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15. 1,3,5-tris (4-carboxyphenyl) benzene (W% F5 : BTB)
DIFTHEE

16, BTBOFZMMEF L LTHELN D7V 7 K ORGEAE (A T) & KUK CRER AR S h b 2L

HOF 7+ / ¥— I (LINAS-1) O 5 (45 )



(19) Vol. 39, No. 3 (2022) 105

60

50
40}

30F

Surface pressure (mN/m)

101

-
-

fat
T

6 8

Molecular area (A2/molecule)

{17, LINAS-1 DEHEIE (z)—F¥5F 5 A R (A) SR & Brewster £ Bl $E 1%

B AT L, REEZWELRASWRZ N 7
THEMT AT L TBTBF / ¥ — b (LINAS-1) % 1%
720 PHGTFH AR (A) ST 2 KT () D%
1, TbbrASFRBIIBVT(X7), RiEE
AW R B EMRER S A AR L, Bl & 25T
BT/ v — MO A TR E BETD 5
TENTED, TIT, BIBA ML T 164 L
RS L) = sl e st L, HoTRTH
% EAE L 72354 OSP34 1 o A RS 420 A
Thbo —HT, o AFRMD»D D SN2
S EATRIER3.5 A% E /NS W72, LINAS-1 S
HREBECI R ERETHL L L HIZ, —#HDBTB
AFBEPICHERLTWE I EBE 25N,
W C LINAS-1 282§ % Bk - % Brewster £
MEEIZ L VB L 720 BH D Wi ASLINAS-1, B
WP TH 5o RITHICRT X912, REE
AR IS TIL LINAS-1 DK AHTER S 7278,
TASEEICLINAS-1 TEDONTE ST, #HEEIMK
Vo RIEED RNV G OB EIVNS R
D, FWEH20mN/m i B TIiE, Fil LK
LINAS-1 TEbLNT WS Z LR SN,
LINAS-1 D& A E 2 ML 5 72012, KA
B % OGRS G X BRI E &2 1T - 720 1B97
FHCHlARAEN N T T2 v/, Lk & RO H
B TAUK A % IV T LINAS-1 218 L 72, (218 (a)
(b) \ZHRMEICBIT 2 XFE$ 7 — ¥ 2RT,

TN XFREHT NS — LT, KifE EATo
0 mN/m DIRFEIZ B\ TR R 3 2 $iv SO
=7 PEHBI S N7 (M18) . Z O ER
5, BTBIFE LA K LTl L, REHEMZ LI
SISO F 7 V= IR SR TV B S &
AR SNz H18(c) IS/RT Y, LINAS-1 DT
GRS XA AT (a=b=312A) %22 L
HRUE SN, ORI LT, TN XGER BT
Y— 7134 T (hk0) THREM T $H & 03TELC
EMD, LINAS-1IZZERMm L TWwWa 2 LA RS
N7zo FEED EAIHEG, WIFY — 27 ok i
OEIR SN D575, =7 ENRCTRDY
FRHLTWRZ Ens, RIHM A IIE IS
BT D LINAS-1 O HEAFEIML TWD 2 Ehb
75, X, Brewster ARSI L D ERE I N7z
FEFEHIZPE D LINAS- 1O BERO LH L —% L
Twb, TOZ L XY, KL ML TLINAS-1D
O TSR S NUIREE T, LINAS-1 D F 7
V=PI RAAL UBLDBIET S TVDE T EHURER
SN ZORXREPHEIC & )15 SNz X
BT S5 — 2B Wi, K EFRTO 0 mN/m
DRBIZBWT, H—o ¥ — 27 PRSI
(18 (b)) o HHTE =2 HEENAMEL Y HEBS
N-WEEEEE3.6ATH Y, MG HAEC
—HTHI LD, rETEEAFHEEOREVBTB
S, e EAERINC X DI T, RIS



106 £+ 5 4 b (20)
(a)
T T T T T T T T T T T
X-ray LINAS-1 (b)
Q T T
20 mN/m
2 2
5 z
S 3
£ g
© @
: A
2 z
2 5
8 LJ“-A = 1 mN/m
= NN
1 mN/m
g A M“M/A&Ti
8 53%58:8s s -
AN IO IR 0 mN/m 14 16 18 20
1 [ R SRR SRR SR R Q (A")
02 04 06 08 1.0 1.2 14 16 18 20 :
Q( A"
(d)
18, (a) K/KFET 2 O35 B 6 X AR BT 21 & 0 5% 5 N7z LINAS-1 O TN XA E 785 — > & (b) T4k X

Pi78% — > (c) LINAS-1 DG A & (d) YT

MHEFICEICHE LS 2 H 3 5 2 LAVRIE S
N7z (18 (d) o FMIE L5 IRE D WAL X 5 [
Y— 7 oAb, N XHREYT Y — 2 FEE, Y-~
MEIZEMAET, E—JmEOA AN LN
(K18 (b)) o

4.3 BEHERICEERLDHOFF / 2 — b (LIN-
AS-1) DEITE & 5@

MR FIZHRL L 72 LINAS-1 %2 2 ) 3 ¥ 3EHRIC i
L (K19 (a), G XERIHTHIE I X 0 &
R L. RINB X R X BRI 8y — >
W, R O3 XTI E IS & D £ S e s
F—VEREULTHBIEDS (K19 0) (¢), FEE



(21) Vol. 39, No. 3 (2022) 107
(a) (b) (c)
Horizontal dipping transfer ) on water
E %
5 3
S ¥
~ ©
2 on water <
[ % % £ ltrasnferred
3 2 .
] | : %
transferred on Si £
I | Il [ [ il
LINAS-1 02 04 06 08 10 12 14 16 1.6 1.7 1.8 1.9
(e Y.9) Q(AY

(a) [EAFEARFIE D LINAS-1 DG (b) KT A S ¥ ) 3 ¥ HEBUZE G % (& &5H0, T m5H%)

%1 19.
D LINAS-1 DN XA — > & (c) WAL XRE 8 5 — >~
(a) (b)
15 . :
Eof
gl
[}
I 0OF )
0 100 200

20.
LINAS-1 O IR

R G A D, mORERE S RAEI RS Tw
5 Z DR S NIz,

V) 3 Y IERICHEE % O LINAS-1 DIEIR & EE
& B AR 537 B BEAEE (AFM) 12 X ) 3l L 72,
20 (a) (b) IRT LIS, BWENFEH—%F /) ¥ —
MERDPBIZE SN, S OFEHRITIC & ) B % 5T
filiL7ze s, FHPEEIZ93+02mm & AFED 5
7z (20 (c)) o XARIEIHTIE R KA 5, LINAS-1
KIFNCFEBE I OREHEE BT, mEERE 5
BOLHEGTRBIRI6ATH LI EARENT
L, TFHFEIFEIZ9.3+0.2 nm @ LINAS-1 13 %26
SFRBOBBIZLIYBEENTVEZ LD o
720 F72, AFMIREMEHHNT L D, LINAS-1D Y —
P A ZETPH300210nm TH o 720 T OFRER X
O, LINAS-1iZ7 A7 PHA30L EDF ) ¥ —
FCTH D ENPRENTZ,

E5IZ, ¥ 3 VIR EITERS L 72 LINAS-1 D7

300
Distance (nm)

(c)
35
30 L 9.310.2nm
T
ig?®]
3 20 f
J <
$ 15
g
. 1 & 10
400 5 | I |
0 Ill 1 1 1 1

2 4 6 8101214161820222426
Height (nm)

(a) V) 2 ¥ HAMTHR G A BI%E L 72 LINAS-1 D AFMAE & (b) Wi {5 (c) AFM RO & S fF#HT 5> 5 4% 5 7z

AILA R 7 I VIIE & AT 5 72463, RI21RT
X 12, 1700 cm  AFEIZBTB D A VR F 2 V32
B FEND C=0MA IR 7 5 R B BLR
ENize F72, DNKVEBO ZFRFME &I
1353050 cm ' & HULE L72MEIA 2 ¥ — 2 & 2550 cm |
fFEOEHOE — 7 BBl S e T ofR
&, XS DR EN D KERKEICL D 7
L—2aT— 2 T %,

LINAS-1 D22 B X O B4 3EM % 17 o 7255 4,
3MELLEORERE R, 200C OB BT DK
T REE S NS 2 E DD ST,

4.4 HOF#./ ¥ — b (LINAS-1) OFBFLEHE & 5F
G4

LINAS-1 OMILEFMi 24T 9 728, 77KIZBIT 5%
F(Ny) A AWAENEZ AT o 720 WAENEZITH IS
BRL, SKRFIICCTIER L 72 LINAS-1 © 2 @it %
LR DR L, 5 2 sk 2 A 7z



108 ¥ F 5 4 b (22)

Bulk crystal

Evaporated film

LINAS-1
(' 20 deposition cycles)

Absorbance ( arb. units)

Absorbance ( arb. units)

L A R B B |

1 1
4000 3500 3000 2500 2000 1500
Wavenumber (cm™")

1000 3600 3200 2800 2400 2000
Wavenumber (cm™)

X21. BTB/NV 2k (1), BZEEFICL DB S5N2BTB#EE (1), LINAS-1 (F) OMRIMRILA XS v

(a) (b)
400 - N, at 77 K
35010 el
o 8 /e
£t 6 . Powdered LINAS-1 /|
@ 250 | 4 5 / \
= : » \
2 2 g L
o 200 - 2 Bulk crystal S o
= o k‘l | 4
S1so0f 0 ! 3 »* ¥
E 0.00 0.02 0.04 0.06 0.08 0.10 ;Q ] \. o
o~ X /
Z 100 F P ° BN S
Powdered LINAS-1 1 . \ o
50 L Bulk cry§tal P // ~.\".,-
0 bzazesae » > d o N
0.0 0.2 QA 0.6 0.8 1.0 1 10 100
Relative pressure P/P, r, (nm)
() (d)
3 40l H,0at298K
g =
m L ‘o
= 35 K
Q2 Bulk crystal g
225 \ 5
Q20 7 %
£ 201 o %
o 15} S 5
I /,// %
- | S~ N
=3 1.0 //,, \ o]
Q, 05+
b 3 Powdered LINAS-1 0 BulcoysE
1 1 1 1 1 1 1

0.0
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure P/P,

1 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure P/P,

[¥22. LINAS-1(E>7) & BTB NV 7 #d (R) @ (a) EHWAESFM, (b) Barrett-Joyner-Halenda (BJH) , (c) KZS

WA SR, (d) BRR LS S AR

22 (a) 12, BFEF A DOMHMITIIHT 2 W5 = DAL,
b bWAEFRMERT .

Yo7 ay FASLINAS-1, Bap 7o v b
BFEME LCTHELZBTB NV 7 B ORKBRETH
%o M UBTBHEL EH D 55120 bL T,

LINAS-1 & BTB /N )V 7 # dh O W& ST R & <
B7p 5 TWizo LINAS-1IZBWTIE, MXEICE
WTRAIERWERD LABRO N2 e, F/
MIFLOEAEDRIB E Nz —F5T, BTB/NIV 7§
BICBVTIE, MBI A2ERERO EHIZRONT,



(23) Vol. 39, No. 3 (2022) 109

A Perfectly-oriented crystalline

% _ porous nanosheets (LINAS-1)

DY\

Plane substrate Holey substrate

’Q

Easily transferable to
various substrates

Bulk synthesis

23, SZUKFEHABGEIZ XD BRI
X 5N % BTBDIED LK

F I MILE EF RTINSy ¥ U 7Lk

W2 AT 5 EARE SR, ﬁ#axﬁ%L%ﬁ
M HRENTAEMEEZ LR L Tnwb, ERIES
IRAR DS % v C Barrett-Joyner-Halenda (BJH) i
FLo A SRHT & AT o 7oA 3 (1022 (b)), 2> ORIILG
Aoz 1~3nmmfhEicishz ¥—21g,
18 () IR T RS S BEEN L8277 nm D
MALNEEE K< =B L, BRI 2 MILOAAEDHE
BENTz 298 KIZBIT %KL (H,0) WAEll e &
77 KBV BT (0,) A AWAS M SE O 5 % X 22
(0) (M ITRT, INLORRITBWTD, LINAS-1
EBTBAANV 7 CTIERE SRR D, A
HEE DA R L TV D 2 EAUREEN S, BTB
SFRBEOE A NVEE Y VIR 3IOGELD, £
NEHNVRE Y NEOETHKEREE L LES
N7ZLINAS-11%, KELKORRIIE RS Y, LIN-
AS-1 HOMFLIZBIKIN TdH 5 B EBREV, Tz,
LINAS-1IZBW T, A ERERIC B W TR
BWRMICWET LIRS, BESTOET L
LINAS-1 DML ER I 2 ihé«ﬂc VBOET

Vacuum deposmon

= 1 um

Drop casting

5N B AN LT 7 ¥ — N LINAS-1 (1) & Z oo ST 521

A1 > 53~ AT LA T 2085
%o

HGLTwaZernEzoh

5. [UKFREICE W 2RTF / MHERDEREE

Bt
RO A BT, ERTOFHI
By & M 728, ﬁi‘%l_h%?b‘ﬁw 72 )71 20 5 AH

AL, BEZID 25 X5 ITHICES Lok
LN (164 T) e —HT, KRBV TIE
STORAAHE S, FREOEVGTICBNT
S PIRNEHER & PATIC % B Z D728, HIT
A AHHHI S A, KREHRAITE D 2KICITHERS L,
BHF MLz a5+ Y= b TEDHD (K
1641 1) o
R AN X B EEE RS LT, Fay
TF v A ME, RBEENBTONLGD, Ihb60)
PCBTB DM 2 L L 72354, 7SV 7 f5hh & A
@H&ﬁm#EW§ﬁmﬁmL,f/v~bu%6
Nheho7z (K23). /2, BTB# HZEHKAEDLI
D EBLESL L 2 BRIIE, A o R A am“



110 £+ 7

TENT 7 ARETH o720 TDLHIZ, LRSI
AT A LT, MoBERETIIESEZ Y, H
BRGE 2 AT 5 2T H ORI WIS h b,

6. &

ARFETIE, RTINS BT 2 R O6 %2 FIH L
THOLNAEMOFF / ¥y— MICELT, ZoERT
B, FOYHNEIC X 2GR OFEM, SUBHIH B
OGS TROEEIZL 5T/ ¥ — b OKREREL &
EHIEICBE LT Lz 7972230 L
L, €@t eminarr4 vrntr )
V= MDA ENT VDD, ThHDizkA
EVNN IR ERET A LIS TY
%o 2NV IR T B HEICBWT, Y —
b RAHT BECIE, 2NV T SR OVERL, FEE
Wh~DFH, W E~OBRER &4 DT at 2
PRLETH Y, KERIbz ) y—REe LR
FTLOERETH S, FARRMIBVTIE, B—T
TR BB ASHEAT S 2 VB SUR DR B Z 1A L 2
Mo, W ORI E 2 KOCIZHIE T 5 2 LA
WHETH L. ZOMIZHEHL, SKRETOHBK
G ZEFT 52 LT, FAGMFIERT TR
PEMOFF / ¥ — M 2155 2 LTI L. SUKA
xR BW T, WHNDOG THEORER
EVWIHIBDTY Y IV TatL AT/ ¥ — MEfE
YL TELLE, 77— boOMEZREL
7eEFE, MAGIBICEHEE L THGWS Z ETHET
Hbo Tz, BEEEEGRIFIC L D HEEICHHT S
ZENTE S,

7. SHROER

MOFF / ¥ — hRHOFF / ¥ — Mi&, ¥4 X8
EF o HAIF I MILE AT D LI ML B 5,
CDEIBEIMDF ) v — ML, BRI L B
WY e 2 o HER e LT TH Y, Rk
e LCoiHli b EfTHTH S, 51, YFTA

4 b (24)

1% v BMOREMEN Loz, BEIEYE-E
FREL R o B g & LC, MOF Mg % i/ 5 2 WFoe
LEFTLTWE T MOFH D F / MIALASA + >
EICARITH Y, 3Ky P T— 2 fEREICE Y,
FERILE IR SN B~ & B 7 & ORI &
e WMHBREEEZHVT, STLARLT
MOF % 1l J§ & 5 & 0 L, s i 3 2
MOF FLIi % O DRI % #d> TV

SE
1) A.K.Geim, K. S. Novoselov, Nat. Mater-., 6, 183 (2007).

2) M. Osada, K. Akatsuka, Y. Ebina, H. Funakubo, K. Ono, K.
Takada, T. Sasaki, ACS Nano, 4, 5225 (2010)..

3) S.Acharya, B. Das, U. Thupakula, K. Ariga, D. D. Sarma, J. Is-
raelachvili, Y. Golan, Nano Lett., 13,409 (2013).

4) G. Roberts, Langmuir—Blodgett Films, Springer, Boston
(1990).

5) L Langmuir, J. Am. Chem. Soc., 39, 1848 (1917).

6) K.B.Blodgett, J. Am. Chem. Soc., 57, 1007 (1935).

7) R. Makiura, S. Motoyama, Y. Umemura, H. Yamanaka, O.
Sakata, H. Kitagawa, Nat. Mater., 9, 565 (2010).

8) R. Makiura, H. Kitagawa, Eur. J. Inorg. Chem., 2010, 3715
(2010).

9) R. Makiura, O. Konovalov, Sci. Rep., 3, 2506 (2013).

10) R. Makiura, R. Usui, E. Pohl, K. Prassides, Chem. Lett., 43,
1161 (2014).

11) R. Makiura, K. Tsuchiyama, O. Sakata, CrystEngComm, 13,
5538 (2011).

12)  R. Makiura, O. Konovalov, Dalton Trans., 42, 15931 (2013).
13) R. Makiura, R. Usui, Y. Sakata, A. Nomoto, A. Ogawa, O.
Sakata, A. Fujiwara, ChemPlusChem, 79, 1352 (2014).

14) S. Motoyama, R. Makiura, O. Sakata, H. Kitagawa, .J. Am.
Chem. Soc., 133, 5640 (2011).

15) T. Ohata, A. Nomoto, T. Watanabe, I. Hirosawa, T. Makita, J.
Takeya, R. Makiura, ACS Appl. Mater. Interfaces, 13, 54570
(2021).

16) R.Makiura, K. Tsuchiyama, E. Pohl, K. Prassides, O. Sakata,
H. Tajiri, O. Konovalov, ACS Nano, 11, 10875 (2017)..

17) T.Yamada, K. Otsubo, R. Makiura, H. Kitagawa, Chem. Soc.
Rev., 42, 6655 (2013).

18) R. Makiura, S. Teragawa, K. Tsuchiyama, A. Hayashi, K.
Tadanaga, M. Tatsumisago, Dalton Trans., 44, 15279
(2015).

19) Y. Kishimoto, S. Yubuchi, A. Hayashi, M. Tatsumisago, R.
Makiura, CrysEngComm, 19, 4175 (2017).




(25)

Vol. 39, No. 3 (2022)

Metal-organic Framework and Hydrogen-bonded Organic

Framework Nanosheets Assembled at Air/Water Interfaces

— Synthesis, Characterizations and Applications

Rie Makiura

Department of Materials Science, Graduate School of Engineering, Osaka Metropolitan University

Sheet-like nanomaterials with thicknesses ranging from a few nanometers to a dozen nanometers are called
nanosheets. Since they are the ultimate thin functional materials, they contribute to miniaturize various devices/
products and resource conservation. Many nanosheets reported so far are produced by exfoliating macro-scale
materials. This requires many processes such as synthesis of macro-scale crystals under high temperature and
high pressure, exfoliation, preparation of dispersion solutions for exfoliated materials (nanosheets), and film for-
mation of exfoliated nanosheets. In addition, the exfoliation process requires chemical or physical stimulations
such as sonication under existence of solvents or grinding which causes degradation and re-agglomeration of the
nanosheets. We have developed a simple method by utilizing air/water interfaces for creating molecular
nanosheets. The major process is dropping a solution containing organic molecules, which are the building blocks
of nanosheets, onto a water surface at room temperature. With the air/water interfacial synthesis, we have suc-
ceeded in creating nanosheets of crystalline and porous coordination polymers (MOFs: metal-organic frame-
works) and hydrogen-bonded organic frameworks (HOFs: hydrogen-bonded organic frameworks) . Organic mol-
ecules spread at the air/liquid interface connect each other in a two-dimensional direction and align regularly,
resulting in formation of crystalline nanosheets with uniform nanopores. These nanosheets are stable without ag-
gregation at the air/water interface and can be transferred to various substrates depending on the required applica-
tion while retaining their porous structure. Such nanosheets with regularly arranged molecules and nanopores of
uniform shape and size can be used diverse applications including high-performance separation membranes, thin
film solar cells, molecular sensors and electrodes of batteries. In this article, detailed synthetic procedures of
MOF and HOF nanosheets using the air/water interface are explained together with their characterization meth-

ods and potential applications.

Key words: metal-organic framework (MOF), hydrogen-bond, air/water interfaces, nanosheet, langmuir—
blodgett films
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