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Catalytic Cyclohexene Oxidation in the Nano Channels of a Copper Silicate
Material

Lee Dong Hyeon

Department of Chemisry, The Graduate School,
Pukyong National University

Abstract

This study examined the catalytic activity of the copper silicate material SGU
- 29 for the aerobic partial oxidation of cyclohexene under mild conditions. In
particular, the catalytic properties of the CuO,°  square planar units in SGU -
29 were investigated as the active sites for cyclohexene oxidation to generate
three main oxidation products (i.e., 2 - cyclohexene -1 -ol, 2 - cyclohexene - 1
-one, and cyclohexene hydroperoxide). We believe that our study makes a
significant contribution to the literature because we demonstrate unequivocally
that catalysis occurs only within the inner channels of SGU - 29, rather than
on its external surface or within the solvent, and we highlight the special

role of the CuO,® square planar units in catalysis.



Aol A Gt a AE vFe udd vkE T e od
Ate] Arsh Wb nEVPRA 2dE MtEE SAE d4seE W L
A A EE wkgo Y giEA o wel Algste Bde 1y &
Ao 2 75+ cyclohexene©] U

Absh Wh8-S B8l A cyclohexene 2tAE ¥t 9 the
ANE(FFE, AE A 3)E AbstE 5 gtk o' Ats) g

3h=7kel wEbA 2 1Al ElR  cyclohexeneo] AF3tHE T o= &

cyclohexenes AFa}Al HO.'*M} NaOCI'2™, PhIO!M ™I} &7 wh8-A]
71 epoxy cyclohexene®]Y} adipic acid’} A EC 2 =77 2
t-butyl hydroperoxide = 2bshA = AL-8-3FH cyclohexene
2-cyclohexene-1-0l7 2-cyclohexene-1-oneS THETHIE 2 oju) 24 5
= 7 AFES FFARAGeIH FUIgBCdA TacA AHREHE S

A5 ol

of 42
oA eg PAHAES de= 9 Ze H
g A

A sl A= B Al o)t = 3E )
O

A e, FA7F 7 e AFAR A H o
B2 AEke e 7HAE AbskA ol g,

HAA7HA] By 242 E o] §3F cyclohexene?] AF3} HF-3-2 noble metal
the Qabs ol g AEH, A el me S840 AEe vt
72 &4 (mesoporous material) E%%lo] ALgE QT ALEA BEAALE
AstAE o] & F v FHES FolUa S4S FAletE AT E9

3
Ay o EddA S A"l Abgd 5 9l
1

2] 3l = fYe Fu o2
A ol MANES NHAE ASaolERBG G §7] 2] (Metal

Organic Framework)® ®I7} 9it} o]g]st BEHEL i Yw =7]9



[mt
e

)

el

o AL

o] 2=
AR -

1% A

O
RS

o ofo A e

=
=

1o]

A=}
=%

[e))]
H

7HA = AL E

Aol

=
R

= Alely Si dA7E o

o

WA} el 2 a et

=
=

AE A CO,

6‘1:]1-

o=

il

—
fite)

PR oS SGU-202 Eee g AdAelE EFE o %

A}E

S|

LAl SGU=29E =

)

s AskA R

3

SE

KeX
=

o] 9] cyclohexene® partial oxidation



MEEY ¥ e Ar)e] Ales ThAe A =29l AlZEelE
=P Al ERta =2lH, Si Atk Al A7 o] He] O €A
3 = A2 0 A5 sty Agsta ok AWk
Si0s, AlO3, Nax0O, KsO, H:0 o2 T4 =

o
+ A% Cronsted= AlSpolEE 7HE3H9 S

st Al BmHoIA FT7)7

(zeo)9} =(lithos), & ©ol =

o] E(zeolite)2al W3Rl Barrer7b $EHSS A Aoz AL

ZolEE FAMUL o]FZ AF, X, ZSM-5 T O¢

FAEAT dA dAA Sl EE ¢F 409 F0] RHAEALL, 2000]F <]

gt Al &efol EvF nhgof 3 ophal

Aol ESY =42 TOy &l B +& 72992 745 st T4

A7 O AA vl et wflgk d9E TO& 3 29, TO, 917

oAX AtztE e, eztE e, 49 e, 49 a9, gAY
5 oY 22 A% F2E wEA "ok oy e 24

< 27474 =4do] "t A&l

=1 al =
2 7h7 23} ARrasel HAHeR Wdse 47 B
NOERS

[t



12 54
(1) Feol ngk J2
Ag Well - Fol=50] E‘r 01 =3 A E ugst

< [Si0l* ¢ [AIO 2 FA4E TO
i92 2RI 9% 4o B94E AL S
A

=2 _:L
e ol
do
N
-
2o rr o e

(o

Al 73&0}4« ﬁlb 47H

lr

m‘o
0%

RulN
(0]

[}
Koo e £ F
0%
_0|L
N

S| VIR O (R > O e S .
_0|L
m+
%
3
>
N
N
rlo

@d 2 9714

Go| Al AF3t Al SefolEL thkst &8 A& EV 7zl A H
@718 Aol AT AZgolE Aol Al Sivt WHEHE FEE
e FHetsE W X FHEGE W o]l EAsta, =4 Wl dAAY
E7F w& A (acid point)#} 44 127 =8 @713e] A, A
Aro Mo ALTolEE ki =% Bronsted?Fd 3 AR

R
LS AU Lewis S 4T 5 Stk Aol =7 7k AA 4t
gl M= AlEetolE F40] 7hxl Ale] kel ml#stA| gk, ke A7
= Algete]Ed wel ek ko] A7 A&kl 2] Si/Al & H|7L
ADAFE e Si/Al & W7} 1] 7Ahe B$ Abdoe] o F @a, 4t
3t 74?4 P B v = s e s B =i o s A R R B B e
=2 AETE lem A "RV vhe Al AgHEER 4ol wow



Q71 AE wolHm, ol o] AR AaEel AR Awe] Aol7t A gl
ek A Ast B HW AAEE Aol 7k FelelAl A,
A ddaidel 4 A77h AR AeetelEe] 9714 K Rb e
o] go] WA OIS A LhER, o] ojesl Aol i o] Lol
A A wA A geto]=e) FAd gl Aae] AR WEI} FolAA e
U @l i,

2
filo
i)
o,
[
o,
=
X
2,
of
rlo
e
rE
2
|0
fr
il
Mo
R
fr
N
N
I
R
%9,
ul
o 9

il
o
=
)
K
Jr
it
v
o
[gt]
fm ot
il
o
12 o
il
ofj
Mo Mz
ol
QL‘
do
o
2
o
)
)
X

ftlo
o
21_5
>,
af

o X
g
ol
o |

T
)
=
=
N
o
)
o
|m
rlr
Jo HF
flo
12
)
i
ox
l"_|EL 0_>f.'4
filo
N
v
K
32,
|o
fru
o> i dob rlr

ZbEstdete 2 7271
A&l Es

=]
=
A deAow

i
o,
S
o, 2 |o ¥ o

ool AT

X

il

o

_0|L

X
mlO El 0{1 _EL

D

SL

Ir

i)

o

2,

> 2 oro J
My M > KOS o o

i
o
=
2 oox
Y
to
BUAN
o

o
dlo

41
oX
e i
_|>i
©
1o
P
T
ol
N
e
X
.
o
e
£
o
filo
o
o,
fm o
~

ZRAIAL Q)L

N
-~

|
=
o
o3
off
9[_,('
¥
e
2
2o
2
=
93
e
2,
)
2
2
rlr
o & I

7H AlE dT 2]

oL
SO
M =
N rlr
LI

9 e 8

re
H
o
N
of ot md rE W iU

th A

32

{6 €
o &
fu

e 2%
d
i
e
oL
o

N
N
~
o R

o
k)
o
off —
m
i
Sh
X
__)‘4_111
I
s

ol
-

=
>,
N
o} Mz
D 2
> R
0y 1o
¥ Fi;‘
E |
%o, - m{E
I
o o
IR
ot AL
uls o
A e
oL
L
o,
off oo o N @ o K

2 £
Ny
X gl
ox
Z o
= e
2o
oo olo
Ay

Ol
ol
rlr
o
2
Sy
o

54 91‘:}[1’5].

=
e



T22 pA A Al Siool9e] tE A}

A7}

A

s o9

t}. B, Ga, Ge, Zn, P, Co, F, Mn, V, Ti

s

Egta A

il

B

o

L

oy

A7k depAw A Lo el

A

o, 7 ¢ & MFI A &¢}o]

A9 T4

AT =

o

p=2
o

of Al A&l Ga, Fe, B

E

-
1

&tk o

Uz

-
=
N
T

0
4

ol

)

#H

o

A& 2ol

]

2
olw=r

%

d

<)

¢}

o

o] @753 gheHlh

ToR

KN
T

SR

Ej o] t}. Potter

¢}

2] 2k

Si Ag]e] P7}

AHA 9] 7S
Co, Mn, Fe, Ti 7} x3k% t}

s A

)=
L
Ru-Sn#o]

(AIPO)

piz)

‘umo
o
4

»{51_

ol A7 AT,

el

=
=

14 A|&golE

A AAAE AYH FuEA 7}

oM 2

Mo

)

W7F AlZetolER wA|EQlal, 1 o]

&

w-

] 7}
Al & 2fol

U

oA Ab&-=

o] 5% ek,

;<E1
AEeol EZE 74X nAlAl g e A8y 277 2

E5e) o) 4

ki3

=0

o,

F2 o

ol
TH

"o

el



o,

s
;OO

el
JJo

%0

ol
N

A

TR

A
%

C )

o

W
N

&

3} Si/Al H]

A& ol E

W= ol

=
=

=
=

W2 ol
A}A|

E

=
=

=

EE

3l AN ALeeolES o] gt il
A& 2ol

-

A & 2o

A

I

]

'~

o

Mo

Tor

oF
xr
K

of
vzel

X

=
A

=

0]

A& 2

=

AP
=

g A o]
gl

=
=

-

1

Al

°=2  Co
gomn o

g

=
2

U

gl

st+4 A9l hydrogenation, oxidation, reduction
R I A=

Metal-phthalocyanine(MPc)3} 7o)

o

]

RN

ek 2 el A= g, 2o, Mg
A

o]

=

metal

a5

-

1

&

o

gk AR #
A &2} o]

I 2}-S 0] 438k benzyl alecohol®] oxidation ¥FSo] 2™ non-precious
2

E A o]t} Noble metal(Pd, Pt, Au)
Fischer-Tropsch catalyst® ©]

S7HF =2 7HA
transition

o

olo

RSEES R

AE

6‘1:]1-

W -0l A]

RETA
o

Al

oJE Y¢

el

AZeolE Alg W=

KN
T

dicyanobenzene

s

0§

=

=

i

=
=1
=

ship in a bottle W%

CuPc A&ZolE Y

szl

=]

=W ALGgolE Yo AETYF A7) HTE A7 7 AAA

T

R4

ol 27

o] /1 MPcE
MPc7} Ui F-e] 7+
3k,

o2} 11

styrene®] epoxidation

B
E}MB]

=]

%

)



= 44
23 5 gu okl A

=7

Zu| 2 o] &3 4 gl

S 9L o8 & Atk AgTolE BET

= ETS-10S Meerwein-Ponndorf-Verley W+
[e)

Fgate 222 BANTE W)Y FWR A

AF% AIPO9 4% ethylene®| oligomerization



2. 78 AgAE SGU-29

a9 1. g4 SGU-29(FH=)9t 53 = dkg3d SGU-29(-=)=

scanning electron microscopy =4S T 42 Az

0

SGU-29¢ Al&etolE 472 E FAstE Al tal Cug X331
A By olH, oln Fe R A LEFYJ ETS-109 FAs =4+

7HA AL = =Aelv. SGU-299] 3184 2 NapCuSisOo(3}8h2] &
441.97)0]1t}. SGU-29+%= sodium  silicate®} copper sulfate®= +A¥H 2
TFATE AAA QA =W Z7)7F Fdetl APz AE FEjQl Bk
Qe 45 F UtHH 1-a). o] 2 A o= A 7] F
50C7HA 7hdstel® AR FxE FA o

O
BN %o

i rlr

2 ruﬁ o ..



SGU- 29 ETS 10, AM-6

.,.w??’
Hi“HH! Sasasanasas an o

(CuO,)*square planer unit array MO,)?% octahedral unit (M = Tiand V)
4.

¥ 2. SGU-29 (#2)9 [CuO,* ™ A& (square planer) @9 7-%
o} ETS-10, AM-6(S.22) o [MOg)*> =¥ A (octahedral) T 7-%.

SGU-299] +x+ 29 2014 Holx AP 7ol [CuO)” B &
TZ27F 4719 SiOy APRARE =Rl A 3xke Aoz wjdE ot
[CuO > FH Azte P2 3629 A HA 3 3732 A 7120 vy
Fej2 FastA wd=EAAt. 2" 29 HZHH 29 55 HU
SGU-299F fAMeE Fx5 7h7 ETS-103% AM-69] 37} vehy gl
o] 53 SGU-299] #leli= Heola& Atst=o AY Hert tar= 219l
dl, ETS-102 $Av%o2 Tis 7%%1 il AM-6% THwEHeRE V
F 73 9l o] F Al&EtelEx MO o ge® FHFEE0] 14
4 Hoz AAEH ﬂﬂ.ﬂﬁd TEE A o] ALTo)EEL
quantum wire2 Abg" $ o wE SGU-29% W ALz g o] o]

F5 AL M A3, F wae] wlols AeE A

A7

10



reused SGU-29 140
reused SGU-29
1204 —=400.1 m%g
= o 100 | SN
o o pristine SGU-29
- I~ 80-¢ 2
£ ) —=411.3 m%/g
B | pricti o
= pristine SGU-29 £ 60
£ s ]
> 40
20 —
Wrrrrrrrm'wrrrnﬂ'rﬂwrrrrrrm‘wrrrrrrr O

10 20 30 40 50 00 02 04 06 08 1.0
26 (deg) P/p,

a4 3. v wkes 87l d¥ S wke 3§ SGU-29¢ XRD
pattern(#=), Fvl w3 o}7] dd Fo] SGU-295 °]83dk] A& Ny
A

£ 343} BET £4& a4 e WA (52

a9 39 #HF agze SGU-299 X-ray diffraction pattern(XRD)©]
W, 71z ma® Assk AAHPH. 19 39 $5o)% BET £4S
el Qe SGU-29¢ MIEWAT N, §3 FHAEL A 12 2)0] e}
U otk SGU-299) Wl EW A2 4113 m*/geld o g 9 wauw gy
H] <=3}

5 o = FRRAAE AL U=
H o]&= SGU-29¢] Eo]dt FxoF o] 2t} Intra-crystalline Cu

sh G2 Abolo] ¥l ke thekstk 3}
gk qkgo A S5Ag Fu ATS k= Ao] Jhestth. SGU-29%= 45 A
x 7.3 A8 4+ =27 Ao dar, o] Aol T
aliylic oxidationol| 4 ®¥r&E=Z Alg=E 4 Q& cyclohexene(kinetic
diameter: 5.7 A)e] Eo]7}7]o] F&d A7|olg. E AFoA = EA AF
2~Z 23A 2 dlE cyclohexene®] partial oxidation ¥H&S AAES AL
SGU-295 Fwl =4 Abgsto]l Addstdth

i
N
N
D
rir
:)é
i
o
N
N

11



3.1 39

el

o
HH

W
all
TR
o]

fel 2ol

e
st

|
jans

%

NOyWw| =E

s

Aol A

olo

ANz AT} w

Al

tH A

2adhe dH=E S SAs

(3]

Ea : wlo catalyst

: o

E’'a : wi catalyst

-
=
I}
-
[}
o}
[}
14

Product

AB1aug

Reaction progress

‘umo
B

W AFgEA e

=
=

a9 4.

U 2=,

12



=

R

A}

=

=

A i
&l

=
=

I

b

°

AL

=

=

gl

=
=

=
=

tH of] A

] o
=

sk
=

g8k v A 71
i

9

W7t %
nel @ u )

=
=

1

A 93

R4

o Az
°

o

[}

Mz dee A27F AAE. o GAZE AR AR
ol A

o

o)
[e)

}

=

o

g

=
=

&t7] witol o

FHz XYy

==
e

B

™
_1!
.EH

(e
27|

jmi
N
ol

: olo

i

oL
[}

fel Al

7 Zu

ay

ATt
A}
o] 2

=
=

A A -}

) o

=
=

-

1

ojH, ]
7FA AL 9Tt

=

=

=
=

A

-

1

2
3l
o] o2 Rh7} 88" §7]5%

I

13

=
e BFd

=
=

=
=

o o} B LA
el AR B
A

=
=

=
oM e 7H =

]
H

/1\1,

4
=

s}

32 ¥4
dom Hojgdth agAT EddA

3}



Monsanto process Eﬂ’%o]

she

4

=
=

F methanol 2 -5 acetic acid

3|
A
(3

&
o}

B

=
M
ol
olo
jant

polo Suz F

S

o] active site® ©]%

o

bl

o
o

of EudA =

=
gE

A

7}

73]—
ale AAY o

125
=

’

2k

&}
<1

453

o

gl

mjol USYE o] &

E =
— =

Mo A&l

-
it

—
fite)

N

Mo

H ARg-

= =
— 1

Ey_]__

=
=

g}

H

14



B

1.4 3

n9L

O
oL

Al & 2ol EFA

SGU-29 &4 (coppersilicate, Na,CuSizOs . xH-0)

Sodium silicate(10.6% Na-O, ~26.5% SiO,, sigma-aldrich) 40 g& SF
60 g =3sk & NaOH 1.3 g, KCl 12 g, NaCl 185 g= Y1 Ab2of A

3AIZE Fet ZFEkAl adkEFed (800 rpm) silicon sourceE REETE CuSO, e
5H,O 9 g 1.2 g9 H.SO} £d¥ Z7F5 30 gol =94 copper
sourceE® 4|3t} Copper source £99S  silicon source 899
dropwise WO ®E H7Igt. AP 8¢ =S A=A 1543 5
Qb nRkEPAAN SAAZIY. I Fo HFE& FAF F8&AE o] &ste] pHE
106622 x4+t ETS-10 seed 100 mgs eI &= 37t
sty E9ES 50 ml Teflon €7]9 ©2 & 2
QB A 2442k 2t Erh dojzl Bepae] A
Aoldith, s do] FAol = u7tA o] #HY
=

o T
SGU-29 &5 80 T 94 6A1zF &< o

il

2. S HXE

Cyclohexene?] 2F3} whg2 25mle] Teflon 7|5 AF&3}= Autoclave
reactorS ©]&3slo] A YA (Berghof, model: BR-25, K-type
thermocouple, pressure gauge). RWE&8 o] HA 2% FAHS A
thermocoupleS &o] @ A2 WSS APt bzl wbs-z7
2 cyclohexene 4.0 g, acetonitrile 4.8 g, W5 ¥+=% AI&H+=
1.0 g, 283 vl SGU-297F 0.01 g AHEHEAT Suls 5E8 A

Y HAHS AAA Fskar, Zvjst =5 Teflon &7]° H2 §F L&
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sto] WSS Yt E‘E%%ﬂg s
N2(99.999%)& o] &3sto] % al

AFATE BEEo] B F AUhe Es ol&stoA wETE A% F
W87 e AbAE WEAA drIE AEHlE vteEoFolv Fuls
AAEE71E ol &stodA  wEEEAolA  FEledla, e gas
chromatography & ©| &3¢ #4135} t}. Flame ionization detector (FID)
7} A% gas chromatography (model: Agilent 5890 series IE ©]-& 3}

G AP Restek packed column (30 m x 0.32 mm x 0.25 mm)S ©]

-/

2]7] ol WiE-E L%E

&3tk HES-E-91 cyclohexened AR %3 A& cyclohexene oxide,
2-cyclohexene-1-ol, 2-cyclohexene—1-one and cyclohexenyl

hydroperoxide s A& #2413} t}. cyclohexenyl hydroperoxide®] %S &
Ast7] fallA 7 He #4418 a8k, cyclohexenyl hydroperoxide
o triphenyl phosphine (Acros, 99%)< =& 3}le] 2-cyclohexene-1-0l2
2 H3AT7] A 5 EASAH

3. 7171 &4

Scanning electron microscopy (SEM) A& SGU-29¢F ZHufjdkg-S
AAZE Fo] SGU-299] oln A= O*Oit} FE-SEM (JEOL, JSM
7610F)& ©]&3tA L 40 kVE 7FEHAY 1dolA S8
SGU-29¢] x5 g2lst7] 9184 X-ray diffraction (XRD) patterns
=23ttt XRDE Rigaku diffractometer (D/MAX- 1 O)& AF-&3}9
SA5H 3, GdAsE Cu Kag Fdo=z AFgste] 439t
N, adsorption—-desorption isotherm< BELsorp—-Max (BEL,JAPAN)Z
o] &3to] TIKEFAA =AsAUTt A7 9 B EWHZA(surface area)d}
M3 =2 7] (pore size)x= Z+Z} Brunauer - Emmett - Teller(BET) W 3} non
local density functional theory(NL-DFT)E &34 A4l th
X-ray photoelectron spectroscopy (XPS)+= photon energy”} 1487 eV <l
Al Ka excitation sourceE ©]83Fo] VG Multilab 2000 spectrometer
(Thermo VG Scientific, UK)Z A3ttt 23+ hybrid modeE
A AU
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Electron paramagnetic resonance (EPR) e R Bruker9]
Bruker(EMXplus—9.5/2.7) electron spin resonance spectrometers ©]-&3}
of Ao =A3Aa, 941 GHz frequency®t 2.00 mW microwave
power ZZo|A =A3AT) Center field value #<2 3348.760 Go]™
sweep width= 400.000 Go|t}.
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IV.

i
:Jd

SGU-299] Y=g oA doji}= cyclohexene Zrnf WF3-S 2 A
3tk cyclohexene©] A} At4AE AstA|Z gl o WESO A 2 -
cyclohexene - 1 - ol, 2 -cyclohexene -1 -one, cyclohexene -1 - peroxide
& WEo WerkeE gl Bokrh S @42 & el AFsta e
W 2skgk 2heA vEgE A ASATHO, 171, 343 K, 12A]F ¥k5-).
a3 5-adlA UEhd AAH F A= 37FAZ 2 - cyclohexen - 1 - ol
(1), 2 - cyclohexen - 1 -one (2), and cyclohexene hydroperoxide (3)¢]t}.
HF-3-E-9] cyclohexene®] A3 F8&L 478% (19 5-b)ol™ A 7} AA
o] MElAde (1) 20.1%, (2) 46.4%, (3) 27.5%°]t}. cyclohexene2] s}
S & & AAHEZ & cyclohexene oxide?] A-F FA 4+ A
AEo AzFo] AAHHAL, A= (1), (2, Qo] BAHEH= A= ©
HeHAUSES T3l AAHER o] =A== Az

e wo (= o

—_—
1Y
—

By, 0 H  (b)eo .
O outer solvent O é 55 without OBHP
-+ 09 — + 5 + etc ith OBHP -
external zeolitic 50 i 47.8
S PY Day ——® = 45 w3
e M wd T -
inner zeoliti main product o 40
1]
> 35
5 30
[}
§ 25
5 20
O 15 without SGU-29

a9 5. (a) SGU-299} #A} 2FAE o] &3k cyclohexene?] ZFujnkg-o] o
oqu= 37FA HAA(Ew] WEF, SGU-29 %, SGU-29 yxAd i)

(b) ZHzte] Aol M doju= wbgo &3 dA +&
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o]2H o 2= SGU-295 o] &3l =uf Al 2" A cyclohexene?] A3}
< 3 FEE oA dold & Atk SGU-299 yw=Ad o
, SGU-299] &7 9, &vf fF= vdoh(2d 5-a). Wb wAlA
S 717 A2 golEE cyclohexene 4F3} FHujz o] 83k WSS 379
FE JEguy A el ghgo] dojuhE ‘AlETolE fE
g(inner zeolitic)’, Al&efo]ES] oJF FWHoA dojuy= AladolE
B A gk (external zeolitic’, ~12] i1 auto-oxidation A S E3] Loj}=
U A gk(conversion in solvent) o2 Fi8 5= Qv oA A
< 478%° F&ES A Y MR FEE Ao dojd

cyclohexene 4+s} Hb-g-9o] #&& sk Aoz & 4 Q)

oo

o gE oof Hr (T

u

op

==

ne
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SGU-29¢] Y=l del gl [CuOF 729 Fw a3g A
A= Aol E R ASRES arElsfop ghoh WA A AbA
AbskA| 2 o] &35k cyclohexene®] AFsE whE-o A ZbZbo] g ¢ o
Ak WS Ao A Aol ARkE om|grtal MGl v Aol =
7F & oz A A (radical scavenger)ES =43t AFES A A E
t}. WA SGU-29Z ©]&3F cyclohexene®| 4F3} uWk$-o] radical W+H$
S gdsta, oz dAAe] vk oAl g9 E FRldnE AYS
Atk Al ASHE Yz o AA] hydroquinones ©]-8-3F%1 =,
hydroquinone®] kinetic diameter= <F 5.3 A°|tH(1¥ 6). SGU-292] =i
4 WHE SoFd F de AVl o] FAF AlETelE iR Ag,
‘Aol E o A, ‘&l W HAIES A & ASRE oAt
A0 2 cyclohexene® At WES-o] Ao dojux] kil ol& A
2 E o] &3k cyclohexene?] A3l WFS-o] radical MlAYU S o2 Pt
= & yUedd

« HHZ ¥bg &A Yo @77k 2 guZ JAAIQ] octadecyl - 3
- (3,5 - di - tertbutyl - 4 - hydroxyphenyl) - propionate  (OBHP, kinetic
diameter ¢F 95 A)E H7iste] ®¥ESS ALY 6). o] HF
SGU-29 yx=x1d g4+ Z71(45 x 7.3 A)ET OBHP7l 222 Ad Y
o Eo71A] i &ujdwk EAFE AR 4. 13 td OBHP
b= g W A3k 3 Al EEtolE 9 AS A AR YR A
ol A dojup= ‘AlSdolE Y A S YAlstE AL B E AL
2 AZstgith. OBHPE #uz A= H7ke O 1718, 343 K, 124
b 249 HkZolA AojA cyclohexened 3t F&E 42.2%°](1¥
5-b), F A= 37kA9 A& Z+zF (1) 23.3%, (2) 47.7%, (3) 29.0%
2 AR o] #&2 =FotA AlsgtolE W dEel| 9% Aow F

o o
N

T

(o3

ro
N 32

F

o OO0

o]
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100

1 WM TT TS0
Fx TS IEF AR I
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ojoj Al ‘AlEEtolE Ul A3 W&o s st AP S HAE
Atk Y 7-aE O 171%, 343 K FAolA HESA7H) =
cyclohexene®] 43l W& A3E HojFth agolA HE XY wHEA
ol S7VETFE &S A ke, A= o] YA v =d @)
o7 GAHEL Azle] cyclohexeneA A A& 2447 wbgx
ol A % 52.2%°]t}. 53] WHg-E< cyclohexene?] 4& A|3to] Z4=
= A& ZAaergla, §kgol ZJSEQ“ b= 39 F APAES T

AAE QT W30l AL A FBAE R cyclohexene oxide, adipic acid,
succinate acid7} #pitsl Aol ofsiM A E AT, FatEsel A9gdS
sokth 12A17F WbE oA FakE o] Age 5% mwko] 9l WhEAITE
o] T7F &E FAEY HE&o] FUtstATh ol & FA A= HA
37} dojyd g2 FAES] A7gE AL FUAFA

SGU-29& o] & Al &

Nenw =435 Byl 0,9 otgle =] g
AASFATHZE 7-b). gE o] 17]elA 47 ?}_CLE zg#—in A gk
S7hetAth A7 F5E wek AL =]

B9 AMElo] <ol FU7MEFE F7H3lal, cyclohexene oxides

!

A AT 029 el 47]4d w 46.6%2] FH

i)
(@)
=
S,
O]
=
l©)
b
l¢)
=]
l¢)
1o
™
>,
(g =
Jas)
f

T 71
dE 2NN B3
FES 45 F YA, F AMAHAEL 2-cyclohexene-1-ol, 2-
cyclohexene - 1 - one, cyclohexene hydroperoxide 3F /U< 2213}¢ ﬂr

a9 7-ce= SGU-29% =& &= cyclohexene2] AFs} HFS-of A &

S7tl e F AAES] &5 #FET 313 KFE 343 K7HA] 2%
7F S et A A FEo] SUskR AL, 343 kel A AAE (1), (2), (3)°]
A4 ol AAF AT 353 kel = ewsb ZsAA g g Zra
A ekokth, %7k 353 k ulwkel Wk A= 42X cyclohexenef
T F A= 7MY =57t sSnom o= sd FziolA

SRS Aoj A ghskrhe AL gwlw.

of o
r{r
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Cu {I)

”@ O%@ o

OO0OH
autoxidation [CuCl.{,l2
I9¥ 8. SGU-299F A} A& AFsA| = o] &3+ cyclohexene®] Syt
=]

OH +
— —*@
P
/0,
Cu(
\02
<9 WHgA R WHgS F3 A= U SEgFE(HFSM).

(a) (b)
62— without SGU-29 Ry with SGU-29
644 @ Activation E= 60.4 kJmole! =l Activation E = 48.7 kJmole™!

6.6
@

68 >

704

Ingk)

724

In(k)

744
764
78
-8.04

82

T r T - e e
T T T T
0.0029 00030 00031 0.0032 0.0029 0.0030 00031 0.0032
1T 1 Kelvin 1/T I Kelvin

a9 9. cyclohexene A3} HE-S-o 4 2] Arrhenius plot (a) SGU-29 $l+
Hkg- (h) SGU-29 wH&-

SGU-29& o] &3k cyclohexene®] ’\}i} Hk-2-3} acetonitrile -&mf W ol A
doj}= auto-oxidation® WHEEE A4S 313 KHYE 343 K7bA] A9
3k AdE FaA AASEA L :LE] 9% cyclohexene AF3} HkS-o
Arrhenius plot©]™ pseudo—first order FEje] 13z o]t} SGU-299 uj
Fade A dojuys= cyclohexene®] 4Fst wEE-o @A st o A= 487
KJ mol'® & Wolx dojrpi= k3t wkg-o] A3} o 1x]<9l 604 K]
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mol 'H.t} Ztt} o] 2 E&A SGU-29¢ A We] [CuO* H™ Az
@9l %7} cyclohexene®| 4Fsh whg-olA Zwl &4 A2 AMEHT
e & 5 9tk

Turnover number(TON)+= Zuwj 24 o] T3S Hr7ted u FQ3HA dF
= o2 TONS dghd 7|d¥ Suje] = w2 Hos = gholrh

rr o

1

AHg Fof ] [CuOl” &9 729 F
A8 S)e) §A g
SGU—299] Chemical fomula g- mol ™!

TON
2 5.H cycloherene &= T

10mg SGU—291] ¢ CuO} &) TFx9] & F

TOF
= TON / reaction time (h)

=3gk 27(0, 171%, 343 K, 12A13F 8Eg)el A X183t cyclohexene 4t
3t WgAFHE ol &ate] SGU-29 AE WlF-el Sli= [CuO4” o] TONS
A olE W M e o]&ste] AL TONS 7981
A 42 TON k2 noble metale] &5 A ¢k 7|
3 43k cyclohexene 2F3} WkESoA] 22 TON # < 7}
=S grolth vl 24 A9 2AA A4S Elst] fsiA
turnover frequency(TOF) %= AAs] B¢tk TOF #+< 665 hlo]t}.
ol A FHRE SGU-29E o] &3 cyclohexene®] 4F3} WES-of A
‘AlggolE YF g9 48, TON, TOFE AALE 4 At

2
o
kW

of
ol

(e}

a7
o
Moy B

g
o o

_—
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45 3
40 3
35 3
30 3
25 ]

20 3

Conversion Yield / %

15 3

10 4

AM-6 ETS-10 SGU-29

ag 10. AM-6, ETS-10, SGU-29& =uj& 3 cyclohexene 4+s} whH-g

oA @2 A& 5 vl

24 AelzAe 48 Pl 3
A2 A AR e 2719 B delus W) e 5
FoolE e JEE ol gl =

o
otk 53] ETS-103% AM-6& 24
o] MOg (M=Ti and V) F-F°]H, =24 129 quantum wireE 7}A 1
RN AggolEoltt oA AFdAF Fo] SGU-29¢ o5 F+ Alsdto
E9 AolHL [CuO)” B AHAEe 139 Fx27F ofd o] Fo

2AA 9243 129 quantum wireE 7FA 1 &

%
D
c
N
Neoj
o
do
>
ot
-

N

i
.
2L

]
]
l&= Holt. SGU-29%
S 7HA

[CuO,> HW A e & 9Ael At I3t al 911 o] 3o
SGU-29¢] v &4 Az & ETS-108 AM-62 o]& g
FHE A QA @ [CuO)* FE7F 7R & A %7&01 ] gt
SollA oug JdE = Flstr] flsiA ETS-10% AM-62 ©] &
3lo] TU3 =70, 171¢, 343 K, 12A17h)ell A Z=w) A4S 213}
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AL G4s BHAtH (2™ 10). ol

S Wl A3ke] #8(4.9%)% Bl Lol

= MOs (M=Ti and V) ++% w9 ETS-102

o] #aE o HAvh F7IE fHuZ 9AIAQl OBHPE #7hatho]

ETS-10% AM-69] cyclohexene®] 43} Wb-E-& H sl Hhgo] ¢

o b4 eF gkt O]l:— SGU-297} 7FAl L 9l& [CuO4* 727} cyclohexene
. .

kol A Ad Zwi7h = =3elA
7

3T
2 4

o] t}. cyclohexene®] AFs} Whg-of Al SGU-299] <t S H7kstr] flalA
O & AMEshE 93 1olA oY AAHE APS Arsdnh 7
k8ol € Fol= FvlE acetonitriles ©l&3| A AlH s, A4 st
o A5d& v UHoRE Holde e EH "@*é%% Xﬂﬂﬁﬁ A
o Aeds gas chromatography 2 243} o]& 3
A&s AAHE AP AIzE UErd T 59 ¢ ZH*}% él"?i
A% &3 ddAo] FAHE s 9T & AATh
Eﬁ ‘%0}7}/‘1 Odéﬁ“ﬂ kS-S A sle e SGU-299 F+x7F <3 EHAl
skQlslz] #1841 XRD, BET, SEM &4 & 2AlsH%
o Wk3EkA] ke SGU-29¢F 53 g3

rulm
ot
o,
4
L
LI
o

5 qatdar, Al 7bA BA A T AR 7he] 4
A 24 F&s B F A ols FslA SGU-299 =7t F
i

=<
A g Zd FAEH s AS & = 93 ?17} A = 7]
H

9
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ax
o
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O
2

pristine SGU-29 (
Cu(ll) — 28

after reaction SGU-29

Cu(ll)
Satellites for Cu(ll)

Cu(l)

Intensity (counts/s)

Intensity (counts/s)

945 940 935 930 945 940 935 930
Binding Energy (eV) Binding Energy (eV)
(c) _
experimental

Intensity (a.u.)

PBN Rand CO)  paN soin sdduct

3350
Magnetic field strength (G)

a9 11. SGU-299] XPS Cu 2p3, =HEF (a)¥rs3#] %2 SGU-29
(b) 53] Fvf Wg3g SGU-29(WH8 =31 O, 171, 343 K, 12A17h) (¢)
PBN2S o] &3fo] #&3 SGU-29 v wh-g-o 4 €] radical adduct®] ESR

5 2HNERG)H 99 TRZE ARe] g mHET (o)
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experimental

ROOQ«PBN

% ROWPBN

l

El
s
2
]
E ROO«PBN
E
experimental
fitting
RO«PBN
LI U] TR U R -
3340 3350 3360 3370

Magnetic field strength (G)

a9 12. PBNS o] §3te] #3d SGU-297F sl

g o] ug

radical adduct®] ESR &4 ~HEH(S])Y o agzs A&

5 E g (o d)

Hyperfine coupling constants/G

Radical Adduct Ax Ay
ROO-/PBN 13.88 1.58
RO-/PBN 14.03 2.06
R-/PBN 14.12 3.00
00-/PBN 8.02 -

¥ 1. AAd¥ PBN adduct® ESR hyperfine <.
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Hay 23 waull sGU-299] EA) st Al dojutE cyclohexene?)
A APAE ASHAlR AYSSke AbsE WS 2 A A<l Haber-Weiss
radical-chain  sequence ®WAUZo= dojyp= Aoz HolTh
Haber-Weiss 4ts} w39 7fA[ @Al A vEfv+= ROOH <9 S7H7}
SGU-29& A}&3F cyclohexene 4Fs} WHg-olA = #AHSTH 18 Kl A
Aetst WAYFo] w2 o2 ROOH F°] 7k O-0ZF o] SGU-29
o] Ao Y= [CuOL> o 9aiA #5 E&f(homolytic cleavage)s] 71}
B9+ 5% & (heterolytic cleavage)¥ 11, Cu®l A3} Arejo] uwle} ol &)
7F dojupe=A] A
SGU—297} ZHA AL = Ff S Cud 33
sl Cu 2ps» core levele] XPS ~#E ]
SGU-29¢} 53] HEg-gk SGU-298 ©o|&

-

SGU-299] A%, Cu 2p3pol 393t peake 3.7
AL Azt AEHE 20/ ad 1l-adlA B F »l% A 2719

o OJ

satellite peake] 7 #H&AE AT} whHe| 53] HES-3E SGU-29 A 5ol A
= 9323 eVelA Cu 2pspel 3iH38lE peako] T&E w2l AF3F AHE= 1+
o)l tp*8l 17 RoA] AWsl AF o] Cux peroxideE Bt 93S
gk, Cu™'¢b Cu' Hl&& Eujo wbg Slo] wabd F71stal, 53] o)
Eotae We A FAEJAR(TE 11-b). MIAYSESE =5 d
AAsl sty AaiA gtz EF Al(radical trap agent)E o] &5

ESR 4% AAegt. = 48z oz EFHAQ  phenyl - N -
t-butylnitrone (PBN)< o] &3tk A+ 2z £ A1¢1 PBN 2t
7+ £33} ¥F2-3lo] <FAE radical adductE WHFE©] Wt} Cyclohexene)
AFsh wkgo] PBNS =9l8t¥ ROOH F9 w5 #3 =& &% &3
HANA A E = A= = A pras
1% 8ol A AlEEE HAAY Foll wWEW cyclohexene®] b3t whE-ol A 47)
9] radical Fo] AL 4T 5 vk SGU-29&5 ©] &3t 4hs} vk
of PBN<S #H7lstodA A2 ESR £FEHE  deconvolution 3}¢]
ROO:/PBN, RO-/PBN, R:/PBN (R=cyclohexenyl), O-/PBNZ & g]3}3lt}
(29 11-0)" 7}7}9] radical adduct= A& TFZ hyperfine splitting
TE 7M. o)™ HuE S Fadte] ZF radical adductol] 395}

= oadERS PR W 5 JAATHE DR

o]zﬂ— I o0lS Ao /xgz}a_
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olet= vl 2 SGU-297F ¢l& - cyclohexene?] auto-oxidation A4

8 ROO-/PBN, RO-/PBN % 7}#]¢] ESR ~FEdo] dojxH(
# 12). ESR #4& 584 SGU-299 [CuO4* T+Z7F 00-5 A3k,
ROOH & w5 w3 R &% wdiste] ROO-, RO- #HZ& W=
3} 1L, o] = FalA SGU-297F cyclohexene®] 4F3} Wk
S AT 4 ANATH XPSeF ESREA A 2 AE uig
o2 a9 84 yeEY e e AYEFE AL 7 AT

Jpw F

O
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SGU-29¢] yx=sdo] HEH [CuOl> T%9 cyclohexene® A3} wh&-
oAl FHuf AAES FRletr] A s AES AAsAH. 2 AT

= E3lA cyclohexene®] SGU-29¢] g WFolA 2 - cyclohexene - 1
-ol(1), 2 - cyclohexene -1 -one(2), cyclohexene hydroperoxide(3)= 4t
sty = AS Ak oF 40%9 &S 9o TONS 7981 19
3 TOFE 665h 'e] gh& 45 & At

ETUA FHEHN 7Aoo & Fagh 84Q Bkg Fo 2%
gelst7] $1814 XRD, BET, SEM A& AAlstdth ¥h8 $ SGU-
7 M G2 29A e st S YEuA 58 Felskla,
SGU-29= d£8 Fujwtgo® A% Zuf A5 YA &
A% ESR¥ XPS =4S T3 SGU-295 o] &3t cyclohexene?| Hk$-
THAE gt MAYSTS AlStst At

T 2 AdFE T Ao E SGU-297F 7HA & f“ﬂ EAE A
A [CuOs #HW Al F%E cyclohexene 4F3} wWhS-o] &4 g2
AREEAT B ATl A gl SGU-29 Ad [cuo4]2 T AR
= S ERNO FHo] kst f{rukgol] AEEol &8d F 3

71 e gt

31



[1] A (2005), A&efo] E Hdss, Adolshtal 34

[2] AAA, A3 (2006), A&efo]EL] HHH §& 7] HatEIA}

[3] xﬂ A (2002), FEf7E, =AERTHE L.
<2oo4> A& etol E, ga/fﬂ & 7/-3 139 no.7: 2-11.

*4 AAd, A=, (2005), ATE=E ¢ o2 udE AEgolE FIA

EESEL —E@} 54 4, z%%oﬂﬁﬁﬁ%zﬁﬁ/xl 164, no.1:123-130.

[6] Corma, Avelino, and Hermenegildo Garcia. "Lewis Acids as Catalysts in

=

Mo 2
offl oﬁ.l

S\
U FSL

Oxidation Reactions: From Homogeneous to Heterogeneous Systems.”
Chemical Reviews 102, no. 10 (2002): 3837-892.

[71 Bayeh, Liela, Phong Q. Le, and Uttam K. Tambar. "Catalytic Allylic
Oxidation of Internal Alkenes to a Multifunctional Chiral Building Block.”
Nature 547, no. 7662 (2017): 196-200.

[8] Horn, Evan J., Brandon R. Rosen, Yong Chen, Jiaze Tang, Ke Chen,
Martin D. Eastgate, and Phil S. Baran. "“Scalable and Sustainable
Electrochemical Allylic C - H Oxidation.” Nature 533, no. 7601 (2016): 77-81.
[9] Chantarojsiri, Teera, Joseph W. Ziller, and Jenny Y. Yang. "Incorporation
of Redox-inactive Cations Promotes Iron Catalyzed Aerobic C-H Oxidation at
Mild Potentials.” Chemical Science 9, no. 9 (2018): 2567-574.

[10] Li, Kaige, Jing Wang, Yongcun Zou, Xiaojing Song, Hongcheng Gao,
Wanchun Zhu, Wenxiang Zhang, Jihong Yu, and Mingjun Jia.
"Surfactant—assisted Sol - gel Synthesis of Zirconia Supported
Phosphotungstates or Ti-substituted Phosphotungstates for Catalytic Oxidation
of Cyclohexene.” Applied Catalysis A: General 482 (2014): 84-91.

[11] Oldroyd, Richard D., John Meurig Thomas, Thomas Maschmeyer, Philip
A. Macfaul, Darren W. Snelgrove, Keith U. Ingold, and Danial D. M. Wayner.
"The  Titanium(IV)-Catalyzed Epoxidation of Alkenes Bytert-Alkyl
Hydroperoxides.” Angewandte Chemie International Edition in English35, no.
2324 (1996): 2787-790.

[12] Yoon, Heungsik, Thomas R. Wagler, Kenneth J. Oconnor, and Cynthia J.
Burrows. "High Turnover Rates in PH-dependent Alkene Epoxidation Using

32



NaOCl and Square-planar Nickel(Il) Catalysts.” Journal of the American
Chemical Society 112, no. 11 (1990): 4568-570.

[13] Chatterjee, D. "Olefin Epoxidation Catalysed by Schiff-base Complexes of
Mn and Ni in Heterogenised—homogeneous Systems.” Journal of Molecular
Catalysis A: Chemical 144, no. 2 (1999): 363-67.

[14] Stassinopoulos, Adonis, and John P. Caradonna. "A Binuclear Non-heme
Iron Oxo-transfer Analog Reaction System: Observations and Biological
Implications.” Journal of the American Chemical Society 112, no. 19 (1990):
7071-073.

[15] Medina, Juan Carlos, Nijole Gabriunas, and Edgar Paez-Mozo.
"Cyclohexene Oxidation with an Iron Cyclam-type Complex Encapsulated in
Y-zeolite.” Journal of Molecular Catalysis A: Chemicalll5, no. 2 (1997):
233-39.

[16] Tonigold, Markus, Ying Lu, Bjorn Bredenkotter, Bernhard Rieger, Stefan
Bahnmiiller, Julia Hitzbleck, Gerhard Langstein, and Dirk Volkmer.
"Heterogeneous Catalytic Oxidation by MFU-1: A Cobalt(Il)-Containing
Metal-Organic Framework.” Angewandte Chemie International Edition48, no.
41 (2009): 7546-550.

[17] Noh, Hyunho, Yuexing Cui, Aaron W. Peters, Dale R. Pahls, Manuel A.
Ortufio, Nicolaas A. Vermeulen, Christopher ]J. Cramer, Laura Gagliardi,
Joseph T. Hupp, and Omar K. Farha. "An Exceptionally Stable
Metal - Organic Framework Supported Molybdenum(VI) Oxide Catalyst for
Cyclohexene Epoxidation.” Journal of the American Chemical Society 138, no.
44 (2016): 14720-4726.

[18] Zhang, Tao, Yue-Qiao Hu, Tian Han, Yuan-Qi Zhai, and Yan-Zhen
Zheng. "Redox—-Active Cobalt(II/III) Metal - Organic Framework for Selective
Oxidation of Cyclohexene.” ACS Applied Materials &lInterfaces 10, no. 18
(2018): 15786-5792.

[19] Ruano, Daniel, Manuel Diaz-Garcia, Almudena Alfayate, and Manuel
Sanchez-Sanchez. "Nanocrystalline M-MOF-74 as Heterogeneous Catalysts in
the Oxidation of Cyclohexene: Correlation of the Activity and Redox
Potential.” ChemCatChem 7, no. 4 (2015): 674-81.

[20] Cancino, Patricio, Veronica Paredes—Garcia, Pedro Aguirre, and Evgenia
Spodine. "A Reusable Cull Based Metal - organic Framework as a Catalyst
for the Oxidation of Olefins.” Catal Sci. Technol 4, no. 8 (2014): 2599-607.

33



[21] Nezampour, Fahime, Mehran Ghiaci, and Hossein Farrokhpour. "Dicationic
Ionic Liquids/heteropoly Acid Composites as Heterogeneous Catalysts for
Cyclohexene Oxidation with Molecular Oxygen under Solvent—free Condition:
Insights from Theory and Experiments.” Applied Catalysis A’ General 543
(2017): 104-14.

[22] Dou, Jian, and Franklin (Feng) Tao. ”Selective Epoxidation of
Cyclohexene with Molecular Oxygen on Catalyst of Nanoporous Au Integrated
with MoO 3 Nanoparticles.” Applied Catalysis A: General 529 (2017): 134-42.
[23] Cai, Zhen-Yu, Ming-Qiao Zhu, Jun Chen, Yang-Yi Shen, Jing Zhao, Yue
Tang, and Xin-Zhi Chen. "Solvent-free Oxidation of Cyclohexene over
Catalysts Au/OMS-2 and Auw/La-OMS-2 with Molecular Oxygen.” Catalysis
Communications 12, no. 3 (2010): 197-201.

[24] Cao, Yonghai, Hao Yu, Feng Peng, and Hongjuan Wang. "Selective
Allylic Oxidation of Cyclohexene Catalyzed by Nitrogen—-Doped Carbon
Nanotubes.” ACS Catalysis 4, no. 5 (2014): 1617-625.

[25] Sang, Xinxin, Jianling Zhang, Tianbin Wu, Bingxing Zhang, Xue Ma, Li
Peng, Buxing Han, Xinchen Kang, Chengcheng Liu, and Guanying Yang.
"Room-temperature Synthesis of Mesoporous CuO and Its Catalytic Activity
for Cyclohexene Oxidation.” RSC Advances 5, no. 82 (2015): 67168-7174.

[26] Ansari, Mohd Bismillah, Byung-Hoon Min, Yong-Hwan Mo, and
Sang-Eon Park. "CO2 Activation and Promotional Effect in the Oxidation of
Cyclic Olefins over Mesoporous Carbon Nitrides.” Green Chemistry 13, no. 6
(2011): 1416-421.

[27] Raja, Robert, Gopinathan Sankar, and John Meurig Thomas. "New
Catalysts for the Aerobic Selective Oxidation of Hydrocarbons: Mn(III)- and
Co(III)-containing Molecular Sieves for the Epoxidation of Alkenes.” Chemical
Communications, no. 9 (1999): 829-30.

[28] Yamaguchi, Syuhei, Tomohiro Fukura, Keiko Takiguchi, Chiharu Fujita,
Maiko Nishibori, Yasutake Teraoka, and Hidenori Yahiro. "Selective
Hydroxylation of Cyclohexene over Fe-bipyridine Complexes Encapsulated into
Y-type Zeolite under Environment—friendly Conditions.” Catalysis Today 242
(2015): 261-67.

[29] Tuci, Giulia, Giuliano Giambastiani, Stephanie Kwon, Peter C. Stair,
Randall Q. Snurr, and Andrea Rossin. ”"Chiral Co(II) Metal - Organic

34



Framework in the Heterogeneous Catalytic Oxidation of Alkenes under
Aerobic and Anaerobic Conditions.” ACS Catalysis 4, no. 3 (2014): 1032-039.
[30] Sun, Dengrong, Fangxiang Sun, Xiaoyu Deng, and Zhaohui Li.
"Mixed-Metal Strategy on Metal - Organic  Frameworks (MOFs) for
Functionalities Expansion: Co Substitution Induces Aerobic Oxidation of
Cyclohexene over Inactive Ni-MOF-74." Inorganic Chemistry 54, no. 17
(2015): 8639-643.

[31] Cancino, P., A. Vega, Andrea Santiago—Portillo, Sergio Navalon, Mercedes
Alvaro, P. Aguirre, E. Spodine, and Hermenegildo Garcia. "A Novel
Copper(ii) - lanthanum(iii) Metal Organic Framework as a Selective Catalyst
for the Aerobic Oxidation of Benzylic Hydrocarbons and
Cycloalkenes.” Catalysis Science &Technology 6, no. 11 (2016): 3727-736.

[32] Qi, Yue, Yi Luan, Jie Yu, Xiong Peng, and Ge Wang. "Nanoscaled
Copper Metal-Organic Framework (MOF) Based on Carboxylate Ligands as
an Efficient Heterogeneous Catalyst for Aerobic Epoxidation of Olefins and
Oxidation of Benzylic and Allylic Alcohols.” Chemistry - A FEuropean
Journal 21, no. 4 (2014): 1589-597.

[33] Fu, Yanghe, Dengrong Sun, Meng Qin, Renkun Huang, and Zhaohui Li.
"Cu(ii)-and = Co(ii)—containing Metal - organic Frameworks (MOFs) as
Catalysts for Cyclohexene Oxidation with Oxygen under = Solvent—free
Conditions.” RSC Advances 2, no. 8 (2012): 3309-314.

[34] Datta, S. J., C. Khumnoon, Z. H. Lee, W. K. Moon, S. Docao, T. H.
Nguyen, I. C. Hwang, D. Moon, P. Oleynikov, O. Terasaki, and K. B. Yoon.
"CO2 Capture from Humid Flue Gases and Humid Atmosphere Using a
Microporous Coppersilicate.” Science 350, no. 6258 (2015): 302-06.

[35] Song, Mee Kyung, Shuvo Jit Datta, and Kyung Byung Yoon. "DFT
Calculated Structures and Electronic Properties of ETS-10, AM-6, and
SGU-29: Structure Stabilization through Periodic Distortions.” The Journal of
Physical Chemistry C 120, no. 36 (2016): 20206-0215.

[36] Busca, Guido. "Acidity and Basicity of Zeolites: A TFundamental
Approach.” Microporous and Mesoporous Materials 254 (2017): 3-16.

[37] Potter, Matthew E., A. James Paterson, and Robert Raja. "Transition
Metal versus Heavy Metal Synergy in Selective Catalytic Oxidations.” ACS
Catalysis 2, no. 12 (2012): 2446-451.

35



[38] Paterson, James, Matthew Potter, Enrica Gianotti, and Robert Raja.
"Engineering Active Sites for Enhancing Synergy in Heterogeneous Catalytic
Oxidations.” Chem. Commun. 47, no. 1 (2011): 517-19.

[39] Sharma, Mukesh, Biraj Das, Mitu Sharma, Biplab K. Deka, Young-Bin
Park, Suresh K. Bhargava, and Kusum K. Bania. "Pd/Cu-Oxide
Nanoconjugate at Zeolite-Y Crystallite Crafting the Mesoporous Channels for
Selective Oxidation of Benzyl-Alcohols.” ACS  Applied Materials
&Interfaces 9, no. 40 (2017): 35453-5462.

[40] Sartipi, Sina, Kshitij Parashar, Maria José Valero-Romero, Vera P.
Santos, Bart Van Der Linden, Michiel Makkee, Freek Kapteijn, and Jorge
Gascon. "Hierarchical H-ZSM-5-supported Cobalt for the Direct Synthesis of
Gasoline-range Hydrocarbons from Syngas: Advantages, Limitations, and
Mechanistic Insight.” Journal of Catalysis 305 (2013): 179-90.

[41] Farrusseng, David, and Alain Tuel. "Perspectives on Zeolite-encapsulated
Metal Nanoparticles and Their - Applications in Catalysis.” New Journal of
Chemistry 40, no. 5 (2016): 3933-949.

[42] Ray, Saumi, and S. Vasudevan. "Encapsulation of Cobalt Phthalocyanine
in Zeolite-Y: Evidence for Nonplanar Geometry.” Inorganic Chemistry 42, no.
5 (2003): 1711-719.

[43] Seelan, Sindhu, A.k Sinha, D. Srinivas, and S. Sivasanker. "Spectroscopic
Investigation and Catalytic Activity of Copper(II) Phthalocyanine Encapsulated
in Zeolite Y." Journal of Molecular Catalysis A: Chemical 157, no. 1-2 (2000):
163-71.

[44] Akata, Burcu, Bilge Yilmaz, and Albert Sacco. "Titanosilicate ETS-10 as
a Lewis Acid Catalyst in the Meerwein - Ponndorf - Verley (MPV)
Reaction.” Journal of Porous Materials 15, no. 3 (2007): 351-57.

[45] Hedge, S.g., P. Ratnasamy, L.m. Kustov, and V.b. Kazansky. "Acidity
and Catalytic Activity of SAPO-5 and AIPO-5 Molecular Sieves.” Zeolites 8,
no. 2 (1988): 137-41.

[46] Jeong, Nak Cheon, Young Ju Lee, Jung-Hyun Park, Hyunjin Lim,
Chae—-Ho Shin, Hyeonsik Cheong, and Kyung Byung Yoon. "New Insights
into ETS-10 and  Titanate Quantum Wire: A Comprehensive
Characterization.” Journal of the American Chemical Society 131, no. 36
(2009): 13080-3092.

36



[47] Denekamp, Ilse M., Martijn Antens, Thierry K. Slot, and Gadi
Rothenberg. "Selective Catalytic Oxidation of Cyclohexene with Molecular
Oxygen: Radical Versus Nonradical Pathways.” ChemCatChem 10, no. 5
(2018): 1035-041.

[48] Benito, Noelia, and Marcos Flores. "Evidence of Mixed Oxide Formation
on the Cu/SiO2 Interface.” The Journal of Physical Chemistry C 121, no. 34
(2017): 18771-8778.

[49] Erben, Milan, David Vesely, Jaromir Vinklarek, and Jan Honzicek.
"Acyl-substituted  Ferrocenes as  Driers for  Solvent-borne  Alkyd
Paints.” Journal of Molecular Catalysis A: Chemical 353-354 (2012): 13-21.
[50] Niki, Etsuo, Seiichi Yokoi, Jyunichi Tsuchiya, and Yoshio Kamiya. "Spin
Trapping of Peroxy Radicals by Phenyl N-(tert-butyl) Nitrone and Methyl
N-duryl Nitrone.” Journal of the American Chemical Society 105, no. 6
(1983): 1498-503.

[51] Haire, Lawrence D., Peter H. Krygsman, Edward G. Janzen, and Uwe M.
Oehler. "Correlation of Radical Structure with EPR Spin Adduct Parameters:
Utility of the Proton, Carbon-13, and Nitrogen—-14 Hyperfine Splitting
Constants of Aminoxyl Adducts of PBN-nitronyl-13C for Three—parameter
Scatter Plots.” The Journal of Organic Chemistry 53, no. 19 (1988): 4535-542.

37



	I. 서론
	II. 연구배경
	1. 제올라이트
	1.1 정의
	1.2 특징
	(1) 양이온 교환성질
	(2) 산성 및 염기성
	(3) 흡착성질

	1.3 제올라이트 유사물질
	1.4 제올라이트 촉매

	2. 구리 실리케이트 SGU-29
	3. 촉매
	3.1 정의
	3.2 균일계 촉매와 불균일계 촉매


	III. 실험방법
	1. 제올라이트합성
	2. 촉매테스트
	3. 기기분석

	IV. 결과
	V. 결론
	VI. 참고문헌


<startpage>10
I. 서론 1
II. 연구배경 3
 1. 제올라이트 3
  1.1 정의 3
  1.2 특징 4
   (1) 양이온 교환성질 4
   (2) 산성 및 염기성 4
   (3) 흡착성질 5
  1.3 제올라이트 유사물질 6
  1.4 제올라이트 촉매 7
 2. 구리 실리케이트 SGU-29 9
 3. 촉매 12
  3.1 정의 12
  3.2 균일계 촉매와 불균일계 촉매 13
III. 실험방법 15
 1. 제올라이트합성 15
 2. 촉매테스트 15
 3. 기기분석 16
IV. 결과 18
V. 결론 31
VI. 참고문헌 32
</body>

