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Fig. 1. Characteristics of the bond made up of Si—O-Si in
Si0;.
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Fig.2. Schematic notation of the z donation from the
bridging O atom toward the ¢ orbitals in H3Si—O—
SiHs.

WL RS, e d % #ER, (CH3) -0, O¥f
FIZHART, BOTERWIETH D, ZOHHI

SiZTIXO LOARKEFA% (—SiH;) J:@o*ﬁﬂlﬁﬂ_

FHE5LTWAEIEICIBEEALILNTE
MY 20X RETHEHSCRTRBM I AL
WIHHIE, C-HBOHEMSFHOZN X i<,
AT DO T AN F— S EL 2D, F0
72OBPRGARI DI VWEEZEZ DT ENTE D,
COMEEHOEAED 20, BERF &L WD
(=SiH;) 2k & @ (p—o™*) WLEM I BV TR IS (p—
)DL, SFO-SiDHEA ALy REOH GO



(19) Vol. 35, No. 4 (2018) 147

200D S X D)RDB E VW) FERICHR D, miak L
=& 912, BALWrh o Si-0-Si DA 11 140~160°
DAL L, ALEWOHIZIZI80° D% & W
HETHONT WD, 2D X)) ka0 AL+
TA MEKEOMFICKBEINDL Z L% 5 LT
&%,

(b) B+ F4 MEIHEICAIZEATLZEIZE ST
HEMZAELSELHELRLAILEOMEIZES
T4 MORNEABOERELEEEH ) . AURT-H
ANCED, BU-ABMOBMAEITTE b 2R
WERGA + VLo ThENL, TNH5DAL F
VA OEFOSR WA A FE LTH T L v
ATy N (BRmEORL2IEENE R 5)H D
Wi R EFIRERZIRG S-SR A+ v L LT
HET 50 ZOFWEIAET S AR T OB AR (Si/
AllL) REA SN AIDH O B ALELCEHBEEA S
72 AR F B OAHE AL B AR (50 4) 1358 4 o BLZAC
MOCTEEREHAES Y, 2 LT, A0S
X5 ¥ 7 LTI STALILR BRIk 5
TEFHMBEEIN TS, LA L, AUETOMES
FO5AE L UEA SN AlO M EALE RO G
Mz P s 5 2 L IZBUIRTIIHEETH 5. 3T
T, XEEITHEORAICE, KA+ e L
THEILHEA L Y2 H, ZOMED S MENICAL
i oA Il 2 o Tw T,
72, NMR % & GHEALSEN Tk % ik TR A2
Kk ESRESNTY MY, Wi, BRIk,
XAFS#: b v 72052 o %> % Weckhuysen @
7N — TR R LTw Y,

() KESDZEALSMAL €4 T4 MTHAIL
ZRLE AT D Ly Flma L, 8- YA
FeLTHEETAERBA T Y (V7 A , #
EAFT VAN, BEF 2T AF —RERERL
WoHEARE L THFMEIN TV D, HiL, Z0X)
WKWLTHER SN - HXkftEoa » bo—
N, BRLZETIRE A4 XDZEHS7F v 7D
B SRR (R L 22l b i, AR o R
R DR w7 EANEH SNTw b,

INSHORMERBLAY T I A4 MROFER LB
LIZDoWT, FADP RV LR 2 ISR I
YK T 50 B, ORI TIZZaMFIR % H
LNZF A OIFENE O —H % IR T 5. 2D
OB DN TIZBIOMFi % & 2 B X 7207,

3. BHRAACKEBMFIEES 51 b (ZnMFI: Si/

Al=11.9, 1 #+ > 3#aZ ca. 95%)
KT TE R, ZHzn' L H 0T & ORI
WAREAEAAAL, RRE LT HLOARY -G
B L, —ZnH E-OHFEX R SN 5, Al L,
Za-0-Zn" " ~0-Zy+ Hy—>Zy~0-ZnH +H -0-Z 7
BIUGHAEL 5o TORISHALTWD Z LIidHRs
I A X7 BV D F— % Hh SR SN 5 (Fig
3a) o WIB, 3615ecm I L 72-OHAE I & % /%
Y F, 1933 em ST L 2-ZnH I JRIB T X B3
Y RPHBIT A, T2, ZoRFETIE, AL
T, AY VO —EERHROGDHETTHI LD
NI RoTze TNHDORIZOWT, HEHREL
THRET 5 20" OIREZ RN T 572012, Ho A
—HE A HZSUS % DFT I X o THBLZ A 72,
ZOW\RTIE, ZaMFLROH, D71 & 2 %41
ET2 LT, AIRAIPEEREHHEZHLEI WD L
Ex, BREDLAREEZHT L0290 % A bD
ETNEHWT, H HEEROG OB L CEHE
ATV, FUSEOHES #7203, MNEEHOR
B AFAINRT =% A F (MFIOA ML — FF % %
WEEICHAEST 2 M7 34 FNIC SO O AR T- A5
DOREBEICEAEEINLZLICEoTAIYIENRS
M7-S1~M7-S4 % A b : Figs.4,5) ® & F )V & D

1933

Normalized intensity (arb. unit)

(b)
I ¢\
UV irradiation under O, gas (a)
L L L L L L
4000 3600 3200 2800 ° 2000 1900

Wave number / cm™

Fig. 3. IR spectra of ZnMFI: (a) after the reaction with H,
at 423 K of the Zn"-MFI sample evacuated at 873
K and (b) successively treated with UV light in the
presence of an O, gas (the photoreaction between
[Zn"-H] * and 0,). Both spectra are represented
by the difference spectra between the spectrum of
cach treatment and the Zn"-MFI sample evacuated
at 873 K, i.e., before H,-treatment. In all treating
processes, these spectra were measured at 300 K

and in situ condition.
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(a) The M7 site positioned in the main channel of MFI-type zeolite. (b) The M7 sites with different Al-arrays which

are named as M7-S2 and M7-S4, respectively. The direction of Al-array is expressed by the pale-black line as a vector

in the respective models.
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Fig. 5. Optimized models representing the states of Zn*"-ion exchanged in the M7 site with two Al atoms incorporated in dif-

ferent ways. The direction of Al-array is expressed by the black line as a vector in the respective models.
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tion of the H-H distance of an H, molecule.
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A potential energy surface in the heterolytic cleavage process of H, on the M7-S2 site, which is computed as the func-
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Optimized models representing (a) the different states of Zn*" -ion exchanged in the M7MS5 site with two Al atoms

incorporated in the direction of circumferential channel direction, together with (b) the state of Zn’" ion-exchanged in

the M7M6-S1 site with two Al atoms incorporated in the direction of straight channel. The direction of Al-array is

given by “pale-black arrow” as a vector in the respective models.
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Fig. 8. The optimized model representing the relation between an H, molecule and the Zn® " -ion exchanged in the M7M5-S2
site. The detailed roles of both the Zn®" -ion exchanged and an oxygen atom positioned in the lattice, Oj., are also giv-
en in this figure.
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Fig. 9. (a) In situ UV-Vis-NIR DR spectra for the H,-treated Zn"-MFI sample before (spectrum 1) and after (spectrum 2)
UV irradiation in the presence of an O, gas. (b) Schematic representation for the explanation of the vibronic transi-
tions. (c) A comparison of the absorption energies of the 0—n transitions observed in the present study with those of
the zinc ozonide molecule synthesized through the reaction of a Zn atom with an O3 gas in the Ar matrix at 20 K (ref.
45) . Difference energies between them were also shown in the unit of cm ™ ' (d) A comparison of the experimentally-
observed vibronic transitions derived from the zinc ozonide species which were synthesized by the photoreaction of
[anLH] * with 1602 or 1802, respectively.
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Fig. 10. Experimental data for the reaction processes with
O, under UV irradiation process were given in
Figure 9, especially focused on the spectra in the
UV-Vis region. In situ Vis-NIR DR spectra of the
sample under same conditions are shown in this
figure, dominantly focused on the spectra in the
Vis-NIR region. First, the sample containing
[anLH] * was treated with 1602, followed by the
irradiation of UV light at RT (spectrum 1). After
that, the sample was evacuated at RT (spectrum
2). Finally, the sample was re-exposed to an %0,
gas at RT (spectrum 3: dotted line).
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Fig. I1.  Electron transfer mechanisms in both ozonide and oxyl species which were verified by the time dependent theory cal-

culation. Kohn-Sham orbitals involving the electron excitation are given in the red and blue surfaces. Calculated ab-

sorption energy and oscillatory strength are also given in these figures.

(i) Hydride

.' —05-0— 1
e

(ii) Ozonide (iif) Oxyl

2

2, .
evac. at RT ’

Zn? adding O, at RT Zn?

RS

Fig. 12. A schematic representation for the reactions found in the sub-nm sized space made up of MFI-type zeolite framework.
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Fig. 13. A schematic representation for the (Nig)" species

created by utilizing sub-nm sized space made up of
MFI-type zeolite framework.
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Fig. 14. Magnetic properties of the (Nig)* species created
by utilizing sub-nm sized space made up of MFI-

type zeolite framework.
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Creation of Unprecedented Electronic States and Materials

with Specific Properties by Utilizing Zeolite
as a Useful Reaction Vessel

Yasushige Kuroda

Department of Chemistry, Graduate School of Natural Science and Technology, Okayama University,
Tsushima, Okayama 700—8530, Japan

MFI-type Zeolite is crystalline alumino-silicate with subnano-sized pores. The negative charges that originate
from the substitution of AI’* for Si*" in zeolite are neutralized by the exchanged cations: protons or various kinds
of metal ions. In this regard, it is well known that the properties of the exchanged cations significantly depend on the
position and concentration of the Al atoms in the lattice, as well as their mutual array. We have already found that H,
is spontaneously activated and its heterogeneous cleavage takes place even at RT on the zinc-ion exchanged in MFI-
type zeolite, resulting in the formation of both —(ZnH) " and—(OH) species. This finding is particularly surpris-
ing in view of the fact that the bond energy of H,, 436 kJ/mol, is too large to force the bond dissociation in such mild
condition. Therefore, it is essential to understand in depth the origin of the unique property. In this work, we have in-
tended to clarify the important role of the Al array in this reactivity observed on the zinc-ion exchanged in zeolite.
As the results, it is found that the Al atoms with appropriate distances, which are aligned in the circumferential di-
rection of the straight channel (abbreviated as circumferentially arrayed A=Al site) , well explain the experimental
fact.

In addition, we succeeded in creating the [Zn—oxyl] N species utilizing both —(ZnH) " and —(O@H) species
as the specific reaction sites. The species formed through the irradiation of UV light in O, reacts with a coming
O, at RT to form the Zn"-ozonide species. Once the Zn"-ozonide species is formed, it reversibly reverts to the
oxyl species upon evacuation at RT.

[Zn"-0-17 (S=1/2) +0,(S=1)=[Zn"- () 051 T (S=1/2).

The existence of this equilibrium reaction means that the radical coupling—decoupling reaction takes place in
this system.

We also describe brief description on the fascinating magnetic properties of (Nig) 0 species formed in MFI-type
zeolite with sub-nano sized pore; this cluster species exhibits “Super-paramagnetic” nature as is different from the

ferromagnetic nature of bulk nickel phase.
Key words: MFI-type zeolite with sub-nanosized channel, Al-Al array, DFT calculation, the reaction of
—(ZnH) * with O, under UV-irradiation condition, [Zn"- (112)03'] ! species, [Zn"-0-1" species,

Creation of (Nig) -cluster with superparamagnetic nature
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