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Construction of molecular qubit assemblies with nanospaces
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The European robin, a migratory bird, is thought to be able to sense the
geomagnetic field by using a quantum coherence state. Inspired by the quantum sensors in nature that
function at room temperature and in a heterogeneous environment, we aim to construct molecular
materials that can sense a variety of external environments at around room temperature, and have
succeeded in constructing porous metal-organic frameworks (MOFs) with a dense accumulation of
molecular qubits. Various molecular qubits - doublets, triplets and quintuplets - were generated in
MOFs, and their quantum coherence was observed, and furthermore, their coherence time was found to
respond to molecular adsorption, providing important insights into the realization of chemical
quantum sensing.



¥ X C—19,. F—19—1, Z—19 (i38)

1. WFEBIAE Y D =

BHDBFICBIT DA /7 RX—=va URHARAMICEIEZ - TE Y, BEHHRLECE
VUV T OMROBEEENIASBIMENTND, ZTHETHEICEBWTHEE LTEIZHWDS
NTHDOIBIKIECTHET 2HEBEE By O, X4 YT RHICKMEE LTI L7 NV
HLRETHD, T TN D DL T2 ) A REWG T Z & TN L 7= SR B o B4k
EAHWLN TV,

—FH T, BRFICBWTHERE U= EBICB W TE T S DR R g e E %
BEELTWDELTEFFEEDEFEF S TS, Hl2IX, Y ETHDLI—n voia~ U THi
xR LD DOMRERREA L TCEY, KICEVAEKRT 27 O AxtoE+HOnE)
REFHLTWD EEZDNTWD, Zoa—nry/iavw R oKt —id/ 4 XTbH
TAERRE CHBEL TRV, Brb ol W) BETRrE OBRZGHWE NEIROIHME
REECTRILI DI EEHZTIND,

2. WD HBY

I—nyNaw KU O ICHRBN ORI ARREICB WO THEIET 2 BAROES
—ZEREETC, F /ML eIy R T ey FEERBL. TRV TR E
BT L2 RFEOBNIE T 5,

3. WFFED ik

B7rEy e LCIESRETHHERTRETH VD 2 b — L > R O kg E W ek e %
W5, BHCEESREEE VAN FEEFE Y FELTHWS Z LT, RBIZBWTHAE Y
BZMz CRVWabt—L U AN EON D LSS, T/ ZHMEMEE L Cide R~
F oL BEBENF SR 5% S REERE WD, LIS BESE RIS VRS & e E mE
AL, BMET 265 72BN FRICTOMAIAA TEL 2 & TEAMEEN IS 2
ETDHZENARETH D, AL TS IS EE RIS ERIREEEZ R L 9 2 FE N 1%
BUpL & LCTHWD Z & CEEBEICERLELT S, Son-E8lRTickB W TRESELETE
v FOETFab— LV RAZHHEIL, BIZIZIAHER E LTEATAS A MMyrick L Take—
Lo AR OIS E 2 BT 5,

4. WFIERRE

ARSI SN2 —EDOEE CHIE — \EIE b i Z HIAA~D R EFE T
D, ZORMRZRZZOBRZHIE = FEIHD 9 H ORFE O RIMENL N BRI A R S v, B A B ik
EWET D2 ENHRD, AEAZEOFTTET B AbEMITRFEEND L O I2EVREIBRE AR
THONRH Y, BVVEMBIIERERE L 7ICENVESD, ZNE T =HEEDaE—L
VARFRNIIRIBICB W T HHEMEWZ EX LN TR, EFWE 2SR ET 58T
NN BNE S o T, FRUIXINETEAE Y MONERERETON 7 AR TRl S,
NN TDE = Ne DR T VT RATERN SO TH D,
FITCIDZEEELEY Y MEAEHEREICH L O IE L7120, 7/ MiLa a4 5% 0%
GEAERV, ZOMILFICTHTF FFEy DAD) 2 8BFEy FE L TEALE, 2SR
PEROPTH T A N T OWEINE L TEEEZZLSEDL Z ENHERL T VI =T A F
BT L7 X OVEETCEEAE LT- MIL-53 % FVN 7=, = Ok 74 A3 5 2 ALMEA R SR MIL-53 @
M =EEE Yy b DAT % 0.87Twth W H D EABEALZEHAME L —DE %L
o7,

7V A SERRIHEL % OB 1 A 2 3L (BSR) HIEIZ L 0, MIL-53 OFIFLHIZH T DAT A3 A
VAR L7 S EE AL UD 2 E RS oT, UV A BSR HIEDO A o —y—/r A
WA Z LT MIL-53 OMIFLHIZEITA DAT Dok —L v AR A L7 & = A, DAT D&
DHIFLHPIEA SN REETIF 0. L s & HEAE WV b — L U ARl Sz, hrx
V. E )= )L TR NYABEALEY TV TIEDAT D= a—EENHEE L, ZHUux”
A NS FOBAE N ) A XE L TEHWE2Dicabt — L U AN LV EL holzlmh & E
ZAbhb, =TIy, It uuIi, Xy R ) T hIe Rary oo
DO F A Ny T a8 AN LZBICIEicae — L AR RS 72D & W0 ) BRI OEBIGN A
STz, ZORINEZEAET D720, MIL-53 OFFLIIZ 1T 25 DAT J&0 0 R AT s B 4 28 L 7=
LA RFTEENEWZE I — VU ARKMPELS RN HH Z ERbroTo, ZHUuE
DAT D BB A Ny Tlitifz S35 & DAT OEERENINH] S, A UM IH S 5729
LEZOND, BFEy hOESMEEZGHT S L TRFat— LU ADREEEDL LWV O
LWE YU P A= R AOEITR LT,
ZHAMEREEEPICBIT 2 & Ty NOMEIRE LY L0 EEICHET 5720, BEALF0—
L LTDAT BF By hDEAZEIT-T2, DAT (VY LA ERA L7z DPYDAT Z BN+ & LT
A, KEMEDTERA A2 LT 5 2 & T, BT — N LA Y —BIOmEE 2 DAT 307 & 51



s L= 2B R 2 AR LT, fBECAL & LT 4,4 -7 ==L LR R (BPDC) |
1,2,4,5-7 h I XA (4-HANVHXT 7 x=)L) X (TICPB), T L7 XL (TA) #H\5
Z LT, WEO R LM A ESE A DAT-MOF-1, 2, 3 2 ZNEHHICA R LT, i ESR
ELY NS BEEATICAE U RIB LIZT CONVNAERT D2 ENDhoT-, Hi
L7206 HBE 247U 22 3 5 ESR BHAI AT o 72 & 2 AR IR 8 & < 72 B 1224 T ESR 18 B30
DEEMU., RBENC LD TP HNANRAEL TWDBZ LN ghotz, £io. FREESRMIEIC LY &
DT HANEDORIENPEN. FNICEEND DAT DI F AL TN THD I ENTREREINT-,

RIEC/XT 7 4 IZ1E L7 DAT-MOF-1, 2. 3 D,V A ESR HIE AT o7- & = A, F2h 0. 49
us, 0.23us, 0.26us EWIHEBHEWaE—L U A EZRT Z &0 o> 72, DAT-MOF-2
BELO 3 OEEFIZIBT DAT AT E B O 51 L O HAERA 2 L TR 57, EEhEN
EVREBIZH D L EZ HD, — 5T DAT-MOF-1 Tl DAT #3072 ASHHBIELAL D BPDC & &1 A &
X7 EER L TE Y, DAT OEEBERIHI S TWD EE 2 HD, T2 5 DAT-MOF-1 Tl
DAT-MOF-2 38 XT3 L 0 & DAT L OIEEMMESIMMZ TN D728, 2 — L AR EL 7
ST 2 ERRBE T, BIEEWLC 21T, DAT-MOF-1 1D DAT T LD a2 b — L > AEEIE/8
TT7 4 HTIH0.49us THOEN, NI 7 4 PN ENELETIL0.98us FTREL RN
Dol ZHUE, FA RN FEHATLHI LT, ZUVNLVETEY O3t —L 2 ARFHEBE
kT 5ZLERLTWNA,

WIZE VBT A NIt T 2052155720, DAT IZH VAT IR B 2 EMi LTz
DATDBA Z BN+ & LCTHW, Zr A A L8R T 5 Z LI X v, Ui0 RoOME R E =695
% FLME 4 JB SR DAT-MOF-4 Z I A R L 7=, DAT-MOF-4 D% fLMEREIE N7 2 My T A BRE LT
BUORENMRTZIND T & PR XA GRS L OVEHE T AW AEREIC XLV R S 7=, DAT-
MOF-1, 2, 3 LiFH72 0 | DAT-MOF—4 (FZYEHH 21T D72 W RV TE DAT 7 ¥ B LG
ARSI ILTWD Z R Sho T,

DAT-MOF-4 OHFFLHIZ~FH > b KEBALZEZA, FVINDETFAE LS
A RNDOEAY S E OB OBIHEEERICLY e — L U AFNEL 25 Z 8™ o Tz,
— )5, BAFL IV UREKE WS TmEHAKELS A M EEALZEICEa E— L2 AREMIT
B AR, ZHIFRA RS TFDOEANIZEL > T DAT 7V hLoEBMERZIEI SN0 EE 2 5
nNo, BFEy h&EFRMSFOBOBAMHEERICNZ, B4y b AEKROESME S EEA
HIEHKFTH D Z EBNRENT,

B v POEEEICIZLVES DAYV EEDRSEERSE Yy h2 WS Z ENAERT
BB, Ty e T g yariiE, 1 OO—EHEBIE S 2 >0 S EHEFEHL IS5 5
HRTHD, Vo7 by he T 4uiarPDRIDBETHEEL LTLODARAE U NHR 51
HIAME O Z mIAFE % 1T WAERT D Z DML TND, Y7 Ly b7 4 v ia T,
FPhAL —EIUIRAE S, B — EIAME O ZHIARNE Fxf T AR S v, WIS 'TT 28 °TT ~ & R
RN XV ERIND, —HEEMEO =T % 'TT & FEEMEO = EIARBE 7% °TT OO
TRAXF—ET 2 OOBEROLHWMENEAICL > TIREDZN, ZOZFNX—END HIRE
INEL 2B 2 ETITT B IT ~DRMRENNHBELHEITT LD EEXLND, TDTDITIE
BRI OEENZ K > THUEOEZR D 2O L, 'TT & TT DR VXF—2E2 /NS TDHT N
FETHD, 20O KD ICABEILOEREIT TT 24T 57 OICEETHDH—5 T, AR
OEEFENRKE T XD AITAFEORE ZEENTOE a2 EERANESSZ LT
ELWTFab— LU ANHEEINTLEN, & Fab—L o 20BN KEEE 725,

T 2 CHRBIN A AN BRI T 5 2 & T AR O RIERIEE) 2 INfl L, >
YTV b T 4w ya L0 AL D HEEEO ZEIEE 5 TT OB ot — L ADHE
WMEART, VT by b Ty ovialrzZhRBEEI T THLNLI NV BV ER—X
EL. BBV RF VT = = VA ERR L7 PDBA ZECALT-& L TRV, B Zr A A
VEBEERT A Z LIC LD U0 BIOREE A FEOZ LM RIEIR Pn-MOF Z i IC AR L7z, Ui0
FREEIZ L D R H R VENLREI D 1 A v X T EBGE . T 6 T ~OEHI 720 X
Y UL OEENE A MR T D L RIFFIC, R B UM RICERT A L TR aE—L Y
APRTEND Z & H R L=, Pn-MOF D @@ EmIN A~ MV ORIE LY | bt —EHR
RE S, B —EHIAMEO ZHIFGR 3 'TT RO ¥ 4 AR —/VIZB W TAERKR LTS Z &
DEZR SN, F7=. Pn-MOF DL ZYGhER#% O ESR HIEIC L v . FLEEM O = EHEp
T OTT MDA LT 5 Z & D HERR ST,

Pn-MOF FHIZ351F % TT IREED & T2t — L U A ZEHIT 575, 2L X ESR BIEZIT- 1=,
T a—fRH ESR AT hUZEWTTT HERDEFNELI, 100/ BExbsae—1L X
W 285 2 L IokTh Lim, UL AESR D= 2 —F—3 3 VHIEEFTV., FOFE R4~ %
UM OBy T A= a VL EEBELEETAEAWEZY I 2 b= g Tk
T Liz e 2 A R XA EEIC K > TSN D A 22 cm-1 OEFEKT130° & 122°
D THOTNICZEL L TNWD T EWRBINT, T7ob b AR OER)Z M52 &
. Bul S EERO L S B M AERORZ 2L XM L, TTREDE =2
bE— L U RAEHRT A ETEETCHA LB R L,

DLEX Y “@HIA, =@, AEHEE WV SRR FHETE Yy N 22 ARSI %
EEE, ZNOLDOEF It —VL U AEBHIL, BIIZNFEEICETDO I — L AR IRET
HIEERHL, FIDNEFRE VU TORERBICHNT - EE MR ESD Z Lk,



13 13 3 5

Yamauchi Akio Tanaka Kentaro Fuki Masaaki Fujiwara Saiya Kimizuka Nobuo Ryu Tomohiro 10

Saigo Masaki Onda Ken Kusumoto Ryota Ueno Nami Sato Harumi Kobori Yasuhiro Miyata

Kiyoshi Yanai Nobuhiro

Room-temperature quantum coherence of entangled multiexcitons in a metal-organic framework 2024

Science Advances eadi3147
DOl

10.1126/sciadv.adi3147

Orihashi Kana Yamauchi Akio Inoue Miku Parmar Bhavesh Fujiwara Saiya Kimizuka Nobuo Asada 53

Mizue Nakamura Toshikazu Yanai Nobuhiro

Radical qubits photo-generated in acene-based metal-organic frameworks 2024

Dalton Transactions 872 876
DOl

10.1039/D3DT03959E

Sakamoto Keita Hamachi Tomoyuki Miyokawa Katsuki Tateishi Kenichiro Uesaka Tomohiro 120

Kurashige Yuki Yanai Nobuhiro

Polarizing agents beyond pentacene for efficient triplet dynamic nuclear polarization in glass 2023

matrices

Proceedings of the National Academy of Sciences 2307926120
DOl

10.1073/pnas.2307926120

Uji Masanori Zahringer Till J. B. Kerzig Christoph Yanai Nobuhiro 62

Visible- to- UV Photon Upconversion: Recent Progress in New Materials and Applications 2023

Angewandte Chemie International Edition 202301506

DOl
10.1002/anie. 202301506




Yabuki Reiya Nishimura Koki Hamachi Tomoyuki Matsumoto Naoto Yanai Nobuhiro 14

Generation and Transfer of Triplet Electron Spin Polarization at the Solid-Liquid Interface 2023

The Journal of Physical Chemistry Letters 4754 4759
DOl

10.1021/acs. jpclett.3c00627

Orihashi Kana Yamauchi Akio Fujiwara Saiya Asada Mizue Nakamura Toshikazu Ka-Ho Hui 145

Joseph Kimizuka Nobuo Tateishi Kenichiro Uesaka Tomohiro Yanai Nobuhiro

Spin-Polarized Radicals with Extremely Long Spin-Lattice Relaxation Time at Room Temperature in 2023

a Metal-Organic Framework

Journal of the American Chemical Society

27650 27656

DOl
10.1021/jacs-3c09563

Hamachi Tomoyuki Nishimura Koki Sakamoto Keita Kawashima Yusuke Kouno Hironori Sato 14
Shunsuke Watanabe Go Tateishi Kenichiro Uesaka Tomohiro Yanai Nobuhiro
Triplet dynamic nuclear polarization of pyruvate via supramolecular chemistry 2023

Chemical Science

13842 13850

DOl
10.1039/D3SC04123A

Kawashima Yusuke Hamachi Tomoyuki Yamauchi Akio Nishimura Koki Nakashima Yuma Fujiwara 14
Saiya Kimizuka Nobuo Ryu Tomohiro Tamura Tetsu Saigo Masaki Onda Ken Sato Shunsuke

Kobori Yasuhiro Tateishi Kenichiro Uesaka Tomohiro Watanabe Go Miyata Kiyoshi Yanai

Nobuhiro

Singlet fission as a polarized spin generator for dynamic nuclear polarization 2023
Nature Communications 1056

DOl
10.1038/s41467-023-36698-4




Zahringer Till J. B. Moghtader Julian A. Bertrams Maria- Sophie Roy Bibhisan Uji Masanori 62

Yanai Nobuhiro Kerzig Christoph

Blue- to- UVB Upconversion, Solvent Sensitization and Challenging Bond Activation Enabled by a 2023

Benzene- Based Annihilator

Angewandte Chemie International Edition 202215340
DOl

10.1002/anie.202215340

Harada Naoyuki Uji Masanori Singh Baljeet Kimizuka Nobuo Yanai Nobuhiro 11

Porous film impregnation method for record-efficiency visible-to-UV photon upconversion and 2023

subsolar light harvesting

Journal of Materials Chemistry C 8002-8006 .-
DOl

10.1039/D3TC00236E

Nishimura Koki Yabuki Reiya Hamachi Tomoyuki Kimizuka Nobuo Tateishi Kenichiro Uesaka 127

Tomohiro Yanai Nobuhiro

Dynamic Electron Polarization Lasting More Than 10 p s by Hybridizing Porphyrin and TEMPO with 2023

Flexible Linkers

The Journal of Physical Chemistry B 1219 1228
DOl

10.1021/acs. jpch.2c07936

Uji Masanori Zahringer Till J. B. Kerzig Christoph Yanai Nobuhiro 62

Visible- to- UV Photon Upconversion: Recent Progress in New Materials and Applications 2023

Angewandte Chemie International Edition 202301506

DOl
10.1002/anie. 202301506




Inoue Miku Yamauchi Akio Parmar Bhavesh Orihashi Kana Singh Manpreet Asada Mizue Nakamura -
Toshikazu Yanai Nobuhiro

Guest-responsive coherence time of radical qubits in a metal-organic framework 2024

Chemical Communications -

DOl
10.1039/D4CC01564A

24 24 11

Nobuhiro Yanai

Triplet Dynamic Nuclear Polarization: Recent Progress in Materials and Applications

Global NMR Discussion Meetings

2023

2023

Nobuhiro Yanai

Generation and spin polarization of radicals by photoexcitation

10TH PACIFIC SYMPOSIUM ON RADICAL CHEMISRTY (PSRC-10)

2023




2023

2023

Nobuhiro Yanai

Optical spin polarization in chromophore assemblies

University of Sheffield

2023

Nobuhiro Yanai

Optical spin polarization in chromophore assemblies

Optical Probes 2023

2023




2023

Nobuhiro Yanai

Spin polarization in chromophore assemblies

Symposium on Manipulation and Measurement of Multiple Spin Quantum Systems at SEST 2023

2023

2023

2023




Nobuhiro Yanai

Materials Chemistry for Optical Spin Polarization

2024 1CReDD Symposium

2024

Nobuhiro Yanai

Coordination chemistry for photon upconversion, nuclear hyperpolarization, and quantum sensing

9th Asian Conference on Coordination Chemistry (ACCC9)

2024

Nobuhiro Yanai

Materials Chemistry for Dynamic Nuclear Polarization and Quantum Sensing

University of Oxford

2024

2022




DNP

2022

MOF

2022

Nobuhiro Yanai

Molecular Triplets as Photon-to-Spin Converters

Gordon Research Conference on Electron Donor-Acceptor Interactions

2022

34

2022




Nobuhiro Yanai

Triplet Dynamic Nuclear Polarization of Bio-relevant Molecules

SPIN CHEMISTRY MEETING 2022

2022

22 NMR

2022

2022

2022




Nobuhiro Yanai

Exploring spin functions in metal-organic frameworks

103

2023




