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Fig. 1 Photosystem II in the thylakoid membrane.
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Fig. 2 The S-state cycle and the proposed oxidation states of the
Mn cluster in the S-states. The multiline EPR signals for the
Sy and S, states are also shown.

WS,RREA R TIMHE S T o le i L 7ok, SoRREENR
%o MALIRBEZALICHE, Fig. 21077 L D12 Se & So dk
RBIZ AV S=1/21Ick 4 % Mn @ EPR (Electron Para-
magnetic Resonance) multiline /7" F L6710 S, ¥ kLf
S; JRAETId S=11CH#24 ¢ % parallel polarization EPR ¥/
TFVHEB S AW, 2k To EPR, X #RRIRGE
TRWIHIEL D, Se—>S1, S1—S; @FE Tid Mn A 4/
DN, TOWANWEEEILKRIEILS 2 Mn (1I1),
Mn(IV), (3flico> Mn2 2 & 4{fido Mn 2 ), S, 75 Mn
(ITII) (IV)3 3ffico Mnl1 2 & 4fico> Mn3 D) THAH T
EDRBIEIFIEBORFE L Tl T BHY, T, S
& S3ARBEICE W TIE Fig. 2 12/R L 7238 D R FH R B0 H
N5, S IREETIE, 2flio Mn BEFAEST B0 E DY, S,
—S; BB Tl Mn Ak S A 7HEME &, Mn A 4
VUMDV T ErbEELELTIEFREILEHEINS
AIREME & DRI N T WAL T KD R LREE
{LOFMEER T 5 213, MnCa V5 AX—% 4L T
BT AKGBRIEOLF B LIS ETEETH S,
FEOOT V=T, Bxin XS EA VT My
Ca 7 5 A% —OfE L EEMUICE 4 581782 17> T
%o AFMTIE, MnCa 7 5 AX —D{LIRREZLIZES
TAMRICESEKD, CNETICEADTIV—TTI1-
72 XANES, KBFIAXY FIViE, B X USLEIEMME X
MBGELEEICE T 2R A £ L0 5,

2. Mn,Ca 5 R 5 —DE1E
BROM Y, AR TEBLREELICHER 2L TS5,

S FHEEZAL S EBLIRREZEEITE D £ T b e < BEICEMR
LTWwb, #-> T, MnCa 7 5 AX —DHEEICEIL T
NETICDOP>TVB I LR TICHBEICE LD 5,
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DIACIREEDOZAL S JURSEZE SR 5 Z & PR O
FTRINTVAH),

MnCagfifhOf&E M A M OFHE L LT, EXAFS
(Extended X-ray Absorption Fine Structure) 23\ Hh
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Ez26NT\W5,

PSII & Mn EXAFS I iC 3\ Tid, 63k EXAFS ©
SIREEICIRAND 5 72, Thid, PSH DO XS IO
HIZ Mn & RIHETHED &5 Fe # G bdFi-> v
)LD EXAFS HI7E CTlid, Fe O 5 OWRIROE 512 K 0 H
ET R/ EXAFS TR IVF —fHEB AR O N 572D TH
bo W2 DT IV —T Tl REES % % A\ T Fe
POLOWINOES RO E, 0BT RIVF—HEE T
@ EXAFS I % 17> Z 12 & - T PSII Mn EXAFS &
PEHE S RBE DB TE % X - 7220, T ¢ Range-extended EX-
AFS HIEDS1%, 32D diu-oxo kw27 5 AR —
BExYHETAT— 2B BN TWS, S6IC, PSITS,
TREE D BAE & % VT EXAFS O GH:4 2 & Mn,Ca 7
5 AR —ETFINOELRAAI, 5L THELNIZET IV
LRSS TR ONTWA T I JEBAIBEOBHE L &
IZMnCa 7 5 AX—D N FEETICKI AHELE
7220, —@HOPG, BB SN/ Mn,Ca 7 5 A X —DAhaE
sV % Fig. 112587,

WAE, FFEOFEZH WO SIREEOREICEI L <
LR AHEDTBEN, ThETOEXAFS H3En» 63
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Fig. 3 The Mn K-edge spectra and their 27 derivative spectra of
spinach PSII, from the S, through S; state!8. The magnitude
of the inflection point energy shift for Sy to S; (2.1eV) and
S, and S, (1.1 eV) is much larger than the shift for the S, to
S; transition (0.3 eV). The pre-edge spectra (1s to 3d transi-
tion) from the S-states are enlarged and shown below the Mn
K-edge spectra.

3. Mn XANES

Mn © 1s 2 5 4p WLuBENOERICHE T % K main-edge
I rbF—E, PSII Mn,Ca 7 5 A X —DEE{LEITCIRFED
ZAEDOFEL L TCLIELIIAVWONTE7, Fig.3124% S
REEDXANES 2R 7 k)b & 2 D2 k5 M % R
T, 47 Mn ETILEWORE» S, MnH 1ET
it sn584E, EULZU ATV FRE F T2 ks
AR OY 1 S5 A5 2 T )V F —(E (IPE, Inflection Point
Energy) 3 1~2eVREESIZANLVF—MICY 7 F 452
ERHmBENTWS, PSIOEE, Sy—S BLU S-S, #x
B@EETIPEXZhZn2leV, 11leViZEEaT rl
F—lI~NTT T, foT, TNHOMWETIE Mn D
AL IRBER 2L+ 5 2 LW ENM T H N5 (Mn-centered
oxidation), —77 S, 20 B Sz REEANEIT T 2 BBRIC B W T
X, IPE > 7 FidbH 9 520.3eV &/, PSII O S JREE
YA 7B TKIER YAV FREOER b D b
RES 5 &, Sy 0O Sy RAEEEBIT I\ Tid Mn Ok
BEETCOWRVWDOTE WA EELZLND, DX, R
BEMEFNICHEEOR L 2R BT > TWH T L AR
WL TWb, L2PLEHBL1s b 4pBE~NDOEBER TH
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% K main edge |3, Mn O LRREZZ S TR <, FlzE
UAVTF 3p 8l & OMAEIFRIC K> TYU NV FERE, #
WEEFEOR 2« IR BRICK S BEL O T 5, -7, £
DT HIF —AriE 7 — B CIRBZE L OB & & 50 D
HITEIETER Y,

—75 T, K main edge DT 5 )VF—1ll (~6540e {131)
IZH N 555\ Mn pre-edge (1s—3d &%) A7 bt
1s i 7» 5 lowest unoccupied 3d BLENDEBIC L 5,
COD MO LD /AT s R TSz L Tk
D, BALIRREZALD X 0 BATERIEE L7 D 5 %, pre-edge
Y — 7 (3R RIERER YL T 5 7 O ARG E 2 IEH IS
59V, UV FREOHROLIBEDREAZE G (F2F
AN D &G RN OZE(L), €@ 4p #E & 3d ¥
BEORBIC X VRERE+ L8 mb5n w5, Fig. 31
AoN5H IS, PSHOEE, Soirb Sy ~NOERIZEW
TE—7BEZDTPICHENT 5N 6D AN PV
ZAk, OWTR A FEREA (e BF S 5ICI3E TV
WIZHDS W DFT fHHEA S HICHETH 5,

4. Kf emission spectroscopy

Fig. 4(a) 12\ < DO X BB O XA T 75 KR
Fo Ka 27 FVid 2p 225 1s ~NOREFNTAE S R &
HOIH L, KB AXRY FIVid 3p BFD 1s BLE~OFEM
(BB ICHYT 5, 65T, Ka A7 FILVOFIKIE A
vy —EHE R & 520 7o 5% 2p T T OIRFE & ik d
HOICKH LT, KB AXY FIVISHEE T OIRRE% K4
%o TNz, KafRiICHNTAVVIREDE Y, DD
%t 3d W EE % L D BURIC KBS %5, Mn @ k57 3d
BBEEOKL AT F LTk, Kb s EMOET IV
F—RICARN 3dEF & 3p EFLOZ AT IEHICHES
K @mEshns, COLTBEMAEFHAORE T3 &
3p MED TR BEFOEICKFET 5, f-> T, KB AT b
Vi ATk O XANES & 1387 > 7= i T Mn O IKRE
BALOIRE £ 720 5 %, fllg L L THRR% &, KBy s 25 3d
b 3p X FE D “constructive” (FIJi) 7% A VA
BAER T HDITx LT KB #RiT “destructive” (fJ51)
A e &2 % (Fig. 4(h)),

Mn OEEALIREE & KB T AR B & OBAtRE R ¢ 72
®, Fig.51C 2l 5 4 fid> Mn E& {4 (Mn (IV) Oy,
Mn,(II1) 03, 3 XU Mn(ID)O) O KBRHEAXRY kL%
7, KB & KBy 3 U — 713226475 26490 eV i1
ICHENZY, Inb 250 —r7 DT I)VF—[ElREiE 3p
2B 1s NOFEHEB OFARBEIC I 5 A% 3d BT & 3p
EFLE OFZHARAENERIC &> T % %, Mn OF{LIREER
2 fifi, 3, 4{fi&#End5i1IC>NT3p EFLEMHEIERTT
B/ %t 3d T EAWA 5, fEREL T, 3p-3d AV
VABRILIERANE 720, Kby BRIIE T RVFE—
N, KEBBIIE L FIVF Ny 7 35720, KB
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(a) X-ray K-emission from the 2p levels (3p;/, and 2p,,), known as K¢, and Koy, emission, and from the 3p levels

(3p3/, and 3p;/,) known as KB, and KB; emission. The K lines are approximately 1/8 as intense as the Ka lines.
(b) The electronic states and the transitions for Mn K XES. On the right is the exchange interaction between the
3p and 3d levels that gives rise to the KB, ; and KB states.
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Fig. 5 The Mn Kf emission spectra of Mn oxides in formal oxida-
tion states, II, III and IV (adapted from ref.!8). The ex-
change coupling for each of oxidation states II, III and IV,
showing how the splitting between the KB, ; and Kf' de-
pends on the number of unpaired 3d electrons. The increase
in splitting increases as the number of unpaired electrons in
the 3d states increases. This has the effect of the more intense
Kp1,; peak being at a higher energy for lower oxidation states
of Mn.

KB, s ©— 7 D5 R I3 < 72 %,

4p BB & HEL T, 3p WUEIZ U AV F OBE & O
DHBPI NV, TOD, KBFIE AT Lz XANES
(Is 225 dp WLENDOER) L% L UV FEREC
ZIUTEBIETIT W E W2 5, Kby 3 BERITZORERLE

BOFENMCLD KFER LD L OERSNT LD, L
FTCIE KB ¥ — 7 %I5EE L LCPSILO Mn % A O
{LREE R T 5o

Fig. 6 (= PSII © Sy 70 5 Sz IREED KB AR P Lk, %
DFEANRYZ PR, PSIL Tl & S REBEBIC W
T, KThH, 42O Mn D> HD7=721 50 Mn AL
ENb, TDO®D, £SKERTHESIh AL - VT
M3 Mo BB OEAL L3 5 LB BT/ v, L
PLEANRY FIVIZA LN AEALITZH LT, So b Sy,
Si 5 Sy READIER TR OENDE AT FIVOIRIE
KBy 3 U=/ IMELFIVE—RIANY 7 F LTW5BT LT
TWh, HIZ S35 Sy B Ic BV TEE T RIVF— I~
DYVT P amRL, RPTLOMLRBICETLINTWS I &
TR, CNOHDIREERIO AR MV L ENRD &, S,
Mo Sy ANDIEBICHES E—27 v 7 FIH#ETIE RV, B
Witz Y, Mn OBMBELL OPRNEERLTH5H
“TRALBEAL” B5WVIE “BTHENL EEEICXT S
7o “BRIBEZAL” %AW (3 fho SIREROZAL
LHRBETLKPEIVEVZ B,

KB FIANT FIVD S BERITHE S Z (b % XANES A~
7+ (IPEf#) ©Zb & & HIC Fig. TICE Loz, Kl
BU—T—BHEEEL2ELTEY, BRETHSS, (0
flash) 2PHAX—F L CH V=Y —BHT LITKkD Sk
EANDOEBAHEITT 5 (Fig. 2 58R), KB AXT VD%
{LIZBIL T, =27 F v 7O HIVF—EHTIT LT
DORPLEW/ZIRE—AVFOEEH W, 2F 0,
INS TR AL B TEREIC SR D B 7200 KBy s U — 7 &Rk D %
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Fig. 6 (a) The Mn KB emission spectra of the spinach PS II S states and (b) their difference spectra. The difference spec-
tra between the S; and Sy, S, and S; states, and S, and S; are derivative shaped, indicating that the spectral peaks
shift in energy. The derivative shape for the S; and S, S, and S, is the reverse of that for the Sy and S; indicating
oxidation in the first two cases and reduction for the latter case. The difference spectrum between the S; and S,
states shows the lack of such a derivative shape, indicating the similarities of the S, and S; state spectra and lack of
a predominantly metal-centered oxidation during the S, to S; transition. The figure was adapted from ref.18),
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Fig. 7 (top) Oscillation of XANES inflection point energies
(I.P.E.) and (bottom) first moments (E) of the Kf emis-
sion spectra from the 0 flash to 3 flash samples. The figure
was adapted from ref.!8),
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TERWT LI 5,

22T, KBAXRZ FPVIEBWTEDRE YV FO¥
BN ONEPEHRT H720, WEORL S 2EHD
Mn &5Vt &% (trimer B 35 L OF butterfly &) o Kg
AT P& XANES A7 vk g L7z (Fig. 8)%),
%9, XANES 27 M Lic B\ CTERLIRREZ (L1t IPE
V7 FICHEEICH AN TR Y, MngO C1.64eV, Mn,O; T
22eVIZEVT T H, LDLEDL, DOV T FDOK
& & & XANES A7 FIVORIE &AL & &~ OEE1L
REICHFETH Y, HRESE VS, MnCa 7 5 AKX —
D & D I s ORI EY OMALIRREZAL & B U
DI HDITIFE R BIRWALETH S, ChicxL T,
KB AXZ FIVOIRIE G FOBMMEERS XV v FER
BOBEWEZTERBL LV, T L TKB T RIVF—
7 F OEIE1E Mns0 T0.12eV  (1Mn  oxidation/3Mn),
Mn,O, ¢0.09 eV (1Mn oxidation/4Mn) &, 2 DD 4
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Fig. 8 (a) Mn K-edge XANES of Mn;O (trimers, [ Mn (111, I1I, II1) ;0 (O,Cph) s(ImH) ;] (C10,) , (NBu,) and [Mn (II,

111, I11) ;0 (O,Cph) ¢ (py) , (H,0) ]0.5CH;CN)

and Mn,0,

(butterflies, [Mn,(III, III, III, II1) O, (O,Cph),

(bipy),](ClO4) and [Mn,(I, III, III, I11) O, (O,Cph), (bipy),]) compounds. b) KB X-ray emission spectra
(XES) for the Mn;0 and Mn,O,, and ¢) K XES difference spectra, the reduced minus oxidized species in each set

of compounds. The figure was adapted from ref.3%.

(L&YW TRBETH S, TNHORERIE, KB AXT L
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5. MBIEMME X #RBLELE (RIXS)

PSILIC3 %5 Mn 7 5 A% —O & 0 Ml /e B FHEE A
FANDL I, IEIEMME X fE8ELE (Resonant Inelactic
X-ray scattering, LLF RIXS) # 722627 Fig. 9(a) iZ
1s2p RIXS © % 4 7 7775 A % K-edge, L-edge spectro-
scopy & DHHE & & HITRT, EBRTIE Mn O 1s 25 3d
BN OBPUZHE < 2p 20 5 1s ~NOBFLERLD, 2 kot
BEEFAT S (PRERRE EEREOZELOBLE (1s &
2p) %9 D 2T 1s2pRIXS & M:iEN %), Fig. 9(h) DA%
WIS R T L 91T, ASEX#R (6535-6575 eV i) (T
Fo Tk (Is—>3d) SN/ Mo b DOREKXXEIT
Roland ] FICHEL@E L 725 2D 7 754 ¥ — (Ge
(333)) IZ&» TGetHBICEN I NS, 1s2pRIXS (T
BWT, HRRED O HRRELIRREEANOETFRLE O Z ki K-
edge spectroscopy @ pre-edge A X7 LIV D Zhn & —FK

L, #IREE L IEIRAE & D21 L-edge spectroscopy O @#%
Y HL$ %, L-edge spectroscopy 3 2p—3d % EIEM H (F
MO ER IR D A/ IRREICIER IR TH 5, -
T, RIXSI2EBWTH AT bl Mn OBMHEE /2T T
<, ZOALVRBEICHBRTH S &\ 2 5,

RIXS L, ChETICEEMBOMEICLIELEAVS
NTWBR, EWREHTGH S N pliT 7280 70w, £
PRI —BICHR B FHHTH 572, HBEOFH 2
Kk % A RIXS OBEIFEICIE S K OB LE L
T5, LoL, ZRICELT, UTFICHERSE LS5\ D
PORERBT NS, PSIIO L SICKEE L GL4EY
AKBOEE, Mnd k2 7 3d BB 48 O L-edge spec-
troscopy CIIME L X )V F —FHIK TOE L W X FKIND 7=
OREO X MBEHREL <, WEFIFEFICHRETDH 5,
Iz, L-edge WIEITMET IV F— X FEDOEZIC L 5%
AT B 12 OB BEZZIRRETIT D MED D S, THITH L
T, RIXS(dL-edge ICHMIL /oA B L ENTES
B, ZTOMRIFIVF—3E X RERCTHH7200 7
VD X #3814 17 K-edge spectroscopy ICZE L\, X 51T
KRET THEEITD T EDBBETH 5, FILD KSR
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Fig. 9 (a) The energy level diagram for the RIXS experiment. The energy level diagrams for the K-preedge (1s to 3d)
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Abstract A detailed electronic structure of the Mn4Ca cluster is required before two key questions for un-
derstanding the mechanism of photosynthetic water oxidation can be addressed. They are whether all four ox-
idizing equivalents necessary to oxidize water to O, accumulate on the four Mn ions of the OEC, or do some
ligand-centered oxidations take place before the formation and release of O, during the S;—[S,]—S, transi-
tion, and what are the oxidation state assignments for the Mn during S-state advancement. X-ray absorption
and emission spectroscopy of Mn, including the newly introduced resonant inelastic X-ray scattering spec-
troscopy have been used to address these questions. The present state of understanding of the electronic
structure and oxidation states of the Mn4Ca cluster, in all the S-states, derived from these techniques is
described here.
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