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Bpakme BRI T L0, Ny F Iy ZHIOFRIIBIT A7 =% % X )RR 5 2 & TR
M E R TEEZ POITATVY. 22RO NTEERER LT 2 E( 2 P OICHED T E 72, BRI,
TN —=5 I DITEERET— 5 VT, 2= —DITE ¥ L TOELEME Lz 2 A, F4—HWIy ~
IT I NTBEETOT) =G4 F=DBEINLTWAI b2, EERSNTEEINDS L) A r—2
B2 LVE VB BHEOHEN YL VIR THREL TWE I ERHLMICENZ, €2 T EEO
WEry PERORMB L OGS LR OTEIERE T — & Offfr 2@ U<, BEE R L%, f#onhi:
GARHRED L) AT — VX o TEAMENZ O 2 RATT 5 I 2L — v 3 VEBRZ ML 72855,
T =OL=F—=12LoTT)=F V7P EN T AN AL LUETHORE o T2 T2, F U
74 Y ERRTAANROREZ MG LA R, SER RO 2 — =1 TR I N b K EIR sy » 7 1%
WA, LEUENORDEEZED, TOME. & v 74 AATHOWEMC—EDOMEND 5 LHRIE STz,
20224FBEICIZ NS DR E £ L OGS 2 AT EFEMEE LM BEITHRIRS N TB Y, BAEdH 1 Ko
ALEENHEA TV D, 2) ICBL Tk, Ny FI v ZHOMHEEBRTHREONT—F LV F Iy 7ot
YIA VEBRTRONTT— 8 L OMICA UAEEDORKEHIZE D72, #BFTr—2FEZBRTIE. ZMEOR
BIBROEGERENEETH LM, + ¥ 54 Y EBRTREAEOMMEI KL 2 #fT EO 5 7TV & AR MY
CEN2EMOMY MATHS PR o7z0 BUEE EMNESRER7ED, F 2 T4 ¥ EREE W) BREEDE W
B3 57— % OBMIIESHORFERYT — AIEHIBORRICL > THEETH 5, EBRTHRONZAROE
HafTo 7z LT ML T AEE L HERC, SNFETHDL) & 2) OEEEHETREN IR EE &
DELDFITMEIERT 2 FETH 5o
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1 WHRHHE

RHEDWREDONCEZ YT 2 LAt 2 BN T 250 F 23000 &) o LD FIZIdkk4 R HED D 5 DT,
PBEOS T ORI IR =D S EGRHEE CRERBERMEE RITT, K70 T 7 M, AEAEBAL
22, WP b4, chemical biology Z B & 3 2 HEANENENOHE MG 2 A0 L S LR Z TV,
WEer 728352 2HIWE LTHRAE L.

LB HFERALKFE (PAHs) (& Z OFFEIN 2 B R G A M O 72 O ARSI ST 78 25
D5, AR EEM R K RBADIRHAPED SN TWD, ZRAFEFERNCKED—DOTHETINVE T
YTUE TV URENVEVRESURBIOEEEZ A L TB ), BIREWC &2 EYETEEEWICD
ZOWREIEROND, TV T VT VFERO—DTH S FLUNSSOAS #HE7H—7 & LR TE 2 2 &
WESNTVD, £/ IVF T 0T VB E ML 55 TPESPSO, WRF G OHtZ /R L, HIRETDH
7 A NVLAIRETH HWHOLRFIERZ R T 2 EAREINT WD, 7VE T ¥ 7 Y ONORFERfHPE R
WEIRLZDDE T INVA T 7 v EIiREN S, BRGEMEC X% [2+2+2] ANBRALROS TR 231
B BERR OGS BEHEEFZRBEEETH D, RNSIZ. TRETISA ) Yy aliEDs [2+42+2] AHINERALRIESIC
HRTH Y, B REEBALEWROFEBRERBAEY O G 2 HiE LT & 7 RBIZETIEA Y U Al
12 & %18-dialkynylnaphthalenes & = b U v @ [24+2+2] fHIMEAE K Ic 2 H W27 F 7 Vvt 5 v 57 v
acenaphtho [1,2-c] pyridin DEEZHEV. L, BONTTHFINET T V7 ORI ZHS Il X 51
MR A W CHE ST 7 a0 =7 LCORMADOWREERZ /R L7ze RFEOKIEZ LLFITRT,

THYINETF T D—D2THA% indeno [1,2,3-4] isoquinoline DHEHIZ1E Pschorr BRALIGASH W 51T
Wb, — . REFZETHERE ST ETHFTIVE T 5 v Th b acenaphtho [12-¢] pyridine DEKIZ. F DN
WESFEH I NTWBIZHEbLET, MOTHRONTWS, ZNF TICHE XN TW5b acenaphtho [1,2-]
pyridine i E LTI, EimD I 7 H 2 M2 PEFEOE, I3 —FF 78 Ly OHKEHA v 7
> 7 /C-H 7 ) — WAL . Isocyanoacetates & 8-(alkynyl)-1-naphthaldehydes @ [1+2+3] 7V FK—
BALBS S SN Tnbd, TNHREMEDOGTH ) S RIEOBFIIERZE > T v, K
72 Cl. 1.8-dialkynylnaphthalene & = ) )V & DA INERALBOUGIC & 2RI ER L MRET L7zo TORE. 2
DBEALRIS I, PERD BT % FElT Tz 4 1) ¥ 244K diphosphine flt iR 2SHH THH Z L 2 R L
720 BEMIE= DU VR OFHEFHRE= M) V2L REIEETTFIVE T 7 o bz, T, YT IR
DRIBTHOND THTINE T v 7 VR OCENEEE R L2205, 7T A RMORBEERIE LT L,
PG T L LColE 2 7z,

HEBE= P VB LORE=S YV EOHMBLIIE TR ONL TH I NVE T VT Y OHGANRT M VD
R E R TINRICKRE R EVIRON L o720 VT FI FEDRBTHONLT I )V EE2ETLTH T
VAT YT VIREVEORFIEE G2, SIS0 nm Ly K27 P L72Z EIREHICET 5. BV
RV I EEETLTHFINE T VT v OHBINFI27% £31% THolze VI VBRICT IV EREBAT S



LX) EOERTINROM ERNRSN2OT, HrDT7 IV REETLTHFINE T VT v ORI Z kA,
ENOOHENEREE TR HADT IV REATHITH IV T V7 v ORKEOMA 2472012, &
JHARY MVl e OFEBERCHIE Lz, BHROBEIEIMT 2ICO0ONTRERY 7 M52 056, bz
8 BIRRIREDN T HNEMBE (CT) M2HoZ LAVRBREI N, LSRRI X ) 7, ke
DEFHAOMRY 26 b FHNEMBE (CT) MRSz,

v MELASAHINARE SKBR-3 2 FIWVT. TH 7V F T v F v O TOREREZ - L 72, fla%210 uM 7+
TINEFT T RS L. 6050 R L7z, TOBMIBA RS L. HENBEMESE B L, T IV T VT
VAR LM SOt R R L2 e e, VT I VAT U7 TR THIIZER 2 I A E
S b hodz, Thibbh, THEINE T VT UM LT 200 T T e =T LT, BT
REMEZ S5 2 L 2L L2 SRS DOMIIHHIEWE O L ZOIHICEHMT 2 DD TH 5.
Rfge % 32 2 THO - ARERAEWIEI ORI, 2 =2 0FK L UL HLH L EF 5,

2—1. Ef KRN =

A 1laz T, = MY VOBHEHZMRE L7z, #R% Chart HIR L7z XA FVHER X M VM4
EOBTWGEEETDIHEFHR= IS TEFVER N TV F 0 XA FUELREOBTWT I REHT D5EF
BE= M) VWL ERTE, BRIFRPER TGS 2 EBMH S 57z (81:92% yields, 3ab-3af) . & 512,
TuEsk, = badk TZATFVEE OBEHETTET L2 EDTE, BWEREFEEZH T L TH
BT ENbhors (60-87% yields, 3ag3ai)e ¥V Y VB, #4772 VBR, 77 VR EOEFHRBEHERE=
DV EDRIS S b BIF R IERTRIGT 2 THEEM DR Sz (82%-87% yields)e 73NV T =R, ¥ 7F
IFAREDZ P Y INVEFBICERESHEA L2 P VIEEWRISTEEZR L. w6 $ 5 4 £392%-97% I
THES5N2 (3am-3a0). JRIGE= MU VS BUBICHWA Z A TE 72 (6890% yields, 3ap-3at). AR UL
REFFFHE= )NV EDRIBICHRTETET L2, Y7o 7ai= M) VIZMBORRIFR= bV E DK
WCHRTHERWIETH - 72,

[IrCl(cod)]

Me
(2 mol%)
R rac-BINAP (4 mol%) Q L
+
I ~N
Me

]} >
N toluene, reflux,
slow addition over 1 h;

stirred for 1-3 h
1a 2 (3 equiv) 3

N LT LT
&y O

Me
3aa 3ab 3ac
82% yield 89% yield 81% yield
0\
CF
(0] Ac Me 3
N L LAY O
= =
(1 I I
Oy O
Me
Me Me aat
3ad 3ae a. )
92% yield 859, yieldb 89% vyield



Me Me Me
3ag 3ah 3ai
76% vyield 60% yield 87% yield

3aj 3ak 3al
86% yield 82% yield 89% yield®
Me O Me (\0 Me
0 A
Oy S O O
Me Me Me
3am 3an 3ao
97% yield? 92% yield? 93% yield
Me Me Me
Oy O OF
Me Me Me
3ap 3aq 3ar
79% yield® 80% yield’ 68% yield
Me A Me
Q | = Q | N CO,Et
Oy Oy
Me Me
3as 3at
84% yield 90% yield

Chart 1 [2+2+2] Cycloaddition of methyl-substituted diyne la with nitriles 2a.
*A solution of 1la (0.5 mmol) in toluene (I mL) was added to a solution of 2 (1.5 mmol), [IrCl(cod)],
(0.01 mmol), rac-BINAP (0.02 mmol), and toluene (1.0 mL) over 1 h under reflux, and the vessel was

washed with toluene (1 mL).

The resulting solution was stirred for 1-3 h. Yields are isolated yields.
"BIPHEP was used. ©2 (4.0 equiv) *2 (20 equiv). 2 (10 equiv). 2 (50 equiv).



YTFIFETA v1a K CDb & DORIEIE3 mol% [Ir(cod)Cl]l, &6 mol% BIPHEP f£4E T bV T ¥ &4
PECRIFICHET L, HADT7 I 7P EY) VUVRICEBR LTI VYT V7 U ME6 N7z (Chart 2), ¥
QYI VB, ERYIVE, VTFNT IO, AFL IV T IO A VN UBREETATYEIILE
7 VT UEIEETE SN (88-97% yield, 3bu, 3bv-3by, and 3au) .

R! R2 [IrCl(cod)l, Ph R

‘N' (3 mol%) I
| BIPHEP (6 mol%)

(S
| > L &
N toluene, reflux, 14-22 h Q =

2 (3 equiv)

3bu 3bv

95% yield 97% yield SoE e
Chart 2 Synthesis of amino-substituted azafluoranthenes by [2+2+2] cycloaddition of diyne 1 with
cyanamides 2. “Reaction conditions: 1 (0.5 mmol), 2 (1.5 mmol), [IrCl(cod)], (0.015 mmol), BIPHEP
(0.030 mmol), toluene (3 mL) under reflux for 19 h. Yields are isolated yields. "A solution of 1a (0.5 mmol)
in toluene (1 mL) was added to a solution of 2u (1.5 mmol), [IrCl(cod)], (0.02 mmol), rac-BINAP
(0.04 mmol), and toluene (1.0 mL) over 1 h under reflux, and the reactor was washed with toluene (1 mL).

The resulting solution was stirred for 1 h.

Normalized Intensity (a.u.)
o o o
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Wavelength (nm)
Fig. 1 Normalized fluorescence spectra of 3bn (purple line; Aex=407 nm), 3bu (blue line; A ex=443 nm),
3bv (sky blue line; 1ex=414 nm), 3bw (green line; 1ex=423 nm), 3au (red line; Aex=420 nm) in
cyclohexane solution (5x10° M) at 25 C.



Table 1 Photophysical properties of representative amino-substituted azafluoranthenes.”

Ph R = morpholinyl (3bn) Me r}
@ R R = pyrrolidinyl (3bu) @ NN
. A R = piperidinyl (3bv) . |
~N R = dibutylamino (3bw) Q ~N
R = methylphenylamino (3bx)
Ph R = indolyl (3by) Me
3au

Entry Co  Absorption Fluorescence @ (nm)°

mpo  Amax (nm)” (nm)® (nm)*
und
1 3bn 230, 323, 491,518 0.31 (440)
407 (407)
2 3bu 231, 325, 492,522 0.67 (440)
443 (443)
3 3bv 230, 324, 499, 523 0.39 (440)
414 (414)
4 3bw 231, 324, 497,524 0.44 (440)
423 (423)
5 3bx 230, 325, 488,516 0.22 (440)
420 (420)
6 3by 232, 335, 507, 535 0.39 (440)
455 (455)
7 3au 229, 301, 494,524 0.51 (440)
343, 361, (420)
420

“Measured in cyclohexane at 25 C. At 5x10°M. “Excitation wavelength. “Standard for the determination

of quantum yields: Fluorescein.

INHDTH TN T YT Y DORIRANRZ P, HEIHEANRT IV R OHEIEE IR ZHE L72. Figure 112
Y7 a~nFH¥ HDO3bn, 3bu, 3bv, 3bw DHIEARYZ PV EIR L2, TNHIXFEBOILAXRT PV ERLT:
(entries 14, Table 1), ¥'1 ) ¥ Y EANEHL L 723bu 2%k b H W ADEE TINE TH - 72 (67% quantum yield,
entry 2)o —H4. 7 3/ HICHFEDEH L 723bx & 3by OENGETIERIZMET L7z (22% and 39 quantum
yield, entries 5 and 6)o ¥V ¥ VBRIZ X FIVIENEIRL L 723au & ¥V Y UV BRICT =« = VHEDNEH L 723bu T,
3bu DHOLETFPEEDF A, 3au DHNGETINE L Y T2 ED - 72 (51% versus 67%, 3au and 3bu) o

2—2. Efy: 8K IE

HACIRRE D AR 2 15 5 7212, 3bz, 3bu, 3bv, 3bw, 3au DHIEA RS ML a4 OEBBCTHE L2 7Y
7V » 7 ¥ 3bu, 3bv, 3bw, 3au DHIGA Y M VATBEBEIARLE L7275, 3bz (X OEE L 2T kb o7z,
BIZIE, BEEZ 7 anFH Uo7 b= MY MANEZ S L, 3bu DHOEO ¥ — 27 13490nm 2 5545nm (2
7 b L7z BEOBEDSHEMTHICONTREREY 7 M35 2805, OGRS 2 NEIRED 51 N EM
BB (CT) HEFOIEIVREEINS, HHIE3bu OHOLE TIIEICHEEL 52720 PV Ty P TRLE
WHDERE FINERT6% %7k L72o 3bu. 3bv, 3bw, 3bz, 3au ® Lippert-Mataga 72 > b % Fig. 212779, 3bu,
3bv, 3bw, 3au D AT EIREERRIE ST X — & — Flen) (X L THIBISHM L 720 —753bz Tld AT I Flen)
LT, 1 ZEAE—ZEDMETH 72, Lippert-Mataga 71 v b H 5 ILECIREE & h#CIREE O B - — X ~
FD#EE WA - 728 2 A, 3bu TIE7.19D, 3bv Tid752D. 3bw Ti27.37D. 3au Ti¥587D. 3bz T 0D TH -
72o T X HENEY D UBRICEK L TV 3bz TIZEERE L HEIREORB TE— X~ bOEIZIZEAY
BRI EDRbhrolze 73 IEDEH L 723bu, 3bv, 3bw, 3au TIIILNCIRE L RIREDO N TE—X > bD
FF6~T75D THAHZ NS, TIVHENFEY VUBRICERL TWDZ L NEEFEHICLETH L Z LIS
MNTH 5o
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Fig. 2 Lippert-Mataga plots of 3bu, 3bv, 3bw, 3bz, and 3au.

KRB B A il b L7220 TS, 0 TPE R BB T AV ¥ — 28 TbFEHRIC X ) R 72 (PCM/
B3LYP/6-311G (d,p) and time-dependent DFT (TD-DFT)). Fig. 3 123bu, 3bv, 3bw, 3bz, 3au ®» HOMO,
LUMO & ¥ Z7 a4 i ToO HOMO-LUMO ZB T A VX —% R L7, H—phe—EH (S,) KRB
HOMO 75 LUMO ~OZERIZHIST 5 nn* IRETH %, 3bu, 3bv, 3bw, 3bz, 3au \ZB W Tid, HOMO iZ9
PACEIR L 727 IV EPSTHFINE T VT Y EETIES > TW5E25, LUMO R T7TH 7 V4T v 7 vk
WCORIEDY, IOfICEIR L7727 I 7 FRICIIEA > T vy, 2% ), 3bu, 3bv, 3bw, 3au ® S IREIX, 5T
WNEMBEFICL D2 KRE LB FE—2 Y e dboLfElEhs, Th650Z &1, Lippert-Mataga 71 v b
OFER L —5%T % (Fig. 2)o IMICEIEILZFFL2 VT I NV AT v 7 »3bz Tld. S IREIZE W TR T
E—A Y POBLIER SNV, Tk, HOMO & LUMO 2770t T v 7 Y ERICIEN->TBY, &
THAIHYIERONE VW72 TH D, 3bzO LUMO R THF 7Vt T v 7 Y EHICRAELL T 5P,
HOMO X 7H 7NVt 7 7 v Eie TALE10ICEIR L7200 7 = = VA A5 TWwb, 3bu, 3bv, 3bw
IZBW T, HOMO & LUMO 2 77 L 10 ICHER L 72 200 7 = = VIRIZHTFHEDIL A > TV W old,
OfICEIR L7727 I 2 EDVARIFED /2D, TRHEIMAICEE L2007 2 = VIR THFINE T VT
YERICHLTERLTBY), 7= VEOHHBIESHIRI N TR0 EZ 6N 5,

3bu Jbv Ibw
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LWOs
f ol : 3 &
:. 31 Q. t“‘ Qi"‘ ™
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Fig. 3 The HOMOs and LUMOs of 3bu, 3bv, 3bw, 3au, and 3bz.
LUMOs are also described.

The energy gaps between HOMOs and



2—-3. EfN:HE —1=

v MELATAMINERR SK-BR-3% W T, TH 7 NVF 5 ¥ 7 v OERNTORREER F-li L 720 SRVSBIeaE
Z/R$3bu L3au EH W T BRIALAWE LTT7 I 7 EDPEHR L TV \W»3bz 2 W CHIIBER 2 17\,
3bu L3au OFEREZ K L 720 T3 8ALE W OMN I % X720 SK-BR-3ME 126 L Tk 4 72 i BE D3bz,
3bu, 3au 5 L7-t4, M2 24REfIRE#E L, MIRAGFELEN L. Sho 7Y 7047 7 VeEWiE
10 uMIRESFTTHERSGLTH, FEAETRTOMBAEFLIZZENL, TRH3D2DTHFTIVET ¥
T ISR A G L 7R R T, ZEALHREE RS VW b 7,

KIS, SNEDOTHINF T T A& MldE L e LcEt7Tu—78 LTHATE 20 E L7z,
MNEIZ10 WM 7H 704 T > 7 v %235 L6057 MR L7z, €O 2 i L, LA B Tlig L7z,
Fig. AA ICRONL LT INVE T o7 v TR L 723 E8EEZ R L. 202 s, T
WFINE T T T RTHIRBICHER LI AEF N2 b h oz 720 TNHALEWOIFOEIIGILED
P RIS X ) B 228 2R L7z, 3bz XHEP K405 nm THF2ICHET 20 LVERVWERTH S
488 nm DOEEETIX, FEAERNEEZ RIS L5720 —J7. 3bu & 3au 1ZhEIH F405 nm, 488 nm L1
WO E R L7z 720 3buld3au X D WV EDEEZ IR L7z 3bz & HEK L T, 3bu &3au AR EMTH 4
WFENERLIZZ 8, THINE T T VO IMICER LT IV EORREZEZ 5N b, Ml T3bu A%
B HWEDLZ R T Z EREHIEL, ARANOISHPES ZEGET a0 —7 & L Tid3bu ik b#EY) TH 5 2
LERLTWAS,

(A) Ex. 405 nm

No treat 3bu 3au

(B) Ex. 488 nm

No treat 3bu 3au

Fig. 4 (A,B) Emission images of SK-BR-3 cells as incubated with 3bz, 3bu or 3au (10 uM). After the cells
were incubated with azafluoranthenes, the images were obtained by microscopy (A: excitation at 405 nm, B:

excitation at 488 nm).
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WERIZEED ECH AV F =R (=) ORFERAROHEE ZONERX 7 = X ADFHIE, BTt
F—RKLHIBITBRBROMETH 5, $HI2, 10°E TRV b (PeV=Peta-electronvolt) LLF DFHH O
BRRZ, A2 DECRONGBMNOBH IR IR OBRZITKINDL SHETHEIET 5 KA,
Supernova Remnant) 2SEA NI EN TV EH, TOEEFEIIIE SN Tniv, M2 ERETH 5 Hi%g
W tf ) B BRI RONSUTNIZEIVERED ). S5 FHBROMERL TH L L EZ b T
Who MoEEFERS L L TEEVEL S BRSOV —REOHRE L2 EDEZ ONL, WEEITHE
G RRIAFAET B 705, Z 2 COEFFHM - BT FHBOERREIZL SITAATH S, INETHRA LT — R
THBRWE COET - B R HRO AR R Z I S 21T 5 720 O - BIIFEATTbN T &7z, ZOHT, K4
LT D X9 ikge a4, DB o BmZEMEIZEH Lz,

(1) BFEEEg T, BT PHEBEEE~TH~XBIcbsyrr7abu e 5, —F. HBRICKED
CBFEEHBROREI GBI AZRE 201X HTOEBTFOART PR EL I EAMBHIIRBEINS
(Yamazaki et al. 2009, Astronomy & Astrophysics 2 &) 2 ). BY- v 7ua ba VRHE AT VD
TRk P ARG CORFFEHEMROBZIECETE, HWIZ, EAIWHDTIR CTROEE L &5,

(2) SR ORAE R CIIETFERITE T 27 b U EELOWBDERE 252 (0F 0., SUTRIF.OEHOE
HOERT 2 A EE S H A DB EECRAVAL & & GUTRIEPEICHEEIE A U, 22 TETANHE
END, MAEINIZHZANF—BTVIFEEH~YA 7 DTSR EMHEIER L. Wbt cd#a > 7 b
VHELBHERZT), 2oL & WELZTEE»SEL CFEHMETFORL ABDLLIENTES
(Yamazaki & Loeb 2015, Monthly Notices of the Royal Astronomical Society). 72X ) b, SUTH O
HEHBEWROFE X THORBBRE Y ) A OMRPOBGEEL ) REL %2 5,

INSDOREE EDSH OIS 2B UL, WINMOBEEIEHI ANV F—RLFOERICKE
AN NEBZBIENTEL, LAL. ZOREKOWNHDETIR CORGHE, KR (FALZA A D
720 OB &) 1229~30 mag/arcsec’ P ENLT &, ETHH WV, ZD 72O HDOEHIR TOIRAS - 72 RIAAD
BN E T AV F—RLFTIREEREARTH o 720 BTAVF—RKEOBIMIE, S ETEE XH 7
YRBIZE BB DRTETH o720 FHIZ20104EIE T > < MBI ASTRIEAY I A, — B BT L ik < At
DARY PUHEEIND R L FmBEOFEH D 1275 > TV, AP LREEN S —B% L.
KOBIIERPHFLZSN TV, TRFETREL T COBIM 2 TE S, Y55 OB
TR Z I S 72w e E 2 KFZEx G L7z

ATl ATHDGHTIE T32 mag/arcsec R HE OB AT HE BE D )L AS o 72 KRR 2 Bl 5 T2 ¥z lcm
ANF—RILFIERA L, FHOTOMBICEF T2 L2 BIE L7 LA 2 RIKO BRI IOEL - F
= (fEHEE) / (08 ©2FICKIBIT 5720, FRHEIVNS W LIRS - 72 RIKOBIINZ I % 3485 %
(Abraham & van Dukkam, 2014, PASP), F2F%, KE @ DragonFly Zw il F~ 1 12# 3 % Lt §i 2 2
WCHEUE L, AR O SUm B R 2 R4 L 38K L Twb, 4 b DragonFly Eimgio a v+ 7 b %8
L. MBS EgE 2 8 L, BRI B o v gDeBhll o 9232 B L 72,



AR - HAZVABHEL TS, Fx OERGFIILHE 2 FO720, 2B KEOBBINCHE L T
BOHRAOWHENLEFIORTOHOERDOLDE LD, FEIT, HAOWRHT VPN —ZA DT T — Mzl
SHEIEER 21TV, Sh S OBEOMIICEBTE %,

ECTHBRZAE A 2 EHT 5720, 20194E ~20214E 0 34ER T, REZ oI, B Lo, A - H
W - KO 4 BB - T4 A By ¥ a v ELEFSEICUTO X ) IR EE %2 281572,
F 7o, AWIRICIE BT 28 ATV, SRR ENY S, EBESHETRELIT- 72,

O AGEHA #EE0BWELNTH 7T 7 » FAORKXE, B X OB

iR w RN 757~ FICEkE L7z, $ifdid RH Veloce 200 (F=3. [14%20 cmo Officina Stellare #1%)
EHW2, ZHIZHHICCD 4 45 Atik 11000 (4007 pixel x 2671 pixel, ATIK #1:#) % & ) DlF, sampling
size 31Ff. HlHF 3B x 22 ER L7, MIZERMGRIZ. Cho % 3HRIER, ERIWICF = 3/(V3)~17,
FfE (V3) %20 cm =35 cm % #EKT A FETH o720 TTFMITKRKT HIEERE, 7 X T70ELRED D
0. 20214E T E T2 2 B OBIIME 252 T 8872, (20234E 7 ABFE. 50 1 GOBIIMEM DS T.) %
WL 7o mdi%a [AGEHA] (Aoyama Gakuin Exploler for High-energy Astrophysics) & @idh L7z S $i
DYLHIT RT3 % PRI 2 B BE O WAt ) koG EMGEED T, AFETHZ 5 FIZHRE L 72BUED 3
B D55 $ET29~30 mag/arcsec’ DT M HETH 5 2 L Db h o 7120

FFRIIZIE RH Veloce 200F 721%. RH Veloce 300 (F=3, [14£30 cm) ##HEHIER, 52 FTRTHL
FIABIWT 5 L) SR TZFETH L, €935 EEHWITF~ 1 2208560 cm #HEOMRE %
Dragonfly & ) 3 VEOLERIFTIER TEX b0 o Ty LA o AR EE U 2 ¥4 3 % L CIHE L 70 5 Eaw
BEOMAEZEDL S L5 R WA BT LN TE, RADFFOHBL VBN L DONEH#ETELRT ~
VA NEFOLHFEL TV, SROFK L DOEF L - EESEATERIZ32 mag/arcsec’E W) RIE R ER TE 5
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The iron chalcogenide superconductor, FeSe, has recently garnered significant attention due to its
distinctive properties, particularly the remarkable adjustability of its superconducting (SC) transition
temperature, 7. For example, bulk superconductivity with high 7. above 30-40 K has been achieved in
heavily electron-doped FeSe by intercalating alkali/alkali-earth metals (e.g., K,Fe, Se, [1]), ammonia (e.g.
Lix (NH;) yFe,Se, [2]), or organic molecules (e.g, (CTA),;FeSe [3]) into the adjacent FeSe layers. To
get deeper insight into the high-Tc superconductivity, it is of great importance to determine how the
electronic orders, electronic structures, and electronic properties evolve with doping in intercalated FeSe.
However, the electron doping induced by intercalation in FeSe thus far is always concomitant with the
change of crystal structure (enlargement of the FeSe interlayer distance), from “11” anti-PbO-type to “122"
ThCr,Siy-type. This complication hinders the understanding of the mechanism behind Tc enhancement. To
address this challenge and investigate the evolution of 7. in FeSe, the electrostatic gating technique, which
enables the continuous tuning of carrier concentration, has proven to be an effective approach in inducing

high-T', superconductivity.
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Fig. 1. Schematic of the experimental setup used for protonation
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Fig. 2. (a and b) Phase diagrams of Hx-FeSe single crystals derived from the (a) protonation and (b)
deprotonation processes. Color maps represent the temperature dependence of the exponent, a, extracted
from din(p- p0)/dIn(7). (c and d) Schematics describing the evolution of FS topology with (c)
protonation and (d) deprotonation. Blue and red lines represent the electron and hole FSs, respectively.

In this study, we have made a significant discovery of a series of discrete superconducting (SC) phases
in H-FeSe single crystals, with a remarkable maximum transition temperature (7°.) of up to 44 K (see
Figures 2(a) and 2(b)). We achieved this by utilizing an ionic liquid gating method that induced H+
intercalation, as illustrated in Figure 1. Importantly, the protonation process had a negligible impact on the
crystal structure, making it an ideal approach to investigate the 7, enhancement mechanism independent
of structural changes [4]. Notably, the observed discrete SC phase diagram differs from the commonly
established dome-shaped phase diagram found in unconventional superconductors. Our findings provide
compelling evidence that these discrete SC phases are intrinsic to the system and closely linked to the
carrier concentrations, suggesting that the interlayer distance is not the primary determining factor for
achieving high-T, superconductivity in intercalated FeSe superconductors. Furthermore, as 7, increases,
we observed the suppression of the nematic phase and an evolution from non-Fermi-liquid to Fermi-liquid
behavior. We proposed that an abrupt change in the Fermi surface topology could explain the existence of
these discrete SC phases (see Figures 2(c) and 2(d)). The insights gained from our study offer valuable

guidance for the realization of high-T', superconductivity in intercalated FeSe systems.
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Fig. 1 The molecular structures of benzophenone (BP)
with a chloro or a fluoro group at 2, 3, and 4 positions.
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Fig. 2 Optimized structures of chloro benzophenone (CIBP) calculated at the B3LYP/6-31G+(d)
level and diffusion coefficients.
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