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Molecular functions are controlled by their actions and movements. However, molecular
machines, whose function according to conformational variations, have been synthesized for
three decades, they require more energy to control their simpler functions than biological
molecular machines. In order to access more highly complex functional molecular machines, it
is necessary to analyze and control them. An air-water interface is a suitable field for the control
of molecular motions under a small applied force. We have synthesized and controlled several
molecular machines at the air-water interface by mechanical stimulus. In this article, we
introduce three types of molecular machines, such as molecular pliers, molecular paddles, and
molecular rotators. It is found from experimental results and theoretical calculations that
amphiphilic binaphthyl molecules operated as molecular pliers can be controlled through the
application of small (1 kcal mol') mechanical forces at the air-water interface. The molecular
orientation of double-paddled binuclear Pt(ll)
complexes can also be controlled at the
air-water interface. Intramolecular rotations were
not inhibited at the air-water interface under
compression, by contract they were controlled
in several matrices of lipids. It means that the
mobility of molecular machines depends
strongly on their immediate environments.
Therefore, the behaviors of simple molecular
machines should be investigated under various
conditions so that each molecular machine
might be applied as components of more highly
complex functional molecular machine similar to Molecular pliers
the biological molecular machines.
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Figure 1. Schematic illustration for operation of

molecular machines: molecular pliers (bending),

molecular paddle (flip-flop), and molecular rotor
(rotation), at the air-water interface.
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Figure 2. Structure of amphiphilic binaphthyl as
molecular pliers.
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Figure 3. Surface pressure—molecular area (17—
A) isomer of the molecular pliers. Circular
dichroism (CD) spectra of the molecular pliers
transferred at different surface pressures
multiplied by molecular area and TD DFT based
CD spectral simulations of a model binaphthyl
structure.
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Figure 4. Schematic illustration and structure of
the double-paddled binuclear Pt(ll) complexes.
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Figure 5. Emission spectra of the binuclear
Pt(Il) complex (n = 12) in several solvents.
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areas of the binuclear Pt(ll) complex (n = 11) at
the air—water interface.
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Figure 9. Emission intensity with area per
molecule (circles/lines; 600 nm) observed from
monolayers of CCVJ-C12. 7-A isotherm is also
shown as black lines. Emission spectra
observed from the monolayers of the complex
at different molecular areas excited at 450 nm.
Molecular area reduces passing along red
arrow.
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Figure 10. Chemical structure and energy
diagram of the molecular rotor, BODIPY. In its
locally exited (LE) state, BODIPY does not
rotate and exhibits fluorescence emission. In its
twisted intramolecular charge transfer (TICT)
state, BODIPY
rotation, and no fluorescence emission occurs.
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T 7V ERIEL BODIPY EDOFRIEMENRLNEE
26D, DFEN AL AL EEE D FIRMEITE
W U NEEIT TR I RAME T
THIEMD, F fEl2 vy BODIPY DR
PRI T B EHERIS LD,

Table 1. Physical properties of monolayers,
limiting molecular area of BODIPY for lipid
(ALm), and compression modulus of pristine
lipids (Cs™'L) and lipid mixed monolayers with
BODIPY (Cs "mix).

. ALim* CS_1L CS_1mix/
lipid
/nm? /mN m-1 mN m—1
Cholesteryl
0.5 250 50, 250
acetate
Stearic
] 0.3 100 50
acid
Oleic
i 0.9 70 60
acid
DPPC 1.1 25, 160 30, 80
DOPC 2.7 100 55, 55
*ALim = Atotal - CAipid, Atotar: total area of mixed

monolayer, Aipia: molecular area of lipid, ¢ = 10:
molar ratio between lipid and BODIPY.
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(a) Cholesteryl acetate
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Figure 12. Variation of fluorescence intensity
with area per molecule (circles connected lines)
observed from mixed monolayers of BODIPY
and lipids (a) cholesteryl acetate, (b) oleic acid,
(c) DPPC and (d) DOPC. A isotherms are
also shown as black lines. BODIPY/each matrix
at molar ratios of 1/10. Fluorescence spectra
observed from the monolayer of BODIPY at
different molecular areas excited at 400 nm.
Molecular area becomes smaller passing from
the blue line to the green line.

HEDZEEN T, BODIPY LEENREDFRER
M2 EITHRAF LT (Figure 12), & 690 EE 1T
T E H RO FEITF S 355 %%ﬁfﬁ*
FOHEBAL LTz, A7 TV Gk, 8en
SN olz, — 5, BifEaL 27U L
TIXFRmENSLD ERVIEO D K706
FELZLEVY 520 nm fSFr D E S GIREEN EFH- LT,
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OFD, BODIPY EAREAEMED K77 L2 LAH
BHLORE Tldsr TN RS I S 40T, [
WSE ChAERaL 27 LTI Sh
Too A7 T UEETIFNEE L BODIPY OFIEH
DM EAER TE22\W 20 julolidine 5% &[]
FRIZIEREL Th oy FNEER S Il S 720 o
7mEEZLND,

— . REAFDOA VA FRTIL, LD
FEEH LT RWS FEAREMEND 520
nm O EF- L, 0.7 nm? AR CTHEAE
T5& 520 nm OENIFHA L, ANEDDE
NZTF T ~—3NH KD 615 nm (ZFHITH
SN ERULXCS T, DFY, Aafn7 L
AN ORRE Tl MO FIEZ2 KT 5
LARMIZ BODIPY %3 PNIEHEA A,
JERMEZ R0 0 F A EES /NS Dl, M
DTSN OLRERETR T2 EHERIS LD,

UL IR CIE, JEMEIC LDy T B HER
HEE N A S7z, DPPC (2R WTIE, #&
ﬁfﬂi%iﬁx@ﬁ‘*&bék >N IEIERO #i]

WZHT 5 520 nm OHEEs EH L, 2Dk
\CHZAL T 5L FRIENEETHZELRL,
PRSI EE AN LTz, DPPC @?Eé/a\
VL, FEZALRTN I P E/ DA LA e T
U= 5y - NIRRT S D08 AR M&
FAT TV BRI 720 57 1N EHE S I S
NenWorEEE LD,

DOPC CiZ, 57 615, 720 nm DA |
FUIZL S AAELZICE NSO H G
L-2-2 520 nm {128 EH- U=, OFD., L
DI ELRE T BODIPY ziiﬂwvw@ GEER
RERCLT20s A LR ICH— 2L T
HEEWNIZ /L2245y N Rl T S
7=EEz2HN5,

DPPC & DOPC DA, JEAMEIZ B FE
EAbznd, ITAZ(LHTIZ BODIPY 72358<
B ELSNDH, ZDRIZENE ORI D
P RE N, 725 DPPC (X #afn
TV VA T D128 43 1 N BRI S
U9, DOPC IR RN /L LB DR BRI L
DS,
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FEEPICB T fa—2—i%, BV\OD
FAMEIC Ko TR BB AN EA LT DT D
ST, FIRRDFE RIL, o m—RTHHEAL
LLTEL U EREA LIS T2 20159, B
FTIFNGFE O[T DT 2l MD S
~ T URONIEBWTS BBV, BT IXFEE
PER L EVIRE T, B AR MEN IS
FODPWEEPICBWT, FNboEiEa /)
ZHNCHIE TE -, OEY . IEE LD B AR
HDEAWCES>TH T~ DEEH R
HZEWNGTINoT,

6. &

5y F 21N S V[23], 4 e—
2 —[24, 25| ML ENEL T o0 F~v ok
SRS RIZEBAL ) ERIC 355
BRI LT, 53 X F ThHm e
FTI7F BT, By F~ T oA BRES
HHD LRI/ NSV —T 1~
DU EHEG ICHE CEDZER DT, B
BEAL N KK NS 203D 50 7SRV,
FIFRIRIC LD | AKFIZIE A TE A LT g8k
HmAEE ERDERNE T T v
i ara R Uz, BRERALANSARICAFAET D
o fa— I B CE T T &
nolz, Ffa—X—IZBWCIREZN T
FUE, BEEDERALN KARIZ & o T 71 I
(ZX0 551 NEER 2] T T,

FLEHELT, AR TITFELLIFAI TE e
STehy = OFlEED KUK Bick
T BENEA#EZRL TV (Table 2, 3),

R TR LTS ra 77 DRIZ[16]. 5y
TR F THLHMH B AEE T 7 F L [21] &
RRICBRENE AL 2N K AR AL E L, fE AR 3%
NFNATOAREF T HL U LEWGGFTH
%o ZDT=D ., 53 FAZ MBI LT < S
JERRIZED | OB A #RD IR UHIHCTE S
(Table 2), VA7V 77 I BRI T D5
TR [FIRR T BRENERALIIH AR ED A2
Vo773 KAEIEEOa L AT e — L&
FIDMEHEL <277V \(Table 2) [17, 18], £z, v
a7y ATV I T ISR D 5~
»OFEN LT = R LK — (X T F L5y
F-E R EDEL keal mol™! 72 EHEER S LA,
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Table 2. Motion and controllability of molecular
machines at the air-water interface.

Molecular

. Motion Controllability
machine
Steroid
Catch ]
armed Continuous
and .
cyclophane and cyclic
release
[16]
Cholesterol
armed Molecular ]
. . . Continuous
cyclic amine  recognition
[17, 18]
Molecular Open- Continuous
pliers [21] closed and cyclic
Molecular Submarine Orientation
paddles [23] emission change
Intra-
Molecular
molecular No control
rotor [24,25] )
rotation

H4 e RIS 1SR ViE[23]. B
BN THAE T — VBRIZES T T %
NOENRKFHENZETZR>TND, U —T
HDHT NFINVEHDREIRCE T — )VERDOBLE
IZ Lo TRUK R COZEEN TR D0, EHE
(&0 Z oD Ty — )VER DS IKFRIZIE A TR
RED, B AVKEIZ, i D3 c i~ L
ENDACEASER RN EEL, 7<)
Iy var g (Table 3), ¥ r—RIZEL
AL~ b[20]. BREAL AR
KRN ET=ZN 2 TWBD, BRENENL Th D
XL —ANFTON T EDLHTD, FHEMENLL
BB LIRA LW E I FAIEAE I
VUMM~ —E R TER,

Gy Fr—2—%, BREERAL THOMAIEHD H
HEDRERWKFRIZHY , o LRI~ TS
THEA MDD /NI | ISR 234 A
TERT&EF, JEMEL Th IRl | S
N7 [24], IBE I8V, ol
RSB O S 2 e M o VA ME IR E LT
(Table 3) [25], 77 FR—F—ELFEEMED
T R AEEE AT HOIRE R TIE 1
n— & —HARDO G LRI NIRRT
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MflE e D oz, —J5 T, MEEOE VA
faFnT X A OL A, TN IEER I
ST, JEME PN B R ETER L T
W o7z, FREMEIRIZEIEE T DFEMICEND
L AT a—/L T, o NEERD I HE 4,
NN ENEYIA5 A/ Y

Table 3. Motion of molecular machines in lipid
matrices at the air-water interface.

Molecular ) Controllable
machine Motion lipid
Molecular Intramolecular Rigid and
rotor [25] rotation bad solubility
Pyrene armed Excimer Rigid and
xylose [20] formation good solubility
Bisbinaphthyl- Open- Soft and
durene [26] closed good solubility

X —R VLU BE ALYy
FFIE MDD IS EWIRE R CIX 1 FIb B %
sRL7=(Table 3) [20], EF T F 4545 D
DT T a2 RO A~ Tk, HF
12— — LI BRD RO R EIZE IR ME
NI, ZD55Far 73 A= ar BNV LE
PAZ I CE 7225 MRS ESEWIEE T
3L L7 > 7=(Table 3) [26], T =L LD
e DEFE TN RV | B HE
TOMHEED IO IEE FIZB W TL, 0175
xRS Far T A= ar NEAL
L7zEE 2D, Fio, ZORICBWTHaY
T A A= a BAUIC By TRV — 38K
kcal mol! THY, KUK HE TNy -~
ERIFREED R F—T AN Loy~ %l
I CXALG CThHZ L RENTZ,

PLEDIDINC, OB, 41
TOMAENERE, ZDJE DB KT 5,
RN CIIRR & 7053 - DN I 22 D S T 1Y
(B X REBEZ R BLL CWAEN, AT~
CCENEFEBT DI, KL Ry D~y
Y OZEE L FEx OBRETHLNAL TV
HINDAHTEAD,
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7. it

ARRIE, WE BRSO MANA =
M 9eE DA E L E R (KT 2130
D [RIF AR OO 1 g R B L RBRCRF O B H
ez, )IISF Al — BB, B NEDFA
D ESIIENR, HR BB RO ThDH A H
B, U TR0 )| KifiBh#re & %<
DF5 2 DI TIToT- EBR TS Rk
DEELELT, LRiEZET QO A2 L8
B TEINEEHR L EFET,
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