8, 322. 

S3  A. L. Ankudinov, B. Ravel, J. J. Rehr and S. D. Conradson, Phys. Rev. B: Condens. 

Matter, 1998, 58, 7565. 

S4  P. S. Pregosin, E. Martinez-Viviente and P. G. A. Kumar, Dalton Trans., 2003, 4007. 

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013



<<
  /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 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile 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 <>
    /ENG ()
    /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.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


