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Reactor type ] Reactor type ]
Research Reactor b Materials Testing Reactor
ngmax: 3x1014 n/cm2sec nmax: 4x1014 n/cm2sec
20 MWin . 50 MW
Light water Light water
LEU fuel (20% 235U) Neutron reflector: Be & Al
LEU fuel (20% 235U)

POURE 1. 70 < ookt i w200~ <3 oney 1> £ s 18 In operation since 1962 A
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e spenl 18 nstsggng 2 o e thind cpol Operation: 6-7 Cy/Yr (26 days/1 Cy) é
1R, A walaging 2 o Al som kil o i Stopped operation since 2011 Operation: 6-7 Cy/Yr (30 days/1 Cy)
C. Kratochwil, et al., J. Nucl. Med., 57 (2016) 1941. % Re-operation since Feb. 26, 2021 Stopped operation since 2011
[RB:12104] Richard P. Baum, Harshad R. Kulkarni, Christiane + Shutdown decision: 2016
Aviral Singh, Martina Wirtz, Stefan Wiessalla, Margret
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0. Therapy of Metastatic Castration-Resistant Prostate Cancer: only for research use Short-life RI: 2¢Na, 42K, 64Cu. %Mo
Safety and Efficacy, J. Nucl. Med., 57 (2016) 1006. (not for distribution purpose) for Med'cal Research purpose: ‘71Lu’ 185Re’ 188\y
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o | |o| |Rn-103 (100) o |Re-187 (62.6)
Cd-114 (28.7) ° 0s-192 . BEHEEROREF, 1 X—IYVIPE5E—h StheragnosticNEELLTE 2, B
°© °© PI-196 (25.3) HOQOLZM LS 2 DEATHZEMERIE. OELDOPTREEZRLLTVS,
Ca-115 o |Au-107 (100)
o Sn-118 (24.29) | Au-197 (100)

2. ERBRI (5f/4f%) QRS EFIR

PE RN A o 0 Y3 & FRETSRE
%b¥17hu_v41 Zkﬁ”f

EPIRBRETDRE225ACcE

% 6-7 mol/L BiEER

) : . ABoi54 100kBq/kg = 100 Ba/g
: 7880 -+----- 229Th  Th(NOs)e2 : zvozi o(:iggﬂ)
ol | - &% (209)
: 150 -+~ 2251Ra Raz+ BtV —
H BEE *20 g=
= Ao . 100 Bg/g * 20 g= 2k Bq —E¥1H 1MBq
. BEQ | BRAEANE BRI

- BASHINGBI &S D
. k% EE=ENo.1-3 : 30 kBg

a2+ Raz+EIRE . EYEE=ENo. 1,2, 4 20 kBg
" T ITBET1RY
T. Yamamura , et al., Radiation Safety A . YRR E 2 kBq
Management, 19 (2020) 35. Raz+ Vv [chakessn.
i, BEFRXE - ANE, BRRNERS Ac3+ Ac3+ | BIWIRBRICER

EEEE (2021).
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MRA FKUREHLD
BT YR

RI production done
only in KUR and JRR-3
(for no distribution purpos:
lowever, its importance has no
een widely recognized in Japan.

UNIVERSITY OF FUKUI

Rﬂk%

KYOTO UNIVERSITY

KInRA

77‘2 k KUR%R@fﬂ?X&%&{b%?L

i

|JRR-3]

[JRR-3 RI#]

[EFHA]

v
[EHAEHL|

(R, BEMESRT etc)

T4 FOFEREEAT
%, 2022%3AKRT
HRThTWRHEELORE
CEEBRAH L.

FEDRM

(RIFER. BEMEMRT etc)

KIS : WEA—FH—
PRI RS2 =5 1

3. R FKURKROFBF RYIEL 2R

SEOHLEEICHIT -

« HLOMIE (TR OEII AP EMRERS 5 RoH F3HE

DIEFAN)

< HAMRE LTORKR (—HEERKIRORE THARE - SRE
EKE%Z - NICHRAK. HAFAMUMNCOEBRFZEE B)

- HLEUERTIC b L — 8 —ROREKE TERNBOHBIETH) |
F1 - 2HABANI I REREOBH G E

- JAEA JRR-3 RIff & D3EH#E
« KURTER U TERIESE - BT @BHIFA

- BHIFE TOROEREFEOHR

1'7( k KUREN@fl?%%&{E#W%
U

vical 111

ivie: Practical application requires
cooeratlon from various fields

Research

Hospital

« Report

- Clinical Trials

- Basic Experiment Environment

« Animal Experiment Environment

« Animal Waste Disposal Environment
- Human Resource Development

Governmental or
regulatory side

« Research
fundings

o BREHRARE
« HARSAY

FXFIFEEHH
HARTTRE AN

Production of
radiopharmaceutica

- Rl Production

- RI Separation

- DDS synthesis

. Complex formation
« Animal experiments

RI Production

- Hot Laboratories

- Accelerators, Nuclear reactors
.- Target materials (U, Th, Ra, Pa)
- Analytical instruments

T. Yamamura, et al., Radiation Safety Management, 19 (2020) 35.

4. R ESEDEE
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A. Sato, R. Bernier-Latmani, M. Hada, and M. Abe, Geochimica et Cosmochimica Acta, 307 (2021), 212227,

. Y. Matsumoto et al.,.J. Phys. Soc. Jpn. 90, 074707 (2021).

A Sato, R. M. Hada, and M. Abe, in preparation.

T, Yamamura K. Shirasaki, H. Kikunaga, K. Washiyama, K. Nagata, Z.J. Zhang, A. Shinohara, Transfer rates of 225A¢ to exhaust
air, surface, and waste water under chemical operations, Radiation Safety Management, 19 (2020) 35,

M. Kimata, N. Sasabe, K. Kurita, Y. Yamasaki, C. Tabata, Y. Yokoyama, Y. Kotani, M. Ikhlas, T. Tomita, K. Amemiya, H. Nojiri,
S. Nakatsuji, T. Koretsune, H. Nakao, T. Arima, T. Nakamura , X-ray study of ferroic octupole order producing anomalous Hall
effcet, Nature Commun., 12 (2021) 5582-1

C. Tabata, M. Nakase, M. Harigai, K. Shirasaki, A. Sunaga, T. Yamamura, Hydrofluorocarbon Diluent for CMPO Without Third
Phase Formation: Extraction of Uranium(V1) and Lanthanide(IIl) lons, Separation Science and Technology, 56 (2021)

C. Tabata, K. Shirasaki, A. Sunaga, H. Sakai, D.L. Li, M. Konaka, T. Yamamura, Supercritical hydrothermal synthesis of UOz.
crystal shape and size, and observed using 2Na-NMR spectroscopy of (U.Na)Oa-, CrystEngComm,
23(2021) 8660.

K. Shirasaki, C. Tabata, A. Sunaga, H. Sakai, D.X. Li, M. Konaka, T. Yamamura, Homogeneity of (U,M)O: (M=Th, Np) prepared
by supercritical hydrothermal synthesis, J. Nucl. Mater., (in press) .

C. Tubata, K. Shirasaki, H. Sakai, A. Sunaga, D.X. Li, M. Konaka, T. Yamamura, Low-temperature hydrothermal synthesis of
U0z and ThO; in the presence of aldehydes, CrystEngComm, (submitted) .

. C. Tabata, H. Watanabe, T. Fukuda, K. Shirasaki, A. Sunaga, D.X. Li, T. Yamamura, Crystallographic and magnetic property of

uranium phthalocyanine complexes, J. Molecular Structure., (1o be submitted)

N. Miura, H. Hidaka, C. Tabata, Y. Shimizu, T. Yanagisawa, H. Amitsuka, K. Uhlifova, and V. Sechovsky, Crossover between
Local-Fermi-Liquid and Non-Fermi-Liquid States in Thi-xUyBers (0 < x < 1), (10 be submitted.)

A\

- PUOF/ A RYEERE BERETR. EANRDR;MERTERN
#F%. SEEDFHEARER. HHAVMEFR - BFHRMIEEET 2.
B EREEORFRE, FHEDRRROFE RN ERIVERIT
RERIBLTWS,

TEMIGAE LT, BRI OBE L. BEEREY OE
e MADEEE, 7IL7 7 BEHREREDRRMDRNH 2.

BHOBLEIH S, KETORRIPEEICEZHT, Xy NT—UR
FUEEIC L MRS DORIR®, ERABEEOERICED, AHE
PR THREEHE LTV, ZOLSBEBOHR T, EEHEERYT
1 hORY hZROBIEZOHREEDE LEICEDBATNL,

12




2.3 i (JAEA Jeimt)

vk

EFEE 72 L IEDL D77 F ) 4 RETIRRE |

BAEEE 7 TLSELSED TPV F /1 REFRE

BXRFHHERREEE SHRERHAREY5—
FR B

Introduction

77F/1K (£BA) L&Y
SIEBTIYEERE (BREE, B, LFEE
FRTE) - B
MBADISE (E - Bt - (L2 EE)

BEFREERICATCBFAEE - 7 o)L IERR

HYE - REERER

o U7V DOBEFEETHE & MERETN

U2PtsXi5 (X = Al, Ga, Si, ...)
UTe2

s 7UF /A NBTFIREEBANDEE
BEFEED ROV —

U2PtsAl1s: SrosFe2Siao-type crystal structure

U (67%)
U +Al

Al (33%)

actual structure model

c?f:.v
-

‘ETL_T

U2Al3 (honeycomb)

UzAl3 (honeycomb)

o

copyright protected image

S. Ran et al., Science 365, 684 (2019).

copyright protected image

S. Ikeda etal. J. Phys. Soc. Jpn.
75 Suppl. 116, (2006)

UTez-type Immm




Observed Intensity

Single-crystal XRD

S‘howing 1/ hnax < 0.1

3 L
Tes (N: I
UTez (NS sample) Strongly deviating reflections
consist from strong Fu and Fre
but cancel each other.

o,

Resulting (weak) intensity is
sensitive to
- Beq difference (high 26)
- off-stoichiometry

r Deviation occurs also in low 26:
off-stoichiometry is likely

2 3 I 56788 2 3
10
Calculated Intensity

Haga, Y. et al. Effect of uranium deficiency on normal and superconducting properties in
unconventional superconductor UTe2. J. Phys. Condens. Matter 34, 175601 (2022).

Oserved itensiy

NS sample is strongly U deficient

Uasezaer

[

Lo
10

104
10

10" 10"
Calculated Intensity Calculated Intensity

Uranium site occupancy = 0.962(2) best reproduces obs.
- UfTe ratio agrees with other groups
- No interstitial atoms
Consistent with EPMA (SC sample as internal std.)
U/Te substitution unlikely

resulting formula (Uo.91Teo.00) Te2 = Uos7Tez
No significant crystallographic change except for a
slight volume reduction (0.3 %)
7 % uranium deficiency observed in UTe

‘Secondary Extncton

Urarium ste occupsncy

C/T (/K mol)

Specific heat

0.8
x| SC sample prepared with

composition 1.11:2
06 950/850 temperature gradient
.0
Sharp single SC transition
- Relatively high Tc=1.8 K
Highest Tc = 2 K from
LANL very recently

04

NS sample shows quite
different behavior up to high
temperature.

0.2}

T4t +—+4—4++ - Both SC and NS samples
10 have extra electronic/

magnetic contributions

(Debye model : black line)

00

5678 2 3
1

Temperature (K)

ACIT (J/K’mol)

Magnetic/Electronic Specific heat

SC sample
‘Schottky peak’ observed at 12 K
in SC sample.

7 [Willa et al, arXiv:2107.02706]

03

SC sample

Fast decrease of C(T) down to 2K
suggests an excitation gap
02
Characteristic temperature 12 K
consistent with one-dimensional
magnetic correlation observed by
INS and NMR Ty

Mag. exc. gap
45K

0.14
NS sample
Shows similar behavior at high
temperature above 30 K.
40 But fails to open a ‘gap’
Less sensitive to magnetic field
[Opletal et al., SCES2020]

Heavy fermion
Tk ~ 100K

00 L L
10 20

Temperature (K)

I
30

Entropy compensates across 12 K

Sensitivity to defect may be consistent with low-dimensionality
anomaly

of magnetic excitation

Summary and Outlook

U2PteX1s
Robust Uranium honeycomb layer
Possible playground for naturally occurring multi-layer
- substituting / more buffer layers ?

UTe2

- unconventional superconductivity sensitive to
stoichiometry

- wide range of uranium deficiency (also in UTe)

- phase stability ? [Guéneau, C., et al., Thermodynamic
Modeling of the Uranium—Tellurium System: Estimation of
the Uncertainties by a Bayesian Approach. Thermo 2, 15—
38 (2022).

Next ?

Topology of electronic structure: SOI

ThSb (cubic NaCl-type — same crystal/electronic structure as UN)
- most simple topological metal
- Th4+: 6d2 7s2
- Sb3-: 5p3
- important effects in both fundamental and application study ('16 Nobel prize)

copyright protected image

Kuroda, K. et al. Experimental Determination of the Topological Phase Diagram in
Cerium Monopnictides. Phys. Rev. Lett. 120, 086402 (2018). [CeSb, etc]
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Storage Ring

BL23SU

BL22XU

SPring-8
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FEALRICLDERBEXROFIFARTEE
-FIATESTRILF—FEE L6~ T0keV
-EEBRFME. ZHRIOF A ATEE

~quick scaniE(Z &l +#~H5)/1scanDEFH EBIE A AT BE
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"KBEZ—(2kHYAIRE—LEFATHIET, BUNEMORIE LB S #2

XAFSAVATRE

(FERAXEERY: - um>xE+um B Hul)

JAEAERE—LT1>BL22XU

e

RI Laboratory '

RI Laboratory

<
XAFS station

5/18

XAFSEDOME

EXAFSHESL
RIETREDOEEL DD D,
(BRfI%. $AAIERE. DWRFE)
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e
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(77 F A F T I R

LEV) DESFE RN B S 5 WF5E

02045E FARAHEFES (725 /4 FOMMLEE ZOBA) 202233

TOFoIAFAVEBRMAET S FIEEHMD
SR EBICET TR

OF b3, mugF#k2, AESL,
ESKIE, \IF T2

158K, 2. RAMAH

KURNS.

' =

TOF/4AETR (An) O35, 952U TIL = L(Pu)iF
—RRISKBRPICENTHEL6M (F2An(IV), An(VI)) BRE

%EFANO, LB RSN, TIF AT LR ENRD

R VS VERVERBHHMR
L

BEMIZYS VEMERNER LIBRNG I OHESH -
RBRTDIVLEHY

Ll
RKBELALGS ) VBN TFIL (TBP) BNEREA - - -

E/7PSFER
SFRIZT S FEE (-C(FO)N<) £—2FT S €/ 73 Fleahl : R g2l
—MRISAERP IS BV TAE E6DT Y F / 1 K R7 NS0

S
(An(IV), An(VI)) =3t LiBRIEEHT S R R, R": Bk FE

E/ 73 FLEHO
ZLDKBRPTRERELT I F A4 (U0 I

{efgis
5 URRIEE AT HEEFRE/ 7 S FRAMIAORR
igs 4
£/ 73 FEEZOBERRFAT I F A4 VISRELTHS 4 }Nz"‘
=t \
iys \
BRLTERE/ 7 3 FHEOMBBIE KSR ST 5 \% 0
An(V~DRFEEMA, £/ 7 2 FOLEHEEDEIZKY R
RECRHEBTLEHLMILTLS

HEUKERTRIZH1THAN0,2 &
T/ 7 2 FleaPomilitt

E/TIFHIBOER(1/2) - 1 BEEERG -

( Putting silica beads into flask |

(Evacu vacuum |
of raw oil (monoami monomer,
producing solvents) into flask

Stepwise polymerization |
from R.T. up to 90°C in total 18h

[ Wash of product with acetone
(Removal of pore producing solvents)

Resin product |

4 Kinds of liquid + silica + initiators Synthetic scheme

E/7ERBBOAR(112) - 28RS -

Pore producing
+ solvents \
—
CH,CI

18hr
mip-chioromethylstyrene  m/p-DVB
(cms)

on NaH, DMF °
9 ]
CH;-C-N-CH, > |CH,-C-N-CH,
120

N-methylacetamide

Synthetic scheme of Silica-MVBAA

D HIBREE/FIREEOUVI)ZH T 2B 8 (HNO, )

® VBAP is non-adsorptive.
® K, values of MVBAA, VBPP, VMAA are low.
Coordination of carbonyl oxygen atoms to U(VI)
was difficult, because cyclic structures containing
nitrogen atom generates steric hinderance.
(teBesh) R

Complex of monoamide
extractant and U(VI)

MVBAA VBAP VBPP VMAA
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O HIBRBE/TIREIEOUVI)ZH T 2B (HNO,R)

® VBAP is non-adsorptive.
® K, values of MVBAA, VBPP, VMAA are low.
Coordination of carbonyl oxygen atoms to U(VI)
was difficult, because cyclic structures containing
nitrogen atom generates steric hinderance.
(teEep) RER

Complex of monoamide
extractant and U(VI)

E/TIFHEBOUNVI~NDBREFEDOK/NDER
BERFETIFNAFT UV EDRENDRMIEZZOOER
OTIFoNAFVEE/TIRRYI—ICEYBEEND TFL— FMEOREM)
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() FL— MROZE BHEELE [£/ 7S FEWSEARTIFL
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[

u
|

Chelating ring

DMAARH £ UO, > &£ ) F Bt

U0, ISH LBV ERIEEAT ThE TRE L TELEROBRD S,

CEMBHALMER STV

KUSAFILFH YILF S FOMAAMIET . HRE B3 & Y (i)w&?%m
U0, 2 RAHH I\ RIRMEE £ L TN FENKRE L EFRENDH,
NS FERBAOALBL
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An(IV)EAN(VI)DIEE 55 B
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. ]
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/“ \_ owea VP MVBAA
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SHOBE
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Polyvinylpyrrolidone (PVP)

PVPEZUE L 7ot OB

Polyvinylpolypyrrolidone(PVPP)
U, ThR OME4 TR OREFFIE%
R, BERTNY FHRRT
R, 10’

U(VI). Th(V)DIRERE (S ECHR#D)
10%

U(VIyin HCI

U(VI) in HNOg

Th(IV) in HNO,

0 2 4 6
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Tumor vasculature-targeted 10B delivery by an Annexin
Al-binding peptide boosts effects of boron neutron
capture therapy.
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Fructose-functionalized polymers to enhance therapeutic
potential of p-boronophenylalanine for neutron capture
therapy.
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Organosilica Nanoparticles for BNCT Cancer Therapy.
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Keita Okazaki, et al.
Improving the spatial resolution of a pixelated LaBr;(Ce) scintillator
coupled with a multi-pixel photon counter array for boron neutron capture

therapy.
@ l\?ar Instruments and Methods in Physics Research Section A, Volume 992,11
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9 of a Boron Neutron Capture Therapy irradiation system to treat
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Evaluation of a treatment planning system developed for clinical boron
neutron capture therapy and validation against an independent Monte
Carlo dose calculation system.
H. Tanaka, etal.  Radiat Oncol. 2021 Dec 24;16(1):243.
Characteristic evaluation of the thermal neutron irradiation field using a 30 MeV
cyclotron accelerator for basic research on neutron capture therapy.
Nuclear Instruments and Methods in Physics Research Section A, 983 (2020) 164533.

Masashi Takada, et al.

Characterization of a real-time neutron detector for boron neutron capture therapy using
a thin silicon diode.

Radiation Measurements, Volume 137, 2020,106381,
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Prasad V, et al. Front Oncol 2021;11:578093

von Eyben et al. Eur J Nucl Med Mol Imaging 2018;45:496

VISION Trial : "77Lu-PSMA + BS/BSOC vs. BS/BSOC only
https://clinicaltrials.gov/ct2/show/NCT03511664

Progressive "77Lu-PSMA-617
mCRPC Best (7.4GBq, 6 wkly x6)
PSMA (+) supportive/ + BS/BSOC
Previous taxane __, ot standard

thergpy and of care

previous novel (BS/BSOC) BS/BSOC
androgen axis

therapy Primary endpoint

» Overall survival (~24 months)
» Radiographic progression-free survival

Key secondary endpoints

* PSAresponse

« RECIST response

+ Time to first symptomatic skeletal event
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Current and Future Radio-Theranostic Approach

Nuclear Target Application No. of patients/y
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Resonance-type microwave reactor system

The subject of the present study is to show a microwave reactor with a solid-state
oscillator whose frequency can be tuned to heat a small amount of solvent efficiently in
the resonant cavity, and provide excellent heating to the reaction mixture for PET
radiosynthesis.

Resonant cavity

Left: liquid delivering unit, Center:
resonant cavity, Right: oscillation unit

inner diameter: ¢ 82 mm, inner height: 30
mm, outer size; depth: 16 cm, width: 23 cm,
height: 9 cm.

Journal of Labelled Compounds and Radiopharmaceuticals, 57 (12), 680-686 (2014)

Synthesis of ['8F]SFB using the developed
microwave reactor
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EphA2 (Erythropoietin-producing hepatocellular A2)
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SPECT/CT ([1231]ETB)

Time Course
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O Tube current: 100 pA
O Reconstruction: ISRA
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Low-temperature magnetic properties of
uranium compounds with CaBe,Ge,-type crystal structure

JbimERS P TE SHRF, SHAREN, BHBEL, NEBH,
BFHE, BERZ, MEED, iR %
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Outline

€ Introduction
« CaBe,Ge,-type structure

¢ UlIr,Si,
« Previous reports
« Physical properties measurement

¢ UlrGe,
+ Previous reports

+ Resonant X-ray scattering experiment

€ Discussion
< Origin of magnetic structures (Ulr,Si,, Ulr,Ge,)

¢ Summary

Uranium 1-2-2 compounds

UT. X, [ esiionmeta UT,Si, Mumberof d-lectrans )
2/A2  x:SiorGe
Cr Mn Fe Co Ni Cu
AFM M non- AFM AWM ™M £
2K K mag 8K 5K 104K
- Ru Rh  Pd Ag
ey TR » HO M A “
«T Y779 ! ° viK | ik 1EK | C
oS

ThCr,Si,
14/mmm

P4/nmm

base on C. Tabata Ph D. thesis

Crystal structure of UT,X, (T =Ir, Pt X = Si, Ge)

ThCr,Si,-type

CaBe,Ge,-type structure space group: No. 129, P4/nmm, Dy’
structure

most of UTX,-system Ulr,Si, Lavyer structure in CaBe,Ge,-type structure
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No. 139, 4/mmm, Dy,

U-site--~2¢ (4mm (Ca))
(U-site symmetry: Dy)

— X inversion symmetry

Crystal structure of UT,X, (T = Ir, Pt X = Si, Ge)

ThCr,Si,-type

CaBe,Ge,-type structure space group: No. 129, P4/inmm, D"
structure

st of U X systm UlrySi, Layer structure in CaBe,Ge;-type structure
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No. 139, /A/Immm, D,,""

Ussite--2¢ (4mm (Cy)
(U-site symmetry: Dgy)

 x inversion symmetry

Crystal structure of UT,X, (T = Ir, Pt X = Si, Ge)

ThCr,Si,-type

CaBe,Ge,-type structure space group: No. 129, P4/nmm, D"
structure

i Layer structure in CaBe,Ge,-type structure
st of UT Xz system UingSiy Layer structure in CaBe,Ge;-type structure
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No. 139, /4/mmm, D"

U-site--2¢ (4mm (C4))
(U-site symmetry: Dgn)

- x inversion symmetry
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Crystal structure of UT,X, (T = Ir, Pt X = Si, Ge)

ThCr,Si,-type CaBe,Ge,-type structure space group: No. 129, P4/nmm, Dyy"

sf;[)‘:f:}‘f‘LeT Yosyetom Ulr,Si, Layer structure in CaBe,Ge,-type structure
o
eu_PF———3 ou o >
«THF—— g &Ir @ ? g
X *. ©Si ]
, 9 v
LRV ] 'y £l
i
" o 7 ]
a 4 si
T 24 ve y } "I
%, Pe p/ si
| y Si
R alg e ¥ M
% 5 o - AR
"” IL.; i T L

No. 139, /4/mmm, D" If Q = 0 AFM order ocaurs

Ussite--2¢ (4mm (C4y)
(U-site symmetry: Dgp)

- xinversion symmetry ) )
Broken global inversion symmetry
time reversal symmetry

Candidate system for cross correlation phenomena
(current induced magnetization,...)

Experimental Procedure

Single-crystal growth

As grown sample

- Czochralski method
with tetra-arc furnace

- Collaboration with Dr. Y. Shimizu
(IMR, Tohoku Univ.)

Specific-heat measurements

- PPMS (Quantum Design Inc.)
- Temperature : 2-60 K
- Magnetic field : 0-12 T

urr;Si,
0K

300

A= 15405 A (Cu)
a=4.0838 A
c=9.8146 A

Intensity (arb. unit)

Magnetization measurement

- MPMS3 (Quantum Design Inc.) R T
- Temperature : 2-300 K Laue photograph [001]
- Magnetic field : 0-7 T

Crystal structure investigation

- Powder X-ray diffraction method [100]

with SmartLab (RIGAKU)
- Laue method

Experimental Results — magnetization

Ni?

CW-fitting x= 3hp(T—01) +x0
c-axis a-axis
LT HT LT HT
Undisclosed 0 (K) 334 | 42 |41 | —93
Hefr (B) 121 168 [1.74 | 232
Xo(108m¥mol) | 227 148 |2.04 | 1.03

LT: T<150 K, HT: 150 K< T

fitting parameters (c-axis) (fitting range: 100 K)

Undisclosed

crossover of 5f-electron state around 150 K?

Experimental Results — specific heat

@ CEF splitting (tetragonal system)

J=9/2 (U (5F)) J=4 (U (5R)

>
>
2
wi
5 siglets
d 5dKrabrlnc‘rs s(ord) $ L 2non-Kramers
oublets doublets
150K ~150K  or
H d
d <20K°
Previously...

CEF analysis in Ulr,Si; ——————————
(from Ty, Be, x(0)Xmax)
JR— )

Irz)

Iy
A. J. Dirkmaat et al., Phys. Rev. B 41(1990) 2585.

Experimental Results — phase diagram

H-T phase diagram
« Broad peak anomaly in C(T)
- pseudo gap?
(Zeeman effect  hybridization effect)

« convex upward phase boundary

Undisclosed
« existence of TCP?
(2nd order « 1st order)
critical field
Undisclosed
Undisclosed

Experimental Method
Elastic resonant X-ray scattering (RXS)

- My i H
nonvinteraction  nteraction
torms, terms

Interaction between electrons and electromagnetic-field

FUE — Ej) Xlraa

Scattering intensity

b+ o o S DD 51

Non-reso. terms Source terms of Resonant scattering

Electric transition >
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Experimental Method

Elastic resonant X-ray ing (RXS)

14X

Resonant RXS by E1 transition (3d  51)

ht X Jectic dpole | £
fauw) = ‘?_‘ > s 17 tniton @ ese_ oo

@f=xy,z & polarization vector (incidénce)
&' polarization vectgr (scattered)

Atomic form factor via £1 transitio

Ra = 37 (dipple operator) Teee e OO0 bsorption
) ¥ la) 1b) la)
multipole Initial state  Intermediate state  Initial state

operator (rank < 2)

el
T.Nagao, J.Igarashi, Phys. Rev. B 72, 174421 (2005).
Structure factor

Foa(a) = ) foa e

Diffraction Intensity (magnetic dipole v = 1)

@ Y D) Y (m
T

~._comparing with experimental data...
ordered vector

Imag % |Fey|*

orientation of ordered moment

Energy Geometric  Magnetic

spectrum factor ¢ - azimuthal angle dependence analysis
() 1 + polarization analysis
(@) < T

(1 lfetime of excited intermediate state)

Experimental Procedure

KEK PF BL-11B  General two-circle diffractometer

Chamber
+ vacuum chamber (1075 ~ 10¢ Pa)

Cooling system
- “He-flow cryostat (6 ~ 300 K)
Incident X-ray

- Energy: 3.72 keV (Ms-edge of U, E1)
 Polarization: holizontal (1r-pol.)

cryostat Detector
cold head - silicone drift detector (SDD)
w
Samples
- sample (scattering plane: ¢*(1,1,0)")
» - sample2 (scattering plane: a*c*)

sample 1 sample 2
o

110+—@cC ce@a
grown by Czochralski method (IMR Tohoku Univ.)

Experimental Result
Line scans in a*-c*plane

.
nple

(1,0,0)

line-scanning range

Undisclosed
20,-15)  (2,0,05)

lattice reflection A : superlattice reflection
Superlattice reflections are observed at
K = (lattice reflection) + (0, 0, 1/2) below Ty

Single peak spectrum at 3.723 keV
>> Resonant scattering by E1 transition
at M,-edge (U)

Magnetic structure analysis

Crystal structure
Space group: P4/nmm (No. 129)

propagation vector Q= (0, 0, 1/2)
non-zero magnetic moment at U-site

Maximal maanetic snace aroiins

Undisclosed

AFM ordering with magnetic moment along c-axis (P,:4/nm'm'’) ?

Experimental Procedure

azimuthal angle dependence of superlattice reflection intensity

Detector

Lyt + Ly

@ azimuthal angle

In the case of AFM order (magnetic dipole m (v = 1))

. o
R, “Z“(‘ X€ ),

w=xY.2)

PR

| ey Iy o (14 cos 2) || ey Ly_g % (1= cos 2)

Experimental Result

azimuthal angle dependence of superlattice intensity

Undisclosed Undisclosed
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Summary

*

We investigated low-temperature
physical properties of Ulr,Si, single
crystal under magnetic field.
« Convex upward phase boundary
« existence of TCP

(Trop ~ 4K poHrce ~ 1.8 T)

We found Ulr,Ge, undergoes “uudd”-
type AFM order by magnetic moments
parallel to c-axis under Ty.

Ulr,Si, and Ulr,Ge, show features of
Ising model on a 2D square lattice.
© bi-layer structure

in CaBe,Ge,-type structure

Future work
current induced magnetization measurement

Undisclosed
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Ulr,Ge, DREXMEIE T, up-up-down-down H1E1272 %, (AHIZERD HIRE > T3
Dipe EDLAY—HRFIMNZHEL TS 00, O5H)

[T R SR E 5780, NMR ETIRETZ 2D TREAZRVD, (HEF)

e Rz e, AFMHOTBEFHABKEV, ZOMBRIZE S5, (GH)

I DHZBEBVEFROFHETH 2, tETFOFGEELGIL &, KRICHAI» > T
FERE—=BRODATW- T, BRTHRFE TSI L0003, FLIRETH, /K
TER 2R e FRICERES H 5, STETOHHEIMTIFG LTS WS Z
ETIRROD, RO SIRVENGDZ VD, (KIREEZ RN S 22 L TWw
CZeDEETHZ, (%)
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e 7UF A4 RTEETZGE., il 53T 2000EE, 3MMNRLERS, v
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216 HE [EFE HILRKXoh—KRY)
7 20>y = VEBIRER E ZDOEHREBMIC X 287 75
J A RAF VERF e FEYTE e OB

20214 £ HFIHTS
7OF /A4 P
202243 A3H~202243H4H

- . Content
* Background
- Actinium Ac3t ‘

HE720T7=vF &,—{zt/\& Lz DEBEBREIEEIC = RGSearCh objectives;
J -t T I Exploration of complexants of Ac for targeted alpha therapy
LB|T I T /A FAF L RFLFHYIE 1B - How to evaluate the coordination behavior of Ac by solvent extraction
Development and characterization of phthalocyanine derivatized . )
. Ty . . . * Result and discussion
ligands for recognition and complexation of light Actinide elements .
- Preparation of extractants and complexants
- Procedure of purification of Ac-228 from Th-232
M. Nakase!, M. Harigai!, T. Tabata?, K. Shirasaki? and T. Yamamura?® - Acquisition of thermodynamic data by tracer-amount of Ac
Tokyo Tech., 2Tohoku Univ., 3Kyoto Univ. ationalization by chemical calculation

+ Conclusion

owledgements

on knowledge of f-elements in Nuclear Engineering Field

22°Ac [10.0(1) d + Smallest atomic number in Actinide ‘ ) < Solvent Extraction (SX) > <SX with synergists, complexants>
Teac|2937(12) h + Short lfetime and a-particle emitter ¥ TALSPEAK - Combination of phosphate and DTPA (masking
2ac [21.772(3) y * Ac-225 can be utilized for targeted alpha therapy XX o pecntltiniie exstencotobuttey
: RN «, {* - ¥ Combination of DGA and masking agents
2Ac [6.15(2) h (cancer therapy) . " c v i ’
onic liquid v Reverse micelle extraction
5758 [59|[60|[61][62][63 (64|65 |66 Q ; Q
La || Ce || Pr || Nd ||Pm||Sm|| Eu || Gd || Tb || Dy Tm ) Y()\r Q <Adsorption>
265 g %ﬂ %1 9U2 ’?‘3 34 5 CG SBZ Qct; g : 0 INll)dl Q .. o Nd w v Extraction chromatography v’ Sold/liquid extraction
_ C a p || Pu [|Am|[Cm s || Fm “HOT jonor, O-donor e i o q
= 56 E | | 0y Y e e ¥ Gelliquid extraction - ligand immobilized gel, pH,
° . ) temperature swing separation
£ 2559 i - — Difficulties of Ac experiment N)/vlw'\(\’\ /‘v—<
2 250 T o < Low ility (amount, place, requi of big facility, Rl etc) Phosphoric add u% <Other Methods> o
H i . ACH f 4 ts (UV-Vi osphoric act Ve v
£ s R " Inactive nature of Ac® for spectroscopic measurements (UV-Vis,
2 o - fluorescence etc) due to the electronic configuration
3 sm ] In this project
Q 240 lonic radius o .
T s > Fundamental questions related to Ac
E . - Which trivalent f-block elements can be used as surrogates of Ac**?
280 Surface charge density (Am** > Nd** or Eu**, AC* > ?) Effect of sidechain
225 * Which structure is the best for coordination with Ac*'? w " - @i SEe
0012345678 91011121314 *Systematic extraction data are not much reported Lu o e he ;2“"“
3
Number of valence f-electron :

solvent extracti

< Targeted alpha therapy > @‘ Extractant + complexant‘ Radioactivity measurement of
(Cancer ﬁcmla”".} Ag. and Org. phases
o _
t,\ic;ellj ACH B 4% g - D = Agg/Ayg Consider the decay
v A; radioactivity(y) ~basedon lifetime

v ° Which complexant structure
t - 4 0 ) is good for Ac®* chelation?
The coordination chemistry of Ac** is
2 Gi-decays not much studied compared to other R . A A
f f-elements... o Extractant ° Extractant .- ~
<Tvp|cz| complexation 5(ructure> ﬁ g g g
) S ] << A
H 59 k=18
+ Production of Ac-225 requires accelerator or rare source 20 a5 It Complexants
- Ac-228 can be produced from natural Th-232 s 59 50 — o,
+ y-ray measurement of Ac-228 can make tracer-scale DOTA and DOTA- AC complex e a Comparison of K,!

experiments possible Not many structures were investigated yet Conc. of extractant or acid Conc. of
» 008k c0-% K
Upgrade the complexant of Ac for targeted alpha therapy Ligand % oo ® K

* Other equilibrium will also be considered

Al the experiments require a tracer amount
of Ac-228!! (and GE detector)

*Th(Ra) source is needed
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alocyanine derivatized extractants

Phthalocyanine-derivatives

e Gl Tedl 00 00
Gy TR R, SR S

1. Make Pc compatible with solvent extraction method
- Addition of alkyl chain and functional groups
2. Modification of central Pc structure
- N, 0-hybrid donor, asymmetric Pc, etc...
3. Accelerate the Ac experiments to obtain the thermodynamic data in solution
4 . Develop an appropriate purification scheme of Pc (and Pc-Ac complex)

Research History since 2019

Preparation|
2019
+ Development of purification scheme of Ac-228 from Th-232 20
2021

s
* Rationalization of experimental data by chemical calculation h,

+ Development of novel extractant and complexant Acceleration
- Synthesis of new extractants and complexants 2022~

* Literature survey and synthesis

* Acquisition of thermodynamic data

* Relationship between structure and chemical properties
- Crystallography and solution XAFS by surrogate lanthanide
- Chemoinformatics (experimental design, transfer learning) } e T
-> Overcome the difficulties on Ac experiment! 4 ( & i
& )
| Coorsimaion Fetd

M3+

Upgrade the purification technique by gel-liquid extraction, etc...
- External stimulation-responsive separation operation ypgrade

Monomer

<4 Stimalus responsive
Control of coordination

Preparation of Extractants and Complexants

HDEHP
2

Extractant Complexant DTPA-derivatives, etc

T2EH-DGA
€12-06A
N Mgyl
696 5§98
C8-DGA Ca-0GA Watersoue
(TODGA)
Mg Mg N D1
§98 3%
Thionyl chioide >
or Gua chrige pyridne
HO g OH vt o Ok g O Didbane
§° 4 60C, 200 §° 8 RT.
refiox over nght

\ BT
L<-} 4

" amigstion ) —— puriicaton

firalproduct
o6al

Separation and Purificati

Column chromatography

imL,
P N
o M

|||l

] s DN

TAEeaeton)| fracti

{1

fraction &

l*l*l*

on®

Extraction of Ac3* by HDEHP and DGA

- Ac* extraction by HDEHP and DGA were in accordance with the previous reports;
D-Acis lower than the other trivalent f-elements
- This is due to the largest ionic radii of Ac3* (smaller surface charge density).

rend of Ac3* by HDEH

ported extracti

Copyright protected image

UAc(HA,) ] + 3 EL

¥ £ 25ues
Ac” o+ 3ln) ), L AL 5 e
. . g3 AL O, TR
- (acn,) ] (8] B
ex 3+ o
[2c™) - imA) 17

Reported K,, values
HCl; 2.4%107 £ 1.3x10*
HNO, § 11X 107 + 45X 107

+3
[

tn) 7

We also detect the acid dependency
on D with DGA; HCl >> HNO,
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Extraction of Ac3* by HDEHP and DTPA system

hemical Calculat
(DEnergy Calculation of DGA-Metal complexes (Ac, Am, La and Eu)
A R B B
HEBEFEEE

- simplified DGA (short-chain length) is used for calc.

* Gibb's free energy of complexation;
AcTMDGA > LaTMDGA > AmTMDGA > EUTMDGA
* Electronic configuration of Ac®, La®* in trivalent
states are 5f° and 4f°, respectively, leading to weaker
interaction of O-2p orbitals than those of Am3* and
Eu*, which are in 5f¢ and 4f5, respectively.

- Comparison of the obtained K, tell us the appropriate complexant structures for Ac**

h -
* This method can be applied to any extraction systems such as Am?*, Cm*, Ra2* ! will show you the preliminary calculation results,

and the detailed discussion is undergoing....

However, precise experiments are difficult in multiple ligands systems

Chemical Calculation - DFT DOS analysis

Projected Density of
States(PDOS)
Total Density of State
(T00s)
Overlap Population Density
of Sate (0PDOS)

Metal

Effect of sidechain structure on HOMO and LU MD calcula
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ynthesis 19

Metal-free Pc; Linstead method

oG C%E @
b
I &%

Metal-Pc; various methods

= foiaes)

* Purification method will be changed due to the nature of the ligands, complexants, and

the latter steps

-> Typical Pc does not dissolve into many solvents. Also, purification should not produce
a huge amount of waste since actinide will be used

Various kinds of building blocks are
commercially available

H
N N
N N

on

Chio, on
Replacement of functional groups such as —OH and —
Br and addition of another fragment via such joint

points are an easy task
~>Purification is a big task

Many kinds of
Pc-derivatives

| @ Synthesis of Metal-Pc complexes and then, replace metals |
| @ synthesis of Metal-free PC complexes and the, add metals |

@

N
.
@N znch ]

2
DBU Purification Zh
1-pentanol + toluene e N IN=
reflux, 200, 4 fieraton and
ary nvacuo

- A. Add sidechain first, or B. Add sidechain later
“the sidechain can change the characteristics of ligands which
affect the possible purification technique and efficiency

- Optimization of the synthesis and another synthetic route
will be tested

1.Chromatography

Column chromatography

Thin-layered
Chromatography

p-2 s -: Eﬁ

Product

- Purification is dependent on many aspects;
- Physco-chemical property of a product; solubility into solvent, solid or liquid ..
- Amount of the products - Co-existed impurity - Target yield and purity
- Waste generation - rad materials or not, etc ...

* Residual solvent was perfectly removed
- Sublimination is not yet completed

| @ synthesis of Metal-Pc complexes and then, replace metals |
| @ synthesis of Metal-free PC complexes and the, add metals |

After sublimination

R~

C.. Add a functional group for easy purification and then, convert the structure to meet the objectives

* To overcome the difficulties in the study of thermodynamic study of Ac, Ac-228 was used
- Purification and extraction experiments were succeeded

+ Some of the Pc-derivatives were synthesized and purification technique was surveyed

* Preliminary calculation on Ac chemistry was implemented

+ Synthesis and purification will be upgraded
* Systematic extraction experiments will be done
Appropriate surrogate metal ion of Ac3* for solvent extraction will be found
* Relationship between structure and coordination behavior will be understood
+ Chemoinformatics technique will be applied
* Expand the Actinide Science;
Combination of solid-state physics, solution chemistry, and medicine?
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Final Strategy
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Experiments 1

Spontaneous
Chemical reduction

Am3+ — AnO,2*— AnO,*

|

photolrradiation
‘
Nothing happened
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Experiments 2

photolrradiation
Am3+ —_— Am4+’ An02n+

< =

— An02”+
Observed

Am3+
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Results1

o

Am'

i

Absorbance

Irradiation time
—10min
—30min
300 400 500 600 700 800 900 480 49 500 510 520 530
Wavelength (nm) Wavelength (nm)

Absorbance difference (10°)

) — after 10 min iradiation

c Tradiaton time
—— 10min —— ref. of HNO,

6| 30 min

soueqiosay

0| 0.0

Absorbance difference (10°*)
Absorbance difference (10)

Bl
340 360 380 400 420 440 460 480
Wavelength (nm)

600 650 700 750 800 850
Wavelength (nm)

Absorption spectra of sample solutions consisting of americium and nitric acid measured ed with a spectral band
‘width of 1 nm. () A typical absorption spectrum measured before laser iradiation with [HNO;] = 3M. Peaks at 503
and 800 nm are attributed to the *Lg—Fy and "Fe—"Fy transitions of trivalent americium, respectively (27
e s G ineanl7). @ and O) Ty plml difference spectra obtained after laser irradiation at 503 nm for 10
(blue) and 30 minutes (red) with [HNO;| peaks at 650 and 717 nm are attributed to the *Gy«—Ly and /eIy
transitions of pentavalent americium, mpccmm 7 Siphanou1953, 29 Vargal971, 30 Mincher 2009, (D) A typial
difference spectrum in the UV region obtained after 10-minute laser irradiation at 503 nm with [HNO] = 0.1M (black)
and the spectrum of nitrous acid (violet) digitized from fig. 2 i ref. 41 (41, M. das Gragas Gomes1993) for reference.

Science Advances accepted.
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Results?2

8 10
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b P v
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@8 & oo . 3MHNO,
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Wavelength (nm) Laser fluence (J m™?)
10*
en LUl
— o018
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0461013
10° 06013 |
! ]
0ot 01 1 0 100
Byos- (M)

e pocae st arder ra cansant o e oxkton s » encion of aroesparemetes. (4) Lisrreveeng ey
obtained from ssion at 503 ‘and from the growth at 717 nm (blue square) is plotted

{ogethe with sbsorption specum of ivalent americu (ellow arca) Eror b deknes 0, standad dewation. () Lasr-
fluence dependence of the rate constant obtained from the depression at 503 nmis plotted together with a fitted line with a single
exponent. (C) Nitrate dependence of the rate constant obtained from the depression at 503 nm s plotted together with fitted
curves expressed by Eq. S20. Relative rate constant for the oxidation of complex with two itrates to that with one nitrate is
summarized for each fit with a pair of stabilization constants (log /. log ) of (0.47, 0.17) (39 Lahr) (black line), (0.25, ~0.4) (38

®  Steczek2016) (red line), (8.6 X 10°%,~0.54) (37 Andersson2004) (blue line), 0.14, ~0.4) (40 Bansal) (green line), or (0.225,
0.127)

Science Advances accepted.
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Results 3

Eage Anicte

Copyright protected image

e ransform of room temperature solution phase.
ed i HNO: (0.05 M. top, biue trace: 4 M. middle,

o,
.
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Science Advances accepted.
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Application
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Aq. Phase
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Aq. Phase

Case 1 Case 2
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Science Advances accepted.

p LTk

@ nisk

Japan Atomic Energy Agency

a
<
H
=
L
B

Future Work

t=0

i
|
i
|
© tenps
|
|
I
i
I
i

BHENSD LY H—ES
(F9)

t=lps t

t=nus

BEKH LD MY H—ES
(=38)

BENTVR—RLT—

o Sa""P‘e 1

1L /"’5‘r S

. °1 5 . °1 6
@ sk @ nsk N i
Japan Atomic Energy Agency Future Work Japan Atomic Energy Agency - AM T} BEDND R F N EMADFIAIZA T
nont e Bl) B ZERY (= RBHLD) EEZDNTOIRTFFISDOERFHMEE
TER 5 ppdnss IHLF—ERELCEYERTIYTUTLOREIIES
hvs °©
2 18
3 &P ARG RILF—IK BRI Y—RMRT
' £ REVRAZORFME R—BRFIR A VENE
E SRFME ERHS: ‘m
Energy(eV) e
S =5 c (Q ) v ——
RATEE P EIEXAFS [ & B A DT - ] [m%;
2 V B oD ﬁ%xﬂ:{*/ }: mﬂﬁj BRURTE HURFIR: £ BESCE
L 3 -
hw o AmO" 5 HEAR
v ] &, - %
! muricksmmm 2 Py s i
@=L = sx7mE
Energy(eV) oo
BEEXAFSIC & B BL R TTBIR DR
. . ‘| 7 . . ‘| a

68




@ sk
Japan Atomic Energy Agency 35 & &)

1. Am () KBRS Df-FBHES —ELT
ZRFRERGERE LT,

2. WMBAAVDORMSIUHEERIZELY.
Am (V) ADRIEMMBESNF=ZEARUIRR
RV LBHALMNE ST, Am (V) [E, 1B
?E@;:{,xﬁmftﬁiaﬁii'éaﬁé:tb“ﬁ

NDTZ,

3B EHHERICEY  3EI /AR TIOTF/
AFDRENBNEITITZDEN DM oT=

@

END of Talk

Thank for your kind attention
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222 WHE ® REEHH
['The linearity of UO,** and UN, revisited; structure and chemical bond

based on a relativistic study |

Previous works
BOE AR & The linear structure of the UO,*" molecule

RPAXFWEERFHHFMER || > Effects of 6p orbitals
v 5f and 6d themself want UO,%* to bend (Fig. 1).

[11
The structures of UO,?** and UN, revisited: QSICD =re inckuded, the insar structurs
= s ecomes stable, while 6p orbital itself wan P
the stability and chemical bond based on U to bend (Fig. 2) cyoles (Hucke) [1] Copyright
relativistic calculations v The Iarg.e effects of 6p orbitals are confirmed prOteCtEd
by freezing them (DFT) [2] content
7]y 25 T Al > Analysis based on MO diagram [3-5]
E/ = */le v’ Pyykké and Lohr suggest that the stability of
(Ej(?ﬁ‘é‘ﬁﬁ) the bent structure is due to the lack of the 7
bonding between U’ s 5f and O’ s 2p [3].
E;F'E]Eﬁ"ﬁ%r777-/*r F@%ﬁ1t$—&%o)ﬁf\ﬁﬁj v Analyses of Actinyl oxygen are reviewed in [6]
| [1] K. Tatsumi and R. Hoffmann, Inorg. Chem. 19, 2656 (1980).
M [2] N. Kaltsoyannis, Inorg. Chem. 39, 6009 (2000).
v BB IREEBRA— I XIE. BEFHE) [3] P. Pyykks and L. L. Lohr, Inorg. Chem. 20, 1950 (1981).
O ) T
v MK PEREBARARE LA —AERTER D R T L (—HFIA) (R/83Y) 1/17 [6] R. G. Denning, J. Phys. Chem. A 111, 4125 (2007).

2/17

Motivation Motivation

Cis-dioxido UO,*" ? (experiment)

> Synthesis of molecules with cis—dioxido U0, 0,40 0-M=0

Cis-dioxido UO,** ? (theory)

> Approach based correlation methods

[1]
[ e po— v The structure of UO,?* is fixed as linear, and
v Only two species are reported [1,2]. the bending of 0-U-O angle is not
C ioht v The molecule reported in [1] is under investigated in detail.
opyrig scrutiny, and the reproduction of the > Approach based HF (or worse) methods
prOteCted content synthesSialed|BE v Orbital energies [1] and comparison
[4] between the MO diagrams at the linear and Copyrlght
bent structure [2] is reported.
protected content

> Complexes with slightly bent UO,2* How much (quantitively)

v Slightly bent UO,?* structures are not Copyrlght unstable are bent structures?

very rare. What about chemical bonds of ./
¥’ The maximum bent angle is about 20 protected content L e s
degree. N\ ‘ /
[1] A. E. Vaughn et. al., Angew. Chemie 119, 6742 (2007). \_./ h
[2] Q. L. Guan et. al., Inorg. Chem. Commun. 59, 36 (2015). -/ v
[3] C. Villiers et. al., Angew. Chemie 120, 5976 (2008). [1] P. Pyykké and L. L. Lohr, Inorg. Chem. 20, 1950 (1981). ./ ‘:
[4] T. W. Hayton, Dalt. Trans. 47, 1003 (2018). 3/17 [2] K. Tatsumi and R. Hoffmann, Inorg. Chem. 19, 2656 (1980). 417
Results: Largely bent structures
Purpose and computational detail Destabilized energies vs bond angle

> Purpose
v Investigations of the stability and chemical bonds of the bend
structure of UO,2* based on fully relativistic Hamiltonians
v’ The comparison with an iso-electronic system, UN,
(Normally “UN,” are reactive, and exists in the form ”X-NUN-X") Unpublished results

> Computational detail
v’ Program: DIRAC
v Hamiltonian:

¥ DCG for HF and DFT (PBEO)
¥ DCG-X2Cmmf for CCSD(T)

v Basis set: dyall.cv3z . . -
v Method: HF, DFT(PBEO), CCSD(T) v The HF method overestimates the instability

v Analysis: Projection analysis by using canonical or localized orbitals. v/ DFT (PBEO) can reproduce the results of CCSD(T) very well

v'8orb. model can describe the destabilization.

5/17 6/17
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Results: Largely bent structures

KS orbital energies Projection analysis (HOMO to HOMO-2)

Results: Largely bent structures

Unpublished results ‘Unpublished results

53 is HOMO; DCG/PBEO/dyall.cv3z
7/17 8/17

Results: Largely bent structures

Projection analysis (HOMO to HOMO-2) KS orbital energies

Results: Largely bent structures

‘Unpublished results Unpublished results

9/17 10/17

Results: Largely bent structures Results: Slightly bent structures
Projection analysis (#47...45; 6p;,, and 2s region) [l Slightly bent UO,** (fixed bond lengths)

> Correlation effects and benchmarking

‘Unpublished results ‘Unpublished results ‘

v Correlation effects make the bent structure stabilized.
E> UO,2* can be (slightly) bent from the effects of environment.

11/17 v PBEO can reproduce the trends of CCSD(T) well. 12/17

84



Results: Slightly bent structures

Results: Slightly bent structures

The optimization of the bond lengths
> U-X bond length (r,) and the energy difference (A,

Unpublished results

DCG/PBEO/dyall.cv3z

DEpery: The energy destabilization from the linear structure at the optimized bond length (r,)

v The change of the X-U-X angle does not [1]

affect to the bond length so much.
v The destabilization energies are

reasonable compared with (normal)

experimental structures.

[1] T. W. Hayton, Dalt. Trans. 47, 1003 (2018). 13/17

Projection analysis of UO,*" (localized orbitals)

Unpublished results

The natures of chemical bonds are not changed! 14717

Results: Slightly bent structures

Projection analysis of UN, (localized orbitals)

Unpublished results

The natures of chemical bonds are not changed! 15/17

Future works: chalcogenate complexes

> The structures of chalcogenate complexes [1]

‘Copyright protected content ‘

v For the heavier analogues of UO, (US,, USe,, UTe,...), the relativistic
effect becomes more significant.
- Our relativistic method is a powerful tool to investigate on that.
[1]J. K. Gibson and W. A. de Jong, Experimental and Theoretical Approaches to Actinide

Chemistry (John Wiley & Sons, Ltd, Chichester, UK, 2018). .
16/17

Conclusion

v’ The bent structures of UO,2* and UN, are stabilized by
correlation effects.

v’ The stability of linear structures can be attributed to KS
orbital energies. The following understanding are
possible.

v/ HOMO to HOMO-2
v’ Core-valence orbitals

v’ Bond lengths are not sensitive to the bending of UX,
angles

17/17
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