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DV-X aMolecular Orbital Study of the Uranyl Nitrate Complexes (IV)

Yoshihiro Oda®, Hideyuki Funasaka®, Hirohiko Adachi®

Abstract

The bond distance estimation for neutral ligand was performed for [UO,(NO,),L,] (L=H,0, TBP,
TiBP, TsBF, TtBP) by bond overlap population with Discrete-Variational Dirac-Slater molecular
orbital method. For the study of structural effect on the bond strength, two different complex
structures were prepared for H,O, and four structures for TBP. For the study of blanche effect on
the bond strength, normal, iso, secondary, and tertial butyl group TBP were calculated.

Calculated bond distances have a tendency to estimate bond distance farther about 0.1 A than
experimental results and about 0.05 A than Gaussian92 results. For TBP, the order of bond
strength for distance and strength in model complex structure is type &, ¢, a, and d, from farther or
stronger type. For the blanch effect of TBP, the strongest bonding is tertial, and following,
secondary, iso, and last normal. And this result is opposite to the result of effective charge: normal,
iso, secondary, and tertial.

According to the above results and contribution of uranium orbitals to ligand bonding, the
uranium 6d orbitals decide the ligand coordination position, mainly. The uranium 5f orbitals have a
role of receipt for charge transfer from ionic ligand, and decide the other direction of ligand

coordination.

(Yapan Nuclear Cycle Development Institute, Tokai Works, Waste Management & Fuel Cycle
Research Center, Advanced Fuel Recycle Technology Division, Recycle Process Technology
Group

®Kyoto University Material Department of Material Science and Engineering
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fF-—hLSEBOREAER (AF) 0k5% 1 WOELE., BETHICEES
m%@zm BROELEGELTED. ChESDEHEEFTS>0FE8CH

SEE T nawwmﬁﬁmﬁwQ%Lkgxa%ﬂmmgmabfﬁﬁf
% kbbto



JNC TY8400 99 — 008

3. WERY 7 IVEEKICBT 2 EREFORERZRSERMER

M TRICBT 2EEOMECHT 20K E. BWET 2 0EHIVIELFIC
MNELEERIMBBAEORIFCODVTREBSA. TREBT 2B ORREEME
ERETDLTCHFEECEETH D, SORNHEEKPHMEBEORREHMEL. #E
EMETHLTRIERLRIFERER>TVE, —F. BHIBUATHIRE
EMEORRE. WEORBEPRISEBREHNSGLTERTHD., BFLZEFI
BULRbERLRHERBLR2>TW S,

. REHEAHERMERAAEET IV OER

PUVFR RO UVEEHOBELENFREIEZ I RINTWVWED, £
BICBIMBTEFTENIEB S NVEERTHI KT U BRAEBEMNTFIE
L UEHEAE2DWTEZENEEEBERBTFTDLOATEBST. bl KkasF
[241, JIMP(Tri-Methyl Phosphate)}[25], TEP(Tri-Ethyl Phosphate)[26],
TiBP{(Tri-iso-Butyl Phosphate)[27] & © TBPO(Tri-Butyl Phosphine
Oxide) 28] REEEF XBRFTIC L > TR IR TVWEIDARTHD. 1
SORBEETEIHECA A VEEMNFYFE | BABEARK 2 DFDOKRER
(0=U=0 BHicEBERE) LT. ZHhZNEAOMNBREML TWS. EEENC
P, KAFEY I UERATERLIREM ULETCOKERFOREBLICELE
LTW2DIEHL. MM TBPDLS ) VEBREMATFELI-0-PPEREERS
T, AEHLETCH IS0ECAETY S VEFEEASLTWVWS, —REBZLEDIX
ZONMMEFERELR2BEPRIRETHZ LIPS V. DFDH TBP(Tri-
Butyl Phosphate) DL > %) VBRAEBEMNF2EDHEB Y - VEETH, &L
U-0-P AERLZI2BEFRIRETHI2UHEIEV,. CITHAIROBES
KEBIERmEFLYZ VCERVC) VERABRLFIPEAVEBERZETVELT
BT B LUk, EHMICE TBP TiBP, TsBP(Tri-secondary-Butyl
Phosphate) Je 0" TBP(Tri-tertial-Butyl Phosphate) 2B F LT AWEY S =
NWEHEIEDODWTEODPOBELZARBR ULEGREREODWTHEF 24k, BRI
FWFINWVEOBBOBEGLEZ2RERZ4BEOTFNEDIPSEIRTEL 2R
Hlre FRBEFLILASN TWB[U0,(NO,),(H,0),1icDWTHKAFEHR O
EFRAZEZIT. TOR/E~NDOREERRAN=,

ETFNVOERCBOWTHSER2ELIE 203 EEALFO RO EHED H
Elke CREZLOEBBRICIZ2EERY I - VOBKTREBEREZC LSS
MR FOESEREIELT I IS VD =0 MOEERY S v LB O
FELAEELMLRWCEFHORATNWEZ I LB, Allen 5 DRER[29]I04k
N, S REREBEEBEFCBVTHEEMNFOEABEMEIRAEOBEELEKEL T
RELELTEF OIS T U HEETFOESERESE »EL LRV &
PO b, TCTEIFTETCRUZ NS A U EEMNFOESERRIELT, P
MEAFORGEMETZEZ TEABEICIN T2 B0PDELEZHAZILEL
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7o CORGHERMICKNTSBP OEMEFHAZFEZRELS[BIP2EFAFD
SEICEAL, MOHEKR LRV —HE2E TV 3,
AETHALEAERBRY S D VEAOBEIROBEY TH 2, @ 3 &
[U0,(NO,),(H,0),]D 2 DOREESY A 7 TH 20 ST type a ld X HEAFTE
NEBET. type b HEBOEDICHBUAKSFEEF REREICEEIC A -
TWEIHETDHD. FELZOHEEREZ2M4ICT T [U0,(NO,),L,](L=TBP,
TiBP, TsBP, TiBP)Tidk 4 DD ¥ A 72AELE (K5) . M, &R
2R L. TORAFERONHEERLTCWB, COXT type a, bizy VB
FNVREMNFD I DOTFNEFLETRHRETMNICH D, type ¢, diF—oD 7=+
WEDPFREELICH 2, type a Y=V 2 32 C2v JBHEE2EL. type
b BEERE B & § % C2h, type c BB AU L 32 C2v. type diX > =)L &84
E9 D CCh WM ZFED . CHOILDWTOSERERZIRGE ~13 T4,

S2RBHEAEMERER

CHETHRE-32]U= L Sz, [U0,(N0,),(H,0),] (K4) TREEFTOD
KoFERUMEIRS type aDBPDE—I HFEL . 122.538R 2B T3,
COEBIERETTORER 2.397A 12 ERT 0.141A, Craw[33]® Gaussian92[34]
WX BEEE 249812 T 0.05A8BAHICRS, 2O b5 2 EE A
CRAERERESIRBLIMADPDHZI YLD, COrEORSEROME
HMBEZRR 6.9%TH 2,Type b THFICHAERP K=< D 2.557R(6.7%)
BoTWBe ZOZLHS type a OBEDFLVBROVEERSZ2EYEDIC. L
DREGBETHILEION, ChEERILL->THBONTWEHEEL—BL
TWdo,.

[UOZ(NO3)2TBP2]®§+§%%7E BICmRd. HERYZ Z VviswicBIT 5 TBP %t
SEERE L EXAFS ZAWEGR[3B]XITbh 2. UAFBBLNTWE, HEDOR
R ZhEh type a:2.445A, type b:2.486A TV — 2 5B %, £/ type b @
HTHED BIP E—J 2B T3, TFNEDO—DONWBOELI EHEBIZH 2
type ¢, d TRIEEEREIEL 22 L type a, bOIBESELE U L3 BOP 25t/
THHEAEZREZD. 24AR E2BIIH RN TIEFEREL, oh
. REBELEET 232 LORVWY S VAR ESEBNCESICES T3 -
HTH Do

[UQ,(NO,), TP, OB ERREZRK TICR T, TBP BALTIE type a:2.5114&
type b:2.523A. type c:2.492A. type d:2.5058A #1823, FEEAY—I
type B THSLEN B, ERICL 2 TIBP OBEAHEHEEH&KICBWLWT 2.374 (X &9
1) [27]. BEIC BN T 2.438 (EXAFS) [35]CHH, BHE—~ZDKEW type
BEKEAICX LT 0.15A(6.3%). MARICH LT 0.09A(3.749)em b, & bk
DEHFIZEVHERER/R TS, IBP OBMDBAL R D, THBP BN CRESE
BCEAIFROEEFHE DR SN R L,

_10_



JNC TY8400 99 — 006

[U0,(NO,),TsBP, ] DErEHER R 812, [U0,(NO,),TtBP, 1D AEFEREZK S IT /R
To COZDDEMFIODVWTEHRERICLIESERITLN TR, TsBP
oD & &, type a:2.474A. type b:2.512A. type c:2.484A, type d:2.429
A. TiBP Bifiiod & =. type a:2.502A. type b:2.514A ., type ¢:2.5074A .
type d:2.504ACH %0

UEDER, BOPICLB3 ) VBN 7FNVRBUFOESEHREIVWT NG type
b ASORETHDLELZOND, WFTASREALL T c, 2, d DBEHEED
FlAhoTWL, FEHAERHEZh 20 TBP:2.486 A, TiBP:2.523A
TsBP:2.512A, TiBP:2.5142 &b RERERL DB 1 AX%L\#AEE%E%ET%“C
W3,

RicgEEgEoEER2AS (@ 10~13) . ChoDRPLERERERE L
T TBP PELEESHP®L., LT Ts8P, TiBP, TBP QERI R B I B4 H 5,
COERFICHETCILEOSNTVWARMNFOREHMBRIERFTORNERORE X
DBEFEBIICERMICR>TWSE, STHETOIOHE30]TRELMFHOEEE
BEF (CCTHEBERT) OBIEFOREIFEMFORGORTICRDE
C EBREEREZAZELFIRINTNVWR, FORLHDSEHOHETHRBRIRER T
DEHEROKRES Y, P RLZ2HAREDCEREF—HIILLFEINTVE
PEREIM LTS E.

3.3 BEESERERAET NV OBERE

BOP Lc}:%#Aéﬁf‘*mﬁlﬁ?tﬁ&ﬂ*ﬁ@k%é‘@ﬁﬁ%#ﬁ%j* LRE., AT
Z TR RN FICBVWTHREDNDb>c>a> dDEAZRUERR2BRI T2
Y Ue BOP W OWTEEMNERTOER Y ESERMIEST THRAZE >
THED, FRZODOFEEZART LD REINOHABEDTFshabok. £C
THERAETFIVHBEDODE RS 2T > L Lk,

SEEEICHW: TBP RRMNFAOHEEXKDOBEET NV TELI-0-P 2EREL L
T2, ZBIUERTELINTWVWSLZI0-P B X B LI2EEEEERTD
EXAFS IC X 2 REEMIF THH I BEOAERRKR > TWB3 I PRI TV S,
FITIDEEDPERINIBAEODVWTOMETBLE L,
CHLULWEFVEERFRT 2 EB LY. REFOLFREMZERT S
ZrE Ui, Buhwi=Eiki Gaussiand4[36]1CH 3, H,0, NO,”, TBP O B&EH: S#
3 (HOMO) %X 14 =73 ¢, TBP o> HOMO(IX 14 FE: )& Cov X FpiEic L b 2 EizhE
BLTWR, ZELIOEEHERMZE V0, EEEFEDOLSTONMMMESEL R

BIBERNBI Lo THRE L. M 14 ETHZoHao HOM0 272 b A F »° HOMO-
1 k5%, —A. DV-DS ¥ :J'ob\ﬂiméct.mﬁummﬁ}%ﬁnﬁéﬁrﬁb'CL\%n“-
DI, HFREEEELTCETIEPELY, ZFCCERRARETCH S IEF
oE (B 15) & d EFHE (K 168) ZAWCEMHNCEwW T2 Lz, &
FEARCAFHEO RN -8 ([ 17) RUCERBHOREI IS ZORFK
EEORAI-OVWTERTBIILELE.
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KaFe NOyOWTHhOEMEFEYSVIEFD 6d MEP ETELRESNETD
5o Fk NO, UGH,H,0 RU[UO,(NG,),(H0),l0OBEONMEZERT S &,
NO,” @ HOMO-1 72¢ U0, Ubd 88 & . NO, > HOMO it U0, LUMO(USE) L &E& LT
WBZEDBRDP 2, THEIOHFERIEBNWT NOy s V0, KELLEFHIFIE B
LTWBZ eWabhd. AFEZKSFIZENTE HOMO-1 Aok b U0, U6d B
EEESEL, HOMO & U0, HMO(USE) &S L TWAZ ¢ AP B, THEHED
FEZ2ERUVIFEINAEMN 702 N0 ICDWTH 18 12, ASFFicon
THIIEARTe COEE NG KDVWTRFELREATH S U6d B8 L DS
B> TRAUEFOMNBEASTROFAFN —RICHREZ L, Uf SlEZREICEEH
BREgOoRTHELTRZE->-TWREEZIONE, —H. KO&FIonWTiX
HOMO-1 B FONRMBMARMIZEAPG > T2 Ubd LB L OESE TR BAF
HOBBEOBEHEZRLTWSEE LN, X5 USH ## (00,2 HOMO) & &
BTKAFEHEOFAPHREZNZDEFLHN S,

L EDBMFOEMZTELtAZHAWT IBPEMUIEDWTHELRESZEE L
FREN 20 ICART. TBP BHMEMAFTH . TEDPED Ud P EIRES
HETHIZLDPOKSGTFLASEOREM YO R Z2REDLEFEINE, ULHALE
D5, TBP @ HOMO i UOEBECMEDSBRIT CX 14 ETHFEH LW HOMO-1 272 3
ZEDPH, 20 rOHEAEFRDODEEZIOND, TOLE TP OSFHEDD S
—HFDO—7H UbdBEELHAET R Lok b, LhBWEEE2EBILEZILN
DB N DPUd D —T7ARICEELTWSEDEHESEHELTWE 2 EZ S
N3, 2OLIIZ b‘(%a‘%%f?ﬁ%ﬂ’bflﬂ%[UOZ(N03)2TBPZ]%O)£U-OfP D&
ADPREINTWELEIONS, BElC USd b EESLE TBP X U-0(P)E b
TRHEOHHEZF OV, KFFOERMERAKIC fMBELES TSI 2ICL D
COREOCHHEIBROBIPAWZBDEEZI SN B,
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4.8

DYV-DS 2 AWTHEB Y > VEAIC BT 328 F @ Bond Overlap
Population Z5tE L. 8 TFDOESEH L Bond Overlap Population @B
BHOOBRMNFORBEEEAEHOERZIT - EERE2R LE. ZOHER. KOFEB
BV TEHERNCEONR TV A2BEFSHOSETILBRACERINZEE
Eh BN EERE O ENRINE. £, TBP REMF TR ZLUI-0-P 2EH
PETRAEOBERPRHVWTIEHERZTV., RE2HEWEUTKS5D type b P ®
BNESEEL, LT typec, a, d ODEF 2RI 2R LE. BEAEL E&
= type b BB bM<, LT typec, a, d DJEFERRT I 2T LE, 25
OBV FORKEGHERZ2 BOP o —7ErPLRED D L. ERELDIHN 1AL
EtE{E (Gaussian92) X W 0 5AKRELRBEIOhEH LRI NE. —A7F
NWEOREBOEEL LT, BEDOBRWAD»S THP > TsBP > TBP > TBP DJE
D CHETOMETCEOSNTWARMTOREABREFOEHERTOK
ESLRFOBEFEIPRINEZ, CHHOIRFFHEICR 2 EZERZHLPICT S L
DICHEEEEHEMICBRFTUED, SHBETRRERZEVWEFITCEESsR P -
oo ZCTCEHERHWEHE (LZU-0-P 2ERELTWVWE) OBFRE 2TV, B
MFOBEHSHESOHTFHER. ROCUYSVEFD 4, f LEORRKRDP S
LWEEEF IV ERERL. B8 TLU-0-PESADPERSINZIERZR L E,
AN DV-XaRil X377 F 2 FRAOGHOHEZ2ERMRAT 1 F/-. H
BFETA4ERITo-CER. COM. FENBEREI R {H#EE2XRS. 77/ F
Z—FREZEDHEIAGERNNV I VL ODPHERINTWVNS., ULEPLEES
POF_RFABREEOHEEIS U THEERRBHEZ2EN. CNFETLETA J7IVE
BP{T - TCEELIDREBEABEAROHECHEATYRERIEFER. BEDEL A
DW-Xa#FEzBWTHICRDES R W, FLTIHEMHOLEFEZEDEErEET
e T2 Ak Mo, EENR7I/F - MY 2EHET B LT DV-Xak
BELOEMRAESETCHILEL D, TOEKTE V-Xakr2 thBHBELE
CRMALBWA VP —T7 o ABERTIZEED. BRBEY S 2 NVIEHD S
- -HER2EDDI L TCRIEDRFRE R ILPHEFINH S,

- 13 -
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#£1.DV-DSIZ& S FOHESEHLEES

L

height

a

H,O position|2.538

0.230

b

2.557
0.229

height

TBP position|2.445

0.296

2.486
0.304

2.532
0.307

2.524
0.296

height

TiBP positionj2.511

0.296

2.523
0.305

2.492
0.302

2.505
0.294

height

TsBP position] 2.474

0.309

2.512
0.314

2.484
0.310

2.429
0.309

height

TtBP position| 2.502

0.314

2.514
0.320

2.507
0.316

2.504
0.310

2. B FOMBAIERE

L |X-Ray|EXAFS| G92
H,0 [2.397 2.49
TBP 2.41

TiBP [2.372 | 2.41
TBPO|2.347

TEP [2.372

TMP |2.35 2.36
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1. [UO,(NO,),(H,0),15 FET )V

2. [UO,(NO,),TBP,|# FEF L
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N\o

TSN -0 i o H T~y o o
0 S, ;0 0 o\
/ | \ \ \ / |
S S o | o
\ 0 0 ! 0
18 H
type a (Dy, H,O L. UO,) type b (Dyy, H,O //UO,) ﬂ
3. {UO,(NO,),(H,0), |5t ERETIL
2.397(X-Ray) 2.49(Gaussian92)
0.235 e — . l 1
0230 L 2538 2557 ]
L B~ ]
r o ]
0225 .
= r ]
2 1 ]
.L; 0.220 1 —e—typea .
=9 N - b
£ 0215 [ L LA
o - ]
-] [ ]
=4 - -
s 0.210 : :
Q r ]
B 0205 :
o L
= ¥
0200 |
0.195 : U ———— et —t—
2.3¢ 2.40 2.50 2.60 2.70

r[A]

B4. [UO,(NO,),(H,0),] IZ#i+%Bond Overlap Population
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A
P/
0
RO 0_ I 0 OR ."OR
VN
I O——nN
\P e ) ~o
e
RO
type a (C,,)
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OR
o P or
TN ) |9 )
. N
RO\ 0/ ”\ \
O—<N
/P/ ° S
RO
\RO
typec(CZV)

B5. [UO,(NO,),TBR, st EAETIL
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Bond Overlap Population

Bond Overlap Population

—RAEXAFS)

0.320 A T T :
“‘ —e— ]
0.315 Ighltd B
ol -+ -typee | |
0.310 - asn Lcomed ]
0.305 ]
0.300
0.295 ]
0.290 7
0.285 ]
0-280 I T PN W BRI R TP
2.30 2.35 2.40 2.45 2.50 2.55 2.60 2.65
r[A]
B6. [UO,(NO;),TBP,] {Z#1+%Bond Overlap Population
2.372(X-Ray, EXAFTS)
0.310 ; 1 243(EXAFTS) —
2.523 —o—typea | |
0.305 el = -tpeb | -
,-—o-%_"wz N T ctypece |
0.300 /7 R %\ “typed ]
/ 2.511 ~ ~ ]
0.295 ;{ ot \ :
$ f"z'sos . \ ]
0.290 J - \ ;
Ny f
0.285 \ ]
\ :
0.280 v
8,275 ]
0.270 L 1 L " - 1 ] : " 1 n M L i " L L ] i
2.30 2.40 2.50 2.60 2.70
r[A]

B17. [UO,(NO,),TiBP,] =311 %Bond Overlap Population
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Bond Overlap Population

Bond Overlap Population

0315 : : S ,
| typea - sz N\
|2 -typeb
0.310 ]
0.305 ]
0.300 1
0.295 -
0‘29 i VIR EEPEEF S [T BRI NS S RSP .‘ el ¥4
02.30 2.35 2.40 2.45 2.50 2.55 2.60 2.65
r(A]
8. [UO,(NO,),TsBP,] <&+ %Bond Overlap Population
0.325 T . T - T
5 —e—typea | |
0.320 I —8 -typeb |
: = typee |
0315 x-typed | ]
0.310 | ]
0.305 | \ ]
0.300 | \ .
: \
0.295 | \ ;
: LI
0.290 [ .
0.285 i 1 5 A ] 1 " I L " (| L 1 1 1
2.30 2.40 2.50 2.60 2,70
r[A]

9. [UO,(NO,),TtBP,] IZ#51+5Bond Overlap Population
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0.315
0.310
0.305
0.300
0.295

0.290

Bond Overlap Popalation

0.285

0.280

0.275  —

0.320

0.310

0.300

0.290

Bond Overlap Population

0.280

0.270

99 — 006

- | —e—TBP , ..

- |~= -TiBP e E

F |-+ -TsBP AT 2414 Tl = :

L ||---TeBP 27 ~ < .
225 230 235 240 245 250 255 260 265

r[A]

E110. [UO,(NO,),TxBP,] type alZ#51+ HBond Overlap Population

T T T T T T T T T T T

B ——TBP | |
—a -TiBP| |
282 o l-e-Tep| |
<7 Mo S | Te-TBP

4

2.30

2.40

2.50 2.60 2.70
r[A]

[11. [UOL(NO,),TxBP,] type bi=#51+ HBond Overlap Population
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Bond Overlap Population

Bond Overlap Population

0.320
0310 |
0.300 |
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[ 4 —e—THP || | c:
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i o —+ -TsBP] | d:
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