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Structure of Actinide Compounds in Solution and Molten Salt
by Utilizing XAFS and X-ray Diffraction Methods

Tsuyoshi YAITA and Yoshihiro OKAMOTO
Department of Materials Science, Japan Atomic Energy Research Institute

Local structure of uranium (VI)—amide and Am (III)-benzimidazole complexes in ethanol were deter-
mined by extended X-ray absorption fine structure spectrometry (EXAFS). The bond distance between car-
bonyl oxygen and uranium suggested that coordination of amide to uranium is deeply concerned with sub-
stituent structure of amide, and furthermore, showed a suitable compound structure that is effective in the
extraction of uranium with amides. Benzoimidazole coordinates to americium with weaker interaction than
water. This interaction might be almost regarded as electrostatic interaction. Structure of molten UCl; and
rare earth halides were investigated by using high-temperature X-ray diffraction (XRD) and extended X-

‘ray absorption fine structure (EXAFS) technique. Stability of the octahedral complex (MX6)3- and bridg-
ing of the octahedra suggested in the XRD was evaluated by the XAFS technique.
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Table 1. Effect of amide structures on the properties of donor oxygen and distribution ratios

Amide ~ abbrebiation’ nR;/nR2 }?Sﬁlgyi) 3 Ch];lregteb) ‘ Dy? D,
N,N-dioctylacetamide DOAA 8/2 015 —0.384 12 4.4
N,N-dioctylbutanamide DOBA 8/4 0.15 —0.383 36 12
N,N-didctyloctanamide DOOA 8/8 0.16 ~0.383 29 0.41
N,N-diethyloctanamide DEOA " 2/8 0.14 —0:385 1.4 0.98

N,N-dibuthyloctanamide DBOA 4/8 0.16 —0.384 1.6 0.61

N,N-dihexyloctanamide DHOA 6/8 0.16 —0.383 2.5 0.54
N,N~dihexyl~3~eththexanamide DH3EHA 6/8 0.16 —0.383 1.8 2.5
N,N—dihexyl~2~ethylhexanamide DH2EHA 6/8 0.14 —0.381 0.59 0.014

a) n denotes alkyl-carbon number. *(R,),-NCO-R,; nR, includes carbonyl carbon.

b) HOMO density and Net Charge of donor oxygen were calculated by MOPAC (PM3).

¢) These dustribution ratios (D) of U and Pu were obtained by extractions from 1 mol/L HNO, with the amides®.
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Figure 1. Ball-and stick drawing of the unit in UO,(NO;),-
acetamide complex and the model structure of U-amide complex for
calculating FEFFS.
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Figure 2. EXAFS Fourier transform and fit (without phase
corrections) of the k3-weighted EXAFS spectra of the limiting
UO,(NO,),DH2EHA complexes in ethanol. The solid line is the ex-
perimental data, and the dashed line is the theoretical fit. Shown
with negative FT amplitudes are the single shell contributions to the
fit.
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Table 2 Fitting results of U-amide and TBP complexes in ethanol

U-Ouyial U-Ovigana U-Oyos U-Nnos
oA R=1.77A,N=2 R=2414A,N=2 R=251A, N=4 R=290A,N=2 -
~ i 0?=0.002 A2 02=0.006 A 02=0.007 A? 0?=0.009 A?
DoBA CR=177A;N=2 R=2.41A,N=2 R=251A, N=4 S R=2.90A, N=2.
E a?=0.002A% 0?=0.004 A2 - g2=0.005 A2 62=0.009 A2
bo'oA : R=175A,N=2 R=242A,N=2 R=2.55A, N=4 R=3.00A, N=2
i  62=0.002 A2 62=0.002 A? 62=0.008 A? ~ 02=0.006 A2
DEOA R=1.76 A, N=2 R=2.35A, N=2 R=2.51A,N=4 R=2.92A, N=2
02=0.003 A2 02=0.003 A? 62=0.007 A2  62=0.008 A2
bBOA R=1.76 A, N=2 R=2.37A; N=2 R=251A,N=4 R=2.92A, N=2
0?=0.003 A> 1 02=0.003 A? - 2=0.007 A? 02=0.009 A2
i R=1.76 A, N=2 R=2.39A, N=2 R=252A,N=4  R=292A,N=2
G 02=0.0015 A2 02=0.003 A2 a>=0.007 A2  ?=0.009 A
DH3EHA R=176A, N2 R=2.39 4, N=2 R-251A,N-4 R:g,goA, N=2
e - g?=0.0015 A2 62=0.003 A2  0?=0.007 A g2=0.009 A
% R=1.754, N=2 =231A,N=2 ‘R=2.51A, N=4 =2.90A; N=2
BieA A N. R 31A,1~f R=251A N 4 R=2.90'A y
s  62=0.0015 A2 a?=0.003 A2 . 62=0.007 A2 -~ g2=0.009 A?
R=177A, N=2 R=2.39A, N=2 R=2.52A, N=4 R=2.90A, N=2

TBP .
8 a2=0.0015 A2

¢*=0.003 A2

02=0.008 A2 02=0.009 A

R: Bond distance; N: Coordintion number; ¢2: Debye-waller factor; N were held during fitting.



46

DOBA(NR =4) |
vy 1
f'w

DOAA(nR2=1):

b-m——:

IFTI

Ly

,w DH2EHA |

Figure 3. Radial structural functions of U-amide (DOAA,
DOBA, DOOA) complexes in ethanol.
*The broad-solid line and the dotted line denote raw and fit data.
**The small solid line denotes imaginary parts of FT.

**DH2EHA is the example data that bond distance between oxyg-

en (C=0) and uranium is the closest of all the samples.
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Figure 4. Normalized uranium LIII-edges for U-amide complexes
in ethanol.
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A 5 v 7 2B L Tid, Carbamoyl phosphineoxide
(CMPO) + Diphosphine dioxide (DPDO), Diamide (DA)
HENEGTHH220, ThbOb&Wit, NS
BEFRRTOSEEERE W &, SBHEEREWR E
W OhDE#AE &0, BADTIN—TTIRYT I MMed
WO—BTHY, SOOEMBELET LHILEY,
Diglycolamide (DGA) 7 KB W ERIRMAL A B OPIE & 17
5 TWAS, RICEZ AT v JICB LTI, FREIZBW
TN DEEMSVE /A FeT7F /7 4 FidZnik
FRZEBNISERICEL L TR D —Bic b5 BN RS L
W, BIZCh BILER & OBIMEOBWEEE FJ—R T,
FEAEBAAVEROZELWNI~Sm LIZEAYRAL
SEEER R RS0, ThP X R T OH5EERICKIG L
7o, ERICHEATRLIAMIIARZ I TR, FLE,
B, ERh Y% FI—EFIcE>Y 7+ R —REATF
B, BOTHHECEDTH S L BPHEI N2, —
BIZY 7 Ple FF—I3, V7 a7 7/ x—LitERkEE
NEBEEERICEDEETAZEBMbhTW5S, £
T7F/A4 P, SVE/ A FEDEVWTETHLHT Enb
HARDR T FT 5 EPETEHER 2 HFH
SNTED, XOVT M aHEETRT, Bl BTt
dEBEBFLRLY, EREATIHDIEEACEST S
ERHMONTWAY, ChbDl EeReTHE, V7
FRIF—ROBLF ET7F /4 FEORBOEREEIC
i3, EBERREEERARNEL, ThyDEEEICE
UDWTW5 LHETED, £ THAI, ThHTmERD
DEENTREZEMF & LT, RV AL IFXY—) (BIZ)
2TV (TPTZ) 3 XU Cyanex3017 ¥ %KY
7, CIhOOHEEOEES LUBFREBOMBEFT > T
%o AR T, BIZ REHEOHEEICEE I AHREHERICOW
TN 5, BIZ ZEAMAEM pH I C Am & Eu 048R
B (Dam/Deo) %#30EK BT HER FF—RILEWTH
B0, AWV A4 X —)iE, 6-methyl-2-(2—
pyridyl) benzimidazole T D #&& % LU TiIC LT,

HsC H __
27—\
L~

Chemical structure of 6-methyl-2-(2pyridyl) benzimidazole
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Figure 5a), b) 12 Am~-BIZ k¥ L U A 4V 2EE DR W
S5vVE /A4 F&ELUTNd &OFSEERRCE T 5 BEEERK
(A7 FEIER L TWwWizw) ®7R L7z, Figure 5a) »
LBOME L DI, XA VLNIKREBEL L U6 wt/wtdk
TNa—)bpTlIZ LA SELULEER & > T 5 &F
26N, CTNHEBORVICBIEEAEKDABFELT
WhHEEZOND, TNHOBERIC, HRAICBIZ iz
ok lh, 1: 2 THICE—-Y—~70Y 7 FRERISH
BIZ DELALBR T - CTWB NG5, 1 20088HT
BOWTHFERLE 20O L TWAZ &b, TD
IKRWTH 1 : 2 DR LRAKOREAEEZ LTS LE
2bNB, TAUYV T AW THRFEORIE#®TT- 7

IFT]

(FTY

a)Am-BiZ

S

e
° 1 2 3 4 5 6
R/A

Figure 5a), b) Radial structural functions of a) Nd—, and b) Am-
BIZ complexes in ethanol.
*L:N=[M3+] [BIZ]; N=0, 2, 3, 4, 20; M=Nd and Am.
*#1:0 in H,O denotes MC, in water.; M=Nd and Am.
**4ET range: a) k=1.85-10.92 A~1 for Nd-BIZ system;
b) k=1.4-12.04 A~ for Am-BIZ

2 4 6 8 10 12 2 4 6 8 10 12
kIA" KIA?

K% (k)
Ky (k)

a) Nd-BIZ

Figure 6a), b) EXAFS oscillations of a) Nd- and b) Am-BIZ
complexes in ethanol.
*The solid line and the dotted line denote the raw and theoretical
data.
*#Back FT range: a) R=1.2-2.5 A for Nd in H,0, and 1.5-2.8 A
for Am in H,0, and 1.2-2.6 A for Am~BIZ in ethanol system.
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A, 1: 20038 CERRIZ BIZ ORI AR TE S, Th
LOT ENLIDHE—Y 2 VFKOEEFE S LU BIZ D%
FREOHAEMERIZL > TERINTWAZ EB8bh 5,

Figure 6a), b)ICCNOLDE——r i 7 — 1 TAH L
e DETNITT 4y FLIERZR L, EFWVELT
i, OBAVENOLYIVETIN, O OND 2V 2 )T
TIWERWTCT 4 v FL, 72720, OND2 Vo IVE
FINTEWTIE, KOFRFREEE S U COKBRFCORT
MEMARAL, 74974 VZOBEENSGA—2 L L
7o IDPBEHGMHEEDIC0O,ND2Y L VETFIVTDY
49 FPRLOBVWEEZLNE, CNOEDT 1 v FMERE
Table 3 IR L7z, A2V 2 VETIWTR 7 727 4
—H+HBWMERBONTWS, £/, 0 & NDOEFM
FEBEDZEIT I & 7 Ly, m BIRR T ROV F—2E B8N E W)
12 Kmax O /N X WNA T & AR=0.14 A>71/2kpx=0.13 A
THHNB, CORTFHEMBIAE TS EELLNS, B
g, Nd, Am$EE e SICER L LT 4 EFICHEYST
52k, OZICBIZIZ 2 BEATFE LT, 25 FNE
L TWB EEZLNS, ChODRERIT, BEMEOET
Nd & Am L OB TRZEN 2D - o &2 5, Kolarik
(1998)29 13 Am * Eu O T, BIZD &k, Thbb
Am (BIZ)3(NO3)3, Eu(BIZ);(NO3)3 (/=72 LW h bR
B 54 HHEE) O kD nEEAEAMEICESE L Tw 5
EHELTWABER, TAUY AW L 3o ForEE5T
BEOERRBESh o/, TV —IVEEF T
B 1 [Am(BIZ);(Hz0)6]Cls, [Nd(BIZ)2(Hz0)51Cl3 7
IEEHTHEELTWAZERHALM LTI, E/2, BT
MR, WIhdKOBFLOEWE LT, NdTH

Table 3. Fitting results of Am—and Nd~BIZ complexes in ethanol

I e s N R b 0 R
o 5 e
1 shell e e s

o NN 1‘0‘  256 0011 1L1 09 20

Am - 1shell - oL 1L 9 2
on O 60 248 0009 74
sahall i e e 0.9 010
; N 40 263 0004 119
1 shell O 93 257 0011 7.9 ’;0,8 20

i NN g5 25 gon 90 08 20

Nd ' 1shell = e edn B0 ) 00 2
‘O;N : 0 53 2_51b) 0009 46 : i i
2 shell e Saaho s 08 T

N 3.8 265 0006 140

N: coordination number; R: bond distance o%: Debye-waller factor
squared; AE: energy shift; S3: amplitude reduction factor;
12 residual = {Z|Yexpt) — Vireoty | /2| Yexpy | } X 100 (96)

*y denote experimental and theoretical data points.
**a) and b) were fixed parameters and referred from a) Allen et al.,
2000; b) Yaita et al., 1999 and Yamaguchi et al., 1998.
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FEHCcid, BEdERil X GEnEE (Y 74
RINT2500TR) ICERAMEBEHAOEBESIFL&E L, 1000°C
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B 55EUCE O XBEHF /N F — v/ &2rRd3D, UCh
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Figure 7. X-ray diffraction pettern of molten UCl; at 1200 K (nor-
malized to electron unit)

(a)Octahedral coordination (MX >
Small ball - Metallic ion M3+
Big ball — Halide ion X

(b)Edge-sharing model (b)Corner-sharing model

Figure 8.
UcCl,.

Ball- and stick drawing of the local structure of molten
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3.2 JARED XAFS (C & AR

BT O R UCL ORI Tid, NE#EBER U Cl-
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Figure 9. Radial structural functions of molten YClL—(LiCI-KCI
eutectic) mixtures (Y K absorption edge)
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Figure 10. XANES curves of some uranium halides (U Lj; absorp-
tion edge)
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