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Field Emission from Nanocarbon and its Novel Features Exploitation:
Observation of Electronic Orbitals at Graphene Edges,
Experimental Manufacture of Low-energy Projection Electron Microscope,
and Formation of Ultra-slender CNTs
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Yahachi SAITO™

Field emission (FE) from nanocarbon makes observation of local electron orbitals at graphene edges
possible, and opens new methods to manufacture a lens-free electron microscope operated at low voltages
and to form ultimate structures of nanocarbon. Here, following three exploitations of FE of nanocarbon
materials are reported. (1) Field ion microscopy of graphene exhibited exotic images suggesting spatial
shapes of empty electronic states at edges of graphene. (2) A projection electron microscope operated at
low acceleration voltage (about 100 V) was experimentally manufactured by employing carbon nanotube
(CNT) as a field electron emitter. (3) Ultra-slender single-wall CNTs with ultimate small diameter (0.4

nm level) were formed together with carbyne in a CNT-film cathode after serious electric discharge.
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Fig.2 FIM images of a scratched graphene emitter at (a) V, =4.6 kV
and (b) 4.0 kV. Pressure of Ne P, =1 x 107 Pa, temperature
of graphene emitter 7, = 80 K.
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Fig. 1 Schematic drawing and a photo of the FEM/FIM apparatus.
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Fig. 3 FIM images of a GO emitter at (a) V,=2.4kV and (b) 3.1 kV.
P, =3x107Pa, T,~90 K
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Fig. 4 FIM images of an open-ended CNT at (a) V, =4.6 kV and (b)
5.2KkV. P, =27x%107Pa, T, = 77 K. (c) Illustration showing
a circular free edge of graphene at the open-end of CNT.
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Fig. 5 Schematic of potential diagrams around an imaging gas
molecule near the surface of an FIM emitter under low and high
fields.
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Fig. 6 Principle of low-energy projection electron microscopy.
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Fig.7 (a) Photo picture of a CNT field emitter on a piezo-driven stage and a sample (supported on a Cu grid with 3 mm in diameter)
for projection electron microscopy (PEM). (b) Drawing of the apparatus; PEM is installed inside the sample chamber of
the compact SEM (“Tiny-SEM”). (c) Photo of the apparatus.
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Fig. 9 Magnification versus 1/a. The straight line is the expected
magnification b/a. Measured magnifications are represented
by square symbols, being lower than the expected ones.
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Fig. 10 PEM images of MWCNT on a holey micro-grid. (a) Mag. =
1600, V, =260V, I,= 11 uA, (b) Mag. = 4000, V= 160 V, I,
=12 uA.
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Fig. 12 Structure models of ultra-slender SWCNTs with chiral indices
(4,3), (5,1) and (5,0). These models were drawn using the
crystal-structure drawing software “VESTA” and the CNT
atomic coordinate software “nt. exe”.
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Fig. 13 TEM image of an ultra-slender SWCNT.
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Fig. 11 Raman spectra of a CNT film (a) after and (b) before the electric discharge. Excitation is 785 nm line laser. New RBM
peaks originating from slender CNTs appear after discharge.
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Mechanisms of Activation and Excitation Light Intensity Dependence
of Photoelectrochemical Oxygen Evolution Reaction from Water
at Bismuth Vanadate Thin Film

Yoshiyasu MATSUMOTO™

It is vital to develop an effective hydrogen generation method for solving global environmental and
energy problems. In particular, hydrogen generation by water splitting with sunlihgt is a highly promising
method without any carbon emission. To realize this method, it is important to enhance oxygen evolution
from water because this is the rate-determining step in the complete decomposition of water. The choice
of photocatalyst in this study is bismuth vanadate (BiVO,), which is a promising photocatalyst for oxygen
evolution reaction (OER) from water with irradiation of visible light. First, it was found that the efficiency
of oxygen evolution is greatly improved by prolonged light irradiation. Second, the hole density accumulated
in the BiVO, thin film under 405 nm excitation light irradiation and the reaction rate (charge transfer rate)
at the electrode interface were estimated by simultaneous measurement of transient absorption and
photocurrent. As a result, it was found that the reaction rate of OER depends on the hole density in a very
nonlinear manner. The possible origins for this nonlinearlity were investigated by Mott-Schottky and
surface photovoltage measurements as a function of excitation light intensity.
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ZEIC BT E 2 2L S E 4250, SR IESLE
EREEROWE, BLOKERKCFWNEZITRH
&, —HOFEER 2 MRS 72 NS ROSIE LT 5

ZEERBWLZ 22T, TTBIVO,ONMIEEE LTo
B E D X ) IERE BT 202 WS 2ICT 5
CEEE-ONFEAWNE L, CoOMEEZRFEZ/-LT
HUAREFEAC WM U 72 O B A IE L% B2\ JERRIE M L ARAT
THEBHEZIIOWTO L DML ERETT R, 20
JERIEEDOENZ T LI L2 E  OMEHME L
7z.

2. ® B&

Jefi R & L CTI1dBiVO, 2 EWEEM MR (FTO)
FEHNC R E S22 b 0% vz, BELRILEERT
1, BiVOJ/FTO M % VE M, 1 4R % i Bh T4,
- HALEM (Ag|AgCl) #ILMEFME L CREL
=R A LV & B B BAEE O RS 1D £ T
Hv7z, BRI E LTE, pH 9.1 Ok 7 BRRRE A
vz EEBEMOBE, BXOREROBM %
EOB/BEALFMEICERT ¥ a XAF v+ (Gamry
Interface1010) % H\>7z. BhSCHEEERORIIZ Y A
VI ERNVE VAN =, BXUY, V=T AL —TK
NZ ST BRI QR (ki ki T i (A
7z.

ke 1213405 nm O LEDGIE % v, L v X
(5x) 12X DENHL7E%Z FTOXEMRM A SE L7z b
W PEAE I % %2 Mott-Schottky il % 12 B\ Tld & O GHED
Mot E, Tz, EFLOWINR GG B EE OB 7 K
BN Ot VW 5s, 0 % U EMK
0.05Hz, 72 —7 1 L:25%) & LCHEEM L7z 00
A& 720 550 nm O @ FERPULESLICHK T 5 2
EAFCICAMSRTE DY, 2 OUIHRIE L E LB RS
WIS 5. IR BET L 7-BEom g, B X
OV Il % L5 L B SETR I 0 I 43 5 % Jih e S B oo B
Be UCHBEME L7z, S i3 E AR o BAT & 36
HEFMA KT L C—E OB FEE L7z

%P, VEHEROEN X Ag|AgCl O MBI A L T
WELTBY, TNE Vygpa &itd. IR LTl
WK FEARZ FLHEZ LB E Ve & L, E OB
ROXTHWHTE .

VRHE = VAg|AgC1 + 0199 + 0059 pH

3. HFREOEMEL
3.1. AEROBERAREEEE KN
A JHE W RP 38 D8 51 P DR BT D e Y it BEAR A %2 5
AL EAREEIEREEANE U T b #lipi & & b1
PRI L, W EPECERFEEDRA T 5 2
EDHFEL. Thbb, ZOBREIREIRRT S L
EBHITHBORERHMIRMET LI EZ2ERLTW
5. LaL, 2OX)IHrmE o A OEME
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0.0V vs Ag|AgCl (0.7 Vi) (ZE5E L 72 IRFE Clihik2 o
EHAG LoD LHUD EOWIN, BLUOEREEZ
HHETEBZ L IZRAD DOV, ThERETAZ L2k
AR ONEBREZ M ESELNL ZEE2FHRLTW
%. TITIRIDLD RGO GELE X &
Z T A,

SIS BT B O KM & f/MED M, TR
ASEEINC L U 2 WeR, S RAEICE)E S 2 R BB 0
AR, AL, BEGHRERE T A1) Tk R
$, TEMALH O RE OIEIEIZ X 5. GG AL D s 1 7
HRER1VISRT. oA X 10REHNIC L6 %2
HH LTI, ISR OSBRI B E ORI 2L % 2
L7z. 22T, BiVO,DEH BMIX0.7 Viewe (2B E L
MG TH B IO 76 mA/em’ T 5.
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B 1 405 nm OGIRGHIC & % il o WG EAL. B OEAIZ-0.0V
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HEGT IR\ I BN OB R RRICL 5T 7 774
BIRDTRN, ZTOBRNBERMITKREIWEDST S5, L
L, oM@ TIE, RS SITT2,000F#58 L
7R RU2 HOGEER AT INICEE U, 30,0008 The/MiE o 2
B LOBRMICHEEL, FOBGCERMIT T WA
L TWwa,

32, XKRBHRICLIFEMHEXH=X A

A TR L 7o BRI D 72 2 6HESHC X 2Ottt o5
PEALiE, GFEE (Photocharging) Z1'*"", & 2 vid
4348 (Photopolarization) 1" & LCHIS LT W5, Tl
HoENE, RIEFCRN 232580 OEMIZSH
5. WETIIERERZRARKOIRET, —)h, #%ET
WIEHTEM % 3 5 — E DB EE L7 REBIZRD B
HoHA, EH LS REEEGI X 208080l 2
BILTwS., ZoFEKFE LTIE, KEEFOL 5 —
L= a VIHE) RIERF RIS A b oA, NP
Y ADRTE, *F VKA LR % BiVO, 2 5

DEFEAF Y OBFELHE) KT TN T 7 A &
28y Y R—ya VIR EYEBTF SR TV S, B
12, Gao H1F, Vo 2 AGTEIL L 72K Tld & OR) A
AHMBE R T 5 L MELTWAD. L L, KEER
T, ML D BRI R4 IIKTL, 20k
R OZEE IR TE e h o7,

TR, BB O T T FRARIGIE D S, FeF
BRED L) i A D = XA S5 TEY.
Z O FEF T B L S o RIFFEBIVO, R 12 405
nm OFIREEE RS L 2RA 5, 44 TR A
N7 MVEBIILZ, o5, StRER R OB HRICHE
W, (1) OH M AEIREN N > FosgEERI, (2) V-O 1 i
HREY N > FOSRERA, (3) V=O MRS N > N O
WA, R EBIIE NIz TS OB I, LS
TTENF YT AL UPRIMAPSENL, ToRRE
C72kBad A4 MICOH 4 F U HBWHE L TW5BH I & zRg
LTWwh., ZOMKE, FKil<ToV/Bi Dfba L A%
L, RWEIEBIVBES LR RmERESHHL, =
NENV T DOBIVO,EDANTUHENTEL., ZDLH
AT ORI BIVO,ONY Fiiz L EiF 5720, 2%
BEMEICBIT 2NN FEMPKEL LD, ZoOMHE,
BRIOEEZIEAE L, DWW TIDEEHRAIR OB RO K &
7B ERMEEE V. 22, Venogopal 5 1%, GRS
WCEDETEBER L COLBERTABILSND 2, B
BWIRERICH B VIARITEN, THANF YT A4
F v O E D AT L) BiVO, £ O 5T S
HEVoBEERS L TWA. I TEETREIE,
IR L O IRFETIZ S @ X H IIE AL S 2 T A 5
FIZE AT AA T BT 5720, N2 Fild#iziE
DFMNZY 7 M LAY FE#MENS S R D202
B3 % &30S, SBEHRRIE T T2 LI HTH 5.
SN FSICAREBRCTHULA- X H1C, Bt 7IRED
KRR SRSV A OB, 1R 4 TR AMKT
LT HELEHT 5.

4. EFLEE ERIDEE & DHEE

41, EERIR & EEXERRTICH T BREHEE
KOS X A WEFFEA T, BhESEIEEIC X 0 M
WIS Nz T4 Vi (ESL) & FYEic B 2 K55
THEICHTH Y, REAERWIBESTTHLH 20
W, FEICBIT BKSFEEIZEEMIIKRE VO THIC
—ETHDILEEZAIENTESL., 2T, HESLS
PR 2258 A BUE % SR R 1 S PRI 5 720 1 IF IE L
CMFERERE L OMBREHLPICT L2 LENH L. I
LB & IEFLAWLIN S 5 550 nm o 58 9 W& (& e B B
BRIZHDIETTHY, BEROERE SV EEIELEDK
JSHEICHBIT . 2T, MBI E BRI & FKC
WE L7z
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2OV ZNHI5F T d B FICWRIHES SV 25612 & 1 #Fik
ENIESLOBIENIN, B X OSBRI IRIE o A K
HIER ZB 2 1R T, SHB OB TldEa g wIR
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iz ZNEhA, LT 5.

WIEE 5 2 R 2 2L SO MEL, AL
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5 5 b I EHREE DM SR TE S AU B LT
B, hEFEHRE DS S B 120N TE 5 SR 5 1
WiCdH b, 72720, MEHEOBAEHIICIEEYD DL, T
bbb, AAXT LD ARG GERE A S S G E -
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TinE LI TH D Z EDbrb.
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B S TH 0™, RUGHEEASE W BUS R I 1 — Y
RBGoLH I bNE, 22T, ZOHRLDENIZD
WCKRHETDRIRE LS 5.

4.2. Mott-Schottky 7B b

ISR T O B 2 IEFLR R, B IC & 2 A4
CETLOBRAICL MR OOBROMEDNT
VATEICREIND., 4B TG TH 2 BHRRA
R E L TEVHEETH L7720, ZLOIEILIZET L
OFAEEIT L VT 2. FHRESEHREAINT % & E5g
ENDIEILEE D BINT 2725, FREEGISDME S5
72D IEFLE RGBT L CRIMBIG 2R, b
HLA A, R TOBALRISZIELEEIKIE S 5 O TIE
L EE DS GER L LTI L T LB b A
A2 & 25, FHGEEOMING U CIEFLHE
AL CTvo TH B LSS HEEATIEFLEE B ISR AR
H5 5O THIUIEER D IEFLOBIEWIN &[RRI Sl
THTHA). TLT, ZOEGIIWMEZIZLARICH
5D THREG & EPERIIGE & OBIIEBHl SN L 9 &
R BRI L v, L22> T, MEDOR OIER
T 70 BAAR VS R AL SIS R B ASFRIAT I 5 \ O 5 IE L B
IR AE ST A 2 L 2RI LTV 5.

Z D & 9 I BUS R EEASIESLER EE VIR AARAE 3 5 JiL
HELTIRETELEREICE 2BIVO,DONY Figy 7 b
(band edge unpinning) A3FF SN 5. PEADN YR
WA T P T AEBIENL Oohh D, BZIE, A+ o
W, KMOMELEL, BHEEORMRBOLIEER LD
BIFohs. T/, SBHGHI X 0 ER SN/ ELA KR
WANGEASINEGAEREDIDLH) Y7 Ma2FHiRT
%. BiVO, 084 b Wi i N7z & ) i b,
RMIZBIA A HBVAF VI V#BE LD LD 2K
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Y RWAEDHFMIZY 7 T 5l H L. oY
A, REEHEOME T ICH 5 ELIE L Y IEOEME b
D72, X KERBEEEEMIIEH T SR IRGE
(B, BRI C O BN AL B SO H B 1 TR ISR B L
IS %72, L LD 7 bTHRISHEORNNE
L L. L7205> T, fiiak L7z & 9 (G EE o
BNz E b 2 WIESLEE ISR S T 525, N
¥ R 7 M & 2 BOSHEE O N AN IEFL % EE O S flliC
& B S E D 2 Wsed 5720, IERO RKSHE, §
L NERBEEOMMBIRII L) EBVEEICR L 2w
LHHFE IR OV, EEZOLND. O XHIIEKETO
EALBERICE B85 Py 7 M2 X ) lfHofafEgo
E, OWTIDEERBE & FILEE & oM oI E
REHWTAHIENRNTESL. PeterH5ITTDEZDL &
THEBIZ OV A RIS BT B IEILEIE & LEBROBERZ
HMRETF IV EM S TR L, Bl STz X9 2IERE
BB ONE I L BRI,

L2L, COREZIEYLT 2 721 IEfLE A X
LNV Ry 7 MEFEIMFLZTWE R S5 %W, 22T,
Mott-Schottky '€ #1779 T & I2& D 2D HITHONWT
DOMFEEA T 572, ZOTFBIE—EDR L CEM %4
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5. COWFICHEBRTNE ML L CIEMIA I OB
BB D7 777 —BRISHE L %5 &9 BEBEHIC
CORTTHBCRAEBIERET 2LE D L. 2ol
ETZONHESR (O LEM (U) Lok

= (e ) (-0
— = |— | | U-Up—
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DR HH. I T, g, e, 3TN ETNEZEDOFHER
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UlzxtLT7ua v b (Mott-Schottky plot) L, Zh b
DILBIRARRICH B % —RBELCT7 4 v ML, ZOE
MBI E Y L2575y by FEMZRD S
CLTE&%. 412 Mott-Schottky 7 & v b & it
MBS ERAOWME LR ERT. Shdhd,
JEHAE TR EE % 07> 5 %9 160 mW/em” ORPITEZTH 7
Sy bNY FEMIIZIEEAEZEHET, 0364+0.03
Vie £ B 2 EWbrd. LizhioT, LFHRELDE
MTOFERICE AN Py VY7 MIAhsL, 2hi
£ B BAL SR EE D NER BTN SV ERRTE S,

4.0 ‘
e 0mW/cm?
® 37 mW/cm?
354 « 5 mW/cm?2
e 152 mW/cm? .
3.0 1 | * el
LY °
e
L]
L]

=
(O]
1
L)
LX)
®ee
ey
(YY)
LX)
L e

TELN
0.5

0.0 T
-0.40 -0.35 -0.30 -0.25

Potential (V vs. Ag|AgCl)

E 4 Mott-Schottky 71 v b Ok EGR BRI, G XL
PSR L7259 12025 152 mW/em® F TEAL S &7=. B
DLW EWEIZ 100 Hz.

43. REHXEES
USSR 2 N X872 & 12 L AR DIESL
FRERIIN AT | &3 KM O E TIREEAL 28 ) Bl s
HERZTHDL, N Py 7 NOEAIIGEBLRG OH W



18 INF T UHRE A AR B B RO LACE R I DOS DT AL & SRR LD X 71 = X 4

FIIMETFHFICHLIEILTH D L L7225, S&EBtho
e IR B B RFE XM % £ HRT 5 KRk
BN FE¥ vy 7HICAHFEL, ZHICHRE 2Rl
PG 2 FHE ST 2 2 &2 5. BiVO, ik n Kl o
KTHBHIDEBEEDAL V7 —T 24 A ZRHOBRMIC
BOTAY FEEFICHA->TEY, "VvZ707 213
B RET ICEC BT A2 EE 2605, 2D LD
ARERICBWTRIESNC X D B R AR SRS LR
IRl RM A, FRE TNV 2 FIRNCBE L
M IRIE L 2 D, T DX D YA OEIRER Lk
T HIIEIEILOFE T = )V I AL EE AT L ORI TH
5. Tbb, M5IIRT &I ICRMETETIIIESLOE
TV IENIINNV T DT 2V IS L) IEDOHH
NEGEEL, TNEFBECNY FBHOBREIZNSL
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OFETIRAE, BRI X 2 AR S W2 IEFLASE I IREE 12
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5FEMIEEETIXIEILOBR 7 =V I M5 EEL, L IFOE
fi~NET7 ML, ZO#E, KIDGEED (V) 235847 5.
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TSGR FE T 2 PR L2 L ClsE L7z, X6 12Kt
W OB EARGEE2 R T, 0GR 5 RIDG
L EE I IR BE /N & WIS IR BRI I L Tl
MT 20835 CICZOHIMERNSLS R Enbhb.
Zo X H I, BhEGEE AR 5o N TIEfLOHE
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72721, RiiERENIMEBREIMNICH IS5 ET
LTIV, A7 VY T a— 7 T %
FICX VBB LR EN OGS ERT. ZOMEICE
W R LR BRI 2 HE & FAREOGEE
NHBBMENT VDD, ZOREOEESIZIINI RS2
WA RITIC K & B HELTBY, 20K
X X IEMOBMARICEBEICHIELTBY, &b
DAY —Ln5hiz LTwhb.

X7 FKEOGEBIORFGA. BiVOARDIRITL RS T 7 4 —
BT Ve v 7 u— 712 X 5 RMEMEN 54 2 i CFER
LCTWwa, foRnilsrid 120 mVoRmGEED 258 L
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SR X — D2 DR/ A 4~ O A b TRIGAHEST
THEEZZONDLEGENRL V. LaL, BERETZHL
R OOBETAERA T UM E o TRIL AR X
NHZENHY 2 5. Frei b3 Co04 12 BT B K[ 4%
AV L B4 _T » FBIINC X b, ke EE
W U2 o 7% 5 ROsh R 2 Ml L7, 2hid
TODORSKEERH Y, —o0&/AF DY A4 P TR
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Hg WO SRS 5 2 L 2o L2 Wk
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WS, Bl A EEZOo0&FA L+ Y EEEY S MEL
T2HWBIBT A 7 VBT b it 5720, Bl &
I HRIESLBE LG & O O IERIE 7 B4R 2S5
b, ZHIFBHERAEOSCBT 61 V&2 25 L
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TODBREEN LB LA S ASEYICAFET S
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R L B ERIREBICOVWTONER: EUETH A
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5. 3¢LHESHDEE
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WEEBEZ I U E LA bR B0 2 H3
D xR 57z, Z0 FCWERREIC 2 72 BUS 8% 255 5
WCEM SN IEILEEIIEIZ SN T 5 L W) Lo
FHEZEDL XL, RMIGEET), Mott-Schottky Ml & 7%
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LSEWEICER T I LI L B IEfLOEE 7 =V I H#AD
EHAAND Y7 MZE %) IEILOBIL I o & B+
& OFREA RIS OIEEIC & 5 IESLEE OSBRI 0
IO IR TH 5 etk = Fadg L 72,
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Studies on Quantum Spin Liquids

Masatoshi IMADA™ -

LM OER 7ru—

We review the work, where two types of “quantum spin liquids” were established by implementing a
high-accuracy quantum many-body solver that applies machine learning algorithm. In the quantum spin
liquids, spin orientations are not ordered even at zero temperature. The first example is the case of J-J,
Heisenberg model on the square lattice, where the geometrical frustration effect is crucial. The other case
is found in the Mott insulating phase of a molecular solid, in which the existence of the quantum spin
liquid has been proposed for decades without clear understanding of its nature. For the latter case,
experimental results are reproduced with one-to-one correspondence by employing the first principles
methods based on real materials without adjustable parameters. In both cases, “spinon” emerging from
the fractionalization of the ordinary spin excitation is suggested to be an elementary excitation, with gapless
Dirac-type dispersion in the excitation structure. They also share long-ranged quantum entanglement of
spins and algebraic decay of spin correlation as common properties. However, there exists difference as
well in that the isotropic 2D excitation in the J,-J, Heisenberg model is contrasted with the strong 1D
anisotropy in the molecular solid. These two typical examples offer clue toward the understanding of the
universality and diversity of the physics of quantum entanglement, which holds the key to realize the
quantum computation and telecommunication in the future.
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IO AT E OFIEATNEN, FORBME L A Y VAR
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WERTFS(g) %, (a) TIEX = Me,P % SO MR DA FE W
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(a) X=Me,PDS(g).
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Development of Atomic-resolution Holography Microscope
for Analysis of Composition and Stereoscopic Atomic Structure
in Nano Region Using CoDELMA

Hiroshi DAIMON™

“Atomic-resolution holography” is a technique that for the first time enables the analysis of local stereoscopic
atomic arrangements around specific atoms, such as dopants, which was previously impossible, and was promoted by
the JSPS Grant-in-Aid for Scientific Research on Innovative Areas “3D Active-Site Science” (FY2014-2019). This
atomic-resolution holography is a powerful new analytical technique, but its widespread use has been hindered by the
need to conduct experiments at synchrotron radiation facilities. In this study, we are developing an “atomic-resolution
holography microscope” that allows atomic-resolution holography measurements to be easily performed anywhere.
The configuration is a combination of a newly developed high-energy-resolution two-dimensional energy analyzer,
CoDELMA, and a compact scanning electron microscope (SEM), which is capable of measuring electrons with a high-
resolution energy width of less than AE = 0.4 eV at a kinetic energy of 600 eV, which is optimal for holography. It is
the world’s only high-energy-resolution two-dimensional electron spectrometer that can analyze the emission angle
distribution in two dimensions at once over a wide solid angle of £50°. The emission angle distribution is a hologram,
and the three-dimensional atomic arrangement around the target atom can be reconstructed. It becomes possible for the
first time in the world to measure the composition and the three-dimensional atomic arrangement of individual nano-
regions irradiated by the SEM nano-beam . The development of this device will make it possible to easily analyze the
composition and atomic structure of nano-regions anywhere, enabling on-site evaluation in material development lines.
In FY2021, (1) all parts of CoODELMA were assembled and completed as a device, and the device was installed
considering the direction of the magnetic field in the room; (2) scattered electrons and Auger electrons excited by SEM
electrons were successfully observed on a fluorescent screen through a deceleration lens, energy analyzer and projection
lens, and energy spectrum was successfully measured; (3) angle distribution was successfully measured using an angle
jig. Future development will be directed toward the measurement of diffraction patterns (holograms) from samples.

[R5 RT 797 4 — 1 13, TERIIATRETH o7 F—232 b EOIE L 72T Y 037 AR T
BEH OFFNT % B T FEIS T B FETH O, JSPSEHIIE Fr =i sk ge [3D & 4 M &1 (2014-20194F
FE) THEMEL T & 72, ZORFIMRIERT T 7 4 — B B HHOMTETH 505, REHERik THEBR A AT
) WHENH B T EHE R DEEI R 5TV, AFRTIE, E2THEMICE T OMER T 7 5 7 4 —DWE
WCTEL [T u 7o 7 4 —BAMEE | 2% T 5. ZOMBIE, B L {BSEL T b RSt kot
I AV F =442 CODELMA &, /WNESERTRT-BAMSE (SEM) & OHAAHETHS. CoDELMA L, +u
7574 — IR ERH T AL F— 600eVIZBWT, AE=04eVEUT & W) EBoftiEn = 2 VF—lgDES
DR EESA &, £50° &\ ) IRV IARA IS 5 T2 2T 0T T & 1 RME— D & T ROV ¥ — 55
e RICE T NEETHS. SEMOBTE—LTHRINEIFT—V2BTRIANVF—HELBETDOARY b
VEMEL, Zoho#EBES»SHBENEF T RTBAEI GRS+ s 5 A THY, HHET
Y O3RTIEFEY 2 R T 52 E25TE5. SEMOF /¥ — A THRIFLTWAHE 4 DF ) IR0
Hr&TeHE T L ONARR TRV EFI 2SR THOTMETE AL )ICh S, ABEORBIZLIY, 2T
fifHLC T FIRORMIK & RS DSRT TE B X)Xk B 720, WEMIET A ~ COBY M ERIZ 4 5.
20214EP£121E, (1) CoDELMA ®O#fh % & CTHA LIFTHE L LT L, HREOBEOME 2HE L T
BEx%ELZ, (2) SEMBEBTTHRINLZHELE TR -V BT %2, WMEL VX, TAVF—4508, %
LYy ZXZBLTHEEAZ ) =V CBINTAZ EICHIL, ZTAVF—AX7 MVoRlZIckB Lz, (3) ME
V7R MO AESOREICE L. SRIEEEr oYy =Y (Far T a) oflEICT TR
D 5.
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SEM (Scanning Electron Microscope)
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* atomic composition!

* crystal system
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* atomic arrangement
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TEM (Transmission Electron Mici
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EDX (Energy Dispersive X-ray Spectroscopy)
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K. Tanaka, T. Saito,

Destructive analysis, 2D arrangement

EBSD (Electron BackScatter Diffraction) .'
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Mixing Scheme of Solutions Probed via Fluctuations
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Radial distribution functions are commonly used to study the structures of many non-crystalline
materials. The present author proposed a completely different method to describe the solution structure
by expressing the inhomogeneity in distribution of molecules and in concentration as “density
fluctuation” and “concentration fluctuation”, respectively; namely the structure of a solution is described
in terms of the “mixing state” or “mixing scheme.” This paper introduces the fluctuations, as well as
Kirkwood-Buff Integrals. Fluctuations of solutions become more pronounced in the mesoscale region.
The relationship with solution thermodynamics, which represents the macroscopic limit, is also
discussed. The features and cautions of experiments to measure the fluctuations are described. Finally,
as analytical examples, temperature and concentration dependences of mixing schemes for two solution
systems with upper critical and lower critical solution temperatures are presented.
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X 1iE, Sk aonoEKThs. K1(a) 131
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TR OKRFHT v F 2204 LT BIRE, B1(c) &
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=TI DENGHETHSL. 2T, NefETHD
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HOTEVETHD. ZNOSOWTENRIL, REKRDS,
V,H, u A\2BWT, n(jzi) OEEBR/NOBIINC X 2 BB O#)
RERLTVWD. E518, 3IFHOIEERR, i (C),
SERIEME (0), SEBRRE (o) 5.

GO2WEMICE T 25T, BRILFICBWTHE
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CZT, qEAMELRZ MVTH Y, FoMkig G
NI RA—=F) RO EIEZ N5,

q =4r sinf/1 (3.3)

Z 2T, 2013EkELA, LI XBoOWETH L. fELITE
NENIRT, jERTOWEERIEE 75 &, #F20 0k
TLEREE (@) 1Tk L %2 5.
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i} 3.4
F 2 (= f) Sxe(@) (3.4)

P ENTARIE FIZRD EHI25 26N 5.
f=cafitef (3.5)
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CIMLIFELEMEIIT L0, BEYL X,
BEWwH X, BXUOZRSOMEE%ZSWO), Scc0),
Snc(0) LT 5. g=00 & %, X (34) &
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B cENTE Th .

X GB4) i BEOSLE SW0), EEWS X
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72, RGO 5TH720 OES;ENMERvIE, kDX
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TS — VKBRIEWY . Zhud, ANICE IR
CN¥E, X7 =Ny ) —VIZ&EEN50HIEDOR)
BOENIZEDEHDOTHD.

e V—FTIEINETIZ, TV —IVKER
DRAIRIEZ SAXSHEIZ X o THRAMWITHRE L T
72000 2 ofER tert-7 F VTV I — VKB O
G RAWREL IET 25N 2 B, tert-7F V7V
I— VDR NIZKG T O TIREBDPIEE E NS Z LT
HorE2LNESY -7 T8 — L KETI, Bk
PHITEAERIC L 2 3 LV OB EE L ERTHH ',
Iy ) —VKIEHTIEZ, =¥ /) —V—T% ) — VDK
FRATINF—ER—T% ) — VI OKEEET IV
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Design of Quaternary Ammonium Ionic Liquids
with High Dehumidification Capability

- 2

Toshiyuki ITOH* oMl e 7 =T

Liquid desiccant air-conditioners can be driven with continuous ventilation, and thus can prevent airborne
transmission of infectious diseases like COVID-19. Furthermore, they contribute to reduce the electricity
consumption compared to compressor type air-conditioners. For the aim to develop efficient desiccant
materials for liquid desiccant air-conditioners, the dehumidification capability of 21 types of ammonium
salts have been investigated. The dehumidification capability (DC) of dicationic quaternary ammonium
bis(dimethylphosphate) was found to increase with the carbon chain length of the spacer group -(CH,), -
that bridges the two terminal cationic moieties of the dication, i.e., (CH,), < (CH,), < (CH,),. Their DC
per gram reached almost twice that of popular solid desiccants like CaCl,. A favorable equilibrium water
vapor pressure for the liquid desiccant air-conditioning system was attained for an 80% (w/w) aqueous
solution. In addition, the 80% aqueous solution of N',N’,N',N% N N°-hexamethylhexane-1,6-diaminium
bis(dimethylphosphate) ((HMC6][DMPO,],) showed no corrosive effect on steel, aluminum and stainless
steel, and a very weak effect on copper.

BATREFRIBITOay T Ly =5 4L TOEFBICBESTHEBEREEDITH Y, R LA HZE
HEITH) LN TEDL LWL DY), COVID-19D X 9 7 Y b 56 A R) 2 22 B8 2 7 B & s
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B, VhFF MEART BT L) YTV AT OV TEIRE THROWIRBRED 2 RTI EDD
Motz VhFF o UEART VBT L ETEIFF VO TVNFNEDOAF L VBENEL 25T
DITHRPEREASH - L, HMC2((CH,),) < HMC3((CH,);) < HMC6((CH,)) DN (2 WkiRAE (DC) 2%
BINT 2L 2 MWL SROEAMT VST LY VIR O VLI AR R AKZE KWL IGHE B3 R4 A v
VLD XD BIEMOEERERECERL, IS OHED 80% KIEHIT TR T ORI & L
T F LW AREREREE AR L7z, SRS EZ R LY hF4+ Y TH %5 [HMC6] [DMPO, ],
D 80% KRIFWE, IOV TE DT NI REENRD SNzD, AF—N, TVIZTA ATVLR
I ERE 2 S b o 7.
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ODC (mol)

H Rate(mol)

mDC (g) Rate(g)

2 VAFFl, B AFA I BLOBREART Y EZI AN FA VLY YBYAFN, Y YBRYTF LT =F VRO
DC (mol) = %RH/mol ; Rate (mol) = %RH/min, mol ; DC (g) = %RH/g ; Rate (g) = %RH/min, g. 4fEiD7—% % F L THEALT S
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TR L7

BRI EART VEZT D) YIBEY X TN, YV
Y F VBT R ER IR R L, SR
BWHITH BIEALH V3 A F &I ER T BT
PR 2R L7z, b N0 %R L7z [DETMC6]
[DEPO, L, 1Z# b H v ¥ A L Il L CTE VY472 ) iR
it (DC (mol)) TI10H%, 275 24720 iEsE (DC (g)
T2 AR L7 (K2). INHDHE4MT V€
= AR D AL AV Y A BB L, D
A E AR & 7 [DETMC20C2] [DEPO, ], 13351t 7 )V &
7 AN LTEN Y DR EEE TR, 7T A2k
TR 2 DR %R L7z,

VI FNY) YEEEE VX F V) CEETIENREREIC
Bl 70 220 3B DN o 7228, WHBREIE H F 4+ V1
BICKRELMRIET D Db hrolz, VYBRT=F %
VAFNVY) VEET =4 VICEE LS, B/ AFF Y
HOEART =7 28 ([N 11], [INpad, NG 4],
[(Nitiel, BEOIN L 0)) BV TR 54+
YEOT A DAL, WRRRIER 2 TRLA XD IS,
[N > NG ] >IN a] > ING G eed > [N 0] DT
WZImLz-.

Z OFERIZ 8 O Brennecke V— V'V E S8+ 5. &
CANTAFF MEART YDy AETIZZ O
HHHEL, HTFFVEOTVFLVEDORAFL VHENE
222N Tl E L, HMC2((CHy),) <
HMC3((CH,);) <HMC6((CH,)e) DMAT 12 WLiRAE & K #%
SRR DSBS 2 2 b oz (M2)7. Bk

BART VEZ I ABRIIBVWTIIER) Y=y A8 EE
VARY = AETIRENRY) =7 DEOWRREYNT T 5
W EDbholz (K2). ThOBIRT VB L
DENYH 72D WAKEE (DC (mol)) &Y 4 F 4+ w3 X
DELH, I 0B WKE (DC(g) &Y HF+
ST VRS ABREFSETHY, LAV ALK
By 2L I5RERERL.

EARSIE, BALY F 7 A TRARICHE D SR REL
JED FAFEIZ/NE WA, A F VAR TIIKRESEONE
KERDEAZ L2 L T2, SEemR L7544
W7 VR LAY VBV AFVBION) VBV F VI
D 80% KIBEMNZ DV THKIREIZ B 5 FHIKELIE %
WE L, 25C & 50T I BT B PA K &L 72 Tl FE K
T (AVPsg0s) Zi~<72 (B 3). KR (25C) 128155
SRR EAE N T ERBERBID K E L, Wil
(50C) 2B B FWARERENTKRE VT LR E O
il CAEBICKELREZRB T LI LN TEL. o T
AVPs s TRER LN ZFMTE L L EZOHN 5.
HALY) F 7 2 30% KT IE AVPsy o5 i 126 hPa (3 12
B B0 2% L7z, [DMTMC2] [DEPO,],, [HMC3]
[DMPO,],, [DETMC3][DEPO,],, [DMbismorC20C2]
[DMPO,],, [Ni;,10][DMPO,], [DMmor] [DMPO,]
[EMmor] [DEPO,] ® 6 F D ¥ K 7330% KAk ) F
LIKIEWE D AVPso o5 & T HAEZIR L, BENIKZHE
SRR # R T 2 b o7z, kL2 X DI,
[DETMC6][DEPO,], 23 K D Wi fE & 7k L 724 (X
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2), AVPsoosflilZ34hPal /hE8 W b ol. —
75, [HMC6][DMPO,J, ® AVPsy »sfifiid 118 hPaTH ),
[DETMC6][DEPO, 1, IZ BT K & 7 AVPsos il % 7% L
7z. 21, [DETMC6][DEPO,L iZ K4 % i) i J
WL, —EWRIT % LR E OBl TS IKRER %
B L7z va®s, [HMC6][DMPO, ], 1 mil T2 5 12 k7
KEBWTHZEEZRLTVS. £/, B2 54+ 0%
3 [Ny 110l [IDMPO,] KB B W TIE, HEHAOWE
RRIZZIZERELC WA (B2), AVPsosftid 151 hPa
LIFICRE AR L (W3). —F, B/ hFF
IR TR R K TH - 72 [Ny, ] [DMPO,] 1
AVPso s HAY50 hPa & JEFIT/NE £, KEXAZHIRT S
ERDIKELGBERI IV ETFHIND.

D K E 7 AVPs s iz 7R L7z D 1% [DMbismorC2
OC2]1[DMPO,], TH 1, 30%3HL) F7 2D 2.9 K501l
2R L7 30%3EALY) 7 5 D 25TC 2 BT 5 Pl K7
KIE1E24hPaT H H, [DMbismorC20C2] [DMPO,],
1329 hPat b TFHITE L, T DIHOKFE[RITEE Bk
S ERELS VD (F2), KERLEHERZFICEN
TWwhEEZLNS.

COLX) BAERERAEMICELET L L, SRR 21
M7 VDAY VBYAFVBIOYZFVIZBW
T, VA FF v R H Tk [HMC6] [DMPO,],

A%, WERTEREAS K < 30%LiCl &[40 AVPs, o5 il % 71
LRI ENTWD 2 Edbh sz, 72, BRIR
7 rvEZ Yy AEOBTIEEILAL =Y A3 [DMmor]
[DMPO,] # & 0" [EMmor] [DEPO,] »*##{E#r & L TR
WiEREZ R T EEb s, —J, [DETMC6][DEPO,],
X, AVPso s THAVN S VSRR IR D TR E W, o
T, ZOMITTEMIZ DR A, BEAF DR IRHA % 2
BT Al L OEERZRANC R 2 s h s,

21. FAMT O EZIL) CBEKAEROLEEEER

4 ST

Jeak U7z & 9 (BT OMEGRBZEFRE CREM & LC
SN T ALY F 7 4 30% KA 408 A%
HREL, ZOROERY v — W5 R RS
RTHY, ZO7DIRAGRRETEOME % LIFTL
TV, O A TOEREDOERDEE 2 WERIZ% -
Twi. 22T, €RBEMR TR SREMER
BRICHW A &EA & LTI SPHCHIR (ARLIES—7 v
SZTLARTAVILAEED S S LT, [Fe-
Znl W3 5), ¥ 7 ¥y FHMK (C1100PC : LLF
[Cul &WERET %), THET VI =7 LK (A5052 : LI
T, TALl &WEEE9 %), A7 ¥ L A (SUS304 : LI
T, [SUSI &Wied %), v, £4)EH (10 mm X
15mmx2mm) DERZ ZNEFNEFRKFETHE L7
DH, 80% 4 A+ Y EARKEWT.OmL % ANt v T
BARDZENZNICK SR % AN T80T T4 Kk
Fl7z. 2otk WA+ VKTESEBR ZWIEL, BT
W RICERZWE L, SBENROEFEHD TR a2
fliL7z. 7B, &EKIETFOHA 4+ KT30H, T
> C 3 ol PR P IR LR L 7 1O R
HL7.

K1 TRLZELHIE, 30%EL) F7 208461%, F
RTCOEBWOBENBD SNz, 2HOEAWRT ~
oy AHAKBHICOWTRERBEENI LW &
M ho 72, [HMC6] [DMPO,L KA O 54 1Z Cu @
AREFERDDRD 5N72d DD, Fe-Zn, Al, SUS (2D W
TRELERBRIIED SN Lh o7, —J5, [EMmor]
[DEPO,] /K¥AE# DWW TidFe-Zn 7 & FIZ Cull B\ T
FRBDDVBED LN, TD XD D2 S, AN
L Cid [HMC6][DMPO,], #* [EMmor] [DEPO,] & ¥
LENTWD I Edbhor2Y.

R IRV

5 H BERVE (%)
Fe-Zn Cu Al SUS
30%LiCIKIEW -0.127 | —0.16 +0.078 | —0.032
[HMC6][DMPO,,® | +0.000 | —0.035 | +0.000 | =+0.000
[EMmor] [DEPO,]® | —0.005 | —0.184 | +0.000 | =0.000
W80 Bt % K
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2.2. BAWMT O EZ YLV CEEKERDFERE
WAGRIBZE MR I B W TIE, M & % B KIBI 216
BREE, WAL EmMmsEsZ L THREREEZITY. 2
D0, REMOMES LBV EPEIND.
T, RFRWERkER L2V h 54 v il
[HMC6][DMPO,], % & U812 [DETMC6] [DEPO, ], 5t
REE 4% T €= 21 [EMmor] [DEPO,] 122\ T80
%o KB DIBE T E S TRk 2 ARz, 72, HEED
IETRWHEREDIE SN2 3 ) =7 43 [Ch] [DMPO,]
IR E U CHEMTHEZRARZ (K4). D ER
%R L7201% [EMmor] [DEPO,] TH 1), b Tl
» % %5 [Ch][DMPO,] X 1 b &FiEE CME 2 R § 2
EDbhotz. —J, VAT A UEITWTR G RS
% <, [HMC6][DMPO,], % 25T I2 35\ Tk [EMmor]
[DEPO,] O LomEETH Y, ZOEOKERE
AWmMICHE AT A2 EE T FLY ) a—LR
DMSO 7% EORIEEEOTMALENI 2 5 L BbI .

—e—[HMCE|[DMPO4]2

—e—[DETMC6][DMPO4]2
[EMmor][DEPO4]
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4 ATEDEAMT ¥ E =7 K1 80% KW DKV DIREEZAL.

3. &£ &

WIS R M TTA F VRO FHA v 2
L, 4R T VBT AN FF L EY VBAFI, YV
T F VBN R R F O 2 L 2B S T L
720 SEGHR L BIRE AR T vy AT 0%
CHRRTHETH Y, [+ vikoE sz 5HI
ot =), VHFF v HOREEERCERICAED
£ F VHADEHED S E TN 57285, TR
LbAERUWENERT I EAbhor Y VBT =4 v

BEIUAFNV) VBT = F VICEE LGS, B/ AFF
MDA T v A TR AT F VEHOY A AH
INE W EWLIRREAIN L7228, VA F A4 AT v
Eov itk oA EiEL, A FF VHOTVF
WD X F U VHEDPEL % A 120N TR AEREDS T 1
L, HMC2((CH,),) <HMC3((CH,);) <HMC6((CH,),)
DN ZWLEGE (DC), KRAEKWIEEE (Rate) 23HN
L7z, F/2, ERY I L, BRIV IADFF ¥
LN VBV AF VOB ENREEERT I L5y
D, TNOLDOBREART VB L) VY AF VIR
KRB TIHE (25C) L | (50T) 1281 2 Pk
HRIEETH D AVPss WRKEWT L bh o 7z i
PEIZ A FF Y HEEOE DY LS 5 BRI 255 2
DOEIC T 5.
S4BT VEZ T LAEOT A F V) VB
Wo THRMEZ R0, A & ViR R O FE )
HY, SHIENFRMEA F VKD /o2 % W HENE
Wb, HEIHEAITRD 5N LHEFERER, BARE
Mg D ZEFERASA & AR B 2RI UL, HAS
RTIRIEFFICKRE LB ADPER T 5 LS5,

4. £ B O

BRI 2 R 7 b )V i Magritek % Spinsolve 80
carbon (80 MHz for 'H, 20 MHz for °C), & % \» iz 1
AT #INM-ECAS00 (500 MHz for 'H, 125 MHz for
BC) ML, Eruukia (CDCL) % HWT=H
WCWE L7, 'THNMROILHY 7 MEF F I A F VY
7 v (TMS) % WNFBEE#E & L 7=

41, BARMT O EZVLEOERK

4.1.1. N',N’,NI,Né,N6,N6-hexamethylhexane-1,6-dia-
minium bis(dimethylphosphate) ([HMC6]1[DMPO,],)*”
OER 500mL07 9 A3cyau—hay 57 u
R LTIV TV EREICN N N’ N -tetramethylhexane-
1,6-diamine (17.2 g, 100 mol) & V) Y& MY X F )b (30.8
2,220 mmol) % ZEiM T, RAWE 60T TR
Gl BRI THRELZEKR =—F7VT3HFTH T
Wi LINRL =Y TREL T =T VERE, S0V T
8.5 hPa T4 h =ik THzME L [HMC6] [DMPO,], % itk
OB EE L TIEEIS% Tz (42.9 g, 94.8 mmol).
C OIS TR CHBELE <, EERA SN
EDTZDOITRBWIC L2 T A, INKL — & 2R
M2 TIREMRICE &3, kZEInZ T6.8hPaT
65C, 4RFMEZRRIREZ ATV < BB ARICRE T LAt
Hi2k7z. The 10% decomposition temperature 270.3C
(TG-DTA analysis) : '"H NMR (500 MHz, ppm, CDCl,)
51.28-1.35 (4H, m), 1.68-1.73 (4H, m), 3.07 (18H,s),
3.24 (6H,s), 3.26 (6H,s), 3.25-3.40 (4H, m) ;: "C NMR
(125 MHz, ppm, CDCl;) §21.55, 24.96, 51.08, 51.12,
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51.87,64.74 : ESI-MS m/z (M) caled for C,HzN5,
202.24104, found 202.2416, m/z (X) calcd for C,HsO,P”
125.0003, found 124.9993.

4.1.2. 4,4’-(oxybis(ethane-2,1-diyl) )bis-(4-methyl-
morpholin-4-ium)bis(dimethylphosphate) ([DMbismor
C20C2] [DMPO, L) D&M 1 ¥ A= b2 ¥ 74—
% %A% L 72200 mL Z11F A 7 5 A 312 bis(2-morpholi-
neethylether (24.4 g, 100 mmol) % & 0, ZTHhiZY »
B~y AF)L (30.88 g, 220 mmol) % S TR 7=.
ZD%, ThVIT YA AFMKT TE0C, 24K MAHEY
5 EF Ly VEOBERPHTIH Lz Busk, ~FY %
Iz CREAE A ST 27 —TREPLBERELTI RS
L, LBAOAFH 2T 00 FTHW Zo#HfEx
3D R L TREIGD ) YR Y X F NV EERE L.
PRIEIZA Y 7 = 50mL 22 CTEML, kKl g%
MATS50CCTIREMEBIEL:. T4 P aREFEDT
FATANY =@ L THERREREL, Wit = K
L—% Tl L, DWTHZEKY T (6.5hp) T50T 2
REMEZER 9 5 Lk Ak & LT [DMbismorC20C2]
[DMPO,],7551.6 g, 98.4 mmol (JX#98%) T 57z
Z DIFATIEF IR & WRR 2SR 72 O A RO R 1%
BB K TH o 720s, —FERX Y 7 —VRKITERT S &
KREGRIZZR D, SRR & BT 2 D R L TH K
RS 2 EHATE 2h 7. 'HNMR (500 MHz, ppm,
D,0) §3.48 (6H,s), 3.53 (6H,s), 3.55 (6H, s),
3.60-3.70 (4H, m), 3.80-3.90 (4H, m), 3.90-4.10
(16H, m) ; "C NMR (125 MHz, ppm, D,0) 647.1,
52.0, 52.1, 60.2, 60.5, 63.9, 64.2 : ESI-MS m/z (M")
calcd for C14H3ONZO§+ 274.2258, found 274.2238, m/z
(X7) caled for CHgO4P™ 125.0004, found 125.9993.

4.1.3. 4,4-dimethylmorpholin-4-ium dimethylphos-
phate ([DMmor] [DMPO, ) @& @ Y au— b a v
T Y — %A LZ200mL IS A7 T A T(T4-
methylmorpholine (15.2 g, 150 mmol) % & 9, ZhiZ
U UEENY AFIV (231 g, 165 mmol) % F ik Thl 2
2. O, TIVI YA AFRKT TI00C, 24 KH#
YRL7e, Bwtk, ~FHr2Ma<, ~FHhUEeTh
Y MTHRE ZoOBEEZ3INATo 2 FRIEICA Y -V
50mL &2z CTHEML, WKL gzmaztk, 50CT
TR L7z 294 P2 REFHEDLZTTIAT 40
y—mM L TiHERZREL, EiRE /KL —F Tl
i, DWTHEZERY T (6.5hp) T50C, 3MFRHEZET
% &R TR 2 ARk & L < [DMmor] [DMPO,]
(36.2 g, 150 mmol) 3L 100% T 57z, 'HNMR
(500 MHz, ppm, CDCl5) §3.54 (3H,s), 3.54 (6H,s).
3.56 (3H,s), 3.70 (4H,t,J=5.0 Hz), 4.00 (4H,t,J=
5.0 Hz) “"C NMR (125 MHz, ppm, CDCI3) §51.5,
52.3,52.4,61.0 ; ESI-MS m/z (M) caled for C;H3,NO*

116.1076, found 116.1076, m/z (X*) calcd for C,HsO.P”
125.0004, found 124.9993.

ARG LCE 2 TR L2228k % & L7,

42, FAKT T LEOWEMEEER

42.1. [HMC6][DMPO,], DWW Rredll % : ¥ > 7w
AV DY v —L, BER Bkt T&D#  HHEE - 8
YL R R E T — 7 a A — TR-74U1) & #icAF v
LA (200 X 185 x 30 mm) LICE X, §XTEF v v
A E R LR — 270y 7 R ALY v
Ty (BEREIE), 273 mm X 268 mm) (2 AW (N
A\ H1,110mL). 2% 30T OEEMIC AN TE
BL, KYENOWEIFEIREIET 2 F TOWE
ZALZME L7, WEZKROBICER L7, TOKR)E
PIZEAEZ ANTRYBHNOEE (%RH) 2°70% L
o722 L A MERRBZICE R A Y &, [HMC6]
[DMPO,], (1.2349 g, 2.73 x 10 mol) % Af7z% + —
LaE ANTHEHBIZRY)EL2EIEL, N)ENORELE
Er—fuf—Tiek L7z MAEEF L LT [HMC6]
[DMPO,], DHlER R 2R 5 IR L7z,

[HMCB][DMPO,],

Sample=1.2349g, 2.73x103 mol
70 A%RH=54%RH, 1/2T= 11.6 min, 1/2A%RH=27%
DC (mol)= 54/(2.73x107%)= 1.98 x 10* %RH, mol*
Rate(mol)= (1/11.6x27)/2.73x103= 853 %RH,
min, mol?
DC(g)=54/1.2349= 43.7 %RH, g1
Rate(g)= (1/11.6x27.0)/1.2349= 1.88 %RH, min,
gl

%RH

0 50 100 150 200 250 300 350 400

—o—'C —8—%RH

Time (min.)

5 H4kT V' AHOWRMERE R
[HMC61[DMPO,],.

BERRAEE EHICYy 7Oy ZHOREMET LT
0, [HMC6][DMPO,L I3 K& 22/ LTwE 2
EGD B, WHBTEREILREOWAME (A%RH) ZIE0
ENVEEN)BIOTOMEEEH L, WINEE (DC (mol))
ELTHER LA F/2, B E, fMASER, S
Wil L CRANE L 2BEo R (1/2A%RH) % 3K
W, TOMIET S F TOREM (12T) THY ENV L7
hcHHE LRate (mol) & LTHRLA MoEiconT
b FERICIRRE 2 57l L, MeigE L TCaCl, (4 54
7 A 7 i M, Lot No. MOA0090, BiEE#) 7% 5O
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CHEKIEALY T (BL 7 4 v A HGHSE, B
Lot No. HPQ6249, BHEH%) 122\ CHLIAE & Wkl
FEAEHLZ. 2B, VhFF o nEOOEL YD
DHRESLT, B (2) 4720 OWLILEE & WIGHEEE b 5
WL, 2h2NnDC (g) % 5 FIRate (g) & LT/RLZA
(M2 B LUE5 58,

422, AT ¥ E = DR O KA ST
SERER AR TREMOE 4B T ¥ T =7 MIEKIEH
2D W T KIRIEIZ BT 5 PRI EUE 2 -l 5 LA
HhH. ZOFDOLISOHED ZBEICLTHE 6 IR
B PR ERRENE R E E R LY.

g et
— :

FAK (milli-Q7K) Vicml

: B A e An TS
YETSY T Y R VBER O L

-
/

: N b

6 T kAEGINE L.

200mLAF A7 5 AT H Y FIVEHRI0OgE A
n, WED»SBESOREF ZEZLAR, vy —%
TN ANT, —H D100 mL—117 7 A 32
FAEK (Milli-Q7k) 10mLZ Wz, W& % KBICRE
G, MERERAHO_L TS 75— %4 L CHEEL, =
Hav rERHLTFYZ VE S =—ER (PG-D5SA)
ERZET A VIZORE, H U T VKEBRIP6CLULTIC%R
HETKBEZGHLIZOBHEET A v EERL, WEL
T—EBHEIC o ZATHEESA VEYVHELA. O
W, Kix 65C TR ISHRERITTHIEL, v 7
WIKBHBIZDOWT2C MR TARERIEZWE Lz H
TNVKEBREMMAKDAS727 5 22 3HIEL TH 5720,
Z DI S N7 KRB KB RE SN 5.

AR E R DOEFMEEMFET 5 720 ETIVHEEE LT
30%LiCIKIE W O TP K ZE 5L & B 7 B HIRFIZ 4 10131 8
L7z, “PHOKZRREIZRE LA 2 3c EH L, Py k%
AE (VPE) 28R L CiRBGEB L -8R 2R 7
VR L7z, 3EOKERO TR RZE R D LT 5

(a) : 12~65T

1000
y = 5.8889¢0063x
= R?=0.9325
[~
< y = 5.3414¢0-066x
g R?=0.9481
[ y = 4.0366e0069%
g R? =0.9475
s y = 6.6419¢0.0636x
5 R2=0.9323
Q.
©
>
E 100
3
P
o
5
o
Q
(0]
<
[
10
0.0 10.0 20.0 30.0 400 50.0 60.0 70.0
T(°C)
(b) : 35~60C
1000

~E§5
==

¥

=

y = 0.7473¢% 1905
R*=0.9917

The equilibrium vapor pressure (VP: hPa)

300 350 400 450 50.0 550 60.0 65.0
T(°C)

R7 30%LiCl KO FHKZERIE M E AR (4 o5,
75 7 OB POy i3 VP (hPa), xIZHET (T) %
RY. 757 (b) PNOBRRZ 4 18] 039 0 38 EOm MLk %
T,
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FOEAMT VB 2104 F VA DFHA v

EIRHBBMICHART A ML T WA, F7(a)
WRT & 9 ISP KA REAREE & & b ISR R
i"“b[lL?‘: (H7(a)). 12CH»530C T THOHEMIZON
T2 EPRDENA, 35CT1560TIZBWT
i4lﬁl®(ﬁﬂxﬁ1ﬁ IRC—F%L, B7(b) TRLZEHIK
S 7K A AU O S O 4 BOE DU > R 13 0.99 LA
Pl ol AFREMHELPSBEHTELHETD
LIENbMD. FIT, TOHEREHLTSEEKL
P2 fDEAMT VEZ LAY VIBIUAF LB LY
F TV, 7% 5 0NC [Ch][DMPO,] @ 80 %, 60
%, 408 & % /KBERIZ DWW TOHEKRAERIL 2 e L7z,
43. £ERERHR
ZEIRBR OB T RIS SN 4O 4R H
B E—T VI =T AT ALY WAAéboémm
(Ffh% - ZAMSIM) (Zn-Fe & LTmRY), WAET V3
=74 (A5052,Al& LTRY), A7 L A (SUS-
304,SUS & L TR ), $ (CI100P,Cu& L CT/R)
IZDOWTHX72. Zn-Fe, Cu, Al, SUS® 4 )& (10 mm
X 15mm X JEE2mm) % &4 & ¥ K 80% KE WA
2T 80C T4 RFF L 728, H v 7V &5 & 1T,
BiA v K T4EZEE, DWTTE MY THRELEZOD
WEFZE L CETF R CEEIE 2 TVERFIZONVWT
M7z ALY F 7 2308 = %KW (a) & [HMC6]

(a) 30% LiCIZAE &

80°C, 48h

Fe-Zn Cu Al SUS

wijw”“

\ : “:;°'P' o‘] 80% 7K AR

[HMCEIDMPO,,

l so°c. 4gh  FeZn Cu Al SUS

X8 Ji SRR
(a) 1L L 72 30%LiCIKIEH TH Y, Fe- ZnDPA 138 L
Wi 2L TBY, Cuk Al TR RO 57z (b)
13 [HMC6][DMPO,], D 80% KW DK R TH ), Cud A
LW DAL, BRIZVTNR LS LEEIED SNz Cu
PO EFIC OV TR ERRDDBD S ho iz,

[DMPO, 1, D 80 & & % /KIEHE (b) D)8 AEER O fk
FaBE8IT/RL7-.
44, A F EAKBROMMERER

— Y7L — MRIRER (VY 27 4=V F
DV2TCP) #JH\WT25CH 590C % ST Rk TllE L
72E L7z,

Eil &

ARWFFE R S F %2 (C) No. 21K05159 O 37 4%
BT 72, B LS4l T v By A VIR
® 'HNMR, “C NMR il & (3 & F v e 4807 007 52
Rii—KICBMEGIC R o7z, 72, WoMaeR o &
R e SEBR T S IR S WP RO %, BT EFgEE o
LTI AR T 2 PR SRFT 1 IC & S i KER IR IS
R IC 572, SR LTHEEZE L.
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Creation of New Periodic and Quasiperiodic Tiling Patterns
from Multiblock Polymers

Yushu MATSUSHITA™* AT WH Jru—

Among various self-assembled structures formed by block polymers, periodic/aperiodic assembly of
cylinders or rods in matrix phases give two-dimensional tiling patterns as their cross-sectional views. New
complex tiling patterns including Archimedean tiling(AT) were explored and found in three-component
tetrablock polymers of the S,IS,P type (S: polystyrene, I: polyisoprene, P: poly(2-vinylpyridine)) having
three B (= ¢,/¢,) with keeping o (= ¢,/@,,) constant and also in four-component pentablock polymers of
the AS ISP type (A: poly(4-vinylbenzyldimethylamine)) having three ¥ (= ¢ /¢,) with keeping ¢,, @,, @,
constant. Two block polymer series were prepared by anionic polymerizations and the bulk structures of
their neat solvent-cast films and those of block polymer blends were investigated with TEM observation
coupled with small angle X-ray scattering. Several periodic patterns such as 6.6.6 AT (5 = 0.90), 3.6.3.6
AT (Kagome Lattice, § = 1.44) which have six I satellites against hexagonally-packed P domains, and the
structure with eight I satellites (8 = 2.01) have been confirmed to appear from S,1S,P series. As for penta-
block polymers, periodic patterns, 3.3.3.3.3.3 AT (y = 0.56) and 4.4.4.4 AT (y = 1.94) were observed,
while the quasicrystalline structure with dodecagonal symmetry (DDQC) has been found at ¥ = 0.93 in
addition to 3.3.4.3.4 AT.

BRSO E G 7a y 7 RTEARTIE, SEREBICB W CHBWIE IS 2 TR 5 5 28,
ZD ) BARIR  HERAE & OB IE R TTE Ny — v %2 5.2 5. AW CTIE3 5478 L U455 57C
Tay 7 EAERERG - ART LI LICLY, MYy 7 A2 D H VI 3HOIMITHIR K A £ ¥
Z IR - BEEIICEE S5 FETEOMIm/ Y — v L LTOHT A ) ¥ 7 OREIHRATE. 7=F
VEAPAZ XY 3HD 35 40 E AR S,IS,P (S : polystyrene), I:polyisoprene, P:poly(2-vinylpyri-
dine)) B X U 3HD 455 5 TG EAIKAS ISP (A : poly(4-vinylbenzyldimethylamine)) % &L, Zi
LHMABLUOREWOBERF ¥ X M7 AV ANE, WL OD O FMIREE N2 TR RS b 51 L7z,

SUS,PTIX, a (=¢silps) \E—EE L, B (=¢pl) 2357 5 3FBMOXE OME L L7z f=0.90T
136.6.6(6)TVFAFAY A1) v 7 (AT) Mk, f=144Ti33.63.6AT (4 TAKT) HiENRSR
7o MHFEDBP FAAL VIIATARBLP FAAL YT AHIN XA YORMVEIZ6OTHS., ZHIIHLT
B=201TlE, POREIZIAHHIHTEDLSLLVL DD, TRAAL Y OFRMEUZ8IC LA L

STEEARTIZA L POKEGT K s, o1 op % — LIRS T, v (=0s1/ds) DT 5B ORI % g
L7 y=0.56TI33.3.3.3.3.3 (3°) ATHi &, y=1.94Tl34.444 4") ATHETH 57255 hHOy=
0.93 DHKH 5133.3.4.3.4 ATHEE (RAES 45%) [2MA, PICHTAIFAAL Y ORMESSS LT
6 @ 12 B FRAERS AR AR S NS 2 2 R L7

1.1 U & I(C T-WIHEAE S 2 BLRE R 55T D SIS D 72 30 55T PIAH 53-8k 7%
BHES TP HLEESD LDy -2 2L T BE, GTTOEIPIMENRT AV Ay — VORI i
Bhoz7uy s EAK - 757 MRESKTIE, 5 OBAMEEE BENIEY T I ERMeNRS. 20

* %Eﬂﬁﬂz%ﬁ}fiﬁﬁz S} - AR EERE T L N, R 'R ) ~—n] - ASIE IR RE
AoRiERERE LENE TR UM — ¥ — O~ 7 0GR &3S D,

ERISE LR FMERY, wOFIREY
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A A — VO RS R AR R O A T
e LCREHESELTB Y, FRIEEENAL B
O THIBITHIE SN TN B,

I 7 oIS T, EAROS TR, %
L CRHERHROEBENIZE D ZRERENVT + 0T — A
MEND., 209 BRI LS sr i L,
BlziEd ok b B AB 2R TlE, ABRIIEL
TERIRIE R (SRocE), AR - HREss (ot
), RIS RoTIERTE R (SRR, KH T 2
IR (—RTEY) L EbaErasE ™. Y
FMRETIIZOI b, “KITCEIM & RO - BokiE s
R LT 5.

TRTEHE TR D 2 VIZHERD F A A VB O W
OEREL LTHS. bot b MbhTwabnld,
AB, ABAMI 02 i 43 L T A AR A/B H£30.3/0.7 F2 FE
MR OB 5 A HTHAER F 2 4 Vi TH 2. 3
W% T, BOFHEBRAIEHIRTH LI EHHSN
2577, MREESEROBE I, BB DS
TAF—RGDPEBBR - IR AL 2 id, 2 Vv —
WAThAHI M) v 7 AWSICE DETHRIRZL T
5. =7, 3RS RESKROZMOBES TS % 14T
AR ESERTIE, HEMIMEIC L RETE
WO R AL VIZHBIRICAR DR, FX AL VR
TN 7 % 7230 Z OISR L o & ) 3
B, 4EER, 6 LDy 4 ) v 7Ny — U iKk
HmicEn Y. cnF B MR R, A
FAN) Y TOEREKE L THNMOENLT VI XATATAY
YRy TIEBELZLONE TH LY. ok
£ FREEREOERIE [IESMTBEOAD S KIEEH
AHMDOLTHRADI B, WORSPELLHhOEAT

(4% 6%

B

(33.4%) (324.3.4) (3.4.6.4)
2522 |
S
Gmm' (3.122) (4.6.12) (4.82)

1 REOTIVIFATRAZAY) V7.

BHEALAZEOE) OBRENTRTHELVWIO] ThH
5. EHBEDY TESNLHEE 4444540 7
(4' & &) RIEAARIMEEED 5966654
V(6 b FER) AL EHTYA UL LT
LELHMONTVWS, M10OHhTF—CTRLIZILA) V7
offilz, CNFTOEN 7+ Y —MRTHERAINTE
72bDTHLH. AT, AROKEEEIED & A
Vo T RBR)—FEL T+ I —THEL, Ty 4
VI TOBWAEHIEL TWwaA 20204 F 12X
ASIS,P 5TEIHFE AR S HGHRICH 5 201D 3.3.33.6
(3%.6) ITEV2FEDOFEGAE TR L. ARERIZ, 450
LEARZHOCTAT A LZERN AL VICRESRD
F7 54 OB L 2887 — VR ERAT. 7
ASIS,P5TCHBEAIKRTIE, PRAAL VT AIRNAA
YORMBEFEIZLT, REAKERLSEVIIER
b O HE SR ORI PRIk L 7.

2. AHORARE LUVBEHE

3 A RO LT, HT E s eig
(TEM), X#m#i%EE (SAXS) oG Tcary b7 A+
BOTFRT T 5720, EELEMD IR L T polystyrene
(S), polyisoprene (1), poly(2-vinylpyridine) (P) % 3
AZZ S, LS, POIRICERT =4+ vEETHEELZZ L
2o, REOI— FESISPET B, 485550 ES
HETMZ % 4FHOWIME, OT7 =4 YEHEWHETH D
DL TOoND, @EI3EG L3R R24FHD
YT AMIBDL, TEEEREL, poly(4-vinylbenzyl-
dimethylamine) (A) % A TRMICESG S E2720,
SR ARIZAS ISP & £ T 2. —FHPEIHE B
T Z DG TR 2JTHEE T % & WIHE 2 AH 73 B 2% &
BHRVOT, FICSTRESETIIEESFRI5)]
EBRDGTROKNE ES TR - A L7z, 6
HOBRB MW FREZE 2 187, W4
FEAGE, STREAGKL DL 7 INAY T LA ERIGH &
LT, 77 Fu75 >y (THF) #&#fEh, —78CITT
T oA VEEHETER L. ISR G TR OMT
RS BVH, K& SO TR A LR A K
2313 57z, NMRX GPC/MALS# CitsE L7z % 4 3
ML L EEROGFREEZR T ROER 2 ITRT.
o N7 F 2 THE R TR s 2 s L, it
FyAMEICEIDH2EAB»T THBEZMERLIzDD,
160CICBWT3HMAMB L 72bD2ENV T 41T —
BERHO 74 Vv a Ll B 74 VADELT 51
T—BighE, EMBE TS (TEM) & XM
fil. (SAXS) #HICX V1 ro72. TEMHICIE, 2FE g
Hla iz, =213+ A I AT, IHEZ—FiR, A
eI, PHZECROTHZEPTHRTHS. b
)= TIATRT Y VITLBERROTHY, oY
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S : Polystyrene I : Polyisoprene
P : Poly(2-vinylpyridine)

: poly(4-vinylbenzyldimethylamine)

K2 a) SUS,PR3pEI4E7 0y 7 LEARE b) ASIS,PRIANSy 55070 v 7 JLEAGRD 53 FHi.

£1 3MEO3Wsr4LT 0y 7 ILESERO TR

%£2 M4 5ET Ay 7 RELSEO ST

Sample “:M,,“ Volume fraction”’ . Sample M,’ Volume fraction” y
code (kg/mol) S, 1 S, P B code (kg/mol) A S, 1 S, P 14
SS,P-1 97 035 0.16 034 0.15 090 AS,IS,P-4 146 0.121  0.269 0.196 0.287 0.127 0.93

S,IS,P-6 111 037 013 032 0.18 144
S,IS,P-7 170 032 010 038 020 201

ASIS,P-5 175
AS,IS,P-6 172

0.126  0.200 0.186 0.358 0.130  0.56
0.127 0.371 0.185 0.193 0.124 191

“Determined by GPC-MALS and 'H NMR. "Estimated from 'H NMR. ‘Measured from GPC chromatograms calibrated with PS. d,B =051/dsy, V=

¢SI/¢SZ-

BETIEPHZ IR C AMZE GRIRWISEL DS HH
52 EHTES. TEMHEBHY R O &1L 60-80 nm &
L7z A L 728 7B 0 ARE 748 o JEM-1400
ThY, NHEBEI120kV TBIZE L. —7J, SAXSIE,
Spring-8 fiti i BLAO |2 %< i & 72 27 o0 /N L 3 1 %
A7z, —DIZBL-40B2 D SAXSTH Y, b9 —
DFBLAXUDY A 7O —LAE—RThb. iz
4 7ae =A% T, REE T 1V ARNE & EATICE
ER20umiZE D L, ZoMEEoY Y LR S
71X T HEER 3 m, ¥ — A A4 ZEEH 10um, FGHE
1~ 2050 THE0.154 nm O X % FgH L7z,

3. BWRLEEE

31. ATHEAFOEPEE

311 BRY < —OREE.

31T 8,IS,P 3 53 4 e 3L H A R 31 o #E 1% % TEM
BEHETHRS., A Er5S18,P-1 (3=090) (a),
S)IS,P-6 (B=1.44) (b), SS,P-7 (3=2.01) (c) ®JFM
HEsEsN, WIFhbS~Y MY v 7 ZAOHTP KX 4
voORf) BALRET LB ZFF>TWDEH, PO
HY)ol (B) OREIRZ-> TWa, EWZHEICT
572012, INAL VE2BESLERIOARM (a)-2, b)-2,
2)DEI By AN Y IHENL. SIS,P-1TIE6AE
DHRHPS % BN I LY — VLN, 6 AT T
HBIENGHhD. LI ADP=1.44DS,1S,P-6 TILHL
MEIZ6THUZ23MKL 6 TR ENS3.6.3.6
AT (B TAF) hoTHEY, PAN AL Y OREM
FRIGKE SR D, PP ESITKELL o2 =2.01
DSJIS,P-7 T, TN AL Y OP~OEAIEIZ I 2 T
BY, PORBIIROTTEER > TWEHIZDrhbST

WEZzo0 b OBRFEEZF > Twb,. B3>0 TEM
WX D BATHE T2 ENTH L. WD FEATIUL

BCh o, SIS LS T L E L DB 7
a)-1 a)-2
" o¥ eV
g::-;:-‘:?
bo 0252y
ot et 9%
e 0ty

e
voe?

ot
___ [

N 8 A AT AV
A(,"} N _’c

E3 $I8,P 4TI EAROM .
a) S[IS.P-1, b) SIS;P-6, c) SIS,P-7.
ZEMIIRE O PATMIEE L= v P2, HHIEIF A4~
BRI A VT RIRT .
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b)

4 3FED ISP 4563 T AR B i
a) SS,P-1 (3=0.90), b) S,IS,P-6 (B =1.44), c) S,IS,P-7 (B
=2.01).
PUR)/T(H) ki a) 1:2, b) 1:3, ¢) 1:4. AMIZ5 T8
B DREX.

W, FAAL CFBESY — 22 BIE LR 4 BRI L OR
L7z, Wb P (k) oNFE#ETHY, 1L
YIUTRLI =y bRV, SIS,P-1,S,1S,P-6 Tl3zE
B o TWh. SUSP-7THERITIEWA, BT R
A4V OREIITE TN D 572 DRI D &9 238
DOWHZRL 2 LRI RETH D, HEOENERT
RO EELEEIP: IO N AL YHETHY, E2ST
A VEDKRE L 251220 1:2, 1:3, 1:14EH2 T
Wa, Thbh, SHENLEDTSLLPLIOESMR
BRFIZEN, PORBEGTRERIHIZEINAAL V&
GEEEDL NPT WL Z EDRHETH 5.

a) 90/10
;vc"c

RIS SIS,P-1/S,IS,P-6 k7 L ¥ FORAAHE) HExk

c) 50/50

312, Juy 7 HEEKT L Y FOREE

X 5 121E SUS,P-1/81S,P-6 A TCILEAKR T L » B
REWICE DVEERR T L2HTPERTHY, TEMD
i X TEVTHLHMITOME () £3.636
#H) OMAT= Y FERLTWS. TEMIGEH S5 S %
7 X D ITSIS,P-6H330% LL LA B & 6’ ik L 3.63.6%
A Y THRET D, H6IXSIS,P-1/SIS,P-6 7L~ K
DSAXS/RY — S L THh b, REHFTRTIEEK
X, @5 DOTEMPICE WL/ LT, 6 Mk (k)
£3.63.6 () RIS T 5. SIS,P-1/S,1S,P-6 =90/10 T
6 KR TH DS, SIS,P-1/5,1S,P-6 = 10/3012 72 %
£3.63.6 LIRIELIZ LS, ZILLFESIS,P-6 583120
N363.6/ T IMESZN o TWBEI ENnHhDH. ZFL
TSIS,P-6 HAKTIZ3.6.3.6 05LALTH 525, DI I
6T HIE-TVA

90/10

70/30

50/50

Log Intensity [a.u.]

30/70

10/90

SiIS2P-6
0.80

g [nm!]

6 S|US,P-1/SIS,P-6 k7L~ KDOSAXS /8% — > ik

/72, TOT VLY FPHIEIEFITHED B BTG

SNz X7 2IESIS,P-1/8,IS,P-6 = 90/10 A S 1% & 7z
SAXSZRIEY v 7R LTH 5. {10} HOE—27 0
%%BhéPPFX%V%ﬁ%%%mnﬂﬁKﬁLt
ZEHBIEOHEEE L —H L Twas, Hilidg L2
HMﬁkHLﬁuﬁﬁ@ﬁ%#m3¢ RO VAR AR
6@@2 IHERSND. i, d»ﬁttmﬁl¢
WCELAXHIC, MEOHMKT (RoFEHR) |

d) 30/70

e) 10/90

. R136.6.6, HiX3.63.65 4 YT OMHEKI= Y .
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7 a) ZHk7 L ¥ F1/6_90/10% 5 1% 5 1 72 R 7Eu-SAXS
<v 7
b) 6.6.6H7 % 773 TEM 1%,
c) MEREMIR © BEMO VDI T, Ao
K & 7 AT IS0 13 B AR T
T, BOEEHR2M OB 2 BAAE T (RO
DHEAEZERLTWAE. Thbb, PELICHTNTE
PHF T2 S, BDEIED DI FNTEREL, P&
BIFAAL VEP R AL YEEEHIZ-EICELTRSE
DELTWEEEZOLNS.
8IZIEd ) —2oDT VL v KSIS,P-6/S,IS,P-7 D F 72
Mgz THEH. TBIZFZ A ¥ ZPHhmicENT
HAHH, 7LV RIS UTPICHTAINXA A Y Offd
MO 6 AL (SIS,P-6 (F)) 75 7HME (1
W) DA ERET, B0 KL (k) 2B LT
WL BT ELERTH S,
3.2. STHEAFOEAY - EEHEE
9IS EARASIS,PIFEDOMEEZ RS,
9a) 1XAS/IS:P-5 (y = ¢s1/ppsy = 0.56) D& TH 5. PK)

0.00 0.20 0.40
g [nm]

b)-1 70/30 c)-1 50/50

s’
-
a
.

-
_

W AY AW
“&‘.‘. 44

ODREBRFNAL v EENEOMTHMET (B) OFxA
UOSHBRICBIZE SN, FRIOA RN AL VIF3HOT R A
4 ICHENRNT, P L CIIRMEEZ6TH 5.
3b) M8y — v LK, PEMIZIATY A ¥ 712
%Y, INAAL Y 2FENIE3.63.6ATIC%: 5. [F9b) &
c) 1ZEH L BASIS,P4 (y=0.93) PRTHEETDH 5.
P § 2 IORMEIE, b) TIESEMAESTH S25
FRITH 72 X D IZO6FANL D DEA S N5 720 BATHE T
EET . —F, o) TIREMEAS5THY, TEM L
WCHEEBTRLIREILHNBTFZRAZ LN TES. 2
DFFTIED) O X9 % FWEE T I AT
HoBH, INHIZK LT, Hd) IZASIS,P-6 (y=1.94)
AR L7 4 TA R 3R TH Y 17 HAikg
THET S, a)-d) 1T 2HEERKXNE, %ok
MEZE®O Te)-h) ITRL, BTFHICALGFHHEZA
N7z, ETELZPF AL YIZWHTHEHFEDIRAAL D
B U D S, 6,6/5,5,4 & ZMEIIITHK - TV 5B, L
=y P VIZEORBTHNTH B25, a),d) ASHIERW
BHIETLZ LI LTe) TIERELEAICRD,
ST TIE R VD) TREFEL I ENTE W,
10121, 9Db),c) YT B ILIBTEM %% 7R
L, PNAAL YZER3M/4M5 4 VEERL. 10a)
T, 8B3HEAKREITIZN L3620 T > TED
WEAEOEAL () & 4Mmp5Hfes 255 (%) 3z
EZTHMALTHAS. K10b) TIEMEHMICKE L EA
TV LODRMMIAM/4H5 A NDPETLE. ZNED
3f/4fL %MD Ea) TIE319/140=228TH H 12
[0 5o R 4 5 ik D A BRI 4/N3 =231 1238wy, £ 72X 10Db)
TIZHAT401/200 = 2.01 & %2 1), 3.3.4348 0% %
FoTwaHiabh o7, K10c),d) i TEMDFT#
THY, ¢ TIEPLEATWASA, 120 m 5 & %50

d)-1 30/70

el
’ >4

TERIZIF AL Y2 R\Ey 4 ) Y7ol 6 (), 7TRA QLW), SELAL (k) 2NRAL.
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9 5ikEAko TEM 4.
a) ASJIS,P-5, b), c) AS,IS,P-4, d) AS,IS,P-6.
a), c), d) OFATIAE, RHBEIHMET. b) MORMII8BIOIM/Af 7 5 A5 —Dduls. e), f), g), h) i, a), b), c), d)
WIS 9 % A .

a)

E10 LB TEM % (a, b) & 207 —1 2% (c, d), HIET % SAXSHIE (e, f)
B ASISP-4 MATRES v TOHLERE, e) 565, f) 25K
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HEIZD > T b, —, E10d) Tl 1218438 AT
RI3A434EHEM B =R RS TWS. K10
e), ) 2 ORBDOu-SAXS /8% — ¢, Ll Tw
L0 FTREARBMIC—RT 5 120 iz RH> >
DINT =V PERENTWE. ¥4 VOKRE &1L, FZEMD»
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Construction of Theoretical Phase Diagram Based
on First-principles Calculation
and Study on Metastable Substance Formation

4

KA R 7 xo—

Hiroshi OHTANT*

In order to respond quickly to strong demands for materials science, such as the reduction and
substitution of rare elements, it is indispensable to establish theoretical phase diagram for the material
of interest and a technique on its synthesis method. Therefore, in this study, the construction of the first-
principles calculation based theoretical phase diagram using convex-hull was carried out, and it was
intended to attempt the establishment of a technique to calculate the relative stability which the
objective phase has for other phases and a methodology to overcome the metastability. By the research
in this fiscal year, this study established the technique of the search of stable phases and metastable
phases in the ground state by the genetic algorithm, and the evaluation of free energies of stoichiometric
compounds, solid solutions and liquid phases, and carried out the application to actual alloy systems. As
a result, it was found that there is still a slight energy deviation of several kJ between theoretically
calculated phase diagrams and experimental phase diagrams. For this problem, it is necessary to
examine from the viewpoint of consideration of the third or higher order terms in the expansion by the
distance of the potential energy, consideration of ferromagnetism, anti-ferromagnetism, etc. in the
magnetic elements, selection of the optimum cluster types and sizes in the cluster expansion and
variational method.

BV TR O N2 L, MERRHFANDRGEETICREIZIS 2 5720121, HIOM B3 2 2
FIRIEIX & Z DGRBS 5 FEOELSA R TH 5. Z 2 TARBIZE T convex-hull & 7255 —
SRR AN — 2 O BGRIRBIK O E 2 1T, HIOMMBOM I L TAHE T 2 ML ESZ /T 5
TR el RS 2 HEMmOM IS L2 YL Lz, REEOWIZEIC X )l Em 7 v
TN AL X BRI COREMB L L EMOWE, {brEmiba, BEEE, o h £
WX —DOFHDOFLEEME. L, EBEOGERINOBHEAT 72 TOKE, HEHMICEHE L RERK L
FEEREROMICIR T PRI BREODTHI LI AINE — ORI L ONBIEENH L L bho 7z,
COMEIZHLTIE, KTy vy VI AVF—OHEHC X 2 REMICEIT 23R EOHDER, #iT
FICBT 2l BB R EOEE, 75 A5 —EH - BSEICBT AEL Y T A — oL
KESOBROBIEAD O 2 INZ BTN DD LELLT.

WRIA=FPRONL. L LERTHLNMITEZ
WHELZ SEFUIR R I A IS DO W T O EIRIZ, ZOFIET

1.1 C & (£
1970 4RSI £ - 72 BRI 2 IR RS 0% L

WIERIZ X o T, FEREXICHE S 2058 & #0547 —
I R—ZMEIIRE R R T2, DX RTFEET
FEHMEZ b & ZBIFINENT 2179 O T, FERMEO
HPHEAE DO TRSFH SN, LI0RNOILRED &
20224F2 16 H =3
* R HBLARFERT 7 = 1 —

WALKRPA I, Tt

HRIAE | SEMT MR

RIEEALEBLRRG, 22 ORI TIE, H— KR
B LBk R OB T & 70 iE
oMb, ORI MO L THT 2 HIxH 5wtk
RIS 5 Tk S SR e 2 IR 2 EROR
FHICHOHA TR S, AWETIEZO LD 2 LIk
BEHEEOBUR & E, SO REEIIO W TAREEDR
ZEHR A HLICE LD 5.
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2. CALPHADAIC & % HkAEREHE?

2.1. CALPHADZENE &

Kk MR OBERE & i R BRICE | & 972 @ O ALK E)
BT, REBRPFELZLTCELEHITZVNAKE
V. SR OMEE 2 AR EZ ANz DI BEE 0 —
E—ThbLwbhd. Z0OM%, F7AZL2HEOM
& Ve Yy M) DX AAERNOEWNH D, 201
FEBEIC I ORBRSIZIZHLIN. TS 2E&D
7o U R FEBIRE AL 1936 4E 12 v ¥ /I X ) AR
ENTWE. ZOEFE THREBRIDFERIC L - TEK S
NTWRTH L. F2RRNRBOEEDOHIE LB
WCHEZEREME DL AL L2721, 2o X9 %l
MO h 2 FEARRBEOVERIE, 57 I b Atk o
THHEOMERFHIIETE L oz, £ TH
Mg S N7 L WIRBROER T DS, #)1FIEo»
THIV-A5 % 51454 5 CALPHAD (Calculation of Phase
Diagrams) &IFIEN 2 HETH L. ZOEH»HEHEK
RERNTER LG OMWI 2 S SNE L) Ik TW
{. ZOCALPHADZEDRBIZHDHET, 19864 I12H
SRR X [E B35 Bk APDIC (Alloy Phase Diagram
International Commission) 2%i%V. &4, [ UAEIZHAR
BT DGRBS L.

2.2. CALPHADATHWS h3EHEFE

CALPHAD #: Tl d & < v o 2 IERIEREALE
TMZENE, A-BZIRICBIT29MH1IELVHZD D
F7Z2OHMIANVF—1F (1) RTEDbLEINRD.

G’ = x,°G% + x3°Gh + RT (x5 Inx, + xp Inxg)

+ XpXp QﬁB ()
ZORT, GEHKinvoHokEr boL &0l
ENHZY OFT AT R IVF—T, Lattice Stability 737
A= LTINS DD THA. Lattice Stability 737 X —
#1%, #H 1L SGTE (Scientific Group Thermodata Europe)
I & o T S 7S R S TB Y, WET
DORFE L TKRRD LI ITEDLENT NS,

°G? - °H;*" = A+ BT + CT InT + DT’ + ET’

2
+ FT + 1T +JT? (2)

RS xR R AE GEAIE AT, 298.15 KIZBUF 200
FiOREIRE) CBIFLAZY YV —DfliTdhHb. R
BEARER NITHEIDENVGETHL. Qpldoic
B2 HEALBLEOMENEMN NG A= ThHD. H
% BT OIFRIEERIEL TR Qs O IZIREE S X USHLK
WAL 2 WERTH B, EHAEEIBVTIEQ %
UTFCTRTE) RIMEBLIOCHEEOMEE LCHEHT
L. Ina#EFNERED LT LD 5.

= _Z;"QKB (tam )’ (3a)

ZQ?\B= a;+bT+cTInT+ -+ (3b)

2T, Ba) XWF L RCBTLIHEBMET T AT R
F—2EbTAPRE LULKRHZIN TS EBTH
%. (3b) Ko wEHa, b, c; 7% ENZETIFIHBHTIC X >
TIN5 A= L LTBNET — 7 N— 22K
MENDEBTH 5.

BIysg 2 —% (3b) Kb Da, b, &) & &
BOWREE, Wm, HWEARHEER L EodERT— 7125
DVTHEENS. W, HEEHIST X —F Qls A5
BAZKAAE T, SHIREEO—KRBEBETHALLET L L
(Q% = ag + boT), IREBAH,, B X O A Difiita, 13,
FNENUTOLHICEKbLENS.

A]—]mix = XA X dp (4)
an=xpexpl (°Gh— GA™ + xg (ao + byT) /RT) (5)

ZZC, G RIGENEOLMIREIZ B 5K ADF
TALANEF—Tdb5b. WHIL Lattice Stability /¥ 7
X =¥ DFEEIRT G- G DI TH DT, #
BRI RO FENML S Qhp DMEFFliT 2 2 L5 TE
b, MEAER NS A =7 1SRRG ZET 555
X, T A—FOPEIEL )P LB 288, Bkx 7
A4 TOENT— % % REFIZHOT/NT X — 7 ZfliAsn]
7077 A5 EINTVDS,

INFETIE, FHBREMIC L ) ZI0RBHROF 7 2
IANVF—Ditd 2 ATERD, LZXROLBEIIOVT
HRAD L) IHBICRT LN TE 5.

G’ = Zx,- °G,-¢+RTZx,- 1nx,-+ZZx,-ij?,-

i i i j(>i)
+ z Z inXkaQ?jk +o (6)
i j(>i)k(>j>i)
QG lITEH i j kOB OMEEN T A =5 ThH Y, KX
PRESH TV,

Q?,k =V;- iQtz'k + Vj . jQ‘g-k + V- kQ?fk (7a)
vo=x,+ (1 —x;—x—x)/3, (n=1i,jk) (7b)

(6) XERNEHLDPB LI, BROMELSEM T A —
ZICEZ L OREXED PP LDOT, TNHDOHEOF
TAIZAINF=—NOFGIIZENIEZERELS W, L
o TE L DYE, ZRMHEMEH T A=Y ETEH
B3iudto<Thsr 2Fh, ZHRP=IHREVS T
BRDINTG X =7 2350, TN THE I NS %50
BROXTATZANF=PERETELZ L% (6) XiIR
LTED, ZOMNIZCALPHADED I DO—DTH S
LWz b,
EHIAASELE TV 2 v, FET-oE 2 Hniz
BT 5 L) REEROF T AT ANF -2 T4 L
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3.1. BE—FIEBEFEEAOHE

HEEET N, BT EOBKT 2Ry Yy bz
INF—, BFOEHTANVF— BIMEEHEEH
IANF = EDPLMEINLLETRONE RN E
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En(p) = [ V(D p () dr+ TIp]

+ﬁjﬂﬂﬁlfm%4@dm ®
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CONTE HIIETFEOERT ERT T v LV
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FROBH AN F—, BEHIEFWHEH A/
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Polymorphism of Ice Arising from Flexible Hydrogen Bonds:
Characteristics of Vibrational Modes Attributing ;
to Negative Thermal Expansivity ol .
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Hideki TANAKA™*

The negative thermal expansion of low-pressure ice has been discussed in terms of phonon frequency
modulation due to volume change, and has been attributed to the negative Griineisen parameter, which is
unique to tetrahedrally coordinated materials. However, the mechanism from which the negative Griineisen
parameter arises has not been known. In this study, we investigate the characters of the intermolecular
vibration modes having negative Griineisen parameters. It is found that the hydrogen bond length at the
peak amplitude is always longer than that at the equilibrium position. The elongation significantly diminishes
the repulsive force, leading to a set of negative Griineisen parameters. It is shown that a four-interaction
site model of water molecule giving rise to a moderate tendency of tetrahedral orientation is appropriate
for describing intermolecular vibrations and thermal expansion.
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Fig. 1 Structure of bilayer ice.
Top view (upper) and side view (lower).
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Table I. Intermediate pressure value (p) in each stable region and the
ring types for ice polymorph.

Ice form | p/MPa | Ring types | Ice form | p/MPa | Ring types
Ih 100 6 Ic 100 | 6
I 400 6,8 il 300 | 5,7,8
v 800 6,8 \Y% 500 | 4,5,6,8,9
VI 1500 4,8 VI 7000 | 6
X 700 7,8 XVI 100 | 5,6
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Fig. 2 Molar volume of water (black: H,O, blue: D,O, red: HZISO)

against temperature at 0.1 MPa.
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Fig. 3 Rigid water potential model.
Red, blue, and light blue spheres indicate oxygen atom, hydrogen
atom, and negative-charge site, respectively. Left: 4-site model,
right: 5-site model.
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Fig. 4 Molar volume variations of ice Ic from those at 0 K for various
model potentials.

(a)0.0GG..........
(a)
Molar volume
19.0 /cm®> mol™!
21.4 fem® mol™
0.004+
(79}
8 L Q:
a
0.002r
0 L 1 1 1 1
0 500 ~ 1000
Frequency / cm
(b) 0.006———
(o) lc T-R coupled
Ic T-R decoupled
0.004+
g |
(e}
a
0.002r
G J. 1 1 1 Il 1 1 1 1
0 500 ; 1000

Frequency / cm™

Fig. 5 Density of state for intermolecular vibrational mode of ice Ic
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(a) DOSs at two molar volume.

(b) DOSs for ice Ic with (blue) and without (green) the transla-

tion-rotation cross terms.
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Fig. 6 Minimum frequency of the intermolecular vibrational mode
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Fig. 8 Fig.4 (a)—(c) Potential energies along three representative normal coordinates of ice Ic.
The solid and dotted curves correspond to the contracted and expanded volume, respectively. (d) Potential energy difference
at the peak amplitude between the expanded and contracted ice Ic (green) for each vibrational mode. The individual energy
(green) is decomposed into the Coulombic (blue) and LJ (red) contributions.
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same length as that at Q = 0 is marked by green.
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A Study on Laser Microchemistry

Noboru KITAMURA*

This paper reports our recent studies on the chemistry in minute dimensions induced by focused laser
beam irradiation: laser microchemistry. First, single water (freezing point (f)) = 0°C) or dimethyl sulfoxide
(DMSO, f, = +18.5°C) aerosol droplets levitated optically by a focused 1064 nm laser beam in air are
shown to take supercooled liquid states even below the relevant f . The viscosities in aerosol water and
ethanol microdroplets in air are also shown to depend on the droplet size, which is discussed in terms of
Laplace pressure experienced by the surface layer of the droplet as well as of the specific surface structures
of the droplets. Second, we show laser-induced single microparticle formation in aqueous poly(N-
isopropylacrylamide)/1-butanol solutions and simultaneous extraction/detection of single dye molecules
in the solution. Third, we demonstrate a novel pulsed-laser induced shockwave method is very promising
to induce and study the mechanochromic luminescence of organogold (I) crystals.
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Fig. 1 Laser trapping of a single microparticle.
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Fig.2 Experimental setup for laser trapping — microspectroscopy of
single microparticles. Inset shows a temperature-controlled
sample chamber for aerosols.
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Fig.3 Laser trapping of a DMSO ([KI] = 0.1 M) microdroplet in air
below 0°C. P, = ~18 mW. The temperatures indicated in the
images are those estimated by the thermocouple inserted in
the sample chamber.
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Fig.4 Raman spectra of DMSO ([KI] = 0.1 M) in bulk liquid (20°C,
solid curve), bulk frozen solid (0°C, dotted curve), and aerosol
droplet systems (0.2°C, d = ~10 um, solid red curve). a) SO
stretching and b) HCH bending modes.
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Fig. 5 Raman spectra of EtOH in bulk a) and aerosol droplet systems
b) at 22.0°C. An EtOH droplet in air was laser trapped by a
CW 532 nm laser beam (laser power (Pg,,) = 7.3 mW).
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Fig.6 Droplet size dependences of 7 (shown by blue) and the
viscosity (7, shown by red) in an aerosol EtOH system at

22.0°C.
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Fig.7 Droplet size dependences of the viscosities in aerosol EtOH
(22°C)? and H,0 droplet systems (20°C) levitated in air”. The
solid line represents the linear regression of the data in each
system.
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Fig.8 Laser-induced single PNIPAM/BuOH microparticle formation
in an aqueous PNIPAM (5 wt%)/BuOH (1.0 wt%) solution (7,
=~26°C) at 24°C¥. P, ., = 100 mW.
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Fig.9 Laser-induced extraction of RhB (107 M) in an aqueous
PNIPAM (5 wt%)/BuOH (0.6 wt%) solution (7, = ~28°C) at
24°C®. Temporal profiles of a) the fluorescence spectrum of
RhB and b) the RhB fluorescence intensity or particle diameter
(d). Py, =480 mW.
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Fig. 10 Bright-field a) and fluorescence images b) of an aqueous
PNIPAM (5 wt%)/BuOH (1.0 wt%)/RhB (10" M) solution (T,
=~26°C) during 1064 nm laser irradiation (P, = 160 mW)®.
The scale bars in a) and b) correspond to 5 um. The temporal
profile of the RhB fluorescence intensity ¢) corresponds to the
data shown in a) and b).
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Fig. 11 Schematic drawing of laser-induced single-molecule extraction
of RhB in (40 x 40 x 40) um® volume.
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Fig. 12 Mechanochromic emission of [(C,F;Au),(u-1,4-diisocyanoben-
zene)] (I) crystals.
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23 A L, PLSW EINIHG £ 0 #7205 D 5896 % CCD
*ﬁﬂj%ﬁ L DB L7z (Fig. 2 & IZITHEEEOZEE). FEHE
O—Hl% Fig. 1312”3 X 512, L—H 4 - PLSWH]!
TG O Lk 513488 nm 2 ¥ — 7 2 O F ORI 2 R T
M, THIE] 01064 nm L —H =73V 2 (BREEP e = 10

T T T T T

Before PLSW

lmm
r After PLSW b

100 ym

Emission Intensity (a.u.)

1 " 1 " 1

400 500 600 700 800

Wavelength / nm

Fig. 13 Emission spectra of a I crystal before (shown by blue) and after
a single 1064 nm laser pulse application (shown by green).
Incident 1064 nm laser power (P,,) was 10 mJ/pulse (laser
spot diameter = 15 um). Emission excitation wavelength = 391
nm. Insets show the optical microscope images of the crystal
before and after a 1064 nm laser pulse application (emission
excitation wavelength = 405 nm).

ml/pulse) MEFHIC L D HEE LM 5 &, 448 nm D
FHIENGOBERD L L 12564 nm 2T — 27 2 FH
FTAHEMIBEERT L IS4 5. Fig 13 OWHMEOLM %
DIEAHEETDH 5 2%, PLSW EIN & L7z TG & o 538
DEAEALT BHENFHEREN TS, TOFHBARZ b
VEALIHE S I L - THE SR TV S I GO ML
—% L, PLSWikiZ IUI%W®ML%mi?éCk
U THLI L aWSL,II L.
IEROFENHANRZ ML 1064 nm L —H —73)L i
£ (FI : fluence, J/em®) &A1k % Fig. 14127737, Mo
AT PIVEALIR, 52 ONZEE (F) oL —%F—3%
VA% [HIE] g ’H”ETL?:[?%L:?%%%LE’%%T%%.
FEBFERDP D0 D LI, L= —NmEOmMInL &
12448 nm () i%)'ﬁ?ﬁfﬁiﬁﬁ%/\’ AL, Zhic
fEoT564nm (Ff) FBHRENIMMT 5. 2T,
564 nm B & 448 nm DI — 7 BRIELE (Isea/Lyss) 1T
PLSWIZ & 2 ML OFFEMROIIEE 5 5. T 21T -
PoAER, FI<$)/em’ ® L —H — 3 T LS O ML %
FRTHIENTERVD, Fil=~10T/em’ ZHiEE L
fMLﬁt’é% %72, FI>150 J/em™ 12 B W CTAM
12 Isey/Ligs 2S5 U C TG i 0 ML 238 & T RIFRAY 12 o
TTHFERWLNIC Rz, DX HIZ, PLSWiEREK
922 LIk )M HS R ERIbT 5 2 L2
Th5.

FI=0.26 J cm?

FI=220J cm?

Emission Intensity

400 600 800

Wavelength / nm

Fig. 14 Single shot 1064 nm laser power (fluence (FI) in J/cm?) depend-
ence of the emission spectrum of a I crystal.

BTl L HIZ, Isqu/Lus D 1064 nm L — H —
B BEARAENE L FI = 10~ 100 J/em’ 538 & FI>~100 J/cm®
FIO 2B L 2 2. S ki, FI>100 J/em® Fikic
BV TPLSW HINSE I O TR S A3 %0 3% B < 4R R
(Fig. 12Z) 50128 L, Fl=10~ 100 J/cm’ 5835
2BV T HBISOEE W2 5 HOFSOEE R~ Mk &
&I, WU D ORI D 5 Vit o
BREFEENDORAIR I o TWDL I ERETLHD
Thrb. +IT, EHD1064 nm/ SV A L —HF —Fid
ML (FI =120 J/em®) O[5S G 5E %217 - 72
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&2 A, PLSWHUINZ & ) 325 1A% 5 72564 nm FEHGi#
FEX R I EE T 5 5%, 448 nm ISR IE D 5E % E
TICRES VI ERH LN R0z Thbb, /L
A L—H =4} - PLSW EINAR I A B L 7= 8 58 ks #h
MR E RIS ARE e L b1, ThE R Mo
HELSEAG G EAN O - IR LRI 2 2 K s
2" EBRONIPCZOTLO AL, 5L —F—ik
FERIE L S B CH I TLEREE 2SI 3 2%, TL o
LA 3K MO A S BT IEfLGAERR E, e
HBET-IEILOFREAIC X ZRRREBAERIC X ) TLASE
Zh7 FIBNE B HHEIC TL DS 5
FEM 38060 FURAFE DR 5, & D5 FERE & 5
WYL LA ETH S, MED XS, PLSW Lk
i EARO ML R 2 OO B 5 BLG O Ao Az
59, RMOMEMSEEEZEOLFELHT L L
XY, ZOoTHEETHL 2T AERERLIZED
WMHETH D L2 MO TH LRI L7

5. $ELDHDEEBE

AFICBWTIE, BMETIIBIT 24880 —9—JiC
X5 1) H—Mk 7oL —¥F—i 2) BER0Rn
mE, BIO3) HEREEEEZFMLL [HE~A 20
HAbF) ST 2 RO R &R B 1)
~3) O - BREH LV OTIREND, 1)~3)
DY AE RS 2 2 LD RS TRICEHT A LI
I0, INFTIRBECH LVALEZERMT LI EHT
X7b0EEZTND,

KdHDHWIEIDMSOZ 70N LT 5 EICX D E
B HM E R TH H T LB L, — k%
FHECE ) WEIBEARELRIER S 2 L2 L v
ClEaEZLE, BRICEEKTFESELILDTES
L — =l Pl H AL 2 O WFFE IR B AR O TR
HThrEEALD. T2, =70V IVTHEOBARDIE
WY A ZKGE L TR T ANV 7 ik L B b 2 &
WIRENTZZ EL, WERMEORE A% EZ S LT
BREWR R TH L. 2512, ThETTHZEMD LW
TR DS FICRE STV W gE 2 # - 928 &
LTI TR TEL &Y, 70 VT o
L — =i - WPEIITE 0 455 O W 2 2 W5 E s 1
INb.

—7J, PNIPAM/BuOHR&IZBI} 5 L —HF —iFitt i —
ST - RRHNE, Tke 02021 AE DTSR HE Y LIAT - B
el H1WH %L, MOTHAMERKERTHLE LD
2, oirfbE e LComBRiE~No 7 7a—F0—2%
IRTZENTELDDEEZ TS, RIFFEIIBWT
i, HEME THHRBEZH V- EFVERICE T -
TW5D, Gk, AT % A RB R 8 i 5
DOENEIMM BB & R R RERE AN L BT 5

CEN™EIND, FO—DODOHKELT, ATEL<A
yOREE AT A EICE Y, kb R E LR
EASTTREIC 2 B L £ 2TV B,

Fhidh - EROBEMI)FBGIH T 5 780 A L — — 1
BB OIBIIOWTIE, BHEDOL A, R 5Es)
EBELNTWS., LALAEAS, MLZRT 2 &25HE
TS Cull) $E4R# 5 120 L CPLSW 4 )ik L
LA NVAL—HF—BEIZ L > TMLIZRET,
R E ARy N T L — ML ZBRICE SN B 56mZE L
EHPLThBZ PN RERP O LN > T
Wb, fEoT, ZOCuDEEHRRITOVTIE, BEHORIE
WZRE D RFTMBASML % 5 L T b 2 & A% <RIBS
N5, TOXHIZ, PLSWILIIHMORIEUC P S B AT
BRA, B B A 2 BRI R R 2 2 B 2 AT
BEFEICLRVES, EE VT2 R IVICEET
BIFFEDEIE AT DT 575, KB ) o 58 Bty 7
M D S FZR IR IECH B L & DI, BRMORIEC B
) BRPOEREL AT TH L EBbNS. PLSW i
(2 & B - BRI F R O 7 5 5 Faalt 72 i
WosifE s 5.

#H &

AT ZH72D, FEhR - HFEZHE L THW
Jeii B R AF B AEFRAL R M 0 = R HEBRZ, R A
By (RARHHS HAERIR), B X 0% L ORFBFE
o, B BER, R WESE S A, R AR, KR
HIA, HHEFSAZESEFLE L LT 4. Aaf
FeI3 B LA FET 2 © O RH AT Je Bl B 4 - JRAi
W#EC (No. 19K05361, 2019~20214Ef) o T3#k%
HEIL oMY TEHHPLETIT.
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Muon Spin Spectroscopy for Research on Biological Functions
— Analysis of Proton Dynamics of Protein Components

h

WY BFH7 -

Yoko SUGAWARA*

Muon (u) is an elementary particle with a negative or a positive electron charge (¥¢) and a spin of 1/2.
Muon spin rotation/relaxation/resonance (4SR) spectroscopy is a method which uses a spin polarized muon
beam and monitors the depolarization process of muon spins. It is the powerful tool to elucidate the magnetic
field in materials. Depolarization of muon spin is also caused by magnetic field which originates from
nuclear spins of hydrogen atoms around the muon stopping sites. Therefore, SR is expected to offer
information on dynamics of nuclear spins of hydrogen atoms, and in some cases, dynamics of muon spin
itself. The mass of muon is one ninth that of proton and is called as light proton, so dynamics of muon
cause the attention from a viewpoint of proton dynamics. Under such a background, SR experiments of
the components of proteins, i.e., amino acids and a peptide bond, were carried out together with quantum
chemical calculations. In the case of peptide bonds, ¢ addition occurred at an oxygen atom of a peptide
bond and ¢ would form a so-called hydrogen bond and fluctuate between two oxygen atoms. Furthermore,
L addition at a nitrogen atom, which is calculated to be the metastable state, would occur at around 250
K. The proton transfer mechanism through a peptide bond was proposed based on the x-ray crystallographic
analysis and theoretical studies of cytochrome ¢ oxidase. It was revealed that #SR is a unique and noteworthy
tool in life science to investigate proton dynamics of biomolecules from this perspective.

IaFvid, HIELREOERW GFe) L1R2OAE Y23 OEHTTH D, WHICAY U HHL 72
SatrEREL, a2t VOAE Y RESWENOESZIEETELT 2/ F2BllTs3I a0 2
Yl - #BF - JLH5i: (muon spin rotation - relaxation - resonance : uSR) (&, YWWE N OSSO
FHLTFEELUEHESN TV S, ARYEIZBW T, 24 Y AE VREBOEMIE, 32+ v0f
IR B DKFBIE T OBRERE— A ¥ FHOL ) TR T 7% L O BEZ T ORI 5. ito
T, RKEODEOLERE= SV —FTHFELELNIB. T2, 32+ VOHEREE, 70 brofyl1/9 T, ED
BMEHFOI A Y @) 1F, BouT7ory (H) &A€L 00, 32+ VARDFA4F 32
ADWERIE, TP DI FIZARTOWTERT LTI Z 525 M35, Zo0kH LW
ROL L, ERGTHTI 2 o HRESICED L) BRETHEILT 20 E2W T2 L2 HME
LT, #YN7EOMBERTHLT I VBT T FEGOuSRIE &I %, B baE5 % 0
LCTiro7z. RTF FREFIZOWT, p" 3R TF FEEOBERTEEIEIRL, KEEEHKD
O—u" OB > TRERFEL ERFOZE, T2, MEIKEL TERERETH 2 BHRTIC
Il L2 RSB AR AR Sz, RTF MG~ 7T+ YN s Y 37 BizB3 5 7
o b UBHOBLEASBLADZZNTEY, uSRPVEGRICBIZ TR N FAF IV ADI=—2 %
WMIRFERERD D22 LARSni.

1.1 U & (£ THRRESNZ HEX 70 b o019, EFDH200
324 VIRAFLRIEOREMN (Fe) L1IR2ORE Y BTHrIEhs, AERMEZHEOILF Y W) FEN
% S OFKTFT, 20 HALHT-F IS FHMRHE kO TR F- & L WY, EREWEHS2I 24y @) @3Bw7ahred

PRy WS, FRABRIED S 221, ZofEBITEE
* B EIIEAE R 1 7 x o1 — FAILT, €73y F, Kl F72, BFHOBBICA
N s o b ASH, R, FECOEEE b~ 20M

BRISE [ B, R
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FREIIE, M E VT, 24 Y2 ATMICED
Mo ey, BUE HE AF)RX A+
¥, A4 ADAPETI 2 F Y EBIEHRIHB L Tv
. HARO KRR FIn## fii% (J-PARC) WO
B G R R (MLE) 255 3 24 v EE
FE, MRBEKOI LA VSV A —LATRELRZEB LT
w5,

2t EATHCEYHT iR L, %
WTMBEEOMREE LI, AV UEHMLZI 24~
Y— 2% FHT 2WUERLE, 590 MR R &R
MEn F72, B2t v EHIERESTES
ERLSN, BRRE2DPHEBRo/NERE) 29 7
DT TINDGHT, T & DAL O IERIE ST~ DI
HbH#EATHDY,

I 2 F VRO A GRE S AN O, FVBRE A
SEMEN, 19904EEIC A F ¥ OTRIUMFIZ B W T,
—HOERBERE O 3 24 v EBR TbR Y. R
OISV A 24 Uik E KEKICEZEL, [324VF
DX T T T 4 — O & KBUEHE G 7R JE0E 5t
T20194FH AR A LR HZH S NokEKIE, PF YA
—RYT7EF L VIRESNDPRE S TILEW B W
TV M UPRESTHIR> TBEIT2HRIEH L,
PGV A—RYTEF LI ot v E2RE L TEERT
LHIat=oabg VANV EHCT, V) M OBEIN
FlIERIITHMBEOWL &%, I 2t Y A¥ Oz 8
LCE=F—TELILEWHOLNILE (R2FVET
FaniE)Y. B510 BRKS LORAMKLE LT,
DFFICLZ2EAER, BRICBI2ETRBHOMIEZ
Hig L7z eBRin kA2 M LTwa . 72, 20174
12X, SATF VY RFEOT V=T ZHLICT VI NAL < —
W bbrtvbTWbs 7Y F vk, oty
Y— A& HWTIRITT 2 &) EROSHIIZE b #E S h
729 JPACIZBWT D, ZOER, HhST %5 —
Fv bELHERESEMLTETwS. Larl, &
KESTOBMSICHEIR, EGBHEEZ Y-y bEL
723 2k VRN TR TE TV R WIRRIZH
L, ZOX)REROL I, KEKS o
LT, IaF v AY NG - %M - 3583 @SR) ok
TR~ O % B L 7-F28IC ) A T & 72

HEARE ST ORI uSR Z A3 720121, 797, 4
RoTolZiz, E0k)RIRET, 32+ rpERT
LEHOPICTHLENRD L. ¥ 7 FIERL
017ENSLZOMBBEZETHIRTF FEEBLOT
I JEOuSRFEEE MLFIZB W TR L7z, 20194E7%
DIZEHBL A O% H 7 = u— & LT % e
L, uSREERL MEALFE R A 0H LMITIC L ) K&
RERZH-OTHRET 5.

2. ® 5

AEHE, mE AL, BAR X MBI E 2175 T
7°— % ~X—Z (Cambridge Structure Database ; csp”) k
B LTRSS 2 o b, EBICE L7, uSRE
B3 J-PARCOMLF N @ 3 2 % » FE B % % ARTEMIS
THio 72 7 — & fiH7 IS 1 mustfit” & WiMDA” % i v
7z.

uSRFEERIZIZ, [%EE: (rotation), #EAI#: (relaxation),
g (resonance) 23H 5. FRIAVZDIFIIEI 24~
W) ZHv, BELTAE VERMZEHNTSHE @
SR) THh 5. il 7zu” % B~ IE§2 L, u"13)E
PO BEBFZMBELCI A= Muiu -e) &
XN 2 KEFEFREORE L 2D, Muk LT (X1
(@), F&, ARG DHSEMud T ISHHINL
T, Y2ty 2k VA NVEEEL TEIET S (K1
(b)), —EEMFLAETZERILT & LTERET
2HEbdH L. FEORHMRERA LY & & S
BIEFIZOWTIE, YV EBLZENTET, Kb
7= % (lost component) & IMFIEHTwWa. 78 A
I 2t VTR, KRG OV ZAMEICHEAE L, BUE
W %2 DTV B I PARC/MLFD I 2%+ ¥ ¥ — A D
VAN ~100ns THAHDT, ThL D HHGER
F—=IVCTHRTTLHRIIE= Y —FTHIENTER W,

(a)

(b) Mu
N ) | .
/= C—C—H
H H

H H
K1 324=v2s (Mu &3I2F=721L5 VA NVDERE
(a) ' EETZMHELMuL 2 2.
(b) Mu ARSI IML T 24 = 2L T VA vk
Eh5.

WEMNICE EE oMy, E20E, ptiE, FRB OB
EOMEMEMIZEY, A VRHAIZIE LTV L. FHr
22us THIEES 2 & Xy 3BT T 205, BE
FOMEIMEROI2F A O E MBS
(@2(a)'". Wik &, Bl Sh2BEETROkE
Bl L (asymmetry), THIZXD, IaF DALY
o2 bzt § % & (K2(b)), asymmetry Ok fi
AL S, I 24 VORL AWML ONERERS Z LAT
5.

2t VHYBRAE VRSO END, BALEHE LR
EERRY, RS E T RVTDH, ABNOBEO
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(a) R

/ \

A

|@|A

TatrVREY

E2 (a) u" OBEETHINS N BET o,
WA 2t YA VO X,
(b) BBHRT 2 By TR B DR

BT 2mMa 2 e TE DA D 5 (ZieE).
F7, L7723 24 v A VORI - 720y (it
W) RFEML, IaF YAV 2NEBE»STh v
TN TTHI LI, NEEHOKE S OEHRE R
HIENWTEL, —F, Ity AYYORIAHICE
B (W) %250, WS o Rk E Nz

t,%%k@%%ﬁ%r%éslﬁ“ﬁAt,slﬁ

Y ETIE, 7= 7 HREBHK 10055 % % 50T, W
BHND 3 :Lﬁ‘ vEIaF oy AOEILDOEENTHETH
5.

ARG TR E R WGTRIEEAETHD. L
ML, a4 YA ORMIIBAOKRIER % EDD
OB TE— A ¥ MO ) 2B TR 1 & D Bl
RSN Z L0, FIRMEEEOKRET D% A
EVoRLER Ty —FHTENTESL. 612, &
TAEVOELER, 32ty W) HHOELE (H'
OFES EiTxhn) dMANCKMEEI NG, AFCIEER
%, sy, B X O & T e E R A T, A
FALFEEAMALT, a4y, 3aF=9A, 32
F= LT VA NVOER, EiRfE, Y4 F3I 2R
IZOWTOIFNT 21T 5 72,

3. ACNVEOBREBEMATHDT7I/BICHITS
I2F L DOFIENE EFEIERRB O
7Y E, MR TOKREORD SR DD
BT I JBTHh 7))y ofER2X 312, #Eih
WA 4 RTY. 2V v EERSMONATYS
A3, HAHRR, Z2BTEP2/n DR LTl E I
Wiz T3 BRI, KEA F VIR AR O KT
TS + MR & B0 )YV IE REERTY
ANVKFINVEOTT NPT I EABHHLT (K3
(b)), £ F fLLZzA VKXY VI (COO) &7 3
B (NHy) H34 F ViahokFdGa 2o T b
%Xﬁ%ﬁ%@7U//h\lf/%%%Lf?%n
72uSR AN T MV AR5 IZ/RT. FEY; (zero field :
7ZF) T TOREMANRY MV &Ry (transverse field :
TF) 2mT FTOANXZ bV ED, Y7 FVOERSZE

(a) (b) o
OH

H3N+—CH2—C/&—

o

HN—CH,—C'

K3 (a) 7V ¥ v ok

(b) BPEA F vk CO;D2oDC-OfifEIZIFIZHL <,
HBAIEIERAELL T 5.

B4 7)Yy orkRHEE CLRHRR, Z2MREP2,/m)"
s T OG5 2 K ER A 2 KOG T, R BRI T
5 (TR0 -OWilE3.1A) ikt iliZif Ry

Asymmetry

Tme (ps)

5 79y (Bse) O3 at v AE UBHIANRY b,
R Ia4=w 2 kT VA NS D ut s B OB (TF)
2mT ; % FREY (ZF) ;b MR (LF) F &b 1~0.7,
1.2,1.5,2.0,3.0, 8.5, 22.8, 61.0, 200, 395 mT.

ute LTI L7psr (D) 1Sk 5 & s
7. 100 mT 2 BE O #ERES ENINIC & D asymmetry O)f’f&i"ﬁ
BHAOLN, Jat=T LTI ANVEGS RES) bbb
TRCHETILEALND,

HRATZ ) Y YW A F S THH I L2 E 2
2r, pECOO ML R ENG., 2tz

LAWK EIZT VANVEIMT 50T, 7)Y 0
OHANKFINVIEDC=0IZI 2F =7 2 LS TV H U
ERTHIREEDZEZ OND2S, FEBLY, ZoERMHE
RN PSP 72

—J, FUNVEEBKT AT IV BOPFT, IR
AL, & 37 HOBRICKRE S phboTb
DEFHEBET I/ BTHDH LAFVY, Fuyy, b
V7 bh77 Y (B6) OuSRANRZ M VER 7 IR T

M) TN T 7 TR, pi s (DY) b TT
2133 aF =LV NVERELTVSE REK
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(a)

[
NH;*
2%
(6]
(b) H, I
C _C
NH3+
S8V LE
i
(c) H, c
c N
O pT
NH*
JxZ)LR

®6e rYTFr77y (a), eAFY Y (b), FuY Y (c) D4
T,

) LIRS Z SR (F7(a). 7V ¥ vk
MWMNTMN) T N7 7 YT OREZAF ELT
COO, NHit % oTWwh., YT rTldIat=wv A
T HNVEGBEEAEBIMESN o722 L LR
FT5E (H5), I2F=v 2tV HNMIE YT L
77 v OMBOBEZGTHEEERE ([ ¥ F—V&R) O
WAICER STzt Emasnhs, /2, COOlcu™ L
TEETAEDS, 4V F=VERAT A NAHINL T
1T BHERPFH N EATREI N,

ERAF YT, gt ICHRT ST 7T v (DEGE) &
IaF =ML VA NICHET B Y 7V (RIES)
OWIE, 1:1128ECT, M) TV 77 ERRT, 4K
BN En (K7(b). LAFY YOO A I
V= VROBHEZITA N A=Y a YDBRIDLEMMUTH
O, NMAEFHMENRL. )Y OUSRF— 5 %%
WY 2E, 5TORBOCOO 1T Hu" bHELET S
EFMEEN, A IV VBOSRRELT L Ok
e 2LEDRDH L. BEETIEEL TR,
W DAY VEANIK T 2 BRI T OBA Y ¥ OEN D
2133C, PNERALORELREZTIELICLD,
COMERBIIL T BEDND 5.

FuyryTid, sy OGS &, Ity ol
IV HIVEG REGY) HERO Y 7 F s, #1:2.58
ETHY, I2F =T 2LT VA NVEGHERG TIED
HH, WA ORENR VY T T 7 R EL W
(E7(c)). "¥E¥r (CHy) Tl IaA4 VBEHHZX
DT BT DOR65%IEI 2 A= 2L VA LT

(a)

£ AR R
D B
£ o1
< - D
0 n
0 2

(b)

02 foo000ad Sttt s 555,
Wy

b

BRI Nt + @ v g

Asymmetry
=

(c)

4

e s
R

Asymmetry

Time (us)

R7 HEHET I BOI 24 Y A VEHIANRY bV,
(@) P Fr77>. (b) XFTY. (c) Fuy .
RIaF =245 VA IVES D u' s Fh o EANZE,
LF 0.45,0.7, 1.0, 2.0, 3.0, 5.0, 8.5 13.9, 22.8, 37.3, 61.0%, 100
mT FrY) 777y, FUY Y OR).

HHN, OB 15%REBM SN, T, KEEE
#Hox 4 ) —) (CH;CH,OH) Ti&, u"EHKHS T
HHIEVHMESR TS, fEoT, FudriiBIF
It = 8MET VA IVESIE, T = S VERO AR
AT L2 E B NS,y OFEEILAE O &
LTIE, 4T OKEDCOO, R (—CH—), K
¥ (—OH) O3B FETFONE. ZNEDH L, u'
IKERIE A IR L7270 H1F, KERIE O /K IR T & i i afE L
B Z & & WL 7z oscillation 25l S n &Pl &S
% (RENZH).

4. XRTFRFERICETZIa 420
{FILAIE & FIEIRER D REAT
41. RTFREEDUSRANY IV OHEREIS KM
EBBIGEANYT MIVOBREKREN
T URTEIZT I WA, RTF FREASICE DO hho
T Chdb, XTF FHEEND I 24 ¥ OfFIEE
BLOEILREZMA DI, XTF FEEGZLOwD
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(a) (b)

Sy
Seitse

- ‘.
PFB N Y 1 i g 7
CH//V/\ ] >~ r P’_&'
* //0‘CH3 I | a ;P
04/ -L{\{ ‘ -?’g/i‘ ) -?’}/&

E8 N-AF L7t b7 3IF (NMAA) DOfEENDTHEIE & i

Wt AFERAE KRR TRT.

(a) NMAA O & ST o5 T-BLIR).

(b) BEREAR. AFREGITL 0 T H—kPie .

(c) disorder A" # SHEEMHTIC L ) R E FRI2HEAL
bESEIMESN L. BIFHICB 2 RN L K
MHOFTOEREHDFIHY L TBY, KGRI
e, WHENZMVEOTNIEE TWEETFT NV THI S
ns.

e\

(
Lot
[ § K’O

R
&

RS FEVZAEN-XAFLTELFT7 I F (NMAA :
CH,CONHCH,;) (X8(a)) ®uSRFEEk% 1T - 7z.
NMAA X, X7 F PGB OKEFEICLD, HmN
TRIEHEBK L T2 (E8(b)"”. 274 K Torder-
disorder fz 25 2 4. EHRANIIAKEM & X Talih &
MR1R2E7%Y, AhzFofs (M8(c) LKL TFTHOE
REbE) LY, 301 KT 2. w0k
DOFLAUIKERFE L2 FHHOWEN LR EMICH KT 5
LHALND.
9SKDuSRAXZ M Vv 9IZRY. ZFB XU TF2
mT TR SN2y 7 Fvid, u B clEd 5 (DR
). Ik LT VAL, KRERTFEOK
HEE— X ¥ MIHKRT 2NEHEHIC LD, HOREE A
r—)VCRMLT, ZEF T il c& 2w, LaL, LF

Asymmetry

B9 N-AFLVTEFTIFRDI2F A UVHEMAXRY MV (95
K).
R I24=v b5 VA VES D u' 5 B Mgy (TF)
2mT ; % Ffds (ZF) 5 At #ERid (LF) F X b 120,
5.0, 13.9, 100, 200, 300, 395 mT.

FIONC & 0 RS 20 & 70 v TV S, REBICERIINC
P05 EIICRY, LFOKE SIS L Casymmetry
EAEM$ 2 (RELS). MRS ORIIG 128 E & F
Bbohsd, F72, NMAADZF#HAARY MVidicE
BB RREE RoTBY, FY) vy (B5) LIXRT
B PEAL 2S R .

STREBICHEDOLCELGLD, 322y 2k I h
X, RTZFFHEEOANVR=ZVE (C=0) ~Muh oY
AL THER L7z E 2515 (F10(b)). —H,
RTF FfESE, ANVR=VEOONHEIZ, NHEOH
A8 L - LB 2 FFo 0 T, w0 ok
B AME IR Lo (C=0 1) ICHiskT B EALR
% (H10(a)). ZOHEEZMIET %5729, DFTEHHE %
fFol., TNIZOWTIE, RENIZEIT 5.
(a) (b)

*H
Hc—c=ﬁ—mh HsC

K10 N-XF L7 7 I ROXRTF FFEG~NDI 24> W)
g (a) &3a4=72 (Mu) OIMCE Y AT 5
It = MLT VAV (b).

]
N—CH,

I, NMAAIL, ECARAE L 72888 25274 KICAF
T A LD, ZEARY MVOIRERLN: 2 7
(K11(a)). 150 KULFTIEZF A7 b VIZZALIZR S
NS, 160 KT 520 DZEALAE L 72, —HH
X, r=02B %asymmetry DHIMTH 5. b ) — i
1, 250 KFiET2~6 u SHIICAONLELTHD. &
OZALIE, XAREPTERIC X ) #h Sh v 2 ERRE
(274 K)'" X 9 100 K3 < KW IREETR S ) i 7

TF23 GOWEIZB T, Mud 5 —E 7 iz |7 1 £
WKWHYST 5270, KR SOK) TikBlil sk
Morzs, 200K ~290 KTl Zhp@llshs ki
U7 (F11(b)). MullH®T 2 ¥ 7 Furnb o7z
Z &M, =012 B1F % asymmetry fE O BN D &
25, KR TIE, EHOMu2ZHFELRY, HLLIEE
TEHEL TS MulAROBAY v O T
BERFIC A E YRR bN L DT, BllSh ozt
A bhb. 200 KL EOREFIETMud ¥ 79V 25
Wahz e, KREIIRL2LZA b CEREME)
CMupMEIE LR 2 RIE L TB Y, SHBROMER
MThbH, —J, Hi1(a) ICBWTEHENLZ2~6
W OEAL, 7 v FILEWOuSRTHIM S T2
oscillation IR L CW AW EEEDSE 2 bz, 7 vk
ILEWDOUSRIZBWT, 7v#E (BAE Y 12) Ok
Bz EIE L, F—u' b L <, F-u'-FEEA I
T5E, BT 2FOBBATE— X 2 MoMED 5 AU
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0.16
(a) 0.14f
0.12}
0.10F
0.08%,
0.086f
0.04f
0.02f

Asymmetry

0.18F
(b) o016
0.14F
0.12F ;
0.10 =
0.08f
0.06f
0.04f
0.02F

Asymmetry

Time (us)

K11 (a) N-XF VT2 b7 I FOEBETOALE VIEMAXS b
W ORRPERAENE (0~ 12us). J 95 7% 1455 #& 195
#2505 A% 293 K. KHI KKF T LA b
OHBUTHIET % & & 515 oscillation 147
(b) 270K TOuSRA XY bV (0~4pus) # HE#Y2.3
G B FiH.
TR OB TH M D 5 oscillation 2B S h 5"
NMAAIZBW T, K#EET BEAE X 1/2) Oz
W2t VAT 5294 MAHB L2 L 2RIEL T
W3, ORI H, ARZMVOT A T4 VT E
To7:825, KEOBEBIEILLZI 24 2560
VIV, WSRO Y TV O2EREE D,
urEKFETFORBIZ1I2~15A L AL O Nh 2
CEFTOEMCHELTCELRTF FHEEDO N IVER=V
FEoOWmBF I ML 7R Tid (K10(a)), ik
DKFEIFZAF VI (-CHy) OKFEETT, ' —HIEEHEZ
23ABIETH B, —H, 1 HRTF NG DOEHEET
AN 5 &, ZFETIELED EKREERETIHEEL
TWBDOT (F10), u" L RFFRTF O 1.7 AR
LHEEEINDL. 0L 7250 KikfE T oscillation &
SOWMBIE, XTF FEEE%E b B, order-disorderfn
R SR 7)) ¥ (NH,"CH,CONHCH,CONH

CH,COO) THBHMEI NIz N, RIF FHGIC
A OBEOWEEDE. 22T, X7F FEE~D
W DA E & IR IR A WG S A 2com T bR R &
B L7z, ZOfREEREIZRRT 5.

42, NMAAICHTD 324>, 32427 L0DEL

fIE, EIHREEIC DWW T DIERETE

NMAAIZCBIFAI2F vy BLFI oty 2oL
MEZERT A0, I 2t ImSE T 5 H A
m(Faebir—vay) &, oty afihncss

B KFEA NNV T O TALFEEH % dL BB 22 5
WAL L OIFEIEE L THED TV S,

39, MIZPTFIZOWTDFTHE #1772 (H12).
ZFEIC1E, Gaussianl6'®. %M L7z HEBE LT
B3LYP/6-31G(d,p) % J W CHisEf# b % 47>, B3LYP/
6-311++G(2d,2p), ®@B79XD/6-311++G(2d,2p) % JH v
e ANF—EHR LI TTo 72, HI P INZ>wTig,
HNRZNVIEOBRFER TIx L THA A 2 5 Hi ik
A, BFEF I L TR 2/ X 0 70 k)/mol %
ELORENESN. B, BERTIIHT 2H
MmeBWT, HERTF FiEGEOEZRFE T2 LT b
5V AN B BRERE DS A H HHEE L D bR 10 kI/
mol % & o7z, MEFFICH M RETHRT
F FEE O HHEEIZIRFEEINTEY, C=0/HFIEZ
FREAMERL TS (F12(b)).

—J, KEMIMOWTIE, FERED, 2V KR=)VE
W Mu2SRHn L 7 s e il & L T2 Hh, KEN
B OMIAT IS 2 HEEAS, RFEISHIMT 2HEL D D
BEEDORERE -7 (K12(c)). ANVEKR= VIO
AR AEDbN, T3S E 20, C-OfE
122 W T o [ 5 B BE 13 ~5 KI/mol 2 FE & Bk & Tk .
32 COBERIITO OO THLEI LR EZD
EC-ORAER Y oW IZES ISR 5 & PRI

K12 N-XF V7t 73 F (MMZ5T) (a) 22 TDFTEHR
THELNZTE b AEE (b), B X OUKREMNINC LY A&
W25V Hh IV (c).

USR DIRFEZALEERIZ BT, 250 Kk T, Z#H5

T AMEIE L7250 TR O M BARIE S 7253, IG5
FITOWTOFER R TIE, BERETFAOMNIMAL 225
FHF DO IMEA~NDO AN F—213870kI/mol b 1), %
FEA~ONMEDOEBEFHTE v, 22T, KD
A7y 7ELTTa Ao WT, K EE T
Va7 EHE 2 ONIOM " 2V CH#ED TV 2.
NMAA O BB TV, 585 Thbh bR %1
D, PM7 CHEEZEALEI R 2 T WS & L7 &
12, o 24112 wB79XD/6-314++G (d, p) % v T
D72 7a b U E S L ICQMENEE, 20245 F %
By &L H1IBD 1455 713 PMT Tleadfb, 2 o4Millo
52 G 0 42 5 I AIIME L e L7z (K13).
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13 N-XF L7+t b7 I FOMEMEEREE T T IVIZOWTIT- 728
FH~DO 7T b IOV T O ONIOM R $
HFEMMN 25T QMEE  ARBGRFURN 14 501 PM7 CHE
W EAL ; RBEARAE 42 551 PMT Cicad b L 7= w0 8 12
[ 5.

B CHRA L TW 2 # kS 7 128 LD CGE
HTIE, 78 yOBENOM, EE~OMNvih
ZBWTY, WLz 7a b o PEBsTEKRERE %
BT 5 &9 o FRma2ibL (B14), WAHnko
IRV F — A2 KI/mol # £ £ T4 L7z, ONIOM i
THWAEIEME, BLO, FEEHERE TEHEEOZRE
BEXZOVWTOE LR MEEEDTVEA, FEERT—
FIZHED AR T RE ENE TH 5 RFNOMN Ik
RHAETE L, 250 KSERETIE, BRI L 7240 TR
MbzeEnHRHEE L SHHATERER T2 T,
BHEANOH M IMEIZBWT, KE/KAFO-H"-0ODF
TUYVANIET Ty MOEWE W) RGOSR 2
i, O—u™ -0 OKFEREITHY) 2o 7ou” 0iH)
PERENZLERELTBY, NMAAOU IZHET S
FEAANRY bV, BBEENRRELEZ->TBY (K
9), ZYUT v (M5) &E_THEWEAHR LW
B R T X BT 5.

(a) \ (b)

14 N-2F )7+t 7 I FORMEEREE 7V % w72 ONIOM
BRMEIC X DS NARTF FE~D 7T b A .
(a) BEHF~OTO bR — g .
(b) EHFFET~OTO br—T 3 v,
KED 7a b ARG 2T e b A — g YRTOfETOK
FERGAEBAL Bl JET- T B

5. $EHESHDEE

y RN BOMEERZTH BT F PGB I OHE
BT 3 7BEIZOWT, 2t oI iES L ok
RIEOMT % "SR ELR, HEREIHE M2 517 5 72,

HHEBET I VBETHHLN) T T 7V, CAF VY,
FayrOWTFhIZBWTYH, uSRAXRZ MviZidu’
Wk 2 2k =y 2T VARG DAL L2, D
BRI S 228000 bNhiz. 5%, &9 THT
DI 2 Y OEIE EZ FERICHEEST 5 2 LsiE s
HoTWwWhb., T0HL, I+ b5 TV H VoL
MEOFMOVEITIE, 1~3 TR ORI X
% N 287 4615 (Level Crossing Resonance : LCR) il
ER, SR X B AV VAEEEEROMENERT
52", BEOWEIZIE, DCIaAYETHLH TS
O TRIUMF, % 721X, A4 ZOPSIOFHBLETH
D, COVID-19/8 Y 73 v 7 IURBIC R TRERE L
oTWh.

—Ji, RTF FEEEIZDWTIE, w29 L 72/ o
SA 7o AR S, 200 KL RS2 SRS D300 K £ T
DOFEEFIRICBVTHDON. CORNEZHEL D
2, HEIbERE %, ONIOMB: 2B L CTir o 72, %
Br, BHRME DS, BRERF~NOU MDA RERETH
5%, 250 KiEfs ClEE%e 5 7 B R T-~ O A& A
B L2 RetEA R S iz, 72, BRI T~L
Teptid, L EPREVIEIRENS. YO A
BALEEZICBWT, 7 Y BEHo—onL— kL
T, RTF FREEEAN L7203 2 W BBk 2532 4
hTwz (@157, iz, Burorredbvis
ZENS, uSRTHON L OF A F I 7 2T 5
ki, X7FFEAE~NTE A=Y a v Lizg o
TAFIZ AOWMHERME L TB Y, uSRIAL IR M
HoL=—r 5y —NEhb I EIRENT.

COoO-
! I H &)
" i
Ce l Ca .
” Ca (l) Ca
O
Hef 7 H/
e I l
: Co,
Ca T A 4N\
N ._~N

15 ¥ b7 s cBALBEROMMEEICEDEREINTVRE R
TF G RN LT T b R,
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Coupled Cluster (CC) Single and Double (SD) Purterbative Triple (T,) Calculations
by the Use of the Domain-based Local Pair Natural Orbital (DLPNO)
for Reaction Intermediates of Water Oxidation
in Oxygen Evolution Complex (OEC) of Photosystem II (PSII)

Kizashi YAMAGUCHI™***** Koichi MIYAGAWA™*, Mitsuo SHOJT**, Hiroshi ISOBE***,
Takashi KAWAKAMI**** and Takahito NAK AJIMA™*****

Coupled cluster (CC) single and double (SD) purterbative triple (T, calculations by the use of the
domain-based local pair natural orbitals (DLPNO) calculations have been performed for possible
intermediates in the S, (i = 0 ~ 3) states of the Kok cycle for water oxidation in the oxygen evolution
complex (OEC) of photosystem II (PSII). Full geometry optimizations of the intermediates by the
UB3LYP-D3/def2-TZVP method have been performed to elucidate three-dimensional (3D) structures of
the CaMn, O, (x =5, 6) clusters (1) in OEC of PSII on the basis of different quantum-mechanical (QM)
models with different sizes (73 ~ 282 atoms). The Jahn-Teller effects of the Mn(lll) ion are examined to
elucidate structural distortion of 1. The DLPNO-CCSD(T)/def2-TZVP and UB3LYP/def2-TZVP calcula-
tions assuming the optimized geometries have been performed to elucidate relative energies among several
intermediate structures of 1 in each S, state of the Kok cycle. The calculated results for 1 by the former
CC method are compared with those of the latter DFT methods to examine scope and reliability of the
UB3LYP method for 1, which is regarded as the so-called strongly correlated electron systems (SCES)
with four (spin, charge, orbital and nuclear motion) degrees of freedom. The Heisenberg model has been
used for theoretical analysis of available EPR/ENDOR results for 1. The effective exchange integral (/)
between a Mn -Mn, pair of 1 has been calculated by UB3LYP/def2-TZVP method. The exact diagonalization
of the Heisenberg spin Hamiltonian consisnting of J,; has provided the spin excitation energies and projection
factors for 1, which are effective for assignments of the EPR active intermediates in OEC of PSII. Implications
of the computational results are discussed in relation to the mechanism of the water oxidation in OEC of
PSII of cyanobacteria.

1. F =

FEA Y 4~ (oxygen evolving complex ; OEC) 2

Ky =X TRRENE T2 RKRGER Y X T A
PSIl (photosystem II) 123513 % K 4 s b (X
(1)) 2&F, BFLVRXVTHRHT L2012, ZOMHE

20224E3 H17H =8
AR T 7 = O —
KRR Y 8 —
LK 2 S IR

R BRI

R BRRTARR + TE GTgE  5 —

B SRR e Y 8 —

H5HCaMn0s 7 T A Y — DT - BY - AV U Hiks
R HE LT

2H,0 + 4hv — 4H' + 4e + O, (1)
PSIIC BT B KBRS IE Kok A4 7 v ERRE N5 SEE
S, (i=0~4) OB 7Tat A THITT L LA
LTCw3.2 Sy~ SREEIC BT 2 RO 45 T I1E X
MEYERAT (X-ray diffraction ; XRD) #:¥% X Hi7



AL BUBIZ B B FE o o Phg (12) -
108 St KBRS P RIA D4 2 5 A % — (DLPNO Coupled-Cluster (CC) SD (T,)) #l4

F L —#— (X-ray free electron laser : XFEL)"® % f#i Ji]
L 72 SFX (serial femotosecond crystallography) % il
WTRDSERE L TV 2 A5, JIBOBRBREL DV
W PERY SRR 2B L CTld SFX XFEL FEBAs R34 7% <
SHBOMIEIREIC > TWwh, —TJ7, BEHRNIEIEA Y
)= ATHALTERL ) ITHEIBEEDE (density
functional theory [DFT] method) 2360 < et &1
L DFEATEINTETV S, FEEE, DFT i CaMn,Os 7
TR Y — 1 EOLBERSIEERORERELSAHT
HYRI)—ATHZOEHZMALTEL. LoL,
Ay =2 (N ORIIRLIEH I, SyRETI g
EEZHN D 12HB @ AR 0 MR %2 2 P13 hybrid
DFT (HDFT) O #ilEIZ)&5 % UB3LYPILE Tid < Dl
BI %212 & ¥ 1 % Hatree-Fock )% 0 #l4 (w) 12X h &
b2 epMbNTRSE. ZD L), HDFTHEIZE
THEOBWRIET 23dEBER Y 9 A Y —DT %
WEF—FHHETEZ ORI D 2553 M5 N T
W%, Z£Z T, HDFT#: % ## 3 % (beyond DFT) =
W HEIBE SN TETLEAAYY =X (1) D
FRIIWWRLAZLH A2 A% — (Coupled Cluster ;
CC) B3 Z20WMTHHLEFEO—DOTHLLEFZ L
9. LA»L, CCEHETIEERAEY) —UEIZR DD
THUE D RBELGH AR B 56 D Bh 1 & XA L 7 W T &+
L, SHICHERHOREL 220 TERER Y FA 5 —
B EICHEAT A ICRERN TR LIRS Tz, £
2T, FA1ECaMn,Os”7 I A% —7 &I CC i i
T 2720126 T/NA DR EY) — & FEOHEHHE % 1
L, BIEEETLCEBZORESHIFEO TVRDL D
TAR () —=X12) TEZO—H%2HNT 5.

2. E49EEEXRD KBRHEH

2.1. CaMn,O5; 7 7 X 4 —D4F#

Ay =2 (6)YOE10 T3 TIfilft72A3PSI O OEC
ICHEAET 5 CaMnO, (x=5,6) 75 A& —> 13tk
BN T ISR T L) ICE TR R mHTE %
WisHBE TR (strongly correlated electron systems ;
SCES) WET2EBRERENARTH L. FHO— A (1L
1) 3o, ook & JRRAFgE % BaaG L 721K (2010
) 12, ZoORITEMEETROMBFITHLDTED
A~ ciIu Wi chsr e BH LW
L 7z, §EF 3T CTICRIBIREY B TH % Ln,CuO,
FOMGEFROBERE > TV TED X 9 ZEEDS
vz & 5B AR ERGE LT b 2ok
EbobZw, RAOLHIZ, EMHMEEFRTIER IR
L7zk9H1c, A, BT, #dE, FEZLo B HED
& 0 R YR B R B e POSEDS T 5 2 L5 F
ME N7z EEHO ) TIEXRDY % SEX XFEL Y #:12 &
D 3WICHEEIFH SN TR TV DB Z2DH5HREED L X

Nuclear

Motion

1 BRAIBITE 7% (Strongly Correlated Electron Systems ; SCES)
DOAHME (AYy, B, W8, #Eat) LEd 550
KB B XIS PO CaMn0s 7 T A 8 —~ D3,

VIR CTHRZZEFARE SN L. FlziX, CaMn,Os
77 A% — bW o XRD 5 Tl /5 fEREAME < Mny Ji
F7 925 —OfELPRATWAR L, 2011 4E0H
7 - WA O B R e XRD B CREE R T AR 2
BomEe (1.9A) ICEBEL, B2I1R L7z 3RIchE AT
HB L7z, L2 L, BAETHKRERTHPEZ S 0HHEIC
FELGE L T wo TAROE{LIRE (0T, OH, H,0)
ZEBIICENTE TV WKL TH S, £2C, RE)
596 (FTIR)"™ % E<° EPR'£5212 L ) Z 04RO fig ]
AT b Twab. —J5, MnE XA + Y IREEIC
HBLOTZDORYE VIREREM (%) KREOHH S,
Mn(D A # > 23& EFN TV AEAICIZPLED Bl EE, B
% Jahn-Teller (JT) ®HDEEICL L. 22T, X#H
i (XAS, XES, EXAFS)' V12 & 2 i Bk i o ff 52 %
EPRERIZE 2 A VIREOWME L ITRbNTE /.
Heo T, HRFHHON TOMERBEILOAL BT, B
WRAEE, AV VRE, RBYBURNT 2 EOFHE EZITV, FEER
MR TAZEICI VIR L -EEHHEZ
R LR OMHPEEL 2 5.

Y- N

e © %

2 (a) ®4rf#iE (High Resolution ; HR) X#g#h Wf#HT (XRD)
H2 X 5 CaMn0s 7 T A ¥ — Dk L R E O 7 3

J BEREHY.
(b) (@) H_FMMBEOTI I BAEEEeEE L TRy —
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2.2. B FHOER

e XRD 228 Y13 5 B 0 K 4 BSR4 #2381
F5KokH 4 7 VO THIRSEELRS KRETHEITS
NX722, MBI N/zCaMn,0s 7 T A ¥ — Dk %
5 E 212K L7z X 912 cubane B CaMn;O, 12F& ) @
Mn i F 252l O p-oxo i A THAE L TWAEEEZ L TH
0, 4O MnJE I 6 OB F-2SEA L EhEh
octahedral 2 Bl fEE 2 FEDO 2 & b0 b. X 51T,
Mny & Caf F Y IZIZENZFN2MWO KT HEAL L T
WA DT, A —XTlEA%MZTCaMn0s(H,0),
(1) EEWMCERLTE L 10oMEICR6Mo T 3
JEERRIET = F VHEM L TWBEDT, BETF L Misk
THEY T4V ERETHLADOBMOBEIE (-6 +
S5x(=2))=-16iC%%. —F, IEE ML, CaAfF 252
liZzed>TMn, 7 A% —O&EEMIZ+14E % 5. HE-
T, Mn, 7 7 A% — 1 Mn(D),Mn(IV), Dfli AR T H %
&% 2 6M, 11&Ca(l)Mn(I),Mn (IV),05(H,0)4 & FBL
M. B8R L7 XAS, EXAFS B 1 ¢ S,
RBIZBUS2MnA 4 v Offifudl, Vi T 5 2 &8
HHPHLTWS, B3R LA LD IS, IRED Mn Ofli%k
% Z ORI ET S5 A 13 high oxidation scenario
(HOS) &IN5 2%, 2 OBE 213K BUR @ Kok

(a) P68 ] ’ (b)

Mn(IV)Mn(ll),Mn(l)
Mn(IV)Mn(ll);

h
4
Yz’\\\_PGEl; Ser=112 -
Y; a
H,0 z H,0
f“‘ ? * 5 Mn(IV),Mn(il),

e @ @
H* e v H* e
. Yz ) <Thv
P680 e~ a o~
H* e~ et H* e
- XU B - X
P680 L S.=3 Mn(IV);Mn(lil)
Y, Y + hAv eff

b zZ 4o Mn(IV)
i 5 Mn(V)Mn() + 0. hy  H20

P680 P680
by a7

3 PSHoMHIEAEY A b (OEC) 12815 5Bk (S,i=0~4)
IR UGB % 264 Kok ¥4 27 )V & CaMn,O, (x=5,6) 7
FAY —=DOMn YA b OfiBCREDZAL.

MnoI l 0( 1)
/0(4) /Mn!;"——\ 7(3) /0(4)
M g Mn!"! M.

A 7 VIR 3R TMEOELEZ RS LR D, —
7, low oxidation scenario (LOS) %M 3 2¥E1C1F
Mn £ % ¥ O, Wi TH 5 DT, Zhilxis LT
BEYT=FrPerFaxs7=4>r (OH) IZ#EILE
NTWBLZEIhD, R —ZXTIEHOS DY TK
GBS O BRI & s T & 72 Y

2.3. BAEETMIREE

Kok A4 7 Vo Tdhixd 2ms S, Rigix, X3I1TR
T ITHEMD SR L <, 1EFLTu b r
ERHMTHIEICEDEIREINS. o T, SyiRETIE
1E5SHOWMEY 7 =F v O—2037 1 b L&, Mn
(IV) & Mn (I {2 1 7 T % 5¢ & 1172 Ca(ID)Mn (I);Mn (IV)
0,(OH)(H,0), & EHEIND. SyIREETHCaf + v D
GO EIEBEMIE+15 750 TE FIEY—EHlIREICH
AHMn()s 7 5 A% —%X2all/R L7210 —FA T3
WZHL % GA E &, Mn(ID)Mn (D), Mn (IV),Mn (IV);Mn (D),
ERAE T (Mixed Valence : MV) DIRBEDSZE £ 12
%5.'" 2ok 52, PSIOOEC O AT T3 13 B 45
MORNBEELHEIMEELZFFOZ DI L. o T,
Mn(IDoDH A FTR2EDENE A F >~ OEIRATHELS
%575, OEC D423 Ek ETofi D%\ Calll) £ +
VICEBRENTVS, S HICHBERAREIZS S HSrD)
DOEBBRETH B 05, ZFOHPEDOMIT KR TN
MCTERpo7zBbns. —F, Zn()OEHROLEGE
IR E L OBAEZ ANV F —25KE Kok A 7 Vi3
S5VWEENPE T 2R FHEN S, Call) X
redox inactive 72 @ TKok ¥ 4 7 b @ |1 CTIE 24l (2 F# 7z
N5 O THHE M5 ORI D A2 T, B3 IR
FTEIICIOMEIEN, V, IV, I, $4bb (3442) &k
Hahs.

PSI D OECIZBF 5 SR TOMn A + » OMALEL
BB AIRT I IO EZ NS, FlzIE, H—E
Tii (uniform valence ; UV) JKEEEMn(I)s THIH T

O3 / 2
A
i l ()
v
/0(4)_ '/Mns_ _/0(3) /0(4)_ E
M O Mn! M

R4 Kok¥ A 7 Vo SyREIZ BT i KeRTE DZAL.

m (e v
o(ﬁan ( ) 0(2) /MI"IZ
d A
o——0y) Ca I O
-Mnlv—— - O7— -MnI -
3 /0(3) / @ / 3 O3
Mn!! Ml ol A
V n
O /1 M O / 2
A A
a l ) a | O
]| |
Mn; /0(3) /0(4) -Mn; \—0(3)
[]] (|1} []]
1 ng 5] Mn;

(@) H—JEFAiMn(Ds 7 7 A% —, (b) REKFMMn(Ds 7 7 2% —, (c) Sp(3442), (d) S,(2443), (e) S,(3443),

(f) Sp(3343).



LS B 2 kOB o BH (12)
110 Sty MK RSSO #5252 % — (DLPNO Coupled-Cluster (CC) SD (Ty)) &4

25, MVIREEIZMn(ID,®H A4 MIZIMZ THEY @
Mn, 7 9 A% —#4 M Eiio X 512 (3442) 2 LL
T3, SeIREETIMEH (3433) MBS S 5
WAL VD, ZORAITIEMV IREE® Mn (I1);Mn (IV)
PRELIREENTWS, ZZT, M4ITRTLIITS,
RETIRELEZ NP OMEIREELE 2, B
T ofE % X2al27R L72HR XRD 2 X 2 #7512 &
L CHli 8t 3% o Mxf 2t % DFT & CCRMEC & ) M
L72'9 A #5173, ®5 L), UB3LYP”
WO %@ L7284, Hartree-Fock (HF) 4
(w) OEALIZ L D= F L F— DB SN B 2s
(3433) OAGBURES IR D LETH S I L HWHEINL.
—7Ji, double hybrid DFT & &b MP2IEIZ L 2 E
THBI T RV ¥ — 0% 5 b % L7 UB2PLYPY i Cid
AR (3442) OMECIREE D ek ST, (3433) KiE
EXZANF IR PHEE L72IRETH 5 2 & A HHF
N5,

DFT #H545 5 & 0 ] 7212 DLPNO CCSD (T,)'*2"
BHAEDLEMTL, B6ICRTHENEON H6 LD,

30.00

mB3LYP

= B3LYP*
B3LYP**
B3LYP***

25.00

= B3LYPO
20.00 = B3LYP-D3.
u B2PLYP

15.00

10.00

Relative Energy [kcal/mol]

el re e S e Sl e = v v S
5 SyIREEIC BT % F ¥R A FilikE & o UB3LYP/def2-TZVP
FHEIC X DM AV F—  (kcal/mol),
UB3LYP i (& Hartree-Fock J§&. 5> (w) 1ZHE&AF 3 % D TZE DK
%2 BE L7z i BBLYP (w=20%), B3LYP* (w=15%),
B3LYP** (w=10%), B3LYP*** (w=5%), B3LYPO (w=
0%), B2PLYP i double hybrid DFT % 7%

35.00 un-DLPNO-CCSD

= n-DLPNO-CCSD(T0)
= n-DLPNO-CCSD(T)

= t-DLPNO-CCSD

= t-DLPNO-CCSD(T0)

Relative Energy [kcal/mol]

v v S v S S e o S e v e
6 SpIREEIC BT B EEPR AT % o DLPNO-CCSD (T,)/
def2-TZVPEHIC & 2 A4 = 4 v F —  (keal/mol).
DLPNO-CCSD (T,) &% Tl PNO Bt ® 3R DA77 T normal
(n), tight (1) L5FEND. 51T, 1 (single; S) BLU2
(double ; D) bt £ L7-H &, 3ETEREHET (T) %
ERTH0EI P THEENS.

CCERME L RMIZBWT S (3433) filifikEE 2 i b B E
GHED—DOTHDH I ENHMEINL. —7, (3442)
MECIRAE b L EED—DTH H A, M T F N F—78
CCREIMHEDEML NV T 5\ Tw b, DLPNO CCSD
(To)" "V EHEHE O AIIGH T 5 Neese RTFIE S 12 X i,
DLPNOOHTHETHBEICKE L F LT 2o 0A%
283 5 PNO DM % loose & % 4J1F, JEPLIZDLPNO
A LEIEREZ L2 m bz tight e XKBIL, €0
AL ER T S5 DHSnormal & KB ENTwW5. 4
] D FHHR T lE BB SR R~ D6 H 7 @ TPNO O [ il
% loose & L 7:¥& 3B\ C, normal & tight ® B E® It
B2 FZ4T L72A%, B 6 1R T £ 9 I MnE 1L Cld normal
& tight LI & B T AV F — #2138 (2~3) keal/mol
ThorEFL LD o T, FHEMM O normal i
LD YK & v Mn B2 0§ 1A o B G 143 L2 T
THbH. —7, 3BT (T, % CCRHEIZEET %H
E)DORBIIRE ERWFEIZIZZOFG 2 WAL T
XV EPHMENS. S50, T KBS
B LT3 def2-TZVP (LEDDH % 41213 def2-TZVPP)
ZHM L, 2 55E T complete basis set (CBS) i [R5
YE&2 477 o 72 & Z A WifiliFch & 13— %OV F — 1912133 2a
O/NE Vi T-F (quantum chemical model ; QM) €7
Vo (T3ET) TIRMEL TV LTSNz, DFT
R OY A IR BIBURAGEED K & %25 72 A CCREF
HCIREKEEOBINRD EETH L EHHFIND.

PSII ®» OEC (23 & 5A £ T % 1D EXAFS 0 925k
E2 S IEMnDOFAEEIBESNTVEZDT, 10K
BOAZPE O 8 0 RS 58 B ThER TP
(3433) D BARED R EIC R HAHEBTFHENL. ZD
7290021, E2blZRL7Z2LE 9 ICQMEF VAR L T
(226J57) 12X BEHHEDUEE 7o 72 A5 FFHNIT A W3
B, Wk, MR SIEMnA 4 v ORESEEIFREFIH L
TS REOMIEARE 2 RIS 2 87 24Tk > T b
A, FOREIC X NIZPSIOOEC # K $ % &1k
(A,Bla]l £ £33 5%) O Blalilm OMiBCIREIX (2443)
WHEETH Y, BRI (3433) RHE & F7 5 SpiRRELS
HHIEERELTWAS. LaL, DLPNO CCSD (T,)
RHE IR 6 1R T & 912 (3442) OffifiRE X = 2 v
F—HNIZEHTHE % SeIREETH 2 28 (2443) MiFCIRE
BARETHLIEHNTHENS. ' ftoT, SRET
FHA & 23 XA 3 IRAT TEUI L T 2 S, (2443) #i %
FEHF 512EMn(D), D 4 FAOECDH EZ2Iidh 5%
TG %4 b2 5 0BT BE SIS X Y Mn(D), 28
Mn(ID, ICEITENTVDLI L EZE®RT . BHEDELZ
B, MEEF ) A oS DO—EABEFHBHAEK &
EZTWDLEITHD. HEoT, ZOMBEEMHRT SIS
IEQMETFTNVOIIRVUETH B LHVRIEENSE. 2
DE )12, PSIDOECIZHDATN T WS 1IDZEB TS



L RO B 2 GO oM (12) -
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DRV 1IRTSCESO—BITH ), TOEBEHTIC
XD iEHEEE THOAE (MEFEDS ) LI b “soft”
PO R TH 2 Z ENBHIND.

3. S, REENIERETEHE

3.1. S\ REOEEREL

S 5 SPIRBEIZEBATTIER 3128 L7z & 9 I2Mn
(ID,Mn (IV), D ELHE 238 5 5 A%, BFRWICIZ49 A b
OMn I, VAT Z 5Bl L 72l ik 6 Hfidi a5 2 & 12
A, I CTEMBCKTEDODFTRHE 2 17 L 7245 #
(3443) RIEAS D RETH L I EDHW L7 ZoRk
H3HR XRD”, SFX XFEL*® OFEERER, X 512130
EOME SO RSN EOEFR L 5 S KD i
HREE D AT OMBIREE L bELELTWE. iEo T,
HR XRD # % 0 % 1Y PLi 12 EXAFS B 1212 X v
e SN T & 72 (3344) OAECREB I BREE TH 5 &
WSS, H 3R L7zSeIRED (3433) fMiFeikiE)s
Mn(I); %4 +O—ETFEILIC L D S HRAETIE (3443) fifi
BORBIZEfLLCwb e E2oNs. AY ) =X (6)YT
Rk L7z & 912, HR XRDIZ & % S, # 5 Tld Mn(IV)-O
B OEBAENHZE TH Y Mn(IV)-O45E 5 Mn (D-O
T IHNIZAY Vo3 L7 O H G- 5K & < S IREET
L MnH¥ A bOAIZHEHT B L IBRMITIZ (3333) fliFCIR
REHESNDL., LaL, BERIOATLADALE
B & Mny, Mn; ¥4 M2INAZ % &EMn(IV)IZRIET 5 2
EWbH LT, DFTHMEIC L ) G b % =17 L7z
& ZAMn(IV)-O O HilEA IR L (3443) i BIREEDR &
N7z it T, XR XRDHEE % iiqb L 72 S ki3 2
D% 57z SFX XFEL#E&E & G5 R E o 7.
IO X512, HR XRDERF R L v 2 2 BIED 53R
RECITEBRMAAEZ BT X 2 Vo THERFHEIC L 25
PEHTHLEVZ LS.

A =2 (6)Y RIS L7z & 512 S IRTE DM 5258
BN ES QM ETF VIS L TEITSINTE
72579 UL, WiECREA L7 X 9 12 PSILo OEC Tl
K2blZ/m L7z &) ICE R E L BO TCEE LD TE
NEQMEFNVICIMY AL LERH L. 2T, F2b
R L7 4 ZOQMEF IV (226)5F) TDFTH
FUCCHEZET L. SSRETIEOsDH A b2
Ok MEENTVENE) DT AiEmb L sh
TE72DT, O5DV A FDORIIZHEFET 5 Vall85 H QM
EFMICANLZEIZLY X512, ODH A LT
ok ALIEW2H A POHOHD 70 b U BENICLDY
WHEE 25 0T, B7IRT L 9I205, W2, W1, 0y
FAPEX Y, ZUERHLT, Sixyzw & SIIREETOK
DOBALIREZ T EH T L1c L2 22T k&
DWALIRED EBLEE LTO", OH, H,0kiE % a, b, ¢
EWEFLT B &, IICELE L7z S HEEIE S e IS & R

@ Y Ca——0,, (b) Y Ca
\ A M A/ N
Z_ n4‘ --------------- XI_Mn‘I Z_ n4— ........ | ......... M n1
\ | Opr—|—Mn, \ \ Om—l—Mns
u Mn3—0( u r{ 0{

s3XYZU(L)'W SSXYZU(R)'W
X, Y, Z, U= 02 (a), OH- (b), H,0O (c)
7 UB3LYP/def2-TZVP 3 X ' DLPNO CCSD (T,) &l fH
L7zRHEET V.
06, W2, WL, 0¥ 4 F&X,Y,Z, UL EILL, Hirzio bty
A MIHASNIZAKREWEERHLTn5, 561, CaMnO,
(x=5,6) OMEFEIZA (left; L) &4 (right s R) TP 72
HE AT BB 2 0 CTIHERE % 1 L 72
TE, B 70 b BRI S el E RIS 5.
K512, Oyt A M7 b U RBE) L 7oHEREIE S e 05
ERIENL, ZOMICEWIHA FOH,09 50
LM 7a Y BH LS wmEkEE{osa
BEHEZ MRS L7225, S TIREETHL EHHL
4R 7E 7 © UB3LYP-D3/def2-TZVP 12 X 5 ik #ALHE
WAEEBICF LD

X 8 & 1) ok LB B % 7 Min, 4)-Mny ) BHEEIZ 5 H 3
5 Y, Slacear Staetr Sivpea HETE IR L Tl L g 1X Z
21278,2.92,2.95(A) £ %5 Twb. —F, SEX XFEL
E B R 0 4UB6-A (a), 4UBS-A (a) 12 & 1LIEMn, -
Mny ;) BB 12 2.86 (2.83), 2.88 (2.91) (A) TH 5. 55
(2, Mny)-Mng(p HEBEIZEH T 5 L, Siacenr Stavcor S tovea HHE
FEITH LTERENRA91, 5.05, 537 (A) £ TV 5.
% 72, 4UB6-A(a), 4UBS-A (a) 12 & 11134.95(4.97), 4.95
(4.89) (A) TH 5. Ht- T, SEX XFEL O %k 52V 12
LT, H—0S HEETFNERETNIZ4UB6-A ()
Wi B 13 S jacea i 1E 23 4UBS-A (a) D 55 513 S apen 1 3 B 5
VI S e HETEATS IR ICH BT A 2 &2 b, — T,
A —=Z ()Y THA L E I IS 1 HETE & S ipea il
EORGIREZ A L7236 1213 4UB6-A (a) D Mn, 4 -
Mnb<3> EE%’E %_’ ﬁfﬂj— Z) Iz ﬂi Slbbca*%i%_:ﬁ§47% (29%) *i
ERGELTWAZ &b, —Ji, 4UBS-A(a) DYy
121359% (76%) &7 0) 71 b ¥ BBEYS e 375 D H5-
DFFBKEL D, THIT, St ik L S e HiEDOR
HIRFE % A L 728541213 4UB6-A (a) D Mn, ) -Mny s
Pl A BT 21213 S ML AT57% (36%) FREER A
LTWwbZlilhb. 4UBS-A(a) DBAIZIZTI% (93
D) L% T Y BES e D HFG DR E L
%%, MR E L TAUBS-A(a) IZIZXMHEITL SN/
Sy fEFEASRA LTV & A S hTw a5k
TR T 5.

&) —Z (6)" TR L7 & 9 12 Mn-O Dl i XRD
& % WX SFX XFEL E B0 43 RE 12 IS U CHEERGGR DS
KEL 2B, 2T, Mn,w-Mnye D 5 Mn,-O s I
MRS TR () —X (6) ®4aR)’ & TS



2B B Mo oME (12)
2 9 A % — (DLPNO Coupled-Cluster (CC) SD (T,)) #l4%

(== Ay
112 A K 3 8 OIS W AR D F A5
(a) 3 376
,(2) 2.785 /’\
3 363
3.834 ' 2 °4
iy - “}"3 )
//2-731 A.sso 3.221\ /
Mn—— Ojgyreseeeeeees Mn,
\4.910
(c) 3 373
W BT
3.898 , 0(1
-Mn3

5.048
(e) 3 411
,(2) 2.793
3 502 /
776
4.097 , 0(1
Oa—|- M/‘a 0(3,
2,948
// /g.ss1 401\
M Q sy eererseraeees n
\\\ﬁ@///, 1
5.367
(g) 3.338
/(?(2) 2.818 2
3.450 /
4.058 | o(%JTS
O Mns O
/ 3.096 / \3.017 /
£ 3 3286 N\
M Vo 0(5) Mn1

8 UB3LYP-D3/def2-TZVPIEIZ & % Sy AKEEIC BT % T2 M Ak o fi di A LA 3

(d) Siucea(L).

25 &, Mn,u)-Mny Hil2s, 2.78,2.86 (2.83),2.88
(2.91) (A) 1ZHHE L T Mn,-O s Bl I3 2 22,10, 2.30
(2.24), 2.34 (2.40) (A) £ 7% 5. =77, Siaccar Stave Sibbea
W72k} L C UB3LYP/def2-TZVP #:12 & % F it Mn,-
O Hik132.19,2.23, 240 (A) £ % 5. & 512, 4UB6-
A(a) 3 X OF4UBS-A (a) B IC X 5 Mn,-O s il 13 Z h
21232 (2.30),2.38 (2.33) (A) L 5T b, 5T,
H—HETE 7V O FPH Tl Mny-O ) BEEED S FIBF L T3
4UB6-A (a) 3 X UM 4UBS-A () 121& Siacear S tbbea fH6 35 2SR
IEL TS =T, Sl & S e Wi 3% O IR A R

A L72YA12124UB6-A (a) O Mny-O s PR % 5
Bl 51213 Sippea HEEDT52% (24%) FEERAL TV A

LT ) Mn, ) -Mny) BB 5 TR L 72RE R E AL
TWwh., X512, 4UBS-A(a) ®Mny-Os) FHEEZ 3§
BT Siphea HEIEATT4% (100%) BBERELTVWH I &
127 ) Mn, ) -Mny ) FEBED S FI L 285K LA L TW
5.

b 1.826
(b) 1.ss>§(2) Mn,
2.463 ﬁ ‘
2.505 1.846
2.504 CaTLO m |19
o | Mg\
1.813 1.965 1.933
1.784 1.866
Mn; 2aes O 5 7e "M,
d 1.810
(d) 1.845 O Mn,
2.500 Z ‘
2.506 1.847
2.481 Ca,—Lo” o0
Hom——|-Mn——\-0
1.948 i 91° 1.914 1.938
1.759 1.863
Mns— o Ot 5™ M,
(f) 1.835 o} 1831 Mn,

831
2)
& 5CZ9 2.544 / 1.833
2492, Ca—L_{
0(1) 1.892
3_1'— —03)

1.898 ’ 24 1.989 1 939

1.926 1.855

MnW 0(5.....3..0.3.5....

(h) 1.886 021.320 Mn,

5. &
Par T -Mns—1—0y,
1.78% -862 % 1.980\ f1.882
2.300 1.857
Mngy55 OgT7sr My
(@) Siwa(®R),

(b) Sli\bCh(R)v (C) S]hhcﬂ<CR)‘

VElofRELy, SIREOREL VERINL Z LI
Mna(4)—Mnb<3)Eﬁﬁﬁ7§§2 8 A L DEHwE &iZ Sldua%ﬁfﬁﬂ‘
ﬂ?ﬂ‘%fﬁ 28AU)E<29AU)#&!«\ JIZREIR

2720, 29AJ: VR3S islbbca*ﬁl-&)éb)
Slabcbf%mﬁ‘iimﬁ‘% Luwz Z). Slacca%mf % Mny-O
PMEAS 1.8 ATHR C22AITMPNT WS T &5 5 HIl L
T, Jahn-Teller (JT) iAW 1-Mn (I)4-O s, /5 1] T
LT EEBWL, MY A XZOQM 226)5HF) EF N
TRAY Y =X (6)VTHRA LIRSV QMEF L OH
RERAESTBD, Asp6l & W1 OKERE & Vall85 D
hydrophobic Z & #7712 & 0 JTHEMAS L Tnb 2 &

PIEHE I ND. o TAsp6l R Vall85 D7 I/ BRI
T OSHEEDREAL L) AT L mmRET 5. X5 |TH: S

HERpHLE LIZE 5> THRAIELT 5 LTI

SHRIETH L HIAEF A OBEYUTH L E VL L.
Lo S i & B L C, HR XRDHEEY o X058 7T

BRI QN S WEF VIS R L34



L RO B 2 GO oM (12) -
et KRS R D& 2 5 2 % — (DLPNO Coupled-Cluster (CC) SD (To)) &t 113

(A JT il 75 Asp170-Mn (I,-Glu333 & 72 ) Mn,-O s, B
HEAS 1.8 AT B REHIC K& CAKAET 2 Z LR S h
5. S5O EXAFS O350 T S, IRRE oA ECR
REAT (3344) LIEENTWHE, Mn(IV)-O 5 HHEEDS
1.8AIRB 2L b ZORHZWET SRR E 272"
ZDEHITCaMn0s 7 7 A7 —DGEIZR 1 ITRL724
HHEOHE PO ERT LI ENEELFZ 5.

3.2. S, HEFBHBEDHEMNEEL RIVLE—

FRTHMHZALF—OHETIEED) TH S
X 8 1275 L 72 UB3LYP-D3/def2-TZVP#12 & % 1k
Wi % lE L CDFT RO CCRIAE A FAT L 72D TH 9 12
HREFTLD27Y ML, wFhostap:z
L CHAEMABH 72 (right (R)-opened, @ % \»1d open-
cubane) & DA, FEMAB 72 (left (L)-opened,
H % \WiZclosed-cubane) Wi D R LEETH H Z & W
HEIND, S50, (26ET) EFVICEDX
UB3LYP/def2-TZVPEIEIC X Y SR Tld 7 e
b BEIL 72 S e R)FEER S e (R) HEIED 237 11 T
UEBEHL TV S RHEE L) QEEICLR DL, 1o
T, UB3LYP/def2-TZVPaHE#H1EA S ) — X (6)" ¢
ALz R EAR—MIZEDL S 2w, L L, tight-
DLPNO CCSD (T,)/def2-TZVPP #1545 F & 58 o fim) %
AL, SR WD D064 MA370 » b
7HEE L D QREICE D, CORKEIZCCHETHNET
MR RZ I Ate L BN RE TOEILT 2 2 &M
HHr—PlehoTnh, 512, IOk SFX XFEL
(4UB6-A(a)) FEBRAER™ % S e (R) M & [ L 7224
REIELELTVSE. —F, Oup¥aM Mic7u b B
L 72 S1aner (R) EEDHFH O A M7 a -y BEL 72
Sibpea (R) WL D D LEIZHR D, ZOFRKFEIZOT A T
DR I Val185 3{#4E L hydrophobic 7 BgBE3 25 HE 4L &
NTnpZ R T5. BBTHEHIZ, OynytA b
\Zhydrophilic Z B 12 H b0 T7 0 b ¥ ZEY A b
LLTEETHS.

P EO#E#IZQM (2265F) EFLEHL ALV TO
WETHY, SHICEABOMEELZQM (22651 )/
Molecular Mechanics (MM) #ICX D HLD AT & 70
FOBELHEEE DT AN F—EDVNS R DERT
BREEMHEALLER LREGET VTR SN, 56
LHLhDANE . S5, FUEALLEZELL
400~500 T OF 4 ZDEFNICH D EQMERS b
QMI (CCi%:)/QMIL (DFT)/MM & 57 L, QM (226) #F
5% QMI (CC) & LTFhk Y o4 1EQMII (DFT) & L
T ALY — X (3)7 TR L 7= % B s 5t 4
F- (Multi-Scale Multi Physics ; MS MP) o3& il 3592
MICIEEIC R D WA &), S%ERL % 5MS MP
DOED S EAFETHAT 5 QM (CC) FIEIEZDHE—
HELTHBESITS 20 TE 5. 2020481212 DFT
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Staceall) StacealR) Stpbea(Cr) Staben(R)

K9 SIREEIZHB T B FERAE ik EOQM (2265 71) 123k
- { DLPNO CCSD (T)/def2-TZVP #4512 & % #Hxf %5 =
AIVF— (kcal/mol). FHEETHIIX 5, 6 # B,

EITMA TCCED ZRER IR RO GRETHICEM
%2 Z EAPRENS.

4. S,HREDIERETEEE

4.1. S, REOEEREL

S5 SHIRREICRAT T MUER 3 12R L 7= & 5 12 Mn (D)
Mn (IV); DM EBLE A H N5 A, TOWHEIZETa b
UHLumenlZEFTHRHEEINDL Z LD WVDTS,IRFET
13 11& Ca(IDMn (IV);Mn (I O5 (H,0),, & iR S 5.
SORETIEIMn(D A + ¥ BFEAET S D TZ D Jahn-Teller
AT) BEEZZETIER7ISRTLIHIICREELED
LA EATTREIC 2 D, ZNZ (3444), (4443) fifl
BORAELZ 72 5.2 ©10 0 alZliERMOD Sypee (R) Hi3E A
5EMENSS,(R) i & LKA VIREEZRL 72,
10 £ U Sppeca (R) HETETW2H 50 H A P27 b U #
BT 5 L Sppen (R) HEED S, WIH SO A M
Tu b UBET S E Sy (R) M55, S, RED
FHEETVEXITARIE LT, s DOREETIEK
FETFOBAWIL, W23 A4 FOKIGERT 240 F %
ROTIHEF NV EIFIENS. —J5, W2, WIH 4 b
T b ALY, Bt Ta by 1oR
BIHEAET A base (B) ICHiE SN T AIREBIIATT
12 Soupea(R) + BH', Spun(R)+BH & KB SN L. Th
5 OMEETIZ1OKKE T O 35 % D T3H
EFNEMIENS .Y B100ObITRLAE S LD
AL E TO MBRIC4H, BHEF A ek 22 ), R
BNZHIS T 2 HEE DT RETH A, K111ZS, KRB CTHEE
7 R &% OFL# @ UB3LYP-D3/def2-TZVP #: (2 X 5 %
AL 2R L7z %5

11 & A H S B % 7 Min, ) -Mny ) BEEE L2 A5 H
T2, Spicea(R-D), Sapea(R-D), Sea (R-I) HEFE LA LT
AL EEIE Z 2 2.70,2.71,2.73 (A) &£ e o Tw
5. Z®XHIZ, RETMnyu-Mnys HEEA52.7 A & 5
Wi & R-type I (R-D L ERHTHZLI2T5. —H,
Mn,-Mng BEEEICHE H 3 % & 2 S OHEETlx4.96,
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114 M B SOB R D& 2 9 A % — (DLPNO Coupled-Cluster (CC) SD (Ty)) &l
(a) /Tiz) /M"z /Tm /M"2
CaT—" ) Ca'T__"om
/HO(A) /~/Mn';v \ O3 Oz— / -M n‘!,v—-_\_. Op)
/ o / /
VR 4, B, /A— e o Min: Wi——Mng——Ofg-reernne Mn}'
NG 4/ /
Ca d
H sZuhcb(R'") lIV 1) (H+) OH SZabce(R'l)
S=52(g>4.1) 4/Pu1 'M"r—“\—ow) S=1/2(g=2)
v / v
,(2) /M"Z | P o S — Mn!! /Tm /M"Z
Ca d / Ca d
H IIV U] w2 SZacca(R'I) H+) l|\n’ 1
/Ota) — -Mn;——\—/om PS S=1/2(g=2) /OM—"/MI'\:;——\—OU,)
HO /Mn;y_otﬁi ............... Mn'," HO Mn4y_ot§$ ............... 11ll
w2 sZacbb(R'") W2 sZacbn(R-I)
$=7/2(g~5) (4H Model) S$=1/2(g=2)
(4H Proton Shift Model) (3H Model)
v
(b) /‘th) /M"Z /th) e (2> M"Z
ch ] O S Ca ] O (H*) (1)
/HO(::) \‘Mn?'r—\—/ola) /0(4] \—h/ﬂnlg‘-l—\—/om /0(4] \ Mn3-— 0(3)
— nﬂ.' ............. 05— n|1V W1*-‘Mn2'| ............. otsT__MnLV /Mn|4'|'| ............. tﬁT_—M“1
OH SZabcb(L'“) 2 SZacca(L'“) OH SZahcu(L'")
§=13/2, No ESR $=7/2(g~5) S=5/2(g>4.1)
Wi A Wiy
Ly Q0 PS TG (H') Ly
/H OMT_-_-\'M“QV_—\_O(::) - _\‘M"Isv_-\—ota) - C— \—Mn,—— \ O3
/ /. -
HO LY G Mn!.v LI AL O Mnl1v HO——Mny:-eemeseeneeees Og—— Mn|1v
wz SZacbh(L'I) W2 sZucca(L'l) WZ sZacba(L'I)
5= 13/2, No ESR S=52(g=4.1) S=5/2(g>4.1)
(4H Proton Shift Model) (4H Model) (3H Model)

R10 (a) SyHKREIZH1F 2 RAIDBEHERE Souea (R HIEI 41 2 HIO P RRER © 70 b Y BEIRES & 770 b > Bl .

(b) S, RTEIZHB1T 2 LA &S

487,509 (A) £ oTwa. IO TIEMn,-
O<5>@Eﬁﬁ%179<178> 1.80 (1.83), 1.91 (1.89) (A) &
M(IV)-OfEEOWE 2 KM LT, SIIRETOITAIHR LY
22A uquw: Mn (I,-O ) #i & & L LT 0.3~0.4
AL oTWwE. 22 TH Y INOFHIZMn,q-
Mny ) Bl SRR Ly ko lichd b —H, R
BT, Oyt A M7 a b Y BEL 72 Sy (R-TD,
Soactp (R-I1) K 3% C 13 M) -Mny 5, i BEA52.83, 2.85 (A)
LELZ>TwADOTR-type I (R-ID) EXFIFT 2. 2D
I, 0wV 7=y 7a b MEENOH 1% 5 2

12 & 1 Mn, ) -Mny) Bi#E230.10~0.15A KL 2 5 2
EAEMENL, AV =2 (10) (R3I)MVITRLE X
3 12 SFX XFEL % B C 1Z Min,4)-Mny 3, Mn,w-Mng ().

BiFs 70 b URBEHEE S 7O b 2R,

Mn (I),-O s, # B A52.76, 4.90, 2.20 (2.02) (A) & % 5T
BY, RIFEDOIMEEELEAELTWD. Mn(D,-OiEE
OEPED S v IO E D 02ARL o T WA,
LD Sypeca (L-T) HE3E Tl Mng ) -Mnys), Mn,)-Mng (),
Mn (I ,-O s, B ik A33.17, 5.09, 3.28 (A) £ 25 TH Y,
Mn(ID,-O s BiEEA3A L Y EL o T, 9 —FD
Soacca (L-ID HiFETIZ 2 S O FiBEAT2.98, 4.58,2.75 (A)
THY, TOHEI3ALIVELRoTWE. 22T
NoOREEZ L-type I (L-1), L-type I (L-) & X319
HZ EIZLT Swwe(L) HEETIE I NS OFHEEA3.13,
455271 (A) THHZ L XY L-IE s pH S 5.
ZOEHE, SHEETIERBLOCLE Ztype T & T DR
HEEMARATRECH 5 = L AR <
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2011
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42. S, PREFEEDHENREL RIL¥—

1118 L7z S, AR oI kA& 2 e L CDFT B &
OCCEHEIZ X 5 S, MK D AN %58 T 3V ¥ — % 3K,
WEAE121R LY @12k Y, 4HEF VR E
L7234, RIS e (R-ID 38 X VLA S,y (L-1D) A3 &
BIZO A I 7T a b M NGAITIT I ICRE
L 72 Spucea (R-I) H58 & L2 L T 10 keal/mol DL _E A% 5E
T 0 BERIIICIE S, RO L&D D IR S b &
LAEE SN A, —J, tight DLPNO CCSD (T,)/def2-
TZVPEHRAE R IZ L IERA121278F &£ 9 12 Saaeea (R-D),
Soacea (LD, Sopeea (LAID, - Sogpes (L-1D) @ 448 38 13 T A v
F—IZEPHEL TWAZEDPHEINS., 512
UB3LYP/def2-TZVPEIA T3 T A )V F —#13 5 keal/mol
VI E 5 Twhb. AEWQM (7357) EF VT
O A M7 a b Y RE) L 72 Soupe, (L-1D) HE5E b LLELHY
RETHDHE\WZ A, Pantazis 5 DR 4 XD 3H
EFNTCH S IRAE T Sapces (R-D) & Soaeca (L-1) H 3
DI AN F—EZ B kcal/mol BEEIZILE > T b

UB3LYP-D3/def2-TZVP 512 & % S, IRFEIC B 1) 2 EEH MAD @b - REREE (2) Sy (R-1), (b)
LAHERE (F) Sascea(L-D),

SZabca(R'I)

/0(2) 2.768 /n

ik
Oa— Mna O
/2 73 / 361 /
2144
—Mn n; e o( ................. Mnlll
OH

) 3.122 1
\ 4873 /
(d)

(2) 2.738
Saapen(R-1l) / /I\
0(1 .812
Ho(4) > Mn3 0(3)
/ 2,837 / 3
212 L N\

.............. m
N4 7761 0(5) 3.077 "'Mn1

o(2) 2] 750 an
SZacca(L I)
72 2.718
O
Oa— °(3>
/ 3.167 z 354
2080,

3.282 O(5) 1.852

1.893

H,0
1A827/

OH 4.803

20 5.085

(h) o(2) 2 717 anv
SZabch(L ")
0 z 740

0(4) -Mn3_ 0(3)
3 133 2 310
2 245 |||

s M 4 .............. (5)1 —
1. 845

OH

4 549

SZabca (R-I) ’

(@) Ssucea(L-ID,  (h) Sppee (L-TD).

121K T EHI20mH A MI7a by BEj LR
D Sy (R-1D H3% 3 UB3LYP/def2-TZVP 3145 o #i P N
TZ Soaeca (LD HERE & HolE LT 0 F— 32135 keal/

mol L FIZILE » TWw5b. LA L, tight PNOSGHFTOH
25.00
=BaLYP
20.00 #B3LYP*
BILYPH
g = DLPNO-CCSD
% 18.00 uDLPNO-CCSD(T,)
?10.00
s
:-E; 5.00
(4
0.00
-5.00
SnacealR)  Snacea(Ll)  Szacea(l-l) Szapen(R-M) Szapen(LA) Sopuca(RI) Sppea(L-ll)
12 S RBEIZ BT 5 R B & UL A ZHR A -l o QM (73 i

F) & 7230 { B3LYP/def2-TZVP 5 £ ' DLPNOCCSD
(Tp)/def2-TZVP EH51C & 2 Mt % @ = & )V ¥ — (kcal/mol) .
FHETIEIRS, 6 23,



LS B 2 kOB o BH (12)
116 St KRB R D # 42 5 % % — (DLPNO Coupled-Cluster (CC) SD (T,)) 4%

DLPNO CCSD (T,)/def2-TZVPEI Tl = & )L ¥ — 3%
iZ6kcal/mol & K& &), HELTIEZFDHAI/NZI N
LSS Y UL, E2bilRLzQM (226 5T)
TOCCRIEMENZT LTV ARVOTHENZRZ &1
BB TS A e WAEALOME L RS
ANF =N S L BLIREIESNh TS, FRIZY
TN T )T OEEAITIE RO ESEL L T B
REEDEVOTHBT 2 L) T2 2T 5.

4.3. S, FEED EPRERIEREH

AR =X (5) TN L2 LIS IREORRICB L
2B - AY VIRBEIZR 11257 L7z X 9 12 EBPREE
WX DRgE S T &7 FEBE, Dismukes & Siderer™ &
1980 SEMRMTEICPSI DO OEC BT A Mn, 7 5 A% —D
FAZEPRERICL DALz Ehlk, S, IKRED
EPR B3 8% < 7% b, Multiline S, IREEE TR &
BHLA ¥~ (Low spin : LS) 2#IH (S=1/2, g=2) IRE&
& A ¥ v (Intermediate Spin ; IS) 6 IH (S=5/2,
g=41BkUg>41) REIBIN SN TE 2 S,HRE
O EPR EBE RO FMMIEA Y ) — X (5 k<720 T,
AR TIEMn-Mn D2 E > BARZRMS (1) %
UB3LYP/def2-TZVP#: TR o 7= B % A+ 5. &
FAEROFEMIIEMT 55, W25 4 b2AIH,0 D41
BT ORI EA30em™ 1272 ) g =41 D 5% A
T4, OH OBAIIEZRENAS LAY g>4104k
BASZ %S AW L7 22T, g=20REIc—>, ¢
~4IRBICZ O S, KEEZ % 2 5 E T )V % one g2, two
g EF N EEBT 2 212 L7 UBBLYP/def2-
TZVPEIZ X DRI SN T, L WS hing BN
Vo - AE Y NIV T U ERBRENALTSZ LI
X D sk 72 LRI & projection factors (A ¥ ¥ B2 4
i) kw7 mRERIICEED

1 L) REOAHE 7 VHEE Sy (R-) B X U3HE
T VA TE Syapea (R-D) & Sppepa (R-D 1ELS (S=1/2,g=2)

DEIFRACIREZ RO Z LAV L7290 T, EPREERIC
FOFERSINZLSIREBICHIET2bDEEZILNS.
> T, EPRFEETWIL, W24 14 5 H,0dH % i OH
THEDEHHNTLDIIFEHTHEVDgHORE ST
X B REZ % 2 W REYE A58 5. Projection factors (p;)
HORKESTIEMaD), ¥ A POESRDKESENO
EPR O] & —33 5. ML E FWwCEHE L7
RS RO E LY RT. F72, hyperfine constat (A;)
b RO % 7R T AR Y Y — X (5 TRIA L2 XD
OB 2R SRR D IME SN T D. AMEDIEREER
MEHRI R EE 2 O T, RETldp I pIEE (208
MHz) #2175 2 &L )RDA. RIVIRT L)
Saapey (R-ID) MEFETIERETH L ICHHD ST ORI (S
=5/2) HERETH W PRD HHEPE 2o T 5.
HoT, dHEF LV TIEW22 50, A bAD 70 k>
BB CLSIKEE D 5 ISIREE @ spin transition (ST) #%
WHEThHH I ENHMENL.Y S50, WINDO0y,
A bANOT T BB L7 Sy (R-ID) iR Tl 8 HIH
(§=7/2, g~5) HIKIRREICHR L Z LRSS,
F1 LY LEOIHE 7 VR Sy (LD TIZO6HIA
(§=5/2,g=4.1) B X U3HTE T VHE Sy, (L-1) TIZ
6EIH (S=5/2,g>4.1) HIRREZFOgl» P L
Wb ehbhb. —J, projection factors (p;) @
KRESTHET 20 W EO R THEI LW LA
fif# S 1%, Projection factors (p) DFF5 THEI$ 5 &,
LED6EEHIZ (111]) R U EE o205, RED
6EIEIE (I111) oA UEEZFHOFIHM SN D,
R1 LD, LEID Sy (LD W35 I1X 8 HIH (S=7/2, g~5)
HIRIRE L FO Z LAV ME S 5. Projection factors
(p) THIW$5ELAOSEIEIZEE L TMnMn,lI2,
RALD 8 FIH Sy, (R-ID MR X E L LT MnMnylZA ¥
VA RO R I N D, LETW2H 504
O B8 L 72 Sope (L-1D) #3% (& Highest spisn (HS) S

#1 Projection factors and isotropic hyperfine constants for the S, intermediates by the theoretical calculations

and EPR experiments.

Methods s pi(A) p2(A) ps (As) pi (A Ref”
Saacca(R-T) 172 1.50 (<312)  —-0.88 (183)  —0.99 (206) 1.37 (-285) p
Soavea(R-T) 172 1.65 (-343) -0.92 (191) -0.94 (196) 1.22 (-254) p
Soacba(R-T) 12 1.89 (-393) -0.99 (206) -0.75 (156) 0.85 (-177) p

EPR 12 1.70 (-354) -0.99 (206) —1.00 (208) 1.27 (-264) 77
Shacca(R-1) 12 1.58 (<329)  -0.90 (187)  -0.96 (200) 1.27 (-264) 132
Soacca(R-1) 12 1.80 (-374) -0.98 (204) -0.89 (185) 1.07 (-223) 24
Saen(R-11) 512 —044 (92) 034 (=71 0.51 (-106) 0.59 (-123) p
Soacca(L-1) 5/2 0.57 (-119) 0.54 (-112) 0.39 (-81) -0.51 (106) p
Soacba(L-1) 5/2 0.57 (-119) 0.54 (-112) 0.39 (-81) -0.51 (106) p
Soacop(R-1I) 72 0.08 (-17) 0.10 (-21) 0.39 (-86) 0.43 (-89) p
Saacca(L-11) 712 043 (-89) 0.36 (-75) 021 (44) 0.00 (0.00) p
Saaven(L-1I) 1372 0.23 (-48) 0.23 (-48) 0.23 (-48) 0.31 (-64) p

a) .
p; present computation.



L RO B 2 GO oM (12) -
Setr B RSE R RA DR 52 9 A & — (DLPNO Coupled-Cluster (CC) SD (T,)) #4% 117

=132RETHL. ZonXHIZ, Fult ¥ (PT) BH
I2E BV AY VER (spin transition ; ST) % 2 5%
DI RZEFR .

Boussac 5 (& 1128 AR/ IR 4T (Near Infrared Radia-
tion ; NIR) % DAY ViKEL EPRERIC X D #ET LT
W2 T R ORI I S 0 NIR FEEH 5 %
THDIHRTH L. 2EHIRKBIINIRIBH T &, g~
6, 10DEPR ¥ 7 F LA BN, 2Dk g~4DIREEI %
D, WAMICIZg=202BIHRBICES Z LR msh
TWb., COFEPEZAHEFT VOB THR T2 &, £5
R LSIKEEIC NIR FE4H3 % & Mn (D, 2* 5 Mn (IV),~
OB/TBIPEHEAFHR S R A O Jjh 2 FEIH (4443) IR
ALK T H2H9 CREIIRBISERML, TDHO0 K
T2AMOMaV) IZBTH L, L& HEIHS,,.(L-I)
(S=7/2) WEsEA AR L, & SIZLRO 6 FEIH Sy (L-1)
(§=5/2) FEEDHER T 275, WRAEMWICITZELRRBO
2HIA ($=1/2) REBICRDLE VW) VFVADBEZ LN
%% —J, NIRMHTUZEFBBIR FHR ST,
J1E d-d B AR AN < 2 A Sl Rk e
R L7 2 I (3444) ¥ IRENER L, Tk &
) B 5E 7 8 FLIH Souery (R-ID (S =7/2) #5375 X 6 FIH Soupes
(R-ID (S=5/2) & 254 K L, MY ICIE2HE H
(3444)(S=1/2) HEEIRFBIZK S L) ¥ F ) F bk
Td 5. Boussac 5 O NIR FEEuAS RITBHME % D TpH %
EOBBIGMR T T )N F U T EIE) NAR G E Ok
WO THLELRLEHEDH > THLRVONE LA,

Boussac 5 NIR %5 * 13 pH % 8.6 12 % T L5 X &7
BELAMTHIT bR TVwSE. X518, SSIRENSS,
REICERTLHOS, + Tyr-O5 ¥V 7 VOIREIZ LT
BEBRMVITHRbNTwA, M12LF1 OFIHEHFRLED
BAMCRIE & 72 5 DX REID 6 EIH Sype, (R-ID) IREETDH
2.7 Z oM S KT EBSEEED D LA Zw
MBI A NVF—=DENS, + Tyr-0 7 I 7 )V OIREE TI3AER
TWHEE %D, OV A b~OTFa by BEIZRT, X5
IZbase (B) ~O 70+ Y BEIHIEEL 2D 6 EIHS, e
(R)+BH+Tyr-O5 ¥V % VO IRBENEH L, Tk,
Tyr-OF7 VA NNDEFBEEWIHNSLW22fEH LT
path I’ (CI1 F % ¥ 3 V)" &2 ~T7u b v ilidse 2
X, (4444) OiBMEEEFEDH, S=3DAYE VIREE
D Sauppa (R) IREED LT RE L 72 A, 2 OIRFEIX LLAT
AP L 72 R 2ZADHREA S M TV RS =30 SRREIC
SHIBT 2RMOFEELZMFEL - F/ONTDOT, K
L@ SEX XFEL E5 ™ ¢l S T\ 3 Sy REE~ O
ToOMMERS (lag phase) IHINT20d Lhkwn, &
512, WIRS0wH A b~ 7a b YBEL 72 Sy
(R-ID) K& IX8HEIH (S=7/2,g~5) REA T, base
(B) ~OBEIA W HE L 4 Y 8 IHS,u (R) + BH +
Tyr-O5 P Hh VOIRENRERL, 20K, Tyr-05 V74

VADBETFHEE W25 5path PV (K2 ) — 2 (5) @
X4 &) #~T70 byl g, (4444) o
A& ZHL, S=3D A VIREEZ D Sy (R) IR
RED LA RE & 22 5.

BHEFVTOWINS O, A b~ 7a b UL
72 Sounn (R-TD) A58 12 8 THIH (S =7/2, g~5) REZ T,
base (B) ~dO 71 b Y BEIDHEE 72 D 8 FHIH Sy (R)
+BH +Tyr-OF YA VOIRENRFEHRL, ZD%, Tyr-O
FIHNNNDOBETBENC LD 7TEIH S0, (R) (S=3) 4K
REOERD RIS R 2 L BbNs > —J, REORKEK
T2 HIH Spppea (R-D) HETE + Tyr-O 5 ¥ 1 )L D IRBE A K
LMn ¥4 MIKDIFADNRE 5 & S=5/2IREIZ% 5
DT, T TIZ S (R-D-OHH 3 + Tyr-O 5 ¥ 1 )V D IR
RS REDO WM TER L, € D% Sspe(R-1)-OH
WRICBITT 2LV IRE DD 5. Sy (R-D KE
THKRPIFASND RO TDH 5.

4H E 7V TE Saaea (L-D) (S = 5/2) IRFED 5 Sppepa (L-I)
(S=5/2)+BH +Tyr-0 7 ¥ 7 Vo IREEZ £ T, Mn (),
PHTyr-O 7 VA NNO—E BB E W20 70
b B DSHE & AT Saappe (L-D) IREEDEE S ML B, [AIBEIC
3HE 7 VT b Spupea (L-D) (S =5/2) IRTE TMn (), 2 5
DTyr-O07 T ANND—EB BB EW22r6070  »
B 252 2 AUE Sagppa (L-1) IRFED S 5 N 5. Sagppa (L-1)
WA (L) MIAQSKPIFASNLGHEICERE &

54,57,58)
5.

5. S;IRENEREIERS

51. S;REOEEREL

K1) =X (1) TS, 15 Sy RFE~DERIZBWVTAK
DA SN B BRI T 2 EBRIMEFETC B L 0
1%_;_ Z.) }E?ﬁ%ﬁ% 24, 34, 55-58, 62-67) %ﬁ'ﬁi[\ L 7:. Eﬁﬁf%g‘%
L72 & 912 S3IRBED Sayppe (R-T) B & U Sy (L-1) Hii3E T
K (H0p) PHEASNALEICIIRB X OLE O &M
S;HMAEPER SIS, FZTETH2azinkL, iF
A SN2 KA CAEAET S Vall85 & W5~ W7, W10 %
QMEFNVIZANZZQM (103 T) EF V% fwT
UB3LYP-D3/def2-TZVP 12 X V) #dfb & 17z S; i
KRoWEOME»SIED 7% H18ICR# LX)
Saaba (R) IREETH,O A5 A L 72354, NS H A
WIDOH 2 21, HOw 7 =4 ¥ 2°Mn,; %4 FIZ
A BN 72538 TIEHOG 250 & KR ER A L 724 &
S (R)-OH & Glul89 ® 4 VAR =V #k b K FEREE L 72
B3 Sagpea (R)-O (o Hyy DREEDSTRETH 5. T DI T
(3 Mn,-Mn; B O i As 2 h 20 272,271 (A) TH D
Mn(IV),-O#F & HEED I L THELS B> Twab, —7,
H 25052 F 9 v 78R, HOg,7 =4 ¥ 25Mn, %4 b
V23 A S 2172 Sappne (R)-O ) Hyyy @ H 3 T 13 Min,-Mn; [
D HEA2.86 AT NT VD, —7, Ssuma(L) RIET



H,O 28 A L 723
., HOw 7 =4 2Mn,tH A4 b
HOw) 2305 & K FEHA

h VC W Z) S}abca (L>‘H20(6) ﬁ§W ﬁE

ey
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2B B Mo oME (12)
2 9 A % — (DLPNO Coupled-Cluster (CC) SD (T,)) #l4%

3. 306

(a)

S3anca(R)-OH //";;08/

(b)

(c)

(d)

S3upa(R)-OH,, //’(;'m/

(e)

Sabia(L)-Hz0 //’m =

2677 1.816
2 5"3’4\1’“ l @ an
\ 1.828 1.835
W._2.366
‘~—Ca —Oy |10t
2Pt | 2364
2.832\.:' R 2.024
i Mns—|==—20
© /1801 \ 1.847
2126, /% Ve 1.895
1’_/ Nz 1786 1(.5)_ Mnj
(892 247 @ 1.816
2 503 1.819
2 498 @
1.835 1.830
w, 2376
—=—0p [tom
240 iy 2 456
2. 619\ 2.042
i = —Mn3 —,0p)
1.8
/ 1.807 1.842
i HSM t 1350 1.886
NZT178s P (5) '._ Mn’
o8z 2.570—H°6) 1.812
2471 1.801
2.570
/ 1.834 1.833
W, 2:493 403
———0p |17
21 :
2.852&;3 , 233 1.970
0(4)— T —Mns;—|——0,
1:83 " 786 1.832
w241 N '} 874 4.863
= Mny1.799 ¢ M
H* 015)1 831 1
g8 O@) ]‘ 2
™ 2.508
z 486 1827
2 507 (Zj
1 833 1.836
w, zsso
O |1904
2! 52 5 2 449
2621\ p 2.036

/Mn3 —,0pq)

/ 1.786 1.849
o221 A.889

1 917
HO=— Mn7 7555 ”ﬂ

'\
daes 1 (s) 1.834

z 469 1.799
2z 538 @
1.844 1.836
W, 2515
———0 |[t8%4
2 516 ii57d

(o)
1.8}/
1815M H
Ny 2.046 7
05 Mn1
1.891 H I‘ R

OH
'\2 412

R13 SyRETRAIEALT 1 ¥ FRF T 7= YHHEA LMD X UUKAHEA E N 745D UB3LYP-D3/def2-TZVP 12

X % IREAHETE - (@) Sswe(R)-OH, (b)

e, HHAAWIOOH 12T v 78
IZHFA S 7z E Tl

A L 72HE3E Sagpea (L)-O o HAMH H 1
FZZH,06DF FTMn, VA4 MHHA S
TH Y, Mn,-Mn; O

. T Oz

Ssavea (R)-OHy,

(€) Ssuwea(L)-OH, (d) Sspopa(R)-OH,,, (&) Ssupra (L)-H20.

HigAsZh2n3.21,323 (A) L ELroTW2.

Zh

% ® Mn-hydroxide ## 3% %> Mn-H,O f 3% T 13 O 5)-O ) I
OWilEA2.4~2.6 (A) THY, SFX XFELEE*Y 12 X
LSy RECoOMEM 1.9~21A) L LKL T05AE

o TWAh.



L RO B 2 GO oM (12) -

Te K I3 SO AR DR A

25 Z % — (DLPNO Coupled-Cluster (CC) SD (T,)) &% 119

B3Rk L7z FEF Y7 =4 V5 W2DOH (2
7u s B 5 & RIS S Mn-oxo LA AR
5. 1412 UB3LYP-D3/def2-TZVP#: (2 X 1) #% 5
LS N7zDOMn-Oxo P RAOHEZ L L /2. F14 X
Y Ssucea (R)-Ox0 M 3% T 12 Mn,-Mn; [ O B A32.71 AT

H O Mn(IV),-Of &ML L BEAELTWD. ZOWEET
13X Ca-0 ) HiEEAT2.36 A TH 0 i\ EEALKS A O T B A3 BE

HTHDHHBCa-W,HiHEA255A LD LT na, 2
D X912, Call) A F v IE & FE Tl O=Mn (IV) #& & D%
EBALICHG L, 4+ & Ca) - O=Mn(IV) 2551k L,
«O-Mn (), ®Oxyl 7 ¥ # MEDHEL TV B, 20
Y& O Oxylfif 7 O M $ 1% (3444) + Oe L RIL I 5 A%
Mn(IV)-O i G HMIZ 1.8ADEETHL L FRENS
DT O5)-O MHHEIE 2.4~ 25ACRE s EbS. —
J5. Ssacca (L-1)-Ox0H 3% T 13 Mny-Mn; [ 0 B 53,17
ATHBH, Ca-O4 ks X U Ca-Op il Eh2h
242,248 (A) TH Y ZTOLEHERE T MOEAE D
Bz RLTBY, ZORERICESGLTWD I EHH
REIND. 51T, Sy (lL-2)-Oxo i T 1 Mn,-Mn;
MOM#EA3.15ATHY, Ca-OyfilkS X U°Ca-O s B

HEASE N ZH2.40, 2.46 (A) TH ) MRS E OTIK
( 5 Mn,
(Ssacca OXO) /) 2. 783//
a0s6— ? 0‘1)/
-3.4{2 !

/0(4)— = ‘Mns
2.70 )
/. 346{

(o]

(b)
(Ssacea(L1)-Ox0) /,
418~ C\
i PR
(o} f—:—Mn—
// gt
we &
n¢\6 O Mn
)
5.008
(c )

ZRLTWVAEY, O TIECa-W, HilEA3.84A &
HOWDREEL CTW A EZADNRELZSTWASE., Thb
O Mn-Oxo fff 7 T2 O5)-O ) [ @ B 8 772.5~2.7 (A)
Td ), SEX XFELERR*Y 12 X % S, k5 C o Wl 5 i
(19~21A) LKL T06AEL 2oTWV5,

X 141278 L 72 Mn-Oxo #§ 3% T IZ Oxo B FE 2>
Mn(IV), %4 MZ—BETFBEHIEZ % & Mn-Oxyl # £
AHEKT 5.% E1512 UB3LYP-D3/def2-TZVP i 12 &
DAL S M7z Mn-Oxyl RO E L £ Lo &
512, WILY, Berkeley®” 7 )V — 7 ® SFX XFEL %k 12
L2 EMOREY: (PDBID : 6JLLY B L U6WIV®)
A L7z B15 X ) RELD Sy, (R)-Oxyl # 3 T 13 Mny-
Mn; [ O B #EAT2.76 AT a ) Mny-O s 5 £ B8 13 2.03
(2.03)ATH s GEMPMIZHESERIC X kD 22fl). =
DR TIECa-O4 B & U Ca-Os) M lEA52.50, 2.54 (A)
Th ) REEEHPEEENTWEDTOxyl 7 ¥4 Vi
WP LTw5D, —F, LEO S, (L)-Oxyl # & Tl
Mn,-Mn; 8 O Ji#EA33.06 A E STV 5 235Ca-04 B &
UFCa-O s HilfA32.49, 2.47 (A) TH 0 BAiAE AT &
NTWBDTOxYl F VA MDA LT B I3 HE M
LTw3., Z0XHIZ, CallDA 4 & &7l O=Mn

2.554 5 1.844 Mn,
2.550

/) 1.809 1.811
4 ALE
0(1) 1.889

1.943
Op)

1.885
1.974

Wi—MnrT7— 06 i Mn

2.093 1.679
wy 2o 2.455~0)

2 386 1.797 Mn

2.4 bS @
l./1 837 1.829

~~~~ ——0 1.904
2.47 : ™
2.420%-\5 , 232 1.968
0(41_ o —Mns—|——0,
v . 805 1.830
w28t s '} 861 1.869
=— Mn,1.691 ¢ O n
/ o TR Rt
w2 © |
2 2685

—~ -
2464 I
- \ , 2.616

1.962
—Mn;—|——,0,,
1. 7/ ~| 806 N 741 a5
- 860 1.870
W1—OMI1 1.689

: (5) 1.81
[o) .818
2.145 (6)

2 2632

14 S;RETMn-k Fuxs 7= (OH) &, 5 7w b VB X K & 1172 Mn-Oxo H K& ® UB3LYP-D3/

def2-TZVP#:IZ & 2 i@t © (@) Ssuwea(R)-Oxo,

(0) Siueca (L1)-0x0, (€) Siaeea (L2)-Oxo0.
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2B B MM oME (12)
2 9 A % — (DLPNO Coupled-Cluster (CC) SD (T,)) #l4%

(a)

15 Sk T Mn-Oxo i & @ Oxo # &
UB3LYP-D3/def2-TZVP 12 X % e {bi i -

(ViEAEOLZEAIZHG L Oxyl 7 ¥ 7 W2 Wi § 2 %)
ErHHEFZ2 L. RBLULAEOMn-oxyl #i Tl
O5-O o) 1] B B £52.06,2.09 (A) & %y, E15(d) ®
Berkeley D E IS L ¥4 L Tw 5. 5T, Op-O
RBEBE GRS 2 Y . SFX XFEL %251 ® 0% 13 Mn-
Oxyl L IFIEN TV B RHEHITENZ E D ERE I NG,
Mn-Oxyl 5 IZEE RO TE SIZFOMEZRE 1 O
B2OFEMICHRELE 9. £9, Mns,-Mns, Mns-Mn,,
Mn,-Mn,, Mn;-Mn;, Mn,-Mn, [} # i Berkeley 277V —
7 @ SFX XFELH #° T 122.74 (2.76), 2.80 (2.80),
2.76 (2.78), 3.36 (3.37), 5.05 (5.18) (A) TH 5. =
CHEILA 21 UB3LYP-D3/def2-TZVP EH 4212 & 5 i *Y
L7 FIREMEEFEAMEITICEALTWS. —7,

2.21
W,—
2.130

W

2.03
W1—6Mn'4 2.211

2.137
W,

95 491 1.814
(2)

2.552
\/l(1838
W, 2411
O
2.49 ™
3 2399
25496\\\;- ,

O 4 —_
/ (7’_. /Mn3 1.850
894

1844 !
/ \1 792
Mnj

Mn,
1.831
1.894

O(4|— , —Mns—
A 83§
H ‘} 826
n,1.702 §
O
2 2,091

2.637 1.851

iz

2.59 Tl
2, 6029\\\“".

2.084
(47— - -Mn ——0
zysze H i .
\
/ 1.903

1.837
i’ " A.927
ny

N 7__'?0@,7'\1.703

3.035

2.424 1.809

W, 2577 577
1.904

2 584

2 soo
2 238
W, 2495 ‘,9:
2,511

2] 579\\\“

Oup—i =
1'7}49287—:5 /\

(5)

4.196
2,073

PHMIV),H A P A~O—ETBEIC L YIS X ) IBHE S Rz Mn-Oxyl i il o
(@) Ssueea(R)-Oxyl,
H% (6JLL)”, (d) Berkeley SFX XFELH#: (6W1V)°.

(b) Ssueea(L)-Oxyl, (c) Okayama SFX XFEL

[ 1l 7 v — 7 ® SFX XFEL#3#% Y ¢132.90, 2.71, 2.58,
3.31, 521 (A) £ %> THH, Mn,-Mn; & Mn,-Mn, D fffi
#EC Berkeley fiis Y & it L CHBOEND B T L HTH
fEEN %, 512, Ca-OpB & U'Ca-O Hiffix2.51
(2.60), 2.59 (2.60) (A) Ta& 1, BerkeleyH 3 @ J5 %5,
Ca-O o Bl A & 78 5 TV 5. Mn,-O o i & BlEIL 1.75
(1.70) ATH H, Mn(IV)=0 DA HEEISE WV Z & 2%
vy

Mn-OxylHi# XA I IE M (IV), A4 230
VT b0 —BFBEHICL D Mn(D, 2% S h
Mn (I),-O% #& & AR L, Mn, %4+ TlxZ 0%
50 )-Mn(IV), ®Oxyl 7 VA VA A FPER LI D
%2812 50 LAk, ZOIREEMaY A Fo



L RO B 2 G Pt o i (12) :
Setr BOK SRS R A ORE 52 9 A & — (DLPNO Coupled-Cluster (CC) SD (T,)) #4% 121

BHIE (4443) DO TE 2 D Kok 4 2 VT (4443) + Os
ERBIEN TV LREEICHS T 5. FEBICIE Lo
FAHEORREART ) =X (8)7 TR L2 I i
Mn-oxyl 5 ¥ # VIREETIZ A ¥ ¥ 474 L 72«0 )-Mn (IV),
W DFG13/NE L CallD A F ¥ ~DOFALI & D s E T
fii Oxo# & THEIHTE % Calll)-O=Mn(V), & T
BOFGPREV (90%) KETHL (Fiizsl)., %
> O=Mn, I & 25 A% O=Mn (V) 5 1A o BB (1.5~
1.6 (A) XM TVsDIZCanFMRRICLEHD
Lbhs. 25T, 1005--0%=Mn, %1 MIHEH
T 5L 0p-—-0 BFICADAY VHEHDR-0.7FFHE
L. Mn, LICAE VEEMN2TRESL S R ¥ ¥ 4HidsiE
o TW5b I ENHF SN LD EEZAFHT I M, E
DAY VEEIZ2.0127% ) Mn(V), SBT3, X512,
ZOREOAY VG THNIEOxyl T V7 MV PEIX10%
DFTH 5. - T, Mn-Oxyl#f i i Mn-Oxo H i fk
A3 (4444) H—FEFMIRRETH 5 & $HUT (5443) MV Ik
REIZ9 W ) BTl Mn-Oxo R R & 5 2 7= 232 BE 0
FTREZELTVWDLIEVWZ L, ZOMEIIRK2I1TRLT
X9 1Mn ICHis332 8L L, 5 512 Glu329 A3k F 4k
& LRk 2 e LD 205 L b 5 L%
v KT =2 ()Y TR L7z & D IS IREE T O RR
— M F A AT T b Mn (ID,-0” 50 =Mn (V), # &+ %
Ca-assisted IEF ¥ 7 IVIIZ B4 2 B8k 2 R L 72 DL
ThbH b, KETIX (5443) JFTAlikE % A3 583 % Mn-
Oxyl H [ 18 % % Ji 7 fili Oxo FF f & (O=Mn(V),) &,
(4443) + Oe J5L 7 fili f 3 52 «O-Mn (IV), % Oxyl H i 1A
L, 51T (4444) JE TR &R O=Mn V), % #H O
OxoH MR E X BT AHZ E129 5. ZOXFNEARY
=2 (D" TR L 72 & 5 128 Tk Oxo 56T b
O=Fe(V), *O-Fe(lV), O=Fe(IV)XEZXH Lz LI
ST 5.7 B Pl Oxo Fr A S Oxyl HiRi A S Mn
(I, ¥4 ~ZF>oD T, S,—S;EH DEXAFS E D
peak 213 Mn (D) @ K53 285BI S LA I F E R
TMnZ 7 A% — B OZEASTENEHICHZ S,
¥ 512, Mn(,-O s, #F 8 1 Jahn-Teller 81 3£ T2.1 ~2.2
ALMOTVBEDTO-O6 M2 1A TS LR
bz,

ZIT, HET S EBRICERTN4ER -Oxo k&l
M (V)=0 3 & «M (IV)-Oe DA B 1% D FH A f b DR
1 Ch T OEEHEA BT CEBT 5 & A HS
NTwa, AV ) =X QD" TRALELIICAE V5
MR OWLE TR (2) O XS ICZHEA G ER T RT A
Y U HIRE O HOMO & LUMO ORATERHEINS.

+

Wi =cos6 ¢; + sinf ¢ (2a)
Wi = cosf ¢, — sin6 ¢;" (2b)

o T, Y By BHNBEEOBI A Y V5 iIlo
STHETH A, (2) XIRL7BS (DFT) #:To
HOMO-LUMO £ %13 UNO-CI @ & O3 E T# 2 1Lig,
FEELE CTHOMOICAFAE L 722 -2 LUMOIZ 2 & T
L2 TREOFS (W) PRKEL 252 LE2E
W2, —HEHKEASRETES VAL () 2K 5
L MM omn: 2) Ros Tl B Xy OE
RS Tao I X W LT oRtIcER S hp 7

y=2(Wp)=1-2Tgo/(1 + Tho) (3)

YA FRME IR D 20\ Tyo = LODIRETIZ 0%, Tho
=0.0DIRETIZI00%IZ %5 Z ENbhrb. fitoT,
BS#ETOHLE S FE O (HOMO-LUMORS) &
RKEZWEFAFINVTIIANELER L T DB Z LR
ENAb. BHIC, yEE-EIHRETOAREMEERE
(B) EB=1-yOBRICHY, TFINTIHNEDOHE
NI A R A REB O & LeBl§ 2 BRICH B, FEB
WA 3 fe B Ak L 72 Min-Oxyl K& © B AR BLE AT 2 5 %
& To DMEAY0.7 2 D TYEIZHI6% %D, ZTDXHI
1OMEETIZAF TNV T VA NMEOEIRIZCad F ~ DL
RIRI DK & < AERR ORISR X NS,

HOIX20174EICS;IRETAMIFA SN D & & % )
\ZSFX XFELE 8”12 & 0 Bl L, Os)-O i B B A5
15ATH o722 L L) S;IRETO-O/ AT O RN
Z 38 L72» T, Mn-peroxide B R DS & 2@ Ed
HH &Nz, Z0t%SFX XFEL 9 o 43 fig o i) 12
LD Op)-Op BHHEA1.9~2.1 (A) TH 5D L2VHBH
L5 2o gtk o LAV L7 AR TIdaE
IR

5.2. S;HREEDMEMI RILF¥—

A =2 (B LY 10T L7z & 1Sk
TB T RE 22 R O M 2 1 1F UB3LYPEICE £ b
Hartree-Fock %43 (w) OEIEGTELT S, T THA13S,
14, 151278 L 72 S; W MR o fe st { LA 3% % A2 L < DLPNO
CCSD (Ty)/def2-TZVP#I 5 2 9247 L 72.% % v, QM
(103 J51) EF NV TIEFHA OHEHFHHEETD tight L X
VOFHENTEETH > 7-DTHI16IZZ DR ERT.
X116 T i Szupea (R)-O HH IR D = 4 )V F — % L |
THHZAVF—ZKRLTwA. K16& D, RE®
Saubea (R)-O (6 Hy 5 2SDFT 5 & OCCHEISE & & 1THe b
RETHDLEDPBHEND. LED Sy (R)-O o HHE
I DFTEHETIIALETH 5%, CCRHETIILELS
NEBWELFRMARTH S EMHIND. FHERIC,
LEI®D S3,ec (L1)-0%0, Sypeca (L2)-Oxo0 it  DFT#HE T
BARRETHSHH, CCRlETIRERTRZMHATH
5T ENHMENS. —J, RE®D Sy (R)-OxoHsEd
DFTB X UCCRAE L DIIALRETH AT LHRL TV
5. 51, ®WEFAMn-Oxo & % W 1& Mn-Oxyl H [H]



LSR5 2 kOB O BG (12)
122 Setr KSR USRIk DR 45 2 5 A 4 — (DLPNO Coupled-Cluster (CC) SD (Ty)) #4%

=B3LYP
=B3LYP*
= B3LYP**

= DLPNO-CCSD(T)

Ssapca(R) Ssavca(R) Ssabeall) SsaccalR) Saccall1) Szaccall-2) Sspoba(R) Savva(l) SsacealR) Ssaceall)
OH OHgy OH Oxo Oxo Oxo OH,, H,0 Peroxo Peroxo

K16 S;IKEEICBIT 2 10O HHAO QM (103 51) 12350¢
UB3LYP/def2-TZVP 3 £ I*'DLPNO CCSD (T,)/def2-TZVP
P X MR E T A V¥ — (kcal/mol). FHETFH:IZE
5, 6 %M.

K134 m o QM (103 J§iF) DO #iPATIZDFT 3 & °CC &t
BWEHIIARETHDZ & %2R LT WA, Mn-Peroxide
#4413 DFT 145 C 1& R 8 S5, (R)-Peroxide 38 & UL
A S3peca (L)-Peroxide & D ICKEALE TH 5. DLPNO
CCSD (Ty) & TH RENIARLEETH 545, LI
MW%EThH D, RETKDIIA S 72 Sipm (R)-OH,
WIXDFTH#ETIIRETH Y, CCETHIBRMEETD
5T ENBEHEEI NG, —F, LETKFZOF FHAZ
72 Sauopa (L)-H, O35 I DFT T LETH ), CCk
THRHBRWLZETHAL I ENHBEINS.

B16 DX = AV F—BIR L D, HBR DB 72 Szuppa
(R) #2558 5 FUSHEE Tl £ 3 Sypmwa (R)-OH,, 4
AR EN, ZOHTO P YBIHIRID, Siwa(R)-
OH H1 ik & % M 1& Sappea (R)-OHy, K T THEE A7,
b)) —ETO L YBEIAE I D Siew(R)-Oxo A%
Ssacea (R)-Oxyl H1 AL F TZAL$ 51213 5 v SO [ RE
VRO ONWEETH L Z MM INL. —J, Eflo
ﬁ?ﬁV‘flszabba(L) MEPOWMET LN RERETIEET
Ssape (R)-HLOMEEDTE L S, 2070 b ¥ BEIHE
Z 0, Sspea(L)-OHH AR ENZ D, ) —ET
O b Y BEIDHE Z D Sy (L1)-0x0 H1 R R Ssyeea (L2)
-Oxo 1 IRIC F TEALT 2 W REVED S 5 & & AYHLR X
N5, E5I12, MO RKISHEE TlE S (L)-peroxide HF
MEOBE " bt cE R nZ e b s. Y

o> T, QM (103J57) EFNVIZ X 5 tight PNO D
DLPNO CCSD (Ty) #tHE#HPHNTE 2 5 Z &1 S;IRAE
TIIEDH HWIFILEICOH 7 = F ¥ 233 A S 724 & 259
WENBUEEETH D, —T5, MO BUSFEE T Ssacea
(L)-peroxide H A THWEED D LW L ARIE
T5. LaL, ZOFEH$IESFX XFELE B ©
Peroxide F A F TR SN WEIHIH L 720 T,
QM (103)5F) EFVHEKOBRALZRTLDOTH D,
FEREIIZA B E D26 DOQM (2271, O Dl A
DIz FEFE—2I) OFEOLEEEZRL TV,
& 512, SFX XFEL Tl & M7z &5 F-fili Mn-Oxo & %

VI Mn-Oxyl B I T % RO AR 2 L 5
OIIEESICRKREVQMEFT V2 M L 72QM/MM
AL BEE T SETH D L RRIET .

4 Il @ tight PNO @ DLPNO CCSD (T,) &l 5% (3% A
Y U IREE (HS) & H w5 H—2 M (Single reference ; SR)
CCSD (Ty) #HETH 25, A2 —2 3V Lr
£ 9 I Mn-Oxyl i & O g =M EHE 2L 2] (Multi-
reference ; MR) CCSD (T,) 7% % MR CIFI 5 A3 46 %
THb. H16L Y MREHICK 5T 42V F—F#25SR
FHAIZ IR L C 25 keal/mol % 2 711X Mn-Oxyl i & &
Ssabea (R)-OHy, M5 35 2°QM (103 J511-) € 7V O #i PN
THIZANF—WIIHEL T AP ING, X
512, SFX XFELERIIZRTHAZHLRTVWLDT,
BRI BIM) ANT Y FaE—HOE5ETLEET S
72O QM/MM/MD EHRE DS E L 2 b, 2D XIS,
FIHZ 3L ¥ — LAV CoERNEE 134 %o mE
Tdh Y, PSIDOEC D K55 B & B 19 1213 Bk o>
REZVEEEWZ LS.

5.3. S;IKEEMD EPRERRER DA

EPR Z8:° 7 ISR TIF A b T B O T4 0 Bl
WAt E OEREHIE S THH. Lh L, EPRERD
A AFE L THORE -HHREO X o Il sz
WA HLOTEEEET LY BRI Y —X
(9)Y D% 6 THIA L 72 & 5 12 Mn-Oxyl kI35 2 ¥
> (HS) JIREE (S=6) 7 TEPR T S e Wil fE
WAH B, —F, S3IRETIEARDIF AT D Ssu0. (R) B
£ U Sauna (L) HEFEA LIS 2 ¥~ (IS, 5=3) RER
DOTRPFEASNIHEETH S=3DREVWIFES NS,
% 2T, F T UB3LYP/def2-TZVP#: TMn-Mn ] @ 2
YA S Up) ZEMELZZ. #EE2R2IOR
T T2 XD Ssue (R)-OHMERE Ty, oz, J3 DEADS
7.39 (4.59), 6.88 (4.38), —12.3 (<10.9) cm' T & % ®
T (11t oA VEEZEDL, Mo(V)OMifk L h 4
AY VB REAS = (3+3+3-3)/2=3ThH 5 Z L)
S N5, FHIMNIZIR L 72 Spea (R)-OHg, M3 D 3565 B
FOERZRL TS, I, JEOEEFZLD
Saacea (R)-0X0, S3pppa (R)-OH,, DH & B [6] — D A ¥ & it &
ERHLS=3RERETHL. HKRHLILIZLBD
S3abca(L)'OH, S3abCa(L)'H2O 1) ]ﬁﬁ@ﬁﬁ <]-'- f?% X b Iﬁj—@
S=3RERETHS. ZOLIICS;RETIES=3DA
Y URE 2 o eflfioh ks L ons. —J, L
T D Ssupea (L1)-0X0, Sagpea (L2)-Ox0 M 3 T 13 J15 Jos, J34
NETEMTHAHIELY)HSIKE (S=6) THHZ L
NHEREh .Y

R2WELEIEEHTNAAE YRV Y - A -
NINWDNZT UERBEL, ZORENAILErETTLE
JEEIRTE AR IR 5 2 A ¥ Vi = 4oL F —
¥ projection factors (p) 7%7% 5 h 7= G RE R
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# 2 Theeffective exchange integrals (/) (cm™) for the right (R)- and
left (L)-opened S, structures of the CaMn,O; cluster in the oxygen
evolving complex of photosystem II revealed by UB3LYP-D3/
Def2-TZVP method.

Structures Jin Ji3 Jiy o3 Joy T3y
Sianea(R)-OH 7.394 1463 7.009 6.884 0.890 -12.27
Ssba(R)-OHg,  4.590  4.784  4.394 4375 1.091 -10.94
Szabea(L)-OH 23.33 -0.601 2.117 30.75 2.566 -13.01
S3acca(R)-Ox0 11.98 2.046 21.10 3.869 1.588 -6.936
Szcca(L1)-Ox0  20.85 -1.856 —-1.368 25.85 3.424 1247
Szcea(L2)-Oxo0 2191  1.518 -0.880 27.12 3.350 14.36
Sanna(R)-OH,,  4.619  1.752 1.035 3.270 1.063 -7.10
S3abba(L)-HO 23.83 -3.122 0.294 30.18 1.437 -33.16

3ICF L7z T3 X YRAEID S0 (R)-OHHE 1% Tl
P P2 Pa P4 D il A30.477 (0.476), 0.471 (0.460), 0.053
(0.125), —0.001 (-0.002) TH v, HEHIRPIIZ/R L 72 EPR
DR L B < HHE LT 5. UB3LYP/def2-TZVP &l
HERRY, BTFEINILY v TldMn;, Mn, 44 b
p3 PaDAEA/NE L 2 ) EP OB 2B L T 5.
E 512, Ssupea(R)-OHyy, (Sappna (R)-OH) #55 Tldpy, o
p3 ps® - £%0.500 (0.497), 0.478 (0.492), 0.247
(0.223), —-0.225 (-0.211) T& H, *1iZ Y Mn;, Mn,H
A INDAYE Y DRI > Tnb. —F, LEO
Saunea (L)-OHMEE T py, o, p3, pa DREAT0.488 (0.489),
0.464 (0.475), 0.394 (0.456), —0.346 (-0.300) TH 1,
FEMMNIR L72EPROFER E B3I LTwb. REE
WL TLBTRAY Y oOERELIBHETH L. &5
12, Ssuma (L)-HO KT T3 2 D fEiA30.490, 0.470, 0.340,
-0306& %) ZDOHEEDEPR EDESMEIIR VI & A
bh Db, T OREE TIEIBER THEZLATE WS
TH NIRIEFIZ X U Souppa + Tyr-O 7 ¥ A VIREEICRE N
% O THETE IS NIR FBo 1 % B § 2\ 3 BB ko

THbH. INOSETOMEIXS=3DEKEREL LR, J
EIZHED L FME - L TWBE. —7, Siea(L1)-Oxo0
W%, Syucea (L2)-Oxo M35 13 FAEE ) HSFEEERAE (S=
6) T® Y, EPR Silent 2 14143 5 L Wb .
DO X912, EPRIESIREE THHE 2 b 4R O W A7
MThsrrE2ES. LarL, EPRER®izznsh
MARDAAELL 2 B & M2 L v,

5.4. S;IRREDQLZHEEFEETIV

Ay =X 3V CHI L7z &9 14 OFBRE P X
D S;IRBTITREMELMIRIZ EFHINTE
7200 KRR CHEELCTE LIS, 5 SyREAD
BB TKDTFVIST A MCBEIL T A LT
KEBRHEEEIITEN W, K16127R L7223 = A v
F—nFE2, 3ITRL/ZEPROFBRZHMAE DTS L,
Bl EHRMOWGETNA FaF vy 74 UHHHAE
N7z RIE, Szunea(R)-0gHd % V2 13 Szipea (R)-0 6 Hyy
DAL, EIRCTESRICE D BIN S s 2 Lz HE
THAH. I, 77203757 7 ORA I ERRSE
PECIZREIDS BN T BRI D S B O TF O 52 1 i
WiWEBEbNS, 2517, BRELSHESELZWVILE®
BETE FRFRF Y724 YA SNZ2PHEAR, Sy
(L)-O@H® %\ IZ KA A S 17z i BIA Syppea (R)-H,O
DERHEPRER™ L FIF L. 5T, S;ikfET
FINSOMn- Fafx 7 =F yhER 4k L Tw
% & OB TR TMIRE D (4444) TH B D TRH
1 OBT ORI 5 b FIFIE R,

RS 52002 B 1F B SFX XFEL f sk s 8012 &
D15 5 72 PR ORE R TlE O5)-O ) FIBEEEAS 1.9~ 2.1
(A) THaHZEHHPIL, 2Oz EBT 5121355
Tl Mn-Oxo0 @ % \ 1& Mn-Oxyl Ht i 4K 0 3% 58 1L A 5 A
BETHOTHHA, SHOQM (103 K1) EFIVIZ

%3 The spin state, excitation energy and projection factor for the S, structures of the CaMn,O,
cluster in the oxygen evolving complex of photosystem Il revealed by the exact diagonalization

of the spin Hamiltonian matrix.

Structures S E [cm’]]a‘ p (Mn,) p (Mny) p (Mn3) p (Mny)

SuuR)-OH 3 0.0 0.477 0.471 0.053 ~0.001
4 3.94 0.368 0.367 0.139 0.126

Seu(R)-OH 3 0.0 0.500 0.478 0.247 -0.225
e o el 4 431 0.375 0.369 0.184 0.072
Spun(L)-OH 3 0.0 0.488 0.464 0.394 -0.346
’ 4 15.7 0.370 0.351 0.275 0.004
Su(R)-Oxo 4 0.0 0.343 0.374 0.014 0.269
Juces 3 1.87 0.452 0.496 ~0.329 0.381
§u (L1)}O%0 6 0.0 0.250 0.250 0.250 0.250
: 5 31.2 0.205 0.294 0.292 0.209
$,.(L2)-O%0 6 0.0 0.250 0.250 0.250 0.250
; 5 43.5 0.218 0.291 0.297 0.194
3 0.0 0.497 0.492 0.223 ~0.211

Saop0a(R)-O0H 4 15.3 0.375 0.373 0.173 0.080
S0 3 0.0 0.496 0.470 0.340 -0.306
Jaba o 4 62.5 0372 0.360 0.230 0.036
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#5 { DLPNO CCSD (T,) I TIZZ o oM =
ANVF—ICAZETH ) ZOAEHITHERTE/DAS W
DTERVDPLEVIFFETH5.Y 22 TROBT O
A1) —Z (3)® ®F 1127 L 72 Renger & Hanssum®”
WCEBBNFNG A= TH D, Yol LI eakm
FRAEBBOAEE I HRTIIS; RETH T o b U
BOEBTHY, IR TIXS, RETOR 7oA THS
EORFETHD. WO OREZSHORERIIHUTIED S
ESyIRETEIMTIR 7 g M BEIDSEE L &0 E il
Mn-Oxo0 & % \* 1& Mn-Oxyl R DAL RE & %2 D),
iR TI7u b Y BEHIZREECM-Nf FRd o7 =%
SHRKIZEE A2 L VIHIRFETH L. 2 OMRFIE S; RE
B ASPREKEF L EREGT ST Lal, B
HI A F =L RXVOFHLIR SRR I N EHETDH
%. %512, SFXXFEL® 53R IZ2 A0 TH 5D
T, SHBOPBREDH FIZ X D On-O FH#EH2.1A
ED MO WHEEEDIESNTWS. I Tl Cryo-
EM®® o 53 g b 1 1 LRI IRAE T ORI R A% R L
THR7ZZDOTKERTETH R LTS 250 L
N, SHEPELATH 5.

6. SHRICERSNh/FEE

6.1. ZEBZHIHEOLEN

ARAECIXHSIRE 2 i€ L T H —Z M| (SR) CCSD
(Ty) B4 % DLPNO WIS X 0 5247 LB T-HBIRh 3
ABE L7 Lal, AU =X @)Y/l
I2CaMnOs 7 5 A % — D& (LS) B X O (IS) A
¥V RETIEE S (MR) CCSD (T)) GHE LI %
. FZTHHEE 2% DIZHSKRETIEA Y IZSREE
TRVWONPE VI EITH 2.0 oMK D72
Iz, —BlE LTS IREBORREME CTLS (S=1/2),
IS (S=5/2,7/2) B X UHS (S=13/2) KRB xS
% Broken Symmetry (BS) UB3LYPf# % 3k, HRHL
RN (Natural Orbital (NO) analysis) % 347 L CH
Sk#LE (UB3LYP NO = UNO) & A% (n) %K.
HAEHIZA (2) IR LZABS#HENPEZY (T) THZ
bNA. RAIRTIHICLS (S=1/2) OE, A
$751.0 ® singly occupied (SO) NOZSFAEL, 2 (2)
HHOMO (HO), LUMO (LU) @ 5 A %1 (1+T,),
(1-Ty) THAZOHRN, Ty=0026TH5DT, 1.0268
L0°097412% 5. Bib, X (2) 128 L7 HOMO-LUMO
WENL1ORWTH Y, HOWLEIZ2ME AL,
LUICIZETH - 2REL L ENENOHE I —ET-H
SALTOLIRIICEAEL TW B 2 EXHMING. =
DEITKEL ALY Vo0 LTV 2 8B I3 ABIC b 51E4F
HTHDTHO-i, LU+i(i=1~5) LEHTLEZD
HAERIIRARTHRE R o7z, —T5, 5RY OMED
54 801 closed-shell orbitals (CO) D EHATH 5 2.0

%4 Occupation numbers of UNO obtained by UB3LYP for CaMn 0

a-c)

cluster.
Structure  S=1/2 S=52 S=72 S=132 S=12/2

VO +2 0.018 0.017 0.018 0.017 0.018
VO +1 0.020 0.018 0.019 0.018 0.020

VO 0.022 0.021 0.020 0.019 0.297
LU+5 0.811 0.873 0.825 1.000 1.000
LU +4 0.865 0.880 0.888 1.000 1.000
LU+3 0.876 0.922 0.971 1.000 1.000
LU+2 0.910 0.947 1.000 1.000 1.000
LU+ 1 0.953 1.000 1.000 1.000 1.000

LU 0.974 1.000 1.000 1.000 1.000

SO 1.000 1.000 1.000 1.000

HO 1.026 1.000 1.000 1.000 1.000
HO-1 1.047 1.000 1.000 1.000 1.000
HO -2 1.090 1.053 1.000 1.000 1.000
HO -3 1.124 1.077 1.029 1.000 1.000
HO -4 1.135 1.120 1.112 1.000 1.000
HO-5 1.189 1.127 1.175 1.000 1.000

CO 1.978 1.979 1.980 1.981 1.703
CO-1 1.980 1.982 1.981 1.982 1.980
CO-2 1.982 1.983 1.982 1.983 1.982

9S0; singly occupied natural orbitals, HO; the highest occupied,
Pnatural orbitals, LU; the lowest unoccupied natural orbitals, “CO;
cloud shell natural orbital, VO; virtual orbitals. ¥Mn-Oxyl radical®>
i .

123K <, virtutal orbitals (VO) 120.0128W 2 & 25 A
5. o, HWETFMBIIESTANOIXIZMETH S
® T, Complete Active Space (CAS) % [130, 13e] & i#
R L, MR (CAS) CCSD (T)-DLPNOGH i # 2475 1L
BEREFHBESEROINY ANDLZ EWTREE %D, 2
DEHZ, ARTRAY) =X Q)M LEzEI
FIVITNVETIIHRTHNSVCASEZHRAL, BIWE
FHIBES, D, Ty, TE CCHEDEME LIF T L FiEx
RHLCTWS. —F, BINETFHEZ 2ROESHH (PT2)
THD ) WA ICIT CAS 2/ 2 R & SR § 2 LB
Hb. PoT, HSIKETH SRTH K SEHERLEL &
D MR PT2IIL ) B BEIZ %D L vz X ). G0
T 7% WAL O 5 42 &, Renger O % T- B B 92 B 1>
DOHFPE LTRF—LTITRT I H I, H—hkET
(a) Mn-Hydroxide
Saanca(R)-OH (4444)
(b) Mn-Oxyl!
S1scea(R)-Oxyl (4443) + O+
(c) Two Intermediates Model

Saubea(R)-OH (4444) 3=t Sy,cco(R)-Oxyl (4443) + O

(d) Multiple Intermediates Model

S1,0ca(R)-OH (4444) o S3acca(R)-Oxyl (4443) + O

e\ %

Sy3acca(R)-Ox0 (5443)
Lewis Acid Assisted

Zx—L1 SYREICB 2L ERMAET L.
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V& L Tid (a) Mn-hydroxide, (b) Mn-Oxyl2%#%%4 L,
() (E MR E 7OV T o R0 E R BB 2N
TEALT S, 2512, (d) oZEREEKETVO—F &
L Tt (¢o) ICEE Tl Oxo FR A D Iz T 3 EAE T
VDEZLEND. TNHDEFVORIHISHOMET
H5b.

RAIRTEIHIITHH AL VIS (S=5/2) D4,
FHEMNP1.0OSONODPSHEAEL, TOMITKEL ALY
YR LT A ELEIZ4AETE S B O TCASIZ[130,
13¢] LBINTE 2. KBYDCODEARIL2.0125E L VO
OEEEIZ00ICENI EXRDLIEDT, TOEDIHE
RO 2 TE I v IS (S=7/2) Oa, HSAEED
LOOSONODTHAEAEL, KEL ALV HMBL TS
WL L 3MAEAE S 5 D TCASIE[130, 13e] & 1. 5&D
DCOD EHKIF2.0ZE L, VOIZ0.0ITENT &5
Mh. X512, HSIRREIC 4% & SONO DS I3HATEL,
CAS1Z[130, 13e] £ %2 2D TH 575, ORI H—0
Slater 74| CRLETE 5. X512, RYDCODEHE
122.012E <, VOIZ0.0IZEVDT, A —2x (11)"
DE 3 THA L7 &5 ICHSIREED Y4 1212 SR CCSD
(T)-DLPNOGI &2 fETH ) A TH BB OHLY
Pk LTI EZWEPHRIN DS,

O X ) ICHRBLENT & FE4T T A & HSIREE Tl
D bEETH FAKICSR CCEIEDNMRETH S Z &
BREA D SN H. L L, SydkHEDMn-Oxyl B 7% 13 6
NTHSIKEETDH CODLNITHEDEZL ) H30.7 1K T
LOxyl 5 ¥ M (6%) 2RSS 2882 H ), COD
HERNzLT, VOOZEND0312hb. EoT, 20
AIZIE SR O EIZEMIC R ), BSEHE TSR L
RS9 % O=Mn (V) & «O-Mn (IV) #i [RA & D E QA D
HTEBHT LI EPLETH L. ZDOFEidresonating
BS (RBS) CI#:™ L IE T b, —J, FRHLE R
W& 92473 % & SyIR B T 13 Mn, 36 4+ ® CAS 12 [ 120,
1211272 5 2%, Oxyl#b5r &2 MKT 2 LR A4ITRT &S
12140, 14e]127% 5. MR CAS CCSD (T) DLPNO#14&
BFE5HOHETH 5.

6.2. CCSD (T) StEDO#HAEEDZEIR

AY) =2 AD"OE 3 1R L7 & 512 1980 46 4 I
13 UHF % O NOENT TR 72 (UNO) % I HLE v
T, MRCIL, MRCC%%£47§ % A ¥ — 22 E L7
S, AT VANVRTIEIMELZ HEHTTRETH -7 L
L., BBE&E 2 5 A% —OUHFRHIIZ YR 250 A
DT EDLDOTHEETTIZZDMND D IZHRLEDDFT DI
BR {4 212212 & 72 % Hartree-Fock-Slater (UHFS) 7% %
L TUHFS NO (= UNO) %3k, MR CI, MR CC % %
F¥2rA%—nb# 27 2512, MR CAS S-CC=
CAS-SCF X UNO % ¥ ¥ 2 85 b dgdi L 725 4,
DLPNO CCSD (T,) #H45% 9479 %124 72 ) CaMn,Os

79 A% — ®UHF&F# Tid % < hybrid DFT (HDFT)
#:TH B UB3LYPEHE 21T > TWADTEDUNO %
flif L7-. UB3LYP#: T3 Hartree-Fock it 53 (w) o]
BB ETHNETHEOFEGZHRFF LTV I0
T, wOIEDZ AL TDLPNO CCSD (T,) Rl A5
OREZEALT 2% Mat L. BH7ICKREHEREZ $ &
Bz, K17 L) w=10~20% DZEAL THIK = 2V F—
121 ~2kcal/mol EDZEALICE E 5 Z & bbb, o
DOFERE L ) AHOFE CCRMEIZw = 20% ® UB3LYP
NO (UNO) %M@ N L CTET L. SHER
& E R D CASSCFEHTIZ PR AR VO TR 4 1R T
X 9 ICUNO TCAS %/ % #%5 L, MR CAS CCSD (T)
RIEZETT LI LN TH S, BEIC, CASERO
NEWHIEEARDO MR CCRMETEDFEMME % FERE L T
.5 Larl, 10 X5 128Kk 5 L EtH %
W IR S 2 05 & 20 0 B TR &L BRI
AoTHhEERLEY.Y

15.00

10.00

o
3
3

,
- " I ]
| I .

SsabcalR) SsabcalR) Szabca(l) SzaccalR) Ssaccall1) Szaccall2) SaobbalR) Ssabba(l) SsaccalR) SsaccalL)
OH OHgy OH Oxo Oxo Oxo OH,, H,0 Peroxo Peroxo

o
3
38

Relative Energy [keal / mol]

DLPNO-CCSD(TO) (B3LYP)
= DLPNO-CCSD(T0) (B3LYP*)
= DLPNO-CCSD(TO0) (B3LYP*)

&
9
3

-10.00

K17 SyREEICB 2 10HEO P HAEOQM (1035 T) 12k
< DLPNO CCSD (T,)/def2-TZVP #1812 & % #H*J % % T F
VE— (kcal/mol). #HIHLE D DLPNO-CC i~ DKAEE.

L, B ISR LM BT RO MGk L
THiA DREDVZENTW DA, BH18ITRLZL I,
ALY, mrErFHove (QMO™Y, RTE

Broken Symmetry (BS) Methods for
Strong Correlation Electron Systems (SCES)

Natural Orbitals (UNO) of BS for SCES
Localized UNO (ULO) of BS for SCES

l |

MR Methods

UNO(ULO) MRPT UMPn (AP)

UNO(ULO) MRCI LGG (AF)
UNO(ULO) QMC UNO(ULO) MRCC LPNO-UCC (AP)
UNO(ULO) QC UNO(ULO) DMRG DLPNO-UCC (AP)
PNO-ULCC (AP)

Chemical Indices
Effective Bond Order, Information Entropy, etc.

18 Broken Symmetry DFT i3 X U8 Post DFT = kg B At k.
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5 (QO)"™, HEEATHIME Y sAAME (DMRG)™ ™ % 12
KBTE&S. REZBS DFT 7 5 2 115 beyond DFT
FHEICBAT L T SR ORATH 5. CCHIEL
=5 ) — CCHECBTT LI EICL IR0 TEHEIC
LREBEL TV EGPAZTVWEDTESHBALE R THT
HbH. FMIEEZBREINIW Y

6.3. &b

T2, AY ) —X (8)~(10) TDFT#FH& 230K
FERNIED W TRGPIRSOEERE D 22 5 C b B L R HE—
R SERBEREO S TmNESREIT o7, LHL,
K# TIZDLPNO CCSD (Ty) LNV oFHEICIETEX
3IRL7Z2O Kok 4 7 VO ikBE T 5 S, 4R8I
B2 H RS BRIRE O = AV F — 12 HD MR
SR OMIHICE CRETE o7z, K18IHD
7276 4 O DFT % B 18 5 % S TR Tl B R o
FRNT 7200 Tld 7 < BB FRDSTTREIC 2 5 2 & XD S,
REBOMZGBIWEOEREIZNFEFEEINS. 5%, SFX
XFEL"™ O %D 53 RE O 1] %03 11277 L 72 W 4541
FTIREEi 7 O EJRIZON T, fie OMGFIE PR
ZOERETHIENTRRIC LD EBbND. AR
THRALE IS, SyREICH L TH eI sh
TWARVIRITIEH 528, S;— S, — Sy DMERFEA W
DEMBORHIEIAEFICERL TWDE. 20720121,
Ay ) — 2 (37T L 72 BB D FER T o8k R
® QM/MM/MD 12 & % 7 7™ b % 2 5% S 7z
Ths.

2

ARHEZELNIH DL O E LTz wi i
L OEEFITLEIYBILBELDFEST. LrLad
5, XFELEIZ & % SEXHE#MRNTIE T S ICBAEE TP O
Hli T ) 410 0 Sy IRFED SEX 12§ B /NES D
HER AT R L IR R 0720125 B K & 7
BRI SN B RS D Y 5 5. ARONEICHE
LTETOEMIIEE (UN) CHhrHEZHLLTB X
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Development of Three Dimensional Spin Imaging by Spin Fluctuation Measurements

Reina KAJT*

Recently, a spectroscopic technique called spin noise spectroscopy has attracted much attention in spin
physics in solid-state materials. In order to realize three-dimensional spin-noise imaging, we have improved
the current time-resolved spectroscopy system and investigated n-AlGaAs bulks as test samples. In addition
to the introduction of a cryogen-free cryostat, we carefully selected the electronic and optic devices to reduce
the background noise and constructed the experimental setup. Further, the electron spin relaxation time and
the g-factor in n-AlGaAs sample were evaluated via the time-resolved Kerr rotation measurements. We also
found an optically induced nuclear magnetic field greatly exceeding the external field unexpectedly.
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Halide-layered Double Hydroxides as New Electrode Materials for Anionic Storage Systems

Nataly Carolina ROSERO-NAVARRO*

In recent years, anion batteries in which anions intercalated during charging and discharging process

have attracted attention as next-generation batteries. Current common cathodes based on halide or oxy-

halide salts show limited electrochemical performances. Layered double hydroxide (LDH), represented

by the general formula [M}* M**(OH),] [A”,

x/n

- mH, O], has recently proposed as new cathode candidates.

Intercalation of anion is expected through LDH structure. The driving force of anion mobility in halide-
LDHs is expected to be promoted by the change of the transition metals ratio by electrochemical redox
reactions. Cl-LDHs thin film coatings and powders were prepared and used to investigate the involved

redox behavior and anionic batteries.

1. Introduction

The development of sustainable, efficient, safe, and cheap electrochemical
energy storage is a widely recognized goal. Most electrochemical systems have
focused on the cation transfer, so far. Anion batteries are taking attention as novel,
sustainable, and safe electrochemistry with promising energy density properties
(Figure 1, 2500 Wh L™).

Electrochemical anion storage behavior (e.g., F, Cl') was initially proved
using metal halide or oxy-halide salts (e.g., FeCl,, BiF,, FeOCl) as cathodes (Figure
1). These cathodes show limited electrochemical performances because of severe
volume changes during conversion reactions of halide anions transfer accompanied
by an inevitable electrode deterioration upon cycling”.

Recently, halide layered double hydroxide (LDH)? has been proposed as a
new cathode. In contrast to metal oxides or metal halide salts that use conversion
reaction for the anion transport, halide anions can be intercalated into a halide-LDH
structure>?, and therefore, their structural integrity is more stable upon cycling.
However, the battery still shows low capacity and capacity fade. The chemical
composition of the halide-LDH cathode is expected to be essential to achieve a

superior energy density.

2. Experimental Section

LDH was deposited on ITO substrates by a sol-gel process and hot water treatment®. LDHs powders were prepared by co-precipitation
process and exchange process was carried out under immersion in NaClI/HCl solutions. The batteries were prepared by using an electrode
sheet prepared by doctor blade process on aluminum foil, Li metal as a counter electrode, and a Bpy1,4Cl-propylene carbonate solution

as an electrolyte. The electrochemical evaluation was performed by cyclic voltammetry (CV) measurement and battery charge/discharge

measurements.
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3. Result and discussions

LDH structure was confirmed in both, thin-film coatings and

powders. The exchange process (CO* to Cl anions) was conducted 3.0 T T T
in powder samples. The exchange conditions (NaCl/HCl solutions)
lead to the detachment of the coating which suggests LDH
exfoliation is also occurring in the powder samples. The LDH
crystal phase after the exchange process does not show significant
changes. The transition metals’ valence also remains unchanged
based on X-ray absorption measurements.

CV measurement of CI-LDH thin film coatings shows a

reversible electrochemical redox. The reversible redox was also 10}

2nd cycle, R.T. i

0 25 50 75 100
Capacity / mAh g, py”"

confirmed in the change of the color film during CV measurement.

For example, CI-LDH containing Co displays electrochemical redox

at 0.5 V (vs. Hg/HgO) with a reversible color change from purple

divalent Co) to green (trivalent Co). The electrochemical redox + + - -
(dvalent o) to green (trvalent o) o [Co™,15AI",5(OH),]+Cly s+ 0.75C
reactions prove that transition metals are active in the LDHs

structure and able to promote the insertion and disinsertion of C1- s [Co“OJEAI“O_Zs(O H)z] =Cl + 0.75e”
ions.

Fig. 2 Top: CV of CI-LDH battery.
Bottom: Presumable reactions with LDH.

CV measurement of CI-LDH battery shows peaks at about 1.7
and 2.4 V (vs. Li/ Li +). Contrary to CV measurement in CI-LDH
thin-firm, the multiple peaks suggests that anion transport may occur in two-step (o0 more) reactions. Figure 2 (top) shows the charge/
discharge profiles of CI-LDH battery. The observed plateaus are in good agreement with CV. Figure 2 (bottom) displays presumable
reactions with CI-LDH containing Co, in which the partial disinsertion of C1” ions can occur. Further studies will be needed to clarify

the mechanism of CI ion transport. Specific capacity around 60 mAh g' is obtained after 10 cycles.

4. Conclusions
LDHs were investigated as candidates for application as cathodes in anion secondary batteries. Physicochemical characterization

and electrochemical analyses were carried out to understand anion transport.
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Development of Photofunctional Metal Nano Oxide Fabrication Method
by Using Submerged Radical Reactions

Lihua ZHANG™

In this work, we developed a submerged radical reactions method for the fabrication of metal nano
oxides for photofunctional applications. The radical reactions were generated by light illumination, ultra-
sound, and reactive oxygen species, and this method was applied for Cu, W, and Mo oxides nanoparticles
fabrication. Both H,0, and H,0,-HCIO mixture solution under UV illumination could successfully
generate Mo and W oxides. While for Cu oxides, HCIO solution could fabricate nanorod bundles oxides.
The special morphologies of the fabricated oxides indicate the potential photofunctional applications.

1. Introduction

Metal oxides are one of the most widely investigated inorganic materials because they are ubiquitous in nature and commonly used in
technological applications. Recently, the wide range of nanoscale forms of these materials has gained much attention owing to their
anticipated properties and application in different areas, such as photoelectron devices, sensors, catalysts, etc.

In a previous study, M. Jeem et al.[1] reported a new pathway for the synthesis of a variety of metal oxide nanocrystal (NC) via
submerged illumination in water, called the submerged photosynthesis of crystallites (SPSC). This method is completely different from
typical synthetic methods for nanoparticles, such as the hydrothermal method, solvothermal synthesis, and chemical vapor deposition
(CVD). In the SPSC method, the growth of metal oxide NCs is assisted by a ‘photosynthesis’ reaction, where the metal surface is
irradiated with ultraviolet (UV) light in water. Thus, the SPSC process requires only light and water and does not require the
incorporation of impurity precursors. Moreover, this method is applicable at low temperature and at atmospheric pressure, producing
only hydrogen gas as the by-product. These characteristics give rise to the potential application of SPSC as a green technology for
metal oxide NC synthesis.

At present, flower-like NCs of zinc oxide [1, 2] and cupric oxide [3] have been successfully synthesized using the SPSC method.
However, it still has two problems in SPSC process considering the further applications. First, the process is time-consuming. For
example, it needs about 48 hours of UV irradiation for the fabrication of CuO by SPSC. Second, it is still difficult to apple the SPSC
method to other metals, such as, W, Mo, Ti, etc., because the metal ions are difficult to generate in H2O under light. To solve these
problems, the reactive oxygen species (ROS) are introduced to the SPSC process, because it not only can improve the ¢OH generation
by the radical reactions, which is the key process in SPSC according to our previous study[4], but also reacts with the metal substrate
to generate metal ions. Therefore, the purpose of this study is to develop a photofunctional metal nano oxide fabrication method by

using submerged radical reactions.

2. Experiments and results ROS solution:
. . v' H,0, solution,
Metal plate of Cu, W, or Mo was placed into a 20 mL cuvette with H,0,, HCIO, and H,0,- v HCIO solution,

HCIO mixed solution, respectively. The cuvette was then irradiated by a UV lamp (UVP, 7 B0 HCIQ mixture

B-100AP, USA, A = 365 nm, 3.4 e¢V) as shown in Fig.1. The intensity of the UV irradiation
was 10— 53 mW - cm ™. In some experiments, visible light (400—600 nm) and ultrasonic wave (( ( ( (

were applied in the process. After several hours UV irradiation, the obtained samples were

X
Cu/Mo/W  Ultrasound

o ) ) ) ] Fig. 1 Schematic diagram of the SPSC
and transmission electron microscopy (TEM) with selected area electron diffraction (SEAD). experiment

analyzed by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM),
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Fig.2 shows the photos, SEM and TEM images of the powders obtained from the
SPSC of W plate with H20O2. A yellow green powder was observed in the 10% H202
concentration of Fig.2(a-1), and a brighter yellow powder was observed in the 35%
H20: concentration of Fig.2(b-i). The XRD analysis results of these materials show
that the yellow-green powder is WO3 and the yellow powder is HoWOu4. Fig.2 (a-ii)
and Fig.2 (b-ii) are TEM images of the WO3 and H2WO4 powders, respectively. It
was found that WO3 and HoWOs are nanoparticles with diameters of about 100 nm
and 300 nm, respectively. In addition, WO3 was found to be less crystalline and to
have a flake shape, while HyWO4 was found to have a square plate shape. A similar

study was carried with intermediate H2O2 concentrations in the range of 10% — 35%.

As a result, it was found that WO;3 tended to form at low concentrations of H202,

while H:WOs4 tended to form at high concentrations. Both WO3 and H2WO4 Fig.2 (a) WO, (b) H,WO, nano-oxides prepared
using SPSC with H,0,: (i) SEM images, (ii)
nanoparticles could be made easily and selectively by SPSC method.[5] TEM images.

The reactions during this process are considered
as followings:
(1) W is dissolved into H2O»
W + 3H,0, —» W05~ + 2H* + 2H,0
(2) Radical generation caused by UV irradiation
H,0, + hv —» 2-0H
(3) WOs and HoWO4 formation
2W03™ +4-0H - 2WO05 + 0, + 40H™
WO0%~ + 6 OH -» H,WO0, + 1.50, + H,0
+ 20H™
We also using H202 and H20,-HCIO mixture

solution for Mo oxides fabrication and successfully

obtained nanorod o-MoOs-H20. Interestingly, as F ig. 3 SEM images of Cu plate surface after reacted with H,0, (15%) and HCIO (200 ppm) under
different conditions (dark, visible light, UV).

H,0,, Vis [

HCIO, Vis

shown in Fig. 3, when using the H202 on Cu plate,
nanoparticles were not observed under dark or illumination conditions. While using HCIO, the bouquet-like nanorods were obtained,
which is analyzed as Cu2CI(OH)s. The special morphologies of these metal oxides obtained by SPSC shows the potential in

photofunctional application, which will be studied in the future.

3. Conclusion

ROS of H202, HCIO and ultrasound wave are applied in SPSC process to improve the radical reactions for the fabrication of Cu, W,
and Mo oxides, and the mechanism of the reactions are analyzed. Both H202 and H20,-HCIO mixture solution could successfully
generate Mo and W oxides. For Cu, HCIO solution could fabricate nanorod bundles oxides. The special morphologies of the obtained

metal oxides are expected to photofunctional application, which will be studied in the future.
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Experimental Verification of Multichannel Kondo Effect
Using High-precision Ultrasonic Measurements

Tatsuya YANAGISAWA*

We performed ultrasonic measurements on the non-Kramers systemY, Pr Ir,Zn, to search the evidence
and verify the systematic change of the single-site quadrupolar Kondo effect. The elastic constant (C, —
C,,)I2 of the Pr-37% system obeys a Curie law down to ~1 K and shows the temperature dependence
proportional to +VT below ~150 mK, which is theoretically derived by the quadrupolar Kondo (virtual)
lattice model rather than the logarithmic 7 dependence derived by single site quadrupolar Kondo model.
We also found the low-energy ultrasonic dispersion in an intermediate temperature region of 0.9-0.2 K,
which strongly suggest a presence of the low-energy phonon excitation due to the vibronic state.
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Materials Searching toward the Development of Magnon Diode
Hiroyuki K. YOSHIDA*

In the magnetically ordered phase in kagome antiferromagnets without a local inversion symmetry,
magnon diode properties are expected from the cluster multipole theory. In this study, we attempted to
grow single crystals of Cr compounds in order to verify the diode properties by inelastic neutron scattering
experiments. Various methods were applied to prepare single crystals and we succeeded in obtaining
micro crystals for the first time.
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Development of Synthetic Method of Iron Carbide Clusters
Using Iron Citrate Multi-nuclear Complex as Precursors

Masanori WAKIZAKA™

This study has successfully synthesized the tetra-nuclear and the di-nuclear 3d-trandition metal (iron
(II), cobalt (I), nickel (I)) citrate complexes. Using triethylamine or ammonia as a base, deprotonation on
the carboxy and hydroxy groups in citrate ligands is changed, which selectively afforded the tetra-nuclear
or the di-nuclear complexes. Moreover, the di-nuclear cobalt (II) complex shows an anisotropic magnetic
behavior together with ferromagnetism and a large spin—orbit interaction, which demonstrates a single—

molecule magnet behavior among the reported citrate complexes for the first time.
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%ﬁ*%wf%ﬁmﬁ%fﬁ’&ﬁﬂwok_@E&Lf@ﬁ*f%é%@ﬁi%%fﬁmé<&é&8%k#5@m
DI B AV, BHE OBEMARILYT 7 ) 7 A XCESL ERBEN PR T T 5720, Z OWIRRGIIRER 2R B
bND. —FHTT Y R =—i3m AR B E 5E LT WIHERH Y, wwf/wm«@wﬁiﬁwfﬁ L7

FUDNT 222, WP RIE ORE EECHE fEIT R & 5.

EHEOITINETIE, 777 74 MAURICEBERSWICWAET B LD T4 0 I L 2 Pl EEEZRRE L
Rl ZO=BID F A ANFA F R ThRER e T =4 EBARETE D72, T e T =4 Skt bE b
Z LT, BEEREICHE LIRSS T A —OERINTIREIZ /R D LB 2T B, RN RESMRT DU E %
NUTFDI TAZ—DREBEARNEETHS. T/ T UBBIZ3DOINLRFUELE 150 Rox v 2RO RR
WIE BT DI THD (K1) 7o UBOMT o hAbIc kY 3d BRAREA 4 S8 L, B 4%
xR 7 = A M RBER DR T D 2 Ll S o ok
LTV D, HFiZ Fe, Co, Ni 1X5RBEENSRILT 24 )F & % 3H+ % %
LTHETHD. &I CARMEIIRILE 7 A F— HoJK +3H -0 +He
RIBRIR & 72 7 = A LS RSEIR & LC, 7 =ik mm mm— mW
SEIR O GRE B E LTz,

B1 7= BoERE T e M UBEAT— L.

2. VIVEZRBARDERLEE

M) ZFNUT I LRI T =V ([CHNIC) HAF T, KERP CHEELBEDOEREA 4 (Fe'l, Col, Ni'') &7 x>
R A SEER T D 2 & TF a2 U O URSER [CHeN;s[M 4(cit)s]-8H,0 (M = Fe (Fe-4), Co (Co-4), Ni (Ni-4)) NG5 7%
(X 2a). BAMFTHEIZZUBRDOIODHARFUEL1OOE FuXx BI NI ZFAT I VICE-TETHT 2 b
AMEINTWD. Z OfEEIE Murray HIZ K VG SN TWARES T =V v EHW TR SN ISR LR —CTh 5
Bl — 5 TChIVZFAT I OBRDYICT =T 2H0N5 &, THEHAICHN; LMY (citH)(Hy0)4]-2H,0 (M = Fe (Fe-2),
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Co (Co-2), Ni (Ni-2)) 2N HAv7e. HfES X B E i)
5, “EESERD o OERA A TR FENICEMTH

% (B2b,¢). LT THDHIZ WD 3ODANLKF

CEIIM TR FALSATWER, E ReX ko7 n * J‘ gt ,
hATE- T\, TrB=T OHEEERD pK, 1% 9.3 T

HY,107 O ZFNT I L0 BEREMEE MRV JJ
bR I e oAb E . J oA A
200 NVEFvL—EE 120 Fex L% Fe-2
HOWTERA A N ZHEERNT 5. Y DI LRF T

— NIRITHEERNL CEBA A B RET D, I EA Co-2

FCH LTRSS FRFNEN ST 5 L TY
T oA MEDT 4 A S ) — N KSR R T 5. HE2

ko hiilior Fax v Eo 7o b g3m#ET s o y T T T y

5 10 15 20 25 30
HNRFT L— NEEKRBBEEEEERT D, 205 TH 20/°
KBEREAN EEEZZELLLTWDE EEZLND. 2 (a) 7 = VEEEER O W R GEREINT <% — > Fe20 (b) “ M &
(©) KRS o % o RS

3. MR

Ni-2 AEE B (RIS TR ED gl = 24 275 a:f\hpw °
L7z (M 3a). ZAULNI(I) S=1 DAL A2 ) —0DfE N oresece .. 251
T =1) D ARV 5. NI & O() (e BFEL & 6] _eeosnn oo s e 201
BCHY, PEAEBRILIEE A LTS TND &% gj?’f 2 s
ZHNG. £ RIEED Ni A AVBOMEEREE R 5] i R A
BICH<, HEILA E Y ThAHRIEOREICHB L ] A N e
EZHND. FRUCK L Fe2 [E5IR T yml = 74 275 L, ; y | | |

ZHUEFe() S=2 DA F 2 U —DfE (T =3) O 0 50 100 150 200 250 300 0 1 2 3 4
e % 0% LI 5. BRI DIE T & S icB e mis L F e HTITK

L, 15 K CE—7 %0z, BEERGCIZ 2B Lz, B8 7= BbEORGSE. @) . T-T7 1 k& (b) BSRAC .
Fe(IDiE d® D (tp)*(e,)? BFELE T D728, () BAEEFA DAL HEMBEIEHORELEZ BND. —F T Co-2
IZEE Tyl =62 %R L, ZHILCo(Il) S=32 DAL F ) —DE (yul=1.9) O f5% K& < ERl-7-. FIZEED
KT & TSI LTz, ZHUT (L)’ ETEEICA LN AMKEETH Y, Co(IDD d7 (fe)’(ep)? B T-ALE L BAHT 5.
U2 UBMEIR Tl T 23 EFHCHER U7z, Z OWRERAFIEIT A B2 - 0B EVEH TIZRBAB W20, B8RO Co
A AN TEBEEAR BRI TN D Z LRI EN D, F72 1.8 K D Co-2 DRESEHIML (M—-H) #hfiX 1.5 T £+ Cfa
FIRALIZE L7z (A 3b). EEHEDO 7V —A 0N\ EH 7 U AT ViR L W HEER AR B A ) 3 e 2 fafnd 5
Z &b, Co2 TR RMRREMZ R T H A & LTEIK 2 ERALMNICR -T2,

4. FEDH

AWFFEIL 3d @J8 7 — U MEKSE R AR L, I oA E A2 52T Fud ko7 Mo BaE&HE L, U
EEEIAR & TISERORIE 2 HIE L CERT 2 2 LIS L, R a0 D TSR, MM EER R R E A
VB EAER R T LA BN E Y, 7 ORISR T T E R D EyTHA L LTORMEZ /R L. — 5T
RIEAITAIE TH 5. 7 = VBB HEERIKRDCA IR NETH D, EH LTO T AU TE oo Te. 5%IT
IS CLRIEIRBIERUNLEML &2 Fi o7 =4 U ME SR Z G L, BRI 7 7 2 2 —FiiA L LTI 5.
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Exploration of New Superconductivity for Layered Nickel Oxides
with an Electron in 3d-e, Orbital

Hideyuki KAWASOKO*

1. ARE=R

BEEIERENSC IR RS THY, BHREORVEER~DIGH ()
RESISN TS, RROWELD, FOBESEBLEORATED. L
SHGE, BEE T TRRBEEARE SR, BETTOMRBEE  (<nIxnq FEB)

DEILD T2 ORI M EERFHEF T 72 <, B LWIBEEWE O RRIF5E _
(Sry.5Big.5)0,&

SMACEBR S TS, &5 LicH, &ir, 3dER 4 FEEE{LYNINIO, (BiEEE)
(3d”; Ni") (2 B0 TR & VR SR IR 2N 5 S Y, La,Cu0,(3d°; c
Cu™) 72 ¥ OSIRL B IR B A E L OB FEEOT Fu U —c kY, KERE L,
HAEDTNG. @

3dER & R ) Sty Big sMOs5 (M = Cr, M, Fe, Co, Ni) 1%, StMOs s~®2 (o) .
FAHA G & (St,5Bins) O, UG THER S B BIRMETH Y [M1(a)] 510" gr Mn 1%%° S
mg@4@<M>iﬂm@mﬁﬁ E% L 5. _h6ifﬂfﬁﬁwﬁ¢T% w10 b

A FROBIMICHEY, BRIEME (2R LHSEBRE DTS g2
[EN&P.ik,%%ﬁwﬁ”ﬁfé%rﬁ%ﬁmMQﬂﬁ JNi™) T ﬁm F
BT bR T OBRUSEMERTT R B OB F1 T & &ofwﬁw. f10? b -

2 = TABITETIL, StasBinNiOs 5103 5 HIRL T OBARENE - LA Pt |
ML, BFRREERBI ST LI £72, BiYA h~0OPbiEH L7 S (Bi,

) b b e ~ ) . 1 Sr,sBiysMO; 5 (M = Cr, Mn, Fe, Co, Ni) @
Pb)0_5N10575 @Tf?j:EET%JE;&‘Eﬁ FO 75’0_ L/ﬁ_@wcy i& = —éﬂé . (a) {FHH*%L BIO (b) %%H‘ﬁ%‘i ($

) & BRI .
2. =B
AMFIETIE, SrosBigsNiOs s 2l malE 2 G L, XHREFTIC LY, MM xEE L, BR FoBERIEYEE - #ib
o DR BEREE AT L7z, S 51T, PhEf L SI‘zs(Bl Pb)05N105 sEREmRERE Ak L, XMETIC LY, #E
i IS 2[R E L7z,

3. HREER

2(a)lZ, SrysBigsNiOs s DR XFRET/SZ — 2 27T, 1ZIET N TOREA, SsBigsNiOs A8 TR TE, HiH
P St 5BigsNiOs_s Z Atk B 3 G STz Z L 3o 2. BRI OBERFIE T, IBEORDICHY, BERER
BHEOT 28BN %82 r Lz [K2(b)]. 2L E TOMO Sry5BigsMOs_s (M = Cr, Mn, Fe, Co) Tl, l=E{KM)72%
FOHBNEME SN TEY, SrysBigsMOs s DMEREDH T, SrpsBigsNiOs s MG £ THRBHEEZ RTHE—DOWETH
L Embhot.

WAL R ORI T, BERE D20 K TOMRER 2 RB T 56 ERN 0 280 L. LaL, WEGVIEDR
FEARAFECIE, 20 KITE COMEBRIZHKT 5 B — 27 3R S o7z [M2(c)]. Dz, ZhETlEsnT
U728y 5BigsNiOs s 12 381 A KSR O S I1X, I H KT 2 FREMEN R <, SrysBigsNiOs s 1 EE MRS 5 &5 2
bivs.
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72, OT-T° 71y s OERBONETHE -8 T AR EIE, 21
mI/mol K> & 72~ 7= [M2(c) #HARK]. HROEFHAMERIE, 713
YENT T CORIEBBENHRTH D Z LITxIcT 5720, =ELLT Tl
MENT-EBSEORE R L AT 5. £72, 21 mI/mol K &\ 95l
LaNiO, 72 ¥ D EB & BE LY L FRETH Y, ZIUE, SrsBigsNiOs
D7 =)V I WEUTEOEFIRIEDS, NidD3dBuE THRA SN TS Z e %
RET 5.
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iz, LTehRno>T, PoEHO LIRNT0%RRETHLH B2 NS, &
72, POBEHAIC L VB TR M L2 Z &vs [M3(e)], A A%
OBAT, PoIZ2MlORETH S L EZBND (B 1L17A;Pb 1294 :
Pb* 0.94 A)°.

4. F&EO

ARFIE T, BARIRHIE - Btz - ERBOREIZEL Y, SrysBigsNiOs—s
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Development and Application of Rapidly Diverse Synthesis
toward Polyunsaturated Fatty Acid Metabolites

Yutaro SAITO*

Polyunsaturated fatty acids (PUFAs) are essential biomolecules that affect a variety of human biologi-
cal functions. After ingestion, PUFAs are converted into numerous metabolites by enzymes in humans
and/or microbiota. Recently, it has emerged that metabolites are involved in the suppression of diseases.
However, the mechanism at the molecular level has not been elucidated sufficiently because of the lack of
efficient synthetic methods. In this study, some methods have been investigated for solid-phase synthesis
of PUFA metabolites.

1. &8

TA YR F TR (BPA) X Rad~FHo Ui OH) ICRE SN DS FAENIEEIL, b b OAETIEREIC KR~
IR ROFT VAR O —HETH D, ZOnFREE, BRSNS ERNTE Mo D WITHBNMEICHET S
FERIC L o TR~ O~ L BRSNS, T, Z OSRGOS 2 72 AFER 2 ) Z L 35
MR, RBIRIRSCAEMBLGRIAOBLE N L RWICEBR 2T E Y. L, ZhboeZ2aEEZ L, o1
LULTOVERBEAEIIE 0T A TOR . fll %2 DTk T 2 2R S0iE SN TV D03, il
TSN DO RB ORI HERRIIC LD 720, —o—2Z2 AR LT ATITR G bW 1 LA 2> TLE .
AIETIX, T OMEEMRRT 5720, S fafisifi# % B ELOBEIZART 5 Fikz I+ 5 Z L % B
L7z, BRMO7HRS & LC, 7T ROk, BESHOA ISR W TG RIE L LTS L T A EMARBIAICER L
L7z,

2. ®wR

FATHFZEE LC, 2004 £EIZ Janda BIZX > THE SN TV B/ o« REOEMARIEESEICTHZ L LE
Bl =%, ZOTEFISHROK S CHMGFH Ok S S E 220, 20O F FAEBAHY OMERNARICEAT 5 2
LixTERy (K. BEERNICE, 1) BREZGATEOME - FENROLATWD, 2) FEVSEMERIEICERERH A
D, 3) KRN ES CRIOGDSE Z D INRME T LCLE S, 4) T OKRFE(LEITZ B CIT 2T 500
IRMAREIT O MERSH D, D4RTHD. ZODITHEMTE 255 11%, BGOSR faffslim & =< —H
ORBZIR DA, TFEEE 20D EHBRAHD ~EEHT A Z N TERW. 22C, BHEEOMEREZ R L,
SAERIEMIR R 2 AR TE D LD ICRBEE TV 2 L2 B LT A OSSR 21T 2> 7.

Junda et al. (2004) 1) CBry, PPhg
2) .z~ TOH
AN on -
o ol Nal Ko o Cul, Nal, K,CO;4 °
N P — Z N _on T, Z1N_on
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" v 3daysxn n
+ 5-10% undesired by-product
cleavage o hydrogenation I Problem:
vag Z ™ oH ydrogenatl Jk/\/:(\/ﬁ\/o"' 1) narrow scope
RO RO A 2) time-comsuming process
n 3) side-reaction
in liquid-phase 4) partial solid-phase synthesis
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F9°, B 1 2T D7 OICHBIEOREEIT/R 7=, Janda HOWETIE, XU INVTRATNLE Y U A—ENIZ LT
Wang resin 2XHWBHILTWER, S LILEWZBEN S0 H3FRICHEIECL A ARB LT 2 7 E O 7e )
ISR MIRZ /2D, T, WY HES N FAY Rl resin ZEBATHZ L L L. HTH KW

CHWSN, B FAERY HLEWD M EL TS 2-Cl-trityl resin (CTC-resin) # M L7z (IX12a). #2126
LCiE, xRt rekmbdT52 8T, EkIE3 B E WO REFENMLETH - =ENEO MR )G Z 702 30 43T
SERETE LGS E RHE L (K 2b). S HICfEAlE LT 3-(trimethylsilyl) propargyl bromide %2 V% Z & TIY
FERER TS LERTH RIS (2 RS ZRIEICHHITL 2 &IcIhL, 83 2RRkT52enTE (K
2¢). FBITHE A 2 mRT D720 AR 72 7 V% v OKREE TN E AW T, MR fafiigime s EH L Th
BRY D Z LTI LT (X 2d).

a) O b)
X ° i BTN
0" R J SiMe,
0" 'R 9 P> new conditions 0 = N
% ISP ————— Z X
% O O—O rt., 30 min O—O SiMeg
Wang-resin CTC-resin
c)
Conventinal reaction S\2 (desired) U
ST N N P
= + /\/ — ZZEA * Z
Qo YN o Qo or 0o

S\2” (undesired
N2 (u ired) 5-10% undesired by-product

This work
Cu] o]

Jm™ e Pxon — ol
hllleMe Advanlage
1)

+ <2% undesired by-product 2) rapid ealonlg::gnm“d

3) highly regio-selective coupling
d) . 4) full solid-phase synthesis
hydrogenation
(o] in solid-phase o

Q-0 Z X_on ——> O_O)l\AA/:\/OH

B2 AWFEACR OB

3. FLEH

ABFFETIE, SAfiRtaflERE & O OREO BES KIEOMS IS KOS Z B46 L, BEFEKER O 720 D5l
FOGDERER L OB 21T 2~ 7. %@ﬁ‘h% P;Ef@jﬂﬁktlﬁi‘ UK BIC A AR 2 T2 Z 3T, @R
SNDBOSGHMZ BT Z LI L7z, (ZHEATHIIE TR RIEAR A AL L 2R S TR - 7228, [EFE ETa
TORIE & 5EHH TE 5%/£TE/E|\EEO)E%TEI/W_. BRI, BUERRSCBRIC T HEi T TH 5. 4% IZA SO R b
o THEMAMEZED D & L BI, iiﬁ?ﬁ%ﬂ‘ﬁﬁﬁﬁ?@é\ﬁﬁf\kmﬁﬁ LTk,

4. B
AWFZEIR AR M H A NS A EAERT O B H BT A T T —Bple TRV ZE £ Le. TR ) THR JEH
ALLTET.
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Predicting the Electrical Properties of Polymers Using Materials Informatics

Masahiro SATO*

First-principles calculation and data-centric approach have become powerful tools for materials design.
As shown in this manuscript, first-principles electronic structure analysis has provided significant insights
into the dielectric properties of polymers. Atomic-level simulation revealed the connection between the
microscopic physical quantities and the macroscopic electronic and ionic charge conduction properties.
In addition, it is shown that with this knowledge of the underlying physics, one can develop a machine
learning model that can predict the electrical property of dielectrics using only small datasets. Further, a
model that can design new molecules is developed using deep learning algorithms for natural language
processing tasks. Gases whose dielectric strength is approximately more than twice as large as that of SF6
was newly discovered.

1. FL®HIC
R v E R (BR - £T I v 7 R - KU =—) DR TINS5 L b LOMECH 525, = 2 ffiflc 2 o
T T A TREBAOLIE T, IRV B OB A X 2 TG, K Y ~ — 1 BB/ M 4 EIC & B E T A TASREMEAT B 2
P THEM, ZORLHE Y ~—0 TS Q7R o B HERKE <, & bITH THEOMEITIE Uk BkHE TR
BbE o TEBENAMMERIRE D) 1IChD. fhoT, B v —IZBEEME b b 0 122 DREHNIEMIC /2 b X 5 517
V. DK D R R DRERO R )~ — B EHLERR ) AT ITHE S &
ZABKE Do, FHERE SRR - @EL LSR5 @Ligﬁgﬁﬁ' T
K~ — i b7 U T AL LT T 4 2 A O Sl B 0 | ———
CHAVNEEZ BB, R ]
MI FORPEREREHIE 2 E TR SRS ATR 2 & OIS I 381 T Trapped ata dcp rap s
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WA AT L, IR0 MRS GV, X BICEN D LIz, B = —0E
ST B ERT — 2130 R R RE ) . T o X 5 AR N
M, KUY~ —ZONTEZUT, B - BF 0 — ot R 2 T L &
5 LS BRI BALoob D L T AHTh B8, £ OEREHED TR
IR LTV D EIEEWEWIRIETH D, & 2 TRIFIETIIAR Y ~—D
LMD BB A HMRT 5 = L T hSWF—Z Y b b > TH
Y~ — DB R BRI TS - L A B LT

x (nm)

2. RYT—hEHBEREOSFRFLALOETI VY
AR CHE AT — LT =5 & VTR Y ~ — OB TWEST 5
7o, v 7 a BRI BLER T 5 X 7 v 22 R T2 R 7R E1@NHM%@ﬂﬁwmbtm@%T@m
P HIRE LT, AR TR Y ~— B A SN (BB EE) ICEH L, b) =RFHNT [hF v 7 spd=cl .
HTRTLRILDY I al—a v dffolz. BETHOXF ¥ U 7BENIITHE Y2 PICB O TRHAFED TX -2 L2 b,
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ZOFER, = 7 v B S0 BNEMER O BRI S L S, FHE S BRI DR O KAV 5 E
EEEEBRENT. 1, M LITRT R FRF LAY a2 b—ya UET )BT CEMENCIIT 5 T (AT
D) b7 v TS | (~EMBBEOTEMAL T R F—) OIREER 2 L, ~ 7 nIEORERR &0 % I 7 v sl & & W
LINNZTHZ LM TET.

3. [HERFOESYMDOHE - FRAKKRI FORE

ARETH, [UES T OBKYMEDOR R KRS T OB ROV TERD. WERV KR v~ —OBEBXMMEEZR D &
ETNDOEUERHINEZFTM T 2 OIXREETH 2006, HHEMR AT v 7 L LTRUES T O BRI (FRCHiaES
) B ote. 7o, RURDMEBRIELE R % 55— AR D 2 OO THEETH 5 (D7 < &b T E TICHE— R
WZ3RD BT Z &30 R B ORI SIS ORL RIS 2, BB CIE R 2 720 K 9 22 Mo FHEROR
RELLTEND~ 7 22T, ELIZEMFHESRALN TV D DIXINLDOFEBED 9 LO—ET, Lid, T X x
LTS REICREL TS,

AHFTETIE, oy T A AT & LT, #afx 0 A DR IIEE RS 2 R E P E I L TRIT 27 VEER L, 20Tl
HEBE LT DWW CTHEHER 7o B bk 520 Tk & LR - Sl 21772 o 72, £ DOfES, Long Short Term Memory (LSTM) <2 Graph
Convolutional Neural Networks (GCN) Z W@ PEHET LV EH WS Z L TTHNIBEZ EIF o 2 L0,
Conditional Variational Auto Encoder (CVAE)7p &% 7= lilid 0 FBH I L 0 KREDOEMT LD nWTF —& %
WHZET, AEF—AT—F THRWVEE TYMEEAFRITE 2 2 LinhoT.

S BT, 53 THEED O MR E R O T AT 2 7217 Tl <, FrE O i s J 4 RO KR 0 43 TAEE TN & ik
L7z BEfFORIR L 0 S E R 2 (5Ll B <, iR TR E L THIETE, 5D CAS BEEE 5 OIFE L2V O
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Ambiphilic 7-conjugated Materials: Efficient Synthesis and Unique Functions

Jun TAKAYA*

We have recently reported an unprecedented photo-promoted skeletal rearrangement reaction of three-
coordinate triarylboranes bearing a phosphorous atom at the ortho-position as a neighboring Lewis base
moiety, which can be regarded as an intramolecular Frustrated Lewis Pair (FLP). In this study, photoreactivity
of various three-coordinate triarylboranes bearing a neighboring Lewis base moiety such as ether, amine,
and sulfide was investigated toward development of new skeletal rearrangement reactions and functional
materials. It was disclosed that o-anisyldimesitylborane underwent skeletal rearrangement under photoir-
radiation conditions to give (2-benzyl-4,6-dimethylphenyl)mesitylborinic acid after hydrolysis through
C-H abstraction and radical coupling via a triplet excited state. The conversion of a cyclic phosphonium-
borate compound to a cyclic phosphonium-borane, which bears three-coordinate boron atom as a Lewis
acidic moiety, was also developed toward the development of stimuli-responsive functional materials. This
study disclosed unique reactivity and synthetic utility of triarylboranes depending on the neighboring Lewis
base moiety.
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Precision Polymer Synthesis within Biological Nanospace
Kohei SATO*

The objective of this research project is to develop a novel synthesis method of polymers within the
biological membranes. First, aromatic amines and aldehydes were incorporated into the phospholipid
liposomes as model cell membranes. Using electronic absorption spectroscopy, an effective incorporation
of these molecules within the membranes (up to 10 mol% relative to phospholipid molecules) was confirmed.
Next, imine condensation reactions were performed in the presence of Lewis acids as catalysts to synthesize
two dimensional polymers. However, only slight changes were observed on its electronic absorption,
indicating the low degree of polymerization. An optimization of reaction conditions did not significantly
improve the conversion yield. The observed low conversion might be attributed to the inaccessibility of
Lewis acid catalysts to the hydrophobic layer of the lipid bilayer membranes or the hydrolysis reactions
of the polymerized species. In order to prevent these problems, we newly designed an amphiphilic ruthenium
catalyst that can be localized within the hydrophobic layer of the lipid bilayer membranes. Ruthenium
catalysts are known to maintain their catalytic activities even under aqueous environments, and their
methathesis polymerization reactions would not be affected by water molecules. Through 8 synthetic steps,
the target amphiphilic ruthenium catalyst was synthesized. Its property of being incorporated into the lipid
bilayer membranes as well as its catalytic activity will be investigated in the future.
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Creation of Thermal Switching Materials by Utilizing Metal-insulator Transition
Suguru KITANT*

Materials with a metal-insulator transition (MIT) are expected to have a significant change in thermal
conductivity between the metallic and insulating phases, thus materials with MIT above room temperature
are expected to have applications in thermal switching materials. In this study, we developed an apparatus
for measuring thermal conductivity at high temperatures and measured the thermal conductivity of a layered
vanadium oxide LiVO,, which has a MIT at 220°C. The thermal conductivity of LiVO, is greatly reduced
from the low-temperature phase to the high-temperature phase due to MIT, and this reduction would be
induced by anomalous scattering in the high-temperature phase.
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Construction of Flexible Induction Heating System with Integrated Inverter

Masahiro AOYAMA™

Induction heating (IH) technology is widely applied in various fields such as industrial metal melting,
induction cooktops, and hyperthermia. In recent years, high-frequency switching of power converters has
been promoted due to innovations in element technologies such as GaN and SiC. IH is a principle that
heats a conductive object by interlinking high-frequency magnetic field, and is compatible with high
frequency. However, conventional structures that require ferrite cores prevent it. Therefore, in this research,
a technique is proposed that eliminates the need for ferrite cores and constructs an asymmetric magnetic
field distribution using only coils. This is an indispensable technique for integrating the inverter and the
IH coil. First, the proposed new IH coil will be introduced, and then the actual verification using a proto-
type will be reported.
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Evaluation of the Anti-fouling Capacity of Ship Paints Using the Next Generation Sequencer
Yuu HIROSE*

Biofouling on ship bottoms increases frictional resistance and fuel consumption. Various types of ship-
bottom paints are available to prevent the biofouling, but the effectiveness of the paints varies depending
on the operating condition of each ship, and no method has been established for comparing and selecting
the optimal paint for each ship easily. In this study, we evaluated a method for selecting the optimal ship-
bottom paint for each ship using highly sensitive DNA analysis by a next-generation sequencer.
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Synchronization of Connected Josephson Oscillators in a Cold Atomic Gas
Yuki KAWAGUCHT*

We investigate the dynamics of ultracold atomic gases to control the flow of particles by a periodically
driving external field. We consider Josephson oscillations of spin-1 spinor Bose-Einstein condensate (BEC)
and a Bose gas in a double-well potential. In the mean-field approximation, excitations from a BEC are
described by a non-Hermitian Hamiltonian, which enables the system under a periodically driving field to
have complex eigenfrequency. Hence, on resonance, the particle flow exponentially grows. On the other
hand, from the viewpoint of the many-body Hamiltonian, which is Hermitian, such a complex eigenfre-
quency never appears. Instead, the periodically driving field induces the Rabi oscillation between the
many-body ground state and an excited state on resonance. The intermediate state during the Rabi oscil-
lation is a superposition of the ground state and the excited state, which can have nonzero flow of particles
even though the ground and excited states are both stationary.
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Fabrication of Functional Composite Biomaterial as Strong and Elastic Artificial Tendon
Eijiro MAEDA*

This research project was aimed to develop a fabrication method of functional composite material using
collagen and elastin towards the synthesis of flexible artificial tendons. Here, we report our recent progress
on the fabrication of elastin fibrous tissue using an electrospinning method. Through the careful adjust-
ments of various parameters, we have successfully fabricated a thin elastin fibre sheet. Tensile tests were
performed to characterise mechanical properties of the elastin sheet. It was demonstrated that tensile
strength and elastic modulus was 0.041+0.008 MPa and 0.057+0.015 MPa, respectively.
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Development of Stable Polycyclic Aromatic Hydrocarbons with Narrow Band Gap

Norihito FUKUT*

Establishing a rational design guideline of conjugated hydrocarbons with narrow HOMO-LUMO gaps
is attractive for the development of near-infrared (NIR) absorbing dyes and redox active materials. In this
work, the author synthesized indenoperylene and its 7-extended analogues as well as dibenzo[4,f]rubicene.
These aromatic hydrocarbons exhibited not only substantial stability under ambient conditions, but also
full-range visible light absorption. The current work offers new guidelines for the design of stable poly-
cyclic aromatic hydrocarbons with narrow band gap.
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Development of Metal-free Near-infrared Light-emitting Devices with Unique Functions
Masahito MURAT*

Fluorescent dyes showing emission in the near-infrared (NIR) region are useful and attractive molecu-
lar tools for high resolution imaging of biological tissues. However, it is known that there is a limit to the
conjugation length and that simply extending the conjugation is not enough to exhibit fluorescence in the
NIR region. The novel design strategy of electron-donating and -accepting units that can reduce the
HOMO-LUMO gap with the small 7-conjugated system is the key to develop efficient NIR emitters. In
this study, the author focused on the Donor—7—(Acceptor), structure as a motif for this purpose. Suppres-
sion of the nonradiative deactivation process was expected by bridging one of the acceptors with a main
conjugated system, and increase of solubility was envisioned by introducing a bulky dimesitylboryl group
as the other acceptor unit. The organic dyes synthesized based on this concept showed NIR emission in
various solvents with high quantum yields.
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Development of a Mononuclear Mo Complex as a Photocatalyst
for Selective Photocatalytic CO, Reduction and Their Mechanistic Study

Jieun JUNG™

Carbon dioxide (CO,) is cause of global warming, while it is an attractive carbon source because of its
cheapness, low toxicity, and abundance in atmosphere. Recently, reduction of CO, to useful organic
substances such as formic acid (HCO,H) and carbon monoxide (CO) has attracted much attention to solve
global warming and fossil fuel shortage. Herein, we reported that a new molybdenum (Mo) complex
bearing a PNNP-type tetradentate ligand as a mononuclear self-photosensitized catalyst which is based a
non-precious metal showed catalytic ability towards CO, reduction to produce HCO,H as a main product
under visible-light irradiation. Their mechanistic insights have been studied by nanosecond transient
absorption spectrophotometer, EPR, and UV-vis measurements to detect the intermediates.

1. Introduction

Photocatalytic CO, reduction are attracting extensive interest since photocatalytic conversion of CO, to energy-rich compounds
could occur under relatively mild conditions without any salt waste.' In particular, formic acid (HCO,H), which could be produced
from CO, reduction as a fine chemical such as a fuel in a direct formic acid fuel cell (DFAFC),” can be provided as a valuable energy
storage source. However, for the reason that the homogeneous photochemical reduction of CO, is basically difficult to control multi-
electron reduction, a two-component system using a transition metal catalyst, photosensitizer, and sacrificial reductant or supramolecular
system has been a typical approach to achieve photocatalytic reduction of CO,. There are some of examples of single-active-site
photocatalysts which function as a both photosensitizer and catalyst for CO, reduction based on noble metals such as Ru and Ir.**
However, most of single-active-site photocatalysts for CO, reduction gave CO as a major product and the single-active-site photocatalysts
consist of base metals are very rare. In a previous research, photocatalytic CO, reduction using a (PNNP)Ir complex in the presence of
a sacrificial electron donor continuously gave us HCO,H for over 1 week with a turnover number (TON) of 2560, indicating the Ir
complex bearing a PNNP ligand is robust enough for the photocatalytic reaction.” However, use of the more earth abundant metal
complexes as photocatalysts for photocatalytic CO, reduction is still desired in terms of economy, sustainability, and green chemistry.

Herein, we introduce a new tetradentate PNNP-type

R Photoreduction

Mo complex (1) as a first example of a Mo
Insertion of a bulky ligand

photocatalyst without an additional photosensitizer b y aebial
— Prevention of dimerization

for CO, reduction to give HCO,H and H, in the
presence of an electron donor, 1,3-dimethyl-2-
phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH), in
a dimethylacetamide (DMA) solution under visible-

Strong coordination
— A robust structure

light irradiation. Scheme 1. Photocatalytic reduction of CO, with a Mo complex under photoirradiation
(A 2400 nm)
2. Photocatalytic CO, reduction
Photocatalytic reduction of CO, was examined using the Mo complex 1 in the presence of BIH as an electron donor under photoirradiation
(A>400 nm) at one atmospheric pressure of CO,. The amounts of products increased as the reaction solution was irradiated for a longer
time, reaching turnover numbers (TONs) of > 173 and > 68 for HCO,H and H,, respectively, at 120 h. When a small amount of H,O
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was added to the reaction solution, the reactivity increased to furnish TONs (a)

of > 413 and > 235 for HCO,H and H, at 120 h. Negligible amounts of ° Syl T ..)::“T" %{é
products were produced in the absence of 1, CO,, or light as the control -0.02 b ./.._-. :/‘

experiments. A labeling experiment was performed with “C-labeled CO, @ 004\ \ ..° /f

(°CO,) in a “CO,-saturated mixture of DMF-d,/H,0 (v/v = 199:1) to 3 T f T
determine the carbon source of the products, revealing that the CO, gas was -0.06 / ——10ns
the source of the carbon atoms in the generated HCO,H. -0.08 | 50; :38 2:
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3. Mechanistic study Wavelength, nm
’

The mechanistic insight has been studied by nanosecond laser flash

photolysis, EPR, and UV-vis measurements. The nanosecond transient (b) 170

absorption spectra of 1 excited at 450 nm exhibited appearance of 160 |

characteristic absorption bands due to the triplet excited state (7)) of 1 0

(Figure 1a). From the decay time profile of the absorbance at 500 nm, the ‘:c_a 160 |

lifetime of the 7', excited state of 1 was determined to be 7= 8 ns at 298 K. % 140 |

The decay rate of the T excited state of 1 increased with increasing -

concentration of BIH (Figure 1b). The rate constant (k,) of photoinduced WHL

electron transfer from BIH to 1 was determined to be 5.2 x 105 M s™'. In 1201 . . . .
0 10 20 30 40

order to detect the intermediates of photocatalytic CO, reduction, EPR
P yie M [BIH], mM

measurements were performed before and after photoirradiation of an Ar-

saturated DMA solution including 1 and BIH at 173 K. Upon photoirradiation ~ Figure 1. (2) Trans(iie;t absorption Sp:;’ga] C_ha“g(:’s afte;
nanosecond laser excitation at nm 1n a deacrate
of the reaction solution, a new EPR signal (g=2.003) was observed DMA solution of 1 (0.1 mM) at 298 K. (b) Plot of the

corresponding to reduction of the ligand, Mo"(PNNP)". The formation of decay rate of the absorbance at 500 nm (kops) due to the
. . . d f th ited state of 1 vs th trati f
Mo"(PNNP)"~ was also confirmed by UV-vis spectral change of 1 in the ceay of the excited state of £ vs the concentration o

BIH in a DMA solution at 298 K.
presence of BIH under photoirradiation.
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Novel p-GaN Gated AlGaN/GaN Diodes with 0 V Turn-on Voltage to
Achieve High-efficiency Rectifications for Energy Harvesting Applications

Yuwei ZHANG™

An AC-DC rectifier was demonstrated with extremely low turn-on voltage by using p-GaN gate Al1GaN/
GaN high electron mobility transistor in diode configuration. The p-GaN layer thickness is tuned to yield
nearly-zero turn-on voltage for the p-GaN gated anode diode. In addition, ohmic p-GaN gate electrode
was employed which enables high on-state current which sums the HEMT current and the p-GaN gate to
2DEG channel current. Full-wave rectification was achieved from 0.18V. Furthermore, a novel two-step
p-GaN mesa is proposed to further enhance the on-state current without affecting the turn-on voltage.

1. Research background

The next-generation power rectification circuits require rectifiers with low turn-on voltage, high on-state current, and high
conversion efficiency. Up to present, none of the demonstrated semiconductor diodes are able to operate at 0 V turn-on with low
power loss. In this report, we demonstrated an AC-DC rectifier with extremely low turn-on voltage by using p-GaN gate
AlGaN/GaN high electron mobility transistor (HEMT) in diode configuration. The p-GaN layer thickness is tuned to yield nearly-
zero turn-on voltage for the p-GaN gated anode diode. In addition, ohmic p-GaN gate electrode was employed which enables high
on-state current which sums the HEMT current and the p-GaN gate to 2DEG channel current. Furthermore, a novel two-step p-

GaN mesa is proposed to further enhance the on-state current without affecting the turn-on voltage.

2. Experiments

Fig. 1 shows three types of the fabricated devices. Based on the OV Vth p-GaN gate HEMT in our previous work ), p-GaN gated
anode diode with 35 nm p-GaN/16 nm Alo.25Gao.7sN (Fig. 1 (a)) was fabricated. Furthermore, four identical p-GaN gated anode
diodes were monolithically integrated to form a diode bridge for full-wave rectifications (Fig. 1 (b)). To further enhance the on-
state current, a two-step p-mesa is embedded for the p-GaN gated anode diode with 60 nm p-GaN/21 nm Alo25Gao.7sN epitaxial
structure on a SiC substrate (Fig. 1 (¢)).

54 4pm ) p-mesa Il p-mesal

. 36pm 18m

H' oy

i Cathode

.GaN 12um Cathode
P 35nm 4y 40nm p-GaN 60nm 3]

Alo.25Gao.7sN Alo2sGao7sN
GaN

Fig. 1 Schematic device structures for p-GaN gate anode diode (a), p-GaN gate anode diode bridge (b), p-GaN gated anode diode with two-step p-mesa
and their corresponding microscopy images.
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3. Results and discussions

Rectification characteristics of the gated anode of with 35 nm thick and 54 pm long p-GaN was demonstrated in Fig. 2. Half-wave
rectification was achieved without any signal distortions at an AC input signal of 1.5 V. Thanks to the low turn-on voltage by our

p-GaN designs, nearly zero-crossing is clearly observed for the gated anod
could be rectified which is able to reduce the power loss.

(a)

e diode (Fig. 2 (c)), i.e. even close to 0 V AC signal

p-GaN gated (b) 20
anode diode L5}

Input ’\D load E -0.5

[

0.5 1.0 1.5 2.0
Time (ms)

25 06 07 08 09 1.0 1.1
Time (ms)

Fig. 2 Testing circuit schematic (a) and half-wave rectification operation with a 1.5 V AC input signal for p-GaN gated anode diodes with a Vth of 0.05

V (b). The box in (b) is magnified which shows nearly 0 V crossing (c).

Fig. 3 shows rectification characteristics of the diode bridge IC. Full-wave rectification was achieved at an input signal of 1.5 V

without any distortion. In particular, the rectifier can operate properly at an input signal of 0.5 V as shown in Fig. 3 (c), which is

impossible for the current Si diodes. Furthermore, an input signal as low as 0.18 V can be rectified (not shown here).

(a) B 20

AC input D1 D2

@ DC output

D3 D4 load m

Voltage (V)

0.5 1.0 1.5 2.0
Time (ms)

Fig. 3 Diode bridge testing circuit schematic (a) and 2 kHz full-wave rectification for th
V (b) and 0.18 V (c¢). The output signal in (¢) is magnified by 5 times of (b).

Fig. 4 compares the I-V characteristics of the gated anode diodes with and
without p-mesa II. The p-mesa II device turns on first due to the electron
accumulation under p-mesa II region and a linear increase of current to 90
mA/mm at 3 V, which is significantly offsets the low-current drawback of
the conventional long-gate HEMTs. This could result in an undistorted
AC-DC rectification even with low input signal, opening up opportunities
for future energy harvesting applications.
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Development of New Molecular Conductors Based on Polyoxometalate
Kazuhiro UEMURA*

Keggin or Dawson-type polyoxometalates were mixed with amidate bridged tetranuclear platinum
complexes or trinuclear platinum and palladium complexes to obtain one-dimensional structures alternated
two kinds of composites. The single-crystal X-ray analyses and several physical measurements revealed
that the metal oxidation states have mixed-valency with unpaired electrons. ESR showed that the unpaired
electrons were present on both the polyoxometalate and the tetranuclear platinum complex in the Keggin-
type aggregates, and on the tetranuclear platinum complex in the Dawson-type aggregates.
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Reinforcement Learning Based Code Rate Control in Dynamic Communication Environment

Shan LU*

The error correction codes add some extra data to a message used to recover the corrupted data in the
communication system. The code rate is the ratio of the original data length and the transmitted data length
and varies to grantee the transmission performance in the communication environment. The switches of
the code rates in the dynamic channel environment cause a considerable transmission delay. Therefore,
this research project adopts a code rate control algorithm based on Reinforcement Learning (RL) approach
to optimize the average transmission rate to balance the time delay and transmission performance.

1. Introduction

In the communication system, communication channels are subject to channel noise during the transmission
from the source to a receiver, and thus errors are introduced to the transmission data. The error correction
techniques add redundancy data to the message to detect such errors, while error correction enables the
reconstruction of the original corrupted data. The code rate is the ratio of the original data length and the
transmitted data length, which usually switches based on the channel environment. However, in the dynamic
channel environment, the frequent switches of the code rates cause a considerable transmission delay.
Therefore, the objective of this research is to balance the transmission time and performance.

Therefore, we propose a code rate control algorithm based on RL in this research. The main idea is to
optimize the average transmission rate by decreasing the number of switching times of code rate at a required
performance level, that is, to maintain a constant code rate at a specific transmission time. The problem is how
to find the optimal constant code rate in the dynamic environment.

First, we define a Markov decision process (MDP) model for the transmission model. Then, to get the
optimal code rate, we use supervised learning to train a specific code rate selection Q-table, representing the
expectation of the future reward for performing a code rate under a particular state. Then, a reinforcement
learning algorithm is developed to find the optimal selection of coding rate. Eventually, the simulation result
shows that the proposed code rate selection algorithm significantly improved the average transmission rate in
a dynamic environment.

2. Reinforcement Learning based Code
Rate Control

Action:R

- Noise
Channel

Figure 1 shows a framework that incorporates

a communication system and a RL algorithm to - . Reward
. . Reinforcement ; : : Reward Channel
select the optimal code rates for a dynamic Learning Observation \ |Approach "= Decoder
environment. The environment part is the com- Algorithm (State: {SNR, R}) |
Agent Environment

munication system Wlth a channel GHCOd?r and Fig. 1 Framework of code rate selection based on RL in dynamic environment
decoder and a dynamic channel. We categorize the

dynamic channel based on characteristics and parameters into three classes: high, medium, or low dynamics channels
and define the specific transition probabilities. Then, we obtain an MDP model of the transmission model based on

the dynamic channel model.
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The agent aims to provide an optimal code rate to the environment. Supervised learning is applied to learn
a Q-table on the defined MDP model. In training, the environment part first feedbacks a reward to the agent
for each transmission based on the block error and code rates. Then, the agent applies the proposed
reinforcement learning algorithm to efficiently update the policy to provide optimum code rate selection under
the current environment. The learned Q-table represents the future reward's expectation for performing a code
rate under a particular state, which shows the optimal code rate selection to cope with the dynamic environment.

After training, based on the Q-table, the agent controls the code rate of the transmission part under the
current transmission environment. The encoder switches the code rate and sends the codeword to the channel
and decoder after receiving the new code rate from the agent.

3. Simulation results

The LDPC code [1] with a codelength of bits is used for error correction in the communication system. In
the training proceeding, 12000 blocks LDPC codewords are transmitted for training. After training, 10000
blocks LDPC codewords are transmitted for evaluating the performance. Let the transmission time per block
be 1 ms. The code rate switch costs 5 or 10 ms.

Table 1 The comparison between code rate control with RL and without RL.

WithRL |  Without RL WithRL | Without RL
Code rate switch cost (ms) 5 10
Number of switch time 5020 22762 5020 22762
Switch time delay (ms) 25100 113810 50200 227620
total transmission time (ms) 125100 213810 150200 327620
average transmission rate (ms) 609 377 504 246

Table 1 shows the number of block switches, total transmission time, and average transmission rates using
the leaned Q-table. For comparison, the scheme results without using a Q-table are also shown. The table
shows that the time delay obtained by using the Q-table is much smaller than without using Q-table. Therefore,
the code rate switching algorithm can avoid frequent and quick switching of the code rate for the wireless
communication system in the same period. Furthermore, the average transmission rate obtained using the Q-
table is much larger than without Q-table. Therefore, we have that the proposed code rate switching algorithm
can significantly improve the average transmission rate.

4. Conclusions

We proposed a code rate control algorithm based on RL in the dynamic channel environment to balance
the transmission time and performance. The proposed code rate switching algorithm based on the training Q-
table can significantly improve the average transmission rate.
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Rapid Cytotoxicity Detection System Based on Disruption in Epithelial 3D Structure

Ryohei UENO*

Drug-induced nephrotoxicity assessment relies on general cytotoxicity assays to make measurements
at arbitrary time points. Therefore, a method to evaluate the dynamics of nephrotoxicity is required. We
developed a proximal tubule microphysiological system (MPS) integrated with ITO electrodes to measure
trans-epithelial electrical resistance (TEER). Time course of TEER was monitored when cisplatin was
introduced into the top or bottom channels. We detected differences of cisplatin-induced nephrotoxicity
depending on cell polarity. These results indicate that TEER measurements in the proximal tubule MPS
can evaluate drug-induced nephrotoxicity in real time.
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Fabrication of Defect Centers in Solid on Quantum Telecommunication
by the Temperature Dependence of the Ion-plantation
and the Optical Estimation of its Defect Centers

Toshiyuki TASHIMA™
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O, BEFPHENSNLIEL D, BUE, ZOETFHHIROBEKRE LTA R0 T 2ROV RBATH LN, b
D% 1E, AR (0.6 ~ 0.8 um#Hy) ITRIEHEMEE . T, BTRERE LTS TWE LA YEVR
POEFEGKRMETO (CLF, NVHRL) 1, SEEELSBEFAE L Oabt—L U AREN (R YA —4—) L)
BEND A, Sl EEIE, RlRo X 5 I RKO 0.6 um ~ 0.75um TH 5. TS OFHNIE TORIEIE,
fETHEDDIRN LS um i (10 km T3 dBREE) ~GEELWMT 2MLENHD. ThiE, A2 LD ORFHROE
BN EEHREOBRRER T, Thwx, LSumR CEIET 2104 4 2B Tk sl sns.

BT, #A4YEY FPICA AV IEASHET U 7O Er Kiat (BUTF, ErVHd) 75, #FiRICBVTL5um
WOREPHRINSEY. ZORD, FA4YEL FHOEVH LS ETFIHEOH -2 EHE LTRSS Tns. L
DU S, ErVHULOFEERE D5 S DS EK CH—ErV LI RN R SN TE 53, BIEFEICE L TR
FRIAZRER T DI\,

AMFFECIE, FOLMMERTRIC T 7287272 057k & L CErV L OVERLRTFE TIT 9 44 Y& RE~DE R 7O A 4
HEAZEBET D, &5, NVFLOERIZEWTA AU EAREZ LI D ERNMENRKEL 2D ERMESN
2. FZT, XAYEY RPIZEA AV ETEAT D EEORENENV PLOFRNRE I RITTREBLFHL L LI,
Z OFEFENIE & FFO BrV K0 & AW o E— Erv L OB A B 5.

2. HERA

ARG T, XA YEY RPICER 2 A AV IEAT 5 & & OREE 22 S8 TERLL 72 ErV b b OFETREE IS
B L CONPREFMZ T 72, XA VEY RPOXRMTOEERST D ECEEL DA 4 UIEASME, A4 EA
& (EEE), A AU FEARORE, 7=—/VOREELRHTH D, i, NVH.OLOA A U FEAREIS X0 RRHE
BEDDZ ERHREINTED Y, EVHLTY Z DA 4L AR % 600°C & 800°CIZ LTT >4y 7LD ErV 0
B A AT o7, 2 A YTy REMRIT, ®WHL[100)EZ o4 A PEY REFER L. A0 EANE, 4477 /'y
B—ITHE LT, A AU AR, 2x10%em’ A= —IZREL, 7 =—/LORE L FRIE, 800°C T 1MFHE: & L7z,
F7o, BEZBEMEMICEILESET =— 1 Lz, fERUTZ o 7V O F R, BIEO B L — I —BUsET 2
AL7z. BhE %980 nm L — W —Z A L, FhlEMEIX30mW & L7z,
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3. HRAR (a)

A YT REWRIE, VA XN2mmX2mmX1mm T, [#HIT)L
[100] ZFFo XA VvEY REHEH LA AV EAEITHTZ. XA YT
VOREMIE, RERDND XL OITHIZEIY RITFE AN TITo 1.
EDOFA¥EY FERSA A EARIE, 2X10%em’ 4 —#—T
fTote. ZOEE, #A4YEY FEME 2T, 1A AR (b)
DIREE %, 200C & 600°CIZFEE LITo Tz, E£iz, 44V HEAEZD
7 == VAR, 2BEREALEL TITVY, 600°C, 800°C & 45537 D
Tol. 1@ &M, T=—LHEOLA Ty RIEROTE L
FERERONEWMBE T B 2R . A A EAROEEZ 600°C T
ol A VEY REKITE, RENVEL LTV DLO0RMH RSN
oo ZHUE, BHCTOXA YEY RIERORALDBIEF I L D>
T2 ENHERIEND. —F T, A4 EAREOREZE200C & L
A YTy REMRIE, BRAGITD R WREFHERNR > TVND D
EDFERE ST, LARIA A U EARFOIRFE 2 BB L2 v o 7ol &
FEAERBMMIIEHLTUIEDLL W ERbhoTo. LM LR
b, WEZ EF5Z LT, A4 VEAR (10%wm’ A —4—) 2% 91 (8) s s F . ()
SLTHIZ > TWEREDBELRS, A A HEAREN10%em’ 4 — :—/1/%&0)5'*4—\7:&‘/F%#ﬁéﬁ:@j‘ﬁ?%ﬁ’#&ﬁﬁg,
A—THbRIDZ LRy hol. HEAL—F—BMEIC LY X (c) PMRBEHAIRG DX A X E L MR T
far L OFHMIZ Tl C, EmOKRICOREEZBURIRIZ LV T2,

ZOREREZH () ITFT. 200CTA AL EAEIT 12778, 600°CITHE~NTA A EALTZEBATE L TWARWBETE O
ZENIEISED L TND.

Wiz, EERL—F ML AT, BNXOMRZITo7. NI 23980 nm 2 FF>CW DS (3RF: 30 mW)
%200°C £ 600°CTA AL EANLIZT TV L2, 6000CHOY > 7k, XA YTy FEKRFPICER S 7BV H$
DNSDFIETBNTE o7z, —HT, 2000CDOY o FAnBIE, ErVILMhSDRNEABR L. £72, 44
HEARFOIRE % @IRIC LR WEA LT, RIEPONS ORI L7722 L THRT— X = [ZL VD HEE (~500uW)
BB CE /o EEVHLO D ORIEDERT D720, FiEOmMEEZZE(LSEH 2 LT, BAMELIE L. ok
FREEDS, 20uWRRIE OBE BN HER SN2 Z ED L REF LN OO THDL EEZLND.

200°C 7 767(507;(:
(c)

200°C 600°C

4. $EH

AFPEANGOREEZEZHZETH, A A VEABEEZRO L THRETORIEBWMLIEZ D Z LRI N,
UL, AFUEARRHCB T AREFEN L 25D 2 72T TR, AFVIEAROREZZ(LEIES 2L TR HKHE
DBERENFBELTCND EEZDLND. D), B—0OE REHOOMERICHT T, 44 EABORIEITINA
T, AAVEANOBREZMET LI ZENEETHDL I ENbroTz. e, 200CTAAVEALET VT Ad
Er KR D OF AR T & 7.
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Strain Engineering for the Development of a Ferromagnetic Europium Compound
and Elucidation of its Unusual Large Magnetic Anisotropy

Hiroshi TAKATSU™

A compound containing elements with a large orbital angular moment L exhibits a large magnetic
anisotropy (MA) due to the influence of spin-orbit interaction. Therefore, it has been generally accepted
that MA tends not to appear in compounds containing Eu** and Gd** with L = 0 among rare-earth ions.
Contrary to this tendency, we have recently found that the anion-ordered two-dimensional compound
Eu"V™O,H exhibits a MA comparable to that of Nd,Fe, B, but the key factor of it is not yet clear. In this
study, to elucidate the mechanism of the MA of EuVO,H, we performed the magnetization and X-ray
absorption spectroscopy measurements on single-crystal films with several film thicknesses. Together with
the high-pressure study for EuVO,H powder samples, we realized that EuVO,H exhibits the charge trans-
fer between Eu** and V¥, which is likely related to the emergence of the MA of this compound.

1. [FLC&HIZ

AR, CO2 HIRSPBR B A DA [T TR DM BT /S A 2~
DERPFEE > TS, L L, AEROHEMIKSS, ZETEY T
MEHZ I TIE@EE R RIS Z DR oo TE Y, REO A[REME %
OB LUWER, #fiE, ERTFIETIIERB R CRIEH & 72> T 5D
WVEA~KIREINT D 2 L BBEIT 5> TN D RIFETIE, A A 254
FIGEO—FTHDH MRE MR7 I BAVEIG] 12, EXZ2ZXLX—3T
HD [EBIS S 2AEbED 2 ECEH L[], FHmCBEELE
EuVO:H (X 1) ZHY LiF, [RIEICFEBLT 2By ks S8 o A Eu V O H
= A LOFER A BEECHIIE LTz, 16k, v v B0 MEEY) Tl st a'T—“b Q00
THERBN RN T EER L SNTEZ02], AWFEOBEITICE > T i
2Y Y MEAMICEIT BRSO —T 7 7 2 — 5B ST 5 1 BUVOH ORRILE
ZEHHELE.

2. ERAE

AKHFSETIE, SARE, MR, BAHBEOTREMEICE R LTE21T 7. BARBICIE, e RBEEO
EuVO.H O B ib I A ARk L, b XX (XAS) ORIE Z1TV, BRI HEDOFRBIGME 2P 52N
T 52 aR BTz, Fio, BARFED BuVOH % XU & E T T XASTEZTVY, EINSKT D2 b &
IZIBZE LT,

EuVO,H O Hift Sy, LA L—H —HEREIE CA R L 72 EuVOs MR 2 BiBAIZ, 4mKFEb &R R R 7
ANOEZEAT-CTHEBR L2, 10-97 nm F CHRIE DR 55k A2 G L, BRI 222 ~7-. ki
HARD & LT A 4D SQUID BAL I EHERE (MPMS) % AWV C, BRI & B IREEEZIE L-. 77,
SPring-8 ®BLOIB11ZC, Eu Ls Swili 3 & OV KL 5 X BRI 3 e E %17\, Bu & VO a7, HkR
BLOEuVOHIE, @i T (1400, H2(2%)/Ar(98%)) THAK L= Rkl Euv0s Z ik, 4 mkE by

20224E3 H3 H %
* BB A A T —
FRRFERF B TR = A L F — (b5 HL



ISTT TR 2 BB Y T ¥ 2MLEY & Z ORGSO Y 179

EDIRIR MR I W ARG TER L. B SN T-3kHE, SPring-8 ™ BLO2B2 THI I X AR R 24TV, U — b
AL MENTZATVY, BuVOH DIFAEA 7=, e XI5y I E 13 SPring-8 © BL39XU T1T 5 72.
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J? 0)%’% Eﬁ'%ﬂ%ﬁ:#% fﬁﬁﬁ@%%fjiﬁ%ﬁ?é’ 69:40 69I50 69I60 69I70 6980 = é“;lo &3 "‘55“1';0
Z ORER I )T IR OB K 7 T Photon energy (eV) Film thickness (nm)

g CE U, FEOREOBELTIL, B D OIS0
j(ﬁcr: < foﬁ’)f‘/‘é&%i %hé ‘é_f:ﬁbt), %*ﬁﬁ\% 2 EuVOzH@iﬁ%‘a%%H%@XASZNW ]\/1/.

DREZRIEN, Bu QR VOB, % L CE () Eu Lyl it i i ST 05 O XAS 2227 kL. (b) IR
BRI ST PED BRI 70 > TN 2 FIREME A /RIR L T (Kt 5 Eu’ & Bu” OFIG
W5,

EuVOH ~DJGE IR, AL Z5I &I LTWD Z & &2 & LICHfkICT 572, EuVOH OFRAEZ v
THEEFT XAS WEEITo77=. EBRIZFAA YT RT e EZFNT, EABIRICITSY 7 =4 A Vv E2 0,
SPring-8 ¢ BL39XU T{T-7=. Eu Ls WIURICF T D XAS A2 kL% 0 — 30 GPa OJE JHiPH T~/ 58, 20
GPa ®J£7)T Eu¥' b Butt~ K & AT 5 2 L& R Lz, MREEHIE T3 £415 A4l O EuO X° EuVOs
%, ZOEITIMBE L E RS RV, KoT, ZOMEZE(IL EuwWOH IZER L7122 Th . §72p 5, EuVOH
BT E R L, Zhpd, Bur e VIORITYH A MNEMBEINEZ S Z LICERTHILOTHDL Z &N
B omEioie.

4. F¥EO

JE T OARIR b AR X VRIS TE R L 7B B K E (69 EuVOH OREKER T HEDORIRICE B L TR 21T - 72,
FIE TIE R A Y LA O RAINGFeuB ICILHUT 2 K & RBER RGN ER TS, KPFFE T, Rx REEO
EuVO:H Hifi it il & 5k U, Bk & X EIE 21T o 7. £ ORER, BRIEA < BRI M3 58 B9 5 Bifs
FEIIE EEUT O BREL END Z B Dotz Tbb, A TOBMETIMEREB SR E, ZhpR
RO EERAREN M > T D RIBEEIZ LY Loz, AT > 2 ARRE O S E TORENRL S Zh
EXRT OB/, 5%, HRRIIELZ GO S ORDMENEELTHS.
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Opto-control of Liquid-Liquid Phase Separation and Biofunction

Yusuke NAKASONE*

The dynamic and spatiotemporal compartmentalization of biomolecules is relevant for functional
synchronization in living cells. Biomolecular condensates by liquid-liquid phase separation (LLPS) are
actively formed and dissolved in response to environmental stimuli for the compartmentalization. We
recently found that a kind of photosensor protein self-assembles and forms droplets upon light irradiation.
To elucidate the mechanism of LLPS, we performed turbidity measurements under various conditions and
found that electrostatic interactions and cation-7 interactions are the main driving forces for molecular
assembly. CD measurements revealed that the secondary structure is partially unfolded in the light state,
which may be related to intermolecular interaction. In addition, time-resolved transient grating (TG)
measurements detected the formation of small aggregates (nuclei), which may be precursors to the drop-
let formation. Furthermore, we have attempted to optically activate caspase-8, an initiator of apoptosis, by
coupling it with the photosensor protein. Since activation of caspase-8 requires self-cleavage associated
with intracellular condensation, it is likely that similar reaction would be promoted by the light-induced
LLPS. However, all cells with high expression of this combined protein were found to undergo apoptosis
even under dark conditions, which might be due to a complex formation of the combined protein in the
dark. To achieve the light regulation of apoptosis, caspase-8 should be diluted under dark condition and

we are in process of modifying the plasmid for this purpose.

1. #8

BRG T OB TRLFRY 72 B CES Th DI — Ao (LUF TRSBED) 1%, 2Rt 17 & LT, Ml
el N D DX b RN =R 72 SIS S DRgEE 2 5 V. AR At AR SRR IZ W) T O AR BED M BIME D BTG S 41, AR BED
WET Y AL = —FREBR L SR T, TROOMASEIEMOEREEZ XA 2BELHLTHY, ZOHKT
MR A AL 9 & WO FENRAIATON TV S, b LASEEZ RN U Tk 2 e mBl R 2 #AE3 25 2 & 25 FTHE
WU, M BEREE O BRIC R IR D & FIRFIS, BEHRCEA e Ehkx oG CIREE 2 SR B A 25 Z &38R
WCHES 7pv, a3, St =2 U HOFEAOEIRFTIC L Y BOES L TRERAE Y, e 295 LB L

TEIE T2 L&A L (K1, RIER). ZOBRTAWMER
B, TAMAEEIEET A LER | v A U 1 A— MARREOEK ORE
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mCherry Z{ERFCE D EMbhnolz. Leno T, HIKFN 72857
HEZFIRT 2 2 &C, BE LIofia 2e 2 VR0 B e NARICHR L,

st rEs 1 w1 pEg

1 AR TR AR S BB 4.
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2. RS HRIBOREN

ARG BERRE & 2 L UL THI BN T 572018, R U722 27 B ORIE - MEEMRATICIR Y #A 72 GBERE - 28
SLRRAT - FRC etk (CD) JIE - @R (TG) WIE). Ny 77 —RMFE LR TBEMITIC LY, B
RN TF A v n MAEEHPN S FHEEOERE ) TH LD Z LD, & HITEEOZE RIS L MERE A FE
L7z, £72 CDHIEIZ LY, SIS N CUME N EIINCEN D Z L 2P BN Uiz, MRSBEREDS S\ X BT —
MR RIRIEMEREIR 2 2 < B, £ DOFHMEZ R L CE R CEMNRMEEN 2B T 2 2 &2, HOBEBLR Oy 1 I &
FEALNTWD., LIEh»>T, “UMEEDRREEIC LY A& U 2B MRS 5 FERSICHAEARBER FE B2 6N5. EHIC
TG MEIZ LY, o FHES OYMIEEZ R CTRIHT 2 2 SICO BV MAT. TG AT 73 A XITHUR /2R 8UR 5
ZRERH TIRETE 2 FETH Y, o FHOBESERBBEREZIEBIREORMA L LTIRAD ZENARETH S 2. HIE
DOFER, WENE TIIMHTERWVE S NS WESRE () OIRRICLSESHERLN, OV A ALHOE I
DR A, BUEILFEMIZEIC LV, BSOS (NMR) 50 X #vMAEEL (SAXS) %2 FW TR AR O
TCROEMT 2D TR Y, TN DL DORREMET D I & THOHEMAE OFEM 72 2ifif 2 lIA AL TV D.

3. REAMEFALI-ERBRROLENE (TR F—ADREFEHR)

T AR b= AIZEE - BRIR T - FATR DA O B o AT A
WCRVBI&EZ Sh, ZOHRTIENEEIZH 5 Caspase BElL 7 07 7 —F
ELCOBREE AT D (K2). MLy 7 BN mR (B R 7 E) &k
MAbd 2 L, BAtRINT-Coh 2D Caspase-8 D3 K L O EAERIC L 0 Mikafkr)
WZRTEAET 5. 2RI K DEHEDS Caspase-8 O HCUIWT&2/E L, 7&K h—
ABRFETHENMBNTND D, 2 TARIETIT Caspase-8 (2 BlE
P& Ry B AL, SRR X B IRMEV R AR L7 iE L & R A T

(Caspase-8 1ZIEMALIFD H CLEIWHZ L 0 M BEE X R VB & LIRBET 572

Fas A4 A Fa R
NP
Caspase-8 g Caspase-9

Caspase—Sl ' . EET
SFFED

TR G (m) RTEF

THE—Y R
B2 7K h— o AR B,

O, WHIMTIEB L, MlsEE 9 L WS iuiz). UL, Jeroirk & >
/X7 L Caspase-8 ZiHifE L7t D% HeLa MIIBIC RIS E- L 25, REE
DOEWHIFIZETIEEMFICB W TH TR b=y 2 &R 242 L b o7z GEREIFSE) . LR T CoREIRIZEI YY)
DTTRRN—VAEFET L 2R LEN, BEGETHL—MBEEEREK L Caspase-8 ZIHEMHAL L7720 &H5 26
B, HEELRICBUW T H A EEE 7 o R BN EAEREIRT 5 Z LRSI, KEGIFIZEU T Caspase-8 DI
Z M9 5 72121, Caspase-8 &3k L TV WIS BENE # o 87 B A2 BN R S D MERHDH 2 L AVREBE STz,
TR XY, BESEClE Caspase-8 # AR L TR X, MRFHZ L2 RMCTT AR h— ADOFFENFREIC /2 D L WiIFF S D.
ZOERBUTIANF TT I AI FB L OB FHEAEORR 2D TN 5.

4. ®E

FADBEIBER & L CORLITMHRN TN D b DD, £ 05 FHERECABBEREOFMIIARMA 2 i3 2. HoHEZ
T % 5 FEHED EMRCFR o BEO RS E e fl N e = L3, TOERERTH L. KHADBEEY 7 EIZZ 6 O
B iy 2 T2 D TR Y, 5% ZOREHGUTHSBEO AT A THE 2. RS, SLERY:
DREIC LY, 2R AMBLRDHE TR AR RICZEA Lie. TERIEITHRFE O 5 TS/ M EERICE R Licsy
FREHETT O OITX LT, ABEIBAMSBES WO o+ 0 THEGIREE) 2RI L L5 &3 2808 Tho. 295 Lz
DRI T o ZZFIMT 5 2 & T, RIS OR={L72 EISHIEO @ W ORIH AR S D .

5. B

AWFIEE, AEEMEE NS HELEVTSeRT, SHETR A 7 —FIEB RO 3o b LEfTI3nE Lz, 2 b)IHEK
T (NMR 7)), /N (SAXS fi#h7), &ML EL Gkt & ofFEIETHH, mERERFGILSE
MRRIOFIBIEF B IR0, BboZ 7 KA v AN—ItELBILHL BT ET.
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Magnon Current and Optical Response Due to a Spatial Correlation
between the Radiative Field and Magnon Excitation in Magnetic Nanostructures

Tomohiro YOKOYAMA*

Spin wave is a collective excitation of magnetization. Its quantum is called magnon. The magnon
carries a quantized spin angular momentum, hence the radiative field is coupled with the magnon strongly
when the field is spatially designed. In this study, we reveal an enhanced and functionalized magnon
current and a peculiar level attraction-like spectrum on the optical reflection based on a spatial design of
radiative field by the dielectric constant of nanostructures, the spatial correlation between the radiative
field and the magnon, and the magnon-magnon interaction. These results contribute to an emergence of
structure-induced cross-correlation between the magnetic and electric fields, exciton (polarization), and
magnon (magnetization).
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Elucidation of Heterogeneous Reaction Kinetics in Photomechanical Materials
Using Hyperspectral Imaging

Hikaru SOTOME®

Photomechanical crystals are one of promising materials applicable to actuators and soft robots show-
ing mechanical motion without electric circuits. In the present study, toward the full elucidation of hetero-
geneous reaction kinetics in photomechanical materials, we developed hyperspectral imaging apparatus,
which enables us to track time evolution of photoreactions with a spatial resolution. The application to a
photomechanical crystal visualized the cooperative effect on the reaction in the crystal and quantified the
reaction enhancement due to this effect.
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Stereodivergent Synthesis of Unnatural or-Amino Acids by Electrophilic Amination

Koji HIRANO*

o~-Amino acids are prevalent structural motifs in many biologically active compounds and pharmaceu-
tical agents, especially peptide drugs. In particular, unnatural o-amino acids have received significant
attention in a field of peptidemimetic strategy. The almost all developed protocols for the synthesis of
o~amino acids rely on the nucleophilic amination with the parent N-H amines. Here, we report an umpo-
lung approach to the o~amino acids: the copper-catalyzed regio- and enantioselective hydroamination of

acrylates with the electrophilic amination reagent of type N-X (X = leaving group) is described.
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Nanoscale Photochromic Reaction and its Application for Optically Driven Transistor
Takayuki UMAKOSHI*

Photochromic materials have attracted much attentions because of its unique properties. In particular,
it can be converted to insulator by visible light irradiation and to semiconductor by ultraviolet light
irradiation, reversibly. This unique characteristic enabled development of transistors driven by light.
However, it has been long-standing challenge to miniaturize the optically driven transistor due to the
diffraction limit of light. In this research, we develop a method to induce photochromic reaction at nanoscale,
and also aim to apply for the nanoscale optically driven transistor.
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Mechanisms of Cell Chirality Formation Induced by Chiral Actin Dynamics

Mikiko INAKT*

Many organisms show left-right (LR) asymmetry in their external and internal structures, and the LR
asymmetry formation is important for their normal development. It has been shown that individual cells
constituting a tissue have an intrinsic laterality called cell chirality. Cell chirality was first discovered in
the hindgut of Drosophila embryos and has been found in various cell types from various species under
culture conditions. In Drosophila, cell chirality has been shown to have important roles in the left-right
asymmetry formation of the tissue. in vitro systems, the directional actin fiber dynamics has been
implicated in cell chirality formation. However, it has not been clarified how the chiral dynamics of the
actin cytoskeleton can induce cell chirality in vivo. In this work, I try to elucidate the mechanisms of cell
chirality formation by molecular chiral dynamics.
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Development of Purely Organic Phosphorescent Liquid
Utilizing Molecular Conformational Dynamics

Yosuke TANT*

Phosphorescence is a fundamental and unique luminescence phenomenon that involves spin-flipping.
In particular, metal-free organic room-temperature phosphorescence (RTP) is desirable considering sus-
tainable development. However, the RTP efficiency and the flexibility of the material are in a trade-off
relationship. Herein, we aimed to develop purely organic liquid RTP materials based on flexible thienyl
diketone scaffold. As a result, liquefaction-induced organic RTP has been achieved for the first time: the
crystal is non-emissive while the supercooled liquid exhibits RTP, thus resolving the trade-off relationship.
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Exploration of Halide-based Na-ion Conducting Solid Electrolytes

Saneyuki OHNO™

Solid-state batteries have attracted broad attention as a safer and better-performing alternative to
conventional energy storage devices. Toward the commercial applications, it is a prerequisite to have highly
conductive solid electrolytes which can establish stable interfaces with other components. Although the
main-stream classes of materials for solid electrolytes have been ion-conducting oxides and sulfides, ion-
conducting halides have recently emerged as a new class of promising materials. Oxides are chemically
and electrochemically stable, but it requires a high-temperature treatment to establish sufficient ion transport
pathways. Sulfides are more conductive and processible at room temperature, but their electrochemical
stability, particularly oxidation stability, is limited due to sulfur in the structure. Meanwhile, halides possess
relatively high ionic conductivity, are mechanically soft like sulfides, and are more stable under oxidative
conditions. While highly conductive Li-ion conducting halides have been recently discovered, few materials
are known to conduct sodium ions. Motivated by the fact that both lithium-conducting and sodium-
conducting oxides and sulfides exist, we explored Na-containing halides and their transport properties to
find Na-ion conducting halides.

1. ¥8

1991 FICRGI & LCHCH 72 ) F U AL AU BMlE, ZORWTRLF —EELZ KGR E L2 T&, LaLE
@ﬁ*??»?ﬂ4xA@ﬂﬁk%&K¢W\i@ﬁéﬁﬁ%bﬂéi5ﬂ&of%to%uﬁﬁ@%@»ﬁ%6hé
TEMRRIT PTRME T, B\ EZ i & LB RMICREBET 2 b 5, £ 2 THEL TE ok iHRE BT 2Bk E T
B FOERNET X LD E %W@ﬁﬁk@é%%ﬁlw RE TS, VF U LA AR O
(LB DR BAE R T T2 TR A 72 ST E 203, 20184 IR LP RAL L A H /) 7 S WA RIC L v &
w)?7A4ﬁ/m%E%%ﬁT%@;kﬂméhfuhxAﬁﬁym%%%tﬁﬁﬂﬁkbfﬁﬁéhfwéi%ﬁ
OMEEIC IR & 5, LR OMBHIBHE R &L, TOXLNIPACERTHLED L Z & THICA 4
DARENRAZ WD Z L NARETH D Y, *%E¢@Eﬁﬁ@ﬁ§1t@{iﬁi1ﬁ< BIEFIN TR ICBERAL NG+ 5, —JiT
AL B B L 23 i < L JAWVEENL TLE TH D03, B OE < b AWEEMEFERIC . il & A A U AZE 2 O
%mef®%é7mtzbﬁkéﬂéo_®;O®Hﬂ@¢%#AB7/ﬁHHT%éOmW%MWﬁkiﬁﬁ%ﬁ%
RFFL. [REEZOH OB, FEEIZEEN CEMET 5 IEMFE & @ compatibility $ SZBAIC RSN TN D

WAL SCERALICVCH T 2 A A ANAREEEFFO U T U LA F ARG 1 7 AR B8HT 5 — ) T, %wﬁﬁﬁéﬁ
OF U U AA FARE N T AEIIRTE RO > TR, UF U A ET U U AOLFEIREICHRENZ N O
L BRI BN TR WA AR E A RFFT 5 V) T U MR - N U U ABEEPIRITHFIET S &0
ﬂ%ﬂf%é:k%@%&bf\Kﬁ%?mnmﬁym%¢®+%UWA4ﬁVE§%ﬁAWHthh%®W$%ﬁ
STy MTHBED T4 ODEHEREDSE AsBXe DML 2 M EREICER Lz,

2. AsBX.EIFTHEE : AL HMXDEA

AsBXe DR T I DM BRI 2 & &2 Fpo a7 AL FEST D, AW /7 I I EEZROCTEWA
AREE NI X072 LisYCls (space group of P3m)IXI N Jibfii&E 2Rt U F U LA A4 X LiCle Nk &Y . 20
MaERy 7L TBENT 3, UFULET MY UAICEZEZ /- NasBCls 123U T H NaCle™ & BCle DME ik 2R & 72
%, NasInCls DA ITIFER N A F REMBEZTY . z = 0.25 O FHEIZIT NaCle D& (Nal), z = 0.5 OEHMNIZIE
202243 H4 H 28

*RHPATA A T —
TN RZR A T2bif T Beat AL 275 1




NBT Y RTEFEE GO F MY A A & AREERERE OWRE 195

© 27
4} D\tL ]
6l Bg NaysYosZrosCle |
= Uy f—
w o oy |
= NasYClg Dggaz.smo.szrozc'e
b ~i2p D%ﬁn a ]
) al n*E\NaalnCIsBr
16t o B
NaglnClgh 2 oa
18} boo
o
-20

) 28 3 32 34 36 38 4 42 44
Na;InClg (space group: P31c) NazYCly (space group: P2,/c) 1000 T/ K-

B 1 (a)NayInCls O FEIE, (b)Na,YCl OffdEE, (¢) A A MRGEOT L=y 27 my b SRR L7z RO & Tl

NaClg” (Na2) & InCls’ 23R &5 L9 In & NasfiliE &5 (M1aB M), NaInCls N TiZNa¥ A b [E o B2 Na2-Na2
M, +72bbz=05DENFH Th/hE7R25 @14 A) 2 L5, HN TOMRENZEN TEAN T H~OBENXREN T
HDLPHEEIND, NasYCle DFEREEIL, RESBFAEX TN A0 A il (ABBCs:A=Nal,B’=Na2,B=Y,
C=Cl) ERATZENTED (XIb), ZHOLOHEEIZHBWTIEINaY A FEEAEIINal-Na2 i Tie < 725 (4.19 A)
7o, ZROEDIRE N AR D Z N TREND, FEVTAOHEF L Nat A MNIETHEERN I THHZ LD,
EHEIT DT NI U LA LT AMRBERERA A U EEETH D 5E, BAMCRE OB AN X DA MEE M I8
R THD EFHEND, EEIZAD ) 7 I ViEEACTREZ AR L. XFRIEPTIC L 0 S 2 ik, BERFD
A E—F U APEERANTA AUtz itill Lz, TORREEZK 1cloRd, fmEiEH ONa B8 RS20 Tl h
7218V . NasInCls & NasYCls TIENasYCle S £ 0 @A FMREE AR LTz, BIZWTHRORTH, Zrz2 & LRI Bk
LCHEETONaBZBD ST ETRERM ELEZZ END, 220 LA REHEN N TH D Z E0RE S
7o BIE STzt O A IIEE 2 LIS < TRNCHE - TR Y . AEEIREAHBEIE v 7 RERERERERICB N T
LR ek EHEENC R D L E A D,

3. BFAAFTSHOREAAVEE

il AR IE O 2R AL A A VR RAZ TR RIS 2, AR T
DR EACDA A VR LT TRENRY SeshTnd 1, K 2
W, RTET DA A VDO RT v V& FRFEE) Tl L7854 O
BXRERT, REA G ET A VR TEOMAEERREESL &, A
FUNEC DRT v MIRD B~ BT D, ZORE, oW A
F OB OREE L 72> TV 7 (EHE (L= 3 v F—) MET L,
THUTHENA Ak [ BT 5, SIICE XX D 0D bW ERRS
BUVEMA LT R —2FF LT, L, Wit oEHEL Loy ,
WEORERRFTEBLIGE, A A AZEEOH LIFRLAL b0 B2 BT 5 A T3 5 RE(LAA A M

A
I
1
1
1
1
1
1
1
1
1
1
1

A

m

D

>

D, FIATHEWIEME L= 2L — 8L, anR o TR T D 85580 FE TR OBE&.

BFoni-, LVFENCRESEE L T2 AT I 7 ADEEZBWT S
LT A% TS BT AA T IV R A F O~ OISR A D TN,

REFERENCES

1) S. Ohno, A. Banik, G. F. Dewald, M. A. Kraft, T. Krauskopf, N. Minafra, P. Till, M. Weiss and W. G. Zeier, Materials Design of
Ionic Conductors for Solid State Batteries, Prog. Energy, 2 (2020) 022001.

2) T. Asano, A. Sakai, S. Ouchi, M. Sakaida, A. Miyazaki and S. Hasegawa, Solid Halide Electrolytes with High Lithium-Ion
Conductivity for Application in 4 V Class Bulk-Type All-Solid-State Batteries, Adv. Mater., 30 (2018) 1803075.

3) R.Schlem, A. Banik, S. Ohno, E. Suard and W. G. Zeier, Insights into the Lithium Sub-Structure of Superionic Conductors Li,YCI,
and Li,YBr,, Chem. Mater., 33 (2021) 327-337.

4) T. Krauskopf, S. Muy, S. P. Culver, S. Ohno, O. Delaire, Y. Shao-Horn and W. G. Zeier, Comparing the Descriptors for Investigating
the Influence of Lattice Dynamics on Ionic Transport Using the Superionic Conductor Na,PS, Se , J. Am. Chem. Soc., 140 (2018)
14464-14473.



196 FrB I--V-VIEIRAL S8R X B Bt 7 7 A4 M1 0B8R

R -I-V-VIRIEEMFERFICK D
RFEMG T 71 NhiEEFDEIR

Mo & T
Formation of Long-lifetime Bright Excitons by Novel II-Il[-V-VI Semiconductor Compounds
Naho ITAGAKT"

Novel II-I-V-VI semiconductors, (ZnO) (InN), , have been coherently grown on ZnO substrates. We
found that not root-mean-square roughness but “skewness” of the surface height distribution of substrates
is an important parameter to obtain high-quality hetero interfaces between well layers and barrier layers
of quantum wells and thus to realize long-lifetime bright excitons. Furthermore, we observed sharp peaks
from ZnMgO films, which are candidates for barrier layers with wide bandgaps, due to exciton absorption
in photo-absorption spectra even at room temperature.
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Understanding of Precise Homology-directed Repair through in Vitro Reconstitution

Tatsuro TAKAHASHTI™

Faithful repair of the genetic material, DNA, is critical for maintaining cells, individuals, and species.
The fundamental principle of this process is a specific pairing of nucleobases, known as the Watson-Crick
base pairing. Homology-directed repair (HDR) is a DNA repair reaction that heals double-strand breaks
of the DNA duplex (DSBs) by restoring ruined genetic information using a DNA segment that carries
similar DNA sequences (homologous sequences) as the template. The fidelity of HDR is critical for genetic
stability, as HDR between similar but non-identical (divergent) sequences can result in the rearrangement
of the genome. Such erroneous HDR is suppressed by rejecting HDR intermediates that carry mismatches
of nucleobases. Genetic studies in yeast have shown that this process, called anti-recombination or
heteroduplex rejection, depends on the Msh2-Msh6 (MutS ) mismatch recognition complex and RecQ
homolog DNA helicase Sgs1. However, mechanistic details and regulation of anti-recombination remain
still ambiguous, especially in vertebrates, partly due to the insufficiency of in vitro model systems. We
have set up a single-strand annealing (SSA) model system in frog egg extracts and identified factors required
for vertebrate anti-recombination. In this study, we aimed to reconstitute this reaction in a test tube using
purified factors to understand the molecular mechanism of anti-recombination.
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The Genetic Basis of Non-CG Methylation in Arabidopsis thaliana

Eriko SASAKT*

The epigenome, in a particular variation of DNA methylation profiles across individuals, has long been
of interest as a modifier of the genetic code, with “mutations” reflecting past environments, stochastic
events, or genetic regulation. To address this issue, we dissected an inherited epigenetics mark, CHG
methylation (H is C, A, or T), using conditional GWAS approaches in Arabidopsis thaliana. Our study
revealed the genome-wide CHG methylation levels largely share the variation with de novo methylation,
CHH, and are under the control of major trans-modifiers, including the key regulators CMT2, CMT3, MIRS23A,
and a novel regulator JMJ26 that specifically regulated RADM-targeted TEs. These trans-modifiers could
affect natural variation of transposon activity via interacting with a previously identified modifier of de
novo methylation.
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Mechanical Effect on All Solid State Energy Conversion Devices
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