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The structure of the extraction complexes of light lanthanides (La(lll), Nd(1ll), Eu(lll)) with bis(2,4,4-trimethylpentyl)-
dithiophosphinic acid (HBTMPDTP) have been characterized with extended X-ray absorption fine structure
spectroscopy (EXAFS), IR, and MS; the IR spectrum of the extraction complex of 22!Am with HBTMPDTP has
been studied too. The molecular formula of the extraction complexes of lanthanides is deduced to be HML,-H,0
(M = La, Nd, Eu; L = anion of HBTMPDTP). The coordination number of Ln(lll) in the complexes is 8; the
coordinated donor atoms are 7 sulfur atoms from 4 HBTMDTP molecules and 1 O atom from a hydrated water
molecule. With the increase of the atomic number of Ln, the coordination bond lengths of Ln—0 and Ln—S decrease
in the complexes. For La(lll), Nd(lll), and Eu(lll), the coordination bond lengths of Ln—0O are 2.70, 2.56, and 2.50,
respectively, the coordination bond lengths of Ln—S are 3.01, 2.91, and 2.84, respectively, and the average distances
between Ln and P atoms are 3.60, 3.53, and 3.46, respectively. The structure of the extraction complexes of Ln(lll)
with HBTMDTP s different from that of the Am(Ill) extraction complex. The results of IR show that there is no
water coordinated with Am in the extraction complex. The molecular formula of the complex of Am(lll) is deduced
as being HAmL,, and there are 8 S atoms from 4 HBTMPDTP molecules coordinated with Am. Composition and
structure differences of the extraction complexes may be one of the most most important factors affecting the
excellent selectivity of HBTMPDTP for Am(1ll) over Ln(lll).

Introduction the efficiency of the transmutation process. However, due
to the almost identical chemical and physical properties of

the main long-term radioactive hazard of nuclear waste from Am(lIl), Cm(lll), and Ln(lll), it is very difficult .to separatg
Am(IIl) and Cm(lll) from Ln(lll). Many studies on their

nuclear power generation. One strategy for reducing the main ion h b ied d reviewed in deiail
long-term hazard of radioactive wastes is to separate MA separation have been carried out and reviewed in .
from high-level liquid waste (HLLW) and transmute them is well-known that the extractants containing so-called soft
into short-lived or stable nuclides by nuclear reactions in donor atoms (N and S) have a certain selectivity for An(lll)

3-6 - -
nuclear reactors or accelerator-driven transmutation syétems.over Il_n(III).b_I_ This e:ﬁ_ct Czn be ?xplzﬁneg_ by E greater
In a transmutation fuel cycle, the separation of actinides from complex stability (metatligand covalent bonding) between

fission product lanthanides (Ln), which constitute nearly 30% the transplutonides(ill) and th_e soft donor I|gands_. However,
of the mass of fission products, is necessary, because soméhere. are few structura_l studies on thos_,e_ extraction systems
lanthanides have a very high neutron absorption cross section"’md little cI(_ear explanation on the selectivity for An(ll) over
thus act as neutron poisons, absorbing neutrons and reducinJIn(”I) published up to now. In 1995, Zfidfound that bis-
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Table 1. Structural Data for Eight Coordinate Tetrakis Complé%es characterization of the complexes of Ln(lll) with,f/RS™
R M Dw-dA Du A Dy.s—DupA  Rumy/A from or in water solutipn has not been reported up to date.
Et Lal)  2.981 3578 0.60 116 As a part of our ongoing stucﬁes on the sepqratlon of Am-
EtO La(lll)  2.989 3.581 0.61 1.16 (1) from Ln(ll) in water solution, we are making an effort
meo (CZE((IIIIB %—ggé g-gzg g-gg ﬂj to investigate the structure of the extraction complexes of
e e . . . . .
Me Pr(ll) 2,976 3589 061 113 Ln(III)_and Am(l11) Wlth HBTMPDTP. _
PrO  Nd(ll)  2.984 3.577 0.59 111 Besides X-ray diffraction (XRD}? techniques such as
PrO. Ho(ll) ~ 2.865  3.478 0.61 1.02 infrared spectroscopy (IR}, nuclear magnetic resonance
Et Er(lll)  2.859 3.478 0.62 1.00 1213 .
MeO  Er(ll)  2.856 3.470 0.59 1.00 (NMR),*>*3and fluorescence spectroscé‘b’fare th_e major
EtO Er(lll)  2.858 3.471 0.61 1.00 tools for f-element compound structural investigation. In
Me  Tm(l) 2870  3.487 062 0.994 recent years, the application of synchrotron-based EXAFS
~2R: substitutive group, alkyl or alkoxyl group. M: metal ioBa—g: is becoming the most important method to characterize
distance from A to BRwq: the radii of the metal ion M(Ill). lanthanide and actinide complexes, because extended X-ray

. . . . absorption fine structure (EXAFS) can provide information
(2,4,4-trimethylpentyl)dithiophosphinic acid (HBTMPDTP, on coordinating atoms, coordination numbers, and the

purified Cyanex301) has excellent selectivity for Am(Ill) - yistances of the chosen atoms to their nearest neighbors.
over Ln(lll); the separation factor is over 5000. Eurther_stl_de Recently a few papers have reported studies on the com-
shows that the structure of the alkyl group of dialkyldithio- plexes of Np and transplutonium elemeHtg? In earlier
phosphinic acid has substantial effect on extraction POWer . ork we have studied the structure of two extraction
but has no strong effect on the .sglectivity for_Am(III) OVer  complexes of Am(IIl) with HBTMDTP and Am(Ill) with
L'n(III).9. T,O unders.ta.md the ongin 9f the differences in di-n-octyldithiophosphinic acid (HDODTP) using EXAFS.
dialkyldithiophosphinic _aC|d extraction process betV\_/een The EXAFS results indicate that the two extraction com-
An(lll) and _Ln(III), S“_*dy'“g the structure of the extraction plexes have similar eight coordinate tetrakis structure which
complexes is essential. o are analogous to the structure of the complexes of Ln(lll)
The complexes of Ln(lll) with ligands where the donor \uith sulfur bidentate ligands RS~ and (RO)PS reported
atoms are sulfur are considered to be unstable, because thg, (efs 10 and 24. We report here an EXAFS, IR, and MS
ions of f-block transition elements are hard acids and sulfur study on the structure of the extraction complexes of light
atoms are soft bases. Pinkertorand co-workers have | n(j|y with HBTMPDTP in comparison with the structure

prepared and characterized a number of complexes in thepf the extraction complex of Am(lll) to explain the excellent
crystalline state of the trivalent lanthanides with the sulfur selectivity for Am(lIl) over Ln(lll).

donor chelating dithiophosphinate;/%~, and dithiophos-
phate, (ROPPS ™, ligands. These complexes of dithiophos- Experimental Section
phinate ligands (R= methyl, ethyl) and dithiophosphate (R

= methyl, ethyl, propyl) ligands with Ln(lll) are prepared (A) Solution and Sample Preparation.The sample preparations

e " ... were operated at the Institute of Nuclear Energy Technolo
under anhydrous conditions and are sensitive to humidity. (INET) stinghua University, Beijing. CyanexSOlg);)rovided bgy

Characterlzed. by_X—ray diffraction (XRD),these complexes Cytec Canada Inc., which mainly consists ©80% bis(2,4,4-
f"lre tetrakis anionic complexes [LnS)4] N and the Ln(lIl) trimethylpentyl)dithiophosphinic acid, was purified as in ref 8. The
ions are surrounded by 8 sulfur atoms in an almost perfect
D,y dodecahedral configuration. Table 1 lists some bond (11) Auwer, C. D.; Charbonnel, M. C.; Drew, M. G. B.; Hudson, M. J.;
lengths of these eight coordinated tetrakis complexes. The :%/esonl,I F"\)l EIB_.; l¥ﬁdic, CI.D;l Nierliéhh, M2 (I):'Or(elsggni‘ll\g.?Ti;‘l 556\/6" R.;
H : H : ussell, . L. uery, norg. em A — .
average coordination bond length of £8 in these eight  15) geethon, C.; Chachaty, Gobent Extr. lon Exch1995 13, 781.
coordinated tetrakis complexes decreases as the atomigi3) Meinrath, G. JRadioanal. Nucl. Chem. Lett994 186, 257.

number of Ln increases. A study on the preparation and (14 é‘l";““rav T.; Choppin, G. RJ. Alloys Compd.1994 213214, 313~

(15) Kim, J. I.; Wimmer, H.; Klenze, RRadiochim. Actal991 54, 35.
(4) (a) Musikas, C. Actinide-lanthanide group separation using sulfur and (16) Prins, R.; Koningsberger, D. EX-ray Absorption, Principles, Ap-

nitrogen donor extractants. Kctinide/Lanthanide Separations, Pro- plications, Techniques for EXAFS, SEXAFS, and XAN@&Xey-
ceedings of the International Symposjuronolulu, HI, 16-22 Dec Interscience: New York, 1988.
1984; Choppin, G. R., Navratil, J. D., Schulz, W. W., Eds.; World (17) Soderholm, L.; Williams, C.; Skanthakumar, S.; Antonio, M. R.;
Scientific: Singapore, 1985; p 19. (b) Musicas, C.; LeMarois, G.; Conradson, S. ZPhys. B Condens. Matted996 101, 539.
Fittoussi, R.; Cuillerdier, C. Properties and uses of nitrogen and sulfur (18) Soderholm, L.; Skanthakumar, S.; Staub, U.; Antonio, M. R.; Williams,
donor ligands in actinide separations.Awtinide SeparationsACS C. W. J. Alloys Compd1997, 250, 623.
Symposium Series 117; Navratil, J. D., Schulz, W. W., Eds.; American (19) Revel, R.; Auwer, C. D.; Madic, C.; David, C.; Fourest, B.; Hubert,
Chemical Society: Washington, DC, 1980; p 130. S.; Le Du, J. F.; Morss, L. Rnorg. Chem 1999 38, 4139.
(5) (a) Ensor, D. D.; Jarvinen, A, H.; Smith, B. Sobent Extr. lon Exch (20) Allen, P. G.; Bucher, J. J.; Shuh, D. K.; etlaorg. Chem200Q 39,
1988 6, 439-445. (b) Smith, B. F.; Jarvinen, G. D.; Jones, M. M; 595-601.
Hay, P. J.Sobent Extr. lon Exch1989 7 (5), 749-765. (21) Clark, D. L.; Conradson, S. D.; Ekberg, S. A.; Hess, N. J.; Neu, M.
(6) Kolarik, Z.; Mllich, U. Sobent Extr. lon Exch1997 15 (3), 361 P.; Palmer, P. D.; Runde, W.; Tai, C. D. Am. Chem. Sod.996
379. 118 2089-2090.
(7) Yongjun, Z.Radiochim. Actal995 68, 95—98. (22) Allen, P. G.; Bucher, J. J.; Shuh, D. K.; etlorg. Chem 1997, 36,
(8) Yongjun, Z.; Chen, JSokent Extr. lon Exch1996 14 (1), 61-68. 4676-4683.
(9) Guoxin, T.; Yongjun, Z.; Jingming, XSobent Extr. lon Exch2001, (23) Clark, D. L.; Conradson, S. D.; Neu, M. P.; Palmer, P. D.; Runde,
19 (6), 993-1005. W.; Tai, C. D.J. Am. Chem. S0d.997, 119 5259-5260.
(10) Pinkerton, A. A.; Schwarzenbach, D.; Spiliadis)r&rg. Chim. Acta (24) Guoxin, T.; Yongjun, Zh.; Jingming, X.. Alloys Compd2002 334
1987 128 283-287 and references therein. 1-2, pp 86-91.
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organic solutions were prepared by dissolving weighed quantities negative and positive ion modes, and the selected region was from
of extractant in toluene. The nitrate solutions of La, Nd, and Eu 200 to 5000 au.

were prepared by dissolving the oxides of La, Nd, and Eu into 2 (D) EXAFS Data Collection and Analysis.X-ray absorption

M HNOgs, removing the excess HNQunder vacuum (about 20 spectra at the |, edge were collected at the Beijing Synchrotron

mmHg) at 80°C, and finally dissolving ird 1 M NaNG;. La;Os, Radiation Laboratory on wiggler beam line 4W1B under dedicated
Nd;Os;, and EuOs were provided by Yuelong Facility, Shanghai, ring conditions (2.2 GeV, 48110 mA) using a Si(111) double-

China, with purity better than 99.99%. The radionuck\m as crystal monochromator. The higher order harmonic content of the
a nitrate solution was obtained from the Institute of Atomic Energy, beam was rejected with detuning the crystals in the monochromator
Beijing. by about 50% of its maximum at the scan ending energy. The

The extraction complexes of Ln(Ill) were prepared by combining vertical slit width was 0.5 mm, which reduces the effects of beam
5 mL of 0.3 M Ln(NG;)3in 1 M NaNGO; solution with 5 mL of 0.5 instabilities and monochromator glitches while providing photon
M HBTMPDTP in toluene saponified to about 25 mol % with 4 M flux. Spectra were collected in transmission mode using 75% N
NaOH or 25% ammonia before used. After centrifugation and phase 25% Ar filled ionization chamber detectors. Energy calibration was
separation, the organic phase was sampled to measure the massarried out with using Cr foil (5994.6 eV) for the La and Nd edge
spectrum on a PE MS 3000 mass spectrometer. For EXAFS and Fe foil (7131.3 eV) for the Eu edge. The path length of the
measurement, after the solvent in the organic phase samples wasells was designed to be changeable so that the edge jump and the
removed under 10 mmHg below 6C, the very viscous residue  beam strength transmitted by the samples can achieve optimum
was mixed with aboul g of solid paraffin wax. In EXAFS values during data collection. Three EXAFS scans were collected
collection, the mixture was put into a 20 mm10 mm x X mm on each sample at 295 K and averaged to improve the statistics.
(X = 0.5-5) polytetrafluorethylene cell with two Mylar film EXAFS data reduction was performed by standard methods
windows. For IR determination in transmission mode, the solvent reviewed elsewhere using a suite of programs EXCURV492.
in the organic phase (including the reference sample of free four-region spline function was used to fit the background over
HBTMPDTP) was removed under vacuum about 10 mmHg at 60 the EXAFS region which extended outhe= 10.1, 11.2, and 12.3
°C. For IR determination in the ATR mode, four samples loading A-1 for La, Nd, and Eu, respectively. Fourier transforms of the
different amounts of Nd(lll) were prepared with 0.5 M HBTMPDTP  k3-weighted data were calculated over the diffederdanges of the
in toluene with different degrees of saponification, and the solvent three Ln elements with a Gaussian window function of 0;2 A
was quickly vaporized on the ZnSe crystal before measurement. half-width. Back-transforms were done frdR= 1.8 to 3.8 A using
The concentrations of Ln(lll) in the organic phase were determined a Gaussian window function. Curve-fitting was done on this Fourier-
with a Thermo Jerrell Ash Iris ICP-AES after Ln(lll) was stripped filtered EXAFS data over the differerit ranges of the three Ln
and diluted with 0.5 M HN@ elements. All fits included contributions from the first shell of

To prepare the complex of Am(lIl), a portion of nitrate solution directly coordinated O atoms from water ligands and sulfur atoms
containing 15 mg of*’Am was sampled into a test tube and was from the extractant and the second shell of phosphorus atoms from
slowly evaporated to dryness to eliminate the excessive nitric acid the extractant. For each fitting, the bond lengfRs the coordinaton
at 80°C; 1 mL of a 1 MNaNG; solution was added to dissolve  numbers (CN), and the Deby&Valler factor ¢) were allowed to
the residue and combined with 1 mL of 0.5 M HBTMPDTP in vary (the coordination number of O was allowed to vary as an
toluene for 30 min at room temperature. The organic phase wasinteger number).
saponified by about 40 mol % with 25% ammonia before used.
After centrifugation and phase separation, 0.5 mL of organic phase Results and Discussion
was sampled and the solvent was removed under vacuum of about . . . .
20 mmHg at 60C to get the sample of Am(lll) extraction complex In the initial extraction experiment using HTMPBTP to
for IR determination, and 0.05 mL of organic phase was sampled Separate Am(lll) from Ln(lll), kerosene was used as solvent
and diluted with toluene to determine the concentration of Am(lll) due to its good chemical and physical properties suitable for
as being 15 mg/mL (byo-counting using a Packard Tri-carb  the nuclear industry® However, our recent work indicated
2200CA liquid scintillation analyzer). The sample of Am(lll) that the solubility of the complexes of Ln(lll) with HTMP-
complex was spread about 2 mm2 mm on the center of a KBr  DTP in kerosene is not sufficient, and kerosene is not a good
crystal slice (i.d. 32 mm) with a glass stick and then was covered splvent in the structural investigation work. While the
with another KBr crystal slice (i.d. 32 mm), and at last the two  aqueous phase was 0.6 M Nap&hd the organic phase was
pieces of KBr crystals were sealed with Parafilm. 0.5 M HTMPDTP in kerosene, the maximum allowable

(B) IR Spectra. The ET-IR spectra of the extraction complexes degree of saponification wit4 M NaOH or 25% ammonia
were recorded on a Nicolet FT470 speptrometer. For all Ln(lll) solution was about 14 mol % for organic phase without the
samples, the spectra were recorded in both modes of ZnSe- . . .

third phase formation. Toluene is a good solvent, under the

attenuated total reflection (ATR) and KBr transmission. The diti d the d e b
spectrum of the sample of Am(lll) sealed in two pieces of KBr same conditions, and the degree of saponification can be up

crystal was recorded in KBr transmission mode. IR spectra were 10 75 mol % without the third formation. The separation
obtained in the 4000600 cnt® (4000-400 cnt?) region by factors for Am(lll) over Ln(lll) and the extraction properties
collecting 32 scans at 2 crhresolution. The empty ATR accessory ~ Other than solubility of the extraction complexes are almost
was used as the reference in ZnSe-attenuated total reflection (ATR)the same in kerosene as in toluénknerefore, in this work,
mode, and one piece of KBr crystal was used as the reference intoluene is used as solvent on the supposition that the
KBr transmission mode. structures of the extraction complexes of Ln(lll) and Am-

(C) MS Measurement. The mass spectra of all complexes of  (||1) are the same in toluene as in kerosene. Another reason
Ln(lll) were recorded on a PE3000 MS. Before sample injection,

the organic solutions of extraction complexes were diluted Bk 10 (25 Binsted, NCLRC Daresbury Laboratory EXCURV92 PrograBLRC
with methanol. The MS measurement was recorded in both the Daresbury Laboratory: Warrington, England, 1992.
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Figure 1. Background-subtractel-weighted EXAFS spectra of the extraction complexes and comparison of the corresponding Fourier transforms of the
experimental data (solid line) with those of the theoretical signal (dashed line).

Table 2. Summary of EXAFS Curve-Fitting Restits

O shell S shell P shell
compd CN Ro/A o?2A2? CN Ry/A o?A2? CN R/A o?2A2?
Am20 7.8 2.98 0.007 3.8 3.58 0.008
La 1.0 2.70 0.001 7.4 3.01 0.018 4.0 3.60 0.012
Nd 1.0 2.56 0.001 7.1 291 0.018 3.7 3.53 0.011
Eu 1.0 2.50 0.003 7.3 2.84 0.021 4.0 3.46 0.023

ag2 the Debye-Waller factor. Errors in distances (0.015 A) and coordination numhket§%) are estimated from the deviation between fitting results
from models of known strucure and their values.

for using toluene as solvent is that it is easy to remove extraction complexes of Ln, the coordination atoms should
toluene from the organic phase without decomposing the be O atoms from KD and S atoms from HBTMPDTP and
extractant and the extraction complexes. no O atom from N@ . In curve-fitting, O atoms were
(A) EXAFS. Figure 1 shows the |-edge EXAFS of La, considered to be included in the model. In Table 2 the results
Nd, and Eu in the complexes and corresponding Fourier Of data fitting indicate that there is one O atom in the first
transforms (FTs). The results of the curve-fittings are also coordination sphere of La(lll).
shown in Figure 1. The three EXAFS plots indicate that the  For Eu(lll) and Nd(lll), the EXAFS data are enough to
data quality is good, the noise is relatively low, and the geta good resolution for shells of identical nearest neighbors.
oscillation signal is quite clear over the noise in all these Inthe FTs, the peak corresponding to the O atom in the first
spectra. The Fourier transforms reveal the relative positionscoordination shell also is an indistinct shoulder of the peak
and the numbers of the nearest neighbors around the centralor S atoms and cannot been discerned, but the peak
ion in the extraction complexes. The peaks are not correctedcorresponding to P atoms in the second shell can be clearly
with the EXAFS phase shifiy = 0.2—0.5 A. discerned. With the same reason as for the complex of
The EXAFS data for La only extend out ko= 10.1 A2 La(lll), in curve-fitting, O atoms had to be considered to be
due to the onset of the,Ledge. This limits the attainable included in the model.
resolution for shells of identical near-neighborAR = In Table 2, the results of data fitting indicate that there is
7tl2Kmax, WhereAR = R, — R;). The O-La bond length is one O atom in the first coordination sphere of Nd(lll) or
about 2.5 A, and the SLa bond length is about 2.7 A.  Eu(lll) as well as La(lll). For all the three extraction
Therefore, in the FT the peak responding to O atoms in the complexes, the coordination numbers of sulfur atoms and
first coordination shell is diminished and cannot been phosphorus atoms is close to 7 and 4, respectively. This
discerned, and the peak corresponding to P atoms in themeans that there are three HBTMPDTP’s as bidentate ligands
second shell becomes a shoulder of the peak for S atoms irand one as a monodentate ligand coordinated with Ln(lll)
the first coordination shell. However, from refs 8 and 9 and in the extraction complexes. Because the error of coordina-
the IR spectra (see below), it can be deduced that, in thetion number from EXAFS is about 15%, so an S coordination

738 Inorganic Chemistry, Vol. 42, No. 3, 2003
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Figure 2. IR spectra of HBTMDTP and the extraction complexes.

number of 6 or 8 is also a reasonable result; i.e., there areHDEHP/Ln(lll) = 6 and the extraction complex is a
three or four HBTMPDTP molecules as bidentate ligands mononuclear complex, in the extraction complexes of Ln-
around the metal ion. However, the results of an extraction (l1l) with HDEHP there are 6 extractant molecules around
experimerit®2*and MS (see below) show that there are four Ln(Ill) and they are monodentate; when the ratio of HDEHP/
HBTMPDTP molecules in the compexes, although the Ln(lll) < 6 and the extraction complex is a polynuclear
ligands being bidentate or monodentate cannot be deter-complex, there are bridge coordination and the extractant
mined. From the work of Pinkertéh and coordination molecules are bidentate. The EXAFS results of the extraction
chemistry intuition, four bidentate dithiophosphorus ligands complexes of Ln(lll) are also different from that of Am(If).
(dtp) are too large to allow the formation of the Ln(lll) The CN’s of S and P in the complex of Am(lIl) are 8 and 4,
complexes with nine coordinated atoms (eight S and one O).respectively. The AmS and Am-P distances are 2.98 and
While one dtp in the complexes of [LnfBR)4] is a 3.58 A, respectively, comparing favorably to the-\N8l and
monodentate ligand, a more stable complex with seven Nd—P distances found in the solid structure of [AgMd(S,-
coordinated S atoms (six from three dtps and one from the PR,),], from which a dodecahedral geometry coordination
monodentate dtp) will form? It can be concluded that there  of [Nd(S;PR:)s~ and bidentate ligation of ligands were
are one water molecule and four HBTMPDTP molecules observed?®2!
coordinating to Ln(lll) in the extraction complexes. The () |R Spectra. In Figure 2 the IR spectra of the extraction
coordination number cannot be completely determined to becomplexes of three Ln(l1) and Am(lIl) are compared to the
8 and needs investigation with other techniques. spectrum of free HBTMPDTP. The spectra were collected
The distances between the Ln(lll) and coordination shells in the mode of KBr transmission mode except for the La
decrease with the order of La, Nd, and Eu. These results arecomplex. The main region of interest is in the near- and
consistent with the order of the radii of Ln(IIR.aay > middle-infrared field including the vibration band of,®.
Rndany > Reuany. The difference between the distances of The difference is obvious between the spectra of the
Ln—S and Ln-P is 0.59, 0.61, and 0.60 A for La(lll), extraction complexes and free extractant. For the extraction
Nd(lll), and Eu(lll), respectively, all of which are close to  complexes of three Ln(lll) and Am(lll), the relative strength
0.60 A. of the stretching vibration absorption of of-&l at about
From these results, some structural information of the 2500 cnm! becomes small and new absorption peaks at about
extraction complexes could be deduced: the complexes are3300 and 1604 crt rise from the stretching vibration and
mononuclear complexes but not polynuclear complexes; thescissors vibration of coordinated.® (the absorption of free
general molecular formula for the complexes is HL#L,0, H,0 is a band with several peaks at about 1730%nfrigure
in which most probably three extractants are bidentate ligands3 shows the spectra in the range from 400 to 1700cm
and one is a monodentate ligand. This structure is different For free HBTMPDTP, the interested peaks are the middle
from the structure of the extraction complexes of Ln(lll) with absorption at 488 cnt responding toe—sp, the very strong
dialkylphosphoric acids such as bis(2-ethylhexyl)phosphoric absorption at 613 cm responding tasp—s, and the strong
acid (HDEHP). In the case of HDEHP, when the ratio of absorption at 795 and 813 ciresponding t@s—p-sn. For
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Figure 3. Extended IR spectra of HBTMDTP and the extraction complexes in range from 400 to 1760 cm
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Figure 4. IR spectra of the organic phases loaded with different amounts of Nd(lll). Curvésdrrespond to the concentrations of Nd(lll) in the organic
phase of 3.34, 5.70, 9.33, and 16.49 g/L, respectively.

the extraction complexes of Am(lIl) and Ln(lll), due to the were collected in the mode of ZnSe-attenuated total reflec-

formation of the coordination bonds of W6=P and M-S— tion. With same conditions except for the different amount
P, the new absorption responding ite_sy occurs at 533  of Nd(lll), the relative absorption strength of the functional
cm ! and the absorption at 488 ciresponding tove_sn group of coordinated D varies with the relative amount

decreases; the absorption responding-t@y, combined with of the complex in the sample. The amount of Nd(lIl) loaded
the absorption at 613 crhresponding ta’e—s occurs at 608 in the organic phase is 3.34, 5.70, 9.33, and 16.49 gL,
cm L. The difference between the spectra of HBTMPDTP respectively, with a ratio of 1:1.70:2.79:4.93. The area of
and those of the complexes of Ln(lll) and Am(lll) is very the peak at about 1590 cris 0.763, 1.320, 2.102, and
clear, but the difference between the spectra of the Ln(lll) 3.851, respectively, with a ratio of 1:1.72:2.75:5.04. Itis clear
complexes and that of the Am(IIl) complex is not clear. that the absorption strength of,® at about 1590 cnt is
Figure 4 shows the spectra of the samples with different proportional to the amount of Nd(lll) loaded in the organic
loading amounts of Nd(Ill) in the organic phase. The spectra phase.

740 Inorganic Chemistry, Vol. 42, No. 3, 2003



Lanthanide(lll) HBTMPDTP Complexes

More recently, Pinkerton and co-worké&rseported that
UO,Cl,3H,0 reacting with Nag”Me, gives a binuclear
uranium(1V) species [S;PMe} A{ O(S)PMe} A u-O.PMes} 7).
In the reaction, U(VI) is reduced to U(IV) andfBMey] ~ is
oxidized to [O(S)PMg~ and [:PMe)].%¢ To investigate

compound responding to the maximum molecular ion peak
atm/e 1429 for Nd(Il1). This might be explained as that the

coordination bond between Ln(lll) and water in the extraction
complexes is very weak and the coordination water is lost
in the process of ionization during MS measurement. This

the oxidation of HBTMDTP in the extraction process, the needs further study in the future.

IR spectrum of the used extractant was measured. After

From above, one might postulate the molecular formulas

extraction and standing over 1 week, Ln(lll) loaded in the of the anionic complexes of Ln(lll) and Am(lll) with

organic phase was stripped with 0.5 M Hpjé&nhd the organic

HBTMPDTP (HL) are [LnL-H,0]~ and [AmLy] -, respec-

phase was sampled to measure IR. The IR spectrum of thetively. The counterpart cation is another interested thing for
used extractant was the same as that of the fresh one, anthe system. No matter which kind of base, sodium hydroxide

no characteristic absorption e§-p_on at about 1700 crt,

a strong broad absorption as in HO(S)PRas observed.
This result indicates that HBTMDTP is not oxidized in the
extraction process.

The results of IR conform to the conclusion from EXAFS
that the structure of Ln(lll) complexes is different from that
of Am complex with HBTMDTP; there is coordinated water
in the extraction complexes of Ln(lll) but no coordinated
water in the extraction complex of Am(lIl).

(C) MS Measurement. In both positive and negative

solution or ammonia solution, is used to saponify HBT-
MBTP, after the extraction of Ln(lll) from the aqueous
solution of 0.3 M Ln(lll) nitrate h 1 M NaNGQ;, neither
sodium ion nor ammonium ion can be detected in the organic
phase. This means the molecular formulas of the extraction
complexes of Ln(lll) and Am(lll) are HLnkH,O and
HAmL,, respectively.

Conclusion

The results of the EXAFS, IR, and MS measurements and

modes the mass spectra of the extraction complexes ofextraction experiment illustrate that the structures of the
La(lll), Nd(ll), and Eu(ll) were measured by a electrospray extraction complexes of Am(lIl) and Ln(lll) with HBTMDTP
mass spectrometer. The MS results of the three Ln(lll) are different. The molecular formula of the complex of Am-
extraction complexes are similar with each other, so the MS (|1) is deduced as being HAm}.and the molecular formula
result of the Nd(Il) complex is selected as a representative of the complex of Ln(lll), as being HLnj:H.O. There are

to be discussed. In negative mode, the MS chart is very 8 S atoms from 4 extractant molecules coordinated to Am
simple and there are only four main peaks. The maximum jn the extraction complex of Am, and there are most probably

peak atm/e 1429 is corresponding to HNdLand the peaks
at m/e 965, 643, and 321 are corresponding to HL, [BIL]

7 S atoms from 4 extractant moleculeslah O atom from
H>0 coordinated to Ln in the extraction complex of Ln(lll).

and [HL, respectively. In the positive mode, the MS chart The excellent selectivity of HBTMDTP for Am(lll) over
is more complicated. Besides the reciprocal peaks as in the| (1) in the extraction process may partly derive from the

negative mode, there are more peaks; the peakw#eat108
and 786 are for HNdL which lost one and two A
respectively; the peaks ate 1305, 1186, 942, and 786 were
not identified.

different compositions and coordination structures of the
complexes of Am(lll) and Ln(lll). This case is a particular

example of the theory that trivalent actinides are softer acids
than trivalent lanthanides and are easier to form coordination

The results of MS show that in the extraction complexes ponds with soft bases such as N and S donors.

of Ln(Ill) with HBTMDTP there are four extractant mol-

ecules around one Ln(lll) and the extraction complexes are
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