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Creation of Ni(0) with superparamagnetic nature and Ni(l) species and their
characterization
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We have succeeded in creating sub-nano sized stable Ni-cluster by utilizing
zeolite as a nano-reaction pot and found its prominent superparamagenetic property, and also
preparing a novel monovalent nickel ion which accelerates the CO-oxidation reaction even at 300 K.
In addition, a monovalent zinc ion, as well as an atomic zinc species, were prepared in zeolite
which activate dioxygen at 300 K, resulting in the formation of zinc-oxyl species via zinc ozonide.
It has been clarified that thus formed zinc oxyl species activates methane to form methanol at 300
K. On the basis of these data, it has become apparent that the zeolite-lattice as a specific
reaction field confers unprecedented electronic states onto the exchanged ions. As a future
perspective, it is expected that these fascinating results will give new guidlines for developing
efficient materials which exhibit helpful functionalities in both academic and applied fields.
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X-Ray Absorption Fine Structure (XAFS) Spectrum: The Ni K-edge XAFS (both EXAFS and
XANES) spectra were measured at the beam line NWI10A equipped with a double-crystal
monochromator Si(311) of the Photon Factory in the Institute of Materials Structure Science (KEK,
Tsukuba) under the ring-operating conditions of 6.5 GeV and 50 mA.

Magnetization Measurement. Magnetic measurements were carried out with a superconducting
quantum interference device (SQUID) magnetometer (MPMS XL: Quantum Design Co., USA) with a
maximum applied field H of 10,000 Oe in a temperature range of 2 — 300 K. For the zero-field-cooling
(ZFC) magnetization (M) versus temperature (7) measurements, the sample was first cooled from RT
down to 2 K without applied field. After that, the magnetization was measured in the warming cycle
under an external filed of 500 Oe. For the field—cooling (FC) magnetization measurement, the sample
which was cooled under the same external field intensity down to 2 K and a subsequent warming
process allows the recording of the field—cooling (FC) curve.

UV-Vis-NIR Spectroscopic Studies: The optical properties of the samples treated under various



conditions were monitored on a JASCO UV-Vis-NIR spectrophotometer (V570) equipped with an
integrating sphere attachment. UV—Vis—NIR DR spectra were recorded at RT in the wave-number range
of 50,000—4,000 cm™ (200-2,500 nm). The powdered sample was placed in a vacuum reflectance cell
made of fused silica.

XRD Measurements: Synchrotron X-ray diffraction (XRD) measurements were carried out at the
Super-Photon ring 8 GeV (SPring-8), Beam Line 2, with diffractometer (1= 0.70 A), and at RT for the
NiMFI-85 samples treated under various conditions.

Infrared (IR) Spectra: The IR spectra were recorded at RT on a JASCO FT/IR-6600INORG
spectrophotometer with a mercury cadmium telluride (MCT) detector kept at the temperature of liquid
N, (accumulation: 256 scans; nominal resolution of 2 cm™).

Electron Spin Resonance (ESR) Spectra: The ESR spectra were recorded at RT with a JEOL
JFS-FA200 spectrometer operating at about 9.5 GHz.

Temperature-Programmed Desorption (TPD): TPD experiments were performed using a TPD-1-AT
apparatus (BEL Japan, Inc.) with a quadrupole mass analyzer or TCD as the detector.
Thermogravimetric Analysis: TG analyses of the samples were done on a TGA-9600 ULVAC
instrument in the temperature range 300 — 1073 K at a scan rate of 10 K min™'.

DFT Calculation Method: All DFT cluster calculation was carried out using a Gaussian 09 program. A
B3LIP functional was used with a 6-311G(d,p) basis set for all atoms.

4. WFFERR R

WA, 7 T A X —FESCWOhL 1 O W PEC AR F O B BAVEICBE 9~ D AFZE A T DI T D
INHDOY TR —FETLETIIRLS, BHICEGIMLRER FAZ—L72 0, FRIWME
SOBEVE IR ISR DT LE 9 Z ENMBN TV D, Iglesia DAFFETF — L7 Ei% 2010 LA,
PFIA4 NEMZRHBL, 2O 7 F %A XOZEENICT T AZ—FEARE L, ZOflis:
PEDIFIEZAT > T D, S BIT, ki1, i oM E R mIZHER U 72308 o BRI ViZ
SRR BUCET 2R L H Y, REIER SN 7 T A X —0M BTV 7 OREERHE
E RS BRDEEE R THAENS L Z ERHEIN TS, Fxl, B4 T4 M7 22
&R 7 7 A —Fizfifl Lz L &2, ED XD R RABKEENEIT 0080 ) 4
Bk A b o 72, BFZECIE, £, oL THEBEME OBIAERE 2 8T Ni 129V T, Sub-nano
YA XOMALZFTAT D LI2X > T, i Ni 2R L, ToKEEEZHL /NIl LD
Ll Z0EDIL, B T74 FERALTCEERY T AX—FEORED I Liz. 2Lk
RRO= v 7 VTBBEMEOMEZ2ET 52 Lz k<monTn5S. 2O Ni 28k b L= & 12,
ED XD R FHEE R T ONE WD SIZER L2 NiMFIL & B 2 BEZEMEd 5 Z izl » T
Bk L, Ni'"“O-Ni"FHIZZfb S, £, COLHIZ XY [Ni(CO FEAHFLTICEA SN D
TEERWELE. 2D, 673K THEHER T & —li= v 7 A Z v OREUCRIEHHE Z Y
LETR (Nig) 7 T AZ =D EIND Z ERNbnotz. 2 DHFEEE EXAFS, UV-Vis-NIR
IR DI ET AR M 7e EOMHTIZE VB LML (RF—A1). ZOERIBETH
BU7-0 A% —FORMEFNEIL 300 K Tldk 27 U v 2% 5220 Ed (Fig. 1 #kET
FR), RIBQ9K) TS e 2T U o 2 #ifR a2 R~ L7z (Fig. | R OREGER). £, (KIE
THIE LI-BeA e (BB bR, R, PR E) DR ALV OZFR b L) K&Ewn
LD, BBV A R TS Z Enbhoto. RO DIC, #EE 673 K TEZEHEK LT
AREHZDWT, 19K THIE LRSS EZ2 /R Lz (Fig | P CHAER). ZORECIL, B
BRI IRIT ] LB EDS B S e 720, EXTF U RTIT LA LBIITCEX 2ot &
512, (Nig) 7 7 A X =% SN DWW T, #3574 2T 72 IR BE TIRIRIC L7288 (FC)
& REE % D3 7 W TCRIRLIC L 72 (ZFC) 1 DARIR(1.9 K)7D BRI £ TORMLROIBELEL 277 L
72(Fig. 2). 25 DOEBRFERIL, Z DX 512 LT S 7= Nie) FILE EBAEOME 2695
ZEERLTWD (TuyX o ZiRE, T, 1L FS0K THD). SHIZ, ZOFME 673 K T
FREORISIZE W HERLL, TO%, CO M, FHZEHRERD &N mAFAETEHZ L
WA BN T2, 2D X 1T, B ENTZNie) 7 7 A X —FEIN R TR IR &I TR
D ENHLMNT2Y, BA T A MFLIN TN 7 7 A X —DNEEITER I TWD Z & DFiE
WThs R LE. ZOROMBA/ERICOWTHEBEN S -5, —J, EZCEULEL%, CO
RUERIZ 0 AL SRR S AL [NI(CO) [ FRIZ SR IR CleE L BUS L, B (bfEa v L, %
OFEIIF|IRTCO XL TH LV REA AT HZ E bHLNIT L. ZORIGZOWT, DFT
FEEAEA L, PEAERYSCEIGIECOW T L. & 2 AT, NifEOEAE, Bl
X912, BLETCSISNBGIZET D720, IEMESOMAT « AN REETH D Ll L, b
BICICH L TE Y RIEM 7R Zn2 A AU 384T 4 Mz oW TR L. TR, 1405
Wt A S DOET ARSI 5 L4z, BLO—MMHENERIND Z L, O HEEMESR
LT, BEOEM (XY T A FREOER) LWHIBRSBERWNE L. &5, @ty
A RFEOHE L REKSME (BIRTOEEERIC L 2 VAMOERK) # RWE L. 51
ZOEIICL TR EINAF U NFETEES E LERIRTOAZ o OiEHbick D, A% )
—VDERIZHRD LT (RAFR—5H2).

51T, FHIEICBWT, Ni OBRIIAIE T2 Co oW T himibmfEoflc ks L, =
OFENERR SN DIEESROET UL b7 72



U ETHARIZE SIS, b ONERRTHE L N CARITEHNZ2NETH Y, ERbFe
JEAEF DM 2 b, /\f&@ﬁfz@@%#ﬁ}ﬁﬁéﬂé Frlz, AWFETIE, 474 &R
L7eHarB - REBORELL VD, TRETIZED, 2IHLVEZORETHY, H L ERE
LB ORDBLEBERMENE TCH L EERD. £, AZVPLAZ ) —NVDE
FRIZT RNV F—RE (A2 g FL— FofRiE) &ML, B LW ~D e |k
ERDHLEZTND., WTNIZEL, ZHUODOMIERNEICELT, 5%, SORIMENPLE
ThHhoHEES.

co Re-evac.
at 623 K at 673 K
’ I
Al

A% —Ah1 :Ni 7T 2AZ—JERBE

30

Magnetism Behavior of Fig. 1

Subnanosized Ni Cluster Fig 2
Subnanosized Ni Cluster

Formed in MFI

FC

[
<

re-evac. (1.9 K)

[S
(=}
T

e
Z
‘_'\-/
)
=
E )
=0 =
= ) B .
'g 10 < — Blocking Temp.
N~ =
N V ZFC
5] 7
ED-ZO L ~
& -~
= .

30 1 1 1 1 1 1
10000 5000 0 5000 10000 O 50 100 150 200 250 300

Magnetic Field / Oe Temperature / K
g~ T \ I/i’\ 02+ CHy

2F—A52 : BAI5A FHOHEPAXINANE XA Z LV EABRRIGIBREOET IV



5. EARFERGLE

GEsEams) GE 11 #0)
1. A. Oda, T. Ohkubo, and Y. Kuroda, Room Temperature O Transfer from NO to CO Mediated by
Nearest Cd(I) Ions in MFI Zeolite Cavity, Dalton Trans., 2019, 48, 2308-2317. #FtH, DOI:
10.1039/C8DT04425B. (selected as Front inside cover).
2. A. Oda, T. Ohkubo, T. Yumura, H. Kobayashi, and Y.Kuroda Room-Temperature Activation of
the C-H bond in Methane over Terminal Zn"-Oxyl Species in an MFI Zeolite: A Combined
Spectroscopic and Computational Study of the Reactive Frontier Molecular Orbitals and Their
Origins, Inorg. Chem., 2019, 58, 327-338. # #t A, DOI: 10.1021/acs.inorgchem.8b02425.
(selected as supplementary cover art).
3. BHRE, BAT A MEFIH LI FrR B HIRIEAIM B L OWawERIR, €47 1 K, 2018,
35(4), 145-155. AFFiLE.
4. BHRE, B4 74 NEFH LI2HaE HIREORIH & /Ny O - 15MEAL, Adsorption
News, 2018, 32(1), 3-10. ZAr@ifE.
5. T. Ohkubo, M. Nishi, M. Yamasaki, H. Takagi, and Y. Kuroda, Surplus adsorption of bromide ion
into m-conjugated carbon nanospaces assisted by proton coadsorption, J. Colloid Interface Sci., 2017,
508,415-418. #HiA, DOIL: 10.1016/.jcis.08.066.
6. A. Oda, T. Ohkubo, T. Yumura, H. Kobayashi, and Y. Kuroda, Why do zeolites induce unprecedented
electronic state on exchanged metal ions?, Phys. Chem. Chem. Phys., 2017, 19, 25105-25114. #&&HiH,
DOI: 10.1039/C7CP02669B.
7. A. Oda, T. Ohkubo, T. Yumura, H. Kobayashi, and Y. Kuroda, Identification of Stable Zn"-Oxyl
Species Enforced by MFI and Its Reversible Reactivity with O, at RT, Angew. Chem. Inter. Ed., 2017, 56,
9715-9718. ##tH, DOI: 10.1002/anie.201702570.
8. Y. Hirose, A. Itadani, T. Ohkubo, H. Hashimoto, J. Takada, S. Kittaka, and Y. Kuroda, Tubular
nitrogen-doped TiO, samples with efficient photocatalytic properties based on long-lived charge
separation under visible-light irradiation: synthesis, characterization and reactivity, Dalton Trans., 2017,
46,4435-4451. #&FHiA, DOI: 10.1039/C6DT04914A.
9. T. Yumura, M. Kumondai, Y. Kuroda, T. Wakasugi, and H. Kobayashi, Utilizing super-atom orbital
ideas to understand properties of silver clusters inside ZSM-5 zeolite, RSC Adv., 2017, 7, 4950-4959.
A, DOI: 10.1039/C6ra26492a.
10. T. Ohkubo, T. Kusudo, and Y. Kuroda, Asymmetric hydration structure around calcium ion
restricted in micropore fabricated in activated carbons, J. Phys. Condens. Matter, 2016, 28,
464003-1-464003-7. & 5¢H, DOI:10.1088/0953-8984/28/46/464003.
11. A. Ttadani, A. Oda, H. Torigoe, T. Ohkubo, M. Sato, H. Kobayashi, and Y. Kuroda, Material
Exhibiting Efficient CO, Adsorption at Room Temperature for Concentrations Lower Than 1000 ppm:
Elucidation of the State of Barium-Ion Exchanged in an MFI-Type Zeolite, ACS Appl. Mater. Interfaces,
2016, 8, 8821-8833. ##t A, DOI: 10.1021/acsami.6b00909.

(K] GF 10 1)

1. GRER - fkHR - RAREA - EHRE, WL L4714 MEFOYA b LA S L7z
Co DFray 72 MR FIHEMALHEE : [Co (I11) 0] TERL YA T+ D RFTHEARNT, 25 32 [B] 0 AW E -8
JEF 2, 2018.

2. BHRE, Ha2os - ESB X OERHS L LTOBAET A b, 528 mRA S R
Vb (WA EDOFER) (R |, 2018.

3. 0Oda Akira, Ohkubo Takahiro, Kuroda Yasushige, RT hydroxylation of methane over
Zn(11)-Oxyl created in MFI zeolite, HAR{LZEAEE 98 HFIES, 2018

4. ERUER - MR - RARE)S - BHEBE, Co(DA A RBEAS T A4 N LTI H=IRIC
BT DR DO _EFIRIT : Co(I1I) -peroxo DIZAAENE, &L, 700 RIS, AAR(BY
D 98 FBFER, 2018,

5. BHRE, VA TA FEMEZFM L HaE HREORIM (RrplEEEE) 533 REA4 T 1
MIFgEIE R, 2017.

6. BHERHE, BATA FEFMLIHTEAREBORAI & /Ny OWsE - 1ML, %31 [EA
AP EFRIR RS (B EZEEE) , 2017,

7. FAfGE - HRHR - RKARELS - BEHRE, B4 74 MEEFIH L2 N QD @E{EWFEDOA]
BLCoDEIWRERML, H25H BATA MEOFK, 2017 (KR —HZH) .

8 . Yasushige Kuroda, Unprecedented electronic states of exchanged ions endowed by zeolite
lattice-From where does such specificity come?-, 6 Symposium on Challenges for Carbon-based
Nanoporous Materials (6-CBNM), 2017.

9. PFEMREL - Mk - 0 H SERL - RAMRETS - RHRE, W LA T 1 FERIGE L L2 N
ORI & Z DRl - BITFEE, AR FRE 97T £FFS, 2017.




10. FAGRE - #M% - WHER - KAREL - BARE, 4794 MEEFIA L= 7 v
DOF A EIRERAIH & 2 0RE, arna FBIXORmHELZERHRE, 2016.

6. AT

(D) BFZE sy

RS HERL « RKAE &K
o —< K4 : Ohkubo Takahiro
FTEAF e EE 4 [ 1L oK
R4 o BAREHERE R
W4« WEHd

s s (8 #T) : 30385554

e E R4 - W H SERR

o —< K4 : Sunatuki Yukinari

AT EAF e EE 4 [ LR

R4 BRI SR X —
B4« Bh#

WFgeEFa (8 #1) : 80362987



