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1.1 HROBFR
1.1.1 Metal-Organic Framework (MOF)

ZALNEYE LT ERORENTIC S B OWMR Lz AT 2MEETH D | BALEHE
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FNABRET HND, TR - U BT FICEEM & L TEEICE W TR E 2R M7
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Metal-Organic Framework (MOF)
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Phys. Chem. Chem. Phys.
2010, 12, 2519

Figure 1.1. Various unique functions of MOF crystals.
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Tk, FROL > Ra=— EHEEHR LTV 5D MOF OEREICSOWTE R L7214,
e o3 & I ZE{b L TE 7= MOF O A RRIEIC DWW TR T 5,

1.1.2 MOF D1t rIHRE

MOF DALY 1 X3 A~ + ARETHY . L Lot Thbs, 20k
T LoV ORIFLIZE D IAENT T A Moy Fid, MEFORBENE T 52 LA LA
TV, FlZIE, MFLBED & O EAEH 2% TE RN T A BRLEITHFIEL )
D86, TOZHMITIFEME L LTRIHTE 2, £z, 72 FORD IAHZSBIIC
BIRNED B DG AT B EL & 720 | A N AL L S H D DAL &
705, ZTILHDREE L OZAMEMEIE LT, B4 T4 MO RIZEEIC A LT
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DD D5 72 5 FFLEE TRERR STV D MOF 13, ZEBRER R TRV & W 9 B
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MOF DAFLNIZIZ NN AR F VENBIR AL TEBY . £OH A T EF LN
MAERTZEICE0 72T LU BSMANT—INEESNT 5, 72T Lo FIEK
JEPED R < EMEIC L 0BT AN H 508, MOF ZFIH L CESIEFR L5y 1
[ LD 222 TE , B AR X TOEMAELD H 200 56 DOEBETT F
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HrEe S 7oA ITid, BRRIT V7 SRR o oA - HFERIMEE & R 372 o 18]
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Figure 1.2. Adsorption characteristic and structural change of flexibility MOF.
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T5, (2) WE - pH - IEVRE - SBR[ 72 E DA E 7 m 7T AARE, (3) &
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PR % KIEIZIR S5 2 LN TE | B TO MOF AR ATRE & 722 51281, &
7o BEFREIC X 0 SRR EHEOFIENEZGIITZ Do, ~A 7 aERETEITR
i A ZAOHNEIRL T R DE IR L TIEFICAHRFIETH D,

AR A AL, MOF RiBRIAR 2 Wi 2 W I BB ICIR B 45 2 & TART 5 F
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bWz &RIEE LTHWD Z ENFEEL 7220 £ Z 0 FikT, BEREZRY
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Ll b, fR&EM 7 MOF & FIEEZEN Lz, £ Lo FIELSMHC S, MOF AkIC
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DERBEMIEIL, —BHAM L7 MOF OB RS & [ R O £ TFMEM T D F
ETHY . ZNITEY MOF X OBEAE - WVENHB T 58 LW AT AL HEE
LTS ZEBEFRTE D,

1.1.4 EMA#HEREETO MOF &/

%< Dx=— 7 IR % © > MOF (%, HTJERA - S0 BiERS - flERrRr & U TR AL 7o b
BZRT ZEDRHLNE INTWD, £72 MOF X, ©BA 4 & AR T DR A
BOERLRICAERFELEUNIBINT 5 2 & TR 2MAMEEHET 5 2 &7
ARETH D7D W -y B - TR & D D R A S EEICER T A LR TE B,
PERIT, AHRENL T ICERIEZEAT 5 2 & THIALFE A HHREIL L 7= MOF ~ 1 7 1
i b & USRS - A RLE L OIS T AR ER TH o7, Lo LIEFT
L MFERS R, FRICeR T 2 R b NS SR JEEAR O R EIZ MOF % [EEL T 5
Z LT, MOF OMIFLNEEREZ ZE L S8 5 2 & 7o < SRR OB 2 54 B 148
MERINTETWD, BIXIX, &BT ki1 LT MOF Ok R filiH 217 5

(a) Preparation of MOF Crystals on Metal NPs

Cataly5|s Sensing Storage
SERS signal

MOF

s>

SERS material HydrOQen Storage

Chem. Mater. 2010, 22, 6393 Chem. Mater. 2013, 25,2565 Inorg. Chem. 2016, 55, 7310

Metal NP@MOF
Core-Shell Structure

(b) Preparation of MOF Crystals on 2-D Substrates

Membrane Device

MOF Crystal-based Film Keoui®

Chem. Soc. Rev. 2014, 43, 6116 J. Am. Chem. Soc. 2017, 139, 1360
Figure 1.3. Construction of MOF-based functional nanomaterials by formation of MOF

crystals on the (a) metal NPs and (b) 2-dimensional substrate.
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ZLlRY, ar - v VBOERT R @MOF ARSI R IND, ZOEAHE
TlX, BT/ K5 O WL FEAMHE IS MOF O£ fLMEMSRE S Ml STk b |
ST BIRMEEE LIl - o v v 7V AT AOBIRSCEMEREKRFZ WM B E Lo
o F B AR R AT T 5838 (1 1.3a), £72. “RITIEMRIC MOF % [EE b+
52 EIZE D MOF Z#ilE(b3 2 Z LN TE, SR OEEERSCE L —F 34 2 & L
TOIHPEETES (K 1.30) B — o ko5, FEEHEZEE EToO MOF AR
XL EPERE D O FIMEPE D @ W T T R REMEM B ORI A FRE L 972 Z & 20 5| 10 4RI
EHIMNBIERICHZENTON TS, 29 W mEAREERIT BB IRIE» D OFE
ez X DG kiEE EFR<SAAT L 2 LIk 0 RFTMICEIER 2 R = L, (@R
AT 5 E VI BRMIEFICEE TH Y . i E TS~ e B CHEEH B
TD MOF A A LN TWD, 22T, BERAICHNLN TS RET /R T
@MOF # A 72 & ONZ MOF IRAERIFIEIC DWW TR ISR T 2 (3R 1.1, 1.2),
BT R @MOF #HEKE G T HBRIC LI Hnb T b FiklL, Layer-by-
Layer (LbL) f{R{ETH 5, LbL ilkEEIZ, o0 UHEK LTZ&E T /K% MOF
RITBRARVE IR (B8 A A L VRIR & A HEL TR ISR BICAMSE 52 LT, 7/ H

Table 1.1. Typical Approaches for Fabrication of Metal NP@MOF Composites.

Method Layer-by-Layer Assembly Coordination Replication Method
Reaction Step-by-step One-pot
Process Complex Simple
Controllability High Low
Versatility High Low

Table 1.2. Typical Approaches for Fabrication of MOF Crystal-based Films.

Counter Diffusion-based

Method Layer-by-Layer Assembly in situ Method
Reaction Step-by-step One-pot
Process Complex Simple
Controllability High Low

Versatility High High




FFE ETEIAIC MOF 2 ESEA7 70 —F ThH Y, ISEEICE > TESIC
MOF D& % % Hili#l 9~ % Z & 23 A[HE T & 2 [8040],

HEAF BB I 1T, B2 L2 iR 2 0 2 E L LTH v X MERAE
a— bk, BB L L TEERFEN I E BTV DA, HEEMECH
HMOFITIZZNOLDFELHHAT L Z LITEH LW, 22T, ZRuHER~D MOF ©
EEA L, B b CEBEZIER - MR 2T 2 &1 L0 @b 2
SN TWD, Hf BIZER: MOF 28 ST 2 FiEE LTiE, B OHMBIbE D T IR
(Self-Assembled Monolayer: SAM) T{&ffi L 7= et Fm £ TD LbL fiEEN KD X <
b Tng (M1.4), LbL fiRIETIE, BOSEEZRHET 5 2 LI X0 REZ R
BIZHE T 52 ENTELRET TR MOF KD BICR 257 L— LU — 2 %%
ESEHZLLAETHY, LEMEZFFSTZ A7V v N MOF 25845 Z &
WTE B Fi SAM IZL o> THAINEENY A FOZHRIZL Y FEdRE DT
FZSIET 5 2 &b alfe L 7 2 R OB O Z & T M ERIZ D Z &N
AREL 72 Do, K0 BENRRAE - BRI TE D,

VLB, FEIZ LbL fRIEIC LY . RFEMICHIE S & E T /i F@MOF =27 -« &
= JUAE TS R CRRIE « Bl % 2 4 L 72 MOF 4 {42 Z L RN H[REL 22> T B,
L L722d 6, LbL lRIETIREREN®RE T/ b1 F L OERE R =T MOF % {F
Wy 7012, TRBRA T U WRICRE] — ) — TAEERBALFiRIZRE] —
[Py &) BfEZ % 10 B0 IRTHERDH Y | ST 1 A DVEMECRIRR T
DERNTERNE Vo RERMBEAZEZ TV 5D,

LbL sliRELSMNC S, @R /PR L2 SRR THE L, Zo&BER Y

I

» Layer-by-Layer (LbL) Assembly Approach with SAM-Modified Substrate

M Ligand
Self-assembled monolayer \ @
-modified substrate

Figure 1.4. LbL approach with SAM-modified substrate for fabrication of MOF films.
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R AAPRE L THRIHT S22 LI X Y F ki v-KiE T MOF Z #2889 5 FIEMN
WHEEINTHWEIM, F7o R—=F A7 NI FRLAME T I v 7 DX 5 LA EER
WICEBA T 2WE S, TOBRKSEITI ZLI28 Y MOF A ERI4 2 L)
FELRESNTWHEL =5 O FE T one-pot &% T MOF 2548925 Z & A
AR TH DN, @EA T Ol (BB O OB L OZ AR NIC

T LTI B RA A D) HWEAZHIET 5 Z LR TE RN, MOF OREZHK - # dh
B KSR ETARY A LT LEW, B MOF # a1 2 = & A8
WETH D, ZOX RBLENG, BEEMERE L TH—M - @itk iz MOF
A 2 7 o A THERT 2 2 L O TELH - FEORENLEEN TN D

1.2 AWXDBEEER

MOF 2772 Z MM B L THE SN T 208G, 2Ry 7 7T TR
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DOBY | e BN ORI L IO A T~ RRE~EBITLo2oH
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Figure 1.5. Schematic illustrations of this study

ORFFRITMSLIAT LN T Y | ERM B T O MOF BRI 5 — 72 & it
FHIME SN TV R, £ ZTARIFETIE, oA FRkL~72 6 TN Z ket & »
o 1o B g 2 EARMEE BT o B O HIE AT RE 22 MOF {ERUEIR OB 2 H iy &
L7z, SPEHRHE £ T MOF DRt ShiliR OFilfE 722 & CNZZ DR A U = X L DT %
TV, \BbNle T — 2 2FRBRIISHA LE 9 Z &L TEERE TO MOF © B Ciif#kik
Tt AZ@ATLHMAERL T ENTE, MOF =y & L7oHEREME T/ &K
FERT DEROREHEH 2B T HZ E B AREIC R D L OB BIZE T2, LEER-T
AKX Tk, FRR3 2O E miRT 570D FEFREL, ThaER L-ERIC
DWTIHRAR S, AGw3CI, BERETEME ORI 2 &1 U 7 AR B f b T o %k MOF
ERENOBRREEZBRE L, () BT/ Ki1EiE - To MOF O A C LR LI 72
BN A G OBRERFE . (i) @17 4 /L A FKE L ToO MOF @ H AR AL il 8
D2 R fRm LT RN O S LTS (1 15) .

H2ETIE, &F 7/ ki TE£E ETRIRNIC MOF ZE S5 2 D TE 5Tk
[ZOWTHA~D, @E) /hFREZzmo+ TEMT LI & T, H52 L MOF Hi
BERCTHDERA AL ERENALFENIZNT v 7T 5 ENAREER D | HEWTH
R & SOS S D 2 212 KW MOF ORI ALES I O bR 28k 2 i HIZ [RE
Sh. wET /K F@MOF 27 « v = WSR2 ERIY 5 Z LTk PILTe, — 75, &

BA I DR 2T O TICa AT T2BRIE, 27 « = WHIER TR < T
11



JRif-& MOF WNEE LT-EAURNELND Z L 2R Li-, 62 #IR Lirgenk
R B, MOF O HOMAALY A M EFFEMEICRET D72DI2IE, HENLCHLED
MEICERA AL ZREALSETCEBL ZERBEERBTHLIENHLNE ST,

H3IETIX, 2nA NhiF& LTRBET /@AY AR—F ATV B (mSi0z)
J HEER R TO MOF G RIC DWW TR %, mSiO Rl D> 7 /) — NI L &EA A
VOB WBFMEEZFIHT 5 Z LI2 kY, mSio, Fimi ETH MOF Z{Ef4 5 Z &2
ARECTH D Z L B LT-, & 512 MOF OFEMi7e iR A 1 = X LOfEIIZ LB L,
MOF # ittt = b & LIEMBIARF T OBROEELMAEZGL 2 LN TET,
FEARLIZEAERIZIE, &8 T /KT - mSiO; - MOF @ 3 i DR B ORERE &
SNTWDLZEHMERLTEY ., ZHE~OIHATEEMEDN R ST,

FAETIE, BT 7 4 NVAEHETO MOF EK T B RAICONWTHERRS, 52
HTHRIEMAEE b LI, @RA T2 =T LImaoF7 14 vraiflflL, 2h%
MOF BRIE K D K FFFM 72 & NS AR A A U HERIR E L CRIAT 5 2 & ©, RER
ETERIC MOF ZiR ¥ 5 Z LI Lc, £/, F—7 T s8R A 4 &%
S HZ LT, MOF [ROEALZ G HIICHIEHTHZ ENARETH L Z L 2R L
TND, SHIZARFEZ, F—TT28BA 42D OCICHBERNL T OFEEE %
HTET RART V=T =2 IZbEMARETH L Z ML DOEWFIETH
HEVR D, B22EIDMATHE4FEITHELNLEBRNSE, @B A2 F—7
L= XFibr B2 W% Z & T one-pot &% T & B AR BRI - CTEIAIIZ MOF % i
RSELZEDAMETOHLZ NP ool

% 5 FETIX, MOF RS B MEIE FTRE/R Gk 7 B B AT W TR %, @B A
T R—=TLl@mn T 7 4V ARELETET — R LA Y —8 MOF O & a4
RRBIZEL ZAH @ F7 40 L MOF MR EEHR Th 5 kot L A ¥ —H DL
MEAERZSIET L2 LIk, B5125 MOF fiEORELR 2 /i 2 5 Z L IZHkh L
72o RFIETIL, one-pot S TH “RIL LA Y —DIK & BT —BNLF DZEGE & 2 B
BRI THIEI 2 Z L NARETH D . EREFM 2 ik d 2 2 & T MOF RO K
FoIa 231 5 = & & filesl L7z,

6 ETIE, @A A% FN—=7Lic@mmnTt7 /%KM ETO MOF Ol fh k&

OE BRHIEFEER AR T 7' A OV TR, AFETIH, @17 14 /v LRI

K= L7=&@A 4 v DWHEE & MOF OfE b E 2 M2 L Tl 22 & o
12



TEL7 B RAEMYLT DH I LITLD | T A XOH—PEDE < 20 RRE AT HilEEH L 72
MOF J#iifie & 25 Z LT LTz, % 4, 5 TR b TNIH 6 TIT TR bR
MW, AT F—TE0 7 4V 2EH WD Z LT, one-pot )& THEE « 4 S fd
]« A X BECHIE L7z MOF IRAZA/FILS 2 Z LN ARETH D Z L L E
720 B UZZREEE 2 U 7 LB MOF IRERLEE T & L CoIS A rTREME A R &1
72

BB, BT E TR ARG T 2,

1.3 BEH

1. J. Kim, M. Choi, R. Ryoo, J. Catal. 2010, 269, 219

2. S.Yoshida, N. Ogawa, K. Kamioka, S. Hirano, T. Mori, Adsorption 1999, 5, 57

3. S. Inagaki, O. Ohtani, Y. Goto, K. Okamoto, M. lkai, K. Yamanaka, T. Tani, T. Okada,
Angew. Chem., Int. Ed. 2009, 48, 4042

4. J. Lu, M. Liong, J. I. Zink, F. Tamanoi, Small 2007, 3, 1341

5. A. C. Dillon, K. M. Jones, T. A. Bekkedahl, C. H. Kiang, D. S. Bethune, M. J Heben,

Nature 1997, 386, 377

T. Asefa, M. J. MacLachlan, N. Coombs, G. A. Ozin, Nature 1999, 402, 867

E. Erdem, N. Karapinar, R. Donat, J. Colloid Interface Sci. 2004, 280, 309

C. D. Chang, A. J. Silvestri, J. Catal. 1997, 47, 249

© o N o

S. Kitagawa, R. Kitamura, S. Noro, Angew. Chem. Int. Ed. 2004, 43, 2334

10. O. M. Yaghi, M. O’Keeffe, N. W. Ockwing, H. K. Chae, M. Eddaoudi, J. Kim, Nature
2003, 423, 705

11. G. Férey, Chem. Soc. Rev. 2008, 37, 191

12. M. kondo, T. Yoshitomi, K. Seki, H. Matsuzaka, S. Kitagawa, Angew. Chem. Int. Ed. 1997,
36, 1725

13. M. Jacoby, Chem. Eng. News 2008, 86, 13

14. R. Matsuda, R. Kitamura, S. Kitagawa, Y. Kubota, R. V. Belosudov, T. C. Kobayashi, H.

Sakamoto, T. Chiba, M. Takata, Y. Kawazoe, Y. Mita, Nature 2005, 436, 238

13


http://www.ncbi.nlm.nih.gov/pubmed/?term=Goto%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=19396846

15

16.

17.

18.
19.
20.

21.
22.
23.

24,
25.

26.

27.
28.
29.

30.
31.

32.
33.

34

. R. Kitaura, S. Kitagawa, Y. Kubota, T. C. Kobayashi, K. Kindo, Y. Mita, A. Matsuo, M.
Kobayashi, H.-C. Chang, T. C. Ozawa, M. Suzuki, M. Sakata, M. Takata, Science 2002,
298, 2358

A. Kondo, H. Noguchi, S. Ohnishi, H. Kajiro, A. Tohdoh, Y. Hattori, W.-C. Xu. H. Tanaka,
H. Kanoh, K. Kaneko, Nano Lett. 2006, 6, 2581

V. N. Panchenko, M. M. Matrosova, J. Jeon, J. W. Jun, M. N. Timofeeva, S. H. Jhung, J.
Catal. 2014, 316, 251

M. A. Gotthardt, A Beilmann, R. Schoch, J. Engelke, W. Kleist, RSC Adv. 2013, 3, 10676
A. Dhakshinamoorthy, M. Alvaro, H. Garcia, ACS. Catal. 2011, 1, 836

Y. C. Sun, X. S. Liu, D. D. Liang, Z. K. Shao, H. Y. Ren, M. Z. Su, J. Am. Chem. Soc.
20009, 131, 1883

L. Chen, S. Rangan, J. Li, H. Jiang, Y. Li, Green Chem. 2014, 16, 3978

K. M. Choi, K. Na, G. A. Somorjai, O. M. Yaghi, J. Am. Chem. Soc. 2015, 137, 7810

W. Zhang, G. Lu, C. Cui, Y. Liu, S. Li, W. Yan, C. Xing, Y. R. Chi, Y. Yang, F. Huo, Adv.

Matter. 2014, 26, 4056
L. Chen, Y. Peng, H. Wang, Z.i Gu, C. Duan, Chem. Commun. 2014, 50, 8651
M. kondo, T. Yoshitomi, H. Matsuzaka, S. Kitagawa, Angew. Chem. Int. Ed. 1997, 36, 357

M. kondo, T. Okubo, A. Asami, S. Noro, T. Yoshitomi, S. Kitagawa, T. Ishii, H. Matsuzaka,
K. Seki, Angew. Chem. Int. Ed. 1999, 38, 140

S. Horike, D. Tanaka, K. Nakagawa, S. Kitagawa, Chem. Commun. 2007, 3395

J. Klinowski, F. A. A. Paz, P. Silva, J. Rocha, Dalton Trans. 2011, 40, 321

Chem. Int. Ed. 2010, 49, 9640

C. Volkringer, S. M. Cohen, Angew. Chem. Int. Ed. 2010, 49, 4644

T. Gadzikwa, O. K. Farha, C. D. Malliakas, M. G. Kanatzidis, J. T. Hupp, S. T. Nguyen, J.
Am. Chem. Soc. 2009, 131, 13613

L. Ma, C. D. Wu, M. M. Wanderley, W. Lin, Angew. Chem. Int. Ed. 2010, 49, 8244

D. Esken, S. Turner, O. I. Lebedev, G. V. Tendeloo, R. A. Fischer, Chem. Mater. 2010, 22,
6393

. K. Sugikawa, S. Nagata, Y. Furukawa, K. Kokado, K. Sada, Chem. Mater. 2013, 25, 2565

14



35

36.

37.

38.

39.
40.

41.
42.

43.
44,

45

. G. Li, H. Kobayashi, J. M. Taylor, R. Ikeda, Y. Kubota, K. Kato, M. Takata, T. Yamamoto,
S. Toh, S. Matsumura, H. Kitagawa, Nature Materials 2014, 13, 802

Z. Kang, M. Xue, L. Fan, J. Ding, L. Guo, L. Gao, S. Qiu, Chem. Commun. 2013, 49,
10569

L. Ye, J. Liu, Y. Gao, C. Gong, M. Addicoat, T. Heine, C. Woll, L. Sun, J. Mater. Chem. A
2016, 4, 15326

S.-M. Chen, M. Liu, Z.-G. Gu, W.-Q. Fu, J. Zhang, ACS Appl. Mater. Interfaces 2016, 8,
27332

F. Ke, L.-G. Qiu, Y.-P. Yuan, X. Jiang, J.-F. Zhu, J. Mater. Chem. 2012, 22, 9497

A.-L. Li, F. Ke, L.-G. Qiu, X. Jiang, Y.-M. Wang, X.-Y. Tian, CrystEngComm 2013, 15,
3554

J. Nan, X. Dong, W. Wang, W. Jin, N. Xu, Langmuir 2011, 27, 4309

M. Meilikhov, S. Furukawa, K. Hirai, R. A. Fischer, S. Kitagawa, Angew. Chem. Int. Ed.
2013, 52, 341

B. Liu, M. Tu, R. A. Fischer, Angew. Chem. Int. Ed. 2013, 52, 3402

K. Khaletskaya, J. Reboul, M. Meilikhov, M. Nakahama, S. Diring, M. Tsujimoto, S. Isoda,
F. Kim, K. Kamei, R. A. Fischer, S. Kitagawa, S. Furukawa, J. Am. Chem. Soc. 2013, 135,
10998

. H. T. Kwon, H.-K. Jeong, J. Am. Chem. Soc. 2013, 135, 10763

15



F£28 €RFT/HMFRELTO MOF &/

21 [FXL®HIC

MOF X ZiVE CTIZEERRBEL R T Z En@ESINTEY , Bt DA
B (B, #iE, HE) 2 DISH~OBRBMENIIZITh T 502, ek iTkk ~
IRISHNCHE LT AHECNL FICEHRIL A AT 5 2 & THlFLER A BERE(k L 72 MOF
AL < HWL N TEZNBS SpECIItEM B E B A LT 5 2 L2k Y e
R LTEM B G T 2B 03T O TV B8, 2o e )T h | FRITIEFRICAT
DILTWDHZED O L D2 T&JET /i F&m L TO MOF &) "B T b D, &
BT RLTE, BT A XA VT TR SRR BN - LIS &
RTZERHMONTEY, iR, — XX — - BEHIN, BREDF /72 /"
U2 B 8 TR K BFZE - ER RS TWB R & )ET s kT b
MOF M LA SN - E AT, 7/ ki OMWE & MOF O % fLIEMSHE 2 3l L 7- 47k
ThHO ., D TBBIRMEE LB, o7 Iy AT 252 RBHT5 2
ENFRETH D Z ML EIKICEDZ N H CTHEAEEZED TNWLE =& )E T ki1
@MOF AR Z G R D BR. A2 2N RAYIZ MOF OEZA s X USRS gl = 2 Wi -2
M ECHERIEDL0NIEFICEETHY . ZOFBEIZK LT Layer-by-Layer (LbL) A%
RIEIC L 2B ARG Z LIS ACHIZEDN TN T S, LbL lRiEIR, @ T/
R % MOF HiBRAEIR (@J8 A A4 L ik ds K OVE BN FIRIR) ICAZ IS S &
T, 7 /RFEEALTEBTOMOF ZRHESEL LNV TNANRT T —FTh
V. OGRS K> TESIZ MOF OEAZHIIIT 5 Z N TE L WO Rz b o
D718 Uan L7 s, FRERE SO MOF OARICZE < OISEE T & O %
5L VWO BEANH D, L sliRELSMNIG @R T/ hifFRm L& eERt
MTHEL, ZOeRBIMESRBA A U IRE LTHHT L Z 2L 7/ Ri&imE
T MOF 48T 5 FESRE SN TV AR, Z o FETITERI TO MOF Ak
MDA TH LN, RN DOEREA T OWRHEELGET L N TE T,
F ki r-F i BRI MOF 2k &5 Z L BRNEETH 5,

B OB L TANIZETIL, @B T/ K+ & BUOSEIRO B A mIZE R L.
2 DDRIR HFN S MOF R A Z T2 2 Lk v RIEREY A F& T/ ki1

FOSEE DR E I IRE L e R K FIEERET 5, AETIE, S0 FEHM Ag
16



Selective growth of MOF
PVP-modified Ag NP

‘@ Addition of metal ions

............................
o 'o

PVP: '
Polyvmylpyrrolldone @ (
: & "' Addition of ligands -

0 ; Localization 4
| E { Ag NP@MOF

of metal ions
Core-Shell Structure

- *
..............................

Figure 2.1. Schematic illustration of the proposed approach for the construction of Ag

NP@MOF core-shell structures using metal ions-localized NPs.
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Figure 2.2. (a) TEM image and (b) XRD pattern of PVP-modified Ag NPs
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Figure 2.3. (a) FT-IR spectrum and (b) UV-vis spectrum of PVP-modified Ag NPs
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Figure 2.4. (a) TEM image of the obtained Ag NP@ZIF-8 composites and (b) XRD patterns
of resulting PVP-modified Ag NPs, ZIF-8, and Ag NP@ZIF-8 composites.
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Figure 2.5. (a) UV-vis spectrum of resulting PVP-modified Ag NPs and Ag NP@ZIF-8
composites and (b) N2 adsorption/desorption isotherm at 77 K of resulting ZIF-8 and Ag
NP@ZIF-8 composites.
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Figure 2.6. Time course analysis of the reaction for the formation of Ag NP@ZIF-8

composites; TEM images of the samples obtained after different reaction time.
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Figure 2.7. TEM image of the Ag NP@ZIF-8

aggregations prepared by one-pot process.
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Figure 2.8. Schematic illustration of the proposed approach (upper mechanism) for the
construction of Ag NP@MOF core-shell structures. Selective self-assembly is induced by

the localization of metal ions on the metal NP surfaces.
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Figure 2.9. Changes in UV-vis absorption spectra during the reduction reaction of (a) 4-

nitrophenol and (b) 4-nitro-1-naphthol over PVP-Ag NPs as catalyst.
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Figure 2.11. Changes in UV-vis absorption spectra during the reduction reaction of (a) 4-

nitrophenol and (b) 4-nitro-1-naphthol over Ag NP@ZIF-8 composites as catalyst.
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Figure 2.12. Conversion efficiency for the reduction reaction of (a) 4-nitrophenol and (b) 4-

nitro-1-naphthol using PVP-Ag NPs and Ag NP@ZIF-8 composites as catalysts.
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Figure 3.1. Schematic illustration of the proposed approach for the construction of Au

NP@mSiO2@MOF three-phase structure.
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Figure 3.3. (a) FT-IR spectra and (b) N2 adsorption/desorption isotherm at 77 K of resulting
Au NP@mSiO: sphere.
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Figure 3.4. TEM and SEM images of obtained Au NP@mSiO.@ZIF-8 structures. Red circle

shows cavity generated between mSiO2 and ZIF-8 phase.
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Figure 3.6. N2 adsorption/desorption isotherm for Au NP@mSiO.@ZIF-8 structures at 77

K. Inset shows hysteresis loop generated from the mesopores.
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Figure 3.7. Time course analysis of the reaction for the formation of Au NP@mSiO.@ZIF-

8 structures. Scale bars are 100 nm.
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Figure 3.8. XRD patterns of Au NP@mSiO.@ZIF-8 structures obtained after different

reaction time.
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Figure 3.9. Schematic illustration of the formation process of Au NP@ mSiO2@MOF three-

phase structure.
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Figure 3.10. TEM image of RB-encapsulated
. 200 Fiki Au NP@mSiO@ZIF-8 structures.

37




Au NP@mSiO,@ZIF-8

=— RB solution
= RB-Au NP@mSiO,@ZIF-8

NigED.
Lo el UV light
= irradiation

o  »
&~ - 3 o
= LN ‘.’

Intensity (a.u.)
TTTe—
-

RB-Au NP@mSiO,@ZIF-8

UV light

1 1 < 1 i
. - 400 450 500 550 600 650 700
irradiation

Wavelength / nm

Figure 3.11. (a) Color change of the Au NP@mSiO.@ZIF-8 structures with and without
incorporation of RB under UV light irradiation. (b) Fluorescence spectra of RB solution and

RB-encapsulated Au NP@mSiO.@ZIF-8 structures.

Figure 3.12. (a) TEM image of ZIF-8
prepared in the presence of RB. (b)

. Photograph under UV light irradiation.
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Figure  3.13.  Fluorescence
spectra of RB-encapsulated Au
NP@mSiO.@ZIF-8 structures
in the presence of nitromethane

and 4-nitrophenol.
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Figure 3.14. TEM images of fluorescein-encapsulated Au NP@mSiO.@ZIF-8 structures (a)

before and (b) after the etching process of Au NPs. (c) Fluorescence spectra of fluorescein-

encapsulated Au NP@mSiO.@ZIF-8 structures before and after the etching process of Au

NPs.
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Figure 4.1. Schematic illustration of the proposed approach for the formation of MOF

crystals on the polymer substrate.
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Table 4.1. Amount of K* and AI** lons Adsorbed by Different KOH Treatment Time.

Reaction time

) Imin 2min 3min 4min 5 min
Doped-ions

K* ions / nmol cm™ 565 1163 1573 22596 2795

APt ions / nmol cm™ 185 354 513 726 906
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Figure 4.3. (a) SEM images and (b) XRD pattern of obtained MIL-53(Al) films.
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Figure 4.4. (a) Top view and (b) cross-sectional SEM images of MIL-53(Al) crystals
prepared by using polyimide films over different hydrolysis time. Scale bares are 20 and 5
um (inset and cross-sectional images, respectively). (c) Thickness of the resulting MIL-
53(Al) crystals as a function of the number of adsorbed AI®* ions. The error bars are based

on the results of three times.
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growth mechanism on the polymer substrate by proposed interfacial approach.
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Figure 4.7. Top view and cross-sectional SEM images of MIL-53(Al) crystals prepared by
using reaction solution containing different concentration of Hobdc. Scale bars are 20 and 5

um (inset and cross-sectional images, respectively).
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Figure 4.9. SEM images and XRD patterns of the resulting [Al(OH)(ndc)]n, HKUST-1,
[Cu2(ndc)2(dabco)]n crystals.
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Figure 5.1. Schematic illustration of the strategy used for controlling the orientation of

[Cuz(ndc)2(dabco)]n crystals on a polymer substrate.
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Figure 5.2. (a) SEM image and (b) experimental and simulated XRD patterns of
[Cu2(ndc)2(dabco)]n crystals and polyimide film.
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Figure 5.3. (a) XRD patterns and relative peak intensities, loo1)/l(100), With respect to the
Handc concentration, and (b) SEM images of [Cuz(ndc)2(dabco)]x crystals obtained at Hondc

concentration of 1-40 mM. The concentration of dabco ligand was fixed at 5 mM.

58



Interfacial Reaction

Low concentration COCH coo High concentration
of Hzndc ligand of H,ndc ligand
COO H* CoO

Small-sized layer \Zy lon-exchange Large-sized layer
Cu2+ Cu2+ Cu2+
Figure 5.4. Schematic illustration of the mechanism for formation of 2-D layers with

different size by changing the Haondc concentration.
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Figure 5.5. (a) SEM image and (b) experimental and simulated XRD patterns of
[Cuz(ndc)2(dabco)]n crystals and polyimide film.
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Figure 5.6. (a) XRD patterns and relative peak intensities, Ioo0)/lo01), With respect to the
Handc concentration, and (b) SEM images of [Cuz(ndc)2(dabco)]n crystals obtained at Hondc

concentration of 1-20 mM. The concentration of dabco ligand was fixed at 5 mM.
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Figure 5.7. (a) XRD patterns and relative peak intensities, loo1)/l(100), With respect to the
mixed solvent, and (b) SEM images of [Cuz(ndc).dabco], crystals obtained in different
solvent compositional ration. The concentration of Hondc and dabco ligands is 20 and 5

mM, respectively.
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Figure 5.8. (a) XRD patterns and relative peak intensities, l@o1)/l(100), With respect to the
polarity of alcohol solvent, and (b) SEM images of [Cuz(ndc).dabco]n, crystals obtained in
different s alcohol solvent. The concentration of Hondc and dabco ligands is 20 and 5 mM,

respectively.
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Time 1 (001)/ | (100)

Intensity (a.u.)

5 min 2.6
10 min 2.8
M_ 30min 2.7
5 1‘0 1‘5 20
2 6/ degree

Figure 5.9. (a) SEM images and (b) XRD patterns and relative peak intensities, lo1)/l(100),
of [Cuz(ndc).dabco]n crystals obtained at different reaction times of 5-30 min. The

concentration of Hondc and dabco ligands is 20 and 5 mM, respectively.
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Figure 5.10. (a) SEM images and (b) XRD patterns and relative peak intensities, 1(100)/(001),
of [Cuz(ndc)2dabco]n crystals obtained at different reaction times of 5-30 min. The

concentration of Hondc and dabco ligands is 20 and 5 mM, respectively.
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polyimide film N—@—O—@— -
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Figure 5.11. Schematic representations of the mechanism for the growth of highly oriented
[Cuz(ndc).dabco]n crystals in a one-pot reaction by controlling of (a) chemical interactions

between the framework components and polyimide film and (b) H2ndc concentration.
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2. Adsorption of metal ions
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Figure 6.1. Schematic illustration of the strategy used for the formation of ZIF-8 crystals

on a metal ion-doped polymer substrate.
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Figure 6.2. () SEM image and (b) experimental and simulated XRD patterns of ZIF-8

crystals and polyimide film.
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Figure 6.3. SEM images of the crystals prepared at different reaction time. Scale bars are
500 nm.
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Figure 6.4. Variation in (a) crystal number, (b) crystal size obtained at initial reaction stage,

and (c) crystal size as a function of reaction time.
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Figure 6.5. SEM images of the crystals prepared at different reaction time for NaNOs

concentration of 50-200 mM. The MelM ligand concentration was fixed at 500 mM. Scale

bars are 500 nm.
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Figure 6.6. Variation in (a) crystal number, (b) crystal size obtained at initial reaction stage,

and (c) crystal size as a function of reaction time.
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Figure 6.7. SEM images of the crystals prepared at different reaction time for MelM ligand
concentration of 250 mM-1.0 M. The NaNOzs concentration was fixed at 100 mM. Scale

bars are 500 nm.
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Figure 6.8. Variation in (a) crystal number, (b) crystal size obtained at initial reaction stage,

and (c) crystal size as a function of reaction time.
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Figure 6.9. SEM images of the crystals prepared by changing both concentration of NaNOs3

and MelM ligands. The reaction time is 1 h. The scale bars are 500 nm.
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Figure 6.10. SEM images of the crystals prepared by changing both concentration of NaNO3

and MelM ligands. The reaction time is 72 h. The scale bars are 500 nm.

77



80000000 1000

-
1=}
1=}
1=}

@

o

S)
®
=]
S)

60000000

40000000
20000000 1000 & 1000 &
500 \é\ 200 500 \"Q
250 oﬂ‘ 0 250 oﬁ‘
&

0
50 100 200 S 50 100 200 50 100 200 @Q\é

@ &
NaNO; conc. / mM w NaNO; conc. / mM « NaNO; conc. / mM

@

S

S
@
=1
S

Crystal size / nm
S
o
o

Crystal size / nm
N £y
o o
o o

- 500 .\

o
Crystal number / particle mm

Figure 6.11. Variation in (a) crystal size of samples prepared after 1 h, and (b) crystal
number and (c) crystal size of samples prepared after 72 h at different concentration of

NaNOs and MelM.
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Figure 6.12. Schematic representation of proposed approach for formation of ZIF-8 crystals

based on the independent control of elution rate and growth rate.
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