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EVIDENCE FOR THE FORMATION OF UO,(NO;),~
IN AN IONIC LIQUID BY EXAFS

Clotilde Gaillard,' Olga Klimchuk,> Ali Ouadi,” Isabelle Billard®, Christoph Hennig"

Figure S1: Scheme of UOz(nz-NO3)z(111-N 03)2]2'.
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Experimental procedure

Chemicals

The synthesis and purification of UO,(Tf,N); (solid at RT) and of [BMI][NOs] (liquid at RT)
have been published elsewhere.! Both compounds are highly hydroscopic, they were carefully
dried on a vacuum line before use.

Two IL solutions were analyzed:

i) UOy(Tf,N), was dissolved in dry [BMI][NOs] at a 10 M concentration. The solution
was then degassed under vacuum at 60°C for one night. The final water content,
measured by the Karl-Fischer technique after the XAS experiments, was found below
the detection limit (50 ppm).

ii) UO,(NOs),.6H,0 was dissolved in dry [BMI][NO;] at a 10 M concentration. As
before, the solution was degassed and the final water content was found below 50
ppm.

After degassing, solutions were immediately sealed in polyethylene containers to prevent any
water reabsorption, and kept away from the light. Due to high absorption of [BMI][NOs], it
was not possible to analyze these solutions by UV-spectroscopy.

EXAFS data analysis

EXAFS measurements were led at the ROBL-ESRF beamline, at ambient temperature,
using a double crystal Si(111) monochromator. Analysis were made at the U Ly (17166 eV)
edge in transmission mode using argon-filled ionization chambers. The monochromator
energy was calibrated by an yttrium foil (17038 eV). XAFS data reduction was made using
the Athena software.” Data analysis was carried out with the FEFFIT code,’ using phase and
backscattering amplitude functions generated with the FEFF 8.1 code,® using the crystal
structure of the cluster [UO,(NO;)4]* from Bradley et al.” Fits of the Fourier transform (FT)
k’-weighted EXAFS data to the EXAFS equation were performed in R-space between 0.8 and
4.3 A. The k-range used was 3.0-16.8 A™". Using these ranges, the distance resolution (i.e. the
minimal distance between two shells that can be resolved by the fit) is of 0.11 A. The
amplitude reduction factor (S¢”) was held constant to 1 for all fits. The shift in the threshold
energy (Eo) was allowed to vary as a global parameter for all atoms. In all fits, the
coordination number of the uranyl axial oxygen atoms (O,x) was held constant at two. The 2-
fold degenerated four-legged multiple scattering path U-Ouy-U-Onx; was included in the
curve fit by constraining its Debye-Waller factor and its effective path length to twice the
values of the U-O, single-scattering path. For all fits, coordination numbers of equatorial
oxygen atoms, nitrogen atoms and distal oxygen atoms arising from monodentate groups were
linked, the same procedure was applied for shells arising from bidentate nitrates. Multiple
scatterings contributions from nitrate groups were also taken into account and their
corresponding parameters were linked to those of single scatterings.

In order to conclude safely on the structure and stoechiometry of species present in
solution, it was necessary to test different structural models for the data fit. Indeed, the
number and coordination mode of nitrates bound to uranyl was not a priori known. We have
first considered that uranyl is bound only by bidentate nitrate groups. The unsatisfactory fit
obtained leads us to the conclusion that the mean coordination sphere of uranyl was formed
by a mixture of bidentate and monodentate nitrates. A significant improvement of the fit
quality is obtained using this model. Table S1 summarizes the main paths to be taken into
account for fitting the complex [UO,(#72-NO3)a(57'-NO3),]>.
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Table S1: Description of calculated paths by FEFF8 for the complex [UO(5>-NOs)(n'-
NOg)z]z', from ref.’

Path description® Distance (A) Amplitude ratio from FEFF®

U-O,x 1.765 100

U-O.q monodentate 2.428 39
U-O¢q bidentate 2.525 35
U-N bidentate 2.968 20
U-N monodentate 3.329 14
U-Ogista monodentate 3.412 13
U-O¢q-N monodentate 3.530 12
U-O,x-U-Oax 3.529 69
U-Oyistal bidentate 4.178 6
U-Ogistai-N bidentate 4.178 20
U-N-Oyisia-N bidentate 4.178 15

(a) “ax” is for “axial”, “eq” is for equatorial, “monodentate” and “bidentate” indicate the
mode of nitrate groups complexation in the uranium equatorial shell.

(b) Paths amplitude is normalized with respect to the highest amplitude, which is set to
100%.

In the following, fit results of different models are exposed, and the corresponding fit
spectra are given in figures S2 and S3. For all models, coordination numbers are fixed, other
parameters being fitted. Goodness of the fit is expressed by the “r-factor” and the reduced x>
which are defined in ref.’

UO,(NO3)3 in [BMI][NO3]

According to species in solution, uranium (VI) can be coordinated only by nitrates groups,
bound either in a bidentate or monodentate fashion.

NB: in the following tables, * indicates fixed parameters during the fit, # are linked
parameters.

Errors on coordination number N is = 20%, on interatomic distance R = 0.01 A, on Debye-
Waller factor is + 0.001 A2,

1) U(VI) is coordinated only by bidentate nitrate groups
Model 1: number of bidentate groups fitted
Model 2: number of bidentate nitrates groups fixed to 3

<hell Model 1 Model 2
N R (A) o? (Az) N | R (A) c? (Az)
U-Ogxial 2% 1.77 0.001 2% 1.76 0.001

U-Ocg-bidentate | 4.7 2.53 0.008 | 6* | 2.53 0.009
U-Npidentate 24" | 2.92 0.005 | 3* | 2.92 0.005
U-Ouistbidentate | 2.4° | 4.19 0.004 | 3* | 4.19 0.006

Eo (eV) -9 -9
Rfactor 0.03 0.03
Reduced y? 77 77
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i1)  U(VI) is coordinated by a mixture of monodentate and bidentate nitrate groups

Model 3: N fixed, 2 bidentate + 2 monodentate nitrate groups, total equatorial N = 6;
Model 4: N fixed, 1 bidentate + 3 monodentate nitrate groups, total equatorial N = 5;
Model 5: N fixed, 2 bidentate + 1 monodentate, total equatorial N = 5.

Model 3 Model 4 Model 5
shell R G2 R c? R o2
N N N
A | Ay A 1 Ay A | A»
U-Ogyial 2% 1 1.76 | 0.001 |2*| 1.76 | 0.001 2% 1.76 1 0.001

U-Ocg-monodentate | 2% | 2.39 | 0.006 | 3* [ 2.46 | 0.009 | 1* | 2.3510.003
U-Ocg-bidentate | 4* | 2.53 | 0.004 | 2* | 2.55 | 0.002 | 4* | 2.52 ]0.004
U-Nbidentate 2% 1292 | 0.005 | 1*] 295 [ 0.005 | 2* ] 2.93 ]10.005
U-Nmonodentate | 2* | 3.18 | 0.005 |3* | 3.21 [ 0.009 | 1* | 3.40 | 0.004
U-Odist-monodentate | 2* | 3.42 | 0.003 | 3* | 3.40 | 0.004 | 1* | 3.43 ]0.003
U-Odist-bidentate | 2* | 4.19 | 0.004 | 1*] 4.19 | 0.002 | 2* ] 4.19 | 0.004

Eo (eV) 10 9 10
R tactor 0.01 0.02 0.01
Reduced 29 45 30

Strong improvement of the fit is observed when considering 2 bidentate nitrates groups,
versus 3 or 1 bidentates groups. The best fit corresponds to model 3, i.e. a 1:4 stoechiometry
with 2 bidentates and 2 monodentates nitrate groups bound to uranyl. Although the fit for
model 5 looks good, results on distances for the monodentate nitrate group have no sense, the
U-N distance being similar than the U-Ogig one.
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Figure S2: EXAFS and corresponding Fourier Transform spectra obtained for the sample of
uranyl nitrate in [BMI][NOs]: black dots and line = experimental data, coloured lines = tested
fit models described in previous tables.

UO,(Tf,N), in [BMI][NO;]:

As explained in the main part of the article, it is very unlikely that Tf,N™ anions remain in the
U(VI) coordination sphere: these anions have no affinity for uranyl and are removed from the
U(VI) coordination sphere at much lower nitrate concentration.® Therefore, we have
considered the sole presence of nitrate ions in the uranium coordination sphere, as for the
previous sample.
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NB: in the following tables, * indicates fixed parameters during the fit, # indicates linked
parameters.

Errors on coordination number N is + 20%, on interatomic distance R = 0.01 A, on Debye-
Waller factor is + 20%.

1) U(V]) is coordinated only by bidentate nitrate groups
Model 1: number of bidentate groups fitted,
Model 2: 3 bidentate nitrate groups as fixed parameter

hell Model 1 Model 2
she N |RA) | o2& | N | RA) | 02 (A
U-Ogxial 2% 1.76 0.002 | 2* 1.76 0.002
U-O¢q-bidentate 5.1 2.50 0.009 | 6* 2.51 0.011
U-Nbjidentate 25" | 2.97 0.005 | 3* | 2.97 0.005
U-Odistbidentate | 2.5" | 4.18 0.004 | 3* 4.19 0.005
Eo (eV) _10 10
Rfactor 0.05 0.05
Reduced y? 17 17

i) U(VI) is coordinated by a mixture of monodentate and bidentate nitrate groups;

Model 3: N fixed, 2 bidentate + 2 monodentate nitrate groups, total equatorial N = 6;
Model 4: N fixed, 1 bidentate + 3 monodentate nitrate groups, total equatorial N = 5;
Model 5: N fixed, 2 bidentate + 1 monodentate, total equatorial N = 5.

Model 3 Model 4 Model 5
shell NIRA | @) [N RA) |2y | N | B O
A | A
U-Oayial 2% 1.77 | 0.002 [2*] 1.77 | 0.002 2% 1.77 1 0.002
U-Oeg-monodentate | 2% | 2.38 | 0.008 |3*| 2.46 | 0.010 1* | 2.35 ]0.004
U-Ocqobidentate | 4% | 2.53 | 0.006 [2*] 2.54 | 0.004 4* | 2.51 ]0.005
U-Nbidentate 2% 297 | 0.005 [1*] 298 | 0.005 2% | 2.97 ]0.005
U-Nmonodentate | 2% | 3.25 | 0.010 | 3*] 3.28 [ 0.010 1* | 3.46 ]0.008
U-Odist-monodentate | 2* | 3.45 | 0.005 |3*| 3.45 | 0.005 1* | 3.47 10.003
U-Odist-bidentate | 2% | 4.19 | 0.004 | 1*]| 4.21 0.002 2% | 4.19 ] 0.004
Eo (eV) -10 -9 -10
Rfactor 0.03 0.04 0.04
Reduced y? 14 17 17

As for the previous sample, a significant improvement of the fit is observed when considering
only 2 bidentate nitrate groups bound to uranium (VI), versus 1 or 3 bidentate groups (see R-
factors and fit spectra on the FT at distance above R+A = 2.5 A). Then, the best fit is obtained
considering 2 bidentate and 2 monodentate nitrate groups. Here again, model 5 leads to
unrealistic U-Nonodentate DONd distance.
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Figure S3: EXAFS and corresponding Fourier Transform spectra obtained for the sample of
UOy(Tf;N), in [BMI][NOs]: black dots and line = experimental data, coloured lines = tested
fit models described in previous tables.

References

1. L. Billard, S. Georg, A. Ouadi, C. Gaillard, M. Picquet, V. Solov’ev and L. Petitjean, J.
Phys. Chem. B, 2010, 114, 4276.

2. B. Ravel and M. Newville, J. Synchrotron Rad., 2005, 12, 537.



Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2012

Supplementary Information

3. M. Newville, B. Ravel, D. Haskel, J. J. Rehr, A. Stern and Y. Yacoby, Physica B,
1995, 208-209, 154.

4, A. Ankudinov and J. J. Rehr, Phys. Rev. B, 2000, 62, 2437.

A. E. Bradley, C. Hardacre, M. Nieuwenhuyzen, W. R. Pitner, D. Sanders, K. R.

Seddon and R. C. Thied, Inorg. Chem., 2004, 43, 2503.

6. C. Gaillard, A. Chaumont, I. Billard, C. Hennig, A. Ouadi, S. Georg and G. Wipft,
Inorg. Chem., 2010, 49, 6484.

e




<<
  /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


