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Abstract

The active site of heme enzyme comprises a pentadentate porphyrin-based iron complex bearing amino acid residue
such as histidine or cysteine as an axial ligand, and mimicking the pentadentate metalloporphyrin-based structure is
promising strategy to create high active catalysts. N-confused porphyrin (NCP) is an isomer of porphyrin, and the metal
complexes are expected to show higher catalytic activity than those of metalloporphyrins. To examine whether the
catalytic activity of NCP metal complex is increased by the pentadentate structure like the active site of heme enzyme,
we synthesized the corresponding NCP cobalt and ruthenium complexes by reacting the inner carbon atom of NCP
skeleton with 2-heteropyridine. Those structures were revealed by X-ray single crystal structure analysis. The catalytic
activities of cobalt and ruthenium complexes were evaluated by the cyclopropanation reaction with ethyl diazoacetate
(EDA) and oxidation with oxidants of styrene, respectively. Consequently, the synthesized metalloNCP-based heme
enzyme mimics showed higher catalytic activities compared with the axial-ligand-unsubstituted porphyrin and NCP

metal complexes.

1. LI

ANAREEFLE T OBRITERRCTRBRBHELH- TBY) . A 2AERWEICH L CEELRT
[1-4]c NAEFRNVT ) YEEEEREZREEE L, BEATEAT Y VR VATA Y Ewo o7 3/ IREIE % il
B F & L7-SIiidE 2 & o TB ) . NABRIIAERE V) BRI 250 T COFEREF L, D720
RNVT 1) v Rk e i b U7l 353 A0, NABROSEAEE 2 Bt L7z, 5T NEELAL 2
FEOSEALRLR OV 7 1) v BIESEHE DM FEHI3% <ﬁi§hfw%ﬁﬂobﬁbﬁﬁ% ZIVo TRV T 4
) EREERIIEME R BN T A2 LS TRINCICHERO720121E, fifER G X ) AFTkRA
LAEAAEAS KD ST 5,

FRANZ1994FIZHRN 7 1) ¥ OREER A TH HN-JRELR V7 1) 2 (NCP) s LTk, —EHLT
NCP% H(& L720F5E % B L C & 72[8, 9]o NCPIZ—2 D ¥ 10— VERDSKiE (REL) Loz - TB 0,
RVT 40) v OMEADOEFRETH O ARNY; L1352 ) 3MEOEREF & VEHO RFERT5 5 85 AL
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%52 %0 NCPIZNE LAV O E R TOKRFEBHRKN T 2 EEAR A /KT 2 & T, 2HA, 3HA, 3H%
ENFIEN A BB E RO, 2HIIHEIIINHE CHO2E D 7 a0 b v 2 Fit, HRERERIET I v &% A1
1Ty 2flONTEA S % 52 50 SHEUISMBEZD A I UG L 2 ). NEIZIZ2HONH & 1EOCHIZ &
L3EDT T N v ERFES B3OS & 7 5 3HTIIAERIINHE CH,O3ME O 7' 1 b > & FofE Tdh 55,
WER e DB E V. 2l OFNTH % R § % (Figure 1a, b) o B O F o — = > 713 &8 $EAK O fil i1
TR E L EEE5 2. 2ONCPORMBIRFER T Do FF—1hIZ & o TEHERILIREOEIE 1 4 » & %%
fLTE& 5720, NCPEBEFHMHEIIRNV T 1) @EEER X ) BN G2 R 3Rtk Z O T b, EE
12, NCPL =7 A$ERENCPHE ¥ L85 RIE, ZNEIUEN-MERBRBMEE L > 7 1 7 0/ U ALBUG O fili
LD ErHE L TWA[10, 1]

PLbEo &9 1@ W ilE M %2 R $NCPRIESH A I AN LATER O L ) B5SIAEZ I ANb 2 ENTE
e OIE. NARERBMAEE S LT, 54 2MiEEOM EAIRETCE 5, /2. NCPNERRFED2-~T 1
E) Y v o E RIS 5 2 & TS FNEEA F2EATTRETH 5o ATl F R AL
\2 & B SEARERE A2 FEONCPI NV MEK L VT =7 AR O G, ik, B X OAEIE G % His3 %
(Figure 1c)[12, 13]o fEEEMEOFHMICIZ AT L > O 7 0 7 aX LG & BRLRS 2 v 72,0

Figure 1. (a) Tautomers of NCP, (b) Valence of coordination site in each tautomers of NCP, (¢) Pentadentate NCP metal
complexes including 2-heteropyridine as an intramolecular axial ligand.

2. FEBI

G FNERECAL F & FFONCP I 23V M EERIIN-GRELT M7 7 = = VRV 7 4 1) ¥ (NCTPP) EN-{RELT ~ 7
FA4-APFTT2ZV)FRNVT 11 2 (NCTMPP) & IV TAHB L 72 (Scheme 1) o VT =7 A$EKIINCTPP
IR E L CAM L7z (Scheme 2) . A HIZ'H NMR (JEOL INM-ECX500) . =47 fi# 6 Bl & 537 (JEOL JMS-
700MStation) . HLRE 5 XA & FEAT (Rigaku CCDME i 2#Saturn, Mo-Ka % 7213 Cu-Ka) 12 & 1) [/]5%8 L 720 filifi 5
B TONERIZ, NEE#EEICI Y H A2 T~ b7 5 7 14 — (Shimadzu GC-2014s) % FIWVCTHiE L7z NHRZ
WYEE L TN) T 2R L



3. FEEBHRIR
3-1. NCPa 3L b 544 (CONCTPP-S, CoNCTMPP-S) D&k & 3%

PR ECAL T % FFONCP 2 23 )L b 5K CoNCTPP-S & CONCTMPP-SiEScheme 11ZfiEV &1 L 72 NCTPP
& Ni(acac), 7 B O R )V AHTEFET 5 2 & T, NINCTPP% 7572 (80%), NINCTPP7 & b = b V) JLIEHIZ,
2-ANA T PE) Y Y EEAAALT ) VTRE L Z2EEE IR, &EitT 52 & T, NCTPP-S% 66% DL
TER L7206 NCTPP-S% Co(NO;),*6H,0& & & [ICTHFH TRt 9 5 2 & Ta v bEfb L 72 (CoNCTPP-S ;
63%)o F72. X DEEICCONCTPP-SE AT H7-012, —EBAERETHAAILE A, NCTPPE
Co(NO,),*6H,0. Hifiifik bV 7 AfFE T, THFC&ILT 5 2 & T, CoNCTPP-S%ZIUZS56% T 5 Z & 12K
jL7zc CONCTMPP-SIZCoNCTPP-S & [alfkiZ. ZEEEME L U—BEEGHIZ L > TER L 72,0

NCTPP-S

NCTPP; Ar = Ph NiNCTPP NCTMPP-S CoNCTPP-S
NCTMPP; Ar = 4-MeOCgH, NiNCTMPP CoNCTMPP-S

©) T

Scheme 1. Synthesis of CONCTPP-S and CoNCTMPP-S. (a) Ni(acac),, CHCl,, reflux, N,, 1 day, 80% for
NiNCTPP, 82% for NINCTMPP; (b) 2-mercaptopyridine, sulfuryl chloride, MeCN, reflux, 3 h, 66% for NCTPP-S,
39% for NCTMPP-S; (¢) Co(NO,),*6H,0, THF, reflux, N,, 2 h, 63% for CONCTPP-S, 47% for CONCTMPP-S; (d)
Co(NO,),*6H,0, 2-mercaptopyridine, NaNO,, THF, reflux, 1 day, 56% for CONCTPP-S, 40% for CoONCTMPP-S.

'HNMRIZBWV T, CoNCTPP-SO ¥) ¥ Y NFHIRD Y 7 F W132.53(F )V M), 5.13(XF), 5.94(2%F)
ppmlZ B S AL, FEEEE, S KEEHES Y 7 L Twiz, ZHUIE ) D VENANCTPPERE S DY T
MOy 7 EREREZIT7272DTH S (Figure 2) o 7E# 2 1 1% 12 CONCTMPP-S O B S XS S AT 12 X D
[f]52 L7z (Figure 3)o CONCTMPP-SiZ. X )V 7 b Y1) 2 ¥ OFig# 2SNCTMPPER OIS 3% L L F /& % T
L. EUYVEMASFWEECA T LCa Ny MCEM L TR Y . RS 4 > 2 7 =F v EAL T
EL72NHEREETH D 2 ERHS L 75720 CONCTMPP-SOEEL Y T — VERIINCTMPPE S D X VL
RFD O ATEICH L CRIB4EV7/EE2 LTB Y., F72°C NMRTIE40.5 ppmlZ > 7 F V5 EHN S
£ S-C-Co’fI108°DiE AT 5 = L 75, CONCTMPP-SIINCTMPPER D e 5sp e % & 72 A 3H T
DOHEETH B LG 720 LIV FOEFHIE, SHEOMETHLZ L L. 7oF VHERM T2 5
DT ERS, B3l PELe 7 —N— A TdH HNCTPP-SOH 1 & Hifh S XA AT 12 & 0 [J5%E L 720
NCTPP-S(ZCoNCTMPP-S & 27z 1) | 3HEI DO TH - 72,

3-2. NCP)V 7 =7 A58 (RUNCTPP, RuNCTPP-S, RuNCTPP-O, RuNCTPP-N) D&k & Hiis
NN T & 5 ONCPIV 7 = 7 2 $5/ARUNCTPP-S, RuNCTPP-O, 3 X OFRuNCTPP-N(ZScheme 212
RT XD IZAE L7720 NCTPPERu,(CO), 27 0Ny ¥ hTwil, ¥ Y v &Iz 52 & TRuUNCTPP
#1572 (11%) o B5N7ZRUNCTPPE2- A VA 7 Y YU %12-Y 7001 Vg T RIS SE5
&, RuNCTPP-S%69% DR TEK T H I LN TE/, T2, -6 FEXF Y EY VU273 /7)) Vv
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ZIREEHN Y Y AT, RUNCTPPE 12-2 700y U BLIOMV IV FTEETAI LT, FNFN
RuNCTPP-O (64%) & RuNCTPP-N (36%) = T2 L 77,
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e J_

RuNCTPP
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M *

M
RuNCTPP-O
I u ]
*
I " St - A«__L/“
»té_tM
5 6.0 55 5.0 4.5
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Figure 2. 'H NMR spectra of CONCTPP-S, RuNCTPP, RuNCTPP-S, RuNCTPP-O, and RuNCTPP-N at the range

of axial pyridine unit in CDCl;. * shows side band or solvents.

CoNCTMPP-S NCTPP-S
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o Side view j
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Figure 3. X-ray single crystal structures of CONCTMPP-S and NCTPP-S. Hydrogen atoms were omitted for clarity.
Thermal ellipsoids are shown at the 30% probability level.

_4_



RuNCTPP-SO, RuNCTPP-S RuNCTPP-N

Scheme 2. Synthesis of RuNCTPP-S, RuNCTPP-O, RuNCTPP-N, and RuNCTPP-SO,. (a) i) Ru;(CO),,,
chlorobenzene, reflux, N,, 18 h; ii) pyridine, rt, 1 h, 71%; (b) 2-mercaptopyridine, 1,2-dichloroethane, reflux, 18 h, 69%;
(c) 2-hydroxypyridine, K,COs;, 1,2-dichloroethane, reflux, 1 d, 64%; (d) 2-aminopyridine, K,CO;, toluene, reflux, 1 d,
36%; (e) m-CPBA, CH,Cl,, rt, 5 min, 28%.

A B, L 72RuNCTPP, RuNCTPP-S, RuNCTPP-O, 3 L U'RuNCTPP-N O i (3 H ik 5 X i g AT 12
£ ) PesE L 72 (Figure 4) o RaNCTPP-SO Y ) ¥ Y #HfZO'H NMR Y 7 F )V i, CoNCTPP-SO Z 11 & H i
LTBYD., 259(F IV b), 527(A%), 541(X %), 6.050U8F )ppm& &G 7 M Lizbox 52720 —
Ji. RuNCTPPDO YY) ¥ VLS B~ 7 MR SN 25[4.70(F v ), 6.09( 2 %), 6.69(/5F)ppm].
NCTPPER 2> & DERE IR SRUNCTPP-S D554 L 1) 55\ (Figure 2) o RuUNCTPPIZAZ 7L 1% % FED2HF D
NCPEHETH ), HFEHEEDPEE 72720 TH S, F72. RuNCTPPORu-CH Ok & HiEEA2.200 ATH 5
DR LT, RUNCTPP-SO 11132172 AL vy ZALIZRUNCTPP-SD ¥ 1) ¥ & B AL A3 55 1 Wl RL 7 7~ &
LCHRELTEY ., RaNCTPPOE ) ¥ 2 X ) i {Ru-NEAL L TR0 Wr b, ZOEEDN, FHE
BHEOERTICMA T, ¥ Y Y EMOZT 2 RERMROEE N, DF)EHSGY 7 FE L TRBEENT
\»% o RuNCTPP-S?"C NMR Tl344.9 ppm|Isp’ KFED ¥ 7 F L sBlilll £ v, (RELE 0 — VEIZ X R R
FHPOMAHIHR LTI OMEEE/RL. LS-C-RuBSHII0CDEEATH S L5 5. RuNCTPP-SIT,
CoNCTPP-SL A U, SHH O EXFFOZ L2005, T2, MHEOH VARV TE2FEOZ L6, i
LV T = 2F2MiTH 5. —J5 T, RuNCTPP-O X RuNCTPP-NIZ B\, ¥ U Y EROZEFH)INCTPPE
DO HEFZ ERAEREE L. AT OET2 LIV T =7 AZEAL L 728E5E Td 5 2 & 28 Bk S XA AT 12
Lo TS, E o572 (Figure 4) o ZHUIZRUNCTPP-SOANT O Y ) U v OfEEHR L IZR LD TH 5,
WEB I KA L2 A BB TR A2 R 5 L RUNCTPP-O : C1-C2(1.355 A), C2-C3(1.414 A), C3-C4
(1359 A), C4-C5(1.427A) ; RaNCTPP-N : C1-C2(1.352A), C2-C3(1.421A), C3-C4(1.351A), C4-C5(1.430
A1, C5-0f54 (1.264 A) L C5-NEE (1.305 A) IZZFEAEA O EHEECTH L 2 L0645 T BN 7132
NZEN2-EY) Ry b2 43I 7)) VU EWHE R > TWwh, RaNCTPP-O & RuNCTPP-N®O'H NMR T, 2-Y
1) R ERf0I34.42(C4-H) . 520(C1-H). 5.62(C2-H). 6.17(C3-H) |2, 2-1 3 / ¥ ¥ Y EBALIZ4.08 (C4-H) .
4.97(C1-H). 5.16(C2-H). 5.73(C3-H) |2 ZN L & WL L 7@y > 7 b ¥ 7 v & 5- 2 72 (Figure 2) o
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RuNCTPP-O & RuNCTPP-N|Z 81} Z2NCTPPEIIZH B OMETH ) . LIV T =7 A3 A IVER =)V L BUAL L
Te2ffiD$ATH A 2 L1k, RANCTPP-SE —F LT\ 5%, 2-A VA FhEY Y v kb FaF B IR
2-7 3/ ¥V UHT, RaNCTPP L O USRS E T I, #EaEIcEbE 52 728l E LT, ~7T
OEFO N F =12 EEZONL, UGN E LT, RuNCTPP-SIEER L L TRIEA Y 7 &A% 4
ZE L7255, RuNCTPP-O & RuNCTPP-NIZjREE V) 7 AR IUE B SN R v, Zb Fh =R K
IREMFDENZ L 5 Ty FUSHREICERIEL, TNTNOMEEZTER L7-EEZ TV,

RuNCTPP-
RuNCTPP uNCTPP-O

Side view Side view

RuNCTPP-8 RuNCTPP-N

Side view i Top view

Side view Top view

Figure 4. X-ray single crystal structures of RuUNCTPP, RuNCTPP-S, RuNCTPP-O, and RuNCTPP-N. Hydrogen

atoms were omitted for clarity. Thermal ellipsoids are shown at the 30% probability level.

3-3. NCPa /%)L | 34K (CoONCTPP-S & CoONCTMPP-S) O il i 176 ¥ 34

A B L 72CoNCTPP-S & CONCTMPP-SOfill it i % A F L > & ¥ 7 VHEEE = F )V (EDA) Offiifty > 7 o
T a2 ALOS & TRl L 72 (Table 1) B SE LT, 7 8772 =KV 7 4 1) > asv)v b (1) #
K (CoTPP) & Ziegler 5 |2 & » T S 7z, FRISIZH L CREEE% R, N- X FIV-NRELT b5 7 =
ZVENT 1) as)b b (1) $#4K (CoMeNCTPP) [14]% v 720 RISSEM1E. AF L 545, EDALY =,
filt 0.5 mol%. DIV I e, iR, SUSEEH R & L7zo 2730 F31iliTa 5 CoNCTPP-S % v 7235
B BE L7 UG TIEETE T, 80 °Cy 6FER & V) L F CRIBSHEIT L. ¥ 7 a7 a8 LA
W (CP) %70%DIEE, trans/cis = 83:170:F R TH- 2 72 (Entry 1) iRy > 7 0 70X LU IE TNV F
AMANEEIE TdH % 7285, CoNCTPP-SEHE Y FF S + 1) 7 A THEICUEE L 72CoNCTPP-S;a & L7282
Ay a7 uaN ALIEER THELISHEIT L. CPOYER & EIRMEDT8%. trans/cis = 92:8 & 7 > 7= (Entry
2)o [AkEIZCONCTMPP-S % 32 TCALFE | 72 CONCTMPP-S,a % JHV 72 & & A, CONCTPP-S,ea & KL L 7245 5 %
7~ L7z (76%F%, trans/cis = 90:10, Entry 3)o — /7. CoMeNCTPPCI{=31%., #iRMErans/cis = 92:8 & \»
IFERE 2 EINEIZCONCTPP-S,ea & [A1%ETH 55, RO T AR 572 (Entry 4) o CoTPPIF RN,
BRI &9 K5 & 72 o 72 (IUER6%. 33N VEtrans/cis = 89:28. Entry 5)0 % 72, CONCTPP-S,. D filt i & %
0.1mol%& L7z A, PERIFZONE ), ¥ — 2 F —/N—F 23— (TON) 13390 & L&D 54172 (Entry 6) .
G TE A & 0 BIREIL S 2 72012, IUEEZ SUCK I TEER L 720 ZOfEFE. CoNCTPP-S,wld D3 2255 TR
5235845 L. CoMeNCTPPR>CoTPP X V) SUS# FE A5 2> - 72 (Figure 5)0 PLEX D\ 2 FNEELLL T % 5O
NCPI/ V)V M EEITIER I @ WG 2 R Z A S0 & o 7z,
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Table 1. Yields and stereoselectivity for cyclopropanation of styrene with EDA in the presence of cobalt catalysts.

Ph Ph
©/\ o cat. (0.5 mol%)
+ N S AN
20kt toluene, it, 1h  Ph COOEt
cr Ph Ph Ph

(5.0 equiv.) EDA (1.0 equiv.)

trans / cis
CoMeNCTPP CoTPP
Entry Catalyst CP / %lal Dimer / % "] trans / cisi®
1 CoNCTPP-S 70 83:17M
2 CONCTPP-Sred 78 (80)d 11 92:8 (92:8)f¢]
3 CONCTMPP-Srea 76 12 90:10
4 CoMeNCTTP 31 9 92:8
5 CoTPP 6 72:28
6l CONCTPP-Sred 39 10 89:11

[a] The yields and trans/cis ratios were determined by GC using tridecane as an internal standard. CP: cyclopropanation
product. [b] The dimer is diethyl maleate ester (Z form). [c] At 80 °C, 6 h. [d] Isolated yield. [e] The trans/cis ratios
were determined by '"H NMR in CDCI,. [f] 0.1 mol% of cobalt catalyst.

100
90 '
80 : CoNCTPP‘SI’Ed
70| AT et L ¢
| 60|e |
5| 50|, |
(0]
S| 40| | CoMeNCTPP
ol v . - o — - - o
1 1 ’.—-'— °
200 1~
10 1'9’1 CoTPP
0 /,_!_,_._____‘_____.. _______ - - ———— - -
0 5 10 20 30 40 50 60

Reaction time / min

Figure S. The time course of cyclopropanation reactions of styrene (2, 5, 10, 20, 30, 45, 60 min) with CONCTPP-S,.4,
CoMeNCTPP, and CoTPP.

3-4. NCP)V 7 =7 L\ $4& (RuUNCTPP-S, RuNCTPP-O, RuNCTPP-N) O fili i i P 54l
ZIZRuUNCTPP-S, RuNCTPP-O, 3} X O’RuNCTPP-NOfiltfi itk % A F L > O il BRAL SUG % F Vv C
#Hii L 720 RuNCTPP & RuTPPd Bt & L CRFili L 720 £ 9. RuNCTPP-SZfiltfit & L, I — Fv~X>
£ UPhIO% RALHI & § 5 Z & TRUGHREILZ ATV, BUSSM%2 A F L 235245, PhIO 145, fillE0.076
mol%., ¥ 70U Xy U, BET, BT EHELZ(Table 2)o AF L Y4 FH 4 F(SO), XX
TVTE F(BA), 7=V 7t 77 F(PA) ZAERYE LTEHlL 72, WMol d SO, BAL
bW E 52 7245, RuNCTPP-SOH; 4, BUGKE I O 45#E A & 72 (Entry 7-11) 0 filtli 7 L 0 54
TTIRIGEEITRE KT L2 (Entry 12)0 X DI RERILAIE LT Y 7 0udZBH/RTy w2 A,
RuNCTPP-SOHfi i 75 2 )V & (2L & 1172 RuNCTPP-SO,73% 5 1172 (Scheme 2. Figure 6)
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[a]

Table 2. Yields of oxidation reactions of styrene with PhIO in the presence of ruthenium catalysts.

PhIO (1.0 equiv.)

N cat. (0.076 mol%) 0
O/\ . Ph/@ + Ph/CHO + P cHO

CH,Cly, rt, time

(35 equiv.)  ynder air, hv= 440 nm so BA PA

Entry Catalyst time / h SO /% BA /% PA /%

7 RUNCTPP-S 8 13 (+3) 35 (+1) n.d.

7 RuNCTPP-S 12 13 (+3) 35 (+2) n.d.
RUuNCTPP-O 12 13 (+3) 33 (+2) n.d.
RuNCTPP-N 12 13 (+2) 35 (1) n.d.

10 RUNCTPP 12 11 (+3) 31 (+3) n.d.

11 RUTPP 12 11 (+3) 30 (+3) n.d.

12 12 <1 8 (+3) n.d.

[a] The yields were determined by GC using tridecane as an internal standard. Because of the peak overlap of PA and
iodobenzene derived from PhIO in the GC chart, the yields of PA were not determined (n.d.).

Table 3. Yields of oxidation reactions of styrene with 30% H,0, aq. in the presence of ruthenium catalysts."

H,0, aq. (1.0 equiv.)

AN cat. (0.076 mol%) 0O
©/\ - At O+ e ero
CH,CI,/MeOH (25/75), Ph

(35 equiv.) rt, 24 h, under O, SO BA PA

Entry Catalyst SO/ % BA /% PA /%
13 RUNCTPP-S 2 (+1) 40 (+1) <1

14 RUNCTPP-O 7 (+1) 37 (+2) <1

15 RUNCTPP-N 6 (+1) 44 (+4) <1

16 RUNCTPP 2 (+1) 26 (+4) <1

17 RuTPP 3 (1) 25 (+2) <1

18 <1 <1 <1

[a] The yields were determined by GC using tridecane as an internal standard.

Al & LTl 7230% H,0, aq. # TR L. RIDS&H% AF L 2354 &, 30% H,0, aq. 14&., filli£0.076
mol%., Y7 HUURXY /XY ) — VIREER(CH,CL/MeOH = 25/75). Zi. BEFE T, BUCEER24 B &
L. MBS PE % 3R L 72 (Table 3) 0 ZO#EH. BAZ FAERM E L, 4 THEEAL T2 Fo v 7 = w7 4 $5K
7SRuNCTPP & RuTPP & 1) & S\ IEE % 5.2 72 (Entry 13-17) 0 PLED X HIZAF L OBIALRISIZ BN TH,
ST NEHERAL T % FFONCPIV 7 = 7 WA X ) mWiEtE %2 7R L 72,

NCPI/ NV MEIRIZ X B v 7 a7 a2 fLRIE B L INNCPIV 7 =7 L $EKI2 X D ERILEUD DFE R 5 |
NCP<JESEAENO I3 F-NEIECAL T OB AL, BEH O FICEA L L) ZEPHL e o7z,
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RuNCTPP-SO:

Side view

Top view

Figure 6. X-ray single crystal structures of RuNCTPP-SO,. Hydrogen atoms were omitted for clarity. Thermal
ellipsoids are shown at the 30% probability level.

4. &

NABEROSIAAEE LM L 72, 5 FNBIECA F & FEO S BINCPE B # R 2 5k3t L. 2 /WL b B X
O 7 =7 5§54k D CoNCTPP-S, CoNCTMPP-S, RuNCTPP-S, RuNCTPP-O, 3} X ('RuNCTPP-N % fifj
R HECTER L7z SNOEAOREEIZH NMR, &7 FREE =0T, Bk S X ST IC L ) [FwE L
72o CoNCTPP-S, CoNCTMPP-S, 1 L UFRuNCTPP-S|32- A )V # 7 k¥ ¥ 2 Ot ASNCPEE D NEB ik %
LA L. €V Y UEALA T NENEAL T & L CHL AR L AL L 72 i 2 FE o TV 7225, RuNCTPP-O
ERuNCTPP-NIZE ) ¥ VERDPNEBRF LA L. AT OEFFHLERE RS2 L), £ L8
EHRERLZe TONCPEEHAD2- AT O E ) VU AO O ZERIZEERERNLOTH L, T2,
CoNCTPP-S & CONCTMPP-S % 3% T HLEE | 72 CONCTPP-S,ca & CONCTMPP-S, i3 A F L » DEDAL ® 7 1
TN AL BT, DT 255 O RO R R EIIEE, BRI IEFICE WG E R Lz, £72,
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Analysis of surface density effect on the anti-thrombogenicity of

poly(2-methoxyethyl acrylate) brush
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Abstract

Poly(2-methoxyethyl acrylate) (PMEA) is an excellent anti-thrombogenic polymer. The effect of surface density of
PMEA on the anti-thrombogenicity was evaluated. PMEA was grafted on Au surface with controlled graft densities.
Amount of fibrinogen adsorption and platelet adhesion on PMEA brushes decreased with increasing graft density in
low density region, but increased in high density region. The AFM observation revealed that the phase separation of
polymer and water, and so the aggregation of polymer chains occurred in high density region. The decrease of anti-
thrombogenicity in high density region may attribute to declined mobility of polymer chains and dehydration effect
caused by the aggregation of polymer chains. Thus the importance of the control of surface polymer density on the anti-

thrombogenicity was demonstrated.
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Rt T2 TWHHA, B h7z o TG 25N 5 &9 12, fRREEmO LM EE 238
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Mo, FHINTE TS,
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T5 2 e BE AR EIEY . NMRIIEY 2 5B ST 2. 2 OHREIKOFEIESHLIAR TS
BOTEETH LI LD, TNETHA DR, LHE STV 5,

L2 LK BARIIC &0 & 9 1B DB HF G § 5 O IC oW TIIAN 25 £ (RS Tw
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DIFFEHFTHIT Z 725 polyethylene terephthalate (PET) #4K 1 IZPMEA % A ¥ > 3 — © L C 57 ) SR
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DEAEMIECDSHNS L FHTEX L, ZOFMIEZMHIN TV ARV RIFJETIIPMEAZ Fif12{L
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Figure 1. Chemical structure and interfacial structure of PMEA.
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Scheme 1. Synthesis of PMEA-SH.
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Figure 2. Preparation of PMEA brush.
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Figure 3. Amount of adsorbed fibrinogen on PMEA brushes.
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Figure 4. Number of adhered platelets on PMEA brushes.
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Figure 5. Interfacial structures of PMEA brush/PBS interfaces.
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Figure 6. Relation among the anti-thrombogenicity, interfacial structure, and graft density of PMEA brushes.

ZNS OFERH B PMEAIXRE FERAED & W EDSBINT 2 12O N CHUAR L L3 225, H2%ED L
TIUEEDTOEIEE LIRD 5 2 & THIMBEORTAR Z 2 Z EDSHL NIk 572, TIUIHERIC X
DES T EET S L. OFSTHOERESK T35 2 21 X 28R R0y, @R T Y
DKOPAFE V) ZODERDME L 720 EEZ BN D, FRZ@IZDOWTIZHE TH ik~ 7 KA R I
EDLIHFET LN LEDY . PMEAOTLIIEEX D2 BEELERNTH S L EZ TWD, HEXRS
AT % R L 72PMEAZKFIK ORESE AT 2 D TB Y . KRIFFERR & A b TPMEA O I ] ##112
BVDEELRIMEAIEONS LML TV,

8. Wa

PLER 7T CTd APMEA %R GHEAMUCEE L 72PMEAT T ¥ 2 E 8 L, JuiigelEicx 3579 7 NEE
DB % 720 Grafting tofE 12 £ D VE# L 72PMEA 7 J ¥ D% £130.020~0.131 chains/nm’? i FH T ) 12
HEITETWE I E2T) YA M) =X BEEE» SRR L 72 REEHIRTIZZ T 7 M EEOBN



(2R THUR DI B L7225, & 5B E L E TPt E»MME T 3 287 AR S vz, Z odtietto
BT, 7797 VEEOBINCEE) B0FHOBEIC X 250 FHEES OB T PR EL T 5 D
DEEZLND,

9.

1Y)
2)
3)

4)
5)
6)
7

8)
9
10)

11)
12)
13)
14)
15)

2% R
AE—Z, E G T BE, N <7 ) TNy R 7y 7 NTS Inc. 2012
IR EARRRRRM R — N LhEs - ML - AR O -, a1 )4, 2005
Ishihara, K., Ziats, N. P,, Tierney, B. P, Nakabayashi, N., Anderson, J. M. J. Biomed. Mater. Res. 1991, 25, 1397—
1407.
Ishihara, K., Fukumoto, K., Iwasaki, Y., Nakabayashi, N. Biomaterials, 1999, 20, 1553-1559.
Nagasaki, Y. Polym. J. 2011, 43, 949-958.
Sofia, S. J., Premnath, V., Merrill, E. W. Macromolecules, 1998, 31, 5059-5070.
Okano, T., Nishiyama, S., Shinohara, 1., Akaike, T., Sakurai, Y., Kataoka, K., Tsuruta, T. J. Biomed. Mater. Res.
1981, 15, 393-402.
Tanaka, M., Sato, K., Kitakami, E., Kobayashi, S., Hoshiba, T., Fukushima, K. Polymer J. 2015, 47, 114-121.
Tanaka, M., Hayashi, T., Morita, S. Polymer J. 2013, 45, 701-710.
Tanaka, M., Motomura, T., Ishii, N., Shimura, K., Onishi, M., Mochizuki, A., Hatakeyama, T. Polym. Int. 2000, 49,
1709 — 1713.
Morita, S., Tanaka, M., Ozaki, Y. Langmuir, 2007, 23 (7), 3750-3761.
Miwa, Y., Ishida, H., Saito, H., Tanaka, M., Mochizuki, A. Polymer, 2009, 50 (25), 6091-6099.
Murakami, D., Kobayashi, S., Tanaka, M. ACS Biomater. Sci. Eng. 2016, 2, 2122-2126.
Ueda, T., Murakami, D., Tanaka, M. Front Chem 2018, 6, 542.
Murakami, D., Kitahara, Y., Kobayashi, S., Tanaka, M. ACS Biomater. Sci. Eng. 2018, 4, 1591-1597.



CAPD FEICXk B F 72V RYy PEIET VI = 2O

H s o o R 2, NS 5 AREEDDAR 5. fRIRHEME 5. BIRIEMR 3. LR 4
Birgse «, Hi Wl

IUN KRR Beae & P20
2 AR TRl o 7 — B E TS
3 —x AT —HAaH
LR TI 7 > & —

Synthesis of nanocomposite AIN thin films by CAPD method
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Abstract

Aluminum nitride (AIN) thin films were deposited on high-speed steel (HSS) at room temperature by coaxial arc plasma
deposition (CAPD) method. The hardness and Young's modulus of the films were measured by nanoindentation. The films
exhibited the maximum hardness of 25 GPa and Young's modulus of 223 GPa. X-ray fluorescence analysis reviled that AIN
films were aluminum-rich. Cross-sectional STEM analysis revealed that the crystallinity is improved with increasing film
thickness, and AIN films have nanocomposite structure comprising grains of approximately 20 nm. The nanocomposite

structure might contribute to the enhanced hardness.

1. LI
I TR ~OMEE D 32— 7 1 » 73R O RFEabeHEitz m L s, #ntos =7
JAMOEEED72HT WE100GPa 2 BT LY AYEL FRDLC (FAXYELYFIA 7 H—KY) Lo
72 TSI IT R R AL & L CIA K ERLE R TV A, LA L, TEHMGE LTELHWSN 83208
R L CUE, FIREE CTREPES IR L TLE ) 2R, HEIERWEZEME (950 K) ZE0 5, B
THRBMDHIREINL L Vo FEL IR IN TV 2, SRM TH 2 EHEEM (HSS) &, IR0l E
SIHETIIELL00, HHEICER, POBMEE Vo727 BNV F— U2 5 E LERLERIZHWSNT
Who HSSAND I —7 4 Y ZHEHI TIN (245 D . TICN. TiAIN & o 7= bW R RS IS RERFIH ST
B [1-3]. TIAIN (Z5 5T 32 GPa DIREDH LM [4]. ¥4 VEY FOWMEIZITREH D, KRR
TR R AR & L CH DR TRELR Y F (-BN) 1£50 GPa DTEEXHF T 5 L OMENRH Y, 2O LH 7%
AR RE 22 ALY OBAZEC & D) HSS & V7 ARATE 2 VIHI TR 2 EB§ 25 2 L5 REE %50 N— FI—T 4
B 2EERZBEHASME LT BERES ST O N5, FlzIE 8745 A PCVDIZL BT A YE



> FYESZ13900 C [5]. 79 A~ CVD 12 & % o-BN E#1Z 1250 T [6] D milmBiBe & ¥ L § %, HSS R
LB INTEY . Lo X ) SR T CORBEIIRA O T ORNY D 5o IRIREIZIC T
O THEMTH 5. Uk, SWHEREOSIRETONHEE HIETOLRHEOEHNTH 5,
27 I =7 4 (AIN) FEVEEENE (1300 K[7]) %% 25 ZREMWTH D, &M% BN &R
(ZZERBIZAN T MBI % A o BEEEIE Table 1 \ZR$HE4 OHEDDH 5 A7 [8-14]. Wi
20GPa B TH Do UMIFEETIEF /BRI AVYELY RETELV T 7 AT =R DAV RY vy MEEOHSE
D ARG T — 7 75 X< HEFE (Coaxial Arc Plasma Deposition: CAPD) &% H L T\ 5, I YR v ha—
T4 Y7 REOEBEENOT T —FO—2 L LTHEFEACHESINTEY., +/arKRYy Mz
E35HcBNA85GPa I CTHEZFI & EIFAZ LTI L7z O b EAT> TWw b [15]0

RIFFETIZ CAPD #Ex IV CTIER L 72 AIN BIED 7 3 VR Y v MBSO EIZS 2 5 2D
T, FIERZBBEMBBIEC L 2 EEEFT O RPOERT 5,

Table 1 Hardness of AIN which is various phases and prepared by following method.

Authors Hardness (GPa) Method Phase

H. C. Barshilia ef al.[8] 12 Reactive unbalanced magnetron sputtering a-AIN

P. Vissutipitukul et al[9]  9.8-11.7 Plasma nitriding a-AIN

1. C. Oliveira et al. [10] 11-17.5 RF magnetron sputtering highly textured a-AIN

1. Yonenaga et al. [11] 18 Hydride vapor phase epitaxy single-crystal a-AIN

H. Takikawa et al. [12] 20-27 Reactive cathodic arc deposition a-axis oriented a-AIN

T. Ebisawa et al. [13] 13.7 Electron cyclotron resonance plasma bi-layered a-AIN

M. Ishihara et al. [14] 10.8-21.6 Electron shower a-axis oriented a-AIN
2. FERT
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Figure 4 (a) cross-sectional TEM image and selected area diffraction patterns of (b) area I, (c) area II, (d) area III.

Figure 5 HR-STEM ABF image of AIN film at (a) near surface, (b) middle and (c) near surface.
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Abstract

The nuclear disaster at the Fukushima Daiichi Nuclear Power Plant (FDNPP) in March 2011 caused partial
meltdowns of three reactors. During the meltdowns, a type of condensed particle, a caesium-rich micro-particle
(CsMP), formed inside the reactors via unknown processes. Here we report the chemical and physical processes of
CsMP formation inside the reactors during the meltdowns based on atomic resolution electron microscopy of CsMPs
discovered near the FDNPP. All of the CsMPs (with sizes of 2.0-3.4 um) comprise SiO, glass matrices with Zn, Fe, and
Cs, which contains a wide range of Cs concentrations (1.1-19 wt% Cs as Cs,0). Trace amounts of U also occur in the
CsMPs. The nano-texture in the CsMPs records multiple reaction-process steps during meltdown in the severe FDNPP
accident: Melted fuel (molten core)-concrete interactions (MCClIs), incorporating various airborne fission product
nanoparticles, including CsOH and CsCl, proceeded via SiO, condensation over aggregates of Zn-Fe oxide nanoparticles
originating from the failure of the reactor pressure vessels. Still, CsMPs provide a mechanism by which volatile and
low-volatility radionuclides such as U can reach the environment and should be considered in the migration model of Cs
and radionuclides in the current environment surrounding the FDNPP.
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Figure 1. Secondary electron images of three CsMPs; KOI, OTZ, and AQC, associated with the energy dispersive X-ray

spectrum (EDX) maps of the major constituents.
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Table 1. Summary of the radioactivity and the associated parameters of three CsMPs in the present study. The
radioactivities of "**Cs and "”’Cs were given, as the gamma spectroscopy of these individual particles revealed only
peaks of '*Cs and "'Cs. *The radioactivity was decay-corrected to March 12, 2011, 15:36 JST. **The radioactivity per

unit mass was calculated assuming that the particles have spherical shape and the density is 2.6 g/cm3.

KOI 3.4 12.4(+£0.36) 11.3(£0.15) 1.10 4.43 % 10"** 3.67-19.2
oTZ 2.0 2.00(£0.080) 2.07(£0.031) 0.967 3.74 x 1014 8.50-12.9
AQC 3.3 0.940(%0.013) | 0.906(%0.040) 1.04 3.95 x 10'0*+ 1.09-1.87

CsMP #8£H f F v ¥— A% IV CEBEY R L L, Z oWtk % & A Bk eE 1 5 75 4% 5 T B 8E
(HAADF-STEM., E\WILHEAH L C A2 2858k CBIE L-Wg%Rd (Fig 2a)e TR~ Y T bbhb
£ 912 CsMP IZFEIZ Siv Fe. Zn, Cs THEB SN TWw5 (Fig. 2b). MEItHFE L LTIEK, Cl. Sn. Rb, Pb B
L Mn & F T 72 NEBIZIEZHKT 500 nm @ 2 DOk & LB & U 10-200 nm D ZELD /N & 7 LA
£ L CsMP JERCIF I A7 A 55 (Hy, H,O.CO.CO, 72 &) BN sAE N2 & Z/RIEL T4, ETEIYT (SAED)
I8 — VFIERE ORI AR L72DY (Fig. 2¢). LK & 1172 HAADF-STEM #i{§ & jeE~ v 7L D\ Zn. Fe.
Sn, Cs DEFEICHEAN <10 nm O F /T2 TR L. (FUSHR R IEE T AKD Sio, ¥~ M) v 7 ANITHHAE
LTWa Zebrorz (Fig.2d)e EHICZOF /RFIEESHEE TEM B & ZOmM 7 —) 24865 (8
FHEFTREFE L8 — ) 206, HEh LSO TH S 7T > 7)) »#k#L (franklinite, ZnFe,0,. Fd3m,
7=8) CHESN (Fig.2e)o 72, CsMP ONERIZIE CsOH D F /A Z@EW L F%E Sz (Fig. 2f) o
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Figure 2. (a) HAADF-STEM image of the focussed ion beam (FIB)-prepared specimen of the KOI Cs-rich micro-
particle, with its original shape traced by a white dotted line. The yellow and orange open triangles indicate rod-like
nanoparticles consisting primarily of Cs. (b) SAED pattern of the area indicated in (a). (c) A HAADF-STEM image
associated with elemental maps of the major constituents. (d) HAADF-STEM image with the elemental maps of the
CsMP at high resolution, showing the heterogeneous occurrence of Fe—Zn-oxide nanoparticles associated with Sn and
Cs. (e) HRTEM image of the Fe—Zn oxide and the fast Fourier transformed (FFT) image. (f) A HRTEM image of a rod-
shaped Cs nanoparticle present in a pore indicated by the yellow arrow in (a).
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BEOA 7)) — ML, >2000 K DT SI0 A AZER L, Si0, & L THE S 128 L CsMP % 2
T2 LB, FFICEE L TSRS T NE L,
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LWL T&E (4),
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Fexld, 370294 XM & O CsMP A L TR A A 2 ERSHT (SIMS, SHRIMP) % #16 Tl L
BENDEEOFEMAMBE S Z N5 OHRALFIRELFEEHA L (5. 77HTI2I1L FDNPP 2° 5~ 4 km
VEICALE 2 AEERRRRERT IR 22 5 2 2 (CsMP D X)L 44 - OTZ3, OTZ10) . 2.9 km F5 PG |2 & 3 % ALEE
HORRENT/NAEF 225 12 (KOI2). ~ 10.5 km ALTEICAZE 9 2 BEERHRICAT /ML 5 1> (OMR1) Hif L.
FNENTH LTy ART PaX—% —CHFREZHEIE L, BIRS R TR L2 EARE TS (SEM) T
Bt - 5T L7z S 512, OTZ3, KOI2, OMRI (Z#f L T SHRIMP 73#T % 17 - 72,

Table 2. Summary of isotope analysis for three CsMPs using SIMS and y spectrometry. A NIST standard, SRM610,
which contains depleted U, was also analyzed as a reference. Ten scans were conducted for each analytical spot on
the CsMPs, meaning that the sequence of ten analyses represents a depth profile of the variation in the isotopic ratios;
thus, SIMS analyses provide the isotope signatures inside the CsMPs. The average values are given in the table with
the standard deviation calculated for the ten analyses and the standard deviations are given in the parenthesis as 1 0.
The isotopic ratios recalculated from the results of » spectrometry are annotated as ( y ). Conversion of radioactivity to

isotopic ratio was conducted by decay-correcting to the time of SIMS analysis. n/d stands for not detected.

Bsy/B8Y 0.029584 (0.004967) 0.029341 (0.003032) n/d 0.00729 0.002388 (0.000001)
134(Cs+ Ba)/"¥(Cs + Ba) 0.02488 (0.00219) 0.03184 (0.00107) 0.03167 (0.00037) - —

1MCs/17Cs() 0.0131 0.0135 0.0132

4B s ogenicl 7 Blaiogenic() 0.515 0.517 0.520

1HCS/Ba, gy ggenic) 0.190 0.190 0.191

137C/ 17 Ba g iogensc() 747 7.46 7.47

H(Cs + Bagygogense)! (€5 + Bapiogenic) () 0.0724 0.0742 0.0727

135Cs/"¥7(Cs + Baggiogenic) 0.3929 (0.0089) 0.4007 (0.0050) 0.4011 (0.0020) - —

135Cg/133Cg 0.3901 (0.0121) 0.3685 (0.0062) 0.3777 (0.0025) - -

1(Cs + Bagagiogens)/ *Cs 0.9941 (0.0543) 0.9199 (0.0246) 0.9417 (0.0102) = =

H(Cs + Bagygiogensc)/ *Ba 36.6(3.7) 35.3(5.9) 137.7 (21.7) 0.03371 0.03371 (0.00009)
136Ba/'**Ba 0.1523(0.0124) 0.1638 (0.0191) 0.4293 (0.0697) 0.1095 0.1097 (0.0002)
SRb/*Rb 2.407 (0.014) 2.284(0.017) 2.236 (0.120) 0.3856 0.3857 (0.00009)
2Sr n/d n/d n/d — —

4IK/¥K 0.07217 (0.00001) — — 0.07216 0.07214 (0.00003)
OK/¥K 0.000127 (0.000041) — — 0.000125 —

$Ca/*Ca 0.06465 (0.00115) —_ - 0.06472 0.06469 (0.000005)

SIMS 742 & 1) CsMP BRI T- O AR TER %155 2 & T, & E 15 U, Cs, Ba, Rb, K, Ca O HiE L22R
BaFET S LN TE7 (Table 2)o K X Ca DRI KIRGFAEILEF—TdH S —7T. U, Ba, Rb I
R EDE N Eh D, BEIIREHERTHL b0 b, 72, Csid PCs/Cs AT ORIGEN I — K72
LEHE SN BUEOBEPR O FRMALL (6) L1123~ L TWD I Ehnn, FHCYRIBED» S5 L 72 Cs
WA EDFEFEFEINTVLI LD bbb, 72, "Ba/*Ba FMAILOBEIZL D, CsMP IZ&E 15 Ba
DIT L A EIHSECs DREERM TH L Z L0355 ME L7z "Ba/ Ba FIALA L, RFFIEL R
ORIGEN I — FIZ X DR SN A HAEOBEF OFAMARIL LD QB e 72 o 720 ™°Cs @i 13.16 H
LD, BUEIZIZE A EDETED Ba ([T T 5 — T, BORERD O Ba lE Cs IZHARTIEHIZ
HELIZC W ERnDS, CsMP IEEERZE E I °Cs DEIGIREL roTze L7 > T, 5 L72Ba D
EEIIE L CSMP I £ 115 Ba ORI HHEFENE Cs OWBAETH % L bh b S 512 FDNPP OB 75
HkTH 5 L FETE S U U QRN LOBHIZH O THRII L 720 CsMP A S S 7z U/ [’k
HiE~ 0030 TH Y, KROFMAL (0.00729) % ORIGEN I — FIZ X V) 715 &1 5 BAEOBRKL O P [ fir
kI (~0.0193) LYW ARE L, REABEORMAEL (0.0389) XD o720 —MBAIICHREHE SRR
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Figure 3. (a) and (b) optical image (top) and autoradiograph image (bottom) of air filters #1 and #2, respectively. Air filter
#1 and #2 were sampled during 0:00-7:00 and 15:00-16:00 JST on 15th March, 2011.The aerosol sample was collected 1
m above the ground in Setagaya Ward, Tokyo, which is~230 km southwest of the FDNPP. The sampling was conducted at
0.6 m’/min using a high-volume air sampler (Staplex® model TFIA) with a glass fibre filter (ADVANTEC GD-120R).
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WL D PM2.5 A XORKLTA Cs FUGTREDFK) 9 #l % HO B IETEEN T2 EPHL NI R o7,
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IZeOH 7 VAN~ 10" 0 FAEKRT 5 L RfEd 5N b, TN E TCORBREFMIL. EFSBARE
Z:H 43 ICRP pub.119 THEV. E N TV 2 ERHERIIZD LDV TB I b TV 205, CsMP DEEILEE
ENTWaV, EEEMBED CsMP IZKEN Cs £ ) BWAYZR R 2 A 5 RS W20, 4%
CsMP O PR IZ B3 % REM 2 BRI Ak d S %

CSMP IC5 ENSF 7T Y 7 5 2% > | DJTF L NASIIHFHT

BIEB I b TV L RES—HTE 1| ~ 4 GHROBIFEEIZB VT, ROWEER TREO—2I3BIT%E L
KRB ) M LAEETH B COLREDIZDITIE, VT 7R & 2R TR 3 RAE L T 2 HRE
77 EXENDIEFITE ISR D OWEOMEIRZ BB T 2 L P H L5, T E THEEL T&72 CsMP
DHRT, IXTTRZVHPVLOPD CMP 12T T U HFETN TV D, A GBI & 1172 FDNPP
HER7T70) 77720 MG THOTHR L. foeimi 50 ae 7 Bk EE 2 BRAE U 72 5120 il Re AT 12
Lo T FNTREE ZZEMMEOLA IS, £ LTBEDT 7 ) ORELZER L7z (10).

HALZZETOTTI T I AL MECMP & EBIHFAELTEY) . ZHEOMRP RSN —2id~
70 nm @ uraninite (UO,,,) FLTA LY ¥ F ¥ v )V E L 72~ 400 nm ?® magnetite (Fe;0,) @ HIEZAE W T
IWCTHAAE L TV 72, Magnetite 1213 U ORRGEAEB TH 5 Te X Mo D33AF L T\ 72 (Fig. 4).



81 Ka

U Ma

G

O reka
?mem;
Mo La
A “’

TclLa

Counts (a.u.)

sl
A distance B

Figure 4. TEM characterization of the uraninite fragments in OTZ-A. (A) HAADF-STEM image of the half part of OTZ-A and the STEM-
EDX map of Cs L a , of which the color represents the X-ray counts. (B) HAADF-STEM image of the same Fe — U particle observed after
thinning by FIB and the elemental maps of the selected elements. The white square and line segment AB are further characterized in panels
C and G, respectively. (C) Magnified image of the area indicated by the white square in panel B and the SAED pattern, which are collected
from the area including both Fe-oxide and U-oxide nanoparticles. Indexes in white and yellow letters corresponds to magnetite and uraninite
structures, respectively. The white square is further magnified in panel D. (D) High-resolution HAADF-STEM image of the area indicated
by the white square in panel C. Fe atoms (red) of magnetite structure and U atoms (green) of uraninite structure are overlaid in the image.
An atomic-column elemental map of U is also included. (E) Electron tomography showing the three-dimensional structure of uraninite
nanoparticles in a magnetite nanoparticle. A part of the euhedral rectangular shape can be observed, although the top and bottom of this
magnetite nanoparticle was removed by the FIB thinning. (F) Cross-sectional view of uraninite nanoparticles embedded with the magnetite
nanoparticle. (G) STEM-EDX line scan analysis of the traverse AB in panel B.
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Figure 4. TEM characterization of U — Zr-oxide fragments in OTZ-B. (A) HAADF-STEM image of the aggregates of
CsMPs in OTZ-B, where U —Zr oxide nanoparticles are present. (B) Elemental maps of major constituents in panel
A. (C) Magnified HAADF-STEM images for the areas indicated by the white square with Roman numbers in panel
A associated with the elemental maps of Zr Ka and U La . Arabic numbers indicated by the arrows correspond to
the particle numbers in panel D. (D) Molar ratios of U/(U+Zr) analyzed using STEM-EDX. The ratios reveal the
average values: n = 7 for particle 1, n = 5 for particle 2, and n = 2 for particles 3, 5, 6, and 7, and n = 1 for the others
without error bar. The error bars show the standard deviations (2 0 ). (E) HR-HAADF-STEM images of U — Zr-oxides
nanoparticles 1 and 2 in panel C associated with SAED patterns. U-rich particle 1 (U/(U+Zr) = 0.91) is identified as a
uraninite structure and Zr-rich particle 2 (U/(U+Zr) = 0.17) as a cubic zirconia structure. The magnified SAED pattern

with the yellow frame is inserted for particle 2.
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